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Located in the mitochondrial inner membrane, uncoupling proteins (UCP) dissipate the
proton electrochemical gradient across the membrane, resulting in the reduction of ATP
synthesis. Abundantly expressed in the brown adipose tissue, UCP1 transports protons to the
mitochondrial matrix and plays an important role in thermogenesis. Neuronal UCP homologs
(UCP2, UCP4, and UCP5) may have crucial roles in the function and protection of the central
nervous system. However, their structure and specific functions are poorly understood. The main
goal of this study is to explore the structure and functional properties of mammalian UCPs, with
a focus on the neuronal UCPs for which less information is available. Using recombinant protein
expressions, all UCPs were produced in bacteria, purified, and reconstituted into liposomes for
structural and functional studies. Conformations of UCPs were analyzed using circular dichroism
and fluorescence spectroscopies. Proton and chloride transport assays were developed for
reconstituted UCPs using the anion-sensitive fluorescent probe SPQ. Three main studies were
done in this project. In the first study, the ion transport activity of neuronal UCPs was examined
in vitro for the first time. The comparative conformational and ion transport study of neuronal
UCPs provided fundamental information on their structure and function. In the second study,
potential key amino acids, involved in ion transport of UCP2, were mutated. The effects of these
residues on ion transport and protein conformation were examined in detail. Results of this study
revealed the essential role of positively charged residues in TM2 in the protein’s chloride
transport pathway. In the third study, optimized folding of recombinant UCP was reported using
the pET26 vector containing a bacterial periplasmic targeting sequence. The incorporation of this
leading sequence allowed UCPs to be expressed in the membrane of E. coli. All proteins
exhibited helical structures in mild detergents and phospholipid bilayers and displayed proton
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transport function. Moreover, self-association of UCPs in lipid membranes was observed and
characterized for the first time. This latter discovery can lead to new insights in the structurefunction relationships of UCPs. Overall, these studies have important implications in
understanding the structure and proton transport mechanism of UCPs in the mitochondria.
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CHAPTER 1 - BACKGROUND INFORMATION
1.1. Mitochondria – The powerhouse of the cell
Mitochondria are the main energy-generating systems in most eukaryotic cells (1).
Besides carrying out the primary production of the cellular energy unit adenosine triphosphate
(ATP), mitochondria are also involved in intermediate metabolism, calcium signaling, and
apoptosis (1). These organelles are particularly abundant in tissues and cells with high respiration
rates, such as brain, muscle and heart, where ATP is in high demand. Mitochondrial structure is
enclosed within two membranes, the outer membrane and the inner membrane (1). The outer
membrane is considered as a protective layer, containing a number of porins allowing nonspecific transport of solutes with molecular weights up to 5000 Da. On the other hand, the inner
membrane presents a permeability barrier to most solutes, thereby separating the intermembrane
space and the interior matrix of the mitochondria (1). This particular lipid membrane houses a
significant number of proteins that are crucial for mitochondrial function, including ATP
production. The matrix contains the mitochondrial DNA and enzymes responsible for the central
reactions of oxidative metabolism such as the Kreb cycle. To accommodate the high protein
density of the embedded membrane proteins (greater than 70% by weight), the inner membranes
of most mitochondria have many distinctive infoldings called cristae that greatly increase the
membrane’s surface area (1). Another important feature of the mitochondrial inner membrane is
the high content of cardiolipin (CL) (2). In eukaryotes, CL is the only phospholipid that is
synthesized in the mitochondria, where it remains until the cell dies (2). Acting as a “double
phospholipid”, CL has two phosphatidylglycerol units that share a glycerol headgroup to form a
dimeric structure. Carrying two phosphates (pKa1 ~ 3, pKa2 ~ 7.5) in the head group, CL has a
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single net negative charge at physiological pH, and can potentially hold protons. The effects of
CL on the structure and function of several key mitochondrial membrane proteins have been
shown in previous studies (3–5). CL also acts as a mitochondrial signaling platform for apoptosis
process (2). Collectively, it is suggested that CL plays an important role in mitochondrial
metabolism, transport and signaling.
Mitochondria contain their own DNA, which is separate and distinct from the nuclear
genome (6). The human mitochondrial genome encodes for 13 proteins involved in electron
transport chain and oxidative phosphorylation. The rest of the proteins are encoded from the
nucleus and imported from the cytosol through the Tim-Tom complex (7). Mitochondrial
proteins are then targeted to the outer membrane, inner membrane, intermembrane space, or
mitochondrial matrix through protein sorting mechanisms. Lipids are also imported to the
mitochondria

from

the

cytosol

(8).

For

instance,

phosphatidylcholine

and

phosphatidylethanolamine are synthesized in the endoplasmic reticulum (ER) and imported to
the mitochondria by phospholipid transfer proteins. At the mitochondria, other lipids can be
synthesized such as phosphatidylserine and CL.

1.2. Mitochondrial electron transport and oxidative phosphorylation
ATP production is a central function of mitochondria (9). ATP formation at the catalytic
unit of F0F1-ATP synthase is driven by the proton electrochemical gradient across the
mitochondrial inner membrane (10). Basically, electrons generated during substrate oxidation
associated with cellular metabolism are stored in the reduced hydrogen carriers, NADH and
FADH2, and carried through the respiratory chain located in the mitochondrial inner membrane
(Fig. 1) (11). In the electron transport chain (ETC), electrons are transferred from NADH
(complex I, NADH-coenzyme Q oxidoreductase) or FADH2 (complex II, succinate-coenzyme Q
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oxidoreductase) to coenzyme Q (CoQ). The electrons donated to CoQ from both complex I and
II are then passed to cytochrome c in complex III (CoQ-cytochrome c oxidoreductase). Finally,
complex IV (cytochrome c oxidase) transfers electrons from cytochrome c to oxygen (Fig. 1-1).
Concurrent with electron transport, protons are pumped out from the mitochondrial matrix into
the mitochondrial intermembrane space, establishing a proton electrochemical gradient across
the mitochondrial inner membrane (Fig. 1-1). This proton motive force is dissipated as the
protons travel back to the mitochondrial matrix via the F0 unit of ATP synthase, providing
energy for the synthesis of ATP from ADP and inorganic phosphate. Thus, the crucial link
between ATP synthesis and electron transport in the ETC is the proton transport cycle down and
against the electrochemical gradient across the inner mitochondrial membrane. If this proton
transport cycle can occur at 100% efficiency, then the electron transport process is perfectly
coupled with the ATP production.
While under normal conditions ETC would allow electrons to be fully transferred to
oxygen molecules to form water, close to 2% of O2 is only partially reduced to give the
superoxide radical (O2.-) (12, 13). Superoxides thus produced in the mitochondria are extremely
reactive. These radicals typically participate in fast chain reactions and have degrading effects.
Oxidative stress causes damage to cellular macromolecules such as nucleic acids, proteins,
carbohydrates and lipids, and leads to changes in their structure and function. This damage can
be the cause of many pathological conditions, including atherosclerosis, hypertension, ischemiareperfusion, cystic fibrosis, cancer, diabetes, Parkinson’s disease, and Alzheimer’s disease (12,
14). Thus, the reduction of superoxide production is suggested to play an important role in
cellular protection and survival. There are several mitochondrial antioxidant defence system,
including enzymes (e.g. catalase, superoxide dismutase, peroxidase), low molecular weight
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antioxidants (e.g., ascorbate, glutathione, phenolic compounds, tocopherols), and several electron
carriers (e.g., Ubiquinone, CoQ) (15). Mild uncoupling action, which yields a small decrease in
membrane potential, is also suggested to have a natural antioxidant effect.
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Figure 1-1. The proton leak pathway by UCPs in mitochondria. Electrons generated from
substrate oxidation in various metabolic pathways enter the ETC, and are transferred along the
ETC complexes (green cloud) located in the mitochondrial inner membrane. Concurrently,
protons are pumped from the mitochondrial matrix to the mitochondrial intermembrane space,
forming a proton motive force across the inner membrane. Dissipation of this proton motive
force is achieved through either coupling with ATP synthesis or an uncoupling process via UCP.
ADP and ATP are transported in and out of the matrix via the ADP/ATP carrier (AAC).
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1.3. UCP – The biological uncoupler
As mentioned previously, under normal conditions, oxidative phosphorylation is tightly
coupled to electron transport. However, the energy available in the electrochemical gradient is
not entirely coupled to ATP synthesis by ATP synthase. Evidence from different experiments
suggests that uncoupling of the oxidative phosphorylation process through proton leak is another
pathway for dissipating energy (16). Accounting for 25% of the basal metabolic rate, uncoupling
is suggested to have an important physiological role (17). Uncoupling proteins (UCPs), located
in the mitochondrial inner membrane, are members of the mitochondrial carrier family (MCF)
(16). The first UCP homolog, UCP1, was found to be expressed predominantly in brown adipose
tissues (BAT) (18). UCP1-facilitated proton leak in BAT disturbs the oxidative phosphorylation
process by uncoupling the ETC from ATP synthesis, and allows the energy available from
proton flux to be converted to heat (16). This proton leak mediated by UCP1 is activated by free
fatty acids (FAs) and inhibited by di- and triphosphate purine nucleotides (ATP, ADP, GTP and
GDP) (15, 16). The heat generated from UCP1-mediated proton transport allows non-shivering
thermogenesis in newborns, cold-acclimatized hibernating mammals and overfed rodents (15, 16,
18). Besides UCP1, human UCP homologs include four other UCPs, UCPs 2 to 5 (15). In
addition, other UCP homologues have been found in various organisms such as plants, protists
and fungi (19–22). Up to date, our understanding of the physiological roles of these proteins
remains limited and uncertain. UCP2 and UCP3 share the most similar primary amino acid
sequence with UCP1 (59% and 57% sequence identity to UCP1, respectively, and 73% to each
other). On the other hand, UCP4 and UCP5 share the lowest amino acid sequence identity to
UCP1 (30% and 34% sequence identity to UCP1, respectively) (15). While UCP1 is mainly
expressed in BAT, the rest of UCP homologs are expressed in different tissues and cell types.

6

UCP3 is expressed primarily in the skeletal muscle but may also be found in cardiac muscle and
BAT (16). UCP2 is expressed ubiquitously in different tissues and cell types, varying from
kidney to the nervous system tissues (16). UCP4 and UCP5 are expressed predominantly in the
CNS (15, 23, 24). UCP4 was originally found in the brain, but has been recently discovered in
adipocytes (15, 23, 24). On the other hand, UCP5 is expressed in diverse tissues and organs,
including brain (cortex, hypothalamus, limbic system, cerebellum, basal ganglia, and spinal cord),
testes, uterus, kidneys, lungs, stomach, liver and heart (15, 23, 24).

1.3.1. Structural understanding of UCP. The primary structures of UCPs and other proteins
of the MCF share a common tripartite structure that consists of three repeat domains, each
consisting of two hydrophobic α-helical transmembrane segments (TMs) spanning the
mitochondrial inner membrane, connected by a long hydrophilic loop oriented towards the
mitochondrial matrix (16). In addition, both N- and C- termini of these proteins are located in the
mitochondrial

intermembrane

space

(IMS)

(Fig.

1-2).

A

common

MCF

motif,

PxD/ExxK/RxK/R-(20-30 aa)-D/EGxxxxaK/RG, is found in each segment with slight deviations
on one or two signature sequences for some carriers (5, 16). The proline residues located in the
motif (TM-1, -3, and -5) induce a distinctive kink in the TM, allowing it to be longer, while the
charged amino acids can form salt bridges that strengthen the closed folded conformation of the
helix bundle (Fig. 1-2) (5). As the only high-resolution crystal structure available for the MCF
proteins, the ADP/ATP carrier (AAC) structure has been used as a guideline to study the
conformation and function of other proteins in the family, including UCPs (5). Despite sharing
only 23% sequence identity, the recently reported NMR structure of UCP2 revealed a striking
similarity to the AAC crystal structure (25). Modelling studies carried out in this work and the
crystal structure of AAC revealed a funnel-shaped protein, with the water-accessible cavity
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directed towards the mitochondrial matrix (26). This water-accessible cavity could serve as an
active site for substrate binding and translocation (26). In all UCP models, the three conserved
Arg residues (located on TM-2, -4, and -6) involved in purine nucleotide binding are located in
the middle of this funnel-shaped structure, dividing the protein into two regions (Fig. 1-2) (15, 16,
26). In addition, the crystal structure of AAC also showed a bound mitochondrial lipid molecule,
CL (27). It is known that CL plays an important role in structure and function of MCF proteins
(3, 4). Some studies even suggested that this specific mitochondrial lipid could act as a mediator
of associations between monomers (27). However, the crystal structure of AAC demonstrated a
functional monomeric form of the protein (5). Thus, the role of CL in the structure and function
of MCF proteins is not fully understood.
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Figure 1-2. Topology of UCP1. UCP1 is comprised of 6 TMs (TM1-TM6) that span across the
lipid bilayers. Three pseudo-repeated domains are displayed. Proline residues located on TM1,
TM3, and TM5 induce a kink in the TMs. Both N- and C- termini of UCP1 are located in the
IMS. Three conserved Arg residues (R83, R182, and R276) involved in purine nucleotide
binding are shown. The matrix loops connecting TMs are labeled L1-2, L3-4, and L5-6.
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1.3.2. UCP-mediated ion transport. It is generally accepted that UCP-mediated proton
transport is activated by FAs and inhibited by di- and triphosphate purine nucleotides (15, 16).
The mechanism of proton transport is complex and not clearly understood. Two main hypotheses
on the mechanism of proton transport by UCPs were proposed: the FA flip-flop model and the
cofactor model (16). The cofactor (or proton-buffering) model, assumes a pore-like structure for
UCPs and suggests that FAs can bind to the pore region of the proteins and donate their
carboxylic group protons to facilitate proton translocation via the ionizable amino acid residues
along a pathway through UCP (Fig. 1-3A) (15, 16). In the FA flip-flop model (also known as FA
cycling model), protonated FA can flip-flop through the membrane bilayer and become
deprotonated in the mitochondrial matrix due to the difference in pH (higher pH). FA anions can
be then transported back by UCPs through an unknown mechanism (Fig. 1-3B) (15, 16).
Recently, a shuttling model for FA-dependent UCP1 uncoupling has been proposed, in which
UCP1 simultaneously transports one FA anion and one H+ in the same direction (FA/H+
symport) (Fig. 1-3C) (28). This model suggests H+ binding to UCP occurs only after the binding
of FA anion to UCP. Here, H+ and FA anion are translocated by UCP1 and H+ is released on the
opposite site of the mitochondrial inner membrane, whereas the FA anion remains bound to
UCP1 due to hydrophobic interaction with its hydrocarbon tail. FA anion then returns to the
other side of the membrane to initiate another H+ translocation cycle (28). None of these
hypotheses can adequately account for the complexity of UCP proton transport activity. In
addition, other activators of UCP uncoupling activity have been reported in different studies,
including reactive oxygen species (ROS), CoQ, and lipid-peroxidated products (e.g. 4-hydroxy2-alkenals) (15, 24). The inhibitory role of purine nucleotides on proton transport mediated by
UCPs has been confirmed in many studies (15, 16). Key amino acids for the binding of purine
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nucleotides to UCPs have been elucidated through site-directed mutagenesis studies. These
amino acids include R83, R182, R276, and E190 (29). It is important to note that these amino
acids are conserved or semi-conserved in all UCP homologs. As stated previously, the three
conserved Arg residues are located in the middle of the funnel-shaped UCP model, which
divides the protein into 2 halves along the cytoplasmic and the matrix sides.
In addition to proton transport, UCPs also transport small anions like Cl- (26, 30, 31).
Anion transport is also sensitive to purine nucleotide binding. Interestingly, in 1996, Huang and
Klingenberg demonstrated the ability of UCP1 to form a chloride channel, using the patch clamp
technique (32). This chloride channel is independent of pH and sensitive to purine nucleotides
(32). This chloride transport can be also competitively inhibited by FAs. Previous studies
indicated the key amino acids participating in proton transport, anion transport, and purine
nucleotide binding for UCP1. However, the relationship between these modes of transport and
the overall function of UCP1 has not been determined. Some basic mutagenesis work showed
that Cl- and H+ transport are likely to have two separate pathways (30). The dual carrier/ion
transport mode of UCP has been reported by several groups (25, 26, 32, 33). Thus,
chloride/anion transport might be crucial in defining the function of UCP.

11

Figure 1-3. UCP-mediated proton transport models. (A) The proton-buffering model
(cofactor model) (B) The fatty acid-cycling model (FA flip-flop model) (C) The fatty acidshuttling model.

12

1.4. Neuronal UCPs and their roles in the CNS
As mentioned previously, three UCP homologs, namely UCP2, UCP4, and UCP5 have
been located in the CNS and believed to serve unique roles in neurons. Much of the
understanding of neuronal UCPs stems from work on UCP2, due to its ubiquitous expression and
high sequence identity to the archetype UCP1. In the brain, mRNA of UCP2 is abundantly
expressed in the hypothalamus, limbic system, cerebellum, choroids plexus, and brainstem (24).
Currently, the most important feature of UCP2 is its ability to suppress ROS levels. It has been
speculated that UCP2, expressed under cellular stress, can be involved in regulation of
metabolism, mitochondrial bioenergetics, cell proliferation, synaptogenesis and neuroprotection
(16, 24). Recent studies revealed a critical role of UCP2 in birth-associated physiological stress,
demonstrating the protective role of UCP2 for proper survival and development of hippocampal
neurons (34). Knocked out or chemically inhibited UCP2 interfered with the differentiation of
hippocampal neurons and circuits, and impaired adult behaviours related to hippocampal
functions (34).
UCP4 and UCP5 (35, 36) share many amino acids that characteristic of the UCP family
(15, 24). It has been suggested that both UCP4 and UCP5 play an important role in
neuroprotection and energy homeostasis (37). Other physiological roles suggested for neuronal
UCPs include thermal synapses, calcium regulation, and pain tolerance (24). These roles might
be crucial in neurodegenerative diseases such as epilepsy, Parkinson’s diseases, ischemia,
traumatic brain injury, Alzheimer’s disease, and aging. In addition to their similarity, UCP4 and
UCP5 have distinct characters. The overexpression of UCP5 in cell lines suppresses ROS
production by reducing the membrane potential (36, 38). In our previous studies, UCP5 also
shared comparable conformations and ligand binding properties with UCPs 1-3 (39). Although
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sharing a similar role with other neuronal UCPs in diminishing ROS production and
neuroprotection in transfected cultured cells, UCP4 adopts a different mechanism. In one study,
UCP4 was shown to decrease the ROS level by reducing transmembrane potential (35). In
another study, mitochondrial UCP4 attenuated neurotoxin-induced oxidative stress by increasing
the oxidative phosphorylation rate and hence ATP production (40). Subsequent studies showed
that overexpression of UCP4 resulted in increased Complex II activity (40). A similar
phenomenon was observed in a study of UCP4 ortholog from Caenorhabditis elegans (ceUCP4)
(41). In this study, ceUCP4 knock-outs showed decreased mitochondrial succinate-driven
(complex II) respiration and ceUCP4 inhibition blocked import of succinate in mitochondria.
Therefore, UCP4 could potentially serve as a succinate transporter. Reports from modelling work
by Kunji and Robinson suggested small keto acids to be the potential substrates of UCPs (42). It
is important to note that in our reconstitution study, UCP4 in proteoliposomes has a
conformation distinct from other UCPs (39). Further experiments are needed to understand and
clarify the function and physiological roles of neuronal UCPs.

1.5. Instrumentation and techniques
1.5.1. Recombinant protein expression system. In vitro study of membrane proteins requires
high quantities of protein in its natively folded state. However, the endogenous levels of most
proteins make it impractical for them to be isolated for structural and/ or functional studies. The
bacterial E. coli expression system is by far the most widely used vehicle for this purpose, due to
its scalability (ease of expression and low cost) (43). However, E. coli presents some
disadvantages for eukaryotic protein overexpression. In particular, many heterologous membrane
proteins do not fold properly and form aggregates upon overexpression, which are stored in
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inclusion bodies (44, 45). The refolding of proteins from inclusion bodies into their functional
form is sometimes not successful. Thus, to avoid these misfolding issues, design of protein
plasmid can be done to direct expressed proteins towards the cytoplasmic membrane of bacteria.
This targeting process can be achieved by changing the strains of bacteria, the conditions of
expression, and the sequence of the expressed protein (44). Strains such as C41, C43, or Lemo21,
are more tolerant to toxic eukaryotic membrane proteins (44). In addition, reducing the rate of
protein synthesis (reduction of growth temperature, use of weaker promoter, or lowering of the
inducer concentration) have all been shown to improve the targeting of membrane proteins
towards the bacterial cytoplasmic membrane (44, 46). Designing the cloning construct is another
popular method to improve protein yield, especially with heterologous expression of proteins.
Introduction of tags such as MBP, GST, NusA, PelB leader sequence, or Mistic, can maximize
the expression of functional membrane proteins, where translocation of expressed proteins
depends on their hydrophobicity (47). Overall, targeting membrane proteins towards lipids
membranes can protect proteins from proteolytic attack, or at least can reduce aggregation of
hydrophobic proteins in the cytoplasm, and minimize inclusion body formation.

1.5.2. Spectroscopic methods for studying protein conformation and structure.
Understanding the structure of membrane proteins could provide insights into their molecular
mechanisms of action and physiological roles. Spectroscopic characterization is considered to be
a valuable source of structural information for many membrane proteins. This characterization
could be achieved by CD and IR spectroscopy. CD spectroscopy allows a rapid determination of
the average secondary structure of proteins (48). Based on the differential absorption between the
left- and right-handed circularly polarized light by chromophores, which either possess an
intrinsic chirality or are subjected to a chiral environment, CD spectra can provide information
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on the secondary structure of a protein. Secondary structure is stabilized by hydrogen bonding
between the backbone N-H and C=O groups (48). In the far-UV spectral region (190-260 nm),
the absorbing group is principally the amide backbone, with n  π*, π  π* transitions. Thus,
the far-UV region in CD spectroscopy allows a quantitative assessment of the overall secondary
structure of the protein. Many proteins have been shown to exhibit changes in secondary
structure in different environments. This is particularly useful in monitoring the folding of
recombinant membrane proteins when they are transferred from detergent to liposome. On the
other hand, the near-UV region (260-320 nm) in CD spectroscopy can be used to monitor
changes in disulfide bonds and aromatic side chain local conformations (48). The secondary
structure of protein can also be determined via FTIR spectroscopy, which measures the
wavelength and intensity of the absorption of IR radiation by a sample (49). In addition, FTIR
can give information on the lipid: protein and detergent: protein ratio, which is an important
factor in membrane protein studies (50).

1.5.3. Monitoring ion transport across the membranes. Ion transport plays an important
role in cellular homeostasis and metabolism. Measurement of proton transport across membrane
has been achieved using several techniques. Originally, pH electrodes were used to directly
measure the H+ transport rate (51). More recently, fluorescent probes have been used widely as
an effective tool to detect changes in their environment (31, 52, 53). The availability of many
ion-sensitive fluorescent probes allows ion transport assays to be carried out. The fluorescent
chloride-indicator dye 6-methoxy-N-(3-sulfopropyl) quinolinium (SPQ) offers an advantage in
measuring both chloride anion and proton transport across the lipid bilayer. In the chloride
transport measurements, the fluorescence of SPQ (λex = 347 nm, λem = 442 nm) is quenched by
chloride anions (54). On the other hand, proton transport is measured indirectly through the
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quenching of SPQ fluorescence by N-[tris(hydroxymethyl)]-2-aminoethane-sulfonic acid anion
(TES-). In a low pH environment (pKa of TES buffer ~ 7.4), TES is fully protonated and does not
affect SPQ’s fluorescence. Upon the loss of proton (at a high pH), the TES anion quenches
SPQ’s fluorescence (54). Thus, ion transport can be monitored according to the change of
fluorescence intensity of SPQ over time.
While the SPQ fluorescence quenching method offers an easy, indirect method for following the
kinetics of ion transport, this method only measures steady-state ion transport activity, which
might not reflect the physiological condition of ion channel. The channel mode of ion transport
can, however, be detected using an electrophysiological technique such as patch clamping. Since
its first development in 1976 by Erwin Neher and Bert Sakmann, the patch clamp technique has
become the most widely used tool in electrophysiological research (55). The method allows
recording of single or multiple ion channels in the biological membranes of cells. The patch
clamp technique relies on forming a “gigaseal” that allows low-noise recording (56). Proteins
reconstitution in giant liposomes are preferred, as giant liposomes have comparable size to a real
cell membranes (57). In the giant liposome membranes, channel activity of proteins can be
measured in different modes (cell-attached, whole-cell, inside-out, and outside-out). Single
channel recording using lipid bilayers can also be achieved using the tip-dip method (58). The
main advantage of the tip-dip patch clamp method is that membranes are small and thus
association with larger bilayers is avoided. Poor incorporation of protein channels into this type
of membrane is the main drawback of the technique.

1.6. Research goal and objectives
The overall goal of this project is to use biophysical methods to establish a better
understanding of their structure, function, and physiological roles. The focus of this thesis was
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on UCP4 and UCP5. Protein production was done using the bacterial recombinant expression
system. Purified UCPs were then reconstituted into liposome models, where their structural and
functional properties were examined. The conformations of UCPs in liposomes were analyzed
using various spectroscopic methods, including CD and fluorescence spectroscopies. The ion
transport properties of UCPs across the lipid bilayers were examined in the ion transport assays
using the anion-sensitive fluorescent probe SPQ as described above.
Given the limited information on UCP4 and UCP5, our priority was to establish a
fundamental understanding of the conformation and ion transport properties of all neuronal
UCPs, including UCP4 and UCP5. A comparative structural and functional study of UCP4 and
UCP5 with other UCPs in the family serves as a foundation in classifying the UCP homologues.
In addition, variation in ligand (FAs and PNs) and mitochondrial lipid CL binding and ion
transport rates can provide valuable insights on the specific roles of each UCP in the CNS.
Collectively, this work establishes a fundamental understanding of the structure-function
relationship of neuronal UCPs that is essential for studying their physiological roles in the CNS.
The results of this study are explained in detail in Chapter 2 and Chapter 5.
Another important question remains to be answered for UCPs is their ion transport
mechanism. As discussed previously, three current proposed models are debated for the UCPmediated proton transport pathway. In addition, UCPs also transport chloride and small anions
across the membranes. It is plausible that identification of key amino acid residues of UCPs
involved in their ion (proton and anion) transport pathways can shed light on the protein’s ion
transport mechanism. Previous mutagenesis studies of UCP1 suggested the important role of
TM2 intrahelical Arg residues in the UCP-mediated chloride transport. In another study, the
TM2 of UCP2 was observed to exhibit chloride channel activity in the lipid bilayers. Hence, it
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was hypothesized that the positively charged amino acid residues on TM2 of UCPs could play an
important role in their anion transport pathway. To examine this hypothesis, four positively
charged amino acid residues (Arg and Lys residues) on the TM2 of UCP2 were mutated using
site-directed mutagenesis. A comparative conformational and functional study of UCP2-WT and
mutants in liposomes helps identify the essential amino acid residues of UCP2 in proton and
chloride transport. The experimental results from this work, in combination with results from
previous studies and amino acid sequence analysis, can provide a comprehensive molecular
image of UCP2’s ion transport mechanism and lay a foundation for future mutagenic work for
other UCPs. The outcomes of this work are explained in detail in Chapter 3.
In a quest for better structural study of membrane proteins such as UCPs, we spent efforts
improving the quality of expressed recombinant UCPs in bacterial systems. To date, almost all
the studies of UCPs in reconstituted liposome models have relied on the reconstitution of
proteins from E. coli inclusion bodies. While offering advantages in protein quantity and purity,
membrane protein expression in inclusion bodies poses a challenge in the appropriate folding of
reconstituted proteins. Consequently, an expression system that directs UCPs towards lipid
membrane environments is more desirable. Using the bacterial cells as expression hosts, our goal
was to target the expressed UCPs towards the bacterial membranes. To achieve this goal, we
used the small periplasmic leader sequence PelB, provided by the pET26b(+) vector, as a means
to target UCP-His6 towards the inner membrane of E. coli. In addition, to reduce the toxicity
problem of overexpressing foreign proteins in bacterial cells, auto-induction method was used.
The folding of UCPs in lipid membranes was examined through various CD and fluorescence
spectroscopic methods, stability tests and ion transport functional assays. The new expression
system allows a more reliable conformational and functional assessment of UCPs. Chapter 4
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discusses the expression design and folding of recombinant UCP1 in bacterial membranes, while
Chapter 5 examines this expression system for neuronal UCPs, including UCP2, UCP4, and
UCP5. Interestingly, self-association of UCPs in lipid membranes was observed for the first time
using the novel expression systems. The understanding of the UCP oligomerization process can
serve to answer questions regarding the local assembly of UCPs in the inner mitochondrial
membrane (IMM) under different physiological conditions.
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CHAPTER 2 - TOWARDS UNDERSTANDING THE
MECHANISM OF ION TRANSPORT ACTIVITY OF
NEURONAL UNCOUPLING PROTEINS - UCP2, UCP4,
AND UCP5

This work has been published: (Part of the work was completed during Hoang’s MSc study)

Hoang T, Smith MD, and Jelokhani-Niaraki M (2012) Biochemistry 51: 4004-4014.

21

2.1. Abstract
Neuronal uncoupling proteins (UCP2, UCP4 and UCP5) have crucial roles in the function and
protection of the central nervous system (CNS). Extensive biochemical studies on UCP2 have
provided ample evidence for its participation in proton and anion transport. To date, functional
studies on UCP4 and UCP5 are scarce. In the current study, we show for the first time that,
despite low amino acid sequence identity with the previously characterized UCPs (UCPs 1-3),
UCP4 and UCP5 share their functional properties. Recombinantly expressed in E. coli, UCP2,
UCP4 and UCP5 were isolated and reconstituted into liposome systems, where their
conformations and ion (proton and chloride) transport properties were examined. All three
neuronal UCPs are able to transport protons across lipid membranes with characteristics similar
to the archetypal protein UCP1, which is activated by fatty acids and inhibited by purine
nucleotides. Neuronal UCPs also exhibit transmembrane chloride transport activity. CD
spectroscopy shows that these three transporters exist in different conformations. In addition,
their structures and functions are differentially modulated by the mitochondrial lipid cardiolipin.
In total, this study supports the existence of general conformational and ion transport features in
neuronal UCPs. On the other hand, it also emphasizes the subtle structural and functional
differences between UCPs that could distinguish their physiological roles. Differentiation
between structure-function relationships of neuronal UCPs is essential for understanding their
physiological functions in the CNS.

2.2. Introduction
Uncoupling proteins (UCPs), located in the inner membrane of mitochondria, uncouple ETC
from ATP synthase by dissipating the proton gradient across the inner membranes (16). Five
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human UCP homologs have been identified in different tissues to date; UCP1 is the only member
of the UCP family with a well characterized thermogenic role in brown adipose tissue (15).
UCP1-mediated proton leak, which causes uncoupling effects, is known to be activated by fatty
acids (FAs) and inhibited by purine nucleotides (15, 16). The structure of UCP1 is proposed to
consist of three repeated domains (tripartite structure), each of which is comprised of two
hydrophobic transmembrane α-helical regions spanning the inner mitochondrial membrane (16).
With no high resolution structure available, the structures of the prototypical UCP1 and other
UCPs have been assumed to resemble the crystal structure of ADP/ATP carrier (AAC) (16).
Recently, a structural study of UCP2 by NMR molecular fragment searching revealed striking
similarities between UCP2 and AAC (25).
Three of the five human UCP homologs, namely UCP2, UCP4 and UCP5, are located in the
central nervous system (CNS) and are therefore believed to serve unique roles in neurons (24).
These roles could be directly related to many neurodegenerative diseases, including epilepsy,
Parkinson’s disease, Alzheimer’s disease, ischemia/stroke, brain injury and aging (24). High
amino acid sequence identity to UCP1 (59%) and ubiquitous expression have made UCP2 an
attractive target for many recent studies (15, 16, 24). These studies have mostly focused on
UCP2 and its ability to suppress reactive oxygen species (ROS) production in mitochondria (15,
16, 24). This function of UCP2 could represent a protective mechanism against oxidative stress
in various tissues (liver, endothelium and neurons). On the other hand, UCP2 expressed in
pancreatic β-cells has been proposed to be a negative regulator for glucose-induced insulin
secretion, which is linked to type-2 diabetes (24). Despite inconsistencies between different
studies, the regulation of proton transport in UCP2 and its mechanism(s) of activation and
inhibition have generally been confirmed to be similar to those of UCP1 (52, 59).
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Although both UCP4 and UCP5 (also called brain mitochondrial carrier protein-1, BMCP1)
are more widespread in the brain than UCP2, little is known about these two proteins (15). They
have low amino acid sequence identity with the prototypical protein UCP1 (34% for UCP4 and
30% for UCP5); on the other hand, UCPs 4 and 5 share many of the amino acids that are
considered characteristic features of the UCP family and are predicted to have the same overall
membrane topology (60). Despite the similarities, it is still debated whether UCP4 and UCP5
belong to the UCP family (15, 16, 24). UCP4 was originally found to be expressed in the brain
(35), but its expression has also recently been detected in adipocytes (61). UCP5, on the other
hand, is expressed in diverse tissues and organs, including brain (cortex, hypothalamus, limbic
system, cerebellum, basal ganglia, and spinal cord), testis, uterus, kidney, lung, stomach, liver
and heart (15, 24, 62). There is also evidence for the presence of mRNA for UCP5 isoforms in
fruit flies, supporting an important and evolutionarily retained function of this putative UCP in
the CNS (63). Moreover, three isoforms of UCP5 have been found in humans, suggesting a level
of complexity in the regulatory function of UCP5 in the brain (15, 36). UCP4 has also been
reported to have isoforms of varying length (64). The significance of UCP4 and UCP5 in cell
metabolism and survival has been confirmed in many cell culture studies (38, 65–67). However,
because of their low sequence identity with other UCPs and current lack of evidence for proton
transport activity, the question of whether UCP4 and UCP5 are genuine mitochondrial UCPs
remains to be answered (15, 16, 24).
Being a major lipid component of the inner mitochondrial membrane, cardiolipin (CL) has
been shown in many studies to strongly impact the structure and function of mitochondrial
carrier proteins (2, 3, 27, 68–70). Acting as a “double phospholipid”, CL has two
phosphatidylglycerols connected through a glycerol backbone in the centre to form a unique
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dimeric structure. The crystal structure of AAC was observed to be bound to three CL molecules;
this interaction was suggested to promote protein association (27). Located in the inner
mitochondrial membrane, it would not be surprising that UCPs also interact with CL. However,
the effect of CL on the structure and function of UCPs has not been investigated in detail.
Our previous study demonstrated that neuronal UCPs 4 and 5 share common conformational
and ligand binding properties with UCPs 1-3 (39). In this study, we show for the first time that
neuronal UCPs 4 and 5 reconstituted in liposomes also exhibit comparable proton and chloride
transport activities to those of other UCPs. In addition, the effect of CL on the conformation and
function of UCPs 2, 4 and 5 is investigated in some detail. In total, the current study provides
evidence that UCPs 4 and 5 should be considered as genuine components of the UCP family of
proteins.

2.3. Experimental Procedures
2.3.1.UCP constructs and chemicals. The human UCP2 cDNA clone (pET-UCP2) was a gift
from Dr. Martin Brand (MRC Dunn Human Nutrition Unit, Cambridge, U.K.). Neuronal Histagged UCP constructs were cloned into the pET21d expression vector and transformed into E.
coli BL21 (DE3) [with the exception of UCP4, which was introduced into E. coli BL21
CodonPlus (DE3)] for expression, as described previously (39). Under our experimental
conditions, the conformation and ion transport function of UCP2 with and without a His-tag was
similar (Figs. 1 and 2A); consequently, the highly pure non-His-tagged UCP2 (shown as UCP2*
in all Figures and Tables) was used in experiments assessing the conformations and functions of
the proteins (39, 71). His-tagged versions of UCPs 4 and 5 (shown as UCP4 and UCP5 in all
figures) were used for all experiments. Egg yolk L-α-lecithin (Sigma, St. Louis, MO) contained
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at least 60% (by wt.) phosphatidylcholine. The remaining 40% was comprised mostly of
phosphatidylethanolamine and other lipids. CL (1', 3’-bis(1,2-dioleoyl-snglycero-3-phospho)-snglycerol (sodium salt)) and the detergent C8E4 (octyltetraoxyethylene) were obtained from
Avanti Polar Lipids (Alabaster, AL) and Bachem (Torrance, CA), respectively. Triton X-100
(TX-100), Triton X-114 (TX-114) and sarcosyl (N-lauroylsarcosine, sodium salt) were from
Calbiochem-EMD Biosciences (Gibbstown, NJ). The fluorescent probe 6-methoxy-N-(3sulpfopropyl) quinolinium (SPQ) (99%) was from Biotium Inc (Burlington, ON). All other
chemicals were purchased from Sigma (St. Louis, MO).

2.3.2. Expression, extraction and reconstitution of UCPs. All recombinant neuronal UCPs
were overexpressed in E. coli from cloned versions of the cDNAs using 1 mM isopropyl β-Dthiogalactoside (IPTG) as described previously (39). Recombinant UCPs were extracted as
described previously (59), with some modifications. Inclusion bodies were washed stepwise with
2% (w/v) TX-100, 2% (w/v) TX-114, and 0.1% (w/v) sarcosyl in extraction buffer (20 mM
Tris/HCl, 500 mM NaCl, pH 8.0). The final pellet fraction was resuspended in 4 ml of buffer A
(50 mM CAPS, 25 mM DTT, 2 mM PMSF, 10% glycerol, pH 10.0) plus 2% (w/v) sarcosyl.
This mixture was incubated for 45 min at room temperature followed by 15 min at 4oC. Insoluble
proteins were removed by centrifugation (14,000 g, 10 min). The supernatant was diluted with 6
ml of buffer B (10% glycerol, 1% TX-114), supplemented with 1 mM ATP. After a 2-h
incubation at 4oC, the mixture was dialyzed 3x against 300 ml (4 buffer A: 6 buffer B) to remove
sarcosyl. The final dialyzed protein was supplemented with 5 mg/ml L-α-lecithin and 1 mM ATP,
incubated for 2 h at 4oC, and concentrated ~ 2-fold in an Ultrafree-15 centrifugal filter device
(Millipore). Protein purity and concentration were analyzed using SDS-PAGE and a Lowrybased protein assay (Bio-Rad, Hercules, CA) , respectively (72).
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In both CD spectroscopic and ion transport experiments, extracted UCPs were reconstituted
into liposomes using a detergent-mediated reconstitution method (52, 59). Two phospholipid
systems were used in this study, L-α-lecithin with and without 2.5 mol% CL. Briefly, lipids were
dissolved in chloroform, dried overnight under vacuum, and rehydrated in the desired buffer. For
CD measurements, 10 mM potassium phosphate buffer pH 7.2 was used. For ion transport
experiments, the internal buffer containing the fluorescent probe SPQ was used at pH 7.2.
Phospholipids were solubilized with C8E4 to a final detergent/phospholipid ratio of 2.5 by mass.
Extracted proteins were then added to the mixed lipid/detergent micelles in each particular
experiment. In CD conformational studies, the final protein/lipid molar ratio was ~ 1:1000. In
ion transport experiments, this ratio was 1:10000 (equivalent to 1:250 protein/lipid weight ratio).
Protein-free liposome controls were prepared in parallel for all experiments. SM-2 Biobeads
(Bio-Rad) were used to remove detergents for liposomes to form spontaneously. In ion transport
assays, the external SPQ probe was removed using a coarse Sephadex G25-300 (GE Healthcare,
QC) spin column.

2.3.3. Liposome size measurements. The size and homogeneity of liposomes/proteoliposomes
were determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK). The results reported are the averages of 5-10 measurements.

2.3.4. CD spectroscopic measurements. Far-UV CD spectra were measured on an Aviv 215
spectropolarimeter (Aviv Biomedical, NJ). Ellipticities are reported as mean residue ellipticity.
All far-UV CD measurements were carried out in 0.1 cm-pathlength quartz cells at 0.5-nm
resolution (25 oC). The reported spectra were an average of eight scans. Secondary structure
content of proteins was estimated from CD spectra using the deconvolution program CDSSTR
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and the analysis was based on a set of 48 reference proteins and performed on the Dichroweb
web site (73, 74).

2.3.5. Fluorescence measurements. Steady-state fluorescence measurements were done in a
Cary Eclipse spectrophotometer (Varian, CA). Excitation bandwidth slit for all measurements
was 5 nm and a scan speed of 600 nm/min was used throughout the experiments (25 oC).

2.3.6. Proton and chloride transport measurements.

Ion transport mediated by

reconstituted UCPs across the lipid membranes was measured by anion-sensitive fluorescence
quenching method. SPQ fluorescent dye was chosen for this study due to its ability to measure
both anion (chloride, bromide, iodide) and proton transport (54). During chloride transport
measurements, fluorescence of SPQ (λex = 347 nm; λem = 442 nm) was quenched directly by the
chloride anions. On the other hand, proton transport is measured indirectly through the
quenching of SPQ fluorescence by N-[tris(hydroxymethyl)methyl]-2-aminoethane-sulfonic acid
anion (TES-). In a low pH environment (pKa of TES ~ 7.4), TES is fully protonated and does not
affect SPQ’s fluorescence. Upon the loss of a proton (at high pH), the TES anion collisionally
quenches SPQ’s fluorescence.
In each transport assay, 40 μl of proteoliposomes (~ 0.8 mg lipid) were incubated with 1.96
ml external media. Osmotic pressure was kept balanced across the lipid membrane. In the proton
transport assay, the internal medium was composed of TES buffer (30 mM), TEA2SO4 (80 mM)
and EDTA (1 mM). The external buffer in this case contained K2SO4 (80 mM) instead of
TEA2SO4. In the chloride transport assay, the internal medium was composed of 10 mM sodium
phosphate, 133 mM TEA2SO4, 1 mM EDTA, and the external medium contained 10 mM sodium
phosphate, 200 mM KCl, and 1 mM EDTA. All transport assay buffers were kept at pH 7.2. Ion
transport in each experiment was driven by the influx of K+ from the external buffer mediated by
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the K+-ionophore valinomycin (val). Upon the inward diffusion of K+ across the membrane,
osmotic balance is disrupted and functional UCPs either transport protons (out) or chlorides (in)
to offset this discrepancy in membrane potential. Lauric acid (LA) was added to activate proton
transport. All ion transport data were corrected by subtraction of the non-specific proton leak and
calibrated for the SPQ fluorescence response and internal volume of proteoliposomes (54).
Briefly, the internal volume of the vesicles for each preparation was calculated from the volume
of distribution of the fluorescent probe SPQ. To measure this, the fluorescent SPQ trapped in
liposome was released using a small amount of detergent. The concentration of [SPQ] inside the
proteoliposomes was measured by standard addition method, by sequential addition of SPQ with
known concentration into the mixture. Plotting of SPQ fluorescence signal versus [SPQ]added
yielded the original concentration of SPQ trapped into the liposomes. This information is used to
calculate the internal volume of the liposome. In addition, liposome sizes were measured using
dynamic light scattering technique, which confirmed a mono-dispersed population (Table 2-1).
The final protein content in proteoliposomes was calculated using the modified Lowry
concentration assay. Phospholipids, which interfere with the Lowry assay, were removed from
the proteoliposomes after trichloroacetic acid (TCA) precipitation. Briefly, 100-150 μl
proteoliposome samples or bovine serum albumin (BSA) standards were precipitated with TCA
and redissolved in 25 μl SDS. Developing reagents (reagent A and B, Bio-Rad) were added to
each fraction. The mixtures were incubated for 15 min at room temperature and absorbance was
measured at 750 nm.

2.3.7. Amino acid sequence analysis and structural modelling of neuronal UCPs.
Protein sequence analysis and primary sequence alignment of UCPs and AAC were performed
using T-Coffee (75, 76). All 3-D structural models of UCPs were obtained using MODELLER
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9.9 (77) after the sequence alignment based on the crystal structures of AAC reported in 2005
(PBD ID: 2C3E) (27). The three CL associated with AAC in the crystal structure were
superimposed in the UCP models for analysis. Structural models were viewed using Pymol (78).

2.3.8. Statistical analysis. Data were analyzed using the one-way Analysis of Variance
(ANOVA) statistical method. P<0.05 was considered statistically significant.

2.4. Results
2.4.1. Expression of UCPs and their reconstitution into liposomes. Recombinant UCPs
extracted from purified inclusion bodies were confirmed to be of high purity using SDS-PAGE
before being reconstituted into liposomes (Fig. 2-1). Dynamic light scattering (DLS)
measurements confirmed the presence of monodispersed proteoliposome populations for all
reconstituted UCP samples. The size of blank L-α-lecithin and protein-reconstituted vesicles
were in the range of large unilamellar vesicles (LUVs) (60-100 nm radii) (Table 2-1). Addition
of CL (2.5 mol%) into the phospholipid system slightly enlarged the size of the liposomes (Table
2-1). Reconstitution of UCPs into the liposomes at a low protein/lipid ratio, used in the transport
assays, did not significantly change the size of the liposomes except for UCP4. Size of UCP4
proteoliposomes decreased in the CL-free lipid system but increased in the CL-containing lipid
system, compared to the blank liposomes (Table 2-1).
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Figure 2-1- Expression and purification of recombinant human neuronal UCPs. The
proteins were expressed in E. coli in the inclusion body fraction. Inclusion bodies were extracted
and purified as described in the Experimental procedures. The proteins were obtained in high
purity and resolved using SDS-PAGE (12% gel) and stained with Coomassie Brilliant Blue. The
molecular mass (in kDa) markers are indicated on the left. UCP2 was expressed in its Histagged (UCP2) and non-His-tagged (UCP2*) forms. UCP4 and UCP5 were expressed only in
their His-tagged versions.
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Table 2-1. Sizes of UCP proteoliposomes determined by DLS. The reported liposome sizes
are averages of 5-10 measurements ± SD.
Average radius of liposomes (nm)

No UCP
UCP2 (non-His)
UCP2 (His)
UCP4
UCP5

L-α-lecithin vesicles

L-α-lecithin vesicles (2.5 mol%
CL supplement)

96 ± 4
80 ± 9
84 ± 2
69 ± 7
85 ± 5

103 ± 9
88 ± 5
95 ± 8
132 ± 8
104 ± 6
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2.4.2. UCP-mediated proton transport. Proton transport mediated by reconstituted neuronal
UCPs was measured in two phospholipid systems - L-α-lecithin vesicles with and without 2.5
mol% CL. As shown in Fig. 2-2A, all reconstituted neuronal UCPs conducted protons across the
phospholipid bilayer in the presence of fatty acid activator LA. All measurements showed that
efflux of protons occurred within 15-20 s after the addition of the K+-ionophore val to initiate ion
transport. The measured UCP-mediated transport rates were subtracted for the non-specific
proton leak (from protein-free blank liposomes) and corrected for the final protein content in
proteoliposomes. It is also important to note that presence of reconstituted UCPs in liposome did
not produce any non-specific leakage (inset Fig. 2-2A). In addition, fluorescence spectroscopic
analysis confirmed that no trace of detergent was present after reconstitution that otherwise could
cause leakage across the vesicle membrane. Thus, the proton transport reported in this study is
UCP-specific. The corrected proton flux for all reconstituted neuronal UCPs is shown in Fig. 22B. Overall, all neuronal UCPs displayed comparable transport rates in L-α-lecithin vesicles (1-2
μmol. min-1. mg protein-1). The proton fluxes for UCP2 and its His-tagged version (Fig. 2-2B)
were also very similar, which reconfirms the conformational equivalence of the two forms of the
protein (71). Addition of CL to the phospholipid vesicles at 2.5 mol% induced changes in the
proton transport rate of all neuronal UCPs (Fig. 2-2B). In this vesicle system, proton transport
mediated by UCP2 and UCP5 was approximately doubled, whereas UCP4-mediated proton flux
decreased slightly (Fig. 2-2B). It should be noted that the proton flux rates were calculated on the
basis of the total protein content of the liposomes and proteins' orientation across the membranes
was not considered in these calculations.

Considering the orientation of the reconstituted

proteins can increase the overall transport rate (decrease in protein effective concentration).
Based on our experimental results, approximately 50% of the proteins are oriented in the correct
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direction for proton transport and transport rates can therefore increase up to two times in the
case that the proton transport is unidirectional (see the section on the inhibition of the UCPmediated proton flux, below). The proton transport rates reported in this study are in the range of
the previously published data on reconstituted UCPs 1-3 (Table 2-2). In all previous experiments
(regardless of the reconstitution system and experimental conditions) the proton transport in
UCPs was in the range of ≤ 5-30 (μmol. min-1. mg protein-1). As can be observed in Table 2-2,
the reported values are variable and dependent on the experimental conditions. It is also
noteworthy to mention that in many of the previous studies on proton transport by reconstituted
UCPs (Table 2-2), the proton flux was dependent on the type and concentration of the fatty acid
stimulant. The concentrations of the fatty acid required to reach the highest transport rate in these
studies were typically higher than 100 μM, which was the concentration used in this study.
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Figure 2-2. Proton transport mediated by neuronal UCPs across the phospholipid vesicles.
(A) Recorded H+ efflux through phospholipid vesicles reconstituted with neuronal UCPs. Proton
transport was activated by addition of 100 μM LA. Valinomycin (val) was added at 1 μM to
initiate proton transport. A protein-free liposome blank displays non-specific proton leak. Inset
shows that no significant non-specific leakage was observed for the reconstituted UCP4 (or other
neuronal UCPs) into the liposome (- val); the leakage is due primarily to the proton transport
across the membrane mediated by UCPs (+ val). This result holds for UCP2 and UCP5 as well.
(B) Average corrected proton transport rate mediated by neuronal UCPs in two phospholipid
systems - L-α-lecithin with and without 2.5 mol% CL. Results are presented as the initial H+
transport that was already subtracted for the non-specific proton leak and corrected for the
internal liposomal volume and protein content in the proteoliposomes. The rates are the means of
15-20 independent measurements ± SEM. In L-α-lecithin vesicles, proton transport rates of
UCP2*, UCP2, UCP4, and UCP5 are 1.6 ± 0.4, 2.2 ± 0.6, 1 ± 0.4, and 2.4 ± 0.5 μmol. min-1. mg
protein-1, respectively. In L-α-lecithin vesicles with 2.5 mol% CL, these rates are 3.5 ± 0.3, 3.9 ±
0.6, 0.6 ± 0.2, and 4.6 ± 0.9 μmol. min-1. mg protein-1, respectively. Phospholipid concentration
was 20 mg/ml; final protein content in the liposomes was 2-5 μg/ mg lipid. The final proton
transport rates were calculated in the presence of 100 μM LA and on the basis of total protein
concentration present in the liposomes; the orientation of the reconstituted proteins was ignored
in this calculation. UCP2* is the non-His-tagged version of human UCP2. All other UCPs are in
their His-tagged forms. One-way ANOVA statistical test was performed to determine the
statistical significance of data and p-values were obtained. # P<0.05 when comparing the proton
transport mediated by UCPs to the basal proton leakage, § P<0.05 when comparing the proton
transport mediated by UCPs in the CL-supplemented vesicles to that in L-α-lecithin vesicles.
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Table 2-2. Comparison of proton transport mediated by UCPs in the past studies using proteoliposome systems
* These transport rates were measured for H+ influx mode.

** These transport rates were measured using glass electrode (influx mode) at 10oC.

UCP
1
1
2
3
2
Plant UCP
1
1
2
3
1
2
3
1
1
1

Source
of protein

FA
activator

Hamster
BAT
E.coli
E.coli
E.coli
E.coli

palmitate
palmitate
palmitate
laurate

E.coli
BAT
E.coli
E.coli
E.coli
E.coli
E.coli
E.coli
Rat
BAT
E.coli
Hamster
BAT

laurate

Rate
(μmol/
min/mg
protein)
22

Ki (ATP)
(μM)
8

<10

125
760
650
-----

laurate

5.6

850

laurate
laurate
laurate
laurate
laurate
laurate
laurate

9*
11*
12*
8*

65
56 ± 8
114 ± 17
70 ± 8
0.05
0.09
0.23

10-30

5-10

palmitate

~ 10

-----

laurate

~5-8

-----

------

1.2-24.9**

-------

Lipid system
L-α-phosphatidylcholine, 4.2% beef heart
cardiolipin and 1.6% L-α-phosphatidic acid
Egg yolk , 5% cardiolipin
Soybean phospholipid

Ref.
(79)
(31)

39 mg egg yolk lecithin, 1.66 mg
cardiolipin, 0.66 mg phosphatidic acid

(19)

Asolectin (Avanti polar lipids, 45% PC) +
5% Cardiolipin

(59)

Egg yolk phospholipid

(52)

Asolectin + 5% CL

(80)

Egg yolk lipid supplemented with PE, PS,
asolectin

(51)
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2.4.3. UCP-mediated chloride transport. Anion transport has been previously shown for
UCP s1-3 (29, 30, 79). In addition, ability to form chloride channels has been reported for UCP1
and the second transmembrane helix (TM2) of UCP2 (32, 33). In the current study, chloride ion
transport of neuronal UCPs has been unambiguously detected. In L-α-lecithin vesicles, chloride
ion influx (triggered by val) was observed for UCP2 and UCP4, but was very low for UCP5 (Fig.
2-3A-C). In comparison with the control protein-free vesicles, the fluorescence signal of the
trapped fluorescent dye SPQ, in UCP2 and UCP4 assays decreased drastically (an indication of
influx of chloride and anionic quenching of the trapped dye). In contrast, UCP5 proteoliposomes
did not exhibit a significant reduction in the fluorescence signal. Similar to the proton transport
case, introducing CL into the lipid system induced changes in UCP-mediated chloride transport
rate (Fig. 2-3D, E). Compared to the lecithin vesicles, chloride transport flux in the CL-lecithin
lipid system increased in both UCP2 and UCP5 (Fig. 2-3E). This increase was significant for
UCP5. Conversely, chloride transport by UCP4 was reduced by introduction of CL (Fig. 2-3E).
Thus, CL influences chloride transport of UCPs in a similar trend as in the proton transport case.
This observation could be important in understanding the mechanism of ion transport in UCPs.
Overall, the chloride transport flux mediated by all neuronal UCPs was much lower compared to
their proton transport rate.
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Figure 2-3. Chloride transport mediated by neuronal UCPs across phospholipid vesicles.
Direct SPQ fluorescence quenching measurement of chloride transport mediated by (A) UCP2*,
(B) UCP4, (C) UCP5 in L-α-lecithin vesicles; and (D) UCP5 in L-α-lecithin vesicles with 2.5
mol% CL. Data were normalized to the initial fluorescence value. Chloride transport was
initiated with 2 μM val. (E) Average corrected chloride transport rate mediated by neuronal
UCPs in the two phospholipid systems. The transport rates were obtained in a similar fashion to
those in proton transport experiments. The rates are the means of 15 independent measurements
± SEM. In L-α-lecithin vesicles, chloride transport rates of UCP2*, UCP4, and UCP5 were 1.0 ±
0.2, 0.2 ± 0.01, and 0.02 ± 0.02 μmol. min-1. mg protein-1, respectively. In L-α-lecithin vesicles
with 2.5 mol% CL, these rates were 1.1 ± 0.3, 0.1 ± 0.01, and 0.4 ± 0.2 μmol. min-1. mg protein-1,
respectively. Phospholipid concentration was 20 mg/ml; final protein content in the liposomes
was 2-5 μg/ mg lipid. The final chloride transport rates were calculated on the basis of total
protein concentration in liposomes; the orientation of the reconstituted proteins was ignored in
this calculation. One-way ANOVA statistical test was performed to determine the statistical
significance of data and p-values were obtained. # P<0.05 when comparing the chloride transport
mediated by UCPs to the basal chloride leakage.
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2.4.4. Inhibition of UCP-mediated proton flux by purine nucleotides. Besides being
activated by fatty acids, the ion transport activity of UCPs is inhibited by purine nucleotides
(ATP, ADP, GTP, and GDP) (15, 16, 24). In our previous conformational study, it was shown
that all UCPs (1-5) interacted with purine nucleotides, resulting in minor conformational changes
(39). In this work, the presence of purine nucleotides resulted in a decrease in, but not full
inhibition of, UCP-mediated proton transport in L-α-lecithin liposomes (Fig. 2-4). Partial
inhibition of proton transport of UCPs 1-3 in the presence of purine nucleotide was also observed
in several previous studies (Table 2-2). This partial inhibition could be related to the
physiological nature of purine nucleotide inhibition of proton transport in UCPs and/or the
partial folded conformation of the reconstituted UCPs in liposomes. The extent of proton
transport inhibition by ADP and ATP (500 μM) was different in each protein. For UCP2, ATP
inhibited the proton transport more strongly than ADP (Fig. 2-4A). This result is in agreement
with a previous report by Echtay et al. (52). On the other hand, both ATP and ADP showed
similar inhibitory effects on UCP4-mediated proton transport (Fig. 2-4B). Finally, inhibition of
UCP5-mediated proton transport by ADP was stronger than that of ATP (Fig. 2-4C). These data
indicate that purine nucleotides interact with all neuronal UCPs and inhibit their proton transport
activity, albeit to different extents. ATP inhibition of proton flux for neuronal UCPs was further
quantified by concentration-dependent inhibition measurements to determine their relative
affinity for the inhibitor. The inhibition constant (Ki) was determined for each protein, and is
shown in Fig. 2-4D-F. The ATP inhibition constants were between 9-13 μM. These values are in
the range of previously reported constants (52, 59). Addition of CL to the phospholipid vesicles
did not create any significant changes in the ATP binding affinity for UCP2 and UCP4 (Ki =
12.6 and 8.6 μM, respectively) (Fig. 2-4). In contrast, UCP5 appeared to bind more strongly to
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ATP (Ki = 4.4 μM) in the presence of CL (Fig. 2-4). To examine the orientation of UCPs after
reconstitution into liposomes, inhibitory effect of ATP on proton transport was examined with
ATP on either or both sides of the liposome membranes. Comparison of the inhibition by
external ATP or the combination of internal and external ATP suggests that UCP2 was
reconstituted in the liposomes with no preference for one orientation or the other (Fig. 2-5). It is
noteworthy to mention that the proton transport rate reported in this study was calculated for the
total content of proteins in liposome.
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Figure 2-4. Inhibitory effect of purine nucleotides (ADP, ATP) on proton transport
mediated by neuronal UCPs. Recorded H+ efflux through L-α-lecithin vesicles reconstituted
with (A) UCP2*, (B) UCP4, and (C) UCP5 in the absence and presence of 500 μM ATP or ADP.
The purine nucleotides were incubated for 2 min with proteoliposomes prior to activation with
LA and initiation (by 1 μM val) of proton flux. The inhibitory effects of ATP on UCP-mediated
proton flux were measured and analyzed using the Hill equation (no cooperativity, Hill
coefficient = 1). Ki was estimated for binding affinity between ATP and (D) UCP2*, (E) UCP4,
and (F) UCP5 reconstituted in L-α-lecithin vesicles. Open and closed symbols represent the data
points measured in the absence and presence of 2.5 mol% CL, respectively. Phospholipid
concentration was 20 mg/ml; final protein content in the liposomes was 2-5 μg/ mg lipid. The
final proton transport rates were calculated in the presence of 100 μM LA and on the basis of
total protein concentration present in the liposomes; the orientation of the reconstituted proteins
was ignored in this calculation.
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Figure 2-5. Orientation of reconstituted UCP2* (non-His-tagged UCP2) demonstrated
through ATP inhibition. Recorded UCP2-mediated proton flux was partially inhibited by 500
μM external ATP and completely inhibited in the presence of 500 μM ATP on both sides of the
bilayer. Proton transport by UCP2* was activated by 100 μM LA, and initiated by addition of 1
μM val. All fluxes were expressed as moles of H+ efflux. Non-specific proton leak is shown for
protein-free liposomes.
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2.4.5. Conformations of UCPs in liposomes. Conformations of reconstituted UCPs in LUVs
were measured using CD spectroscopy. Given CD signal detection limitations due to low signalto-noise ratios at low protein concentrations (minimum detectable protein concentration is
typically between 0.5-1 μM), the protein/lipid molar ratio used for CD spectroscopic
measurements was kept at 1/1000 (compared to 1/10000 in ion transport assays), where protein
concentration in liposomes was maintained at ~ 1 μM.
Refolding of UCPs was observed for all UCPs after reconstitution into liposomes (Fig. 2-6).
Compared with the mixed detergent/lipid micelle system (prior to reconstitution), UCP2 and
UCP4 showed an enhancement in ellipticity after reconstitution into LUVs. In addition to
increased ellipticity, the CD spectrum of UCP5 exhibited a red-shift of the negative maximum (~
220 nm) after reconstitution. Interestingly, each neuronal UCP took on a distinct conformation in
liposomes. CD spectra of UCP2 and UCP4 indicate high α-helical contents for these proteins.
The CD spectra of UCP2 contained two negative maxima (at ~ 220 nm and ~ 210 nm) and a
positive maximum at ~ 192 nm (Fig. 2-6). Spectra of UCP4 displayed one negative maximum at
~ 220 nm, a negative shoulder at ~210 nm and a positive maximum at ~ 194 nm. CD spectra of
both proteins suggested typical helical conformations with the positive maximum to negative
maximum ratio about 2:1. The deconvolution of CD spectra revealed estimated helical contents
of UCP2 and UCP4 in L-α-lecithin vesicles to be 53% and 52%, respectively (Table 2-3). While
displaying a comparable transport activity to those of the other two neuronal UCPs, at low
protein/lipid ratios, UCP5 spectra showed a distinctly low helical content, with a negative
maximum at ~ 220 nm and a positive maximum at ~ 192 nm (Fig. 2-6).
In the presence of CL in liposomes, a decrease in negative ellipticities was consistently
observed in all UCPs’ CD spectra (Fig. 2-6). CD spectra of UCPs in CL-supplemented vesicles
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maintained similar shape and maxima/minima location compared to the ones in L-α-lecithin
vesicles. The deconvolution of CD spectra in CL-supplemented vesicles also showed a decrease
in helical contents of all UCPs (Table 2-3). This decrease in helical content can be indicative of
CL-induced protein-protein interactions (81). Changes in helix packing and overall tertiary
structure of UCPs in the presence of CL could also attribute to the decrease in helicity of the
reconstituted proteins. Previous studies have demonstrated the importance of CL in possible
dimerization/oligomerization of several mitochondrial proteins, such as AAC and ATP synthase
(27, 82). Finally, addition of 100 μM ATP to both phospholipid systems resulted in negligible
changes in overall conformations of UCPs. These observations were comparable to our previous
conformational analysis of UCPs in a different lipid system (39). As commonly observed, CD
spectra of proteins reconstituted in liposome systems could be distorted due to flattening effects
caused by light scattering (81). This artifact could be the cause for lower positive ellipticities of
the CD spectra of UCPs, especially UCP5 (Fig. 2-6).
In our previous study, UCP5 exhibited a higher helical content in detergents and other lipid
systems than observed in the current study (39). It is plausible that in the lipid systems of the
current study, higher protein/lipid molar ratios promote protein association. To further explore
the effect of the protein/lipid molar ratio on the size of the UCP5 proteoliposomes, the size of
UCP5 proteoliposomes was estimated at different protein/lipid ratios by DLS measurements (Fig
2-7). The proteoliposome size varied inversely with protein/lipid molar ratio. As the protein/lipid
reached lower ratios, proteoliposome size increased and was almost comparable to that of the
blank liposomes, which implies that UCP5 can adopt a different and less associated (or more
monomeric) conformation (Fig. 2-7). Attempts were also made to further resolve the secondary
structure of UCP5 using detergent SDS. Increasing concentrations of SDS promoted the
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formation of monomers by disrupting the associated forms of UCP5, thus revealing its inherent
secondary helical structures, which could otherwise remain masked.
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Figure 2-6. Comparative far-UV CD spectra of neuronal UCPs. Far-UV CD spectra of 2 μM
UCPs in mixed detergent/lipid micelles (before reconstitution) are compared with the profiles of
reconstituted UCPs in L-α-lecithin vesicles with and without 2.5 mol% CL. Protein and lipid
concentrations were ~ 1 μM and 1 mM, respectively. All samples were measured in 10 mM
potassium phosphate buffer (pH 7.2).
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Figure 2-7. Protein/lipid (P/L) ratio-dependent UCP5 proteoliposome size. UCP5 was
reconstituted into two phospholipid vesicle systems (L-α-lecithin with and without 2.5 mol%
CL) and the final proteoliposome sizes were estimated. Blank liposome’s size was used as a
reference and represented as very low P/L ratio (1/100,000). Protein and lipid concentrations
were ~ 1 μM and 1 mM, respectively. All samples were measured in 10 mM potassium
phosphate buffer (pH 7.2). The reported liposome’s sizes are the average of 5 measurements ±
SD.
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Table 2-3. Analysis of the secondary structure composition of neuronal UCPs.
Deconvolution of CD spectra was performed using CDSSTR program on the Dichroweb website
(see Experimental procedures). The values represent the percentage of secondary structure
composition based on the averaged CD spectra. NRMSD, normalized root mean square deviation,
shows the difference between values of the fitting and the actual values, denoting the best fit
between the calculated and the experimental CD spectra.

Extracted
fraction

L-α-lecithin
vesicles

L-α-lecithin
vesicles with 2.5
mol% CL

Protein

α-helix

β-strand

Turn

Random

NRMSD

UCP2

22

32

22

24

0.016

UCP4

20

33

22

25

0.021

UCP5

6

42

21

30

0.036

UCP2

53

16

16

15

0.016

UCP4

52

14

16

18

0.014

UCP5

8

29

25

38

0.02

UCP2

39

24

19

18

0.018

UCP4

46

19

19

16

0.012

UCP5

7

36

21

36

0.019
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2.5. Discussion
This comparative study provides new experimental evidence for proton and chloride
transport in neuronal uncoupling proteins, specifically UCPs 4 and 5, for which ion transport
activity has not been reported previously. In addition, this study shows that CL influences both
the conformational and ion transport properties of neuronal UCPs. These findings are essential in
the search for the physiological roles of UCPs in the CNS and their uncoupling mechanism in the
mitochondria.

2.5.1. UCP4 and UCP5 exhibit UCP1-like biophysical properties. As mentioned
previously, low amino acid sequence identity to UCP1 and lack of experimental evidence for
direct ion transport activity have cast doubts on the physiological roles of UCP4 and UCP5 (15,
16). Under our experimental conditions, these proteins mediate proton flux across phospholipid
membranes in the presence of fatty acid activators (Fig. 2-2). The proton transport is inhibited by
purine nucleotides (Fig. 2-4A-C), and the inhibition constants (Ki) for ATP are comparable for
all three neuronal UCPs (Fig. 2-4D-F). Multiple sequence alignment of UCP4 and UCP5 with
other UCPs in the family further confirms the experimental findings in this study (39). Our
previous sequence analysis showed that UCP4 and UCP5 conserved the negatively charged
residues E34 (UCP4) and E55 (UCP5) located in TM-1 that are believed to be involved in proton
binding of UCPs (29, 39). In addition, both UCP4 and UCP5 conserved three Arg residues in the
even-numbered helices (TM-2, 4, and 6) that were proposed to be essential in nucleotide binding
(16, 39). Thus, like other UCPs, UCP4 and UCP5 also exhibit nucleotide-sensitive proton
transport across membranes.
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Despite general structural and functional similarity, the proton transport properties of
neuronal UCPs are distinct from each other (Figs. 2-2, 2-3, and 2-4). Different uncoupling
activities of neuronal UCPs were also observed in cell culture studies (38, 67). In this study,
UCP2 and UCP5 displayed higher proton transport rates than UCP4, which were further
enhanced by CL (Fig. 2-2). On the other hand, UCP4 showed a lower transport rate, which did
not vary significantly in the absence or presence of CL (Fig. 2-2). The similar trend also applies
to UCP-mediated chloride transport (Fig. 2-3). Consequently, we conclude that both UCP4 and
UCP5 show comparable structural and functional characteristics to other UCPs. These functions
are, however, differentially modulated by purine nucleotides and lipid composition. In addition,
each UCP, with a unique amino acid sequence, adopts a distinct conformation in the liposomes
(Fig. 2-6). Therefore, it is plausible that, in addition to sharing some common structural and
functional features with other members of the UCP family, each neuronal UCP takes on a
specific physiological role in the CNS.
The potential neuroprotective roles of neuronal UCPs have been the focus of recent studies
(15, 24). The recent development of a UCP4-specific antibody has revealed UCP4 protein
expression in the brain, with the highest protein content found in the cortex (83). Finding UCP4
expression at the early embryonic stage that coincides with the beginning of neuronal
differentiation could suggest a role for UCP4 in neuronal development and differentiation (83).
Given the lower ion transport activity of UCP4, it can be speculated that this protein may require
activators other than (or in addition to) fatty acids for its effective proton transport function. As
pointed out by Sauer et al., ROS (at low concentrations) could act as a signaling mediator during
cell growth and development (84). Therefore, it is plausible that ROS may participate in
regulation of the UCP4 proton transport activity. At the moment, UCP5 has been detected in the
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brain only in the presence of its mRNA and not protein level. Nevertheless, UCP5 mRNA
transfected cells showed uncoupling activity and neuroprotective functions against oxidative
stress (38, 65). Given the wider tissue distribution of UCP2 and UCP5 compared to UCP4
(almost exclusively in the brain), it is plausible that UCP4 participates in neuroprotection during
early neuronal development, while UCP2 and UCP5 provide this protective function against
oxidative stress in developed neurons and other tissues.
In addition to proton transport, all three neuronal UCPs also showed chloride transport
activity (Fig. 2-3). Evidence for chloride and anion transport by UCPs 1-3 was also reported in
previous studies (29, 30, 32, 33, 79). A mutagenesis study of UCP1 revealed that two intrahelical
Arg residues (R83 and R91, located in TM-2) that are important for Cl- transport (43). Sequence
alignment analysis showed that these two Arg residues were conserved in all five UCPs (except
for UCP5 with the second Arg replaced with Lys) (39). Therefore, it is highly possible that these
two Arg (Arg and Lys in UCP5) residues can also play a pivotal role in Cl- transport in UCPs 2-5.
In fact, our ion transport study of the transmembrane segments of UCP2 highlighted the
importance of these Arg residues in the chloride channel activity of TM2 in lipid bilayers (33).
Interestingly, R83 is one of the three conserved Arg residues involved in purine nucleotide
binding, which inhibits proton and chloride transport mediated by UCPs (16). Therefore, this
conserved arginine, as a common site for anion transport and purine nucleotide substrate binding,
can be significant in regulation of chloride transport in UCPs.

2.5.2. Cardiolipin influences the structure and function of neuronal UCPs. It has been
suggested that CL can play a crucial role in overall mitochondrial inner membrane organization
and dynamics (2, 3, 27, 69, 70, 85, 86). Mitochondrial carriers, including AAC, the phosphate
carrier, and the carnitine/acylcarnitine transporter, all require CL for their transport activity in
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reconstituted systems (87–89). To our knowledge, the role of CL in structure and function of
neuronal UCPs has not been investigated in much detail. In the current study, it was shown that
CL induced changes in proton/chloride transport activity by neuronal UCPs (Figs. 2-2, 2-3).
Furthermore, reconstituted UCPs in CL-supplemented phospholipid vesicles could associate
and/or enhance their intramolecular helix packing (Fig. 2-6). These findings imply that CL can
influence the structure, function and the physiological roles of UCPs in vivo. Given the high pI
(~ 10) of all UCPs and the negative charge present in CL at physiological pH, it can be assumed
that these molecules have electrostatic attraction for each other. In fact, the crystal structure of
AAC (also positively charged) exhibited a tightly bound 3CL/AAC complex (27).
Among the neuronal UCPs, UCP4 seemed to be affected the least by CL. The overall charge
of UCP4 is (+6), compared to (+12) in UCP5, (+15) in UCP2 and (+19) in AAC, which could
result in a weaker interaction with CL in the reconstituted phospholipid system. As previously
reported, the protein/CL molar ratio and the nature of the acyl hydrocarbon chains of CL could
affect the structural and functional properties of anion carriers such as AAC (70, 86).

2.5.3. Ion transport mechanism of UCPs. It is important to note that FA-activated proton
transport and substrate binding of UCPs are still poorly understood. Currently, there are two
main hypotheses on the mechanism of proton transport by UCPs (16). In the flip-flop model,
protonated FA can flip-flop through the membrane bilayer, dissociate a proton in the matrix due
to the difference in pH, and FA anions can be transported back by UCPs through an unknown
mechanism (16, 59, 79). The cofactor model, on the other hand, proposes that FA carboxyl
groups can buffer protons, thus enhancing the rate of proton movement (16, 29, 30). As the only
high resolution crystal structure available for the mitochondrial carrier family, AAC structure has
been used as a guideline to study the conformational and functional properties of other members
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of this family, including UCPs (15, 16, 24). Despite sharing only 23% sequence identity, the
recently reported NMR structure of UCP2 revealed a striking similarity with the AAC crystal
structure (25). On this basis, it can be suggested that other members in the mitochondrial carrier
family could share the general structure features of AAC. In this study, 3-D structural models of
three neuronal UCPs were generated based on their sequence alignment with the AAC crystal
structure (Fig. 2-8). In all neuronal UCP models, the three conserved Arg residues (located on
TM2, 4, and 6) involved in nucleotide binding of UCPs (90) are located in the middle of the
funnel-shaped structures, dividing the protein into two regions, cytoplasmic and matrix sides (Fig.
2-8). This water-accessible cavity can be a potential active site for substrate binding and
translocation.
A recent molecular modeling showed two conserved symmetric salt bridge networks at the
intermembrane space ([FY][DE]XX[RK]) and matrix (PX[DE]XX[RK]) that could be important
in substrate transport in mitochondrial carriers, including UCPs (42). The authors also proposed
that the opening and closing of the carrier, coupled to the disruption and formation of the two salt
bridge networks through a 3-fold rotary twist could induce substrate binding and transport (42).
An analysis of the molecular models of the neuronal UCPs reveals an accumulation of positively
charged residues at the bottom of the funnel-like structure close to the matrix, which is
apparently accessible to both the matrix side and interior of the funnel (Fig. 2-8). From the
cytoplasmic side, this funnel-like domain is accessible to water molecules, and small anions such
as chloride could potentially accumulate in the vicinity of the positively-charged zone close to
bottom of the funnel through electrostatic interactions. Presence of a positively-charged zone
close to matrix, with the possibility of access to both sides of the membrane, can generate a
potential-sensitive charged area. The transmembrane energy barrier would therefore be reduced
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at the protein-matrix interface and accumulation of small anions could result in lowering the
membrane potential at this interface and inducing local conformational changes in the protein.
This lowering of interface membrane potential can cause a channel-like opening resulting in
anion flux across the membrane. Additionally, the existence of common amino acids in the
purine nucleotide binding site and the anion transport pathway in UCPs implies that ion transport
can be regulated by purine nucleotide binding. Evidence for ion channel properties of UCP1 and
UCP2 was shown in previous studies (32, 33). In addition, the NMR structure of UCP2 exhibited
a channel-like structure with openings on both sides (25). Thus, based on the experimental
evidence provided by this and other studies for both carrier and channel-like mechanisms of ion
transport in UCPs, it would be worthwhile to further explore a hypothetical coexistence of
interconvertible carrier and channel modes as a mechanism for ion transport in UCPs.
There has been ample evidence showing that CL plays an important role in the structure and
function of mitochondrial carriers, including UCPs (27, 85–87, 87, 88). Some studies speculated
that this specific mitochondrial lipid could act as a mediator of associations between monomers
(27, 91). Others provided evidence that mitochondrial carriers function as monomers (92, 93). In
the UCP models generated here, three molecules of CL were observed to interact (through
hydrophobic, electrostatic, and H-bond interactions) with amino acid residues that are situated
towards the inner leaflet of the membrane and partially nested in small grooves formed by the
matrix loops (Fig. 2-8). These residues are located near the matrix salt bridge network that could
be involved in transport activity of UCPs (Fig. 2-8). Perhaps, if not participating in monomer
association of carriers, CL might play a role in stabilizing this salt bridge network, which can act
as a sensor in ion transport of UCPs and other mitochondrial carriers.
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Figure 2-8. Hypothetical models of neuronal human UCPs. The models of UCPs were built
based on sequence alignment (T-Coffee) with the crystal structure of AAC bound to three CL
molecules (PDB ID: 2C3E) (27) (See Experimental procedures). Sequence identity of UCP2,
UCP4, and UCP5 compared to AAC is 24%, 23%, and 28%, respectively. Three conserved Arg
residues (green spheres) participating in purine nucleotide binding are located in the middle of
the funnel-shaped UCP models. Basic amino acid residues (blue spheres) are mostly clustered in
the cavity close to the matrix loops. Three CL molecules (in red), observed together with AAC
crystal structure, were superimposed onto the UCP models for analysis (27). Interactions with
CL can alter the structure and function of UCPs, as observed in the experimental data in this
study.
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CHAPTER 3 - THE ROLE OF POSITIVELY CHARGED
RESIDUES OF THE SECOND TRANSMEMBRANE
DOMAIN IN THE ION TRANSPORT ACTIVITY AND
CONFORMATION OF HUMAN UNCOUPLING
PROTEIN-2

This work has been published:

Hoang T, Matovic T, Parker J, Smith MD, and Jelokhani-Niaraki M (2015) Biochemistry 54:
2303-2313.
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3.1. Abstract
Residing at the inner mitochondrial membrane, uncoupling protein-2 (UCP2) mediates
proton transport from the intermembrane space (IMS) to the mitochondrial matrix and
consequently reduces the rate of ATP synthesis in the mitochondria. The ubiquitous expression
of UCP2 in humans can be attributed to the protein’s multiple physiological roles in tissues,
including its involvement in protective mechanisms against oxidative stress, as well as glucose
and lipid metabolisms. Currently, the structural properties and ion transport mechanism of UCP2
and other UCP homologues remain poorly understood. UCP2-mediated proton transport is
activated by fatty acids and inhibited by di- and triphosphate purine nucleotides. UCP2 also
transports chloride and some other small anions. Identification of key amino acid residues of
UCP2 in its ion transport pathway can shed light on the protein’s ion transport function. Based
on our previous studies, the second transmembrane helix segment (TM2) of UCP2 exhibited
chloride channel activity. In addition, it was suggested that the positively charged residues on
TM2 domains of UCPs 1 and 2 were important for their chloride transport activity. On this basis,
to further understand the role of these positively charged residues on the ion transport activity of
UCP2, we recombinantly expressed four TM2 mutants: R76Q, R88Q, R96Q and K104Q. The
wild type UCP2 and its mutants were purified and reconstituted into liposomes, and their
conformation and ion (proton and chloride) transport activity were studied. TM2 Arg residues at
the matrix interface of UCP2 proved to be crucial for the protein’s anion transport function, and
their absence resulted in highly diminished Cl- transport rates. On the other hand, the two other
positively charged residues of TM2, located at the UCP2-IMS interface, could participate in the
salt-bridge formation in the protein and promote the inter-helical tight packing in the UCP2.
Absence of these residues did not influence Cl- transport rates, but disturbed the dense packing in
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UCP2 and resulted in higher UCP2-mediated proton transport rates in the presence of long chain
fatty acids. Overall, the outcome of this study provides a deeper and more detailed molecular
image of UCP2’s ion transport mechanism.

3.2. Introduction
Among all UCP homologues, UCP2 is unique in its ubiquitous expression (15, 16, 24).
UCP2 shares 59% sequence identity with UCP1 and has been shown to have comparable proton
transport activity (52). The wide tissue distribution of UCP2 suggests that it plays important
physiological and even pathological roles. For instance, the effect of UCP2-mediated proton
transport in diminishing mitochondrial oxidative stress has been well studied (15, 24, 94). Other
studies on the physiological roles of UCP2 include the expression of this protein in β-cells and
its role in glucose homeostasis in the pancreas (16, 24, 95). Belonging to the mitochondrial
carrier family (MCF), UCP2 and other UCPs share a similar three-fold pseudo-symmetry in the
protein topology, as discussed previously (16, 25, 30). Recently, the structure of UCP2 was
studied using the NMR fragment searching method (25) (Figure 3-1). In sharing many structural
similarities with the ADP/ATP carrier (AAC), the predicted 3-dimensional structure for UCP2
resembles a funnel-like carrier or channel (25).
Although the proton transport activity of UCP2 and other UCPs has been observed in
many studies, the mechanism of transport is poorly understood. It is acknowledged that UCPmediated proton transport is activated by fatty acids (FAs) and inhibited by purine nucleotides
(ATP, ADP, GTP, and GDP) (15, 16). Two hypotheses have been suggested to explain the FAactivated UCP-mediated proton transport, using UCP1 as the prototypic UCP (15, 16). In the
FA-cycling model, protonated FAs flip-flop across the lipid bilayers and release protons into the
matrix due to the pH difference, and the resulting FA anions are transported back through UCPs
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(16, 59, 79). In the cofactor model, FA carboxyl groups can buffer protons and enhance the rate
of proton movement through UCPs (16, 29, 30). Studies supporting or opposing each hypothesis
focus on the anion (chloride, bromide, fatty acid anions) transport activity of UCP1 and other
UCPs as one of the main argument points, which in some cases result in contradictory
interpretations (30, 32, 96). Specifically, on one hand the lower chloride transport rate of UCP
supports the idea that proton and anion transport pathways could be distinct. On the other hand,
retardation in proton transport rates by fatty acid anions could support overlapping of these
transport pathways. In addition, the mode of transport (carrier vs. channel) is still debated. In one
study, hamster UCP1 exhibited the properties of a voltage-dependent anion channel, where
mutation of both conserved Arg residues in TM2 (R83 and R91) led to the inactivation of the
protein's Cl- transport activity (32). In addition, direct patch-clamp measurements of UCP1 from
the IMM of BAT mitochondria showed that UCP1 can transport both protons and anions (28).
With a high sequence identity between UCP1 and UCP2 (59%), it is expected that these proteins
have comparable ion transport activities (16). In fact, all six TM peptide segments of UCP2 were
chemically synthesized and chloride channel activity that was comparable to the chloride channel
activity of hamster UCP1 was observed for TM2 (32, 33). In addition, mutation of conserved
positively charged residues on the TM2 of UCP2, R88 and R96, resulted in unstable channel
activities (33). Thus, we have suggested previously that the TM2 of UCP2 can play an important
role in the protein’s ion transport pathway (16).
In the current study, to understand the role of the four positively charged residues, located
on the TM2 of UCP2, in the protein’s ion transport activity, we prepared four UCP2 mutants via
site-directed mutagenesis (Figure 3-1). Human UCP2 and its single-mutants were recombinantly
expressed, purified and reconstituted into liposomes for conformational and ion transport studies.
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Our results suggest that two Arg residues, located close to the matrix side of the membrane are
crucial for UCP2-mediated anion transport. We also investigated the impact of the FA
hydrocarbon chain length on activating UCP2-mediated proton transport. The results from this
study offer deeper insights into the mechanism of the ion transport activity of UCP2 and the
protein’s structure-function relationship.
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Figure 3-1. Design of UCP2-TM2 mutants. The 3-D structure of UCP2 (PDB ID: 2LCK)
solved by NMR fragment searching is depicted on the left (25). The second transmembrane
domain (TM2) is highlighted in green, and the locations of the positively charged residues that
were mutated in this study (R76, R88, R96, K104) are highlighted with blue balls. On the right,
the topology of UCP2 in the inner mitochondrial membrane is shown using the same color
scheme. Both N- and C- termini of UCP2 are located in the IMS.
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3.3. Experimental Procedures
3.3.1. UCP2 constructs and chemicals. The human UCP2 cDNA clone (pET21-UCP2) was a
gift from Dr. Martin Brand (MRC Dunn Human Nutrition Unit, Cambridge, U.K.). All designed
primers for mutagenesis experiments were purchased from Invitrogen (Thermo Fisher Scientific).
Restriction enzymes were from New England BioLabs Inc. Egg yolk L-α-lecithin (Sigma, St.
Louis, MO) contained at least 60% phosphatidylcholine by weight. The remaining 40%
comprised

mostly

phosphatidylethanolamine

and

other

lipids.

Detergent

C8E4

(octyltetraoxyethylene) was obtained from Bachem (Torrance, CA). Triton X-100 (TX-100),
Triton X-114 (TX-114), and sarcosyl (N-lauroyl-sarcosine, sodium salt) were from CalbiochemEMD

Biosciences

(Gibbstown,

NJ).

The

fluorescent

probe

6-methoxy-N-(3-

sulfopropyl)quinolinium (SPQ) (99%) was from Biotium Inc. (Burlington, ON). All other
chemicals were from Sigma.

3.3.2. Site-directed mutagenesis. Four cDNAs encoding mutant versions of UCP2 containing
single point mutations were generated using site-directed mutagenesis. The proteins encoded by
the mutated cDNAs, denoted R76Q, R88Q, R96Q and K104Q, contained single point mutations
in the TM2 domain (Fig. 3-1). The mutations were incorporated into the cDNAs using overlap
extension PCR (97). Specifically, the wild type UCP2 cDNA in pET21d vector was used as the
template to generate two overlapping fragments of the cDNA using mutagenic primers (26). The
mutagenic and flanking primers used to generate all four mutants are shown in Table 3-1 (note
that the same flanking primers were used in all cases). Briefly, one of the overlapping PCR
products was generated using flanking primer A and mutagenic primer B. The second PCR
product was generated using mutagenic primer C and flanking primer D. The resulting cDNA
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fragments containing the mutation were purified and used as templates for a third PCR reaction
together with flanking primers A and D. The product of this reaction was then digested by
restriction enzymes (NdeI and HindIII), ligated into pET21d vector, and transformed into E. coli
DH5α using standard techniques. The four resulting constructs, pET21d:UCP2-R76Q,
pET21d:UCP2-R88Q, pET21d:UCP2-R96Q and pET21d:UCP2-K104Q, encode mutant versions
of UCP2 containing single point mutations in the TM2, denoted UCP2-R76Q, UCP2-R88Q,
UCP2-R96Q and UCP2-K104Q, respectively. DNA sequencing (TCAG, Hospital for Sick
Children, Toronto, ON) was used to confirm the identity of each mutant.
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Table 3-1. Primers used for overlap extension PCR to generate UCP2 point mutantsa
Mutant

Primer name

Primers

Flanking
primers
R76Q

Sense 1 (A) (NdeI)
Antisense 2 (D) (HindIII)
Antisense (B)
Sense (C)
Antisense (B)
Sense (C)
Antisense (B)
Sense (C)
Antisense (B)
Sense (C)

5’-CCCATATGGTTGGGTTCAAGGCCACAGATG-3’
5’-CCAAGCTTTTAGAAGGGAGCCTCTCGGG-3’
5’-GCCCATTGTAGAGGCTCTGGGGGCCCTCAGTACG-3’
5’-CGTACTGAGGGCCCCCAGAGCCTCTACAATGGGC-3’
5’-GGCAAAGCTCATTTGCTGCTGCAGGCCGGCAAC-3’
5’-GTTGCCGGCCTGCAGCAGCAAATGAGCTTTGCC-3’
5’-CATACAGGCCGATCTGGACAGAGGCAAAGCTC-3’
5’-GAGCTTTGCCTCTGTCCAGATCGGCCTGTATG-3’
5’-CTTGGTGTAGAACTGCTGGACAGAATCATACAGGCC-3’
5’-GGCCTGTATGATTCTGTCCAGCAGTTCTACACCAAG-3’

R88Q
R96Q
K104Q

a

All primers were purchased from Invitrogen. The restriction sites were italicized. The three-base codes
corresponding for the point mutation were underlined.
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3.3.3. Overexpression of UCP2 mutants. Constructs encoding wild type and mutant versions
of recombinant UCP2 were transformed into one of two protein expression strains of E. coli.
Specifically,

pET21d:UCP2-WT,

pET21d:UCP2-R76Q

and

pET21d:UCP2-R88Q

were

transformed into E. coli BL21(DE3), whereas pET21d:UCP2-R96Q and pET21d:UCP2-K104Q
were transformed into E. coli C43(DE3). Protein overexpression was achieved after induction
with 0.8 mM isopropyl β-D-thiogalactoside (IPTG) for 4 hours at 22oC.

3.3.4. Extraction and refolding of recombinant versions of UCP2. The extraction,
purification, refolding and reconstitution of WT and mutant versions of UCP2 were achieved as
described previously (26), with minor modifications. Following overexpression, bacterial cell
pellets were collected at 8,000xg for 15 mins (4oC) and resuspended in extraction buffer (500
mM NaCl, 20 mM Tris-HCl, pH 8.0). The cells were lysed using 200 μg/ml lysozyme (4 oC, 30
min) (followed by probe-tip sonication. The cell lysates were centrifuged at 48,556xg (TLA100.3 rotor, Beckman-Coulter) for 15 min at 4oC to yield pellets containing the inclusion bodies
(IBs). The IBs were washed stepwise with 2 M Urea, 3% Triton X-100, 1% LDAO, and 0.1%
sarcosyl in extraction buffer. The final pellets were dissolved in 2% sarcosyl in buffer A [50 mM
CAPS, 25 mM DTT, 2 mM PMSF, 1 mM ATP and 10% glycerol, pH 10.0] for 2 hours at 4 oC.
The mixture was centrifuged at 14,000xg for 10 min (4oC) and insoluble particles were removed.
The supernatant was diluted with buffer B [1% Triton X-114, 10% glycerol] in a 4:6 volumetric
ratio. After a 2 h incubation at 4oC, the ~10-ml mixture was dialyzed three times against 500 ml
of buffer A mixed with buffer B in a 4:6 ratio (A:B) to remove sarcosyl and small contaminants.
The dialyzed mixture was supplemented with 5 mg/ml L-α-lecithin and 1 mM ATP and
concentrated ~2-fold using an Ultrafree-15 centrifugal filter device (Millipore). The final protein
purity was analyzed by SDS-PAGE and the protein concentrations were determined using a

66

Lowry-based protein assay (Bio-Rad, Hercules, CA) (typical concentrations were ~ 10 – 15
mg/ml).

3.3.5. Western Blot Analysis. The identities of the recombinant UCP2 proteins extracted from
IBs were confirmed by Western blot analysis. Briefly, 10 – 50 μg of total protein was run on a
12% SDS-PAGE gel and transferred (110 min, 15 V) to nitrocellulose membranes using the
semi-dry technique. The membranes were stained with Amido Black to confirm the efficiency of
transfer, and were blocked overnight at 4oC using TBS-buffer containing 5% (w/v) skim milk
and 0.05% Tween-20. To confirm the presence of UCP2, Rabbit IgG anti-UCP1/2/3 (Santa Cruz
Biotechnology Inc.) was used as the primary antibody (1:2000 dilution). Goat peroxidaseconjugated antibody raised against rabbit (Rockland) was used as the secondary antibody
(1:4000 dilution). Immunodetection was achieved by luminescence with ECL Western Blot
reagent (GE Healthcare), and an image was captured using a Bio-Rad VersaDoc (MP4000)
Imaging System.

3.3.6. Reconstitution of UCP2-WT and mutants into liposomes. The reconstitution of
purified proteins into liposomes for spectroscopic and ion transport studies was previously
described (26). Briefly, lipid L-α lecithin dissolved in chloroform was dried overnight under
vacuum, and rehydrated in the reconstitution buffer. Multilamellar phospholipid was solubilized
in the detergent C8E4 at a ratio of 2.5 detergent:1 lipid (w:w). Purified proteins were added to this
lipid-detergent mixed micelle solution. For the ion transport assays, the fluorescent probe SPQ
was included in the internal buffer entrapped inside the liposomes at a concentration of 3 mM.
Protein-free liposome controls were prepared in parallel for all experiments. In all cases,
liposomes/proteoliposomes were formed spontaneously following detergent removal using SM-2
Biobeads (Bio-Rad). The external SPQ probe was removed using a coarse Sephadex G25-300
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(GE Healthcare) spin column. The protein was reconstituted with no preference for one
orientation or the other (26).

3.3.7. CD and fluorescence spectroscopic measurements. Far-UV CD spectra were
measured in a 0.1 cm-pathlength quartz cell on an Aviv 215 spectropolarimeter (Aviv
Biomedical, NJ). Ellipticities are reported as mean residue ellipticities, [θ]. 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 (73, 74). Steady-state fluorescence measurements were performed using a
Cary Eclipse spectrophotometer (Varian, CA). Excitation and emission bandwidth slits for all
measurements were 5 nm and a scan speed of 600 nm/min was used throughout all experiments
(25oC).

3.3.8. Proton and chloride transport measurements. Proton and chloride transport assays
for reconstituted UCPs were described in our previous study (26). Briefly, 40 μl of
proteoliposomes/liposomes entrapping ~ 3 mM SPQ was added to 1.96 ml of external buffer.
The internal buffer for proton transport assays contained 30 mM TES, 80 mM TEA2SO4, and 1
mM EDTA. The external buffer for these assays contained 30 mM TES, 80 mM K2SO4 and 1
mM EDTA. In the chloride transport experiments, the internal buffer consisted of 10 mM sodium
phosphate, 133 mM TEA2SO4, and 1 mM EDTA and the external buffer contained 10 mM
sodium phosphate, 200 mM KCl, and 1 mM EDTA. All media were kept constant at pH 7.2.
Both ion (proton and chloride) transport activities mediated by UCP2 were initiated by triggering
K+ influx using the K+-ionophore valinomycin. In the case of the chloride transport assay,
chloride ions, whose influx was mediated through UCP2, collisionally quenched SPQ
fluorescence. In the case of the proton transport assay, FAs were added to a final concentration
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of 100 μM to activate UCP-mediated H+ efflux. Three FAs varying in hydrocarbon lengths were
compared in this study: lauric acid (LA) (C12 chain), myristic acid (MA) (C14 chain), and
palmitic acid (PA) (C16 chain). UCP2-mediated proton efflux resulted in the deprotonation of
TES buffer in the internal medium; TES anions quenched the SPQ fluorescence. All ion
transport data were corrected by subtraction of the nonspecific ion leak and calibrated for SPQ
fluorescence response and internal volume of liposomes/proteoliposomes, as described
previously (26). The proteoliposomes retained their integrity in the presence of FAs, valinomycin,
or purine nucleotide alone.

3.3.9. Amino acid sequence analysis and structural modeling of UCP2 mutants. Protein
primary sequence alignment of UCPs and AAC were performed using Clustal Omega (98).
Protein sequence alignment analysis was viewed through Jalview program (99). The 3-D
structural model of UCP2 (PDB ID: 2LCK) was viewed using Pymol (25, 78). Electrostatic
potential was calculated using the Poisson-Boltzmann Solver (APBS), with pH = 7.2 and a salt
concentration of 150 mM (100–102) .

3.3.10. Statistical Analysis. Data were analyzed using the one-way analysis of variance
(ANOVA) statistical method. A p of <0.05 was considered statistically significant.

3.4. Results
3.4.1. Expression, purification and reconstitution of wild type and mutant versions of
UCP2 into liposomes. cDNAs encoding mutant versions of UCP2 were generated using
overlap extension PCR, and recombinant versions of the wild type and mutant proteins were
expressed in E. coli. We were able to obtain each version of recombinant UCP2 in high yield (~
10-15 mg/ml) and high purity after extraction from inclusion bodies (Fig. 3-2A). Western Blot
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analysis using anti-UCP1/2/3 antibody confirmed the presence of UCP2 (wild type and mutants)
in the bacterial inclusion bodies (Fig. 3-2B).

These purified proteins were subsequently

reconstituted into liposomes for further analysis.
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Figure 3-2. Expression and purification of recombinant wild type and mutant forms of
UCP2. (A) SDS-PAGE analysis of purified recombinant UCP2-WT, -R76Q, -R88Q, -R96Q, and
–K104Q from inclusion bodies stained with Coomassie Brilliant Blue. Molecular weight markers
(kDa) are indicated on the left. (B) Western Blot detection of recombinant UCP2 proteins using
anti-UCP1/2/3, detected by chemiluminescence using a horseradish peroxidase-linked secondary
antibody.
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The structure and ion transport activities of UCP2 and its mutants were studied in their
reconstituted forms in egg yolk L-α-lecithin bilayers. Protein conformation was monitored by
CD and fluorescence spectroscopies for each reconstituted protein. An increase in molar
ellipticity in the far-UV CD spectrum of UCP2-WT after reconstitution into liposomes as
compared to mixed detergent/lipid micelles indicates that the helical content of UCP2 was
enhanced (Fig. 3-3A). The CD spectrum of the reconstituted UCP2 indicates a relatively high αhelical content of the protein in liposomes (Fig. 3-3A). Specifically, the far-UV CD spectrum of
UCP2 in L-α-lecithin vesicles contained a local negative maximum at ~220 nm, a negative
shoulder at ~210 nm and a positive maximum at ~193 nm (Fig. 3-3A). Deconvolution of this CD
spectrum revealed that the reconstituted protein had ~32% helical content. It is important to note
that the CD spectra of proteins reconstituted in liposome systems could be distorted due to the
light scattering-induced flattening effect (81). This possible artifact was also noted in our
previous study and could cause a lower positive ellipticity of the CD spectra, resulting in an
underestimation of helical content (39). The reconstituted WT and mutant UCP2 proteins
contained no trace of detergents that could interfere with the ion transport assays. This is shown
in Fig. 3-3B, where UCP2 (and its mutants) in detergent/lipid mixed micelles exhibited a high
fluorescence intensity at ~305 nm (λex = 280 nm) due to the presence of TX-114 (Fig. 3-3B,
inset). In comparison, the reconstituted UCP2 (and its mutants) showed a drastic decrease in the
fluorescence signal, together with a red shift of λmax towards 340 nm, which accounts for the
intrinsic fluorophores (Phe, Tyr, and Trp) present in the protein (Fig. 3-3B).
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Figure 3-3. Reconstitution of UCP2-WT into egg yolk L-α-lecitin liposomes. (A)
Comparative far-UV CD spectra of UCP2-WT in mixed detergents/lipids micelles (before
reconstitution) and in L-α-lecithin vesicles (after reconstitution). Protein and lipid concentrations
were ~ 1 μM and 1 mM, respectively. All samples were measured in 10 mM potassium
phosphate buffer, pH 7.2, using a 0.1-mm pathlength quartz cuvette. The reported spectra are an
average of at least 8 scans. (B) Comparative fluorescence spectra (λex = 280 nm) of UCP2-WT in
mixed detergent/lipid micelles (before reconstitution) and in L-α-lecithin vesicles (after
reconstitution). Inset shows the absorption and fluorescence spectra (λex = 280 nm) of 0.004%
TX-114 detergent alone. All samples were measured in 10 mM potassium phosphate buffer, pH
7.2. (C) Recorded UCP2-mediated proton fluxes through L-α-lecitin vesicles in the absence and
presence of 100 μM PA. (D) Recorded UCP2-mediated chloride flux through L-α-lecithin
vesicles. In both transport assays, the membrane potential was triggerd by the K+ influxes
through K+-ionophore valinomycin (2 μM). In the chloride transport assays, Cl- influx quenched
SPQ collisionally. In the proton transport assays, fatty acid-activated H+ effluxes resulted in an
increase concentration of TES anions, which quenched SPQ. All UCP2 mutants displayed
similar patterns to UCP2-WT in transporting chlorides and protons.
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3.4.2. Proton and chloride transport rates of UCP2-WT and mutants. The ion transport
ability of UCP2-WT and the mutants were analyzed using SPQ fluorescence quenching assays as
described previously (Figs. 3-3C & D) (26). The proton and chloride fluxes of proteins were
measured within the first 30 second after the addition of val. The UCP2-containing
proteoliposomes (and protein-free liposome controls) were stable for 6-8 hours during the
fluorescence quenching assays. As shown in Fig. 3-4, wild type UCP2 and its mutants
transported protons across the phospholipid bilayers in the presence of 100 μM LA at
comparable transport rates [6 – 8 μmol min-1(mg protein)-1 or 3 – 4 protons per second for each
UCP2 protein] (Table 3-2). These rates are within the range of reported proton transport rates for
recombinant human UCPs reconstituted in the liposome systems (26, 29, 59). The proton
transport of UCP2 mutants were inhibited by purine nucleotide ATP at the concentration of 100
mM. In contrast, all UCP2 proteins showed a ~10-60 times lower transport rates in the chloride
transport assays, compared to their proton transport rates [~ 0.1 – 0.6 μmol min-1(mg protein)-1]
(Fig. 3-4, inset). Comparison of the chloride transport rates among UCP2 mutants revealed the
basic information about key amino acids in TM2 that are important for the chloride transport
activity of UCP2. R96Q and K104Q mutants exhibited similar chloride transport rates to that of
UCP2-WT [~ 0.6 μmol min-1(mg protein)-1] (Fig. 3-4, inset and Table 3-2). Conversely, R76Q
and R88Q mutants showed a 6-fold decrease in chloride transport rates compared to the other
versions of the protein (Fig. 3-4, inset). These results indicate that Arg residues at positions 76
and 88 of TM2 play an important role in chloride transport by UCP2.
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Figure 3-4. Comparative proton and chloride transport rates of UCP2-WT and its TM2
mutants in liposomes. Results are reported as the average corrected proton and chloride
transport rates mediated by UCP2-WT and its TM2 mutants reconstituted in L-α-lecitin vesicles.
The reported proton transport rates were calculated in the presence of 100 μM LA activator. Inset
shows a comparative chloride transport rates of UCP2-WT and its TM2 mutants. A one-way
ANOVA statistical test was performed to determine the statistical significance of the data, and p
values were obtained. p < 0.05 when comparing the proton transport rates and the chloride
transport rates in each protein (*), and p < 0.05 when comparing the chloride transport rates of
R76Q and R88Q with those mediated by UCP2-WT, R96Q and K104Q mutants (**).
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Table 3-2. Ion (proton and chloride) transport rates of UCP2-WT and mutants in lipid vesiclesa

Ion transport rate [μmol min-1(mg protein)-1]
Protein
UCP2 WT
UCP2 R76Q
UCP2 R88Q
UCP2 R96Q
UCP2 K104Q

H+ flux
(LA activator)
7.6 ± 1
7.2 ± 0.6
6.6 ± 0.5
6 ± 0.8
7.2 ± 0.6

H+ flux
(MA activator)
8.5 ± 1
8.1 ± 1
7.2 ± 0.4
11.9 ± 1.6
19.1 ± 0.8

H+ flux
(PA activator)
9.2 ± 1
9.6 ± 1
9.7 ± 0.5
15.4 ± 1.3
20.5 ± 1.3

Cl- flux
0.65 ± 0.15
0.12 ± 0.03
0.11 ± 0.04
0.67 ± 0.18
0.68 ± 0.17

a

The reported rates are the means of 10-20 independent measurements ± the standard errors of the
means. The phospholipid concentration was ~ 20 mg/ml; the final protein content in the liposomes was 25 μg/mg of lipid. The final proton transport rates were corrected for the total protein content in the
liposomes; the orientations of the reconstituted proteins were ignored in this calculation.
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We also investigated the effect of carbon chain length of FAs on UCP2-mediated proton
transport. Three saturated FAs of varying carbon chain lengths were compared as the activators
for the UCP2-mediated proton transport: LA (a C12-fatty acid), MA (a C14-fatty acid), and PA
(a C16-fatty acid) (Fig. 3-5). As shown in Fig. 3-5 and Table 3-2, UCP2 and all mutants
transported protons at consistently higher rates in the presence of longer chain FAs. In particular,
UCP2-WT and its mutants transported protons at rates of 6 - 8 μmol min-1 (mg protein)-1 in the
presence of 100 μM LA, 7 - 19 μmol min-1(mg protein)-1 in the presence of 100 μM MA, and 9 21 μmol min-1(mg protein)-1 in the presence of 100 μM PA (Table 3-2). For each FA, the proton
transport rate of UCP2-WT and mutants were comparatively analyzed. UCP2-WT and all
mutants shared comparable proton transport rates in the presence of the LA activator. On the
other hand, differences in proton flux were observed among UCP2 mutants in the presence of
longer chain fatty acids, MA and PA. When activated by MA and PA, R96Q and K104Q mutants
transported protons at a rate of ~150- 200% higher than all other proteins (Fig. 3-5 and Table 32).
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Figure 3-5. Comparative proton transport rates of UCP2-WT and its TM2 mutants
activated by FAs with varying acyl chain lengths. Proton transport rates are reported as the
average corrected proton transport rates mediated by UCP2-WT and its TM2 mutants in L-αlecithin vesicles. The reported proton transport rates were calculated in the presence of 100 μM
LA, 100 μM MA, and 100 μM PA activators. A one-way ANOVA statistical test was performed
to determine the statistical significance of the data, and p values were obtained. In the presence
of 100 μM MA, the proton transport rates of R96Q and K104Q mutants were statistically higher
than those of UCP2-WT, R76Q, and R88Q mutants (p < 0.05 (*) when comparing H+ fluxes of
R96Q or K104Q mutants to UCP2-WT, R76Q, or R88Q mutant). In the presence of 100 μM PA,
the proton transport rates of R96Q and K104Q mutants were also statistically higher than those
of UCP2-WT, R76Q, and R88Q mutants (p < 0.05 (**) when comparing H+ fluxes of R96Q or
K104Q mutants to UCP2-WT, R76Q, or R88Q mutant).
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3.4.3. Conformations of reconstituted UCP2-WT and mutants in liposomes. The
conformations of UCP2-WT and its mutants were compared using the far-UV CD spectra. To
maintain a reliable CD signal with a high signal-to-noise ratio, the protein:lipid molar ratio was
kept at ~1:1000, where the reconstituted protein concentrations were ~ 1-2 μM. As shown in Fig.
3-6A, the far-UV CD spectra of UCP2-WT and its four mutants demonstrated dominant α-helical
secondary structures. The proteins’ CD spectra contained two minima at 222 nm and 208 nm,
together with a positive local maximum at around 192 nm, which together are characteristic of
helical structures (Fig. 3-6A). While sharing a dominantly helical structure, UCP2 and mutants
exhibited slight differences in their conformations. R96Q and K104Q mutants’ far-UV CD
spectra resembled a typical α-helical protein with two minima at 208 and 222 nm (with more
intense negative ellipticity at 208 nm) and a positive maximum around 192 nm. The θ208/θ222
ratios of the R96Q and K104Q mutants’ spectra in L-α-lecithin vesicles are above 1 (Fig. 3-6B).
On the other hand, UCP2-WT, R76Q and R88Q mutants exhibited slightly different CD spectra.
These spectra possessed the characteristic of an α-helix, with the π  π* exciton split bands at ~
190 and 208 nm and the n  π* transition at ~ 222 nm (Fig. 6A). However, compared to a
typical α-helical CD spectrum, the parallel band at ~ 208-210 nm displayed a shoulder-like
minimum ellipticity (Fig. 3-6A). The θ208/θ222 ratios of the UCP2-WT, R76Q and R88Q spectra
in L-α-lecithin vesicles are less than 1 (Fig. 3-6B). A molar ellipticity ratio (θ 208/θ 222) of less
than 1 often signifies inter-helical interactions such as those of coiled-coil motifs and helical TM
protein domains and/or association of protein monomers within the membranes (103–106). Thus,
while all reconstituted proteins shared predominantly helical structures in the liposomes, UCP2WT, -R76Q and -R88Q exhibited tightly packed conformations, and in comparison, the R96Q
and K104Q mutants displayed less compact protein conformations.
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Figure 3-6. Conformations of UCP2-WT and mutants in phospholipid vesicles. (A)
Comparative far-UV CD spectra of reconstituted UCP2-WT and mutants in L-α-lecitin vesicles.
Concentrations of proteins and lipids were ~ 1-2 μM and 1 mM, respectively. All samples were
measured in 10 mM potassium phosphate buffer (pH 7.2), using a 0.1-mm pathlength quartz
cuvette. (B) Corresponding θ208/θ222 plot of reconstituted UCP2-WT and mutants’ far-UV CD
spectra.
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3.5. Discussion
3.5.1. Chloride transport of UCP2. Chloride transport activity has been observed for UCP2
and other members of the UCP family (26, 28, 32, 33, 107). A detailed understanding of the
mechanism of chloride transport by UCPs will mark a significant step in understanding the
biochemical/physiological role of these proteins in the mitochondria. The results of the current
study confirm the importance of positively charged residues in TM2, especially R76 and R88
residues, in the chloride transport activity of UCP2. The R76Q and R88Q mutants of UCP2,
while retaining the overall conformation and proton transport function, almost completely lost
the ability to transport chloride ions (Fig. 3-4 and Table 3-2). Our sequence alignment analysis
showed that R88 is conserved in all five UCPs, and thus it is possible that this residue could play
an important role in chloride transport by other UCPs as well. In fact, mutation of this Arg in
UCP1 also resulted in a loss of chloride transport but had no impact on its proton transport
ability (30). Compared to UCP2-WT, the two other mutants, R96Q and K104Q, displayed minor
conformational differences, but had comparable chloride transport rates (Fig. 3-4 and Table 3-2).
In addition, the chloride transport rates of all UCPs are an order of magnitude lower than those of
proton transport rates. This phenomenon has been consistently observed in previous studies (26,
28).

Overall,

these

data

provide

unambiguous

evidence

supporting

the

different

mechanisms/pathways for chloride and proton transport activities in UCP2.
In an effort to explain our experimental results, structural characteristics of wild type and
mutant forms of UCP2 are compared in Fig. 3-7. The highly positive overall charge of UCP2
(+15), contributed by basic residues Arg and Lys, plays an important role in the overall
electrostatic potential of the protein (Fig. 3-7A). This unique electrostatic feature is more or less

81

shared among UCPs and other mitochondrial anion carriers (26). An analysis of the 3-D
molecular structure of UCP2 revealed an accumulation of most of the positively charged residues
of the protein located close to the matrix side of the membrane (Figs. 3-7A & B). Among these
positively charged residues are R76 and R88, which are crucial in UCP2-mediated chloride
transport (Fig. 3-4 and Table 3-2). Interestingly, molecular dynamic simulation revealed chloride
anions to be clustered at the matrix interface of AAC and interact with many basic amino acid
residues of the protein (108). In addition, the AAC charged amino acid residues in the Clbinding site are also conserved in UCP2, including D35, K38, R88, D138, K141, K239, and
D236 (Figs. 3-7C-D & 3-8). In this study, mapping of these residues onto the 3D structure of
UCP2 revealed a similar positively charged electrostatic pocket to that of AAC close to the
protein-matrix interface that could allow for the attraction and transport of chloride anions (Figs
3-7C & D). Therefore, we suggest that the luminal positive potential of UCP2 plays an important
role as a recruiting and transporting site for chloride anions and possibly some other small anions.
Consequently, removing any positive charge in this area might impact on the anion transport
ability of UCP2. This was evident in the diminished chloride transport rate observed for the
R88Q mutant.
At the physiological level, the chloride transport role of UCP2 and other UCPs is not
fully understood. While many studies, including this one, have reported a low chloride transport
rate for UCPs, evidence of chloride channel activity with a much higher transport rate was
obtained for both UCP1 and the TM2 of UCP2 (32, 33). Therefore, it is plausible for UCPs to
adopt different modes of chloride transport regulated by the variations of membrane potential
across the IMM. As discussed in our previous study, the presence of strong luminal positive
potential and the water accessibility from both sides of UCP2 (Fig. 3-7) can generate a potential-
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sensitive charged area that could attract small anions (26). The accumulation of these small
anions at the protein-matrix interface can lower the membrane potential at this interface,
inducing conformational changes in the protein. It is plausible that the lowering of interface
membrane potential, together with the conformational change of UCP2, can consequently cause
the formation of transient channel-like openings to allow anion flux across the membrane. It is
also worth mentioning that in the IMM, there are also other mitochondrial chloride channels
including IMAC and CLCs (109). Currently, it is speculated that these mitochondrial chloride
channels are involved in the volume and potential regulation in mitochondria (109).
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Figure 3-7. Detailed structural analysis of UCP2. (A) Spatial distribution of positively charged
residues (blue balls) and negatively charged residues (red balls) in UCP2. (B) Electrostatic
potential of UCP2, calculated by using the nonlinear Poisson-Boltzmann equation, is displayed at
a contour level of ± 10 kT. The electrostatic potential is represented in a color spectrum from red
(for negative potential) to blue (for positive potential). (C, D) Conserved amino acid residues that
have been predicted to participate in the chloride transport of UCP2, similarly to that of AAC,
are highlighted. Chloride anion is represented as a green sphere. (E, F) Conserved
[Y/F][D/E]xx[K/R] motif in the cytoplasmic salt-bridge network on TMs 2, 4 and 6 of UCP2.
Positively charged residues are represented as blue balls, while negatively charged residues are
represented as red balls and other residues are shown as cyan balls.
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3.5.2. FA-activated proton transport by UCP2. Although the FA-activated proton transport
of UCP2 and other UCPs has been confirmed, the mechanism of this activation is still debated.
In this study, the proton and small anion transport pathways displayed unique properties (Fig. 3-4
and Table 3-2). As previously mentioned, R76 and R88 are crucial for chloride transport, while
R96 and K104 are important for the overall structure of UCP2 and consequently play a role in
the proton transport rate of the protein. In addition, our results implicate the importance of
hydrophobic interactions between UCP2 and proton transport activator FAs. Across all UCP2
mutants, longer carbon chain-length FAs induced faster proton transport rates (Fig. 3-5).
Therefore, the hydrophobic interactions could play an important role in activating proton
transport in UCP2. The role of hydrophobic interactions in the binding of FAs to UCP1 coupled
with H+ transport has also been demonstrated in a patch clamp study of UCP1 (28). In that study,
it has been suggested that in the case of short-chain low-pKa FA analogs, FA-UCP1 hydrophobic
interactions could not be established and the FAs can dissociate from UCP1 without transporting
H+. On the other hand, as the carbon chain-length of FAs increases, the FA-UCP1 hydrophobic
interaction could facilitate the coupling of proton transport through UCP1 (28). In a recent study,
UCP2, UCP4 and UCP5 transported protons in the presence of FAs with long carbon chains
(C>12), while they did not transport protons in the presence of succinic acid (Hoang T, Smith
MD, & Jelokhani-Niaraki M, unpublished data). Based on these findings, a possibility for a
specific hydrophobic pocket in UCP2 for FA binding cannot be excluded and even seems likely.
Phospholipids contain hydrocarbon chains with comparable length to long-chain FAs and
therefore specific phospholipid-UCP interactions could provide extra information on the binding
between FAs and UCPs. The recently solved crystal structures of AAC revealed a strong
interaction of the protein with the mitochondrial phospholipid cardiolipin (CL) (5, 27, 110).
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Multiple sequence alignment revealed that many amino acid residues in the CL-AAC interaction
sites are conserved in UCP2 and other UCPs (Fig. 3-8). It is important to note that our previous
studies also demonstrated that CL influences on the structure and function of UCPs (26, 103).
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Figure 3-8. Multiple sequence alignment of UCPs and AACs. The amino acid sequence
alignment of AACs and human UCP homologues were done using the Clustal Omega (98)
program and viewed with Jalview (99). The conserved amino acid residues are highlighted, with
amino acids of higher degree of conservation being highlighted in darker shades. The color
scheme represents the degree of hydrophobicity of amino acid residues, with the most
hydrophobic residue (I) highlighted in red and the least hydrophobic residue (R) highlighted in
blue. The hydrophobicity scale was done according to the Kyte & Doolittle scale (111).
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An important observation in the current study is the relationship between the structure and
proton transport activity of UCP2. The mutation at the two positively charged residues close to
the intermembrane side (R96 and K104) induced a change in the secondary structure of
reconstituted UCP2 and increased its helicity (Fig. 3-6). Compared to UCP2-WT and the other
two mutants (R76Q and R88Q), both R96Q and K104Q exhibited different overall
conformations. These differences could be interpreted as inter-helical packing of R96Q and
K104Q not packing as tight, and therefore exhibited more relaxed conformations (Fig. 3-6). This
more relaxed conformation of R96Q and K104Q mutants correlated with a higher rate of proton
transport in the presence of MA and PA (Fig. 3-5 and Table 3-2). It has been proposed that AAC
and other MCF proteins might experience super-packing in the IMM. It has been proposed that
AACs and other MCF proteins might experience super-packing in the inner membrane of
mitochondria (27). The mitochondrial lipid CL has been suggested to release the stress of protein
packing and modulate the ion transport of MCF proteins (3, 26, 87, 103, 112). In a previous
study, we also observed the cardiolipin-induced relaxed conformation in UCP1, together with an
increased proton transport rate of the protein (103). We therefore suggest that R96 and K104 can
participate in protein-protein interactions of UCP2, and the effects of the mutations at these two
residues could be due to disruption of inter-molecular interactions resulting in a less densely
packed protein that in turn increases the rate of proton transport. To further explore this
hypothesis, we performed a detailed sequence analysis and sequence alignment of UCPs and
AACs, which revealed the participation of K104 in a conserved motif [Y/F][D/E]xx[K/R] (Figs.
3-7E-F & 3-8) (42). Existing on the cytoplasmic side of the even-numbered TMs (TM-2, -4, and
-6) of AAC, these motifs were suggested to form a salt-bridge network (42). It has also been
proposed that the interaction between positively and negatively charged residues in this
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cytoplasmic interface of the protein can restrict movement in TMs during substrate transport by
AAC (42). The arrangement of this motif was similarly observed in the 3D-structure of UCP2,
where the conserved [Y/F][D/E]xx[K/R] on TM-2, -4, and -6 line up at the water-membrane
interface of the protein close to the cytoplasm (Figs. 3-7E & F). The electrostatic interaction of
oppositely charged residues between adjacent TMs could play an important role in the
cytoplasmic salt-bridge network formation of UCP2 (Fig. 3-7F). K104 is located on TM2, and is
likely to interact electrostatically with the negatively charged D198 on TM4. Therefore,
elimination of the positively charged Lys at this position could result in disruption of the chargecharge interaction in the cytoplasmic salt-bridge network. In addition, a sequence analysis of
UCP2 revealed three conserved GxxxG motifs that are commonly involved in TM helix-helix
association (Fig. 3-8) (113). One of the motifs is located on TM2 close to the mentioned
cytoplasmic salt-bridge network. Therefore, disruption of the salt-bridge network or any residue
in this vicinity could alter the amino acid interaction (electrostatic, H-bonding, or Van der
Waals) that induces a change in the protein conformation and transport activity. Taking the
experimental results and the structural analysis of UCP2 into account, we propose that the
mutations of the positively charged residues (R96 and K104) on TM2 induced the relaxed
conformations of R96Q and K104Q mutants. These protein conformations allowed a better
hydrophobic interaction of UCP2 with FAs (MA and PA), resulting in a more efficient activation
and faster proton transport.
Overall, the data highlight the role of positively charged residues in TM2 of UCP2 in the
protein’s ion transport pathway. A complete picture of the ion transport mechanism of UCP2 can
be drawn from future work on other TMs of the protein. Interestingly, in a recent study using
hepatocarcinoma cells, it has been suggested that UCP2 can act as a transporter to catalyze the
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transport of specific C4 metabolite (malate, oxaloacetate, and aspartate) across the mitochondrial
membrane in exchange for inward transport of phosphate and proton ions, regulating glucose and
glutamine oxidation in the cells (114). The exchange C4/phosphate-proton transport by UCP2
was inhibited by purine nucleotides but not by LA. This recent report implies that UCP2 could
possess different modes of ion transport functions under different physiological conditions.
There is ample evidence in the literature for membrane proteins with structural polymorphism
and multifunctionality (115–117). For example, it has been shown that the ADP/ATP carrier can
also transport H+ under the influence of FAs (118). Therefore, the finding that UCP2 functions as
an exchange transporter is intriguing, but does not exclude its role as a proton transporter under
the influence of FAs, or its role as a small anion transporter under different physiological
conditions. As two positively charged residues of UCP2 at the mitochondrial matrix-protein
interface (R76 and R88) play an important role in the protein-mediated anion transport, mutating
these two residues might also affect the transport of C4 metabolites of the protein, as all C4
metabolites are negatively charged at physiological pH. This will be an interesting possibility to
test in the future, but is outside the scope of the current study.
At the moment, UCP2 remains a potential therapeutic target due to its ubiquitous
expression in different human tissues. There is strong evidence that UCP2-mediated proton
transport activity attenuates mitochondrial ROS production (24, 94). This function could be
crucial in the protective role of UCP2 in many cells, including the brain and β-cells. The
flexibility of activating UCP2-mediated proton transport by various types of FAs and their
oxidated products could highlight the regulatory role of the protein. Clarifying the mechanism of
the proton transport activation by FAs is a necessary step towards a better understanding of the
biochemical and physiological roles of UCP2. Recent studies reported a high proton transport
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rate of UCP2 in the presence of polyunsaturated FAs (e.g. linoleic acids, arachidonic acids) (119).
In addition, long chain FAs generated from the IMM were observed to activate the proton flux of
UCP1 (28). Thus, it is plausible that the FAs generated within the IMM under different
physiological conditions might serve as activators and regulators of the mitochondrial UCP2.
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CHAPTER 4 - EXPRESSION, FOLDING AND PROTON
TRANSPORT ACTIVITY OF HUMAN UNCOUPLING
PROTEIN-1 (UCP1) IN LIPID MEMBRANES: EVIDENCE
FOR ASSOCIATED FUNCTIONAL FORMS

This work has been published:

Hoang T, Smith MD, and Jelokhani-Niaraki M (2013) Journal of Biological Chemistry 288:
36244-36258.
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4.1. Abstract
Uncoupling protein-1 (UCP1) is abundantly expressed in the mitochondrial inner membrane
of brown adipose tissues (BAT) 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 autoinduction method, we have successfully expressed UCP1 in E. coli membranes with high yield.
Overexpressed UCP1 in bacterial membranes was extracted using mild detergents and
reconstituted into phospholipid bilayers for biochemical studies. 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 vesicles also exhibited highly helical
structures and proton transport 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 transport activity of the protein. The existence of the
functional oligomeric states of UCP1 in the lipid membranes has important implications for
understanding the structure and proton transport mechanism of this protein in BAT, as well as
structure-function relationships of other mammalian UCPs in other tissues.

4.2. Introduction
Located in the inner mitochondrial membrane (IMM) of BAT, UCP1 mediates proton leak
that uncouples respiratory electron transport from ATP synthesis, and produces heat (16, 18).
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UCP1-mediated proton leak is activated by fatty acids (FAs) and inhibited by purine nucleotides
(16). The heat generation from UCP1-mediated proton transport is associated with non-shivering
thermogenesis in infants and cold-acclimatized mammals (16, 18). Thermogenic activity of
UCP1 has also been shown to reduce obesity and improve insulin sensitivity (120, 121). Thus,
understanding the structure and function of this protein is essential for drug development and
therapeutic applications. Consisting of 306 amino acids (Mw ~ 33 kDa), UCP1 shares common
tripartite structural features with all UCPs and other protein members of the MCF (15, 16). The
structure and function of UCP1 can be strongly influenced by the surrounding phospholipid
molecules in the IMM (2, 70). As a major lipid component of the IMM, cardiolipin (CL) could
play a key role in mitochondrial membrane morphology and complex protein organization in the
IMM (2, 3). It has been observed that mutations leading to low expression and structural defects
of CL can be pathogenic (122, 123). In addition, certain mitochondrial carrier proteins require
CL for their transport activity in liposome systems (27, 86, 87, 89). The monomeric form of
AAC was bound to three CL molecules in its crystal structure (27). Therefore, CL could have
multiple roles in the IMM, including its participation in mitochondrial carrier protein assembly,
mitochondrial shape, and signal transduction (2, 70). Given its localization in the IMM,
interaction of CL with UCP1 and its influence on this protein's 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 (Chapter 2) (26).
A major hurdle in understanding the structure and mechanism of ion transport of UCP1 is
the challenge of obtaining appropriately folded pure protein (59, 71). Recombinant protein
expression in bacterial systems is an efficient and inexpensive method for protein production.
However, refolding of UCP1 from inclusion bodies could only yield partially folded proteins in
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mild detergents and liposomes (26, 39, 71). The development of new bacterial strains, fusion
proteins and alternative expression methods provide other possibilities for recombinant UCP1 to
be targeted towards the inner membrane of E. coli (124–126). Cell-free expression systems have
also been used for the production of UCP1 (127). 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-His6 towards the inner membrane of E. coli. Recombinant UCP1 was obtained in high
yield from the bacterial 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.

4.3. Experimental Procedures
4.3.1. 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 Canada), and modified to contain an N-terminal His tag
followed by the TEV protease recognition site (ENLYFQG), as previously described (39). The
His6-ENLYFQG-hUCP1 coding sequence was sub-cloned into the pET26b(+) vector. The
construct was then transformed into E. coli BL21 CodonPlus (DE3)-RIPL for production of the
recombinant fusion protein. To verify the identity of the recombinant protein, the recombinant
cDNA in the pET26 expression vector was sequenced (TCAG, The Hospital for Sick Children,
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Toronto). Egg yolk L-α-lecithin (Sigma, St. Louis, MO) contained at least 60% (by wt.)
phosphatidylcholine. The remaining 40% was comprised mostly of phosphatidylethanolamine
and other lipids. Phospholipids POPC and CL [(1', 3’-bis (1,2-dioleoyl-sn-glycero-3-phospho)sn-glycerol (sodium salt))] were obtained from Avanti Polar Lipids (Alabaster, AL). C8E4 was
obtained from Bachem (Torrance, 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 (St. Louis, MO).

4.3.2. Expression, membrane extraction and purification of UCP1. Recombinant UCP1
was overexpressed in E. coli either by the conventional use of isopropyl β-D-thiogalactoside or
by using the auto-induction method (46). 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 MgSO4, 0.5% glycerol, 0.05% glucose, 0.2% lactose, 25 mM (NH4)2SO4, 50 mM
KH2PO4, 50 mM Na2HPO4) at 22 oC for 20 h prior to collection. Bacterial cells were collected
by centrifugation at 5000 x g for 10 min (4 oC). Cell pellets were resuspended in extraction
buffer (EB) (20 mM Tris-HCl, 500 mM NaCl, 5 mM MgCl2, pH 8.0). Bacterial cell lysis was
achieved using a French Press operating at 16,000 psi, in the presence of cOmplete protease
inhibitor cocktail (EDTA-free) (Roche), 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
o

C). Subsequently, the supernatant was ultracentrifuged at 256,631 x g for 30 min (MLA 80) to

collect the bacterial membranes in the pellet fraction. The enrichment of membranes in the pellet
fraction was confirmed using the NADH oxidase activity assay (described below).
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Bacterial membranes were solubilized in EB supplement with 1% (w/v) LDAO for 3 h at 4
o

C prior to purifying recombinant UCP1. The mixture was centrifuged at 10,000 x g for 10 min

to remove insoluble particles. The supernatant containing solubilized recombinant UCP1 was
then subjected to Ni-NTA chromatography for purification under non-denaturing conditions (1%
LDAO, 20 mM Tris-HCl, 500 mM NaCl, 1 mM THP, pH 8.0). The concentrations of imidazole
for binding, washing, and eluting steps were 20 mM, 40 mM, 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-HCl, 1% glycerol, and 1% detergent, pH 8.0) and
kept at -80 oC. The tested detergents were OG, DDM, CHAPS, and LDAO.

4.3.3. Western Blot Analysis. Approximately 10 – 50 μg 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 oC in TBS-buffer containing 5% skim milk and
0.05% Tween-20. Two primary antibodies were used to confirm the presence of hUCP1-His6
protein, including mouse 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).

4.3.4. NADH oxidase activity assay. Following the fractionation of E. coli to isolate bacterial
membranes, an NADH oxidase activity assay was used to determine the relative enrichment of
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membranes in each fraction (128). The membrane-embedded enzyme activity was analyzed
based on its catalytic activity of converting NADH from its reduced to oxidized forms. A
decrease in A340 represents NADH oxidase activity. Briefly, 0.15 mg of total protein from either
the supernatant or membrane fraction was added to 12 mM β-NADH in 50 mM Tris-HCl, pH 7.5
and the absorbance at 340 nm was monitored for a period of 30 min. The rate of decrease in A340
is proportional to NADH oxidase activity. Specific enzyme activity was calculated per mg of
protein (εNADH = 6220 M-1cm-1).

4.3.5. Semi-native Polyacrylamide Gel Electrophoresis Analysis. The amount of SDS in
PAGE was significantly reduced to provide “semi-native” conditions (129). Thus, SDS was only
included in the gel and running buffer at a concentration of 2 mM (as compared to 35 mM in
denaturing SDS-PAGE). SDS was omitted from the sample loading buffer. In addition, protein
samples were not heated prior to SDS-PAGE. All samples were incubated at room temperature
for 5-10 min prior to loading the gel. SDS-PAGE gels were stained with Coomassie Brilliant
Blue R-250.

4.3.6. Proteolytic digestion and mass spectrometry analysis. To confirm the identity of the
recombinant protein in bands of different molecular weights, purified protein bands resolve on
semi-native SDS-PAGE were excised, trypsin-digested, and analyzed by liquid chromatographytandem mass spectrometry (LC-MS/MS) in a data-dependent acquisition (DDA). Briefly,
trypsin-digested fractions were injected and separated using a NanoAcquity (Waters) LCMS/MS equipped with a 25 cm x 75 μm inner diameter C18 column. MS analysis was done on a
QExactive (Thermo Scientific) using higher-energy collisional dissociation (HCD). De novo
sequencing of fractionated proteins was performed with Peak Studio 6.0 Software, using the
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Uniprot Swiss database for Homo sapiens, with a false discovery rate of less than 1%. In addition,
post-translational modifications were incorporated in the search algorithm.

4.3.7. Analytical ultracentrifugation. Analytical ultracentrifugation 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 (SV) experiment was performed at 50,000 rpm at 20oC. Absorbance of UCP1 samples
and blank buffer were taken at 3-min interval at 280 nm for 5 h. In the sedimentation equilibrium
(SE) experiment, two samples of UCP1 (4.7 μM and 3.1 μM) were spun at 10000, 13000, and
16000 rpm, at 4oC. 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 (130). At 20oC the solvent density and partial specific volume of UCP1
were calculated to be 1.00373 g/ml and 0.7456 ml/g, respectively. At 4oC, the solvent density
and partial specific volume of UCP1 were 1.00551 g/ml and 0.7388 ml/g, respectively. Partial
specific volume of 0.83 ml/mg was used for the OG detergent. Analysis of the SV experiment
was done using SEDFIT, fitted to the continuous distribution model c(s) (131). Analysis of the
SE experiment was performed using the Origin MicroCal XL-A/CL-I Data Analysis Software
Package version 4.0.

4.3.8. Reconstitution of UCP1 into liposomes. The reconstitution of purified UCP1 into
liposomes for spectroscopic and transport studies was described previously (26). Briefly, lipids
were dissolved in chloroform, dried overnight under vacuum, and rehydrated in the desired
buffer. Phospholipids were solubilized in C8E4 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 transport experiments, the fluorescent probe SPQ was included in the
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internal buffer entrapped inside the liposomes at a concentration of 3 mM. Protein-free liposome
controls were prepared in parallel for all experiments. Liposomes or proteoliposomes were
formed spontaneously following detergent removal by SM-2 Biobeads (BioRad). In ion transport
assays, the external SPQ probe was removed using a coarse Sephadex G25-300 (GE Healthcare)
spin column.

4.3.9. CD spectroscopic measurements. Far-UV CD spectra were measured on an Aviv 215
spectropolarimeter (Aviv Biomedical, NJ). Ellipticities are reported as mean residue ellipticity,
[θ]. Far-UV CD and near-UV CD measurements were carried out in 0.1 cm pathlength and 0.5
cm pathlength quartz cells, respectively, at 1 nm resolution (25 oC). 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 liposomes was monitored by the protein’s ellipticity at
222 nm, in the range of 15 – 90 oC.

4.3.10. Fluorescence measurements. Steady-state fluorescence measurements were
performed using a Cary Eclipse spectrophotometer (Varian, CA). Excitation bandwidth slit for
all measurements was 5 nm and a scan speed of 600 nm/min was used throughout the
experiments (25 oC).

4.3.11. Proton transport measurements. Proton transport measurements were performed as
described previously (26). Liposomes or proteoliposomes were formed following reconstitution,
trapping the fluorescent probe SPQ inside. Fluorescence of SPQ (λex = 347 nm; λem = 442 nm)
was quenched by TES anion (TES-). In each transport assay, 40 μl of proteoliposomes (0.5 mg
lipid) (20 mM TES, 54 mM TEA2SO4 and 0.7 mM EDTA, pH 7.2) were incubated in 1.96 ml
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external media (20 mM TES, 54 mM K2SO4 and 0.7 mM EDTA, pH 7.2). The osmotic pressure
was kept equal across the lipid membrane at the beginning of the measurements. Ion transport in
each experiment was driven by the influx of K+ from the external buffer mediated by the K+ionophore valinomycin. Upon the inward diffusion of K+ across the membrane, osmotic balance
was disrupted and UCP1 transported protons out of the lipid vesicles to offset this osmotic
difference. In a low pH environment, TES (pKa of TES ~ 7.4) is fully protonated and does not
affect the fluorescence of SPQ. Upon the loss of a proton (at high pH), the TES anion quenches
SPQ’s fluorescence. Lauric acid (LA) or palmitic acid (PA) were added at 100 μM to activate
proton transport. All ion transport data were corrected by subtraction of the non-specific 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
concentration assay, as described previously (26).

4.3.12. 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 (76). The 3-D structural model of UCP1 was obtained using MODELLER 9.9
(77) after the sequence alignment based on the crystal structure of AAC (PBD ID: 2C3E) (27).
Structural models were viewed by Pymol (78).

4.4. Results
4.4.1. Optimization of UCP1 expression in bacterial membranes. Overexpressed
recombinant UCP1 was targeted to bacterial membranes, using the periplasmic leader sequence
PelB provided by the pET26b(+) vector (Fig. 4-1). Production of UCP1 in E. coli BL21
CodonPlus (DE3)-RIPL was monitored under various expression temperatures (37, 25, and 16

101

o

C) and IPTG concentrations (1 M and 0.1 M). No additional growth was observed following the

addition of IPTG (OD ~ 0.5 over a 24-h growth period) (data not shown). 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, overexpressed 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 antihistidine (Fig. 4-2A) and anti-UCP1/2/3 antibodies. In addition, the MS analysis of expressed
recombinant protein verified the identification of human UCP1 without any additional posttranslational modification. IPTG-induced expression of UCPs in previous studies has resulted in
targeting to inclusion bodies (26, 39, 52, 59). The more gradual protein expression offered by
auto-induction may prevent overloading of the biosynthetic machinery and stimulation of stress
responses, because of the gradual reduction of glucose-mediated catabolite repression (46). The
identity of the fraction in which UCP1 was enriched was verified to be the bacterial membrane
fraction using an NADH oxidase activity assay (Figs. 4-2B and 4-2C). Consequently, the use of
PelB leader sequence together with the auto-induction method allows overexpression of UCP1 in
the bacterial membranes.
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Figure 4-1. Flow chart outlining UCP1 expression, purification and reconstitution. Detailed
protocols for each step are provided in the Experimental procedures section.
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Figure 4-2. Expression of UCP1 in bacterial membranes and folding 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 peroxidase-linked secondary antibody. Molecular mass markers (kDa) are indicated
to the left. (B) NADH oxidase activity assay of the E. coli supernatant and membrane fractions
obtained following 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 A340 over time. (C) Average specific NADH oxidase activity (U/mg protein) of the
supernatant and bacterial membrane fractions shown in (B). (D) Far-UV CD spectra of 3-5 μM
UCP1 folded in 1% OG in buffer solution, in the absence and presence of 100 μM ATP at 25 oC.
Inset of (D) shows the corresponding near-UV CD spectra. (E) Thermal denaturation of UCP1 in
1% OG in the absence and presence of 50 μM ATP. The normalized molar ellipticity was
detected at 222 nm and Tm was calculated using Hill equation to fit the data. The arrow indicates
the increase in Tm (or increase in the protein's thermal stability).
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4.4.2. Folding of UCP1 in detergents. The folding of UCP1 was analyzed in four different
detergents: LDAO, DDM, CHAPS, and OG (Fig. 4-1). The secondary structure of UCP1 in each
detergent was examined by far-UV CD spectroscopy, and the helical content for each was
estimated (Table 4-1). Among the four detergents, DDM induced the least helical conformation
in UCP1, and the protein exhibited a “β-sheet-like” conformation. In addition, the protein
stability in DDM was poor, resulting in protein aggregation/precipitation after only a few hours
at 4 oC. UCP1 in LDAO and CHAPS detergents was only partially helical (Table 4-1). In
contrast, UCP1 in 1% OG exhibited the highest α-helical content, with a negative maximum
ellipticity at 222 nm, a shoulder at 208 nm, and a positive maximum ellipticity around 195 nm
(Fig. 4-2D). Deconvolution of the CD spectra of UCP1 in OG revealed a 67% α-helical content
(Table 4-1). 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 monitored
in the 15-90 oC temperature range (Fig. 4-2E; 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 (Tm) of UCP1 in OG was 59.2 ± 1.1 oC, indicating that the protein
structure was relatively stable in this detergent. Other evidence for the proper folding of UCP1 in
OG was binding to its proton transport inhibitor, ATP. This interaction was better detected in the
near-UV region, which is sensitive to changes in the local environment of the aromatic amino
acids influenced by binding (Fig. 4-2D, inset). Furthermore, binding of ATP to UCP1 in OG
resulted in a more stable conformation, indicated by the increase in the Tm to 61.5 ± 0.8 oC (Fig.
4-2E). Collectively, the data suggest that UCP1 remained folded in a native-like functional form
when extracted from bacterial membranes using OG.
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Table 4-1. Secondary structure composition of UCP1 in detergents and lipid vesiclesa
Protein Environment

Detergents

Lipid bilayers

a

DDM micelles
CHAPS micelles
LDAO micelles
OG micelles
OG micelles + ATP
L-α- lecithin
L-α-lecithin + ATP
Soy PC vesicles
POPC vesicles
POPC + 5 % CL
POPC + 5 % CL + ATP
POPC + 10 % CL
POPC + 20 % CL
POPC + 50 % CL

α- helix

β-strand

Turn

Random

NRMSD

16
22
25
67
66
77
76
75
82
83
84
83
85
82

26
27
23
5
6
5
10
8
5
5
5
6
5
8

20
23
20
13
16
8
8
8
7
7
8
4
7
15

38
28
32
15
17
8
7
8
6
5
4
5
3
6

0.026
0.022
0.018
0.012
0.011
0.001
0.001
0.001
0.004
0.004
0.003
0.001
0.005
0.002

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.
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4.4.3. Reconstituted UCP1 is highly helical in phospholipid bilayers and transports
protons. The structure and ion transport function of reconstituted UCP1 were studied in
different lipid systems, including egg yolk L-α lecithin, soybean PC extract and synthetic POPC
bilayers (Fig. 4-3). While the far-UV CD spectra of UCP1 in lipid membranes were comparable
to the spectrum in OG, the protein's ellipticity was enhanced in the phospholipid dispersions (Fig.
4-3A). This enhancement in ellipticity translates to a higher helical content of UCP1 in lipid
bilayers (Table 4-1). Reconstituted UCP1 in liposomes was also able to bind ATP, as indicated
by the change in the protein’s binding microenvironment observed in the near-UV CD spectrum
(Fig. 4-3A, inset). Moreover, upon addition of ATP to the reconstituted protein, a decrease in the
intensity of the fluorescence spectra of UCP1 in the lipid bilayers (mainly contributed by the two
Trp residues located close to the nucleotide-binding site) was observed, implying a
conformational change (Fig. 4-3B).
To examine the transmembrane proton transport function of UCP1, purified recombinant
UCP1 was reconstituted into liposomes containing the fluorescence probe SPQ trapped in their
interior lumen (26) (Fig. 4-3C). FA-dependent UCP1-mediated proton flux was driven by
diffusion of K+ from the external buffer into the proteoliposomes in the presence of the
ionophore valinomycin (Fig. 4-3C). Two FAs were used as UCP1 proton 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 (Figs. 4-3C and 4-3D). The UCP1
proton transport rates were higher when activated by PA. In egg yolk L-α lecithin vesicles, PA
(100 μM) activated UCP1 proton transport at a rate of 3.8 ± 0.6 μmol. min-1. mg protein-1, which
is more than 6 times higher than the rate of proton transport activated by LA at the same
concentration (0.6 ± 0.3 μmol. min-1. mg protein-1). This observation is consistent with previous
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studies on the effect of FA chain length on the proton transport rate of UCPs (132). Furthermore,
in the presence of 500 μM ATP, complete inhibition of LA-activated and PA-activated proton
transport was observed (Fig. 4-3D). Thus, ATP could interact with the purine nucleotide-binding
site and induce conformational change in UCP1, leading to the inhibition of the proton transport
pathway. Overall, the membrane-extracted UCP1 folded with a high helical content in lipid
bilayers, was functional in proton transport and inhibited by ATP.

109

110

Figure 4-3. Reconstitution of UCP1 into egg yolk L-α-lecithin vesicles – conformation and
ion transport analysis. (A) Comparative far-UV CD spectra of reconstituted UCP1 in L-αlecithin vesicles, in the absence and presence of 100 μM ATP, at 25 oC. Inset of (A) shows the
corresponding near-UV CD spectra. (B) Fluorescence spectra (excited at 280 nm) of
reconstituted UCP1 in L-α-lecithin vesicles, in the absence and presence of 100 μM 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 as described in chapter 2. (D)
Recorded H+ efflux through UCP1 reconstituted in phospholipid vesicles. Proton flux shown was
activated by addition of 100 μM PA. Valinomycin was added at 0.4 μM to initiate the membrane
potential difference needed for triggering the proton transport. The non-specific proton leak was
subtracted from the proton transport rate. In the presence of 500 μM ATP, the UCP1-mediated
proton transport was completely inhibited and the proton transport rate was comparable to that of
the non-specific leakage rate. Inset shows comparative proton transport activity of UCP1 in the
absence and presence of 500 μM ATP. An average protein-free liposome blank displays nonspecific proton leakage (dashed line).
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4.4.4. Associated state of UCP1 monitored by CD and fluorescence spectroscopy, seminative SDS-PAGE, and analytical ultracentrifugation. UCP1 in detergents and liposomes
displayed high helical contents. However, the far-UV CD spectra of UCP1 did not resemble a
typical α-helical protein. The typical CD spectrum of an α-helical protein has two negative
maxima 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 α-helix, with the π  π* exciton split bands at ~ 190 and 208 nm and the
n  π* transition at ~ 222 nm (Figs. 4-2D, 4-3A and 4-4A). However, compared to a typical αhelical CD spectrum, the parallel band at ~ 208-210 nm exhibited a shoulder-like negative
maximum with decreased ellipticity (Figs. 4-2D, 4-3A and 4-4A). The θ208/ θ222 ratio of UCP1
spectra in these environments is less than 1 (Fig. 4-4B). It has been proposed that the θ208/ θ222
ratio could be used to distinguish 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 monomer. Under our
experimental conditions on semi-native SDS-PAGE, the pure reconstituted UCP1 appeared as
the only electrophoretic band at ~140 kDa (~4 x MWUCP1) (Fig. 4-4C). Western blot analysis
further confirmed that this tetrameric state of UCP1 originated from the expressed protein in
bacterial membrane and not as an artifact from detergent solubilization (Fig. 4-2A). 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 monomeric and associated
(dimeric and tetrameric) forms in the bacterial membranes and these molecular forms were
preserved/reassembled during protein purification and reconstitution into liposomes.

112

113

Figure 4-4. 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). (A-i) shows the low
[SDS] region of the spectra in greater detail (0-2 mM), where increased SDS enhanced negative
ellipticities at both 208 and 222 nm. (A-ii) shows the high [SDS] region (2-84 mM) in greater
detail, where increased [SDS] resulted in decreased ellipticity at 222 nm, but did not affect the
ellipticity at 208 nm. (B) Plot of θ208/θ222 vs. [SDS] reveals a cooperative dissociation of UCP1
tetramers in the presence of SDS. The θ208/θ222 ratio was normalized and K1/2 ([SDS] at 50%
protein dissociation) was calculated using the Hill fitting (K1/2 = 1.42 ± 0.14 mM). (C)
Corresponding semi-native SDS-PAGE (12%) of reconstituted 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 towards mainly 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 concentration of monomers (M) was present.
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To further examine the tetrameric state of UCP1 in detergents and liposomes, analytical
ultracentrifugation was performed for UCP1 in 1% OG detergent. SV analysis revealed a
predominant (~90%) homogenous species at 6.5 S, corresponding to ~180 KDa (Fig. 4-5). This
molecular weight corresponds with the expected size of a tetramer of UCP1 (37.2 kDa each) in
OG micelles (8 kDa/micelle). In addition, SE analysis of 4.7 μM and 3.1 μM UCP1 in 1% OG
resulted in a monodisperse species with an average molecular weight 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 spectroscopy. Fig. 4-4A 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 concentration increased from 0 to 2
mM, negative ellipticities at 208 and 222 nm were enhanced (Fig. 4-4A-i). Deconvolution of CD
spectra of UCP1 in this region revealed an increase in helical content. Far-UV CD spectra also
indicated a less constrained helical conformation of UCP1 (Fig. 4-4A). The negative shoulder at
210 nm blue-shifted towards 208 nm and gradually became a visible negative maximum (Fig. 44A-i). These results suggest the formation of a more relaxed helical conformation (fewer
intermolecular interactions between helices and more independence for monomers) (Fig. 4-4).
Increase in the SDS concentration above 2 mM did not affect the θ208 ellipticity of the protein,
while the θ222 ellipticity further decreased (Fig. 4-4A-ii). Plotting θ208/θ222 ratio vs. [SDS]
revealed a two-state cooperative dissociation curve for UCP1 in lipid bilayers, with a
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dissociation constant K1/2 (50% dissociated) of 1.42 ± 0.14 mM SDS (Fig. 4-4B). This
concentration 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 oC), and determined by isothermal titration
calorimetry as described previously (133) (data not shown). Results from semi-native SDSPAGE revealed a tetrameric form of reconstituted UCP1 being dissociated and unfolded into
dimers and monomers with increasing concentrations of SDS (Fig. 4-4C). At 4 mM SDS, a mix
of tetramers and dimers was observed, which corresponds to the CD spectral ratio of UCP1, θ208/
θ222 , reaching the value of 1 (Figs. 4-4B and 4-4C). At the end point of the SDS titration curve
(84 mM), no tetramers were detected by SDS-PAGE and Western blotting. UCP1 dimers were
the predominant molecular form at this point, along with some UCP1 monomers (Fig. 4-4C).
The value of the θ208/θ222 in the CD spectra exceeds 1 at this SDS concentration, which is
consistent with a full dissociation of the tetrameric state of UCP1 to dimers and monomers. In
this way, the change in the CD spectra of UCP1 during the SDS titration correlated with the
changes in its associated state, observed using semi-native SDS- PAGE.
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Figure 4-5. Sedimentation velocity experiment of UCP1 in 1% OG solution. (A) Plot shows
a superposition of a selection of experimental (dots) and fitted (lines) absorbance profile at 280
nm during ultracentrifugation at 50,000 rpm of UCP1 in OG. Scans were taken every 3 min as
described in the experimental procedures. Black dots (and lines) represent measurement at t = 0.
(B) Superimposition of differences between the experimental and fitted curves. (C) SV analysis
made in terms of a continuous distribution of species.
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Additional evidence for dissociation of UCP1 oligomers was also provided by intrinsic
fluorescence spectra of the protein taken at increasing SDS concentrations (Fig. 4-6). The Trp
fluorescence (λex = 295 nm) spectra exhibited an increase in intensity and conspicuous red shift
in the maximum emission in the presence of SDS (Fig. 4-6). Plotting of the fluorescence
intensity vs. [SDS] revealed a three-state transition curve of UCP1 during SDS titration (Fig. 46A). The first transition, with K1/2 = 1.3 ± 0.1 mM SDS, corresponded to the dissociation of
UCP1 tetramers into dimers (compare Fig. 4-6A-i and Fig. 4-4B). The second transition (not
clearly detected in the CD measurements, Fig. 4-4B), with K1/2 = 23 ± 1 mM SDS, was
interpreted as the dissociation of UCP1 dimers (Fig 4-6A-ii). Plotting the λmax of Trp vs. [SDS]
provided information about the microenvironment of Trp residues (Fig. 4-6B). The maximum
emission of Trp residues experienced a red shift from ~331 to ~338 nm at SDS concentrations
close to 20 mM, indicating that the Trp residues became more exposed to a more polar
environment (Fig. 4-6B). This shift of emission λmax of Trp occurred at an SDS concentration
close to the second transition point observed for the UCP1 fluorescence intensity (~15-18 mM)
(Fig. 4-6B). The fluorescence results, together with the previous data from semi-native SDSPAGE (Figs. 4-6 and 4-4C, 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 λmax 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 monomers. This
transition may include partial monomer denaturation. In comparison with the first transition, at
the second transition, Trp residues were exposed to a more polar environment (λmax ~ 338 nm).
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Figure 4-6. Dissociation of UCP1 tetramers in POPC liposomes by SDS, monitored by Trp
fluorescence. (A) Plot of maximum fluorescence of UCP1 (excited at 295 nm) vs. [SDS]
revealed a three-state dissociation process for UCP1 tetramers in lipid vesicles. Inset (A-i) shows
the maximum fluorescence intensity of UCP1 in the low [SDS] region (0–10 mM), interpreted as
transition of UCP1 tetramers toward a tight dimeric units. Inset (A-ii) 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 dimeric and monomeric forms. Possible monomeric
denaturation could also occur. All values were normalized and the data was fit to the Hill
equation. The K1/2 for the first and second transitions were 1.3 ± 0.1 mM and 23 ± 1 mM,
respectively. (B) Plot of the maximum emission wavelength (λmax) vs. [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.
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Taken together, the spectroscopic measurements, analytical ultracentrifugation and seminative 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] (~40 x CMC). It is important to note that CD spectroscopy monitors the change in the
average secondary structure of the protein, while fluorescence spectroscopy gives a microscopic
view of the local environment of fluorophores in the protein. The combination of these
techniques used in this study provides a more complete picture of the oligomeric states of the
protein in a lipid environment and the dissociation process.

4.4.5. CL interacts with UCP1 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
reconstituted in liposomes supplemented with increasing concentrations of CL (0–50% mol). The
secondary structure and proton transport activity of reconstituted UCP1 were examined 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 4-1). As shown in Figs. 4-7A and 4-7B,
increasing the CL content in the phospholipid bilayers from 0%– 50% mol induced a gradual
increase of the θ208/θ222 ratio, indicating the protein adopted a less associated conformation at
higher CL concentrations. This θ208/θ222 ellipticity ratio remained less than 1 in all CL-containing
lipid vesicles (Fig. 4-7B). In addition, the highly helical character of UCP1 was preserved in all
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lipid systems, as shown by the 2:1 ellipticity ratio of the positive maximum at ~195 nm (π  π*
┴ transition) to negative maximum at ~222 nm (π  π* ║ transition) (Fig. 4-7A). The
weakening of association in the tetrameric form of UCP1 can be detected by the gradual increase
in the θ208/θ222 ratio with the increase in CL/UCP1 molar ratio (Fig. 4-7B). The conformation of
the UCP1 tetramer remained unchanged after the CL/UCP1 molar ratio reached ~ 800. Seminative SDS-PAGE of UCP1 in CL-containing liposomes revealed a single UCP1 tetramer band
comparable to that in the CL-free proteoliposomes when the liposomes were not pre-treated with
SDS before loading the semi-native SDS-PAGE gel.
The effect of CL on the stability of UCP1 tetramers and dimers (and monomers) was
studied using the same SDS titration experiment as described above for UCP1 reconstituted in
CL-free liposomes (Figs. 4-7C and 4-7D). Assuming that the predominant form of the UCP1 in
liposomes was tetrameric, as with the SDS titration of the proteoliposomes shown in Fig. 4-4B,
the SDS titration of CL-containing liposomes was consistent with the dissociation of tetramers to
dimers. In this case, in comparison to the CL-free system (K1/2 = 1.4 mM), higher K1/2 values
[from 1.7 mM (for [CL]/[UCP] = 62.5) to 2.3 mM (for [CL]/[UCP] = 833)] for the tetramerdimer transition curve indicated a more stable tetrameric form of UCP1 in the presence of CL
(Figs. 4-7C and 4-7D). As shown in Fig. 4-7D, a higher content of CL in proteoliposomes
increased the dissociation K1/2 values of the UCP1 tetramer. Similar to the CL-free case,
evidence from semi-native SDS-PAGE also supported the presence of predominantly dimeric
UCP1, at high [SDS], in the end of the SDS titration curve (data not shown). Collectively, these
results suggest that CL stabilizes UCP1 tetramers in liposomes (Figs. 4-7B and 4-7D, and Table
4-1).
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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
proton transport rate was calculated in each lipid system. As shown in Fig. 4-7E, in the L-αlecithin liposome system (and other examined liposomes), a consistently higher proton flux was
observed when using PA as the activator. Interestingly, both the LA- and PA-activated UCP1mediated proton transport activities were enhanced in CL-supplemented vesicles (Fig. 4-7E). It is
noteworthy that a previous study on the effect of CL on AAC’s substrate transport function
reported a similar enhancement of transport rate when AAC was reconstituted in the CLsupplemented vesicles (70). It is also important to note that at 500 μM 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 associated UCP1-CL complex has a higher proton
transport activity, compared to self-associated UCP1 in the absence of CL.
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Figure 4-7. Effect of CL on the conformation, stability and proton transport activity of
associated UCP1 in liposomes. (A) Normalized far-UV CD spectra of UCP1 reconstituted in
POPC vesicles in the absence and presence of CL. The molar ellipticities of UCP1 in different
liposome systems were normalized at 222 nm. (B) Plot of θ208/θ222 vs. CL/UCP1 molar ratio. (C)
Plot of θ208/θ222 vs. SDS concentration revealed a cooperative unfolding of reconstituted UCP1
tetramers in POPC supplemented with CL. The θ208/θ222 ratio was normalized and the K1/2 in
each lipid system was calculated using the Hill fitting (see the text). (D) Plot of UCP1 tetramer
dissociation constants (K1/2) vs. CL/UCP1 molar ratio. (E) Average corrected proton transport
rate mediated by UCP1 in L-α-lecithin vesicles supplemented with various concentrations of CL.
PA and LA were used as proton transport activators. A one-way ANOVA statistical test was
performed to determine the statistical significance of data, and p values were obtained. p < 0.05
when comparing the proton transport mediated by UCP1 in the CL-supplemented vesicles to that
in L-α-lecithin vesicles (*).
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4.5. Discussion
This study describes a novel method for obtaining native-like recombinant UCP1 with high
yield from a bacterial expression system. A combination of protein engineering, a modified
induction/expression method and detergent screening for protein 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 membranes, 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 UCP1. These findings are essential for
understanding the structure and ion transport activity of UCP1 (and likely, by extension, other
human UCPs) in the IMM.

4.5.1. Bacterial membrane extracted UCP1 is suitable for structural and functional
studies. To date, the majority of molecular studies on UCP1 have relied on the reconstitution of
extracted proteins from bacterial inclusion bodies (52, 59, 71). This method allows for the
production of large quantities of high-purity protein from inclusion bodies that can be
reconstituted into liposomes. The reconstituted proteins, in these cases, are typically only
partially refolded from the inclusion bodies (39). Other disadvantages of the method include the
heterogeneity of protein conformations that are obtained, and the limited number of detergents
suitable for the solubilization of inclusion bodies and subsequent refolding of the protein. Protein
expression in yeast and mammalian cell systems usually offer low yields of recombinant proteins
as compared to E. coli-based systems, that are inadequate for structural studies (40, 41). In the
current study, we used a modified bacterial expression system as an inexpensive and efficient

125

source of recombinant UCP1 that was targeted to the bacterial membrane rather than
accumulating exclusively in inclusion bodies. The PelB leader sequence was fused to the Nterminus of UCP1 to achieve targeting to the bacterial membranes (136). The PelB leader
sequence is a periplasmic targeting sequence that is cleaved by signal peptidase in the periplasm
(136). 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 completely transported to the periplasm because of the six hydrophobic transmembrane αhelices. 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 over-expression and/or accumulation in inclusion bodies, as has been observed when
using IPTG-based induction (26, 39, 52, 59). Under our experimental conditions, OG was shown
to be the best detergent 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. 4-2D, 4-2E and Table 4-1). Reconstitution of UCP1 from OG into
phospholipid bilayers further enhanced the folding of the protein and its helical content (Fig 43A and Table 4-1). The estimated helical content of UCP1 in lipid bilayers (75–85% helix) is the
highest yet reported for this protein (26, 39, 71, 134). 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.

4.5.2. Associated state of UCP1 – 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 (137, 138). In this study, UCP1 existed
in three forms: tetramer, dimer, and monomer. All these forms were detected for the protein
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extracted from bacterial membranes, where UCP1 was overexpressed (Fig. 4-2A). The tetrameric
form of the protein was further stabilized during extraction and purification processes from
bacterial membranes (Figs. 4-2A, 4-4C, and 4-5). 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. 4-3D). When reconstituted into liposomes
including the mitochondrial lipid CL, UCP1 tetramers transported protons at a higher rate (Fig.
4-7E). Our study has therefore provided new evidence for a functional tetrameric unit of UCP1.
The monomeric form of UCP1, refolded from inclusion bodies, also exhibited proton transport
activity (26, 59). Interestingly, based on the evidence provided 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 compositions of
mitochondrial membranes under different cellular conditions (Figs. 4-2, 4-3, 4-4, and 4-5).
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 homo-dimer and a dimer-dimer interaction to form a tetramer (Fig. 4-8A). When titrated
with SDS (CMC ~2 mM), UCP1 tetramers were fully dissociated into predominantly dimers and
some monomers (Fig. 4-4C). UCP1 dimers, which we have named tight dimers, appeared
immediately after the formation of SDS micelles (Figs. 4-4B and 4-4C). Excess SDS (~40x
CMC) did not completely dissociate UCP1 dimers, but did appear to weaken the binding
between monomers in the homo-dimer, resulting in a mixture of dimers and monomers (Figs. 44B, 4-4C, and 4-6); we have termed the dimers that persist at this high concentration of SDS,
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loose dimers. These data suggest a strong monomer-monomer 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 unit and dimer-dimer association in the tetrameric unit (Fig. 4-6). Despite the
dissociation of tetramers to dimers and monomers in the presence of SDS, Trp residues remained
in a weakly polar environment until the dissociation of homo-dimers to monomers was initiated
(Fig. 4-6). 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 homo-dimers (Fig. 4-8A).
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 liposomes affects
both the structure and function of UCP1. Firstly, UCP1 tetramers exhibited a more relaxed
helical conformation in CL-supplemented liposomes (Fig. 4-7A). This could be due to the
specific interaction of CL with UCP1, transforming the protein-protein tetramer (in the absence
or at very low concentrations of CL) to a protein-lipid-protein tetramer complex (Figs. 4-7A and
4-7B). In addition, CL enhances the stability of the tetrameric conformation (Fig. 4-7D).
Secondly, UCP1 transports protons at a much higher rate in the CL-supplemented vesicles (Fig.
4-7E). 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 (K1/2 = 2.3 mM, Figs. 4-7C and 4-7D) and is at its least tightly packed
conformation, as indicated by the maximum value of θ208/ θ222 of UCP1’s far-UV CD spectra.
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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 3-D modeling of UCP1, based on the crystal structure of AAC, exhibits a high
helical content; ~66%, as compared to an estimation of 67-85% in the CD analysis of the
reconstituted protein in detergents and lipid vesicles (Fig. 4-8B and Table 1). The three
conserved Arg residues (located on TM-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, a cytoplasmic and a matrix side (Fig. 4-8B) (15, 16). The results from this study (UCP1
tetramers) (Figs. 4-2D and 4-3A) and previous work (UCP1 monomers) both indicate a minor
change in the overall conformation of UCP1 and other UCPs upon binding to ATP (39, 71).
Based on the spectroscopic data of this study and the molecular model presented in Fig. 4-8B, 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, while the overall structure of the protein remains 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 attraction is amongst 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. 4-8B). Thus, it is
possible that the negatively charged head group of CL interacts with UCP1 at the monomer
interface situated towards 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 are pointing towards the
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matrix interface (27). 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 interaction of CL with UCP1 and other mitochondrial
carriers is thought to be important in minimizing the energy cost of protein conformational
changes during substrate/ion transport (139). It is also noteworthy that bacterial membranes
contain ~5% CL (140). Therefore, it is plausible that the association of UCP1 in bacterial
membranes was driven by the CL-UCP1 interaction when UCP1 was targeted towards the
bacterial 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 different 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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Figure 4-8. Proposed models for UCP1 associated states and its structure. (A) UCP1
tetramer is composed of two loosely associated homo-dimers. The tetramer can be dissociated
into homo-dimers 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. 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) 3-D 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).
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5.1. Abstract
Uncoupling proteins (UCPs), expressed in the mitochondrial inner membrane, facilitate the
transmembrane proton flux and, consequently, reduce the membrane potential and ATP production.
Three human UCP homologs (UCP2, UCP4, and UCP5) are expressed in the central nervous system
(CNS). Currently, detailed structural features and molecular physiology of these proteins remain
relatively unexplored. Recently, we reported a novel expression system for obtaining functionally folded
UCP1 in bacterial membranes. In the current study, employing similar expression and reconstitution
methods, we report our new findings for the three human neuronal UCP homologues. The reconstituted
neuronal UCPs displayed high helical contents and transported protons in the presence of several
physiologically-relevant fatty acid (FA) activators. Under the same experimental setup, all neuronal
UCPs also exhibited chloride transport activities that were inhibited/retarded by FAs. Our experimental
results from CD, fluorescence spectroscopy, mass spectrometry and semi-native gel electrophoresis
suggest self-association of these proteins in the membranes. Using SDS titration experiments, we
proposed an association mechanism for these proteins in lipid membranes. In addition to shared
structural and functional features, each UCP displayed unique biophysical properties. While sharing
comparable secondary structures in the lipid membranes, neuronal UCPs differ in their proton transport
rates (and possibly mechanism) in the presence of different FA activators. The protein-FA interaction
was further investigated using near-UV CD spectroscopy. The differences in FA activated UCPmediated proton transport could serve as an essential clue in understanding and differentiating the
physiological roles of UCP homologs in the CNS.
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5.2. Introduction
Three other UCP homologues are found in the central nervous system (CNS), including UCP2,
UCP4, and UCP5 (24). Besides its expression in the CNS, UCP2 is also found in several other human
tissues, including liver, endothelium, and pancreas; and could be responsible for several different
physiological functions (15, 24, 95). For example, in β-cells, UCP2 expression suggests its role in
glucose homeostasis in the pancreas (15, 16, 24, 95). UCP4 and UCP5 are predominantly localized in
neurons and neurosensory cells, and their physiological roles are not clear (24, 35, 36, 62). The amino
acid sequence identity of UCP2, UCP4, and UCP5 compared to the prototypic UCP1 is 59%, 34%, and
30%, respectively (16, 26, 30, 39). Despite these relatively low sequence identities to UCP1, both UCP4
and UCP5 possess comparable helical conformations and proton transport activities comparable to other
UCPs (26). The neuronal UCP-mediated proton transport is activated by fatty acids (FAs) and inhibited
by purine nucleotides (PNs) (26). Several lines of evidence from recent studies relate the uncoupling
activities of these neuronal UCPs to their possible role in protecting neurons against reactive oxygen
species (ROS) production (15, 38, 67, 94, 141–143). In addition to proton transport, all UCPs also
transport chloride and other small anions (26, 30, 33). Protein sequence symmetry analysis and
experimental results suggest that UCPs could also function as small substrate carriers using an H+assisted mechanism (42, 114). Overall, the exact role of neuronal UCPs has not been fully established at
the moment.
The study of structure-function relationships of neuronal UCPs remains intriguing, and can shed
light on the important physiological roles of these proteins in neurons. In our previous studies, using
recombinant protein expression in bacterial systems, we obtained highly pure neuronal UCPs in the
bacterial inclusion bodies and reconstituted these proteins into mild detergents and liposomes for
structural and functional studies (26, 39, 71). While this method offers proteins with good yield and
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purity, the possibility of partial misfolding of the reconstituted proteins might hinder accurate analysis of
their molecular functions. Recently, we reported a novel recombinant protein expression method that
allows a high yield of pure native-like folded UCP1 in the bacterial membranes (Chapter 4) (103). In
that report, reconstituted UCP1 from the bacterial membranes adopted highly helical structures in both
detergents and liposomes and displayed proper ion transport activity (103). Applying a comparable
methodology, in this study we report the use of the small periplasmic leader sequence PelB, provided by
pET26b(+) vector, as a mean to target His-tagged neuronal UCPs toward E.coli inner membranes. All
three neuronal UCPs, expressed in bacterial membranes, were folded and reconstituted in the mild
detergent octyl glucoside (OG) and liposomes. Similar to UCP1 in the previous study (103), the
reconstituted neuronal UCPs displayed predominantly helical structures and self-associated in
phospholipid bilayers. The associated forms of neuronal UCPs also transported protons and chlorides
across the liposomes. The effect of various FAs on the overall structure and the proton/chloride transport
rates of neuronal UCPs led to interesting insights into unique roles of neuronal UCPs and possible
differentiation of their molecular physiology. Overall, the study offers essential information on the
conformation and ion transport characteristics of neuronal UCPs.

5.3. Experimental Procedures
5.3.1. UCP constructs and chemicals. The human UCP2 cDNA clone (pET-UCP2) was a gift from
M. Brand (MRC Dunn Human Nutrition Unit, Cambridge, U.K.). UCP4 cDNA was synthesized by
GenScript Corp. and received as a pUC57 vector. UCP5 cDNA was purchased from ATCC and was
received in a pCR-BluntII-TOPO vector. The cDNAs The neuronal UCP construct was sub-cloned into
the pET21d vector (Novagen Canada), and modified to contain an N-terminal His tag followed by the
TEV protease recognition site (ENLYFQG), as previously described (39). The His6-ENLYFQG-hUCP1

135

coding sequence was sub-cloned into the pET26b(+) vector. The construct was then transformed into E.
coli BL21 CodonPlus (DE3)-RIPL for production of the recombinant fusion protein containing an Nterminal PelB leader sequence fused to the His6-ENLYFQG-UCP protein. To verify the identity of the
recombinant protein, the recombinant cDNA in the pET26b (+) expression vector was sequenced. Egg
yolk L-α-lecithin (Sigma, St. Louis, MO) contained at least 60% (by wt.) phosphatidylcholine. The
remaining 40% was comprised mostly of phosphatidylethanolamine and other lipids. The phospholipid
POPC was from Avanti Polar Lipids (Alabaster, AL). C8E4 was obtained from Bachem (Torrance, 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 (St. Louis, MO).

5.3.2. Expression, membrane extraction and purification of neuronal UCPs. Recombinant
versions of neuronal UCPs were overexpressed in E.coli Bl21 CodonPlus (DE3)-RIPL bacterial cells
using the auto-induction method, as previously described for UCP1 (103). Briefly, the bacterial culture
was grown in the auto-induction media (1% Tryptone, 0.5% yeast extract, 1 mM MgSO4, 0.5% glycerol,
0.05% glucose, 0.2% lactose, 25 mM (NH4)2SO4, 50 mM KH2PO4, 50 mM Na2HPO4) at 22oC for 20 h
before collection (46). The bacterial cell pellets were collected at 8,000xg for 10 min (4oC). Bacterial
cells were suspended in extraction buffer (20 mM Tris-HCl, 500 mM NaCl, pH 8.0) and lysed using a
Constant System cell disruption press (Northants, UK) in the presence of cOmplete protease inhibitor
cocktail (EDTA-free) (Roche), DNase (0.5 mg/ml) and lysozyme (0.2 mg/ml). The cell lysate was
subjected to centrifugation at 20,000xg for 20 min (4oC) to remove inclusion bodies and unbroken cells.
The supernatant was subsequently ultracentrifuged at 256,631xg for 1 h (4oC) to yield the bacterial
membranes in the pellet fraction. The enrichment of membranes in the pellet fractions was confirmed
using the NADH oxidase assay (103).
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The purification protocols of UCP2, UCP4, and UCP5 followed that of UCP1, as described in our
earlier study (103). In brief, the bacterial membranes were solubilized in binding buffer (20 mM TrisHCl, 500 mM NaCl, 1mM [Tris (hydroxypropyl) phosphine], pH8.0) containing 1% LDAO detergent
and 20 mM imidazole. This mixture was subjected to Ni-NTA chromatography for purification under
non-denaturing conditions. The columns were washed with 30 mM imidazole and eluted with 400 mM
imidazole in 1% OG detergent. The pooled eluted fractions were desalted using Econo-Pac 10DG
Columns (Bio-Rad). The final purity and concentration of purified proteins (~ 0.3 – 0.5 mg protein/ 1 L
culture) were analyzed by SDS-PAGE and Bradford protein concentration assays, respectively. The
proteins were stored in desalting buffer (50 mM NaCl, 20 mM Tris-HCl, 1% glycerol, pH 8.0) at -80oC.

5.3.3. Semi-native PAGE. To provide a semi-native condition, the content of denaturing SDS was
significantly reduced compared to traditional SDS-PAGE (103). Following the protocol from our
previous study, 2 mM SDS was included in the electrophoresis running buffer to ensure the migration of
proteins. However, no SDS was included in the gel sample buffer. The sample buffer only contained
62.5 mM Tris-HCl, pH 6.8, 0.002% bromophenol blue, and 10% glycerol. The gels were stained with
Coomassie Brilliant Blue R-250.

5.3.4. Identification of proteins by Western Blots and mass spectrometry analysis. The identity
of overexpressed hexahistidine-tagged UCP2, UCP4 and UCP5 was confirmed by both Western blot and
mass spectrometry analyses. In the Western Blot, 10 – 50 μg of total proteins were run on a 12% SDSPAGE gel and transferred (110 min, 15 V) to nitrocellulose membranes using the semi-dry technique.
The membranes were stained with Amido Black to confirm the efficiency of transfer, and were blocked
overnight at 4 oC in TBS-buffer containing 5% skim milk and 0.05% Tween-20. Mouse IgG2b antihistidine antibody (Millipore) was used as the primary antibody (1:500 dilution). Rabbit peroxidaseconjugated antibody raised against mouse (Rockland) was used as the secondary antibody (1:4000
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dilution). Immunodetection was achieved by luminescence using ECL Western Blot reagent (GE
Healthcare), and image was captured using Bio-Rad VersaDoc Imaging System.
To further confirm the identity of recombinant protein in bands of different molecular weights,
purified protein bands resolved on electrophoretic gels were excised, trypsin-digested, and analyzed by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) in a data-dependent acquisition, as
described previously (103). Trypsin-digested protein fractions were separated using a NanoAcquity
(Waters) LC-MS/MS equipped with a 25 cm x 75-μm inner diameter C18 column. MS analysis was
performed 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%.

5.3.5. Reconstitution of UCPs into liposomes. Reconstitution of UCPs into liposomes followed the
procedures in previously used protocol with some modifications (26, 103). Briefly, stock lipids in
chloroform were dried under vacuum (8-12 h) and resuspended in reconstitution buffers. The
multilamellar liposomes were solubilized in C8E4 detergent (mdetergent:mlipid = 2.5:1). In the ion transport
assays, the internal reconstitution buffer was supplemented with 3 mM fluorescent probe SPQ. Purified
proteins were added to the transparent lipid/detergent mixed micelles. The spontaneous formation of
liposomes/proteoliposomes was achieved following detergent removal by SM-2 Biobeads (Bio-Rad). In
the ion transport assays, the external probe SPQ was removed using a coarse Sephadex G25-300 (GE
Healthcare) spin column.

5.3.6. CD and fluorescence spectroscopic measurements. Far- and near- UV CD spectra were
measured in 0.1-cm and 0.5-cm pathlength quartz cells, respectively, on an Aviv 215 spectropolarimeter
(Aviv Biomedical, NJ) at 1-nm resolution. Proteins’ ellipticities are exhibited as mean residue ellipiticity,
and the reported spectra are an average of at least eight measurements. Secondary structure content of
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proteins was estimated using the deconvolution program CDSSTR, and the analysis was based on a set
of 48 reference proteins and performed on the Dichroweb web site (73, 74). Thermal denaturation of
neuronal UCPs in detergents was analyzed by monitoring the decrease in protein ellipiticity at 222 nm,
in the range of 15-90 oC.
Steady-state fluorescence measurements were performed using a Cary Eclipse spectrophotometer
(Varian, CA). Excitation and emission bandwidth slits for all measurements were 5 nm, and a scan
speed of 600 nm/min was used throughout the experiments (25 oC).

5.3.7. Ion transport measurements. Proton and chloride transport measurements were performed as
previously described (26, 103). Following reconstitution, liposomes/proteoliposomes were formed with
entrapped SPQ fluorescent probes. SPQ is quenched by anions. In each ion transport assay, 40 μl of
liposomes/proteoliposomes were incubated in 1.96 ml of external buffer. In the proton transport assays,
the internal medium consisted of TES buffer (20 mM), TEA2SO4 (54 mM), and EDTA (0.7 mM). The
external medium in this case contained K2SO4 (54 mM) instead of TEA2SO4. In the chloride transport
assays, the internal medium consisted of 110 mM sodium phosphate and 0.2 mM EDTA, while the
external buffer contained 10 mM sodium phosphate 200 mM KCl and 0.2 mM EDTA. All media were
kept constant at pH 7.2. The ion fluxes in both assays were initiated by the influx of K + from the
external media mediated by the K+-ionophore valinomycin. In the chloride transport assays, chloride
influx quenched the SPQ and caused a decrease in its fluorescence signal. In the proton transport assays,
fatty acids activated UCP-mediated proton efflux, resulting in deprotonation of TES buffer. TES anion
quenched SPQ’s fluorescence. All ion transport data were corrected by subtraction of the nonspecific
ion leak and calibrated for the SPQ fluorescence response and internal volume of proteoliposomes. The
final protein concentrations in proteoliposomes were quantified using a modified Lowry concentration
assay, as described previously (26).
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5.3.8. Sequence alignment and structural modeling of neuronal UCPs. Protein primary sequence
alignment of UCPs and ADP/ATP carrier (AAC) were performed using Clustal Omega (98). Protein
sequence alignment analysis was viewed through Jalview program (99). Protein helical contents were
estimated by Distill program (144). The 3-D structural model of UCP2 (PDB ID: 2LCK) was viewed
using Pymol (25, 78).

5.4. Results
5.4.1. Expression of neuronal UCPs in bacterial membranes and their folding in detergents
and liposomes. Targeting the overexpressed UCPs towards bacterial membranes was already achieved
by incorporating the periplasmic leader sequence PelB from the pET26b(+) vector (103). In addition,
auto-induction proved to be a relatively mild expression method to overcome the toxicity problem
typically caused by protein overproduction in bacterial cells. By incorporating the leader sequence PelB
and applying auto-induction method, all three neuronal UCPs (UCP2, UCP4, and UCP5) were
unambiguously detected in the bacterial membranes, as verified by Western blot analysis probed with
anti-histidine antibody (Fig. 5-1, inset). The identity of expressed neuronal UCPs was further confirmed
using mass spectrometric analysis (Table 5-1). NADH oxidase activity assay, described in a previous
study (103), verified the bacterial membrane identity of the collected fraction containing UCPs (results
not shown).
Neuronal UCPs were isolated from the bacterial membranes using the mild detergent OG, prior to
being reconstituted into liposomes. The folding of neuronal UCPs in OG micelles was examined by CD
spectroscopy, in which protein helical contents were estimated (Fig. 5-1A and Table 5-2). As shown in
the far-UV CD spectra, neuronal UCPs in 1% OG exhibited typical spectral footprints of the helical
conformation, with double negative maximum ellipticities at ~ 222 nm and ~ 208 nm, and a positive
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maximum ellipticity around 195 nm (Fig. 5-1A). Deconvolution of these CD spectra revealed 63%, 53%,
and 54% helical contents for UCP2, UCP4 and UCP5, respectively (Table 5-2). These helical contents
of neuronal UCPs were significantly higher than those of proteins obtained from inclusion bodies in the
previous study (chapter 2) (26). It is also important to note that the estimated helical contents of
neuronal UCPs extracted from the membranes are close to the protein helical contents calculated on the
basis of the primary amino acid sequences (Table 5-2). To further characterize the stability of neuronal
UCPs in OG, thermal denaturation experiments were performed in which the protein ellipticity at 222
nm was monitored in the 15 - 90 oC temperature range (Fig. 5-1B). All three proteins displayed
relatively stable conformations that underwent a two-state unfolding process, with melting points in the
range of 64 - 69 oC (Fig. 5-1B and Table 5-3).
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Figure 5-1. Expression of neuronal UCPs in bacterial membranes and folding of the proteins in
the detergent OG. (A) Averaged far-UV CD spectra of 3-5 μM neuronal UCPs in 1% OG solution.
Inset shows the Western blot analysis of neuronal UCPs in bacterial membranes of E. coli using mouse
IgG2b anti-histidine antibody, detected by chemiluminescence using a horseradish peroxidase-linked
secondary antibody. Molecular mass markers (kDa) are indicated to the left. (B) Comparative thermal
denaturation of neuronal UCPs in 1% OG. The normalized molar ellipticity was detected at 222 nm and
Tm for each UCP was calculated using Hill equation to fit the data.
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Table 5-1. Molecular association of neuronal UCPs in liposomes detected by mass spectrometry a

Protein
UCP2
UCP4
UCP5

Species
Monomer
Dimer
Tetramer
Monomer
Dimer
Tetramer
Monomer
Dimer
Tetramer

Protein ID

# Unique peptides

Sequence Coverage (%)

Score (%)

2
2
1
10
14
12
7
13
13

7
7
1
41
49
46
28
42
61

89.3
84.1
61.7
99.2
99.2
99.2
99.1
99.2
99.2

P55851 (UCP2)
O95847 (UCP4)
O95258 (UCP5)

a

Protein bands were excised from SDS-PAGE, trypsin-digested, and analyzed by LC-MS/MS. Denovo sequencing
of fractionated proteins was performed with Peak Studio 6.0 Software using the Uniprot Swiss database for Homo
sapiens (See Experimental Procedures).

Table 5-2. Estimated secondary structure composition of neuronal UCPs in detergents a, in lipid
vesiclesa, and from primary amino acid sequence predictionb
Protein
UCP2
UCP4
UCP5

Protein Environment
OG micelles
POPC vesicles
Distill prediction
OG micelles
POPC vesicles
Distill prediction
OG micelles
POPC vesicles
Distill prediction

α- helix

β-strand

Turn

Random

63
85
69
53
80
70
54
85
75

5
3
---7
6
---9
4
----

12
2
---16
4
---17
3
----

19
8
---24
11
---20
7
----

NRMSD
0.014
0.002
---0.015
0.009
---0.009
0.009
----

a

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.
b
Helical contents of neuronal UCPs were predicted using the Distill prediction program, as described in the
Experimental Procedures.
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5.4.2. Self-association of neuronal UCPs in liposomes. Following protein isolation in detergent
micelles, neuronal UCPs were reconstituted in liposomes for further characterization. CD spectra of
UCPs in liposomes displayed the characteristics of α-helices, with the π  π* exciton split bands at ~
190 and 208 nm and the n  π* transition at ~ 222 nm (Figs. 5-2A-C). Compared to their conformation
in detergents, the conformation of neuronal UCPs in liposomes displayed a marked enhancement in
helical content. The CD spectra θ208/ θ222 ratios of neuronal UCPs, in both OG detergent and POPC, are
less than 1; 0.60, 0.63 and 0.61 for UCP2, UCP4 and UCP5, respectively. Such ellipticity ratios have
been observed in the spectra of coiled coil and helical bundle motifs in proteins (103–106, 145). Our
complementary electrophoresis and mass spectrometry results confirm the existence of a predominant
population of UCP tetramers in liposomes at the molecular weight of ~ 140-150 kDa (Figs. 5-2G-I and
Table 5-1). This self-association of neuronal UCPs in vitro is observed for the first time. A similar
phenomenon was previously reported in our study of UCP1 (103).

5.4.3. SDS titration of associated neuronal UCPs. To characterize the dissociation pathway of
oligomeric neuronal UCPs, the proteoliposomes were titrated with SDS. It was expected that with
increase in SDS concentration a gradual dissociation of the oligomeric protein would occur until its full
dissociation at high SDS concentrations (103). During SDS titrations, protein overall and local
conformations were monitored by CD and fluorescence spectroscopies, respectively. Figures 5-2A, B,
and C show the far-UV CD spectra of the titration of reconstituted neuronal UCP tetramers with SDS.
The θ208/ θ222 ratios in the spectra of each protein were plotted against SDS concentrations to monitor the
gradual transformation of the proteins from their associated to monomeric forms (Figs. 5-2D-F). At the
lower SDS concentrations (0 – 2 mM), the far-UV CD spectra of reconstituted UCPs displayed
characteristics of associated conformations, as shown by the negative maximum at 222 nm and the
negative shoulder at 208 – 210 nm (θ208/ θ222 < 1) (Figs. 5-2A-C). As the SDS concentration increased
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beyond this range, the shape of the CD spectra of UCPs exhibited a drastic change. The negative
ellipticities at 210 nm and 222 nm were both enhanced, and the negative shoulder at 210 blue-shifted
towards 208 nm and gradually became a visible local minimum (Figs. 5-2A-C). Concurrent with this
transformation, the θ208/ θ222 ratios approached the value of 1 (Figs. 5-2D-F). These results suggest a
transition of reconstituted UCPs towards a less constrained oligomeric conformation with weaker
intermolecular interactions and more independent monomers. Addition of SDS above 2 mM (2 - 83
mM) did not affect the θ208 ellipticity, whereas the θ222 negative ellipticity further decreased (Figs. 52A-C). Above 50 mM SDS, the θ208/ θ222 ratios increased to more than 1 and remained unchanged,
suggesting a stable conformation of a predominantly monomeric form of the proteins (Figs. 5-2D-F). As
discussed in the previous study, high concentration of SDS could also induce protein denaturation (103).
Plotting the θ208/ θ222 ratio as a function of [SDS] (mM) revealed a two-state dissociation path for
neuronal UCPs in POPC, with the dissociation constant K1/2 representing the SDS concentration at
which 50% of the protein population was dissociated (Figs. 5-2D-F). The K1/2 values of UCP2, UCP4,
and UCP5 lie around 1 mM SDS (Table 5-3). Complementary semi-native PAGE analysis of UCPs
support the CD results, showing that addition of SDS resulted in simultaneous loss of the tetramers from
the liposomes and concurrent enrichment of dimers and monomers (Figs. 5-2G-I). At the end point of
the SDS titration curves (83 mM SDS), UCP tetramers were replaced by predominantly monomeric
forms of the proteins. These species were a mix of UCP dimers and monomers, confirmed by seminative PAGE, Western Blot and mass spectrometry (Figs. 5-2G-I and Table 5-1).
Dissociation/unfolding of UCPs was also examined through the changes in the protein
fluorescence spectra (Figs. 5-3A-C). The Trp fluorescence of all neuronal UCPs (λex = 295 nm) spectra
exhibited an increase in intensity, together with a gradual red shift in the maximum emission (λmax) in
the presence of SDS (Figs. 5-3A-C). Plotting the fluorescence intensity vs. [SDS] revealed a three-state
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transition curve of neuronal UCPs (Figs. 5-3D-F). Signs of this three-state dissociation were also
apparent in the ellipticity ratio vs. [SDS] plots of UCPs 4 and 5 (but not UCP2) in Figs. 5-2E and 5-2F;
however this three-state transition was not well-resolved. The first transition for all neuronal UCPs
occurred at at SDS concentration of ~0.6 mM, which aligned with the conformational dissociation point
(~ 1 mM) observed in their CD spectra (Figs. 5-2D-E). The second transition occurred at higher SDS
concentrations (~7-10 mM), which could be interpreted as further dissociation of UCP dimers to
monomers and/or partial unfolding of monomers (Figs. 5-3D-F and Table 5-3). Examination of the λmax
of Trp vs. [SDS] revealed that Trp residues experienced a red shift towards higher wavelengths (335 –
339 nm) at SDS concentrations between ~5-8 mM, signifying the exposure of Trp residues to more polar
environments (Figs. 5-3G-I). Interestingly, this shift in λmax of Trp residues is close in values with the
second transition point observed for UCP fluorescence intensities (Figs. 5-3D-F and Table 5-3).
In summary, the results from CD spectroscopy, fluorescence spectroscopy, semi-native PAGE,
and mass spectrometry suggested that neuronal UCPs were able to self-associate in lipid bilayers into
tetramers under our experimental conditions. The results also suggested two distinct transitions of
neuronal UCP tetramers during SDS unfolding experiments. The first transition occurred at low SDS
concentrations (~1 mM), where UCP tetramers dissociated into their corresponding dimeric units.
Conformational analysis of neuronal UCPs revealed a transition from highly associated to lessconstrained helices (Fig. 2). At this SDS concentration range, Trp residues remained in relatively less
polar environments, as shown by the λmax values of ~ 331-333 nm (Fig. 5-3). The second transition
occurred at a higher SDS concentration (~10 mM), where neuronal UCP dimers were further dissociated
into a mixture of loose dimers and monomers. During this transition, neuronal UCPs exhibited small
overall conformational changes and their Trp residues were exposed to more polar environments (λmax ~
338-339 nm).
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Figure 5-2. Titration of neuronal UCPs in POPC liposomes with SDS, monitored by CD
spectroscopy and semi-native PAGE. (A), (B), and (C) showed the far-UV CD spectra of reconstituted
UCP2, UCP4, and UCP5, respectively in POPC liposomes titrated with SDS (0 – 83 mM).
Corresponding plot of θ208/θ222 vs. [SDS] reveals a cooperative dissociation of UCP2 (D), UCP4 (E), and
UCP5 (F) tetramers in the presence of SDS. The θ208/θ222 ratio was normalized and K1/2 ([SDS] at 50%
protein dissociation) was calculated using the Hill fitting. The K1/2 values of UCP2, UCP4, and UCP5
are 1.2 mM SDS, 0.96 mM SDS, and 1.05 mM SDS, respectively. The corresponding semi-native SDSPAGEs (12%) showed reconstituted UCP2 (G), UCP4 (H), and UCP5 (I) in POPC liposomes during
SDS titration experiment, stained with Coomassie Brilliant Blue. UCP tetramers (T) were the
predominant species detected in POPC liposomes when treated with loading buffer lacking SDS. As the
SDS concentration increased beyond the CMC, transition towards predominantly UCP dimers (D) was
observed. At 83 mM SDS (~40x CMC of SDS), UCP tetramers were completely absent, UCP dimers
became prominent, and a small concentration of monomers (M) was present.
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Figure 5-3. Dissociation of neuronal UCPs in POPC liposomes by SDS, monitored by Trp
fluorescence. The Trp fluorescence spectra of UCP2 (A), UCP4 (B), and UCP5 (C) (excited at 295 nm)
were monitored as SDS was added to the proteoliposomes ([SDS] = 0 – 83.9 mM). The corresponding
plots of maximum Trp intensity revealed a three-state dissociation process for neuronal UCP tetramers
in lipid vesicles, as shown for UCP2 (D), UCP4 (E), and UCP5 (F). In the low [SDS] region (0–10 mM),
UCP tetramers are suggested to transitioned toward a tight dimeric units. In the high [SDS] region (10–
100 mM), UCP tight dimers could be further dissociated into their loose dimeric and monomeric forms.
The K1/2 for the first (Ka1/2) and second (Kb1/2) transitions of all neuronal UCPs were obtained and
summarized in Table 5-3. In addition, corresponding plots of the maximum emission wavelength (λmax)
vs. [SDS] for UCP2 (G), UCP4 (H), and UCP5 (I) revealed no significant change in the maximum Trp
emission wavelength up to ~10 mM SDS, above which the fluorophores became more exposed to the
polar environments and exhibited a red shift in its maximum emission wavelength.
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Table 5-3. Stability of neuronal UCPs in OG detergent and liposomes

Protein
UCP2
UCP4
UCP5

OG Detergent
Tm a
69.3 ± 1.1 oC
64.5 ± 1.9 oC
67.7 ± 2.6 oC

Dissociation constants – SDS titration of reconstituted UCPsb
CD K1/2
Fl Ka1/2
Fl Kb1/2
1.1 ± 0.1 mM SDS
0.61 ± 0.1 mM SDS
7.1 ± 0.3 mM SDS
1.0 ± 0.1 mM SDS
0.60 ± 0.1 mM SDS
9.8 ± 0.3 mM SDS
1.0 ± 0.1 mM SDS
0.60± 0.1 mM SDS
8.9 ± 0.2 mM SDS

λmax m
5 – 7 mM SDS
7 – 8 mM SDS
7 – 8 mM SDS

a

Tm (melting temperature) of UCPs in detergents OG was calculated using the Hill equation to fit the data of the thermal denaturation
curve depicted in Fig. 5-1B.
b
Dissociation constants were calculated using the Hill equation to fit the data of SDS dissociation experiments for reconstituted UCPs
in liposomes. The CD K1/2 values were obtained from fitting the θ208/θ222 vs. [SDS] curve, which represented the SDS concentrations
at 50% of protein dissociation (Figs. 5-2A-F). The Fl Ka1/2 values were obtained from fitting the maximum Trp fluorescence intensity
of UCPs vs. [SDS] at a low SDS concentration range (0-10 mM) (Figs. 5-3A-F). The Fl Kb1/2 values were obtained from fitting the
maximum Trp fluorescence intensity of UCPs vs. [SDS] at a high SDS concentration range (10-100 mM) (Figs. 5-3A-F). The λmax m
indicated the range of SDS concentrations where Trp’s λmax started to red-shift (Figs. 5-3G-I).
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5.4.3. Effects of FAs on the proton and chloride transports mediated by neuronal UCPs. In an
effort to characterize the FA-activation mechanism of UCP-mediated proton transport pathway, we
assessed the effects of various FAs on the UCP-mediated ion transport rates (Figs. 5-4 and 5-5). In
addition, CD spectroscopy was used to examine the FA-UCP interactions (Figs. 5-6 and 5-7). In this
study, seven different FAs were used, varying in hydrophobicity, structure and length [lauric acid (LA),
palmitic acid (PA), oleic acid (OA), linoleic acid (LLA), linolenic acid (LNA), arachidonic acid (AA),
and docohexaneoic acid (DHA)].
Our results from CD spectroscopy and proton transport experiments showed that all FAs interacted
with UCPs and differentially activated their proton transport activity (Figs. 5-4, 5-6, and 5-7). The UCPmediated proton transport rates varied between 1 – 6 μmol. min-1. mg protein-1 [or 0.5 – 3 protons per
second for each UCP protein], depending on the specific UCP and FA (Fig. 5-4). UCP4 exhibited the
lowest proton transport rates among neuronal UCPs (except in the case of OA) (Fig. 5-4). Under the
same FA activator, UCP4-mediated proton transport rates were ~ 2-3 folds lower than those of UCP2
and UCP5. However, in the presence of OA, UCP4 exhibited a marked increase in its proton transport
rate to ~ 4 μmol. min-1. mg protein-1, similar to that of UCP2 (Fig. 5-4). In fact, OA was the strongest
activator for UCP4 and UCP5 (Fig. 5-4). On the other hand, AA was the most potent proton transport
activator for UCP2 (Fig. 5-4). Using planar lipid bilayer systems, Beck et al also showed that AA is the
strongest FA activator for the proton transport of UCP2 (119). A comparative proton transport rate in all
neuronal UCPs shows that with the exception of DHA, saturated FAs (LA and PA) were generally
weaker proton transport activators for neuronal UCPs than unsaturated FAs (Fig. 5-4). Far- and near-UV
CD spectroscopic results also showed that LA interacted the least with UCPs, resulting in insignificant
change in both overall and local conformations of the proteins (Figs. 5-6 and 5-7). In general, FA-UCP
interaction induced less densely packed protein conformation, with enhanced negative ellipticities at the
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208 and 222 nm wavelengths in the proteins’ far-UV CD spectra (Fig. 5-6). Near-UV CD spectra of
neuronal UCPs also showed an enhanced overall signal intensity of UCPs in the presence of FAs (except
for LA) (Fig. 5-7).
In addition to proton transport, chloride transport was also detected in reconstituted neuronal
UCPs (Fig. 5-5). Among neuronal UCPs, UCP2 transported chlorides at a higher rate (~ 1 μmol. min-1.
mg protein-1) compared to UCP4 and UCP5 (~ 0.5 μmol. min-1. mg protein-1) (Fig. 5-5). To further
examine the ion transport mechanism of UCPs, we also examined the effects of FAs (PA and AA) on
the chloride transport activity of neuronal UCPs in proteoliposomes. At the concentration of 50 μM,
both PA and AA induced reduction in the chloride transport by all neuronal UCPs (Fig. 5-5). AA, a
more potent UCP-proton transport activator, displayed a slightly stronger inhibitory effect on the
chloride transport of all UCPs (Figs. 5-4 and 5-5). Consequently, our experimental results suggest that
FAs interact with UCPs and differentially modulate their proton (activated) and chloride
(inhibited/reduced) transport activities.
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Figure 5-4. Effect of FAs on the proton transport activity of associated neuronal UCPs in
liposomes. (A) Average corrected proton transport rate mediated by neuronal UCPs in L-α-lecithin
vesicles. FAs were used at the concentration of 50 μM to activate the proton transport by UCPs. The
reported rates are the means of 5-10 independent measurements ± the standard errors of the means. The
phospholipid concentration was ~ 20 mg/ml; the final protein content in the liposomes was 2- 5 μg/mg
of lipid. The final proton transport rates were corrected for the total protein content in the liposomes. (B)
Structure of FAs tested in this study.
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Figure 5-5. Effect of FAs on the chloride transport activity of associated neuronal UCPs in
liposomes. (A) Chloride influx mediated by UCP2 in the absence (+val) and presence of PA (PA) or AA
(AA). The non-UCP2 specific flux was shown for comparison (-val). (B) Average corrected chloride
transport rate mediated by neuronal UCPs in L-α-lecithin vesicles. FAs were used at the concentration of
50 μM to examine their effect on the chloride transport by UCPs. The reported rates are the means of 510 independent measurements ± the standard errors of the means. The phospholipid concentration was ~
20 mg/ml; the final protein content in the liposomes was 2- 5 μg/mg of lipid. The final chloride transport
rates were corrected for the total protein content in the liposomes. A one-way ANOVA statistical test
was performed to determine the statistical significance of data, and p values were obtained. p < 0.05
when comparing the chloride transport mediated by neuronal UCPs in the absence and presence of FAs
(*).
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Figure 5-6. Far-UV CD spectra of reconstituted neuronal UCPs in the presence of different FAs.
Far-UV CD spectra of 1-2 μM neuronal UCPs (UCP2, UCP4, and UCP5) reconstituted in L-α-PC
vesicles, in the absence and presence of 50 μM FAs at 25 oC. The concentration of lipid was ~ 1 mM.
Refer to Experimental Procedures for detailed experimental setup.
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Figure 5-7. Near-UV CD spectra of reconstituted neuronal UCPs in the presence of different FAs.
Near-UV CD spectra of 1-2 μM neuronal UCPs (UCP2, UCP4, and UCP5) reconstituted in L-α-PC
vesicles, in the absence and presence of 50 μM FAs at 25 oC. The concentration of lipid was ~ 1 mM.
Refer to Experimental Procedures for detailed experimental setup.
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5.5. Discussion
5.5.1. Novel recombinant expression method for studying the structure and function of
neuronal UCPs. Molecular studies of UCPs have been challenging due to insufficient protein yield
and purity, as well as inappropriate folding of the reconstituted protein (146). While allowing
economical production of pure proteins in high quantity, a bacterial expression system poses challenges
for heterologous protein expression (26, 30, 39, 59, 146). Previous expression of human neuronal UCPs
in E. coli resulted in production of protein inclusion bodies (26, 39). Once extracted from inclusion
bodies and reconstituted in model membranes, the proteins could be only partially folded in their
functional forms (26, 39). To improve the folding quality of UCPs, we utilized the periplasmic PelB
leader sequence to target the expressed UCP1 to bacterial membranes (103). This novel expression
system proved to be also successful for neuronal UCPs. The expressed neuronal UCPs were folded with
a higher helical content and were stable in both detergents and liposomes. In addition, the reconstituted
UCPs displayed putative UCP ion transport functions (Figs. 5-1, 5-4, 5-5 and Table 5-2). It is important
to note that UCP5, when folded from inclusion bodies in previous study, exhibited chloride transport in
L-α-PC liposomes only with the supplement of CL in the lipid composition (26). In this study,
reconstituted UCP5 transported chloride in L-α-PC liposomes without any CL supplement (Fig. 5-5).
Therefore, UCP5 may require the presence of CL to transport chloride. Given that E. coli membranes
contains ~ 5% CL, UCP5 expressed in the membranes could associate with CL and UCP5-CL complex
maybe carried into liposomes altogether during reconstitution (112). It is also possible that UCP5
extracted from membranes might possess a different conformation that permitted chloride transport
function. Consequently, the fusion of periplasmic targeting PelB leader sequence, together with the use
of mild auto-induction expression method, allows for preparation of neuronal UCPs with high yield and
purity that are suitable for structural and functional studies.
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5.5.2. Understanding the self-association of neuronal UCPs in lipid membranes. Protein selfassociation in MCF proteins have been reported in several studies (103, 137, 147, 148). As with our
previous study on UCP1 (22), the predominant molecular form of neuronal UCPs in liposomes is
tetrameric, which is capable of transporting both protons and chlorides across the lipid bilayers (Figs. 54, 5-5, and Table 5-1). The results of SDS titration of the tetrameric forms of neuronal UCPs and their
electrophoretic and mass spectrometric analyses further confirm our previously proposed molecular
model for UCP1 (Fig. 5-8) (103). In this molecular model, neuronal UCP tetramers are composed of a
pair of dimers that are loosely bound together and can be easily dissociated with a small amount of SDS
(0.6 – 1 mM) (Figs. 5-2, 5-3, and 5-8). In each dimeric unit, monomers interact strongly with one
another (tight binding). Such strong interaction could not be completely broken even at a high
concentration of SDS (~ 83 mM) (Figs. 5-2, 5-3, and 5-8). Previous studies also reported the presence of
UCP dimers in lipid membranes (137, 149). Therefore, the dimeric unit of UCPs tested (UCP1, UCP2,
UCP4, and UCP5) can be physiologically significant. The dimerization of other mitochondrial carriers
has been proposed to be necessary for the carriers to mediate metabolite transport (150–152). As
discussed in the earlier studies, UCPs might also function as substrate carrier beside their uncoupling
ability. While UCPs can transport protons (FA activated) in both monomeric and tetrameric forms, they
might transport substrates in dimeric forms. Amino acid sequence analysis revealed in all UCPs the
existence of three conserved GxxxG motifs commonly found in TM helix-helix association that can
provide theoretical support for UCP self-association (Table 5-4) (113). In addition to protein-protein
interaction, UCP oligomerization can also occur through protein-lipid-protein interaction. In our
previous study, the mitochondrial lipid CL was shown to play an important role in mediating UCP1
oligomerization and enhancing its proton transport activity (103). Therefore, given its abundance in the
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brain mitochondrial membranes, CL could play an important role in the molecular association and ion
transport activity of neuronal UCPs.
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Figure 5-8. Dissociation model of neuronal UCP tetramers. Neuronal UCP tetramers are composed
of two loosely associated homo-dimers. The tetramers can be dissociated into homo-dimers at low SDS
concentrations ([SDS] ~ CMC). UCP tetramers were dissociated at ~ 1 mM SDS to form dimers. UCP
monomers interact and tightly associate with each other through direct protein-protein interactions
and/or protein interactions mediated by lipids, to form a tight dimer. These tight dimers 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.
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5.5.3. Comparative conformations and ion transports of neuronal UCP homologues. Results of
this biophysical study confirm that all neuronal UCPs share common structural and functional features.
On the other hand, each protein exhibits unique ion transport properties. The functional variability of
neuronal UCPs can lead to understanding the specific physiological roles of these proteins.
All three neuronal UCPs displayed helical associated conformations that transported protons (FA
activated) and chloride (FA inhibited) across the lipid membranes (Figs. 5-1 to 5-5). As members of the
MCF, neuronal UCPs share a conserved motif Px[D/E]xx[K/R]x[R/K]-20-30 aa-[D/E]Gxxxx[W/Y/F][K/R]G spanning from the odd-numbered TMs (1, 3, and 5) to the even-numbered TMs (2, 4, and 6) (15,
16, 91). This signature motif may play an important role in comprising the overall funnel-like structure
of UCPs and other MCF proteins. In addition, neuronal UCPs share UCP-specific conserved amino
acids (Table 5-4). For proton transport, UCP2, UCP4 and UCP5 conserve the negatively charged
residues D28 (UCP2), E34 (UCP4) and E55 (UCP5) located in TM1 that are believed to be involved in
proton binding of UCPs (Table 5-4) (29). In addition, all UCPs conserved three Arg residues that are
essential in purine nucleotide binding (Table 5-4). Finally, proposed charged amino acid residues at the
protein-matrix interface that participate in Cl- binding are also conserved in all neuronal UCPs and AAC
(Table 5-4) (108). Consequently, it is plausible that the conserved amino acid sequences and motifs in
UCPs can translate to their similarity in self-association and ion transport function.
Despite their general structures and functions, neuronal UCPs displayed distinct proton and
chloride transport activities in the presence of various FA activators. Among the examined FAs, AA was
the most potent proton transport activator for UCP2, whereas OA was the most potent proton transport
activator for UCP4 and UCP5 (Fig. 5-4). In addition, UCP2 transported chloride about 2 folds faster
than UCP4 and UCP5 (Fig. 5-5). These experimental results implicate differences in proton and chloride
transport functions of UCP2 vs. UCP4 and UCP5. These differences are also reflected in their sequence
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homology and tissue expression profile. Phylogenetic analysis displays a higher degree of similarity
between UCP4 and UCP5, as compared to UCPs1-3 (153). While UCP2 is expressed together with
UCP4 and UCP5 in the CNS, it is also expressed in liver, pancreas, and muscle, as well as other human
tissues (Table 5-5) (24, 95, 154). On this basis, the FA activation of UCPs’ proton transport could be
linked to the tissue in which each protein is expressed and the availability of FAs in those tissues. A
common hypothesis for the possible physiological roles of UCPs is their involvement in reducing
oxidative stress in the cells (15, 24, 94). Oxidative stress can induce lipolysis (via mitochondrial
phospholipase A2) in the mitochondrial membranes to release free FAs (and their oxidated derivatives)
that interact specifically and differentially with each of the neuronal UCPs and activate their proton
transport pathway (Fig. 5-9) (155, 156). Analysis of the brain mitochondrial lipid cardiolipin reveals a
high content of OA, AA and DHA in the lipid composition (157). On the other hand, liver, heart and
muscle CLs contain a mixture of LLA, OA, AA and DHA (157). Collectively, UCP4 and UCP5 in the
brain tissues are more specific in binding FA than UCP2. UCP4 and UCP5 displayed similar chloride
transport rates; however, UCP5 transported protons ~ 2 folds faster than UCP4. Therefore, it is possible
that UCP4 might require other activators such as ROS (other than or in addition to FAs) for its fully
effective proton transport function. While UCP4-mediated proton transport was only activated strongly
in the presence of OA, the proton transport of UCP5 could be strongly activated with various types of
FAs such as OA, AA and DHA (Fig. 5-4). Therefore, while all neuronal UCPs share characteristic
structural and ion transport features, each protein could possess specific FA-binding regions that are
physiologically relevant to their expression profiles (Fig. 5-9).
While specific site of FA-UCP interaction has not been identified, the results from this study shed
some lights on understanding the differences in FA-binding regions of neuronal UCPs. Since FAs with
longer hydrophobic tail (C16 and above) activated the proton transport of neuronal UCPs more strongly
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than shorter FAs (C12 and below), the FA-binding hydrophobic regions of UCPs might be of certain
dimension that can accommodate long chain FA better in the proton transport pathway. As proposed by
Fedorenko et al, stable hydrophobic binding between FAs and UCPs is required for proton transport
function of the proteins (28). Therefore, long chain FAs stay associated with UCPs due to the
hydrophobic interactions, they can act as a shuttle to translocate proton from the IMM to the
mitochondrial matrix. In contrast, hydrophobic interaction is much weaker between short chain FA and
UCPs that leads to FA anions being dissociated from UCPs without any accommodation of protons. The
shape of FAs might also play an important role in their specific interaction with UCPs. With one double
bond, 18C-long OA has a high conformational flexibility (Fig. 5-4). On the other hand, AA displays a
much lower conformational flexibility and bulky shape due to the 4 conjugated double bonds on the FA
(Fig. 5-4). Therefore, the FA-binding hydrophobic region of UCP2 could be wider than that of UCP4
and UCP5 and consequently prefers bulky long chain FAs such as AA.

164

Table 5-4. Conserved amino acid sequences and motifs in neuronal UCPs a
UCP2
Conserved/
Semiconserved
Sequences
and Motifs

UCP4

UCP5

Px[D/E]xx[K/R]x[R/K]-20-30 aa-[D/E]Gxxxx[W/Y/F]-[K/R]G
D28
D35, K38, R88,
D138, K141, K239,
and D236
R88, R185, R279

GxxxG
E34
D41, K44, R97, D149,
K152, K253, and
D250
R97, R199, R299

E55
D60, K66, R113,
D163, K166, K260,
and D257
R113, R206, R305

Significance
Overall topology and funnel-shaped
structure of UCPs and other MCF proteins
Inter-helical association
Proton transport
Chloride binding domain and transport
Purine nucleotide binding

a

Conserved/semi-conserved amino acid sequences were extracted from the multiple sequence alignment of neuronal UCPs with other UCPs and
AACs. The amino acid sequence alignment of AACs and human UCP homologues were done using the Clustal Omega (98) program and viewed
with Jalview (99).

Table 5-5. Distinctive structural and functional properties of neuronal UCPs

Expression profile

UCP2
Expression in various tissues and
organs (brain, muscle, liver, heart,
kidney, pancreas)

UCP4
Primarily expressed in the brain and
the CNS (neurons, astrocytes,
Purkinje cells)

UCP5
Primarily expressed in the brain and to a
lesser extent in other tissues (testis, uterus,
kidney, lung, stomach, liver, & heart)

59%

34%

30%

Sequence identity to
UCP1
Proton transport
activity
Chloride transport
activitya

~ 2 – 8 μmol. min-1. mg protein-1
(activated the strongest by AA)

Interaction with CLa

CL induced higher UCP2mediated proton transport rates

a

~ 1 μmol. min-1. mg protein-1

~ 1 – 4 μmol. min-1. mg protein-1
(activated the strongest by OA)

~ 2 – 6 μmol. min-1. mg protein-1
(activated strongly by OA, AA, & DHA)

~ 0.5 μmol. min-1. mg protein-1

~ 0.5 μmol. min-1. mg protein-1

CL had no effect on UCP4-mediated
proton & chloride transport rates

CL induced higher UCP5-mediated proton
and chloride transport rates

Results from Chapter 2
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Figure 5-9. Proposed model of stress-induced proton transport mechanism of neuronal UCPs.
Under oxidative stress, lipolysis can be activated through enzymes such as mitochondrial phospholipase
A2. The lipolysis of mitochondrial phospholipid releases free FAs and their oxidated derivatives (e.g.,
FAOOH), which can directly interact with UCPs and activate the proton transport. Each neuronal UCP
might possess a specific FA-binding site. The FA-binding sites of neuronal UCPs could have an optimal
binding affinity for FAs that are available in specific expression tissues. The proton transport mediated
by neuronal UCPs can help reduce the membrane potential across the IMM and consequently lower
ROS production.
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5.5.4. Ion transport mechanism of UCPs. At the moment, two questions remain unanswered for the
proton transport mechanism of UCPs and for their physiological functions in the mitochondria. In a
quest for answering the first question, our experimental results suggest that the specific hydrophobic
interaction between FAs and UCPs play an important role in the proton flux mediated by the proteins.
As detected through far- and near-UV CD spectra, all FAs interacted with UCPs and induced
conformational changes of the proteins. In addition, longer chain FAs (>= C16) induced drastic
conformational changes and higher proton transport rates in neuronal UCPs (Figs. 5-6 and 5-7). Similar
results were obtained in a UCP1 patch-clamp study of BAT mitochondria (28). In addition to proton
transport activity, all neuronal UCPs transported chloride at much lower rates. Interestingly, the chloride
transport by all neuronal UCPs was inhibited/retarded by FAs such as PA and AA. Therefore, FAs could
have dual roles in modulating the function of UCPs, as an activator in proton transport and as an
inhibitor in chloride transport. It is also possible that both transport pathways might share a few key
amino acids. Identifying these amino acid residues could be important in elucidating the proton transport
mechanism.
Although abundant plausible evidence has been provided for the FA activated proton-transport
function of neuronal UCPs, other functions for these proteins may emerge in future. In a recent study,
UCP2 was observed to transport C4 metabolite out of the mitochondrial inner membrane in exchange
for phosphate and proton, regulating glucose and glutamine oxidation in the cells (114). Therefore, it is
possible that UCP2 can possess different modes of ion transport and function under different
physiological conditions. Given their common structure and ion transport function, neuronal UCPs
dominant protective physiological role during oxidative stress can be FA-mediated proton transport to
effectively deactivate the electron transport machinery in mitochondria and reduce the ROS production.
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CHAPTER 6 - DISCUSSION & CONCLUSION

More than 50 years after the discovery of UCP1, research on UCPs has gained a strong
momentum by a number of new findings and discoveries (18). However, despite considerable
progress in the field, UCP structures and the mechanisms of their ion transport function remain
poorly understood. As is the case with many other membrane proteins, challenges in
understanding the structure-function relationships in UCPs may not be unusual (146, 158).
Brain-specific UCP4 and UCP5 have been only recently discovered and information about their
structure and physiological function is even more scarce than other UCPs (15, 24). With the goal
of demystifying the biological function(s) of UCPs and characterizing their molecular
physiology through a biophysical approach, this study reports new findings on the structure and
ion transport activities of UCPs, especially UCPs 4 and 5. Experimental results underscore the
common structural and functional properties of all five mammalian UCPs. On the other hand,
this thesis also displays subtle differences in the biophysical properties of UCP homologues,
which can lead to their specificity in substrate binding and ion transport activity. The
experimental results from different parts of this research project highlight key information on the
ion transport mechanism of UCPs, including the hydrophobic binding of FAs to UCPs and
unique amino acid residues that are involved in transport pathways. Finally, an important finding
of this study is the unambiguous experimental evidence for oligomerization of UCPs in lipid
membranes. Self-association of UCPs can be significant in understanding the molecular state of
the protein and its functional implications in the mitochondrial membranes.
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Neuronal UCPs, UCP4 and UCP5, are uncoupling proteins with specific
biophysical and ion transport properties
Despite being classified under UCP family, UCPs 4 and 5 have not been recognized by some
researchers as uncoupling proteins due to their relatively low sequence identity to UCPs 1-3.
Within the frame of this thesis, UCP4 and UCP5 displayed common structural and functional
features with other UCPs reconstituted in lipid membranes. General structural features of UCPs
are common among mitochondrial carrier proteins due to their comparable topology and
conservation of certain amino acid residues in their primary structures. Nevertheless, each UCP
exhibited variations in its ion transport and FA binding properties, which could be relevant to
their specific physiological roles.
With ~ 20% sequence identity, UCPs and other MCF proteins share several key amino acid
residues and motifs that are hypothesized to be crucial in forming their general funnel-shaped
channel-like structures spanning mitochondrial membranes (70, 159). This hypothesis seems
more plausible when comparing the strikingly similar structures of UCP2 and AAC, the only two
high-resolution structures available for MCF proteins (5, 25). In addition, UCPs also share
certain UCP-specific amino acid sequences (Table 5-4). These conserved/semi-conserved
sequences include the salt-bridge networks at the IMS-protein and mitochondrial matrix-protein
interfaces, the GxxxG motifs involved in inter-helical association, the conserved amino acid
residues in proton and chloride transport, and the conserved Arg residues in purine nucleotide
binding sites (Table 5-4). The detailed experimental evidence, provided in Chapters 2 and 5,
shows that UCPs share common structural and functional features. UCP1, UCP2, UCP4 and
UCP5 possess highly helical conformations in lipid bilayers, and exhibit proton and chloride
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transport activities (Chapters 2 and 5). The results reported in this thesis are particularly
significant in confirming that the more recently discovered UCPs 4 and 5 belong to the UCP
family, despite their relatively low sequence identity to the archetypal UCP1.
So far, a few functions have been suggested for neuronal UCPs, which include their
involvement in thermogenesis, control of ROS production, and FA transport. Given their
functional similarity with the prototypic protein UCP1, it is plausible that neuronal UCPs are
involved in proton-transport induced heat generation activity in neurons (18, 24, 160). Control of
local temperature in the CNS could be essential for effective communication between neurons
(160). Potential neuroprotective roles of neuronal UCPs have been the focus of many recent
studies (24, 35, 37, 38, 62, 67, 161). Strong experimental evidence has suggested that neuronal
UCPs can reduce ROS production (24, 35, 37, 38, 62, 67, 161, 162). However, questions
regarding the UCP activation mechanism remain unanswered at the moment. It has been shown
that long chain FAs and their oxidized derivatives activate the proton transport by UCPs to
reduce the membrane potential across the IMM, which in turn leads to reduction of the ROS
levels in the mitochondria (28, 119, 142, 163, 164). The protective role of UCPs in neurons
could also be achieved indirectly. In a recent study, a carrier function has been proposed for
UCP2 in transporting C4 metabolites out of the mitochondria in exchange for phosphate and
proton ions, regulating glucose and glutamine oxidation. This suggested that transport pathway
leading to regulation of metabolite oxidation can reduce redox pressure on the respiratory chains
and indirectly contribute to lowering the ROS production (114). In general, previous research
provides ample support for the role of UCPs in reducing ROS production, either through direct
activation by ROS signaling chemistry or through indirect pathways. It is therefore plausible that
neuronal UCPs can possess different modes of ion transport activities under different
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physiological conditions. As the essential organelle for energy production in the cells,
mitochondria experience unavoidable oxidative stress and thus the protective function against
ROS production plays a key role in its survival. Interestingly, FA-activated proton transport was
also shown for AAC (118). Given the similarity in amino acid sequence, as well as protein
topology and structure, other MCF proteins may also participate in the protective uncoupling
function under different physiological stress conditions. Future studies are required to further
examine this hypothesis.
The differences in primary structures and tissue expression profiles suggest that, in addition
to their shared function(s), each UCP might also have specific functions. Comparative studies on
UCPs suggested that identifying small variations in their structure and function could be
insightful for understanding their specific functional roles (Chapters 2 and 5). The main focus of
this study is on neuronal UCPs, which include UCP2, UCP4, and UCP5. Some of the key
findings about neuronal UCPs are in their interaction with FAs, their proton and chloride
transport activities, and their interaction with mitochondria-specific lipid CL (Table 5-5). Unique
molecular properties of each neuronal UCP can imply their specific and distinct physiological
roles. We showed that the long chain unsaturated FAs such as OA, AA, and DHA were the
strongest activators for the proton transport activity of neuronal UCPs (Table 5-5). These FAs
are abundantly found in the CNS and could play a potential role in regulating the function of
UCPs in these tissues, as discussed in Chapter 5. The variation in activation strength of FAs on
the proton transport of each UCP could imply distinct FA-hydrophobic binding domain in each
protein. For instance, UCP2 transported protons at the fastest rate in the presence of AA, while
UCP4 and UCP5 achieved their maximum proton transport rates in the presence of OA (Chapter
5). Among neuronal UCPs, UCP4 transported protons and chloride at the lowest rates. In
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addition, UCP4 is the only UCP whose ion transport activities were unaffected by CL, a
mitochondria-specific lipid that is localized at the cristae membrane of the IMM. These unique
biophysical properties of UCP4 could be related to its location in the IMM and its physiological
roles. A recent microscopy study revealed that UCP4 is preferentially localized at the inner
boundary membrane, whereas ATP synthase is more centrally located in the cristae membrane
(143). This local separation of proteins precludes the role of UCP4 in uncoupling
phosphorylation from proton pumping in ETC. This new finding is not in conflict with the
original view about the role of UCP4 in modulating excessive proton gradient that is associated
with ROS production.

FA-UCP interaction activates UCP-mediated proton transport and partially
inhibits UCP-mediated chloride transport
The FA-activated proton transport is a well-known function of UCPs and has been
verified in many studies. Currently, the mechanism of FA activation of proton transport in UCPs
is debated. As discussed in the Introduction Chapter, the three current models for proton
transport of UCPs are: the co-factor model, the FA-cycling model, and the FA-shuttling model.
The experimental results of this study suggest that UCP-FA hydrophobic interaction plays an
important role in the FA activation of the UCP-mediated proton transport (Chapters 2-5). FAs
interacted with and induced minor conformational changes in UCPs (Figs. 5-6 and 5-7). The
UCPs, in their modified conformation, transported protons across the lipid membranes (Figs. 2-2,
3-5, 4-7, and 5-4). UCP-mediated proton transport was at consistently higher rates in the
presence of longer chain FAs, regardless of the UCP type (Chapters 2-5). Long chain unsaturated
FAs were the most potent proton transport activators for UCPs, inducing the most drastic change
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in protein conformations and highest proton transport rates. In general, results demonstrated that
proton transport of UCPs could involve specific hydrophobic interactions between UCPs and
FAs. This finding is also supported by other studies (28, 163). FAs can override the inhibition of
UCPs by purine nucleotides and activate them, implying that the UCP-FA and UCP-PN binding
sites may not be identical (64). As shown in our previous (39) and current studies, interaction of
UCPs with FAs and purine nucleotides can lead to different conformational changes in proteins.
Therefore, it is possible that the conformational change resulting from FA interaction with UCPs
allows a partial or complete release of the purine nucleotide inhibitors from their binding pocket,
and activates the proton transport of UCPs. In summary, based on the experimental evidence of
this study, we hypothesize that as part of the mechanism of proton transfer in UCPs, these
proteins can possess specific hydrophobic binding sites for their interaction with FAs. These
hydrophobic binding sites could be similar or close to UCP-CL interaction site at the
mitochondrial matrix-protein interface. As shown in the crystal structure of AAC, three CL
molecules were in association with each AAC at specific sites close to the matrix-protein
interface. Given the tripartite structure of all MCF proteins, it is suggested that three hydrophobic
sites in UCPs could be available for FAs/phospholipids binding as well. Future studies should
further explore these specific hydrophobic FA binding sites of UCPs.
In addition to transporting protons, UCPs also displayed their ability in transporting
anions such as chloride. In this thesis, UCPs displayed distinct chloride and proton transport
properties. All UCPs transported chloride at a much lower rate than protons (Chapters 2, 3, and
5). In the mutagenesis study of UCP2 it was demonstrated that amino acid residues involved in
the proton and chloride transport pathways are also distinct (Chapter 3). In addition, FAs are
essential in activating the proton transport of UCPs but are not required to activate UCP-
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mediated chloride transport (Chapters 2, 3, and 5). In fact, FA-UCP hydrophobic interaction
partially inhibited their chloride transport activity (Fig. 5-5). Two hypotheses can explain these
results. In the first hypothesis, UCPs adopt two distinct conformations for their distinct proton
and chloride transport functions. In their FA-free state, they can transport chloride from the
mitochondrial matrix to the IMS. This ion transport mode can be switched on to a transient
channel mode under the influence of the membrane potential at the interface. Upon the binding
of FAs, the proteins can undergo a minor conformational switch to only direct proton influx from
the IMS without transporting chloride. In the second hypothesis, proton and chloride transport
modes of UCPs can share some key components/amino acids. Conserved amino acid residues in
chloride transport for UCPs are clustered at the mitochondrial matrix-UCP interface (Chapter 3,
Fig. 3-7). As discussed previously, the mitochondrial matrix-protein interface could also
accommodate FA/phospholipid binding sites. Consequently, binding of FAs to UCPs may
competitively displace (or prevent the access of) the anions at these sites and block the anion
transport.

Self-association of UCPs in lipid membranes
Protein oligomerization has been a controversial topic in mitochondrial carriers (27, 92,
93, 137, 138, 147–149). Functional forms of the MCF proteins as monomers or dimers
(oligomers) are still debated. However, it is generally agreed that MCF proteins could interact
and associate with one another via protein-protein and/or protein-lipid-protein interactions (27,
70, 87, 139). In this study, UCPs were functional in both their monomeric and oligomeric forms
(Chapters 2-5). More importantly, it appears that depending on the level of protein expression
and the composition of the membranes, UCP monomers, dimers and tetramers can coexist
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(Chapters 4 and 5). Therefore, the protein association of UCPs can be concentration-driven and
increase in the abundance of associated forms can occur at higher levels of protein expression
under cellular stress conditions.
The protein-lipid-protein interaction could occur via the interaction of UCPs and the
mitochondrial lipid CL. As a major lipid component in the mitochondrial membranes, CL, plays
an important role in modulating the structure and function of mitochondrial membrane proteins,
including UCPs (3, 70, 82, 86–88, 122, 139). Evidence of CL-mitochondrial carriers interaction
was shown in previous studies, including the evidence of CL-AAC interaction in the AAC
crystal structure (27, 91). In this study, the presence of CL in the lipid bilayers induced
conformational change and enhanced proton transport rate of UCP1 tetramers (Chapter 4).
Presence of CL in the liposomes also enhanced the proton transport rates of UCP2 and UCP5,
but not UCP4 (Chapter 2). As discussed previously, the high pI of UCPs and the accumulation of
their positively charged residues at the mitochondrial matrix-protein interface could be the initial
driving force for CL-UCP interaction. The CL interaction with UCPs and other mitochondrial
carriers are thought to be important in minimizing the energy cost of protein conformational
changes during transport. Being the main organelle for ATP production, mitochondria require a
high efficiency in transporting substrates and ions. As a result, protein members of the ETC
complex and other mitochondrial carriers are recruited to the highly curved membrane cristae.
The close proximity of these proteins in the membrane cristae allows efficient electron transports
between complexes. This is also the preferable site for highly curved phospholipids such as CL
and PE. Thus, CL could play an essential role in stabilizing the mitochondrial carriers located at
curved membrane regions and minimizing the energy cost of their substrate/ion transport
processes. Our results indicate a positive effect of CL on modulating the structure and function

175

of UCP1, UCP2, and UCP5, but not UCP4. Hence, we suggest that UCP4 might not be
expressed in the highly curved membrane cristae, unlike UCP1, UCP2, and UCP5. Overall, these
experimental results indicate that CL could have a significant influence on the structure and ion
transport activity of UCPs.
Protein association of UCPs could also occur via protein-protein interaction. Among
three associated states (tetramers, dimers, and monomers), UCP dimers displayed a tight
association in lipid membranes (Chapters 4 and 5). Previous studies also demonstrated the
possibility of UCP1 dimer formation through a disulfide cross-link (149). Therefore, UCP
dimeric units could be the protein's molecular structure in mitochondria and significant for its
physiological function. Our experimental results demonstrated that intermolecular UCP
interactions could occur at two distinct sites with different affinities, leading either to the tight
binding of UCP monomers to form homodimers (constitutional dimers) or to the loose binding of
UCP dimers to form tetramers (Chapters 4 and 5). Analysis of proton transport rates of UCP2
mutants suggests that two TM2 positively charged residues on located at the protein-IMS (R96
and K104) interface might play an important role in protein association (Chapter 3). It is
important to note that these two positively charged residues are also parts of the salt-bridge
network of UCPs in the protein-IMS interface and were suggested to play an important role in
regulating the substrate binding and transport of UCPs and other MCF proteins (42). Mutation
of these two positively charged residues induced less “associated” UCP2 conformations and
higher UCP2-mediated proton transport rates by long chain FAs (Chapter 3). Interestingly,
similar effects on UCP1 structure and proton transport rates were obtained when CL was
introduced in the proteoliposomes. Therefore, the degree of UCP association can be regulated by
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both the intrinsic amino acid residues at the mitochondrial IMS-protein interface and the
extrinsic mitochondrial lipid CL at the mitochondrial matrix-protein interface.
In conclusion, in this study we explored several unknown aspects of the structure and ion
transport activity of uncoupling proteins. Our special focus on UCPs 4 and 5 revealed the unique
biophysical properties of these proteins for the first time. Among the main findings of this study
is the clear experimental evidence that all five human UCPs share common structural and
functional features, and all have oligomeric functional forms. Of other important findings of this
study are the experimental evidence for unique functional features of UCPs in their binding to
FAs as their proton transport activators, the possibility of existence of specific hydrophobic FAbinding sites in each UCP, as well as the common and distinct aspects of proton and chloride
transport in these proteins. Overall, I hope that this study contributed to a better characterization
of the biophysical properties of the uncoupling proteins and can lead to a deeper understanding
of the molecular physiology of these interesting, but mysterious, mitochondrial prote
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