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Supplementary Table 1. Primers for mutagenesis of human BSG, and human and mouse Xkr8

hBSG mutants N152Q and N186Q

forward primer

reverse primer

TCCGCTAGCGCGGCCAACTCCTAAAAAACCGCCACCATG

TCTCGAATTCGTCGATCACTTGTC

complementary mutagenizing primers

N152Q

CTCATGCAAGGCTCCGAGAGCAGGTTCTTC

GGAGCCTTGCATGAGGGCCTTGTCCTCAGAG

N186Q

CGGTGCCAAGGCACCAGCTCCAAGGGC

GGTGCCTTGGCACCGGTACTGGCCGGG

hBSG mutants A207C and P211C

forward primer

reverse primer

GTGTCGTGAGGAATTCGCCACCATGGCGGCTGCGCTGTTC

ATGGGTACATGAATTCGGAAGAGTTCCTCTGGCGGAC

complementary mutagenizing primers

A207C CACCTGTGCGCCCTCTGGCCCTTCCTGG GAGGGCGCACAGGTGGCTGCGCACGC
P211cC CTCTGGTGCTTCCTGGGCATCGTGGCTGAGG CAGGAAGCACCAGAGGGCGGCCAGGTG
hBSG mutant E230C
forward primer reverse primer
CTAGACTGCCGGATCCGCCACCATGGCGGCTG ATGGGTACATGAATTCGGAAGAGTTCC
complementary mutagenizing primers
E230A | ATCTACGCGAAGCGCCGGAAGCCC GCGCTTCGCGTAGATGAAGATGATGGTGACCAGC




mXKkr8 mutants

forward primer

reverse primer

GTGAGGAATTGGATCCATCATGC

ACAGATTCTCGAATTCGAGGACTCC

complementary mutagenizing primers

D12A GCCTTAGCCGTGGTCGTAGGCCTGGTG GACCACGGCTAAGGCCACATGGTGGTGC
D26A CTGCTGGCTCTGGTCGCTGACCTGTGG GACCAGAGCCAGCAGGAAAGACAAGATACTCAC
D30A GTCGCTGCCCTGTGGGCCGTTGTCCAG CCACAGGGCAGCGACCAGATCCAGCAGG
R42A CCTTGGCGCTTATCTGTGGGCCGCGCTG AGATAAGCGCCAAGGAGCACGTACTGGAC
W45A TTATCTGGCGGCCGCGCTGGTACTGG GCGGCCGCCAGATAACGGCCAAGGAGCACG
R98A CTGTATGCGTGTTTGCACGGAATGCATCAAGG CAAACACGCATACAGGTAGCCGAGCTGCAG
D129A | TCCCTGGCCATCAGCATGCTGAAGCTTTTCGAG GCTGATGGCCAGGGAGAGAAAGTCTGCGTAG
K134A | ATGCTGGCGCTTTTCGAGAGCTTCCTGGAGG GAAAAGCGCCAGCATGCTGATGTCCAGGGAG
E137A | CTTTTCGCGAGCTTCCTGGAGGCGACG GAAGCTCGCGAAAAGCTTCAGCATGCTGATG
E141A | TTCCTGGCGGCGACGCCACAGCTC CGTCGCCGCCAGGAAGCTCTCGAAAAGCTTC
Q155A | TGTATTGGCGAATGGCCAGGCGGAATACTACC CCATTCGCCAATACAATTGCCAGCACCAGTGTG
D180A | CTGCTGGCTTACCATCGGTCTCTGCGTACC ATGGTAAGCCAGCAGTGCCCACGAGATG
R183A | TACCATGCGTCTCTGCGTACCTGTCTTCCC CAGAGACGCATGGTAATCCAGCAGTGCCCAC

W310A

GGCACCGCGCTGCCCAGTGGGATCTCATTG

GGGCAGCGCGGTGCCGTGTGTCACCCAG




hXkr8 mutants, R214G, R280E, R284E, and D295K

forward primer reverse primer

AGTTAATTAAGGATCCGCCACCATGCCCTGGTCTAG CCTTGCTCACGAATTCTCCTTTCACAGGGCTGGCG

complementary mutagenizing primers

R214G | GTGGCCCGGAGTGCTGGCCGTGGCC AGCACTCCGGGCCACAGCAGCAGC

R280E | AGGGCGAGACAAGAGGCAGAGCCATCATC CTCTTGTCTCGCCCTCGGCCACGTTG
R284E | AGAGGCGAAGCCATCATCCACTTCGCTTTTC GATGGCTTCGCCTCTTGTCCGGCCCTC
D295K | CTGAGCAAGAGCATCCTGCTGGTGGCTAC GATGCTCTTGCTCAGCAGAAAAGCGAAGTGG

hXkr8 mutants, T302C and T305C

forward primer reverse primer

GTGAGGAATTGGATCCGCCACCATGCCCTGGTCTAG ACAGATTCTCGAATTCTCCTTTCACAGGGCTGGCG

complementary mutagenizing primers

T302C GTGGCTTGCTGGGTCACCCACTCTAGCTGG GACCCAGCAAGCCACCAGCAGGATGCTGTC

T305C TGGGTCTGCCACTCTAGCTGGCTGCCTAGC AGAGTGGCAGACCCAGGTAGCCACCAGCAG

*Mutated residues are underlined. The first 15 nucleotides are complementary to each other between the complementary mutagenizing
primers. Each mutant was prepared by PCR. Using hBSG, mXkr8 or hXkr8 cDNA as a template, PCR was carried out with the forward
primer and the second mutagenizing primer for the 5' part, and with the first mutagenizing primer and the reverse primer for 3' part. The

resultant PCR products for the 5' and 3' parts and linearized vector were fused by In-Fusion HD Cloning Kit (Takara).
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Chicken MAARGPARFGP LLAAAGAAAA G. WVAVGYARAGQPGCAALGLGLWAAGSAARQACSWLWFRSDPSTLRPEL—————
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mouse —————-—-— SRPFLALLHLLOLGYLYRCLHGMHQGLSMCYQEMPSE AYADFLSLDISML SF TPQLTLVLAIVLQNGQAE
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Human YYQWVGICTSFLGISWALLDYH TCLPSKPLLGLGSSVIYFLWNLLLLW AVALFSALFPSYVALHFLGLWLVLLLWVWLQ

mouse YYQWFGISSSFLGISWALLDYHRS CLPSKPRLGRSSSAIYFLWNLLLLGPRICAIALFSAVFPYYVALHFFSLWLVLLEWIWLQ
Chicken PSQGMGICTALLCVTWSLLDYHQSLRSFLQDKYEMGWGSSVIYFLWNLFLLCPRILALALFALLWPYGVAVHFPLVWLAMFIWVSLQ
Fugu TVQ-————————— SWM YHRSLRAFLPDKARKQGWGS SLIYFLWNFLLIAPRVAALALFASVVGGFVAVHFLLLWCVEVMWAWLQ
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Human GTDFMPDPSSEWLYRVIVATILYFSWENVAEGRTRGRAITHFAFLLSDSILLVAT-WVTHSSWLPSGIPLQLWLPVGCGCFFLGLAL
mouse GTNFMPDSKGEWLYRVTMALILYFSWENVSGGRTRGRAVIHLIFIFSDSVLLVTISWVIHGTWLPSGISLLMWVTIGGACFFLGLAL
Chicken GTDFMESPGPEQLY AVILYFSWENVAPGRTLYRSIIYHSFILLDSTLLTLA-WLWGHPPEEQRPYLIPVLCAALPCYLLGLLL
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hicken TYYGWLHPNVRAQP-RSGGDEVDAEGRHDGVVEFRSISEPSELRSVSGPDLVNSRLRCLARSHFPLSALAEPRLLNGAAAV————
Fugu VYYCCFHPTMRRPPARESSDLPDAEVTFRHFSIQDGAPSSPLLNRRMAAHAARFYSERRAVKNLGGVDAATSSPP——————————

Supplementary Fig. 1. Sequence alignment of Xkr8 orthologues. Sequences of Xkr8 from humans (UniProt: Q9H6D3), mice (UniProt:
Q8CO0TO0), chickens (Chick) (UniProt; Q49M60), and fugu (UniProt: H2TYQ9) were analyzed by the MUSCLE Program (EMBL-EBI).
Numbers above the first line are the amino acid positions for hXkr8. Conserved residues are indicated in red. Eleven a-helices are
shadowed and numbered. Negatively and positively charged residues in the lipid layer are highlighted in green, while the hydrophobic
amino acids forming the cleft for PtdCho are highlighted in yellow.
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Supplementary Fig. 2. X-ray diffraction analysis of the hBSGA-Fab complex. The
representative X-ray diffraction pattern of a crystal of Fab14 (a) and the lipidated
hBSGA-Fab complex (b) in buffer containing 33% PEG400. The area of high resolution

was enlarged in insets.
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XKR8 ————— MPWSSRGALLRDLVLGVLGTAAFLLDLGTDI.WAAVQYALGGRYLWAALVI.A L
XK e e MKFPASVIASVI'LFVALTTAAT.SLSSTYRSGGDRMWQALT L S
XKR2 MDRVYEIPEEPNVDPVSSLEEDVIRGANPRFTFPFSILFSTHILYCGEAASALYMVRIYRKNSETYWMTYTFS F
XKR3 METVFEEMDEESTGGVSSSKEEIVLGQRLHLSFPFSIIFSTVI .YCGEVAFG .YMFEIYRKANDTEWMSETIS| I
XKR4 MAAKSDGRLK--85--ALCLRLGREQRRYSLWDCLWIILAAVAVYFADVGTDVWLAVDYYLRGORWWFGLTLEF V
XKR5 - - - MHARLLCLSALT.QAANQSARLYTVAYYFTTGRLLWGWLAL. - V
XKR6 MAAKSDGGGV-101--AARPEPPPPQVERPWLDCLWIVLALLVFFGDVGTD . WLALDYYRKGDYNYFGLTLF V
XKR7 MAAKSDGAAA--29--PGVVGAGGPGPRYELRDCCWVL.CALLVFFSDGATD WLAASYYLONQHTYFSLTLL V
XKRY = - MKYTKQONFMMSVLGI | IYVTDLIVD WVSVRFFHEGQYVFSALALS M
60 80 a3a 100 Q3b
XKR8 ASVALOLFSWLWI.RADPAGLHG----SQPPRRCLAI.LHLLQL.GYLYRCVQE . ROGLLVWQQEEPS———————
XK PCALVOLTL-LIVHRDLSRDRP-————————— LVLIL.LHLLQLGPLFRCFEVFCIYFQSGNNEEPY-14-SEE
XKR2 SSTMVOLTL-IFVHRDLAKDKP-=-===—=—=——— LSLIMHLILL.GPVIRCLEAMIKYLTLWKKEEQE-16-EVL
XKR3 GAILDOITIL-MIFNKDLRRNKA-—=——————— ALLFWHILLLGPIVRCLHTIRNYHKWLKNLKQE-11-NTM
XKR4 GSIL.SVQVFSFRWIVHDFSTEDS-72-SFCIWLLOSLITHITLQLGQIWRYFHT I YLGIRSRQSGEND-————-——
XKR5 PGI'LVOALSYLWIRADGHP-————————— GHCSLMVMIHLLQLGVWKRHWDAALTSLQKELEAPHR-——————
XKR6 PSI.LVOSLSFRWEVQDYTGGGL-41-RLSVWIWQSV IHLLQOMGQVWRY IRTMYLGIQSQRRKEHQ-————-——
XKR7 PSI.VVOQLLSFRWEVYDYSEPAG-53-RLCIWLLOTLVHLLQLGQVWRYLRALYLGLOQSRWRGERL-————-——
XKR9 GTLVAQCFSYSWIKADLKKA-—-—-——-— GQESQHCFLI.LHCLQGCGVITRYWFALKRGYHAAFKYDSN----TSN
120 d4a 140 a4b 160 a5 180
XKR8 —-——-—- EFDLAYADFLALDISMI RLIETFLETAPQLTLVLA MI.QSGR-AEYYQWVGICTSFLGISWALLD'H-R
XK IEKEVGQAEGKLITHRSAFSRASVIQAFLGSAPQLTLQLY SVMQQD-VTVGRSILMTISLLSIVYGALRCNIL
XKR2 IEWEVGHSIRTLAMHRNAYKRIMSQTQAFLGSVPQLTYQLY SI.ISAE-VPLGRVVLMVFSLVSVTYGATLCNML
XKR3 LEREIAFSIRDNFMQQOKAFKY!/SVIQAFLGSVPQLILQOMY SITIRE-WPLNRALLMTFSLLSVTYGAIRCNIL
XKR4 ----RWRFYWKMVYEYADVSMIHLLATFLESAPQLVLQLC IVQTHS-LQALQGIFTAAASLVSI.AWALASYQ-K
XKR5 ————————- GWLQLQEADLSAI RLLEALLQTGPHLLLQTY FIASDF-TDIVPGVSTLFSWSSI.SWALVSYT-R
XKR6 --——- RRFYWAMMYEYADVNMI RLIU.ETFLESAPQLVLQLY MI.QKNS-AETLPCVSSVTSLMSI AWVLASYH-K
XKR7 ----RRHFYWOMLFESADVSMIRLLETFLRSAPQLVLQLS LVHRGGAPDLLPAL.STSASLVSIL.AWTLASYQ-K
XKR9 FVEEQIDLHKEVIDRVTDLSMIRLFETYLEGCPQLILQLY LI.EHGQ-ANFSQYAAIMVSCCAISWSTVDYQ-V
200 a6 220 o7 240
XKR8 RTCLPSKPLLGL-GSSVIYFLWNLI .LIL.WP A SALFPSYVALH LWLVLLIWVWLQ----GTDF'M
XK KIKYDEYEVKVKPLAYVCIFLWRSI'EIAT v TSVLKTWVVVI NFFSFFLYPWILFWCSGSPEP
XKR2 QIKYDDYKIRLGPLEVL.CITIWRT .EITS I SATLKLKAVPF NELIILFEPWIKFWRSGAQMP
XKR3 QISNDDTTIKLPPIEFICVVMWRFI.EVIS T TIASLKLKSI.PV IYFVSLLAPWLEFWKSGAHLP
XKR4 RDSRDDKKPISY-MAVIIQFCWHFI'T T ASVFQLYFCIF HWCIMT W!VHC----ETEFC
XKR5 GFMKPGHLAMPW-AAL!'CQQLWRMCMLGT S YKAYHFWVEVV HWLVMT! WL VAQ----QSDITI
XKR6 RDSRDDKKSMSY-RGAIIQVFWRLITISS S ASIFQLYFCIF HWCAMAFWI ITHG----GTDFC
XKR7 RDSRDDKRPLSY-KGAVAQVLWHLI'S A ASVYKLYFCIF HWCVMTI WV 1QG----ETDFC
XKR9 RKSLPDKKLLNGLCPKITYLFYKLI'TLLSWVLS LFLNVKIALFL LWLLGI IWAFKN----NTQFC
260 08 280 a9 300
XKR8 —————————— PDPSSEWLYR TVAT ILYFSWENVA-————————— EGRTRGRAIIHFAILL.SPSI-LLVATWVT
XK ENIEKALSRVGTTIVLCFLT LYTGI NMFCWSAVQLKIDSPDLISKSHNWYQLLVYYMIRFIENA-TTLLLWYL
XKR2 NNIEKNFSRVGTLVVLISVT LYAGINFSCWSALQLRLADRDLVDKGQNWGHMGLHYSVR V-IMVLVEKF
XKR3 GNKENNSNMVGTVLMLFLIT LYAAINFSCWSAVKLQLSDDKIIDGRQRWGHRILHYSFQFLENV-IMILVERF
XKR4 —————————— ITKWEEIVFD VVGI YIFSWFNVK-—-———————— EGRTRCRLFIYYFVIILENT-ALSALWYL
XKR5 —————————- DSTCHWRLFN LVGAVYILCYLSFW-—-———————— DSPSRNRMVTFYMVMI.LENI-ILLL.LAT-
XKR6 —=————————— MSKWEEILFN VVGIVYIFCWEFNVK-==—=—————- EGRTRYRMFAYYT I VLTENA-ALTFLWYF
XKR7 —————————— MSKWEEIIYN VVGI [ YIFCWEFNVK-————————— EGRSRRRMTLYHC I VL.LENA-ALTCFWYS
XKR9 —————————— TCISMEFLYR VVGF ILIFTFFNIK-————————— GONTKCPMSCYYIVRVLGTLGILTVFWVC

320 alo 340 all 360
XKR8 HSSWLPSGIPLQLWLPVCCGCFFLGLALRLVYYHWLHPSCCWKPDPDQVDGARSLLSPEGYQLPQ--25--END
XK FKTDIYMYVCAPLLVLQILLIGYCTAILFMLVFYQFFHPCKKLFSSSVSEGFQRWLRCFCWACRQQ--42--END
XKR2 FGVKVLLNYCHSLIALQLITIAYLISICFMLLFFQYLHPLRSLFTHNVVDYLHCVCCHQHPRTRVE--15--END
XKR3 FGGKTLLNCCDSLIAVQLIISYLLATCFMLLFYQYL.YPWQSGKVLPGRTENQPEAPYYYVNIEKT--30--END
XKR4 YKAPQIADAFAIPALCVVFSSFLTGVVFMLMYYAFFHPNGPRFGQSPSCACEDPAAAFTLPPDVA-108--END
XKR5 -DFLQGASWTSLQTIAGVLSGFLIGSVSLVIYYSLILHPKSTDIWQGCLRKSCGIAGGDKTERRDS-339--END
XKR6 YRDPETTDSYAVPALCCVFISFVAGIAMMLIL.YYGVLHPTGPRAKILASSCCAELLWGIPLPPDVE-114--END
XKR7 SRNF-STDFYSLIMVCVVASSFALGIFFMCVYYCLLHPNGPMLGPQAPGCIFRKASEPCGPPADA-111--END
XKR9 PLTIFNPD-YFIPISITIVLTLLLGILFLIVYYGSFHPNRSAETKCDEIDGKPVLRECRMRYFLME-—-——————

Supplementary Fig. 3. Alignment of amino acid sequences of the human XKR
family. Amino acid sequences of XKR8 (Q9H6D3), XK (P51811), XKR2 (Q6PP77),
XKR3 (Q5GH77), XKR4 (Q5GH76), XKRS5 (Q6UX68), XKR6 (Q5GH73), XKR7
(Q5GH72), and XKR9 (Q5GH70) were aligned by introducing several gaps to obtain
maximum homology. Amino acids that were identical among all members are shown in

red, while those in the same categories (non-polar: G, A, V, I, L, P, F, W, and M;



uncharged polar: S, T, C, Y, Q, and N; charged polar: D, E, K, R, and H) are in orange.
Eleven a-helices are shadowed and numbered. Hydrophobic amino acids forming the
cleft carrying PtdCho are highlighted in green, while the charged amino acids that lie in
the putative phospholipid path are in yellow. A pair of amino acids in XK (R222 and
E327), the mutation of which was identified as missense mutations in McLeod

34,35

syndrome’*~, are highlighted in magenta. Numbers above the first line are the amino

acid positions for human XKRS.
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Supplementary Fig. 4. Representative gating strategy for flow cytometric analysis. a, Gating
strategy for flow cytometric analysis of Annexin V staining of Ba/F3 transformants expressing the
GFP-tagged hXkr8 (Fig. 4a,d, Fig. 5h, and Fig. 6a,b.e.f.). b, Gating strategy for flow cytometric
analysis of NBD-SM incorporation by Ba/F3 transformants (Fig. 4¢,d, Fig. 6d, and Extended Data
Fig. 8a,b). ¢, Gating strategy for flow cytometric analysis of Annexin V staining of W3
transformants (Extended Data Fig. 1c).
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