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Abstract Protein translocation across the cellular membranes
is an ubiquitous and crucial activity of cells. This process is med-
iated by translocases that consist of a protein conducting channel
and an associated motor protein. Motor proteins interact with
protein substrates and utilize the free energy of ATP binding
and hydrolysis for protein unfolding, translocation and unbind-
ing. Since motor proteins are found either at the cis- or trans-side
of the membrane, different mechanisms for translocation have
been proposed. In the Power stroke model, cis-acting motors
are thought to push, while trans-motors pull on the substrate pro-
tein during translocation. In the Brownian ratchet model, trans-
location occurs by diffusion of the unfolded polypeptide through
the translocation pore while directionality is achieved by trap-
ping and refolding. Recent insights in the structure and function
of the molecular motors suggest that different mechanisms can be
employed simultaneously.

© 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Translocation; Molecular motor; Secretory protein;
SecA; BiP; Hsp70

1. Introduction

More than 30% of the proteins synthesized in the cytosol
function in an organelle or outside the cell. Consequently, these
proteins have to cross at least one lipid membrane to reach their
final destination. As membranes act as hydrophobic barriers
that are intrinsically impermeable for ions and polar solutes,
the question arises: “How does membrane passage of proteins
occur?” Essentially, protein translocation is an energy requiring
and protein-mediated process. Protein translocation systems
present in different membranes and organelles have several fea-
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tures in common. They comprise a protein conducting channel
(PCC) and a motor protein. The pore constitutes a hydrophilic
interior that allows membrane passage of proteins, usually in
an unfolded state. During post-translational translocation,
proteins are first synthesized to their full length at the ribosome
as a precursor with an N-terminal signal sequence (preprotein)
whereupon they are translocated across the membrane by the
action of cis- or trans-acting motors (Fig. 1A). These molecular
motors usually are ATPases that can bind preproteins revers-
ibly and drive their translocation either by pulling, pushing or
trapping mechanisms [2] (Table 1). Protein translocation can
also be coupled directly to polypeptide chain elongation at
the ribosome, a process termed co-translational translocation
that will not be further discussed here.

Currently, there are two major mechanistic models that de-
scribe the role of motor proteins in post-translational prepro-
tein translocation: the power-stroke model and the Brownian
ratchet (Fig. 1B). In the first model, ATP binding and hydro-
lysis lead to conformational changes in the motor protein,
which translate into a mechanical force that is imposed on
the associated preprotein substrate. This results in movement
of the preprotein across the membrane. With cis-acting mo-
tors, the force imposed reflects a pushing movement, while
trans-acting motors generate a pulling force on the protein
[2]. With the Brownian ratchet, the motor protein is a device
which biases the random Brownian motion of an unfolded
polypeptide chain [69]. The spontaneous reversible movement
(hysterisis) of the polypeptide in the translocation pore is cou-
pled to an energy-requiring trapping by the motor protein.
Trapping events prevents retrograde movement, thereby giving
directionality to the translocation process [51,2].

In addition to ATP binding and hydrolysis, two alternative
energy sources can be involved in protein translocation.
Firstly, the entropic energy of protein folding and unfolding
which is of primary importance for the Brownian motions of
polypeptides [69]. Secondly, the proton motive force (PMF),
which is composed of the transmembrane pH gradient (ApH)
and electrical potential (Ay). In bacteria, both the ApH and
Ay can efficiently drive protein translocation in the absence
of the motor protein once translocation has been initiated at
the expense of ATP [64,14]. The exact mechanism of PMF-dri-
ven translocation is largely unknown. For the initiation of
mitochondrial protein import, the Ay is required [60].

Here, we will discuss the function of motor proteins in post-
translational protein translocation, with an emphasis on pro-
tein folding and the translocation mechanism.

0014-5793/$32.00 © 2007 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Molecular motors. (A) Protein translocation systems in bacteria (Escherichia coli, SecY EG/SecA), the endoplasmic reticulum (ER, Sec61afy/
BiP) and mitochondria (TOM-TIM/mtHsp70). Translocation channels are in red, motor proteins in green, accessory proteins in blue. (B)
Mechanistic models for the frans-motor Hsp70-dependent protein import into mitochondria. (1) Power stroke model: (a) The signal sequence is
translocated to the trans side of the membrane in response to the Ayy. ATP-bound luminal Hsp70 with an open peptide binding pocket interacts with
the luminal domain of the J-domain protein (JDP) near the pore exit; (b) were it binds the emerging polypeptide; (c) Hsp70 undergoes a
conformational change (arrow) upon polypeptide and JDP stimulated hydrolysis of ATP which result in a tight binding of the polypeptide and a
perpendicular movement of the luminal Hsp70. The generated force unfolds the preprotein at the cis side and pulls the polypeptide to the trans-side of
the membrane; (d) a second luminal Hsp70 binds to the polypeptide, hydrolyses ATP and (e) pulls the next segment of the preprotein into the matrix.
(2) The Brownian ratchet model: (a) and (b) as above; (c) Brownian oscillations result in the forward and backward movements of unfolded
polypeptide segments in the translocation channel. Upon ATP hydrolysis, the peptide binding pocket of Hsp70 closes around the incoming
polypeptide and prevents backsliding and refolding of the preprotein at the cis-side; (d) Luminal Hsp70 dissociates from the JDP and after a sufficient
length of polypeptide is translocated, a second luminal Hsp70 traps the polypeptide at the trans-side of the membrane; (e) the polypeptide slides back
and forth in the import channel allowing consecutive cycles of Hsp70 trapping of the polypeptide at the pore exit site.

Table 1
Post-translational protein translocation systems involving motor proteins
Motor protein Energy Membrane side PCC Additional proteins
Bacteria SecA ATP, PMF cis SecYEG SecDF(yajC)
ER BiP ATP trans Sec61afy Sec62/63, BAP, GRP170
Mitochondria mtHsp70 ATP, Ay trans TIM23/17 Tim44, Pam18/16/17, Mgel
2. Protein folding and unfolding during translocation ment of unfolded polypeptides. This is consistent with the
dimensions of the pores that can accommodate only unfolded
Except for the twin arginine translocation system (for review polypeptide chains [62,65]. Therefore, the pore presents a ma-

see [36]), most translocases facilitate transmembrane move- jor entropic barrier that hinders spontaneous movement of
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polypeptides across the membrane. Protein folding on the cis-
side of the membrane is a main factor that can interfere with
translocation, while protein folding at the trans-side may pro-
mote translocation. Therefore, preproteins need either to be
presented to the translocation system in an unfolded state or
be unfolded actively. In bacteria, both the signal sequence
and the molecular chaperone SecB contribute to stabilizing
the unfolded state of the protein [61,35]. This unfolded state,
also known as translocation competent state, is characterized
by native-like secondary structure and undefined tertiary struc-
ture. In contrast, proteins presented in a folded state can still
be imported into mitochondria, while the signal sequence in
mitochondrial preproteins does not appear to alter the folding
characteristics [83,25].

During translocation, preproteins may need to be further
unfolded. In the Brownian ratchet model, proteins are stabi-
lized in a loosely folded state by chaperones, spontaneously
further unfold during translocation, and refold at the trans-
side. The latter may be facilitated by post-translocation events
such as disulfide bond formation, cis—trans prolyl peptide bond
isomerisation and glycosylation. In the Power stroke model,
proteins are actively unfolded during the translocation process.
A detailed insight in the protein folding pathways and their en-
ergy characteristics could thus assist in distinguishing between
these two models of translocation.

3. Sec-translocase — similar channel but different molecular
motors

One of the best studied translocation systems is the Sec
translocase, which enables protein translocation across the
cytoplasmic membrane of prokaryotes, and the endoplasmic
reticulum (ER) and thylakoid membranes in eukaryotes (for
review see [56]). The PCC of the Sec translocase is highly con-
served throughout all kingdoms of life (See Box 1), while the
motor proteins differ in structure, mechanism and localiza-
tion. In bacteria, the motor protein SecA drives translocation
from the cis-side of the membrane, whereas protein import
into the ER is actuated by the trams-acting BiP protein

(Fig. 1).

4. Cis-acting motor protein — SecA

A possible mechanism for protein translocation was de-
scribed on the basis of biochemical studies [64,77]. Herein,
SecA uses the energy of ATP binding and hydrolysis to trans-
locate preproteins in consecutive steps of about 40 amino acids
per ATP cycle (for review see [8]). A single catalytic cycle con-
sists of two distinct sub-steps; one driven by binding of SecA to
the translocating preprotein and the second by binding of ATP
to SecA [77]. The translocation time increases linearly with the
length of the preprotein [74]. In this step-wise mechanism, SecA
may act as Power stroke device, pushing preprotein segments
with distinct size through the PCC.

Initially the step-wise translocation mechanism was linked to
nucleotide-dependent conformational changes in SecA that
would drive the partial co-insertion of SecA domains with
the associated preprotein into the PCC [16]. However, the
dimensions and the shape of the SecY channel seem too nar-
row to accommodate large SecA protein domains [75]. Evi-
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Box 1. The Sec61/SecY channel. (A) The PCC is build from the
Sec61a/SecY (light grey) channel and the peripheral Sec61y/SecE (dark
grey) and Sec61p/SecG proteins (dark grey) (yeast/bacterial nomen-
clature). The channel forms an hourglass-like structure with a pore ring
of hydrophobic residues (mainly isoleucines) at its constriction [75].
The pore is closed at the trans-side by a plug (black) formed by a short
a-helix that folds back into the funnel. The clamshell-like structure of
SecY comprises a lateral opening to the lipid bilayer which may
function as exit site for hydrophobic transmembrane segments of
translocating polypeptides during membrane insertion. Only the
monomeric structure is shown. Biochemical data indicate that the
active channel may consists of an oligomeric arrangement of SecYEG,
possibly a dimer. In a proposed ‘front-to-front’ dimer (B), the two
lateral gates of SecY face each other providing the possibility of a
larger consolidated central channel [49]. In the alternative arrange-
ment, the ‘back-to-back’ dimer (C), two SecYEG complexes interact
through the highly titled transmembrane domain of SecE (Sec61y) at
the back of each of the monomeric channels [4]. This leaves the lateral
gates exposed to the lipid bilayer, and constitutes a structure with two
individual pores.

dence for membrane insertion was based mainly on the
observation that most of the SecA structure (N- and C-termi-
nal 60 and 30 kDa regions) adopts a protease-resistant confor-
mation during translocation that can be reversed by detergent
disruption of the membrane. However, the latter is due to the
detergent susceptibility of SecA and of the SecA-SecY interac-
tion [76]. Currently, the observed protease-resistant fragments
are believed to represent translocation-relevant conforma-
tional states of SecA.

The elucidation of the structure of SecA and of the SecYEG
complex, either alone or in association with the ribosome, now
provides some new insights in the possible mode of action of
SecA. SecA is a 100 kDa protein with five distinct domains
(Fig. 2A) [26]. The two nucleotide binding domains (NBD) do-
mains show homology to the corresponding RecA domains of
the DEAD helicase family [31]. This motor domain couples
ATP binding and hydrolysis to conformational changes in
other regions of the protein. In case of the monomeric PrcA
helicase, alternating changes in the affinity of RecA domains
for the substrate result in the translocation of the protein along
the DNA by means of an inchworm mechanism [79,86]. Due to
ATP binding, the two RecA domains move towards each other
and swap their binding affinities for a single strand of the
DNA. Subsequent ATP hydrolysis results in the separation
of the two domains where the previous weakly binding domain
now tightly holds on a single strand of DNA. This generated
movement of the domains results in the unwinding of the dou-
ble stranded DNA by PrcA helicase [79]. Because of the simi-
larity of the DEAD motor domain, SecA has been proposed to
function in a similar manner as helicases [55].
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Fig. 2. SecA motor protein. (A) The structure of B. subtilis SecA protomer (IM6N PBD) [26] in which the individual domains are colored: blue,
DEAD domain; yellow, protein binding domain (PBD); green, helical scaffold domain (HSD); violet, helical wing domain (HWD); and grey, C-
terminal domain (CTD). (B) Schematic representation of SecA translocation mechanisms (1) Inchworm model — based on the open monomeric [55]
and closed dimeric [26] structure of the B. subtilis SecA. (a) Nucleotide-free SecA (closed) bound at the PCC binds the preprotein via the PBD
domain; (b) Binding of ATP results in conformational changes (arrow) at the PBD (open) which push the polypeptide into the PCC; (c) Upon ATP
hydrolysis the polypeptide is released and the PBD reverts to the closed position. The retrograde movement of polypeptide is blocked by interactions
with the PCC. The release of ADP stimulates SecA to bind the next segment of the preprotein. (2) Peristalsis model — based on the SecA dimer
structures from M. tuberculosis (open pore) [66] and B. subtilis (closed pore) [26]. (a) The SecA dimer in an open pore conformation binds to the PCC
(a dimer of SecYEG) creating a large central cavity in between PCC and SecA. Due to the Brownian motion, the polypeptide passes through the
SecA pore into the cavity where the signal sequence binds to the PBD of one of the SecA protomers and the remainder of the cavity fills up with
protein, possibly also involving the PBD of the other SecA protomer; (b) Conformational changes (arrow) due to ATP binding result in the closing of
the SecA pore, the release of the preprotein from the PBD(s) and the opening of the PCC. The conformational change of the SecA dimer results in a
reduction of the cavity volume, and the polypeptide is forced to move into the PCC channel; (¢) ATP hydrolysis reverse the SecA conformational
change, which results in the re-opening of the SecA pore and the closure of the PCC channel allowing a new stretch of preprotein to enter the SecA/

PCC cavity. PCC - red, SecA — green. Arrows — direction of conformational changes in SecA.

SecA has been shown to function as a dimer [13,9,29]. Stud-
ies with SecA mutants that appear monomeric in solution sug-
gest that a low level of activity may be associated with the
monomer [54,53]. However, using a different type of biochem-
ical analysis active variants we found to be dimeric [32]. In the
crystal structures of the soluble protein, various types of dimer
arrangements have been observed: i.e., an antiparallel — head
to tail dimer [26,66,57,87] or a parallel — head to head dimer
[78]. These dimers comprise similar SecA protomer structures.
Structural and functional data indicate a communication be-
tween the DEAD and the preprotein binding domains (PBD)
of individual SecA monomers (for review see [82]). In the
monomeric nucleotide-free form of a Bacillus subtilis SecA mu-
tant, a large conformational change of the PBD domain has
been observed [55], and it was suggested that SecA may func-
tion according to the inchworm mechanism analogous to PrcA
(Fig. 2B). However, DEAD helicases contain two substrate-
binding sites with different affinities, and so far for the mono-
meric SecA only one peptide binding site has been detected.
Therefore, the PCC was implicated as the second peptide site
allowing SecA to rebind to the PCC trapped preprotein [54].
In the absence of SecA, preproteins can freely diffuse in the
PCC [64,3] suggesting that such a binding site is not present.

A head-to-head type of dimer arrangement has been ob-
served for the crystal form of SecA from Thermus thermophi-
lius [78]. In this structure, the two monomers are positioned

parallel to each other, resembling “open scissors’” with the
DEAD motor at the bottom and the C-terminal domains
(PBD and CTD) at the top creating a big opening between
the monomers. It was speculated that the nucleotide-depen-
dent conformational changes communicated via the DEAD
domains to the PBD domains result in the opening or closing
of the scissors with the preprotein attached to the top.
Although the exact mechanism of translocation was not fur-
ther specified, a Power stroke may occur through alternating
interactions of the PBD domains of each monomer with the
preprotein substrate.

In the crystal structures of dimeric B. subtilis [26] and Myco-
bacterium tuberculosis [66] SecA, an antiparallel head-to-tail
organization of the monomers was observed. These structures,
however, exhibit different dimer interfaces. The antiparallel
SecA dimer shows a central opening, possibly a pore. While
the B. subtilis SecA dimer seems to correspond to a relatively
compact state with a narrow central opening [26], the M. tuber-
culosis SecA dimer has a more flat structure and a large central
opening [66]. In the piston model [66], the preprotein is envi-
sioned to be trapped in the central pore of the SecA dimer
and is pushed through the PCC. This macromechanical move-
ment would be generated by nucleotide-induced conforma-
tional changes of SecA as discussed before. This hypothesis
requires that the central opening in the SecA dimer aligns with
the pore of the PCC. This model was further refined in the
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molecular peristalsis model (Fig. 2C) [48]. By analogy with the
structural organization of the PCC associated with the ribo-
some, it was proposed that the active PCC consists of a
‘front-to-front’ SecYEG dimer. The SecA dimer may dock
onto the SecYEG dimer by quasi-symmetrical interactions
resulting in a large central cavity in between these two protein
complexes. During the translocation process, the preprotein
gains access to the PBDs that localize in this cavity by passing
through the central pore of the SecA dimer. Upon ATP bind-
ing, the SecA pore closes, resulting in a more compact state of
the SecA dimer, trapping of the preprotein and a concomitant
decrease in the cavity volume. The simultaneous opening of the
central pore in the PCC would be brought about by a reduc-
tion of the distance between the interactions sites of the indi-
vidual SecA monomers with the cytosolic loop regions of the
two SecY proteins (Box 1). In this manner, the reduction of
the cavity size is directly coupled to opening of the PCC allow-
ing the directed diffusion of the cavity entrapped preprotein
segment across the membrane, while the remainder of the pre-
protein would stay trapped in the central pore of the SecA di-
mer. Notably, in this model SecA functions through a
mechanism that combines the main working models as the ac-
tual movement of the polypeptide through the pore occurs by
Brownian motion while a Power stroke is employed to de-
crease the cavity size and to open the PCC. A free diffusional
mechanism of translocation is also supported by observations
that in the absence of SecA association, protein translocation
intermediates can undergo reverse movements within the
translocation channel [64,3].

Although the step-size mechanism of translocation has sofar
only been demonstrated for only one single model protein
[64,77], it is of interest to relate the translocation progress of
about 20 amino acids per sub-step to the proposed working
mechanisms of SecA. In the inchworm or piston mechanisms,
the step size will depend on the size of the lever arm. Can such
a conformational change reach a distance of ~66 A (1 amino
acid ~3.3 A)? Interestingly, the large step size might be ex-
plained by the peristalsis mechanism, as this will be determined
only by the volume of the proposed cavity [48].

5. Trans-acting motor proteins — similar molecular motors,
different channels

In contrast to cis-acting motors like SecA, motor proteins
can also be localized on the trans side of the membrane. This
is exemplified by BiP and Hsp70, which drive protein import
into the ER and mitochondria, respectively. Even though the
translocation channels differ significantly between these two
systems, the molecular motors show a remarkable similarity,
i.e. they both belong to the family of Hsp70 chaperones (re-
viewed in [45]). Hsp70 chaperones comprise an N-terminal
ATPase domain (NBD) and a C-terminal peptide binding do-
main (PBD). The current model of the catalytic cycle of
Hsp70-like proteins (hereafter Hsp70) is based on the cytosolic
chaperone DnaK of E. coli (Fig. 3) [45]. Generally, the nucle-
otide occupancy of the NBD controls the peptide-binding
affinity of the PBD. In the ATP-bound state, DnaK shows a
low affinity for peptides, whereas polypeptides are tightly
bound in the ADP-bound state. Interconversion between both
states is regulated by Dnal, a specific J-domain protein (JDP)
that stimulates the hydrolysis of ATP by DnaK, and by GrpE,

D. Tomkiewicz et al. | FEBS Letters 581 (2007) 2820-2828
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Fig. 3. Model of the Hsp70 chaperone cycle (adopted from [45]). (a)
Hsp70 (DnaK) in the ATP-bound state interacts with the polypeptide
via its PBD in an open conformation (low affinity). (b) ATP hydrolysis
stimulated by a JDP (Dnal) and the polypeptide substrate closes the
PBD (high affinity). (c) Binding of the NEF (GrpE) catalyses the
release of ADP. Subsequently, binding of ATP opens the PBD (low
affinity) and releases the polypeptide.

a nucleotide exchange factor (NEF) that facilitates ADP-re-
lease.

Based on the working model for DnaK, two different mech-
anisms for Hsp70-driven protein transport have been pro-
posed: the Brownian ratchet and Power stroke models
(Fig. 1B) [22,59]. In both models multiple cycles of nucleo-
tide-dependent trapping or pulling of the preprotein by
Hsp70 effectuate translocation. Additionally, efficient binding
of the incoming polypeptide requires membrane anchoring of
the Hsp70 protein. In the Power stroke model, the membrane
anchor also serves as a molecular fulcrum. One of the main dif-
ferences between both models relates to the amount of force
exerted by Hsp70 on the polypeptide. In the Brownian ratchet
model, the preprotein domains unfold and refold spontane-
ously at a millisecond scale (“thermal breathing’), and the
forces exerted by Hsp70 are relatively small. Hsp70 would
merely provide directionality to the folding process through
processive trapping of protein unfolding states. In the power-
stroke model, Hsp70 accelerates translocation by increasing
the unfolding rate through active pulling which requires larger
forces. Therefore, the expected rate of translocation will be
constant and faster than predicted for the Brownian ratchet
mechanism. The next section discusses the proposed protein
import mechanisms into the ER and mitochondria.

6. Trans-acting motor protein — BiP

Most proteins are translocated co-translationally across the
ER membrane, but post-translational import via the Sec61p
complex (See Box 1) also occurs and involves the trans-acting
motor protein BiP (also referred to as luminal Hsp70) in con-
junction with the membrane protein Sec63 [6,42]. Initially, BiP
was suggested to pull on the incoming polypeptide [22]. How-
ever, further studies demonstrated that translocation can be
driven solely by trapping the translocated protein by a luminal
antibody, and apparently does not require multiple cycles of
BiP activity [42]. This suggests that BiP may rather act as a
molecular ratchet that, possibly by a single ATP hydrolysis cy-
cle, traps the substrate and directs its translocation by prevent-
ing retrograde movement [42]. However, antibody-dependent
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translocation is less efficient than BiP mediated translocation,
suggesting a more complex mechanism than trapping only.
Sec63 is essential for post-translational translocation and
serves as a membrane-anchor for BiP while regulating the
hydrolysis of ATP via its J-domain [47]. Binding of BiP to
Sec63 increases the substrate binding affinity and places BiP
in the most effective trapping position, close to the exit channel
[47]. Next, BiP may actively pull on the polypeptide in addition
to the trapping. However, the interaction between BiP and
Sec63 is short lived (transient), while for an active pulling
mechanism a more stable interaction would be expected [46].
Sec63 possesses a large cytoplasmic domain needed for assem-
bly of the translocase [28]. Together with other translocase
associated proteins, i.e. Sec62, Sec71 and Sec72, the cytoplas-
mic domain of Sec63 may bind the preprotein at an early stage
of the translocation reaction [41]. Consequently, Sec63 may
fulfill an additional regulatory function by sensing preprotein
binding at the cis-side and transferring this information to
the motor protein (BiP) that would be primed to accept prep-
roteins at the frans-side of the membrane.

Mathematical modeling based on the biochemical experi-
ments has been employed to shed light on the mechanism of
post-translational translocation into the ER. These analyzes
suggest that a Brownian ratchet as well as a Power stroke
can explain this process [17,37,18]. Proteins imported into
the ER frequently undergo a process of maturation [30,72].
It was shown that Sec61p interacts with maturation complexes
such as the signal peptidase or oligosaccharyl transferase
[85,7]. The removal of the signal sequence as well as N-glyco-
sylation seems to occur before protein folding and may affect
subsequent folding pathways. Additionally, formation of
disulfide-bonds may influence the stability of protein folding.
It seems conceivable that each of these processes could serve
as an additional trapping element that regulates the rate and
direction of translocation.

Interestingly, the function of BiP is not limited to post-trans-
lational translocation, as it also increases the fidelity of co-
translational translocation [6]. Moreover, BiP in its ADP-
bound state has been proposed to act as a gatekeeper to pre-
vent ion leakage through the PCC by sealing the pore from
the lumen site [23,1]. This seal is released upon the binding
of ATP to BiP. A physical interaction of BiP with Sec61p re-
mains to be demonstrated. BiP may indirectly affect the pore
conformation via another yet unknown translocation-associ-
ated protein [1]. Also additional J-domain proteins (ERdj1-4)
[5,71,68,67] may have distinct roles in ER import.

7. Trans-acting motor protein — mtHsp70

Protein import into mitochondria is dependent on the
mtHsp70 protein that is part of the import motor (presequence
translocase-associated motor, PAM). The import motor further
comprises Tim44, the JDP Pam18 and the NEF Mgel [51]. The
import motor acts at the zrans-side of the inner mitochondrial
membrane. Before gaining access to the import motor, prepro-
teins need to pass the outer and inner membrane via the TOM40
and TIM23/17 complexes, respectively (Fig. 1). The initiation of
translocation is driven by the Ay, likely by an electrophoretic
effect on the signal sequence [60]. Additionally, Ay supports
PAM driven-translocation by stabilizing the polypeptide in
the channel, thereby increasing the efficiency of the interaction
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between the preprotein and mtHsp70 on the trans-side [33].
Mitochondrial protein import occurs mostly post-translational
and in order to pass both membranes through the narrow chan-
nels, preproteins need to be largely unfolded. In the working
model for the preprotein import into the matrix, the dimer of
the Tim23/17 complex cooperates with two import motors.
Here the forward preprotein movement is promoted by the
cooperative sequential binding of two mtHsp70 proteins to an
incoming polypeptide in a “hand over hand” manner [50].

How does the import motor drive the translocation reaction?
Again two models have been proposed; the Brownian ratchet
[20,52,40] and Power stroke [43,44] mechanism (Fig. 1B). Sev-
eral lines of evidence point at a Brownian ratchet mechanism
of protein import. Upon depletion of ATP, which results in
a loss of interaction between mtHsp70 and the translocating
polypeptide, retrograde movements of intermediates have been
observed [52]. Furthermore, introduction of poly-glycine or
poly-glutamate stretches in the polypeptide chain, to disfavor
binding of mtHsp70, did not affect the translocation [52]. To-
gether, these results indicate that in the absence of an active
mtHsp70, a spontaneous translocation progress of the un-
folded preprotein is possible once translocation is initiated
by the Ay [52]. In addition to the JDP Pam18, mtHsp70 also
interacts with the membrane protein Tim44. Tim44 recruits
mtHsp70 near to the Tim23/17 channel exit [50]. In a mtHsp70
mutant (sscl-2) that is affected in Tim44 binding, import of
tightly folded proteins is abolished, whereas unfolded proteins
are translocated already at low Ay [81,80]. Furthermore,
loosely folded polypeptides are translocated more efficiently
by the sscl-2 mutant than by wild type mtHsp70 [21]. These
observations have led to the suggestion that different mecha-
nisms for mitochondrial import may exist depending on the
characteristics of the preprotein. Translocation of tightly
folded domains may require a larger force, while trapping
could be a predominant mechanism for loosely folded poly-
peptide chains [80,21]. It remains to be established whether
the interaction of mtHsp70 with Tim44 or Paml8 indeed
serves as a fulcrum to provide a force sufficiently large to trans-
locate the preprotein by active pulling, or whether this merely
serves to increase the efficiency of trapping by raising the con-
centration of mtHsp70 at the channel exit.

The protein structure, i.e., the length of the signal peptide
and the local structure of the N-terminal region of the mature
domain dramatically affect the mitochondrial translocation
rate [43,38,24,84]. Studies on protein folding suggest that the
translocase influences the unfolding pathway by unraveling
the preprotein from its N-terminus either by an active or pas-
sive mechanism, resulting in the collapse of the protein struc-
ture [43,25,63,73]. Since the initiation of local unfolding will
result in the cooperative, full unfolding of the protein, the
maximum translocation rate would not depend on the initia-
tion phase but on the intrinsic property of the import motor
to move unfolded polypeptides through the PCC [38]. Recently
a new model, entropic pulling, was proposed for lumenal
Hsp70 driven translocation [10], in which the binding of
Hsp70 to the emerging polypeptide decreases the freedom of
Brownian movements due to the large volume of Hsp70. Upon
release of peptide-bound mtHsp70 from Tim44, an entropic
pulling force is generated. By this mechanism Hsp70 entropi-
cally pulls (in the absence of a molecular fulcrum) on the poly-
peptide which is translocated by a Brownian motion. Entropic
pulling thus effectively connects the power stroke and Brown-
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ian ratchet mechanisms which both require mtHsp70 and
Tim44 for efficient translocation.

8. Concluding remarks

All protein translocation systems described above consist of
at least two parts: a membrane channel and an associated mo-
tor protein. Intriguingly, motor proteins act at different sides
of the membrane, and this mostly likely relates to the availabil-
ity of the energy source. Though ATP is present in both the lu-
men of the ER and the matrix of the mitochondria, no ATP is
available in the bacterial periplasm. The presence of trans-act-
ing motors in the lumen of the ER and the mitochondrial ma-
trix ensure a high local concentration of such motor proteins at
the translocation sites, which would be more difficult to
achieve at the cis-position in the cytosol. Curiously, post-trans-
lational translocation across the cytoplasmic membrane has
also been observed in Archaea [27] even though these prokary-
otes lack a SecA homolog to complement their highly conserved
PCC. Therefore, it is an unsolved question how post-transla-
tional protein translocation is mediated in Archaea.

Folding at the cis-side opposes translocation. Can refolding
on the trans-side stimulate the translocation process? In some
bacteria, SecB is a cytosolic translocation-dedicated chaperone
that maintains the preprotein in a loosely folded state [34,39]
and transfers it to SecA. SecA possibly further stabilizes the
translocation competent state of the preprotein [15] consistent
with a proposed chaperone activity of SecA [19]. Moreover,
preproteins can move passively through the PCC in the ab-
sence of SecA association [64,12,3]. For SecB-dependent pro-
tein translocation only little energy may be spent on active
unfolding events while most of the energy would be used to di-
rect the movement of polypeptide. Cis-acting motors, like
SecA seem to prevent the retrograde movement of the poly-
peptide allowing them to fold on the rrans-side, whereas
trans-acting motors, like BiP and mtHsp70, additionally may
accelerate folding of the translocated protein, consistent with
a role of these chaperones in protein folding [70]. Importantly,
alternative functions for the motor proteins during the translo-
cation reaction should be considered, such as controlling the
opening and closure of the translocation pore. This function
has been proposed for SecA [48] and mtHsp70 [11,58]. In this
respect, BiP has also been implicated in controlling the open-
ing and closure of the PCC at the luminal side of the ER.

The experimental validation of a Brownian motion (trap-
ping) and power stroke (pulling/pushing) remains very difficult
and possibly a hybrid mechanism concurs. Ultimately, further
structural data on the molecular motors in complex with the
PCC and a preprotein will deepen our insight in the molecular
mechanism of motor action.

Acknowledgements: This work was supported by the Foundation for
Fundamental Research on Matter (FOM), Earth and Life Sciences
(ALW), the Royal Academy of Sciences of the Netherlands (KNAW),
and NanoNed, a national nanotechnology program coordinated by the
Dutch Ministry of Economic Affairs.

References

[1] Alder, N.N., Shen, Y., Brodsky, J.L., Hendershot, L.M. and
Johnson, A.E. (2005) The molecular mechanisms underlying BiP-

D. Tomkiewicz et al. | FEBS Letters 581 (2007) 2820-2828

mediated gating of the Sec6l translocon of the endoplasmic
reticulum. J. Cell Biol. 168, 389-399.

[2] Alder, N.N. and Theg, S.M. (2003) Energetics of protein
transport across biological membranes. a study of the thylakoid
DeltapH-dependent/cpTat pathway. Cell 112, 231-242.

[3] Arkowitz, R.A., Joly, J.C. and Wickner, W. (1993) Translocation
can drive the unfolding of a preprotein domain. EMBO J. 12,
243-253.

[4] Breyton, C., Haase, W., Rapoport, T.A., Kuhlbrandt, W. and
Collinson, I. (2002) Three-dimensional structure of the bacte-
rial protein-translocation complex SecYEG. Nature 418,
662-665.

[5] Brightman, S.E., Blatch, G.L. and Zetter, B.R. (1995) Isolation of
a mouse cDNA encoding MTJ1, a new murine member of the
Dnal family of proteins. Gene 153, 249-254.

[6] Brodsky, J.L., Goeckeler, J. and Schekman, R. (1995) BiP and
Sec63p are required for both co- and posttranslational protein
translocation into the yeast endoplasmic reticulum. Proc. Natl.
Acad. Sci. USA 92, 9643-9646.

[7] Chavan, M., Yan, A. and Lennarz, W.J. (2005) Subunits of the
translocon interact with components of the oligosaccharyl trans-
ferase complex. J. Biol. Chem. 280, 22917-22924.

[8] de Keyzer, J., van der Does, C. and Driessen, A.J.M. (2003) The
bacterial translocase: a dynamic protein channel complex. Cell
Mol. Life Sci. 60, 2034-2052.

[9] de Keyzer, J., van der Sluis, E.O., Spelbrink, R.E., Nijstad, N., De
Kruijff, B., Nouwen, N., van der Does, C. and Driessen, A.J.M.
(2005) Covalently dimerized SecA is functional in protein
translocation. J. Biol. Chem. 280, 35255-35260.

[10] De Los Rios, P., Ben-Zvi, A., Slutsky, O., Azem, A. and
Goloubinoff, P. (2006) Hsp70 chaperones accelerate protein
translocation and the unfolding of stable protein aggregates by
entropic pulling. Proc. Natl. Acad. Sci. USA 103, 6166-6171.

[11] Dekker, P.J., Martin, F., Maarse, A.C., Bomer, U., Muller, H.,
Guiard, B., Meijer, M., Rassow, J. and Pfanner, N. (1997) The
Tim core complex defines the number of mitochondrial translo-
cation contact sites and can hold arrested preproteins in the
absence of matrix Hsp70-Tim44. EMBO J. 16, 5408-5419.

[12] Driessen, A.J.M. (1992) Precursor protein translocation by the
Escherichia coli translocase is directed by the protonmotive force.
EMBO 1J. 11, 847-853.

[13] Driessen, A.J.M. (1993) SecA, the peripheral subunit of the
Escherichia coli precursor protein translocase, is functional as a
dimer. Biochemistry 32, 13190-13197.

[14] Driessen, A.J.M. and Wickner, W. (1991) Proton transfer is
rate-limiting for translocation of precursor proteins by the
Escherichia coli translocase. Proc. Natl. Acad. Sci. USA 88,
2471-2475.

[15] Duong, F. and Wickner, W. (1997) The SecDFyajC domain of
preprotein translocase controls preprotein movement by regulat-
ing SecA membrane cycling. EMBO J. 16, 4871-4879.

[16] Economou, A. and Wickner, W. (1994) SecA promotes preprotein
translocation by undergoing ATP-driven cycles of membrane
insertion and deinsertion. Cell 78, 835-843.

[17] Elston, T.C. (2000) Models of post-translational protein translo-
cation. Biophys. J. 79, 2235-2251.

[18] Elston, T.C. (2002) The Brownian ratchet and Power stroke
models for posttranslational protein translocation into the endo-
plasmic reticulum. Biophys. J. 82, 1239-1253.

[19] Eser, M. and Ehrmann, M. (2003) SecA-dependent quality
control of intracellular protein localization. Proc. Natl. Acad.
Sci. USA 100, 13231-13234.

[20] Gaume, B., Klaus, C., Ungermann, C., Guiard, B., Neupert, W.
and Brunner, M. (1998) Unfolding of preproteins upon import
into mitochondria. EMBO J. 17, 6497-6507.

[21] Geissler, A., Rassow, J., Pfanner, N. and Voos, W. (2001)
Mitochondrial import driving forces: enhanced trapping by
matrix Hsp70 stimulates translocation and reduces the membrane
potential dependence of loosely folded preproteins. Mol. Cell
Biol. 21, 7097-7104.

[22] Glick, B.S. (1995) Can Hsp70 proteins act as force-generating
motors? Cell 80, 11-14.

[23] Haigh, N.G. and Johnson, A.E. (2002) A new role for BiP: closing
the aqueous translocon pore during protein integration into the
ER membrane. J. Cell Biol. 156, 261-270.



D. Tomkiewicz et al. | FEBS Letters 581 (2007) 2820-2828

[24] Huang, S., Ratliff, K.S. and Matouschek, A. (2002) Protein
unfolding by the mitochondrial membrane potential. Nat. Struct.
Biol. 9, 301-307.

[25] 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,
1132-1138.

[26] Hunt, J.F., Weinkauf, S., Henry, L., Fak, J.J., McNicholas, P.,

Oliver, D.B. and Deisenhofer, J. (2002) Nucleotide control of

interdomain interactions in the conformational reaction cycle of

SecA. Science 297, 2018-2026.

Irihimovitch, V. and Eichler, J. (2003) Post-translational secretion

of fusion proteins in the halophilic archaea Haloferax volcanii. J.

Biol. Chem. 278, 12881-12887.

Jermy, A.J., Willer, M., Davis, E., Wilkinson, B.M. and Stirling,

C.J. (2006) The Brl domain in Sec63p is required for assembly of

functional endoplasmic reticulum translocons. J. Biol. Chem. 281,

7899-7906.

Jilaveanu, L.B., Zito, C.R. and Oliver, D. (2005) Dimeric SecA is

essential for protein translocation. Proc. Natl. Acad. Sci. USA

102, 7511-7516.

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.

[31] Karamanou, S., Vrontou, E., Sianidis, G., Baud, C., Roos, T.,
Kuhn, A., Politou, A.S. and Economou, A. (1999) A molecular
switch in SecA protein couples ATP hydrolysis to protein
translocation. Mol. Microbiol. 34, 1133-1145.

[32] Karamanou, S., Sianidis, G., Gouridis, G., Pozidis, C., Papanik-

olau, Y., Papanikou, E. and Economou, A. (2005) Escherichia coli

SecA truncated at its termini is functional and dimeric. FEBS

Lett. 579, 1267-1271.

Krayl, M., Lim, J.H., Martin, F., Guiard, B. and Voos, W. (2007)

A cooperative action of the ATP-dependent import motor

complex and the inner membrane potential drives mitochondrial

preprotein import. Mol. Cell Biol. 27, 411-425.

Lecker, S., Lill, R., Ziegelhoffer, T., Georgopoulos, C., Bassford

Jr., P.J., Kumamoto, C.A. and Wickner, W. (1989) Three pure

chaperone proteins of Escherichia coli-SecB, trigger factor and

GroEL-form soluble complexes with precursor proteins in vitro.

EMBO 1J. 8, 2703-2709.

Lecker, S.H., Driessen, A.J.M. and Wickner, W. (1990) Pro-

OmpA contains secondary and tertiary structure prior to trans-

location and is shielded from aggregation by association with

SecB protein. EMBO J. 9, 2309-2314.

Lee, P.A., Tullman-Ercek, D. and Georgiou, G. (2006) The

bacterial twin-arginine translocation pathway. Annu. Rev. Micro-

biol. 60, 373-395.

[37] Liebermeister, W., Rapoport, T.A. and Heinrich, R. (2001)
Ratcheting in post-translational protein translocation: a mathe-
matical model. J. Mol. Biol. 305, 643-656.

[38] Lim, J.H., Martin, F., Guiard, B., Pfanner, N. and Voos, W.
(2001) The mitochondrial Hsp70-dependent import system
actively unfolds preproteins and shortens the lag phase of
translocation. EMBO J. 20, 941-950.

[39] Liu, G., Topping, T.B. and Randall, L.L. (1989) Physiological
role during export for the retardation of folding by the leader
peptide of maltose-binding protein. Proc. Natl. Acad. Sci. USA
86, 9213-9217.

[40] Liu, Q., D’Silva, P., Walter, W., Marszalek, J. and Craig, E.A.
(2003) Regulated cycling of mitochondrial Hsp70 at the protein
import channel. Science 300, 139-141.

[41] Lyman, S.K. and Schekman, R. (1997) Binding of secretory
precursor polypeptides to a translocon subcomplex is regulated by
BiP. Cell 88, 85-96.

[42] 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, 553-564.

[43] Matouschek, A., Azem, A., Ratliff, K., Glick, B.S., Schmid, K.
and Schatz, G. (1997) Active unfolding of precursor proteins
during mitochondrial protein import. EMBO J. 16, 6727-6736.

[44] Matouschek, A., Pfanner, N. and Voos, W. (2000) Protein
unfolding by mitochondria. The Hsp70 import motor. EMBO
Rep. 1, 404-410.

[27

28

[29

[30

[33

[34

35

136

2827

[45] Mayer, M.P. and Bukau, B. (2005) Hsp70 chaperones: cellular
functions and molecular mechanism. Cell Mol. Life Sci. 62, 670—
684.

[46] Misselwitz, B., Staeck, O., Matlack, K.E. and Rapoport, T.A.
(1999) Interaction of BiP with the J-domain of the Sec63p
component of the endoplasmic reticulum protein translocation
complex. J. Biol. Chem. 274, 20110-20115.

[47] 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.

[48] Mitra, K., Frank, J. and Driessen, A.J.M. (2006) Co- and post-
translational translocation through the protein-conducting chan-
nel: analogous mechanisms at work? Nat. Struct. Mol. Biol. 13,
957-964.

[49] Mitra, K., Schaffitzel, C., Shaikh, T., Tama, F., Jenni, S., Brooks
III, C.L., Ban, N. and Frank, J. (2005) Structure of the E. coli
protein-conducting channel bound to a translating ribosome.
Nature 438, 318-324.

[50] Moro, F., Sirrenberg, C., Schneider, H.C., Neupert, W. and
Brunner, M. (1999) The TIM17.23 preprotein translocase of
mitochondria: composition and function in protein transport into
the matrix. EMBO J. 18, 3667-3675.

[51] Neupert, W. and Brunner, M. (2002) The protein import motor of
mitochondria. Nat. Rev. Mol. Cell Biol. 3, 555-565.

[52] Okamoto, K., Brinker, A., Paschen, S.A., Moarefi, 1., Hayer-
Hartl, M., Neupert, W. and Brunner, M. (2002) The protein
import motor of mitochondria: a targeted molecular ratchet
driving unfolding and translocation. EMBO J. 21, 3659-3671.

[53] Or, E., Boyd, D., Gon, S., Beckwith, J. and Rapoport, T. (2005)
The bacterial ATPase SecA functions as a monomer in protein
translocation. J. Biol. Chem. 280, 9097-9105.

[54] Or, E., Navon, A. and Rapoport, T. (2002) Dissociation of the
dimeric SecA ATPase during protein translocation across the
bacterial membrane. EMBO J. 21, 4470-4479.

[55] Osborne, A.R., Clemons Jr., W.M. and Rapoport, T.A. (2004) A
large conformational change of the translocation ATPase SecA.
Proc. Natl. Acad. Sci. USA 101, 10937-10942.

[56] Osborne, A.R., Rapoport, T.A. and Van den Berg, B. (2005)
Protein translocation by the Sec61/SecY channel. Annu. Rev. Cell
Dev. Biol. 21, 529-550.

[57] Papanikolau, Y., Papadovasilaki, M., Ravelli, R.B., McCarthy,
A.A., Cusack, S., Economou, A., and Petratos, K. (2006)
Structure of dimeric SecA, the Escherichia coli preprotein trans-
locase motor. J. Mol. Biol.

[58] Pfanner, N. and Geissler, A. (2001) Versatility of the mitochon-
drial protein import machinery. Nat. Rev. Mol. Cell Biol. 2, 339-
349.

[59] Pfanner, N. and Meijer, M. (1995) Protein sorting. Pulling in the
proteins. Curr. Biol. 5, 132-135.

[60] Pfanner, N. and Truscott, K.N. (2002) Powering mitochondrial
protein import. Nat. Struct. Biol. 9, 234-236.

[61] Randall, L.L. and Hardy, S.J. (1986) Correlation of competence
for export with lack of tertiary structure of the mature species: a
study in vivo of maltose-binding protein in E. coli.. Cell 46, 921—
928.

[62] Rassow, J., Hartl, F.U., Guiard, B., Pfanner, N. and Neupert, W.
(1990) Polypeptides traverse the mitochondrial envelope in an
extended state. FEBS Lett. 275, 190-194.

[63] Sato, T., Esaki, M., Fernandez, J.M. and Endo, T. (2005)
Comparison of the protein-unfolding pathways between mito-
chondrial protein import and atomic-force microscopy measure-
ments. Proc. Natl. Acad. Sci. USA 102, 17999-18004.

[64] Schiebel, E., Driessen, A.J.M., Hartl, F.U. and Wickner, W.
(1991) AuH+ and ATP function at different steps of the catalytic
cycle of preprotein translocase. Cell 64, 927-939.

[65] Schwartz, M.P. and Matouschek, A. (1999) The dimensions of the
protein import channels in the outer and inner mitochondrial
membranes. Proc. Natl. Acad. Sci. USA 96, 13086-13090.

[66] Sharma, V., Arockiasamy, A., Ronning, D.R., Savva, C.G.,
Holzenburg, A., Braunstein, M., Jacobs Jr., W.R. and Sacchettini,
J.C. (2003) Crystal structure of Mycobacterium tuberculosis SecA,
a preprotein translocating ATPase. Proc. Natl. Acad. Sci. USA
100, 2243-2248.

[67] Shen, Y. and Hendershot, L.M. (2005) ERdj3, a stress-inducible
endoplasmic reticulum DnaJ homologue, serves as a cofactor for



2828

BiP’s interactions with unfolded substrates. Mol. Biol. Cell 16,
40-50.

[68] Shen, Y., Meunier, L. and Hendershot, L.M. (2002) Identification
and characterization of a novel endoplasmic reticulum (ER) DnalJ
homologue, which stimulates ATPase activity of BiP in vitro and
is induced by ER stress. J. Biol. Chem. 277, 15947-15956.

[69] Simon, S.M., Peskin, C.S. and Oster, G.F. (1992) What drives the
translocation of proteins? Proc. Natl. Acad. Sci. USA 89, 3770—
3774.

[70] Simons, J.F., Ferro-Novick, S., Rose, M.D. and Helenius, A.
(1995) BiP/Kar2p serves as a molecular chaperone during
carboxypeptidase Y folding in yeast. J. Cell Biol. 130, 41-49.

[71] Skowronek, M.H., Rotter, M. and Haas, .G. (1999) Molecular
characterization of a novel mammalian DnalJ-like Sec63p homo-
log. Biol. Chem. 380, 1133-1138.

[72] Swanton, E. and Bulleid, N.J. (2003) Protein folding and
translocation across the endoplasmic reticulum membrane. Mol.
Membr. Biol. 20, 99-104.

[73] Tian, P. and Andricioaei, I. (2005) Repetitive pulling catalyzes co-
translocational unfolding of barnase during import through a
mitochondrial pore. J. Mol. Biol. 350, 1017-1034.

[74] Tomkiewicz, D., Nouwen, N., van Leeuwen, R., Tans, S. and
Driessen, A.J.M. (2006) SecA supports a constant rate of
preprotein translocation. J. Biol. Chem. 281, 15709-15713.

[75] Van den Berg, B., Clemons Jr., W.M., Collinson, 1., Modis, Y.,
Hartmann, E., Harrison, S.C. and Rapoport, T.A. (2004) X-ray
structure of a protein-conducting channel. Nature 427, 36-44.

[76] van der Does, C., Manting, E.H., Kaufmann, A., Lutz, M. and
Driessen, A.J.M. (1998) Interaction between SecA and SecYEG in
micellar solution and formation of the membrane-inserted state.
Biochemistry 37, 201-210.

[77] van der Wolk, J.P., de Wit, J.G. and Driessen, A.J.M. (1997) The
catalytic cycle of the Escherichia coli SecA ATPase comprises
two distinct preprotein translocation events. EMBO J. 16,
7297-7304.

D. Tomkiewicz et al. | FEBS Letters 581 (2007) 2820-2828

[78] Vassylyev, D.G., Mori, H., Vassylyeva, M.N., Tsukazaki, T.,
Kimura, Y., Tahirov, T.H. and Ito, K. (2006) Crystal structure of
the translocation ATPase SecA from Thermus thermophilus
reveals a parallel, head-to-head dimer. J. Mol. Biol. 364, 248-258.

[79] Velankar, S.S., Soultanas, P., Dillingham, M.S., Subramanya,
H.S. and Wigley, D.B. (1999) Crystal structures of complexes of
PcrA DNA helicase with a DNA substrate indicate an inchworm
mechanism. Cell 97, 75-84.

[80] Voisine, C., Craig, E.A., Zufall, N., von, A.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, 565-574.

[81] Voos, W., von Ahsen, O., Muller, H., Guiard, B., Rassow, J. and
Pfanner, N. (1996) Differential requirement for the mitochondrial
Hsp70-Tim44 complex in unfolding and translocation of prepro-
teins. EMBO J. 15, 2668-2677.

[82] Vrontou, E. and Economou, A. (2004) Structure and function of
SecA, the preprotein translocase nanomotor. Biochim. Biophys.
Acta 1694, 67-30.

[83] Wienhues, U., Becker, K., Schleyer, M., Guiard, B., Tropschug,
M., Horwich, A.L., Pfanner, N. and Neupert, W. (1991) Protein
folding causes an arrest of preprotein translocation into mito-
chondria in vivo. J. Cell Biol. 115, 1601-1609.

[84] Wilcox, A.J., Choy, J., Bustamante, C. and Matouschek, A.
(2005) Effect of protein structure on mitochondrial import. Proc.
Natl. Acad. Sci. USA 102, 15435-15440.

[85] Wilkinson, B.M., Tyson, J.R. and Stirling, C.J. (2001) Sshlp
determines the translocation and dislocation capacities of the
yeast endoplasmic reticulum. Dev. Cell 1, 401-409.

[86] Ye, J., Osborne, A.R., Groll, M. and Rapoport, T.A. (2004)
RecA-like motor ATPases — lessons from structures. Biochim.
Biophys. Acta 1659, 1-18.

[87] Zimmer, J., Li, W. and Rapoport, T.A. (2006) A novel dimer
interface and conformational changes revealed by an X-ray
structure of B. subtilis SecA. J. Mol. Biol. 364, 259-265.



	Pushing, pulling and trapping   -  Modes of motor protein supported protein translocation
	Introduction
	Protein folding and unfolding during translocation
	Sec-translocase  -  similar channel but different molecular motors
	Cis-acting motor protein  -  SecA
	Trans-acting motor proteins  -  similar molecular motors, different channels
	Trans-acting motor protein  -  BiP
	Trans-acting motor protein  -  mtHsp70
	Concluding remarks
	Acknowledgements
	References


