
Communication

The Rockefeller University Press  
J. Gen. Physiol. 2018 Vol. 150 No. 2  355–365
https://doi.org/10.1085/jgp.201711893

355

Jo
u

rn
al

 o
f 

G
e

ne
ra

l 
P

hy
si

o
lo

g
y

I n t r o d u c t i o n

Passive dilution is a straightforward method for mea-
suring protein self-assembly reactions. For water-soluble 
proteins, this is an easy experiment to carry out because 
one simply dilutes the sample with buffer to drive the 
reaction toward dissociation. For membrane proteins, 
the exact same experiment becomes inherently chal-
lenging, because the protein is now solvated in a two-di-
mensional lipid bilayer. Methods for rapidly diluting 
membranes do not exist because lipids or vesicles added 
to the bulk do not spontaneously incorporate into pre-
formed lipid bilayers. Adding to the challenge, mem-
branes occupy a small fraction of the sample volume, 
and so the protein signal is considerably lower, limiting 
the use of bulk detection methods. Therefore, special 
considerations must be made in order to overcome 
these hurdles to study membrane–protein reactions in 
membranes by passive dilution approaches.

To address these issues, we developed a single-mol-
ecule approach that uses fluorescence microscopy 
to examine the equilibrium protein population in 
large membranes (Chadda et al., 2016; Chadda and 
Robertson, 2016). In this method, referred to as the 

subunit-capture approach, the protein is incubated 
in large multilamellar vesicles (MLVs), which are 
then fractionated by extrusion forming a population 
of smaller vesicles. Each liposome traps zero, one, 
two, or more of the fluorescently labeled subunits 
based on their prior proximity in the membrane, and 
this occupancy is counted by single-molecule pho-
tobleaching analysis. The probability distribution of 
photobleaching steps is calculated from hundreds 
of vesicles, representing a fluorescent version of the 
Poisson distribution of protein reconstitution. This 
distribution depends on the protein density in the 
membrane, the size of the liposome compartments, 
and the population of oligomeric states that existed 
in the MLV membranes, with the latter containing 
information about the equilibrium constant of pro-
tein association. Recently, this method was used to 
measure the equilibrium dimerization reaction of 
the CLC-ec1 Cl−/H+ antiporter for the WT protein, 
as well as the destabilization caused by addition of 

The thermodynamic reasons why membrane proteins form stable complexes inside the hydrophobic lipid bilayer 
remain poorly understood. This is largely because of a lack of membrane–protein systems amenable for 
equilibrium studies and a limited number of methods for measuring these reactions. Recently, we reported the 
equilibrium dimerization of the CLC-ec1 Cl−/H+ transporter in lipid bilayers (Chadda et al. 2016. eLife. https​://doi​
.org​/10​.7554​/eLife​.17438), which provided a new type of model system for studying protein association in 
membranes. The measurement was conducted using the subunit-capture approach, involving passive dilution of 
the protein in large multilamellar vesicles, followed by single-molecule photobleaching analysis of the Poisson 
distribution describing protein encapsulation into extruded liposomes. To estimate the fraction of dimers (FDimer) 
as a function of protein density, the photobleaching distributions for the nonreactive, ideal monomer and dimer 
species must be known so that random co-capture probabilities can be accounted for. Previously, this was done 
by simulating the Poisson process of protein reconstitution into a known size distribution of liposomes composed 
of Escherichia coli polar lipids (EPLs). In the present study, we investigate the dependency of FDimer and ΔG° on 
the modeling through a comparison of different liposome size distributions (EPL versus 2:1 POPE/POPG). The 
results show that the estimated FDimer values are comparable, except at higher densities when liposomes become 
saturated with protein. We then develop empirical controls to directly measure the photobleaching distributions 
of the nonreactive monomer (CLC-ec1 I201W/I422W) and ideal dimer (WT CLC-ec1 cross-linked by glutaraldehyde 
or CLC-ec1 R230C/L249C cross-linked by a disulfide bond). The measured equilibrium constants do not depend 
on the correction method used, indicating the robustness of the subunit-capture approach. This strategy 
therefore presents a model-free way to quantify protein dimerization in lipid bilayers, offering a simplified strategy 
in the ongoing effort to characterize equilibrium membrane–protein reactions in membranes.
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a tryptophan at the dimerization interface (I422W, 
“W”; Chadda et al., 2016).

The subunit-capture approach of trapping protein 
into liposomes has several advantages beyond study-
ing the protein in planar bilayers. First, the act of lipo-
some formation captures the equilibrium distribution 
in the MLV membrane, analogous to a rapid, irrevers-
ible cross-linking event. Although it is possible that the 
oligomeric state of the protein could change after cap-
ture, this does not affect the measured photobleaching 
distribution. Therefore, this method allows us to freeze 
the state of the protein in time, separating it from the 
actual imaging step, and making it significantly easier 
to examine membranes under different experimental 
conditions. Second, the liposomes used in these stud-
ies can be loaded onto the slide at high density with-
out rupture, increasing the likelihood of observing a 
protein at the lowest density limit. This enables a wide 
dynamic range of densities (from 10−9 to 10−5 subunits/
lipid) that can be studied using this approach. Finally, 
examination of the protein by photobleaching analysis 
provides a rigorous method of counting all protein sub-
units. This serves as an important quality control step 
that also informs on potential aggregation, observed as 
an increase in liposomes with more than three steps, 
which can easily confound equilibrium membrane–
protein reactions.

However, the subunit-capture approach is not without 
its own challenges. First and foremost, it requires a pri-
ori information about the capture process in order to 
properly quantify the protein population. Although it is 
straightforward to measure protein stoichiometry at low 
dilutions where the majority of liposomes are unoccu-
pied (Fang et al., 2007; Walden et al., 2007; Robertson 
et al., 2010; Stockbridge et al., 2013), at higher densi-
ties, there is a significant probability of random co-cap-
ture of subunits. Following the Poisson distribution, an 
increase in density leads to an increase in multioccu-
pied liposomes by chance alone, reporting a false signal 
of oligomerization. This has previously been referred 
to as “artifactual togetherness” or “forced cohabitation” 
and has been shown to occur for membrane proteins 
in detergent micelles (Tanford and Reynolds, 1976; 
Kobus and Fleming, 2005). One way of correcting this 
is to simulate the Poisson process of fluorescent-subunit 
capture into liposomes to generate the expected photo-
bleaching distributions for nonreactive monomer and 
dimer populations (Chadda et al., 2016). As long as the 
fluorescent labeling yield is known, this is straightfor-
ward to simulate, but it requires knowledge about the 
liposome size distribution. Because liposome popula-
tions are often heterogenous (Walden et al., 2007), this 
must be measured experimentally by a high-resolution 
method such as cryo-electron microscopy (cryo-EM). 
This adds a technically challenging step to the ap-
proach, which must be conducted every time a new 

experimental condition is investigated, such as tempera-
ture or lipid composition. It is also not clear whether a 
single measurement of the liposome distribution is suf-
ficiently precise to allow for a robust determination of 
the equilibrium constant. To address these issues, the 
dependency of the equilibrium constant on variations 
in the liposome size distributions is investigated, com-
paring the previous liposome distribution comprised 
of Escherichia coli polar lipids (EPLs; Walden et al., 
2007) to a new distribution measured from 2:1 POPE/
POPG liposomes. In addition, empirical, nonreactive 
monomer and dimer controls are developed based 
on the CLC-ec1 scaffold, presenting a model-free op-
tion for quantifying membrane–protein dimerization. 
Analysis of CLC-ec1 association using either correction 
method yields comparable values for the free energy 
of dimerization, demonstrating the robustness of the 
subunit-capture approach for quantifying equilibrium 
protein association in membranes.

M at e r i a l s  a n d  m e t h o d s

The bulk of the methods used in this study follow those 
reported in Chadda et al. (2016). Details of experi-
ments specific to this study are outlined here.

Equilibrium dimerization in membranes
Equilibrium protein dimerization provides a sim-
ple model for studying the thermodynamics of pro-
tein self-assembly in membranes. In this reaction, two 
monomers (M) bind resulting in a dimer (D) complex 
in the membrane:

	​ M + M  ⇌  D,​� (1)

with an equilibrium constant of the reaction defined as

	​​ K​ eq​​  =    ​ 
​χ​ D​ * ​
 _____ 

​​(​​ ​χ​ M​ * ​​)​​​​ 
2
​
 ​.​� (2)

As the proteins are primarily solvated by lipids, the pro-
tein density is represented as the reactive mole fraction, 
χ*, of each protein species (M or D):

	​​ χ​​ *​  = ​  1 __ 2 ​​(​ 
​N​ protein​​ ___________ ​N​ protein​​ + ​N​ solvent​​

 ​)​~​ 1 __ 2 ​​(​ 
​N​ protein​​ ______ ​N​ solvent​​

 ​)​.​� (3)

Reconstitution of CLC-ec1 by dialysis leads to randomly 
oriented protein in the lipid bilayer (Matulef and 
Maduke, 2005; Garcia-Celma et al., 2013). Here, we as-
sume that dimerization only occurs between oriented 
subunits and hence use the reactive mole fraction, χ* 
subunits/lipid, which is equivalent to the reconstituted 
mole fraction χ subunits/lipid divided by 2. Note, that 
the mole fraction simplifies to the mole ratio at dilute 
conditions (Nsolvent >> Nprotein).

The equilibrium constant of the reaction is sim-
ply obtained by diluting the protein with solvent and 
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measuring the fraction of protein in the dimer state  
(FDimer). For an equilibrium reaction, this will follow the 
dimerization isotherm:

	​​ F​ Dimer​​  = ​ 
1 + 4 ​χ​​ *​ ​K​ eq​​ − ​√ 

_________
 1 + 8 ​χ​​ *​ ​K​ eq​​ ​
  _______________  

4 ​χ​​ *​ ​K​ eq​​
 ​ .​� (4)

Thus, plotting FDimer versus χ* yields Keq and the under-
lying free energy of dimerization, ΔG° = −RTln(Keqχ°), 
where χ° = 1 subunit/lipid represents the mole fraction 
standard state.

The lower-density limit in MLVs
A vesicle with a diameter of 10 µm has a surface area 
of 4πr2 ∼ 300 µm2 = 3 × 108 nm2. Using Alipid = 0.6 nm2, 
this means that each leaflet contains 5 × 108 lipids, with 
the entire bilayer containing 10−9 lipids. Therefore, the 
lower mole fraction limit is >2 subunits/109 lipids, χ = 2 
× 10−9 subunits/lipid (χ* = 10−9 subunits/lipid).

Cryo-EM measurements of liposome size distributions
Liposomes were freeze-thawed seven times, incubated 
at room temperature, and then extruded through a 
400-nm nucleopore filter (GE Life Sciences) 21 times 
before sample freezing. 3  µl of the undiluted sample 
was loaded onto glow-discharged Lacey carbon sup-
port films (Electron Microscope Sciences), blotted, 
and plunged into liquid ethane using a Vitrobot System 
(FEI). Images were collected at 300 kV on a JEOL 3200 
fs microscope with a K2 Summit direct electron detector 
camera (GAT​AN). Magnifications of 15,000 and 30,000 
were used. For size determination, liposomes were 
manually outlined in Fiji and ImageJ (Schindelin et al., 
2012; Schneider et al., 2012) to measure the outer radii 
of all liposomes, including those located on the carbon. 
The normalized frequency histograms were averaged 
from two independent preparations (samples sizes, 140 
and 686), and the mean ± SD is reported in Table 1.

Cross-linking of “WT” C85A/H234C CLC-ec1
For SDS-PAGE, glutaraldehyde (Sigma-Aldrich) was 
added to 8 µM WT in size exclusion buffer (150 mM 
NaCl, 20  mM MOPS, pH 7.5, 5  mM analytical-grade 
DM; Anatrace), for a final concentration of glutaral-
dehyde of 0.4% wt/vol (∼40  mM). The reaction was 
allowed to proceed for 8 min, after which 10× Tris or 
glycine buffer was added to quench the reaction. For 
reconstitution, WT protein on the C85A/H234C back-
ground was labeled with Cy5-maleimide as described 
previously and then cross-linked with glutaraldehyde 
and quenched before reconstitution into 2:1 POPE/
POPG liposomes (Avanti Polar Lipids). For the R230C/
L249C disulfide cross-linked construct (Nguitragool 
and Miller, 2007), mutations were added to the C85A/
H234C background using a QuikChange II site-directed 
mutagenesis kit (Agilent Technologies). Purification 

was performed as described previously (Chadda et al., 
2016) in the presence of 1 mM TCEP until the size ex-
clusion chromatography (SEC) purification step. La-
beling and reconstitution was performed as before. All 
samples were run on nonreducing gels. For DTT reduc-
tion, 10 µM protein was incubated with 100 mM DTT 
at 30°C for 1 h.

Table 1. R adius and fractional surface area distribution of 
400-nm 2:1 POPE/POPG liposomes

Bin range Pradii SD FSA SD

nm
5–10 0.000 0.000 0.000 0.000
10–15 0.014 0.020 0.002 0.000
15–20 0.071 0.061 0.005 0.002
20–25 0.163 0.109 0.051 0.065
25–30 0.179 0.142 0.091 0.120
30–35 0.151 0.102 0.106 0.136
35–40 0.076 0.037 0.067 0.083
40–45 0.042 0.009 0.043 0.049
45–50 0.046 0.016 0.043 0.040
50–55 0.027 0.012 0.030 0.025
55–60 0.025 0.025 0.020 0.003
60–65 0.007 0.000 0.015 0.016
65–70 0.005 0.003 0.008 0.006
70–75 0.011 0.015 0.007 0.010
75–80 0.011 0.014 0.012 0.006
80–85 0.014 0.020 0.012 0.017
85–90 0.008 0.009 0.012 0.002
90–95 0.007 0.010 0.008 0.011
95–100 0.000 0.000 0.000 0.000
100–105 0.007 0.010 0.010 0.014
105–110 0.011 0.014 0.024 0.011
110–115 0.004 0.005 0.006 0.008
115–120 0.007 0.010 0.013 0.018
120–125 0.000 0.000 0.000 0.000
125–130 0.021 0.030 0.045 0.063
130–135 0.007 0.010 0.016 0.023
135–140 0.014 0.020 0.035 0.049
140–145 0.004 0.005 0.009 0.013
145–150 0.011 0.015 0.030 0.042
150–155 0.008 0.009 0.038 0.007
155–160 0.007 0.010 0.023 0.032
160–165 0.004 0.005 0.012 0.017
165–170 0.004 0.005 0.013 0.018
170–175 0.004 0.005 0.014 0.020
175–180 0.004 0.005 0.015 0.021
180–185 0.004 0.005 0.015 0.022
185–190 0.004 0.005 0.016 0.023
190–195 0.004 0.005 0.017 0.024
195–200 0.007 0.010 0.036 0.051
200–205 0.000 0.000 0.000 0.000
205–210 0.000 0.000 0.000 0.000
210–215 0.004 0.005 0.021 0.030
215–220 0.001 0.001 0.034 0.048
220–225 0.000 0.000 0.000 0.000
225–230 0.000 0.000 0.000 0.000
230–235 0.000 0.000 0.000 0.000
235–240 0.000 0.000 0.000 0.000
240–245 0.000 0.000 0.000 0.000
245–250 0.000 0.000 0.000 0.000
250–255 0.004 0.005 0.030 0.042
255–260 0.000 0.000 0.000 0.000
Sums 1 1
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Calculation of FDimer

For a homogeneous liposome population with a single 
protein species, the statistics of subunit capture is de-
scribed by the Poisson distribution:

	​​ F​ n​​  = ​  ​λ​​ n​ ​e​​ −λ​ ____ n ! ​ ,  n  =  0,  1,  2,  …;   λ  = ​ 
​N​ protein​​ _______ ​N​ liposomes​​

 ​.​� (5)

In the subunit-capture method, it is the photobleaching 
probability distribution that is being measured, which 
can be considered as a fluorescent version of the Pois-
son distribution. In the case of monomer–dimer equi-
librium and a heterogeneous liposome population, the 
system becomes sufficiently complex, making an ana-
lytical solution of the expected photobleaching distri-
bution intractable. Instead, a stochastic simulation of 
the Poisson process directly calculates the nonreactive 
monomer and dimer distributions. Complete details on 
the procedure for simulating the expected monomer 
and dimer photobleaching distributions, as well as MAT​
LAB simulation scripts, are available elsewhere (Chadda 
et al., 2016; Chadda and Robertson, 2016).

A MAT​LAB app was created to calculate the fraction 
of dimer using the various models and experimental 
controls based on least-squares (R2) analysis (Chadda 
et al., 2016). The app file is available for download as a 
source file in the supplemental information (MAT​LAB 
2016b or higher is required). All of the models and ex-
perimental control data are implemented in the code. 
For the modeling, PCy5 = 0.72, Pnon-specific = 0.14 was used, 

and bias = 4, i.e., bins 1–4 in the radius probability dis-
tribution (i.e., r < 25 nm) were excluded for the dimer 
model, and Alipid = 0.6 nm2.

Online supplemental material
MAT​LAB application file for least-squares calculation of 
the fraction of dimer based on the various monomer/
dimer benchmarks presented in this paper (MAT​LAB 
2016b or higher required) is available for download.

R e s u lt s

When studying protein assembly reactions, it is import-
ant to have benchmarks that map out the expected sig-
nals for the dissociated and associated states. Previously, 
we estimated this using a stochastic simulation of the 
Poisson process of subunit reconstitution into a defined 
liposome population based on the “Walden” distribu-
tion of 400 nm extruded vesicles comprised of EPL 
(Fig. 1, A and B; Walden et al., 2007). Although the data 
and model agreed at lower densities, it systematically 
deviated for χ* > 10−6 subunits/lipid, where the data 
contained fewer single steps (P1) and more multistep 
photobleaching events (P3+) than the model (see Figs. 2 
A, 5 A, and 6 A). We hypothesized that larger liposomes 
were underrepresented in the Walden distribution, 
leading to a significant underestimation of liposomes 
containing more than three steps in the model. This 
could arise because of size selection during the freezing 

Figure 1. T he 400-nm 2:1 POPE/POPG liposome size distribution. (A) 400-nm EPL liposome size distribution reported in Walden 
et al. (2007). (B) Fractional surface area (FSA) distribution. (C) Cryo-EM image of 400-nm extruded 2:1 POPE/POPG liposomes. Image 
has been enhanced for clear visualization of all liposomes (outlined in yellow), both in holes and on the carbon. (D) Raw cryo-EM 
image showing the structure of the lipid bilayer (dark lines). (E) The 400-nm 2:1 POPE/POPG liposome size distribution (mean ± 
SEM, n = 2). (F) FSA distribution. Actual values are reported in Table 1.
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of cryo-EM samples, or it could be a result of minor dif-
ferences in the lipid composition. EPL is a crude extract 
with ∼67% PE, 20% PG, and 10% cardiolipin, whereas 
our experimental lipid conditions represent a synthetic 
mimic made of 67% POPE and 33% POPG. To investi-
gate this, the 400-nm extruded 2:1 POPE/POPG lipo-
some size distribution was measured by cryo-EM (Fig. 1, 
C–E), showing that there is a population of larger lipo-
somes that was not observed in the Walden distribution 
(Table 1). The difference is small, but the effect is pro-
nounced when considering the fractional surface area 
(Fig. 1 F), which dictates the Poisson process. With the 
updated liposome size distribution, we reexamined the 
I201W/I422W (“WW”) CLC-ec1 photobleaching data 

from Chadda et al. (2016). Previously, this construct was 
found to be monomeric in detergent by both glutaral-
dehyde cross-linking and x-ray crystallography and also 
in 3:1 egg PC/POPG liposomes reconstituted at χ* = 
10−5 subunits/lipid (1 µg/mg; Robertson et al., 2010). 
In addition, the fraction of empty liposomes (F0) mea-
sured by single-molecule colocalization microscopy for 
the Cy5-labeled protein and Alexa Fluor 488–labeled li-
posomes indicated that the protein occupancy was con-
sistent with a monomer at saturating densities (Chadda 
et al., 2016). However, when FDimer was calculated using 
the Walden distribution, a weak apparent dimerization 
reaction was observed (Fig. 2 A), suggesting that dimers 
were either forming or that the model was incorrect 

Figure 2.  WW-Cy5 is monomeric in 
2:1 POPE/POPG membranes at χ* < 
10−5 subunits/lipid. Comparison of ex-
perimental WW-Cy5 photobleaching 
probabilities (top: P1, P2, P3+; red cir-
cles, mean ± SEM, n = 2–3; previously 
reported in Chadda et al. [2016]) and 
FDimer versus χ* (bottom), against non-
reactive monomer (gray) and dimer 
(black) predictions calculated using dif-
ferent liposome size distributions. (A) 
The 400-nm EPL Walden liposome size 
distribution. FDimer versus χ* shows an 
increase in dimerization at high densi-
ties and can be fit to a dimerization iso-
therm (ΔG° = −7.7 ± 0.3 kcal/mol, R2 = 
0.30). (B) The 400-nm 2:1 POPE/POPG 
liposome size distribution. The updated 
liposome size distribution shows that 
FDimer does not increase indicating that 
WW-Cy5 is monomeric across the ex-
amined density range. Simulation pa-
rameters: PCy5 = 0.72, Pnon-specific = 0.14, 
bias = 4 and Alipid = 0.6.
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at higher densities. With the 2:1 POPE/POPG distri-
bution, the experimental WW data now correspond 
to the ideal monomer probabilities, and the apparent 
dimerization is no longer present (Fig. 2 B). This, to-
gether with the other evidence presented in previous 
studies, demonstrates that WW is monomeric in our ex-
perimental range of measurements and can serve as a 
control in the subunit-capture method.

With a monomeric control in place, the next step was 
to identify a dimer control to establish an upper bound 
for the dimerization reaction. For this, we turned to 
covalent cross-linking methods that have already been 
well established for CLC-ec1. Glutaraldehyde has been 

shown to specifically cross-link the dimer state, as 
demonstrated by SDS-PAGE (Fig.  3 B; Maduke et al., 
1999; Robertson et al., 2010). Glutaraldehyde is a short 
chain bis-reactive molecule that cross-links primary 
amine groups present on lysines and the N terminus. Al-
though CLC-ec1 has 13 native lysine residues (Fig. 3 A), 
under our reaction conditions, glutaraldehyde captures 
the majority of the protein in a dimeric form, with only 
a small amount of protein cross-linked as a non-specific 
tetramer (Fig. 3, B and C). Measurement of the pho-
tobleaching probability distribution shows that WT + 
glutaraldehyde proteoliposomes follow the 2:1 POPE/
POPG dimer model, as well as the saturating range of 

Figure 3.  Glutaraldehyde cross-linking of WT-Cy5. (A) Side view of CLC-ec1 homodimer, with subunits colored light and dark 
gray. Residues with primary amine groups that are potential glutaraldehyde cross-linking sites are highlighted as follows: lysines are 
turquoise, with those within 5 Å of another lysine colored dark blue; the N terminus is represented by a circle. (B) SDS-PAGE of WT 
(on the C85A/H234C background), WT + glutaraldehyde, and WT + 2% SDS followed by addition of glutaraldehyde. Red circle, 
monomer; gray circles, dimer; white circles, tetramer. (C) Size exclusion chromatography profiles of WT and glutaraldehyde cross-
linked WT. (D) Functional Cl− transport of WT-Cy5 and WT-Cy5 + glutaraldehyde, reconstituted at χ* = 10−5 subunits/lipid (1 µg/
mg). The red line indicates the fraction of chloride trapped in empty liposomes (F0,Cl). (E) F0,Cl and chloride transport rate (k) show a 
reduction of activity in the presence of glutaraldehyde (****, P ≤ 0.0001; and ***, P ≤ 0.001). Data are presented as mean ± SEM. 
(F) Photobleaching data of WT-Cy5 + glutaraldehyde (red, PCy5 = 0.70 ± 0.04) compared with the saturating range of WT-Cy5 (black) 
and monomer (dashed) versus dimer (solid) models using the 2:1 POPE/POPG liposome size distribution (PCy5 = 0.72, Pnon-specific = 
0.14, bias = 4, and Alipid = 0.6). Data are presented as mean ± SEM; n = 4–6, incubated at room temperature for 7–31 d in MLVs 
before extrusion.
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the WT data (Fig. 3 F). However, upon measurement of 
functional activity, it was found that a large fraction of 
the protein is nonfunctional (Fig. 3, D and E). There-
fore, glutaraldehyde cross-linked WT serves as a struc-
tural dimer control in the membrane, but not one with 
a proper biological fold.

For an alternate approach, we investigated disulfide 
cross-linking across the dimerization interface. Previ-
ously, Nguitragool and Miller (2007) demonstrated 
that the CLC-ec1 dimer spontaneously cross-linked via 
a disulfide bond between R230C and L249C during 
expression and/or purification. R230C/L249C was 
introduced onto the C85A/H234C WT background 
(Fig. 4 A), purified as a dimer in detergent micelles, 
and ran as a dimer on nonreducing SDS-PAGE (Fig. 4, 

B and C). The disulfide bond was not modified by the 
reducing agent tris(2-carboxyethyl)phosphine (TCEP) 
included in the purification, which allows for the pro-
tein to remain reactive for Cy5 labeling comparable to 
the WT (PCy5 = 0.72 ± 0.02, n = 5). We interpret this as a 
disulfide bond formed between R230C and L249C, with 
H234C available for Cy5 labeling. However, it is possible 
that L249C may form the disulfide bond with H234C 
instead because they are positioned at a similar dis-
tance. Still, the comparable labeling yield suggests that 
the cysteine being modified is H234C, which is directly 
accessible to the surrounding solution, as opposed to 
R230C, which is visibly buried in the crystal structure. 
The photobleaching probability distribution shows that 
R230C/L249C corresponds to the ideal dimer simula-

Figure 4. D isulfide cross-linking of CLC-ec1-Cy5 at R230C and L249C. (A) Top view of the CLC-ec1 homodimer showing R230C 
(orange) and L249C (yellow) positions. (B) SDS-PAGE of R230C/L249C (on the C85A/H234C background) and with the addition of 
DTT. Red circle, monomer; gray circles, dimer; white circles, tetramer. (C) Size exclusion chromatography profiles of WT and R230C/
L249C. (D) Functional Cl− transport of WT-Cy5 and R230C/L249C-Cy5, reconstituted at χ* = 10−5 subunits/lipid (1 µg/mg); red line 
indicates F0,Cl. (E) F0,Cl and k of R230C/L249C-Cy5 (RC-LC-Cy5) show no significant difference compared with WT-Cy5. Data are pre-
sented as mean ± SEM. (F) Photobleaching data of R230C/L249C-Cy5 (red, PCy5 = 0.72 ± 0.02) compared with the saturating range 
of WT-Cy5 (black) and monomer (dashed) versus dimer (solid) models using the 2:1 POPE/POPG liposome size distribution (PCy5 = 
0.72, Pnon-specific = 0.14, bias = 4 and Alipid = 0.6). Data are presented as mean ± SEM; n = 5, incubated at room temperature for 1–2 
d in MLVs before extrusion.
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tion based on the updated 2:1 POPE/POPG liposome 
size distribution, as well as the saturating range of the 
WT data (Fig.  4  F). In addition, chloride transport 
function of the R230C/L249C proteoliposomes recon-
stituted at χ* = 10−5 subunits/lipid showed comparable 
function to WT (Fig. 4, D and E). Therefore, R230C/
L249C provides a functionally competent dimer control 
for CLC-ec1 dimerization reactions, preserving the na-
tive functional fold.

With these ideal monomer and dimer controls, we 
recalculated FDimer vs. χ* subunits/lipid for the WT 
(Fig.  5) and W (Fig.  6) constructs. The fits of the 
equilibrium dimerization isotherm are improved 
using either WT + glutaraldehyde or R230C/L249C 
for the dimer state and WW defining the monomeric 
state. However, there is no significant difference in 
the ΔG° values obtained using either the empirical 
controls or the Poisson simulation based on the 2:1 
POPE/POPG distribution (Table 2 and Fig. 7). This 
agreement demonstrates the overall robustness of this 
method, whereas the development of empirical con-

trols greatly simplifies the practical requirements of 
the subunit-capture approach.

Di  s c u s s i o n

The single-molecule subunit-capture method presents a 
way of measuring protein association reactions in mem-
branes by passive dilution. It does not require actual 
knowledge of the protein structure, as the fluorophore 
could arbitrarily be attached to one of the termini, but 
it does require quantitative fluorescent labeling of the 
protein of interest. From there, the protein is reconsti-
tuted and introduced into the MLV state and incubated 
as a function of time and temperature, and then the 
equilibrium distribution is reported through the cap-
ture statistics of protein into liposomes. This approach 
follows the same principles of membrane–protein re-
constitution for functional studies (Maduke et al., 1999; 
Walden et al., 2007; Stockbridge et al., 2013), which can 
be performed in parallel for rigorous interrogation of 
the protein fold. If the oligomeric distribution shows a 

Figure 5.  FDimer versus χ* analysis of WT-Cy5. Comparison of experimental WT-Cy5 photobleaching probabilities (top: P1, P2, P3+; 
red circles, mean ± SEM, n = 2–4; previously reported in Chadda et al., 2016) and FDimer versus χ* (bottom) against nonreactive mono-
mer (gray) and dimer (black) models (PCy5 = 0.72, Pnon-specific = 0.14, bias = 4, and Alipid = 0.6) or experimental data. (A) The 400-nm 
EPL Walden liposome size distribution. (B) The 400-nm 2:1 POPE/POPG liposome size distribution. (C) WW-Cy5 for monomer and 
glutaraldehyde cross-linked WT-Cy5 for dimer. (D) WW-Cy5 for monomer and R230C/L249C-Cy5 for dimer.
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reversible dependency on the density in the membrane, 
then this provides a way of studying the thermodynam-
ics of membrane–protein association in lipid bilayers.

Although certain aspects of the subunit-capture ap-
proach may seem complex, the method addresses sev-
eral long-standing roadblocks that have limited this 
area of study. First, equilibrium membrane–protein 
reactions depend on the membrane-like solvent and 
not the surrounding water. This has been outlined pre-
viously (White and Wimley, 1999) and explicitly shown 
for the equilibrium association of membrane proteins 
in detergent micelles (Fleming, 2002). Therefore, the 
most direct method to dilute membrane proteins is to 
increase the area of the bilayer. Unfortunately, sponta-
neous fusion of liposomes is slow, and mixing proteoli-
posomes with empty vesicles does not readily dilute the 
reaction. One solution is to drive fusion of liposomes 
together through repeated freeze–thaw cycles, resulting 
in the formation of large, 10-µm-diameter MLVs in the 

case of 2:1 POPE/POPG membranes (Pozo Navas et al., 
2005). In this state, subunits may exchange with one an-
other and sample the complete area of the lipid bilayer, 
resulting in a condition where the new equilibrium can 
be accessed. It is the protein distribution in this MLV 
state that reflects the reaction equilibrium, and this is 
why we measure the statistical distribution of subunit 
capture rather than the actual state of the protein that 
is trapped in the liposomes.

The second issue that arises is the limited protein sig-
nal when studying membrane proteins in membranes. 
Although MLVs allow dilutions as low as χ* = 10−9 sub-
units/lipid, at a working lipid concentration of 30 mM, 
this leads to a bulk protein concentration of 30 pM. This 
is lower than the biological limit of dilution in cell mem-
branes, and it pushes the technical limits of bulk detec-
tion methods. Because of this, many studies have been 
limited to the examination of weaker complexes, where 
the reaction can be observed at saturating liposome 

Figure 6.  FDimer versus χ* analysis of W-Cy5. Comparison of experimental W-Cy5 photobleaching probabilities (top: P1, P2, P3+; red 
circles, mean ± SEM, n = 2–3; previously reported in Chadda et al., 2016) and FDimer versus χ* (bottom) against nonreactive mono-
mer (gray) and dimer (black) models (PCy5 = 0.72, Pnon-specific = 0.14, bias = 4, and Alipid = 0.6) or experimental data. (A) The 400-nm 
EPL Walden liposome size distribution. (B) The 400-nm 2:1 POPE/POPG liposome size distribution. (C) WW-Cy5 for monomer and 
glutaraldehyde cross-linked WT-Cy5 for dimer. (D) WW-Cy5 for monomer and R230C/L249C-Cy5 for dimer.
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densities (Yano et al., 2002, 2011; Yano and Matsuzaki, 
2006; Mathiasen et al., 2014). Alternatively, equilibrium 
biasing methods, such as redox-driven disulfide ex-
change (Cristian et al., 2003; North et al., 2006) or steric 
trapping of the dissociated state by streptavidin bind-
ing (Hong et al., 2010), provide elegant approaches 
to study stronger membrane–protein complexes at 
high densities in liposomes. However, these methods 
require a sufficient knowledge of the protein structure 
for engineering of the protein complex. In contrast, 
single-molecule photobleaching analysis of subunit cap-
ture can be performed without prior knowledge of the 
protein structure (Stockbridge et al., 2013). Although 

the fluorophore labeling must be subunit specific, this 
is a minimal requirement for protein modification and 
thus presents a general method for investigating mem-
brane–protein oligomerization in membranes. Most 
importantly, the single-molecule approach means that 
the protein signal is detected with equal quality at all 
densities within the membrane. At the lowest limits of 
dilution, observation of protein spots will become rare, 
but this problem is simply solved by imaging more fields 
or loading more liposomes onto the slide.

The development of empirical controls greatly sim-
plifies the subunit-capture approach, adding it to the 
already existing arsenal of methods for studying mem-
brane–protein oligomerization in lipid bilayers (Cristian 
et al., 2003; Hong et al., 2010; Yano et al., 2011, 2015; 
Mathiasen et al., 2014). It is important to note that the 
controls developed in this study can serve as monomer 
and dimer benchmarks in the study of other oligomer-
ization reactions as well. For example, WT CLC-ec1 has 
been used as a dimeric control in the determination of 
the stoichiometry of the Fluc F− channel in liposomes 
by functional analysis of the Poisson distribution (Stock-
bridge et al., 2013). These controls should offer reason-
able comparisons at low densities where liposomes are 
rarely occupied (χ* < 10−6). At higher densities, caution 
must be exercised, because the saturation of liposomes 
depends on the accessible liposome population, and this 
may be protein dependent. For example, colocalization 
microscopy indicates that CLC-ec1 dimers, with ∼10-nm 
end-to-end distance, are excluded from liposomes with 
radius smaller than 25 nm, presumably because of cur-
vature effects (Chadda et al., 2016). In general, it is ad-
visable to construct protein-specific controls, if possible, 
and this study validates methods of constructing mono-
meric controls by tryptophan mutagenesis (Robertson 
et al., 2010; Schmidt and Sturgis, 2017; Yu et al., 2017) 
and dimer controls by intersubunit cross-linking (Ngui-
tragool and Miller, 2007). However, it is also possible to 
use the Poisson simulation approach if the liposome size 
distribution is known because our investigation demon-
strates that these two methods converge in their quanti-
fication of the CLC-ec1 dimerization reaction. With that, 
we expect that these studies will simplify the methods 
to study other membrane–protein systems and build a 
path toward understanding the thermodynamic reasons 
why greasy membrane proteins form stable complexes 
in greasy lipid bilayers.
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Table 2. S ummary of free energy values for CLC-ec1  
dimerization in 2:1 POPE/POPG lipid bilayers

Monomer/dimer distributions ΔG°WT ΔG°W 

kcal/mol kcal/mol
PM: 400-nm EPL Walden  
(KD = 1 × 10100)

−11.4 ± 0.2 (0.84) −9.5 ± 0.2 (0.85)

PD: 400-nm EPL Walden  
(KD = 1 × 10−100)
PM: 400-nm 2:1 POPE/POPG  
(KD = 1 × 10100)

−11.3 ± 0.2 (0.70) −8.4 ± 0.2 (0.45)

PD: 400-nm 2:1 POPE/POPG  
(KD = 1 × 10−100)
PM: WW −10.7 ± 0.2 (0.75) −8.5 ± 0.2 (0.80)
PD: WT + glutaraldehyde
PM: WW −10.9 ± 0.1 (0.90) −8.8 ± 0.2 (0.83)
PD: R230C/L249C

Free energies are calculated as ΔG° = −RT ln(Keq χ°), where χ° is the mole 
fraction standard state of 1 subunit/lipid, R is the gas constant 1.99 × 10−3 kcal 
mole−1 K−1, and T is 298 K (25°C), where Keq (lipids/subunit) is determined 
by fitting to the equilibrium dimerization isotherm. Data represent best-fit ± 
error of fit (R2). KD, dissociation constant (subunit/lipid) equal to 1/Keq; PM, 
nonreactive monomer distribution; PD, nonreactive dimer distribution.

Figure 7.  ΔG° of CLC-ec1 dimerization in 2:1 POPE/POPG 
lipid bilayers: A comparison of monomer and dimer bench-
marks. Comparison of ΔG° values determined using the differ-
ent methods of correcting for the nonreactive monomeric and 
dimeric signals: (1) monomer/dimer models using the 400-nm 
EPL liposome distribution from Walden et al., (2) monomer/
dimer models using the 400 nm 2:1 POPE/POPG liposome 
distribution, (3) monomer (WW-Cy5) and dimer (WT-Cy5 + glu-
taraldehyde), and (4) monomer (WW-Cy5) and dimer (R230C/
L249C-Cy5). Reported as best-fit ± error. All values are pro-
vided in Table 2.
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