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31 Abstract

32 Magnesium ion (Mg?") is essential for plant growth and metabolism, and plant MRS2/MGT
33 channels, which belong to the diverse metal ion transporter (MIT) superfamily, mediate Mg?*
34  transport for Mg?" homeostasis, yet the structural basis of Mg?* transport by plant MRS2/MGT
35  channels remains poorly understood. Here, we determined cryo-EM structures of Arabidopsis
36 thaliana MRS2-1 (AtMRS2-1) in the presence and absence of Mg?*, together with whole-cell patch-
37  clamp recordings and molecular dynamics simulations to investigate its gating mechanism. In the
38  Mg?"-bound structure, AtMRS2-1 adopts a closed conformation with multiple cytoplasmic Mg?*-
39  binding sites. These sites are distinct from those reported in other bacterial and eukaryotic MIT-
40  superfamily members, indicating divergence in cytoplasmic Mg?" sensing within the MIT
41  superfamily. Patch-clamp recordings showed that these cytoplasmic sites contribute to cytoplasmic
42 Mg**-dependent autoinhibition. Under Mg?'-free conditions, AtMRS2-1 adopts two distinct
43  conformations. State II exhibits an expanded pore and likely corresponds to the open state. By
44  contrast, State I displays partial expansion of the cytoplasmic domain while the pore remains closed,

45  suggesting an intermediate state along the activation pathway. In State I, Arg225 in one subunit
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46  interacts with Tyr354 and Thr358 in the adjacent subunit, and disruption of these interactions
47  impairs channel activity. Together, our results support a stepwise gating model in which dissociation
48  of cytoplasmic Mg?* drives cytoplasmic-domain rearrangement, leading to an intermediate state
49  consistent with a preopen state before full pore opening. These findings provide a structural
50  framework for Mg?* sensing, autoinhibition, and stepwise gating in a plant MRS2 channel, while
51  extending the comparative framework for MIT-superfamily gating mechanisms.

52

53  Significance Statement

54 Plant MRS2/MGT channels belong to the MIT superfamily and are essential for Mg?* homeostasis,
55  yet no experimentally determined structure of a plant MRS2 channel has been available. We
56  determined cryo-EM structures of Arabidopsis thaliana MRS2-1 in the presence and absence of
57  Mg?>". AtMRS2-1 has cytoplasmic Mg?*binding sites conserved among Arabidopsis MRS2 proteins
58  but distinct from those of bacterial and eukaryotic members of the MIT superfamily, defining a
59  plant-specific mode of cytoplasmic Mg?* sensing. We also captured an open state and a likely
60  preopen intermediate state, supporting a stepwise gating mechanism in plant MRS2. Together, these
61  findings establish a structural framework for a plant MRS2 channel and broaden our understanding
62 of Mg?" sensing and gating in the MIT superfamily.

63

64 Introduction

65 The magnesium ion (Mg?") is one of the most abundant divalent cations and is indispensable for
66  all domains of life (1, 2). Mg?" mediates fundamental biochemical processes that are conserved

67  across organisms, such as the stabilization of ribosomes and the genome, as well as numerous
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68 enzymatic reactions (3, 4). In plants, Mg?* is the central cofactor of chlorophyll and is therefore
69  essential for light harvesting and photosynthetic energy conversion (5). Mg?" availability in plants
70 affects CO» assimilation, protein synthesis, and carbohydrate metabolism and allocation (6, 7). Thus,
71  disruption of Mg?" homeostasis causes broad physiological defects, including interveinal chlorosis
72 in older leaves, impaired photosynthesis, abnormal accumulation of sugars and starch, and reduced
73 plant growth and productivity (8).

74 The metal ion transporter (MIT) superfamily includes key players in Mg?" homeostasis
75  throughout evolution, although their physiological roles have diversified in different kingdoms (9).
76  In bacterial members of the MIT superfamily, the CorA Mg?* channel is a widely conserved major
77  Mg?>" uptake system (10), and has attracted attention as a target for anti-virulence drugs (11-13). In
78  mammals, the CorA orthologue MRS2 is a mitochondrial Mg?* channel that mediates Mg?" influx
79 into the matrix and is required for normal mitochondrial function (14). In addition, MRS2 has been
80  implicated in multidrug resistance in gastric cancer cells (15), and MRS2 dysfunction has been
81 associated with demyelination (16).

82 In plants, the MRS2 family, also known as MGT, has expanded to coordinate Mg?" uptake,
83  intracellular partitioning, and organellar Mg?" homeostasis in highly compartmentalized
84  photosynthetic cells (17-19). For instance, Arabidopsis thaliana contains nine annotated
85  MRS2/MGT genes (AtMRS2) and two pseudogenes, and the family is often referred to as having
86 10 members in earlier literature (18, 19). AtMRS2-1/MGT2 and AtMRS2-10/MGT1 are important
87  for plant growth under low-Mg?* conditions (20, 21). AtMRS2-4/MGT6 mediates root Mg?* uptake
88  under Mg limitation, whereas AtMRS2-11/MGT10 is required for chloroplast development and

89  photosynthesis (22, 23).
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90 Structurally, Mg?* channels in the MIT superfamily have been characterized mainly through
91  studies of bacterial CorA, particularly Thermotoga maritima CorA (TmCorA) (24-27), and more
92  recently through studies of eukaryotic MRS2 (28-31). Biophysical studies have shown that CorA is
93  negatively regulated by intracellular Mg?*, and that Mg>**-dependent structural changes in the
94  cytoplasmic domain are associated with channel gating for Mg?" homeostasis (32, 33). Recent
95  structural analyses of human MRS2 (hMRS2) showed that the eukaryotic homolog preserves
96  essentially the same pentameric architecture but that its cytoplasmic divalent cation-binding sites
97  differ from those of bacterial CorA (28-30). Furthermore, cryo-EM analyses of fungal MRS2
98  (Chaetomium thermophilum MRS2, CtMRS2) in the Mg?*-bound and Mg>*-free states revealed a
99  symmetric channel opening mechanism (31), which also differs from bacterial CorA, where
100  asymmetric structural changes were reported under Mg?*-free conditions (34). Thus, structural
101  analyses of CorA and MRS2 to date suggest that, even among Mg?* channels within the same MIT
102 superfamily, there is diversity in the cytoplasmic regulatory metal-binding sites and in the channel
103  gating mechanisms. Accordingly, Mg?" recognition, channel gating, and regulatory mechanisms of
104  plant MRS2 proteins may also have diverged, particularly given their limited overall sequence
105  conservation with bacterial CorA and other eukaryotic MRS2 homologs. However, despite the
106  important physiological roles assigned to plant MRS2 proteins, their molecular mechanisms of Mg?*
107  transport remain poorly understood because no experimentally determined structure of a plant
108  MRS2 channel has been reported.
109 Here, we report the cryo-EM structures of Arabidopsis thaliana MRS2-1 in the presence and
110  absence of Mg?" ions, along with structure-based functional analyses and molecular dynamics (MD)

111 simulations. Our work provides structural insights into Mg?* permeation, gating, and regulation of
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112 plant MRS2, highlighting mechanistic features that are distinct from those of bacterial CorA and
113 other eukaryotic MRS2 homologs.

114

115  Results

116 Structure determination and functional characterization

117 Our expression screening of Arabidopsis thaliana MRS2 proteins by fluorescence-detection size-
118 exclusion chromatography (FSEC) (35) and FSEC-based thermostability assays (FSEC-TS)
119 identified Arabidopsis thaliana MRS2-1 (AtMRS2-1) as a suitable candidate for structural studies.
120  Further optimization of the construct and detergent conditions showed that truncation of the N-
121  terminal disordered 43 residues (AtMRS2-1 AN43), together with the use of GDN, yielded a sharp
122 peak in size-exclusion chromatography (Fig. S1A). To assess the functionality of this AtMRS2-1
123 construct, we performed whole-cell patch-clamp recordings. Upon application of an external
124 solution containing 20 mM MgCl,, we observed inward currents specifically in cells expressing the
125  AtMRS2-1 construct (Figs. S1B-S1D), suggesting that the construct is functional and mediates
126 Mg?' currents.

127 We then employed single-particle cryogenic electron microscopy (cryo-EM) to determine the
128  structure of AtMRS2-1 in the presence of Mg?* ions (Figs. S2 and S3). 3D reconstruction yielded
129  acryo-EM density map at an overall resolution of 2.44 A (Figs. S2 and S3). Although part of a loop
130  region in the cytoplasmic domain (residues 144-170) was disordered, we were able to build a model
131  for nearly all of the rest of the structure. We further performed single-particle cryo-EM analysis of
132 AtMRS2-1 under Mg?*free conditions in the presence of EDTA (Figs. S4 and S5). Interestingly,

133 cryo-EM data processing yielded two distinct classes of EM maps at resolutions of 2.88 A (State I)



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.13.000184. This version posted April 13, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial 4.0
https://creativecommons.org/licenses/by-nc/4.0

134  and 3.06 A (State II), respectively. Based on these three structures and their comparison, we discuss
135  the Mg?" permeation mechanism and conformational dynamics of AtMRS2-1.

136

137  Overall structure

138 First, we describe the overall architecture based on the AtMRS2-1 structure in the presence of
139  Mg?*, which was determined at the highest resolution among the three structures. AtMRS2-1 forms
140  a symmetric funnel-like pentamer (Figs. 1A and 1B). Each subunit is composed of two
141  transmembrane (TM) helices and a cytoplasmic domain consisting of long stalk helices connecting
142 the cytoplasmic domain and TM domain, two willow helices, and six B-strands flanked by multiple
143 short a-helices (Figs. 1C and 1D). The overall topology of AtMRS2-1 is largely consistent with
144  that of other MIT family proteins (Fig. S6). Among them, AtMRS2-1 is structurally more similar to
145  CtMRS2 (pentamer Ca root mean square deviation [RMSD]: 2.0 A for 1,411 residues) than hMRS2
146 (Co.RMSD: 4.1 A for 1,324 residues) and TmCorA (Co. RMSD: 3.3 A for 1,099 residues) (Fig. S6).
147  The loop region in the cytoplasmic domain (residues 144-170) that was disordered in our structure
148  is not conserved in hMRS2 and also shows low sequence conservation among Arabidopsis MRS2
149  proteins (Fig. S7). Notably, the central region and the inter-subunit interfaces of the funnel-like
150  architecture of the cytoplasmic domain are electrostatically negative (Fig. 1E), which may provide
151  afavorable environment for attracting Mg?".

152 The ion-conducting pore of AtMRS2-1 is located at the center of the pentameric TM domain and
153  is lined mainly by multiple hydrophilic residues of the TM1 helices (Asp367, Arg370, Glu377,
154  Thr381, Thr384, and Asn400) (Fig. 2A). These residues are mostly conserved among MRS2

155  proteins (Fig. S7). Among these pore-lining residues, Asn400 is located at the luminal end of the
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156  TM1 helices (Fig. 2A) and constitutes the conserved GMN motif in MRS2 and CorA proteins (Fig.
157  S7). As in other MIT family protein structures, the Asn400 residues form a polar ring, and an EM
158  density, presumably corresponding to a bound Mg?* ion, at the site termed Site G, is observed at its
159  center (Figs. 2B and 2C). In CorA and other MRS2 homologs, this region has been implicated in
160 ion selectivity and is important for ion transport (24, 25, 28-32, 36-38). Consistently, the previous
161  genetic analyses of AtMRS2-1 have also suggested that this GMN motif is critical for Mg?* transport
162 by AtMRS2-1 (39).

163 In the Mg?*-bound structure, the pore is constricted at the Arg370 ring at the cytoplasmic end of
164  the pore (Fig. 2A), where the pore radius is 1.3 A (Fig. SE). This is too narrow to accommodate ion
165  conduction, indicating that Arg370 forms a barrier to ion permeation. Thus, this structure most likely
166  represents the Mg?*-bound closed conformation. In addition, we observed a relatively strong density
167  atthe center of the Arg370 ring. Given the positively charged nature of the side chains of the arginine
168  residues, we assigned this density to Cl™ ion (Fig. 2D). A similar CI" ion has also been reported in
169  the hMRS2 structure (28). This residue is conserved in other MRS2 proteins (Fig. S7), and mutation
170  of the corresponding residue affects gating properties (29, 30).

171 In the TM domain, we observed an EM density consistent with a lipid molecule at the subunit
172 interface. Interestingly, one of its acyl chains extended laterally into an inter-subunit cavity within
173  the TM domain (Fig. S8). This cavity is formed by Phe390 and Ala394 of TM1 and Leu416 and
174 Thr419 of TM2 from one subunit, together with Val392, 11396, and Met399 of TM1 from the
175  adjacent subunit, thereby accommodating the hydrophobic acyl chain (Fig. S8). Similar lateral
176  cavities containing lipid molecules have also been observed in the structures of voltage-sensing Na*

177  channels, mechanosensitive two-pore-domain K* channels, and trimeric intracellular cation (TRIC)
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178  channels (40-44), where they have been implicated in gating modulation or structural stability.
179  Notably, the lateral acyl chains and their surrounding residues remain largely unchanged in the
180  Mg?*-free structures (Fig. S8), suggesting that they may be more likely to contribute to structural
181  stability than to gating modulation.

182

183 Cytoplasmic Mg?* binding sites mediate autoinhibition

184 In the closed-state structure in the presence of Mg?" ions, in addition to the Mg?" ion and CI- ion
185  bound to the TM domain, we observed multiple strong residual EM densities in the cytoplasmic
186  domain (Fig. 2). Three residual EM densities were identified at each subunit interface in the distal
187  region of the cytoplasmic domain (Figs. 2B, 2E and 2F). These three densities are located relatively
188  close to one another. We assigned them as Mg?" ions based on surrounding acidic residues and buffer
189 composition (S1-S3) (Figs. 2B, 2E and 2F).

190 Among these sites, Mg?" at the S1 site is coordinated by Glu331 and Glu335 from one subunit and
191  Asp254 and Asp257 from the adjacent subunit. Mg?" at the S2 site is coordinated by Asp252 and
192  Glu331 from one subunit and Asp251 and Asp254 from the adjacent subunit. Finally, Mg?" at the
193 S3 site is coordinated by Asp250 from one subunit and Asp251 and Asp254 from the adjacent
194  subunit. Thus, the residues involved in coordination of these Mg?" ions partially overlap with one
195  another, and the three Mg?" ions together form an interaction cluster with these acidic residues at
196 the inter-subunit interface. In addition, Mg?" is known to adopt a strict hexa-coordinated geometry
197  (2). The relatively high resolution of 2.4 A of the Mg?"-bound closed state structure allowed us to
198  visualize EM densities likely corresponding to water molecules associated with Mg?*, as well as

199  water molecules that interact with them via amino acid residues at the cytoplasmic Mg?* binding
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200  sites (Fig. S9). Notably, these acidic residues are broadly conserved among Arabidopsis MRS2
201  proteins (Fig. 3A and S7).

202 Interestingly, whereas the binding site corresponding to the S1 site was also observed in the
203  structures of hMRS2 and CtMRS2 (Fig. 3A), the sites corresponding to the S2 and S3 sites were
204  not observed in either hMRS2 or CtMRS2. Consistently, the S2 and S3 sites in AtMRS2-1 involve
205  both Asp251 and Asp254 (Figs. 2E and 2F), but Asp254 is not conserved in hMRS2 and Asp251 is
206  not conserved in CtMRS2 (Fig. 3A). Conversely, in htMRS2 and CtMRS2, Mg?* binding sites were
207  observed at a position closer to the cytoplasmic side of the willow helices (Figs. S6E and S6F),
208  whereas AtMRS2-1 lacks a Mg?* binding site at the corresponding location. This is consistent with
209  the lack of conservation in AtMRS2-1 of the residues corresponding to Glu243, Asp247, and Glu312,
210  which form the Mg?* binding site at this position in h(MRS2 (Fig. S7). Together, these observations,
211  combined with the conservation of the residues in the cytoplasmic Mg?" binding sites identified in
212 AtMRS2-1 among Arabidopsis MRS2 proteins, demonstrate that the cytoplasmic Mg?* binding sites
213 of AtMRS2-1 differ from those of MRS2 proteins from other kingdoms, including humans and fungi,
214  thereby highlighting the diversity of cytoplasmic Mg?* binding modes within the MRS2 family.
215 Mg?* binding to the cytoplasmic domain of MRS2 and CorA channels typically stabilizes the
216  closed state and contributes to Mg?* homeostasis through autoinhibition. In the AtMRS2-1 structure,
217  Mg?" ions bound to the cytoplasmic domain also appear to fix the orientation of the cytoplasmic
218  domain, which is connected to the TM domain via the stalk helices (Fig. 2), suggesting a similar
219  role. To test this hypothesis, we performed whole-cell patch-clamp recordings of AtMRS2-1 and its
220  cytoplasmic Mg?" binding-site mutant (D251A/D254A/E257A) (Fig. 3). In wild-type AtMRS2-1,
221 when MgCl, was absent from the pipette solution corresponding to the cytoplasmic side (Fig. S1D),

10



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.13.000184. This version posted April 13, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial 4.0
https://creativecommons.org/licenses/by-nc/4.0

222 Mg?*"-dependent currents were observed upon application of Mg?" in the bath solution, whereas such
223 currents were barely detectable when the pipette solution contained 1 mM MgCl, (Fig. 3B). These
224 results suggest that AtMRS2-1 also possesses a cytoplasmic Mg?"-dependent autoinhibition
225  mechanism. Furthermore, in the cytoplasmic Mg?" binding-site mutant, Mg?*-dependent currents
226  were also observed when MgCl, was absent from the pipette solution corresponding to the
227  cytoplasmic side (Fig. S1D). However, even when the pipette solution contained 1 mM MgCly, the
228  currents were reduced but remained significant (Fig. 3C). These results suggest that mutations at
229  the cytoplasmic Mg?*-binding sites affect cytoplasmic Mg?*-dependent autoinhibition of AtMRS2-
230 1. Notably, under Mg?*-free intracellular conditions, the D251A/D254A/E257A mutant showed a
231  smaller current (Fig. 3C), whereas its membrane surface expression level was comparable to that of
232 the wild type (Figs. S1B and 1C). This suggests that the D251/D254/E257 acidic cluster may
233 contribute not only to cytoplasmic Mg?*-dependent autoinhibition but also to the cytoplasmic-side
234 electrostatic environment that supports efficient coupling to the conductive state. A similar
235  phenotype was also reported for human MRS2, in which alanine substitution of an intersubunit
236  acidic Mg?*-binding site reduced current (30).

237

238  Two distinct Mg?*-free structures

239 Cryo-EM analysis of AtMRS2-1 under Mg?*free conditions in the presence of EDTA yielded two
240 distinct structures (State I and State IT) (Figs. 4A-4D). Consistent with the Mg?*-free conditions, no
241  Mg?" density was observed at the cytoplasmic Mg?*-binding sites, and the cytoplasmic domains
242 adopted more expanded conformations, with adjacent subunits moving apart from each other (Fig.
243 4E). This is likely attributable to electrostatic repulsion in the absence of Mg?*, as many of the

11
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244 residues comprising the Mg?*-binding sites are acidic residues (Fig. 2). The Mg?**-bound closed-
245  state structure is more similar to State I (Ca. RMSD: 2.8 A) than to State II (Co RMSD: 4.3 A).
246  Consistently, the structural changes in the cytoplasmic Mg?*-binding site were also more
247  pronounced in State II than in State I. For example, the distance between the Ca atoms of Asp254
248  in one subunit and the adjacent Glu331 increased from 12.3 A in the Mg?"bound closed state to
249  21.3 A in State I and further to 28.4 A in State II (Fig. 4E). The stalk helices link the cytoplasmic
250  domain to the TM1 helices that form the ion-conduction pore (Fig. 1), and their distal ends
251  participate in the formation of the Mg?*-binding sites (Fig. 2). Thus, the different extents of
252  conformational change in the cytoplasmic domain can lead to corresponding differences in the
253  conformation of the TM domain.

254 Consistent with this notion, the larger conformational changes in the stalk helices in State Il were
255  coupled to more pronounced structural rearrangements in the TM domain (Fig. 5A). As a result,
256  whereas the ion-conducting pore in State I remained essentially closed, similar to that in the Mg?*-
257  bound closed state, the pore in State II adopted a markedly expanded conformation (Figs. SB-5D).
258  Specifically, in State I, the pore remained constricted at the Arg370 ring, with a pore radius of 1.6
259 A, whereas in State II, the pore radius at Arg370 was expanded to 6.0 A (Fig. SE). Thus, our State
260 II structure may correspond to the Mg?"free open state. Consistent with this interpretation, State I
261  closely matches the Mg?'-free open-state structure of CtMRS2 (Co. RMSD: 5.0 A for State I and
262 2.3 A for State IT). Moreover, our structures, all of which were reconstructed without imposing
263  rotational symmetry (C1) (Figs. S2-S5), reveal symmetric conformational changes associated with
264  channel gating in AtMRS2-1.

265 In contrast, although State I exhibits partial conformational changes in the cytoplasmic domain

12
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266  associated with Mg?* dissociation, it has not yet reached the fully open channel conformation. Thus,
267  our State I structure may represent a previously unknown intermediate state in the structural gating
268  cycle of the MRS2 family.

269

270  State I is important for channel opening

271 More detailed examination of State I revealed that near the membrane-proximal region of the
272 cytoplasmic domain, Arg225 in the willow helix of one subunit interacted with Tyr354 and Thr358
273  in the stalk helix of the adjacent subunit (Fig. 6). Whereas this region is widely separated in State II
274  (Fig. 6D), corresponding to the open state, it remains closed in State I (Fig. 6C), similar to the Mg?'-
275  bound closed state (Fig. 6B). Among these residues, Arg225 is strictly conserved in Arabidopsis
276 MRS?2 proteins, and Tyr354 and Thr358 are also generally conserved or replaced by residues with
277  similar properties (Fig. S7). In contrast, these residues are not conserved in other representative
278  MRS2/CorA proteins (Fig. S7).

279 To assess whether the cryo-EM-derived closed, preopen (State I), and open (State II)
280  conformations are stable and structurally self-consistent in a membrane environment, we performed
281 all-atom molecular dynamics (MD) simulations initiated from each state. Across three 500-ns
282  replicates for each system, no major collapse of the starting conformations was observed (Figs.
283  S10A-S10C). The Arg225-Tyr354 intersubunit separation remained short in the Mg?*-bound closed
284  and preopen systems but longer in the open system (Figs. 6E-6G). Consistently, the ion-conducting
285  pore remained closed at Arg370 in the Mg?*-bound closed state and State I, whereas the pore
286  opening was maintained in State II (Figs. S10D-S10F).

287 To test the importance of these intersubunit interactions in channel gating, we performed whole-

13
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288  cell patch-clamp recordings of the R225A mutant and the Y354A/T358 A mutant. In parallel, we
289  also examined the GMN motif mutant (G398A/N400A), targeting a conserved motif important for
290  channel activity in the MRS2/CorA family, as well as the R370A mutant, targeting the pore
291  constriction in State I (Fig. 7). All of these mutants showed comparable levels of cell surface
292  expression (Figs. S1B-1C). Little or no current was observed for the G398A/N400A and R370A
293 mutants, and the currents recorded from the R225A and Y354A/T358A mutants were also
294  significantly smaller than those of the wild type (Figs. 7B and 7C). The loss of function in the
295  R370A mutant suggests that Arg370 is not merely a steric barrier in the non-conducting state, but
296  may also contribute to channel gating. These data are consistent with the possibility that Arg370
297  helps support the formation and/or stabilization of the State I conformation. Together, these results
298  suggest that the interaction between Arg225 and Tyr354/Thr358 at the interface between adjacent
299  subunits, as well as the pore architecture around Arg370, contributes to efficient channel opening.
300  Overall, we hypothesize that State I likely represents an intermediate state in channel activation,
301 namely a preopen state, rather than a desensitized state that follows channel activation.

302

303 Discussion

304 In this study, we determined the cryo-EM structure of AtMRS2-1 in the presence of Mg?" (Fig. 1)
305  and identified unique Mg?*-binding sites in the cytoplasmic domain that are distinct from those of
306  other MRS2 members (Fig. 2). We further showed that these sites are involved in cytoplasmic Mg?*-
307  dependent autoinhibition (Fig. 3). Similar autoinhibition has been identified not only in other MRS2
308  channels (28-31) but also in a distinct Mg?* channel family, namely MgtE (45-47). Such a
309  mechanism in AtMRS2-1 would provide a negative-feedback system that limits further Mg?* flux
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310 into the cytoplasm once cytoplasmic Mg?*" becomes sufficient. Consistently, previous studies
311  showed that AtMRS2-1 localizes to the tonoplast (48) and participates in Mg?" homeostasis by
312 contributing to Mg?" remobilization from the vacuole, particularly under Mg?*-deficient conditions
313 (20, 21). More broadly, such feedback control may help prevent excessive cytoplasmic Mg?>*
314  accumulation under high-Mg conditions, for which vacuolar Mg?" sequestration is protective (49,
315  50). In addition, residues involved in the cytoplasmic Mg?*-binding sites in AtMRS2-1 are broadly
316  conserved in rice and maize MRS2 proteins (OsMRS2 and ZmMRS2) (51, 52) (Fig. S11),
317  suggesting that a similar gating mechanism may be conserved among other plant MRS2 proteins.

318 We also determined the structures under Mg?*-free conditions and captured not only an open state
319  (State II) but also a state in which the cytoplasmic domain is partially opened while the ion
320 permeation pore remains closed (State I) (Figs. 4 and 5). Mutations of residues involved in the
321  intersubunit interactions in this State I markedly reduced channel activity (Figs. 6 and 7). Together,
322  these structural and functional analyses support the interpretation that State I represents an
323  intermediate state along the channel-opening pathway and is consistent with a preopen state.
324  Conceptually similar non-conducting intermediate states have been reported in other ion channels,
325  including the preopen state captured in KcsA, the putative preopen state observed in GLIC, and the
326  agonist-bound closed/preopen states resolved in the glycine receptor (53-55). The presence of a
327  preopen intermediate state may allow channel activation to proceed in a stepwise manner and
328 facilitate efficient allosteric coupling between cytoplasmic-domain rearrangement and pore opening.
329  These observations are consistent with a stepwise gating model in which the cytoplasmic domain
330 first adopts a partially rearranged intermediate conformation while the pore remains closed, thereby
331  priming the TM domain for the subsequent opening transition. In addition, the residues involved in
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332 the intersubunit interactions in the preopen state (Arg225, Tyr354, and Thr358) (Fig. 6) are also
333  highly conserved in rice and maize MRS2 proteins (Fig. S11), suggesting that the stepwise gating
334  mechanism through preopen-state formation may also be conserved in other plants.

335 Notably, all three AtMRS2-1 structures were reconstructed without imposing rotational symmetry
336 (C1) (Figs. S2-S5), yet they exhibited symmetric conformational changes during gating. Together
337  with the previously reported CtMRS2 structures (31), this observation supports the idea that
338  symmetric gating may be conserved in eukaryotic MRS2 proteins. In this respect, eukaryotic MRS2
339  channels may differ from bacterial CorA, for which previous cryo-EM structural studies have been
340 interpreted as supporting an asymmetric gating mechanism (31, 56). Consistent with this idea, the
341  RDLR motif implicated in symmetric gating in CtMRS2 (31) is also widely conserved among
342  Arabidopsis MRS2 proteins (corresponding to Arg81 to Arg84 in AtMRS2-1) (Fig. S7). On the basis
343  of this framework and our results, we propose the following gating mechanism for AtMRS2-1 (Fig.
344 8 and Movie S1).

345 First, when cytoplasmic Mg?* levels are high, Mg?" binds to the cytoplasmic domain and stabilizes
346  its arrangement, thereby maintaining the TM domain in the closed state and preventing excessive
347  Mg?" uptake (Fig. 8A). In contrast, when cytoplasmic Mg?* levels are low, Mg?" dissociates from
348  the cytoplasmic domain. This generates electrostatic repulsion at the intersubunit Mg?*-binding sites,
349  which are enriched in acidic residues, and promotes conformational changes that separate adjacent
350  subunits (Fig. 8B). As an initial step toward channel opening, the cytoplasmic domain may adopt a
351  partially rearranged intermediate state (State I), in which the pore remains closed and which is
352  consistent with a preopen conformation (Fig. 8B). In this state, the interaction between Arg225 and
353  Tyr354/Thr358 appears to stabilize the non-conducting intermediate state (Fig. 8B). Because the
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354  cytoplasmic rearrangement involves the stalk helices, which connect the cytoplasmic domain to the
355  pore-forming TM1 helices, these conformational changes can be transmitted to the TM domain.
356  These conformational changes may then lead to opening of the Arg370 constriction site and
357  formation of the fully open state (State II), thereby allowing Mg2+ permeation (Fig. 8C). Taken
358  together, this study elucidates the structural basis for a unique gating mechanism and its regulation
359 in plant MRS2, including a distinct cytoplasmic Mg?*-binding site and stepwise gating involving a
360  preopen state, both of which differ from those of other MRS2 channels such as the human homolog.
361

362  Methods

363  Protein expression and purification

364 The coding region (residues 44-442) of Arabidopsis thaliana MRS2-1 (AtMRS2-1, UniProt ID:
365 Q9S9N4) was synthesized (Genewiz, China) and subcloned into the pFastBac vector with a C-
366  terminal human rhinovirus 3C (HRV 3C) protease cleavage site, monomeric ultra-stable GFP
367  (muGFP) (57), and Twin-Strep-tag. DH10Bac Escherichia coli cells (Gibco, USA) were used as the
368  host for bacmid recombination. Sf9 cells were cultured in suspension at 27 °C in SIM SF culture
369  medium (Sino Biological, China) and routinely passaged every other day. The initial recombinant
370  baculovirus was generated by transfecting adherent Sf9 cells with bacmid DNA using FuGENE HD
371  reagent (Promega, USA), and was subsequently used to infect suspension cells for virus
372 amplification. The protein was overexpressed in suspension-cultured Sf9 cells at 27 °C for 72 h after
373  virus infection. Cells were collected and lysed by sonication in TBS buffer (50 mM Tris-HCI, pH
374 8.0, 150 mM NaCl) with 2 mM B-Mercaptoethanol (B-ME), 1 mM phenylmethylsulfonyl fluoride
375  (PMSF), 5.2 ug/mL aprotinin, 2 pg/mL leupeptin and 1.4 pg/mL pepstatin A. The supernatant was
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376  collected after centrifugation at 7,500 x g for 20 min and then ultracentrifuged at 200,000 x g for

377 1 h. The membrane fraction pellets were collected and solubilized in solubilization buffer [S0 mM

378  Tris-HCI, pH 8.0, 150 mM NaCl, 1% Lauryl Maltose Neopentyl Glycol (LMNG) (Anatrace, USA)]

379  with2 mM B-ME, 1 mM PMSF, 5.2 pg/mL aprotinin, 2 pg/mL leupeptin, 1.4 ng/mL pepstatin A and

380 the suspension was stirred for 2 h. The solubilized mixture was ultracentrifuged at 200,000 x g for

381 1 h. The supernatant was loaded onto Strep-Tactin Superflow Plus beads (Qiagen, USA) pre-

382  equilibrated with the wash buffer [SO mM Tris-HCL, pH 8.0, 150 mM NaCl, 2 mM B-ME and 0.02%

383 Glycol-Diosgenin (GDN) (Anatrace, USA)] and stirred for 2 h. The resin was washed with 10 CV

384  of the wash buffer. The proteins were eluted by elution buffer (50 mM Tris-HCI, pH 8.0, 150 mM

385 NaCl, 0.02% GDN, 2 mM B-ME, 2.5 mM desthiobiotin). HRV3C was used to remove C-terminal

386  muGFP and Twin-Strep-tag at a ratio of 1:5 (w:w) overnight, and the sample was then subjected to

387  size-exclusion chromatography (SEC) on a Superdex 200 Increase 10/300 GL column (Cytiva,

388  USA) pre-equilibrated with SEC buffer [150 mM NaCl, 20 mM HEPES, pH 7.5, 0.5 mM Tris (2-

389  carboxyethyl) phosphine (TCEP), 0.01% GDN]. Peak fractions were collected and concentrated to

390 15 mg/mL using an Amicon Ultra 100 kDa cutoff. All purification steps were performed at 4 °C.

391

392  Cryo-EM data acquisition

393 For grid preparation, purified AtMRS2-1 was incubated with either 5 mM MgCl, or 5 mM EDTA

394  for 1h. 2.5 pL of the AtMRS2-1 sample was applied to holey carbon-film grids (Quantifoil,

395  Germany, Au R1.2/1.3 pm size/hole space, 300 mesh) glow-discharged for 60 s, blotted with a

396  Vitrobot (Thermo Fisher Scientific, USA) with 95% humidity at 4 °C and plunge-frozen in liquid

397  ethane cooled by liquid nitrogen.
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398 For the dataset of AtMRS2-1 with 5 mM MgCl,, cryo-EM datasets were acquired with a Krios G4
399  (Thermo Fisher Scientific, USA) electron microscope equipped with a Falcon 4i direct electron
400 detector (Thermo Fisher Scientific, USA). A total of 3,102 movie stacks of 40 frames were collected
401  at an acceleration voltage of 300 kV with a magnification of 130,000%, a pixel size of 0.959 A/pix,
402  and defocus range from —1.0 um to —1.5 um. The dose rate was 8 e-/s, and the exposure time was
403  4.60 s, with an exposure of 40 e-/A2.

404 For the dataset of AtMRS2-1 with 5 mM EDTA, cryo-EM datasets were acquired with a Titan
405  Krios (Thermo Fisher Scientific, USA) electron microscope equipped with a K3 direct electron
406 detector (Gatan Inc., USA). A total of 8,216 movie stacks of 40 frames were collected at an
407  acceleration voltage of 300 kV with a magnification of 81,000x, a pixel size of 0.894 A/pix, and
408  defocusrange from —1.0 um to —2.2 pm. The dose rate was 16 e-/s, and the exposure time was 2.12 s,
409  with an exposure of 50 e-/A2.

410

411  Cryo-EM data processing

412 The overall workflow of image processing is illustrated in Figs. S2-S5. All processing was
413 performed within cryoSPARC v4.412 (58-60). Movies were processed using patch motion
414  correction and patch CTF estimation.

415 For the dataset of AtMRS2-1 with 5 mM MgCl, particles were extracted from template picking at
416 1x binned with a box size of 256 px (~246 A) and then subjected to 2D classification to remove
417  junk particles. Particles were then subjected to ab-initio reconstruction and 2 rounds of
418  heterogeneous refinement with C1 symmetry (K=6) to further sort particles. These selected particles
419  were then re-extracted at 1x binned with a box size of 320 px (~307 A), followed by non-uniform
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420  refinement (C5), local CTF refinement, and symmetry expansion according to C5 symmetry. The
421  full mask output at the non-uniform refinement step was used as the initial mask for the subsequent
422  local refinement step. The local refinement procedure produced a final map with a resolution of
423 2.44 A (Closed state), (using the Fourier shell correlation=0.143 cutoff criterion) with C1
424  symmetry (Table S1).

425 For the dataset of AtMRS2-1 with 5 mM EDTA, particles were extracted from template picking at
426  4x binned with a box size of 320 px (~286 A) and then subjected to 2D classification to remove
427  junk particles. Particles were then subjected to ab-initio reconstruction and 3 rounds of
428  heterogeneous refinement with C1 symmetry (K=6). Two classes were selected and then performed
429  with another heterogeneous refinement with C5 symmetry (K=2) to further sort particles. Particles
430  of these two classes were re-extracted respectively at 1x binned with a box size of 320 px (~286 A),
431  followed by non-uniform refinement (C5), local CTF refinement, and symmetry expansion
432 according to C5 symmetry. For both classes, the full mask output at the non-uniform refinement
433 step was used as the initial mask for the subsequent local refinement step. The local refinement
434  procedure produced a final map with a resolution of 2.88 A (State I: Preopen state) and 3.06 A (State
435  II: Open state), respectively (using the Fourier shell correlation =0.143 cutoff criterion) with CI
436  symmetry (Table S1).

437

438  Model building and refinement

439 Model building was initiated using a predicted AtMRS2-1 model generated using the ColabFold
440  version of AlphaFold2 (61, 62). Docking of the template model into the cryo-EM maps was
441  performed in PHENIX (63). The models were manually adjusted in Coot (64), followed by real-
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442  space refinement in PHENIX (Table S1). In the final models, each subunit included residues 49-
443 143 and 171-441 for the Mg?*bound closed state, residues 49-143 and 177-437 for State I (preopen),
444  and residues 48-143 and 174-437 for State II (open). Structure figures were generated using UCSF
445  Chimera 1.175 (65) and PyMOL (https://pymol.org/). The sequence alignment figure was generated
446  using Clustal Omega (66) and ESPript 3.2 (67). The ion permeation pathway was calculated using
447  HOLE (68).

448

449  Electrophysiology

450 The AtMRS2-1 AN43 construct and its mutants for mammalian cell expression were synthesized
451 by Genewiz (China), codon-optimized for human expression, and subcloned into the pCDNAS
452  vector containing an  N-terminal  putative  polycysteine  palmitoylation  motif
453 (YQFECCCCESLVGGGCQC) to facilitate cell surface expression and a C-terminal GFP tag.

454 Human embryonic kidney (HEK293T) cells used were cultured in DMEM medium supplemented
455 with 1% penicillin/streptomycin (Gibco, USA), 1% glutamate (Gibco, USA) and 10% FBS (PAN-
456  Biotech, Germany) at 37°C in a humidified atmosphere of 5% CO2 and 95% air. Plasmids encoding
457  the AtMRS2-1 AN43 construct and its mutants were transiently transfected into HEK293T cells
458  using the calcium phosphate method (69).

459 Electrophysiological recordings were conducted on HEK293T cells after transfection for 24-48 h
460  at 23 +2 °C. In the whole-cell configuration under voltage clamp, patch pipettes filled with pipette
461  solution were used, with resistance ranging from 3 to 5 MQ. Pipette solutions of two distinct
462  compositions were applied for whole-cell current recordings of the AtMRS2-1 AN43 construct and
463  its mutants: The standard Mg?'-free intracellular pipette solution contained (in mM) 120 Cs-
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464 glutamate, 8 NaCl, 10 Cs-EGTA, 5 Cs-EDTA, 10 HEPES-CsOH, pH 7.2 (70), or the 1 mM Mg?*
465  intracellular pipette solution contained (in mM) 116 Cs-glutamate, 8 NaCl, 10 Cs-EGTA, 10
466  HEPES-CsOH, 1 MgCl, pH 7.2. The standard external solution used to perfuse during
467  electrophysiological recordings contained (in mM) 150 NaCl, 5 KCl, 10 EGTA, 10 glucose, and 10
468  HEPES with pH adjusted to 7.4 using Tris-base. MgCl, (20 or 40 mM) was added to the standard
469  external solution for stimulating the AtMRS2-1 AN43 construct and its mutants. During
470  electrophysiological recordings, a Y-tube was used to continuously perfuse solutions throughout the
471  experiments. The EZ Patch integrated patch-clamp system (Elements Instruments, Italy) was used
472 for all current signal amplification and data acquisition; current data were sampled at 10 kHz, with
473  low-pass filtering at 0.25 kHz. Data analysis was performed using Clampex and Clampfit 10.6
474  software (Molecular Devices, USA). Throughout the experiment, the membrane potential was
475  maintained at —60 mV under voltage-clamp conditions (71).

476

477  Western blotting

478 HEK293T cells transfected with the AtMRS2-1 AN43 construct or its mutants were washed with
479 cold phosphate-buffered saline (PBS) solution (pH 7.0) and then incubated with sulfo-NHS-LC-
480  biotin (Pierce) dissolved in cold PBS**(containing 1 mM MgCl, and 0.1 mM CaCl,, pH 8.0) at low
481  temperature for 30 min. Glycine (20 mM) was then added to cells and incubated for 20 min to halt
482  the reaction. The cells were collected and lysed with Radio-Immunoprecipitation Assay (Thermo
483 Scientific, USA) lysis buffers after washing 3 times with cold PBS solution (pH 7.4). After high-
484  speed centrifugation, the lysate was incubated with NeutrAvidin agarose resin (Thermo Scientific,
485  USA) overnight at 4 °C. Subsequently the resin was washed 3-5 times with chilled PBS and diluted
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486  with SDS loading buffer and used as the surface protein fraction. The protein samples were
487  separated by SDS-polyacrylamide gel electrophoresis (PAGE) (NCM Biotech, China) and
488 transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P). The PVDF membrane
489  was blocked with 5% milk (Difco, USA) at room temperature for 1 to 2 h and then incubated
490  overnight at 4 °C with anti-GFP (1:2000)(Sigma, USA), anti-Na"/K*-ATPase (1:2000)(ABclonal,
491  China) or anti-GAPDH (1:3000) (Sungene Biotech, China) antibodies dissolved in 5% milk. The
492  PVDF membrane was washed 4 to 5 times with Tris Buffered Saline with Tween 20. The membrane
493  was then incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary
494  antibodies: goat anti-mouse IgG (H+L)-HRP for anti-GFP, and goat anti-rabbit IgG (H+L)-HRP for
495  anti-GAPDH or anti-Na*/K*-ATPase (25 °C, 1 h, 1:2000). Finally, protein expression was
496  visualized by exposure with automated chemiluminescence-fluorescence image analysis systems
497  (Tanon 5200 Multi) (Tanon, China) for 1 to 3 min in ECL solution (Thermo Scientific, USA).
498  Analysis of protein expression was repeated by at least three independent experiments (72, 73).
499

500 Molecular dynamics simulations

501 The initial coordinates of the Mg?*-bound closed state, State I (preopen), and State II (open)
502  conformations of AtMRS2-1 were taken from the corresponding cryo-EM structures (Table S2).
503  Missing residues were modeled using Modeller (74, 75). Protonation states of titratable residues at
504  pH 7.0 were assigned using PropKa (76). Mg?* ions, CI” ions, and associated water molecules
505  observed in the cryo-EM structures were retained. Experimentally resolved lipid molecules were
506  also preserved where present. The composition of ions and POPC lipids was further adjusted for
507  each simulation system according to the specific state being modeled. The prepared protein
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508  structures were embedded into a POPC lipid bilayer using CHARMM-GUI (77), with the initial

509 membrane-insertion position derived from the Orientations of Proteins in Membranes (OPM)

510  database (78). The systems were then solvated with explicit TIP3P (79) water molecules, and KC1

511  was added to a final concentration of 150 mM to mimic physiological ionic strength while

512  maintaining overall charge neutrality.

513 All simulations were performed using GROMACS 2018.3 (80) with the CHARMM36 (81) force

514  field for proteins and lipids. Energy minimization was first performed using the steepest descent

515  algorithm until convergence. During this step, positional restraints (10000 kJ-mol™"-nm?) were

516  applied to the protein heavy atoms, lipid headgroups, and ions to stabilize the initial configuration.

517  The temperature was maintained at 303 K using the Nosé—Hoover (82, 83) thermostat, and pressure

518  was maintained at 1 bar using the Parrinello-Rahman (84) barostat with semi-isotropic pressure

519  coupling.

520 All covalent bonds involving hydrogen atoms were constrained using the LINCS (85) algorithm,

521  allowing a 2 fs integration time step. Long-range electrostatic interactions were computed via the

522  particle mesh Ewald (PME) (86) method, and the cutoff distance for both electrostatic and van der

523  Waals interaction was set to 1.2 nm. During equilibration, positional restraints on lipid molecules

524  were gradually released to allow full relaxation of the membrane bilayer, while restraints on the

525  protein backbone were progressively reduced.

526 After equilibration, 500-ns production simulations were carried out for each system without

527  restraints. Three independent trajectories were generated for each system using different initial

528  velocity seeds.

529
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530  Data availability

531 The atomic coordinates of AtMRS2-1 were deposited in the Protein Data Bank under accession
532  codes 24PF (Mg>"-bound closed) [http://doi.org/10.2210/pdb24PF/pdb], 24PG (State I, Mg?*-free
533  preopen) [http://doi.org/10.2210/pdb24PG/pdb], and 24PH (State II, Mg?>*-free open)
534  [http://doi.org/10.2210/pdb24PH/pdb], respectively. Cryo-EM maps were deposited in the Electron
535  Microscopy Data Bank (EMDB) under accession codes EMD-69740 (Mg?*-bound closed)
536 [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-69740], and EMD-69741 (State 1, Mg*'-free
537  preopen) [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-69741] and EMD-69742 (State II, Mg?*-
538  free open) [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-69742], respectively. The raw current
539  trace data and uncropped raw western blot images are deposited in Mendeley Data
540  (https://doi.org/10.17632/2rwg5nrOht). All other relevant data are included in the paper or its
541  supporting information.

542

543  Acknowledgments

544 We thank the staff scientists at the Cryo-EM Facility of the School of Life Sciences, Fudan
545  University and the National Center for Protein Science Shanghai (Chinese Academy of Sciences,
546  project numbers: 2024-NFPS-PT-008125 and 2024-NFPS-PT-008367) for technical assistance with
547  cryo-EM data collection. This work was supported by funding from the National Natural Science
548  Foundation of China to M.H. (32471247, 32271244, 32411540020, and 32071234). This work was
549  also supported by the Open Research Fund of State Key Laboratory of Genetics and Development
550  of Complex Phenotypes (No. SKLGDP2502, M. H.).

551

25



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.13.000184. This version posted April 13, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial 4.0
https://creativecommons.org/licenses/by-nc/4.0

552

26



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.13.000184. This version posted April 13, 2026. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial 4.0

https://creativecommons.org/licenses/by-nc/4.0

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

Figure Legends

Figure 1. Overall structure of AtMRS2-1.

(A) The cryo-EM density map of the AtMRS2-1 homopentamer in the Mg?*-bound closed state,
viewed from the membrane plane (upper), from the lumen (lower left) and from the cytoplasm
(lower right). Each protomer is colored red, yellow, green, blue and purple, respectively, and the
lipid molecules are colored gray. (B) The structure of AtMRS2-1 in the Mg?*-bound closed state,
with the same views and coloring scheme. (C) Cartoon representation of the AtMRS2-1 protomer.
(D) Schematic diagram outlining the topology of the AtMRS2-1 protomer, colored as in panel (C).
(E) The electrostatic surface potential of the AtMRS2-1 homopentamer, shown from the membrane

plane (left), from the lumen (upper right) and from the cytoplasm (lower right).

Figure 2. The pore architecture and cytoplasmic Mg?** binding sites in the closed state.

(A) The central ion pathway, estimated using HOLE and represented as a surface. Two opposite
subunits are shown for clarity, with residues lining the pathway shown as sticks. (B) The model of
two adjacent subunits showing the ion binding sites of AtMRS2-1 in the closed state. Ions are shown
as spheres of different colors. (C-F) The ion-binding sites, including Mg?*-Site G (C), CI--Site (D),
and Mg?*-Site S1, S2 and S3 (E-F). Mg?" ions are colored green, and the C1™ ion is colored orange.
The EM density maps for the ions are shown in black mesh and contoured at 4.0 ¢ (C), 4.0 5 (D),

6.0 6 (E), and 6.0 o (F), respectively. The residues around these ions are shown as sticks.

Figure 3. Cytoplasmic Mg?*-binding site-dependent autoinhibition.
(A) Sequence alignment of MRS2 proteins: MRS2 from Arabidopsis thaliana (AtMRS2-1: Q9S9N4,
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575  AtMRS2-2: Q9FLG2, AtMRS2-3: Q9LIN2, AtMRS2-4: Q93ZD7, AtMRS2-5: Q9ZPR4, AtMRS2-
576  6: QIPE39, AtMRS2-7: Q304A0, AtMRS2-10: Q9SAHO, AtMRS2-11: Q058N4), MRS2 from
577  Homo sapiens (Q9HD23), Chaetomium thermophilum (G0S186), and CorA from Thermotoga
578  maritima (Q9WZ3). Only the residues around the cytoplasmic Mg?" binding sites are shown. Green
579  circles indicate Mg?" binding sites. The sequence numbering of AtMRS2-1 is shown. (B) Whole-
580 cell patch-clamp traces from HEK293T cells expressing AtMRS2-1 AN43 construct and
581  D251A/D254A/E257A mutant exposed to 20 and 40 mM Mg?* with intracellular pipette solution
582  containing 1 mM Mg?*. (C) Pooled data of AtMRS2-1 AN43 construct and its mutant induced by
583 20 mM Mg?*. Bars represent mean + S.E. from n =6, * P < 0.05; ** P < 0.01 vs. WT, unpaired t-
584 test.

585

586  Figure 4. Overall structures of AtMRS2-1 in the presence of EDTA.

587 (A, B) The cryo-EM density map (A) and the structural model (B) of the AtMRS2-1 homopentamer
588 in the presence of EDTA (State I), shown from the membrane plane. (C, D) The cryo-EM density
589  map (C) and the structural model (D) of the AtMRS2-1 homopentamer in the presence of EDTA
590 (State II), shown from the membrane plane. (E) Superimposition of the three state structures of
591  AtMRS2-1 (Closed state: red; State I: green; State II: blue). Only two adjacent subunits are shown.
592  Mg?" ions in the cytoplasmic domain of the closed state structure are shown as spheres and colored
593  green. Dotted lines indicate the distance (A) between the Co atoms of Asp254 and Glu331 in two
594  adjacent subunits.

595

596  Figure 5. Structural comparison of the pore architectures of AtMRS2-1.
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597  (A) Superimposition of the three state structures (Closed state: red; State I: green; State II: blue).
598  Only TM1, TM2, and the stalk helices from two adjacent subunits are shown. (B, C) The central ion
599  pathway for State I (B) and State II (C), estimated using HOLE and represented as a surface. Two
600  opposite subunits are shown for clarity, with residues lining the pathway shown as sticks. (D)
601 Structural comparison of the three states at the pore constriction formed by Arg370 (Closed state:
602  red; State I: green; State II: blue). (E) Pore radius profiles along the central axis for the three states.
603

604  Figure 6. State-specific intersubunit interactions.

605  (A) Superimposition of the three states of AtMRS2-1 (Closed state: red; State I: green; State II:
606  blue). Only two adjacent subunits are shown. (B-D) Close-up views of the upper region of the stalk
607  helix and willow helices in the closed state (B), State I (C), and State II (D). The side chains of
608  Arg225 (from one subunit) and Tyr354 and Thr358 (from the adjacent subunit) are shown in stick
609  representation. Dotted lines indicate hydrogen bonding. (E-G) MD simulations of AtMRS2-1
610 structures in the closed state (E), State I (F) and State II (G). Distance plots between the Ca atoms
611  of Arg225 and Tyr354 between the two adjacent subunits are shown.

612

613  Figure 7. Mutational analysis of pore-lining and intersubunit interaction residues.

614  (A) Sequence alignment of MRS2 proteins. Only the residues around the intersubunit interactions
615  are shown. Purple triangles represent the residues involved in intersubunit interactions. The
616  sequence numbering of AtMRS2-1 is shown. (B) Whole-cell patch-clamp traces from HEK293T
617  cells expressing AtMRS2-1 AN43 construct and its mutants exposed to 20 mM Mg?" with Mg?*-
618  free intracellular pipette solution. (C) Pooled data of AtMRS2-1 AN43 construct and its mutants
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induced by 20 mM Mg?*. Bars represent mean + S.E. from n = 4-10, * P < 0.05; ** P < 0.01 vs.

WT, one-way ANOVA followed by Dunnett’s multiple-comparisons test. F(2,17) = 10.45.

Figure 8. Putative gating mechanism of AtMRS2-1.
(A-C) Cartoon diagrams depicting the conformational changes associated with cytoplasmic Mg?*-
dependent gating of AtMRS2-1. The panels show the closed (A), preopen (State I) (B), and open

(State IT) (C) states. Mg?" ions are shown as green spheres, and key residues are depicted as sticks.

Supplementary Figure Legends

Figure S1. Purification and electrophysiology of AtMRS2-1.

(A) Size-exclusion chromatography of GFP-fused AtMRS2-1 AN43, as detected by UV absorbance.
(B) Representative western blot analysis of cell-surface expression of AtMRS2-1 AN43 and its
mutants in transfected HEK293T cells. Cell-surface proteins were labeled by sulfo-NHS-LC-biotin
and isolated with NeutrAvidin agarose resin. Na*/K*-ATPase was used as a plasma membrane
marker. The blot shown is representative of three independent experiments. (C) Quantification of
the cell-surface expression shown in (B), normalized to AtMRS2-1 AN43. Bars represent mean =+
S.E., P> 0.05, one-way ANOVA followed by Dunnett’s multiple comparisons test, F (5, 10) = 1.94.
(D) Whole-cell patch-clamp traces from HEK293T cells expressing AN43 construct and the
D251A/D254A/E257A mutant exposed to 20 and 40 mM Mg?* with Mg?*-free intracellular pipette

solution.

Figure S2. Cryo-EM data processing workflow for AtMRS2-1 with 5§ mM MgCl,.
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641  All processing steps were performed in CryoSPARC. Images were generated using UCSF Chimera.

642

643  Figure S3. Cryo-EM analysis of AtMRS2-1 with 5§ mM MgCl,.

644  (A) Representative cryo-EM micrograph of AtMRS2-1 with 5 mM MgCl,. (B) Representative 2D

645  class averages. (C) The gold-standard Fourier shell correlation (FSC) curves for resolution

646  estimation. (D) Angular distribution of the particles used for the final map. (E-G) Top view from

647  the lumen side (E), bottom view from the cytoplasmic side (F), and side view (G) of the EM density

648  map, colored according to the local resolution, estimated using CryoSPARC.

649

650  Figure S4. Cryo-EM data processing workflow for AtMRS2-1 with S mM EDTA.

651  All processing steps were performed in CryoSPARC. Images were generated using UCSF Chimera.

652

653  Figure S5. Cryo-EM analysis of AtMRS2-1 with 5 mM EDTA.

654  (A) Representative cryo-EM micrograph of AtMRS2-1 with 5 mM EDTA. (B) Representative 2D

655  class averages. (C, D) The gold-standard Fourier shell correlation (FSC) curves for resolution

656 estimation of State I (C) and State II (D). (E, F) Angular distribution of the particles used for the

657 final map of State I (E) and State II (F). (G-I) Top view from the lumen side (G), bottom view from

658  the cytoplasmic side (H), and side view (I) of the State I EM density map, colored according to the

659 local resolution, estimated using CryoSPARC. (J-L) Top view from the lumen side (J), bottom view

660  from the cytoplasmic side (K), side view (L) of the State II EM density map, colored according to

661  the local resolution, estimated using CryoSPARC.

662
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663  Figure S6. Structural comparison with MRS2/CorA proteins.

664  (A-C) Alignments of AtMRS2-1 in the closed state (wheat) with CtMRS?2 in the closed state (light
665  blue, PDB ID: 8Q8P) (A), hMRS2 in the closed state (pink, PDB ID: 81P3) (B), and TmCorA in the
666  closed state (green, PDB ID: 3JCF) (C). The left panel shows an alignment of the pentamers, while
667  the right panel displays an alignment of the monomers. (D) Alignments of AtMRS2-1 in State II
668  (orange) with CtMRS2 in the open state (purple, PDB ID: 8Q8Q). The left panel shows an alignment
669  of the pentamers, while the right panel displays an alignment of the monomers. (E-G) Close-up
670  views of the corresponding Mg?*-binding sites in CtMRS2 (PDB ID: 8Q8P) (E), hMRS2 (PDB ID:
671 8IP3) (F) and TmCorA (green, PDB ID: 3JCF) (G).

672

673  Figure S7. Sequence alignment.

674  AtMRS2-1 (UniProt ID: Q9S9N4), AtMRS2-2 (UniProt ID: Q9FLG2), AtMRS2-3 (UniProt ID:
675  QILIN2), AtMRS2-4 (UniProt ID: Q93ZD7), AtMRS2-5 (UniProt ID: Q9ZPR4), AtMRS2-6
676  (UniProt ID: Q1PE39), AtMRS2-7 (UniProt ID: Q304A0), AtMRS2-10 (UniProt ID: Q9SAHO),
677  AtMRS2-11 (UniProt ID: Q058N4), hMRS2 (UniProt ID: Q9HD23), CtMRS2 (UniProt ID:
678 G0S186), and TmCorA (UniProt ID: Q9WZ3) were aligned. The sequence number of AtMRS2-1 is
679  shown. Green and orange circles indicate Mg?* binding sites, and Arg370, respectively. The blue
680  rectangle and purple triangle represent the GMN motif and the amino acids related to intersubunit
681 interactions, respectively.

682

683  Figure S8. Lateral lipid binding in AtMRS2-1.

684  (A-I) Lateral lipid binding sites of AtMRS2-1 in the closed state (A-C), State I (D-F), and State II
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(G-I). Densities for lipids are shown in gray mesh, contoured at 4.0 . Side chains of interaction-

related amino acids are shown in stick representation.

Figure S9. The EM density maps for the cytoplasmic Mg?* ions and water molecules.

(A-C) The EM density maps for Mg?* ions and water molecules at the cytoplasmic Mg?* binding
sites are shown in gray mesh and contoured at 3.0c (A), 3.5¢ (B), and 4.0c (C), respectively. The
residues around these ions and water molecules are shown as sticks. (D) Schematic diagram of the
interaction network involving Mg?" ions at sites S1-S3, water molecules, and residues of AtMRS2-
1. Mg?" ions and water molecules are shown as green and red spheres, respectively. Key residues
from one subunit are shown as blue spheres, whereas those from the adjacent subunit are shown as

green spheres. Dotted lines indicate interactions.

Figure S10. MD simulations.

(A-C) The plots of the RMSD of the Ca atoms are shown for the closed state (A), State I (B), and
State II (C) structures. (D-F) Distance plots showing the distance between the Arg370 Ca atoms
and the center point (defined as the average position of the five subunits) are shown for the closed

state (D), State I (E), and State II (F) structures.

Figure S11. Sequence alignment with other plant MRS2 proteins.

Sequence alignment among AtMRS2-1 (UniProt ID: Q9S9N4), AtMRS2-2 (UniProt ID: Q9FLG2),
AtMRS2-3 (UniProt ID: Q9LIN2), AtMRS2-4 (UniProt ID: Q93ZD7), AtMRS2-5 (UniProt ID:
Q9ZPR4), AtMRS2-6 (UniProt ID: QI1PE39), AtMRS2-7 (UniProt ID: Q304A0), AtMRS2-10
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707 (UniProt ID: Q9SAHO0), AtMRS2-11 (UniProt ID: Q058N4), OsMRS2-A (UniProt ID: Q9AUK4),
708  OsMRS2-B (UniProt ID: Q67UQ7), OsMRS2-C (UniProt ID: Q0JBZ6), OsMRS2-D (UniProt ID:
709  Q7XQQ1), OsMRS2-E (UniProt ID: Q8S1IN1), OsMRS2-F (UniProt ID: Q8L4S2), OsMRS2-G
710 (UniProt ID: A3BVS82), OsMRS2-H (UniProt ID: Q10S25), OsMRS2-1 (UniProt ID: Q10D38),
711 ZmMRS2-A (UniProt ID: AOA317Y4T9), ZmMRS2-B_1 (UniProt ID: AOA3L6DDP3), ZmMRS2-
712 D (UniProt ID: AOA3L6G7L2), ZmMRS2-E (UniProt ID: AOA3L6FS80), ZmMRS2-F 0 (UniProt
713 ID: AOA3L6DNRG6), ZmMRS2-G 0 (UniProt ID: AOA8J8XSX0), ZmMRS2-G 1 (UniProt ID:
714  AOA8J8XLQS5), ZmMRS2-H (UniProt ID: AO0A317YB95), ZmMRS2-I (UniProt ID:
715  AO0A317Y479), hMRS2 (UniProt ID: Q9HD23), CtMRS2 (UniProt ID: G0S186), TmCorA
716  (UniProt ID: Q9WZ3). The sequence numbering of AtMRS2-1 is shown. Green circles and purple
717  triangles indicate Mg?" binding sites and amino acids involved in intersubunit interactions,
718  respectively.

719

720  Table S1. Cryo-EM data collection, refinement and validation statistics.

721

722 Table S2. Summary of molecular dynamics simulation systems and trajectories.

723

724  Movie S1. Conformational changes of AtMRS2-1.

725

726  Data S1. Numerical raw data.

727
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