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Abstract

Adaptive thermogenesis regulates core body temperature, controls fat deposition, and contributes 

strongly to the overall energy balance. This process occurs in brown fat and requires uncoupling 

protein 1 (UCP1), an integral protein of the inner mitochondrial membrane. Classic biochemical 

studies revealed the general principle of adaptive thermogenesis: in the presence of long-chain 

fatty acids (FA), UCP1 increases the permeability of the inner mitochondrial membrane for H+, 

which makes brown fat mitochondria produce heat rather than ATP. However, the exact 

mechanism by which UCP1 increases the membrane H+ conductance in a FA-dependent manner 

has remained a fundamental unresolved question.

Recently, the patch-clamp technique was successfully applied to the inner mitochondrial 

membrane of brown fat to directly characterize the H+ currents carried by UCP1. Based on the 

patch-clamp data, a new model of UCP1 operation was proposed. In brief, FA anions are transport 

substrates of UCP1, and UCP1 operates as an unusual FA anion/H+ symporter. Interestingly, in 

contrast to short-chain FA anions, long-chain FA anions cannot easily dissociate from UCP1 due 

to strong hydrophobic interactions established by their carbon tails, and a single long-chain FA 

participates in many H+ transport cycles. Therefore, in the presence of long-chain FA, endogenous 

activators of brown fat thermogenesis, UCP1 effectively operates as an H+ uniport. In addition to 

their transport function, long-chain FA competitively remove tonic inhibition of UCP1 by 

cytosolic purine nucleotides, thus enabling activation of the thermogenic H+ leak through UCP1 

under physiological conditions.

1. Introduction

In humans and other mammals, the core body temperature is maintained at around 37°C, 

which is well above normally encountered ambient temperatures in most climates. The heat 

required to support such a high body temperature is produced by numerous exothermic 

reactions within the body. These reactions often are not specialized thermogenic reactions, 

have other primary physiological functions, and cannot be regulated to control the amount of 

heat produced. The body appears to have only a few adjustable thermogenic reactions that 

exist specifically for heat production and constitute “adaptive thermogenesis”. The H+ leak 

across the inner mitochondrial membrane (IMM) of brown fat is primarily responsible for 

adaptive thermogenesis. This leak dissipates an electrochemical H+ gradient (ΔΨ) across the 

IMM and converts ΔΨ into heat at the expense of mitochondrial ATP production. The 
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mitochondrial H+ leak in brown fat is mediated by uncoupling protein 1 (UCP1) [1–6], 

which belongs to the SLC25 superfamily of mitochondrial solute carriers[7].

There are two major regulators of the thermogenic H+ leak via UCP1: free long-chain fatty 

acids (FA) and purine nucleotides. FA activate the UCP1-dependent H+ leak, whereas Mg2+-

free cytosolic purine nucleotides (primarily ATP) inhibit it. Despite the fact that FA and 

purine nucleotides were established as the principal UCP1 regulators as early as the 1970s 

[8, 9], the exact mechanism involved is still actively debated. Several mechanisms of the FA-

dependent H+ leak through UCP1 have been proposed. Over the years, the following models 

have been most widely discussed (Fig. 1): 1) a H+ channel activated by allosteric binding of 

long-chain FAs. In this model it has often been suggested that UCP1 has a basal, FA-

independent H+ transport activity and FA are primarily required to competitively remove 

purine nucleotide inhibition [10–14]; 2) an OH− channel activated by allosteric binding of 

FA [15, 16]; 3) the “proton buffering” model in which UCP1 is a H+ channel where FAs 

bind in the pore and their carboxylic acid groups complete the H+ translocation pathway 

along with titratable amino acid residues of UCP1 [17]; and 4) the “FA cycling” model in 

which UCP1 is a long-chain FA anion carrier that transports H+ indirectly: UCP1 carries 

long-chain FA anions outside the mitochondria where they bind a proton and, in protonated 

form, “flip-flop” back across the IMM to release the proton into the mitochondrial matrix 

[18]. These models have not been reconciled, and numerous questions remain about the 

mechanism of the UCP1-mediated H+ leak. First, what species are translocated by UCP1? 

Second, does UCP1 have a FA-independent “basal” H+ transport activity? Third, what is the 

mechanism by which FA increase H+ leak through UCP1? And finally, how do FA overcome 

purine nucleotide inhibition?

Arguably, the main roadblock to understanding the mechanism of the UCP1-mediated H+ 

leak has been the lack of direct methods to measure this leak and the inability to rigorously 

control experimental conditions. The patch-clamp technique resolved these experimental 

limitations for the first time and allowed high-resolution functional analysis of UCP1 in its 

native membrane environment [19]. This method has facilitated the gathering of a wealth of 

new experimental data regarding UCP1, leading to a refined model explaining the 

mechanism by which FA and purine nucleotides regulate the H+ leak through UCP1. Here 

we summarize the data obtained by the patch-clamp analysis of UCP1 and discuss how the 

new model of UCP1 operation correlates with recently obtained structural data for UCP1 

and other SLC25 members.

2. Patch-clamp recording of UCP1 currents

UCP1-dependent H+ currents were recorded from the vesicles of the whole IMM (so called 

mitoplasts) isolated from brown fat of mice. Each mitoplast represents an intact IMM of a 

single mitochondrion (Fig. 2A and B). The patch-clamp technique is applied to mitoplasts in 

essentially the same way as it is to cells, but the size of a mitoplast is significantly smaller. 

After formation of the initial gigaohm seal between the patch pipette and a mitoplast, we 

disrupt the small portion of the IMM under the pipette (break-in into the mitoplast) by 

application of high-amplitude voltage steps to gain access into the mitochondrial matrix 

from the pipette (Fig. 2B). In this configuration, called the whole-mitoplast or whole-IMM 
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configuration, currents flowing across the whole IMM can be measured and full control of 

the voltage can be achieved using two electrodes – one in the pipette and one in the bath 

solution (Fig. 2B and C). In addition, solution composition is controlled on both sides of the 

IMM, matrix (pipette) and cytosolic (bath).

In the whole-IMM configuration, long-chain FA induce a large H+ current across the IMM 

of brown fat [19] (Fig. 2C). This current is specific to brown fat, can be inhibited by purine 

nucleotides such as GDP and ATP, and cannot be detected in UCP1-deficient mice. The H+ 

selectivity of the currents induced by long-chain FA was established by measuring reversal 

potentials of the UCP1 current and comparing them to the theoretical Nernst equilibrium 

potentials [19]. These experiments demonstrated the possibility of recording UCP1 currents 

directly using the patch-clamp technique. For a carrier, UCP1 produces currents of 

enormous amplitude (despite of the fact that carriers have at least three orders of magnitude 

lower unitary currents as compared to ion channels) [20]. The extremely high density of 

UCP1 expression in brown fat (~10% of the total mitochondrial protein) can explain the 

large currents recorded.

3. FA are required for the UCP1-dependent H+ leak

Despite the general consensus that FA increase the UCP1-dependent H+ leak, it is 

controversial whether FA are required for UCP1 activation or UCP1 have basal, FA-

independent H+ transport activity. UCP1 reconstituted in artificial lipid membranes requires 

FA for its activity [21], whereas native UCP1 in intact isolated brown fat mitochondria 

appears to stay active even in the presence of high concentrations of the FA acceptor bovine 

serum albumin [15]. It is not clear whether reconstituted UCP1 behaves in exactly the same 

way as UCP1 in its native membrane environment. On the other hand, in the experiments 

with intact mitochondria, FA could not be completely removed from the mitochondrial 

membranes even by high concentrations of albumin. Mitochondria of various tissues such as 

heart (55), brain (56), liver (57), kidney (58), and skeletal muscle (59), contain 

phospholipase A2 (PLA2), and FA generated by such continuous PLA2 activity would be 

difficult to remove completely from mitochondrial suspensions.

The patch-clamp technique not only studies UCP1 in its native membrane environment but 

also provides adequate control over the concentration of membrane FA. The cytosolic and 

matrix faces of the IMM are exposed to almost infinite amounts of bath and pipette 

solutions, and there is constant perfusion/diffusion of solutions on both sides of the IMM. 

Such patch-clamp experiments have demonstrated that the IMM of brown fat indeed 

possesses a very robust PLA2 activity, and it is very effective in activating the H+ leak 

through UCP1 [19]. Furthermore, this PLA2 activity was so strong that application of FA-

free albumin only on the cytosolic face of the IMM could not completely inhibit the H+ 

current via UCP1. In contrast, high concentrations of albumin or cyclodextrin (another FA 

acceptor) applied on both sides of the IMM fully inhibited the H+ current. These 

experiments demonstrate that UCP1 has no FA-independent basal H+ transport activity. 

Previous observations of such “basal activity” in suspensions of isolated mitochondria were 

very likely associated with the inability to fully extract endogenous FA due to mitochondrial 
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PLA2 activity. These results also demonstrate that the signaling mechanisms associated with 

IMM phospholipases may play important roles in regulating UCP1 in vivo.

4. FA activate the H+ leak through UCP1 by serving as its transport 

substrates

To understand the mechanism by which FA activate the UCP1-dependent H+ leak, it is 

important to identify the ion species transported by UCP1. Various models proposed 

previously claimed that UCP1 conducts either H+ (or OH− in the opposite direction) or FA 

anions (Fig. 1), but an agreement regarding the ion species conducted by UCP1 has yet to be 

reached.

As mentioned previously, the patch-clamp experiments demonstrated that the UCP1 current 

induced by long-chain FA is highly H+ selective [19]. However, this experiment alone does 

not exclude a possibility that UCP1 transports FA anions. Indeed, in the FA-cycling model, 

although the transmembrane currents are carried by protons, only FA anions are directly 

transported by UCP1 (Fig. 1).

To reveal a possible FA anion current and isolate it from the H+ current, UCP1 activity was 

recorded in the presence of various low-pKa FA analogs that do not bind H+ at physiological 

pH and cannot cause UCP1-dependent H+ translocation. Such electrophysiological 

experiments demonstrated that UCP1 indeed transports low-pKa FA anions [19]. These 

experiments also discovered that long-chain and short-chain FA anions are handled by UCP1 

in two different ways. Short-chain FA anions are simply transported by UCP1 across the 

membrane and produce steady transmembrane currents in response to a voltage step protocol 

(Fig. 3A). Long-chain FA anions are translocated but cannot dissociate from UCP1 due to 

strong hydrophobic interactions, resulting in limited motion within the membrane and 

transient currents in response to the same voltage step protocol (Fig. 3B). In addition, due to 

the higher hydrophobic interactions, long-chain FA anions activate UCP1 currents at 

significantly lower concentrations than short-chain FA (low micromolar vs. millimolar, 

respectively). In transport of FA, it is assumed that UCP1 is a carrier and similar to other 

SLC25 members UCP1 operates by alternating-access mechanism of transport [22–24]. 

Although certain aspects of UCP1 transport remind of the ion channel mechanism [19, 25], 

it is unlikely that efficient transport of FA anions (containing two opposite moieties, polar 

and hydrophobic) can be accomplished via a simple pore.

Interestingly, UCP1 can bind and transport only cytosolic long-chain FA anions. Matrix 

long-chain FA anions, even when added at much higher concentrations, failed to induce 

UCP1 currents in the patch-clamp experiments [19]. In contrast, short-chain FA could 

activate UCP1 currents when added on any side of the IMM. This suggests that access to the 

substrate binding site on the matrix side of UCP1 is limited and long-chain FA cannot reach 

it due to their larger size.

Finally, the long-chain low-pKa FA anions are very effective inhibitors of the H+ currents 

activated by regular long-chain FA, suggesting that: 1) FA and H+ transport occur through 

the same translocation pathway; and 2) H+ binding to the polar head of the FA anion is 
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essential for the H+ transport through UCP1. In conclusion, FA are likely to activate the H+ 

leak through UCP1 by serving as its transport substrates.

5. Mechanism of the FA-dependent H+ leak via UCP1

The new data on FA-UCP1 interaction obtained with the patch-clamp technique do not 

completely agree with any of the previously proposed models of UCP1 operation (Fig. 1). 

FA are essential for the activation of the H+ leak and serve as UCP1 transport substrates. 

Thus, the models in which FA activate the H+ leak via UCP1 allosterically and especially 

those in which UCP1 has a basal FA-independent H+ transport activity (the “H+ channel” or 

“OH−” channel in Fig. 1) cannot adequately explain the functional properties of UCP1. 

Although the “H+ buffering” and “FA-cycling” models agree better with the 

electrophysiological data, some important observations still remain unexplained. In 

particular, the “H+ buffering” model does not incorporate the fact that FA anions are UCP1 

transport substrates. In regard to “FA-cycling”, this model requires binding of long-chain FA 

anions on the matrix side of the IMM to explain the H+ translocation into the mitochondrion, 

but long-chain FA anions cannot bind UCP1 on the matrix side[19].

Therefore, a new model of UCP1 operation, which represents the simplest explanation of all 

electrophysiological data, was proposed [19]. In this model, FA serves as a co-substrate for 

H+ transport by UCP1 (Fig. 3C). However, as mentioned above, long-chain FA are retained 

within UCP1 translocation pathway by hydrophobic interactions and essentially serve as 

carriers that help H+ transport through UCP1. In accordance with this model, a long-chain 

FA and H+ interact with the substrate binding site of UCP1 on the cytosolic face of the IMM 

(Fig. 3C). Upon a conformational change, the substrate binding site becomes exposed to the 

opposite side of the IMM and H+ is released in the mitochondrial matrix. However, FA 

remains anchored to UCP1 due to the hydrophobic interactions established by its long 

carbon tail, and upon another conformational change returns back to the cytosolic face of the 

IMM to initiate another transport H+ cycle. Although FA−/H+ transport through UCP1is 

electroneutral, the charge translocation is produced by the anionic headgroup of long-chain 

FA when, after releasing H+, it returns to the opposite side of the membrane (Fig. 3C).

The model of UCP1 operation presented in Fig. 3C assumes that UCP1 operates as a 

transporter rather than a channel. The previously estimated transport rate of UCP1, 0.3 H+ 

per second per mV of membrane potential [26], and a very small, undetectable, UCP1 

unitary conductance observed in the patch-clamp experiments both support the conclusion 

that UCP1 operates as a transporter (channels normally conduct millions of ions per second). 

Interestingly, when UCP1 cannot bind one of its transported species (H+), it produces 

transient instead of steady currents in response to changes in membrane potential (Fig. 3B). 

Other transporters are also known to produce transient currents (so called pre-steady-state 

currents) in the absence of one of the transported substrates [27].

6. UCP1 function and SLC25 structural data

Based on sequence and symmetry analyses, all SLC25 family members are predicted to have 

one substrate-binding site (SBS) located near the centre of the membrane [23, 24]. During 
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transport, this single SBS is believed to be intermittently exposed to different sides of the 

IMM as the carrier changes its conformation from a cytosolic to a matrix [22, 23]. The 

structures of two SLC25 members were solved in association with blockers that lock them in 

the cytosolic state: the ATP/ADP translocator with carboxyatractyloside [28] and UCP2 with 

GDP [29]. Although the validity of the UCP2 structure has been put in doubt [30], both 

carriers have a deep aqueous cavity on the cytosolic side with a putative SBS located within 

and exposed to the intermembrane space\cytosol (Fig. 4). The cytosolic state of all other 

carriers is predicted to have a similar architecture [22, 24].

Interestingly, the predicted SBS of UCP1 has three positively charged arginines (R84, R183, 

and R277) and a titratable residue (aspartate, D28), suggesting that UCP1 transports small 

carboxylic or keto acids in symport with H+ [23]. It was suggested that the positively 

charged arginines attract negatively charged head of FA anions into UCP1[23]. However, 

substitution of any one of the arginines with a neutral amino acid did not seem to affect H+ 

transport when mutant UCP1 was expressed in yeast[31]. Arguably, more than one arginine 

must be neutralized to prevent attraction of FA− and H+ translocation.

UCP1 residues that bind the hydrophobic tail of FA should be located near the SBS. 

Alternatively, the long hydrophobic tail could simply protrude into and be stabilized within 

the membrane. These hydrophobic interactions not only anchor long-chain FAs within 

UCP1, but also can help bring the anionic head of long-chain FA in close proximity to D28 

(the hydrophobic interaction would be required to overcome electrostatic repulsion between 

the FA headgroup and D28) (Fig. 4). Thus, negatively charged D28 may serve as UCP1 

selectivity filter that prevents penetration of small anions and only allows FA− that are 

stabilized by the hydrophobic interactions. The importance of hydrophobic FA tail in UCP1 

binding (the longer the tail the smaller FA concentration is required to activate UCP1 

currents) is consistent between the patch-clamp experiments and previous studies [2, 19, 32]. 

Interestingly, indirect studies in suspensions of isolated brown fat mitochondria reported a 

GDP-sensitive Cl− conductance presumably mediated by UCP1 [16, 33]. This anionic Cl− 

conductance was hard to reconcile with H+ transport by UCP1, and in early studies it was 

proposed that UCP1 may be an anion channel that transports OH− rather than H+ [16]. The 

UCP1 model presented here does not completely exclude transport of Cl− or OH−; however, 

because Cl− and OH− do not establish hydrophobic interactions with UCP1, their transport 

by UCP1 should be very limited due to the repulsion by D28. UCP1-mediated Cl− currents 

were too small to be detected by the patch-clamp technique, but Cl− could slightly affect the 

reversal potential of H+ currents [19].

The close proximity of the carboxylic headgroup of FA (solution pKa ~5) and anionic 

aspartate D28 (solution pKa ~4) could dramatically increase the pKa of the FA and D28, so 

that they can bind H+ at physiological pH (Fig. 4). Thus, in this model both the FA 

headgroup and D28 are required to stabilize a single H+ within the SBS, similar to what has 

been proposed for the mitochondrial phosphate carrier [22]. Thus, D28 seems to be 

important for both UCP1 selectivity filter and H+ permeation. Low-pKa FA analogs also 

bind to the SBS but cannot stabilize an H+, even together with D28, and translocation occurs 

without an H+, resulting in FA− currents only (Fig. 3). D28 is indispensable for H+ 

translocation by UCP1 [34].
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What conformational changes does UCP1 undergo during the transport cycle? We propose 

that after initial binding of the anionic headgroup of FA to the SBS at the bottom of the 

cytosolic cavity, the UCP1 changes conformation to “engulf” FA and bring it within the 

membrane electric field (Fig. 5). Indeed, because low-pKa FA anions associated with UCP1 

sense the membrane field and produce transient current in response to membrane voltage 

steps of different polarity (Fig. 3B), they must be located inside the UCP1 protein, not inside 

its water-filled cavity [19]. Furthermore, given that the anionic head is easily translocated by 

UCP1 in response to changes in transmembrane voltage (Fig. 3B)[19], we conclude that 

when associated with a FA substrate, UCP1 easily undergoes conformational changes. Both 

engulfment of the substrate upon binding to UCP1 and the easy conformational change of 

UCP1 thereafter are reminiscent of the “induced transition fit” principle once proposed for 

the ATP/ADP translocator [35]. In accordance with this principle, immediately after initial 

binding, the substrate induces a conformational change in the SBS (carrier optimally engulfs 

the substrate), so that the structure of the carrier becomes more flexible and easily switches 

between cytosolic and matrix states. Thus, we propose that in the long-chain FA-bound 

conformation of UCP1, the SBS with the attached FA headgroup is intermittently exposed to 

the cytosolic and matrix side to accomplish H+ transport (Fig. 5).

This, however, does not necessarily mean that UCP1 cannot transition between cytosolic and 

matrix states without FA. Electrophysiological experiments demonstrate that low pKa short-

chain FA analogs can be transported by UCP1 when present only on the cytosolic (or 

matrix) side of the IMM (Fig. 3a)[19]. This either means that 1) empty (FA-free) UCP1 can 

transition from matrix to cytosolic conformation without FA−, or 2) cytosolic FA−, being a 

hydrophobic substrate, can penetrate into the membrane and bind to the SBS even in the 

matrix conformation. Clearly, a combination of advanced electrophysiological and structural 

methods is required to shed more light on the molecular mechanism of UCP1 action.

7. The role of LCFAs in the removal of purine nucleotide inhibition of UCP1

All the properties of UCP1 discussed so far relate to UCP1 activity in the absence of purine 

nucleotides. However, in living cells, UCP1 is tonically inhibited by cytosolic purine 

nucleotides, primarily ATP. Purine nucleotides bind on the cytosolic side of UCP1 and seem 

to occlude the UCP1 translocation pathway [21, 29]. The identity of the molecule that 

overcomes the purine nucleotide inhibition and helps to activate UCP1-dependent 

thermogenesis in brown fat has remained elusive. Two primary candidates have been 

suggested: FAs and long chain acyl-CoA. However, results pertaining to the ability of either 

of these two molecules to overcome purine nucleotide inhibition have been controversial [2, 

12, 32, 36].

In the patch-clamp experiments, long-chain FAs were able to overcome the inhibition of 

UCP1 by ATP [19] and therefore, should be able to do the same in vivo. This result is not 

surprising given that FA anions are permeable species and could compete with ATP4− that 

binds near or within the translocation pathway [21]. Due to the significant structural 

differences between FA anions and ATP4−, their binding sites on UCP1 cannot be identical. 

However, these binding sites may partially overlap or may simply be located in close 
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proximity, so that the electrostatic repulsion between the two negatively charged species 

results in competition.

In the absence of purine nucleotides, even sub-micromolar concentrations of long-chain FAs 

can activate very large UCP1 currents [19]. Purine nucleotides reduce sensitivity of UCP1for 

long-chain FA to ensure that UCP1-dependent H+ leak is not activated by basal 

concentrations of FA. Due to the purine nucleotide inhibition, UCP1-dependent 

thermogenesis would only occur after stimulation of brown adipocytes by norepinephrine 

when the level of intracellular free FA is significantly elevated[11].

Although it has been proposed that acyl-CoA can overcome UCP1 inhibition by purine 

nucleotides [37, 38], patch-clamp data demonstrates that long chain acyl-CoA inhibits 

UCP1in low micromolar concentrations [19]. Long chain acyl-CoA contains a nucleotide 

and an acyl moieties. It is likely that the nucleotide moiety associates with the purine 

nucleotide binding site of UCP1, while the acyl moiety binds to hydrophobic pocket 

intended for the carbon tail of the long-chain FA. Thus, acyl-CoA is not an activator but 

rather inhibitor of UCP1. The physiological significance of such inhibition remains unclear, 

as well as the concentration of acyl-CoA achieved in the mitochondrial intermembrane space 

in vivo.

Although long-chain FA can overcome ATP inhibition in the patch-clamp experiments, this 

may not be the only physiological mechanism for the removal of UCP1 inhibition by purine 

nucleotides. In vivo, the removal of ATP inhibition can also be assisted by other 

mechanisms, such as the elevation of pH in the cytosol (or more locally, in the 

intermembrane space) [9], by the association of UCP1 with cardiolipin [21], or by a recently 

reported redox regulation of UCP1 [39].
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Figure 1. Proposed models of UCP1 operation
H+ channel activated by allosteric binding of FA, OH− channel activated by allosteric 

binding of FA, “H+ buffering” model, and “FA cycling” model are shown.
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Figure 2. Mitochondrial patch-clamp
(A) Preparation of mitoplasts (vesicles of the whole IMM): (1) Mitochondria isolated from 

tissue lysate are subjected to low-pressure French press to rupture the OMM and release the 

IMM (mitoplasts are formed); (2) when mitoplasts are incubated in a KCl solution, the IMM 

is further released from the OMM and mitoplasts assume an 8-shaped form. Remnants of the 

OMM are attached to the IMM. (B) Formation of the gigaom seal between the glass patch 

pipette and the IMM (mitoplast attached configuration) is followed by break-in into the 

mitoplast to achieve a whole-mitoplast configuration for recording currents across the whole 

IMM. The IMM patch under the pipette is destroyed by high-amplitude voltage pulses (200–

500 mV). After break in, the IMM is completely released from the OMM, and mitoplast 

assumes a round shape. An isolated 8-shaped mitoplast and a round mitoplast attached to the 

pipette after break-in are shown in the lower panel. (C) Patch-clamp recording from the 

whole IMM. FA-dependent H+ current via UCP1 before (black) and after (red) application 

of UCP1 inhibitor GDP into the bath. The voltage protocol used to induce the current is 

shown above the current traces. All voltages indicated are within the mitochondrial matrix in 

respect to the bath (cytosol).
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Figure 3. Model of UCP1 operation based on the electrophysiological data
(A) Left panel: the mechanism of steady UCP1 current induced by short-chain low-pKa FA 

analogs added on the cytosolic face of the IMM. Short-chain FA are simply transported by 

UCP1 across the IMM. UCP1 has two conformation states, with substrate binding site 

exposed either to the cytosolic (c-state) or matrix (m-state) side of the IMM. To reflect the 

fact that long-chain FA anions cannot bind to UCP1 on the matrix side [19], the access to the 

substrate binding site in the m-state is shown narrower as compared to c-state. Right panel: 
an original trace of steady UCP1 current induced by short-chain low-pKa FA analogs. 

Voltage protocol is shown above. (B) Left panel: the mechanism of transient UCP1 current 

induced by long-chain low-pKa FA analogs added on the cytosolic face of the IMM. A long-

chain FA− analog is translocated by UCP1 similar to short-chain FA−, however the long 

carbon tail of FA− establishes strong hydrophobic interaction with UCP1 to prevent FA− 

dissociation. Thus, the negatively charged FA− shuttles within the UCP1 translocation 

pathway in response to the transmembrane voltage, producing transient currents. These 

currents suggest that the UCP1 substrate binding site changes its position within the 

membrane during c-m conformation change. Right panel: an original trace of transient 

UCP1 current induced by long-chain low-pKa FA analogs. (C) Left panel: the mechanism of 

H+ current via UCP1 induced by regular long-chain FA added on the cytosolic face of the 

IMM. UCP1 operates as a symporter that transports one FA− and one H+ per the transport 

cycle. The H+ and the FA− are translocated by UCP1 upon a conformational change, and H+ 

is released on the opposite side of the IMM, while the FA− stays associated with UCP1 due 

to the hydrophobic interactions established by its carbon tail. The FA− anion then returns to 

initiate another H+ translocation cycle. Charge is translocated only in step 3 when the long 

chain FA anion returns without the H+. Right panel: an original trace of H+ current via 

UCP1 induced by regular long-chain FA.
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Figure 4. Proposed substrate binding site of UCP1
Predicted SBS of UCP1 before (1) and after (2) binding of an FA anion and H+. Arginines 

R84, R183, and R277 are shown in blue, and D28 is shown as an open red circle in the 

water-filled cytosolic cavity. H+ is stabilized between the carboxylic headgroup of FA and 

D28 (2).
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Figure 5. Proposed UCP1 conformational changes during the transport cycle
After initial binding of the anionic long-chain FA and an H+ to the SBS (1 and 2, for 

simplicity D28 and arginines are omitted), UCP1 changes its conformation and the FA 

penetrates into the area that separates the cytosolic cavity and the matrix, within the 

membrane electric field (occluded state, 3). The structure of the substrate-bound UCP1 (3) is 

flexible, and it spontaneously transitions between the cytosolic state (4) and the matrix state 

(5) to expose the FA headgroup to different sides of the IMM and accomplish H+ transport.
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