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Abstract

SLC25A51 is a member of the mitochondrial carrier family (MCF)
but lacks key residues that contribute to the mechanism of other
nucleotide MCF transporters. Thus, how SLC25A51 transports NAD*
across the inner mitochondrial membrane remains unclear. To elu-
cidate its mechanism, we use Molecular Dynamics simulations to
reconstitute SLC25A51 homology models into lipid bilayers and to
generate hypotheses to test. We observe spontaneous binding of
cardiolipin phospholipids to three distinct sites on the exterior of
SLC25A51’s central pore and find that mutation of these sites
impairs cardiolipin binding and transporter activity. We also
observe that stable formation of the required matrix gate is con-
trolled by a single salt bridge. We identify binding sites in
SLC25A51 for NAD* and show that its selectivity for NAD™ is guided
by an electrostatic interaction between the charged nicotinamide
ring in the ligand and a negatively charged patch in the pore. In
turn, interaction of NAD" with interior residue E132 guides the
ligand to dynamically engage and weaken the salt bridge gate,
representing a ligand-induced initiation of transport.
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Introduction

SLC25A51 is an essential gene that is ubiquitously expressed
across all mammalian cells. Its protein controls the concentration
of NAD" in the mitochondrial matrix by directly importing the
oxidized dinucleotide, and thus, mammalian mitochondria depend
on SLC25A51 for sustaining NAD" levels (Girardi et al, 2020; Kory
et al, 2020; Luongo et al, 2020). Loss of SLC25A51 resulted in
loss of cellular respiration and oxidative flux of the tricarboxylic
acid cycle. SLC25AS51 further impacted the concentrations of
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NAD-derived metabolites and cofactors, including NADH and
NADPH (Girardi et al, 2020; Kory et al, 2020; Luongo et al,
2020).

There is little understood, nevertheless, about the underlying mech-
anisms of SLC25AS51 or how the transporter interacts with oxidized
NAD*. SLC25A51 is a member of the mitochondrial carrier family
(MCF) that localizes to the inner mitochondrial membrane (Girardi
et al, 2020; Kory et al, 2020; Luongo et al, 2020; Ziegler et al, 2021). By
homology, its structure harbors a pseudo-tri-symmetrical pore that is
characteristic of the family (Pebay-Peyroula et al, 2003; Robinson
et al, 2008; Ruprecht & Kunji, 2021; Ziegler et al, 2021; Jones et al,
2023; Kang & Chen, 2023). The trice repeated domain comprises two
transmembrane helices joined by a short matrix helix parallel to the
membrane. Based on cytoplasmic and matrix-open structures of
the related ADP/ATP nucleotide carriers, it is surmised that members
of this structurally related family function through an alternating-
access mechanism (Pebay-Peyroula et al, 2003; Nury et al, 2005; Rob-
inson et al, 2008; Ruprecht et al, 2014; King et al, 2016; Springett
et al, 2017; Ruprecht & Kunji, 2021).

SLC25A51 has low conservation (< 20%) in its amino acid
sequence compared to its functional homologs in S. cerevisiae and
A. thaliana that selectively import mitochondrial NAD" (Fig EV1)
(Todisco et al, 2006; Palmieri et al, 2009; Ziegler et al, 2021). In
phylogenetic analyses, SLC25A51 did not cluster with other mam-
malian nucleotide carriers in the family (Robinson et al, 2008;
Palmieri, 2013). Thus, it remains unanswered how SLC25A51
engages and transports its ligand.

In this work, we used Molecular Dynamics (MD) simulations to
study how SLC25A51 homology models engage the NAD* ligand
under the constraints of thermodynamics and in the context of a lipid
environment. We tested our observations in intact cells with muta-
tional analysis, measurements of in situ free mitochondrial NAD* con-
centrations using a LigA-based NAD* biosensor (Cambronne et al,
2016) and developed a heterologous uptake system to monitor
SLC25A51 activity in recombinant E. coli membranes. This study pro-
vides the first insight into the binding site of an NAD"™ mitochondrial
transporter, identifies a mechanism of ligand-induced transport, and
reveals cardiolipin-binding as a regulator of SLC25A51 activity and
consequently mitochondrial NAD* concentrations.
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Results and Discussion
Stable modeling of SLC25A51 in a lipid bilayer

To study how SLC25A51 recognizes NAD*, we first generated apo
models of human SLC25AS51 in its outward-facing, cytoplasmic
(c-state) conformation using Swiss-Model and AlphaFold2 modeling
(Waterhouse et al, 2018; Jumper et al, 2021). Both model structures
adopted the characteristic MCF fold and were superimposable upon
the solved bovine ANT crystal structure (PDB ID: 10KC) (Pebay-
Peyroula et al, 2003). Using MolProbity, we determined that the
quality of the equilibrated AlphaFold2 and Swiss-Model structures
were in the 100™ and 97" percentile, respectively (Williams
et al, 2018). Model quality was further estimated using pLDDT for
AlphaFold2 (Fig EV2A) and QMEANDisCo analysis for both Alpha-
Fold2 and Swiss-Model with global scores of 0.55 + 0.05 and
0.56 + 0.05, respectively (Fig EV2B and C) (Studer et al, 2020;
Jumper et al, 2021). A direct comparison revealed an initial differ-
ence of 3.5 A root-mean-square deviation (RMSD) in atomic posi-
tions between the structures. Closer inspection revealed several
residues in the central pore that were hydrophobically buried in one
model but exposed to the hydrophilic pore in the other (Fig EV2D).
Therefore, we decided to test both models in this study.

Each of the apo models was individually embedded in a
86 x 86 A? swatch of lipid bilayer using Charmm-GUI that recapitu-
lated the composition of phospholipid components in mammalian
inner mitochondrial membrane (POPC:POPE:CL = 2:3:2) (Comte
et al, 1976; Jo et al, 2008; Wu et al, 2014; Mejia & Hatch, 2015; Lee
et al, 2016). The system was hydrated and modeled with an ionic
concentration of 150 mM KCl. Each model was analyzed in tripli-
cate, and each replicate was ~ 1 ps in duration (Table EV1). We
observed that the mean RMSD over time among the replicates for
both stabilized c-state models were 4.1 &+ 0.3 and 2.9 + 0.2 A
for the Swiss-Model and AlphaFold2 models, respectively (Fig EV2E
and F, Table EV1). In parallel, as a control for the approach, we gen-
erated a homology model for c-state human SLC25A4 (ANT1, ADP/
ATP carrier) based on the solved bovine structure (PDB ID: 10KC)
(Pebay-Peyroula et al, 2003). The model for SLC25A4 (RMSD 2.8 A)
displayed a similar stability compared to the SLC25AS51 c-state
models over the course of the simulations (Fig EV2G). We further
calculated root-mean-square fluctuation (RMSF) values for all
c-state models, and as expected, observed less flexibility in trans-
membrane regions compared to loop regions (Fig EV2H-J). Together,
the data indicated that the experimental model systems were stable.

Cardiolipin is required for SLC25A51 activity

With both the AlphaFold2 and Swiss-Model models, we observed
spontaneous recruitment of cardiolipin molecules to three sites on
SLC25A51 (Fig 1A, Movie EV1). Notably, all lipids were initially
positioned at random and cardiolipin molecules were not docked to
SLC25A51. We observed cardiolipin molecules arriving from differ-
ent initial positions, displacing other types of phospholipids, and
consistently interacting at the same three distinct sites on
SLC25A51.

Cardiolipin binding was mediated by polar interactions between
its phosphates and exterior-facing residues on the transporter at
Binding Site 1 (T65, R66, R270, and G271), Binding Site 2 (N156,
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T157, R82, and G83), and Binding Site 3 (S249, R174, G175)
(Fig 1B). The observed sites correlated in position with cardiolipin
binding motifs [F/Y/W] X G and [F/Y/W] [K/R] G identified from
ADP/ATP transporter studies (Pebay-Peyroula et al, 2003; Nury
et al, 2005; Ruprecht et al, 2014, 2019; Crichton et al, 2015; Duncan
et al, 2018; Senoo et al, 2020; preprint: Senoo et al, 2023). All bind-
ing sites were on the exterior of the central pore facing the matrix
leaflet and positioned at the junctions between the three repeated
protein domains that comprised SLC25A51’s pore (Fig 1A and B).
Each cardiolipin molecule spanned an even-numbered helix from
one domain and the matrix helix of the neighboring domain. At sites
1 and 3, cardiolipin bridged adjacent domains through extensive
engagement of each of its phosphates (Fig 1B). At Site 2, a single
phosphate of the cardiolipin molecule bridged the domains in 3 out
of 4 replicates (Fig 1B). This suggested at least two binding modali-
ties for cardiolipin and that cardiolipin may engage SLC25A51 asym-
metrically. The dynamic and asymmetric recruitment of cardiolipin
may be needed for matching the asymmetric shape of NAD" or to
create flexibility in the pore SLC25A51; binding sites with distinct
roles have been recently described in the ADP/ATP carrier (Mao
et al, 2021; Yi et al, 2022; preprint: Senoo et al, 2023).

We introduced point mutations R82Q, R174Q, and R270Q at con-
served residues to blunt the predicted electrostatic interactions at
each binding site (Fig EV1B). These sites were exterior to the trans-
porter’s pore, distinct from the active site, and not obviously
involved in interhelical interactions. Flag-SLC25A51 and Flag-
SLC25A51R82QRI74QR270Q were detectable via Western blot and each
co-localized with mitochondrial inner membrane protein Cox IV
using immunofluorescence assays (Figs 1C and EV3A and B). We
compared binding of immunoprecipitated Flag-SLC25A51 and Flag-
SLC25A51R82QRIZAQR270Q 4 cardiolipin-conjugated beads in vitro
and found that the mutations diminished binding (Fig 1D).

To determine whether cardiolipin binding was required for
SLC25A51 activity, we monitored SLC25A51-dependent uptake of
32p.NAD* (Eller et al, 2023) by adopting an assay previously used
to characterize mitochondrial ADP/ATP transporter activity in bac-
terial cells (Haferkamp et al, 2002; Ravaud et al, 2012; Mifsud
et al, 2013). The induced expression of SLC25A51 variants in E. coli
cells resulted in their localization to the membrane fraction
(Fig EV3C and D), reported to contain 5-10% cardiolipin (Dowhan,
1997). We observed a time-dependent internalization of 3°P-NAD*
upon induction of wildtype SLC25A51 (amino acids 29-297) but not
with control cells expressing a predicted binding pocket mutant of
SLC25A51 (Fig EV3E). Mutation of cardiolipin binding sites resulted
in significantly less uptake compared to wildtype after 1 h (Fig 1E
and F).

To determine whether cardiolipin binding impacted SLC25A51
activity in intact cells, we expressed a genetically encoded single
fluorescent-protein ratiometric sensor for free NAD™ in the mitochon-
dria of HeLa cells (Cambronne et al, 2016; Eller et al, 2019; Luongo
et al, 2020). Figure 1G depicts the inverted fluorescence intensity of
the sensor that is a readout of relative NAD* concentrations. Acute
ectopic expression of M8SLC25A51 resulted in increased steady-state
levels of free mitochondrial NAD* compared to empty vector,
demonstrating that this assay could measure the activity of SLC25A51
of importing NAD" in intact and respiring cells (Fig 1G). Flag-
SLC25A51R82QRIZ4QR270Q wa5 ynable to efficiently increase mitochon-
drial NAD* concentrations indicating that cardiolipin binding was
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Figure 1. Cardiolipin binding impacts SLC25A51 function.

Shivansh Goyal et al

A Cardiolipin (wheat) bound to SLC25A51 at the junctions of its repeated domains, highlighted in red, green, and blue.
B Representative poses depicting identified interactions at sites 1-3. Yellow dashes indicate interactions < 3.5 A. At site 2, the binding of a single cardiolipin phosphate

was observed.

C Anti-Flag Western blot for transiently transfected T28SL.C25A51 variants and empty vector control in HeLa cells; HSP60, loading control.

o

In vitro pull down of "28SLC25A51 variants using cardiolipin-bound or control beads and detected with anti-Flag Western blots.

E Representative phosphorimage of 3P-NAD* taken up after 1 h in recombinant E. coli cells expressing indicated SLC25A51 variants (amino acids 29-297) or negative

control protein YFP.

F Quantitation of 3P-NAD* uptake after 1 h in E. coli cells expressing wildtype SLC25A51 (amino acids 29-297, red) and the indicated mutant. Data are shown in box
and whisker format, with hinges at 25" and 75'" percentiles, whiskers represent min and max and the line is the median, n = 6 biological replicates, unpaired two-

sided t-test ***P < 0.001.

G Free mitochondrial NAD" levels measured using a ratiometric biosensor in Hela cells co-expressing empty vector control or "®8SLC25A51 variants. Measurements were
taken at 24 h post-transfection; the dashed line indicates the baseline defined by the empty vector control, and red denotes data equivalent to wildtype. Data are
shown in box and whisker format, with hinges at 25™ and 75" percentiles, whiskers represent min and max and the line is the median, n = 4 biological replicates,
ANOVA < 0.01 with post-hoc Dunnett’s Test compared to empty vector control, ***P < 0.001.

Source data are available online for this figure.

required for SLC25A51 function (Fig 1G). We observed a similar loss
of activity compared to wildtype when Flag-SLC25A51R82QR174QR270Q
was expressed in HEK293 SLC25A51 Knockout (KO) line (Fig EV3F
and G).

The matrix gate is comprised of a single salt bridge interaction

To study the control of SLC25A51 opening to the matrix, we exam-
ined all possible inter-helical interactions at the position where
gated salt-bridge networks have been identified in the related MCF
carriers (Nelson et al, 1998; Ruprecht & Kunji, 2021; Ziegler
et al, 2021). In SLC25A51, there were only two potential interhelical
interactions: a putative hydrogen bond between Q52 and Q142, and
a putative ionic salt-bridge between E139 and K236 (Fig 2A). Time
evolution of each interaction over 1,000 ns in both AlphaFold2 and
Swiss-Model models indicated that the hydrogen bond (Q52-Q142)
was not formed (combined mean percent occupancy, m.p.o.
2% =+ 0.7%) while the salt bridge interaction (E139-K236) was sta-
ble (combined m.p.o., 93% =+ 3%) (Fig 2B and C).

We used the mitochondrial NAD" sensor assay and an E. coli
uptake assay to test whether these interactions were required for
SLC25A51 activity. Loss of the gate is predicted to favor the inward-
facing, matrix (m-state) conformation, which would not be amena-
ble to NAD" import. Expression of SLC25A51 variants in HeLa cells
with an ablated salt bridge (K236Q, K236A, E139Q, or E139A point
mutations) were not able to increase steady-state levels of free mito-
chondrial NAD* levels compared to empty vector control (Fig 2D).
We also tested the K236Q mutation in HEK293 SLC25A51 KO cells
and observed no significant mitochondrial NAD* increase
(Fig EV3H). This indicated that formation of the E139-K236 salt
bridge was required for SLC25A51 activity. In line with the simula-
tion results, disruption of the putative hydrogen bond with Q52A or
Q142A did not have any major impact on SLC25A51 activity
(Fig 2D). Furthermore, conserved residues in the consensus matrix
gate motif (PX[D/E]XX[K/R]XXQ)—including L55 and N233 whose
counterparts were identified as critical in the yeast and plant mito-
chondrial carriers (Miniero et al, 2022)—were not required for
SLC25A51 activity in cells (Fig 2D). We further confirmed the
necessity of the salt bridge using uptake assays and found that intro-
duction of either E139Q-K236Q or K236Q mutations resulted in loss
of activity (Figs 2E and F, and EV3I). Together, the modeling and
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the biochemical assays indicated that a single interhelical salt-bridge
between E139 and K236 formed the matrix gate.

Glutamine braces are not required for SLC25A51 activity

In many MCF carriers, glutamine braces play important roles in reg-
ulating the matrix gate (Ruprecht & Kunji, 2021). We observed an
analogously positioned glutamine residue Q240 in SLC25AS1 to
putatively brace the identified E139-K236 salt-bridge (Fig 2A and B).
Modeling analyses were used to test the stability of either a Q240-
E139 or Q240-K236 interaction. We did not observe consistent inter-
actions in either model (Q240-E139 combined m.p.o. of 5% + 3%;
Q240-K236 combined m.p.o 0of 45% + 16%) (Fig 2G). In agreement,
mutation of Q240, or analogous glutamine residues Q59 and
Q146 in adjacent domains, minimally impaired SLC25A51 activity
(Figs 2D-F and EV3I). Together, our data demonstrated that the
identified salt-bridge gate in SLC25A51 can function without stabili-
zation from glutamine braces, distinctly unique from many other
MCEF carriers (Ruprecht & Kunji, 2021).

Arginine cap residues contribute to regulating SLC25A51 activity

Cap residues at the matrix opening of the transporter have been pro-
posed to help stabilize the c-state of MCF carriers by neutralizing c-
terminal negative dipoles of converging odd-numbered helices or by
forming stabilizing ionic interactions with matrix helices (Pierri
et al, 2014; Yi et al, 2019). While modeling SLC25A51, we observed
three arginine residues, R57, R238, and R140, positioned to puta-
tively serve as cap residues (Fig EV4A). Mutation of each of the
three cap residues (R57L, R140L and R238L) partially impaired
SLC25A51 activity (Fig EV4B). In agreement, we observed stable
interactions over time between R140 and the backbone of residue
Q240 (m.p.o 95% + 3% AlphaFold2 model, m.p.o. 80% + 16%
Swiss-Model), as well as between R238 and the backbone of residue
Q59 (m.p.o. 70% + 10%, Swiss-Model).

NAD* import can occur independently of a stable
cytoplasmic gate

SLC25A51 is predicted to function via an alternating-access mecha-
nism similarly to other MCF family members (Robinson et al, 2008;

© 2023 The Authors
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Ziegler et al, 2021; Cimadamore-Werthein et al, 2023). We thus
generated an m-state model (MolProbity 94th percentile)—using
Swiss-Homology Modeling and the solved structure of
T. thermophila ADP/ATP carrier (PDB ID: 6GCI) (Ruprecht
et al, 2019)—to help identify the cytoplasmic gate. Performed in

Gate Interactions

EMBO reports

triplicate ( ~ 1 ps/replicate, Table EV1), we observed consistent and
stable formation of a putative ionic gate between K198 and E291
(m.p.0. 95% + 5%) in an analogous plane to the identified cyto-
plasmic gate in the ADP/ATP carrier (Fig EV4C and D). This
suggested that SLC25A51 has single salt bridge gates on each side of
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Figure 2. A single salt bridge stabilizes the NAD*-accessible, outward facing conformation.

A Graphical representation of the matrix gate with dash lines indicating possible polar non-covalent interactions. Interactions were either indicated (red) or

unsupported (gray) by data.

B Relative position of the matrix gate in a cartoon representation of SLC25A51; tested glutamine brace residues (white) and interactions (dashed lines).

C Time evolution of distance between indicated side chains for putative gate interactions. Interaction cutoff of 3.5 A is shown as a dashed line.

D Free mitochondrial NAD™ levels measured using a ratiometric biosensor in Hela cells expressing empty vector control (n = 25 biological replicates), wildtype
Flagg| C25A51 (n = 25 biological replicates), and indicated mutants (n = 4-6 biological replicates). Measurements were taken at 24 h post-transfection; the dashed line
indicates the baseline defined by the empty vector control, and red denotes data equivalent to wildtype. Data are shown in box and whisker format, with hinges at
25" and 75 percentiles, whiskers represent min and max and the line is the median, ANOVA P < 0.0001 with post-hoc Dunnett’s test compared to empty vector
control, *P < 0.05, **P < 0.01. (bottom) Protein expression from Hela cells transiently transfected with empty vector control, wildtype "#8SLC25A51 and the indicated

variants using anti-Flag Western blot; HSP60, loading control.

E Quantitation of uptake of 3P-NAD* after 1 h by E. coli cells expressing wildtype SLC25A51 (amino acids 29-297) and the indicated mutants; wildtype activity and
equivalent, red. Data are shown in box and whisker format, with hinges at 25 and 75* percentiles, whiskers represent min and max and the line is the median,
n = 5-8 biological replicates, ANOVA P < 0.0001 with post-hoc Dunnett’s test compared to wildtype, ***P < 0.001.

F  Representative phosphorimage of 3P-NAD* taken up after 1 h in recombinant E. coli cells expressing indicated SLC25A51 variants (amino acids 29-297) or negative

control protein YFP.

G Time evolution of distance between indicated side chains of putative brace interactions. Interaction cutoff at 3.5 A'is shown as a dashed line.

Source data are available online for this figure.

its pore. Mutation of the cytoplasmic gate is expected to favor the c-
state conformation. Interestingly, introduction of double mutations
K198Q-E291Q or K198A-E291A did not impair SLC25A51 activity
(Fig EV4AE-H) unlike previously observed for ADP/ATP carrier (King
et al, 2016; Ruprecht et al, 2019). This indicated that a c-state con-
formation was sufficient for importing NAD* and that a stable m-
state was not required for continuous uptake of NAD*. This capacity
for uniport was previously predicted based on relative strengths of
the gates (Robinson et al, 2008).

Putative tyrosine brace interactions were also observed but with
lowered percent occupancy (E103-Y290 m.p.o. 68% =+ 24%; R194-
E291 m.p.o. 63% =+ 8.5%) (Fig EV4C and D). In agreement with the
idea that a stable m-state was not essential, many of the disruptive
mutations had minimal effect on SLC25A51 activity (Fig EVAE). The
exception was that R194A and R194Y blocked SLC25A51 activity;
however, mutation of its binding partner E291 did not result in any
impairment, so any contribution from R194 was likely independent
of its brace function. Together, the data indicated that cytoplasmic
gate and brace features were not critical to SLC25A51’s import
function.

NAD™ is orientated by charge to bind at three conserved
contact points

To study how SLC25A51 engages its ligand, we unbiasedly modeled
the binding of NAD* onto both c-state models. We used the Auto-
dock 4.2 algorithm (Morris et al, 2009; Forli et al, 2016) to generate
a series of poses ordered by calculated binding energy scores. We
chose the poses with the lowest binding energy scores from each
model to continue with analyses using MD simulations.

With both models (Table EV1 Simulations 10-18), we observed a
prompt (within 100 ns) and consistent positioning of the nicotin-
amide ring (Fig 3A and B, Movies EV2 and EV3). The central ligand-
binding pore of SLC25A51 is characterized by positive charges aris-
ing from inward facing residues K91, R182, and R278 on the even-
numbered helices, and a distinct negatively charged region from
acidic residue E132 on helix 3 (Fig 3A). We observed in both models
that the positively-charged nicotinamide ring of oxidized NAD™ con-
sistently oriented away from the basic residues in the binding site
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and toward E132 (Fig 3A and B, Movies EV2 and EV3). Ablation of
E132’s charge impaired SLC25A51 activity, but a E132D variant
retained function (Figs 3C and F, and EV3I and J). E132 is conserved
across SLC25A51 orthologs (Fig EV1B).

We had previously determined that the presence of an equal con-
centration of NADH (100 pM) did not significantly interfere with
SLC25A51 uptake activity of NAD™ (Fig 3D) (Luongo et al, 2020). A
positive charge in the nicotinamide ring structure is a feature that
distinguishes the oxidized form of NAD* from reduced NADH. We
hypothesized that electrostatic charges may facilitate an interaction
between NAD™ and E132 in the pore of SLC25A51. To test this, we
compared the ability for either unlabeled NAD" or NADH to com-
pete for SLC25A51-dependent uptake of >*P-NAD™ either at equiva-
lent (100 uM) or 2.5-fold higher concentrations (250 pM). With
both concentrations, oxidized NAD*' successfully competed and
impeded *?P-NAD" uptake (Fig 3D). With wildtype SLC25A51, oxi-
dized NAD* was a significantly better competitor compared to
NADH. However, loss of E132 resulted in a loss of discrimination
for SLC25A51 between NAD* and NADH when ligands were present
at equal concentrations (Fig 3D). This suggests that E132 contrib-
utes to ligand selectivity. The relatively subtle E132 may be enough
to create a molecular discrimination based on electrostatic charge,
given the much higher concentrations of NAD* compared to NADH
available for import in mitochondria. Free cytosolic NAD™ is approx-
imately 100 to 1,000-fold more abundant than free NADH
(Williamson et al, 1967; Zhang et al, 2002; Hung et al, 2011; Zhao
et al, 2011). Cytosolic ratios—which due to non-discriminating
porin channels in the outer membrane—likely represent what is
experienced by intracellular SLC25A51.

We observed the nicotinamide ribose (NR) moiety formed consis-
tent contacts (in 8 out of 9 simulations with both Swiss-Model and
AlphaFold2 models) (Table EV1). Borrowing the terminology used
in the ADP/ATP binding pocket (Kunji & Robinson, 2006; Robinson
& Kunji, 2006; Robinson et al, 2008), we observed that SLC25AS51
used residue T94 in contact site 1 and N183 in contact site 2 to stabi-
lize the NR moiety through specific hydrogen bonds with its carbox-
amide group and ribose (2" and 3’ OH), respectively (Fig 3E). R278
in contact site 3, R182, and K91 engaged the negative charges from
the phosphates of NAD* (Fig 3E, Movies EV2 and EV3).

© 2023 The Authors



Shivansh Goyal et al EMBO reports

A B C Biosensor assay

*kKk

AlphaFold2

Swiss-Model ]
N-ring and E132 -

N-ring and E132

N
N

Dist min (A)

o
©
|

YFP_ Wildtype R182Q N183Q N183V

8 8
6 6
4 4 - .
2+ T T T T 1 2+ T T T 1
0 500 1000 1500 2000 2500 O 500 1000 1500 2000 2
Time (ns) Time (ns) Flag IE_:W
SLC25A51
D 100 uM competitor 250 yM competitor E HSP60 ,;!!!—_50
£ * ns ns
21004 —% 1004 — 1004 — 100 —
S| [
& 80+ 80 E 80 80
s 1\ [
o 60 60 60 E 60
8
S 40+ 40 40 40+
X
o
= 207 20+ 20 20
©
©
x 0- 0= 0——T— (U
[ oz oz [
< 0 < QO < 0 < 0
Z < Z < Z < Z <
zZ zZ Z z
Wildtype E132A Wildtype E132A
F 140— Recombinant uptake (1 hour)
o
Q.
> 100
2
z 80
& 60-
X
o 40+
=
- RRN:I'Y
g, sT S
T <|3 é T T T 1
[0} < o > o
QL Q < ¥ o & O &6 @
£ 3 g2 2 2 e 2y H Biosensor assay
= Uy z =z —~ *kk
— S 1.3
cst cs2  Cs3 & o —
‘g 1.2+
G YFP_ Wildtype Q90L  K91Q <
S 1.1
- ; ®
© o | g Bogedei.
) g T=1=ae
[0
=
©
¢

o
@
1

B ;

ko1a

R27sL 1 [}

T T T T T T T T T T
° 2 > < O Z4 > g <
£ig378esggé
(<] - T = = =
T94V  YFP Wildtype E132A R278L o § x ¥ z z o
e T
® . #® & Fladg) Gosast | = WP SN0 Sy S e s s g |
. HSP6( (" ey e G Y S " S e Sy ey
Recombinant uptake (1 hour) S S e ——w—]_

Figure 3.

© 2023 The Authors EMBO reports  24:e56596 2023 7 of 14



EMBO reports

Shivansh Goyal et al

Figure 3. E132 and conserved contact sites comprise a selective NAD™ binding site.

A
B

Electrostatic environment of the substrate binding site (APBS as Pymol plugin). Representative positioning of NAD™ from simulation 17 at 1,230 ns (Table EV1).
Minimal distance over time between the nicotinamide ring and E132 in simulations 17 (Swiss-Model) and 12 (AlphaFold2) (Table EV1). Interaction cutoff at 4 A shown
as a dashed line.

Free mitochondrial NAD™ levels measured using a ratiometric biosensor in Hela cells co-expressing empty vector control (n = 8 biological replicates), wildtype

Flagg) C25A51 (n = 8 biological replicates), and indicated mutants (n = 4 biological replicates). Measurements were taken at 24 h post-transfection; the dashed line
indicates the baseline defined by the empty vector control, and red denotes data equivalent to wildtype. Data are shown in box and whisker format, with hinges at
25™ and 75 percentiles, whiskers represent min and max and the line is the median, ANOVA P < 0.0001 with post-hoc Dunnett’s test compared to empty vector
control ***P < 0.001. (bottom) Protein expression from Hela cells transiently transfected with empty vector control, wildtype '*8SLC25A51 and the indicated variants
using anti-Flag Western blot; HSP60, loading control.

Relative uptake of >2P-NAD™ after 1 h by E. coli cells expressing wildtype SLC25A51 (amino acids 29-297) or the E132A mutant when competed by 100 pM (n = 3 bio-
logical replicates) and 250 pM (n = 4 biological replicates) unlabeled NAD* (red) or NADH (black). Data is shown as floating bars with central line at mean and the
box represents the min and max value, unpaired two-sided t-test *P < 0.05.

Bound NAD™ (orange) in the ligand binding pocket (cyan) is shown in both side and enlarged views. Non-covalent interactions < 3.5 A, dashed yellow lines.
Quantitation of >?P-NAD* uptake after 1 h in E. coli cells expressing wildtype SLC25A51 (amino acids 29-297) and indicated mutants; wildtype activity (n = 19 biologi-
cal replicates) and equivalent, red. Data are shown in box and whisker format, with hinges at 25™ and 75" percentiles, whiskers represent min and max and the line
is the median, n = 5-8 biological replicates, ANOVA P < 0.0001 with post-hoc Dunnett’s test compared to wildtype ***P < 0.001.

Representative phosphorimage of retained *?P-NAD™ after 1 h by E. coli cells expressing wildtype SLC25A51 (amino acids 29-297), indicated variants, or YFP control.
Free mitochondrial NAD* levels measured using a ratiometric biosensor in Hela cells expressing empty vector control (n = 27 biological replicates), wildtype

Flagg| C25A51 (n = 27 biological replicates), and indicated mutants (n = 4—7 biological replicates). Measurements were taken at 24 h post-transfection; the dashed line
indicates the baseline defined by the empty vector control, and red denotes data equivalent to wildtype. Data are shown in box and whisker format, with hinges at
25" and 75 percentiles, whiskers represent min and max and the line is the median, ANOVA P < 0.0001, post-hoc Dunnett’s test compared to empty vector control
***p ~ 0,001. (bottom) Protein expression from Hela cells transiently transfected with empty vector control, wildtype "28SLC25A51 and the indicated variants

detected by anti-Flag Western blot; HSP60, loading control.

Source data are available online for this figure.

We mutated and tested the requirement of conserved residues in
the three contact sites using the sensor and uptake assays (Figs 3F—
H, EVIB and EV3I and J) (Ruprecht & Kunji, 2021; Ziegler
et al, 2021). For contact site 1, we found that SLC25A51 variants
with a K91Q mutation—and to a lesser extent T94V—impaired
SLC25A51 import with minimal effects on protein stability. Mutating
adjacent contact site residues (Q90 and M98) that were not observed
to participate in binding of the NR moiety minimally impaired
SLC25A51 despite being conserved residues (Figs 3F-H, EV1B and
EV3I and J). Similarly, we confirmed that R182 and N183 were
required for site 2 but not neighboring residue S186, and R278 was
required for site 3 (Figs 3F-H and EV3I and J). The results were con-
sistent with previous docking and mutational analyses (Kory
et al, 2020; Ziegler et al, 2021). We observed that all three contact
sites in SLC25A51’s pore must be engaged to orient the ligand such
that it can travel deeper into the pore. This may explain why nico-
tinamide, or its mononucleotide were unable to efficiently compete
with NAD* for transport (Kory et al, 2020; Luongo et al, 2020).

NAD™ directly engaged with the gate in SLC25A51

While modeling the binding of NAD", we unexpectedly observed
two simulations wherein the ligand traversed deeper into the pore
(Movie EV4 and Table EV1 simulations 16 and 17). To determine
whether an extended simulation could provide additional insights,
we continued with a pose that originated from the unbiased docking
with the Swiss-Homology model but had scored among lowest bind-
ing energy scores (Table EV1 simulations 19-22). This pose posi-
tioned the nicotinamide ring deeper in the pocket.

In all four replicate simulations 19-22, we observed channeling of
the nicotinamide ring from E132 to E139 (Fig 4A and B, Movie EV4).
This was reminiscent of the electrostatic funneling observed with
ADP/ATP carriers (Heidkamper et al, 1996; Dehez et al, 2008; Wang
& Tajkhorshid, 2008; Krammer et al, 2009; Monné et al, 2013;
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Mavridou et al, 2022). In both model structures, residue E139 of the
salt-bridge gate was positioned below E132 on the same helix 3. We
also observed that as the nicotinamide ring interacted with E139 (85,
48, 69 and 93% occupancy), the phosphates on NAD* could interact
with K236, the other half of the salt bridge. Resultingly, formation of
the E139-K236 salt bridge was negatively correlated with the NAD"
phosphate-K236 interaction (R = —0.192, —0.045, —0.681 and
—0.336 per replicate, P < 0.001), as well as with the nicotinamide
ring-E139 interaction (R = —0.298, —0.053, —0.091 and —0.342 cal-
culated per replicate, P < 0.001) (Fig 4C and D, Movie EVS5).
Together this disrupted an otherwise stable gate interaction (Fig 4,
Movie EV5). An analogous ligand-initiated mechanism has been pro-
posed for the ADP/ATP carrier involving interference of the gate via
the N6 atom of the adenine moiety on the nucleotide or the guani-
dino NHI or NH2 of a conserved binding site arginine residue (Kunji
& Robinson, 2006).

Previously, studies showed that AMP, dUTP, NADH, GDP and
GTP can bind the ADP/ATP carrier, suggesting that the dynamics of
transport in cells involves an additional differentiation step to dis-
criminate between bound molecules (Mifsud et al, 2013; Majd
et al, 2018). To determine the requirement of the alignment between
E132 and E139 for activity we reversed the positioning of E139 with
its salt bridge (E139K-K236E) and tested SLC25A51 activity using
sensor assays. We also shifted the position of the entire salt bridge
so that it was misaligned (E139Q-K236Q-Q52E-Q142K). Activity was
lost in the cases where the position of E139 was reversed or shifted,
indicating that the alignment of this residue was critical (Fig 4E).
We also introduced an additional salt bridge (Q52E-Q142K), while
maintaining the original salt bridge. The presence of an extra consti-
tutive salt-bridge that did not have an established regulatory mecha-
nism resulted in significant loss of SLC25A51 activity (Fig 4E).
Nevertheless, SLC25A51 activity was not fully diminished. The
residual activity indicated that the preserved E132/E139 alignment
was functional but that its role was partially hampered by the extra

© 2023 The Authors
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A Minimum distance between the nicotinamide ring and E139 over time, simulation 17 (Table EV1). Interaction cutoff at 4 A is shown as a dashed line.
B Two-dimensional projection (Ligplot+) of NAD* and its interaction with E132 and the E139-K236 salt bridge.
C Time evolutions of the E139-K236 salt bridge (teal) compared to the nicotinamide ring and E139 interaction (red); simulation 19 (Table EV1). Interaction cutoff at 4 A

is shown as a dashed line.

D Time evolutions of the E139-K236 salt bridge (teal) compared to the phosphates in NAD™ and K236 (gray); simulation 19 (Table EV1). Interaction cutoff at 4 A is shown

as a dashed line.

E Free mitochondrial NAD™ levels measured using a ratiometric biosensor in HEK293 SLC25A51 KO cells expressing empty vector control, wildtype f28SLC25A51, and
indicated mutants. Measurements were taken at 48 h post-transfection; the dashed line indicates the baseline defined by the empty vector control, and red denotes
data equivalent to wildtype. Data are shown in box and whisker format, with hinges at 25™ and 75" percentiles, whiskers represent min and max and the line is the
median, n = 4-6 biological replicates, ANOVA P < 0.0001, post-hoc Dunnett’s test compared to empty vector control **P < 0.01, ***P < 0.001. (bottom) Protein
expression from HEK293 SLC25A51 KO cells transiently transfected with empty vector control, wildtype "28SLC25A51 and the indicated variants detected with anti-

Flag Western blot; HSP60, loading control.

Source data are available online for this figure.

salt bridge (Fig 4E). Together, the data suggest that alignment of
E132/E139 functions to facilitate gate opening.

With this study, we have gained insight into how the binding pocket
of SLC25A51 aids the selective transport of oxidized NAD*, as well as
evidence for ligand-induced gate opening. The preference for NAD*
implies SL25A51 can alter flux through the tricarboxylic acid cycle by
controlling the local NAD*/NADH ratio and oxidoreductive reactions.
As specific point mutations can partially destabilize SLC25A51, we
have sought corroborating data from multiple independent assays. A
limitation is that a fully in vitro reconstitution of SLC25A51 activity
has yet to be achieved. Future elucidation of the full dynamics of
SLC25A51 will accelerate the development of SLC25A51 modulators
for targeting disease (Fig EV5).

© 2023 The Authors

Materials and Methods

Multiple sequence alignment

Multiple Sequence Alignment was performed using Cobalt sequence
alignment tool (Papadopoulos & Agarwala, 2007) and was viewed
and analyzed using Unipro UGENE (Okonechnikov et al, 2012).
Figure EV1A depicts the alignment of representative nucleotide car-
riers HsSLC25A51 (UniProt: Q9H1U9), BtSLC25A4 (UniProt: P02722,
PDB ID: 10KC), TtADT (UniProt: G2QNHO, PDB ID: 6GCI), ScNdt1l
(UniProt: P40556) and AtNdtl (UniProt: 022261). Figure EV1B
shows the alignment for the following SLC25A51 homologs and
paralogue: human SLC25A51 (UniProt: Q9H1U9), human SLC25A52
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(UniProt: Q3SY17), mouse SLC25A51 (UniProt: QSHZI9), drosophila
SLC25A51 (UniProt: Q7K483), zebrafish SLC25A51 (UniProt:
Q6PBVS), xenopus SLC25A51 (UniProt: A9UMIO) and snake
SLC25A51 (UniProt: AOAGP9B6W2).

SLC25A51 models

The homology models of cytoplasmic open state of apo-SLC25A51
(amino acids 27-297) and apo-SLC25A4 were generated using the
Swiss-Model server with bovine SLC25A4 crystal structure as
the template (PDB ID: 10KC) (Pebay-Peyroula et al, 2003; Water-
house et al, 2018). Bovine SLC25A4 was chosen as it has a high-
resolution crystal structure available (2.2 A) and its GMQE score of
0.55 was the highest for SLC25A51 among all the c-state MCF carrier
structures available. The homology model of mitochondrial matrix
open state of apo-SLC25A51 (amino acids 26-297) was generated
using the Swiss-Model server with a thermophilic fungal ADP/ATP
Carrier crystal structure as the template (PDB ID: 6GCI) (Ruprecht
et al, 2019). We also used AlphaFold2 generated cytoplasmic open
state model for our study (Jumper et al, 2021). The SLC25A51
models quality estimation was performed using MolProbity, pLDDT
scores and QMEANDisCo analysis (Williams et al, 2018; Studer
et al, 2020; Jumper et al, 2021).

Setup used in molecular dynamics simulations

CharmmGUI webserver was used to build the starting coordinates
of our system for MD simulations with a total dimension
of 85 A x 85 A x 100 A (Jo et al, 2007; Wu et al, 2014). The c-state
Swiss-Model (apo-state or NAD* docked), m-state Swiss-Model and
apo-c-state AlphaFold2 SLC25A51 were embedded in lipid bilayer
systems with phosphatidylcholine (POPC), phosphatidylethanol-
amine (POPE) and cardiolipin (TLCL2) in a ratio 2:3:2 as experimen-
tally determined previously (Comte et al, 1976). We chose TLCL2
cardiolipin with a negative 2 charge that agrees with the recent stud-
ies on ionization properties of the cardiolipin molecules (Olofsson &
Sparr, 2013; Sathappa & Alder, 2016). The protein and the lipid
bilayer were solvated with TIP3P water molecules extending up to
22.5 A on both sides of the membrane. The system also contains
neutralizing K* and Cl~ ions to make the final salt concentration
150 mM. The NAD" was docked on the final coordinate of SLC25A51
after 1 ps simulation of AlphaFold2 SLC25A51 model which was
embedded in a lipid bilayer membrane of POPC lipids with all the
other parameters same as the other models described above.

Molecular dynamics simulation

The simulations were performed with Gromacs (version 2022.1)
using an all atom Charmm36m force field for protein, lipids, ions
and ligands with periodic boundary conditions (Bekker et al, 1993;
Abraham et al, 2015). We performed energy minimization of the sys-
tem in 5,000 steps of steepest descent with position restraints on pro-
tein and NAD" while lipids, water and ions were free to equilibrate.
The system was equilibrated in a multi-step procedure with decreas-
ing positional and dihedral constraints with each step with following
parameters: Two steps of 0.125 ns NVT simulation at 310.15 K, one
step of 0.125 ns NPT simulation at 310.15 K and 1 bar, and three
steps of 0.5 ns NPT simulation at 310.15 K and 1 bar. MD
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simulations were run for different lengths of time using leap-frog
algorithm as an integrator with 2 fs time step. Particle Mesh Ewald
was used for non-bonded long-range interactions with a 12 A cutoff
and Leonard-Jones potential cutoff was 12 A. Temperature was
maintained at 310.15 K using Nose-Hoover thermostat with a 1 ps
coupling parameters and pressure at 1 bar using Parrinello-Rahman
barostat with 5 ps coupling and 4.5 x 10~° bar~! compressibility.

Trajectory analysis

The analysis was done using in-built tools available in the gromacs
package. The coordinates were viewed, and structural graphics and
videos were prepared using Pymol. The cutoff distance was 3.5 A
for hydrogen bonds and for salt bridges while 4 A for distance
between any atom of Nicotinamide ring of NAD* and side chain of
amino acid. The mean percentage occupancy (mpo) represents the
percentage of simulation time where the distance between the atoms
was under the cut-off distance. Time evolution of distances and
RMSD is shown as moving averages of 5 values on each side. The
videos are made with every 10™ ns frame of the trajectories.

APBS electrostatics

APBS electrostatics was performed using Pymol plugin. The mole-
cule was prepared using pdb2pqr method with 0.5 grid spacing and
the electrostatic potential was projected to Connolly Surface in the
—2 to +2 range.

Cell culture

HeLa (ATCC: CCL-2) and HEK293 (ATCC: CRL-1573) cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) containing
4.5 g/L glucose, 1 mM sodium pyruvate and 4 mM L-glutamine
supplemented with 10% fetal bovine serum, 1x penicillin-strepto-
mycin and 12.5 mM HEPES buffer (pH 7.4). Cell lines are tested
monthly for mycoplasma contamination.

Cloning

SLC25A51 (amino acids 29-297) and YFP were cloned in pMW?7
bacterial expression vector using NEBuilder® HiFi DNA Assembly
Master Mix. Q5 site-directed mutagenesis kit from NEB was used to
make mutations in pMW?7-SLC25A51 (amino acids 29-297) plasmid
and the pCMV-Flag-HA-SLC25A51 (amino acids 1-297)-IRES-puro
plasmid (Luongo et al, 2020).

Generation of HEK293 SLC25A51 knockout lines

CRISPR-Cas9-engineered HEK293 cells lacking a functional gene for
SLC25A51 were generated as described before (Ran et al, 2013).
Briefly, hybridized oligonucleotides 5'- CACCGTAGTTGTCTTCTG
CATCAA and 5'- AAACTTGATGCAGAAGACAACTAC were inserted
into high-fidelity Bbsl-digested plasmid pSpCas9(BB)-2A-Puro
(PX459) V2.0 (Addgene #62988). A total of 800,000 HEK293 cells
were seeded in a 6-well plate and after 24 h were transfected using
X-tremeGENE 9. Twenty-four hours post transfection, about 5%
each of the transfected cells were distributed onto 10 cm dishes and
incubated with puromycin (2 pg/ml) for 48 h. Five to seven days
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after puromycin withdrawal, cell clones were picked and expanded.
Genome editing within the targeted genomic DNA sequence was
confirmed after PCR amplification from isolated genomic DNA using
primers 5'- TTGTGTGGCTGCTGTGCAGC and 5'- GAGCACTGTGAG
TCGTTGCG followed by Sanger sequencing using the primer 5'-
CTTTCGACAACAGCTGTATGG. We confirmed that the CRISPR-
plasmid did not integrate itself by immunoblot analyses to monitor
Flag-Cas9 expression and retention of puromycin sensitivity. The
knockout of SLC25A51 was validated at protein level using Western
blotting and at the genomic level by sequencing.

Generation of HEK293 SLC25A51 Knockout lines stably expres-
sing NAD* biosensor.

The lines were generated following a similar protocol used for
HeLa sensor lines described previously (Luongo et al, 2020). We
transduced HEK293 SLC25A51 knockout cell line with lenti virus
encoding Mi®cpVenus or Mi®Sensor. Stable integration was selected
with 10 pg/ml Blasticidin for 1 week. Cells were sorted for fluores-
cence and validated using sensor response to "8SLC25A51 and
FlagNdt1 overexpression.

Mitochondrial steady state NAD* measurements

The pCMV-Flag-HA-SLC25A51 (amino acids 1-297)-IRES-puro plas-
mids were transiently transfected:

(i) HeLa ™‘cpVenus and HeLa ™'°Sensor cells using polyethyleni-
mine (PEI, 1 mg/ml) with a PEL:DNA ratio of 5:1 and relative
NAD* steady state measurements were taken 24 h post-
transfection using flow cytometry.

(ii) HEK293 SLC25A51 KO ™®cpVenus and HEK293 SLC25A51 KO
mitoSensor cells using Lipofectamine 2000 (Invitrogen,
11668019) and relative steady state measurements were taken
48 h post-transfection using flow cytometry.

FlowJo was used to calculate the ratiometric measurement of the
NAD™ biosensor and CpVenus control by dividing the fluorescence
emission when excited at 488 nm with measurement when excited
at 405 nm for each cell. The geometric mean of the ratiometric fluo-
rescence measurement was taken for 10,000 cells for both NAD*
biosensor and CpVenus. This was used to calculate the relative fluo-
rescence as follows:

-1
Sensoruss >
405

Relative Fluorescence)™' =
( ) (CpVenusﬁgg

Western blotting for overexpression studies

HeLa or HEK293 cells were lysed with 2x Laemmli sample buffer
containing DTT. Lysates from 200,000 or 75,000 cells were resolved
using NuPAGE™ 10% or 4-12% Bis-Tris protein gels (Invitrogen)
and were transferred to Bio-Rad 0.45 pm nitrocellulose membrane.
The nitrocellulose membrane was blocked with 5% BSA in pH 7.4
Tris-buffered saline with 0.1% (v/v) Tween 20 (TBST). The anti-
bodies anti-Flag M2 (Sigma, F1804, 1:3,000), and anti-HSP60 Mono-
clonal Antibody (Invitrogen, 4B9/89, 1:3,000) were used for
immunoblotting at 4°C overnight and were prepared in TBST with
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1% BSA. After 3 washes of 5 min each, anti-Mouse IgG (H+L), Alexa
Fluor™ Plus 800 (Invitrogen, A32730, 1:10,000) prepared in TBST
with 1% BSA was hybridized for 1 h at room temperature. LiCOR
Odyssey CLx was used for imaging after 3 washes with 1XTBST.

Western blotting for SLC25A51 knockout validation

HEK293 SLC25A51 knockout cells were washed with ice-cold PBS
and lysed directly with 100 pl 2x Laemmli sample buffer containing
DTT. 400,000 cells were electrophoresed on 10% Bis-Tris gels (Invi-
trogen) and transferred to 0.45 pm nitrocellulose membrane. Mem-
branes were blocked with 5% nonfat milk in TBST at RT for 1 h.
The primary antibody was prepared in 1% nonfat milk in TBST and
hybridized at 4°C overnight. The secondary antibody was prepared
in 1% nonfat milk in TBST and hybridized at room temperature for
1 h. Antibodies used and their dilutions are as follows: anti-
SLC25A51 (MyBiosource, MBS1496255, 2 pg/ml), anti-HSP60 Mono-
clonal Antibody (Invitrogen, 4B9/89, 1:3,000), anti-rabbit IgG H&L
IRDye 800CW (Abcam, ab216773, 1:10,000), and anti-mouse IgG
H&L Alexa Fluor 680 (Invitrogen, A10038, 1:10,000). Membranes
were imaged using the LiCOR Odyssey CLx.

Immunofluorescence

Cells were transfected with pCMV-Flag-HA-SLC25A51 (amino acids
1-297)-IRES-puro or the mutants and 24 h post-transfection were
seeded on coverslips. At 48 h post-transfection, cells were washed
and fixed in 500 pl using 4% PFA and 4% sucrose in PBS for
10 min at room temperature. Samples were washed three times with
1 ml of PBS followed by 10 min of blocking and permeabilization in
solution containing: 5% Normal Goat Serum, 1% BSA, and 0.3%
Triton-X 100 in PBS. After blocking, 50 pl of primary antibodies
anti-flag D6W5B (Cell signaling, 14793) and anti-CoxIV Mouse
(abcam ab33985) at 1:500 dilution in blocking solution were added
on top of the coverslip for 1 h at room temperature. The coverslips
were washed three times with 200 pl PBS and 50 pl of secondary
antibodies were added onto the coverslips for 1 h at room tempera-
ture. This was followed by three times wash with PBS. Coverslips
were mounted on slides using 5 pl VECTASHIELD Vibrance antifade
mounting medium (NC1601054) and were allowed to set for 1 h at
room temperature before imaging. Images were taken using an
Olympus IX83 confocal microscope with an 100x objective and were
analyzed using ImageJ.

Flag immunoprecipitation of F*8SLC25A51 and variants

HEK293T cells were transfected using PEI with wildtype
Flagg1 C25A51 and the variant with R82Q, R174Q, and R270Q muta-
tions. Cells were harvested 2 days post-transfection, washed with
ice-cold PBS and lysed with the lysis buffer containing 1% DDM,
20 mM Tris pH 8.0, 200 mM NaCl, and 2x Pierce™ Protease Inhibi-
tor (A32965) for 1 h at 4°C. The lysates were centrifuged at
13,000 g at 4°C for 15 min. The supernatant was collected and incu-
bated with Anti-DYKDDDDK affinity resin beads (Thermo Scientific
Pierce, A36801) for 2 h at 4°C. After spinning down and removing
the supernatant, the beads were washed three times using the lysis
buffer. To elute the bound protein, 3x flag peptide (0.5 mg/ml) was
added to the beads and incubated for 30 min at 4°C. The elution
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steps were repeated a total of three times. Finally, the three eluates
were combined for the cardiolipin binding assay.

Cardiolipin binding assay

Equivalent amounts of immunoprecipitated wildtype and mutant
Flags[,C25A51 from HEK293T cells were incubated with 20 pl of
cardiolipin-conjugated beads or control beads (Echelon Biosciences,
P-BCLP) for 2 h at 4°C. Supernatant was removed and beads were
washed three times in buffer containing 1% DDM, 20 mM Tris pH
8.0, 200 mM NaCl, and 2x Pierce™ Protease Inhibitor (A32965). 2x
Laemmli sample buffer containing DTT was added to each sample
of washed beads and analyzed by Western blotting using antibodies
against anti-Flag M2 (Sigma, F1804, 1:3,000).

E. coli uptake assay

The protocol was adopted from a previously described uptake
assay for ADP/ATP carrier (Haferkamp et al, 2002). The pMW?7
expression plasmids encoding YFP, SLC25A51 (amino acids 29-297)
or its mutants were transformed into BL21 DE3 pLysS E. coli strain.
The colonies were picked for each mutant and grown overnight.
The overnight culture was diluted to 0.5 ODggp and induced for 1 h
with 1 mM IPTG. Cells equivalent to an ODgy of 5 in a final reac-
tion volume of 50 pl were aliquoted in tubes, spun down at 4,000 g
for 5 min and resuspended in 25 pl of uptake buffer (120 mM KClI,
5 mM KH,PO,4, 1 mM EGTA and 2 mM HEPES-NaOH pH 7.4). The
reaction was started by adding 25 pl of uptake buffer with the final
reaction concentration of 100 uM of unlabeled NAD" traced with
3.33 nM of **P-NAD*. The reaction was stopped after 1 h by dilut-
ing it 20-fold with ice cold uptake buffer containing 200 pM NAD™.
The reactions were spun down at 4,000 g for 5 min, the supernatant
was discarded, and the cells were resuspended in 500 pul of uptake
buffer (For uptake at different time points in Fig EV3E, this step was
skipped). The samples were filtered through 0.22 pm mixed-
cellulose ester filter using a filtration assembly with attached vac-
uum pump. The filter was washed two times with 5 and 3 ml
uptake buffer. The filters were placed on a supporting sheet,
wrapped with clingwrap and exposed to BioRad phosphorimaging
screen in an exposure cassette for 18 h. Typhoon FLA 9500 Imager
was used to image and ImageJ was used to quantify the dots. The
intensity of the YFP control dot was subtracted for all the samples to
account for non-specific binding or any non-active transport.

E. coli membrane enrichment and Western blot

The cultures were grown overnight and induced as described.
Equivalent cells from the induced cultures for YFP, SLC25AS51
(amino acids 29-297) and the mutants were spun down at 4,000 g
for 5 min and washed with 1xPBS. The pellets were resuspended in
1 ml of 10 mM Tris/150 mM NaCl containing 1x Pierce™ Protease
Inhibitor (A32965). Sonication was performed at 50% amplitude
with 15 s ON/15 s OFF cycles for a total ON time of 5 min. The son-
icated samples were spun down at 12,000 g for 30 min at 4°C.
Supernatant was ultracentrifuged to pellet the membrane fraction at
100,000 g for 45 min at 4°C. The membrane pellet was resuspended
in 100 pl of 50 mM Tris/150 mM NaCl with 1x protease inhibitor.
2x Laemmli sample buffer containing DTT was added to each
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sample and the samples were resolved with NuPAGE™ 10% Bis-
Tris protein gels (Invitrogen), transferred to Bio-Rad 0.45 pm nitro-
cellulose membrane and blocked with 5% BSA in TBST. Immuno-
blotting was done using the following antibodies at 4°C overnight:
anti-SLC25A51 (Prosci-Inc, 55-424, 1:500), anti-TolC (Mavridou lab
at UT Austin, 1:2,000) and anti-DNAK E. coli (Enzo ADI-SPA-880-D,
1:5,000). After 3 washes in 1x TBST, the anti-Mouse IgG (H+L),
Alexa Fluor™ Plus 800 (Invitrogen, A32730, 1:10,000) or anti-
Rabbit IgG (H+L), Alexa Fluor™ 680 (Invitrogen, A27042, 1:10,000)
was hybridized for 1 h at room temperature. This was followed by 3
wash steps in 1x TBST and imaging using LICOR Odyssey CLx.

Statistical analysis and figure graphics

The results are presented as mean + SD in box and whisker graphi-
cal format. The data was analyzed, and figures were prepared using
GraphPad Prism version 9, Microsoft Excel, and adobe illustrator. P-
values were determined using unpaired two-sided t-test (for two
group comparison) and one-way ANOVA (for 3 or more group com-
parisons) with post-hoc Dunnett’s test. P-values under 0.05 were
considered significant and *P < 0.05, **P < 0.01 and ***P < 0.001.

Data availability

Full view images, all data points, and simulation models are avail-
able via the Texas Data Repository, Cambronne XA Lab Dataverse
https://doi.org/10.18738/T8/TIHMRO.

Expanded View for this article is available online.
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Expanded View Figures

A Multiple sequence alignment of NAD* and ADP/ATP carriers

Contact Site 1
Matrix Gate CL Site 1a CL Site 2b Cytoplasmic Gate
HsSLC25A51 30 EMKHYLCGCCAAFNNVAITFPIQKVLFRQQLY----------- [KTRDAILQL-RRDGFRNL tepLMQRTTTCALMFGLYEDLSlcLLHKHYS- - - -- A

BtSLC25A4 8 FLKDFLAGGVAAAISKTAVAPIERVKLLLOQVQ-HASKQISAEKQYKG--TIIDCVVRIPKEQGFLSFWRGNLANVIRYFPTQALNFAFKDKYKQIFLGGVDRHKQFW

TtADT 15 FVVDFLMGGVSAAVSKTAAAPIERIKLLVOQNQDEMIKAGRLDRRYNG--TIDCFRRTTADEGLMALWRGNTANVIRYFPTQALNFAFRDKFKAMFGYKKDKDG-YA
ScNdt1 77 TQITALSGAFAGFLSGVAVCPLDVAKTRLQAQ--GLQTRFENPYYRG--IMGTLSTIVRDEGPRGLYKGLVPIVLGYFPTWMIYFSVYEFSKKFFHGIFP----- Q
AtNdt1 13 VLCNAAAGAAAGVVAATFVCPLDVIKTRFQVH--GL-PKLGDANIKGSLIVGSLEQIFKREGMRGLYRGLSPTVMALLSNWAIYFTMYDQLKSFLCSNDH----- K
H1 h12 H2
Contact Site 2
E132 Matrix Gate CL Site 2a CL Site 3b Cytoplasmic Gate

EH-LPTAT----THS

HsSLC25A51 116 PEFATSGVAAVLAGTTEAIFT~PLERVQTLLQDH ~~~~~~ KHHD YQAFKAL-KCHGIGEmVPILFNVLFFGLRGPI

BtSLC25A4 111 RYFAGNLASGGAAGATSLCFVYPLDFARTRLAAD--VGKGAAQREFTGLGNCITKIFKSDGLRGLYQGFNVSVQGIIIYRAAYFGVYDTAKGM-LPDPK- --N
TtADT 118 KWMAGNLASGGAAGATSLLFVYSLDYART LANDAKSAKGGGARQFNGLIDVYRKTLASDGIAGLYIGFGPSVAGIVVYRGLYFGMYDSI PVVLVGPL------ A
ScNdt1 174 FDFVAQSCAAITAGAASTTLTNPIWVVKTRLMLQ--SNLGEHPTHYKGTFDAFRKLFYQEGFKALYAGLVPSLLGLF-HVAIHFPIYEDLKVR-FHCYSRENNTNS
AtNdt1 111 LSVGANVLAASGAGAATTIATNPLWVVKTRLQT---QGMRVGIVPYKSTFSALRRIAYEEGIRGLYSGLVPALAGIS-HVAIQFPTYEMIKVY-LAKKG-DKSVDN
H3 —h4— Ha
Contact Site 3
Matrix Gate CL Site 3a CL Site 1b Cytoplasmic Gate

HsSLC25A51 209 AHLVNDFICGGLLGAMLGFLFFPINVVKTRIQSQIGGE- - - - PKVFQKIWLERDRKLIN HLNYHRBLISWGTINAT] Kil=cmsazzzcns=
BISLC25A4 208 VHIIVSWMIAQTVTAVAGLVSYPFDTVRRRMMMQSGRKGADIMYTGTVDCWRKIA--KDEGPKAFFRKGAWSNYLRGMGGAFYV - LVLYDE IRKFV------------
TtADT 218 NNFLASFLLGWCVTTGAGIASYPLDTVRR MMMTSGEA---VKYISSIDAFRQII--AKEGVKSLF GAGANILRGVAGAGV-LSIYDQLQILLFGKAFKGGSG- -
ScNdt1 276 INLQRLIMASSVSKMIASAVTYPHEILRTRMQLKSDIP--DSIQRRLFPLIKATY--AQEGLKGFYSGFTTNLV TIPASAITLVSFEYFINRLENI----STMVI
AtNdt1 211 LNARDVAVASSIAKIFASTLTYPHEVVRA LQEQGHHS»-EKR‘(SGVRDCIKKVF--EKDGFPGFYIGCATNLL TTPAAVITFTSFEMVHRFLVTHIPSEQSSIL

H5 —hs6——— H6
B Multiple sequence alignment of SLC25A51 and SLC25A52 from different species
Matrix Gate CL Site 1a CL Site 2b Contact Site 1 Cytoplasmic Gate

Human SLC25A51 38 CCAAFNNVAIT
Human SLC25A52 38 CCAAFNNVAIT

YGI TRDAILQLRRDG LIYEDLSCLLHKH
YGI1I TRDAVLQLRRDG LY CLLRKH

P F G

P FG
Mouse SLC25A51 38 YCAAFNNVAIT YGIKTRDAVLQLRKDG P FGLYEDLSRLLHKH
Drosophila SLC25A51 61 CG A AF VNI AV T HGVPITSAFAQLRHEG P FGVFDGTRRYLVED
Zebrafish SLC25A51 21 SLAAFANIVIT FGVHAWDAVRGLQRDG P FGLYEDFSRMLRVH
Xenopus SLC25A51 40 Y FAAFTNIAIT YGVRTRDAVRQLQTDG P FGLYEDFSSLLLRH
Snake SLC25A51 34 YCAAITNIAIT YGVRTRDAICQLQKDG P FGLYEDLSSVLLRH

H1 h12
E132 Matrix Gate CL Site 2a Cytoplasmic Gate

Human ~ SLC25A51 13[]TTE|AI FTDH KAL-KCHGIGE P I P
Human SLC265A52 130 TAEAIFTPLERVOTLLONHKHHDKFTNTYQAFKAL-KCHGIGE PI G P
Mouse SLC25A51 31 TTEAILTPFERVQTLLOQDHKHHDKFTNTYQAFRAL-RCHGIAE PI G P
Drosophila SLC25A51 153 SAE S ILLPFERVQTLLADSKFHQHFSNTQNAFRYVVSHHGYRE PV E P
Zebrafish SLC25A51 114 TAEAVLTPFERVQTLLQDPRHHGNFQNTAHIFRVLLQQHGFLE PI G P
Xenopus SLC25A51 12 TTEALLTPFERVOQRTLLOQDYKHHDRFTNTFQAFKVL-RPYGIRE PI s P
Snake  SLC25A51 126 TTEAVLTPFERVOQTLLODYKHHDKFTNTYQAFRVL-REHGAKE PI G P

H3 h34 H4
Matrix Gate CL Site 3a CL Site b Contact Site 3 Cytoplasmic Gate
Human SLC25A51 224 ML G F L F FPKVFQKIWLERDRKLI NYH SLISWGIINATKVI
Human SLC25A52 24 MLGF LCFP INVVKTRLOSQIGGEFQSFPKVFQKIWLERDRKLI NYHRSLISWGIINATYEFLLKFI
Mouse SLC25A51 225 VLGFLSFPINVVKARIQSQIGGPFLSLPMVFKTIWIERDRKLI NYHRSLISWGIINATYEFLLKIVWV
DrosophilaSLC25A51 248 SIS TI FYPLNVIKVSLQSEMGQRSEGSWQACKRIYVERDRRIG NTGRSFISWGIMNTAYENLEKLM
Zebrafish SLC25A51 209 GLGVVFYPLNVAKSHAQVQIGGPFQSSRVILASVLRERDGKVS NFQRSIFSWGIINAAYELLLKMM
Xenopus SLC25A51 226 M LGFLFFPINVVKARMOSQIGGEFISFGKVLMIIWTERDGKLT NYHRSILSWGIINATYELLLKVL
Snake SLC25A51 20 MLGF LFFPVNVVKARMOSQIGGEFQSFSTVFMKIWLERDRKLT NYHRSLISWGIINATYEFLLKLL

H5 h56 H6
Matrix Gate Cytoplasmic Gate CL motifa CL motif b
P X [D/EIXX[K/RIXRXQ Y [D/E] X X [K/R] [F/Y/W]XG [F/Y/W] [K/R] G
Figure EV1.
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Figure EV1. Multiple sequence alignment of representative nucleotide carriers.

A Alignment of amino acid sequences for human SLC25A51 (HsSLC25A51), bovine SLC25A4 (BtSLC25A4), fungal ADT (TtADT), yeast Ndt1 (ScNdtl1) and Arabidopsis Ndtl
(AtNdt1).

B Alignment of amino acid sequences for human SLC25A51 and SLC25A52 and SLC25A51 orthologues from mouse, drosophila, zebrafish, xenopus, and snake.

Data information: Select residues are highlighted by shading (hydrophobic, yellow; hydrophilic, gray; negatively charged, red; positively charged, blue; and proline kink
residues, peach).
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Figure EV2. Quality estimation using root mean square deviation and root mean square fluctuation of the simulations.

Model confidence scores for AlphaFold2 structure of HsSLC25A51.

QMEANDisCo Local Quality Estimate shows higher confidence for transmembrane helices and lower confidence for flexible loops.

Alignment of Swiss-Model (Cyan) and AlphaFold2 (Green) structures. Key residues that were initially differentially positioned in the binding site are highlighted.
RMSD of backbone atoms over time with the Apo Swiss-Model (amino acids 27-297), n = 3.

RMSD of backbone atoms over time with the Apo AlphaFold2 (@amino acids 27-297), n = 3.

RMSD of backbone atoms over time with Apo SLC25A4, n = 1.

RMSF of each residue with Apo Swiss-Model, n = 3.

RMSF of each residue with Apo AlphaFold2, n = 3.

RMSF of each residue with Apo SLC25A4, n = 1.

Source data are available online for this figure.

Figure EV3. Localization, expression, and function of SLC25A51 mutants.

A

Immunofluorescence co-localization of CoxIV and F*8SLC25A51 variants transiently transfected in Hela cells. Anti-Flag is shown in cyan, anti-CoxIV in red, and
DAPI in blue.

Relative abundance of F1®8SLC25A51 mutants over wildtype from HelLa whole cell lysates normalized from Western blot data (24 h post-transfection). Data are
shown in box and whisker format, with hinges at 25™ and 75" percentiles, whiskers represent min and max and the line is the median, n = 47 biological
replicates. One-sample two-sided t-test for significant difference from 1, *P < 0.05, **P < 0.01, ***P < 0.001.

Membrane enrichment of E. coli cells expressing YFP control, wildtype SLC25A51 (amino acids 29-297) or the indicated mutant detected with anti-SLC25A51
Western blot; anti-TolC (membrane) and anti-DNAK (cytoplasmic), fractionation markers.

Membrane expression of wildtype SLC25A51 (amino acids 29-297), indicated variants, or YFP control in E. coli cells detected with anti-SLC25A51 Western blot; TolC,
loading control.

Radiolabeled NAD* uptake with time by E. coli cells expressing wildtype SLC25A51 (amino acids 29-297) or its N183Q mutant. Data are mean + SD and n = 3-4
biological replicates.

Anti-SLC25A51 Western blot of HEK293 wildtype, HEK293 SLC25A51 KO and Hela cells transiently transfected with F28SLC25A51 or empty vector control; HSP60,
loading control. Red dots, endogenous SLC25A51; green dots, ectopically expressed F'28S|.C25A51.

Free mitochondrial NAD* levels measured using a ratiometric biosensor in HEK293 SLC25A51 KO cells co-expressing empty vector control, wildtype "28SLC25A51,
and indicated mutants. Measurements were taken at 48 h post-transfection; the dashed line indicates the baseline defined by the empty vector control, and red
denotes data equivalent to wildtype. Data are shown in box and whisker format, with hinges at 257 and 75" percentiles, whiskers represent min and max and the
line is the median, n = 4-6 biological replicates, ANOVA < 0.0001 with post-hoc Dunnett’s Test compared to empty vector control ***P < 0.001. (bottom) Protein
expression from HEK293 SLC25A51 KO cells transiently transfected with empty vector control, wildtype "28SLC25A51 and the indicated variants detected using anti-
Flag Western blot; HSP60, loading control.

Membrane expression of wildtype SLC25A51 (@amino acids 29-297), indicated variants or YFP control in E. coli cells using anti-SLC25A51 Western blot; TolC, loading
control.

Free mitochondrial NAD* levels measured using a ratiometric biosensor in HEK293 SLC25A51 KO cells expressing empty vector control (n = 10 biological
replicates), wildtype "28SLC25A51 (n = 12 biological replicates), and indicated mutants (n = 4 biological replicates). Measurements were taken at 48 h post-
transfection; the dashed line indicates the baseline defined by the empty vector control, and red denotes data equivalent to wildtype. Data are shown in box and
whisker format, with hinges at 25" and 75" percentiles, whiskers represent min and max and the line is the median, ANOVA < 0.0001 with post-hoc Dunnett’s
Test compared to empty vector control ***P < 0.001. (bottom) Protein expression from HEK293 SLC25A51 KO cells transiently transfected with empty vector
control, wildtype "®8SLC25A51 and the indicated variants using anti-Flag Western blot; HSP60, loading control.

Source data are available online for this figure.
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Figure EV4. The role of cap residues and cytoplasmic gate for SLC25A51 function.

A Relative positions of cap residues and their interactions (dashed lines) in a cartoon representation of SLC25A51.

B Free mitochondrial NAD* levels measured using a ratiometric biosensor in Hela cells expressing empty vector control (n = 12 biological replicates), wildtype
Flags) C25A51 (n = 12 biological replicates), and indicated mutants (n = 6 biological replicates). Measurements were taken at 24 h post-transfection; the dashed line
indicates the baseline defined by the empty vector control, and red denotes data equivalent to wildtype. Data are shown in box and whisker format, with hinges at
251 and 75 percentiles, whiskers represent min and max and the line is the median, ANOVA P < 0.0001, post-hoc Dunnett’s test compared to empty vector control
(**) and compared to wildtype T2ESLC25A51 (#), **P < 0.01 and #P < 0.05. (bottom) Protein expression from Hela cells transiently transfected with empty vector
control, wildtype f18SLC25A51 and the indicated variants using anti-Flag Western blot; HSP60, loading control.

C Relative position of the cytoplasmic gate in a cartoon representation of SLC25A51.

Time evolution of distance between indicated side chains for putative gate interactions. Interaction cutoff at 3.5 A'is shown as a dashed horizontal line.

E Free mitochondrial NAD* levels measured using a ratiometric biosensor in Hela cells expressing empty vector control (n = 19 biological replicates), wildtype
Flags| C25A51 (n = 19 biological replicates), and indicated mutants (n = 4—7 biological replicates). Measurements taken at 24 h post-transfection; empty vector
control baseline is shown as dashed line and wildtype activity and equivalent is in red color. Data are shown in box and whisker format, with hinges at 25™ and 75"
percentiles, whiskers represent min and max and the line is the median, ANOVA P < 0.0001, post-hoc Dunnett’s test compared to empty vector control,

***p < 0,001. (bottom) Protein expression from Hela cells transiently transfected with empty vector control, wildtype "®8SLC25A51 and the indicated variants using
anti-Flag Western blot; HSP60, loading control.

F  Quantitation of uptake of >P-NAD™ after 1 h by E. coli cells expressing wildtype SLC25A51 (amino acids 29-297) and the indicated mutant; wildtype activity and
equivalent is in red color and the wildtype baseline is shown as dashed line. Data are shown in box and whisker format, with hinges at 25" and 75" percentiles,
whiskers represent min and max and the line is the median, n = 7 biological replicates, unpaired t-test ***P < 0.001.

G Representative phosphorimage of retained 2P-NAD™ after 1 h by E. coli cells expressing wildtype SLC25A51 (amino acids 29-297), indicated variant, or YFP control.

H Membrane expression of wildtype SLC25A51 (amino acids 29-297), its indicated variant or YFP control in E. coli cells using anti-SLC25A51 Western blot; TolC, loading
control.

(w)

Source data are available online for this figure.
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Figure EV5. Summary of the SLC25A51 residues mutated in this study.

The mutations studied in this work are highlighted in a tertiary structure representation (Left) generated using Protein Imager (Tomasello et al, 2020) and a modified primary
structure representation (Right) generated using Protter (Omasits et al, 2014).
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