
Supplementary information

Mechanism of centromere recruitment of the CENP-A chaperone HJURP and 
its implications for centromere licensing 

Dongqing Pan, Kai Walstein, Annika Take, David Bier, Nadine Kaiser & Andrea Musacchio

Including Supplementary Figures 1 to 8.

Supplementary Data 1 (a resource table), Supplementary Data 2 (details of cross-links identified) 
and a Source Data file are available as separate Excel files.



Supplementary Figure 1. Amino-acid sequence alignment of mammalian HJURP.
Multiple sequence alignment was generated using ClustalW (Larkin et al. 2007). Residues that are identical in all 
sequences are shaded red, and residues that only have conserved substitutions with similar properties are shaded 
yellow. Secondary structure prediction was performed using PSIPRED (Buchan et al., 2013). Green bars indicate the 
residues predicted to be in α-helical conformation. Blue arrows indicate the residues predicted to be β-strand. Red 
boxes indicate the parts of this alignment presented in Figure 1G. The amino-acid sequences were retrieved from 
UniProt or Ensembl databases with following identifiers: human, Q8NCD3 (UniProt); bat, G1PWU4 (UniProt); 
dolphin, ENSTTRP00000004146 (Ensembl); cow, E1BB33 (UniProt); cat, ENSFCAP00000051395 (Ensembl); arma-
dillo, ENSDNOP00000013322 (Ensembl); mouse, Q6PG16 (UniProt).
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human MLGTLRAMEGEDVEDDQLLQKLRASRRRFQRRMQRLIEKYNQPFEDTPVVQMATLTYETPQGLRIWGGRLIKERNEGEIQDSSMKPADRT
bat RFGSPCAMEGEVSGDDVLMQKLKKSRHRFQRHMQQLLEKYNQPFEDAPVVQMSTLTYETPQGLRIWGGRLEKEKSKGQIQGSPEQTVGRR
dolphin AFGCLRAMEGEVLGEDALLQKLRDSRRRFQRRMQQLIEKYNQPFEDAPVVQMSTLTYETPQGLRIWGGRLIKERNTGQIQGSPVKTDDRT
cow -------MEGEVLSEDELLMKLRDSRCRFQRRMQQLIEKYNQPFEDGPVIQMSTLTYQTPQGLRIWGGGLVK-RSTGHM----------T
cat -------MEGEPLGEDALLWQLRDSRRRFQTRMQRLIEKYNQPFEDAPLVQMSTLTYETPQGLRIWGGGLVKEKNKEQIQVFNIRPLFGV
armadillo -MESVCAMESESLEKAALVRKLQDSRCRFQRRMQQLIEKYNQPFEDAPLVQMTTLTYETPQGLRIWGGGLIKEMNTEQIQESFVELVNGI
mous e -------MESMGRQDRRLHQQLKESSSRFQTLMKRLIAKYNQPFEDDPLVEMRTLTYETPQGLRVWGGKLMKKEDKEYTQVIDRLNGQAP

       100        110       120       130       140           150       160       170     

human DGSVQAAAWGPELPSHRTV-LGADSKSGEVDATSDQEESVAWALAPAVPQSPLKNELRR----KYLTQVDILLQGAEYFECAGNRAGRDV
bat DGAVQATAGGDELPVPYTQDLGEDSKSSDLDATLYQEDLAAGALMPAVPWSPLKDDLRR----KYLTQVDILLQDKGCAEYD-HGDGNDT
dolphin DGSTRVPAGGHELPLPCTQ--VEDSVSSDTDTTLFQEDVVAGNLMPAVPWSPLKNELRR----KYLTQVDILLQDEGCLEGASYGEGKDT
cow DGSVRVPAGDLELPPPDTP--ANGEWSWCWTESTQVSDLPSG-CQPAVPWSPSKNELRR----KYLTQVDILLQDEGCLECAGYGEGKDT
cat SQGAPVVPGTTCLLFPRLG---------LISPSFQWDNTDSLLCQPAEPWSPLKNELRR----KYLTQVDVLLQDEGCLECTGDGGGEDA
armadillo NGPVQAAGKGRSVSVPRTV-QLLDLRSNDFDATLDLEDPVAGVVRPTV-LSPLRSEVDMSRGDESCLEDSTLFNHWLWFQCTENGGGRDT
mous e EGDSESSGADTSLEENWPS----------CSSAMREASGDPRQRQPAVPGNTLETDLRR----KYLTQVDILPQDEEYFKNAEKRGGKDT

  180       190       200       210       220       230        240       250       260    

human RVTPLPSLASPAVPAPGYCSRISRKSPGDPAKPASSPREWDPLHPSSTDMALVPRNDSLSLQE-TSSSSFLSSQPFEDDDICNVTISDLY
bat CVTLVPSLASPPRPAHGYCGHVSEDS---PFEPAASSR------LCSPDTVIVPRNDSVSLQE-TSSHSFLSSQSFVAGDICNVTISDLY
dolphin RTTLVPSLASPARPARGYYGGNSEESPGGPFQPTSLPREGDALHSSSADLALVPRGDGISLQGGTGGSSFSSGPCSEAEDICNATLSDLY
cow HVTLAPSLASPARPAQGYCKDISEDRPGGPLQPPPSPREGDASHSCSAGQAMMPRGDGIPLHG-TGGGSFSSSPCSKGEDVCNATLSDLY
cat RVTLSPPLASPAGPAPGRRGRVSGESPGGPVKPAS--------RPCSADLAVVPRSDSVSLQG-TGGHSFSSSLSFEPDDICDVTISDLY
armadillo RLTLSPSLASPAKTALGHYSDVYAKNLGHPIDSASSHGECGPSRPRSADMALVPRNDSLWLPG-TRDGSFLNSQSFEAEDTCDVTISDLY
mous e VMTWVPSVTSSVTPASGCQDAISAKSSGGPEVSALSSRGQGPSYPCPADMAIVARSDGLSLLG--TSSNSVSSQSFEVDDLCNVTISDLY

   270       280        290       300         310       320       330       340       350 

human AGMLHSMSRLLSTKPSSIISTKT-FIMQNWNSRRRHRYKSRMNK--TYCKGARRSQRSSKENFIPCSEPVKGTGALRDCKNVLDVSCRKT
bat AGMLHSMSRLLSSKPSCVISTKT-FIVRNWSSRRRHGCKSRMNR--TYCRGGRHARRDSQETLVPCSEPVKEAGVLRESQNFRDLSGQKA
dolphin AGMLHSMSCLLGVRPSCVISTKT-FIRQHWSSKRRHRCKSRMDR--TSCRGGGRSRRSPRERRPPGSEPAKDVAVLRDRENVLDVSGHKT
cow AGMLHSMSRLLGARPSCIISTKT-LIGQNWSFRRRHRCKGRMNR--TSCRGGGRSRQSPQERRPPCSEPLEDAGTLRDRGNLPDVSVPKT
cat AGMLHSMSLLLSAKPSCIISTKTSFVLHNWSSRRRCS-RSRVNR--THCRGGRRPHRASQERLPVRAGPGRDRGALRDCENVLDASGQKT
armadillo TGMLHSMSQLLSAKPSCTISTKT-LIVQNWNSRRRLRGKNRMNK--TYCRGGRPSQRSSKKRAFPSYEPGKKVEVLRDAKNLLNASCHQT
mous e EGMMHSMSRLLRSKPSCIISTKT-YINQSWKLRRRPSRKQGLHKNRTHCPRSKPSQRSARKGPASCSEPGKEAGILRDYGNLLHVAPHKT

      360       370       380        390       400       410       420       430       440

human GLKLEKAFLEVNRPQIHKLDPSWKERKVTPSK-YSSLIYFDSSATYNLDEENRFRTLKWLISPVKIVSRPTIRQGHGENRQREIEIRFDQ
bat GLKLEKAFPEVNKLQIS------KELKGTPRK-LSSLTYVDSSVTHRLDRENRLMTLKWLISPVKVVSRPRMLQGEGGNHYGAFDSKFKK
dolphin GLKLGRAFLEVNQPQIHAFASHWKELPRTPQKHHSSLTYLDSNAVYHLDQENRFMTLNWLISPVKIGSRPRVPPGEGGNRYREIEIRFDK
cow DLKSGRALLKVNKPQIHTFTPPWKELQGMPQK-HSSLTYLDSKVLSPLDQENRFVTLKWLISPVKIASRPRILRGQAGSRFKEIEIKFDK
cat GLKLDKAFLEVNKSQVLKWGPSWKESLTPQGR--SLLPYGDSRAVCHLDQKNRYKALKWLISPVKIVSRPRILPGKRGNHYREIEIRFDK
armadillo GSKLGKVFLEVNKPQIRKSDPSRKELRLTPQK-HSSLTYLR----HNDDQENRLMALKWLISPVKTVSNLGTRQGHRGNRYREIEINFEK
mous e GLELKSVSLEGSKRQVHKSSPAWKELQMMPQK----------DLDLNRERENRVMTLQWLISPVKVVPRPRMLPSQVEKWYREIKIKFDK

       450       460         470       480       490       500         510       520      

human LHREYCLSPRNQPRRMCLPDS--WAMNMYRGGPASPGGLQGLETRRLSLPSSKAKAKSLSEAFENL--GKRSLEAGRCLPKSDSSSSLPK
bat LHQKYCPSPRKQLGLTYLPSSSSFGVDVLRSGLASPRSPQGLETHRPSRPLSKAKVKSLNEAFKNL--GKWAIETGRCLPQSDSSASFSK
dolphin LHQEYCSNLRKQPCLTYLPSSS--AVDVYRGGPASPGSPQGIEAHRPSSPLRRAKAKRLSEAFESL--GKGSIREGSCPPKSDSFPSLSK
cow LHQEYCLSPGKQLSLTYPPGS---AVDVYRGGPMSPGSPQGLEAHRLSSPLCKSKAKRLSEASEGL--GRRSIRVGSCLPESESFPSLSK
cat LHQEYCPSPRKQPVLTSLPESS--AVDVYRGGPASPRGPRGFETRRLSGTFGTAEAKRFNEAFEEL--GDRARGAGRCLQRRGSPPPLPE
armadillo LHQEYCPNPGKQPSLTYLPSS--WGMDVYRG------SPKGSETQRLSITFP----KRLSESFENQ--GERSLEGGRYLLKSNSDSSLSK
mous e LHQEYCLSSGKQPRLTDPTES--WAVDVYRSGSKSPGSRQDVETCRPSSPFGREKTERPGEALEDLRGNGKSVKTKSCLLRSCPSP---E

 530       540       550       560       570       580       590       600       610      

human TNPTHSATRPQQTSDLHVQGNSSGIFRKSVSPSKTLSVPDKEVPGHGRNRYDEIKEEFDKLHQKYCLKSPGQMTVPLCIGVSTDKASMEV
bat TDPTWSPGCSDPTADLFRE-NPLGILRESAALSKAISVPGVHPLGSARDRYDGIREKFDQLHQQYCQKSPQRAKVPFCAEASPDEASVEV
dolphin TNSTCSPGRSEQTSDLACQGNDLGGFRKSVSLNKAISVPRVQPPGCARDRYDDIKEKFDKLHQKYCQKSLQQTQVPSGTRASPDKASVGV
cow TNPTCSAGRPEHTVDLVCL--------ESVSFSKAISVPRVQPLGFARDRYDDIKEKFDKLHRQYCQKSPQQTQAPS------DKARAGV
cat TSPVQGPRRSEQTLLFQGN-NSLGTLRKSASPNRPTSVAGVQPLSCGRDRYKEIKEKFDKLHQKYCQQSPPRTKALLRVGACPDKASLEV
armadillo TDAAHSTSHFELTCNSLFQGGHPGVFRMLFSPSKAMPKPGLQALGGGRNHYDEIKEKFNKLHQKYCQKLPQQTKETLCIRHSPNKASTLV
mous e GSPSRSPSHSQLSSGLQEHNSEPTG--KAVWPSTAISAPSIGSPGCGKDNYYELKKEFNRLYQKYCLS-PQRAKVTSCGRVSPMKAAAAL

 620       630       640       650       660       670       680       690       700      

human RYQTEGFLGKLNPDPHFQGFQKLPSSPLGCRKSLLGSTAIEAPSSTCVARAITRDGTRDHQFPAKRPRLSEPQGSGRQGNSLGASDGVDN
bat QNQTEAFFKKLDPDSGLLGPRKLSSSLQRSIRSSRDSTTVEPHPSPWFELAASCR----PQPHAKRRRLSDPQVCGRWAESQDPSRMVGR
dolphin RYPKEDFSGKFRPDSGSQGPPSLSSSPQQSIKSPLGSNTIRAPPSTGFALDASWG----HQVPAKRRRLSDPQVCRRWTGPWDFS-PVGR
cow RYQKEGFSVKFNPDSGCRGPPSLSSSPQQSVKSPLASNTVGAPPSMDVALAAGSG----HQVPTKRCRLSDPQVCGEGARPWSFS-PVGR
cat RYQRGTLG-KLNPDSGFQSPPKLSASPQQSIERPLRLTATEAQPLTCLVLTAARG----LRSPPKRRRLSDSVLCGRWASSQDSSRVVGQ
armadillo QYKKDDLG-KFNPDPCLQGLQKLSS-PQCSMKSPWGSTPVKVLPSTRIAQASRRD----HLAPAKRRRLSDPQLCGQWADCWNPSSVMSR
mous e PCQSEHLK-RLNPDSPQQSSQKRSISPGCHRRVLQDSTAQTAS-------TLVRD----SWLPTKRCKLSYPVACAHQAKFHDTSGASGW

  710       720        730       740         

human TV-RPGDQGSSSQPNS-EERGENTSYRMEEKSDFMLEKLETKSV-
bat AFPRPGKEVCSSPDWE-RKRGKSTSFRMEDK--------------
dolphin AIPRPGEEAGSVATWE-EKGKNNTSFRMEEKSDFVLENLKAENLL
cow AMPRP----------------------------------------
cat PIPRPGERSSPHSPAE-KKRCNNTSVKMEEKSDFVFEKFKAGEV-
armadillo AIPRPQEEAVCPLQLDFEEKGSNLSFQMEERNDFGLENFKAKHL-
mous e P--------------------------------------------
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Supplementary Figure 2. Characterization of HJURP R1 and R2.
(A) Amylose-resin pull-down assays showing that HJURP555–748 binds more weakly than HJURP541-748 to 
Mis18core. (B) Sedimentation velocity AUC results of MBP-HJURP394–540 and MBP-HJURP541-748.
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Supplementary Figure 3. Protein expression and HJURP depletion in HeLa cell lines.
(A) Western blots showing doxycycline-induced expression of EGFP-HJURP variants and SNAP-CENP-A in the 
stable HeLa cell lines used in this study. Cells were treated with 50 ng/mL doxycycline for 24 hours before harvest-
ing. Clear lysate (containing 50 µg protein) obtained after cell disruption and centrifugation was applied on each lane 
of SDS-PAGE gels and blotted using the antibodies indicated in the figure. (B) Western blotting results showing the 
efficient depletion of the endogenous HJURP by the HJURP Stealth siRNA. Clear lysate containing 25 µg protein 
was analyzed for each condition. Source data are provided as a Source Data file.
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Supplementary Figure 4. Characterization of Mis18core variants.
(A) Sedimentation velocity AUC results confirm the hexamer state of Mis18α78–C:Mis18β65–C. (B) Amino-acid sequence align-
ment of Mis18α. Residues that are identical in all sequences are shaded red, and residues that only have conserved substitutions 
with similar properties are shaded yellow. The residues in the boxed region (blue rectangle) are shaded in red and yellow accord-
ing to their conservation among the mammalian species compared in this alignment. The amino-acid sequences were retrieved 
from UniProt, Ensembl or NCBI Protein databases with following identifiers: human, Q9NYP9 (UniProt); dolphin, 
A0A2U3V0K3 (UniProt); cow, A5D7N9 (UniProt); cat, M3WWJ6 (UniProt); armadillo, ENSDNOP00000004670 (Ensembl); 
mouse, Q9CZJ6 (UniProt); chicken, E1BQA3 (UniProt); frog, XP_002938488.2 (NCBI Protein). (C) Amylose-resin pull-down 
assays showing that deletion of the Mis18α N-terminal tail did not affect the interaction of Mis18core with M18BP11–60.
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human MAGVRSLRCSRGCAG-GCECG-DKGKCSDSSLLGKRLSEDSSRHQLLQKWASMWSSMSEDASVADMERAQLEEEAAAAEE--RPLVFLCS
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Supplementary Figure 5. Mis18α56–C mutant is functional for centromere localization and CENP-A deposition.
(A) Western blotting results showing the effective depletion of the endogenous Mis18α by Mis18α siRNA. Clear lysate containing 
100 µg protein was analyzed for each condition. (B) Western blots showing doxycycline-induced expression of EGFP-Mis18α 
variants and SNAP-CENP-A in the stable HeLa cell lines used in this study. Clear lysate was prepared as described in the legend 
of Supplementary Fig. 3. Clear lysate containing 100 µg protein was analyzed by SDS-PAGE and western blotting using the 
antibodies indicated in the figure. (C) Representative images showing the fluorescence of SNAP-CENP-A and EGFP-NLS, 
EGFP-Mis18α or EGFP-Mis18α56–C in the fixed HeLa cells. CENP-A deposition experiments were performed as described in 
Figure 2A using Mis18α siRNA instead of HJURP siRNA. White scale bars indicate 10 µm. (D) Quantification of the centromere 
fluorescence intensity of SNAP-CENP-A and EGFP signals. The bar graphs represent mean values from three replicate experi-
ments (blue dots indicate the mean values from each experiment). Error bars indicate standard deviations. Source data are provided 
as a Source Data file. 
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Supplementary Figure 6. HJURP forms a stable complex with Mis18core and M18BP1
(A, B) SEC profiles and SDS-PAGE gels showing the results of sample preparation of Mis18α56–C:Mis18β:HJURP394–C 
complex or Mis18α56–C:Mis18β:MBP-HJURP394–C for AUC experiments. TEV protease was used to cleave off the 
MBP-tag from MBP-HJURP394–C to obtain Mis18α56–C:Mis18β:HJURP394–C in (A). Black arrows indicate the SEC 
fractions from which samples were taken for AUC analyses presented in Figure 5G. (C) Best-fitting results of the 
sedimentation velocity AUC data of the AUC analyses presented in Figure 5G. (D) SDS-PAGE gels showing the samples 
used for the AUC analyses presented on Figure 6F. (E) Best-fitting results of the sedimentation velocity AUC data of the 
AUC analyses presented in Figure 6F. Source data are provided as a Source Data file.
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Supplementary Figure 7. UV-cross-linking experiments of HJURP incorporating Bpa or AbK and additional binding assays.
(A) SDS-PAGE gel images showing the protein samples at each step of UV-cross-linking experiments. Step 1, Mis18α56–C:Mis18β was 
incubated with MBP-HJURP fragments (with C-terminal 8His-tags) containing Bpa- or AbK-substitution at the indicated positions. 
Step 2, protein samples were exposed to UV light for 30 min. Step 3, unbound fraction of the Ni2+-affinity purification was separated 
from the Ni2+-resin. Step 4, Ni2+-resin-bound fraction contained cross-linked products and free MBP-HJURP fragments and 
HJURP-bound Mis18α56–C:Mis18β. Step 5, Ni2+-resin-bound fraction after washing the beads with urea buffer contained less 
non-cross-linked Mis18α56–C:Mis18β. (B) Amylose-resin pull-down assays showing that HJURP394–C does not pull-down the trimeric 
helix-bundle of Mis18α:Mis18β. Buffer B was used for the pull-down assays. (C) Sedimentation velocity AUC results of Mis18α
56–C,V211D:Mis18β. 
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Supplementary Figure 8. Chemical structures related to the chemical synthesis of 3’-azibutyl-N-carbamoyl-lysine.
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