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Biological membranes are complex assemblies of lipids and proteins that serve as platforms for cell signaling. We
have developed a novel method for measuring the structure and dynamics of the membrane based on fluorescence
resonance energy transfer (FRET). The method marries four technologies: (1) unroofing cells to isolate and ac-
cess the cytoplasmic leaflet of the plasma membrane; (2) patch-clamp fluorometry (PCF) to measure currents and
fluorescence simultaneously from a membrane patch; (3) a synthetic lipid with a metal-chelating head group to
decorate the membrane with metal-binding sites; and (4) transition metal ion FRET (tmFRET) to measure short
distances between a fluorescent probe and a transition metal ion on the membrane. We applied this method to
measure the density and affinity of native and introduced metal-binding sites in the membrane. These experiments
pave the way for measuring structural rearrangements of membrane proteins relative to the membrane.

INTRODUCTION

The plasma membrane is a major site of signal detection,
transduction, and propagation in cells. Understanding
cell signaling dynamics at the plasma membrane re-
quires approaches that can detect changes in mem-
brane architecture over molecular distances (10-100 A)
and biological time scales (milliseconds to seconds).
Methods that provide access to dynamics at the intra-
cellular surface of the plasma membrane would be espe-
cially powerful. Fluorescence resonance energy transfer
(FRET) was first applied to studies of membrane dy-
namics by Keller et al. (1977), who recognized that fluo-
rescent probes incorporated into membranes could be
used as an indicator of mixing of the two membranes
during membrane fusion. FRET occurs when the emis-
sion spectrum of a donor fluorophore overlaps with the
absorption spectrum of an acceptor, and the donor and
acceptor are in close proximity (Lakowicz, 2006; Taraska
and Zagotta, 2010). FRET is steeply distance dependent,
and each donor—acceptor pair has a characteristic dis-
tance at which the FRET efficiency is 50% (R)), where
the amount of FRET is optimally sensitive to changes in
distance. The R, value for fluorescein and rhodamine,
for example, is ~~60 A (Delgadillo and Parkhurst, 2010),
making them an ideal FRET pair for quantifying mem-
brane fusion (Keller et al., 1977).

Transition metal ion FRET (tmFRET) is a method
to probe the shorter distances typical of the conforma-
tional landscape of proteins (Taraska and Zagotta, 2010).
tmFRET is a form of FRET that uses a fluorophore as a
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donor and a nonfluorescent transition metal ion as an
acceptor (Latt et al., 1970, 1972; Horrocks et al., 1975;
Richmond et al., 2000; Sandtner et al., 2007; Taraska
et al., 2009a,b; Yu et al., 2013). Transition metal ions
such as Ni*, Co**, and Cu** have broad absorption spec-
tra that overlap the emission spectra of visible light fluo-
rophores (see Miessler and Tarr [1999] pages 361-380
for a discussion of electronic spectra of coordination
compounds). Transition metals can therefore accept
energy transfer from a nearby donor fluorophore and
quench the donor’s fluorescence. The degree of quench-
ing is a direct measure of the FRET efficiency (Lakowicz,
2006; Taraska et al., 2009a). The FRET efficiency is
steeply dependent on distance between the donor and
acceptor, allowing tmFRET to serve as a molecular ruler
for distances in the membrane. The main advantages of
tmFRET over classical FRET methods are (a) R, is very
short (~10-20 A), allowing short-range interactions to
be studied; (b) the transition metals have multiple tran-
sition dipoles, reducing the orientation dependence
of FRET (Horrocks et al., 1975); (c) the metals can be
reversibly bound to native and introduced binding
sites; and (d) different metals have different absorption
properties, and therefore Ry’s, allowing the choice of
metal to be tuned to the distance of interest.
Extending tmFRET to studying dynamics in cell mem-
branes would provide a powerful tool for exploring
the structure of the membrane (e.g., microdomains),
assembly of multiprotein complexes (e.g., scatfolding
proteins and their associated proteins), rearrangements
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in membrane proteins (e.g., ion channels and recep-
tors), and interactions among signaling lipids and mem-
brane proteins (e.g., phosphoinositides and channels/
transporters). We have been particularly interested in
implementing tmFRET on the cytoplasmic surface of
the cell plasma membrane to measure conformational
rearrangements of membrane proteins relative to the
membrane that occur as part of cell signaling. If a dy-
namic region of a membrane protein were labeled with
a fluorophore and a transition metal were bound to the
membrane, tmFRET could be used to report movement
of the membrane protein relative to the membrane.
Although classical FRET has been used to measure
movements of oy integrin relative to the membrane, be-
cause of the long Ry’s of these fluorophores (FITC and
rhodamine B), the experiments were only sensitive to
distance changes with large separations of the fluoro-
phores (Chigaev et al., 2003).

In this paper, we apply tmFRET to the native mem-
brane. We isolated plasma membrane sheets using both
a sonication method and the patch-clamp technique.
We show that these plasma membranes contain endog-
enous, low-affinity binding sites for metals that act as
acceptors for tmFRET with a fluorescently labeled lipid
in the membrane (Fig. 1). Furthermore, we show that
high-affinity metal-binding sites can be introduced to
the native membrane at sufficient density to exhibit
FRET. This combination of approaches will allow for
studies of membrane structure and dynamics that un-
derlie cell signaling.
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Figure 1. Schematic representation of tmFRET experimental
strategy. The membrane-resident dye R18 is depicted by a red
sphere atop an acyl chain. Bound transition metal is depicted
as a blue sphere. The inset structure is that of R18. If R18 and
membrane-bound metal ions are sufficiently close, excitation
of R18 (lightning bolt) will excite the donor fluorophore
whose emission will be quenched by tmFRET with the acceptor
transition metal.
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MATERIALS AND METHODS

Cell culture

F-11 cells (gift of M.C. Fishman, Massachusetts General Hospital,
Boston, MA; Francel et al., 1987) were cultured at 37°C, 5% CO, in
Ham’s F-12 Nutrient Mixture (#11766064; Gibco) supplemented
with 20% fetal bovine serum (#26140-079; Gibco), HAT supple-
ment (100 pM sodium hypoxanthine, 400 nM aminopterin, 16 pM
thymidine; #21060-017; Gibco), and penicillin/streptomycin
(#15140-122; Gibco). HEK 293T/17 cells (CRL-11268; ATCC)
were cultured at 37°C, 5% COs in Dulbecco’s modified Eagle’s me-
dium (#11995065; Gibco) containing 25 mM glucose, 1 mM sodium
pyruvate, and 4 mM r-glutamine. Culture medium was supple-
mented with 10% fetal bovine serum and penicillin/streptomycin.
ND7/23 cells (92090903-1VL; Sigma-Aldrich) were cultured at
37°C, 5% CO, in Dulbecco’s modified Eagle’s medium containing
25 mM glucose, 1 mM sodium pyruvate, and 4 mM 1-glutamine.
Culture medium was supplemented with 10% heat-inactivated fetal
bovine serum and penicillin/streptomycin. Serum heat inactiva-
tion was performed by incubating at 56°C for 30 min. PC-12 cells
(CRL-1721; ATCC) were cultured at 37°C, 5% COs in Dulbecco’s
modified Eagle’s medium containing 25 mM glucose, 1 mM sodium
pyruvate, and 4 mM L-glutamine. Culture medium was supple-
mented with 5% fetal bovine serum, 5% horse serum (#26050-088;
Gibco), and penicillin/streptomycin.

Cell unroofing

We followed an unroofing protocol previously used for electron
microscopy (Heuser, 2000) with minor modifications. 24-48 h
after cells were passaged onto coverslips (prepared by incubation
with filter sterilized 0.12 mg/ml poly-lysine [#P3813; Sigma-
Aldrich] in HyO for 20 min and washed twice with PBS [P3813;
Sigma-Aldrich] to remove excess poly-lysine), coverslips were re-
moved from the incubator and placed in our perfusion chamber
on the TiE inverted microscope (Nikon) at room temperature.
Gentle flow was used to wash with PBS (PBS, 1 pack of P3813
[Sigma-Aldrich]; 2 mM CaCl, [C5080; Sigma-Aldrich]; 1 mM
MgCly [5958-04; Mallinckrodt], pH measured at 7.3 and not ad-
justed; filter sterilized through a 0.22-pm membrane) for 15 min.
The sonicator probe (101-148-062, 3-mm tapered tip; Bronson
Sonifier) was then positioned in the chamber, with its tip ~2 mm
from the top of the coverslip. Poly-lysine (0.1 mg/ml in PBS;
30,000-70,000 MW; P7886; Sigma-Aldrich) was then perfused
through the chamber for 10 s. The poly-lysine treatment caused
an expanded cell footprint and improved adherence to the cover-
slip upon sonication. Swell buffer (a dilution of one part stabili-
zation buffer to two parts water) was then rinsed through the
chamber for 30 s, and then stabilization buffer (70 mM KCI
[P9333; Sigma-Aldrich], 30 mM HEPES [H4034; Sigma-Aldrich],
and 1 mM MgCl, [5958-04; Mallinckrodt]; initial pH measured
at 5.2 and adjusted to 7.4 with KOH; sterile filtered through a
0.22-pm membrane) was used to rinse the chamber well. The vac-
uum line was then turned off, and the chamber was allowed to fill
with as much stabilization buffer as possible without flowing over.
A sonic pulse from the probe sonicator (400 W Branson Sonifier)
was given for 0.4 s with a power setting of 2. The probe was then
removed from the chamber and the experiment commenced.

Membrane labeling with R18 and C18-NTA

Octadecyl rhodamine B (R18; O-246; Life Technologies) was made
as a 10-mM stock in EtOH or a 1-mM stock in DMSO and stored at
—20°C. For labeling, the stock was freshly diluted for each experi-
ment in the recording solution at the indicated concentration.
CI8NTA (N2,N2-bis(carboxymethyl)-N6-(1-oxooctadecyl)-L-lysine)
was custom synthesized by Toronto Research Chemicals. It was
made as a 10-mM stock in DMSO and stored at —20°C. The C18-NTA



was diluted to 1 pM in stabilization buffer supplemented with
10 pM CoSO, and applied as described in Results.

Imaging of unroofed cells
Experiments with unroofed cells were performed using a TiE in-
verted microscope (Nikon) with either a 10x objective (0.3 NA)
or a 60x (1.49 NA) oil immersion objective with the Perfect Focus
system (Nikon) for preventing focal drift. Excitation for epifluo-
rescence was provided by a xenon lamp (Lambda LS, 175 W; Sut-
ter Instrument) using a filter set for rhodamine B (561-nm/10-nm
band-pass excitation filter, 575-nm long-pass emission filter). A
total internal reflection fluorescence (TIRF) launch (Nikon) was used
to get 561-nm laser excitation for TIRF microscopy experiments.
All imaging data were collected with NIS-Elements AR software
(Nikon) controlling a QuantEM 512SC camera (Photometrics).
Image analysis was performed with Image] (National Institutes
of Health; Schneider et al., 2012). Typically, regions of interest
were created surrounding individual cells, and nearby regions of
interest were created in areas devoid of cells to represent the
background. In all cases, the mean gray value of the background
region was subtracted from the mean gray value of the cell re-
gions. The fluorescence used to normalize the data were col-
lected in the presence of EDTA to minimize quenching caused by
binding of stray metal ions in the water to the NTA head group.
Data were analyzed and plotted with Excel 2013 (Microsoft) and
Igor Pro (WaveMetrics).

Patch-clamp recording

Inside-out patches were excised from defolliculated Xenopus laevis
oocytes, as described previously (Zagotta et al., 1989). The pipette
(300-700 kQ) and bath recording solutions each contained either
130 mM NaCl, 3 mM HEPES, and 0.2 mM EDTA, pH 7.2 (epifluo-
rescent patch-clamp fluorometry [PCF]), or 130 mM KCl, 3 mM
HEPES, and 0.2 mM EDTA, pH 7.4 (confocal PCF). Patch poten-
tial was maintained at 0 mV with either an EPC10 plus amplifier/
digitizer and Patchmaster software (HEKA; epifluorescent ex-
periments) or an Axopatch 200B patch-clamp amplifier (Axon
Instruments) with an ITC16 interface and Pulse software (HEKA;
confocal experiments). Solutions on the patch were changed
using a pFlow Perfusion system (ALA Scientific Instruments).

Confocal patch imaging

Confocal microscopy was performed on an LSM 710 microscope
(Carl Zeiss) with 40x water immersion lens (1.1 NA) and Zen soft-
ware (Carl Zeiss). Oocytes were labeled before seal formation
with 100 pM fluorescein C5-maleimide (F5M; 62245; Life Tech-
nologies) in ND96 solution (96 mM NaCl, 2 mM KCI, 1.8 mM
CaCly, 1 mM MgCly, and 5 mM HEPES, pH 7.6) for 15 min and
then were washed three times with ND96 solution. After patch
formation and excision, the patch was perfused with 3 pM R18 in
recording solution (130 mM KCI and 3 mM HEPES, pH 7.4;
Video 2). For R18, a 561-nm diode laser was used for excitation,
and the light was collected from 574 to 625 nm. For F5M, the
488-nm line of an argon laser was used for excitation, and the
light was collected from 507 to 541 nm.

Epifluorescent patch imaging

Patches were imaged using an Eclipse TE2000-E microscope
(Nikon) with a 60x water immersion objective (1.2 NA) and an
Evolve 512 EMCCD camera (Photometrics) and MetaMorph soft-
ware (Molecular Devices). To label, patches were perfused with
100-250 nM R18 in recording solution (130 mM NaCl, 3 mM
HEPES, and 0.2 mM EDTA, pH 7.2) for 1-2 min. To monitor
labeling, patches were excited with epifluorescence (Lambda LS
with Smart Shutter; Sutter Instrument) and a 560/10-nm excita-
tion filter (Chroma Technology Corp.) and imaged with a 615/60
emission filter (Chroma Technology Corp.) until fluorescence of

the patch reached steady state. After labeling, fluorescence of the
patch was measured in the presence and absence of 1 pM Co*".
Quenching of fluorescence by Co®" was compared before and after
application of Co*-C18-NTA (1-2.5 pM) for 1 min. Quenching was
reversed by washing the patches with 20 mM EDTA for several min-
utes. To analyze, the mean patch intensity was background sub-
tracted and normalized to the fluorescence in the presence of
EDTA to minimize quenching caused by binding of stray metal
ions in the water to the NTA head group (MetaMorph software).

Spectrophotometry and spectrofluorometry

Absorption spectra were recorded with a DU 800 spectrophotom-
eter (Beckman Coulter). Fluorescence excitation and emission
spectra were recorded with a Fluorolog 3 spectrofluorometer using
FluorEssence software (HORIBA Jobin Yvon). For emission spec-
tra, 5.2 nM rhodamine B (R6626; Sigma-Aldrich) in stabilization
buffer was placed in a 100-pl chamber of a 0.2-cm by 1-cm quartz
cuvette and excited at 550 nm, and the emission spectrum was re-
corded from 560 to 700 nm. Co®-NTA was added at concentra-
tions of 0-190 mM from a stock solution of 200 mM CoSO, (C6768;
Sigma-Aldrich) and 300 mM NTA (72560; Sigma-Aldrich) made in
stabilization buffer and pH adjusted to 7.4 with KOH. All Co*-NTA
concentrations given refer to the total concentration of Co*, with
the ratio of Co* to NTA constant at 2:3. To account for the de-
crease in excitation and emission intensities caused by the optical
density of the metal, observed fluorescence intensities of the sam-
ple were corrected for the inner filter effect according to the fol-
lowing equation (Lakowicz, 2006):

i

F.=F, (10(0,1*0D550+0.5*0Di)), 1)

where [, and F, represent the corrected and observed fluo-
rescence intensities at i-nm wavelength, and ODj3;y and OD; are
the absorption of Co®-NTA recorded at 550-nm and i-nm wave-
length, respectively. Each Co*-NTA concentration was repeated
four times. The FRET efficiency was then calculated using the
following equation:

FRET efficiency =1-F,, / F, (2)

where Fand F, are the corrected fluorescence intensities in the
absence and presence of Co™, respectively.

FRET: Theoretical framework

The theoretical framework for our calculations of tmFRET be-
tween a fluorescent donor and transition metal acceptor embedded
in a two-dimensional surface is based on the distance dependence
of FRET efficiency as described by Forster (1949). We have ad-
opted the modification by Fung and Stryer (1978) of the classical
energy transfer equations to calculate the theoretical tmFRET ef-
ficiency in our experiments numerically, making the following as-
sumptions: (a) random distribution of the acceptors with respect
to donors (in two dimensions or three dimensions; see Egs. 4 and
5), with a closest approach distance (R,); (b) no diffusion of the
donors and acceptors on the time scale of the lifetime of the donor;
and (c) random orientations of the donors and acceptors. The
FRET efficiency between randomly positioned donors and accep-
tors was defined as

J’we(—t/ru )e[—cs(t)]dl

0
J'we(fl/rp)dt
0

FRET efficiency =1- s (3)

where 7, is the donor fluorescence lifetime, the integral in the
denominator is the donor fluorescence in the absence of accep-
tor, and the integral in the numerator is the donor fluorescence
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in the presence of acceptor at some density, 0. The energy trans-
fer term, 7?1 contains a function S(t) that defines the cou-
pling efficiency. For the three-dimensional case of donors and
acceptors in solution (see Fig. 4 G, red curve), the FRET efficiency
was calculated with Eq. 3 using the following equation for S(#):

el 6
8(t)=[ {1 _ e ]}zm?dr. (4)
R,

For the two-dimensional case of donors and acceptors in the
membrane (see Fig. 8 B), we used the following equation:

s0=] {1 _ e }}Qnrdr, ()

R,

¢

where r is the distance between donor and acceptor, R, is the
characteristic distance for the donor and acceptor at which FRET
efficiency is 50%, and the integration range is bounded on
one side by a closest approach distance, R,, between donor and
acceptor.

We first calculated the expected FRET efficiency between rho-
damine B and Co*-NTA in solution so that we could establish
how well the theory approximated tmFRET data in three dimen-
sions. We used MATLAB (MathWorks) to perform numerical cal-
culations of the theoretical FRET efficiency with the bounded
integral in Eq. 4 over a volume. R, for rhodamine B and Co*-NTA
was calculated as 12.0 A based on our own emission and absorp-
tion spectra of rhodamine B and Co*-NTA, respectively, in stabi-
lization buffer (see Fig. 4 A) and assuming k> of 2/3 (Fung and
Stryer, 1978; Loura, 2012). A fluorescence lifetime, 7p, of 1.5 ns
was used for rhodamine B (see Fig. 4 D; Kristoffersen et al., 2014).
We found that R, at or below 5.0 A approximated the data well, as
determined by eye (see Fig. 4 C). Going below this value of R, did
not bring about a greatly improved fit, and we surmised that,
given the structures of rhodamine B and NTA, an R, of 5.0 A was
reasonable. For the two-dimensional tmFRET model (see Fig. 8 B),
we used the R, value of 5.0 A determined from fitting the three-
dimensional FRET data (Eq. 4). R, values that are smaller than
this seem unlikely in the context of the probes being attached as
headgroups onto stearoyl lipids.

Fluorescence lifetime measurements

Fluorescence lifetimes were measured using a FluoTime 100
(PicoQuant) with 470-nm laser excitation with a repetition fre-
quency of 10 MHz and a 60-s integration time. A 1:10 LUDOX
solution in water, with transmittance set to 0.1% and no emission
filter was used for measuring the instrument response function.
1 pM rhodamine B in stabilization buffer was used, with the instru-
mentset at 100% transmittance and a 490-nm long-pass filter and
either no Co** or 60 mM Co*-NTA. Lifetime measurements were
made in triplicate using three independently prepared samples.
Data were analyzed with the DecayFit script (http://www.fluortools.
com/software/decayfit) in MATLAB.

Statistics

To determine whether the fluorescence of membranes treated
with Co*" differed from those without Co*, we used paired, two-
tailed Student’s ¢ test assuming unequal variances. For comparing
quenching of R18 by Co*" in unroofed cells with that in patches,
we used an unpaired, two-tailed Student’s ¢ test assuming unequal
variances. Significance values were set to P < 0.05.

Online supplemental material

One supplemental figure and two videos are included. Fig. S1
shows the time course of labeling by R18 of an inside-out excised
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patch from a Xenopus oocyte. Video 1 shows a 3-D reconstruction
of an R18labeled patch from a Xenopus oocyte. Video 2 shows a
time lapse of labeling of an inside-out patch from Xenopus oocytes
with R18. Online supplemental material is available at http://
www.jgp.org/cgi/content/full /jgp.201511530/DCI.

RESULTS

To use tmFRET to study biological membrane structure
and dynamics, we needed to introduce a donor fluoro-
phore into the membrane. In contrast to synthetic systems,
in which fluorescent phospholipids can be easily incor-
porated into the lipid mixture used for bilayer forma-
tion, we were unable to incorporate fluorescent diacyl
dyes, such as dil- and phosphatidylethanolamine-based
dyes, into cell membranes efficiently and at high den-
sity. Previously, however, the lipophilic cationic fluo-
rescent dye octadecyl rhodamine B (R18) has been
shown to label cell membranes (Keller et al., 1977). R18
contains a single acyl chain attached to a highly fluo-
rescent rhodamine B head group (Fig. 1). When added
to the aqueous solutions bathing HEK293T /17 cells,
R18 efficiently incorporated into the cell’s membranes
(Fig. 2 B) and is known to remain in cell membranes
for >24 h (Keller et al., 1977). Strong plasma mem-
brane staining could also be seen using TIRF micros-
copy (Fig. 2 B), suggesting that most of the R18 was
incorporated into the plasma membrane.

Cell unroofing to access the intracellular surface

of the plasma membrane

We next sought a system that would allow us to access
the cytosolic surface of the native plasma membrane
where many of the membrane signaling events occur.
To study the native plasma membrane of a cell, we used
the method of unroofing (Heuser, 2000). This method
involved positioning a probe sonicator ~2 mm above
adherent cells grown on glass and giving a brief sonic
pulse (Fig. 2 A). The result was disruption of the cell
plasma membrane that was not adhered to the glass,
that is the dorsal surface, and removal of most of the
cells contents, leaving only the ventral plasma mem-
brane as a sheet attached to the coverslip. A significant
electron microscopy literature using unroofed cells in-
dicates that they are free from most intracellular mem-
branes and other cytosolic constituents and provide
access to the cytoplasmic surface of the plasma mem-
brane (Heuser, 2000; Sochacki et al., 2014). An exam-
ple using HEK293T/17 cells is shown in Fig. 2 C. After
fluorescent labeling by R18, the cells were unroofed.
Whereas the unroofed cells were barely visible with
brightfield microscopy (Fig. 2 C, left), the glass-adhered,
R18-stained membranes of the unroofed cells were
clearly visible with epi-illumination fluorescence mi-
croscopy (Fig. 2 C, middle). The epifluorescence im-
ages were virtually indistinguishable from the TIRF
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Unroofing adhered cells produces plasma membrane sheets. (A) Cartoon of the unroofing approach. A sonicator probe is

shown within 2 mm of R18-labeled, adhered cultured cells. One pulse at low power disrupts the cellular contents, leaving the ventral
surface of the cell on the glass. (B and C) Example of unroofing in a field of R18-stained HEK293T /17 cells. Cells before sonication are
shown in B, and the same field after unroofing is shown in C. Scale bar applies to all images and is 20 pm.

images (Fig. 2 C, right), suggesting that the R18 label in
unroofed cells is almost all within the evanescent field
(~200 nm above the glass coverslip). These unroofed
cells provided a reduced preparation to study the struc-
ture and dynamics at the cytoplasmic leaflet of the
plasma membrane.

Unroofing was also effective in other cell types we
tried. For these and subsequent experiments, R18 label-
ing was performed after unroofing (Fig. 3 A). Fig. 3 B
shows examples of R18-stained, unroofed cells of var-
ious types including HEK293T/17, PC-12, F-11, and

A

HEK293T/17>

ND7/23 cells. For many cells, there was a perimeter of
higher fluorescence that may represent an area where
the membrane is ruffled or partly folded back on itself.
In addition for some cells, especially F-11 cells, there were
fine processes that were more brightly labeled, and per-
haps not fully unroofed. However, for HEK293T /17
cells and PC-12 cells, examples could easily be found of
cells that had relatively uniform staining of the plasma
membranes with R18. These unroofed cells proved ideal
for developing and optimizing our method for mea-
surements of intramembrane tmFRET.

Figure 3. Cell unroofing is useful for
a variety of adherent cell types. (A)
Cartoon of unroofing approach in
which cells are stained with R18 (red)
after sonication. (B) Unroofed and
stained ND7/23, PC-12, F-11, and
HEK293T /17 cells imaged with epifluo-
rescence microscopy. Scale bar applies
to all images and is 50 pm.
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tmFRET between rhodamine B and Co®*-NTA
R18 is well suited for tmFRET measurements. We mea-
sured the emission spectrum of rhodamine B (the fluo-
rescent head group of R18) in solution and found it to
overlap with the broad absorption spectra of various
transition metals, including Co** (Fig. 4 A). The absorp-
tion spectrum of transition metals can be affected by
their chelation state (Reddy, 2010) and is shown in
Fig. 4 A for Co®" alone (gray trace) and for Co®* che-
lated with nitrilotriacetic acid (Co*-NTA; black trace).
The overlap between the emission spectrum of rho-
damine B (red trace) and the absorption spectrum of
Co*-NTA together with the quantum yield of rhoda-
mine B (~0.3; Magde et al., 1999), predicts an R, of
12.0 A for mobile randomly oriented donors and ac-
ceptors (k* = 2/3; Fung and Stryer, 1978; Loura, 2012).
An example of tmFRET between rhodamine B and
Co*-NTA in solution is shown in Fig. 4 B. Increasing con-
centrations of Co*-NTA caused a decrease in the fluo-
rescence of rhodamine B with little or no change in the
shape of the emission spectrum (Fig. 4 B). These emission
spectra have been corrected for an inner filter effect
(prominent at the highest concentration; see Eq. 1) and
suggest a FRET-based mechanism for quenching (Taraska
et al,, 2009a,b; Yu et al., 2013). The efficiency of energy
transfer is simply the fraction of fluorescence quenched
upon addition of Co*-NTA (see Eq. 2). Fig. 4 C shows
the dependence of FRET efficiency on the Co*-NTA

concentration, along with a model for solution-based
FRET in the limit of no diffusion (Fung and Stryer, 1978;
Egs. 3 and 4). A good fit to the data were produced by a
model with an R, of 12.0 A and a distance of closest
approach (R) of 5 A. The agreement between the model
and the data suggests that most, if not all, of the fluores-
cence quenching was through a FRET-based mechanism.

To confirm that quenching of rhodamine B by Co®*-
NTA was caused by FRET, we used time-correlated single
photon counting to measure the fluorescence lifetime
of rhodamine B in the absence (Fig. 4 D, red) and pres-
ence of Co*-NTA (Fig. 4 D, blue). 60 mM Co*-NTA
caused a dramatic reduction in fluorescence lifetime
(Fig. 4 D). The efficiency of energy transfer calculated
from lifetime measurements was not significantly dif-
ferent from the efficiency calculated from steady-state
quenching (Fig. 4 E). Because static quenching by Co®**-
NTA would not reduce the lifetime of rhodamine B, we
can rule out any significant contribution from static
quenching to our data (Lakowicz, 2006; Taraska and
Zagotta, 2010). In addition, the quenching by transition
metals has been shown to exhibit the steep distance
and metal dependence predicted for FRET (Latt et al.,
1972; Taraska et al., 2009a,b; Yu et al., 2013). Although
we cannot rule out a small contribution from other forms
of energy transfer, these results are consistent with
FRET being the primary mechanism for fluorescence
quenching by transition metals.

Figure 4. Spectral properties of rho-
damine B and Co** make them ideally
suited as a donor and acceptor, respec-
tively, for tmFRET. (A) The absorption
spectra of Co** (gray solid) and Co*-

2+ NTA (black) are shown superimposed
[Co>"-NTA] )@

— 0mM on the excitation (gray dashed) and

—02mM emission (red) spectra of rhodamine B.

— 0.6 MM (B) Emission spectra of rhodamine B

2mM fluorescence in solution at the indicated

g OmrrI:AM concentrations of Co*-NTA. (C) Con-

centration dependence of quenching
of rhodamine B in solution by Co*-
NTA (points) fitted with the Fung and
= Stryer (1978) model (red). The error
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L bars shown represent the SEM of four

E0g B4l 68 independent experiments. (D) Fluo-
Wavelength (nm) rescence lifetime measurements of rho-
E 104 damine B in the absence (red circles)
and presence (blue circles) of 60 mM

% 0.8 Co*-NTA. Best fits to the data with a
& single exponential give time constants
g 0.6 ns. of 1.55 ns and 1.18 ns without and
[ . with Co*-NTA, respectively. (E) En-
E 0.4 % o ergy transfer efficiencies estimated with
= 024 ° e° steady-state and lifetime fluorescence
measurements. The mean for each

00— group is shown by the black line. The
Steady- Life- label n.s. indicates there was no statisti-

state  time cally significant difference between the

groups (P >0.05).



tmFRET with endogenous metal-binding sites

on the membrane

To determine whether there are endogenous metal-
binding sites on the membrane, we measured tmFRET in
R18-labeled, unroofed PC-12 cells. The addition of 1 mM
Co** caused a dramatic reduction in R18 fluorescence
(Feo/ F=51 £ 7%; n=3), which was readily reversed by the
addition of 10 mM EDTA (Fig. 5 A). The quenching was
significantly greater than the solution quenching of rho-
damine B by 2 mM Co*" (not depicted) or Co*-NTA in
solution (Fig. 4 B), indicating that Co®* was binding to
the membrane at a site near R18. The Co* concentration
dependence of quenching was shallow, with a half-max-
imal quenching concentration of ~40 pM and a Hill
slope of 0.53 (Fig. 5 B). These data suggest that the mem-
brane contains multiple types of metal-binding sites with
different affinities ranging from micromolar to milli-
molar. Although the lower affinity sites are present at suf-
ficient density for bound Co* to exhibit FRET with R18,
Co*" at millimolar concentrations likely binds to hetero-
geneous sites on the membrane and membrane proteins,
making structural interpretations of tmFRET difficult.

tmFRET with metal-binding sites introduced

into the membrane

To use tmFRET to measure the structure and dynamics of
fluorescently labeled elements in the cell membrane, we

A B 10

0.8 4

llmMC&*

FoolF

lEmA 0.2-

0.0 -

needed to introduce homogeneous, high-affinity metal-
binding sites at a high density in the membrane. For this
purpose, we designed a fatty acid with a metal-binding
head group, C18-NTA. C18-NTA has the same acyl chain
as R18, but with an NTA head group for high-affinity metal
binding. Like R18, C18-NTA could be added to aqueous
solutions where it would incorporate readily into the
plasma membrane of both intact and unroofed cells.

The addition of C18-NTA to unroofed cells caused
a dramatic increase in the Co*" binding affinity of the
membrane. Fig. 6 A shows the effect of Co** on a field
of unroofed, R18-labeled PC-12 cells before and after
treatment with 1 pM C18-NTA for 10 min. After C18-
NTA, even 1 pM Co*" produced significant quenching
of R18. The quenching by Co** could be completely re-
versed by the addition of 10 mM EDTA (Fig. 6 A). The
concentration dependence of quenching by Co*" shows
that CI8-NTA introduced a submicromolar affinity
Co*-binding site (estimated Ky of ~18 nM under our
conditions [Anderegg, 1982]) to the membrane that is
much higher affinity than the endogenous binding sites
(Fig. 6 B; data from same coverslip shown in Fig. 6 A).
Therefore, for the remaining experiments, we used 1 pM
Co?*, which should saturate the introduced C18-NTA-
binding sites, displacing any contaminating metals in
our preparations, but not bind appreciably to the en-
dogenous metal-binding sites in the membrane.

0.0001 0.001

| | | I
0.01 0.1 1

[Co™] (mM)

Figure 5. Quenching of R18 in unroofed PG-12 cells by Co®* binding to endogenous metal-binding sites. (A) Exemplar epifluorescent
images of unroofed, R18-labeled cells initially (top), in the presence of 1 mM Co*" (middle), and after subsequent washing with EDTA
(bottom). Scale bar in top image applies to all images and is 20 pm. (B) Compiled data from exposing many unroofed, R18-labled cells
to various concentrations of Co® in the bath. All cells from eight independent fields were averaged together, and the means from eight
fields were then averaged to produce the points and SEM shown. The smooth curve is a fit with the Hill equation, with a K, ,» of 40 pM
and a slope of —0.53. We did not apply Co?* concentrations >1 mM and allowed the F,/Fvalue at high concentrations to float during

the fit, giving a value of 0.42.
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Across cells in all fields examined, application of
1 pM Co*" after C18-NTA treatment produced quench-
ing of the R18 fluorescence, 1 — Fy,/F, of 58 + 1.6% (n=
35; Fig. 7). This effect was highly variable but signifi-
cantly larger than the effect 1 pM Co** had on the fluo-
rescence of cells not pretreated with C18-NTA (f,/F=
96 + 1%; n = 35; Fig. 7). The variability was much larger
from coverslip to coverslip than from cell to cell in the
same coverslip, suggesting variability in the amount of
C18-NTA incorporated. Similarly, the degree of quench-
ing of the endogenous metal-binding sites by higher
concentrations of Co®* was quite variable (not depicted).
Overall, these results indicate that C18-NTA is incorpo-
rating high-affinity, reversible metal-binding sites in the
membrane at sufficient density for the bound metal to
exhibit FRET with R18.

To estimate the density of C18-NTA in the membrane,
we fit the metal quenching data to a model based on
FRET in two dimensions (Fung and Stryer, 1978). The
model assumes random arrangement of donors and ac-
ceptors in the membrane and a closest approach dis-
tance for the donor and acceptor (Fig. 8 A). The distance
of closest approach is the minimum possible distance
between the donor and acceptor transition dipoles in
two dimensions. Fig. 8 B shows predictions of the model
for the FRET efficiency as a function of the acceptor
density and the mole fraction of the acceptor, assuming

10 pM Co?*

100 pM Co?*

an R, of 12.0 A and a closest approach distance R, of 5 A
(estimated from solution quenching experiments;
Fig. 4 C). From this model, we estimate that the range
in the densities of C18-NTA in the membrane is ~0.0017
to 0.0025 C18-NTA molecules per square angstrom of
membrane (encompassing the 25th to 75th percentile
of the data), corresponding to a mole fraction of be-
tween 0.12 and 0.18, assuming a cross-sectional surface
area of 70 A? per lipid (Fig. 8; Fung and Stryer, 1978).

tmFRET in excised membrane patches

A powerful alternative to unroofing for studying the iso-
lated plasma membrane of cells is the patch-clamp tech-
nique (Hamill et al., 1981). Excised inside-out patches
provide a cell-free patch of plasma membrane with solu-
tion access to the cytoplasmic side of the membrane. In
addition, the electronics of the patch-clamp amplifier
provide the ability to control the membrane voltage
and record ionic currents. PCF allows for fluorescence
measurements of structure and dynamics simultaneous
with current measurements of function of ion channels
and transporters (Zheng and Zagotta, 2000, 2003). This
method has been used to measure ligand binding and
conformational changes in ion channels (Zheng and
Zagotta, 2000; Zheng et al., 2003; Trudeau and Zagotta,
2004; Islas and Zagotta, 2006; Biskup et al., 2007;
Taraska and Zagotta, 2007; Kusch et al., 2010; Miranda

—@— Initial
—@— After C18-NTA
L 0.6
3
w 0.4 -
4
0.2 1
0.0 -
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0 20 40 60 80 100

[Co”"] (uM)

Figure 6. C18-NTA adds high-affinity Co**-binding sites to unroofed cells. (A) Epifluorescent images represent a field of unroofed, R18-
labeled PC-12 cells, with the left-hand column showing the initial fluorescence intensity from 0 to 100 pM Co?* in the bath, as indicated.
The unroofed cells were then treated with C18-NTA (see Materials and methods), the C18-NTA was removed from the bath, and cells
were then washed with EDTA and then again bathed in 0-100 pM Co*" (middle column). Finally, the unroofed cells were washed with
EDTA to recover the fluorescence intensity (right column). Scale bar shown in the top left image applies to all images and is 50 pm.
(B) Concentration dependence for coverslip from which the example in A is shown. Points shown are means of the cells, and the bars

represent the SEM.
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et al., 2013; Kusch and Zifarelli, 2014) and would pro-
vide a useful platform for measuring membrane struc-
ture and dynamics.

To use PCF to measure tmFRET with the membrane, we
have incorporated R18 into membrane patches (Fig. 9).
Giant patches from Xenopus oocytes were excised in the
inside-out configuration and subsequently labeled by
exposing the patch to R18 in the bath solution. The oo-
cytes were first labeled with a cysteine-reactive green
fluorophore (fluorescein C-5 maleimide, F5M), which
labeled cysteine-containing membrane proteins, to allow
us to focus on the patch using confocal microscopy
(Fig. 9 B). After excision of inside-out patches, the
patches were exposed to 3 pM R18 and viewed with con-
focal microscopy (Fig. 9 C). A three-dimensional recon-
struction of the patch shows R18 fluorescence in the
patch, on the inner surface of the electrode leading to the
patch, and on the tip of the electrode (Video 1). Inter-
estingly, the time course of R18 incorporation showed
that the R18 incorporated initially into the membrane
at the tip of the patch pipette and subsequently labeled
the patch membrane further back in the electrode more
slowly, either by diffusion or direct incorporation (Fig. S1
and Video 2). These experiments establish PCF as an
effective way to label the isolated plasma membrane.

We next tested whether transition metal-binding sites
could be introduced into membrane patches for tmFRET.
In the absence of exogenous metal-binding sites, 1 pM
Co*" had virtually no effect on the R18 fluorescence in
the patch measured with epifluorescence microscopy
(Fig. 10, A and B), as we observed in unroofed cells.

FoF @ —*
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§ & gudogiog eo
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1 uM Co2+
Initial

1 uM Co2+
After C18-NTA

Figure 7. Collected data for quenching of R18 by Co** before
and after treatment of cells with C18-NTA. Each point was mea-
sured as the fluorescence from a single unroofed cell, with mean
fluorescence from a nearby background region subtracted. The
black lines indicate the mean of the data for each condition. As-
terisk indicates significance at P < 0.01.

However, after the exposure of the patch to 1-2.5 pM
C18-NTA, R18 fluorescence was considerably reduced
(Feo/ F=0.68 £ 0.07; n=4), indicating significant incorpo-
ration of C18-NTA and tmFRET with R18 in the mem-
brane (Fig. 10). The fluorescence quenching was less
than we observed in unroofed cells (P < 0.05), suggesting
either incorporation of less C18-NTA in patches or bind-
ing of Co®" to only the intracellular side of the membrane
in inside-out patches (see Discussion). The quenching
was largely reversed by the addition of 20 mM EDTA
(Fig. 10 A). These experiments lay the groundwork for
exploring the dynamics of membrane proteins relative to
the membrane using tmFRET and PCF.

DISCUSSION

In this paper, we describe a new method for measuring
short-range distances at the intracellular leaflet of
the plasma membrane. The method involves measur-
ing tmFRET between donor fluorophores attached to

5 Co*-C18-NTA R18
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Figure 8. Model for determining Co** density on the plasma
membrane of unroofed cells from its quenching of RI8.
(A) Cartoon depicting the concept of R, the distance of closest
approach between the donor (head group of R18) and accep-
tor (Co* bound to head group of C18-NTA). (B) Relationship
between mole fraction Co*-bound C18-NTA and FRET efficiency
as measured from quenching of R18. For convenience, an axis is
also shown for acceptor density. Predictions from the Fung and
Stryer (1978) model are shown for an R, of 5 A (red) and 10 A
(blue). The red region shows how the 25-75th percentile of the
FRET efficiencies, calculated from the data in Fig. 7 using Eq. 2,
translates into mole fraction of Co?-C18-NTA.
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components of the membrane and acceptor transition
metal ions bound to metal-binding sites on the mem-
brane. We show that the method works for rhodamine
B attached to a fatty acyl tail (R18) in the membrane
and Co?' bound to either endogenous metal-binding
sites on the membrane or exogenous metal-binding sites
on CI8-NTA incorporated in the membrane. Further-
more, we show that the tmFRET method can be applied
to the intracellular leaflet of the plasma membrane by
either unroofing the cells or using the excised inside-
out configuration of the patch-clamp technique.

Our approach has several advantages over other FRET
methods for measuring the structure and dynamics of
the membrane. The measurements are made in native
cell membrane without the need to isolate and purify
any components or reconstitute in synthetic membranes.
The absolute FRET efficiency can be easily determined
by simply measuring the reduction in donor fluorescence
upon addition of the metal. Because the FRET effi-
ciency is measured from the donor, and the acceptor
is nonfluorescent, the metal can be present in molar
excess without loss of signal or increased background.
Because the extinction coefficients of the metals are
small (relative to most fluorophores) the characteristic

Smm St

A

Bright field

C18-NTA

Figure 10.

-’-

tmFRET between R18 and Co®-C18-NTA in inside-out patches from a Xenopus oocyte. (A) Bright-field and epifluorescence

C R18

Figure 9. Confocal images of an inside-out ex-
cised patch from a Xenopus oocyte. (A) Bright-
field image of the pipette. Scale bar is 20 pm and
also applies to B and C. (B) Fluorescence caused
by F5M. (C) Fluorescence caused by R18.

distance range for tmFRET (R;) is short and the dis-
tance dependence is steep, making it sensitive to the
short distances and distance changes found for the mo-
lecular interactions occurring in biological membranes.
Furthermore, different metals have different absorp-
tion properties so the choice of metal ion can be tuned
to the particular distance range desired. Finally, unroof-
ing and PCF provide access to the intracellular leaflet of
the membrane. Unroofing is potentially amenable to
medium- or high-throughput analysis, whereas PCF al-
lows precise control of the membrane voltage and the
ability to measure membrane currents.

The amount of tmFRET is sensitive to both the density
of the acceptor sites and the distance of closest approach
of the donor to the acceptor (R,) but is insensitive to the
density of the donor fluorophore. This allows one to
measure either the density of metal-binding sites in the
membrane or the distance of closest approach of the
metal to the donor fluorophore. If the metal is bound to
a component that is enriched in certain regions or mi-
crodomains of the membrane, the tmFRET would be ex-
pected to be greater in those regions. Here we found that
there are endogenous metal-binding sites on the mem-
brane with micromolar to millimolar affinity. These sites
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images from a representative patch. Fluorescence images from patches with either 0 or 1 1M Co** before (left) or after (middle) applica-
tion of C18-NTA and after 20 mM EDTA (right). Scale bar in top left image applies to all images and is 20 pm. (B) Patch fluorescence
in Co?" was normalized to patch fluorescence in EDTA before and after C18-NTA (n = 4). Mean (lines) and individual (points) patch

values are shown. Asterisk indicates significance at P < 0.05.
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likely arise from a combination of acidic phospholipids,
such as phosphatidylserine and phosphatidylinositides,
and membrane proteins. Addition of C18-NTA, however,
introduced a high density of high-affinity (submicromo-
lar) metal-binding sites. The degree of quenching was
somewhat variable from cell to cell, and the estimated
density of introduced metal-binding sites (mole fraction
of ~0.12-0.18) is dependent on assumptions made about
the label’s flexibility, uniformity, and closest approach
distance. If the bound metal ions are not uniformly dis-
tributed or in microdomains, the observed FRET effi-
ciency may be a weighted average of the efficiencies in
different regions of the membrane. At the current reso-
lution, it is difficult to determine the uniformity of the
density within a given cell.

We designed the C18-NTA metal-binding fatty acid to
have the same, saturated acyl chain as R18. Although we
have not investigated whether the plasma membranes
of the cells we studied may be composed of multiple,
nonmiscible compartments (e.g., lipid rafts [Simons and
Ikonen, 1997]), the residence of a fatty acid within any
given compartment should be controlled primarily by
the properties of its acyl chain. Therefore, C18-NTA and
R18 are expected to reside within the same compartment.
Because we determined R, and the acceptor density em-
pirically, compartmentalization would not invalidate our
conclusions. However, if significant compartmentaliza-
tion is present, it should be noted that the values cal-
culated represent R, and acceptor density only in the
compartment in which the two probes are present.

In the case of fluorescently labeled lipids, one must
consider the possibility of transfer of the lipid from one
leaflet to the other. This is the case for R18, which equil-
ibrates between the leaflets of the membrane in sec-
onds (Melikyan et al., 1996). In our experiments, the
metal may not be bound equally on both leaflets. For
example, in the PCF experiments, the metal is applied
to only the intracellular face of the membrane and is
not expected to access the extracellular side. In this
case, the measured FRET efficiency will be averaged be-
tween the two leaflets. This may explain the somewhat
smaller quenching we observed in our PCF experiments
compared with the unroofing experiments. Transfer be-
tween leaflets of the bilayer is not expected to be an
issue for fluorescently labeled proteins.

If the donor is present on an intracellular domain of
a membrane protein, the distance of closest approach
will be determined, in part, by the distance of the donor
from the membrane. Therefore, movements of the do-
main closer to the membrane would be expected to in-
crease the amount of tmFRET. For example, amovement
of the fluorophore by 5 A (from 10 A to 5 A) would
be expected to increase the FRET efficiency by ~20%
(Fig. 8 B). Many membrane proteins, such as ion chan-
nels, transporters, and receptors, undergo significant con-
formational changes during the processes of transport

and regulation. These processes have been difficult to
study in intact biological membranes because of the
need to specifically label the protein and membrane.
The method described here provides a way to specifi-
cally label the membrane with a nonfluorescent FRET
acceptor. Once the protein can be specifically labeled
with a donor fluorophore, tmFRET can be used to mea-
sure the dynamics of protein movement relative to the
membrane (see Zagotta et al. in this issue). Such studies
may bridge the gap between the static structures of
membrane proteins in crystals and detergent to the dy-
namic structures of proteins in their native membrane.
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