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In mammals, the kidney plays an essential role in maintaining blood
homeostasis through the selective uptake, retention or elimination of

toxins, drugs and metabolites. Organic anion transporters (OATs) are
responsible for the recognition of metabolites and toxins in the nephron and
their eventual urinary excretion. Inhibition of OATs is used therapeutically
toimprove drug efficacy and reduce nephrotoxicity. The founding member
of therenal organic anion transporter family, OAT1 (also known as SLC22A6),
uses the export of a-ketoglutarate (a-KG), akey intermediate in the

Krebs cycle, to drive selective transport and is allosterically regulated by
intracellular chloride. However, the mechanisms linking metabolite cycling,
drug transport and intracellular chloride remain obscure. Here, we present
cryogenic-electron microscopy structures of OAT1bound to a-KG, the
antiviral tenofovir and clinical inhibitor probenecid, used in the treatment of
Gout. Complementary in vivo cellular assays explain the molecular basis for
o-KG driven drug elimination and the allosteric regulation of organic anion
transportinthe kidney by chloride.

Organic anions comprise alarge group of endogenous and exogenous
compounds, including tricarboxylic acid intermediates, bile acids,
prostaglandins, fatty acids, anionic drugs and environmental toxins.
Many organic anions result from the breakdown of metabolites, such
asnucleicand amino acids, and must be cleared from the body to avoid
accumulation and toxicity". The transport of organic anions across the
cellmembrane is mediated by the organic anion transporters (OATs),
the organic anion transporting polypeptides (OATPs) and the multi-
drug resistance-associated family of ATP-driven transporters®™>. The
OATs belong to the SLC22 family of solute carriers and structurally
belong to the major facilitator superfamily (MFS) of secondary active
transporters*®. The SLC22 family consists of organic anion and cation
transporters and are widely expressed in tissues involved inmetabolite
exchange, such as the intestine, kidney, liver and blood-brain barrier’.
Within the SLC22 family, substrate specificity varies, with members

such as OAT1 and OAT3 recognizing a wide range of anionic ligands;
others are more specialized such as URAT1 (also known as SLC22A12),
which s selective for uric acid®.

OAT1 uses the outwardly directed a-KG gradient, maintained
throughtheaction of the sodium-dicarboxylate cotransporter (NaDC3)
and viathe Krebs cycle, to drive the uptake of organic anions fromthe
blood across the basolateral membrane of the proximal tubules and
the apical membrane of the choroid plexus’ ™ (Fig. 1a). Many drugs are
organic anions and thus concentrated in renal cells via SLC22 family
members', often resulting in adverse drug-drug interactions (DDI)
and increased elimination™ ", Inhibition of OAT1 via probenecid is
currently used to limit nephrotoxicity during antiretroviral treat-
ment with cidofovir and tenofovir'®”. The polyspecific nature of OAT
ligand recognition coupled with their rolein renal clearance has made
understanding how these transporters function an important part of
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Fig.1| Cryo-EM structure of Oatl bound to a-KG. a, OAT1 exchanges a-KG,
produced from the tricarboxylic acid (TCA) cycle or transported into the cell
viaNaDC3, for organic anions and drugs. The transport function of OAT1is
inhibited by the drug probenecid and enhanced by chloride binding. b, Cryo-EM
structure of Oatl showing the extracellular and intracellular domains and the
position of the substrate a-KG and the chloride ion. ¢, Top-down view of Oatl
highlighting the binding sites for a-KG (site 1) and chloride (site 2), respectively.
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d, Zoomed-in view of site 1, showing the main interactions formed with a-KG. Key
residues interacting with the substrate are shown as sticks and hydrogen bonds
arerepresented as dashed lines. Cryo-EM density for the ligand is shown (purple
and threshold 0.415). e, Schematic of a-KG binding interactions. f, Cell-based
transport assays for wild-type (WT) and mutant human OAT1. n = 15independent
experiments for the mutants and 80 for the wild type, errors shown are s.d. Inset
shows IC, for a-KG for wild-type and Gly227Ala mutant n = 4, dataare mean +s.d.

drug development®>?. Increasing the range of specific inhibitors for
OATs would enable more targeted intervention and clinical options for
adjunct therapy to increase the concentration of drugs in the blood
and reduce drug toxicity. However, the molecular basis by which
OATs distinguish between ligands and inhibitors remains unclear, as
does their transport mechanism, hampering efforts to design SLC22
subfamily-specificinhibitors.

Results

Cryo-EM structure of Oatl bound to a-KG

Tounderstand the structural basis for a-KG recognition, we determined
the cryogenic-electron microscopy (cryo-EM) structure of Oatl from
Rattus norvegicus in complex with a synthetic nanobody (sybody) at
3.53 A (Fig.1b, Extended Data Fig. 1a-e and Table 1). RnOat1, referred to
as Oatl, shares 86% sequence identity (97% similarity) with the human
homolog, referred to as OAT1 (Extended DataFig.2) andis usedindrug
development to analyze drug pharmacokinetics®>*, Oatl adopts an
inward open state with the canonical 12 transmembrane helices of the
MFSfold, forming a binding site in the center of the membrane (Fig. 1c).
Along polar cavity extends from the extracellular side of the membrane
downtoward the extracellular gate constructed by the packing of Asn35
(TM1) with Tyr354 (TM7), which seals a second large polar cavity that
isopen to the interior of the cell (Extended Data Fig. 3a). Unique fea-
tures of the SLC22 family are the presence of an extracellular domain

inserted between TM1and TM2 and an intracellular domain between
TM6 and TM7 (ref. 24). The extracellular domain contains four N-linked
glycosylation sites, which are essential for the correct localization of
Oatl to the plasma membrane” and is where the sybody binds to the
transporter (Fig. 1b and Extended Data Fig. 3b-e). The intracellular
domain consists of a four-helix bundle constructed of the N-terminal
part of TM1, which packs against the C-terminal end of TM6 (Fig. 1b).
The a-KGligand was clearly identified from the cryo-EM maps and sits
inaconfined pocket, which we designate site 1, formed from TM5, TM7,
TMS8 and TM10 (Fig. 1c,d). Site 1is conserved across the OAT family
(Extended Data Fig. 2) and is located on one side of the binding site
rather thanin the center, where the most MFS ligands have been located
to date”*®, As discussed below, the location of a-KG in sitel is due to
achloride ion binding site located roughly 11 A away on the opposite
side of the binding site, which we designate site 2 (Fig. 1c). a-KG sits
close to Lys382 (TM8), which makes a strong hydrogen bond with the
aldehyde group, and Tyr353 (TM7), which makes a hydrogen bond to
they-carboxylate (Fig. 1e). Alanine mutants of both are nonfunctional
indicating their importance for transport in human OAT1 (Fig. 1f and
Extended DataFig. 4). Located close (less than 6 A) to a-KG are Tyr230
(TMS5), Asp378 (TM8), Phe438 and Asn439 (TM10), all of which either
negatively affect expression or transport as alanine mutants (Fig. 1f
and Extended Data Fig. 4). Of note is the proximity of Gly227 (TMS),
which sits within 3.3 A of the a-carboxylate of the ligand, as this side
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Table 1| Cryo-EM data collection, refinement and validation statistics

RnOat1 phosphate-bound state RnOat1a-KG-bound state
(EMD-16280), (PDB 8BW7)

(EMD-16269), (PDB 8BVR)

RnOat1tenofovir-bound state
(EMD-16270), (PDB 8BVS)

RnOat1low-occupancy a-KG state
(EMD-16977), (PDB 80OMU)

Data collection and processing

Magnification x105,000 x105,000 x105,000 x105,000
Voltage (kV) 300 300 300 300
Electron exposure (e /A% 51 42 42 42
Defocus range (um) -1.0t0-2.0 -0.8t0-2.0 -0.8t0-2.0 -0.8t0-2.0
Pixel size (A) 0.832 0.832 0.832 0.832
Symmetry imposed C1 C1 C1 C1
Initial particle images (no.) 6,288,736 7,773,020 7,773,020 7,346,974
Final particle images (no.) 458,380 240,196 202,820 210,734
Map resolution (A) 3.52 3.53 3.43 3.61
FSC threshold 0143 0.143 0.143 0.143
Map resolution range (A) 3.0-33 3.0-21 2.9-32 31-10
Refinement
Initial model used AlphaFold model
(AF-O35956-F1)
Model composition in the
asymmetric unit
Nonhydrogen atoms 4,806 4,748 4,737 4,799
Protein residues 617 612 612 617
Ligands® 3 2 0 2
Average B factors (A%
Protein 66.7 81.5 576 106.6
Ligand 92.6 62.7 98.4
r.m.s.d.
Bond lengths (A) 0.004 0.003 0.003 0.003
Bond angles (°) 071 0.59 0.76 0.66
Validation
MolProbity score 177 1.92 1.84
Clashscore 11.00 1417 13.38
Poor rotamers (%) 0 0.98 0.78
Ramachandran plot
Favored (%) 95.40 96.69 96.19 96.72
Allowed (%) 4.60 3.31 3.81 3.28
Qutlier (%) 0 0 0 0

chainis conserved within members of the OAT family that use a-KG to
drive organic anion uptake (Extended Data Fig. 2). A Gly227Val mutant
completely abolished transport in human OAT1, while the Gly277Ala
mutant retains roughly 40% function. This suggests the glycine on TM5
isrequired in site 1to create space for the ligand. Indeed, adding the
extra methyl group in the alanine mutant negatively affects the ICs,
(half-maximum inhibitory concentration) for a-KG (70 + 3.8 uM for
wild type versus 209 + 23 pM for Gly227Ala) (Fig. 1f, inset). OAT1 dem-
onstrates alength dependency for dicarboxylate uptake, with ligands
containing fewer than five carbons not being recognized®*° (Extended
DataFig.4).a-KGis coordinated by Lys382 and Tyr353; the Tyr353Phe
mutant retains roughly 50% activity, suggesting that directinteraction
isnot essential, while abulky hydrophobic side chainisrequired at this
position. The length dependency for a substrate is governed by the
distance between Lys382 and Asp378, with shorter ligands unable to
interact withthese positions simultaneously and indicates astructural
role for the ligand in facilitating transport.

Akey questionindeciphering the mechanism of secondary active
transportersis how ligand binding drives the conformational changes
inthe protein®. Inthe a-KG structure the backbone density for TMS8 is
less well resolved, particularly near Lys382, in comparison to neigh-
boring helices (Extended Data Fig. 5). Additional classification of
the a-KG dataset identified a second class of particles, resulting in
afurther structure of Oatl at 3.43 A resolution, where the o-KG and
Cl” densities are substantially reduced (Extended Data Fig. 5 and
Table 1). The density around TM8 in the partially occupied Oatl
structure is stronger than observed in the a-KG bound state, and the
Lys328 side chain adopts a different rotamer, pointing away from
the ligand (Extended Data Fig. 5). The change in density around TM8
following a-KG binding indicates ligand induced structural changes,
most likely through engagement with Lys382 and close positioning of
the y-carboxylate to Asp378. As discussed below, Asp378 forms a salt
bridge network between TM8 and TM10, which involves Lys431 and
must break to drive transport.
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Fig. 2| Molecular basis for chloride regulation and tenofovir recognition.

a, Cryo-EM density for site 2 (purple and threshold 0.623). Interactions are
indicated with green lines. b, Mutational analysis of site 2 and impact of chloride
and chloride-free environments. n =16, data are mean + s.d. ¢, Top-down view of
site 3 showing the Cryo-EM density observed for tenofovir (purple and threshold
0.329).d, Binding site showing residues interacting with tenofovir. Key residues
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interacting with the substrate are shown as sticks and hydrogen bonds are
represented with dashed lines. Cryo-EM density for the ligand is shown (purple).
e, Schematic of tenofovir binding interactions is shown in d. f, Effect of residue
mutants on tenofovir recognition. ICs, values are the mean of three independent
experiments; errors shownares.d.

The ability of OAT1 to recognize glutarate, which lacks the keto
group presentin a-KG and is therefore symmetric, suggests that site 1
mightaccommodate a-KGin the opposite orientation, thatis, flipped
180°relative to the one modeled (Fig. 1e). Modeled in this orientation
the keto group would be too far away to interact with Lys382, instead
replaced by the y-carboxylate and, overall, there would be no discrimi-
nationbetween a-KG and glutarate (Extended Data Fig. 4c). However,
thelCs, values for o-KG (70 + 3.8 uM) and glutarate (94 + 8.9 uM) reveals
aslight preference for a-KG, indicating asymmetry in recognition of
these two ligands (Extended Data Fig. 4d). Taken together, this result
combined with the density around the carbonyl group in the ligand,
supports a preferred orientation for «-KG in site 1, which is probably
dominated by the interaction with Lys382.

Allosteric regulation of OAT1by chloride

The kidneys play animportantroleinregulating plasma chloridelevels,
with the chloride concentration in the lumen of the proximal tubule
increasing along the length of the nephron®. Chloride has beenidenti-
fied as an allosteric regulator of OAT1 and OAT3 but has no impact on
OAT2 (refs. 9,10,32). Although a conserved arginine on TM11, Arg466,
wasimplicated, the mechanism of chloride-based regulation remains
unclear, giventhat all OAT transporters contain an equivalent arginine
onTMI11 (ref. 30) (Extended DataFig.2).In our structure, we observed a
prominent density opposite a-KGin site 2 and sitting 3.5 A from Arg466
(TM11), whichwe modeled as CI™ (Fig. 2a). Neither an alanine mutant nor
conservative substitution for lysine at this positioninsite 2 supported

function (Fig. 2b). However, in the structure the presence of the Cl”ion
pushes Arg466 back into TM11, resulting in close interactions with
Ser462 and Thr463. Confirming the importance of this interaction,
neither the Ser462Alanor Thr463Val mutants were chloride sensitive,
whereas the wild type displays amarked dependence on this anion for
maximal activity (Fig. 2b and Extended Data Fig. 4). Together, these
results indicate the allosteric control of OAT1 transport via chloride
results from the interaction network between the guanidinium group
of Arg466 and the hydroxyls of Ser462 and Thr463. As discussed below,
this network has important implications for gating dynamics in OAT1
and explains the allosteric regulation by chloride of organic anion
transportin the kidney.

Structural basis for tenofovir and probenecid recognition

To understand the molecular basis for drug transport and inhibition,
we determined the structure of Oatlin complex with the antiviral drug
tenofovir and the archetypal OAT1 inhibitor probenecid at 3.61 and
4.01A, respectively (Tables 1and 2 and Extended Data Figs. 6 and 7).
Tenofovirisamember of aclass of drugs called nucleotide reverse tran-
scriptase inhibitors and is administered to treat hepatitis Band HIV*.
Although tenofovir was clearly observed in the density map, the drug
did not occupy site 1 (Fig. 2c). Instead, the drug was located centrally
inathird pocket, which we designate site 3. The drug adopts a U-shape
configuration with the nucleoside group making an aromatic m-tinter-
action with Phe438 (TM10). The amino group interacts with Tyr354
and sits close (roughly 3.5 A) to Ser350 on TM7, while the phosphate

Nature Structural & Molecular Biology | Volume 30 | November 2023 | 17786-1793

1789


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-023-01039-y

Table 2| Cryo-EM data collection, refinement and validation
statistics

RnOat1 probenecid bound state
(EMDB-16271)

(PDB 8BVT)
Data collection and processing
Magnification x105,000
Voltage (kV) 300
Electron exposure (e /A% 48
Defocus range (um) -1.0t0-2.0
Pixel size (A) 0.832
Symmetry imposed C1
Initial particle images (no.) 8,210,203
Final particle images (no.) 126,646
Map resolution (A) 3.94
FSC threshold 0.143
Map resolution range (A) 3.4-21
Refinement
Model composition in the
asymmetric unit
Nonhydrogen atoms 4,517
Protein residues 623
Ligands® 1
Average B factors (A%
Protein 136.9
Ligand 135.8
r.m.s.d.
Bond lengths (A) 0.009
Bond angles (°) 118
Validation
MolProbity score 1.97
Clashscore 14.86
Poor rotamers (%) 0.23
Ramachandran plot
Favored (%) 95.77
Allowed (%) 4.23
Qutlier (%) 0

groupis positioned near Tyr230 (TM5), making ananion-Tinteraction
(that s, the interaction of a negatively charged group with the posi-
tive electrostatic potential on the ring edge of an aromatic group’*)
(Fig. 2d,e). Aromatic interactions are a common mechanism for
increasing substrate promiscuity in MFS binding sites®, with similar
interactions observed in the related SLC22 family transporter OCT3
(refs. 36,37). Some of these side chains overlap with site 1, such as
Phe438 and Tyr230, alanine substitutions of which are transport
deficientin our assay (Fig. 1f). However, the Gly227Ala mutant had no
discernible effect on tenofovir recognition (Fig. 2f), which along with
theresults for Ser350Alaon a-KG transport (discussed below) support
the functional separation of sites 1and 3 in the transporter. Within site
3, Tyr354Phe showed no activity, whereas Ser350Ala and Tyr230Phe
retained sufficient function to analyze their contribution to tenofovir
recognition (Fig. 2f and Extended Data Fig. 4). Tyr230Phe has previ-
ously beenimplicated in substrate specificity for OAT1 (ref. 38),and in
our assays, the IC,, of this mutant for tenofovir was severely affected

(120 19 pM for wild type versus 450 + 26 uM for Tyr230Phe). Unlike
Tyr230, whose hydrophobic natureis conserved across the OAT family,
Ser350isnotaconserved residue (Extended Data Fig.2). However, an
alanine mutant retained roughly 75% wild-type activity and its affinity
for tenofovir doubled to 241 + 11 uM (Fig. 2f) as opposed to having a
negligible effect on a-KG uptake (Extended Data Fig. 4). These results
confirm the functional separation of sites 1 and 3 and suggest that
substrate promiscuity occurs due to the presence of distinct binding
sites within the transporter.

The OATI1 inhibitor probenecid was also observed in site 3.
Although the global resolution was lower than for tenofovir and a-KG,
the density for the aliphatic tails was distinct and used to orientate the
druginthebindingsite (Fig. 3a and Extended Data Fig. 7). Probenecid
has a destabilizing effect on Oatl (Extended Data Fig. 4h), likely con-
tributing to the overall lower resolution. The sulfate group occupies
the same position as the phosphate moiety in tenofovir. However, in
the probenecid complex, Arg466 extends into site 3, displacing the
chloride in site 2 (Fig. 3a,b). The carboxylate group also interacts via
hydrogen bonds with extracellular gate residues Asn35 (TM1) and
Tyr354 (TM7). The benzene ring interacts with Tyr230 in a 90° con-
figuration, making a cation-T interaction. At the opposite end of the
inhibitor, the aliphatic tails splay apart and sit near hydrophobic side
chainsIle226 (TM5) and Phe442 (TM10). Given the lower resolution of
the probenecid complex, we undertook adetailed analysis of the bind-
ing site to verify the observed interactions. An alanine mutant of Tyr354
failed to express, whereas the phenylalanine mutant was nonfunctional
(Extended DataFig. 4). However, the IC, value for probenecid inhibi-
tionincreased from 36 + 8 uM for wild type to 59 + 6 pM for Tyr230Phe
and 89 + 7 uM for Asn35Ala (Fig. 3¢), highlighting theirinvolvementin
probenecid interactions. Probenecid is also an inhibitor of OAT3 and
URATI (refs. 29,39), which containan asparagine or serine, respectively,
atthe same position on TM1 (Fig. 3c, inset), buta poor inhibitor of OAT2
(ref. 40), which contains phenylalanine, indicating the importance
of this site in regulating inhibitor interactions within the OAT family.
Probenecid makes several additional interactions with the binding site
compared with tenofovir and a-KG, directly coordinating TM1, TM7
and TM11 (Fig. 3b). These additional interactions, combined with the
disruption of site 2 via the Arg466 salt bridge, would explain how this
druginhibits OAT transporters.

Mechanism of OAT1 transport

Alternating access transport within secondary active transporters
occurs following the orchestrated movement of opposing gates that
bracket a central ligand binding site within the protein®. Within the
MFS, the extracellular gates are constructed from TM1and TM2 from
the N-terminal bundle, which pack against TM7 and TM8 from the
C-terminal bundle**2 In contrast, the opposing intracellular gate
is formed by TM4 and TMS5 packing against TM10 and TM11. Trans-
ported ligands, includingions, coordinate the gating helices across the
N- and C-terminal bundles, often modulating salt bridge interactions
toensure that when one gateis open, the other is closed*. However, in
Oatl, we observe three distinct ligand binding sites within the central
cavity (sites 1-3), raising the question of how a-KG in site 1 drives the
transport of organic anionsinto the cell. To address this question, we
determined the structure of Oatlin the absence of a ligand. The apo
structure, determined at 3.52 A (Table 1 and Extended Data Fig. 9a),
contains density within site 1 close to Lys382 and Asn439 and occupy-
ing a similar position to the keto group of a-KG (Fig. 4a and Extended
DataFig. 9a). Given the buffer composition of the apo state contained
high phosphate, unlike the ligand structures that had no phosphate,
we modeled this density as a phosphate molecule. As phosphate has
no impact on OAT1 transport we interpret this structure as the apo
state (Extended Data Fig. 4f). Two further densities are observed, one
interacting with the hydroxyl group of Tyr230 and the other sitting
close toPhe438 and Phe442, which arelikely to be additional phosphate
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Fig. 4| Mechanism of organic anion transport by Oatl. a, Cryo-EM density of
the phosphate molecule observed insite 1 (purple and threshold 0.341). Inset
shows that the movement of Asp378 was observed between the a-KG bound state
(wheat) and phosphate-bound state (blue). b, Mutational analysis of salt bridge
interaction between TM8 and TM10. n =15 independent experiments for the
mutants and 80 for the wild-type errors shown are s.d. ¢, Cryo-EM density for the
two rotamer positions of Tyr230 (purple and threshold 0.341). d, Analysis of the

inward-facing structure (gray) with an outward open model (blue) reveals how
key residues, as well as a-KG and the Cl~ion, align with where the helices pivot
between states. Shown below are the salt bridge interactions identified from the
outward open state that stabilize this conformation and form two ‘+-+ motif's
across the transporter. e, Oatl contains three distinct ligand binding sites that
could be targeted for selective inhibition.

molecules. We observed no obvious density in site 2. Comparing these
two structures reveals no notable changes in the backbone positions
(root mean squared deviation (r.m.s.d.) of 0.629 A for 496 Co atoms);
however, two changes in the density around several conserved side
chains were observed. Aspartate 378 (TM8) can now be modeled inter-
acting with Lys431 (TM10) (Fig. 4a), whereas in the a-KG structure,

Asp378is rotated away, facing the a-KG ligand (Fig. 1d and Extended
DataFig.1). Similar to Asp378, Lys431 is essential for function with an
alanine mutant showing no activity (Fig. 4b). Therefore, the binding
of a-KG appears to break the Asp378-Lys431 salt bridge interaction
between two gating helices, TM8 and TM10. Phosphate, which OAT1
does not transport, is unable to break this interaction, underlining
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the importance not only of anion binding in site 1 but also the correct
coordination of the ligand and confirming the length requirement
discussed above (Extended Data Fig. 4b). These structural changes
are consistent with and likely contribute to the increased disorder,
and subsequent reduction in map quality, observed in TM8 following
o-KGbinding (Extended DataFig. 5). The second observable difference
isthat Tyr230 (TMS5) adopts two rotamer positions (Fig. 4c), whereas,
inthe ligand-bound structures, only one is observed (Extended Data
Figs. 1le and 6e). Given the importance of a bulky hydrophobic side
chain at this position (Fig. 1f) and the role of Tyr230 in discriminating
between substrates (Fig. 2f), this residue likely plays a key structural
role in stabilizing TM5 in response to ligand binding.

Tyr230, along with Asp378 (TMS8) and Arg466 (TM11), all lie
in the same plane within the binding site, which transects sites 1, 2
and 3. Positioned in the middle of the membrane and halfway down
their respective gating helices, this axis provides the ideal position to
allow the transporter torock between outward and inward open states
during transport. Using the structure of the outward open organic
cation transporter, OCT3 (ref. 36), we generated a model for the
outward-facing state of Oatl. This model supports the importance of
the central axis as this locates the position of the pivot points between
the outward- and inward-facing states (Fig. 4d). The outward-facing
model also suggests two additional salt bridge interactions between
Glu212 (TM4) and Arg454 (TM11) and Arg219 (TM5) and Glu447 (TM10)
that are part of two symmetry-related ‘positive-negative—positive’
motifs on either side of the cytoplasmic entrance (Argl61-Glu212-
Arg219 and Arg394-Glu447-Arg454) (Fig. 4d). Salt bridges are com-
monly used to stabilize the closed state of gating helices in MFS
transporters*‘. Alanine mutants of this motif show reduced uptake
for the first and last arginines in each motif to 20% versus wild type
(Fig. 4b). By contrast, the side chains predicted to form salt bridge
interactions (Glu212-Arg454 and Arg219-Glu447) either do not express
showingarequirement for this residuein the stability of the protein or
are essential for function.

Discussion

Takentogether,amodel for OAT1 transport can be proposed (Extended
DataFig. 9b,c), where a-KG binding facilitates the structural transition
frominward to outward openstates through engagement with Lys382,
breaking the Asp378-Lys431salt bridge between TM8 and TM10 while
simultaneously locking Tyr230 in one state that stabilizes TM5. The
symmetry-related gating helix, TM11, is similarly stabilized through
chloride binding to site 2, via Arg466, forming the intrahelical sta-
ple. The van der Waals radius (1.8 A) of chloride likely facilitates the
correct placement of ligands in sites 1 and 3 and explains its role in
allosteric regulation. In contrast, the outward open state is stabilized
through the salt bridge interactions in the opposing cytoplasmic posi-
tive-negative-positive motifs. The interconversion from outward to
inward-facing states following drug binding on the extracellular side
of the membrane is likely to be aided through the interactions with
thelarge bulky side chainsin site 3, which would pull the extracellular
gate closed and push the intracellular gate open. Finally, the design
of inhibitors for specific members of the SLC22 family would sub-
stantially expand clinical options for modulating drug pharmaco-
kinetics™*. The identification of functionally distinct sites within OAT1
(Fig. 4e) that not only discriminate between ligands but differ across
SLC22 family members highlights new opportunities for family-specific
inhibitor design.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541594-023-01039-y.

References

1. Burckhardt, G. Drug transport by organic anion transporters
(OATs). Pharmacol. Ther. 136, 106-130 (2012).

2. Pritchard, J. B. & Miller, D. S. Mechanisms mediating renal
secretion of organic anions and cations. Physiol. Rev. 73, 765-796
(1993).

3. Koepsell, H. & Endou, H. The SLC22 drug transporter family.
Pflug. Arch. Eur. J. Physiol. 447, 666-676 (2004).

4. Hagenbuch, B. & Meier, P. J. Organic anion transporting
polypeptides of the OATP/ SLC21 family: phylogenetic
classification as OATP/ SLCO superfamily, new nomenclature
and molecular/functional properties. Pflug. Arch. 447, 653-665
(2004).

5. Nies, A.T. & Lang, T. in Drug Transporters: Molecular
Characterization and Role in Drug Disposition 2nd edn (eds. You, G.
& Morris, M. E.) (John Wiley & Sons, 2014).

6. Engelhart, D. C. et al. Systems biology analysis reveals eight
SLC22 transporter subgroups, including OATs, OCTs, and OCTNs.
Int. J. Mol. Sci. 21,1791 (2020).

7.  Nigam, S. K. The SLC22 transporter family: a paradigm for the
impact of drug transporters on metabolic pathways, signaling,
and disease. Annu. Rev. Pharmacol. Toxicol. 58, 663-687 (2018).

8. Enomoto, A. et al. Molecular identification of a renal urate anion
exchanger that regulates blood urate levels. Nature 417, 447-452
(2002).

9. Hosoyamada, M., Sekine, T., Kanai, Y. & Endou, H. Molecular
cloning and functional expression of a multispecific organic
anion transporter from human kidney. Am. J. Physiol. 276,
F122-F128 (1999).

10. Race, J. E., Grassl, S. M., Williams, W. J. & Holtzman, E. J. Molecular
cloning and characterization of two novel human renal organic
anion transporters (hOAT1 and hOAT3). Biochem. Biophys. Res.
Commun. 255, 508-514 (1999).

1. Nagle, M. A., Wu, W., Eraly, S. A. & Nigam, S. K. Organic anion
transport pathways in antiviral handling in choroid plexus in Oat1
(Slc22a6) and Oat3 (Slc22a8) deficient tissue. Neurosci. Lett. 534,
133-138 (2013).

12. Burckhardt, G. & Burckhardst, B. C. In Handbook of Experimental
Pharmacology (eds. Fromm, M. F. & Kim, R. B.) 29-104 (Springer,
2011).

13. Tune, B. M. Nephrotoxicity of beta-lactam antibiotics:
mechanisms and strategies for prevention. Pediatr. Nephrol. 11,
768-772 (1997).

14. Yin, J. & Wang, J. Renal drug transporters and their significance in
drug-drug interactions. Acta Pharm. Sin. B 6, 363-373 (2016).

15. Li, M., Anderson, G. D. & Wang, J. Drug-drug interactions involving
membrane transporters in the human kidney. Expert Opin. Drug
Metab. Toxicol. 2, 505-532 (2006).

16. Giacomini, K. M. et al. Membrane transporters in drug
development. Nat. Rev. Drug Discov. 9, 215-236 (2010).

17. Emami Riedmaier, A., Nies, A. T., Schaeffeler, E. & Schwab, M.
Organic anion transporters and their implications in
pharmacotherapy. Pharm. Rev. 64, 421-449 (2012).

18. Ortiz, A. et al. Tubular cell apoptosis and cidofovir-induced acute
renal failure. Antivir. Ther. 10, 185-190 (2005).

19. Liu, S.N., Desta, Z. & Gufford, B. T. Probenecid-boosted tenofovir:
a physiologically-based pharmacokinetic model-informed
strategy for on-demand HIV preexposure prophylaxis.

CPT Pharmacomet. Syst. Pharm. 9, 40-47 (2020).

20. Yee, S. W. & Giacomini, K. M. Emerging roles of the human
solute carrier 22 family. Drug Metab. Dispos. 50, 1193-1210
(2021).

21. Lin, L., Yee, S. W., Kim, R. B. & Giacomini, K. M. SLC transporters
as therapeutic targets: emerging opportunities. Nat. Rev. Drug
Discov. 14, 543-560 (2015).

Nature Structural & Molecular Biology | Volume 30 | November 2023 | 17786-1793

1792


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-023-01039-y

Article

https://doi.org/10.1038/s41594-023-01039-y

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Tang, C. & Prueksaritanont, T. Use of in vivo animal models to
assess pharmacokinetic drug-drug interactions. Pharm. Res. 217,
1772-1787 (2010).

Nishizawa, K. et al. Changes of drug pharmacokinetics mediated
by downregulation of kidney organic cation transporters Mate1
and Oct2 in a rat model of hyperuricemia. PLoS ONE 14, e0214862
(2019).

Janaszkiewicz, A. et al. Insights into the structure and function of
the human organic anion transporter 1in lipid bilayer membranes.
Sci. Rep. 12, 7057 (2022).

Tanaka, K., Xu, W., Zhou, F. & You, G. Role of glycosylation in the
organic anion transporter OAT1. J. Biol. Chem. 279, 14961-14966
(2004).

Parker, J. L. et al. Structural basis of antifolate recognition and
transport by PCFT. Nature 595, 130-134 (2021).

Madej, M. G., Sun, L., Yan, N. & Kaback, H. R. Functional
architecture of MFS D-glucose transporters. Proc. Natl Acad.

Sci. USAM, E719-E727 (2014).

Drew, D. & Boudker, O. Shared molecular mechanisms of
membrane transporters. Annu. Rev. Biochem. 85, 543-572 (2016).
Uwai, Y., Okuda, M., Takami, K., Hashimoto, Y. & Inui, K. Functional
characterization of the rat multispecific organic anion transporter
OAT1 mediating basolateral uptake of anionic drugs in the kidney.
FEBS Lett. 438, 321-324 (1998).

Rizwan, A. N., Krick, W. & Burckhardt, G. The chloride dependence
of the human organic anion transporter 1 (hOAT1) is blunted by
mutation of a single amino acid. J. Biol. Chem. 282, 13402-13409
(2007).

Nagami, G. T. Hyperchloremia—why and how. Nefrologia 36,
347-353 (2016).

Henjakovic, M., Hagos, Y., Krick, W., Burckhardt, G. &

Burckhardt, B. C. Human organic anion transporter 2 is distinct
from organic anion transporters 1 and 3 with respect to transport
function. Am. J. Physiol. Ren. Physiol. 309, F843-F851(2015).
Andrei, G., Topalis, D., De Schutter, T. & Snoeck, R. Insights

into the mechanism of action of cidofovir and other acyclic
nucleoside phosphonates against polyoma- and papillomaviruses
and non-viral induced neoplasia. Antivir. Res. 114, 21-46 (2015).
Schwans, J. P. et al. Use of anion-aromatic interactions to

position the general base in the ketosteroid isomerase active site.
Proc. Natl Acad. Sci. USA 110, 11308-11313 (2013).

Newstead, S. Recent advances in understanding proton coupled
peptide transport via the POT family. Curr. Opin. Struct. Biol. 45,
17-24 (2017).

Khanppnavar, B. et al. Structural basis of organic cation
transporter-3 inhibition. Nat. Commun. 13, 6714 (2022).

37. Suo, Y. et al. Molecular basis of polyspecific drug and xenobiotic
recognition by OCT1and OCT2. Nat. Struct. Mol. Biol. https://doi.
org/10.1038/s41594-023-01017-4 (2023).

38. Perry, J. L., Dembla-Rajpal, N., Hall, L. A. & Pritchard, J. B.

A three-dimensional model of human organic anion transporter 1:
aromatic amino acids required for substrate transport. J. Biol.
Chem. 281, 38071-38079 (2006).

39. Tan, P.K., Ostertag, T. M. & Miner, J. N. Mechanism of high affinity

inhibition of the human urate transporter URAT1. Sci. Rep. 6,

34995 (2016).

Shen, H., Lai, Y. & Rodrigues, A. D. Organic anion transporter 2: an

enigmatic human solute carrier. Drug Metab. Dispos. 45, 228-236

(2017).

41. Lemieux, M. J., Huang, Y. & Wang, D. N. Crystal structure and
mechanism of GlpT, the glycerol-3-phosphate transporter from
E. coli. J. Electron Microsc. 54, i43-i46 (2005).

42. Fowler, P. W. et al. Gating topology of the proton-coupled
oligopeptide symporters. Structure 23, 290-301 (2015).

43. Yan, N. Structural biology of the major facilitator superfamily
transporters. Annu. Rev. Biophys. 44, 257-283 (2015).

44. Quistgaard, E. M., Low, C., Guettou, F. & Nordlund, P.
Understanding transport by the major facilitator superfamily
(MFS): structures pave the way. Nat. Rev. Mol. Cell Biol. 17, 123-132
(2016).

45. Schlessinger, A. et al. Molecular modeling of drug-transporter
interactions-an international transporter consortium perspective.
Clin. Pharmacol. Ther. 104, 818-835 (2018).

40.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023

Nature Structural & Molecular Biology | Volume 30 | November 2023 | 17786-1793

1793


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-023-01017-4
https://doi.org/10.1038/s41594-023-01017-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41594-023-01039-y

M.ethOdS . R394A R ctgggcaggccggGCacccagggagttg
Oligonucleotides o
Oligonucleotides used in this study were as follows. E447AF cetgtatactggggCactgtateccacaaty
E447A_R cattgtgggatacagtGcceccagtatacagg
HsOAT1_F aacaacGCTAGCgccaccatggcctttaatgacctcc RAS4AF cecacaatgatcGCgeagacaggeatgg
HsOAT1_Rev_flag 999cggCTCGAGTCACTTGTCGTCATCGTCTTTGT RAS4AR ceatgeetgtetgeGCgateattgtggg
AGTCGCTGCCGCCgagtccattcttctcttgtge Y354A_F ctagctttgcatacGCtgggctggtcatggacc
HsOAT1_trun_Rev_flag 999cggCTCGAGTCACTTGTCGTCATCGTCTTTGT Y354A_R ggtccatgaccagcccaGCgtatgcaaagctag
AGTCGCTGCCGCCtgggaccatatacttctggtgce
Y354F_F ctagctttgcatacTTtgggctggtcatggacc
G227A_F gcaccttgattgCctatgtctacagcctgg
Y354F_R ggtccatgaccagcccaAAgtatgcaaagctag
G227A_R ccaggctgtagacatagGcaatcaaggtgc
RnOat1_F atggccttcaatgacctcctgaaac
G227V_F caccttgattgTctatgtctacagcect,
- 9 gattg & geetogg 3' GFP_Rev taagcttgatatcgaattcctgcag
G227V_R cccaggctgtagacatagAcaatcaaggtgc
Y230A_F gattggctatgtcgccagcectgggcecagttce
Y230A_R ggaactggcccaggctggcgacatagccaatc . . . .
Cloning, expression and purification of RnOat1
VB0 gattggetatgtcTTeagectgggecagttee The gene encoding R. norvegicus Oatl was inserted into the
Y230F_R ggaactggcccaggetgAAgacatagccaate pFASTBAC vector upstream of a C-terminal tobacco etch virus (TEV)
Y353A_F ceactagetttgcaGCetatgggetggteatgg cleavable HISg tagged green fluorescent protein (GFP). The final con-
struct used for structural determination lacked the last ten amino
Y353A_R ccatgaccagcccatagGCtgcaaagctagtgg . . . o
acids as C-terminal cleavage was observed during expressionininsect
Y353F_F ccactagctttgcaTTetatgggetggteatgg cells of the full-length protein. Baculovirus was produced and used to
Y353F_R ccatgaccagcccatagAAtgcaaagctagtgg infect 4 1 of Sf9 cells (Gibco 11496015). Two days postinfection, cells
. T eno - )
D378A_F I — were gathered, washed oncein PBS and stored at -80 Cuntl] re.quwec.l.
—— o Membranes were prepared from the cell pellet through lysis via soni-
= caagettggeaggeaggGecacageaccaaag cation and subsequent ultracentrifugation. RnOatl was purified from
K382A_F ggacctgcctgecGCgcttgtgggcttce membranes to homogeneity using standard immobilized metal-affinity
K382A R ggaagcccacaageGCggeaggeaggtec chromatography protocolsin n-dodecyl-3-b-maltopyranoside (DDM)
FA38AF ctggotgcotocGCoaactgaatotios (Qlycon l?97002—C) detergent. Fo!lowmg TEV cleavage and a further
nickel affinity step to remove the His-tagged TEV protease and GFP, the
FA3BAR 9gaagatgcagttgGCggaggeagecag protein was subjected to size exclusion chromatography (Superdex
N439A_F ggctgectecttcGCetgeatcttectgtatactgg 200 Increase, 28-9909-44; Cytiva) in a buffer consisting of either
N439A R coagtatacaggaagatgcagGCgaaggaggeagec PBS or20 mM TrispH 7.5,150 mM NaClwith Q.OIS% l?DM.Blotmylated
RUGOA F . oCaat oot RnOatl was produced by adding a C-terminal Avi-tag followed by
- el oo sty e le s a FLAG tag. The protein was purified using Flag affinity purifica-
R4B6AR getecacgatgetgeccactGCggecatggtgetge tion and size exclusion, following biotinylation by glutathione
RA66K_F gcagcaccatggccAAagtgggeageategtgage S-transferase-BirA overnight, the protein was subjected to a further
R466K R gctcacgatgctgcccactTTggccatggtgetge size exclusionrun.
S462A F ggcatgggaatgggcGCcaccatggcccgagtg Cell-based 6-CF transport assays
S462A R cactcgggcecatggtgGCgcccatteccatgee To assay HsOATI transporter activity the model substrate
T463AF ggaatgggcageGecatggeccgagtagg 6-carboxyfluorescein (6-CF)***” (Merck C0662) was used, which is
T463A R C00atogagecatggCaotgesaatios recognized by OAT1and takeninto the cells in exchange for a-KG. The
- assay was validated to show that OAT1 exhibited the same substrate
T463V_F 9ggaatgggeageGTeatggecegagtggg preferences as reported within the literature (Extended Date Fig. 10)
T463V_R cccactcgggcecatgACgctgcccattce and to analyze the effect of truncation of the C terminus.
S350A F L e T — HeLa' cells (Merck 93021013-1VL) were maintained in Gibco
S350A R oo DMEM (high glucose, GlutaMAX Supplement, pyruvate, 31966021)
- cecatagtatgcaaagGLagtggeaaaccacage supplemented with 10% fetal bovine serum and 2 mM L-glutamine
N35A_F ggcttctcacgccaccctgcagaacttcac under 5% CO, at 37 °C. The cell line was not authenticated and not
N35A_R gtgaagttctgcagggtggcgtgagaagece tested for mycoplasma contamination. For transportassays, 1x10°
cells per well were seeded into 24-well plates and 24 h later trans-
R161A_F gcagacaggctaggcGCccggaaggtactcatc . .
fected using FUGENE HD (Promega E2311) Transfection Reagent
R161A R gatgagtaccticcggGlgcctageetgtetge (0.4 pg DNA per 1 pl of FUGENE per well) with HsOAT1 constructs
KA31A_F getgtgctggggGCgggttgtctggetge containing a C-terminal FLAG tag in the vector pCDNA3.1 for 36 h.
K431A_R geagecagacaacceGCocccageacage Expression of each mutant of HsOAT1 was assessed through western
oA F actaaatatddataaatacoation blotting on membrane fractions using an anti-FLAG antibody 1:3,000
= 2 SRRl dilution (Merck F1804), using a loading control of anti-f3-actin
E212A R tgaatgggcatccacgccacattcagigte 1:5,000 dilution (Merck A2228) (Extended Data Fig. 4). For the assay,
R219A_F cccattcacacagcggectgegtgggeace cells were washed once with buffer (typically 135 mM NaCl, 5 mM
R219A R ggtgcocacgcaggeegetgtgtgaatggg KCI, 1.2 mM MgCIz,28mMglucoseand25 mM HE!’ES,pH 7.2) before
and additional wash in the same buffer for 1 min. 0.2 ml of assay
R394A_F caactccctgggtGCccggcectgcccag

buffer containing 10 uM 6-CF was added and removed after 8 min.
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The cells were washed three times with assay buffer before lysis by
adding 0.2 mI20 mM Tris pH 7.5, 0.2% Triton X-100 for 5 min. Then,
150 plwereremoved to a 96-well plate, and the fluorescence was read
(excitation 485, emission 528 nm) in a SpectraMax M3 plate reader.
Background fluorescence was subtracted from cells transfected with
the empty plasmid, and the data were normalized to 100%. To assess
the activity of HsOAT1in the presence and absence of chloride, the
buffer was 120 mM NacCl, 28 mM glucose and 25 mM HEPES, pH 7.2
or for chloride-free conditions, and 120 mM sodium gluconate was
used. For these assays, the amount of 6-CF was increased to 20 pM
and cells were collected after 8 min to assess the level of substrate
taken up. To study the effect of ligands or inhibitors, the compound
of interest was added to the assay buffer at the desired concentra-
tion. To calculate IC,, values for the compounds, the compound was
added at different concentrations to the assay buffer containing
10 puM 6-CF and left on the cells for 8 min. Each concentration was
repeated three times to calculate standard errors, and the whole
experiment was repeated three times to calculate the mean IC;,and
standard error.

Thermal stability measurements

A Prometheus NT.48 (NanoTemper Technologies) was used to
analyze thermal stability in the presence and absence of 0.1 mM
ligands. A final concentration of 0.2 mg ml™ protein in buffer (20 mM
Tris pH 7.5, 150 mM NaCl and 0.015% DDM) was used and protein
with ligand was incubated on ice for 20 min. Thermal measure-
ments were carried out in a range from 20 to 90 °C with 1°C min™
steps. The resulting melting curves were generated by plotting the
first derivative of the fluorescence ratio at 330/350 nm against
temperature.

Sybody selection

Sybody selection was performed against C-terminally Avi-Flag-
tagged and biotinylated RnOatl using methods described previously
in ref. 48. A high-affinity sybody with a slow off rate, as measured
using biolayer interferometry (Octet Red 384), was identified from the
concavelibrary. The sybody was cloned and expressed as a C-terminally
MycHis tagged construct from the pSB-init vector (Addgene no.
110100), (pSB_Syb25 Addgene no.197992).

Cryo-EM sample preparation and data acquisition

Forthe apostructure, RnOatl purified in PBS was mixed witha1.2 molar
excess of the sybody and incubated on ice for at least 60 min before
grid preparation. For drug-bound complexes RnOatl in Tris/NaCl
was mixed with the compound for 1 h, and the sybody was added
after this for a further hour, a-KG was added at a final concentra-
tion of 1.2 mM, tenofovir at 0.6 mM and probenecid at 0.25 mM.
The complex (5 mg ml™) was adsorbed to glow-discharged holey
carbon-coated grids (Quantifoil 300 mesh, AuR1.2/1.3) for 10 s. Grids
were then blotted for 3 to 6 s at 100% humidity (8 °C) and frozen in
liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific).
Data were collected in counted super-resolution mode on a Titan
Krios G3 (FEI) operating at 300 kV with a BioQuantum imaging fil-
ter (Gatan), and K3 direct detection camera (Gatan) at x105,000
magnification, physical pixel size of 0.832 A. Then, 12,071 videos
(5,997 and 6,074 videos in datasets 1 and 2, respectively) were
collected for Oatl-Syb in the phosphate-bound state at a dose rate of
17 e”/A? per s, exposure time of 3.00 s, corresponding to a total dose
of 51e7/A% over 40 fractions. For the Oatl a-KG bound state, 11,436
videos were collected at a dose rate of 14 e /A% per s, an exposure
time of 3.00 s, corresponding to a total dose of 42 e /A? over 40
fractions. For the Oatl-tenofovir bound state, 13,650 videos were
collected at a dose rate of 14 e /A% per s, an exposure time of 3.00 s,
corresponding to a total dose of 42 e /A? over 40 fractions. For the
Oatl-probenecid bound state, 13,650 videos were collected at a dose

rate of 16 e /A% pers, an exposure time of 3.0 s, corresponding to a total
dose of 48 e /A? over 40 fractions.

Cryo-EM data processing and model building

Initial micrograph processing was performed in real-time using
the SIMPLE pipeline*’ using SIMPLE-unblur for patched (15 x 10) motion
correction, SIMPLE-CTFFIND for patched contrast transfer function
estimation and SIMPLE-picker for particle picking and particle extrac-
tion. Allsubsequent processing was performed in either cryoSPARC*™
or RELION-3.1 (ref. 51) using the csparc2star.py script within
UCSF pyem™ to convert between formats. Resolution estimates were
derived from gold-standard Fourier shell correlations (FSCs) using
the 0.143 criteria calculated within cryoSPARC. Local-resolution
estimations were calculated within cryoSPARC.

For RnOatl a-KG (Extended Data Fig. 1), the extracted 7,773,020
particles were subjected to two rounds of 2D classification and
selected 2,487,954 particles were classified by three classes ab initio
reconstruction. Using the apo state as the reference map (described
below), 683,785 particles belonging to the RnOatl-Syb map were
used for nonuniform refinement (8 A initial low-pass) to yield a
3.7 A map. These particles were Bayesian polished and classified
in2D to generate asubset of 541,002 cleaned and polished particles.
To obtain RnOatl1-Syb particles with a-KG, these particles were sub-
jected to four classes of alignment-free classification with a mask
around the binding site in RELION. One class of the classification
was selected, and subsequently the remaining junk was removed
by 2D classification. The remaining particles (240,196) were used
for nonuniform and local refinements in cryoSPARC, and the final
RnOatl-Syb with a-KG map was determined at 3.53 A, based on
the FSC = 0.143 criteria. Another class of alignment-free classifica-
tionwere selected, and similar steps were performed. The remaining
particles (202,820) were used for nonuniform and local refine-
ments in cryoSPARC, and the final RnOat1-Syb with low-occupancy

a-KG map was determined at 3.43 A, based on the FSC = 0.143
criteria.

For RnOatl1-Syb with tenofovir (Extended Data Fig. 5), the
extracted 7,346,974 particles were subjected to three rounds of
alignment-free classification (whole, pocket and whole masks in
first, second and third rounds, respectively) in RELION, the remain-
ingjunk particles were removed by 2D classification. Then1,102,600
particles belonging to RnOat1-Syb were Bayesian polished and clas-
sified in 2D to generate a subset of 431,708 cleaned and polished
particles, which yielded a 3.9 A map. Particles (210,734) belonging
to RnOatl-Syb with tenofovir were used for nonuniform and local
refinementsin cryoSPARC, and the final map was determined at 3.61A,
based onthe FSC = 0.143 criteria. The adenine moiety of tenofovir fits
the nonprotein density, with an aromatic m-minteraction by Phe438,
and the further additional density corresponding to the phospho-
nomethoxypropy moiety was observed between the adenine moiety
and Tyr230 (Extended Data Fig. 10). For RnOat1-Syb with probene-
cid (Extended Data Fig. 6), the extracted 8,206,223 particles were
subjected to two rounds of 2D classification, and selected particles
were classified by two classes ab initio reconstruction. Then 792,829
particles belonging to RnOat1-Syb were Bayesian polished in RELION,
then were subsequently subjected to four rounds of alignment-free
classification, using a mask around the binding site in RELION, and
remainingjunks were removed by 2D classification. Particles (107,118)
belonging to RnOatl-Syb with probenecid were used for nonuniform
andlocalrefinementsin cryoSPARC, and the final map was determined
at 4.01A, based on the FSC = 0.143 criteria. Model and restrain files
were generated by PHENIX elbow package®***. The benzoic moiety
of tenofovir fit the nonprotein density observed near Tyr230, and
the further additional density corresponding to the dipropylsul-
famoy moiety was observed near the benzoic moiety (Extended Data
Fig.10).
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For the RnOatl phosphate state (Extended Data Fig. 7), in data-
set 1, all extracted particles were classified by two rounds of 2D in
cryoSPARC and four classes ab initio reconstruction in cryoSPARC
was performed by selected 969,323 particles derived from the second
round of 2D classification. Subsequently, particles belonging to a
putative RnOatl1-Syb map were reconstituted by the second round of
abinitio. Next, all extracted 6,288,736 particles from both datasets 1
and 2 were subjected to one round of 2D classification in cryoSPARC
and selected 3,021,945 particles were used for heterogeneous refine-
ment (10 A initial low-pass) under three junk (first round ab initio)
and one RnOatl1-Syb (second round of ab initio) maps. Particles in
the RnOat1-Syb class were subjected to one round of 2D classifica-
tion in cryoSPARC. Subsequently, 585,341 particles were reconsti-
tuted into a 3D map by nonuniform refinement (8 A initial low-pass),
using the second-round abinitio map as the reference, toyielda4.3 A
map. These particles were Bayesian polished™ and classified in 2D to
generate a subset of 543,720 cleaned and polished particles, which
yielded a 3.7 A map in nonuniform refinement. These particles were
subjected to alignment-free classification with awhole protein mask
inRELION, and selected 92% (502,704) particles were subjected to 2D
classificationin cryoSPARC to remove remainingjunk particles. Then
458,380 particles belonging to RnOatl-Syb were used for nonuni-
form (8 Ainitial low-pass) and local (8 A initial low-pass) refinements,
and the final map was determined at 3.52 A based on the FSC = 0.143
criteria.

The AlphaFold> model of RnOat1 (ID AF-035956-F1) was manu-
ally fitted in the phosphate-bound state map on Chimera to gener-
ate the initial model. After model fitting, the models were manually
readjusted using COOT*® and refined using PHENIX*. The model and
restraint information for tenofovir and probenecid were generated by
the eLBOW program®*. The figures depicting the molecular structures
were prepared using Chimera®’, PyMOL (The Pymol Graphics System,
v.2.0; Schrodinger) and CueMol.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Coordinates for the structures have been deposited in the Protein
Data Bank (PDB) under accession codes PDB 8BW7 (Oat1-Syb-a-KG),
80MU (0atl1-Syb-low-occupancy a-KG), 8BVS (Oatl-Syb-tenofovir),
8BVT (Oatl-Syb-Probenecid) and 8BVR (Oatl-Syb-Phosphate). The
electron microscopy volumes have been deposited in the Electron
Microscopy Data Bank (EMDB) under accession codes EMD-16280
(Oat1-Syb-AKG), EMDB-16977 (Oatl-Syb-low-occupancy «-KG),
EMD-16270 (Oatl-Syb-tenofovir), EMD-16271 (Oatl-Syb-probenecid)
and EMD-16269 (Oat1-Syb). Source data for all uptake assays are
provided with this paper. For all other source data, please contact
S.N. All reasonable requests for source data will be actioned with an
appropriate MTA.
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Extended DataFig. 1| Cryo-EM processing workflow, showing local and
global map quality for the Oatl-a-ketoglutarate sybody complex. a, Image
processing workflow for Oat-sybody with a-KG. b, Gold-standard FSC curve
used for global-resolution estimates within cryoSPARC. ¢, Local-resolution of
reconstructed map as determined within cryoSPARC. Detergent density omitted

W

2/ /2N
for clarity. Sybody density is shown in wheat, Oat1 density blue and nonprotein
density gray. d, Close-up view of map and side-chain density for transmembrane
helices. e, Density for a-KG and side-chains coordinating the molecule. Density
colour is the same resolution range givenin c.
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Extended Data Fig. 2| Sequence alignment of OAT1 homologues. The protein includes uric acid and estrone sulphate®. URAT1is specific for uric acid uptake®'.
sequence of RnOatlis shown aligned with human OAT1, 2, 3, 4 and URATL. Both Highlighted are key important residues characterised within the study, blue - site
OAT1and 3 utilise a-ketoglutarate to exchange a wide number of organic anions 1, green - site 2, red - substrate selectivity, cyan salt bridge interacting residues,
and for OAT3 also certain non-anionic compounds®. Whereas OAT2, in addition grey - N-glycosylation sites. Residue numbers are identical between human and

to transporting organic anions, can also transport various nucleobases including ratsequences.
c¢GMP*’, OAT4 has amore reduced organic anion substrate specificity which
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Extended Data Fig. 3 | Analysis of Oat1-Sybody complex. a, Sliced through
volume representation of Oatl showing the electrostatic surface with key
structural features highlighted. Electrostatic surface of Oatl. b, Surface
display of Oatl with cartoon display of the sybody binder. The buried solvent
accessible surface area (>=15 A% is highlighted in orange. ¢, Electrostatic
surface representation of Oatl with the buried surface area highlighted. d, The
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hasaKpof 75 nM. n =4 independent experiments, calculated mean ts.d. is
shown.
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Extended Data Fig. 4 | See next page for caption.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-023-01039-y

Extended Data Fig. 4 | Functional characterisation of HSOAT1 and variants.
a, Westernblot of cell” based assay using an anti-Flag antibody for HsOAT1
variants, complete with anti-B-actin control. HSOAT1 runs as two bands, which
we interpret as an upper glycosylated band (indicating correct processing in the
Golgi®?) and alower band. b, OAT1shows a length specificity of dicarboxylate
transport. Each dicarboxylate was added at 0.5 mM to the assay buffer and
transport analysed after 8 minutes. n = 8 with error bars showing standard
deviation. ¢, aKG modelled into the density observed insite 1. If aKG s flipped
180 °C (right), the fit to the density is worse. d, Representative ICs, curves of

WT OAT1 for oKG or glutarate. Each concentration was repeated three times to

calculate standard errors, and the whole experiment was repeated four times

to calculate the mean IC,y and standard error. e, Analysis of transport activity of
the variants of OAT1 used in the study but not included in the main figures.

f, The presence of 10 mM sodium phosphate (+phosphate) has no effect on OAT1
transport. g, Representative IC,, curves for aKG for WT (also shown in

Fig. 1finset) and the Ser350Ala and Tyr230Phe variants. Each concentration was
repeated three times to calculate standard errors, and the whole experiment was
repeated three times to calculate the mean IC,, and standard error. h, nano-DSF®
analysis of Oatlin the presence and absence of ligands.
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Extended DataFig. 5| Cryo-EM processing workflow, showing local and
global map quality for the low occupancy Oatl-«a-ketoglutarate sybody
complex. a, Image processing workflow for Oat-sybody with low occupancy
a-KG. b, Gold-standard FSC curve used for global-resolution estimates within
cryoSPARC. ¢, Local-resolution of reconstructed map as determined within
cryoSPARC. Detergent density omitted for clarity. d, Density for TM8 and high
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occupancy a-KG from PDB 8BW7. Inset zoomed in view of density showing
interaction Lys382 and the keto group of a-KG. e, Density for TM8 and low
occupancy a-KG from PDB 80MU. The a-KG molecule from d is shown for
comparison. Inset zoomed in view of a-KG binding site (site 1) showing weak
density for the ligand. f, and g, zoomed in views of TM8 from d and e respectively.
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Extended Data Fig. 6 | Cryo-EM processing workflow, showing local and
global map quality for the Oatl-tenofovir sybody complex. a, Image
processing workflow for Oatl-sybody with tenofovir. b, Gold-standard FSC curve
used for global-resolution estimates within cryoSPARC. ¢, Local-resolution of

reconstructed map as determined within cryoSPARC. Detergent density omitted
for clarity. d, Close-up view pf map and side-chain density for transmembrane
helices. e, Density for tenofovir and side-chains coordinating the molecule.
Colour is the same range as c.
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Extended DataFig. 7 | Cryo-EM processing workflow, showing local and
global map quality for the Oat1-Probenecid sybody complex. a, Image
processing workflow for RnOatl1-sybody with probenecid. b, Gold-standard
FSC curve used for global-resolution estimates within cryoSPARC. ¢, Local-

resolution of reconstructed map as determined within cryoSPARC. Detergent
density omitted for clarity. d, Close-up view pf map and side-chain density for
transmembrane helices. e, Density for probenecid and side-chains coordinating
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Extended Data Fig. 9 | Superposition of phosphate molecule in Site 1 and the
current model for alternating access transport in Oatl. a, Superposition of
aKG and phosphate bound Oatl (r.m.s.d. 0.633 A over 496 C, atoms). Inset left,
zoomed in view of Site 1 with key residues labelled. b, (i) The inward open state
of OAT1is stabilised through the formation of the salt bridge between Asp378
(TM8) and Lys431 (TM10). (ii) a-KG binding to Site 1 results in the breakage of
the Asp378-Lys431salt bridge, enabling the transporter to switch to the outward
open state. (iii) The outward open state is stabilised through the interactions
between the “+—+ motifs on TMs 4,5 and 10,11. (iv) Binding of organic anions

to Site1or drugs to Site 3 stabilise the C-terminal domains and facilitate
reorientation back to theinward open state, where the ligand is released into the

Extracellular
tunnel

ntracellular
tunnel

C-terminal
Bundle

cell. The chloride ion (green circle) in Site 2 facilitates transport by rigidifying
the C-terminal bundle and may contribute to positioning a-KG in Site1and drugs
into Site 3. (v) Probenecid inhibits OAT1by interfering with the Asp378-Lys431
saltbridge lock, binding the extracellular gate residues (Asn35 & Tyr354) and
may also disrupt Cl” ion binding. ¢, Analysis of the electrostatic surface potential
ofthe binding site in Oatl. The N-terminal bundle contains positively charged
regions that lead into the main cavity from the extracellular and intracellular
sides of the membrane respectively. These will facilitate anion entry and

exit. However, the surfaces adjacent to Sites1,2 and 3 are notable for being
hydrophobic and biochemically inert.
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Extended Data Fig. 10 | Functional characterisation of HSOAT1 using
6-carboxyfluorescein. a, The fluorescent model substrate 6-carboxyfluorescein
was used to assess the function of HsOAT1 overexpressed in HeLa cells. The
substrate was taken up by the cells over expressing WT HsOAT1 (WT) to a high
level compared to cells transfected with the empty vector (Empty). The amount
of compound also increased over time and was fully inhibited through the
addition of 0.1 mM pemetrexed (+P) to the assay buffer. A truncated version
which lacked the last 10 amino acids (Truncation), akin to the construct used
for structural determination, did not show any difference in uptake behaviour
to WT protein. The C-terminal region of OAT1 had also been previous reported
tobe non-required for transport®*. n = 4 independent experiments with error

bars showing standard deviation. b, The 6-CF assay shows a similar substrate
specificity for OAT1as reported within the literature? extending from known
good substrate (a-ketoglutarate, p-aminobenzoic acid), to poor substrates
(pemetrexed, cefadroxil). All substrates were added at 0.5 mM to the buffer and
the data shown is uptake after 8 minutes. n = 6 independent experiments with
error bars showing standard deviation. ¢, Tenofovir modelled into the density
observed insite 3 as described in the study (Left). If the ligand is flipped 180 °C
(right), the fit to the density and favourable interactions are worse.d and e,
Probenecid modelled into the density observed in site 3 as described in the study
(Left). If the ligand is flipped 180 °C (right), the fit to the density and favourable
interactions are worse.
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Statistics

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

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

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

[ ] Adescription of all covariates tested

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

0 XX X OO

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

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

X

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

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

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

Software and code

Policy information about availability of computer code

Data collection  Thermofisher EPU (ver. 3.2.0.4776REL) used to collect data on microscope

Data analysis SIMPLE3.0 - available on GitHub https://github.com/hael/SIMPLE3.0 RELION3.0 - published and freely available PHENIX ver. 1.20.1-4487-
published and freely available COOT ver. 0.9.2- published and freely available PRISM 9 - commercially available

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

Data

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

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Cryo-EM volumes and atomic models have been deposited to the EMDB (accession codes EMD-16280, EMD-16270, EMD-16271, EMD-16269) and PDB (accession
codes 8BW?7, 8BVS, 8BVT, 8BWR) respectively. Plasmids containing the synthetic nanobody binder (Syb25) have been deposited in Addgene (#197992).




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender n/a

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

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

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size Sample sizes were either triplicate or quadruplicate, as is standard practice in biochemical and cell based assays for transporters, to ascertain
accurate values for the data shown. Statistical methods were not used to determine sample size, but were used to calculate standard
deviations.

Data exclusions  No data were excluded.
Replication All assays were repeated a minimum of three times and were reproducible.

Randomization  Samples were not randomized for the experiments as this was not applicable (there were no confounding factors that could have biased the
results) for the biochemical assays described in our study.

Blinding No blinding was applied to the data generated in our study, (there were no confounding factors that could have biased the results) as this is
not applicable to the types of biochemical or structural data generated.

Behavioural & social sciences study design

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

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.




Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.
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Ecological, evolutionary & environmental sciences study design 2

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

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.
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Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale | Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? [] Yes X No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.q. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

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




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq

|Z Eukaryotic cell lines |Z |:| Flow cytometry

|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| Animals and other organisms
[] clinical data

|:| Dual use research of concern

XXNXX[s

Antibodies
Antibodies used anti-FLAG antibody (Merck F1804); Synthetic nanobody (sybody 25) was used in this study and is available from Addgene #197992;
anti-beta-Actin (Merck A2228)
Validation The synthetic nanobody was selected using our in house Llama based library and validated internally against negative controls.

Commercial antibodies were assumed correct and not validated further after purchase.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Hela cells purchased from Merck (93021013-1VL); Sf9 cells purchased from (Gibco 11496015)
Authentication As per supplier data. No further authentication was carried out following purchase.
Mycoplasma contamination The cell line was not tested for mycoplasma contamination in our laboratory.

Commonly misidentified lines  None.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

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

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.
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Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

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

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.
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Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock
|:| Ecosystems

|:| Any other significant area

XX XXX &

Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)




Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot

number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
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used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state, event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).




Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.
Field strength Specify in Tesla
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,

slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ]Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ ] Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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