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Chapter 5

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
8x repeat
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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. 

Biotin
microsphere

IMV with
SA-stalled
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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.
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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 
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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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