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Abstract 
 
SecA is an ATP-dependent molecular motor pumping secretory and outer membrane proteins 

across the cytoplasmic membrane in bacteria. SecA associates with the protein-conducting 

channel, the heterotrimeric SecYEG complex, in a so-called posttranslational manner. A recent 

study further showed binding of a monomeric state of SecA to the ribosome. However, the true 

oligomeric state of SecA remains controversial because SecA can also form functional dimers, 

and high-resolution crystal structures exist for both the monomer and the dimer. Here we 

present the cryo-electron microscopy structures of Escherichia coli SecA bound to the 

ribosome. We show that not only a monomeric SecA binds to the ribosome but also that two 

copies of SecA can be observed that form an elongated dimer. Two copies of SecA completely 

surround the tunnel exit, providing a unique environment to the nascent polypeptides emerging 

from the ribosome. We identified the N-terminal helix of SecA required for a stable association 

with the ribosome. The structures indicate a possible function of the dimeric form of SecA at 

the ribosome. 

 

This chapter has been published in:  J Biol Chem. (2014) 289,7190-9 
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Introduction 

Protein translocation across the cytoplasmic membrane and insertion into the membrane are 

mediated by a universally conserved membrane-bound heterotrimeric Sec translocase, the 

protein conducting channel. Sec translocase in bacteria is called the SecYEG complex, in 

which subunit Y forms a translocation channel [1,2,3]. The SecYEG complex can be directly 

associated with the translating ribosome in a cotranslational manner or with SecA in a 

posttranslational manner [1,2]. SecA is an essential cytoplasmic protein in bacteria that, 

together with another partner, SecB, which is not essential, targets preproteins to the SecYEG 

translocon [4]. The majority of substrates for SecA-dependent protein translocation are 

secretory periplasmic and outer membrane proteins with less pronounced hydrophobic signal 

sequences than the signal recognition particle (SRP)-dependent2 substrates [1,2]. SecA is a 

multidomain protein consisting of two nucleotide-binding domains (NBD1 and NBD2), two 

helical scaffold domains (HSD-I and HSD-II), a polypeptide cross-linking domain (PPXD), 

and a helical wing domain. ATP binds at the interface of NBD1 and NBD2 (1). Crystal 

structures of SecA from different species vary in the position of the PPXD relative to the helical 

wing domain. The PPXD is either packed against the helical wing domain [5,6,7] or shifted 

away from it toward NBD2 [8,9]. The cleft between the PPXD and NBD2 is referred to as the 

clamp, and, depending on the position of the PPXD, it can be in an open [5], partially open [8], 

or closed form [10]. The PPXD has been proposed to interact with preproteins [11,12,13,14]. 

Purified SecA exists in an equilibrium between a monomeric and dimeric form with an 

estimated dissociation constant, Kd, of 1 nM, as determined with the fluorescence cross-

correlation spectroscopy method [15]. Artificially covalently linked dimeric SecA is functional 

in protein translocation [3,16,17,18,19,20]. Dimeric SecA dissociates into monomers in the 

presence of anionic phospholipids [21,22], and signal peptides have been shown to either 

dissociate the dimeric form [22,23] or promote oligomerization [21]. Several in vitro 

translocation studies have also indicated that SecA functions as a dimer [16,19,24]. Attempts 

to generate a stable monomer by truncation and sitespecific mutagenesis were not successful 

because they resulted in severe loss of SecA activity, further supporting the view that the 

dimeric form is functional [22,25,26]. Although it is accepted that SecA is dimeric in the 

cytosol and that high resolution structures exist for both the monomer and the dimer 

[5,6,7,8,9,10], the inability to define the exact role for the second copy in the dimer strongly 
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favors the view that the monomeric form is functional. However, despite major research, the 

true oligomeric state of SecA remains highly controversial [18]. This is further complicated by 

the different models suggesting association of both the monomeric and dimeric forms of SecA 

to the SecYEG translocon [27,28,29,30], although the structure of the SecA-SecYEG complex 

suggests a 1:1 interaction [10]. The structure of the SecA-SecYEG complex was a major 

achievement, but it failed to explain the observed interactions between SecA and SecYEG 

during translocation [10,31,32,33]. SecA alone has also been suggested to promote protein 

translocation independently of SecYEG [34,35,36]. SecA has been shown to interact with 

translating ribosomes [37] and, recently, Huber et al. [38] suggested that the monomeric form 

of SecA binds to the ribosomes through L23 protein on the polypeptide tunnel exit. Here in 

this chapter, we determined the cryo-electron microscopy structures (cryo-EM) of both the 

single and double copies of SecA bound to the 70S ribosome at 10.3 Å and 8.8 Å resolution, 

respectively. We identified two SecA-binding sites at the tunnel exit of the ribosome that 

display different affinities for the two SecA molecules. We found that the N-terminal helix of 

SecA is required for stable association with the ribosome. 

 

EXPERIMENTAL PROCEDURE 

Purification of E.coli 70S Ribosomes 

Ribosomes were purified using a standard sucrose gradient preparation [39]. In brief, 2 liters 

of Escherichia coli cells were grown to 0.8, A600 in LB medium at 37 °C in an incubator shaker. 

Cells were harvested and lysed in lysis buffer (40 mM Hepes (pH 7.6), 500 mM potassium 

acetate, 25 mM magnesium acetate, 2 mM 2-mercaptoethanol, 0.1% protease inhibitor pill/ml, 

and 250 mM sucrose) using a cell disruptor. The cleared lysate was applied to a sucrose cushion 

(750 mM sucrose in lysis buffer), and ribosomes were pelleted by ultracentrifugation in a 

Beckmann TLA 100.4 rotor at 42,000 rpm for 2 h 30 min (4 °C). The ribosome pellet was 

dissolved in lysis buffer. Crude ribosomes were further purified using a 10 ml 10– 40% sucrose 

gradient in lysis buffer. Gradients were centrifuged in a Beckmann SW40-Ti rotor at 30,000 

rpm for 4 h (4 °C), and 0.5 ml fractions were collected using a gradient station (BioComp 

Instruments, Canada). 70S fractions were pooled and concentrated by ultracentrifugation. The 

final pellet of 70S ribosome was dissolved in ribosome buffer (40 mM Hepes (pH 7.6), 50 mM 

potassium acetate, 25 mM magnesium acetate, 5 mM DTT, 0.1% protease inhibitor pill/ml, 0.1 

units/ml RNAsin, and 125 mM sucrose).  
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Purification of full length SecA protein 

An N-terminally His-tagged E. coli construct was obtained from “the National BioResource 

Project, National Institute of Genetics, Japan: E. coli” [40]. SecA was overexpressed in E. coli 

BL21 (DE3) cells and purified using a standard nickel affinity purification method. Briefly, 6 

liters of bacterial culture was induced with 1 mM isopropyl 1-thio--Dgalactopyranoside and 

grown for 4 h at 37 °C. The cleared lysate in SecA buffer (50 mM Hepes (pH 7.6), 300 mM 

NaCl, 0.1% protease inhibitor pill/ml, and 10 mM imidazole) was applied to a nickel-

nitrilotriacetic acid resin, and bound proteins were eluted with 250 mM imidazole in SecA 

buffer. Imidazole was removed by dialysis overnight against SecA binding buffer (50 mM 

Hepes (pH 7.6), 100 mM potassium acetate, 5 mM magnesium acetate, and 0.1% protease 

inhibitor pill/ml) at 4 °C. Purified SecA was concentrated to 2.6 mg/ml and stored at 20 °C. 

SecA residues 2–38 were removed in the ΔN38 SecA construct using full-length SecA as a 

template in the PCR with the following primers:  

DelN-SecA, ATCTTTATTTTCAGGGCGCCATGTCCGACGAAGAACTGAAAGGG 

(forward) and GTGCGGCCGCAAGCTTGTCGACTTATTGCAGGCGGCCAT GGC 

(reverse). The purified PCR product was cloned in a pBADM11 vector (EMBL Heidelberg) 

containing an N-terminal His tag using ligation-independent cloning. ΔN38 SecA was 

transformed into BL21 (DE3) cells. 6 liters of bacterial culture was induced with 0.05% 

arabinose and grown overnight at 20 °C in an incubator shaker. His-tagged ΔN38 SecA protein 

was purified using the same procedure as for full-length SecA. Fulllength SecA cDNA was 

cloned in a pLATE51 vector (Thermo Scientific) with an enterokinase site in between the His 

tag and SecA. Briefly, full-length SecA was amplified with lic-seca- 

EK (GGTGATGATGATGACAAGATGCTAATCAAATTGTTAACTAAAGTTTTCG, 

forward) and lic-seca (GGAGATGGGAAGTCATTATTGCAGGCGGCCATGGCAT, 

reverse) primers using full-length SecA as a template in the PCR. The purified PCR product 

was cloned into the pLATE51 vector using ligation-independent cloning. The His-tagged 

protein with the enterokinase site was purified as above. After purification, the His tag was 

cleaved off with enterokinase (New England Biolabs) according to the manual of the supplier. 

Lysine residues at positions 625 and 633 in full-length wild-type SecA (wtSecApLate51) were 

substituted by alanine using site-directed mutagenesis (New England Biolab) with the 

following primers:  

SecAK625A, ATTGAACACCCGTGGGTGACTGCAGCGATTGCCAACGCCCAGCGT 

(fw) and ACGCTGGGCGTTGGCAATCGCTGCAGTCACCCACGGGTGTTCAAT (Rv);  
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SecAK633A, GCGATTGCCAACGCCCAGCGTGCAGTTGAAAGCCGTAACTTCGAC 

(Fw) and GTCGAAGTTACGGCTTTCAACTGCACGCTGGGCGTTGGCAATCGC (Rv).  

Ribosomal Co-sedimentation Assay 

Purified 70S ribosomes were incubated with the indicated amount of SecA in ribosome buffer 

at room temperature for 10 min. Reactions were layered on top of a 200 l sucrose cushion (750 

mM sucrose in ribosome buffer). Ribosomes were pelleted in a Beckmann TLA 100 rotor at 

45,000 rpm for 2 h 45 min (4 °C). Pelleted ribosomes were analyzed by SDS-PAGE and 

Coomassie staining. Gels were scanned and quantified using an Odyssey imaging system 

(LiCOR Biosciences GmbH, Germany). 

 In Vitro Reconstitution of SecA Ribosome Complexes 

Purified E. coli 70S ribosomes were reconstituted in vitro with purified His-tagged SecA. 

Briefly, 0.3 M 70S ribosomes were incubated with 5.5 M SecA in ribosome buffer and 

incubated at room temperature for 10 min. Reconstituted samples were immediately applied to 

grids 

Electron Microscopy, Image Processing, and Modeling 

 
As described previously [41], 3.5 l of reconstituted samples were applied to 2-nm carbon-

coated holey grids (Jena Biosciences). Grids were frozen in liquid ethane using a Vitrobot (FEI) 

and stored in liquid N2. Micrographs were recorded under low-dose conditions (25 

electrons/Å2) on a Tecnai G2 Polara TEM operated at 300 kV with 39,000 nominal 

magnifications at a defocus in the range of 1.0– 4.5 m. Micrographs were scanned on a 

Heidelberg Primescan D8200 drum scanner, resulting in a pixel size of 1.24 Å on the object 

scale. The data were analyzed by determination of the contrast transfer function using 

CTFFIND software [42]. The data were further processed with the SPIDER software package 

[43]. After automated particle picking followed by visual inspection, 240,000 particles were 

selected for density reconstruction. The dataset was sorted [44] using reconstructions of 

unprogrammed (empty) ribosomes as initial references. The sorting steps were performed at a 

pixel size of 2.44 Å/pixel, and reference volumes were filtered from 15 Å to 20 Å. Densities 

for the 30S and 50S subunits were isolated using binary masks. SecA densities were used as 

such without applying any mask. Low-resolution structures were determined from cryo-EM 

data recorded at a Tecnai T12 TEM (FEI) equipped with a 4K camera (FEI). About 8000 

particles were used for three-dimensional reconstructions. Models were generated with a Swiss 

homology server and adjusted manually with Coot [45]. Initial docking of x-ray structures and 
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cryo-EM maps was performed using Chimera [46]. All Figures were generated using Chimera 

[46]. 

 

Results 
 
SecA Binds to the 70S Ribosome 

We studied SecA interaction with the ribosome by ribosomal cosedimentation assay. 1.6 M of 

E. coli ribosomes, purified by sucrose density gradient, were incubated with 8 M purified N-

terminally His-tagged E. coli SecA. Binding reactions were pelleted through a sucrose cushion, 

and pellets were analyzed by SDS-PAGE and Coomassie staining. SecA strongly cosedimented 

when incubated with ribosomes (Fig. 1A). Almost no binding of SecA was detected when the 

salt concentration was increased to 500 mM, thus confirming the salt-sensitive, specific binding 

of SecA to the ribosome (Fig. 1A) proposed recently (38). SecA binding to ribosomes almost 

showed saturation when a 5-fold molar excess of SecA was used because binding did not 

increase significantly when the SecA concentration was increased to a 10-fold molar excess 

(Fig. 1B). To rule out that the strong binding of SecA to ribosomes is not due to the His tag 

present on SecA, the His tag was cleaved from SecA protein using enterokinase protease as 

described under “Experimental Procedures.” Both the His-tagged and His tag-cleaved SecA 

showed comparable binding to the ribosome (Fig. 1C), ruling out the possible role of the His 

tag on SecA interaction with the ribosome.  
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Figure 1. SecA binds to the ribosome. Binding reactions were pelleted through a sucrose 

cushion and analyzed on a 15% (A and B) or 10% (C) SDS-PAGE with Coomassie Blue 

staining. A, cosedimentation assay using 1.6 µM purified 70S ribosomes with a 5-fold molar 

excess of SecA as indicated. SecA specifically cosediments with ribosomes (lane 4). No 

binding was observed at high salt concentrations (lane 5), and SecA alone did not sediment 

(lane 2). Lane 3 shows 1.6 µM of 70S ribosomes pelleted alone. 1.6 µM SecA alone was 

applied on the gel as a control (lanes 1 and 6). RPS1, ribosomal protein S1. B, about a 5-fold 

molar excess of SecA is required to saturate ribosome binding. Ribosomes were incubated with 

increasing concentrations of SecA protein as indicated (lanes 2–5). Binding was almost 

saturated when SecA was present in a 5-fold molar excess (lane 4) and increasing the SecA 

concentration to a 10-fold excess did not significantly increase binding (lane 5). SecA alone 

did not sediment (lane 7). Lane 6 shows 1.6 µM 70S ribosomes pelleted alone. 1.6 µM SecA 

alone was applied on the gel as a control (lane 1). C, the His tag does not influence SecA 
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binding to the ribosome. 1.6 µM purified 70S ribosomes were incubated with the indicated 

amounts of SecA. Both the His-tagged (lane 6) and His tag-cleaved SecA (lane 7) show 

comparable binding and equally cosedimented with ribosomes, suggesting no influence of the 

His tag on ribosome binding. Both the His-tagged and His tag-cleaved SecA alone did not 

sediment (lanes 3–4). Lane 5 shows 1.6 µM 70S ribosomes pelleted alone. 1.6 µM each of the 

His-tagged and His tag-cleaved SecA proteins were applied on the gel as a control (lanes 

1 and 2). 

 

 

Cryo-EM Reconstruction of SecA Bound to the 70S Ribosome 

To obtain a three-dimensional structure of SecA bound to the ribosome, we employed cryo-

EM and single particle reconstruction. 70S ribosomes were reconstituted in vitro with an excess 

of His-tagged SecA. Cryo-EM grids were prepared using the reconstituted complex, and 

micrographs were recorded with a Tecnai G2 Polara (FEI) electron microscope. Data were 

processed using SPIDER software [43]. For simplicity, the terms 1 SecA-70S and 2 SecA-70S 

are used for the single (monomeric) and double copies (dimeric) of SecA bound to the 70S 

ribosomes. SecA1 and SecA2 are used for the two SecA molecules in the 2 SecA structure, 

where SecA1 is equivalent to monomeric SecA in 1 SecA. A preliminary reconstruction 

showed additional density near the polypeptide tunnel exit (Figure 2A) when compared with 

the empty ribosome, demonstrating that SecA is indeed bound in the structure. The EM density 

distribution analysis suggested more density on one side of the tunnel exit (Figure. 2A), 

indicating heterogeneity in the dataset, and, therefore, computational sorting was applied. In 

brief, two rounds of sorting were applied to segregate different homogenous populations of 

particles. In the first round, empty particles were sorted out from SecA-bound particles. In the 

second round, only SecA-bound particles generated from the first round were further sorted 

into two distinct populations. Empty ribosome with no density at the tunnel exit was used as a 

counterreference for both rounds to minimize reference-biased sorting. Surprisingly, the 

sorting analysis resulted in three distinct structures: no density at the tunnel exit site, empty 

70S (17% particles) (Figure 2B); with density at one side of the tunnel exit, corresponding to 

one copy of SecA-bound 70S (1 SecA-70S, 35% particles) (Figure 2C); and with density on 

both sides of the tunnel exit, two copies of SecA-bound 70S (2 SecA-70S, 48% particles) 

(Figure 2D). SecA-bound 70S subdatasets were refined further, yielding final resolutions of 

10.3 and 8.8 Å, respectively (Figure 3). 
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Figure 2. In silico sorting of the SecA dataset. A, the total dataset containing ∼240,000 

particles was sorted in silico into three different populations (B–D) using a low-resolution, 

empty 70S ribosome structure as a reference. A sorting analysis resulted in segregation of three 

distinct 70S populations: with no SecA density visible, empty (∼42,000 particles) (B), with 

density for one molecule of SecA, 1SecA-70S (∼83,000 particles) (C), and with density visible 

for two molecules of SecA, 2SecA-70S (∼115,000 particles) (D). 

 

 
 
 
 
 
 
 
 



 

 152 

Structure of the Single Copy of SecA Interacting with the 70S Ribosome 

SecA is a cytoplasmic protein consisting of several domains (Figure 4A). ATP binds at the 

interface of two nucleotide binding domains (NBD1 and NBD2). High-resolution crystal 

structures of SecA from different species exist in three different conformations: the so called 

open [5] (PDB code 1M74), partially open [8] (PDB code 1TF2), and closed [10] (PDB code 

3DIN) states. The main differences between these structures are large-scale movements 

observed for the entire PPXD. The only SecA crystal structure available from E. coli [9] (PDB 

code 2FSF) is in an open conformation that is not complete. Therefore, homology models of 

E. coli SecA were built using the Swiss homology server [47], provided with an open, a 

partially open, and closed conformation (PDB codes 1M74, 1TF2, and 3DIN) as templates. 

Docking of these three structures in the isolated density of 1 SecA showed that SecA bound in 

this structure is similar to the open conformation (1M74). Thus, the SecA homology model in 

the open conformation (generated using PDB code 1M74 as a template) was docked into the 1 

SecA density using a rigid body followed by manual fitting in Coot (Fig. 4A and supplemental 

Figure S1). The molecular model of TnaC stalled 50S ribosome [48] (PDB code 2WWQ) fit 

well in the 50S EM densities of both SecA-bound structures (1 SecA and 2 SecA-70S) (Figure 

5). The resulting models identified the N-terminus of SecA in close vicinity to, and, 

presumably, interacting with, ribosomal protein L23 at the tunnel exit site (Figure 4B). These 

results indicate that a single copy of SecA interacts with the ribosome via the proposed 

universal binding platform provided by L23 protein [49] on the tunnel exit site (Figure 4B). 

This is also consistent with recent studies indicating cross-linking of SecA to L23 protein [38].  
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Figure 3. Cryo-EM reconstructions of SecA bound to the 70S ribosome. A, cryo-EM 

structure of monomeric SecA bound to the 70S ribosome (1SecA-70S). The 30S small 

ribosomal subunit and the 50S large subunit are shown in yellow and gray, respectively. 

Additional density at the tunnel exit site, shown in red, represents monomeric SecA. B, the 

same as A but rotated upwards by 90° around the horizontal axis. C, cryo-EM structure of 
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two copies of SecA bound to the 70S ribosome (2SecA-70S). The density at the tunnel exit 

site represents two copies of SecA. The ribosomal subunits and SecA are shown in the same 

colors as in A. D, same as C but rotated upwards by 90° around the horizontal axis. 

 

 

 

	

	

	

	

	

	

Figure 4. Molecular model of monomeric SecA bound to the 70S ribosome (1SecA-70S). A, 

fitting of the E. coli SecA model in an open conformation into the density of the SecA 

monomer. The EM density for SecA is shown in transparent red, and the domains of SecA are 

colored as shown in the schematic. The small image shows the orientation of the SecA-

ribosome complex. B, the N-terminal helix of SecA is in close proximity to the ribosomal 

protein L23 at the tunnel exit site and, therefore, is presumably involved in interactions with 

the 70S ribosome. The L22, L23, and L24 proteins are shown in magenta, gray, and purple, 

respectively. A ribbon model of the TnaC nascent chain [48] (PDB code 2WWQ) is shown 

in red for tunnel orientation. The small image shows the orientation of the SecA-ribosome 

complex. 
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Figure 5. Fitting of the TnaC-stalled 50S model (PDB code 2WWQ) in 1SecA (A) 

and 2SecA density maps (B). Ribosomal proteins L22, L23, L24, and L29 present at the exit 

site tunnel are colored in magenta, gray, purple, and gold/yellow, respectively. A ribbon model 

of the TnaC nascent chain in the tunnel is shown in red. The tunnel exit is marked with a white 

asterisk. 

 

 

Structure of the Double Copies of SecA Interacting with the 70S Ribosome 

The volume of the density corresponding to SecA in the 2 SecA structure is roughly twice as 

large as that of the 1 SecA structure (Figure 6A). Therefore, two copies of the SecA model 

were fit into the density (Figure 6B). However, in contrast to the 1 SecA structure, the open 

conformation of SecA did not fit into the two copies of SecA in the 2 SecA density. On the 

contrary, two molecules of SecA in the partially open conformation (generated using PDB code 

1TF2 as a template) fit well into the SecA density of the 2 SecA structure, suggesting that the 

PPXD domain adopts a different conformation when SecA is present in two copies on the 

ribosome (Figure 6). Fitting of the models into the density revealed a back-to-back arrangement 

of the two SecA molecules when bound to the ribosome (Figure 6, B and C), with the two 

copies being related by an approximate 2-fold symmetry (Figure 6B). Both molecules of SecA 

only fit into the density when placed in this arrangement. Attempts to fit them in different ways 

were not successful. The SecA1 and SecA2 monomers interact with each other using their 
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NBD2 domains (Figure. 6C). Interestingly, as in SecA1 , the SecA2 molecule also appears to 

interact with the ribosome, utilizing its N-terminal helix, which is in close proximity to the 

ribosomal proteins L22 and L24 on the opposite side of the tunnel exit compared with SecA1 

(Figure 6, E–G). This suggests that both SecA molecules in the 2 SecA structure bind to the 

ribosome using their N termini. These findings are also supported by experiments from Huber 

et al. [38], where the authors found that SecA can also weakly cross-link to the L22 protein, 

although they propose that this interaction is not specific. 

 

 

Figure 6. Molecular model of two copies of SecA bound to the 70S ribosome (2SecA-

70S). A, the orientation of two molecules of SecA bound to the 70S ribosome. B, fitting of the 

two E. coli SecA homology models in partially open conformation into the 2SecA density 

(shown in transparent red). SecA1 and SecA2 bind to the 70S ribosome in a back-to-back 
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arrangement, where SecA2 is rotated ∼180° relative to SecA1 around the vertical axis, 

producing an approximate 2-fold symmetry. The domains of SecA are colored as in Figure 

4. C, close-up view of the interaction between two SecA molecules in the back-to-back 

arrangement. Helix 22 might interact with helix 16 in both molecules. D–G, views of the 

complex after inward rotation by 90° around the horizontal axis. D, the orientation of two 

molecules of SecA bound to the 70S ribosome. E–G, the N-terminal (Nt) helix of both SecA 

molecules is in close proximity to the ribosomal protein L23 for SecA1 (E and F) and to 

L22/L24 for SecA2 (F and G). The color scheme is the same as before. 

 

The N-terminal Region of SecA Is Required for Stable Interaction with the Ribosome 

 
To address the role of the N-terminal helix in ribosomal interaction in more detail, residues 2–

38 were deleted, resulting in a His-tagged ΔN38 SecA construct. The ribosomal 

cosedimentation assay showed no significant binding of ΔN38 SecA protein to the ribosome 

(Figure 7A). Additionally, no SecA density was observed when a low-resolution ribosome 

structure was determined using 70S ribosomes reconstituted with His-tagged ΔN38 SecA 

(Figure 7C). Purified His-tagged ΔN38 SecA protein was soluble and displayed a similar 

behavior as full-length SecA when analyzed with circular dichroism spectroscopy (Figure 7D). 

These results are in conflict with Huber et al. [38], who showed that the α-helical linker domain 

(residues 616– 668) of SecA is required for binding to the ribosomes. We repeated the ribosome 

binding experiments with a SecA variant where lysine 625 and 633 are replaced with alanine 

(SecA[K625A/K633A]), as used earlier by Huber et al [38]. The ribosomal cosedimentation 

assay showed a slight decrease in binding of the SecA[K625A/K633A] protein to the ribosome 

as compared with wild-type SecA protein (Figure 7E). However, we could not fit the SecA 

model into the density when this α-helical domain was placed in close vicinity to L23 protein 

on the ribosome. Upon careful examination of the various crystal structures of SecA available 

from the PDB, we found that this α-helical linker lies close to the N terminus of SecA. In one 

of the structures from Bacillus subtilis (PDB code 2IBM), the minimum distance between the 

α-helical linker domain and the N-terminus of SecA is as small as 3.5 Å. Considering the close 

proximity of the N terminus of SecA to the helical linker domain, it is possible that replacing 

residues in this helical linker domain might affect the stability of the N terminus, resulting in a 

decrease in binding to the ribosome (as observed by Huber et al. [38 and by this study] . 
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Figure 7. The N-terminal helix of SecA is required for stable interactions with the 

ribosome. A, deletion of residues 2–38 at the N terminus of SecA (ΔN38 SecA) severely 

reduces binding to the ribosome. The cosedimentation assay shows binding of full-length SecA 

to the 70S ribosome as before in Figure 1 (lane 4), whereas binding is almost abolished with 

ΔN38 SecA (lane 10) under the same conditions. Binding of full-length SecA is salt-sensitive 

(lanes 5–6), as shown before in Figure 1 Lanes 3 and 9 contain 1.6 µM 70S ribosomes pelleted 

alone. Both of the SecA and ΔN38 SecA alone did not sediment (lanes 2 and 8). 1.6 µM each 

of the SecA and ΔN38 SecA proteins were applied on the gel as a control (lanes 1 and 7). B, 

low-resolution reconstruction of the 70S ribosome reconstituted with full-length SecA. Density 

in the red color at the tunnel exit site represents SecA bound in the 70S structure. The structure 

is reconstructed from SecA-bound particles (about 80%, 5500 particles) consisting of both the 

monomeric and dimeric forms, sorted from empty ribosomes (about 20%), and filtered between 

20 and 25 Å. C, low-resolution reconstruction of the 70S ribosome reconstituted with ΔN38 

SecA. No SecA density is visible in the structure. The structure is reconstructed from about 

6000 particles without any sorting (because there was no SecA density visible in any of the 

reconstructions) and filtered between 20 and 25 Å. The color scheme is the same as before. 
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The asterisk marks the polypeptide tunnel exit. D, CD spectra of SecA and ΔN38 SecA, as 

indicated. E, binding of K625A/K633A SecA to the ribosome. 1.6 µM purified 70S ribosomes 

were incubated with wild-type SecA (lane 3) or with SecA (K625A/K633A) (lane 4) as 

indicated. Binding reactions were pelleted through a sucrose cushion and analyzed on a 10% 

SDS-PAGE with Coomassie Blue staining. Both the wild-type and SecA (K625A/K633A) 

proteins alone did not sediment (lanes 5 and 6). 1.6 µM wild-type and (K625A/K633A) SecA 

proteins were applied on the gel as a control (lanes 1 and 2). 

 

Two SecA Binding Sites on the Ribosome 

 

Our structures revealed two forms of SecA bound to the ribosome (Figure 3), i.e. both the 

single copy (monomeric) as well as the double copies (dimeric). However, it is not clear 

whether SecA interacts with the ribosome first in a monomeric form, followed by recruitment 

of the second monomer, which then results in a dimer, or whether preformed SecA dimers bind 

to the ribosome. Because the oligomeric state of SecA is highly debated and conflicting 

evidence has been proposed about the functional state of SecA [3,16,17,18,19,20], this aspect 

was investigated further. We reasoned that if monomeric SecA binds to the ribosome, 

disrupting dimer formation should not inhibit binding to the ribosome. This was investigated 

by two different approaches. First, we titrated SecA protein concentration into the 

reconstitution with 70S ribosomes because lowering the concentration would shift the 

equilibrium toward the monomeric form. Low-resolution structures were reconstructed to 

visualize 70S-bound SecA. Interestingly, lowering the SecA concentration to half (about a 9-

fold molar excess) resulted in only monomeric SecA being visible in the structure (data not 

shown). Lowering the SecA concentration further resulted in no SecA density visible in the 

structure. This result indicates that the single copy of SecA (monomeric, SecA1 ) can stably 

bind to the ribosome. Second, the detergent n-dodecyl--maltoside (DDM) was used to disrupt 

dimers of SecA, as shown previously [22]. When SecA was pretreated with 0.05% DDM before 

reconstitution with the ribosome, low-resolution 70S reconstruction showed no density for 

SecA (Figure 8B). This probably suggests that dissociation of SecA dimers into monomers 

results in loss of binding to the ribosome. However, when SecA was allowed to bind to the 

ribosome and 0.05% DDM was added only after binding, the density corresponding to the 

single copy of SecA (monomeric, SecA1 ) was visible in the 70S structure (Figure 8C). Further 

increasing the DDM concentration to 0.1% resulted in no SecA density being visible in the 

structure (Figure 8D). These results further support the notion that SecA binds to the ribosome 
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at two different sites formed by the ribosomal proteins L23 and L22/L24, respectively (Figure 

6). Additionally, these results indicate that the two binding sites present on the ribosome 

display different affinities for SecA (Figure 6). However, this might change when a signal 

peptide is present. As observed by Huber et al. [38], SecA binds strongly to a ribosome 

translating the SecM nascent chain, a known substrate for SecA. At the concentrations used in 

our experiments, SecA would mainly be present in a dimeric form, and so it is surprising to see 

a stable monomeric form of SecA (SecA1 ) bound in our structure. Docking of the dimeric 

SecA models (PDB codes 2IBM, 2IPC, and 2FSF) in our 2 SecA structure resulted in only one 

of the two copies fitting in the density (supplemental Figure S2). This suggests that SecA might 

initially interact with the ribosome as a dimer and that the binding to the ribosome leads to the 

dissociation of the second copy of SecA (SecA2 ), which later reassociates to form a new 

elongated dimeric form present in our structure (2 SecA-70S). These results also suggest that 

the observed dimer interface/interaction formed between two SecA molecules, when bound to 

the ribosome in the 2 SecA-70S structure, is rather weak and represents an arrangement without 

any productive interaction. This could also explain why the dimeric interface in our structure 

(2 SecA) is different from the crystal structures of SecA.  

 

 

 

Figure 8. SecA displays different affinities for the two binding sites on the ribosome. Low-

resolution structures of 70S ribosome reconstituted with SecA under different conditions. 

About 6000–8000 particles were used for the three-dimensional reconstruction using a non-

translating 70S ribosome as a reference. Sorting was applied to segregate the SecA-bound 70S 

from unbound 70S using an empty 70S ribosome. Structures are filtered between 20 and 25 

Å. A, 70S structure with SecA bound under the same conditions as before. The structure is 

reconstructed from SecA-bound particles (about 80%), consisting of both the monomeric and 

dimeric form sorted from empty ribosomes (about 20%). B, SecA was pretreated with 0.05% 
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DDM before addition to 70S ribosomes in the same buffer as in A. The structure is 

reconstructed from about 6500 particles without any sorting because there was no SecA density 

visible in any of the reconstructions. C, SecA was incubated with 70S ribosomes as in A, and, 

after binding, 0.05% DDM was added to the reaction, followed by 5 min of incubation at room 

temperature before freezing the grids. The structure is reconstructed from SecA-bound particles 

(about 55%) consisting of mainly the monomeric form sorted from empty ribosomes (45%). D, 

the same as C, but DDM was increased from 0.05 to 0.10%. The structure is reconstructed from 

about 6500 particles without any sorting because there was no SecA density visible in any of 

the reconstructions. No binding was observed when SecA was pretreated with 0.05% DDM 

(B). When the same amount of DDM was added after binding of SecA, only one copy of SecA 

was observed (C), indicating dissociation and selective removal of one copy from the two 

copies of bound complex. The color scheme is the same as before. 

 

Implications for SecA Binding to the Ribosome 

Our study identified two SecA binding sites in the immediate vicinity to the ribosome tunnel 

exit. A first SecA monomer (SecA1) binds to the ribosome through an interaction with the L23 

protein, followed by binding of a second molecule (SecA2 ) to the L22/ L24 proteins, resulting 

in two copies of SecA bound to the ribosome (Figure 4 and 6). Upon superimposition of the 

ribosome bound cryo-EM model of trigger factor (TF) [50] with SecA, no steric clashes 

between monomeric SecA and TF were observed, although both bind to the L23 protein near 

the tunnel exit (Figure 9A).  This observation suggests that both the TF and monomeric SecA 

could possibly bind to the ribosome simultaneously without competition. However, this state 

would prevent binding of a second copy of SecA. In this case, both the monomeric SecA and 

TF can simultaneously scan for their respective substrates emerging from the tunnel exit. When 

a substrate has been recognized by monomeric SecA, it might lead to recruitment of the second 

copy of SecA at the tunnel exit by displacing TF. Interestingly, SRP also binds to the L23 

protein [51,52]. Superimposing molecular models of SecA and SRP reveal a steric clash, 

suggesting competition between monomeric SecA and SRP for binding to the L23 protein 

(Figure 9B). This suggests that monomeric SecA directly competes with SRP for binding to 

the ribosome and that either SecA or SRP can bind to the ribosome at any given time. 

Surprisingly, our in vitro binding assays showed a strong affinity of SecA toward the non-

translating/empty ribosomes. This unusually high affinity is a result of the lack of competition 

from other factors such as SRP, SecYEG, and peptide deformylase (PDF) present inside the 
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cell. In a recent report, Wu et al. [53] studied competitive binding of SecYEG to the ribosome 

and SecA. However, further studies are required to study the molecular interplay between 

SecA, the ribosome, and the SecYEG translocase during protein sorting and translocation in 

the presence of other targeting and processing factors such as SRP, TF, PDF, and methionine 

aminopeptidase [49]. 
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Figure 9. Superimposition of the 2SecA-70S, trigger factor, and signal recognition particle 

models. A, both the TF and SecA1 could bind simultaneously to the ribosome via L23 protein 

without steric hindrance, although it would prevent binding of the second copy of SecA 

(SecA2) to the ribosome. SecA1 is colored in blue, SecA2 in red, TF in green, and L23 in gray. 

B, binding of both the SecA1 and SRP to the ribosome could cause steric hindrance, thus 

suggesting competition between monomeric SecA and SRP for binding to the L23 protein. 

Only either SecA or SRP can bind to the ribosome at any given time. SRP is colored in green, 

and SecA and L23 are shown as in A. C, schematic of SecA binding to the ribosome. The first 

molecule interacts with the ribosome via the L23 protein, whereas the second one interacts 

with L22/L24 proteins at the polypeptide tunnel exit. Two copies of SecA completely surround 

the tunnel exit and might provide a unique environment for the incoming nascent polypeptides. 

The color scheme is the same as before, except that the L23 protein is shown in black. 

 

 

Conclusion 

 In conclusion, we show that not only a SecA monomer binds to the ribosome but, also, that 

two copies of SecA can be observed in an elongated shape. Two copies of SecA completely 

surround the tunnel exit and might provide a unique environment to nascent secretory 

preproteins emerging form the ribosomal tunnel (Figure 9C). Our structures suggest a possible 

function of the dimeric form of SecA at the ribosome and will provide a framework for further 

research in the protein sorting and translocation field. 
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 Supplemental Figures S1 - S2 

Supplemental Figure S1. Modeling of a single copy of SecA in the 1 SecA-70S structure. A 

stereo-view representation of the fitting of SecA homology model (generated from the PDB id 

1M74 in an open conformation) in the 1 SecA density with a cross-correlation value of 0.45 

calculated with Chimera (A-B). Alternative fitting of SecA model by placing Lysine 625 and 

633 in the close proximity to L23 protein (C-G), or with a rigid body followed by manual fitting 

(A,B and H). The cross-correlation values for C-H are 0.07, 0.15, 0.19, 0.23, 0.27, and 0.45, 

respectively. The highest cross-correlation is only obtained when the N-terminus of SecA is in 

the close proximity to L23 protein (A-B and H). The EM density for SecA is shown in grey 

color mesh, the SecA model is in red, protein L23 is in grey, Lysine 625 and 633 are in yellow, 

and two regions important for SecA binding in L23 protein are in cyan (EIK) and blue 

(FEVEVE). 
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Supplemental Figure S2. Modeling of the two SecA molecules in the 2 SecA-70S structure. 

A stereoview representation of the fitting of the two SecA homology models (generated from 

the PDB id 1TF2 in a partially open conformation) in the 2 SecA density with a cross-

correlation value of 0.61 calculated with Chimera (A-B). Docking of the dimeric structures of 

SecA (PDB id; 2IPC, 2FSF, and 2IBM) in the 2 SecA density resulted in only one of the two 

copies of SecA present in the dimer fitting into the density (C-E). The cross-correlation values 

for C-E are 0.36, 0.37, and 0.37, respectively. The EM density for SecA is shown in grey color 

mesh. SecA1 and SecA2 homology models in the partially open conformation are colored in 

red, two monomers of dimeric 2IPC, 2FSF, and 2IBM structure are in blue (2IPC1 , 2FSF1 , 

and 2IBM1 ), and green (2IPC2 , 2FSF2 , and 2IBM2 ), respectively.  
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