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Mutation in Transmembrane Domain 8 of Human Urate Transporter
1 Disrupts Uric Acid Recognition and Transport
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ABSTRACT: Human urate transporter 1 (hURAT1) is the most pivotal therapeutic target for
hyperuricemia. Due to a lack of crystal structure information, the atomic structure of URAT1 is s
not clearly understood. In this study, a multiple sequence alignment was performed, and K393,a  wrn
positively charged residue in transmembrane domain (TMD) 8, was observed to be highly hoaT2
conserved in organic anion transporters (OATs). K393 was substituted with a positively, iocn
negatively, and neutrally charged amino acid via site-directed mutagenesis and then used to  noc
transfect HEK293 cells. Reverse transcription-quantitative polymerase chain reaction (RT-
gPCR) and enzyme-linked immunosorbent assay (ELISA) analyses indicated that mutants of
K393 showed mRNA and protein expression levels similar to those in the WT group. The
nonpositively charged mutants K393A, K393D, and K393E eliminated 70—80% of '*C-uric acid
transport capacity, while the K393H mutant showed slight and the K393R mutant showed no Y
reduced transport capacity compared with the WT group. Binding assays indicated that K393A, muacaar ©@ 20

K393D, and K393E conferred lowered uric acid binding affinity. As indicated by the K, and

Vimax Values obtained from saturation kinetic experiments, K393A, K393D, and K393E showed increased K, values, but K393R and
K393H showed K,, values similar to those in the WT group. K393 also contributed to a high affinity for benzbromarone (BM)
interaction. The inhibitory effects of BM were partly abolished in K393 mutants, with increased ICs, values compared with the WT
group. BM also exhibited weaker inhibitory effects on "*C-uric acid binding in K393R and K393H mutants. In an outward homology
model] of URAT1, K393 was located in the inner part of the transport tunnel, and further molecular docking analysis indicated that
uric acid and BM showed possible hydrogen bonds with K393. Mutants K393R and K393H showed possible interactions with uric
acid, and positive charges confer high affinity for uric acid as revealed by their surface electrostatic potential. In conclusion, our data
provide evidence that K393 is an important residue for the recognition of uric acid or inhibitors by URAT1.
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1. INTRODUCTION

Hyperuricemia and gout occur when there is an excess of uric

in combination with XOD inhibitors, such as allopurinol.'" A
lack of structural information has limited novel skeleton drug

acid (urate) in the blood (serum uric acid > 6.8 mg/dL)."
Hyperuricemia is regarded as a novel dangerous metabolic
disease after hypertension,” diabetes,” and hyperlipidemia.”*
The serum urate level is kept in balance between secretion and
reabsorption by various urate transporters in the kidney and
intestine (mainly in the kidney). These transporters include
urate reabsorption transporter 1 (URAT1, SLC22A12),
glucose transporter 9 (GLUTY, SLC2A9),” and organic
anion transporters 4/10 (SLC22A11/13),° which are respon-
sible for reabsorption of uric acid into blood. In contrast,
organic anion transporters 1/3 (OAT1/3, SLC22A6/8)” and
ATP-binding cassette subfamily G member 2 (ABCG2)® are
responsible for secretion of uric acid into urine.

URAT1 is the most important urate transporter and
mediates 90% of the reabsorption of urate in the kidney.” In
2015, the first URATT inhibitor, lesinurad,'® was approved and
put on the market for the treatment of hyperuricemia.
However, considering its poor efficacy, it was only approved

© 2022 The Authors. Published by
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development and screening, and thus, only a few URATI1
inhibitors, such as verinurad'®> and dotinurad,'® have been
approved for clinical experiments, and they are all analogues of
existing drugs. A better understanding of the three-dimensional
(3D) structure and active sites of URAT1 is urgent to design
selective urate-lowering drugs targeting URAT1. For example,
Peng'* and Ao'® discovered potential URAT1 inhibitors, and
the binding mode was predicted using a homology model.
However, the details of the URAT1 transport mechanism have
not been fully disclosed.
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URAT1 is a member of the organic anion transporter
(OAT) family, which is a subfamily of the major facilitator
superfamily (MFS).'"® OATs are homologous proteins with
similar amino acid sequences and share similar secondary
topology structures: 12 transmembrane domains (TMDs), an
extracellular loop between TMDs 1 and 2, and an intracellular
loop between TMDs 6 and 7.'” All of the TMDs are organized
into three layers from innermost to outermost, forming a three-
dimensional structure, and the corresponding TMDs in each
layer play similar structural and functional roles.'® The MFS
possesses similar secondary structure sequence information but
has different substrates based on charge selectivity. Similar to
OATs, organic cation transporters (OCTs) mediate the
process of organic cation transport across the membranes of
epithelia. OCTs share 30—40% sequence identity with
OATs."” The remaining sequence differences may provide
insight into the substrate specificities of the transporters.

As a negatively charged molecule, positively charged amino
acids (arginine, lysine, histidine) may contribute to strong
interactions with uric acid. For example, a previous sequence
alignment performed with hOAT1 revealed that R466 in
TMD11, a highly conserved residue in OATs, is selectively
related to anion interactions. In addition, R466 in OAT1 has
been verified to be a structural change—related residue.”’ In
our previous report, the corresponding positively charged
residue R477 in TMD11 of URAT1 was demonstrated to be
related to substrate recognition and structural change.”!
Furthermore, R477 was also shown to be the binding site of
the URAT1 inhibitors verinurad (RDEA3170) and BM.>

In this study, K393 in TMD8 of URAT1 was found to be
another conserved alkaline amino acid, similar to R477, as
observed by multiple sequence alignment of OATs and OCTs.
The results indicated that the positive charge or alkalinity of
K393 is essential for the interaction of URAT1 with uric acid.
K393 is also a potential binding residue for URAT1 inhibitors.
Our results suggest that K393 plays an important role in both
uric acid and inhibitor interactions, and we hope our findings
can help in further exploration of the details underlying the
uric acid/URAT1 interaction and provide insight into other
transporters.

2. EXPERIMENTAL PROCEDURES

2.1. Materials. RDEA3170 (verinurad) was obtained from
HWRK Biotech Company (Beijing, China). Other compounds
and reagents were analytical grade and purchased from Sigma
(St. Louis, MO)."*C-labeled uric acid (55 mCi/mmol) was
obtained from American Radiolabeled Chemicals Inc. (ARC,
Missouri), and poly-p-lysine (PDL) was purchased from
Beyotime Biotechnology (Shanghai, China). The polymerase
chain reaction (PCR) mix was purchased from Vazyme
Biotech Company (Nanjing, China). The N-Flag-hURAT1-
pECFP plasmid and pECFP empty vector were purchased
from Youze Biotech Company (Changsha, China).

2.2. Cell Culture. Human embryonic kidney 293
(HEK293) cells were cultured in DMEM supplemented with
10% fetal bovine serum (ExCell Bio, Shanghai, China), 100
units/mL penicillin, and 100 mg/mL streptomycin. Cells were
kept at 37 °C in an incubator with 5% CO,.

2.3. Sequence Alignment and Two-Dimensional (2D)
Topology Prediction. The secondary sequences of OATs
(hURAT1, hOAT1, hOAT2, hOAT3, rOAT1, rOAT2, and
rOAT3) and OCTs (hOCT1, hOCT2, mOCT1, mOCT?2, and
mOCT3) were obtained from the NCBI database in the fasta

format, and the sequences were uploaded to the PROMALS3D
alignment web server.”> The conservation information is
shown in the figure, and relatively conserved residues were
scanned. URAT1 amino acid information was uploaded to the
topology grediction web servers HMMTOP?** and
TMHMM,> and the predicted secondary structure and
topology of URAT1 were displayed using the TOPO2 web
server (http://www.sacs.ucsf.edu/TOPOZ/).

2.4, Site-Directed Mutagenesis of hURAT1. The N-
Flag-hURAT1-pECFP plasmid was used as a PCR template,
and specific mutants were generated via site-directed muta-
genesis using superfidelity DNA polymerase (Vazyme,
Nanjing, China). The PCR procedure was performed
according to the instructions. Primers were designed using
Snapgene 2.3 software and synthesized by Tsingke Biotech
Company (Beijing, China). The detailed primer sequence
information is displayed in Table 1. The PCR end product was

Table 1. Primers Used for Site-Directed Mutagenesis

mutation

K393A forward
K393A reverse
K393D forward
K393D reverse
K393E forward
K393E reverse
K393R forward
K393R reverse
K393H forward
K393H reverse

primers

§’-ATCCCAGCCGCCATGGGC-3’
5’-GCCCATGGCGGCTGGGAT-3’
§’-ATCCCAGCCGACATGGGC-3’
§’-GCCCATGTCGGCTGGGAT-3’
§’-ATCCCAGCCGAAATGGGC-3’
§’-GCCCATTTCGGCTGGGAT-3'
5’-ATCCCAGCCCGCATGGGC-3’
§’-GCCCATGCGGGCTGGGAT-3
§’-ATCCCAGCCCACATGGGC-3’
§'-GCCCATGTGGGCTGGGAT-3’

digested with Dpnl enzyme (Takara, Shanghai, China)
overnight and transferred to DHSa competent cells (New
Cell and Molecular Biotech, Suzhou, China). Mutants were
selected on solid LB medium with kanamycin, and then,
sequences were confirmed with a 3100 automatic sequencing
analyzer (Applied Biosystems, Foster City, CA).

2.5. Mutant Extraction and Transfection. The con-
firmed mutant plasmids were extracted using a plasmid
extraction kit (Foregene, Chengdu, China) following the
manufacturer’s instructions. Then, HEK293 cells were
transiently transfected with the plasmids using Lipofectamine
3000 (Invitrogen, CA). In brief, cells were seeded into 24-well
plates at a density of 1 X 10° cells/well. When the cells reached
70% confluence, a mixture of 0.75 uL of Lipo3000 and 500 ng
of DNA (WT or mutants) was added to the plates. After 24 h,
relative mRNA and protein expression levels were detected by
RT-qPCR and enzyme-linked immunosorbent assay (ELISA),
respectively, and '*C-uric acid uptake assays or kinetic
experiments were performed.

2.6. '*C-Uric Acid Uptake Assay. HEK293 cells were
seeded into poly-D-lysine (PDL)-coated 96-well plates at a
density of 1 X 10° cells/well. HEK293 cells were transiently
transfected with the URAT1 plasmid or empty vector (100 ng/
well) using Lipofectamine 3000. After transfection for 24 h, the
cells were incubated with uric acid uptake buffer for 30 min as
we previously reported,”® with or without the tested
compounds at various concentrations. The uptake was initiated
by adding '*C-uric acid at a final concentration of 25 uM for
15 min. The cells were then washed three times with ice-cold
DPBS to terminate the reaction. Cell lysates were obtained by
adding 100 L of 0.1 M sodium hydroxide. Intracellular
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Figure 1. Positively charged K393 in URATI is highly conserved. (A) Structure of uric acid and positively charged amino acids. (B) Multiple

sequence alignment of OATs and OCTs.

radioactivity was determined using a liquid scintillation counter
(PerkinElmer, Boston, MA) after addition of 0.5 mL of
scintillation fluid. Experiments were performed in triplicate.
The inhibition rates of the tested compounds were calculated
as follows:

specific inhibition = [1 — (CPMt — CPMO)
/(CPMmod — CPMO0)] X 100%

where CPMt is the radioactivity of the tested group and
CPMmod is the intracellular radioactivity of the model
(untreated) group. CPMO is the intracellular radioactivity of
the cells transfected with empty vector without hURAT1.

2.7. Saturation Kinetic Experiment. HEK293 cells
transfected with hURAT1 or its mutants were incubated
with the uptake buffer for 15 min. Then, different
concentrations of pure *C-uric acid (10—200 uM) were
added to initiate the uptake for 20 min. In the kinetics studies
of the WT and various hURAT1 mutant groups, the
endogenous uptake was subtracted, and the results were
corrected by the uptake in the mock group transfected with
empty vector (about 10—15% of the WT group). The K, and
Vinax Values were determined from Michaelis—Menten plots.

2.8. Binding Assay. Membrane protein was prepared from
transfected HEK293 cells expressing mutants in 100 mm cell
dishes. The protein of the control group was prepared from
transfected HEK293 cells expressing pECFP empty vector. In
brief, cells were harvested in 1 mL of ice-cold binding buffer
(25 mM HEPES, pH 7.3, 125 mM sodium gluconate). Cells
were broken with a zigzag centrifuge tube, and membrane
protein was extracted according to the manufacturer’s
instructions (Invent, Beijing, China). To initiate binding,
membranes (2.5 yg total protein) were incubated with 25 yM
"“C-uric acid without or with an inhibitor for 30 min at room
temperature. The samples were then rapidly filtered through
0.45 uM filter tubes (Millipore, Massachusetts) and washed
with ice-cold DPBS. The complex sediments were dissolved
with 0.1 M NaOH. After addition of 0.5 mL of scintillation
fluid, the samples were subjected to a scintillation counter
(PerkinElmer, Boston, MA).

2.9. ELISA Analysis of the Membrane Localization of
K393 Mutants. To quantitatively detect the membrane
localization of mutants and exclude endogenous URAT],
Flag-URAT1-pECFP plasmids were used in combination with
ELISA-based methods. The procedures were as follows:
HEK293 cells were transfected with 500 ng/well N-terminal

Flag-tagged URAT1 or empty vector in 24-well plates. Twenty-
four hours after transfection, the cells were washed with TBS
solution and fixed with paraformaldehyde for 15 min. Then,
the cells were blocked with 1% bovine serum albumin (BSA)
for 1 h. After that, the cells were incubated with anti-Flag
monoclonal antibody (1:2000, Solarbio, Beijing, China) for 2 h
at room temperature followed by three washes with TBS
solution. Next, the cells were incubated in TBS solution
containing BSA (1%) and HRP-anti-rabbit IgG (1:5000) at
room temperature for 1 h and then washed with TBS solution
three times. Finally, 150 uL of the HRP substrate
tetramethylbenzidine (Solarbio, Beijing, China) was added
and incubated with the cells for 20 min at room temperature,
and 150 uL of 1 M H,SO,, was added to stop the reaction. The
absorbance was determined at 450 nM using a microplate
reader.

2.10. RT-gPCR. HEK293 cells were transfected with the
appropriate plasmids for 24 h, and then, total RNA was
extracted from the cells using an RNA isolation kit (Foregene,
Chengdu, China). Subsequently, SO0 ng of total RNA was
reverse transcribed to cDNA using PrimeScript RT Master Mix
(TaKaRa, Japan). The mRNA levels were determined using
PowerUp SYBR Green Master Mix (Thermo Fisher Scientific)
on a Roche LightCycler 48011 system (Roche, Switzerland).
The mRNA levels of target genes were normalized to those of
the p-actin gene. The relative mRNA expression levels of
transporters were calculated using the 2744%" method.

2.11. Molecular Docking. Due to the lack of reported 3D
structural information for URATI1, we used an outward
homology model of URAT1, and docking experiments were
performed using the Schrodinger Induced Fit Docking (IFD)
protocol as we previously reported.”’ In brief, compounds were
constructed with a 2D sketcher, and their 3D structures were
prepared using LigPrep to generate plausible ionization and
tautomerization states at pH 7. The K393 residue was
considered the center of the binding site. IFD was carried
out with the default parameters for the best hits using OPLS3
as the energy minimization force field. The initial docking
poses within 30.0 kcal/mol of the top ranking were redocked
using the Glide XP Visualizer panel. K393 was virtually
mutated to alanine (A), aspartic acid (D), glutamic acid (E),
arginine (R), and histidine (H), followed by structure
optimization and docking. The positions with the highest
ranking docking scores are reported here to demonstrate the
binding details. The binding energy was analyzed using the
MMGBSA module. Surfaces were generated surrounding K393

https://doi.org/10.1021/acsomega.2c04543
ACS Omega 2022, 7, 34621-34631


https://pubs.acs.org/doi/10.1021/acsomega.2c04543?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04543?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04543?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04543?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
2 1s- 3 1001
- ok > sk ~
o 5000 i . 1; — 2 s0- *
< £ 4000 £ g
33 2 2 1.0+ 2
2< H S 60
% B 3000 22 g
@ d
N . b 40+ ddok sekok
:3 2000 £ E 0.5+ o =
= = Kl o
2 £ 10001 == ; 20 |-T-|
=]
0= = 0.0-j T T é) 0- T , T
F O O N &R &
& QPSP & g "3}
IS ¥ EFFESS & &S5 TS
& §

Figure 2. Effects of K393 on *C-uric acid transport. (A) Relative mRNA expression levels of K393 mutants. (B) Relative membrane Flag-URAT1
protein levels of K393 mutants. (C)'*C-Uric acid uptake of K393 mutants and URAT1 in HEK293 cells. n = 3. The data are expressed as the mean

+ SD. *P < 0.0S, ***P < 0.001 compared with the WT group.

and mutants interacting with uric acid. The electrostatic
potential of the surface negative charge (red) and positive
charge (blue) and the potential electrostatic interactions
between uric acid and the K393 mutants were further
displayed.

2.12. Data Analysis. Values are expressed as the mean =+
SD. The kinetic parameters (apparent K, and V) were
determined by the Michaelis—Menten equation using Graph-
Pad version 8.0. Statistical analysis of the data was carried out
with an unpaired t test, where P < 0.05 was considered
significant. For multiple groups comparisons, statistical
significance analysis was performed using one-way analysis of
variance (ANOVA) followed by Tukey’s multiple pairwise
comparisons test using GraphPad version 8.0.

3. RESULTS

3.1. K393 is Highly Conserved in OATSs. Substrates of
OATs generally carry negative charge(s), whereas substrates of
OCTs are cations. As an organic anion, uric acid carries a
negative charge and might interact with positively charged
residues. To elucidate the possible functional and pivotal
amino acids in URAT1, we focused on the positively charged
amino acids in URAT1, including histidine, arginine, and lysine
(Figure 1A). Multiple sequence alignment (MSA) of OATSs
and OCTs was performed, and the results indicated that there
are two conserved residues, R477 in TMDI11 and K393 in
TMDS8, that exhibited the reverse property between OATs and
OCTs. The amino acids in the OCTs in the positions
corresponding to R477 were negatively charged aspartic acid
(D). A previous report indicated that R477 is an important
residue related to uric acid transport, inhibitor binding, and
structural changes in URAT1.>>%

In this study, K393 attracted our attention. We hypothesized
that K393 may also be important in substrate discrimination
between anions and cations. As shown in the multiple
sequence alignment (Figure 1B), K393 was conserved, and
the residues in the corresponding positions in OATs were
lysine (K) but were noncharged alanine residues (A) in OCTs
(red arrow). Considering the anion selectivity of URATI,
K393 might play an important role in recognition of uric acid
by URAT1, which deserves further investigation.

3.2. K393 is Important in C-Uric Acid Transport
Mediated by URAT1. To gain insight into the functional role
of residue K393 in uric acid transport, mutants of K393
substituted with positively, negatively, or neutrally charged

34624

amino acids, including alanine (A), aspartic acid (D), glutamic
acid (E), arginine (R), and histidine (H), were generated. To
investigate whether mutants of K393 could affect membrane
anchoring and expression, HEK293 cells were transfected with
mutants to confer expression. RT-qPCR results indicated that
the mRNA expression levels were not affected after the
mutation (Figure 2A). Membrane anchoring levels were
evaluated by quantifying N-terminal Flag using ELISAs. The
results indicated that the membrane protein localization of the
K393 mutants was not affected compared with that in the WT
group (Figure 2B).

Then, a '*C-uric acid uptake assay was conducted in K393
mutants and wild-type URAT1. The results indicated that
when K393 was mutated to alanine (A) or to the reversely
charged amino acids aspartic acid (D) and glutamic acid (E),
approximately 70—80% of the '*C-urate transport capacity of
URAT1 was lost compared with that in the WT group. The
positively charged mutant K393R showed no reduction in '*C-
uric acid transport, and K393H showed a slightly reduced
transport capacity compared with that of the WT (Figure 2C).
This result indicates that K393 is important in "*C-uric acid
transport.

To investigate the detailed role of K393 in uric acid
transport, further kinetic experiments were conducted in
HEK293 cells. The results indicated that the negatively and
neutrally charged mutants K393A, K393D, and K393E showed
lowered affinity for uric acid, with significantly increased K,
values (165.36—201.23 uM) compared with the WT group
(106.45 uM). They also showed reduced V,,,, values (424.14—
497.21 uM) compared with the wild-type group (654.12 uM),
suggesting that the transport velocity was blunted after the
mutation. The positively charged mutants K393R and K393H
showed K, values (128.11 and 101.23 uM, respectively)
similar to those of the WT group (106.45 uM). In conclusion,
the positive charge of K393 confers high affinity for uric acid
binding (Table 2).

The mutant K393R showed K, and V,,,, values similar to
those of the WT group, which indicated that the positive
charge is important. However, although histidine carries a
positive charge, it was noted that the mutant K393H also
showed a slightly increased but not significant K, value (P >
0.05) and a reduced V,,, value (P < 0.01) compared with the
WT group. As shown in Figure 1A, histidine has a positive
imidazole group, while lysine has a long side chain similar to
arginine. The side chain of lysine is extremely different from
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Table 2. Kinetic Parameters of *C-Uric Acid uptake by
URAT1 and K393 Mutants”

Mutants K, (uM) Vinax (pmol/min-mg)
WT 106.45 + 16.45 654.12 + 102.14
K393A 172.12 + 27.12%%* 464.25 + 89.23%
K393D 165.36 + 23.41%* 497.21 + 85.5%
K393E 201.23 + 23.65%* 424.14 + 61.22%%
K393H 128.11 + 19.12 (ns) 447.12 £ 4321%%
K393R 101.23 + 26.11 (ns) 557.21 + 89.21(ns)

“n = 3. The data are expressed as the mean + SD; ns, not significant.
*P < 0.0S, **P < 0.01 compared with the WT group.

that of histidine. A possible reason is that the lower base
strength of the imidazole side chain of K393H is weaker so that
it cannot form as strong of a bond with organic anions as
K393R; therefore, its affinity for anionic substrates is lower, but
still substantially higher than the nonbasic mutants.

3.3. K393 is Important for Uric Acid Binding/
Transport. URAT1 is a high-affinity urate transporter, and
K393 plays an important role in uric acid binding and
transport. To further verify the direct effect of K393 on uric
acid binding and transport, a competitive inhibition test of
unlabeled uric acid was performed as previously reported*”
with a little modification. HEK293 cells overexpressing
URAT1 or K393 mutants were incubated with unlabeled
uric acid for 30 min (the unlabeled uric acid untreated groups
performed as control). After that, extracellular uric acid
solution was removed and cells were then washed with
DPBS to clean the uncombined uric acid. And then,**C-uric
acid uptake was initiated for 15 min. The results indicated that
unlabeled uric acid inhibited the transport of *C-uric acid in
the WT group with an ICy, value of 11530 + 6.36 uM.
Unlabeled uric acid inhibited the '*C-uric acid uptake of
K393R and K393H with IC,, values of 112.54 + 10.12 and
121.20 + 5.98 uM, respectively, which are similar to that in the
WT group (Figure 3A). This indicated that replacement of
K393 with positively charged residues has little effect on uric
acid binding and transport of URAT1. Notably, the mutants
K393A, K393D, and K393E lost most of their uric acid
transport capacity compared with the WT group. These
mutants retained poor uric acid uptake capacity, and thus, they
were not able to fit the convincing ICs, values of unlabeled uric
acid.

To further explore the importance of the positive charge of
K393, the membrane proteins of cells expressing URAT1 and
K393 mutants were extracted, and 2.5 pg of protein solution
was incubated with 25 yM *C-uric acid for 30 min. As shown
in Figure 3B, the K393H and K393R mutants showed a
binding capacity similar to that in the WT group, while the
K393A, K393D, and K393E mutants showed significant loss in
uric acid binding. In conclusion, K393 has a direct interaction
with uric acid, and its positive charge confers high affinity for
uric acid.

3.4. K393 Confers High Affinity for BM Binding. Next,
we investigated whether K393 contributes to the high affinity
for inhibitors. Several commercially available URAT1 inhib-
itors, including BM,*® lesinurad,” verinurad (RDEA3170), and
probenecid,” were used. A *C-uric acid uptake assay was
conducted in HEK293 cells, and the URAT1 inhibition effects
of these compounds were tested in WT, K393R, and K393H
mutants. As shown in Table 3, verinurad, lesinurad, BM, and
probenecid inhibited URAT1 with ICs, values of 0.29, 6.94,
0.22, and 20.21 uM, respectively. Among them, lesinurad,
verinurad, and probenecid inhibited K393 mutants with ICy,
values similar to those of the WT group. BM showed
significantly increased ICs, values in the K393 mutants. This
finding suggests that the inhibitory effects of BM on URAT1
were partly eliminated after the mutation.

Consistent with this observation, a competitive binding test
of inhibitors and "C-uric acid was performed. According to
the ICy, values of each URATI inhibitor, the protein was
incubated with 1 yuM BM, 1 uM verinurad, 10 yM lesinurad,
and 20 uM probenecid for 30 min, and then, 25 uM "*C-uric
acid was added. Uncombined *C-uric acid was removed, and
4C-uric acid binding was detected. As shown in Figure 4, the
incubation with verinurad, lesinurad, and probenecid in the
K393H and K393R groups led to similar '*C-uric acid binding
compared with the WT group. However, BM poorly interfered
with '*C-uric acid binding in K393H and K393R compared
with the WT group, indicating that K393 is a pivotal binding
site of BM. Additionally, there may also be other inhibitors that
can interact with K393 deserving further investigation.

3.5. Molecular Docking Interaction with Inhibitors
and Uric Acid. In the following experiments, an outward
URAT1 homology model was used as a tool to further
understand the molecular interactions between K393 and uric
acid and inhibitors. As shown in Figure SA, in the outward
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Figure 3. Binding and transport of K393 with uric acid. (A) Inhibitory effects of unlabeled uric acid on '*C-uric acid transport in the K393R and
K393H mutants. (B) "*C-Uric acid binding capacity assays of K393 mutants in HEK293 cells. ns, not significant. ***P < 0.001 compared with the

control group. P < 0.01 compared with the URAT1 group.
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Table 3. IC,, Values of URAT1 Inhibitors in Wild-Type hURAT1 and K393 Mutants”

ICs, (M, mean + SD)

compound WT K393R K393H K393A K393D K393E
verinurad 0.29 + 0.12 0.31 + 0.29 0.49 + 0.24 0.42 + 0.26 0.44 + 0.21 0.36 + 0.22
lesinurad 6.94 + 2.41 6.04 + 1.62 8.79 + 1.26 9.45 + 4.51 8.57 + 2.65 7.89 + 3.66
BM 022 + 0.14 1.65 + 0.54%%%* 1.56 + 0.34%%%* 1.12 + 0.44* 3.02 + 0.98*** 1.14 + 0.92*
probenecid 2021 + 222 18.85 + 2.25 22.36 + 5.22 2698 + 9.25 24.59 + 5.98 22.45 + 6.66

“n = 8. The data are expressed as the mean + SD. *P < 0.1, ***P < 0.001 compared with the WT group.
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Figure 4. Competitive binding test of inhibitors and ¥C-uric acid in membrane proteins from cells expressing URAT1 and K393 mutants. n = 3.
The data are expressed as the mean + SD. ***P < 0.001 compared with the WT group. ns, not significant, P > 0.05 compared with the WT group.

##p < 0.001 compared with the control group (without inhibitor).

Figure S. Vertical and horizontal perspective views of K393 in the uric acid transport tunnel in the outward URAT1 homology model. (A) Vertical

view. (B) Horizontal view.

model, K393 was located in a transport tunnel composed of
TMDs 1, S, 8, and 11. The positive side-chain group of K393
faced into the tunnel. From a horizontal perspective, K393 is
located in the middle portion of the tunnel (Figure SB).
Next, molecular docking was performed, and uric acid and
inhibitors were docked into a binding pocket surrounding
residue K393. The docking scores and AG binding energy are
displayed in Table 4. The docking results indicated that uric
acid showed possible hydrogen bonds with K393 in TMDS8
and with F449 and T450 in TMDI10. Consistent with our
experimental results, BM also showed possible hydrogen bonds
with K393. Uric acid and BM showed possible competitive
interactions with K393. In addition, BM showed a possible
7m—n interaction with F449, a reported binding site of BM
confirmed by site-directed mutation®’ (Figure 6A,B). How-
ever, other inhibitors, such as probenecid, verinurad, and
lesinurad, showed no possible interaction with K393. These
inhibitors showed possible interactions with multiple other

Table 4. Molecular Docking Analysis of URAT1 with Uric
Acid and Inhibitors”

docking AG binding energy

compound binding sites score (kcal-mol ™)

uric acid K393, F449, —10.36 —56.85
T450

BM K393, F449, —12.62 —78.87
F358

probenecid  F241,W357, -9.04 —70.65
R477

verinurad R477, F241, —12.85 —78.98
F358

lesinurad ‘W357, N39, -9.81 -71.25
R487

“Docking scores and binding energy were predicted by Schrodinger
IFD. The positions with the highest ranking docking scores are
reported here to demonstrate the binding details.
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Figure 6. Binding modes of uric acid and inhibitors with URAT1 predicted by molecular docking. Schematic representation of possible interactions
of hURAT1 with uric acid (A) and the inhibitors BM (B), probenecid (C), lesinurad (D), and verinurad (E).

Figure 7. 3D binding modes of K393 mutants with uric acid. K393 was mutated to alanine (A), aspartic acid (B), glutamic acid (C), arginine (D),
or histidine (E), followed by structure optimization and docking. The positions with the highest ranking docking scores are reported here to

demonstrate the binding details.

residues, such as N39 in TMDI, F241 in TMDS, W357 and
F358 in TMD7, and R477 and R487 in TMD11(Figure 6C—
E). The docking scores and binding energy predicted by
MMGBSA were consistent with the inhibition activities of the
inhibitors in vitro. In brief, verinurad and BM showed better
inhibition activities, lesinurad showed modest activities, and
probenecid showed weaker inhibition activities.

To further verify the role of K393 in the uric acid
interaction, we then virtually mutated K393 to various amino
acids. Consistent with the in vitro results, we observed that the
A393, D393, and E393 mutants showed no possible interaction
with uric acid (Figure 7A—C). The docking scores and binding
energies revealed that these mutants have poor binding
capacities compared with K393 (Table S). R393 and H393
still showed possible hydrogen bonds and 7—7 interaction with
uric acid, respectively, (Figure 7D,E). R393 exhibited binding

34627

Table 5. Molecular Docking Analysis of K393 Mutants with
Uric Acid”

docking AG binding energy
mutants binding sites scores (kcal'mol™)
WT K393, F449, T450 —10.36 —56.85
K393A  F449, T450, W3S57 —8.22 —42.14
K393D  F449, W357 —8.03 —44.69
K393E  T450, S242 —5.62 —49.98
K393R  R393, W357, —11.24 —60.24
F449,T450
K393H H393,T450, F449 -9.33 —49.98

“Binding sites, docking scores, and binding energies as predicted by
molecular docking are summarized.

activities similar to those of K393. The docking score and
binding energy results indicated that H393 has weaker binding
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E393

Figure 8. Surface electrostatic potential of K393 and mutants with uric acid. The surface negative charge (red) and positive charge (blue)
electrostatic interaction of uric acid and WT (A), A393 (B), D393 (C), E393 (D), R393 (E), and H393 (F) mutants were performed by

Schrodinger IFD.

Figure 9. Schematic diagram of URAT1 inward and outward conformation exchange. (A) Horizontal view of URAT1 inward-open conformation.
(B) Horizontal view of URAT1 outward-open conformation. (C) Vertical view of URAT1 inward-open conformation. (D) Vertical view of URAT1
outward-open conformation. The 3D structures were generated by homology modeling.

activity, although H393 has a possible 7— stacking interaction
with uric acid. One possible mechanism is that the base
strength of the imidazole side chain of K393H is lower, and
thus, it cannot form as strong a bond with organic anions as
WT and R393.

Additionally, to investigate the role of the positive charge of
K393 in the uric acid interaction, the surface electrostatic

potential of K393 and mutants with uric acid was analyzed. As
shown in Figure 8, the negative charge of uric acid (red)
showed possible electrostatic interactions with the positive
charges of K393, R393, and H393 (blue) instead of A393,
D393, and E393. These results indicate that the positive charge
of K393 may confer high affinity for uric acid binding.
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Figure 10. Summary of experimental mutations explored in URAT1. Transmembrane domains are depicted to show residue location. K393 and
other reported residues conferring high affinity for uric acid and inhibitors are highlighted.

4. DISCUSSION

Hyperuricemia is mostly caused by insufficient renal urate
excretion. The human urate anion transporter (WURAT1) from
the SLC22 family is a unique transporter targeted by many
uricosuric agents.31 Due to the lack of a credible atomic
structure, specific URAT1 inhibitors are very deficient. A better
understanding of the 3D structure and the active sites is
essential for designing selective urate-lowering drugs targeting
hURATI1. URAT1 is a transmembrane protein, and its
hydrophobic property makes it difficult to obtain a crystal
structure. To date, none of the structures of urate transporters
have been resolved and their substrate specificity and
conformational changes have not been fully revealed.

Although there is a lack of structural information, multiple
techniques, such as homology modeling, molecular docking,
and multiple sequence alignment, can provide structural
information that was not previously available.” Based on
these methods, substrate recognition and structural change—
related residues and domains have been partlj revealed, such as
in the transporters OAT1,*>® GLUT1,** rOCT1,* and
rOCT2.*° We previously developed an outward homology
model of URAT1”" and provided some insights into the uric
acid transport mechanism of URAT1. We integrated multiple
approaches (such as homology modeling and I-TASSER) to
generate a reliable outward-open model of hURATI.
According to multiple sequence alignment of the SLC22
subfamily, structural alignment of transporters with similar
function, and the probable transport mechanism, the critical
active sites were disclosed. Based on the active sites, the
binding modes of uric and hURAT1 inhibitors with the target
were investigated via molecular docking to further understand
the molecular mechanism of hURAT1 inhibitors.

Among these residues, the conserved positively charged
residue R477 in TMD11 was demonstrated to be pivotal for
uric acid transport. In addition, R477 was shown to be related
to URAT1 binding with the inhibitors benzbormarone and
verinurad by Tan PK.”’ In addition, this is not the only time
that positively or negatively charged residues in the OAT/
OCT family were revealed to be related to anion/cation

recognition, such as R454 in rOAT3,*” R466 in OAT1,>° K370
in rOAT3,”” and D475 in OCT1.*® All of these observations
suggest that we should explore more conserved positively
charged residues.

URAT! transports uric acid via inward and outward (Figure
9A,B) conformational exchange mechanisms. In this process,
several TMDs undergo flexible movement and URATI
exposes multiple binding sites to transport uric acid. It is
recognized that the TMDs of the MFS family are organized
into three layers, and the TMDs of each play similar structural
and functional roles. The innermost TMDs 1, 4, 7, and 10
(Figure 9C,D, green colored) are located in the center of the
transporter, whereas TMDs 2, S, 8, and 11 (pink colored) are
positioned outside of the innermost TMDs. All of these TMDs
form a specific binding pocket for uric acid and inhibitors. The
outermost TMDs 3, 6, 9, and 12 (gray colored) are involved in
supporting transporter integrity. URAT1 inhibitors inhibit uric
acid transport by competing with uric acid for the same
binding sites. The secondary topology structure is displayed in
Figure 10, and multiple residues, namely, S35 in TMD1, F241
in TMDS, F365 in TMD7, R477 in TMD11, and F449 in
TMD10, were revealed to confer high affinity for inhib-
itors.”>*” K393 is the first residue in TMDS8 and the second
positively charged residue we observed to confer high affinity
for uric acid and inhibitor binding. K393 is located in the outer
part of the innermost TMDs, and docking analysis indicated
that the side-chain group of K393 (with a positive charge)
showed a possible interaction with uric acid, and positive
charges confer high affinity for uric acid as revealed by their
surface electrostatic potential. We observed that when lysine
was substituted with positively charged residues, the uric acid
affinities were not significantly affected.

The OAT/OCT family shares a common secondary
structure, and one isoform might provide insight into the
binding domain of other family members. Our study supports
the following major conclusions: First, K393 contributes to the
uric acid recognition specificity of URATI1. Second, the
positive charge and alkalinity contribute to uric acid binding.
Finally, K393 is important for benzbormarone binding, and
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K393 may confer high affinity for other URAT1 inhibitors that
we have not investigated. We believe that our findings can help
researchers better understand URAT1 and provide a reference
for other OAT/OCT transporter studies.
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