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A FlAsH–Tetracysteine Assay for Quantifying the Association and
Orientation of Transmembrane a-Helices
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The association of membrane proteins with a single transmem-
brane a-helix (TMH) has been shown to play a critical role in
numerous cellular processes.[1] For example, TMH dimerization
of the ErbB family of receptor tyrosine kinases (RTKs) results in
trans-phosphorylation and subsequent activation of the down-
stream pathways of growth factor signalling.[2] A series of natu-
rally occurring, single amino acid mutations in the TMH do-
main of these RTKs have been linked to a number of diseases,
presumably because these mutations perturb TMH dimeriza-
tion propensities.[1] For example, the dimer promoting muta-
tion V664E in the TMH domain of ErbB2 (HER2) has been asso-
ciated with an increased risk of cancer.[3,4] This physiological
importance is reflected in the high number of drugs that
target membrane proteins (ca. 50%) relative to their distribu-
tion in the proteome (ca. 30%).[5]

Although significant progress has been made in our mecha-
nistic understanding of protein association in membranes,[6–10]

it remains difficult to predict the oligomerization state of a
TMH and rationalize the (patho)physiological consequences of
a mutation within a membrane protein. While the association
of soluble proteins is primarily driven by the hydrophobic
effect, protein–protein interaction within membranes is
thought to rely on weak molecu-
lar interactions such as side-
chain hydrogen bonding and
van der Waal’s packing.[6] In
order to gain a better under-
standing of these energetic fac-
tors and ultimately develop
novel inhibitors of TMH associa-
tion, a simple and efficient assay
is highly desirable for quantify-
ing TMH association both in
vitro (detergent micelles and lip-
osomes) and in living cells.

Biarsenical dyes, such as 4’,5’-
bis(1,3,2-dithioarsolan-2-yl)fluor-
escein (FlAsH), are an intriguing
tool for monitoring protein–pro-
tein interaction in membranes.

In their EDT (ethane-1,2-dithiol)-protected forms, these dyes
(e.g. , FlAsH–EDT2) are essentially nonfluorescent. However,
thiol–arsenic ligand exchange with a tC motif elicits a strong
fluorescence emission.[11] These fluorophores have been ap-
plied to a number of soluble proteins to report their folding
and stability, and even subtle conformational changes.[11–20] A
recent development in this area has resulted in a technique
known as “bipartite tC display”, in which the biarsenical dyes
are used to monitor the dimerization of water-soluble pro-
teins.[18] Herein, we describe the development of a FlAsH–tC
assay for quantifying the association of membrane-embedded
proteins. While the commonly used methods, such as SDS-
PAGE and analytical ultracentrifugation (AUC) are limited to mi-
cellar systems,[21] the FlAsH–tC assay allows facile evaluation of
protein dimerization in both micelles and lipid bilayers. Impor-
tantly, the FlAsH fluorescence reports TMH dimerization in an
orientation-specific manner (vide infra), which is advantageous
over the previously reported, FRET-based assays.[22]

As a model system, we first synthesised a pair of polyleucine
(pL)-based peptides (Figure 1B). These peptides were chosen
because their oligomerization state had been previously char-
acterized in both micelles (by AUC and SDS-PAGE) and the

plasma membrane of E. coli (by using the genetic assay,
TOXCAT).[23] The pL peptides were made through solid-phase
peptide synthesis with Fmoc/tBu chemistry. A dicysteine (dC)
submotif was joined to the N terminus of the pL TMH se-
quence through a flexible diglycine linker, and three Lys resi-
dues were installed on each terminus as solubilizing elements.
Consistent with the previous reports,[23,24] SDS-PAGE analysis
shows that pL-1N-dC largely (~80%) exists as a dimer in dode-

Figure 1. FlAsH–tetracysteine complex formation upon TMH dimerization. A) Proposed reaction leading to FlAsH-
TMH2 complexes. B) Sequences of the TMH peptides and controls. The polylysine tag was added to the termini to
enhance water solubility. Two Gly or b-Ala (B) residues were used as spacers to separate the TMHs and the di-Cys
label. C) Cartoon illustrating the a-helical secondary structure of the pL peptide dimers, with interfacial residues
shown in bold.
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cylphosphocholine (DPC) micelles owing to the interhelical hy-
drogen bond formation between the Asn residues. In contrast,
no dimerization was observed for pL-3F-dC presumably due to
the lack of polar residues (Figure S5 in the Supporting Informa-
tion). We hypothesise that dimerization of pL-1N-dC in the par-
allel orientation will bring two dC moieties into close enough
proximity to constitute a tC motif, which covalently binds
FlAsH through thiol exchange to give a fluorescence emission
(Figure 1A). In other words, the FlAsH fluorescence should
report the amount of parallel dimers.

For our experiment design, excess EDT is needed to maxi-
mize selectivity for the tC motif by suppressing FlAsH binding
to the dC submotif of the peptide monomers. We performed
an EDT titration experiment using two control peptides (ctrl-
dC and ctrl-tC, Figure 1B) to identify the optimal EDT concen-
tration of 250 mm. At this concentration, FlAsH binding to neg-
ative control ctrl-dC is completely suppressed, yet FlAsH bind-
ing to the positive control ctrl-tC is largely unaffected (Fig-
ure S1). The pL peptides were incubated with DPC micelles
overnight before the addition of FlAsH–EDT2. As expected, a
much greater fluorescence emission was observed for pL-1N-
dC than for pL-3F-dC (Figure 2A). The negative control ctrl-dC
gave no emission; this suggests that the observed fluores-
cence of pL-1N-dC is due to the formation of tC motifs by pep-
tide dimerization. These initial results demonstrate that the
FlAsH–tC assay readily detects TMH dimerization with a fluo-
rescence readout. A slightly increased fluorescence emission
was observed for pL-3F-dC in comparison to ctrl-dC, presuma-
bly because both the peptide and FlAsH–EDT2 were seques-
tered into detergent micelles ; the elevated local concentration
led to the sequential binding of FlAsH to two peptide mono-
mers. Nevertheless, this dimer-independent emission is mini-
mal and can be subtracted to give the dimerization-induced
FlAsH fluorescence.

In order to quantitatively evaluate TMH association, it is es-
sential that all the tC motifs reconstituted by pL dimerization
are labelled with FlAsH. To determine the saturating concentra-
tions of FlAsH–EDT2, we performed a titration experiment
against the preformed pL-1N-dC dimer, as well as ctrl-tC for
comparison (Figure 2B). Both ctrl-tC and pL-1N-dC display a
saturation profile with increasing concentrations of FlAsH–
EDT2. The fluorescence emission reaches a plateau with two
equivalents of FlAsH–EDT2. Fitting the data into a hyperbolic
equation yields an apparent binding constant of 0.40�0.11 mm
for pL-1N-dC, which is essentially the same as that of ctrl-tC
(0.51�0.11 mm). Interestingly, at the saturation point, the fluo-
rescence intensity of pL-1N-dC is only slightly over 30% of ctrl-
tC. Given the approximately 80% dimerization revealed by
SDS-PAGE for this peptide (Figure S5), the low FlAsH fluores-
cence suggests the coexistence of parallel and antiparallel
dimers. This is perhaps not surprising as the simple sequence
of the pL peptide is not expected to favour one dimer orienta-
tion over the other.

To further establish that FlAsH fluorescence reliably reports
on the parallel dimerization of pL-1N-dC, we took advantage
of the covalent nature of the FlAsH–peptide complex and
quantified the amount of the crosslinked pL dimers by analyti-

cal HPLC (Figure 3A). Note that FlAsH crosslinking of pL-1N-dC
will only occur with the preformed parallel dimers. In the ab-
sence of FlAsH–EDT2, pL-1N-dC elutes as a main peak corre-
sponding to the monomer, with a shoulder corresponding to
the EDT adduct. Upon addition of FlAsH–EDT2, the monomer
peak decreases with the concomitant appearance of the dimer
peaks. The dimers elute as a cluster of peaks due to the possi-
ble regioisomers of the FlAsH–tC complex.[25] Using the inte-
grated peak areas, we estimated the fraction of crosslinked
peptide dimers of pL-1N-dC. Over a range of FlAsH–EDT2 con-
centrations, the fraction of the crosslinked dimers from the
HPLC analysis correlates nicely with the normalized FlAsH
emission intensities (the saturation intensity for ctrl-tC was
used as the reference for 100% FlAsH–tC complex formation,
Figure 3B). These data suggest that the fluorescent complexes
formed by ctrl-tC and pL-1N-dC have comparable quantum
yields and that FlAsH fluorescence indeed serves as a reliable
readout for quantifying pL dimers in the parallel arrangement.

Figure 2. Evaluation of the pL peptides in DPC micelles with FlAsH. A) Nor-
malized fluorescence emission spectra 2 h after the addition of 2 equiv
FlAsH–EDT2 under thiol–ligand competition conditions (detergent/peptide
ratio 500:1, 100 mm Tris, 200 mm NaCl, pH 8.2, 3.5 mm tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP), 250 mm EDT buffer). B) Normalized fluores-
cence emission in DPC micelles as a function of FlAsH–EDT2 concentration.
For normalization, the saturation intensity for ctrl-tC was considered to rep-
resent 100% FlAsH–tC complex formation.
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Having validated the utility of the FlAsH assay to detect
TMH dimerization in micelles, we wished to apply it to peptide
assembly in liposomes, which are a better membrane model
than detergent micelles. Although how well a micellar system
mimics a biological membrane is controversial,[26] the majority
of previous reports on TMH association have been carried out
in detergent micelles, largely because the commonly used ana-
lytical methods (SDS-PAGE and AUC) cannot be implemented
in liposomal systems.[21] We expected the FlAsH–tC assay to be
applicable to lipid vesicles. However, a caveat of implementing
this assay in liposomes is that the dC labels will be equally dis-
tributed on both the outer and inner surfaces of the vesicles.
Therefore, in order to get an accurate measurement of the di-
merization propensity, it is essential for FlAsH–EDT2 to perme-
ate through the membrane and label the tC motifs located
inside the liposomes. Although many reports suggest FlAsH–
EDT2 readily permeates the membranes of living cells,[11,12]

there is no explicit measurement of its behaviour toward lipo-
somes, which lack active import mechanisms. Moreover, how

fast FlAsH–EDT2 permeates through liposomal membranes re-
mains unknown. To address these issues, we prepared large
unilamellar vesicles (LUVs) of a commonly used phospholipid
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, POPC) with
and without ctrl-tC encapsulated. This peptide is charged and
does not leak out of vesicles. In addition, ctrl-tC displays mini-
mal binding to vesicles as its tryptophan fluorescence emission
maximum does not shift whether ctrl-tC is in the presence or
absence of POPC vesicles (Figure S4). Adding FlAsH–EDT2 to
the ctrl-tC containing liposomes elicits an immediate increase
in fluorescence emission, while the blank vesicles give no
change. Upon addition of triton X-100, which breaks lipo-
somes, there is no noticeable increase in fluorescence intensity
(Figure 4A), thus suggesting that all ctrl-tC peptides were
bound to FlAsH while the liposomes were intact. FlAsH–EDT2
binding to the encapsulated ctrl-tC gives a comparable kinetic

Figure 3. HPLC characterization of the pL peptides in DPC micelles. A) HPLC
traces for pL-1N-dC and pL-3F-dC with and without 1 equiv FlAsH–EDT2. A
detailed experimental protocol can be found in the Supporting Information.
B) Comparison of the dimer fractions estimated by HPLC analysis (black) and
the normalized FlAsH–tC fluorescence intensities (patterned) of pL-1N-dC
with varied FlAsH–EDT2 concentrations.

Figure 4. Kinetic evaluation of the ability of FlAsH–EDT2 to permeate POPC
LUVs. A) ctrl-tC was encapsulated in POPC LUVs (details can be found in the
Supporting Information). FlAsH–EDT2 and triton X-100 were added to the
samples after 360 or 3600 s, respectively. B) Comparison of the kinetics of
FlAsH–tC complex formation inside POPC LUVs (c) and in the absence of
POPC LUVs (^). The curves overlay well, thus confirming that FlAsH–EDT2 dif-
fusion across POPC LUVs is fast and does not influence FlAsH–tC complex
formation on the timescale of our experiments.
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profile to the free peptide (Figure 4B); this suggests that
FlAsH–EDT2 diffuses quickly across membranes and should
readily label tC motifs on both the outside and inside of vesi-
cles.

With the vesicle permeability of FlAsH established, we exam-
ined the pL peptides folded in liposomes made of DLPC (1,2-
dilauroyl-sn-glycero-3-phosphocholine, 100 nm in size), whose
bilayer thickness best matches the hydrophobic length of the
pL helix. All peptide samples were incubated overnight to
ensure that the peptides reached the lowest-energy state
within the bilayers. After FlAsH–EDT2 had been added, the
samples were incubated for 2 h before the fluorescence spec-
tra were recorded (Figure 5A). With excess FlAsH–EDT2, ctrl-dC
shows no fluorescence emission in presence of liposomes. The
peptide pL-1N-dC displays a much greater fluorescence emis-
sion than pL-3F-dC, as expected for their respective dimeriza-
tion propensities. pL-1N-dC in liposomes elicits a comparable
intensity of FlAsH emission to DPC micelles; this lends further

support to the facile permeability of FlAsH across vesicle mem-
branes. Again, the maximum intensity of FlAsH emission in-
duced by pL-1N-dC is significantly lower than that of ctrl-tC,
thus suggesting that the pL-1N-dC dimers display both parallel
and antiparallel orientations in liposomes as well.

To test the generality of the FlAsH–tC assay, we prepared a
pair of MS1 peptides (Figure 1B) that have been well charac-
terized in model membranes.[27] We synthesised these peptides
in the solid phase and incorporated the dC submotif at their
N termini. In a similar way to the pL peptides, Lys residues
were incorporated to ensure the peptides’ solubility in water. A
b-alanine (B) dimer was used to bridge the dC submotif and
the core TMH sequence. Analogous to pL-1N-dC, MS1-N-dC
has an Asn residue in the middle that drives the complete di-
merization of this peptide through hydrogen bond formation.
Asn-to-Leu mutation results in MS1-L-dC, which largely exists
as a monomer in model membranes (Figure S5, also see
refs. [28]–[31]).

The MS1 peptides were folded into POPC vesicles (~100 nm
in size), which match the hydrophobic length of MS1. Upon
addition of FlAsH, the MS1 peptides yielded an emission pro-
file that was similar to that of the pL peptides: MS1-L-dC dis-
played minimal fluorescence above the background, as expect-
ed for TMH monomers. In contrast, MS1-N-dC elicited greatly
increased emission, consistent with its dimerization in lipid
bilayers. Again, the fluorescence intensity of MS1-N-dC-FlAsH
complex reaches a maximum of ~40% of that of ctrl-tC (Fig-
ures 5B and S3). Given that MS1-N-dC fully dimerizes, this ob-
servation suggests that ~40% of the dimers adopt the parallel
orientation and ~60% of them are in the antiparallel orienta-
tion. These data are consistent with a recent report from the
DeGrado laboratory, where the kinetics of thiol-disulfide ex-
change were used to estimate the association and orientation
of the MS1 peptides.[27] The ability of FlAsH to detect TMH
dimers in an orientation-specific manner presents an advant-
age over traditional FRET-based methods, in which quantifica-
tion of parallel versus antiparallel dimers is complicated, if pos-
sible at all.

In summary, we have described the successful development
of a FlAsH–tetracysteine assay for evaluating TMH associations
that is simple and generally applicable. All of the data validate
the FlAsH–tetracysteine assay as a convenient technique for
detecting the association of TMHs in both micelles and lipo-
somes, two of the most commonly used model membranes for
the in vitro analysis of membrane proteins. Although this split-
display strategy has been successfully used in the past to ex-
amine the dimerization of water-soluble a-helices,[18] to the
best of our knowledge this is the first example of using the
split-tetracysteine approach to quantify protein dimerization in
membranes. FlAsH–tC complex formation demands that the
two dC submotifs be in closer proximity than is necessary with
FRET. This stringent spatial requirement enables the discrimina-
tion of parallel and antiparallel dimers. Besides the previously
mentioned advantages, our assay should be applicable to
living cells owing to the simplicity of the dC label, as well as
the cell-permeable nature of the biarsenical dyes.[25] In addi-
tion, we envision that the “light-up” fluorescence assay report-

Figure 5. FlAsH binding experiments in liposomes. A) Normalized fluores-
cence emission spectra for pL peptides in DLPC LUVs 2 h after the addition
of 2 equiv FlAsH–EDT2 under thiol–ligand competition conditions (L/P ratio
500:1, 100 mm Tris, 200 mm NaCl, pH 8.2, 3.5 mm TCEP, 250 mm EDT buffer).
B) Normalized fluorescence emission spectra for MS1 peptides in POPC
LUVs. Experimental conditions are identical to those for pL peptides.
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ed here should enable the high-throughput screening of small-
molecule modulators of TMH associations. Research along
these directions is currently underway.

Experimental Section

See the Supporting Information for experimental details.
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