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Abstract  28 

Hyperuricemia is a condition when uric acid, a waste product of purine metabolism, accumulates 29 

in the blood1. Untreated hyperuricemia can lead to crystal formation of monosodium urate in the 30 

joints, causing a painful inflammatory disease known as gout. These conditions are associated with 31 

many other diseases and affect a significant and increasing proportion of the population2-4. The 32 

human urate transporter 1 (URAT1) is responsible for the reabsorption of ~90% of uric acid in the 33 

kidneys back into the blood, making it a primary target for treating hyperuricemia and gout5. 34 

Despite decades of research and development, clinically available URAT1 inhibitors have 35 

limitations because the molecular basis of URAT1 inhibition by gout drugs remains unknown5. 36 

Here we present cryo-electron microscopy structures of URAT1 alone and in complex with three 37 

clinically relevant inhibitors: benzbromarone, lesinurad, and the novel compound TD-3. Together 38 

with functional experiments and molecular dynamics simulations, we reveal that these inhibitors 39 

bind selectively to URAT1 in inward-open states. Furthermore, we discover differences in the 40 

inhibitor dependent URAT1 conformations as well as interaction networks, which contribute to 41 

drug specificity.  Our findings illuminate a general theme for URAT1 inhibition, paving the way 42 

for the design of next-generation URAT1 inhibitors in the treatment of gout and hyperuricemia.  43 

  44 
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Main  45 

Gout is a disease that afflicts up to 6.8% of the population globally2 and is the most common form 46 

of inflammatory arthritis, particularly among men in developed countries2,3. Characterized by 47 

recurrent episodes of acute inflammatory arthritis, gout is primarily driven by the deposition of 48 

monosodium urate (MSU) crystals within joints. Hyperuricemia, a major risk factor for gout, is 49 

characterized by an accumulation of uric acid in the blood and is increasingly recognized as a 50 

potential contributor to a spectrum of comorbidities including cardiovascular diseases, renal 51 

disorders, kidney failure, diabetes, and metabolic syndrome4,6-10. Currently, 21% of Americans are 52 

diagnosed with hyperuricemia4 and global prevalence is estimated up to 36% in different 53 

populations6. Despite these implications, the management of hyperuricemia and gout remains 54 

suboptimal, largely due to limitations in current pharmacological interventions. Unfortunately, the 55 

number of gout cases is rapidly surging, with the prevalence of gout increasing globally from 1990 56 

to 2019 by ~21%, and by 90.6% for men in the United States3.  This not only bears considerable 57 

impact on individual quality of life, but a quickly growing burden for public health. Much needed 58 

improvements in treatments are therefore needed through a better understanding of the causes of 59 

gout and the pharmacological targets. 60 

The human urate transporter 1 (URAT1) is encoded by the SLC22A12 gene which belongs to the 61 

SLC22 family of organic cation/anion transporters. URAT1, primarily expressed on the luminal 62 

side of the renal proximal tubule, uptakes urate in exchange for exporting monocarboxylates11, 63 

serving as a specific and major regulator of uric acid reabsorption from the urine (Fig 1a)11,12. 64 

Approximately 90% of the urate filtered from glomeruli is reabsorbed back to the bloodstream, 65 

while only 10% is excreted in the urine1. Reabsorption of urate is largely mediated by URAT1, 66 

making it the critical target for the treatment of hyperuricemia and gout1,12,13. Case in point, 90% 67 
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of hypouricemia cases are linked to nonfunctional mutations in URAT1, where the vast majority 68 

of mutations are protective against gout and hyperuricemia5. Inhibition of URAT1 is therefore an 69 

effective strategy to promote uric acid excretion to mitigate the risk of hyperuricemia-related 70 

complications, including gout1.  71 

Despite the clear therapeutic potential of targeting URAT1, the development of specific and potent 72 

inhibitors has proven challenging. Benzbromarone (BBR) has been used to treat gout for more 73 

than 30 years14. Although it is a potent inhibitor of URAT1 and effective at lowering serum uric 74 

acid concentrations, reports of hepatoxicity have led to reduction in its use15,16. In 2015 the FDA 75 

approved lesinurad (LESU) as a novel inhibitor of URAT1 for the treatment of gout and 76 

hyperuricemia, but it must be co-administered with the xanthine oxidase inhibitor allopurinol due 77 

to its toxicity and low efficacy17. More recently, utilizing lesinurad as a lead compound, a group 78 

of novel bicyclic imidazopyridines were developed as URAT1 inhibitors18. Among these, a 79 

compound named TD-3 (compound 23 in the original study) exhibits exceptional properties, 80 

including excellent ability to lower serum urate in vivo, favorable safety and pharmacokinetic 81 

properties, oral bioavailability, and potent in vitro inhibition (IC50 1.36 µM), surpassing lesinurad 82 

in all aspects18. Overall, TD-3 shows promise as a drug candidate for hyperuricemia and gout18. 83 

These issues and progresses highlight the pressing need for the development of more selective and 84 

safer URAT1 inhibitors. Therefore, we sought to better understand URAT1 inhibition through 85 

functional assays and cryo-EM with a focus on the inhibitors BBR, LESU and TD-3 with the aim 86 

of identifying key structural features of URAT1 that could be leveraged for future drug 87 

development.  88 

 89 
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URAT1CS binds inhibitors in the inward-open conformation 90 

Wild-type human URAT1 exhibits poor expression and stability when expressed in HEK293S 91 

GnTI- cells, hindering structural elucidation. We turned to consensus mutagenesis to improve 92 

protein yield and stability, as previously implemented in our laboratory19. We obtained a construct 93 

with 100% sequence identity to human URAT1 in the central ligand binding cavity, with an overall 94 

91% sequence identity to human URAT1 (Extended Data Figure 1a, Supplemental Figure 1). We 95 

hereafter refer to this construct as URAT1CS, which shows superior expression yields and stability 96 

by size exclusion chromatography (Extended Data Figure 1b). However, [14C]-uric acid (UA) 97 

uptake assays in HEK293T cells transiently expressing hURAT1 and URAT1CS show that 98 

URAT1CS has substantially weaker uptake activity compared with hURAT1 (Extended Data Figure 99 

1c). This suggests URAT1CS adopts an over-stabilized conformation but is still capable of turnover. 100 

Importantly, measurement of the IC50 for TD-3 in HEK293T cells expressing hURAT1 versus 101 

URAT1CS show that URAT1CS binds TD-3 with a similar affinity compared to hURAT1 (Extended 102 

Data Figure 1e). So despite a very slow turnover, the inhibitor binding site and properties of the 103 

central cavity is preserved.                                                                                                                                                                                                                                                                                                                                                                                                                                                       104 

We determined the cryo-electron microscopy (cryo-EM) structures of URAT1CS alone at 2.68 Å, 105 

in complex with benzbromarone (BBR-URAT1CS) at 3.00 Å, in complex with lesinurad (LESU-106 

URAT1CS) at 2.74 Å and in complex with TD-3 (TD-3-URAT1CS) at 2.55 Å (Fig. 1c, 1d, Extended 107 

Data Figure 2,3, Table 1). Robust cryo-EM densities within the central cavity were identified, and 108 

the corresponding inhibitors were unambiguously modeled. There is also a weaker density in the 109 

central cavity of URAT1CS alone, likely from an endogenous molecule, but its position and shape 110 

are distinct from those of the inhibitors (Fig. 1e, Extended Data Figure 4). 111 
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Like previously published OCT and OAT structures19-21, URAT1 adopts a major facilitator 112 

superfamily (MFS) fold that consists of an extended extracellular domain (ECD), a 12-helical 113 

transmembrane domain (TM) and an intracellular helical bundle (ICH). The TM bundle forms a 114 

6+6 pseudosymmetrical arrangement where TMs 1–6 form the N-terminal lobe (N-lobe), and TMs 115 

7–12 comprise the C-terminal lobe (C-lobe).  116 

Interestingly, all the structures we report are of the inward-open conformation, evidenced by the 117 

large opening of the central cavity to the intracellular side. All the inhibitors occupy the central 118 

binding pocket and make extensive interactions with URAT1CS, as if inhibitor binding may 119 

stabilize inward-facing states (Fig. 1e). This is notable given that the common mechanism of 120 

clinical transporter inhibitors is to stabilize outward-facing conformations19,22-25. We therefore 121 

sought to explore the functional implications of this mode of binding to URAT1. 122 

 123 

URAT1 drugs are non-competitive inhibitors of uric acid uptake 124 

We conducted a series of uptake experiments in HEK293T cells transiently transfected with 125 

hURAT1, where [14C]-uric acid and inhibitor are introduced outside the cells and their 126 

concentrations were varied to establish the mode of inhibition for each of the compounds tested. 127 

We predicted that since the inhibitors occupy the central binding pocket, inhibitors stabilizing 128 

outward-facing states will exhibit competitive inhibition whereas those stabilizing inward-facing 129 

states will exhibit non-competitive inhibition (Fig. 2a). We found that when comparing non-linear 130 

fits to the data of competitive versus non-competitive inhibition, the non-competitive models 131 

always resulted in far superior fits (Fig. 2b-d, Table 2). The functional data is consistent with our 132 

structural observation that these inhibitors stabilize inward-facing states of URAT1.  133 
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Furthermore, recently reported structures of URAT1 (apo and with uric acid bound) adopt the 134 

outward-open conformation26. This construct utilized the R477S mutation to stabilize human 135 

URAT1 for structural studies, but it also compromises transport activity. Comparing the binding 136 

site of the inward- and outward- open conformations of URAT1 reveals that the cavity is far too 137 

restrictive in the outward-open conformation to allow inhibitor binding and is much more 138 

expansive in the inward-open conformation and (Fig. 2e), explaining why the authors were unable 139 

to obtain an inhibitor-bound structure despite their attempts to do so26.  140 

The fact that many MFS transporters bind inhibitors in the outward open state is functionally 141 

consistent with inhibitors most commonly accessing the transporter from the cell exterior (i.e. 142 

blood) to inhibit transport. URAT1 is expressed on the apical membrane in the proximal tubule of 143 

kidneys, so URAT1 is exposed to the urine but not to the blood (Fig. 1a). We therefore propose 144 

that URAT1 inhibitors bind non-competitively from the intracellular side of the apical membrane 145 

(Figs. 1a, 2a). We then wanted to investigate the binding site and probe the functional significance 146 

of the residues lining it. 147 

 148 

Central cavity of URAT1 149 

In the URAT1CS structure, the central cavity is mildly conserved (Extended Data Figure 5) and 150 

lined with amino acid residues that can be divided into three general groups: a cluster of 151 

hydrophobic residues that are distributed on TM2 and TM4 including Y152, L153, I156 and M214, 152 

which we termed the hydrophobic region; a cluster of aromatic residues on TM7 and TM5 that 153 

spans two opposite sides of the cavity including F241, F360, F364, F365 and F449, which we term 154 

the aromatic clamp; and a span of polar or charged residues on TM1, TM4, TM5, and TM8 155 
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including S35, T217, N237, S238, D389 and K393 (Fig. 3a). In most MFS-type transporters, TMs 156 

1,4,7 and 10 (termed as A helices) form the central substrate-binding cavity27. In contrast, TMs 1, 157 

2, 4, 5, 7, 8 and 10 are all involved in the formation of the central binding cavity of URAT1CS in 158 

an inward facing state, indicating that a distinct mechanism might be employed in URAT1 159 

substrate/inhibitor recognition and function.  160 

We performed mutagenesis together with radioactive uptake of [14C]-uric acid and found that the 161 

aromatic and hydrophobic residues on TMs 2 and 7 (Y152, I156, M214, F364, F365) exhibit great 162 

effects on uric acid uptake upon mutation (Fig 3b). Notably, F364A abolishes function despite its 163 

surface expression (Extended Data Fig. 6). D389 and K393 on TM8 form a salt bridge that is likely 164 

more critical to transporter gating than substrate binding directly, as they do not appear close 165 

enough to directly interact with uric acid, in agreement with the previous structure26. Interestingly, 166 

K393 is critical for function, as K393R does not restore activity substantially. Of the critical 167 

residues, Y152A is not expressed (Extended Data Figure 6), but Y152F largely restores activity 168 

(Fig. 3b).  169 

 170 

Binding of Benzbromarone to URAT1 171 

In our structure of BBR-URAT1CS, there is an unambiguous non-protein cryo-EM density centered 172 

within the cavity, which allowed us to build the BBR molecule with good confidence and its 173 

structure is similar with published BBR structures (Extended Data Figure 7a). BBR forms 174 

extensive interactions with the aromatic clamp and occupies the hydrophobic region with its 175 

benzofuran group, a position occupied by uric acid in the outward-open conformation26 (Extended 176 

Data Figure 8). Interestingly, the brominated phenolic group interacts with the aromatic clamp via 177 
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π-π interaction with F241 and F364. Indeed, the F241A and F365A mutations slightly weaken 178 

inhibition by BBR (Fig. 3e). L153A, I156A and M214A, however, have larger effects on inhibition 179 

potency, and S238 on TM5 also shows an effect, indicating an important role for these residues for 180 

inhibition and a particular importance of the hydrophobic region for BBR binding. To verify the 181 

binding mode and stability of BBR binding, molecular dynamics (MD) simulations were 182 

conducted on both the charged and neutral forms of BBR, where ionization of the phenolic 183 

hydroxyl is readily delocalized across the phenolic ring and extends to the para-carbonyl (Extended 184 

Data Figure 7b)28. Benzbromarone appears additionally stabilized by interactions of the partially 185 

ionized hydroxyl with K393, which is absolutely required for transporter function so its 186 

contribution to benzbromarone binding affinity could not be elucidated (Fig. 3b).  The MD results 187 

in Figure 3f and 3g show the representative R.M.S.D trajectory and histogram for the anionic and 188 

neutral forms of BBR within a 1μs timespan, respectively (Extended Data Fig. 9). Neutral BBR, 189 

having a lower average R.M.S.D, appears to be more stable inside the cavity compared to the 190 

anionic form. This suggests a possible charge interaction with K393 does not significantly 191 

contribute to BBR binding and the neutral form of BBR may bind tighter to URAT1.  192 

 193 

Inhibition of URAT1 by lesinurad and TD-3 194 

LESU and TD-3 were modeled confidently into strong, unambiguous densities within the central 195 

cavity of URAT1CS (Fig. 1e). For both inhibitors the naphthalene ring (including the 196 

bromo/cyclopropyl groups of LESU/TD-3, respectively) largely occupies the hydrophobic region, 197 

whereas the heterocycle moieties interact with the aromatic clamp (Fig. 4a, b, d and e). Within the 198 

hydrophobic region, M214A has the largest impact on inhibition by LESU (Fig. 4c) and TD-3 (Fig. 199 

4f), in comparison to BBR where I156 plays a more significant role in binding (Fig. 3e). M214 200 
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interacts broadly with LESU and TD-3 and specifically with the naphthalene rings of both through 201 

a S-π interaction, which is known to impart significant binding stabilization29. Unlike BBR, LESU 202 

and TD-3 contain mono-carboxylates – localized anions – like the endogenous counter substrates 203 

of URAT111. However, while K393 appears to electrostatically stabilize BBR binding, the 204 

carboxylates of LESU and TD-3 bind away from K393, appearing instead to potentially hydrogen 205 

bond with N237. Mutation of N237 to alanine does not, however, appreciably impact inhibition 206 

potency (Fig. 4c, f). M214 also engages with the carboxylate arms of LESU and TD-3. Our MD 207 

simulations show stable binding of both drugs (Fig 4g,h) regardless of charge state (Extended Data 208 

Fig. 9), but TD-3 shows less mobility within the cavity compared to LESU, in accordance with its 209 

stronger binding affinity. Specifically, the carboxylates of both LESU and TD-3 show considerable 210 

rotatability during MD simulations, with the carboxyl and dimethyl groups of the carboxylate arm 211 

of TD-3 appearing to always interact with M214. A residue that again demonstrates its importance 212 

is S238 on TM5, which reduces inhibition potency of not only BBR, but also LESU and TD-3. A 213 

picture therefore emerges that rather than highly specific salt bridge interactions between URAT1 214 

and its inhibitors, there is a structural and hydrophobic complementarity with p-p interactions 215 

provided by the aromatic clamp, S-π interactions from M214, and potential water mediated 216 

interactions with S238 on TM5. Notably, based on the structure of urate-bound URAT1, urate 217 

overlaps perpendicularly with the location of naphthalene ring of the inhibitors (Extended Data 218 

Figure 8). The additional heterocycle and carboxylate of the inhibitors to their respective sites are 219 

critical for high affinity binding. Therefore, the interactions mediated by the aromatic clamp and 220 

the polar group (both involving TM5) are important, which is consistent with the fact that F241A 221 

in TM5 has more impact on LES and TD-3 binding.   222 

 223 
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Conformational flexibilities upon inhibitor binding 224 

Despite all our URAT1CS structures being inward-open, directly overlaying the models reveals an 225 

~10° bend in TM5 of the TD-3-URAT1CS structure, relative to the LESU-and BBR-URAT1CS 226 

structures (Fig. 5A). TM5 of URAT1CS alone adopt a conformation similar to that of TD-3 bound 227 

URAT1CS, likely due to the endogenous molecule bound to the URAT1CS in the absence of 228 

inhibitors (Extended Data Fig. 4a). This bend in TM5 originates at G240, in proximity to the 229 

previously mentioned S238 residue that is important for inhibitor binding. Importantly, this 230 

conformational change is required to accommodate TD-3, where a clash between TD-3 and N237 231 

occurs with the LESU-bound conformation. This observation suggests that there is a 232 

conformational ensemble defined by the position of TM5, which can determine inhibitor 233 

specificity. Furthermore, unlike for other organic anion/cation transporters, there is no direct 234 

specific interaction of the charged substrate/drug moiety with a complementary charged 235 

residue19,20. While R477 may have a role, the distance between the guanidinium and the charged 236 

moieties of these inhibitors are >9Å. The other basic residue, K393 interacts with the phenolic 237 

oxygen of BBR, but is ≥8 Å from the carboxylates of LESU and TD-3. A view of the electrostatics 238 

of the URAT1CS cavity shows, however, that the region to which these carboxylate moieties or the 239 

phenolic ring of BBR occupy is generally electropositive (Fig. 5b). Interestingly, the subtle 240 

conformation shift of TM5 in the TD-3 structure induces an electrostatic change in the upper 241 

portion of the cavity, which also appears to open slightly larger for solvent access, suggesting that 242 

the conformational difference is not limited to TM5 rotation.  243 

 244 

Discussion 245 
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Taken together, utilizing cryo-EM, functional studies and molecular dynamics simulations, we 246 

have elucidated the inhibitory mechanism of URAT1 by three clinically relevant inhibitors, 247 

revealing critical details about their binding poses and the conformational changes upon binding, 248 

as summarized in Fig. 5c and 5d. URAT1 is a specific transporter for uric acid, but in exchange 249 

transports a variety of mono-carboxylates which have a defined negative charge but vary in size11. 250 

URAT1, in the outward-open conformation forms a small pocket complementary to uric acid 251 

binding from the kidney lumen. Upon changing conformation to the inward-open state, the binding 252 

pocket expands into a large electropositive cavity, expelling uric acid and allowing counter 253 

substrate binding. This also poses an excellent opportunity for inhibitors to bind to the large, 254 

hydrophobic and electropositive cavity of the inward-open URAT1, giving rise to a rather unique 255 

non-competitive mode of inhibition. Most inhibitory drugs that target transporters, particularly 256 

MFS transporters, lock or stabilize the outward-facing conformation19,22-25. Several inhibitor drugs 257 

have been found to bind to inward-facing conformations, but this is mostly a feature of the 258 

neurotransmitter/sodium symporter family of transporters23,24,30. Our data suggest that most 259 

URAT1 inhibitors, if not all, likely target the inward-facing states of URAT1. Consistent with this 260 

idea, most URAT1 inhibitors are hydrophobic anions which can partition into and pass through the 261 

basolateral side of the membrane from the blood, gaining access to URAT1. We posit that this is 262 

the optimal strategy for inhibiting not only URAT1, but also other uptake transporters located on 263 

the luminal face of the epithelium, like in the gut and kidney. 264 

The variability observed in drug-bound TM5 conformation suggests that multiple sub-265 

conformations of the inward-open state are possible, which may provide greater flexibility in 266 

accommodating various anionic counter substrates. This is particularly valuable considering that, 267 

without this subtle conformational change, TD-3 cannot bind to URAT1 and that this change 268 
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drastically modifies the upper cavity electrostatics, opening novel sites for inhibitor interaction. It 269 

is unclear whether an induced-fit or conformation selective mechanism is employed in inhibitor 270 

binding to URAT1. Given that variously sized monocarboxylates act as counter anions, and that 271 

many natural URAT1 inhibitors exist – including multicyclic terpenes and long chain poly-272 

unsaturated fatty acids, which range significantly in size 13 – we posit that inhibitors bind to 273 

URAT1 via the conformation selection mechanism. The energetic penalty for switching to an 274 

inhibitor specific conformation would therefore play a role in inhibitor specificity31,32.  This feature 275 

can be leveraged to achieve greater specificity and efficacy in transporter-targeted drug design.  276 

Our structural, computational, and functional analyses reveal features critical for inhibitor binding. 277 

We found that the interactions of the heterocycle and carboxylate groups of the inhibitors with the 278 

aromatic clamp and the polar group (both involving TM5) are particularly important. The stronger 279 

interactions at these regions make TD-3 a higher affinity inhibitor than LESU. Therefore, further 280 

structure-guided optimization of these interactions will be crucial in developing the next 281 

generation of URAT1 inhibitors.   282 

Our findings also suggest that the hydrophobic nature of URAT1 inhibitors not only facilitate 283 

interactions with the hydrophobic region of the cavity but also increase their effective local 284 

concentrations by partitioning into the membrane33, contributing to their apparent affinities. BBR 285 

has the greatest apparent affinity and in the neutral form has the highest predicted partition 286 

coefficient (XLogP3 = 5.7), whereas LESU is less hydrophobic (XlogP3 = 4.7)34 and appears to 287 

bind less tightly. This difference is expected to be exacerbated for the charged states, where the 288 

negative charge on BBR is distributed over the entire phenolic system and carbonyl oxygen 289 

(Extended Data Fig. 7b) but concentrated on the carboxylate of LESU and TD-3. High 290 

hydrophobicity of BBR would increase its effective concentration substantially, whereas anionic 291 
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LESU does less well. Consistent with this idea, the MD simulations of BBR binding suggest that 292 

direct interactions between BBR and URAT1 are weaker than those of LESU and TD-3. The high 293 

hydrophobicity and delocalized negative charge make BBR likely to interact with many off-target 294 

membrane proteins, as already reported in its effects on many different classes of membrane and 295 

soluble proteins35-41. TD-3 has a moderate partitioning but stronger interactions with URAT1 296 

compared to LESU, which results in superior pharmacology, suggesting that a tuning of compound 297 

hydrophobicity is required for optimal drug targeting. These differences in charge density and 298 

binding may also contribute to drug specificity, as LESU and TD-3 are able to bind with their 299 

carboxylates more deeply into the electropositive portion of the cavity. Tailoring carboxylate 300 

positioning to perhaps better engage K393 and/or R477 could also be considered for future 301 

therapeutic development.  302 

The rising global incidence and suffering caused by gout and hyperuricemia, and the increasing 303 

burden on public health systems, necessitates the development of novel inhibitors of URAT1 that 304 

exploit the features outlined above. We believe the insights provided by our studies can help 305 

achieve more optimal drugs to combat this growing issue. 306 

  307 
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Figures 308 

 309 

Figure 1 | URAT1 biology and structure.  310 

a, The role of URAT1 in urate reabsorption in the kidney proximal tubule epithelium. b, Chemical 311 
structures of URAT1 substrate and inhibitors. c-e, cryo-EM reconstructions, structures, and map 312 
of the central binding cavity for URAT1CS alone and in complex with benzbromarone (BBR-313 
URAT1CS), lesinurad (LESU-URAT1CS) and TD-3 (TD-3-URAT1CS). 314 

315 
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 316 

Figure 2 | URAT1 inhibitors bind non-competitively to the inward-open conformation. 317 

a, Schematic of urate uptake by URAT1, and the possible modes of inhibition. b-d, Inhibition 318 
kinetics determination of [14C]-urate uptake (0.9 Ci/mol) for BBR, LESU and TD-3, respectively 319 
demonstrating that all three inhibitors inhibit URAT1 non-competitively. Data are presented as 320 
mean ± S.E.M (n = 3) with global non-linear fits for non-competitive (solid lines) or competitive 321 
(dashed lines) models of inhibition. Best fit values and fitting statistics are provided in Table 2. e, 322 
Comparing the inward-facing (this study) and outward-facing (PDB 8WJQ26) URAT1 central 323 
cavity size demonstrates the steric restriction for inhibitor binding to the outward facing 324 
conformation of URAT1. 325 

  326 
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 327 

Figure 3 | URAT1 central cavity and benzbromarone binding site interactions. 328 

a, Central cavity of URAT1, using no ligand added URAT1CS. b, Effects of mutations on central 329 
binding cavity residues on uptake of 200 µM [14C]-urate (0.9 Ci/mol) in HEK293T cells for 10 330 
min at 37°C in the presence of 1% DMSO. c,d, Binding interactions with BBR. Data reported as 331 
mean ± standard deviation (S.D.) for n = 3-24 replicates e, Effects of mutations on inhibition by 332 
0.5 µM BBR on uptake of 200 µM [14C]-urate (0.9 Ci/mol) in HEK293T cells for 10 min at 37°C. 333 
Data reported as mean ± standard deviation (S.D.) for n = 3-21 replicates f  Left, representative 334 
time series trace of root mean squared deviation (R.M.S.D) of charged (red) or neutral (gray) BBR 335 
binding in a 1 µs MD simulation. Right, frequency distribution of R.M.S.D. values for charged 336 
(red) or neutral (grey) BBR binding over all five replicate MD simulations. 337 

338 
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 339 

Figure 4 | Lesinurad and TD-3 binding site interactions. 340 

a,b, Binding interactions with LESU. c, Effects of mutations on inhibition by 5 µM LESU on 341 
uptake of 200 µM [14C]-urate (0.9 Ci/mol) in HEK293T cells for 10 min at 37°C. Data reported as 342 
mean ± standard deviation (S.D.) for n = 3-21 replicates d,e, Binding interactions with TD-3. f, 343 
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Effects of mutations on inhibition by 1 µM TD-3 on uptake of 200 µM [14C]-urate (0.9 Ci/mol) in 344 
HEK293T cells for 10 min at 37°C. Data reported as mean ± standard deviation (S.D.) for n = 3-345 
21 replicates. g,h, Left, Comparison of cryo-EM structure (no transparency) and MD simulation 346 
snapshots (with transparency) of anionic LESU and TD-3 binding to URAT1. Middle, 347 
representative R.M.S.D time series trace of LESU and TD-3 binding in 1 µs MD simulations. 348 
Right, frequency distribution of R.M.S.D. values for LESU and TD-3 binding, respectively, over 349 
all five replicate MD simulations. 350 

351 
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 352 

Figure 5 | TM5 mobility and binding model for URAT1 inhibitors 353 
 354 
a, Conformational changes between Les-URAT1CS and TD-3-URAT1CS, highlighting TM5 and 355 
relevant residues. Note the potential steric clash (*) between lesinurad and N237 in TD-3-356 
URAT1CS. b, Electrostatic potential surface in Les-URAT1CS (top) and TD-3-URAT1CS (bottom), 357 
respectively. c, Proposed model for URAT1 substrate transport and inhibition. d, Proposed mode 358 
for differential inhibition potency among BBR, LESU and TD-3.  359 

360 
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Tables 361 

Table 1 | Cryo-EM data collection, refinement, and validation statistics 362 
 363 

 No ligand 
added-URAT1CS  
(EMD-) 
(PDB ) 

BBR-URAT1CS 
(EMD-) 
(PDB ) 

LESU-
URAT1CS 
(EMD-) 
(PDB ) 

TD-3-URAT1CS 
(EMD-) 
(PDB ) 

Data collection and 
processing 

    

Magnification    105,000 105,000 105,000 105,000 
Voltage (kV) 300 300 300 300 
Electron exposure (e–/Å2) 50 50 45 60 
Defocus range (μm) -0.8 to -1.8 -0.8 to -1.8 -0.8 to -1.8 -1.0 to -2.0 
Pixel size (Å) 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 (Å) 
    FSC threshold 

2.68 
0.143 

3.00 
0.143 

2.74 
0.143 

2.55 
0.143 

Map resolution range (Å) 2.56-33.77 2.75-7.11 2.71-4.66 2.52-6.36 
Refinement     
Initial model used (PDB 
code) 

TD-3-URAT1CS TD-3-URAT1CS TD-3-URAT1CS 8ET6 

Map sharpening B factor (Å2) -123.3 -137.65 -146.7 -104.6 
Model composition 
    Non-hydrogen atoms                
    Protein residues  
    Ligands  

 
7,660 
517  
0 

 
7,738 
517 
BNZ:1 

 
7,662 
517 
LES:1 

 
7,708 
517 
TD3:1 

B factors (Å2) 
    Protein  
    Ligand  

 
66.21 
- 

 
65.74 
30.00 

 
80.96 
85.33 

 
113. 
93.91 

R.m.s. deviations 
    Bond lengths (Å)  
    Bond angles (°) 

 
0.003 
0.557 

 
0.003 
0.684 

 
0.003 
0.610 

 
0.006 
0.715 

 Validation 
    MolProbity score  
    Clashscore  
    Poor rotamers (%) 

 
1.30 
5.61 
0.78 

 
1.31 
5.70 
0.52 

 
1.34 
6.14 
0.00 

 
1.33 
4.67 
0.52 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
98.83 
1.17 
0.00 

 
98.25 
1.75 
0.00 

 
98.45 
1.55 
0.00 

 
98.25 
1.75 
0.00 

 364 
365 
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Table 2 | Inhibition kinetics model fitting parameters 366 

Inhibitor Kinetic Model KT urate (µM) 1 KI (µM) 1 Vmax (pmol min-1 mg-1)1 Sy.x 2 

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] 122.1 

 367 

1 Fit value with 95% confidence interval [lower value – upper value]. 368 

2 Model fit quality as reported by the standard deviation of the residuals, where 369 

 𝑆𝑦. 𝑥	 = 	'∑(#$%&'()*
!)

,-.
  and n is the number of data points (18) and K is the number of fitting 370 

parameters (3). When comparing two models, a lower value denotes a better fit. For all inhibitors 371 
tested, non-competitive models yield superior fits.  372 
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 Materials and Methods 398 

Consensus mutagenesis design 399 

Consensus constructs were designed in a similar manner to what has been previously reported19,25, 400 

with minor modifications. First, PSI-BLAST was performed to identify 250 hits from UniProt 401 

database using human wild-type URAT1 (UniProt ID Q96S37) as query. The hits were manually 402 

curated to remove non-URAT1 or incomplete sequences. The remaining sequences were subjected 403 

to sequence alignment using MAFFT42. The consensus sequence was then extracted in JalView43 404 

and aligned to the WT sequence in MAFFT. The final construct features sequence registers 405 

consistent with WT. 406 

 407 

HEK293T radiotracer uptake assays  408 

HEK293T cells (ATCC) were cultured in DMEM media (Gibco) supplemented with 10% (v/v) 409 

FBS (Gibco) and penicillin-streptomycin (Gibco). The full-length human URAT1 or URATCS 410 

sequences were codon-optimized for Homo sapiens and cloned into the BacMam vector with a 411 

prescission protease-cleavable C-terminal green fluorescent protein (mEGFP) and FLAG-10xHis 412 

purification tags. Site-directed mutagenesis was used to introduce mutations into this background. 413 

Empty vector controls utilize the BacMam vector bearing only a FLAG-10xHis-tagged mEGFP.  414 

Cells were grown to 60-80% confluency in 10 cm dishes and transfected using 7 µg plasmid DNA 415 

and 7 µL TransIT-Pro reagent (Mirus Bio). The next day, cells were detached and transferred to 416 

poly-L-lysine treated 24-well plates. After an additional two days at 37°C, the wells were rinsed 417 

three times with uptake buffer (25 mM MES-NaOH (pH 5.5), 125 mM Na+-gluconate, 4.8 mM 418 

K+-gluconate, 1.2 mM MgSO4, 1.2 mM KH2PO4, 5.6 mM glucose, 1.3 mM Ca2+-gluconate)44 and 419 
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incubated at 37°C for ≥15 min. Uptake was initiated by replacing the media with pre-warmed 420 

uptake buffer containing the respective concentrations of [14C]-uric acid (Moravek) and inhibitors. 421 

Uptake was quenched by addition of ice-cold DPBS (+Ca2+/Mg2+)  then washed thrice by ice-cold 422 

DPBS (+Ca2+/Mg2+). Cells were lysed in 0.1 M NaOH, the protein concentration determined by 423 

bicinchoninic acid (BCA) assay, and then transferred to scintillation vials containing EcoLumeTM 424 

(MP Biomedicals) for counting. 425 

For inhibition kinetics studies, data was fit using GraphPad Prism using competitive (Equation 1) 426 

or non-competitive (Equation 2) fitting models45, where KT is the transport equivalent of the 427 

Michaelis constant (KM), Vmax is the maximal rate of transport, and KI is the equilibrium constant 428 

for inhibitor binding.  429 

Competitive inhibition:   𝑣 = 	 /"#$[1]
.%
#&&3	[1]

       Equation 1 430 

Non-competitive inhibition:  	𝑣 = 	 /"#$
#&&	[1]
.%3[1]

	    Equation 2 431 

Where   𝐾5
)66 = 	𝐾5 *1 +

[7]
.'
-   and    𝑉8)9

)66 = 𝑉8)9
1 + [7]

.7
/  432 

 433 

Surface expression characterization of hURAT1 variants and URAT1CS 434 

Surface biotinylation was conducted in 6-well plates on HEK293T cells transiently transfected 435 

with the same constructs used for uptake assays, as previously described with modifications46. 436 

Cells were washed 3x with 1 mL DPBS (+Ca2+/Mg2+) (Gibco) then incubated for 30 min at 4°C 437 

with DPBS (+Ca2+/Mg2+) containing 0.5 mg mL-1 EZ-link Sulfo-NHS-SS-biotin (Thermo 438 

Scientific). Biotinylation was quenched by aspirating the biotinylation solution and incubating 439 
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twice for 5 min with DPBS (+Ca2+/Mg2+) +100 mM glycine then briefly with unsupplemented 440 

DPBS (+Ca2+/Mg2+). Cells were lysed by addition of 750 µL lysis buffer (20 mM DDM, 50 mM 441 

Tris-HCl (pH 8.0), 150 mM NaCl, 10 µg mL-1 each of aprotinin, leupeptin and pepstatin, 2 mg 442 

mL-1 iodoacetamide, and 0.2 mM PMSF) and the lysates transferred to microcentrifuge tubes and 443 

incubated for 1h at 4°C. Clarified lysates were quantified by BCA then a consistent amount of total 444 

protein across samples was supplemented with additional protease inhibitors and 5 mM EDTA 445 

then incubated overnight with 50 µL Neutravidin high-capacity resin slurry (Pierce) at 4°C. The 446 

resin was then washed thrice with wash buffer (1 mM DDM, 50 mM Tris-HCl (pH 8.0), 550 mM 447 

NaCl) and bound protein eluted with 35 µL of 2x SDS-PAGE sample buffer (BioRad) containing 448 

100 mM dithiothreitol. Following SDS-PAGE (Genscript), protein was transferred onto 0.45 µm 449 

PVDF membranes, blocked with 5% bovine serum albumin in Tris-buffered saline and probed 450 

with monoclonal mouse anti-FLAG M2 antibody (Sigma Aldrich) diluted 1000x in Tris-buffered 451 

saline with 0.1% Tween-20 (TBST), then with IRDye 800CW donkey anti-mouse secondary 452 

antibody (LICORbio) diluted 5000x in TBST and imaged with an Odyssey® fluorescence imager 453 

(LICORbio).  454 

 455 

URAT1 Protein expression and purification  456 

Full-length consensus URAT1 sequences were codon-optimized for Homo sapiens and cloned into 457 

the Bacmam vector60, in-frame with a PreScission protease cleavage site, followed by EGFP, 458 

FLAG-tag and 10× His-tag at the C-terminus. Baculovirus was generated according to 459 

manufacturer’s protocol and amplified to P3. For protein expression, HEK293S GnTI- cells (ATCC) 460 

was cultured in Freestyle 293 media (Life Technologies) supplemented with 2% (v/v) FBS (Gibco) 461 

and 0.5% (v/v) Anti-Anti (Gibco). Cells were infected with 2.5% (v/v) P3 baculovirus at 2.5-3×106 462 
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ml-1 cell density. After 20 hours shaking incubation at 37°C in the presence of 8% CO2, 10 mM 463 

sodium butyrate (Sigma-Aldrich) was added to the cell culture and the incubation temperature was 464 

lowered to 30°C to boost protein expression. After 40-44 hours, the cells were harvested by 465 

centrifugation at 550 × g, and was subsequently resuspended with lysis buffer (20 mM Tris pH 8, 466 

150 mM NaCl, 10 μg mL-1 leupeptin, 10 μg mL-1 pepstatin, 10 μg mL-1 aprotinin, 1 mM 467 

phenylmethylsulphonyl fluoride (PMSF, Sigma-Aldrich). The cells were lysed by probe sonication 468 

(30 pulses, 3 cycles). The membranes were subsequently solubilized by addition of 1% (w/v) lauryl 469 

maltose neopentyl glycol (LMNG, Anatrace), followed by gentle agitation at 4°C for 1 hour. The 470 

solubilized lysate was cleared by centrifugation at 16,000 × g for 30 min to remove insoluble 471 

material. The supernatant was subsequently incubated with anti-FLAG M2 resin (Sigma-Aldrich) 472 

at 4°C for 45 minutes with gentle agitation. The resin was then packed onto a gravity-flow column 473 

and washed with 10 column volumes of high-salt wash buffer (20 mM Tris pH 8, 300 mM NaCl, 474 

5mM ATP, 10mM MgSO4, 0.005% LMNG), followed by 10 column volumes of wash buffer (20 475 

mM Tris pH 8, 150 mM NaCl, 0.005% LMNG). Protein was then eluted with 5 column volumes 476 

of elution buffer (20 mM Tris pH 8, 150 mM NaCl, 0.005% LMNG, 200 μg mL-1 FLAG peptide). 477 

The eluted protein was concentrated with a 100kDa-cutoff spin concentrator (Millipore), after 478 

which 1:10 (w/w) PreScission protease was added to the eluted protein and incubated at 4°C for 1 479 

h to cleave C-terminal tags. The mixture was further purified by injecting onto a Superdex 200 480 

Increase (Cytiva) size-exclusion column equilibrated with GF buffer (20 mM Tris pH 8, 150 mM 481 

NaCl, 0.005% LMNG). The peak fractions were pooled and concentrated for cryo-EM sample 482 

preparation. 483 

 484 

Cryo-EM sample preparation 485 
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The peak fractions from final size exclusion chromatography were concentrated to 9-10 mg ml-1. 486 

For no ligand added URAT1CS sample, a final concentration of 2% DMSO was added. For ligand 487 

added samples (BBR-URAT1CS, LESU-URAT1CS, TD-3-URAT1CS), 1mM benzbromarone, 488 

lesinurad (Sigma-Aldrich) or TD-3 dissolved in DMSO was added 30-40 minutes prior to 489 

vitrification. For no ligand added URAT1CS and BBR-URAT1CS samples, protein sample were 490 

mixed with a final concentration of 0.5 mM fluorinated octyl maltoside (FOM, Anatrace) prior to 491 

vitrification. For les-URAT1CS and TD-3-URAT1CS samples, protein sample were mixed with a 492 

final concentration of 0.25 mM FOM prior to vitrification. After mixing with FOM, 3 µL of sample 493 

was rapidly applied to a freshly glow-discharged UltrAuFoil R1.2/1.3 300 mesh grids (Quantifoil), 494 

blotted with Whatman No. 1 filter paper for 1-1.5 seconds then plunge-frozen in liquid-ethane 495 

cooled by liquid nitrogen.  496 

 497 

Cryo-EM data collection  498 

All datasets were collected using a Titan Krios (Thermo Fisher) transmission electron microscope 499 

operating at 300 kV equipped with a K3 (Gatan) detector in counting mode behind a BioQuantum 500 

GIF energy filter with slit width of 20eV. For no ligand added URAT1CS, movies were collected at 501 

a nominal magnification of 105,000× with a pixel size of 0.835 Å/px at specimen level, using 502 

Latitude S (Gatan) single particle data acquisition program. Each movie was acquired with a 503 

nominal dose rate of 19.2 e-/px/s over 1.8 s exposure time, resulting a total dose of ~50 e-/Å2 over 504 

40 frames. The nominal defocus range was set from -0.7 to –1.7 μm.  505 

BBR-URAT1CS movies were collected at a nominal magnification of 105,000× with a pixel size 506 

of 0.855 Å/px at specimen level using Latitude S. Each movie was acquired with a nominal dose 507 
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rate of 19.3 e-/px/s over 2.0 s exposure time, resulting a total dose of ~50 e-/Å2 over 40 frames. 508 

The nominal defocus range was set from -0.8 to –1.8 μm. 509 

Les-URAT1CS dataset was collected using at a nominal magnification of 105,000× with a super-510 

resolution pixel size of 0.4128 Å/px at specimen level, using SerialEM47 data acquisition program. 511 

Each movie was acquired with a nominal dose rate of 12.3 e-/px/s over 2.0 s exposure time, 512 

resulting a total dose of ~45 e-/Å2 over 45 frames. The nominal defocus range was set from -1.0 to 513 

–2.0 μm. 514 

TD-3-URAT1CS dataset was collected using at a nominal magnification of 105,000× with a pixel 515 

size of 0.847 Å/px at specimen level, using SerialEM47. Each movie was acquired with a nominal 516 

dose rate of 18.2 e-/px/s over 2.4 s exposure time, resulting a total dose of ~60 e-/Å2 and 60 frames. 517 

The nominal defocus range was set from -1.0 to –2.0 μm. 518 

 519 

Cryo-EM data processing 520 

No ligand added URAT1CS 521 

Beam-induced motion correction and dose-weighing for a total of 18,880 movies were performed 522 

using RELION 4.048. Contrast transfer function parameters were estimated using cryoSPARC’s 523 

patch CTF estimation49. Micrographs showing less than 4.5 Å estimated CTF resolution were 524 

discarded, leaving 18,854 micrographs. A subset of 1,500 micrographs were used for blob picking 525 

in cryoSPARC49, followed by 2D classification to generate templates for template-based particle 526 

picking. 2D classes and associated particles that shows the best secondary structure features were 527 

used to train a model in Topaz50, which were subsequently used for particle picking with Topaz. A 528 

total of 6.98 million particles were picked, followed by particle extraction with a 64-pixel box size 529 
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with 4× binning factor. A reference-free 2D classification was performed to remove obvious junk 530 

classes, resulting in a particle set of 6.08 million particles. An iterative ab initio reconstruction 531 

triplicate procedure was performed in cryoSPARC, as described previously19,51. Four rounds of ab-532 

initio triplicate runs were performed at 4× binned data, resulting in 4.04 million particles. The 533 

particles were then re-extracted with 4× binned factor and 6 rounds of ab-initio triplicates were 534 

performed, followed by re-extraction without binning factor, at 256-pixel box size wand 2.49 535 

million particles. Twenty-six rounds of ab-initio triplicates were performed with unbinned particle 536 

set which resulted in a 527,705 particle set and 3.33 Å resolution reconstruction by non-uniform 537 

refinement, and 3.05 Å resolution reconstruction by local refinement with a tight mask covering 538 

only protein region. The particle is then transferred to RELION for Bayesian polishing, followed 539 

by transferring back to cryoSPARC for local refinement, resulting in a 2.68 Å final reconstruction 540 

with 527,705 particles.  541 

 542 

BBR-URAT1CS 543 

Benz-URAT1CS dataset was processed similarly to that for no ligand added dataset with minor 544 

modifications. Beam-induced motion correction and dose-weighing for a total of 24,488 movies 545 

were performed using RELION 4.048. Contrast transfer function parameters were estimated using 546 

cryoSPARC’s patch CTF estimation49. Micrographs showing less than 4.5 Å estimated CTF 547 

resolution were discarded, leaving 21,879 micrographs. A subset of 1,000 images were randomly 548 

selected for blob picking, which generated templates for template picking in cryoSPARC, followed 549 

by the generation of a 21k particle set for Topaz training. Using Topaz, a 7.73 million particle set 550 

was picket. After 2D classification clean-up, 5.50 million particles were retained and subjected to 551 

ab-initio triplicate runs. In brief, four, four and 39 rounds of ab-initio triplicate runs were 552 
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performed at 4× binning, 2× binning and unbinned data sequentially, generating a particle set of 553 

220,530 particles and a 3.29 Å reconstruction by non-uniform refinement. A tight mask covering 554 

only protein region was generated using this map and a local refinement using the same particle 555 

set and tight mask generated 3.28 Å reconstruction. The particle set were then transferred to 556 

RELION for Bayesian polishing, then transferred back to cryoSPARC for non-uniform refinement 557 

and local refinements, yielding the final reconstruction of 3.0 Å with 220,530 particles. 558 

 559 

LESU-URAT1CS 560 

Les-URAT1CS dataset was processed similarly to that for no ligand added dataset with minor 561 

modifications. Beam-induced motion correction and dose-weighing for a total of 13,746 movies 562 

were performed using RELION 4.048. During motion correction, the micrographs were two times 563 

Fourier binned to generate micrographs with 0.8256 Å/px pixel size. Contrast transfer function 564 

parameters were estimated using cryoSPARC’s patch CTF estimation49. Micrographs showing less 565 

than 4.0 Å estimated CTF resolution were discarded, leaving 13,320 micrographs. A subset of 566 

1,000 images were randomly selected for blob picking, which was used to generate templates for 567 

template picking in cryoSPARC, followed by the generation of a 32k particle set for Topaz training. 568 

Subsequently, a 9.51 million particle set was picked using trained Topaz model. After two rounds 569 

of 2D classification clean-up, 5.04 million particles were retained and subjected to ab-initio 570 

triplicate runs. In brief, four, seven and 21 rounds of ab-initio triplicate runs were performed at 4× 571 

binning, 2× binning and unbinned data sequentially, yielding a particle set of 512,313 particles and 572 

a 3.3 Å reconstruction by non-uniform refinement. The particle set were then transferred to 573 

RELION for Bayesian polishing, then transferred back to cryoSPARC for non-uniform refinement 574 
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and local refinements, with tight mask applied, generating the final reconstruction of 2.74 Å with 575 

512,313 particles. 576 

 577 

TD-3-URAT1CS 578 

TD-3-URAT1CS dataset was processed similarly to that for no ligand added dataset with minor 579 

modifications. Beam-induced motion correction and dose-weighing for a total of 19,122 movies 580 

were performed using RELION 4.048. Contrast transfer function parameters were estimated using 581 

cryoSPARC’s patch CTF estimation49. Micrographs showing less than 4.5 Å estimated CTF 582 

resolution were discarded, leaving 15,790 micrographs. A subset of 500 images were randomly 583 

selected for blob picking, which was used to generate templates for template picking in 584 

cryoSPARC, followed by the generation of a 56k particle set for Topaz training. Subsequently, a 585 

1.95 million particle set was picked using trained Topaz model. After 2D classification clean-up, 586 

1.65 million particles were retained and subjected to ab-initio triplicate runs. In brief, three and 587 

four rounds of ab-initio triplicate runs were performed at 4× binning, 2× binning respectively, 588 

yielding a particle set of 1.04 million particles and a 3.3 Å reconstruction by non-uniform 589 

refinement. Followed by ab-initio triplicate runs, two rounds of heterogenous refinement was 590 

carried out, using three reference classes of the previous obtained 3.3 Å reconstruction without 591 

low-pass filtering, low pass filtered to 6 Å and 10 Å, respectively. The class that shows most 592 

prominent high resolution features, containing 505,651 particles, was selected and subjected to 593 

non-uniform refinement and local refinement with tight masking, yielding a 2.73 Å reconstruction. 594 

The particles were then transferred to RELION for Bayesian polishing, then transferred back to 595 

cryoSPARC for local refinement, generating a final map of 2.55 Å.  596 
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 597 

Model Building and Refinement 598 

All manual model building was performed in Coot52 with ideal geometry restraints. A previous 599 

OCT1 model (PDB ID 8ET6) was used as an initial reference, followed by further manual model 600 

building and adjustment. Idealized CIF restraints for ligands were generated in eLBOW (in 601 

PHENIX software suite53) from isomeric SMILES strings. After placement, manual adjustments 602 

were performed for both protein and ligands ensuring correct stereochemistry and good geometries. 603 

The manually refined coordinates were subjected real space refinement in phenix-real.space.refine 604 

in PHENIX with global minimization, local grid search and secondary structure restraints. 605 

MolProbity54 was used to help identify errors and problematic regions. The refined TD-3-606 

URAT1CS cryo-EM structure was then rigid-body fit into the no ligand added URAT1CS, BBR-607 

URAT1CS and LESU-URAT1CS maps, followed by manual coordinate adjustments, ligand 608 

placement and adjustments, followed by phenix-real.space.refine in PHENIX. The Fourier shell 609 

correlation (FSC) of the half- and full-maps against the model, calculated in PHENIX, were in 610 

good agreement for all four structures, indicating that the models did not suffer from over-611 

refinement Structural analysis and illustrations were performed using Open Source PyMOL and 612 

UCSF Chimera X55.  613 

 614 

Molecular Dynamics Simulations 615 

All-atom molecular dynamics (MD) simulations in explicit solvents and POPC bilayer membranes 616 

were performed using the cryo-EM BBR-, LESU-, and TD-3-URAT1CS structures. The systems 617 

were assembled using CHARMM-GUI Membrane Builder.56-58 Each system was solvated in 618 
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TIP3P water and neutralized with 0.15 M Na+ and Cl- ions.59 Five independent replicates were 619 

simulated for each system. Long-range electrostatics in solution were treated with the Particle-620 

mesh Ewald summation,60,61 and van der Waals interactions were calculated with a cut-off distance 621 

of 9.0 Å. The systems were equilibrated following the CHARMM-GUI Membrane Builder 622 

protocol. The production runs were performed in the NPT (constant particle number, pressure, and 623 

temperature) for 1 𝜇s at 303.15 K and 1 bar with hydrogen mass repartitioning62,63 using the 624 

following force fields: ff19SB for protein,64 OpenFF for ligand, and Lipid21 for lipid.65 All 625 

simulations were performed with the AMBER22 package66 using the system inputs generated by 626 

CHARMM-GUI. Ligand binding stability was evaluated by calculating ligand RMSDs after 627 

superimposing the TM of the protein structure throughout MD trajectory using CPPTRAJ.67  628 

  629 
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Extended Data Figures 630 

 631 

Extended Data Figure 1 | Consensus mutagenesis, functional characterization and protein 632 
biochemistry of URAT1CS. 633 

a, Mapping of all the mutations of the consensus construct (URAT1CS) relative to the hURAT1 634 
sequence. b, Gel filtration profiles of purified hURAT1 (yellow) and URAT1CS (green).  c, 635 
Background-corrected uptake of 10 µM [14C]-urate  (45 Ci/mol) over time for hURAT1 (left y-636 
axis) and URAT1CS (right y-axis) at 37°C in transiently transfected HEK293T cells. d, Surface 637 
expression western blot from transiently transfected HEK293T cells showing much greater 638 
surface expression of URAT1CS relative to hURAT1. e, TD-3 IC50 by uptake of 10 µM [14C]-639 
urate (45 Ci/mol) in HEK293T cells transiently expressing hURAT1 (10 min at 37°C) or 640 
URAT1CS (60 min at 37°C). Background corrected TD-3 titrations were fit to an IC50 for 641 
hURAT1 of 350 nM [95% CI: 287 – 525 nM], and 31 nM for URAT1CS, [95% CI: 17 – 52 nM]. 642 

643 
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 644 

Extended Data Figure 2 | Cryo-EM data processing workflow. 645 

Data processing workflow for no ligand added URAT1CS, BBR-URAT1CS, LESU-URAT1CS, and 646 
TD-3-URAT1CS datasets, respectively. 647 

  648 
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 649 

Extended Data Figure 3 | Cryo-EM data validation. 650 

a, Final cryo-EM reconstructions. b, Fourier-shell correlation for the final reconstruction, 651 
generated from cryoSPARC. c, projection orientation distribution map for the final reconstruction, 652 
generated from cryoSPARC. d, Map-to-model correlation plots. e, Local Resolution plots. f, cryo-653 
EM maps for secondary structure segments. From left to right are cryo-EM data validations for 654 
URAT1CS, BBR-URAT1CS, LESU-URAT1CS, and TD-3-URAT1CS datasets, respectively. 655 

656 
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 657 

Extended Data Figure 4 | Endogenous cryo-EM peaks in URAT1CS central binding pocket. 658 

a, b, The appearance of unknown cryo-EM peaks in URAT1CS reconstruction without extra ligand 659 
added. c-e, the map of URAT1CS overlayed with BBR-URAT1CS, LESU-URAT1CS, or TD-3-660 
URAT1CS coordinates.  661 
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 662 

Extended Data Figure 5 | Sequence conservation of URAT1 binding pocket. 663 

Consurf analysis68 of sequence conservation for URAT1 mapped onto the no inhibitor added 664 
structure. The degree of sequence conservation as indicated by the gradient key. 665 

  666 
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 667 

Extended Data Figure 6 | Surface expression of URAT1 and mutants 668 

Microscope images showing bright field, fluorescence and overlay images for the mutants tested 669 
in this study. All variants show expression except for Y152A. WT = hURAT1. b, Surface 670 
expression by surface biotinylation and western blot analysis. EV = empty vector, WT = 671 
hURAT1. Only EV and Y152A show no surface expression. 672 

  673 
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 674 

 Extended Data Figure 7 | Structural features of BBR. 675 

a, Overlay of BBR molecule in BBR-URAT1CS with BBR molecules in PDB 7ACU (1 676 
molecule), 8K4H (1 molecule), 8II2 (2 molecules) and 7D6J (4 molecules). BBR conformation 677 
in BBR-URAT1CS is similar with 6 out of 8 occurrences. b, Resonant charge distribution of BBR 678 
at physiological pH, adapted from28. 679 

  680 
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 681 

Extended Data Figure 8 | Binding pocket of urate-bound URAT1, adopted from PDB 682 

8WJQ26. 683 

  684 
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 685 

Extended Data Figure 9 | Molecular dynamics for URAT1 686 

Replicate sets of 1 µs simulations for either charged (anionic, –1) or neutral forms of BBR (a, 687 
d) , LESU (b, e) and TD-3 (c, f). g-i, frequency distribution of RMSD values across all five 688 
replicates for charged (left) and neutral (right) forms for BBR (g), LESU (h) and TD-3 (i). 689 
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 690 

Supplemental Figure 1 | Sequence alignment of URAT1CS, human, mouse and rat URAT1 691 

(SLC22A12). Sequence alignment performed using MAFFT42. 692 

 693 
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