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Supplementary Figure 1. Gel source data

Extended Data Figure 3g
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Supplementary Text 1. Mathematical model of uncoupler-aided H" permeation through AAC.

1 A three-state proton pathway model of proton uncoupling.

Assume that the uncoupler is at saturating concentrations such that it is bound to the transporter with
unitary probability. Next, we assume that the transporter has already undergone a transition to open a proton
pathway, which may be a slow transition requiring milliseconds, from the central cavity to the matrix, but we do
not make any assumptions about the nature of this pathway (i.e. structured water wire, larger disordered
aqueous pathway, protonatable site on protein, etc.) other than it can be described by Arrhenius-like rate
constants. These three distinct states are pictured in Fig. 4g of the main text, and the corresponding differential

equations describing the evolution of these states are:

T = (k2 degxy + kS x4 depl (1)
% = _(kgff + k23)x2 + kgnxl + k32x3 (2)
D5 = (k! + keaz)xs + kgaxs + kil 3)

where X1 is the AAC1-uncoupler system with no proton bound, Xz is the system with a proton bound to the
uncoupler, x3 is the system with a proton in the matrix pathway, and there are several rate constants k that
describe the rates for moving between these states. The first primary proton binding/unbinding step is binding to
the AAC1-uncoupler complex in state x; from the cytoplasm/IMS (k2™) and then reversible unbinding (kgf f )

from state x,. The second binding/unbinding transitions occur as the proton unbinds to the matrix from the

matrix pathway (kfnf ! ) x3 back to x; or binds to the matrix pathway from the lumen of the mitochondria (k;;").
The rate k5 corresponds to the movement of the proton from the uncoupler to the proton permeation pathway
on the matrix side of AAC. The nature of this transition is unclear, as we do not know if it involves little-to-no
protein motion, subtle conformational changes such as a rotamer flip, or a more substantial transition. That said,
our analysis will show that this transition must occur very fast, comparable to ion movement rates between
adjacent sites in potassium channel filters’* and certain steps along the permeation pathway of the CIC-ecl
CI"/H" antiporter”. Thus, once AAC has undergone the transition to the proton conductive state, it is unlikely

that the k3 transition rate corresponds to a large conformational change. Nonetheless, the ratio of the rates of



the proton moving from the uncoupler to the matrix pathway (k,3; over k3,) is equal to the exponential of the
energy difference between these states, as we discuss later.

Now assume that the rate of proton binding, in the absence of membrane potential, depends on the
diffusion of bulk protons from the half-space above (cytoplasm/IMS) or below (matrix) the transporter to the
respective protein entrance. We treat these two entrances as flat discs with radii r determined by the steric
opening of the transporter to either space. The analytic solution to the diffusion equation for the rate of capture

of protons to such a disk is follows (see Ref. 7):
ko™ = 0.6 nm™=3 - 107PHe - 4r, - D, (4)

where 7, is the radius of the cytoplasmic facing opening based-on the AACI structure, Dy, is the proton
diffusion coefficient in nm?/s, and 0.6 is a conversion factor so that Eq. (4) has the units of H*/s. The first term
(0.6 nm™=3 - 107P¥c) represents the proton concentration, while the second (47, - D,) represents the adsorption
rate at the entrance. This numeric pre-factor follows from dimensional analysis of the right- and left-hand sides
of Eq. 4. Starting with the units of concentration, radius, and diffusion coefficient on the right-hand side, we

have:

[ moles
(1000 cm?3)

cm - nm?/s| = 6.02 x 107 - 1073 - (1077)3[#/s] ~ 0.6 [#/s] ()

At equilibrium we have,

ke[A7] = kT [AH] (6)

where [A7] is the unprotonated small molecule uncoupler in the binding site, [AH] is the protonated form, and

kgf T is the unbinding rate to the cytoplasm. The reverse rates can then be obtained from detailed balance using

the definition of pK, for the small molecules:

[A_][H+]c — 10—pKa — kgff[H+]C — kgff 10—pHC (7)
[AH] ke™ ke™
= kgff = k2" - 107PKatPHe = (0.6 - 47, - D, 10~PKa (8)

where [H ], is the cytoplasmic proton concentration, and pKj, is the uncoupler’s pK, free in solution.



In the AACI binding pocket identified in the main text, the probability of finding the uncoupler
protonated is biased by two primary factors: the total electrostatic energy E,;.., which includes contributions
from the protein charges and the Born self-energy of the permeant ion, and the membrane electric field induced
by membrane voltage V. We estimated both of these values by carrying out Poisson-Boltzmann electrostatics
calculations on AACI as shown in Fig. 4f and Extended Data Fig. 10. Generally, we can write the electrostatic

energy of a proton at the protonatable site of the molecule in AAC1 as:

AEuncoupler = Lelec + fVe (9)

where E,,. is the total electrostatic energy of a proton-like molecule at the protonatable site in AACI, f is the
fraction of the membrane electrical the proton travels through from the cytoplasmic space to this site, and e is
the fundamental charge unit. Since the conformation of the proton-conducting state is not known, we also do
not know the value of f. Our best estimate for f is based on our c-state electrostatic calculations, which places
f close to 0.1 (10% of the membrane electric field). However, If the conducting state involves opening of a
rather wide, water filled cavity to the m-state with a concomitant narrowing of the cavity facing the c-state, then
f would approach 0.5. Given this uncertainty, we explored f values ranging from 0.1 (blue curve) to 0.5 (green
curve) in Extended Data Fig. 10c. We then modify the proton binding and unbinding rates using simple Eyring

rate theory as follows:

kg‘n — (06 . 47«C . Dp . 1()—pHc) - exp (__; . el::— Je) (10)
B

k? '(064rch10 pa)-exp( ;.elj:—Te) (11)
B

where we assume that the impact of the electrostatic energy on the rates is equally split between the forward and
reverse reactions, hence the factor of 1/2 in the exponents.

The energy of a proton in the matrix pathway (E;) is not known, and we explore a range of values in
Extended Data Fig. 10e accordingly from 0 to 10 kzT. We write the rates of transfer between the uncoupler and

pathway as a function of the energy difference:

AE = E; — (Egpee + In(10) - pK,) + gVe (12)



where g is the fraction of the membrane electric field experienced by the proton moving from the uncoupler to
the matrix pathway, which we assume is half the field from the uncoupler to the matrix: 1 = f + 2gor g =
(1 = f)/2. Again applying an Eyring-like modification to the base rates, the corresponding rate constants are

then:

1 AE

k,s =a-exp (—E-kb—T) (13)
A

ke =a-exp(+3 %) (14)

and the sites automatically obey detailed balance. The prefactor a has units of inverse time. Sweeping through
values of a with E; and other parameters fixed at the base values (Supplementary Table 2), it becomes clear that
the H" current requires k,5 to be in the upper nanosecond range or faster (Extended Data Fig. 10¢) for efficient
conduction or else the rate of the H™ returning back to the cytoplasm dominates due to the large positive E, e in
the cavity. Moreover, Iy is insensitive to the energy of H* in the pathway (E;) as long as the forward rate from
the uncoupler to the pathway is fast, consistent with a number of proton permeation mechanisms (Extended
Data Fig. 10e).

Next, the exchange of protons between the matrix pathway and the mitochondrial matrix can then be

written as:

_ 1 E{—gV
kom = (0.6 - 47, - D, - 10 PHm) . exp (—E_ 1kBgT e) (15)

where the form of these equations follows that of Egs. 10-11 for exchange with the cytoplasm/IMS and 1y, is the
radius of the pathway leading to the matrix.
The flux of protons from the cytoplasm/IMS into the transporter is /; and the flux into the matrix is /,

defined by (negative flux indicates proton flux into the lumen):

Ji = —(x k@ — k") and  J, = — x5kl — x,k2) (17)



At steady state, these two fluxes are equal, and they represent the overall proton current into or out of the
mitochondria.

We calculated the ionic currents from this model (Egs. 1-3) by numerically solving for the steady state
solutions using the ODE15s solver in Matlab over a range of voltages (Fig. 4h), a range of uncoupler pK,
values (Extended Data Fig. 10d), and a range of uncoupler to matrix pathway transition rates k,3 (Extended

Data Fig. 10e) using the parameters in Supplementary Table 2.



Supplementary Text 2. Supplementary discussion

Our computational analysis of the AACI1 c-state supports the model that both FAs and chemical
uncouplers exert their influence on the protein by binding within the translocation pathway. Intriguingly, the
predicted binding sites for FAs and uncouplers appear to be different and located on the opposite sides of the
AAC translocation pathway at the bottom of the cytosolic cavity. The simulations suggest that FAs are
stabilized in AAC by two principal interactions: 1) the hydrophobic interaction of the aliphatic tail with the
bilayer core and helices 5 and 6, and 2) electrostatic interactions between the negatively charged carboxylic
headgroup and K22/R79/R279. However, because the interaction between the headgroup and K22/R79/R279
depends on the protonation state of the FA, the hydrophobic interaction is more crucial for retaining the FA
within AAC during H* translocation. In contrast, hydrophobic interactions are not as important for the binding
of chemical uncouplers because they also establish several specific polar and stacking interactions with AAC.
FAs may also associate with the uncoupler binding site, but this association is transient unless another FA
already occupies the principal FA binding site mentioned above.

Our mathematical model confirms the feasibility of uncoupler/FA-induced /x through the central
translocation pathway of AAC. That said, there are outstanding features that must be further probed
experimentally, such the conformational change associated with uncoupler binding, which allows H*
permeation. The predicted current under physiological pH gradients is 15 H*/sec - significantly lower than those
elicited by the voltage-gated H" channel Hv1 (10*-10° H*/sec)”’, but closely matching that estimated for UCP17®
and viral H' channel M2”7. Nonetheless, a robust amplitude of the whole-IMM Iy can still be achieved due to
the very large membrane density of AAC. Despite the remaining questions raised by this analysis, the
computational results presented here represent the first molecular-level model of FA- and uncoupler-induced /4
in AAC. Validation of this model will require future structure-function studies and development of an AAC
heterologous expression system compatible with patch-clamp electrophysiology to enable the dissociation of the
H* and nucleotide transport modes of AAC.

All chemical uncouplers examined in this work have two mechanisms of action, a protonophoric activity
affecting all cell membranes and an IMM-specific H" leak via AAC and UCP1. Despite this, our data indicates
that it might be possible to develop specific activators of mitochondrial /z via AAC (UCP1) that lack the
protonophoric activity. Indeed, a protonophore is a hydrophobic weak acid that can diffuse across the
membrane both in the neutral and the negatively charged deprotonated forms to complete a H translocation
cycle. Charge delocalization from the protonatable group to the hydrophobic moiety is crucial for the membrane
diffusion of the negatively charged form!'%!!, In contrast, an activator of /z via AAC and UCPI is a weak acid
that interacts with an uncoupler binding site, using a combination of hydrophobic and polar interactions. Thus,
some potential examples of /7 activators via AAC/UCP1without protonophoric activity would include those
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with higher polarity and/or no charge delocalization between the protonatable and hydrophobic moieties to
achieve low capacity for bilayer diffusion. Currently, long-chain FA, which lack charge delocalization, are the
only example of AAC and UCP1 activators without protonophoric activity’. The low bioavailability makes
long-chain FA unsuitable for pharmacological use, but our findings establish a framework for the development
of novel specific activators of /y via AAC and UCP1. Such next-generation anti-obesity and anti-diabetes drugs
would activate native thermogenic pathways similar to their endogenous activators, long-chain FA, and might

have improved safety in comparison with general protonophores.
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