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Mitochondria generate heat due to H' leak (/,,) across their inner membrane’. /,, results
from the action of long-chain fatty acids on uncoupling protein1 (UCP1) in brown fat*®
and ADP/ATP carrier (AAC) in other tissues'”®, but the underlying mechanism s poorly
understood. As evidence of pharmacological activators of /,; through UCP1and AAC is

lacking, I,;isinduced by protonophores such as 2,4-dinitrophenol (DNP) and cyanide-
4-(trifluoromethoxy) phenylhydrazone (FCCP)'*", Although protonophores show
potential in combating obesity, diabetes and fatty liver in animal models'>™, their
clinical potential for treating human disease is limited due to indiscriminately
increasing H* conductance across all biological membranes'®" and adverse side
effects®. Here we report the direct measurement of /,,induced by DNP, FCCP and other
common protonophores and find that it is dependent on AAC and UCP1. Using
molecular structures of AAC, we perform a computational analysis to determine the
binding sites for protonophores and long-chain fatty acids, and find that they overlap
with the putative ADP/ATP-binding site. We also develop a mathematical model that
proposes amechanism of uncoupler-dependent /,, through AAC. Thus, common
protonophoricuncouplers are synthetic activators of I, through AAC and UCP1, paving
the way for the development of new and more specific activators of these two central
mediators of mitochondrial bioenergetics.

Mitochondrial /,, controls cellular bioenergetics by uncoupling H* flow
between the electron-transport chain and ATP synthase. /,,causes ther-
mogenesis, increases body energy expenditure and limits mitochondrial
production of reactive oxygen species’. Pharmacological control of
1,,is central to the development of effective treatments for metabolic
and age-related disorders. Unfortunately, the choice of small-molecule
activators of I, through AAC and UCP1is extremely limited. Physiologi-
cally, I, through UCP1 and AAC is activated by free long-chain fatty
acids (FAs)*'**® but they cannot be used as drugs owing to their poor
selectivity and bioavailability. Thus, protonophores such as DNP and
FCCP have emerged as pharmacological tools to increase H" conduct-
ance of the inner mitochondrial membrane (IMM). Protonophores are
membrane-soluble weak acids that carry H" across biologicalmembranes
without the need for membrane-transport proteins'®" (Fig. 1e). This
protein-independent mechanism of action is broadly accepted as uni-
versalfor all biological and artificial lipid membranes, including the IMM.

Although DNP and FCCP have become indispensable tools for con-
trolling energy metabolism at the mitochondrial, cellular and systemic
levels, here we demonstrate that their mechanism of action was sub-
stantially misunderstood. Although these mitochondrialuncouplers do
possess protonophoricactivity, their major effect in the mitochondria
isthe activation of I, through AAC and UCP1.

Preference of DNP and FCCP towards the IMM

We used the patch-clamp technique to directly record /,; induced by
DNP and FCCP across the whole IMM of individual isolated mitochon-
dria stripped of the outer membrane (mitoplasts)*”***, Application
of DNP and FCCP to the cytosolic side of skeletal muscle mitoplasts
resultedinahigh /,. By contrast, H" currentsinduced across the plasma
membrane of HEK293 cells were considerably smaller even when much
higher concentrations of DNP and FCCP were used (Fig.1a-d). These
first direct measurements of DNP-and FCCP-induced /, across the IMM
suggest that the IMM has a unique ability to potentiate the action of
protonophores, either due toits distinct biophysical properties or the
presence of specific membrane proteins.

Protonophoresinduce I,; through AAC

As AAC s responsible for FA-induced mitochondrial /;in tissues other than
brown/beige fat’, we hypothesized that DNP and FCCP might activate /,,
through AAC. DNP induced /, in a dose-dependent manner (Fig. 2a and
Extended DataFig.1a). The AACinhibitor carboxyatractyloside (CATR) sup-
pressedthe currentby around 60% (Fig. 2a,c), whereas another AACinhibitor,
bongkrekicacid (BKA; whichinhibitsthe m-state of AACversus the c-state for
CATR), had only asmall effect (around15%inhibition; Extended DataFig.1b).
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Fig.1|H' currents activated by DNPand FCCPin the IMM versus plasma
membrane. a, DNP-induced /,,recorded across the whole IMM of skeletal
muscle (IMM, left) or the whole plasma membrane of HEK293 cells (PM, right).
b, Densities of DNP-induced /;;in the IMM (n = 3) versus PM (n = 4 for each
concentration), measured at -160 mV. Data are mean +s.e.m. ¢, FCCP-induced
I, recorded across the whole IMM of skeletal muscle (left) or the whole plasma

Thereare two somatic AACisoforms in mice, AAC1and AAC2%%, with
AACI1 being dominant in heart and skeletal muscle*?. Accordingly,
Iyinduced by DNP in cardiac IMMs from AACI”~ mice’** was reduced
by around 80% (Fig. 2d,e) and was insensitive to CATR (Fig. 2b,c).
Thus, DNP activates /; across the IMM primarily by targeting AAC.
The AAC-independent component of DNP-induced /, (around 20%;
Fig. 2d,e) may be associated with the protonophoric activity of DNP,
its action on other IMM proteins or both.

We next investigated whether FCCP and other mitochondrial uncou-
plers also induce /,, through AAC. In agreement with previous stud-
ies™, FCCP, SF6847"* and BAM15%% were more potent than DNP
and induced robust mitochondrial /,, at nanomolar concentrations
(Fig.2g and Extended DataFig.2a,e). CATRinhibited /,induced by FCCP,
SF6847 and BAML15 by approximately 20% (Extended Data Fig. 1d, e),
50% (Extended DataFig.2a, c) and 70% (Extended Data Fig. 2e,g), respec-
tively. /;induced by FCCP, SF6847 and BAMI15 in cardiac IMMs from
AACI”” mice was reduced by around 50% (Fig. 2f,g), 60% (Extended
Data Fig. 2a,b,d) and 85% (Extended Data Fig. 2e,f,h), respectively. In
contrast to the uncoupler-induced /;, K* current activated across the

NO,

membrane of HEK293 cells (right). d, Densities of FCCP-induced /,;in the IMM
(n=4andn=8)versusPM (n=4and n=8), measured at-160 mV. Dataare
mean +s.e.m.e, Protonatable groups of DNP (pK,=4.1) and FCCP (pK,=6.2)
indicated by red arrows (left). The mechanism of /,;induced by protonophores
(right). ‘A’ indicates protonatable weak acid.

IMM by the K*-selective ionophore valinomycin® was not reduced in
cardiac IMMs from AACI” mice (Extended Data Fig. 2i-k). Interest-
ingly, foralluncouplers, AAC1 deficiency had alarger effect on /;;than
pharmacological inhibition with CATR (Fig. 2and Extended DataFigs.1
and?2). This could be due to competition between CATR and uncouplers
for the AAC-binding site, or a CATR-insensitive AAC state induced by
uncouplers (CATR binds only to the c-state of AAC?).

We next compared the rates of respiration induced by uncou-
plers in mitochondria isolated from wild-type (WT) and AACI/AAC2
double-knockout (DKO) C2C12 cells’. DNP and BAM15 caused a
dose-dependentincreasein therate of uncoupled respirationin mito-
chondriafrom WT C2C12 cells, which was substantially reduced in DKO
mitochondria (Extended Data Fig. 3a-f).

We also compared uncoupled respirationinduced by FCCP, DNP and
BAM15inintact WT and DKO C2C12 cells. DKO cells have asignificantly
lower basal respiration rate than WT cells” (Extended Data Fig. 4a).
ATP synthase inhibitor oligomycin reduced respiration of WT cells but
not DKO cells, as they lack mitochondrial ATP production’ (Extended
Data Fig. 4a). Further application of increasing FCCP concentrations
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Fig.2|DNPand FCCP activate/,,through AAC. a, /,;induced by 50 uM (left) or
500 pMDNP (right) in heart IMM was inhibited by 1 uM CATR.b, /;induced by
500 uMDNPinAACI” heart IMM before and after application of 1 uM CATR.

¢, Theremaining fraction of DNP-induced /, at -160 mV after inhibition by 1 pM
CATRinWTand AACI”". Dataare mean + s.e.m. Statistical analysis was
performed using two-tailed paired t-test, compared with /,,before CATR
treatment. n =8 forall conditions.d, /,,in WT and AACI” heart IMM induced by
50 uM and 500 uM DNP. e, /,,densities at -160 mVin WT and AACI” heartIMM
atdifferent DNP concentrations. Dataare mean * s.e.m. Statistical analysis was
performed using two-tailed Mann-Whitney U-tests, WT versus AACI”".n =21

stimulated uncoupled respirationin both WT and DKO cells, but DKO
respiration was lower and plateaued at around 20 pmol s per10°cells
(Extended Data Fig. 4b), indicating that the DKO cells have a limited
respiratory capacity. The limited respiration capacity of DKO cells was
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0.1s

(WT,50 uM) and n=10 (AACI”", 50 uM); n=8 (WT,200 pM) and n =5 (AACI™",
200 uM); and n=19 (WT, 500 uM) and n=13 (AACI”", 500 uM).f, I, densities at
-160 mVin WT and AACI” heart IMM at different FCCP concentrations. Data
aremean + s.e.m. Statistical analysis was performed using two-tailed
Mann-Whitney U-tests, WT versus AACI”".n=12(WT,25nM)andn=5(AACI"",
25nM); n=10 (WT,50 nM)and n=>5(AACI”", 50 nM); n=8 (WT, 100 nM) and
n=5(AACI”",100 nM);andn=17 (WT, 250 nM) and n = 8 (AACI7", 250 nM).

g, l,induced by 25nM, 50 nM, 100 nMand 250 nMFCCPinWT and AACI”"
heartIMM.

further confirmed using a combination of valinomycin and nigericin
to induce AAC-independent mitochondrial uncoupled respiration
(Extended Data Fig. 4f). As mitochondrial biomass and the expression
of the electron-transport chain complexes was overall similar in DKO



and WT cells (Extended Data Fig. 3g-m), reduced Krebs cycle activity
or mitochondrial substrate availability in DKO cells (which fully rely on
glycolysis for ATP production’) may limit maximal respiration.

Thus, to provide a valid comparison of uncoupler-induced respira-
tion in WT and DKO cells, we analysed only lower concentrations of
FCCP (100 nMto1pM), DNP (10 pM to 250 uM) and BAM15 (500 nM to
5 uM) that did not exceed the respiration ability of DKO cells (approxi-
mately 20 pmol s per10° cells). Respirationinduced by alluncouplers
was reduced in DKO cells, but FCCP showed an overall lower depend-
ence on AAC compared with DNP and BAM15 (Extended DataFig.4b-e),
correlating well with the electrophysiological data (Fig. 2 and Extended
Data Fig. 2e-h). Moreover, as FCCP concentration increased, AAC
dependence of the FCCP-induced respiration became even smaller
(Extended DataFig.4e), probably dueto theincreased protonophoric
component. By contrast, AAC dependence of BAM15-induced respira-
tion remained constant (Extended Data Fig. 4e), perhaps due to its
limited protonophoric activity®.

Thus, inaddition to their protonophoricactivity, widely used mito-
chondrialuncouplers suchas FCCP, DNP and BAM15activate /,, through
AAC. Notably, BAM15 s less toxicin cells and mice compared with FCCP
and DNP*3°, which may correlate with its lower protonophoric activity?
and higher dependence on AAC (Extended Data Fig. 4e).

DNP and FCCP induce I,; through UCP1

Being the dominant uncoupling protein in brown and beige fat>>*%,
UCP1 may be responsible for DNP- and FCCP-induced /,, in these tis-
sues. IMM-associated phospholipases result in substantial amounts
of endogenous FAs in the IMM of brown fat. Thus, DNP and FCCP were
applied together with 10 mM methyl-B-cyclodextrin (MBCD) to extract
endogenous FA and therefore limit their effect on UCP1>"*%°. Higher con-
centrations of DNP and FCCP were applied while using MBCD because
it binds to hydrophobic compounds non-specifically, reducing their
effective concentrations. For example, 500 pM DNP in the presence
of 10 mM MBCD induces a similar /, amplitude as 50 puM DNP without
MPBCD in heart IMMs (Extended Data Fig. 1c).

Application of 500 uM DNP together with 10 mM MBCD induced
robust /; in brown fat IMMs (Fig. 3a (left)). This current was strongly
suppressed by 1 mM GDP (guanosine 5’-diphosphate), an established
UCPlinhibitor® (Fig. 3a, b), and reduced in UCPI”" IMMs (Fig. 3a,c).
Thus, UCP1is crucial for DNP-induced /,, in brown fat mitochondria.
Interestingly, DNP-induced /,, carried by UCP1 had a linear current-
voltage curve (Fig. 3a (left)) compared with the inwardly rectifying
current-voltage relationship of DNP-induced /, carried by AACin heart
IMM, whichshowed asharpincrease in the amplitude of inward currents
with membrane hyperpolarization (Fig. 2a and Extended Data Fig. 1c).
In UCPI”" brown fat IMMs, the residual /, was inwardly rectifying and
GDP-insensitive (Fig. 3a,b), suggesting the involvement of AAC.

FCCP-induced /,;in brown fat IMMs was also inhibited by GDP and
significantly reduced in UCPI”" mice (Fig.3d,f). I, remainingin UCP1”"
IMMs was insensitive to GDP (Fig. 3d,e). Interestingly, FCCP-induced
I, wasless dependent on UCP1than DNP-induced /,, (-50% versus ~80%
reductionin UCPI”" IMMs, respectively; Fig. 3¢,f) similar to the rela-
tive AAC dependence of FCCP- and DNP-induced /,; in heart IMMs
(Fig.2e,f). FCCP dependsless on AAC and UCP1than DNP dueto either
its higher protonophoric activity or the involvement of other IMM
proteins.

Nucleotides inhibit DNP-induced I,

Mg?*"-free ADP and ATP are negative physiological regulators of

FA-induced /,, through UCP1 and AAC>”**73* Thus, we hypothesized

that uncoupler-activated / is also inhibited by adenine nucleotides.
ATP inhibited /,, through UCP1 induced by 500 uM DNP with a

half-maximum inhibitory concentration (ICs,) of around 14 pM, but

thelCyyincreased toabout 80 pM when 5 mM DNP was used (Extended
DataFig. 5a). Thus, ATP appears to compete with DNP for binding to
UCP1, as previously observed for FA*, As the nucleotide-binding site
of UCP1is notselective for ATP*, other purine nucleotides, such as GDP
(Fig. 3a), also inhibit DNP-induced /,, through UCP1.

In contrast to UCP1, which binds only purine nucleotides on the
cytosolic face of the IMM, AAC transports adenine nucleotides and
binds themonbothIMM faces, depending onthe conformational state
(c orm)®, As the vast majority of AAC proteins in isolated mitoplasts
areinitially in the c-state, with the nucleotide-binding site exposed to
the cytosolic face of the IMM’, 1 mM ADP was first applied only to the
cytosolic (bath) solution. We observed a small, transient inhibition of
DNP-induced /,, (Extended Data Fig. 5b), probably due to the binding
of cytosolic ADP to the c-state of AAC, followed by a transition to the
m-state and release of ADP to the matrix side. In this state, the trans-
location pathway is expected to become unobstructed as there is no
ADP inthe pipette solution, enabling DNP to rebind and allowing /, to
recover (Extended DataFig. 5b).

We next applied ADP on both IMM sides to study how continuous
nucleotide exchange interferes with /,,. The electroneutral ADP/ADP
homoexchange was used to avoid /,; contamination with ADP/ATP
heteroexchange current’. The addition of 1 mM ADP to both sides of
the IMM led to a greater and persistent inhibition of DNP-induced /,,
(compare Extended Data Fig. 5c with Extended Data Fig. 5b). This sug-
gests that DNP cannotinduce /, in a fraction of AAC transporters that
are nucleotide bound during continuous nucleotide exchange, either
because of nucleotide-DNP competition or simple obstruction of the
translocation pathway. As1 mM ADP is at the higher end of physiologi-
cally relevant Mg?-free ADP concentrations, we propose that adenine
nucleotides cannot completely suppress DNP-induced H* transport
through AAC under physiological conditions but can downregulate it.
The inhibitory effects of one-sided and two-sided ADP application on
DNP-induced /,, are similar to those on FA-induced /,, through AAC” and
suggest that DNP and FA induce /,, after binding to the central transloca-
tion pathway of AAC and UCP1%”.

Uncouplers and FAs bind within AAC

We sought toidentify putative binding sites for chemical uncouplersin
AAC usinginsilico docking and molecular dynamics simulations. AAC1
is the only protein mediating /,, for which a high-resolution structure
hasbeendetermined. Inthe c-state, AAC1forms alarge water-accessible
cavity facing the cytosolic side of the IMM, whichis occupied by CATR
in the crystal structures®* ¥, Previous studies have identified the base
of the cavity as the binding site for transported nucleotides®**. We
targeted the entire cavity of bovine AAC1 (Protein Data Bank (PDB):
2C3E)* for molecular docking with the CATR molecule removed.

We identified highly reproducible binding modes for DNP deep in
this cavity, about halfway across the IMM, which were unaffected by
the protonation state of the compound (Fig. 4a-c). At this depth in
the cavity, onesideis highly charged and composed primarily of basic
residues, but DNP packs against the more hydrophobic transmem-
brane (TM) helix 4 on the opposite side. The aromatic moiety of DNP
contacts hydrophobic residue Ile183 and forms T-shaped aromatic
stacking interactions with Tyr186. Moreover, one of the nitro groups
forms electrostatic interactions with Arg234, whereas the hydroxyl
group hydrogen bonds with Ser227. In this position, DNP occupies
approximately the same space as the adenosine ring of ADP and the
diterpene moiety of CATR (Extended Data Fig. 6a,b).

We subsequently docked FCCP, BAM15 and SF6487 into the c-state
cavity, and found that they all bind in the pocket identified for DNP,
withthebest binding modes conserved between their neutral and nega-
tively charged states (Fig. 4c and Extended Data Fig. 7a-d). Despite the
chemical diversity of these compounds, their poses largely overlap such
that key titratable atoms on all four molecules lie in the same spatial
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Fig.3|DNPand FCCPinduce/,;through UCP1.a, DNP-induced /;;across the
IMM of brown fatin WT and UCPI” before and after application of 1mM GDP.
DNP (500 pM) was appliedin the presence of 10 MM MBCD to extract
endogenous membrane FAs. b, The remaining fraction of DNP-induced /,, at
-160 mV after inhibition by 1mM GDPin WT (n=3) and UCPI”" (n=>5). Statistical
analysis was performed using two-tailed paired t-tests, /,, without GDP versus
withGDPinthe WT. ¢, The densities of DNP-induced /,,in WT (n=5) and UCPI”"
(n=7)asmeasured at-160 mV. Dataare mean + s.e.m. Statistical analysis was
performed using two-tailed Mann-Whitney U-tests, WT versus AACI™”".

location (Extended Data Fig. 6e) with their aromatic rings against the
hydrophobic side of the pocket.

Werepeated the docking of DNP and other uncouplers using ahomol-
ogy model of the bovine transporter m-state based on a recent fungal
AAC structure (PDB: 6GCI)*. This revealed an interaction landscape
for the molecules that largely resembled that observed in the c-state
(Extended Data Fig. 7), supporting our experimental observation
that cytosolic DNP activates /; from both the c- and m-states of AAC
(Extended Data Fig. 5b).

Tovalidate this site, we performed molecular dynamics simulations
of AAClin the c-state with charged DNP placed in solution away from
the protein. Within 100 ns, DNP consistently entered the transporter
drivenby the strong positive potential in the cavity, and quickly moved
tothelocation predicted from docking (Fig. 4b, Extended DataFig.8a,b
and Supplementary Video1). DNPin this site is dynamic, rapidly reori-
enting its hydroxyl and nitro substituents to interact with different
protein moieties while largely remaining anchored to asingle position
on the protein through contact with its aromatic ring. We initiated
additional simulations starting with DNP in the identified site either
using neutral, protonated DNP or deprotonated DNP in a-160 mV
membrane potential to bias negative charges toward the cytosol. In
all simulations, DNP remained bound in the site for nearly the entire
500 ns duration (Extended Data Fig. 8b-d) and maintained interac-
tions observed inthe docking, as well as water-mediated contacts with
Arg79, Argl87 and Asp231.

Todetermine whether FAs share any of the interactions predicted for
chemicaluncouplers, weinitiated 14 molecular dynamics simulations
of AAClin the c-state and 4 in the m-state with 16 FAs, either arachi-
donic or palmitic acid, placed randomly throughout the membrane
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d, FCCP-induced /, across the IMM of brown fatin WT and UCPI”" before and
after application of 1mM GDP. FCCP (10 pM) was appliedin the presence of

10 MM MBCD to extractendogenous membrane FAs. e, The remaining fraction
of FCCP-induced /,;at -160 mV after inhibitionby 1mM GDPin WT (n=7) and
UCPI” (n=3).Statistical analysis was performed using paired two-tailed
t-tests, I, without GDP versus with GDPinthe WT. f, The densities of
DNP-induced/,,in WT (n=7) and UCP1”~ (n = 5) mitoplasts. /,, was measured at
-160 mV.Data are mean + s.e.m. Statistical analysis was performed using
two-tailed Mann-Whitney U-tests, WT versus AACI”".

(Supplementary Table 3). In 7 out of 14 c-state simulations, FAs from
the outer leaflet entered the cavity through several distinct routes,
while none bound to the m-state. Intwo trajectories, arachidonic acid
initially occupies the chemical uncoupler site for over 1 ps (Extended
DataFig.9a,b and Supplementary Video 2). However, in all seven bind-
ing events, both arachidonic and palmitic acid eventually occupy a
fenestration between TM5 and TM6 from which they do not leave. In
many instances, the acyl chain protrudes into the lipid bilayer while
the carboxylate interacts with residues Lys22, Arg79 and Arg279—all
predicted to engage nucleotide phosphate groups®** (Fig. 4d and
Extended DataFigs. 6fand 9c,d). The TM5-6 fenestrationis evidentin
X-ray structures of the c-state in which it is occupied by several water
molecules®?,

The configuration with the acyl tailanchored in the bilayer suggests
a physical basis for our previous finding that a long hydrophobic tail
is critical for FA activation of /,, through AAC and UCP1?”. Our data
also reveal that both mitochondrial uncouplers and FAs bind within
the water-accessible translocation pathway, but to different sites
(Extended DataFig. 6g). The uncoupler site overlaps with a portion of
the CATR-binding site and the adenosine ring of docked ADP, whereas
the region occupied by the dynamic FA headgroup overlaps with the
carboxylate groups of CATR and the ADP phosphate groups (Extended
Data Fig. 6a-d). We cannot exclude the possibility that FA exerts its
effect fromthe uncouplersite rather than the TM5/6 fenestrationssite,
as we observed a FA in both sites in the simulations (Extended Data
Fig. 9a-d). Moreover, a simulation with two FAs placed in the cavity,
oneineachsite, remains stable for afull microsecond (Extended Data
Fig. 6h and Supplementary Video 3), showing that the c-state can simul-
taneously accommodate more than one FA molecule.
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the membrane with TM1hidden. AAC1 (cyan) is represented as ribbons, and
DNP as sticks (carbon (yellow), oxygen (red) and nitrogen (blue)). b, Expanded
view of DNP posesina.c, Superposition of predicted binding poses for
protonated and deprotonated forms of DNP, FCCP, BAM15 and SF6847.

d, Arachidonicacid fromamolecular dynamics simulation showing the
carboxylate headgroup occupyingthe central cavity and aliphatic tail
extendinginto the bilayer between TM5and TMé6. e, Hypothetical H,;0"* (blue
spheres) pathway from the intermembrane space (c) to the matrix (m). Pink
spheresaretitratable groups of docked uncouplers shownincsettoz=0.
f,Electrostatic energy profile computed along pathway in e using Poisson-

Biophysical model of H permeation through AAC

Continuum electrostatics calculations revealed a large, positive potential
opposing H" entryinto the cytosolic cavity of the AAC1 c-state (Fig. 4¢,f),
consistent with its role as an anion transporter. Protons experience an
electrostatic energy barrier (E,,..) of 10 kzT at the bottom of the cavity
near the centre of the membrane (z= 0), where the protonatable groups
of bound uncoupling agents are located (Fig. 4e and Extended Data
Fig. 6e). Betweenz=-5and -25 A, thereis noaqueous pathway through
the closed gate on the matrix side and, therefore, another large energy
barrieris present (Fig. 4f (grey region)). A negative membrane potential
(normally present across the IMM) tilts the energy landscape in favour
of H" entry to the matrix, but does not significantly reduce the barrier
(Fig.4fand Extended Data Fig.10a), consistent with alack of /;; through
AAC or UCP1in the absence of FA*”* or uncoupling agents (Fig. 1).

FAsand uncouplers probably enable H* permeation by reducing the
positive charge in the cavity and providing a protonatable group that
acts as a stepping stone, similar to the FA-cofactor model proposed
for UCP1°. However, overcoming the energetic barrier of the closed
matrix gate requires a conformational change to openaH' permeation
pathway to the matrix. This pathway should be narrow to ensure selec-
tive H" permeation, and would therefore require only aminor confor-
mational change short of the full c-state to m-state transition required
for ADP/ATP exchange. We assume that both FAs and chemical uncou-
plersinduce suchachange as suggested by transient pre-steady-state
currents recorded for AAC (and UCP1) in the presence of low-pK, FA
analogues after the application of a negative voltage®’

Onthebasis of these assumptions, we created amathematical model
toexamine the possibility of H permeation through AAC once uncou-
plers bind and an H'-selective pathway to the matrix has opened. In
this model, a proton first enters the transporter from the cytosol and

Boltzmann continuumelectrostatics. The grey regionindicates high
electrostatic barrier due to lack of solvationin the proteininterior. The profiles
correspond to applied voltages of 0 mV (blue), -80 mV (red) and -160 mV
(yellow). Inset: magnified view of the profile near protonatable groupsatz=0.
g, Cartoon model of the three-state H" transport cycle: (1) the uncoupler (pink)
boundto c-state of AAC1 (light blue); (2) cytoplasmic H* (blue sphere) binds to
the uncoupler; and (3) H' transitions to the matrix pathway. H" exits AAC1to the
matrix asthe cycleresetsbacktostatel.Eachstepisreversible, butonly H*
movement from the cytosol tomatrix is shownbecause itis favoured under
negative matrix voltages. h, The steady state single-transporter current-
voltage relationship predicted from the modeling using the valuesin
Supplementary Table 2 for a DNP-like uncoupler with cytosolic pH=7and
matrix pH =7.5.Model equations are provided in Supplementary Note 1.

binds to the uncoupler (pink molecule), followed by atransition to the
narrow H" permeation pathway and eventual delivery to the matrix
(Fig.4gand Supplementary Note1). The true nature of the H* pathway
remains unclear as it may occur through a water wire, Brownian diffu-
sion through a water filled passage, transfer to a protonatable site on
the protein or another mechanism. Thus, we modelled this step as an
Arrhenius rate, which can generally describe all of these processes at
this coarse level.

We populated the rates in the model from the results of our
structure-based computations on the c-state along with additional
biophysical considerations (Supplementary Note 1). The model pre-
dicts a H* flux rate of around 15 H* per s at =160 mV in the presence of
a DNP-like activator (pK, = 4.2 in solution) and cytosolic and matrix
pHvalues of 7and 7.5, respectively (Fig. 4h; using the values shown in
Supplementary Table 2). The large positive electrostatic barrier (Ee.)
is a key determinant of the flux explaining the small unitary current.
Evenreducing E.. from10 kT to 6 k;T causes an eightfold increase in
I, (Extended Data Fig. 10b). Thus, if a minor conformational change
induced by the uncoupler/FA affects the shape of the cytosolic cav-
ity and its electrostatic potential, it could significantly affect the H*
transport rate. Furthermore, the same conformational change could
position the uncoupler/FA deeper into the membrane electric field,
which would increase the fraction of the membrane voltage (f) that
H* move through as they bind from the cytosol. Increasing ffrom 0.1
(the computed value) to 0.5 causes a fourfold increase in the current
(Extended Data Fig. 10c). Moreover, calculations with f= 0.5 better
approximate the inward rectification observed in the experimental
traces (Fig. 2 and Extended Data Fig. 2).

Tuning the pK, of the uncoupler reveals that /,;is optimal above 5, and
compounds with values under 2do notinduce current (Extended Data
Fig.10d), consistent with our earlier finding that low-pK, FA analogues
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cannotinduce/,in either UCP1or AAC*”. Uncouplers with moderately
high pK; values are still effective because the positive potential in the
cavity essentially lowers their intrinsic pK, making them more likely
to give up their proton.

Thelargest structural uncertainty involves the nature of the H* path-
way from the uncoupler to the matrix; however, the model places strong
constraints on this rate (transition from state 2 to state 3 in Fig. 4g).
The transition must occurinthe upper nanosecond range or faster for
efficient conductionorelse H' unbinding to the cytoplasm dominates
duetothelarge positive potentialin the cavity (Extended Data Fig.10e).
Moreover, I, is insensitive to the energy of the H" in the pathway pro-
vided that the forward rate fromthe uncoupler is fast, consistent with
anumber of proton permeation mechanisms (further details are pro-
vided in Supplementary Note 1).

This model demonstrates the feasibility of the uncoupler-induced
H* transport through the translocation pathway of AAC, replicates
some of the measured electrophysiological properties and provides
amolecular-based hypothesis that can drive future studies.

Discussion

Our results challenge the dogma that mitochondrial uncouplers such
as DNP, FCCP, SF6847 and BAM15 induce /,; across the IMM through a
protein-independent protonophoric mechanism* %, We demonstrate
that the dominant mechanism of action of these uncouplersin the mito-
chondriaistoinduce/,;by activating AAC and UCP1, the same proteins
that mediate the physiological, FA-induced mitochondrial /,. However,
atthelevel of the whole cell and the whole organism, the protonophoric
activity of the uncouplers can still have a considerable impact due to
their broad, indiscriminate effect on various cell membranes.

Electrophysiology and computational analysis suggest that chemi-
cal uncouplers and FAs induce /,;in AAC and UCP1 through the same
general mechanism: both are weak acids that bind within the central
translocation pathway to facilitate H* binding and permeation. Unex-
pectedly, FAs must be substantially more hydrophobic than chemical
uncouplers to effectively activate /. Only long-chain FAs containing
more than12 carbons (log[P] > 4.6) have the ability to activate AAC- and
UCP1-dependent /,; in the low micromolar range®’. By contrast, DNP
robustly activates /;; despite its much lower hydrophobicity (6 carbon
atoms, log[P] =1.67). This indicates potential differences in the bind-
ing mechanisms of FAs and chemical uncouplers in the translocation
pathways of AAC and UCP1, which are also confirmed by the molecular
dynamics simulations and molecular docking (Supplementary Note 2).

Allof the chemical uncouplers examined in this work have two mecha-
nisms of action, a protonophoricactivity affecting all cellmembranes
and an IMM-specific H leak through AAC and UCP1. Despite this, our
dataindicate that it might be possible to develop specific activators
of mitochondrial /; through AAC (UCP1) that lack the protonophoric
activity (Supplementary Note 1). Such next-generation anti-obesity
and anti-diabetes drugs would activate native thermogenic pathways
similar to their endogenous activators, long-chain FAs, and might have
improved safety compared with general protonophores.

Todate, UCP1 hasbeen the primary pharmacological target to stimu-
late resting metabolic rate due to the thermogenesis that it induces
inbrown/beige fat. However, the impact of UCP1in humansiis limited
because of asubstantial reductioninbrown adipose tissue withage and
its near complete absence in certain individuals®*¢, AAC-dependent
I, can also increase energy expenditure by channelling the energy
of mitochondrial substrate oxidation into heat. AAC is ubiquitously
expressed and its contribution to overall body energy expenditure is
therefore likely to exceed that of UCP1. By having two functions—ADP/
ATP exchange and H* leak—AAC functions as a master regulator that
controls the partitioning of mitochondrial energy between ATP pro-
ductionand thermogenesis. Thus, this native, self-regulating pathway
represents an attractive target for controlling energy expenditure.
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Methods

Animals

Mice were maintained onastandard rodent chow dietunder12h-12 h
light-dark cycles. All of the animal experiments were performed
with male mice according to procedures approved by the UCSF
Institutional Animal Care and Use Committee. B6.129-Ucpltm1Kz/)
mice (abbreviated UCPI”") were obtained from the Jackson Labora-
tory. The AACI-deficient mice on the C57BL/6)J2z background were
obtained from the laboratory of D. Wallace**. WT and UCPI”~ mice
(B6.129-Ucp1tm1Kz/J) on the C56BL/6) background were obtained
from theJackson Laboratory. For the experiments with AACI” mice, we
used WT C57BL/6J2z and C56BL/6J control mice with the sameresults.
For all of the other knockout mouse strains C56BL/6) mice were used
as control. All mice were aged 2 months to 1year.

C2C12 cell culture and generation of AAC1/AAC2 knockout cells

The original WT C2C12 cell line (immortalized mouse myoblast cell
line) was purchased from ATCC (https://www.atcc.org/) and cultured
incomplete Dulbecco’s modified Eagle’s medium (DMEM; DMEM with
25 mM glucose, 10% fetal bovine serum (FBS), penicillin and strepto-
mycinantibiotics). The C2C12 cell line was authenticated by ATCC. The
AACI/AAC2 DKO C2C12 cells were generated by Alstem (http://www.
alstembio.com/) using the CRISPR-Cas9 system’. Alstem provided
initial authentication of AACI/AAC2 DKO C2C12 cells using PCR. We
provided further authentication of the DKO cells with western blot-
ting. All cell lines were tested negative for mycoplasma contamina-
tion. Transfection of gRNA Cas9 plasmids was performed using the
Invitrogen Neon transfection system. gRNA candidates were selected
using PCR amplification and selected for single-cell clone isolation.

Isolation of mitochondria and mitoplasts from tissues

Mice were euthanized by CO, asphyxiation followed by cervical dislo-
cation. For the preparation of mitoplasts from heart, skeletal muscle,
brown fat, kidneys and liver, the selected mouse tissues wereisolated,
rinsed and homogenized in ice-cold medium containing 250 mM
sucrose, 10 mM HEPES, 1 mM EGTA and 0.1% bovine serum albumin
(BSA) (pH adjusted to 7.2 with Trizma base) using a glass grinder with
six slow strokes of a Teflon pestle rotating at 275 (soft tissues) or 600
(fibrous tissues) rotations per minute. The homogenate was centri-
fuged at 700g for 5-10 min to pellet nuclei and unbroken cells. For
sometissues, the first nuclear pellet was resuspended in the same solu-
tion and homogenized again to increase the yield of mitochondria.
Mitochondria were collected by centrifugation of the supernatant at
8,500g for 10 min.

Mitoplasts were produced from mitochondriausing a French press.
Inbrief, mitochondriawere suspended inasolution containing 140 mM
sucrose, 440 mM b-mannitol, 5 mMHEPES and1 mM EGTA (pH adjusted
to 7.2 with Trizma base) and then processed using a French press at
1,200-2,000 psitorupture the outer membrane. Mitoplasts were pel-
leted at 10,500g for 15 min and resuspended for storage in 500 pl of
solution containing 750 mM KCl, 100 mM HEPES and 1 mM EGTA (pH
adjusted to 7.2 with Trizma base). Mitochondria and mitoplasts were
preparedat 0-4 °Cand stored onice forup to 5 h.Immediately before
the electrophysiological experiments, 15-50 pl of the mitoplast sus-
pension was added to 500 pl solution containing 150 mM KCI, 10 mM
HEPES and1 mM EGTA (pH adjusted to 7.0 with Trizmabase) and plated
on 5 mm coverslips pretreated with 0.1% gelatin to reduce mitoplast
adhesion.

Patch-clamp recordings

Whole-IMM patch-clamp recording was performed from isolated
mitoplasts®>”'?, The mitoplasts used for patch-clamp experiments
were 3-5 pmin diameter and typically had membrane capacitances of
0.3-1.2 pF. Gigaohm seals were formed in the bath solution containing

150 mMKCl, 10 mMHEPES and1 mMEGTA (pH 7 adjusted using Trizma
base). Voltage steps of 250-500 mV and 1-50 ms were applied to
break-ininto the mitoplast and obtain the whole-mitoplast configu-
ration, as monitored by the appearance of capacitance transients.
Mitoplasts were stimulated every 5 s. Currents were normalized to
membrane capacitance to obtain current densities (pA pF™).

All indicated voltages are on the matrix side of the IMM (pipette
solution) as compared to the cytosolic side (bath solution, defined
tobe O mV). Normally, currents were induced by a voltage ramp from
-160 mVto+100 mVto cover all physiological voltages across the IMM.
In the figures, voltage protocols are shown above the current traces.
Currents flowing into mitochondria are shown as negative, whereas
those flowing out are positive. Membrane capacitance transients
observed after the application of voltage steps were removed from
current traces.

Both the bath and pipette solutions were formulated to record H*
currents and contained only salts that dissociate into large anions
and cations normally impermeant through ion channels or trans-
porters. The pipettes were filled with 130 mM tetramethylammonium
hydroxide, 1.5 mM EGTA, 2 mM Tris chloride and 100 mM HEPES. pH
was adjusted to 7.5 with D-gluconic acid, and tonicity was adjusted to
around 360 mmol kg with sucrose. Typically, pipettes had resistances
0f25-35MQ, and the access resistance was 40-75 MQ. Whole-mitoplast
I, was recorded in the bath solution containing 100 mM HEPES and
1mM EGTA (pH 7.0 with Trizma base, and tonicity ~300 mmol kg™
with sucrose). Whole-mitoplast K* current activated by valinomycin
was recorded in the bath solution containing 50 mM KOH, 182 mM
HEPES and 1 mM EGTA (pH 7.0 with HEPES, tonicity 300 mmol kg™).

In the absence of significant cytosolic triglyceride storage in
non-adipose tissues, membrane phospholipid hydrolysis may be an
important source of free FA for /,activation in vivo. Torecord /,; through
UCP1, before the application of uncouplers, the endogenous membrane
FA were removed by a30-40 s pretreatment with 10 mM MB3CD.

Inthe experiments that compared /,;activated by protonophoresin
IMM versus plasma membrane, whole-IMM measurements were per-
formed from skeletal muscle mitoplasts as described above. Whole-cell
plasma membrane H* current measurements were performed from
HEK293 cells. Gigaohm seals with HEK293 cells were formed in aRinger
solution containing 150 mM NacCl, 4 mMKCl, 2 mM CaCl,,1 mM MgCl,,
5.6 mMglucose and 25 mM HEPES (pH 7.4 with NaOH). Whole-IMM and
whole-cell /, measurements were performed under identical recording
conditions. A large pH gradient was set up between the bath solution
(pH 6.0) and pipette solution (pH 7.5) to facilitate the detection of small
H* currents. Currents were expressed as current densities (pA pF™?)
to enable comparison between the small mitoplasts and much larger
plasma membranes. The pipettes were filled with 130 mM tetrameth-
ylammonium hydroxide, 1.5 mMEGTA, 2 mM Tris chloride and 100 mM
HEPES (pH 7.5 with b-gluconic acid, tonicity of around 360 mmol kg™
with sucrose). The bath solution contained 100 mM MES and 1 mM
EGTA (pH 6.0 with Trizma base, and tonicity of around 300 mmol kg™
with sucrose).

All of the experiments were performed under continuous perfu-
sion of the bath solution. All electrophysiological data presented were
acquired at10 kHz and filtered at 1 kHz.

C2C12 mitochondrial isolation

C2C12 cells (WT or DKO) from 10 15 cm dishes were trypsinized and
collected withice-cold PBSat1,000g for 5 min. The cell pellet wasincu-
bated with hypotonic buffer 20 mM HEPES, pH 7.5,5 mM KCl, 1.5 mM
MgCl, and 1 mg ml™ essentially FA-free BSA) on ice for 10 min. Cells
were thenhomogenized (25 strokes) using a tight-fitting glass dounce
tissue grinder and rapidly made isotonic by adding the homogenate
to 2/3 volume of 2.5x MSH (20 mM HEPES, pH 7.5, 525 mM mannitol,
175 mM ssucrose, 5mM EDTA, and 1 mg mlI™ essentially FA-free BSA). The
homogenate was centrifuged at 600g for 10 min, and the supernatant
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was then centrifuged at 8,500g for 10 min to pellet mitochondria.
Mitochondriawere resuspended in MSH buffer (20 mM HEPES, pH 7.5,
210 mM mannitol, 70 mM sucrose and 2 mM EDTA). Mitochondrial
protein was quantified using the bicinchoninic acid assay (Thermo
Fisher Scientific).

Mitochondrial respiration using the Seahorse Extracellular Flux
Analyzer

Inavolume of 50 pl, 30 pg of mitochondrial protein wasadded to each
well of a XF cell culture microplate (onice). The mitochondria-loaded
XF microplate was centrifuged at 2,000g for 20 min for adherence
of organelles. Respiration buffer (20 mM Tris, pH 7.4, 210 mM man-
nitol, 70 mM sucrose, 0.1 mM EGTA, 3 mM MgCl,, 5 mM KH,PO,, 0.1%
essentially FA-free BSA,10 mM sodium pyruvate and 5 mM malate) was
addedtoafinal volume of 0.5 ml, and the XF microplate was warmed at
37°Cfor 8 minbefore loadinginto a XFe24 Extracellular Flux Analyzer
(Seahorse Bioscience). The OCRs were recorded using amix (20 s) and
measure (2 min) cycle.

Mitochondrial respiration using a Clark electrode

Mitochondrial respiration was assessed in a 0.4 ml continuously stirred
chamber containing the standard incubation medium, containing
125 mMKCI, 0.5 mM MgCl,, 3 mMKH,PO,, 10 mM HEPES, pH 7.4,10 pM
EGTA and supplemented with 3 mM pyruvate plus 1 mM malate. The
chamber was maintained at 37 °C and was equipped with acustom-made
Clark-type oxygen electrode and a tightly sealed lid. The slope of the
oxygen consumption trace corresponded to the respiratory rate. Lin-
ear regression was performed on sections of the respiration traces for
the 60 simmediately preceding and immediately after the addition
of DNP to the mitochondria. The linear equation yielded during each
linear regression analysis was used to determine the change in volts
per minute for the trace segment of interest. Using the total known
scalein volts for each trace and an experimentally determined value,
in nmol, for the amount of oxygen dissolved in an aqueous solution
at37°C and 1atm, electrical potential was converted to nmol O,. The
known amount of dissolved O, under normal air pressure in 0.15 MKCI
solution at 37 °C has previously been determined to be 162.4 nmol O,
per ml (ref. *”). Finally, the amount of nmol O, consumed per minute
was normalized to mitochondrial protein (275 pg mitochondria/400 pl
volume of the chamber).

Cell respiration analysis using the Oroboros O,k respirometer
C2C12 cell culture was maintained in DMEM supplemented with25 mM
glucose, 1 mM sodium pyruvate, 4 mM GlutaMAX and 10% FBS. The
respiration medium was DMEM (containing 5.6 mM glucose, 1 mM
sodium pyruvate, 4 mM L-glutamine, 20 mM HEPES, 10% FBS and no
phenolred) withapproximately 325 mOsm, at around pH 7.15. The cell
concentrationin each 2 mlrespiration chamberwas 5 x 10° cells per ml.
The temperature was maintained at 37 °C and the cell suspension was
stirred continuously at 750 rpm. After the oxygen consumption rate
reached steady-state, 1 uM oligomycin was first applied to inhibit ATP
synthase. Increasing concentrations of uncouplers (FCCP, 2,4-DNP
and BAM15) or valinomycin were then added as indicated. Nigericin
(K'/H" antiporter,1 uM) was added to reduce matrix K* accumulation
and mitochondrial swelling caused by valinomycin®. At the end of the
experiments, 1 uM rotenone and 2.5 pM antimycin were applied to
inhibit mitochondrial respiration and determine the non-mitochondrial
respiration.

Immunoblot analysis

For westernblot analysis, cells were lysed in RIPA buffer (1% igepal, 0.1%
sodium dodecylsulfate, 0.5% sodium deoxycholate, 150 mM NaCl,1mM
EDTA, 50 mM Tris-HCI (pH 7.4) and a cocktail of protease inhibitors).
Lysates were resolved by SDS-PAGE, transferred to PVDF membrane
(Millipore), and probed with anti-Na“/K*-ATPase (Abcam, ab76020,

GR3237646-13,1:10,000), anti-TOMM20 (Sigma Prestige, HPA011562,
000012083,1:500), anti-AAC1 (Abcam, ab110322, R4759, 1:500) and
anti-AAC2 (Cell Signaling Technology, CST 14671, 1:500) antibodies
and OXPHOS antibody cocktail for mitochondrial respiratory content
(Abcam, ab110413, MS604/Q5039, 1:500, NDUFBS8 (complex 1), SDHA
(complex 1), core 2 subunit (complex III), CIV-I subunit (complex V)
and ATP5A (complex V)).

Celllines

The C2C12 WT cell line was purchased from ATCC (https://www.
atcc.org/). These WT C2C12 cells were used to generate the double
AACI/AAC2KO C2C12 (DKO) cell line. The DKO cell line was generated
by Alstem (http://www.alstembio.com/) using the Crispr-Cas9 sys-
tem’. The C2C12 cell line was authenticated by ATCC. The AAC1/AAC2
double KO C2C12 (DKO) cell line was generated and first authenticated
by Alstem. We provided further authentication of the DKO cells with
western blotting. All cell lines tested negative for mycoplasma con-
tamination. The HEK293T cells (Homo sapiens) were provided and
authenticated by the UCSF Cell Culture Facility (https://cgec.ucsf.edu/
cell- culture-and-banking-services).

Chemicals

Thefollowing chemicals were used in this study: carboxyatractyloside
potassiumsalt (CATR, Sigma-Aldrich, 4992), bongkrekicacid triammo-
nium salt (BKA, Millipore 203671), guanosine 5’-diphosphate tris salt
(GDP, Sigma-Aldrich, G7252), adenosine 5’-diphosphate sodium salt
(ADP, Sigma-Aldrich, A2754), adenosine 5’-triphosphate disodium salt
hydrate (ATP, Sigma-Aldrich, A6419), methyl-B-cyclodextrin (MBCD,
Sigma-Aldrich, C4555), BAM15 (Sigma-Aldrich, SML1760) and SF6847
(CAS10537-47-0, Calbiochem, Sigma-Aldrich).

Statistical analysis

Data are presented as mean * s.e.m. as specified in the figure legend.
Statistical analysis was performed using GraphPad Prism 8. Statistical
significance with exact P values was determined using the method
indicated in the corresponding figure legend.

Docking methods

The Small Molecule Drug Discovery Suite 2019-1 (Schrodinger) was
used for all docking calculations. The protein was prepared in a
ready-to-dock-format with the Protein Preparation Wizard workflow.
For docking to the c-state, PDB 2C3E (ref. *¢) was used, whereas dock-
ing to the m-state used the homology model prepared for molecular
dynamics simulations. Protein hydroxyl group orientations and proto-
nation states were assigned at pH 7 using PROPKA*8in Epik v.4.7.Small
molecules were drawn using Maestro v.11.9, and their protonation states
and tautomers were assigned at pH 7.0 + 3in Epik v.4.7. Geometry was
optimized and partial charges were assigned using Jaguar v.10.3 using
the B3LYP-D3 density functional* to account for non-covalent disper-
sion interactions with the 6-31G** and 6-31**+ basis sets for neutral
states and anions, respectively, with ultra-fine level of accuracy of the
calculation grid. Other parameters for proteins and small molecules
usedin the docking experiments came from the OPLS3e force-field™. A
30 x 32 x 30 A*docking grid was erected in the central cavity, and mol-
ecules docked in flexible mode allowing bond rotation while enforcing
aromatic planarity restrictingamide groupsto trans, treating halogens
as hydrogen-bond acceptors, and aromatic hydrogens as donors. For
docking into the c-state, the protein was held rigid and the Glide XP*!
scoring function was used, including strain energy for the ligands in
the final score and returning a maximum of five optimal poses. For
dockinginto the m-state, the induced fit workflow was applied, using
the alanine trimming procedure along with the Glide SP scoring func-
tion for rescoring, and a maximum of 20 poses were returned. Final
poses were picked on the basis of a combination of visual inspection,
chemical intuition and score.
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Molecular dynamics simulations
Simulationsofthec-state of AAClwere prepared using PDB 2C3E (ref.3¢),
while simulations of the m-state were prepared using a homology
model based on PDB 6GCl (ref. *°), with the final simulation modelin
both cases consisting of residues 1-297 of bovine AAC1 and 3 bound
cardiolipinlipids. Homology modelling of the bovine AAC1 m-state
was performed using the automated SWISS-MODEL web server*?,
using the BKA-bound Thermothelomyces thermophilus AAC m-state
structure (PDB: 6GCl) as atemplate (48% sequence identity to bovine
AACI). Theinhibitors CATR and BKA found in the crystal structures
were removed for all of the simulations. Four missing residues at
the protein C terminusin PDB 2C3E were added manually in PyMOL
(The PyMOL Molecular Graphics System, v.1.8 Schrodinger) as an
extension of TM6. For both states, three tetra-linoleoyl cardiolipin
lipids were built into lipid-binding sites manually in PyMOL using the
partial lipid residues found in the crystal structures as templates.
Structures were embedded in lipid bilayers using the membrane
builder application of the CHARMM-GUI web server®>. Some bilay-
ers were built using POPC as the primary lipid, while others used a
1:1 mixture of PC:PE lipids with additional cardiolipin molecules to
more closely mimic the composition of the mitochondrialinner mem-
brane** (Supplementary Table 3). The lipid composition of the bilayer
had noapparenteffect on the structure or ligand-binding properties
of AACL. For simulations using FA in the bilayer, FA molecules were
also placed randomly using the CHARMM-GUI membrane builder.
For simulations using DNP, the DNP molecule was placed either
randomly in the aqueous portion of the simulation box, or in the
AACI-binding site on the basis of previous simulation runs. The force
field parameters used for protein and lipid/FA were CHARMM36m>
and CHARMMB36°¢, respectively. Water was represented with the
TIP3P model*’, and standard CHARMM ion parameters were used*®.
CHARMM-compatible parameters for neutral and deprotonated
DNP were obtained for CgenFF (v.4.0)*° using the paramchem web
server (https://cgenff.umaryland.edu/), and atomic partial charges
were reoptimized using the Force Field Toolkit VMD plugin® and
gaussian09 (ref. ©'). Additional simulation details are provided in
Supplementary Table 3.

All molecular dynamics simulations were performed on local GPU
computing resources using GROMACS (v.2018 or v.2020)%2. Systems
wereinitially minimized with 2,000 k] mol™ nm?harmonicrestraintson
all protein heavy atoms and DNP or FA heavy atoms, when applicable,
followed by amultistep equilibrationin which proteinrestraints were
gradually reduced over 10 ns. Production simulations were run using a
2 fstimestep, aNose-Hoover (GROMACS v.2018) or stochastic-velocity
rescaling (GROMACS v.2020) thermostat at 315K (refs. >%), and a
semi-isotropic Parrinello-Rahman barostat with a pressure of 1 atm
(ref. %6). A12 A cut-off was used for Lennard-Jones interactions with
force switching in the range of 10-12 A, and long range electrostat-
ics were calculated using the particle mesh Ewald method®. Bonds
to hydrogen atoms were constrained using the LINCS algorithm®,
Atomic coordinates were saved every 250 ps for all simulations. For
systems simulated with an applied membrane potential, we used the
constantelectric fieldmethod where £, ;.4 = V/L,where L, is the length
of the simulation box in the zdimension®, and the membrane potential
was equilibrated at a rate of 10 mV per 5 ns. Simulation analysis was
performed using the MDAnalysis Python package™. Molecular graph-
ics were generated using the Visual Molecular Dynamics (VMD)™ and
PyMOL software packages.

Electrostatic calculations

Continuumelectrostatics calculations were carried out onarepresentative
snapshotofbovine AACl extracted fromamolecular dynamics simulation
at75ns (ID2inSupplementary Table 3). The protein only was embedded
inamembrane-like environment using APBSmem?” and calculationswere
performed using APBS” with the PARSE parameter set for membrane volt-
age calculations and Swanson forionsolvation energy calculations (alist of
additional parametersis provided in Supplementary Table1; see ref.”*for
amore complete discussion of the electrostatic parameters, including the
rationale for the standard dielectric values for the protein, membrane core
and membrane headgroups used here).lonsolvation energies, accounting
for all fixed and mobile charge interactions and the ion self-energy, were
computedasdescribedinref.”?using nonlinear Poisson-Boltzmanntheory
(npbe), and theinfluence of the membrane potential was determined from
separate calculations using the linearized form of the theory with appropri-
ateboundary conditions (Ipbe). Both calculations were added together to
produce the composite curves shown in Fig. 4f.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All data and materials are available on request from the correspond-
ing authors.

Code availability

The MATLAB code for the mathematical model, force field and docking
parameters for DNP, FCCP, BAM15, SF6847, CATR and the homology
model of m-state bovine AAC1 are available at Zenodo (https://doi.
org/10.5281/zenod0.5058463).
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Extended DataFig.3|DNP-and BAM-induced mitochondrial uncoupled
respirationrequire AAC. a, Oxygen consumption rate (OCR) of mitochondria
isolated from WT and DKO C2C12 cellsin the presence of oligomycin as
measured with the Seahorse Analyzer. Each point corresponds to anindividual
respirationwell,n=-60 (WT),and n =56 (DKO). Mann-Whitney U-test, two-
tailed. Datarepresent mean + SEM.b,c OCRincrease observed in mitochondria
isolated from WT and DKO C2C12 cells after addition of DNP,n=20, WT and
n=17,DKO (b) or BAM15,n =10, WT and n=10, DKO (c) in the presence of
oligomycin. Each point corresponds to OCR change inanindividual well of the
Seahorse Analyzer,n=17-20 (DNP) and n =10 (BAM15). Data are mean + SEM.
Mann-Whitney U-test, two-tailed.d, OCR time course of isolated mitochondria
fromWT (n=20wells, blue) and DKO C2C12 cells (n =17 wells, red). Basal
respiration (1), addition of oligomycin (2), addition of DNP (3) and addition of
rotenone/antimycin (4). Datarepresent mean + SEM. e, Basal OCR of
mitochondriaisolated from WT or DKO C2C12 cells measured with a Clark

electrode (n=22, WT and n =14, DKO). Mann-Whitney U-test, two-tailed. Data
represent mean + SEM. f, OCRincrease above basal, observed using a Clark
electrode after addition of DNP to mitochondriaisolated from WT and DKO
C2C12cells;n=3 (WT)and n=5(DKO) for 5 pM; n=5(WT) and n =4 (DKO) for
12.5uM. Dataare mean = SEM. Mann-Whitney U-test, two-tailed. g, Left panel:
Immunoblots of WT (n=5) and DKO (n = 5) C2C12 cells showing expression of
theelectron-transport chain complexes complexI (CI) - complex V (CV),
TOMZ20, and the loading control (plasma membrane Na*/K" ATPase). Right
panel:The sameimmunoblots atlonger exposure for the bands corresponding
tocomplexesI-V.h, TOM20 protein expression level relative to Na*/K* ATPase
for theimmunoblot shownin (g). Datashownas mean+SEM, n = 5. Two-tailed
unpaired t-test, WT vs DKO. i-m, Protein expression levels for complexes I-V
relative to TOM20 for theimmunoblots shown in (g). Datashown as mean =
SEM, n=5. Two-tailed unpaired t-test, WT vs DKO. For gel source data, see
SupplementaryFig.1.
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Extended DataFig. 4 |Respirationinduced by mitochondrialuncouplersin  fractionofuncoupled respiration at various concentrations of FCCP, DNP, and
intactcellsdependson AAC. a, Oxygen consumptionrate (OCR) of WT BAML15. All datashown as mean + SEM, n=4.f, OCRincrease observedin WT and
(n=20)and DKO C2C12cells (n =16) before and after addition of oligomycin DKO C2C12 cells upon application of various concentrations of valinomycin. All
(oligo). Two-tailed unpaired t-test, WT vs DKO.b-d, OCRincrease observed in OCRswere measured inthe presence of oligomycin. Nigericin (1uM) was added
WT and DKO C2C12 cells upon application of various concentrations of FCCP toreduce matrix K"accumulation and mitochondrial swelling caused by

(n=4),DNP (n=4),and BAM15 (n=4). AllOCRs were measured in the presence valinomycin?. Two-tailed unpaired t-test, WT vs DKO, n = 4.
of oligomycin. Two-tailed unpaired t-test, WT vs DKO. e, AAC-dependent
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Extended DataFig.5|Adenine nucleotides inhibit DNP-induced I,,.

a, DNP-induced /, at various ATP concentrations on the cytosolic face of the
IMM of brown fat. /,, was activated with either 500 pM DNP (left panel) or 5mM
DNP (middle panel) applied in the presence of 10 mM MBCD. Control currents
wererecordedin10 mM MBCD. Right panelis the dose-dependence of I,
inhibition by ATPat 500 pMDNP (red, n =5) and 5mM DNP (blue, n = 6). Current
amplitudes were measured at -160 mV. Data are mean + SEM. b, Left panel,
I,induced by 50 utMDNP in control (1), upon transient inhibition by bath ADP

(2),and upon subsequentrecovery inthe presence ADP (3). Heart mitoplast.
Middle panel, DNP-dependent /,; time course of left panel. /, was measured at
-160 mV. Right panel, ADP inhibition of /; at points (2) and (3) in leftand middle
panels. Dataare mean + SEM. Paired t-test, two-tailed, ADP (2) vs. control,n = 4.
¢, lyactivated by 50 uM DNP was inhibited by bath ADP. Pipette solution
contained1 mM ADP. Heart mitoplast. Middle panel, /,;time course of the left
panel. Right panel, ADPinhibition of /,in point (2) as in left and middle panels.
Dataare mean + SEM. Paired t-test, two-tailed, n=4.
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Extended DataFig. 6 | Binding mode comparisons of CATR, ADP, small
molecule uncouplers, and fatty acid. a-d, Comparison of binding posesin
the AAC1c-state (2C3E) cavity of (a) docked ADP and docked DNP; (b)
crystallographic CATR and docked DNP; (c) FA (arachidonic acid) pose from MD
simulation and docked ADP; and (d) FA pose from MD simulation and
crystallographic CATR. TM helices1and 6 of AAClare hidden.ADP and CATR
areshownasthinner sticks withmauve carbon atoms. DNP and FA are shown as
thicker sticks with yellow carbon atoms. e, Full final docked DNP, FCCP, BAM15,
and SF6847 posesintheir deprotonated and protonated forms (left) asin

titratable
heavy atoms

full docked
poses

Fig.4cand titratable heavy atoms (pink spheres) from these poses (right). TM
helix10f AAClis hidden.f, ADP binding mode to the c-state as predicted from
docking. g, Simulation snapshot showing arachidonicacid (solid spheres)
boundtothe TM5/6 fenestration of AAClinthe c-state superimposed with the
docked pose of DNP (transparent spheres). h, Simulation snapshot showing
two arachidonic acid molecules bound simultaneously to the AAC1 c-state
cavity, one inthe TM5/6 fenestration and the other in the smallmolecule
uncoupler site.
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Extended DataFig.7|Dockingrevealsacommon bindingsite for small
moleculesand nucleotide in both c-and m-states of AAC1. a-j, Final docking
posestothe AAC1 c-state (a-e) and m-state (f-j) structures of deprotonated
forms of DNP, FCCP,BAM15, and SF6847, as well as ADP, respectively.Ineand
ADP phosphate groups are hidden for clarity but were included in the docking.
Thesame proteinsidechains are shown as sticks in all panels.



Extended DataFig. 8| DNPbinds to the c-state of AAC1in MD simulations.
a, lllustration of the simulation setup used to assess binding of negatively
charged DNP to the c-state of AAC1.DNPis showninsphererepresentationin
theaqueousregion of the simulation box. AAClisshownasacyanribbon, with
TM1and TMé6 hidden, and lipid molecules are shown as sticks. The C{atom of
AAClresidue R234 at the base of the c-state cavity isshown asablack sphere.
Binding was tracked in b-d by monitoring the distance from the DNP centre of
massto AAC1R234 C{atomindicated by the dotted line. b, Trajectories of

b
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negatively charged DNPinitially placed in solution far from the binding site.

c, Trajectories of neutral DNP, initially placed in the binding site. d, Trajectories
of negatively charged DNP initially in the binding site, with an applied -160 mV
membrane potential. Ineach plot, the two different colored traces are
measurements made from two independent simulation trajectories.
Simulationsin c were initiated from docking poses, while those under an
applied -160 mV potentialind wereinitiated from the final snapshots of the
DNP binding simulationsinb.
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TMG

Extended DataFig.9|Fatty acids bind to the c-state of AAClviaaTM5/6
fenestration. a, Arachidonicacid transiently bound to the AAClregion
identified as the DNP/small molecule binding site in contact with protein
residue Y186; snapshots are from two independent simulation trajectories.
View is from the membrane with TM5 & TM6 of AAC1 hidden to show the cavity.
b, Top view of structures in panel aviewed from the cytoplasm. ¢, Final states of
fourarachidonic and three palmitic acids bound to the fenestration between
AACl helices TM5 & TM6; snapshots are from 7 independent simulation

trajectories.d, Top view of structuresin panel c.In panels a-d, AAClis shown
asacyanribbonand FAs are shown as sticks with yellow carbonand red oxygen
atoms. e, Side view and f, top view of asingle structure from panels cand d with
FA atoms shown as spheres and bilayer lipids shown as sticks. Carbon atoms
1-6,7-12,and 13-20 of the arachidonic acid are colored yellow, blue, and pink,
to highlight the parts thatare inside the AAC1 cavity, in the TM5/TM6
fenestration, and interacting with bilayer lipids, respectively.
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Extended DataFig.10 | Calculation of membrane potential profilesand
mathematical model results for AAC1. a, Membrane potential profile (V(z))
across c-state (left) and energy values along the central pore for amonovalent
cation (le|-V(z)) (right). The profiles were computed under a-160 mV applied
voltage using Poisson-Boltzmann theory (see Materials and Methods) ona
configuration extracted from the equilibrated MD simulations. Colour
gradientsrepresentisocontours of linearly spaced scalar values ranging from
0 mV (upper region of graphic) to -160 mV (lower region). The water filled
cavity facing upward supports aminor fraction of the field with the majority of
thefield focused across the closed matrix gate of the c-state. These values are
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quantifiedin the right panel showing the energy of interaction fora
monovalent cation moving through the membrane field. b-e, Steady state
single-transporter currents asafunction of voltage (b, ¢), pK, (d), and rate k,; of
protontransfer fromthe uncoupler to matrix pathway (e) for the 3-state model
showninFig.4gusing valuesin Supplementary Table 2 unless otherwise
indicated inthe panel. The electrostatic potential in the cavity (E.,..) was varied:
10 kg T (blue), 8 kT (gold), 6 k;T (green) (band d). The fraction of the membrane
voltage traversed by aH* entering from the cytosol was varied: f= 0.1 (blue),
0.25(gold),and 0.5 (green) (c). The energy of the protonin the matrix pathway
(E,) was varied: 0 kT (blue), 5 k;T (gold), 10 kT (green) (e).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

L0 X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Commercial software: pClamp 10.3 (Molecular Devices), Seahorse Wave 2.2.0 (Seahorse Bioscience, Inc), Datlab 7.4 (Oroboros Instruments).
Other software: GROMACS 2018.8 and GROMACS 2020.6.

Data analysis Commercial software: pClamp 10.3 (Molecular Devices), Origin 7.5 (Origin Lab Corporation), Seahorse Wave 2.2.0 (Seahorse Bioscience,
Inc), and GraphPad Prism 8 and 9 (GraphPad Software), Schrodinger Maestro Suite 2019-1 (Schrodinger, Inc), PyMOL 2.2 (Schrodinger, Inc).
Other Software: VMD 1.9.3, MDAnalysis 1.0, matplotlib 3.1.1, APBSmem 2.0.4.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The Matlab code for the mathematical model, force field & docking parameters for DNP, FCCP, BAM15, SF6847, CATR, and the homology model of m-state bovine
AAC1 are available upon publication via DOI: 10.5281/zenodo.5058464. All other data and materials are available upon reasonable request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed. The work reports large differences between samples, and we believe that all sample sizes were
sufficient to demonstrate that SEM was significantly smaller as compared to differences between samples. Significant differences between
samples were confirmed with Mann-Whitney test (two-tailed) or ratio paired t test (two-tailed).

Data exclusions = No data were excluded.

Replication All experimental data were reproduced multiple times as stated in the manuscript. All attempts at replication were successful.

Randomization  No randomization was required because in our electrophysiological and respirometry experiments all samples are uniform when acquired
under the same experimental conditions.

Blinding Blinding was not performed and was not important in this study because all the measurements and analysis were direct, objective, and
essentially free from bias.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|Z Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
|:| Human research participants
[] Clinical data

|:| Dual use research of concern
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Antibodies

Antibodies used The following antibodies were used for western blot analysis: anti-Na+/K+-ATPase antibody (Abcam, ab76020, lot# GR3237646-13,
dilution: 1/10,000), anti-TOMM?20 (Sigma Prestige, HPA011562, lot# 000012083, dilution: 1/500), OXPHOS antibody cocktail for
mitochondrial respiratory content (Abcam, ab110413, lot# MS604/Q5039, dilution: 1/500), anti-AAC1 (Abcam, ab110322, lot#
R4759, dilution: 1/500), and AAC2 (Cell Signaling Technology, CST 14671, dilution: 1/500).

Validation The anti-TOMM?20 (Sigma Prestige, HPA011562, dilution: 1/500) was validated by the manufacturer for western blots and ICC. In
addition, this antibody is labeled Prestige Antibodies® Powered by Atlas Antibodies, affinity isolated antibody, buffered aqueous
glycerol solution and received an Antibody Enhanced Validation. The anti-Na+/K+-ATPase antibody (Abcam, ab76020) was validated
by the manufacturer for western blots and ICC applications and has 62 product citations on the manufacturer website. The OXPHOS
antibody cocktail for mitochondrial respiratory content (Abcam, ab110413) was validated by the manufacturer for western blots and
has 796 product citations on the manufacturer website. It is an optimized cocktail of high-quality antibodies for analyzing relative
levels of OXPHOS complexes in mouse mitochondria by western blot. The anti-AAC1 antibody (Abcam, ab110322, reacts with the
mouse antigen) was validated by the manufacturer for western blots and ICC applications and has one product citation on the
manufacturer website. Abcam provides their “Abpromise guarantee” which covers the use of ab110413, ab76020, and ab110322, in
western blots and immunocytochemistry applications. The anti-AAC2 antibody (Cell Signaling Technology, CST 14671, reacts with the
mouse antigen) was validated by the manufacturer for western blot applications and has two product citations on the manufacturer
website. CST statement: "To ensure product performance, we validate all of our antibodies, in-house, in multiple research
applications."
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) The C2C12 wild-type cell line was purchased from ATCC (https://www.atcc.org/). These wild-type C2C12 cells were used to
generate the double AAC1/AAC2 KO C2C12 (DKO) cell line. The DKO cell line was generated by Alstem LLC (http://
www.alstembio.com/) using the Crispr-Cas9 system as described in the Methods section.

The HEK293T cells (Homo sapiens) are from UCSF Cell Culture Facility (https://cgec.ucsf.edu/cell-culture-and-banking-
services).

Authentication The C2C12 cell line was authenticated by ATCC. The AAC1/AAC2 double KO C2C12 (DKO) cell line was generated and first
authenticated by Alstem LLC. We provided further authentication of the DKO cells with western blotting.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Wild-type and UCP1-/- mice (B6.129-Ucp1tm1Kz/J) on the C56BL/6J background were obtained from the Jackson Laboratory.
AAC1-/- mice on C57BL/6J2z background were obtained from the laboratory of Dr. Douglas Wallace (Graham et al., 1997). For the
experiments with AAC1-/- mice, we used wild-type C57BL/6J2z and C56BL/6J control mice with the
same results. For all other knockout mouse strains C56BL/6J mice were used as control. All mice were 2 months — 1 year of age.
All mice were male.

Wild animals The study did not involve wild animals.
Field-collected samples  No field-collected samples are used in this study.

Ethics oversight All procedures approved by the
UCSF Institutional Animal Care and Use Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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