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Abstract 28 

Oxalobacter formigenes is an oxalate-degrading bacterium in the gut microbiota that absorbs 29 

food-derived oxalate to use this as a carbon and energy source and thereby helps reduce the 30 

risk of kidney stone formation of the host animals 1-4. The bacterial oxalate transporter OxlT 31 

uptakes oxalate from the gut to bacterial cells and excrete formate as a degradation product, 32 

with a strict discrimination from other carboxylates that serve as nutrients 5-7. Nevertheless, 33 

the underlying mechanism remains unclear. Here, we present crystal structures of 34 

oxalate-bound and ligand-free OxlT in two different conformations, occluded and 35 

outward-facing states. The oxalate binding site contains two basic residues that form salt 36 

bridges with a dicarboxylate substrate while preventing the conformational switch to the 37 

occluded state without an acidic substrate, a ‘disallowed’ state for an antiporter 8,9. The 38 

occluded ligand-binding pocket can accommodate oxalate but not larger dicarboxylates, such 39 

as metabolic intermediates. The permeation pathways from the binding pocket are completely 40 

blocked by extensive interdomain hydrophobic and ionic interactions. Nevertheless, a 41 

molecular dynamics simulation showed that a flip of a single side chain neighbouring the 42 

substrate is sufficient to trigger the gate opening. The OxlT structure indicates the underlying 43 

metabolic interactions enabling favourable symbiosis at a molecular level. 44 

  45 
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Introduction 46 

Oxalate is the smallest dicarboxylate (C2O42–) ingested through our daily diet from 47 

oxalate-containing foods 10, such as vegetables, beans and nuts 11. Oxalate is also a final 48 

metabolic product in our body and is partly secreted to the intestine via the systemic 49 

circulation 10. Then it is absorbed from the intestinal tract and excreted through the kidney 2. 50 

However, excess oxalate forms an insoluble salt with blood calcium and causes kidney stone 51 

disease (Fig. 1A). Oxalobacter formigenes is an oxalate-degrading bacteria in the gut 12 that 52 

can degrade intestinal oxalate and thus significantly contribute to oxalate homeostasis in the 53 

host. Indeed, patients with cystic fibrosis 13 or inflammatory bowel disease 14 or those who 54 

have undergone jejunoileal bypass surgery 15 are known to have low rates of colonisation of O. 55 

formigenes and an increased risk of hyperoxaluria and kidney stone formation. 56 

Oxalate transporter (OxlT), an oxalate:formate antiporter (OFA) in O. formigenes, 57 

is a key molecule for oxalate metabolism in this bacterium. OxlT catalyses antiport of 58 

carboxylates across the cell membrane according to their electrochemical gradients with a 59 

substrate specificity optimised to the C2 dicarboxylate, oxalate. Indeed, the transporter shows 60 

a high turnover rate (>1000/s) for oxalate self-exchange 5,7. Under physiological conditions in 61 

the oxalate autotroph O. formigenes, the carboxylate-exchange function of OxlT enables 62 

uptake of oxalate from the host intestine as a sole carbon source for the bacterium and a 63 

release of formate (HCO2–), the final degradation product of oxalate that is toxic if 64 

accumulated in the cell 5-7 (Fig. 1A). OxIT catalytic turnover of the oxalate:formate exchange 65 

is accompanied by the metabolic degradation of oxalate to formate via a decarboxylase that 66 

consumes a proton in the cytosol, consequently producing a proton electrochemical gradient 67 

across the bacterial cell membrane 5. Therefore, OxlT serves as a ‘virtual proton pump’ that 68 

creates a proton motive force for bacterial ATP synthesis 5. Thus, the functional characteristics 69 

of OxlT as an antiporter between oxalate and formate, rather than a uniporter of each 70 
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chemical, is essential to couple carbon metabolism and energy formation. Notably, OxlT does 71 

not accept oxaloacetate or succinate, which are Krebs cycle dicarboxylate intermediates, as 72 

substrates 6. These dicarboxylates with four carbon atoms (C4 dicarboxylates) are important 73 

metabolic intermediates at the bacterial cytosolic side while they are also absorbed as energy 74 

sources and biosynthetic precursors through an intestinal transporter at the host lumen side 16. 75 

Therefore, the ability of OxlT to discriminate between C2 and C4 dicarboxylates is critical for 76 

the favourable symbiosis between host animals and the gut bacterium. 77 

OxlT belongs to the major facilitator superfamily (MFS), the large transporter 78 

family whose members transport a wide array of chemicals 17. MFS proteins share a common 79 

architecture of twelve transmembrane (TM) helices that contain symmetrical N- and 80 

C-terminal halves of six gene-duplicated TM units, with a substrate-binding site in the centre 81 

of the molecule 18,19. The substrate transport mechanism of the MFS family as well as other 82 

transporter families, is explained by the ‘alternating access model’ 20,21, whereby transporter 83 

molecules open a cavity from the binding site to either side of the membrane alternately, and 84 

take outward-facing, occluded and inward-facing conformations via a ‘rocker switch’ motion 85 

of the N- and C-terminal domains, thereby allowing substrate transfer across the membrane 22. 86 

Although a wealth of structural information of each MFS member has been accumulated 23-25, 87 

current knowledge about the OFA family remains limited to an OxlT structure initially solved 88 

by electron crystallography at 6.5 Å 8,26. Therefore, the specific oxalate recognition and 89 

antiport mechanism of OxlT is yet to be elucidated in a higher resolution structure. In this 90 

study, we report the X-ray crystallographic structures of OxlT in oxalate-bound and 91 

ligand-free forms solved at 3.0–3.3 Å to understand the structural basis of these key 92 

transporter functions that underly the symbiosis of this oxalate-degrading bacterium in the 93 

gut. 94 

 95 
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OxlT structures in two different conformations 96 

The wild-type OxlT is unstable under various conditions, such as in the presence of chloride 97 

ion 7,27, which significantly narrows the available chemical space for crystallisation screening. 98 

Therefore, OxlT was stabilised by binding antibody fragments, resulting in crystallisation 99 

under two different conditions. We confirmed that the Fab fragment used for crystallisation 100 

binds to OxlT both in the presence and absence of oxalate, suggesting that Fab-mediated 101 

artificial trapping of OxlT in a certain conformation is unlikely. The crystal structure of 102 

oxalate-bound OxlT in complex with the Fab fragment was solved at 3.0 Å while that of 103 

ligand-free OxlT in complex with an Fv fragment was solved at 3.3 Å (Extended Data Fig. 1A, 104 

1B, Extended Data Table 1). 105 

The overall structure of OxlT consists of 12 TM helices (Fig. 1B, 1C), as observed 106 

in the previous EM structure 26 and later confirmed as a typical MFS architecture 18,19. In the 107 

oxalate-bound state, the OxlT molecule adopts an occluded conformation with an oxalate 108 

molecule binding at the centre of the structure (Fig. 1, B and E). In contrast, the ligand-free 109 

OxlT takes a significantly different conformation from the oxalate-bound form (Fig. 1C, D, F). 110 

The OxlT molecule displayed a large V-shaped cavity between the N- (TM1–6) and the 111 

C-terminal (TM7–12) domains, which was connected from the central oxalate binding site to 112 

the periplasm, a clear signature of an outward-facing conformation. 113 

In a comparison of the occluded and outward-facing structures, the Cα 114 

root-mean-square-deviation (RMSD) for all residues was 2.6–2.7 Å (Fig. 1D). Even the sole 115 

N- or C-terminal domains of the two showed significant structural differences (Cα RMSD of 116 

1.5~1.6 Å). Therefore, the structural change between the occluded and outward-facing states 117 

with a ‘rocker switch’ motion is not achieved by the tilt of the rigid structural units but is 118 

concomitant with their bending. Indeed, conspicuous bends at the periplasmic portion were 119 

observed on TM1, 2, 4, 7, 8 and 11 in the outward-facing structure, with tilting of the other 120 
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surrounding TM helices (Fig. 1D). In contrast, there was no significant change of the 121 

cytoplasmic portion between the two conformations. In other MFS proteins, such as GLUT5 122 

and NarK, bending at the glycine residues in the TM helices has been observed between the 123 

different conformational states 28,29. OxlT has 52 glycine residues, which is one eighth 124 

(12.4%) of the amino acid content (Fig. 1D, Extended Data Fig. 1C, Extended Data Fig. 2). 125 

Notably, this glycine frequency is significantly higher than that in other MFS proteins, such as 126 

LacY (8.6%), GLUT5 (7.6%) or NarK (10.4%), and in TM helices in other membrane 127 

proteins (~8.7%) 30. Therefore, the accumulation of bending of the TM helices at the glycine 128 

residues is likely more prominent in achieving the conformational switch between the states 129 

in OxlT. Glycine residues were also found at the interface between the N- and C-terminal 130 

domains as in TM5 and TM8 or TM2 and TM11 (Extended Data Fig. 1C) and achieved tight 131 

helical packing as previously reported 30,31. The high glycine occurrence observed in OxlT 132 

may be required to occlude the oxalate, which is small for a transported substrate, in the 133 

centre of the molecule. 134 

 135 

Oxalate-bound occluded structure 136 

In the crystal structure, the oxalate molecule binding to OxlT refined as a twisted 137 

configuration (Fig. 2A, Extended Data Fig. 3A). The bond between the two carboxyl groups 138 

in an oxalate dianion is known to be a single and unconjugated, allowing a free rotation of the 139 

carboxyl groups about the C-C bond 32. Since the resolution of the oxalate-bound OxlT crystal 140 

is insufficient to accurately determine the dihedral angle of oxalate, we performed QM and 141 

QM/MM calculations of the oxalate binding in the occluded OxlT structure to examine the 142 

energetically minimised conformation. The resulting O-C-C-O dihedral angles in the oxalate 143 

were within 50–68˚ (Extended Data Fig. 3B, 3C, Extended Data Table 2). These values are 144 

close to those observed in the original crystal structure (60.1˚), verifying that the oxalate is 145 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 15, 2021. ; https://doi.org/10.1101/2021.11.15.468502doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.15.468502


 8 

not planar but twisted in the crystal structure. 146 

At the binding site in OxlT, oxalate binds to the transporter with one carboxyl group 147 

forming a bidentate salt bridge with Arg272 in TM8 while the other forms an ionic interaction 148 

with Lys355 in TM11 (Fig. 2A). In addition to the salt-bridging with the oxalate, the ε-amino 149 

group in Lys355 forms an interdomain hydrogen bond network with the carbamoyl groups in 150 

Gln34 (TM1) and Gln63 (TM2) in the N-terminal domain. Similarly, the guanidino group in 151 

Arg272 forms an interdomain hydrogen bond with the main chain carbonyl group in Ala147 152 

(TM5) and further interacts with the carbamoyl and main chain carbonyl group of Asn268 153 

upstream of TM8. The region around Arg272 is the bending point in TM8 due to the sequence 154 

of N268GGCR272P, and therefore the hydrogen bonds between Arg272 and Asn268 likely 155 

maintain the conformation and orientation of TM8 in the oxalate-bound structure. These inter- 156 

and intra-domain hydrogen bonding networks involving Arg272 and Lys355 likely play 157 

pivotal roles in organising the structure of the binding pocket and stabilising the occluded 158 

conformation, despite the location of these two basic residues within the C-terminal domain. 159 

These two basic residues are critical for oxalate transport, and even R272K or K355R 160 

mutations decrease the transport activity 33-35. These results confirm observations that not only 161 

the charges but also the chemical structures of the side chains of the two residues are 162 

important for the structural organisation of the binding site. 163 

In addition to the two basic residues, numerous aromatic residues are found to 164 

contribute to oxalate binding. The hydroxyl groups of Tyr35 and Tyr124 form hydrogen bonds 165 

with either of the carboxyl groups in oxalate (Fig. 2A). Furthermore, the aromatic side chain 166 

groups in Tyr150, Trp324, Tyr328 and Trp352 form face-to-face or edge-to-face π-π 167 

interactions with the carboxyl groups in oxalate, indicating the significance of the π-electron 168 

systems in oxalate for molecular recognition by OxlT. These aromatic residues distributed in 169 

both the N- and C-terminal halves, and thus their interactions with oxalate, are also significant 170 
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in stabilising the closure of the interdomain cavities to achieve the occluded conformation. In 171 

addition, Trp352 forms an interdomain hydrogen bond with Gln66 (TM2). Notably, a similar 172 

combination of ionic and π-π interactions was also observed with the recognition of nitrate, 173 

which also presents a π-electron system, by NarK in the nitrate/nitrite porter (NNP) family 174 

28,31, although the NNP family is distant from the OFA family 17 and the positions of the 175 

involving residues do not correspond to each other (Fig. 2B). 176 

 The significance of the above-mentioned or their neighbouring residues for oxalate 177 

transport was verified by a functional assay using E. coli recombinant expressing wild-type 178 

and mutant OxlT. In the assay, the extent of oxalate-formate exchange by OxlT, which is 179 

negatively electrogenic, was assessed by coupling with light-driven inward proton transfer by 180 

a microbial rhodopsin, xenorhodopsin 36, co-expressed in E. coli 37. In addition to R272A and 181 

K355Q, which are the reported non-functional mutants 33,34 and had been verified their loss of 182 

activity in our previous study 37, mutation of OxlT with Q34A, Y35A, N268A, W324A, 183 

Y328A and W352A also reduced activity, indicating the significance of these residues for 184 

transport function (Fig. 2C). These residues are conserved among the OFA family proteins 185 

(Extended Data Fig. 2). 186 

The interactions between the substrate and the residues in the occluded OxlT crystal 187 

structure are optimised to the C2 dicarboxylate oxalate. Since the oxalate molecule tightly fits 188 

to the binding pocket, supplanting oxalate with a larger dicarboxylate, such as Krebs cycle 189 

intermediates, causes steric clashes with the residues in OxlT, likely destabilising the 190 

occluded conformation (Extended Data Fig. 4A). A flexible docking study resulted in a 191 

position that could accommodate a C3 dicarboxylate, malonate, in the binding site of the 192 

occluded OxlT, although this had fewer interactions compared with the case for oxalate, due 193 

to the rearrangement of amino acid residues in the binding pocket (Extended Data Fig. 4B). 194 

This is consistent with the reduced affinity and transport activity to malonate 6. No pose for 195 
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the binding of C4 dicarboxylates to the occluded OxlT was observed even by flexible docking, 196 

consistent with a prior report indicating that there was no significant binding of these 197 

molecules to OxlT 6. 198 

From the oxalate binding site to the cytoplasm or periplasm, extensive 199 

intramolecular interactions were observed between TM helices in the N- and the C-terminal 200 

domains, such as TM2 and TM11, TM5 and TM8, the periplasmic halves of TM1 and TM7, 201 

and the cytoplasmic halves of TM4 and TM10 (Fig. 2, D–F). These interactions stabilise the 202 

closure of the interdomain cavities in the occluded structure. 203 

In the cytoplasmic side below the oxalate binding site, hydrophobic interactions 204 

involving Met128 (TM4), Pro332 (TM10) and Tyr348 (TM11) were observed, followed by 205 

polar interactions between Asn129 (TM4) and Ser344 (TM11), Arg133 (TM4) and the main 206 

chain carbonyl groups of Thr341 and Ala342 (TM11) (Fig. 2D). These interactions are further 207 

supported with by charge-dipole interactions at the cytoplasmic end, formed between Asp78 208 

(TM2) or Asp280 (TM8) and the N-terminal ends of TM11 or TM5, respectively (Fig. 2E). 209 

The two aspartate residues located in the ‘A-like’ motifs in the TM2-3 210 

(‘G74YFVD78KFGP82R83IP’ sequence, AL2-3) or TM8-9 (‘G276FVSD280KIGR284YK’, sequence, 211 

AL8-9) regions (Extended Data Fig. 2). Motif A is one of the commonly conserved motifs in 212 

MFS proteins, and the D(+5) is known to participate in an interdomain charge-helix dipole 213 

interactions 9. Notably, these aspartate residues further compose extensive ionic interaction 214 

networks in the cytoplasmic side (Fig. 2E). Specifically, Asp78 and Arg133 in TM4, and the 215 

downstream residue Asp137 and Arg16 in TM1, form salt bridges. Further downstream, 216 

Arg139 at the N-terminal end of TM5 forms a charge relay network with Asp337, Arg284 and 217 

Asp280. 218 

In the periplasmic side above the oxalate binding site, a hydrogen bond between 219 

Thr38 (side chain) in TM1 and Val240 (backbone) in TM7 (2.72 Å) closes the pore tunnel in 220 
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the occluded conformation (Fig. 2F). Above the hydrogen bond, Leu39 (TM1), Leu52 (TM2), 221 

Val244 and Pro245 (TM7) and Val261 (TM8) form hydrophobic interactions. 222 

 223 

Ligand-free outward-facing structure 224 

In contrast to the occluded substrate-binding site in the oxalate-bound OxlT, a large cavity 225 

from the binding site to the periplasmic space is open in the ligand-free OxlT (Fig. 1F). At the 226 

empty binding site, the Lys355 side chain flips out from Arg272 due to charge repulsion and 227 

shifts the positions from those found in the oxalate-bound form (Fig. 3A). In the ligand-free 228 

form, most of the interdomain hydrogen bonds observed in the oxalate-bound state are 229 

retained. However, that between Lys355 in the C-terminal domain and Gln34 in the 230 

N-terminal domain is likely disrupted in the ligand-free state, judging by the distance between 231 

the side chains (>~4 Å). Positional shifts of the surrounding aromatic residues, such as Tyr35, 232 

Tyr150, Trp324 and Tyr328, were also observed (Fig. 3B). These changes at the 233 

substrate-binding site due to the absence of oxalate likely underlie the structural 234 

rearrangement of the overall architecture and result in the conformational change between the 235 

occluded and outward-facing state. Notably, the cavity opening to the periplasm displayed an 236 

extensive positively charged surface (Fig. 1F, 3C). This basic property is mainly derived from 237 

Arg272 and Lys355 in the binding site. In addition, the side-chain amino groups in Lys45 and 238 

Arg248 and the amide groups in Gln34, Asn42, Gln56, Asn264, Asn265 and Asn268, that line 239 

this cavity, are now exposed to the solvent. These groups and the positive dipole moments of 240 

the bent helices of TM1, TM5 and TM11 also contribute to the basic property of the entire 241 

cavity (Fig. 3C). The charge repulsion caused by Arg272 and Lys355 at the empty 242 

ligand-binding site as well as the extensive basic surface of the cavity likely prevents closure 243 

of the pocket to the occluded form in the absence of oxalate, thus stabilising an open state. 244 

The stability of an open state conformation in the absence of a substrate, which prevents 245 
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transition to the occluded state, underlies the OxlT function as an antiporter, in which the 246 

conformational switch in the absence of a substrate during the catalytic process is disallowed 247 

8,9. A similar situation was observed on a nitrate/nitrite antiporter NarK 31, where the 248 

positively charged surface of the open cavity stabilised the inward-facing conformation 28. 249 

 On the other hand, the cytoplasmic part of the ligand-free OxlT structure shows no 250 

significant changes from that of the oxalate-bound structure (Fig. 1D). 251 

 252 

Substrate-binding, hydrophobic gates and conformational dynamics of OxlT 253 

To address the structural dynamics of OxlT enabling the conformational switch necessary for 254 

the transport cycle, we performed molecular dynamics (MD) simulations 38 based on the 255 

oxalate-bound occluded and the ligand-free outward-facing OxlT crystal structures. 256 

We first simulated oxalate binding to the ligand-free outward-facing conformation 257 

(Fig. 4, A–C). Spontaneous binding of oxalate ion to the binding site of OxlT was observed at 258 

Gln34, Tyr35, Arg272, Tyr328 and Lys355 (Fig. 4B). An extensive positively charged surface 259 

(Fig. 1F, 3C) contributes to a rapid spontaneous binding of the negatively charged oxalate ion. 260 

The stability of the bound conformation was dependent on the protonation state of Lys355 261 

(see Methods for pKa calculation), which could be affected by the luminal pH in the gut, 262 

varying ~ 5 – 8 by regions 39. For the protonated Lys355, a single binding event was observed, 263 

and the bound oxalate ion remained in the binding site for the rest of the simulation, whereas 264 

several binding and unbinding events were observed for the neutral Lys355 (Fig. 4C). During 265 

the 1.7 µs simulations, the outward-facing conformation of OxlT was stable, as shown in the 266 

plot of the RMSD of the backbone atoms from the outward-facing crystal structure (Fig. 4A). 267 

The results suggest that the spontaneous binding of the oxalate observed in the simulations is 268 

an early-stage binding mode that should be followed by the conformational rearrangement 269 

and desolvation of the binding site and the transition to the occluded conformation to adapt 270 
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the fully bound conformation. 271 

We next addressed the conformational dynamics of the occluded conformation in 272 

the oxalate-bound state. During the 1 µs simulation, two out of three independent trajectories 273 

remained in the occluded state (Fig. 4D). In the occluded conformation, most water molecules 274 

were blocked at certain positions in the periplasmic and cytoplasmic sides of the transporter 275 

during the simulations, although some entered OxlT (Fig. 4E). A water density analysis 276 

pinpointed structural layers blocking entry of water into the oxalate binding site during the 277 

simulation (Extended Data Fig. 5). One of these is a hydrophobic layer constituting of Thr38 278 

and Leu39 in TM1, Val244 in TM7 and Val261 in TM8 at the periplasmic side (lower left 279 

panel of Fig. 4E). This layer, combined with the hydrogen bond between Thr38 and Val240 in 280 

TM7 (shown by a broken line in lower left panel of Fig. 4E), also blocked the exit of ligand to 281 

the extracellular side and thus served as the periplasmic gate. The other layer consists of 282 

Met128 in TM4, Pro332 in TM10 and Tyr348 in TM11 at the cytoplasmic side (lower right 283 

panel of Fig. 4E). These periplasmic and cytoplasmic hydrophobic gates, together with the 284 

TM1–TM7 hydrogen bond, have similarity with the previously reported NarK transporter 40, 285 

based on residues located at similar positions to those in OxlT in the aligned structure 286 

(Extended Data Fig. 6). This result suggests that the hydrophobic gates 38 are a conserved 287 

mechanism among the two transporters. 288 

In contrast, in one trajectory from the occluded conformation, an opening of the 289 

periplasmic gate was observed (blue line in Fig. 4D). In the transition, the flip of Gln34 side 290 

chain from the binding site occurred first (Fig. 4F, Extended Data Fig. 7A). The Gln34 flip 291 

resulted in a disruption of the hydrogen bond with Lys355, as observed in the outward-facing 292 

crystal structure (Fig. 3A). Furthermore, since Gln34 is located one-turn upstream of Thr38 in 293 

TM1, the flip also caused a constant disruption of the hydrogen bond between Thr38 and 294 

Val240, which was bonded on and off by thermal fluctuation even before the flip (shown by a 295 
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broken line in Fig. 4F; Extended Data Fig. 7B). After ~280 ns following the Gln34 flip, OxlT 296 

started opening to the outside and many water molecules entered the transporter (Fig. 4F). We 297 

note that the Gln34 flip is a transient conformation and that the side chain returned to the 298 

original position after reaching the outward-facing state in the last part of the simulation, 299 

consistent with the observation on the outward-facing crystal structure (Extended Data Fig. 300 

7A and 7C). Notably, the Gln34 flip was also observed in a trajectory starting from the 301 

occluded conformation with formate modelled in the binding site (Extended Data Fig. 8). In 302 

this trajectory, the hydrogen bond between Thr38 and Val240 was again completely broken 303 

after the Gln34 flip, followed by a transition from the occluded to the outward-facing 304 

conformation, in accordance with the physiological reaction of the formate release to 305 

periplasm in O. formigenes. In contrast, the Gln34 flip was not observed in any of the other 306 

trajectories unaccompanied with the conformational transition in both the oxalate- and 307 

formate-bound forms (Extended Data Fig. 7, 8). These results suggest that the Gln34 side 308 

chain, together with the hydrogen bond between Thr38 and Val240, works as a switch of the 309 

transition from the occluded to the outward-facing conformations. Indeed, Gln34 was 310 

identified as critical in the transport assay (Fig. 2C) and, together with Thr38, is strictly 311 

conserved among the OFA family (Extended Data Fig. 2). 312 

The O-C-C-O dihedral angle of the oxalate ion in the occluded binding site became 313 

~90˚ after the Gln34 flip (Extended Data Fig. 9A), which is the value observed in solution 41. 314 

This contrasts with the other two trajectories without the Gln34 flip, where the oxalate 315 

dihedral angle remained around 40–50˚ (and its inverted position at 130–140˚; Extended Data 316 

Fig. 9A), which is similar to those found in the crystal structure and the QM/MM calculations. 317 

Intriguingly, the values observed in the bound oxalate to the outward-facing OxlT during the 318 

simulation were broadly distributed with double peaks at ~60˚ and ~120˚ (Extended Data Fig. 319 

9B), which differ from those in solution and rather closer to those in the occluded crystal 320 
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structure. These results imply that the bound oxalate rearranges its conformation according to 321 

the environmental change derived by OxlT conformational changes and takes a favourable 322 

conformation to the next step in the transporter cycle. 323 

No opening of the cytoplasmic gate was observed during the 1 µs simulation for 324 

any of the trajectories from the occluded conformation. This may be attributed to the 325 

extensive interdomain interactions observed at the cytoplasmic side, such as the motif A 326 

involving charge relay networks (Fig. 2E) known to stabilise the outward-facing conformation 327 

9. These results suggested that the transition from the occluded to the inward-open state has a 328 

slow kinetics among the entire transport process. 329 

 330 

Discussion 331 

The two crystal structures of OxlT and the MD simulations based on them provided clues to 332 

understand the alternating access transport process of OxlT (Fig. 5). The following process is 333 

described according to the electrochemical gradient formed in O. formigenes within the gut. 334 

For the oxalate uptake process, OxlT exhibits an extensive positively charged surface in the 335 

cavity open to the periplasm, allowing a spontaneous binding of acidic oxalate to the binding 336 

site. The positively charged surface also avoids the conformational transition to the next 337 

transport step in the absence of the substrate that is an indispensable characteristic for an 338 

antiporter. Nevertheless, the oxalate binding neutralises the local positive charge and enables 339 

the conformational switch from the outward-facing conformation to the occluded 340 

conformation. The occluded state is an essential step for transport to serve as a discriminatory 341 

checkpoint between oxalate and necessary host metabolic intermediates, such as those in the 342 

Krebs cycle, using the size restriction imposed by the binding pocket. The occluded 343 

conformation may eventually allow opening of the cytoplasmic gate and release of oxalate to 344 

the cytoplasm. 345 
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Subsequently, a formate binding to the inward-facing OxlT may return the 346 

transporter to the occluded state. The conformational transition required for returning from 347 

the occluded to the initial outward-facing states in the antiport cycle can be achieved by a 348 

transient flip of a side chain of a substrate-neighbouring residue, Gln34, and disruption of the 349 

hydrogen bond between Thr38 and Val240. The conformational landscape plotted by the 350 

periplasmic gate (Thr38–Val240) and cytoplasmic gate (Met128–Pro332) distances 40,42 351 

sampled in the MD simulations shows that the order parameters separate the occluded and 352 

outward-facing conformations well (red and yellow plots, Fig. 5 inset). Nevertheless, the only 353 

trajectory that accompanies the Gln34 flip shows a full transition covering the endpoint 354 

occluded and outward-facing crystal structures (blue points in Fig. 5 inset). 355 

These structural observations imply that OxlT utilises the MFS architecture and 356 

evolved in accordance with favourable symbiosis between the host animals and gut microbes. 357 

The structural and functional characteristics of OxlT also likely underlie those of the other 358 

OFA family members. Approximately 2000 OFA members are registered in the database 43, 359 

and all but OxlT are functionally uncharacterised. Therefore, knowledge concerning OxlT 360 

also contributes to understanding unknown ‘dark’ protein families. Clarifying the 361 

inward-facing conformations of OxlT (a dotted circle in Fig. 5 inset) is the next challenge 362 

understanding the structural biology of OxlT. 363 

 364 

Methods 365 

Preparation of OxlT 366 

C-terminal nona-His-tagged OxlT was expressed in E. coli XL3 at 20 °C for 24 h with 1 mM 367 

isopropyl-β-D-thiogalactopyranoside (IPTG) 44. Bacterial cells were suspended in lysis buffer 368 

(50 mM Tris-HCl, 200 mM K acetate, 1 mM EDTA, 1 mM PMSF, 5 mM MgCl2, 20 µg/mL 369 

DNaseI and 0.23 mg/mL lysozyme) and then disrupted using EmulsiFlex C-5 (Avestin). Cell 370 
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debris was removed by centrifugation (9,600 × g for 30 min), and cell membranes were then 371 

collected by centrifugation (185,000 × g for 1 h). The membrane fraction was solubilised with 372 

40 mM dodeclymaotoside (DDM) in buffer A (20 mM HEPES-KOH, 200 mM potassium 373 

acetate, 10 mM potassium oxalate and 20% glycerol, pH 8.0) and applied to Ni-NTA 374 

Superflow resin (QIAGEN) or HisTrap FF crude (GE Healthcare) in an XK16 column (GE 375 

Healthcare). The column was washed with buffer A (1 mM DDM and 30–50 mM imidazole), 376 

and then protein was eluted with buffer A containing 1 mM DDM and 250 mM imidazole. 377 

 378 

Preparation of antibody fragments 379 

All animal experiments conformed to the guidelines of the Guide for the Care and Use of 380 

Laboratory Animals of Japan and were approved by the Animal Experimentation Committee 381 

at the University of Tokyo. A proteoliposome antigen was prepared by reconstituting purified 382 

functional OxlT at high density into phospholipid vesicles consisting of a 10:1 mixture of egg 383 

phosphatidylcholine (PC) (Avanti Polar Lipids) and adjuvant lipid A (Sigma) to facilitate an 384 

immune response. BALB/c mice were immunised with the proteoliposome antigen using 385 

three injections at two-week intervals. 386 

(i) D5901Fab: Mouse monoclonal antibodies against OxlT were selected as previously 387 

described 45. Antibody-producing hybridoma cell lines were generated using a conventional 388 

fusion protocol. Hybridoma clones producing antibodies that recognised conformational 389 

epitopes in OxlT were selected by a liposome enzyme-linked immunosorbent assay (ELISA) 390 

on immobilised phospholipid vesicles containing purified OxlT, allowing positive selection of 391 

the antibodies that recognised the native conformation of OxlT. Additional screening for 392 

reduced antibody binding to SDS-denatured OxlT was used for negative selection against 393 

linear epitope-recognising antibodies. Stable complex formation between OxlT and each 394 

antibody clone was checked with fluorescence-detection size-exclusion chromatography. 395 
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Whole IgG molecules, collected from the large-scale culture supernatant of monoclonal 396 

hybridomas and purified using protein G affinity chromatography were digested with papain, 397 

and Fab fragments were isolated using HiLoad 16/600 Superdex200 gel filtration followed by 398 

protein A affinity chromatography. The sequence of the Fab was determined via standard 399 

5’-RACE using total RNA isolated from hybridoma cells. 400 

(ii) 20D033Fv: Single-chain Fv (scFv) fragments against OxlT were screened out from an 401 

immunised mouse phage displayed antibody library 46. Immunised mice were euthanised, and 402 

their splenocyte RNA isolated and converted into cDNA via reverse-transcription PCR. The 403 

VL and VH repertoire was assembled via an 18-amino acid flexible linker and cloned into the 404 

phage-display vector pComb3XSS. Biotinylated proteoliposomes were prepared by 405 

reconstituting OxlT with a mixture of egg PC and 406 

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (16:0 biotinyl Cap-PE; 407 

Avanti), and used as binding targets for scFv-phage selection. Targets were immobilised onto 408 

streptavidin-coated paramagnetic beads (Dynabeads) or streptavidin-coated microplates 409 

(Nunc). After four rounds of biopanning, liposome ELISAs were performed on periplasmic 410 

extracts of individual colonies. Positive clones were collected and evaluated using a Biacore 411 

T100 (GE Healthcare). 412 

Antibody scFv fragments are undesirable for use as crystallisation chaperones because 413 

they can intermolecularly form domain-swapped dimers, and the dimer-monomer equilibrium 414 

may increase structural heterogeneity. Therefore, we used Fv fragments for crystallisation 415 

trials. The Fv fragment were expressed in Brevibacillus choshinensis using the iRAT system 47. 416 

Culture supernatant was adjusted to 60% ammonium sulphate saturation, and the precipitate 417 

was pelleted, dissolved in TBS buffer (10 mM Tris-HCl, pH 7.5, 150 mM and NaCl) and 418 

dialysed overnight against the same buffer. Dialysed proteins were mixed with Ni-NTA resin 419 

equilibrated with buffer B (10 mM Tris-HCl, pH 7.5, 150 mM NaCl and 20 mM imidazole). 420 
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Bound proteins were eluted with buffer C (10 mM Tris-HCl, pH 7.5, 150 mM NaCl and 250 421 

mM imidazole), mixed with TEV-His6 and dialysed overnight against TBS buffer. Cleaved 422 

His6 tag and TEV-His6 were removed using a HisTrap column equilibrated with buffer B. The 423 

tag-free Fv fragment was concentrated and loaded onto a HiLoad16/60 Superdex75 column 424 

(GE Healthcare) equilibrated with TBS buffer. Peak fractions were pooled, concentrated, flash 425 

frozen in liquid nitrogen and stored at −80 ˚C. 426 

 427 

Crystallisation 428 

For crystallisation of oxalate-bound OxlT complexed with D5901-1A08-Fab, the purified 429 

OxlT was mixed with purified D5901-A08-Fab at a 1:1.3 molar ratio at 4 °C overnight and 430 

applied to a HiLoad 16/60 Superdex200 pg column (GE healthcare) using buffer D (20 mM 431 

MES-KOH, 200 mM potassium acetate, 10 mM potassium oxalate, 20% glycerol, and 0.51 432 

mM DDM, pH 6.2) as running buffer. Purified sample was dialysed in buffer E (20 mM 433 

MES-KOH, 10 mM potassium oxalate and 0.51 mM DDM, pH 6.2). Crystals were obtained 434 

by the sitting-drop vapour diffusion method at 20 °C by mixing purified sample (~10 mg/mL) 435 

with a reservoir solution of 0.1 M sodium citrate, pH 5.5, 0.05 M NaCl and 26% (v/v) 436 

PEG400. Crystals were frozen in liquid nitrogen in advance of data collection. 437 

 For crystallisation of ligand-free OxlT complexed with 20D033-Fv, purified OxlT 438 

was mixed with purified 20D033-Fv at a 1:2 molar ratio at 4 °C overnight and purified using 439 

Superdex200 Increase 10/300 GL (GE healthcare) in 20 mM MES-KOH, 10 mM potassium 440 

oxalate and 0.02% DDM, pH 6.2. Purified sample was reconstituted into a lipidic mesophase. 441 

The protein-LCP mixture contained 50% (w/w) protein solution, 45% (w/w) monoolein 442 

(Sigma) and 5% (w/w) cholesterol (Sigma). The resulting lipidic mesophase was dispensed as 443 

50 μL drops into 96-well glass plates and overlaid with 0.8 μL of precipitant solution using an 444 

NT8-LCP crystallisation robot (Formulatrix) and were then covered with thin cover glasses. 445 
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Crystallisation setups and the 96-well glass sandwich plates (Molecular Dimension) were 446 

incubated at 20 °C. Crystals were obtained in a week under the following precipitation 447 

conditions: 100 mM Glycine, pH 9.0, 26–36% (v/v) PEG400, and 50–150 mM MnCl2. 448 

Crystals were harvested directly from the lipidic mesophase using Mesh Litholoops (Protein 449 

Wave) and flash cooled in liquid nitrogen. 450 

Data collection and structure determination 451 

X-ray diffraction data for oxalate-bound OxlT and for ligand-free OxlT were collected at 1.0 452 

Å at the SPring-8 beamline BL41XU using MX225HE (Raynoix) and BL32XU using an 453 

EIGER X 9M detector (Dectris, Ltd), respectively, under a cryostream operating at 100 K. 454 

Data were merged, integrated and scaled to 2.6 Å (oxalate-bound OxlT) and 3.1 Å 455 

(ligand-free OxlT) using the KAMO system 48, which exploits BLEND 49, XDS 50 and 456 

XSCALE 51 (Extended Data Table 1). Data were corrected for anisotropy using the 457 

STARANISO server 52. The correction deleted many weak reflections with very low spherical 458 

completeness in the higher resolution shells. For refinement, we used data to 3.0 Å 459 

(oxalate-bound OxlT) and 3.3 Å (ligand-free OxlT) that contained more than 25% 460 

(oxalate-bound OxlT) and 22% (ligand-free OxlT), respectively, of the data in the highest 461 

shell. The crystal structure was solved using molecular replacement with PHASER 53. The 462 

search models were structures of N- and C-terminal halves of the glycerol-3-phosphate 463 

transporter GlpT (PDB ID: 1PW4) 19 and an Fab fragment (PDB ID: 1XF4) 54 for 464 

oxalate-bound OxlT, and structures of N- and C-terminal halves of oxalate-bound OxlT 465 

determined in this study (residues 11–199 and 204–404, respectively) and a scFv fragment 466 

(PDB ID: 5B3N) 55 for ligand-free OxlT. Structure models were manually rebuilt with COOT 467 

56 and refined with Phenix 57. In the ligand-free OxlT crystal, two units of OxlT (chain A and 468 

D) were found in an asymmetric unit. No significant structural difference was observed 469 

between the two (Cα RMSD of 0.365 Å for residues 15–410). Data collection and refinement 470 
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statistics are shown in Extended Data Table 1. Ramanchandran statistics analysed with 471 

MolProbity 58 were 97.8% favoured, 2.2% allowed and 0.0% outliers for oxalate-bound OxlT, 472 

and 97.5% favoured, 2.5% allowed and 0.0% outliers for ligand-free OxlT. 473 

 474 

Transport assay 475 

Transport activity of OxlT was evaluated by coupling with light-driven inward proton transfer 476 

by xenorhodopsin from Rubricoccus marinus (RmXeR) co-expressed in E. coli 37. E. coli 477 

BL21 (DE3) cells were transformed with pRSF-OxlT 37 and pET21a-RmXeR 36 and were 478 

cultured in LB medium containing 100 µg/mL carbenicillin and 50 µg/mL kanamycin at 479 

37 °C. For the mutant OxlT assays, mutations were introduced into the RSF-OxlT vector via 480 

PCR using PrimeSTARMax (Takara Bio). Protein production was induced by adding 1 mM 481 

IPTG and 10 µM all-trans retinal (Sigma) at an absorbance of 0.8–0.9 at 600 nm. After 482 

culture at 20 °C for 20 h, E. coli cells were collected by centrifugation (3,500 × g for 5 min) 483 

and suspended with 50 mM K2SO4 to a cell density at 660 nm of ~10. 484 

The light-induced pH change of the cell suspension was monitored with a pH 485 

electrode (LAQUA F-72 pH metre, HORIBA) at 25 °C using continuous stirring. The cell 486 

suspension was first placed in the dark until the pH of the sample stabilised. The sample was 487 

then illuminated using a Xe lamp (MAX-303, Asahi Spectra) through a Sharp Cut Filter Y44 488 

(a longpass filter at ≥ 420 nm, HOYA) for 10 min, and the pH change in the absence of 489 

oxalate (ΔpH0) was monitored. The light intensity was adjusted to ~150 mW/cm2 at 550 nm 490 

using an optical power metre (#3664, Hioki) and an optical sensor (#9742, Hioki). The 491 

illuminated sample was placed back in the dark and when the pH stabilised, 5 mM potassium 492 

oxalate was added to the sample to enable transport via OxlT for 10 min. The sample was 493 

again illuminated under the same condition as above, and the pH change (ΔpHS) was 494 

monitored. The transport activity was evaluated by the difference in pH change (ΔΔpH) 495 
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between ΔpHS and ΔpH0; this was further corrected by subtracting the background differential 496 

pH change (ΔΔpH) measured with E. coli expressing RmXeR alone. The activities for each 497 

mutant were normalised by the corrected ΔΔpH and the relative expression level, analysed by 498 

western-blotting using Penta∙His Antibody (QIAGEN), of wild-type OxlT measured on the 499 

same day of experiment. We also performed an assay for the Y150A mutant; however, this 500 

mutant affected the expression level of RmXeR due to unknown reasons, and we therefore 501 

excluded the Y150A result from this paper. 502 

 503 

Molecular dynamics simulation 504 

The OxlT crystal structures were used as initial structures, with missing residues at the central 505 

loop modelled with MODELLER 59. Protonation states were analysed using PROPKA 3.1 506 

60,61, with the default parameter. Based on the analysis, Lys355 exhibits a deviated pKa value 507 

of 7.00 in the outward-facing structure. This deviation was not observed in the occluded 508 

structure (pKa value of 8.61). Thus, both protonation states for Lys355 were considered in the 509 

outward-facing state. The OxlT protein was embedded in the membrane using the Membrane 510 

Builder plugin in CHARMM-GUI 62,63. A phosphatidylethanolamine bilayer with a length of 511 

120 Å for x and y dimension was used. The protein-membrane system was solvated with 512 

TIP3P water molecules and 150 mM KCl. We replaced Cl- with oxalate ions with 513 

AmberTools17 64. The final MD system contained 146015 and 143611 atoms for the occluded 514 

and outward-facing OxlT system, respectively. MD simulations were then performed using 515 

NAMD 2.12 65. The Amber ff14SB and Lipid14 forcefields were employed to describe the 516 

protein and the membrane, respectively 66,67. The oxalate ligand in solution was described 517 

with parameters determined by the electronic continuum correction with rescaling (ECCR), 518 

based on Ab Initio Molecular Dynamic simulation, developed by Kroutil et al. 41,68. However, 519 

the oxalate ligand in the binding site of OxlT was described with parameters determined by 520 
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the original RESP scheme, considering that the protein environment differs from that of water 521 

solution. The MD system was set up with a minimisation for 10,000 steps, heated from 0 to 522 

10 K with a step of 0.1 ns per degree in NVT ensemble, then 10 to 310 K in NPT with a step 523 

of 0.2 ns per 30 degree, and 10 ns of equilibration with NPT ensemble simulation at 310 K. 524 

Then, production runs of 1.0 and 1.7 µs in NPT conditions were performed for the occluded 525 

and outward-facing OxlT (for each protonation state of Lys355) system, respectively. A 526 

temperature of 310 K was maintained with the Langevin thermostat, with the pressure set to 1 527 

atmosphere using the Nosé-Hoover Langevin piston. Periodic boundary conditions were 528 

applied, and long-range electrostatic interactions were treated by the particle mesh Ewald 529 

method with a real space cut-off of 12 Å and a switch function at 10 Å. 530 

To establish the simulation system with formate, a carboxylate moiety of the 531 

oxalate, toward to the Lys355, in the oxalate-bound occluded structure was replaced by a 532 

hydrogen atom to generate an initial structure of the formate-OxlT complex. GAFF force field 533 

parameters 69 were used for formate. The same equilibration and production protocols as 534 

described above were performed. The full relaxation of the OxlT protein at the end of the 535 

equilibration step guarantees a good adjustment of the binding site for a smaller ligand as well 536 

as a realistic conformation for production runs. 537 

The water density during the simulation was calculated by a module from 538 

MDAnalysis 70 after the protein was centred and superimposed. 539 

 540 

QM/MM calculation 541 

Several QM/MM models were employed with the oxalate-bound structure to assess the 542 

relevance of the binding site environment for the internal conformation of oxalate. First, the 543 

oxalate ligand was assigned to the QM part while the whole protein was assigned to the MM 544 

part. Second, the first shell of residues that interact directly with the ligand, (Gln34, Tyr35, 545 
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Tyr124, Arg272 and Lys355) were added to the QM part. Third, the second shell of the 546 

binding site (Tyr150, Trp324, Tyr328 and Trp352) were added to the QM part to build a full 547 

binding site environment surrounding the oxalate ligand. All the QM/MM calculations were 548 

performed with ONIOM 71, implemented in Gaussian 16 72. The density functional theory 549 

(DFT) method 73,74 was used to treat the QM region at the B3LYP/6-31+G(d,p) level of 550 

theory 75,76, including Grimme’s dispersion correction with Becke−Johnson damping (D3BJ) 551 

77. The MM region of the system was described by the same force field as that in the MD 552 

simulations. The electronic embedding scheme was used such that the MM region polarises 553 

the QM electronic density. An explicit link atom was added between the a and b carbons for 554 

each residue located in the QM region to handle the covalent boundary between the QM and 555 

MM parts. Minima of the potential energy surface were confirmed by having no imaginary 556 

frequencies. Additional pure DFT calculation of oxalate ligand with fixed side chains of the 557 

binding site residues were performed with the same QM level of theory as in the QM/MM 558 

calculations. As for QM/MM calculations, optimised structures were true energetical minima 559 

without imaginary frequencies. 560 
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oxalate

periplasm

cytoplasm

Fig. 1. Structure of OxlT. (A) Schematic drawing of OxlT function in the oxalate-degrading bacterium,
O. formigenes, in the gut. (B, C) Crystal structures of the oxalate-bound (B) and ligand-free (C) OxlT;
(D) Superposition of oxalate-bound and ligand-free OxlT. A view from the periplasm (top) and two
views in the transmembrane plane (bottom) are shown. Dark grey spheres indicate Cα atoms of glycine
residues. (E, F) Surface electrostatic potential map of oxalate-bound (E) and ligand-free (F) OxlT.
Electrostatic potentials at ± 5 kTe−1 were mapped on the surfaces.
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C

Fig. 2. Oxalate-bound occluded OxlT structure. (A) Close up of the binding site in oxalate-bound OxlT. The
domain colour coding is as in Fig. 1B. Dashed lines indicate potential hydrogen or ionic bonds. (B)
Superposition of the substrate-binding site structures of OxlT and NarK (PDB ID: 4U4W) based on the
topological similarity of the amino acid residues interacting with the substrates. OxlT is shown in the same
colour coding as panel A with the underlined labels while NarK is shown in green with normal labels. The
superscript for a residue label is the TM helix numbering where the residue locates. (C) Transport activities
of the mutant OxlT relative to that of wild-type OxlT. The results of the R272A and K355Q mutants 37 are
reposted for comparison. (D) Interdomain interactions closing the cavity to cytoplasm. (E) Ionic interaction
network at the cytoplasmic side of OxlT. (F) Interdomain interactions closing the cavity to periplasm.
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Fig. 3. Ligand-free outward-facing OxlT structure. (A) Close up of the binding site in ligand-free OxlT
viewed from the same orientation in Fig. 2A. The domain colour coding is as in 1C. The dashed lines
indicate potential hydrogen bonds. (B) Superposition of the substrate-binding site structures of OxlT in
oxalate-bound and ligand-free forms. (C) Close up of the cavity open to the periplasm. Models of polar
residues exposed to the cavity and the surface coloured with the electrostatic potential map as in Fig. 1F
are also shown. In panels A–C, the molecule defined as chain A is shown as a representative.
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F

Fig. 4. Substrate-binding and conformational dynamics of OxlT. (A–C) MD simulations started from the
ligand-free outward-facing OxlT crystal structure. (A) RMSDs from the initial outward-facing crystal
structure are shown for two trajectories with different protonation states of Lys355 in different colours.
(B) Snapshot of the spontaneously bound oxalate to OxlT with protonated Lys355. In the zoom-out
snapshot, water molecules within 15 Å of the oxalate ion are in the CPK colour while those between 15
and 25 Å are in blue. In the close up snapshot, water molecules within 4 Å distance from the oxalate ion
are shown. (C) Time series of the distance between the oxalate ions and the binding site residues with
protonated and deprotonated Lys355 are in the top and bottom panels, respectively. Different colours
represent different oxalate ions. (To be continued.)
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Fig. 4. (Continued.) (D–F) MD simulations started from the oxalate-bound occluded OxlT 

crystal structure. (D) RMSDs from the initial occluded crystal structure are shown for three 

independent trajectories in different colours. (E) Hydrophobic gates of OxlT. Top panel: the 

numbers of water molecules within 15, 8 and 4 Å from the bound oxalate ion are plotted in 

brown, yellow and red, respectively. Bottom panel: a snapshot at 1000 ns is shown in the zoom-

out and close up views. Water molecules within 15 Å are in the CPK colour while those between 

15 and 25 Å are in blue. (F) The observed transition from the occluded to the outward-facing 

conformation triggered by the Gln34 flip. The oxalate ion and binding site residues are 

represented as sticks. Gln34 is highlighted with the red circle. Water molecules are shown in 

the van der Waals representation. CPK-coloured water molecules are within 15 Å from the 

oxalate ion while the blue ones between 15 and 25 Å from the oxalate ion. The broken lines 

between the Thr38 side chain and the Val240 main chain in black and red depict the distances 

those within or out of H-bonding, respectively. 
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Fig. 5. Schematic drawing of the transport process and conformational switching of OxlT. The
conformational landscape of OxlT along the periplasmic and cytoplasmic gate distances is shown in the
top right panel. The Cα distances of the gate residues in MD simulations of the occluded and outward-
open states and Gln34-induced transition are shown in red, yellow and blue, respectively. The gate-
residue distances in the current occluded and outward-facing crystal structures as well as the Nark
inward-facing crystal structure (PDB ID: 4U4T) are also shown.
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Extended Data Fig. 1. Structure of OxlT. (A) The oxalate-bound OxlT in complex with an Fab fragment
(D5901Fab) and (B) the ligand-free OxlT in complex with an Fv fragment (20D033Fv). (C) Positions of
the glycine residues mapped on the occluded OxlT structure, viewed from two different orientations. The
black spheres indicate the Cα atoms of glycine residues.
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                                                                                OxlT  

OxlT      1                                        W  L      M      QY WT                 Q   M                     S             R    VL VL   MI  V     LYA  V        AAV  .. .NNPQ.............TGQ TG.......LLGN  FY   A  L C  SG   S     NP KDNLGVSL    T

A8IFN4    1                                        W  L      M      QY WT                 Q   M                     S             R  Q VAGIVC  AAANI     LFV  I     W RA I  .. .VAQA...............G SP.......APST  L         V       S     PE QNAHG T  S  V

B0UN12    1                                        W  L      M      QY WT                 Q                         Q             R  Q  LGVIC  AAANI     LFV  I     W RAAI  MTSVAATR...............A AP.......AIAG  L  T      V       A     PE QKTFG D     V

B0U8J5    1                                        W  L      M      QY WT                 Q   M                     Q             R  Q A GVIC  MIANM      FV  M     W RAAI  .. ..................SGT EN.......ARGG  L   F     C       G  F  NP QERHG E     V

B0UG43    1                                        W  L      M      QY WT                 Q   M                     T             R  Q ALGVVC  MIANL      FV  I     F RAAI  .. ....................P STPINLNRVSDSY  M         I       G  F  PE QKTFG D     W

B0UA83    1                                        W  L      M      QY WT                 Q   M                                   K  Q A GIVC  MIANL     LFV  I     W R AI  .. ....................ERQD.......ASSA  W   F     A       G     DP DAKFH G T   F

A8INE2    1                                        W  L      M      QY WT                 Q   M                     Q             R  Q I GVVC  MIANL     LFV  I     W RAAI  .. AQA.................A PA.......SESQ  V   C     A       G     DP EAKHQ G     L

A8IFN2    1                                        W  L      M      QY WT                 Q   M                     S             R  Q LIGVVC  MIANL     LFV  I     W R AI  .. WEGKE.........MSSVQTA QG.......PVGG  L         S       G     EP NDKYH G P   V

F8JE15    1                                        W  L      M      QY WT                 Q   M                     S             R  Q ALGVLC  MIANL     LFV  L     W  AAI  .. TIQT................E RAPASGIATSTTG  A         T       G     NP HAKFG EM    W

D9S1F0    1                                        W  L      M      QY WT                 Q   M                                      Q IL MI   MIANL     LFV  L       RAAV  .. .TTST.........PQTSDRKGVYGS.....FIWNT T    A  G I       A     PE EKGFNAS     L

A6T9B0    1                                        W  L      M      QY WT                 Q   M                                   K  Q VLGLIC  AI S      L    L          L  .. .RFTEACLLKTENNMTTLSEPLVT.......PKYG  R         A  S P  V   LTKP AAKLGVGLPE  V

                                                         .                      OxlT  

OxlT     58  F           P          P              W                    G G    Y         WF A TL  V         GYFVDKFG RI L  GGAM  A       V SV ALYA    L  A VG V    M TA R  P    SQ IQAGSQ GG           P MF    VL G TFMGM D  P    LYT. A     I  GIA N  N    

A8IFN4   56  F           P          P              W                    G G    Y         WF A TIFVV  TWL  IEGYFIDKYG RAVV  GGL   L  IVN  A TL   YV  V I  I VG V  TCV SALK  P       VQ   T                FV   FTG S    SY T  TGF  GA . G     C  A   N       

B0UN12   59  F           P          P              W                    G G    Y         WF A TLFVV  TWL  VEG FIDRYG   VV  GGL   L  IIN  A SL   YL  V V  I VG V  TCI NALK  P       TQ   T    H       SR  MA   FTG A    SY T  SGY  GA . G     C  A   A       

B0U8J5   54  F           P          P              W                    G G    Y         WF A TLFVV  TWL  IEGWFVDKYG RIV   GGVL  I  VIN  A SL VLYI  A I    AG V  TCV N LK  P       TE   V               TLI    CA A    SY T  T    AA . G T   A  G   G S     

B0UG43   59  F           P          P              W                    G G    Y         WF A TLFVL  TWL  VEGWFVDKYG KVVV  GGVL  A  VIN  A SL M YV  V I  L AG V  TCV NALK  P       FE   V                LF    CG G    AY T  N F  GQ . A     A  G   G       

B0UA83   52  F           P          P              W                    G G    Y         WF A TIFVA  TWL  VE WFVDRYG  VVV  GGVM  L  VL   A SL LLYA  V I  I AG V  TCV NALK  P       TE   V   A        Q   FF    IA A   DAY E  P    GA . G     A  G   G       

A8INE2   55  F           P          P              W                    G G    Y         WF A TIFVL  TWL  VE WFVDRYG RVVL  G VM  L   LN  A SL VLYA  V V  I AG V  TCV NALK  P       TE   V   A            MF A  IA A S  SI S  F    AS . A     A  G   G       

A8IFN2   63  F           P          P              W                    G G    Y         WF A TIFVL  TWL  IEGWFVDKFG RIVV  GGIL  A  AMN  A SL LLYV  A I  I AG V  TCV  ALK  P       TE   V                FI    CA A    SV S  A    SA . G     A  G   GA      

F8JE15   63  F           P          P              W                    G G    Y         WF A TIFIL  TWL   EGY  DR G R LV  GGIM  L  LLN  A SL MLYV  A I  I AG V  TCV NALK  P       TE   I F   LE  L   P  LV    IG S    SQ D  A    AQ . G     C  G   G       

D9S1F0   64  F           P          P              W                    G G    Y         WF A SLFIA  SW   I GYFIDRY  RLLL    LM  I   A   V TL ALYV    L  I A  I    V   VR          LE  GQ  A       S     TIAA  VG G T MGI K  S    AYS. A    AF  SGA AAG    E

A6T9B0   71  F           P          P              W                    G G    Y         WF   SL II  TF     G  VEKFG R LI  G VM  M  VLS  V  L  LWL    M  L  G V    V  MVK  PT   L  LQ  FS FQ RL       R  AI T  AG S    AQ NG AT   VYGC G   T I  IGV GL      

                                                                            TT  OxlT  

OxlT    137    RG A G      G G       I       G        G                P                    D K  L    TAAGY L  L  L     VL       AF    LI GILI LI   I       A          T K F .     S F        V PF PL SS  KVE VGA  MYT   M    I  AFV RF GQQG KKQI....VV D D 

A8IFN4  135    RG A G      G G       I       G        G                P                    D K  L V LTAAGY    VLTIMP   ML T  Y   F  F LIQGAII LA   L       V         QS R Y .              S T       AN  K S  QDT FL         L  AGF RQ GSGE VYSASV..A  R D 

B0UN12  138    RG A G      G G       I       G        G                P                    D R  L V LTA GY A  ALTILP   MI    F  AF  F LIQGALI LA   L       V         QS R Y .          G     S       AS  AEG  QQ  FV         I  SVG RA GRSE TYSASV..L  R D 

B0U8J5  133    RG A G      G G       I       G        G                P                    D R  L A ITAMGF A  ALTVVP   MI T  Y  AF  F I QGLVV LL   L       V         QS R Y .                S       QW  K Q  ES  FY   G     C  ALF VA RKGE PEVAR..VS  R D 

B0UG43  138    RG A G      G G       I       G        G                P                    D K  L A ITAAGF A  ALTVAP   MI    F  AF  F I QGVIV AL   L       I         QS R Y .                S       QW  ADK  QA  LN   G     A  AFF AA RKGQ PEVTSTANL  R N 

B0UA83  131    RG A G      G G       I       G        G                P                    D R  L A ATAAGF A  ALTVVP   MI T  Y  AF  F LIQGAVV VL   L                 QS     .                A       AK  A S  QQ  LT         V  SFL RK GVAVPVKRKSLRLP  QVDR

A8INE2  134    RG A G      G G       I       G        G                P                         L A VTAAGF A  AITVVP   MI S  Y  AF  F I QGVVV VL   I       A         QS   YH.N               A       AQ  A H  ET  LT   G     F  SFF RK PAVM PPKKVSRLP  KIS 

A8IFN2  142    RG A G      G G       I       G        G                P                    D R  L A LTAAGF A  AITIVP   MI N  Y   F  F LLQG VV LL   L       L         QS R Y .                S       AD  H A  EQT LV      G  L  SLL QS KEGQ PKTVSKGIV  R N 

F8JE15  142    RG A G      G G       I       G        G                P                    D R  L A VTAAGF M  ALTIIP   VI S  Y  AF  F LLQGIVI LV   L                 S  R F .                S       SI  A Q  EA  LY         I  SFL RS SKDQFGARVE..LL AK S 

D9S1F0  143    RG A G      G G       I       G        G                P                      R  L   L  A F    AL I     AL N  Y  AF    IIQGILI IA   M       A         T  H FPS     S  VS A  S A  F PF AM  R Q  AS  VTT        F  AQL RV PKKP SGAKAD.TS EQ Q 

A6T9B0  151    RG A G      G G       I       G        G                P                           A A AAGY M  IIT  P    L T         F IL  LV  LA   L                 QS R FQ.Q  F    V       A   TF  SLS T N LEHTMTT    FA  GF  SQG NL PPAVSQPVSQT.VA  S S 

                                                                                OxlT  

OxlT    212           F             G                                          G  R   G  SD N  EMLRTP  WVLW AF  V  G LLL AN                   L A VL   VSI  L N    PFW FV  K SG      Q     T  FS NF     V  SVPYGRSLG.......... A G  TIG   QN F  GC          

A8IFN4  212           F             G                                          G  R   G  SD T  EALRTPV YVM  MFI  V G LMA AQL  IA D  V    VNL    M AL FAL LDRI N I  P F WI  H LG           LG   CT T     V   GV  E LG KKVE   YFFA A  P   M    L   S  L       

B0UN12  215           F             G                                          G  R   G  SD T  EALRTPV WVM LMF   V G LMA AQL  IA D  V    VNL  V M AL FAL LDRI N I  PFF WI  R LP           L   TCT T     V   GV  Q LG KNFQ   YF T A  P   M    M   S          

B0U8J5  210           F             G                                          G  R   G  SD T  EMVRTPI WVMYAMFV MA G LMA AQL  IA D  I    VSL  V L AL FAATLDRV N V  PFF WV  H PG                M  A     T   GP  K FK ADVP   LG T P  T        L   T          

B0UG43  217           F             G                                          G  R   G  SD T  EVVRQPI WLMY MFV V  G LMI ANL  IA D  V    VTI  V M AI FAATIDRV N L  PFF WV  K PS            F   I GA     T   KP  A IH DKVP   LG T V  T        L   T          

B0UA83  210           F             G                                          G  R   G  SD T  EAVRTPV WVMYAMFV VA G LM  AQI  IA D  V    VSM  L M AL FAISLDRI      PFF WV    PG                M  S    TA   AP  H FK ADVP   LG Q V  T        FD FG         N

A8INE2  213           F             G                                          G  R   G  SD      L  PI WLLYAMFV VA G LMA AQI  IA D  V    VTL  V M AL FAISLDRV      PFF WV   APRQT SK           M  S     A   AP  H FK ADVP   LG Q A  T        FD FG         N

A8IFN2  221           F             G                                          G  R   G  SD    EMAK PV WVMYLMFV VA G LMA AQL  IA D  I    VSL  I M AL FALSIDRV N L  PFF WV   GPG    A           L  A     T   GS  K FH GDVP   MG T P  T        L   T         N

F8JE15  219           F             G                                          G  R   G  SD    EMLKTPV WIMYLMFV MA G LMA AQL  IA D  V    VSL  I L AL FALSLDRI N V  PFF WV  KAPT                M  A     T   AP  K FK ADVP   VG T P  T        L   T          

D9S1F0  222           F             G                                          G  R   G  SD T  EM RT   WLIYIMFL IV G MVV AQ      D            I A II  AATV  V N A   FW  V  K TL  F  LH         F  T     T  TKPFGQ AG.......... P G  VL    NT A   G I   S    

A6T9B0  229           F             G                                          G  R   G  SD T  EMLRQPL WLMFVM A M    LMV  QM   A D  I     QA    M AL  ALTIDR  N L  P F FI  R SR              M M STS    TS  AVF E FG ....S  VVFG A  PL      FT   T  L       

                                                                                OxlT  

OxlT    282  GR  TM   F                    F           G    LF     D FG        G            I       VV  I  V LAL         VA IAM  IAF  W   Y   P T      T Y   N    W AK  A I    YK  S   G NA V   FPTIAALGD      LA   FT  GS A   S NS I   A SAR Y FF A  AT S F

A8IFN4  292  GR  TM   F                    F           G    LF     D FG        G            I  E   F A  M  I IVAL   G   P A IILS VVF AW EVYS   AT   T  SK V     VLY AKG A LL    K   F  A EG G    GTF .HN W      G   L         S  AA      H GKIY    C   V A  

B0UN12  295  GR  TM   F                    F           G    LF     D FG        G            I  E   FIA  L  L IVAL   G   P A VILS IVF AW EVYS   AT   T  SK I     VLY AKG A LL    K      S EG G    GYF .SN W      G   L         S  AA      H GKIY    C   L A  

B0U8J5  290  GR  TM   F                    F           G    LF     D FG        G            I  EN  FL   I  L I AL   G   PVA VILT LVF AW EIYS  PAT   T  TKYA TN  LLY AKG A LI         S A EG G Y  SVF .SD        G   F            CG        A  A    T   T A  

B0UG43  297  GR  TM   F                    F           G    LF     D FG        G            I  EN  FIA  M    I ML   G   PL  VLLS  VF AW EIYS  P T   T  SKFA TN  LLY AKG A LL           A EGFG Y  YLW .HD  W     GF  F          S CT        A  A    T   T A  

B0UA83  290  GR  TM   F                    F           G    LF     D FG        G            I  EN  FMA     A VIVL   G   PIV V AT V F VF EIYS  PAT   T  SKYA SN  LLY AKG A  L           ATAA A    LLF .RN     F  A Y G            CG        T  A    T   S AF 

A8INE2  293  GR  TM   F                    F           G    LF     D FG        G            I  EN  FIA  V    LAML   G   P V VI S L F VF EIYS  PAT   T  SKFA TN  MLY AKG A LL           A AAGS    VYQ .QN Y    F A F G            CG        A  A    T   T A  

A8IFN2  301  GR  TM   F                    F           G    LF     D FG        G            I  EN  FIA  L  V VLAL   G   PVA VLLT LVF AW EIYS  PAT   T  SKFA TN  LLY AKG A LV           A EA G    AKF .SN        G   F            CG        T  A    T   T S  

F8JE15  299  GR  TM   F                    F           G    LF     D FG        G            I  ET  FIA  I  V LLAL   G   PIL VVLT LVF AW EIYS  PAT   T  SKFA TN  LLY AKG A LL           G EG G    ARM .HD        G   F            CG        T  A    T   T S  

D9S1F0  292  GR  TM   F                    F           G    LF     D FG        G            L   Q  FLA  L  V MALV   G   PAM V L  LI   W ELY   PA       TKYA TN   MY AKG   IV   Y       T NG A    PFL .QS     F FA  MFT     A    VNA I      A  Y F  S   VGG  

A6T9B0  305  GR  TM   F                    F           G    LF     D FG        G               EQ  FIA  L  V MML        PLL VLLS VVF  W EIFS  P T   T  S  A SN   LY   G   I F          A EG A   WLACR.ED        G   FG         S LT     EH A  Y W  ISQ IGS F

        .                                                                       OxlT  

OxlT    362               W                 A                                                G L AA          AF   A  S IA AL   VI                                           G G G  I.ATNFG NT  LIT IT F  F   TF  PR......MGRPVKKMVK.LSPEEK..........AVH     

A8IFN4  371               W                 A                                               VP ANLI     G    V   VA M L AA A L VLRP         R                                 V    M.EAS S AT LYI  A D T  F   F    ......MLA HHRQNEAAAQALRE.....RDGIVRA     

B0UN12  374               W                 A                                               VP  NLL     G    V   VA L LIAA L L VLRP         R                                 VG   M.QAT T AT LYT  I D    T   A    ......MLR HHAANGVVLPEAAH............     

B0U8J5  369               W                 A                                               VP  SLL     G    VF  AA LNIVAALM V VLKP                                           YT   T.TWT S HA  IA  A          L    ......MRAAYTKSAAVLTPAPAA............     

B0UG43  376               W                 A                                               VP AN L     G    VF  AA ANILA IL I VLKP         R                                 F  Y Q.QST N DG  LA  G     S    A    ......WRK VVTNARTDAELPAG.....AKVAVA.     

B0UA83  369               W                 A                                               VP ASMV     G    VF  II LNV AAAL L VLKP         R                                 F    S.AAY . SA  AL  G   T      F    ......LRM YLSSAASTATAEAR.......AVQMA     

A8INE2  372               W                 A                                               VP ASLI     G    VF  AM LNIVAA L M VLKP         R                                 L    A.VRY . SA  AI  T      F   F    ......WRS FLARSAVEAEAEERNAAAWKASEAAH     

A8IFN2  380               W                 A                                               VP ASIA     G    VF   A VNAIAALM L VLKP         R                                 F    V.AQM N DM  LVT A          F    ......MRS FVAQAKIESEEIGK.....VQAKIAN     

F8JE15  378               W                 A                                               VP  SLL     G    VF  AA MNILAAIL L VLRP         R                                 FS   T.QAT N HA  YT  G          A    ......MRQ MARNI.....................     

D9S1F0  371               W                 A                                                  V AL          VF   A MSALA L  L LLR          K                               GSY A  V.AQLSG SP  FTG A     G G  V   LPRPVPPNTK VDTGASTPVH................     

A6T9B0  384               W                 A                                                G L AL          VF  AI L  V AAL L VLKP         R                               G P A  LYQYTHG HV  SC  G DF T     W    ......WRA FIRQHS....................     

 
Extended Data Fig. 2
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Extended Data Fig. 2. Amino acid sequence alignment of the OFA family proteins in MFS and 

the secondary structures of OxlT. Ten entries from oxalate/formate antiporter (InterPro 43 

026355) were aligned via the structure-based sequence using PROMALS3D 78; the alignment 

was drawn by the ESPript3.0 server (https://espript.ibcp.fr) 79. Note, all entries except of OxlT 

are uncharacterised. 
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Extended Data Fig. 3. Oxalate binding at the occluded OxlT. (A) Simulated-annealing omit map of
for the bound oxalate molecule, shown in red at 3.5 σ. 2Fo-Fc map at the binding site in grey at 1.5 σ
is also shown. (B) The QM-calculated structure of the oxalate binding site at the occluded OxlT.
Binding site residues were set frozen, whereas the oxalate molecule was set free. The oxalate ion in
the crystal structure is shown in grey. (C) The QM/MM-calculated structure of the oxalate binding
site at the occluded OxlT. The QM/MM calculation was performed by applying the oxalate and
neighbouring nine residues for QM and the other part of the transporter for MM calculation. Slight
rearrangement of the residues in the binding site was observed from the crystal structure shown in
grey, such as an additional H-bond formation with Gln34 and the oxalate.
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oxalate
(C2)

oxaloacetate
(C4)

Extended Data Fig. 4. Presumed binding of different carboxylates at the substrate-binding site in
OxlT. (A) The models of oxalate, the C4 dicarboxylate, and oxaloacetate, a C4 dicarboxylate
intermediate in the Krebs cycle, bound to the occluded OxlT, coloured white. The oxaloacetate
models with several different representative conformers observed in the PDB were simply
supplanted with oxalate in the crystal structure; van der Waals surfaces are shown as spheres. (B)
Docking model of the malonate-bound OxlT (OxlT, light orange; malonate, orange), superposed to
the crystal structure of the oxalate-bound OxlT (OxlT, white; oxalate, yellow).
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Extended Data Fig. 5. Water density in the occluded state during the simulation. The iso-surface of the

relative density value of 0.5 to the bulk water is shown in red wires.
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Extended Data Fig. 6. Structural alignment of OxlT and NarK. The NarK transporter is in
green. Residues in OxlT and NarK located at similar positions are labelled in black and
green, respectively. The NarK periplasmic gate consists of Ser56 and Val60 in TM1, Ala275
and Met279 in TM7 and Leu291 in TM8, whereas the NarK cytoplasmic gate consists of
Met151 in TM4, Phe370 in TM10 and Leu407 in TM11 40.
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A

C

flipped

Extended Data Fig. 7. Gln34 side chain and hydrogen bond between Thr38 and Val240 in the

simulation from the occluded conformation with oxalate. (A) The side chain dihedral χ
1
of Gln34 is

shown for three independent trajectories with different colours. The flip of Gln34 side chain can be

characterised by the change of the side chain dihedral χ. (B) The hydrogen bond donor and acceptor

distance between Thr38 and Val240 is shown for three independent trajectories with different colours.

(C) Snapshots of the binding site are shown. Data are derived from trajectories shown in Fig. 4D; the

results from the trajectory with conformational transition (in blue) and the other two without

conformational transition (in orange and green) are shown in the left and right subpanels, respectively.
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B
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Q34 flip Opening to outsideOccluded state

C D
flipped

Extended Data Fig. 8. Simulation results from the occluded conformation with formate in the binding site.

(A) RMSD plot for two independent trajectories. (B) Representative snapshots from a trajectory showing a

transition from the occluded to the outward-open conformations. (C) The side chain dihedral χ
2
of Gln34 is

shown for two independent trajectories with different colours. Note that χ
1

of Gln34 did not show a

significant change upon the Gln34 flip in this case. (D) The hydrogen bond donor and acceptor distance

between Thr38 and Val240 is shown for two independent trajectories with different colours.

R272K355

formate

Y124

Q34

Y35

T38
V240
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Dihedral angle

O1-C1-C2-O2

B

Extended Data Fig. 9. OxlT-bound oxalate conformation during MD simulations. (A) The dihedral
angle of the oxalate ion in the binding site in MD simulations based on the oxalate-bound occluded
OxlT crystal structure is shown for three independent trajectories in the same colour scheme as in Fig.
4D. (B) The dihedral angle of the spontaneously bound oxalate ion in the MD simulation started from
the ligand-free outward-facing OxlT crystal structure with protonated Lys355 is shown.

A
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Extended Data Table 1 X-ray crystallographic data collection and refinement statistics. 

 OxlT-Fab 
(PDB 7F7T) 

OxlT-Fv 

(PDB 7F7V) 

Data collection   
Space group P21212 P21 
Cell dimensions     
  a, b, c (Å) 114.95, 233.19, 50.77 76.87, 181.67, 81.17 
    a, b, g (°)  90, 90, 90 90, 111.37, 90 
Resolution (Å) 46.64-2.60 (2.94-2.60)a 47.26-3.10 (3.40-3.10) 
Rmerge 34.5(454.6)b 83.9(332.3)b 
I/s(I) 16.45 (1.71)b 5.01 (1.26) b 
CC1/2

 99.7 (65.1) b 98.0 (68.6) b 
Ellipsoidal Completeness 
(%) 

92.9 (77.4) b 88.4 (54.8) b 
Spherical completeness 
(%) 

52.4(8.8) b 69.8(14.4) b 
Redundancy 99.8 (72.1) b 24.8 (24.5) b 
   
Refinement   
Resolution (Å) 21.08-3.00 (3.11-3.00) 46.23-3.30 (3.42-3.30) 
No. reflections 20960 25465 
Rwork / Rfree 23.7/27.8 (28.5/30.0) 26.0/28.6 (38.9/39.2) 
No. atoms   
    Protain 6200 9517 
    Oxalate 6 - 
B factors   
    Protein 51.2 53.9 
    Oxalate 42.4 - 
R.m.s. deviations   
    Bond lengths (Å) 0.003 0.003 
    Bond angles (°) 0.59 0.61 

aValues in parentheses are for highest-resolution shell.  
bValues reported by STARANISO anisotropy & Bayesian estimation server.   
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Extended Data Table 2. Oxalate dihedral angle and binding distances from the results of QM and QM-

MM geometry optimisations.  

 
Dihedral 

angle 
Binding distance 

  

O1-C1-C2-O2 
angle 

(˚) 

O1-Y124(OH) 
(Å) 

O2-K355(NZ) 
(Å) 

O3-R272(NH2) 
(Å) 

O4-Y35(OH) 
(Å) 

O4-Q34(NE2) 
(Å) 

Crystal 

structure 
60.1 3.0 3.2 2.6 2.3 > 3 

QM 

9 frozen residues (Q34, Y35, Y124, Y150, R272, W324, Y328, W352, K355) + free oxalate 

B3LYP 68.2 2.7 2.8 2.8 2.6 > 3 

B3LYP-

D3BJ 
68.2 2.7 2.8 2.8 2.6 > 3 

QM-MM 

Oxalate, Q34, Y35, Y124, R272, K355 (QM) + other region of the protein (MM) 

B3LYP-

D3BJ 
50.2 2.7 2.6 2.6 2.8 2.8 

QM-MM 

Oxalate, Q34, Y35, Y124, Y150, R272, W324, Y328, W352, K355 (QM) + other region of the 

protein (MM) 

B3LYP-

D3BJ 
52.3 2.7 2.7 2.6 2.7 2.8 
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