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Hyperuricemia is a condition when uric acid, a waste product of purine
metabolism, accumulates in the blood. Untreated hyperuricemia can lead to
crystal formation of monosodium urate in the joints, causing a painful
inflammatory disease known as gout. These conditions are associated with
many other diseases and affect a significant and increasing proportion of the
population. The human urate transporter 1 (URATI) is responsible for the
reabsorption of ~90% of uric acid in the kidneys back into the blood, making it
a primary target for treating hyperuricemia and gout. Despite decades of
research and development, clinically available URAT1 inhibitors have limita-
tions because the molecular basis of URATI inhibition by gout drugs remains
unknown. Here we present cryo-electron microscopy structures of URAT1
alone and in complex with three clinically relevant inhibitors: benzbromarone,
lesinurad, and the recently developed compound TD-3. Together with func-
tional experiments and molecular dynamics simulations, we reveal that these
inhibitors bind selectively to URATI in inward-open states. Furthermore, we
discover differences in the inhibitor-dependent URAT1 conformations as well
as interaction networks, which contribute to drug specificity. Our findings
illuminate a general theme for URAT1 inhibition, paving the way for the design
of next-generation URATI inhibitors in the treatment of gout and
hyperuricemia.

Gout is a disease that afflicts up to 6.8% of the population globally' and
is the most common form of inflammatory arthritis, particularly
among men in developed countries*”. Characterized by recurrent
episodes of acute inflammatory arthritis, gout is primarily driven by
the deposition of monosodium urate crystals within joints. Hyperur-
icemia, a major risk factor for gout, is characterized by an accumula-
tion of uric acid in the blood and is increasingly recognized as a
potential contributor to a spectrum of comorbidities, including car-
diovascular diseases, renal disorders, kidney failure, diabetes, and

metabolic syndrome®®. Currently, 21% of Americans are diagnosed
with hyperuricemia®, and global prevalence is estimated to be up to
36% in different populations®. Despite these implications, the man-
agement of hyperuricemia and gout remains suboptimal, largely due
to limitations in current pharmacological interventions. Unfortunately,
the number of gout cases is rapidly surging, with the prevalence of
gout increasing globally from 1990 to 2019 by ~21%, and by 90.6% for
men in the United States® This not only bears considerable impact on
individual quality of life, but also a quickly growing burden for public
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health. Much-needed improvements in treatments are therefore nee-
ded through a better understanding of the causes of gout and the
pharmacological targets.

The human urate transporter 1 (URATI) is encoded by the
SLC22A12 gene, which belongs to the SLC22 family of organic cation/
anion transporters. URATI, primarily expressed on the luminal side of
the renal proximal tubule, uptakes urate in exchange for exporting
monocarboxylates’, serving as a specific and major regulator of uric
acid reabsorption from the urine (Fig. 1a)°'°. Approximately 90% of the
urate filtered from the glomeruli is reabsorbed back to the blood-
stream, while only 10% is excreted in the urine". Reabsorption of urate
is largely mediated by URATI, making it the critical target for the
treatment of hyperuricemia and gout'>’. Case in point, 90% of
hypouricemia cases are linked to nonfunctional mutations in URATI,
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where the vast majority of mutations are protective against gout and
hyperuricemia®. Inhibition of URAT1 is therefore an effective strategy
to promote uric acid excretion to mitigate the risk of hyperuricemia-
related complications, including gout™.

Despite the clear therapeutic potential of targeting URAT]I, the
development of specific and potent inhibitors has proven challenging.
Benzbromarone (BBR) has been used to treat gout for more than 30
years'. Although it is a potent inhibitor of URATI and effective at
lowering serum uric acid concentrations, reports of hepatoxicity have
led to a reduction in its use™'. In 2015, the FDA approved lesinurad
(LESU) as arecently developed inhibitor of URATI for the treatment of
gout and hyperuricemia, but it must be co-administered with the
xanthine oxidase inhibitor allopurinol due to its toxicity and low
efficacy”. More recently, utilizing lesinurad as a lead compound, a
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Fig. 1| URAT1 biology and structure. a The role of URAT1 in urate reabsorption in
the kidney proximal tubule epithelium. b Chemical structures of URAT1 substrate
and inhibitors. c-e cryo-EM reconstructions, structures, and maps of the central

binding cavity for URATIs alone and in complex with benzbromarone (BBR-
URAT]Icg), lesinurad (LESU-URATIcs) and TD-3 (TD-3-URATIcs).
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Table 1| Cryo-EM data collection, refinement, and validation statistics

No ligand added-URAT1cs (EMD-

BBR-URAT1cs (EMD-46949)

LESU-URAT1cs (EMD- TD-3-URAT1cs (EMD-46951)

46948) (PDB 9DK9) (PDB 9DKA) 46950) (PDB 9DKB) (PDB 9DKC)
Data collection and processing
Magnification 105,000 105,000 105,000 105,000
Voltage (kV) 300 300 300 300
Electron exposure (e/R?) 50 50 45 60
Defocus range (um) -0.8t0-1.8 -0.8t0-1.8 -0.8to0-1.8 -1.0to 2.0
Pixel size (A) 0.835 0.855 0.4128 0.8469
Symmetry imposed C1 C1 C1 C1
Initial particle images (no.) 6,980,323 7,735,079 9,515,658 1,954,727
Final particle images (no.) 527,705 220,530 512,313 505,707
Map resolution (A) 2.68 3.00 274 2.55
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range A) 2.56-33.77 2.75-711 2.71-4.66 2.52-6.36
Refinement
Initial model used TD-3-URAT1cs TD-3-URAT1cs TD-3-URAT1cs 8ET6
(PDB code)
Maposharpening B fac- -123.3 -137.65 -146.7 -104.6
tor (A?)
Model composition
Non-hydrogen atoms 7660 7738 7662 7708
Protein residues 517 517 517 517
Ligands (0] BNZ:1 LES:1 TD-3:1
B factors (A2)
Protein 66.21 65.74 80.96 13.
Ligand - 30.00 85.33 93.91
R.m.s. deviations
Bond lengths (A) 0.003 0.003 0.003 0.006
Bond angles (°) 0.557 0.684 0.610 0.715
Validation
MolProbity score 1.30 1.31 1.34 1.33
Clashscore 5.61 5.70 6.14 4.67
Poor rotamers (%) 0.78 0.52 0.00 0.52
Ramachandran plot
Favored (%) 98.83 98.25 98.45 98.25
Allowed (%) 117 1.75 1.55 1.75
Disallowed (%) 0.00 0.00 0.00 0.00

group of bicyclic imidazopyridines were developed as URAT1
inhibitors'. Among these, a compound named TD-3 (compound 23 in
the original study) exhibits exceptional properties, including excellent
ability to lower serum urate in vivo, favorable safety and pharmaco-
kinetic properties, oral bioavailability, and potent in vitro inhibition
(ICsp 1.36 uM), surpassing lesinurad in all aspects'. Overall, TD-3 shows
promise as a drug candidate for hyperuricemia and gout’®.

These issues and progress highlight the pressing need for the
development of more selective and safer URATI inhibitors. In this
work, we seek to better understand URATI inhibition through func-
tional assays and cryo-EM, focusing on the inhibitors BBR, LESU and
TD-3. Our aim is to identify key structural features of URATI that could
be leveraged for future drug development.

Results

URATIs binds inhibitors in the inward-open conformation
Wild-type human URATI exhibits poor expression and stability when
expressed in HEK293S GnTI" cells, hindering structural elucidation. We
turned to consensus mutagenesis to improve protein yield and stabi-
lity, as previously implemented in our laboratory”. We obtained a
construct with 100% sequence identity to human URAT1 in the central

ligand binding cavity, with an overall 91% sequence identity to human
URATI (Supplementary Fig. 1a, 11). We hereafter refer to this construct
as URATIcs, which shows superior expression yields and stability by
size-exclusion chromatography (Supplementary Fig. 1b). However,
[*Cl-uric acid (UA) uptake assays in HEK293T cells transiently
expressing hURAT1 and URATIcs show that URATI1cs has substantially
weaker uptake activity compared with hURAT1 (Supplementary
Fig. 1c), albeit with significantly higher surface expression (Supple-
mentary Fig. 1d). This suggests URAT1cs adopts an over-stabilized
conformation but is still capable of turnover. Importantly, measure-
ment of the ICso for BBR, LESU and TD-3 in HEK293T cells expressing
hURATI versus URATIcs shows that URATI1cs binds these inhibitors
with high affinity (Supplementary Fig. le-g). So, despite a very slow
turnover, the inhibitor binding site and properties of the central cavity
are preserved.

We determined the cryo-electron microscopy (cryo-EM) struc-
tures of URAT1cs alone at 2.68 A, in complex with benzbromarone
(BBR-URATIs) at 3.00 A, in complex with lesinurad (LESU-URATIs) at
2.74 A and in complex with TD-3 (TD-3-URATlcs) at 2.55A (Fig. Ic, d,
Supplementary Figs. 2 and 3, Table 1). Robust cryo-EM densities within
the central cavity were identified, and the corresponding inhibitors
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Fig. 2 | URATI inhibitors bind non-competitively to the inward-open con-
formation. a Comparing the inward-facing (this study) and outward-facing (PDB
8WJQ*) URATI1 central cavity size highlights the steric restriction for inhibitor
binding to the outward-facing conformation of URAT1, demonstrating the possible
modes of inhibition. b-d Inhibition kinetics determination of [**C]-urate uptake
(0.9 Ci/mol) for BBR, LESU and TD-3, respectively, demonstrating that all three
inhibitors inhibit URAT1 non-competitively. Data are presented as mean + standard
error of the mean (S.E.M) (n = 3 biological replicates) with global non-linear fits for

PEE PP PP P FEE S S S

non-competitive (solid lines) or competitive (dashed lines) models of inhibition.
Best fit values and fitting statistics are provided in Table 2. e Central cavity of
URAT]L, using no ligand added URATIs. f Binding mode of urate within the central
cavity of inward-open URAT1 using PDB 9B1J*, highlighting the role of the aromatic
clamp and hydrophobic region of the cavity. g Effects of mutations on the central
binding cavity residues on uptake of 200 uM [**C]-urate (0.9 Ci/mol) in

HEK293T cells for 10 min at 37 °C in the presence of 1% DMSO. Data presented as
mean * standard deviation (S.D.) (n =3-29 biological replicates).

were unambiguously modeled. There is also a weaker density in the
central cavity of URATIs alone, likely from an endogenous molecule,
but its position and shape are distinct from those of the inhibitors
(Fig. 1e, Supplementary Fig. 4).

Like previously published OCT and OAT structures®??, URAT1
adopts a major facilitator superfamily (MFS) fold that consists of an
extended extracellular domain (ECD), a 12-helical transmembrane
domain (TM) and an intracellular helical bundle (ICH). The TM bundle
forms a 6 + 6 pseudosymmetrical arrangement where TMs 1-6 form
the N-terminal lobe (N-lobe), and TMs 7-12 comprise the C-terminal
lobe (C-lobe).

Interestingly, all the structures we report are of the inward-open
conformation, evidenced by the large opening of the central cavity to
the intracellular side (Fig. 1d). All the inhibitors occupy the central
binding pocket and make extensive interactions with URATI1cs, sug-
gesting inhibitors may prefer to bind to the inward-facing states
(Fig. 1e). Recently published structures of URAT1 with inhibitors
bound also show these compounds bind to the central cavity of the
inward-facing conformation”. No structure of inhibitor-bound

URATI in the outward-facing conformation has been reported,
although uric acid binds to multiple conformations?. This is notable
given that the common mechanism of clinical transporter inhibitors
is to stabilize outward-facing conformations®*?. We therefore
sought to explore the functional implications of this mode of binding
to URATL

URATI drugs are non-competitive inhibitors of uric acid uptake
We conducted a series of uptake experiments in HEK293T cells tran-
siently transfected with hURAT1, where [**Cl-uric acid and inhibitor are
introduced outside the cells, and their concentrations were varied to
establish the mode of inhibition for each of the compounds tested. We
predicted that since the inhibitors occupy the same central binding
pocket as uric acid, inhibitors stabilizing outward-facing states will
exhibit competitive inhibition whereas those stabilizing inward-facing
states will exhibit non-competitive inhibition (Fig. 2a). We found that
when comparing non-linear fits to the data of competitive versus non-
competitive inhibition, the non-competitive models consistently
resulted in far superior fits (Fig. 2b-d, Table 2). The functional data are
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Table 2 | Inhibition kinetics model fitting parameters

Inhibitor Kinetic model K urate (uM)® K, (uM)* Vimax (Pmol min" mg™)* Sy.x®
BBR Competitive 26.08 [11.29-48.59] 0.00213 [0.001-0.0042] 1591 [1355-1846] 306.7
Non-competitive 32.4[20.7-47.9] 0.033[0.025-0.045] 1700 [1530-1881] 231.0
LESU Competitive 162.8 [126.4-210.1] 0.348 [0.275-0.439] 3625 [3335-3955] 196.3
Non-competitive 175.1[148.8-206.5] 1.63[1.46-1.82] 3725 [3522-3947] 137.2
TD-3 Competitive 82.19 [59.19-113.0] 0.079 [0.057-0.111] 2259 [2071-2472] 208.0
Non-competitive 115.3 [99.21-130.4] 0.44[0.38-0.50] 2515 [2393-2644] 1221

“Fit value with 95% confidence interval [lower value-upper value].

P
®Model fit quality as reported by the standard deviation of the residuals, where Sy.x = 1/ % and nis the number of data points (18) and K is the number of fitting parameters (3). When comparing
two models, a lower value denotes a better fit. For all inhibitors tested, non-competitive models yield superior fits.
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Fig. 3 | URATI central cavity and benzbromarone binding site interactions.
a, b Binding interactions with BBR. ¢ Effects of mutations on inhibition by 0.5 uM
BBR on uptake of 200 uM [**C]-urate (0.9 Ci/mol) in HEK293T cells for 10 min at
37°C. Data reported as mean * S.D. for n=3-27 biological replicates. d Left,

representative time series traces of root mean squared deviation (R.M.S.D) for
charged (red) or neutral (gray) BBR binding in a 1pus MD simulation. Right, fre-
quency distribution of R.M.S.D. values for charged (red) or neutral (gray) BBR
binding over all five replicate MD simulations.

consistent with our structural observations that these inhibitors sta-
bilize inward-facing states of URATL.

Structures of URATI (apo and with uric acid bound) in the
outward-open conformation were recently reported?* of constructs
that either utilized the R477S mutation®® or a combination of loop
engineering and maltose binding protein (MBP)—designed ankyrin
repeat protein (DARPin) fusions®. Comparing the binding site of the
inward- and outward-open conformations of URATI reveals that the
cavity is far too restrictive in the outward-open conformation to allow
inhibitor binding, while the inward-open conformation is much more
expansive (Fig. 2e), likely explaining why there are no reported
inhibitor-bound structures of outward-open URAT1%,

The fact that many MFS transporters bind inhibitors in the out-
ward open state is functionally consistent with inhibitors most com-
monly accessing the transporter from the cell exterior (i.e. blood) to
inhibit transport. URATI is expressed on the apical membrane in the
proximal tubule of kidneys, so URAT1 is exposed to the urine but not to
the blood (Fig. 1a). We therefore propose that URATI inhibitors bind
non-competitively from the intracellular side of the apical membrane

(Figs. 1a and 2a). We then wanted to investigate the binding site and
probe the functional significance of the residues lining it.

Central cavity of URAT1

In the URATIcs structure, the central cavity is mildly conserved (Sup-
plementary Fig. 5) and lined with amino acid residues that can be
divided into three general groups: a cluster of hydrophobic residues
that are distributed on TM2 and TM4 including Y152, L153, 1156 and
M214, which we termed the hydrophobic region; a cluster of aromatic
residues on TM5, TM7 and TM10 that spans two opposite sides of the
cavity including F241, F360, F364, F365 and F449, which we term the
aromatic clamp; and a span of polar or charged residues on TM1, TM4,
TMS5, and TMS8 including S35, T217, N237, S238, D389 and K393
(Fig. 3a). In most MFS-type transporters, TMs 1,4,7 and 10 (termed as A
helices) form the central substrate-binding cavity”. In contrast, TMs 1,
2, 4,5, 7, 8 and 10 are all involved in the formation of the central
binding cavity of URATIcs in an inward-facing state. This recruitment
of additional TMs is an intriguingly distinct mechanism for
URATI substrate/inhibitor recognition and function.
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We performed mutagenesis together with radioactive uptake of
[*C]-uric acid and found that the aromatic and hydrophobic residues
on TMs 2 and 7 (Y152, 1156, M214, F364, F365) exhibit great effects on
uric acid uptake upon mutation (Fig. 3b). Notably, F364A abolishes
function despite its surface expression (Supplementary Fig. 6). D389
and K393 on TMS8 form a salt bridge that is likely more critical to
transporter gating than substrate binding directly, as they do not
appear close enough to directly interact with uric acid, in agreement
with the previous structure®. Interestingly, K393 is critical for func-
tion, as K393R does not substantially restore activity compared to
K393A. Of the critical residues, Y152A is not expressed (Supplementary
Fig. 6), but Y152F largely restores activity (Fig. 3b).

Binding of benzbromarone to URATI1

In our structure of BBR-URAT1¢s there is an unambiguous non-protein
cryo-EM density centered within the cavity, which allowed us to build
the BBR molecule with good confidence, and its conformation is
similar to published BBR structures (Supplementary Fig. 7a). BBR
forms extensive interactions with the aromatic clamp and occupies the
hydrophobic region with its benzofuran group, a position occupied by
uric acid in the outward-open conformation® (Supplementary Fig. 8).
Interestingly, the brominated phenolic group interacts with F364 as
well as F241 and F449 of the aromatic clamp via -1t interactions. F241
and F364 are both required for uric acid transport as their mutation to
alanine eliminates activity, therefore the effect of these mutations on
inhibitor binding could not be probed by activity assays (Fig. 2g). The
F365A mutant also significantly reduces activity (-25% WT; Fig. 2g), but
has a rather minimal impact on BBR binding, interacting only slightly
with the benzofuran group (Fig. 3a-c). L153A, 1156A and M214A, how-
ever, have larger effects on inhibition potency, and S238 on TMS5 also
shows an effect, indicating an important role for these residues for
inhibition and a particular importance of the hydrophobic region for
BBR binding. To verify the binding mode and stability of BBR binding,
molecular dynamics (MD) simulations were conducted on both the
charged and neutral forms of BBR, where ionization of the phenolic
hydroxyl is readily delocalized across the phenolic ring and extends to
the para-carbonyl (Supplementary Fig. 7b)*°. Benzbromarone appears
additionally stabilized by interactions of the partially ionized hydroxyl
with K393 (Fig. 3a, b), which is absolutely required for transporter
function, so its contribution to benzbromarone binding affinity could
not be elucidated (Fig. 2g). The MD results in Fig. 3d show the repre-
sentative R.M.S.D trajectory and histogram for the anionic and neutral
forms of BBR within a 1us timespan, respectively (Supplementary
Fig. 9). Neutral BBR, having a lower average R.M.S.D, appears to be
more stable inside the cavity compared to the anionic form. This
suggests a possible charge interaction with K393 does not significantly
contribute to BBR binding, and the neutral form of BBR is more stably
bound to URAT1 than the anionic form.

Inhibition of URATI by lesinurad and TD-3

LESU and TD-3 were modeled confidently into strong, unambiguous
densities within the central cavity of URATI1cs (Fig. 1e). We noticed that
the binding pose of our LESU is distinct from those of recently
reported structures”” (Supplementary Fig. 10). We therefore made
careful analyses including map-to-model correlations, all-atom MD
simulations, and visual inspection and concluded that our LESU
binding pose is the most accurate model (Supplementary Fig. 10). For
both LESU and TD-3 the naphthalene ring (including the bromo/
cyclopropyl groups of LESU/TD-3, respectively) largely occupies the
hydrophobic region, whereas the heterocycle moieties interact with
the aromatic clamp (Fig. 4a, b, d, e). Within the hydrophobic region,
M214A has the largest impact on inhibition by LESU (Fig. 4c) and TD-3
(Fig. 4f), in comparison to BBR where I156 plays a more significant role
in binding (Fig. 3c). M214 interacts broadly with LESU and TD-3 and
specifically with the naphthalene rings of both through an St

interaction, which is known to impart significant binding
stabilization®*, Unlike BBR, LESU and TD-3 contain mono-carbox-
ylates—localized anions—like the endogenous counter substrates of
URAT1’. However, while K393 appears to electrostatically stabilize BBR
binding, the carboxylates of LESU and TD-3 bind away from K393,
appearing instead to potentially hydrogen bond with N237. Mutation
of N237 to alanine does not, however, appreciably impact inhibition
potency (Fig. 4c, f). M214 also engages with the carboxylate arms of
LESU and TD-3. Our MD simulations show stable binding of both drugs
(Fig. 4g, h) regardless of charge state (Supplementary Fig. 9), but TD-3
shows less mobility within the cavity compared to LESU, which may
correlate with its higher affinity to hURATL. Specifically, the carbox-
ylates of both LESU and TD-3 show considerable rotatability during MD
simulations, with the carboxyl and dimethyl groups of the carboxylate
arm of TD-3 appearing to always interact with M214. A residue that
again demonstrates its importance is S238 on TM5, which appears to
hydrogen bond with the heterocyclic triazole and imidazo-pyridine
rings of LESU and TD-3, which are sandwiched by the aromatic clamp.
Mutation of S238 to alanine substantially reduces the inhibition
potency of TD-3, and to a lesser extent, LESU. A picture therefore
emerges that rather than highly specific salt bridge interactions
between URATI1 and its inhibitors, there is a structural, electrostatic
and hydrophobic complementarity with -t interactions provided by
the aromatic clamp, S-mt interactions from M214, a general electro-
positive environment (Fig. 5b) and potential water-mediated interac-
tions with S238 on TMS5. Notably, based on the structure of urate-
bound URAT]L, urate overlaps perpendicularly with the location of the
naphthalene ring of the inhibitors (Supplementary Fig. 8). The larger
size, electronegativity, and hydrophobicity of the inhibitors are critical
for their high-affinity binding and ability to lock the transporter in the
inward-open conformation. Therefore, the interactions mediated by
the aromatic clamp and the polar group (both involving TMS5) are
important for activity and inhibitor binding.

Conformational flexibilities upon inhibitor binding

Despite all our URATIs structures being inward-open, directly over-
laying the models reveals an ~10° bend in TMS5 of the TD-3-URATIcs
structure, relative to the LESU-and BBR-URATIs structures (Fig. 5a).
TMS of URATIcs alone adopt a conformation similar to that of TD-3
bound URATIs, likely due to the endogenous molecule bound to the
URATIcs in the absence of inhibitors (Supplementary Fig. 4a). This
bend in TMS originates at G240, in proximity to the previously men-
tioned S238 residue that is important for inhibitor binding. Impor-
tantly, this conformational change is required to accommodate TD-3,
where a clash between TD-3 and N237 occurs with the LESU-bound
conformation. This observation suggests that there is a conforma-
tional ensemble defined by the position of TMS5, which can determine
inhibitor specificity. Furthermore, unlike for other organic anion/
cation transporters, there is no direct specific interaction of the
charged substrate/drug moiety with a complementary charged
residue'”?°. While R477 may have a role, the distance between the
guanidinium and the charged moieties of these inhibitors is >9 A. The
other basic residue, K393 interacts with the phenolic oxygen of BBR,
but is =8 A from the carboxylates of LESU and TD-3. A view of the
electrostatics of the URATIcs cavity shows, however, that the region to
which these carboxylate moieties or the phenolic ring of BBR occupy is
generally electropositive (Fig. 5b). Interestingly, the subtle conforma-
tional shift of TMS5 in the TD-3 structure induces an electrostatic
change in the upper portion of the cavity, which also appears to open
slightly larger for solvent access, suggesting that the conformational
difference is not limited to TMS rotation.

Discussion
Taken together, utilizing cryo-EM, functional studies and MDs simu-
lations, we have elucidated the inhibitory mechanism of URAT1 by
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Fig. 4 | Lesinurad and TD-3 binding site interactions. a, b Binding interactions
with LESU. c Effects of mutations on inhibition by 5uM LESU on uptake of 200 uM
[*C]-urate (0.9 Ci/mol) in HEK293T cells for 10 min at 37 °C. Data reported as
mean * standard deviation (S.D.) for n=3-27 biological replicates. d, e Binding
interactions with TD-3. f Effects of mutations on inhibition by 1M TD-3 on uptake
of 200 pM [*C]-urate (0.9 Ci/mol) in HEK293T cells for 10 min at 37 °C. Data

reported as mean + standard deviation (S.D.) for n =3-26 biological replicates.

g, h Left, Comparison of cryo-EM structure (no transparency) and MD simulation
snapshots (with transparency) of anionic LESU and TD-3 binding to URATIL. Middle,
representative R.M.S.D time series trace of LESU and TD-3 binding in 1 uys MD
simulations. Right, frequency distribution of R.M.S.D. values for LESU and TD-3
binding, respectively, over all five replicate MD simulations.

three clinically relevant inhibitors, revealing critical details about their
binding poses and the conformational changes upon binding, as
summarized in Fig. 5c, d. URATL is a specific transporter for uric acid,
but in exchange transports a variety of mono-carboxylates which have
a defined negative charge but vary in size’. URAT], in the outward-open
conformation, forms a small pocket complementary to uric acid
binding from the kidney lumen. Upon changing conformation to the
inward-open state, the binding pocket expands into a large electro-
positive cavity, expelling uric acid and allowing counter substrate
binding. Specifically, the aromatic clamp formed by F241 and F449 is

closed in the outward-open conformation but opens in the inward-
open conformation (Fig. 5¢)*. This poses an excellent opportunity for
inhibitors to bind to the large, hydrophobic yet electropositive cavity
of the inward-open URAT], stabilized by the aromatic clamp, giving
rise to a rather unique non-competitive mode of inhibition. Most
inhibitory drugs that target transporters, particularly MFS transpor-
ters, lock or stabilize the outward-facing conformation’®**-’, Several
inhibitor drugs have been found to bind to inward-facing conforma-
tions, but this is mostly a feature of the neurotransmitter/sodium
symporter family of transporters®?***, Our data suggest that most
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URAT1 inhibitors, if not all, likely target the inward-facing states of
URATL. Consistent with this idea, most URATI inhibitors are hydro-
phobic anions that can partition into and pass through the basolateral
side of the membrane from the blood, gaining access to URATI. We
posit that this is the optimal strategy for inhibiting not only URATI, but
also other uptake transporters located on the luminal face of the epi-
thelium, like in the gut and kidney.

The variability observed in drug-bound TMS5 conformation sug-
gests that multiple sub-conformations of the inward-open state are
possible, which may provide greater flexibility in accommodating
various anionic counter substrates. This is particularly valuable con-
sidering that, without this subtle conformational change, TD-3 cannot
bind to URAT1 and that this change drastically modifies the upper
cavity electrostatics, opening novel sites for inhibitor interaction. It is
unclear whether an induced-fit or conformation-selective mechanism
is employed in inhibitor binding to URATL. Given that variously sized
monocarboxylates act as counter anions, and that many natural URAT1
inhibitors exist—including multicyclic terpenes and long chain poly-
unsaturated fatty acids, which range significantly in size’—we spec-
ulate that inhibitors bind to URAT1 via a conformation selection
mechanism. The energetic penalty for switching to an inhibitor-

specific conformation would therefore play a role in inhibitor
specificity®?. This feature can be leveraged to achieve greater speci-
ficity and efficacy in transporter-targeted drug design.

We acknowledge a limitation of our study is the use of a consensus
construct (Supplementary Fig. 1a), which greatly facilitated our struc-
tural studies by being highly stabilized in the inward-open conforma-
tion albeit with substantially compromised activity (Supplementary
Fig. 1c). Most importantly the structure is nearly identical to other
published structures, with Ca RMSD values<1A (Supplementary
Fig. 10b), and allowed us to determine the highest resolution struc-
tures and most accurate ligand binding poses (Supplementary
Fig. 10a). We therefore believe that this strategy remains a valuable
tool for structural elucidation of other dynamic and less stable
proteins.

Our structural, computational, and functional analyses reveal
features critical for inhibitor binding. We found that the interactions of
the heterocycle and carboxylate groups of the inhibitors with the
aromatic clamp and the polar group (both involving TMS5) are parti-
cularly important. The stronger interactions at these regions make TD-
3 a higher-affinity inhibitor than LESU. It also does not seem that there
is a critical basic residue responsible for stabilization of the anionic
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inhibitors, but that these compounds bind to a generally electro-
positive cavity, where residues like K393 and R477 contribute. This
appears to be the general case for the SLC22 family of transporters,
which tend to lack a single defined critical charged residue that sta-
bilizes the complementarily charged ligand*. Further structure-
guided optimization of these interactions will be crucial in developing
the next generation of URATI inhibitors.

Our findings also suggest that the hydrophobic nature of URAT1
inhibitors not only facilitates interactions with the hydrophobic region
of the cavity but also increase their effective local concentrations by
partitioning into the membrane®, contributing to their apparent affi-
nities. BBR has the greatest apparent affinity and, in the neutral form,
has the highest predicted partition coefficient (XLogP3 = 5.7), whereas
LESU is less hydrophobic (XlogP3=4.7)*® and appears to bind less
tightly. This difference is expected to be exacerbated for the charged
states, where the negative charge on BBR is distributed over the entire
phenolic system and carbonyl oxygen (Supplementary Fig. 7b) but
concentrated on the carboxylate of LESU and TD-3. High hydro-
phobicity of BBR would increase its effective concentration sub-
stantially, whereas anionic LESU does less well. Consistent with this
idea, the MD simulations of BBR binding suggest that direct interac-
tions between BBR and URAT1 are weaker than those of LESU and TD-3.
The high hydrophobicity and delocalized negative charge make BBR
likely to interact with many off-target membrane proteins, as already
reported in its effects on many different classes of membrane and
soluble proteins®*. TD-3 has a moderate partitioning but stronger
interactions with URATI compared to LESU, which results in superior
pharmacology, suggesting that a tuning of compound hydrophobicity
is required for optimal drug targeting. These differences in charge
density and binding may also contribute to drug specificity, as LESU
and TD-3 are able to bind with their carboxylates more deeply into the
electropositive portion of the cavity. Tailoring carboxylate positioning
to perhaps better engage K393 and/or R477, as well as tuning inter-
actions with key residues like M214 and S238, could also be considered
for future therapeutic development. This, in addition to ensuring
compound hydrophobicity for lipid partitioning, ensures that drug
binding engages both the N- and C-domains of the transporter by
utilizing the aromatic clamp and hydrophobic region to rigidly stabi-
lize the inward-open conformation of the transporter.

The rising global incidence and suffering caused by gout and
hyperuricemia, and the increasing burden on public health systems,
necessitates the development of novel inhibitors of URATI that exploit
the features outlined above. We believe the insights provided by our
studies can help achieve more optimal drugs to combat this grow-
ing issue.

Methods

Consensus mutagenesis design

Consensus constructs were designed in a similar manner to what has
been previously reported?, with minor modifications. First, PSI-
BLAST was performed to identify 250 hits from UniProt database using
human wild-type URATI (UniProt ID Q96S37) as query. The hits were
manually curated to remove non-URAT1 or incomplete sequences. The
remaining sequences were subjected to sequence alignment using
MAFFT*¢, The consensus sequence was then extracted in JalView*” and
aligned to the WT sequence in MAFFT. The final construct features
sequence registers consistent with WT.

HEK293T radiotracer uptake assays

HEK293T cells (ATCC) were cultured in DMEM media (Gibco) sup-
plemented with 10% (v/v) FBS (Gibco) and penicillin-streptomycin
(Gibco). The full-length human URAT1 or URATcs sequences were
codon-optimized for Homo sapiens and cloned into the BacMam
vector with a PreScission protease-cleavable C-terminal green fluor-
escent protein (mEGFP) and FLAG-10xHis purification tags. Site-

directed mutagenesis was used to introduce mutations into this
background. Empty vector controls utilize the BacMam vector bear-
ing only a FLAG-10xHis-tagged mEGFP. Cells were grown to 60-80%
confluency in 10 cm dishes and transfected using 7 ug plasmid DNA
and 7 uL TransIT-Pro reagent (Mirus Bio). The next day, cells were
detached and transferred to poly-L-lysine-treated 24-well plates. After
an additional two days at 37 °C, the wells were rinsed three times with
uptake buffer (25 mM MES-NaOH (pH 5.5), 125 mM Na*-gluconate,
4.8 mMK'-gluconate, 1.2 mM MgSO,, 1.2mM KH,PO,4, 5.6 mM glu-
cose, .3mM Ca®-gluconate)*® and incubated at 37°C for 15 min.
Uptake was initiated by replacing the media with pre-warmed uptake
buffer containing the respective concentrations of [*C]-uric acid
(Moravek) and inhibitors. Uptake was quenched by addition of ice-
cold DPBS (+Ca*/Mg*"), then washed thrice with ice-cold DPBS (+Ca*/
Mg?"). Cells were lysed in 0.1M NaOH, the protein concentration
determined by bicinchoninic acid (BCA) assay, and then transferred
to scintillation vials containing EcoLume™ (MP Biomedicals) for
counting or mixed with Ultima Gold XR and subjected to scintillation
counting using a MicroBeta2.

For inhibition kinetics studies, data were fit using GraphPad Prism
using competitive (Eq. 1) or non-competitive (Eq. 2) fitting models*’,
where K7 is the transport equivalent of the Michaelis constant (Ky),
Vimax is the maximal rate of transport, and K is the equilibrium constant
for inhibitor binding.

Competitive inhibition:

Vmax[s]
= — e 1
KL]l_pp +[S] ( )
Non-competitive inhibition:
VinalS]
= 2
K7 +[8] @

Where K =K (1+ 1) and Vi =V /(1+ )

Confocal microscopy of URATI-expressing cells

Confocal microscopy confirming surface expression of URAT1 and
mutants is performed as follows. HEK293T cells were transiently
transfected with the same construct used for uptake assays. After
seeding to glass bottom plates and allowing 2-3 days of expression,
cells are washed with DPBS two times, followed by nucleus staining
with 10 uM Hoechst 33342 (ThermoFisher) for 10 min. Cells were then
washed three times with DPBS and subjected to confocal imaging
using 405 nm (Hoechst 33342) and 488 nm (GFP) channels, respec-
tively, using a Nikon AX confocal microscope equipped with a x20
objective lens.

URATI protein expression and purification

Full-length consensus URAT1 sequences were codon-optimized for
Homo sapiens and cloned into the Bacmam vector, in-frame with a
PreScission protease cleavage site, followed by EGFP, FLAG-tag and
10x His-tag at the C-terminus. Baculovirus was generated according to
manufacturer’s protocol and amplified to P3. For protein expression,
HEK293S GnTI  cells (ATCC) were cultured in Freestyle 293 media (Life
Technologies) supplemented with 2% (v/v) FBS (Gibco) and 0.5% (v/v)
Anti-Anti (Gibco). Cells were infected with 2.5% (v/v) P3 baculovirus at
2.5-3 x 10° ml™ cell density. After 20 h of shaking incubation at 37 °C in
the presence of 8% CO,, 10 mM sodium butyrate (Sigma-Aldrich) was
added to the cell culture and the incubation temperature was lowered
to 30°C to boost protein expression. After 40-44 h, the cells were
harvested by centrifugation at 550 x g, and was subsequently resus-
pended with lysis buffer (20 mM Tris pH 8, 150 mM NaCl, 10 pg mL™
leupeptin, 10 pgmL™ pepstatin, 10 ugmL™ aprotinin, 1mM phe-
nylmethylsulphonyl fluoride (PMSF, Sigma-Aldrich). The cells were
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lysed by probe sonication (30 pulses, 3 cycles). The membranes were
subsequently solubilized by the addition of 1% (w/v) lauryl maltose
neopentyl glycol (LMNG, Anatrace), followed by gentle agitation at
4°C for 1h. The solubilized lysate was cleared by centrifugation at
16,000 x g for 30 min to remove insoluble material. The supernatant
was subsequently incubated with anti-FLAG M2 resin (Sigma-Aldrich)
at 4 °C for 45 min with gentle agitation. The resin was then packed onto
a gravity-flow column and washed with 10 column volumes of high-salt
wash buffer 2Q0mM Tris pH 8, 300 mM NaCl, 5mM ATP, 10 mM
MgS0,, 0.005% LMNG), followed by 10 column volumes of wash buffer
(20 mM Tris pH 8, 150 mM NaCl, 0.005% LMNG). Protein was then
eluted with 5 column volumes of elution buffer (20 mM Tris pH 8,
150 mM NacCl, 0.005% LMNG, 200 pg mL™ FLAG peptide). The eluted
protein was concentrated with a 100 kDa-cutoff spin concentrator
(Millipore), after which 1:10 (w/w) PreScission protease was added to
the eluted protein and incubated at 4 °C for 1h to cleave C-terminal
tags. The mixture was further purified by injecting it onto a Superdex
200 Increase (Cytiva) size-exclusion column equilibrated with GF
buffer (20 mM Tris pH 8, 150 mM NaCl, 0.005% LMNG). The peak
fractions were pooled and concentrated for cryo-EM sample
preparation.

Cryo-EM sample preparation

The peak fractions from final size-exclusion chromatography were
concentrated to 9-10 mg mlI™. For the no ligand added URATIcs sam-
ple, a final concentration of 2% DMSO was added. For ligand added
samples (BBR-URATIcs LESU-URATIcs, TD-3-URATIcs), 1mM benz-
bromarone, lesinurad (Sigma-Aldrich) or TD-3 dissolved in DMSO was
added 30-40 min prior to vitrification. For no ligand added URATIcg
and BBR-URATIcs samples, protein samples were mixed with a final
concentration of 0.5 mM fluorinated octyl maltoside (FOM, Anatrace)
prior to vitrification. For less-URATlcs and TD-3-URATIcs samples,
protein samples were mixed with a final concentration of 0.25mM
FOM prior to vitrification. After mixing with FOM, 3 uL of sample was
rapidly applied to a freshly glow-discharged UltrAuFoil R1.2/1.3 300
mesh grids (Quantifoil), blotted with Whatman No. 1 filter paper for
1-1.5s, then plunge-frozen in liquid-ethane cooled by liquid nitrogen.

Cryo-EM data collection

All datasets were collected using a Titan Krios (ThermoFisher) trans-
mission electron microscope operating at 300 kV equipped with a K3
(Gatan) detector in counting mode behind a BioQuantum GIF energy
filter with slit width of 20 eV. For no ligand added URAT1cs, movies
were collected at a nominal magnification of x105,000 with a pixel size
of 0.835 A/px at specimen level, using Latitude S (Gatan) single particle
data acquisition program. Each movie was acquired with a nominal
dose rate 0f 19.2 e /px/s over 1.8 s exposure time, resulting a total dose
of -50 e /A% over 40 frames. The nominal defocus range was set from
-0.7 to -1.7 pm.

BBR-URATI1s movies were collected at a nominal magnification of
x105,000 with a pixel size of 0.855 A/px at specimen level using Lati-
tude S. Each movie was acquired with a nominal dose rate 0of 19.3 e /px/
s over 2.0 s exposure time, resulting a total dose of -50 e /A2 over 40
frames. The nominal defocus range was set from -0.8 to -1.8 pm.

Les-URATIs dataset was collected using at a nominal magnifica-
tion of x105,000 with a super-resolution pixel size of 0.4128 A/px at
specimen level, using SerialEM*® data acquisition program. Each movie
was acquired with a nominal dose rate of 12.3 e/px/s over 2.0s
exposure time, resulting a total dose of -45 e /A% over 45 frames. The
nominal defocus range was set from -1.0 to —2.0 pm.

TD-3-URATIcs dataset was collected using at a nominal magnifica-
tion of x105,000 with a pixel size of 0.847 A/px at specimen level, using
SerialEM°. Each movie was acquired with a nominal dose rate of 18.2 7/
px/s over 2.4 s exposure time, resulting a total dose of ~60 e /A% and 60
frames. The nominal defocus range was set from -1.0 to 2.0 um.

Cryo-EM data processing

No ligand added URAT1cs. Beam-induced motion correction and
dose-weighing for a total of 18,880 movies were performed using
RELION 4.0%. Contrast transfer function parameters were estimated
using cryoSPARC’s patch CTF estimation®’. Micrographs showing
<4.5A estimated CTF resolution were discarded, leaving 18,854
micrographs. A subset of 1500 micrographs was used for blob picking
in cryoSPARC?, followed by 2D classification to generate templates for
template-based particle picking. 2D classes and associated particles
that show the best secondary structure features were used to train a
model in Topaz®, which were subsequently used for particle picking
with Topaz. A total of 6.98 million particles were picked, followed by
particle extraction with a 64-pixel box size with 4x binning factor. A
reference-free 2D classification was performed to remove obvious junk
classes, resulting in a particle set of 6.08 million particles. An iterative
ab initio reconstruction triplicate procedure was performed in cryoS-
PARC, as described previously'®**. Four rounds of ab-initio triplicate
runs were performed at 4x binned data, resulting in 4.04 million par-
ticles. The particles were then re-extracted with a 4x binned factor, and
6 rounds of ab-initio triplicates were performed, followed by re-
extraction without a binning factor, at a 256-pixel box size and 2.49
million particles. Twenty-six rounds of ab-initio triplicates were per-
formed with an unbinned particle set, which resulted in a 527,705
particle set and 3.33A resolution reconstruction by non-uniform
refinement, and 3.05 A resolution reconstruction by local refinement
with a tight mask covering only the protein region. The particle is then
transferred to RELION for Bayesian polishing, followed by transferring
back to cryoSPARC for local refinement, resulting in a 2.68 A final
reconstruction with 527,705 particles.

BBR-URATIcg

Benz-URATlIs dataset was processed similarly to that for the no ligand
added dataset with minor modifications. Beam-induced motion cor-
rection and dose-weighing for a total of 24,488 movies were per-
formed using RELION 4.0°". Contrast transfer function parameters
were estimated using cryoSPARC’s patch CTF estimation®. Micro-
graphs showing less than 4.5A estimated CTF resolution were dis-
carded, leaving 21,879 micrographs. A subset of 1000 images was
randomly selected for blob picking, which generated templates for
template picking in cryoSPARC, followed by the generation of a 21k
particle set for Topaz training. Using Topaz, a 7.73 million particle set
was picked. After 2D classification clean-up, 5.50 million particles were
retained and subjected to ab-initio triplicate runs. In brief, four, four
and 39 rounds of ab-initio triplicate runs were performed at 4x bin-
ning, 2x binning and unbinned data sequentially, generating a particle
set of 220,530 particles and a 3.29 A reconstruction by non-uniform
refinement. A tight mask covering only the protein region was gener-
ated using this map, and a local refinement using the same particle set
and tight mask generated a 3.28 A reconstruction. The particle set was
then transferred to RELION for Bayesian polishing, then transferred
back to cryoSPARC for non-uniform refinement and local refinements,
yielding the final reconstruction of 3.0 A with 220,530 particles.

LESU-URATIs

Les-URATIs dataset was processed similarly to that for the no ligand
added dataset with minor modifications. Beam-induced motion cor-
rection and dose-weighing for a total of 13,746 movies were performed
using RELION 4.0%. During motion correction, the micrographs were
two times Fourier binned to generate micrographs with 0.8256 A/px
pixel size. Contrast transfer function parameters were estimated using
cryoSPARC’s patch CTF estimation®. Micrographs showing <4.0 A
estimated CTF resolution were discarded, leaving 13,320 micrographs.
A subset of 1000 images was randomly selected for blob picking,
which was used to generate templates for template picking in cryoS-
PARC, followed by the generation of a 32k particle set for Topaz
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training. Subsequently, a 9.51 million particle set was picked using the
trained Topaz model. After two rounds of 2D classification clean-up,
5.04 million particles were retained and subjected to ab-initio triplicate
runs. In brief, four, seven and 21 rounds of ab-initio triplicate runs were
performed at 4x binning, 2x binning and unbinned data sequentially,
yielding a particle set of 512,313 particles and a 3.3 A reconstruction by
non-uniform refinement. The particle set was then transferred to
RELION for Bayesian polishing, then transferred back to cryoSPARC for
non-uniform refinement and local refinements, with the tight mask
applied, generating the final reconstruction of 2.74 A with 512,313
particles.

TD-3-URATIcs

TD-3-URATlI¢s dataset was processed similarly to that for the no ligand
added dataset with minor modifications. Beam-induced motion cor-
rection and dose-weighing for a total of 19,122 movies were performed
using RELION 4.0°. Contrast transfer function parameters were esti-
mated using cryoSPARC’s patch CTF estimation®?. Micrographs showing
less than 4.5 A estimated CTF resolution were discarded, leaving 15,790
micrographs. A subset of 500 images was randomly selected for blob
picking, which was used to generate templates for template picking in
cryoSPARC, followed by the generation of a 56k particle set for Topaz
training. Subsequently, a 1.95 million particle set was picked using the
trained Topaz model. After 2D classification clean-up, 1.65 million par-
ticles were retained and subjected to ab-initio triplicate runs. In brief,
three and four rounds of ab-initio triplicate runs were performed at 4x
binning, 2x binning, respectively, yielding a particle set of 1.04 million
particles and a 3.3 A reconstruction by non-uniform refinement. Fol-
lowed by ab-initio triplicate runs, two rounds of heterogeneous refine-
ment were carried out, using three reference classes of the previously
obtained 3.3 A reconstruction without low-pass filtering, low-pass fil-
tered to 6 A and 10 A, respectively. The class that shows the most
prominent high-resolution features, containing 505,651 particles, was
selected and subjected to non-uniform refinement and local refinement
with tight masking, yielding a 2.73 A reconstruction. The particles were
then transferred to RELION for Bayesian polishing, then transferred
back to cryoSPARC for local refinement, generating a final map of 2.55 A.

Model building and refinement

All manual model building was performed in Coot™ with ideal geo-
metry restraints. A previous OCT1 model (PDB ID 8ET6) was used as an
initial reference, followed by further manual model building and
adjustment. Idealized CIF restraints for ligands were generated in
eLBOW (in PHENIX software suite*®) from isomeric SMILES strings.
After placement, manual adjustments were performed for both pro-
tein and ligands, ensuring correct stereochemistry and good geome-
tries. The manually refined coordinates were subjected to real space
refinement in phenix-real.space.refine in PHENIX with global mini-
mization, local grid search and secondary structure restraints.
MolProbity*” was used to help identify errors and problematic regions.
The refined TD-3-URATI1cs cryo-EM structure was then rigid-body fit
into the no ligand added URATI¢s, BBR-URATIcs and LESU-URATIcg
maps, followed by manual coordinate adjustments, ligand placement
and adjustments, followed by phenix-real.space.refine in PHENIX. The
Fourier shell correlation of the half- and full-maps against the model,
calculated in PHENIX, was in good agreement for all four structures,
indicating that the models did not suffer from over-refinement.
Structural analysis and illustrations were performed using Open
Source PyMOL and UCSF Chimera X%,

MDs simulations

All-atom MD simulations in explicit solvents and POPC bilayer mem-
branes were performed using the cryo-EM BBR-, LESU-, and TD-3-
URATI¢s structures. The systems were assembled using CHARMM-GUI
Membrane Builder’**°. Each system was solvated in TIP3P water and

neutralized with 0.15M Na* and CI” ions®". Five independent replicates
were simulated for each system. Long-range electrostatics in solution
were treated with the Particle-mesh Ewald summation®**, and van der
Waals interactions were calculated with a cutoff distance of 9.0 A. The
systems were equilibrated following the CHARMM-GUI Membrane
Builder protocol. The production runs were performed in the NPT
(constant particle number, pressure, and temperature) for 1pus at
303.15K and 1bar with hydrogen mass repartitioning®*®* using the
following force fields: ff19SB for protein®®, OpenFF for ligand, and
Lipid21 for lipid®’. All simulations were performed with the AMBER22
package®® using the system inputs generated by CHARMM-GUIL. Ligand
binding stability was evaluated by calculating ligand RMSDs after
superimposing the TM of the protein structure throughout the MD
trajectory using CPPTRAJ®’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic coordinates have been deposited in the Protein Data Bank
(PDB) under accession codes 9DK9 (no ligand added-URATl1cs); 9DKA
(BBR-URAT1cs); 9DKB (LESU-URATIs); and 9DKC (TD-3-URATlcs).
The cryo-EM maps have been deposited in the Electron Microscopy
Data Bank (EMDB) under accession codes EMD-46948 (no ligand
added-URATlcs); EMD-46949 (BBR-URATIcs); EMD-46950 (LESU-
URATIcs); and EMD-46951 (TD-3-URATlcs), respectively. The MD
simulation data generated in this study have been deposited in Zenodo
[https://doi.org/10.5281/zenod0.15256013]. We have used the follow-
ing published structures for the initial model building: 8ET6. Source
data are provided with this paper.
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