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Abstract

Mitochondria contribute to compartmentalized metabolism in eukaryotic cells,
facilitating diverse enzymatic reactions that support cell function. However, this
compartmentalization of metabolism necessitates regulated transport of metabolites
across the inner mitochondrial membrane. While many proteins enabling mitochondrial
membrane transport of metabolites are known, how some metabolites are transported is
not known, and several mitochondrial amino acid transporters are largely
uncharacterized. The goal of this dissertation is to better understand which proteins in
the mitochondrial inner membrane regulate amino acid transport, particularly for
substrates that lack known transporters, and how these proteins regulate associated
metabolic pathways.

Using CRISPR-Cas9-mediated candidate transporter knockouts coupled with
assessment of metabolite transport via a mitochondrial swelling assay, we identified
SFXN1 as a gene that mediates mitochondrial membrane permeability to polar neutral
amino acids, including proline, glycine, taurine, hypotuarine, beta-alanine, and gamma-
aminobutyric acid (GABA). SFXN2 and SFXN3 partially complemented loss of SFXN1 to
enable glycine transport, while SFXN2 and SFXN5 partially complemented loss of
SFXN1 to enable GABA transport. Altogether, this work suggests that sideroflexins
regulate the delivery of polar neutral amino acids across the inner mitochondrial
membrane, many of which lack known carriers, and contributes to a better
understanding of how mitochondrial amino acid transport regulates cellular
metabolism.
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Title: Director, Koch Institute for Integrative Cancer Research
Lester Wolfe Professor of Molecular Biology
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Introduction

Mitochondria are membrane bound endosymbiotic organelles found in eukaryotic cells?,
often called the powerhouse of the cell2 due to their key role in ATP production through
oxidative phosphorylations4. Mitochondria also have additional metabolic functions
including the synthesis and degradation of many fatty, amino, and nucleic acidss and
play critical roles in various cellular and organismal processes such as thermogenesis®,
apoptosis7, nitrogen detoxification8, neurotransmitter regulation9, and redox'© and ion
homeostasis!!. Because all of these functions depend on interconnected metabolic
pathways that involve reactions in the mitochondria and other cellular compartments,
mitochondria require the ability to exchange small molecules with the cytosol, and this

exchange involves transport across mitochondrial membranes.

While the outer mitochondrial membrane is permeable to many small solutes due to
large pores formed by the voltage-dependent ion channels (VDAC)*2, the inner
membrane contains designated transporters for nucleotides, amino acids, fatty acids,
carboxylates, cofactors, and inorganic ions!3, and these substrates must traverse the
inner mitochondrial membrane to carry out a variety of metabolic needs!4. While many
transporters have been identified for most of these substrates, the mitochondrial amino
acid transporters remain poorly characterized, and the mechanism by which many
amino acids pass the inner mitochondrial membrane is unknown. In this thesis, I will
discuss the mechanisms of mitochondrial transport and provide evidence that

sideroflexins enable mitochondrial transport of polar neutral amino acids.
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Discovery of mitochondria

Structures that were likely mitochondria were first documented in the mid-1800s, and
in 1888 it was discovered that granules isolated from insect cells swelled in water?s,
although it is unclear if these were bona fide mitochondria¢. The first clear depiction of
mitochondria was provided by Richard Altmann in 18901417, Using an acid-fuchsin
staining technique, Altmann observed ubiquitous structures representing filaments in
various cell types and called them “bioplasts”6-18, While research detailing these
organelles' endosymbiotic origin and metabolic functions was yet to come!?, Altmann
hypothesized that these bioplasts represented autonomous microorganisms that carried
out basic metabolic functions6:18, Around a decade later, Carl Benda also observed these
structures using an alternative staining method and described them as mitochondria®o,
which combines the Greek words mitos, meaning “thread,” and chondros, meaning

“granule,” since these structures were found either in a thread or granule-like state6:18,

Experiments that demonstrated mitochondria carry out metabolic reactions shortly
followed their initial discovery. In 1899, Leonor Michaelis discovered that mitochondria
could be selectively stained by the dye Janus greenz°, which produces a blue-green color
when oxidized!8. At this time, respiration, the biochemical process that oxidizes fuel to
produce energy, was known to occur within cells but the subcellular location remained a
mystery2.. In 1910, Otto Warburg discovered that membranes were vital for
respiration!$:22, and in 1912, noticing that the fixation conditions used to observe
mitochondria were redox-sensitive, Benjamin Kingsbury hypothesized that

mitochondria were responsible for cellular respiration6-23, In the following decades,
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many seminal biochemical studies began to elucidate the mechanisms underlying what
is now known as oxidative phosphorylation. The idea of the respiratory chain emerged
in the 1930s, fueled by the earlier discovery of cytochromes by David Keilin2124 and
studies of oxidative metabolism by Otto Warburg?6, and the reactions of the Krebs cycle
were published by Hans Krebs in 193725. Still, definitive proof that mitochondria were
responsible for carrying out these processes was lacking due to the inability of
researchers at the time to isolate functional mitochondria from other cellular
components¢. This changed due to the development and optimization of fractionation
techniques by Albert Claude®. Using differential centrifugation to isolate mitochondria
from other cellular components, studies by Claude and colleagues demonstrated that
mitochondria were the site of various oxidase activities!¢-26. Finally, in 1949 Eugene
Kennedy and Albert Lehninger demonstrated that the citric acid cycle intermediates
identified by Hans Krebs decades earlier were oxidized in isolated mitochondria, and
these reactions were coupled to the NADH-dependent phosphorylation of ADP to

produce ATP3:16,

Using the fractionation techniques referenced above, various groups outlined the
enzyme activities of mitochondria and identified many of the proteins involved in
oxidative phosphorylation?®. Still, the mechanism by which mitochondria produced ATP
from ADP and inorganic phosphate remained elusive®. Glycolysis Produces ATP via
reactions that are directly coupled to glucose oxidation, which involve high-energy
chemical intermediates!6-27. However, efforts to identify the mitochondrial equivalent of
these high-energy chemical intermediates proved fruitless®-2t. The theoretical

breakthrough that described the ATP-generating mechanism behind oxidative
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phosphorylation was published by Peter Mitchell in 196146, In this publication, Mitchell
outlined the “chemiosmotic hypothesis,” which states that the energy obtained from the
oxidation of fuels could be converted into a proton gradient across a membrane, and
that this membrane may contain an enzyme capable of translocating these protons,
which could harness the associated energy to form ATP416. Despite initial skepticism,
subsequent biochemical studies using chloroplasts2829, isolated mitochondria3°, and
artificial membraness3! helped validate Mitchell's chemiosmotic coupling mechanism of
oxidative phosphorylation¢, which is now widely accepted2*32. In this process, the
oxidation of fuels transfers electrons to various coenzymes that then pass the electrons
to the respiratory chain found within the inner mitochondrial membrane32. The
mitochondrial respiratory chain is composed of a series of electron donors and
acceptorss3, the last of which is O, which is reduced to H.O32. As the electrons are
passed along the respiratory chain through progressively lower free energy states,
energy is released to pump protons across the inner mitochondrial membrane into the
intermembrane space32-34.35, This creates an electrochemical proton gradient, which
favors the movement of protons back across the inner mitochondria membrane toward
the matrix32. The translocation of these protons back across the inner mitochondrial
membrane is coupled to ATP production by ATP synthase3¢, enabling energy capture
from the oxidation of fuels32. Altogether, this understanding of energy transduction
represents the combined efforts of decades of mitochondrial research6:8:21 and serves as

the foundation for contemporary mitochondrial metabolic studies.
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Early studies of mitochondrial transport

It is now well appreciated that mitochondria require regulated transport of metabolites
and inorganic ions to carry out oxidative phosphorylations’. For example, pyruvate
produced from glycolysis needs to enter the mitochondrial matrix in order to be further
oxidized in the Krebs cycle38:39, ADP and inorganic phosphate must be imported from
the cytosol to create ATP, which then needs to exit the mitochondria to provide energy
for reactions elsewhere in the cell4°, and iron must be imported for the production of
iron-sulfur clusters and heme which are used by several Krebs cycle enzymes and
respiratory complexes4. After Albert Claude’s groundbreaking fractionation technique
was developed, researchers could study mitochondrial transport properties for the first
time6. Another milestone that increased interest in mitochondrial transport was the
publication of detailed images of mitochondria by George Palade42 and Fritiof
Sjostrand43 using electron microscopy on fixed tissue sections?!. These images showed
that mitochondria were double membraned organelles4243, supporting contemporary
studies on isolated mitochondria demonstrating that substrates needed to penetrate

membranes in order to be processed by matrix-localized enzymes®.

Most of these early transport studies took advantage of the osmotic properties of
mitochondria, which swell when suspended in isosmotic solutions of penetrating
solutes'6-44, This swelling leads to decreased light scattering, so transport could be
monitored using spectrophotometry6-44. Furthermore, by including ionophores,
respiratory inhibitors, and other substrates in these assays, the energetic requirements
and exchange properties of transport could be determined:¢-44. Employing these

strategies and other techniques, such as monitoring downstream metabolic alterations
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of specific substrates, it was found that calcium, phosphate, fatty acids, and many other
substrates, such as nucleotides and amino acids, are all transported into
mitochondria6-44. Interestingly, the carrier properties for many of these substrates were
established long before their molecular identity was obtained:6-44. For example, using
isolated mitochondria, it was found that aspartate uptake required the presence of
glutamate44:45, and calcium uptake was dependent upon the energetic state of the
mitochondria used6:46:47, which we now know is due to the aspartate glutamate carriers
(SLC25A12 and SLC25A13)48 and the mitochondrial calcium uniporter (MCU)49:50.51,
These initial transport studies paved the way for future endeavors that led to the

identification and characterization of the mitochondrial carriers known today?4-1¢.

VDAC and the outer mitochondrial membrane

Studies using liposomes have demonstrated that in the absence of carriers, solutes can
diffuse across lipid bilayerss253, and that the diffusion rate increases with decreasing
solute size and increasing hydrophobicitys4. However, for many solutes, diffusion rates
across artificial membranes are slower than those observed across the membranes of
isolated mitochondriass56, indicating that transport proteins are responsible for their
translocations¢. While the outer mitochondrial membrane in theory represents a barrier
that must be overcome, most small solutes can cross this membrane due to the high
abundance of relatively large and unselective pores formed by voltage-dependent anion
channels (VDACs)!257. Humans possess four VDAC isoforms; the most abundant and
well-studied isoform is VDAC157. Structural studies determined that VDAC1 contains a
pore with a diameter of approximately 3nms58:59, which likely explains why the outer

mitochondrial membrane is permeable to most small solutes. VDAC1 can exist in high
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(open) and low (closed) conductance states, with the open state favored at voltages +40
mV57, At voltages outside this range, the channel favors a closed state and becomes more
cation-selectives”. While the physiological significance of this low conductance state
induced by these voltages is uncertain, the closed state may be promoted by metabolite
or protein binding®°. In addition to small molecules, VDAC1 may also support the
diffusion of pro-apoptotic proteins through oligomerizations%, and VDAC2 may promote

apoptosis through its interaction with Bcl-2-associated X protein (BAX)6.

SLC25 carriers

Since VDAC is absent from the inner mitochondrial membrane!2, solutes must pass
through this barrier via designated carrier proteins4. Most of these carriers belong to
the solute carrier 25 family (SLC25), which contains 53 members37. The mitochondrial
genome encodes only 13 proteins, all of which are subunits of respiratory chain
complexes®2. Therefore, all SLC25 and other mitochondrial transporters are translated
via cytosolic ribosomes and inserted into mitochondrial membranes®3. Transporters in
general can catalyze either active transport or passive transport®4 (Figure 1). Active
transport involves transporting substrates against an electrochemical gradient by
coupling transport to another energetically favorable process, which includes ATP
hydrolysis (primary active transport) and the favorable transport of another substrate
down its electrochemical gradient (secondary active transport)®4. In contrast, passive
transporters move substrates across lipid bilayers down their electrochemical gradient,
a process known as facilitated diffusion, which does not pose an energetic cost®4.
Aquaporins also facilitate the diffusion of water across lipid bilayers®4, a process known

as osmosis which in mitochondria is mediated by APQ8%s.
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Fig. 1. Mechanisms of membrane transport. Small lipophilic molecules can cross
lipid bilayers directly, while larger hydrophilic molecules require transport proteins®4.
Transport can occur without the input of energy (passive transport), but molecules
moving against their electrochemical gradient need transporters that utilize either
chemical energy (primary active transport) or energy provided through other
electrochemical gradients (secondary active transport)®4. While plasma membrane
transporters are shown, mitochondrial transporters also utilize these mechanisms. This

schematic was generated using BioRender
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The vast majority of the SLC25 carriers are secondary active transporters that catalyze
exchange reactions between the mitochondrial matrix and intermembrane space, and all
SLC25 members contain six transmembrane helices that form a tripartite structure?s.
The most abundant carrier in this family is the ADP/ATP exchanger, which in humans
has four isoforms (SLC25A4, SLC25A5, SLC25A6, and SLC25A31)3. This exchange
reaction ensures that ATP generated through respiration is exported from mitochondria
to support energy-requiring cellular processes elsewhere, and also imports ADP to
enable ATP synthesis within the matrix!s. The charge imbalance that results from this
exchange reaction makes this carrier electrogenic®®, and the negative inside membrane
potential in the mitochondrial matrix favors ATP import and ADP export®7. Other
electrogenic carriers in the SLC25 family include the aspartate/glutamate carriers aralar
(SCL25A12) and citrin (SLC25A13), which catalyze the exchange of glutamate and a
proton for aspartate!3.68:69, Together with the oxoglutarate carrier (SLC25A11), which
exchanges malate for alpha-ketoglutarate?o, citrin and aralar catalyze exchange
reactions vital to the malate-aspartate shuttle, which transfers redox equivalents
between the mitochondrial matrix and intermembrane space48. This process ensures
that reducing equivalents generated through glycolysis in the cytosol are transferred to
the mitochondrial matrix, eventually generating mitochondrial NADH to fuel
respiration?:. It also supports the movement of the resulting oxidizing equivalents back
to the cytosol, regenerating cytosolic NAD+ to support further glycolytic flux7:, and
supports proliferation by providing cytosolic aspartate?273 (Figure 2). Other notable
exchangers include the ornithine carriers (SLC25A2 and SLC25A15), which catalyze the
exchange of citrulline and a proton for ornithines.74.75, This reaction is vital to support

the urea cycle since nitrogen in the form of carbamoyl phosphate within the
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Fig.2. Mitochondrial transport is required for the malate-aspartate shuttle.
The aspartate/glutamate carriers (AGC, slc25a12 and slc25a13) and the oxoglutarate
carrier (OGC, slc25a11) perform exchange reactions in the inner mitochondrial
membrane that are required for the malate-aspartate shuttle48. This shuttle provides
reducing equivalents for mitochondrial respiration48, as well as cytosolic aspartate for

nucleotide synthesis7273. This schematic was generated using BioRender.
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mitochondrial matrix must be transferred to ornithine to form citrulline, which is then
exported to the cytosol to eventually produce urea®48. In addition to carboxylates and
amino acids, SLC25 carriers exchange fatty acids's. The carnitine-acylcarnitine carrier
(SLC25A20) catalyzes the exchange of acylcarnitine for carnitine”6:77, which facilitates
the carnitine shuttle”8. For example, fatty acids conjugated to carnitine can be delivered
to the mitochondrial matrix, where they can be broken down via p-oxidation to produce
energy, most notably during fasting or periods of high energy demand such as
exercise’8. The carnitine liberated in the matrix from this process can then be exported

through SLC25A20 for recycling7s.

Although most SLC25 family members catalyze exchange reactions, there are notable
exceptions!s. Uncoupling protein, also known as UCP1 (SLC25A7), operates as a
uniporter and transports protons down their electrochemical gradient from the
intermembrane space to the mitochondrial matrix79, which uncouples the proton
gradient from ATP synthesis®. UCP1 is highly expressed in brown fat8o, and dissipation
of the proton gradient generated through mitochondrial respiration creates heat, which
can maintain body temperature in response to cold exposure®. In tissues other than
brown fat, the ADP/ATP exchanger contributes to uncoupling and thermogenesis®. The
phosphate carrier (SLC25A3) catalyzes the symport of phosphate and a proton into the
mitochondrial matrix!3-81, Since the inner mitochondrial membrane contains a negative
inside membrane potential, importing a proton supplies the energy required to
transport the negatively charged phosphate against its electrical gradient82. The
phosphate can then be conjugated to ADP to form ATP by ATP synthase82. The

phosphate carrier, as well as the ADP/ATP exchanger, also binds cardiolipin, a lipid
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enriched within the inner mitochondrial membrane, and binding promotes carrier
activity3:83, In addition to phosphate, SLC25A3 may also import copper, which is
required for cytochrome c oxidase biogenesis84. Other SLC25 family members that do
not catalyze exchange reactions are the mitoferrins (SLC25A28 and SLC25A37), which
import iron into the mitochondrial matrix needed for heme iron-sulfur cluster
synthesis4!, and the glycine carrier (SLC25A38)8%5. Mitochondrial glycine import
supports two vital metabolic pathways858¢, The first step in heme biosynthesis involves
the conversion of glycine to 5-aminolevulinic acid by ALA synthase, a matrix localized
enzyme8©.87, The glycine cleavage system is also located within the mitochondrial matrix,
and breakdown of glycine produces reducing power in the form of NADH?88 and one-

carbon units that can be used for biosynthetic reactions89.

While most SLC25 family members are solute carriers, some have evolved alternative
functions and lack known transport activity. Mitochondrial carrier homologs 1 and 2
(MTCH1 or SLC25A49, and MTCH2 or SLC25A50) are two SLC25 family members that
localize to the outer mitochondrial membrane, and MTCH2 has been shown to mediate
the insertion of tail-anchored, signal-anchored, and multipass proteins9°. These
proteins lack characteristic sequence motifs found in canonical SCL25 family members,
which may explain why they have evolved alternative functions other than solute
transporto°. Importantly, SLC25A34, SLC25A35, SLC25A43, SCL25A45, SLC25A47,
SCL25A48, and SLC25A53 are orphan transporters that lack any known substrate!4.
However, Loss of SLC25A47 reduces mitochondrial NAD+ uptake, suggesting this

protein may be an NAD+ transporter9:.
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MPC

There are other carrier families outside of the SLC25 family that mediate solute
transport across the inner mitochondrial membrane4. The mitochondrial pyruvate
carrier (MPC1 and MPC2) facilitates the import of pyruvate, likely along with a proton,
into the mitochondrial matrix38.39.92, This critical transport reaction ensures that
pyruvate produced from glucose oxidation in the cytosol can be transferred to the
mitochondrial matrix for further oxidation to acetyl-CoA, which can enter the Krebs
cycle and fuel oxidative phosphorylation93. Decreased activity of the MPC leads to
enhanced pyruvate reduction to lactate in the cytosol by lactate dehydrogenase (LDH),
which regenerates NAD+ from NADH and enables the continuation of glycolytic flux9s.
This preferential reduction of pyruvate in the cytosol vs. oxidation within the
mitochondria is a hallmark of the Warburg effect, also known as aerobic glycolysis, and
is a phenotype exhibited by rapidly proliferating cells to support anabolic reactions,

such as intestinal and skin epithelial cells, as well as many cancers94.

MCU

The mitochondrial calcium uniporter (MCU) mediates the import of calcium from the
intermembrane space into the mitochondrial matrix49:5°, a process driven by the
negative inside mitochondrial membrane potential47. MCU acts in a complex along with
MICU1, EMRE, and MCUb9%. MICU1 contains a calcium-sensing domain, and through
its shared interaction with the transmembrane protein EMRE, regulates MCU activity in
response to fluctuations in cytosolic calcium levels95:96. MICU2 and MICUS3 are paralogs
that also form heterodimers with MICU1, which can also form a heterodimer with its

alternative splice variant MICU1.195. These proteins act as gatekeepers to MCU activity,
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and calcium binding results in an increase in MCU calcium uniport activityss. MCUb is a
dominant negative variant of MCU that can also modulate its activity depending on its
expression levels by forming hetero-oligomers with MCU9597. MCUR1 is another protein
that interacts with the MCU, and loss of MCUR1 impairs mitochondrial calcium uptake,
although this may also be due to its alternative role as a cytochrome c oxidase assembly
factor9s98, By facilitating mitochondrial calcium uptake, the MCU allows mitochondria
to act as a buffer to changes in cytosolic calcium and to regulate calcium-dependent
signaling9599. Furthermore, mitochondrial calcium uptake has been shown to increase
the activity of the mitochondrial enzymes alpha-ketoglutarate dehydrogenase, isocitrate
dehydrogenase, glycerol phosphate dehydrogenase, and pyruvate dehydrogenase9s-100,
Finally, mitochondrial calcium overload through the MCU complex leads to the opening
of the mitochondrial permeability transition pore (mPTP), resulting in increased
permeability of the inner mitochondrial membrane, mitochondrial swelling, and
eventually rupture of the outer membrane, which leads to cytochrome c release to the

cytosol, caspase activation, and cell death9s:101,

ABCB transporters

The ATP-binding cassette (ABC) transporter family members ABCB6, ABCB7, ABCBS,
and ABCB10 localize to mitochondria4.102, While members of this transporter family are
active transporters that couple the hydrolysis of ATP to the movement of substrates
against their concentration gradient°3, the only strictly mitochondrial member with
reported transport activity is ABCB10 4. Mitochondrial metabolism generates
significant reactive oxygen species (ROS), and various antioxidants are required to

prevent ROS-induced cellular damages2. The antioxidant bilirubin is synthesized in the
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cytosol and can enter the mitochondrial matrix to neutralize ROS, forming biliverdin in
the process, which is exported through ABCB10 to promote cytosolic bilirubin
regeneration!o4. In support of this function, loss of ABCB10 leads to intramitochondrial
biliverdin accumulation4. The yeast orthologue of ABCB7 has been characterized as an
iron-sulfur cluster transporter which promotes the activity of iron-sulfur cluster
utilizing enzymes in other cellular compartments4.1°5, and iron-sulfur clusters have
been shown to stimulate human ABCB7 activity'¢. Furthermore, reduced levels of
ABCBY7 lead to decreased levels of cytosolic iron-sulfur clusters'©7, and ABCB7 can
complement the defect in the maturation of cytosolic iron-sulfur cluster proteins
observed in yeast lacking the ABCB7 orthologue Atm1p:°8. Another ABCB family
member that may not have strict mitochondrial localization is the porphyrin transporter
ABCB6, which in addition to the outer mitochondrial membrane localizes to the plasma
membrane and lysosome?4. At the outer mitochondrial membrane, this protein may
mediate the import of heme and other porphyrins into the intermembrane space!4-1°9.
While not involved as a direct transporter, ABCBS8 localizes to the inner mitochondrial
membrane and binds to the potassium channel CCDC51, where it mediates the channel's

sensitivity to ATP and regulates mitochondrial volume.

Sideroflexins

The sideroflexin (SLC56) family contains 5 members consisting of SFXN1, SFXN2,
SFXN3, SFXN4, and SFXN5!1, A frameshift in SFXN1 was identified in flexed-tail mice,
which have skeletal abnormalities and anemia associated with abnormal mitochondrial
iron depositst'2. However, later studies also identified intronic mutations that lead to

splicing defects in Smads that may inhibit BMP4 in flexed-tail mice, which could
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explain the anemia observed in this mouse model**13, Still, various studies have
provided evidence that sideroflexins regulate mitochondrial iron homeostasis, although
the underlying mechanism remains unclear®. Loss of SFXN1 was also shown to be
synthetic lethal with loss of the cytosolic serine producing enzyme SHMT1 in cells grown
in media lacking serine, leading to the hypothesis that SFXN1 may be a mitochondrial
serine transporter!4. Indeed, loss of SFXN1 significantly reduced mitochondrial serine
uptake, and SFXN1 reconstituted into proteoliposomes demonstrates serine transport
activity, which can be inhibited by several other related amino acids4. In proliferating
cells, serine is transported into mitochondria and converted into glycine through
SHMT2u5, This reaction also converts THF into 5,10-meTHF, which can supply one-
carbon units for biosynthetic reactions such as nucleotide synthesis!'¢, and loss of
SFXN1 phenocopies loss of SHMT?2’s effects on this biosynthetic pathway4. SFEXN1
shares significant sequence homology with the other sideroflexins, most of all with
SFXN3, and loss of SFXN1 and SFXN3 also leads to glycine auxotrophy4. This
phenotype is rescued by SFXN2 and SFXN5, but not SFXN4, and SFXN4 also
demonstrates evolutionary divergence from the other sideroflexin paralogs, indicating it
may have an alternative function other than serine transport'4. Consistent with this
idea, loss of SFXN4 leads to downregulation of complex I subunits and inhibition of
respiration, potentially through interactions with the MICA complex, and therefore may
act as a chaperone as opposed to a solute transporter'?7. Sideroflexins have also been
shown to regulate other mitochondrial metabolic pathways. Loss of SFXN4 inhibits
iron-sulfur cluster formation and leads to mitochondrial iron accumulation8, and loss
of SFXN1 was shown to inhibit the formation of complex I111*9. Furthermore, loss of

SFXN1 also protects cells against inducers of ferroptosis, leading to mitochondrial
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accumulation of taurine and hypotaruine!2°. Whether these effects are due to loss of
SFXN1’s transport activity or another alternative function remains undetermined.
SFXN1 may also act in a complex with other proteins such as SERAC1, and loss of
SERAC1 reduces SFXN1 protein levels and mitochondrial DNA content, potentially

through reduced mitochondrial serine uptake and impaired nucleotide biosynthesis!2.

Other mitochondrial transporters

Several other mitochondrial carriers outside of the aforementioned families also localize
to mitochondriao2. SL.C11A2 localizes to endosomes!22 and the outer mitochondrial
membrane!23, and acts as a symporter mediating the uptake of divalent metal cations
with a proton24, which supports mitochondrial iron uptake!25 through early endosome-
mitochondria interactions!26. SLC22A4 localizes to the plasma membrane?28.129 and to
the mitochondria!?7, and mediates the uptake of the antioxidant ergothioneine!28. When
localized to mitochondria, expression of SLC22A4 has been shown to increase
mitochondrial carnitine uptake, indicating there may be alternative carnitine transport
mechanisms other than the carnitine shuttle system!27. Interestingly, mitochondria
lacking SLC22A4 can still import ergothioneine, suggesting there may also be
alternative transporters for this molecule'?9. SLC30A9 may localize to the endoplasmic
reticulum?3° and mitochondrias!, where it acts as a proton-coupled zinc antiporter and
is required for optimal mitochondrial zinc export!3! and oxidative phosphorylations2. A
variant of the plasma membrane neutral amino acid transporter SLC1A5 also localizes to
mitochondria and is required for mitochondrial glutamine uptake, which may
contribute to Krebs cycle anaplerosis by providing substrate to mitochondrial

glutaminase!33. Other mitochondrial transporters include Translocator protein (TSPO),
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which localizes to the outer mitochondrial membrane and transports cholesterol to
promote steroid biosynthesis!34, and PRELID3A and PRELID3B, which promote
phosphatidic acid transport to the inner mitochondrial membrane for cardiolipin
synthesis3s. ATP7B (Wilson’s disease protein) is a P-type ATPase that transports
copper?3¢, Variants of this protein have been shown to localize to both the Golgi*s” and
mitochondrias8, and loss of ATP7B has been shown to induce cardiolipin fragmentation
due to mitochondrial copper overload39. Other ion transporters include GHITM and
SLC8B1, which are calcium antiporters that localize to mitochondria and mediate

calcium effluxi4o.141,

Diseases associated with mitochondrial carriers
Mitochondria assist in vital cellular processes in all organs. Aside from producing ATP3
and performing biosynthetic reactions needed for cell growths, mitochondria also
promote nitrogen detoxification through the urea cycle8, assist in neurotransmitter
production and regulation9, regulate cellular ion homeostasis?, and respond to various
stimuli to promote regulated cell death?, and mitochondrial carriers are required for all
of these processes!3. The SLC25 carrier family represents the largest solute transporter
family in humans, and mutations in roughly one-third of these carriers have been
identified that lead to disease, and in most cases these mutations lead to reductions or
complete loss of transport activity, often with lethal consequences42. Most of the
mutations are rare, although there are more common exceptions that lead to milder
forms of disease, typically involving impairments in the urea cycle42. More than 600
patients have been identified that have loss of function mutations in the

aspartate/glutamate carrier SLC25A13, which leads to both adult and neonatal-onset
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citrullinemia type II due to the requirement of mitochondrial aspartate export for the
urea cycle42143, Additionally, over 9o patients have also been identified with mutations
in the ornithine carrier SLC25A15 that result in hyperornithinemia, hyperammonemia,

and homocitrullinuria (HHH) syndrome!42144,

Mutations in other mitochondrial carrier families have also been identified that lead to
disease. Mutations in ABCB7 lead to anemia and ataxia'45, and mutations in SFXN4 lead
to anemia associated with mitochondrial dysfunction46. Mutations in ATP7B reduce its
copper transport activity and lead to Wilson’s disease, which is associated with
abnormal copper accumulation, particularly in the liver and brain, which results in a
wide range of symptoms including ataxia and tremors, and can eventually result in liver

failure47.

Many mitochondrial carriers have been implicated in cancer since tumors require
mitochondrial metabolism to support cancer cell proliferation48. The citrate/malate
exchanger SLC25A1 is overexpressed in lung cancer and promotes cancer resistance to
therapy48:149, and the dicarboxylate exchanger SLC25A10 has been shown to promote
cancer progression through inhibition of ROS generation48:150, Mitochondrial export of
aspartate is essential for cell proliferation725!, and loss of the aspartate/glutamate
exchanger SLC25A12 has been found to inhibit liver cancer cell growth, where it is
upregulated through epigenetic mechanisms!48:152, Some mitochondrial transporters
may also function as tumor suppressors. Loss of SFXN1 enhances liver tumor growth in
mice fed a high-fat diet, potentially through inhibition of ROS, although the mechanism
underlying this phenomenon is poorly understood20::53, Downregulation of the MPC in

a variety of tumors also leads to enhanced growth and cancer progression, likely by
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promoting the Warbug effect93, and loss of SLC25A43 may promote the growth of

HER2-positive breast cancer48:154,

Recent insights

Considerable progress has been made in recent years towards characterizing
mitochondrial transporters that lack known substrates. SLC25A39 and its paralog
SLC25A40 were identified as likely mitochondrial glutathione transporters!s5156, Loss of
SLC25A39 led to decreased mitochondrial glutathione and impaired cellular
prolifreration?s5156, Interestingly, loss of mitochondrial glutathione through SLC25A39
depletion led to impaired iron-sulfur cluster biogenesis and erythropoiesis, and cellular
growth in these conditions was insensitive to redox perturbations, indicating the
primary function for mitochondrial glutathione is to support iron-sulfur cluster
synthesis through glutaredoxins?ss. It was also found that SLC25A39 protein levels
respond to cellular glutathione levels through a feedback mechanism involving the
mitochondrial protease AFG3L2, indicating that mechanisms have evolved to regulate
mitochondrial transporter availability in response to fluctuations in metabolite levels!s7.
SLC25A51 and SLC25A52 were also recently identified as mitochondrial NAD+
transporters, and loss of mitochondrial NAD+ import led to decreased mitochondrial
NAD+ and NADH levels and impaired respiration?58-160, while overexpression of
SLC25A51 was found to promote progression of acute myeloid leukemia (AML) and was
associated with poor prognosis!:. SLC25A44 was recently identified as a mitochondrial
branched-chain amino acid transporter required for the import of leucine and valine in
brown fat¢2, Loss of SLC25A44 impaired thermogenesis and temperature regulation in

response to cold exposure and fever, indicating that mitochondrial branched-chain

31



amino acid oxidation is required for optimal response to these stress conditions62163,
Another mitochondrial carrier that was recently characterized is the choline transporter
SLC25A48%4, Loss of SLC25A48 impairs mitochondrial choline import, which is
required for betaine synthesis, an important intermediate in one-carbon metabolism
that also acts as an osmolyte¢4. Mitochondrial choline import through SLC25A48 in
brown fat also regulates thermogenesis by supporting purine nucleotide synthesis, and

loss of SLC25A48 leads to reduced cold tolerance¢s.

Unknown mechanisms of mitochondrial transport

The transporters that many metabolites use to cross this bilayer have yet to be
identified. In particular, nearly half of the amino acids lack a known mitochondrial
carrier, and many of these amino acids participate in crucial matrix-associated
metabolic pathways. For example, the first step in iron-sulfur cluster biosynthesis
involves the desulfuration of cysteine by the iron-sulfur cluster (ISC) assembly complex
located within the mitochondrial matrix¢¢. This leads to the production of iron-sulfur
clusters, which are required for numerous electron transfer reactions including those of
the Krebs cycle and respiratory chain'6¢. Since mitochondria lack any known enzymes
that produce cysteine within the matrix, cysteine import is likely utilized for
mitochondrial iron-sulfur cluster biogenesis, yet its carrier has yet to be discovered,
although glutathione catabolism can support iron-sulfur cluster synthesis when cells are

deprived of cysteine!¢7.

Another amino acid without an assigned mitochondrial transporter is proline. Proline
degradation occurs at the inner mitochondrial membrane through the action of the

proline dehydrogenasest©8:1%9  and inhibition of this metabolic pathway has been shown
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to impair the formation of cancer metastases'7°. As a conditionally essential amino acid,
proline can also be synthesized via the matrix enzymes PYCR1 and PYCR2169:171.172,
While a third cytosolic enzyme (PYCR3) is capable of producing proline, recent studies
have shown mitochondrial proline synthesis is required to maintain cellular proline
levels to support proliferation when environmental levels are limiting68.173.174, Proline
synthesis can be utilized by rapidly proliferating cells when electron acceptors are
limiting since the synthesis of proline regenerates NAD+ from NADH, which supports
glycolytic flux and biosynthetic metabolism, and mitochondrial export of proline likely
facilitates its continued synthesis75176, In support of this, cells grown in hypoxic
conditions upregulate proline synthesis through PYCR1, which is then exported into the
extracellular space'7s. Many aspects of mitochondrial proline metabolism are rewired in
cancer to support redox balance and proliferation in tumor cells, as well as aid the
production of collagen and desmoplasia by cancer-associated fibroblasts, which can
inhibit drug delivery and promote hypoxic environments that favor cancer
progression?68:175177, Despite the fundamental importance of mitochondrial proline

transport in these processes, the carrier involved remains unknown.

In addition to cysteine and proline, the mitochondrial carriers for methionine, alanine,
threonine, asparagine, phenylalanine, tyrosine, and tryptophan are still unidentified.
Since inhibition of mitochondrial protein synthesis impairs cellular respiration?78, it is
likely that all of these amino acids must be transported into the mitochondrial matrix to
support this process. However, another possible source of matrix amino acids could be
those obtained from the proteolysis of nuclear-encoded mitochondrial proteins, which

are synthesized via cytosolic ribosomes48. Future studies are needed to identify the
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mitochondrial transporters for these amino acids and determine the relative
contribution of transporter-mediated import to the mitochondrial matrix amino acid

pool.

In addition to the proteinogenic amino acids, non-canonical amino acids must also pass
the inner mitochondrial membrane to support metabolic processes. The amino sulfonic
acid taurine is the most abundant free amino acid in human tissues (with the exception
of the liver, where it is second to aspartate)'79, and it was recently discovered that
taurine levels decrease with aging, and that lifespan can be improved through taurine
supplementation'8o, Exactly how taurine regulates the physiological changes associated
with aging is unclear since taurine is required for multiple biological processes79-181,
While taurine can be obtained from dietary sources, it is predominantly synthesized in
the liver, where it is used to produce bile salts that aid in the digestion of dietary fat79.
Throughout the human body, taurine acts as an osmolyte and antioxidant and is
required for a range of processes including neuronal development, immune maturation,
and insulin secretion!79. At the subcellular level, taurine is found in high concentrations
in mitochondria, where it reduces oxidative stress and acts as a pH buffer79:181, In the
matrix, taurine is also conjugated to mitochondrial tRNAs and is required for the
optimal production of mitochondrial proteins that support cellular respiration!82-184, In
cells, taurine is synthesized through the transulfuration and cysteinesulfinic acid
pathways in the cytosol79, and since mitochondria lack defined taurine-producing
enzymes, it is likely that taurine import through an unknown inner membrane carrier is

required for its mitochondrial functions.
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Another non-proteinogenic amino acid that must pass the inner mitochondrial
membrane is gamma-aminobutyric acid (GABA). Beginning with early work
demonstrating GABA inhibits the firing of crayfish neurons85, GABA is now appreciated
to be the primary inhibitory neurotransmitter in humans9::86, While it is most abundant
in the brain, GABA is also found in lower concentrations in other tissues, such as the
pancreas's7, where it regulates hormone secretion by pancreatic beta cells38. GABA can
also be produced from the gut microbiome?89, and supplementation with GABA-
producing probiotics has been shown to alleviate tremors and improve depressive
symptoms9°. In the brain, GABA is predominantly synthesized in GABAergic neurons
from the excitatory amino acid glutamate through glutamate decarboxylases?, although
some neurons and glial cells may utilize an alternative synthesis pathway utilizing
putrescine for GABA production9t192, Once synthesized, GABA loaded into presynaptic
vesicles is released after neuronal depolarization and subsequently binds to GABA
receptors expressed by postsynaptic neurons, leading to hyperpolarization and
decreased responsivenesso-186, GABA levels at the synapse are regulated by surrounding
astrocytes, which convert GABA back to glutamine, which can then be utilized by
GABAergic neurons to resynthesize glutamate and GABASY. This recycling pathway,
known as the glutamate/GABA-glutamine cycle, is an essential regulator of
neurotransmitter pools within neurons and at synapses9::8¢. In astrocytes, GABA is
degraded through the GABA transaminase ABAT, which localizes to the mitochondrial
matrix, and inhibition of GABA degradation leads to increased synaptic GABA
levels9-169:193, Increased synaptic GABA has been shown to dampen excitotoxicity, and
inhibitors of ABAT are used clinically in the treatment of epilepsy93. Through ABAT,

GABA is converted to succinic semialdehyde and eventually to alpha-ketoglutarate,
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allowing GABA to also fuel Krebs cycle anaplerosis to promote proliferation, and some
cancers that metastasize to the brain may utilize this pathway for growth9.194,
Interestingly, in some tissues like the liver, ABAT may produce GABA95. Higher liver
expression of ABAT is found in humans with obesity, and inhibition of GABA
production in this tissue through ABAT inhibition has been shown to improve insulin
sensitivity and promote weight loss in obese mice, likely by inhibiting GABA binding to
receptors located in surrounding nerve cells'95. Despite the requirement for
mitochondrial GABA transport in all of these processes, no inner membrane carrier has

been identified in humans.

Conclusions

Numerous small molecules must pass the inner mitochondrial membrane to carry out
metabolic functions, many of which are amino acids that lack known transporters. In
chapter 2 of this thesis, I will discuss the known mitochondrial amino acid transporters
and present results that suggest the sideroflexins are regulators of mitochondrial

permeability to a wide range of polar neutral amino acids.
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Introduction

Most inner mitochondrial membrane transporters belong to the SL.C25 protein family,
which contains 53 members in humans®2. These proteins, together with the
sideroflexins (SFXN)3:4, mitochondrial pyruvate carrier (MPC)5-7, mitochondrial
calcium uniporter (MCU)39, ABCB transporters!©, and a few other individual
transporters!-12, are responsible for shuttling nucleotides, amino acids, fatty acids,
carboxylates, cofactors and inorganic ions across the inner mitochondrial membranez2.
Thus, mitochondrial transporters play crucial roles in metabolism and other biological

processes.

Owing to redundancy in transport properties and challenges inherent in studying the
functions of membrane proteins, the mechanism by which many amino acids that are
central to human physiology cross the inner mitochondrial membrane remains
unknown. To date, 11 mitochondrial amino acid transporters have been identified.
SLC25A12 and SLC25A13 (AGC1 and AGC2) transport glutamate and aspartate's-*4, an
exchange reaction required for the malate aspartate shuttle, and also export n-acetyl-
aspartate for myelin synthesis!s. SLC25A8 (UCP2) also transports aspartate in addition
to other carboxylates!s16. SLC25A22 and SLC25A18 (GC1 and GC2) import glutamate
into mitochondria for ammonia detoxification in hepatic tissue'7, or export it in
pancreatic beta cells to facilitate insulin secretion's18. SLC25A15 and SLC25A2 (ORC1
and ORC2) transport arginine, and exchange ornithine and citrulline as part of the urea
cycle9-20, and ORC2 also transports other basic amino acids, including histidine?s-2o.
SLC25A29 imports arginine for nitric oxide production!s2!, and also lysine!s:2, which

feeds into the matrix localized saccharopine pathway?s22. More recently identified
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amino acid carriers include SL.C25A38, which is required for mitochondrial glycine
import23 needed for heme synthesis in erythrocytes24, and SLC25A44, which imports
branched-chain amino acids (BCAA) for degradation and thermogenesis in brown
adipose tissue2526, Of note, members of other mitochondrial carrier families can also
transport amino acids. SFXN1 mediates mitochondrial import of serine, a donor for
mitochondrial one-carbon metabolism427. Finally, a variant of the plasma membrane
carrier SLC1A5 and SLC25A15 have been ascribed functions in glutamine28 and serine29
transport, respectively. However, tissue and cell type specificity of many of these

transport processes has not been elucidated.

Aside from being required for the synthesis of mitochondrial genome encoded proteins,
which are critical for respiration3°, mitochondrial transport of amino acids affects many
metabolic pathways that are often altered in disease. For example, mitochondrial
proline export is upregulated in cancer-associated fibroblasts and is required for
collagen synthesis, which promotes tumor growth and metastasis3!, while impaired
mitochondrial proline import and degradation leads to synaptic dysfunctions2 and is
associated with schizophrenia and hyperprolinemia33. Non-proteinogenic amino acids
must also cross mitochondrial membranes, such as the inhibitory neurotransmitter
GABA which is degraded within glial mitochondria34. However, the mitochondrial
transporters for proline, methionine, alanine, cysteine, threonine, asparagine,
phenylalanine, tyrosine, tryptophan, and many non-proteinogenic amino acids
including GABA remain unknown. To address this, we used CRISPR-Cas9 gene editing
to delete candidate transporters and assessed these effects on mitochondrial uptake of

amino acids using a mitochondrial swelling assay. This approach identified SFXN1 as a
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regulator of mitochondrial permeability to proline, and together with supporting
metabolic studies suggest that sideroflexins enable transport of several polar neutral
amino acids across mitochondrial membranes including glycine, threonine, taurine,

hypotaurine, beta alanine, and GABA.

Results

A targeted swelling screen identifies SFXN1 as a regulator of
mitochondrial proline permeability

Studies using mitochondria isolated from other organisms35-38 have provided evidence
for the existence of a mitochondrial proline transporter, but whether this extends to
humans remains unknown. To determine if humans contain a mitochondrial proline
transporter, we isolated mitochondria from HEK293T cells and measured the kinetics of
proline uptake using mitochondrial swelling, a well-established transport assay used to
assess the properties of many mitochondrial carriers3o-42 (Fig. 1A). Compared to
sucrose, which does not penetrate the inner mitochondrial membrane, we observed
robust swelling with proline (Extended Data Fig. 1A), including a preference for the
physiological L isomer (Fig. 1B-C). These data suggest that the purified mitochondria
have an intact inner membrane that contains a proline transporter, since both isomers
would elicit equal responses if swelling occurred by diffusion, consistent with studies

using mitochondria isolated from rat3s, yeast3” and plantss3e.

To screen for mitochondrial proline transporters, we used CRISPR-Cas9 gene editing43
to individually delete 10 candidate transporters and compared how loss of each

candidate affects mitochondrial proline swelling relative to non-targeting control (NTC)
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(Fig. 1D). These transporters include SFXN1-5 and SLC25A38 which have been shown
to transport other small neutral amino acids423, as well as SLC25A16, SLC25A30,
SLC25A35, and SLC25A53 which are uncharacterized putative mitochondrial
transporters we found to be expressed in HEK293T cells by proteomics (Extended Data
Fig. 1B). Of note, mitochondria isolated from cells expressing a guide targeting SFXN1
demonstrated reduced swelling with proline compared to NTC (Fig. 1D). To validate that
loss of SFXN1 reduces proline swelling, we generated clonal knockout lines of SFXN1 in
HEK293T and K562 cells (Extended Data Fig.1 C-D). Mitochondria isolated from these
cells also showed reduced swelling with proline (Fig1. E, Extended Data Fig.1 E), which
was rescued by re-expression of SFXN1 but not overexpression of SFXN2-5 (Fig1. F). To
determine the amino acid specificity of this effect, we performed swelling with alanine,
which unlike proline demonstrates minimal stereospecificity in mitochondria isolated
from yeast37, indicating alanine import occurs through a separate transporter. While
conflicting results have been published using rat liver mitochondriass44, we found that
alanine demonstrates minimal swelling stereospecificity using HEK293T mitochondria

(Fig1. G), and loss of SFXN1 had no effect on L-alanine swelling (Fig1. H).
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Fig. 1. Loss of SFXN1 reduces mitochondrial proline permeability. (A)
Schematic of mitochondrial swelling experiment to study transport. (B) Swelling curves
of HEK239T mitochondria treated with either L or D-proline; n=3 + SD. (C) Swelling
rates of HEK239T mitochondria treated with either L or D-proline. Values were
normalized to L-proline; n=3 + SD, unpaired t-test ***p < 0.001. (D) Results of swelling
screen. Swelling rates of mitochondria treated with proline from target cell lines
(sgRNA) were compared to a non-targeting control (NTC); n=3 + SD. (E) Swelling
curves of HEK239T mitochondria treated with proline from either wild type (WT) or
SFXN1 knockout (SFXN17/-) cells; n=3 £ SD. (F) Proline swelling rates from SFXN1-/-
mitochondria expressing other sideroflexins (SFXN1-5) or empty vector (EV); n=3 + SD,
one-way ANOVA followed by Dunnett’s multiple comparisons test *p < 0.05, ns = not
significant. (G) Swelling curves of HEK293T mitochondria treated with either L or D-
alanine; n=3 + SD. (H) Swelling curves of HEK293T mitochondria treated with L-

alanine; n=3 + SD.
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Extended Data Figure 1
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Extended Data Fig. 1. (A). Swelling curves of HEK293T mitochondria treated with
either sucrose or L-proline; n=3 + SD. (B) Peptide counts of uncharacterized SLC25
family members from HEK293T mitochondria determined by proteomics; n=3, N.D. is
not detected. (C) Immunoblot of HEK293T cells. SFXN1-5 cDNA cells express the

indicated sideroflexin isoform with an N-terminal 3x FLAG-tag. Vinculin was used as a
loading control. (D) Immunoblot of K562 cells. B-Tubulin was used as a loading control.

(E) Swelling curves of K562 mitochondria treated with L-proline; n=3 + SD.
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Loss of SFXN inhibits mitochondrial proline export

Proline can be synthesized in the cytosol through PYCR3 or within mitochondria
through PYCR1/245, and glutamine is the predominant source of mitochondrial proline
synthesis in cultured mammalian cells4¢ (Fig2. A). To determine if the reduction in
mitochondrial proline permeability we observe in SFXN1 knockout mitochondria is
associated with impaired export of mitochondrially-synthesized proline from glutamine,
we incubated HEK293T cells with 3Cs-L-glutamine and measured proline released into
the media by liquid chromatography-mass spectrometry (LC-MS). For comparison, we
also generated cells lacking various combinations of PYCR1-3 (Extended Data Fig2. A).
Interestingly, loss of SFXN1 markedly reduced M+5 proline released into media, to
levels similar to those found in PYCR1/2 double knockout cells (Fig2. B). To test
whether loss of SFXN1 reduces labeled proline excretion due to lower labeling of
upstream metabolites, independent of its effect on mitochondrial proline release, we
assessed labeling of relevant metabolites from 3Cs-L-glutamine and found no difference
in M+5 P5C in SFXN1 knockout cells, even in the absence of PYCR3 (Fig2. C).
Surprisingly, loss of all PYCR enzymes was required to completely inhibit M+5 proline
release, whereas loss of PYCR3 in cells lacking SFXN1 had minimal effect (Fig2. B)
These data suggest that PYCR3 is capable of producing proline in the cytosol when
PYCR1/2 are absent, and that other mitochondrial proline transporters may compensate
for loss of SFXN1. In support of this, cells lacking PYCR1/2, SFXN1, or SFXN1/PYCR3
can still proliferate in the absence of proline, whereas PYCR1/2/3 triple knockouts are
proline auxotrophs (Fig2. D). Furthermore, we performed a proliferation based
CRISPR-Casg screen using cells lacking PYCR3 in the absence of proline and identified

SLC25A21 as a major hit (Extended Data Fig2. B), although mitochondria isolated from
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cells in which SLC25A21 was targeted using CRISPR-Casg showed little difference in
proline swelling (Extended Data Fig2. C). Since recent studies reported that
sideroflexins regulate the assembly of other mitochondrial proteins47:48 it is conceivable
that loss of SFXN1 indirectly reduces proline export by altering the levels of other
mitochondrial transporters. To test this idea, we used quantitative proteomics to look
for changes in protein levels in cells lacking SFXN1 and SFXN4, which has a known role
in Complex I assembly48. While loss of SFXN4 significantly reduced the levels of
Complex I proteins (Extended Data Fig2. D-E) as previously described48, we were
unable to detect any significant protein level changes in SFXN1 knockout cells

(Extended Data Fig2. F).

Humans primarily obtain glutamine from de novo synthesis in muscle49, while most
dietary glutamine is broken down within enterocytes of the small intestine to produce
energy and other substrates, such as prolines°. To study the effects of loss of SFXN1 on
mitochondrial proline metabolism in this context, we generated SFXN1 knockout
intestinal organoids using Cre-loxP mice (Extended Data Fig2. G). When incubated with
13C5-L-glutamine, organoids lacking SFXN1 released markedly less M+5 proline (Fig2.

E).
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Figure 2
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Fig. 2. SFXN1 regulates mitochondrial proline export. (A) Schematic of
glutamine tracing. (B) Relative media M+5 proline levels of HEK293T cells cultured in
13C5-L-glutamine for 24 hours; n=3 + SD, one-way ANOVA followed by Dunnett’s
multiple comparisons test **p < 0.01, ****p < 0.0001. (C) Relative whole cell M+5 P5C
levels from HEK239T cells cultured in 3Cs-L-glutamine for 8 hours; n=3 + SD, one-way
ANOVA followed by Sidak’s multiple comparisons test ****p < 0.0001, ns is not
significant. (D) Proliferation rates of HEK293T cells grown in vehicle or imM proline
for 48 hours; n=3 + SD, two-way ANOVA followed by Sid4k’s multiple comparisons test
¥**¥p < 0.0001. (E) Relative media M+5 proline levels from SFXN1 floxed (f/f) and
SFXN1 knockout (-iKO) intestinal crypt organoids cultured in 3Cs-L-glutamine for 24

hours; n=3 + SD, unpaired t-test ****p < 0.0001.
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Extended Data Figure 2
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Extended Data Fig. 2. (A) Immunoblot of HEK293T cell lines depleted of SFXN1 and
PYCR isoforms. Vinculin was used as a loading control. (B) CRISPR-Casg proliferation
screen using HEK293T cells and a library targeting mitochondrial transporters. WT cells
and a clonal PYCR3 knockout line (PYCR3~-) were grown in the absence of proline;
Ifc=log. fold change. (C) Swelling curves of HEK293T mitochondria treated with
proline; n=1. (D) Immunoblot of HEK293T cells. B-Actin was used as a loading control.
(E) Quantitative proteomics comparing proteome levels of SFXN4/- HEK293T cells
expressing empty vector (EV) to SFXN4 (cDNA); n=3. (F) Quantitative proteomics
comparing proteome levels of SFXN17/- HEK293T cells expressing empty vector (EV) to
SFXN1 (cDNA); n=3. (G) Immunoblot of SFXN1 floxed (f/f) and SFXN1 knockout (-

iKO) intestinal crypt organoids. Actin was used as a loading control.
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Polar neutral amino acids accumulate in SFXN1 KO mitochondria

SFXN1 has a known role in mitochondrial serine transport4. Given our findings that
SFXN1 also appeared to be requried for mitochondrial proline transport, we
hypothesized SFXN1 might be invovled in transporting other substrates across
mitochondrial membranes. To explore this possibility, we immunopurified
mitochondrias! from SFXN1 knockout and control cells (Extended Data Fig3. A) and
measured metabolites using LC-MS. Surprisingly, proline levels were similar in
immunopurified mitochondria from control and SFXN1 knockout cells (Extended Data
Fig3. B). We hypothesized that upstream metabolites involved in proline synthesis, such
as glutamate, might show increased release from mitochodria when mitochondrial
proline export is inhibited, particlulary since glutamate can be exported from
mitochondria through multiple known transporters:s. In support of this, SFXN1 and
PYCR1/2 knockout cells excreted increased amounts of M+5 glutamate produced from
13C5-L-glutamine (Extended Data Fig3. C). Nevertheless, levels of several polar neutral
amino acids were found to be elevated in SFXN1 knockout mitochondria, including
hypotaurine, which is consistent with previous previous datas2, as well as elevated

glycine and beta-alanine (Fig3. A).

The buildup of polar neutral amino acids such as hypotaurine, beta-alanine, and glycine
in SFXN1 knockout mitochondria may reflect a role for SFXN1 in transport of this class
of substrates. Indeed, mitochondria isolated from SFXN1 knockout cells showed
evidence for decreased mitochondrial membrane permeability to these amino acids

using swelling assays (Fig3. B-D), and this result extended to the other polar neutral

85



amino acids taurine and threonine (Fig3. E-F), which were also elevated in SFXN1

knockout immunopurified mitochondria (Fig1. A).

Since serine undergoes conversion to glycine predominantly within mitochondriass, we
were surprised that loss of a mitochondrial serine transporter resulted in elevated
mitochondrial glycine. We hypothesized that compensation by other SFXN isoforms,
such as SFXN2, which is expressed by HEK293Ts, might provide an alternative route for
serine transport4. In line with this, loss of SFXN1 only mildly reduced mitochondrial
serine swelling (Extended Data Fig3. D), while concomitant loss of SFXN2 led to a

dramatic decrease (Extended Data Fig3. E-F).

To test whether SFXN1 was involved in mitochondrial glycine export, we cultured cells
with 13C;-L-serine, which like glutamine is net consumeds4 and can be converted into
glycine by cytosolic SHMT1 or mitochondrial SHMT255 (Fig3. G), and measured glycine
released into media by LC-MS. Loss of SFXN1 completely inhibited M+2 glycine
secretion (Fig3. H), supporting previous data that showed glycine is primarily
synthesized within mitochondriass. Interestingly, over-expression of SFXN2 and SFXN3
were also able to partially rescue M+2 glycine secretion in SFXN1 null cells (Figs. H),
while over-expression of SFXN4 and SFXN5 had no effect, which correlated with their
ability to rescue mitochondrial swelling in response to glycine (Fig3. I). While it is
possible that lower M+2 glycine secretion could be due to lower mitochondrial serine
levels, we observed increased levels of serine in SFXN1 knockout immunopurified
mitochondria (Extended Data Fig. G). Another explanation for these data could be that
SFXN1 regulates SHMT?2 activity independent of a role in direct serine/glycine

transport. However, while the SHMT inhibitor SHIN25¢ completely blocked M+2 glycine
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production from 3C;-L-serine (Extended Data Fig3. H), it had no effect on
mitochondrial serine or glycine swelling (Extended Data Fig3. I-J). Interestingly,
targeting the mitochondrial glycine transporter SLC25A3823 using CRISPR-Cas9 had no

effect on mitochondrial glycine swelling (Extended Data Fig3. K-L).

87



Figure 3
A

v
v
v

A\

rine ———— Glycine
Setine SHMT2 4

88

@ Downregulated
® Not Significant
® Upregulated
6_
.Hypotaunne
v
S B ] :
—g 4 Glycine
5.‘6' . . A:paragin.e Beta-alanine
o L]
S . ® Taurine
7 . .
® ® | ®Theonine .IMP
2
d L]
L]
L]
L
0 T T
2 2
Log,Fold Change (SFXN1"EV/cDNA)
D Hypotaurine E Taurine
1.00 — WT — WT
~— SFXNT* . SFXN1T*
0.95 ’ '7-»"‘*"-'-. “7‘1“"""';...
Foso
0.85
0.80- T T 1 T T 1
0 100 200 300 100 200 300
Time (Sec) Time (Sec)
G Serine Glycine
\ A
) e (
Media — \ 1;
</ SHIN2 ~ —_—
Cytosol i J. H
N SHMT1 :
Serine ———» Glycine

ASZO

Area Ratio

Swelling Rate

05

0.0

Glycine

—— WT
“ SFXN1*

100 200
Time (Sec)

Beta-alanine

300

5
T T T 1
0 100 200 300
Time (Sec)
Threonine
— wr
SFXN1™
.““.
s N
il = S
T T 1
100 200 300
Time (Sec)
Media M+2 Glycine
N.D. N.D. ND.
z @ 2 2 2 2D\
X X X X P
w w w w w
(7] » [ ]
SFXN1+-
Glycine
ns
ns
*
dkokk *k

z
x
L
[2)

EV
SFXN2
SFXN3
SFXN4

SFXN1*

cDNA



Fig. 3. SFXN1 regulates mitochondrial permeability of many polar neutral
amino acids. (A). Untargeted metabolomics of immunopurified mitochondria from
SFXN17/- HEK293T cells expressing empty vector (EV) compared to SFXN1 (cDNA);
n=3, unpaired t-tests. (B-F) Swelling curves of HEK293T mitochondria treated with
indicated amino acids. (G) Schematic of Serine tracing. (H) Relative media M+2
glycine levels of HEK293T cells cultured in 3C3-L-Serine for 24 hours; n=3 + SD, N.D. is
not detected. (I) Swelling rates of HEK293T mitochondria treated with glycine; n=3 +
SD, one-way ANOVA followed by Dunnett’s multiple comparisons test *p < 0.05, **p <

0.01, ****p < 0.0001, ns is not significant.
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Extended Data Figure 3
A
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Extended Data Fig. 3. (A) Immunoblot of whole cell (WC) and immunoprecipitated
mitochondria (IP) from HEK293T cells. Cyt C is cytochrome c. (B) Relative
immunoprecipitated mitochondrial proline levels from HEK293T cells; n=3 + SD,
unpaired t-test, ns is not significant. (C) Relative media M+5 glutamate levels from
HEK293T cells cultured in 3C5-L-glutamine for 24 hours; n=3 + SD, N.D. is not
detected. (D) Swelling curves of HEK293T mitochondria treated with serine; n=3 + SD.
(E) Immunoblot of HEK293T cells. CS is citrate synthase and was used as a loading
control. (F) Swelling rates of HEK293T mitochondria treated with serine; n=3 + SD,
one-way ANOVA followed by Sidak’s multiple comparisons test ****p < 0.0001, ns is not
significant. (G) Relative immunoprecipitated mitochondrial serine levels from
HEK293T cells; n=3 + SD, unpaired t-test *p < 0.05. (H) Relative media M+2 glycine
levels from HEK239T cells cultured in 3C5-L-serine supplemented either with vehicle
(DMSO) or 5 uM (Rac)-SHIN2 for 24 hours; n=3 + SD, N.D. is not detected. (I-J)
Swelling curves of HEK293T mitochondria treated with serine and glycine.
Mitochondria were pre-incubated with either vehicle (DMSO) or 5 uM (Rac)-SHIN2 for
30 minutes before swelling; n=3 + SD. (K) Immunoblot of HEK293T cells. Vinculin was
used as a loading control. (L) Swelling curves of HEK293T mitochondria treated with

glycine; n=3 + SD.
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Loss of SFXN1 reduces mitochondrial GABA permeability

Solute carriers often transport multiple chemically similar substratess?. Most
transporters for proline, glycine, taurine, and beta-alanine are members of the SLC6
family, which in humans contains 19 plasma membrane carriers divided among 3
classes: amino acid, monoamine, and GABA transporterss8. Since the monoamines
serotonin, dopamine, and noradrenaline are synthesized in the cytosols9, and their
degradation occurs on the cytosolic side of the outer mitochondrial membrane®, it is
unlikely mitochondrial transport of these neurotransmitters is relevant. In contrast,
ABAT, the rate-limiting enzyme in GABA degradation localizes to the mitochondrial
matrix6t. Furthermore, the GABA and amino acid transporters within the SLC6 family
demonstrate significant overlapping substrate promiscuitys8, and carrier dependent
GABA transport into mitochondria has been described in rat brain¢2, although the
identity of the mammalian mitochondrial GABA transporter has not been reported. To
test if SFXN1 is involved in mitochondrial GABA transport, we isolated mitochondria
from SFXN1 knockout cells and determined whether GABA-induced swelling was
affected. Compared to WT mitochondria, a stark reduction in GABA swelling was
observed with loss of SFXN1 (Fig4. A). Importantly, while we did observe a slight
decrease in membrane potential in the absence of SFXN1 (Extended Data Figg4. A),
GABA swelling was not altered by FCCP treatment (Extended Data Fig4. B-C),
consistent with earlier studies demonstrating the mitochondrial transport of most

neutral amino acids is insensitive to membrane potential40.63-65,
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To examine the effects of loss of SFXN1 on GABA metabolism, we overexpressed ABAT
in HEK293T cells (Extended Data Fig.4 D), treated them with :3C,-GABA and looked for
downstream TCA cycle labeling through the GABA shunt (Fig4. B), a well-conserved
pathway in both eukaryotic and prokaryotic cells®®. ABAT overexpression significantly
increased M+4 malate and M+4 aspartate in HEK293T cells after adding 3C,-GABA
(Extended Data Fig.4 E), which was sensitive to the ABAT-specific inhibitor Vigabatrin®”
(Fig.4 C). Knockout of SFXN1 significantly inhibited ABAT-dependent :3C,-GABA
labeling, which was increased by over-expression of SFXN5, and perhaps SFXN2 (Fig4.
D-E), indicating these paralogs may also influence mitochondrial GABA transport. In
support of this, over-expression of SFXN2 and SFXNj5 also increased GABA swelling in

SFXN1 knockout mitochondria, while SFXN3 and SFXN4 had no effect (Fig4. F).
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Fig. 4. SFXN1 regulates mitochondrial GABA permeability. (A) Swelling
curves of HEK239T mitochondria treated with GABA; n=3 + SD. (B) Schematic of
GABA tracing. (C) Relative whole cell M+4 malate and M+4 aspartate levels of
HEK239T cells expressing ABAT cDNA cultured in :3C,-GABA for 30 minutes. Cells
were pre-treated with either vehicle (DMSO) or 1mM Vigabatrin for 24 hours before
media was refreshed with the same conditions plus tracer; n=3 + SD, two-way ANOVA
followed by Sidak’s multiple comparisons test ****p < 0.0001. (D-E) Relative whole cell
M+4 malate and M+4 aspartate levels of HEK239T cells cultured in 3C,-GABA for 30
minutes. Area ratios were normalized to ABAT levels determined by western blot
densitometry; n=3 + SD, one-way ANOVA followed by Dunnett’s multiple comparisons
test ***p = 0.001, ****p < 0.0001, ns is not significant. (F) Swelling rates of HEK293T
mitochondria treated with GABA; one-way ANOVA followed by Dunnett’s multiple

comparisons test *p <0.05, ****p < 0.0001, ns is not significant.
p p D
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Extended Data Figure 4
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Extended Data Fig. 4. (A) Relative fluorescence intensity histograms of HEK293T
cells treated with TMRE. WT cells were co-treated with FCCP as a control; n=3. (B-C)
Swelling curves of HEK239T mitochondria treated with either ammonium chloride or
GABA. Cells were pre-treated with either vehicle (DMSO) or 20 nM FCCP for 30
minutes before swelling; n=3 + SD. (D) Immunoblot of HEK293T cells. B-Actin was
used as a loading control. (E) Relative whole cell M+4 malate and M+4 aspartate levels

of HEK239T cells cultured in :3C,-GABA for 2 hours; n=3 + SD.

Materials and Methods
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Reagents

Antibodies for SFXN1 (HPA019543), and SFXN2 (HPA026834) were obtained from
Atlas Antibodies, FLAG (F1804) from Sigma-Aldrich, B-Tubulin (2146), B-Actin (D6A9),
Vinculin (E1E9V), and Citrate Synthase (CS) (D7V8B) from Cell Signaling Technology,
PYCR3 (OTI1B12) from Novus Biologicals, PYCR1 (13108-1-AP), and PYCR2 (17146)
from Proteintech, SFXN4 (PA5-35980) from Invitrogen, and Cytochrome C (Cyt C)
(ab13575) and SLC25A38 (ab133614) from Abcam. Horseradish peroxidase—coupled
anti-mouse and rabbit secondary antibody were obtained from Cell Signaling
Technologies. For cell culture, DMEM (10-017-CV), RPMI (15-040-CV), and
penicillin/streptomycin (30-002-CI) were obtained from Corning, FreeStyle 293
Expression Medium (12338018) was obtained from Gibco, and DMEM without glucose,
glutamine, serine, glycine, sodium pyruvate (D9802-01) was obtained from United
States Biological. Pierce Anti-HA Magnetic Beads (88837) were obtained from Thermo
Scientific. 3C5-L-Glutamine and 13C4,-GABA were obtained from Cambridge Isotope
laboratories and all other amino acids, ammonium chloride, FCCP, rotenone, TMRE,
potassium EDTA, polybrene, Tris, Sucrose, magnesium chloride, and potassium
chloride were obtained from Sigma-Aldrich. Vigabatrin was obtained from Cayman
Chemical Company. (Rac)-SHIN2 was obtained from MedChem Express. For
transfection, X-tremeGENE 9 was obtained from Roche, Lipofectamine 3000 obtained
from Invitrogen, and TransIT-Lenti Transfection Reagent was obtained from Mirus Bio.
For LC-MS, HPLC grade water was obtained from Sigma-Aldrich, and HPLC ultra
gradient acetonitrile was obtained from Avantor. For cloning, NEB stable competent

cells, T4 DNA ligase, Bbsl, Esp3l, T4 Polynucleotide Kinase, T4 Ligation Buffer,
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CutSmart Buffer, and Shrimp Alkaline Phosphatase were obtained from New England

Biolabs.

Cell lines and plasmids

HEK293T and K562 cells were obtained from ATCC. HEK293T cells were used for virus
production and all studies unless otherwise stated. ABAT Lentiviral Vector (Human)
(CMV) (pLenti-GIII-CMV) (110070610195) was obtained from abm. The plasmids
lentiCRISPRv2-Opti (#163126), pSpCas9(BB)-2A-GFP (PX458) (#48138), pU6-
(BbsI)_CBh-Cas9-T2A-BFP (#64323), pMXs_FLAG-SFXN1 (#110634), pMXs_FLAG-
SFXN2 (#110636), pMXs_ FLAG-SFXN3 (#110637), pMXs_FLAG-SFXN4 (#110638),
pMXs_FLAG-SFXN5 (#110639), pCMV-VSV-G (#8454), pCL-Eco (#12371), pLV hU6-
sgRNA hUbC-dCas9-KRAB-T2a-Puro (#71236), pMDLg/pRRE (#12251), pRSV-Rev

(#12253), and pMD2.G (#12259) were obtained from Addgene.

Cell culture

For passaging, lentiviral production, and mitochondrial immunopurification
experiments, HEK293T cells were grown in DMEM (10-017-CV) supplemented with
10% fetal bovine serum (FBS) and penicillin/streptomycin. K562 cells were passaged in
RPMI (15-040-CV) supplemented with 10% FBS, 2 mM glutamine and
penicillin/streptomycin. For isolating mitochondria for swelling assays, HEK293T cells
were grown in suspension in FreeStyle 293 Expression Medium (12338018)
supplemented with 1% FBS and penicillin/streptomycin, and K562 cells were grown in
suspension in RPMI (15-040-CV) supplemented with 5% FBS, 2mM glutamine, 0.1%

Pluronic and penicillin/streptomycin.
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Virus production and transduction

For lentivirus production, HEK293T cells at 80% confluency were transfected with
pMDLg/pRRE, pRSV-Rev, pMD2.G, and one of the following: ABAT Lentiviral Vector
(Human) (CMV) (pLenti-GIII-CMV), lentiCRISPRv2-Opti, or pLV hU6-sgRNA hUbC-
dCas9-KRAB-T2a-Puro with TransIT-Lenti Transfection Reagent. After 48 hours, the
virus-containing media was passed through a 0.45 um filter and stored at —80 °C. For
lentiviral transduction, 200,000 HEK293T cells were seeded in 2 mL of culture medium
per well in 6-well plates, and after 24 hours the medium was replaced with 1 mL of
virus-containing medium. After 24 hours, virus-containing medium was removed and
cells expanded into 10 cm plates. 24 hours later, cells were selected with puromycin.
Retroviral production and transduction with pMXs plasmids was performed as
previously described®8. Briefly, HEK293T cells were spinfected with retrovirus at 1,200
x g for 45 min at 37 °C. After 18 hours, virus was removed and cells were expanded.

Selection medium was added 48 hours post-transduction.

The following oligonucleotides were cloned into lentiCRISPRv2-Opti to generate the cell

lines used in the mitochondrial swelling screen:

sgSLC25A16 (1): 5-CACCGCGGACCCTAACCATGTCAAG-3’
sgSLC25A16 (2): 5-AAACCTTGACATGGTTAGGGTCCGC-3’
sgSLC25A30 (1): 5-CACCGTGCCTGGCGTAACATCGCGG-3’
sgSLC25A30 (2): 5-AAACCCGCGATGTTACGCCAGGCAC-3’

sgSLC25A35 (1): 5-CACCGGAGGAACCGACGATAACTCG-3’

100



sgSLC25A35 (2): 5-AAACCGAGTTATCGTCGGTTCCTCC-3’
sgSLC25A38 (1): 5-CACCGGAGGAGCATCTATCACAGTG-3’
sgSLC25A38 (2): 5-AAACCACTGTGATAGATGCTCCTCC-3’
sgSLC25A53 (1): 5-CACCGTAAAGTTGGAAACGGCCCCA-3’
sgSLC25A53 (2): 5-AAACTGGGGCCGTTTCCAACTTTAC-3’
sgSFXN1 (1): 5-CACCGGTTCCCATTCTCATCCGTGA-3’
sgSFXN1 (2): 5-AAACTCACGGATGAGAATGGGAACC-3’
sgSFXN2 (1): 5-CACCGCAGATACAAAGACAGTGCGG-3’
sgSFXN2 (2): 5-AAACCCGCACTGTCTTTGTATCTGC-3’
sgSFXN3 (1): 5-CACCGGGGCACAAATCTGCCGACCA-3’
sgSFXN3 (2): 5-AAACTGGTCGGCAGATTTGTGCCCC-3’
sgSFXN4 (1): 5-CACCGACGGACTTGATCCCTTTCAG-3’
sgSFXN4 (2): 5-AAACCTGAAAGGGATCAAGTCCGTC-3’
sgSFXN5 (1): 5-CACCGCAGTGACAAAGAGTGTGCGA-3’
sgSFXN5 (2): 5-AAACTCGCACACTCTTTGTCACTGC-3’
sgNTC (1): 5-CACCGTAACCGATACTCCCCACATT-3’
sgNTC (2): 5-AAACAATGTGGGGAGTATCGGTTAC-3’

The following oligonucleotides were also used to target SLC25A21 for the mitochondrial
swelling assay with proline

sgSLC25A21 (1): 5- CACCGAATATACATACCCTTCCATT-3’

sgSLC25A21 (2): 5'- AAACAATGGAAGGGTATGTATATTC-3°
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The following oligonucleotides were cloned into pLV hU6-sgRNA hUbC-dCas9-KRAB-

T2a-Puro to generate -PYCR3 cell lines

sgPYCR3 (1): CACCGCGGCGTCCGAGGCAACAAGA

sgPYCR3 (1): AAACTCTTGTTGCCTCGGACGCCGC

Generation of CRISPR knockout cell lines

Knockout lines were generated using a previously described protocol®d. Briefly,
HEK293T or K562 cells were transfected with pSpCasg(BB)-2A-GFP (PX458) or pU6-
(BbsI)_CBh-Cas9-T2A-BFP containing guides of interest. 48 hours later, BFP/GFP
positive cells were single cell sorted into 96 well plates and split up to establish clonal
lines. Knockout of genes of interest were confirmed by western blot. The following
oligonucleotides were cloned into either pSpCas9(BB)-2A-GFP (PX458) or pU6-

(BbsI)_CBh-Cas9-T2A-BFP to generate clonal knockout lines:

sgSFXN1 (1): 5-CACCGTCTTCACTGTAACTGACCCC-3’
sgSFXN1 (2): 5-AAACGGGGTCAGTTACAGTGAAGAC-3’
sgSFXN4 (1): 5-CACCGGCGCACGTTGGGCTCAATGA-3’
sgSFXN4 (2): 5-AAACTCATTGAGCCCAACGTGCGCC-3’
sgPYCR1 (1A): 5-CACCGAGAGCCGGTGCCATCTGTGG-3’
sgPYCR1 (2A): 5-AAACCCACAGATGGCACCGGCTCTC-3’

sgPYCR1 (1B): 5-CACCGCTGCTGTGAAGCCCTTGGCC-3’
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sgPYCR1 (2B): 5-AAACGGCCAAGGGCTTCACAGCAGC-3’
sgPYCR2 (1A): 5-CACCGGATGGTGACACCAGCCGCAC-3’
sgPYCR2 (2A): 5-AAACGTGCGGCTGGTGTCACCATCC-3’
sgPYCR2 (1B): 5'-CACCGGAACCTGACACGCAGCAACA-3’
sgPYCR2 (2B): 5-AAACTGTTGCTGCGTGTCAGGTTCC-3’
sgPYCR3 (1A): 5-CACCGTGGATGGGCGGTGAGCGCAG-3’
sgPYCR3 (2A): 5-AAACCTGCGCTCACCGCCCATCCAC-3’
sgPYCR3 (1B): 5-CACCGCCCACGAAGCCCACGCGCCG-3’

sgPYCR3 (2B): 5-AAACCGGCGCGTGGGCTTCGTGGGC-3’

PYCR1/2, PYCR3, and PYCR 1/2/3 knockout lines were generated using 2 guides per

gene

Immunoblotting

Western blots were performed as previously described?°. Briefly, cells were washed 1 x
in PBS and lysed in RIPA buffer containing protease inhibitors. Proteins were resolved
using SDS-PAGE and transferred to nitrocellulose membranes for immunoblotting
using the iBlot2 Dry Blotting System (Thermo Fisher, IB21001, IB23001). Antibodies
were used in TBST with 5% (w/v) non-fat dry milk. Primary antibodies were used at

1:1000 dilution, and HRP-linked secondary antibodies were used at 1:5000 dilution.

Mitochondrial isolation and swelling assay
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Isolation of mitochondria and the swelling assay were carried out using a previously
described protocol®8. Briefly, 1x 109 HEK293T cells grown in FreeStyle 293 Expression
Medium (12338018) supplemented with 1% FBS and penicillin/streptomycin were
washed with cold PBS and resuspended in cold isolation buffer (250 mM sucrose, 10
mM Tris pH 7.5, 10 mM KCl, 1.5 mM MgCl., 1 mM potassium EDTA). Cells were lysed
on ice using 30 strokes with a dounce homogenizer and tight fit pestle, and
mitochondria were isolated by differential centrifugation. Mitochondria were diluted to
2 mg/mL in room temperature swelling buffer (20 mM Tris pH 7.5, 0.5 mM potassium
EDTA, 10 uM rotenone) and incubated at room temperature for 30 minutes before
swelling was initiated by adding an equal volume of room temperature swelling buffer
containing 500 mM substrate (250 mM final concentration). Swelling was monitored by
measuring absorbance at 520 nm using a microplate reader, and swelling rates were
determined as the absolute value of the change in absorbance at 520 nm from o to 90
seconds. Swelling rates were normalized to simultaneously swollen WT mitochondria

unless otherwise stated.

13Cs-L-glutamine and 3Cs-L-serine tracing

For media measurements 200,000 HEK293T cells were seeded per well in Poly-D-
Lysine coated 6-well plates in 2 mL of DMEM (17-207-CV) supplemented with 4.5 g/L
glucose, 2mM L-glutamine, 10% dialyzed FBS, and penicillin/streptomycin. For whole
cells 400,000 cells were used. 16 hours later the media was removed and cells were

washed 1x with PBS and incubated in fresh media with 2mM L-glutamine substituted
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with 2mM 13C;s-L-glutamine. For media, 24 hours later 15 uL. of media was collected and
briefly vortexed with 150 uL of extraction buffer (HPLC grade 80% methanol 20% water
containing isotopically labeled amino acid standards). For whole cell metabolite
quantification, cells were washed 1x with cold blood bank saline at the indicated time
points and lysed with 400 pL of cold extraction buffer and vortexed at 4°C for 10
minutes. Both media and whole cell samples were then centrifuged at 20,000 x g for 10
minutes to remove insoluble material. The supernatant was then filtered through a 10
kDa PES filter and metabolites were quantified by LC-MS. Peak areas were normalized
to isotopically labeled internal standards to yield area ratios, and these ratios were
normalized to cell counts performed using a Cellometer Auto T4 Plus Cell Counter
(Nexcelcom Bioscience) on separately plated cells that were treated with matching
experimental conditions. :3Cs-L-serine tracing was performed using the same protocol,
except cells were cultured in DMEM (D9802-01) supplemented with 4.5 g/L glucose,
2mM L-glutamine, 400 uM L-serine, 10% dialyzed FBS, and penicillin/streptomycin.

For tracing media, 400 uM L-Serine was substituted with 400 pM 3Cs-L-Serine

Proline proliferation experiments

HEK293T cells were seeded per well in Poly-D-Lysine coated 6-well plates in 2 mL of
DMEM (10-017-CV) supplemented with 10% dialyzed FBS and penicillin/streptomycin.
16 hours later the media was removed and cells were washed 1x with PBS and incubated
in fresh media supplemented with either vehicle or 1 mM proline. Separately plated cells
were also counted at this time using a Cellometer Auto T4 Plus Cell Counter (Nexcelcom
Bioscience). 48 hours later, cells were counted again and doublings were determined as

log. fold change between the counts.
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13C,-GABA tracing

400,000 HEK293T cells were seeded per well in Poly-D-Lysine coated 6-well plates in 2
mL of DMEM (10-017-CV) supplemented with 10% dialyzed FBS and
penicillin/streptomycin. 16 hours later the media was removed and cells were washed 1x
with PBS, and cells were incubated in fresh media supplemented with imM GABA. 24
hours later, the cells were washed 1x with PBS and fresh media was added with 1mM
GABA substituted with 1mM 13C,-GABA. Cells were washed 1x with cold blood bank
saline at the indicated time points and lysed with 400 pL of cold extraction buffer and
vortexed at 4°C for 10 minutes. Samples were then centrifuged at 20,000 x g for 10
minutes to remove insoluble material. The supernatant was then filtered through a 10
kDa PES filter and metabolites were quantified by LC-MS. Peak areas were normalized
to isotopically labeled internal standards to yield area ratios, and these ratios were
normalized to cell counts using separately plated cells that were treated with matching

experimental conditions.

Immunopurification of mitochondria for metabolomics

Mitochondria were immunopurified for metabolomics using a protocol adapted from
previous studiess:08.71, 10x 106 HEK293T cells were seeded in 150 mm plates in 20 mL of
DMEM (10-017-CV) supplemented with 10% FBS and penicillin/streptomycin. 16 hours
later the plates were placed on ice, media was removed and cells were scraped into 5 mL
of cold KPBS and centrifuged at 250 x g for 3 mintues. All following steps were
performed at 4°C. Cell pellets were resuspended in 1 mL of KPBS and lysed with 10

strokes using a syringe attached to a 26G needle and centrifuged at 1100 x g for 2
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mintues. 5 pl of supernatant was taken for input immunoblotting, and the rest was
rotated with 100 pl of KPBS-equilibrated pierce anti-HA- magnetic beads for 5 minutes.
The beads were then bound to a magnet and washed 3x with 1 mL KPBS. Before the
third wash was removed, 5 ul was taken for IP immunoblotting. 100 pl of extraction
buffer was then added and the beads were vortexed for 10 minutes. The beads were then
magnet removed, and excess beads and insoluble material were removed by
centrifugation at 20,000 x g for 10 minutes. The supernatant was collected and analyzed
by LC-MS. Peak areas were normalized to the summed peak areas of all internal isotopic
amino acid standards, which was then normalized to Cytochrome C levels determined
by immunoblot densitometry. Statistical analysis for untargeted metabolomics was

performed using MetaboAnalyst 6.0 operating on one factor default settings72.

Polar metabolite LC—MS.

Polar metabolite profiling was performed using a previously described protocol7s.
Briefly, LC—MS was carried out using a QExactive orbitrap mass spectrometer equipped
with a Dionex Ultimate 3000 UPLC system (Thermofisher). All samples were injected
onto a SeQuant ZIC-pHILIC 2.1 mm x 150 mm (5 um particle size) column (Millipore
Sigma), and chromatography was performed starting with 20% buffer A (20 mM
ammonium carbonate, 0.1% ammonium hydroxide), and 80% acetonitrile. A
chromatographic gradient of linearly decreasing acetonitrile concentration was used
with the mass spectrometer operating in full scan, polarity-switching mode. Metabolite

identification was determined by referencing a library of chemical standards which was
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constructed using external standard pools74, and relative quantification of metabolites

was carried out using XCalibur 2.2 software (Thermo Fisher Scientific).

Quantitative proteomics

Mitochondria in isolation buffer or whole cells washed 3x with cold PBS were flash
frozen in liquid nitrogen and stored at -80°C. Tandem mass tag MS was carried out by

the Thermo Fisher Scientific Center for Multiplexed Proteomics at Harvard Medical

School (https://temp.hms.harvard.edu)

Sample Preparation for Mass Spectrometry

Samples for protein analysis were prepared essentially as previously described?s:76.
Proteomes (from whole cells or isolated mitochondria) were extracted using a buffer
containing 200 mM EPPS pH 8.5, 8M urea, 0.1% SDS and protease inhibitors.
Following lysis, ~150 pg of each sample was reduced with 5 mM TCEP. Cysteine
residues were alkylated using 10 mM iodoacetimide for 20 minutes at RT in the dark.
Excess iodoacetimide was quenched with 10 mM DTT. A buffer exchange was carried
out using a modified SP3 protocol”’. Briefly, ~1500 pg of Cytiva SpeedBead Magnetic
Carboxylate Modified Particles (65152105050250 and 4515210505250), mixed at a 1:1
ratio, were added to each sample. 100% ethanol was added to each sample to achieve a
final ethanol concentration of at least 50%. Samples were incubated with gentle shaking
for 15 mins. Samples were washed three times with 80% ethanol. Protein was eluted
from SP3 beads using 200 mM EPPS pH 8.5 containing Lys-C (1:50: Wako, 129-02541)

and incubated overnight at room temperature. Samples were further digested with
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trypsin (1:50; ThermoFisher Scientific, 90305R20) at 37°C with vigorous shaking.
Acetonitrile was added to each sample to achieve a final concentration of ~33%. Each
sample was labelled, in the presence of SP3 beads, with ~360 ug of TMTPro 16-plex
reagents (ThermoFisher Scientific). Following confirmation of satisfactory labelling
(>97%), excess TMT was quenched by addition of hydroxylamine to a final
concentration of 0.3%. The full volume from each sample was pooled and acetonitrile
was removed by vacuum centrifugation for 1 hour. The pooled sample was acidified
using formic acid and peptides were de-salted using a Sep-Pak 50mg tC18 cartridge
(Waters). Peptides were eluted in 70% acetonitrile, 1% formic acid and dried by vacuum

centrifugation.

Basic pH reversed-phase separation (BPRP)

TMT labeled peptides were solubilized in 5% ACN/10 mM ammonium bicarbonate, pH
8.0 and ~300 ug of TMT labeled peptides were separated by an Agilent 300 Extend C18
column (3.5 um particles, 4.6 mm ID and 250 mm in length). An Agilent 1260 binary
pump coupled with a photodiode array (PDA) detector (Thermo Scientific) was used to
separate the peptides. A 45 minute linear gradient from 10% to 40% acetonitrile in 10
mM ammonium bicarbonate pH 8.0 (flow rate of 0.6 mL/min) separated the peptide
mixtures into a total of 96 fractions (36 seconds). A total of 96 Fractions were
consolidated into 24 samples in a checkerboard fashion and vacuum dried to
completion. Each sample was desalted via Stage Tips and re-dissolved in 5% FA/ 5%

ACN for LC-MS3 analysis.

Liquid chromatography separation and tandem mass spectrometry (LC-MS3)
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Proteome data were collected on an Orbitrap Fusion Lumos mass spectrometer
(ThermoFisher Scientific) coupled to a Proxeon EASY-nL.C 1000 LC pump
(ThermoFisher Scientific). Fractionated peptides were separated using a 120 min
gradient at 550 nL/min on a 35 cm column (i.d. 100 pm, Accucore, 2.6 pum, 150 A)
packed in-house. MS1 data were collected in the Orbitrap (120,000 resolution;
maximum injection time 50 ms; AGC 6 x 105). Charge states between 2 and 6 were
required for MS2 analysis, and a 120 s dynamic exclusion window was used. Top 10 MS2
scans were performed in the ion trap with CID fragmentation (isolation window 0.5 Da;
Rapid; NCE 35%; maximum injection time 50 ms; AGC 1.5 x 104). An on-line real-time
search algorithm (Orbiter) was used to trigger MS3 scans for quantification”8. MS3
scans were collected in the Orbitrap using a resolution of 50,000, NCE of 55%,
maximum injection time of 200 ms, and AGC of 3.0 x 105. The close out was set at two

peptides per protein per fraction.”8

Data analysis

Raw files were converted to mzXML, and monoisotopic peaks were re-assigned using
Monocle79. Searches were performed using the Comet search algorithm against a human
database downloaded from Uniprot in May 2021. A 50 ppm precursor ion tolerance,
1.0005 fragment ion tolerance, and 0.4 fragment bin offset for MS2 scans collected in
the ion trap. TMTpro on lysine residues and peptide N-termini (+304.2071 Da) and
carbamidomethylation of cysteine residues (+57.0215 Da) were set as static
modifications, while oxidation of methionine residues (+15.9949 Da) was set as a

variable modification.
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Each run was filtered separately to 1% False Discovery Rate (FDR) on the peptide-
spectrum match (PSM) level. Then proteins were filtered to the target 1% FDR level
across the entire combined data set. For reporter ion quantification, a 0.003 Da window
around the theoretical m/z of each reporter ion was scanned, and the most intense m/z
was used. Reporter ion intensities were adjusted to correct for isotopic impurities of the
different TMTpro reagents according to manufacturer specifications. Peptides were
filtered to include only those with a summed signal-to-noise (SN) > 160 across all TMT
channels. The signal-to-noise (S/N) measurements of peptides assigned to each protein
were summed (for a given protein). These values were normalized so that the sum of the
signal for all proteins in each channel was equivalent thereby accounting for equal

protein loading. For volcano plots only proteins with > 3 peptides were reported.

Generation of SCON SFXN1-floxed mice

The SCON SFXN1-floxed mice were generated via microinjection at the 1-cell stages
For microinjection, 25 ul of CRISPR injection mix was prepared in nuclease-free buffer
(10 mM TRIS-HCI, pH 7.4 and 0.25 mM EDTA), consisting of spCasg mRNA

(100 ng/ul), spCasg protein (50 ng/ul), sgRNA (50 ng/ul), and ssODN (20 ng/pul,
GenScript). The mixture was centrifuged at 13,000 x g at 4 °C for 15—20 min to prevent

the clogging of the injection needles.

Intestinal organoid culture and 3Cs-L-glutamine tracing

Intestinal organoids were isolated and cultured as previously described8!. For 3Cs-L-

glutamine tracing, intestinal crypts samples were isolated and cultured in crypt culture
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medium for 48 hours, and then placed into fresh media containing 0.2 mM 3C;5-L-
glutamine. After 24 hours 15ul of media was added to 150 pl of extraction buffer which
was briefly vortexed and centrifuged at 20,000 x g for 10 minutes. The supernatant was
then filtered through a 10 kDa PES filter and metabolites were quantified by LC-MS.
Peak areas were normalized to isotopically labeled internal standards to yield area

ratios, and these ratios were normalized to total organoid protein determined by BCA.

TMRE staining and fluorescence

Cell staining with TMRE and fluorescence measurements were performed using a
previously described protocol82. Briefly, HEK293T cells were incubated in DMEM (10-
017-CV) supplemented with 10% dialyzed FBS, penicillin/streptomycin, and 150 nM
TMRE for 5 minutes at room temperature. Fluorescence was measured by flow
cytometry using a 561 nm laser.

CRISPR-Cas9 proliferation screen

CRISPR-Casg proliferation screens were performed using an adapted previously
described protocol8s. Briefly, HEK293T cells were grown in DMEM (10-017-CV)
supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin and
transduced with a CRISPR lentivirus library targeting mitochondrial transporters. After
selection with puromycin, DNA was isolated, and the remaining cells were grown in
DMEM (10-017-CV) supplemented with 10% dialyzed FBS and penicillin/streptomycin.
After approximately 14 population doublings, DNA was isolated again, and sgRNA was
amplified by PCR and submitted for high throughput sequencing. Data analysis was

performed using the MAGeCKFlute pipeline84.
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Schematics

All schematics were created with BioRender.com

Statistical analysis

Two tailed t-tests were used for comparing differences between two groups, and
Analysis of Variance (ANOVA) followed by either Sid4k’s or Dunnett’s multiple
comparison tests was used for comparing differences between more than two groups. p
<0.05 was considered statistically significant, and most analyses and plots were

generated using GraphPad PRISM o.
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Discussion

A variety of enzymatic reactions are compartmentalized in mitochondria in eukaryotes.
Consequently, metabolites must be transported across the inner mitochondrial
membrane to coordinate metabolism in the mitochondria with reactions in the cytosol.
Despite data generated nearly 50 years ago suggesting the existence of a mitochondrial
carrier with broad specificity for polar neutral amino acids®2, no such carrier has been
reported in humans. Using mitochondrial swelling and metabolic profiling, we identify
the sideroflexins as enablers of mitochondrial transport of several polar neutral amino
acids, including proline, glycine, serine, threonine, beta-alanine, hypotaurine, taurine,
and GABA. While our data suggest that sideroflexins are required for these amino acids
to efficiently cross the mitochondrial inner membrane, we do not provide evidence that
they are direct carriers, although this has been reported for serines. Reconstitution of
sideroflexins into proteoliposomes is needed to determine if these proteins are bona fide
transporters for these substrates; however, it is unlikely that SFXN1 is acting as a
chaperone for another carrier since levels of mitochondrial transporters were unaffected
by loss of SFXN1. Interestingly, SFXN4, which has a reported role as a chaperone for
complex I mitochondrial proteins4, did not rescue any transport defect induced by loss

of SFXN1, consistent with its evolutionary divergence from the other sideroflexinss.

We found that loss of SFXN1 reduces mitochondrial proline permeability and inhibits
proline synthesis in multiple systems. Interestingly, we also found that loss of
mitochondrial proline synthesis did not reduce cell growth in the absence of exogenous

proline, indicating that proliferation-based screens would be ineffective at revealing
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mitochondrial proline transporters. Mitochondrial proline synthesis has been shown to
support cancer cell proliferation by acting as an alternative electron acceptors, and also
supports collagen synthesis® and desmoplasia from cancer-associated fibroblasts?,
which can limit delivery of therapeutics8. In addition, some cancers may be sensitive to
dietary proline restriction9. Upregulation of SFXN1 has been found in breast!¢ and lung
cancer, and this is associated with poor prognosis'*!2. These findings may be due, in
part, to SFXNis role in proline synthesis, although a role in other mitochondrial
metabolic pathways might also contribute to this phenotype. For instance, loss of SFXN1
also inhibits mitochondrial transport of both serine and glycine, which impairs one-
carbon metabolism and nucleotide synthesis3. Furthermore, we have demonstrated that
loss of SFXN1 lowers mitochondrial GABA permeability and inhibits GABA catabolism,
and Low GABA levels are also predictive of poor prognosis in breast cancer?s, while the
growth of cells isolated from breast cancer-brain metastases are sensitive to

Vigabatrin?4.

Loss of SFXN1 predicts a poor outcome in hepatocellular carcinoma and inhibits toxicity
induced by a high-fat diet's. This may be due to an inhibitory effect on reactive oxygen
species generation?'s, since loss of SFXN1 also protects cells from ferroptosis inducers
leading to mitochondrial accumulation of taurine and hypotaurine?¢, which could
prevent ferroptosis by acting as antioxidants!6-19. Interestingly, apoptosis due to ROS
generation by complex I in taurine deficient mice can be rescued with mitotempo2°, a
mitochondrial specific antioxidant. Our data suggest that hypotaurine and taurine
might accumulate in SFXN1 knockout mitochondria due to decreased export, providing

a potential mechanistic link between SFXN1 loss and ferroptosis resistance, which like
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apoptosis can be inhibited by mitochondrial ROS quenching2!. However, evidence of
human mitochondrial taurine or hypotaurine synthesis is lacking, although
mitochondria isolated from rat liver have demonstrated L-cysteinesuflinate
decarboxylase activity22. Since this produces hypotaurine which can undergo hydrogen
peroxide mediated oxidation to taurine2s, its possible mitochondria are capable of

synthesizing these metabolites.

We found that loss of SFXN1 inhibited M+2 glycine media secretion from cells cultured
in 13C4-L-serine, in line with previous studies3. However, we also found that loss of
SFXN1 inhibited mitochondrial glycine permeability, which could be rescued by SFXN2
and SFXN3, indicating these proteins regulate mitochondrial glycine transport. Since
SFXN1 was reported as synthetic lethal with loss of cytosolic SHMT1 in media lacking
serines3, it’s possible this phenotype arose from reductions in both mitochondrial serine
export and glycine import, since both processes are needed for providing cytosolic
serine through mitochondrial SHMT2. Furthermore, loss of function mutations in
SFXN1 result in anemia24, likely due to impaired heme biosynthesis25:26. Since
mitochondrial glycine is required for heme biosynthesis through ALAS?7, our data
indicate that these mutations likely impair heme synthesis due to impaired

mitochondrial glycine or serine availability.

Only one mitochondrial GABA transporter has been characterized in plants28, and while
a mutation in aralar was identified that led to an increase in the
cytoplasmic/mitochondrial GABA ratio in flies29, there was no evidence that

mitochondrial GABA transport was altered. Our study shows that loss of SFXN1 results
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in a mitochondrial GABA transport defect that impairs GABA degradation, which can be
rescued by SFXN5, and partially by SFXN2. SFXN2 is expressed predominantly in the
kidney, while SFXN1 and SFXN5 are expressed throughout the brains. Interestingly,
SFXN5 expression is largely restricted to astrocytes3o:3:. Since astrocytes regulate
synaptic GABA levels through mitochondrial recycling32, drugs targeting SFXN5 could
be effective in the treatment of disorders associated with dysregulated GABAergic
transmission, such as epilepsy which is currently treated with the plasma membrane
GABA transporter 1 (GAT1) inhibitor Tigabine33 and the ABAT inhibitor Vigabatrin34,

although neurons may also contribute to GABA recycling3s2.

Lower levels of SFXN1 were found in the brains of Alzheimer’s patients3s as well as rats
that had undergone ovariectamy3®, and a P-element insertion in the fly sideroflexin
orthologue enhanced Tau-mediated toxicity3s. Since Alzheimer’s and ovariectomy are
associated with dysregulated GABAergic neurotransmissions”-38, decreased SFXN1 could
contribute to this by disrupting GABA-level homeostasis. However, SFXN1 could
influence these conditions through regulation of other amino acids. Glycine and beta-
alanine are also neurotransmitters, and taurine, proline, and serine have known
neuromodulating properties39. Since these amino acids are found throughout the body,
including GABA4©, future studies are needed to determine how mitochondrial
metabolism influences the levels of these amino acids in different tissues and to what

extent the sideroflexins are involved.
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