
Journal Pre-proof

Cryo-EM Structure of the ATP11C Q79E Mutant Reveals the Structural Basis for
Altered Phospholipid Recognition

Yuheng Qian, Chai C. Gopalasingam, Christoph Gerle, Hideki Shigematsu, Kazuhiro
Abe, Atsunori Oshima

PII: S0021-9258(25)02787-5

DOI: https://doi.org/10.1016/j.jbc.2025.110935

Reference: JBC 110935

To appear in: Journal of Biological Chemistry

Received Date: 25 August 2025

Revised Date: 6 November 2025

Accepted Date: 8 November 2025

Please cite this article as: Qian Y, Gopalasingam CC, Gerle C, Shigematsu H, Abe K, Oshima A,
Cryo-EM Structure of the ATP11C Q79E Mutant Reveals the Structural Basis for Altered Phospholipid
Recognition, Journal of Biological Chemistry (2025), doi: https://doi.org/10.1016/j.jbc.2025.110935.

This is a PDF of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability. This version will undergo additional
copyediting, typesetting and review before it is published in its final form. As such, this version is no
longer the Accepted Manuscript, but it is not yet the definitive Version of Record; we are providing
this early version to give early visibility of the article. Please note that Elsevier’s sharing policy for the
Published Journal Article applies to this version, see: https://www.elsevier.com/about/policies-and-
standards/sharing#4-published-journal-article. Please also note that, during the production process,
errors may be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.

® 2025 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and
Molecular Biology.

https://doi.org/10.1016/j.jbc.2025.110935
https://doi.org/10.1016/j.jbc.2025.110935
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article


Cryo-EM Structure of the ATP11C Q79E Mutant Reveals the Structural Basis 1 

for Altered Phospholipid Recognition 2 

 3 

Yuheng Qian1,2, Chai C. Gopalasingam1,3, Christoph Gerle3, Hideki Shigematsu4, 4 

Kazuhiro Abe1*, Atsunori Oshima2,5,6,7,8* 5 

1Department of Chemistry, Faculty of Science, Hokkaido University, Japan 6 

2Graduate School of Pharmaceutical Sciences, Nagoya University, Nagoya, Japan 7 

3RIKEN SPring-8 Center, Kouto, Sayo-gun, Hyogo 679-5148, Japan 8 

4Japan Synchrotron Radiation Research Institute (JASRI), SPring-8, 1-1-1 Kouto, 9 

Sayo, Hyogo 679-5148, Japan 10 

5Cellular and Structural Physiology Institute (CeSPI), Nagoya University, Furo-cho, 11 

Chikusa-ku, Nagoya 461-8601, Japan 12 

6Institute for Glyco-core Research (iGCORE), Nagoya University, Nagoya, 13 

Aichi 464-0814, Japan 14 

7Center for One Medicine Innovative Translational Research (COMIT), Gifu 15 

University Institute for Advanced Study, Gifu, 501-11193, Japan 16 

8Research Institute for Quantum and Chemical Innovation, Institutes of 17 

Innovation for Future Society, Nagoya University, Furo-cho, Chikusa-ku, 18 

Nagoya 461-8601, Japan 19 

*Correspondence should be addressed: Kazuhiro Abe (kabe@sci.hokudai.ac.jp)；20 

Atsunori Oshima (atsu@cespi.nagoya-u.ac.jp) 21 

 22 

 23 

Keywords: P-type ATPase, flippase, P4-ATPase, membrane protein, cryo‐24 

electron microscopy, phospholipid, transporter 25 

 26 

Abstract 27 

Closely related P4-ATPases, ATP11A and ATP11C, act as major phospholipid 28 

flippases in the plasma membrane of mammalian cells, with strict substrate specificity 29 

for phosphatidylserine (PS) and phosphatidylethanolamine (PE), but not for 30 

phosphatidylcholine (PC), thereby contributing to the asymmetric distribution of PS 31 

and PE across bilayers. A previously reported disease-associated Q84E mutation in 32 

ATP11A confers the ability to flip PC, implicating the involvement of this conserved 33 

residue in substrate specificity. We performed cryo-EM analysis for the equivalent 34 

mutant Q79E of ATP11C to address the structural basis for its unusual substrate 35 
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specificity. Measurement of ATPase activity revealed that the ATP11C Q79E mutant 36 

retained PS-dependent activity, whilst gaining robust PC-dependent activity, 37 

indicative of expanded substrate specificity, consistent with reported properties in 38 

ATP11A Q84E. The cryo-EM structure of ATP11C Q79E mutant in the PC-occluded 39 

E2-Pi state revealed a PC molecule in a reshaped binding pocket. Due to the Q79E 40 

mutation and associated conformational changes in its surrounding residues, including 41 

Ser91and Asn352, the binding pocket has additional space to accommodate the bulky 42 

choline headgroup. Our results provide structural and functional insights into how a 43 

single point mutation can alter substrate specificity in a P4-ATPase. 44 

Introduction 45 

Biological cell membranes are composed predominantly of phospholipids. As a 46 

characteristic feature of living eukaryotic cells, these lipids are distributed 47 

asymmetrically; phosphatidylserine (PS) and phosphatidylethanolamine (PE) are 48 

confined in the cytosolic leaflet, whereas phosphatidylcholine (PC) and 49 

sphingomyelin (SM) mainly distribute in the exoplasmic leaflet (1). This asymmetry 50 

in phospholipid distribution is critical for cell integrity and physiology, as well as for 51 

regulating multiple important cellular events, including apoptosis (2, 3), which are 52 

mediated by several membrane transport proteins. One of these, the scramblases, are 53 

ATP-independent, passive membrane transporters that mediate the bidirectional, 54 

mostly nonspecific translocation of phospholipids across the lipid bilayer, along their 55 

concentration gradients. Rather than maintaining asymmetry, this activity leads to the 56 

collapse of transbilayer lipid asymmetry, and is regulated by Ca²⁺ or the apoptotic 57 

protease caspase-3 (4, 5). In contrast, flippases, also known as P4-ATPases, 58 

translocate their specific substrate phospholipid from exoplasmic to the cytosolic 59 

leaflet of the bilayer coupled with ATP hydrolysis. Most mammalian P4-ATPases, 60 

except ATP9A and ATP9B (6), require an accessory subunit, CDC50A, for their 61 

proper localization and functional expression in the plasma membrane (7). The overall 62 

fold of the catalytic subunit is very similar to other P-type ATPases, composed of 63 

three cytosolic domains (N, P and A domains) involved in ATP hydrolysis. The 64 

nucleotide-binding (N) domain binds ATP. The phosphorylation (P) domain contains 65 

an invariant aspartate residue that undergoes autophosphorylation to form the 66 

phosphoenzyme intermediate (EP). The actuator (A) domain has a DGES motif that is 67 

required for the dephosphorylation of EP intermediate. The catalytic subunit also 68 

contains 10 transmembrane (TM) helices in which the phospholipid binding site is 69 

located. The CDC50A subunit has two TM helices at the N and C termini and a large 70 

exoplasmic domain.  71 

Among P4-ATPases, the closely related ATP11A and ATP11C are particularly 72 

important because of their involvement in apoptosis (3). In living cells, PS is largely 73 

maintained on the cytosolic leaflet of the membrane. Cells that lack ATP11A, 74 

ATP11C, or the accessory subunit CDC50A exhibit a significant reduction in flippase 75 

activity for PS and PE at the plasma membrane, indicating that ATP11A and ATP11C 76 

are major PS-specific flippases in the plasma membrane (8). When a cell undergoes 77 

apoptosis, an activated caspase cleaves ATP11A and ATP11C, causing inactivation of 78 
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their ability to translocate PS. Simultaneously, caspase-dependent scramblases such as 79 

Xkr8 (9) or Xkr4 (5) are activated, which expose PS on the exoplasmic leaflet of the 80 

plasma membrane. This exposure of PS acts as an “Eat-me” signal, marking the dying 81 

cell for engulfment by macrophages. Mice deficient in ATP11A do not survive 82 

embryonic development (10), and mice lacking ATP11C display a variety of complex 83 

phenotypes, including B-cell lymphopenia, cholestasis, mild anemia, and dystonia 84 

(11). Therefore, understanding the mechanism of ATP11A and ATP11C is crucial in 85 

comprehending the process of cell death at a molecular level. 86 

In cation-transporting P2-type ATPases, the transported cations interact with residues 87 

located in TM4, TM5, TM6, and TM8 (12–14). These residues are situated in the 88 

central region of the transmembrane domain and are shielded from the lipid phase by 89 

surrounding helices. During the transport cycle, cations are occluded between these 90 

central helices (15, 16). However, in the case of flippases, due to the larger size of 91 

lipid substrates and the need for reorientation during translocation, a distinct transport 92 

mechanism has been proposed — the so-called "credit-card model" (17). In this 93 

model, phospholipid translocation is thought to occur at the protein-lipid interface 94 

near the periphery of the transmembrane domain, where only the hydrophilic lipid 95 

headgroup interacts with the protein, whilst the acyl chains are dragged through the 96 

membrane bilayer (18).  To explain this process in more detail, three models have 97 

been proposed based on studies of different P4-ATPases, including the two-gate 98 

model (19), the hydrophobic gate model (20), and the central cavity model (21), 99 

together which suggests that phospholipid flipping is achieved through sequential 100 

conformational changes in the transmembrane helices, which alternately open and 101 

close toward the outer and inner leaflets to control substrate access and release. 102 

Nevertheless, as a member of the P-type ATPase family, the transport cycle of P4-103 

ATPase generally resembles that of other P2-type cation pumps (Fig. 1A), often 104 

referred to as the E1/E2 model ,or, Post-Albers type reaction scheme (22–24), 105 

proceeding through reaction intermediates including E1, E2, and their 106 

autophosphorylated forms E1P and E2P. Unlike P2-ATPases, P4-ATPases have 107 

evolved distinct structural mechanisms to selectively translocate phospholipids across 108 

the membrane, which has been extensively studied through structural analysis, 109 

including that of the yeast flippase Drs2p (25) and human flippase ATP8A1 (26). As 110 

for human ATP11C, multiple cryo-EM structures capturing different intermediate 111 

states have delineated a near complete flipping cycle, from the E1-ATP to the E2-Pi 112 

state, explaining molecular mechanisms of how PS occlusion induces E2P 113 

dephosphorylation (27). According to the transport mechanism of P4-ATPase (Fig. 114 

1A), PS is incorporated from the exoplasmic leaflet of the bilayer to the binding site 115 

in the outward-open E2P state. The terminal carboxyl group of bound PS 116 

subsequently induces outer gate closure by forming hydrogen bonds with several 117 

amino acids in exoplasmic parts of TM1 and TM2 that constitute the outer gate. The 118 

outer gate closure is transmitted to the A domain and changes the relative orientation 119 

between A and P domains, leading to a transition state of E2P dephosphorylation, E2-120 

Pi state, in which PS is occluded in the TM binding site. Consequently, these two E2P-121 
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related intermediates are key to elucidating the mechanism of phospholipid 122 

recognition.  123 

Recently, the Gln84Glu (Q84E) mutation in ATP11A was identified in a patient with 124 

developmental delay and neurodegeneration. Surprisingly, this mutant confers the 125 

ability to translocate PC in addition to the canonical substrate PS. This aberrant 126 

substrate specificity leads to an accumulation of sphingomyelin (SM) on exoplasmic 127 

leaflet of the plasma membrane, thereby altering various cellular properties, including 128 

cell growth, cholesterol homeostasis, and sensitivity to sphingomyelinase (28). It was 129 

also reported that its equivalent mutation Gln79Glu (Q79E) in ATP11C shows PC 130 

translocation in living cells (28), suggesting the mechanisms for substrate recognition 131 

are preserved in these two closely related flippases (sequence identity of 64%, Fig. 132 

S1). However, the mechanism by which aberrant substrate recognition occurs in this 133 

disease mutant remains unclear. To reveal the structural basis underlying this 134 

abnormal substrate recognition, we determined the cryo-EM structure of ATP11C 135 

Q79E mutant in the PC-occluded state. The results suggest that unusual PC 136 

recognition in the Q79E mutant is, counterintuitively, not due to enhanced 137 

electrostatic interactions, but rather an indirect change in the shape of the binding 138 

pocket resulting from the mutation. This finding deepens our understanding of the 139 

substrate recognition mechanism by P4-ATPases, providing further insight into P-140 

ATPase-related diseases and potential therapeutic strategies. 141 

Results and Discussion 142 

Functional characterization of the ATP11C Q79E mutant 143 

A previous report showed that ATP11C Q79E, a mutation equivalent to a disease-144 

causing variant of ATP11A Q84E, transports PC in addition to its canonical substrate, 145 

PS (28). To confirm this altered substrate specificity, we expressed and purified both 146 

wild-type (WT) and Q79E ATP11C and compared their phospholipid-dependent 147 

ATPase activity (Fig. 1B). The WT enzyme showed high ATPase activity in the 148 

presence of PS but only background levels (no added lipid) in the presence of PC, 149 

consistent with its PS-specific ATPase activity (27). Unexpectedly, however, the 150 

ATP11C Q79E mutant showed significantly lower activation by PS compared to the 151 

WT, while the addition of PC resulted in the activity being even lower than the 152 

background level. This observation prompted us to hypothesize that the excess 153 

amount of PC or other phospholipids showing an inhibitory effect may be left over in 154 

the sample. We speculated that this inhibition is related to the reverse reaction 155 

occurred in the cytoplasmic facing state. According to the Post-Albers type scheme 156 

(Fig. 1), substrate phospholipid is released to the cytoplasmic leaflet during E2→E1 157 

transition, excess amount of substrate may accelerate E1→E2 reverse reaction that 158 

apparently reduces ATPase activity. Since the samples used for the above 159 

measurements were purified with anti-GFP nanobody affinity resin, which included a 160 

washing step with washing buffer of only 10 times the column bed volume (10CV), 161 

we therefore attempted to remove the remaining phospholipids by performing a more 162 

rigorous washing (500CV). The ensuing samples showed that both WT and Q79E 163 
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mutant were activated by PS, and only the Q79E mutant shows significant activation 164 

upon PC addition (Fig. 1B). Given that PC transport by ATP11C Q79E has been 165 

experimentally demonstrated in a previous report (28), the PC-dependent activation is 166 

unlikely to result merely from nonspecific stabilization by annular lipids. This PC-167 

dependent activation suggests that exogenously added PC interacts with the binding 168 

site of the Q79E mutant sample purified with extensive (500CV) washing.  169 

Cryo-EM structure of PC-bound E2P state 170 

Using the above-described samples purified with extensive washing, we performed 171 

cryo-EM structural analysis (Fig. 2, Fig. S2, S3, Table S1). We first determined the 172 

structure of the outward-open E2P state, at 2.88 Å resolution, stabilized by the 173 

phosphate analogue BeF₃⁻ and exogenously added DOPC, to confirm whether the 174 

mutation itself perturbs the conformation or binding site structure. A structural 175 

comparison between WT (PS-bound E2P state, 7BSU) and Q79E reveals that these 176 

structures are superimposable (RMSD = 0.56 Å) (Fig. S4), confirming that the 177 

mutation does not significantly affect the overall molecular conformation. A density 178 

corresponding to a bound phospholipid, most likely PC, was observed in the same 179 

position as in the WT; deep within a longitudinal cleft that extends from the 180 

exoplasmic leaflet to the canonical phospholipid binding site where TM4 is unwound 181 

(Fig. 1A, Fig. 2A). This density resolved the acyl chains but was more diffuse for the 182 

hydrophilic head group, suggesting that the phospholipid is not tightly bound (Fig. 183 

2A, C). In the E2P state of the WT, PS forms only a few hydrogen bonds with the 184 

binding site, including an interaction between Asn352 in the unwound region of TM4 185 

and the terminal carboxyl group of PS (Fig. 2B). This indicates that the WT binding 186 

pocket in E2P state loosely accommodates PS head group, and this is also the case for 187 

the bound PC in the Q79E structure (Fig. 2C). In addition, since the terminal methyl 188 

group of PC’s quaternary amine cannot form a hydrogen bond with Asn352 of Q79E 189 

mutant, PC binding is likely much weaker than PS in the WT, as seen by its weak 190 

density (Fig. 2C). Although the side chain of Q79E was slightly offset relative to that 191 

of Q79 in WT (Fig. 2D), as the Q79E residue is located quite distant (10.3 Å) from 192 

the PC head group, making it unlikely to be directly involved in substrate recognition 193 

in the E2P state. Because the observed structure is in the outward-open state, the 194 

binding pocket is not constricted enough to restrict PC’s binding pose, possibly 195 

explaining the reason for the weak EM density for bound PC in the Q79E mutant (Fig. 196 

2E, F). 197 

Local remodeling of the substrate-binding pocket by Q79E facilitates 198 

phosphatidylcholine recognition 199 

After the phospholipid binds to the E2P state, the hydrophilic head group of the 200 

substrate phospholipid is tightly occluded, accompanied by the closure of the outer 201 

gate composed of the extracellular portion of TM1 and TM2. This conformational 202 

change triggers the rotation of the A domain via TM1 and TM2, which in turn causes 203 

dephosphorylation of E2P (Fig. 1A). In ATP11C WT, the head group of PS forms 204 
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hydrogen bonds with hydrophilic amino acids in TM1 and TM2 that include Gln79, 205 

Thr90 and Ser91 in the PS-occluded E2-Pi state (PDB ID: 7BSV), which is proposed 206 

to be a driving force for the gate closure and accompanying E2P dephosphorylation 207 

(27). Accordingly, PC-dependent ATPase activity observed in the Q79E mutant (Fig. 208 

1B) requires outer gate closure driven by PC binding. We next determined the 209 

structures of PC- and PS-occluded E2-Pi state, analyzed at 2.40 Å and 2.51 Å, 210 

respectively, to address how PC is recognized in the occluded binding pocket (Fig. 3, 211 

Fig. S2, Fig. S3, Table S1).  212 

Cryo-EM density maps showed well-resolved amino acid side chains surrounding the 213 

phospholipid binding site (Fig. S5). Although the density of the bound phospholipid 214 

itself was not of sufficient quality to identify it as either PC (Fig. 3A, Fig. S5B)  or 215 

PS (Fig. 3B, Fig. S5C), since the ATPase activity of the purified mutant sample is 216 

largely stimulated by PC addition (Fig. 1B), it is likely that an exogenously added 217 

phospholipid is bound to the site. Arrangement of TM helices, especially TM1, TM2, 218 

TM4 and TM6 that forms the phospholipid binding pocket is unchanged between PS-219 

occluded WT and PC-occluded Q79E mutant (Fig. 3H), suggesting a preserved gating 220 

mechanism between them. The PS head group is coordinated by several key hydrogen 221 

bonds in PS-occluded form of Q79E mutant (Fig. 3F), which is very similar to WT 222 

(Fig. 3C), consistent with its PS-dependent ATPase activity. In contrast, PC, with 223 

three methyl groups at its terminus, cannot form hydrogen bonds with surrounding 224 

hydrophilic side chains. The nitrogen of the quaternary amine in PC is located more 225 

than 4 Å from the carboxyl group of Q79E (Fig. 3D), suggesting that it does not 226 

engage in strong electrostatic interactions. This observation refutes an intuitive 227 

hypothesis that the Gln to Glu mutation enhances PC binding due to increased 228 

electrostatic interaction, as the nitrogen on the PC quaternary amine is presumed to be 229 

positively charged at a neutral pH.  230 

A detailed comparison of the WT and Q79E mutant structures revealed that the 231 

respective side chain rotamer conformations (i.e., Q79 in WT and E79 in Q79E 232 

mutant) are different (Fig. 3E,G), each rotating approximately 90º relative to one 233 

another. The corresponding density map at this position well supports the rotamer 234 

conformation of these residues (Fig. S5). We found that this observed difference likely 235 

affects the surrounding amino acids in the binding site. In the WT structure, the 236 

hydroxyl group of the Ser91 residue is fixed by an interaction with the Gln79 side 237 

chain, forming a hydrogen bond, and thus Ser91 side chain is pointing toward the 238 

carboxyl group of PS (Fig. 3C). In contrast, the Ser91 side chain in the Q79E mutant 239 

faces the opposite direction, and it appears to stabilize its conformation by forming a 240 

hydrogen bond with the carboxyl of Q79E (Fig. 3E, see arrow for the displacement of 241 

side chains). Consequently, C carbon of Ser91 is located 3.4 Å from the terminal 242 

methyl group of PC. Due to the rotation of Q79E relative to Gln79 in WT, Asn352 243 

makes a hydrogen bond with Q79E, thus the side chain conformation of Asn352 also 244 

slightly changes compared to that in WT. Accumulation of these subtle changes in the 245 

rotamer conformation results in an altered shape of the binding site in Q79E (Fig. 4). 246 

While the WT binding pocket and PS-occluded structure of the Q79E mutant are 247 
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ideally shaped to fit the PS head group (Fig. 4A, B), the PC-occluded structure of the 248 

Q79E mutant shows a slightly widened pocket, particularly due to the changes in 249 

Ser91 and Asn352 side chain conformations that directly contact PC head group (Fig. 250 

4C). We found that this widening is crucial for accommodating the PC head group. 251 

When superimposing the PC molecule in Q79E structure against the WT structure, the 252 

terminal methyl groups of PC would sterically clash against Asn352 and Ser91(Fig. 253 

4D). These observations lead us to conclude that the ability of the Q79E mutant to 254 

bind PC is a result of subtle, indirect conformational changes in the surrounding 255 

amino acids, which cause local reshaping of the binding site to optimally 256 

accommodate PC. van der Waals and entropy-driven hydrophobic interactions act as 257 

the primary driving force for PC to fit into this newly shaped pocket, triggering the 258 

closure of the exoplasmic gate, which leads to PC-dependent dephosphorylation, as 259 

discussed later.   260 

Structural and functional characterization of the Q79A mutant 261 

If the size of the binding pocket is a key determinant in PC binding, the mutation of 262 

Gln79 to a smaller residue, like alanine, would allow PC binding. At least for 263 

ATP11A, this is not the case, as its Gln84Ala mutant does not exhibit PC 264 

translocation activity (28). To investigate this point further, we evaluated the 265 

Gln79Ala (Q79A) mutant of ATP11C. Consistent with the equivalent mutant of 266 

ATP11A, ATP11C Q79A retained PS-dependent ATPase activity, but not for PC 267 

(Fig. 5A), indicating that PC cannot be occluded in the binding pocket of this mutant.  268 

To help reveal the molecular framework for this, we solved the cryo-EM structure of 269 

ATP11C Q79A mutant at 3.44 Å resolution (Fig. 5B, see also Figs S2, S3 and Table 270 

S1). Due to the smaller side chain of Q79A, the binding pocket becomes larger in the 271 

direction toward TM1 (Fig. 5C). However, because the Ser91 hydroxyl group remains 272 

facing toward the phospholipid binding site, similar to that in WT structure, the shape 273 

of the pocket is not widened (i.e., unchanged) towards TM2 or TM4. When we 274 

superimposed the occluded PC in Q79E mutant against the Q79A structure, the 275 

binding pocket in Q79A mutant is not wide enough to accommodate PC, due to 276 

unaltered rotamer conformation of Ser91 compared to that of WT (Fig. 5D). These 277 

observations suggest that the hydroxyl group of Ser91 is inherently oriented toward 278 

the phospholipid binding site, and an additional hydrogen bond contribution from 279 

Q79E side chain may stabilize it in the opposite direction (Fig. 3D) which is a key 280 

requisite for the widened binding pocket found in the Q79E mutant (Fig. 4C).  281 

Structural comparison with ATP8B1 282 

ATP8B1 was initially identified as the gene responsible for progressive familial 283 

intrahepatic cholestasis type 1 (PFIC1). It is proven that ATP8B1 has a broad lipid 284 

specificity, including PC, PS and phosphatidylinositol (PI) (29). Sequence alignment 285 

of ATP8B1 to ATP11C shows a high degree of conservation at the lipid-binding 286 

cavity (Fig. S1). To explore the common features of such flippases with broader 287 

specificity and to test whether our proposed mechanism of phospholipid recognition 288 
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can be applicable to other flippases, we compared the structures of ATP8B1 and 289 

ATP11C.  290 

In the phospholipid-occluded E2-Pi state (Fig. 6A), ATP8B1 and ATP11C WT share 291 

similar spatial organization of the transmembrane helices (TM1, TM2, TM4 and 292 

TM6) that form the binding pocket. Accordingly, the structure of the side chains 293 

around the binding pocket likely determines which phospholipid can bind. Due to its 294 

broad ligand specificity, both PS- and PC-occluded structures are available for 295 

ATP8B1 (PDB IDs 8OXA and 8OXB for PS- and PC-occluded form, respectively). 296 

Intriguingly, in ATP8B1 WT, the Thr144 side chain (which corresponds to Ser91 in 297 

ATP11C) adopts a different rotamer conformation when comparing the PC-occluded 298 

state to the PS-occluded state (Fig. 6). This behavior of Thr144 in ATP8B1 is well 299 

correlated with what was seen in our PS-occluded ATP11C WT (PS, Fig. 3C) and its 300 

Q79E mutant with PC- (Fig. 3D) or PS-occluded (Fig. 3F); the hydroxyl group of 301 

Thr144 is pointing toward the carboxyl group of PS (Fig. 6A), while it is facing 302 

toward the other side in the PC-occluded form (Fig. 6B). Although ATP8B1 has a 303 

glutamine residue in TM1 which corresponds to Gln79 in ATP11C, its rotamer 304 

conformation is similar to that seen in the Q79E mutant of ATP11C (Fig. 3E). These 305 

similarities between two flippases suggest a common mechanism for PC 306 

accommodation within the binding pocket. 307 

Driving force for the exoplasmic gate closure 308 

Based on previous structural analysis of the WT ATP11C transport cycle, it is thought 309 

that the interaction between the hydrophilic PS head group and several amino acids 310 

that consist of the outer gate serves as a driving force for gate closure. This process 311 

acts as a checkpoint: phospholipids that are too large to be occluded, or those that 312 

cannot sufficiently stabilize the occluded state, cannot advance the transport cycle to 313 

the next step, thus preventing either dephosphorylation or subsequent lipid 314 

translocation. In contrast to PS, which has terminal carboxyl and amino groups, the 315 

choline head group of PC -with its positively charged quaternary amine and three 316 

methyl groups- is less capable of forming strong hydrophilic interactions. 317 

Consequently, the driving force for gate closure induced by PC binding would be 318 

predominantly via hydrophobic interactions. The general physicochemical principle 319 

of entropy-driven or hydrophobic ligand-binding is that the close packing of a ligand 320 

within its binding pocket displaces hydrated water molecules from the vicinity, 321 

leading to a favorable increase in entropy of the overall system, in other words, a tight 322 

binding pocket shows stronger binding energy. Therefore, if PC cannot utilize 323 

hydrogen bonds to drive gate closure, it must acquire sufficiently strong alternative 324 

hydrophobic interactions to compensate. Our observed reshaping of the binding 325 

pocket in the Q79E mutant, thus, likely creates a suitable environment to drive the 326 

hydrophobic interaction (Fig. 3, Fig. 4C). If size matters, phospholipids with smaller 327 

head groups should theoretically be able to be translocated. We therefore conclude 328 

that the subtle, indirect conformational change initiated by the Q79E mutation creates 329 

a binding pocket that precisely fits the shape of PC head group (Fig. 4C), which 330 
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provides sufficient binding energy upon PC occlusion, thus facilitating the forwarding 331 

of the transport cycle. 332 

Conclusion 333 

In this study, we revealed how a single point mutation of Q79E in ATP11C alters its 334 

substrate specificity by reshaping the local architecture of the phospholipid-binding 335 

pocket. Our analysis for PC-dependent ATPase activity, together with a previous 336 

phospholipid transport assay (28) demonstrated that the Q79E mutant gains the ability 337 

to recognize and flip PC, a lipid not utilized by the wild-type enzyme. Structural 338 

analyses by cryo-EM uncovered that this gain of function arises from subtle but 339 

critical rearrangements of side chains—particularly Glu79 and Ser91—that expand 340 

the binding cavity and change the interaction network, suggesting that such 341 

physicochemical compatibility within the lipid-binding pocket acts as a 342 

predeterminant for substrate selection (Fig. 7). 343 

Furthermore, recent studies have shown that two de novo ATP11A mutations near the 344 

putative phospholipid exit site (E114G and S399L) also enable flipping of PC (30). 345 

These mutations—along with the Q79E mutation in our study, which is located near 346 

the substrate entry site—collectively demonstrate that structural alterations at both 347 

ends of the translocation pathway can modulate lipid specificity. Similar mutations 348 

with altered substrate specificity have been reported in ATP8A2 and Dnf2p (31–33). 349 

The cryo-EM analysis of these mutants could also help shed light on how the exit site 350 

mutations affect the overall architecture of the binding pocket. 351 

  352 
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Experimental Procedures 353 

Protein Expression and Purification 354 

Protein expression procedures were performed as previously described (34) 355 

(Nakanishi et al., 2020). In brief, human ATP11C (NCBI: XM_005262405.1) was 356 

subcloned into a custom-made expression vector. To facilitate structural studies, the 357 

N-terminal 7 amino acids (ΔN7) and the C-terminal 38 amino acids (ΔC38) of 358 

ATP11C were truncated. An N-terminal fusion tag containing a FLAG epitope 359 

(DYKDDDDK), a hexahistidine tag (His₆), enhanced green fluorescent protein 360 

(EGFP), and a tobacco etch virus (TEV) protease recognition sequence was inserted 361 

upstream of the truncated ATP11C (referred to as ATP11C_cryst). Mutants Q79E and 362 

Q79A were generated by site-directed mutagenesis using the ATP11C_cryst construct 363 

as a template. 364 

Human CDC50A cDNA (NCBI: NM_018247.3) was subcloned independently into 365 

the same vector system. To regulate its glycosylation state, a double mutation 366 

(Asn190Gln and Ser292Trp) was introduced into CDC50A, yielding the 367 

CDC50A_QW variant. The N190Q mutation prevents N-linked glycosylation, while 368 

the S292W mutation eliminates O-linked glycosylation at Ser292 and enhances N-369 

linked glycosylation at Asn294, as these sites are known to be alternatively 370 

glycosylated. 371 

Recombinant baculoviruses were generated using Bac-to-bac system and amplified in 372 

Sf9 suspension culture maintained in SF900II medium (Thermo) supplemented with 373 

0.5% Penicillin-Streptomycin-Amphotericin B (Wako). Expi293F cells (Thermo) 374 

were maintained in Expi293 medium (Thermo) supplemented with 0.5% Penicillin-375 

Streptomycin-Amphotericin B (Wako). Cells used for protein expression were 376 

cultured in FreeStyle293 medium (Thermo) supplemented with 0.5% FBS, 0.5% 377 

Penicillin-Streptomycin-Amphotericin B (Wako), 4 mM L-alanyl-L-glutamine 378 

(Wako). 379 

The heterodimer composed of ATP11C_cryst and CDC50A_QW (here referred as 380 

wild-type) was successfully expressed in the plasma membrane using baculovirus-381 

mediated transduction of mammalian Expi293 cells (Thermo) for 24 h at 37°C in the 382 

presence of 10 mM sodium butyrate as described previously (35, 36). The harvested 383 

cells were directly solubilized with 1.5% (w/v) n-decyl β-D-maltoside in a lysis buffer 384 

containing 40 mM MES/Tris (pH 6.5), 200 mM NaCl, 2 mM Mg(CH3COO)2, 1 mM 385 

ATP, 1 mM dithiothreitol, 0.1 mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-386 

tetraacetic acid (EGTA) and protease inhibitor cocktail (Roche) on ice for 20 min. 387 

After removing the insoluble material by ultracentrifugation (200,000 × g for 1 h), the 388 

supernatant was mixed with anti-GFP nanobody resin (37) at 4 °C for 2 h, which was 389 

followed by washing with 500 column volumes (28) buffer consisting of 20 mM 390 

MES/Tris (pH 6.5), 200 mM NaCl, 5% (v/v) glycerol, 1 mM MgCl2, 0.1 mM ATP, 0.1 391 

mM EGTA and 0.03% octaethylene glycol monododecyl ether (C12E8, Nikko 392 
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Chemical), in the presence of 1 mM BeSO4 and 3 mM NaF (E2P state) or 1 mM AlCl3 393 

and 5 mM NaF (E2-Pi state), and 10 column volumes washing with buffer consisting 394 

of 20 mM MES/Tris (pH 6.5), 200 mM NaCl, 5% (v/v) glycerol, 1 mM MgCl2, 0.1 395 

mM ATP, 0.1 mM EGTA, 30 μM phospholipid (DOPS or DOPC), 2 mM BeSO4 and 6 396 

mM NaF (E2P state) or 2 mM AlCl3 and 10 mM NaF (E2-Pi state), and 0.06% glyco-397 

diosgenin (GDN) (20). After addition of TEV protease and endoglycosidase, anti-GFP 398 

nanobody was incubated at 4 °C overnight. Digested peptide fragments containing 399 

EGFP and endoglycosidase were removed by passing the fractions through Ni-NTA 400 

resin (Qiagen; Beverly, MA, USA). Flow-through fractions were concentrated and 401 

subjected to size-exclusion column chromatography using a Superose 6 Increase 402 

column (Cytiva, Marlborough, MA, USA) equilibrated in a buffer comprising 20 mM 403 

MES/Tris (pH 6.5), 1% (v/v) glycerol, 50 mM NaCl, 5 mM MgCl2, 30 μM 404 

phospholipid (DOPS or DOPC), 2 mM BeSO4 and 6 mM NaF (E2P state) or 2 mM 405 

AlCl3 and 10 mM NaF (E2-Pi state), and 0.06% GDN. Peak fractions were collected 406 

and concentrated to 8 mg/mL. For the ATPase measurement, anti-GFP nanobody resin 407 

was washed with a buffer containing 0.03 % C12E8 and 0.1 mM ATP in the absence of 408 

phospholipid and BeF or AlF. After overnight treatment with TEV protease and 409 

endoglycosidase, following Ni-NTA, the sample was concentrated to 1 mg/mL and 410 

subjected to the ATPase measurement as described later. Note that the effect of 411 

truncation of both terminal amino acids of ATP11C, the double mutation introduced to 412 

CDC50A and deglycosylation of CDC50A on the PS and PE dependent ATPase 413 

activity was negligible compared with the unmodified enzyme (34). 414 

 415 

ATPase Activity Assay 416 

ATPase activity assay was performed as described previously (27) with modifications. 417 

Partially purified ATP11C (WT or mutants), which was enriched by affinity 418 

purification without further SEC fractionation, was used for activity measurements. 419 

Briefly, after solubilization of cell membranes and mixing with anti-GFP nanobody 420 

resin, the sample was washed with 500 column volumes of buffer containing 0.03 % 421 

C12E8 and 0.1 mM ATP in the absence of phospholipid and BeF or AlF. After 422 

overnight treatment with TEV protease and endoglycosidase, followed by Ni-NTA, 423 

the sample was concentrated to 1 mg/mL and subjected to the ATPase measurement. 424 

For the measurement, the sample was diluted to 2 µg/mL and suspended in buffer 425 

comprising 40 mM MES/Tris (pH 6.5), 2 mM MgCl2, 2 mM ATP, 2% glycerol, 100 426 

mM NaCl, 0.03 mg/mL of C12E8 in the absence and presence of 100 µM 427 

phospholipids (DOPS or DOPC, dissolved as 10 mg/mL of stock in 2% C12E8), in 96-428 

well plates. We added 1 mM BeSO4 and 3 mM NaF (BeF3−) to every sample as a 429 

blank. Reactions were initiated by incubating the samples at 37 °C using a thermal 430 

cycler, and maintained for 1 h. It was confirmed that in a 1-hour incubation with 2 431 
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mM ATP, approximately 15% of the total ATP was hydrolyzed, indicating that ATP 432 

hydrolysis is carried out within the linear range during the reaction. Reactions were 433 

terminated by adding 1% SDS and 2 N HCl, and the amount of inorganic phosphate 434 

released was determined colorimetrically using a microplate reader (Thermo).  435 

Cryo-EM Grid Preparation 436 

Cryo-EM grids were prepared as described (26) with modifications. The purified 437 

protein sample (final protein concentration of 8∼10 mg/ml) was mixed with 12 μM 438 

DOPS or 12 μM DOPC and applied to freshly glow-discharged (double side 439 

treatment) Quantifoil holey carbon grids (R1.2/1.3, Cu/Rh, 200 mesh), using a 440 

Vitrobot Mark IV (Thermo Fisher, Lenexa, KS, USA) at 4 °C with a blot force of 10 441 

and blot time of 4 s under 100% humidity, and then plunge-frozen in liquid ethane.  442 

Cryo-EM Data Collection and Image Processing 443 

The prepared grids were transferred to a CRYO ARM 300 microscope (JEOL), 444 

operated at 300 kV, with a cold-field emission gun as the electron source, an in-445 

column Omega filter and equipped with a Gatan K3 direct electron detector in the 446 

electron counting mode. Imaging was performed at a nominal magnification of 447 

60,000×, corresponding to a calibrated pixel size of 0.752 Å/pix (EM01CT at SPring-448 

8). Each movie was recorded in correlated-double sampling (CDS) electron counting 449 

mode for 2.6 s and subdivided into 60 frames. The electron flux was set to 8.46 450 

e−/pix/s at the detector, resulting in an accumulated exposure of 60 e−/Å2 at the 451 

specimen. The data were automatically acquired by the beam-image shift method 452 

using SerialEM software, version 7.8 (38), with a defocus range of −1.4 to −1.6 μm. 453 

The dose-fractionated movies were subjected to beam-induced motion correction, 454 

using RELION 3.1(39), and the contrast transfer function (CTF) parameters were 455 

estimated using patch CTF estimation in cryoSPARC (40).  456 

For each dataset, particles were initially picked by blob picker using cryoSPARC (v4) 457 

and extracted with down-sampling to a pixel size of 3.008 Å/pix. These particles were 458 

subjected to several rounds of 2D classifications. Selected classes were then subjected 459 

to ab initio reconstruction in three models and refined by non-uniform refinement. 460 

The particles from the best class were then re-extracted to the full pixel size and 461 

subjected to non-uniform refinement with per-particle defocus refinement, beam-tilt 462 

refinement in cryoSPARC (40). The resolution of the analyzed map was defined 463 

according to the FSC = 0.143 criterion (41). The local resolution and angular 464 

distributions for each structure were estimated by cryoSPARC (v4). All the models 465 

were manually built in Coot using PS-bound ATP11C-CDC50A WT E2P state (7BSU) 466 

or E2-Pi state (7BSV) as a template (27). Phenix (version 20) (42) was used for 467 

refinement.  468 

 469 
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Figure legends 654 

 655 

Fig. 1| Reaction scheme and phospholipid (PL)-dependent ATPase activity of 656 

ATP11C. A, The cycle consists of four principal conformational states: E1 (not show 657 

in the figure), E1P, E2P, and E2, where “P” denotes a covalently bound phosphate 658 

group. E2P reflects the phosphorylated state prior to substrate binding, while E2-Pi 659 

captures the enzyme conformation after substrate binding but just before phosphate 660 

release. The models in surface representation show the outward-open E2P state 661 

(brown box, left) and PL-occluded (PL)E2-Pi state (blue box, right). Phospholipids 662 

are shown as green spheres. The red arrowhead indicates the outward gate exposed to 663 

the exoplasmic leaflet in E2P state, while it is closed in the PL-occluded E2-Pi state 664 

(black arrowhead). B, Specific ATPase activity of ATP11C WT and Q79E mutant 665 

measured in the absence of phospholipid (W/O, grey) and presence of 100 μM DOPS 666 

(PS, red) or DOPC (PC, blue) added to the sample with 10 or 500 column volume 667 

(CV) wash. The value obtained from the sample with 1 mM BeF₃⁻ serves as a blank. 668 

Data plotted are mean ± S.D. from three independent experiments. Asterisks indicate 669 

the P values between the indicated data sets are ≦ 0.05. 670 

Fig. 2| Cryo-EM structure of ATP11C Q79E in E2P state. A, The atomic model 671 

(left) and cryo-EM map (middle) of ATP11C Q79E E2P PC-bound state. Bound PC in 672 

the TM region is shown as green sticks, and its close-up view with a density map 673 

(only showing within 4 Å from the PC model in mesh representation) is shown on the 674 

right. A-, P-, N-domains and DGES motif are indicated in the figure. BeF₃⁻ are shown 675 

as cyan spheres. B-D, Close-up view of phospholipid binding site of E2P state for WT 676 

(B) and Q79E mutant (C) and their comparison (D), viewed parallel to the membrane 677 

plane, from above the exoplasmic side. Cryo-EM density maps (transparent surface) 678 

and fitted atomic models of PS-bound ATP11C WT (B, PDB: 7BSU) and PC-bound 679 

ATP11C Q79E (C) are shown. Yellow dotted lines in B and C indicate probable 680 

hydrogen bond or salt bridge (with distance less than 4 Å) involved in phospholipid 681 

coordination. The arrow in D indicates the different rotamer conformation between 682 

WT and Q79E. E, F, Cross-sectional surface representations of the lipid-binding 683 

pocket for WT (E) and Q79E (F). Phospholipids (sticks) are shown with their van der 684 

Waals surfaces displayed, for PS (orange) and PC (green), from the viewpoint where 685 

TM2 is located. Red arrowheads in both E and F show the unoccupied part of the 686 

binding pocket, where the pocket doesn’t tightly constrain the phospholipid 687 

headgroup. A small inset in E shows the viewing angle used for the main snapshot, as 688 

context for the orientation of the binding pocket shown in panels E and F. 689 

Fig. 3| Cryo-EM structure of ATP11C Q79E in E2-Pi state. A-B, The atomic model 690 

(left) and cryo-EM map (middle) of ATP11C Q79E E2-Pi state with occluded PC (A) 691 

or PS (B). PC and PS in the TM region are shown as green and orange sticks, 692 

respectively, and their close-up views are as shown in Fig. 2A. AlF₄⁻ is shown as cyan 693 

spheres. C-H, Close-up view of phospholipid binding site of E2-Pi state for WT (C, 694 

PDB: 7BSV), Q79E mutant with PC (D) and Q79E with PS (F) and their comparison 695 
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(E,G,H) as shown in Fig 2. Residues in transparent sphere representations are located 696 

within 3.5 Å from the occluded phospholipids, likely involved in van der Waals 697 

contact. Comparison of TM helices between ATP11C WT with PS (gray), ATP11C 698 

Q79E with PC (blue) and PS (pink), is viewed from the exoplasmic side for (H), 699 

while close-up views from parallel to the membrane plane are shown for PS-WT and 700 

PC-Q79E (E), and PS-WT and PS-Q79E (G). Arrows indicate different rotamer 701 

conformation between WT and Q79E. 702 

Fig. 4| Phospholipid-occlusion in the binding pocket of ATP11C. Cross-sectional 703 

surface representations of the lipid-binding pocket in ATP11C WT with PS (A) and 704 

Q79E with PS (B) or PC (C) in E2-Pi state. For comparison, only the PC molecule in 705 

Q79E mutant is superimposed on the WT structure in D. Phospholipids are shown as 706 

sticks with their van der Waals radii in mesh representation. Black arrowheads in C 707 

indicate residues with altered rotamer conformation due to the Q79E mutation. Red 708 

arrowheads indicate expected steric clash between PC and the WT binding pocket. 709 

 710 

Fig. 5| Cryo-EM structure of ATP11C Q79A in E2-Pi state. A, Specific ATPase 711 

activity of ATP11C Q79A mutant sample purified with 500 CV as in Fig. 1B. Data 712 

plotted are mean ± S.D. from three independent experiments. B, The atomic model 713 

(left) and cryo-EM map (right) of ATP11C Q79A PS-occluded E2-Pi state as in Fig. 2. 714 

C, Cross-sectional surface representations of the lipid-binding pocket in ATP11C 715 

Q79A as in Fig. 4. D, The PC molecule observed in the structure of Q79E in PC-716 

occluded E2-Pi state was superimposed onto the Q79A lipid-binding pocket as in Fig. 717 

4C. 718 

 719 

Fig. 6| Structural comparison with PL-occluded ATP8B1. A-C, Comparison of the 720 

phospholipid binding models in PS-occluded ATP8B1(8OXA, yellow), PC-occluded 721 

ATP8B1 (8OXB, salmon) and PS-occluded ATP11C WT (7BSV, grey) as indicated in 722 

figures. Only amino acids close to the phospholipid binding site are shown as sticks. 723 

Amino acids and their numbering are indicated according to ATP8B1, and their 724 

corresponding residues in ATP11C WT are displayed in parentheses. PS from ATP8B1 725 

is colored pink, while PS from ATP11C WT is colored orange. Dashed circles in C 726 

indicate residues with different rotamer conformations between PS- and PC-occluded 727 

forms of ATP8B1. 728 

 729 

Fig. 7|A model of PC recognition in ATP11C Q79E. In the ATP11C WT (top), 730 

canonical substrate PS is recognized by hydrogen bonds in its occluded form, and the 731 

binding pocket fits well to the head group of PS, which is too narrow to accommodate 732 

PC. In contrast, given the different rotamer conformation of Q79E (red arrow), the 733 

binding pocket in Q79E (bottom) is widened due to subsequently altered rotamer 734 

conformations of Ser91 and Asn352 (black arrows), thus allowing PC occlusion. 735 
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