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xATP7B      1   ------MFPKRILDEEEGVQLLSTENEKCSTKRRSSPQFCVN---NTFSDSPVSVWKEAK 
hATP7B      1   ----------------------MPEQERQITAREGASRKILS---KLS--LPTRAWEPAM 
xATP7A      1   METDSRAFLAFIPVEGMTCNSCVQTIEQKIGSINGVHSIKVSLEGKNAAIIYDAKLQTPK 
hATP7A      1   MDPSMGVNSVTISVEGMTCNSCVWTIEQQIGKVNGVHHIKVSLEEKNATIIYDPKLQTPK 
LpCopA          ------------------------------------------------------------ 
                                                                             
  
xATP7B     52   KPSCAFDNRGYEGSPDDLCSLPDDVGSVVVAIQGMTCQSCVQSIEGRISKVSGVVGINVC 
hATP7B     34   KKSFAFDNVGYEGGLDGLG-PSSQVATSTVRILGMTCQSCVKSIEDRISNLKGIISMKVS 
xATP7A     61   ALQEAVEDMGFESTLSYANPQPVPMDSTFLRLS-AEQSA--EQIRSGLSQFKGVLDVKTS 
hATP7A     61   TLQEAIDDMGFDAVIHNPDPLPVLTDTLFLTVT-ASLTLPWDHIQSTLLKTKGVTDIKIY 
LpCopA          ------------------------------------------------------------ 
                                                                             
  
xATP7B    112   LEQNNAIVNYLQTEITPHKICEEIEDMGFDASLSEQS-GMPSSVKSSYYGDNVIKIRVEG 
hATP7B     93   LEQGSATVKYVPSVVCLQQVCHQIGDMGFEASIAEGK-AASWPSRSLPAQEAVVKLRVEG 
xATP7A    118   LEGKVACVTFIPSVVNPGLLIQKIPGLSLDSMASKKTTSGSVESRSSVASDVLVKMKIEG 
hATP7A    120   PQKRTVAVTIIPSIVNANQIKELVPELSLDTGTLEKKSGACEDHSMAQAGEVVLKMKVEG 
LpCopA          ------------------------------------------------------------ 
                                                                             
  
xATP7B    171   MTCQSCVNTIEGKIGKIQGVQKIKVSLTGQEAVITYQSHIIQAEDLRKYIEDMGFEASIK 
hATP7B    152   MTCQSCVSSIEGKVRKLQGVVRVKVSLSNQEAVITYQPYLIQPEDLRDHVNDMGFEAAIK 
xATP7A    178   MTCHSCTSTIEGKVGKLKGVQRIKVSLDSQEAQILYQPHLIKPEDIRTQIEEAGFIAQIK 
hATP7A    180   MTCHSCTSTIEGKIGKLQGVQRIKVSLDNQEATIVYQPHLISVEEMKKQIEAMGFPAFVK 
LpCopA          ------------------------------------------------------------ 
                                                                             
  
xATP7B    231   NKPDPTKLGTIDIERLQN--------SIAENHS-----GHTNSNTVTLG--IDGMHCKSC 
hATP7B    212   SKVAPLSLGPIDIERLQSTNPKRPLSSANQNFNNSETLGHQGSHVVTLQLRIDGMHCKSC 
xATP7A    238   SKP-PQKLGAIDIERLTN-------TQTNSNGDLPQKIPKHQNDLIRAIFQIEGMHCKSC 
hATP7A    240   KQPKYLKLGAIDVERLKN-------TPVKSSEGSQQRSPSYTNDST-ATFIIDGMHCKSC 
LpCopA          ------------------------------------------------------------ 
                                                                             
  
xATP7B    276   VHNIEGYVSGLAGIQSIRVSLKNKNAVVCLSQGSTSLLSLKESIENLPPGKFKVTLPVGV 
hATP7B    272   VLNIEENIGQLLGVQSIQVSLENKTAQVKYDPSCTSPVALQRAIEALPPGNFKVSLPDGA 
xATP7A    290   VVNIESNIGSQHGVSSIEVSLENKLAVIHFYSNITTSDALIQAIEALSPGTFKVSLCNHP 
hATP7A    292   VSNIESTLSALQYVSSIVVSLENRSAIVKYNASSVTPESLRKAIEAVSPGLYRVSIT--- 
LpCopA          ------------------------------------------------------------ 
                                                                             
  
xATP7B    336   EKG----QSLARNSTHSSHRDQSMG-----GNIAIISIGGMTCQSCVSSIENMISQRKGV 
hATP7B    332   EGSGTDHRSSSSHSPGSPPRNQVQGT----CSTTLIAIAGMTCASCVHSIEGMISQLEGV 
xATP7A    350   ELAETFSMQKNSEASCAKEIFSSPSNQDFCSKVTVINIEGMTCMSCVQSIEGLISKKPGV 
hATP7A    349   --SEVESTSNSPSSSSLQKIPLNVVSQPLT-QETVINIDGMTCNSCVQSIEGVISKKPGV 
LpCopA          ------------------------------------------------------------ 
                                                                             
  
xATP7B    387   LHILVSLDEGNGNIFYNPCETNAEELRAAIEDMGFHSTLVSDNSPSISCSEYNSKEEENK 
hATP7B    388   QQISVSLAEGTATVLYNPSVISPEELRAAIEDMGFEASVVSESCSTNPLGNHSAGNSMVQ 
xATP7A    410   KSIQVSLVNNNGTVQYDPAVTSPEDIRAAIEDMGFDASLLANTGQADAFTSEAS------ 
hATP7A    406   KSIRVSLANSNGTVEYDPLLTSPETLRGAIEDMGFDATLSDTNEPLVVIAQPSS------ 
LpCopA          ------------------------------------------------------------ 
                                                                            



  
xATP7B    447   QTP--PKATRQISGSRDYILDVLPKKSHPDFANEKYDTAPEKCFLQITGMTCISCVSNIE 
hATP7B    448   TTDGTPTSVQEVAPHTGRLPANHAPDILAKSPQSTRAVAPQKCFLQIKGMTCASCVSNIE 
xATP7A    464   ----------QKPFLNSLLPKERTNKETPVHSKPEKRTV-NKCFIQITGMTCASCVANIE 
hATP7A    460   ----------EMPLLTSTN-EFYTKGMTPVQDKEEGKNS-SKCYIQVTGMTCASCVANIE 
LpCopA      1   ----------------------------------------------------------MK 
 
  
xATP7B    505   RNLKKKDGIVSVLVALMSGKAEVKFYPDRIEPLEIAQLVEDLGFGASVMEDYTASDGNVE 
hATP7B    508   RNLQKEAGVLSVLVALMAGKAEIKYDPEVIQPLEIAQFIQDLGFEAAVMEDYAGSDGNIE 
xATP7A    513   RNLRREEGIYSVLVALMAGKAEVRYNPEVLQPSGIAELIQELGFEASVLENYDDGTGILE 
hATP7A    508   RNLRREEGIYSILVALMAGKAEVRYNPAVIQPPMIAEFIRELGFGATVIENADEGDGVLE 
LpCopA      3   HDHHQG--------HTHSGKGHACHH-----------------------EHNSPKTQQAS 
                 
  
xATP7B    565   LIITGMTCASCVHNIESRLMRTPGILQASVALATCKAQVKFDPEIVGPRDIIRIIEGIGF 
hATP7B    568   LTITGMTCASCVHNIESKLTRTNGITYASVALATSKALVKFDPEIIGPRDIIKIIEEIGF 
xATP7A    573   LLVRGMTCASCVHKIESRLMKTKGVLYSSVALATNKAHIKFDPEVIGPRDIMKIINDLGF 
hATP7A    568   LVVRGMTCASCVHKIESSLTKHRGILYCSVALATNKAHIKYDPEIIGPRDIIHTIESLGF 
LpCopA     32   SKMEGPIVYTCPMHPEIRQSAPGHCPLCGMALEPETVTVS---EVVSP------------ 
 
  
xATP7B    625   QASLAKRDPTAHKLDHKEEIKQWRNSFLFSLLFGIPVIILMIYMLAANK----------- 
hATP7B    628   HASLAQRNPNAHHLDHKMEIKQWKKSFLCSLVFGIPVMALMIYMLIPSN----------- 
xATP7A    633   STSLVKKDRSASHLDHRVEIQRWKRSFLISLIFCIPVMGLMVHMMFMENHYLMPHH-HNM 
hATP7A    628   EASLVKKDRSASHLDHKREIRQWRRSFLVSLFFCIPVMGLMIYMMVMDHHFATLHHNQNM 
LpCopA     77   ------------------EYLDMRRRFWIALMLTIPVVILEMGGHGLKH----------- 
 
  
xATP7B    674   ------DHHNTMVLDRNIVPGLSIINLVFFILCTFVQTLGGRYFYVQAYKSLKHKATNMD 
hATP7B    677   ------EPHQSMVLDHNIIPGLSILNLIFFILCTFVQLLGGWYFYVQAYKSLRHRSANMD 
xATP7A    692   TMEDIASYHPTMVLEYQIIPGLSIMNLVSLLLCIPVQFLGGWYFYIQAYKALKHRTANMD 
hATP7A    688   SKEEMINLHSSMFLERQILPGLSVMNLLSFLLCVPVQFFGGWYFYIQAYKALKHKTANMD 
LpCopA    108   -----------------FISGNGSS-WIQLLLATPVVLWGGWPFFKRGWQSLKTGQLNMF 
 
  
xATP7B    728   VLIVLATTIAYIYSVVILTVA-MVEKADKSP----ETFFDTPPMLFMFIALGRWLEHIAK 
hATP7B    731   VLIVLATSIAYVYSLVILVVA-VAEKAERSP----VTFFDTPPMLFVFIALGRWLEHLAK 
xATP7A    752   VLIVLATSVAFIYSLIVLIVA-IFEKSKVNP----ITFFDTPPMLFVFIALGRWLEHIAK 
hATP7A    748   VLIVLATTIAFAYSLIILLVA-MYERAKVNP----ITFFDTPPMLFVFIALGRWLEHIAK 
LpCopA    150   TLIAMGIGVAWIYSMVAVLWPGVFPHAFRSQEGVVAVYFEAAAVITTLVLLGQVLELKAR 
 
  
xATP7B    783   SKTSEALAKLISLQATEAAVVTFGANQIILREEQVAVELVQRGDIVKVVPGGKFPVDGKV 
hATP7B    786   SKTSEALAKLMSLQATEATVVTLGEDNLIIREEQVPMELVQRGDIVKVVPGGKFPVDGKV 
xATP7A    807   SKTSEALSRLISLQATEATVVILDPDNTVKSEEQVDVELVQRGDIVRVTPGGKFPVDGRV 
hATP7A    803   GKTSEALAKLISLQATEATIVTLDSDNILLSEEQVDVELVQRGDIIKVVPGGKFPVDGRV 
LpCopA    210   EQTGSAIRALLKLVPESAHRIKEDG-----SEEEVSLDNVAVGDLLRVRPGEKIPVDGEV 
 
  
xATP7B    843   IEGTSMADESLITGEPMPVRKKPGSMVIAGSINAHGTVLVEATHVGSETTLAQIVKLVEE 
hATP7B    846   LEGNTMADESLITGEAMPVTKKPGSTVIAGSINAHGSVLIKATHVGNDTTLAQIVKLVEE 
xATP7A    867   IEGQSMVDESLITGEAMPVSKKPGSSVIAGSINQNGSLLIAATHVGSDTTLSQIVKLVED 
hATP7A    863   IEGHSMVDESLITGEAMPVAKKPGSTVIAGSINQNGSLLICATHVGADTTLSQIVKLVEE 
LpCopA    265   QEGRSFVDESMVTGEPIPVAKEASAKVIGATINQTGSFVMKALHVGSDTMLARIVQMVSD 
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xATP7B    903   AQMSKAPIQQLADKISGYFVPFIIIISVVTLVTWIIIGFVNFDIIIKYFPSYSKNISKTE 
hATP7B    906   AQMSKAPIQQLADRFSGYFVPFIIIMSTLTLVVWIVIGFIDFGVVQRYFPNPNKHISQTE 
xATP7A    927   AQTSKAPIQQFADKLSGYFVPFIVAVSVLTLFVWIIIGYHNFEIVEKYFPGYNKSISKGE 
hATP7A    923   AQTSKAPIQQFADKLSGYFVPFIVFVSIATLLVWIVIGFLNFEIVETYFPGYNRSISRTE 
LpCopA    325   AQRSRAPIQRLADTVSGWFVPAVILVAVLSFIVWALLG--------------------PQ 
 
  
xATP7B    963   VIIRVAFQTSITVLSIACPCALGLATPTAVMVGTGVAAQNGILIKGGEPLEMAHKIKAVM 
hATP7B    966   VIIRFAFQTSITVLCIACPCSLGLATPTAVMVGTGVAAQNGILIKGGKPLEMAHKIKTVM 
xATP7A    987   VIVRFAFQAAITVLCIACPCSLGLATPTAVMVGTGVGAQNGILIKGGEPLEMAHKVKTVV 
hATP7A    983   TIIRFAFQASITVLCIACPCSLGLATPTAVMVGTGVGAQNGILIKGGEPLEMAHKVKVVV 
LpCopA    365   PALSYGLIAAVSVLIIACPCALGLATPMSIMVGVGKGAQSGVLIKNAEALERMEKVNTLV 
 
  
xATP7B   1023   FDKTGTITHGVPKVMRVLLLGDVVKMPLKRMLAVVGTAEASSEHPLGMAVTKYCKEELGT 
hATP7B   1026   FDKTGTITHGVPRVMRVLLLGDVATLPLRKVLAVVGTAEASSEHPLGVAVTKYCKEELGT 
xATP7A   1047   FDKTGTITKGTPVVMQVKVLVESNRMPSNKLLAIVGTAESNSEHPLGSAVIKYCKEVLNA 
hATP7A   1043   FDKTGTITHGTPVVNQVKVLTESNRISHHKILAIVGTAESNSEHPLGTAITKYCKQELDT 
LpCopA    425   VDKTGTLTEGHPKLTRIVT----DDFVEDNALALAAALEHQSEHPLANAIVHAAKEKG-- 
 
  
xATP7B   1083   ELLGYCTDFQAVPGCGISCKVNNIESVLVQNEE---GLNEQNSYRNSLIGT-----TDSS 
hATP7B   1086   ETLGYCTDFQAVPGCGIGCKVSNVEGILAHSER---PLSAPASHLN----------EAGS 
xATP7A   1107   ETLGTCYDFQAVPGCGISCKVNNIEPLLHAANG---PDNKRNAVLVQIDGQHEDSILPSI 
hATP7A   1103   ETLGTCIDFQVVPGCGISCKVTNIEGLLHKNNWNIEDNNIKNASLVQIDASNEQSSTSSS 
LpCopA    479   LSLGSVEAFEAPTGKGVVGQVD-------------------------------------- 
 
  
xATP7B   1135   LIITPELLGAQAPLAHTVLIGNREWMRRNGLHISTDVDEAMSSHEMKGQTAVLVAIDGEL 
hATP7B   1133   LPAEKDAV----PQTFSVLIGNREWLRRNGLTISSDVSDAMTDHEMKGQTAILVAIDGVL 
xATP7A   1164   TVSQNPSNGSSPPQTYSVLIGNREWMNRNFLTLTAETDSLMTEHEKKGRTAVLVAVDGVL 
hATP7A   1163   MIIDAQISNALNAQQYKVLIGNREWMIRNGLVINNDVNDFMTEHERKGRTAVLVAVDDEL 
LpCopA    501   --------------GHHVAIGNARLMQEHGGDN-APLFEKADELRGKGASVMFMAVDGKT 
 
  
xATP7B   1195   CGMIAIADTVKQEAALAVHTLKSMGIDVVLITGDNRKTAKAIATQVGIKKVFAEVLPSHK 
hATP7B   1189   CGMIAIADAVKQEAALAVHTLQSMGVDVVLITGDNRKTARAIATQVGINKVFAEVLPSHK 
xATP7A   1224   CGLIAIADTVKPEAALAIHSLRSMGLDIVLMTGDNSKTAKTIAAQVGITKVFAEVLPSHK 
hATP7A   1223   CGLIAIADTVKPEAELAIHILKSMGLEVVLMTGDNSKTARSIASQVGITKVFAEVLPSHK 
LpCopA    546   VALLVVEDPIKSSTPETILELQQSGIEIVMLTGDSKRTAEAVAGTLGIKKVVAEIMPEDK 
 
  
xATP7B   1255   VAKVQALQSDNKRVAMVGDGVNDSPALARADVGIAIGTGTDVAIEAADIVLIRNDLLDVV 
hATP7B   1249   VAKVQELQNKGKKVAMVGDGVNDSPALAQADMGVAIGTGTDVAIEAADVVLIRNDLLDVV 
xATP7A   1284   VAKVKQLQEQGTRVAMVGDGINDSPALAMADVGITIGSGTDVAIEAADVVLIRNDLLDVV 
hATP7A   1283   VAKVKQLQEEGKRVAMVGDGINDSPALAMANVGIAIGTGTDVAIEAADVVLIRNDLLDVV 
LpCopA    606   SRIVSELKDKGLIVAMAGDGVNDAPALAKADIGIAMGTGTDVAIESAGVTLLHGDLRGIA 
 
  
xATP7B   1315   ASIHLSKRTVRRIRLNFVFALIYNLLGIPIAAGVFMPAG-LVLQPWMGSAAMAASSVSVV 
hATP7B   1309   ASIHLSKRTVRRIRINLVLALIYNLVGIPIAAGVFMPIG-IVLQPWMGSAAMAASSVSVV 
xATP7A   1344   ASIDLSRKTVKRIRINFVFALIYNLVGIPIAAGVFMPVG-LILQPWMGSAAMAASSVSVV 
hATP7A   1343   ASIDLSRKTVKRIRINFVFALIYNLVGIPIAAGVFMPIG-LVLQPWMGSAAMAASSVSVV 
LpCopA    666   KARRLSESTMSNIRQNLFFAFIYNVLGVPLAAGVLYPLTGLLLSPMIAAAAMALSSVSVI 
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xATP7B   1374   LSSLQLKCYRKPDSDRYEARAQGHMKPLTPSQISVHIGMDDRWRDLPKTKAWDQISYISQ 
hATP7B   1368   LSSLQLKCYKKPDLERYEAQAHGHMKPLTASQVSVHIGMDDRWRDSPRATPWDQVSYVSQ 
xATP7A   1403   FSSLLLKLYRKPSREKLEQRVQGQMRQKSLSDISVHIGLTENRRTSTKLDLLDRIVNYSR 
hATP7A   1402   LSSLFLKLYRKPTYESYELPARSQIGQKSPSEISVHVGIDDTSRNSPKLGLLDRIVNYSR 
LpCopA    726   INALRLKRVTL------------------------------------------------- 
                 
  
xATP7B   1434   VSR---ASQKPKRHGSLVEQQ-DKWSLLINETHEDQMI--                1467 
hATP7B   1428   VSLSSLTSDKPSRHSAAADDDGDKWSLLLNGRDEEQYI--                1465 
xATP7A   1463   ASLNSFLSDKHSQHSIPLSEP-DKHSLLLGELKGEEDTFL                1501 
hATP7A   1462   ASINSLLSDKRSLNSVVTSEP-DKHSLLVGDFREDDDTAL                1500 
LpCopA    736   ----------------------------------------                 736 
 
 
  
 

M6 C-terminus 

Fig. S1. Sequence alignment of Cu+-ATPases. The protein sequences of Xenopus tropicalis ATP7A 
(xATP7A, NCBI sequence: NP_001361526.1) and ATP7B (xATP7B, NCBI sequence: XP_002936778.2), 
Homo sapiens ATP7A (hATP7A, NCBI sequence: NP_000043.4) and ATP7B (hATP7B, NCBI sequence: 
NP_000044.2), and Legionella pneumophila Cu+-ATPase (LpCopA, NCBI sequence: WP_010946759.1) are 
aligned. Domain boundaries and transmembrane helices are indicated for xATP7B. Conserved amino acids 
critical for Cu+ transport are highlighted. 
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Fig.  S2. Cryo-EM processing workflow. (A) Representative image and 2D class averages of xATP7BEM. 
(B) CryoSPARC ab initio model. (C) Simplified Cryo-EM image processing workflow for xATP7BEM. (D) 
Consensus, state 1 and state 2 density maps colored by local resolution using Blocres. (E-G) Fourier shell 
correlation (FSC) between two independent half-maps following non-uniform refinement (E), FSC 
between two independent half-maps following density modification (F) and FSC between density modified 
map and model following real space refinement (G). Black, blue and red curves correspond to consensus, 
state 1 and state 2 reconstructions, respectively.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Fig. S3. Cryo-EM density. Representative densities of the TM helices and cytoplasmic domains for the 
state 1 reconstruction. 
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Fig. S4. Structure of xATP7BEM in the E2-Pi state. (A) Active site in the P domain. (B) Superposition of 
structures of LpCopA (PDB: 3RFU) and the core of xATP7BEM. 
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Fig. S5. Surface electrostatic potential of the xATP7BEM core (A), MBD6 (B), and ATOX1 (C). 
Surface electrostatic potential is indicated by colors (red, −5 kT/e; white, neutral; blue, +5 kT/e). The frog 
ATOX1 model was generated on the basis of the crystal structure of human ATOX1 (PDB code: 1FEE).  
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Table S1. Cryo-EM data collection, refinement and validation statistics 

 
 xATP7BEM 

Consensus 
(EMD-25137) 
(PDB 7S13) 

xATP7BEM  
State 1 
(EMD-25138) 
(PDB 7S16) 

xATP7BEM 
 State 2 
(EMD-25139) 
(PDB 7S17) 

Data collection and processing  
Magnification    22,500x 22,500x 22,500x 
Voltage (kV) 300 300 300 
Electron exposure (e–/Å2) 58.8 58.8 58.8 
Defocus range (µm) -1.2 to -2.5 -1.2 to -2.5 -1.2 to -2.5 
Pixel size (Å) 0.85 0.85 0.85 
Symmetry imposed C1 C1 C1 
Initial particle images (no.) 1,889,296 1,889,296 1,889,296 
Final particle images (no.) 257,208 138,790 118,418 
Map resolution (Å) 
    0.143 FSC threshold 

3.19 3.32 3.49 

Density modified resolution (Å) 3.11 3.25 3.41 
  
Refinement  
Initial model used (PDB code) 3RFU 7S13 7S13 
Model resolution (Å) 
    0.5 / 0.143 FSC threshold 

3.25/2.71 3.34/2.73 3.46/2.92 

Model resolution range (Å) 300-3.1 300-3.2 300-3.4 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
6629 
879 
2 

 
6629 
879 
2 

 
5510 
728 
2 

B factors (Å2) 
    Protein 
    Ligand 

 
104 
41 

 
102 
51 

 
71 
48 

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

 
0.002 
0.385 

 
0.002 
0.460 

 
0.002 
0.474 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)   

 
0.99 
2.14 
0.00 

 
1.23 
4.57 
0.00 

 
1.40 
5.23 
0.00 

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

 
98.49 
1.51 
0.00 

 
98.61 
1.39 
0.00 

 
97.36 
2.64 
0.00 
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