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Abstract 23 

Maintaining Na+/K+ homeostasis is fundamental for plant environmental 24 

adaptation. Using domain classification of plant Na+/K+ transport proteins, and 25 

AI-based ligand screening integrated with biochemical characterization, we 26 

identified a previously unannotated cytoplasmic domain (CPD) in plant HAKs as 27 

a novel ATP/ADP-binding fold. We demonstrate that ATP/ADP binding to the 28 

CPD directly couples to the gating of ion transport, a regulatory mechanism 29 

previously unknown in this transporter family. Cryo-EM structures of Arabidopsis 30 

HAK5 in ADP-bound and ligand-free states, alongside Zea mays HAK4 in an ATP-31 

bound state, revealing a distinctive autoinhibitory mechanism. In the ADP-bound 32 

state, the CPD physically obstructs the transmembrane ion pathway. Conversely, 33 

the gain-of-function mutant AtHAK5D152A triggers a downward translocation of 34 

the CPD to release this inhibition, which is corroborated by the ATP binding 35 

conformation of ZmHAK4. Our study defines the structural basis for ATP/ADP- 36 

associated gating in plant HAK transporters, providing a novel molecular 37 

framework for engineering salt-tolerant crops. 38 

 39 

 40 
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INTRODUCTION 42 

Maintaining Na+/K+ homeostasis is a cornerstone of plant survival, particularly under 43 

abiotic stresses such as salinity and potassium deficiency[1]. These two ions play 44 

antagonistic roles in plant physiology: whereas K+ is an essential macronutrient vital for 45 

enzymatic activation, osmotic regulation, and membrane potential stabilization, excessive 46 

Na+ accumulation is cytotoxic, disrupting cellular functions and ionic balance[2-7]. 47 

Consequently, plants have evolved sophisticated regulatory networks to maintain an 48 

optimal Na+/K+ ratio, a process central to environmental adaptation[3; 6; 8-12]. 49 

This ionic equilibrium is orchestrated by a diverse array of membrane transport 50 

proteins, including Shaker-type K+ channels[11; 12], HKT transporters[13], sodium/hydrogen 51 

exchangers[14; 15], the HAK/KT/KUP family[16], and some cyclic nucleotide-gated ion 52 

channels (CNGCs)[17; 18]. To systematically explore the functional landscape of plant 53 

Na+/K+ transport proteins, we performed a comprehensive domain-clustering analysis 54 

across multiple transport protein families using TED/CATH databases[19; 20], UniProt 55 

annotations[21], and structural models (Figure 1A). A defining feature of most plant ion 56 

transporters and channels—with the notable exception of the HKT family—is the presence 57 

of a regulatory cytoplasmic domain (CPD)[22-24]. While the functions of these CPDs 58 

remained elusive for decades, recent structural breakthroughs have begun to unveil their 59 

roles in modulating transporter or channel activity. For instance, the CPDs of AKT1 and 60 

SOS1 mediate autoinhibition-activation transitions, while those in plant CNGCs harbor an 61 

intrinsic ligand-binding modules [25-30]. Although plant HKTs lack a CPD, their prokaryotic 62 

homologs (e.g., KtrAB and TrkAH) utilize RCK (Regulate conductance of K+) domains 63 

that bind ATP or ADP to regulate ion transport [31-34]. This pipeline identified a conserved 64 
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C-terminal CPD in the HAK family that lacked any functional annotation. Intriguingly, 65 

FoldSeek[35]- and Dali[36]-based structural alignment revealed no characterized homologs, 66 

suggesting that this CPD represents a novel structural fold (Figure 1A; Figure S1). The 67 

HAK family members play pivotal roles in high-affinity K+ uptake, long-distance 68 

translocation, and Na+ retrieval[16]. Elucidating the molecular basis of HAK regulation is 69 

not only a fundamental biological question but also essential for engineering stress-resilient 70 

crops. Thus, this discovery raises a compelling question: do plant HAKs utilize their CPDs 71 

to regulate their function? 72 

In this study, by employing Boltz2-based ligand screening and biochemical 73 

characterization[37], we demonstrate that the unannotated domain of HAK family 74 

constitutes a novel structural fold with ATP/ADP-binding capacity—a regulatory feature 75 

that has remained entirely unrecognized across all previous studies. Through cryo-EM 76 

analysis of Arabidopsis HAK5 (AtHAK5) and Zea mays HAK4 (ZmHAK4), we provide 77 

the first structural evidence of ATP/ADP-binding pockets in plant HAKs. Our data reveal 78 

a distinctive autoinhibitory mechanism where the CPD physically obstructs the ion 79 

pathway in an ADP-bound state, a conformation that is released upon ATP binding or 80 

specific gain-of-function mutations. These findings establish a new paradigm for the 81 

ATP/ADP-associated regulation of plant Na+/K+ homeostasis. 82 

 83 

RESULTS 84 

Discovery of a novel ATP/ADP-binding fold in the HAK Family 85 

Given that the CPD of the HAK family lacked any functional annotation, we sought to 86 

identify its potential role using state-of-the-art structural alignment tools. We focused on 87 
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AtHAK5, the most characterized member of this family[38; 39]. Using the AlphaFold3[40]-88 

predicted AtHAK5 CPD as a query, a FoldSeek search [35]returned only other HAK family 89 

members, highlighting the domain’s high conservation while underscoring its uniqueness. 90 

Notably, The Encyclopedia of Domains (TED[19]) failed to assign it to any known 91 

CATH[20](Class, Architecture, Topology, and Homologous superfamily) classification 92 

(Figure S1A). A subsequent Dali search[36] identified a universal stress protein from 93 

Haemophilus influenzae (PDB: 1JMV) as the top hit[41]. These two domains exhibit 94 

divergent topology and share only 8% sequence identity with a significant root-mean-95 

square deviation (RMSD) of 3.1 Å (Figure S1B-D). Collectively, these findings suggest 96 

that the HAK CPD represents a previously uncharacterized structural fold. 97 

Structural analysis of the AtHAK5 CPD revealed a prominent, positively charged 98 

pocket, suggesting a capacity for binding anionic ligands (Figure 1B). Although AtHAK5 99 

shares only 19.37% sequence identity with its prokaryotic ortholog Bacillus subtilis 100 

BsKimA—which binds the bacterial second messenger c-di-AMP—and possesses a 101 

distinct fold, we hypothesized that the plant HAK CPD might have evolved to bind plant 102 

nucleotides derivatives[42]. To test this systematically, we performed AI-aided ligand 103 

docking across 430 HAK homologs from various crop species against seven candidate 104 

ligands, including prokaryotic c-di-AMP, four cyclic monophosphate nucleotides (cNMPs), 105 

and the primary cellular energy carriers, ATP and ADP (Figure 1C). From 15,050 generated 106 

models, we utilized the interface predicted template modeling (ipTM) score to evaluate 107 

binding confidence, applying a stringent criterion of ipTM > 0.8 to identify high-108 

confidence predictions. While plant second messengers like 3′5′-cAMP or 2′3′-cAMP 109 

failed to meet this threshold, ATP and ADP emerged as the only ligands consistently 110 
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yielding ipTM scores exceeding 0.8, exhibiting superior structural complementarity and 111 

pLDDT scores (Figure 1C). 112 

To validate these predictions, we performed surface plasmon resonance (SPR) 113 

using purified full-length AtHAK5 (Figure S2). Consistent with the in silico models, 114 

AtHAK5 exhibited high-affinity binding to both ATP and ADP, with dissociation constants 115 

(KD) of approximately 50 nM and 66 nM, respectively (Figure 2). To determine the 116 

functional consequences of this binding, we employed a two-electrode voltage clamp 117 

(TEVC) assay in Xenopus oocytes[43]. While ADP injection had no significant effect on K+ 118 

currents, ATP injection triggered a substantial increase in AtHAK5-mediated K+ 119 

conductance (Figure 2). Together, these results demonstrate that the AtHAK5 CPD is a 120 

functional ATP/ADP-binding module, where the ATP/ADP potentially acts as a switch to 121 

gate K+ transport—a regulatory mechanism previously unknown in this transporter family.  122 

 123 

Coordination of ADP is accompanied with an autoinhibitory conformation of 124 

AtHAK5 125 

Albeit AlphaFold3[40] and Boltz2 [37]provided high-confidence models for ligand binding 126 

in AtHAK5, the predicted structures for the ATP-bound and ADP-bound states remained 127 

nearly identical, which is insufficient to provide a structural rationale for their different 128 

effects on electrophysiological activity. To uncover the conformational dynamics and the 129 

authentic binding modes of endogenous ligands that AI might overlook, we determined the 130 

cryo-EM structure of the AtHAK5 homodimer at an overall resolution of 3.04 Å. Each 131 

AtHAK5 protomer consists of a 12-helix N-terminal transmembrane domain (TMD) and a 132 

C-terminal CPD, interconnected by a cytosolic bridge helix. Unlike the domain-swapped 133 
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architecture observed in its bacterial ortholog BsKimA, the dimerization of AtHAK5 is 134 

driven exclusively by CPD-CPD interactions (Figure 3; Figure S3; Figure S4; Table S1), 135 

suggesting a distinct evolutionary regulatory trajectory for the plant HAK family. 136 

Intriguingly, prominent non-protein densities were observed within each CPD, 137 

which fitted well as ADP (Figure 3A). Such ADP molecules must be endogenously bind to 138 

the CPD as no exogenous ligands were supplemented during purification. Mass 139 

spectrometry (MS) definitively identified this endogenous ligand as ADP (Figure 3B), 140 

confirming that AtHAK5 captures cellular ADP with high affinity and validating our initial 141 

in silico screening hypothesis with high fidelity. The ADP molecule is meticulously 142 

anchored within the pocket: the adenine and ribose moieties form hydrogen bonds with 143 

Ile593, Glu565 and Gly733 while the diphosphate group is stabilized by hydrogen bonds 144 

with His527, Thr735 and Tyr755, accompanying with a dense salt-bridge network 145 

involving Arg406 and Lys759 (Figure 3C-D). The relative conservation of these residues 146 

across the HAK family suggests that this ATP/ADP-binding capability maybe a universal 147 

attribute of plant Na+/K+ homeostasis allowing variation to support member-specific 148 

regulation (Figure S5).  149 

To integrate these structural findings with transport function, we performed alanine 150 

scanning on the ADP-coordinating residues and assessed their activity in the K+-deficient 151 

yeast strain R5421. Notably, while the E565A and Y755A mutations slightly impaired K+ 152 

transport, the T735A and K759A variants resulted in a gain-of-function phenotype (Figure 153 

3E). These divergent functional responses indicate that the CPD does not merely bind ADP 154 

but acts as a regulatory tuner, where the specific coordination of the ADP is coupled with 155 

the changes of the transport activity.  156 
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The K+ transport pathway within the TMD of each AtHAK5 protomer was enclosed 157 

by TM1, TM3, TM6, and TM8 (Figure 4A). Residues Asp72, Thr75 and Tyr79 from TM1 158 

and Tyr450 from TM10 generate a negatively charged cavity where K+ is captured (Figure 159 

4B). Within this cavity, Asp72 may facilitate the K+ coordination, while Tyr79 likely 160 

functions as an external gate to occlude the bound substrate, a mechanism structurally 161 

analogous to the equivalent residues in BsKimA[44]. Consistent with their roles in substrate 162 

coordination and gating, mutations D72A and Y79A abolish transport, while T75A and 163 

Y450A subtly enhance K+ uptake by altering the hydrogen bond networks (Figure 4B, D)  164 

The K+ transport pathway extends into the CPD and at the end of pathway, residue 165 

Asp123 from the intracellular loop connecting TM2 and TM3 and residue Tyr628 from 166 

CPD both insert into the pathway and form a hydrogen-bond interaction, which may 167 

obstruct K+ transport efficiency (Figure 4A, C; Figure S6). Disrupting this interaction by 168 

single mutants Y628A and D123A exhibit enhanced K+ transport activity (Figure 4D). 169 

Furthermore, the network of hydrogen bonds (e.g., Arg400-Thr595) and salt bridges (e.g., 170 

Asp152–Lys594 and Glu417–Arg600) further stabilizes this TMD–CPD interface. 171 

Systematic alanine scanning of these interfacial residues revealed that while none markedly 172 

impaired function, several variants (particularly D152A and K594A) exhibited profoundly 173 

enhanced K+ transport. Collectively, these structural and functional data indicate that in the 174 

ADP-bound state, the CPD inserts into the TMD to form a physical barrier. This TMD–175 

CPD interface acts as an autoinhibitory gate. Disrupting this interface effectively release 176 

the transporter from its inhibited state.  177 

 178 

 The AtHAK5 activation is coupled to ADP release and CPD rearrangement 179 
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To observe the ATP binding and regulating mode of AtHAK5, we attempted to capture an 180 

ATP-bound conformation of AtHAK5 by supplementing 5 mM ATP throughout the whole 181 

protein purification and cryo-EM sample preparation process. However, the resulting 182 

structure remained in an ADP-bound autoinhibited state. This suggests that the ADP-bound 183 

form represents a highly stable energetic ground state, potentially masking the ATP-184 

induced transition under in vitro conditions. To circumvent this stability, we focused on the 185 

D152A variant, which resides at the TMD-CPD interface and exhibited the most substantial 186 

gain-of-function phenotype in yeast growth assays. We determined the cryo-EM structure 187 

of AtHAK5D152A at 3.46 Å resolution (Figure 4E; Figure S7). Remarkably, the 188 

AtHAK5D152A density map revealed a ligand-free pocket, and mass spectrometry confirmed 189 

that this point mutation was sufficient to trigger the complete release of ADP (Figure 4E).  190 

Structural comparison revealed that this mutation-induced ADP release facilitates a 191 

massive conformational reorganization (RMSD = 2.974 Å, 8915 to 8915 atoms). The CPD 192 

undergoes a pronounced downward translocation, moving away from the TMD and 193 

completely disengaging from the pore exit (Figure 4E and Figure S6). This shift increases 194 

the distance between Asp123 and Tyr628 to 13.2 Å, effectively dismantling the 195 

autoinhibitory barrier. These results demonstrate that disrupting the specific TMD-CPD 196 

interface—either by mutation or potentially by physiological ATP binding—is the key 197 

event that triggers ADP dissociation and the physical release of the autoinhibitory plug. 198 

This unlocked conformation provides a structural template for the activated state of the 199 

HAK family. 200 

 201 

The ATP-bound structure of ZmHAK4 reveals a conserved mechanism for 202 
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autoinhibition release 203 

To determine whether the structural principles observed in AtHAK5 are conserved across 204 

the HAK family, we investigated ZmHAK4, a maize ortholog recently identified as a Na+-205 

selective transporter, representing the third class of Na+-selective transporters that confer 206 

salt tolerance[45]. We employed a similar purification strategy and determined the cryo-EM 207 

structure of ZmHAK4 at an overall resolution of 3.13 Å (Figure S8). In striking contrast to 208 

the wild-type (WT) AtHAK5, the CPD of ZmHAK4 contained clear non-protein density 209 

corresponding to ATP rather than ADP (Figure 5A). In this binding pocket, residues Asn532, 210 

Leu562 and Gly651 anchor the adenine and ribose moieties through hydrogen bonds. The 211 

triphosphate group is coordinated by a network of hydrogen bonds and salt bridges with 212 

Ser681, Arg373, Arg494, Lys652, and His676 (Figure 5B). Compared to the ADP-bound 213 

pocket of AtHAK5, the ATP-binding site in ZmHAK4 undergoes a spatial displacement 214 

resulting from a downward shift of the CPD, causing the γ-phosphate of ATP to bend 215 

toward the adenosine moiety (Figure 5B, C). 216 

Structural comparisons reveal that the ATP-bound conformation of ZmHAK4 closely 217 

recapitulates the autoinhibition-released state of AtHAK5D152A (Figure 5D, E). First, the 218 

ZmHAK4 CPD is physically displaced from the TMD. Specifically, Tyr595 (equivalent 219 

residue to AtHAK5 Tyr628) exhibits a 13.6 Å displacement from Asp87 (equivalent residue 220 

to AtHAK5 Asp123), leaving the transport path unlocked (Figure 5D-F). Additionally, an 221 

upward movement of the intracellular helix linked to TM3—also observed in the activated 222 

AtHAK5 mutant—likely destabilizes the TMD-CPD interface, providing the CPD with the 223 

mobility required for activation. 224 

To reconcile why ATP binds stably to ZmHAK4 but not to the activated AtHAK5D152A, 225 
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we characterized the binding environment of the ATP/ADP pocket. This divergence might 226 

be rooted in the electrostatic properties of the binding pocket. In ZmHAK4, the neutral 227 

Asn532 coordinates the adenosine head, whereas in AtHAK5, this position is occupied by 228 

the negatively charged Glu565. This acidic residue likely generates electrostatic repulsion 229 

with the highly charged triphosphate group of ATP, rendering the ATP-bound state unstable 230 

in AtHAK5 (Figure 5G). To corroborate this assumption, we swapped the Glu565 in 231 

AtHAK5 to asparagine in ZmHAK4. The AtHAK5E565N exhibited enhanced transport 232 

activity, confirming that the ATP-bound architecture of ZmHAK4 represents a common 233 

activated template for the HAK family (Figure 5H).  234 

 235 

DISCUSSION 236 

In this study, by using an AI-guided pipeline, we identify the CPD of plant HAK family is 237 

a previously uncharacterized ATP/ADP-binding module. By integrating 238 

electrophysiological validation with structural dynamics, we demonstrate that AtHAK5 is 239 

maintained in an autoinhibited state by endogenous ADP. Although an ATP-bound structure 240 

of AtHAK5 remained undetermined due to an intrinsic energetic barrier and electrostatic 241 

repulsion (Glu565), our biophysical and functional data confirm that ATP binding triggers 242 

a transient but robust activation of K+ currents. The discovery of the AtHAK5 gain-of-243 

function mutant—and its structural homology to the ATP-bound ZmHAK4—provides a 244 

bridge between the locked and unlocked states. Such observations support a dynamic plug-245 

and-release activation mechanism of HAK family, where the CPD physically obstructs or 246 

reveals the ion pore in response to cellular adenylate status (Figure 6). The regulatory mode 247 

proposed here distinguishes the HAK family from other well-characterized plant 248 
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transporters. While the activity of proteins like AKT1, CNGCs, and SOS1 is primarily 249 

modulated by auxiliary subunits or the flexibility of their regulatory domains, HAK 250 

transporters represent a novel category of regulation governed by direct ligand binding 251 

within a highly specialized fold[25-30]. It is topologically divergent from the conserved 252 

TeaD-like scaffolds of human cation-chloride cotransporters (CCCs) and bacterial 253 

KtrA/TrkA subunits, as well as the structural found in CLC channels[31; 33; 46-51]. This 254 

structural novelty suggests that plants evolved a unique protein architecture to couple the 255 

ATP/ADP exchange directly to transmembrane K+/Na+ fluxes.  256 

This mode offers a strategic advantage for plant survival. AtHAK5, which functions 257 

under extreme K+ deficiency, is strictly regulated to prevent ion leakage, as evidenced by 258 

its high-affinity binding to ADP and the resulting autoinhibited conformation. In contrast, 259 

ZmHAK4, which plays a critical role in salinity response in maize, appears energetically 260 

optimized for ATP-bound activation to prevent Na+ overground translocation[45]. 261 

Considering the physiological role of different HAK family members, how the level of ATP 262 

and ADP in different tissues of plant varies under stress are worth future research. The 263 

discovery that a single-point variation (Glu565 in AtHAK5 vs. Asn532 in ZmHAK4) can 264 

reshape the energetic landscape of the binding pocket highlights the precision of this 265 

evolutionary tuning. Furthermore, our findings provide a structural rationale for previous 266 

autoinhibition hypothesis: the segment (residues 571–633) indeed forms the physical plug 267 

against the TMD, while the downstream region acts as the ATP/ADP binding module[52]. 268 

Finally, our work opens new avenues for exploring the mechanistic crosstalk between 269 

ATP/ADP exchange and post-translational modifications in fine-tuning the activity of the 270 

HAK family. Phosphorylating the N-terminal of AtHAK5 by the kinase complex 271 
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CIPK23/CBL1 was reported to release autoinhibition state[52; 53]. Whether phosphorylation 272 

activates the transporter by driving a comparable conformational switch? The AlphaFold3 273 

[40]modeling suggests that phosphorylation by the CIPK23/CBL1 complex may induce a 274 

conformational switch superimposable onto the AtHAK5D152A structure (Figure S9). This 275 

implies that phosphorylation and ATP binding may act synergistically—where 276 

phosphorylation lowers the energetic barrier for CPD displacement, thereby priming the 277 

transporter for ATP-mediated activation. Given the high conservation of these structural 278 

motifs across major crops, these insights provide a foundational framework for 279 

understanding plant resilience and offer precise molecular targets for breeding stress-280 

resistant varieties in the future. 281 

 282 

METHODS 283 

Protein–Ligand Complex Structure Prediction 284 

A curated set of HAK transporters were selected for this study. For each target protein, 285 

complex structures were generated with a panel of nucleotide and cyclic nucleotide ligands, 286 

including 2’,3’-cAMP, 2’,3’-cGMP, 3’,5’-cAMP, 3’,5’-cGMP, ADP, ATP, and di-cAMP. 287 

Protein–ligand complex structure prediction was performed using Boltz2[37], a deep 288 

learning–based framework for multimer and protein–small molecule complex modeling. 289 

For each protein–ligand pair, five independent structure predictions were generated using 290 

the Boltz2 diffusion-based sampling procedure, enabled with the options --use_msa_server 291 

and --diffusion_samples 5[37]. This strategy was adopted to account for stochastic 292 

variability in the diffusion process and to explore alternative ligand binding poses. This 293 

criterion ensured that the selected complex exhibited the most confident and well-defined 294 
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protein–ligand interaction geometry according to the Boltz2 confidence metrics[37]. 295 

 296 

Two-electrode voltage Clamping 297 

AtHAK5 cDNA was cloned into the pGEM-HE vector. In vitro Transcription and 298 

capped RNAs (cRNAs) were synthesized from linearized plasmid DNA template using the 299 

T7 High Yield RNA Transcrip tion Kit and Vaccinia Capping Enzyme Kit (Vazyme), 300 

according to the manufacturer’s recommendations. The quality of the cRNA was checked 301 

by quick agarose gel electrophoresis. Stage V-VI oocytes were obtained from Xenopus 302 

laevis and defolliculated using 2 mg/ml collagenase and trypsin inhibitor for a duration of 303 

2 hours. 10ng cRNA in 30nL was injected into the treated oocytes, control oocytes were 304 

injected of 30 nL RNA-free water. The injected oocytes were cultured at a temperature of 305 

18 °C for 2 days in ND-96 buffer (containing 2 mM KCl, 96 mM NaCl, 1 mM MgCl2, 1.8 306 

mM CaCl2, 5 mM HEPES pH 7.5, and 0.1g/ml gentamycin). Oocytes were voltage-307 

clamped using a Axoclamp 900A amplifier (Axon Instruments) and monitored by computer 308 

through Digidata 1440A converter (Axon CNS) and Clampex 11.2 software (Axon 309 

Instruments). The pipette solution contained 3 M KCl. The standard bath solution contained 310 

1 mM CaCl2, 2 mM KCl, 1 mM MgCl2, 0.1 mM LaCL3 and 10 mM MES/Tris (pH 5.5), 311 

the osmolality was adjusted to 220 mOsmol kg–1 by 1M mannitol. Voltage steps were 312 

applied from +40 to –200 mV in –20mV decrements during 1.0 s, from a holding potential 313 

of –60mV. Each step begins with 0.23 s and ends with 0.37 s at the resting potential of the 314 

oocyte membrane in the bath solution. For recording of AtHAK5 with test ligands, 25 nL 315 

of 5 mM ATP or ADP was separately injected into oocytes that have injected of AtHAK5 316 

cRNA or RNA-free water 2 days ago. ATP and ADP injected oocytes were recorded 317 
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immediately. Statistical analysis was performed using Clampfit 10.7 and GraphPad Prism 318 

7. 319 

 320 

Purification of Arabidopsis thaliana HAK5 and Zea maize HAK4 321 

The cDNA of Arabidopsis thaliana AtHAK5, AtHAK5D152A and ZmHAK4 was subcloned 322 

into the pFastBac1 (Invitrogen) vector with a N-terminal FLAG tag (DYKDDDK), 323 

respectively. AtHAK5D152A was induced by a two-step PCR. The recombinant proteins 324 

were expressed using the Bac-to-bac system following the manufacturer’s (Invitrogen) 325 

protocol. Briefly, bacmids of targets were extracted from DH10Bac cell and P2 baculovirus 326 

was used to infect Sf9 insect cell with 30 mL P2 baculovirus added into 1L Sf9 cells at a 327 

density of ~3.0 × 106 cells mL–1. AtHAK5, AtHAK5D152A and ZmHAK4 were 328 

overexpressed in Sf9 insect cells grown in the Serum-Free Medium (YSK BIO) for 60 h in 329 

110 rpm, 27℃. Cells were collected and homogenized in the buffer containing 25 mM 330 

HEPES (pH 7.4) and 150 mM KCl (for AtHAK5 and AtHAK5D152A) or 150 mM NaCl (for 331 

ZmHAK4) supplemented with protease inhibitor cocktails containing 1 mM 332 

phenylmethylsulfonyl fluoride, 1.3 μg/mL aprotinin, 0.7 μg/mL-1 pepstatin and 5 μg/mL 333 

leupeptin. The suspension was supplemented with lauryl maltose neopentyl glycol (LMNG, 334 

Anatrace) to a final concentration of 1% (w/v) and cholesteryl hemisuccinate tris salt (CHS, 335 

Anatrace) to 0.1% (w/v). After incubation at 4 °C for 2 h, the mixture was centrifuged at 336 

200,000 × g for 30 min, then the supernatant was applied to 1 mL anti-Flag M2 affinity gel 337 

(Sigma) by incubating at 4 °C for 1h. The resin was rinsed three times using wash buffer: 338 

25 mM HEPES (pH 7.4), 150 mM KCl or NaCl, 0.02% GDN. Then the target protein was 339 

eluted with wash buffer plus 200 μg/ml flag peptide. The eluted protein was concentrated 340 
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using a 50-kDa cut-off Centricon (Millipore) and subsequently applied to Superose-6 341 

increase column (GE Healthcare) in the buffer containing 25 mM HEPES (pH 7.4), 150 342 

mM KCl or NaCl and 0.006% GDN. The peak fractions were collected and concentrated 343 

to ~5 mg/mL for cryo-EM analysis. For purification of AtHAK5 added with ATP, 0.1 M 344 

ATP stock was supplemented into the collected cells to a finally concentration of 5 mM 345 

and all buffers used are the same as that of AtHAK5 except for 5 mM ATP adding. 346 

 347 

Cryo-EM sample preparation, data collection and processing 348 

Quantifoil 300 mesh R1.2/1.3 Au grids were glow discharged for 35s at medium radio 349 

frequency level of Plasma Cleaner PDC‐32G (Harrick). Aliquots of 4 μL proteins were 350 

applied onto glow-discharged holey carbon grids. The grids were blotted for 3.5 seconds 351 

at 8 ℃ under 100% humidity and flash-frozen in liquid ethane using Vitrobot Mark IV 352 

(Thermo Fisher Scientific). The grids were stocked in liquid nitrogen and first screened on 353 

200kV Tecnai Arctica microscope, grids with high quality were further used for data 354 

collection. High-resolution cryo-EM images were collected using a 300 kV Titan Krios 355 

transmission electron microscope (TEM) equipped with a Gatan K3 Summit direct electron 356 

detector and a GIF Quantum energy filter (slit width 20 eV, Gatan) operating in super-357 

resolution counting mode. Defocus values ranging from −1.3 to −1.8 μm were applied 358 

throughout the data acquisition process. Each micrograph was dose-fractionated into 32 359 

frames with a cumulative electron dose of ~50 e⁻·Å⁻² and a total exposure time of 2.56 s. 360 

Data collection was fully automated and controlled using EPU software (Thermo Fisher 361 

Scientific). 362 

 363 
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Model building and structure refinement 364 

The initial models for AtHAK5, AtHAK5D152A and ZmHAK4, based on predictions from 365 

AlphaFold3[40] or Boltz2[37], were employed as foundations for fitting the cryo-EM density. 366 

Subsequent manual refinement of the atomic model was conducted using COOT[54]. 367 

Following these, structural optimization in real space were achieved using PHENIX[55], 368 

incorporating secondary structure and geometric restraints. PyMOL[56](open source) and 369 

UCSF ChimeraX[57] were used to analyze cryo-EM maps and structures and prepare figures. 370 

 371 

Yeast strains and growth experiments 372 

The Saccharomyces cerevisiae 9.3 yeast strain (MATa, ena1Δ::HIS3::ena4Δ, leu2, ura3-1, 373 

trp1-1, ade2-1, trk1Δ, trk2::pCK64) was used for AtHAK5 and mutant derivatives growth 374 

experiments[58]. The different constructs were cloned into p415GPD vector through a two-375 

step PCR, plasmids were transformed into yeast following a standard protocol and then 376 

screened on solid SD media plates at 28℃ for 3 d. For growth tests, overnight cultures 377 

were brought to OD600=1.0 and then 3-5 µL drops of decimal dilutions of the cell 378 

suspensions were spotted onto solid AP media plates. Plates were incubated at 28°C for 3–379 

4 d.  380 
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 594 

Figure 1. Domain clustering and AI-guided structural-functional prediction. 595 

(A) Structural and domain clustering of Arabidopsis thaliana Na+ and K+ transport proteins 596 

based on UniProt[21], PDB, AlphaFoldDB[40], and CATH databases[20].  597 

(B) AlphaFold3[40]-predicted structure of AtHAK5, highlighting a highly charged cavity 598 

within the C-terminal cytoplasmic domain (CPD).  599 

(C) Boltz2-driven ligand docking screen [37]across diverse HAK orthologs. ADP and ATP 600 

yielded the highest confidence ipTM scores among a library of nucleotide derivatives. 601 

  602 

  603 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.07.000179. This version posted April 8, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

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



 
Yang et al  

 
 

24 

 604 

Figure 2. Validation of ATP/ADP binding and functional modulation of AtHAK5.  605 

(A, B) AlphaFold3[40]-predicted binding modes of ATP (top) and ADP (bottom) in the 606 

AtHAK5 CPD, integrated with experimental validation. SPR sensorgrams (left) depict the 607 

binding kinetics and equilibrium dissociation constants (KD) of ATP and ADP. KD values 608 

were calculated from global fits of at least three independent experiments (mean ± SD). 609 

TEVC recordings (right) from Xenopus oocytes demonstrate the regulatory effects of ATP 610 

and ADP on K+ currents. I-V curves represent steady-state peak currents (mean ± SEM). 611 
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 613 

Figure 3. CryoEM structure of AtHAK5 reveals an endogenous bounded ADP.  614 

(A) Cryo-EM density map of AtHAK5 showing non-protein density in the CPD pocket that 615 

unambiguously accommodates ADP.  616 

(B) Identification of the endogenous ligand as ADP via mass spectrometry. Retention times 617 

and fragmentation patterns of the AtHAK5 sample match those of an ADP standard.  618 

(C) Overall architecture and detailed interaction network of the ADP-binding pocket. ADP 619 

and its interacting residues are shown in sticks. Hydrogen bonds and salt bridges are shown 620 

by gold dashed lines.  621 
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(D) Schematic representation of ADP binding as shown by Ligplot+. Hydrogen bonds and 622 

salt bridges are shown by dashed lines.  623 

(E) Yeast complementation assay assessing the K+ transport activity of ADP-coordinating 624 

residue variants. Data are representative of n=3 independent experiments. EV, empty vector. 625 

 626 
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 628 

Figure 4. CPD rearrangement and ADP release underlie AtHAK5 activation. 629 

(A) Electrostatic surface representation of the K+ transport pathway in ADP-bound 630 

AtHAK5. Rectangles indicate the K+ coordination cavity (black; detailed in B) and the 631 

TMD–CPD autoinhibitory interface (magenta; detailed in C).  632 

(B, C) Molecular details of the K+ binding site and the critical interactions stabilizing the 633 

TMD–CPD interface.  634 

(D) Yeast growth analysis of alanine variants targeting the K+ coordination site (left) and 635 

the TMD–CPD interface (middle/right). Disruption of the interface (e.g., D152A, K594A, 636 

Y628A) results in a dramatic gain-of-function phenotype.  637 

(E) Structural overlay of AtHAK5WT and the AtHAK5D152A mutant. ADP is released from 638 
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AtHAK5D152A. The CPD of AtHAK5D152A undergoes a substantial downward translocation, 639 

dismantling the physical barrier in the transport pathway. 640 

 641 
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 643 

Figure 5. The ATP-bound structure of ZmHAK4 recapitulates the activated state.  644 

(A, B) Cryo-EM density and atomic model of the ZmHAK4 CPD pocket occupied by ATP.  645 

(C-E) Structural comparison between ADP-bound AtHAK5 and ATP-bound ZmHAK4 646 

exhibit large-scale displacement of the CPD.  647 

(F) Surface representation of the unobstructed Na+ pathway in ZmHAK4. The D87 in 648 

ZmHAK4 is equivalent to the D123 in AtHAK5.  649 

(G, H) Electrostatic repulsion between Glu565 and the ATP triphosphate in AtHAK5 limits 650 

ATP occupancy. The E565N substitution (mimicking ZmHAK4) enhances K+ transport. 651 
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 652 

Figure 6.  A plug-and-release model for the activity regulation of plant HAK 653 

transporters by ADP and ATP.  In the ADP-bound state (left), the CPD inserts into the 654 

TMD to form a physical plug, locking the transporter in an autoinhibited conformation. 655 

Binding of ATP or phosphorylation triggers a large-scale conformational rearrangement 656 

where the CPD moves away from the TMD, switching the transport to an activated state. 657 

After activation, specific members like AtHAK5 may lack the energetic stability to 658 

maintain the ATP-bound state, eventually returning to the ADP-inhibited ground state. 659 
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 661 

Figure S1. AI-based discovery CPD of HAK transporters as a novel fold.  (A) No 662 

CATH classification matches with the CPD of AtHAK5 by TED database[19; 20]. The TED 663 

classifies the TMD of AtHAK5 into a corresponding CATH but fails to assign any CATH 664 

category to the CPD. (B) Dali database search result of AtHAK5 CPD structure predicted 665 

by AlphaFold3. 1JMV was the most identical structure with the highest Z score, but 666 

shares poor identity to the input. (C) Structural superimposition of AtHAK5 CPD 667 

predicted by AlphaFold3, 1JMV and 2IEL searched by Dali. AtHAK5 CPD shows 668 

completely distinct conformation with 1JMV and 2IEL. (D) Entirely different topology 669 

structure of AtHAK5 CPD and 1JMV. 670 
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 672 

Figure S2. Purification of AtHAK5.  A representative gel-filtration chromatography of 673 

AtHAK5. The peak fractions were visualized on SDS–PAGE by Coomassie staining. 674 

kDa, kilodaltons. MW, molecular weight marker. 675 
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 677 

Figure S3. Cryo-EM analysis of AtHAK5.  Cryo-EM analysis of AtHAK5.  (A) Data 678 

processing for AtHAK5. The average resolution for the final reconstruction of AtHAK5 is 679 

estimated to be 3.04 Å. Details are described in the Methods. Representative micrograph 680 

and 2D classification results are shown. Local resolution distribution of the final 681 
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reconstruction for AtHAK5 is estimated by cryoSPARC[59]. (B) Representative EM 682 

densities for AtHAK5. The contour level of the EM density is 7σ. 683 

  684 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.07.000179. This version posted April 8, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

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



 
Yang et al  

 
 

35 

 685 

Figure S4. Structural comparison of AtHAK5 and BsKimA.  (A) Overall structure of 686 

AtHAK5 and BsKimA (PDB: 6S3K) [44]. AtHAK5 has no domain swapped organization 687 

like BsKimA and only the CPD-CPD interactions stabilize the dimerization. (B) TMD 688 

(upper panel) and CPD (lower panel) alignment of AtHAK5 and BsKimA. The TMD of 689 

them share similar topologies and structures, while the CPD are obviously different. 690 

  691 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.07.000179. This version posted April 8, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

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



 
Yang et al  

 
 

36 

 692 

Figure S5. Sequence conservation onto the structure of AtHAK5. The conservation 693 

map was generated across 150 automatically selected HAK family members using 694 

ConSurf[60]. 695 
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 697 

Figure S6. Ion accessible pathway of AtHAK5.  The ion transport pathway starts from 698 

K+ coordination site and extends into the CPD of the ADP-bound AtHAK5, both Asp123 699 

and Tyr628 insert into the pathway and form an interaction to obstruct K+ transport. The 700 

pore radius of AtHAK5 was calculated by MOLE[61]. 701 
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Figure S7. Cryo-EM analysis of AtHAK5D152A.  (A) Protein purification and data 704 

processing for AtHAK5D152A. The average resolution for the final reconstruction of 705 

AtHAK5D152A is estimated to be 3.46 Å. Details are described in the Methods. 706 

Representative gel-filtration chromatography, SDS-PAGE of peak fractions, 707 

representative micrograph and 2D classification results are shown. BI, before gel-708 

filtration injection. Local resolution distribution of the final reconstruction for 709 

AtHAK5D152A is estimated by cryoSPARC[59]. (B) Representative EM densities for 710 

AtHAK5D152A. The contour level of the EM density is 7σ. 711 
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Figure S8. Cryo-EM analysis of ZmHAK4.  (A) Protein purification and data 714 

processing for ZmHAK4. The average resolution for the final reconstruction of ZmHAK4 715 

is estimated to be 3.13 Å. Details are described in the Methods. Representative gel-716 

filtration chromatography, SDS-PAGE of peak fractions, micrograph and 2D 717 

classification results are shown. Local resolution distribution of the final reconstruction 718 

for ZmHAK4 is estimated by cryoSPARC[59]. (B) Representative EM densities for 719 

ZmHAK4. The contour level of the EM density is 7σ. 720 
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 722 

Figure S9. Phosphorylation of AtHAK5 induces a superimposable switch to 723 

AtHAK5D152A.  (A) Schematic model for phosphorylation-related activation of AtHAK5. 724 

K+ starvation causes Ca2+ signal, results in the calcineurin B-like protein 1 or 9 (CBL1/9) 725 

locating on plasma by lapidation to activate CBL-interacting serine/threonine-protein 726 

kinase 23 (CIPK23). The activated CIPK23 directly phosphorylates AtHAK5 N-terminal 727 

to enhance K+ transport. (B) Structure model of AtHAK5/CIPK23/CBL1 complex by 728 

AlphaFold3[40]. CIPK23 is modeled to touch and potentially disturb the key interaction on 729 

TMD-CPD interface as the complex structure drives a comparable conformational change 730 

to AtHAK5D152A with the TMD keeping away from the CPD. (C) Conformational 731 

rearrangement of Tyr628 abrogates autoinhibitory in phosphorylation complex. The 732 

structural rearrangement of Tyr628 produces a 12.7 Å distance between Asp123 and 733 

Try628, abolishes the steric hindrance on the ion conduction pathway. 734 
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Supplemental Table 1. Cryo-EM data collection, refinement and validation. 736 

Coordinates 22WW 22WQ 22WN 
EMDB  EMD-68742 EMD-68736 EMD-68733 
Data collection and processing AtHAK5 AtHAK5D152A ZmHAK4 
Voltage (kV) 300 300 300 
Electron exposure (e–/Å2) 50 50 50 
Defocus range (μm) -1.3 ~ -1.8 -1.3 ~ -1.8 -1.3 ~ -1.8 
Pixel size (Å) 1.0825 1.032 0.8374 
Symmetry imposed C2 C2 C2 
Map resolution (Å) 
FSC threshold   

3.04 
0.143 

3.46 
0.143 

3.13 
0.143 

 
Refinement 

   

Model composition 
Non-hydrogen atoms  
Protein residues 
Ligands  

 
10,810 
1358 
4 

 
10,460 
1324 
0 

 
10,288 
1306 
2 

B-factors (Å2)    
Protein 60.50 187.03 84.41  
Ligand 35.22   - 46.91 

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

 
0.003 
0.529 

 
0.004 
0.830 

 
0.003 
0.598 

Validation 
MolProbity score 
Clashscore  
Poor rotamers (%)   

 
1.82 
6.69 
1.86 

 
2.36 
12.98 
2.61 

 
2.05 
7.85 
2.21 

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

 
96.37 
3.63 
0 

 
93.67 
6.10 
0.23 

 
94.74 
5.18 
0.08 
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