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Chapter 1

ABSTRACT

reside outside the cytoplasmic membrane need to be targeted to the Sec translocase, 

Sec translocase consists of a hetero-trimeric protein conducting channel SecYEG, the 
peripheral ATP-dependent motor protein SecA, and the SecDF complex that accelerates 

and structure of the Sec translocase, with an emphasis on the minimal functional unit of 
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INTRODUCTION

This transport process is mediated by the translocon domain of the Sec translocase: 

channel in the membrane, and conducts the membrane passage of unfolded signal 
peptide bearing preproteins and are subsequently released at the trans side of the 
membrane where they fold into their native structure once the signal peptide has been 

activity can be distinguished: translocation of preproteins after they are fully synthesized 
(post translational pathway) and insertion of membrane proteins while they are still being 

In the post-translational pathway, preproteins are synthesized with a cleavable amino-

which maintains them in a translocation-competent conformation [6] corresponding to 

the signal sequence is cleaved off by a membrane bound signal peptidase to yield the 
mature protein at the trans

of the preprotein may be translocated in the presence of the PMF once SecA has released 

In the co-translational pathway, the nascent proteins are guided to the translocon by 
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protein insertion whereas in bacteria it is mostly used for membrane protein insertion 

Fig. 1 The Sec pathway. (A) Post translational pathway: after complete synthesis of the preproteins 
at the ribosome, the unfolded preprotein is recognized by the molecular chaperone SecB (blue) and 

once a hydrophobic transmembrane domain of a nascent membrane protein emerges from the 
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SECYEG, THE PROTEIN CONDUCTING CHANNEL

different states, and structures have been obtained from both bacterial and archaeal 

SecA (PDB entry 3DIN) [15], and 3) an active state engaged or in complex with a signal 

SecYEG structure
Methanocaldococcus jannaschii, and all 

other structures, SecY consists of two halves formed by transmembrane segments (TMS) 

clamshell opening results in a widening of the subcentral constriction allowing the 

M. jannaschii

structure with a long transmembrane helix that via a hinge is connected to a surface-
M. 

jannaschii consist of only one TMS while the bacterial Escherichia coli SecE has three TMS 

of these two helices in the E. coli SecE does not interfere with functionality although this 

the ribosome bound SecYEG complex reconstituted in lipid nanodiscs, the two additional 

cell viability [23,24] but appears to stabilize the resting channel [25] whereby the loop 

the cis

1
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SecYEG channel opening 

of transmembrane domains of integral proteins into the phospholipid bilayer [27], and 
provides a binding site for the incoming signal sequence of a translocating preprotein 

into the lateral gate causes a conformational change involving TMS 7 and 10 and the 

on TMS2 and TMS7 and thus intercalation of the signal sequence between these TMSs 

halves of SecY when the channel opens and the plug domain is displaced from its 

the structure of the Thermotoga maritima
structure, the C-terminal halve of SecY has moved outwards resulting in a destabilization 
of the pore ring and a movement of the plug towards TMS7 but in this structure the pore 

The structure of SecYE-SecA complex with a covalently 

channel state of the M. jannaschii SecY, this helix in the SecY has 

the T. maritima SecA-SecYEG structure, TMS7 of the  SecY is tilted 
10° relatively to the membrane and the periplasmic ends of TMS3 and TMS7 are now 

[14], while plug domain deletion in yeast Sec61p and E. coli SecY does not to interfere 

is important for signal sequence recognition [35,37,38] as also suggested by molecular 
dynamics simulations which indicate that the plug domain samples the hydrophobicity 
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highly hydrophobic, plug displacement does not occur and the polypeptide segment 

in vitro translocation is not impaired when the plug is immobilized inside the channel 

domain role might mostly serve to stabilize the closed state of SecY [35], and to act as a 

Fig. 2 Structural stages of the translocation channel. (A-C)
viewed from the membrane. SecY TMS 1-5 (blue), TMS 6-10 (green), plug domain (red), SecE 

 
opening of the constriction and movement of the plug domain depending on the state of the 

Methanococcus jannaschii
Thermotoga maritima SecYEG co-crystalized with SecA (not 

(C and F)  SecYEG co-crystalized with SecA (not shown) and a 
signal sequence (magenta) latched into the lateral gate (PDB entry 5EUL), resembling an actively 

SecYEG pore constriction and width
sec genes that allow the translocation of 

preproteins with a defective signal sequence or even when the signal sequence is 

1
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secY (prlA), secE (prlG), secA (prlD) and secG
The most dominant prl

prl 

I408N mutation is responsible for the suppressor activity [49], while the F286Y mutation 

preproteins and to a lesser extent also supports translocation of preproteins with a 

Many of the PrlA mutants cluster around the pore constriction, and indeed 
electrophysiological studies indicate that these mutations cause an increased ion-

channel when a polypeptide crosses through the pore [14,18] preventing further ion 

Oligomeric state of SecYEG
The oligomeric state of the SecYEG translocon has been a topic of long debate and 
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E. coli SecYEG bound to a ribosome-

would hinder the interaction of SecY with accessories Sec proteins which interact with 

and thus ample evidence supports the monomeric SecYEG complex as the minimal 

SECA, AN ATP-DEPENDENT MOTOR PROTEIN 

SecA is a molecular motor that drives protein translocation by the conversion of 
chemical energy in the form of ATP into the movement of the polypeptide chain across 

the membrane channel SecYEG but it also binds on its own to the phospholipid bilayer 

structure of a soluble form SecA has been resolved in various states and from different 
species, as well as SecA-SecYEG co-structures, providing a glimpse on how function 

SecA structure 

1
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been proposed to contact the preprotein during translocation [76], and the C-terminal 
E. coli

way by the binding of SecA to the molecular chaperone SecB, SecYEG, preprotein and 

increased basal ATPase activity and are thus largely uncoupled from preprotein binding 

Fig. 3. Conformational states of SecA. Structures of (A) SecA from Bacillus subtilis (PDB entry 
1M6N), (B) Mg-ADP-BeFx-bound SecA co-crystalized with SecYEG (not shown) from T. maritima 
(PDB 3DIN), and (C) Mg-ADP-BeFx bound SecA from B. subtilis engaged with the G. thermode-

 

Oligomeric state of SecA 

Thermus thermophilus has been 
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Convergingly, other studies suggests the opposite, that SecA monomerization occurs 

suggested that electrostatic and hydrophobic interactions maintain the SecA dimer, 
as the SecA monomer-dimer equilibrium is sensitive to high ionic strength and low 

most of the studies on soluble SecA do not include the functional SecYEG bound state, 

molecule analysis demonstrate that SecA remains dimeric during translocation [87,94] 

the SecA activity [96], but this defect can be overcome by non-physiologically high 

SecB interacts with the SecYEG bound dimeric SecA and in this process the two positively 

in vivo study demonstrated that SecA functions as a discrete anti-parallel dimer to drive 

Binding partners of SecA

Signal sequences have a conserved tripartite structure that consists of a hydrophobic 

region contains the signal peptidase cleavage site that meets the -1,-3 rule where these 

contains positively charged amino acid residues that help to orient the signal sequence 
in response to the transmembrane electrical potential, when the charged residues remain 
at the cis
the minimum length of E. coli signal sequence is 15-16 amino acids, with median of 22 

1
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the mature region of a preprotein, and that the signal sequence only serves to initiate 
translocation [105,106]

Prior the translocation, the preprotein is maintained in an unfolded conformation, a state 
that is preserved by the molecular chaperone SecB or an attribute of the mature domain 

interacts with SecB through its C-terminal zinc binding domain, and this interaction 

binds preproteins in their folding core thus preventing folding when the protein emerges 

The interaction of SecA with phospholipids plays an important role in translocation as 

binds to phospholipids through ionic interactions that involves the amphiphatic positively 

in a complete inactivation of SecA [93], but the activity can be restored by replacing 

of the N-terminus and its insertion into the membrane serves to enforce a conformational 

membrane que of SecA-preprotein complexes before SecA delivers the preprotein to 

Structural mechanisms of SecA function
SecA undergoes a multitude of conformation changes during translocation [15], and 
various movements of the SecA motor domain have been suggested to occur upon 

T. maritima SecA co-crystal structure with 
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the crystal structure of the Bacillus subtilis

opening stabilizes the preprotein-SecA interaction and increasing the rate of nucleotide 

of the SecYE engaged with B. subtilis SecA [16] shows that SecA 
does not undergo further dramatic conformational changes as compared to T. maritima 

state prevents the two halves of SecY from further movements that would drive these 

SecY, and the insertion results in the opening of lateral gate by a rigid body movement 

conserved tyrosine residue which is crucial for translocation and can be replaced only 

interacts with the unfolded polypeptide chain through hydrophobic interaction with side 
chains, although this model does not explain that SecA can mediate the translocation 
of preproteins with large stretches of glycine residues [117] which would only allow main 

1
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Fig. 4 Structure of T.maritima SecA-SecYEG complex. SecA penetrates into the SecYEG chan-

TRANSLOCATION MODELS

proteins involved in protein translocation, and the possible mechanism of channel 

Power stroke model 

a DEAD box typically found in helicase, and thus a DNA helicase molecular mechanism 

of SecA induced by ATP binding and hydrolysis generate a mechanical force that drives 

to multimerize in order to have multiple substrate binding site,s since monomeric SecA 

the clamp and move the segment of the preprotein while the other SecA protomer traps 
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is needed between the two protomers of SecA so that the preprotein is bound to one of 

Brownian ratchet model

of SecYEG [124], while translocation occurs by Brownian movement of the unfolded 

be prevented by the SecA association and this may assure that the diffusion will only 
occur in only one direction, possibly further facilitated by folding of the polypeptide at 
the cis

Push and Slide model

models, and explains earlier observations that SecA mediated translocation occurs step-
wise, whereas in the absence of SecA association, the preprotein may slide within the 

and dissociate from the preprotein to allows passive sliding of the polypeptide chain into 

step-wise translocation may arise from binding and release of SecA to and from the 

Reciprocating piston model 
As mentioned at the previous section, SecA exists a dimer during translocation 

1
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translocated preprotein, whereas the other monomer dissociates into the cytosol or 

preprotein complex promotes ATP independent translocation of a preprotein segment, 

observed biochemically, i.e, translocation induced by SecA binding to the preprotein, 

of SecA from SecYEG may allow translocation by Brownian diffusion and permit PMF-
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Fig. 5. Proposed models of SecA-mediated protein translocation. (A) Power stroke: ATP 
binding and hydrolysis induces conformational changes of SecA that result in a mechanical force 

1



26

Chapter 1

B) Brownian ratchet: SecA regulates the 

Trapping and release of the translocating preprotein at the cis-side results in translocation, while 
 The oligomeric state 

 (C) Push and slide: This model uses both SecA de-

(D) Reciprocating piston: 

ROLE OF THE SECDF COMPLEX

Although SecA can drive translocation in vitro on its own, protein translocation in vivo is 
In vivo, SecA may mainly serve to initiate translocation 

by releasing the signal sequence domain and the early mature domain of a preprotein 
as a looped structure into the SecY pore then allow for a directed diffusional or power 

in vitro preprotein translocation at low SecA concentrations is 
highly PMF dependent while in the presence of high concentrations of SecA, ATP-driven 
translocation dominates [129,130] 

SecDF is a subcomplex that associates with the SecYEG translocon to form the holo-

Thermus 
thermophilus and Deinococcus radiodurans, SecDF exists as a monomer with 12 TMS, 

has been proposed to interact with the polypeptide substrate, and a conformational 
change or movement of P1 may results in a PMF dependent pulling action by SecDF 

CONCLUDING REMARKS

A multitude of biochemical and biophysical studies has been made to understand 

of different states of the SecA protein both in the absence and presence of SecYEG 
association has revealed various conformations providing further insight into structural 
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mediated protein translocation have remained unresolved, and although translocation 

process needs to be examined at the single molecule level to reveal the dynamic interplay 

Also, current mechanistic insights should be integrated and combined with in vivo 
studies on protein translocation, in order to understand how this process is coordinated 

Considering the dual role of the translocon in protein translocation and membrane protein 
integration, a further unresolved questions is whether translocons exist in the membrane 
with a specialized function or whether the translocon composition is highly dynamics 

SCOPE OF THIS THESIS

This study aims to decipher the molecular mechanism of SecA-mediated protein 

Chapter 1 provides a review on the current understanding of the structure and function 
of the Sec translocon, with the focus on the protein conducting channel SecYEG and 

Chapter 2

 In vivo complementation assay were employed to analyze the 

tested in vitro

Chapter 3 analyzes the tolerance of SecYEG for the preproteins that were chemically 

1
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Chapter 4 

Finally, in Chapter 5
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