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School of Biomedical Sciences 

 
 
Dear Jialan Zhang, Editor, 
 
Please see included our second revision of the JoVE article "Single liposome measurements for 
the study of proton-pumping membrane enzymes using a combination of electrochemistry and 
fluorescent microscopy". As mentioned in the cover letter of our first submission, our method can 
be applied to a number of proton and ion-pumping membrane proteins and hence will be interest 
to a large biochemical community working on these enzymes. As the technique is novel and 
multidisciplinary, it requires a specialized journal like JoVE to present the method in sufficient 
detail to allow colleagues around the world to take up this method in their future endeavours.   
 
In this revision cycle, the editors requested a number of minor changes. Comments by the editors 
were made directly into Word document. In a separately uploaded document, we have answered 
the editors’ questions using the ‘Reply to comments’ feature in Word. In the document, we have 
used tracked-changes to indicate any changes made in the text. We include an ‘Answer to 
comments’ document to summarize the changes we have made. 
 
Finally, we have explained before that the commercial software package ‘Matlab’ is integral to the 
Methods paper and that the submitted software code is specifically written for Matlab and hence 
this code cannot be used with any other software without completely recoding the script. Matlab is 
a frequently used package and known throughout the community. Nonetheless, we were again 
requested to remove references to the software package ‘Matlab’ (in spite of being used in JoVE 
before). We have now removed ‘Matlab’ from the manuscript, but note that the latter will make the 
manuscript LESS user friendly as a reader will have confirm in the Table of Materials that the 
software code is written in Matlab. 
 
We hope that we hereby have addressed all editors’ comments. We look forward to hearing from 
you. 
 
Warm regards, 
 
Lars Jeuken 
Yours sincerely, 
 

 
 
Lars Jeuken 
School of Biomedical Sciences 
University of Leeds 
LS2 9JT Leeds 
United Kingdom 
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SUMMARY:  24 
Here, we present a protocol to study the molecular mechanism of proton translocation across 25 
lipid membranes of single liposomes, using cytochrome bo3 as an example. Combining 26 
electrochemistry and fluorescence microscopy, pH changes in the lumen of single vesicles, 27 
containing single or multiple enzyme, can be detected and analyzed individually. 28 
 29 
ABSTRACT:  30 
Proton-pumping enzymes of electron transfer chains couple redox reactions to proton 31 
translocation across the membrane, creating a proton-motive force used for ATP production. The 32 
amphiphilic nature of membrane proteins requires particular attention to their handling, and 33 
reconstitution into the natural lipid environment is indispensable when studying membrane 34 
transport processes like proton translocation. Here, we detail a method that has been used for 35 
the investigation of the proton-pumping mechanism of membrane redox enzymes, taking 36 
cytochrome bo3 from Escherichia coli as an example. A combination of electrochemistry and 37 
fluorescence microscopy is used to control the redox state of the quinone pool and monitor pH 38 
changes in the lumen. Due to the spatial resolution of fluorescent microscopy, hundreds of 39 
liposomes can be measured simultaneously while the enzyme content can be scaled down to a 40 
single enzyme or transporter per liposome. The respective single enzyme analysis can reveal 41 
patterns in the enzyme functional dynamics that might be otherwise hidden by the behavior of 42 
the whole population. We include a description of a script for automated image analysis. 43 
 44 
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INTRODUCTION:  45 
Information about enzyme mechanisms and kinetics is usually obtained on the ensemble or 46 
macroscale level with enzyme population in the thousands to millions of molecules, where 47 
measurements represent a statistical average. It is known, however, that complex 48 
macromolecules such as enzymes may demonstrate heterogeneity in their behavior and 49 
molecular mechanisms observed at the ensemble level are not necessarily valid for every 50 
molecule. Such deviations on the individual molecule scale have been extensively confirmed by 51 
studies of single enzymes with a variety of methods emerging during the last two decades1. 52 
Notably, fluorescence detection of individual enzyme activity has been used to investigate 53 
heterogeneity of enzymes activity2,3 or discover the so-called memory effect (periods of high 54 
enzymes activity succeeded by periods of low activity and vice versa)4,5. 55 
 56 
Many single enzyme studies require that the enzymes are immobilized on the surface or spatially 57 
fixed in another way to remain sufficiently long in the field of view for continuous observation. 58 
Enzyme encapsulation into liposomes has been shown to enable enzyme immobilization while 59 
preventing any negative impact due the surface-enzyme or protein-protein interactions6,7. In 60 
addition, liposomes offer a unique possibility to study single membrane proteins in their natural 61 
lipid bilayer environment8–10. 62 
 63 
A class of membrane proteins, transporters, exercises a directional translocation of substances 64 
across the cell membrane, a behavior that can only be studied when proteins are reconstituted 65 
into the lipid bilayers (e.g., liposomes)11–13. For example, proton translocation, exhibited by 66 
several enzymes of prokaryotic and eukaryotic electron transport chains, plays an important role 67 
in cellular respiration by creating a proton-motive force used for ATP synthesis. In this case, the 68 
proton pumping activity is coupled to the electron transfer, although the detailed mechanism of 69 
this process often remains elusive.  70 
 71 
Recently, we demonstrated the possibility to couple fluorescent detection with electrochemistry 72 
to study proton pumping activity of single enzymes of the terminal ubiquinol oxidase of 73 
Escherichia coli (cytochrome bo3) reconstituted in the liposomes14. This was achieved by 74 
encapsulation of a pH-sensitive membrane-impermeable fluorescent dye into the lumen of 75 
liposomes prepared from E. coli polar lipids (Figure 1A). The protein amount was optimized so 76 
that most liposomes either contained no or only one reconstituted enzyme molecule (according 77 
to Poisson distribution). The two substrates of cytochrome bo3 were provided by adding 78 
ubiquinone to the lipid mix that formed the liposomes and (ambient) oxygen in solution. The 79 
liposomes are then sparsely adsorbed on a semi-transparent ultra-smooth gold electrode, 80 
covered with a self-assembled monolayer of 6-mercaptohexanol. Finally, the electrode is 81 
mounted on the bottom of a simple spectroelectrochemical cell (Figure 1B). Electrochemical 82 
control of the quinone pool redox state allows one to flexibly trigger or to stop the enzymatic 83 
reaction at any moment, while the pH-sensitive dye is used to monitor pH changes inside the 84 
lumen of the liposomes as a result of proton translocation by the enzymes. By using the 85 
fluorescence intensity of a second, lipid-bound fluorescent dye, the size and volume of individual 86 
liposomes can be determined and thus the quantification of enzyme proton pumping activity. 87 
Using this technique, we notably found that cytochrome bo3 molecules are able to enter into a 88 
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spontaneous leak state that rapidly dissipates the proton motive force. The goal of this article is 89 
to introduce the technique of single liposome measurements in detail.  90 
 91 
PROTOCOL:  92 
 93 
1. Preparation of an E. coli Polar Lipids Mix  94 
 95 
NOTE: E. coli lipids used for the liposomes’ preparation should be aliquoted and thoroughly mixed 96 
with ubiquinone-10 (enzyme substrate) and long-wavelength fluorescent dye-labeled lipids (for 97 
liposomes size determination) prior to the reconstitution. 98 
 99 
1.1. Using a glass syringe, transfer 200 µL of chloroform stock of lipid polar extract from 100 
Escherichia coli (25 mg/mL) into glass vials to make 5 mg aliquots.  101 
 102 
1.2. Add 50 µL of 1 mg/mL ubiquinone-10 (UQ-10; in chloroform) to the lipids to make the 103 
final ratio of UQ-10: lipids 1:100 (1% w/w). 104 
 105 
1.3. Add 20 µL of 1 mg/mL (0.4% w/w) of a long-wavelength fluorescent dye-labeled lipid 106 
(FDLL) to the lipids/UQ-10 mix. 107 
 108 
1.4. Homogenize the chloroform solution by short vortexing and evaporate most of the 109 
chloroform under a gentle nitrogen or argon flow. Remove the chloroform traces entirely by 110 
further evaporation under vacuum for at least 1 h. 111 
 112 

NOTE: Lipid aliquots can be stored under an inert atmosphere at -20 C for several months. 113 
 114 
2. Reconstitution of Cytochrome bo3 115 
 116 
NOTE: For the purification of cytochrome bo3 from E. coli, follow the protocol from Rumbley et 117 
al.15 To ensure high purity of natively-folded enzyme samples, add size-exclusion 118 
chromatography after the affinity purification step described by Rumbley et al. 15 119 
 120 
2.1. Add 312.5 µL of 40 mM MOPS-KOH/60 mM K2SO4, pH 7.4, to one aliquot of lipids/UQ-121 
10/FDLL dry mix (5 mg, step 1.4) and re-suspend using vortex mixing followed by 2 min of 122 
treatment in an ultrasonic bath.  123 
 124 
2.2. Add 125 µL of 25 mM 8-hydroxypyrene-1,3,6-trisulphonic acid (HPTS), a pH-sensitive 125 
fluorescent dye that needs to be encapsulated inside the liposomes. 126 
 127 
2.3. Add 137.5 µL of 250 mM n-octyl β-D-glucopyranoside (OGP) surfactant, mix using vortex 128 
and sonicate in an ultrasonic water bath for 10 min to ensure all lipids are solubilized into 129 
surfactant micelles. Transfer the dispersion into a 1.5 mL plastic tube. 130 
 131 
NOTE: Cloudy suspension of lipids should become transparent after the solubilization with 132 
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surfactant.  133 
 134 
2.4. Add the required amount of cytochrome bo3 (see the note below) and add ultrapure 135 
water to make a total volume of 50 µL (cytochrome bo3 solution plus water). Incubate at 4 °C for 136 
10 min on a roller mixer.  137 
 138 
NOTE: Typical amount for single enzyme conditions is 0.1 – 0.2% (w/w protein-to-lipid, i.e. 5 – 10 139 
µg of protein), although it can be increased till 1 – 2% (50 – 100 µg of protein) if the goal is to 140 
observe only the electrochemical activity (see below). As a negative control, liposomes without 141 
cytochrome bo3 can be prepared. 142 
 143 
2.5. Weigh 2x 50 mg and 2x 100 mg of polystyrene microbeads into four 1.5 mL-tube caps and 144 
close with paraffin film to prevent drying.  145 
 146 
NOTE: Before use, polystyrene microbeads should be washed with methanol, water and stored 147 
in water according to the manufacturer’s manual. 148 
 149 
2.6. Add the 1st 50 mg of polystyrene microbeads into the reconstitution mixture (step 2.4) by 150 
putting the cap with polystyrene microbeads on the 1.5 mL-plastic tube with dispersion and 151 
performing a short spin for a couple of seconds. Incubate at 4 °C on a roller mixer for polystyrene 152 
microbeads to adsorb the surfactant for 30 min.  153 
 154 
2.6.1. Repeat the additions of polystyrene microbeads and incubations as follows: add 50 mg of 155 
microbeads for 60 min of incubation; add 100 mg of microbeads for 60 min of incubation; and 156 
add 100 mg of microbeads for 120 min of incubation. 157 
 158 
NOTE: The solution above the settled microbeads will turn translucent during step 2.6 as 159 
proteoliposomes are formed. 160 
 161 
2.7. Separate the proteoliposome solution from the polystyrene microbeads using a 162 
micropipette with a thin tip. Dilute the dispersion in 90 mL of 20 mM MOPS-KOH/30 mM K2SO4, 163 
pH 7.4 (MOPS buffer) and transfer in a Ti45 ultracentrifuge tube. 164 
 165 
2.8. Ultracentrifuge the dispersion using Type 45 Ti rotor at 125,000 x g (at rmax) for 1 h to 166 
pellet the proteoliposomes. 167 
 168 
NOTE: Smaller centrifuge tubes can be used although the dilution in large buffer volume helps to 169 
reduce the concentration of the non-encapsulated HPTS in the final suspension. 170 
 171 
2.9. Discard the supernatant, rinse the pellets with 20 mM MOPS-KOH/30 mM K2SO4, pH 7.4 172 
buffer (without resuspending the pellet). Then re-suspend the proteoliposomes in 500 µL of 173 
MOPS buffer by pipetting it back and forth with thin tip micropipette. Then transfer to a 1.5 mL 174 
plastic tube. 175 
 176 
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2.10. Centrifuge the suspension for 5 min at 12,000 x g to remove the debris. Transfer the 177 
supernatant (reconstituted proteoliposomes) into a new vial. 178 
 179 
2.11. Store the reconstituted proteoliposomes dispersion at 4 °C overnight and use within 2 180 
days. 181 
 182 
3. Fabrication of Semi-Transparent Gold Electrodes  183 
 184 
NOTE: The smooth gold surface is obtained by a template stripping method of a 30 nm-thick layer 185 
of 99.99% gold from an atomically smooth silicon wafer. The small thickness of the gold layer is 186 
important since it must be semi-transparent to permit fluorescence observation. Details of gold 187 
evaporation (physical vapor deposition, PVD) can be find elsewhere16 and only template-188 
stripping is covered here. Alternatively, ultra-smooth gold chips can be purchased elsewhere (see 189 
Table of Materials). 190 
 191 
3.1. Glue up to 9 glass cover slips (0.17 mm thick) onto the evaporated gold surface using bi-192 
component low-fluorescence epoxy. Cure the glue at 80 °C for 4 h.  193 
 194 
3.2. Just before modification with a self-assembled monolayer (step 4), detach the glass cover 195 
slips from the silicon wafers with a blade. Due to the thinness of the cover slips, take care when 196 
detaching the cover slips to not crack or break the glass slides. 197 
 198 
4. Modification of the Gold Surface with Self-Assembled Monolayer (SAM) 199 
 200 
4.1. Prepare 5 mL of water solution of 1 mM 6-mercaptohexanol (6MH). 201 
 202 
4.2. Dip freshly detached gold-coated cover slips (step 3.1) into 6MH solution and leave at 20 203 

– 25 C overnight (>16 h) to form the SAM. 204 
 205 
NOTE: Thiol solutions have an unpleasant smell, so a closed vessel should be used when 206 
incubating the gold-coated cover slip. 207 
 208 
4.3. The next day, remove the gold-coated cover slip from the 6MH solution, wash briefly with 209 
water or methanol and then with isopropanol. Dry under a gentle gas flow. 210 
 211 
5. Electrochemical Testing of Proteoliposomes Activity 212 
 213 
NOTE: The electrochemical activity of enzyme is first verified on a closely packed liposomes layer 214 
(step 5) and lower vesicle coverages are used in single vesicles experiment to measure pH 215 
changes in the lumen of the liposomes (step 6).  216 
 217 
5.1. Assemble the gold-coated cover slip in a spectro-electrochemical cell (see Figure 1). Make 218 
contact to the gold with a flat wire outside an area defined by a rubber O-ring.  219 
 220 
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5.2. Add 2 mL of the electrolyte buffer solution and place the reference and auxiliary 221 
electrodes in the cell. 222 
 223 
NOTE: As further discussed in the Discussion section, references electrodes without chloride are 224 
preferred to prevent formation of Au(I)Cl during electrochemistry. Here, a Hg/Hg2SO4 (sat. K2SO4) 225 
reference electrode is used and potentials are given versus Standard Hydrogen Electrode (SHE) 226 
using 0.658 V vs SHE for the Hg/Hg2SO4 (sat. K2SO4). 227 
 228 
5.3. Run electrochemical impedance spectroscopy (0.1 Hz – 100 kHz) at open cell potential 229 
(OCP) potential to assess the quality of SAM. Convert impedance values to admittance and divide 230 
by 2πω to plot a Cole-Cole plot, where ω is the frequency (see the following references16–18 for 231 
details on converting and interpreting impedance spectra).  232 
 233 
NOTE: Compact and dense SAMs of 6MH should give a close to semi-circle Cole-Cole plot and 234 
give capacitance values in the range 2.5-3.0 µF/cm2 (Figure 2A). If significant deviation from semi-235 
circle shape or out-of-range capacitance values are obtained, change the electrode. 236 
 237 
5.4. Run blank cyclic voltammograms (CVs) with scan rates 100 and 10 mV/s in the potential 238 
region -0.3 – 0.8 V. A typical CV is shown on (Figure 2B, dashed line).  239 
 240 
NOTE: This should demonstrate almost pure capacitive behavior and an absence of significant 241 
faradaic current, even under ambient oxygen conditions as used here. 242 
 243 
5.5. Add proteoliposomes (0.5 mg/mL final lipids concentration, 1-2% (w/w) ratio of 244 
cytochrome bo3 to lipid) to the electrochemical cell and mix slightly with a pipette. Wait until the 245 
adsorption of proteoliposomes on the electrode surface is finished (30-60 min at room 246 
temperature). 247 
 248 
NOTE: Cyclic voltammograms (CVs) at 10 mV/s can be run during the proteoliposomes adsorption 249 
to follow the process. The adsorption is finished when consecutive CVs stop changing. 250 
Information about CV techniques can be found in the following textbooks.19, 20 251 
 252 
5.6. Wash the cell by changing the buffer solution at least 10 times but avoid leaving the 253 
electrode surface completely dry.  254 
 255 
5.7. Run the electrochemical impedance spectroscopy at OCP (Figure 2A, blue line) to confirm 256 
the SAM on the gold electrode remains unchanged and CVs with scan rates 10 and 100 mV/s to 257 
observe catalytic ubiquinol oxidation (and oxygen reduction) by cytochrome bo3 at onset 258 
potentials of electrochemical quinone reduction about 0 V vs SHE) (Figure 2B). 259 
 260 
6. Detection of Enzymatic Proton Pumping by Fluorescence Microscopy 261 
 262 
6.1. Modify the gold electrode as in step 5 but using 100x less proteoliposomes compared to 263 
step 5.5 (i.e., 5 µg/mL). For single enzyme studies, reduce the cytochrome bo3 to lipid ratio to 264 
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0.1-0.2% (w/w).  265 
 266 
NOTE: Liposomes will sparsely adsorb on the electrode surface enabling single vesicle monitoring 267 
by fluorescence microscopy. Under these single-enzyme conditions, the amount of enzyme 268 
immobilized on the electrode surface is insufficient for the observation of a catalytic current.  269 
 270 
6.2. Place the electrochemical cell on the oil objective (60X) of an inverted fluorescence 271 
microscope with a drop of immersion oil. Using appropriate filters for FDLL fluorescence, focus 272 
on the electrode surface. Single liposomes should appear as bright spots at the diffraction limit 273 
of the microscope/objective. Take an image of FDLL fluorescence. 274 
 275 
6.3. Switch to the one of HPTS fluorescence filter sets on the microscope to verify that HPTS 276 
fluorescence is clearly visible and distinguishable from the background (at the chosen exposure 277 
time, see step 6.4). Increase the light intensity of the lamp source if it is not the case. 278 
 279 
6.4. Program the microscope software to perform a timed image acquisition by alternating 280 
two HPTS filter sets (menu Applications | Define/Run ND Acquisition). Set the delay between 281 
image acquisitions at minimum. In this experiment, use a 1 s exposure and 0.3 s delay (due to the 282 
turret movement). 283 
 284 
NOTE: The ratio between fluorescence intensities at these two channels will be later converted 285 
to pH inside the liposomes at each time point. The duration of the acquisition can vary according 286 
to the expected pH change rate; 5 min is used in this article. 287 
 288 
6.5. Adjust the settings of the potentiostat to change the potential during the image 289 
acquisition. For example, in this experiment, use the following sequence: 0 – 60 s: no potential 290 
applied (i.e. OCP); 60 – 180 s: -0.2 V (vs SHE); 180 – 300 s: 0.4 V (vs SHE). In this case, only the 291 
applied potential in the second phase (-0.2 V vs SHE) is sufficient to efficiently reduce the quinone 292 
pool. 293 
 294 
6.6. Run simultaneously the timed images acquisition (microscope) and the potential 295 
sequence (potentiostat) by manually starting both measurements at the same time.  296 
 297 
NOTE: The experiment can be repeated on the same electrode several time by moving the 298 
microscope stage to a different area on the surface. The delay between the acquisitions should 299 
be at least 5-10 min to insure complete pH equilibration of liposomes on the surface. Different 300 
durations and potential patterns can be applied depending on the need, although imaging time 301 
is limited due to photobleaching of HPTS during acquisition. 302 
 303 
7. Analysis of Fluorescence Images  304 
 305 
NOTE: A typical experiment produces a set of images with a time step (e.g., 2.6 s) for each of the 306 
two channels, i.e., (duration * 2 / 2.6) images. An example of such image set recorded during a 307 
single enzyme experiment can be accessed via the Research Data Leeds repository21. An image 308 
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treatment consists of several steps by using Fiji (ImageJ) and high-level mathematical analysis 309 
programming language software (henceforth referred to as scripting software, see Table of 310 
Materials for details). 311 
 312 
7.1.  Use Fiji to separate time lapse file, align images and save as separate channels and 313 
timeframes. 314 
 315 
7.1.1. Open time lapse file using the Bioformats importer provided within Fiji (macro command: 316 
run ("Bio-Formats Importer")). 317 
 318 
7.1.2. Use the plugin StackReg to align each frame to the first one to account for possible stage 319 
movements or thermal drift occurred during the acquisition (macro command: run("StackReg ", 320 
"transformation=Translation")). 321 
 322 
7.1.3. Save separate uncompressed image files for each channel and each time step in TIFF 323 
format into a single folder. 324 
 325 
7.1.4. Extract the exact time stamps for each frame from the time lapse file metadata and save 326 
them as a CSV-file in the same folder as the images. Alternatively, extract time stamps using the 327 
acquisition software and save manually into a CSV-file using a spreadsheet software. 328 
 329 
NOTE: The folder with images and time stamps is now ready to be analyzed by the scripting 330 
software. Steps 7.1.1. – 7.1.4. can be automatized using a Fiji script (a script written in Python for 331 
batch processing of time lapse files is provided, use “Ctrl-Shift-N” (in Windows), then File | Open 332 
to load the script). 333 
 334 
7.2. Use scripting software for automatized processing of the images. Load the provided code 335 
to the software and click Run to end. When prompted, select the folder containing the images 336 
from step 7.1.  337 
 338 
NOTE: A script for analysis is provided as mlx-format live script, with extensive comments, to 339 
identify single liposomes, fit them to 2D-Gaussian function, filter them and quantify the pH values 340 
at each point of time. The following sub-steps are executed automatically by the script. 341 
 342 
7.2.1. Load all time frames images for a single experiment into the memory. 343 
 344 
7.2.2. Average all images for a single channel (select the channel with the highest fluorescence 345 
intensity) and use the averaged image to identify all maximums that might correspond to the 346 
single liposomes. 347 
 348 
7.2.3. Fit the identified maximums on the averaged image to the 2D-Gaussian function and save 349 
the resulted fit parameters for each liposome (see Figure 4A for fitted liposome example). 350 
 351 
7.2.4. Filter the maximums according to the expected single liposomes criteria, such as size, 352 
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circularity and intensity. Reject liposomes that are poorly fitted due to low signal to noise, closely 353 
neighboring liposome or being too close to the image edge. 354 
 355 
7.2.5. Load time stamps from the external file and fit each filtered liposome to the 2D-gaussian 356 
function on each time frame image separately. 357 
 358 
NOTE: The use of parallel programming and multicore CPU can significantly enhance the 359 
calculation speed at this stage. 360 
 361 
7.2.6. Filter the liposomes again according to the similar criteria as in step 7.2.4 but applied to 362 
each time frame.  363 
 364 
7.2.7. On each time step, define the fluorescence intensity ratio of a liposome as the ratio of 365 
volumes enclosed by fitted 2D-Gaussian function at two channels. Calculate the pH values from 366 
the ratio of intensities determined from the two HPTS channels and using a calibration curve 367 
(step 8). Plot resulting pH-time curves for the liposomes and observe their pH change when the 368 
potential is applied. 369 
 370 
8. Performing a Calibration Curve of HPTS Fluorescence 371 
 372 
NOTE: To convert HPTS fluorescence ratio to an intravesicular pH, a calibration curve must be 373 
first established that would take into account particular conditions of experiments such as gold 374 
transmittance, filters quality, etc. This step has to be performed only once or twice and the 375 
calibration data can be used as long as the setup and measurement parameters remain the same 376 
in step 6. 377 
 378 
8.1. Prepare an electrode with sparsely adsorbed liposomes (without cytochrome bo3 as 379 
described in Steps 5 and 6.1). 380 
 381 
8.2. Add 2 µL of 0.1 mg/mL gramicidin solution in ethanol to 2 mL of buffer to create the 382 
concentration 100 ng/mL. 383 
 384 
8.3. Capture two fluorescence images for the two HPTS channels.  385 
 386 
8.4. Change the pH of the cell by addition of small aliquots of 1 M HCl or 1 M H2SO4. Measure 387 
the pH of the buffer with a standard pH meter and capture two fluorescence images for the two 388 
HPTS channels. 389 
 390 
8.5. Repeat steps 8.4 for the pH range 6 to 9. 391 
 392 
8.6. Using the algorithm from 7.2, fit, filter and calculate the average HPTS fluorescence ratio 393 
of individual liposomes at every pH. Take the HPTS ratio average over all liposomes. 394 
 395 
8.7. Fit the resulting pH-ratio dependence to the following equation: 396 
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𝑝𝐻 = 𝑝𝐾𝑎 + log (
𝑅𝑎𝑡𝑖𝑜−𝑅𝑎

𝑅𝑏−𝑅𝑎𝑡𝑖𝑜
), where pKa, Ra and Rb are fitting parameters. 397 

 398 
8.8. Use pKa, Ra and Rb to convert the HPTS ratio of individual liposomes in step 7.2.7. to pH 399 
values. 400 
 401 
REPRESENTATIVE RESULTS:  402 
The quality of the gold-modified cover slip (the electrode) with a SAM of 6MH is checked before 403 
each experiment with electrochemical impedance spectroscopy. Figure 2A shows representative 404 
Cole-Cole plots measured using electrochemical impedance spectroscopy before and after 405 
liposomes are adsorbed. If the quality of SAM is sufficient, impedance spectroscopy should 406 
demonstrate an almost pure capacitive behavior resulting in a semi-circle Cole-Cole plot. The 407 
diameter of the semi-circle in a Cole-Cole plot equals the double layer capacitance of the 408 
electrode surface, which should be in the 2.5-3.0 µF/cm2 range. Note that the capacitance should 409 
not change significantly upon liposomes adsorption, although a slight increase in capacitance 410 
might be observed (high liposomes coverage, Figure 2A, bottom) or a slight shift in impedance 411 
can be observed at low frequencies (low liposome coverages, Figure 2A, top). 412 
 413 
Electrochemistry can be used to test the catalytic activity of cytochrome bo3 in the 414 
proteoliposomes, where catalytic currents measured with cyclic voltammetry reflect the 415 
ubiquinol-oxygen oxidoreductase activity. However, significant catalytic currents can only be 416 
detected at high quantities of adsorbed proteoliposomes and a closely packed layer of 417 
proteoliposomes on the gold-modified cover slip is needed. Figure 2B demonstrates 418 
representative cyclic voltammograms (CVs) of the electrode before and after liposomes 419 
adsorption with either low or high liposome coverage. No faradaic current is observed on the 420 
blank CV because oxygen reduction by the bare gold electrode is blocked by the SAM. When the 421 
surface is saturated with liposomes with high cytochrome bo3 content (1.3% (w/w) in this case), 422 
a clear catalytic wave due to oxygen reduction is observed with an onset potential of 0 V, i.e., the 423 
potential of ubiquinone reduction (Figure 2B, blue line). The ubiquinone pool acts both as the 424 
natural substrate for the enzyme and as an electron mediator, transferring electrons from the 425 
enzyme to the electrode surface. We note that under high liposome coverage, no distinction of 426 
individual vesicles is possible by microscopy and lower coverage is needed for single liposome 427 
studies. At low liposome coverage (but high protein to lipid ratio), the catalytic current is 428 
significantly reduced, barely distinguishable from background (Figure 2B, red line). Note that 429 
under single enzyme conditions (low protein to lipid ratio), the catalytic current is even lower and 430 
cannot be measured reliably.  431 
 432 
Figure 3 shows fluorescence images of liposomes adsorbed on the electrodes at three different 433 
coverages. All images were taken in identical light and exposure conditions and their brightness 434 
was adjusted equally to enable direct comparison. The dye-containing-liposomes are visible on 435 
the images as bright spots. The central part of the image was photobleached for a couple of 436 
minutes to reveal background fluorescence level (we note that FDLL is relatively photostable and 437 
is not photobleached completely in Figure 3). The images on two HPTS channels are 438 
superimposable, where the ratio between the two channels (410/535 and 470/535) corresponds 439 
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to pH 7.4 used in this experiment. A larger number of liposomes are visible with the FDLL channel, 440 
which indicates the presence of liposomes that have no HPTS encapsulated. The difference 441 
between the HPTS and FDLL channels is more pronounced at higher coverages, possibly because 442 
at high liposome coverage, liposomes are more likely to burst or fuse on the surface. 443 
 444 
The image analysis requires the alignment of frames (against the first frame) using the ImageJ, 445 
plugin StackReg. The alignment is indispensable in most situations since a slight thermal drift of 446 
the sample usually occurs within the timescale of the experiment, changing the liposome 447 
coordinates. All further analysis is performed using a scripting software code. This code performs 448 
automatic liposome identification. As the size of liposomes are below the Abbe diffraction limit, 449 
their fluorescence is seen as a point spread function much larger than the actual liposome 450 
diameter (Figure 4A). The code fits the fluorescence intensity of each vesicle on two channels to 451 
a 2D-Gaussian function (Figure 4A) and calculates their volumetric intensity ratio that can be 452 
converted to pH using a calibration curve. By performing these actions on all time frames, the pH 453 
is obtained inside every vesicle within timescale of the experiment (Movie 1). Figure 4B shows 454 
the medians of all vesicle pH changes within a single image when cytochrome bo3 content is 1.3%. 455 
An increase in pH (proton pumping) is clearly visible when a potential between -0.1 and -0.3 V is 456 
applied, but not for 0 V since the latter is not sufficient to reduce the quinone pool. When 457 
cytochrome bo3 content is much lower (protein-to-lipid ratio of 0.1%, Figure 4C), the median 458 
curves become almost indistinguishable from those of empty liposomes (Figure 4D). The 459 
difference becomes evident when considering individual pH traces of random liposomes (Figure 460 
5, 6 and 7). While liposomes without cytochrome bo3 display no significant pH changes with 461 
respect to noise (Figure 7), a selection of liposomes show an increase (dominantly) or a decrease 462 
of pH when a potential is applied that actives cytochrome bo3 (Figures 6, grey zone). The obvious 463 
difference in pH-traces between liposomes is consistent with the low protein-to-lipid ratio, where 464 
cytochrome bo3 is only present in a small subset of liposomes activity. The prevalence of a pH 465 
increase over decrease is explained by the reconstitution method that favors an “outward” 466 
orientation of enzyme molecules (ca. 75%). The fraction of liposomes that display a pH change 467 
increases when the cytochrome bo3 to lipid ratio is higher (Figure 5). Note also that some 468 
liposomes stop proton pumping and enter into proton dissipation mode before the end of the 469 
potential application. We attribute this behavior to the cytochrome bo3 molecules entering a 470 
“leak state”, which allows protons to flow back into the liposome lumen14. 471 
 472 
The further analysis of the pH traces including their fitting and determination of proton 473 
pumping/leaking rates can be done using a script we have published previously14,22 and can be 474 
obtained from the Research Data Leeds Repository23,24. 475 
 476 
FIGURE AND TABLE LEGENDS:  477 
Figure 1: Principle of the method. (A) Principle of single enzyme activity monitoring and (B) the 478 
scheme of the experimental setup used in this work with a cutaway to demonstrate an internal 479 
part of the cell. 480 
 481 
Figure 2: Electrochemical response of liposomes. (A) Cole-Cole plots measured at OCP (0.22 V vs 482 
SHE; black squared line) before and after liposomes (1.3% w/w cytochrome bo3) adsorption from 483 
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solutions at concentrations of 5 µg/mL (red circle line) and 500 µg/mL (blue circle line). (B) Cyclic 484 
voltammograms at 100 mV/s (left panel) and 10 mV/s (right panel) of Au-SAM (black dashed line) 485 
before and after liposomes (1.3% w/w cytochrome bo3) adsorption from solutions at 486 
concentrations of 5 µg/mL (red line) and 500 µg/mL (blue line). 487 
 488 
Figure 3: Fluorescence microscopy of liposomes. Fluorescence images of liposomes at different 489 
surface coverages: surfaces incubated for 30 min with a liposomes solution of 5 µg/mL (top row), 490 
20 µg/mL (middle row) and 500 µg/mL (bottom row). Left column corresponds to 470/535 nm 491 
excitation/emission filter setup (1st HPTS channel); middle column – 410/535 nm (2nd HPTS 492 
channel); right column – 560/645 nm (FDLL channel). The images were taken at magnification 493 
90X (60X objective and 1.5X magnification by the microscope prior to the camera), 1 s exposure 494 
and similar light intensity. Scale bars correspond to 50 µm. 495 
 496 
Figure 4: Liposome identification and pH change. (A) 3D-view of a part of fluorescence image 497 
containing a typical single liposome. Its fluorescence intensity is seen as a point spread function 498 
(color surface) that is fitted to a 2D-Gaussian function (black mesh). (B-D) pH, displayed as the 499 
median of all vesicles within single image area (typically several hundred) at different applied 500 
potentials. From 0-60 s, no potential is applied (OCP). Between 60 and 180 s (grey zone) different 501 
potentials were applied: 0 V (black), -0.1 V (red), -0.2 V (green), -0.3 V (blue). Between 180 and 502 
300 s, 0.4 V vs. SHE was applied. The cytochrome bo3 to lipid ratios were (B) 1.3%, (C) 0.1%, (D) 503 
0%. The traces are offset for clarity. 504 
 505 
Figure 5: pH traces of liposomes containing 1.3% of enzyme. Traces of pH change of 72 single 506 
liposomes, randomly selected, containing cytochrome bo3 (1.3% w/w) measured and analyzed 507 
during one experiment. From 0-60 s, no potential is applied (OCP); between 60 and 180 s (grey 508 
zone) -0.2 V vs. SHE; between 180 and 300 s, 0.4 V vs. SHE was applied. 509 
 510 
Figure 6: pH traces of liposomes containing 0.1% of enzyme. Traces of pH change of 72 single 511 
liposomes, randomly selected, containing cytochrome bo3 (0.1% w/w) measured and analyzed 512 
during one experiment. From 0-60 s, no potential is applied (OCP); between 60 and 180 s (grey 513 
zone) -0.2 V vs. SHE; between 180 and 300 s, 0.4 V vs. SHE was applied. 514 
 515 
Figure 7: pH traces of liposomes without enzyme. Traces of pH change of 72 single liposomes, 516 
randomly selected, without cytochrome bo3 measured and analyzed during one experiment. 517 
From 0-60 s: no potential is applied (OCP); between 60 and 180 s (grey zone) -0.2 V vs. SHE; 518 
between 180 and 300 s, 0.4 V vs. SHE was applied. 519 
 520 
Movie 1: Animation of single liposome pH change. (top panel) Change of a liposome 521 
fluorescence on two HPTS channels (shown as 3D-surface plot of the corresponding area) during 522 
300 s of the experiment. The reductive potential was applied between 60 s and 180 s. (bottom 523 
panel) Corresponding plot of volumetric intensity ratio of two HPTS channels versus time. The 524 
zone of reductive potential application is shaded in grey.  525 
 526 
DISCUSSION:  527 
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The method described is suitable to study proton pumping by respiratory membrane proteins 528 
that can be reconstituted into liposomes and are able to exchange electrons with the quinone 529 
pool. Proton pumping activity can be monitored at the single-enzyme level using pH-sensitive 530 
(ratiometric) dyes encapsulated in the liposome lumen (Figure 1A). 531 
 532 
The method relies on the ability of ubiquinone (or other quinones), incorporated into the lipid 533 
bilayer, to exchange electrons with electrodes modified with a SAM18. The properties of the gold 534 
electrode, modified with a SAM, are very specific. Liposomes need to adsorb onto the SAM and 535 
the SAM needs to be thin enough to enable rapid electrochemical oxidation and reduction of the 536 
quinone pool in the liposomes. Importantly, the interaction between the electrode and liposome 537 
needs to be weak enough not to impair the integrity of the lipid membrane. Furthermore, 538 
depending on the details of the experimental system, it is desirable if the SAM prevents gold-539 
catalyzed side reactions, such as oxygen reduction. Finally, the SAM needs to be stable within the 540 
potential window used. The use of ultra-flat gold electrodes modified with high-quality SAM of 541 
6MH fulfills these requirements in the case of cytochrome bo3. Stripping gold electrodes from 542 
atomically-flat silicon wafers creates an ultra-smooth gold surface with a near ideal SAM as 543 
indicated by the impedance spectra. Please note that we form the SAM from 6MH in water. We 544 
previously reported on SAMs with 6MH in isopropanol16, but these SAMs exhibit higher double-545 
layer capacitance values and impedance spectra that indicate a more heterogeneous surface (i.e., 546 
more defects) with a lower resistance. Furthermore, when SAMs from 6MH are prepared from a 547 
water solution, less background oxygen reduction (due to gold catalyzed oxygen reduction) is 548 
observed compared to SAMs formed from an ethanol/isopropanol solution. All these 549 
observations indicate that SAMs from 6MH in water solutions have a higher quality with less 550 
defects. Higher-quality SAMs can also be formed from thiol-compounds with longer alkane chains 551 
(e.g., 1-hydroxy-decane-thiol), but the electron transfer kinetics become slower as the SAM 552 
thickness increases. 553 
 554 
During (spectro)electrochemistry, chloride ions should be avoided in the buffer solution since 555 
they may chemosorb on the gold surface at high potentials, possibly deteriorating the SAM 556 
quality. For the same reason, a chloride-free reference electrode should be preferred. 557 
 558 
Another important point is the background permeability of the liposomes to protons, which 559 
should be low enough to allow proton accumulation as a result of enzymatic proton translocation 560 
on the timescale of experiment. The exact lipid composition may influence this permeability. In 561 
our work, we use polar E. coli lipid extracts supplemented with ubiquinone-10. Proton 562 
permeability has been shown to depend strongly on the fatty-acid chain length25, although this 563 
has been contradicted in studies with more complex lipid compositions26. Interestingly, 564 
ubiquinone has recently been shown to enhance membrane stability27. Finally, residual 565 
detergents from the protein reconstitution procedure can influence proton leakage and hence it 566 
is important to remove detergents as completely as possible using hydrophobic polystyrene 567 
microbeads, dilution followed by centrifugation and thorough rinsing of the electrochemical cell 568 
after the proteoliposomes are adsorbed on surface. If doubtful, liposome permeability can be 569 
verified by following the lumen pH change (via HPTS) in a response to an external pH jump28. 570 
 571 
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Single enzyme measurement require unilamelar liposomes and smaller liposomes are expected 572 
to show faster or higher pH changes as the lumen’s volume decreases. To achieve this, 573 
polystyrene microbeads are added gradually in small amounts leading to slow rate of liposomes 574 
formation. In such conditions, small liposomes of homogeneous size are formed with an average 575 
diameter of 70 nm and a polydispersity index of 0.24 in our case14. HPTS also adsorbs on the 576 
polystyrene microbeads, reducing the capacity of polystyrene microbeads to adsorb detergent. 577 
Hence, excess polystyrene microbeads should be added to compensate for its loss. Treatment 578 
with polystyrene microbeads was observed to reduce the HPTS concentration in the lipid-protein 579 
suspension by about a quarter (from 5 mM to 3 - 4 mM). However, the actual HPTS concentration 580 
in the liposome’s lumen might be higher since the liposomes are formed early on the treatment 581 
with polystyrene microbeads. Instead of HPTS, other pH-sensitive dyes can be used. However, it 582 
is important that the dye is membrane-impermeable and ratiometric. The latter avoids 583 
experimental errors due to photobleaching and varying amounts of encapsulated dye. 584 
 585 
Simple calculations can be made to estimate whether, stochastically, most of the non-empty 586 
liposomes contain only one enzyme molecule. Assuming an average liposome diameter of 70 nm, 587 
a lipid molecular weight of 750 Da and a lipid area of 0.65 nm2 gives us a liposome mass of 5.2x10-588 
17 g, i.e., 9.6x1013 liposomes per preparation (5 mg of lipid). At 0.1% of cytochrome bo3 (MW = 589 
144 kDa), 2x1013 enzyme molecules are present, corresponding to a 0.2 protein:liposome ratio. 590 
Using a Poisson distribution, one may further calculate that the probability to find one enzyme 591 
molecule (17%) per liposome is ten times higher than probability to find more than one molecule 592 
(1.7%). More precise calculations can be made if the losses of enzyme and lipids during the 593 
reconstitution determined from corresponding assays are taken into account. The latter can be 594 
estimated from a protein assay and by measuring FDLL fluorescence of prepared liposomes. 595 
 596 
Once the protocol is established and single enzyme traces are recorded, further modifications of 597 
the method is feasible depending on the aim. One might think about an enzyme inhibitor addition 598 
or introduction of an ionophore into the system. Care should be taken to verify that addition of 599 
solvents used to prepare ionophore or inhibitor stock do not influence the state of SAM or 600 
permeability of the liposomes.  601 
 602 
The technique as described here is limited to a particular group of enzymes that are both 603 
membrane proton transporters and quinone-converting. The equipment and experimental 604 
conditions as used here were optimized for the enzymatic activity of cytochrome bo3. Here, the 605 
time resolution is 2-3 seconds, determined by the exposure time and the time it takes for the 606 
turret to change filters. The duration of the experiment is limited by photobleaching of 607 
fluorescent dye and, thus, by the light intensity. We have previously found average proton 608 
translocation rate of cytochrome bo3 to be 73 ± 2.2 protons/s using this technique, although 609 
activities down to 20 protons/s were detected. To use these techniques for enzymes with either 610 
more or less activity, image acquisition parameters need to be adapted (i.e., light intensity, 611 
exposure time and duration of experiment). In the future, this method can be extended towards 612 
other electron transport driving proton pumping enzymes, an example being mitochondrial 613 
complex I. Other enzymes might require different reconstitution protocols, and this would need 614 
to be optimized for each different transporter. Proton pumps that are not quinone-converting 615 
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enzymes can also be studied, e.g., ATP-driven29, although in this case proton translocation cannot 616 
be triggered electrochemically, but addition of an initiator (e.g., ATP) is required. In the latter 617 
case, there is no need to use a gold-modified cover slip. Moreover, provided that a suitable 618 
membrane-impermeable and ion-sensitive fluorescent dye is used, this method can be extended 619 
to other ionic pumps, e.g., sodium and potassium. 620 
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Name of Material/ Equipment Company Catalog Number

6-Mercapto-1-hexanol (6MH) Sigma 451088

8-hydroxypyrene-1,3,6-trisulphonic acid (HPTS) BioChemika 56360

Aluminium holder (Electrochemical cell) Custom-made

Auxiliary electrode

Chloroform VWR Chemicals 83627

E.coli polar lipids Avanti 100600C

Epoxy EPO-TEK 301-2FL

Fiji (ImageJ 1.52d)

Filter cube ("ATTO633") Chroma Technology Corporation

Filter cube ("HPTS1") Chroma Technology Corporation

Filter cube ("HPTS2") Chroma Technology Corporation

Filter cube ("Texas Red") Chroma Technology Corporation

Fluorescent dye-labelled lipids (FDLL) ThermoFisher Scientific T1395MP

Fluorescent dye-labelled lipids (FDLL) (alternative) ATTO-TEC AD 633-161

Gel filtration column GE Healthcare 28-9893-33

Glass coverslips VWR International 631-0172

Glass syringe Hamilton 1725 RNR

Glass vials Scientific Glass Laboratories Ltd T101/V1

Gold GoodFellow

Gramacidin Sigma G5002

Mercury sulfate reference electrode Radiometer (Hash) E21M012

Microcentrifuge Eppendorf Minispin NL040

Microscope Nikon Eclipse Ti

Microscope Camera Andor Zyla 5.5 sCMOS

Microscope Lamp Nikon Intensilight C-HGFI

NIS-Elements AR 5.0.2 Nikon

n-Octyl β-D-glucopyranoside Melford Laboratories B2007

Nova 1.10 Metrohm

Objective Nikon Plan Apo λ 60x/1.4 oil

OriginPro 2017 OriginLab

O-ring (Electrochemical cell) Orinoko

Plastic tubes Eppendorf 3810X
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Polystyrene microbeads Bio-RAD 152-3920

Potentiostat Metrohm Autolab PGSTAT 128N

Potentiostat CH Instruments CHI604C

Scripting software Matlab R2017a

Silicon wafers IDB Technologies LTD Si-C2 (N<100>P)

Teflon cell (Electrochemical cell) Custom-made

Temple-Stripped Ultra-Flat Gold Surfaces Platypus Technologies AU.1000.SWTSG

Thin micropipette tips Sarstedt 70.1190.100

Ubiquinone-10 Sigma C-9538

Ultracentrifuge Beckman-Coulter L-80XP

Ultrasonic bath Fisher Scientific FB15063



Comments/Description

97%

30x30x7 mm; inner diameter: 26 mm; hole diameter: 15 mm

platinum wire

25 mg/mL in chloroform

low fluorescence epoxy

Required plugins: StackReg and TurboReg (http://bigwww.epfl.ch/thevenaz/stackreg/)

Ex: 620/60 nm; DM: 660 nm; Em: 700/75 nm

Ex: 470/20 nm; DM: 500 nm; Em: 535/48 nm

Ex: 410/300 nm; DM: 500 nm; Em: 535/48 nm

Ex: 560/55 nm; DM: 595 nm; Em: 645/75 nm

TexasRed-DHPC was used in this work (λexc 595 nm; λem 615 nm)

ATTO633-DOPE can be used as alternative (λexc 630 nm; λem 651 nm)

HiLoad 16/600 Superdex 75 pg, for additional protein purification

No 1.5

250 µL

1.75 mL capacity

99.99%

Microscope acquisition software

Potentiostat control software

Plotting software

Inner diameter: 16 mm; cross section: 1.5 mm

1.5 mL



Biobeads, 20-50 mesh

Required toolboxes: 'Image Processing Toolbox', 'Parallel Computing Toolbox', 'Curve Fitting Toolbox', 'System Identification Toolbox', 'Optimization Toolbox'

Ø 25 mm, 525 um thick

Outer diameter: 26 mm; inner diameter: 13.5 mm

Alternative ready-to-use ultra-flat gold surfaces (Thickness below 100 nm on demand)

or similar gelloader tips 200 µL

with Ti 45 rotor





Required toolboxes: 'Image Processing Toolbox', 'Parallel Computing Toolbox', 'Curve Fitting Toolbox', 'System Identification Toolbox', 'Optimization Toolbox'
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Editorial comments: 

 

1. The editor has formatted the manuscript to match the journal's style. Please retain the same. 

We have kept the formatting. 

 

2. Please address all the specific comments marked in the manuscript. 

We have addressed all the comments mentioned in the manuscript. Please, see the replies to these 

comments as well as tracked changes in the manuscript. 

 

3. For the units please use the format mg/mL and not mg/ml or mg ml-1. 

We have changed all the units according to suggestions. 

 

4. Please combine some action steps so there are 2-3 actions per step in order to have a 2.75-page 

limit highlight. 

We have merged steps 2.5.1-2.5.4 into a single step 2.6 and now adhere to the 2.75-page highlight 

limit. 

 

5. Figure 1: Please remove the word teflon. 
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