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Summary

Summary

All proteins in the cell are synthesized as linear polymers of amino acids. To acquire a
biological active conformation, newly synthesized proteins have to assemble from the
linear into the native, three-dimensional structure. In most if not all organisms, structure
acquisition probably starts cotranslationally, i.e. during the biosynthesis of the
polypeptide by the ribosome. The continuous elongation of the polypeptide leads to a
directed, vectorial folding from the N to the C terminus, which is influenced by the close
proximity to the ribosome and associated chaperones. Translation and translocation of
secretory and membrane proteins occur at ribosomes bound to translocon channels in the
endoplasmic reticulum (ER) membrane. The process of protein transport across the ER
membrane during translation is termed cotranslational translocation. Folding of proteins
translocated into the ER also begins while the nascent polypeptide chain is entering the
ER-lumen through the protein conducting channel of the translocon.

To test whether folding of a small protein domain can occur already within the translocon
pore, we translocated Semliki Forest Virus Capsidprotease (Cp) into rough microsomes
in vitro. The Cp protein, an autocatalytic protease of 38 x 34 x 20 Å in size, was
synthesized with a cleavable (ss) as well as with a non-cleavable (sa) N terminal signal
sequence for targeting and C terminal extensions from 32 to 84 amino acids. Using
truncated mRNAs, we generated translocation intermediates of different lengths. Our
results showed that Cp folded and cleaved itself off the nascent chain when the C
terminal extension was longer than 67 residues (= Mean Folding Distance, MFD). This
corresponds to the number of amino acids needed to bridge the distance from the
ribosomal P-site to the ER-lumen. In contrast, 30% of signal anchored Cp cleaved inside
the translocon. The early cleavage was probably caused by processes involved in
membrane integration. We also checked smaller domains (from 30 to 35 Å in diameter)
for their folding inside the translocon pore by placing their sequences into the C terminal
extensions of ssCp, and assaying the MFD. We found that none of the three domains
screened could increase the MFD of Cp, but a sequence generating an a helix did.

The results indicated that Cp and small protein domains in general have to emerge fully
from the translocon to acquire their native conformation. An exception may be the
cotranslational folding of the ectodomain of membrane proteins. We suggest that the
translocon is structurally dynamic, and that it can adapt its shape and composition
according to the needs of a translocated polypeptide.



Zusammenfassung

Zusammenfassung

Proteine werden als lineare Polymere aus Aminosäuren hergestellt. Um biologische
Funktionen ausführen zu können, müssen neu synthetisierte Proteine von der linearen in
die ihre native, räumliche Struktur falten. Wahrscheinlich beginnt die Faltung in fast allen
Organismen kotranslational, d.h. schon während der Synthese des Proteins durch das
Ribosom. Die kontinuierliche Verlängerung des Polypeptids führt zu einem vektoriellen
Faltungsweg, der von N zum C Terminus fortschreitet und durch die unmittelbare
Nachbarschaft vom Ribosom und assoziierten Chaperonen beeinflusst wird. Translation
und Translokation von sekretorischen und Membranproteinen ins Endoplasmatischen
Reticulum (ER) findet an Ribosomen statt, die direkt an das Translokon in der ER-
Membran gebunden sind. Der Prozess des Membrantransports, der während der
Translation stattfindet, wird kotranslationelle Translokation genannt. Auch die Faltung
von solchen translozierten Proteinen beginnt, wenn die wachsenden Aminosäurenkette
durch die Pore des Translokons ins ER eintritt.

In dieser Arbeit haben wir untersucht, ob ein kleines Protein schon in der Pore des
Translocons falten kann. Dazu wurde die Semliki Forest Virus Capsid Protease (Cp) in
Mikrosomen transloziert. Cp, eine autokatalytische Protease mit einer Grösse von 38 x 34
x 20 Å, wurde mit einer spaltbaren (ss) und einer nicht spaltbaren (sa) Signalsequenz am
N Terminus und Verlängerungen von 32 bis 84 Aminosäurenresten am C Terminus in
v i t r o  synthetisiert. Wir benutzten trunkierte mRNA Moleküle um
Translokationsintermediate von unterschiedlicher Länge herzustellen. Unsere Resultate
zeigen, dass die Faltung und autokatalytische Proteolyse von Cp bei einer C terminalen
Verlängerung von 67 Aminosäuren (Mittlere Faltungsdistanz = MFD) stattfindet. Das
entspricht auch der Anzahl Aminosäuren in einer Peptidkette, die benötigt wird, um die
Strecke zwischen dem Ort der ribosomalen Peptidyltransferaseaktivität und dem ER-
Lumen zu überbrücken. Hingegen konnten 30 % von Cp mit der nicht spaltbaren
Signalankersequenz schon im Translocon falten, in einem Prozess der wahrscheinlich mit
der Integrierung der Transmembransequenz in die Lipiddoppelschicht zusammenhängt.
Des Weiteren haben wir überprüft, ob kleinere Proteindomänen (mit maximalen
Durchmessern von 30–35 Å) als Cp im Translokon falten können. Dazu wurden vier
verschiedene Proteindomänsequenzen hinter die ssCp Sequenz kloniert und die MFD in
den entsprechenden Intermediaten analysiert. Keine der überprüften Domänen konnte die
MFD von ssCp vergrössern, ganz im Gegensatz zu einer Sequenz, die eine a helikale
Konformation annehmen kann.

Aus diesen Resultaten schliessen wir, dass Cp und auch kleinste Proteindomänen aus der
Pore des Translocons austreten müssen um ihre native Konformation annehmen zu
können. Membranproteine hingegen scheinen eine Ausnahme dazustellen. Sie können
teilweise kotranslational im Proteinkanal des Translokons falten. Deswegen ist es
wahrscheinlich, dass das Translokon dynamisch ist und seine Zusammensetzung ganz
den Bedürfnissen des wachsenden Proteins angepasst wird.
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Introduction 1

1 Introduction

Proteins perform a nearly uncountable number of different activities in living organisms.

They carry out enzymatic catalysis, provide structural scaffolds, regulate growth and
metabolism, and transport substances to defined destinations in all organisms. Proteins

are polypeptides consisting of linear polymers made from amino acids joined in a head to

tail manner by peptide bonds. They are only able to perform their biological activity
when correctly folded, i.e. when the linear polymer has acquired the native, three-

dimensional structure. The driving force for folding is provided by interactions between
amino acids.

The problem of how linear polypeptide chains wind up to assume their folded and active
tertiary structure is one of the most basic and essential challenges in contemporary

science. This thesis focuses on the detailed analysis of how and when proteins acquire
their folded conformation during their synthesis by the ribosome and during their

transport into the cytosol and the endoplasmic reticulum (ER).

1.1 Definitions

Cotranslational folding can be defined as the acquisition of partially or fully folded

conformations of polypeptides as they are being elongated by the ribosome. The

formation of three-dimensional conformations during biosynthesis is likely to provide the
starting point for the folding of proteins towards the final native state. Thus, I define the

acquisition of partially assembled structures as folding. It is known that folding is faster

compared to elongation (Fedorov and Baldwin, 1997). In addition, elongation can occur
at different velocities. In some cases, translation even stops and continues at a later time

point. Thus, translation speed is the rate-limiting factor for cotranslational folding.
Importantly, it is not the dynamic motion of a nascent chain during elongation that is

important for cotranslational folding, but rather the amount of sequence, which is

available for structure acquisition. From this point of view, an alternative definition
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arises: Cotranslational folding is the process that leads to the acquisition of partially or

fully folded conformations in proteins that are bound to the ribosome as peptidyl-tRNA.

The technologies used in this thesis allowed the production of arrested polypeptide chains

that were attached to the ribosomal P-site as a peptidyl-tRNA (Gilmore et al., 1991).
Thus, I refer to the second definition, which is more applicable for the work presented in

this thesis.

Arrested chains of different lengths were used to mimic translation intermediates, i.e.

nascent chains of different lengths. A nascent chain is a polypeptide chain that is

elongated by the ribosome while it is attached to the ribosomal P-site as peptidyl-tRNA.

Arrested polypeptide chains arise from artificially stopped translation of nascent chains.

It is generally accepted that arrested chains represent a valid model for the analysis of
translation intermediates.

1.2 Overview

The idea that the process of protein folding is concomitant with synthesis was first
articulated in the early 1960’s (Chantrenne, 1962; Zipser and Perrin, 1963). It differs

from the more extensively analyzed processes by which full-length polypeptides undergo
refolding in vitro (Figure 1). First, domains are folded individually and vectorially one

after the other as they emerge from the ribosome or the translocon. The maximum rate by

which they can fold is limited by the translation-speed, which in mammalian cells
amounts to 3-5 residues per second (Table 1). Thus, to translate a protein of 50 kDa,

about 1.5 min are required. Moreover, the freedom of the nascent chain is constrained not

only by the C terminal attachment of the nascent chain to the peptidyltransferase center,
but also by its proximity to the ribosome and associated factors. For many proteins, it is

evident that compared to the posttranslational refolding from denaturant, the
cotranslational nature of folding allows a more efficient process (Fedorov and Baldwin,

1995; Makeyev et al., 1996). Completion of folding and oligomeric assembly usually
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occurs after release of the fully synthesized polypeptide from the ribosome (Chen and

Helenius, 2000; Cresswell, 1994).

Figure 1. Scematic representation of a Protein Folding Landscape Illustrating the Funnel Concept in
Conjunction with the Process of Cotranslational Folding.

The reaction coordinate from left to right represents the biosynthesis and folding of a protein into the native
structure. The funnel on the left (blue) represents the conformational energy surface of a peptide during
biosynthesis without folding. As elongation proceeds, the conformational energy increases (blue arrows).
The funnel gets wider because the conformational space available for the polypeptide grows when it
emerges from the ribosome. The green surface represents the energy surface of noncovalent interactions
associated with protein folding. A full-length, random coiled peptide would start folding upon release from
the ribosome from the top level along the funnel (green arrows) towards the lowest conformational energy
state. Local energy minima are indicated, which show that folding can lead into kinetic traps.

Cotranslational folding is viewed as a tunneling between the two funnels. Ribosome-bound nascent chains
acquire different conformations (I1 to I3) as they emerge from the ribosome and fold. Due to the
(co)translationally acquired structure, the peptide starts at a lower energy into the posttranslational folding
funnel after release from the ribosome. Thus, folding seems to occur faster, because the energy barrier is
lower than in the posttranslational pathway. In addition, folding is more efficient because the risk to hit
local kinetic traps during folding is smaller. The tunnels start at different nascent chain lengths illustrating
that ribosome-bound peptides adopt a non-random conformation at different stages of translation (and chain
lengths). M* is the unfolded, full-length protein that folds into the native Mn. The figure was adapted from
Fedorov and Fersht, 1997. ©1997 by the American Society for Biochemistry and Molecular Biology, Inc.

Residues that are close in sequence will always have a higher probability to interact and
to form more stable structures due to the cotranslational and vectorial exposure of peptide

segments during translation. This gives small and local structures a kinetic advantage.



4 Protein Folding During Cotranslational Translocation

Indeed, statistical analysis revealed that N terminal sequences of proteins form more

compact structures than the C terminal ones, indicating that many proteins fold
cotranslationally (Alexandrov, 1993).
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1.3 Cotranslational Folding in the Cytosol

1.3.1 Translation

To understand mode of synthesis and the microenvironment encountered by growing
nascent chains, it is reasonable to first introduce the biosynthetic machinery of the

ribosome in some detail.

1.3.1.1 Overview over the Function of the Ribosome

The ribosome is a large ribonucleoprotein particle consisting if a large and a small

subunit. They are called the 60S subunit and the 40S subunit in eukaryotes, according to

their sedimentation coefficients. Each subunit has three designated binding sites for
tRNA: the A-site (aminoacyl), which accepts incoming amino acylated tRNA; the P-site

(peptidyl), which holds the tRNA with the nascent peptide; and the E-site (exit), which

accepts the deacylated tRNA before it leaves the ribosome (Figure 2).

The large subunit catalyzes peptide bond formation between the incoming aminoacyl-
tRNA in the A-site and the peptidyl-tRNA in the P-site. The progression of protein

synthesis is thought to occur in a ratchet-like manner, i.e. the large and small subunits

repeatedly shift relative to each other and thereby move mRNA and tRNA-species from
the A- through to the E-site (Frank and Agrawal, 2000). A variety of other protein

factors, such as initiation-, elongation-, and termination factors, many of which are
GTPases activated by the ribosome, are essential for the translation process

(Ramakrishnan, 2002).
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Figure 2. Crystal structure of the 70S Ribosome from Thermus thermophilus (Yusupov et al., 2001).

The small and large ribosomal subunits are shown in blue and brown. tRNAs in the different sites are
shown: gold, A-site; green, P-site; red, E-site. The structure was solved to 5.5 Å resolution from crystals
that contained the mRNA, P-, or E-site tRNAs. The A-site tRNA position was derived from a second
structure at lower resolution. ©2002 by Cell Press

1.3.1.2 The Structures of the Ribosome

In the mature 80S eukaryotic ribosome, the 60 and 40S subunits are composed of highly
modified rRNAs and about 80 ribosomal proteins. The small 40S subunit from

Saccharomyces cerevisiae contains 32 proteins and one 18S rRNA. The 60S subunit

includes 45 proteins and three rRNAs (25S, 5.8S, and 5S).

Recent work on the X-ray and cryo-EM structures of the prokaryotic and eukaryotic
ribosomes has enormously increased our knowledge about the process of translation (Ban

et al., 1999; Carter et al., 2001; Doudna and Rath, 2002; Morgan et al., 2000; Nissen et

al., 2000; Ogle et al., 2001; Pioletti et al., 2001; Schmeing et al., 2002; Spahn et al.,
2001; Yusupov et al., 2001). Many protein factors have been identified that interact with

nascent chains and/or with the ribosome (SRP, NAC, RAC, etc.). They will be discussed
in some detail later. The current thinking is that chaperones and translation regulator
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proteins wait at the mouth of the ribosomal exit tunnel to ‘welcome’ the emerging protein

and to direct their folding (Hartl and Hayer-Hartl, 2002). Especially important for the
scope of this thesis are the properties of the ribosomal exit tunnel, which leads a growing

nascent peptide from the P-site through the large subunit out of the 80S particle.

1.3.1.3 The Ribosomal Exit Tunnel

A large tunnel leads the nascent, tRNA-bound polypeptide from the peptidyltransferase

center through the large ribosomal subunit to the opposite side of the subunit interface
into the cytosol (Yonath et al., 1987). Its topology is highly conserved between bacteria,

yeast, and mammals (Gabashvili et al., 2001; Morgan et al., 2000; Nissen et al., 2000).

The peptidyltransferase center is at the entrance to the tunnel. 100 Å long, the ribosomal
exit tunnel can theoretically enclose an extended polypeptide of 29 amino acids. Except

for a bend 20 to 35 Å away from the peptidyltransferase center, the tunnel is largely
straight. Its diameter varies from about 20 Å at its widest to narrow constrictions of about

10 Å at the beginning and again at a distance of 28 Å from the tunnel exit. The exit is

funnel-shaped and bottoms out from the 50S subunit on a large surface on the opposite
side of the subunit interface. Domains I through V of the 23S rRNA contribute the

majority of the tunnel surface, but also proteins L4, L22, and L39e form significant
portions of the wall as deduced from the X-ray structure of the prokaryotic ribosome

from Haloarcula marismortui.

The tunnel surface is largely hydrophilic, consisting of hydrogen-bonded groups of bases,

backbone phosphates and polar amino acid side chains. Many hydrophobic groups like
sugars, bases, and amino acid side chains are dispersed over the tunnel surface, but

hydrophobic patches are absent. Due to the low entropy of a nascent chain that is freely

mobile in the 15 Å wide, water-filled tube, it is unlikely that any peptide would bind to
the channel walls. The entropic effect could only be compensated if a large interaction

surface of 700 Å2 was present (Chothia and Janin, 1975; Nissen et al., 2000). In

agreement with the notion that the exit channel has to transport thousands of different
protein sequences, it exhibits a ‘nonstick’, teflon-like character. However, it is known
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that some nascent peptides can interact with components of the channel walls and

regulate translation speed. Overall, the tunnel surface is reminiscent of the interior
surface of the chaperonin GroEL in its nonbinding conformation (Nissen et al., 2000; Xu

et al., 1997).

Apart from the main tunnel, three side tunnels have been reported to communicate with

the solvent at the periphery (Figure 3C; Gabashvili et al., 2001). It is unknown if they
can transport peptide chains. Crosslinking studies performed already in 1998 (Choi and

Brimacombe, 1998) in combination with data available from various ribosome structures
prove that the N terminus of a nascent chain travels along the putative protein conducting

channel (Brimacombe, 2000; Mueller et al., 2000). The best structures of the eukaryotic

ribosomes (S. cerevisiae) are available at 15 Å resolution from cryo-EM analysis
(Beckmann et al., 2001; Mueller et al., 2000) and will be discussed in the translocation

section.

1.3.1.4 Translation Speed and Folding

Translation speed and its regulation can be crucial for the time-dependent exposure of

folding peptide segments during cotranslational folding. In table 1, I summarize

translation rates determined for different experimental systems. Notably, the elongation
rates given in table 1 represent mean values, but in reality translation speeds are variable.

An example illustrating the extreme variation of translation speeds is an event called
ribosomal pausing. Ribosomal pausing describes translation arrests that occur during the

synthesis of a protein (Tenson and Ehrenberg, 2002; Walter and Blobel, 1981). Pausing

has several reasons. Many are involved in processes that regulate protein maturation and
expression.

Compared to folding rates, translation is a slow process because the early steps of protein

folding proceed very quickly. Secondary structure elements form within much less than a
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Figure 3. Structures of the Ribosomal Exit Tunnel.

A . The 50S subunit of H. marismortui published by Nissen et al., 2000. rRNA-domains are colored in
yellow (domain I), light blue (II), orange (III), green (IV), light red (V) and pink (5S), whereas proteins are
indicated in blue. The white string is a putative, a helical nascent chain spanning the large subunit from the
peptidyltransferase center (PT) to the exit site. L4 and L22 constitute a constriction in the first half of the
tunnel. L39e and L29 are on the tunnel surface at the exit site for the nascent peptide. Note that the crystals
were derived from inactive ribosomes.

B. Magnification of the exit tunnel from A. It shows the distribution of polar and non-polar atoms on the
channel surface in a spacefilling representation. RNA not contacting the solvent is white, protein atoms not
contacting the solvent are green. Surface atoms are yellow (carbon), red (oxygen), and blue (nitrogen).
Note the bend after about one third of the tunnel consisting of L4 and L22 portions and the funnel shaped
exit area. © 2000 by Science.

C. The tunnel system in the large (50S) ribosomal subunit of Escherichia coli, deduced from cryo-EM
(Gabashvili et al., 2001). The subunit is cut in half, with the cutting edges uniformly labelled in light blue.
The main tunnel heads downwards, a side tunnel is shown pointing to the right. The horizontal groove in
the center of the structure is the mRNA-tunnel, with the peptidyltransferase center in the middle. © 2001 by
Cell Press.
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second (Roder and Colon, 1997), and compact globular structures assemble in no more

than a few seconds (Ptitsyn, 1995). Thus, folding of larger sequences occurs as fast as the
biosynthesis of a few amino acids. Therefore it was hypothesized that elongation rates are

the rate-limiting factors controlling folding rates in vivo (Purvis et al., 1987).

System Translation

speed/

Residues/sec

Protein Reference

In vivo

Gallus domesticus, oviduct

tissue

5 Ovalbumin (Palmiter, 1975)

HeLa cells 5 Adenovirus hexon protein (Horwitz et al., 1969)

Cranial bone cells from

newborn rats

3.5 Procollagen (Vuust and Piez, 1972)

CHO cells 4.5 Influenza HA (Braakman et al.,

1991)

Human melanocytes 3.5 Tyrosinase (Ujvari et al., 2001)

Amelanotic myeloma YUSIT1 10 Tyrosinase (Ujvari et al., 2001)

E. coli, spheroblasts 10 SFV structural polyprotein (Nicola et al., 1999)

E. coli 10-20 (Knippers, 1997)

In vitro

E. coli S30 extract 1-2 SFV structural polyprotein (Nicola et al., 1999)

E. coli S30 extract 2.5-3 (Fedorov and Baldwin,

1998)

Reticulocyte lysate 3-5 (Fedorov and Baldwin,

1998)

Wheat germ extract 1 (Fedorov and Baldwin,

1998)

Reticulocyte lysate 0.9 Tyrosinase (Ujvari et al., 2001)

Wheat germ extract 0.6 Tyrosinase (Ujvari et al., 2001)

Table 1. Translation Speeds in Different Biological Systems



Introduction 11

1.3.1.5 Gating

More and more evidence for nascent peptide-mediated regulation of translation suggests

that nascent proteins can interact with the ribosome and control their own biosynthesis. In
bacteria, the narrowest part of the ribosomal exit tunnel lies close to the P-site and is

constituted of two proteins, L4 and L22. The stricture has been shown to act as a gate,

regulating the movement of the nascent chain out of the ribosome. An initial study
showed that the antibiotic erythromycin inhibits translation by blocking the tunnel

through binding at the gate (Gabashvili et al., 2001). Another paper proved that protein
and rRNA portions around the first stricture are able to interact with specific amino acids

in the nascent chain to signal pausing of translation (Nakatogawa and Ito, 2002). Today,

about 20 examples of nascent chain-mediated regulation of protein synthesis in all
kingdoms are known (Gong and Yanofsky, 2002; Tenson and Ehrenberg, 2002),

suggesting the presence of interaction interfaces inside the ribosomal exit tunnel. Thus,

we must take into consideration that the nascent chain tunnel plays an interactive role in
folding and maturation of newly synthesized proteins. Indeed, there is evidence that the

ribosome can recognize transmembrane sequences (TMS) only four residues after their
synthesis (i.e. when they are still inside the ribosomal exit tunnel; Liao et al., 1997).

1.3.2 Nascent Chain Structures in the Cytosol

Next, I want to summarize the most important data concerning the conformations of
ribosome bound nascent chains in the pro- and eukaryotic cytosol. Sophisticated,

sensitive assays have been developed to analyze cotranslational conformers bound to

ribosomes.

1.3.2.1 The Truncated mRNA Method

The most critical limitations for the analysis of cotranslational events are: (1) the low

abundance of ribosome-bound polypeptides and (2) the heterogeneity in the size of the
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peptides within this population. The truncated mRNA approach allows bypassing both

problems by arresting translation at defined nascent chain lengths.

The key reagent is an in vitro synthesized mRNA molecule, truncated at a desired
position in the coding sequence without a stop codon at the 3’ end. If such mRNAs are

translated in vitro, peptide synthesis proceeds to the last codon (3’ end), and then the

ribosome stalls due to the lack of an appropriate stop signal. The result is a homogenous
population of nascent chains with the same length attached to ribosomes. The bulky

tRNA moiety, that is covalently connected to the last amino acid residue coded by the
terminal codon of the mRNA, is too large to slip through the ribosomal exit tunnel. Thus,

the peptidyl-tRNA is arrested on the ribosome. It mimics a true translation intermediate.

Such ribosome/arrested chain complexes are the starting material for more sophisticated
analysis by biochemical and structural methods (Gilmore et al., 1991).

1.3.2.2 a Helix-like Structures Form Inside the Ribosome

Transpeptidation performed by the ribosomal peptidyltransferase activity is considered to

be a nucleophilic SN2 substitution reaction, passing through a tetrahedral intermediate.
The analysis of sterically allowed conformations during the reaction has led to only one

solution, which suggests that nascent peptides leave the peptidyltransferase center in a a

helical conformation (Lim and Spirin, 1986). Consistent with this observation, different

laboratories have shown the formation of a helical conformations in peptidyl-tRNAs.

However, helix formation was only observed if the nascent peptide’s sequence exhibited
an intrinsic tendency to form helical structures.

Hardesty and coworkers analyzed the structure of cotranslationally produced poly-lysine,
poly-alanine, and poly–serine (Picking et al., 1991; Picking et al., 1992). A fluorescent

coumarin probe was introduced at the N terminus of all peptides in an in vitro translation
system from Escherichia coli. Following the fluorescence with increasing chain lengths

monitored the chemical environment of the probe. I conclude from their results, that

coumarin on poly-serine or poly–alanine was accessible to quenching Fab fragments
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when the nascent chain lengths were ~40 and ~53 residues in average, respectively. The

difference was expected, because the polyserine acquires an extended random coil

conformation, whereas poly-alanine is a helical in solution (Chou and Fasman, 1974).

The result suggests that the ribosomal exit tunnel is able to enclose a ribosome-bound
poly-alanine in a more compact, possibly a helical conformation, whereas poly-serine

appears to be largely extended and thus reaches the exterior of the ribosome with shorter

chain lengths.

Conceptually similar experiments were carried out with N-coumarin labeled nascent

peptides derived from natural proteins (Tsalkova et al., 1998). Recognition of the N
terminal probe by anti coumarin IgG occurred when the MS2 coat protein, rhodanese, or

chloramphenicol transferase (CAT), were about 42, 59 or 72 residues long. Taking into

account the known crystal structures, native CAT contains more a helical sequence than

rhodanese, whereas MS2 is mainly composed from b sheets and loops. It is reasonable

though speculative to conclude that the different conformations on ribosome-bound
peptides originate from their tendency to become helices. Furthermore, it has been known

for a long time that 30 and 40 nascent chain residues are protected by the bacterial

(Malkin and Rich, 1967) and eukaryotic ribosomes from proteolysis (Blobel and Sabatini,
1970; Matlack and Walter, 1995).  Since the tunnel is 100 Å long and allows the transport

of more compact structures than extended chains, it is likely that proteins acquire some
structure as they travel through the large ribosomal subunit.

1.3.2.3 Conformational Epitopes Appear Cotranslationally

A different, sensitive way to detect folded conformations is to use antibodies specific for
the native structure. Since antibodies are too large to enter the ribosomal exit tunnel, the

method can only trap epitopes present outside of the ribosome.

In experiments reported as early as in 1972, it was demonstrated that binding of

conformation-dependent anti ß-galactosidase antibodies to growing b-galactosidase
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polypeptide chains occurred well before the appearance of active enzyme, i.e. at early

times after induction of synthesis in living cells (Hamlin and Zabin, 1972).

A study with a conformation-dependent monoclonal antibody specific for E. coli

tryptophane synthase b-subunit showed that native epitopes are present on ribosome-

bound nascent chains even before the full N terminal domain is synthesized. Upon

synthesis of the protein in an E. coli coupled transcription/translation system, the

antibodies could react with the ribosome-bound nascent chains when their size was at
least 11.5 kDa. The corresponding fragment of about 105 residues is smaller than both

the N terminal proteolytic fragment of 29 kDa and the crystallographic domain of 21 kDa

(Fedorov et al., 1992). Thus it appeared as if native conformations could form already at
the peptidyl-tRNA stage.

Another paper using antibodies against the native bacteriophage P22 tail spike protein

points in the same direction. In addition, it provides evidence for the conceptual

differences between biosynthetic folding and in vitro refolding. A monoclonal antibody
that recognized an early in vitro refolding intermediate was found to react with full-

length, ribosome-bound tail spike intermediates synthesized in vivo. In contrast, a
different antibody that detected early ribosome-bound in vivo intermediates as well was

unable to do so early during in vitro refolding. This indicates that native epitopes appear

earlier during maturation on the ribosome than during refolding in vitro (Clark and King,
2001).

Moreover, it has been shown that heme binding to nascent, ribosome-bound globin

occurs, but only when the chain has a length of 86 residues or more (Komar et al., 1997).

This result is puzzling, because in the 86 amino acid long globin chain, only 11 of the 18
residues known to be involved in heme binding are present.  Assuming that 30 residues of

the nascent chain are buried in the ribosome, only three heme-binding residues would be
accessible outside of the ribosome. It is unlikely, but still possible, that heme binding

could occur with only these three residues outside the ribosome. Since heme is a square

disk with dimensions of 15 x 10 x 5 Å, it should not be able to associate with the buried
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residues inside the tunnel. Maybe globin uses a different route to emerge from the

peptidyltransferase center, ribosomes disassemble during the mentioned experiments, or
heme accesses the nascent chain through an alternative path. However, nascent globin

seems to start correct folding – with the participation of heme – early during synthesis on
the ribosome.

1.3.2.4 Enzymatic Activity of Nascent Polypeptides

A prerequisite for biocatalysis is as a rule the fully folded state of a protein domain.
Denatured, misfolded or partially folded proteins are inactive. Thus, a very elegant way

to assay the conformational state of a nascent chain is to measure its enzymatic activity.

A model protein well suited for this purpose is firefly luciferase, a 570 residue-long

multidomain protein from Photinus pyralis. When translated in eukaryotic or prokaryotic

cell-free translation systems, Spirin and coworkers showed that activity appears a few
seconds after release of the peptide from the ribosome. Comparison to the refolding from

denaturant unraveled not only much faster appearance of activity in the cotranslationally
folded protein, but also that folding was more efficient (Kolb et al., 1994; Kolb et al.,

2000). An extension of the study showed, that to obtain a ribosome-bound, enzymatically

active luciferase, its C terminus had to be extended by at least 26 amino acids. This
demonstrated that the acquisition of the final native conformation by a protein does not

need the release from the ribosome, but can occur entirely on the ribosome (Makeyev et

al., 1996).

When rhodanese is produced in a coupled transcription/translation system derived from
E. coli, a reasonable amount of full-length polypeptides stays associated with ribosomes

as peptidyl-tRNA due to an inefficient termination. In agreement with the data above,
also this enzyme is only active when a peptide of at least 23, but not 13, amino acids

extends its C terminus (Kudlicki et al., 1995). A similar example emerges from the

Semliki Forest Virus Capsid protease, which was found to acquire its enzymatic activity
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with a C terminal extension of 43 amino acids when translated in virus infected cells

(Nicola et al., 1999).

1.3.2.5 Multidomain Proteins Fold Domain-wise and Efficient Concomitant with

Biosynthesis

Firefly luciferase folds very rapidly upon translation, whereas the chaperone-mediated
refolding from denaturant occurs with slower kinetics (Kolb et al., 1994). Detailed

protease digestion studies in a eukaryotic cell-free translation system revealed that
luciferase folds vectorially from the N to the C terminus. I.e., the N terminal domain

(residues 1-190) folds cotranslationally, followed by the rapid completion of folding to

native enzyme upon release from the ribosome. This sequential, i.e. domain-wise folding
is not observed during refolding in vitro. Thus, cotranslational folding and refolding from

denaturant are distinct processes (Frydman et al., 1999).

Similarly, an artificial fusion protein consisting of H-Ras and DHFR was shown to fold

sequentially during translation, one domain after the other, into a two-domain protein.
The refolding from denaturant was inefficient. In contrast, refolding of the individual

domains mixed in the same test tube was 5-fold more efficient. This means that domain-

wise, vectorial folding is a pathway protecting large multidomain proteins against
aggregation and misfolding (Netzer and Hartl, 1997).

1.3.2.6 Chaperone-Assisted Folding of Nascent Chains in the Cytosol

Excluded volume effects resulting from the highly crowded environment of the cytosol

(300-400 g/l proteins and other macromolecules in the cytosol of E. coli (Ellis, 2001))
increase the probability of peptides to aggregate. It is the cellular chaperone machinery

that provides protection against aggregation. Protein flux through the different chaperone-

systems has been studied extensively (Figure 4; Hartl and Hayer-Hartl, 2002).
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Ribosome-bound Factors.

Different proteins and complexes are known to bind close to the ribosomal exit tunnel

site. They have been shown to ‘welcome’ nascent chains in the cytosol. In E. coli, Trigger

factor (TF) binds to ribosomal L23 at the rim of the ribosomal exit gate (Kramer et al.,
2002). It can be crosslinked to nascent chains as short as 57 residues (Hesterkamp et al.,

1996; Valent et al., 1997). TF has been shown to exhibit peptidyl-prolyl-cis/trans

isomerase activity and it is involved in regulation of protein secretion (Hesterkamp et al.,
1997; Lee and Bernstein, 2002).

The nascent polypeptide-associated complex (NAC) is a functionally similar

heterodimeric protein complex to TF in the eukaryotic cytosol. NAC is thought to help

regulating the membrane attachment and detachment of ribosomes depending on the
substrate protein and its designated location (Potter and Nicchitta, 2002). When NAC is

deleted from yeast cells, no phenotype is observed and a different chaperone, the

ribosome associated complex (RAC), complements NAC (Gautschi et al., 2001). RAC is
composed of Zuotin and Ssz1, homologs of DnaJ and DnaK. Both NAC and RAC

stimulate translocation of proteins into mitochondria. However, a role in folding has not
yet been established (Hartl and Hayer-Hartl, 2002).

Nascent chain binding factors.

A second class of chaperones interacts with nascent chains but not with the ribosome.

Sometimes, they can replace the ribosome-bound factors. DnaK can for example
complement TF depletion in E. coli (Deuerling et al., 1999; Teter et al., 1999). Prefoldin

and the Hsp70 chaperone family together with their Hsp40 partners constitute this class in
eukaryotes. Hsp70 binding to nascent chains has been reported in mammalian cells as

well as in E. coli, whereas the mammalian Hsp40-proteins have not been found to bind

nascent peptide chains (Nagata et al., 1998; Thulasiraman et al., 1999). In contrast,
bacterial DnaJ (Hsp40) crosslinks to fifty-five residue-long nascent chains of firefly

luciferase when translated in a eukaryotic translation system (Hendrick et al., 1993). Only

the subsequent addition of DnaK and GroEL allows productive folding. This indicates
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that the Hsp40 delivers substrate proteins in a folding competent state to downstream

chaperones, a mechanism that is thought to occur generally.

In eukaryotes, prefoldin crosslinks to nascent chains and cooperates with TRiC (tailless
complex polypeptide 1 ring complex) in folding of actin and tubulin, and thus is a

substrate-specific chaperone (Hansen et al., 1999). Crosslinking of TRiC and nascent

chains of enolase, luciferase, actin and tubulin was observed with peptides exposing 50-
90 residues outside the ribosome (McCallum et al., 2000).
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Figure 4. Chaperone-Assisted Folding of Newly Translated Proteins in the Cytosol (adapted from
Hartl and Hayer-Hartl, 2002).

The top panel illustrates the different folding pathways in the bacterial cytosol. Probably all nascent
proteins interact wit trigger factor (TF), and most proteins (65-80%) fold without the help of other
chaperones. DnaK interacts with nascent and released polypeptides. The posttranslational pathway can
either occur via the Hsp70 systems, whereof there are three in E. coli (Yoshimune et al., 2002) or the
Hsp60-pathway (involving GroESL, yielding 10-15% folded proteins). Maturation via Hsp70s involves the
Hsp40 nucleotide exchange stimulating factors (yielding 10-20% folded proteins).

The bottom panel shows the different pathways in eukaryotic cells. The NAC complex and probably RAC
take care of most nascent proteins, leading to 15-20% of all native (cytosolic) proteins. Or they or deliver
folding intermediates to the Hsp70 or Hsp60 chaperone systems. Prefoldin, a substrate-specific Hsp70,
collaborates with other Hsp70s and TRiC co- and posttranslationally to yield another 10% native peptides.
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1.4 Cotranslational Translocation into the ER

Proteins that are translocated across the ER include virtually all secreted proteins in

addition to the lumenal proteins of the ER, the nuclear envelope, Golgi apparatus,
lysosomes, and endosomes. Most integral membrane proteins that reside in theses

organelles as well as in the plasma membrane are first integrated into the ER membrane

(Kalies and Hartmann, 1998). Translocation is triggered by a signal sequence usually
located at the N terminus of the protein. For many membrane proteins the uncleaved

signal sequence is identical with the first transmembrane sequence (TMS). In eukaryotes,
protein transport mainly occurs cotranslationally at membrane-bound ribosomes through

a protein conducting channel composed of the ribosomal exit tunnel and the translocon

pore. Alternatively, translocation can occur posttranslationally (see 1.5). This chapter
focuses on cotranslational translocation.

1.4.1 Structure and Dimensions of the Translocon

The translocon performs many functions. It interacts with the signal sequence of substrate

proteins, opens in response to it, and stays open to allow peptide transport across the
membrane. Regulated opening and closing keeps the permeability barrier of the ER-

membrane intact. For membrane proteins, the translocon has to open towards the lipid

bilayer to allow the integration of TMSs into the membrane. Integration has to occur in
the right orientation so that either the N terminus is placed in the lumen and the C

terminus in the cytosol, or vice versa. Cytoplasmic and lumenal domains fold when the
ribosome and the translocon are still assembled around the nascent protein. Thousands of

different proteins are handled during translocation and integration. One fifth of all human

protein sequences contain a signal sequence, and a similar number has TMSs (Lander et

al., 2001). The translocon is thought to be extremely flexible in shape and function

(Johnson and van Waes, 1999).
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1.4.1.1 The Core Translocon

The central component of the translocon channel is a heterotrimeric complex of

membrane proteins, called Sec61 in eukaryotes. The a  subunits (which are the

homologous Sec61a in mammals, Sec61p in yeast, and SecY in E. coli) span the

membrane ten times, and are essential for protein translocation and cell viability in S.

cerevisiae. The same is true for the single-spanning g subunits (the homologous Sec61g,

Sss1p, and SecE). The b subunit, Sbh1p (Sec61b is the homologue in mammals, but the

functional analog SecG from E. coli is an unrelated protein) is not essential for
translocation and viability in yeast. The translocating-chain-associating membrane

protein (TRAM) is essential for translocation and integration of most but not all proteins
(Gorlich and Rapoport, 1993). Because the translocation and integration activities can

successfully be reconstituted in proteoliposomes with these four proteins, the

Sec61abgTRAM complex has been termed the core translocon in mammals. Sec61a is

the only component of the translocon that lines the path of a nascent polypeptide from
one side of the membrane to the other. It is thus hypothesized to largely constitute the

inner channel surface (Mothes et al., 1994).

1.4.1.2 Translocon Associated Proteins

Several other membrane-proteins are associated with the translocation complex. The

signal peptidase (SP) and oligosaccharyltransferase (OST) enzymes appear to be adjacent

to the translocation site because each acts cotranslationally on nascent chains in a
sequence specific manner during translocation. SP cleaves the signal sequence of the

nascent chain, and OST glycosylates the polypeptide at NXS/T-sequons (where X can be
any amino acid except P). OST is a multimeric membrane protein complex, that consists

of nine subunits in yeast, while only three to six have been isolated in higher organisms

(e.g. Ribophorin I&II, OST48, gp40 in porcine). Most of the subunits in higher
eukaryotes exhibit significant sequence similarity to those found in the yeast enzyme

(Yan and Lennarz, 1999).
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TRAP (translocon-associated protein) consists of four subunits (abgd). It is hypothesized

to aid in the translocation process, because anti-TRAP antibodies und Fab fragments

inhibit translocation (Hartmann et al., 1989). The yeast protein RAMP4 (ribosome-
associated protein 4), which can be co-purified with the Sec61p-complex (Gorlich and

Rapoport, 1993), is thought to be involved in the regulation of glycosylation and stress
response (Wang and Dobberstein, 1999; Yamaguchi et al., 1999). Calnexin (CNX), a

membrane-bound lectin chaperone can also be crosslinked to nascent chains (Tatu and

Helenius, 1997) and it has recently been shown to interact with the Sec61b homolog of

the yeast Yarrowia lipolytica (Boisrame et al., 2002). Other lumenal chaperones of the
ER (calreticulin, protein-disulfide-isomerase (PDI), ERp57, and BiP) have been found to

interact with the nascent chain transiently (Johnson and van Waes, 1999). For BiP there is

evidence that it interacts with the translocon specifically (Hamman et al., 1998). It is
thought to plug the pore in inactive channels and early in translocation.

1.4.1.3 Dimensions

The translocon pore forms an extension to the ribosomal exit tunnel during
cotranslational translocation (Beckmann et al., 1997). To span the distance from the P-

site of the ribosome into the ER lumen, a peptide must be at least 64 residues long. The
same length is the minimal distance needed for a glycosylation consensus sequence from

the P-site to reach the active site of OST. Assuming that an extended amino acid residue

backbone is 3.5 Å long, the length for a nascent chain to reach the OST active site,
respectively the lumen of the ER is 224 Å (Mingarro et al., 2000). To judge if a

translocating polypeptide would be able to fold into secondary or tertiary structures
during its passage through the ribosomal and translocon tunnels, it is important to know

how much space is available for the nascent protein in transit. Two 3D structures of the

ribosome/Sec61 or translocon complexes engaged in translocation of a nascent peptide
have been published so far. They lead to mostly consistent but also divergent conclusions.

All structures were derived from cryo-EM studies. The differences are probably due to

the purification and sample preparation procedures. Important parameters include the
detergents to solubilize the membranes, the identity of the nascent chains, and the source
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of the individual components. Furthermore, the reconstructions revealed the

ribosome/translocon/nascent chain complexes to varying degrees of precision.

Beckmann et al. (1997, 2001) have published two structures of the yeast complex at 25
and 15.4 Å resolution. For the latter, immunopurified ribosome/nascent chain complexes

from a yeast-derived in vitro translation system were used. Assembly of the

ribosome/nascent chain complexes and the Sec61 complex was performed
posttranslationally. The translocation channels were obtained from DeoxyBigChap-

solubilized, purified Sec61-complexes (i.e. the minimal core translocon of yeast,
consisting of solubilized Sec61p/Sbh1p/Sss1p complexes only).

In the resulting structure, the translocon appears to be a compact irregular disc with a
small cavity where the ribosomal exit tunnel is projected onto the Sec61p complex. It is

48 Å thick and 85 to 95 Å in diameter. The reconstruction shows a variety of interesting

details (Figure 5). The surface to which the ribosome docks onto the translocon during
secretion is pentagonal in shape. Conserved rRNA segments as well as proteins are

involved in forming four connections constituting the ribosome-translocon junction. A
gap of 15-20 Å lies between the docking surfaces of ribosome and translocon. Most

importantly for the scope of this thesis, a hole through the trimeric Sec61-complex cannot

be observed. The results suggests that a protein-conducting channel is absent during
recognition of a TMS, or alternatively, that the solubilization procedure lead to a

collapsed structure. The nascent chain used in this study was the 120 amino acid-long N
terminal fragment from the yeast vacuolar type II1 membrane protein

dipeptidylaminopeptidase B. It carries the TMS at positions 30 to 45. This means that the

translocon-structure obtained might represent an intermediate of the membrane
integration process.

                                                  
1 Type I membrane proteins contain a single TMS oriented such that the N terminus is positioned in
the ER lumen, and the C terminus in the cytosol, whereas Type II membrane proteins are inserted in
the opposite direction.
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Figure 5. Cryo-EM Structure of the Ribosome/Translocon/Nascent Chain Complex from S. cerevisiae
(modified from Beckmann et al., 2000).

The structure of posttranslationally assembled complexes from ribosome/nascent chain complexes and
purified, detergent solubilized Sec61 complexes were solved at 15.4 Å resolution.

A. rRNA and protein densities were separated and homology protein structures were docked into the
structures. The small, 40S subunit appears in turquoise (40S protein models), yellow (18S rRNA density),
and transparent turquoise (40S protein densities). The large, 60S subunit in transparent orange (60S protein
densities),  orange (backbone of 60S protein models), and blue (25S/5S rRNA density) connects to the
Sec61 complex (red) via protein and RNA contacts. The P-site tRNA is shown in green. The membrane of
the ER was modelled to embed the Sec61 complex. There is a gap of 15-20 Å between the
membrane/channel surface and the ribosome. Cyt, cytoplasmic side; lumen, ER side.

B. Cross-section of the ribosome/Sec61/nascent chain-complex along the protein conducting channel in the
large subunit, perpendicular to the membrane. The cutting edges are uniformly yellow (40S subunit), blue
(60S subunit), or red (Sec61). NC indicates the putative position of a nascent chain within the protein
conducting channel of ribosome and translocon in the looped conformation. The P-site tRNA is indicated in
green. There is no hole in the structure of the Sec61 complex, and the authors speculate that the Sec61
complex packs tightly around the translocated nascent chains making the path too small to be visible.
Furthermore, there is a quite large hollow space between the ribosome and the channel. There is a narrow
constriction after about one third of the ribosomal exit tunnel and again towards its end. The scale bare is
100 Å.

An older study at lower resolution (26 Å) was presented by Ménétret et al. (2000).

Samples for cryo-EM reconstruction were prepared from cotranslationally targeted and
assembled translocation complexes. Different eukaryotic translation and translocation

systems were used. Importantly, one of the structures was derived from arrested chains
cotranslationally translocated in reticulocyte lysate in the presence of native canine rough

microsomes. It thus represents the biosynthetically assembled, mammalian version of the

translocation complex. The nascent chain was an 86 residue-long preprolactin (PpL)
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fragment, a soluble secretory protein widely used for the analysis of translocation into the

ER. PpL86 is so short that it still carries its signal sequence and is thus expected to be
present in its looped insertion intermediate conformation (Mothes et al., 1994).

Figure 6. Cryo-EM Structures of Ribosome/Translocon Complexes Engaged in Translation or Not.
The components were obtained from native sources, not from purified and reconstituted complexes as in
figure 5. The pictures were adapted from Ménétret et al. (2000). ©2000 by Cell Press.

A. Structure of the non-translating ribosome from rabbit (blue, the small and large subunits are indicated by
S and L) and translocon channels (gold) from detergent solubilized canine microsomes. Note that the
channel looks drastically different to the one obtained from purified Sec61p components (Figure 5), in that
it is wider and contains a hook reaching into the lumen of the ER. The treshold was set that the ribosome
volume is 100% of the expected volume. Note the large gap between ribosome and translocon. The putative
position of the membrane is indicated.

B. As in A, but with a truncated nascent chain in the complex. The translocon is indicated in purple. Note
that the non-translating and translating complexes from A and B look very similar (shown is the 100%
treshold).

C. The native complex derived from high-salt stripped canine microsomes containing endogenous nascent
chains, canine ribosomes (turquoise) and canine translocons. Note the similar features of the structure to the
ones in A and B. Scale bar is 100 Å.

D. A section of the complex in C is shown along the protein conducting channel of the ribosome and the
translocon. The putative position of the looped insertion intermediate (dotted line) and the mRNA (dashed)
are indicated. Note the large cavity between ribosome and translocon and the funnel shaped entry and exit
areas around the bottleneck in the translocon. The strictures in the ribosomal channel are less prominent but
at the same position as in figure 5.
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Figure 7. Low Resolution Structures from Non-solubilized Translocons from S. cerevisiae, and
Details of the Mammalian Translocon engaged in Translocation (Menetret et al., 2000). ©2000 by
Cell Press

A. Top. Averaged EM-picture from the (non-solubilized) yeast ribosome-vesicle in the presence of nascent
chains. S and L indicate the subunits, M the location of the membrane (lipid, RNA, and protein is white).
Note the gap between the ribosome and the membrane, which is also present in solubilized complexes of
the same kind. On the bottom is a modelled 3D ribosome vesicle map derived from A with the ribosome in
green and the vesicle surface in gold.

B. Details from the canine translocon structure in the presence of arrested chains (obtained with rabbit
ribosomes, compare to Figure 6B). The left part shows the translocon at 100% treshold level viewed from
the ER-lumen (top) or the membrane plane (bottom). The asterix indicates the ribosomal exit site,
indicating the alignement of the two protein conducting channels. The dashed lines indicate the plane of the
cross sections shown at the left. On the left, the channel interior is represented.

Whereas the overall structures of the ribosomes and their attachment to the channel look

similar in both studies, there are considerable differences in the shape and size of the
translocon (Figure 6). Digitonin was used for solubilization of the membranes. The 15-

20 Å gap between ribosome and translocon is present not only in the high-resolution

structure with detergent-solubilized channels, but also in micrographs of non-solubilized
samples containing translocons embedded in microsomal vesicles (Figure 7). The

translocon appears elliptical and exhibits a diameter in the longest axis of 125 Å. Its
thickness is 50 Å. There is an oval pore in the translocon superimposed to the exit of the

ribosomal tunnel, extending the protein-conducting channel of the ribosome into the

lumen of the ER (Figure 7). The pore narrows towards the lumen. The bottleneck is 20 Å
wide in the small and 50 Å in the large diagonal. The translocon entry and exit areas are
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funnel-shaped, as if they were made to collect and release the nascent chain to and from

the bottleneck. Notably, the native translocon complex contains a prominent lumenal
domain that emerges from the channel ring and points toward the ER lumen. The

estimated size of the protrusion is 100-150 kDa, reaching about 55 Å into the ER. It is
hypothesized to consist of OST or TRAP. The authors reason that non-essential

membrane proteins are recruited to the translocation site to form a complex optimized for

the transport of a soluble, secretory protein.
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1.4.2 Mechanism and Function of the Translocon

1.4.2.1 Targeting

Synthesis of polypeptides to be translocated into the ER starts on soluble, cytoplasmic

ribosomes. When the signal sequence2, which is usually N terminal, emerges from the

ribosome, the signal recognition particle (SRP) binds to the ribosome/nascent chain
complex and translation pauses (Walter and Blobel, 1981). During the elongation arrest,

the ternary ribosome/nascent chain/SRP complex is targeted to the ER-membrane by the
specific interaction of SRP and the SRP-receptor (ii). New data shows crosslinks between

SRP and L23 and L35 of the eukaryotic ribosome during translational pausing, whereof

the former disappears upon contact with the SRP-receptor (Pool et al., 2002). A GTP-
dependent interaction of SRP with its receptor triggers a series of events that includes the
release of the signal sequence from SRP, the binding of the ribosome to the translocon,
and the release of the SRP and SRP receptor from the ribosome and translocon,
respectively (iii). Then, translation resumes and translocation through the protein-

conducting channel of the translocon begins. BiP is thought to dissociate from the
lumenal end of the translocon to open the channel towards the ER lumen when the

nascent chain is 70 residues long (iv). In a mammalian in vitro system, increased

cholesterol levels in ER-derived microsomes inhibited attachment of the
ribosome/nascent chain complex to the translocon, indicating that physical properties of

the membrane are important for targeting and probably also for the translocon structure
(Nilsson et al., 2001).

Before binding of the ribosome to the translocon and up to a nascent chain length of
about 70 residues (Crowley et al., 1994), it has been suggested that the protein

                                                  
2 ER signal sequences  target newly synthesized proteins to the ER membrane. They are 15-30 amino
acids long and have a tripartite structure consisting of a hydrophilic N-region, a hydrophobic H-region in
the center, and the C terminal region. Signal sequences are cleaved from the preprotein by the lumenal
signal peptidase (SP) in a sequence specific manner during translation and translocation (von Heijne, G.
(1990). The signal peptide, J Membr Biol 115, 195-201.). Signal-anchor sequences (type I & II) are not
processed by SP and thereby fix the protein in the membrane (Martoglio, B. and Dobberstein, B. (1998).
Signal sequences: more than just greasy peptides, Trends Cell Biol 8, 410-5.).
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Figure 8. Scematic Overview over the Targetting and Translocation Process of Secretory Proteins.

See text for details. SR, signal recognition particle receptor. The scheme was reproduced from Johnson and
van Waes, 1999. © 1999 by Annual Reviews.

conducting channel of the translocon is closed on the lumenal side by a BiP-dependent

mechanism. Closing is probably necessary to maintain the tight separation of cytosol and
ER and to prevent calcium escape from the ER. The inner diameter of the pore at this

stage is 9-15 Å (Hamman et al., 1998). When the nascent chain elongates, the pore to the
ER lumen opens and its inner diameter is thought to increase to 40-60 Å (Hamman et al.,

1997).
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Recent data questions the role of SRP in the targeting process. Nicchitta and co-workers

report that ER-bound ribosomes remain membrane-bound following the termination of
protein synthesis, and can initiate the translation of secretory and cytoplasmic proteins de

novo in the bound state (Potter and Nicchitta, 2000). Furthermore, the large ribosomal
subunit has a high affinity for the translocon, even without the SRP bound to it (R.

Gilmore, unpublished). This sheds light on the role of SRP and NAC in the regulation of

membrane attachment and detachment of ribosomes. NAC might protect ribosomes that
translate cytosolic proteins from binding to ER membranes (Johnson and van Waes,

1999).

1.4.2.2 Cotranslational Translocation

Initial insertion of the nascent chain into the translocon is thought to occur in a looped

conformation, positioning the N terminus to the cytosolic side and moving the

downstream sequence into the lumen (Shaw et al., 1988). Passage of the polypeptide
across the membrane occurs through an aqueous channel (Crowley et al., 1994; Crowley

et al., 1993). The protein channel through which the nascent chain passes has been
mapped by different crosslinking approaches. The protein components were identified by

the combination of two different techniques. First, translocation intermediates were

produced using truncated mRNA molecules (Gilmore et al., 1991). Second, cross-
linkable amino acids were incorporated into these nascent chains and their environment

in translocation intermediates was identified. The advantage of this method is not only
that the nascent chains of different length mimic different stages of translocation, but also

that the position of the crosslinker within the complex can be varied (High et al., 1991;

Krieg et al., 1989; Martoglio et al., 1995; Thrift et al., 1991; Wiedmann et al., 1989). A
cartoon summarizing the identified protein components of the translocon by different

crosslinking methods is given in figure 9.

When membrane or soluble secretory proteins were used as nascent chain intermediates,

considerable changes in the crosslinking patterns were observed. This indicates that the
translocon provides distinct environments dependent on the proteins that become
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Figure 9. The Environments of Nascent Polypeptides Cotranslationally Translocated into the ER.

Most data was obtained by the use of the truncated mRNA method. Three conceptually different
approaches were applied to crosslink the nascent proteins to components of the targetting, translocation,
and maturation machineries. First, bifunctional crosslinking reagents were used, and two methods in which
amino acids containing a crosslinkable side chain were incoorporated into the nascent peptides. The
methods were either the lysyl-tRNA approach, in which modified lysyl-tRNAs were added to the
translation mixture and incoorporated instead of natural lysines, or, alternatively, the suppressor tRNA
approach, in which modified phenylalanine residues were incoorporated via suppressor tRNAs at positions
of artificially introduced stop codons.

transported or integrated. Mothes et al. (1994) systematically probed the environment of
PpL at different stages of translocation (Figure 10). The driving force for the transport

across the membrane seems to be polymerizing activity of the ribosome, assisted by the

topography of the transport channel. However, translocation is impaired when soluble
components (e.g. BiP) of the ER are depleted, suggesting an essential role for ER-
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resident, non-membrane proteins in completion of the translocation process (Nicchitta

and Blobel, 1993). The translocon has also been shown to support folding and to protect
nascent chains against aggregation and premature oligomerization (Chen and Helenius,

2000; Tyedmers et al., 1996).

Figure 10. The Environment of a Nascent Chain During Translocation at Different Stages.

Single crosslinkable amino acid derivatives were incorporated into nascent preprolactin chains truncated at
positions 187, 169, and 132 in vitro in the presence of microsomes. The crosslinked proteins constituting
the proteinogenic environment of the translocated protein were identified: black bars represent stretches of
the nascent chain crosslinked to Sec61a, white squares represent positions were crosslinks to the TRAM
protein were observed. Numbers beside the boxes indicate the exact distance from the P-site. Solid lines are
sequences that contained modified amino acids but did not yield a crosslinking product. Positions in the
dashed lines were not attempted to crosslink. The 132mer is illustrated in the putative looped integration
structure, i.e. before the signal sequence is cleaved. The longer chains had lost the signal sequences at the
moment of crosslinking. The data indicates that nascent chains reside in the translocon from positions 30 to
70 distal to the P-site and that exclusively signal sequences (which are similar to TMS) interact with
TRAM, but not the soluble parts of a protein.

1.4.2.3 Cotranslational TMS Integration

Signal sequences, signal anchors, and transmembrane domains eventually move from the
translocon into the lipid bilayer of the ER membrane. Targeting and transfer to Sec61

occurs during elongation arrest by SRP (Walter and Blobel, 1981). The translocon
recognizes signal sequences, signal anchors, and transmembrane domains sequences in

such a way that integration can occur in the right orientation. Cleavable signal sequences
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and signal anchors are thought to integrate with the N terminus in the cytosol and the C

terminus in the ER lumen (Mothes et al., 1994). Some TMSs can integrate in the opposite
orientation. The translocon complex mediates the insertion of the nascent chain into the

lipid bilayer (Gorlich and Rapoport, 1993).

In a 103 residues-long nascent peptide of human invariant chain, a modified lysine

residue in position 41 (TMS: positions 30-58) crosslinked mainly to lipids (45%) and
TRAM (5%), indicating that the N terminal part of the TMS resides in the membrane.

Similar results were obtained with a puromycin-released nascent chain, which was
detached from the translocon entirely (50% crosslinked to lipids, none to TRAM, none to

Sec61a). When the crosslinker was moved downstream to positions 50, 59, and 67,

crosslinks to lipids and TRAM decreased, whereas to Sec61a they increased. This means

that the signal anchor integrates into the membrane when the nascent chain is very short,

i.e. early in translocation, but remains adjacent to the translocon. Thus, it seems that the
same TMS can reside in different environments. The distal end resides in the membrane,

whereas the C terminal part might rather contact the proteins of the translocon. In this

way, the signal anchor is a N terminally, half integrated TMS. Similar results were found
with other type I & II proteins (Heinrich et al., 2000; Mothes et al., 1997).

Compared to the results with the signal anchor of invariant chain, crosslinking of lipids to

the signal sequence from PpL was less efficient. This indicates that signal sequences with

shorter hydrophobic cores (7-15 res.) are positioned differently in the translocon
compared to the signal anchors, which contain longer hydrophobic cores (>20 residues).

The authors concluded that the translocon opens laterally to allow the TMS to face the
lipid bilayer and diffuse into it as the chain grows (Martoglio and Dobberstein, 1996;

Martoglio et al., 1995). Similarly, Mothes et al. (1997) showed a chain-length dependent,

cotranslational insertion of a TMS into the lipid bilayer in arrested, LeP-derived type I
membrane proteins.

That TMS integration can also occur in a different manner was demonstrated with a type
I membrane protein by Do et al. (1996). At different stages of translocation, the TMS was
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found in three different environments dependent on the nascent chain length. Initially, the

TMS was adjacent to both Sec61a and TRAM, but with longer chain lengths it was then

moved to two distinguishable sites showing crosslinks to TRAM only. Strikingly, the
TMS was actively retained in the translocon until translation was complete.

Similar results have been reported with nascent chains of the P-glycoprotein. Its five TM-

sequences were found to integrate into the lipid bilayer only upon termination of

translation by puromycin or a stop codon. All TMS of this protein remained in the
aqueous pore of the translocon during translation and translocation. Only after

termination were they subsequently integrated into the lipid bilayer. This result implies

that the translocon pore is able to enclose five TMS at the same time (Borel and Simon,
1996).

The two mechanisms above are clearly distinct, suggesting a wide variety of pathways

that lead to proper integration of polytopic membrane proteins into the ER membrane.

1.4.2.4 Biogenesis of Polytopic Membrane Proteins

Recent data reveals additional insight into the sequential insertion of consecutive TMS
into the translocon and the ER membrane. The first two TMS of seven in the protein

opsin have been found to cotranslationally interact with distinct components of the
translocon. In an approach involving in vitro translation and translocation with truncated

mRNAs, both TMS show transient and site-specific crosslinks to Seca and Secb.

However, an additional crosslink to PAT-10, a newly identified ER membrane protein,

was exclusively detected with the first TMS, which orients the N terminus into the lumen
and the C terminus into the cytosol. The association persisted throughout the biosynthesis

of opsin and it was independent of the TMS-identity. In contrast, the second TMS formed
additional transient adducts with the TRAM protein, but not with PAT-10. In other

words, PAT-10 seems to interact exclusively with the first TMS of a given membrane.

The results suggest that the different TMS of a polytopic membrane protein are
positioned into distinct sites within the translocon during translocation and insertion
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(Meacock et al., 2002). The finding supports the view that the translocon treats different

TMS individually and in a regulated manner.

1.4.2.5 The Diameter of the Active Translocation Complex

As stated above, the literature available indicates a number of different sizes for the

diameter of the translocation pore. The results of two 3D structures give results that are
far apart, and biochemical data (Borel and Simon, 1996; Hamman et al., 1997) support

the diameter of 20 and 50 Å presented by Ménétret et al. (2000). Table 2 summarizes the

different numbers obtained.

In considering the pore size, it is important to keep in mind that there is evidence that the
translocon is used during ER-associated protein degradation (ERAD) to transport

glycoproteins out of the ER for degradation by cytosolic proteasomes. It has been shown

that glycopeptides are retro-translocated via the Sec61 complex (Gillece et al., 2000;
Wiertz et al., 1996) and there is evidence for retrotranslocation of a folded protein using

the same route. The results suggest that the channel must be wide enough to
accommodate a polypeptide with an attached carbohydrate of a size of 25 x 15 x 15 Å

(Rudd and Dwek, 1997; Woods et al., 1998) or a folded, cylindrical protein with a

diameter of 24 and a height of 42 Å (Fiebiger et al., 2002).

1.4.2.6 Cotranslational Processing of Nascent Chains During Translocation

Nascent chains are covalently modified during translocation by signal peptide cleavage,

glycosylation, and disulfide-bond formation. SP acts on nascent chains at length of 110 to
170 amino acids (Robert Daniels and Daniel Hebert, unpublished, (Mothes et al., 1994;

Nicchitta et al., 1995). N-glycosylation by OST occurs when a glycosylation consensus

sequence of a nascent peptide is 64 or more residues away from the peptidyltransferase
center (Mingarro et al., 2000), or 12-14 residues from a TM-sequence in the ER lumen,
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respectively (Nilsson and von Heijne, 1993). The latter suggests that the OST active site

is located 30-40 Å from the lumenal surface of the membrane.

Reference (Hanein et al.,

1996)

(Beckmann et al.,

1997)

(Hamman et al.,

1997)

(Menetret et al.,

2000)

(Beckmann et

al., 2001)

(Breyton et al.,

2002)
Data source 2D Cryo-EM 3D Cryo-EM Fluorescent

quenching of

probes in the

nascent chain

3D Cryo-EM 3D Cryo-EM 2D

crystallography

Sample

preparation
Sec61

complexes from

Canine

microsomes,
reconstituted

proteoliposomes

, -/+ detergent

solubilization

In vitro

assembled,

detergent

solubilized
ribosome/Sec61

complexes from

yeast

In vitro

translated

truncated

nascent chains,
canine

microsomes,

non-solubilized

In vitro

translated

truncated

nascent chains;
native canine

microsomes,

detergent

solubilized

In vitro

translated

truncated

nascent chains,
assembled with

purified,

detergent

solubilized
Sec61

complexes

(yeast)

Reconstituted,

non-solubilized

SecYEG

complexes from
E. coli

(SecYEG)

Inner diameter

of the protein-

conducting

channel

23 Å 15 Å 40-60 Å 20x50 Å (oval) 0 Å 16x25 Å, but 0
Å on the

periplasmic side

Presence of a

translocating,

nascent chain

- - + (PpL) + (PpL and
endogenous

nascent chains)

+ (Type I
membrane

integration

intermediate)

-

Presence of

ribosomes in

the complex

- + + + + -

Representative

data

Table 2. Summary of the Published Data Determining the Inner Diameter of the Protein Conducting
Channel of the Translocon.

The summary was composed with special focus on how the samples were prepared, i.e. from purified
components or native membranes, with or without detergent solubilization, with or without a nascent chain
or a ribosome present.  The channel in the only crystallographic study from Breyton et al. (2000) is
indicated with a black dot in the middle of the cartoon. All channels are shown from the lumenal side
except in the last column (viewed from the cytoplasmic side). Note the wide variety of results obtained.
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It is known that folding and translation rates influence the efficiency of glycan addition

(Bulleid et al., 1992; Ujvari et al., 2001). For the core glycan to be added, the NXS/T-
consensus sequence must adopt a looped conformation to form the so-called asparagine-

turn (Imperiali and Hendrickson, 1995). This indicates that the nascent chain’s
conformation can influence the glycosylation efficiency. The predicted secondary

structures of a large number of glycoproteins indicate that 70% of the NXT/S-sequences

are located in b bends, 20% in b sheets and 10% in a helices (Rudd and Dwek, 1997).

Another cotranslational modification is the formation of disulfide bridges (Bergman and

Kuehl, 1979a; Chen et al., 1995; Molinari and Helenius, 1999). The latter two processing

events have been used to assay nascent chain folding during translocation. Furthermore,
protein degradation has been shown to occur cotranslationally in some cases. More than

50 % of nascent proteins carrying an N terminal degradation signal are degraded by the
ubiquitin/proteasome system. Thus, folding might kinetically compete with pathways that

target proteins for degradation (Turner and Varshavsky, 2000).
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1.5 Cotranslational Folding During Translocation

It has been shown that biosynthetic folding is more efficient and faster than the in vitro

refolding of proteins from denaturants (Bruckner et al., 1981; Fedorov and Baldwin,
1995; Kolb et al., 1994; Makeyev et al., 1996; Netzer and Hartl, 1997). Here I focus on

the folding and conformations of translocating, ribosome-bound nascent chains.

1.5.1 Folding Monitored by Glycosylation

Von Heijne and coworkers (Mingarro et al., 2000; Whitley et al., 1996) analyzed the
conformation of ribosome-bound nascent chains by the use of a glycosylation assay.

Truncated mRNAs were used to trap arrested chains in the ribosome/translocon complex.

The model protein was leader peptidase (LeP) from E. coli, which is anchored in the ER
in a type II-like manner and carries a glycosylation site in the ectodomain. By varying the

position of the truncation downstream of the glycosylation site, the minimum number of

residues required to span distance from P-site to OST active site was analyzed.

Using the LeP wildtype sequence, the minimum glycosylation distance was found to be
65 residues. This indicates that the nascent chain is accessible to the OST when it

emerges from the translocon. If one assumes that all residues of the translocated

polypeptide are extended and thus 3.5 Å/residue long, this means that the OST active site
is 224 Å distal to the peptidyltransferase center.

Next, 18-residue-long stretches of model sequences were introduced in locations that

would either position them in the ribosome or the translocon in the arrested chains. Again

the glycosylation length was measured. The main conclusions from the work were that
model sequences of about 18 residues exhibiting a tendency to form a helical

conformations lead to glycosylation distances of 70-73 residues. The effect of increasing

glycosylation distance was not dependent on stop transfer activity of the model
sequences. This means that the acquisition of secondary structure elements contracts the
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nascent chains and thereby leads to a longer glycosylation length. The detailed results of

this study are summarized in Figure 11.

Figure 11. Glycosylation as a Function of the Nascent Chain Length Downstream of the
Glycosylation Site (adapted from Mingarro et al., 2000)

On the left, schemes of the truncated intermediates are indicated. Black boxes are the TMS of LeP, colored
boxes indicate the position of the model sequence relative to the ribosome/translocon complex (green,
model sequence in the ribosome; red, in translocon). The Y represents the position of the glycosylation site
in wt LeP. In the middle two graphs, glycosylation efficiencies of various model sequence containing
truncated nascent chains are shown. Note that the A17V stretch leads to increased glycosylation lengths
when positioned in the ribosome. Thus the stretch appears as a compact, possibly a helical structure in the
ribosome. On the bottom right is a diagram describing the relation between the potential of theses
sequences to either form compact structures in the translocation channel (a helix, + or -) and/or to act as
stop transfer sequences (stop transfer activity, + or -). Strikingly, the Ala17V stretch was the only sequence
that appeared compact in the ribosome, but was unable to act as a TMS. On the other hand, the efficient
TMS V18 seemed to be extended in the ribosome and the translocon.

1.5.2 Folding Monitored by SS-bond Formation

Very early studies on disulfide bond formation in nascent polypeptides have provided an
informative probe for the folding process, since formation of disulfide bonds reflects

acquisition of tertiary interactions by the polypeptide. Bergmann and Kuehl (1979)
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analyzed the intrachain SS-bond formation in nascent immunoglobulin light chains (L)

synthesized in life cells. Using pulse-chase analysis in concert with an alkylation
procedure, they found that the disulfide bridge between C35 and C100 could form inside

the translocon, on chains that were just 141 residues long. Today, it is not so clear if the
detailed results of this study are correct. Similar experiments have shown that nascent

immunoglobulin heavy chains were able to form interchain disulfides with complete light

chains. The cysteine residue in the nascent peptide that forms the interchain bond had to
move 150 residues beyond the OST-active site before getting covalently attached to light

chains. All subsequent steps of intermolecular covalent assembly to the mature
immunoglobulin molecule involve completed polypeptides, which have been released

from ribosomes (Bergman and Kuehl, 1979b).

Another classic example comes from studies on soluble Rat serum albumin (RSA). RSA

contains 17 intramolecular disulfide bonds. In nascent polypeptides, 43 % of all cysteines

are not engaged in SS-bonds, indicating that the other 57 % are already oxidized. This
suggests that a large number of disulfides form concomitant with biosynthesis in vivo

(Peters and Davidson, 1982).

More evidence for the cotranslational intrachain disulfide-bond formation comes from

maturation analysis of Influenza Virus hemagglutinin (HA) and Semliki Forest Virus
glycoprotein maturation by two-dimensional gel electrophoresis in combination with

immunoprecipitation (Chen et al., 1995; Molinari and Helenius, 1999). During HA
synthesis, the two major, loop-forming disulfide bonds (from cys52 to cys277 and cys14

to cys466) form cotranslationally in about one fifth of all nascent chains (Chen and

Helenius, 2000). The shortest peptides with these bonds oxidized are glycosylated on
N285 or N479, indicating that cys277 or cys466 could oxidize when they were roughly

more than 40-70 residues distal to the OST active site.
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Efficiency of the outer disulfide bond formation was analyzed with a chimeric protein

that contained an extended cytosolic tail downstream of the native HA TMS (positions
514 through 540). Using the chimera, all nascent chains were found fully oxidized when

the cytosolic tail had reached a length of about 160 residues. This distance probably
corresponded to the cytosolic leash needed for lateral exit of the TMS in HA from the

translocon into the lipid bilayer. In other words, the translocon inhibited the oxidation of

residue 466, which locates 48 residues distal to the TMS reaching far into the ER lumen.
From this data, the authors concluded that the translocon has a regulatory role in folding

and membrane insertion of HA, which is the inhibition of premature disulfide bond
formation (Chen and Helenius, 2000).

1.5 .3  Folding Monitored by Native Interactions and Enzymatic
Activity of Nascent Chains During Translocation

Little direct data is available on the cotranslational folding of translocated nascent chains.

Firefly luciferase can efficiently fold into its enzymatically active conformation when
targeted to the ER. The cotranslational mechanism of translocation appeared to be

essential for productive folding, because it has been shown that refolding from denaturant
was slow and inefficient even in the presence of chaperones (Kolb et al., 1994; Tyedmers

et al., 1996).

Boren et al. (1992) showed that nascent apolipoprotein B chains could assemble into

lipoprotein precursors, indicating that the process for the formation of VLDL and LDL
particles in the ER starts cotranslationally. Furthermore, heterooligomerization of inositol

trisphosphate receptor isoforms has been shown to occur upon cotranslation of truncated

versions of the oligomerizing isoforms in vitro. This indicates that assembly of the
complexes can happen cotranslationally (Joseph et al., 1997).
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Beyond that, no further data is available. Especially enzymatic activities of translocated,

ribosome-bound arrested peptides have not yet been demonstrated.

1.5.4 Cotranslational Chaperone-Interactions in the ER

The chaperones and folding enzymes that have been shown to interact with nascent

chains are CNX, calreticulin (CRT), BiP, ERp57 and PDI. Which of them associate with

a given protein seems to depend on the location of N-linked glycans in the sequence. The
lectin chaperones CNX and CRT bind to partially glucose trimmed glycans in the first 50

residues. If no carbohydrate is present, BiP takes over the role of protecting the proteins

from aggregation, illustrating redundancy of the chaperone system in the ER (Molinari
and Helenius, 2000).

CNX and CRT are the main players in the quality control cycle for glycoproteins of the

ER (Helenius et al., 1997). They have been shown to interact with nascent HA in vivo

and in vitro in a glycan-dependent manner irrespective of their oxidation state (Chen and
Helenius, 2000; Hebert et al., 1998). Cross-links of CNX and ERp57, an ER-resident

oxido-reductase of the protein disulfide isomerase (PDI) family, to nascent glucose 1
transporter or PpL fragments were observed in an in vitro system (Oliver et al., 1996;

Oliver et al., 1997).

BiP is also important. It binds to growing nascent chains of Vesicular Stomatitis Virus

Glycoprotein (VSVG), the E1 protein of Semliki Forest Virus, and pro-a-factor (A.

Kleiner and A.Mezzacasa, unpublished; (Molinari and Helenius, 2000; Sanders et al.,

1992).

A schematic illustration of some constituents regulating nascent chain folding in the ER
is given in figure 12.
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Figure 12. Schematic View of Modifying Enzymes and Chaperones Interacting with Translocated
Glycopeptide Chains (Paola Deprez, ETH Zürich).

The picture illustrates different interactions that a nascent chain (black line) entering the ER lumen may
encounter. OST cotranslationally attaches glycans to the nascent chain (black line), Glucosidase I and II
(GII) are required for glucose trimming, which is important for the interaction with CNX and CRT.
Cotranslocational oxidation of disulfide bonds occurs with the help of PDI and ERp57. The latter is thought
to form a complex with CRT and CNX. BiP is the major Hsp70 in the ER known to plug the translocon
pore and replace the lectins when no glycan is present on the nascent chain.  The core translocon is shown
in blue, the signal peptidase in yellow.

1.6 Posttranslational Protein Translocation Across the ER
Membrane

In addition to the cotranslational mode of translocation, the posttranslational pathway can

be found in all eukaryotic cells. However, in higher eukaryotes, only a few natural

polypeptides are translocated by this SRP-independent pathway. They are all shorter than
70-80 amino acids. In contrast, S. cerevisiae uses the posttranslational pathway for many

proteins. In yeast, the specificity for either route seems to depend on the signal sequence.

Signal sequences with a long hydrophobic cores target proteins as a rule to the
cotranslational pathway, whereas less hydrophobic signals may direct substrates to either

pathway or sometimes preferentially to the posttranslational pathway (Kalies and
Hartmann, 1998; Ng et al., 1996).
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Like translocation into mitochondria and chloroplasts (see appendix and e.g. Neupert and

Brunner, 2002), posttranslational translocation into the ER requires a substrate protein
that is fully synthesized but kept in a transport competent state.

In S. cerevisiae, proteins synthesized in the cytosol are held in a largely unfolded,

transport competent state by Hsp70s and Hsp40s. Tightly folded dihydrofolate reductase

(DHFR) with its stabilizing ligand methotrexat bound, cannot be translocated, suggesting
the need for flexibility in polypeptide chain (Rassow et al., 1989).

For the posttranslational pathway, the membrane channel is the same as for the

cotranslational pathway (Sec61p: Sec61p, Sbhp, Sss1p) assisted by the Sec62/63p-

complex. Sec62/63p is made up from Sec62p, Sec63p, Sec71p, and Sec72p but only the
Sec62 and Sec63 proteins are essential for viability (Rothblatt et al., 1989). At least for

non-glycoproteins, the lumenal component required for translocation (but not targeting) is

the yeast homologue of the mammalian BiP, Kar2p (Panzner et al., 1995). A signal
sequence is needed to insert the polypeptide into the translocon. Like during

cotranslational translocation, the signal sequence and the initial downstream sequences
insert into the channel in a loop conformation, with transmembrane domains of Sec61

crosslinking specifically to the hydrophobic core residues of the signal sequence. The

signal peptide adopts a helical conformation and is intercalated between particular TM-
domains of Sec61p (Plath et al., 1998). The interaction is speculated to induce opening of

the channel. The TMS of Sss1p (Sec61b) might act as a surrogate signal sequence, which

becomes replaced by the authentic signal sequence upon targeting and insertion.

During posttranslational translocation, Kar2p is thought to act as molecular ratchet. In

vitro studies show that it binds to a segment of the polypeptide emerging on the lumenal
surface of the translocon and thus prevents the backwards sliding of the peptide. The

Sec63p protein constitutes a J-like (Hsp40-like) domain on its lumenal side that interacts
with Kar2p in an ATP-dependent manner. The J-domain probably stimulates binding of

Kar2p to the emerging peptide (Misselwitz et al., 1998). According to this model,

Brownian motion is sufficient as the driving force for translocation (Matlack et al., 1999).
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1.7 Model Proteins

Our most important model protein to analyze the cotranslational folding of arrested

polypeptides during translocation was the Semliki Forest Virus Capsid protease domain
(Cp). Cp acquires measurable catalytic activity during translation. In an extension of the

study, I made use of the smallest folding units known. They allowed me to address basic

folding events with a minimum of complexity.

1.7.1 Semliki Forest Virus Capsid Protease

1.7.1.1 General

Semliki Forest Virus (SFV) is an enveloped animal virus belonging to the alphavirus
genus and the togavirus family. Alphaviruses contain + stranded RNA genomes and share

high sequence similarity. SFVs are spherical particles of 65 nm in diameter with the spike

glycoproteins forming an icosahedral lattice and the nucleocapsid with a T=4 hexamer-
pentamer arrangement that contain a single protein, the capsid protein (Figure 13;

Mancini et al., 2000).

The entry of virus particles into the host cell is a well-characterized process (Strauss and

Strauss, 1994). After infection, the viral RNA functions as an mRNA for synthesis of an
RNA-dependent RNA-polymerase, which transcribes 42S genomes and a subgenomic

26S RNA. The smaller RNA serves as a messenger for all structural proteins of the virus,
which are the capsid protein and the three different membrane proteins E3, E2, and E1.

E3 and E2 are the processed products of the p62 protein (Melancon and Garoff, 1987).

The capsid protein assembles together with the viral genome (42S) into new nucleocapsid

particles in the cytosol. It is important to note that the Capsid protein (C-protein) is the
membrane glycoproteins are targeted to the ER membrane by an internal signal sequence
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only protein component of the structural precursor synthesized in the cytosol. The in the

E3 protein, which immediately follows the C-proteins C terminus (Liljestrom and Garoff,
1991).

Figure 13. Overview of the SFV Structure (adapted from Mancini et al., 2000) ©2000 by Cell Press

A. Reconstruction of SFV at 9 Å resolution. This surface view is colored according to the distances from
the center of the particle. The tips of the spikes are red, the lipid bilayer blue.

B. Internal Organization of Semliki Forest Virus. A section of the SFV structure is shown and the
individual components were colored: RNA, gold; Nucleocapsid, purple; Envelope, blue at the surface and
white in the hydrophobic core; envelope proteins, gray/blue. The icosahedral nucleocapsid is composed of
240 copies of the C-protein. The purple density represents the protease domain of the C-protein. The N
terminal part is thought to stabilize the RNA genome and is thus not visible within the capsid lumen. The
lipid bilayer is covered and penetrated by 80 copies of the spike-forming complexes.

1.7.1.2 The Capsid Protein

The C-protein of SFV consists of 267 amino acids (Mr=29.9 kDa, pI=10.1) that form two

major domains harboring different specialized functions important for the life cycle of the
virus. First, it is an autocatalytic protease that cotranslationally cleaves the C-protein

from the growing polyprotein precursor encoded by the 26S RNA (Melancon and Garoff,
1987; Nicola et al., 1999).
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Secondly, the C-protein interacts with the ribosome before it oligomerizes with other C-

proteins and RNA to form the nucleocapsid. The ability to associate with the ribosome
resides in the N terminal domain of the C-protein (Forsell et al., 1995).

Figure 14. Processing of the Structural Polyprotein Precursor of SFV.

The structural proteins of SFV are translated from a 26S viral subgenomic mRNA as a polyprotein
precursor. Following synthesis in the cytosol, the C-protein autocatalytically cleaves itself off the growing
preprotein. This exposes the signal sequence of the p62 protein. Upon translocation into the ER, signal
peptidase generates the p62, 6K, and the E1 protein. In a post-golgi compartment, the final processing event
producing E3 and E2 from p62 is performed by furin.

Third, the C-protein binds and eventually encapsulates the viral genome. RNA binding

occurs via sequences in the basic N terminal domain. The N terminal domain contains

many positively charged residues that are thought to interact with the negatively charged
phosphates in the nucleic acids. Two different kinds of sequences seem to mediate

genomic RNA-binding: a major, unspecific RNA-binding sequence and a specific one,
recognizing the packaging signal in 42S RNA of SFV (Forsell et al., 1995; Geigenmuller-

Gnirke et al., 1993). Cryo-EM studies on the whole virus (Figure 13) revealed the N

terminal domain as unstructured, probably stabilizing the RNA in the capsid.
Fourth, when the new viruses assemble at the plasma membrane, the C-protein binds to

the cytoplasmic tail of E2. This interaction is required for virus budding and is harbored
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in the C terminal domain of the C-protein (Lee et al., 1996; Owen and Kuhn, 1997;

Skoging et al., 1996; Suomalainen et al., 1992).

Fifth, during virus entry, C-protein monomers in the nucleocapsid trigger the uncoating
of the viral RNA in infected cells and in vitro by interacting with ribosomes (Singh et al.,

1997). An in vitro binding assay showed that C-proteins lacking the N terminal domain

do not associate to ribosomes any more, showing that uncoating is dependent on N
terminal sequences (Wengler and Wurkner, 1992).

Thus, the N terminal domain of the C-protein interacts with RNA in many ways. I used

for my experiments only the C terminal Cp domain, because it was important to exclude
any possible artifacts arising due to the association of the model protein with the

ribosome.

1.7.1.3 Enzymatic Activity of the SFV Capsid Protease (Cp)

The last 154 residues of the C-protein constitute the protease domain (Cp, Mr=17 kDa,

pI=8-66). The N terminus of Cp is M113 and W267 the C terminus. In this section I
focus on the characteristics of Cp activity, which is particular in many ways.

ÿ Cp generates its C terminus by proteolysis and not by a stop codon.
ÿ The proteolytic activity of Cp is intrinsic for the C terminal domain (Forsell et al.,

1995)

ÿ The activity acts only in cis, meaning that Cp can exclusively cleave itself but no
other peptides.

ÿ Auto proteolysis is specific for the Cp C terminus.

The cleavage site for Cp is between the C terminal tryptophane, which is W267, and the

first residues of the E3 protein (i.e. S268, A269, P270). SV capsid protease (SV Cp),
which is homologous to Cp, folds into a similar structure as shown by X-ray analysis of

SV Cp-crystals. It is important to note that crystals of SV Cp show the same fold,
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independent of the mode how the C terminus was generated. Crystals were either derived

from preparations of the whole virus, in which SV Cp had undergone catalytic cleavage,
or from recombinantly expressed protein containing a STOP codon. Thus, the

conformation of SV Cp is not dependent on the amino acids downstream of the cleavage
site (Choi et al., 1996).

The role of C terminal W267 has been studied in some detail using the full-length C-
protein from SFV. When W267 was replaced with an alanine or an arginine followed by

an inserted stop codon, the resulting C-proteins were – in contrast to the wildtype - prone
to aggregation. The same mutants were also unable to assemble into nucleocapsids,

whereas the mutants containing a phenylalanine instead of W267 assembled into

nucleocapsids as well as the wildtype protein. More importantly, if W267 was replaced
with alanine or arginine, the auto proteolytic activity of Cp disappeared. This indicates

that substrate specificity for autocatalysis is dependent on the bulky tryptophane residue

and its hydrophobic character (Skoging and Liljestrom, 1998). The rational behind this
becomes clear by analyzing the crystal structure of the domain.

1.7.1.4 The Crystal Structure of Cp

Choi et al. (1997) showed the structure of two crystal forms at 3 and 3.3 Å resolution.
They were derived from full-length capsid proteins extracted from intact viruses (Figure
15). Three monomer structures of the protease domain were found to be similar to the SV
capsid protease structure (Choi et al., 1991). The differences among the crystal forms

were localized to the monomer-monomer interaction interfaces, and probably originate

from different conformers present in hexons and pentons. However, since these
differences are induced upon assembly of nucleocapsids, they are not relevant for the

catalytic activity. The most N terminal residue visible in the crystal structure is C119
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Figure 15. Crystal Structure of the SFV Capsid protease (Cp) (Choi et al., 1997).

The ribbon structure shows the N and C terminal b barrel subdomains (blue) and the active site cleft at the
contact interface of the two domains. Catalytic residues (H145, D167, S219) are shown as ball and stick
representations in green; the C terminal tryptophane is depicted in magenta within close proximity to the
active site illustrating the substrate inhibition responsible for the ‘one-shot’ and ‘cis’ activity of Cp
proteolysis. The most N terminal residue visible in the crystal structure is indicated in yellow (C119).

(Figure 15, yellow). The N terminal domain was, in fact, proteolytically cleaved during

the preparation of the samples. The carboxyterminal 148 residues, which form the
protease domain, are folded into two b barrel subdomains in the characteristic fold of

chymotrypsin-like proteases. Mainly b sheets and turns constitute the structure. That the

structure is more compact is manifested by truncations in b strands and shortened loops.

In contrast to mammalian serine proteases, Cp has two short b strands at the C terminus

instead of an a helix. This allows the C terminal substrate site to come close to the active

site. The catalytic triad (Figure 15, green residues) is located in the domain interface:
H145 and D167 are on the N terminal barrel, whereas the catalytic serine residue is on

position 219 in the C terminal subdomain. The specificity pocket of chymotrypsin has a
similar organization. The residues, which comprise the specificity pocket are almost all

conserved in known alphavirus sequences.

In the structure, the C terminal tryptophane is positioned between the two domains within

the hydrophobic pocket of the active site. This illustrates why the enzyme is only active
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in cis and why it can only catalyze a single hydrolysis event: the C terminus is stuck in

the active site and inhibits further cleavages in a substrate-like manner.

The first amino acid of the catalytic triad (D145) and the C terminal substrate site (W267)
are 122 residues apart in the linear sequence. Thus, for the Cp cleavage to happen,

extensive folding is required because four residues, which are far apart in the Cp

sequence, have to come together is space to perform the proteolysis.

It is important to note that since the substrate site must move towards the active site
during folding, the proteolytic cleavage event can only occur when the finally folded

structure has been assembled. Thus, the moment of cleavage provides a convenient signal

marking the completion of domain folding.

1.7.1.5 Cotranslational Folding of the C-protein in the Cytosol of Living Cells

Nicola et al. (1999) have recently shown that autocatalytic cleavage happens

cotranslationally in living cells. CHO cells were infected with SFV and the fate of the
newly synthesized C-proteins was analyzed by pulse/chase analysis. C-protein bands

were detectable after 15 seconds of chase, long before the full-length precursor of the

structural polyprotein was synthesized. The longest nascent chains that contained the C-
protein sequence were roughly 4.7 kDa larger than the C-protein sequence alone. This

indicated that nascent chains needed to move 43 amino acids beyond the ribosomal P-site
to fold and cleave themselves off. Most likely, the 43-residue peptide was needed to

allow the folding sequence to exit the ribosomal exit tunnel. It is known that the protease

domain would not fit into the tunnel due to its size, which is 38 x 34 x 20 Å (Choi et al.,
1997).

Thus, the C-protein has to emerge from the ribosome to fold and acquire the active

protease conformation. These results were consistent with the notion that 40 residues of

nascent chains are protected from proteolysis by the ribosome (Matlack and Walter,
1995). They moreover implied that the Cp domain folds immediately once it has emerged
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from the ribosome. Cp did not associate with Hsp70, suggesting its folding occurs

independently of molecular chaperones. Similar results were obtained in a bacterial
translation system with a Cp version lacking the N terminal domain (residues 1-112).

1.7.2 Small Mini-Domains as Model Proteins

The aim of this thesis was to analyze the folding of proteins during cotranslational

translocation. The Cp used as a model protein features enzymatic activity within a
relatively small structure (38 x 34 x 20 Å). In addition to Cp we also made use of three of

the smallest and most stable protein domains known to date. They are well-characterized,

autonomously (re)folding, monomeric mini-domains, named HP35, PSBD43, and WW-
Prp. They have sizes well below that of Cp, and have remarkable high thermodynamic

stability. They possess either an a helical and/or b sheeted structure. None of them need

cofactors or disulfides to fold.

1.7.2.1 Villin Headpiece HP35

Villin is an actin crosslinking molecule in brush border microvilli in the absorptive

epithelial cells of the chicken intestine (Bretscher and Weber, 1980). The headpiece, a 76
amino acid-long C terminal domain, contains one of the two F-actin binding sites in the

protein necessary for F-actin filament bundling activity (Pope et al., 1994). Several stably

folded fragments of headpiece 76 have been found, and some retain F-actin binding
activity (HP67, and HP45; (Vardar et al., 1999). The smallest, HP35, is 35 amino acid

long. It folds to a triple anti-parallel helix bundle and forms the structured core of a

proteolytic fragment in the 76 residues long headpiece (Glenney and Weber, 1981;
McKnight et al., 1997). It represents the most C terminal sequence of villin and has lost

its capability to bind actin (Vardar et al., 1999). Once folded, HP35 is extraordinarily
stable, exhibiting a Tm-value of 70°C. Molecular dynamics calculations indicate that

folding takes place within milliseconds (Duan et al., 1998; Sullivan and Kuntz, 2001).
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The NMR structure of HP35 reveals a domain size of 32 x 29 x 22 Å. HP35 is the

smallest natural folding unit known.

1.7.2.2 Peripheral Subunit Binding Domain of Bacillus stearothermophilus Pyruvate

Dehydrogenase Multienzyme Complex (PSBD43)

PSBD43 is a subdomain of the protein E2p that provides binding sites for other enzymes
(E1p and E3) in the dihydrolipoamide acetyltransferase from pyruvatdehydrogenase

multienzyme complex of Bacillus stearothermophilus (Lessard and Perham, 1995). It is a
well-characterized mini-domain of 43 residues containing two short anti parallel a

helices, a 310 helix and a structured loop of overlapping  b turns that enclose a closely

packed hydrophobic core. The domain is 35 x 26 x 20 Å in size (Kalia et al., 1993). Its
refolding has been studied in some detail. When measured with a 41-residue version of

the domain, the Tm was 54°C (Spector et al., 1998), and folding was among the fastest
ever observed (Spector and Raleigh, 1999). The NMR structure reveals a well-structured

core of 33 residues. However, without the unstructured N and C terminal residues, this

PSBD33 peptide does not fold.

1.7.2.3 WW-Domains of Prp40

WW-domains are protein modules of approximately 40 amino acids-long found in

signaling and regulatory proteins. They have two highly conserved tryptophanes and a
strictly conserved proline residue in the C terminus. They fold as stable triple stranded,

anti parallel b sheets with surprisingly similar structures, and they do not need ligands or

disulfide bridges to fold. Folding occurs within microseconds (Ferguson et al., 2001).

WW-domains are known to bind proline-rich peptides with dissociation constants in the
µM range. Prp40, a U1 snRNP splicing factor from yeast, contains two WW-domains

(Macias et al., 2002). They are 29.5 x 23 x 18 Å in size, like other WW-domains of the
same length (Kanelis et al., 2001). The Tm’s for the WW-domains of Prp40 are around

55°C (M. Macias, personal communication).
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1.7.2.4 Alanine-Based a Helices

Right-handed a helices are the best known and most frequently observed secondary

structures in proteins. The normal helix contains 3.6 residues per turn and an elevation (of

1.5 Å per residue. The conformation is stabilized by hydrogen bonds and van der Waals

interactions within the backbone of the structure. Folding occurs usually within
microseconds in a two-step process, in which the initiation of helix-formation is the first

and rate-limiting step. Helix growth is rapid (Zimm et al., 1959).

The role of alanine residues in a  helices has been extensively analyzed. It has been

reported that alanine residues stabilize an a helix more than any of the other amino acids

(O'Neil and DeGrado, 1990). Furthermore, alanine is among the most frequently

occurring residues in helices of proteins (Levitt, 1978).

Although they appear structurally very ordered, a helices are only marginally stable in

water. The stability is largely dependent on the three-dimensional interactions in a

protein. Sixteen residue-long peptides composed mainly of alanines are 80% helical and
monomeric at 1°C, and only 40% helical at 30°C (Chakrabartty et al., 1994; Marqusee et

al., 1989). Several studies analyzed the helical content in poly-alanine peptides that were
expanded by blocks of e.g. glutamic acid residues for the solubility in water. Ooi and

coworkers found up to 90% helix content at 5°C in a 20 residues alanine block, which

was made soluble by the attachment of 20 glutamic acid residues (Ihara et al., 1982). In a
pioneering study, Gratzer and Doty (1962) analyzed a block peptide consisting of a

central stretch of roughly 175 alanine residues flanked by glutamic acid blocks of similar
lengths. They found that the whole central alanine block in these peptides was helical up

to a temperature of 95°C or a urea concentration of 8M. This indicates that long alanine

peptides exhibit an extraordinary high thermodynamic stability and a remarkable
resistance against denaturants.
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One can thus conclude that short, alanine-based peptides are only marginally stable in

water at physiological temperature. However, as soon as poly-alanines are elongated and
put in an extended sequence context, they can form stable a  helices. Overall, we

envisioned that a poly-alanine peptide would be a useful model sequence to assay the

formation of a helices in nascent chains.
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1.8 Aim of the Project

Already for a long time it has been debated to what extent proteins can fold in the

translocon when they are cotranslationally translocated into the ER. Structural and
biochemical studies give an ambiguous picture of the space available within the pore. The

information available is puzzling and at the same time challenging. To look at folding

during translocation directly, we made use of the unusual properties of Cp. The
experiments described below did not involve solubilization of membranes, nor extensive

sample preparation procedures. Thus we think that our results correspond to the natural
situation.

The following questions were addressed:

1) How far into the ER lumen does a protein domain have to travel to acquire its

native tertiary structure? Does the translocon complex inhibit folding during
translocation? Can nascent chains fold within the aqueous pore?

2) What are the possible conformations of a nascent chain traveling through the

protein-conducting channel of the translocon?
3) Is there a difference in the mode of action when the translocon transports soluble

or membrane proteins?

In addition to Semliki Forest Virus Capsid protease (Cp), we used various mini protein

domains as model proteins. Since it acquires its intrinsic enzymatic activity
cotranslationally in a way that can easily be monitored, Cp is an excellent tool to analyze

cotranslational folding processes. To synthesize the protein, we used different in vitro

translation systems (Erickson and Blobel, 1983; Lyko et al., 1995) in combination with
the truncated mRNA approach (Gilmore et al., 1991). First, we establish the experimental

system and determined at which stage during passage into the ER lumen Cp itself can
fold. Then, we use the mini protein domains and model sequences forming a helices and

b sheets to determine the possible conformations adopted by nascent chains in the

translocon pore. The approach was – again - based on the activity of Cp. Finally, we
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targeted Cp to the translocon with a signal anchor sequence instead of a cleavable signal

sequence and compared the two modes of protein maturation.

In constructs with a cleavable signal sequence we found that

1. Cp had to emerge from the ribosome and translocon to fold efficiently.

2. Even mini-proteins did not acquire their tertiary structure inside the translocon.

3. An a helix in a nascent protein could form within the translocon pore.

When the signal for targeting was replaced with a signal anchor sequence we find that

1. One third of all Cp-containing nascent chains could fold inside the translocon.

2. The effect was not dependent on the identity of the signal anchor.
3. Cp could fold in close proximity to the membrane.

4. Cp probably emerged sidewards from the translocon close to the lipid bilayer into
the ER.
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2 Experimental Procedures

2.1 Plasmid Constructions

Construction of pMK1 (ssCp.p62): Two oligonucleotides coding for an optimized Kozak-

sequence (Kozak, 1987) and the 16 aa-long signal sequence of the vesicular stomatitis

glycoprotein (VSVG) were cloned into the SacI–site of pGEM4Z (Promega, Madison,
WI) behind the Sp6 promotor, followed by the DNA sequence encoding the structural

polyprotein of SFV lacking aa 1-112 of the capsid protein (Nicola et al., 1999) which was
amplified by conventional PCR methods, resulting in the following sequence (restriction

site in italic, signal sequence of VSVG in bold, the start of the Cp-sequence is

underlined):  
Sp6-5’-...GAGCTCACCATGAAGTGCCTGCTGTACCTGGCCTTCC
TGTTCATCGGCGTGAACTGCATGAAGATT...-3’.

Construction of pMK13 (ssCp.pL): Site directed mutagenesis, PCR, and restriction

digestions were used to replace the sequence of the SFV structural polyprotein following

the Cp-sequence  (E3 etc.) with the bovine prolactin sequence (pL), which was devoid of
its own signal sequence. The final sequence in the transition area from Cp to pL derived

from these manipulations is depicted below (the end of the Cp-sequence is shown
underlined, residual sequence of the E3 protein of the SFV structural polyprotein is bold,

the s tar t  of  the introduced pL-sequence is  in i tal ic) :  5’-

...TCCGAAGAGTGGTCCGCCCCCACCCCCGTC...-3’ resulting in a translation to
…SEEWSAPTPV… .

Construction of pMK15 (pMK13 with BamHI after Cp): to clone sequences of mini-
protein domains behind the coding frame of Cp, we introduced a BamHI-site behind the

Cp-C terminus, resulting in a transition sequence from the Cp to pL as follows (same

code as for the pMK13-abstract indicated above, with the introduced restriction site bold
and underlined): 5’-...TCCGAAGAGTGGTCCGCCCCCGGATCCACCCCCGTC...-
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3’, introducing a glycine and serine residue coded by the BamHI-site

(…SEEWSAPGSTPV…).

Construction of pSK3 (saCp.pL): the first 55 amino acids coding sequence of the Signal-

anchor sequence of invariant chain were amplified with primers Sp6 and 5’-
AAAAAGATCTGCC CTGCTGCTGGTACAGGAAGTAGG from pGEM3Ii (Martoglio

et al., 1995), and digested EcoRI/BglII. The Cp.pL sequence from pMK15 was amplified

with 5’- ATATAGATCTATGAAGATTGAAATGACTGTATCTTCG AAG-3’   and T3,
digested BglII/PstI, and both pcr-fragments cloned into an EcoRI/PstI-cut pGEM4Z.

Construction of Cp-folding-reporter-sequences coding for small domains after the Cp-
sequence: pMK15 was digested with BamHI and small protein domain sequences

amplified by PCR resulting in BglII/BamHI-ended inserts cloned in frame between the

ssCp and pL sequences on pMK15. Template DNA for small domains was generously
provided by J. McKnight (pVHP10-76K for HP-35, (Vardar et al., 1999), M. Macias

(pETM30/WW2 for Prp40-WW, M.Macias unpublished) and R. Perham (pNAVDD for

PSBD43, (Hipps and Perham, 1992). Restriction enzymes and Mung Bean Nuclease were
from New England Biolabs, Beverly, MA.

2.2 In Vitro Transcription

DNA-templates for in vitro   transcription were derived from a 100µl pcr with
Dynazyme, (Finnzymes, Espoo, Finland). The forward primer was always a modified

Sp6-primer (5’-GGATTTAGGTGACACTATAGAATACG-3’) and the reverse primer
was varied: (1) for the production of truncated mRNAs primers were designed such that

the full sequence annealed to the DNA-template and the codon at the 5’-end (of the

primer) corresponded to the last aa in the desired peptidyl-tRNA; (2) when translation
was supposed to terminate properly at a given residue (e.g. to produce reference

peptides), a TAG stop-codon was introduced at the relevant position, and a reverse primer
starting with 5’-NNNNNNCTA…-3’ was used for PCR. PCR-amplified DNA was

purified by phenol/chloroform extraction and transcribed in vitro with self-made Sp6
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RNA polymerase at 42°C with agitation at 1’000 rpm in a Eppendorf thermomixer in the

presence of 0.5 mM m7G(5’)ppp(5’)G CAP analog for 1 or 2 hrs (New England Biolabs,
Beverly, MA) (Nilsson and von Heijne, 1993):

Transcription Reaction

5 x transcription buffer: 200 mM Tris-HCl pH 8.0, 100 mM Mg(OAc)2, 25 mM

DTT, 5 mM spermidine and 10 mM NTPs (store at –20°C).

Reaction Mixture
28.75 µl

10 µl
5 µl

1.25 µl

5 µl

template

5 x transcription buffer
5 mM RNA cap-structure analog (m7G(5’)ppp(5’)G)

RNase-inhibitor (40 U/µl)

RNA polymerase

50 µl Sample volume

100 µl sterile H2O were added after the reaction. mRNA was purified by
phenol/chloroform extraction, isolated by ethanol precipitation, and analyzed by agarose

gel electrophoresis. About 1/500 (≈0.1 µg RNA) of such a transcription reaction was used
per 25 µl translation.

2.3 In Vitro Translation

2.3.1 Preparation of Wheat Germ Extract (WGE)

Wheat germ cell-free extract contains all the components needed for translation, e.g.

ribosomes, initiation factors, elongation factors, and tRNA. The preparation is performed
in the cold and as fast as possible to avoid enzymatic degradation of translation

components (Erickson and Blobel, 1983):



64 Protein Folding During Cotranslational Translocation

Homogenization buffer: 40 mM HEPES/KOH pH 7.6, 100 mM KOAc, 1 mM Mg(OAc)2,

2 mM CaCl2, 200 µl 1 M CaCl2, 1 mM DTT (add prior to use!)

Column buffer: 40 mM HEPES/KOH pH 7.6, 50 mM KOAc, 1 mM Mg(OAc)2, 0.1 % 2-

mercaptoethanol  (add prior to use!)

2 g of fresh wheat germ were taken from the stock in the cold (avoid moisture getting into

the stock wheat germ) and put into a mortar, which already contained liquid N2. The

wheat germ has been sieved to enrich for viable intact embryos through a normal kitchen

sieve. Wheat germ can be obtained from local mills. The general rule is that the further
south the wheat was grown the more active is the extract. The wheat germ was ground in

liquid N2 until a fine powder was obtained (5 min). It is then transferred to a second

mortar on ice, mixed with 4 x 3ml of homogenization buffer and ground to a fine paste (4
x 1-2 min). The paste was then centrifuged in a Sorvall SS34 rotor for 10 min at 4 °C at

14,000 rpm (23,000 x g). Floating lipids and the pellet were discarded and the
centrifugation step repeated. This supernatant (called S23 extract) was then passed over a

1.5 x 40 cm Sephadex G-25 column equilibrated with column buffer by gravity flow. The

brownish flow through phase was collected in 2ml fractions. Fractions 3-5 were pooled,
incubated on ice (10 min), and centrifuged for 10 min at 4°C at 14,000 rpm to remove

aggregates. 200 µl aliquots were frozen immediately in liquid N2 and stored at -80 °C.

Extracts (WGE) were thawed only once.

2.3.2 Preparation of Rough Microsomes (RM)

For cotranslational translocation in a cell free system, rough microsomes (RM) from dog
pancreas were isolated according to (Martoglio et al., 1998).

Solutions

Homogenization buffer: 250 mM sucrose, 50 mM HEPES-KOH pH 7.6, 50 mM KOAc,
6 mM Mg(OAc)2, 1 mM EDTA, 1 mM DTT and 30 µg/ml

PMSF.
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Sucrose cushion: 1.3 M sucrose, 50 mM HEPES-KOH pH 7.6, 50 mM KOAc, 6

mM Mg(OAc)2, 1 mM EDTA and 1 mM DTT and 30 µg/ml
PMSF.

RM buffer: 250 mM sucrose, 50 mM HEPES-KOH pH 7.6, 50 mM KOAc,
2 mM Mg(OAc)2 and 1 mM DTT.

The pancreas was removed from a dog immediately after it was sacrificed. The gland was
rinsed with ~500 ml ice cold homogenization buffer, freed from connective tissue, cut

into small pieces, and pieces were frozen in liquid nitrogen. All subsequent steps were
done at 0-4 °C to minimize degradation. Tissue pieces were slowly thawed on ice. After

~5 min, 200 ml homogenization buffer was added. After complete thawing, pieces were

mashed with a meat squeezer and suspended in ~120 ml fresh homogenization buffer.
The crude suspension was homogenized using a 30 ml glass-Teflon potter. The

homogenate was centrifuged at 3’000 rpm (1’000 g) for 10 min in a Sorvall SS34 rotor.

The supernatant was collected and the pellet was again resuspended in ~40 ml
homogenization buffer. The suspension was centrifuged at 1’000 g for 10 min. The

supernatant was collected. The pooled 1’000 g supernatants were centrifuged twice at
9’500 rpm (10’000 g) for 10 min in a Sorvall SS34 rotor. The pellets were discarded both

times. The RMs were recovered by centrifugation of 4x 40 ml suspension through ~30 ml

sucrose cushions at 35’000 rpm (142’000 g) for 1 h in a Beckman Ti 45 rotor. The
supernatant, containing cytosol and smooth microsomes was carefully removed with a

pipette. The pelleted RMs were resuspended in ~36 ml RM buffer using a Dounce
homogenizer and 4x ~9 ml were applied on ~16 ml sucrose cushions. Pure membranes

were recovered by centrifugation at 36’000 rpm (142’000 g) for 1 h in a Beckman Ti 70

rotor. The membranes were resuspended in ~30 ml RM buffer using a Dounce
homogenizer. Aliquots were frozen in liquid nitrogen and stored at -80 °C. The

absorption at 260 nm and 280 nm of a 1:1’000 dilution in 0.5 % (w/v) SDS was
measured. OD260/OD280 was 1.7. The total yield of 43 g pancreas was ~30’000 RM

equivalents. One equivalent of RM suspension is 1 µl of a RM suspension at a

concentration of 50 U/ml, OD280 (Walter and Blobel, 1983).
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2.3.3 Preparation of Nuclease Treated Rough Microsomes (NTRM)

Nuclease treatment was performed to eliminate endogenous mRNA causing background
products upon translation. CaCl2 to a concentration of 1 mM and S7 staphylococcal

nuclease to a concentration of 20 U/ml were added to a RM suspension of 1-2 ml. The
suspension was mixed by pipetting and incubated for 10 min at 23 °C with shaking at

1000 rpm in a thermomixer. The reaction was stopped by addition of EGTA to a

concentration of 2 mM. RMs were sedimented by centrifugation 48’000 rpm (100’000 g)
for 10 min at 4 °C in a TLA-100.2 rotor. The supernatant was discarded and the

membranes were washed by resuspending in RM buffer, followed by centrifugation.

Nuclease treated rough microsomes were resuspended in RM buffer to reach the starting
volume of the untreated RM suspension. Aliquots were frozen in liquid nitrogen and

stored at -80 °C. One equivalent of nuclease treated RM suspension is derived from one
equivalent untreated RM suspension.

2.3.4 Cotranslational Translocation in WGE

WGE translations were performed in a 25µl reaction volume containing 40% wheat germ

extract, 1 µl [35S]-methionine (1’000 Ci/mmol at 10 µCi/µl, Amersham Pharmacia
Biotech, Uppsala, Sweden), an energy regenerating system (12.5 mM ATP, 0.25 mM

GTP, 25 mM HEPES-KOH pH 7.9, 125 mM phosphocreatine (Roche Molecular

Biochemicals, Rotkreuz, Switzerland), 10 mg/ml creatine kinase (Roche Molecular
Biochemicals) and 0.25 mM amino acids (- Met/ -Cys, Promega, Madison, WI)), in the

absence or presence of 1-2 equivalents of RM at 25°C for 12 min (Erickson and Blobel,

1983).
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2.3.5 Cotranslational Translocation in Reticulocyte Lysate

Translations in reticulocyte lysate (Promega) were performed in a volume of 12.5 to
25µl, containing 70% reticulocyte lysate, 1 µl [35S]-methionine (1’000 Ci/mmol at 10

µCi/µl, Amersham Pharmacia Biotech), amino acids (20 µM each except Met and Cys),
and nuclease treated rough microsomes at 30°C for 12.5 min.

2.3.6 Sample Treatments

Puromycin release was performed for 5 min following translation at 25°C at a final

concentration of 5 mM Puromycin (Sigma, St. Louis, MO). Reactions with truncated

mRNAs were synchronized after 7.5 min with 0.1 mM edeine (generous gift from G.
Kramer, University of Texas, Austin, TX), and incubated for another 4.5 min before

translation intermediates were stabilized by the addition of Mg(OAc)2 to 5 mM and
chilling. Reactions not containing microsomes were diluted 10-fold into hot Stop-Mix

(12M Urea, 0.1M DTT, 0.1M NaCO3, pH 12.5, 80°C), kept at 80°C for 30 sec and

neutralized with 0.5 vol of 1M HEPES/KOH pH7.6, and further processed for SDS-
PAGE by TCA-precipitation. Samples containing RM or NTRM were diluted 2x in RM-

buffer (250 mM sucrose, 50 mM HEPES-KOH pH 7.6, 50 mM KOAc, 7.5 mM
Mg(OAc)2 and 1 mM DTT). 1/10 vol 4M KOAc were added and microsomes pelleted

through a high salt sucrose cushion (500 mM sucrose, 50 mM HEPES-KOH pH 7.6, 500

mM KOAc and 5 mM Mg(OAc)2) for 3 min at 48000 rpm in a Beckman TLA 100.2 rotor
(Lyko et al., 1995). Membrane pellets were washed once with RM-buffer and 50µl hot

Stop-Mix were directly pipetted onto the washed membranes to inhibit any post-lysis

folding events. After neutralizing, 0.1% NaDOC (Fluka, Buchs, Switzerland) was added
to the samples and proteins TCA precipitated. Reactions to produce reference peptides

with mRNA containing a STOP-Codon were incubated 30-60 min at the appropriate
temperatures, precipitated by TCA, and processed for SDS-PAGE.
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2.3.7 Proteinase K Protection Assay

Briefly, Translations in Reticulocyte lysate were performed in a triple volume (75µl) and
processed up to the washed membrane pellet as described above. NTRMs were then

resuspended in Digestion buffer (40% (v/v) WGE, 50% (v/v) RM-Buffer and 10% (v/v)
0.1M Mg(OAc)2) and incubated for 25 min at 12°C in the absence, presence of Proteinase

K (0.1 mg/ml) or in the presence of PK and 2% Triton X-100 (Sigma). Digestions were

stopped by the addition of 1/30 vol PMSF (10 mg/ml) and chilling. Then, samples were
transferred directly into 20 vol hot Stop-Mix and processed for SDS-PAGE.

2.3.8 Processing for SDS-PAGE

TCA-precipitated and acetone-washed samples were dissolved in 1% SDS and incubated

at 40°C for 1 hr in the presence of 0.3% (v/v) triethylamine or 4-ethylmorpholine (Sigma)
to hydrolyze peptidyl-tRNA-bonds. Finally, the sample was diluted in SDS-sample buffer

and protein contents analyzed by 12-14% SDS-PAGE (Laemmli, 1970).

2.4 Folding Control for PSBD43

E1 and E3 were prepared as described (Lessard et al., 1998; Lessard and Perham, 1994)

with some modifications. Overexpression of E1a, E1b, and E3 was performed in E. coli

TG1 cells transformed with expression vectors pBstE1a (coding for the a subunit of E1),

pBstE1b (b subunit), and pBstNAV/E3 grown in LB medium in the presence of 100

µg/ml ampicillin and 1 mM IPTG. Per g wet cells 2 ml buffer were used for resuspension.

E1a and E1b expressing cells were mixed before French pressing to be purified as the E1

complex. Purification was performed by DEAE-sepharose and MonoQ columns for E1
and by ammonium sulfate precipitation, Q-sepharose, and MonoQ for E3. The oligomeric

state of the complexes was analyzed by size exclusion chromatography and native PAGE.
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Cp*.PSBD43STOP was translated in WGE in the absence of microsomes for 30 min at

25°C, followed by further incubation at 37°C for 30 min in the presence of RNaseA (0.1
mg/ml) and EDTA (5 mM). 0.5 µl of this reaction mixture was incubated with ~2.5 µg

E1 or E3 proteins in 10 µl of a buffer containing 20 mM Tris/HCl (pH 9.5) and 10%

glycerol for 20 min at 4°C and analyzed by a Native PAGE procedure adapted from
(Lessard et al., 1998). Briefly, a SDS-PAGE according to Lämmli was used, except that

the SDS was omitted in every buffer, and that the pH of stacking and resolving gel was

9.5. 10 cm slab gels (12%) were run at 10 W for 1.5 hrs with water-cooling.

2.5 Quantifications

Radiolabelled proteins were separated on SDS-PAGE and dried gels scanned with a

phosphoimager STORM 860 (Molecular Dynamics, Sunnyvale, CA). The program Image
Quant (Molecular Dynamics) was used to quantify the radioactivity in protein bands

(rectangle mode). Local backgrounds were subtracted from the initial volumes,

normalized to the known number of methionines in the proteins by division, and the ratio
of cleaved protein per sum of cleaved and uncleaved calculated. Thus, the results

represent the mole fraction of cleaved species in the total of Cp-chains. Only full data sets
were used in which all samples were prepared in parallel. The number of experiments for

statistical analysis was three or more (as indicated).
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3 Results

3.1 The Reporter Constructs

To determine the minimal length of a nascent polypeptide required for Cp folding, we

translated truncated mRNAs in vitro. When ribosomes reach the 3’-end of a truncated

mRNA that lacks a stop codon, it stalls, and the translated polypeptide remains trapped as
a peptidyl-tRNA (Gilmore et al., 1991). This technique allowed us to generate distinct

translation intermediates in which the Cp domain was connected to the ribosome by C
terminal linker sequences of different lengths.

The constructs used had three parts (Figure 16): (1) An N terminal signal sequence (or
signal anchor sequence) to target the translated proteins to the ER, (2) the Cp domain

sequence (amino acids M113 to W267 of the native SFV capsid protein), and (3) a C
terminal linker sequence to provide the connection between the Cp and the

peptidyltransferase center. To determine to what extent results depended on the specific

amino acid sequence in the linker, we made use of different sequences: the authentic viral
sequence from the p62 protein of the SFV polyprotein; the Y31-C229 sequence from

bovine preprolactin (pL, a well-behaving, soluble peptide widely used in in vitro

translocation experiments); and a stretch of 30 alanine residues (or mini-domain

sequences) followed by the Y31-C229 sequence of preprolactin (polyAla), which should

adopt an a helical conformation (or their native folds). For some of these, we also made

constructs that contained a mutation in the active site (S219I) leading to a proteolytically
inactive Cp (Cp*) domain (Nicola et al., 1999).

From these DNA-templates, mRNA molecules encoding constructs with different C
terminal linker length were generated by PCR and in vitro transcription (Whitley et al.,

1996). While the upstream primer was always the same, the downstream primer was
varied so that the mRNAs generated coded for different lengths of the C terminal linker
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peptide. In this way, the Cp domain in arrested polypeptides could be positioned at

different distances from the peptidyltransferase center of the ribosome.

The nomenclature adopted for the various mRNA molecules and their products is as
follows: ‘ss’ defines the cleavable signal sequence from vesicular stomatitis virus

glycoprotein, ‘sa’ the non-cleaved signal anchor sequence from the human invariant

chain; Cp and Cp* depict the active and inactive versions of the capsid protease domain;
p62, pL and polyAla indicate the identity of the linker peptide sequence. Finally, numbers

define the length of the linker in amino acids. Furthermore, to be able to better identify
specific polypeptide products by their electrophoretic mobility after SDS PAGE, we

translated a variety of [35S]-methionine labeled constructs of defined length, and used

them as reference standards. Unlike the constructs described above, these standard
proteins had a STOP codon at their 3’ end, and were denoted accordingly

ssCp*.pL60STOP, and Cp.pL60STOP.

Figure 16. Linear Sequence of Fusion Proteins Containing the Cp.

Same color code as in figure 15, except where indicated. The black arrow illustrates how the catalytic triad
(H145, D167, and S219, light green) comes together and points towards the Cp C terminus (W267,
magenta), i.e. the substrate site for proteolysis. Numbers correlate with the position in the full-length, wild
type SFV capsid protein. The signal sequence for targeting is shown in yellow. It was either the signal
sequence of vesicular stomatitis virus glycoprotein or the signal anchor sequence of the human invariant
light chain. The C terminal linker peptide is shown in red, and the different amino acid sequences below
(pL: linker from bovine prolactin; p62: linker from the structural polyprotein of wild type SFV; polyAla: 30
alanine residues followed by the pL sequence). The first three residues after the Cp cleavage site (SAP)
from the wild type context were the same in all fusion proteins to ensure proper cleavage activity.
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3.2  Cp Folds Only after Exit from Ribosomes

First, we determined the linker length needed to allow Cp to fold as it emerges from the

ribosome in the absence of microsomes. Truncated mRNA of the ssCp.pL series with
linkers ranging from 28 to 52 amino acids were translated in vitro using wheat germ

extracts  (WGE) in the presence of a mixture of amino acids including [35S]-labeled

methionine, and an energy regenerating system (Erickson and Blobel, 1983). After 12
min, the samples were injected into a mixture of 12 M urea, 0.1 M NaCO3 (pH 12.5) and

0.1 M DTT (‘Stop-Mix’) heated to 80°C to immediately denature the nascent chains, and
to stop further folding. TCA-precipitates from these lysates were treated with alkali to

hydrolyze peptidyl-tRNA, and subjected to SDS-PAGE and phosphor imaging.

The results showed that when the linker length was relatively short  (i.e. 28 or 32 amino

acids, Figure 17A), the major translation product had a molecular weight corresponding
to the respective uncleaved polypeptide (i.e. 23 kDa for ssCp.pL28). The 4 amino acid

difference between the polypeptides was clearly resolved. Less than 10% of the protein

was found in a band corresponding to the cleaved form (ssCp). This background cleavage
was most likely due to premature chain release, to inefficient termination arrest, or to

incomplete inhibition of Cp folding during denaturation in ‘Stop-Mix’.

With longer C terminal linkers, starting at 36 amino acids (Figure 17A), the ssCp.pL

bands gradually decreased in intensity, and the ssCp (19 kDa) band grew stronger. In
addition, a smear around the size of ssCp.pL28 was often seen corresponding most likely

to side products caused by stalled ribosomes. To obtain quantitative information about the

transition from non-cleaved to cleaved Cp product, we quantified the radioactivity in the
ssCp and ssCp.pL bands in a phosphor imager and normalized the intensity to the number

of methionines encoded in the respective peptides. In figure 17C the cleavage ratio of
cleaved (ssCp) over total (ssCp+ssCp.pL) from several experiments has been plotted

against the linker length.



76 Protein Folding During Cotranslational Translocation



Results 77

The graph shows a gradual conversion from the uncleaved to the cleaved form between

linker-lengths of 32 and 48 amino acids. The shortest chain that could undergo cleavage
had a 36 amino acid linker. Half of the chains were cleaved when the linker length was

39-40 amino acids, defining what we will call the ‘mean folding distance’ (MFD). In the
36 to 44 amino acid range, the average increment in cleavage was 5.5% per additional

amino acid.

To confirm that the lack of cleavage with the shorter linkers was due to their attachment

to the peptidyltransferase center, we treated the samples with 5 mM puromycin after
completed translation (Fig 2B). Puromycin is an aminoacyl-tRNA analog that acts as a

translation inhibitor by releasing nascent and arrested polypeptides from the ribosome

(Nathans, 1964). For all linker lengths, including the shortest ones, more than 90 % of the
radioactivity was now found in the ssCp band (Figure 17B). This showed that the block

in cleavage observed for the shorter chains was, indeed, caused by their retention in the

ribosome. It also demonstrated that, while bound to the ribosome, the chains retained
their folding- and cleavage-competent state. The smear at the level of ssCp.pL28 also

disappeared after addition of puromycin (Figure 17B), indicating that these chains were
also attached to the peptidyltransferase center, and that they were folding-competent after

release.

Since it is known that the ribosome shields about 40 amino acids of a growing nascent

chain from proteolysis (Matlack and Walter, 1995), we concluded from our data that the

Figure 17 (previous page). Cp must fully emerge from the ribosomal exit tunnel to fold.

A. Scheme of a ribosome/arrested chain complex analyzed in this figure.

B. Truncated ssCp.pL mRNA coding for signal sequence containing Cp and C terminal extensions from 28
to 52 amino acids were translated in wheat germ extract. After 12 min at 25°C the reactions were stabilized
and lysed. Band-identities are indicated. The filled and open circles show the ssCp.pL28 and ssCp.pL32
bands, respectively, resolving a difference of 4 amino acids. Numbers above the gel frame define the length
of the linker peptide in amino acids.

C. Samples from the experiment in A were treated with 5 mM Puromycin instead of stabilization before
lysis, showing that release of arrested polypeptides from the ribosome allowed Cp folding and cleavage.

D. The continuous increase in the Cp-band intensity with increasing linker length. It is presented as the
cleavage ratio of cleaved/(cleaved+uncleaved) versus linker peptide length (see experimental procedures).
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Cp domain can fold and undergo the auto-proteolytic cleavage only once it has been

completely extruded from the ribosomal exit tunnel. This confirmed our previous
observations in live cells using the complete SFV capsid protein (Nicola et al., 1999).

3.3 Targeting Cp to Microsomes

To determine how far Cp has to move before folding when synthesized on an ER-
membrane bound ribosome, we performed a similar experiment as described above in the

presence of ER-derived, nuclease-treated rough microsomes. To establish whether
targeting, translocation, and folding of the Cp domain in the ssCp.pL constructs occurred

properly, we first assayed the chronology of signal sequence processing and Cp cleavage.

We translated ssCp.pL60 mRNA in the presence and absence of microsomes (Figure 18).

A linker length of 60 amino acids was chosen because it was expected to place the C
terminal substrate site of the Cp-activity inside the translocon (Matlack and Walter,

1995). Translation of ssCp.pL60 without microsomes resulted in the expected ssCp

protein band (lane 1). When microsomes were present (lane 3) and the membrane pellet
analyzed by SDS-PAGE, the main band was considerably larger with an estimated Mr of

24 kDa. Comparison with two marker peptides (ssCp*.pL60STOP, lane 2, and

Cp*.pL60STOP, lane 4) showed that the 24 kDa band corresponded to Cp.pL60, a
protein that was processed by signal peptidase but failed to perform autocatalytic

cleavage. However, when 5 mM puromycin was added to release the arrested chains in
the translocation mixture (lane 5), the 23 kDa band shifted to about 17 kDa. The size

difference between the 17 kDa band and the ssCp protein in lane 1, suggested that the

band corresponded to Cp, i.e. that the signal sequence had been processed.

The lack of autocatalytic cleavage indicated that, when a Cp domain with a linker of 60
amino acids was arrested in the translocon, it could not undergo proper folding. However,

when released into the ER lumen, it was able to fold into its catalytically active form and
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to cleave itself off. The results also revealed that signal peptide cleavage occurred

independently of, and prior to, Cp folding. Importantly, the results showed that the
system was performing well enough to allow analysis of domain folding in conjunction

with the translocon.

Figure 18. Signal sequence processing precedes Cp self-cleavage during cotranslational translocation.

ssCp.pL60 was translated in reticulocyte lysate in the absence (lane 1) and presence (lanes 3 and 5) of
microsomes, and treated with 5mM puromycin to release ribosome-bound nascent chains (lane 5). The
membrane pellet fractions of microsome-containing samples were prepared as described in experimental
procedures.  All samples obtained with truncated mRNAs (lanes 1, 3, 5) were treated with urea and alkali at
elevated temperatures to inhibit post-lysis folding (and cleavage). Reference peptides representing the
signal sequence containing (lane 2) and lacking (lane 4) Cp*.pL60 full-length protein were derived from
translating mRNA with a stop codon for proper chain termination. Marker protein sizes are indicated to the
right of the gel frame.
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3.4 In the ER, Cp Folds 64 Amino Acids from the P-Site

To determine the length of the linker peptide required for the Cp domain to fold while

arrested on the membrane-bound ribosome, we translated series of ssCp.pL mRNAs
coding for linker lengths from 56 to 84 amino acids with increments of 4 amino acid

residues. Translation was performed using rabbit reticulocyte lysate in the presence of

microsomes. To dissociate ribosome/translocon complexes that were not engaged in
translocation, samples were diluted into a high-salt buffer after translation, and the

microsomes isolated by high-speed centrifugation. Finally, the membrane pellets were re-
dissolved into hot ‘Stop-Mix’, and processed for SDS-PAGE.

A ladder of uncleaved Cp.pL increasing in size was observed (from left to right, Figure
19A). Cleaved Cp above the background level started to appear with linker lengths ≥ 64

amino acid residues as shown by quantification of the results from several experiments

(Figure 19C). Note also that some unprocessed ssCp (i.e. chains still carrying the signal

sequence) appeared in every sample. This was probably due to non-specific association of
untargeted ssCp to the microsomes despite the high-salt treatment. When the same lysates

were treated with puromycin to release arrested chains, most translocation intermediates
were found to collapse into the auto-catalytically cleaved Cp band indicating that they

remained folding-competent when bound to the ribosome (Figure 19B).

Figure 19 (next page). ssCp Nascent Chains have to Emerge from the Protein Conducting Channel to
Fold. ssCp.pL mRNAs were synthesized containing truncations from positions 56 to 80 downstream of the
Cp C terminus. Synchronized in vitro translation/translocations were carried out in reticulocyte lysate (RL)
in the presence of microsomes.

A. Scheme of ribosome/translocon/arrested chain complexes analyzed in panel B.

B. Translations were stabilized with 5 mM Mg2+ and the membrane pellets isolated before lysis and
analysis by SDS-PAGE and autoradiography. Linker lengths are depicted above the gel frame. Some ssCp
appeared in every sample probably due to untargeted protein unspecifically associated with the
microsomes.

C. Samples from A treated with 5 mM puromycin instead of Mg2+ and processed identically.

D. Quantification of the molar ratio of cleaved/(cleaved+uncleaved) from A plotted versus the linker
length. Data from experiments performed with linkers from 28 to 84 amino acids in wheat germ extracts
(WGE) as an alternative translation system are also included.
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We concluded that the folding and autocatalytic cleavage of Cp in arrested chains is

possible when the linker length is 64 amino acids or longer. In the reticulocyte lysate
system, maximal cleavage was reached at 76 amino acids, with an MFD of 67-68 amino

acids and a slope of 7% per amino acid residue. In the wheat germ translation system,
similar values were observed (Figure 19C, dashed line). The gradual increase in Cp

cleavage with linker lengths from 64 to 76 resembled the increase described in figure
17C. Similar results were obtained with the linker sequence p62 suggesting that the
critical linker length was not dependent on the amino acid sequence in the linker (Figure
19C).

These results indicated that Cp in arrested chains only folds and cleaves itself off the

nascent chain when its full polypeptide sequence has emerged from the translocon
complex. Thus, conditions inside the channel apparently do not allow folding of the

domain. One likely reason could be that the channel was too narrow to permit folding of

the 17 kDa domain with dimensions of 38 x 20 x 34 Å in the final native structure (see
discussion).

3.5 Can Smaller Domains Fold Within the Translocon?

To determine whether smaller domains could fold in the translocation pore, we modified
the linker region so that it contained sequences from known mini-domains smaller than

Cp. Would the MFD of Cp increase if the linker peptide folded into a stable structure that

held the Cp C terminus within the protein conducting channel? We expected that if
sequences would fold inside the protein conducting channel, longer linker peptides would

be needed to observe Cp cleavage. To test whether the idea behind the assay would work,

we first translated the Cp with a polyAla-linker (referred to as ssCp.polyAla, see figure
20A). As mentioned before, it is known that poly-alanine stretches form compact,

possibly a helical structures during transport into the ER, but they are unable to act as

TMSs (Mingarro et al., 2000).

When a series of ssCp.polyAla60-110 mRNAs was translated and the cleavage ratio of
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full-length and cleaved products quantified, a strong effect of the linker on Cp cleavage

could be observed (Figure 20C). The MFD was at least 18 amino acids longer than with
the pL-linker. Since one residue in an a helix contributes only 1.5 Å to the length of a

peptide compared to 3.5 Å in an extended chain, the results suggested that all 30 alanine

residues were present in a helix. Furthermore, the transition from uncleaved to cleaved
Cp occurred over a range of 30 residues (from 70 to 100 amino acids linker length)

compared to the more narrow transition with the pL-linker (16 residues). This suggested

that the structure in the polyAla-linkers of arrested peptides was more heterogeneous. Our
results confirmed that Cp cleavage is sensitive to the conformation of linker peptide, and

thus validated this approach for analyzing folding events in the protein conducting

channel.

To analyze whether tertiary structures were able to fold inside the protein conducting
channel, we individually replaced the polyAla-stretch in the linker with three well

characterized, autonomously folding, monomeric mini-domains, HP35, PSBD43, and a

WW-domain of Prp, with sizes well below that of Cp. the folded dimensions of the three
domains were 32x29x22 Å (HP35, 35 residues), 35x26x20 Å (PSBD43, 43 residues), and

29.5x23x18 Å (WW-Prp, 35 residues), respectively (Kalia et al., 1993; Kanelis et al.,
2001; McKnight et al., 1997). They have either an a helical or beta sheet structure, and

once folded they are known to display exceptionally high thermodynamic stability. None

of them need cofactors or disulfides to fold (see 1.7).

Three types of mini-domain containing constructs were prepared:  (1) Negative controls

in which the linker peptide was less than 56 amino acids: no Cp cleavage was expected.
(2) Positive controls in which the linker was longer than 100 amino acids: maximal

cleavage was expected. (3) Polypeptides in which the linker length was 70 amino acids so

as to place the mini-domain sequences in the middle of the translocon channel.

When the corresponding truncated mRNAs were translated in the reticulocyte lysate

system in the presence of microsomes, it was found that the negative and positive
controls gave the expected results (Figure 20B). In samples with medium length linkers,
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partial cleavage to the Cp form was observed. When quantified and compared with the

cleavage observed for the 70 amino acid pL-linkers, no significant difference was seen
(Figure 20B). This led us to conclude that none of the mini-domains were undergoing

folding inside the translocon channel.

It should be mentioned that we also assayed another minimal folding unit, the artificially

designed betanovaFLM-peptide. It forms a beta hairpin and is composed of only 20
amino acids (Lopez de la Paz et al., 2001). It is not as stable as the other domains; only

42% of all chains are folded at 283 K in aqueous solution. However, no folding of the
structure during translocation was observed in our assays (Figure 20B). The amino acid

sequences of the different mini-domains are listed in figure 20A.

Figure 20 (next page). Small Folding Units Downstream of Cp Do Not Alter the MFD.

A. Organization of sequence elements in fusion proteins used in the Cp-reporter assay. The sequences of 30
alanine residues or small independently folding protein domains (black bar, amino acid sequences are
shown below) were placed 5 residues downstream of the Cp C terminus. The sequence SAP originated
from the wild type sequence and two additional residues (GS) from the restriction site needed for cloning.
The mini-domains were HP35, PSBD43, WW-Prp, or betaFLM. The extension of the domain sequences
was the pL linker.

B. Cp-reporter assay for folding of mini-domains. In vitro translation/translocations in the presence of
microsomes were carried out in reticulocyte lysate. mRNAs used coded for the wild type ssCp and small
stable mini-domains in the linker peptide such that the mini-domain sequences localized at different
positions with respect to the translocon pore in translocation intermediates. Lanes on the left of each panel
are negative controls where the Cp cleavage site was positioned within the ribosomal exit tunnel; lanes on
the right are positive controls with the Cp cleavage site positioned in the ER lumen. Middle lanes represent
linkers that have the Cp cleavage site positioned close to the exit point from the protein conducting channel.
The bands of the full-length (uncleaved) proteins are indicated with open (neg. controls) and closed
(intermediate linkers) circles, the position of cleaved Cp is indicated between the gel frames.

C. Quantification of mini-domain folding. Results obtained with the polyAla-linker are shown as a curve,
values obtained with linkers containing mini-domains are depicted as single points (see legend for details).
The curve from figure 19C was also included for comparison. Note that data points for all four mini-
domain linked Cp are within the range of values obtained with a non-folding linker (pL), except the curve
obtained with mRNAs coding a stretch of 30 alanine residues. Data points and error bars were derived from
at least three independent experiments.

D. Band-shift assay showing the interaction between [35S]-labeled Cp*.PSBD43STOP peptide and purified
E1 from B. stearothermophilus. Cp*.PSBD43STOP was produced in wheat germ extract from a mRNA
containing a STOP-codon right behind the PSBD43 domain and analyzed by native PAGE (lane 1). In lane
2, the E1 protein complex was added, in lane 3 the E3 component. Shown is the autoradiography of the
native PAGE analysis. The association of E1 – but not E3 – with the Cp*.PSBD43STOP protein leads to a
bandshift.
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That the mini-domains were actually folding-competent in the sequence context in which

they had been placed could be confirmed for one of them, PSBD43. In its natural
environment, the domain is part of pyruvate dehydrogenase multienzyme complex, which

contains – among others – a subunit called E1. We took advantage of a well-established
assay for showing the interaction between the mini-domain PSBD43 and E1. Cp*-

PSBD43STOP mRNA was translated in the wheat germ translation system to yield

radioactive amounts of a two-domain protein consisting of N terminal Cp* and the
PSBD43 C terminally fused to it (confirmed by SDS-PAGE, not shown). Purified and

folded E1 was added to the translation reaction and analyzed by a bandshift assay
(Lessard et al., 1998). Cp*-PSBD43 translation mix alone resulted in a radiolabelled band

with medium electrophoretic mobility (Figure 20D, first lane).

Upon addition of the E1 component to the protein mixture, an obvious band shift to a

slower migrating band occurred (lane 2), demonstrating the association of the two

proteins. Lane 3 shows that binding partner of PSBD43, E3, does not associate with the
Cp*-PSBD43STOP-fusion. We reasoned that the Cp*-domain shielded the E3 binding

site on PSBD43 and thus the interaction was inhibited. In summary, the results indicated
that small domains of 35 to 43 residues capable of folding in free solution did not fold

inside the translocon complex in arrested chains.

3.6 Folding of Signal Anchored Cp Fusion Proteins

The proteins analyzed above had a cleavable signal sequence. Since in the microsomes,

the signal peptide processing was rapid and efficient, folding of the Cp domain occurred

when the N terminus of the protein was already detached from the membrane. It was of
interest to analyze what would happen if the signal sequence were not of the cleavable

variety, i.e. if the Cp was constrained during folding by a signal anchor sequence found in
type II membrane proteins. Would Cp be able to fold under these conditions? Would N

terminal attachment to a signal anchor sequence affect the linker length required for Cp

folding and cleavage? For these experiments, we selected the signal anchor (sa) of
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invariant chain. This sequence has been extensively used for in vitro translation studies,

and is known to be transferred from the translocon to the lipid bilayer of the ER
membrane when the nascent chain is still very short, i.e. 103 residues (Martoglio et al.,

1995).

The first 55 amino acids of the invariant chain sequence were cloned N terminally to the

Cp.pL resulting in a sequence where the N terminal 30 amino acids were expected to be
cytosolic, the next 20 to form the TMS (Lipp and Dobberstein, 1986), and the following

13 linking the TMS to C119, the first residue visible in the crystal structure of Cp (Choi
et al., 1997). We retained the standard C terminal pL linker sequences and generated a

new series of constructs that we called saCp.pL30 to saCp.pL86.

To show that the saCp.pL chains expressed from truncated mRNAs were targeted to the

microsomes and properly inserted into the membranes, proteinase K digestion analysis

was applied. The saCp.pL proteins translated had a C terminal linker of 50 amino acids.
Two major bands with molecular weights of 29 and 23 kDa corresponding to saCp.pL50

and saCp are visible (Figure 21A, left panel). Both bands shifted to a 2-3 kDa lower
molecular mass upon proteinase K treatment consistent with removal of the cytosolic tail

(referred to as ’mCp’). The cleavage ratio remained the same before and after protease

treatment (0.37±0.06). When Triton X-100 was added prior to digestion, none of the

labeled protein was protected. Similar results were observed for saCp.pL74 (Figure 21A,
right panel). Thus, it was evident that all labeled polypeptides were quantitatively

targeted to the microsomes and correctly inserted.

The folding results obtained with the saCp.pL30-86 series expressed in reticulocyte lysate

in the presence of microsomes are shown in figure 21B. The two major products obtained
had electrophoretic mobilities corresponding to the expected molecular weights of the

cleaved polypeptide saCp (23 kDa) and uncleaved saCp.pL30-86 polypeptides forming a
ladder with increasing molecular weights from 27 to 33 kDa (Figure 21B). As with the

ssCp.pL series, the ratio of cleaved to uncleaved polypeptides increased with increasing
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length of the linker indicating that the longer the linker the more efficient folding and

cleavage.

Quantification of the ratio between cleaved and uncleaved from three independent
experiments (Figure 21C) revealed that arrested chains with short linkers of 30-34 amino

acids showed a ‘normal’ background level of cleavage similar to that observed for the

constructs with a cleavable signal sequence (Figures 19A and C). These were so short
that the Cp cleavage site was expected to still reside inside the ribosome. Long linkers of

70 amino acids or more displayed a gradual increase in cleavage from 60 to 90% as it was
found for the corresponding constructs with the cleavable signal sequence (Figure 21C).

However, intermediate linkers (38-66 amino acids) showed a gradual increase in cleavage
efficiency from 30 to 45%, a level clearly above background. This was unexpected

because the cleavage site in these constructs had emerged form the ribosome but could

not have reached the ER lumen.

To check whether these results were specific for the signal anchor sequence of invariant
chain, we replaced it by the most N terminal 112 amino acids of leader peptidase (M1-

K112; (Whitley et al., 1993). Translation of these constructs produced a protein with the

N terminus in the ER lumen, followed by two TMSs and the Cp domain. In this construct,

Figure 21 (next page). Signal Anchored Cp Folds Partly within the protein conducting channel.

A. Scheme of translation and translocation intermediates containing signal anchored Cp.

B. Proteinase K protection assays of saCp.pL50 (left panel) and saCp.pL74 (right panel). Translations were
carried out in reticulocyte lysate. The high-salt-treated membrane pellets were resuspended and processed
as indicated above the lanes. Note the shift in cleaved and uncleaved bands upon Proteinase K treatment
due to digestion of the N terminal cytosolic domain of the signal anchor, leaving the protein species that
had lost the cytosolic tail (mCp).

C. saCp.pL mRNAs were synthesized with truncations from positions 30 to 86 downstream of the Cp C
terminus. Synchronized in vitro translation/translocations were carried out in reticulocyte lysate (RL) in the
presence of microsomes. Translation reactions were lysed with hot urea and alkali. Marker sizes are
indicated to the left of the gel frame.

D. Quantification of cleavage in the saCp.pL series. Cleavage ratios plotted versus the linker length
corresponding to the distance of the Cp C terminus to the P-site. For comparison, the cleavage ratios of the
ssCp.pL series (with and without microsomes) from figures 17C and 19C were included in the graph.
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the Cp domain was thus placed at an identical position relative to this alternative signal

anchor sequence as in the saCp-constructs. The cleavage pattern was similar to the one
obtained with the signal anchored Cp (Figure 21C). This indicated that the increased

cleavage within the protein conducting channel during transport was not dependent on a
specific TMS or the overall peptide length but on the presence of a TMS N terminal to

the Cp domain.

We concluded that Cp could fold and cleave itself off an arrested chain when attached to

the ER membrane by the C terminus to the ribosome and by the N terminus to a signal
anchor. After cleavage, the resulting protein corresponded to a type II membrane protein

with the Cp comprising the ectodomain. For folding and cleavage to occur, the C terminal

linker sequence did not need to be longer than for a construct with a processed signal
sequence. That some of the signal anchor containing polypeptide chains could undergo

autocatalytic cleavage already with intermediate length linkers suggested the possibility

that Cp folding could occur, although with reduced efficiency, already while localized
inside the protein conducting channel.

3.7 Cp Folding in Proximity to the Membrane Surface

How close to the membrane could one bring the Cp domain without affecting cleavage
and modifying linker dependence? To test the effect of moving the Cp domain closer to

the signal anchor, we deleted 0, 4, or 11 amino acid residues from the linker connecting
the transmembrane domain and the Cp N terminus (C119, see Figures 15 and 22A). In

these constructs (named sa(0)Cp.pL74, sa(-4)Cp.pL74, and sa(-11)Cp.pL74), the C

terminal pL linker was chosen to be 74 amino acid long so that differences in the
efficiency of Cp cleavage would be optimally detected. saCp.pL74 represented the same

mRNA that was analyzed in figure 21B. The proteinase K protection assay (see above)
confirmed that the polypeptides translated were correctly targeted into the microsomal

membranes (Figure 22B).
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Shortening the peptide between the TMS and the Cp N terminus did not significantly

influence the cleavage ratio in the three constructs (Figure 22C). This indicated that
moving the Cp domain close to the signal anchor and thus closer to the lumenal surface

of the ER membrane neither compromised its folding nor its subsequent proteolytic
activity. Also, shortening the distance to the membrane did not seem to affect the linker

length needed on the C terminal side of the Cp domain. This indicated that the Cp domain

is able to fold very close to the membrane, and that this can occur without a longer C
terminal ‘leash’. One explanation for this observation could be that the nascent

polypeptide chain does not need to emerge from translocon perpendicularly to the
membrane as usually pictured, but that it can turn sideways along the membrane surface.
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Figure 22 (previous page). Cp Cleavage is Resistant to Shortening of the Distance from the TMS to
the Cp N Terminus.

A. saCp.pL74 constructs without and with shortened linker between N terminal signal anchor sequence and
Cp are shown. The different amino acid sequences of the regions where the signal anchor and the Cp were
fused are shown below the scheme. The top line shows the saCp.pL sequence: sa-tm abbreviates the part of
the signal anchored that was not shown in full sequence detail.  FL in bold letters are the last amino acids of
the transmembrane region that are thought to reside inside the lipid bilayer (Lipp and Dobberstein, 1988);
RS (underlined) were introduced due to cloning reasons; the single M is the first amino acid from the Cp
domain (M113); CIF in bold to the right are the first amino acids visible in the Cp crystal structure (Choi et
al., 1997). The two mutant sequences that positioned the Cp domain closer to the TMS are shown below.

B. Proteinase K protection assays. Translations were carried out in reticulocyte lysate in the presence of
microsomes and [35S]-labeled methionine as for the experiment in figure 21A.

C. Cleavage ratios from panel B are shown. Importantly, they did not change before and after PK-treatment
nor were they significantly changed by deletions in the ’leash’.   
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4 Discussion

In this study, we analyzed the constraints imposed by the ribosome and the translocon

complex during cotranslational folding of polypeptides in the ER.  The most important
result was that even small domains targeted with a cleavable signal sequence could only

fold once the polypeptide sequence had cleared the translocon complex, and had moved a

short distance into the ER lumen (Figure 23). The Cp domain folded when the distance
to the P-site was 64 residues or longer. Furthermore, our results indicate partial folding of

signal anchored variants of Cp within the translocon.

4.1 The Ribosomal Exit Tunnel

The MFD of 39-40 amino acids for the ribosome without the translocon was in agreement

with earlier reports using different experimental approaches. The average length of a
mixed population of endogenous ribosome-bound arrested chains protected from

proteolysis by trypsin and chymotrypsin is around 40 amino acids (Matlack and Walter,

1995). Using the intact and cytosolic C-protein of SFV and a pulse-labeling approach in
live cells, Nicola et al. (1999) demonstrated that a linker of approximately 43 amino acids

was needed for cotranslational cleavage.

It is noteworthy that nascent rhodanese and firefly luciferase become enzymically active

with a minimal C terminal extension of only 23 or 26 amino acids, respectively, when
bound to ribosomes from E. coli or wheat germ (Kudlicki et al., 1995; Makeyev et al.,

1996). The MFD of 39-40 residues resulting from my experiments is somewhat longer

than the linkers needed for the acquisition of enzymic activity of rhodanese and
luciferase. A potential explanation is that these enzymes are functional without their most

C terminal sequences. Luciferase is, for example, active without its eight C terminal
residues (Sala-Newby and Campbell, 1994).



98 Protein Folding During Cotranslational Translocation

Fig. 24.  Model of Ribosome/Translocon Complex Engaged in Cotranslational Translocation and
Folding of Cp.

The shape of the ribosome (gray) and the translocon (magenta) has been adapted from the cryo-EM
structure of Ménétret et al. (2000). Structural studies indicate 1) that the length of the ribosomal exit tunnel
is 100 Å (Morgan et al., 2000), 2) that there is a gap between ribosome and translocon of about 20 Å, 3)
that the translocon is 45 Å thick, and 4) that there is a finger-like protrusion 50 Å away from the membrane
that may contain elements from the OST or TRAM (Menetret et al., 2000). The lipid bilayer is shown in
light blue. The nascent Cp with a linker of 68 residues (dark blue), from which the signal peptide has been
removed, is shown within the ribosomal exit tunnel and the protein conducting channel. The Cp domain is
shown in its folded conformation (Choi et al., 1997), thus immediately before cleavage occurs. In the
absence of microsomes, we found that Cp folded with an MFD of 39-40 amino acids, consistent with in
vivo data on Cp folding (Nicola et al., 1999) and with protease protection studies (Matlack and Walter,
1995). Results from my thesis (italic), moreover, showed that after signal sequence cleavage, Cp folding in
the presence of microsomes occurred with a linker of 67-68 amino acids. It is known that about 70 residues
are protected against proteases by the ribosome/translocon complex, that glycosylation is possible 65 amino
acid from the P-site (Whitley et al., 1996), and that 70 is the last position distal to the P-site that can be
cross-linked to Sec61a (Mothes et al., 1994). Thus, having passed the mouth of the translocation pore and
the OST, the Cp domain enters a space wide enough to allow folding. Our data suggest that the polypeptide
can emerge sideways from the translocon, and that the Cp domain can fold close to the membrane.

In contrast, Cp must fold in such a way that its C terminus is placed within the active site
cleft and it thus requires the full sequence including the very last tryptophane. Taken
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together, I think that the ribosomal exit tunnel and maybe chaperones sitting at the exit

site bury a polypeptide of 40 amino acids or a little less. When the nascent chain is 40
residues from the P-site, it enters a space that allows folding and access of large globular

structures, such as proteases of the chymotrypsin-class.

4.2 The Conformation of Nascent Peptides in the Ribosome

In a fully extended and hydrated conformation, a peptide of 40 amino acids has a length

of 40 x 3.5 Å = 140 Å and a diameter of 10-12 Å. Whereas the extended peptide fits into
the tunnel in its width, its length exceeds the length of the tunnel, which is about 100 Å

(Morgan et al., 2000; Nissen et al., 2000).

To explain this discrepancy, three different possibilities can be considered. First, the

nascent chain may not use the route that is generally thought to represent the ribosomal
exit tunnel. Gabashvili et al. (2001) showed the presence of three side tunnels in the

inactive E. coli ribosome. They branch off from the main tunnel close to its exit site.

Nascent peptides that use these alternative routes could bury longer sequences inside the
ribosome. I consider this possibility unlikely since crosslinking of a arrested secretory

proteins to E. coli ribosomes showed only crosslinks to the walls of the putative main
tunnel, and none to the side tunnel regions (Brimacombe, 2000).

Second, chaperones at the exit site (see figure 12) could elongate the path through the
large subunit. This scenario is supported by the observation that NAC crosslinks to

nascent peptides as short as 35 residues (Wiedmann et al., 1994).

Third, the nascent chain may adopt a more compact conformation than a straight

extended chain. As already discussed above, all peptides must emerge from the P-site in
an a helical conformation due to sterical reasons (Lim and Spirin, 1986), and several

groups have observed a helix-like structures in the ribosome (e.g. Mingarro et al., 2000;

Tsalkova et al., 1998).
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In my results I observe a quantitative difference in the MFD between the polyAla linker

and many other linkers with mixed sequences. I attribute the difference to the differential
ability of the various linkers to form secondary structures within the channel. However,

the results obtained with the polyAla linker exhibit large errors intervals and more
importantly, I have not assayed helix formation in the ribosome.

Figure 24. The Ribosomal Exit Tunnel in the Large Ribosomal Subunit.

The peptide tunnel is viewed from the L7/12 side of the large subunit from the cryo-EM structure models of
the E. coli ribosome (left; Mueller et al., 2000) and the superimposed H. marismotuii structure (right;
Nissen et al., 2000). The structures are shown in yellow with density cut away in black to reveal the tunnel.
The P-site tRNA is shown as a backbone representation in orange, the blue dotted arrow indicates the
putative path of the peptide through the 50S subunit. The colored balls indicate the nucleotide positions
crosslinked to the N terminus of nascent proOmpA peptides of different lengths: red is the crosslinking site
of a three residue-long peptide in domain V of the 23S rRNA, light orange from a four residue peptide to
domain IV, green from a six residue protein in domain II, blue 12 or 25 residues (domain III), and purple
30 residues (domain I). Note that the purple crosslink in the H. marismortuii structure lies at the end of the
tunnel, indicating that proOmpA peptides utilize the main- and not the side tunnels for emergence. The
nucleotide numbers of ribosomal rRNA are indicated in red (Choi and Brimacombe, 1998). ©2000 by
Elsevier Sciences Ltd.

However, this issue has been addressed by Hardesty and coworkers (Picking et al., 1992).
According to their results, nascent poly-alanine peptides appear in the cytoplasm after

~53 residues. In contrast polyserine, which is thought to adopt an extended random coil

conformation (Chou and Fasman, 1974), only needs ~40 residues to reach the cytoplasm.
Theoretically, if entirely a helical, a peptide of 66 residues is required to span the 100 Å
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tunnel. In conclusion, the conformation of a nascent peptide with mixed sequences is

most probably composed of extended and helical segments within the tunnel, which is
extended by ribosome-bound chaperones such as NAC or TF. For example, 20 helical

and 20 extended residues would add up to a total length of 100 Å.

Given that the diameter of a hydrated helix is 15-17 Å (Whitley et al., 1996), some

portions of the 10–20 Å wide ribosomal exit tunnel could act as bottlenecks for the
passage of an a helix. This would explain the mixed character of secondary structures.

The first constriction in the tunnel is at the P-site and the second is 28 Å distal to it

(Nissen et al., 2000). Thus it is tempting to speculate that these bottlenecks play a role in

regulating structure acquisition and also translation speed by interacting with the nascent
polypeptide chain (Tenson and Ehrenberg, 2002).

4.3 Kinetic Considerations

In the absence of ER membranes, the mean folding distance (MFD) for the Cp domain
was 39-40 amino acid residues. In the presence of microsomes, it was 67-68 for

constructs with a cleavable signal sequence. It is important to mention that since the
values were obtained using arrested chains, no correction could be made for kinetic

effects during elongation and folding. However, we know from recent in vitro refolding

experiments that Cp folds extremely rapidly (Manuel Morillas and Rudi Glockshuber,
ETH Zürich), which means that the time it takes for the domain to fold is negligible

compared to the rate of translation.

Using the numbers for the WGE system, translation of the Cp domain required not more

than 3 min, and some 45 or 80 seconds more were needed for the synthesis of a linker
sequence that allowed folding. The reaction time in our experiments was 12 min, so even

the longest arrested chain had more than 7 min time to fold after complete synthesis of
the arrested chains.
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I think that cotranslational folding of Cp occurred almost immediately after the chain had

reached an environment that allowed native structure formation. There are two reasons:

(1) In my experiments, a very fast chemical denaturation protocol using hot urea and
alkali was essential to detect unfolded and uncleaved Cp peptides. In contrast,

denaturation of samples by TCA precipitation led to stronger bands of the cleaved Cp.

The increased cleavage was probably due to the slower denaturation of Cp by TCA
compared to the urea treatment. From this result I conclude that Cp folding must occur

fast, because it could measure how fast urea or TCA were able to diffuse and denature the
protein solution.

(2) Using arrested Cp chains, the linker for half-maximal cleavage was 39-40 residues
long. From earlier experiments we know that the longest, uncleaved Cp chains produced

in virus-infected, living cells had C terminal linkers of 43 amino acids. Since no longer

Cp chains could be detected, Cp could fold in vivo and cleave itself off within less than a
second (i.e. the time required for the synthesis of three residues in vivo, from 40 to 43

residue-long linkers) after complete extrusion from the ribosome (Nicola et al., 1999).

4.4 The Heterogeneity of Folding

In the absence of microsomes, rather than an abrupt cut-off, a gradual increase in Cp

cleavage was observed with linker lengths between 36 and 44 amino acids. Quantitation
of the cleavage ratios resulted in a sigmoid curve of Cp cleavage versus linker length

(Figure 17). The shortest linker that led to detectable Cp cleavage was 36 amino acids

long. A similar gradual increase in cleavage was observed in the presence of microsomes
where the shortest cleaved chains had linkers of 64 residues, while 76 residues were

needed for full cleavage (Figure 19C).

That the changes are gradual rather than abrupt may be caused by plasticity or

heterogeneity in ribosome and translocon complexes and their associated factors. Given
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the rapid folding rate of the domain, even momentary relaxation of constraints due to

dynamic motion in the complex could result in Cp folding and cleavage. Alternatively,
the gradual transition may be explained by the variability in the secondary structure of the

linker peptide. This possibility is supported by the fact that the cleavage curve derived
from the polyAla linker, expected to form a helices in the translocon, exhibited an even

broader transition range. Additionally, chaperones at the exits sites may broaden the

transition from unfolded to folded due to their limited presence in our in vitro systems.

4.5 Folding and Glycosylation

It is known that 70 amino acids of a secreted arrested chain are protected from proteolytic

digestion in detergent-solubilized microsomes (Matlack and Walter, 1995). Position 70

from the C terminus is also the most distal position that can be crosslinked to Sec61
(Mothes et al., 1994). The MFD of 67-68 residues for Cp in microsomes indicated that

Cp folding starts immediately after the chain has passed beyond the OST active site.

Since this enzyme ‘scans’ the emerging sequence for glycosylation consensus sequences,
its active site must be located close to the exit from the protein conducting channel.

The minimal glycosylation distance from the P-site to the OST active site has previously

been determined to be 64-65 amino acids using LeP as a model sequence (Mingarro et

al., 2000). Recent experiments in our laboratory showed that with the glycosylation site
12 residues downstream of the Cp cleavage site (i.e. at position 12 of the E3 protein of

SFV, see figure 16), the minimum glycosylation distance is between 64 and 68 amino
acids (P. Deprez, ETH Zürich, unpublished data).

It is thought that OST can only add core glycans efficiently to polypeptide chains in

which the glycosylation sequence is not buried within a folded structure (Bulleid et al.,
1992). The reason for this may be that in order for the glycan to be added, the hydroxyl

group of the serine or threonine residue must be brought close to the asparagine side
chain amide oxygen to activate the chemically inert amide function (Imperiali and

Hendrickson, 1995). The so-called asparagine-turn is probably slightly larger than the
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diameter of an a helix (16-18 Å with a hydration layer), though it is a structure that might

be able to form already within the ribosome or the translocon.

Taken together, my results show that when a polypeptide from which the signal sequence

has been removed enters the ER lumen, domain folding becomes possible only when the
chain has emerged from the protein conducting channel, and after it has passed the OST

active site. At this position, the domain is in an environment close to the translocon and

the OST, but also accessible to lumenal chaperones and folding enzymes.

Interestingly, the cryo-EM reconstruction of the detergent-solubilized ribosome/

translocon/nascent chain complex derived from native membranes containing OST and
TRAP shows a lumenal protrusion reaching out about 50 Å beyond the lumenal opening

of the translocon complex.  A likely scenario is that a polypeptide remains unfolded until
it has passed this finger-like protrusion (Figure 23). But since glycosylation efficiencies

vary drastically depending on the protein sequences surrounding the glycosylation site

(Rudd and Dwek, 1997), it is possible that the translocon’s role in glycosylation is to
regulate the accessibility of folding nascent chains to the OST active site.

4.6 The Conformation of Nascent Peptides in the Protein
Conducting Channel of the Translocon

How should we imagine the conformation of a nascent polypeptide crossing the ER
membrane? From my data I estimate the length of the nascent chain residing in the

translocon pore to be 28 residues, which is the difference between the MFD with (39-40
residues) and without microsomes (67-68 residues). Roughly this also corresponds to the

distance between the first and the second increase in cleavage ratios that we observed

when the cleavage of signal anchored Cp was quantified. We think that the first increase
in cleavage ratios shows the emergence of the Cp domain from the ribosome (at a linker

length of 38 residues) and that the second illustrates the exit from the translocon (at about

68 residues, Figure 21C). Protease protection studies give similar values (30, as the
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protection without and with microsomes is 40 and 70 residues, respectively; Matlack and

Walter, 1995).

An extended chain of 28 residues is 98 Å long. The thickness of the ER membrane is
about 60 Å (Nagle and Tristram-Nagle, 2000; Tilney et al., 2001). Thus, assuming an

extended conformation of the nascent chain, it seems likely that the translocon pore

provides a channel that is longer than the depth of the lipid bilayer. However, in the
above-mentioned cryo-EM study (Menetret et al., 2000), the ring-forming portion of the

native translocon complex appears to be 48 Å thick, which roughly corresponds to the
thickness of the ER membrane.

A likely scenario to explain the discrepancy between biochemical and structural data is
that the finger like protrusion extends the translocon pore. In this way, the extended

translocon protects mixed populations of endogenous nascent chains up to 70 residues

from proteolysis and leads to Sec61a-crosslinks up to position 70 in the PpL protein

(Matlack and Walter, 1995; Mothes et al., 1994). The 20 Å wide gap between the
ribosomal surface and the translocon might also increase the length of the protein

conducting channel, but it cannot alone explain the discrepancy between biochemical and
structural data.

Alternative explanations are that the path of the peptide through the protein conducting
channel is not straight or that the nascent chain adopts a compact, possibly a helical

conformation in the translocon. However, I observed a difference of 30 residues between

the MFD in absence and presence of microsomes with a construct that did not exhibit an
intrinsic tendency to form an a helix. Furthermore, my results with the polyAla linker

showed a significant increase of the MFD compared to the MFD obtained with the pL
linker, showing that the alanine stretch adopted an helical conformation but not the pL

linker (and all other linkers tested). Thus, the fact that the translocon can bury 30 residues
of a nascent chain is not because of an a helical conformation of the peptides. Taken

together, we estimate the protein-protecting path beyond the ribosome to be about 100 Å

long shielding 30 mainly extended amino acids of the nascent chain from the
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environment. This situation occurs either because the peptide spans in the tunnel in a

compact, but not a  helical conformation or because the pore of the translocon is

elongated by the 20 Å gap between ribosome and translocon, the hook-like lumenal
protrusion, and/or ER-chaperones.

4.7 Cotranslational Folding Pathways

How do cotranslationally folding domains adopt their native state? The stretch of 30
alanine residues, which exhibits a intrinsic tendency to adopt an a helical conformation

(Chou and Fasman, 1974), probably acquires this structure during translocation. This

result is supported by many other papers that report a helix-like conformations in nascent

chains (Mingarro et al., 2000; Mothes et al., 1997; Picking et al., 1992). In contrast, a

small, artificial peptide forming a b-hairpin in solution did not adopt this structure during

translocation. It is possible that the poor stability of the betanovaFLM peptide may have
contributed to its lack of folding (see figure 20). However, helices represent a structure

that can form during cotranslational translocation, suggesting they can act as folding
seeds for the formation of tertiary structures. This hypothesis has been previously

suggested by Beckmann and coworkers (Beckmann et al., 2001).

4.8 The Size of the Translocon Pore and its Role in Folding

All available data supports the view that the pore within the translocon complex

constitutes an extension of the ribosomal tunnel. There may be a 20 Å wide gap between

them (Beckmann et al., 2001; Menetret et al., 2000). The most likely reason why domain
folding does not take place in the protein conducting channel of the translocon is

probably the same as in the ribosome channel i.e. that the pore is too narrow.
Fluorescence quenching experiments using quenchers of different sizes have indicated a

diameter of 40-60 Å (Hamman et al., 1997), while cryo-EM reconstruction of active

channels show the protein conducting channel as an oval pore 20-50 Å wide (compare
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Table 2). Our results obtained with the signal sequence cleaved Cp would seem to be

consistent with a smaller pore size.

However, it is not known how much space a polypeptide chain actually needs to fold.
While it is known that molten globule intermediates have a 10-30% larger volume than

the final native protein (Kataoka et al., 1997) the space required to reach this state is not

known. In this context, it may be informative to compare the translocon pore to the
folding cavity of GroEL. The latter forms a dome-shaped, aqueous chamber 80 Å high

and 85 Å wide enclosing a volume of 175000 Å3 when sealed by the co-chaperonin
GroES (Xu et al., 1997). It is able to support the folding of proteins of up to a size of 57

kDa (Sakikawa et al., 1999). Thus, to accommodate an unfolded or partially unfolded

protein, the GroEL/ES chamber uses ~3 Å3 per dalton or more. Since 1 Da in a folded
protein occupies 1.23 Å3 (Xu et al., 1997), the diameter of an unfolded domain is likely to

be about 1.35-fold larger than the folded one assuming a globular shape. The volume

needed to fold the 17 kDa Cp domain would, according to this measure, be 51000 Å3.
This means that a 45 Å long cylindrical pore with a diameter of 40-60 Å (volume 57000-

128000 Å3,) should easily accommodate the folding of Cp as well as the smaller domains
that we tested. Even with a diameter of 20 Å, which gives a volume of ~16000 Å3, the

translocon pore should accommodate folding of WW-Prp, the smallest domain tested (4.1

kDa, requiring about 12000 Å3). Thus, although precise numbers cannot be given, my
data make the estimate of 40-60 Å for the diameter of the active channel appear too large.

However, I cannot exclude that other constraints than limited space may prevent nascent
chain folding in the translocon pore.

It would probably be mistaken to picture the translocon complex merely as an inert,
water-filled tube with a fixed diameter. The translocon complex is, in fact, known to be

highly dynamic. It can be opened and closed (Hamman et al., 1998), and it can allow
lateral movement of the nascent polypeptide chain into the surrounding membrane bilayer

(Martoglio et al., 1995; Mothes et al., 1997).  That the properties of the protein

conducting channel are complicated in respect to domain folding was shown by our
observations using arrested signal anchored Cp constructs. Detectable cleavage of the Cp
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was observed with molecules that had a linker of 38-66 amino acids. This indicated that

the translocon behaves differently when a signal anchored arrested chain is associated
with it than a chain without a N terminal TMS. It was evident that some of the chains

were able to fold with remarkably short linkers.

Information about the maximal size of the protein conducting channel is available from

studies analyzing the ability of the translocon to transport folded proteins instead of
unfolded polypeptide chains. Recently, Fiebiger et al. (2002) analyzed the process of

retrograde translocation of proteins, i.e. the export of misfolded proteins from the ER into
the cytosol. This Sec61-dependent process is needed for degradation of proteins by the

proteasome (Wiertz et al., 1996). A chimeric membrane protein consisting of the

enhanced green fluorescent protein (EGFP) fused to the MHC class I heavy chain was
used as a model protein. It was efficiently degraded in mammalian cells expressing viral

proteins that trigger a heavy chain specific degradation pathway. Strikingly, the paper

shows that upon inhibition of the proteasome, green fluorescence accumulates in the
cytosol, suggesting export of the folded version of the model protein. An argument

against the possibility that the chimera could unfold before transport and refold in the
cytosol after retro-translocation is that EGFP is extraordinarily stable in vitro. That large

structures like EGFP (which is cylindrical 24 Å in diameter and 42 Å long) might be

transported in the folded (fluorescent) state, indicates that the translocon size may adapt
to the size of the substrate. Also glycopeptides that are considerably larger than extended

or unfolded peptides, can be retro-translocated (Gillece et al., 2000). However, it has also
been suggested that unfolding of proteins is required for efficient retrograde transport

(Tsai et al., 2002). Taken together, it seems possible that the translocon is under some

conditions able to translocate folded structures.

4.9 Signal Anchored Cp can Fold Inside the Translocon

What could be the reasons for the early cleavage of Cp in the context of an N terminal

signal anchor sequence? There are several possible explanations for these unexpected
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results. First of all, we cannot rule out that the observation is an artefact due to premature,

spontaneous release of the arrested chains from the P-site of the ribosome.  The cytosolic
domain of the signal anchor could for example interfere with the stability of the

ribosome/translocon-junction. We have some indication for a functional difference in C
terminal attachment of the signal anchored and signal cleaved Cp variants. Arrested chain

release from the ribosome leading to efficient folding of Cp had to be performed by

EDTA/RNase treatment, whereas constructs with a cleavable signal sequence folded
efficiently upon release by puromycin (Figure 19B). Puromycin had no effect on the

cleavage ratio in the signal anchored Cp (data not shown). Similar results have been
published earlier, suggesting that there are distinct puromycin sensitive and puromycin

resistant states in C terminal attachment of the nascent chain to the ribosome (Do et al.,

1996). However, EDTA/RNase release indicated that all signal anchored chains remained
folding competent in translocation/integration intermediates.

Does a TMS Induce Enlargement of the Translocon Pore?

The integration of a signal anchor into the membrane occurs by lateral displacement from
the translocon, a reaction that requires opening of the channel towards the lipid bilayer

(Martoglio et al., 1995). Perhaps the pore widens or changes shape during this opening

reaction thus allowing folding of some of the Cp sooner than normally observed.  In
about one third of the intermediates folding would under our experimental conditions be

possible during the opening reaction. The pore might increase in size for a short time and

allow cleavage in some but not all chains.

Interestingly, if translocation and integration intermediates of saCp were stabilized by
Mg2+ after 12 min and incubated for another 30 to 60 min, no further increase in cleavage

was observed. Similar results were obtained with the ssCp constructs (data not shown).

These result suggests that the ‘folding-permissive’ situation is unique and nonrecurring.

If the microsomes used for my experiments would be limiting for a compound involved
in membrane integration, one could speculate that different compositions of the
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translocon lead to the heterogeneity of cleavage (see figure 25 for a model). However,

different microsome preparations were used in this study, and they did not result in
significant differences in cleavage (not shown).

Published estimates of the translocon pore size support the hypothesis of a wider

translocon when a TMS is present during translocation. Hamman et al. (1997) and

Ménétret et al. (2000) published diameters of 40-60 Å and 20 x 50 Å (see table 2). Since
the technique of cryo-EM rather leads to an underestimation of hole sizes than to an

overestimation, the two results are consistent. In addition, both studies used the same
arrested chain for the assembly of their complexes (PpL). At the chain lengths that were

used to collect the data for the determination of the pore diameter, the signal peptide was

still present in the arrested chains (at 110 residues; Hamman et al., 1997), and 86 residues
(Menetret et al., 2000; Mothes et al., 1997). Thus, a TMS-like sequence inserted into the

translocon that could increase the translocon pore was present during these experiments.

It is possible that the space available in the translocon pore determined which chains

could fold or not. The largest diameter of the Cp domain is 47 Å, coming close to the
high estimates for the pore size. Maybe the space inside the pore (in the presence of a

TMS) is limited such that some chains can fold, but some that are positioned in an

unfavorable orientation for folding, cannot. Further studies are necessary to define the
molecular basis for this functional connection between TMS integration, folding, and the

size of the translocon pore.
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Figure 25. Model of Cotranslational Signal Anchor Integration Coupled to Folding.

The gray box represents the TMS of the signal anchor, black lines the nascent peptide, the black circle is
SRP, and the hook on the translocon is also shown. The black spiral is the folded pre- or post-cleavage Cp
domain. N indicates the peptide’s N terminus.

Upon initiation of translation, SRP binds cotranslationally to the signal anchor sequence of saCp (A).
Targeting and insertion of the signal anchor into the translocon pore results in the generation of a U-shaped
intermediate, and translation continues (B). I suggest two hypotheses to explain the occurrence of the
cleaved and uncleaved populations of arrested saCp chains:

(I) ‘non-permissive’ describes a pathway in which the nascent chain can only fold when the full sequence
has emerged from the translocon pore, either due to the limited space for folding or an unknown reason (C,
D). We do not know at what stage of elongation the signal anchor is integrated into the lipid surrounding of
the translocon (indicated by the question mark). In the native sequence context of the invariant chain
protein, integration is almost complete at a total chain length of 103 residues (Martoglio et al., 1995). Since
Cp is 154 residues long, the TMS should already be integrated at the time when the full Cp sequence has
emerged from the ribosome. But folding might keep the signal anchor close to the translocon pore. The
‘permissive’ pathway illustrates how the space inside the translocon increases upon signal anchor
integration and thus allows folding of one third of arrested saCp chains (E). The small and large translocon
pores could arise due to the limited availability of a translocon-associated protein in our microsomes.

(II) In the case of saCp, it is possible that all nascent chains induce an increase of the pore size, which
allows the folding of some but not all Cp domains. The two thirds of saCp that do not fold may be
unfavorably oriented such that they get stuck in the translocon as folding intermediates.
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4.10  The Translocon Supports Type II Membrane Protein Folding
at the ER Membrane

Folding of signal anchored chains also demonstrated that the Cp domain could fold when

both of the termini are fixed, the N terminus by the signal anchor sequence, and the C
terminus by the ribosome and the translocon. Thus, two-dimensional translational and

rotational freedom of the N terminus in the plane of the membrane is enough for fast

folding of the domain, a surprising feature for a soluble cytosolic protein. The constricted
environment in the close proximity of the lipid bilayer seems to support turning and

bending of the folding nascent chain and can thus be envisioned to exhibit a protective,
chaperone-like function (Chen and Helenius, 2000).

saCp folding also allowed us to determine how close to the signal anchor the Cp domain
could be without affecting cotranslational folding. We found that the spacer could be

eliminated almost entirely, and this with little change in the length for the C terminal
linker sequence required for folding. Apparently, proximity to the membrane did not

inhibit Cp folding, nor did it seem to place any additional strain on the C terminal linker.

This result means that while Cp folding is dependent on how far the C terminus of the
translocating nascent domain is from the translocon pore, it is not important how far its N

terminus is from the membrane. The simplest interpretation is that the nascent chain can

emerge from the translocon complex close to the lumenal membrane surface. Thus, it is
possible that the aforementioned protrusion close to the mouth of the translocon complex

forces nascent chains to exit the channel in a ‘side ways’ fashion. This may be important
for folding of proteins that have domains in or close to the membrane.

Two additional pieces of information should be mentioned in the context of saCp folding
close to the membrane. The ER membrane is mainly composed from phospholipids and

thus 60 Å deep, with a central, 30 Å thick hydrophobic layer composed of fatty acid side
chains, and two, 15 Å thick hydrophilic layers consisting of the head groups. The pore-

forming portion of the translocon has a thickness of only 50 Å. It may well be that the

ring structure the translocon is rather deepened in the membrane than extended beyond
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the bilayer boundaries forming a rim-like structure on the membrane surface as usually

pictured. This scenario suggests that a nascent membrane protein emerges within the
hydrophilic surface of the membrane from the translocon. Although more data is needed

to confirm this, we have included this detail in figure 25.
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5 Appendix

5.1 Abbreviations

AS Ammonium sulfate

A-site Aminoacyl- or acceptor site for tRNA in ribosomes

betaFLM Betanova FLM

BiP Binding Protein, a Hsp70 of the ER

CAT Chloramphenicol transferase

CHO Chinese hamster ovary cells

Cp Semliki Forest Virus Capsid Protease

C-protein Capsid protein of SFV

C terminus Carboxyl terminus of a peptide

Da Dalton

DNA Deoxyribonucleotide acid

E-site Exit-site in the ribosome

E. coli Escherichia coli

HA Influenza Virus Hemagglutinin

HP35 Villin Headpiece fragment of the 35 C terminal residues

LeP Leader Peptidase from E. coli

mCp Semliki Forest Virus Capsid Protease containing a N terminal signal anchor of human

invariant chain, with the cytoplasmic portion proteolytically digested

mRNA Messenger RNA

ER Endoplasmic reticulum

MFD Mean folding distance

MHC Major histocompatibility complex

NAC Nascent polypeptide associated complex

N terminus Amino terminus of a peptide

OST Oligosaccharyl transferase

PDI Protein disulfide isomerase

pL Prolactin

PpL Preprolactin

P-site Peptidyl-site for peptidyl-tRNA in ribosomes

PAGE Polyacrylamide gel electrophoresis

PCR polymerase chain reaction
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PSBD43 Peripheral Subunit Binding Domain of Bacillus stearothermophilus Pyruvate

Dehydrogenase Multienzyme Complex

RAC Ribosome associated complex

RM rough microsomes

RNA Ribonucleotide acid

RNase Ribonuclease

SDS Sodium dodecyl sulfate

SRP Signal recognition particle

TCA Trichloroacetic acid

Tris Tris(hydroxymethyl)aminoethane

tRNA Transfer RNA

S. cerevisiae Saccharomyces cerevisiae

saCp Semliki Forest Virus Capsid Protease containing a N terminal signal anchor of human

Invariant Chain

SP Signal Peptidase

ssCp Semliki Forest Virus Capsid Protease with the cleavable signal sequence of Vesicular

Stomatitis Virus Glycoprotein

TF Trigger Factor

TMS Transmembrane sequence

TRAP Translocating chain associated protein complex

VSVG Vesicular Stomatitis Virus Glycoprotein



Appendix 119

5.2 Does Folding Control Translation Rates?

The hypothesis has been formulated that folding of a domain controls its own rate of translation

(Nakatogawa and Ito, 2002). When a nascent domain emerges from the ribosome or translocon,

translational pausing would give the domain time to fold into in the absence of potentially

disturbing downstream sequences. From the point of view of pausing and folding, an interesting

result emerged from the work on the arrested nascent Cp chains.

I observed a background band in our assays that appeared always at a characteristic molecular

weight in all different Cp variants that were tested. In figure 17A, the band appears at a length

corresponding to ssCp.pL28, and it disappeared after puromycin treatment, showing that it

contained the Cp sequence. When microsomes were present, a puromycin sensitive band of the

size Cp.pL56 was detected (Figure 19). Similarly sized proteins were often observed irrespective

of the linker sequence (Figure 20B, left lanes; note the background bands at a linker length of

~60-70 residues; figure 21B, at a linker length of 42 residues, and data not shown).

Ribosomal pausing can be due to many reasons. Rare codons or regulatory peptides in the

ribosomal exit tunnel have been shown to cause slowdown of translation (Tenson and Ehrenberg,

2002; Walter and Blobel, 1981). Since in this work, the observed background band appeared

independent of the downstream linker sequence, pausing could be due to a mRNA-related reason.

To test if the pausing effect was due to a peptide borne effect, we frame-shifted the Cp sequence

to generate a protein that had very similar mRNA to the wild type protein but a missense protein

sequence. The Cp sequence was mutated up to residue 253, rendering the last 14 amino acids in

the wild type sequence. Translation lead to a background band as described above, even though

the nonsense peptide translated inefficiently and the experiment was performed only once.

Though the following interpretation is highly speculative. The puzzling protein band might

originate from the only protein sequence that was constant in all experiments. The peptide is the

segment consisting of the last 14 residues of Cp and the SAP-sequence from the E3 protein

(DMVTRVTPEGSEEWSAP). It is possible that evolution has designed this peptide to slow

down translation when the Cp has almost left the transportation channel, i.e. at a position where

the major part of Cp needs some time to fold. How a peptide should influence translation from

different positions along the transport tunnels is not intuitive and needs further analysis.
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5.3 Future Perspectives

This thesis approaches the cotranslational folding of various protein domains during translocation into an

ER-derived model system. Many questions remain to be answered and I want to mention some issues of

interest that are worth being studied in more detail.

5.3.1 Folding Control of the Small Mini Protein Domains

This thesis shows that four mini domains cannot fold inside the translocon pore when they were fused to

the Cp C terminus. A reasonable criticism concerning these experiments is that the domains would not be

able to fold in the sequence context of the N terminal Cp domain and the C terminal prolactin sequence. If

so, our data would be misleading.

To provide a positive control for the ability of the small domains to fold in the sequence context they were

put into, I should performed a folding state analysis of the different fusion proteins (having a N terminal Cp

domain and a C terminal mini-domain). In fact, I was able to show the association of the Cp-PSBD43STOP

fusion to the E1 protein, confirming that the PSBD43 was correctly folded. To show that the other fusion

proteins are correctly folded, I suggest to perform protease resistance studies with fully synthesized in vitro

translated fusionproteins that were released from the ribosome. Alternatively, crosslinking studies could be

performed. It is known that WW-domains interact with small, proline-rich peptides. The interaction has

dissociation constants in the µM range, thus the only reasonable way to show the interaction wit radioactive

amounts of ligand is crosslinking. For HP35, no ligand is known. Unfortunately, this domain has lost its

ability to bind actin.

5.3.2 Folding of Signal Anchored Cp in the Translocon

This thesis shows that about one third of the arrested saCp.pL folds and cleaves within the translocon. The

reason for this effect is unknown. To better analyze if the presence of the signal anchor widens the pore

such that Cp can fold inside, I suggest to repeat the experiments with a construct that contains an elongated

linker between the signal anchor and the Cp domain. Would folding in the translocon be observed if the

TMS has enough time and length to diffuse away from the translocon, i.e. before the folding sequence

enters the translocon? Experiments of this kind might answer the question if TMS influence the pore size of

the active translocon.
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5.3.3 What is the Conformation of Nascent Chains in the Ribosome
and Translocon?

There is evidence from this work that most nascent chains might traverse the ER membrane in a largely

extended conformation and that strong a helix forming sequences can adopt helical secondary structures

during transport. The best way to further analyze the extent of secondary structure formation in the protein

conducting channels is to design different model linker sequences consisting of alanine stretches of

different lengths, and to analyze the MFD of Cp in these constructs. Since the ribosome is speculated to

support helical structure formation, it will be interesting to see to what extent the alanine helices can form

within the ribosomal exit tunnel.

5.3.4 Cotranslational Maturation of Nascent Type I Anchored Cp

Cp provides an excellent tool to map folding environments beyond the ribosomal P-site. A way to further

exploit the Cp system is to use it for the analysis of membrane protein biogenesis. It is unknown if cytosolic

domains of membrane proteins acquire their structure cotranslationally or not. The current hypothesis is

that after the ribosome has inserted a stop transfer sequence into the translocon, it will bend away from the

membrane to synthesize the cytosolic domain and re-attach to the same channel upon insertion of the next

start transfer sequence (Hegde and Lingappa, 1999). Construction of a Cp domain behind a stop transfer

sequence and measurement of the MFD would allow a statement about the spatial situation around the bent

ribosome during translation of a cytosolic domain of a membrane protein.

Secondly, its is unknown how TMS integration and folding are coupled. There are two different models

describing how a TMS is transferred into the lipid bilayer: either during elongation of the protein by the

ribosome or after termination of translation. Both processes seem to be specific for a certain TMS.

Measuring the MFD in type I membrane proteins where the Cp domain is positioned close to the N

terminus of the TMS would lead to an understanding when folding occurs relative to TMS integration.

Does the translocon inhibit folding of domains close to not-yet-integrated TMS? If yes, can one monitor

TMS integration by looking at Cp folding during integration. An approach combining photo crosslinking

and MFD determination would allow detailed analysis of the insertion process.

5.3.5 Does the Ribosome Recognize a TMS?

The translocon pore is closed by a BiP-dependent mechanism before and early during cotranslational

translocation. For a type I membrane protein, it has been shown that the pore closes when the C terminus of

a TMS is only 4 residues beyond the ribosomal P-site (Liao1997). It remains a mystery how the ribosome

recognizes the TMS and how the TMS induces the opening of the pore. One possibility is that the TMS is
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recognized in its a helical conformation that forms already within the ribosomal exit tunnel. Measuring the

MFD with a Cp construct containing a TMS in the linker and comparing it to the MFD of the non-folding

pL linker would reveal if helix formation of a TMS can occur already in the ribosome.
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5.4 Protein Transport Across Membranes other than the ER

5.4.1 Transport of Proteins into Mitochondria

The process of protein transport from cytosol into mitochondria has become a model process for the post-

translational protein translocation pathway, which is known to occur at the ER membrane (Kalies and

Hartmann, 1998). 98% of mitochondrial proteins are encoded by the nuclear genome and have to be

imported to their various intramitochondrial destinations. The TOM-complex translocates all mitochondrial

proteins across the outer membrane, whereas TIM23 and TIM22 perform translocation across and insertion

into the inner membrane. The model organism to study mitochondrial import is S. cerevisiae (Bauer et al.,

2000; Pfanner and Wiedemann, 2002):

In the cytosol, Hsp70s and MSF (mitochondrial import stimulating factor) are thought to keep the substrate

protein in a translocation competent conformation. Additionally, the mitochondrial import machineries

have been shown to unfold a cargo protein (barnase) from the N terminus for translocation (Huang et al.,

1999). Translocation across the inner membrane is dependent on energy in form of ATP in the matrix and a

membrane potential. Neither is required for translocation across the outer membrane. Mitochondrial

proteins are synthesized in the cytosol as preproteins carrying either a N terminal presequence or internal

signals (carrier proteins). The presequences target soluble matrix proteins to the Tim23 complex and are

processed by the mitochondrial processing protease (MPP) in the matrix (Taylor et al., 2001). They are

commonly 20-60 residues long, contain hydroxylated and positively charged amino acids, which can form

amphipathic alpha helices with a positive and hydrophobic side. In most cases, the presequence containing

preproteins are initially recognized by the Tom20 receptor, whereas preproteins with internal signals are

recognized by the Tom70 receptor. Both kinds of precursors then thought to be sequentially recognized by

Tom22 and by Tom5. Tom22 and Tom5 mediate the insertion of the peptide into the general

import/insertion pore (GIP), composed of multiple copies of Tom40, Tom22, Tom7, Tom6, and Tom5.

Tom40 is able to perform recognition and translocation in proteoliposomes from purified components, and

thus appears to be the only protein essential for the formation of the protein-conducting channel. The cryo

EM structure of the TOM complex shows two or three pores of 22 Å in diameter according to the

oligomeric composition of the complex. In TOM complexes lacking the Tom20 component, only two

instead of three pores appear, and removal of Tom20, the central import receptor, only single pores remain

(Model et al., 2002). Whereas cleavable precursors are transported as linear polypeptide chains, carrier

proteins translocate with a middle portion of the peptide first (Wiedemann et al., 2001).

The inner mitochondrial membrane contains two distinct translocases, TIM22 and TIM23. They form

individually translocation contact sites with TOM when they take over the substrate protein from the outer
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membrane, indicating a dynamic cooperation of both complexes. Two energy sources are required for

translocation of precursor proteins across the inner membrane: a membrane potential at the inner membrane

(∆y ) and ATP hydrolysis in the matrix. TIM23 transports substrates with cleavable N terminal

presequences destined for the matrix or membrane insertion (Stop-transfer mechanism). The TIM23

complex consists of Tim17, Tim23, and Tim44. Tim23 forms channels when reconstituted in liposomes,

and it shows high cation selectivity harbored in presequences (Truscott et al., 2001). Tim23 has an amazing

topology: it spans the outer and inner membrane with different portions of the sequence. The

intermembrane domain of Tim23 dimerizes in a process promoted by the membrane potential and thereby

exposes a negatively charged surface, which is thought to act as the receptor for the presequence of the

substrate protein. Then the precursor becomes transferred to the gated protein conducting channel of the

Tim23.complex. The recently identified Tim50 protein is thought to mediate the transfer from the TOM to

the Tim23 complex (Geissler et al., 2002; Yamamoto et al., 2002). For translocation, the substrate protein

has to be largely unfolded. Tim44 binds to the TIM23 complex and it is required for the import reaction by

recruiting mitochondrial Hsp70 to TIM23. Binding and release cycles of substrate to mtHsp70, involving

the activity of the nucleotide exchange factor Mge1, are required to for translocation. Two different

mechanisms for translocation are under debate: the Brownian-ratchet-model (‘trapping’) as well as the

power-stroke model (‘pulling’) (Neupert and Brunner, 2002; Voisine et al., 1999). Experiments comparing

the import of two versions of the cytosolic mouse DHFR protein showed that the unfolded substrate protein

was always faster imported than the folded version. Recent data with Ig-like domains of muscle titin

support the view that local unfolding on the cytosolic side of the import machinery coupled to the

harvesting reaction of binding of mtHsp70 on the matrix side of the inner membrane are responsible for

unfolding.

The carrier translocase TIM22 imports a subset of polytopic and integral membrane proteins containing

internal signal sequences. The complex consists of the pore forming Tim22, and Tim18 and Tim54, whose

functions are unknown. The soluble, intermembrane TIM9/10-complex delivers the still TOM-bound

precursor to the TIM9/10/12-complex, which is peripherally associated to TIM22 and thought to keep the

substrate precursor in an unfolded state (Truscott et al., 2002). Thereby, a translocation contact site is

initiated and the substrate is translocated and integrated. In contrast to the Tim23 mediated translocation,

the carrier translocase Tim22 complex requires only a membrane potential, not ATP-hydrolysis for its

action. Besides the TOM/TIM machineries, a pathway exists by which proteins get membrane-integrated

from the matrix side into the inner membrane. The key component is Oxa1p, a homolog of the bacterial

YidC (Luirink et al., 2001).
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Figure I. The Protein Translocation Machineries in Mitochondria.

See text for details. Numbers indicate the weight of the subunits, OMM, IMM, and IMS are the outer, inner mitochondrial membrane,
and the inter membrane space. 70 indicates the mtHsp70 that translocates the preprotein into the matrix, E is the J-like co-chaperone of
mtHsp70, Mge1. The figure was adapted from Neupert and Brunner, 2002. © 2002 by Nature Reviews

5.4.2 Transport of Proteins into the Stroma of Chloroplasts

Post-translational protein import into chloroplasts is a highly complex process, which is regulated in the

cytosol by Hsp70 and a specific kinase, and at the outer envelope membrane by the Toc complex

(translocon at the outer envelope membrane of chloroplasts), as well as at the inner envelope membrane by

Tic (translocon at the inner envelope membrane of chloroplasts). The machinery shares similarity with the

import complexes in mitochondria. Pea and Arabidopsis thaliana are the model organisms used for the

analysis of chloroplast import. Below I refer to the pea-system as reviewed in Jarvis and Soll (2001).

Synthesis of a chloroplast protein occurs on cytosolic ribosomes. Cytosolic factors are thought to maintain

the import competence of many precursors, keeping them in a unfolded or unfoldable state to enable

translocation (see below). Signal sequences – called transit peptides (TP) – contain specific serine and

threonine residues that can be phosphorylated by a cytosolic kinase.  This triggers the formation of the non-

essential guidance complex, consisting of the precursor, Hsp70, the 14-3-3 protein, and other components,
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highly stimulating the import reaction. In yeast, there is a 14-3-3 protein complex called MSF, illustrating

that mitochondrial import is related to chloroplast import.

Figure II. Working Model for Protein Translocation into Chloroplasts (Jarvis and Soll, 2001).

See text for details. (1) The precursors proteins target to the Toc core complex either with or without the help of the cytosolically
assembled (0) guidance complex. (2) Early in translocation  low amounts of ATP and GTP in the intermembrane space are required.
Soon after initiation, the precursor gets in contact with Tic components. (3) Completion of translocation requires high amounts of
energy in the stroma. Translocation across the outer and inner membrane happens simultaneously, the signal is cleaved by the stromal
processing peptidase (SPP). Translocation and folding is thought to occur at the exit site in the stroma. Tic complex A denotes an
alternative Tic complex with similar function but different composition. © 2001 Elsevier Science B.V.

The Toc complex consists of many subunits. Toc159 is thought to be the chloroplast protein import

receptor, receiving the guidance complex from the cytosol, but it also performs other functions. Knock-out

plants of Toc159 show a severe seedling-lethal, albino phenotype. Toc34’s function is unknown.

Speculations suggest that it might act as an alternative import receptor, associated to Toc159. Toc75 is the

most abundant membrane protein and stably associates with Toc34 and 159. Its predicted beta barrel

structure consisting of 16 transmembrane beta sheets illustrates that Toc75 is the major constituent of the

outer envelope translocation channel. Reconstituted pores of Toc75 have a size of 14 or 26 Å (Hinnah et

al., 2002) that are thought to transport extended substrates, but Toc159 might modulate the channel to

accommodate larger structures than extended peptides. The most recent identified Toc component is Toc64.

It is speculated to exhibit receptor function, as all the other components as well. Interestingly,
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tetratricopetide (TPR) motifs reside in the cytosolic portion of the protein, as it is the case for many Tom-

proteins. TPR is thought to mediate protein-protein interactions, as it would be required for receptor

activities.

The Tic-apparatus is the translocase of the inner envelope membrane and acts together with Toc in vivo. As

in the mitochondrial system, more than one Tic-complex seems to exist, and differentially composed

complexes were isolated, but their roles are not well understood. Tic110 is proposed to recruit chaperones

to the stromal face of the inner envelope. Tic55 might regulate import in a redox-dependent manner. Tic40

putitatively exchanges nucleotides in the ratchet motor Hsp70 responsible for translocation. Tic20 and

Tic22 are thought to regulate complex composition. A protein import related anion channel (PIRAC) is a

candidate forming the protein-conducting channel. Transit peptide removal is performed by the stromal

processing peptidase (SPP), which is a member of the metalloendopeptidase-family, as MPP in

mitochondria (Figure II).

Sorting and folding occurs in the stroma following completion of translocation (Mori and Cline, 2001).

Hsp93 binds to the lumenal domain of Tic110, and also Hsp70 is thought to provide the force for

translocation. Hsp60 could be co-purified with the inner translocase complex, indicating that it might assist

the folding of incoming precursors after the substrate protein has been handed over to it by the Hsp93 and

Hsp70 proteins (Kessler and Blobel, 1996).

Conformations of proteins translocated across the chloroplast envelope

Studies with chimeric precursor proteins have shown that introduced C-terminal domains inhibit the

translocation process across the envelope. When antibodies were bound to the C-terminal DHFR domain of

a chloroplast precursor chimera, inhibition of translocation was observed (Wu et al., 1994). Similarly,

binding of IgG to its Protein A-derived binding domain in a precursor chimera slowed down the transport

across the envelope, clearly demonstrating that the translocation machinery can be inhibited by a

sufficiently large and bulky protein domain (Schnell and Blobel, 1993). Other studies analyzing the

translocation competence of assembled protein complexes support this idea. 5-enolpyruvylshikimate-3-

phosphate synthase stabilized by shikimate-3-phosphate and glyphosate inhibited transport of the precursor

(della Cioppa et al., 1988). Chlorophyllide-binding to precursor NADH:protochlorophyllide oxidoreductase

A had a similar effect (Reinbothe et al., 1995). In the presence of Ni2+ ions, the import of the small subunit

of ribulose-1,5-bisphosphate carboxylase tagged with a histidine peptide was inhibited, but at the same time

the precursor bound to the envelope remained protease sensitive. This effect was suppressed when the

precursor lacked the his-tag. Addition of an excess of L-histidine suppressed the inhibition demonstrating

that the hexahistidyl-Ni2+ complex was responsible for import inhibition (Rothen et al., 1997). In contrast,

methotrexate-binding to a precursor variant of DHFR did not halt translocation. Evidence for the unfolding

of DHFR and dissociation of methotrexate at the outer membrane followed by refolding and -binding in the
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stroma after translocation was obtained by protease digestion assays (Guera et al., 1993). This suggests that

a strong unfolding activity forces the substrate through the chloroplast envelope translocase. However, it

has been shown that a small, stably folded, chimeric protein (N terminal 17 kDa domain of prOE17

crosslinked to the 6.5 kDa BPTI domain) was imported efficiently, providing evidence for translocation of

a small but tightly folded substrate protein across a biological membrane (Clark and Theg, 1997).

5.4.3 Transport into the Periplasmic Space of E. coli

Protein secretion across the cytoplasmic membrane of bacteria is performed by different machineries,

which have homologues in eucaryotic cells. The most relevant pathway is the Sec-dependent export. It

transports 95% of newly synthesized peptides carrying a signal sequence out of the cytosol. Signals have a

hydrophobic core, N-terminally flanked by positive charges, and C-terminally by hydrophilic sequences,

and are thus very similar to the signal sequences used for secretory proteins in eukaryotes.

Figure III. Translocation Machineries in the Cytoplasmic Membrane of E. coli.

Different pathways have been characterized that use different substrates for export. The Sec translocon can work in a SRP- and SecB-
dependent manner, as well as the later might be assisted by the YidC protein to integrate membrane proteins. Examples are known that
are exclusively YidC-dependent (see text for details). The only channel transporting folded proteins is the tat-system, which is
dependent on a characteristic signal peptide that contains a twin-arginine motif.

Upon synthesis on cytosolic ribosomes, the Sec-system specific chaperone SecB binds substrate proteins

and delays their folding to keep it in an translocation-competent state. Folded proteins cannot be

translocated by the Sec-machinery. SecB binds and targets preproteins to the sec-translocase by binding to

SecA, the ATP-driven motor protein providing the energy for translocation. Alternatively, the bacterial

SRP targets the signal sequence containing precursor proteins via interaction with the putative SRP-
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receptor, FtsY, to the Sec-translocon. Bacterial SRP is composed of the Ffh protein, which shares

homology to the eukaryotic SRP54, and a 4.5S RNA, indicating the similarity of the Sec-dependent

pathways in the two kingdoms. SecYEG form a 16-30 Å channel that looks similar to the Sec61 channel in

the membrane through which the substrate is transported (Breyton et al., 2002; Collinson et al., 2001;

Meyer et al., 1999). SecD, SecF, and YajC are adjacent to SecYEG, and are required for efficient export in

vivo (Pogliano and Beckwith, 1994). LeP cleaves the signal on the periplasmic side of the membrane. A

recently discovered component, YidC, is important for efficient integration of proteins into the membrane

(Beck et al., 2000; Houben et al., 2000; Houben et al., 2002; Scotti et al., 2000; Urbanus et al., 2001). This

can occur in a SecYEG-dependent or independent manner (Figure III).

Notably, in the inner mitochondrial membrane and the thylakoid membrane of chloroplasts, homolog

mediators of membrane protein integration exist. Mitochondrial Oxa1p integrates proteins delivered from

the matrix (after import via the TOM and TIM translocases or after synthesis within mitochondria), and

thylakoidal Alb3 accepts substrates from the stromal side.

There is evidence for a cotranslational translocation pathway in bacteria: arrested truncated peptides can be

crosslinked to bacterial SRP (de Gier and Luirink, 2001); recent studies on a translational arrest event of the

secretion monitor SecM peptide shows that translocation activity can neutralize the arrest, suggesting that

the translocase pulls the nascent chain out of the ribosome, which is conterminous to a cotranslational

process (Nakatogawa and Ito, 2002); large ribosomal subunits show high affinity binding to the SecYEG-

complex (Prinz2000); SRP-depleted cells accumulate toxic aggregates, supporting the importance of a

potentially cotranslational pathway, which would also facilitate membrane protein integration (Bernstein

and Hyndman, 2001); truncated nascent chains of LeP crosslink to SecY and YidC in a ribosome-

dependent manner (Houben et al., 2002), and interestingly the first position which can react with SecY is

29 residues beyond the peptidyltransferase center.

Chloroplasts evolved from endosymbiotic, cyanobacteria-like cells, and this evolutionary link is reflected in

some transport systems of bacteria and plant chloroplasts. it has become clear that a Sec-pathway exists for

translocation of proteins from the stroma into the thylakoid lumen. Thylakoid signal sequences are

homologous to the bacterial signals except that they contain additionally a N terminally attached stromal

signal peptide and therefore appear bipartite. To reach the thylakoid membrane, substrate proteins have to

travel into the stroma by the Toc/Tic channels, where the N-terminal stroma targeting peptide becomes

cleaved by the stromal processing peptidase, liberating the downstream thylakoid-signal peptide. The

Thylakoid processing protease (TPP) removes the signal in the lumen after translocation and is homologous

to LeP. Some other bacterial Sec-related components were identified in the thylakoid membrane (homologs

of SecA, SecY, SRP54, and FtsY).
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5.4.4 The tat- and DpH-dependent translocation pathways

Translocation reactions yet discussed mainly involve the substrate protein to be transferred in an unfolded

conformation. This is reasonable due to many reasons, one of them is the uniformity of the translocation

channel required to transport substrate-peptides when they are extended. However, two radically different

translocation mechanisms exist in the thylakoid membrane of chloroplasts (named DpH-dependent) and the

plasma membrane of bacteria (the tat pathway; Sargent et al., 1998). As stated above, both chloroplast and

eubacteria have a common evolutionary origin and they use a related pathway that is able to transport

tightly folded proteins and oligomers of different sizes en bloc post-translationally.

In E.coli, 20% of all gene-products utilize the Sec-pathway for secretion, and 0.5% the tat-pathway. Tat

stands for twin-arginine-translocation referring to a RR-motif in the boundary between the N- and H-

regions of the signal sequence. Small differences in the signal peptides discriminate efficiently the targeting

to Sec- or tat-dependent pathways. Besides the RR-motif, tat-signals contain an extended N-region, lower

H-region hydrophobicity, and more basic residues in the C-region than found in sec-signals. Tat- and DpH-

dependent signal sequences are so similar that they are able to complement themselves in the heterologous

system (Mori and Cline, 1998). Sec-dependent, as well as heterologous substrates can be targeted to the tat

translocon by the specific signal sequence. Due to the absence of an in vitro assay for the tat-pathway very

little is known about the structural and functional conditions.

The DpH-dependent transport is driven by the pH-gradient across the membrane and independent of

nucleotides or soluble factors of the stroma (as required for Sec-like pathways). Direct evidence for the

ability to export folded substrates comes from in vitro studies with isolated thylakoids. DHFR- (in the

presence of methotrexate) and stabilized BPTI-chimera targeted by a N-terminally attached DpH-dependent

substrate are exported efficiently. Interestingly, it seems that a proofreading mechanism exists that ensures

transport of folded molecules only. Different models are under debate. Many tat-substrates contain

cofactors that are thought to bind their ligands in the cytosol, and the complexes only get exported when

correctly assembled. In contrast, precursors can accumulate in the cytosol when they are unable to bind the

cofactor, and active tat-substrates accumulate in the cytosol if the tat-pathway is disrupted. It is

hypothesized that the signal peptide acts as a signal for correct folding, being shielded in the unfolded

protein but exposed upon completion of folding or oligomeric assembly. Hetero-oligomeric Tat-substrates

exist that contain a signal peptide on just one of the subunits, guaranteeing export of the assembled and

active complex only (Berks et al., 2000). The components of tat-dependent pathway are the gene-products

of the operons tatABCD and tatE. The chloroplast-components yet identified are Hcf106 (an tatB and E

ortholog), cpTatC, and Tha4 (TatA). Nothing is known about the structures or mechanisms of the

translocation machines (Dalbey and Robinson, 1999).
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5.4.5 Mechanisms of Peroxisomal Protein Import

Peroxisomes are organelles of oxidative metabolism, carrying out detoxification processes and metabolic

beta oxidation to breakdown fatty acids. It is generally accepted that signals mediate import of soluble

peroxisomal matrix proteins. Similar to the tat-pathways, it is believed that substrates for transport do not

have to be unfolded (Subramani et al., 2000). The peroxisomal targeting sequences (PTS) are either located

on the C (PTS1) or the N terminus (PTS2) of substrate proteins and are three or nine residues long,

respectively. Cytosolic PTS receptors (Pex5p for PTS1, Pex7 for PTS2) mediate the targeting to the PTS-

specific docking receptors Pex13p (Pex5p) and Pex14p (Pex7p).

For translocation and integration, many other factors are required, but their functions are not well

understood (Pex17p, Pex2p, Pex10p, Pex12p, Pex 15p, Pex22p, Pex23p, DnaK, DnaJ). Several studies

revealed that protein unfolding is not essential for protein import and that oligomeric complexes can

traverse the peroxisomal membrane. Additionally, peroxisomes were the first organelles shown to import

polypeptides lacking a signal sequence by virtue of the ability of the proteins to oligomerize with other

PTS-containing proteins (Lee et al., 1997).

In another study, DHFR was used as a model protein, and its import was assayed in the absence and

presence of aminopterin, a drug stabilizing the native fold of DHFR. Transport of the model protein into

mitochondria (with a PTS) was inhibited in the presence of aminopterin, whereas import into peroxisomes

was unaffected (Hausler et al., 1996). Glover et al. showed that peroxisomal 3-ketoacyl-CoA thiolase is

imported into peroxisomes as a dimer, indicative of a folded conformation during transport (the piggy-back

mode of import; (Glover et al., 1994). That the translocating machineries itself can accommodate large

structures was shown by the import of crosslinked proteins and even 90 A gold particles (Hausler1996,

Walton1995). However, the necessity of maturation pathways in peroxisomes including the presence of

peroxisomal chaperones and cofactors indicates that not all proteins have to be imported in a folded

conformation (Bellion and Goodman, 1987; Wimmer et al., 1997).

Peroxisomal membrane proteins (PMPs) require special signal sequences (mPTSs) consisting of 6-8 basic

residues somewhere in the lumenal part of the sequence, and a hypothetical PTS receptor (Pex19p). They

use a biogenesis pathway, which is independent from the one for the matrix proteins. Many issues of PMP

biogenesis are unclear, e.g. also how cytosolically synthesized TMS are prevented from aggregation before

they reach the peroxisomal membrane (Subramani et al., 2000).
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5.5 Cotranslational Events in non-ER Associated Translocation
Processes

In mammalian cells, secretory and membrane proteins are cotranslationally targeted and translocated across

or into the ER-membrane (Blobel and Dobberstein, 1975). In recent years, the view has evolved that in

different membrane transport and integration processes than at the ER-membrane such cotranslational

maturation processes appear to be functional. Cotranslational pathways are advantageous for the biogenesis

of membrane proteins by preventing aggregation of the hydrophobic TMS in the cytosol. However, most of

these pathways are hypothetically cotranslational, and discrimination from the posttranslational pathways is

often difficult.

The SRP-system has been structurally and functionally conserved during evolution. It is, therefore, likely,

that SRP-like pathways function cotranslationally in general. In bacteria, it has been shown that nascent

LeP crosslinks to the bacterial SRP (Ffh), SecY, SecA, SecE and YidC (de Gier and Luirink, 2001; Houben

et al., 2000; Valent et al., 1995; Veenendaal et al., 2002). But the in vivo relevance of these observations

are unclear. Nevertheless, ribosomes are known to bind to the inner membrane of E. coli in a FtsY-

dependent manner (Herskovits et al., 2000). Since it is known that translocon-bound large ribosomal

subunits can initiate protein translation in mammals (Potter and Nicchitta, 2000) a cotranslational

translocation may occur in bacteria as well.

In Bacillus subtilis, which lacks the Sec-specific chaperone SecB, an interesting physical and functional

interaction between SRP and the SecA has been detected (Bunai et al., 1999). This indicates that co- and

posttranslational pathways may not be independent of each other. In E. coli, however, the independence of

the SRP and SecAB pathways was shown, and the specificity for either pathway is dependent on the

substrate (Beck et al., 2000; Koch et al., 1999). Yeast mitochondria do not contain obvious SRP- or Sec-

related proteins. However, a considerable fraction of mitochondrial ribosomes localizes to the inner

membrane in yeast and mammalian cells. Oxa1p, the YidC-homolog in mitochondria, has been shown to

interact with full-length inner membrane proteins of cytosolic origin (that were imported through the

TOM/TIM channels), as well as with nascent chains of matrix-borne proteins (Hell et al., 1998; Luirink et

al., 2001). Strikingly, a similar though less analyzed case in the thylakoid membrane shows the

cotranslational interaction of the chloroplast SRP with a chloroplast-encoded transport substrate (Nilsson

and van Wijk, 2002), whereas some nuclear-encoded (and thus by nature post-translationally targeted)

membrane proteins are dependent on the SRP-machinery. Plastid-encoded chloroplast reaction center

protein D1 is known to cotranslationally integrate and acquire its cofactors during synthesis at the thylakoid

membrane. Thus, there is evidence that cotranslational events, such as targeting, membrane insertion,

cofactor assembly and consecutive folding, can occur in bacteria and organelles other than the ER in higher

organisms.



Appendix 133

5.6 Acknowledgments

I liked the four years of my PhD thesis. Once again I realized that it is essential to work in a socially intact

environment.

First, I want to thank Ari for his support and for the opportunity to feed on his exceptional ideas. I have

never seen a person with such an ability to judge if a certain approach would be experimentally possible or

not. Furthermore, I appreciate Ari’s way of dealing with people and with the problems they have. I never

experienced pressure from my boss, providing an excellent environment for scientific innovation.

Thanks also to all the former and present members of the hegroup. The friend- and colleagueship helped me

a lot for the scientific and social aspects during my time here. Anna is the best lab mate I could imagine,

and the end of our symbiosis will be difficult to accept. Then there are of course Marius, Eva, Andreas,

Lucas, Bruno, Steffi, Ivo, Lars, Vondi, Eva, Christiane, Christiane, and Roberta. They were all important,

and made me looking forward to going to work (almost) everyday.

Furthermore, I am proud of all the PhD students in the institute that helped to initiate the PhD program. All

what we have reached would not have been possible without our ideas and our energy to provide a high

class education program for ourselves. And I am aware that all the support of Ulli, Ari, and Yves was very

important for the lively environment in the PhD community of the institute.



134 Protein Folding During Cotranslational Translocation

5.7 Curriculum vitae

Name: Michael Thomas Kowarik
Date of Birth: 10 December 1973
Place of Birth: Dielsdorf, Switzerland
Nationality: German
Address: Allmannstrasse 55, CH-8052 Zürich, Switzerland

Academic Education

1986-1992 Kantonsschule Zürcher Unterland Bülach, Switzerland
Matura Typus B

1993-1998 Studies in Biochemistry/Biotechnology
at the Swiss Federal Institute of Technology (ETH), Zürich, Switzerland

Degree: Dipl. Natw. ETH
Topics: Biotechnology, Enzymology, Immunology, Genetics,
Macromolecular Chemistry

Diploma Thesis:
Functional Analysis of heat-shock Transcription Factors RpoH1, RpoH2,
and RpoH3 from Bradyrhizobium japonicum
at the Institute of Microbiology, ETH Zürich,
in the group of Prof. Haucke Hennecke

1999-2002 PhD Thesis:
Protein Folding During Cotranslational Translocation in the Endoplasmic
Reticulum
at the Institute of Biochemistry, ETH Zürich
in the group of Prof. Ari Helenius

2000-2001 PhD-Representative in the Committee leading the Institute of
Biochemistry

2000 Member of the Organizing Committee for the 1st D-BIOL PhD Spring
School

Other Activities

1992-1997 Part-time job, Swiss Postal Services, Zürich Airport, Switzerland
1998 Half-year travel through South-East-Asia, India



Appendix 135

5.8 List of Publications

Franz Narberhaus, Michael Kowarik, Christoph Beck, and Hauke Hennecke

Promoter selectivity of the Bradyrhizobium japonicum RpoH transcription factors in vivo

and in vitro.

Journal of Bacteriology 1998 May;180(9):2395-401.

Michael Kowarik, Stephanie Küng, Bruno Martoglio, and Ari Helenius

Protein Folding during Cotranslational Translocation in the Endoplasmic Reticulum.

Molecular Cell 2002 October; 10(4):769-778



Appendix 136

5.9 References

Alexandrov, N. (1993). Structural argument for N-terminal initiation of protein folding, Protein Sci 2,

1989-91.

Ban, N., Nissen, P., Hansen, J., Capel, M., Moore, P. B. and Steitz, T. A. (1999). Placement of protein

and RNA structures into a 5 A-resolution map of the 50S ribosomal subunit, Nature 400, 841-7.

Bauer, J., Chen, K., Hiltbunner, A., Wehrli, E., Eugster, M., Schnell, D. and Kessler, F. (2000). The

major protein import receptor of plastids is essential for chloroplast biogenesis, Nature 403, 203-7.

Beck, K., Wu, L. F., Brunner, J. and Muller, M. (2000). Discrimination between SRP- and SecA/SecB-

dependent substrates involves selective recognition of nascent chains by SRP and trigger factor,

Embo J 19, 134-43.

Beckmann, R., Bubeck, D., Grassucci, R., Penczek, P., Verschoor, A., Blobel, G. and Frank, J. (1997).

Alignment of conduits for the nascent polypeptide chain in the ribosome- Sec61 complex, Science

278, 2123-6.

Beckmann, R., Spahn, C. M., Eswar, N., Helmers, J., Penczek, P. A., Sali, A., Frank, J. and Blobel, G.

(2001). Architecture of the protein-conducting channel associated with the translating 80S

ribosome, Cell 107, 361-72.

Bellion, E. and Goodman, J. M. (1987). Proton ionophores prevent assembly of a peroxisomal protein,

Cell 48, 165-73.

Bergman, L. W. and Kuehl, W. M. (1979a). Formation of an intrachain disulfide bond on nascent

immunoglobulin light chains, J Biol Chem 254, 8869-76.

Bergman, L. W. and Kuehl, W. M. (1979b). Formation of intermolecular disulfide bonds on nascent

immunoglobulin polypeptides, J Biol Chem 254, 5690-4.

Berks, B. C., Sargent, F., De Leeuw, E., Hinsley, A. P., Stanley, N. R., Jack, R. L., Buchanan, G. and
Palmer, T. (2000). A novel protein transport system involved in the biogenesis of bacterial

electron transfer chains, Biochim Biophys Acta 1459, 325-30.

Bernstein, H. D. and Hyndman, J. B. (2001). Physiological basis for conservation of the signal

recognition particle targeting pathway in Escherichia coli, J Bacteriol 183, 2187-97.

Blobel, G. and Dobberstein, B. (1975). Transfer of proteins across membranes. I. Presence of

proteolytically processed and unprocessed nascent immunoglobulin light chains on membrane-

bound ribosomes of murine myeloma, J Cell Biol 67, 835-51.

Blobel, G. and Sabatini, D. D. (1970). Controlled proteolysis of nascent polypeptides in rat liver cell

fractions. I. Location of the polypeptides within ribosomes, J Cell Biol 45, 130-45.

Boisrame, A., Chasles, M., Babour, A., Beckerich, J. M. and Gaillardin, C. (2002). Sbh1p, a subunit of

the Sec61 translocon, interacts with the chaperone calnexin in the yeast Yarrowia lipolytica, J Cell

Sci 115, 4947-56.



Appendix 137

Borel, A. C. and Simon, S. M. (1996). Biogenesis of polytopic membrane proteins: membrane segments

assemble within translocation channels prior to membrane integration, Cell 85, 379-89.

Braakman, I., Hoover-Litty, H., Wagner, K. R. and Helenius, A. (1991). Folding of influenza

hemagglutinin in the endoplasmic reticulum, J Cell Biol 114, 401-11.

Bretscher, A. and Weber, K. (1980). Villin is a major protein of the microvillus cytoskeleton which binds

both G and F actin in a calcium-dependent manner, Cell 20, 839-47.

Breyton, C., Haase, W., Rapoport, T. A., Kuhlbrandt, W. and Collinson, I. (2002). Three-dimensional

structure of the bacterial protein-translocation complex SecYEG, Nature 418, 662-5.

Brimacombe, R. (2000). The bacterial ribosome at atomic resolution, Structure Fold Des 8, R195-200.

Bruckner, P., Eikenberry, E. F. and Prockop, D. J. (1981). Formation of the triple helix of type I

procollagen in cellulo. A kinetic model based on cis-trans isomerization of peptide bonds, Eur J

Biochem 118, 607-13.

Bulleid, N. J., Bassel-Duby, R. S., Freedman, R. B., Sambrook, J. F. and Gething, M. J. (1992). Cell-

free synthesis of enzymically active tissue-type plasminogen activator. Protein folding determines

the extent of N-linked glycosylation, Biochem J 286, 275-80.

Bunai, K., Yamada, K., Hayashi, K., Nakamura, K. and Yamane, K. (1999). Enhancing effect of

Bacillus subtilis Ffh, a homologue of the SRP54 subunit of the mammalian signal recognition

particle, on the binding of SecA to precursors of secretory proteins in vitro, J Biochem (Tokyo)

125, 151-9.

Carter, A. P., Clemons, W. M., Jr., Brodersen, D. E., Morgan-Warren, R. J., Hartsch, T., Wimberly,
B. T. and Ramakrishnan, V. (2001). Crystal structure of an initiation factor bound to the 30S

ribosomal subunit, Science 291, 498-501.

Chakrabartty, A., Kortemme, T. and Baldwin, R. L. (1994). Helix propensities of the amino acids

measured in alanine-based peptides without helix-stabilizing side-chain interactions, Protein Sci 3,

843-52.

Chantrenne, H. (1962). Aspects of the Biosynthesis of Enzymes, Advances in Enzymology and Related

Subjects of Biochemistry 24, 1-33.

Chen, W. and Helenius, A. (2000). Role of ribosome and translocon complex during folding of influenza

hemagglutinin in the endoplasmic reticulum of living cells, Mol Biol Cell 11, 765-72.

Chen, W., Helenius, J., Braakman, I. and Helenius, A. (1995). Cotranslational folding and calnexin

binding during glycoprotein synthesis, Proc Natl Acad Sci U S A 92, 6229-33.

Choi, H. K., Lee, S., Zhang, Y. P., McKinney, B. R., Wengler, G., Rossmann, M. G. and Kuhn, R. J.

(1996). Structural analysis of Sindbis virus capsid mutants involving assembly and catalysis, J

Mol Biol 262, 151-67.

Choi, H. K., Lu, G., Lee, S., Wengler, G. and Rossmann, M. G. (1997). Structure of Semliki Forest virus

core protein, Proteins 27, 345-59.



138 Protein Folding During Cotranslational Translocation

Choi, H. K., Tong, L., Minor, W., Dumas, P., Boege, U., Rossmann, M. G. and Wengler, G. (1991).

Structure of Sindbis virus core protein reveals a chymotrypsin-like serine proteinase and the

organization of the virion, Nature 354, 37-43.

Choi, K. M. and Brimacombe, R. (1998). The path of the growing peptide chain through the 23S rRNA in

the 50S ribosomal subunit; a comparative cross-linking study with three different peptide families,

Nucleic Acids Res 26, 887-95.

Chothia, C. and Janin, J. (1975). Principles of protein-protein recognition, Nature 256, 705-8.

Chou, P. Y. and Fasman, G. D. (1974). Conformational parameters for amino acids in helical, beta-sheet,

and random coil regions calculated from proteins, Biochemistry 13, 211-22.

Clark, P. L. and King, J. (2001). A newly synthesized, ribosome-bound polypeptide chain adopts

conformations dissimilar from early in vitro refolding intermediates, J Biol Chem 276, 25411-20.

Clark, S. A. and Theg, S. M. (1997). A folded protein can be transported across the chloroplast envelope

and thylakoid membranes, Mol Biol Cell 8, 923-34.

Collinson, I., Breyton, C., Duong, F., Tziatzios, C., Schubert, D., Or, E., Rapoport, T. and
Kuhlbrandt, W. (2001). Projection structure and oligomeric properties of a bacterial core protein

translocase, Embo J 20, 2462-71.

Cresswell, P. (1994). Assembly, transport, and function of MHC class II molecules, Annu Rev Immunol

12, 259-93.

Crowley, K. S., Liao, S., Worrell, V. E., Reinhart, G. D. and Johnson, A. E. (1994). Secretory proteins

move through the endoplasmic reticulum membrane via an aqueous, gated pore, Cell 78, 461-71.

Crowley, K. S., Reinhart, G. D. and Johnson, A. E. (1993). The signal sequence moves through a

ribosomal tunnel into a noncytoplasmic aqueous environment at the ER membrane early in

translocation, Cell 73, 1101-15.

Dalbey, R. E. and Robinson, C. (1999). Protein translocation into and across the bacterial plasma

membrane and the plant thylakoid membrane, Trends Biochem Sci 24, 17-22.

de Gier, J. W. and Luirink, J. (2001). Biogenesis of inner membrane proteins in Escherichia coli, Mol

Microbiol 40, 314-22.

Deuerling, E., Schulze-Specking, A., Tomoyasu, T., Mogk, A. and Bukau, B. (1999). Trigger factor and

DnaK cooperate in folding of newly synthesized proteins, Nature 400, 693-6.

Do, H., Falcone, D., Lin, J., Andrews, D. W. and Johnson, A. E. (1996). The cotranslational integration

of membrane proteins into the phospholipid bilayer is a multistep process, Cell 85, 369-78.

Doudna, J. A. and Rath, V. L. (2002). Structure and function of the eukaryotic ribosome: the next

frontier, Cell 109, 153-6.

Duan, Y., Wang, L. and Kollman, P. A. (1998). The early stage of folding of villin headpiece subdomain

observed in a 200-nanosecond fully solvated molecular dynamics simulation, Proc Natl Acad Sci

U S A 95, 9897-902.



Appendix 139

Ellis, R. J. (2001). Macromolecular crowding: an important but neglected aspect of the intracellular

environment, Curr Opin Struct Biol 11, 114-9.

Erickson, A. H. and Blobel, G. (1983). Cell-free translation of messenger RNA in a wheat germ system,

Methods Enzymol 96, 38-50.

Fedorov, A. N. and Baldwin, T. O. (1995). Contribution of cotranslational folding to the rate of formation

of native protein structure, Proc Natl Acad Sci U S A 92, 1227-31.

Fedorov, A. N. and Baldwin, T. O. (1997). Cotranslational protein folding, J Biol Chem 272, 32715-8.

Fedorov, A. N. and Baldwin, T. O. (1998). Protein folding and assembly in a cell-free expression system,

Methods Enzymol 290, 1-17.

Fedorov, A. N., Friguet, B., Djavadi-Ohaniance, L., Alakhov, Y. B. and Goldberg, M. E. (1992).

Folding on the ribosome of Escherichia coli tryptophan synthase beta subunit nascent chains

probed with a conformation-dependent monoclonal antibody, J Mol Biol 228, 351-8.

Ferguson, N., Johnson, C. M., Macias, M., Oschkinat, H. and Fersht, A. (2001). Ultrafast folding of

WW domains without structured aromatic clusters in the denatured state, Proc Natl Acad Sci U S

A 98, 13002-7.

Fiebiger, E., Story, C., Ploegh, H. L. and Tortorella, D. (2002). Visualization of the ER-to-cytosol

dislocation reaction of a type I membrane protein, Embo J 21, 1041-53.

Forsell, K., Suomalainen, M. and Garoff, H. (1995). Structure-function relation of the NH2-terminal

domain of the Semliki Forest virus capsid protein, J Virol 69, 1556-63.

Frank, J. and Agrawal, R. K. (2000). A ratchet-like inter-subunit reorganization of the ribosome during

translocation, Nature 406, 318-22.

Frydman, J., Erdjument-Bromage, H., Tempst, P. and Hartl, F. U. (1999). Co-translational domain

folding as the structural basis for the rapid de novo folding of firefly luciferase, Nat Struct Biol 6,

697-705.

Gabashvili, I. S., Gregory, S. T., Valle, M., Grassucci, R., Worbs, M., Wahl, M. C., Dahlberg, A. E.
and Frank, J. (2001). The polypeptide tunnel system in the ribosome and its gating in

erythromycin resistance mutants of L4 and L22, Mol Cell 8, 181-8.

Gautschi, M., Lilie, H., Funfschilling, U., Mun, A., Ross, S., Lithgow, T., Rucknagel, P. and Rospert,
S. (2001). RAC, a stable ribosome-associated complex in yeast formed by the DnaK- DnaJ

homologs Ssz1p and zuotin, Proc Natl Acad Sci U S A 98, 3762-7.

Geigenmuller-Gnirke, U., Nitschko, H. and Schlesinger, S. (1993). Deletion analysis of the capsid

protein of Sindbis virus: identification of the RNA binding region, J Virol 67, 1620-6.

Geissler, A., Chacinska, A., Truscott, K. N., Wiedemann, N., Brandner, K., Sickmann, A., Meyer, H.
E., Meisinger, C., Pfanner, N. and Rehling, P. (2002). The mitochondrial presequence

translocase. An essential role of tim50 in directing preproteins to the import channel, Cell 111,

507-18.



140 Protein Folding During Cotranslational Translocation

Gillece, P., Pilon, M. and Romisch, K. (2000). The protein translocation channel mediates glycopeptide

export across the endoplasmic reticulum membrane, Proc Natl Acad Sci U S A 97, 4609-14.

Gilmore, R., Collins, P., Johnson, J., Kellaris, K. and Rapienko, P. (1991). Transcription of Full-Length

and Truncated mRNA Transcripts to Study Protein Translocation across the Endoplasmic

Reticulum. In Methods in Cell Biology, A. Press, ed., pp. 223-239.

Glenney, J. R., Jr. and Weber, K. (1981). Calcium control of microfilaments: uncoupling of the F-actin-

severing and -bundling activity of villin by limited proteolysis in vitro, Proc Natl Acad Sci U S A

78, 2810-4.

Glover, J. R., Andrews, D. W., Subramani, S. and Rachubinski, R. A. (1994). Mutagenesis of the

amino targeting signal of Saccharomyces cerevisiae 3- ketoacyl-CoA thiolase reveals conserved

amino acids required for import into peroxisomes in vivo, J Biol Chem 269, 7558-63.

Gong, F. and Yanofsky, C. (2002). Instruction of translating ribosome by nascent peptide, Science 297,

1864-7.

Gorlich, D. and Rapoport, T. A. (1993). Protein translocation into proteoliposomes reconstituted from

purified components of the endoplasmic reticulum membrane, Cell 75, 615-30.

Guera, A., America, T., van Waas, M. and Weisbeek, P. J. (1993). A strong protein unfolding activity is

associated with the binding of precursor chloroplast proteins to chloroplast envelopes, Plant Mol

Biol 23, 309-24.

Hamlin, J. and Zabin, I. (1972). -Galactosidase: immunological activity of ribosome-bound, growing

polypeptide chains, Proc Natl Acad Sci U S A 69, 412-6.

Hamman, B. D., Chen, J. C., Johnson, E. E. and Johnson, A. E. (1997). The aqueous pore through the

translocon has a diameter of 40-60 A during cotranslational protein translocation at the ER

membrane, Cell 89, 535-44.

Hamman, B. D., Hendershot, L. M. and Johnson, A. E. (1998). BiP maintains the permeability barrier of

the ER membrane by sealing the lumenal end of the translocon pore before and early in

translocation, Cell 92, 747-58.

Hanein, D., Matlack, K. E., Jungnickel, B., Plath, K., Kalies, K. U., Miller, K. R., Rapoport, T. A. and
Akey, C. W. (1996). Oligomeric rings of the Sec61p complex induced by ligands required for

protein translocation, Cell 87, 721-32.

Hansen, W. J., Cowan, N. J. and Welch, W. J. (1999). Prefoldin-nascent chain complexes in the folding

of cytoskeletal proteins, J Cell Biol 145, 265-77.

Hartl, F. U. and Hayer-Hartl, M. (2002). Molecular chaperones in the cytosol: from nascent chain to

folded protein, Science 295, 1852-8.

Hartmann, E., Wiedmann, M. and Rapoport, T. A. (1989). A membrane component of the endoplasmic

reticulum that may be essential for protein translocation, Embo J 8, 2225-9.

Hausler, T., Stierhof, Y. D., Wirtz, E. and Clayton, C. (1996). Import of a DHFR hybrid protein into

glycosomes in vivo is not inhibited by the folate-analogue aminopterin, J Cell Biol 132, 311-24.



Appendix 141

Hebert, D. N., Zhang, J. X. and Helenius, A. (1998). Protein folding and maturation in a cell-free system,

Biochem Cell Biol 76, 867-73.

Hegde, R. S. and Lingappa, V. R. (1999). Regulation of protein biogenesis at the endoplasmic reticulum

membrane, Trends Cell Biol 9, 132-7.

Heinrich, S. U., Mothes, W., Brunner, J. and Rapoport, T. A. (2000). The Sec61p complex mediates the

integration of a membrane protein by allowing lipid partitioning of the transmembrane domain,

Cell 102, 233-44.

Helenius, A., Trombetta, E. S., Hebert, D. N. and Simons, J. F. (1997). Calnexin, calreticulin and the

folding of glycoproteins, Trends in Cell Biology 7, 193-200.

Hell, K., Herrmann, J. M., Pratje, E., Neupert, W. and Stuart, R. A. (1998). Oxa1p, an essential

component of the N-tail protein export machinery in mitochondria, Proc Natl Acad Sci U S A 95,

2250-5.

Hendrick, J. P., Langer, T., Davis, T. A., Hartl, F. U. and Wiedmann, M. (1993). Control of folding

and membrane translocation by binding of the chaperone DnaJ to nascent polypeptides, Proc Natl

Acad Sci U S A 90, 10216-20.

Herskovits, A. A., Bochkareva, E. S. and Bibi, E. (2000). New prospects in studying the bacterial signal

recognition particle pathway, Mol Microbiol 38, 927-39.

Hesterkamp, T., Deuerling, E. and Bukau, B. (1997). The amino-terminal 118 amino acids of

Escherichia coli trigger factor constitute a domain that is necessary and sufficient for binding to

ribosomes, J Biol Chem 272, 21865-71.

Hesterkamp, T., Hauser, S., Lutcke, H. and Bukau, B. (1996). Escherichia coli trigger factor is a prolyl

isomerase that associates with nascent polypeptide chains, Proc Natl Acad Sci U S A 93, 4437-41.

High, S., Gorlich, D., Wiedmann, M., Rapoport, T. A. and Dobberstein, B. (1991). The identification of

proteins in the proximity of signal-anchor sequences during their targeting to and insertion into the

membrane of the ER, J Cell Biol 113, 35-44.

Hinnah, S. C., Wagner, R., Sveshnikova, N., Harrer, R. and Soll, J. (2002). The chloroplast protein

import channel toc75: pore properties and interaction with transit peptides, Biophys J 83, 899-911.

Hipps, D. S. and Perham, R. N. (1992). Expression in Escherichia coli of a sub-gene encoding the lipoyl

and peripheral subunit-binding domains of the dihydrolipoamide acetyltransferase component of

the pyruvate dehydrogenase complex of Bacillus stearothermophilus, Biochem J 283, 665-71.

Horwitz, M. S., Scharff, M. D. and Maizel, J. V., Jr. (1969). Synthesis and assembly of adenovirus 2. I.

Polypeptide synthesis, assembly of capsomeres, and morphogenesis of the virion, Virology 39,

682-94.

Houben, E. N., Scotti, P. A., Valent, Q. A., Brunner, J., de Gier, J. L., Oudega, B. and Luirink, J.
(2000). Nascent Lep inserts into the Escherichia coli inner membrane in the vicinity of YidC,

SecY and SecA, FEBS Lett 476, 229-33.



142 Protein Folding During Cotranslational Translocation

Houben, E. N., Urbanus, M. L., Van Der Laan, M., Ten Hagen-Jongman, C. M., Driessen, A. J.,
Brunner, J., Oudega, B. and Luirink, J. (2002). YidC and SecY mediate membrane insertion of

a Type I transmembrane domain, J Biol Chem 277, 35880-6.

Huang, S., Ratliff, K. S., Schwartz, M. P., Spenner, J. M. and Matouschek, A. (1999). Mitochondria

unfold precursor proteins by unraveling them from their N- termini, Nat Struct Biol 6, 1132-8.

Ihara, S., Ooi, T. and Takahashi, S. (1982). Effects of Salts on the Nonequivalent Stability of the alpha-

Helix of Isomeric Block Copolypeptides, Biopolymers 21, 131-145.

Imperiali, B. and Hendrickson, T. L. (1995). Asparagine-linked glycosylation: specificity and function of

oligosaccharyl transferase, Bioorg Med Chem 3, 1565-78.

Jarvis, P. and Soll, J. (2001). Toc, Tic, and chloroplast protein import, Biochim Biophys Acta 1541, 64-

79.

Johnson, A. E. and van Waes, M. A. (1999). The translocon: a dynamic gateway at the ER membrane,

Annu Rev Cell Dev Biol 15, 799-842.

Joseph, S. K., Boehning, D., Pierson, S. and Nicchitta, C. V. (1997). Membrane insertion, glycosylation,

and oligomerization of inositol trisphosphate receptors in a cell-free translation system, J Biol

Chem 272, 1579-88.

Kalia, Y. N., Brocklehurst, S. M., Hipps, D. S., Appella, E., Sakaguchi, K. and Perham, R. N. (1993).

The high-resolution structure of the peripheral subunit-binding domain of dihydrolipoamide

acetyltransferase from the pyruvate dehydrogenase multienzyme complex of Bacillus

stearothermophilus, J Mol Biol 230, 323-41.

Kalies, K. U. and Hartmann, E. (1998). Protein translocation into the endoplasmic reticulum (ER)--two

similar routes with different modes, Eur J Biochem 254, 1-5.

Kanelis, V., Rotin, D. and Forman-Kay, J. D. (2001). Solution structure of a Nedd4 WW domain-ENaC

peptide complex, Nat Struct Biol 8, 407-12.

Kataoka, M., Kuwajima, K., Tokunaga, F. and Goto, Y. (1997). Structural characterization of the

molten globule of alpha-lactalbumin by solution X-ray scattering, Protein Sci 6, 422-30.

Kessler, F. and Blobel, G. (1996). Interaction of the protein import and folding machineries of the

chloroplast, Proc Natl Acad Sci U S A 93, 7684-9.

Knippers, R. (1997). Molekulare Genetik, 7 edn, Thieme).

Koch, H. G., Hengelage, T., Neumann-Haefelin, C., MacFarlane, J., Hoffschulte, H. K., Schimz, K.
L., Mechler, B. and Muller, M. (1999). In vitro studies with purified components reveal signal

recognition particle (SRP) and SecA/SecB as constituents of two independent protein- targeting

pathways of Escherichia coli, Mol Biol Cell 10, 2163-73.

Kolb, V. A., Makeyev, E. V. and Spirin, A. S. (1994). Folding of firefly luciferase during translation in a

cell-free system, Embo J 13, 3631-7.

Kolb, V. A., Makeyev, E. V. and Spirin, A. S. (2000). Co-translational folding of an eukaryotic

multidomain protein in a prokaryotic translation system, J Biol Chem 275, 16597-601.



Appendix 143

Komar, A. A., Kommer, A., Krasheninnikov, I. A. and Spirin, A. S. (1997). Cotranslational folding of

globin, J Biol Chem 272, 10646-51.

Kozak, M. (1987). An analysis of 5'-noncoding sequences from 699 vertebrate messenger RNAs, Nucleic

Acids Res 15, 8125-48.

Kramer, G., Rauch, T., Rist, W., Vorderwulbecke, S., Patzelt, H., Schulze-Specking, A., Ban, N.,
Deuerling, E. and Bukau, B. (2002). L23 protein functions as a chaperone docking site on the

ribosome, Nature 419, 171-4.

Krieg, U. C., Johnson, A. E. and Walter, P. (1989). Protein translocation across the endoplasmic

reticulum membrane: identification by photocross-linking of a 39-kD integral membrane

glycoprotein as part of a putative translocation tunnel, J Cell Biol 109, 2033-43.

Kudlicki, W., Chirgwin, J., Kramer, G. and Hardesty, B. (1995). Folding of an enzyme into an active

conformation while bound as peptidyl-tRNA to the ribosome, Biochemistry 34, 14284-7.

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head of bacteriophage

T4, Nature 227, 680-5.

Lander, E. S., Linton, L. M., Birren, B., Nusbaum, C., Zody, M. C., Baldwin, J., Devon, K., Dewar,

K., Doyle, M., FitzHugh, W., et al. (2001). Initial sequencing and analysis of the human genome,

Nature 409, 860-921.

Lee, H. C. and Bernstein, H. D. (2002). Trigger Factor Retards Protein Export in Escherichia coli, J Biol

Chem 277, 43527-35.

Lee, M. S., Mullen, R. T. and Trelease, R. N. (1997). Oilseed isocitrate lyases lacking their essential type

1 peroxisomal targeting signal are piggybacked to glyoxysomes, Plant Cell 9, 185-97.

Lee, S., Owen, K. E., Choi, H. K., Lee, H., Lu, G., Wengler, G., Brown, D. T., Rossmann, M. G. and
Kuhn, R. J. (1996). Identification of a protein binding site on the surface of the alphavirus

nucleocapsid and its implication in virus assembly, Structure 4, 531-41.

Lessard, I. A., Domingo, G. J., Borges, A. and Perham, R. N. (1998). Expression of genes encoding the

E2 and E3 components of the Bacillus stearothermophilus pyruvate dehydrogenase complex and

the stoichiometry of subunit interaction in assembly in vitro, Eur J Biochem 258, 491-501.

Lessard, I. A. and Perham, R. N. (1994). Expression in Escherichia coli of genes encoding the E1 alpha

and E1 beta subunits of the pyruvate dehydrogenase complex of Bacillus stearothermophilus and

assembly of a functional E1 component (alpha 2 beta 2) in vitro, J Biol Chem 269, 10378-83.

Lessard, I. A. and Perham, R. N. (1995). Interaction of component enzymes with the peripheral subunit-

binding domain of the pyruvate dehydrogenase multienzyme complex of Bacillus

stearothermophilus: stoichiometry and specificity in self-assembly, Biochem J 306, 727-33.

Levitt, M. (1978). Conformational preferences of amino acids in globular proteins, Biochemistry 17, 4277-

85.



144 Protein Folding During Cotranslational Translocation

Liao, S., Lin, J., Do, H. and Johnson, A. E. (1997). Both lumenal and cytosolic gating of the aqueous ER

translocon pore are regulated from inside the ribosome during membrane protein integration, Cell

90, 31-41.

Liljestrom, P. and Garoff, H. (1991). Internally located cleavable signal sequences direct the formation of

Semliki Forest virus membrane proteins from a polyprotein precursor, J Virol 65, 147-54.

Lim, V. I. and Spirin, A. S. (1986). Stereochemical analysis of ribosomal transpeptidation. Conformation

of nascent peptide, J Mol Biol 188, 565-74.

Lipp, J. and Dobberstein, B. (1986). The membrane-spanning segment of invariant chain (I gamma)

contains a potentially cleavable signal sequence, Cell 46, 1103-12.

Lipp, J. and Dobberstein, B. (1988). Signal and membrane anchor functions overlap in the type II

membrane protein I gamma CAT, J Cell Biol 106, 1813-20.

Lopez de la Paz, M., Lacroix, E., Ramirez-Alvarado, M. and Serrano, L. (2001). Computer-aided

design of beta-sheet peptides, J Mol Biol 312, 229-46.

Luirink, J., Samuelsson, T. and de Gier, J. W. (2001). YidC/Oxa1p/Alb3: evolutionarily conserved

mediators of membrane protein assembly, FEBS Lett 501, 1-5.

Lyko, F., Martoglio, B., Jungnickel, B., Rapoport, T. A. and Dobberstein, B. (1995). Signal sequence

processing in rough microsomes, J Biol Chem 270, 19873-8.

Macias, M. J., Wiesner, S. and Sudol, M. (2002). WW and SH3 domains, two different scaffolds to

recognize proline-rich ligands, FEBS Lett 513, 30-7.

Makeyev, E. V., Kolb, V. A. and Spirin, A. S. (1996). Enzymatic activity of the ribosome-bound nascent

polypeptide, FEBS Lett 378, 166-70.

Malkin, L. I. and Rich, A. (1967). Partial resistance of nascent polypeptide chains to proteolytic digestion

due to ribosomal shielding, J Mol Biol 26, 329-46.

Mancini, E. J., Clarke, M., Gowen, B. E., Rutten, T. and Fuller, S. D. (2000). Cryo-electron microscopy

reveals the functional organization of an enveloped virus, Semliki Forest virus, Mol Cell 5, 255-

66.

Marqusee, S., Robbins, V. H. and Baldwin, R. L. (1989). Unusually stable helix formation in short

alanine-based peptides, Proc Natl Acad Sci U S A 86, 5286-90.

Martoglio, B. and Dobberstein, B. (1996). Snapshots of membrane-translocating proteins, Trends in Cell

Biology 6, 142-147.

Martoglio, B. and Dobberstein, B. (1998). Signal sequences: more than just greasy peptides, Trends Cell

Biol 8, 410-5.

Martoglio, B., Hauser, S. and Dobberstein, B. (1998). Cotranslational Translocation of Proteins into

Microsomes Derived from Rough Endoplasmatic Reticulum of Mammalian Cells. In Cell Biology:

A Laboratory Handbook, J. E. Celis, ed. (San Diego, Academic Press), pp. 265-274.



Appendix 145

Martoglio, B., Hofmann, M. W., Brunner, J. and Dobberstein, B. (1995). The protein-conducting

channel in the membrane of the endoplasmic reticulum is open laterally toward the lipid bilayer,

Cell 81, 207-14.

Matlack, K. E., Misselwitz, B., Plath, K. and Rapoport, T. A. (1999). BiP acts as a molecular ratchet

during posttranslational transport of prepro-alpha factor across the ER membrane, Cell 97, 553-64.

Matlack, K. E. and Walter, P. (1995). The 70 carboxyl-terminal amino acids of nascent secretory proteins

are protected from proteolysis by the ribosome and the protein translocation apparatus of the

endoplasmic reticulum membrane, J Biol Chem 270, 6170-80.

McCallum, C. D., Do, H., Johnson, A. E. and Frydman, J. (2000). The interaction of the chaperonin

tailless complex polypeptide 1 (TCP1) ring complex (TRiC) with ribosome-bound nascent chains

examined using photo-cross-linking, J Cell Biol 149, 591-602.

McKnight, C. J., Matsudaira, P. T. and Kim, P. S. (1997). NMR structure of the 35-residue villin

headpiece subdomain, Nat Struct Biol 4, 180-4.

Meacock, S., Lecomte, F., Crawshaw, S. and High, S. (2002). Different Transmembrane Domains

Associate with Distinct ER Components During Membrane Integration of a Polytopic Membrane

Protein, Mol Biol Cell in press.

Melancon, P. and Garoff, H. (1987). Processing of the Semliki Forest virus structural polyprotein: role of

the capsid protease, J Virol 61, 1301-9.

Menetret, J., Neuhof, A., Morgan, D. G., Plath, K., Radermacher, M., Rapoport, T. A. and Akey, C.
W. (2000). The structure of ribosome-channel complexes engaged in protein translocation, Mol

Cell 6, 1219-32.

Meyer, T. H., Menetret, J. F., Breitling, R., Miller, K. R., Akey, C. W. and Rapoport, T. A. (1999).

The bacterial SecY/E translocation complex forms channel-like structures similar to those of the

eukaryotic Sec61p complex, J Mol Biol 285, 1789-800.

Mingarro, I. I., Nilsson, I. I., Whitley, P. and von Heijne, G. (2000). Different conformations of nascent

polypeptides during translocation across the ER membrane, BMC Cell Biol 1, 3.

Misselwitz, B., Staeck, O. and Rapoport, T. A. (1998). J proteins catalytically activate Hsp70 molecules

to trap a wide range of peptide sequences, Mol Cell 2, 593-603.

Model, K., Prinz, T., Ruiz, T., Radermacher, M., Krimmer, T., Kuhlbrandt, W., Pfanner, N. and
Meisinger, C. (2002). Protein translocase of the outer mitochondrial membrane: role of import

receptors in the structural organization of the TOM complex, J Mol Biol 316, 657-66.

Molinari, M. and Helenius, A. (1999). Glycoproteins form mixed disulphides with oxidoreductases during

folding in living cells, Nature 402, 90-3.

Molinari, M. and Helenius, A. (2000). Chaperone selection during glycoprotein translocation into the

endoplasmic reticulum, Science 288, 331-3.

Morgan, D. G., Menetret, J. F., Radermacher, M., Neuhof, A., Akey, I. V., Rapoport, T. A. and Akey,
C. W. (2000). A comparison of the yeast and rabbit 80 S ribosome reveals the topology of the



146 Protein Folding During Cotranslational Translocation

nascent chain exit tunnel, inter-subunit bridges and mammalian rRNA expansion segments, J Mol

Biol 301, 301-21.

Mori, H. and Cline, K. (1998). A signal peptide that directs non-Sec transport in bacteria also directs

efficient and exclusive transport on the thylakoid Delta pH pathway, J Biol Chem 273, 11405-8.

Mori, H. and Cline, K. (2001). Post-translational protein translocation into thylakoids by the Sec and

DeltapH-dependent pathways, Biochim Biophys Acta 1541, 80-90.

Mothes, W., Heinrich, S. U., Graf, R., Nilsson, I., von Heijne, G., Brunner, J. and Rapoport, T. A.
(1997). Molecular mechanism of membrane protein integration into the endoplasmic reticulum,

Cell 89, 523-33.

Mothes, W., Prehn, S. and Rapoport, T. A. (1994). Systematic probing of the environment of a

translocating secretory protein during translocation through the ER membrane, Embo J 13, 3973-

82.

Mueller, F., Sommer, I., Baranov, P., Matadeen, R., Stoldt, M., Wohnert, J., Gorlach, M., van Heel,
M. and Brimacombe, R. (2000). The 3D arrangement of the 23 S and 5 S rRNA in the

Escherichia coli 50 S ribosomal subunit based on a cryo-electron microscopic reconstruction at 7.5

A resolution, J Mol Biol 298, 35-59.

Nagata, H., Hansen, W. J., Freeman, B. and Welch, W. J. (1998). Mammalian cytosolic DnaJ

homologues affect the hsp70 chaperone- substrate reaction cycle, but do not interact directly with

nascent or newly synthesized proteins, Biochemistry 37, 6924-38.

Nagle, J. F. and Tristram-Nagle, S. (2000). Lipid bilayer structure, Curr Opin Struct Biol 10, 474-80.

Nakatogawa, H. and Ito, K. (2002). The ribosomal exit tunnel functions as a discriminating gate, Cell

108, 629-36.

Nathans, D. (1964). Puromycin Inhibition of Protein Synthesis: Incorporation of Puromycin into Peptide

Chains, Biochemistry 51, 585-92.

Netzer, W. J. and Hartl, F. U. (1997). Recombination of protein domains facilitated by co-translational

folding in eukaryotes, Nature 388, 343-9.

Neupert, W. and Brunner, M. (2002). The protein import motor of mitochondria, Nat Rev Mol Cell Biol

3, 555-65.

Ng, D. T., Brown, J. D. and Walter, P. (1996). Signal sequences specify the targeting route to the

endoplasmic reticulum membrane, J Cell Biol 134, 269-78.

Nicchitta, C. V. and Blobel, G. (1993). Lumenal proteins of the mammalian endoplasmic reticulum are

required to complete protein translocation, Cell 73, 989-98.

Nicchitta, C. V., Murphy, E. C., 3rd, Haynes, R. and Shelness, G. S. (1995). Stage- and ribosome-

specific alterations in nascent chain-Sec61p interactions accompany translocation across the ER

membrane, J Cell Biol 129, 957-70.

Nicola, A. V., Chen, W. and Helenius, A. (1999). Co-translational folding of an alphavirus capsid protein

in the cytosol of living cells, Nat Cell Biol 1, 341-5.



Appendix 147

Nilsson, I., Ohvo-Rekila, H., Slotte, J. P., Johnson, A. E. and von Heijne, G. (2001). Inhibition of

protein translocation across the endoplasmic reticulum membrane by sterols, J Biol Chem 276,

41748-54.

Nilsson, I. M. and von Heijne, G. (1993). Determination of the distance between the

oligosaccharyltransferase active site and the endoplasmic reticulum membrane, J Biol Chem 268,

5798-801.

Nilsson, R. and van Wijk, K. J. (2002). Transient interaction of cpSRP54 with elongating nascent chains

of the chloroplast-encoded D1 protein; 'cpSRP54 caught in the act', FEBS Lett 524, 127-33.

Nissen, P., Hansen, J., Ban, N., Moore, P. B. and Steitz, T. A. (2000). The structural basis of ribosome

activity in peptide bond synthesis, Science 289, 920-30.

O'Neil, K. T. and DeGrado, W. F. (1990). A thermodynamic scale for the helix-forming tendencies of the

commonly occurring amino acids, Science 250, 646-51.

Ogle, J. M., Brodersen, D. E., Clemons, W. M., Jr., Tarry, M. J., Carter, A. P. and Ramakrishnan, V.
(2001). Recognition of cognate transfer RNA by the 30S ribosomal subunit, Science 292, 897-902.

Oliver, J. D., Hresko, R. C., Mueckler, M. and High, S. (1996). The glut 1 glucose transporter interacts

with calnexin and calreticulin, J Biol Chem 271, 13691-6.

Oliver, J. D., van der Wal, F. J., Bulleid, N. J. and High, S. (1997). Interaction of the thiol-dependent

reductase ERp57 with nascent glycoproteins, Science 275, 86-8.

Owen, K. E. and Kuhn, R. J. (1997). Alphavirus budding is dependent on the interaction between the

nucleocapsid and hydrophobic amino acids on the cytoplasmic domain of the E2 envelope

glycoprotein, Virology 230, 187-96.

Palmiter, R. D. (1975). Quantitation of parameters that determine the rate of ovalbumin synthesis, Cell 4,

189.

Panzner, S., Dreier, L., Hartmann, E., Kostka, S. and Rapoport, T. A. (1995). Posttranslational protein

transport in yeast reconstituted with a purified complex of Sec proteins and Kar2p, Cell 81, 561-

70.

Peters, T., Jr. and Davidson, L. K. (1982). The biosynthesis of rat serum albumin. In vivo studies on the

formation of the disulfide bonds, J Biol Chem 257, 8847-53.

Pfanner, N. and Wiedemann, N. (2002). Mitochondrial protein import: two membranes, three

translocases, Curr Opin Cell Biol 14, 400-11.

Picking, W. D., Odom, O. W., Tsalkova, T., Serdyuk, I. and Hardesty, B. (1991). The conformation of

nascent polylysine and polyphenylalanine peptides on ribosomes, J Biol Chem 266, 1534-42.

Picking, W. D., Picking, W. L., Odom, O. W. and Hardesty, B. (1992). Fluorescence characterization of

the environment encountered by nascent polyalanine and polyserine as they exit Escherichia coli

ribosomes during translation, Biochemistry 31, 2368-75.



148 Protein Folding During Cotranslational Translocation

Pioletti, M., Schlunzen, F., Harms, J., Zarivach, R., Gluhmann, M., Avila, H., Bashan, A., Bartels, H.,
Auerbach, T., Jacobi, C., et al. (2001). Crystal structures of complexes of the small ribosomal

subunit with tetracycline, edeine and IF3, Embo J 20, 1829-39.

Plath, K., Mothes, W., Wilkinson, B. M., Stirling, C. J. and Rapoport, T. A. (1998). Signal sequence

recognition in posttranslational protein transport across the yeast ER membrane, Cell 94, 795-807.

Pogliano, J. A. and Beckwith, J. (1994). SecD and SecF facilitate protein export in Escherichia coli,

Embo J 13, 554-61.

Pool, M. R., Stumm, J., Fulga, T. A., Sinning, I. and Dobberstein, B. (2002). Distinct modes of signal

recognition particle interaction with the ribosome, Science 297, 1345-8.

Pope, B., Way, M., Matsudaira, P. T. and Weeds, A. (1994). Characterisation of the F-actin binding

domains of villin: classification of F-actin binding proteins into two groups according to their

binding sites on actin, FEBS Lett 338, 58-62.

Potter, M. D. and Nicchitta, C. V. (2000). Regulation of ribosome detachment from the mammalian

endoplasmic reticulum membrane, J Biol Chem 275, 33828-35.

Potter, M. D. and Nicchitta, C. V. (2002). Endoplasmic reticulum-bound ribosomes reside in stable

association with the translocon following termination of protein synthesis, J Biol Chem 277,

23314-20.

Ptitsyn, O. B. (1995). Molten globule and protein folding, Adv Protein Chem 47, 83-229.

Purvis, I. J., Bettany, A. J., Santiago, T. C., Coggins, J. R., Duncan, K., Eason, R. and Brown, A. J.
(1987). The efficiency of folding of some proteins is increased by controlled rates of translation in

vivo. A hypothesis, J Mol Biol 193, 413-7.

Ramakrishnan, V. (2002). Ribosome structure and the mechanism of translation, Cell 108, 557-72.

Rassow, J., Guiard, B., Wienhues, U., Herzog, V., Hartl, F. U. and Neupert, W. (1989). Translocation

arrest by reversible folding of a precursor protein imported into mitochondria. A means to

quantitate translocation contact sites, J Cell Biol 109, 1421-8.

Reinbothe, S., Runge, S., Reinbothe, C., van Cleve, B. and Apel, K. (1995). Substrate-dependent

transport of the NADPH:protochlorophyllide oxidoreductase into isolated plastids, Plant Cell 7,

161-72.

Roder, H. and Colon, W. (1997). Kinetic role of early intermediates in protein folding, Curr Opin Struct

Biol 7, 15-28.

Rothblatt, J. A., Deshaies, R. J., Sanders, S. L., Daum, G. and Schekman, R. (1989). Multiple genes are

required for proper insertion of secretory proteins into the endoplasmic reticulum in yeast, J Cell

Biol 109, 2641-52.

Rothen, R., Thiess, M., Schumann, P. and Boschetti, A. (1997). Import inhibition of poly(His)

containing chloroplast precursor proteins by Ni2+ ions, FEBS Lett 403, 15-8.

Rudd, P. M. and Dwek, R. A. (1997). Glycosylation: heterogeneity and the 3D structure of proteins, Crit

Rev Biochem Mol Biol 32, 1-100.



Appendix 149

Sakikawa, C., Taguchi, H., Makino, Y. and Yoshida, M. (1999). On the maximum size of proteins to

stay and fold in the cavity of GroEL underneath GroES, J Biol Chem 274, 21251-6.

Sala-Newby, G. B. and Campbell, A. K. (1994). Stepwise removal of the C-terminal 12 amino acids of

firefly luciferase results in graded loss of activity, Biochim Biophys Acta 1206, 155-60.

Sanders, S. L., Whitfield, K. M., Vogel, J. P., Rose, M. D. and Schekman, R. W. (1992). Sec61p and

BiP directly facilitate polypeptide translocation into the ER, Cell 69, 353-65.

Sargent, F., Bogsch, E. G., Stanley, N. R., Wexler, M., Robinson, C., Berks, B. C. and Palmer, T.
(1998). Overlapping functions of components of a bacterial Sec-independent protein export

pathway, Embo J 17, 3640-50.

Schmeing, T. M., Seila, A. C., Hansen, J. L., Freeborn, B., Soukup, J. K., Scaringe, S. A., Strobel, S.
A., Moore, P. B. and Steitz, T. A. (2002). A pre-translocational intermediate in protein synthesis

observed in crystals of enzymatically active 50S subunits, Nat Struct Biol 9, 225-30.

Schnell, D. J. and Blobel, G. (1993). Identification of intermediates in the pathway of protein import into

chloroplasts and their localization to envelope contact sites, J Cell Biol 120, 103-15.

Scotti, P. A., Urbanus, M. L., Brunner, J., de Gier, J. W., von Heijne, G., van der Does, C., Driessen,

A. J., Oudega, B. and Luirink, J. (2000). YidC, the Escherichia coli homologue of mitochondrial

Oxa1p, is a component of the Sec translocase, Embo J 19, 542-9.

Shaw, A. S., Rottier, P. J. and Rose, J. K. (1988). Evidence for the loop model of signal-sequence

insertion into the endoplasmic reticulum, Proc Natl Acad Sci U S A 85, 7592-6.

Singh, I. R., Suomalainen, M., Varadarajan, S., Garoff, H. and Helenius, A. (1997). Multiple

mechanisms for the inhibition of entry and uncoating of superinfecting Semliki Forest virus,

Virology 231, 59-71.

Skoging, U. and Liljestrom, P. (1998). Role of the C-terminal tryptophan residue for the structure-

function of the alphavirus capsid protein, J Mol Biol 279, 865-72.

Skoging, U., Vihinen, M., Nilsson, L. and Liljestrom, P. (1996). Aromatic interactions define the binding

of the alphavirus spike to its nucleocapsid, Structure 4, 519-29.

Spahn, C. M., Beckmann, R., Eswar, N., Penczek, P. A., Sali, A., Blobel, G. and Frank, J. (2001).

Structure of the 80S ribosome from Saccharomyces cerevisiae--tRNA- ribosome and subunit-

subunit interactions, Cell 107, 373-86.

Spector, S., Kuhlman, B., Fairman, R., Wong, E., Boice, J. A. and Raleigh, D. P. (1998). Cooperative

folding of a protein mini domain: the peripheral subunit- binding domain of the pyruvate

dehydrogenase multienzyme complex, J Mol Biol 276, 479-89.

Spector, S. and Raleigh, D. P. (1999). Submillisecond folding of the peripheral subunit-binding domain, J

Mol Biol 293, 763-8.

Strauss, J. H. and Strauss, E. G. (1994). The alphaviruses: gene expression, replication, and evolution,

Microbiol Rev 58, 491-562.



150 Protein Folding During Cotranslational Translocation

Subramani, S., Koller, A. and Snyder, W. B. (2000). Import of peroxisomal matrix and membrane

proteins, Annu Rev Biochem 69, 399-418.

Sullivan, D. C. and Kuntz, I. D. (2001). Conformation spaces of proteins, Proteins 42, 495-511.

Suomalainen, M., Liljestrom, P. and Garoff, H. (1992). Spike protein-nucleocapsid interactions drive the

budding of alphaviruses, J Virol 66, 4737-47.

Tatu, U. and Helenius, A. (1997). Interactions between newly synthesized glycoproteins, calnexin and a

network of resident chaperones in the endoplasmic reticulum, J Cell Biol 136, 555-65.

Taylor, A. B., Smith, B. S., Kitada, S., Kojima, K., Miyaura, H., Otwinowski, Z., Ito, A. and
Deisenhofer, J. (2001). Crystal structures of mitochondrial processing peptidase reveal the mode

for specific cleavage of import signal sequences, Structure (Camb) 9, 615-25.

Tenson, T. and Ehrenberg, M. (2002). Regulatory nascent peptides in the ribosomal tunnel, Cell 108,

591-4.

Teter, S. A., Houry, W. A., Ang, D., Tradler, T., Rockabrand, D., Fischer, G., Blum, P.,
Georgopoulos, C. and Hartl, F. U. (1999). Polypeptide flux through bacterial Hsp70: DnaK

cooperates with trigger factor in chaperoning nascent chains, Cell 97, 755-65.

Thrift, R. N., Andrews, D. W., Walter, P. and Johnson, A. E. (1991). A nascent membrane protein is

located adjacent to ER membrane proteins throughout its integration and translation, J Cell Biol

112, 809-21.

Thulasiraman, V., Yang, C. F. and Frydman, J. (1999). In vivo newly translated polypeptides are

sequestered in a protected folding environment, Embo J 18, 85-95.

Tilney, L. G., Harb, O. S., Connelly, P. S., Robinson, C. G. and Roy, C. R. (2001). How the parasitic

bacterium Legionella pneumophila modifies its phagosome and transforms it into rough ER:

implications for conversion of plasma membrane to the ER membrane, J Cell Sci 114, 4637-50.

Truscott, K. N., Kovermann, P., Geissler, A., Merlin, A., Meijer, M., Driessen, A. J., Rassow, J.,
Pfanner, N. and Wagner, R. (2001). A presequence- and voltage-sensitive channel of the

mitochondrial preprotein translocase formed by Tim23, Nat Struct Biol 8, 1074-82.

Truscott, K. N., Wiedemann, N., Rehling, P., Muller, H., Meisinger, C., Pfanner, N. and Guiard, B.
(2002). Mitochondrial import of the ADP/ATP carrier: the essential TIM complex of the

intermembrane space is required for precursor release from the TOM complex, Mol Cell Biol 22,

7780-9.

Tsai, B., Ye, Y. and Rapoport, T. A. (2002). Retro-translocation of proteins from the endoplasmic

reticulum into the cytosol, Nat Rev Mol Cell Biol 3, 246-55.

Tsalkova, T., Odom, O. W., Kramer, G. and Hardesty, B. (1998). Different conformations of nascent

peptides on ribosomes, J Mol Biol 278, 713-23.

Turner, G. C. and Varshavsky, A. (2000). Detecting and measuring cotranslational protein degradation in

vivo, Science 289, 2117-20.



Appendix 151

Tyedmers, J., Brunke, M., Lechte, M., Sandholzer, U., Dierks, T., Schlotterhose, P., Schmidt, B. and
Zimmermann, R. (1996). Efficient folding of firefly luciferase after transport into mammalian

microsomes in the absence of luminal chaperones and folding catalysts, J Biol Chem 271, 19509-

13.

Ujvari, A., Aron, R., Eisenhaure, T., Cheng, E., Parag, H. A., Smicun, Y., Halaban, R. and Hebert, D.
N. (2001). Translation rate of human tyrosinase determines its N-linked glycosylation level, J Biol

Chem 276, 5924-31.

Urbanus, M. L., Scotti, P. A., Froderberg, L., Saaf, A., de Gier, J. W., Brunner, J., Samuelson, J. C.,
Dalbey, R. E., Oudega, B. and Luirink, J. (2001). Sec-dependent membrane protein insertion:

sequential interaction of nascent FtsQ with SecY and YidC, EMBO Rep 2, 524-9.

Valent, Q. A., de Gier, J. W., von Heijne, G., Kendall, D. A., ten Hagen-Jongman, C. M., Oudega, B.
and Luirink, J. (1997). Nascent membrane and presecretory proteins synthesized in Escherichia

coli associate with signal recognition particle and trigger factor, Mol Microbiol 25, 53-64.

Valent, Q. A., Kendall, D. A., High, S., Kusters, R., Oudega, B. and Luirink, J. (1995). Early events in

preprotein recognition in E. coli: interaction of SRP and trigger factor with nascent polypeptides,

Embo J 14, 5494-505.

Vardar, D., Buckley, D. A., Frank, B. S. and McKnight, C. J. (1999). NMR structure of an F-actin-

binding "headpiece" motif from villin, J Mol Biol 294, 1299-310.

Veenendaal, A. K., Van Der Does, C. and Driessen, A. J. (2002). The Core of the Bacterial Translocase

Harbors a Tilted Transmembrane Segment 3 of SecE, J Biol Chem 277, 36640-5.

Voisine, C., Craig, E. A., Zufall, N., von Ahsen, O., Pfanner, N. and Voos, W. (1999). The protein

import motor of mitochondria: unfolding and trapping of preproteins are distinct and separable

functions of matrix Hsp70, Cell 97, 565-74.

von Heijne, G. (1990). The signal peptide, J Membr Biol 115, 195-201.

Vuust, J. and Piez, K. A. (1972). A kinetic study of collagen biosynthesis, J Biol Chem 247, 856-62.

Walter, P. and Blobel, G. (1981). Translocation of proteins across the endoplasmic reticulum III. Signal

recognition protein (SRP) causes signal sequence-dependent and site- specific arrest of chain

elongation that is released by microsomal membranes, J Cell Biol 91, 557-61.

Walter, P. and Blobel, G. (1983). Preparation of microsomal membranes for cotranslational protein

translocation, Methods Enzymol 96, 84-93.

Wang, L. and Dobberstein, B. (1999). Oligomeric complexes involved in translocation of proteins across

the membrane of the endoplasmic reticulum, FEBS Lett 457, 316-22.

Wengler, G. and Wurkner, D. (1992). Identification of a sequence element in the alphavirus core protein

which mediates interaction of cores with ribosomes and the disassembly of cores, Virology 191,

880-8.



152 Protein Folding During Cotranslational Translocation

Whitley, P., Nilsson, I. M. and von Heijne, G. (1996). A nascent secretory protein may traverse the

ribosome/endoplasmic reticulum translocase complex as an extended chain, J Biol Chem 271,

6241-4.

Whitley, P., Nilsson, L. and von Heijne, G. (1993). Three-dimensional model for the membrane domain

of Escherichia coli leader peptidase based on disulfide mapping, Biochemistry 32, 8534-9.

Wiedemann, N., Pfanner, N. and Ryan, M. T. (2001). The three modules of ADP/ATP carrier cooperate

in receptor recruitment and translocation into mitochondria, Embo J 20, 951-60.

Wiedmann, B., Sakai, H., Davis, T. A. and Wiedmann, M. (1994). A protein complex required for

signal-sequence-specific sorting and translocation, Nature 370, 434-40.

Wiedmann, M., Goerlich, D., Hartmann, E., Kurzchalia, T. V. and Rapoport, T. A. (1989).

Photocrosslinking demonstrates proximity of a 34 kDa membrane protein to different portions of

preprolactin during translocation through the endoplasmic reticulum, FEBS Lett 257, 263-8.

Wiertz, E. J., Tortorella, D., Bogyo, M., Yu, J., Mothes, W., Jones, T. R., Rapoport, T. A. and Ploegh,
H. L. (1996). Sec61-mediated transfer of a membrane protein from the endoplasmic reticulum to

the proteasome for destruction, Nature 384, 432-8.

Wimmer, B., Lottspeich, F., van der Klei, I., Veenhuis, M. and Gietl, C. (1997). The glyoxysomal and

plastid molecular chaperones (70-kDa heat shock protein) of watermelon cotyledons are encoded

by a single gene, Proc Natl Acad Sci U S A 94, 13624-9.

Woods, R. J., Pathiaseril, A., Wormald, M. R., Edge, C. J. and Dwek, R. A. (1998). The high degree of

internal flexibility observed for an oligomannose oligosaccharide does not alter the overall

topology of the molecule, Eur J Biochem 258, 372-86.

Wu, C., Seibert, F. S. and Ko, K. (1994). Identification of chloroplast envelope proteins in close physical

proximity to a partially translocated chimeric precursor protein, J Biol Chem 269, 32264-71.

Xu, Z., Horwich, A. L. and Sigler, P. B. (1997). The crystal structure of the asymmetric GroEL-GroES-

(ADP)7 chaperonin complex, Nature 388, 741-50.

Yamaguchi, A., Hori, O., Stern, D. M., Hartmann, E., Ogawa, S. and Tohyama, M. (1999). Stress-

associated endoplasmic reticulum protein 1 (SERP1)/Ribosome- associated membrane protein 4

(RAMP4) stabilizes membrane proteins during stress and facilitates subsequent glycosylation, J

Cell Biol 147, 1195-204.

Yamamoto, H., Esaki, M., Kanamori, T., Tamura, Y., Nishikawa, S. and Endo, T. (2002). Tim50 Is a

Subunit of the TIM23 Complex that Links Protein Translocation across the Outer and Inner

Mitochondrial Membranes, Cell 111, 519-28.

Yan, Q. and Lennarz, W. J. (1999). Oligosaccharyltransferase: a complex multisubunit enzyme of the

endoplasmic reticulum, Biochem Biophys Res Commun 266, 684-9.

Yonath, A., Leonard, K. R. and Wittmann, H. G. (1987). A tunnel in the large ribosomal subunit

revealed by three-dimensional image reconstruction, Science 236, 813-6.



Appendix 153

Yoshimune, K., Yoshimura, T., Nakayama, T., Nishino, T. and Esaki, N. (2002). Hsc62, Hsc56, and

GrpE, the third Hsp70 chaperone system of Escherichia coli, Biochem Biophys Res Commun 293,

1389-95.

Yusupov, M. M., Yusupova, G. Z., Baucom, A., Lieberman, K., Earnest, T. N., Cate, J. H. and Noller,
H. F. (2001). Crystal structure of the ribosome at 5.5 A resolution, Science 292, 883-96.

Zipser, D. and Perrin, D. (1963). Complementation on Ribosomes, Cold Spring Harbor Symposia on

Quantitative Biology 28, 533-&.


