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The urate transporter 1 (URAT1) is the primary urate « Contro
transporter in the kidney responsible for urate reabsorption and, f.i"&’f,;w
therefore, is crucial for urate homeostasis. Hyperuricemia causes the o VER(14M)
common human disease gout and other pathological consequences.

Inhibition of urate reabsorption through URAT1 has been shown as a
promising strategy in alleviating hyperuricemia, and clinical and
preclinical drug candidates targeting URAT1 are emerging. However,
how small molecules inhibit URAT1 remains undefined, and the lack of
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accurate URAT1 complex structures hinders the development of better o~ L‘ ¢
therapeutics. Here, we present cryoelectron microscopy structures of a & !
humanized rat URAT1 bound with benzbromarone, lingdolinurad, and BEN

verinurad, elucidating the structural basis for drug recognition and

inhibition. The three small molecules reside in the URAT1 central cavity with different binding modes, locking URAT1 in an
inward-facing conformation. This study provides mechanistic insights into the drug modulation of URAT1 and sheds light on the
rational design of potential URAT 1-specific therapeutics for treating hyperuricemia.
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eases.”> Currently, clinically used nonselective inhibitors of
UA transporters (known as uricosurics) include probenecid,
benzbromarone, sulfinpyrazone, and lesinurad.'”'* Recently,
the potent URAT1 inhibitor dotinurad has been approved for

Uric acid (UA), mainly existing as the deprotonated form of
urate under physiological conditions, is the end metabolite of
purines produced by xanthine oxidase." Humans and many

other primates have 3—10-fold higher serum uric acid (SUA) treating gout in JaPanfls’l6 the URATI'IS;’FSCiﬁC verinurad has
levels than other mammals owing to loss-of-function mutations been evaluated by two phase II trials, " and many other
in the uric acid oxidase,” which breaks down urate into 5- inhibitors of URAT1 are undergoing various preclinical studies
hydroxyisourate. Uric acid arguably has a role in immune and clinical trials,"”~*" highlighting the importance of URAT1
response as an antioxidant’ and may be a driving force for in the treatment of hyperuricemia. URAT1 belongs to the
exchanging other critical anions.” However, elevated SUA solute carrier 22 (SLC22) family, members of which include
levels (also known as hyperuricemia) affect ~20% of the global organic anion transporters (OATs) and organic cation
population and cause gout with a high prevalence of 1-6.8% transporters (OCTs) and have key roles in the absorption
worldwide and other pathological consequences, including and/or excretion of diverse endogenous metabolites and drugs
renal diseases, nephrolithiasis, hypertension, and vascular and xenobiotic deposition.22 Recent structural advances*>™>°
disease.” SUA levels are balanced between UA biogenesis have elucidated that SLC22 transporters assume a conserved
and excretion, of which UA is extruded in the kidney (70%) major facilitator superfamily (MFS) fold and employ the
and the gastrointestinal tract. Extensive studies have identified alternating access transport me chanism.>"* He et al. reported
that multiple transporters are involved in the complicated the cryo-EM structures of URAT1(R477S) and URATI-
processes of absorption and excretion of urate in the (R477S) in complex with urate, albeit the URAT1(R477S)

kidney,”*~'" among which URAT1 (encoded by SLC22A12)
is the predominant transporter responsible for urate
reabsorption."'> URAT1 is abundantly expressed in the
apical brush border membrane of the kidney, where it moves
urate into the kidney cells by exchanging intracellular organic
anions.'" Drugs that inhibit the xanthine oxidase and UA
reabsorption-related transporters, which decrease UA gener-
ation and increase UA excretion, respectively, have been
clinically used in managing hyperuricemia-associated dis-

exhibits reduced transport activity. He et al. were also unable

December 5, 2024
February 11, 2025
February 12, 2025
February 23, 2025

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacsau.4c01188

v ACS Publications 1308 JACS Au 2025, 5, 1308—1319


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junping+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjun+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han+Ke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haijun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nianxin+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingjie+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoguang+Lei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoguang+Lei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.4c01188&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01188?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01188?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01188?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01188?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01188?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/5/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/5/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/5/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/5/3?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.4c01188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

a b
300 -o- URAT1® Km =203+ 73 uM 3600 - o ool
3 - hURAT1 Km =80 40 M =
? > 2700 ® BEN (10 pM)
2 ° e LIN(1uM)
8 ©
-3 B 1800 ® VER(1pM)
3 ©
8 8
8 £ 900+
=) = .
c T T T T T 1 m
0 100 200 300 400 500 0 ... [¥1..
Uric acid (uM) hURAT1
Cc

URAT 186N

Figure 1. Functional characterization and EM structure of URAT1. (a) Concentration-dependent urate uptake by human wild-type (WT) and EM
forms of URAT1. HEK293T cells were subjected to various concentrations of urate for 20 min. Cells expressing GFP served as controls. The basal
uptake levels of GFP-expressing cells were subtracted. Data are presented as mean + s.e.m.; n = 3 independent replicates. (b) Inhibition of urate
uptake of WT and EM forms of URAT1 by benzbromarone, lingdolinurad, and verinurad. Cells were subjected to 250 uM urate with or without
inhibitors. The basal uptake levels of GFP-expressing cells were subtracted. Data are presented as mean + s.e.m.; n = 3 independent replicates. (c—
e) EM density maps of URAT1 in complex with benzbromarone (c), lingdolinurad (d), and verinurad (e). Protein, benzbromarone, lingdolinurad,
and verinurad are colored in white, purple, blue, and green, respectively.

to determine the structure of URAT1 in complex with its
clinical drugs.”® Dai and Lee reported cryo-EM structures of a
chimeric human URAT1 in complex with urate and antigout
drugs.”* Most recently, three more nonpeer-reviewed URAT1
papers were posted on bioRxiv. Suo et al. determined URAT1
in complex with three clinically relevant inhibitors: benz-
bromarone, lesinurad, and compound TD-3.* Guo et al.
reported the structures of URAT1 in complex with substrate
urate or inhibitors benzbromarone and verinurad.*® Wu et al.
reported the structures of URAT1 bound with uric acid,
dotinurad, benzbromarone, lesinurad, and verinurad.®’” How-
ever, considering the importance of URAT1 as a drug target,
the structure of URATI1 and the precise binding modes of
different small-molecule inhibitors in URAT1 remain to be
explored. In this work, we carried out structural, functional,
and computational analyses to elucidate the molecular
mechanisms for urate transport and uricosuric inhibition of
URAT1, providing critical structural insights into URATI1
pharmacology. Additionally, our URAT1 structures reveal
detailed structure differences between URAT1 and OCT/
OATs, which could serve as reliable templates for developing
URAT 1-specific therapeutics.
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We overexpressed human wild-type URAT1 (hURAT1) fused
with a C-terminal GFP in HEK293T cells and probed its uric
acid uptake activity using quantitative mass spectrometry
analysis, which yielded a Michaelis—Menten constant (K,,) for
urate in hURAT1 at 80 uM (Figure 1a), in agreement with the
findings of a previous study.”® However, purified samples of
hURAT]1 in detergents from HEK293T cells are heteroge-
neous and are not applicable for structural analysis (Figure
Sla). To overcome this obstacle, we screened URAT1 from
different species and found that rat URAT1 (rURAT1)
exhibits improved stability and homogeneity (Figure S1b).
Although rURAT1 shares a high sequence identity of ~74%
with hURAT1 and could accumulate uric acid to a lesser
extent, it exhibits decreased affinity to uric acid and most
hURAT]1 inhibitors.*”* Substituting N35, Y365, and M481 of
rURAT1 with S35, F365, and 1481 from hURAT1 almost fully
restored high affinity inhibition;*® we, therefore, generated a
humanized rURAT1 chimera with these three mutations of
N35S, Y36SF, and M481I (designated as rURAT1-3M),
which exhibits a sharp and symmetric monodisperse peak from
the size-exclusion chromatography (SEC) profile (Figure Slc).
To facilitate cryo-EM structure determination, we moved GFP
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Figure 2. Benzbromarone binding site in URAT1. (a) Concentration-dependent inhibition of URAT1¥™ by benzbromarone. Data are normalized
and presented as mean + s.e.m.; n = 3 independent replicates. The chemical structure of benzbromarone is presented. (b) Cut-open electrostatic
potential surface of URATIPEN. Positive and negative potentials are colored in blue and red, respectively. Benzbromarone is depicted in purple
sticks. (c) EM density map for benzbromarone. The densities for benzbromarone and surrounding residues are shown in a blue and gray mesh,
respectively. (d, e) Detailed benzbromarone site in URAT1. The side chains of residues involved in benzbromarone binding are shown as sticks.
Red dashed lines indicate potential hydrogen bond interactions. (f, g) Inhibition of human URAT1 WT and variants by benzbromarone. Cells were
incubated with either an assay buffer or a gradient of benzbromarone for 5 min before being exposed to 250 M urate for 15 min. The basal uptake
levels of GFP-expressing cells were subtracted. Data are normalized to their respective activities without benzbromarone and presented as mean +

s.em.; n = 3 independent replicates.

to the N-terminus and introduced a GFP-specific antibody to
the C-terminus of rURAT1-3M, functioning as a fiducial
marker for accurate particle alignments.*** The resulting
construct, namely, URATIEM, exhibits increased activity
compared to hURAT1 and slightly decreased urate affinity,
reflected by its K, value of 203 uM, which is ~2.5-fold of that
in hURAT1 (Figure 1a). Additionally, the transport activity of
URAT 1*™ was efficiently inhibited by three clinically evaluated
small-molecule inhibitors, benzbromarone (BEN), lingdolinur-
ad (LIN, also known as ABP-671), and verinurad (VER),
respectively (Figure 1b).

Next, we purified the URAT1®M samples in the presence of
those small-molecule inhibitors and analyzed them using cryo-
EM single-particle analysis (Figures S1d—f and S2—S4). After
extensive data processing, the final EM maps of URAT1*™
were gained at resolutions of 3.2—3.5 A (Figures S2—S4 and
Table S1). The models of URAT1®™™ containing Metl to
Leu515 were achieved based on the EM maps with the
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assistance of the rURAT1 AlphaFold2 model.** Importantly, in
the central cavities of the maps, we observed strong EM
densities in distinct shapes, which facilitate the assignment of
the small-molecule inhibitors of BEN, LIN, and VER (Figure
lc—e). The structure of URAT1®™ obeys the classic MFS
fold,*** comprising 12 transmembrane helices (TMs), which
are separated into an N-domain (TM1—6) and a C-domain
(TM7-12), a glycosylated extracellular domain (ECD)
between TM1 and TM2, and an intracellular four-helix bundle
under the N-domain (Figure SSa). The N- and C-domains
closely engage with each other on the extracellular side while
opening a V-shaped central cavity facing the cytosol,
elucidating that these structures were captured in an inward-
facing state (Figure SSa). Structure superpositions reveal that
URAT]1 shares a high degree of structural similarity to other
SLC22 transporters, reflected by small root-mean-square
deviation (RMSD) values of 1.5 A between URAT1®™™ and
rat OAT1 (PDB code 8SDU)*’ over 465 Ca atoms and of 1.7

https://doi.org/10.1021/jacsau.4c01188
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Figure 3. Lingdolinurad binding site in URAT1. (a) Concentration-dependent inhibition of URAT1®™ by lingdolinurad. Data are normalized and
presented as mean + s.e.m.; n = 3 independent replicates. The chemical structure of lingolinurad is presented. (b) Cut-open electrostatic potential
surface of URAT1"™. Positive and negative potentials are colored in blue and red, respectively. Lingdolinurad is depicted in cyan sticks. (c) EM
density map for lingolinurad. The densities for lingolinurad and surrounding residues are shown in a blue and gray mesh, respectively. (d, e)
Detailed lingolinurad site in URAT1. The side chains of residues involved in lingolinurad binding are shown as sticks. Red dashed lines indicate
potential hydrogen bond interactions. (f, g) Inhibition of human URAT1 (hURAT1) WT and variants by lingolinurad. Cells were incubated with
either an assay buffer or a gradient of lingolinurad for 5 min before exposure to 250 M urate for 15 min. The basal uptake levels of GFP-expressing
cells were subtracted. Data are normalized to their respective activities without lingolinurad and presented as mean =+ s.e.m.; n = 3 independent

replicates.

A between URAT1™ and human OCT1 (PDB code 8SC1)*’
over 388 Ca atoms (Figure S5b,c).

The central cavity of URAT1 is lined by TMs 1, 4, and 5
from the N-domain and TMs 7, 10, and 11 from the C-
domain, which constitute the urate recognition site and
translocation pathway (Figure SSa). The positively charged
cavity is similar to that of OAT1 and is opposite to OCT1
because URAT1 and OATSs prefer organic anions while OCTs
transport organic cations (Figure SSd—f). Despite the overall
structural similarity, the residues residing in the central cavity
of URAT1 display critical differences compared to those in
OATI1 and OCT1 (Figure S5g—i). We could not obtain the
urate-bound URAT1 structure, presumably because of the
urate’s relatively low affinity (Figure 1a) or because the 1 mM
urate concentration that we used may not have been high
enough compared to other recently published studies.”**
Interestingly, previous findings suggest that Ser35 and Phe365
are necessary for the interaction with urate,”® and Phe360,
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Gly361, and Arg477 are critical for urate transport.’® In the
URATT1 structures, these residues shape the interior of the
cavity and interact with the inhibitors (Figure SSg). Moreover,
Ser35, Phe360, Gly361, and Phe36S are not conserved in
OATI1 or OCT1 (Figures SSg—i and S6), further indicating
that these residues have an important role in urate recognition.
In line with these observations, the mutations F241A, F360A,
and F365A almost completely abolished URAT1 activity, and
F360A, F449A, and R477A also greatly reduced transport
activity; meanwhile, the mutants M214A and H245Q retained
~70% activity (Figure S5j).

Benzbromarone (BEN) is a potent inhibitor of URAT1 and
has long been used in treating gout.46 Our concentration-
dependent inhibition assay reveals that BEN has a half-maximal
inhibitory concentration (IC,) value of 425 nM in URAT1*™
(Figure 2a), which is approximately 2-fold of the reported ICs,

https://doi.org/10.1021/jacsau.4c01188
JACS Au 2025, 5, 1308—1319
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Figure 4. Verinurad binding site in URAT1. (a) Concentration-dependent inhibition of URATI™ by verinurad. Data are normalized and
presented as mean + s.e.m.; n = 3 independent replicates. The chemical structure of verinurad is presented. (b) Cut-open electrostatic potential
surface of URAT1ER. Positive and negative potentials are colored in blue and red, respectively. Verinurad is depicted in green sticks. (c) EM
density map for verinurad. The densities for verinurad and surrounding residues are shown in a blue and gray mesh, respectively. (d, e) Detailed
verinurad site in URAT1. The side chains of residues involved in verinurad binding are shown in the sticks. Red dashed lines indicate potential
hydrogen bond interactions. (f, g) Inhibition of human URAT1 WT and variants by verinurad. Cells were incubated with either an assay buffer or a
gradient of verinurad for 5 min before being exposed to 250 M urate for 15 min. The basal uptake levels of GFP-expressing cells were subtracted.
Data are normalized to their respective activities without verinurad and presented as mean + s.e.m.; n = 3 independent replicates.

value of 220 nM in hURAT1.*’ To unravel the binding site of
BEN in URAT1, we purified URAT 1¥™ with the addition of 10
4M BEN and determined the complex structure (URAT1%5N)
at 32 A (Figure 1c and Figure S2). In the inward-facing
URAT 1PN, BEN resides in the central cavity, touching the top
interior (Figures lc and 2b). Strong EM densities allowed
accurate assignments of BEN and surrounding residues (Figure
2¢). BEN engages in multiple polar and nonpolar interactions
with surrounding residues (Figure 2d,e). Specifically, the 3,5-
dibromo-4-hydroxyphenyl ring is embraced by a phenylalanine
tetrad of Phe241 on TMS, Phe360 and Phe364 on TM?7, and
Phe449 on TMI10, and one of the bromide atoms forms a
hydrogen bond interaction with GIn24S from TMS. Addition-
ally, the benzofuran ring is sandwiched by Met214 on TM4
and Phe365 on TM7 with the contributions of hydrophobic
interactions from LeulS3 and Ile156 on TM2 as well as weak
interaction from Arg477 on TMII. Sequence alignments
demonstrate that these key residues in URATI®™™ are
conserved in hURAT1 but not in other SLC22 transporters
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(Figure S7). Tan’s study40 revealed that substituting Ser35 and
Phe36S5 of hURAT1 with Asn35 and Tyr36S from rURAT1
decreased the inhibitory potency of BEN by 10- and 17-fold,
respectively. From the URAT1®™™ structure, the mutations
S35N and F365Y would reduce the pocket space, thus
hindering BEN’s binding to its site and decreasing the potency
(Figure S8b). A third mutation, I481M, reduced BEN potency
by 5-fold; however, Ile481 points out of the cavity and has no
direct contact with the inhibitor, suggesting that Ile481 may
indirectly affect BEN binding through interacting with other
residues or affect protein stability (Figure S8b).

To verify the binding model of BEN in URAT1, we mutated
the residues interacting with BEN and examined the sensitivity
of the mutants to benzbromarone. Mutations including F241A,
F364A, and F365A have no urate transport activity and thus
are excluded from this test (Figure SSj). However, these
mutants have expression and solution behavior similar to
hURAT1 based on fluorescence-detection size-exclusion
chromatography (FSEC) profiles (Figure S6). As illustrated
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in Figure 2fig, benzbromarone inhibitory effects on M214A,
F241Y, F360Y, F364Y, and R477K are decreased by 3-, 1.2-,
43-, 4.5-, and 11-fold, consistent with the finding of a previous
study showing that the mutation R477K reduced the potency
of BEN in hURAT1 by 4-fold. At the same time, F241Y
increased the ICs, by 2-fold."” Furthermore, mutating Ser35 of
hURATT1 to Asn3S, or Phe365 to Tyr36S as found in rURAT],
caused a significant 10-fold or 25-fold increase in the ICs,
value (Figure 2fg). Interestingly, the substitution of hURAT1
His24S with glutamine from rURAT1, which forms a hydrogen
bond with BEN in URAT1®*N (Figure 2d), has a negligible
effect on urate transport and increases BEN sensitivity by ~2-
fold (Figure SSj and Figure 2g), suggesting that His245 could
have a similar role in urate and BEN recognition to Glu24S.
Collectively, these findings indicate that benzbromarone
occupies the urate binding site and stabilizes URAT1 in the
inward-facing state, thereby inhibiting URAT1 activity.

Lingdolinurad (LIN) is undergoing phase II clinical trials
(NCTO04638543) for treating gout."” LIN has an ICg, value of
70 nM in URAT 1™, which is 6-fold more potent than BEN in
inhibiting URAT1*™ (Figures 2a and 3a). To define the
detailed binding site of LIN, we solved the structure of
URAT1*™™ in complex with LIN (URAT1™YN) at 3.4 A (Figure
1d and Figure S3). URAT1™N was captured in the inward-
facing state, the overall structure of which is nearly identical to
URAT "N with a small RMSD value of 0.35 A (Figures S3b
and S7a). Strong EM density in the central cavity
unequivocally elucidates a LIN molecule bound to URAT1
(Figure 3c). More precisely, the imidazo[1,2-a]pyridine ring is
encircled by the phenylalanine tetrad of Phe241, Phe360,
Phe364, and Phe449 and Thr32, Met36, and GIn245; a
hydrogen bond interaction between the nitrogen atom in the
imidazole ring and Ser35 is observed, which is absent in
URAT "N (Figure 3d). In addition, the hydroxy benzonitrile
group forms a strong hydrogen bond interaction with Arg477
and relatively weak polar interactions with Gln473 (Figure
3d,e), such interactions are not present in URAT1®FN,
Structure-guided point mutagenesis analysis elucidates that
the mutations M214A, F241Y, F360Y, and F364Y all reduced
the inhibitory effects of LIN by 13-, 1.7-, 113-, and 6-fold,
respectively; especially the mutations M214A and F360Y are
more critical (Figure 3fg). Specifically, mutating Ser35 of
hURATT1 to Asn35 or Phe36S to Tyr365 of rtURAT1 caused a
roughly 39- or 26-fold decrease in LIN inhibitory effects,
respectively, indicating that the hydrogen bond interaction
between Ser3S and LIN is critical for LIN binding (Figure
3f,g). The R477K mutation only caused a 2-fold decrease,
probably because the lysine residue can still form proper
interaction with LIN. Of note, substituting His24S of hURAT1
to a ’URAT1 GIn24S increased the potency of LIN, suggesting
that GIn245 in URATI®™™ may have a more important
contribution to LIN binding than does His245 in hURATI.
The superposition of the LIN and BEN binding sites reveals
that LIN and BEN occupy a largely overlapped region in
URAT1, and most of the residues involved in LIN binding are
identical to those with BEN (Figure S8c), partially owing to
the structural similarity between the two inhibitors (Figures 2a
and 3a). Surprisingly, their binding poses are distinct: LIN
underwent a 180° rotation parallel to the membrane plane
relative to BEN; additionally, Met214, Phe449, and Arg477
rotate their side chains to accommodate the respective
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inhibitors (Figure S8c). Notably, the guanidine group of
Arg477 moves away from the cavity to create space for
accommodating the hydroxy benzonitrile moiety of LIN. The
higher potency of LIN than BEN is presumably because of two
additional hydrogen bond interactions between LIN and Ser35
and Arg477. Based on these findings, LIN binds to a similar
site to that of BEN in URAT1 and locks URAT1 in the inward-
facing conformation.

Verinurad (VER) is a highly potent and specific URAT1
inhibitor for treating hyperuricemia and gout,'” which is at
least hundreds of times more potent than in human OATs and
rat URAT1. We show that VER has an IC;, value of 150 nM in
inhibiting URAT1®™ (Figure 4a), which is 6-fold less potent
than the ICy, value of 25 nM in hURATL."” To reveal the
structural basis for the high potency and specificity of VER, we
determined the complex structure of URAT1*™ bound to VER
(URAT1Y®}) at 3.5 A (Figure le and Figure S4). The overall
structure of URAT1Y™! is highly similar to URAT1®*N and
URAT1MN (Figure S8a). Still, the shape of the extra density in
the central cavity of URAT1V® is somewhat different from
that in the other two structures (Figure lc—e), indicating the
binding of a VER molecule to the inward-facing URAT1VER
(Figure 4b,c). Structural analysis suggests that most of the
important residues interacting with BEN and LIN are involved
in constituting the pocket of VER (Figure S8de). The
naphthalene double ring is cradled by the phenylalanine
tetrad; the pyridine ring is clamped by the Met214 and Phe36S
pair, of which the nitrogen atom engages in a hydrogen bond
interaction with Ser3S; moreover, the carboxyl group interacts
with GIn473, while Arg477 is positioned at the closest distance
of 5.2 A to the carboxyl group, suggesting that GIn473 might
contribute more for interaction (Figure 4d,e).

The previous findings have revealed that the mutations
S35N and F365Y reduce the potency of VER in hRUAT1 by
14- and 160-fold,"” respectively, suggesting that Ser3$ and
Phe365, which are not conserved in rURAT1 and human
OATs, are the most important determinants for the potency
and specificity of VER. The URAT1VE®R structure demonstrates
that Ser3S contributes a hydrogen bond, and Phe365 stabilizes
the binding coupled with Met214 (Figure 4d,e). Our point
mutagenesis functional assay indicates that the mutations
M214A, F241Y, F360Y, and R477K impaired the inhibition of
VER by 2-, 42-, 1222, and 103-fold ICs, changes, respectively
(Figure 4f,g). In particular, the S35N and F365Y mutants of
hURAT1 caused a 50- or 1200-fold increase in the ICy, value
compared with WT hURAT1, while the H245Q mutation
resulted in a slightly 2-fold increase (Figure 4f,g), highlighting
the important roles of S35 and F365 in VER recognition. VER
binds to a pocket similar to that of BEN and LIN in URAT]1,
which is shaped by the same residues with subtle conforma-
tional changes (Figure S8c—e). Thus, our structures have
defined a bona fide pocket for binding inhibitors, especially for
those with a two-ring and one-ring conjunction.

To gain insights into the dynamics and the binding differences
of the inhibitors interacting with URAT1, we conducted all-
atom molecular dynamics (MD) simulations using the
structures of URAT1PEN, URATIMYN, and URAT1VER as an
initial model, respectively. During the 400 ns MD simulation of
three independent repeats, the simulation for each of the three
inhibitors reached a steady state, demonstrating that the overall
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Figure 5. MD simulation of inhibitor binding in URAT1. (a—c) RMSD of BEN (a), LIN (b), and VER (c) plotted for three independent 400 ns
MD simulations. (d—f) Close-up view of the BEN (d), LIN (e), and VER (f) and binding sites showing the cryo-EM model and the representative
conformations of the simulation replicas. (g—i) Key residues’ root-mean-square fluctuation (RMSF) of BEN (g), LIN (h), and VER (i) plotted for

three independent 400 ns MD simulations.

binding poses of the three inhibitors appear to be relatively
tight, and BEN is more dynamic than LIN and VER, reflected
by the RMSD of BEN within 4 A while the RMSD of the other
two inhibitors is within 2 A (Figure Sa—c). We next analyzed
eight representative trajectories of each inhibitor and super-
imposed them with the respective structure, showing that BEN
and interacting residues, including Phe360 and Phe499, could
adopt different conformations, but LIN and VER are relatively
more stable (Figure Sd—f). Consistent with this, per-residue
root-mean-square fluctuation (RMSF) analyses suggest that
Phe360 of URAT1”*™ has the highest RMSF values among all
the tested residues (Figure Sg—i). These MD analysis results
align with the lowest potency of BEN in inhibiting URAT1*™
(Figures 2a, 3a, and 4).
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B CONCLUSIONS

Uric acid is the end product of purine metabolism, and a high
level of SUA is a non-negligible risk causing various
pathological conditions, including gout.”*”** Urate is mainly
excreted in the kidney, and blocking the renal reabsorption of
urate can lower SUA levels and potentially alleviate hyper-
uricemia-associated conditions; hence, uricosurics such as
probenecid, benzbromarone, sulfinpyrazone, and lesinurad
have been clinically used in treating hyperuricemia and §out,
and many novel URAT1 inhibitors are emerging, =~ '
highlighting the potential of URAT1 as an important drug
target. In this study, we selected three representative URAT1
inhibitors and investigated the structural basis of their modes
of action in inhibiting URAT1. Initially, we found that the
unstable human wild-type URAT1 samples impede structural
analysis. Instead, the introduction of the three human
mutations (N3SS, Y365F, and M481I) to rat URAT1 not
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only improves sample stability but also restores high affinity to
urate and inhibitors.*® We, therefore, successfully determined
the humanized rURAT1 structures in complex with
benzbromarone, verinurad, and lingdolinurad. Structural
analyses reveal that most residues constituting the central
cavity of URAT1*™ are identical to those in human URAT],
suggesting that these structures could serve as valuable
templates for structure-based drug design. Comparing
URAT1®™™ with OAT1 and OCT1 of the SLC22 family
elucidates that the nonconserved Ser3S, Phe360, and Phe365
are positioned at the apex of the interior, and Arg477 could
donate a positive charge for interacting with the negative
charge of UA, which together define urate recognition. The
important role of Ar§477 has been demonstrated in recently
published studies,”*° although the orientation of urate is not
consistent (Figure S9). The binding mode of urate in Wu et
al’s study (PDB code 9JDV)?” is even more different, probably
due to the opening differences of URATI1 and distinct
conformations of Arg477 and Phe241 (Figure S9). These
findings suggest that the urate binding pocket is relatively
flexible.

The inhibitor-bound complex structures clearly demonstrate
the detailed binding modes for the three inhibitors, which all
bind to a similar region and stabilize URAT1 in the inward-
facing state. This observation is consistent with previous
competitive inhibition results, suggesting that VER, BEN,
sulfinpyrazone, and probenecid bind to a similar site in
URAT1." Indeed, we have mapped the hot spots in URAT1
for drug binding: the phenylalanine tetrad of Phe241, Phe360,
Phe364, and Phe449 constitute a hydrophobic pocket for
accommodating hydrophobic moieties with one or two rings;
the hydrophobic pair of Met214 and Phe365 bears a distance
of 8 A and could tightly catch a ring-like group of bound
inhibitors between them; moreover, surrounding hydrophilic
residues such as Ser3$S, GIn245 (His24S in hURAT1), Asp389,
GIn473, and Arg477 could form hydrogen bond or electro-
static interactions with the branches on the inhibitors. These
residues are not fully conserved in URAT1 from different
species or other SLC22 members. For instance, the uricosurics
(probenecid, benzbromarone, sulfinpyrazone, and lesinurad)
are at least 100-fold more potent in inhibiting hURAT1 than
rURAT 1, which is mainly determined by Ser35 and Phe36S of
hURAT1.*" Additionally, the Met214/Phe365 pair is not
conserved in OATs or OCTs.

Recently, several papers reported URAT1 bound with
substrates or inhibitors.>>™>” Consistent with our results,
these studies also found that the purified WT human URAT1
is aggregated. To facilitate the structural study, Dai and Lee
engineered the human URATI by replacing the intracellular
loop between TM6 and TM7 of URAT1 (residues 280—343)
with the corresponding sequence from human OAT4 (residues
277—-339) and the extracellular loop between TM1 and TM2
of URAT1 (residues 60—65) with the corresponding sequence
from OAT4 (residues 60—62).”* Guo et al. engineered
hURAT1 via consensus design, which included 15 designed
mutations located on the periphery of hURAT1.° Suo et al.
also employed the consensus design, introducing more than 50
mutations, resulting in a chimeric URAT1 with 91% sequence
identity to hURAT1.” Interestingly, Wu et al. reported the
WT URATT structures;”” however, their maps have a relatively
lower resolution than other reports. Although different protein
engineering strategies were employed, the resulting drug-
bound structures are similar: benzbromarone and verinurad
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bound to the central pocket of the inward-open URATI.
However, the detailed binding poses are different. When
comparing these benzbromarone-bound URAT1 structures, we
found that the BEN orientation in our structure is similar to
that of Suo et al. (Figure S10a,b), whereas Guo et al. and Wu
et al. reported the BEN orientation displaying a 180° flip
parallel to the membrane (Figure S10c—g), suggesting that the
central binding pocket of URATI1 has some degree of
plasticity. In contrast to BEN, the binding mode differences
of VER are smaller, with some flexibility observed in the
naphthalene double ring and the carboxyl group of VER, while
the pyridine ring remains stable in the structures of these
studies®**%%’ (Figure Slla—c). Still, we observed an ~45°
counterclockwise rotation of the naphthalene double ring
group in our VER binding mode and an ~145° clockwise
rotation of Phe241 to accommodate and interact with VER
(Figure S11d—i). These observations further demonstrate that
the central pocket of URATI1 can bind different types of
ligands via adjusting local conformation changes. It is worth
noting that the differences in the binding modes of the
inhibitors could arise from the different protein engineering
strategies. In addition to benzbromarone and verinurad, we
also presented the complex structures of URAT1 bound to
lingdolinurad, which was not reported in other studies.
Lingdolinurad, developed by Atom Therapeutics, reduces
renal reabsorption of uric acid by inhibiting URAT1 and is
currently undergoing multicenter phase 2b/3 clinical trials
worldwide, including in China and the United States
(NCT05818085).* Given that structures with several small
molecules are now available and can be utilized for docking,
one might assume that the binding modes of these small
molecules would be very similar. However, we found that their
binding poses are surprisingly distinct. Specifically, lingdolinur-
ad underwent a 180° rotation parallel to the membrane plane
relative to benzbromarone. These findings underscore the
ongoing interest in the structures of lingdolinurad, particularly
given the relevance of URATI inhibitors in treating hyper-
uricemia-associated diseases.

The genes of full-length wild-type URAT1 of humans (UniProt
accession code: Q96S37) and rats (UniProt accession code:
Q3ZAV1) were inserted into a pEG2 vector with a Twin-Strep tag,
a green fluorescent protein (GFP), and an HRV 3C protease site
fused at the N-terminus. The EM construct contains a GFP-specific
nanobody fused at the C-terminus of URAT1. All mutations were
generated by the standard site-directed mutagenesis methods using
the Mut Express II Fast mutagenesis kit (Vazyme Biotech Co., Ltd.).
All constructs of URAT1 and mutants were confirmed by DNA
sequencing. For large-scale protein expression, the plasmids were first
transformed into DH1Obac cells (Thermo Fisher) to produce
bacmids. Then, purified bacmids were transduced into Spodoptera
frugiperda (Sf9) insect cells to produce the baculoviruses using the
Bac-to-Bac baculovirus expression system (Invitrogen). P2 baculovi-
ruses were amplified in Sf9 cells and were collected for protein
expression. HEK293F (Gibco, USA) cells were cultured in an OPM-
293 medium (OPM, China) in a 37 °C incubator supplemented with
5% CO, and shaking at 120 rpm. When cells grow to a density of
approximately 2.5 X 10° cells/mL, P2 baculoviruses are added to the
medium at a ratio of 1:100 (v/v). To increase protein expression,
filtered sodium butyrate (Sigma, USA) was added to the medium 12 h
after transfection at a final concentration of 10 mM. Cells were
cultured for another 48 h and then were harvested by centrifugation at
2000g for 3 min. The cell pellets were stored at —80 °C.
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For purification of URAT1®™™, cell pellets were resuspended in
buffer A containing 20 mM HEPES, pH 7.5, 150 mM NaCl, 2 mM f-
mercaptoethanol (f-ME), and protease inhibitors, including 1 mM
phenylmethylsulfonic acid acyl fluoride (PMSF), 0.8 uM pepstatin, 2
UM leupeptin, and 2 M aprotinin. Cells were manually broken in a
glass Dounce homogenizer on ice. Membrane fractions were collected
by ultracentrifugation at 100,000 g for 60 min. They were
resuspended in buffer A supplemented with 1% (w/v) n-dodecyl-f-
p-maltoside (DDM, Anatrace, USA) and 0.15% (w/v) cholesterol
hemisuccinate (CHS, Anatrace, USA). Cell membrane proteins were
solubilized for 1.5 h at 4 °C. To remove insoluble debris, a second
ultracentrifugation was performed at 100,000 g for 30 min. Then, the
supernatant was subjected to Streptactin beads (Smart-Lifesciences,
China) twice by gravity flow at 4 °C. After being washed with 10
column volumes of wash buffer B (buffer A supplemented with 0.01%
(w/v) lauryl maltose neopentyl glycol (LMNG, NG310, Anatrace),
the URAT1®™™ samples were eluted with S mL of buffer B
supplemented with S mM desthiobiotin (Sigma, USA). Subsequently,
the protein was concentrated and subjected to a Superose 6 increase
10/300 GL column (Cytiva) equilibrated with buffer C containing 20
mM Hepes, pH 7.5, 150 mM NaCl, 2 mM $-ME, and 0.001% (w/v)
LMNG. The peak fractions were concentrated to 15 mg/mL for cryo-
EM grid preparation. For each purification of URAT1—inhibitor
complexes, inhibitors were added to the purification buffers and to the
gel filtration buffers at a concentration of 10 yM.

To assess urate transporting, we adapted an LC-MS/MS-based
approach from a previous report.”” The main differences include that
HEK293T cells transfected with Vector, URAT1EM, hURAT1, and
hURAT1_mutants were used for the analysis and some modifications
with LC-MS/MS methods. For LC-MS analysis of metabolites,
samples were analyzed by reversed-phase liquid chromatography on
an ACQUITY UPLC I-Class system using an ACQUITY UPLCBEH
C18 1.7 um column (2.1 X 100 mm, 1.8 ym) (Waters). Water with
0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B) were
used as the mobile phase components at a flow rate of 0.2 mL/min.
For the analysis of uric acid, the S min gradient method was used as
follows: 0—2 min, 5% B; 2—4 min, 95% B; 4—5 min, 5% B. One uL of
the sample was injected.

Uric acid and uric acid-"*N, were quantified by multiple reaction
monitoring (MRM) m/z 167/124, 167/96, 169/126, and 169/98
analysis. GraphPad Prism software was used for nonlinear regression
and statistical analysis after subtracting basal uptake measurement
from GFP-expressing cells.

Before sample preparation, the purified URAT1 samples were
supplemented with 1 mM variant inhibitors and incubated for 1 h
on ice. After centrifugation at 18,000 g (M1324R, RWD) for 20 min
at 4 °C, aliquots of 3.0 L samples were applied to glow-discharged
holey carbon grids (Quantifoil, 300 mesh, R1.2/1.3, Cu). After
waiting for 30 s, grids were blotted for 2.0—4.0 s at 4 °C with 100%
humidity and plunged into liquid nitrogen-cooled liquid ethane by
using a Vitrobot Mark IV (Thermo Fisher Scientific).

All cryo-EM data sets were collected using a 300 kV Titan Krios G4
microscope (Thermo Fisher Scientific) equipped with a K3 direct
electron detector and a GIF quantum energy filter (Gatan) with a slit
of 10 mV. After manual inspection of grid quality, all movie stacks
were automatically acquired using EPU (Thermo Fisher Scientific) at
a nominal magnification of 105,000 with a physical pixel size of 0.85
A. The dose rate was adjusted to 15 counts/pixel/s. Each movie stacks
were fractioned into 40 frames with an exposure time of 2.69 s. The
total dose is 60 e/A% The defocus range was set between —1.0 and
—2.0 um. A total of 3363, 2754, and 2660 movie stacks were collected
for URAT1®EN, URAT1'™, and URAT1ER, respectively.

All movie stacks were imported into CryoSPARC®" and performed
patch motion correction and contrast transfer function (CTF)
estimation. After selecting micrographs with CTF fitting better than
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4 A, a total of 3,694,288, 3,452,476, and 3,849,172 particles were
automatically picked by Blob Picker with a minimum diameter of 90
A and a maximal diameter of 120 A for URAT15EN, URATIYYN, and
URATI1YER respectively. Particles were extracted and were subjected
to several rounds of 2D classification to remove junk particles,
resulting in 740,315, 745,590, and 377,377 good particles for
URAT1PEN, URAT1'™, and URAT1F®, respectively. Next, ab initio
reconstruction was conducted to generate an initial 3D model. After
several rounds of heterogeneous refinements with good models and
junk models as references, a final round of 69,925, 88,684, and 60,262
particles for URAT1®®N, URAT1™Y, and URAT1"*® were kept and
were re-extracted for nonuniform refinement. Finally, EM maps for
URAT1BN URATIMY, and URATIVER at 32, 34, and 3.5 A,
respectively, were achieved from local refinement with a local mask
covering the TMD region. The detailed flowcharts of cryo-EM data
processing are presented in Figures S2—S4.

The predicted AlphaFold2 model of rat URAT1 was manually fitted
into the EM density map of URATI®™™ in Chimera®* and was
manually inspected and corrected in Coot.”® Model refinement of
URAT1P®™™ using the cryo-EM map was performed using the
phenixreal_space_refine in Phenix.’* After model refinement, the
inhibitor was manually fitted into the extra densities within the map.
The models were further refined in Phenix, and the FSC curve was
calculated by Phenix.mtrage. For URAT1™™ and URAT1"E¥, the
URATI1®EN structure was manually fitted into their respective EM
maps in Chimera. Then, the models were corrected in Coot and
refined in Phenix, as described above. The statistics of cryo-EM data
collection and model refinement are summarized in Table S1. All
figures were prepared with ChimeraX>® and PyMol (Schrddinger,
LLC).

HEK293T cells were cultured to ~70% confluency in a 6-well plate
and transiently transfected with the specific URAT1 constructs (3 g/
well) by using PEI (polyethylenimine linear, MW 40,000). After
incubating for 24 h, the cells were harvested by centrifugation and
resuspended in 200 uL of a solubilization buffer, the same as used for
protein purification. The mixture was rotated for 1 h at 4 °C followed
by centrifugation at 45,000¢ for 20 min. For fluorescence-detection
size-exclusion chromatography (FSEC), the supernatant fraction (30
uL) was loaded onto a Superose 6 column. The eluent from the SEC
column was passed through a fluorometer fitted with a flow cell.

The bilayer membrane system with protein complexes was prepared
using the CHARMM-GUL>® All complexes were merged into the
POPC bilayer membrane and solvated in water with 150 mM NaCl.
We used the Amber ff19SB force field for the protein, the TIP3P force
field for the waters, the Lipid21 parameter for POPC in the bilayer
membrane, and the gaff2 parameter for ligands in the complex. The
simulation was done by Amber20 and AmberTools21.”” The particle
mesh Ewald method with periodic boundary conditions was used to
model long-range electrostatic effects. A 9 A cutoff was applied to
Lennard-Jones and electrostatic interactions. The SHAKE algorithm
was used to constrain the bonds containing hydrogen. For each
system, three independent simulations were performed in the
following steps: (1) Minimization was performed without the
SHAKE algorithm with a maximum cycle of 10,000 and with the
steepest descent algorithm for the first S000 cycles. Position restraints
of 5 kcal mol™ A~ were applied to the protein and the ligand. (2)
Minimization was performed without the SHAKE algorithm with a
maximum cycle of 10,000 and with the steepest descent algorithm for
the first 5000 cycles. (3) The temperature was increased to 310 K in 1
ns with a periodic boundary for constant volume by Langevin
dynamics with a collision frequency of 2 ps™. (4) A 1 ns density
equilibrium with a periodic boundary for constant pressure was
performed, and Berendsen’s coupling was used to maintain the
system’s pressure at 1 bar with semi-isotropic pressure scaling. (5) A
400 ns production with a periodic boundary for constant pressure and
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a constant temperature of 310 K was performed. VMD was used to
analyze the MD trajectories.>®

The three-dimensional cryo-EM density maps of URAT1%Y,
URAT1'™Y, and URAT1'*® have been deposited into the
Electron Microscopy Data Bank under accession numbers
EMD-6115S [https://www.emdataresource.org/EMD-61155],
EMD-61156 [https://www.emdataresource.org/EMD—61 156],
and EMD-61157 [https://www.emdataresource.org/EMD-
61157], respectively. The coordinates of URAT1®*N, UR-
ATI1"™ and URAT1"ER have been deposited into the Protein
Data Bank under accession codes 9JSW [10.2210/pdb9JSW/
pdb], 9JSX [10.2210/pdb9]JsX/pdb], and 9JSZ [10.2210/
pdb9JSZ/pdb], respectively.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c01188.

Optimization and purification of URAT1; cryo-EM data
processing of URAT1; structural features of URAT1;
protein FSEC profile; sequence alignment and structural
comparisons of URAT1 structures (PDF)
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