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port activity were affected by cardiolipin.
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(Bacl(ground: UCP1 transports protons across the inner mitochondrial membrane and generates heat.
Results: Oligomeric forms of UCP1 transported protons across phospholipid bilayers and the conformation and proton trans-

Conclusion: UCP1 is functional in its monomeric and associated forms in membranes.
Significance: Existence of functional associated forms of UCP1 provides insights into the mechanism of action of UCPs in
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Uncoupling protein-1 (UCP1) is abundantly expressed in the
mitochondrial inner membrane of brown adipose tissues and
has an important role in heat generation, mediated by its proton
transport function. The structure and function of UCP1 are not
fully understood, partially due to the difficulty in obtaining
native-like folded proteins in vitro. In this study, using the auto-
induction method, we have successfully expressed UCP1 in
Escherichia coli membranes in high yield. Overexpressed UCP1
in bacterial membranes was extracted using mild detergents and
reconstituted into phospholipid bilayers for biochemical stud-
ies. UCP1 was folded in octyl glucoside, as indicated by its high
helical content and binding to ATP, a known UCP1 proton
transport inhibitor. Reconstituted UCP1 in phospholipid vesi-
cles also exhibited highly helical structures and proton trans-
port that is activated by fatty acids and inhibited by purine
nucleotides. Self-associated functional forms of UCP1 in lipid
membranes were observed for the first time. The self-assembly
of UCP1 into tetramers was unambiguously characterized by
circular dichroism and fluorescence spectroscopy, analytical
ultracentrifugation, and semi-native gel electrophoresis. In
addition, the mitochondrial lipid cardiolipin stabilized the
structure of associated UCP1 and enhanced the proton trans-
port activity of the protein. The existence of the functional olig-
omeric states of UCP1 in the lipid membranes has important
implications for understanding the structure and proton trans-
port mechanism of this protein in brown adipose tissues as well
as structure-function relationships of other mammalian UCPs
in other tissues.
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Located in the inner mitochondrial membrane (IMM)? of
brown adipose tissue, UCP1 mediates proton leak that uncou-
ples respiratory electron transport from ATP synthesis and
produces heat (1, 2). UCP1-mediated proton leak is activated by
fatty acids (FAs) and inhibited by purine nucleotides (2). The
heat generation from UCP1-mediated proton transport is asso-
ciated with non-shivering thermogenesis in infants and cold-
acclimatized mammals (1, 2). Thermogenic activity of UCP1
has also been shown to reduce obesity and improve insulin sen-
sitivity (3, 4). Thus, understanding the structure and function of
this protein is essential for drug development and therapeutic
applications. Consisting of 306 amino acids (molecular mass ~
33 kDa), UCP1 shares common structural features with mem-
bers of the SLC25 (solute carrier protein) family (2, 5). The
structure of UCP1 contains three repeated domains (tripartite
structure), each of which is composed of two hydrophobic
transmembrane «a-helical regions spanning the inner mito-
chondrial membrane (2, 5). Currently, there is no high resolu-
tion structure available for UCP1. It has been suggested that the
structures of UCP1 and other human UCPs (UCP2, -3, -4, and
-5) are comparable to each other and to the crystal structure of
the ADP/ATP carrier (AAC) (5, 6). Recently, using molecular
fragment searching solution NMR, the structure of UCP2 was
reported to be similar to that of AAC (7).

The structure and function of UCP1 can be strongly influ-
enced by the surrounding phospholipid molecules in the IMM
(8, 9). Cardiolipin (CL, [(1',3"-bis(1,2-dioleoyl-snglycero-3-
phospho)-sn-glycerol (sodium salt))] is a major lipid compo-
nent of the IMM that accounts for ~20 mol% of the total lipid
content (8,9). Each CL molecule is composed of two phosphati-
dylglycerols connected through a central glycerol backbone to

3 The abbreviations used are: IMM, inner mitochondrial membrane; AAC,
ADP/ATP carrier; CL, cardiolipin; CMC, critical micelle concentration; C4E,,
octyltetraoxyethylene; DDM, dodecyl maltoside; FA, fatty acid; IPTG, isopro-
pyl-B-thiogalactopyranoside; LA, lauric acid; LDAO, lauryldimethylamine-N-
oxide; OG, octyl glucoside; PA, palmitic acid; POPC, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine; SPQ, 6-methoxy-N-(3-sulfopropyl)quinolinium;
TES, N-[tris(hydroxymethyl)methyl]-2-aminoethane-sulfonic acid; UCP,
uncoupling protein; EB, extraction buffer.
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form a dimeric structure. The conical shape and negative
charge of CL at physiological pH play a key role in mitochon-
drial membrane morphology and complex protein organization
in the IMM (9, 10). It has been observed that mutations leading
to low expression and structural defects of CL can be patho-
genic (11, 12). In addition, certain mitochondrial carrier pro-
teins require CL for their transport activity in liposome systems
(13-16). The monomeric form of AAC was bound to three CL
molecules in its crystal structure (16). Therefore, CL could have
multiple roles in the IMM, including its participation in mito-
chondrial carrier protein assembly, mitochondrial shape, and
signal transduction (8, 9). Given its localization in the IMM,
interaction of CL with UCP1 and its influence on this protein
structure and function would not be surprising. In a previous
study we reported that the proton transport rates of UCP2 and
UCP5 in lipid vesicles were increased in the presence of CL (17).

A major hurdle in understanding the structure and mecha-
nism of ion transport of UCP1 is the challenge of obtaining
appropriately folded pure protein (18, 19). Recombinant pro-
tein expression in bacterial systems is an efficient and inexpen-
sive method for protein production. However, refolding of
UCP1 from inclusion bodies could only yield partially folded
proteins in mild detergents and liposomes (6, 17, 19). The
recent new development of bacterial strains, fusion proteins,
and alternative expression methods provide other possibilities
for recombinant UCP1 to be targeted toward the inner mem-
brane of Escherichia coli (20 -22). Cell-free expression systems
have also been used for the production of UCP1 (23). In this
study we report the use of the small periplasmic leader
sequence PelB, provided by the pET26b(+) vector, as a means
to target UCP1-His, toward the inner membrane of E. coli.
Recombinant UCP1 was obtained in high yield from the bacte-
rial inner membrane using the auto-induction method to
achieve expression. The purified recombinant UCP1 was
appropriately folded in the detergent octyl glucoside (OG) and
phospholipid vesicles. More importantly, self-assembly of
UCP1 in lipid membranes was observed using a combination of
spectroscopic and electrophoretic analyses. In addition, the
role of CL in structural organization and proton transport
activity of UCP1 was investigated in detail. Overall, this study
provides essential information on the folding, structural
aspects, and proton transport mechanism of UCP1 in the IMM.

EXPERIMENTAL PROCEDURES

UCP Constructs and Chemicals—The human UCP1 cDNA
clone was purchased from ATTC (Manassas, VA) and received
in a pCR-BluntII-TOPO vector. The construct was subcloned
into the pET21d vector (Novagen) and modified to contain an
N-terminal His tag followed by the tobacco etch virus protease
recognition site (ENLYFQG) as previously described (6). The
His,-ENLYFQG-hUCP1 coding sequence was subcloned into
the pET26b(+) vector (a gift from Dr. Joel Weadge, Wilfrid
Laurier University). The construct was then transformed into
E. coli BL21 CodonPlus (DE3)-RIPL for production of the
recombinant fusion protein containing an N-terminal PelB
leader sequence fused to the His,-ENLYFQG-hUCP1 protein
(recombinant UCP1). To verify the identity of the recombinant
protein, the recombinant cDNA in the pET26 expression vec-
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tor was sequenced. Egg yolk L-a-lecithin (Sigma) contained at
least 60% (by weight) phosphatidylcholine. The remaining 40%
was composed mostly of phosphatidylethanolamine and other
lipids. Phospholipids POPC and CL were obtained from Avanti
Polar (Alabaster, AL). C4E, was obtained from Bachem (Tor-
rance, CA). DDM was from Calbiochem-EMD Biosciences
(Gibbstown, NJ). CHAPS and OG were from Affymetrix (Santa
Clara, CA). The fluorescent probe SPQ (99% purity) was from
Biotium Inc. (Burlington, ON). All other chemicals were from
Sigma.

Expression, Membrane Extraction, and Purification of UCP1—
Recombinant UCP1 was overexpressed in E. coli either by the
conventional use of isopropyl B-p-thiogalactoside (IPTG) (0.1
and 1 mm) at various temperatures (16, 25, and 37 °C) or using
the auto-induction method (24). When protein was expressed
by the auto-induction method, the bacterial culture was grown
in the auto-induction media (1% Tryptone, 0.5% yeast extract, 1
mM MgSO,, 0.5% glycerol, 0.05% glucose, 0.2% lactose, 25 mm
(NH,),SO,, 50 mm KH,PO,, 50 mm Na,HPO,) at 22 °C for 20 h
before collection. Bacterial cells were collected by centrifuga-
tion at 5000 X g for 10 min (4 °C). Cell pellets were resuspended
in extraction buffer (EB) (20 mm Tris-HCI, 500 mm NaCl, 5 mMm
MgCl,, pH 8.0). Bacterial cell lysis was achieved using a French
press operating at 16,000 p.s.i. in the presence of cOmplete pro-
tease inhibitor mixture (EDTA-free) (Roche Applied Science),
DNase (0.5 mg/ml), and lysozyme (0.2 mg/ml). The cell lysate
was cleared of cell debris and inclusion bodies by centrifugation
(20,000 X g, 20 min, 4 °C). Subsequently, the supernatant was
ultracentrifuged at 256,631 X g for 30 min to collect the bacte-
rial membranes in the pellet fraction. The enrichment of mem-
branes in the pellet fraction was confirmed using the NADH
oxidase activity assay (described below).

Bacterial membranes were solubilized in EB supplement
with 1% (w/v) LDAO for 3 h at 4 °C before purifying recombi-
nant UCP1. The mixture was spun at 10,000 X g for 10 min to
remove insoluble particles. The supernatant containing solubi-
lized recombinant UCP1 was then subjected to nickel-nitrilo-
triacetic acid chromatography for purification under non-de-
naturing conditions (1% LDAO, 20 mm Tris-HCI, 500 mm
NaCl, 1 mm [Tris (hydroxypropyl) phosphine], pH 8.0). The
concentrations of imidazole for binding, washing, and eluting
steps were 20, 40, and 400 mM, respectively. Detergent
exchange was performed on the column at the washing step.
Purity and quantity of eluted proteins were determined by SDS-
PAGE and protein concentration assays (Bradford or Lowry
assays), respectively. The pooled eluted fractions containing
purified UCP1 were desalted using Econo-Pac 10DG Columns
(Bio-Rad). The final purified protein (~0.2 mg/ml) was stored
in desalting buffer (50 mm NaCl, 20 mm Tris-HCI, 1% glycerol,
and 1% detergent, pH 8.0) and kept at —80 °C.

Western Blot Analysis—Approximately 10-50 ug of total
proteins were run on a 12% SDS-PAGE gel and transferred (110
min, 15 V) to nitrocellulose membranes using the semi-dry
technique. The membrane was stained with Amido Black to
confirm the efficiency of transfer, and the membrane was
blocked overnight at 4 °C in TBS-buffer containing 5% skim
milk and 0.05% Tween 20. Two primary antibodies were used to
confirm the presence of hUCP1-His, protein, including mouse
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IgG2b anti-histidine (Millipore) and rabbit IgG anti-UCP1/2/3
(Santa Cruz Biotechnology, Inc.). Peroxidase-conjugated
antibodies raised either against mouse or rabbit (Rockland)
were used as secondary antibodies. Immunoreaction was
visualized by luminescence using ECL Western blot reagent
(GE Healthcare).

NADH Oxidase Activity Assay—After the fractionation of
E. coli to isolate bacterial membranes, an NADH oxidase activ-
ity assay was used to determine the relative enrichment of
membranes in each fraction (25). The membrane-embedded
enzyme activity was analyzed based on its catalytic activity of
converting NADH from its reduced to oxidized forms. A
decrease in A,,, represents NADH oxidase activity. Briefly,
0.15 mg of total protein from either the supernatant or mem-
brane fraction was added to 12 mm B-NADH in 50 mm Tris-
HCI, pH 7.5, and the absorbance at 340 nm was monitored for a
period of 30 min. The rate of decrease in A, is proportional to
NADH oxidase activity. Specific enzyme activity was calculated
per mg of protein (eyapy = 6220 M 'cm 1),

Semi-native Polyacrylamide Gel Electrophoresis Analysis—
The amount of SDS in PAGE was significantly reduced to pro-
vide “semi-native” conditions (26). Thus, SDS was only
included in the gel and running buffer at a concentration of 2
mM (as compared with 35 mMm in denaturing SDS-PAGE). SDS
was omitted from the sample loading buffer. In addition, pro-
tein samples were not heated before SDS-PAGE. All samples
were incubated at room temperature for 5-10 min before load-
ing the gel. SDS-PAGE gels were stained with Coomassie Bril-
liant Blue R-250.

Proteolytic Digestion and Mass Spectrometry Analysis—To
confirm the identity of the recombinant protein in bands of
different molecular weights, purified protein bands resolved on
semi-native SDS-PAGE were excised, trypsin-digested, and
analyzed by liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) in a data-dependent acquisition. Briefly, tryp-
sin-digested fractions were injected and separated using a
NanoAcquity (Waters) LC-MS/MS equipped with a 25 cm X
75-pm inner diameter C18 column. MS analysis was done on a
QExactive (Thermo Scientific) using higher energy collision
dissociation. De novo sequencing of fractionated proteins was
performed with Peak Studio 6.0 Software using the Uniprot
Swiss database for Homo sapiens, with a false discovery rate of
<1%. In addition, post-translational modifications were incor-
porated in the search algorithm.

Analytical Ultracentrifugation—Analytical ultracentrifuga-
tion of UCP1 in 1% OG solution (20 mm Tris, 50 mm NaCl, 1%
glycerol, pH 8.0) was carried out using a Beckman Optima
XL-A analytical ultracentrifuge, with an An-60Ti four-hole
rotor. A sedimentation velocity experiment was performed at
50,000 rpm at 20 °C. Absorbance of UCP1 samples and blank
buffer were taken at 3-min interval at 280 nm for 5 h. In the
sedimentation equilibrium experiment, two samples of UCP1
(4.7 and 3.1 puM) were spun at 10,000, 13,000, and 16,000 rpm at
4 °C. Absorbance at 280 nm was recorded. The SEDNTERP
software was used to evaluate the solvent density, viscosity, and
the partial specific volume of UCP1 based on its amino acid
sequence (27). At 20 °C the solvent density and partial specific
volume of UCP1 were calculated to be 1.00373 and 0.7456 ml/g,
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respectively. At 4 °C, the solvent density and partial specific
volume of UCP1 were 1.00551 g/ml and 0.7388 ml/g, respec-
tively. Partial specific volume of 0.83 ml/mg was used for the
OG detergent. Analysis of the sedimentation velocity experi-
ment was done using SEDFIT fitted to the continuous distribu-
tion model c(s) (28). Analysis of the sedimentation equilibrium
experiment was performed using the Origin MicroCal XL-A/
CL-I Data Analysis Software Package Version 4.0.

Reconstitution of UCPI into Liposomes—The reconstitution
of purified UCP1 into liposomes for spectroscopic and trans-
port studies was described previously (17). Briefly, lipids were
dissolved in chloroform, dried overnight under a vacuum, and
rehydrated in the desired buffer. Phospholipids were solubi-
lized in C4E, to a final detergent/phospholipid ratio of 2.5 by
weight. Purified proteins were then added to the mixed lipid/
detergent micelles in each particular experiment. For ion trans-
port experiments, the fluorescent probe SPQ was included in
the internal buffer entrapped inside the liposomes at a concen-
tration of 3 mm. Protein-free liposome controls were prepared
in parallel for all experiments. Liposomes or proteoliposomes
were formed spontaneously after detergent removal by SM-2
Biobeads (Bio-Rad). In ion transport assays, the external SPQ
probe was removed using a coarse Sephadex G25-300 (GE
Healthcare) spin column.

CD Spectroscopic Measurements—Far-UV CD spectra were
measured on an Aviv 215 spectropolarimeter (Aviv Biomedical,
NJ). Ellipticity was reported as mean residue ellipticity, [6].
Far-UV CD and near-UV CD measurements were carried out in
0.1- and 0.5-cm path-length quartz cells, respectively, at 1 nm
resolution (25 °C). The reported spectra are an average of at
least eight scans. Secondary structure content of proteins was
estimated from backbone CD spectra using the deconvolution
program CDSSTR, and the analysis was based on a set of 48
reference proteins and performed on the Dichroweb web site
(29, 30). Thermal denaturation of UCP1 in detergents and lipo-
somes was monitored by the protein ellipticity at 222 nm, from
15to0 90 °C.

Fluorescence Measurements—Steady-state fluorescence mea-
surements were performed using a Cary Eclipse spectrophotom-
eter (Varian, CA). Excitation bandwidth slit for all measure-
ments was 5 nm, and a scan speed of 600 nm/min was used
throughout the experiments (25 °C).

Proton Transport Measurements—Proton transport mea-
surements were performed as described previously (17). Lipo-
somes or proteoliposomes were formed after reconstitution,
trapping the fluorescent probe SPQ inside. Fluorescence of
SPQ (A, = 347 nm; A, = 442 nm) was quenched by TES anion
(TES™). In each transport assay, 40 ul of proteoliposomes (0.5
mg lipid) (20 mm TES, 54 mm tetraethylammonium sulfate, and
0.7 mm EDTA, pH 7.2) were incubated in 1.96 ml of external
media (20 mMm TES, 54 mm K,SO, and 0.7 mm EDTA, pH 7.2).
The osmotic pressure was kept equal across the lipid mem-
brane at the beginning of the measurements. Ion transport in
each experiment was driven by the influx of K* from the exter-
nal buffer mediated by the K" -ionophore valinomycin. Upon
the inward diffusion of K™ across the membrane, osmotic bal-
ance was disrupted, and UCP1 transported protons out of the
lipid vesicles to offset this membrane potential difference. In a
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FIGURE 1. Schematics of UCP1 expression, purification, and reconstitu-
tion. Detailed protocols for each step are provided under “Experimental
Procedures.”

low pH environment, TES (pK, of TES ~ 7.4) is fully proto-
nated and does not affect the fluorescence of SPQ. Upon the
loss of a proton (at high pH), the TES anion quenches SPQ
fluorescence. Lauric acid (LA) and palmitic acid (PA) were
added at 100 uM to activate proton transport. All ion transport
data were corrected by subtraction from the nonspecific proton
leak and calibrated for the SPQ fluorescence response and
internal volume of proteoliposomes. The final protein content
in proteoliposomes was calculated using a modified Lowry con-
centration assay, as described previously (17).

Amino Acid Sequence Analysis and Structural Modeling of
Neuronal UCPs—Protein sequence analysis and primary
sequence alignment of UCPs and AAC were performed using
T-Coffee (31). The three-dimensional structural model of
UCP1 was obtained using MODELLER 9.9 (32) after the
sequence alignment based on the crystal structure of AAC
(PBD ID 2C3E) (16). Structural models were viewed by PyMOL
(33).

RESULTS

Optimization of UCP1 Expression in Bacterial Membranes—
Overexpressed recombinant UCP1 was targeted to bacterial
membranes using the periplasmic leader sequence PelB pro-
vided by the pET26b(+) vector (Fig. 1). Production of UCP1 in
E. coli BL21 CodonPlus (DE3)-RIPL was monitored under var-
ious expression temperatures (37, 25, and 16 °C) and IPTG con-
centrations (1 and 0.1 m). No additional growth was observed
after the addition of IPTG (absorbance ~ 0.5 over a 24-h
growth period). This implies that strong expression of UCP1
could be toxic to the cells. To overcome this problem, auto-
induction was used as a milder expression method. UCP1, over-
expressed with this method, was detected in its monomeric and
associated (dimeric and tetrameric) forms when extracted from
the bacterial membranes using semi-native SDS-PAGE and
Western blot analysis, probed with both anti-histidine (Fig. 24)
and anti-UCP1/2/3 (data not shown) antibodies. In addition,
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mass spectrometric analysis of the expressed recombinant pro-
tein verified the identification of human UCP1 without any
additional post-translational modification. The mass spectro-
metric analysis also confirmed the identity of UCP1 in all
monomeric, dimeric, and tetrameric bands (data not shown).
IPTG-induced expression of UCPs in previous studies has
resulted in targeting to inclusion bodies (6, 17, 18, 34). The
more gradual protein expression offered by auto-induction
may prevent overloading of the biosynthetic machinery and
stimulation of stress responses due to the gradual reduction of
glucose-mediated catabolite repression (24). The identity of the
fraction in which UCP1 was enriched was verified to be the
bacterial membrane fraction using an NADH oxidase activity
assay (Fig. 2, B and C). Consequently, the use of PelB leader
sequence together with the auto-induction method allows
overexpression of UCP1 in the bacterial membranes.

Folding of UCP1 in Detergents—The folding of UCP1 was
analyzed in four different detergents: LDAO, DDM, CHAPS,
and OG (Fig. 1). The secondary structure of UCP1 in each
detergent was examined by far-UV CD spectroscopy, and the
helical content for each was estimated (Table 1). Among the
four detergents, DDM induced the least helical conformation in
UCP1, and the protein exhibited a “B-sheet-like” conformation
in this medium. In addition, the protein stability in DDM was
poor, resulting in protein aggregation/precipitation after only a
few hours at 4 °C. UCP1 in LDAO and CHAPS detergents was
only partially helical (Table 1). In contrast, UCP1 in 1% OG
exhibited the highest a-helical content, with a negative maxi-
mum ellipticity at 222 nm, a shoulder at 208 nm, and a positive
maximum ellipticity around 195 nm (Fig. 2D). Deconvolution
of the CD spectra of UCP1 in OG revealed a 67% a-helical
content (Table 1). To further characterize the folding of UCP1
in detergents, thermal unfolding experiments were performed
in which the ellipticity of UCP1 spectra at 222 nm was moni-
tored in the 15-90 °C temperature range (Fig. 2E; data are only
shown for OG). Among the four protein-detergent systems,
only UCP1 in OG exhibited a characteristically cooperative
unfolding curve. The melting point (T,) of UCP1 in OG was
59.2 * 1.1 °C, indicating that the protein structure was rela-
tively stable in this detergent. Other evidence for the proper
folding of UCP1 in OG was that of binding to its proton trans-
port inhibitor, ATP. This interaction was better detected in the
near-UV region, which is sensitive to changes in the local envi-
ronment of the aromatic amino acids influenced by binding
(Fig. 2D, inset). Furthermore, binding of ATP to UCP1 in OG
resulted in a more stable conformation, indicated by the
increase in the 7,, to 61.5 = 0.8 °C (Fig. 2E). Collectively, the
data suggest that UCP1 remained folded in a native-like
functional form when extracted from bacterial membranes
using OG.

Reconstituted UCPI Is Highly Helical in Phospholipid Bilay-
ers and Transports Protons—The structure and ion transport
function of reconstituted UCP1 were studied in different lipid
systems, including egg yolk L-a-lecithin, soybean L-a-phos-
phatidylcholine extract, and synthetic POPC bilayers (Fig. 1).
Although the far-UV CD spectra of UCP1 in lipid membranes
were comparable to the spectrum in OG, protein ellipticity was
enhanced in the phospholipid dispersions (Fig. 3A4). This
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FIGURE 2. Expression of UCP1 in bacterial membranes and refolding of the protein in the detergent OG. A, Western blot analysis of UCP1 in bacterial
membranes (Mem.) and supernatant (Sup.) of E. coli using mouse IgG2b anti-histidine antibody, detected by chemiluminescence using a horseradish peroxi-
dase-linked secondary antibody. Molecular mass markers (kDa) are indicated to the left. B, NADH oxidase activity assay of the E. coli supernatantand membrane
fractions obtained after expression of recombinant UCP1 using the auto-induction method. The assay measures the conversion of NADH from its reduced to
oxidized forms, indicative in the decrease of A,,, over time. C, average specific NADH oxidase activity (units/mg protein) of the supernatant and bacterial
membrane fractions shown in B. D, far-UV CD spectra of 3-5 um UCP1 folded in 1% OG in buffer solution in the absence and presence of 100 um ATP at 25 °C.
The inset of D shows the corresponding near-UV CD spectra. E, comparative thermal denaturation of UCP1in 1% OG in the absence and presence of 50 um ATP.
The normalized molar ellipticity was detected at 222 nm, and T,,, was calculated using the Hill equation to fit the data. The arrow indicates the increase in T,,, (or

increase in the protein thermal stability).

enhancement in ellipticity translates to a higher helical content
of UCP1 in lipid bilayers (Table 1). Reconstituted UCP1 in lipo-
somes was also able to bind ATP, as indicated in the change in
the protein binding microenvironment observed in the
near-UV CD spectra (Fig. 34, inset). Moreover, upon the addi-
tion of ATP to the reconstituted protein, a decrease in the
intensity of the fluorescence spectra of UCP1 in the lipid bilay-
ers (mainly contributed by the two Trp residues located close to
the nucleotide binding site) was observed, implying a confor-
mational change (Fig. 3B).

To examine the transmembrane proton transport function
of UCP1, purified recombinant UCP1 was reconstituted into
liposomes containing the fluorescence probe SPQ trapped in
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their interior lumen (17) (Fig. 3C). FA-dependent UCP1-medi-
ated proton flux was driven by diffusion of K™ from the external
buffer into the proteoliposomes in the presence of the iono-
phore valinomycin (Fig. 3C). Two FAs were used as UCP1 pro-
ton transport activators: LA (C12 chain) and PA (C16 chain).
Both FAs activated the proton transport mediated by UCP1,
resulting in an efflux of protons across the bilayer membrane
(Fig. 3, Cand D). The UCP1 proton transport rates were higher
when activated by PA. In egg yolk L-« lecithin vesicles, PA (100
uM) activated UCP1 proton transport at a rate of 3.8 = 0.6
pmol'min~'*mg protein™"', which is more than 6 times higher
than the rate of proton transport activated by LA at the same
concentration (0.6 * 0.3 umol'min™ mg protein™'). This
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TABLE 1

Associated Functional Forms of UCP1

Secondary structure composition of UCP1 in detergents and lipid vesicles

Deconvolution of CD spectra was performed using the CDSSTR program on the Dichroweb website (see “Experimental Procedures”). The values represent the percentage
of secondary structure composition. NRMSD, normalized root mean square deviation, denotes the best fit between the calculated and experimental CD spectra. PC,

L-a-phosphatidylcholine.

Protein environment a-Helix B-Strand Turn Random NRMSD
Detergents
DDM micelles 16 26 20 38 0.026
CHAPS micelles 22 27 23 28 0.022
LDAO micelles 25 23 20 32 0.018
OG micelles 67 5 13 15 0.012
OG micelles + ATP 66 6 16 17 0.011
Lipid bilayers
L-a-Lecithin 77 5 8 8 0.001
L-a-Lecithin + ATP 76 10 8 7 0.001
Soy PC vesicles 75 8 8 8 0.001
POPC vesicles 82 5 7 6 0.004
POPC + 5% CL 83 5 7 5 0.004
POPC + 5% CL + ATP 84 5 8 4 0.003
POPC + 10% CL 83 6 4 5 0.001
POPC + 20% CL 85 5 7 3 0.005
POPC + 50% CL 82 8 15 6 0.002

observation is consistent with previous studies on the effect of
FA chain length on the proton transport rate of UCPs (35).
Furthermore, in the presence of 500 um ATP, complete inhibi-
tion of LA-activated and or PA-activated proton transport was
observed (Fig. 3D). Thus, ATP could interact with the purine
nucleotide binding site and induce conformational change in
UCP1, leading to the inhibition of the proton transport path-
way. Overall, the membrane-extracted UCP1 folded with a high
helical content in lipid bilayers and was functional in proton
transport and inhibited by ATP.

Associated State of UCP1 Monitored by CD and Fluores-
cence Spectroscopy, Semi-native SDS-PAGE, and Analytical
Ultracentrifugation—UCP1 in detergents and liposomes dis-
played high helical contents. However, the far-UV CD spectra
of UCP1 did not resemble a typical a-helical protein. The typ-
ical CD spectrum of an a-helical protein has two negative max-
ima, at 208 and 222 nm (with equal or more intense negative
ellipticity at 208 nm) and a positive maximum around 192 nm.
In both detergent and lipid vesicle milieus, UCP1 possessed the
characteristics of an a-helix, with the m — 7* exciton split
bands at ~190 and 208 nm and the n — 7* transition at ~222
nm (Figs. 2D, 34, and 4A). However, compared with a typical
a-helical CD spectrum, the parallel band at ~208-210 nm
exhibited a shoulder-like negative maximum with decreased
ellipticity (Figs. 2D, 3A, and 4A). The 0,,4/0,,, ratio of UCP1
spectra in these environments was less than 1 (Fig. 4B). It has
been proposed that the 6,,4/60,,, ratio could be used to distin-
guish coiled coil motifs from independent helices (36-38).
With multi-transmembrane domain proteins such as UCP1,
the low ellipticity ratio could be due to oligomerization of
monomers and/or packing of helical domains within a mono-
mer. Under our experimental conditions on semi-native SDS-
PAGE, the pure reconstituted UCP1 appeared as the only elec-
trophoretic band at ~140 kDa (~4 X M, ycp;) (Fig. 4C).
Western blot analysis further confirmed that this tetrameric
state of UCP1 originated from the expressed protein in bacte-
rial membrane and not as an artifact from detergent solubiliza-
tion (Fig. 2A4). Tetrameric forms of UCP1 were also detected in
bacterial membrane protein extracts in OG (data not shown).
Therefore, expressed UCP1 was already in a mixture of mono-
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meric and associated (dimeric and tetrameric) forms in the bac-
terial membranes, and these molecular forms were preserved
during protein purification and reconstitution into liposomes.

To further examine and confirm the tetrameric state of
UCP1 in detergents and liposomes, analytical ultracentrifuga-
tion was performed for UCP1 in 1% OG detergent. Sedimenta-
tion velocity analysis revealed a predominant (~90%) homoge-
nous species at 6.5 S corresponding to ~180 kDa (Fig. 5). This
molecular mass corresponds with the expected size of a
tetramer of UCP1 (with monomeric M, {;cp; of 37.2) in OG
micelles (8 kDa/micelle). In addition, sedimentation equilib-
rium analysis of 4.7 and 3.1 um UCP1 in 1% OG resulted in a
monodisperse species with an average molecular mass of 177
kDa, which is also consistent with the size of tetrameric UCP1
(data not shown).

To analyze the dissociation/unfolding pathway and stability
of UCP1 tetramers, we performed an SDS titration on the
reconstituted UCP1 in lipid bilayers and monitored the changes
in the protein structure using CD and fluorescence spectros-
copy. Fig. 4A shows the far-UV CD spectra of the UCP1
tetramer being dissociated with increasing SDS concentration.
In the lower SDS concentration range (0-2 mm), the far-UV
CD spectra of UCP1 exhibited characteristics of an oligomeric-
associated conformation, as shown by a negative maximum at
222 nm and a negative shoulder at 208 —210 nm. As SDS con-
centration increased from 0 to 2 mm, negative ellipticity at 208
and 222 nm was enhanced (Fig. 44i). Deconvolution of CD
spectra of UCP1 in this region revealed an increase in helical
content, indicating a less constrained helical conformation.
The negative shoulder at 210 nm blue-shifted toward 208 nm
and gradually became a visible negative maximum (Fig. 44i).
These results suggest the formation of a more relaxed helical
conformation (fewer intermolecular interactions between hel-
ices and more independence for monomers) (Fig. 4). Increase in
the SDS concentration above 2 mm did not affect the 6,4 ellip-
ticity of the protein, whereas the 6,,, negative ellipticity further
decreased (Fig. 4Aii). Plotting 0,,4/0,,, ratio versus SDS
revealed a two-state cooperative dissociation curve for UCP1 in
lipid bilayers, with a dissociation constant of K ,, (50% dis-
sociated) of 1.42 = 0.14 mm SDS (Fig. 4B). This concentra-
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FIGURE 3. Reconstitution of UCP1 into egg yolk L-a-lecithin vesicles; conformation and ion transport analysis. A, comparative far-UV CD spectra of
reconstituted UCP1 in L-a-lecithin vesicles in the absence and presence of 100 um ATP at 25 °C. The inset of A shows the corresponding near-UV CD spectra. B,
fluorescence spectra (excited at 280 nm) of reconstituted UCP1 in L-a-lecithin vesicles in the absence and presence of 100 um ATP. When UCP1 was excited at
295 nm (specific to Trp), similar spectral characteristics were observed (data not shown). C, schematic of proton transport assays. The fluorescent probe SPQ
was incubated with TES buffer inside the liposomes/proteoliposomes. Upon the efflux of protons mediated by UCP1, TES buffer is deprotonated and TES anion
quenches SPQ. D, recorded H™ efflux through UCP1 reconstituted in phospholipid vesicles. Proton flux shown was activated by the addition of 100 um PA.
Valinomycin was added at 0.4 um to initiate the membrane potential difference needed for triggering the proton transport. The nonspecific proton leak was
subtracted from the proton transport rate. In the presence of 500 um ATP, the UCP1-mediated proton transport was completely inhibited, and the proton
transport rate was comparable to that of the nonspecific leakage rate. The inset shows comparative proton transport activity of UCP1 in the absence and
presence of 500 um ATP. An average protein-free liposome blank displays nonspecific proton leakage (dashed line).

tion is close to the CMC of SDS in buffer (50 mm NaCl, 20 mm
Tris, pH 8.0). The CMC for SDS in this buffer was 2 = 0.5 mm
(at 25 °C) and was determined by isothermal titration calo-
rimetry as described previously (39) (data not shown).
Results from semi-native SDS-PAGE revealed a tetrameric

UCP1, 6,44/0,,, reaching the value of 1 (Fig. 4, B and C). At
the end point of the SDS titration curve (84 mm), no tetramer
was detected by SDS-PAGE and Western blotting. UCP1
dimers were the predominant molecular form at this point
along with some UCP1 monomers (Fig. 4C). The value of the

form of reconstituted UCP1 being dissociated and unfolded
into dimers and monomers with increasing concentrations
of SDS (Fig. 4C). At 4 mm SDS, a mix of tetramers and dimers
was observed that corresponds to the CD spectral ratio of
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0505/ 0555 in the CD spectra exceeds 1 at this SDS concentra-
tion, which is consistent with a full dissociation of the tetra-
meric state of UCP1 to dimers and monomers. In this way
the change in the CD spectra of UCP1 during the SDS titra-
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FIGURE 4. Titration of UCP1 in POPC liposomes with SDS. A, far-UV CD spectra of reconstituted UCP1 in POPC liposomes titrated with SDS (0-84 mm). Ai
shows the low SDS region of the spectra in greater detail (0-2 mm) where increased SDS enhanced negative ellipticity at both 208 and 222 nm. Aii shows the
high SDS region (2-84 mwm) in greater detail, where increased SDS resulted in decreased negative ellipticity at 222 nm but did not affect the ellipticity at 208 nm.
B, plot of 6,5/6,,, versus SDS concentration reveals a cooperative dissociation of UCP1 tetramers in the presence of SDS. The 6,,5/6,,, ratio was normalized and
K. ,» (SDS at 50% protein dissociation) was calculated using the Hill fitting (K, ,, = 1.42 = 0.14 mwm). C, corresponding semi-native SDS-PAGE (12%) of reconsti-
tuted UCP1 in POPC liposomes during SDS titration experiment, stained with Coomassie Brilliant Blue. UCP1 tetramers (T) were the only species detected in
POPC liposomes when treated with loading buffer lacking SDS. As the SDS concentration increased beyond the CMC, transition toward dominantly UCP1
dimers (D) was observed. At 84 mm SDS (~40X CMC of SDS), UCP1 tetramers were completely absent, UCP1 dimers became prominent, and a small concen-

tration of monomers (M) was present.

tion correlated with the changes in its associated state,
observed using semi-native SDS-PAGE.

Additional evidence for dissociation of UCP1 oligomers was
also provided by intrinsic fluorescence spectra of the protein at
increasing SDS concentrations (Fig. 6). The Trp fluorescence
(Aex = 295 nm) spectra exhibited an increase in intensity and a
conspicuous red shift in the maximum emission in the presence
of SDS (Fig. 6). Plotting of the fluorescence intensity versus SDS
concentration revealed a three-state transition curve of UCP1
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during SDS titration (Fig. 64). The first transition, with K, ,, =
1.3 = 0.1 mm SDS, corresponded to the dissociation of UCP1
tetramers into dimers (compare Figs. 6Ai and 4B). The second
transition (not clearly detected in the CD measurements, Fig.
4B), with K ,, = 23 = 1 mm SDS, was interpreted as the disso-
ciation of UCP1 dimers (Fig. 6Aii). Plotting the A, of Trp
versus SDS provided information about the microenvironment
of Trp residues (Fig. 6B). The maximum emission of Trp resi-
dues experienced a red shift from ~331 to ~338 nm at SDS
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concentrations close to 20 mu, indicating that the Trp residues
became more exposed to a more polar environment (Fig. 6B).
This shift of emission A, of Trp occurred at an SDS concen-
tration close to the second transition point observed for the
UCP1 fluorescence intensity (~15-18 mwm) (Fig. 6B). The fluo-
rescence results together with the previous data from semi-
native SDS-PAGE (Figs. 6 and 4C, respectively) suggest two
distinct transitions for UCP1. The first transition occurred at
the low SDS (close to CMC), where UCP1 tetramers dissociated
into their corresponding dimeric units upon formation of SDS
micelles. During this transition, the Trp residues remained in a
weakly polar environment, as indicated by the emission A,
value at ~331 nm. The second transition occurred at a much
higher SDS (~10X CMC), where UCP1 dimers were further
transformed to a combination of loose dimeric units and mono-
mers. In comparison with the first transition, at the second
transition, Trp residues were exposed to a more polar environ-
ment (A, ~ 338 nm).

Taken together, the spectroscopic measurements, analytical
ultracentrifugation, and semi-native SDS-PAGE data suggest
that UCP1 self-associates in lipid bilayers. Dissociation of
UCP1 by SDS revealed two distinct types of interaction in the
associated forms of UCP1. The tetrameric unit of UCP1 is held
together by a relatively weak dimer-dimer interaction that can
be disrupted at low concentrations of SDS near the CMC. The
dimeric unit of UCP1, on the other hand, is more tightly packed
and becomes only partially dissociated in the presence of high
SDS concentration (~40 X CMC). It is important to note that
CD spectroscopy monitors the change in the average secondary
structure of the protein, whereas fluorescence spectroscopy
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gives a microscopic view of the local environment of fluoro-
phores in the protein. The combination of these techniques
used in this study provides a more complete picture of the olig-
omeric states of the protein in a lipid environment and the
dissociation process.

CL Interacts with UCPI and Enhances Its Proton Transport
Activity—To study the effect of the mitochondrial lipid CL on
the structure and function of UCP1, the protein was recon-
stituted in liposomes supplemented with increasing concen-
trations of CL (0-50% mol). The secondary structure and
proton transport activity of reconstituted UCP1 were exam-
ined in each lipid system. The data provide evidence that CL
interacts directly with UCP1 and influences its structure and
proton transport function.

Addition of CL to the lipid bilayers induced a change in the
secondary structure of reconstituted UCP1 and increased its
helicity (Table 1). As shown in Fig. 7, A and B, increasing the
CL content in the phospholipid bilayers from 0 to 50% mol
induced a gradual increase of the 0,,5/6,,, ratio, indicating
the protein adopted a less associated conformation at higher
CL concentrations. This 6,4/6,,, ellipticity ratio remained
less than 1 in all CL-containing lipid vesicles (Fig. 7B). In
addition, the highly helical character of UCP1 was preserved
in all lipid systems, as shown by the 2:1 ellipticity ratio of the
positive maximum at ~195 nm (7 — 7* L transition) to
negative maximum at ~222 nm (7 — 7* || transition) (Fig.
7A). The weakening of association in the tetrameric form of
UCP1 can be detected by the gradual increase in the 0,,4/0,5,
ratio with the increase in CL/UCP1 molar ratio (Fig. 7B). The
conformation of the UCP1 tetramer remained unchanged
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FIGURE 6. Dissociation of UCP1 tetramers in POPC liposomes by SDS, monitored by Trp fluorescence. A, plot of maximum fluorescence of UCP1 (excited
at 295 nm) versus SDS revealed a three-state dissociation process for UCP1 tetramers in lipid vesicles. The inset (Ai) shows the maximum fluorescence intensity
of UCP1 in the low SDS region (0-10 mm), interpreted as transition of UCP1 tetramers toward tight dimeric units. The inset (Aii) shows the fluorescence intensity
of UCP1 in the high SDS region (5-100 mm), where UCP1 tight dimers could be further dissociated into their loose dimericand monomeric forms. All values were
normalized, and the data were fitted to the Hill equation. The K, , for the first and second transitions were 1.3 = 0.1 and 23 = 1 mwm, respectively. a.u.,
absorbance units. B, plot of the maximum emission wavelength (A,,,) versus SDS revealed no significant change in the maximum Trp emission wavelength up
to ~20 mm SDS, where the fluorophores became more exposed to the polar environments and exhibited a red shift in its maximum emission wavelength.

after the CL/UCP1 molar ratio reached ~800. Semi-native free proteoliposomes when the liposomes were not pre-
SDS-PAGE of UCP1 in CL-containing liposomes revealed a treated with SDS before loading the semi-native SDS-PAGE
single UCP1 tetramer band comparable to that in the CL- gel.
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The effect of CL on the stability of UCP1 tetramers and CL-freeliposomes (Fig.7, Cand D). Assuming that the predom-
dimers (and monomers) was studied using the same SDS titra-  inantform of the UCP1 in liposomes was tetrameric, as with the
tion experiment as described above for UCP1 reconstituted in ~ SDS titration of the proteoliposomes shown in Fig. 4B, the SDS
ACS:EVON
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titration of CL-containing liposomes was consistent with the
dissociation of tetramers to dimers. In this case, in comparison
to the CL-free system (K ,, = 1.4 mm), higher K ,, values (from
1.7 mm (for [CL]/[UCP] = 62.5) to 2.3 mM (for [CL]/[UCP] =
833)) for the tetramer-dimer transition curve indicated a more
stable tetrameric form of UCP1 in the presence of CL (Fig. 7, C
and D). As shown in Fig. 7D, a higher content of CL in proteo-
liposomes increased the dissociation Kj,, values of the UCP1
tetramer. Similar to the CL-free case, evidence from semi-na-
tive SDS-PAGE also supported the presence of predominantly
dimeric UCP1 at high SDS concentration in the end of the SDS
titration curve (data not shown). Collectively, these results sug-
gest that CL stabilizes UCP1 tetramers in liposomes (Fig. 7, B
and D, and Table 1).

Finally, the proton transport activity of UCP1 was examined
in different CL-containing liposomes. PA and LA were used as
the proton transport activators, and the UCP1-mediated pro-
ton transport rate was calculated in each lipid system. As shown
in Fig. 7E, in the L-a-lecithin liposome system (and other exam-
ined liposomes) a consistently higher proton flux was observed
when using PA as the activator. Interestingly, both the LA- and
PA-activated UCP1-mediated proton transport activities were
enhanced in CL-supplemented vesicles (Fig. 7E). It is notewor-
thy that a previous study on the effect of CL on AAC substrate
transport function reported a similar enhancement of transport
rate when AAC was reconstituted in the CL-supplemented ves-
icles (8). It is also important to note that at 500 um ATP, a
complete inhibition of UCP1-mediated proton transport was
obtained in CL-containing liposomes. Overall, it appears that
the presence of CL in phospholipid vesicles has a stabilizing role
by forming complexes with the protein subunits. This associ-
ated UCP1-CL complex has a higher proton transport activity
compared with self-associated UCP1 in the absence of CL.

DISCUSSION

This study describes a novel method for obtaining native-like
recombinant UCP1 in high yield from a bacterial expression
system. A combination of protein engineering, a modified
induction/expression method, and detergent screening for pro-
tein extraction has allowed us to obtain folded UCP1 that is
suitable for both structural and functional studies. Of particular
interest is the evidence for the existence of self-associated
forms of UCP1 extracted from the bacterial membranes. The
associated state of UCP1 was preserved through the course of
membrane isolation, extraction of the protein from mem-
branes, purification, and reconstitution into phospholipid
bilayers. Finally, the study provides new insights into the effect
of the mitochondrial lipid CL on the structure and function of
UCPL. These findings are essential for understanding the struc-
ture and ion transport activity of UCP1 (and likely, by exten-
sion, other human UCPs) in the IMM.

Bacterial Membrane Extracted UCPI Is Suitable for Struc-
tural and Functional Studies—T o date the majority of molecu-
lar studies on UCP1 have relied on the reconstitution of
extracted proteins from bacterial inclusion bodies (18, 19, 34).
This method allows for the production of large quantities of
high purity protein from inclusion bodies that can be reconsti-
tuted into liposomes. The reconstituted proteins in these cases
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are typically only partially refolded from the inclusion bodies
(6). Other disadvantages of the method include the heteroge-
neity of protein conformations that are obtained and the lim-
ited number of detergents suitable for the solubilization of
inclusion bodies and subsequent refolding of the protein. Pro-
tein expression in yeast and mammalian cell systems usually
offers low yields of recombinant proteins as compared with
E. coli-based systems, which are inadequate for structural stud-
ies (40, 41). In the current study we used a modified bacterial
expression system as an inexpensive and efficient source of
recombinant UCP1 that was targeted to the bacterial mem-
brane rather than accumulating exclusively in inclusion bodies.
The PelB leader sequence was fused to the N terminus of UCP1
to achieve targeting to the bacterial membranes (42). The PelB
leader sequence is a periplasmic targeting sequence that is
cleaved by signal peptidase in the periplasm (42). Presumably,
when fused to UCP1, the leader sequence still reaches the
periplasm to be cleaved, but the remainder of the protein
remains associated with the membrane rather than being com-
pletely transported to the periplasm because of the six hydro-
phobic transmembrane a-helices. The mild auto-induction
expression method was also a key factor in optimizing protein
expression in the E. coli system. Presumably, this approach
avoided potential cell toxicity due to protein overexpression
and/or accumulation in inclusion bodies, as has been observed
when using IPTG-based induction (6, 17, 18, 34). Under our
experimental conditions, OG was shown to be the best deter-
gent for UCP1 extraction from bacterial membranes. UCP1
extracted in 1% OG had a high helical content, was thermally
stable, and interacted with the proton transport inhibitor ATP
(Figs. 2, D and E, and Table 1). Reconstitution of UCP1 from
OG into phospholipid bilayers further enhanced the folding of
the protein and its helical content (Fig. 34 and Table 1). The
estimated helical content of UCP1 in lipid bilayers (75—-85%
helix) is the highest yet reported for this protein (6, 17, 19, 40).
The expression and reconstitution protocol described in this
study is appropriate for preparing highly pure and native-like
folded proteins that can be used for obtaining high resolution
structures of UCP1 and other UCPs.

Associated State of UCPI; Structure and Function—The
native molecular state of mitochondrial carriers, including
UCP1, has long been a matter of debate. The functional unit of
UCP1 has been argued to be either dimeric or monomeric (43,
44). In this study UCP1 existed in three forms: tetramer, dimer,
and monomer. All these forms were detected for the protein
extracted from bacterial membranes, where UCP1 was overex-
pressed (Fig. 24). The tetrameric form of the protein was fur-
ther stabilized during extraction and purification processes
from bacterial membranes (Figs. 24, 4C, and 5). This tetrameric
form of UCP1 in liposomes was able to transport protons across
the liposome membranes, and its activity was stimulated by
fatty acids and inhibited by purine nucleotides (Fig. 3D). When
reconstituted into liposomes including the mitochondrial lipid
CL, UCP1 tetramers transported protons at a higher rate (Fig.
7E). Our study has, therefore, provided new evidence for a func-
tional tetrameric unit of UCP1. The monomeric form of UCP1,
refolded from inclusion bodies, also exhibited proton transport
activity (17, 18). Interestingly, based on the evidence provided
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FIGURE 8. Proposed models for UCP1 associated states and its structure. A, UCP1 tetramer is composed of two loosely associated homodimers. The
tetramer can be dissociated into homodimers at low SDS concentrations (SDS ~ CMC). In each dimer UCP1 monomers interact and tightly associate with each
other through direct protein-protein interactions and/or protein interactions mediated by lipids, to form a tight association. These tight dimers retain their
quaternary structures and can be partially unfolded/dissociated at higher concentrations of SDS to form loose dimers and/or monomers. Loose dimers may be
fully separated to monomers at much higher concentrations of SDS. B, three-dimensional homology model of UCP1, built on the basis of sequence alignment
(T-Coffee) using the crystal structure of AAC. The nucleotide binding pockets are located in the middle of the funnel-shaped UCP1 model. Basic amino acid
residues (blue spheres) are mostly clustered in the cavity close to the matrix loops. On the other hand, acidic amino acid residues (red spheres) are distributed
evenly throughout the protein. The number of basic amino acid residues is much higher than that of acidic amino acid residues, resulting in a +10 overall

charge for UCP1 at physiological pH (refer to “Experimental Procedures” for detailed methods).

in the current study, it appears that depending on the levels of
protein expression and the composition of membranes, all
three forms of functional UCP1 can coexist, with the possible
increase in the abundance of associated forms at higher levels of
protein expression (or concentration) and/or different compo-
sitions of mitochondrial membranes under different cellular
conditions (Figs. 2-5).

If UCP1 can adopt a tetrameric conformation, questions
arise regarding how UCP1 monomers self-associate and what
the overall architecture of the oligomeric UCP1 is. Data from
the current study suggest two types of UCP1 association, a
monomer-monomer interaction to form a homodimer and a
dimer-dimer interaction to form a tetramer (Fig. 84). When
titrated with SDS (CMC ~ 2 mm), UCP1 tetramers were fully
dissociated into predominantly dimers and some monomers
(Fig. 4C). UCP1 dimers, which we have named “tight dimers,”
appeared immediately after the formation of SDS micelles (Fig.
4, B and C). Excess SDS (~40X CMC) did not completely dis-
sociate UCP1 dimers but did appear to weaken the binding
between monomers in the homodimer, resulting in a mixture of
dimers and monomers (Figs. 4, B and C, and 6); we have termed
the dimers that persist at this high concentration of SDS “loose
dimers.” These data suggest a strong monomer-monomer
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interaction and a stable dimeric unit as well as a weaker dimer-
dimer interaction within the tetrameric unit. Fluorescence data
support the existence of different interaction surfaces between
monomer-monomer association in the dimeric unitand dimer-
dimer association in the tetrameric unit (Fig. 6). Despite the
dissociation of tetramers to dimers and monomers in the pres-
ence of SDS, Trp residues remained in a weakly polar environ-
ment until the dissociation of homodimers to monomers was
initiated (Fig. 6). Based on these observations, we propose that
intermolecular UCP1 interactions leading to oligomerization
can occur at two distinct sites, with different affinities, leading
to the loose binding of UCP1 dimers to form tetramers and
the tight binding of UCP1 monomers to form homodimers
(Fig. 8A).

As mentioned above, the association of UCP1 could occur
through direct protein interactions and/or protein interactions
mediated by lipids. We have shown that the mitochondrial lipid
CL strongly interacts with UCP1. The presence of CL in lipo-
somes affects both the structure and function of UCP1. First,
UCP1 tetramers exhibited a more relaxed helical conformation
in CL-supplemented liposomes (Fig. 7A). This could be due to
the specific interaction of CL with UCP1, transforming the pro-
tein-protein tetramer (in the absence or very low concentra-
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tions of CL) to a protein-lipid-protein tetramer complex (Fig. 7,
A and B). In addition, CL enhances the stability of the tetra-
meric conformation (Fig. 7D). Second, UCP1 transports pro-
tons at a much higher rate in the CL-supplemented vesicles
(Fig. 7E). Interestingly, the proton transport rate and tetrameric
stability both reached their optimal values at the CL/UCP1
molar ratio of ~800. At this CL/UCP1 molar ratio, the UCP1
tetramer is most stable (K ,, = 2.3 mum; Fig. 7, Cand D) and is at
its most “relaxed” conformation, as indicated by the maximum
value of 6,45/6,,, of UCP1 far-UV CD spectra. Collectively,
these data provide strong evidence for the specific interaction
of UCP1 and CL and its direct relationship to the UCP1 proton
transport function.

Homology three-dimensional modeling of UCP1, based on
the crystal structure of AAC, exhibits a high helical content;
~66%, as compared with an estimation of 67—85% in the CD
analysis of the reconstituted protein in detergents and lipid ves-
icles (Fig. 8B and Table 1). The three conserved Arg residues
(located on transmembrane domains 2, 4, and 6) involved in the
nucleotide binding of UCP1 are located in the middle of the
funnel-shaped structure, dividing the protein into two regions,
cytoplasmic and matrix sides (Fig. 8B) (2, 5). The results from
this study (UCP1 tetramers) (Figs. 2D and 3A) and previous
work (UCP1 monomers), both, indicate a minor change in the
overall conformation of UCP1 and other UCPs upon binding to
ATP (6, 19). Based on the spectroscopic data of this study and
the molecular model presented in Fig. 8B, it is plausible that
ATP interacts with UCP1 in the middle of the funnel-shaped
structure, causing a local conformational change (as detected
by near-UV CD) leading to inhibition of ion (proton) transport,
whereas the overall structure of the protein remained less
affected (as detected by far-UV CD). Given the high pI (9.26)
value of UCP1 and the negative charge present in the CL head
group at physiological pH, it is possible that electrostatic attrac-
tion is among the initial driving forces for UCP1-CL interaction
followed by shorter range intermolecular and hydrophobic
interactions. In support of this idea, the UCP1 model shows an
accumulation of positively charged residues on the matrix side
of the funnel-shaped structure (Fig. 8B). Thus, it is possible that
the negatively charged head group of CL interacts with UCP1 at
the monomer interface situated toward the inner leaflet of the
mitochondrial inner membrane and stabilizes the associated
forms of UCP1. In fact, three CL molecules in the AAC crystals
were found at the interfaces between monomers, where their
phosphate head groups point toward the matrix interface (16).
Based on our results, it is concluded that the presence of CL
stabilizes UCP1-associated forms and could also release the
stress resulting from the protein-protein interactions between
UCP1 monomers, leading to a higher proton transport activity
mediated by the associated forms of the protein. The interac-
tion of CL with UCP1 and other mitochondrial carriers is
thought to be important in minimizing the energy cost of pro-
tein conformational changes during substrate/ion transport
(45). It is also noteworthy that bacterial membranes contain
~5% CL (46). Therefore, it is plausible that the association of
UCPL1 in bacterial membranes was driven by the CL-UCP1
interaction when UCP1 was targeted toward the bacterial
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membranes. Based on these arguments, it is expected that
UCP1 associated states would be different in CL-free bacteria.

In conclusion, we have shown that UCP1 can exist in differ-
ent functional monomeric and associated states when targeted
to and extracted from bacterial membranes. These associated
forms can be closely related to the native form(s) of UCP1 in
mitochondria. The dimeric form of UCP1 is very stable, even at
low concentrations of the protein, implying that it is likely that
this form has a role in the function of UCP1, including proton
transport. Finally, the mitochondrial lipid CL likely plays an
essential role as a mediator of UCP1 oligomerization and serves
as an enhancer of the proton transport function of the protein.
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