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Chapter 1

Protein translocation across the cellular membranes is a ubiquitous and crucial 
activity of cells. This process is mediated 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 unbinding. 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 protein during translocation. In the Brownian 
ratchet model, translocation occurs by diffusion of the unfolded polypeptide through 
the translocation pore while directionality is achieved by trapping and refolding. 
Recent insights in the structure and function of the molecular motors suggest that 
different mechanisms can be employed simultaneously.

ABBREVIATIONS

CTD - small C-terminal zinc-binding domain 
ER – endoplasmic reticulum 
JDP – J-domain protein
NBD – nucleotide binding domain
NEF – nucleotide exchange factor
PAM - presequence translocase-associated motor 
PBD - preprotein binding domain 
PCC – protein conducting channel
PMF – proton motive force
ΔpH - transmembrane pH gradient 
Δψ - transmembrane electrical potential
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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 features 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 (Figure 
1A). These molecular motors usually are ATPases that can bind preproteins reversibly and drive 
their translocation either by pulling, pushing or trapping mechanisms (Alder and Theg, 2003) 
(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 describe the role of motor proteins in 
post-translational preprotein translocation: the power-stroke model and the Brownian ratchet 
(Figure 1B). In the first model, ATP binding and hydrolysis 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 motors, the force imposed reflects a pushing movement, while trans-acting motors 
generate a pulling force on the protein (Alder et al., 2003). With the Brownian ratchet, the motor 
protein is a device which biases the random Brownian motion of an unfolded polypeptide chain 
(Simon et al., 1992). The spontaneous reversible movement (hysterisis) of the polypeptide in the 
translocation pore is coupled to an energy-requiring trapping by the motor protein. Trapping 
events prevents retrograde movement, thereby giving directionality to the translocation process 
(Neupert and Brunner, 2002; Alder et al., 2003). 

In addition to ATP binding and hydrolysis, two alternative energy sources can be involved in 
protein translocation. First, the entropic energy of protein folding and unfolding which is of 
primary importance for the Brownian motions of polypeptides (Simon et al., 1992). Secondly, 
the proton motive force (PMF), which is composed of the transmembrane pH gradient (ΔpH) 
and electrical potential (Δψ). In bacteria, both the ΔpH and Δψ can efficiently drive protein 
translocation in the absence of the motor protein once translocation has been initiated at the 
expense of ATP (Schiebel et al., 1991; Driessen and Wickner, 1991). The exact mechanism of 
PMF-driven translocation is largely unknown. For the initiation of mitochondrial protein import, 
the Δψ is required (Pfanner and Truscott, 2002). 
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Figure 1. Molecular motors. 
A. Protein translocation systems in bacteria (Escherichia coli, SecYEG/SecA), the endoplasmic reticulum (ER, Sec61αβγ/
BiP) and mitochondria (TOM-TIM/mtHsp70). Translocation channels are in red, motor proteins in green, accessory proteins 
in blue. B. Mechanistic models for the trans-motor Hsp70-dependent protein import into mitochondria. 
(1) The power stroke model: (a) The signal sequence is translocated to the trans side of the membrane in response to the Δψ. 
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.
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Here we will discuss the function of motor proteins in post-translational protein translocation, 
with an emphasis on protein folding and the translocation mechanism.

Protein folding and unfolding during translocation 

Except for the twin arginine translocation system (for review see Lee et al., 2006), most 
translocases facilitate transmembrane movement of unfolded polypeptides. This is consistent with 
the dimensions of the pores that can accommodate only unfolded polypeptide chains (Rassow et 
al., 1990; Schwartz and Matouschek, 1999). Therefore, the pore presents a major entropic barrier 
that hinders spontaneous movement of 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 promote 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 (Randall and Hardy, 1986; Lecker et al., 1990). This unfolded state, also 
known as translocation competent state, is characterized by native-like secondary structure and 
undefined tertiary structure. 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 (Wienhues et al., 1991; Huang et al., 1999). 
During translocation, preproteins may need to be further unfolded. In the Brownian ratchet model, 
proteins are stabilized 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 energy characteristics could thus assist 
in distinguishing between these two models of translocation. 

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 ER and thylakoid 
membranes in eukaryotes (for review see Osborne et al., 2005). The PCC of the Sec translocase is 
highly conserved throughout all kingdoms of life (See Box 1), while the motor proteins differ in 
structure, mechanism and localization. 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 trans-
acting BiP protein (Figure  1).

Table 1. Post-translational protein translocation systems involving motor proteins

Motor protein Energy Membrane side PCC Additional proteins
Bacteria (E. coli) SecA ATP, PMF cis SecYEG SecDF(yajC)

ER BiP ATP trans Sec61αβγ Sec62/63, BAP, GRP170

Mitochondria mtHsp70 ATP, Δψ trans TIM23/17
Tim44, Pam18/16/17, 

Mge1
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Cis-acting motor protein – SecA 

A possible mechanism for protein translocation was described on the basis of biochemical studies 
(Schiebel et al., 1991; van der Wolk et al., 1997). Herein, SecA uses the energy of ATP binding 
and hydrolysis to translocate preproteins in consecutive steps of about 40 amino acids per ATP 
cycle (for review see de Keyzer et al., 2003). A single catalytic cycle consists of two distinct sub-
steps; one driven by binding of SecA to the translocating preprotein and the second by binding 
of ATP to SecA (van der Wolk et al., 1997). The translocation time increases linearly with the 
length of the preprotein (Tomkiewicz et al., 2006). 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 (Economou and Wickner, 1994). However, the dimensions and the 
shape of the SecY channel seem too narrow to accommodate large SecA protein domains (Van 
den Berg et al., 2004). Evidence for membrane insertion was based mainly on the observation 
that most of the SecA structure (N- and C-terminal 60 and 30 kDa regions) adopts a protease-
resistant conformation 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 interaction (van der Does et al., 1998). Currently, the observed protease-resistant fragments 
are believed to represent translocation-relevant conformational 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 (Figure 2A) (Hunt et al., 2002). The two nucleotide 
binding domains (NBD) domains show homology to the corresponding RecA domains of the 
DEAD helicase family (Karamanou et al., 1999). 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 (Velankar et 
al., 1999;Ye et al., 2004). 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 double stranded DNA by PrcA helicase (Velankar et al., 1999). Because of the 
similarity of the DEAD motor domain, SecA has been proposed to function in a similar manner 
as helicases (Osborne et al., 2004).

SecA has been shown to function as a dimer (Driessen, 1993; de Keyzer et al., 2005; Jilaveanu et 
al., 2005). Studies with SecA mutants that appear monomeric in solution suggest that a low level 
of activity may be associated with the monomer (Or et al., 2002; Or et al., 2005). However, using 
a different type of biochemical analysis active variants we found to be dimeric (Karamanou et 
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al., 2005). In the crystal structures of the soluble protein, various types of dimer arrangements 
have been observed: i.e., an antiparallel - head to tail dimer (Hunt et al., 2002; Sharma et al., 
2003; Papanikolau et al., 2006; Zimmer et al., 2006) or a parallel - head to head dimer (Vassylyev 
et al., 2006). These dimers comprise similar SecA protomer structures. Structural and functional 
data indicate a communication between the DEAD and the preprotein binding domains (PBD) 
of individual SecA monomers (for review see Vrontou and Economou, 2004). In the monomeric 
nucleotide-free form of a Bacillus subtilis SecA mutant, a large conformational change of the 
PBD domain has been observed (Osborne et al., 2004), and it was suggested that SecA may 
function according to the inchworm mechanism analogous to PrcA (Figure 2B). However, DEAD 
helicases contain two substrate-binding sites with different affinities, and so far for the monomeric 

BOX 1. The Sec61/SecY channel

The Sec61/SecY channel. A. The PCC is build from the Sec61α/SecY (light grey) channel and the peripheral 
Sec61γ/SecE (dark grey) and Sec61β/SecG proteins (dark grey) (yeast/bacterial nomenclature). The channel forms 
an hourglass-like structure with a pore ring of hydrophobic residues (mainly isoleucines) at its constriction (Van 
den Berg et al., 2004). The pore is closed at the trans-side by a plug (black) formed by a short α-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 (Mitra et al., 2005). In 
the alternative arrangement, the ‘back-to-back’ dimer (C), two SecYEG complexes interact through the highly titled 
transmembrane domain of SecE (Sec61γ) at the back of each of the monomeric channels (Breyton et al., 2002). This 
leaves the lateral gates exposed to the lipid bilayer, and constitutes a structure with two individual pores.

B. Front-to-front

C. Back-to-backA. SecYEG

SecY

Pore

SecE

SecE

SecY

SecG

periplasm

cytosol

Pore
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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 (Or et al., 2002). In 
the absence of SecA, preproteins can freely diffuse in the PCC (Schiebel et al., 1991; Arkowitz et 
al., 1993) suggesting that such a binding site is not present.
A head-to-head type of dimer arrangement has been observed for the crystal form of SecA from 
Thermus thermophilius (Vassylyev et al., 2006). 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-dependent 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 further 
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 (Hunt et al., 2002) and Mycobacterium tuberculosis 
(Sharma et al., 2003) 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 (Hunt et al., 2002), the 
M. tuberculosis SecA dimer has a more flat structure and a large central opening (Sharma et al., 
2003). In the piston model (Sharma et al., 2003) the preprotein is envisioned to be trapped in the 
central pore of the SecA dimer and is pushed through the PCC. This macromechanical movement 
would be generated by nucleotide-induced conformational 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 molecular peristalsis model (Figure 2C) (Mitra et al., 
2006). By analogy with the structural organization of the PCC associated with the ribosome, 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 binding, 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 reduction of the 
distance between the interactions sites of the individual 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 allowing the directed diffusion of the cavity entrapped preprotein 
segment across the membrane, while the remainder of the preprotein would stay trapped in the 
central pore of the SecA dimer. Notably, in this model SecA functions through a mechanism that 
combines the main working models as the actual movement of the polypeptide through the pore 
occurs by Brownian motion while a power stroke is employed to decrease the cavity size and to 
open the PCC. A free diffusional mechanism of translocation is also supported by observations 
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Figure 2. SecA motor protein

A. The structure of B. subtilis SecA protomer (1M6N PBD) (Hunt et al., 2002) 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 (Osborne et al., 2004) and closed dimeric (Hunt et al., 2002) 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) (Sharma et al., 2003) and B. 
subtilis (closed pore) (Hunt et al., 2002). (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; (c) 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.
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that in the absence of SecA association, protein translocation intermediates can undergo reverse 
movements within the translocation channel (Schiebel et al., 1991; Arkowitz et al., 1993). 

Although the step-size mechanism of translocation has sofar only been demonstrated for only 
one single model protein (Schiebel et al., 1991; van der Wolk et al., 1997), 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 Å (1 amino acid 
~ 3.3 Å)? Interestingly, the large step size might be explained by the peristalsis mechanism, as 
this will be determined only by the volume of the proposed cavity (Mitra et al., 2006). 

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 (reviewed in Mayer and Bukau, 2005). Hsp70 
chaperones comprise an N-terminal ATPase domain (NBD) and a C-terminal peptide binding 
domain (PBD). The current model of the catalytic cycle of Hsp70-like proteins (hereafter Hsp70) 
is based on the cytosolic chaperone DnaK of E. coli (Figure 3) (Mayer et al., 2005). Generally, the 
nucleotide 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 DnaJ, a specific J-
domain protein (JDP) that stimulates the hydrolysis of ATP by DnaK, and by GrpE, a nucleotide 
exchange factor (NEF) that facilitates ADP-release. 

Based on the working model for DnaK, two different mechanisms for Hsp70-driven protein 
transport have been proposed: the Brownian ratchet and Power stroke models (Figure 1B) (Glick, 
1995; Pfanner and Meijer, 1995). In both models multiple cycles of nucleotide-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 differences 
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 spontaneously 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. 
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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 conjunction with the membrane protein Sec63 
(Brodsky et al., 1995; Matlack et al., 1999). Initially, BiP was suggested to pull on the incoming 
polypeptide (Glick, 1995). However, 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 (Matlack et al., 1999). This suggests that BiP may rather act as a 
molecular ratchet that, possibly by a single ATP hydrolysis cycle, traps the substrate and directs 
its translocation by preventing retrograde movement (Matlack et al., 1999). However, antibody-
dependent 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 
(Misselwitz et al., 1998). Binding of BiP to Sec63 increases the substrate binding affinity and 
places BiP in the most effective trapping position, close to the exit channel (Misselwitz et al., 
1998). 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 (Misselwitz et al., 1999). Sec63 possesses a large 
cytoplasmic domain needed for assembly of the translocase (Jermy et al., 2006). Together with 
other translocase associated proteins, i.e. Sec62, Sec71 and Sec72, the cytoplasmic domain 
of Sec63 may bind the preprotein at an early stage of the translocation reaction (Lyman and 
Schekman, 1997). 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 preproteins at the trans-side of the membrane.

Mathematical modeling based on the biochemical experiments 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 (Elston, 2000; Liebermeister et 
al., 2001; Elston, 2002). Proteins imported into the ER frequently undergo a process of maturation 
(Johnson and van Waes, 1999; Swanton and Bulleid, 2003). It was shown that Sec61p interacts 
with maturation complexes such as the signal peptidase or oligosaccharyl transferase (Wilkinson 
et al., 2001; Chavan et al., 2005). The removal of the signal sequence as well as N-glycosylation 
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-translational translocation, as it also 
increases the fidelity of co-translational translocation (Brodsky et al., 1995). Moreover, BiP in 
its ADP-bound state has been proposed to act as a gatekeeper to prevent ion leakage through the 
PCC by sealing the pore from the lumen site (Haigh and Johnson, 2002; Alder et al., 2005). This 
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seal is released upon the binding of ATP to BiP. A physical interaction of BiP with Sec61p remains 
to be demonstrated. BiP may indirectly affect the pore conformation via another yet unknown 
translocation-associated protein (Alder et al., 2005). Also additional J-domain proteins (ERdj1-
4) (Brightman et al., 1995; Skowronek et al., 1999; Shen et al., 2002; Shen and Hendershot, 2005) 
may have distinct roles in ER import. 

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 Mge1 (for review see Neupert et al., 2002). The importmotor 
acts at the trans-side of the inner mitochondrial membrane. Before gaining access to the import 
motor, preproteins need to pass the outer and inner membrane via the TOM40 and TIM23/17 
complexes, respectively (Figure 1). The initiation of translocation is driven by the ∆ψ, likely by 
an electrophoretic effect on the signal sequence (Pfanner et al., 2002). Additionally, ∆ψ supports 
PAM driven-translocation by stabilizing the polypeptide in the channel, thereby increasing the 
efficiency of the interaction between the preprotein and mtHsp70 on the trans-side (Krayl et al., 
2007). Mitochondrial protein import occurs mostly post-translational and in order to pass both 
membranes through the narrow channels, 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 (Moro et al., 1999).

How does the import motor drive the translocation reaction? Again two models have been 
proposed; the Brownian ratchet (Gaume et al., 1998; Okamoto et al., 2002; Liu et al., 2003) and 
power stroke (Matouschek et al., 1997; Matouschek et al., 2000) mechanism (Figure 1B). Several 
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 (Okamoto et al., 2002). Furthermore, 
introduction of poly-glycine or poly-glutamate stretches in the polypeptide chain, to disfavor 
binding of mtHsp70, did not affect the translocation (Okamoto et al., 2002). Together, these 
results indicate that in the absence of an active mtHsp70, a spontaneous translocation progress 
of the unfolded preprotein is possible once translocation is initiated by the ∆ψ (Okamoto et al., 
2002). In addition to the JDP Pam18, mtHsp70 also interacts with the membrane protein Tim44. 
Tim44 recruits mtHsp70 near to the Tim23/17 channel exit (Moro et al., 1999). In a mtHsp70 
mutant (ssc1-2) that is affected in Tim44 binding, import of tightly folded proteins is abolished, 
whereas unfolded proteins are translocated already at low ∆ψ (Voos et al., 1996; Voisine et al., 
1999). Furthermore, loosely folded polypeptides are translocated more efficiently by the ssc1-2 
mutant than by wild type mtHsp70 (Geissler et al., 2001). These observations have led to the 
suggestion that different mechanisms 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 polypeptide chains 
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(Voisine et al., 1999; Geissler et al., 2001). It remains to be established whether the interaction of 
mtHsp70 with Tim44 or Pam18 indeed serves as a fulcrum to provide a force sufficiently large 
to translocate the preprotein by active pulling, or whether this merely serves to increase the 
efficiency of trapping by raising the concentration 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 
(Matouschek et al., 1997; Lim et al., 2001; Huang et al., 2002; Wilcox et al., 2005). 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 passive mechanism, resulting in the 
collapse of the protein structure (Matouschek et al., 1997; Huang et al., 1999; Sato et al., 2005; 
Tian and Andricioaei, 2005). 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 initiation 
phase but on the intrinsic property of the import motor to move unfolded polypeptides through 
the PCC (Lim et al., 2001). Recently a new model, entropic pulling, was proposed for lumenal 
Hsp70 driven translocation (De Los Rios et al., 2006), 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 entropically pulls (in the absence of a molecular fulcrum) 
on the polypeptide which is translocated by a Brownian motion. Entropic pulling thus effectively 
connects the power stroke and Brownian ratchet mechanisms which both require mtHsp70 and 
Tim44 for efficient translocation.

Figure 3. Model of the Hsp70 chaperone cycle (adopted from Mayer et al., 2005). (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 
(DnaJ) 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.
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Concluding remarks 

All protein translocation systems described above consist of at least two parts: a membrane 
channel and an associated motor protein. Intriguingly, motor proteins act at different sides of 
the membrane, and this mostly likely relates to the availability of the energy source. Though 
ATP is present in both the lumen of the ER and the matrix of the mitochondria, no ATP is 
available in the bacterial periplasm. The presence of trans-acting motors in the lumen of the ER 
and the mitochondrial matrix 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-translational translocation across the cytoplasmic membrane has also been 
observed in Archaea (Irihimovitch and Eichler, 2003) even though these prokaryotes lack a SecA 
homolog to complement their highly conserved PCC. Therefore, it is an unsolved question how 
post-translational 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 (Lecker et al., 1989; Liu et al., 1989) and 
transfers it to SecA. SecA possibly further stabilizes the translocation competent state of the 
preprotein (Duong and Wickner, 1997) consistent with a proposed chaperone activity of SecA 
(Eser and Ehrmann, 2003). Moreover, preproteins can move passively through the PCC in the 
absence of SecA association (Schiebel et al., 1991; Driessen, 1992; Arkowitz et al., 1993). For 
SecB-dependent protein translocation only little energy may be spent on active unfolding events 
while most of the energy would be used to direct the movement of polypeptide. Cis-acting 
motors, like SecA seem to prevent the retrograde movement of the polypeptide allowing them 
to fold on the trans-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 (Simons et al., 1995). Importantly, alternative functions for the motor proteins during the 
translocation reaction should be considered, such as controlling the opening and closure of the 
translocation pore. This function has been proposed for SecA (Mitra et al., 2006) and mtHsp70 
(Dekker et al., 1997; Pfanner and Geissler, 2001). In this respect, BiP has also been implicated in 
controlling the opening and closure of the PCC at the luminal side of the ER. 

The experimental validation of a Brownian motion (trapping) 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. 
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Scope of the thesis 

The goal of the work described in this thesis was to investigate the mechanism of protein 
translocation by the preprotein translocase of Escherichia coli, with the ultimate aim to analyze 
this process at the single molecule level. The focus was on the SecA motor protein and its 
role during the protein transport. The classical in vitro translocation assay allows the precise 
definition of experimental conditions needed to study mechanistic aspects of the translocation 
reaction. This method was used to examine the translocation kinetics in more detail. Chapter 
2 describes the effect of the preprotein length on the kinetics of translocation. By using a set of 
proOmpA derivatives with different polypeptide lengths we could demonstrate that translocation 
occurs at a constant rate, irrespective of protein length, supporting the stepping model of 
protein translocation. Chapter 3 describes the effect of the folding of the mature domain of 
a preprotein on the translocation. For these experiments, earlier characterized folding mutants 
of the maltose binding protein (MBP) were used. Although these point mutations also affect 
the folding the mature domain of preMBP, folding is much more strongly influenced by the 
signal sequence and the SecB chaperone. Moreover, the translocation of these folding mutants 
remained SecB-dependent, and consequently, the observed energy requirements and kinetics for 
their translocation were similar. This implies that the folding state of the mature domain only 
marginally affects the kinetics and energetics of SecB-dependent preMBP translocation. 
In addition to the biochemical studies depending on bulk assays, also a biophysical approach was 
employed to investigate the mechanism of protein translocation at the single molecule level. In 
chapter 4 optical tweezers were used to investigate the effect of the SecB chaperone on the folding 
behavior of MBP. The reversible tweezers-induced unfolding of MBP could be demonstrated 
with a major unfolding event at a force of ~25 pN. Unfolding occurred via a stable unfolding 
intermediate that by means of steered molecular dynamics (SMD) simulations could be associated 
with the N-terminal region of MBP. In the presence of the SecB chaperone, refolding of the β-
strand rich core domain of MBP was completely abolished. Chapter 5 describes experiments 
aimed at single molecule observations of protein translocation using an optical tweezers setup. 
Although many aspects of the experimental setup were realized, the successful measurement 
of single molecule translocation reactions was hindered by the low incident of establishing a 
functional contact between the preprotein and the translocase embedded in membrane vesicles. 
The results of this thesis work are summarized and discussed in the final chapter of this thesis.
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In Escherichia coli, secretory proteins (preproteins) are translocated across 
the cytoplasmic membrane by the Sec-system composed of a protein conducting 
channel, SecYEG, and an ATP-dependent motor protein, SecA. After binding of 
the preprotein to SecYEG-bound SecA, cycles of ATP binding and hydrolysis by 
SecA are thought to drive the stepwise translocation of the preprotein across the 
membrane. To address how the length of a preprotein substrate affects the SecA-
driven translocation process, we constructed derivatives of the precursor of the 
outer membrane protein A (proOmpA) with 2, 4, 6 and 8 in tandem repeats of 
the periplasmic domain. With increasing polypeptide length, an increasing delay 
in the time before full length translocation was observed, but the translocation 
rate expressed as amino acid translocation per minute remained constant. These 
data indicate that in the ATP-dependent reaction, SecA drives a constant rate of 
preprotein translocation consistent with a stepping mechanism of translocation.
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Introduction

Translocation of secretory proteins (preproteins) across the cytoplasmic membrane of Escherichia 
coli is mediated by a multisubunit membrane embedded complex termed “translocase” (Wickner 
et al., 1991). Translocase consists of a protein conducting channel, SecYEG, and a peripheral 
ATPase, SecA. During or shortly after synthesis, the chaperone SecB binds the preprotein, 
maintains it in a translocation competent state and targets it to the SecYEG bound SecA (Topping 
and Randall, 1997; Fekkes and Driessen, 1999). Subsequently, the preprotein is translocated 
through the SecYEG pore using the energy from ATP hydrolysis and the proton-motive force 
(PMF) (Chen and Tai, 1985; Yamane et al., 1987; Shiozuka et al., 1990).
In eukaryotes two hypotheses for the translocation of proteins across organellar membranes have 
been proposed: the “power-stroke” and “molecular ratchet” mechanism (Simon et al., 1992; 
Matlack et al., 1999; Neupert et al., 2002). In prokaryotes the same mechanisms could drive the 
translocation of preproteins across the cytoplasmic membrane. In the “power-stroke” model, 
SecA would act as a force-generating motor; it binds to the preprotein, pushes it into the channel 
by binding of ATP and then releases it in the channel upon the hydrolysis of ATP. Experimental 
evidence suggests that consecutive unfolded polypeptide segments of ~5 kDa are treaded through 
the SecYEG pore by cycles of ATP binding and hydrolysis at SecA (Schiebel et al., 1991; Uchida 
et al., 1995; van der Wolk et al., 1997). However, it is not clear whether this fixed step size is 
maintained throughout the translocation reaction. This stepwise translocation model (or power-
stroke model) predicts that the time required for the translocation of a preprotein is directly 
correlated to its length. Likewise, the amount of ATP required for translocation would be a linear 
function of the preprotein length. On the other hand, different factors may delay or accelerate 
translocation and the timing of the events. For instance, mildly hydrophobic polypeptide segments 
cause the accumulation of specific translocation intermediates that are stalled in the translocation 
pore (Sato et al., 1997). Such polypeptide segments likely slow down the overall translocation 
reaction. 
The second model, known as molecular ratchet-like (or thermal ratchet/Brownian ratchet) 
mechanism (Simon et al., 1992; Alder et al., 2003), suggests that the preprotein translocation 
through the pore is driven by Brownian motion. In this scenario, SecA binding would prevent 
backsliding of the preprotein into the cytoplasm, thereby providing directionality to the 
translocation reaction. Consequently, an arrest in the translocation reaction may be followed by 
hysteresis movements of the polypeptide chain within the translocation pore. This will drive the 
preprotein back and forth towards an energy minimum that is dictated by favorable interactions 
between preprotein and SecYEG pore wall and/or folding of the preprotein on either side of 
the membrane. Indeed, when SecA is physically removed from the SecYEG pore, hysteresis 
movements of a preprotein translocation intermediate in the translocation channel have been 
observed (Schiebel et al., 1991; Arkowitz et al., 1993). The molecular ratchet model therefore 
predicts that the translocation kinetics are determined mainly by the physicochemical properties 
(i.e. folding characteristics and amino acid composition) of the preprotein. In this model, SecA 
mediated translocation steps will be of variable sizes.
Basic questions on the translocation kinetics that may discriminate between the two translocation 
models have not yet been addressed experimentally. For instance, how does the length of 



28

Chapter 2

a preprotein substrate affect the kinetics and energetics of translocation? To examine these 
questions, we have investigated the SecA-mediated translocation kinetics using a quantitative 
fluorescent assay. To increase the length of a preprotein, we constructed precursor of the outer 
membrane protein A (proOmpA) derivatives with two, four, six and eight in-tandem repeats of the 
periplasmic domain. This resulted in a large size range of the preprotein from 347 to maximum 
1397 amino acids. Quantitative analysis of the translocation kinetics of proOmpA versus extended 
proOmpA variants revealed that the time required to detect full length translocation depends on 
the preprotein length and ATP concentration, whereas the rate of amino acid translocation is 
independent of preprotein length. These data indicate that in the ATP-dependent reaction SecA 
drives a constant rate of preprotein translocation.

Results

Construction and purification of proOmpA derivatives with multiple copies of the 
periplasmic domain 

Previous in vitro studies using low concentrations of ATP suggested that SecA-driven protein 
translocation is a stepwise process with the occurrence of discrete translocation intermediates (van 
der Wolk et al., 1997). To examine the SecA-driven translocation reaction at normal ATP levels, 
we decided to investigate how the length of the preprotein affects the kinetics of translocation. A 
widely used substrate in in vitro protein translocation studies is the precursor of outer membrane 
protein A (proOmpA). OmpA consist of two domains: an N-terminal hydrophobic β-barrel that 
is embedded in the outer membrane (Pautsch and Schulz, 1998) and a C-terminal domain that is 
exposed to the periplasm (Ried et al., 1994). As the C-terminal domain is hydrophilic and clearly 
separated from the β-barrel domain via a hinge region, this domain was chosen to systematically 
increase the length of the preprotein. To enable this, unique restriction sites were introduced in 
the hinge region, which connects the β-barrel with the periplasmic domain, and at the C-terminus 
of the preprotein. This allowed the construction of genes encoding preproteins with multiple 
in-tandem repeats of the periplasmic domain (residues 194 to 344) via restriction and ligation 

Figure 1. Schematic representation and purification of proOmpA derivatives with in tandem copies of the periplasmic 
domain (n = 1, 3, 5, 7). A. The signal sequence, β-barrel and periplasmic domain are indicated by the grey, white and black 
boxes, respectively. Star – unique C-terminal cysteine residue that is labeled with fluorescein maleimide. B. 5 µg purified 
proOmpA-P1, P2, P4, P6 and P8 was separated by 10% SDS-PAGE and stained with Coomassie brilliant blue. Positions of 
molecular weight markers (in kDa) are indicated. C. Molecular characteristics of proOmpA derivatives with multiple copies 
of the periplasmic domain
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(Figure 1A). Compared to the original proOmpA molecule (347 amino acids; P1), a maximum 4-
fold increase in length was obtained with the proOmpA derivative containing eight repeats of the 
C-terminal domain (1397 amino acids; proOmpA-P8; Figure 1C). In the construction procedure 
also a cysteine residue was introduced at the extreme C-terminus of the protein, which enables 
its unique labeling with the thiol-reactive fluorescent dye, fluorescein maleimide. All proOmpA 
derivatives were highly expressed and could be purified from the SecA-compromised E. coli 
strain MM52 (Figure 1B).

Rate of amino acid translocation is independent of the preprotein length 

To examine how the length of the preprotein affects the SecA-dependent translocation reaction, 
translocation kinetics of C-terminal fluorescein labeled proOmpA derivatives were studied by 
using a protease protection assay followed by direct fluorescent detection in the gel (de Keyzer et 
al., 2002). Quantitative analysis of the labeling efficiency indicated that all proOmpA-derivatives 
were equally labeled with fluorescein maleimide, with an efficiency of ~45%. This ensures a 
uniform sensitivity of the assay for all proOmpA derivatives. Commonly, translocation reactions 

Figure 2. Translocation kinetics of proOmpA derivates with multiple copies of the periplasmic domain. A. Translocation 
of proOmpA - P1, P2, P4, P6 and P8 into IMVs derived from E. coli strain NN100 in the absence of a PMF. Reactions were 
carried out as described in Material and Methods. Std: 10% of the input material. B. Quantification of results showed in 
A. ProOmpA–P1 (black square/solid line), proOmpA-P2 (white triangle/dashed line), proOmpA-P4 (black circle/ small 
dashed line), proOmpA-P6 (white diamond/dash-dot line) and proOmpA-P8 (black up-side down triangle/dotted line).C. 
Experiments shown in (A) were used to determine the time required to detect full length translocation. To obtain more 
accurate data for proOmpA-P1 and P2, experiments were performed using shorter times of translocation. Data are an average 
of at least three independent experiments.
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are performed with non-saturating preprotein concentrations, i.e. radiochemical amounts of 
preprotein. This precludes a quantitative analysis of translocation as the initial rate will not 
be at maximal velocity. Therefore, we first examined the effect of preprotein concentration on 
the translocation rate of the shortest (proOmpA-P1) and longest (-P8) precursor protein. For 
both precursor proteins the maximal translocation velocity was reached at a precursor protein 
concentration of 0.1 µM (Figure S1, supplementary material). Therefore, this concentration was 
used in the rest of the translocation experiments  Because of the large size, the resolution of the 
SDS-PAGE gel was insufficient to detect the processing of proOmpA-P2, P4 P6 and P8 into 
their respective mature forms, whereas with proOmpA-P1 the precursor and mature form of the 
protein are clearly visible. Translocation of all fluorescein-labeled proOmpA derivatives into 
IMVs was dependent on SecA and SecB, and stimulated by the proton motive force (PMF) as 
observed for the wild-type proOmpA (data not shown). As the PMF alone can drive late stages of 
protein translocation, the presence of this energy source would make it impossible to analyze the 
effect of the precursor protein length on the SecA-driven translocation reaction. For this reason, 
all translocation reactions are performed in the absence of a proton motive force (Figure 2A). All 
proOmpA derivatives were translocated under those conditions, but clear differences in kinetics 
were evident. First, as compared to the wild-type protein (proOmpA-P1), longer proOmpA 
derivatives show an increased delay in time before translocation can be detected (120 and 30 
seconds for proOmpA-P8 and P1, respectively) (Figure 2B). The estimated delay times from 
three independent experiments were averaged and plotted as a function of the protein length. 
This revealed a near to linear relationship between the protein length and delay time (Figure 2C). 
Because all proOmpA derivatives are fluorescently labeled at their extreme C-terminus, the results 
indicate that for instance proOmpA-P1 is translocated faster across the membrane as compared to 
proOmpA-P8. Second, within the linear range of translocation, the translocation rate, expressed 
as amount of translocated preprotein (in moles) per minute, decreases reverse proportionally with 
the preprotein length (0.77 and 0.16 pmol/min for proOmpA-P1 and proOmpA-P8, respectively) 
(Figure 3A). This is consistent with the notion that a longer preprotein requires more time to be 

Figure 3. Translocation rate and ATP hydrolysis of proOmpA derivatives with multiple copies of the periplasmic 
domain. Experiments shown in Figure 2 were used to determine the initial rate of translocation of the different proOmpA 
derivatives and used to calculate (A) the initial rate expressed as amount of translocated preprotein (in pmol) per minute or 
(B) amount of amino acids (in pmol) per minute. C. Translocation ATPase activity of the different proOmpA derivatives. 
ProOmpA derivatives were translocated into IMVs from E.coli strain NN100 as described in Figure 2 and the amount of 
released inorganic phosphate was determined during the linear range of translocation. All data are an average of at least three 
independent experiments.

A B C
P

re
pr

ot
ei

n
tra

ns
lo

ca
tio

n
ra

te
(p

m
ol

/m
in

)

0.2

0.4

0.6

0.8

1.0
P1 P2 P4 P6 P8

0
20 40 60 80 100 120 140 160

Molecular size (kDa)

0

A
m

in
o

ac
id

tra
ns

lo
ca

tio
n

ra
te

(p
m

ol
of

aa
/m

in
)

100

200

300

400

500

0

Molecular size (kDa)

P1 P2 P4 P6 P8

AT
P

hy
dr

ol
ys

is
(n

m
ol

P
/m

in
)

i

P1 P2 P4 P6 P8

0.5

1.0

1.5

2.0

2.5

0

Molecular size (kDa)

20 40 60 80 100 120 140 1600 20 40 60 80 100 120 140 1600



31

SecA Motor

fully translocated across the membrane. Interestingly, when we express the translocation rate as 
the amount of amino acids translocated per minute, the numbers for all proOmpA derivatives 
are virtual identical (~270 pmol amino acid/min) (Figure 3B). This suggests that all proOmpA 
derivatives are translocated with similar constant rate. 
To investigate the ATP consumption during translocation, we measured the amount of free 
phosphate released per time unit during the linear range of translocation. The rate of ATP 
hydrolysis was similar for all proOmpA derivatives (~ 1.42 nmol free phosphate/min) (Figure 
3C). Taken into account that for each of the proOmpA derivatives the rate of translocation as 
expressed in number of amino acids per time is similar, the coupling efficiency to ATP hydrolysis 
is also comparable. From this data, it can be calculated that ~5 molecules of ATP are hydrolysed 
per translocated amino acid, which suggests a very poor coupling efficiency in these in vitro 
experiments. 

Figure 4. Translocation kinetics at different ATP concentrations. A. ProOmpA-P1 translocation into IMVs from E. coli 
NN100 cells at different ATP concentrations (5μM – 100μM). B. Quantification of results showed in A. ATP concentrations 
shown are 100 μM (white triangle/dashed line), 20 μM (black up-side down triangle/ small dashed line), 10 μM (white 
circle /dash-dot line) and 5 μM (black circle/dotted line). Translocation time required to detect full length translocation in 
relation to the ATP concentration for (C) proOmpA – P1 (P1) and (D) proOmpA-P8 (P8). Data are an average of at least three 
independent experiments. 
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SecA motor function determines the kinetics of translocation 

Our data indicate that the preprotein translocation rate, expressed as amino acid translocated per 
time interval, is independent of the length of the preprotein. To further examine the SecA motor 
activity, the influence of the ATP concentration on the translocation kinetics was determined. 
Reducing the ATP concentration below 20 µM leads to a drastic reduction in the translocation 
rate of proOmpA-P1 (Figure 4B) and a significant increase in the delay in time before full length 
translocation is detectable (Figures 4A and C). Similar observations were made for the longest 
preprotein proOmpA-P8 (Figure 4D). From these data, an apparent Km for ATP for translocation 
can be calculated of ~12-18 µM. These results demonstrate that the delay in full length translocation 
for longer preproteins (see Figure 2) is dependent on the SecA motor function. Taken together, the 
results demonstrate that the rate of protein translocation is controlled by the ATP concentration 
and independent from the length of the preprotein.

Discussion

In recent years, our understanding of the structure and function of components of the bacterial 
secretion machinery has increased considerably. However, the mechanism of energy coupling to 
preprotein translocation is only poorly understood. In addition, the kinetics of translocation has 
barely been studied quantitatively. ATP is an essential energy source and a key question concerns 
how ATP is utilized by SecA to drive translocation: Does SecA function as a uni-directional 
stepping motor that “pushes” the preprotein through the SecYEG channel, or does translocation 
proceed according to a molecular ratchet mechanism? In the latter mechanism, translocation 
would be driven by protein folding at the trans-side of the membrane while directionality to 
the process is provided by SecA, for instance by affecting unfolding at the cis-side and/or by 
preventing backsliding of the preprotein. An in vitro translocation assay employing proOmpA 
as substrate showed that the translocation reaction at low ATP concentration occurs through 
a number of intermediate steps (Schiebel et al., 1991; Uchida et al., 1995; van der Wolk et al., 
1997). These experiments suggested that SecA is a stepping motor and that a full cycle of ATP 
binding and hydrolysis results in the translocation of ~50 amino acids. Mechanistically, each 
step could be subdivided in two distinct translocation events of ~25 amino acids, i.e. one elicited 
by the binding of SecA to the preprotein translocation intermediate and one driven by binding 
of ATP to SecA (van der Wolk et al., 1997). On the other hand, hydrolysis of ATP is thought 
to drive the release of the preprotein from its association with SecA (Schiebel et al., 1991; 
Uchida et al., 1995; van der Wolk et al., 1997). It is, however, important to note that discrete 
proOmpA translocation intermediates have been observed only at low ATP concentration or 
when translocation is blocked by the addition of non-hydrolysable ATP analogues. It is also not 
known if a fixed step size is used throughout the translocation reaction. The possibility remains 
that other factors contribute to the efficiency of the translocation reaction such as folding at the 
cis- and trans-sides of the membrane (Arkowitz et al., 1993) or, for instance, interactions of the 
preprotein with the SecYEG pore wall. Finally, discrete translocation intermediates have not 
been reported for other preproteins. Therefore, the length and composition of the polypeptide 
chain may influence the phenomenological step size of protein translocation.
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We have analyzed the kinetics and energetics of the translocation of proOmpA derivatives of 
which the length has been systematically increased by adding, up to 8 in tandem, domains with 
a similar amino acid composition at the C-terminus of proOmpA. As repeating unit we have 
chosen the periplasmic domain of OmpA because this region is polar and clearly distinct from the 
membrane embedded β-barrel domain, which constitutes about half the length of the wild-type 
proOmpA. SecB preferentially binds the N-terminal β-barrel domain of proOmpA (MacIntyre et 
al., 1991). In agreement with this, we observed that the aggregation of all proOmpA derivatives 
was effectively suppressed by a stoichiometric amount of SecB (data not shown). We noted that 
an increase in the length of the preprotein resulted in a progressive increase in the delay time 
before full length translocation could be detected (30 seconds to up to 2 minutes for proOmpA 
and proOmpA-P8, respectively). From the linear range of the preprotein translocation reaction, 
an inverse relation was observed between the length of the preprotein and the translocation 
rate (from 0.77 pmol/min for proOmpA down to 0.16 pmol/min for P8 protein) (Figure 3A). 
Importantly, both the delay in time before full length translocation is detectable and the linear 
rate of preprotein translocation are dependent on the ATP concentration (Figure 4). This indicates 
that the observed effects are directly related to the SecA motor function. When we calculate the 
translocation rate expressed per translocated amino acid, similar values within the error range 
are obtained for proOmpA and proOmpA derivatives, i.e. ~ 270 amino acids per minute (Figure 
3B). Likewise, the calculated amount of ATP hydrolysed per translocated amino acid, in the 
linear range of preprotein translocation, is similar for all preproteins (5 mol ATP/translocated 
amino acid or 250 mol ATP/50 amino acids). These experimentally determined numbers are 
very high and more than expected for a translocation progress of ~50 amino acids per turnover 
of SecA (Schiebel et al., 1991; van der Wolk et al., 1997). Those high energetic costs are possibly 
due a fraction of proOmpA molecules that becomes jammed in the translocase, giving rise to 
an excessive ATP hydrolysis. At this stage, the poor coupling efficiency appears to be a general 
shortcoming/limitation of the E. coli in vitro assay (Driessen, 1992) rather than a reflection of a 
mechanistic requirement. For instance, for the translocation of the precursor of maltose binding 
protein the ATP-requirement seems much lower than observed for proOmpA.
The conditions employed in the in vitro assays represent multiple turnovers of the translocase 
(de Keyzer et al., 2002). The experimental data show that 4 molecules of proOmpA-P1 (in a total 
of 1388 amino acids) are translocated in the same time as 1 molecule of proOmpA-P8 (in a total 
of 1397 amino acids). This implies that, at least in vitro, processes such as protein targeting and 
initiation of translocation are only minor contributors to the total time required to translocate 
these proteins into the membrane vesicles. Moreover, these data strongly suggest that the actual 
translocation process is rate-determining.
The current data is consistent with a mechanism in which translocation occurs in discrete 
steps wherein each turnover of SecA results in the translocation progress of a fixed length of 
the preprotein. Therefore, this study provides independent support for a stepping mechanism 
of translocation. However, it should be noted that the data does not discriminate between 
a power-stroke or molecular ratchet mechanism per se. Translocation may be a combination 
of both mechanisms. For instance, the ATP-dependent SecA-mediated power-stroke may not 
be employed to actually push the preprotein across the membrane but instead may cause the 
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opening of the translocation channel which allows the diffusion of a fixed preprotein polypeptide 
length. To obtain a more precise estimate on the stepping mechanism, single molecule studies on 
translocation events are required. 

Materials and methods

Strains and materials 
Inner membrane vesicles (IMVs) containing overproduced SecYEG were isolated from Escherichia coli 
strain NN100 (SF100, unc-) (Nouwen et al., 2001) containing plasmid pET605 (Kaufmann et al., 1999). 
These membranes lack the entire F1F0-ATPase complex and consequently are unable to generate a proton 
motive force (PMF) upon addition of ATP. SecA (Cabelli et al., 1988) and His-tagged SecB (Fekkes et al., 
1998) were purified as described previously. 

Introduction of multiple periplasmic domains into proOmpA 
Cysteine-less OmpA from plasmid pNN208 was cloned into pUC19, resulting in plasmid pEK200. Next, a 
cysteine codon was introduced at the extreme 5’end of the ompA gene (pEK201) using the QuikChange™ 
site-directed mutagenesis kit (Stratagene). Subsequently, two unique restriction sites were introduced: i) a 
SalI site at the hinge region between the β-barrel and the periplasmic domain, and ii) a XhoI site just before 
the cysteine residue at the C-terminus (pEK203). The SalI and XhoI restriction sites have compatible 
cohesive ends that enable the duplication events. To duplicate the periplasmic domain, plasmid pEK203 was 
digested with EcoRI and XhoI and the fragment encoding OmpA without C-terminal cysteine residue was 
isolated (fragment A). Digestion of plasmid pEK203 with SalI and EcoRI resulted in a fragment encoding 
the periplasmic domain with the remaining vector (fragment B). Ligation of both fragments (A + B) results 
in an ompA gene with an additional periplasmic domain and a remaining XhoI restriction site that can be 
used for introduction of additional periplasmic domains. Using the procedure described above an ompA 
gene with 2, 4, 6 and 8 in-tandem repeats of the periplasmic domain was obtained (pEK206, pEK208, 
pEK209 and pEK210 respectively). For overproduction of proOmpA (termed proOmpA-P1) and proOmpA 
derivatives P2, P4, P6 and P8, genes encoding corresponding proteins were cloned (BamHI, HindIII) into 
expression vector pJF118, giving plasmids pEK204, pEK211, pEK212, pEK213 and pEK214, respectively. 

Purification and labeling of proOmpA and proOmpA derivatives 
ProOmpA and proOmpA derivatives were overproduced at 30 °C in strain MM52 (F-, ΔlacU169, araD139, 
rpsL, thi, relA, ptsF25, deoC1, secA51) (Oliver and Beckwith, 1981). After harvesting the cells, inclusion 
bodies were purified as described (Crooke et al., 1988). ProOmpA and proOmpA-P2, P4 and P6 were further 
purified using a Q-Sepharose column (Amersham Biosciences). ProOmpA-P8 was purified by gel filtration 
on a Superose 6HR 10/30 column (Amersham Pharmacia Biotech) in 50 mM glycine pH 10.0, 8 M urea, 1 
mM DTT (buffer A). Fractions containing proOmpA-P8 were pooled and concentrated on a Q-Sepharose 
column (Amersham Pharmacia Biotech) in buffer A or by the use of Centriprep YM-50 columns (Amicon 
Bioseparations). After purification proteins were dialyzed against 50 mM bis-Tris propane pH 7.4, 6 M urea 
(buffer B). ProOmpA-P1 and proOmpA derivatives were labeled with fluorescein maleimide (Molecular 
Probes) as described previously (de Keyzer et al., 2002). Free label was removed by extensive dialysis 
against buffer B. Proteins were stored at -80 °C. The labeling efficiency of the proteins was determined 
using absorbance values at 280 and 490 nm, respectively. 

In vitro translocation reactions 
In vitro translocation of fluorescein-labelled preprotein (de Keyzer et al., 2002) was assayed as described 
previously (Cunningham et al., 1989). Briefly, reactions were performed in translocation buffer (50 mM 
Hepes-KOH, pH 7.5, 5 mM MgClB2, 50 mM KCl, 2 mM DTT, 0.1 mg/ml bovin serum albumin [BSA]) with 
40 μg/ml SecB, 40 μg/ml SecA and 100 nM of urea-denatured preprotein (proOmpA-P1 or P2, P4, P6, P8). 
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IMVs containing high SecYEG levels (derived from E. coli NN100) were added to a final concentration 
of 40 μg/ml. Reactions were started by the addition of 1 mM ATP and incubated for various times at 37 
°C. Reactions were stopped by chilling on ice. Non-translocated material was degraded by proteinase K 
treatment (van der Wolk et al., 1997); thereafter the translocated material was analyzed by SDS-PAGE 
followed by direct in gel visualization using a Roche Lumi Imager F1 (Roche Molecular Biochemicals) (de 
Keyzer et al., 2002). Translocation efficiency is expressed as percent of input protein. The time required 
to detect full length translocation was determined from gels that have been exposed for 1 second using the 
fluorescence Imager. 
To analyze the effect of the ATP concentration on the kinetics of protein translocation, the in vitro 
translocation assay, as described above, was performed with low concentrations of ATP (5 to 100 µM) in 
the presence of an ATP regeneration system (10 mM phosphocreatine and 50 μg/ml creatine kinase). 

Translocation ATPase assay
Translocation ATPase activity of the different proOmpA derivatives was determined by taking samples 
in the linear range of protein translocation and measuring the amount of released free phosphate using 
the malachite green assay (Lill et al., 1989). All measurements were done in triplicate and values were 
corrected for background ATPase activity. 

Other techniques 
Protein concentrations were determined using a DC protein assay kit (Bio-Rad) with BSA as a standard.
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Supplementary material

Materials and methods

Effect of the protein concentration on the initial rate of  translocation 
To analyze the effect of the preprotein concentration on the initial rate of translocation, an in vitro 
translocation assay was performed with different concentrations of preprotein (0.5 – 0.01 µM).
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P8

Figure S1. Initial rate of translocation rate as function of the preprotein concentration. Translocation of proOmpA-
P1 and P8 into IMV’s derived from strain NN100 in the absence of PMF, was performed as described in Materials and 
Methods. 
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The SecYEG translocase is the main pathway for protein transport across the inner 
membrane of E. coli. For post-translational translocation, preproteins need to 
be in a translocation competent, loosely folded state. Both the N-terminal signal 
sequence and SecB affect the folding of preproteins prior to translocation. Whereas 
the signal sequence retards the folding rate of the mature preprotein domain, the 
chaperone SecB stabilizes the preprotein in an unfolded conformation. Structural 
information suggests that the translocase forms a narrow channel that may allow 
passage of preproteins only in a completely unfolded conformation. Therefore, 
further unfolding events may be required at the stage of translocation. Here we have 
studied the effect of the signal sequence and SecB on the folding and translocation 
of folding mutants of the mature maltose binding protein (MBP). Although the 
introduced mutations also affect the folding of the preprotein, the combined effects 
of the signal sequence and SecB on the folded state drastically overrule the folding 
stabilizing or destabilizing effects of the mutations. Consequently, the translocation 
kinetics and energetics of the folding mutants are indistinguishable from those of 
the wild-type preMBP. These data suggest that unfolding of the mature domain of 
MBP prior to translocation through the SecYEG channel is not a rate determining 
step in the translocation reaction.
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Introduction

In bacteria as for example Escherichia coli, translocation of the majority of proteins across the 
cytoplasmic membrane is mediated by the SecYEG translocase complex (Wickner et al., 1991; 
de Keyzer et al., 2003; Osborne et al., 2005). The translocase consists of the integral membrane 
proteins SecY, SecE and SecG which forms a protein conducting channel, and SecA, an ATP-
dependent motor protein. The cytosolic chaperone SecB guides unfolded secretory proteins to the 
translocase where they bind to SecA. Proteins are translocated as preproteins with an N-terminal 
extension, the so called signal sequence. The signal sequence has a tripartite structure and consists 
of a positively charged N-terminus (N-domain), a hydrophobic core domain (H-domain) and a 
more-polar C- terminal region that contains the signal peptidase cleavage site (C-domain). Signal 
sequences have previously been shown to retard the folding of the mature domain of secretory 
proteins thereby increasing the time window that SecB can interact with the preprotein (Park et 
al., 1988; Liu et al., 1989). SecB maintains preprotein in a translocation-competent state, a state 
that is generally assumed to correspond to a stabilized unfolded conformation of the preprotein 
(Lecker et al., 1990). In addition, SecB targets the preprotein to the SecYEG bound SecA (Hartl 
et al., 1990; Fekkes et al., 1999). Upon transfer to SecA, the preprotein is translocated through 
the SecYEG channel using the energy from ATP hydrolysis and the proton-motive force (PMF) 
(de Keyzer et al., 2003).
During translocation, preproteins are almost completely unfolded and they are threaded through 
the SecYEG channel in steps of discrete polypeptide lengths (Schiebel et al., 1991; Uchida et al., 
1995; van der Wolk et al., 1997). Preproteins in complex with SecB appear to be in a state with 
native like secondary structure and undefined tertiary structure (Lecker et al., 1990). Previously, 
it has been suggested that the degree of folding of a preproteins determines its SecA dependence 
and ATP requirement (de Cock and Randall, 1998). In that study, the translocation was analyzed 
of a series of preMBP derivatives containing mutations in the mature domain known to either 
stabilize or destabilize the folded state. For this purpose, preproteins were synthesized with an 
in vitro transcription/ translation reaction based on an E. coli cellular lysate and translocated 
into inner membrane vesicles. However, it remained unclear to what extent the presence of the 
signal sequence influences the folding behavior of these MBP mutants. Moreover, translocation 
of preMBP is strictly dependent on the molecular chaperone SecB that likely will influence the 
folding of the MBP mutants as well (Collier et al., 1988; Weiss et al., 1988). In order to resolve 
these issues, and to determine the relative impact of the signal sequence and of SecB on the folding 
and translocation energetics of preMBP, we have purified the precursors of folding mutants of 
MBP and analyzed their translocation in a well defined in vitro system. Our data suggest that 
the presence of a signal sequence and the strict requirement for SecB drastically overrules the 
effects of the mutations on the MBP folded state. It is concluded that during post-translational 
translocation of preMBP, unfolding of the mature domain is not the rate determining step. 
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Results 

Mutagenesis and purification of folding variants of preMBP

To investigate to which extent the folding status of a preprotein affects the translocation kinetics 
and energetics, we fused the native MBP signal sequence to MBP derivatives containing a 
mutation that either has been shown to destabilize (V8G, A276G, Y283D) or stabilize (T345I) 
the folded state of the mature domain (Figure 1A). The ΔG for urea-induced unfolding of MBP 
has been reported to be 10.5 kcal/mol. The V8G, A276G and Y283D mutations decrease ΔG by 
1.1, 1.5 and 3.2 kcal/mol, respectively. The T345I mutation increases the stability of the folded 
state of MBP by 0.7 kcal/mol (Chun et al., 1993). To fluorescently monitor the translocation with 
saturating amounts of preMBP (de Keyzer et al., 2002), a unique cysteine residue at position 51 of 
the mature domain was introduced to allow for fluorescent labeling. Control experiments showed 
that the introduced cysteine residue and its labeling with fluorescein maleimide did not affect 
the folding of (pre-)MBP (data not shown). Therefore, all folding mutations were combined with 
the single cysteine mutant of (pre)MBP which will be referred to as wild-type preMBP. Proteins 
were overproduced in the E. coli SecA mutant strain BL21.1 and the precursors were isolated and 
purified by anion exchange chromatography.

Folding of preMBP mutants 

To analyze the folding of the precursor form of MBP, purified preMBP was diluted from urea into 
the translocation buffer or a guanidine hydrochloride solution and the tryptophan fluorescence 
emission spectrum was recorded and compared with mature MBP. MBP contains eight tryptophan 
residues (positions 36, 88, 120, 155, 184, 256, 258, 366) (Spurlino et al., 1991) which previously 
have been shown to accurately record the folding state (Liu et al., 1988). In a GuHCl denatured 
state, preMBP and mature MBP exhibit a fluorescence emission maximum at 350 nm (Figure 2A, 
lines 3 and 4). Identical spectra were obtained for the denaturated preMBP mutants (Figure 2B). 
Upon dilution into the translocation buffer, the emission maximum for the mature MBP shifted 
to 344 nm with a 7-fold increase in intensity (Figure2A, compare line 1 and 3). This fluorescence 
spectrum reflects the native state of MBP as the renatured protein binds to an amylase resin (data 
not shown). A similar blue-shift was recorded for preMBP diluted from urea, but only a 2-fold 
increase in intensity was observed (Figure 2A, compare line 2 and 4). Likewise, the refolded 

Figure 1. Location of fold-stabilizing 
and destabilizing mutations in maltose 
binding protein and purification of 
precursors derivatives. A. Ribbon model 
of the structure of the E. coli maltose 
binding protein, MBP (PDB code 1ANF). 
The location of the introduced mutations 
(A51C, V8G, A276G, Y283D and T345I) 
is indicated by spheres and arrows. B. 
Fluorescent image of purified fluorescein 
labeled wild type and mutant preMBP 
analyzed by 12% SDS-PAGE. 
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preMBP mutants showed this typical blue-shift but their final fluorescence intensities differed 
and were lower as compared to refolded preMBP (Figure 2C). Interestingly, the T345I mutation 
that stabilizes the mature MBP folded state, destabilizes the folding of preMBP as monitored 
by tryptophan fluorescence (Figure 2C, line 5). These data demonstrate that the urea-diluted 
preMBP derivatives are all in a partially unfolded conformation. Moreover, the effect of the 
signal sequence on the folding of the mature MBP domain seems to largely overshadow the 
effects of the different point mutations on folding. 
(Re-)folded mature MBP is resistant to degradation by proteinase K (Randall et al., 1986). 
In agreement, the mature MBP diluted from urea solution (Figure 3A) is highly resistant to 
proteolysis. In contrast, preMBP showed an increased sensitivity to proteinase K digestion as 
compared to MBP. The preMBP variants with mutations that destabilize the folded state of 
mature MBP (V8G, A276G and Y283D) were even more sensitive to proteinase K digestion than 
preMBP, while the derivative that is predicted to fold more stably (T345I) exhibits a proteinase 
sensitivity similar to that of wild type preMBP. The proteinase sensitivity decreased in the 
following order: A276G > V8G > Y283D >> T345I ≈ preMBP >>> MBP. When (pre)MBP was 
diluted into a buffer containing the molecular chaperone SecB, thus representing a state that is 
competent for translocation, the precursor forms of the wild-type and mutant proteins show an 
even further increase in proteinase sensitivity while the resistance of the mature MBP was hardly 
affected (Figure 3B). Summarizing, these data demonstrate that mutations in the MBP mature 

Figure 2. Tryptophan fluorescence 
emission spectra of (pre)MBP 
derivatives. A. Emission spectra of 
the refolded (lines 1 and 2) and GuHCl 
denaturated (lines 3 and 4) mature and 
precursor form of MBP, respectively. 
B. Emission spectra of preMBP 
derivatives denaturated in 2.5M 
GuHCl. C. Emission spectra of refolded 
preMBP derivatives. 1,  preMBP; 2, 
preMBP(V8G); 3, preMBP (A276G);  
4, preMBP(Y283D); and 5, preMBP 
(T345I). 
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Figure 3. Proteinase K sensitivity 
of refolded (pre)MBP derivatives. 
A. 6 M urea denaturated fluorescein 
labeled proteins were diluted in the 
translocation buffer, incubated for 
15 min and subsequently treated 
with proteinase K for 30 min at 
4°C. Protease resistant (pre)MBP 
was analyzed by 12% SDS-
PAGE and fluorescent imaging. B. 
Quantification of the proteinase 
K (10 µg/ml) resistant (pre)MBP 
derivatives in the presence (black 
bars) or absence (white bars) of SecB.
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domain affect the folding of the precursor form, but this effect seems to be only marginally as 
compared to the impact of the signal sequence and in particular SecB on folding.

Translocation kinetics of folding mutants of the preMBP mature domain

To investigate the impact of the folding mutations on the kinetics and energetics of protein 
translocation, we performed in vitro translocation experiments with purified and fluorescein 
maleimide labeled preMBP derivatives (Figure 1B). To this end, preMBP was diluted 50 times 
from 6 M urea into a reaction mixture containing SecA, SecB and E. coli inner membrane 
vesicles (IMVs). Next, preMBP was allowed to fold for 5 minutes at 37°C, and translocation was 
initiated by the addition of ATP in the absence or presence of NADH/succinate to generate a 
proton motive force (PMF). Non-translocated precursor protein was removed by sedimentation 
and proteinase K treatment. Translocated (pre-)MBP was monitored by SDS-PAGE and in gel 
fluorescent detection. As noted previously, preMBP translocation is strictly dependent on the 
PMF (Geller, 1990) (Figure 4A) and strongly stimulated by SecB (Weiss et al., 1988; Kumamoto 
and Gannon, 1988) (Figure 4B). A similar dependence was observed with the preMBP folding 
mutants indicating that the mutations in the mature domain do not noticeably alter the strong 
PMF and SecB requirement for translocation. Next, the kinetics of translocation were monitored 
with a saturating concentration of preMBP (25 μg/ml; about 4-times above the apparent Km 
value) in the presence of SecB, SecA and a PMF. Under these conditions, wild-type preMBP is 
very rapidly translocated into IMVs (Figure 4C). Strikingly, the preMBP folding mutants were 
translocated with essentially identical kinetics as wild-type preMBP (Figure 4D). We therefore 
conclude that under substrate saturating conditions the rate limiting step in the SecB and PMF-
dependent translocation reaction is not determined by the folding status of the preMBP.

SecA and ATP requirement for translocation of folding mutants of the preMBP 
mature domain

Previously it has been suggested that more tightly folded preprotein would require more SecA 
for translocation as compared to unfolded preproteins (de Cock et al., 1998). To further test this 
hypothesis, translocation experiments with the various preMBP folding mutants were performed 
in the presence of different concentrations of SecA. Below 100 nM of SecA, the translocation 
kinetics of preMBP is limited by the SecA concentration (Figure 5A), and the translocation rate 
decreases almost linearly with the SecA concentration. However, we did not detect any significant 
differences in the SecA dependence of preMBP and the various folding mutants (Figure 5A). Also 
the translocation ATPase activity of SecA in the presence of the different preMBP derivatives 
did not differ from that observed with wild-type preMBP (Figure 5B). Moreover, in the absence 
of SecB, only a low level of SecA ATPase activity was observed for all preMBP derivatives 
which is consistent with the finding that SecB is almost strictly required for the translocation of 
preMBP and its folding mutants. These data demonstrate that folding mutations in the mature 
domain of MBP have little to no impact on the energetics and the SecA and SecB dependence of 
translocation. 
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SecA. Translocation reactions were performed in the presence of various concentrations of SecA protein (0-280 nM) and 
initiated by the addition of ATP and NADH/succinate. Std: 2.5% of the input material. B. Translocation ATPase activity of 
wild-type and mutant preMBP proteins in the presence (black bars) or absence (white bars) of SecB was measured in IMVs 
derived from E. coli strain NN100 expressing high levels of SecYEG. The amount of released phosphate was determined 
during the linear range of translocation. Data are an average of at least three independent experiments. 
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Discussion

Preproteins are generally assumed to be translocated through the SecYEG channel in an 
extended conformation (Randall et al., 1986; Lecker et al., 1989; Lecker et al., 1990). To promote 
and ensure an unfolded state prior to translocation, two main strategies are utilized. First, the 
signal sequence not only specifies targeting information but it also slows down folding of the 
mature preprotein domain (Park et al., 1988). Second, the molecular chaperone SecB stabilizes 
preproteins in an unfolded state prior to translocation (Randall et al., 1986; Collier et al., 1988). 
This unfolded state is characterized by a native-like secondary structure and undefined tertiary 
structure (Lecker et al., 1990; Breukink et al., 1992). Previous studies, however, suggested that 
the folding characteristics of the mature maltose binding protein (MBP) domain significantly 
affect the energetics of translocation (de Cock et al., 1998). Mutations in the MBP that destabilize 
the folded state rendered preMBP less dependent on SecA. Conversely folding stabilizing 
mutations rendered the protein more dependent on SecA. Importantly, these findings would imply 
that preMBP unfolding is a major rate-determining step in translocation and that the folding 
characteristics of the mature domain is a dominant determinant over folding counteracting 
factors such as the signal sequence and molecular chaperones such as SecB. It should be stressed 
that the impact of folding mutations on preMBP has only been studied for the isolated mature 
domain (Chun et al., 1993) and not in the context with the associated signal sequence and in the 
presence of SecB. Consequently, for simplicity in the study of de Cock and Randall (de Cock et 
al., 1998) it was assumed that the folding mutations would have a similar impact on the folding 
of preMBP as described for the mature domain. Since in that study only minute non-saturating 
radiochemical amounts of preprotein were used, it was not possible to separate possible kinetic 
effects such as an altered affinity for the translocase, from mechanistic differences in energetic 
requirements.
Here, we have analyzed the effect of point mutations in the mature domain of preMBP on the folding 
characteristics of the precursor. With the isolated mature MBP, these mutation dramatically affect 
folding by lowering or increasing the free energy of unfolding of MBP (10.5 kcal/mol) by up to 
3.2 kcal/mol for the Y283D mutant (Chun et al., 1993). We now show that these destabilizing and 
stabilizing mutations also affect the folding of preMBP, but that these effects are rather subtle as 
compared to the major impact of the signal sequence and of SecB on the folding. Since preMBP 
translocation is strictly dependent on SecB which has been shown to stabilize the unfolded state 
of preMBP, we did not observe any significant effect of the mature domain mutations on the 
kinetics of translocation when saturating concentrations of substrate are used. Apparently, the 
largely unfolded state of the preMBP mutants does not render these proteins SecB-independent 
for translocation. In this respect, in addition to its effect on folding, SecB fulfils a critical role 
in targeting of preproteins to the translocase (Hartl et al., 1990; Fekkes et al., 1999). Likewise, 
no significant effects were observed on the ATP utilization, the proton motive force and SecA-
dependence of translocation. This is at variance with early observations of de Cock and Randall 
(de Cock et al., 1998) who showed that under SecA-limiting conditions the preMBP mutants 
Y283D and A276G are translocated faster as compared to wild-type preMBP. Because in that 
study in vitro synthesized preMBP was used, the exact amount of produced preprotein is difficult 
to access. Also, the presence of protein synthesizing ribosomes may have resulted in some co-
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translational translocation of preMBP, while possible interactions with chaperones other than 
SecB in the cell lysate may have influenced the translocation kinetics.

Our data on the folding of the precursor forms provides an explanation as to why stabilizing and 
destabilizing of the mature domain have little impact on the kinetics and energetics of preMBP 
translocation. Clearly, the presence of the signal sequence and SecB overrule the effects of the 
point mutations on the folding of the mature MBP domain. As the post-translational translocation 
of preMBP absolutely requires a functional signal sequence and SecB, our data demonstrate that 
for preMBP, unfolding of the mature domain is not a rate determining step in the translocation 
reaction. It is of interest to note that the initial genetic screens for mutations in the mature domain 
were performed with preMBP mutants of the signal sequence that are unable to translocate (Cover 
et al., 1987; Chun et al., 1993). Apparently, a defective signal sequence can partially be overcome 
by mutations in the mature domain that slow down folding. It should be stressed, however, that 
such a genetic screen scores for rescuing the growth defective phenotype of cells when grown on 
maltose as a carbon source. Since only small amounts of translocated MBP suffice to compensate 
for this growth negative phenotype, the exact impact of such mutations may be difficult to access 
in vitro. Indeed, an analysis of the effect of the signal sequence mutations used to isolate the MBP 
folding mutants (i.e., A-14E and A-14P) showed little effect of the signal sequence mutations 
on the folding of preMBP (unpublished data). Also, the introduction of the translocation defect 
suppressing mutation in the mature domain in combination with the signal sequence mutation 
(i.e., A-14E/A276G and A-14P/A276G) did not restore translocation in vitro (unpublished data). 
This indicates that the mechanism of suppression is very complex. Since the functional aspects 
of the suppression were only observed in in vivo pulse chase experiments (Cover et al., 1987), 
and therefore one can not rule out that they functions in the co-translational (SecB independent) 
translocation of preMBP.
Taken together, our data show that the signal sequence and the binding of the molecular 
chaperone SecB largely determine the folding characteristics of preMBP. Consequently, folding 
stabilizing and destabilizing mutations in the mature domain contribute only marginally to the 
folding of preMBP and thus they do not significantly influence the kinetics and energetics of 
the translocation of preMBP. This implies that unfolding of the mature MBP domain prior to 
translocation through the SecYEG channel is not a rate determining step in the translocation 
reaction. Since not all secretory proteins are dependent on SecB for translocation, it will be of 
interest to analyze the effects of folding mutations on the translocation of such substrates.

Materials and methods

Strains and materials
Escherichia coli strain BL21.1 (BL21 (λDE3) leu::Tn10 secA51(Ts), McNicholas et al., 1995) was used to 
overproduce wild-type preMBP and derivates. SecA (Cabelli et al., 1988) and His-tagged SecB (Fekkes 
et al., 1998) were purified as described. Inner membrane vesicles (IMVs) were isolated from E. coli strain 
SF100 (F-, ΔlacX74, galK, thi, rpsL, strA ΔphoA(pvuII), ΔompT) (Baneyx and Georgiou, 1990) or NN100 
(SF100, Δ(uncB-C) zid::Tn10) (Nouwen et al., 2001) as described (Kaufmann et al., 1999). To obtain 
IMVs containing high levels of SecYEG, SF100 and NN100 cells were transformed with plasmid pET605 
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(Kaufmann et al., 1999) and grown in the presence of 0.5 mM IPTG. To remove endogenously bound SecA 
from the membrane, 200 μg IMVs were incubated for one hour with 30 μl polyclonal SecA antibody under 
constant mixing. Subsequently, IMVs were sedimented (20 minutes 80 000 rpm, TLA 120.1 rotor) through 
a sucrose cushion (25% sucrose, 50 mM Tris/HCl pH 8.0, and 1 mM DTT), washed with 50 mM Tris/HCl 
pH 8.0 and after a second centrifugation step resuspended into 50 mM Tris/HCl pH 8.0 and 20% glycerol. 
SecA stripped IMVs were stored in small aliquots at -80ºC.

Introduction of single mutations into the malE gene
The malE gene was cloned by PCR adding a NdeI site at the N-terminus 
(CCAACAAGGACCATAGCATATGAAAATAAAAACAGGTGC) and HindIII site at the C-terminus 
(CGCATCCGGCATTTCACAAGCTT ACTTGGTGATACGAGTC). Newly created restriction sites are 
underlined. After digestion with NdeI and HindIII, the malE gene was ligated into the NdeI/HindIII sites 
of pET3a (pNN226). A unique cysteine residue was introduced at position 51 of the mature domain using 
the QuikChange™ site directed mutagenesis kit (Stratagene) resulting in plasmid pNN227. This plasmid 
was used to introduce point mutations into the MBP mature domain (Table 1). 

Purification and labeling of preMBP and its derivatives
PreMBP and derivatives were overproduced at 30 °C in E. coli BL21.1 (BL21 (λDE3) leu::Tn10 secA51(Ts); 
a kind gift of Dr. D.B. Oliver, Wesleyan University, McNicholas et al., 1995). After harvesting the cells, 
inclusion bodies were isolated as described (Crooke et al., 1988) and solubilized in buffer A (50 mM Tris 
pH 9.0, 6 M urea). Proteins were purified by anion exchange chromatography (HiTap Q Sepharose column, 
Amersham Pharmacia Biotech) in buffer A. PreMBP containing fractions were combined and dialysed 
against buffer B (50 mM bis-Tris propane pH 7.4, 6 M urea). Mature MBP was overproduced at 30 °C in 
E. coli BL21 (DE3), isolated from the periplasm and purified by means of an amylose resin according to 
the manufacturer’s instructions (New England BioLabs). Fractions containing pure mature MBP were 
combined and concentrated using a Centriprep YM-50 column (Amicon Bioseparations). 
Fluorescent (pre)MBP derivatives were obtained by labeling the unique cysteine residue (C51) with 
fluorescein maleimide (Molecular Probes) (de Keyzer et al., 2002). Proteins were stored in small aliquots 
at -80°C. 

Tryptophan fluorescence and protease digestion
Purified (pre)MBP or derivatives thereof in a buffer B were diluted 100 times to a final concentration 
of 0.6 µM into buffer C (50 mM HEPES/KOH pH 7.4, 50 mM KCl, 2.5 mM MgCl2) with or without 
2.5 M guanidine hydrochloride (GuHCl, Fluka). Following 7 minutes equilibration at room 
temperature, the tryptophan fluorescence emission spectra were recorded (excitation wavelength 
295 nm; 4 nm bandpass) using a SLM Aminco Bowman® series 2 luminescence spectrometer. 

Table 1. List of plasmids used in this study

plasmid Mutation Codon Name

pNN226 - WT

pNN227 A51C GCG/TGC WT*

pEK215 A51C, V8G GTA/GGC V8G

pEK216 A51C, A276G GCG/GGG A276G

pEK217 A51C, Y283D TAT/GAT Y283D

pEK218 A51C, T345I ACC/ATC T345I
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Absorbance spectra of the same samples were recorded on a Varian Cary 100 UV-Visible spectrophotometer 
and used to correct for small differences in protein content (tryptophan emission spectra of all samples 
were standardized to an OD280 of 0.05).
Protease digestion of fluorescein labeled (pre)MBP derivatives (25 µg/ml) was performed in buffer C with 
or without SecB (53 µg/ml). After 15 minutes pre-incubation at 37 °C, proteinase K (0 - 1 mg/ml final 
concentration) was added and the reaction mixture was incubated for 30 minutes on ice. Reactions were 
stopped by adding PMSF, samples were trichloroacetic acid (TCA) precipitated and analyzed by 12% SDS-
PAGE and in-gel fluorescence using a Roche Lumi Imager F1 (Roche Molecular Biochemicals). 

In vitro translocation
Translocation into inner membrane vesicles (IMVs) was performed in buffer D (50 mM HEPES/KOH pH 
7.5, 5 mM MgCl2, 50 mM KCl, 2 mM DTT, 0.1 mg/ml bovine serum albumin [BSA]) containing 53 μg/ml 
SecB, 140 μg/ml SecA and 500 µg/ml IMVs. When necessary the translocation mix was supplemented 
with an energy mix (10 mM creatine phosphate and 50 μg/ml creatine kinase), 10 mM NADH and 5 mM 
succinate. Typically, urea-denatured preMBP (25 μg/ml) was added to above mixture and after 5 minutes 
at 37 ºC, translocation was started by addition of ATP (1 mM final concentration). Reactions were stopped 
by chilling in an ice-water bath. To remove protease resistant non-translocated preMBP, the 50 µl of the 
reaction mixture was layered on a 200 µl sucrose cushion (0.2 M sucrose, 50 mM HEPES/KOH pH 7.5, 
50 mM KCl, 2.5 mM MgCl2) and centrifuged for 30 min at 70.000 rpm in a TLA 120.1 rotor at 4 ºC. The 
IMVs were resuspended in 50 µl buffer C and treated with proteinase K (0.1 mg/ml). After 30 min on ice, 
the protease was inactivated with PMSF (1 mM final concentration) and the protease protected material 
was precipitated with 5% TCA, washed with ice-cold acetone and analyzed by 12% SDS-PAGE and in-gel 
fluorescence using a Roche Lumi Imager F1 (Roche Molecular Biochemicals) (de Keyzer et al., 2002). To 
dissipate the PMF, nigericin and valinomycin (2 µM final concentration) were added to the translocation 
reaction.

Translocation ATPase assay
Translocation ATPase activity was determined using IMVs derived from E.coli strain NN100 containing 
high levels of SecYEG. The samples were taken from the linear range of translocation with or without 53 
μg/ml SecB, and the released free phosphate was measured by using the malachite green assay (Lill et 
al., 1989). All measurements were done in triplicate and values were corrected for background ATPase 
activity.

Other techniques
Protein concentrations were determined using a DC protein assay kit (Bio-Rad) with BSA as a standard.
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Protein folding in the cell is assisted by chaperones. These proteins facilitate the 
proper folding as well as the degradation of misfolded proteins. SecB is a molecular 
chaperone involved in the protein translocation across the cytoplasmic membrane 
of Escherichia coli. SecB maintains preproteins in the loosely folded state and 
targets them to the SecYEG-bound SecA motor protein. Here we have employed a 
new technique, optical tweezers, to analyze the mechanism of the SecB-preprotein 
interaction at the single molecule level. As a model protein, the periplasmic maltose 
binding protein (MBP) was chosen. In the used setup, the unfolding and refolding of 
MBP was a reversible process and involved a distinct unfolding intermediate that 
could be identified as a C-terminal MBP polypeptide stretch by steered molecular 
dynamics simulations. Complete MBP unfolding occurred at a force of 25 pN. 
The presence of SecB did not stimulate unfolding of native MBP, but stabilizes a 
completely unfolded state once the MBP was unfolded by the optical tweezers. 
We propose that SecB specifically binds to early folding intermediates thereby 
interfering with stable folding. Since SecB stabilizes a very low energy unfolding 
state of MBP, the energy requirement for unfolding during the translocation reaction 
will be limited.
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Introduction 

Chaperones are involved in a multitude of processes such as protein folding, assembly of 
complexes, degradation of aggregates and protein translocation (for reviews see Mayer et al., 
2005; Zhou and Xu, 2005; Stirling et al., 2006). In general, chaperones assist in these processes 
by regulating the folding status of the proteins. Remarkably, chaperones often have a very low 
specificity towards their substrates. However, hydrophobic segments in an extended polypeptide 
chain, which are typical for unfolded or misfolded proteins, are a common recognition motif for 
chaperones (Schmid et al., 1994; Zhu et al., 1996). Proteins are synthesised in the cytoplasm. 
However, in order to exert their function, some proteins need to be transported to a different 
subcellular compartment or outside the cell. In this process, the protein has to be translocated 
across at least one pospholipid bilayer. This can be achieved in two ways: 1) via co-translational 
translocation where the translocation across the membrane occurs in conjunction with the protein 
synthesis or 2) via post-translational translocation, where the protein is first synthesized to its 
full length whereupon it is translocated across the membrane (reviewed in Osborne et al., 2005). 
In the second mode, the preprotein has the possibility to fold. As protein transport systems in 
general can only translocate proteins in a largely unfolded conformation, proteins transported 
via post-translational translocation must either be kept in an unfolded state or be unfolded 
during translocation (Randall et al., 1986; Matouschek, 2003). In Escherichia coli, a specific 
chaperone, SecB, plays a crucial role during the translocation (for reviews see Driessen, 2001; 
Zhou et al., 2005). SecB binds to newly synthesized preproteins and prevents their folding, thus 
maintaining preproteins in a translocation competent state (Lecker et al., 1989; Liu et al., 1989; 
Lecker et al., 1990). Proteins in complex with SecB have native like secondary and some tertiary 
structure elements (Lecker et al., 1990; Breukink et al., 1992), but the exact conformational 
state is unknown. Using a peptide scanning approach, a weakly defined SecB-binding motif 
was determined. This SecB-binding motif is a peptide stretch of 9 residues that contains mostly 
aromatic and basic amino acids (Knoblauch et al., 1999). Biochemical studies have shown that 
SecB is a homotetramer that binds preproteins in a one-to-one ratio (Lecker et al., 1989; Liu et 
al., 1989; Kumamoto, 1989), whereas it can bind small unfolded protein substrates in a one-to-
four ratio (Fekkes et al., 1995; Panse et al., 2000). This suggests the existence of four protein-
binding (sub-)sites. Indeed, the crystal structure of the SecB tetramer shows the presence of four 
protein-binding subsites that are localized around the molecule. These subsites are fused into 
two long peptide binding grooves on each side of the SecB tetramer (Xu et al., 2000). Based on 
this structural feature it has been suggested that an unfolded protein is wrapped around SecB in 
a continuous binding frame (Xu et al., 2000). However, since secretory proteins contain multiple 
potential SecB binding sites (Knoblauch et al., 1999) it is also possible that the preprotein binds 
to SecB via four independent sites. 
To analyze the molecular details of the SecB/preprotein interaction, we have employed the optical 
tweezers technique (for review see Mehta et al., 1999). Optical tweezers have been successfully 
used to study the protein folding of titin (Kellermayer et al., 1998) and ribonuclease H (Cecconi 
et al., 2005) and the action of molecular motors, such as myosin (Molloy et al., 1995) and kinesin 
(Svoboda et al., 1993). In our experimental set-up, we have combined several described features 
which allowed us to measure the effects of SecB on (pre)protein folding and unfolding at the 
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single molecule level. As model substrate, we have chosen the periplasmic maltose binding 
protein (MBP), as this protein has been extensively used to study the relation between protein 
folding and translocation (Collier et al., 1988; Park et al., 1988; Randall et al., 1990; Chun et al., 
1993; Topping et al., 1997; de Cock et al., 1998). Translocation of preMBP is strongly dependent 
on SecB (Collier et al., 1988; Weiss et al., 1988) and SecB has been shown to prevent folding of 
MBP into a protease resistant conformation (Collier et al., 1988). In our optical tweezers set-up, 
we show the reversible unfolding and folding of MBP with the occurrence of a stable unfolding 
intermediate. Interestingly, the presence of the molecular chaperone SecB had a drastic effect on 
the folding characteristics of MBP. The observed effects will be discussed in relation to the role 
of SecB in protein translocation.

Results

Construction of a MBP derivative for optical tweezers experiments

The molecular chaperone SecB binds to preproteins and maintains them in a “loosely folded” 
translocation competent conformation (Lecker et al., 1989; Liu et al., 1989; Lecker et al., 1990; 
Breukink et al., 1992). To study the SecB-preprotein interaction at the single molecule level we 
constructed an optical tweezers set-up as shown in Figure 1. In this set-up, the C-terminal end 
of a (pre-)protein is attached to an immobilized polystyrene bead on a micropipette and the N-
terminal end is connected via a DNA-linker to a second polystyrene bead that is trapped in a laser 
beam. MBP consists of two interconnected globular domains (Spurlino et al., 1991). The contour 
length of the fully extended polypeptide chain is around 120 nm (based on a contour length of 
0.32 nm per amino acid). To make a connection between the micropipette bead and the DNA 
linker, several modifications in the wild type MBP were made (Figure 2). First, a unique cysteine 
residue and Gly-Arg-Gly-Ser linker (CGRGS), were added to the amino-terminus (N-terminus) of 
MBP. The cysteine residue is subsequently biotinylated with biotin-maleimide, thereby allowing 
an interaction of the N-terminus of MBP with the biotinylated DNA-linker using streptavidin 
as connection intermediate. Second, a myc epitope was introduced at the carboxy-terminus (C-

Figure 1. Schematic representation of the optical tweezers setup as used to study the unfolding of the maltose 
binding protein (MBP). To manipulate MBP it is attached to a polystyrene bead on a micropipette and via an DNA linker 
to a polystyrene bead trapped in a laser beam. 

micropipette non-covalent
links

DNA linker optical trap

protein
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terminus) of MBP to allow the interaction with a polystyrene bead that is covered with anti-myc 
antibodies. Initial experiments showed that a single myc epitope only supported a weak binding 
to anti-myc coated beads. Introduction of four in-tandem myc epitopes, however, drastically 
increased the binding to anti-myc beads (data not shown). The advantage of using of a DNA-
linker for the connection is that it increases the distance between MBP and polystyrene beads. 
This not only prevents effects of the laser beam on the protein but also minimalizes the interaction 
of possible exposed hydrophobic parts during unfolding of MBP with the bead surface. The 
modified MBP interacted with an amylose resin and bound to SecB in a pull-down assay (data not 
shown). This indicates that the introduced modifications do not alter the folding characteristics 
and SecB binding properties of MBP.  

Optical tweezers measurements

In the experiments a similar flow cell with the micropipette set-up is used as described in the 
Appendix. To allow the separate introduction of SecB to the reaction chamber, the system was 
supplemented with an additional input channel. In a typical protein unfolding experiment using 
optical tweezers a specific order of events is expected (Figure 3). The experiment starts by 
bringing the two polystyrene beads in very close vicinity of each other to allow the formation of 
a connection (tether) between the protein and the DNA-linker (a). Next, the piezo stage is moved 
with a constant speed till a maximum (preprogrammed) force is reached. In case of a tether, 
increasing the distance between the beads will first lead to stretching of the DNA linker (b, 
Stretch phase). At a specific force (Funf), unfolding of the protein occurs (c). After the unfolding 
event, the tether is kept at the maximum preprogrammed force (Hold phase) to confirm the 
full unfolding of the protein (no additional drops in the force/extension curve). Subsequently, 
the distance between beads is decreased, resulting in the relaxation of the tether and (possible) 
refolding of the protein (d, Relaxation phase). Above described events are analyzed by plotting the 
experimentally determined change in length of the tether (extension) as function of the applied 
force (Figure 3B). In the experiments, the movement of the piezo and applied force are computer 
controlled by a special program called “FU sweep mode” (see Materials and methods). 
The increase in contour length of the DNA and DNA/protein complex was calculated by fitting 
the worm like chain model (WLC) of polymer elasticity on the experimentally determined 
consecutive stretch and relax curves (Bustamante et al., 1994). 

MBP folding behavior 

Before analyzing the effect of SecB on MBP, the unfolding and folding characteristics of mature 
MBP was studied. Unfolding of MBP results in typical force-extension curve as represented 
in Figure 4A. After stretching the DNA (stretch phase, black solid line), a rapid double drop in 
force (transitions) was observed at forces of 29 and 24 pN. These rapid transitions correspond to 

Figure 2. Schematic representation of the MBP- and MBP4-
derivative that is used in the optical tweezers experiments. The 
unique N-terminal cysteine residue, the GRGS linker, MBP and the 
four myc-tags are indicated by grey, hatched, black and white boxes, 
respectively. 
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Figure 3. The different stages in a MBP unfolding and refolding experiment - schematical (A) and graphical (B) 
representation. (a) Formation of the connection (tether) between MBP and the DNA linker. Two different polystyrene beads 
containing MBP and a DNA linker, respectively, are brought in very close proximity of each other (F0). A tether between 
MBP and the DNA linker is made via biotin-streptavidin interactions. (b) Stretch phase. The tether is stretched by moving the 
micropipette with a constant speed away from the optical trap. In this phase the DNA linker stretches (F > 0). (c) Unfolding 
of the protein. In this phase MBP unfolds which leads to a sudden decrease in force and a rapid increase in tether length (Funf). 
(d) Relaxation phase. In this phase the distance between the two beads is decreased thereby allowing the tether to relax (F0) 
and MBP to refold.
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protein unfolding events. A further increase in the applied force till 30 pN did not change the 
distance between two beads, suggesting that MBP was fully unfolded. Subsequently, the force 
applied to the beads was lowered (relaxation phase, dotted black line) and the protein was allowed 
to refold. Experimentally determined stretching and relaxation curves seem to follow the curves 
calculated from the WLC model, and correspond to the dsDNA linker and DNA/polypeptide 
construct, respectively. During the second stretch, the observed force-extension plot (dark grey 
line) initially follows the calculated WLC curve for dsDNA stretching. This suggests that MBP 
was completely refolded during the previous relaxation phase. Next, two unfolding events were 
observed, as indicated by two fast transitions in the curve at 8 and 32 pN, respectively.

The observed distance between the stretch and relaxation curves calculated from the WLC fits of 
the DNA and DNA/protein curves, was 120 nm which corresponds to the size of a fully extended 
MBP molecule. The unfolding forces measured from different tethers (94 events) gave an average 
unfolding value of 25.4 pN ± 8.6 pN (Figure 4C). The constant distance between the refolded and 
unfolded state of a repeatedly unfolded MBP and the similar unfolding force (~25 pN) suggest 
that the refolding process of MBP is reversible and that the refolded state most likely represents 
the native state of the protein. In most cases, MBP unfolds in a single step. Occasionally two 
transitions during the unfolding of MBP were observed suggesting the existence of unfolding 
intermediates. To investigate whether the observed events are due to MBP unfolding, a fuether 
control experiment without MBP was performed. Tethers, created between a bead covered 
with anti-myc biotinylated antibodies and a bead with a streptavidin-biotin-DNA linker, show 

Figure 4. Unfolding of MBP and MBP4 by optical tweezers. A. Typical force-extension curves as observed for repetitive 
unfolding of MBP. After formation of tether, MBP was unfolded by moving the piezo stage with a constant speed (7 pN/s) 
till a maximum force of 35 pN is reached. Three consecutive unfolding events of MBP are shown (black, dark grey and light 
grey lines, respectively). B. Typical force-extension curve as observed for the unfolding of MBP4 (black line). Stretch and 
relax curves are represented by solid and dotted lines, repectively. The calculated WLC curves for a dsDNA linker with a 
contour length (LDNA) of 920 nm (triangle), DNA/protein complexes with different polypeptide contour lengths Lprot (circle, 
square, triangle and cross) and DNA with fully extended protein LMBP = 120nm and LMBP4 = 480 nm (diamond) are shown. 
C. Histogram of the unfolding forces of MBP as determined from force-extension curves shown in A) n=94 events from 27 
different MBP molecules. D. Histogram of the unfolding forces of MBP4 as determined from force-extension curves shown 
in B n=26 events from 7 different MBP4 molecules. A Gaussian fit is indicated.
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a typical DNA stretching curve (> 60 pN) without any sudden drops in force (data not shown). 
This indicates that the events observed with the MBP-DNA construct are specific for MBP.  

To increase the number of unfolding events in a single experiment and to reduce potential surface 
effects between MBP and the surface of the polystyrene bead on the micropipette, we constructed 
a MBP derivative (MBP4) containing four MBP molecules which are connected via a GRGS 
linker, which is a flexible polypeptide segment (Figure 2). Constructs with multiple in tandem 
repeats of a protein were applied previously in measurements of protein unfolding (Kellermayer 
et al., 1998; Carrion-Vazquez et al., 2003; Brockwell et al., 2003; Ainavarapu et al., 2005). Like 
for the single MBP, a unique cysteine residue and four myc-tag epitopes were introduced at 
the N- and C-terminus, respectively, to couple the protein to two distinct polystyrene beads. 
Tryptophan fluorescence, protease resistance and binding to amylose indicated that the MBP4-
derivative folds like native MBP (data not shown). 
The force-extension curve of MBP4 shows a classical saw-teeth pattern characteristic for 
polyproteins (Carrion-Vazquez et al., 2003), with separate peaks for unfolding of a MBP 
subunit (Figure 4B). Like for the single MBP, the stretch curve initially follows the dsDNA 
WLC behavior. However, in contrast to single MBP, at ~10 pN, a moderate plateau (hump) was 
observed. A further increase in force results in four major unfolding events at forces between 
15 and 21 pN. The presence of a plateau in the force-extension curve suggests an early gradual 
unfolding event. The distance between each event was calculated from WLC-fitted curves. This 
showed that the total length of the tether (~480 nm) corresponds to the contour length of MBP4 
and that the four observed major transitions were similar in length (~92 nm) and force (22 pN ± 
4.1 pN; Figure 4D). This value corresponds to the unfolding force observed in experiments with 
the single MBP (~25 pN), suggesting that every transition represents the unfolding of a MBP 
subunit in the MBP4 molecule. The relaxation curve does not show separate refolding events. 
Moreover, a second stretch resulted in a strong, shorter tether, which could be extended up to the 
point of overstretching the DNA linker without the observation of any distinct unfolding events 
(data not shown). This suggests that the separate unfolded MBP subunits in the MBP4 molecule 
do not refold correctly and likely form a single stable protein aggregate. 

MBP unfolding intermediate

In most of the experiments, the MBP4 force extension curve shows a “hump” with a length of 
~ 112 nm (Figure 4B, hump). Closer examination of this “hump” point to multiple small force 
drops which suggest the presence of separate individual unfolding events. Interestingly, some 
force extension curves using the single MBP construct showed a gradual transition below ~15 
pN with a contour length of 25 - 30 nm. Thus, it is plausible that the extended hump of 112 nm is 
the cumulative effect of this process in the four repeats. The crystal structure of MBP does not 
suggest any obvious unfolding intermediates. For this reason, we employed steered molecular 
dynamic (SMD) simulations to investigate unfolding of mature MBP. In the simulations, the 
MBP molecule was unfolded by pulling on the N or C-terminus, respectively. These simulations 
revealed that the C-terminal part of MBP (residues 287-370) unfolds at much lower forces than 
the remainder of the protein, irrespectively whether pulling occurred at the C- or N-terminus 
(Figure 5A). The small differences in the unfolding pattern from N- and C-terminus are due to 
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fast pulling rate since with ten times lower speed of unfolding, a consistent picture is obtained 
(data not shown). The C-terminus of MBP consists of α-helices which are positioned at the protein 
surface and can be “peeled off” from the MBP structure in a consecutive manner (Figure 5B). 
The remaining very stable structure (core) consists of amino acid residues 6 – 284. The contour 
lengths for the C-terminal and core structures are 28 and 92 nm, respectively. These values agree 
very well with the values as calculated from the experimental data. We therefore believe that the 
observed “hump” in the force extension curve of MBP4 corresponds to four unfolding events of 
the C-terminal end (4 x 28 nm) in MBP as predicted from the SMD data. 

Effect of SecB on the MBP folding behavior

The observed reversible unfolding and folding with the single MBP construct enabled us to 
analyze the effect of the chaperone SecB on the folding process (Figure 6A). Herein, initially a 
typical stretching/relaxation measurement was performed in order to confirm the presence of a 
tether and the proper refolding of MBP. Subsequently, SecB was added to the reaction chamber 
of the flow cell and the measurement was continued. A typical experiment of MBP (re)folding in 
the presence of SecB is shown in figure 6A. When SecB was added to the flow cell at the end of 
the relax phase, i.e., the slack phase of FU sweep mode (arrow), the first obtained force-extension 
curve seems to follow the WLC model for dsDNA and DNA/protein. This confirms that MBP 
was (re)folded in the previous relaxation phase. The fact that the unfolding force is the same in 
the absence and presence of SecB during the first unfolding events, shows that SecB does not 
promote unfolding of MBP. In the second and following stretching experiments, however, the 

Figure 5.  In silico unfolding of MBP using steered molecular dynamics (SMD) simulations A. MBP was unfolded in 
silico by attaching an unfolding spring to the C-terminus (left pictures) or N-terminus (right pictures) while the other end was 
fixed. Only four snapshots (0, 2, 4 and 6 ns) of the fast unfolding process (1 nm/ns) are shown. Figures were prepared using 
the VMD program. B. Crystal structure of MBP (PBD file: 1JW4). The C-terminal part of MBP (residues 285–370), which 
unfolds during SMD simulations is shown in black.
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force-extension curves seem to follow solely the WLC curve of DNA/protein. This indicates that 
the presence of SecB completely abolishes the refolding of MBP in the relaxation phase. Overall, 
these data suggests that SecB does not unfold the protein, but that it binds to already unfolded 
MBP and thereby prevents the formation of folding into the native state. Careful analysis of 
the force-extension curves in the presence of SecB did not reveal any transitions in force. This 
suggests that either SecB is bound at one location and can remain effectively bound, or that the 
single SecB binding occurs at multiple locations that bind and unbind rapidly, events that are not 
detected in the stretch experiments which take on the order of tens of seconds. 
Next the effect of SecB on the folding of MBP4 was examined. Since MBP4 aggregates in the 
relaxation phase after the first unfolding, SecB was present from the start of the experiment. 
Typical force extension curves obtained from the experiments using MBP4 are presented in 
Figure 6B. As with single MBP, the first force-extension curve shows a pattern that is similar 
to the curve obtained without SecB; early unfolding events at low forces (the “hump”) and four 
major unfolding events at forces between 20 - 25 pN. However, in contrast to experiments without 
SecB, the force-extension curve follows the previous relaxation curve and not a force extension 
curve typical for dsDNA. This suggests that SecB prevents the aggregation of MBP4 in the 
relaxation phase and that it maintains the protein in a completely unfolded conformation.
The clearly distinct unfolding of the C-terminus and core of MBP using the MBP4 derivative 
allowed us to investigate the effect of SecB on both reactions. To this end, unfolding of solely 
the C-terminal α-helices was established by keeping the force below 20 pN. At these low forces, 
reversible unfolding and refolding events could be observed (Figure 7). Remarkably, the presence 
of SecB did not affect this unfolding and refolding of the C-terminal α-helices whereas this 
region does contain a putative SecB recognition site (Knoblauch et al., 1999). However, once 
the core of MBP has been completely unfolded at high forces, binding of SecB apparently also 

Figure 6. Effect of SecB on the mechanical unfolding of MBP. Typical force extension curve for the unfolding of MBP 
(A) and MBP4 (B) in the presence of SecB. Two repetitive unfolding events of MBP(4) are shown (black and grey lines, 
respectively). Stretch and relaxation curves are represented by solid and dotted lines, respectively. The calculated WLC 
curves for the dsDNA linker (triangle) and DNA/polypeptide construct (diamond) are shown. The addition of SecB is 
indicated by arrow.
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disturbs the interaction of the C-terminal α helices with the core of MBP as under this condition 
no unfolding of protein domains is observed. 

Discussion

In Escherichia coli the majority of secreted proteins are translocated post-translationaly across 
the cytoplasmic membrane. As proteins have to cross the cytoplasmic membrane via a narrow 
pore formed by the protein conducting channel SecYEG but normally also fold very rapidly 
after their translation, the cell has to prevent folding or actively unfold proteins during post-
translational translocation. In E. coli, the chaperone SecB interacts with many newly synthesized 
preproteins and keeps them in a “translocation competent” state (for review see Zhou et al., 
2005). The exact features of this loosely folded SecB bound state have not been determined 
(Lecker et al., 1990; Breukink et al., 1992). Also very little is known about the molecular details 
of the preprotein-SecB interaction. 
Here we have used optical tweezers to study the effect of SecB on the folding and unfolding of the 
periplasmic maltose binding protein (MBP) at the single molecule level. This technique allowed 
us to measure the macromechanical properties such as extension and force during the folding/
unfolding of MBP (for review see Mehta et al., 1999). The obtained force-extension curves showed 
that MBP could be repeatedly unfolded and refolded with a main unfolding event occurring at 
a force of ~ 25 pN. This is in the same range as earlier describes values for the unfolding of 
tenascin (47 pN) (Oberhauser et al., 1998), spectrin (22 pN) (Rief et al., 1999) and ribonuclease 
H (17 pN) (Cecconi et al., 2005). (Since unfolding force depends on the pulling speed (Wilcox 
et al., 2005), the published unfolding forces reported for these proteins were extrapolated to the 
speed used in our set-up (7 pN/s)). 
Using a fusion protein with MBP molecules in tandem revealed the existence of an very distinct 
intermediate in the unfolding of MBP. Steered Molecular Dynamic (SMD) simulations indicate 
that this intermediate corresponds to a stably folded N-terminal part of MBP (residues 5-285; 
core domain) and an unfolded C-terminal region. The latter part of MBP is composed of α-
helices which in the crystal structure are wrapped around the core domain. According to the 
SMD simulation, the C-terminal α-helices are the first parts in MBP that are peeled off from the 

Figure 7. Effect of SecB on the unfolding and refolding of 
the C-terminus of MBP4 After formation of tether, solely C-
terminal α-helices were unfolded by moving the piezo stage 
with a constant speed (7 pN/s) till a lower force (< 20 pN) is 
reached. Two consecutive unfolding events are shown (black 
and grey lines, respectively). Stretch and relaxation curves are 
represented by solid and dashed lines, respectively. The WLC 
curves corresponding to the DNA linker (triangle) and DNA/
protein intermediate (Lint = 112 nm, diamonds) are shown. 
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structure during mechanical pulling from the N- or C-terminus. Interestingly, folding of the N-
terminal domain has previously been proposed to be rate limiting step during re-folding of MBP 
(Gannon et al., 1989; Chun et al., 1993; Diamond et al., 1995). Moreover, all mutations that have 
been experimentally shown to destabilize the MBP structure (V8G, A276G, Y283D; Chun et al., 
1993) map to the N-terminal core domain of the protein. 
As MBP could be repeatedly unfolded and refolded in our optical tweezers setup, we used it to 
study the effect of SecB on MBP (un)folding. Addition of SecB to folded MBP had no effect on 
the unfolding. However, once MBP is unfolded, SecB prevents the MBP refolding by keeping it 
in a completely unfolded state. This finding explains previous biochemical data that showed that 
SecB keeps preproteins in protease sensitive, translocation competent state (Lecker et al., 1990; 
Breukink et al., 1992). In addition, our optical tweezers data show that there is no stable tertiary 
structure in MBP when bound to SecB. Careful analysis of many consecutive force-extension 
curves in the presence of SecB did not reveal any significant transitions in force or contour length 
that could reflect release or binding of SecB from/to MBP. This suggests that the interaction 
between SecB and MBP may be short lived and possibly occurs only at very low forces. Moreover, 
this observation is in agreement with the so called kinetic partitioning model which proposes that 
the SecB-preprotein interaction is determined by a kinetic partitioning between the rate of protein 
folding and association with SecB (Fekkes et al., 1995; Khisty and Randall, 1995; Topping et al., 
1997; Diamond and Randall, 1997). Taken together, our optical tweezers data demonstrate that 
SecB does not accelerate the unfolding rate of MBP. Rather, by interacting early in the folding 
pathway, it prevents folding of MBP into a stable tertiary conformation.
 SecB has been proposed to bind to the N-terminal part of MBP (Randall et al., 1986; Collier 
et al., 1988; Topping et al., 1997). The optical tweezers data with MBP4 show that SecB does 
not affect the low force unfolding intermediate. This either implies that the C-terminus of MBP 
does not contain a true SecB binding site, or that folding of the C-terminus occurs faster than 
SecB binding under the conditions employed. SMD simulations indicate that unfolding of the N-
terminal core region requires much higher forces than needed for the unfolding of the C-terminal 
domain. The core domain comprises two individual regions with high β-sheet content. Formation 
of these structures is likely critical during re-folding of MBP. Interestingly, two of the MBP-
derived peptides that bind strongly to SecB localize in both of these two subdomains (Knoblauch 
et al., 1999). It seems therefore plausible that binding of SecB to these structures prevent folding 
of the core domain.
SecB targets the bound preprotein to the SecYEG-bound SecA (Hartl et al., 1990; Fekkes et al., 
1999). Our optical tweezers data demonstrates that MBP when bound to SecB, does not contain 
stable tertiary structure. Consequently, the energy required to unfold MBP prior to translocation 
through the narrow pore formed by the protein conducting channel SecYEG will be very low. 
Such limited energy requirement for unfolding prior to translocation is supported by a recent 
in vitro study (Chapter 3). In this study the energy requirement for the translocation of MBP 
folding mutants was determined. Irrespective of the stability of the MBP folded state (less or 
more stable folded), the kinetics, SecA-dependence, energy requirement and ATP consumption 
was similar to the wild-type protein. As all mutants were shown to be absolutely SecB-dependent 
for translocation this finding is easily explained by our optical tweezers data that showed that 
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MBP has no stable tertiary structure when is in complex with SecB. Thus preMBP is presented 
in an already unfolded conformation to translocase, as a result observed kinetics are identical 
irrespective of preprotein in complex with SecB.
The developed optical tweezers setup was successfully used to analyze the effect of the chaperone 
SecB on the folding of MBP. Future experiments should focus on effect of other chaperones such 
as DnaK/DnaJ/GrpE and GroEL/ES. Unlike SecB, these chaperones are mostly folding catalysts 
and utilize ATP for binding and release to/from the polypeptide chain. Therefore, it will be 
of interest to determine how these chaperones affect the folding of MBP, and how nucleotide 
binding and hydrolysis affect the protein folding/unfolding signature. In particular, it will be of 
interest to determine if our optical tweezers setup is capable to directly monitor the binding of a 
chaperone to the polypeptide chain and if binding at different places on the same polypeptide can 
be observed. Such studies will not only deepen our understanding of how chaperones function 
but also provide further insight into the molecular mechanism of protein translocation process 
since DnaK homologues (Hsp70) play a major role in the post-translational protein import into 
the ER and mitochondria (for review see Mayer et al., 2005).

Materials and methods

Molecular constructs 

Cloning and modification of the malE gene
A unique cysteine at the N-terminus and four repeats of the myc-tag at the C-terminus of MBP were 
introduced by PCR using forward and backward primers 1 and 2 (Table 2) with plasmid pNN226 (containing 
the malE gene) as a template. The product of this reaction contained a NdeI site and a nucleotide sequences 
corresponding to the peptide, MKCGRGS, at the 5’prime end, and  the myc-epitope, EQKLISEEDL, 
flanked by restriction sites for XhoI and SalI/HindIII at the 3’end. The PCR fragment was digested with 
NdeI and HindIII and ligated into similarly digested pET3a, yielding pPB01. To introduce multiple myc-
epitopes, pPB01 was digested by AflIII/SalI as well as AflIII/XhoI in independent reactions (the AlfIII 
restriction site is in the middle of the pET3a plasmid). The fragments corresponding to the malE gene and 
the myc epitope (AflIII/SalI) on one hand, and the myc-epitope with the remainder of pPB01 (AflIII/XhoI) 
on the other hand, were ligated, yielding plasmid pPB02 containing MBP with two myc-epitopes. The 
cloning strategy was repeated to obtain plasmid pBP03 with four myc-epitopes (myc4).
To construct plasmids encoding multiple copies of the malE gene, a different cloning strategy was used. 
First, the linker peptide MKCGRGS was introduced at the 5’ end of the malE gene by PCR using the 
forward and backward primers 3 and 4 (Table 2) and plasmid pNN226 (Chapter 3) as a template. The 
fragment was digested with XbaI and EcoRI (flanking malE with the introduced modifications) and ligated 
into the XbaI/EcoRI site of pUC18 to yield pPB04. The malE gene with myc4 was subcloned from pBP03 
into the XbaI/EcoRI sites of pUC18, yielding pPB05. To generate a plasmid containing two consecutive 
malE genes connected by a GRGS linker, a fragment corresponding to GRGS-MBP was derived from 
AflIII/XhoI digested pPB05 which was ligated to a MBP containing fragment derived from SalI/AflIII 
digested pPB04, to yield pPB06. Three consecutive malE genes were obtained by ligation of the XhoI/
AflIII fragment of pPB06 with the SalI/AflIII fragment of pPB04 yielding pPB07. A quadruple repeat of 
the malE gene (malE4) was obtained in a similar manner by ligating the XhoI/AflIII fragment of pBP07 
with the SalI/AflIII fragment of pPB04, resulting in pBP08. Finally, the myc4 tag was introduced at the 
3’ end of malE4 by ligation of the XbaI /XhoI fragments of pPB08 and pPB03,  yield pPB09 that encodes 
MKCGRGS-(MBP)4-myc4.
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Expression and purification of MBP and MBP4 proteins
The MBP and MBP4 proteins were expressed at 37 ºC in E. coli strain BL21 (λDE3) (McNicholas et al., 
1995) whereupon the proteins were purified from the crude cell extract using an amylose resin (New 
England BioLabs) according to the instructions of the manufacturer’s. Subsequently, the unique N-terminal 
cysteine residue in the purified protein was labeled with biotin-maleimide (Molecular Probes) according to 
the procedure as described for labeling proteins with fluorescent maleimide (de Keyzer et al., 2002). 
A dsDNA linker was created by linearizing the plasmid pUC19 with the restriction enzyme EcoRI. 
Subsequently, the reaction was stopped by incubation in 65 ºC for 20 minutes, thereafter the free 3’ends 
were filled-in with biotin-dUTP (Roche) using Klenow polymerase (Roche). After inactivating the 
polymerase with 20 mM EDTA, the dsDNA was purified by a column using a Sigma PCR Purification 
Kit (Sigma). Next, the dsDNA was treated with the restriction enzyme NdeI which cuts at the unique site. 
After deactivation of enzyme (60 ºC, 20 min), the newly created free 3’end was filled-in with dioxigenin-
dUTP (dig-UTP, Roche) using Klenow polymerase. Finally, the dig and biotinylated dsDNA fragment was 
purified using the Sigma PCR Purification Kit (Sigma) and stored at -20 °C until use

Microsphere preparation

Preparation of beads
Anti-myc and anti-dig antibodies (Roche Diagnostics) were covalently coupled to the carboxyl-
functionalized 1.87 μm polystyrene bead (Spherotech) using the crosslinker carbodiimide according to 
the protocol as provided by the manufacturer (Kit no 19539-1, Polysciences). To prevent aspecific binding 
of MBP to the polystyrene surface the antibody coated beads were incubated with bovine serum albumin 
(BSA, Sigma Aldrich). To this end 20 μl of antibody coated beads were washed twice with 500 μl of HMK 
buffer (50 mM Hepes, pH 7.6, 100 mM KCl, 5 mM MgCl2) supplemented with 1% (w/v) BSA. After the 
second centrifugation step (1 min, 13.000 rpm), the beads were resuspended in 20 μl of HMK buffer with 
0.1% BSA (HMK/0.1%BSA buffer) and stored at 4 °C until use. 

Preparation of MBP-coated microspheres
MBP-coated microspheres were made by mixing 1 μl purified biotinylated MBP(4) (2mg/ml) and 2 μl 
anti-myc beads in 20 μl HMK/0.1%BSA buffer. After 30 minutes incubation on rotary mixer (4 ºC), the 
beads were washed with 500 μl HMK/0.1%BSA buffer, collected by centrifugation (1 min, 13.000 rpm), 
dissolved in 400 μl HMK/0.1%BSA buffer and stored at 4 °C until use.

Preparation of DNA-coated micropsheres
DNA-coated microspheres were made by first mixing 0.4 μg/ml streptavidin (SA, Molecular Probes) with 
~ 250 ng of the dig and biotinylated dsDNA fragment in 10 μl HMK/0.1%BSA buffer. Next, 2 μl anti-

Table 1. Primers used in this study with relevant characteristic. Newly created restriction sites are underlined and introduced 
amino acids codons are indicated in italics.

Nb Sequence Content

1
5’GCGCAGATACATATGAAATGCGGAAGAGGATCCAAAATCGAAGAAGG-
TAAAC TGGTAATCTGG3’ NdeI, CGRGS, malE

2
5’CGACGCGCAGACTCGTATCACCAAGCTCGAGGAACAAAAACTGATTTCT-
GAAGAAGATCTGGTCGACTAAGCTTATCGATCTGTCG 3’

malE - XhoI, EQKLI-
SEEDL, SalI, HindIII

3
5’GCTCTAGAGCATGAAATGCGTCGACGGAAGAGGACCAAAATCGAAGAAG-
GTAAACTGGTAATCTGG3’ XbaI, C, SalI, GRGS, malE

4
5’GGAATTCCTTAGCAGGATCCTCTTCCCCGCTCGAGGGCTTGGTGATAC-
GAGTCTGCGCG3’ malE, XhoI, EcoRI
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dig beads were diluted in 10 μl HMK/0.1%BSA buffer and mixed with the DNA/SA solution. After 30 
minutes on a rotary shaker (4 °C), the polystyrene beads were washed with 500 μl HMK/0.1%BSA buffer, 
resuspended in 400 μl HMK/0.1%BSA buffer and stored at 4 °C until use. 

Optical trapping procedure

Optical tweezers setup
For the experiments described in this chapter, an optical tweezers setup as presented in the Appendix of 
this thesis (See Figure 3 of appendix) was used. Measurements were performed with the Nd:YVO4 laser 
in the x-direction. Every day, before starting the experiments, the force constant of the optical tweezers 
and the sensitivity of the QPD were determined by fitting a Lorentzian to the power spectral density (PDS) 
of the movements of a trapped microsphere. On average, the force constant for a 1.88 µm polystyrene 
microsphere along the x coordinate was 169 pN/µm with a standard deviation of 24 pN/µm. The sensitivity 
of the QPD was ~2.74 V/µm with a standard deviation of 0.24 V/µm. During the experiments, microsphere 
movements were measured by recording the normalized QPD Vx and Vy signals at a frequency of 50 Hz. 
The analog electronics anti-aliasing filter was set at a filter frequency of 20 Hz. The Labview particle 
tracking algorithm was used to track microspheres at a lower frequency (~5 Hz). For the analysis of the 
data and to generate the force-extension curves, the QPD data were used. The particle tracking data were 
only used for calibration.

Optical tweezers experiments 
For the optical tweezers experiments, a four-input/one-output flow cell, as described in the Appendix, was 
used. The syringes connected to the outermost channels were filled with the MBP- and DNA-microsphere 
solutions. The syringes connected to two middle channels were filled with HMK/0.1%BSA and 0.1 μM SecB 
in HMK/0.1%BSA buffer respectively. The flow system pressures were adjusted such that three separate 
flows could be distinguished with a middle flow containing HMK/0.1%BSA buffer with or without SecB 
depending on the measurement performed. At the beginning of an experiment, the flow cell was moved 
using manually controlled stages such that the optical trap was located in the MBP-microsphere flow. Once 
a MBP-microsphere was trapped it was transferred to the micropipette tip in the middle of the flow cell. 
Next, a DNA-microsphere was trapped and transferred to the middle of the flow cell. The real experiment 
was started by bringing the two microspheres in close vicinity of each other to create a connection between 
the streptavidin/biotin DNA linker and the biotin-molecule attached to the N terminus of MBP.

Table 2. Overview of plasmid used in this study

Plasmid Relevant characteristics

pNN226 pET3a preMBP (malE)

pPB01 pET3a CGRGS-MBP-myc, with XhoI and SalI sites flanking the myc epitope

pPB02 pET3a CGRGS-MBP-myc2, as pPB01 with two myc tags

pPB03 pET3a CGRGS-MBP-myc4, as pPB01 with four myc tags 

pPB04 pUC18 CGRGS-MBP, with SalI site in front of the linker and XhoI site at the 3’ end of malE

pPB05 pUC18 CGRGS-MBP-myc4, as pPB03 but in XbaI/EcoRI site of pUC18 

pPB06 pUC18 CGRGS-MBP-GRGS-MBP, as pPB05 with double MBP

pPB07 pUC18 CGRGS-MBP-(GRGS-MBP)2, as pB05 with triple MBP

pPB08 pUC18 CGRGS-MBP-(GRGS-MBP)3, as pPB05 with quadruple MBP

pBP09 pET3a
CGRGS-MBP-(GRGS-MBP)3-myc4, as pPB08 with myc4 tag at 3’ end of fourth malE 
in expression vector
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Folding/unfolding sweep model (FU sweep)
Reproducible folding and unfolding experiments were obtained by using a special folding/unfolding (FU) 
sweep mode. The FU sweep consists of the four phases. 1. Stretch phase - the piezo is moving in the x 
direction at a constant rate (50 nm/s), increasing the force on the tethered construct until a pre-programmed 
maximum, Fmax, where the protein is normally fully unfolded. 2. Hold phase - The force is kept on the Fmax 
for 10 seconds to confirm the complete unfolding of the protein. 3. Relaxation phase - The piezo is moved 
back with an constant rate until position xmin is reached. At this position the distance between the two beads 
is such that the protein has the ability to refold. 4. Slack phase - the piezo is kept for 10 seconds with low/
no force at the xmin position to allow complete refolding of the protein. The pulling rate during performed 
optical tweezers experiments was 7 pN/s.

Steered molecular dynamic (SMD) simulations 
For the SMD simulations, the crystal structure of MBP without a bound sugar (PBD, 1JW4, Duan et al., 
2001) was used. The program NAMD (Phillips et al., 2005) was employed with the force field CHARMM22 
model (MacKerell et al., 1998) for the protein and the TIP3P model (Jorgensen et al., 1983) for the water 
molecules. Long-range electrostatic interactions were treated with the Particle Mesh Ewald (PME) technique, 
with a tolerance of 10-6 and a Fourier grid size of 72 × 81 × 90. Van der Waals interactions were cut off at 
10 Å with a smooth interpolation to 0 from 9 Å. Full electrostatic interactions were calculated every 2nd 
time step. A Langevin thermostat was applied to the non-H atoms, with a damping coefficient of 5 per ps. 
All bonds to hydrogens were fixed. To induce unfolding in the simulated protein, two springs (with force 
constant 5 kcal/mol/Å2, or 3.5x106 pN/µm) were attached to the N-atom of Lys1 and the C-atom of Lys370, 
respectively. In the unfolding simulations, one of the two springs was moved along the vector between the 
initial positions of the two atoms while the other spring was fixed. The finite size of the simulation box 
made it unable to extend the full MBP molecule. Therefore, the detached unfolded polypeptide segments 
during the simulations were removed from the MBP structure and the next stimulation was performed on 
the truncated MBP molecule to trace the unfolding. In our study, we used pulling rates of 0.1 nm/ns (slow) 
or 1 nm/ns (fast). For analytical purposes, the configuration files and spring forces were written to disk 
every 1000 time steps and every time step, respectively.
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Transport of proteins across biological membranes is driven by molecular 
motors. These molecular motors convert the chemical energy from ATP binding 
and hydrolysis into a unidirectional movement of preproteins through a protein 
conducting channel. In Escherichia coli the main translocation system consists of 
the SecYEG channel and the motor protein SecA. Despite the wealth of biochemical 
as well as structural data, the exact mechanism of the preprotein transport across 
the cytoplasmic membrane has remained unclear. A recently developed biophysical 
technique, optical tweezers, enables us to look at molecular motors from a 
new point of view. By applying this method to the E. coli translocation system, 
biophysical features of translocation can be studied at single molecule level, such 
as force generation during translocation, and the speed and timing of translocation. 
The optical tweezers setup and the molecular constructs for the single molecule 
measurements of translocation were successfully obtained. However, uncertainty 
about the specificity of membrane binding of the optical trapped preprotein and the 
low incident of trapped preproteins interfered with observations of translocation 
events by optical tweezers.
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Introduction 

The Sec-pathway is one of the best characterized protein translocation machineries (Osborne 
et al., 2005). Basic features of the system are highly conserved throughout nature. The Sec-
translocase mediates the transport of the majority of the secretory proteins in prokaryotes as 
well as in eukaryotes. Biochemical studies have shown that bacterial translocation is a highly 
dynamic process, affected by both the motor protein, SecA, and the proton motive force (PMF) 
(for review see de Keyzer et al., 2003). Furthermore, protein conformational changes and protein-
protein interactions play an important role in translocation. However, the exact mechanism of 
membrane transport still remains enigmatic even though the structures of individual proteins 
and complexes involved in the protein transport were recently resolved (SecA (Hunt et al., 2002; 
Sharma et al., 2003; Osborne et al., 2004), SecB (Xu et al., 2000), Sec61 complex (Van den 
Berg et al., 2004)). A widely used assay to study preprotein transport by isolated membrane 
vesicles derived from the cytoplasmic membrane of E. coli, is the protease protection assay 
(Cunningham et al., 1989). Herein, an unfolded radiolabeled or fluorescently labeled preprotein 
is translocated into the membrane vesicles, whereupon an externally added protease removes 
untranslocated material. Subsequently, the amount of protease protected preprotein in the vesicle 
lumen is determined by SDS-PAGE and autoradiography or fluorescence imaging. Using this 
method, it was previously shown that ATP and SecA-dependent translocation occurs in a step-
wise manner (Schiebel et al., 1991; Uchida et al., 1995; van der Wolk et al., 1997). Each of 
these steps represents a single turnover of ATP binding and hydrolysis by the SecA ATPase and 
accounts for translocation of ~ 40 amino acids. Unfortunately, such bulk experiments do not 
describe what happens to a single preprotein since it records the average state of translocation 
by all translocases. Recent advancements in the field of biophysics have resulted in a number of 
new techniques. Here, we have explored the use of the optical tweezers method to study protein 
transport at the single molecule level (reviewed in Metha Science 1999, for the description of the 
method see Appendix). This method is widely used to study molecular motors, such as myosin 
(Molloy et al., 1995), kinesin (Svoboda et al., 1993), and RNA polymerase (Yin et al., 1995; 
Wang et al., 1997) as well as unfolding of proteins like titin (Kellermayer et al., 1998) and MBP 
(Chapter 4). Properties of this method, like the possibility to measure nm-scale movements or 
forces at the pN level, make it in principle well-suited for studying protein translocation. For 
the optical tweezers measurements we adapted an existing in vitro system consisting of E. coli 
inner membrane vesicles (IMVs) and a preprotein substrate that is coupled to polystyrene beads 
via a DNA linker (Figure 1). Using this setup we plan to address several fundamental questions 
with respect to protein transport: i) What is the exact mechanism of the preprotein translocation? 
Does protein translocation follow a power stroke model, in which a preprotein is actively pushed 
through the SecYEG pore upon hydrolysis of ATP by SecA, or is the preprotein driven by a 
Brownian motion in which directionality is provided by the trapping of the polypeptide by SecA?; 
ii) What is the force exerted on the preprotein during the translocation?; iii) Does the energy from 
ATP hydrolysis play a role in the active unfolding of the preprotein prior to translocation?; and 
iv) What is the mechanistic step size – if any - during translocation? Other questions that need to 
be considered are: to what extent do the physicochemical properties of the preprotein or mature 
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protein, like its folding characteristics and amino acid composition, influence the translocation 
behaviour? 
The molecular constructs for the optical tweezers measurements were successfully obtained 
and translocation activity in a bulk assay could be demonstrated. However, due to technical 
difficulties, protein translocation measurements at the single-molecule level are not realized 
yet. In this chapter, we describe the obstacles related to the single molecule measurements and 
discuss possible solutions for future experiments.

Results

Molecular constructs

The typical setup for in vitro translocation experiments consists of inner membrane vesicles 
(IMVs) containing SecYEG translocase, the SecA motor protein, the chaperone SecB, ATP and 
the preprotein to be translocated. For the single molecule experiments several adaptations were 
necessary. 
IMVs isolated from E. coli cells overproducing the SecYEG complex are an ideal basis for optical 
tweezers experiments. Previous work suggested an expected step size during translocation of 
~ 40 amino acid residues (Schiebel et al., 1991; Uchida et al., 1995; van der Wolk et al., 1997), 
corresponding to around 13 nm of unfolded polypeptide chain per step (0.32 nm per amino 
acid). However, if the membrane is too compliant, such steps will only result in a deformation 
of the vesicle shape, rather than a movement of the optically trapped microsphere containing the 
preprotein that is used as a force probe in the optical tweezers setup. In order to get sufficient 
stiffness of the membrane and to reduce the likelihood of deformation, IMVs were sized to 100 
nm by using a LiposoFast extruder.
ProOmpA is an intensively used substrate in in vitro protein translocation experiments. Its use in 
the optical tweezers setup enables a comparison between bulk and single-molecule measurements. 
For our experiments, we chose a proOmpA derivative which contains 8 repeats of the periplasmic 
domain – proOmpA-P8. ProOmpA-P8, in the fully extended state (320 nm) is about four times 
longer than wild-type proOmpA. The advantage of this proOmpA derivative is that it allows for a 
longer measuring time. In addition, it could lead to a better statistics on the translocation features 
due to the presence of repetitive elements. Bulk translocation assays showed that transport of 

Figure 1. Optical tweezers measurements 
of preprotein translocation. A. Schematic 
representation of the optical tweezers setup 
composed of a micropipette-attached bead 
with an absorbed IMV, containing a partially 
translocated preprotein – proOmpA-P8 and 
the DNA linker, attached to the laser-trapped 
bead. B. Closer view on the translocation 
into IMVs. The black arrow indicates the 
direction of translocation

IMV

preprotein

DNA linker

optical trap

micropipette

SecASecYEG
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proOmpA-P8 indeed takes longer as compared to proOmpA, but that the translocation rate per 
amino acid, in the absence of a PMF, is similar to that observed for the wild-type proOmpA 
(Tomkiewicz et al., 2006). 

In the optical tweezers set-up, translocation of the preprotein from the outside to the inside of 
the IMV would result in the movement of the optically trapped microsphere inside the optical 
trap. This movement is detected by a quadrant photodiode (QPD) and can be extrapolated to the 
exerted force (see Appendix). 

Single-molecule translocation experiments on a glass surface.

Before employing the final planned setup with micropipette immobilized microspheres containing 
IMVs, and the optical trapped preprotein-DNA-linked microspheres, a simpler setup without the 
micropipette and the DNA linker was used. To this end, IMVs were directly bound to a glass cover 
slide, and the preprotein was bound to an optical trapped microsphere, that will act as a force 
probe. In Figure 2A, a schematic representation of this single-microsphere surface configuration 
is shown. As in this setup all components are along the laser beam axis, the measurement will be 
performed in the z-axis.

In order to perform the single-molecule translocation experiments on a glass surface, IMVs were 
non-specifically immobilized on a glass cover slip. For this purpose, the glass surface was treated 
with 3-aminopropyltriethoxysilane (APES) which forms covalent bonds with glass, leaving a 
positively charged amine moiety at the water interface. Since IMVs are negatively charged, they 
will bind through electrostatic interactions to the APES-treated cover glass. The binding of IMVs 
to APES-treated glass was detected by introducing a membrane–inserting fluorescent lipid (C8-
Bodipy 500/510 C5) into the IMVs and visualizing them under the fluorescence microscope 
(Figure 2 B). The observed fluorescence shows that IMVs can bind efficiently to the treated 

Figure 2. Single-molecule translocation experiments on a glass surface. A. Schematic view of the experiment. The IMV 
with proOmpA-P8 (arrested by streptavidin) is bound via electrostatic interactions to the APES covered glass surface. The 
biotinylated microsphere in the laser beam interacts with a preprotein via the streptavidin. The experiment is done along 
the axis of the trapping laser (z axis). B. Fluorescence micrograph showing IMVs of ~ 100 nm on the APES-treated glass 
surface. Vesicles are fluorescent due to the incorporation of a low amount of the membrane-inserting fluorescent dye C8-
bodipy 500/510-C5. The scale bar corresponds to 10 µm. 
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glass surface. In order to measure translocation at the single molecule level, first a translocation 
intermediate was generated. Herein, the translocation of the preprotein has initiated but is halted 
before completing the translocation thereby leaving the C-terminus exposed to the outside of 
the vesicle. This type of translocation intermediate was previously observed with a proOmpA-
dihydrofolate reductase (DHFR) fusion protein (Arkowitz et al., 1993). Addition of the substrate 
analog methotraxate (MTX) and NADPH stabilizes the fold of the DHFR part of the fusion 
protein. Since the tightly folded DHFR structure can not be translocated, it will remain exposed 
to the cytosolic face of the membrane (outside of the vesicle) (Arkowitz et al., 1993). To achieve 
such translocation intermediate with the proOmpA derivative in our assay, proOmpA-P8 was 
biotinylated at an unique C-terminal cysteine and mixed with an excess of streptavidin (SA) 
in the presence of SecB. Under these conditions a preprotein-streptavidin complex is formed 
(proOmpA-P8-SA). As streptavidin is a large molecule that forms a very stable tetramer it would 
arrest full translocation of proOmpA-P8. Indeed, after the translocation of proOmpA-P8-SA, 
translocation of fluorescein-labeled proOmpA in a second round is much lower as compared to 
vesicles that translocated proOmpA-P8 in the first round (Figure 3 compare line 1 and 2). This 
indicates that coupling of streptavidin to proOmpA-P8 jams the SecYEG channel.
For the single molecule experiments on the glass surface, IMVs with translocation intermediates 
were electrostatically bound to the glass surface, as discussed above. Next, biotin-covered 
polystyrene beads were flushed into the chamber. A successful interaction between the 
streptavidin tetramer on the translocation intermediate and the biotinylated bead resulted in the 
observation of a wiggling motion of the bead. The experiment was started by optically trapping 
a tethered microsphere on the IMV surface and moving it away in the z direction, which is 
along the laser axis. When the microsphere is attached to a preprotein, the preprotein would be 
(partially) pulled out of the vesicle. Subsequently, the applied force would be reduced and when 
ATP is present in the buffer this would result in re-translocation of the preprotein into the vesicle. 
Consequently, the attached bead would move back to the surface and the measured QPD sum 

Figure 3. Streptavidin blocks preprotein translocation. A. Experimental procedure. A translocation intermediate is created 
by binding a streptavidin tetramer to the biotin-group at the C-terminus of the preprotein. The translocation reaction was 
performed with (1) proOmpA with a streptavidin molecule bound to the C-terminus, (2) proOmpA without streptavidin and 
(3) in the absence of any preprotein. After the removal of non-translocated preproteins, the isolated IMVs were used in a 
second round of translocation using fluorescein labeled proOmpA. B. Experimental data from the experiment as described in 
(A) The protease protected material was analyzed by SDS-PAGE as described in the Materials and Methods. SA-streptavidin, 
P8-proOmpA-P8, B-biotin, F- fluorescein.

+ +

+ +

+ +

round 1 round 2

1

2

3

IMV
proOmpA-

biotin (P8-B) streptavidin (SA) proOmpA-
fluorescein (P8-F)

520nm

SA-AP

1 2 3

+SA -SA -
+ + +

P8-B
P8-F

1st
2nd

A B



71

Pulling on protein during translocation

voltage Vsum (the summed voltages of all four quadrants) would change. As the voltage Vsum is 
linearly related to the position z of the trapped microsphere it is possible to follow the movement 
during the translocation as a function of time. Alternatively, by inserting a force-feedback in the 
experimental set-up, measurements under a constant force can be done.
Experiments using the setup as described above showed strong binding of the IMVs to the glass 
surface, as microspheres bound to streptavidin coated IMVs could not be pulled from the glass 
when forces of up to 60 pN were applied. Furthermore, the experiments showed that sizing the 
vesicles down to ~ 100 nm using an extruder lowers the mechanical compliance of the vesicles. In 
fact, no deformation of the vesicles when bound to the glass surface could be observed (data not 
shown). During the experiments, however, several problems were encountered with this surface 
configuration. First, the forces that could be applied were very low due to the low trap stiffness 
in the z direction. Second, tether motions of the biotinylated microsphere were also observed 
when no translocation intermediate was present, suggesting non-specific interactions of the 
microsphere with the IMV coated glass surface. To overcome those problems a micropipette 
approach was applied. 

Optical tweezers measurements - micropipette approach

The micropipette approach (presented in figures 1 and 6A) employs IMVs with translocation 
intermediates immobilized on a bead, which is attached to a micropipette. The streptavidin labeled 
preprotein is captured by a biotinylated DNA linker. This 800 nm DNA linker is attached to a 
second microsphere, which is trapped by the laser beam. This setup has a few significant changes 
compared to the surface approach: (i) a DNA linker is used to increase the distance between the 
translocated preprotein and the trapped microsphere thereby avoiding the interference of the laser 

Figure 4. IMVs bind to amino-
polystyrene microspheres. 
Fluorescence micrograph of native 
(-) and rhodamine B-chloride 
(R18) (+) labeled IMVs incubated 
with 1.87 nm amino-polystyrene 
microspheres. 

- + R18

Figure 5. IMVs absorbed to microspheres are active 
in protein translocation. A. In vitro translocation of 
proOmpA-P8 using IMV-coated microspheres. After 
translocation, samples were treated with proteinase K 
in the absence (lane 1) and presence of the detergent 
Triton X100 (lane 2). 10% std: 10% of the input 
material in the reaction. B. SecA ATPase activity 
of IMV-coated microspheres in the presence (+) or 
absence (-) of the proOmpA. 
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beam with the protein translocation activity and reducing potential aspecific interactions between 
the polystyrene microsphere and the vesicle surface; (ii) the attachment of the microsphere with 
the IMVs to the micropipette reduces surface disturbances during the measurements; (iii) the x 
direction of measurements allows to apply higher forces; and (iv) the use of a piezo stage allows 
a very precise movement of the two microspheres with respect to each other. 
Like for the binding to a glass surface, IMVs were attached on amino-polystyrene (positively 
charged) microsphere by electrostatic interactions. Binding of the IMVs to the beads was 
confirmed by incubating rhodamine R18 labeled IMVs with the polystyrene beads. After 
several washing steps the beads were visualized by fluorescence microscopy (see Materials and 
methods). Microspheres incubated with rhodamine labeled IMVs have a typical fluorescent ring 
around the bead indicating that IMVs are bound to it (Figure 4). To analyze the effect of the 
bead immobilization of the IMVs on the translocation activity, two independent assays were 
performed. First, in an in vitro translocation assay, we showed that proOmpA-P8 becomes 
proteinase K protected when IMV-coated beads are used and is degraded upon solubilization 
of the membranes with the detergent TX100 (Figure 5A). Second, the addition of a preprotein 
to IMV-coated beads stimulates the ATP hydrolysis by SecA, i.e. SecA translocation ATPase 
activity (Figure 5B). Both assays confirm that IMVs bound to the surface of an amino-polystyrene 
bead are translocation competent. 

To increase the distance between the IMVs and the laser beam, a double-stranded linear DNA 
fragment was used as a linker between the preprotein and the bead trapped in the laser beam. 
To this end, streptavidin bound to the C-terminus of the translocation intermediate is connected 
to the DNA linker via incorporation of biotin-dUTP at the 5’-end of the DNA. At the 3’-end of 
the DNA linker, digoxigenin-UTP (dig-UTP) was introduced to enable the binding to an anti-dig 
coated bead. Both types of nucleotides were successfully incorporated into the DNA strand using 
the Klenow fill-in method. Although the use of a DNA linker introduces additional compliance, 
the elastic properties of DNA are well known (Wang et al., 1997) and can thereby easily filtered 
out from the data. 

A standard single molecule measurement using the micropipette setup is as follows (Figure 6): 
(a) First, IMV-coated beads containing the streptavidin arrested translocation intermediates 
are placed on the micropipette. Second, a DNA-coated bead is trapped in the laser beam. Due 
to the movement of the piezo stage, the two microspheres are placed in each others vicinity 
thereby allowing the interaction of streptavidin arrested translocation intermediate with the 
biotinylated end of the DNA linker. (b) After the connection between the protein and DNA 
linker has been established, the distance between the two microspheres is increased. As a result, 
the force exerted on the preprotein increases and the protein may be (partially) pulled out. (c) 
Subsequently, translocation into the IMV can be (re-)started by the addition of ATP (and SecA) 
to the flow chamber and the movement of the trapped microsphere can be followed in time using 
the quadrant photodiode.
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Figure 6. Experimental procedure using the micropipette setup. Different stages during the optical tweezers experiment: 
(a) The IMV-coated bead is brought in very close vicinity of the optically trapped DNA bead to create a connection between 
the biotin at the end of the DNA linker and the streptavidin attached to the translocation arrested polypeptide chain. (b) The 
distance between the microspheres is increased and, possibly, the polypeptide is partially pulled out. (c) Translocation of the 
protein can start due to the presence of SecA and ATP in the buffer. Translocation of the preprotein will result in movement 
of the microsphere inside the optical trap. 

Figure 7. Typical elastic signature of dsDNA. An 800 nm DNA linker containing biotin and dig at it’s 5’ and 3’ end, 
respectively was tethered between an anti-dig-coated and streptavidin coated  microsphere and extended to overstretching. 
Several consecutive force-extension curves were averaged to obtain this graph. At a force of 65–70 pN, the DNA can be 
overstretched until ~ 170% of its contour length. Experiments were performed using the micropipette approach.
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Initially, the functionality of this micropipette setup was confirmed in measurements without IMVs. 
Tethers were created between a streptavidin-coated bead on the micropipette and the biotinylated 
DNA linker attached to the bead trapped in the laser beam. The obtained tethers show a classical 
DNA overstretching pattern. At forces of 65-70 pN, the DNA was stretched till about 170% of 
its contour length (Figure 7). Next, the above described setup with a translocation intermediate 
was tested. By bringing the IMV- and DNA-coated microspheres in each others vicinity, stable 
tethers with features of the classical DNA overstretching pattern could be observed (Table 1, 
line 1). However, the same and similar amounts of tethers were observed under conditions where 
the preprotein was incubated with the IMVs but where ATP was omitted from the translocation 
reaction (Table 1, line 2). Since in the absence of ATP, no translocation intermediate is formed, 
it appears that that the experiments are hampered by non–specific interactions. To get insight in 
the nature of these non-specific interactions control experiments were performed (Table 1). In 
experiments were no streptavidin was added to the reaction, hardly any tethers between IMV- 
and DNA-coated beads were observed (Table 1, line 3). This suggest that the main source of non-
specific interaction between the two beads results from the aspecific binding of streptavidin and/
or streptavidin-preprotein complex to the IMVs (Table 1, lines 3, 4, 5, 6). In order to reduce the 
aspecific binding to the IMVs, both the amount of streptavidin and preprotein in the translocation 
reaction was reduced. A protein concentration of 0.6 μM and preprotein : streptavidin ratio of 
1 : 1 significantly reduced the number of non-specific tethers (Table 1, lines 7, 8). Possibly, the 
positive charge of streptavidin is responsible for non-specific binding to the negatively charged 
membrane or membrane-associated proteins. In addition, streptavidin forms tetramer with four 
biotin binding sites. Consequently, streptavidin may interact with more than one proOmpA-

Table 1. Summary of the different conditions used in the micropipette approach. The following variations in the 
experimental set-up were made: presence (+) and absence (-) of IMVs, labelled (biotin) or non-labelled proOmpA-P8, 
presence (+) and absence (-) of streptavidin, and plus (+) or minus (-) ATP.  When applicable a change in concentration 
(low) is indicated. A qualitative indication of the number of observed tethers is indicated: no tethers (-), low (+) and high 
(+++). Symbols: (*) additional 0.5 mg/ml BSA; (#) additional 0.5 mg/ml BSA and urea-stripped IMVs (see Materials and 
Methods).

test IMVs proOmpA-P8 streptavidin ATP tethers

1 + biotin + + +++

2 + biotin + - +++

3 + biotin - - -

4 - biotin + - +

5 - no labeling + - -

6 + no labeling + -/+ ++

7* + biotin / low + / low - +/++

8* + biotin / low + / low + +++

9# + biotin / low + / low - -/+/++

10# + no labeling + / low -/+ +

11# + biotin / low + / low + (2mM/5μM) +++
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P8-biotin molecule and this could add to the extent of nonspecific binding to the IMVs. In an 
attempt to further reduce the interaction of the preprotein and streptavidin with the membrane, 
membrane associated proteins were removed by urea treatment and the BSA concentration in 
the buffer was increased from 0.1 to 0.5 mg/ml to block potential non-specific binding sites. 
Control experiments showed that neither the urea-treatment nor the high BSA concentration 
negatively influenced the translocation activity. Interestingly, both treatments led to a decrease 
in the extent of non-specific tethers in the absence of ATP or biotinylated proOmpA-P8 (Table 
1, lines 9, 10). On the other hand, the presence of ATP in the translocation mixture strongly 
increased the occurrence and strength of the tethers (Table 1, line 11). This suggests that the 
urea treatment of the IMVs and a high BSA concentration reduces the formation of non-specific 
tethers. Interestingly, when the translocation intermediate was formed with a very low ATP 
concentration (5 μM), a few measurements showed a different pattern during stretching of the 
tether. Although large improvements have been made in obtaining specific tethers the efficiency 
is up to now very low. As the translocation signature is expected to be very subtle the main focus 
of future research should lie in drastically increasing the efficiency in acquiring specific tethers 
to allow monitoring of an increased number of events. 

Discussion

Here, using an optical tweezers setup, we report, for the first time, on attempts to measure 
preprotein translocation at the single molecule level. The experimental design is based on the 
classical in vitro preprotein translocation assay, which, as core, uses E. coli inner membrane 
vesicles. To overcome the associated technical complexity, we introduced novelties such as a DNA 
linker, a proOmpA-derivative with 8 in tandem repeats of the periplasmic domain (proOmpA-
P8), and streptavidin-arrested translocation intermediates. 
The performed optical tweezers experiments show that IMVs can be attached via electrostatic 
interactions both to a glass surface and amine-coated beads. This connection was shown to be 
strong enough to resist forces that are inherent to optical tweezers measurements. Moreover, 
due to the reduction of the size of these IMVs to ~ 100 nm, no major mechanical instability of 
the membranes was observed that could obscure final single-molecule measurements. For the 
final optical tweezers measurements a setup composed of IMVs with an arrested translocation 
intermediate on one bead and a DNA linker on another bead was used. A translocation 
intermediate was obtained by specific binding of streptavidin to the C-terminus of biotinylated 
proOmpA-P8. Because of multiple biotin binding sites on streptavidin, the preprotein bound 
streptavidin can also interact with a biotinylated DNA fragment resulting in a connection of 
the DNA-coated bead with the partially translocated preprotein. Indeed, the optical tweezers 
experiments showed the presence of tethers between the two different beads with the presented 
setup. A range of controls experiments were performed to test whether the observed connections 
were specific for the arrested translocation intermediate and the DNA linker. These showed that 
the main obstacles in the single molecule experiments for preprotein translocation is the aspecific 
binding of preprotein, streptavidin and/or preprotein-streptavidin complexes to the IMVs. To 
prevent those interactions, different approaches were applied. We showed that the use of a low 
concentration of preprotein and streptavidin, urea-treated IMVs (which have a reduced level of 
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peripheral membrane associated proteins) and a buffer with a high amount of BSA results in a 
clear reduction of non-specific tethers. However, since it was not possible to discriminate between 
specific and aspecific tethers, no measurements on the translocation reaction could be performed. 
Thus, further adjustments in the existing setup needs to be applied. Improvements to consider 
are exchanging the type of the preprotein and/or type of the preprotein-DNA linker connection. 
Also the use of alternative streptavidin derivatives, such as the uncharged NeutrAvidin (Hiller et 
al., 1987), should be considered.

ProOmpA-P8 is a derivative of proOmpA which is an outer membrane protein with a very 
hydrophobic N-terminal β-barrel domain. It is possible that this domain is responsible for the 
aspecific interaction with the IMVs. To overcome this problem, a genetic construct was made 
in which the β-barrel domain was removed from proOmpA-P8. Unfortunately, expression of 
the obtained construct was highly toxic to cells (data not shown) which precluded isolation of 
chemical amounts of this truncate. Alternative model preproteins that can be used in the optical 
tweezers experiments are proOmpA with multiple repeats of the titin I27 domain (proOmpA-
(I27)4 or – (I27)8) or the precursor of maltose binding protein with four consecutive repeats 
(preMBP4). Both preproteins are translocated into IMVs in vitro and have the advantage that 
they are more soluble as compared to proOmpA-P8 (Nico Nouwen, Philip Bechtluft, personal 
communication) thereby likely lowering the non-specific interactions with IMVs. In addition, 
both preprotein substrates have the advantage that the folding characteristics of  the titin I27 
domain and MBP have been well studied not only in bulk but also in an optical tweezers setup 
(Carrion-Vazquez et al., 2003) (chapter 4). Consequently, discrimination between the typical 
translocation pattern and the unfolding/refolding event would be more straightforward. 

Another solution for the observed non-specific binding is to bind the preprotein to the DNA-
coated bead and approach, with this bead, the IMV-coated bead on the micropipette. When a 
connection between the preprotein and the translocase is made, translocation could be started by 
adding ATP (or releasing ATP from caged ATP) and SecA to the reaction chamber. The advantage 
of this setup is that it resembles the natural translocation event and that the streptavidin to make 
the connection between preprotein and DNA linker, is not incubated with the IMVs. Difficulties 
that may be encountered in this experimental setup are: (1) a low efficiency of finding an active 
translocase while probing the vesicle surface with the bead-bound preprotein and (2) the question 
whether such a DNA-linked preprotein can be maintained in a translocation competent state. 
An alternative option would be to create a translocation intermediate with a preprotein-with a 
covalently linked DNA fragment and use a streptavidin coated bead in the laser beam. Previously, 
it has been shown that a connection between DNA and protein can be made by using a chemical 
crosslinker (Cecconi et al., 2005). As this method makes use of a DNA ligase to connect a large 
DNA linker to chemical linked DNA primers this approach is not possible with proOmpA-P8 
as a high urea concentration is necessary to prevent protein aggregation (data not shown). In 
this context, the use of a more soluble preprotein substrate, as suggested above, could be more 
adequate.
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Summarizing, here we presented the first steps towards optical tweezers measurements of protein 
translocation. Up to now, the high amount of non-specific interactions drastically interfered with 
reliable observations of translocation event and critical adaptations in the existing setup need 
to be made. Future experiments should address these difficulties with the possible solutions 
provided.

Materials and methods

Molecular constructs
Inner membrane vesicles (IMVs) containing overproduced SecYEG were isolated from E. coli strain 
SF100 (Baneyx et al., 1990) containing plasmid pET610 (Kaufmann et al., 1999), which allows the IPTG 
dependent overexpression of the secYEG genes. ProOmpA and proOmpA-P8 derivatives (pEK204 and 
pEK214, respectively) with an unique cysteine residue at the C-terminus (Tomkiewicz et al., 2006) were 
overproduced in strain MM52 (F-, ΔlacU169, araD139, rpsL, thi, relA, ptsF25, deoC1, secA51) (Oliver et 
al., 1981) at 30 °C. After harvesting the cells, inclusion bodies were isolated, solubilized in urea and the 
proteins were purified by FPLC as described before (Tomkiewicz et al., 2006). The C-terminal cysteine was 
labelled with biotin- (M1602, Molecular Probes) or fluorescein-maleimide (F150, Invitrogen) (de Keyzer 
JBC 2002). A DNA linker was created by linearizing the plasmid pUC19 with the restriction enzyme 
EcoRI. Subsequently, the reaction was stopped by incubation at 65ºC for 20 minutes, thereafter the free 
3’ends were filled-in with biotin-dUTP (Roche) using Klenow polymerase (Roche). After inactivating the 
polymerase with 20 mM EDTA, the dsDNA was purified using the Sigma PCR Purification Kit (Sigma). 
Next, the linear dsDNA was incubated with the restriction enzyme NdeI which cuts close to 3’ end. After 
deactivation the restriction enzyme (60 ºC, 20 min), the newly created 3’end was filled-in with dioxigenin-
dUTP (dig-UTP, Roche) using Klenow polymerase. Finally, the dig and biotinylated dsDNA fragment was 
purified using the Sigma PCR Purification Kit (Sigma) and stored at -20 °C until use

Biochemical assays

In vitro translocation assay 
In vitro translocation of fluorescein or biotin-labeled proOmpA-P8 was assayed as described previously 
(Tomkiewicz et al., 2006). Briefly, reactions were performed in translocation buffer (50 mM Hepes-KOH, 
pH 7.5, 5 mM MgCl2, 50 mM KCl, 2 mM DTT, 0.1 mg/ml bovine serum albumin [BSA]) supplemented 
with 50 μg/ml SecB, 10 μg/ml SecA, 80 nM of the urea-denatured, labelled preprotein (proOmpA-P1 
or proOmpA-P8) and 10 µg IMVs containing high levels of SecYEG. Total volume for one reaction was 
50 μl. Reactions were started by the addition of 1 mM ATP, followed by incubation for 30 minutes at 37 
°C and subsequently stopped by chilling on ice. Non-translocated material was degraded by proteinase 
K treatment (0.1 mg/ml). After 30 minutes on ice, the protease was inactivated by PMSF (1 mM final 
concentration) whereupon the translocated material was precipitated by 5% trichloroacetic acid (TCA). 
After solubilisation of the pellet in protein sample buffer the samples were analyzed by SDS-PAGE (12% 
acrylamide) followed by direct in gel fluorescence visualization (fluorescein labelled preproteins) using 
a Roche Lumi Imager F1 (Roche Molecular Biochemicals) (de Keyzer et al., 2002) or by blotting onto a 
PVDF membrane (unlabeled or biotinylated preproteins) and subsequent chemiluminescence detection 
using an antibody against proOmpA or by alkaline phosphatase conjugated streptavidin (Roche). SecA 
(Cabelli et al., 1988) and His-tagged SecB (Fekkes et al., 1998) were purified as described previously.

Creation of translocation intermediates with streptavidin 
To create translocation intermediates, biotinylated proOmpA-P8 was diluted into translocation buffer 
with 50 µg/ml of SecB and incubated for 5-10 min at room temperature with a 2 till 10 fold molar excess 
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of streptavidin (Molecular Probes). Subsequently, SecA (10 μg/ml), IMVs (10 μg) and ATP (1 mM final 
concentration) were added and the mixture was incubated for 30 minutes at 37 ºC. Translocation reactions 
were stopped by chilling on ice for 5 minutes. To remove non-translocated material and the excess of 
streptavidin, the mixture was layered on a 200 µl sucrose cushion (50 mM Hepes pH 7.6, 50 mM KCl, 5 
mM MgCl2 and 0.2 M sucrose) and centrifuged for 30 minutes at 70.000 rpm in a TLA 120.1 rotor (4 ºC). 
The pellet containing IMVs was resuspended in HMK buffer (50 mM Hepes pH 7.9, 5 mM MgCl2, 50 mM 
KCl), treated with proteinase K (30 min, 4 ºC) and subsequently TCA precipitated. The protease protected 
material was analyzed by SDS-PAGE as described above. To determine whether translocation was halted 
by the C-terminally bound streptavidin,, the IMVs containing translocated or arrested preproteins were 
isolated by centrifugation through a sucrose cushion as described above, and the IMVs were resuspended 
in translocation buffer supplemented with 10 μg/ml SecA, 50 μg/ml SecB and 80 nM of fluorescently 
labeled proOmpA-P8. After the addition of ATP (1 mM final concentration), the mixture was incubated for 
30 minutes at 37 ºC. Non-translocated material was degraded by proteinase K and the protease protected 
material was analyzed as described above. Where indicated, translocation intermediates were generated 
by lowering the ATP concentration in the reaction (5 μM final concentration) and reducing (8 - 10 minutes) 
the incubation time at 37 °C. 

Urea treatment of membranes
IMVs in buffer A (50 mM Hepes/KOH pH 7.9, 20% glycerol) were diluted with an equal volume of buffer 
A supplemented with 8 M urea and incubated for 30 min on ice. After ultracentrifugation (30 min, 100.000 
rpm), the pellet was resuspended in 2 volumes of buffer A and the membranes were collected by a second 
ultracentrifugation step. The resulting pellet was resuspended in half the starting volume of buffer A. 
After 1 min centrifugation at 13.000 rpm in an eppendorf centrifuge (removal of aggregates and non-
homogenized material), the urea stripped IMVs were stored in small portions at – 80 ºC.

Labeling of IMVs with fluorescent dyes
Untreated or urea treated IMVs (200 μl of 10 mg/ml) were diluted into 0.8  ml 50 mM Hepes/KOH pH 
7.9 and mixed with 0.5 μl 1 mM octadecyl rhodamine-B-chloride (R18, Molecular Probes) or 0.5 μl 1 
mM C8-Bodipy 500/510-C5 (Molecular Probes). After 30 minutes at room temperature, the mixture was 
diluted with 1 ml ice-cold 50 mM Hepes/KOH pH 7.9 and the IMVs were collected by ultracentrifugation 
(30 min, 100.000 rpm in a TLA 100.4 rotor). The IMVs were washed with 2 ml of buffer A, centrifuged as 
described above and finally resuspended in 400 μl buffer A. The fluorescent labelled IMVs were stored in 
small aliquots at – 80 ºC. 

Microsphere preparation 

Preparation of beads
A suspension of 5% w/v (1.88 μm) amino-polystyrene microspheres (Spherotech) (15 μl) was diluted into 
500 μl 50 mM Hepes/KOH pH 7.9 and mixed for 5 minutes on a rotary wheel. The microspheres were 
sedimented by centrifugation in an eppendorf centrifuge (5 minutes 13.000 rpm). After a second wash with 
500 μl 50 mM Hepes/KOH pH 7.9 the microspheres were resuspended in 200 μl 50 mM Hepes/KOH pH 
7.9. 

Preparation of IMVs coated  microspheres
Urea-treated IMVs (40 μl; 700 μg of protein) were diluted into 210 μl 50 mM Hepes/KOH pH 7.9 and the 
vesicles were homogeneously sized by passing the mixture 11-times through a polycarbonate membrane 
(100 nm pore size) using a LiposoFast™ extruder (Avestin). Hundred nm sized IMVs (150 μl) were mixed 
with 200 μl of prewashed aminopolystyrene beads and incubated overnight on a rotary mixer at 4 ºC. 
Microspheres were collected by centrifugation (5 min, 13.000 rpm eppendorf centrifuge), resuspended in 
500 μl 50 mM Hepes/KOH pH 7.9, 10 mg/ml BSA,  incubated for 30 minutes on the rotary mixer at 4 ºC 



79

Pulling on protein during translocation

and collected by centrifugation. This procedure was repeated twice. Finally, the IMV-coated microspheres 
were dissolved into 60 µl buffer B (50 mM Hepes/KOH pH 7.9, 0.1 mg/ml BSA) or 60 µl buffer C (50 mM 
Hepes/KOH pH 7.9, 100 mM KCl, 0.5 mg/ml BSA).
To analyze the adsorption of IMVs to the aminopolystyrene microspheres, above described procedure was 
performed with rhodamine-B-chloride labeled IMVs whereafter the microspheres were diluted in distilled 
water and visualized using filter number 21 on a fluorescence microscope Axiophot (Zeiss) equipped with 
an AxioVision camera (Zeiss).

Preparation of DNA-coated microspheres
 To obtain microspheres coated with the dsDNA linker, 250 μl of 5% w/v carboxyl-functionalized 
polystyrene microspheres (1.87 µm; Spherotech) were covalently coated with 100 μl of anti-dig antibodies 
using the crosslinker carbodiimide according to the protocol as provided by the manufacturer (Kit no 
19539-1, Polysciences). Next, the 200 μl anti-dig coated microspheres in buffer B were mixed with the 250 
ng of DNA linker and incubated for 30 min at room temperature on the rotary mixer, washed twice with 
500 μl 50 mM Hepes/KOH pH 7.9 buffer and consequently resuspended in 60 μl buffer B.

Activity assays with microsphere absorbed IMVs 
In vitro translocation experiments were performed as described above with the exception that the IMVs in 
the reaction were replaced by IMV-coated microspheres (5 µl suspension/50 µl reaction). After 30 minutes 
at 37 °C, the non-translocated material was digested with proteinase K (30 min, 4 ºC). After inactivation 
the protease with PMSF (10 mM final concentration), the vesicles were dissolved with 1% SDS and the 
microspheres were removed by centrifugation (5 min, 13.000 rpm eppendorf centrifuge). The supernatant 
was TCA precipitated, dissolved in protein sample buffer and the protease protected material was analyzed 
by SDS-PAGE and western immunoblotting using an antibody against proOmpA as described above. 
To measure the SecA translocation ATPase activity, an in vitro translocation reaction with IMV-coated 
microspheres was performed as described above After 30 min incubation at 37 ºC, the microspheres were 
removed by centrifugation (5 min, 13.000 rpm eppendorf centrifuge, 4 ºC) and the released inorganic 
free phosphate in the supernatant was measured using the malachite green assay (Lill et al., 1989). All 
measurements were done at least in triplicate and obtained values were corrected for background levels.
To generate a translocation intermediates, proOmpA-P8-biotin (1.2 µM/ 18 μg/ml final concentration) was 
diluted into translocation buffer supplemented with 50 μg/ml SecB and 4.8 μM (250 μg/ml) streptavidin. 
After vigorous mixing the solution was placed in a water bath of 22°C. After 10 minutes, SecA (10 μg/ml), 
energy mix (10 mM creatine phosphate, 50 μg/ml creatine kinase) and 5 μl (per 50 μl reaction) IMVs-coated 
microspheres were added and the mixture was placed at 37 ºC. After 2 minutes at 37 ºC, water (control) 
or ATP (2 mM final concentration; translocation) was added whereafter the incubation was continued for 
30 minutes. The reaction was stopped by addition of 0.5 ml ice cold buffer B and the microspheres were 
sedimented by centrifugation in an eppendorf centrifuge (5 minutes, 13.000 rpm; 4 °C). The microspheres 
were washed twice with 0.5 ml ice-cold buffer B and after the last wash dissolved 500 μl ice-cold buffer 
B and stored on ice until use in the optical tweezers experiment. To reduce the amount of aspecific tethers 
several adaptations in the protocol as described above have been made: 1) lowering proOmpA-P8-biotin 
concentration to 0.6 μM; 2) decreasing the streptavidin concentration to 0.6 μM; 3) increasing the KCl 
concentration in the translocation and wash buffers to 100 mM; 4) increasing the BSA concentration in the 
translocation and wash buffers to 0.5 mg/ml, 5) washing the beads with 1 ml buffer B or C instead of 0.5 
ml, 6) generating a translocation intermediate by using a low ATP concentration (5 μM final concentration) 
and a short translocation time (8 minutes).
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Optical trapping procedures 

Optical tweezers setup 
The optical tweezers setup is presented in the Appendix. The surface experiments were performed using a 
diode laser (wave length 830 nm) as a trapping laser. The experiments were done in the z direction (in the 
axial direction of the laser beam, perpendicular to the coverslip). Using the linear relation between force 
(Fz) and the summed voltage (Vsum) of all four quadrants of the quadrant photodiode (QPD) (Neuman and 
Block, 2004), the force on a trapped microsphere in the z direction can be measured. For the micropipette 
experiments a stronger Nd:YVO4 laser (wave length 1064 nm) was used. Here, measurements were done in 
the x direction (horizontally, perpendicular to the laser beam). By fitting a Lorentzian to the power spectral 
density (PSD) of the movements of a trapped microsphere, the force constant of the optical tweezers and 
the sensitivity of the QPD were determined before performing experiments. On average, the force constant 
for a 1.88 µm polystyrene microsphere along the x coordinate was 237.4 pN/µm with a standard deviation 
of 18.6 pN/µm. The sensitivity of the QPD was on average ~ 1.63 V/µm with a standard deviation of 0.18 
V/µm. During the experiments, microsphere movements were measured by recording the normalized QPD 
Vx and Vy voltage and sum voltage (Vsum) at a frequency of 50 Hz. An analog electronics anti-aliasing 
filter was set at a filter frequency of 20 Hz. Additionally, the Labview particle tracking algorithm was used 
to track microspheres at a lower frequency (~ 5 Hz). For the analysis and for plots, the QPD data were used. 
The particle tracking data were only used for calibration. 

Optical tweezers experiments using the cover slide surface 
A flow cell with 10 µl volume was created by drawing two parallel lines of vacuum grease (Hivac-G, 
Shin-Etsu) approximately 5 mm apart on a microscope slide (Menzel Gläser) in the lateral direction and by 
mounting a glass cover slides (24mm×24 mm, Menzel Gläser) on top, under a 45º angle. Cover slides were 
previously silanized using 3-aminopropyltriethoxysilane (APES, Sigma-Aldrich), yielding a positively 
charged surface. Next, 10 μl of buffer B containing the IMV-preprotein intermediates, was flowed into the 
cell and incubated for 5 minutes. After removing unbound IMVs in 2–3 consecutive washes with 10 μl of 
buffer B, the biotin covered microspheres (Spherotech) and 1 mM ATP were flowed in. The flow cell was 
sealed with nail polish and transferred to the optical tweezers setup. 

Optical tweezers experiments using a micropipette 
A three-input/one-output flow cell, as described in the Appendix, was used for these experiments. The 
syringes connected to the outermost channels were filled with IMV- and DNA-microsphere suspensions, 
respectively. The syringe connected to the middle channel was filled with buffer B. To this buffer, ATP 
(1 mM final concentration) and a cell lysate from a SecA-overproducing strain of E. coli could be added 
to drive translocation. The flow system pressures were adjusted such that three separate flows could be 
distinguished. At the start of an experiment, the flow cell is moved using manually controlled stages such 
that the optical trap is located in the flow containing IMV-coated microspheres. When a IMV-coated 
microsphere is trapped it is transferred to the micropipette tip in the middle of the flow cell. Next, a DNA-
coated microsphere is trapped and transferred to the middle of the flow cell. Computer controlled movement 
of the piezo stage brings those two microspheres in close vicinity of each other to allow the binding of the 
biotin at the free end of the DNA linker and the streptavidin at the C terminus of proOmpA-P8. A good 
connection between protein and DNA is illustrated by a typical for dsDNA overstretching signature of 
DNA on the force-extension curve
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Introduction – role of the SecA motor protein in translocation

The preprotein translocase is a multi-subunit membrane complex that facilitates the movement 
of proteins across or into the membrane. In the bacterial kingdom, the main translocation 
pathway is provided by the Sec-translocase (for review see Osborne et al., 2005), although in 
some organisms the twin arginine translocase (TAT) pathway for folded proteins seems to 
be prevalent (Widdick et al., 2006). In Escherichia coli the translocase consists of a protein 
conducting channel (PCC) formed by the SecY, SecE and SecG proteins, and several associated 
proteins, among which the motor protein SecA, an ATPase (reviewed in de Keyzer et al., 2003) 
(Figure 1). In post-translational protein translocation, the preprotein associates with the cytosolic 
chaperone SecB, during or just after its synthesis. SecB is a secretion-dedicated chaperone that 
fulfills two functions: 1) to maintain preproteins in a translocation competent state (Randall 
et al., 1986; Collier et al., 1988) and 2) to target preproteins to the SecYEG bound SecA at the 
cis-side of the membrane (Hartl et al., 1990; Fekkes et al., 1999). Upon a successful interaction 
between the preprotein and SecA, multiple cycles of ATP binding and hydrolysis by SecA result 
in the progressive movement of preprotein segments through the PCC (Schiebel et al., 1991;van 
der Wolk et al., 1997). The proton motive force (PMF) provides an additional energy source for 
translocation (Driessen, 1992). 

How does post-translational translocation occur? In bacteria, SecA functions as a cis-acting 
motor, but for protein translocation into the ER and mitochondria, luminal and matrix Hsp70 
proteins act as trans-acting motor proteins. Two main mechanisms have been proposed: the 
power-stroke and the Brownian ratchet (for review see Alder et al., 2003). In the Brownian 
ratchet model the polypeptide is directed through the translocation pore towards the trans-side 
by spontaneous movement, i.e., diffusion. At the trans-side, Hsp70 proteins specifically trap the 
polypeptide to provide unidirectionality to the process. The power stroke model implies that 
Hsp70 exerts an active pulling force on the protein which in addition to a possible trapping, 
facilitates the translocation of the protein (Chapter 1).

How do these models relate to translocation mechanism facilitated by cis-acting motors like 
SecA? In the power-stroke model, the binding and/or hydrolysis of ATP result in conformational 
changes in SecA that cause the mechanical movement of the preprotein binding domain in the 
direction of the PCC. This would push the preprotein through the PCC in distinct steps. Intuitively, 
a Brownian ratchet mechanism for cis-acting motor proteins seems less likely as trapping of the 
diffusing polypeptide at the cis-side appears less effective as compared to trans-trapping. Since 
preproteins are transferred from SecB to SecA in a completely unfolded state (Chapter 4), it 
seems possible that the spontaneous (Brownian) movement of a polypeptide in the PCC could 
be driven by a folding event at the trans-side of the membrane. In such a model, the trapping of 
the preprotein by SecA at the cis side would allow more time for refolding of the polypeptide at 
the trans-side, and this would result in an acceleration of directional translocation. Indeed, in the 
absence of SecA a spontaneous movement of the polypeptide (protein intermediates) in the PCC 
was observed (Schiebel et al., 1991; Arkowitz et al., 1993), but without the input of energy (PMF) 
or SecA and ATP, this spontaneous movement does not result in the complete translocation of the 



84

Chapter 6 

preprotein. However, several preproteins translocate in a SecB-independent manner, and their 
folding state prior to translocation has not been determined. Possibly, the initial insertion of 
the signal sequence, as a loop-like structure with the N-terminal mature domain into the PCC, 
suffices to partially unfold the preprotein.

The power stroke model suggests that the protein is pushed through the PCC in discreet steps. 
The step size must be mechanistically coupled to a conformational change in SecA. On the other 
hand, with a Brownian ratchet mechanism, no defined step size is expected and translocation 
progress will depend mostly on the folding characteristics of translocating polypeptide segments. 
Since discrete translocation intermediates have been observed during the in vitro translocation 
of proOmpA, translocation has been proposed to be the result of an active pushing by SecA. 
Herein, a catalytic cycle of the SecA ATPase causes the translocation progress of about 40 amino 
acids in two distinct sub-steps that result from the (re-)binding of SecA to the translocating 
polypeptide chain and the binding of ATP to SecA (Schiebel et al., 1991; van der Wolk et al., 
1997). The power-stroke mechanism appears consistent with the structure of SecA that reveals 
the presence of a DEAD motor domain (Vrontou et al., 2004). In DNA helicases as PcrA, the 
DEAD motor domain is involved in the ATP-dependent mechanically unwinding of the dsDNA 
(Ye et al., 2004). The solution structures of SecA, however, do not yet reveal large conformational 
changes of SecA domains induced by nucleotide binding. Various speculations exist on possible 
movements of the preprotein binding domain (PBD) by comparison of different crystal structures 
of SecA (Osborne et al., 2004). However those “movements” appear to be too small to account 
for a power-stroke that drives the translocation of polypeptide segments of about 20 amino acids 
in length.

Unequivocal experimental discrimination between the power stroke and Brownian ratchet 
models seems difficult, as the observed step size could be the result of both pushing and trapping 
events. Also other subunits than SecA, may participate in translocation and affect the step size. 
A more detailed analysis, especially on how the physicochemical properties of polypeptide 
segments influence the translocation behavior, will shed more light on the molecular mechanism 
of preprotein translocation. 

Figure 1. Post-translational translocation in E.coli, 
schematic representation. After synthesis of the 
preprotein at the ribosome, folding of the preprotein is 
prevented by the presence of the signal sequence and 
the SecB chaperone. SecB targets the preprotein to the 
SecYEG-bound SecA motor protein. The preprotein 
is translocated across the membrane through the PCC 
composed of the SecY, SecE and SecG proteins. Once 
translocation has been initiated by SecA, the PMF 
and/or multiple catalytic cycles of the SecA ATPase 
can further drive translocation.
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Kinetics of translocation

How are the kinetics and energetics of translocation affected by preprotein length?

An unresolved questions concern: how is the kinetics of translocation affected by the length of 
a preprotein? Since translocation of proOmpA seems to occur in consecutive steps of 40 amino 
acids (Schiebel et al., 1991; van der Wolk et al., 1997), shorter polypeptides will require less 
time to be translocated as compared to longer polypeptides. This is correct only when the actual 
translocation reaction is rate determining for the overall process, while other factors such as 
preprotein targeting, polypeptide amino acid composition1 and folding of the preprotein at the 
trans-side only marginal affect the translocation kinetics. To study the effect of preprotein length 
on the translocation rate, we constructed a series of proOmpA derivatives up to 4-fold its original 
length (Chapter 2). ProOmpA consists of two very distinct domains: an N-terminal hydrophobic 
β-barrel domain and a C-terminal hydrophilic periplasmic domain (Ried et al., 1994; Pautsch 
et al., 1998). To increase the length of proOmpA, multiple copies of the C-terminal periplasmic 
domain were added at the C-terminus of proOmpA. This resulted in a protein with one (wild type, 
P1), two, four, six and eight repeats (P2, P4, P6 and P8, respectively). To assay SecA-dependent 
translocation only, the PMF was dissipated by means of ionophores. The study demonstrated that 
the translocation rate increased with decreasing preprotein length, but more importantly, remained 
essentially constant when expressed as number of amino acids translocated per time unit. Since 
the translocation ATPase activity of SecA was similar for all preprotein constructs, our data 
imply that the ATP consumption per translocated preprotein increases linearly with the length 
of the preprotein. These observations deviate from an earlier study in which the translocation of 
proOmpA was compared with a C-terminally truncated proOmpA-derivative (Bassilana et al., 
1992). Herein, the translocation rate was identical for the wild-type and the truncated version, 
whereas the SecA ATPase activity was found to be higher for the wild-type proOmpA. The latter 
was attributed to the presence of a disulfide bond in the C terminus of proOmpA, which obstructs 
translocation and causes an uncoupled SecA translocation ATPase activity. In our studies, a single 
cysteine proOmpA variant was used that was labeled with a fluorescent maleimide derivative. 
Therefore, uncoupling because of a disulfide bond can be excluded. Moreover, in the studies 
of Bassilana and coworkers (Bassilana et al., 1992), translocation rates were determined in the 
presence of PMF, while the ATPase activity was measured in the absence of PMF. Also, it is not 
known if these proOmpA derivatives differ in PMF-dependence of translocation. Therefore, no 
general conclusion about the kinetics and energy requirements of translocation can be derived for 
the aforementioned study. Our studies show that there is a constant rate of translocation, implying 
that, at least in vitro, protein targeting and translocation initiation are not rate limiting for the 
overall reaction, at least for the proOmpA variants studied. This is in accordance with the notion 
that for SecA-dependent translocation, the actual translocation event itself is rate-determining.
 

1  Obviously, this assumption does not hold for polypeptide segments that contain long stretches 
of hydrophobic amino acids that may function as a transmembrane domain. In that case, the protein will 
insert into the membrane instead of being translocated vectorially across the membrane
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How do these data fit into the proposed models of SecA functioning? A constant translocation 
rate and ATP consumption per amino acid suggest that a fixed length of protein is translocated 
during a single catalytic cycle of SecA. This is consistent with a stepping model of translocation 
favoring the power stroke mechanism. However, since the preproteins are relatively similar 
in amino acid composition, at least as far as the repetitive C-terminal regions is concerned, a 
trapping mechanism cannot be ruled out. Therefore, it would be of interest to systematically 
analyze how a different amino acid composition affects the translocation.

How does the protein folding state affect the translocation kinetics and energetics? 

Another question which was addressed in this work is how the folding status of the preprotein 
mature domain affects translocation? A generally accepted view is that preproteins are translocated 
in an unfolded conformation (Randall et al., 1986; Matouschek, 2003). Stable folding of the mature 
preprotein domain severely compromises translocation, and folded subdomains of the preprotein 
can lead to the generation of translocation intermediates trapped in the PCC (Arkowitz et al., 
1993). Therefore during post-translational translocation, protein folding prior to translocation is 
a potential problem the cell needs to deal with. To prevent, or slow down folding of preproteins, 
two main strategies are used. The signal sequence has been shown to slow down the folding of 
the preprotein mature domain (Park et al., 1988; Liu et al., 1989; Beena et al., 2004). Moreover, 
the secretion-dedicated chaperone SecB also affects the folding of preprotein (Liu et al., 1989; 
Lecker et al., 1990). SecB binds early preprotein folding intermediates in a stochiometric complex 
and thereby stabilizes their unfolded state (Lecker et al., 1990). Previously, it has been suggested 
that the degree of preprotein folding affects the SecA dependence of translocation (de Cock et 
al., 1998). In these experiments, preMBP (precursor of maltose binding protein) derivatives were 
employed containing point mutations in the mature region that were shown to either stabilize or 
destabilize the folding state of the mature domain (Chun et al., 1993). The SecA requirement was 
found to increase with the stability of the folded state, indicating that part of the energy requirement 
for translocation is utilized for active unfolding. This was a rather surprising observation, as 
preMBP translocation is known to be strictly dependent on SecB (Collier et al., 1988; Weiss et al., 
1988), and SecB is expected to be a major determinant of the preMBP folding. We have studied 
the folding and translocation of the preMBP variants using a well defined in vitro translocation 
system and saturating amounts of purified mutant forms of preMBP (Chapter 3). The effect of 
mutations in the mature domain of preMBP appeared rather marginal as compared to the impact 
of the signal sequence and SecB on preprotein folding. Consequently, the SecA-dependence and 
ATP-requirement for the translocation of the preMBP mutants was indistinguishable as compare 
to the wild type. How can this be reconciled with the results of de Cock and Randall (de Cock et 
al., 1998)? It is important to stress that those experiments were performed with a crude in vitro 
system using a cellular lysate and radiochemical amounts of preprotein. Lysate components, such 
as other chaperones, may affect the translocation of the preMBP variant differently. Because of 
the use of non-saturating concentrations of preprotein it is also difficult to discriminate between 
mechanistic differences in the energy requirement and kinetic effects caused by differences in 
affinity. Also, it is uncertain if with the used in vitro translation and translocation approach, 
all preMBP variants were translocated post-translationally. Our data suggest that for post-
translational translocation of a strictly SecB-dependent preprotein (like MBP), unfolding of the 
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mature domain prior to or during translocation through the PCC is not a rate determining step. 
As will be discussed below, our observations are consistent with findings that SecB stabilizes 
MBP in a completely unfolded state (Chapter 4). These data suggest that SecB-dependent 
proteins require only a limited energy input for protein unfolding prior to translocation. However, 
many preproteins are translocated in a SecB-independent manner. Possibly, the SecA-mediated 
unfolding is a more significant issue with such proteins. In this respect, recent evidence shows 
that the Sec-translocase is able to translocate the tightly folded human cardiac Ig-like domain I27 
fused to the C-terminus of proOmpA (N. Nouwen, unpublished data). Moreover, stably unfolded 
titin I27 domain was shown to translocate with faster kinetics and with less ATP consumption 
than the native prefolded protein. This implies that the ATP requirement for translocation is 
dependent on the preprotein folding state.

Are there any other features of a preprotein that may affect the translocation kinetics and energetics? 
For protein translocation into mitochondria it was shown that the length of the signal sequence 
determines mechanism as well as the rate of initiation of translocation (Matouschek et al., 1997; 
Huang et al., 1999). Also, the structure of the N-terminus of the mature protein seems to affect 
the translocation rate presumably because of different requirements of protein unfolding before 
translocation (Huang et al., 1999; Wilcox et al., 2005). In particular, β-sheet structures that form 
intimate contacts are unfavorable. The mitochondrial system can actively unfold proteins (Huang 
et al., 1999). As mentioned before, a recent study on the translocation of the tightly folded titin 
domain (N. Nouwen, unpublished data) suggests that the bacterial translocase is also equipped 
with unfolding activity. Thus it would be of interest to determine how the secondary structure of 
the mature N-terminus affects bacterial preprotein transport. Since SecB stabilizes preproteins 
in a completely unfolded state (Chapter 4; see below) again a distinction should be made between 
SecB-dependent and independent proteins. For the latter group, alkaline phosphatase or ribose 
binding protein might be interesting candidates, and the question arises if these proteins require 
more ATP for translocation than the SecB-dependent proteins.

Optical tweezers measurements

Biochemical studies have resulted in a major insight into the mechanism of bacterial protein 
translocation. However, in the biochemical analysis, the values obtained from bulk assays reflect 
averages of all active translocases and are therefore not informative for movements, forces and 
energy requirements for single translocation reactions. Single molecule studies can reveal explicit 
information on, for instance, the step size of translocation. To analyze the molecular mechanism 
of translocation at the single molecule level, we have applied the optical tweezers technique 
(Appendix). This method uses the ability to trap small particles, like beads, by a laser beam 
(Ashkin, 1998). The optical tweezers setup comprises two beads, one of which is in a fixed position 
and second one is trapped in the laser beam. The ends of a protein or other macromolecule under 
study are attached to these two beads. During the measurement, changes in the distance between 
beads as well as force applied can be measured with nm and pN precision. Optical tweezers were 
successfully employed to study piconewton forces associated with molecular motors like myosin 
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and kinesin and the elasticity of biopolymers like protein or DNA (for review see Mehta et al., 
1999). For the optical tweezers measurements described in this thesis, we used a micropipette 
and DNA linker to attach the measured molecule to a bead in the laser trap (Figure 2). The 
advantage of using a DNA linker and micropipette is that it prevents effects of the laser beam and 
the surface on the studied molecule. However, since optical tweezers had not been used before to 
study the translocation reaction, the entire setup had to be designed and validated. 

The effect of SecB on protein folding

The optical tweezers setup turned out to be an excellent platform to analyze the interaction 
between the SecB chaperone and secretory proteins. SecB maintains preproteins in a translocation 
competent state, which is a non-aggregated loosely folded conformation with possibly native 
like secondary structure and lack of stable tertiary structure (Lecker et al., 1990; Breukink et 
al., 1992). The exact preprotein conformation is, however, not known. SecB is a homotetramer 
with four putative polypeptide binding sites (Zhou et al., 2005) that bind only one preprotein. 
The question arises how the four seemingly independent peptide binding domains are used to 
bind single preproteins. Are preproteins wrapped around the SecB-tetramer as a continuous 
binding frame (Lecker et al., 1989), or are separate segments of the preprotein bound to the four 
putative peptide binding sites? To study the interaction between SecB and preproteins in more 
detail, optical tweezers were applied (Chapter 4). Because of its strict SecB-dependence for 
translocation, maltose binding protein (MBP) was used as a model protein (chapter 3, Randall et 
al., 1986; Collier et al., 1988; Kumamoto et al., 1988). 
For the optical tweezers experiments, a single MBP molecule was stretched between two beads. 
One of the beads was immobilized on a pipette, while the other bead was placed in the optical 
trap. Force-extension curves obtained by moving the pipette bound bead away from the optical 
trap, showed the unfolding of MBP as a sudden change in the length of the protein at a specific 
force, i.e. ~25 pN. Relaxation of the protein by the reverse movement in the optical trap resulted 
in the refolding of MBP. The MBP unfolding force is in line with the values reported for tenascin, 

Figure 2. Schematic representation 
of the optical tweezers configuration 
for single molecule measurements 
of protein (un)folding and 
translocation. The optical trap, DNA-
linker, protein (MBP and proOmpA-
P8 for unfolding and translocation, 
respectively) and a micropipette are 
shown. Balls represent trapped beads. 
The inset shows a closer view of the 
translocation set-up with a proOmpA-
P8 translocation intermediate trapped 
in the PCC embedded in the membrane 
vesicle (IMV).
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spectrin and ribonuclease (Oberhauser et al., 1998; Rief et al., 1999; Cecconi et al., 2005). 
Incidentally, stable unfolding intermediates were found. Interestingly, by the use of a construct 
with four covalently linked MBP molecules (MBP4), the presence of such intermediates during 
unfolding could be more accurately detected. This partially unfolding at around 10 pN, results in 
a distinct change in the contour length of the protein. Simulation of the MBP unfolding during 
mechanical pulling by steered molecular dynamics (SMD) suggests that the early unfolding 
event is due to unwrapping of the C-terminal α-helices from the MBP surface. The predicted 
length of the remained 280 amino acid core, 90 nm (assuming 0.32 nm per amino acid) is in 
good agreement with the length of the stable intermediate as determined by the optical tweezers 
measurements (92 nm). This intermediate likely corresponds to the β-strand rich core domain 
that requires higher forces for unfolding. Interestingly, mutations which disturb the MBP folding 
also localize to the same core domain of MBP (Chun et al., 1993). 
Since MBP was shown to undergo reversible cycles of unfolding/refolding, the effect of the SecB 
chaperone on the folding could be studied. Interestingly, when SecB was added to a refolded 
MBP, no difference in force characteristics was observed during the unfolding transition as 
compared to MBP only. This implies that SecB does not promote unfolding. However, once the 
protein was unfolded, no refolding occurred in the presence of SecB. This suggests that SecB 
prevents protein refolding only when it can bind to an unfolded protein. Interestingly, the lack of 
changes in force or extension in the presence of SecB suggests that SecB may interact with the 
protein at forces that are below the detection limit of the optical tweezers setup. This interaction 
may be very transient. 
Our observations with the tweezers may explain the biological function of SecB. In the cell the 
folding of newly synthesized protein is delayed by the presence of the signal sequence allowing 
SecB to bind (Park et al., 1988). This interaction involves fast binding and unbinding event 
as suggested previously in kinetic studies (Fekkes et al., 1995). This process is termed kinetic 
partitioning where the rate of SecB-preprotein interaction is determined by a kinetic partitioning 
between the rate of protein folding and the rate of association with SecB (Khisty et al., 1995; 
Topping et al., 1997). The observed strong, all-or-nothing, effect of SecB on protein folding 
suggests that the protein is targeted and transferred to SecA in an unfolded state. This implies 
that for SecB-dependent proteins, there is little need for protein unfolding in order to effect 
translocation. In line with this conclusion is the observation that mutations that stabilize or 
destabilize the fold of the mature MBP domain have little effect on the energy requirement for 
translocation (Chapter 3). Importantly, the MBP mutants remain strongly dependent on SecB for 
translocation, and it would be of interest to analyze similar types of mutations in preproteins that 
do not require SecB for translocation. 
The optical tweezers setup now provides an excellent platform for protein folding studies. 
Therefore, it would be of concern to study the interaction between MBP and other chaperones, 
such as DnaK/DnaJ or GroEL/ES. These chaperones use the energy from ATP for protein release 
and protein folding, and it will be of interest to determine how nucleotides affect the folding in 
the optical tweezers setup. 
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Protein translocation on the single molecule level

Optical tweezers have been employed to monitor active processes such as the moving of kinesin 
on microtubule (Svoboda et al., 1993) or the transcription of DNA by RNA polymerase (Yin et al., 
1995; Wang et al., 1997). This suggests that low forces used in the optical tweezers measurements 
are compatible with these active biological entities. Indeed, it was shown that this method could 
be used with live bacteria for the observations of DNA-uptake in Bacillus subtilis (Maier et al., 
2004) as well as the pilus retraction and elongation by Neisseria gonorrhoeae (Maier et al., 
2002). 
The optical tweezers setup would be excellently suited to measure the step size of protein 
translocation. In previous studies (Schiebel et al., 1991; van der Wolk et al., 1997), the step 
size has been estimated from the translocation progress of translocation intermediates using 
SDS-PAGE for visualization. The accuracy of such a measurement is not high, and the question 
remains as to whether translocation occurs with steps of a fixed or variable size. Single molecule 
studies could be applied to address this and the following questions: Is this a real step size of a 
single translocation reaction? Does translocation occur indeed in the step-wise manner? What 
is the true mechanism of translocation? Is it the result of active pushing by the motor protein 
SecA or is the passage through the channel solely driven by the Brownian motion, while SecA 
prevents the retrograde movement of protein (Mitra et al., 2006)? In an attempt to analyze protein 
translocation by optical tweezers technique, we have utilized the in vitro translocation system 
consisting of inner membrane vesicles (IMVs) with embedded SecYEG translocases (Chapter 
5). In the presence of SecA, SecB and ATP, a preprotein can be translocated into the vesicle. 
In the optical tweezers setup, IMVs charged with a translocation intermediate were bound to 
the fixed bead, while the laser-trapped bead contained a DNA-linker that at its free end was 
biotinylated in order to create a tether with the C-terminal part of translocation intermediate. 
The C-terminus of the protein is exposed to the outside of the vesicles and contained a biotin 
label. By means of streptavidin, a tether can be generated between the DNA and the protein. 
For these measurements a variant of proOmpA was used with eight repeats of the periplasmic 
domain (proOmpA-P8) (Chapter 2). The increase in length of the protein substrate should extend 
the measuring time and because these domains are repetitive units, a reproducible pattern is 
expected in a single molecule translocation measurement. Unfortunately, major difficulties were 
encountered in discriminating between specific and non-specific interactions, and it has not been 
possible to detect a specific signature of the protein translocation reaction. Several experimental 
modifications may be introduced to overcome the problem of non-specificity. It is possible that 
the N-terminal hydrophobic β-barrel domain of proOmpA-P8 is responsible for observed non-
specific interactions with IMVs. Thus, employing a more hydrophilic protein such as preMBP 
might decrease the non-specific interactions with IMVs. Additionally, with a soluble protein it 
would be possible to covalently attach a DNA linker to the C-terminus of the preprotein, resulting 
in a setup where the translocation could be started during the measurement itself. Apart from 
the difficulty to ascertain a specific interaction, the lack of a signature could be caused by many 
different features of the system, like folding of the protein in solution before the translocation 
reaction.
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Moreover, folding of the protein prior to translocation may hinder the detection of translocation. 
Under those conditions, the unfolding concomitantly with translocation may not result in a 
distinct change of the inter-bead distance, and thus translocation may remain undetected. For 
this reason, preMBP may again provide the solution to this problem as the SecB bound MBP 
is entirely unfolded, which at least defines the initial state of the preprotein prior to targeting. 
Although we used 100 nm IMVs that are more rigid than standard isolated IMVs (150-400 nm), 
the deformation of the IMVs during translocation needs to be considered as technical obstacle 
in the measurements. Because of the complexity of the optical tweezers system other methods 
should be considered as well. In particular single molecule spectroscopy may provide a good 
alternative.

This thesis presents different approaches to reveal details of the preprotein translocation. 
The question whether SecA acts by active pushing or by trapping a Brownian movement of 
the preprotein remains unanswered, although the constant rate of translocation as observed in 
Chapter 2, favors a mechanistic coupling between the ATPase cycle and translocation progress. It 
is, however, conceivable that the two proposed mechanisms coexist, as recently hypothesized by 
Mitra and coworkers (Mitra et al., 2006). In their molecular peristalsis model, the translocating 
polypeptide is first trapped in a large cavity formed at the interface between SecA and the PCC. 
It is assumed that SecA essentially acts as a power stroke motor, wherein the binding of ATP to 
SecA is used on one hand to decreases the cavity size and volume and on the other hand, to open 
the PCC. Since these events would take place concomitantly, the actual polypeptide movement 
through the pore is mainly driven by a directed Brownian motion of the polypeptide, in effect 
by a volume exclusion of the protein initially trapped in the cavity. The full potential of single 
molecule measurements has not yet been realized, but the development and refinement of these 
sophisticated measurements, in combination with a further characterization of the translocase in 
bulk experiments, will likely yield further detailed insight in the molecular mechanisms of this 
biological nanomachine.
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Introduction

The last few years, major advances in the application of some biophysical techniques to study 
biological systems have been made. In particular techniques, as optical tweezers (OT) and 
atomic force microscopy (AFM), have enabled mechanistic studies of biological processes at the 
single molecule level (for the review see Mehta et al., 1999). Using the optical tweezers technique 
the movement of a particle trapped near the focus of a laser can be controlled. Moreover, the 
technique is able to measure forces that are exerted on trapped particle (Ashkin, 1998). In this 
appendix, we will present the optical tweezers technique in general, and describe the specific 
setup that is established to measure the folding of maltose binding protein (MBP) and for 
preprotein translocation at the single molecule level.

Optical tweezers technique

Optical tweezers were first described by Ashkin et al. in 1986 (Ashkin et al., 1986) who based 
on the general observation that photons carry a momentum according to the formula p = h * λ, 
with h = Planck’s constant and λ = the wavelength of the light, believed that this phenomena 
could be used to manipulate a small particle. If the direction of a photon is altered by for instance 
scattering or by refraction, light can exert a force on the scattered or the refractive interface (the 
particle). In case of macroscopic objects, this force is negligible, but for micro- or mesoscopic 
objects, such as micron-sized polystyrene microspheres (beads), the effect of this force can be 
clearly observed when a high-intensity light source (laser) is used.

There are two different optical forces which affect small particles near a tightly focused laser 
beam: the scattering force and the gradient force (Visscher and Block, 1998; Neuman et al., 
2004). The scattering force on an object is caused by backscattering of photons. It acts in the 
direction of the light beam, tending to push the particle away from the focus. The gradient 
force on an object is pointed in the direction of highest light intensity and thus pulls the object 
towards the focus. When an object such as a microsphere is in the laser beam it can reflect the 
rays, thereby changing their momentum, which results in a change of the force exerted on the 

Figure 1. The gradient force exerted on a transparent object by a non-homogeneous light beam. A. A transparent 
bead is illuminated by a beam of light with an intensity gradient increasing from down to up. The paths of a bright and dim 
ray are shown. Due to refraction at the microsphere interface, the direction of each ray is altered. Because of the change of 
momentum of the photons that constitute the ray, a force is exerted on the microsphere (bigger for the bright ray than for the 
dim ray). The net vertical force on the microsphere is therefore pointing upward (direction of the highest intensity). For both 
rays, the direction of the force is indicated in which the size of the arrows indicates the magnitude of the force. B. Schematic 
drawing of a microsphere held by an optical trap.
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microsphere (Figure 1A). In an aqueous suspension and with ~ 1 µm diameter particles with a 
higher refractive index than water, the gradient force from the laser beam will direct particles 
to the point with the highest light intensity, which is in the center of the focus (Neuman et al., 
2004) (Figure 1B). In order to stably trap the microsphere, the gradient force has to overcome 
the scattering force. This can be achieved by using a high-numerical aperture (NA) lens such 
as a microscope objective (Neuman et al., 2004). In this case the equilibrium position of the 
particle is slightly “off-stream” due to the presence of the scattering force. The trapped particle 
can be moved by changing the center of the laser focus, which thus acts as optical tweezers. 
Most biological molecules are too small to be trapped directly by the laser focus. Therefore they 
are frequently attached to carrier particles such as polystyrene microspheres (Ashkin, 1997). To 
visualize the small particles, the optical trap is often combined with a bright field, fluorescence 
and/or confocal microscope. 
The optically trapped microsphere encounters a force (F) towards the trap center. For small 
displacements this force is linear with the movement of the particle as F = k * x, where x is 
displacement and k trap stiffness. The force (F) can be measured by a force detector as described 
by Svoboda (Svoboda et al., 1993). This device can measure the position of the bead (x) in the 
optical trap as well as trap stiffness (k). 
During optical tweezers measurements of biological processes the trapping control and the 
position sensing can be combined in different closed-loop feedback arrangements, like a position 
or a force clamp (Visscher et al., 1998; Neuman et al., 2004) (Figure 2). In the position clamp, 
the displacement of the bead is fixed while the load force changes either by mechanically moving 
the center of the laser beam or altering the trap stiffness by changing the laser intensity. In this 
way the maximum force (stall force) exerted by the molecular motor can be measured (Wang 
et al., 1997; Wuite et al., 2000). On the other hand, the force clamp allows the displacement 
of the trapped bead while maintaining the force constant, either by moving the trap center or 
reducing the trap stiffness. When the force applied on the trapped bead is lower than the force 
exerted by the molecular motor, the displacement and the velocity of the molecular process can 
be determined (Visscher et al., 1999; Rock et al., 2001).

Figure 2. Position and force clamps. A. The 
position clamp. The position of the trapped bead is 
held constant by varying the force. The stall force 
is obtained when the trapping force is equal to the 
force exerted by the molecular motor. B. The force 
clamp. The force exerted on the bead is fixed by 
moving the trapping center or lowering the trap 
stiffness. The bead can change position thus the 
velocity of the process can be measured. Black ball 
represents a molecular motor. X - displacement of 
the bead. 
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Using optical tweezers, forces up to 100 pN can be measured with resolutions as fine as < 0.1 
pN. This renders it an ideal experimental tool for studying cellular-biological processes that 
generate forces in the same order. Optical tweezers have been used to study many biological 
processes  like: the movement of cargo by the motor proteins myosin and kinesin (Molloy et al., 
1995; Visscher et al., 1999; Rock et al., 2001); packing of viral DNA by the bacteriophage phi29 
(Smith et al., 2001); RNA transcription and DNA replication (Wuite et al., 2000); the elasticity of 
DNA (Bustamante et al., 1994; Wang et al., 1997); the unfolding of proteins (Kellermayer et al., 
1997; Cecconi et al., 2005), membrane tube formation (Koster et al., 2003) and the pili retraction 
(Maier et al., 2002). 

Optical tweezers setup

For the single molecule measurements of protein folding (Chapter 4) and preprotein translocation 
(Chapter 5) as presented in this thesis, the optical tweezers setup was built by Ruud van Leeuwen 
in the laboratory of dr. Sander Tans at Atomic and Molecular Physics (AMOLF) in Amsterdam. 
A schematic view of system is presented in the Figure 3. In this setup, two beam lines can be 
distinguished: (i) a trapping beam line (in white), from the laser, via objective and condenser, 
to the quadrant photodiode (QPD); and (ii) an imaging beam line (in gray), from the LED, via 
condenser and objective to the two CCD cameras. As a trapping laser, a Nd:YVO4 laser (Spectra 
physics, λ = 1064 nm, 5.4W) was used. The wavelength of the laser beam can be separated well 
from the light that was used for imaging the sample. Moreover, the use of infra-red (IR) light 

Figure 3. Optical tweezers 
setup. A 60× water-immersion 
objective was used for 
visualization of the sample and 
trapping of the microspheres. 
The sample was illuminated 
with a blue LED. Two CCD 
cameras were used to enable 
the visualization of the sample 
at different magnifications. A 
Nd:YVO4.laser was used for 
trapping the microspheres The 
trapping force was measured 
using a  quadrant photodiode 
(QPD).
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minimizes the absorption and scattering in biological materials. A number of optical elements 
are inserted in the beam line to give the laser beam the right diameter (~ 8.4 mm) and intensity. 
Via a VIS-IR beamsplitter, the laser beam was reflected into the back aperture of a 60 x water-
immersion objective lens (Nikon, NA = 1.2) that was used both to image the sample and to focus 
the laser in the specimen plane. After the focus, the laser beam was collected using an oil-
immersion condenser lens (Nikon, NA = 1.4). Next, the back-focal plane of the condenser was 
imaged onto a quadrant photodiode (QPD) that was used to measure forces. 

In the imaging beam line, a blue LED (Toyoda Gosei, λ = ~ 470 nm) was used for the illumination. 
The objective lens allows illuminating the microscope sample. The VIS-IR beamsplitter reflects 
the blue light into the condenser while transmitting the trapping beam. A filter was used to 
prevent reflected laser light from reaching the cameras. Via a 50/50 plate beamsplitter and a 
mirror, the light was directed to two separate CCD cameras, onto which the sample was imaged 
at different magnifications using two lenses ( f1 = 20 cm and f2 = 40 cm).
All components were mounted on an actively-damped optical breadboard such that all beams were 
parallel to the table surface (beam height 11 cm.) which was placed in a room with a very well 
controlled temperature (20º C). The microscope sample was mounted on a piezo-nanopositioning 
stage that permitted translation both in the perpendicular (x, parallel to breadboard), perpendicular 
(y) and in the longitudinal (z) direction of the trapping beam. The range of the piezo-stage was 
50 μm * 50 μm * 20 μm (x * y * z).

The Labview program

The program Labview (National Instruments) was used to simultaneously control the piezo 
stage, filters, pressure meter, flow system and to acquire QPD and camera signals. The control of 
the movement of the piezo stage was done in a several ways: (i) Trackball mode, in this mode the 
movement of the piezo stage in the x, y and z direction was manually controlled by a trackball 
(Logitech); (ii) Force-feedback mode, the movement of the piezo stage is computer-controlled in 
such a way that the force on the optically-trapped microsphere is kept constant; (iii) Sweep mode, 
the piezo stage is moved in a pre-programmed pattern, for instance movement with a constant 
speed (µm/s) between two forces Fmin and Fmax. 

Force detection

The force exerted on the optically trapped microsphere was detected by a quadrant photodiode 
(QPD), which detects the changes in the outgoing laser beam due to the movement of the optically 
trapped microsphere. For small displacements of the microsphere from the trap center, there 
is a linear relationship between the measured detector voltage and the displacement (x) of the 
microsphere (F = k * x). The trap stiffness (k) can be measured by several methods. Routinely, 
we used the “power spectrum method” that uses a Lorentzian fit to the power spectral density of 
measured fluctuations of an optically-trapped bead (Svoboda and Block, 1994). 
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Flow system

In single-molecule biophysics, a high number of experiments have to be performed for good 
statistics. For this reason, a flow system enabling a high measurement throughput was essential. 
For the experiments that are described in this thesis, a flow system was developed that enabled 
precise control of the different solutions and the flow speed, as well as allowing the exchange 
of the beads that were trapped in the laser beam or on the micropipette during the experiment 
(Figure 4). The constructed flow cell has three inputs and one output which can be connected 
via polyethylene tubes to syringes filled with a specific buffer. The buffer flow was controlled 
either manually, using a plunger, or automatically by using a computer-controlled pressure 
system. Between the flow cell and the syringes, manually controlled valves (Hamilton) were 
introduced to enable switching between buffers or to block the flow through the channels. A 
glass micropipette with a tip inner diameter of ~ 1μm (Figure 4B, black arrow) was connected 
to a manually-controlled syringe via the polyethylene tubing. The assembly of the flow cell is 
schematically shown in Figure 4B.

Figure 5. The laminar flow inside a flow cell 
during the optical tweezers measurements. A. 
The three input channels with different buffers: 
channel 1: microsphere suspension 1; channel 
2 experimental buffer; channel 3: microsphere 
suspension 2. Due to the small dimensions, 
the flow inside the flow cell is laminar and 
hardly any mixing of the three flows occurs. B. 
Zoomed-in representation. Each microsphere 
is caught from their respective flow and 
transferred to the micropipette and middle of the 
flow channel, respectively. C. Micrograph of an 
optically trapped 2-μm microsphere (right) and a 
microsphere that is being held by a micropipette 
(left).
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Figure 4. Flow cell. A. An example of the sample holder that was used in experiments. The arrow points at the position of 
the micropipette tip. B. The flow cell assembly procedure. The flow cell, cut from Nascofilm (Karlan) and micropipette were 
sandwiched between a clean object and cover slide. Upon heating and applying pressure, the Nescofilm melts and forms a 
tight seal with the glass.
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Experimental procedure

In our set up the solutions with microsphere suspensions were connected to the outermost 
channels, whereas the experimental buffer was coupled to the middle channel of the flow cell 
(Figure 5). Because of the small internal dimensions of the flow cell (typically 5 mm wide; 100 
μm deep), no mixing can occur between the three input flows (except for some diffusion). First, 
a microsphere from flow channel 3 is caught in the optical trap by manual moving the piezo 
stage. This microsphere is transferred to the micropipette tip where it is held through suction. 
Subsequently, a second microsphere from flow channel 1 is caught in the laser focus. Experiments 
were started by bringing the two microspheres in close proximity and probing for connections 
(tethers) via DNA strands and/or proteins (Figure 5). When no connection was observed, the 
microsphere was (mechanically) removed from either micropipette or optical trap and a new 
microsphere was caught. Forces exerted on the laser trapped microsphere were measured using 
the QPD voltages. 
The optical tweezers setup as presented in this appendix was used to study the (un)folding of 
maltose binding protein (Chapter 4) and translocation of proOmpA(-P8) (Chapter 5). 
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Summary for uninitiated/
unacquainted

MICROBIOLOGY (figure 1)

Microbiology is the study of relatively simple life-forms like bacteria or yeast. This type of 
study was started in late seventeenth century by the Dutch tradesman and scientist Anton van 
Leeuwenhoek from Delft, who, by using a hand-made microscope, was the first to observe and 
describe single celled microscopic organisms, which he named animalcules. These organisms, 
which are found all over the Earth and play a crucial role in nature, are now known as 
microorganisms. Microorganisms are not only responsible for the recycling of nutrients such 
as nitrogen and sulphur, but also for causing various diseases. Because of their relatively simple 
structure, microorganisms are frequently used to study basic biological processes which occur on 
the molecular level within cells in the scientific field called Molecular Microbiology. 
The studies described in this thesis involve the bacterium Escherichia coli (E.coli). Bacteria are 
built from one cell (unicellular), which is composed from nothing more than a watery inside called 
the “cytoplasm”, surrounded by a lipid membrane. The lipid membrane acts as a barrier to hold 
nutrients, proteins and other essential components of the cytoplasm within the cell. Furthermore, 
E.coli contain a second (outer-) membrane which mainly function as the protection against the 
outside world. The genetic material (DNA) of E.coli is localised in the cytoplasm in a compact 
form named nucleoid. 

MOLECULES (figure 2)

All biological cells are constructed from small chemical compounds named molecules. There are 
four major building blocks: nucleic acids, amino acids, sugars and lipids. The nucleic acids are 
the building blocks used to store all information on how to built and organize the cell. Amino 
acids are used as the building blocks for the proteins that act as workers that carry out all essential 
chemical reactions in the cell. Sugars are mostly used as nutriens, while lipids function as storage 
of energy i.e., fats. Lipids, which behave similar to oil in that it does not mix with water, can form 
water-repulsing membranes which can separate two cellular compartments. 

Genetic information is encoded in a molecule called deoxyribonucleic acid (DNA). DNA forms 
a double helix of two strands that are built from four types of blocks named nucleotides (dATP, 
dTTP, dGTP and dCTP). The information is contained in the order in which millions of these 
nucleotides are arranged in the DNA. To use this information, DNA first needs to be transcribed 
into a single strand of ribonucleic acid (RNA), which is also built from four different nucleotides. 
The next step is to translate the information from RNA into protein. Proteins are linear molecules 
built from 20 different blocks named amino acids. One of the big discoveries in the twentieth 
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century was the breaking of the DNA code. It was shown that a set of three consecutive nucleotides 
of DNA and RNA encodes for one amino acid. 
The transfer of information can be compared with cooking. Here the DNA works as a voluminous 
cookbook, while RNA represents small notes made on separate pages during the reading of the 
DNA. Based on those notes different types of constructs/dishes (proteins) can be made.
Proteins fulfil various functions in organisms. They catalyze biochemical reactions (enzymes), 
and play a structural and mechanical function (cytoskeleton). They are also responsible for 
communication between cells and the timing when cells divide. In short, they are responsible 
for all processes which keep the cell alive. A protein is synthesized in the cytoplasm by the 
ribosome. This is a large and complex entity that works as the translator of the nucleotide (RNA) 
into the amino acid (protein) language. After synthesis the linear chain of amino acids needs 
to be arranged in space (folded) in order to obtain a three dimensional structure, i.e. a folded 
state, which is necessary for functioning as a native protein. Not all cellular proteins remain in 
the cytoplasm after their synthesis. In bacteria about 30% of proteins function outside of the 
cytosplasm and these proteins need to be transported across the cytoplasmic membrane to reach 
their final destination.

PROTEIN TRANSPORT (figure 3)

Since lipid membranes are impermeable for proteins, the cell possesses specific transport 
machines in the membrane named translocases. These translocases are made up of proteins, 
which form a channel in the membrane together with an additional protein that acts as an engine 
(motor) to move the protein through the transmembrane channel. The channel complex forms a 
narrow hole in the membrane that only allows the transmembrane passage of unfolded proteins. 
In order to recognize which proteins have to stay in the cytoplasm and which ones need to 
be translocated across the membrane, the secretory proteins contain an additional amino acid 
sequence at the beginning of the chain that functions as a kind of address label known as the 
signal sequence. The signal sequence is recognized by the translocase and activates the machinery 
to start the translocation process. There are two models which might explain how proteins are 
translocated through the narrow channel: the active and the spontaneous mechanism. In the first 
model, the motor uses an energy source to push the unfolded protein through the channel. The 
second model claims that an unfolded protein can spontaneously move in the channel and that 
the motor protein reversibly traps the translocating protein thereby providing direction to this 
diffusional movement. 
The universal energy source of living cells is ATP. Converting an ATP molecule into ADP and 
free phosphate during hydrolysis, releases energy which can be used to change the structure of 
a protein. One can compare this process with the burning of fuel to drive a car. Fuel is used to 
drive the rotation of the wheels, while in the translocation motors, the fuel is used to push the 
translocating protein through the channel.
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SEC TRANSLOCASE (figure 4)

The main pathway in bacteria that allows proteins to cross the membrane is the Secretion (Sec-) 
translocase. The Sec translocase is composed of a channel that comprises the membrane proteins 
SecY, SecE and SecG (collectively termed SecYEG complex) and the motor protein SecA. The 
Sec translocase recognizes secretory proteins by the presence of the signal sequence, the address 
label mentioned before. Shortly after the synthesis by the ribosome, the secretory protein is 
caught by the chaperone protein SecB. SecB guides secretory proteins to the Sec-translocase 
and also stabilizes the secretory proteins in an unfolded state that can be easily translocated 
across the membrane. SecA, the motor protein, uses the energy from ATP hydrolysis (fuel) to 
translocate the secretory protein across the narrow SecYEG pore. In addition, the proton motive 
force (PMF) contributes to the translocation reaction but only once ATP has been used to initiate 
protein translocation. 
The mechanism of SecA driven protein translocation has been studied for almost 30 years. The 
experimental data has resulted in various hypotheses on the mechanism(s) of translocation. 
However it is still unknown which of these hypotheses represents the “true” story.
In this thesis we have addressed the following questions: How does the motor work? Does SecA 
push or trap the protein? What factors influence the translocation rate? To answer these questions 
we have used two experimental approaches: a biochemical and a biophysical approach.

BIOCHEMICAL EXPERIMENTS – translocation in the test tube (figure 5)

In the biochemical approach, we studied how the length of a secretory protein affects the timing 
and energy requirement of the process (Chapter 2). In another study, we determined how the 
stability of folding state of the secretory protein determines the energy requirement (Chapter 3). 
A widely used method is the translocation assay using a cell free system in a test tube. 
Using this method we could show that irrespective the length of a secretory protein the 
translocation rate is constant when expressed as number of amino acids translocated per time 
interval (Chapter 2). This observation is consistent with a stepwise translocation model in which 
each step of ATP hydrolysis results in the translocation of a fixed length of protein. Moreover, 
the translocation rate and energy requirement is not affected by stability of the folded state of 
the mature domain of a secretory protein when analysed in the presence of the chaperone SecB 
(Chapter 3). It seems, the Sec-translocase does not need to invest additional energy to unfold 
these proteins, most likely because SecB donates secretory proteins in a completely unfolded 
state to the Sec-translocase (see also below). 

BIOPHYSICAL EXPERIMENTS – protein folding – optical tweezers (figure 
6)

The other approach we used was a biophysical technique namely optical tweezers, where beams 
of light are used as tweezers to manipulate the position of small objects in a solution. This is 
a so-called single molecule technique. In contrast to the biochemical methods, where a lot of 
molecules present in a solution are studied during one experiment, the optical tweezers method 
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can analyse a single molecule. Using this method we studied protein folding as well as how the 
SecB chaperone affects folding (Chapter 4). The mechanistic principle of the optical tweezers 
can be explained if we image that a folded protein resemble a ball of yarn. In order to unravel 
the ball we need to pull on one end of thread and keep the other end fixed. This in principle 
how the optical tweezers method operate. Our measurements have shown that the specific 
protein unfolded at a pulling force of 25 pN (25*10-12 N). This is an extremely small value when 
compared to a force needed to accelerate a car to 100 km/h in 10 minutes, which is around 46,3 
N (F=m*a=m*dv/t,  F =1000kg*100km/h / 10min =1000kg*0.0463m/s2 =46,3N). Interestingly, 
SecB had little effect on the unfolding of the protein, but once it was unfolded in the optical 
trap, SecB interacts with the protein and prevents its from refolding back into its normal (native) 
structure. These experiments, for the first time, provide detailed information on how a chaperone 
protein can influence folding and unfolding of proteins. Also, an attempt was made to study 
protein translocation using the optical tweezers technique (chapter 6). The initial setup of this 
experiment was realised, but real translocation events could not be detected presumably because 
of technical difficulties.  However, this work has now opened new directions and approaches to 
perform translocation and folding reactions at the single molecule level.

Arnold and Francois - thank you
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Samenvatting voor ingewijden

MICROBIOLOGIE (eng. Microbology, figuur 1)

Microbiologen bestuderen relatief simpele levensvormen zoals bacteriën en gisten. De 
grondslagen voor de microbiologie werden in de 17de eeuw gelegd door de Nederlandse 
handelaar annex wetenschapper Antony van Leeuwenhoek, die als eerste met een zelfgemaakte 
microscoop microscopisch kleine ééncellige organismen waarnam en ze beschreef onder de 
noemer animalcules. Deze organismen, die over de hele aarde voorkomen en een onmisbare rol 
spelen in de natuur, staan tegenwoordig bekend als microorganismen. Microorganismen zijn niet 
alleen verantwoordelijk voor de kringloop van  voedingsstoffen zoals stikstof en zwavel, maar 
veroorzaken ook voor diverse infectieziekten. Vanwege hun relatief simpele opbouw worden 
microorganismen vaak gebruikt om fundamentele biologische processen op moleculair niveau te 
bestuderen, in een tak van wetenschap die “moleculaire microbiologie” genoemd wordt.
Het onderzoek dat beschreven wordt in dit proefschrift is verricht aan de bacterie Escherichia 
coli (E.coli). Bacteriën zijn ééncelligen, en bestaan uit niet veel meer dan een waterige massa 
(cytoplasma, eng. cytoplasm) die omgeven wordt door een membraan (eng. membrane) van 
lipiden (vetzuren). Deze cytoplasmatische membraan dient onder andere om voedingsstoffen, 
eiwitten en andere essentiële componenten voor de cel te behouden. Daarnaast bevat E. coli een 
tweede (buiten-)membraan die voornamelijk als bescherming dient tegen de buitenwereld. Het 
erfelijk materiaal (DNA) van E. coli bevindt zich in het cytoplasma in een compacte vorm die 
nucleoid genoemd wordt.    

MOLECULEN (eng. molecules, figuur 2)

Alle biologische cellen zijn opgebouwd uit vier verschillende soorten moleculen: nucleïnezuren 
(eng. nucleic acids), aminozuren (eng. amino acids), suikers (eng. sugars) en lipiden (eng. 
lipids). Nucleïnezuren worden gebruikt om informatie op te slaan over de exacte opbouw en 
eigenschappen van de cel. Aminozuren worden gebruikt als bouwstenen voor de eiwitten, de 
“werkpaarden” van de cel die alle essentiële (bio-)chemische processen uitvoeren. Suikers worden 
voornamelijk gebruikt als directe voedingsbron (eng. food). Lipiden dienen onder andere als 
energie opslag (eng. storage). Lipiden lossen net als oliën en vetten slecht op in water en door die 
eigenschap kunnen ze waterafstotende membranen vormen die twee cellulaire compartimenten 
van elkaar kunnen scheiden.

Alle erfelijke informatie van een cel ligt opgeslagen in het nucleïnezuur DNA (deoxyribonucleic 
acid), een lang spiraalvormige molecuul dat bestaat uit twee afzonderlijke inelkaar gedraaide 
strengen. DNA is opgebouwd uit vier verschillende bouwstenen, de nucleotiden ATP, TTP, GTP 
en CTP. De volgorde waarin miljoenen van deze nucleotiden gerangschikt zijn bepaalt de inhoud 
van de erfelijke informatie. Voordat deze informatie echter gebruikt kan worden, moet het DNA 
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eerst “herschreven” worden in het enkelstrengs nucleïnezuur RNA (ribonucleic acid) dat net als 
DNA is opgebouwd uit vier verschillende nucleotiden. Het RNA wordt vervolgens “vertaald” in 
eiwitten, eveneens lange en sliertvormig moleculen, die bestaan uit 20 verschillende bouwstenen 
(aminozuren) in plaats van vier. Een van de grootste doorbraken in de 20ste eeuw was het 
ophelderen van de genetische code: drie opeenvolgende nucleotiden in DNA/RNA blijken te 
coderen voor één aminozuur in een eiwit. DNA kan vergeleken worden met een soort kookboek 
waarin alle mogelijke recepten opgeslagen liggen RNA is dan vergelijkbaar met een kopie van 
een enkel recept uit dat kookboek. Afhankelijk van de informatie (eng. transfer of information) 
in het oorspronkelijke recept en dus de kopie wordt een eiwit gebouwd. 
Eiwitten vervullen veel verschillende functies binnen de cel, zoals het laten verlopen van (bio-
)chemische reacties (enzymen), het geven van stabiliteit en houvast voor gerichte beweging van 
moleculen binnen de cel (cytoskelet), communicatie tussen afzonderlijke cellen en het coordineren 
van de celdeling. Kortom, alle processen die nodig zijn om de cel in leven houden. 
Eiwitten worden gemaakt in het cytoplasma, door een grote complexe “machine” die de 
nucleotiden-taal van het RNA vertaalt in de aminozuur-taal van eiwitten. Na de synthese 
worden de aanvankelijk sliertvormige eiwitten “opgevouwen” (eng. folded ) in een compacte en 
specifieke drie-dimensionale structuur, die nodig is om de betreffende functie uit te voeren. Deze 
structuur wordt “natief” genoemd (eng. native protein). 

EIWIT TRANSPORT (eng. protein transport, figuur 3)

Niet alle eiwitten blijven na hun synthese in het cytoplasma. In bacteriën bijvoorbeeld functioneert 
ongeveer 30% van de eiwitten buiten het cytoplasma, en deze moeten dus allemaal in ieder geval 
de cytoplasmatische membraan passeren om op hun plaats van bestemming te komen. Omdat 
membranen niet doorlaatbaar zijn voor eiwitten bevinden zich in elke membraan specifieke 
transport systemen die “translocases” genoemd worden. Deze translocases, die overigens ook 
zijn opgebouwd uit eiwitten, bestaan doorgaans uit twee componenten: een kanaal eiwit in de 
membraan zelf en een motor eiwit dat aan dat kanaal eiwit bindt. Het motor eiwit levert de 
drijvende kracht die nodig is om de te transporteren eiwitten (substraten) in een ongevouwen 
toestand door het nauwe translocatie kanaal heen te duwen. Herkenning van de substraten vindt 
plaats door de signaal sequentie; een soort mini-eiwitje (adreslabel)dat zich meestal aan het begin 
van de eiwitketen van het substraat bevindt. In complexe cellen met meerdere membraansystemen 
bestaan er verschillende soorten signaal sequenties, één voor elke bestemming.  
Er bestaan twee verschillende modellen voor de manier waarop eiwitten een translocase kanaal 
passeren: het actieve en het passieve model. Volgens het eerste model wordt het substraat actief 
geduwd of getrokken (eng. pushing) door het motor eiwit. Volgens het tweede model beweegt 
het substraat zich passief (doormiddel van diffusie) het kanaal in en voorkomt het motor eiwit 
terugkeer van het substraat door het vast te houden (eng. trapping), met als resultaat dat het 
substraat uiteindelijk ook volledig getransporteerd wordt. In beide modellen verbruikt het motor 
eiwit ATP, het universele brandstofmolecuul dat gebruikt wordt in elke biologische cel. Door 
een ATP molecuul te splitsen in ADP en een fosfaat molecuul komt energie vrij die het motor 
eiwit kan gebruiken om mechanische arbeid te verrichten. Dit proces is vergelijkbaar met het 



123

Summary-Samenvatting- Streszczenie

aandrijven van bijvoorbeeld wielen aan een auto door het verbranden van benzine, en aan deze 
eigenschap danken “motor” eiwitten dan ook hun naam. 

SEC TRANSLOCASE (eng. Sec translocase, figuur 4)

De meeste eiwitten worden over de cytoplasmatische membraan van bacteriën getransporteerd 
door het Sec (secretie) translocase. Het kanaal van het Sec translocase wordt gevormd door de 
drie eiwitten SecY, SecE en SecG (het SecYEG complex), het bijbehorende motor eiwit is SecA. 
Direct nadat Sec substraten gemaakt zijn door het ribosoom worden ze “gevangen” door het 
chaperone eiwit SecB. De functie van SecB is tweeledig: het voorkomt vouwing van de substraten 
en het brengt ze versneld naar het motor eiwit SecA. Het voordeel hiervan is dat de Sec substraten 
nauwelijks tijd krijgen om te vouwen, hetgeen transport door de Sec translocase vergemakkelijkt. 
Het transport proces wordt vervolgens in gang gezet wanneer SecA één ATP molecuul bindt en 
splitst. Daarna kan het transport zowel gedreven worden door verdere ATP verbruik als door de 
“proton motive force” (pmf); een verschil in protonen concentratie tussen de ene en de andere 
kant van de cytoplasmatische membraan. Het onderliggende mechanisme van de laatste vorm 
van aandrijving is echter nog onbekend, evenals vele andere aspecten van het Sec translocase. In 
dit proefschrift komen onder andere de volgende vragen aan de orde: 
-Werkt de SecA motor volgens het actieve of passieve model voor motor eiwitten? 
-Welke factoren beïnvloeden de transportsnelheid? 
Om deze en andere vragen te beantwoorden hebben we voor twee benaderingen gekozen: een 
biochemische en een biofysische. 

BIOCHEMISCHE EXPERIMENTEN. Eiwit transport in een reageerbuis 
(eng. translocation in the test tube, figuur 5).

Met de biochemische benadering hebben we bestudeerd hoe de lengte (Hoofdstuk 2) en de 
vouwingstoestand (Hoofdstuk 3) van een Sec substraat de snelheid en de energie behoefte van 
het transport proces beïnvloeden. Om eiwittransport te meten en te kwantificeren hebben we 
gebruik gemaakt van een celvrij systeem, waarvoor de benodigde componenten individueel 
geïsoleerd  en gezuiverd werden en vervolgens samengevoegd in een reageerbuis. Hiermee 
hebben we kunnen aantonen dat de transportsnelheid, uitgedrukt als een aantal aminozuren per 
tijdseenheid, onafhankelijk is van de lengte van het substraat (Hoofdstuk 2). Deze waarneming 
is in overeenstemming met het stapsgewijze transportmodel, waarbij het verbruik van elk ATP 
molecuul resulteert in transport van een constante hoeveelheid aminozuren. Bovendien wordt 
noch de transportsnelheid noch de energie behoefte beïnvloed door de vouwingstoestand van het 
substraat, zolang SecB aanwezig is (Hoofdstuk 3). Blijkbaar kost het het Sec translocase in dit 
geval geen extra energie om substraten te ontvouwen, waarschijnlijk omdat ze in ongevouwen 
toestand aangeleverd worden door SecB (zie ook hoofdstuk 4).
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BIOFYSISCHE EXPERIMENTEN – eiwit vouwing (eng. protein folding) 
– optisch pincet (eng. optical tweezers) (figuur 6) 

Voor de biofysiche benadering hebben we gebruik gemaakt van een optisch pincet, een relatief 
moderne techniek waarmee in een oplossing kleine plastic balletjes verplaatst kunnen worden 
met behulp van een laserstraal. Door één molecuul te bevestigen aan het balletje kunnen 
krachtmetingen verricht worden aan dat enkele molecuul, vandaar dat deze methode ook wel 
een “één-molecuul techniek” genoemd wordt. Dit staat in schril in contrast met biochemische 
technieken waarin aan vele moleculen tegelijk gemeten wordt. 
Met het optisch pincet hebben we bestudeerd hoe SecB de vouwing van een Sec substraat 
beïnvloedt (Hoofdstuk 4). Een gevouwen eiwit is vergelijkbaar met een bol wol, dus wanneer 
het ene uiteinde vastgehouden wordt en er aan het andere uiteinde getrokken wordt ontvouwt 
het. Op die manier hebben we kunnen meten dat er een trekkracht van 25 pN nodig is om het 
bestudeerde Sec substraat volledig te ontvouwen. Een extreem kleine waarde vergeleken met de 
kracht 46,3 N (formula F=m*a=m*dv/t,  F =1000kg*100km/h / 10min =1000kg*0,00463m/s2 
=46,3N) die nodig is om een auto te accelereren to 100 km/h in 10 minuten. SecB blijkt geen 
effect te hebben op de ontvouwing van het substraat, maar nadat het eiwit eenmaal ontvouwen is 
verhindert SecB de hervouwing ervan. In afwezigheid van SecB hervouwt het substraat wel tot 
de natieve toestand. Deze experimenten zijn de eerste één-molecuul metingen aan de interactie 
tussen een chaperone eiwit en diens substraat. 
We hebben ook getracht met het optisch pincet metingen te verrichten aan de eiwittransport 
reactie zelf (Hoofdstuk 6). Hoewel de experimentele opzet in principe goed functioneerde hebben 
we geen transport reacties kunnen meten, waarschijnlijk door technische en/of methodologische 
tekortkomingen. Dit onderzoek heeft echter wel een belangrijke bijdrage geleverd aan de 
waarschijnlijke totstandkoming van de gewenste metingen in de nabije toekomst, en het heeft 
nieuwe benaderingen opgeleverd om eiwit transport en -vouwing te meten met een optisch 
pincet. 

Eli en Arnold - dank je wel 
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Streszczenie dla niewtajemniczonych 

MIKROBIOLOGIA (ang. microbology, rysunek 1)

Mikrobiologia jest nauką o prostych formach życiowych takich jak bakterie lub grzyby. Ojcem 
mikrobiologii jest holenderski kupiec i naukowiec Antoni van Leeuwenhoek, który używając 
ręcznie zbudowanego mikroskopu po raz pierwszy zaobserwował i opisał jednokomórkowy 
organizm, który nazwał „animalculus”, obecnie znany jako mikroorganizm. Mikroorganizmy 
występują na całej Ziemi i są odpowiedzialne za wiele procesów takich jak metabolizm, 
przepływ pierwiastków (azotu lub siarki) oraz wywoływanie chorób. Ze względu na prostą 
budowę, mikroorganizmy są często używane do badań podstawowych procesów biologicznych 
zachodzących w komórce. Ta cześć nauki jest nazywana Mikrobiologią Molekularną
Badania opisane w tej rozprawie doktorskiej przeprowadzone zostały na bakterii Escherichia 
coli (E.coli). Bakterie zbudowane są z jednej komórki, której wnętrze wypełnione jest wodna 
substancją nazywaną cytoplazmą (ang. cytoplasm). Cytoplazma otoczona jest błoną lipidową, 
która stanowi barierę zatrzymującą elementy odżywcze, takie jak białka, a także inne niezbędne 
składniki, wewnątrz komórki. Wspomniana E.coli posiada dwie błony (ang. membranes) 
otaczające cytoplazmę: wewnętrzną i zewnętrzną (ang. inner / outer). Obecny w cytoplazmie 
nucleoid gromadzi materiał genetyczny (DNA) bakterii. 

MOLEKUŁY (ang. molecules, rysunek 2)

Wszystkie komórki zbudowane są z małych cząsteczek nazywanych molekułami. W 
przyrodzie istnieją cztery podstawowe elementy budulcowe: kwasy nukleinowe (ang. nucleic 
acids), aminokwasy (ang. amino acids), cukry (ang. sugars) i lipidy (ang. lipids). Kwasy 
nukleinowe używane są do przechowywania całej informacji o tym, jak budować i zarządzać 
komórką. Aminokwasy są elementem budulcowym dla białek (ang. protein), które można 
porównać do pracowników (ang. workers) odpowiedzialnych za wszystkie niezbędne reakcje 
chemiczne w komórce. Cukry są głównym źródłem węgla (jedzenia, ang. food), który może 
być przechowywany (ang. storage) w postaci lipidów takich jak tłuszcze. Dodatkowo lipidy, 
dzięki swoim hydrofobowym (odpychającym wodę) właściwościom, mogą formować warstwę 
(błonę), która oddziela hydrofilowe (przyciągające/lubiące wodę) wnętrze komórki od świata 
zewnętrznego. Działanie lipidów jest podobne do oleju, który nie może mieszać się z wodą.

Informacja genetyczna o komórce zakodowana jest w cząsteczce nazwanej kwasem 
dezoksyrybonukleinowym (DNA). DNA tworzy dwuniciową helisę, zbudowaną z czterech 
cegiełek nazywanych nukleotydami (dATP, dTTP, dGTP i dCTP). Nukleotydy ułożone w 
określonej kolejności w cząsteczce DNA stanowią informację genetyczną. Zanim informacja 
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zapisana w DNA może być wykorzystana, musi zostać przepisana na jednoniciowy kwas 
rybonukleotydowy (RNA). Następnie jest ona przetłumaczona na białka. Białka są liniowymi 
cząsteczkami, składającymi się z różnych cegiełek zwanych aminokwasami. Jednym z większych 
osiągnięć XX wieku było rozszyfrowanie kodu DNA. Okazało się, że seria trzech kolejnych 
nukleotydów koduje jeden aminokwas. Przepływ informacji genetycznej (ang. transfer of 
information) może być porównany do czytania książki. DNA jest jak wielka encyklopedia, 
natomiast RNA to notatki zrobione w trakcie jej czytania. Na podstawie tych notatek powstają 
różne rodzaje białek- budowli.
Białka pełnią różne funkcje w organizmie. Mogą katalizować reakcje biochemiczne (enzymy) 
lub spełniać funkcje strukturalne albo mechaniczne (cytoszkielet). Białka biorą także udział w 
komunikacji pomiędzy komórkami. Podsumowując, są one odpowiedzialne za wszystkie procesy, 
które utrzymują komórkę przy życiu. Białka powstają w cytoplazmie, są tam syntetyzowane przez 
rybosomy, które tłumaczą informacje z języka nukleotydowego (RNA) na język aminokwasowy 
(białek). Po zakończeniu syntezy, liniowy łańcuch aminokwasów musi być odpowiednio ułożony 
(sfałdowany, ang. folded) w trójwymiarową strukturę nazywaną stanem sfałdowanym (w takiej 
formie białko jest aktywne, ang. native protein), który jest niezbędny dla funkcjonowania 
białka. Każde z powstałych białek pełni określoną funkcję, niektóre z nich są aktywne jedynie 
na zewnątrz cytoplazmy. W przypadku bakterii około 30 % białek funkcjonuje na zewnątrz 
cytoplazmy, w związku z czym białka te muszą pokonać błonę cytoplazmatyczną.

TRANSPORT BIAŁEK (ang. protein transport, rysunek 3)

Ponieważ błony lipidowe są nieprzepuszczalne dla białek, komórka wykształciła specyficzne, 
błonowe maszyny transportujące (przenoszące) zwane translokazami (ang. translocases). 
Translokazy zbudowane są z kilku białek, które tworzą kanał (ang. channel) w błonie i 
dodatkowego białka, które działa jak silnik (ang. motor) transportujący białko przez kanał. 
Ponieważ kanał w błonie, przez który przechodzą białka jest wąski, muszą one być rozfałdowane 
w trakcie transportu. Białko, które powinno być transportowane przez błonę, posiada dodatkową 
sekwencję aminokwasów na początku łańcucha, tak zwaną sekwencję sygnałową, która działa 
jak bilet. Bilet ten jest rozpoznawany przez translokazę i uruchamia maszynę transportującą. 
Do tej pory zaproponowano dwa modele tłumaczące mechanizm transportu białek przez błonę: 
aktywny i spontaniczny. 
W pierwszym przypadku motor, przy użyciu energii, pcha (ang. pushing) rozfałdowane białko 
przez kanał. Drugi model zakłada, że rozfałdowane białko spontanicznie przemieszcza się w 
kanale. W tym przypadku motor wiąże się tymczasowo (łapie, ang. trapping) z przemieszczającym 
się białkiem, i w ten sposób białko kierowane jest na zewnątrz komórki.
Uniwersalnym źródłem energii dla komórki jest nukleotyd - ATP. W czasie rozkładu (reakcja 
hydrolizy) ATP do ADP i wolnego fosforu zostaje uwolniona energia, która jest użyta przez 
silnik (motor). Ten proces można porównać do spalania benzyny przez samochód. Energia z 
benzyny jest wykorzystywana przez silnik do poruszania kół, podczas gdy benzyna, tutaj- ATP 
powoduje zmianę struktury motoru (białka motorowego) tak, że może ono pchać transportowane 
białko przez kanał.
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SEC TRANSLOKAZA (ang. Sec translocase, rysunek 4)

U bakterii głównym kompleksem transportującym białka przez błony jest Secretion (Sec-) 
translokaza (ang. secretion – wydzielanie). Sec translokaza składa się z kanału, który zbudowany 
jest z białek błonowych SecY, SecE i SecG (wspólnie nazywanych SecYEG) i białka motorowego, 
motoru - SecA. Zaraz po syntezie na rybosomie, transportowane białko wiązane jest przez SecB. 
SecB jest chaperonem (przyzwoitka  ochraniarzem), który stabilizuje białko w rozfałdowanej 
formie, dzięki czemu jest ono łatwo transportowane przez błonę. Poza tym SecB doprowadza 
białko do Sec translokazy. Tam sekwencja sygnałowa (bilet) transportowanego białka jest 
rozpoznawana przez translocaę, następnie motor- SecA, przy użyciu energii z ATP transportuje 
białko przez kanał SecYEG. 
Od prawie 30 lat trwają badania nad mechanizmem działania motoru SecA . Otrzymywane 
wyniki stanowią podłoże rożnych hipotez, mimo tego nadal nie wiadomo, która z nich odpowiada 
rzeczywistości. 
Celem mojego doktoratu było uzyskanie odpowiedzi na następujące pytania: jaki jest mechanizm 
działania motoru? Czy SecA popycha (przesuwa) czy łapie białko? Jakie czynniki oddziaływają 
na tempo translokacji? Odpowiedzi na te pytania próbowaliśmy uzyskać używając metod 
biochemicznych i biofizycznych. 

DOŚWIADCZENIA BIOCHEMICZNE – translokacja w probówce (ang. 
translocation in the test tube, rysunek 5)

Używając metod biochemicznych badaliśmy, w jaki sposób długość transportowanego białka 
oddziaływuje na takie elementy jak prędkość i zużycie energii podczas transportu (Rozdział 2). 
W innym doświadczeniu określiliśmy, w jaki sposób stabilność sfałdowania transportowanego 
białka określa zapotrzebowanie na energię (Rozdział 3).
Jedną z popularnych metod biochemicznych jest translokacja w probówce bez użycia komórek.
Za pomocą tego doświadczenia pokazaliśmy, że niezależnie od długości transportowanego 
białka, ilość transportowanych aminokwasów w ciągu minuty jest stała (Rozdział 2). Ten 
wynik zgadza się z modelem „krokowej translokacji”, w której stała, określona długość białka 
jest transportowana w trakcie hydrolizy jednej cząsteczki ATP. Dodatkowo pokazaliśmy, że w 
obecności chaperonu SecB, tempo translokacji i zapotrzebowanie energetyczne nie jest zależne 
od tego, jak ciasno transportowane białko jest sfałdowane (stabilność sfałdowania) (Rozdział 3). 
Najwidoczniej, Sec translokaza nie musi zużywać dodatkowej energii na rozfałdowanie tego typu 
białka, ponieważ SecB przenosi białko do translokazy w stanie rozwiniętym (rozfałdowanym) 
(patrz poniżej).

DOŚWIADCZENIA BIOFIZYCZNE– fałdowanie białka (ang. protein 
folding) – szczypce optyczne (ang. optical tweezers) (rysunek 6)

W innym eksperymencie użyliśmy biofizycznej metody nazywanej „szczypce optyczne” 
(ang. optical tweezers). Polega to na tym, że strumień światła używany jest jak szczypce do 
manewrowania małymi obiektami (cząsteczkami) w roztworze. W przeciwieństwie do metody 
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biochemicznej, gdzie wiele cząsteczek obecnych w roztworze jest badanych w ciągu jednego 
eksperymentu, za pomocą optycznych szczypiec jest możliwa obserwacja pojedynczej cząsteczki. 
Tą metodą badaliśmy fałdowanie białka oraz to, w jaki sposób chaperon SecB wpływa na 
fałdowanie (Rozdział 4). Mechanizm działania optycznych szczypiec może być wytłumaczony, 
jeżeli wyobrazimy sobie, że sfałdowane białko odpowiada kłębkowi wełny. Aby rozwinąć kłębek 
musimy ciągnąć za jeden koniec, podczas gdy drugi koniec włóczki musi być unieruchomiony. 
Dokładnie w taki sposób przeprowadzany jest eksperyment przy użyciu optycznych szczypiec. 
W naszych pomiarach pokazaliśmy, że badane białko rozfałdowuje się przy użyciu siły 25 
pikoNewtonow (25*10-12 N). Jest to bardzo mała wartość, szczególnie gdy porównamy tę siłę 
z siłą potrzebną na rozpędzenie samochodu w 10 minut do 100 km/godzinę, która wynosi 
46,3 N (F=m*a=m*dv/t,  F =1000kg*100km/h / 10min =1000kg*0,00463m/s2 =46,3N). Co 
ciekawe, chaperon SecB nie miał wpływu na rozfałdowanie białka. Jednakże, gdy białko 
było rozfałdowane, obecność SecB uniemożliwiała ponowne zwijanie się białka w normalną 
strukturę. Te eksperymenty jako pierwsze dostarczyły szczegółowej informacji o tym, jak białko 
chaperonowe może oddziaływać na fałdowanie i rozfałdowywanie białek. Używając metody 
optycznych szczypiec próbowaliśmy zmierzyć transport białka przez błonę, niestety nie było to 
możliwe z powodu problemów technicznych . 
Podsumowując, metoda optycznych szczypiec otwiera nową drogę możliwości badania transportu 
i fałdowania białka na poziomie pojedynczej cząsteczki.

Marto i Jolu - dziękuję
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5.

Figure 5. Cell free system in the tube.  
The cytoplasmic membranes containing channel proteins were isolated from intact bacterial cells. These membranes form 
small and closed vesicles (balloons) that have the opposite orientation of the membrane in an intact cell. Therefore in cells, 
proteins are translocated from the inside (cytoplasmic) to the outside, while with membrane vesicles, proteins are translocated 
from the outside to the inside. In the presence of the motor protein SecA, ATP and the SecB chaperone, secretory proteins 
are translocated into the vesicle. After pre-determined time point, the assay is stopped by chilling the solution on ice, and 
non-translocated proteins, which are outside the vesicle, are degraded by a protease that is added to the suspension. The 
translocated protein, which is protected against the protease action by the membrane, can then be detected on a special type 
of gel (SDS-PAGE) that can separate proteins on the basis of their size. Usually the translocated protein is indicated by two 
bands representing the protein  with or without the signal sequence (preprotein and mature protein, respectively) that is 
cleaved off by another protease, signal peptidase, found on the inside of the vesicles.

Figuur 5. Celvrij eiwit transport in een reageerbuis
Cytoplasmatische membranen (met daarin verhoogde hoeveelheden Sec translocase) werden geïsoleerd uit cellen van E. 
coli. Deze membranen vormen kleine zeepbel-achtige “blaasjes” met een omgekeerde oriëntatie ten opzichte van die in 
de bacteriële cel. De transportrichting is in dit geval dus van buiten naar binnen in plaats van andersom. Wanneer SecA, 
SecB, ATP en substraten hieraan toegevoegd worden en het mengsel verwarmd wordt tot 37ºC, de temperatuur waarop E. 
coli normaalgesproken groeit, vindt de transport reactie plaats; de reactie kan gestopt worden door het mengsel weer af te 
koelen. De niet-getransporteerde substraten worden na afloop van de reactie verwijderd door middel van een toegevoegde 
eiwitsplitsend enzyme dat in principe alle eiwitten kan afbreken, maar dat geen toegang heeft tot de binnenkant van de 
membraanblaasjes. De getransporteerde substraten worden vervolgens gedetecteerd en gekwantificeerd nadat ze van 
overgebleven membraaneiwitten op basis van grootte zijn gescheiden door middel van een speciaal soort gel (SDS-PAGE). 
Getransporteerde substraten worden meestal gekenmerkt door twee banden van verschillende grootte: het intacte substraat 
(precursor) en het substraat waarvan de signaal sequentie verwijderd is door de signaal peptidase.

Rysunek 5. Eksperyment – translokacja w probówce bez użycia komórek.
Użyte błony cytoplazmatyczne (ang. inner membrane) wraz z translokazami zostały wyizolowane z komórek bakterii (E.coli). 
Te błony tworzą małe zamknięte pęcherzyki (balony, ang. inner membrane vesicles, IMVs), które są w odwrotnej orientacji niż 
w komórce. Podczas gdy w komórce białko transportowane jest ze środka na zewnątrz, w pęcherzyku będzie transportowane 
od zewnątrz do wewnątrz. W probówce, w obecności SecA, ATP i SecB, białko jest transportowane do środka pęcherzyka. 
Po określonym czasie reakcja jest zatrzymana przez schłodzenie probówki. Białko, które nie zostało przetransportowane (na 
zewnątrz), jest zdegradowane (zjedzone) przez dodaną proteazę (białko, które je białka). Transportowane białko (wewnątrz) 
jest chronione przez pęcherzyk i następnie może być wykryte za pomocą specjalnego żelu (SDS-PAGE).
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6.

Figure 6. Optical tweezers measurements.
For the measurements we have attached one protein molecule at both of its ends to small polystyrene beads. One of the beads 
was kept at a fixed position by a micropipette while the other bead was trapped in the focus of a laser beam. This method 
makes use of the physical principle that small objects such as micro polystyrene beads are attracted to the focus of a strong 
laser beam. Next, the micropipette with the attached bead is moved away from the other bead trapped in the laser focus, and at 
some point, this result in the unfolding (stretching and unravelling) of the protein. When the micropipette is then moved back 
to its original position, the protein re-folds again into its native state whereupon the experiment can be repeated to unfold the 
protein again. In a further experiment we added the SecB chaperone to protein in the optical tweezers setup.

Figuur 6. Optisch pincet metingen 
Voor de metingen met het optische pincet hebben we een Sec substraat eiwit aan beide uiteinden bevestigd aan een 
polystyreenballetje (piepschuim). Eén van de twee balletjes werd met een micropipet op een vaste positie gehouden, terwijl 
het andere zich bevond in het brandpunt van de laserstraal. De krachtmeting is gebaseerd op het principe dat het balletje 
aangetrokken wordt door het brandpunt van de laserstraal. Door de micropipet (met balletje) te verplaatsen uit de richting van 
het balletje in de laser wordt het substraat eiwit langzaam ontvouwen (eng. unfolding). Het eiwit hervouwt zich in de natieve 
structuur wanneer de micropipet terug bewogen wordt (eng.refolding). 

Rysunek 6. Eksperyment – optyczne szczypce
Aby przeprowadzić pomiar, końce jedna cząsteczka białka zostały przymocowane do dwóch kulek (ang. beads) 
polistyrenowych. Jedna z kulek była zamocowana na stale na mikropipecie, podczas gdy druga została unieruchomiona w 
centrum (ognisku) wiązki światła lasera. Ta metoda używa prawa fizycznego, mówiącego że małe obiekty, takie jak microkulka 
polistyrenowa, zostaną przyciągnięte do centrum (ogniska) wiązki silnego światła lasera. Po związaniu kulki przez laserowe 
szczypce, mikropipeta z drugą kulką jest odsuwana od pierwszej kulki. W pewnym momencie białko rozfałduje się (rozwinie 
się, ang. unfolding). Siła z jaką trzeba odsuwać pierwsza kulkę by białko się rozwinęło, jest mierzona w pikoNewtonach 
(pN). Następnie mikropipeta powraca w pobliże pierwszej kulki ,w związku z czym białko może się sfałdować (zwinąć, ang.
refolding) ponownie. Eksperyment ten może być powtórzony kilka razy. Dodatkowo chaperon SecB może być dodany do 
roztworu ,w którym przeprowadzany jest eksperyment.


