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Abstract

Protein translocation across the bacterial cytoplasmic 

membrane is an essential process catalyzed predominantly by 

the Sec translocase. This system consists of the membrane-

embedded protein-conducting channel SecYEG, the 

motor ATPase SecA, and the heterotrimeric SecDFyajC 

membrane protein complex. Previous studies suggest that 

anionic lipids are essential for SecA activity and that the 

N-terminus of SecA is capable of penetrating the lipid 

bilayer. The role of lipid binding, however, has remained 

elusive. By employing differently sized nanodiscs reconstituted 

with single SecYEG complexes and comprising varying 

amounts of lipids, we establish that SecA gains access 

to the SecYEG complex via a lipid-bound intermediate 

state, whilst acidic phospholipids allosterically activate 

SecA for ATP-dependent protein translocation

. 
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Introduction

About 25–30 % of bacterial proteins are embedded in the cytoplasmic mem-

brane or carry out their distinct functions outside the cell. The majority of 

these proteins are synthesized at ribosomes in the cytoplasm and directed 

to the Sec translocase, the major platform for translocation across and in-

sertion into the cytoplasmic membrane (1). Proteins are targeted to the Sec 

translocase either post-translationally by their amino-teminal (N-terminal) 

signal sequence or co-translationally as ribosome nascent chains. During 

post-translational targeting, secretory proteins are captured by the cytoplas-

mic chaperone SecB which prevents premature (mis)folding and degrada-

tion and keeps the preprotein in a translocation competent state (2). The 

SecB-preprotein complex is bound by SecA, which in turn interacts with 

the heterotrimeric protein conducting channel SecYEG. SecA is a multiple 

domain protein, and enables protein translocation via ATP hydrolysis (3) 

through its interactions with the SecYEG complex and unfolded secretory 

proteins. It has been proposed that SecA directs secretory proteins into the 

SecYEG pore via two short helices (two helix finger) (4). 

The exact targeting mechanism of SecA to the membrane and the dynamics 

of its interaction with the SecYEG channel are poorly understood. Studies 

using cell fractions have shown that SecA cycles between the cytosol and the 

cytoplasmic membrane (5) which was suggested to be ATP-dependent (6). 

As shown with liposomes SecA binds with low affinity to lipids, a process that 

is enhanced by the presence of negatively charged lipids (7, 8). In contrast, 

no binding was found to inner-membrane vesicles (IMV’s) that lack the 

negatively charged lipid phosphatidylglycerol (7). In the free soluble state, 

SecA is inactive for ATP hydrolysis and exhibits only poor peptide binding 

(7). In the lipid-bound state, SecA is thermolabile, but is stabilized by the 

presence of unfolded secretory proteins, an activity that is termed SecA lipid 

ATPase. SecA binds with high affinity to the membrane embedded SecYEG 

complex (KD = 4.5 nM) (9) but it shows only low affinity binding to the 

 detergent-solubilised SecYEG (3.9 μM) (10). Important, acidic phospholipids 

such as phosphatidylglycerol are essential for protein translocation. In vitro, 

the signal sequence of secretory proteins has been shown to bind, fold and 
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penetrate membranes containing acidic phospholipids. These experiments 

indicate that not only the presence but also the type of lipid might play a role 

in the targeting and/or functioning of SecA to the membrane, but an exact 

role for lipid binding has never been demonstrated.

The crystal structure of the SecA-SecY complex in solution has provided 

new insights into the binding mechanism of SecA (4). Binding mostly occurs 

through cytosolic loops 6–7 and 8–9 of SecY via electrostatic interactions to 

the polypeptide-cross-linking (PPXD) and helical scaffold (HSD) domains 

of SecA. However, there are no distinct interactions with phospholipids 

that emerge from the structure. The SecA N-terminus was shown earlier to 

be involved in lipid binding (11). This N-terminus is not conserved but its 

highly amphipathic nature is omnipresent. Because of its net positive charge, 

this region of SecA is predicted to be membrane surface seeking interacting 

with acidic phospholipids (12). Deletion of the N-terminus results in the 

inactivation of SecA but activity can be restored by replacing the N-terminus 

with a His-tag and supplementing SecYEG proteoliposomes with Ni-NTA 

lipids suggesting that membrane tethering is important for functioning (11). 

In the SecA-SecY structure, however, the helical amphipathic N-terminus of 

SecA is positioned away from where the membrane would be located and a 

major conformational change involving a 30 Å translational movement would 

be required to allow this region to deeply penetrate the membrane which 

could potentially impact the SecY binding mode and SecA function. This 

N-terminal displacement of SecA does not only suggest a tethering function 

of the N-terminus but also a key role function in conformational activation 

of SecA upon lipid binding.

Earlier studies have shown that the presence of negatively charged lipids 

is essential for the activity of the Sec translocase. However, the actual role of 

the lipid bilayer in the translocation process remained to be  elucidated. Here, 

we have used two different sizes of nanodiscs harbouring single  SecYEG 

complexes surrounded by different quantities of lipids to study the func-

tional interaction between SecYEG and SecA. Our data suggest that high 

affinity binding of SecA to SecYEG is dependent on the presence of bulk 

acidic phospholipids. We further show that the SecA N-terminus that inter-

acts with acidic phospholipids is not only important to tether SecA to the 
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membrane, but that this binding event induces a conformational change of 

SecA that promotes its interactions with SecYEG. Our data suggests that the 

lipid bound SecA is a true intermediate in the catalytic cycle, and provides 

an explanation why SecA is primed for high affinity SecYEG binding upon 

its interaction with acidic phospholipids. We propose a new mechanism of 

protein translocation, whereby SecA first binds acidic phospholipids in the 

membrane whereupon the lipid bound SecA intermediate interacts with 

SecYEG with high affinity. 

Results

Formation of SecYEG-containing small and large nanodiscs — To 

examine the influence of phospholipids on the reconstituted SecA-SecYEG 

complex, two different nanodisc systems were employed. Nanodiscs are lipid 

patches that are formed by a protein belt, i.e., a scaffold protein. By changing 

the scaffold protein, the size and therefore the amount of lipids in the nano-

disc can be changed (Fig. 1). To generate small nanodiscs, the membrane 

Figure 1. Schematic workflow of nanodisc preparation. Detergent-solubilised SecYEG was 
mixed with lipids and the detergent Na-cholate. Scaffold proteins MSP1E3D1 or ApoE422k were 
added to form small or large nanodiscs, respectively. The formation of discs was initiated by removal 
of detergent using biobeads. SecYEG small and large discs are drawn on relative scale.
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Figure 2. Preparation of SecYC148EG small and large nanodiscs. (A) Single detergent- solubilised 
SecYC148EG complexes were reconstituted into small and large nanodiscs. Nanodiscs were subjected 
to size-exclusion chromatography and (B) visualised by atomic force microscopy. The white bars in 
the bottom right corners represent a lateral scale of 50 nm. The colour coded bars on the right side 
represent height scales. (C) The diameter of small (n = 200) (grey) and large nanodiscs (n = 200) 
(white) was measured and the size-distribution was plotted in a histogram. The centers of gravity 
were found at 12.7 nm and 31 nm for small and large discs, respectively. (D) The height of empty 
(black) and SecYEG (grey) large discs were plotted against their corresponding diameter. On average 
the discs have a height of 3.8 nm, which increases in the presence of SecYEG. (E) The cross-section 
through an empty and SecYEG large disc shows an increase of height caused by the cytoplasmic or 
periplasmic loop of SecYEG. (F) FCCS analysis of the oligomeric state of SecYEG in large discs. 
SecYC148EG was simultaneously labelled with Atto647N (red) and AlexaFluor 488 (blue) and re-
constituted into large nanodiscs. The autocorrelation of the fluorescence of both fluorophores was 
recorded and the cross-correlation (black) was determined. To ensure a monomeric state, SecYEG, 
ApoE422k and lipids were mixed in a molar ratio of 0.25:10:1800. The monomeric state of SecYEG 
in the discs was confirmed by a low cross-correlation. In contrast the oligomeric state, represented 
by high cross-correlation, was achieved when the amount of SecYEG was increased using a SecYEG, 
ApoE422k and lipid molar ratio of 1:10:1800.
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scaffold protein MSP1E3D1 (13) was used. This scaffold protein is derived 

from the apolipoprotein A-1 and forms a two-copy helical belt, yielding discs 

of about ~ 13 nm (13). In contrast, for large nanodiscs the scaffold protein 

ApoE422k, which is the 22 kDa fragment of the Apolipoprotein E-4, was 

employed (14). For this scaffold protein, nanodiscs sizing from 14.5 nm to 

28 nm have been reported (15). Importantly, with ApoE422k the ratio of 

scaffold protein to lipid determines the disc size. Computer simulations have 

shown that each additional copy of ApoE422k increases the disc diameter by 

approximately 4.5 nm (15). By using both nanodiscs systems, it is possible 

to generate compartments where the SecYEG channel is embedded by low 

or high lipid quantities, respectively (See below). In the nanodiscs, the copy 

number of reconstituted SecYEG per disc can be determined via Poisson 

distribution. Since single SecYEG complexes are sufficient for protein 

translocation (16), a SecYEG to lipid molar ratio (0.25:1800) was chosen 

that favors the formation of discs with single SecYEG complexes. This 

method was used previously for the small nanodiscs (17), but the increased 

size of the large nanodiscs caused us to ascertain the above assumption 

experimentally. According to the molar ratio and ~ 1100 lipid molecules 

per 31 nm nanodisc (assuming 8 copies of ApoE422K (15)), 16 % of the 

discs are expected to contain a single copy, while 80 % will be empty, and 

less than 3 % will contain multiple copies of SecYEG, as shown previously 

(18). Nanodiscs were formed using sodium cholate as described (19), with 

a lipid composition of DOPC:DOPE:DOPG (40:30:30 molar ratio) (16). 

Small and large nanodiscs were subjected to size-exclusion chromatography 

(SEM) and analysed by SDS-PAGE. Peak fractions (# 19–26 for large discs 

and # 29–34 for small discs) were pooled (Fig. 2A) and further analysed 

by AFM (Fig. 2B). The diameters of the discs (n = 200 for both large and 

small discs) were analysed, plotted in a histogram and fitted to a Gaussian 

model (Fig. 2C). The mean diameter of the small nanodiscs was found to be 

~ 12.7 nm (σ = 4 nm) which is consistent with data from previous studies (13). 

The diameter of the large nanodiscs was found to be 31 nm (σ = 9 nm). To 

demonstrate that the discs consist of a lipid bilayer, the height of large discs 

was measured (n = 200) (Fig. 2D). On average, the discs had a thickness of 

3.8 nm (σ = 0.3 nm). Considering that the lipids used in this study had a acyl 



64

Lipids activate SecA for high affinity binding to the SecYEG complex

chain length of 18 carbon atoms, the thickness value is in good agreement 

with the expected values for single lipid bilayers (20). Moreover by AFM, 

the presence of SecYEG complexes was detected being evident due to an 

increase in height, which could represent the periplasmic or cytoplasmic 

loop of SecYEG (21) (Fig. 2E). Examination of a set of large nanodiscs 

(n = 200) showed that 14.5 % of the discs showed such elevations, which is 

in agreement with the theoretical expected distribution of single SecYEG 

complexes over the nanodiscs (Fig. 2D). With the experimentally determined 

average sizes of the small and large nanodiscs of 12.7 and 31 nm, the number 

of lipids present in these discs amounts to ~ 160 and 1100, respectively, as-

suming 0.6 nm2 as the lipid head surface area (22). To account for the space 

occupied by single SecYEG complexes, small and large SecYEG nanodiscs 

contain 120 and 1060 lipids, respectively, assuming a surface area of 20 nm2 

for the SecYEG channel.

To further validate the monomeric state of the SecYEG complexes in the 

large nanodiscs, Fluorescence cross-correlation spectroscopy (FCCS) was 

performed. Herein, SecYC148EG was exposed in the label reaction to Atto 

647N and Alexa Fluor488 to ensure that each complex had either one or 

the other attached to it with equal probability. The labelled complexes were 

reconstituted into large nanodiscs as reported previously for small nano-

discs (17). The autocorrelation of the fluorescence of both fluorophores was 

recorded in a laser scanning LSM710 inverted confocal microscope. The 

cross-correlation in the large discs was less than 10 %, representing a mono-

meric state of SecYEG (17) taking into account the low level of nonspecific 

double labelling of SecY (See Materials and Methods). When the amount 

of SecYEG was increased in the reconstitution mix, a cross-correlation and 

therefore an oligomeric state, was detected (Fig. 2F). Both the AFM and 

FCCS experiments therefore demonstrate the presence of single SecYEG 

complexes in the large nanodiscs.

Translocation is dependent on the lipid surface — To study the 

influence of the available lipid surface on the translocation efficiency, the 

SecA-dependent translocation by SecYEG reconstituted into small and 

large nanodiscs was measured using a Förster resonance energy transfer 

(FRET) based translocation assay (16). Herein, the preprotein proOmpA 
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fused at its C-terminus to a dihydrofolate reductase (DHFR) domain was 

used. This domain can be folded in the presence of methotrexate (MTX) 

and NADPH, so that the translocation of proOmpA-DHFR via SecYEG 

is stalled as the bulky, folded DHFR domain blocks further translocation. 

The unique cysteine position 282 of proOmpA-DHFR and C148 at the 

periplasmic side of SecYEG were labelled with the FRET pair Cy3 and 

Atto647N, respectively. When both fluorophores get in close proximity, an 

increase of the FRET signal is detected reminiscent of translocation in the 

compartment-less system (Fig. 3A). SecYEG proteoliposomes and SecYEG 

reconstituted in small or large were incubated with fluorophore-conjugated 

proOmpA-DHFR and SecA until a steady fluorescent signal was achieved. 

Translocation was initiated by addition of 2 mM ATP, which resulted in the 

formation of a SecYEG-preprotein translocation intermediate as evidenced 

by an increase of the acceptor fluorescence (Fig. 3B). As expected, FRET 

was strictly dependent on the presence of ATP and SecA (data not shown) 

(16). Both nanodiscs support translocation, but with SecYEG reconstituted 

in the large nanodiscs, already low SecA concentrations (~ 50 nM) sufficed 

to observe an efficient FRET signal. This concentration of SecA compares 

favourable with the SecA dependence of protein translocation in SecYEG 

proteoliposomes (23). In contrast, for SecYEG-containing small nanodiscs, 

very high SecA concentrations (~ 1 μM were needed to obtain a FRET signal 

indicating very inefficient translocation (Fig. 3C). These data suggest that 

the presence of a larger available lipid surface in the large nanodiscs allows 

for efficient translocation.

SecA binding to SecYEG is dependent on the lipid surface — To 

determine whether the translocation deficiency of SecYEG in small discs 

was due to an impeded interaction of SecA with SecYEG, the SecA-Se-

cYEG binding was determined using Microscale Thermophoresis (MST). 

With this method, the movement of a fluorescently labelled molecule along 

a temperature gradient is traced. By applying heat to these molecules, their 

hydration entropy decreases which results in an enhanced diffusion out of 

the heated spot. This effect can be monitored by a decrease of fluorescence 

in the  heated area. When adding a binding partner, the hydration of the flu-

orescently labelled protein will change and therefore resulting in a different 
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movement along the temperature gradient, which can be detected by an 

altered, usually slower decrease of fluorescence. Such binding events can be 

transformed into a binding curve. To employ the MST method, fluorescently 

labelled SecYEG in small or large nanodiscs was titrated with increasing 

amounts of SecA and the temperature gradient movement of the nanodiscs 

was traced (Fig. 4A). SecA binds with high affinity to SecYEG present in 

Figure 3. Large lipid surface enhances SecA-dependent translocation (A) Principle of real-time 
FRET-based assay. The prefolded DHFR domain fused to the precursor protein proOmpA cannot 
be translocated via the SecYEG pore which stalls translocation and brings the donor-acceptor pair in 
close proximity for efficient FRET. (B) SecYEG proteoliposomes (black), SecYEG large discs (blue) 
or SecYEG small discs (grey) were incubated in the presence of Cy3-conjugated proOmpA-DHFR 
and 50 nM (left panel) or 1000 nM (right panel) SecA. Translocation was initiated by the addition of 
ATP, the formation of a stable SecYEG-preprotein intermediate was recorded following the acceptor 
fluorescence. (C) ProOmpA translocation as a function of SecA concentration using SecYEG prote-
oliposomes (black circles), SecYEG large discs (white squares) or SecYEG small discs (white circles). 
The acceptor fluorescence signal after addition of ATP (time window t = 70 s to 120 s) was plotted 
against a logarithmic time scale, data points were fitted linear with the equation y = a + bx, wherein 
a represents initial intensity with b as translocation rate. The translocation rate was plotted against 
the SecA concentration. Large nanodiscs are highly active and support translocation at low SecA 
concentrations (50 nM), whereas small nanodiscs need a very high SecA concentration (~ 1–2 µM).
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large nanodiscs (KD ~ 300 nM) with a Hill coefficient of 1 indicating a non-co-

operative binding between one SecA dimer and one SecYEG complex. In 

contrast SecA binding to SecYEG in small nanodiscs occurred with a very 

low affinity (KD ~ 3 μM). Instead of the synthetic lipid mixture, SecYEG was 

reconstituted in large nanodiscs comprising of native E. coli lipids. Binding 

of SecA to SecYEG in native lipids was slightly less efficient compared to 

the synthetic lipid mixture DOPC:DOPE:DOPG (40:30:30 molar ratio) 

(Fig. 4A). No SecA binding was detected, when SecYEG large discs were 

used that lacked the anionic lipid DOPG, DOPC:DOPE (40:60, molar ratio). 

This is in good agreement with earlier studies, showing that anionic lipids 

are essential for protein translocation (7, 8).

To investigate the SecA binding in the absence of SecYEG, the ApoE422k 

was fluorescently labelled. Now a linear increase of the binding to large nano-

discs was observed, which did not saturate (Fig. 4B). The non-saturating 

binding behavior of SecA suggests non-specific lipid binding. Taken together, 

these results indicate that the available lipid surface is an important factor in 

high affinity SecA-SecYEG binding.

Figure 4. SecA-SecYEG binding affinity is dependent on lipid surface area. Microscale ther-
mophoresis (MST) was performed to measure the binding of SecA to nanodiscs. (A) SecA binding 
curves of SecYEG reconstituted in small (black squares) or large (black and white circles and white 
squares) nanodiscs as a function of the SecA concentration. With the large nanodiscs, the lipid com-
position was changed showing SecYEG in native E. coli lipids (white squares), DOPG:DOPC:DOPE, 
30:40:30 (molar ratio) (black circles), and DOPC:DOPE, 40:60 (molar ratio) (white circles). (B) 
SecA binding curves of lipid-filled (white circles) and SecYEG-reconstituted (black circles) large 
discs as a function the SecA concentration. While SecA binds to empty discs in a nonsaturable 
manner (linear) up to 10 μM SecA, the interaction with SecYEG discs remains specific (sigmoidal). 
Experiments were performed in triplets.
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Figure 5. The SecA N-Terminus allosterically activates SecA for high affinity binding to 
SecYEG. (A) Side-view of the T. maritima SecA-SecYEG complex (4). The trimeric SecYEG com-
plex is highlighted in red, yellow and blue, respectively. The N-terminus of SecA (grey) is highlighted 
in magenta and demonstrates the remote location from the membrane. In order to penetrate the 
membrane, the N-terminus would have to perform a ~ 30 Å translational movement (arrow) (B) E. coli 
BL21.19 temperature sensitive secA strain, expressing plasmid-borne SecA mutants, was grown at 
permissive (30 °C) or nonpermissive (42 °C) temperature. When overexpressed (lower panel), SecA 
and a SecALinker could rescue the phenotype at the nonpermissive temperature. SecAΔN20 is inactive, 
but also complements when overexpressed at a low level. (C) SecA (variant) sample was supplemented 
with SecYEG proteoliposomes and the ATPase activity was measured in the absence and presence 
of proOmpA. SecA Linker (grey bar) shows low enzymatic activity at low concentrations (50 nM), but 
close to wild type (black bar) activity at high concentrations (500 nM). In contrast, even at high 
concentrations the N-terminal deleted SecA (white bar) barely shows activity. Wild type activity of 
100 % refers to an activity of 4.8 nmol/min (D) The SecA-dependent translocation of proOmpA into 
SecYEG proteoliposomes was plotted against the SecA concentration. SecA Linker (grey bar) shows 
a low translocation activity at low concentrations, but wild type (black bar) activity at 2000 nM. 
The N-terminal deletion (white bar) of SecA disrupts its function. The asterisk represents SecYEG 
proteoliposome sample that lacked the polar lipid DOPG, which caused a translocation deficiency 
for SecA (mutants). (E) MST based SecA binding curves to SecYEG large discs for the wild type 
SecA (black square), SecALinker (dark grey rhombus), SecAΔN20 (light grey circle). Although SecALinker 
and SecAΔN20 show a decrease in binding affinity, they showed saturation of binding at very high 
concentrations. Experiments were performed in triplets.
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Lipids induce a conformational change to SecA to prime it for high 

affinity SecYEG binding — Previously, it was shown that the N-terminus 

of SecA binds acidic phospholipids (11, 12) and is capable of penetrating 

the lipid bilayer (24) to function solely to tether the SecA to the lipid bilayer 

(11). However, in the Thermotoga maritima SecA-SecYEG complex structure 

in detergent, the N-terminus of SecA is positioned such that it would not 

contact the lipid bilayer (Fig. 5A). A relocation of the N-terminus to the lipid 

bilayer can occur only when SecA undergoes a large conformational change. 

To discriminate between a tethering function and a conformational change, 

we designed a SecA mutant harbouring a 10 amino-acid linker after the first 

20 amino acids of the N-terminus (SecALinker). If the N-terminus is solely 

responsible for membrane tethering, the linker insertion should not affect the 

activity. In contrast, the linker would disrupt a lipid induced conformational 

function of the N-terminus. Plasmids bearing wild type SecA, SecALinker and 

the N-terminal truncated SecAΔN20, which was previously shown to be inac-

tive (11), were transformed into E. coli BL21.19 to test for complementation 

of the SecA function. This strain harbors a secATs mutation and is not viable 

at non-permissive temperatures (42 °C), while growth can be restored by a 

plasmid-based SecA expression. Although the SecALinker mutant was able 

to complement the SecA deficiency, it did so with a much lower efficiency 

than the wild type SecA. In contrast, the deletion of the N-terminus was 

lethal (Fig. 5B). When the SecA (variants) were overexpressed in the same 

strain, the SecALinker could largely restore growth, while SecAΔN20 hardly 

complemented. 

To investigate the SecA (variant) activity in vitro an ATPase activity assay in 

the presence of SecYEG proteoliposomes was performed (Fig. 5C). Thereby, 

the ATPase hydrolysis activity of SecA in the absence (basal ATPase) and 

presence of proOmpA (translocation ATPase) was determined by measuring 

the free phosphate concentration using a malachite green reagent. At low 

concentrations (50 nM) SecA (variants) barely showed ATPase activity. In 

the presence of proOmpA the translocation ATPase activity of wild type SecA 

increased, while the mutants were still barely active. Interestingly, at high 

SecA concentrations (500 nM), SecALinker performed ATP hydrolysis close 

to wild type level in the absence and presence of proOmpA. 
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To further examine the concentration-dependent SecALinker activity, 

proOmpA translocation assays were performed with SecYEG proteolipo-

somes. Translocation of proOmpA into the SecYEG proteoliposomes results 

in the appearance of proOmpA that is protected against externally added 

proteinase K. The formation of proteinase K-protected proOmpA is depen-

dent on ATP while the rate of translocation saturates at about 200 nM SecA 

(Fig. 5D). As expected, SecAΔN20 did not show any translocation activity. 

However, the SecA with the linker insertion was barely active at nominal 

SecA concentrations (200 nM), but at very high concentration (~ 500 nM), 

supported proOmpA translocation at rates comparable to those observed 

with wild type SecA at much lower concentrations.

To investigate the reason for the remarkable concentration-dependent ac-

tivity of SecALinker, the binding of SecA to SecYEG reconstituted into large 

nanodiscs was tested (Fig. 5E). In comparison to wild type SecA, the binding 

affinity of SecALinker is strongly reduced. However, at very high concentration 

(2 μM) saturation of binding was detected, which demonstrates that the linker 

insertion impacts translocation by reducing the SecA-SecYEG binding affin-

ity. Interestingly, SecAΔN20 shows a similar reduced binding affinity but this 

mutant is also inactive at high concentrations. These data therefore suggest 

that the lipid interaction of the N-terminus of SecA in addition to tethering 

the SecA to the membrane, functions by allosterically activating the SecA 

for high affinity SecYEG binding and ATP hydrolysis.

Discussion

During protein translocation, SecA and SecYEG form a functional interaction 

unit. A crucial step in this process is the targeting of SecA to the cytoplasmic 

membrane. Although it has been shown that anionic lipids are crucial for the 

SecA function (7, 8), the exact role of the lipids has remained elusive. Here, 

we designed small and large nanodiscs, containing a single copy of SecYEG 

surrounded by low or high lipid quantities, respectively. The formation of 

nanodiscs was confirmed by size exclusion chromatography and AFM. It 

demonstrated that SecYEG and the scaffold protein MSP1E3D1 (for small 
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discs) or ApoE422k (for large discs) eluted in one fraction during the purifi-

cation. Small discs showed an average diameter of 12.7 nm, which is in good 

agreement with the 13 nm reported before (13). The large nanodiscs had a size 

of 31 nm. However, in comparison to the small discs, the size distribution of the 

large discs was much broader. Considering that MSP1E3D1 always forms a 

two-copy belt around the lipids, while the copy number of ApoE422k can vary, 

the broader size distribution is not surprising. It has been suggested that the 

ApoE422k to lipid ratio determines the particle size (15). A previous study by 

Blanchette et al. reported disc sizes ranging from 14 nm to 33 nm, when a ratio 

of ApoE422k:lipid of 10:1300 was used (25). A recent study using the same 

reconstitution ratio as described in this work (ApoE422k:lipid ratio: 10:1800) 

reported a monodisperse disc size of 23 nm. However, the discs sizes increased 

and a broader size distribution was achieved when the lipid composition was 

changed from POPC to a more complex lipid composition (19). Therefore 

the disc sizes reported here are in good agreement with early studies.

The SecYEG complex was reconstituted such that according to Poisson 

distribution a monomeric state was achieved in 16 % of the discs, while 80 % 

remained empty. It has been reported earlier that the disc size increased when 

the membrane protein bacteriorhodopsin (bR) was reconstituted (25). With 

bR, not only monomeric but also trimeric states were achieved. Here, the 

presence of reconstituted single SecYEG complexes did not have an effect 

on the disc size. When measuring the height of the large discs, some discs 

showed a local increase in height. These height increases have been shown 

in earlier studies to correspond to the periplasmic and cytoplasmic loop of 

SecYEG (21). Therefore, the local height increases allowed us to determine 

the number of discs containing SecYEG. About 14.5 % of the discs showed 

an increased height representing reconstituted SecYEG complexes, which is 

in good agreement with the Poisson distribution calculation to determine the 

reconstitution efficiency. To further assess the oligomeric state of SecYEG in 

the large discs, a FCCS experiment was performed. Thereby the cross-correla-

tion between differently labelled and reconstituted SecYEG complexes was 

determined. For large discs the cross-correlation was determined to be less 

than 10 %, which is due to excitation cross talk and unspecific double-labelling 

as reported earlier (17). When the SecYEG to ApoE422k ratio was changed 
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from 0.25:10 to 1:10, statistically resulting in 14 % of the discs containing 

multiple copies of SecYEG, a cross-correlation of 50 % was detected. Overall, 

these data are in good agreement with the FCCS experiments performed by 

Taufik et al. demonstrating a monomeric SecYEG state in small discs (17).

Based on our findings and the resulting average size distribution of the 

small and large nanodiscs, the single reconstituted SecYEG complexes will 

be surrounded by ~ 120 and 1060 phospholipids, respectively. Strikingly, Se-

cYEG complexes present in the small nanodiscs are barely active for protein 

translocation using a FRET assay reported previously (17). Only at very high 

SecA concentration, activity is detected. In contrast, the single SecYEG pres-

ent in the large nanodiscs is active already at the SecA concentrations needed 

to induce protein translocation in SecYEG proteoliposomes or IMVs. The 

translocation activity of SecA in the nanodiscs as addressed with a FRET 

based assay correlates with the ability to bind SecYEG. While in the large 

nanodiscs, protein translocation already was detected at 50 nM SecA, very 

high SecA concentrations where needed to support protein translocation in 

the small nanodiscs (i.e., up to 1 µM). SecYEG present in large nanodiscs 

showed a KD  for SecA binding of about 300 nM, with the small nanodiscs a 

KD of ~ 3 μM was obtained. The latter is in the same order of magnitude as 

binding as the KD of SecA to detergent-solubilised SecYEG (~ 3.9 μM) (10). 

This poor binding affinity might be explained by several aspects. According to 

the dimensions of SecYEG approx. 20 % of the small discs will be occupied 

by the translocation complex, leaving only a low lipid surface area unoccupied 

(26). Therefore, the binding of SecA to the disc might be hindered due to 

spatial interference with SecYEG. This idea is supported by the observation 

that SecA-empty disc binding curves show a linear increase and as expected, 

no saturation. The data imply that SecA binds unspecifically to lipids, but spe-

cifically to SecYEG. Compared to proteoliposomes, SecYEG large discs still 

show a lower binding affinity for SecA (1–3 nM versus 300 nM, respectively). 

This difference could suggest that although the disc size was increased, the 

lipid area is still not large enough to support the most efficient binding. Fur-

ther, as shown by AFM, only 14.5 % of the discs contained a copy of  SecYEG. 

Although not labelled, the remaining 85.5 % empty discs can be bound un-

specifically by SecA. Even though unspecific binding of SecA to empty discs 
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was only observed at high SecA concentrations, we cannot exclude that lipid 

binding interfered with the KD calculations from the MST data. Therefore 

the calculation yields an apparent KD. Further, a binding defect could be 

due to the planar organization of the bilayer in the discs possibly providing 

a different lateral lipid pressure as compared to curved liposomes. It is well 

established that SecA binds acidic phospholipids through its amphipathic 

N-terminus. This region of SecA is known to penetrate the lipid bilayer as 

shown with Langmuir planar lipid monolayers (6) and membrane vesicles 

(27). Possibly, a spherical shape of the liposomes favors membrane insertion 

of the N-terminus as compared to the planar nanodiscs bilayers. 

To investigate the importance of the lipid composition, also SecA binding 

to SecYEG large discs comprising native E. coli lipids was measured. E. coli 

cytoplasmic membranes contain approx. 25 % PG (28), which is similar to 

the DOPG concentration of the synthetic lipid mixture used in this study. 

SecA binding was slightly less efficient when SecYEG was reconstituted into 

native E. coli lipids. No SecA binding was detected when the SecYEG large 

discs lacked the anionic lipid DOPG, which is consistent with earlier studies 

showing that this lipid mixture also does not support translocation (7, 8, 23).

Our data support the notion that SecA first needs to bind to acidic phos-

pholipids via ionic interactions with its N-terminus before it can bind SecYEG 

with high affinity. Previously, we have shown that acidic phospholipids form 

a annulus around the SecYEG channel (29) and we hypothesize that this 

phenomenon contributes to the SecA binding and activity. The N-terminus 

may have two distinct functions: a membrane tethering and/or an allosteric 

function, whereby lipid binding induces a conformational change on SecA. 

In this respect, in the Thermotoga maritima SecA-SecYEG complex structure, 

the N-terminus of SecA is positioned such that it would not contact the lipid 

bilayer. It is important to note here that the crystal structure was produced 

with detergent solubilised protein in the absence of a membrane. However, 

as predicted from this structure, at least a 30 Å translational movement of 

the N-terminus of SecA is needed to penetrate the membrane. Given the 

proximity of the N-terminus of SecA to the NBF1, such reallocation is pre-

dicted to evoke a conformational change to SecA that may directly affect the 

ATPase activity and the ability of SecA to binding SecYEG. To discriminate 
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between a sole tethering function and the proposed conformational change, or 

a combination of both, a SecALinker mutant was constructed which contained 

a flexible 10 amino acid linker after the first 20 amino-terminal residues. This 

linker should not disrupt the N-terminal tethering function, but should no 

longer or less efficiently be able to inflict the lipid binding dependent proposed 

conformational change. Indeed, the activity of SecALinker was substantially 

reduced both in vitro and in vivo, but activity was fully restored when high 

levels of SecALinker were used. In contrast, removal of the N-terminal 20 amino 

acid (SecAΔN20) rendered SecA essential inactive even when tested at high 

concentration, consistent with previous studies (11). Both the SecALinker and 

SecAΔN20 showed a reduced ability to bind SecYEG as compared to the 

wild type SecA. The residual lipid binding of SecAΔN20 might relate to the 

C-terminus that has been shown to also bind to lipids (30). Importantly, the 

observation that high levels of SecALinker restore the activity is consistent with 

our proposed allosteric binding mechanism in which SecA is initially recruited 

to the membrane via a lipid bound intermediate whereupon it changes its 

conformation thereby becoming primed for high affinity SecYEG binding. 

With SecALinker this priming step is deficient, thus allowing SecYEG binding 

only with lower affinity, hence the need for high levels of SecA.

To summarize, our study provides evidence for a new mechanism by which 

SecA binds to the SecYEG complex, wherein SecA binds to negatively charged 

lipids via its positively charged N-terminus leading to a lipid-bound interme-

diate. This process is associated with a conformational change of SecA that 

is brought about by penetration of the N-terminus of SecA into the lipid 

membrane. This step is essential for high-affinity SecYEG binding and thus 

the initiation of protein translocation thereby providing a mechanism that 

involves the lipid bound SecA as a true intermediate in the translocation cycle. 

One may speculate that the large lipid surface allows recruitment of SecA at 

high rates, upon which SecA diffuses over the two-dimensional surfaces and 

encounters SecYEG. The significantly larger area presented by the lipid sur-

face compared to the SecA-binding area on SecYEG may act as an antenna to 

kinetically enhance the binding of SecA to SecYEG in a manner reminiscent 

of the manner with which DNA-binding proteins bind to DNA and diffuse 

1-dimensionally along the duplex before binding their cognate site (31)
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Experimental procedures

Cloning procedure — Wild type secA and secA mutants were generated 

from pMKL18 (32) and cloned into pTrc99A. Standard cloning techniques 

were used to generate the N-terminal truncated SecA (SecAΔN20) that lacks 

amino acids 1–20. The generation of secALinker, with an (SAG)2(SAAG) linker 

inserted after the first 20 N-terminal amino acids was carried out by overlap 

PCR using the primers indicated in Table 2.

In vivo complementation assay — Plasmids encoding for wild type SecA, 

SecAΔN20 and SecALinker were transformed into the secATs mutant strain 

E. coli BL21.19 and tested for the ability to complement the SecA deficiency 

by growing on LB plates at non-permissive temperatures as described previ-

ously (33). For overexpression, plates were supplemented with 10 μM IPTG.

Protein production and purification — E. coli BL21 (DE3) harbouring 

wild type SecA or SecA mutants, designed in this study, was grown at 37 °C 

until an OD600 of 0.6, whereupon protein expression was induced by addition 

of 0.5 mM IPTG. After 2 h of growth, cells were harvested at 6000 × g for 

15 min at 4 °C, resuspended in 25 mM HEPES/KOH pH 6.5 and stored at 

−80 °C. SecA was purified as described before (34). 

Table 1 Strains and plasmids used

Strain/plasmid Description Source

E. coli strain

DH5a F-, endA1, glnV44, thi-1, recA1, relA1, gyrA96, deoR, nupG, 

Φ80dlacZΔM15, Δ(lacZYA-argF)U169, hsdR17(rK- mK+), λ− 

(41)

SF100 F-, lacX74, galE, galK, thi, rpsL (strA), ΔphoA(pvuII), ΔompT (42)

BL21 (DE3) F- ompT hsdSB(rB–, mB–) gal dcm (DE3) (43)

BL21.19 secA13(Am) supF(Ts) trp(Am)zch::Tn10 recA::CAT clpA::KAN (44)

Plasmids

pEK20-C148 SecY (L148C)EG (16)

pET504 proOmpA (S282C;C290S;C302S)-DhfR (C334S) (38)

pMKL 18 E. coli SecA under control of lac promoter/operator (32)

pTrc99 SecA Wild type SecA This study

pTrc99 SecA ΔN20 SecA with N-Terminal 20 aa deletion This study

pTrc99 SecA linker SecA with (SAG)2(SAAG) after the first N-Terminal 20 aa This study
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The proOmpA derivative fused to dihydrofolate reductase (proOmpA- 

DHFR) was overexpressed from pET504 in E. coli DH5α, purified from inclu-

sion bodies and stored in 8 M Urea as described previously (35). ProOmpA- 

DHFR harbouring a cysteine mutation at position 282 in the OmpA domain 

was labelled with Cy3. Free dye was removed by TCA precipitation.

SecYEG was overexpressed in E. coli SF100 and purified from IMVs as de-

scribed before (35). Briefly, IMVs were solubilised with 2 % DDM for 30 min 

in the presence of 1 Complete Protease inhibitor tablet (Roche). The solu-

bilised membranes were incubated with Ni+-NTA beads (Qiagen) for 2 h and 

transferred to a Bio-spin micro column (Bio-Rad). The column was washed 

6 column volumes with a washing buffer containing 50 mM phosphate buffer 

pH 7, 100 mM KCl, 0.1 % DDM, 10 mM Imidazole and 20 % Glycerol. The 

Ni+-NTA bound SecYEG was labelled with 600 μM of either Atto 647N, Alexa 

488 or Cy5 for 2 h at 4 °C. The labelling procedure was performed at pH 7 

to ensure a higher labelling specificity and efficiency. Free dye was removed 

by extensive washing with washing buffer. SecYEG was eluted with 300 mM 

imidazole. The purity and concentration of SecYEG and the fluorophores 

was estimated by SDS-PAGE and spectrophotometrically. The extinction 

coefficient used for SecYEG at 280 nm was 71000 M-1 cm-1. The extinction 

coefficients for the fluorophores were used as provided by the manufacturers. 

Table 2 Primers used in this study

Primer 

name

Primer sequence 5’-3’ 

ABS49 GTAGTAGTAGAGCTCATGCTAATCAAATTGTTAACTAAAG

ABS50 GTAGTAGTATCTAGATTATTGCAGGCGGCCATG

ABS51 GTAGTAGAGCTCATGCATCATCACCACCACCATGGCAGCGGCAGCAT-

GCTAATCAAATTGTTAACTAAAG
ABS52 GTAGTAGTAGAGCTCATGCGCAAAGTGGTCAAC

ABS53 GTAGTAGAGCTCATGCATCATCACCACCACCATGGCAGCGGCAGCATGC-

GCAAAGTGGTCAAC
ABS54 CACCAATGCTTCTGGCGTCAGG

ABS55 GCCCGCCGCGCTGCCCGCGCTGCCCGCGCTCCGGCGCAGGGTGCGATC

ABS56 AGCGCGGGCAGCGCGGGCAGCGCGGCGGGCATGCGCAAAGTGGTCAAC

ABS57 CAGACCGCTTCTGCGTTCTG
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The expression clone to produce the scaffold protein ApoE422k represent-

ing an N-terminal 22 kDa fragment of the human apolipoprotein E4, har-

bouring a 6-His and thioredoxin (Trx) tag was kindly provided by Prof. James 

Rothman (Yale University, New Haven, USA). ApoE422k was produced and 

purified as described (19). MSP1E3D1 was kindly provided by Prof. Stephan 

Sligar (University of Illinois, Urbana, USA) and produced and purified as 

previously reported (36).

Reconstitution of SecYEG into proteoliposomes —  A lipid mixture 

containing DOPC:DOPG:DOPE (molar ratio 40:30:30), or DOPC:DOPE 

(molar ratio 40:60) (Avanti Biochemicals, Birmingham, USA) (100 µl; 4 mg/ml) 

was solubilised with 0.5 % Trition X-100 and mixed with 2.5 nmol purified 

SecYEG. Reconstitution was performed as described before (37).

Nanodisc reconstitution of SecYEG — For nanodisc formation, a lipid 

mixture containing DOPC:DOPG:DOPE (molar ratio 40:30:30), DOPC: 

DOPE (molar ratio 40:60) or E. coli phospholipids (Avanti Biochemicals, 

Birmingham, USA) was dried in a vacuum evaporator. Remaining traces of 

chloroform were removed by further drying of the lipid film in a desiccator 

overnight. Lipids were resuspended in a buffer containing 23 mM Na-cholate, 

25 mM HEPES/KOH, pH 7.4, 140 mM KCl, 0.17 mM DTT. For small nano-

discs formation SecYEG, MSP1E3D1 and lipids were mixed in a molar ratio of 

1:10:250. Large nanodiscs were produced by mixing SecYEG, ApoE422k and 

lipids in a molar ratio of 0.25:10:1800. The reconstitution mixtures were incu-

bated at 4 °C for 1 h. Detergent was removed using Bio-Beads SM2 sorbent 

(Bio-Rad) in an overnight step. Minor amounts of formed proteoliposomes 

were removed by a centrifugation at 250,000 × g for 30 min. Nanodiscs were 

subjected to size-exclusion chromatography by fast protein liquid chroma-

tography using a Superose 6 column (GE Healthcare), and 0.5 mL elution 

fractions were collected in 50 mM HEPES/KOH (pH 7.4), 100 mM KCl, and 

5 % glycerol. Nanodisc containing fractions were analysed by SDS-PAGE.

In vitro proOmpA translocation assay — The activities of wild type 

and mutated SecA were analysed by a standard proOmpA translocation and 

protease protection assay (38).

ATPase activity assay — ATPase activity assay of SecA was per-

formed with minor modifications as described before (7, 39). A reaction 
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mixture containing 25 mM HEPES/KOH, pH 7.4, 25 mM KCl, 5 mM 

MgCl2, 0.1 mg/ml BSA, 2 mM DTT, 0.04 mg/ml SecB, 5 μM SecYEG prote-

oliposomes and 50 or 500 nM wild type or mutated SecA was prepared. To 

measure the proOmpA-dependent SecA activity proOmpA was added to a 

final concentration of 0.04 mg/ml. The basal SecA activity was measured by 

adding an 8 M Urea buffer instead of proOmpA. Reactions were initiated 

by addition of 5 mM ATP and performed at 37 °C for 30 min. Following, 

samples were diluted to reach an ATP concentrations below 0.25 mM. Free 

phosphate was quantified using a Malachite Green Phosphate Assay Kit 

(GENTAUR).

Atomic force microscopy — Nanodiscs were diluted in a buffer contain-

ing 50 mM HEPES/KOH, pH 7.4, 50 mM KCl, 5 % glycerol and 100 mM 

MgCl2 to a final concentration of approximately 1 nM. By incubation of this 

solution for 10 min with freshly cleaved mica, the nanodiscs were immobilised 

on the surface. Non-immobilised material was rinsed off. Atomic force mi-

croscopy (AFM) images were recorded in tapping mode in ScanAsyst-fluid 

regime by a Multimode 8 instrument, Controller V (Bruker). Images were 

taken using SNL-A silicon probes with a reflective Au coating on the back 

side and a tip radius of 2 nm. All images were obtained in buffer at room 

temperature using a spring constant of 0.35 N/m. A 2 kHz tapping frequency 

was used with a scan size of 3 μm, a scan speed of 0.2 Hz and a 1024 lines/

sample resolution capability. Analysis of height and diameter of the recorded 

images was performed manually using NanoScopeAnalysis 1.2 software.

Microscale Thermophoresis — Microscale Thermophoresis experiments 

were performed using a Monolith NT.115 from Nanotemper Technologies 

(Munich, Germany) to assess the binding of SecA to the SecYEG contain-

ing nanodiscs. A serial dilution of unlabelled SecA or a SecA mutant was 

prepared using a buffer containing 50 mM HEPES/KOH, pH 7.4, 50 mM 

KCL, 5 % glycerol and 0.5 mg/ml BSA. Cy 5 labelled SecYEG reconstituted 

in either small or large nanodiscs and ATP was added to a final concentration 

of 50 nM and 5 mM, respectively. The samples were loaded into Monolith 

NT.115 Series MST Premium Coated Capillaries and MST measurements 

were performed using 80 % LED power and 80 % IR-laser power. Data were 

fitted using the Hill equation.
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FRET measurements — FRET assays to examine protein translocation 

into SecYEG reconstituted nanodiscs were performed using SLM2 spectroflu-

orometer (Aminco Bowmann), as described previously (16).  Briefly, proOmpA- 

DHFR was labelled with Cy3-maleimide (donor) (εEX= 550, εEM= 570) and 

the DHFR domain was folded in the presence of methotrexate and NADPH. 

SecYC148EG was labelled with Atto647N (acceptor) (εEX= 650, εEM= 670). 

FRET-based real-time translocation of 200 nM prefolded proOmpA- DHFR-

Cy3 was performed in the presence of 200 nM SecYC148EG-Atto647N recon-

stituted small or large nanodiscs, 50 mM HEPES/KOH, pH 7.4, 30 mM KCL, 

5 mM MgCl2 and 10 mM DTT. Translocation was initiated with 5 mM ATP 

whereby the donor fluorophore was excited at 525 nm and FRET efficiency 

was measured as an increase in acceptor fluorescence at 670 nm.

Fluorescence cross-correlation spectroscopy — Fluorescence cross- 

correlation spectroscopy (FCCS) experiments were performed on a dual- 

color laser scanning LSM710 inverted confocal microscope (Zeiss GmbH). 

A He-Ne laser at 488 nm and an argon laser at 633 nm were used to excite 

the fluorophore-conjugated SecYC148EG. The fluorescence was recorded in a 

blue (505–570 nm) and red (640–700 nm) channel. SecYC148EG was labelled 

with Atto647N and AF488 simultaneously (17, 18). The labelling efficiency 

for each fluorophore reached approximately 55 %, resulting in a 110 % overall 

labelling efficiency. This slight overlabelling suggests a small amount of un-

specific labelling. Fluorescently labelled SecYC148EG was reconstituted into 

large nanodiscs. Auto-correlation in fluorescence for both fluorophores was 

recorded and analysed as described before (40).
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Footnotes

The abbreviations used are: N-terminal, amino-terminal; IMVs, inner mem-

brane vesicles; PPXD, polypeptide-cross-linking domain; HSD, helical scaf-

fold domains; IPTG, isopropyl 1-thio-β-D-galactopyranoside; OmpA, outer 

membrane protein A; DHFR, dihydrofolate reductase; DDM, n-Dodecyl 

β-D-maltoside; Apo, Apolipoprotein; MSP, major scaffold protein; DOPC, 

1,2-Dioleoyl-sn-glycero-3-phosphocholine; DOPG, 1,2-Dioleoyl-sn-glycero- 

3-phosphoglycerol; DOPE, 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine; 

SEM, size-exclusion chromatography; AFM, atomic force microscopy; MST, 

Microscale thermophoresis; MTX, Methotrexate; FCCS, Fluorescence cross- 

correlation spectroscopy, bR, bacteriorhodopsin; NBF, nucleotide binding fold.
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Figure S1 related to Figure 1. Height of large SecYEG discs. On average the large discs have 
a height 3.8 nm (min height), which increases in the presence of SecYEG (max height). The max 
and min height of SecYEG large discs was measured by AFM. If max and min height were equal 
the discs were considered empty lipid Apo Nd. If max and min height were different the discs were 
classified as SecYEG Apo Nd. 14.5 % of the analysed discs (n = 200) contained a copy of SecYEG. 
The max height of lipid Apo Nd’s and SecYEG Apo Nd’s was plotted. The height range of lipid Nd’s 
was narrower than when SecYEG was present.

Figure S2 related to Figure 1. FCCS analysis of multimeric SecYEG in large discs. To 
confirm a multimeric state of SecYEG in large discs, FCCS analysis was employed. SecYEG was 
labelled with Atto647N and AlexaFluor 488 simultaneously. To ensure a multimeric state, SecYEG, 
ApoE422k and lipids were mixed in a molar ratio of 1:10:1800, which results in approximately 14 % 
of discs harbouring multiple copies of SecYEG. The multimeric state of SecYEG in the discs was 
confirmed by a high cross-correlation
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