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In Brief

The uncoupling protein UCP1 plays an
essential role in thermogenesis of
mammals; it generates heat by causing
proton leak across the mitochondrial
inner membrane that requires fatty acid.
Zhao et al. report a specific fatty acid
binding site of UCP1 that is functionally
relevant to the proton transport activity
of UCP1.
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SUMMARY

The mitochondrial uncoupling protein 1 (UCP1) gen-
erates heat by causing proton leak across the
mitochondrial inner membrane that requires fatty
acid (FA). The mechanism by which UCP1 uses FA
to conduct proton remains unsolved, and it is also
unclear whether a direct physical interaction be-
tween UCP1 and FA exists. Here, we have shown
using nuclear magnetic resonance that FA can
directly bind UCP1 at a helix-helix interface site com-
posed of residues from the transmembrane helices
H1 and H6. According to the paramagnetic relaxation
enhancement data and molecular dynamics simula-
tion, the FA acyl chain appears to fit into the groove
between H1 and H6 while the FA carboxylate group
interacts with the basic residues near the matrix
side of UCP1. Functional mutagenesis showed that
mutating the observed FA binding site severely
reduced UCP1-mediated proton flux. Our study iden-
tifies a functionally important FA-UCP1 interaction
that is potentially useful for mechanistic understand-
ing of UCP1-mediated thermogenesis.

INTRODUCTION

The mitochondrial uncoupling protein 1 (UCP1) found in the
brown and beige adipocytes of mammals play the dominant
role in adaptive thermogenesis (Almind et al., 2007; Cannon
and Nedergaard, 2004; Klingenberg, 2010; Wu et al., 2012),
although a recent study suggests that alternative UCP1-inde-
pendent thermogenic factors also exist in these cells (Long
et al., 2016). UCP1 is localized in the inner membrane of
mitochondria; it translocates proton (H*) down the H* concentra-
tion gradient, and generates heat by dissipating the energy
contained in the H* electrochemical potential across the inner
membrane, which otherwise can be used for ATP synthesis
(reviewed in Klingenberg, 2010 and Krauss et al., 2005). This
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H* leak, or uncoupling of ATP synthesis from the oxidation of
metabolites by UCP1, is activated by free fatty acids (FA) and
can be inhibited by purine nucleotides such as guanosine
diphosphate (GDP) (Locke et al., 1982; Strieleman et al., 1985;
Winkler and Klingenberg, 1994).

The precise mechanism by which UCP1 mediates H* flux in
an FA-dependent manner remains undefined, and two major
competing models exist. The protonophoretic model, proposed
by Garlid et al. in 1996, based on liposome-based H* flux data,
contends that free long-chain FA can flip its protonated (or un-
ionized) carboxylate head group across the inner membrane
and release the H* to the matrix side driven by the pH gradient.
The role of UCP1 is to then flip back the ionized FA, which cannot
flip-flop on its own, to the intermembrane-space side for another
H*-carrying cycle. In this model, FA acts as a protonophore, and
UCP1 does not directly transport H* but instead recycles the FA
for sustained H* shuttling. Another model is the H* shuttling
model, proposed more recently by Fedorenko et al. (2012) and
based on patch-clamp data, in which UCP1 acts as an FA/H*
symporter. This model requires the acyl chain terminus of FA
to be strongly anchored to UCP1 such that the FA head group
is inside the UCP1 cavity and can shuttle H* across the cavity.
Although the two models are profoundly different, both require
the ability of UCP1 to transport ionized FA across the membrane.
This functionality of UCP1 has indeed been evidenced by
liposome and patch-clamp assays that demonstrated UCP1-
catalyzed transport of alkyl sulfonate, an ionized analog of FA
(Fedorenko et al., 2012; Garlid et al., 1996).

In an earlier study we found that UCP2, another member of the
UCP family, can specifically bind free long-chain FA with its
peripheral site between H1 and H6 near the matrix side of the
protein (Berardi and Chou, 2014). In the binding site, electro-
static interactions between the FA carboxylate and basic resi-
dues of the protein in and near the amphipathic helix h1 are
important for both UCP2-mediated H* and FA transport (Berardi
and Chou, 2014). Since FA binding to the UCP2 periphery is
unlikely to rearrange the protein cavity to acquire H" conduc-
tance, the observed coupling between the FA binding site and
H* flux in that study seem to be more consistent with the
protonophoretic mechanism. We nevertheless emphasize that
the above argument is indirect, as the only direct proof of the
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Figure 1. Specific GDP Binding of UCP1 Reconstituted in FC-12

(A) 2D "H-"5N TROSY-HSQC spectrum of 0.5 mM U-['®N,3C,2H]JUCP1 in the presence of 60 mM FC-12 recorded at 600 MHz ('H frequency) and 30°C.

(B) SPR binding sensorgrams of GDP binding to UCP1 at various GDP concentrations in the presence of 3 mM FC-12. The GDP concentrations are 0.031 pM
(purple), 0.061 uM (blue), 0.122 uM (cyan), 0.488 pM (green), 0.977 uM (yellow), 1.950 uM (orange), and 3.910 uM (red).

(C) Fitting data in (B) to the equilibrium binding equation yielded apparent Kp of 160 nM.

(D) 2D "H-"°N TROSY-HSQC spectrum of 30 uM U-["°N,"3C,2HJUCP1 in the presence of 3 mM FC-12 recorded as in (A).

protonophoretic model would be showing one UCP-mediated
FA flip-flop per H* translocated across the membrane.
Although in vitro UCP2 showed functional similarities to UCP1,
i.e., its H* translocation requires FA and can be inhibited
by purine nucleotides such as GDP (Jaburek et al., 1999), the
physiological function of UCP2 is not heat generation, and
mounting evidence suggests that UCP2 does not have uncou-
pling activities in vivo (Nedergaard and Cannon, 2003; Stuart
et al., 2001). In fact, a more recent study showed that UCP2
can catalyze the exchange of malate, oxaloacetate, and aspar-
tate for phosphate and H*, and that its physiological role may
be to limit the oxidation of acetyl-coenzyme A-producing sub-
strates such as glucose and to prevent the mitochondrial
accumulation of C4 metabolites by exporting them out of mito-
chondria (Vozza et al., 2014). These newly reported transport
activities of UCP2 are independent of FA. Therefore, based on
the large differences in the physiological function, it is not imme-
diately justified to extrapolate the mechanism of UCP2 to UCP1.
Moreover, according to the 59% sequence identity between
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UCP1 and UCP2, it is also not obvious that the two structures
should be the same.

This study aimed to address direct interaction between UCP1
and FA, which is recognized as a mandatory step in the activa-
tion of UCP1-mediated uncoupling activities (Fedorenko et al.,
2012; Garlid et al., 1996). To tackle this problem, we first devel-
oped a UCP1 sample system that can generate high-resolution
nuclear magnetic resonance (NMR) spectra and thus affords
comprehensive chemical-shift analysis and secondary structure
characterization. We then performed paramagnetic relaxation
enhancement (PRE) measurements using FAs with different
spin-label positions and found a specific FA binding site that is
functionally important to UCP1-mediated H* flux.

RESULTS
An NMR-Feasible Sample of UCP1

Solution NMR is a versatile tool with which residue-specific
ligand binding of a membrane protein can be identified using
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Figure 2. Primary and Secondary Structure Alignment of Human UCP1 and Mouse UCP2

The cylinders above the sequence indicate the helical regions of the mouse UCP2 NMR structure (PDB: 2LCK). Asterisks below the sequence indicate the UCP1
residues with NMR chemical-shift assignment, and dots indicate helical regions of UCP1 predicted by TALOS+ based on chemical-shift values, i.e., TALOS+
output shows “GOOD” prediction with ¢/is = —60°/—40° + 30°. UCP2 residues previously shown to interact with FA are highlighted with red boxes (Berardi and

Chou, 2014).

the simple titration or nuclear Overhauser enhancement (NOE)
method, and this was demonstrated previously for several
mitochondrial membrane proteins (Berardi and Chou, 2014;
Jaremko et al., 2014; Run et al., 2015). This application is, how-
ever, only valid if a functionally relevant NMR sample can
be developed for the membrane protein of interest, especially
when detergent micelles could potentially cause protein misfold-
ing. As in the case of UCP2 (Berardi et al., 2011), we developed
an NMR sample of human UCP1 reconstituted in the Foscholine-
12 (FC-12) micelles. The human UCP1 (residues 13-304 with a
C-terminal 6x His tag) was expressed in Escherichia coli as
inclusion bodies and extracted with FC-12 under denaturing
conditions. The protein was purified by Ni-affinity chromatog-
raphy and refolded by removing denaturant and excessive deter-
gent. The refolded protein was separated from the misfolded
protein aggregates using a series of Q and SP columns, and
was further purified to homogeneity by size-exclusion chroma-
tography (see STAR Methods).

The NMR sample of UCP1 in FC-12 generated a "H-"°N corre-
lation spectrum of good resolution and dispersion (Figure 1A).
However, titrating the NMR sample with GDP showed only small
chemical-shift perturbation of the backbone amides even at very
high GDP concentration (~1 mM), which seemed inconsistent
with the tight GDP binding reported for UCP1 reconstituted in
a more native environment (Lee et al., 2015). We speculated
two plausible reasons. First, the FC-12 detergent caused signif-
icant disruption of the UCP1 structure such that GDP can no
longer bind. Second, GDP binding in the cavity mostly involve
contacts with side chains and thus can only induce small chem-
ical-shift changes of the backbone amides. In fact, earlier NMR
studies of carrier proteins never observed large chemical-shift
perturbations by cavity-binding substrates (Run et al., 2015)
except for the binding of the inhibitor CATR to the ADP/ATP
carrier (Bruschweiler et al., 2015).

We then examined GDP binding of the UCP1 NMR sample
using an independent biophysical method, surface plasma
resonance (SPR). In this experiment, UCP1 in 3 mM FC-12
was immobilized onto the sensor chip, and GDP solutions

with concentration ranging from 15.25 nM to 31.25 pM were
the flow-through analytes. The SPR results clearly showed
interaction between UCP1 and GDP in FC-12 with an estimated
dissociation constant (Kp) of 160 nM (Figures 1B and 1C). The
protein and detergent concentrations used in the SPR experi-
ment were 30 puM and 3 mM, respectively, much lower than
the NMR sample concentrations (0.5 mM UCP1 and 60 mM
FC-12), which led us to further test whether detergent concen-
tration has any denaturing effect on UCP1. We recorded a
spectrum of a reconstituted UCP1 sample collected directly
as elution from size-exclusion chromatography without con-
centration. This sample contains ~30 uM UCP1 and 3 mM
FC-12 and generated a "H-"°N correlation spectrum (Figure 1D)
essentially identical to that at higher protein and detergent con-
centration (Figure 1A). Based on these results, we can
conclude that the human UCP1 reconstituted in FC-12 is
folded, as indicated by the good NMR chemical-shift disper-
sion, and is capable of binding GDP according to the SPR
data. The Kp of GDP binding in the NMR sample (160 nM) is still
about 4-fold higher than that of UCP1 in more native environ-
ment (40 nM) (Lee et al., 2015). Some of the causes for the
discrepancy in Kp could be the different detergents used for
protein reconstitution and the absence of cardiolipin in the
NMR sample that was reported to be important for stabilizing
GDP binding of UCP1 (Lee et al., 2015). Despite the lower
than expected GDP affinity, we believe the UCP1 in the NMR
sample is qualitatively in a relevant state for gathering structural
clues about FA binding.

Secondary Structure Mapping of UCP1 by NMR

We assigned ~75% of the backbone resonances of non-proline
residues using a combination of triple-resonance and NOE
experiments (Figure 2) (STAR Methods). The majority of the
unassigned residues are in the regions T134-T155 and T194-
L216, possibly due to exchange broadening. Two sets of
chemical shifts were detected for residues L26-G45, indicating
the presence of two different conformations (Figure S1A). It is
unclear whether this observation was an artifact of proline

Structure 25, 1371-1379, September 5, 2017 1373

CellPress




A -
—120.72 —118.15
L26 N159 -
12075 F11820
C Z E 4
120785 F11825 T
C 3 E 3
12081 F118.30
12084 [118.35
T | | | T T T T T T T T T
7945 7940 7935  7.930 8.300 8.200 8.280 8.270 7512 7504 7.49%
'H (ppm) 'H (ppm) 'H (ppm)
B L26 N159 V258
§ Qe o 20 10 .
_o08 Ro08 fos
X 2 T
< : Ko=400 uM
= Ko=400 yM 506 ety S0 Ko 700 jiM
5 Ko=700 M 8 Ko—1000 pM 8" Ko=1000 M
s Ko=1000 uM = c — Kp=1500 uM
< Ko=1500 M =3 ——Ho=I800]uM S
S04 B 0.4 504
5 o i
© w /| I
" o2 0.2 02
......................... 0
0 00 10 0 2 6 8 10

0 2 4 6 8 10
Total C16FA Concentration (mM)

2 4 6 8
Total C16FA Concentration (mM)

4
Total C16FA Concentration (mM)

Figure 3. Characterization of C16FA Binding to UCP1 by Chemical-Shift Titration
(A) Examples of residue-specific chemical-shift perturbations at various C16FA concentrations: 0 mM (red), 0.5 mM (pink), 1 mM (orange), 2 mM (green), 4 mM
(cyan), 8 mM (blue), and 10 mM (purple). The peaks are from 2D "H-'°N TROSY-HSQC spectra recorded at 600 MHz ('H frequency) with a 0.5 mM U-["°N,"3C,2H]

UCP1 sample.

(B) Simulated binding curves (Equation 2) at various Kp values used to match the titration data from (A).

(C) Mapping the residues with higher apparent C16FA affinities onto the UCP1 model. Spheres represent the analyzed residues. Spheres are colored such that
red represents Kp < 700 uM, magenta represents 700 uM < Kp <1,200 uM, and white represents Kp > 1,200 pM.

isomerization at P33 or due to functionally meaningful conforma-
tional states in slow exchange. The backbone *Ca, '*CB, and
3C’ chemical shifts were used with the TALOS+ program
(Shen et al., 2009) to derive backbone dihedral angles (Co
secondary shifts shown in Figure S1B). The results show that
the helical regions of UCP1 are similar to those of UCP2 (Figure 2)
despite dissimilarity in their NMR spectra (Berardi and Chou,
2014). The overall agreement in local structural segments be-
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tween UCP1 and UCP2 suggests that the two homologous car-
riers are structurally similar.

Fatty Acid Binding to UCP1 from Chemical-Shift
Titration

To investigate FA binding, we first titrated UCP1 with FA having
16 carbons (C16FA) and monitored C16FA-induced chemical-
shift changes using the 2D TROSY-HSQC (transverse relaxation
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optimized spectroscopy and heteronuclear single-quantum
coherence) experiment (Figure 3A). Residue-specific chemical-
shift changes show a clear trend of binding saturation with Kp
estimated to be 700 + 200 puM (Figure 3B). We emphasize that
due to strong partition of C16FA in detergent micelles, the effec-
tive concentration of FA is difficult to estimate, and thus the Kp
values obtained only represent the apparent Kp in our NMR
sample system. The non-linear chemical-shift changes (e.g.,
N159 and V258) suggest the presence of intermediate state(s)
in addition to the unbound and FA-saturated states. To obtain a
preliminary view of C16FA binding, we selected UCP1 residues
in the top 20% in binding affinity (or low Kp) and mapped them
onto the structural models of UCP1, which were constructed
based on the NMR backbone structure of mouse UCP2 and the
crystal structure of bovine AAC (ADP/ATP carrier), respectively,
using Modeller9 (Webb and Sali, 2014). In both models, many
residues in H1 and H6 showed obvious chemical-shift saturation
and they include S25, L26, V29, 130, and T31 of H1 and R277,
N282, and V283 of H6 (Figures 3C and S2). These residues
appear to form a contiguous binding region for the FA. In addition,
C16FA also caused some chemical-shift perturbation in other
regions, e.g., 193 and N159 of H2 and h2, respectively.

The Fatty Acid Binding Site Determined Using the
Spin-Labeled Fatty Acids

The C16FA partition in micelles could, in addition to direct
interaction with UCP1, induce chemical-shift changes indirectly

used spin-labeled FAs to more directly
probe the FA binding site by PRE. Two
different spin-labeled C16FAs were
used: one having the nitroxide moiety at
the fifth methylene position (5NO-FA)
and the other with the nitroxide placed at
the 16™ methylene position near the ter-
minal methyl group (16NO-FA). The spin-
labeled FAs were titrated separately into
the UCP1 sample (Figures 4A and S3).
For both 5SNO-FA and 16NO-FA, residues
with I/l5 < 0.4 (Figure S4) are mapped onto
the structural models. Unlike the broad
chemical-shift changes in Figures 3C
and S2, the PREs are more confined to
H1 and H6. Both spin-labeled FAs
induced strong PREs for R277, G279,
and S280 of H6 and T31, L34, and D35 of H1 (Figures 4B and
S5). Most of these residues are in the H1-H6 interface, indicating
that the FA binds at the groove formed by these two transmem-
brane helices. There are, however, some differences in the PRE
patterns generated by the two spin labels. The 5NO-FA also
affected the region near the amphipathic helix h1 on the matrix
side of the UCP1 (e.g., R54), whereas in the case of 16NO-FA,
residues closer to the cytosol side of H6, such as V283, showed
strong PRE (Figure 4B). Collectively, the PRE patterns from the
two spin-labeled FAs indicate that C16FA binds at the H1-H6
interface near the matrix side of UCP1, and its orientation is
such that the carboxylate head group and the acyl chain point
to the matrix and cytosol sides of the protein, respectively.

Evaluation of the NMR-Derived C16FA Binding Site by
Molecular Dynamics Simulation

The PRE results in Figures 4 and S5 suggest that a key driving
force of FA binding is electrostatic interactions between the
carboxylate head group of FA and several basic residues
near the matrix sides of H1 and H6 of UCP1 (e.g., K56 and
K269), similar to what was observed for UCP2 previously (Be-
rardi and Chou, 2014). However, basic residues are also pre-
sent at similar positions of the H2-H3 and H4-H5 interfaces,
raising concerns about binding specificity. We thus investi-
gated the stability of the observed C16FA binding by molecular
dynamics (MD) simulation in the lipid bilayer environment. The
simulation system consists of the UCP1 model and C16FA
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Figure 5. Stability of C16FA Binding to UCP1 Model in MD Simulation

(A) The initial positions of C16FAs at three helix-helix interface sites that afford charge-charge interactions with the FA carboxylate head group. These sites
include the PRE-derived site at the H1-H6 interface (pink), the K73/R153 site at H2-H3 interface (orange), and the K175/K249 site at the H4-H5 interface (green).

(B) The average positions of C16FAs after 50 ns of MD simulation.

embedded in POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine) lipid bilayer. Three C16FAs were initially positioned
at three helix-helix interface sites that afford charge-charge
interactions with the FA carboxylate head group. These
sites include the PRE-derived site at the H1-H6 interface (resi-
dues K56 and K269), the K73/R153 site at H2-H3 interface, and
the K175/K249 site at the H4-H5 interface (Figure 5A). Two MD
stages were carried out for this system. The first stage was
restrained MD whereby the protein backbone and the C16FA
head group atoms were restricted with 100 kJ mol~' A2
whereas the protein side chains and C16FA acyl chains were
allowed to move. Upon reaching equilibrium, the system was
subject to the second stage, unrestrained simulation. After
50 ns of simulation, the C16FA in the H1-H6 site remained in-
teracting with K56 and K269, whereas the other two C16FAs
at the H2-H3 and H4-H5 sites diffused away from their corre-
sponding basic residues (Figures 5B and S6). During the simu-
lation, we also found that the acyl chain of the bound C16FA is
flexible but overall is leaning toward H1. The simulation results
suggest that the interaction between the FA carboxylate group
and K56/K269 in the H1-H6 interface site of UCP1 is thermody-
namically stable.
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The NMR-Derived Fatty Acid Binding Site Is Critical
for H* Conductance
Earlier site-directed mutagenesis of UCP1 has been focused
mainly on the cavity-lining residues (Echtay et al., 2000; Jime-
nez-Jimenez et al., 2006; Urbankova et al., 2003). Here, we
examined whether C16FA binding to the observed peripheral
site is important for the H* conduction activity of UCP1 using a
liposome-based H* flux assay. In this assay (Figure 6A), human
UCP1 was reconstituted into liposomes made of a mixture
of various lipids including DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine), DOPG (1,2-dioleoyl-sn-glycero-3-phospho-
(10-rac-glycerol)), DOPE (1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine), and 14:0 CL (1,1,2,2'-tetra-(9Z-octadecenoyl)
cardiolipin). The protein/lipid ratio of 1:100 was used to make
the proteoliposome. The K* concentrations inside and outside
of the proteoliposomes were 5 and 100 mM, respectively. For
measuring UCP1- and FA-mediated H* flux, the valinomycin
was used to establish K* electrochemical potential to drive H*
efflux, which was reported by the pH-sensitive fluorescent probe
HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid).

In the beginning of the assay, 80 uM C14FA was added to the
proteoliposome solution. We first observed a clear trace of H*
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Figure 6. Effects of Mutating the FA Binding Site on UCP1-Mediated H* Flux
(A) Schematic illustration of the liposome assay for measuring UCP1-mediated H* flux. Valinomycin was used to generate K* electrochemical potential to drive H*

efflux, leading to excitation of the pH-sensitive fluorescent probe HPTS.

(B) Time traces of fluorescence (F.U.) from the assay in (A) in the absence (blue) and presence (orange) of 8 mM GDP.
(C) Bar graph showing the ratios of H* flux of the mutants to that of the wild-type (WT). The error bars denote the SDs from three independent measurements.

flux upon adding 1.25 uM valinomycin to the system (Figure 6B).
To examine whether the observed H* flux was specific for UCP1,
we tested inhibition by GDP. At ~8 mM GDP, the H* flux was
reduced by about 50% (Figure 6B), indicating that the H* flux
was mostly mediated by UCP1. We then tested the effect of sin-
gle mutations K56S and K269S as well as the double mutation
K56S/K269S on UCP1-mediated H* flux. The results show that
both single mutations decreased the flux rate by 50%-60%
and the double mutation attenuated the rate by as much as
75% (Figure 6C). Notably, mutating K38 and R54, which are
spatially close to K56, did not cause any significant decrease
in H* flux (Figure 6C), suggesting that the observed FA binding
to the H1-H6 interface site containing K56 is specific and essen-
tial for UCP1- and FA-mediated H* transport.

DISCUSSION

We have shown, using a combination of NMR titration and func-
tional mutagenesis, that UCP1 has a functionally important FA
binding site at the H1-H6 interface closer to the matrix side
than the cytosol side of the protein. The importance of the basic
residues, K56 of h1 and K269 at the matrix end of the H6, in

FA- and UCP1-mediated H* flux suggest that FA binding is driven
primarily by electrostatic interactions between the FA carboxylate
head group and the positively charged lysines. The FA binding is
specific for the following reason. In addition to K56 and K269,
there are many positively charged residues both inside the carrier
cavity and on the periphery that are accessible by FAs. These res-
idues include K73 and R153 of the H2-H3 helix pair and K175 and
K249 of the H4-H5 helix pair (Figure 5A). However, our titration ex-
periments using spin-labeled C16FA only showed strong PRE for
the site at the H1-H6 interface, indicating that electrostatic inter-
action is required but not sufficient for specific FA-UCP1 binding.
Other factors such as the mode of FA partition around UCP1 as
well as the relative positions of the basic and hydrophobic resi-
dues may also be important determinants of FA binding.

The FA binding of UCP1 is strikingly similar to that of UCP2
despite the two carriers having very different physiological func-
tions. In UCP1, the hydrophobic groove at the H1-H6 interface is
mostly formed by T31, F32, L34, D35, L278, G279, S280, W281,
and V283. The similar hydrophobic groove between H1 and H6
was found in the FA binding site in UCP2. The electrostatic inter-
action of the FA carboxylate head group to K56 and K269 of
UCP1 are important for UCP1 activity. The corresponding basic
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residues in UCP2 (Figure 2), R60 and K271, have also been
shown to be important for UCP2- and FA-mediated H* flux (Be-
rardi and Chou, 2014). Both UCP1 and UCP2 have been demon-
strated to mediate H* flux in an FA-dependent manner. There-
fore, it is not surprising that the two carriers interact with FA in
the similar manner. The common property of FA recognition be-
tween UCP1 and UCP2 further supports the notion that FA bind-
ing to the H1-H6 interface site represents an important step in
FA- and UCP-mediated H* transport across the membrane.

Previous liposome-based and patch-clamp experiments have
shown that both UCP1 and UCP2 are capable of flipping or
transporting alkyl sulfonate (ASO™), a mimetic of ionized FA,
across the membrane, suggesting that these UCPs can catalyze
FA flipping across their polar cavities (Berardi and Chou, 2014;
Fedorenko et al., 2012). In fact, UCP1-mediated FA flipping
across the membrane is mechanistically important as it is
considered an essential step in both protonophoretic and pro-
ton-shuttling models (Fedorenko et al., 2012; Garlid et al.,
1996; Klingenberg and Huang, 1999; Winkler and Klingenberg,
1994). In principle, FA binding to the H1-H6 interface is com-
patible with the FA flipping activity, as binding at this position
potentially allows the insoluble FA to enter the polar cavity of
UCP1 laterally from the membrane. We also note that the FA
binding site reported here was observed in the NMR sample
without any membrane potential. While this site is relevant for
UCP1-mediated H* flux in our liposome assay, we cannot
exclude the existence of other binding sites that are too lowly
populated to be measured in the NMR sample but become sta-
bilized under physiological condition by the strong potential of
the mitochondrial inner membrane. For example, if the negatively
charged carboxylate group of FA is inside the UCP1 cavity, the
membrane potential could drive it to a binding site on the cytosol
side of the protein.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

pET-21a Novagen CB6490717

BL21 (DE3) ThermoFisher Cat#C600003

Chemicals, Peptides, and Recombinant Proteins

Saturated hexadecanoic acid (C16FA) Sigma-Aldrich P5585; CAS: 57-10-3
Saturated tetradecanoic acid (C14FA) Sigma-Aldrich M3128; CAS: 544-63-8
5-DOXYL-stearic acid (5NO-FA) Sigma-Aldrich 253634; CAS: 29545-48-0
16-DOXYL-stearic acid (16NO-FA) Sigma-Aldrich 253596; CAS: 53034-38-1
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) Avanti 850375P; CAS: 4235-95-4
1,2-dioleoyl-sn-glycero-3-phospho- Avanti 840475P; CAS: 67254-28-8
(10-rac-glycerol) (DOPG)

1,2-dioleoyl-sn-glycero-3- Avanti 850725P; CAS: 4004-05-1
phosphoethanolamine (DOPE)

1,1°,2,2’-tetra-(9Z-octadecenoyl) cardiolipin (CL) Avanti 750332P; CAS: 63988-21-6
8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) Sigma-Aldrich H1529; CAS: 6358-69-6 4004-05-1
Valinomycin Sigma-Aldrich R427187;

MDL number: MFCD00066672

Critical Commercial Assays

QuickChange Il Site-Directed Mutagenesis Kit

Agilent Technologies

Cat #200523

Software and Algorithms

Topspin

NMRPipe

XEASY

CcpNmr

TALOS+

Modeller9

Desmond 4.5
BlAevaluation software 3.0

Pymol

Softmax Pro 6.2.2

Bruker Corporation

Delaglio et al., 1995

Bartels et al., 1995
Vranken et al., 2005
Shen et al., 2009
Webb and Sali, 2014
Schrédinger

GE Healthcare

The PyMOL Molecular

Graphics System, Version 1.8

Schrédinger, LLC.
Molecular Devices

https://www.bruker.com/products/mr/nmr/
nmr-software/software/topspin

https://spin-niddk-nih-gov.ezp-prod1.hul.harvard.
edu/NMRPipe/

N/A
http://www.ccpn.ac.uk/v2-software/software
https://spin.niddk.nih.gov/bax/software/TALOS/
https://salilab.org/modeller/
https://www.schrodinger.com/desmond

https://www.biacore.com/lifesciences/service/
downloads/software_licenses/biaevaluation/

https://www.pymol.org

https://www.moleculardevices.com

Other

Superdex-200 10/300GL column GE Healthcare 17-5175-01
Ni-NTA resin GE Healthcare 17-0575-02
HiTrap™ Q HP column GE Healthcare 17-1153-01
HiTrap™ SP FF column GE Healthcare 17-5054-01
CMS5 sensor chip GE Healthcare BR100531
Biacore Amine Coupling Kit GE Healthcare BR100633

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, James J.

Chou (james_chou@hms.harvard.edu).
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METHOD DETAILS

Sample Preparation

Human UCP1 gene (residues 13-304 with a C-terminal 6 X His tag) was inserted into pET-21a vector and transformed into E.coli BL21.
Protein expression was induced at cell culture ODggg ~0.7 with 0.5 mM IPTG for 3 hrs at 37°C. Cells were harvested and resuspended
in Resuspension Buffer (50 mM Tris-HCI/pH 8.0, 200 mM NaCl). The cells were homogenized twice using high pressure homogenizer
(AVESTIN: EmusiFIxe-C3) and centrifuged at 40,000 x g for 30 mins to collect inclusion body pellets. Inclusion bodies were dissolved
in Denaturing Buffer (30 mM FC-12, 3 M guanidine, 150 mM NaCl, 20 mM HEPES/pH 7.5) overnight. Cell debris were removed by
centrifugation at 40,000 x g for 30 mins. The denatured UCP1 (from 2 L cell culture) was loaded to a 10 mL Ni-NTA column and
washed with 3 column volumes (CVs) of Refolding Buffer (6 mM FC-12, 150 mM NaCl, 20 mM HEPES/pH 7.5) 3 times, each time
with increasing amounts of imidazole, 15, 20, and 30 mM, respectively. The protein was eluted with 5 CVs of Elution Buffer
(250 mM imidazole, 6 mM FC-12, 150 mM NaCl, 20 mM HEPES/pH 7.5). The sample was then passed through Q HP and SP HP
columns to remove aggregated and unfolded proteins. The flow-through was concentrated and further purified by size exclusion
in the Superdex-200 10/300GL GE column in FPLC Buffer 20mM MES/pH 6.5, 30 mM NaCl, 3 mM FC-12). The size exclusion elution
profile suggests that UCP1 is a homogeneous monomer. A typical UCP1 NMR sample contains 0.5 mM UCP1 in NMR Buffer (20 mM
MES/pH 6.5, 30 mM NaCl, 60 mM FC-12). The UCP1 mutants (K56S, K269S, K56S/K269S, K38S, R54S) were expressed, purified,
and refolded using the same protocol.

NMR Resonance Assignment

Sequence-specific assignment of backbone 'HN, '°N, '3C*, '3Cp and '3C’ resonances was accomplished using 3D TROSY-based
HNCA, HN(CO)CA, HNCACB, HN(CO)CACB, HN(CA)CO and HNCO experiments (Kay et al., 1989; Pervushin et al., 1997). Addition-
ally, the assignments were validated using a 3D (H", HY)-HSQC-NOESY-TROSY spectrum with '°N, '*N and "HN evolution in the t;, t,
and t; dimensions, respectively, recorded with NOE mixing time of 250 ms. These experiments were performed using a 0.8 mM
U-["®N, '8C, 2H] UCP1 sample at 30°C on a 600 MHz Bruker spectrometer equipped with a cryogenic TXI probe. The NMR spectra
were processed using NMRPipe (Delaglio et al., 1995) and analysed using XEASY (Bartels et al., 1995) and CcpNmr (Vranken
et al., 2005).

NMR Titration Experiments

All NMR titration experiments were performed at 30°C on a 600 MHz Bruker spectrometer equipped with a cryogenic TXI probe.
A 500 pl sample containing 0.5 mM U-['®N, '3C, 2H] UCP1 in the above NMR buffer was titrated with 0, 2.5, 5, 10, 20, 40 and
50 pl C16FA stock solution (100 mM C16FA in 60 mM FC-12, 30 mM NaCl, 20 mM MES/pH 6.5), resulting in 0, 0.5, 1, 2, 4, 8, and
10 mM C16FA concentration points, respectively. At each C16FA concentration, a 2D TROSY-HSQC spectrum was acquired to
follow C16FA induced chemical-shift perturbation. The combined chemical-shift differences (44L,,,,) were calculated for each res-
idue using the formula (Schumann et al., 2007):

Ao, \/(‘*”"Mfw)2 + (‘*)NMI)V)27 (Equation 1)

comb =

where Ad}, and Ad), are "H and "®N chemical-shift perturbations, respectively, and «y; = 1.00 and wy = 0.15 are normalization factors.
Apparent Kp was determined by fitting the data to the general solution of one-site binding:

[PS]_([Pr]+[St]+Kp) = \/([PT] +[Sr]+Ko)* — 4[Pr][Sr]
Pr] 2[P7] 7

(Equation 2)

where [P7] is the total concentration of UCP1, [S7] is the total concentration of C16FA, and [PS] is the concentration of the protein-
ligand complex.

The same UCP1 sample as above was used for measuring PRE induced by the two paramagnetic NOFAs (16-DOXYL-stearic acid
and 5-DOXYL-stearic acid, Sigma). The NOFA stock solutions were 2.5 mM NOFA in 30 mM FC-12, 30 mM NaCl, and 20 mM
MES/pH 6.5. The stock solutions were added to two separate 500 uL / 0.5 mM UCP1 samples with the final NOFA concentrations
of 0.25 and 0.5 mM for 16NOFA and 5NOFA, respectively. In both cases, 3D TROSY HNCO spectra were recorded before and after
the addition of NOFAs. Residue-specific peak heights without (/p) and with (/) NOFA were determined using the CcpNmr software.
Residues with I/l ratio < 0.4 were mapped onto the UCP1 structural model.

SPR Analysis of UCP1-GDP Interaction

Surface Plasma Resonance (SPR) experiments were performed with a Biacore T200 instrument (GE Healthcare) with CM5 sensor
chip (GE Healthcare). Activation, deactivation and preparation of the coupled flow cell as well as the ligand-binding assay were per-
formed essentially as described previously (Zhang et al., 2014). Briefly, the UCP1 in 3 mM FC-12 was immobilized in parallel-flow
channels of CM5 sensor chip using Biacore Amine Coupling Kit (GE Healthcare). To investigate GDP-binding of UCP1, GDP solutions
(3 mMFC-12, 25 mM MES/pH 6.5) with a series of GDP concentrations ranging from 15.25 nM to 31.25 pM were injected into the flow
system. During the experiment, the analyte was injected at the flow rate of 25 puL/min and the running buffer consisted of 25 mM
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MES/pH 6.5 and 3 mM FC-12. The association and dissociation times were 90 and 60 s, respectively. The binding constants were
calculated using the 1:1 Langmuir binding model in the BlAevaluation software.

UCP1 Mediated H+ Flux Assay

The UCP1 proteoliposomes were made using a lipid composition of DOPC:DOPG:DOPE:CL (Avanti) at 20:5:1:1 molar ratio. A lipid
solution containing 20 mg/mL lipids dissolved with 10% detergent (1:1 ratio of DM:OG) was prepared using Buffer A (10 mM MES/pH
6.0, 95 mM NaCl, and 5 mM KCI). A 0.5 mM UCP1 sample in the NMR buffer was mixed with the lipid solution at 100:1 lipid:protein
ratio and then diluted 5x to a lipid concentration of 4 mg/mL with Buffer A in the presence of 60 uM pH-sensitive fluorescent probe
HPTS (8-Hydroxypyrene-1,3,6-Trisulfonic Acid, Sigma). Detergent removal was performed twice using a G25 desalting column
equilibrated with Buffer A. The resulting proteoliposomes contained the fluorescent probe and were stable at room temperature.
The proteoliposome solution was further diluted 5x with Buffer B (10 mM MES/pH 6.0, and 100 mM KCI).

For measuring H* flux, 80 uM C14FA was first added to the external solution using a FA stock solution (40 mM C14FA dissolved in
ethanol). Then 1.25 uM valinomycin (Sigma) was added to the external solution using the valinomycin stock solution (1.25 mM
valinomycin in ethanol) to establish K* electrochemical potential to drive H* efflux. At the beginning of the experiment, pHs inside
and outside of the proteoliposomes were equal. UCP1-mediated H* efflux resulted in internal pH increase, observed as a function
of the HPTS florescence intensity at 510 nm (A ex 460 nm) using SpectraMax M5 fluorometer (Molecular Devices) and Softmax
Pro 6.2.2 software package. For measuring GDP inhibition, 8 mM GDP was added to the system.

Molecular Dynamics Simulation

Molecular dynamics (MD) simulations were performed using the academic free Desmond 4.5 package. OPLS-AA 2005 force field
(Jorgensen and Tirado-Rives, 1988) in a neutral POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer with appropriate
number of counter ions to balance the net charge of the system solvated in 0.15 M NaCl. The UCP1 model, derived using Modeller9
(Webb and Sali, 2014) from the UCP2 NMR structure (PDB code: 2LCK), was placed in the lipid bilayer according to its position
defined in the Orientations of Proteins in Membranes (OPM) database (Lomize et al., 2006). The UCP1 model and three FAs in
POPC bilayer were embedded in a periodic orthorhombic box (~14 x 14 x 14 /5\3) containing the explicit simple point charge
(SPC) water molecules.

MD simulations were carried out with periodic boundary conditions in NPT ensemble in which the amount of substance (N),
pressure (P) and temperature (T) were conserved. Nose-Hoover temperature coupling (Hoover, 1985) was used to calculate long-
range electrostatic interactions with grid spacing of 0.8 A. The RESPA integrator (Deng et al., 1992) was used for reducing calculation
time by decreasing the frequency of time-consuming long-range interaction calculations. The real-space part electrostatic and van
der Waals interactions were cut off at 9 A.

The simulation consisted of two MD stages. The first stage was a restrained MD simulation performed using the default ‘membrane
relax’ protocol provided in Desmond, in which the protein backbone and the C16FA head group atoms were restricted with
100 kd mol~' A~2 whereas the protein side chains and C16FA acyl chains were allowed to move. Upon reaching equilibrium, the sys-
tem was subject to the second stage, the unrestrained MD, which was performed by running 50 ns of NPT production simulation
without any restriction. The configurations and interval energy were recorded every 2 ps.

DATA AND SOFTWARE AVAILABILITY

NMR data were recorded using Topspin software from Bruker Biospin, and NMR data were processed using NMRPipe. NMR pulse
sequences were mentioned and cited. Copies of the modified pulse sequences are available from the Lead Contact. Data were
analyzed using XEASY for peak picking and resonance assignment. Analysis of peak intensities for titration experiments was
performed using CcpNmr. Secondary structure prediction based on secondary chemical shift was performed using TALOS+. Protein
homology model was built using Modeller9. Molecular dynamics simulations were performed using Desmond 4.5 package. Visual-
ization and generation of molecular structure figures and images were created using PyMOL. All software resources are listed in the
Key Resources Table, and the use of each package in the data analysis is described in the sub-headings of the STAR Methods.
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Supplemental Figures

Figure S1 Chemical shift assignment of UCP1. Related to Figure 2, to show the
presence of two different conformations in H1, and to show the helical regions of
UCP1 as indicated by the Co secondary shifts.

Figure S2. Mapping the residues with higher apparent C16FA affinities onto the
UCP1 model based on AAC crystal structure (PDB code: 10KC). Related to Figure
3C, to show the binding region of the fatty acid in AAC-based model is consistent with
that in UCP2-based model.

Figure S3. G279 shows specific broadening by nitroxide-labeled FAs and the
recovery of broadened peaks by the addition of ascorbic acid. Related to Figure 4, to
show the broadening region of H6 as a supplementary for H1 in Figure 4A.

Figure S4. Residue-specific FA-induced PRE. Related to Figure 4, to provide a
complete view of FA-induced PRE in UCP1.

Figure S5. Mapping of the PRE effects under 16NO-FA and SNO-FA onto the UCP1
model based on AAC crystal structure (PDB code: 10KC). Related to Figure 4, to
show the broadening regions caused by NO-FAs in AAC-based model are consistent
with that in UCP2-based model in Figure 4B.

Figure S6. The MD simulation. Related to Figure 5, to show the monitored distances
between the UCP1 backbone amide nitrogen atoms of residues indicated by blue
balls in Fig. 5B and the carbon atoms of the carboxyl groups of C16FA, and to show
that the specific binding sites in H1-H6 in AAC-based model are consistent with that in
UCP2-based model in Figure 5B.
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Figure S1. Chemical shift assignment of UCP1, Related to Figure 2.

(A) Examples for two pairs of backbone assignments from L26-G45. Those distinct
residues in this region are colored by red.

(B) Residue-specific secondary chemical shift of Ca for showing the helical regions of
UCP1. The ™ mark the regions with missing assignment.
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Figure S2. Chemical shift perturbation of UCP1 induced by C16FA, Related to
Figure 3C.

(A) Residue-specific chemical shift changes caused by C16FA (10 mM). The grey
bars indicate residues for which measurement could not be performed due to missing
assignment or resonance overlap.

(B) Mapping the residues with higher apparent C16FA affinities onto the UCP1 model
based on AAC crystal structure (PDB code: 10KC). Spheres represent analyzed
residues. Red spheres represent residues with Kp < 700 uM, magenta sphere
represent 700 uM < Kp <1200 uM. White sphere represent Kp = 1200 pM.
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Figure S3. Related to Figure 4.
G279 shows specific broadening by nitroxide-labeled FAs (16NO-FA, A; SNO-FA, B)
and the recovery of broadened peaks by the addition of ascorbic acid.
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Figure S4. Related to Figure 4.

Residue-specific I/l, where | and |y represent the peak intensity measured in the
presence and absence of spin-labeled FA, respectively. The grey bars indicate
residues for which PRE measurement could not be performed due to lack of
assignment or resonance overlap. The I/l cutoff of 0.4 was chosen to highlight
residues with 1I/lo values that are below the I/l fluctuation across the plot.
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Figure S5. Related to Figure 4.

Mapping of the PRE effects under 16NO-FA (A) and 5NO-FA (B) onto the UCP1
model based on AAC crystal structure (PDB code: 10KC). Spheres represent
assigned backbone amide. Blue spheres represent residues which |/ly ratio < 0.4.
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Figure S6. Related to Figure 5.

(A) The monitored distances between the UCP1 backbone amide nitrogen atoms of
residues indicated by blue balls in Fig. 5B and the carbon atoms of the carboxyl
groups of C16FA. The time scales indicate that the conformations of C16FA-UCP1
complex was dynamic during the MD simulation.

(B) Stability of C16FA binding to UCP1 model based on AAC crystal structure (PDB
code: 1OKC) in MD simulation. The initial positions of C16FAs at three helix-helix
interface sites that afford charge-charge interactions with the FA carboxylate head
group. These sites include the PRE-derived site at the H1-H6 interface (pink), the
K73/R153 site at H2-H3 interface (orange), and the K175/K249 site at the H4-H5
interface (green).

(B) The average positions of C16FAs after 50 ns MD simulation.
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