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Summary
P4-ATPases are lipid flippases that drive active transport of phospholipids from the exoplasmic

or lumenal to the cytosolic leaflets of eukaryotic membranes to maintain their asymmetric lipid
composition. The molecular architecture of P4-ATPases and how they work in lipid
recognition and transport has remained elusive. Using cryo-electron microscopy we have
determined the structures of a P4-ATPase, specifically of the Saccharomyces cerevisiae Drs2p-
Cdc50p, which is a phosphatidylserine and phosphatidylethanolamine specific lipid flippase.
Drs2p-Cdc50p is autoinhibited by the Drs2p C-terminal tail and activated by
phosphatidylinositol-4 phosphate (PI4P). We present three structures representing an
autoinhibited, an intermediate, and a fully activated state. The analysis highlights specific
features of P4-ATPases and reveals sites of auto-inhibition and P14P-dependent activation. We
observe the opening of a putative flippase pathway engaging conserved residues 11508 of
transmembrane segment 4 and Lys1018 and polar residues of transmembrane segment 5 in the

centre of the lipid bilayer.
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Introduction

cells and organelles are defined by lipid bilayer membranes and membrane proteins.
Eukaryotic membranes of the secretory/endocytic pathways are typically asymmetric with
respect to lipid distribution in the inner and outer bilayer leaflets. The resulting gradients in
lipid concentration potentiate important biological processes such as membrane dynamics in
morphological changes and motility of the cell, endo- and exocytosis, and signalling'. Due to
membrane-fusion events and the activity of lipid scramblases, which move lipids between the
inner and outer leaflet in both directions, lipid asymmetry must constantly be regulated and
maintained. Members of two distinct membrane protein superfamilies drive the ATP-
dependent unidirectional translocation of lipids against concentration gradients in the
membrane; namely ATP-binding cassette (ABC) transporters and P-type ATPases of P4
subtype that generally drive an inward-to-outward (flop) and outward-to-inward (flip)
translocation of lipids between bilayer leaflets, respectively’. P-type ATPases couple
transport to ATP hydrolysis via formation and breakdown of a phosphoenzyme in a functional
cycle with so-called E1, E1P, E2P and E2 intermediate states. The P4-ATPases specifically
couple their lipid flippase activity to dephosphorylation of the E2P state®®, i.e. similar to the
inward K* transport of Na,K-ATPase, whereas E1P phosphoenzyme formation seems
independent of substrate binding®’. While recent studies have shed light on the structure and
function of lipid floppases®® and scramblases'®!!, P4-ATPases have so far been studied only
by bioinformatics and functional assays. To date, the transport mechanism remains enigmatic
and is much debated, with models implicating either peripheral or centrally located lipid

recognition sites and pathways!?14,

Most P4-ATPases are binary complexes, where a Cdc50-protein subunit is necessary for proper
localization of the complex and probably also for function!®6, Mutant forms of mammalian
lipid flippases have been implicated in disease, e.g. ATP8ALl and ATP8A2 in neurological
disorders, ATP8BL in progressive familial intrahepatic cholestasis type 1 (PFIC1), ATP10A in
type 2 diabetes and insulin resistance, and ATP11A in cancer’’. One of the best-characterized
P4-ATPases is the trans-Golgi localized Drs2p-Cdc50p complex from the yeast
Saccharomyces cerevisiae. In vivo'®1® and in vitro?®?! studies show that Drs2p-Cdc50p
primarily flips phosphatidylserine (PS) and to a lesser extent phosphatidylethanolamine (PE)
from the lumenal to the cytosolic leaflet, and indicate a role of this function in vesicle

biogenesis at late secretory membranes.
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The C-terminus of Drs2p contains an auto-inhibitory domain?>?3, Relief of auto-inhibition
requires the regulatory, but non-substrate lipid phosphatidylinositol 4-phosphate (P14P)>22,
Binding of Gea2p (a guanine nucleotide exchange factor for the small GTPase Arf) to a basic
segment of the C-terminus has been reported to be necessary for activation in vivo??, although
this is not supported by studies in vitro®. Furthermore, interaction of Arllp (another GTPase
of the Arf family) with the extended N-terminus of Drs2p has been implicated in flippase
activity in vivo?*, Whereas the first 104 amino acids of the N-terminus have little effect on in
vitro activity, truncation of the C-terminus has a strong activating effect, but the protein
remains under regulation by P14P?5, While these studies highlight the components involved,
the detailed molecular mechanism of autoregulation for Drs2p-Cdc50p and for P-type

ATPases, in general, remains unknown.

To determine the structure of a P4-ATPase lipid flippase and investigate the molecular
mechanism of transport and autoregulation, we embarked on cryo-EM studies of the beryllium
fluoride (BeFs’) stabilized Drs2p-Cdc50p complex. Drs2p-Cdc50p was over-expressed in S.
cerevisiae and purified in the detergent LMNG by affinity chromatography and gel filtration,
resulting in a monodisperse sample containing both subunits (Supplementary Data Figure 1).
Samples represent E2P phosphoenzyme-like states in the progressive steps from a fully
autoinhibited P4-ATPase (E2P"P), to an intermediate activated state in the presence of P14P
(E2P"en) and an outward-open and activated conformation captured using a C-terminally
truncated enzyme also in the presence of P14P (E2P2°tv), The structures reveal the molecular
architecture, pinpoint functional sites, and elucidate the PI4P-dependent regulation of Drs2p-
Cdc50p.

Overall structure and conformation

The structures of Drs2p-Cdc50p in the E2pinhib E2pinter and E2Ptive conformations were
determined at 2.8, 3.7 and 2.9 A resolution, respectively (Supplementary Data Table 1). The
density maps allowed complete modelling of the complexes with only some minor disordered
regions at the termini missing.

The structure of the Drs2p subunit is typical of P-type ATPases with a transmembrane domain
consisting of 10 helices, and three cytosolic domains: the actuator (A) domain, the nucleotide-
binding (N) domain and the phosphorylation (P) domain (Figure 1A and B, Supplementary
Figure 2A). The Cdc50p subunit has an ectodomain that folds into two asymmetric lobes,


https://doi.org/10.1101/606061
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/606061; this version posted April 12, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

99  where the first is dominated by an antiparallel B-sandwich and the other contains little
100  secondary structure apart from short helical segments (Supplementary Data Figure 3A). Four
101 glycosylation sites are apparent in the maps, with at least one N-acetylglucosamine unit
102 resolved for each site in the final model. Two di-sulfide bonds identified earlier?® are evident
103 (Supplementary Data Figure 3B). The fold of the ecto-domain is similar to the lipid binding
104 protein seipin, although loops of Cdc50p are considerably longer (Supplementary Data Figure
105  3C). The two TM-helices of Cdc50p extend from the N- and C-terminus of the first lobe
106 (Supplementary Data Figure 3A), interacting closely with each other and with TM10 of Drs2p
107 (Supplementary Data Figure 3D).

108

109  Interactions between Drs2p and Cdc50p

110 The three structures show an invariant, tight complex between Drs2p and Cdc50p with
111 interactions on the cytosolic and lumenal side and in the membrane. The most extensive
112 interactions appear on the lumenal face of Drs2p, where the ecto-domain of Cdc50p interacts
113 with all lumenal loops apart from the TM1-2 loop (Figure 1B). The TM3-4 loop in particular
114 stretches into an intimate interaction site at the ectodomain of Cdc50p (Figure 1C). Chimeras
115  between Drs2p and Dnflp of this loop result in an intact but non-functional flippase?’. Contacts
116 in the transmembrane regions of the two proteins appear to be fewer, as only TM10 of Drs2p
117  interacts with the helices of Cdc50p (Supplementary Data Figure 3D). On the cytosolic side,
118  the N-terminus of Cdc50p wraps around the TM-domain of Drs2p and makes contacts with the
119  segment (residues 529-538) that connects TM4 and the phosphorylation site of the P-domain
120  (Figure 1D). This segment is 10 residues longer in P4-ATPases than in the P2-ATPase ion
121 pumps, where TM4 couples the chemistry at the phosphorylation site with conformational
122 changes of the TM-domain?®. Interestingly, the TM4 segment as well as the TM3-4 loop are
123 distinctly shorter in Neolp and homologous lipid flippases that do not bind Cdc50p-subunits
124 (Supplementary Data Figure 4). These interactions suggest that Cdc50p is sensitive to the
125  phosphorylation state of the P-domain on the cytosolic side, while on the lumenal side it will
126 sense the conformation of the transmembrane domain through the contact with the TM3-4 loop
127 and other lumenal loops.

128

129  Mutations disrupting the interaction between Drs2p and Cdc50p have been identified in both
130 the N-terminus of Cdc50p and in the interface with the TM3-4 loop of Drs2p (Figure 1E-F). In
131  the S. cerevisiae phosphatidylcholine (PC) transporting Dnflp-Lem3p, a Ser237Leu mutation
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132 inLem3p (Ser196 in Cdc50p, located at the interface with the TM3-4 loop of Drs2p) disrupted
133 the interaction between the two subunits, and Ala65Val (corresponding to Ala35 in Cdc50p
134 near the TM8-9 loop of Drs2p), resulted in a mild reduction of interaction between the two
135  subunits?®. Furthermore, combining Pro23His and Thr320Ala mutations in Cdc50p resulted
136 rendered growth in a Acdc504lem34crfI background temperature-sensitive?®. These mutations
137  are located at the Cdc50p N-terminus approaching the cytoplasmic end of Drs2p-TM4 and
138  within the ecto-domain of Cdc50p (Figure 1E).

139

140 Comparison to other P-type ATPases

141 Drs2p-Cdc50p can be compared to Na,K-ATPase, which is also a P-type ATPase forming an
142 af3 binary complex. However, the fold of Cdc50p and its discrete interactions in the membrane
143 and with the lumenal face of Drs2p are fundamentally different from the B-subunit and
144 regulatory FXYD subunit of Na,K-ATPase. The overall conformation of Drs2p is close to the
145 ouabain-inhibited E2P-form of Na,K-ATPase (PDB 4HYT®°) and the outward-open E2-BeFs-
146 form of SERCA (PDB 3B9B?3!). E2P!" resembles 3B9B most closely, with an overall root
147 mean square deviation (rmsd) of 4.4 A (superposition of C,-atoms, excluding the N-domain,
148  which is flexible) compared to the E2Pine" and E2P'"ib conformations with a rmsd of 4.8 A and
149 5.2 A, respectively (Figure 2A). Other P-type ATPase conformations differ by a further margin
150  of at least 0.8 A in rmsd. The bulk of the A-domain is shifted by about 7 A, but the
151 (T/D)GE(S/T) loops of SERCA and Drs2p overlap, and density for the phosphate analogue
152 BeFs and bound Mg?* is readily observable (Figure 2B). The conformation of the
153 dephosphorylation loops are similar (Figure 2C). Compared to the ion-transporting P-type
154 ATPases, TM1 and 2 appear to be one turn shorter at the lumenal side, suggesting they sit
155 deeper in the membrane.

156

157 Autoinhibition and P14P binding

158  We were able to map three distinct intermediate states leading from autoinhibition to activation
159 by variations of sample lipids and inhibitors and using constructs containing intact and
160  truncated C-terminal tails. In E2P"™b  the autoinhibitory C-terminus forms an extensive
161  interface that spans 56 residues (residues 1252-1307) along the P- and N-domains, reaching
162  the A-domain (Figure 3A). A short helical segment of the C-terminal tail (H1¢®! residues
163 1252-1263) interacts with a unique helical insertion on the P-domain, while the rest of the tail

164 extends to interact with the N- and A-domains overlapping with the nucleotide binding site
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165  (Figure 3B). Here a conserved GFAFS motif (residues 1274-1278) is positioned at the vertex
166 between the P, N and A domains before extending into the interface of the N- and A-domains
167  (Figure 3A). The autoinhibited state is further stabilised by the clamping of a short loop region
168  in the N-domain (698-704) over the GFAFS motif. Proteolysis of the C-terminus at residue
169 1290 results in 10-20 fold activation compared to wild-type Drs2p-Cdc50p?° and it removes
170 the bulk of the C-terminal residues that interact with the A-domain as well as the 46 unmodeled
171 terminal residues. However, truncation at residue 1302 maintains autoinhibition®® and
172 preserves the interactions with the A-domain. This suggests an allosteric mechanism of auto-
173 inhibition, where the cytosolic domains are locked and prevented from undergoing
174 conformational changes. The 16-residue linker between TM10 and the autoregulatory domain
175 s not resolved sufficiently for modelling, but appears at a low density threshold and in 2D
176  class averages (Figure 3C).

177

178  Density is observed for P14P bound between TM7, 8, and 10 of E2P™e and E2pactive,
179  Importantly, binding of PI14P is concurrent with formation of an amphipathic helix just after
180  TM10. The amphipathic helix propagates in a direction counter to the remaining part of the
181  auto-inhibitory domain and exerts a mechanical pulling force that dissipates the autoinhibitory
182 interactions of the H1¢®@! helical segment with the P-domain. As a result, only downstream
183  interactions of the C-terminus with the N- and A-domain remain intact (Figure 3D).
184 Interestingly, H1¢%@! coincides with the previously reported Gea2p binding site, and its release
185  thus mediated by P14P exposes it for interaction.

186

187  The position of the P14P glycerol backbone is stabilized by interactions with several positively
188  charged residues located in the TM region of Drs2p, but our structures suggest that selectivity
189  for PI4P is driven by the interaction of Tyr1235 and His1236, displayed by the amphipathic
190  helix, to the 4-phosphate of PI14P (Figure 4A and B). This PI4P binding site is notably distinct
191 from apreviously proposed patch of basic residues (1268-1273), but it explains why C-terminal
192 truncation at residue 1247 preserves PI4P dependence, cf. E2P*Uv¢ (Supplementary Data
193  Figure 2B), while truncation after residue 1232 leads to an P14P-independent enzyme?3.

194

195  We further investigated the ability of Tyr1235Ala, Tyr1235Phe, and His1236Ala mutants to
196  hydrolyse ATP. All three mutants were purified with a yield similar to that of the wild-type
197  complex, and Cdc50p interaction remained intact (Supplementary Data Figure 5). The PI4P
198  induced ATPase activity of the Tyr1235Ala, Tyr1235Phe, and His1236Ala mutants however
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199  was strongly reduced, less than 10% of wild-type, i.e. consistent with a role in binding PI4P
200  (Figure 5C and Supplementary Data Figure 5B). Owing to the requirement of both PI14P and
201 PS (in addition to the removal of the C-terminal extension of Drs2p by limited proteolysis) for
202 full activation of ATP hydrolysis by Drs2p-Cdc50p, we cannot exclude an effect on PS
203 substrate lipid binding and/or transport. Strikingly, the P14P binding site of Drs2p is located in
204 the same position as the C-terminal Y'Y motif of the Na,K-ATPase a-subunit®?, which affects
205 transport function profoundly®® (Figure 4D).

206

207 In E2P™™b the amphipathic helix is not present, but the vacant PI4P site contains a lipid with
208  asignificantly smaller head group density with no specific, supporting interactions (Figure 4E).
209  We modelled it as phosphatidylserine, which is the sole lipid added to the sample after
210  extraction from the membrane, but we presume the site accepts regular phospholipids in a
211 nonselective manner in this autoinhibited state.

212

213 A putative substrate entry site

214 The structures of E2Pxtve and E2P™ are largely similar. However, the lack of an
215  autoinhibitory domain in E2PtVe allows for slight rearrangements of the N- and A-domains.
216 The movement of the A-domain results in a more open conformation of the TM domain, where
217  TM1land in particular TM2, extending directly into the A-domain, moves away from the bulk
218  of the TM domain and exposes TM4 to the lumenal leaflet of the membrane. Consistently, the
219  conserved, unwound segment of TM4 (PISL), which is exposed by this movement, has been
220 implicated in lipid transport!# (Figure 5A-B). The lumenal opening towards TM4 is lined by
221 TML, 2, and 6, and we propose that the cleft marks the entry of a substrate lipid transport
222 pathway. The cleft partially overlaps with a previously proposed entry gate and residues
223 important for lipid specificity'?. In particular GIn237, part of a conserved QQ-motif at the end
224 of TM1, points into the open cleft, supporting its role in substrate specificity (Figure 5C). The
225  cleft is also consistent with the proposed hydrophobic gate model” with a central role for the
226 conserved isoleucine of the PISL motif'4, although the conformation of TM1-2 in E2P&tive (and
227  the other E2P sub-states reported here) and earlier homology models are different.
228 Interestingly, while the putative lipid entry pathway is reminiscent of that described for
229  scramblases!®?*, it does not extend to span both leaflets of the membrane, thus highlighting a
230  fundamental requirement for an alternating access mechanism of lipid movement against its
231 gradient.
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232

233 Chimera constructs and mutants of the TM1-2 loop in Dnflp and Drs2p have indicated its role
234 in lipid binding and specificity*?. A conserved arginine in the ecto-domain of Cdc50p (Arg151)
235  reaches towards the proposed entry site where it could help orient the lumenal loop between
236 TM1land 2 and guide lipid binding (Figure 5C). Mutations in the TM1-2 loop of Na,K-ATPase
237  confer ouabain resistance® and the cleft coincides with the ouabain binding site in the Na,K-
238  ATPase (Supplementary Data Figure 6B and D). Extension of this cleft towards the cytosolic
239  side overlaps with a lipid binding site and cyclopiazonic acid inhibitory site in SERCA
240  (Supplementary Data Figure 6C and D). Such a proposed exit site to the cytoplasmic leaflet
241 would be expected to emerge only in a subsequent E2-E1 transition of the functional cycle, but
242  the presence of binding pockets and lipid-like ligands in ion pumping P-type ATPase
243 nevertheless hints at possible evolutionary links to the lipid flippases.

244

245 Unlike for the ion transporting P2-ATPases (Supplementary Data Figure 6E and F), negative
246 charges are absent in the core TM structure of Drs2p, but the potentially positively charged
247  Lys1018 of TM5 interacts with Asn1050 at a bulge of TM6. Lys1018 could play a stabilizing,
248  yet dynamic role in the core of the transmembrane domain (Figure 5D). This residue has
249  previously been implicated in transport in bovine ATP8a2'" 7, and it projects a potentially
250  positive charge at the middle of the transmembrane pathway (Figure 5A-B,D). The estimated
251 pKa of Lys1018 is around 6.8 for E2P"b and 7.4 for E2pactive ref- 35.36indicating that it may
252 switch between a neutral and a positively charged state as part of dynamic interactions with a
253 negatively charged lipid head group.

254

255  Transport mechanism

256 The respective orientation and positions for the P and N domains of Drs2p are largely invariable
257 in transition from a constrained E2P'"M to the E2P™Mer and E2Ptive states. A rigid body
258  movement of those domains relative to the membrane together with a progressive rotation of
259  the A-domain is apparent from an alignment on TM7-10 (Figure 5E). This rigid body
260  movement is also echoed in a concomitant movement of the adjacent TM6-7 loop towards the
261 amphipathic helix formed upon PI4P binding (Figure 5F). Interestingly, the position of the
262 dephosphorylation loop remains constant with respect to the P-domain (Figure 2C). This
263 suggests that binding of PI4P leads to the movement of the P-domain. The subsequent removal
264 of the C-terminus would allow for increased mobility of the A-domain, which would explain

265  why PI4P alone is not sufficient for full activation of the intact enzyme.
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266

267  Taken together, we propose the following model for auto-regulation and exposure of the lipid
268  entry site. E2P"™ has a closed TM domain with the cytosolic domains locked by the
269  autoinhibitory C-terminus (Figure 6). P14P binding to the TM domain promotes the folding of
270 an amphipathic helix right on the C-terminal side of TM10. Formation of this helix has two
271  effects: 1) it causes the remainder of the C-terminus to partially unfold, thus destabilizing its
272 interaction with the P-domain through the displacement of H1¢@! with the putative Gea2p
273 binding site; and 2) it forms an interaction site for the TM6-7 loop to form, which then moves
274 with the P-domain. Together these two movements shift the P and N domains towards the
275 amphipathic helix largely as a rigid body. A progressive rotation of the A domain leads to a
276 subtle movement of TM2 and to a lesser extent TM1 giving the E2P™™" state. Full displacement
277  of the C-terminus leads to the E2P2Ve state where a further rotation of the N- and A-domains
278  drives the opening of a putative substrate binding site through the movement of TM2 away
279  from TM6. We anticipate that subsequent PS (or PE) substrate lipid binding will be associated
280  with further conformational changes of the TM domain, as the enzyme dephosphorylates.

281

282 Conclusion

283 The structures of Drs2p-Cdc50p presented here provide the first insights into the architecture
284 of the P4-ATPase lipid flippases and the location of determinants of lipid and Cdc50p
285  specificity. The structure of the autoinhibitory domain and the mechanism for relief of
286  autoinhibition through a regulatory PI4P site explain details of regulation of P4-ATPases that
287  may also be targeted for specific modulation of lipid flippase activity. Further structures
288  capturing progressive states of substrate lipid binding, dephosphorylation, lipid translocation

289  and cytoplasmic release will be required to further elucidate the lipid flippase mechanism.
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Figure 1: The structure of the Drs2p-Cdc50p complex

A) LocScale map®” of E2P™b colored by domain. For Drs2p the transmembrane (TM)
domain is tan, the actuator (A) domain is yellow, the phosphorylation (P) domain is blue, the
nucleotide binding (N) domain is red, and the autoinhibitory C-terminus is green. Cdc50p is
pink. Unmodeled map features corresponding to ordered detergent molecules or from the
detergent micelle are orange.

B) Structural cartoon of the refined E2P'""b model, c.f. A).

C) Interaction between the Cdc50p ecto-domain (shown as surface) and the lumenal TM3-4
loop of Drs2p (light green).

D) Interaction between the N-terminus of Cdc50p and the segment of Drs2p leading from
TMA4 to the phosphorylation site. Residues 529-538 are not present in P2 ATPases and are
shown in dark blue.

E) Segments of Drs2p found to interact with Cdc50p mutants that disrupt complex formation
are highlighted in green and the insert in Drs2p between TM4 and the phosphorylation site is
blue. The structure shown in C-E is E2P"™® and Cdc50p is colored by conservation using
ConSurf®,
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F) Part of a sequence alignment of Cdc50-proteins from S. cerevisiae and human CDC50A
and CDC50B with residues important for complex-formation identified. Uniprot identifiers:
Cdc50 — P25656, Lem3 — P42838, Crfl — P53740, CDC50A — QINV96, CDC50B —
Q3MIR4. The alignment was performed using Clustal Omega3%4,

Figure 2: Overall conformation

A) Alignment of Drs2p-Cdc50p E2P*v¢ and SERCA (PDB 3B9B%!). Drs2p-Cdc50p is
green, SERCA is orange. (Superposition of C-alpha carbons excluding the N-domain)

B) The phosphorylation site of E2P¢ with density for the BeFz  and Mg?* ion and
coordinating residues. A characteristic E2P conformation of the dephosphorylation loop with
the glutamate pointing away from the phosphorylation site is shown in stick representation.
C) The three Drs2p-Cdc50p structures aligned based on the P-domain, with Asp560-BeFs-

and E342 shown to illustrate the similar conformations. Colors as in Figure 1A.
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Figure 3: Autoinhibition of Drs2p by its C-terminus

A) The autoinhibitory domain with color-coding of different identified motifs.

B) Alignment of N-domains from E2P'""b and AMPPCP-bound SERCA (PDB 1T5SY).
Drs2p is colored as in A. SERCA is dark grey and AMPPCP is yellow.

C) 2D class average from the autoinhibited structure, with an arrow indicating the fuzzy
linker between TM10 and the regulatory domain.

D) Partial release of autoinhibition upon PI4P binding. The part of the density of the
autoinhibitory domain that interacts with the P-domain is shown in lighter green to emphasize
its disassociation upon binding of P14P. The first and last redisues modelled around the

disordered linker are listed.
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483 Figure 4: PI4P recognition by Drs2p

484 A) The PI4P binding site of E2Pt"e, The purple density is at a lower threshold (0.75,

485  PyMOL) than the protein (2.5, PyMOL).

486 B) The PI4P binding site of E2P"er, The ordered Lys1224 at 3.7A resolution indicates that it
487  participates in direct contact. The purple and blue densities are at the same threshold (1.5,
488  PyMOL).

489  C) ATPase activity of wild-type and mutants Drs2p-Cdc50p purified in DDM. ATPase
490  activity was plotted as the difference between the rate of ATP hydrolysis observed upon
491 limited proteolysis with trypsin, in the presence of both PI4P and PS, and the rate of ATP
492 hydrolysis observed before adding the various purified protein complexes to the assay
493 medium (in the presence of PS but in the absence of PI4P; see Supplementary Data Figure
494 5B). Error bars show standard deviation from three different experiments.

495 D) The C-terminus of the Na,K-ATPase (PDB 3KDP??), where the terminal 10 residues

496  occupies the same area as PI14P, is shown in green.


https://doi.org/10.1101/606061
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/606061; this version posted April 12, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

497  E) PS binding in E2P'"MP, | ys1224 is moved away from the binding site, and is not close

498  enough for direct contact. Arg1219 is the only residue still in contact with the

499  glycerophosphate backbone. Grey density is at a lower threshold (1.0, PyMOL), than the blue
500 (2.0, PyMOL).

501
502
Formation of
amphipatic helix
»>
TM6-7 loop
)
P-domain
e/ e
E2Pinter
Ezpﬂclwl
Disassociation of H1¢-a!
503

504 Figure 5: Activation of Drs2p upon P14P-binding and C-terminal truncation

505  A) A proposed lipid translocation pathway is exposed upon activation by PI4P binding and
506  C-terminal truncation. TM4 is shown in yellow and the PISL-motif is in orange. E2Pnter

507  closely resembles to E2P™™b (not shown). The asterisk marks the location of C) and D).

508  B) Electrostatic surface of the open pathway. Electrostatic surfaces from APBS*43 of all
509  structures are shown in Supplementary Data Figure 5A.

510  C) Interaction between Cdc50p Arg151 and TM1-2 loop of Drs2p in E2P'™b_ Colors as in A)
511  with TM1-2 in tan. The location within the structure can be seen in A).

512 D) The positive charge of Lys1018 near the PISL-motif of TM4. The location within the
513  structure can be seen in A).

514 E) Alignment of the three Drs2p-Cdc50p structures based on Cdc50p and TM7-10 of Drs2p.
515  E2P™Nib js yellow, E2P™Me" is blue, and E2P¥t"e js green.

516 F) View of the P-domains from D with the TM6-7 loop and C-terminus in slightly darker

517  colors and the autoinhibitory domain of E2P™™ in brown.
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Lumen

Cytosol

Figure 6: Proposed autoregulation mechanism

Schematic representation of Drs2p-Cdc50p, with functionally important domains and regions
colored. Drs2p: A domain (yellow), P-domain (blue), N-domain red, TM1-2 (orange rods),
TM6-7 loop (brown rods), TM10 amphipathic helix (light blue), C-terminus (green). Cdc50p
(pink). Lipids are identified as per internal legend. The grey ellipse denotes an auxiliary protein
e.g., Gea2p that can sequester the C-terminus to prevent rebinding. A) Displacement of the
allosteric phospholipid (PL) by PI4P triggers the formation of the amphipathic helix TM10,
which disrupts the binding of H1¢! to the P-domain, resulting in a rigid body movement of
the cytosolic domains together with the TM6-7 loop and a slight movement of TM1-2. B) Full
displacement of the C-terminus from the cytosolic domains results in a slight movement of the
N- and A-domains, which primes the opening of the TM domain by a movement of TM1-2 for

substrate lipid binding.
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532 Supplementary Data Figure 1: Purifitin and n& stain electron microscopy of
533  samples for structural studies

534 A) Chromatogram and gel of Drs2p AN104/Cdc50p purification. Red line shows the pooled
535 fractions.

536 B) Ist SEC of Drs2p ANC/Cdc50p with gels showing fractions. Red line shows the pooled
537  fractions.

538  C) 2nd SEC of ANC, used for freezing grids.

539 D) A representative negative stained micrograph of autoinhibited Drs2p AN104/Cdc50p in
540  LMNG.
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541  E) Representative 2D class averages of the sample in D) shows well defined and

542 homogeneous particles with recognizable P-type ATPase features, showing that the sample is
543 suitable for further study by cryo-EM.

544 F) Enlarged 2D class average with highlight of the recognizable domains of Drs2p-Cdc50p.
545
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Supplementary Data Figure 2: Activity of samples used for structural studies

A) Topology of Drs2p-Cdc50p with indication of the cleavages at the termini of Drs2p of the
constructs used for structural studies (AN104: all constructs, AC1247: E2Ptive) Cdc50p is
pink, while for Drs2p the TM-domain is tan, the A-domain is yellow, the P-domain is blue, the
N-domain is red and the autoinhibitory C-terminus is green.

B) Specific activity of Drs2p ANC/Cdc50p and Drs2p AN104/Cdc50p in LMNG measured
by the Baginski Assay. Where present, PS C(8:0), Brain PI4P and BeFs were added to final
concentrations of 78ug/mL, 20ug/mL and 5mM, respectively.
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Cdc50p-TM2

Cdc50p-TM2

Cdc50p-TM1 ~ TM10

™9 T™2

Supplementary Data Figure 3: Fold of Cdc50p

A) Cdc50p from E2P'"b colored by rainbow. Ce-carbons of asparagines carrying
glycosylations are shown as black spheres. Drs2p is shown in grey.

B) Disulfides and glycosylations of Cdc50p from E2P", Cys176-Cys190 and Asn237-
GIcNACc are shown at lower thresholds than the rest.

C) Alignment of Cdc50p and a monomer of human seipin (PDB 6DS5%), a lipid binding
protein illustrates the similar folds, although loops of Cdc50p are more extensive. The

sequence identity between the two proteins is only 4%. Transmembrane helices of seipin
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565  extending from similar positions as the helices of Cdc50p are missing in the structure, but
566  may extend into the membrane in a similar way as observed for Cdc50p.

567 D) The TM-helices of the complex viewed from the luminal side. The helices of Drs2p are
568  colored in rainbow.

569
570


https://doi.org/10.1101/606061
http://creativecommons.org/licenses/by-nc-nd/4.0/

o71

EEEE]
ATPEA2 HESSSSSEES

AL HEssssssas &

available under aCC-BY-NC-ND 4.0 International license.

; MNGDIET?PK RKP

PFEDTFQFED
PFDDSFQFEK

SHVLPEETID
Dnfl S-S888.08.
IDDYSNDND |
g-EEEE-E55-

SETPKNKRED
lnlolLusKR

DVHENLFMSN
AEEFTFNDDT
TEIHEHENEV
QRRRSSSLAT
| NPEPLSKHNT

828 - Bs
Ilonorswla

EYDNHSFQPT F
DDDOLHSFOQAT |

QMFNKHLYDK .‘l
VGDRESFEMR TV

SLRAVKPPG
DDVELDNDSG
VELDNNEGSN
EBlNl=KTF

llHleDaMK
ND SQADHK LK
IISINNQ§DD

NA

RERMGTKRNK
RVRFGTRRANK
RDETSGNYAA
PLMYDNRL SQ

A-domain
SERCA H-=-o-:o-2 se siesiiiood ECLAYFGVSE TTGETPBQVK RHL- EKYGHN
Drs2 PESFEMNHYN A | KILFNRY! GEPRVIHIN- ---5.-5DSL ANSSFGYSON
Dnfl KGNPIMGRSK = DFTKDDI - - QELRTVYYNM PLPKOMIEDEE GNPIMQYPRN
Onf2 SGRIDINRSK EFSTKEDS DELRTVYYNL PLPIDM.DED GLPLAVYPRN
Onf3 EEDYEMEEYG AT FHSKDGRH . --NAIEYKQA RADGHLID ERFNKPYCDN
Neol DDNFKFTNIA SNTKNWSKFG H IEREIHPDTT P VYDBNRYVSN
ATPSA2 AGL M { KKAEDEMSRA -E APARTIYLNQ . - PHLNKFRDN
ALAL0 SYTCGKSSF@ > GFSRVVYCNE P AAERRNYAGN

Conservation
o

SERCA ELPAEEGK- -
Drs2 HISTTKYNFA
Dnfl KIRTTKYTPL
Dnf2 KIRTTKYTPL
Dnf3 RITSSRYTFY
Neol ELSNAKYNAV
ATPSA2 QI STAKYSVL
ALAI0 YVRSTKYTVA

SEWELV - EQ
TELPKFLFQE
TELPKNILFQ
TEFPKNILFQ
SFLPRALYAQ
TEVPTLLYEQ
TELPRFLYEQ
SFFPKSLFEQ

FEDLLVRILL
FSKYANLFFL
FHNFANVYFL
FHNFANIYFL
FSKLANTYFF
FKFFYNLYFL
IRRAANAFFL
IHQVAHFYIH

LAACISFVLA
CTsA 5850

VLI ILESSGA

ILLILESEGA
IVAVLEES QM
VVALSEEZQA
FIALLESSQQ
VIGILEHE- s

AFVEPFVIEL
NRYTTIGTUEL
NPGLSAVPLV
NPGFASVPEI
GTYTT | I PEC
YLSSYIVPLA
GRYTTLVPEI
GAVSALLPLA

ILIANAIVGY
VVL I VSAMKE
VIVIITAIKD
VIVIITAIKD
VFMG | SMTRE
FVLTVTMAKE
IILTIAGIKE
LV ISATMVKE

WQERNAENA |
CIEDIKRANS
AIEDSRATVL
G| EDSRRTVL
AWDD FRRHRL
AIDDI1QRRRR
| VEDFKRHKA
G | EDWRRKQQ

T™2 cont.
SERCA EAEKEYEPEM
Drs2 Bllxlulusv
Onfl DESLEVNNTK
Dnf2 ﬂ LEVNNTR
Dnf3 DEEKEENNKP
Neol DESRESNNEL
ATP8A2 DEENAVNKKK
uAﬁLlllllvnNNK

THlLseles
THILSGVKENE
VGVLVKDENN
YHVITR-5- -
TIVLR--8-=
VKVH=D-5- -

v RRFKKANSRL

gnEKKlNlRI

MQRKRHELRV

KK LOKKREELRR

Conservation
o

N DR PR

Ba-5R55- 55

YR VSADYGRPSL

ISA&IGRPSL

DleLloTll
nolnslcall

A-domain cont.

AN IVDRSLP
YNDGEN LVORTLQPNP
ENNF ELLKNKY NVH|IHQKKWE

RKSVQR | KAR
HDDFVEKRWI
DCKFAKNYWK
ECRFAKD YWK

-NR- = §1PSK
NGMWHT | MWK
NG | FROEEWR

GVKVED IVRI

NVKVGD | VRV

KLRVBDFVLL
Gb

AVGDKVPAD |
KSEEP | PAD
HNNDE | PAD |
HNNDE | BADM
TQDDWVPAD L
HKGDR | PAD L
VNGQYLPADV
EKDEFFPADL

bioRxiv preprint doi: https://doi.org/10.1101/606061; this version posted April 12, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

39
201
194
232
141
173
71
60

116
275
268
306
215
247
145
133

132
289
346

163
320
419
464
320
288
188
177


https://doi.org/10.1101/606061
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/606061; this version posted April 12, 2019. The copyright holder for this preprint (which was

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A-domain cont,
SERCA RIESIKST-- TLRVDQSIUT GESVSVIKHT EP--=:.8e8 So..tiii.o ..VPDBRAVN QD-=%.-=.& . £ 203
Drs2 | ILSSSEPEG LCYIETAN E RVETAKFID® VKTLKNMNGK VVSEQBENSSL YTYEGTMTLN DR 393
Dnfl ILESTSDTDG ACYVETKNED LKCTNT IRTS SKDIARTKFW |ESEGEHSNL YTYQGNMKWR NLADGE|RNE 498
Onf2 I LESTSDVDG ACYVETKNED G LKCSKI IKS: SRD | FW VESEGPHANL YSYQGNFKWQ DTONGNIRNE 543
Onf3 LLETCDGENS ECFVETMALD GETNLKSKQP HPELNKLTKA ASGL AQ VTVEDPNIDL YNFEGNLELK NHRNDT IMKY 400
Neol VLEQSSEPSG ESFIKTDQLD GETDWKLRVA CPLTQNLSE: NDLIN--RIS ITASAPEKS|I HKFLGKVTYK DST--5--SN 360
ATP8A2 VLESSSEPQA MCYVETANLD GETNLKIRQG LSHTADMATH REVLMKLSGT |ECEGENRHL YDFTGNLNLD LV 262
ALALO LLESSSYEDS VCYVETMNLD GETNLKVKQG LEATSSLENG DSDFKDFRGV VRCEDBNVNL YVFVGTLALE - F 251
Conservation
o~
A-domain cont. ™3
SERCA - --KKNMLFS GTNIAAG-KA LGIVATTEVS AANTEQDKTP LQQKLDEFGE QLSKVISLIC VAVWLINIGH 278
Drs2 PLSPDOMILR GATLRANTAWI FGLVIFTGHE TASTPIKRTA VEKIINRQII ALFTVLIVLI LISSIGNVIM 469
Onfl PITINNVLLR GCTLRANTKWA MGVVMFTGGD GISTPTKKSR | SRELNFSVV INFVLLFILC FVSGIANGVY 574
Dnf2 PVNINNLLLR GCTLRANTKWA MGMVIFTEOD GVETPTKKSR | SRELNFSVI LNFVLLFILC FTAGIVNGVY 619
Dnf3 PLGPDNVIYR GSILANTQNV VGMV I FSGEE LKNPRTKAPK LQRKINMI IV FMVEVVAT IS LFSYLGHVLH 477
Neol PLSVONTLWA NTVLASSGFC I|ACMVYTGRD TTHAKVKTGL LELEINSISK ILCACVFALS ILLVAFAGFH 436
ATPBA2 ALGPDQILLR GTQLRNTQWV FG! Ivvlluo TKSAPLKRSN VEKVTNVQIL VLFGILLVMA LVSSAGALYW 338
Aulxg‘ PLSIQQILLR DSKLRNTEYV YGA VFIIHD TDHPPSKRSR | ERTMDK I 1Y LMFGLVFLMS FVGSI|FGVE 327
Conservation
o
SERCA Si-----DPV HGASHHHEES WIRGAI-YYF KIAVALAVAA IPEGEPAVIT TCLALGTRRM AKK------- 329
Drs2 KHLSYL- YLE GTENE KAGLFF-KDF LTFWILFSNL VPISLFVTVE LIKYYOAFMI GSDLDLYYEK 535
Dnfl RSRFSYEFGT | ATNGFVSF WVAVILYQSL VPISLY!ISVE | IKTAQAAFI YGDVLLYNAK 642
Dnf2 » RSRDYFEFGT SF WVAVILYQSL VPISEYISVE | IKTAQAIFI YTDVLLYNAK 687
Dnf3 NKAWYL - FnA DAL G MSF I IMYNTV IPLSEYVTME | IKVVQSKMM EWDIDMYHAE 541
Neol S -DWYI= - LRYLILFST! IBVSLRVNLD LAKSVYAHQ! EHDKTI---- 480
ATP8A2 i !KNWYl-KKM - D& LTFIILYNNL IPISELVTLE VVKYTQALFI NWDTDMYYIG 403
ALALD TERWYL- KPD FTATMLYSYF IPISEYVSIE |VKVLQSIFI NRDIHMYYEE 405
Conservation
o O
SERCA - - -NAIVRSL DKTGTL lTlOlschM FIIDKVDGDE ESLNEFSIT: < EGEVLENDK 400
Drs2 TOTPTVVRTS / TRNIMEFKSC / - EDGIEVGYR 603
Dnfl LDYPCTPKSW NI SDDEGQVE TQNVMEFKKC TEALAGLHKR QGIDVETEGR 713
Dnf2 LDYPCTPKSW Nlloollols TONVMEFKKC / TEALAGLRKR QGVDVESEGR 758
Onf3 TNTPCESRTA lo KIIFH!F DLGNSEDNFE DNRONTNSLR 612
Neol --PETIVRTS LKK | Q LQGSKNIBLN 549
ATPSA2 NDTPAMARTS NLNEEEGBQVK NFx!c ELAREPSS: - 463
ALA}& TDKPAQARTS NLNEEEGMVD l Ic EFIKC TEVERAMAVR -BGGSPIVNE 475
Conservation
o
SERCA 400
Drs2 603
Dnfl 731
Dnf2 776
Onf3 692
Neol 567
ATP8A2 - 463
ALALO 504
100%
Conservation
o
SERCA = - IR s@ - “-FDGLVELA TICALENDSS KGVYEKVG- E llll'rlLIrl.v 449
Drs2 FDD LKKKLNDPSD EDSPIINDFL TLLATEHTVI DGSIKYQAAS PDEGA
Dnfl ALSGNSQFYP EEVTFVSKEF VRADLKGASGE VQORCCEHFM LALALEHSVL PKKLDLKAQS l A
Dnf2 SMSDNTQFEP EDETFVSKEN VEDLKGS Haanccenn LALALBHSVL PKKLD | KAQS PDESALVSTA
Dnf3 ASVISPSETF A LFS ‘FF LSLALBHSCL EDSIEYQSSS PDELALVTAA 772
Neol D £ - LTLAIGHNVT DDELTYQAAS PDEIAIVKFT 604
ATP8A2 TLLAVEHTVV D-NIIYQASS PDEAALVKGA 535
ALAL0 RLLAVEHTA | SGNVSYEAES PDEAAFVVAA 552

100% -
Conservation
ox O

573
574



https://doi.org/10.1101/606061
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/606061; this version posted April 12, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SERCA ACNS-=--:-. -..HEES-.8 --vIRQLMK KEFTLEESRD RKSMSVYCSP A 508
Drs2 YKFIIRKPNS VTVE=5=.LL EETGEEKEYQ LLNICEENST RKRMSAIFRF P 714
Dnfl FSFVGKTKKG LI IS558.-5 EMQGIQKEFE ILNILEFENSS RKRMSCIVKI P > 860
Dnf2 YSFVGSSKSG LIVESEE- .5 EIQGVOQKEFQ VLNVLEFENSS RKRMSCI IKI P 905
Dnf3 YIVLNRNAQ! LTIKTFPDGF DGEAKLENYE ILNYIDFNSQ RKRMSVLVRM P 829
Neol LSLFKRDRHS LH EHSGKTLNYE |ILQVFPENSD SKRMG!IVRD E . 656
ATP8A2 FVFTARTPFS EAMGQEQTFG ILNVLEFSSD RK VIVRT P - 585
ALAL0 FEFENRTQONG SGEKVERVYR LLNVLEENST RKAMSVIVRD D - 608

Conservation M i
ox
[FEerE e e Y e i e e |
SERCA H--:GNKMFV KGAPEGVIDR EEl

Drs2 H---SIKLFC
Dnfl BDEPRALLIC
Dnf2 KDEPKALLIC
Dnf3 &< PNQVLLIC K
Neol =--DEYWFMQ KGADTVMSKI
ATP8A2 5---RLRLYC l’ ONV | FER
S---KLLLLS KGADNVMFER

Conservation
ox

SERCA
Drs2
Dnfl
Dnf2
Dnf3
Neol
ATP8A2
ALALO
.35 —————— ——————— ———— — ——————— —  ————
Conservation
ox
S Ndomalcont.
SERCA ] KEKILSVIKE WGTGRDTERC EALATRDEPP K--REEMV-H ---5...8.- 577
Drs2 \ VEATMRHLED YASESEGLRAT ECLAMRDH IS EGEYEEWNSIE YNEAATTHLD 784
Dnfl LEKTALHLEQ YATHSEGE CIAQRESLS WSEYEKWNEK YDIAAASHLA 938
Dnf2 LEKTALHLEE vATIl!II cuoaelu WSEYERWVKT YDVAAASSVT 981
Dnf3 IERTLOAIDE FSTHZEG VYAYKW= ID | GOYENWNKR YHQAKTSELT 1063
Neol <= :-DWLEEETGN MARHZEG ll lvulaxxlm KKIYEQFQKE YNDASLSHEML 722
ATP8A2 { MEETLCHLEY FATZSEGERT LECVAYADHLS ENEYEEWLKV YQEASTIHLK 654
ALA}OOW EAKTQEHVNQ Ivu.lvnelvn ENEYIEFNKS FNEAKASVSE 679
Conservation [
o

SERCA -=-LDDSSRF HMEYETDETE VGBVVGMLDPP RKEMMGSHQL

F AICRRIGIFG ENEEVAD--- 650
Drs2 NRAEKLDEAA =NLIEKN |= IGATAIEDKL QDGMPETEHT
L

! NIGMSCRLLS EDMNLLI INE 863
Dnfl NREDELEVVA =DSIERELIL LGGTAIEDRL QDGVMPDCHEL LAE NIGFSCNLLN NEMELLVIKT 1017
Onf2 NREEELDKVT =DVIERELIL LGGTAIEDRL QDGMPDSHAL NIGFSCNVLN NDMELLVVKA 1060
Onf3 DRKIKVDEAG SAEIEDGENL LGVTAIEDKL QDGVMSEAIEK I NIGYSCML IK DYSTVVILTT 1142

Neol NRDQAOMSQV| TKYLEHDLEL LGLTGVEDKL QKDVKSSIEL LRANAGIK WM a’xvl“l CVSISAKLIS RGQYVHT ITK 802

ATP8A2 DRAQRLEECY SEIIEKNELL LGATAIEDRL QAGVPETHAT LLKAEIKIWV L | NIGYSCRLVS QNMAL | LLKE 733
ALAL0 nlenmosm = DKM aol:l LIAIAvI xl lnelpec DK LAQAGIK I WV KMETA | ulansnm QEMKQI | INL 758

Conservallon H | mn ﬂ |

11

1l

| 8

- i
| ] eelninalns

SERCA =-=sccccas
Drs2 ETe-----nx
Onfl TGDDVKEFGS
Dnf2 SGEDVEEFGS
Dnf3 TDENI= ===+
Neol VT-encceno
ATP8A2 DS==-=-:-=x
ALAI0O ETPQIKSLEK

100%

57 5 Conservallo:‘ -
576

SessiiiiEC S.oo-oEii. Lo--EE.H.- --RAYTGREF DDL----HPL AEQREACRRA 673
DTERNLLEKI NALNEHOLST HDMN=S-5-T7 LALVIDGBKSL GFALEPESLE DYLLTVAKLC 921
. SKYLKEYFNL TGSEEEIFEA l!ltmjtllpleu YAIVIDGDAL KLALYGEDIR RKFLLLCKNC 1097

TKYLREKFGM SGSEEELKEA KREHGLPQGN FAVIIDBDAL KVALNGEEMR RKFLLLCKNC 1140
= sssscaccEe -- | SKMNAVS mwullulxu IDGATM AMFEGNPTYM SVFVELCTKT 1195
P EGAFNQLEYL m%g- B LEEE lié GMFL- - KHYE QEFFDVVVHL 849

ATRAAITQHC TDLGN-=-LL KYALSFEXVR RSFLDLALSC 788
SRESVVMQOLQ EGKALLAASG TYALEDES IK KMFLDLATSC 832



https://doi.org/10.1101/606061
http://creativecommons.org/licenses/by-nc-nd/4.0/

577
578

579

SERCA
Drs2
Dnfl
Dnf2
Dnf3

Neol
ATP8A2

ALA10
100%

Conservation
ox

SERCA
Drs2
Dnfl
Dnf2
Dnf3

Neol
ATP8A2

Conservation
oN

SERCA
Drs2
Dnfl
Dnf2
Dnf3

Neol
ATP8A2

Conservation

SERCA
Drs2
Dnfl
Dnf2
Dnf3

Neol
ATP8A2

Conservation
on

SERCA
Drs2
Dnfl
Dnf2
Dnf3

Neol
ATP8A2

Conservation
oN

SERCA
Drs2
Dnfl
Dnf2
Dnf3

Neol
ATP8A2

Conservation
oN

SERCA -

Drs2
Dnfl
Dnf2
Dnf3
Neol
ATP8A2

ALAL1O
100%

Ay

available under aCC-BY-NC-ND 4.0 International license.

e Pdomaincon. ™

- - GCFARVEP
KAV | CCRVSP
RAVLCCRVSP
KAVLCCRVSP
DSV ICCRASP
PTVIACRCTP
KAV ICCRVSP
ASV ICCRSSP

SHKSK I VEYL
LOKALVVKMY
SQKAAVVKLV
AQKAAVVKLV
SQKALMVSN I
QQKADVALV I
LOQKSEIVDVV
KalALvrnLv

QSHEYDEITA
KREKSSSLLL
KD=SLDVMTL
KKETLOVMTL

KKERVKAITL
KSE@BTGKTTL

MTGBDGVNDAP

ALKKAEIGIA
MIQAAHVBVG
MIQSADVEIG
M1QSADVGVG
M1QSAD 1BVG
MIQCADVBVG

G MIQTAHVGVG

MLQEAD IGVG

ﬂele!ﬂAle

| SGMEGMQAA
IAGEEGRQAV
1AGEEGRQAV
IAGKEGLQAS
IVGKEGKQAS
| SGNEGMQAT
| SGVEGMQAV

TASEMVLAD
RSAD I AVEEG
MCSDYAI=5G
MCSDYAI::G

NESTIVAAVE
QFKFLKKLLL
QFRYLARLVL
QFRYVTRLVL
QFRFLLKLLF
QFCHLTELLL
QFSYLEKLLL
QIRYLERELL

- EGRA | ¥NNM
VHESWSYQR |
VHBRWSYKRL
VHBKWCYKRL
VHBRYNY | RT
WHERN SYKRS
VHBAWSYNRV

mv!leclsal

TMS cont.
KQFIRYLISS
SVAILYSFYK
AEMIPEFFYK
AEMIPQFFYK
SKFMLCTFYK
AKLAQFVMHR
TKCILYCFYK
ASMICYFFYK

NVGEVVCIFL
NTALYMTQFW
NMI FALALFW
NVIFTLSLFW
EITFYFTQL!
GLI1AICQAV
NVVLYIIELW
NITFGVTVFL

TAALGHE. LP
YVFANAF SGQ
YG 1 YNDFDGS
YG 1 YNNFDGS
YOQRYTMFESGS
YSICSLFEPI
FAFVNBFSGQ
YEAYTSFSGQ

EALIPVALLW
SIMESWIMSF
YLYEYT YMMF
YLFEYTYLTF
SLYEPWSL SM
ALYQGWLMVG
ILFERWC IGL
PAYNDWFLSL

VNLVTDGLPA
YNLFFTVWRP
YNLAFTSLRV
YNLAFTSVRV
FNTLFTSLBV
YATCYTMARV
YNVIFTALPP
FNVEFSSLBV

TALG- FNPPD
FVIGVFDQFV
IFLGILDQDV
ILLAVLDQDV
LCIGMFEKDL
FSL-TLDHD |
FTLGIFERSC
IALGVFDQDV

-<LDIM-- 5D
SSRLLERYPQ
NDT ISLVVPQ
SDTVSMLVPQ
KPMTLLTVPE
EESLTKIYPE
TQESMLRFPQ
SARFCYKFPL

RPP- - RSPKE
LYKLGQKGQF
LYRVG I LRKE
LYRVG I LRKE
LYSYGRL SQG
LYKELTEGKS
LYKITQNGEG
LYQEGVQN I L

PLISEBWLEFR
FSVYES | FWG
WNQREEKFELW
WNQTHEKELW
FNWLEE | EME
LSYKEETEFV
FNTKEEVEWG
FSWKEERIIG

YMAIGGYVGA
WI INGFFHSA
YMLDGLYQSI
YMLDGVYQSV
WVILATTNSL
WVLLSLFQGS
HCINALVHSL
WMFENGF | SAL

ATVGAAAWWF
IVFIGTILLY
ICFFFPYLVY
ICFFFPYLAY
I ITFLNVVMW
VIQLFSQAFT
I LFWFPMKAL
Al FFLCKESL

M- - YAEDGPG
RYGFALN: =&
HKNMIVT S
HKNMVVTE S
GMSSL- - 5448
SL===--HEE
EHDTV- Luss
KHQLF-Da8S

BE. .- SDNTM
5---LDTDF

E- PMTMAL SV
S-WGVTVYTT
YEVGVYVTTI
YFVGVFVTAI
YPLGLINFTA
TRMVA | SFTA
F=VGNIVYTY
1= LGGTMYTC

LVT IEMCNEA
SVIIVLGKEA
AVISCNTYRV
AVTSCNFYRV
IVAL INVKSQ
LVVNEL IM=V
VUVTVCLKEA
VVWVVNLQEM

ALEIYRS
GLETTESE

&
ALSISEERSE

LLGSICL8MS
TLIAIPGSLL
SGLFIALSCL
CGLFICLSLA
AFTSVVLSCG
MLVTEIATLL
SHLAVWGSML
QHIVIWGSIA

™

LHFLISLYVD PLPM- - - - ==
FWL I FEFRPES | YAS| FPHAN
VVFA- 8- B85 -WTGIWSSAI
VFYG- 5+ “WTGIWTSSS
GWL VWAl - = -CCALPILN
FYIVSVY- sere.a..2P
TWLVFEFGEE 1YSTIWPTIP
FWY | FEMIEE - YGAMTPSFS

NTDQ | YDVA
FLGDYFDLGY
I APDME - S8R
TDA- Y&- 5EM

-=-«KALD- L
GVVKHTYGSG
KAAARI YGAP
KGAARVFAQP
GFYNHFGKD |
ceensaMTTV
GQATMVLSSA

MVFL!ALAPAP

TQWLMVLKIS
VFWLTLIVLP
SFWAVFFVAV
AYWAVLFVGVY
TFWCTSLVLA
NYYAGLLVIL
HFWLGLFLVP
SYWLTTLFVM

™10

LPVIGLDEIL
| FALVRDFLW
LFCLLPRFTY
LFCLLPRFTI
LLPITLDIVY
LISIFPVWTA
TACLIEDVAW
I FALIPYFVY

KFIARNYLEG
KYYKRMYEPE
DSFQKFFYPT
DCIRKIFYPK
KTFKVMIWPS
KA | YRRLHPP
RAAKHTCKKT
KSVOMRFFPK

TYHV | QEMQK
DVE | VREMWQ
DIE | VREMWL
DSDIFAELEQ
SYAKVQEFAT
LLEEVQELET
YHOM | QWIRY

§-58-g2- 8
YN I SDSRPHV
HGHFDHYPPG
RGDFOLYPQG
KSDIRKKLEL
p-g2-0E- 0
KSRVLGKAVL
EGHSNDPEEV

QQFQNA | RKY
YOPTDPNRPK
YOPTDPSRPR
eAvaEunoe=
RDSNGKRLNE
EMVRQRS | RP

GFAFSQAEEG
l=sa|Alen

[ TIT TR I
GQEKIVRMYD
LGGSNYSRDS
FDGVSHSQET
RTNSRASAKT
SLOOGVPHGY
DQIYKDLVGY

Hooe-oo.o8
TTQKRGKYGE
VVTEEIPMTE
IVTEEIPMSH
INsslvsusl
AFSQEEHGAM
O |

SEE-BE- BEE
LOQDASANPFEN
MHGEDGSPSG
LNGEQGSRKG
GNVDHSSKKN
SQEEVIRAYD T

e

IR

R EIBSE

DNNGLGSNDF ESAEPFIENP F
PKETQDLLQS

YOKQETWMT S
YRVSTTLERR
F.G Ss| KIS

TTKKK SRKK-
SE-EE-E-E-

DIISPIIIII
RYEV

LDRTREQMIA
LDRTREEMLA
TfKLTKILIL

llotolnvsv
llnLDInvsv
PS v EDED

SeniEesias

ERARTSLDLP
EHARISLDLP
Nal 1@ ARLKD

BEEE 994
B 1355

= =III 1571

83 1612

& 1656

8
8 BEEE 1151
|

2888 1188
2888 1202

Conse rvatlon
mim i

Supplementary Data Figure 4: Sequence alignment of select P4 ATPases and structural
alignment with SERCA
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580  Sequence alignment of the five S. cerevisiae P4 ATPases, the human ATP8AZ2, and A.

581  thaliana ALA10, aligned by Clustal Omega®®4°, along with a structural alignment between
582 Drs2p from E2PVve and SERCA-BeFs™ (PDB 3B9B) performed by the Dali Server’s

583  pairwise alignment® separately for the N-domain of Drs2p and for the rest of the protein, as
584 the N-domain is very flexible and can distort the alignment. The structural alignment was
585  adjusted to the full-length Drs2p-sequence. For the rabbit SERCA it only includes the

586  sequence of the structure that is shown, meaning that the C-terminal 7 residues are missing.
587  The shading indicates conservation (blue 0% — red 100%). Above the sequences the domains
588  and transmembrane helices of Drs2p are indicated in the same color scheme as Figure 1A.

589  Uniprot identifiers: SERCA — P04191, Drs2p — P39524, Dnflp — P32660, Dnf2p — Q12675,
590 Dnf3p—-Q12674, Neolp — P40527, ATP8A2 — QONTI2, ALA10 — Q9LI83.
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Supplementary Data Figure 5: Characterization of P14P-binding mutants

A) Coomassie-blue stained SDS-PAGE of streptavidin-purified wild-type and mutant Drs2p-
Cdc50p. Tobacco Etch Virus (TEV) protease is used to release the complex from streptavidin
beads. B) ATPase activity of PI14P-binding mutants, using an enzyme-coupled assay. The
assay medium contained 1 mM ATP, 0.1 mg.mL* POPS and 1 mg.mL* DDM in SSR buffer.
The rate of ATP hydrolysis was continuously recorded at 340 nm upon subsequent addition
of 2 ug.mL"* of the purified complex, 5 pg.mL* trypsin, and 0.025 mg.mL* PI4P.

C) Size-exclusion chromatography on a Superdex 200 10/300GL column. The arrow

indicates the dead volume (Vo).
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Supplementary Data Figure 6: Electrostatics of proposed lipid translocation pathway
A) A proposed lipid translocation pathway is exposed upon activation by P14P binding and
C-terminal truncation. Electrostatic surfaces from APBS*243, Complement to Figure 5A.

B) The E2P-ouabain complex structure of Na,K-ATPase (PDB 4HYT). The - and y-subunit
are pink, TM4 is yellow, the PEGL-motif is orange and the ouabain ligand primarily green.
Note the clear overlap with the opening in Drs2p-Cdc50p occurring upon activation, Figure
5A.
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C) An E2 state of SERCA with a PE molecule bound between TM2 and 4 (PDB 2AGV*4).
Colors as (B).

D) E2Pactive jn the same orientation and with colors as B-C.

E) Potassium binding in Na,K-ATPase (PDB 3KDP??), showing the coordination of ions in
site | and site Il by negatively charged and polar residues. TM4 is colored yellow with the
PEGL-motif in orange, and the bound potassium as purple spheres.

F) Sites and residues corresponding to the ion binding sites of Na,K-ATPase (PDB 3KDP)
shown in (D) from E2Pe, TM4 is yellow with the PISL-motif in orange, and stabilizing

hydrogen bonds are shown.
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Supplementary Data Figure 7: Processing pipeline for cryo-EM data of Drs2p-Cdc50p
Ezpinhib
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A) Representative motion-corrected and dose-weighted micrograph (defocus 1.6 pm) of
autoinhibited Drs2p AN104-Cdc50p in LMNG, frozen at a concentration of 0.6 mg/ml.

B) Fourier power spectrum of the micrograph shown in (A), with fit from CTFFIND 4.1
through cisTEM, which extends to 3 A.

C) Color code of processing software.

D) Data processing workflow with indication of the number of particles remaining after each
step at which particles were discarded. The densities resulting from 3D refinement are shown
in grey, while relevant masks are shown in light blue. The resolutions listed for 3D
refinements are at FSC=0.143.
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633  Supplementary Data Figure 8: Processing pipeline for cryo-EM data of Drs2p-Cdc50p
634  E2pPnter

635  A) Representative motion-corrected and dose-weighted micrograph (defocus 1.5 um) of

636 Drs2p AN104-Cdc50p with an intact C-terminus in LMNG, frozen at a concentration of 0.6
637  mg/ml in the presence of 75 pg/ml Brain P14P.

638  B) Fourier power spectrum of micrograph in (A), with fit from CTFFIND 4.1 through

639  CiSTEM, which extends to 5 A.

640  C) Color code of processing software.

641 D) Data processing workflow with indication of the number of particles remaining after each
642  step at which particles were discarded. Densities resulting from 3D refinement are shown in
643  grey, while relevant masks are shown in light blue. The resolutions listed for 3D refinements
644  are at FSC=0.143. The 3.4 A-refinement indicated a mixed state around TM10. To classify
645  structural heterogeneity due to incomplete binding of PI4P, new ab initio references were
646  generated in cryoSPARC allowing for high similarity, as the conformations were expected to
647  be similar. Two different conformations resulted: the autoinhibited one and a P14P-bound.
648  The autoinhibited was identical to E2P"™"b and adding these particles to that dataset did not
649  improve the reconstruction. The PI4P-bound conformation was further refined in Relion.
650
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652  Supplementary Data Figure 9: Processing pipeline for cryo-EM data of Drs2p-Cdc50p
653  E2pactive

654  A) Representative motion corrected and dose weighted micrograph (defocus of 1.7 um) of C-
655  terminally truncated Drs2p ANC-Cdc50p in LMNG, frozen at a concentration of 0.6 mg/mL
656  inthe presence of 75 pg/mL Brain PI4P.

657  B) Fourier power spectrum of the micrograph shown in (A), as well as the fit from CTFFIND
658 4.1 through cisTEM, which extends to 3 A.

659  C) Color code of processing software.

660 D) Data processing workflow with indication of the number of particles remaining after each
661  step at which particles were discarded. Densities resulting from 3D refinement are shown in
662  grey, while relevant masks are shown in light blue. The resolutions listed for 3D refinements
663  are at FSC=0.143.


https://doi.org/10.1101/606061
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/606061; this version posted April 12, 2019. The copyright holder for this preprint (which was

664
665

666
667
668

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

A
E2Pinhib E2Pinter E2Pactive
Drs2p AN104/Cdc50p Drs2p AN104/Cdc50p with P14P Drs2p ANC/Cdc50p with PI4P
1.0 1.0 i 1.0 _— — model vs
’ 2.9A s 3.8A S 3.1A full map
O / FSC=0.5\/\/ FSC=0.5 /\/ =0 ?a‘fﬁemrk)
® 0.5 4 0.5 0.5
e \
\ model vs
1 \ half2 (free)
®0g 0.2 oA 02 DA s 0.2 04
Resolution (1/A) Resolution (1/A) Resolution (1/A)
B TM4 (489-527) Cdc50-TM2
(331-356)
E2Pinhib 4

A (282-350)

N (724-812)

Cdc50-TM2
(331-356)
E2Pinter

A (282-350) N (724-812)

Cdc50-TM2
(331-356)

E2Pactive

A (282-350)

N (724-812)

Supplementary Data Figure 10: Model validation and representative densities
A) Cross-validation FSC curves for map-to-model fit produced by Mtriage*’,
Curves representing model vs. full map are calculated based on the final model and the full,

filtered and sharpened map that it was refined against.
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669  For the model vs. half-maps, the model (before the final refinement against) was refined

670  against half-map 1 filtered and sharpened as the full map, and FSC-curves were calculated
671  using this refined model against each half-map.

672  B) Representative densities from different areas of the three LocScale-maps. Each segment is
673  labelled with which residues are shown, and demonstrates the quality of the map in specific
674  areas. All are shown at a 1.5 threshold (PyMOL).
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Supplementary Data Table 1: Cryo-EM data collection, refinement and validation statistics

Drs2p AN104/Cdc50p  Drs2p AN104/Cdc50p Drs2p ANC/Cdc50p
(autoinhibited) with PI14P with PI14P
(intermediate) (activated)
(EMDB-Xxxx) (EMDB-xxxx) (EMDB-xxxX)
(PDB xxxx) (PDB xxxx) (PDB xxxx)
Data collection and
processing
Magnification 130,000 130,000 130,000
Voltage (kV) 300 300 300
Microscope Titan Krios Titan Krios Titan Krios
Electron exposure (e—/A2?) 60 60 56
Defocus range (pm) 0.3-3.0 (0.4-2.5)* 0.4-2.4 (0.5-2.4)* 0.3-3.0 (0.4-2.0)*
Pixel size (A) 1.077 1.077 1.077
Camera Gatan K2 Gatan K2 Gatan K2
Number of movies 3069 (2050)* 765 (701)* 3192 (2443)*
Symmetry imposed C1 C1 C1
Initial particle images (no.) 2,157,578 578,440 1,047,615
Final particle images (no.) 752,881 78,981 418,512
Map resolution (A) 2.8 3.7 2.9
FSC threshold 0.143 0.143 0.143
Map resolution range (A) 2.7-3.4 3.6-4.4 29-4.1
Refinement
i NIA NIA NIA
Model resolution (A) 2.9 3.8 31
FSC threshold 0.5 0.5 0.5
Model resolution range (A)
Map sharpening B factor (A%)# -40 (-76) -60 (-115) -35 (-69)
Model composition
Non-hydrogen atoms 11772 11791 11479
Protein residues 1449 1447 1404
Ligands 2 H,0, 1 Mg?*, 1 PS, 2 H,0, 1 Mg?*, 1 P14P, 2 H,0, 1 Mg?*, 1 P14P,
6 NAG, 2 BMA 6 NAG, 2 BMA 7 NAG, 4 BMA
B factors (A?)
Protein 33.75/150.55/73.76 35.45/170.28/89.45 34.18/187.73/77.30
Ligand 55.17/99.22/78.05 68.87/120.20/92.11 51.25/111.21/78.04
Water 55.49/55.73/55.61 77.61/80.06/78.84 60.71/61.39/61.05
R.m.s. deviations
Bond lengths (A) 0.006 0.008 0.006
Bond angles (°) 0.868 0.995 0.932
Validation
MolProbity score 1.40 1.61 1.36
Clashscore 3.99 5.05 3.57
Poor rotamers (%) 0.23 0.23 0.16
EMRinger 3.80 2.13 3.50
Ramachandran plot
Favored (%) 96.60 94.99 96.64
Allowed (%) 3.40 5.01 3.36
Disallowed (%) 0.0 0.0 0.0

* number in parenthesis corresponds to the final range/number.

# The B-factor listed is the one used for refinement, while the one in the parentheses is the B-

factor estimated by Relion PostProcessing.


https://doi.org/10.1101/606061
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/606061; this version posted April 12, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

680  Supplementary Information
681  Methods

682  Enzyme-coupled assay

683  Expression and streptavidin purification of wild-type Drs2p-Cdc50p and mutants for functional
684  studies were carried out as described previously?®48, Specifically, we used for this purpose a
685  C-terminal Tobacco Etch Virus (TEV)-cleavable BAD tag and DDM was used throughout the
686  purification procedure. Size-exclusion chromatography was performed on a Superdex 200
687  Increase 10/300GL column, with a mobile phase containing 0.5 mg.mL* DDM and 0.025
688  mg.mL* POPS. The rate of ATP hydrolysis by P14P-binding mutants was measured at 30 °C
689  using an enzyme-coupled assay, by continuously monitoring the rate of NADH oxidation at
690 340 nm*. The purified Drs2p-Cdc50p complexes were added at about 2 pg.mL™2, in a cuvette
691  containing SSR buffer supplemented with 1 mM ATP, 1 mM phosphoenolpyruvate, 0.4
692  mg.mL"* pyruvate kinase, 0.1 mg.mL™* lactate dehydrogenase, 0.25 mM NADH, 1 mM NaNs3s,
693 1 mg.mL?! DDM, and 0.1 mg.mL* POPS. Trypsin and PI14P were subsequently added to
694  concentrations of 0.05 mg.mL* and 0.025 mg.mL™, respectively. Conversion of NADH
695  oxidation rates expressed in AU/s to ATPase activities in umol.mint.mg™ was based on the
696  extinction coefficient of NADH (~6200 M-t.cm) and on Coomassie-Blue stained SDS-PAGE-
697  based quantification of Drs2p using know amounts of SEC-purified Drs2p as standards.

698

699  Expression and purification of Drs2p-Cdc50p for structural studies

700  Protein expression in S. cerevisiae, membrane harvesting and solubilization were performed as
701 previously described®254, Two different preparations were used Drs2p AN104/Cdc50p,
702 where Drs2p is missing the first 104 residues, and Drs2p ANC/Cdc50p, where residues 105-
703 1247 of Drs2p are present.

704

705 Affinity chromatography on streptavidin resin and detergent exchange: The BAD-tagged

706  protein was batch bound to free streptavidin sepharose resin (typically 1mL resin per 60mL of

707 solubilized material) for 1 hour at 4°C. Detergent exchange into lauryl maltose neopentyl
708 glycol (LMNG) was performed, by washing with 2 column volumes (CV) SSR with ImM DTT
709 and 0.2 mg/mL LMNG, followed by washing with 10 CV SSR with 1 mM DTT and 0.1 mg/mL
710 LMNG. The resin was resuspended in 1 CV SSR with 1ImM DTT, 0.1 mg/mL LMNG and 50
711 pg/mL Brain PS (Avanti Polar Lipids). 4 units/mL resin of bovine Thrombin (Calbiochem)

712 was added to cleave the protein off the resin during an overnight incubation at 4°C. The protein
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713 was eluted from the resin in 10-20 CV of SSR with 1ImM DTT and 0.1mg/mL LMNG, and
714 concentrated to 0.5-1mL in a 100 kDa centrifugal concentrator (Vivaspin) with the sample
715 typically reaching concentrations of 5-10 mg/mL.

716

717  Cleavage of double truncated construct: To produce the double-truncated Drs2p
718  ANC/Cdc50p protein, after elution from the resin and concentration, 4U bovine thrombin per
719 mL of resin used for the purification was added along with 0.025 mg/mL Brain P14P (Avanti
720  Polar Lipids), followed by incubation at room temperature for 1 hour, before quenching of the
721 protease activity with ImM PMSF.

722

723 Size exclusion chromatography: For Drs2p AN104/Cdc50p, size exclusion chromatography
724 (SEC) was run on a Superdex 200 Increase 10/300 column on an AKTA purifier system at 4°C
725 in SSR with 0% glycerol, 1 mM DTT and 0.03 mg/mL LMNG. The peak fractions typically
726 resulted in a Drs2p/Cdc50p concentration of 0.6 mg/mL, which was used directly for
727  preparation of cryo-EM grids, or stored at -80°C for later use. For Drs2p ANC/Cdc50p, a first
728 round of SEC had been run on a TSKg4000SW silica column on an AKTA purifier system at
729 4°C in SSR with 0% glycerol, 1 mM DTT and 0.03 mg/mL LMNG. The peak fractions were
730 pooled and concentrated using a 50kDa cut-off centrifugal concentrator to 8 mg/mL, and was
731 stored at -80°C for later use. A second round of SEC was run on an analytical Superdex 200
732 Increase 3.2/300 column on an AKTA purifier system at 4°C in SSR with 0% glycerol, 1 mM
733 DTT and 0.03 mg/mL LMNG, where 50 puL sample was injected, to remove the background
734 detergent produced by concentrating the sample. Pooling of the peak fractions resulted in a
735 protein concentration of 0.6 mg/mL, which was used directly for preparation of cryo-EM grids.
736 Representative chromatograms and gels are shown in Supplementary Data Figure 1A-C.

737

738 Activity measurement on purified protein for structural studies

739  The activity of the purified Drs2p-Cdc50p used for structural studies was assayed using an
740  arsenic-based Baginski Assay®’, a colorimetric assay for free inorganic phosphate. Drs2p-
741 Cdc50p in LMNG to a final concentration of 10 pg/mL was added to a reaction buffer of SSR
742 with 0% glycerol, ImM DTT, 0.02 mg/mL LMNG and 5 mM NaNs (final concentrations) as
743 well as PS C(8:0), Brain PI4P and BeFs (BeSO4 and KF in a 1:20 molar ratio) were added,
744 when present, to final concentrations of 78 pug/mL, 20 ug/mL and 1 mM, respectively. After

745 addition of protein to the reaction buffers, the samples were incubated on ice for 1 hour, before
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746 transfer to 30°C, and upon reaching this temperature, the reactions were initiated by addition
747 of ATP to a concentration of 4 mM. At specific time points, SOuL sample was transferred to a
748 96-well microplate, and mixed with 50 pL 1:5 solution of 30mM ammonium heptamolybdate
749 in H20, and 0.17M ascorbic acid and 0.1% SDS in 0.5 M HCI. After 10 minutes at room
750 temperature, 75 pL of arsenic solution (2% (w/v) anhydrous sodium metaarsenic, 2% (w/v)
751 trisodium citrate dihydrate, 2% (v/v) glacial acid) was added to prevent further complexing of
752 molybdate by phosphate. The plate was left at room temperature for 30 minutes, before
753 measurement of the absorbance at 860 nm on a Wallac Victor 3 Multilabel plate reader (Perkin
754 Elmer).

755

756 Negative Stain Electron microscopy

757 Copper G400-C3 grids were coated with 2% celluidine, followed by evaporation of amorphous
758  carbonusing a Leica EM SCD500 high vacuum sputter coater. Before use, the grids were glow-
759  discharged on a PELCO easiGlow Glow Discharge Cleaning System at 25 mA for 45 seconds.
760 3 pL of protein sample diluted to 20 pg/mL in detergent-free buffer was applied, followed by
761 staining three times with 3 pL 2% uranyl formate solution, which had been stored at -80°C.
762 Micrographs were collected on a Tecnai G2 Spirit (120kV) with a Tietz F416 CCD camera
763 using Leginon®. Imaging was performed at 67,000xmagnification with a binned camera (pixel
764 size 3.15 A). Data processing including CTF-estimation, particle picking, extraction using a of
765  84-pixel box-size, and 2D classification was performed in cisTEM®? (Supplementary Data
766 Figure 1D-F).

767

768  Cryo-electron microscopy

769  Sample freezing: C-flat Holey Carbon grids, CF-1.2/1.3-4C (Protochips), were glow
770  discharged on a PELCO easiGlow Glow Discharge Cleaning System at 15 mA for 45 seconds
771 Dbefore addition of 3uL of 0.6 mg/mL Drs2p/Cdc50p in LMNG, which had been incubated on
772 ice for at least 1 hour with 1 mM beryllium fluoride (BeFs’), and 0.1 mg/mL Brain PI14P when
773 indicated. The samples were vitrified on a Vitrobot IV (ThermoFisher) at 4°C and 100%
774 humidity.

775

776  Data collection: The data was acquired on a Titan Krios with an X-FEG through an energy-
777 filtered Gatan K2 camera with a calibrated pixel size of 1.077 A/pixel at a magnification of

778 46,425x (MPI for Biophysics, Frankfurt). 8 second exposures fractionated into 40 frames were
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779 collected through EPU at a dose rate of 1.4 or 1.5 e/A2/frame, corresponding to a total dose of
780 56 or 60 e/A

781 For Drs2p AN104/Cdc50p 765 movies were collected on samples with 0.1 mg/mL PI4P and
782 3069 movies were collected without PI14P. For Drs2p ANC/Cdc50p 2391 movies were
783 collected on a grid with 0.1 mg/mL PI4P and 801 movies were on a grid without additional
784 PIl4P. However, upon initial processing the datasets resulted in identical reconstructions with
785  the same density in the PI4P-binding site (likely because of the PI4P added during the
786 purification of this sample), and they were treated as one dataset going forward.

787

788  Processing: For all three datasets, movie alignment with dose weighting using all frames and
789  contrast transfer function (CTF) determination was performed in cisTEM through Unblur®® and
790  CTFFind4®*, respectively. After manual inspection of the micrographs 2050 were selected for
791 Drs2p ANC/Cdc50p, 2687 for Drs2p AN104/Cdc50p and 701 for Drs2p AN104/Cdc50p with
792 PI4P. Using the cisTEM reference-free particle picker, a total of 1,047,615 particles were
793  picked for Drs2p ANC/Cdc50p with PI4P and 2,156,578 for Drs2p AN104/Cdc50p and
794 578,440 for Drs2p AN104/Cdc50p with P14P. The particles were extracted in ciSTEM using a
795 box-size of 256 pixels, and cisTEM was used for 2D classification although this was not used
796 for selecting good particles.

797

798  Drs2p AN104/Cdc50p (E2™™b): Three ab initio 3D references were generated in cryoSPARC®®
799  from all particles, resulting in one class corresponding to the protein particle, and two
800  corresponding to junk. Three rounds of heterogeneous 3D classification in cryoSPARC were
801  performed, where the first round had one protein class and four junk classes, while the next
802  rounds only used two junk classes apart from one protein class. This resulted in 769,469
803  particles which were subjected to heterogeneous 3D refinement, resulting in an initial
804  reconstruction at 3.2A from 752,881 particles.

805  These particles were re-extracted in Relion 3% from movies aligned through the Relion
806  implementation of MotionCor2®’ for per-particle CTF refinement with estimation of the beam
807  tilt and Bayesian Polishing®® performed in Relion 3, before the final 3D refinement resulting
808 in an unmasked resolution of 3.0A and a masked resolution of 2.8A after postprocessing.
809  Relion 3 was used for estimation of the local resolution. The processing strategy is summarized
810  in Supplementary Data Figure 7.

811
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812  Drs2p AN104/Cdc50p with P14P (E2P™e"): Three ab initio 3D references were generated in
813  cryoSPARC resulting in two junk and one protein-like class. These were used as reference in
814  three rounds of heterogeneous 3D classification that resulted in 291,944 protein particles. An
815 initial homogeneous 3D refinement of these, resulted in a reconstruction at 3.8A of 277,569
816  particles. These particles were re-extracted in Relion 3 from movies aligned through
817  MotionCor2 implemented in Relion for per-particle CTF refinement with estimation of the
818  beam tilt and Bayesian Polishing performed in Relion 3, before the final 3D refinement
819  resulting in an unmasked resolution of 3.4A. However, this appeared to be a mixed state near
820  TM10 of Drs2p, the P14P-binding site and in parts of the autoinhibitory domain. As simple 3D
821  classification using the refined map as reference failed to separate this heterogeneity, five new
822  abinitio references were generated in cryoSPARC with similarity 1.0, to allow for very similar
823  classes. These were then all used as references for heterogeneous 3D refinement, resulting in
824 one class corresponding to a PI4P-bound structure, two classes identical to the determined
825  autoinhibited structure in the absence of P14P, and two minor junk-classes. The P14P-bound
826  resulted in a 3.7A reconstruction from 78,981 particles from cryoSPARC, which was also
827  refined in Relion 3 to an unmasked resolution of 3.9A and a masked resolution of 3.7A after
828  postprocessing. Relion 3 was used for estimation of the local resolution. The processing
829  strategy is summarized in Supplementary Data Figure 8.

830

831  Drs2p ANC/Cdc50p with PI4P (E22¢ive): Three ab initio 3D references were generated in
832 cryoSPARC from all particles resulting in one class corresponding to the protein particle, and
833  two corresponding to junk. All particles were then subjected to heterogeneous 3D classification
834  incryoSPARC, using each junk reference twice and the good class once, resulting in four junk
835  classes and one with particles corresponding to the protein. This class was then subjected to
836 heterogeneous 3D refinement in cryoSPARC resulting in an initial reconstruction at 3.4A from
837 493,753 particles. The 3D refinement was repeated in Relion 2.1%° using a soft solvent mask,
838  resulting in a reconstruction of similar quality. To improve the map, particle sorting was
839  performed in Relion 2.1 and particles with a z-score above 0.9 or a defocus higher than 2.0 pm
840  were rejected, and the remaining 418,512 were re-extracted in Relion 3 from movies aligned
841  through Relion’s own implementation of MotionCor2. Per-particle CTF refinement with
842  estimation of the beam tilt and Bayesian Polishing performed in Relion 3, before the final 3D

843 refinement resulting in an unmasked resolution of 3.1A and a masked resolution of 2.9A after
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844 postprocessing. Relion 3 was used for estimation of the local resolution. The processing
845  strategy is summarized in Supplementary Data Figure 9.

846

847  Data collection and processing statistics are summarized in Supplementary Data Table 1.

848

849  Model building and refinement: The Drs2p ANC/Cdc50p with PI4P was built manually in
850  COOT® guided by secondary structure predictions from RaptorX5?, and the structures of the
851  Na'/K* ATPase and SERCA in the E2P state (PDB 4HYT and 3B9B) for Drs2p, which was
852  permitted by the shared topology, and similarity of the E2P-conformations. For Cdc50p, the
853  positions of all glycosylations were visible as at least one sugar moiety, and were used in
854 validation of the de novo traced structure along with the presence of the two di-sulfide bonds.
855  The model was refined using Namdinaor®? and phenix.real_space_refine%3.

856  Drs2p AN104/Cdc50p was built by fitting the Drs2p ANC/Cdc50p model using Namdinator
857  followed by manual editing in COOT and manual tracing of the autoregulatory C-terminus.
858  Refinement was done using phenix.real_space_refine. The Drs2p AN104/Cdc50p with P14P
859  model was built based on the other two structures with manual editing in COOT followed by
860  phenix.real_space_refine.

861  For Drs2p the 78 N-terminal residues of the construct, as well as the 46 C-terminal residues
862  and 16 residue linker (20 in the structure of E2P"er) between TM10 and the autoregulatory
863  domain in Drs2p AN104 were too disordered for modeling or entirely missing from the density.
864  For Cdc50p the 19 N-terminal (18 in the structure of E2%¢1¥¢) and the entire C-terminal tail of
865 33 residues (35 in the structure of E2""b) could not be modelled.

866  Model validation was done through MolProbity®* in Phenix®®.

867

868  Modelling and refinement statistics are summarized in Supplementary Data Table 1. Model-
869  to-map FSC curves and representative densities from different areas of the maps are shown in
870  Supplementary Data Figure 10.

871
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	Protein expression in S. cerevisiae, membrane harvesting and solubilization were performed as previously described20,25,48. Two different preparations were used Drs2p (N104/Cdc50p, where Drs2p is missing the first 104 residues, and Drs2p (NC/Cdc50p, w...

