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                                 CHAPTER THREE 

Introduction of a Long Spanning Optical 
Switch into the SecYEG Lateral Gate 

 
 

 
Abstract – Opening of the lipid-exposed lateral gate of the SecYEG translocon is 
an important step in channel opening and SecA-dependent protein translocation. 
Previous studies have shown that the lateral gate transmembrane segments 2 and 
7 are in contact at the middle of the membrane. At that site, the lateral gate needs 
to open by at least 8 Å for channel activation. At the periplasmic and cytosolic 
face of the membrane, the lateral gate helices are further apart, and constriction of 
the gate to distances of 13 Å and less inhibits translocation. Here, we have 
introduced an optical switch based on bismaleimidoazobenzene that spans a 
distance of 10 Å (cis) to 19 Å (trans) into the periplasmic region of the lateral gate 
and examined the effect of switching on protein translocation.  
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1. Introduction 
Cellular processes rely on a set of protein machineries that define the functioning 
of the cell. Progress in the field of molecular biology, synthetic chemistry and 
nanotechnology have allowed us to venture into these cellular machineries. 
Studies on light modulation of biological activities has been conducted for long 
time. During the late 1960s, azo-based chemistry have been studied in inhibition-
photoregulation of chymotrypsin 305, acetylcholinesterase 306,307, acetylcholine 
receptor 308, and membrane potential modulation 309,310. These early studies 
amongst others exploited different affinity of the cis and trans isomeric state of 
the photoisomerizable compounds to a protein receptor at the membrane. It took 
more than two decades for the field to directly modify protein by covalent linkage 
of photoisomerizable component, that is by anchoring photochromic azo groups 
to papain backbone 311, insecticides 312, photoresponsive drugs 313,314,  G-protein 
potassium channel 315, cell signaling molecules 308,316, biomolecular motors 317,318, 
and mechanically control nanovalves 319. The use of light in controlling protein 
machineries is especially of interest since it does not tamper the biological systems 
and can be used in a timely and spatially non-invasive manner 320. 
The SecYEG complex of E. coli  functions as a protein conducting pore in the 
cytoplasmic membrane 130. After being synthesized at ribosome, secretory 
proteins (preproteins) designated to be transported across the cytoplasmic 
membrane are targeted by the molecular chaperone SecB to the SecYEG-bound 
SecA protein 41,147. SecA is a molecular motor and uses the energy from ATP 
hydrolysis to bind and release the secretory protein, and guide it across the 
SecYEG channel in a stepwise manner 78,124. SecA induces changes in the SecY 
channel structure, causing the widening of the pore and simultaneously opens the 
lateral gate to lipid bilayer perpendicular of the channel axis 175. The lateral gate is 
formed by transmembrane segments (TMS) 2b, 3, 7 and 8 175. Previous studies 
have shown that in order for a preprotein to pass the channel, the interface of 
segments 2 and 7 at the middle of the lateral gate, needs to expand to at least 8 Å 
88,287. Here we further investigated the lateral gate opening mechanism focusing 
on the spatial constrains at the membrane interface, i.e., at the cis side between 
TMS 2/8, and the trans side between TMS 3/7. At those sites, the lateral gate 
helices are much further apart and constriction by chemical crosslinking results 
in inactivation of protein translocation [this thesis]. However, although 
crosslinking the interface at the trans side with bismaleimidohexane (BMH - ~13 
Å) partially inhibited translocation, the slightly longer dithiobismaleimidoethane 
(DTME - ~13.3 Å) does not affect translocation. This suggests a critical transition 
at these longer length scales in the lateral gate at the periplasmic face of the 
membrane. On the other hand, crosslinking the lateral gate at the cytosolic face of 
the membrane in all cases resulted in a reduced activity. Likely this region is also 
critical for a proper positioning of the signal sequence into the lateral gate while it 
is also actively engaged in SecA binding. Hence, the crosslinking may be more 
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obstructive. Here we have used an azobenzene-based optical switch spanning a 
long range to control the opening and closing of the translocon channel. 

2. Experimental Procedure 
Materials 
Inner membrane vesicles (IMVs) containing overexpressed SecY97C-335CEG, 
SecY138C-293CEG, proOmpA 293, SecB 182, SecA 109 and OmpT 88 were purified as 
described. E. coli strains and plasmids are listed in Table 1. E. coli SF100 were 
transformed with designated expression vectors and was used for overproduction 
of different double-cysteine SecYEG mutants complexes. ProOmpA were labeled 
with fluorescein-5-maleimide (Invitrogen) as described 292. Dibromoazobenzene 
(dBAB) and bismaleimidoazobenzene (bMAB) was obtained from Prof. Ben L. 
Feringa, Synthetic Organic Chemistry, University of Groningen.  

Table 3 Strains and plasmids used in this study 
Strains / plasmid Relevant characteristics Source 
E. coli SF100 F-, DlacX74, galE, galK, thi, rpsL, strA 4, 

DphoA(pvuII), DompT 
295 

pET36 proOmpA (245C) 182 
pHKSB366 SecB 182 
pMKL18 SecA 298 
pND9 OmpT 321 
pEK20-97C-335C SecY97C-335CEG This thesis 
pEK20-138C-293C SecY138C-293CEG This thesis 
 
 
Chemical crosslinking, purification and reconstitution of SecYEG 
Crosslinking of SecYEG cysteine mutant was conducted with either IMVs or 
purified SecYEG in the presence of detergent. Crosslinking in IMVs were 
conducted by incubating 2 mg/ml of IMVs with either DBAB or BMAB (10 mM 
stock in DMSO or DMF, 50 mM Tris-HCl pH 7) to a final concentration of 0.1 to 
1 mM for 1-2 hours at 37°C. Where stated, mixtures were then subjected to 
sucrose cushion and the IMVs were resuspended in buffer. Crosslinking 
efficiency was analyzed by means of OmpT assay as described 88. Typically, 10 µg 
of IMVs are incubated with 5 µg of purified OmpT for 30 minutes at 37°C and 
SecY was visualized by means of SDS-PAGE and Coomassie Brilliant Blue R250 
staining. 
Crosslinking of solubilized membrane proteins was conducted by incubating 400 
µg of IMVs in 50 mM Tris-HCl pH 8.0, 20% (v/v) glycerol, 100 mM NaCl, 2% 
(w/v) b-D-dodecylmaltoside (DDM) for 30 minutes at 4°C. Non-solubilized 
materials were removed by tabletop centrifugation at maximum speed for 10 
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minutes. Solubilized proteins were incubated with 50 µl Ni-NTA agarose beads 
(Qiagen) for 1 hour. Beads were pelleted and washed four times with 50 mM Tris-
HCl pH 8, 20% (v/v) glycerol, 100 mM NaCl, 0.05% DDM, and 10 mM Imidazole; 
last wash done by substituting Imidazole with 2 mM TCEP and adjusting of 
buffer pH to 7. Crosslinking were conducted by incubating the beads in 0.2 mM 
either DBAB or BMAB in the buffer for 2 hours, either in room temperature or in 
37°C, followed by pelleting and washing with wash buffer for three times. Prior to 
crosslinking, chemical crosslinkers were sonicated for 30 minutes at 37°C and 
rendered to cis or trans isomer by exposing it to UV light (lmax=365nm) using 
SelectTMXLE-1000 UV Crosslinker (Spectroline Corporation) or visible light 
using white light box for 10 minutes, as previously described 287. Crosslinked 
SecYEG complexes were eluted with similar buffer which substitute TCEP with 
400 mM Imidazole. Eluate was analyzed by 15% SDS PAGE. Crosslinking 
efficiencies were analyzed as previously described 88 

SecYEG was reconstituted by incubating 100 µl of 5 µM purified SecYEG with 
equal volume of 4 mg/ml acetone/ether washed E. coli phospholipids (Avanti) in 
0.5 (v/v) Triton X100 for 30 minutes on ice. Biobeads (Biorad) were prepared by 
washing twice in each solution of methanol, followed by demi water and lastly 
with buffer A (50 mM Tris HCl pH 8, 50 mM KCl). Liposome/SecYEG mixture 
were incubated overnight at 4°C with 100 mg of washed biobeads. 
Proteoliposomes were subsequently separated and collected by 
ultracentrifugation using TLA 100.4 (Beckman) at 100k rpm. Recovered pellets 
were resuspended in 100 µl buffer A and analyzed by 15% SDS PAGE. 

In vitro translocation of proOmpA 
In vitro translocation of proOmpA was assayed by accessibility to proteinase K as 
described 268 employing fluorescein-labeled proOmpA 322. Translocation reactions 
were started by adding ATP to the translocation buffer containing SecA, SecB and 
10 µg SecYEG IMVs or proteoliposomes, and incubated at 37°C. Translocation 
reactions were terminated after 10 minutes on ice by proteinase K treatment, 
analyzed by SDS-PAGE and visualized with Fujifilm LAS-4000 image analyzer. 
To induce cis-trans isomerization of the azobenzene unit prior to translocation, 
IMVs were irradiated with UV light (lmax=365nm) for 1 minutes using 
SelectTMXLE-1000 UV Crosslinker (Spectroline Corporation) or with visible 
light using white light box for equal length of time as previously described 287.  

3. Results 
Crosslinking of the SecYEG lateral gate with DBAB and bMAB 
SecY forms a transmembrane channel encompassing an hourglass pore that 
opens up to the lipid membrane by a lateral gate composed of TM2b, TM3, TM7 
and TM8 175. Based on the M. jannaschii SecYEß structure 10 and a model of the E. 
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coli SecYEG, two pairs of residues, i.e., V97-L335 in TM2b and TM8, and G138-
W293 in TM3 and TM7 (Fig. 1), were chosen at the lateral gate region at the 
interface of cis and trans side of the membrane, respectively. Each residue in each 
pair localizes to a different halve of the SecY clamshell structure. V97 and G138 
are located in the N-terminal halve, whereas W293 and L335 are located in C-
terminal halve. Based on the assumed resting state provided by the crystal 
structure of SecYEß, the distance between these residues are ~9Å on the cis side, 
and ~4Å on the trans side of the membrane. The selected residues were 
substituted with cysteine via site directed mutagenesis using the cysteine-less 
SecY as template. Resulted mutants were expressed in E. coli SF100 strain, inner 
membrane vesicles (IMVs) were isolated and when indicated purified and 
liposome-reconstituted SecYEG was used in this study. 

 
 

 
 
 
 
 
 
 
 
 

Figure 1. Position of introduced cysteine mutations mapped on M. jannaschii SecY 
structure (1RHZ).  Scheme showing the SecY channel composed of two halves of N-
terminal in blue and C-terminal in red, with the lateral gate facing forward. The four 
yellow balls representing the introduced cysteine mutation into SecY, with one pair at the 
interface of cis and one pair at the trans of the lipid bilayer. Each pair constitute of a 
cysteine located on N-terminal halves, and another cysteine on C-terminal halves.  

IMVs with overexpressed levels of the double-cysteine SecYEG mutants were 
treated with the homobifunctional optical switchable crosslinkers 
Dibromoazobenzene (dBAB) and bismaleimidoazobenzene (bMAB) (Fig. 2). 
These optical switching molecules can be reversibly converted from their trans to 
cis isomerization state by means of exposing to UV light or white light, 
respectively. The azobenzene switch undergoes a structural change which alters 
its dimensional length approximately from 9.3Å to 13Å for dBAB (~4Å) and from 
10Å to 19Å for bMAB (~9Å). To demonstrate successful conjugation to the pair 
cysteine residues, the previously developed OmpT assay was used 88. OmpT 

cytosol 

periplasm 
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protease cleaves two arginine residues in the fourth cytoplasmic loop of SecY 
connecting TM 6 and TM 7 that would result in specific N- and C-terminal 
protein fragments at 25 and 18 kDa, respectively. 
 

A.  

B.  

  
Figure 2. Optical switches dibromoazobenzene (dBAB) and bismaleimidoazobenzene 
(bMAB). Light dependent isomerization structural scheme of (A) trans isomer of dBAB 
with stretching to 13±1Å, and upon UV irradiation shortening to 9.2±3Å. (B) bMAB 
spans a greater distance and alters from its trans state of 19Å to its cis state of 10Å, upon 
UV irradiation. Irradiation with white light render the molecules back into their trans 
state.  

Crosslinking was attempted in a range of concentrations of the optical switch. By 
means of OmpT protease which cleaves in between two arginine residues at the 
fourth cytoplasmic domain (C4), crosslinking efficiencies can be determined by 
the amount of full length SecY protein remaining upon OmpT treatment as 
visualized by SDS-PAGE. The OmpT assay indicated that with increasing 
concentration of the polar aprotic solvent DMSO, less SecY gets cleaved by OmpT 
(Fig 3A). This is likely due to an inactivation of the OmpT protease.  
Increasing concentrations of DMSO are known to progressively destabilize 
secondary structure and unfold proteins323, as it strip water from protein surfaces 
and compete strongly for hydrogen bonding between amino acids324–326. 
Molecular dynamics simulations show that it readily diffuses across the bilayer 
membrane, expanding the membrane at higher concentration327. Although the 
mechanism of its interference is not clear, it can be assumed that polar aprotic 
solvents destabilizes the OmpT by collapsing its structure328; whereas high 
concentrations may also disturb the bilayer membrane of the IMVs and the 
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structure of embedded SecYEG structure rendering the C4 loop inaccessible for 
OmpT.  

 
A
. 

 
B. 

 
C. 
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D. 

 
Figure 3. OmpT assay on conjugation reaction of cysteine-pair at different position of 
SecYEG lateral gate. (A) High concentration on the polar aprotic solvent DMSO 
impaired the OmpT assay. In the presence of increasing concentration of DMSO, OmpT 
protease was unable to cleave SecY. (B)  Proteoliposome containing SecYEG mutants were 
incubated with the indicated crosslinker of different isomeric state dissolved in DMF, and 
at (C) different temperature. The different isomeric states did not significantly influence 
the crosslinking efficiency, nor did temperature. (D) bMAB crosslinking of SecY138C-293CEG 
(± 80%) and SecY97C-335CEG (<50%). The aberrant upshift in migration of the crosslinked 
SecY97C-335C upon OmpT treatment was also observed with other chemical crosslinkers and 
is likely due to the imposed structural constraint which prevents complete unfolding of the 
protein in SDS. 

To resolve these issues, DMF was used that appeared less inhibitory than DMSO 
and also provided a better solubility (not shown). Attempts to remove the polar 
aprotic solvent via sucrose cushion centrifugation resulted in significant loss of 
sample. Therefore, crosslinking was conducted with the solubilized SecYEG 
complex bound to Ni-NTA, where polar aprotic solvent was eliminated in the 
following wash steps. We tested whether the efficiency of cysteine-pair 
crosslinking with the azobenzene compounds varied for the different isomeric 
state by pre-irradiating the crosslinker with UV or white light prior to incubation 
with the Ni-NTA- bound SecYEG complexes. We also tested whether different 
incubation temperature yielded different crosslinking efficiency. The use of the 
UV-irradiated shorter isomeric state of both crosslinkers did not show any 
significant improvement, nor did the different incubation temperatures (Fig. 3B). 
Although UV-irradiation of crosslinker prior to incubation with the SecYEG 
complex would render it into cis form, extended reaction times would inherently 
render the compound to re-isomerize to its stable trans isomer 305,329. This may 
explain the lack of a difference in crosslinking efficiency when comparing the two 
isomeric states. For consistency of treatment, the azobenzene crosslinkers used in 
their trans isomeric state. The crosslinking is dependent on the type of crosslinker 
used and the location of the cysteine pair. Crosslinking was more efficient using 
the longer spanning bMAB compared to dBAB (Fig. 3C) which is unexpected as 
this bMAB would be expected to be a less efficient match to the distance between 
the two cysteines of SecY138C-293CEG than dBAB. 
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Protein translocation activity of the bMAB-crosslinked SecYEG Mutants 
Protein translocation activity was assessed in vitro by monitoring the 
translocation of fluorescent-labeled proOmpA into the proteoliposomes by SDS-
PAGE. As shown on Figure 4, the SecY138C-293CEG crosslinked with bMAB was 
able to translocate significant amount of substrate across the membrane, while the 
bMAB-crosslinked SecY97C-335CEG showed no activity. When the bMAB-
crosslinked SecY138C-293CEG complex was switched from the trans isomeric form 
(~10Å) to the cis form (~19Å) by irradiation with UV light, no significant change 
in activity was observed suggesting that the spatial constraint on the lateral gate at 
interface of trans side of the membrane of SecY does not impact lateral gate 
opening.  

 
Figure 4. proOmpA translocation by bMAB treated SecYEG.  ProOmpA translocation 
of proteoliposome-reconstituted SecY97C-335CEG and SecY138C-293CEG and treated with UV or 
visible light. 

4. Discussion 
Previously, the azo-based compound, dibromoazobenzene or dBAB was 
successfully conjugated to the Sec translocon of E. coli 287. Two cysteine at the mid 
of the lateral gate of SecYEG were engineered to allow crosslinking by dBAB in 
order to modulate the channel opening by light and study its plasticity. Due to the 
geometry of transmembrane helices that constitute the lateral gate, TM2 and TM7 
are in contact at the mid of the membrane but separated further away at the cis 
and trans side interface of the membrane. At the periplasmic interface, TM7 is in 
proximity to TM3, whereas TM2 is vicinity of TM8 (Fig. 1). A recent study, 
observed that the opening of the lateral gate at the membrane-water interface, 
either at cis or trans side, are dictated by different structural constrains [this 
thesis]. We used the homobifunctional crosslinkers BMH and DTME to restrict 
the opening of the lateral gate at the cis and trans side of the membrane. 
Crosslinking the lateral gate at the periplasmic interface with BMH which span 
~13Å partially inhibited translocation, while DTME which span ~13.3Å was 
without effect. On the other hand, crosslinking the lateral gate at cis side of the 
membrane in all cases resulted in a reduced activity suggested a high need for 
flexibility. We further explored the characteristics and the opening of the lateral 
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gate at the cis and trans of SecYEG by utilizing a longer optical switch which 
switch its isomeric state from ~10Å cis state, to ~19Å trans state. We also 
included the previously used dBAB which spans a shorter distance. Both 
azobenzene-based photoisomerizable crosslinkers can be switched from the cis to 
trans state, and vice versa by means of light or UV-light irradiation. Crosslinking 
of SecY protein within IMVs and quantification of the crosslinking efficiency 
using OmpT was hindered by the polar aprotic solvent used to dissolve the 
azobenzene-based compounds likely because of the solvent’s ability to destabilize 
the membrane 328 caused significant loss of the samples. As an alternative, the 
crosslinking was performed with the detergent solubilized purified SecYEG 
complex which was less prone to inactivation. 
When comparing the purified SecY97C-335CEG and SecY138C-293CEG, crosslinking of 
the later, i.e., which is the lateral gate at trans side of the membrane was found to 
be more efficient. Although crosslinking was conducted in presence of detergent, 
where presumably induces some structural flexibility, crosslinking of the 
translocon at the cis side of the membrane resulted in complete inactivation 
irrespective of cis and trans isomeric state of bMAB. Likely, immobilization at the 
cis side of the translocon may interfere with the binding of cytosolic partners, 
such as SecA, or prevent proper docking of the signal sequence in the lateral gate. 
The cysteine pair position at the trans side is about ~4Å apart 10. Remarkably, 
bMAB was still successfully introduced into the SecY138C-293CEG mutant. As 
bMAB spans ~10Å up to ~19Å, the result implies that the lateral gate helices at 
the trans side are relatively flexible and possibly the structure breaths and thereby 
accommodates this longer spaced crosslinker. However, the crosslinking did not 
interfere with activity, and at the same time, the activity was not influenced by 
optical switching. Thus, the lateral gate opening is not restricted by the long span 
and flexibility of the crosslinker used. Our previous study utilizing BMH which 
immobilized the same residues at the trans side to ~13Å interfered with 
translocation but this is likely due to the compound’s rigidity as DTME that in 
length is only slightly longer, i.e., ~13.3Å, did not inhibit translocation. Thus, our 
results suggest that the lateral gate at the periplasmic side is more promiscuous to 
such perturbation than the mid or cis sections of the lateral gate.  
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