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Abstract

One challenge in studying the function of membrane-embedded proteins is determining the 

orientation of key domains in the context of the changing and dynamic membrane environment. 

We describe a confocal microscopy setup that utilizes external electric field pulses to direct 

dipicrylamine (DPA) to a membrane leaflet. The detection of FRET between DPA and a 

fluorescent probe attributes it to the inner or outer leaflet of a membrane. By utilizing short 

acquisition times and confocal imaging, this attribution could be made even in changing 

membrane environments. Our setup adds versatility to the study of the biological activity of 

membrane-embedded proteins.
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INTRODUCTION

Membrane-inserted proteins are key components in various cellular processes including 

signal transduction, cell-cell adhesion, and the import and export of cellular components. 

Determining the orientation of transmembrane domains of these proteins is critical to the 

understanding of their function1,2. The preparation of membranes selectively enriched with 

small molecule reporters on either the inner or outer leaflet has been utilized to identify 

which portion of the protein is in the intra- or extracellular side3-5. Recently, Dipicrylamine 

(DPA), a non-fluorescent lipophilic anion, has been used to preferentially occupy either 

leaflet6,7. DPA can act as a FRET acceptor through dipolar interactions with fluorescent 

dyes conjugated to specific locations in an embedded protein. It can be targeted to the inner 
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or outer leaflet of a membrane by applying an electric field8,9. Therefore, a loss of 

fluorescent signal associated with a certain polarity of the electric field can indicate the 

leaflet where this specific site on a protein resides. This control over the differentiation of 

the inner and outer leaflets of these membranes has been applied to determining the 

orientation of transmembrane domains in pore-forming proteins embedded in lipid bilayer 

systems9,10. Biological membranes, however can undergo dramatic changes that can induce 

the formation of microdomains in response to stimuli, which can act as a scaffold to form 

protein complexes11. A bulk or average measurement of the conformation of proteins over 

large areas of the membrane may not be sufficient to characterize their biological activity. 

Therefore, we demonstrate a method that utilizes DPA with added versatility to extract 

details about the orientation of transmembrane domains from small regions of interest that 

can be associated with different morphological features on synthetic or biological 

membranes in a matter of seconds.

Figure 1 illustrates how changes in the signal from a fluorophore due to FRET with DPA 

can be used to identify which leaflet it occupies. DPA can diffuse freely in the core of the 

membrane environment where a fluorophore is embedded in a particular leaflet, Figure 1A. 

The application of a pulsed electric field causes DPA to migrate parallel with the direction 

of the field. Depending on the orientation of the membrane with the electric field, Figure 1B, 

the intensity of the fluorophore can change differently, Figure 1C. The location of DPA does 

not change in regions perpendicular to the electric field, therefore the intensity of the 

fluorophore will not be affected. The geometric orientation of the membrane environment is 

determined from confocal images to correctly interpret changes in intensity as a function of 

the applied electric field.

With an appropriate electrodes setup we established a geometric dependence of the electric 

field relative to a membrane environment. This was confirmed using Di-8-ANEPPS, a fast 

responding electrochromic dye, as a reporter of membrane potential. This electric field 

correctly manipulated DPA in live cells to identify fluorophores preferentially populated in 

the inner and outer leaflet of the plasma membrane. Finally, the orientation of a 

transmembrane domain of the pore-forming protein, Bax, was determined in giant 

unilamellar vesicles (GUV). Bax is a pro-apoptotic member of the Bcl-2 family of proteins 

that creates pores in the outer-mitochondrial membrane (OMM) at the onset of apoptosis12. 

While there have been studies that have extracted structural information about membrane-

embedded Bax12-15, the orientation of certain helices within a membrane environment have 

been difficult to determine without imposing some assumptions. Our setup is able to rapidly 

assign an orientation of a transmembrane helix within small regions of interest on the vesicle 

free of assumptions with a minimal number of experiments. These results illustrated the 

added versatility and clarity in studying membrane-embedded proteins using this approach.

MATERIALS AND METHODS

A detailed description of the materials and methods can be found in the “Supplementary 

Information”.
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RESULTS AND DISCUSSION

It is important to first establish that we could generate an electric potential that varies as a 

function of location on the membrane. The Di-8-ANEPPS, a fast responding electrochromic 

dye, is a good reporter for membrane potential16 and is ideal for this application. Figure 2 

demonstrates the dependence of a Di-8-ANEPPS fluorescence on our applied electric field 

detected by confocal microscopy. The magnitude and the spatial distribution of field induced 

transmembrane potential (Δφi) can be measured using Di-8-ANEPPS embedded in the 

outer-membrane of PC12 cells. Electric field effects on the fluorescence intensity are 

represented as a fractional fluorescence change, ΔF/F. ΔF is defined as (FS-F), where FS is 

the mean fluorescence in the presence of the electric field and F is the mean fluorescence 

before the application of the field.

The dye exhibits an increase or decrease in fluorescence intensity following hyperpolarizing 

and depolarizing pulses, respectively. Figure 2A shows a fluorescence image of a PC12 cell 

stained with Di-8-ANEPPS. The relative positions of the electrodes, (+), and (-) are as 

shown on the top of the image panel, along with the direction of the electric field, E. The 

position marked X on the cell membrane indicates the approximate location of a spot image 

scan, and serves as a reference for angular measurements. The angle θ at position X is set to 

0, and other locations on the membrane are referenced going in a clockwise direction from 

0° to 360°. Figure 2B shows single trace optical responses to an applied field of 166 V/cm, 

and a pulse-width of 20 ms for select locations on the membrane. The locations of the image 

scans are indicated with θ values. At θ = 0° and 180° the fractional fluorescence changes, 

ΔF/F, were the highest at 0.345 and − 0.222, respectively. At positions perpendicular to the 

field (θ=90°, 270°), where the induced membrane potential Δφi =0, almost no responses 

were observed, as expected. Figure 2C shows the timing diagram for the experiment. When 

image acquisition is initiated, an external circuit creates a delay that can be varied between 

50-100 ms prior to creating a trigger pulse that will be used to initiate an electric discharge 

with a duration of 20 ms across the cell. This way, spot-acquired images can be 

synchronized with pulsed electric fields.

The fractional changes in fluorescence around the cell surface under a constant applied field 

are plotted in Figure 2D left panel. Angular dependence of the magnitude of the field-

induced membrane potential can be computed from the function17-19, Δφ 

(θ)=3/2•a•E•cos(θ), where a, E, and θ, are the cell radius, applied field, and solid angle 

between field direction and membrane surface, respectively. In Figure 2D right panel we 

have plotted the fractional fluorescence change against the computed induced potential at 

various positions on the cell surface. Error bars represent standard errors, n=3. A least-

squares fit of the data shows a percentage change in fluorescence per 100 mV of induced 

potential of 16.9% - a value significantly better than previous reports of ~13% per 100 mV16 

and attests to the sensitivity of the optical response achieved with our current system.

To test whether our setup can determine a donor fluorophore’s location at the inner-

membrane leaflet, we used PC12 cells transfected with a plasmid encoding for farnesylated 

monomeric enhanced GFP (mEGFP-F) as a model system, where the farnesyl moiety targets 
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the fluorophore to the inner leaflet of the cell membrane. Figure 3A is the fluorescence 

image of mEGFP-F expressing cell.

The electrode locations are shown on the top corners of image panel and data were collected 

at the approximate positions marked (+) and (x) on the cell membrane corresponding to 

locations of maximum potential drop. Figure 3B is a bright field image of the same field of 

view as in Figure 3A and Figure 3C shows the structure of mEGFP-F (not in scale). In the 

absence of DPA, no change in fluorescence was observed after applying a 20 ms pulse of 

166 V/cm electric field (Figure 3D). This response confirms that the donor fluorophore has 

no intrinsic sensitivity to the induced membrane potential. In Figure 3E, the cell was 

incubated with 10 µM DPA for ~ 5 minutes and exposed to the same field conditions. The 

optical signals observed are consistent with a field-dependent translocation of DPA away 

from the donor at the positive electrode-facing hemisphere, and towards the donor at the 

negative electrode-facing hemisphere, thereby accurately identifying the membrane leaflet 

to which the donor fluorophore is associated. Figure 3F shows averages of three single trace 

recordings under the same conditions as in Figure 3E. The fractional fluorescence changes, 

ΔF/F = 0.073±0.008 at position (+) (S/N = 2.13) and ΔF/F = −0.117 ±0.009 at position (x) 

(S/N=3.5). Figure 3G shows absence of FRET signals at membrane locations perpendicular 

to the applied field, (Δφi = 0) and thus supports that the data shown in Figures 3E-F is due to 

field dependent DPA mobility. Loss of FRET also resulted at positions marked (×) and (+) 

in Figure 3A by permeabilizing the cell membrane in 0.05% Triton X-100 solution to 

prevent the buildup of induced membrane potential (data not shown).

Following a similar procedure discussed above, the location of a donor fluorophore on the 

outer-membrane leaflet was probed using the lipophilic membrane stain FM1-43. FM1-43 

has been shown to not cross the membranes and thus labels only the outer membrane 

leaflet20,21. Figure 4A shows the fluorescence image of a PC12 cell labeled with 1 µM of 

FM1-43 (structure shown in Figure 4B).

As expected, no optical signal is observed in the absence of DPA (Figure 4C). The single 

trace FRET response in the presence of DPA is shown in Figure 4D; the signals acquired 

were opposite of those shown in Figure 4E, thus localizing the donor fluorophore on the 

outer membrane leaflet. Average of single traces (n=3) is shown in Figure 4E, with ΔF/F = 

−0.166±0.016 (S/N = 4.7) at position (+) and ΔF/F = 0.165±0.0143 (S/N = 4.8) at position 

(x). The fractional fluorescence change was more robust in this case, than for the mEGFP-F 

labeled cells, probably due to the closer location of FM1-43 to the membrane interface than 

would be expected for the farnesylated mEGFP construct.

After verifying that this confocal setup can correctly identify fluorescent probes that 

preferentially occupy inner-and outer-leaflets in membranes, this setup was also used to 

determine the orientation of helix six in membrane embedded protein Bax in GUVs. Single 

cysteine variants of Bax were conjugated to the FRET donor, AlexaFluor546, on the N- and 

C-terminal ends of helix six, Cys126 and Arg145Cys, respectively, using previously 

described methods22. These variants rapidly inserted to the GUVs when tBid was present. 

The truncated version of the protein Bid (tBid) by caspase-8 was shown to be necessary to 
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activate Bax for incorporation into artificial membranes23. Figure 5 shows the vesicles being 

held stationary by the Micropipette Cell Holder.

To determine which leaflet Cys126 and Arg145Cys occupies, two 20 ms pulses of opposite 

polarity were applied in succession. In Figure 5C, two signals are observed resulting from 

these two pulses. However, the sign of these two signals are different for these two mutants. 

Cys126 can be identified as occupying the inner-leaflet because of the positive then negative 

signal, while Arg145Cys occupies the outer-leaflet because of the reverse sign of the signal 

at the same polarity of the electric field. The lower intensity of the signal from the second 

pulse can be attributed to the re-equilibration of DPA when the polarity of the pulse inverts. 

This orientation is consistent with a previously proposed model24 that used a cysteine-

scanning method. Interestingly, another study has proposed a different orientation of this 

helix also using a cysteine-scanning method13. Using this setup, our work unambiguously 

assigns the orientation of helix six in a rapid measurement using only two samples. In 

addition, since Bax has been shown to fragment the OMM12 and these measurements were 

taken rapidly before such pores were formed, we were also able to capture early membrane 

insertion events of Bax. It is possible that different mitochondrial environments were 

analyzed, which could explain the discrepancy in the two previously published studies. In 

our approach, if membrane topology were to undergo changes, the relative orientation of the 

electric field can be adjusted. As a result, a re-orientation of transmembrane domains could 

be detected. The short acquisition time and the ability to measure at a specific location on 

the membrane that are implemented in our method can provide flexibility in studying 

morphological changes in a membrane environment. Such data can complement additional 

structural information to give a more complete picture of the biological activity of 

membrane-embedded proteins.

CONCLUSIONS

We have described a fast and accurate optical identification of fluorophores located on the 

cis and trans-facing membrane leaflets using DPA as a FRET acceptor. Modulation of the 

membrane potential, that directs the DPA to a specific membrane leaflet, can be attained by 

application of an external electric field that is easily synchronized with an imaging system. 

Our method could be used to probe the topologies of fluorophore-labeled plasma membrane 

proteins and peptides in live cells and synthetic membrane systems. While there are 

challenges in delivering proteins with fluorophores attached to a specific site into live cells, 

there have been studies that have successfully delivered modified proteins into live cells 

while retaining their full function22,25. To illustrate the significance, we applied our setup to 

determine the orientation of helix six in membrane embedded Bax and address a discrepancy 

in the determination of this pore-forming helix. This discrepancy can be attributed to a 

changing membrane environment. We demonstrated that the added versatility in our method 

allowed probing of structural conformation at precise locations on a time scale conductive to 

studying dynamic membrane environments. Our approach can be utilized to investigate a 

variety of other systems that encounter changing membrane morphology.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Determining the orientation of macromolecules in a membrane is very difficult.

• Integrating a confocal microscope with a pulsed electric field is a powerful 

solution.

• This setup can determine the orientation of molecules rapidly with spatial 

specificity.

• The orientation of a transmembrane helix in a pore forming protein was 

determined.

• This approach can be applied to a variety of systems including live cells.
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Figure 1. 
(A, left) Equilibrium distribution of a donor fluorophore (red dot) on the outer membrane 

leaflet and dipicrylamine (DPA –purple dot) in the absence of an external field, E=0. (right) 

After the application of a pulsed electric field, E=Ej, DPA preferentially migrates to a 

leaflet. (B) Change in the distance between the fluorophone (red objects) and DPA (blue 

objects) in various locations as indicated in panel A before (a-c) and after (d-f) the 

application of the pulsed electric field. (C) The fluorescence intensity (F.I.) of the 

fluorophore will be affected by changes in the DPA location due to FRET. When its distance 

to the DPA is closer (as in d), the intensity goes down. An increase in its intensity, however 

can be observed, as DPA moves further (as in f) from its equilibrium position. Dotted lines 

show changes in intensity if the fluorophore was on the opposite leaflet.
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Figure 2. 
(A) Fluorescence image of a PC12 cell stained with Di-8-ANEPPS. The polarity of the 

electric field E, is indicated by “+” and “−“ signs. Fluorescent signals were collected at 

certain points around the membrane of the cell at an angle, θ, relative to a reference point, 

“×”. Scale bar = 10 µm (B) Single trace optical signals at select positions on the membrane. 

Horizontal scale bar = 10 ms, and vertical scale bar = 20% in ΔF/F. (C) Timing diagram for 

signal acquisition and pulse application. (D) ΔF/F along the cell membrane for an applied 

field of constant amplitude at different orientations relative to the electric field. An angular 

dependence of ΔF/F was observed (left) as well as a 16.9% change in signal response per 

100 mV of induced transmembrane potential, ΔΦi (right). Error bars represent standard 

errors, n=3.
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Figure 3. 
(A) Fluorescence image of a PC12 cell transfected with a plasmid encoding for farnesylated 

monomeric enhanced green fluorescent protein, mEGFP-F, where the farnesyl moiety 

targets GFP to the inner leaflet of the cell membrane. The direction and polarity of the 

electric field, E, is indicated by the arrow and the “+” and “−“ sign, respectively. (B) Bright 

field image of A. Scale bar = 10 µm. (C) Structure of mEGFP-F. (D-G) Data collected at 

positions marked (+), (anodic-facing) and (x), (cathodic-facing) hemispheres of the cell 

membrane. No effect on the fluorescence is observed if DPA is not added to the membrane 

(D), but opposite changes in the signal is observed when DPA is incorporated into the 

membrane as expected (E). An average of three independent traces of fluorescence intensity 

(F) shows consistent FRET effect confirming the location of the mEGFP-F on the inner 

membrane leaflet and consequently an electric field oriented orthogonal to the movement 

between leaflets shows no change in signal even if DPA is present (G).
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Figure 4. 
(A) Fluorescence image of PC12 cell labeled with 1 µM of FM1-43. Data are collected at 

positions marked (+) and (×) on the cell membrane. Scale bar = 10 µm. The polarity of the 

electric field, E, is indicated by the “+” and “−“ signs. (B) Structure of FM1-43. (C) Optical 

response in the absence of DPA. (D) Optical response in the presence of 10 µM DPA. (E) 

Averaged signal for experimental conditions as in [D], n=3. E=166 V/cm, pulse width = 20 

ms in traces [C]-[E].
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Figure 5. 
(A) Wide-field image of a GUV that contains tBid, DPA, and fluorescence labeled Bax held 

in place by a Cell Holder Unit. The “×” indicates the approximate region where the 

fluorescent signal on the membrane was acquired. (B) Structure of Bax (PDBID: 1F16) 

where the Cα atoms of Cys126 (black) and Arg145 (red) are shown on helix six (green). (C) 

Signals from a point scan in A for Cys126 (Black) and Arg145Cys (Red). The two electric 

pulses that give rise to these signals is drawn below.
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