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Abstract The uncoupling protein 1 (UCP1) is a mito-
chondrial protein that carries protons across the inner
mitochondrial membrane. It has an important role in non-
shivering thermogenesis, and recent evidence suggests its
role in human adult metabolism. Using rapid solution
exchange on solid supported membranes, we succeeded in
measuring electrical currents generated by the transport
activity of UCP1. The protein was purified from mouse
brown adipose tissue, reconstituted in liposomes and
absorbed on solid supported membranes. A fast pH jump
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activated the ion transport, and electrical signals could be
recorded. The currents were characterized by a fast rise and
a slow decay, were stable over time, inhibited by purine
nucleotides and activated by fatty acids. This new assay
permits direct observation of UCP1 activity in controlled
cell-free conditions, and opens up new possibilities for
UCP1 functional characterization and drug screening
because of its robustness and its potential for automation.
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Introduction

UCP1 (uncoupling protein 1), a member of the mitochon-
drial carrier family (MCF), is responsible for the dissipa-
tion of the proton gradient across the inner mitochondrial
membrane. By carrying protons, it uncouples the respira-
tory chain from ATP synthesis [for review, see (Nicholls
and Locke 1984), (Porter 2008)]. UCP1 is highly expressed
in brown adipose tissue (BAT), whose main function is to
convert fat into heat. UCP1 is essential in f-adrenergically
controlled non-shivering thermogenesis, and evidence
suggests a role in the protection against diet-induced
obesity (Kopecky et al. 1996), (Feldmann et al. 2009).
Recently, the presence of BAT with active UCP1 was
demonstrated in adult humans, its activity being signifi-
cantly diminished in overweight or obese humans (van
Marken Lichtenbelt et al. 2009, Virtanen et al. 2009,
Vijgen et al. 2011).

The transport mediated by UCP1 results in a net charge
movement across the membrane, and is thus electrogenic.
This transport is known to be activated by fatty acids and
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inhibited by purine nucleotides (Lin and Klingenberg 1982,
Rial et al. 1983). The functional properties of UCP1 have
been assessed by indirect spectroscopic assays (Klingenberg
and Winkler 1985), (Garlid et al. 1996), (Mozo et al. 2006)
that are time and protein consuming, and do not allow real-
time transport characterization. More sophisticated elec-
trophysiological techniques, such as patch clamp (Huang
and Klingenberg 1996) and planar lipid bilayer reconsti-
tution (Urbankova et al. 2003), have also been employed,
although these techniques remain challenging for routine
use.

Alternative techniques to record electrical currents
associated with the activity of electrogenic transporters rely
on solid supported membranes (SSM). The efficiency of
these techniques to study transport mechanisms has been
illustrated for various prokaryotic and eukaryotic carriers
(Krause et al. 2009, Ganea et al. 2001, Zuber et al. 2005,
Tadini Buoninsegni et al. 2004). Of special interest is the
fast solution exchange on SSM. Proteoliposomes or native
membranes are adsorbed to SSM and transporters activated
using a rapid substrate concentration jump (Pintschovius
and Fendler 1999). Transient currents generated by the
transport are recorded via capacitive coupling and contain
information about the amplitude and the rate of the trans-
port process [for review see (Schulz et al. 2008)]. The
power of the method was recently illustrated by the char-
acterization of nucleotide transport by the ADP/ATP car-
rier, another MCF member (Watzke et al. 2010).

The present study reports the characterization of the
transport activity of UCPI1 using the SSM-based technol-
ogy. The ion transport was induced by a fast pH jump from
7 to 6, and currents of a few nA were recorded. Based on
the current measurements, the properties of the transport
performed by UCPI, as well as the effects of GDP and
lauric acid, were explored.

Materials and methods
UCP1 purification

UCP1 was purified from BAT mitochondria following a
procedure adapted from Winkler and Klingenberg (1992).
Briefly, BAT mitochondria isolated from 1-week cold-
adapted mice were cleaned up with 3.2 % lubrol (30 min
incubation) in buffer A (20 mM Na,SO,4, 1 mM EDTA,
20 mM MOPS, pH 6.8). Protein solubilization was per-
formed during 1 h in buffer A containing 2 % (w/v) CioEs
instead of 4.5 % as described in Winkler and Klingenberg
(1992) to avoid contamination with porins and mitochondrial
carriers other than UCP1 (Zoonens et al. in preparation).
UCP1 was purified on a hydroxyapatite column previously
equilibrated with buffer A containing 0.05 % (w/v) CoEs.
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Preparation of proteoliposomes

A mixture of phosphatidylcholine, phosphatidylethanol-
amine and cardiolipin (Avanti Polar Lipids) was solubi-
lized in chloroform in a glass tube at an 8/1/1 ratio (w/w/w).
The chloroform was evaporated to dryness under a nitrogen
stream. The lipidic film was resuspended in a buffer
composed of 50 mM MOPS, pH 7, 140 mM potassium
gluconate in order to have a final lipid concentration of
10 mg/mL. The solution was vortexed for several minutes
and then sonicated in order to form small unilamelar ves-
icles (SUVs). The purified protein was then mixed with the
SUVs at a lipid to protein ratio of 15/1 (w/w), giving a final
protein concentration of 0.6-0.7 mg/mL. After 30 min
equilibration at 4 °C, on a roller drum, 250 mg of SM2
Bio-Beads (Bio-Rad) was added to the solution and incu-
bated overnight at 4 °C to remove the detergent. An
additional incubation with 250 mg of Bio-Beads for
90 min allowed the removal of detergent traces. Bio-Beads
were then removed, and the solution was recovered and
centrifuged 25 min at 350,000g at 4 °C. The pellet was
resuspended in 50 mM MOPS, pH 7, 140 mM potassium
gluconate in order to have a final lipid concentration of
10 mg/mL. The liposomes were either used immediately
for measurements or aliquoted, frozen in liquid nitrogen
and stored at —80 °C.

SSM measurements

The liposomes were diluted ten times in 50 mM MOPS, pH
7,140 mM potassium gluconate and sonicated 20 s (UP5S0H
sonicator) at 30 % amplitude. Ten microliters of liposomes
was deposited on a SSM sensor, previously prepared by
following manufacturer’s guidelines using the SensorPrepA
and the SensorPrepB1 solutions (IonGate, Germany). The
SSM sensors were then centrifuged for 30 min at 2,500g and
kept at 4 °C for at least 2 h. For the detection of electrical
currents, the sensor was inserted in the SURFE’R One
instrument (originally acquired from IonGate, Frankfurt,
Germany; now available through Nanion, Munich, Ger-
many) and the transport activated by a rapid exchange of a
solution at pH 7 (50 mM MOPS, pH 7, 140 mM potassium
gluconate) with a solution at pH 6 (50 mM MES, pH 6,
140 mM potassium gluconate). As a control, currents from
protein-free liposomes prepared in the same conditions as the
proteoliposomes were recorded. Currents were recorded at a
sampling rate of 1 kHz after filtering at 300 Hz.

Results and discussion

Native UCP1 extracted from cold-adapted mice BATs and
further purified was incorporated into liposomes formed by
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a mixture of phosphatidylcholine, phosphatidylethanol-
amine and cardiolipin. This lipidic composition resembles
that of the inner mitochondrial membrane, known to have a
high cardiolipin content compared to other membranes
(Zinser et al. 1991). The liposomes were deposited on
sensors following the procedure described in Materials and
methods, inserted in the SURFE’R One instrument and
rinsed with a non-activating pH 7 solution. After 2 s, this
solution was rapidly exchanged with an activating pH 6
solution, thus generating a H" gradient across the mem-
brane. For UCP1-containing liposomes the pH jump elic-
ited a transient “on-signal” that decayed within 1 s.
Switching back to the non-activating solution led to a
transient current in the opposite direction, the “off-signal”
(Fig. 1) corresponding to the proton backflow. As the
conditions of this reverse reaction are less defined
(behavior of valves and liposome charge), only the “on-
signal” was used for the analysis (Balannik et al. 2010),
(Schulz et al. 2010). A positive “on-signal” is indicative of
a displacement of positive charges (H") from the bath to
the membrane-supporting electrode (Schulz et al. 2008).
The time course of the current was characterized by a fast
rise and a slow decay similar to pH-jump-induced cur-
rents observed for other proton-translocating transporters
(Balannik et al. 2010), (Schulz et al. 2010). The decay could
be fitted with a single exponential decaying with a time
constant in the range of 100-200 ms. Repeating measure-
ments on the same sensor at different times (up to 140 min)
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showed that the characteristics of the transient current were
stable over at least a couple of hours. The current ampli-
tude varied from one sensor to another because of the
quantity of adsorbed proteoliposomes onto the sensor, a
parameter difficult to control.

GDP is a known inhibitor of UCP1 activity. The present
model is that the nucleotide acts from the cytosolic side of
UCPI1 by entering a cavity and binding deep inside the
protein (Arechaga et al. 2001). Its influence on the transient
current induced on UCPI1 proteoliposomes was therefore
tested herein. A 38 £ 2 % decrease in the signal was
observed in the presence of 100 uM GDP (Fig. 2a). The
inhibitory effect was reversible by rinsing with a GDP-free
solution. The partial inhibition may be explained by ran-
dom orientation of the protein in the liposomes, with only a
fraction of the proteins having the GDP binding site
exposed to the outside. Alternately, part of the signal could
be due to the protonation of the protein and therefore not be
affected by GDP. However, GDP inhibition was dimin-
ished by 12.8 % in the presence of 5 mM Mg ions and
increased by 10.5 % in the presence of 1 mM of the
divalent ion chelator EGTA (Fig. 2b). These data are
consistent with previous observations showing that UCP1
preferentially binds Mg -free nucleotides (Klingenberg
1988) and demonstrate that the transient GDP-sensitive
current was indeed due to the transport activity of UCP1.

Fatty acids are known activators of the UCP1 transport
activity. As the UCP1 used in this study was purified from
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Fig. 1 Electrical currents associated with the presence of pure UCPI.
a Sensors were prepared using liposomes devoid of UCP1 (Control
liposomes) and liposomes enriched in UCP1 (UCP1 liposomes). pH-
Dependent currents were evoked by a solution exchange protocol
consisting of three successive 2-s flow steps, from pH 7 to pH 6 and
back to pH 7. The non-activating pH 7 solution contained 50 mM
MOPS and 140 mM potassium gluconate; the activating pH 6
solution contained 50 mM MES and 140 mM potassium gluconate.
Traces are representative of measurements on at least 20 independent
sensors. No significant difference was seen between sensors prepared

from frozen or freshly prepared liposomes. b SDS-PAGE of UCPI
after purification from brown adipose tissue. Lanes from left to right:
(1) Molecular weights of standards in kDa (Low Molecular Weight
kit, GE Healthcare); (2) supernatant after washing mitochondria
(30 min. incubation in 3.2 % lubrol); (3) supernatant after mitochon-
drial membrane solubilization step (1 h incubation in 2 % C(Es); (4)
supernatant after a second step of solubilization of the non-solubilized
pellet (overnight incubation in 2 % C;(Es); (5 and 6) first and second
fractions after hydroxyapatite column
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Fig. 2 Inhibition by GDP of pH-dependent transient currents.
a Inhibitory effect of GDP. Signals generated by the pH jump in
control (Before GDP), in the presence of 100 pM GDP (GDP) and
after wash-out of GDP (After wash-out). The average inhibition of the
peak amplitude of the transient current by GDP was 38 £ 2 %
(mean = SEM) of control, as measured in at least 100 different tests
on at least 16 different sensors. b Histogram showing the effects of

brown adipose tissue, a tissue very rich in fatty acids, it is
possible that fatty acids are still present in the proteolipo-
some preparation. In order to test this hypothesis, bovine
serum albumin (BSA, a protein known to bind fatty acids)
was first added in the recording buffers. Indeed, the current
measured on UCP1-containing liposomes was inhibited in
the presence of 15 uM BSA (fatty acid free). After washing
out BSA, the current could be activated again by adding
lauric acid to the activating solution (Fig. 3).

Our experimental results show the relevance of the
method used herein to measure proton transport by UCP1.
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Fig. 3 Modulation of UCP1 currents by fatty acids. Currents
measured in response to jumps from pH 7 to pH 6 were recorded in
the following sequential conditions: (1) in the absence of effectors
(Control); (2) in the presence of 15 pM BSA for 20-30 min (BSA);
(3) after wash-out of BSA (Wash); (4) in the presence of 7.5 uM
lauric acid (Lauric acid). Experiments were conducted using sensors
prepared with UCP1-containing proteoliposomes (black bars) or with
empty liposomes as a control (white bars). In order to allow
comparison between control and UCP1 liposomes, currents were
normalized to the current measured in BSA, then rescaled to current
units by multiplying by the average current measured in BSA. The
data represent the mean + SEM of at least 30 different measurements
on three different sensors
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EGTA and Mg on inhibition by GDP. Peak currents were normalized
to the control peak current obtained in the presence of 100 pM GDP.
The data represent the mean = SEM of at least ten different
measurements on two different sensors. Mg2+ (5 mM) reduced
GDP inhibition by 12.8 % and EGTA (1 mM) increased GDP
inhibition by 10.5 %

We believe that the present SSM method has several
advantages over other previously reported methods of
studying UCP1, not the least of them being that it requires
little technical expertise. The patch-clamp technique has so
far only been used to characterize the chloride transport of
UCP1 (Huang and Klingenberg 1996). Because it is
designed to record the activity of single channel proteins, it
is very sensitive to undetectable amounts of protein con-
taminants such as ion channels or porins, and is not suited
to measure the small fluxes of proton transporters. Spec-
troscopic measurements or the use of pH electrodes on
proteoliposomes are more indirect as they measure the
consequences of a pH or membrane potential modification
(Klingenberg and Winkler 1985, Garlid et al. 1996, Mozo
et al. 2006). In addition, the SSM method allows multiple
trials on the same sensor chip, which is unique to proteo-
liposome-based approaches. The method described herein
necessitates at least two orders of magnitude less protein
quantity than most liposome methods as seen from the
comparison of experimental details in the various publi-
cations. Such a decrease in protein quantity opens the
possibility to perform protein transport measurements on
low amount of recombinant proteins and therefore also
mutants. This would constitute a major step forward in
deciphering structure—function properties.

Conclusion

Deciphering the molecular mechanism of action of UCP1
is of great interest. Here we present a new assay for
assessing the activity of this membrane protein that is
based on the measurement of electrical currents associated
with its transport activity. The currents recorded were
stable for at least a couple of hours, modulated by UCP1
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activators (fatty acids) and inhibitors (nucleotides). The
development of this simple and robust functional assay
paves the way for the detailed characterization of UCP1
and the large-scale screening of activatory and inhibitory
compounds.

Acknowledgments We thank Dr. Petr Obrdlik for help and advice
concerning the current measurements. The work was supported by the
Institut Universitaire de France, by the Agence Nationale de la
Recherche (Trans-MIT and MIT-2 M projects) and by EU project
EDICT no. 211800.

References

Arechaga I, Ledesma A, Rial E (2001) The mitochondrial uncoupling
protein UCP1: a gated pore. [IUBMB Life 52:165-173

Balannik V, Obrdlik P, Inayat S, Steensen C, Wang J, Rausch JM,
DeGrado WF, Kelety B, Pinto LH (2010) Solid-supported
membrane technology for the investigation of the influenza A
virus M2 channel activity. Pflugers Arch 459:593-605

Feldmann HM, Golozoubova V, Cannon B, Nedergaard J (2009)
UCP1 ablation induces obesity and abolishes diet-induced
thermogenesis in mice exempt from thermal stress by living at
thermoneutrality. Cell Metab 9:203-209

Ganea C, Pourcher T, Leblanc G, Fendler K (2001) Evidence for
intraprotein charge transfer during the transport activity of
the melibiose permease from Escherichia coli. Biochemistry
40:13744-13752

Garlid KD, Orosz DE, Modriansky M, Vassanelli S, Jezek P (1996)
On the mechanism of fatty acid-induced proton transport by
mitochondrial uncoupling protein. J Biol Chem 271:2615-2620

Huang SG, Klingenberg M (1996) Chloride channel properties of the
uncoupling protein from brown adipose tissue mitochondria: a
patch-clamp study. Biochemistry 35:16806—16814

Klingenberg M (1988) Nucleotide binding to uncoupling protein.
Mechanism of control by protonation. Biochemistry 27:781-791

Klingenberg M, Winkler E (1985) The reconstituted isolated uncou-
pling protein is a membrane potential driven H" translocator.
EMBO J 4:3087-3092

Kopecky J, Hodny Z, Rossmeisl M, Syrovy I, Kozak LP (1996)
Reduction of dietary obesity in aP2-Ucp transgenic mice:
physiology and adipose tissue distribution. Am J Physiol 270:
E768-E775

Krause R, Watzke N, Kelety B, Dorner W, Fendler K (2009) An
automatic electrophysiological assay for the neuronal glutamate
transporter mEAACI. J Neurosci Methods 177:131-141

Lin CS, Klingenberg M (1982) Characteristics of the isolated purine
nucleotide binding protein from brown fat mitochondria.
Biochemistry 21:2950-2956

Mozo J, Ferry G, Masscheleyn S, Miroux B, Boutin JA, Bouillaud F
(2006) Assessment of a high-throughput screening methodology

for the measurement of purified UCP1 uncoupling activity. Anal
Biochem 351:201-206

Nicholls DG, Locke RM (1984) Thermogenic mechanisms in brown
fat. Physiol Rev 64:1-64

Pintschovius J, Fendler K (1999) Charge translocation by the Na™/
K*-ATPase investigated on solid supported membranes: rapid
solution exchange with a new technique. Biophys J 76:814-826

Porter RK (2008) Uncoupling protein 1: a short-circuit in the
chemiosmotic process. J Bioenerg Biomembr 40:457-461

Rial E, Poustie A, Nicholls DG (1983) Brown-adipose-tissue
mitochondria: the regulation of the 32000-Mr uncoupling protein
by fatty acids and purine nucleotides. Eur J Biochem 137:197-
203

Schulz P, Garcia-Celma JJ, Fendler K (2008) SSM-based electro-
physiology. Methods 46:97-103

Schulz P, Werner J, Stauber T, Henriksen K, Fendler K (2010) The
G215R mutation in the C17/H*-antiporter CIC-7 found in ADO
II osteopetrosis does not abolish function but causes a severe
trafficking defect. PLoS One 5:e12585

Tadini Buoninsegni F, Bartolommei G, Moncelli MR, Inesi G,
Guidelli R (2004) Time-resolved charge translocation by sarco-
plasmic reticulum Ca-ATPase measured on a solid supported
membrane. Biophys J 86:3671-3686

Urbankova E, Voltchenko A, Pohl P, Jezek P, Pohl EE (2003)
Transport kinetics of uncoupling proteins. Analysis of UCP1
reconstituted in planar lipid bilayers. J Biol Chem 278:32497—
32500

van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM,
Drossaerts JM, Kemerink GJ, Bouvy ND, Schrauwen P, Teule
GJ (2009) Cold-activated brown adipose tissue in healthy men.
N Engl J Med 360:1500-1508

Vijgen GH, Bouvy ND, Teule GJ, Brans B, Schrauwen P, van Marken
Lichtenbelt WD (2011) Brown adipose tissue in morbidly obese
subjects. PLoS One 6:e17247

Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R, Niemi
T, Taittonen M, Laine J, Savisto NJ, Enerback S, Nuutila P
(2009) Functional brown adipose tissue in healthy adults. N Engl
J Med 360:1518-1525

Watzke N, Diekert K, Obrdlik P (2010) Electrophysiology of
respiratory chain complexes and the ADP-ATP exchanger in
native mitochondrial membranes. Biochemistry 49:10308-10318

Winkler E, Klingenberg M (1992) An improved procedure for
reconstitution of the uncoupling protein and in-depth analysis of
H*/OH™ transport. Eur J Biochem 207:135-145

Zinser E, Sperka-Gottlieb CD, Fasch EV, Kohlwein SD, Paltauf F,
Daum G (1991) Phospholipid synthesis and lipid composition of
subcellular membranes in the unicellular eukaryote Saccharo-
myces cerevisiae. J Bacteriol 173:2026-2034

Zuber D, Krause R, Venturi M, Padan E, Bamberg E, Fendler K
(2005) Kinetics of charge translocation in the passive downhill
uptake mode of the Na*/H* antiporter NhaA of Escherichia coli.
Biochim Biophys Acta 1709:240-250

@ Springer



	Assaying the proton transport and regulation of UCP1 using solid supported membranes
	Abstract
	Introduction
	Materials and methods
	UCP1 purification
	Preparation of proteoliposomes
	SSM measurements

	Results and discussion
	Conclusion
	Acknowledgments
	References


