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Highlights
Uncoupling protein 1 (UCP1, SLC25A7)
is a mitochondrial carrier that facilitates
thermogenesis in brown adipose tissue
(BAT) by dissipating the protonmotive
force and is a potential target for thera-
peutics against metabolic disease.

Recent cryo-electron microscopy (cryo-
EM) structures of human UCP1 have
provided molecular insights into pH-
dependent purine nucleotide inhibition
of thermogenesis in BAT.

UCP1 has the structural fold of members
In mitochondria, the oxidation of nutrients is coupled to ATP synthesis by the gen-
eration of a protonmotive force across the mitochondrial inner membrane. In
mammalian brown adipose tissue (BAT), uncoupling protein 1 (UCP1, SLC25A7),
a member of the SLC25 mitochondrial carrier family, dissipates the protonmotive
force by facilitating the return of protons to the mitochondrial matrix. This process
short-circuits the mitochondrion, generating heat for non-shivering thermogene-
sis. Recent cryo-electron microscopy (cryo-EM) structures of human UCP1 have
provided new molecular insights into the inhibition and activation of thermogene-
sis. Here, we discuss these structures, describing how purine nucleotides lock
UCP1 in a proton-impermeable conformation and rationalizing potential confor-
mational changes of this carrier in response to fatty acid activators that enable
proton leak for thermogenesis.
of theSLC25mitochondrial carrier family,
suggesting a related mechanism involv-
ing conformational changes, required to
initiate proton conductance.

The chemical uncoupler 2,4-dinitrophe-
nol (DNP), which binds weakly to UCP1,
does not induce conformational changes
and retains a proton-impermeable state.

Analysis of the structural features re-
veals potential molecular components
of an activation mechanism of UCP1 in
thermogenesis.
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Thermogenesis and UCP1
To support thermoregulation, many mammals, particularly newborns, use specialized fat de-
posits, known as BAT (see Glossary), to carry out non-shivering thermogenesis to protect
against cold temperatures [1–3]. BAT is distinct from white adipose tissue due to its higher den-
sity of mitochondria, larger number of blood vessels, and smaller fat deposits. Heat generation by
BAT occurs due to the presence of mitochondrial UCP1, also called thermogenin. The oxidation
of breakdown products from fats and sugars is used by the complexes of the mitochondrial elec-
tron transport chain to generate a protonmotive force, which is used for ATP synthesis
(Figure 1A). However, UCP1 short-circuits the mitochondrion by allowing protons to leak back
from the intermembrane space to the mitochondrial matrix, dissipating the protonmotive force,
which generates heat rather than chemical energy in the form of ATP (Figure 1A).

The activity of UCP1 is tightly controlled by regulatory ligands. Cytosolic purine nucleotides
bind with high affinity to UCP1 to inhibit proton leak activity [4–6]. However, a cold environment
induces sympathetic nerve activity and the adrenergic stimulation of BAT, leading to UCP1 acti-
vation. Intracellular signaling within brown adipocytes results in the phosphorylation of hormone-
sensitive lipase and perilipin, lipolysis of triglyceride stores, and the release of free fatty acids [7].
These fatty acid activators directly interact with UCP1 [8], stimulating proton leak across the
mitochondrial inner membrane by a mechanism that is as yet unresolved [9].

UCP1 activation is of therapeutic interest as it can help increase calorie expenditure and the clear-
ance of triglycerides and glucose from the bloodstream [10,11]. Human brown fat correlates in-
versely with age-related obesity [12–14] and, when activated, improves insulin sensitivity and
glucose homeostasis [15]. Recently, several atomic structures of UCP1 were determined by
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Figure 1. Physiological role and structure of uncoupling protein 1 (UCP1). (A) Brown adipose tissue cell (left).
Mitochondrial membranes (right) showing a crista with ATP synthase at the tip with the phosphate carrier (PIC), ADP/ATP
carrier (AAC), UCP1, and electron transport chain (ETC) within the mitochondrial inner membrane. UCP1 dissipates the
protonmotive force across the inner mitochondrial membrane, which is activated by free fatty acids and inhibited by purine
nucleotides. (B) Structure of UCP1 (PDB ID: 8G8W chain A) [16]. Lateral (left) and cytoplasmic (right) view with bound GTP
(green) and three cardiolipin molecules (purple). Substrate binding in mitochondrial carriers occurs at the contact point
residues (black circles), which are situated between the core (blue, yellow, and red helices) and gate elements (gray
helices). The core and gate elements undergo substantial conformational changes during c- to m-state interconversion.
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Glossary
Brown adipose tissue (BAT):
specialized fat tissue found in mammals
that contains mitochondria with UCP1
expressed at high levels. When exposed
to cold temperatures, mitochondria in
BAT uncouple oxidative phosphorylation
fromATP synthesis to generate heat and
maintain body temperature.
Chemical uncouplers: compounds
that carry protons across biological
membranes, dissipating the
protonmotive force generated by the
electron transport chain, which removes
the driving force for ATP synthase.
Contact points: amino acid residues
on the even-numbered transmembrane
helices of mitochondrial carriers,
including UCP1, involved in substrate
binding and coupling to conformational
changes.
Cytoplasmic network: salt bridge
network on the cytoplasmic side of a
carrier protein, which closes the central
cavity and substrate-binding site to the
intermembrane space when formed,
holding the carrier in a m-state
conformation. The network is highly
conserved in mitochondrial carriers.
Cytoplasmic state (c-state):
conformation of mitochondrial carriers
where the central substrate-binding site
is accessible from the cytoplasm.
2,4-Dinitrophenol (DNP):
protonophore that disrupts the
protonmotive force across the
mitochondrial inner membrane by
transporting protons.
Fatty acid activators: free fatty acids
generated from lipolysis of stored
triglycerides in response to cold
exposure, which are known activators of
proton conductance by UCP1 and,
therefore, thermogenesis in BAT.
Matrix network: salt bridge network
formed on the matrix side of UCP1,
observed in all UCP1 structures, which
holds the protein in a c-state closed to
the mitochondrial matrix.
Matrix state (m-state): conformation
of mitochondrial carriers where the
central substrate-binding site is open to
the mitochondrial matrix.
Mitochondrial carrier: group of
transporters of the SLC25 family that
transport metabolites and ions across
the mitochondrial inner membrane.
Nanobodies or sybodies: single-
domain antibodies raised to bind folded
protein epitopes specifically, which aide
structural determination by cryo-EM or
X-ray crystallography.
cryo-EM, revealing the molecular details of the protein for the first time [16,17]. In this review, we
discuss the new molecular insights into the inhibition and activation mechanisms of UCP1. Un-
derstanding these is vital for the advancement of therapeutic strategies to stimulate thermogen-
esis for the treatment of obesity and associated metabolic diseases.

UCP1 is a mitochondrial carrier
UCP1 (SLC25A7) is a member of the SLC25 mitochondrial carrier family, which is the largest
transporter family in humans. Most mitochondrial carriers are involved in metabolite transport
across the mitochondrial inner membrane [18]. SLC25 members are defined by three homolo-
gous domains, each comprising two transmembrane α-helices separated by a loop and a matrix
helix (Figure 1B). Studies of the mitochondrial ADP/ATP carrier, another member of the SLC25
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Non-shivering thermogenesis:
physiological process in which heat is
generated through the dissipation of the
protonmotive force produced by
oxidative phosphorylation in BAT, rather
than through shivering muscle
contractions.
Protonmotive force: membrane
potential and pH difference across inner
mitochondrial membrane generated by
the proton pumps of the electron
transport chain, which is used for ATP
synthesis and other cellular processes,
such as transport.
Purine nucleotides: phosphorylated
ribose bonded to purine bases, such as
guanine and adenine, which comprise
fused pyrimidine and imidazole rings.
Root mean squared deviation
(RMSD): measure of the structural
similarity of two proteins, quantifying the
average deviation of atom positions.
Uncoupling protein 1 (UCP1):
mitochondrial carrier (SLC25A7)
responsible for dissipating the
protonmotive force generated across
the mitochondrial inner membrane
during oxidative phosphorylation, short-
circuiting the mitochondrion and
causing thermogenesis.
family, revealed the fundamental transport mechanism of mitochondrial carriers [19–21]. These
carriers cycle between two conformations: one open to the intermembrane space, which is con-
fluent with the cytoplasm (cytoplasmic state; c-state) [22,23] and another open to the mito-
chondrial matrix (matrix state; m-state) [24]. The conformational changes are coupled to the
formation and disruption of two networks on either side of the carrier, which are part of the access
gates to a central substrate-binding site [25]. The binding site comprises three contact points
on the even-numbered transmembrane helices [26,27]. In the c-state, the residues of the matrix
salt bridge network [22] and glutamine braces [23] interact, closing the central cavity to thematrix,
whereas the residues of the cytoplasmic salt bridge network and tyrosine braces are not [24],
opening the carrier to the intermembrane space. In the m-state, the configurations of the two net-
works are switched, opening the carrier to the mitochondrial matrix [24]. The conformational
changes involve all three domains, each comprising a core and a gate element [24]. When the
carrier changes from the c-state to the m-state, the three core elements rotate outward, opening
the matrix side, whereas the three gate elements rotate inward, closing the cytoplasmic side
of the carrier [24]. The same elements operate in reverse when the carrier moves from the
m-state to the c-state.

Cryo-EM structures of human UCP1
Determining protein structures by cryo-EM is challenging for proteins <100 kDa [28], but UCP1 is
particularly difficult due to its small size (33 kDa), the presence of three pseudo-symmetrical do-
mains, and its dynamic nature. Therefore, to facilitate its structure determination, fiducial markers
were used to increase both the size and asymmetry of the protein. Nanobodies or synthetic
nanobodies (sybodies) are attractive fiducials, because they are single-chain antibody fragments
that can bind conformational epitopes and stabilize states [29,30]. Since nanobodies are small
(15 kDa), they need to be enlarged, either by creating a fusion protein, such as a Pro-
macrobody [31], or by creating protein complexes, such as legobodies [32]. Both strategies en-
abled the processing of particle images, taken by cryo-EM, to generate a density map of sufficient
resolution for the building of atomic models of UCP1.

Structures of human UCP1 were solved in the GTP-bound state (PDB ID: 8G8W), ATP-bound
state (PDB ID: 8HBW), and unliganded state (PDB ID: 8HBV), as well as in a 2,4-dinitrophenol
(DNP; a proposed activator [33])-bound state (PDB ID: 8J1N) [16,17]. The structures show that
UCP1 has a typical fold for a SLC25 family member [20] and that the protein is monomeric with
three bound cardiolipin molecules [16] (Figure 1B), as determined previously [34]. Notably, all
solved structures used nanobodies or sybodies selected against the nucleotide-bound state of
UCP1. While the amino acid numbering differs between the deposited structures, 8G8W follows
the Uniprot sequence (P25874), which is also used here. These structures revealed the molecular
properties of UCP1 for the first time, enabling analysis of the molecular mechanisms that control
non-shivering thermogenesis in humans.

Purine nucleotides lock UCP1 in a proton-impermeable configuration
The structures of UCP1 with bound GTP [16] and ATP [17] have revealed how purine nucleotides
inhibit UCP1, preventing proton leak. The independently solved nucleotide-bound UCP1 struc-
tures are very similar [root mean squared deviation (RMSD): 0.86 Å] despite using distinct li-
pidic mimetic systems (detergent and nanodiscs) and fiducial markers that bind to different
epitopes [16,17,29]. Purine nucleotides bind in the central cavity of UCP1 and lock the protein
in a conformation that is open to the cytoplasm (c-state). Given the similarities between the chem-
ical structures of ATP and GTP, most interactions are conserved. The binding arrangement ac-
counts for their comparable affinities, although GTP has a slightly lower KD in radiolabeled
nucleotide-binding experiments compared with ATP [35]. The triphosphate and ribose groups
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of both purine nucleotides have similar interactions with UCP1 (Figure 2A,B). The triphosphate
group forms electrostatic interactions with the positively charged central cavity comprising con-
tact point residues R84, R277, and R183 (the ‘arginine triplet’) [26,27] andmatrix network res-
idues K38 and K138. In addition, Q85 forms a hydrogen bond with the α-phosphate and R183
forms a hydrogen bondwith the ribose group. R92 forms a cation-π interaction with both adenine
and guanine heterocyclic rings. The interactions of the nucleotides with UCP1 differ at the base:
adenine forms hydrogen bonds with two asparagine residues, connecting N6 with N188 and N3

with N282 (Figure 2A); by contrast, the N2 of guanine interacts electrostatically with E191,
whereas N3 and N2 form hydrogen bonds to N188 (Figure 2B).

Notably, nucleotide binding to UCP1 [16,17] differs fundamentally from ATP binding to the mito-
chondrial ADP/ATP carrier (AAC) [36] in agreement with ATP being an inhibitor of UCP1 and a
transport substrate of AAC [4,37]. In mitochondrial carriers, substrate binding primarily occurs
at the contact points [26,27], which also act as hinges between the core and gate elements,
which undergo large conformational changes between the c- and m-states [24,26,36]. In the mi-
tochondrial ADP/ATP carrier, both the triphosphate and adenine groups interact with the contact
point residues to disrupt one salt bridge network and form another, leading to substrate translo-
cation [36]. In UCP1, purine nucleotides interact not only with the contact points, but also with the
matrix network and gate elements, as well as with residues toward the cytoplasmic side of the
cavity, explaining how they act as inhibitors, preventing conformational changes [16].

The UCP1 structures reveal an unusual state-dependent distortion on transmembrane helix H2.
In the unliganded UCP1 structure, residues 92–96 form a π-bulge (Figure 2C), where the stan-
dard main-chain i, i+4 hydrogen bonding is changed to i, i+5. By contrast, in the GTP- and
ATP-inhibited structures, residues 92–96 form a standard α-helix, but residues 85–89 adopt a
π-bulge (Figure 2D). As a result, the main-chain carbonyl oxygen of S87 misses a hydrogen
bond donor and rotates toward the membrane (Figure 2E). The switch from a π- to α-helical
arrangement in the region of R92 induces localized rotation of the main chain (Figure 2F). Conse-
quently, R92 moves from interacting with M285 and F289 (both on helix H6) in the unliganded
state to interacting directly with the α-phosphate and purine base of the inhibitor in the bound
state (Figure 2F). Consistent with this notion, π-bulges in helices are frequently located in
functionally important sites, and transformations between α- and π-helical arrangements have
been proposed to help active sites accommodate ligands of different shapes and sizes [38]. Su-
perimposition of the three domains of UCP1 for the nucleotide-bound and unliganded state
shows movement of the gate element of transmembrane H2. A similar movement occurs during
c- and m-state conversion of the ADP/ATP carrier and suggests that UCP1 is in an intermediate
state when inhibited by nucleotides [16,24]. Otherwise, the unliganded state is very similar to the
nucleotide-bound state and is also likely to be proton impermeable, having a closed matrix gate
preventing the leak of protons.

A plausible molecular explanation for the pH-dependence of purine nucleotide
binding
The binding affinity of purine nucleotides to UCP1 is pH dependent (Figure 3A) and decreases
above pH 6.5 [16,35,37,39]. Previously, residue E191 was proposed to be responsible for the
pH dependency of nucleotide binding [40–42], and was suggested to form an ionic bond with
R92 [43]. Above pH 6.5, this interaction would block nucleotide binding [44], whereas, below
pH 6.5, the ionic bond would be broken by protonation, opening the site for nucleotide binding
[6,39,45]. This interaction has been observed in molecular dynamics simulations of a c-state
model of UCP1, based on the ADP/ATP carrier [46]. However, E191 is not in bonding distance
with R92 in the unliganded state structure (11.3 Å) [17], even when all alternative conformers are
4 Trends in Biochemical Sciences, Month 2024, Vol. xx, No. xx
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Figure 3. The pH dependency of purine nucleotide inhibition of uncoupling protein 1 (UCP1). (A) The pH-
dependent binding of GTP to purified human UCP1, as measured by a thermal stability shift assay [16]. The first
derivatives of the unfolding curves are plotted in the absence (black) and presence of 1 mM GTP (green). The peak of the
first derivative is the apparent melting temperature (Tm). The change in apparent melting temperature (ΔTm) caused by
GTP binding as a function of pH is indicated in green. (B) Nucleotide binding at high pH, showing the negatively charged
residues of the matrix gate (in red) repelled (red arrows) by the negatively charged phosphate groups of the nucleotide (in
orange and red). (C) Nucleotide binding at low pH, showing the negatively charged residues of the matrix gate (in red)
interacting via a proton-mediated bond to the terminal phosphate group of the nucleotide (in orange and red).
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considered. Indeed, in simulations, substantial distortion of the helical arrangement is required for
this bond to occur [46]. Furthermore, E191 would not be protonated unless the local pH is <4,
which does not match the pH-dependent profile of nucleotide binding. Importantly, E191 does in-
teract with GTP [16], but not with ATP (Figure 2A) [17], even though the pH effect is observed for
both nucleotides [6]. In agreement, the E191Q mutation weakens binding, but does not abolish
the pH dependency of GTP binding [41], indicating that there must be an alternative explanation.

Both nucleotide-bound structures show that the negatively charged D35 and E135 of the matrix
gate are positioned within bonding distance of the negatively charged triphosphate moiety of the
purine nucleotides, which, at high pH, could cause repulsion (Figure 3B), but, at low pH, could
form proton-mediated bonds (Figure 3C) [16]. The nucleotide-binding site has net negative overall
Figure 2. Purine nucleotide binding to uncoupling protein 1 (UCP1). (A) ATP (green) binding site (PDB ID: 8HBW
chain A). The arginine triplet residues are shown in black; matrix network residues are shown in blue, and other residues
involved in nucleotide binding are shown in gray. Salt bridge, hydrogen bond, and cation-π interactions are shown in
green, black, and purple broken lines, respectively. (B) GTP (green) binding site (PDB ID: 8G8W chain A). Residues and
interactions are depicted as in (A). (C) Unliganded UCP1 (PDB ID: 8HBV chain A) shown in cartoon representation, as in
Figure 1B in the main text, but with the π-helix on H2 represented in green. (D) GTP-inhibited UCP1 (PDB ID: 8G8W chain
A) shown as in (C). (E) Close-up view of the π-helix shown in (C), with mainchain atoms shown in stick representation
Conventional i, i+4 hydrogen-bonds are shown as yellow broken lines, and π-helix i, i+5 hydrogen-bonds are shown as
magenta broken lines. (F) Comparison of uninhibited UCP1 (semitransparent cartoon) and GTP-inhibited UCP1 (opaque
cartoon) showing the localized main-chain rotation (red arrow) and shift in the position of R92, which allows the residue to
interact with the guanine base and α-phosphate of GTP.
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charge and, thus, neutralizing this charge with protons will lead to stronger binding of the nucle-
otide. One proton could mediate bonding between the terminal phosphate and D35, in agree-
ment with the pKa of 6.5 for purine nucleotides in solution (Figure 3C). However, in this
conjugated system, another proton could also be drawn in to provide an additional proton-
mediated interaction with E135. This bonding arrangement provides a plausible molecular mech-
anism for the pH dependency of purine nucleotide binding to UCP1.

The dinitrophenol-bound structure does not resolve the activationmechanism of
UCP1
Weak acids can transport protons across biological membranes [47] and can function in mito-
chondria as chemical uncouplers by acting as protonophores, dissipating the protonmotive
force. DNP is a well-known chemical uncoupler, which was used as weight-loss medication dur-
ing the 1930s because of its ability to uncouple mitochondria [48]. However, the compound is
highly toxic due to its unpredictable accumulation and distribution, which can lead to dangerous
levels of oxidative phosphorylation inhibition [49]. Even though banned, DNP is still used as a
weight loss agent, causing numerous deaths [49,50]. It was recently reported that UCP1 medi-
ates DNP-induced proton leak across the mitochondrial inner membrane, which was abolished
in mitochondria from UCP1-knockout animals [33].

Kang and Chen solved a UCP1 structure with bound DNP, used as an ‘activator’, by using the
same sybody that was selected against the nucleotide-bound inhibited state [17]. The authors re-
ported that DNP binds with extremely low potency, with an IC50 of 3.86 mM being measured for
DNP-induced destabilization of UCP1; thus, a concentration of 10 mM DNP was utilized in the
study. Despite using a high DNP concentration, only ~42% of 3D classes showed density for
DNP during cryo-EM reconstruction, meaning that the KD must be >10 mM [17]. In the structure,
DNP binds to UCP1 via hydrogen bonds between R92 and R84 and N4, a hydrogen bond be-
tween N282 and N2, an ionic bond between R277 and the hydroxyl group, and a π-π stacking
interaction between W281 and the benzene ring of DNP (Figure 4A). Importantly, DNP does
not induce any significant structural alterations, as the RMSD between unliganded and DNP-
bound UCP1 is 0.25 Å. In addition, the central cavity is closed to the mitochondrial matrix with
a large proton-impermeable layer similar to the unliganded and nucleotide-bound states
(Figure 4B). As such, there is no structural evidence to support the hypothesis that DNP binding
generates a proton-conducting state. Therefore, Kang and Chen propose that UCP1 is activated
when bound toDNPby dynamic thermalmotions,which transiently open thematrix gate to allow pro-
tons to pass through the central cavity [17]. However, there are several problems with this proposal.

First, DNP is chemically distinct and not a clear surrogate for fatty acids, the physiological activa-
tors, and may utilize a different mechanism. In addition, at the high concentrations used, DNP
may bind to a UCP1 site that is unrelated entirely to the activation mechanism by either class of
compounds. Moreover, the sybody was raised against the nucleotide-inhibited state and may re-
strict alternative activator-accessible conformations. Notably, the destabilization by DNP re-
ported by the authors [17] only occurs at millimolar concentrations in a manner compatible with
nonspecific denaturation, compared with the distinct ordered destabilization induced by micro-
molar concentrations of fatty acids [51]. As such, the DNP-binding site may not be relevant to
fatty acid binding or the reported DNP activity [33].

Second, the reported structure of the DNP-bound UCP1 [17] is in a c-state through the formation
of the matrix network and glutamine braces, comprising three ionic and two hydrogen bonds
(Figure 4C) [16]. This matrix network arrangement is similar to those of the unliganded and purine
nucleotide-bound states (Figure 4C), which do not conduct protons [3]. Therefore, it is unlikely
Trends in Biochemical Sciences, Month 2024, Vol. xx, No. xx 7
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Figure 4. The dinitrophenol-bound structure does not reveal an activated state. (A) Cytoplasmic view of uncoupling
protein 1 (UCP1) bound to 2,4-dinitrophenol (DNP). Core elements are colored by domain in blue, yellow, and red, and gate
elements are in gray. Insert shows the DNP-binding site, black dashes represent hydrogen bonds and purple dashes
represent π-π stacking. (B) Cross-section of the surface view of nucleotide-bound (PDB ID: 8G8W chain A), unliganded
(PDB ID: 8HBV chain A), and DNP-bound (PDB ID: 8J1N chain A) UCP1 states. The blue semitransparent surfaces reveal
the internal cavities. (C) Matrix gate of the nucleotide-bound (left), unliganded (center), and DNP-bound (right) UCP1
states. Positively charged residues are in blue, negatively charged residues are in red, and neutral residues are in gray.
Broken lines show polar interactions and thin gray lines represent distances between non-interacting residues.
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that thermal energy is sufficient to break this bonding arrangement. In the related mitochondrial
ADP/ATP carrier, which has a weaker interaction network, conformational changes only occur
upon substrate binding [52], explaining the equimolar adenine nucleotide exchange [53]. Here,
8 Trends in Biochemical Sciences, Month 2024, Vol. xx, No. xx
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the structure clearly shows that DNP binding does not provide sufficient energy input to break the
networks. Any shift to a proton permeable state without breaking the network in an unrelated
mechanism would likely require significant novel features in UCP1 distinct from other mitochon-
drial carriers, although none are apparent [54].

Third, many of the residues interacting with DNP in UCP1, for example, key residues W281, R92,
and N282, are not conserved in the mitochondrial ADP/ATP carrier, which has also been pro-
posed as a facilitator for DNP-induced uncoupling [33]. The UCP1 site is situated between H2
and H6 (Figure 4A), whereas the binding site of DNP proposed for the ADP/ATP carrier based
on molecular dynamics simulations is between H4 and H5 [33].

In conclusion, DNP binding does not provide evidence for any activation mechanism. The binding
is extremely weak, does not induce conformational changes, has insufficient binding energy to re-
lease the matrix network and glutamine brace interactions, and is most likely unrelated to fatty
acid binding.

UCP1 has all the functional elements for a carrier-like mechanism
As described earlier, all structures of UCP1 are likely to be in a proton-impermeable c-state
(Figure 4B), which could be due to the matrix network being stronger compared with the cyto-
plasmic network, increasing the probability of its formation [20]. Indeed, the matrix network is
stronger than the cytoplasmic network due to the absence of a salt bridge between H2 and H4
(Figure 5D) [20]. Importantly, for all determined structures, nanobodies or sybodies were used
that were selected against the nucleotide-bound state of UCP1 and, thus, could be responsible
for maintaining a single conformation.

While some assert that the c-state is the only functional state of UCP1 [17], we believe that the
observed changes in proteolysis sensitivity in response to fatty acids have provided evidence
that conformational changes are part of the activation mechanism [55,56]. Furthermore, ther-
mostability studies show that UCP1 shifts to a less stable population in response to activators,
indicating that some conformational changes accompany activation [37,51,54]. In addition,
UCP1 has both salt bridge networks and braces, which are key conserved features in the
mechanism of mitochondrial carriers (Figure 5). Moreover, the interaction energy of the cyto-
plasmic network is even stronger than in many other mitochondrial carriers with an established
transport function [20], indicating that formation of an m-state is a conserved property of
UCP1 [20].

Vital to the conformational cycle of mitochondrial carriers is the rotation of the even-numbered he-
lices across the surface of odd-numbered helices [23,24]. In addition, the transmembrane helices
on the cytoplasmic side need to come close together in the m-state for the formation of the cyto-
plasmic network [16,24] (Figure 5B,D). Although the m-state structure has not been solved, all
small residues in the helical interfaces that allow thesemovements to occur in other mitochondrial
carriers are also present in UCP1, indicating that the ability to cycle between states is likely to be
conserved [16]. Finally, the nucleotide-bound structures are in an intermediary rather than a pure
c-state [16]. More specifically, the gate element of H2 is rotated into a position closer to that of an
m-state, suggesting that UCP1 has retained its ability to convert to the m-state. Notably, the re-
lated UCP2 and UCP3 proteins share these functional features and have four-carbon metabolite
transport activity [57–59], suggesting that a transport conformational cycle is retained in these re-
lated proteins to support their respective functions. Thus, all the sequence and structural data are
consistent with the notion that UCP1 is a mitochondrial carrier capable of undergoing conforma-
tional changes, similar to those of a transport cycle.
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Figure 5. Proposed conformational changes of uncoupling protein 1 (UCP1). (A) Structure of UCP1 in cytoplasmic
(c)-state (PDB ID: 8G8W chain A) and (B) a model of UCP1 in the matrix (m)-state based on the m-state of the mitochondrial
ADP/ATP carrier (PDB ID: 6GCI, chain A) [24] (C) Matrix-side view of c-state structure of UCP1, showing the matrix gate
residues, with interactions between residues shown in black broken lines. Positively charged residues are in blue,
negatively charged residues are in red and neutral residues are in gray (D) Cytoplasmic view of the m-state model of
UCP1, showing the cytoplasmic gate residues colored as in (C).
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Physiological activation of UCP1
The mechanism by which free fatty acids activate UCP1 remains undefined, but four main bio-
chemical models have been proposed [54]. The competition model suggests that fatty acids
act merely to remove purine nucleotides from an otherwise intrinsically active protein [60].
The cofactor model proposes that fatty acids become part of the proton conductance path-
way, acting as a protonatable group [61]. Two alternative models propose that fatty acids
are transport substrates of UCP1. In the shuttling model, fatty acids are transported by
UCP1 but remain bound to the protein, chaperoning the proton across the membrane [62].
In the cycling model, fatty acid anions are exported by UCP1, after which the protonated
fatty acids flip back across the membrane, independently from the protein, causing a net
proton flux across the membrane [63,64]. However, the recently published structural studies
have not revealed an activated state [16,17] and, thus, are unable to discriminate between
the current proposed models of activation.
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Outstanding questions
Where in the structure of UCP1 do fatty
acid activators bind and how do they
activate? Do fatty acids act as
transport substrates or cofactors?

What conformational changes are
required to activate UCP1 proton
conductance. Is there a specific
activated state, or does UCP1 use a
dynamic mechanism?

How do fatty acids overcome purine
nucleotide inhibition during activation,
when purine nucleotides are present
at millimolar concentrations in the
cytoplasm?

How do various purine nucleotide
species in the cell compete to influence
regulation of UCP1? Are there UCP1
isoform-specific adaptations?

Does UCP1 cycle between a c-state
and m-state for proton leak activity,
as observed for the metabolite trans-
port cycle of other SLC25 family mem-
bers, or are these states used for a
similar, but so far unknown, metabolite
transport function of UCP1?

What specific molecular adaptations
has UCP1 acquired to facilitate proton
leak and thermogenesis? Do these
occur in other carriers and bestow a
related proton conductance activity?

What biochemical and physiological
function do other uncoupling proteins
have (UCP2–5)? Understanding
whether these related proteins also
cause mitochondrial uncoupling may
help to reveal the mechanism of
activation.

Do purine nucleotides inhibit other
mitochondrial carriers? Multiple
conserved residues in the central
cavity between UCP1 and related
UCP1 likely evolved from the closely related dicarboxylate (DIC) and oxoglutarate (OGC) car-
riers, which transport their substrates without proton coupling [25]. A direct comparison with
these proteins provides insights into how UCP1 might have evolved a proton-translocating
function. All three proteins share a similar central substrate-binding site, containing the sym-
metric arginine triplet R84, R183, R277 at the substrate contact points and Q85 [25]. UCP1-
specific adaptations in this site include the negatively charged D28, which has been shown
to be important for proton conductance by UCP1 [25,65]. In the nucleotide-bound state, the
arginine triplet interacts with other residues: R84 with the carbonyl backbone of G131; R183
with S230; and R277 with D28 (Figure 6A). However, in the nucleotide-free state, these inter-
actions are broken and all three arginine residues point into the central cavity (Figure 6B). Im-
portantly, D28, which was in an ionic bond with R277, is released and, thus, could become
available for proton binding. The proposed substrates of UCP1, free fatty acids, are highly hy-
drophobic, especially when compared with the substrates of dicarboxylate and oxoglutarate
carriers. The only mitochondrial carrier that transports substrates with a fatty acyl group is
the carnitine/acylcarnitine carrier (CAC) [66]. Comparison of the central cavity residues with re-
spect to hydrophobicity reveals that UCP1 is overall less hydrophobic compared with the car-
nitine/acylcarnitine carrier and more like the ADP/ATP carrier and dicarboxylate carrier
(Figure 6). We believe that this observation suggests that the central cavity of UCP1 has not
evolved extensively to enable fatty acid binding as a transport substrate, but does not exclude
it. It is likely that UCP1 evolved from dicarboxylate carriers along with the other related UCP2
and UPC3 for a particular anion transport function, such as for small four-carbon metabolites
[57–59]. A limited number of subsequent adaptations occurred for its role in thermogenesis
[25], as a late evolutionary development, consistent with phylogenetic analysis [67,68]. Further
studies of UCP1 activation, both structural and functional, will be required to determine how
UCP1 activates thermogenesis.

Concluding remarks
The structures of human UCP1 in the nucleotide-bound and free state represent a major advance
in understanding the molecular mechanism of UCP1 inhibition in non-shivering thermogenesis.
Comparison of both states shows how purine nucleotides inhibit UCP1 in a pH-dependent man-
ner. While the molecular mechanism of activation of UCP1 remains unresolved, several potential
elements have been uncovered, such as the release of the arginine triplet and D28, the presence
of networks and braces, the conservation of small interhelical residues, and the partial conforma-
tional changes, indicative of state interconversion as part of the activation mechanism. However,
many questions remain (see Outstanding questions), in particular how UCP1 is activated in vivo
by free fatty acids. A molecular understanding of how fatty acids initiate proton leak across the
mitochondrial inner membrane by UCP1 will provide an improved mechanistic understanding
of non-shivering thermogenesis in humans and offer potential therapeutic strategies for address-
ing metabolic disorders.
Figure 6. Substrate-binding site area of mitochondrial carriers. (A) Contact point residues of uncoupling protein 1
(UCP1) inhibited with GTP (PDB ID: 8G8W chain A). Black broken lines represent hydrogen bonds with distance in
angstrom labeled. (B) Contact point residues of UCP1 free state (PDB ID: 8HBV chain A). Gray lines show distance in
angstrom between arginine residues. (C) Cα atoms of residues lining the cavity of bovine ADP/ATP carrier (AAC) (PDB ID:
1ΟKC) [22], (D) human UCP1 (PDB ID: 8HBV chain A) [17], (E) Tetrahymena thermophila oxoglutarate carrier (OGC) (PDB
ID: 7W5Z chain M2) [69], and (F) human carnitine/acylcarnitine carrier (CAC) AlphaFold homology model (PDB ID: AF-
O43772-F1-model_v4.pdb). (C–F) 2D projections of the cavity-lining residues, viewed from the center of the cavity. Each
Cα atom is represented as a sphere at its appropriate azimuthal angle and Z-height above a plane perpendicular to the
longitudinal axis. The sphere area is proportional to the solvent-accessible surface area of the residue (calculated by
AREAIMOL [70]), and the color represents the normalized consensus hydrophobicity of the residue [71], where red is the
most hydrophobic and blue the most hydrophilic. Cavity-lining residues lie on transmembrane helices, indicated by the
dotted lines, and labeled in (C). Contact point residues are labeled I, II, and III.
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proteins suggest similar regulatory
mechanisms.

What is the physiological activation
mechanism of UCP1? Do other
endogenous molecules, in addition to
fatty acids, activate in vivo, related to
other physiological stimuli, such as in
response to eating?

Can we develop novel pharmacological
agents that specifically target UCP1
in vivo and enhance its thermogenic
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activity? Are there molecules that can
activate both brown adipocyte
proliferation and UCP1 directly in the
absence of physiological stimuli?
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