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Abstract	
 

More than 30% of proteins in any organism are transported from the site of synthesis into 
or through cell membranes to properly localize and function. The general secretory or Sec 
system is the major route of export for proteins from the cytosol of Escherichia coli and 
all eubacteria. The Sec system consists of the heterotrimeric translocon SecYEG along 
with cytosolic factors SecA (the ATPase of the system) and chaperone SecB. Many 
significant questions remain unanswered regarding SecYEG mediated secretion, 
including how many SecYEG and SecA copies are required during translocation. My 
thesis work presents a novel view of Sec system in near native membrane conditions 
using a single molecule technique known as atomic force microscopy (AFM). AFM is 
capable of resolving absolute distances down to atomic (~1Å) length scales and can 
provide real-time, real-space dynamic pictures of macromolecules at work in near-native 
conditions. Studies on proteoliposomes SecYEG (PLSecYEG) revealed the sidedness and 
dynamics of SecYEG. The dynamics observed were significant in magnitude (~1 to 10Å) 
and were attributed to the cytoplasmic loops of SecY. SecA makes large surface area 
contact to these unstructured loops. These dynamics are reminiscent of the proposed fly-
casting mechanism where unstructured loops increase the capture radii of a binding site 
and hence the boost the binding rate of SecA to SecYEG. In addition, we identified a 
distribution between monomers and dimers of SecYEG as well as a smaller population of 
higher order oligomers. Next, we imaged SecA engaged on SecYEG and related the 
structural states observed to the activity of the translocase. Traditional method of adding 
SecA to preformed PLSecYEG always yielded low activity and AFM measured heights 
of these complexes were widely distributed with no preferred binding mode of SecA to 
SecYEG. In contrast, co-assembly of SecA and SecYEG into liposomes increased the 
translocation activity by fivefold and these complexes had a single preferred height 
around ~40Å. This activity is similar to vivo assays and the measured topography reveals 
the importance of integral membrane SecA to the translocon. Lastly we imaged the active 
Sec system (SecYEG in complex with SecA and ATP or ATP analogs) in the presence of 
two different precursors. In this work we observed the important dependency of SecA on 
precursor species. The measured heights of Sec system protrusions with proOmpA were 
generally in the lower range (~10 to 32 Å) indicating the release of SecA translocation.  
In contrast, the major height distribution was around ~40-60 Å for pGBP indicating SecA 
remains bound during translocation. Though this work is ongoing, the oligomeric state of 
SecA which is present appears to be similar for both precursors. Overall, this work 
represents the novel view of the topographical details of the general secretory system 
(Sec system) in near-native conditions. 
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Chapter 1 

1. The protein export (Sec) system 

1.1. Introduction: 

Numerous proteins are transported across or into cell membranes for properly 

localization and function. For instance, 30% of proteins in any organism are transported 

from the site of synthesis into or through the membrane [1-3]. Proteins to be transported 

are known as precursors, and could themselves be transporters, enzymes, motility 

elements, and elements of electron chain transfer[4]. Precursor proteins with a cleavable 

N-terminal signal are synthesized at the ribosome inside the cytosol. The translocon of 

the general secretory system (Sec) provides a major route for protein translocation in all 

cells (SecYEG in prokaryotes and Sec61 in eukaryotes). Depending on the cell type, the 

translocon resides in inner membrane (prokaryotes) or the endoplasmic reticulum 

(eukaryotes) and contains a channel that provides the pathway for precursors. 

Translocons can send the precursor either transversally into periplasmic domain 

(dominant in the post-translational translocation pathway) or laterally (dominate in the 

co-translational translocation pathway) into the lipid bilayer. In order to achieve these 

tasks, the translocon utilizes accessory proteins [1-6].  

In bacteria, precursors destined for the cytoplasmic membrane exit the ribosome 

tunnel as ribosome-bound nascent chains (RNCs) and bound by the signal recognition 

particle (SRP) that targets the precursor to Sec translocase (SecYEG and SecA). 

Precursors destined to periplasmic space or outer membranes are usually processed via a 

SecB dependent pathway. In this process, the chaperone protein SecB binds the precursor 
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and maintains it in an unfolded state. Next, the precursor- SecB complex binds to the 

ATPase SecA and in this step SecB hands over the precursor to SecA. SecA then binds to 

the translocon SecYEG at the membrane and performs translocation using the energy 

released from binding and hydrolysis of ATP (Figure 1.1).  Proton motive force also play 

important role in protein translocation across bacterial inner membrane. Many of the 

mechanistic details of this process are poorly understood. At the other side of the 

cytoplasmic membrane, the N-terminal signal sequence is removed by signal peptidase 

(not shown in Figure 1.1) and the mature protein is allowed to fold into its native state [1-

6].  

 

Figure 1.1: Sec translocase in bacteria. Precursor protein shown in red is born at the ribosome and is 
captured by chaperone SecB. Precursor-SecB complex binds to ATPase SecA and forms complex. SecA 
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then binds to SecYEG shown in yellow and uses ATP hydrolysis cycle to perform translocation (art by Dr. 
Linda Randall). 

1.2. Translocon: 

The translocon is a hetero-trimeric protein complex made of α, β, and γ subunits. SecY, 

SecE, and SecG in bacteria. In eukaryotes, Sec61α, Sec61β, and Sec61γ are the 

corresponding subunits. SecYE and Sec61αβ are highly conserved and essential for 

functioning. The crystal structure of archaeal translocon SecYEβ (Figure 1.2) provides 

numerous insights of the channel and is likely representative of the translocon from all 

species, as indicated by high sequence conservation[7, 8]. SecYEβ superimposes very 

well with low resolution electron density map of SecYEG[9].  SecY consists of 10 

transmembrane helical spans (TMs) with a molecular weight 48kDa. When viewed from 

the top (Figure 1.2 right), SecY is divided into two halves (TMs 1-5 and TMs 6-10) and 

the central pore is surrounded by them. When viewed from side (Figure 1.2 left), the 

channel has an hourglass shape with two funnels divided by the central pore (diameter ~ 

10-20 Å) as shown (Figure 1.2 left).  This pore is formed by a ring of six hydrophobic 

amino acids and is located halfway through the membrane. The cytoplasmic side funnel 

is empty but the periplasmic funnel is occupied by a short “plug” ɑ-helix (~10 residues). 

When not in use, the pore is thought to be blocked by this plug. It has been suggested that 

plug has an ability to leave the channel during protein transport and return back to the 

original position.  The loops between TMs 5 and 6 of SecY serves as a hinge to open the 

channel laterally, forming a “lateral gate” that allows proteins to enter directly into the 

bilayer. Mutagenesis and structural information suggest that the central pore and plug 

play vital role in the functioning of SecY. In addition, molecular dynamic simulation 

studies support this model of the plug motion during protein translocation [1-3, 5, 7, 9].  
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In E. coli the proteins SecE (3 TMs) and SecG (2 TMs) are peripheral to SecY. 

SecG is not essential for functioning but its presence increases the efficiency in vitro in 

the absence of a proton motive force. The cytoplasmic side of SecY contains two large 

loops that connect α-helices 6-7 and 8-9. These two loops make extensive contacts with 

cytosolic partners such as SecA (during post-translational translocation) and the ribosome 

(during co-translational translocation) [10]. The structure of Thermotoga maritima 

SecYEG with SecA in an ATP hydrolysis intermediate state reveals a large surface area 

contact (~6,800 Å2) of SecA with cytoplasmic loops[10]. 

 

 

Figure 1.2: Side and top view of the SecY complex from Methanococcus jannaschii. A. Approximate 
thickness of the bilayer is 40Å as shown by double arrowed black line. Plug shown in yellow closes the 
channel on the periplasmic side but it moves away when protein translocation takes place.  The pore ring 
formed by six hydrophobic amino acids is shown in green in the middle of the membrane. SecY complex is 
asymmetric with respect to two sides of the membrane (cytoplasmic and periplasmic side). B. Top view of 
the SecY. Central pore is surrounded by two halves of SecY TMs 1-5 (shown in blue), TMs 6-10 (shown in 
red). Hinge allows the channel to open laterally into lipid phase[7]. 
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1.3. Oligomeric State of SecYEG:  

The oligomeric state of active SecYEG is still in controversy. Though a channel exists in 

a monomer of SecY many studies suggest the presence of dimers and even tetramers. 

These observations are made using wide range of techniques such as gel-electrophoresis, 

gel-filtration, analytical centrifugation, fluorescence energy transfer, and negative stain 

and freeze-fracture electron microscopy experiments [1, 5, 9]. Oligomers have been 

found even in reconstituted proteoliposomes. Some experiments revealed that either a 

monomer or dimer of SecA binds only to a dimer of SecYEG. Functional assays based on 

covalently linked SecYEG dimers suggest that one copy of SecYEG binds to SecA while 

the neighboring SecYEG allows protein translocation[5]. Several reports state that SecA 

binding to SecYEG shifts the equilibrium from monomers to higher oligomeric states[5]. 

There exist two proposed models for SecYEG dimers namely front-to-front and back-to-

back (figure 1.3)[5]. Cryo-EM studies on SecYEG-ribosome-nascent chain complex 

(RNC) propose the front-to-front arrangement. In the front-to-front model, the lateral 

gates of the two SecYEG face each other. In the back-to-back arrangement the two units 

connect via SecE.  However, recent crystal structure of SecY-SecA complex 

demonstrated that one copy of SecA binds to one copy of SecY[10]. In addition, single 

molecule experiments showed that a single copy of SecY is sufficient for protein 

transport[3]. Recent work has shown that the oligomeric state of SecYEG depends on 

precursor type. When the precursor is proOmpA (outer membrane OmpA) it uses only 

one SecYEG. In contrast, when the precursor is pGBP (periplasmic galactose binding 

protein) it uses two copies of SecYEG[11]. 
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Figure 1.3: Front-to-front and back-to-back arrangements SecYEG dimer[5]. 

1.4. ATPase SecA:  

SecA is a key player in general secretory system of E. coli. It assists the translocation of 

periplasmic and outer membrane proteins post-translationally, and cytoplasmic 

membrane proteins with large periplasmic domains co-translationally[9]. SecA functions 

in two ways to guide the precursor to the final destination. First, SecA in combination 

with chaperones (SecB) helps the precursor to reach the translocon. Next, at membrane 

SecA binds to SecYEG and provides the energy required for protein translocation 

through the binding and hydrolysis events of ATP [5, 6, 9]. In addition, SecA is also 

known to bind to phospholipids at the membrane. Crystal structures of SecA show the 

arrangement of different domains as shown in figure 1.4. ATP hydrolysis takes place at 

the interface of nucleotide binding domains (NBD1 and NBD2) resulting in large 

conformational changes in SecA.  These changes transfer to the precursor binding 

domain (PBD) and the helical wing domain (HWD) to drive translocation. Carboxyl-

terminal domain (CTD) interacts with SecB and phospholipids. Helical scaffold domain 
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(HSD) connects other domains of SecA such as NBDs, HWD, and IRA1. HSD consists 

of one long helix and two short helices named as two-helix finger. It is known that this 

two-helix finger inserts into SecYEG during translocation. A clamp like structure is 

formed between PBD, NBD2 and HSD that can be in open or closed state.  ATP turnover 

is regulated by the intramolecular regulator of ATP hydrolysis 1 (IRA1). A salt bridge 

between NBD1 and NBD2 play important roles in ATP hydrolysis in response to the 

binding changes at PBD [1, 4-6, 9].   

 

 

Figure 1.4: SecA crystal structure (PDB code 2FSF) showing different domains of SecA protomer. Domain 
representations: Precursor binding domain (PDB, pink), nucleotide binding domain (NBD, light brown and 
NBD2, yellow), helical scaffold domain (HSD, blue), intramolecular regulator of ATP hydrolysis 1 (IRA1, 
dark brown), helical wing domain (HWD), and carboxyl-terminal domain (CTD, cyan)[11].  

1.5. Oligomeric state of SecA: 

SecA concentration is in µM range in the cell suggesting the high possibility of dimers as 

dimer disassociation constant is in the nanomolar range. Thus, in the cytosol, SecA is in 

equilibrium between monomer and dimer [1, 4, 5]. In addition, ~30% of SecA in a cell is 

in integral membrane form[11]. Crystal structures of SecA from different species have 

revealed SecA dimers. However, these crystal structures are acquired in the presence of 
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high salts and other non-physiological conditions inherent in crystallization [1, 5]. 

Oligomeric state of SecA is known to be influenced by several ligands and anionic lipids 

[1, 4, 5]. Studies involving synthetic signal peptides caused SecA dimer disassociation in 

some cases where as promoted dimer formation in other cases[5] . SecB or ATP or ATP-

γ-S or ADP or liposome binding did not influence the SecA dimer dissociation[4].  

Many experiments showed that both monomer and dimers of SecA bind to 

SecYEG. However, it is unclear which of these two states is predominant in the active 

Sec translocase (i. e during the protein translocation). A crystal structure of the SecYEG-

SecA complex concludes the binding of monomeric SecA to monomeric SecYEG (Figure 

1.5)[10]. In contrast, a recent single molecule study shows that the SecA dimer is bound 

to SecYEG and represents the active state[1].  

 

 

Figure 1.5: T. maritima SecYEG-SecA crystal structure. The maximum height of the complex is ~60Å 
above the bilayer as shown by double arrowed black line. Membrane boundaries are indicated[10]. 
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1.6. Chaperone SecB: 

Freshly synthesized polypeptides can fold into their native state or form aggregates; 

precursor proteins in either of these forms are precluded from crossing the membrane via 

the Sec translocase. A dedicated chaperone protein SecB binds the precursor to keep it 

unfolded and compatible for translocation[12, 13]. According to the “kinetic partitioning 

model” SecB discriminates the secretory proteins from cytosolic proteins. In this model, 

slow folding rates of secretory proteins provide more time for polypeptides to make 

contact with SecB[14].  

SecB is a dimer of dimers (Figure 1.6). Each protomer in the dimer consists of 

four β-strands and two α-helices with a total molecular weight of 17 kDa. Two dimers 

connect via α-helices[15]. The tetramer form of SecB is very stable as disassociation 

constant is in the range of ~20 nM[12].  Site-directed spin labelling experiments in 

combination with EPR spectroscopy show that precursor polypeptides wraps around the 

SecB. The groove between two SecB dimers is a major interface of contact for the 

polypeptides[15].  

In addition, SecB interacts with SecA resulting in a stable SecA2-SecB4 (A2B4) 

complex that guides the precursor protein to the translocon [12, 13, 15]. Functional 

stoichiometry of precursor-SecB-SecA is 1: 4: 2[12]. Though A1B4 complex is able to 

promote the translocation its efficiency in ATP hydrolysis is reduced. Interestingly, 

though the SecA-SecB complex is symmetric, the contacts required for making the 

complex are asymmetric[15]. In a poorly understood process SecB transfers the precursor 

completely to SecA. A recently proposed model suggests that SecA binding weakens the 

binding between precursor and SecB and results in a transfer of precursor to SecA[15].  
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Figure 1.6: E. coli SecB structure (PDB code 1QYN). SecB is tetramer (dimer of dimers). One dimer 
consists of two protomers shown in blue and blue-green. Protomers in second dimer are represented by 
purple and green colors. Right figure is 90 degrees rotation around y-axis. The groove between two dimers 
is a major contact site for polypeptides[15]. 
 

1.7. Precursor proteins: 

Precursor proteins are born at the ribosome with a signal peptide at their N-terminus. The 

final destination of the precursor proteins in E. coli is the inner membrane, the 

periplasmic space, or the outer membrane. Periplasmic and outer membrane proteins 

utilize SecB dependent pathway to reach their final destination. In E.coli at least 18 

precursor proteins follow the SecB pathway and these proteins are: GBP, OmpA, OmpF, 

OmpT, OmpX, PhoE, LamB, MBP, DegP, FhuA, FkpA, OppA, TolB, TolC, YbgF, 

YgiW, and YncE[12].  

The precursor form of outer membrane protein (proOmpA) is used widely as 

model precursor to study the Sec translocase[16]. After translocation through the 

membrane, signal peptidase cleaves the signal sequence resulting in native OmpA[16]. 

OmpA is an outer membrane protein with 325 amino-acids (AA). OmpA (Figure 1.7) 
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consists of two domains: outer membrane domain (171 AAs) with eight β-strands 

creating a pore and periplasmic domain (154 AAs). There are ~100,000 copies of OmpA 

in E. coli and its main functions include maintaining the cell shape and stability[17]. 

Recently another precursor pGBP (periplasmic galactose binding protein) has also been 

used as model precursor[11].   

 

Figure 1.7: Structure of the OmpA protein: Outer membrane domain is showed in blue and periplasmic 
domain of the OmpA-like protein RmpM is showed in red[18].  
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Chapter 2 

2. Atomic Force Microscopy 

2.1. Introduction to AFM:  

Pioneering work by Binnig, Rohrer, Gerber, and Weibel introduced the scanning 

tunneling microscope (STM) in 1981. Individual atoms of Si (111)-(7 X 7) were 

visualized for the first time in 1983 by Binnig et al. using this technique[19]. The Physics 

Noble prize in 1986 was awarded to Binnig and Rohrer for the invention of STM. In 

STM, a tunneling current (It) flows when the tip (usually made of tungsten or iridium) is 

within few angstroms distance from the voltage biased specimen. While the tip scans the 

specimen in x, y directions, the current (It) is maintained constant using a z-feedback loop 

resulting in topographical information[20]. One of the major limitations of STM is that it 

requires a conductive specimen. In 1986, Binning, Quate, and Gerber invented the atomic 

force microscopy (AFM) that overcomes the limitations of STM by utilizing the forces 

between the tip and specimen instead of current[21]. AFM employs a nanoscale probe 

integrated at the end of the cantilever to scan the specimen and the forces are sensed by 

the motion of the cantilever. In contrast to two-dimensional projections of specimen with 

traditional imaging techniques such as light or electron microscopy, AFM produces a 

precise height map of the specimen[22]. Soon after its invention, AFM became an 

invaluable tool in surface science community to study metals, semiconductors, and 

insulators at atomic resolution[20, 23].  
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One of the major advantages of AFM is its ability to operate in liquids: opening 

the door to many biological applications [24-27]. A continuous advancement of 

technology introduced many modes of AFM operation including dynamic AFM (defined 

later)  which are well suited for imaging soft biological specimens [23, 26-31]. 

Applications of AFM in biological settings have been increasing in recent years and 

many biological molecules have been explored with AFM [23, 26-31]. Recently 

developed high-speed AFM has played a crucial role in visualizing dynamics processes 

of biological molecules at high spatial resolution in aqueous environments[29]. In 

addition, AFM can be integrated with other techniques such as fluorescence microscopy 

or Raman spectroscopy to study biomolecules in an unprecedented manner[32, 33]. 

2.2. Principles of AFM: 

2.2.1. Interaction forces:  

When AFM tip comes in close proximity (0.1 nm to 100nm) of the specimen in aqueous 

medium there are variety of interaction forces involved between tip and specimen. Two 

of the major forces  are van der Waals (vdw) and electrostatic forces[23, 34]. 

2.2.2. Van der waals forces: 

The van der Wall forces arise from dipole-dipole interactions between polar molecules, 

dipole-induced dipole interactions between polar and non-polar molecules, and 

interactions between non-polar molecules. Considering the simple geometries for a tip 

and sample as a sphere with radius R and flat surface (Figure 2.1), the vdw force is given 

by [34, 35]. 
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Figure 2.1: Schematic of a tip as a sphere with radius R and flat surface separated by distance d. 

 

	
     (1) 

Where R is radius of tip, and d is the separation between tip and sample. H is Hamaker 

constant and is dependent on densities of tip and surface as well as on polarizability. 

2.2.3. Electrostatic forces: 

The AFM tip and specimen surfaces acquire charges in the aqueous medium due to the 

deposition of disassociated functional groups of ions from the electrolyte solution. The 

pH value of the electrolyte medium usually determines the magnitude and sign of these 

surface charges. Opposite (counter) charges or ions from solution are attracted towards 

the charged tip and surface and forms an electrical double layer of charges (Figure 2.2). 

When the tip approaches the surface these double layers overlap and results in 

electrostatic forces. Electrostatic forces decay exponentially with distance (d) between 

the tip and surface. Debye length D characterizes the decay of electrostatic forces as a 

result of screening the surface charges with counter ions in electrolyte solution. The 

Debye length also represents the thickness of the electrical double layer [36-38]. 
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Electrostatic force between a sphere of radius R and flat surface with charge densities t 

(tip) and s (surface) is given by [37, 38]. 


 

	   . e 2 	 e         (2) 

 

 

Figure 2.2: Double layer formation in the presence of electrolyte. Opposite charges are attracted to the 
negatively charged tip and surface to form a double layer.  
 

Where ‘’ is the dielectric constant of water and ‘0’ is free space permittivity.  D 

is Debye length. Equation 2 is valid for R >> D. 

For a monovalent salts D is given by [36, 37] 

.

	√
	      (3) 

For a divalent (1:2 or 2:1) salts D is given by [36, 37] 

.

	√
	      (4) 

For a divalent (2:2) salts D is given by [36, 37] 

.

	√
	      (5) 
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2.2.4. Derjaguin-Landau-Verwey-Overbeek (DLVO) theory: 

Both electrostatic and van der Waal forces are prominent at distances of few tens of 

nanometers between AFM tip and surface. DLVO theory combines these two forces and 

is given by equation 6 for a sphere of radius R and flat surface [36-38]. 


 

	   . e 2 	 e                               (6) 

Typical values for t (silicon nitride) and s (mica) at neutral pH are -0.032 C/m2 

and -0.0025 C/m2. Figure 2.3 represents the typical interaction energy determined by 

combination of the electrostatic and vdw forces between charged surfaces in an 

electrolyte solution[36]. Strong repulsive forces are dominant when surfaces are highly 

charged and in the presence of dilute electrolyte. Increase in salt concentration (i.e. more 

concentrated electrolyte) lowers the Debye length and the energy barrier. When the 

surface charge approaches zero the van der Walls attractive force (lower dashed line) 

dominates the interaction[36]. 
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Figure 2.3: Schematic of DLVO interaction. Total interaction energy between charged surfaces in an 
electrolyte solution as a function of surface charge density.  

2.3. Atomic force microscopy setup: 

2.3.1. Basic schematic of AFM: 

Central components of the AFM are the cantilever/tip assembly, optical detection system, 

piezoelectric scanner, and electronics (Figure 2.4). As mentioned above the cantilever/tip 

experiences a change in deflection (a change in its angular position with respect to its 

equilibrium) or amplitude (for dynamic mode) due to the forces of interaction between 

the tip and surface. Deflection (or amplitude) of the cantilever is monitored by the laser 

beam that reflects from the back of the cantilever onto a quadrant photodiode which 

outputs the voltage Vout.  Relative motion between the AFM tip and surface are 

introduced using piezoelectric materials which can result in atomic scale positional 

control. In some AFMs the tip scans over a fixed surface in the lateral x, y directions 

while in others, the AFM stage moves in x, y with respect to a laterally fixed tip. In either 

case, the AFM tip, the sample, or both must also be allowed to move in the vertical 

direction. A feedback loop is employed to maintain a constant deflection (force) or 

oscillation amplitude. The error signal (which is generated by taking the real-time 

difference between measured deflection (or amplitude) and user defined set point value) 

sent to the Z piezo to keep the deflection (or amplitude) constant at each position on the 

surface provides height information and is used to construct a topographic image of the 

sample [22, 24, 35].  
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Figure 2.4: Schematic of AFM. Nanoscale AFM tip (red) is attached at the end of the cantilever (green). 
Laser light reflecting back on the cantilever (red line) is collected onto the quadrant photodiode. Signal 
from photodiode is fed (black line with an arrow) to the feedback controller where the reference signal (set 
point) is supplied. Difference between these signals is sent to the z-piezo that moves the cantilever 
assembly in the vertical direction.   

2.3.2. AFM cantilevers: 

At the heart of an AFM is a nanoscale tip that is integrated at the end of the flexible 

cantilever using micro fabrication technology (Figure 2.5). According to Hook’s law (F= 

-kz) forces between tip and surface can be measured by monitoring the deflection ‘z’ 

of the cantilever with spring constant k. To investigate soft materials lower spring 

constants are required to minimize imaging forces. Cantilevers made of amorphous 

Silicon nitride (Si3N4) achieve lower spring constants owing to the precise control of 

deposition and thickness[39]. Spring constants for a rectangular cantilever are given by 

equation 7[22, 24].  
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     (7) 

Where E is the Young’s modulus of the material ( 1.5 10 	for Si3N4 

cantilever) and l, w, and t are the length, width, and thickness of the cantilever, 

respectively. For instance, the theoretical k of a Biolever mini tip with (l, w, t) = (38, 16, 

0.2) µm is 0.09 N/m; this can be compared to the experimentally determined value as 

discussed below. Spring constant provided by the manufacturer are prone to error 

because of the inaccuracies in thickness from cantilever to cantilever in a batch[35, 38]. It 

is essential to accurately measure the k of the cantilever for precise control on forces.  

 

 

Figure 2.5: Scanning electron microscope image of an AFM tip. Tip: Silicon, height 3µm, radius 8nm; 
Cantilever: silicon nitride, thickness 200 nm, width 16 µm, length 38 µm, spring constant 0.1 N/m, 
[Olympus Co.].  
 

2.3.3. Spring constant measurements:  

The so-called thermal method is commonly employed to measure k experimentally. 

According to the equipartition theorem, the average kinetic or potential energy of the 

cantilever in thermal equilibrium with thermal bath at temperature T is proportional to the 

thermal energy (equation 8).  
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     (8) 

In above equation  is Boltzmann’s constant and  is displacement of the 

cantilever. The mean square displacement (MSD)   of the cantilever is obtained by 

measuring the thermal noise spectrum (power spectral density) of the cantilever. Power 

spectral density of the simple harmonic oscillator (SHO) model (equation 9) is fitted to 

the measured thermal spectrum and then integrated to obtain the MSD (equation 10) [38, 

40, 41].  

	

     (9) 

	


       (10) 

Here 0 is the fundamental frequency of the cantilever, A amplitude, and  Q is 

quality factor.  In comparison to the theoretical k values (0.1 N/m), the average 

experimentally determined k for the MSNL-E (Bruker) cantilever family is 0.170 +/- 

0.004 N/m, N=5. 

2.3.4. Piezoelectric materials:  

Piezoelectric materials convert electrical fields into mechanical motion and vice versa. 

Piezoelectric materials are widely used in AFM to generate the precise motions of the 

cantilever and stages at sub nanometer levels. Lead barium titanate (pdBaTiO3) or lead 

zirconium titanate (Pb [ZrₓTi₁₋ₓ] O₃	with	0 x 1) ceramics are commonly used in AFM 

applications; the latter is also known as PZT material. From a practical point of view, the 

dimensions of the piezoelectric material are changed in response to an applied voltage 

between opposite faces[22, 35]. A voltage response of a simple disk configuration is 
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shown schematically in figure 2.6 where the length of the piezo is extended.  In reality 

PZTs come in different shapes depending on the applications and are more complex than 

the one represented here. A typical Piezo electric coefficient is XX nm/volt for PZT.  

Thus if one can control a voltage at the level of 1 mV this leads to a positional precision 

of xx nm. 

 

 

Figure 2.6: Response of disk piezo electric material with applied voltage.  

Piezoelectric tubes and flexure-based piezo stages are commonly employed in 

many AFMs to move the stage and/or tip. In tube configuration (figure 2.7), the outer 

surfaces of the tube are divided into four segments (two for the motion in x-axis, and 

other two for the motion in y-axis) and electrodes are integrated both inside and outside 

of the tube. A voltage difference is applied between the electrodes to move the stage in 

respective direction [22, 24, 35].  
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Figure 2.7: Piezo scanner in a tube configuration. Outer surface is divided into 4 parts (two for 
motion in X, and two for motion in Y). A voltage is applied between electrodes to generate the 
motion.   
 

Often expansion or contraction of the piezoelectric materials is not linear with the 

applied voltage. Piezoelectric materials are associated with nonlinearities such as 

hysteresis and creep.  Hysteresis causes the piezo to remember the previously known 

shape and introduces the nonlinearity. Creep occurs when the direction (reverse polarity) 

of the scan is changed or with a sudden change in the applied voltage[22]. Modern AFMs 

utilizes closed-loop electronic circuits where sensors (usually capacitors) are integrated 

with the piezo[22].  Real time measurements and corrections of the piezo position make 

the closed-loop design very valuable and nonlinearities can be minimized.  

2.3.5. Feedback loop:  

A force feedback loop lies at the heart of all AFM imaging (figure 2.8). It continuously 

updates the Z-piezo position to minimize the error between the measured signal 

(deflection or amplitude) and the user defined set point value. A common feedback loop 

is a PID controller (proportional (P)-integral (I)-derivative (D)) and the mathematical 

equation governing the controller is given by equation 11[22, 24].   

	        (11) 
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Where  is the time dependent error signal, and , , and  are the 

proportional, integral, and differential gains, respectively. In general, the signal to the Z-

piezo  is sum of all three terms, but for most AFMs it is wise to set Kd=0 as the 

differential term can cause undue noise. In this case the user adjusts the proportional and 

integral gain values to an optimal level where the error signal is very low during tip 

scanning [22, 24, 35, 38]. 

 

Figure 2.8: Feedback mechanism in AFM. Measured signal from cantilever/tip assembly is supplied to a 
differencing device where set point value is used as a reference. The difference between these two signals,  
e(t) is fed to the PID controller. After mathematical analysis a signal Z(t) is supplied to Z piezo to move the 
base of the cantilever in the appropriate direction.  

2.3.6. Tapping mode AFM: 

In contact mode, the tip scans the sample laterally and is always in quasi-static contact 

with it. These lateral forces may cause damage to soft samples such as biological 

molecules. Soft cantilevers are used in order to achieve lower forces to operate in contact 

mode. A drawback of these soft cantilevers is if the force gradient in vertical direction is 

greater than the spring constant during the tip approach, AFM tip snaps into the sample.  

This phenomenon is known as jump-to-contact[24], and can be minimized by operating 

in ionic solution. In addition to snapping in, the tip experiences pull-off forces when it is 

retracting from the surface. Thus, certain ranges of d (distance between tip and surface) 

values are not accessible for the tip because of this snap-in and pull-of processes[38].   
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Dynamic AFM modes are introduced to overcome these problems and access the entire 

range of d values near the surface. 

  In dynamic mode, a cantilever is driven mechanically with an external source 

(figure 2.9 left) near its resonance frequency. A common method of excitation is 

achieved by applying an AC signal to a separate piezo actuator integrated into the 

cantilever holder (figure 2.9 left).   

When driven, three major signals can be used as feedback parameters: amplitude, 

frequency, and phase of the cantilever. Depending on the signal type, dynamic mode can 

be classified into AM-AFM (amplitude modulated), FM-AFM (frequency modulated), 

and PM-AFM (phase modulated). Most common is AM-AFM in which amplitude of the 

oscillating cantilever is used in feedback[22, 24, 38]. 

In AM-AFM, the AC signal is used to drive the cantilever near resonance 

frequency. The cantilever “touches” the surface once per oscillation cycle. Amplitude of 

the cantilever changes (Figure 2.9) as results of the interaction forces between tip and 

surface. Amplitude A and phase   are measured with a lock-in amplifier from the 

cantilever deflection and drive signals. This measured amplitude is fed into a feedback 

loop where a set amplitude point Asp is supplied. The feedback loop then minimizes the 

difference A=A-Asp by moving the cantilever’s base in the vertical direction while the 

error signal provides the height information of the surface (Figure 2.10)[38].  
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Figure 2.9: AFM tapping mode operation. Left figure: Acoustic vibration of the cantilever with external 
driving source (piezo)[38]. Right figure illustrates the change in tip amplitude oscillations with respect to 
sample topography in the absence of feedback. With feedback applied, the base of the cantilever is 
continuously adjusted so that the set amplitude remains constant.   

 

 

Figure 2.10: Schematic representation of tapping mode imaging[38]. Amplitude of the oscillations changes 
from A0 to A when the tip encounters the topography. The error signal to the Z Piezo stage (that maintains 
A=A-Asp as constant) is recorded as height. 

2.3.7. Cantilever with external forces: 

A cantilever excited with external driving force can be considered as a damped harmonic 

oscillator. Equation of motion of a damped oscillator is given by equation 12, 13[24]. 

cos	       (12) 

cos	       (13) 

In above equation resonance frequency is /  and quality factor is		

/ . Here z is the displacement of the cantilever and  is the amplitude of the 

oscillation. The solution of the equation 9 has both a steady-state term and a transient 

term as described in equation 14. The transient term has exponential time dependence and 

after time 2 /  it reduces to 1/e. The steady-state term dominates the tip motion on 
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longer timescales and is described by a frequency dependent amplitude  and phase lag  

equation 15, and 16[23, 24]. 

	 cos cos     (14) 

1  is the modified resonance frequency of the cantilever.     

      (15) 

tan       (16) 

 

Figure 2.11: Effect of quality factor: Amplitude and phase shift (equations 15 and 16) of cantilever for 
various Q values.   
 

When the cantilever is immersed in liquid, resonant frequency and quality factor 

decreases due to the increased damping on cantilever. In contrast to the plot shown 

(Figure 2.11), in a real AFM measurement many peaks are present in the amplitude vs 

frequency plot, most of which are introduced by oscillations of liquid within the 

cantilever holder.  In addition, the quality factor of the cantilever in liquid decreases by at 

least two orders of magnitude due to hydrodynamic interactions. Thus high damping (low 

Q) often results in low force sensitivity[24]. In aqueous medium minimum force 
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measured by cantilever is dependent on the quality factor and spring constant (equation 

17).  Thus, smaller cantilevers are employed to increase the force sensitivity and reduce 

the cross section of interaction with the fluctuating liquid.  

      (17) 

Where T is absolute temperature and B is measurement bandwidth.  

2.4. Applications of AFM to membrane proteins: 

Membrane proteins reside in lipid bilayers (composed of phospholipid) that surround the 

cells of all organisms and its compartments (Figure 2.12).  These proteins mediate 

important processes such as protein secretion, solute transport, signal transduction and 

enzymatic activities [42, 43]. 30% of all genes are encoded for membrane proteins and 

~50% of modern drugs target this class of proteins. Determining the structure of 

membrane proteins in their natural environment is very important in understanding their 

function. Traditional techniques X-ray crystallography, nuclear magnetic resonance 

(NMR), and electron microscopy (EM) are widely used to determine the structure of 

membrane proteins. X-ray analysis can resolve structures at angstrom resolution, but 

usually requires the protein to be in detergents (non-native conditions), and at extremely 

high density. Despite years of effort, many membrane proteins have proven to be 

extremely resistant to forming 3D crystals [42]. NMR provides structure and structural 

dynamics data on molecular ensembles but membrane proteins with higher molecular 

weight are not suitable for it. Cryo-EM achieves high resolution (<1 nm) in native 

conditions but compromises dynamic data.  
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AFM is a complimentary technique to all of the above with a capability of 

operating in aqueous media [44-46] and thus to resolve individual molecular activities. 

AFM studies do not require high quantities of protein and there are minimal size 

limitations. More importantly AFM is very well suitable to study membrane proteins in 

lipid bilayers and achieve high resolution (<1 nm)[31]. One of the important applications 

of AFM is it can obtain structural dynamics data in native conditions at the single 

molecule level. AFM images can reveal surface structure, lateral organization, oligomeric 

states, conformational changes, and binding and unbinding events of membrane proteins 

in lipid bilayers. High resolution image of bacteriorhodopsin is shown in figure 2.13. 

 

Figure 2.12: A cartoon representation of a lipid bilayer with integral membrane proteins (yellow). 

In addition to imaging, force spectroscopy is a valuable tool to study the 

folding/unfolding events and energy landscape of membrane proteins. In this application 

an individual membrane protein is pulled (unfolding) via an AFM tip from the membrane 

attached to solid support.   
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Figure 2.13: Molecular resolution imaging of Bacteriorhodopsin. AFM image of the cytoplasmic 
surface of purple membrane recorded in aqueous buffer solution at room temperature. Top panel 
represents the line scan along the image as shown in red dashed line. Inset: detailed view of a BR 
trimer showing sub-nm resolution.  
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Chapter 3 

3. Experimental methods 

3.1. Atomic force microscope imaging 
 
AFM images were acquired in imaging buffer (100 mM KAc, 5mM MgAc2, 10mM 

HEPES pH 7.6, figure 3.1) in tapping mode using a commercial instrument (Cypher, 

Asylum Research). Biolever mini tips (BL-AC40TS, Olympus) with measured spring 

constants ~0.06 N/m were used. Images were recorded at ~30° C with an estimated tip-

sample force <100 pN, deduced by comparing the free space tapping amplitude (~5 nm) 

to the imaging set point amplitude. Under such conditions, minimal protein distortion is 

expected [47, 48]. 

 

Figure 3.1: Cartoon representation of AFM imaging setup. Proteoliposomes SecYEG deposited in mica 
forms supported lipid bilayer with protein protrusions exposing the AFM tip. AFM tip scans the surface of 
proteins in aqueous media. 
 

3.2.1. Proteoliposomes (PLSecYEG) imaging: 

Proteoliposome stock solution was diluted to 80 nM SecYEG, 80 µM lipid in imaging 

buffer, immediately deposited on a freshly cleaved muscovite mica surface (V-1 grade, 

SPI), and incubated for ~20 minutes. During this time the proteoliposomes were allowed 
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to deposit on the surface through vesicle fusion and form supported lipid bilayer[49]. The 

surface was then rinsed three times with ~100 µL of imaging buffer. 

3.2.2. PLYEG·A (SecA and SecYEG coassembled) and PLYEG+A (SecA added 

extraneously): 

PLYEG·A proteoliposomes were diluted to 80 nM SecYEG, 80 nM SecA2, 80 µM lipids 

in imaging buffer (100 mM KAc, 5mM MgAc2, 10mM HEPES pH 7.6). For PLYEG+A, 

8 µM SecA dimer was added extraneously to PLSecYEG (8 µM SecYEG). These 

proteoliposomes were diluted as earlier before applying to mica.  

3.2.3. Active Sec system: 

Starting with PLYEG·A, translocation of 1µM of precursors containing internal disulfide 

bonded loops was carried out as mentioned in appendix I (in translocation assay section). 

Either proOmpA or pGBP containing loop of 44 or 59 amino acids (L59) were used. 

Translocation is carried up to 3 minutes for proOmpA or 4.5 minutes for pGBP as the 

activity reaches plateau at these time scales. After the translocation assay samples were 

placed on ice and ATP analogues were added to the sample mix.  ATP analogues were 

either ATP Gamma S or ADP aluminum fluoride (ADP-ALF3). Then samples were 

immediately deposited onto mica surface and incubated in imaging buffer for one hour. 

The surface was then rinsed three times with ~100 µL of imaging buffer. In samples 

where ATP analogues were not used reaction mix after the translocation assay was 

directly deposited on mica.  
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 3.3. Image Analysis: 

3.3.1. PLSecYEG, PLYEG·A and PLYEG+A: 

Prior to analysis, images were processed with standard AFM techniques: flattening to 

minimize background tilt and filtering to reduce the influence of noise. A flood mask was 

then applied to isolate protein protrusions with a manually set threshold (~3 Å above the 

planar lipid surface). This introduced a small (~1 Å) systemic height error which was 

subsequently corrected. Software (Igor Pro) was used to extract the volume and 

maximum height for each protein protrusion. Features exhibiting maximum heights <5 Å 

were excluded from analysis. The base height used for the maximum feature height and 

volume calculations was taken to be the average height of the pixels at the feature’s 

perimeter. Finally, data were compiled into histograms for display.  

3.3.2. Tip deconvolution 

AFM images convolve tip geometry with that of the sample. We implemented tip 

deconvolution software[50, 51] to more accurately deduce protein protrusion volumes. 

The program used blind tip estimation to determine the bluntest tip that could resolve the 

image. The generated tip geometry was then removed from the image, outputting a 

deconvolved image that more closely approximated the sample topography. 

3.3.3. Active Sec system: 

Images of the active system were first put through a first order flattening to minimize the 

background tilt. To identify individual features above the lipid bilayer, a cropping 

algorithm was used.  The AFM image was first partitioned into 500x500nm sections, 

each of which was cropped separately to produce more stable background conditions. A 

flood mask was then employed to separate features from background lipid bilayer by 
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imposing a minimum height threshold upon each pixel of the image. This threshold level 

was determined dynamically based upon the calculated background level and noise such 

that every pixel above the threshold is 95% certain to not be background noise. To 

determine the boundary of an individual feature, the thresholded image was then 

traversed pixel by pixel; whenever a pixel was found above the threshold level, a 

recursive seed-fill algorithm was used to fill out the rest of that feature. With the 

boundaries determined, that individual feature was cropped from the big image. Each 

individual image of a feature was then put through another first order flattening then run 

through a streak-removal algorithm. This algorithm attempts to correct for the 

“parachuting” effect of the AFM tip in which the tip loses contact with the surface. To 

identify and correct for this inaccuracy, single pixel high “streaks” (corresponding to a 

single scan line) were identified and modified by averaging neighboring pixels. The 

image is then finally saved for analysis. 

 To calculate the volume of a single feature image, a set threshold of 500pm above 

the calculated background level was used to separate feature pixels from background 

pixels. The volume was then calculated by summing the height multiplied by the physical 

dimensions of a pixel for each feature pixel to effectively integrate under the feature. For 

height calculations, the height of a feature was calculated as the average of the height of 

the top 10% highest pixels in the feature minus the background level. The averaging was 

employed to reduce the influence of noise on a single pixel. This entire process, starting 

from cropping through the analysis, was completed automatically. This allowed for 

quick, analysis of our AFM images with a minimum of user-induced bias. 
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 For each different combination of precursor and ATP analogue, a probability 

density function (PDF) was generated for both the height and volume data to represent 

the respective distributions for each different species.  Using a Multi-Peak fitting 

algorithm, these PDFs were deconvolved to determine the underlying populations making 

up the PDF. The Multi-Peak algorithm used a least-squares fitting method to calculate the 

multimodal PDF as the sum of normally distributed populations. Inputs for this algorithm 

are: peak location, amplitude, and standard deviation (Algorithms are developed by 

Brendan Marsh). 

 Additionally, the height and volume data was also used to create Height-Volume 

(HV) Maps, which are bivariate “heat maps” produced analogously to the PDFs but as a 

function of two variables instead of one. HV Maps were produced for each precursor-

ATP analogue combination, allowing for visualization of the differences in height and 

volume for different species. 
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Chapter 4 

4. Dynamic Structure of the Translocon SecYEG in Membrane: Direct 
Single Molecule Observations 

4.1. Summary 

Purified SecYEG was reconstituted into liposomes and studied in near-native conditions 

using atomic force microscopy (AFM). These SecYEG proteoliposomes were active in 

translocation assays. Changes in the structure of SecYEG as a function of time were 

directly visualized. The dynamics observed were significant in magnitude (~1-10 Å) and 

were attributed to the two large loops of SecY linking transmembrane helices 6-7 and 8-

9. In addition, we identified a distribution between monomers and dimers of SecYEG as 

well as a smaller population of higher order oligomers. This work provides a new vista of 

the flexible and dynamic structure of SecYEG, an intricate and vital membrane protein. 

4.2. Introduction 

Proteins are highly dynamic. This is especially true of the proteins that orchestrate 

translocation of polypeptides across membranes. More than 30% of proteins in any 

organism are transported from the site of synthesis into or through a membrane. In 

Escherichia coli (E. coli) as well as in all archaea and eubacteria, the general secretory or 

Sec system is the major route of export [52-54]. The pathway through the membrane – 

the translocon – is provided by SecYEG, a protein complex that is highly conserved, 

having homologs across the kingdoms of life. In the E. coli SecYEG complex (~75 kDa) 

the channel for passing proteins is found in SecY [55], the largest subunit, with 10 

transmembrane (TM) helical spans. SecY also contains a lateral gate allowing protein 
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insertion into the membrane. SecE and SecG are two smaller subunits located about the 

periphery of SecY. Proteins that are to be exported are synthesized as precursors. In a 

dynamic process, the mechanistic details of which are poorly understood, the motor 

protein SecA binds SecYEG and provides energy from a cycle of binding and hydrolysis 

of ATP to drive precursors through the channel. SecA interacts with SecY, making large 

surface area contact (~6,800 Å2)  with cytoplasmic loops spanning TM helices 6-7 and 8-

9 of SecY[56]. Genetic analyses have determined that mutations in these loops 

deleteriously affect translocation activity[57, 58]. As in many protein-protein 

interactions, SecA-SecYEG binding involves disordered loop regions. In a framework 

dubbed “fly-casting”[59], disordered and flexible regions can increase the capture radius 

of a specific binding site and hence boost binding rates. Despite their functional 

significance,  measurement of flexible and disordered protein regions remains a 

significant experimental challenge[60].  

The stoichiometry of the active translocon has been a matter of contention [61-

66]. It has been reported that SecYEG exists in vivo as dimers and tetramers, and in vitro 

assays have shown that dimers are active. However, since SecYEG monomers contain a 

channel, it is not clear if assembly into specific quaternary structures is necessary for 

activity. Better structural information – especially in a native lipid environment – may 

help to shed light on this interesting question. 

Originally developed as a characterization tool for the surface science 

community[21], the atomic force microscope (AFM) has emerged as an important 

instrument for characterizing biological macromolecules in membranes[67-69]. An AFM 

consists of a nanoscale force probe (i.e., a tip) interacting with a sample. The instrument, 



37 
 

which operates in physiological buffer solution, has been successfully used to map 

flexible and disordered regions of soluble proteins[70] and membrane proteins in two-

dimensional crystalline arrays[71-73]. Real-time probing of individual proteins 

distinguishes atomic force microscopy from traditional structural biology techniques, 

which typically require ensembles or cryogenically preserved samples. Further, an AFM 

is capable of resolving absolute distances down to atomic length scales on unlabeled 

proteins in membrane and can provide a dynamic picture of macromolecules at work.  

Here we report the first AFM measurements of the translocon SecYEG and 

demonstrate the power of the technique in visualizing the structure of SecYEG and its 

dynamics in near-native conditions. Height analyses of the reconstituted SecYEG 

complex protruding from the bilayer allowed assignment of protein orientation. Diverse 

structural dynamics were observed. Height fluctuations of the cytoplasmic surface of 

SecYEG ranged from ~1-10 Å and occurred over multiple timescales, the fastest of 

which was <100 ms. Direct visualization of individual proteins revealed the presence of 

monomers, dimers, and higher order oligomers. Taken all together, our work presents a 

view of the protein conducting channel in near-native, non-crystalline conditions and 

represents a novel characterization of the structure and time-varying conformations of 

SecYEG segments outside of the lipid bilayer. 

4.3. Results 

4.3.1. Activity and sidedness of SecYEG 

Purified SecYEG was reconstituted into liposomes and shown to be active for 

translocation. Figure 4.1 shows an example of one preparation. Upon addition of SecA, 

SecB (a chaperone that keeps the precursor unfolded)[74], and the precursor of outer 
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membrane protein OmpA (proOmpA) in the presence of ATP, the precursor is 

translocated as assessed by protection from proteinase K. The protection is dependent on 

the presence of ATP (Figure 4.1B, compare filled and unfilled circles), indicating that it 

represents active translocation. 

The SecYEG proteoliposomes were deposited onto mica surfaces for examination 

by AFM. The presence of a lipid bilayer was confirmed by observation of the 

characteristic ~40 Å thickness [37, 75] of a bilayer at the edge of a membrane patch 

(Figure 4.2 & line scan on top, red). Alternatively, pits with a depth of ~40 Å were used. 

Proteoliposomes containing SecYEG displayed numerous punctuate features (Figure 4.2). 

The line scan profile through the image shown indicated the presence of three SecYEG 

protrusions above the lipid bilayer. In contrast, images of liposomes assembled without 

proteins were essentially featureless, exhibiting <1 protrusion per m2 (Figure 4.3). 

 

 

Figure 4.1: Activity of SecYEG reconstituted into liposomes. (A) SDS-polyacrylamide gel electrophoresis 
of SecYEG proteoliposomes at 0.15 µg, 0.3 µg, 0.45 µg and 0.56 µg SecY. (B) Translocation of 
radiolabelled precursor of outer membrane protein OmpA was assayed in vitro with (●) and without ATP 
(○) by protection from proteinase K. The lines are a fit to the data.  
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Figure 4.2: AFM imaging yields protein orientation. Large scale (1250 × 900 nm2) AFM image of SecYEG 
in lipid bilayer with a cross section profile (top, red). The location of the profile is indicated in the image 
(white dashed line). Both cytoplasmic (bright) and periplasmic (less bright) features can be identified 
protruding the lipid bilayer surface (light brown) in the image. The vertical scale spans 0 to 100 Å.  
 

SecYEG displays topographic asymmetry between the maximum heights of the 

protrusion on the cytoplasmic face compared to the periplasmic face of the membrane. 

Analyses of several thousand protrusions (features) from different areas of lipids using 

software that determines the maximal height of each feature above the lipid bilayer are 

summarized in a histogram (Figure 4.4). Heights in excess of 40 Å were rare (<10 % of 

total population) and were excluded from analysis. Comparison of the heights of the three 

peaks at 7 Å, 17 Å, and 32 Å with the crystal structure of SecYEG from Thermotoga 
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maritima (Figure 4.5) allowed us to assign two of the three peaks. We chose T. maritima 

as a reference because it is homologous (>40% identity) to E. coli (for which there is no 

high resolution structure available). From this comparison we assigned the region 

containing the 7 Å peak (Figure 4.4, grey hatched) to the periplasmic loops (7 Å 

maximum in the structure) with a cutoff for this region based on the clear minimum 

found at ~13 Å in the height histogram.  

 

 

Figure 4.3: Lipid-only control experiment. Large scale (2 × 2 µm2) AFM image of a lipid bilayer formed 
from liposomes assembled in the absence of SecYEG protein. Cross section profile (top, red) shows the 
characteristic bilayer height ~40 Å above the substrate. The location of the profile is indicated in the image 
(white dashed line). The dark regions in the image represent the underlying substrate (mica) and light 
brown regions represent the lipid bilayer. The vertical scale spans 0 to 100 Å. Analysis of this and similar 
images (not shown) covering an area (~100 nm2) showed very few features protruding from the lipid 
bilayer (<1 per µm2 area).  
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The loops connecting TM 6-7 and 8-9 of T. maritima SecY are similar in length to 

those of E. coli. The close agreement between the 32 Å peak in the histogram with the 30 

Å height of the loop connecting TM 6-7 in the crystal structure allows assignment of the 

peak to this loop configuration. It should be noted that the loop in the crystal structure 

was stabilized in an extended configuration by interaction with the co-crystallized SecA, 

which was removed from the figure for clarity.  

The third peak observed at 17 Å is attributed to conformations of the cytoplasmic 

face of the translocon wherein the 6-7 and 8-9 loops are collapsed downwards, towards 

the membrane.  Such a collapse would expose the AFM probe to the end of TM helices 8 

and 9, which protrude ~17 Å above the bilayer. The relative population of the 

cytoplasmic feature heights is biased towards the compact structure: 57% of cytoplasmic 

features exhibited a maximum height around 17 Å; 43% achieve heights between 22 and 

38 Å. This continuum of populated heights is likely to result from conformational 

dynamics.  
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Figure 4.4: Histogram of the maximum height of individual SecYEG features (N = 2766, bin size = 1.7 Å). 
Grey hatched region represents periplasmic SecYEG with one major peak at ~7Å. In contrast, the 
cytoplasmic side of SecYEG exhibited two peaks in its height distribution (~17Å and ~32Å), with a 
significant population of heights in between them. 
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Figure 4.5: crystal structure of the SecYEG complex indicating asymmetry. The maximum height of the 
periplasmic protrusion is ~7Å. In contrast, it is ~30 Å on the cytoplasmic side. The ends of the 8-9 helices 
extend ~17 Å above the lipid bilayer; the 6-7 loop extends ~13 Å above these helices. Membrane 
boundaries are indicated (solid black lines). 

4.3.2. Structural dynamics 

The unstructured loops at the cytoplasmic face of SecYEG are involved in critical 

interactions with SecA, which is the ATPase that enables transport. We addressed 

conformational dynamics of these loops on a timescale accessible by AFM scanning. 

Height analyses indicated that two conformations of the loops are preferred; however, a 

large population of molecules exhibited an intermediate range of heights. Data for the 

height histogram shown in Figure 4.4 were extracted from a set of images acquired over 

multiple months. Thus, to probe dynamics, we acquired a series of images to track 128 

SecYEG features over time. Four representative features from this data set are presented 

(Figure 4.6A-D) and enumerated by image frame number i-v, which is a proxy for time.  
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Figure 4.6: Dynamics of SecYEG. Successive AFM images of individual cytoplasmic SecYEG features are 
displayed. (A) Monomer with dynamic height (prominent in image A:iii). (B) Monomer exhibiting a 
change in lateral structure (prominent in image B:ii). (C) Monomer with significant conformational 
changes in both height and shape. (D) Dimer exhibiting changes in height, shape, and rotational orientation. 
The scale bar shown in (A) is 50 Å and applies to A-D. Elapsed time in seconds is indicated in each image 
frame. 
 

Rich and varied dynamic structural behavior was observed. Examples of this 

behavior included a SecYEG monomer with significant changes in maximum height h 

(Figure 4.6A, h = 7 Å, prominent in image A:iii); a monomer with a significant lateral 

conformational change (Figure 4.6B, prominent in image B:ii); a monomer with changes 

in both height and shape (Figure 4.6C, h = 6 Å); and finally, a SecYEG dimer with 

significant changes in conformation and rotational orientation in all images (Figure 4.6D) 
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from i to v.  All data presented here have the same lateral (250 × 250 Å2) and vertical (0 – 

40 Å) scales.  

Temporal dynamics were further quantified by deducing the magnitude of the 

observed height fluctuations of individual features. We calculated the standard deviation 

 of the maximum height over time from individual cytoplasmic SecYEG features (N = 

128, total temporal duration varied from 260 to 950 s). The histogram of height 

fluctuations (Figure 4.7) shows a peak at  = 2 Å. Roughly one third of the features were 

relatively quiescent, fluctuating at or below  = 2 Å. However, the majority of the 

population (63%) exhibited height fluctuations exceeding = 2 Å. A broad distribution 

of fluctuations existed near the peaks at= 2.7 and 3.5 Å, and a small population 

(~10%) extended out beyond   = 4 Å.  

 

 

Figure 4.7: Histogram of the standard deviation in maximum height calculated from individual features (N 
= 128) in successive images. A population (37%) of features fluctuated with  = 2 Å or less. Other peaks 
are observed with   ~ 2.7 and 3.5 Å, respectively, and the population extends out beyond  ~ 5 Å. 
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Height trajectories – plots of feature height versus image frame number (i.e., 

time) – were organized using the height fluctuation histogram as a guide. The elapsed 

time between frames varied from 52 to 190 s, which is very slow compared to the 

timescale of molecular fluctuations. Figure 4.8 represents a subset of minority SecYEG 

trajectories that were relatively stable, exhibiting small amplitude height fluctuations ( = 

2 Å, N = 9). The data are plotted as points (black diamonds); the lines between them 

guide the eye. We delimitated two clusters of trajectories from this subset (grey shaded 

regions).  The lower region (filled diamonds) is centered about a height of ~18 Å, the 

upper region (unfilled diamonds) about ~28 Å; the two regions encompass the first and 

second cytoplasmic peaks in the height histogram (Figure 4.4), respectively. Though the 

trajectories plotted here exhibit height fluctuations at or below 2 Å, it is possible that 

significantly greater excursions in height could be absent from this data due to the limited 

time resolution.  
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Figure 4.8: Height trajectories of individual SecYEG in five successive images are shown corresponding 
to  = 2 Å features (N=9, data: black diamonds, lines between points guide the eye). Two clusters of 
trajectories (low, filled diamonds; high, unfilled diamonds) were delimitated (grey shaded regions). 
 

In contrast to the minimally fluctuating population, the majority of SecYEG 

features exhibited significantly greater (> 2 Å) height fluctuations. Representative > 

2 Å height trajectories are presented (Figure 4.9) and color coded by the magnitude of 

their standard deviations: = 2.7 Å (red),  = 3.5 Å (green), and  = 5 Å (blue). Grey 

demarcated regions are carried over from Figure 4.8. All of these trajectories cross 

between grey regions; some cross once (red), some twice (green), and some three times 

(blue). This observation suggests that collapsed loops can extend and vice-versa, in a 

reversible fashion. We note that individual features within the same image sequence 

exhibited both positive and negative changes in heights, suggesting that the AFM 

imaging force was minimal and not biasing the observed dynamics.  

These structural deviations are consistent with the 6-7 and 8-9 flexible loops, both 

of which exceed 35 amino acid residues in length. Assuming a rise per residue of 3.5 Å 

for an extended polypeptide chain and a tight (four residues) turn, the maximum 

extension of these loops is >50 Å.  
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Figure 4.9: Trajectories of representative features exhibiting height fluctuations   > 2 Å, in particular: = 
2.7 Å (red),   = 3.5 Å (purple), and   = 5 Å (blue). 
 

We also observed conformational changes parallel to the membrane surface on 

the order of ~10 Å (Figure 4.6 B & C). Opening of the lateral gate of the translocon 

involves lateral displacements > 5 Å which have been shown previously via simulations 

and cross linking experiments . In particular, molecular dynamics simulations 

have shown large-scale conformational changes of the 6-7 loop (~10 Å vertical, ~30 Å 

lateral) and analogous results for the 8-9 loop [79].  Thus, our results, based on direct 

single molecule observations, are in overall agreement with previous reports.    

We sought to place firmer bounds upon the time-scale of the observed dynamics. 

As is typical in AFM we recorded pairs of images, with the tip traveling left-to-right 

(trace) and right-to-left (retrace) over the same region of the membrane surface 

(neglecting protein diffusion and instrumental drift). Thus, trace and retrace line scan 
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profiles from the same features which are separated by ~100 ms could be compared, 

thereby increasing the temporal resolution >500-fold.  

Pairs of line scan profiles of representative cytoplasmic loops are displayed in 

Figure 4.10 (red: trace, blue: retrace). Features in the left hand column (Figure 4.10A-D) 

exhibited significant height differences in the time elapsed between the trace and retrace 

line scans. These structural changes occurred on timescales ~100 ms, the shortest of 

which was 65 ms. As a control, we also display representative features that were imaged 

under identical conditions and were quiescent on the ~100 ms timescale (Figure 4.10E-

H). 

The position of a typical protein undergoing tethered Brownian motion[80] 

becomes uncorrelated on time-scales >>100 ns. Therefore, if the SecYEG loop dynamics 

were random and rapid with respect to the timescale of the experiment, one would expect 

the structural dynamics to average out (i.e., the trace and the retrace data would agree). In 

contrast, our data indicate rich and complex dynamics are occurring over multiple 

timescales – the shortest of which is <100 ms. 
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Figure 4.10: SecYEG dynamics on ~100 ms timescales. Individual line scans are displayed (Red: trace; 
blue: retrace). The time difference between trace and retrace is displayed for each pair of profiles. The first 
column (A-D) displays features that underwent significant conformational changes between trace and 
retrace. Specifically, the height differences were: 5, 8, 6, and 4 Å for A-D, respectively. In contrast, 
features in the second column (E-H) were quite stable. Vertical and lateral scale bars are indicated.  
 

4.3.3. Oligomeric states 

It has been debated whether SecYEG populates an equilibrium between monomer, dimer 

and higher order structures. We determined oligomeric state via direct inspection and by 

calculating the volumes of SecYEG cytoplasmic protrusions. Figure 4.12 presents a 

volume histogram of features on the cytoplasmic face (N = 676) after applying the tip 

deconvolution algorithm. Deconvolution enhances volume calculations (Figure 4.11). 

Peaks in the volume distribution were found at 73, 112, 150, and 190×103 Å3, with lower 
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populations of larger features also observed. Inspection of individual SecYEG complexes 

allowed assignment to one of three general classes: monomers, dimers, and tetramers. 

Features with characteristics of monomers (i.e., single Gaussian-like protrusions, Figure 

4.14A) occupied a volume range roughly between ~40 and 120×103 Å3 (Figure 4.13). 

Within this range of volumes two distinct peaks (73 and 112×103 Å3) were observed. 

Dimeric features (i.e., those exhibiting two Gaussian-like protrusions, Figure 4.13B & C) 

occurred between ~80 and 240×103 Å3, and as was the case for monomers, two principle 

peaks (~150 and 190×103 Å3) were detected. Conformational changes of the same 

quaternary structures can lead to differing volumes (Figure 4.14). A low number of 

tetramers were also observed (Figure 4.13D) with protrusion volumes >200×103 Å3.  

 

 

Figure 4.11: Deconvolution enhances volume calculations. (a) Volume histograms of individual 
cytoplasmic SecYEG features before (blue) and after (red) deconvolution (N = 68, bin size = 13×103 Å3). 
After applying the deconvolution algorithm, volumes were generally reduced (~50%, on average) and the 
overall distribution was significantly tighter (approximately 2-fold reduction in full width half maximum). 
Representative images are shown before and after deconvolution for two SecYEG monomers (b & c). The 
lateral scale bar is 50 Å; the vertical scale spans 0 to 40 Å. 
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Our experiments, carried out with ~80 M lipid, ~80 nM SecYEG, revealed that 

~40% of total SecYEG expressed as monomers existed as dimers with an additional 

~15% as tetramers. This distribution of quaternary structures is consistent with previous 

work based on electron microscopy which involved freeze fracturing [81]. Pseudo 3D 

renderings of the four images are also shown (Figure 4.13 E-H). The image size was 250 

× 250 Å2; the vertical scale spanned 0 – 40 Å.  

 

 

Figure 4.12: Volume histogram of individual cytoplasmic SecYEG features (N = 676, bin size = 13×103 

Å3). The first two peaks fall within the monomer volume range: 40 to 120×103 Å3. Dimers were found 
primarily in the subsequent two peaks: ~150 and 190×103 Å3. 
 

The AFM data are in general agreement with the volumes determined from the 

crystal structure. By inscribing a cylinder (radius ~27 Å, height ~30 Å) over the 

cytoplasmic protrusion of the crystallographic structure, we coarsely estimate the 
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monomeric SecYEG protrusion volume to be 69×103 Å3 – which is within 6% of the 

measured volume peak. We note that two stable monomeric conformations were 

observed. SecYEG volumes measured via AFM are not, in general, conserved under 

conformational changes (Figure 4.14). The first monomer (black diamonds in figure 

4.6A) exhibited a relatively stable volume through the full image sequence i to v. Thus, 

despite its significant height changes (ranging from 17 to 26 Å), volume was largely 

conserved for this feature. In contrast, the second monomer (red squares in figure 4.6B) 

maintained a relatively small and stable volume over four (i,iii,iv, and v) of the frames, 

but exhibited a large volume in frame ii. Clearly, transitions i to ii and ii to iii did not 

conserve AFM-measured volume. Similarly, the third monomer (blue stars in figure 

4.6C) exhibited both volume conserving (e.g., iv to v) and non-conserving (e.g., ii-iv) 

transitions.  

Even when tip deconvolution is applied, there are limitations to extracting 

macromolecular volumes with a probe that can only track the surface of a protein – for 

example, changes in void volumes are not accessible. Further, for integral membrane 

proteins such as SecYEG, conformational dynamics that result in shifting the portion of 

the protein residing above (or below) the membrane surface will not conserve volume. 

Nonetheless, AFM-measured volumes can be a useful metric for identifying 

macromolecular states.  
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Figure 4.13: Oligomeric states of SecYEG: (A) monomer; (B & C) dimers; and (D) tetramer. A lateral 
scale bar is shown (A, white, 50 Å) and it applies to (B-D). Three dimensional renderings of the same four 
images are shown (E)-(H). 

Two modes of dimerization of SecYEG have been proposed: namely, front-to-

front and back-to-back [53, 82, 83]. The two distinct dimer peaks we observed suggest 

that two modes are likely to coexist; however, assignment of the peaks to either back-to-

back or front-to-front will require further experimentation. We also note that different 

monomeric conformations could give rise to multiple dimeric volume peaks independent 

of dimeric orientation. The conformational changes introduced an overlap between the 

monomer and dimer regions in the volume histogram (Figure 4.15). Thus, direct 

inspection was required to unambiguously distinguish monomers from dimers. 
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Figure 4.14: Volume conservation in AFM-measured conformational dynamics. Here we plot the 
maximum height versus volume of three individual features captured in five sequential image frames. In 
particular, data were calculated from the three monomer features presented in Figure 4.6: Fig. 4.6A, black 
diamonds; Fig. 4.6B, red squares; and Fig. 4.6C, blue stars. As presented previously, image frame number 
was enumerated i-v. 

 

Figure 4.15: Identification of the dimer region of the volume histogram and its overlap with the monomer 
region. A subset of dimers (black, N = 45, bin size = 13×103 Å3), identified by inspection of individual 
features (those exhibiting two Gaussian-like protrusions), is overlaid on the full volume histogram (Fig. 
4.12). The blue hatched region guides the eye to identify the volume range of SecYEG dimers. Monomers 
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(features exhibiting a single Gaussian-like protrusion) were found primarily between ~40 and 120×103 Å3. 
We note that the monomeric and dimeric regions of volume space overlap between ~80 and 120×103 Å3. 
We attribute this overlap to differing conformational states of monomers (and dimers) which yield distinct 
AFM-measured volumes (Fig. 4.14). 
 

4.4. Conclusions 

AFM imaging allowed single molecule study of the integral membrane translocon 

SecYEG embedded in a native lipid environment at physiologically relevant temperature 

and ionic strength. Such studies are in contrast to many techniques that require 

solubilization in detergent which often results in decreased activity. Our results shed new 

light on the intricate basal dynamics of SecYEG. The inherent flexibility and dynamics of 

the loops of SecY may play important roles in orchestrating protein secretion. High 

resolution imaging of oligomers of SecYEG and volume analysis provides a foundation 

for future work in addressing the oligomeric state of the translocon in association with 

SecA during protein transport, a disputed topic. Taken together, direct observation of 

quaternary structures and structural dynamics in near-native conditions could lead to a 

better understanding of the fully active complex. We thus expect that AFM has a bright 

future in addressing central questions in protein export.     
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Chapter 5 

5. Structural-functional studies of SecYEG-SecA complex 

5.1. Summary:  

Work in Prof. Linda Randall’s laboratory revealed that different precursor proteins utilize 

different stoichiometry of the translocon and that translocon activity can be enhanced via 

co-assembly of SecYEG and SecA. Surprisingly, the activity of this reconstituted system 

is similar to that observed in vivo. We sought to apply single molecule techniques to 

topologically identify this highly active translocon complex and to further shed light on 

the role of integral membrane SecA found in vivo. Thus, we studied the structural details 

of this newly reconstituted Sec translocase in lipid bilayers using AFM. AFM showed 

that co-assembly results in an active complex with a dominate height peak around ~40Å. 

In contrast, when SecA was added extraneously to proteoliposomes, the complex was 

minimally active. The functional change was accompanied by significant structural 

changes. In particular, the measured height distribution extended out beyond ~80Å with 

no clear peak in the height histogram. Taken together, this data suggests that when co-

assembled with SecYEG, SecA is deeply inserted into lipids and exhibits a single 

preferred binding mode, whereas when SecA is added extraneously neither of these two 

phenomena occurs. 

5.2. Introduction: 

SecA in complex with precursor polypeptides, with or in some cases without SecB, 

delivers polypeptides to the membrane Sec translocon. At the membrane, SecA binds 

SecY and acts as a motor channeling energy from a cycle of binding and hydrolysis of 



58 
 

ATP to move precursors through the channel in SecY. An active translocase consists of 

the SecYEG and the motor SecA ATPase, which is considered a peripheral subunit. Since 

the original discovery of SecA[84], it has been known that the protein is distributed in 

vivo roughly equally between the cytosol and the membrane. Numerous early studies 

demonstrated that SecA is not simply associated with the membrane translocon via 

protein–protein interaction, but rather, in vivo, as much as 30% of membrane associated 

SecA is integral to the membrane and is resistant to removal by high-salt and urea washes 

[85-90]. A specific role has not yet been assigned to the integral SecA.  

SecA is a dynamic, multidomain protein that undergoes structural changes during 

the cycle of export. The best-characterized of the changes are those associated with 

regulation of the ATPase activity that involves alteration of interactions among the 

intramolecular regulator of ATPase 1 (IRA1) motif and the two nucleotide binding 

domains. Conformational changes are induced by interaction of SecA both with proteins 

and with membrane lipids[9]. Not only does SecA change when it binds the translocon, 

but there are reciprocal conformational changes in SecY, as revealed in two X-ray 

structures of complexes[10, 91]. 

We studied SecYEG-SecA complex in near native conditions using AFM. In a 

newly established reconstituted translocase, SecYEG is rendered highly active by 

assembly into liposomes in the presence of SecA, AFM study revealed that coassembly 

of SecA and SecYEG into liposomes enhances the specific binding of SecA to SecYEG 

resulting in a strong height peak around ~40Å. The effect of this coassembly has 

implications for the importance of the integral membrane SecA found in vivo. In 



59 
 

addition, we showed that extraneously added wild-type SecA exchanges with the variant 

SecA species in PLYEG·SecAdN10 and restores activity to this complex. 

5.3. Results and discussions: 

5.3.1. Two means of preparing the translocase: PLYEG·A and PLYEG+A 

A new proteoliposome preparation intended to mimic the situation in vivo was 

developed, in which SecA is integrally associated with the cytoplasmic membrane. First, 

Unilamellar liposomes were prepared by the extrusion of E. coli polar lipids through a 

porous membrane. The detergent, β-dodecylmaltoside, was then added to a concentration 

determined to swell, but not disrupt, the liposomes. Proteins, either SecYEG alone or 

SecYEG and SecA, were added in detergent, and the detergent subsequently was 

removed. Liposomes containing SecYEG assembled in the presence of SecA will be 

referred to as proteoliposomes SecYEG•A (PLYEG•A) and those containing SecYEG 

only as PLSecYEG. 

The two types of proteoliposomes were subjected to assays for translocation using 

two authentic radiolabeled ligands: the precursor of OmpA and the precursor of GBP. 

Proteoliposomes in which SecYEG was assembled in the presence of SecA showed 

approximately five-fold increase in the final level of translocation of both proOmpA and 

pGBP compared with the activity of proteoliposomes to which SecA was added during 

the assay (Fig. 5.1). 
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Figure 5.1: Translocation activity of PLYEG + A and PLYEG•A. Translocation of radiolabeled precursor 
was assayed in vitro by protection from proteinase K: PLYEG + A (○) and PLYEG•A (●). (A) 
Translocation of proOmpA, n = 5 (○) and n = 4 (●), and (B) translocation of pGBP, n = 3 (○) and n = 4 (●). 
Representative images of primary data for PLYEG•A are shown below each graph. *Full-length species. 
The lines are fits to a single exponential. Plateau levels from the fits were PLYEG+A 232 nM proOmpA, 
148 nM pGBP; PLYEG•A 693 nM proOmpA, 485 nM pGBP. Error bars are SD. 
 

Imaging by atomic force microscopy (AFM) was used to compare the mode of 

association of SecA and the proteoliposomes in the two preparations. When SecA is 

added extraneously to liposomes containing SecYEG the features show a wide 

distribution of heights with no prominent peaks (Figure 5.2, brown) indicating that SecA 

has multiple binding modes. In contrast to this broad distribution of heights, the sample 

of proteoliposomes in which SecA was added during assembly shows predominant 

species at ~40 Å (Figure 5.2, red). Since these proteoliposomes contain five-fold more 

active translocons then do the proteoliposomes to which SecA is added after assembly we 

conclude that this structural state represents translocases that have been rendered active. 



61 
 

 

Figure 5.2: Maximal height above the lipid surface of proteoliposomes SecYEG-SecA complex determined 
by AFM.  Insets in each panel show representative images, with arrows indicating the corresponding 
heights. Proteoliposomes PLYEG with SecA added extraneously (brown, n = 1,088) and PLYEG•A (red, n 
= 692). 
 

In addition to the height measurements we acquired the binding and unbinding 

events of SecA to PLSecYEG. One representative event is presented in figure 5.3. In 

frame 1, SecA is bound to the SecYEG as evidenced by the height above the membrane 

of ~4 nm. After 16 seconds, SecA unbinds from SecYEG and the AFM tip imaged the 

SecYEG underneath. Next, after 48 seconds, another SecA binds to same SecYEG 

resulting in the higher height.  Note, from this data there is no way to determine if the 

particular SecA that re-binds is the same molecule as before. The ramifications of this 

data are that PLSecYEG remains active in the membrane (even when bound to a 
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supporting surface and during AFM imaging), and the loops of SecYEG are highly 

dynamic in the sense that they were able to re -capture SecA from a dilute solution.  

 

Figure 5.3: Dynamics of PLYEG•A. First frame represents the PLYEG•A. After 16s SecA dislodged from 
SecYEG (middle frame). Then, after 48s SecA binds to same SecYEG (frame 3). 
 

It is unclear whether the ability of SecA to convert SecYEG to an active state is 

separate from the ability to function in translocation, which involves interactions with the 

chaperone SecB, and precursor polypeptides, as well as the hydrolysis of ATP. To 

separate these functions, we tested defective variants of SecA: SecAdN10, which has 

aminoacyl residues 2–11 deleted. This variant is defective in binding of SecB and has 

low activity because they do not efficiently couple the energy of ATP hydrolysis to the 

movement of precursor. SecAdN10 variant is incorporated into PLYEG•A. In order to 

assess the activity wild of SecA has been added to PLYEG•dN10A to study the activity. 

The assembly of PLYEG•A using SecAdN10 showed an intermediate level of active 

translocons. The simplest explanation is that deletion of 10 residues at the extreme N 
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terminus affects the ability of SecA to associate properly with SecY in lipid, and 

therefore fewer translocons were converted to the active state. 

Because addition of wild-type SecA to proteoliposomes containing SecYEG only 

showed very few active translocons (Fig. 5.1, open  circles), it is likely that the wild-type 

SecA added extraneously to the assay had exchanged with the variant SecA species, 

which, in fact, had rendered the SecYEG active during the coassembly. We demonstrated 

that externally added wild-type SecA does replace the variant species and becomes 

integrated into the membrane. Proteoliposomes PLYEG•SecAdN10, in which the variant 

SecA species was radiolabeled (3H-leu and 3H-met), were mixed with nonradioactive 

wild-type SecA to allow exchange (Figure 5.4), followed by centrifugation to isolate the 

proteoliposomes and remove soluble SecA. When assayed, the reisolated PLYEG•SecA 

made with variant species showed the same or a greater number of active translocons as 

when wild-type SecA was added to proteoliposomes and assayed before reisolation. 

Therefore, we conclude that the translocation was mediated by wild-type SecA that was 

isolated with the SecYEG in proteoliposomes after having replaced the defective variant 

SecA species. 

5.3.2. Exchange of Variant SecA in PLYEG•A with Wild-Type SecA 

AFM Imaging confirmed that wild-type SecA had replaced SecAdN10 in association 

with SecYEG in the experiment described above. The height distribution of 

PLYEG·SecAdN10 (Figure 5.5, green) is drastically different from that of PLYEG·SecA 

wild-type and more closely resembles that of proteoliposomes PLYEG to which SecA is 

subsequently added in solution (compare Figure 5.5 to Figure 5.2): both show a wide 

distribution of heights with no prominent peak. After addition of wild-type SecA to the 
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PLYEG·SecAdN10 and re-isolation of the proteoliposome, the height profile was shifted 

to resemble that of PLYEG·wild-typeSecA, with a prominent peak characteristic of the 

active translocase instead of the distribution typical for PLSecYEG to which SecA was 

added. 

 

Figure 5.4: Exchange of SecA. (A) Proteoliposomes YEG•3H-SecAdN10 (n = 3) were assayed using 
oxidized 14C-proOmpA without (open symbols) and with (closed symbols) the addition of wild-type SecA. 
Inverted triangles represent proteoliposomes assayed directly; circles represent proteoliposomes assayed 
after incubation with wild-type SecA to allow exchange followed by reisolation by centrifugation to 
remove soluble SecA. 
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Figure 5.5: Comparison of the height distribution of PLYEG•SecAdN10 (green, n = 725) with the same 
proteoliposomes after incubation with wild-type SecA to allow exchange and isolation by centrifugation to 
remove soluble SecA (blue, n = 691). The histogram of PLYEG•A (red) is included for comparison. 
Histograms were normalized to the total features in each analysis. 

5.4. Conclusions: 

AFM imaging allowed us to study the structural-functional relationship of SecYEG-SecA 

complex. We conclude that 40 Å height represents the active state of the PLYEG•A 

complex. In contrast, PLSecYEG + SecA have a wide distribution of heights ranging 

from 20Å to 120Å. Our data suggest that, co-assembly results in deep insertion of SecA 

into lipid bilayers and a preferential binding mode. In agreement with biochemical data, 

AFM measurements confirmed that wild-type SecA had replaced SecAdN10 in 

association with SecYEG. 
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Chapter 6 (Work in progress) 

6. Active Sec translocase 

6.1. Summary: 

Resolving the mechanistic structural details of the Sec translocase when engaged in 

translocation is an ultimate goal of many protein export research groups. Here, in 

collaboration with the Randall group, we attempted to shed light on this critical problem 

using biochemical experiments in combination with single molecule imaging. In 

particular, using topographical AFM images, we studied the stoichiometry of the 

complex between SecYEG and SecA as a function of the precursor species being 

translocated, ATP analogs, and time.  

As before, we used two precursor protein species proOmpA and pGBP as model 

translocating substrates. During proOmpA translocation, the majority of features 

exhibited heights in the range of ~1 to 3.2 nm, characteristic of SecYEG with no SecA 

bound.  In contrast, for pGBP, the majority of heights are populated at ~4-6 nm indicating 

the presence of SecA on SecYEG. The ratio of active complexes containing SecA was 

always higher for pGBP under all conditions tested.  This suggests that SecA is more 

readily released during proOmpA translocation, whereas SecA is more stably bound 

during pGBP translocation. Volume measurements indicate that within the SecA-bound 

populations, the oligomeric state of SecA appears to be similar for both precursors. For 

instance, SecA preferentially populates dimer when the active Sec system (which 

includes SecYEG, SecA, SecB, precursor protein, and the ATP regenerating system) is 

incubated with either ATP or ADP. In contrast, SecA populates monomer when 
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incubated with ATP first followed by ADP-ALF3.  However, it is important to note that 

SecA occupancy is enhanced in the case of pGBP.  

Overall, this work provides a novel view of the topographical details of the Sec 

translocase in near-native conditions and reveals interesting differences between Sec 

complexes translocating proOmpA versus pGBP. 

6.2. Introduction:  

SecA converts chemical energy in the form of ATP binding and hydrolysis into 

mechanical work for protein export. Relative motion between the two nucleotide binding 

domains (NBD1, NBD2) of SecA upon interaction with nucleotides generates 

conformational changes in SecA that are coupled to the movement of the polypeptide 

chain undergoing translocation[5]. After ATP hydrolysis, SecA is thought to dissociate 

from SecYEG and rejoin the cytoplasm where it can participate in another translocation 

cycle. This process continues until the complete polypeptide chain passes through the 

channel. SecA makes contact with SecYEG, precursor protein, lipid bilayer, and 

chaperone SecB to aid protein export [4, 5, 92].  

The oligomeric state of SecA has been a matter of contention in the field [4, 93-

95]. As mentioned previously, the concentration of SecA in E. coli is ~5-10 µM 

suggesting a high likelihood of dimers, based on the dissociation constant of ~3 µM [4, 5, 

95, 96]. SecA is known to be in equilibrium between monomer and dimer in the cell, but 

remains largely in dimeric state. However, in the presence of binding partners, the SecA 

oligomeric state is shown to be effected [93, 95, 97, 98]. For example, SecA is biased 

towards a monomeric state in the presence of acidic phospholipids[4]. Some studies have 

shown that ATP or ATP Gamma S or ADP binding to SecA does not alter the dimeric 
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state of SecA [98]. In contrast,  small-angle neutron scattering experiments showed that 

binding of ADP or a non-hydrolyzable ATP analog to lipid bound SecA changed the 

dimeric state into monomer [97]. Several crystal structures of SecA from different 

species have been solved [10, 99-101] and some of them show the dimer organization in 

two orientations (parallel or anti parallel).  Recent work suggests that there exist several 

different possible conformations of SecA dimer induced by electrostatic/hydrophobic 

interactions[96]. These interactions allow SecA protomers within a dimer to slide and to 

rotate[96].   

The SecYEG and SecA oligomeric state during protein translocation has also 

been debated for many years. Both monomeric and dimeric states of SecYEG are shown 

to be functional in translocation assays. Similarly both monomeric and dimeric states of 

functional SecA have been reported [4, 5, 102]. A recent report suggests that one 

protomer of SecA dimer docks onto SecYEG while the second protomer controls the 

other steps of translocation[96].  Regarding SecYEG, new work shows that the number of 

SecYEG units involved in translocation is dependent on the precursor species undergoing 

transfer [11]. In particular, precursor proOmpA used only one SecYEG whereas pGBP 

used two[11]. These results open a new avenue for exploring the general secretory 

mechanism as a function of different precursor proteins.   

ATP analogues have been shown to affect the oligomeric state or conformations 

of SecA. However, these studies were conducted in the absence of SecYEG and 

precursor species. Typically, the nonhydrolyzable analog ATPγS is used to trap the active 

site of the ATPase in its ground state and analog ADP-ALF3 is used to trap an ATPase in 

its transition state[103].  In this manner, ATP analogues may induce different 
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conformations in SecA that are coupled to the movement of precursor. Careful studies of 

the Sec translocase in the presence of different precursor species and ATP analogues 

would thus provide information on the interplay between the SecA oligomeric state and 

precursor species as well as conformational dynamics of the translocase during 

hydrolysis. In this chapter we address both of these topics.  

We used a combination of biochemical and single molecule AFM techniques. Our 

results show that in the presence of precursor proOmpA a majority of features exhibit 

heights around ~1 to 3.2 nm above the membrane. These heights represent SecYEG alone 

(i.e., without SecA bound). In contrast, when translocating pGBP, the majority of features 

exhibit heights around ~4-6 nm, indicating that large numbers of SecYEG features are 

occupied by SecA.  

6.3. Results and discussions: 

6.3.1. Translocation assay: 

We utilized a recently developed reconstitution system in which SecYEG and SecA are 

co-assembled into liposomes. This new method yielded a highly active Sec translocase 

system providing a robust avenue for near-native structural characterization.  In order to 

probe the Sec translocase in intermediate stages of translocation, we used precursors that 

contain disulfide-stabilized loops of either 44 or 59 aminoacyl residues near the C termini 

of pGBP and proOmpA, respectively. Translocation of these precursors is initiated, but 

stalls at the loop, which cannot pass through the channel in SecY. Incomplete 

translocation results in inactivation of the SecYEG for transfer of additional polypeptides. 

Using conditions in which the concentration of SecYEG was limiting, a time course of 

translocation assay was performed for each of the precursors containing the loops (Figure 
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6.1). The essence of these experiments was to count the number of translocons jammed 

by the precursor that allows counting the number of active translocon units. At all times 

the active translocase for the precursor of periplasmic GBP contains twice the number of 

heterotrimeric units of SecYEG as does that for the precursor of outer membrane protein 

A (OmpA) suggesting that the mechanism of translocation is different for these two 

different precursors.  

We sought to investigate structural differences of the Sec system in the presence 

of the two different precursors in a native lipid environment. First we allowed 

translocation of either looped proOmpA or looped pGBP for only 30 sec at which point 

ADP-ALF3 was added to the reaction mix to halt further hydrolysis. The ATP analog 

ADP-ALF3 (ADPF) is known to trap ATPases (in our case SecA) in the transition state. 

We then immediately deposited the reaction mix onto mica and incubated for one hour on 

ice. As before, this allows proteoliposomes to rupture and form two dimensional 

supported lipid bilayers which are amenable to AFM imaging. After incubation we 

washed the sample three times using (100 µl) imaging buffer to remove the unabsorbed 

proteoliposomes. All images were collected in imaging buffer using tapping mode as 

described in the methods section. Data with each precursor and ATP analogue were 

reproduced at least three times. 
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Figure 6.1: Translocation of precursors containing disulfide loops assayed with coassembled PLYEG·A. 
ProOmpA (n=1, red solid circles), pGBP (n=1, black solid triangles). Lines are fits to a single exponential. 

6.3.2. AFM studies of Sec translocase in the presence of ATP first then ADPF: 

As before, we measured heights of the individual protein protrusions above the lipid 

bilayer. After only 30 seconds of translocation we did not observe any significant 

differences in the height distribution between proOmpA and pGBP (Figure 6.2A, left 

panel). In both cases, the height distribution is maximally populated around ~4nm. Thus, 

this early stage of translocation represents an effective control experiment for changes 

observed at later times. The ~4nm high protrusion population represents a PLYEG·A 

species with at least one copy of SecA as shown in figure 5.2. After 30 s, it is likely that 

translocation will have initiated but not progressed very far since incubation is started by 

moving the assay tube from ice to 30 degree centigrade and it takes ~15 s to equilibrate.  

Since there is no significant difference initially, we selected later translocation 

times for detailed study: 3 minutes for proOmpA and 4.5 minutes for pGBP. Biochemical 

assays performed at these later times shows that the protected intermediates have reached 
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their respective plateaus (Figure 6.1). For AFM experiments we allowed the translocation 

of the looped precursors for either 3min (proOmpA) or 4.5 min (pGBP) in the presence of 

ATP then introduced ADP-ALF3 that stops hydrolysis. At these later times, we observed 

substantial differences in the measured height distributions between the proOmpA 

reaction mixtures and those with pGBP (Figure 6.2B). With proOmpA heights were 

shifted lower, with a major population in the SecYEG only range (between ~1 to 3.2 nm) 

suggesting that SecA has been dislodged. However, there is a second distribution around 

~3.6 nm representing SecYEG·SecA. In contrast, feature heights with pGBP shifted a 

few Angstroms higher (indicative of a conformational change) than the corresponding 

heights at 30 sec (Figure 6.2A vs 6.2B).  

 

 

Figure 6.2: The height of the active Sec translocase varies as a function of time and precursor species. (A) 
After only 30 sec of hydrolysis, the height distribution of the translocase engaged with proOmpA (red, 
N=12,387) and that with pGBP (black, N=10,063) are very similar. (B) In contrast, after 3 (or 4.5 minutes) 
of hydrolysis the height distribution of the translocase engaged with proOmpA (red, N=10037) and that 
with pGBP (black, N=6592) shifted from their starting points and did so in opposite directions.  
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In addition to the measured heights above the lipid bilayer we also analyzed the 

volumes of the translocase complexes as a function of translocation time and precursor 

species. Here we only show volumes up to 2.0 e-24 m3 because SecA dimer volume 

cannot exceed this range based on visualization of AFM features as well as from crystal 

structures (discussed further in next sections). As in the height case, volume peaks in the 

early translocation phase (at 30 s) were similar for both proOmpA and pGBP (Figure 

6.3A). In particular, both exhibited a maximum near ~3.0 e-25m3 which corresponds to 

SecYEG alone. Both species also had a second population at ~5 e-25 m3 corresponding to 

SecYEG·A; this second peak was more pronounced in the case of pGBP.  Inspection of 

AFM measured volumes after 3 or 4.5 minutes of translocation again revealed significant 

population shifts (Figure 6.3B). In the case of proOmpA, the population of SecYEG only 

features was enhanced at the later time by a factor of ~1.7.   Essentially the opposite 

behavior was observed with pGBP – its population of SecYEG alone features was 

depleted with translocation time (~1.4-fold). These data suggest that SecA has been 

dislodged from SecYEG resulting in low volumes in case of proOmpA. 
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Figure 6.3: The volume of the active Sec translocase varies as a function of time and precursor species. (A) 
After only 30 sec of incubation, the volume distribution of the translocase engaged with proOmpA (red) 
and that with pGBP (black) is similar. (B) In contrast, after 3 (or 4.5 minutes) of ATP hydrolysis the 
volume distribution of the translocase engaged with proOmpA (red) shifted to left and that with pGBP 
(black) have not changed significantly.  

6.3.3. AFM studies in the presence of different ATP analogues:  

To determine whether ADP-ALF3 was causing the measured changes in heights and 

volumes either by dislodging SecA from SecYEG, or by inducing conformational 

changes in SecA, we experimented with a different ATP analogue, ATPγS following the 

same procedure as above. Using ATPγS, which is nonhydrolyzable, we observed results 

similar to those with ADP-ALF3: heights were shifted lower in the case of proOmpA than 

in the case of pGBP (compare Figure 6.4 and 6.5, green). This suggests that the addition 

of either ADP-ALF3 or ATPγS have similar effects on Sec translocase. To further probe 

the role of the ATP analogues, in an additional experiment we did not add any analogues 

at all after the translocation assays for both proOmpA and pGBP. This means that these 

samples have only been exposed to ATP (and is degradation product, ADP). Again, we 

observed a similar trend in these data with smaller heights (~1 to 3.2nm) for proOmpA 
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and a height distribution around ~ 4-5 nm for pGBP (compare Figure 6.4 and 6.5, solid 

red). Lastly, we used ADP only in the translocation mixtures incubated for the respective 

times (3 and 4.5 minutes). In this case there was no significant difference between height 

distributions of proOmpA and pGBP (compare Figure 6.4 and 6.5, solid black). Since 

there is no activity with ADP alone (data not shown), this ADP alone sample can be 

considered an effective representation of the initial state of the system with all 

components engaged on the translocon, but in the absence of any translocation.   

In conclusion, we observed striking differences between the heights and volumes 

of the Sec translocase as a function of time (done with the conditions of ATP followed by 

ADP-ALF3), precursor species, and ATP analogues. The majority of heights are in 

between ~1 and 3.2 nm with precursor proOmpA (Figure 6.4). In contrast, heights in the 

presence of pGBP are concentrated around ~4nm and up to ~6nm (Figure 6.5). This is 

true for ATP only, as well as ATP followed by either ADP-ALF3 or ATPγS. These 

results suggest that in case of proOmpA, the majority of SecA has been dislodged from 

SecYEG. Note that the PLYEG•A population is around ~4nm high (dashed black lines in 

Figures 6.4 and 6.5). In contrast, in the case of pGBP, at least one copy of SecA appears 

(discussed later) to be present in all analogues.  
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Figure 6.4: Height distribution of Sec translocase in the presence of proOmpA and different ATP 
analogues: ADP only (solid black line, N=2975), ATP only (red solid line, N=4146), ATP first then ADPF 
(solid blue line, N=10037), and ATP first then ATP Gamma S (solid green line, N=4380). PLYEG•A 
(dotted black line, N=587). 
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Figure 6.5: Height distribution of Sec translocase in the presence of pGBP and different ATP analogues: 
ADP only (solid black line, N=3962), ATP only (red solid line, N=9337), ATP first then ADPF (solid blue 
line, N=6592), and ATP first then ATP Gamma S (solid green line, N=4246). PLYEG•A (dotted black line, 
N=587). 

6.3.5. Oligomeric state of SecA: 

Next, we wanted to quantitatively address the oligomeric state of SecA based on 

knowledge of the height and volume distributions.  Protrusions with heights up to or 

around 3.2 nm represent SecYEG-only features[104], whereas SecYEG•A heights range 

from 3.2 nm to 10nm [11]. However, the major population of SecYEG•A heights are in 

between ~3.2 nm and ~6 nm. We posit that the volume distribution corresponding to this 

intermediate height range (3.2 to 6 nm) represents the highly active state of SecYEG•A. 

There is also a minor population of heights between 6nm and 10nm. Volumes 
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corresponding to these heights represent either different conformations of SecA or higher 

order oligomers of SecA on SecYEG or aggregations.  

Now, within this active population of SecA, we calculated the distribution 

between monomers and dimers. This process requires establishing volume “windows” for 

each oligomeric state, a process which is complicated by several factors including 

structural dynamics and tip convolution. We determined boundaries by inspecting a few 

hundred proteins based on their profiles (single Gaussian for monomer and double 

Gaussian for dimer, full half width maximum). According to this analysis, the volume of 

monomer SecA ranges from 4.0 e-25 m3 to 9.0 e-25 m3 and the dimer volumes range from 

9.0 e-25 m3 to 2.0 e-24 m3 (figure 6.6). In addition, we determined the volumes of SecA 

monomers and dimers via simulations of AFM images using a blind tip estimation 

algorithm to estimate the tip convolution and the crystal coordinates for the protein 

geometry (figure 6.7, work by Brendan Marsh). Boundaries from this analysis agree with 

our experimentally determined values.  
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Figure 6.6: Monomers and dimers of SecA populations have been identified based on inspection of feature 
profiles. Monomer volumes ranged from 4.0 to 9.0 e-25 m3 (red solid line, N=125) and dimer volumes 
ranged from 9.0 e-25 m3 to 2.0 e-24 m3 (black solid line, N=125).  
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Figure 6.7: Simulations of SecA using blind tip estimation and PDB crystal coordinates: 1M6N (Bacillus 
subtilis, red solid line), 2FSF (E. coli, dashed black line), 3DIN (Thermotoga maritima co-crystalized with 
SecYEG, blue solid line), 1TF2 (Bacillus subtilis in open form, green solid line), and 3JV2 (Bacillus 
subtilis dimer, solid black line). 
 

A study using small angle neutron scattering concluded that ADP and ATP 

induced oligomeric state changes of SecA from dimer to monomer in the presence of 

lipids [97]. A different study observed changes in the SecA oligomeric when in solution 

with ATP analogues[98]. In this work, we sought to extend previous studies into a 

membrane environment and further explore the effect of precursor species. The 

oligomeric state of SecA with different ATP analogues conditions are presented in 

figures 6.8 and 6.9. These data indicate that SecA is prominently dimer in the case of 

either ATP only or ADP only for both proOmpA and pGBP. In contrast, SecA is 

prominently monomer in the case of ATP first with subsequent addition of ADPF for 

both precursors. Finally, SecA is equally distributed between monomers and dimers in 

the case of ATP first with subsequent addition of ATPγS. This data clearly supports the 

notion that oligomeric state of SecA varies with nucleotide. We emphasize that all of our 

experiments contain both precursor and membrane-embedded SecYEG.  

In addition, our data suggest that the SecA dimer is parallel to the membrane 

instead of vertically stacked dimers as suggested by others. This is because stacked 

dimers would protrude ~ 7 to 8 nm from the membrane; we did not observe any major 

height peaks in this range under all conditions tested.  
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Figure 6.8: Oligomeric state of SecA in the Sec translocase with precursor proOmpA: Sec translocase 
incubated with ADP only (pink solid line, N=1534), ATP only (solid black line, N=2016), ATP first then 
ADPF (blue solid line, N=4159), ATP first then ATP Gamma S (green solid line, N=2115). 
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Figure 6.9: Oligomeric state of SecA in the Sec translocase with precursor pGBP: Sec translocase 
incubated with ADP only (pink solid line, N=2136), ATP only (solid black line, N=5956), ATP first then 
ADPF (blue solid line, N=3370), ATP first then ATP Gamma S (green solid line, N=7443). 
 

6.4. Conclusions: 

We observed clear topographical differences between active Sec complexes translocating 

proOmpA versus pGBP. Our results show that in the presence of precursor proOmpA a 

majority of the features exhibit heights around ~1 to 3.2 nm above the membrane. These 

heights represent SecYEG alone (i.e., without SecA bound). In contrast, when 

translocating pGBP, the majority of features exhibit heights around ~4-6 nm, indicating 

that large numbers of SecYEG features are occupied by SecA. These results extend the 

previously observed SecYEG oligomeric state correlation with precursor species. Within 

the active SecA-bound population (heights from 3.2 to 6nm), the oligomeric state of 

SecA is similar for both precursors. However, it is important to note that SecA occupancy 
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is enhanced in the case of pGBP. Overall, our work presents the novel view of Sec 

system in near native conditions.  

Ongoing and future work:  
 

(I) We are planning to image the active Sec system after complete translocation 

using linear precursors.  

(II) We are planning to study the role of SecB in active Sec system. 

(III) We are planning to show that the in vitro assay is active on solid substrate 

mica and/or glass. 

(IV) We are planning to obtain dynamic (or high speed imaging) data to probe the 

oligomeric state of SecYEG underneath the SecA in SecYEG-SecA complex. 
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APPENDIX 

A. Experimental methods 

A.1. Purification of proteins 

A.1.1. SecYEG purification: 

SecYEG was purified from a strain C43 (DE3) suitable for overexpression of membrane 

protein harboring[105] a plasmid encoding secE with a His-tag at the N terminus, 

secYC329S, C385S, secG[106]. Cells were broken by passage through a French Pressure 

Cell (8000 psi), the membranes isolated by centrifugation and solubilized in dodecyl-β-

maltoside (DBM). SecYEG was purified by chromatography using a HisTrap column 

(GE Healthcare) and stored at -80°C in 20 mM Tris-Cl, pH 8, 0.3 M NaCl, 10% glycerol, 

0.6% DBM, 2mM DTT. 

 A.1.2. SecA purification: 

SecA and SecA variants were purified as described[107] with the following 

modifications. Intact washed cells were incubated on ice for 30 min. with 8 mM EDTA to 

chelate Mg2+ in the cell envelope. The cells were pelleted and washed twice to remove 

the EDTA before being lysed by three cycles of freezing and thawing in the presence of 

lysozyme. The removal of EDTA before lysis is crucial to prevent the extraction of zinc 

from SecA. Following centrifugation, SecA species were purified from the relevant 

supernatants by chromatography using QAE (TosoHaas) and/or HiTrap Blue affinity 

columns. The purified proteins were dialyzed into 10 mM Hepes, pH7.6, 0.3 M KAc, 2 

mM DTT and stored at -80° C. The 3H SecA variants were produced and purified as 

described above, except that growth of the cultures was in the M9 minimal media with 
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addition of 3H-Leu and 3H-Met (Perkin-Elmer) and the other amino acids, 

nonradiolabeled at 0.5 mM, with the exception of Ile and Val. 

A.1.3. SecB purification: 

Cultures for SecB purification were grown as described[108], the cells were disrupted 

with a French Press at 8000 psi, and the protein was purified from high speed 

supernatants using a QAE column (TosoHaas). The purified SecB was stored in the same 

solution as used for SecA. Concentrations of the proteins were determined 

spectrophotometrically at 280 nm using coefficients of extinction as follows: SecB 

tetramer 47,600 M-1 cm-1; SecA wild-type and SecAdN10 monomers 78,900 M-1 cm-1; 

SecYEG 45,590 M-1 cm-1.  

A.2. Preparation of radiolabelled precursors 

The precursors of outer membrane protein A (OmpA) and periplasmic galactose-binding 

protein (GBP) were produced from plasmids (pAL612 and pAL663, respectively) 

carrying the ompA gene or the mglB gene altered to generate polypeptides with only two 

cysteine residues. In OmpA, C290 was substituted by serine and G244 by cysteine, and 

the native C302 was retained. For GBP, two cysteines were introduced, L267C and 

D310C. The proteins were radiolabelled by addition of 35S methionine or a mixture of 

14C-L-amino acids (Perkin Elmer) to cells growing in M9 minimal media as 

described[109]. Precursor OmpA (proOmpA) was purified as described[109]. Precursor 

GBP (pGBP) was purified as follows: cells were disrupted with a French Press, inclusion 

bodies containing pGBP were collected by centrifugation, solubilized with urea and 

loaded onto a HiTrap QAE column (GE Healthcare). Precursors were stored at −80 °C in 

10 mM Hepes at pH 7.6 with 1 mM tris (2-carboxyethyl) phosphine (TCEP) to maintain 
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the sulfhydryls in reduced form; for proOmpA, 0.1 M KAc and 4 M urea; and for pGBP, 

0.3 M KAc, 1 N GnHCl, and 1 mM EGTA. Disulfide bond-stabilized loops were 

generated after removal of TCEP by the addition of 0.1 mM copper phenanthrolene to the 

solution and incubation for 5 min on ice. Copper phenanthrolene was removed using a 

NAP10 column (GE Healthcare). 

A.3. Preparation of proteoliposomes 

Lipids (E. coli polar lipid extract, Avanti) in chloroform were blown dry with N2 and 

placed in a vacuum chamber overnight. A dry mechanical vacuum pump (XDS5, 

Edwards) was used to prevent backstreaming of oil, a potential contaminant. Dried lipids 

were suspended in 10 mM Hepes, pH 7.6, 30 mM KAc, 1 mM Mg(Ac)2. Unilamellar 

liposomes were prepared by extrusion through membranes (~100 nm pore diameter, 

Liposofast, Avestin).  

To form proteoliposomes the liposomes were swelled, but not disrupted, using a 

ratio of detergent to lipids of 4.65 mM DBM to 5 mM lipids[110]. After swelling for 3 h 

at room temperature, the proteins to be incorporated were added: SecYEG at 5 µM and 

for co-assembly of SecA, SecA at 5 µM dimer. Incubation was continued for 1 h at room 

temperature followed by addition of BioBeads SM-2 (BioRad) to remove the detergent. 

The proteoliposomes were isolated by centrifugation at 436,000 x g, 20 min. at 4°C in a 

TL100.1 rotor (Beckman). The pellet was suspended in the same buffer and centrifuged 

again as earlier. The final pellet was suspended to give a concentration of ~10 mM lipid 

and 10 µM SecY. The suspension was stored at -80°C. 
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A.4. Translocation Assay 

Translocation of 1 μM radioactive proOmpA or pGBP, labeled with a 14C-L-amino acid 

mixture or [35S]methionine, into proteoliposomes was carried out at 30 °C under 

conditions of limiting SecY (1 μM) with SecA (1.2 μM dimer), SecB (1 μM tetramer), 

and EGTA (1 mM) to prevent pGBP from folding, as described[109], with the following 

modifications: An ATP-regenerating system consisting of 7.5 mM phosphocreatine and 

37 mg/mL of creatine phosphokinase was present in the reaction. The precursors are 

stored in denaturant (4 M urea for proOmpA or 1 N GnHCl for pGBP) and diluted into 

the translocation assay, which thus contains either 44 mM urea or 11 mM GnHCl.  

In experiments using precursors containing internal disulfide bonded loops, DTT was 

omitted from the reaction mix. Proteinase K (5 units/mL, 15 min on ice) was used for 

degradation of untranslocated proteins, and digestion terminated by trichloroacetic acid 

precipitation (figure xx). The washed precipitate was dissolved in gel sample buffer 

containing DTT (10 mM) for analysis by electrophoresis. 

The radioactivity in the protein bands in the gels of the translocation assays was 

measured using a Fujifilm FLA 3000 phosphorimager in the linear range of its response, 

and the molarity of the full-length protected precursors was estimated by comparison 

with samples taken from the same reaction mix, that had not been subjected to proteinase 

K digestion but that had been applied to the same gel. 
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Figure A.1: Translocation assay. Precursor to be transported (shown in red), SecB (shown in green), and 
SecA are added to the proteoliposomes SecYEG (yellow, membrane bound). Proteinase K was added to 
digest untranslocated precursors after a predetermined amount of time.   

A.5. Exchange of Variant SecA in PLYEG•A with Wild-Type SecA 

 Proteoliposomes were made with SecYEG in the presence of radiolabeled (3H-Leu and 

3H-Met) variant SecA species. The ratio during coassembly for SecAdN10 was 5 μM 

SecA dimer to 5.2 μM SecY. Exchange of wild-type SecA for the incorporated variant 

species was achieved by incubation of the proteoliposomes at 30 °C for 5 min in 10 mM 

Hepes at pH 7.6, 250 mM KAc, and 5 mM Mg(Ac)2 with wild-type SecA at an equal 

concentration to that of SecA in the proteoliposomes for SecAdN10. The 

proteoliposomes underwent 3 cycles of centrifugation (Beckman TL100.1 rotor at 

436,000 × g, 4 °C, 15 min) and suspension to remove soluble SecA before they were 

assayed for the number of active translocons at 1 μM SecY and 1 μM oxidized 

proOmpA. The amount of variant 3H-SecA displaced was determined by liquid 

Proteinase K 

SecB  

Precursor 
SecA  

SecYEG  
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scintillation counting of samples of the supernatant fractions after each centrifugation and 

of the final pellet. Because the radiolabel on SecA was 3H, which is not detected by the 

phosphorimager, it did not interfere with the assay of activity using 14C- and 35S-labeled 

precursors. 
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