Supplementary Figure 1: Conservation of amino acid residues in microsporidian ISC and CIA
proteins.

Multi-sequence alignments are provided for a) the ferredoxin oxidoreductase Arhl, b) the ferredoxin
Yahl, c¢) the monothiol glutaredoxin, d) the ABC transporter Atm1, e) the metal-binding P-loop NTPases
Cfd1 and Nbp35, f) the CIA targeting complex protein Cial, g) the CIA targeting complex protein Cia2,
h) the iron-only hydrogenase-like CIA factor Narl, and i) the electron transfer chain components Dre2

and j) Tahl18.



a. Ferredoxin oxidoreductase Arh1l

Arhl Tra hom
Arhl Enc cun
Arhl Enc_int
Arhl Nos cer
Arhl Ent bie
Arhl Sac cer
Arhl Neu cra
Arhl Hom sap
Arhl Cry par

Arhl Tra hom
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Arhl Hom sap
Arhl Cry par
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Arhl Tra hom
Arhl Enc cun
Arhl Enc_int
Arhl Nos cer
Arhl Ent bie
Arhl Sac cer
Arhl Neu cra
Arhl Hom sap
Arhl Cry par

Arhl Tra hom
Arhl Enc cun
Arhl Enc int
Arhl Nos cer
Arhl Ent bie
Arhl Sac cer
Arhl Neu cra
Arhl Hom sap
Arhl Cry par
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Arhl Tra hom
Arhl Enc cun
Arhl Enc int
Arhl Nos cer
Arhl Ent bie
Arhl Sac cer
Arhl Neu cra
Arhl Hom sap
Arhl Cry par

Arhl Tra hom
Arhl Enc _cun
Arhl Enc int
Arhl Nos cer
Arhl Ent bie
Arhl Sac cer
Arhl Neu cra
Arhl Hom sap
Arhl Cry par
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Arhl Ent bie
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Arhl Ent bie
Arhl Sac cer
Arhl Neu cra
Arhl Hom sap
Arhl Cry par

Arhl Tra hom
Arhl Enc cun
Arhl Enc_int
Arhl Nos cer
Arhl Ent bie
Arhl Sac cer
Arhl Neu cra
Arhl Hom sap
Arhl Cry par
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Arhl Ent bie
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Arhl Hom sap
Arhl Cry par
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Abbreviations: Tra _hom, Trachipleistophora hominis, Enc cun, Encephalitozoon cuniculi; Enc_int,
Encephalitozoon intestinalis; Nos_cer, Nosema ceranae; Ent_bie, Enterocytozoon bieneusi; Sac_cer,
Saccharomyces cerevisiae; Neu cra, Neurospora crassa; Hom sap, Homo sapiens; Cry par,
Crystosporidium parvum.

Conserved residues situated close to the prosthetic group FAD are highlighted in yellow'~. Conserved
residues situated close to the cofactor NADP™" are highlighted in .

In bold: Consensus sequence of four highly conserved peptide segments in Arhl homologues. All of
these polypeptide motifs map to the active-site of Arhl and make contacts with both FAD and NADP.
Three of the motifs are involved in binding FAD: 1) [VI]-[VI]-G-X-G-P; 2) G-L-X-R-X-G-X-A- P-D-
H-X(3)-[KR] note that this motif is not conserved in microsporidia; and 3) G-W-X(3)-G-X(2)-G. The
last motif is involved in binding NAD: G-X-G-N-V-X(2)-D- X(2)-R>.

The Arhl-Yahl complex displays a highly charged surface arising from interacting surfaces that are
predominantly acidic (Yahl) or basic (Arh1). In green: basic residues from Arhl involved in salt bridges
with acidic residues of Yah1?.

_: Basic Amino acids from Arhl that share properties with those residues shown empirically
to interact with Yahl. The Arg 239 and 243 from the human sequence (underlined) were experimentally
shown to have binding affinity for Asp76 and Asp79 of ferredoxin>®.



b. [2Fe-2S] ferredoxin Yahl

Yahl Tra hom
Yahl Enc cun
Yahl Enc_int
Yahl Sac cer
Yahl Neu cra
Yahl Hom sap
Yahl Gia int
Yahl Tri vag
Yahl Cry par

Yahl Tra hom
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Yahl Enc_int
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Yahl Neu cra
Yahl Hom sap
Yahl Gia int
Yahl Tri vag
Yahl Cry par
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Yahl Hom sap
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Abbreviations: Tra_hom, Trachipleistophora hominis; Enc_cun, Encephalitozoon cuniculi; Enc_int,
Encephalitozoon intestinalis, Sac _cer, Saccharomyces cerevisiae; Neu cra, Neurospora crassa,
Hom_sap, Homo sapiens; Gia_int, Giardia intestinalis; Tri_vag, Trichomonas vaginalis;, Cry par,
Crystosporidium parvum.

Residues involved in coordination of the [2Fe-2S] cluster are highlighted in .7’8. Acidic residues that
interact with Arhl are highlighted in green®. The glutamic acid residue (D to E change) in ThYahl is
highlighted in _ The replacement of D76 (underlined) with E in human Yahl1 resulted in a
strong increase in the Km value while replacement of D79 with E (as in the 7. hominis sequence)
exhibited only a slightly reduced binding affinity’. The two-conserved acidic regions are in bold.
Ferredoxins containing a [2Fe-2S] cluster comprise two major groups: the plant and the vertebrate-type.
They exhibit distinctive biochemical and structural properties. The vertebrate type is present in almost
all living cells except Archaea. The amino acid residues that distinguish the vertebrate type from the
plant type are highlighted in light blue.



c. Monothiol glutaredoxin Grx

Grx3 Tra hom
Grx5 Enc_cun
Grx3 Enc_int
Grx3 Nos cer
Grx3 Ent bie
Grx5 Sac _cer
Grx5 Neu cra
Grx5 Hom sap
Grx5 Gia int
Grx3 Cry par

Grx3 Tra hom
Grx5 Enc_ cun
Grx3 Enc_int
Grx3 Nos cer
Grx3 Ent bie
Grx5 Sac cer
Grx5 Neu cra
Grx5 Hom sap
Grx5 Gia int
Grx3 Cry par

Grx3 Tra hom
Grx5 Enc_ cun
Grx3 Enc_int
Grx3 Nos cer
Grx3 Ent bie
Grx5 Sac cer
Grx5 Neu cra
Grx5 Hom sap
Grx5 Gia int
Grx3 Cry par

Grx3 Tra hom
Grx5 Enc_cun
Grx3 Enc_int
Grx3 Nos cer
Grx3 Ent bie
Grx5 Sac_cer
Grx5 Neu cra
Grx5 Hom sap
Grx5 Gia int
Grx3 Cry par
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Grx3 Tra hom IDKLEFVGGLDTFKKMKEKKIVQOKMLFPGDQ—--————=——————— EEIE

Grx5 Enc_cun IGGRFIGGLDVVRKMSEKGELRREIQ—-—-—-=-=-=—-——————————— ETI
Grx3 Enc_int IRGRFIGGLDIVRKMSEKGKLKDELS——=—=——=———————————— GII
Grx3 Nos_ cer VNGKLIGGCDILKKLNETKELTKIL-—-—-=-=—=———————————— NKOQ
Grx3 Ent bie VDGQFIGGLDAFTDITRC——=-=—==-——— === ————————— DKI
Grx5 Sac _cer VNKEFIGGCDVITSMARSGELADLLEEAQALVPE-———— EEEETKDR
Grx5 Neu cra IDKEEFVGGCDIIVSMHONGELAKLLEEKDVLVKGEEGAAEEQTEKKE
Grx5 Hom sap LNGEFVGGCDILLOMHONGDLVEELKKLGIHSALL---DEKKDQDSK
Grx5 Gia int VKGELIGGSDIIQQLHESGELRKVCG-—-———-——-—————————— LPD
Grx3 Cry par INGEFIGGLDILNEMHSNGELVNEIPK-—-—-—-—-—-———-——————— DAF

Abbreviations: Tra_hom, Trachipleistophora hominis; Enc_cun, Encephalitozoon cuniculi; Enc_int,
Encephalitozoon intestinalis; Nos_cer, Nosema ceranae; Ent_bie, Enterocytozoon bieneusi; Sac_cer,
Saccharomyces cerevisiae; Neu_cra, Neurospora crassa; Hom_sap, Homo sapiens; Gia_int, Giardia
intestinalis, Cry_par, Cryptosporidium parvum.

Monothiol glutaredoxins bind a [2Fe-2S] cluster in a bridging fashion. The iron atoms are coordinated
by the cysteine in the active site CGFS (in yellow) of the protein and a cysteine from bound glutathione.
Monothiol glutaredoxins from bacteria and Grx3 and Grx4 from yeast form homodimers and it has been
proposed that switching from dimeric to monomeric conformation releases the [2Fe-2S] cluster to
acceptor proteins. In human, the holo-GLRXS is tetrameric, whereas the metal free protein is also
monomeric!®!3. The amino acids involved in inter-subunit interaction in human Grx5 are shown in
green. The amino acids in - stabilize a loop in the tetrameric structure that shields the [2Fe-2S]
cluster. In light blue and bold: essential residues for the biological activity of yeast Grx5'*. The
glutaredoxin domain (PF00462) is underlined in blue. The N-terminal thioredoxin-like domain
(SSF52833) identified in E. cuniculi and FE. intestinalis glutaredoxins using HHPred
(http://toolkit.tuebingen.mpg.de/hhpred) '* is highlighted in . A CDD search'® identified a
thioredoxin-like domain (cd02984) in the protein from C. parvum (.). By contrast, no thioredoxin-
like domain was identified in the corresponding segment of the 7. hominis and G. intestinalis sequences.



http://toolkit.tuebingen.mpg.de/hhpred

d. ABC transporter Atml

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc_intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par
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—————————— KKKV-----SELQTLSIIVRKY
————————————— I--—---SNRKIIKEITYNDLL--K
—————————— KKSI---YGSDISIMKDLIVEYVI--SKP|
————————————— K-==—--TNYEILYDTFVKYCY--N

VK-———- TOQVKKTSKAPTLSELKILKD-LFRYIWPKGNNK
DP--L--AAIDKTAQEQRKADWAIMKE-MSKYLWPKGSWGD
HGHAGGGLHTDPKEGLKDVDTRKITIKA-MLSYVWPKDRPDL

EN---KLVNILKKSRFIQEKDSKNIEI-LTKYLWP-KNRE Y[} -
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Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc_intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

EIVONASLEFS-—————- G- YREGGT
KIYASSILKDIGQATE
IENLRSLSSCK
EVKVASCISHISDGLD-—-—--—--- S—————————- EGIPRGR
AGKYFEVKVASCISYISEGLD-—-—-—-—-—-- L-—-—— EEVPRSR
IKISTLVKNLNQSIA-—-——-——-— N-—-———————- RKGEHTA
LTVEATRKLTSDIT-—-—-———- D-————————- NKDLSQ
VOASNISKRIAEDFE-————-- N-—-———————- KINAG

PFFFKQTIDSMNI-——-——- AWDDPT --
PEFYFREIVDSLNI-—=—-—-—- DEFSTTG --
PFMFKYAVDSLNQMSGNMLNLSD --

———————————————————————————————— DRNSTGDSLN-——-——-—

I = ... SRT. T DNVGA-~~~~ rsssnLs T

TMD1

SSVQRAYRTALKSS—--LREYLLL-
FIAASPTQRAARHASNDF---LRNCLM-
SDYLERLSCRAFYTVLSRRWEITLOEEGLNSRFKNL-
QYVYRYTLRTT--FEYFIQM-
VSATQYVYRYTLRTT--FEYFIRM-
VOYTYRNTAKST--FKGFISL-
IFVTPVQHVFRLTGKNS--FKNFINM-
VFSGPIQFLYKIVGVEA--FYHYISL-
GE-LRNAVFAKVAQNATRTVSLQT--FQHLMKL -
AVVSQE-LRNAVFASVAQKATRKVARNT--FEHLLNL-
AAFFNE-VRNAVEGKVAQNSTRRIAKNV--FLHLHNL-
—————————————— LLNE--------DPAQTSSVFN--—----FSKY---~
- - sCFNE-LRNALFSEVSQYACKDLSLKA--FHHFHNVS
TMD2

NWSEFKMKGMGEITASIERRSSAVSEILD
ERVRLYECSSGEVGRTLVRSASAVSDL
GWLVESVTDNGIFQSEFVHRGVKGMTN
ETETFESYGSGTIQSIITRKSKAISDE]
ETEMFESYGSGTIQSIITRKSKAISDE]
SPKNEFSTIGGGEIQTIIDRKSKSASE
ELSRYNKIGCGEIQTIIDRESKAISELIE
NLENENKIGSGEIQMITERKSRAYGD
DLGWHLSRQTGGLTRAMDRGTKGISQ
DLSFHLSKQTGGLTRAIDRGTKGISE]
DLGFHLSRQTGALSKAIDRGTRG

NLSFIQSHRSGELLTIITRGFKSVSKLLNI

TMD3
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Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc_intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

WRNEIRKKLNLSINESNNKLIDI
TRYRMRYRRRNNMYENRAHSKCLEC
YYRRRYNFLRAQLDNHVSEC
VYGTMTISIALRRNRIRGALNNAENTASNIVYDT
LRRNRIRGALNSAENAASNIVYDT
IAQWRSNIRRELNNSENRSSNKLQDG
KIVHWRTGIRKEYNCAQQRCSNHLHDS
IWRNNIRRQYNKSQODKLSNKLQDEFE
RTHEFRRDANKADNKAASVALDS
RTKEFRROANAADNKASTIAVDS
RWRTREFRIEMNKADNDAGNAAIDS
R-DYAVNNIRAKFK-VNAAAMTVCLET
KRTIYRKNMNTSEQKSNGLLSDS

TMD4

LSNYESTILAFNNONLELYKYDNKLATSEKHYVKLWRTE YN
IRNVDTITVYKTVQFELNQYDDINKKVQEFYSSRQYQSI|
LSNHLLVTYCHKEMDEYQRYKMKVKNYRTAVVMLESVE
LSNHESVVSENNYDIETRRYDAKLMEIERFGTNLFRGLYILNMLQK
LSNHESVMSENNYCIEVRRYDGKLMEIERFGTNLFRGLYILNMLOQK]
LNNHETIVSFGTTDLEVDEYDQFLKINASNSNRLWRALYILNLSQ
LINHETILAYKTEEEESLKYEKYVSEVESECNRIWRSLSE]
LANHETIKAYNMEEETITYFDENQKPVEYEFGVKSHRILE]
LINFEAVKYENNEKYLADKYNGSLMNYRDSQIKVSQSLAFLN|
LINYEAVKYENNEAYEVGRYDKALAQYEKNSIKVATSLAFLN|
LLNYETVKYENNERYEAQRYDGEFLKTYETASLKSTSTL
ISNPRTVYFFDQEERSINKYYTIVDRVCQ-LERIFHGIFE]
LINAETLKYLNGEKYIYDLYSKYQEIYKNSNVKVQTSL

CNKITSDQ RET
RESLGN N IYHRF'S

K-NNDVYPVHLVMEVMQKIDVIEQONTKWAGSFYEKLR

SQGIVAGTLTVGD
GYLVISDRMSGGN

NEIGMIYRESK

TMD5

AAILNAKMSF-LDTV----- LPKKLYPIR--———————————————————
KATIVDLNTPFVRDMAETNQTYDRKPSVNLTEEPRTKRNTHVGNAVDQYHA
KAILDAEFAYDFVSSSKN-LKASHDSDLIIAGIGQSRDTCTDHGLSDSHS

EAMLNAREVLSEDYDLK--—-TSARLSVA—————————————————————
EAMLNAREVLSEDYDLK-=-—-TNENISMV—-=—=—==—————————————
QATIINARSTYDTMLDIK---KENNKFKIT————-————=———————————
QATLNIRTSFKPELIKE----EPNLVDVN--——=—-——-———————————
QGFLNAKSGYYEFKEDT----QTDKIRLI—-——-—-——=———————————

QSLIDMETLFKLRKNEVK-IKNAERPIML--=-—=————————————————
QSLLDMETLENLQKVNVT-IKEQPNAKPL--—--=-—=——————————————
QALIDMNTLFTLLKVDTQ-IKDKVMASPL-—--—=————————————————
RSMEAANRVENLLENTQT-VDLKKGLEPE--------------——-—————
LTLIDLSKLNEYLTIKPK-NSSNSQCRTI—-—-=-—-=-—==-——————————————
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Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc_cunl
Atml Enc_intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

RGHEETNNDGRNSNNYAQKGKNICREENINTDQESKNDIQENGRAIPEFIN
DEGEQPAAKRYLETTVTLPSKEIYYDENENVTNTAPSR-—-—-—————-— NTK

—DKKIVFRNVALPLSSENILNTSNDVETYAISDNYIFKNMSFEIKKGEKTI

TKPLLOQFONVTIKH--—-—————————————— KNTPILTNLTENVAQYAKV
GTLIMQFRDFTIIM--————-——————————— NOKLLFKPLNLSICKNDKI
-RKNIVEFNDVHSYY----——-——————————— GDKKVLRGVNLTIEKGDKV
-GKNIVFKNVRLYY-=-——————————————— GDKKILNDVNLTIKKGDKV
-KESIKFNNLSFGY-—-=————————————— ESRQIENKINLEIYKGEKRKV
-NNDIRLENASFNY--—-=——-——————————— YSKKILTDINILIKKGERV
-NEKLEFRNVSFSY-—--———-——————————— LNKPILVNANEFVINKGERV
VPYDITFENVITFGY--—--——-—————————— HPDRKILKNASETIPAGWKT
RGGEIEFKDVTFGY-—-—--——————————— HPESPILRDLSLTIPAGKKV
QTATVAFDNVHFEY - ————— IEGOQKVLSGISFEVPAGKKV
-KGDIEFKNVWFKYP-—--—-—-—————————— TRDOWVLKNVSFKINSGDIV

KKNSIKLENVSFGFPS-TEFGNEHTYIETSNSSDDLVVNDLSLEIPLGKRM

ALT NELK
AT SIIK
LIK SIIR
AT TILKT
AT TILKT
ATI TLLKL
ATI SLIK
ATI TIIKL
TILKL
TLLRL
TIVRL
TIVOL
TLAKL

LKE-NEYTGSIKIDDDELCTIDNYSLRDLIS
LKL-TPYSGQI-—-—-———- QKIENTR----LT
FGM-IDYIGDVTIKGVPLONINTSKLCAMM
LKE-NSYQGSICIDGINIKAIENGSFRRTIG
LRE-NRYQGSICIDGISIDAIENGSFRRIIG
LKEDEDYKGSILIDDIDIKKIKDEEFYRNLLG
MREF-ENYGGNIYLDNRDIKEISNSSYRSLIS
MKEF-YKYDGDILIDDTEIDNISDRSYRSLIS
FREYDPESGRILINGRDIKEYDIDALRKVIG
FREYDPOKGAIYIDGQODIRSVTLESLRRAIG
FREYEPQKGSIYLAGONIQDVSLESLRRAVG
LREYDVNSGEVLIDGRNIKEYSPSEFIHRNIG
YRIFEPNSGKIRIFGKEIEDYEINEYRNCE

NSYLVSGTVKENIKYGNLVATDEEMIELCRSLNFHESEVRLSSGYETC
EPQLFADTVLYNVAYGS-KAKLRCITATAMKMGVHKDILRMR-GYGSL
SPLVFKNTIRFNLGYGN-CATDEGMTKMCKHMNLFDKLVEMEDGLDSL
NSSLENETVMYNIKYGSPSVSDYAVVELAKRENIHDSIMRLERGYFTN
NSSLENETVMYNIKYGNPNVSDYTVVELAKRENIHDSIMRLEKGYFTN
NTFLENESVKYNIKYGSEFGISDEDIFALCKEFGLYDVEMNLENGEDTN
TSEFLENETVYYNLTYGKEIFDKEEVIKISKKLCVHDSINNLEDEYNTH
NTFLEDNTVTYNIFYGTKNVTEKEVLELAKKIGVLESIQEFKDGESTS
DTPLEFNDTIWENVKFGRIDATDEEVITVVEKAQLAPLIKKLPQGFDTI
DTPLEFNDTVEHNIRYGNLSATPEQVIEAAKAAHIHEKIISWRDGYNTK
DAVLFHNTIYYNLLYGNISASPEEVYAVAKLAGLHDAILRMPHGYDTQ
DSALFTLSVRDNILYGKTDSTNEDVENAAKVAFAHNFIIKLPHQYDSM
EVLLLNMSIIDNLKIANNNATLDEIKSACKLAGVHENILKMKNGYETI
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Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc_cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer?2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc intl
Atml Nos cerl
Atml Nos cer?2
Atml Nos cer3
Atml Sac cer
Atml Neu cra
Atml Hom sap
Atml Tri vag
Atml Cry par

IGENNSVESEEEKQKVATARAML - ————=—=———————————————————
LTENARNLSGGERQKITLLRNVVYGICACGDGVDCAHCEGCRDGSVQEWS
IBSGEEENFSGGEKKRLCVARAAL - ——————————————————————————
VGECGRHISBEERQKIVILRALL-—=————=—=—————————————————
VGEAGRHISGEERQKIIILRALL-——————=—=—————————————————
VGERGRLESGEEKQKI LLMRTML ~———=————————————————————
VGDKGHKLSGGERQKVILLRSAL-—=—=——=——————————————————
VGERGRFLSGGERQKIMLMRALL-———=——=—=————————————————
VGERGLMISGEEKQRLATARVLL-——————————————————————————
VGERGLMISGEEKQRLAVSRLIL-——————————————————————————
VGERGLKESGGEKQRVATARATL-——————————————————————————
VGEKGTTLSGGORQRIATARAVL - ——————————————————————————
VGERGCSLSGEEKQRLGFARMLI ~—————————————————————————

——————————————————————————————————————————— KKSEETF
——————————————————————————————————————————— KSSEYDV
——————————————————————————————————————————— STNMHAV
——————————————————————————————————————————— KEAEIDI
——————————————————————————————————————————— KEAEIDI
——————————————————————————————————————————— KESEKKT
——————————————————————————————————————————— KKAEYET
——————————————————————————————————————————— KKSELET
——————————————————————————————————————————— THTEQAL
——————————————————————————————————————————— THTEQAL
——————————————————————————————————————————— SITEETI
——————————————————————————————————————————— SVSEKKV
FMVKMLSFLHEYSLSTSNSVNLNDKYDLGSKYKDIFSLIPYVKDKKEIQS
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Atml Tra homl FKRLAEDT-—————-— ONKTVIVILHNLELLDYFDRIMFLOKDRIQETIKRE
Atml Tra hom2 IERLFDVC-=————— SECTVLMVIHNLTILHLFDTIIYVDKE--LEIGSF
Atml Tra hom3 VDFITR-—-——————— MKGTVIAIMHTDEYDRCFDQVIYLERM-—-————-—-
Atml Enc cunl IRNIIDSE-—-————— GSVIVIAIVHNLDLLPFFNKVCEVDKGSAKMISQT
Atml Enc_intl IKNIIDFE-=————-— SSVTVMAIVHNLDLLPLENKVCEVDRGSVRMIDQT
Atml Nos cerl LEITLOQ-——————— EDRTVILMITHNLELINKEDKIIYIDENNIEVYKND
Atml Nos cer2 LKSLISNN--—-—-—--- LEKTIIIVLHNLDLLHLFDKVLSIKNKTVSL----
Atml Nos cer3 MTYIFNEF--—-——- KYHTFVIIVHENLELLALEFDKILEVNGNEVTMIEDI
Atml Sac cer LRTIRDNE-———— TSGSRTSVYIAHRLRTIADADKIIVLDNGRVREEGKH
Atml Neu cra MENINAILKGLGOQKGEKKTSLEVAHRLRTIYDSDLIIVLKEGRVAEQGTH
Atml Hom sap LGAMKDVV—-=————— KHRTSIFIAHRLSTVVDADEIIVLDQGKVAERGTH
Atml Tri vag EKALRSVM—-—-——-——-- SSRTSIITAHRLGTIRCASHIFVLDDGEVVEEGSH
Atml Cry par IKKLIDDIV-——--- KLPLTIIVIAHRLSSVRNFDLIAYLEEGNVKEVGNH

Atml Tra homl
Atml Tra hom2
Atml Tra hom3
Atml Enc cunl
Atml Enc_intl
Atml Nos cerl

EALKLMNSTKNEKSTKNAQEM———— === === === — - ——— o
-—-DRLMQKKG-NFYLFYERM———=—=—=——————————————
NGAARSIAERL-RDC— === === === m—mmm oo
GTSSESAAEGL-RSY——————————mmm oo
TEGQKKFSTNL-QYFLS-——————————————————

Atml Nos cer?2 ————HKIEENI-———-—————————————————mm———————————————
Atml Nos cer3 -—--NKKLEENSKYFA---—-----—-—-—-—--—-—————————————————————
Atml Sac cer ---LELLAMPGSLYRELWTIQEDLD--—-———--—-—-————————————— HL
Atml Neu cra ---RELMERNG-VYAQLWRAQEMLMTEEGEVS----—-—-———-—-—-—-—-— KKGE

Atml Hom sap
Atml Tri vag
Atml Cry par

---HGLLANPHSIYSEMWHTQSSRVQNHDNPKWEAKKENT SKEEERK-KL
~—-DELISRRG-VYYELVKI - ————=—————————m oo
--—DQLIENKM-QYYQLWNKQ-—-—=——-—-———————————————————

Atml Tra homl -——CDT---—--- SEEQ
Atml Tra hom2 -—-RK-———-- ERRD
Atml Tra hom3  —-—---—---—--——---
Atml Enc_cunl -——-GM-—-——-- LGVK
Atml Enc intl -————EI-—-——--- PGVK
Atml Nos cerl  ----- Y-————- KLGK
Atml Nos cer2 -———=-IS8S—-———-—- TLNL
Atml Nos cer3 -——-DI-—-———-—-— LNNE
Atml Sac _cer ENELKD-—-—---—- QQEL
Atml Neu cra KEEVGE-—-———-— KKEA
Atml Hom sap QEEIVNSVKGCGNCSC
Atml Tri vag = -—--—--————--—- QLDA
Atml Cry par -——-HID-—-—-—- SILK

Abbreviations: Tra _hom, Trachipleistophora hominis; Enc_cun, Encephalitozoon cuniculi; Enc_int,
Encephalitozoon intestinalis; Nos_cer, Nosema ceranae; Sac_cer, Saccharomyces cerevisiae; Neu_cra,
Neurospora crassa; Hom sap, Homo sapiens, Tri vag, vaginalis; Cry par,
Cryptosporidium parvum.

Trichomonas

Atml1 proteins are half size transporters that belong to subfamily B of the ABC transporter family!”-!8,

The structure of these proteins includes an N-terminal domain with six transmembrane domains (TMD1-
6) followed by a nucleotide-binding fold (NBF). The predicted TMD are labelled in [Jlillll. These were
predicted with the TOPCONS web server: http://topcons.cbr.su.se '°.
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The motif for the ATP binding box A (Walker A motif; G-X-X-G-X-G-K-S/T-X-X-X-X-X-I/V) is
labelled in . Note that in some cases the I/V residue is replaced by another hydrophobic amino acid.
The mutation K475M within this motif resulted in the complete loss of Saccharomyces cerevisiae Atm1
function®®. The conserved basic amino acid that precedes the Walker A motif is labelled in blue. The
ATP binding box B (Walker B motif; ®-O-O-D-D, where @ represents hydrophobic residue) is labelled
in - The Q-loop of the conserved ATP-binding motif is labelled in green. The conserved glutamate
that acts as a catalytic base is labelled in (AIKIGICER" .

The ABC signature motif (LSGG), also called the C-loop, which is present in the nucleotide-binding fold, is
labelled in grey*?. The D-loop (SALD), which interacts with the Walker A motif is labelled in [G@I°. The
conserved histidine that is proposed to be involved in the catalytic reaction is labelled in light grey**. The residues
identified in Saccharomyces cerevisiae that interact with glutathione are labelled in yellow. The star (%)

corresponds to the human Atml E433K mutation found in patients with X-linked sideroblastic anemia and
cerebellar ataxia (XLSA/A)%.
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e. P-loop NTPase Cfd1 and Nbp35

Cfdl Tra hom
Cfdl Enc_cun
Cfdl Enc_int
Cfdl Nos cer
Cfdl Ent bie
Cfdl Sac cer
Cfdl Neu cra
Cfdl Hom sap
Cfdl Tri vag
Cfdl Ent his
Nbp35 Tra hom
Nbp35 Enc_cun
Nbp35 Enc_int
Nbp35 Nos cer
Nbp35 Ent bie
Nbp35 Sac cer
Nbp35 Neu cra
Nbp35 Hom sap
Nbp35 Tri vag
Nbp35 Gia int
Nbp35 Ent his
Nbp35 Cry par

Cfdl Tra hom
Cfdl Enc_cun
Cfdl Enc_int
Cfdl Nos cer
Cfdl Ent bie
Cfdl Sac cer
Cfdl Neu cra
Cfdl Hom_ sap
Cfdl Tri vag
Cfdl Ent his
Nbp35 Tra hom
Nbp35 Enc_ cun
Nbp35 Enc_int
Nbp35 Nos cer
Nbp35 Ent bie
Nbp35 Sac cer
Nbp35 Neu cra
Nbp35 Hom sap
Nbp35 Tri vag
Nbp35 Gia int
Nbp35 Ent his
Nbp35 Cry par

MTEIL----- PHVNDEVL--=—-=—=—=—=—=— PAEYELNQPEPEH@PGPE
MAPSLEAEPESVASVLAN-—-———————————- PQKPQLVAPEPEH@PGPE
A PHDEPGAD

TQT—————— GNEvGVD
——————————————————————————————————————————————— ERT
—————————————————————————————————————————————— KKNE
————————————————————————————————————— QEIGVPAASLAGI
—————————————————————————————————————————————— LAKV
———————————————————————————————————————— AAEPGNLAGV
———————————————————————————————————————————————— ST
————————————————————————————————————— LNSDRNFVGVDHV
SE-—--—--- RAGQAE QQTTN---SSTITKSRIARNTAG
SK-—--—-—- DAGKAEE SQPVQ---QDPDIKAIQENLSGV
SK-—--—-—- DAGKAKE SQPAQ---PDPDIKIIQENLRGV
TS——-——-—- NFGKSEQ GT-VK---PNDSLPLISANVSHF
KK—————————————- Q YG-N--C-EDEDINLIKNKLQCF
SD—--—-—-- MAGKSD ESLP--KGPDPDIPLITDNLSGI
SQ---—-—-- QAGTADS TAP--KGPDPDIPLITARLSGV
SA-—-——--- QAGRGAS SGA-GATPDTATIEEIKEKMKTV
——————————————— GN SSHGTPEALQGALEECKTVLENV
APTPEQISLKGECAPDK SSRGA---DSSTSIATAERIQHV
——————————————————————————— GGG--NNGPDRELEETTEKLKGT
SP-——-—-—- DAGIADSEAGEPNALIBAS-G--Q-AKKKPTENIENLSKI
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Cfdl Tra hom
Cfdl Enc_cun
Cfdl Enc_int
Cfdl Nos cer
Cfdl Ent bie
Cftdl Sac cer
Cfdl Neu cra
Cfdl Hom sap
Cfdl Tri vag
Cfdl Ent his
Nbp35 Tra hom
Nbp35 Enc_ cun
Nbp35 Enc_int
Nbp35 Nos cer
Nbp35 Ent bie
Nbp35 Sac cer
Nbp35 Neu cra
Nbp35 Hom sap
Nbp35 Tri vag
Nbp35 Gia int
Nbp35 Ent his
Nbp35 Cry par

Cfdl Tra hom
Cfdl Enc_cun
Cfdl Enc_int
Cfdl Nos cer
Cfdl Ent bie
Cfdl Sac cer
Cfdl Neu cra
Cfdl Hom sap
Cfdl Tri vag
Cfdl Ent his
Nbp35 Tra hom
Nbp35 Enc_cun
Nbp35 Enc_int
Nbp35 Nos cer
Nbp35 Ent bie
Nbp35 Sac cer
Nbp35 Neu cra
Nbp35 Hom sap
Nbp35 Tri vag
Nbp35 Gia int
Nbp35 Ent his
Nbp35 Cry par

-LFISVVS

STIAALTAAKLSKQ--APTLLLDFDICGPSIGNIF

-SRIAVMS SSVSIMLSTVLSEK--GRTLLLDFDLCGPSIASGE
-VMVAVMS SSISIMLSTAMSER--GKTLLLDFDLCGPSVASGL
POKIAVMS SSISILLSTILSEK--HKCLLLDFDLCGPSCFESSL

PKIYCILS
KHIILILS
KHIVLVLS
RHITILVLS
ONF'ILVMS
KNVILVLS
KKIIAVMS
KAVIAVMS
KTIVAIMS
KLIFSIFS
KLILCIMC
EHKILVLS
KHKILILS
KHKILVLS
THKILILS
GRIILVLS
KHKYVILS
KNIILVLS

SAVAAFLALQLKKN--LKVLFIDFDICGPSAAIYF
SSVTTQTALTLCSMG-FKVGVLDIDLTGPSLPRMF
SSVTTQLALSLSLAG-HSVGVLDVDLTGPSIPRMF
STISTELALALRHAG-KKVGILDVDLCGPSIPRML
STTAANIARAYAAKY-GKVGLLDLDLTGPSIPTLF
STIATVLARSFALAG-KKTGILDIDLCGPSIPKMM
STMCMQIAHALK--—-—-- KCCVLDFDVSGPSIAKMS
STVTRNIAELMSSRG-IATCILDLDLSGPSIPRLT
STVVRNIAESVSSRG-ITTCILDLDLSGPSIPRLT
STITRNIAEFLSLKN-YKVLLLDLDLSGPSIPKMT
SLLSVILAQYFSEK--FKTILIDLDLAGSSIPRLT
STFAAMLSWALSADEDLQVGAMDLDICGPSLPHML
STFTSLLAHAFATNAEQTVGVMDTDICGPSIPKML
STFSAHLAHGLAEDENTQIALLDIDICGPSIPKIM
STLTYILTKYLAK-T-KKVGVLDLDLCGPSIPILF
STLATQLAFFLADTMGKYVGLLDLDICGPSIPTMT
STFATQFSWVLSED--KQVGLCDYDICGPSIPQOMF
STISSQISWCLSSKK-FNVGLLDIDICGPSAPKMM
Walker A motif

PASGK-VVKTRT-GLKPLOQVNN-——-———-— SS—-LYILSMSSLI-KNDSSVI
GAKEN-VYKGEK-GLVPIRVSK-—-——--—-—-— N-LYILSMALLM-KDSDSVI
GIKEK-IYKGEK-GLIPAKASE-—-—-—-———- N-LYILSMALLM-KESDSVI
NGKGE-VKKAKK-GLTPIQITN-—-—-————-— N-LYVLSMGSMI-KPDDAVI
NVTGK-ITKHKN-GFKPLTLDS———-——-——-— N-LDILSEGNIL-GENDVVI
GLENESIYQGPE-GWQPVKVETN----STGS-LSVISLGFLLGDRGNSVI
GIEDAKVTQAPG-GWLPITVHEADPSAGVGS-LRVMSLGFLLPKRGDAVV
GAQGRAVHQCDR-GWAPVFLDR-————- EQS-ISLMSVGFLLEKPDEAVV
GIQDKEIKSRNG-KMVP-QVVD-—-—————— G-VQIISLGLMLSDPHDAVI
GLDNQGVYQGEHGGILPAKSKI-—-—--- GDTF-IDTLSVGFMLSSPDSPVI
GTENAIITNVQD-TFVPVHVHG--—-—-———- TCIGVVSAYHVNEWHSVEQL
GTDGQLMCETNG-RLOPVEVHG-—-—-—-———— L-LKAVSAGYLQDPCEEGVV
GTDGMSMCETSG-IIQPIEVNK-—-—-—-———— F-LKVVSVGYLQOD-CGEGIM
HTEGEIIIESNK-RFYPVKLSE-—-—-—-—-—-—- N-LGCISVGYFADSQPSQONL
NTTDYFITNVEN-QFNPIKVNE---—-—————— LSVVSMGHIHNNISD--1I
GCIKETVHESNS-GWTPVYVTD-—-—————— N-LATMSIQYMLPEDDSAIT
GVEGETIHVSST-GWSPAWAMD-—-—————— N-LAVMSIQFMLPNRDDAIT
GLEGEQVHQSGS-GWSPVYVED-——————— N-LGVMSVGFLLSSPDDAVTI
NCDVEPLLDTTEF-GFQPYHAAK-——————— N-INVVSIQFFLPDFDSPLV
FTKTEQVONLPM-GWEPVSVSH--—————— T-LOALSVGHLVTQEDAPVI
GQIGVNVTSGMT-GLQPIYVTE-——————— N-LCTMSIGYLV-ATETAVV
GVQGNDVHISAN-GWSPVYVND-—-—--———— N-LSVMSTAFLLPQSDDAVTI
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Cfdl Tra hom
Cfdl Enc_cun
Cfdl Enc_int
Cfdl Nos cer
Cfdl Ent bie
Cfdl Sac cer
Cfdl Neu cra
Cfdl Hom sap
Cfdl Tri vag
Cfdl Ent his
Nbp35 Tra hom
Nbp35 Enc_cun
Nbp35 Enc_int
Nbp35 Nos cer
Nbp35 Ent bie
Nbp35 Sac cer
Nbp35 Neu cra
Nbp35 Hom sap
Nbp35 Tri vag
Nbp35 Gia int
Nbp35 Ent his
Nbp35 Cry par

Cfdl Tra hom
Cfdl Enc_cun
Cfdl Enc_int
Cfdl Nos cer
Cfdl Ent bie
Cfdl Sac cer
Cfdl Neu cra
Cfdl Hom sap
Cfdl Tri vag
Cfdl Ent his
Nbp35 Tra hom
Nbp35 Enc_cun
Nbp35 Enc_int
Nbp35 Nos cer
Nbp35 Ent bie
Nbp35 Sac cer
Nbp35 Neu cra
Nbp35 Hom sap
Nbp35 Tri vag
Nbp35 Gia int
Nbp35 Ent his
Nbp35 Cry par

WRAPRKLQLYEMFYNSAYENILONTTESDPDSYDILDKHNNIGNKTAQKN
WRGPKKMSVLSMFYESTD-———————————————— -
WRGPKKMSVLSMFYESAD-———————————————— -
WRGPKKLSLLNLEYDSTD-—————————————————
WRGAKKQIFLELMFNTSLFK——————-—=—=———————————————————
WRGPKKTSMIKQF I SDVAWG—=—=—==—=—=———————————————————
WRGPKKTAMVRQFLSDVEWD— === === ————————————————
WRGPKKNALIKQFVSDVAWG—=——=—=—==——————————————
WRGPKKSAMINQFFQLIEW-————=—=———————————————————————
WRGPKKGAATEQFLNDVEWG————=—=——==————————————————————
YQPSFISSFLINVLSNCNED————=—=—————————m—m oo
FSSTLKTSAMKKLLKWCSYE-—-——-——————————————————————
FSSSFKTGIIKKFLAQCNYE-————-———————————— -
FSSTYKTNTIRNILINGDIA-—————————————————— -
YTSEIKRYFIKNILKNCTMD————=—=————————————— -
WRGSKKNLLIKKFLKDVDWD———=——=—=—=———————————————————
WRGPKKNGLIKQFLKDVEWG———=——=—=—=———————————————————
WRGPKKNGMIKQFLRDVDWG———=—==—=—=———————————— o
ARGPKKNALVLQLINQIDWS———=—=-—=—-—————————m oo
LRGPKKHGMVKQMLTETNWE ——————=————=———————————— oo
WKGPKKNSLIRQFTHDVDWG————————=——————————— -
WRGPKKNGLIKQFLSDVVWG-—————=—=—=———————————— o

VITVDESCQLGY

ISEEHGFLIG--—-—-—-—-—-—-—— KD-
ISEEHGFLVG--—-—-—-—-—-—-—— KD-
VSEEHGFLID--—————————————- KN-
ISEEHGFLVG--—-—-—-———-——— KKN-
TSDEHISIAE-—-—-—- EL----RYSK-P
TSDEHISLAE-—-—-—- NLLOKARPGQ-L
TSDEHMATIE-—-—-—-— AL----RPYQ-P

_________ VLN---RN-NFS
_________ FF----RKRNQE
————————— YV-—-—-=---D
————————— FI----R----P
————————— FI----K----P
————————— YL----K----L
————————— ITEEHFATYN--—-—--YI-—--C----N
--------- TSDEHISINK---—-—-YM--—--RESG-I
--------- TSDEHLSVNT-------YL--—--KKSG-1
--------- TSDEHLSVVR-—-----YL--—-ATAH-T
--------- TSDEHLSVVS-------FM----RDSE-T
---LDPRFPKSN TSDEHLSIIDMYQNAIRYMQSNAFPNVPV
--------- TSDEHLTIVS-------IL--—--NKCN-V
--------- TSDEHLSIVS-------YL----NGSN-V

Walker B motif
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Cfdl Tra hom
Cfdl Enc_cun
Cfdl Enc_int
Cftdl Nos cer
Cfdl Ent bie
Cfdl Sac cer
Cfdl Neu cra
Cfdl Hom sap
Cfdl Tri vag
Cfdl Ent his
Nbp35 Tra hom
Nbp35 Enc_cun
Nbp35 Enc_int
Nbp35 Nos cer
Nbp35 Ent bie
Nbp35 Sac cer
Nbp35 Neu cra
Nbp35 Hom sap
Nbp35 Tri vag
Nbp35 Gia int
Nbp35 Ent his
Nbp35 Cry par

Cfdl Tra hom
Cftdl Enc_cun
Cfdl Enc_int
Cfdl Nos cer
Cfdl Ent bie
Cfdl Sac cer
Cfdl Neu cra
Cfdl Hom sap
Cfdl Tri vag
Cfdl Ent his
Nbp35 Tra hom
Nbp35 Enc_cun
Nbp35 Enc_int
Nbp35 Nos cer
Nbp35 Ent bie
Nbp35 Sac cer
Nbp35 Neu cra
Nbp35 Hom sap
Nbp35 Tri vag
Nbp35 Gia int
Nbp35 Ent his
Nbp35 Cry par

TKILLVITSONVAISDSINTINFFGK----ISGIIENMSGLKCPNCKKIT
VGALTIITTPONVSLGDSSKAIDFCASNGIRILGLVENMSGYCCECCGSSV
ISVLIATTPONISLGDSSRAIDFCISNGIQILGLVENMSGYCCESCGNPT
IYSLIVTTSONVALSDTVKAIDFCKINNIKILGIIENLSGYKCNCCGHIT
VHSLIVTTGONLALNCCQSTIEFCLYHNLNIIGVIQNMSYYVCECCHEKI
DGGIVVTTPQSVATADVKKEINFCKKVDLKILGIIENMSGEVCPHCAECT
AGAVVVTTPQAVATADVRKELNFCTKTNIRVLGVVENMCGFVCPNCSECT
LGALVVTTPQAVSVGDVRRELTFCRKTGLRVMGIVENMSGFTCPHCTECT
YSVIIVTTPNVLAVADVRKGINLCLKVNAKIIGITENECGVVCPCCNKVS
TKAVIVTITPQLVSTNDVEKEIDFCNECQIPIIGLVENMSGYLCPHCSTVT
AVCVLVSTPGVLAVNDLVRQIDFEERAGVKVLGVVENMREFVEE-EGCVV
REGIVVTTPQKEFSLODVARQVDFERKARIEVLGI IENMKRFTEOKEGHSK
KFATIVVTTPQKEFSLODVIRQIDFERKAKISVLGVIENMKREVEPRESHOK
NFAIVVTTPQLISFQDVIRQYTFEYKNNIKILGIIENMKGFREGEKEDSLO
AKATILISTPHVLCTTELNRQFIFEOKANIDIVGIVSNMDGIRESKENHIN
DGALVVTITPQEVALLDVRKEIDFE@KKAGINILGLVENMSGEVEPNEKGES
DGAVMVTTPQEVSLLDVRKEIDFE@RKAGIKVLGLVENMSGEVEPKETHES
DGAVIITTPQEVSLODVRKEINFERKVKLPIIGVVENMSGEFIEPKEKKES
DGAVIVTTPDEVSISDVRREIEFEOKAGVKILGVVENMSQYKEPMEGKTS
LEAVVVSTPQEVALADVRKEINFEKQLNLHIKGVIENMSGFVE@PFEETET
DGAIIITTPQODVSLIDVRKEINFEKKIGLPIIGVVENMSGEFIEPCE@HKES
NGALIVTTPQEIALODVRKEINFEKKVGLNILGVVENM-GMIFKNAEHDS

NIY--SRNGGSQLAEEFNIPFYGTLEIDONISQFIENGTLY-—-—-——-———-—
NIF--GSKGGERLAEETGIPFVCRLPIDSLLCEALDEGRFV--—-—-—-————
NIF--GARGGERLAMEMGVRFICELKIDPLLCEALDEGKFL--—-—-—-————
NIF--ASKGGQQLSQHYLINFIEKLPIEPLFGELLDTKEFI--—-—--————
YLY--GKNGGKLLAEEYGIEYLGEIPMESQMLNAIEQGQFP-————————
NIF--SSGGGKRLSEQFSVPYLGNVPIDPKFVEMIENQVSSKK-—-—-————
NIF--MSGGGEVMANDEGVRFLGRVPIDPQFLVLIETGKRPTYPAGTTVD
SVEF--SRGGGEELAQLAGVPFLGSVPLDPALMRTLEEGHDF-——————-—-—
PLL--GDKAAEIMSEELQLDILAKIPFLPOQAASAADKGEKS-——————-—-
NIF--SSNGGKELADKYQLKFVGAIPIEPKICLAGETGLN-—-—-—-——-————
PM---GTVDVREVCLRRGVRYLGGLQCVKAVGMFADGGMVY—-——-————-——
SIF--RSVGVESYCMSNGIAYLGSIDLKQODIAKRSDSGDTI-———————-—
NVEF--VNTEVESYSKSNGIPYLGSIDLRODIAKASDIGRPT-—-——-—-————
DIF--YNSDIEQKCKENNLNYIGSLPLNIEYGKSGDNGILI-————————
QLE--SKDIILKFCONKYIQFLGEIEFNSQIVKNIDKGEVI-————————
QIFKATTGGGEALCKELGIKFLGSVPLDPRIGKSE@DMGESEF-———-—————
EIFKATTGGGRKLAEEMGIAFLGSVPLDPRIGMAGDYGESF-——-—-—————
QIFPPTTGGAELMCQDLEVPLLGRVPLDPLIGKNE@DKGQSF-————————
SIYGHEFGGAEELCKQENLDLLGRIPIDPYIVAGQFEPQK--——-————-—-—
PVIEATTGGVKKMCEDMHVPYIGSMPLDPQLMKAGEDGVAW-———————-—
TIFPPTHGGAKQMCEEMGVKFLGKIPLDPITAHSEDIGAPY - ————————
SV-———————— KDMCDNMEVEYLNKIPWDKELLYV@DLGLSI-—-=-——————
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Cfdl Tra hom
Cfdl Enc_cun
Cfdl Enc_int
Cfdl Nos cer
Cfdl Ent bie
Cfdl Sac cer
Cfdl Neu cra
Cfdl Hom sap
Cfdl Tri vag
Cfdl Ent his
Nbp35 Tra hom
Nbp35 Enc_ cun
Nbp35 Enc_int
Nbp35 Nos cer
Nbp35 Ent bie
Nbp35 Sac cer
Nbp35 Neu cra
Nbp35 Hom sap
Nbp35 Tri vag
Nbp35 Gia int
Nbp35 Ent his
Nbp35 Cry par

Cfdl Tra hom
Cfdl Enc_cun
Cfdl Enc int
Cfdl Nos cer
Cfdl Ent bie
Cfdl Sac cer
Cfdl Neu cra
Cfdl Hom sap
Cfdl Tri vag
Cfdl Ent his
Nbp35 Tra hom
Nbp35 Enc_cun
Nbp35 Enc_int
Nbp35 Nos cer
Nbp35 Ent bie
Nbp35 Sac cer
Nbp35 Neu cra
Nbp35 Hom sap
Nbp35 Tri vag
Nbp35 Gia int
Nbp35 Ent his
Nbp35 Cry par

————————————————————————— ENINSLGCNNVLDTVVR---K---—
————————————————————————— ERCGSIEAYMKFRKAVL---G--——
————————————————————————— EKCGSIESYIRLRRSVL---E----
————————————————————————— LKYQELKTYKILKKWINR--E—-—-
————————————————————————— SYCEATGIFNDIQRKIS—---H----
—————————————————————— TLVEMYRESSLCPIFEEIMKKLRKQDTT
GKDISTPAGASTSEEEEVKDGSRLVHKYKDCSLAPIFSKITADVISA---
———————————————————————— TQEFPGSPAFAALTSTAQKILDATP-

————————————————————————— D-----VILSFFNEVIDKIFPQQ--
—————————————————————————— PFADEPSANALKPITDFVADLA--
————————————————————————— ED-------ALFAGVVRNITDE---
————————————————————————— EE-------EVLGKIVDAIMVVC--
————————————————————————— RE-------EIFDRMADAVLST---
————————————————————————— DD-------QIFSKTIDLIINE---

————————————————————————— HIPQLKSTYSKLLSIIMEFVPFNK-
———————————————————————— LDNYPDSPASSAVLNVVEALRDA---
———————————————————————— FDSFPDSPACRALKGVVKGLATEMGL

Abbreviations: Tra_hom, Trachipleistophora hominis; Enc_cun, Encephalitozoon cuniculi; Enc_int,
Encephalitozoon intestinalis; Nos_cer, Nosema ceranae; Ent _bie, Enterocytozoon bieneusi; Sac cer,
Saccharomyces cerevisiae, Neu cra, Neurospora crassa, Hom sap, Homo sapiens; Tri vag,
Trichomonas vaginalis; Gia int, Giardia intestinalis, Ent _his, Entamoeba histolytica;, Cry par,
Cryptosporidium parvum.
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The major structural difference between Cfdl and Nbp35 is the presence in Nbp35 of an N-terminal
Cys-X13-Cys-X2-Cys-Xs-Cys ferredoxin-like motif (labelled in [l@ll) coordinating a [4Fe-4S] cluster?®2®,
The insertion of this cluster depends on electron transfer from the Tah18-Dre2 complex®’. The genome
of E. histolytica lacks homologues of Tah18 and Dre2, which is consistent with the loss of the ferredoxin-
like motifin E. histolytica Nbp35°°. Cysteine residues in the CX1sCPXCX>C (Cfdl) and CX1sCX2CX35C
(Nbp35) motifs that are conserved at the C termini of yeast Cfd1 and Nbp35 homologues are labeled in
yellow and &EkMEIeen respectively. The two central cysteine residues of both motifs, which are
conserved in microsporidian sequences, are essential for yeast viability and for maturation of cytosolic
and nuclear Fe/S proteins. These motifs also have a critical role in Cfd1-Nbp35 complex formation?®2%3!,
Cfd1 and Nbp35 are classified as Mrp-like proteins that belong to the Mrp/Nbp35 subfamily of P loop
NTPases. Nucleotide binding and/or hydrolysis is apparently critical for loading an Fe/S cluster onto the
Cfd1-Nbp35 complex. The consensus Walker A motif of the Mrp family and the ENMS motif are labeled
in - and light blue respectively. The Asn in the ENMS motif is predicted to form a contact with the
adenine from ATP*2. The Walker B motif with a conserved Gly residue (typically, within the signature
hhhhDxxG, where h is a hydrophobic residue) is labeled in green.
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f. WD40 protein Cial

Cial Tra hom
Cial Enc_cun
Cial Enc_int
Cial Sac cer
Cial Neu cra
Cial Hom sap
Cial Gia int
Cial Ent his
Cial Cry par

Cial Tra hom
Cial Enc_cun
Cial Enc_int
Cial Sac cer
Cial Neu cra
Cial Hom sap
Cial Gia int
Cial Ent his
Cial Cry par

Cial Tra hom
Cial Enc_cun
Cial Enc_int
Cial Sac cer
Cial Neu cra
Cial Hom sap
Cial Gia int
Cial Ent his
Cial Cry par

Cial Tra hom
Cial Enc_cun
Cial Enc_int
Cial Sac cer
Cial Neu cra
Cial Hom sap
Cial Gia int
Cial Ent his
Cial Cry par

Cial Tra hom
Cial Enc_cun
Cial Enc_int
Cial Sac cer
Cial Neu cra
Cial Hom sap
Cial Gia int
Cial Ent his
Cial Cry par

M-—-—- K-—————————— - ITERGSAQFDEKLL--SLAVTKDSVLTGG
R KYRITSKKLGEKIL--AVHA-GKSIYTGG
Mo—mm oo KYKITSKRLDEKIL--AVHV-NGAVYTGG
MAST--NLIKS-—-—-—-—-—- LKL----YKEKIW--SFDFSQGILATGS
MATETTTATPTAPSATTAEITPLPAFSPDLYQRAWASIPHPSLPLIATCH
MKDSL-VLLGR---—-—-—-—- VPA---HPDSRCWFLAWNPAGTLLASCG
MVHDRVSLLNH-—-—-—-—-—- TAA----HTDRIWRLRASHTGELVASCS
M-—-—- QLVDS--———-————- FEV-—————————————— P————————-
MGSL--EKLGI-—---—-—-—- IGV----LDSAIWSVASHPKDRIIASCG
TKK-ILHKL—-————————————————— STDLH----TQKILC--QHEK-
TSR-ML-—=-—=—=—=—=———————————— VNQD----TGEVMC--RCKK-
TSR-TL-———=—————————————————— VNQD----TGEVMC--RCRK-
TDRKIKLV-—-————————————————— SVKY-DDFTLIDVLDETAHKK-
A-HSVTVF-=-—=—=—————————————— SLST-LS--KHSVLT-GGHTR-
GDRRIRIW-—-——-—=-————————————— GTEG-DSWICKSVLS-EGHQR-
ADGSMAIW--——-—=-———=—————————- RASKDLSLQLVQORLQ-PGHDNP

————————————————————————————————————— LKPLLT--PHNR-
S-S-IVVWMDTKLKNHKWYQEIEIVNKCSMAG-NSWVKAYEFGSLEHKR-

-SIRCIA--AKD—————————- GVIVCGSYDGNATVLY————————————
-SVRSIA--SHG——-———————- RYVCCGSYDCTAVLFH-——————————-
-SIRSIA--SHG—————————- RYICCASYDCTAVLFH-——————————-
-AIRSVAWRPHT-——-——--——- SLLAAGSFDSTVSIWAKEE-—-——-—--
—-SVRSAAWQPPRGKVSGKEAKRLRLVTGSFDTTAGVWTWDQGRREESLER
-TVRKVAWSPCG--——-———-——~- NYLASASFDATTCIWKKN--——————-——
VIVRDCAFSAND--—-———-——- QHLVVAAYDGSMYVYDLID---——-——-—
-TIRRVKCSKNG-——--——-—-——- LLACCSFDSTVSLWE-————————————
-LIRKIAWSPCG--——-—————- GMIISASFDSSISVWEFVS--—-——-—--—

————————————————————— EDKILDLI-EGPETEIKGVDLLNGNRRDN
————————————————————— DGKVVDVI-EGPDTEVKCVAFSEDG---R
————————————————————— DGKVVDVI-EGPDTEIKCVGFSEDG---R
——————————————— SADRTFEMDLLAII-EGHENEVKGVAWSNDG---Y
EIRLOSGENDQEAEEEEEAEDEWELTLVL-EGHENEVKSVNYSPSG---0Q
——————————————————— ODDFECVTTL-EGHENEVKSVAWAPSG---N
——————————————— ELTKGDPFQLTAITANAHEKEIKSVDISKEG----
——————————————————— LNENTIIGTL-EGHESEVKCVDWSFGS---N
—————————————————— RDIGWACICKI-LGPESEVKCVDWSPEN---N

YIALSTRGKTVWVC-—-————-——————-—— KLN---DKIEIDSILEDHTQDV
YLAMATRGRSVWVV-—-————-———————— KID---GEIEIDGVIEDHLHDV
YLAMATRGKSVWVV-—————-———————— KID---PEIEIDEITEDHLHDV
YLATCSRDKSVWIW-—-————-——————-—— ETDESGEEYECISVLQEHSQDV
YLATCSRDKSVWIWEDVGNPNPSSEEEDEEEEDEDEWETVAVLOEHDGDV
LLATCSRDKSVWVW--—-—————-—————— EVD-EEDEYECVSVLNSHTQDV
TVAACSRDRFVSEFW--—-—-————-—————— RPCSDSPDYDCIGLENNHTEDTI
MVATCSRDKSVWLWKSY--—-—-———-—-—————-—-— SGIDYECCSVLTGHSGDV
FVAACCRDRAIWFFSLDI-————--- GENRKLGTLIEYDCIGVVTAHTNDI
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Cial Tra hom
Cial Enc_cun
Cial Enc_int
Cial Sac cer
Cial Neu cra
Cial Hom sap
Cial Gia int
Cial Ent his
Cial Cry par

Cial Tra hom
Cial Enc_cun
Cial Enc_int
Cial Sac cer
Cial Neu cra
Cial Hom sap
Cial Gia int
Cial Ent his
Cial Cry par

Cial Tra hom
Cial Enc_cun
Cial Enc_int
Cial Sac_cer
Cial Neu cra
Cial Hom sap
Cial Gia int
Cial Ent his
Cial Cry par

Cial Tra hom
Cial Enc_cun
Cial Enc_int
Cial Sac cer
Cial Neu cra
Cial Hom sap
Cial Gia int
Cial Ent his
Cial Cry par

Cial Tra hom
Cial Enc_cun
Cial Enc_int
Cial Sac_cer
Cial Neu cra
Cial Hom sap
Cial Gia int
Cial Ent his
Cial Cry par

KGVKFF-—-—=-=———————————— NNLLYTYGYDNTVKVYQRFTMY-——--—
KGCIFH---—————————————— GGLLFTYGYDNTVKVYDRF-DY—-——---
KGCVFH---—-==——————————— KGFLFTYGYDNTIKIYERF-DY-—-———
KHVIWHPS--—--—-—-——=——=————— EALLASSSYDDTVRIWKD-—--Y—-————
KAVAWCPDVPGRKGKYAPPRRYGDDVLASASYDNTVRLWRED--G-————
KHVVWHPS----—-—-=-==——=————— QELLASASYDDTVKLYRE-—--E—-———-—
KCVRESRN--—-=-=-=—=—=——————— GHYLVSASYDNNICLYKRCLETADDLG
KTVLFHPS-—-————-————————— GTILFSGSEDGTIKVWKGE--E-—-—-—-—
KKIKWHPT--—-——————————— IPMVLLSCSYDNTITIAWAPS--S-QLLG
————— DDSWVLLOSLEAQKE----—--—-—--—-——-————————-TVWDVEML-
————— DDSWELVQSID-ERS----—--—-—--—-—--——————-——-TVWCVIFH-
————— DDSWELVQSIS-EKN----—--—-—--—-—-——————-——-TVWCVIFH-
————— DDDWECVAVLNGHEG-----------—-—-—-—-—-—-—-—-—--TVWSSDFDK
————— DGEWVCVAVLEGHEG-----------—-————————-TVWGVAWEG
————— EDDWVCCATLEGHES-------=--—-—-—=—-———————-TVWSLAFDP
E--EEIESWIFAGSTKSELDLNSCEMNAPDSEIVASGASCHTVWTAIFMA
————— ETEWSELOTIQAYGK-----—--=—-—=—-—=————————-TVWDLKITK
HDEVKGLEWVKLYTLNGHSS-----=-=-=-==-===———————— TVWDETYSP
———————— TKLFVASNDGCIYVYRK---—==—-—--——————-——————————
——————— NGRMVCTTEEGTVSIYAL-——-—-—-——-——————————————————
——————— GDKMVCSTEEGTISSYVL-—-—-—-————————————————————
—-——--TEGVFRLCSGSDDSTVRVWKYM-GDDEDD-—--——————————————
RPRENDKFPRLLSWGADEVIRVWSLK-EPEEEEHGE----GAAGGGGNNT
———-S--GORLASCSDDRTVRIWRQYLPGNEQG——-—————-— VACSGS——--

-——-N--NSSILAVDGNGCIRCYNII-—=-—=—=—————————————————
-—--E--GKFIVAGCANGVIILYEFK-———————————————————————
----N--GEFLLSCSDDSSIVLWNSN-QGNENKFKNLNSVNFALTDTFKM

——————————————————— QQEWVCEATLPDVHKRQVYNVAWG-FN--—-
WGFGVPNTMRR-——-—-— SLKEEWECTAVLPKVHKGDIYSVAWSTET----

IFYNTPNTKRLSKYIQID-QANSFINNYDKELYSYPIYSTEWCNYI——-—--

--—DFLALAVDSKSLVI--—-———————————————————— VDESLQVKC
--—ENMAYVLNRSSIGI--—-———————————————————— VDSNLNLVM
-——RDMAYVLNRNNIGI--—=-—=-——-——————————————— IDSNLNLTT
--—GLIASVGADGVLAVYEE-————-——————————————— VDGEWKVFA
---GLLSSVGSDGVLALYQETANTTEKNEENETNGEAPTTTSAGGWKVLT
--—GALATACGDDAIRVFQEDPNSD-—--—-—--—-—-—— PQOPTFSLTA
ASSIYIATAGODGVVCLSIIN--P-—-——-—-————————— ITGTATPIV
--—NNVLVGSGDNATIRLFKIN--T—--—--—-—-——-————— TKKKLELIE
---NCIIVSSADKSLHLFSV-—-T--—--—-—-———————— DSKRLKHIC

24



Cial Tra hom SLEDAHQK-DINCVKYSDD--—-—-—————-— NNMLVTCSDDGCLKVYHVDE -

Cial Enc_cun SIENVHED-SINSIVYDEG-——-——————— RNRIVSGGDDGILNTIEL-—--
Cial Enc_int TIEDIHED-FINGIAYDEG-——-——————— RGRIISGGDDGILNVIEM—-—-—
Cial Sac cer KRALCHGVYEINVVKWLEL-—-—————— NGKTILATGGDDGIVNEFWSLEK-
Cial Neu cra TVKGAHGPYEINHITWCKRYDAGSERKGEEEMLVTTGDDGVVRPWQVR-—
Cial Hom sap HLHQAHSQ-DVNCVAWNPK-——-—————— EPGLLASCSDDGEVAEFWKYQRP
Cial Gia int HITGAHDG-EVNSVCDITQ----AVATDGHVVVCSGGDDGCINIWRIST-
Cial Ent his EKODAHTN-DVNCVKWIN--=-=——=—=—=——-— KTLSISVGDDNMLKIWKI-—-
Cial Cry par ERPNAHNS-EINSVSWLND-—-—-———--— NKRGEFISAGDDGEIALWRED--
Cial Tra hom -SE
Cial Enc_cun --L
Cial Enc_int --F
Cial Sac cer -AA
Cial Neu cra -IQ
Cial Hom sap EGL
Cial Gia int -EE
Cial Ent his -VN
Cial Cry par -FE

Abbreviations: Tra_hom, Trachipleistophora hominis; Enc_cun, Encephalitozoon cuniculi; Enc_int,
Encephalitozoon intestinalis; Sac _cer, Saccharomyces cerevisiae; Neu cra, Neurospora crassa,
Hom_sap, Homo sapiens; Gia_int, Giardia intestinalis; Ent his, Entamoeba histolytica; Cry par,
Crystosporidium parvum.

Cial belongs to the WDA40-repeat protein family. WD40 repeats are conserved domains of
approximately 44-60 residues that typically contain the GH dipeptide 11-24 residues from its N terminus
and the WD dipeptide at the C-terminus. The WD repeat combines a conserved core structure with
variable regions that are probably surface-exposed. Most WD proteins contain a cluster of at least 7 or
more copies of WD-repeats with as many as 16 but as few as four. A WD protein forms a propeller-like
structure with several blades where each blade is composed of a four-stranded anti-parallel B-sheet. Each
WDA40 sequence repeat forms the first three strands of one blade and the last strand in the next blade.
The proposed common function of this protein family is to coordinate the assembly of multi-protein
complexes by functioning as a docking site for other proteins. Residues on the top and bottom surface
of the propeller are proposed to coordinate interactions with other proteins and/or small ligands®***. The
3D structure of the Cial protein from S. cerevisiae shows the typical architecture of other WD40-repeat
proteins*>-®. The B propeller structure contains three potential interacting surfaces: The top, the bottom
and the circumference®-°. The WD40 repeats are shadowed in yellow. The seven WD40 repeats in S.
cerevisae were obtained from Unipropt KB: http://www.uniprot.org/uniprot/Q05583 and the WD40
repeats from the other organisms were obtained from SMART: http://smart.embl-heidelberg.de/. Note
that Tra_hom has four inferred WD repeats, Enc_cun and Enc_int have five WD repeats, Gia_int and
Ent_his have six WD repeats. The arginine (R) in green is critical for the function of Cial in yeast*® and
is conserved in all of the microsporidian sequences. In bold are the invariant residues present also in the
microsporidian sequences.
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g. Cia2

Cia2 Tra Hom
CiaZ2 Enc_cun
CiaZ2 Enc_int
Cia2 Nos cer
Cia2 Ent bie
Cia2 Sac_cer
Cia2 Neu cra
Cia2B Hom sap
Cia2A Hom sap
Cia2 Gia lam
Cia2 Tri vag
Cia2 Cry par

Cia2 Tra Hom
CiaZ2 Enc_cun
CiaZ2 Enc_int
Cia2 Nos cer
Cia2 Ent bie
Cia2 Sac_cer
Cia2 Neu cra
Cia2B Hom sap
Cia2A Hom sap
Cia2 Gia lam
Cia2 Tri vag
Cia2 Cry par

Cia2 Tra Hom
CiaZ2 Enc_cun
Cia2 Enc_int
Cia2 Nos cer
Cia2 Ent bie
Cia2 Sac_cer
Cia2 Neu cra
Cia2B Hom sap
Cia2A Hom sap
Cia2 Gia lam
Cia2 Tri vag
Cia2 Cry par

Cia2 Tra Hom
CiaZ2 Enc_cun
CiaZ2 Enc_int
Cia2 Nos cer
Cia2 Ent bie
Cia2 Sac cer
Cia2 Neu cra
Cia2B Hom sap
Cia2A Hom sap
Cia2 Gia lam
Cia2 Tri vag
Cia2 Cry par

EVLDKLLSIRIPPELTSDEDSLPAESEDESVAGGGKEEEEPDLIDAQEIY-——--—-—————
DSKYDHILFPKOQWWAGSSLNTDPSVWTSDEDEDDDLTLATEEPIDEQEIYGENYDPSSCT

ELTRHIKDPEHP-YSLEILNVVNLDSIEIKEISTTY-—-—-—-—- GKNLQOVVVHFQPTIPH
ELTIRDIRDPEHP-YTLEQLGVVSREGVSIGCIGPDG-IAPNVGLPIRCVKVVEKPTIPH
ELIRDIRDPEHS-YTLEQLGVVSREGITIGLIDSDG-IAPSAGLPIKYIKVMFKPTIPH
ELIRDIKDPEHP-YTLEELNVVRKDLIKIYQLKDEY-VVEDI---INCIEVQFEPTIPH
ELIRDIQDPEHP-YTLEDLGVVSLSDIKIYTVYNNTNIKCTDGFPLKFIEVQFTPTVPH

DLIAHISDPEHP-LSLGQLSVVNLEDIDVHDSGNQON—---————— EMAEVVIKITPTITH
YLLSTISDPEHP-VTLGQIAVVRLDDIHLSPSPAER----LDPNTLTNVEVDLTPTVNH
DLIRSINDPEHP-LTLEELNVVEQVRVQVSDPE---—---—-———--— STVAVAFTPTIPH
DLIRTIRDPEKP-NTLEELEVVSESCVEVQEINEEE---—-—-——--— YLVIIRFTPTVPH
DIIRSVRDPEHMNMTLEDLRVVNLNDITVMDEQG--—-—-—-———-———-—-— LVRVVYTPTTPT
NYIRLIKDPEHP-FSLEQLHIVSPDDIKVDDKEGR--—-—-—-———————— VNLVETPTVPN
ECIKDIIDPEYP-LTLEQLNVVSLENIIIN----—-—--——-—-——— HEEQIIFVEFKPTVTS

SMAAIIGLCIFYVLKARL-DTFWIRVQIAE--DTHVNWKTINKQLDDKDRTNAAFENTST
SMAAVIGLCIKTHVSRHV-RNHFVQVHIVD--GGHINFRALNKQLDDKDRVLAATENEVL
SMAATIGLCIKAQINQYI-ENHFIQVHIVN--DGHINFKALNKQLDDKDRVLAAMENETL
SMAATIGLITIKILLEKYI-KGYYIIVSILE--GSHVNDKMLNKQLKDKDRVQAASENEAL
SLVGIIGLSIAYQLYKHT-RNYVIKLRITK--GSHHQEETIYNKQLNDRERVFAAFENESI
SLATLIGLGIRVRLERSLPPRFRITILLKK--GTHDSENQVNKQLNDKERVAAACENEQL
SLATVIGLAVRVRLENALPPNYR--TIIVRMKDGSHAQDDQVNKQLGDKERVAAALENDTL
SMATLIGLSIKVKLLRSLPORFKMDVHITP--GTHASEHAVNKQLADKERVAAALENTHL
SLATLIGLCLRVKLORCLPFKHKLEIYISEG--THSTEEDINKQINDKERVAAAMENPNL
SLGSIIGLSLKIKLDRCLPRRFCSVVYCKD--GTHENAISLNKQINDKERALAALTNKNI
SLPAVLGLCIRERLLOVLPORFHSKIFITVARGKHIQEDSINRQLRDKERCLAALERRNI
SOASLIGLSLYYKLHTVENKNFKIIIKVVK--GTHDLEDSINKQLKDKERVHAALENPQT
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Cia2 Tra Hom LNLIGDCIGPCSV-===———-
CiaZ2 Enc_cun LDLMEKCLPAI-————=———-
CiaZ_EnC_int LDLMKECLPRHGELLDMPK--
Cia2 Nos cer  LEIIDECLVSIIDKYDL----
Cia2 Ent bie  LEIIENSINK------—----
Cia2 Sac_cer LGVVSKMLVTCK-———=————
Cia2 Neu cra  KGIIEKMLETCV----—----
Cia2B Hom sap LEVVNQCLSARS---—--—---—
Cia2A Hom sap REIVEQCVLEPD---—--—---—
CiaZ_Gia_lam ASVVNTAIRI-—————————~—
Cia2 Tri vag  RTMIDNCIACDDEEE------
CiaZ_Cry_par YKTITKGLANSDVWEDQSLLY

Abbreviations: Tra_hom, Trachipleistophora hominis; Enc_cun, Encephalitozoon cuniculi; Enc_int,
Encephalitozoon intestinalis; Nos_cer, Nosema ceranae; Ent_bie, Enterocytozoon bieneusi; Sa_cer,
Saccharomyces cerevisiae; Neu cra, Neurospora crassa; Hom sapl-3, Homo sapiens; Gia lam,
Giardia lamblia; Tri_vag, Trichomonas vaginalis, Cry par, Crystosporidium parvum.

The DUF59 (PF01883) domain identified using SMART (http://smart.embl-heidelberg.de and pfam
database: http://pfam.xfam.org) is highlighted in light blue. Yeast mutants where the hyper-reactive
cysteine (. — universally conserved across aligned sequences) is replaced by alanine are not viable®’.
Cia2 is part of the CIA targeting complex (with Cial and Mms19) which facilitates the insertion of [4Fe-
48] clusters into cytosolic and nuclear apoproteins**3°. Humans possess two isoforms of Cia2. CIA2B,
together with CIAO1 and MMS19, is required for maturation of the bulk of cytosolic and nuclear Fe/S
proteins. CIA2A binds to CIAO1 and IRP2 and is involved in cellular iron regulation. The human CIA
targeting complex CIA2B-CIAO1-MMSI19 binds to numerous Fe/S proteins presumably reflecting the
apoforms?*-°.
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h. Hydrogenase-like Narl

Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

MRRP-—-——-—-—-— HMNKKINP@IK--—--—-—-——————————————-
MDAL--TRPPMSFFADLPKDNKK@TK-——-—-——————————————————
MSFF-—--—-—--- AGLSKNNQKETK-—-—-——-———————————————
MNT--——-—————————-— ENKP@T—-———————————————— -
MSAL----LSESDLNDFISPALABVKPTQ-—-—-— VSGGKKDNVNMNGEY
MSATI----LSVDDLNDFISPGVARTIKPIETLPTAAPPAGDANSSLEVEVI
MASPFSGALQLTDLDDFIGPSQE@IKPVKVEKRA-GSGVAKIRIEDDGSY
MSAD-—=-—=-—=—=— PAASTSFD@LHPVSIEE—-—-——————————————
MSLK-—---- VKVASDLNTLPEE@VVPLKPADAP-STGTVKLRLK—-—=—

MSLS--VGLQIAGVDDYIQQONL
MEST---AVKLANLDDYLESSQD,

MPLKETPP--QEHKGAAKISLGGP-
IVSLLSDK---DDTKPKIAVMRPAKA

—————————— GEKPFELTLND@L -SMEETKITAE----DLQO—-—-—
—————————— IGSPLALSLSD@L -SADEAGALSEDLS-FVL---
—————————— TDTPEFNLSLSD@L -TTDEAGALSADIS-FVR---
———————————— SPFTFKLED@L I-ADFSVPKIPTY--TELK---
—-—-—-EVSTEPDQLEKVSITLSD@L I-TSSEEILLSSQSHSVELKNW
LDGOQQPEAKSNAPPAEISLTD@L -TSAEAVLVSLQSHNEVLNML
FOINQODGGTRRLEKAKVSLND@L I-TSAETVLITQQSHEELKKVL
———RGRVKADDEATFKVTLQODE@L ITKDEITIISEQNTSRIFEKL
—-——ACDAAPVSSTPVKITINDE@L —TSAEEVFFRELNTTALQONAT
———EEGNELPKLTKVTVRLED@L I-TSAETVLIEQQGLPEFRKNI
QGNKDDKKSGTSDKATVNVAD@L -TSAEAKLLEDONVSEEFMNIL

—————————————————————————— NVPINLIMSHYSVLNLCNEIKKQQ
———————————————————————— DLSPQTSFVLSPQSKINIFNLYR---
———————————————————————— DSAPQTSFVLSPQSKVNIFNIYG---
—————————————————————————— DVPLTFLLSPHSKMNMYAHYN---

GKLS-——-—-————————————— QOQDKFLVVSVSPOCRLSLAQYYG——-—
DSAPALKLVGPDANGKHSVQGLENSDAKLYVASVSPQSRASLAAACG—-——
DANKM---—===—=——————— AAPSQORLVVVSVSPQSRASLAARFQ—-—--
———————————————————————— DEVKDYIVLVATHVVANLAAVRN---
TSGP-————————————————— KAGRPIVLSLSQSAILSLSRVL-—-—--
KEL- - SQRKKVICTIADECIASMSVVHN-—--

———————————————————————— KQKRLTVVSISNQSCSSFACHLN---

LKQNKDDSTNLHATITVKEWYA-YLONALRRKFSVK——-—-—-— R——————
—————————— EDGMEYREFEA-VLSSFLRSKFNIH-—-—-——-R-——-—-
—————————— KGNMSYREFEG-ALSSFLRAKLNVR-—-—-——-R-——-—-
—————————— NHIMSFSDFEY-HLISFIKLKFNVI--——-—-—K-—-—-—
————————————— LTLEAADL-CLMNFFQKHFQCK-——-—-—=Y—-——-—
—————————— NG-VTEQQAGR-MIEQLFLGEQGLARGGKWGNKF-—-—-—
————————————— LNPTDTAR-KLTSFF-KKIGVH-——-—-—-F--——-—
————————————— WSAAKAFS-TIKQLF-L—--—-—-SKGAQKV-—-—-—
————————————— LDITSVEPCTVDTLFK-QLEYALRTRVAGLRHCTYED
————————————— QPFNVVWT-RVEKAL-KKEGVD----—-—-E--—--—
————————————— CDLITIQR-KLSGLF-KHIGAR--—-—-—-F--——-—
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Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc_ int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

————— IVNTYDYQQLSNYMIYNE-------—--—--L--LTKNKLILSECPG
————— IVDTSYLRSKIYEETYRE--=---—--—--—--Y--MATNHLIVSACPG
————— IVDTSSMRRKIYKEIYKE---—--—--—--—--Y--LATDHLVISACPG
————— VYDTSYVKNILYDSVYE-------—--—-—-—-E--STRDKIIISDCPG

————— MVGTEMGRIISISKTVEKI--IAHKKQKENTGADRKPLLSAVCPG
———TWVVDTNTAREATLVLGSDEV--LGGLIAPSD--KAATPVLTASCPG
————— VEDTAFSRHFSLLESQREF--VRRFRGQAD-CRQALPLLASACPG

————— VLDTD-IQLVFRRLVVKEF--IEN--------QTLSPFMISRCAG
APPVYVVSEAQHQEQSVLMNVRQISFLMQS—---SE--PRSNIAIITHCPA
————— LRDLSQAQDISLEGIYDEF--KEYQ----—-—-KMNKVLLTSTCPG
————— VMNSTISEYISLLETKYEF--ISRYKA-----KSDLPMIISHCPG

VVAYVERRR-PDLIPYLSEVPSLOOMCAYLCEEEG--——————————————
VVTYIERTA-PYLIGYLSRVKSPOOMAFSLVKG-—-=-=-—=——==——————————
VVAYVERTA-PHLIDYLSRVKSPOOMAFSLVKG-—-=-=-=——=——————————
TVSYTIERQA-HHLIEYLSVTSTQOQOATKLLAQ-—————————————————
FLIYTEKTK-PQLVPMLLNVKSPOOITGSLIRATFESLATI-—-————————
WVCYAEKTH-PYVLPHLSRVKSPOQALMGTLLKTSLSRILD--=-—-—=————
WICYAEKTHGSFILPHISTARSPQOQVMGSLVKDFFAQQQH--—-—-—————-
SVVYYERKT--SYADHLAQIKPYPQOLYAMYEKKILQ-—-——===———————
VRLFITKRN-RELTSYIVSTASPMELFGASYCGIDA--————————————
WVCYSERKMQGKWMFEYMSKVASSMTIAGMIMKKQONS ——————=——=——————
WICYSEKSLNSSVLPLLSKVRSAQQLOGILIKTLTLEIYNQLLFLYKFRL

————————————————————————— VLTVGVMQCHDKRLEGGV---RV-—
————————————————————————— SRTVSVMPCQODKKLENGRDGVK—-—
————————————————————————— DRTVSVMPCODKKLESGRDGVK- -~
————————————————————————— GRSISVIQCYDKFLENSDDVLTT--
————————————————————— ARESFYHLSLMPCFDKKLEASRPESLD--
———————————————————— IAPERIWHLAVMPCFDKKLEASREELTDAV
———————————————————— LTPDKIYHVTVMPCYDKKLEASRPDFFNQ-
——————————————————————— STNYVLYIGPCYDRKLEAARFEED--—
———————————————————————— SPLLVSIQPCODRKLEQFRGAAV---
———————————————————————— EIYHVSIQMCFDKKLEATKTYNNI-—
SNSYRTNMNVKSTFTQNDNFVEQSDIFHVAIMPCHDKKLESTRSSLSLK-

—————————————— DVCLTAQEVHSFLAGTPQGSSPPA-—-—-—-—-FCS
——————————— HVIDCVLTTSEIDSIIDW--NE-—-—-—-——————————
---SSDKNSSCPEVDIVLATSEVGEIIKL--AGFNSLLDVP—-—-—-—- E
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Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc_cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc_ int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

VGNEGKGDNNGRDIHDDVGVGNEGKGDNNGRDTYD--—-—=——-—-——-—
GRS L C S —m ——m m o m o o -
SWNHHE —— === === == == — - — oo
KWEKCT—————————————————————————— IGY--—————————————
LYGRLS == === === ————m oo
RFPDQL-——=-——-—=———————————————— T-——mmm -
APLDSL--———=—————=—————————————— Cm—mmmmm -
ADTDLN= === == == = = o
SYT PSP~ === m
____PI ____________________________________________
APLDNL--—=—=——=————————— WLNONFQITKKHNLSLLIT
—————————— DVGVGNEGKGDNNGRDIYDDVGVNGKDNNIYETCNGVHTN
—————————— MEE—-—--—-—-AETTQW--—-——————————————————
—————————— IED--—-————-MEVTQW-——-——————————————————
—————————— HYG---------YLEHILNKKNNYLTKNDSIKIFNSK---
—————————— PPG-—--—-———WDPRVH-———=—————————————[{-——
————— HDFLFRPG---—-—=--—HRQQ--—-—=——————————————————
————— SG---ASA-————-———EEPT——-—————————————————————
—————————— ATS-—-—--—-—-QKLGQI-——-—=—=——————————————
__________________________ TS______________________
—————————————————————— NEITST-——-—-————————————————
ENYVSNQILNQFS—--—-—--- WLIPSY-——————————————m—m oo
DKDDNNTNTHNDRLSPEQHSKNS SEHVLTNEKEFLTGITPYLIKM-—-—-
————————————— NIGT-SSGGYAEFILG--—--—-KHC—-——-—-——-—-
————————————— NIGT-SSGGYAEFILS--—-—-KHR--——-—-————-
————————————————————————————— NEEVRLNGKRKL-—-—=-—=-—
—————————— AS-NLGG-TCGGYAYQYVT------AVQRLHPGSQ--—-—
——————————— S-REAG-TSGGNMHFILR------HLQAKNPGSQ--—--
——————————— S-HRGG-GSGGYLEHVFR------HAARELFGIHV-—-—
————————————— KDSL-NSDSIYQLIAE-----—-IEP-—-————-—-—-
————————————— FWQY-ALGPLLVLY-L------RAKEWISDEGLSRLL
————————————— RMKG-FISSPAQYIAL------MEQKKE—--—-—-—-
—————————————— FNS-NSGGFCEYIIR----—--SATKELAGDHI----
———————— LNLTIERIQTI-----—----NKSYRVLHFK-------NSSL
————————— VVETREIRNGI-----------—-KEH-LLDD-G------R
————————— SVKKIKDRNGI------—--—-—--REY-MVDD-G--—----G
————————— NINTVTLNKINIPEIDYKYKNGVFTYTQIKN-—----NKKK
———————— MIVLEGRNSDIV--------—-—--EYR-LLHD-D---RIIA
———————— IQTVPGRNADVV------=--=--—--EYK-LIAEAG---EVMF
—————— AEVTYKPLRNKDFQ------—----—-EVT-LEKE-G---QVLL
————————— TLNEEEINSLI-------------SEL-PSRF-----DLET
VQRADGVDLHWTKIGNELFS—-—-——-—-—--— CTI-ELSQ-NQSPYSCV
————————— PFKVTRNKDFL-—-—=--==—=—=-END--—-—=G—-—=-—-
--—DNKVQLPFNKLKN-DIL-—=--—-—=——-—- EAK-YIKN-N----VEL
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Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

Narl Tra hom
Narl Enc cun
Narl Enc_int
Narl Nos cer
Narl Sac cer
Narl Neu cra
Narl Hom sap
Narl Tri vag
Narl Gia int
Narl Ent his
Narl Cry par

TFAHI TGLKNLLNFLND— === === === ————m— oo
TISQITGLENSINYFKSSKT-———=———————————m oo
IVSQITGLENSINYFKISKT————————————————————
KYLRILGLEPFLNFIKESKH-——————————————————— o
AASELSGFRNIQNLVRKLTSGSGSERKRNITALRKRRTGPKANSREMAAA

KAARYYGFRNIQNLVRKLKP-————-——=—-—— AKTSRMPGGKPFGSAKR
HFAMAYGFRNTQNLVQRLKR-————=———————————————— o
STNSFDGETLNKRLTKTLDMM——-——=—==-=—=-— SSG-————————————
ITIYKSTGYHNLONLVRRIHA--——=—-—————-— LCP-—————————————
~IATANGFRNIQNVVREVK==—=—== === == — o
NYCLAYGFRAIQSISRKLNL--—-——=—-=—=— QKNASQ-—-—--~— NTQY

————— EEMRYNFVDIFLCDDRCFGGPGOIKNN-VONDY-AHYFKLV----
————— KGPRHKMTEIFLCKNGCIGGPGQERVNDVEMDI-REY-DRN—-—--—
————— KGPKYKMAEVFLCKNSCIGGPGQERINSVEVDS-AEY-NIY—-—---
————— KELEYDVCEIYICNQGCINGPGQLYTDNLYVNN-SEYIDID----
TAATADPYHSDYIEVNACPGACMNGGGLLNGEQNSLKR-KQLVQTL-—-—-—
PAGKASGLDYGYVEVMACPGGCTNGGGQIKVDDQVVVDRKGLAVKPGPQE
————— GRCPYHYVEVMACPSGCLNGGGQLOAPDRPSRELLOHVERL-—--Y
—-—-KKVPKPAPRLAQIDFCKGGCLVGGGQIRGNSPAQRR-A-LIAATQ-—--
————— NKSALYILDLHACPYGCYGGA-CIAGDDRHPVSSV--ASAS--HA
————— SKTKLQFIEVEACPGGCICGGGQIKCSPKEKDE-RVK-KMME-TIL
KQSVVNHVNYHLIEAMACPTGCVSGGGQILSONDONDDNSDL-NKL--RK

== —GLNTNEEV———— === —— o m oo oo IVP
————GREQPRIFYSS=—————————m oo
————GKEQPETYYSD-—————————— - m oo
——————————————————————————————————————————————— LGI
---NKRHGEELAMVD-—--—-————-—-—— PLT--LGPKLEEAAARPLSL
QKEWQKEVDEAYFSG--—-- DESGSRAQDESLDLVVDGISPSHIRNVLTH
GMVRAEAPEDAPGVQ-—=—=-—=—=—————————————————— ELYTH
———EVHTONESTNIS-—=--—-—=——————————————————— FPTELYNE
ATMSADKAVLSHILAADTCAGL—-—=-——-—=—=-— LEGLVQAVDRITLQE
EPKVVDEKNKSTYES———— === === m oo
NIKFIDEVQEALYKG-—-—- INLN-KNQEV--—-~ ILPDEIPIVNILYEY
QVLKDK--—=--—-—- KRIFENR--—-—-—- KIYR--—-—-—- SNFKVEW
-PGLEE---—----- KRVFREV--—-—-—- KAKR--—-—-—- VDLRVDW
-PGLEE-----—-—- KRTFRPV--————-—- SVKR-—=-—=—=- IDFKVDW
DCKQLQ--------- KRTYRKI--—-—-—- ETKK--—-—-—- VNFKIEW
EYVFAP—-——-—-——-— VKQ--—=-———————————- AVEKDLVSVGSTW
WSTLTGIQLER--LAYTSYREVVSDVGKEKKMTDTERVVQLAGKIGGGW
WLQGTDSECAGR-LLHTQYHAV-—-—=——-—-—————— EKASTGLGIRW
L-—-———-—- IKF-GYKTHYESL--—-—-——-—-——-—- PQEEEKDQFAW
TVIRTD---—=-—=-—- GEVVSPE--—-—-—- EIAARKGIQSGVRIQDLAW
-IKDSI---—----- KLTFIDR--—-—--- KESAQ-—-—-- ENALHLNW
LIHIDK-QIDRSSGLKLPFLRN--—-—--- DFVSI---NEVPTASSLKW
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Abbreviations: Tra hom, Trachipleistophora hominis, Enc cun, Encephalitozoon cuniculi; Enc_int,
Encephalitozoon intestinalis; Nos_cer, Nosema ceranae; Sac_cer, Saccharomyces cerevisiae; Neu_cra,
Neurospora crassa, Hom _sap, Homo sapiens; Tri vag, Trichomonas vaginalis; Gia_int, Giardia
intestinalis; Ent_his, Entamoeba histolytica; Cry par, Crystosporidium parvum.

Narl proteins are related to Fe-only hydrogenases*’ and contain two-conserved cysteine motifs. One is
located at the N-terminus and the second is distributed between the central part of the protein and its C-
terminus, the cysteine residues forming these motifs are coloured in . and blue, respectively. In yeast,
each cysteine motif coordinates a [4Fe-4S] cluster and both are essential for the assembly of cytosolic
Fe/S proteins*'. It has been shown that the C-terminal Fe/S cluster is stably bound to the protein and its
assembly depends on the Fe/S cluster from the N-terminal cysteine motif*>. A conserved C-terminal
tryptophan characteristic of the Narl protein family is highlighted in yellow.
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i. Fe/S protein Dre2

Dre2 Tra hom
Dre2 Enc_cun
Dre2 Enc_int
Dre2 Ent bie
Dre2 Sac cer
Dre2 Neu cra
Dre2 Hom sap
Dre2 Cry par

Dre2 Tra hom
Dre2 Enc cun
Dre2 Enc int
Dre2 Ent bie
Dre2 Sac cer
Dre2 Neu cra
Dre2 Hom sap
Dre2 Cry par

Dre2 Tra hom
Dre2 Enc cun
Dre2 Enc int
Dre2 Ent bie
Dre2 Sac cer
Dre2 Neu cra
Dre2 Hom sap
Dre2 Cry par

Dre2 Tra hom
DreZ2 Enc cun
Dre2 Enc int
Dre2 Ent bie
Dre2 Sac cer
Dre2 Neu cra
Dre2 Hom sap
Dre2 Cry par

Dre2 Tra hom
DreZ2 Enc cun
Dre2 Enc int
Dre2 Ent bie
Dre2 Sac cer
Dre2 Neu cra
Dre2 Hom sap
Dre2 Cry par

Dre2 Tra hom
DreZ2 Enc cun
Dre2 Enc int
Dre2 Ent bie
Dre2 Sac cer
Dre2 Neu cra
Dre2 Hom sap
Dre2 Cry par

MA TE — = == == m o o N-----
ME DK = = — = = = o
ME DK — = — = = = m o
MT S S == == == —m — D-----
MSQYKTGLLL-THPA-———————————————— VTTTP---
MSPITLDLTSDFNPA-NTTGAGSSSSQP—-—-- RTLLVAPPSVASHE-—-
MADFGISAGQ-FVAVVWDKSSPVEALKGLVDKLQALTGNEGRVSV-—-—-
MTQLIITHQ-—-—-—-—- SDSKLEES---—-—- EVFLSELNRIKKEEDKF

~=DDF-—-KKLLEG-— === == === === ————
~—EEL-—-RKLLRS———=———————————— o
~—EEL-—-RKLLRS————————————————
~—EEL-—-KELLKQ-——=——— === — oo
--ELVENTKAQAASKKVKFVDQFLINKLNDGSITLENAKYETVHYLTPEA
-—ERI---SALFSTYPRDTTDLHMLDRLAAGLVTLPTSTY-—-—-——-——
-—ENT---KQLLQSAHKESSFDIILSGLVPGSTTLHSA-————————-——
GKFSS---LSDLRATVKKGEFRIVSIYLSSGSTILGEIF————-————-——

QTDIKFPKKLISVLADSLKPNGSLIGLSDIYKVDALINGFEIINEPDYCW
——————————— DLILVLTDPDGSRHAEASALLSNRAVWSLLVPALKAGGK
———————— EILAETARILRPGGCLFLKEPVETAVDNNSKVKTASKLCSAL
—————— TFEFLKEFYGVLDFGSVLKVNI---LALDSTIDKVKAFER---NL

IKMDSSKLNQ--——-—-—=-—- TVSIPLKKKKTNNTKLOSGSKLPT--FK
LRSEDGTLGRDTTTPEARE---AVLAGL-—-—-—=-—- VAGADGFTKPDYA
TLSGLVEVKELQREPLTPEEVQSVREHLGHESDNLLFVQITG--KKPNFE
LFSGFIKVKKLKGDGLN-—-—- SSDSDF-—=-—=-————=——————————— E
————————— ALKVKNR-—--R--—--TEE-—-——-————————————————
————————— MMRKSTDP--RT-—-—=—==—=—=-KM--————=———————
————————— TIRKNTDP--RV--—-—-——-————KI-—————————————

KASSSTSNLPSFKKADHSRQPIVKETDSFKPPSFKMTTEPKVYRVVDDL-
EEEAVPLRFGLKRKTNP--NPVVAP—IQPVAQVVTAAPAGVGFVTLDL--
VGSSRQLKLSITKKSSP——-SVKPAVDPAAAKL—-—-—-—-———-— WTLS-
IVIKAEKP—-SWKPEE———=—————————— oo

—————————— D-—----—-——-—————-EKDF--LD-EDA-—--—-—---
—————————— Q-----—-—--—-—-——-DEYL--TD-EDK---AIQ----
—————————— S-—-—--—-—-——-———-DEYL--TD-EDK-—--AET----
—————————— H---—-—--—-————-——RIPM--VDRPSK-—--—-——-—-
--—-IEDSDDDDFSSDSSKAQYFDQVDTSDDS--IE-EEE-LIDEDGSGK
NDDLDLDGEDD--——-—=-—=-—=——-—-— DDDV--ID-EDT-LLTEADLRR
--—-ANDMEDD---—--—-—-——-—-—- SMDL--ID-SDE-LLDPEDLKK
—————————— G---—--—--—-—--—-—-KVLVDDID-LEGSVPDIKNYVP
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Dre2 Tra hom ———-SE--SVSNSRRVQKKKRAEEN GRAEGKKKLSREELKKM—-———-——

Dre2 Enc cun  —--—-—-—---- RSERPPAKKRABKD@TEGLKEEQEV - ——————————————
Dre2 Enc int = -----—--—- KTLRTPAKKRABKD@TEGLKEKQEV - ——————————————
Dre2 Ent bie —-——I---LTQSNKCRENKARKESNE@T@NKNTNTNNT--—--—-—————————
Dre2 Sac cer S——-MITMIT@GKSKTKKKKABKDE@TE@GMKEQEENEINDI-RSQQDKV--
Dre2 Neu cra P---TIQQPPEEOPKPGKKRRAGKDETE@GLAERLEAEDKAR-RDKADQALN
Dre2 Hom_ sap PDPASLRAASEGEG--KKRKABKNETEGLAEELEKEKS---REQ--—-—~-
Dre2 Cry par ---LGQ----GKESCKSKERAGNN@NEBGRADLEKEIGVEAARKV--—-—~-

I — e
Dre2 Tra hom ----SREEV------- KKLANAG@GGEKMGDAFREGD@PFYGLPSFEEGD
Dre2 Enc _cun = ——-—-—-—-—-—————-- RTRSABGNEYKGDAFRESGEPSLGLPPYEPGD
Dre2 Enc int = ------------—--——- EVRSABGNEYKGDAFRESGE@PSLGLPPYEPGE
Dre2 Ent bie - ------------—--——- IYKSKEGS@HLGDPFRESS@PYKGLPPENEGD
Dre2 Sac cer -VKFTEDELTEIDFTIDGKKVGGEGSESLGDAFRE@SGEPYLGLPAFKPGQ
Dre2 Neu cra TLKLKSEDLLELDLTV-PGKTGS@GS@ALGDAFREAGEPYLGLPPFKVGE
Dre2 Hom sap = --—--—--- M-==———- SSQPKSABGNEYLGDAFREAS@PYLGMPAFKPGE
Dre2 Cry par -———YQEKVE-—-—-—-—-- TGTARSSEGNEYLGDAFRESGEPYKGMPAFKPGE

I —
Dre2 Tra hom EVFFD---—--—-—————-—————— - —————
Dre2 Enc_ cun VVSFSMDL—-=====—= SNE-—=-=————="="="=="="=="—="—="—==—————————— FQ
Dre2 Enc int VVSEFSTDL-————---- DEG-——=====————=———————————————— LO
Dre2 Ent bie EINFD-———————————————mm e m e ——
Dre2 Sac cer PINLDSIS--—-————- D=
Dre2 Neu cra EVSILNNV---——---— P-———
Dre2 Hom sap KVLLSDSN—-—=—— === — - —mmmmmm—m e
Dre2 Cry par KVSLANAEGDANDHTVDMNLIHEEKVDLITTTEDDDGSGVNNVQSKGGVL

Dre2 Tra hom -

Dre2 Enc_cun GEDA
Dre2 Enc int GODG
Dre2 Ent bie --EL
Dre2 Sac cer --DL
Dre2 Neu cra --QL
Dre2 Hom sap LHDA
Dre2 Cry par KLNI

Abbreviations: Tra_hom, Trachipleistophora hominis; Enc_cun, Encephalitozoon cuniculi; Enc_int,
Encephalitozoon intestinalis; Ent_bie, Enterocytozoon bieneusi, Sac _cer, Saccharomyces cerevisiae;
Neu cra, Neurospora crassa; Hom_sap, Homo sapiens; Cry _par, Crystosporidium parvum.

Dre2 is an essential protein in Saccharomyces cerevisiae and is conserved among animal species and
other eukaryotes*’. The human protein is called CIAPIN1 or anamorsin. Dre2 homologues have a
conserved C-terminal domain (underlined with blue bar) sometimes called a CIAPIN1 motif, which is
present in the microsporidian sequences. In yeast the amino acids 173-348 within the CIAPINT motif
interact with the FMN- and FAD-binding domains of Tah18. The protein contains an N-terminal [2Fe-
2S] and a C-terminal [4Fe-4S] cluster within the CIAPIN1 motif. The coordinating cysteine residues are
marked in .44. In yeast, Tah18 transfers electrons to the [2Fe-2S] cluster of Dre2?°. In human and yeast
the C-terminus of the proteins are connected to an N-terminal S-adenosylmethionine (SAM)
methyltransferase-like domain which is not known to bind SAM*. The SAM-like domain is not present
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in the microsporidian Dre2-like proteins and was not detected using CDD at the NCBI'S. Notably,
residues 1-172 of this region are known to be important for Dre2 function in Fe/S protein biogenesis,
yet the region is not essential for yeast cell viability*.

In yellow: Acidic and serine (E, D and S)-rich patch identified in human and yeast Dre2*’. The E, D and
S residues in this region of microsporidian proteins were also labelled in yellow for comparison.
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j- Diflavin-oxidoreductase Tah18

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc_ int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

NLTIARAIMHGYDAKTIYNLDAFLYSPG
NLIERALLYGYDPKTIYNLDCEFF

IEKLITNLQ
LLELTAYLR
LLELMAHFD
IKDLYYILP
GTGLGIESVYFEYEKKVLSFLL
YOELRESLL
LRDLWDRVL
WNNTEFLNRLGISD

S=LNIKGAELT TKQKR—— === === oo oo
TYISRPCTDF I STQPK— === === === —m—m o o e
P-LKIKHIDILSLKPE——————— === ——— oo oo
HYKLONAKNFASCKND— === === == == —— — o oo o
SKYPNRKVNGQTIIKREELDPEVYLEPASYLQLS-—-—-——-—-—=———————————————
SQFPLPKGIEPIPDDAPLPPKYNIRLVPSTGSLKDKITNGEGHVSQVEDNEQLAARFERM
GLYPPPPGLTEIPPGVPLPSKFTLLFLQEAPS-—————————————————————————— T
SKEHLNKHFSTAVTRKKDEFVCKLRSINEISLYN—-—-——-——————————————————

——————————————————————————————— LYDATIISKNMLTPCDHFQEILEVGLSVE
——————————————————————————————— RYVSRLVEKRVLTPDDHFQKIVEFVFDIP
——————————————————————————————— KYTSRLVGKRLLTPEGHFQKITELVFETP
——————————————————————————————— LYSASINDIKILTPYNYIYPILETIKFDI-
——————————— DEHANEKFTSTKVIFEGDESLKVGRVNINKRITSEGHFQDVRQFKFSNV
STESEATEAPGQKDGTDVPDFPPAKLLPIPGSFTAQVVCNKRVTPEDHWQDVRHIEFELR
GSEGQRVAHPGSQE—--—--— PPSESKP----FLAPMISNQRVTGPSHFQDVRLIEFDIL
———————————— HSLSGNCHVSEIYFKLIEFCPINRELLCETKTIDGIERQIFNLKLELP
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Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc_ int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc_ int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc_ int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

Tahl8 Tra hom
Tahl8 Enc cun
Tahl8 Enc int
Tahl8 Nos cer
Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

NYDDFE-—---- PGDTIRIYPSN--YNWREFCD-YIGNVDDEDHVR--—-—==—=——=—————— N
DYKEFEF-—-——-- PGDCLSLLPEN--YNYREFMS-YNGIGDGDLDGVSSVWM—-——-———— LON
EYKEFS----- PGDCLSEFCPEN--YNYKEFMK-YNGM-EEDVDGISSSLM-—--——-—— MKH
DIENFE-—-—-- IGDCLAVYPEN--YNYEEFVR-YNNIKDNTLVKY----=-—=—————— IKK

DKIQEN---YEPGDTVTIYPCNTDEDVSRFLANQSHWLETADKPLNEFTSGVPNDLKDGGL
SPGRNGAMSFAG-QTLLIYPKNYPKDVQKLID-LMGWSEVAEQRIEIDWVKGTRPRDYHF

GSG----ISFAAGDVVLIQPSNSAAHVQREFCQ-VLGLD--PDOLFMLQPREPDVSSPTRL
DKVQYK-——-—- TEDIIDILPPNLDENITEFESSKVLGINSIEDLKNITVEEFVPINNMTRNI
TMDYN----FVPFFRIFAEIVKYLEDEPLNDYVFKNPERKEAVI - —————————— RRIRE
VVDEN----SQPHOPFFFALRHFLGOK-———————— NRTEEEIL--——7—————— LKIEE
SIDEN----SQPHOPFFFALRYFLDRK-———————— GGIEDEVL--————————- LKIEE
YCDFN----SIPQIYFFLOQLSLITDT-———————————— IAEEYR-—————————— EKCKE
VRPMT----LRNLLKYHCDFMSIPRTSFFLKIWTFATDVTKMERGOEQLNDQREKLRQFA
LKDAT----IRDVLTHNEFDISAVPKRTFLEFMAYHTTNPLEKER----—--———-—— LHELT
POPCS----MRHLVSHYLDIASVPRRSFFELLACLSLHELEREK--—-—--—-——-——— LLEFS
SVPEPNNRSLMHILKYYFDLMTLPPHSVMLQFVPYLNSIEGELISNE--—-—-—-——— SEFNE
MSTDYEL-YFDYVKRPKRTFFEVLODFAL-—-—--—- KLPEFSFLKKIVPNIQPRYFTLTKRE
IAQDYDL-YHDYVIRARRTVFEVLKDLRI -————-— KVDIGFLKSEVPAMYPREFSVTKKK
IAQDYDL-YYEYIVKPKRTIFEVLOELRV-————- KVDARFLKKEVPTIYPREEFSVTKKK
IYLNYDL-YYDYILLPKRTIFEVLKDFKI-————- KLTSNEFMYKYIPVINPRYFTLTKKD

TDODMOD-LYDYCNRPRRSILEVLEDFIS--V---KLPWKYVLDYLPITIKPRYYSISSGP
ORGDSDE-FYDYTSRPRRTILEVLEDEFPG--V---KIPYTRLLEFP-IIRPREFSLCNGG
SAQGOEE-LFEYCNRPRRTILEVLCDFPHTAA---AIPPDYLLDLIPVIRPRAFSIASS—
NKDSYEFSFHLFINRFMKSLIPIPIEKFVKEFTGIRQYPRSYSISSSSLASPSMIDLTIST

————————————————————————— SSYYLTIALVEYONSIKAKRKGLCSQYLREINVK-
————————————————————————— GLYHITVAIVRYTTFLSEPRRGVCSEYLMSLSLN-
————————————————————————— GLYHVTVAVVNYKTILSQPRRGVCSEYLMGLSLN-
————————————————————————— FCYFVTVSLVSFKTSLKEERKGLCSEYLKLLTKG-
GD--—-————— PNIELTVAIVKYKTILRKIRRGICTNYIARLQEG-
DPAVNAKDLVISNEQDTTTTTTTDVYKFEILAALVHYRTITRKPROGLCSRYLRHLPVG-
——————————————————————————— LLTILVAVVQFQTRLKEPRRGLCSSWLASLDPGQ

CIKG-——=—""—"""——————— QISAPLNEITISEGANKKNSKKIIKGLCSSFLFEFDLN-
—-—ESTIKVGMVKSHLFYDSAN-————-—— LLFICTGTGITLPRAFWN----FFTD--—--KNI
—--DVIKIGVERSNLYFDSDK-—————— LLEVCTGTGITLPRACVN----EFKD----KEI
—--DKVPIGIGRSNLYFGSNK-——-—-—-—-- LLFICTGTGITLPRACIN----EFKD----KEI
-—-STIHVNIVONRLNFSGKK-—-—-—-—-—-- ILFMCTGTGITLPRAFVN----YYSDLNFFKKV
-—EQIRYKLONNHIIKKEFLN----KPMILVGPGVGLAPLLSVVK-—-—-—-———-— AEISKDI
-—-TTVQIGIKPPSSPFAMDDPSFYSRPLIGVATGTGIAPFRALLODRCLVOEDOQOKLGPT
GPVRVPLWVRPGSLAFPETP----DTPVIMVGPGTGVAPFRAAIQERVAQGOTG————— N
—--LPVLGMIRSSSLNIDNVTS——---- SALMFSHGSGIAPTIRALLHERKYLINEKKIIKPA

VVEYGYRHDDKDRLYVEEMKKNKNVKVVYAPSRMG-————-=-—————-—-—————————————
VIFYGFRYKNKDFLYPDEWT-GRNVRMFTAASRD--—————-—-—————-—————————————
VVEYGFRYRDRDFLYSDEWN-CKNVRMLTAASRD--—————-—-——————————————————
ILLYGFRFRDVDFLYKEEFE-NKGIEIYPAVSRE---—-——---—-—————-————————————
KLLFGCRYKDKDYIYKDMLEDWEFRKGKIALHSSFSRDEENSP-—-—---—-————-—-—————-——
LLFFGCRNAAADFHFQAEWGTVPN---LTVYPAFSRDNDSSSTEEEETKLALQRAAGIYD
FLEFFGCRWRDODEYWEAEWQELEKRDCLTLIPAFSREQEQ-—--—-—--——-——————————
YLEYGCRTEN-EIIYKDELKDFKRIGALTEVFFALSKT---—-—--——-—-—————————————
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Tahl8 Tra hom -EELYVOEIFYKYF------ HDSIDOYLIYVSGR---TRLNKEVROMFVKKYG-—-—-————
Tahl8 Enc cun -DKVYVODVFRKSP------ VEDVDQYLIFVSGN---SRLNREVKKLLEDVYG——-—-———-—
Tahl8 Enc int -DEKMYVODVENRNP------ IEDIDEYLIFVSGN---SRLNKEVRKLFQKLYG-——————
Tahl8 Nos cer -DNKYIQDIYKTIKG----- LENIDDWLIFVSGN---SRLNNIIEKMLLDIYK-—-—-—-———

Tahl8 Sac cer
Tahl8 Neu cra
Tahl8 Hom sap
Tahl8 Cry par

-GVKYVODYLWRLGEEITNLVVNKDAVEFLCGSS ---GKMPIOVRLTFIEMLKKWGNESD
AGKNYVONQIRQHAAEVGELL-RONPIIVVCGNS---GRMPKSVREALEDAAVGSGVVAD
--KVYVOHRLRELGSLVWELLDROGAYFEFYLAGNA---KSMPADVSEALMSIFQEEGGLCS
-QKKYVKDITPFYKHIILKVVDONDSIIYICGKKEFVSGIKNEVASIISNNRS————----

Tahl8 Tra hom ------------ AELYFQAETW-
Tahl8 Enc cun ---—---—-—---- KRIVFQSETW-
Tahl8 Enc int --—-----—---- RTIAFQSETW-
Tahl8 Nos cer ---—----—---- KKIYFQAETW-

Tahl8 Sac cer
Tahl8 Neu cra

EETAKKYLKEMEKSDRYIQETW-
KEEAKGWEDRK-ENCVYWQETW—

PDAAAYLARLO-QTRRFQTETWA
————RNIIKKMFVEGRIFIESWN

Tahl8 Hom sap
Tahl8 Cry par

Abbreviations: Tra_hom, Trachipleistophora hominis; Enc_cun, Encephalitozoon cuniculi; Enc_int,
Encephalitozoon intestinalis; Nos_cer, Nosema ceranae; Sac_cer, Saccharomyces cerevisiae; Neu_cra,
Neurospora crassa; Hom_sap, Homo sapiens, Cry par, Crystosporidium parvum.

Tah18 is a member of the diflavin oxidoreductase family containing FMN and FAD cofactors that are
reduced by cytosolic NADPH. The FMN binding domain of diflavin reductase proteins is located at the
N-terminus while the FAD/NADH binding domain is located in the C-terminal domain*®. The FMN and
FAD domains interact with Dre2*. In vivo Tahl8 interacts with the Fe/S CIA component Dre2 and
transfers electrons to the [2Fe-2S] cluster of Dre2%. Motifs similar to other diflavin reductases: Residues
involved in FMN binding are indicated in bold. Residues that make hydrogen bonds with phosphate
groups of FMN are labelled in . The tyrosine that stabilizes the FMN prosthetic group is labelled in
green’’. The FMN, FAD and NAD binding domains identified using SMART(http://smart.embl-
heidelberg.de) are highlighted in - (PF00258), yellow (PF00667) and light blue (PF00175)
respectively.
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Supplementary Figure 2. Phylogenetic trees for mitosomal and cytosolic Fe/S protein biogenesis components
and for cytosolic and nuclear Fe/S proteins.

Components of the mitosomal ISC pathway have originated from the mitochondrial endosymbiont. The CIA pathway appears
largely bacterial in character, and not archaeal as might be expected given that the host for the mitochondrial endosymbiosis is
now thought to have descended from an Archaeon. By contrast, important nuclear and cytosolic Fe/S proteins do appear to have
originated from an Archaeon. Monophyly of eukaryotic sequences, including those from microsporidians, is generally observed,
suggesting that there is strong negative selection against gene replacement and reflecting the important roles that Fe/S proteins
play in eukaryotic physiology.
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1 Mitochondrial / mitosomal Fe/S cluster (ISC) assembly components

Mitochondrial Hsp70 (Sscl in yeast)

Naegleriagruberil
Entamoeba histolytica HM-1:IMSS Wl
0.99 {—{ Nosema ceranae BRLO1T M
0.98 Encephalitozoon cuniculi GB-M1 Ml

Dictyostelium discoideum AX4 M
Plasmodium falciparum 307 M
] Cryptosporidium parvum lowa ||

Trypanosoma cruzi M

Tetrahymena thermophila W

Candidatus Liberibacter asiaticus str. psy62 @

Trachipleistophora hominis

Rickettsia prowazekii str. Madrid E @

Orientia tsutsugamushi str. lkeda @

Candidatus Midichloria mitochondrii IricVA @

Neori ia sennetsu str. Miyayama @

Wolbachia endosymbiont strain TRS of Brugia malayi @
Ehrlichia ruminantium str. Gardel @
Trichomonas vaginalis G3 Ml

Arabidopsis thaliana M

Volvox carteri f. nagariensis Ml
Chlamydomonas reinhardtii Ml
Ostreococcus tauri Ml
Phytophthora infestans T30-4 M
Ectocarpus siliculosus Ml
Cyanidioschyzon merolae M

[ Neurospora crassa OR74A M

07 Saccharomyces cerevisiae SSQ1 M
0.51 Saccharomyces cerevisiae SSC1 M
0.95 Saccharomyces cerevisiae ECM10 W
Homo sapiens M
Drosophila melanogaster Ml
Caenorhabditis elegans Ml
Rhodospirillum rubrum ATCC 11170 @
Magnetospirillum magneticum AMB-1 @
Rhodopseudomonas palustris DX-1 @
Rhodobacter sphaeroides ATCC 17025 @
Novosphingobium aromaticivorans DSM 12444 @
Chelativorans sp. BNC1 @
Mesorhizobium loti MAFF303099 @
Brucella abortus bv. 1 str. 9-941 @
Bartonella bacilliformis KC583 @
Agrobacterium fabrum str. C58 @
Sinorhizobium meliloti 1021 @
Hippea maritima DSM 10411 @
Campylobacter jejuni @
Chlamyadia trachomatis A/HAR-13 @
Treponema pallidum subsp. pallidum str. Nichols @
Rhodopirellula baltica @
Isosphaera pallida ATCC 43644 @
Rubrobacter xylanophilus DSM 9941 @
Methanosarcina acetivorans C2A A
Methanohalophilus mahii DSM 5219 A
Clostridium acetobutylicum ATCC 824 @
Bacillus subtilis subsp. subtilis str. RO-NN-1 @

Nitrosopumilus maritimus SCM1 A
candidate division pSL4 archaeon JGI 0000001-H6 A
1 Candidatus Caldiarchaeum subterraneum
Methanosaeta thermophila PT A
Thermosynechococcus elongatus BP-1 @
— 1 Sulobailus acidophilus TPY @
Burkholderia sp. Y23
Ralstonia solanacearum GMI1000
Candidatus Nitrosopumilus salaria A
Nitrosomonas sp. Is79A3
Dechloromonas aromatica RCB
Chromobacterium violaceum ATCC 12472
Francisella tularensis subsp. tularensis SCHU S4
Legionella pneumophila str. Lens
Pseudomonas aeruginosa PA7
Shewanella oneidensis MR-1
Escherichia coli O157:H7 str. EDL933
Buchnera aphidicola str. Bp (Baizongia pistaciae)

0.2
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For all trees:

Alphaproteobacteria
Betaproteobacteria
Gammaproteobacteria
Deltaproteobacteria
Epsilonproteobacteria
Other bacterial groups
Euryarchaeota
Thaumarchaeota
Aigarchaeota
Crenarchaeota
Korarchaeota
Eukaryota
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Jacl

Trichomonas vaginalis G3
Rhodospirillum rubrum F11 @

Plasmodium falciparum 3D7 M
Phytophthora infestans T30-4 M
, Saccharomyces cerevisiae S288c M
0.78 ' Neurospora crassa OR74A M
Naegleria gruberi M
Homo sapiens @
, Trachipleistophora hominis Il

0.77 ' Encephalitozoon cuniculi GB-M1 1l
Dictyostelium discoideum AX4 M
Schizosaccharomyces pombe 972h- B
0.51 Cryptosporidium parvum lowa || B

Arabidopsis thaliana

Thalassospira profundimaris WP0211 @
5 W‘—|——Magnetospiril/um magnetotacticum MS-1 @
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0.51
p-59 057 0.54 |
0.94 1
089 Cryptosporidium parvum lowa ||
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2 Mitochondrial / mitosomal Fe/S cluster (ISC) assembly components lost in the Microsporidia
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; vineae DSM 21990 = SL153 @
058 L Sporolactobacillus inulinus CASD @

Re1®

pigrum ATCC 51524 @

o5 ‘ L KCTC 3652 @
Leuconostoc argentinum KCTC 3773 @

Mitsuokella multacida DSM 20544 @
T zhilinae DSM 4017 A
oo | I acetivorans C2A A

7303 A
mahii DSM 5219 A
ethanofoll DSM 4140 A

hungatei JF-1 A

limicola DSM 2279 A
DSM 11571 A
boonei 6A8 A
[ — bourgensis MS2 A
JRT A

pirelula baltica @

05 maris @
— 2CP-C®
] 05 L Anaeromyxobacter dehaiogenans 2P-1@
Corallococcus coralloides DSM 2259 @

—
T DSM 436

T i ocootus xanthus DK 1622.@
Clostridum ATCC 824 @

AM1221 @
Chlemydia trachomatis £/11023 @
. —

Geobacillus C56-Y593 @
e L Becilussubtiis®

Candidatus

o { —————————— Nitosopumilus maritimus SCM1 A
058 1 Candidatus AR2 A
— JA-2-38 a(2-13) @
d L Synechococcus sp. JA-3-3Ab @
- ‘Synechococeus sp. PCC 7336 ®

Microcoleus vaginatus FGP-2 @
’7 Fischerella sp. JSC-11 @
055 M od

ns 3L @

a us PCC 7421 @

— sp. CB0101 @
o8 T L Synechococcus sp. CB0205 @
Cyanothece sp. PCC 7425 ®
PCC 8801 @

reinharotii |
——— Volvox carteri 1. nagariensis I
L Chiamydomonas reinhardii

o7

095 Arabidopsis thaliana W

wro211@

M 14684 @

a D
Tetrahymena
972h-m
_— } cerevisiae S288c W
OR74AM

5% 1055/1 W
098 i

T30-4m
e Ectocarpus siliculosus B
merolae strain 10D W

307m
parvum lowa I

———— Mus musculus |
L Homo sapiens |

7
Mus musculus B
Homo sapiens |

Drosophila ]

ideurn AX4 m

T strain CL Brener Bl

r reinharoti
087 Arabidopsis thaliana
Ly o
DSM 12444 @
T ‘baculatum DSM 4028 @
DSM 684 @
e M21

taurim

acter sp.
055 05 Pelobacter propionicus DSM 2379 @
thermophila PT A
rubrum ATCC 11170 @
L AMB-1 @
I Rickettsia prowazekil str. Madid € @
jentia str. lkeoa ®

75 Candidatus Midichloria mitochondri IicVA @
[ ; Wolbachia strain TRS of Brugia malayi @
05 L Enrfichia
Neorickett str. Miyayama @
s 1 Francisella tularensis subsp. tularensis SCHU 54
; versatils 301
059 1 Candidatus salaria D31 A

Cupriavidus necator N-1
’—Du % Cupriavidus taiwanensis LMG 19424

(———— Burkholderia terrae BS001
7o 755 Burkholderia sp. CCGE1002
e 075 L— Burkholderia graminis C4D1M

Ralstonia solanacearum GMI1000

Nitrosomonas eulropha C91
osT g A

Nitrosomonas sp. 57943
RCB

violaceum ATCC 12472

[ i

7 str. Lens
Aeromonas veroni 565

A Aeass
— Aeromonas salmonicida subsp. salmonicida A449

Enterococcus galinarum @
- O157.H7 sir. EDL933
Bermanelia marisrubri
0% Marinobacter adhaerens HP15
CC1989

ey NORS5-3
‘ ‘ tgali KCTC 22429
o aeruginosa PA7

tricornutum CCAP 1055/1 M

Buchnera i

palustris HaA2 @

Ochrobactrum anthropi ATCC 49188 @
Brucella suis 1330

foti
Bartonella bacillformis KC583 @

Candidatus Liberibacter asiaticus str. psy62 @
Agrobacterium fabrum str. C58 @
087 Sinorhizobium meliloti 1021 @
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Nful

Trichomonas vaginalis G3 M
0.6 Singulisphaera acidiphila DSM 18658 @

————— Geitlerinema sp. PCC 7105 @
—— Bacillus subtilis XF-1 @

Archaeoglobus profundus DSM 5631 A
0.66 Archaeoglobus fulgidus DSM 4304 A

Collinsella sp. CAG:398 @

Methanosaeta thermophila PT A

—— Clostridium ultunense @

Buchnera aphidicola BCc

Campylobacter jejuni @

Trypanosoma cruzi strain CL Brener M

—————  Tetrahymena thermophila
Schizosaccharomyces pombe 972h- Ml

Neurospora crassa OR74A M
Phytophthora infestans T30-4 M
0.92 Ectocarpus siliculosus
Dictyostelium discoideun AX4 M
Cyanidioschyzon merolae strain 10D M

Homo sapiens M
@phil&z melanogaster Ml
0.5 Caenorhabditis elegans B

0.88

0.2

o

Arabidopsis thaliana Bl
Volvox carteri f. nagariensis M
8 .58— Chlamydomonas reinhardtii M
0.8 Ostreococcus tauri Ml

Plasmodium falciparum 3D7 M

[
1 L Nitrosomonas sp. Is79A3
Saccharomyces cerevisiae S288c Ml
0.59 Neorickettsia sennetsu str. Miyayama @
{Rickettsia prowazekii str. Madrid E @
0.99 Orientia tsutsugamushi str. Boryong @

Candidatus Midichloria mitochondrii IricVA @

Wolbachia endosymbiont strain TRS of Brugia malayi @
0.99 Ehrlichia ruminantium str. Gardel @
—— Rhodospirillum rubrum ATCC 11170 @
0.5 Magnetospirillum magneticum AMB-1 @
Cystobacter fuscus @
Rhodobacter sphaeroides ATCC 17025 @
.8 uncultured Thiohalocapsa sp. PB-PSB1
0.77L_ Roseovarius sp. 217 @
Rhodopseudomonas palustris BisB18 @
Novosphingobium aromaticivorans DSM 12444 @
Bartonella bacilliformis KC583 @
Mesorhizobium loti MAFF303099 @
Brucella suis 1330 @
— Agrobacterium fabrum str. C58 @
— Sinorhizobium meliloti 1021 @
L Candidatus Liberibacter asiaticus str. psy62 @

0.58
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3 Components of the cytosolic Fe/S protein assembly (CIA) pathway

Tah18

Cryptosporidium parvum lowa Il B

Plasmodium falciparum 3D7 Ml

|
N
o3

0.53

0.73

0.56

Saccharomyces cerevisiae S288c Ml
Schizosaccharomyces pombe 972h- Wl
Neurospora crassa OR74A M

0.64

Trachipleistophora hominis Il
Nosema ceranae BRLO1 M
1 |— Encephalitozoon cuniculi GB-M1 Ml
Cyanidioschyzon merolae strain 10D B

Trypanosoma cruzi strain CL Brener Ml
Homo sapiens @
Drosophila melanogaster B

Caenorhabditis elegans M

Phytophthora infestans T30-4 M
Ectocarpus siliculosus Il
Naegleria gruberi @

Candidatus Nitrososphaera gargensis Ga9.2 A

Dechloromonas aromatica RCB

Tetrahymena thermophila B
0.7 Dictyostelium discoideum AX4 M
0.6} {Volvox carteri f. nagariensis Ml
Chlamydomonas reinhardtii B
0.99 I Arabidopsis thaliana
0.9 Ostreococcus tauri Ml
Cystobacter fuscus @
0.98 Rhodopseudomonas palustris BisB5 @
0.91 Erythrobacter sp. NAP1 @
0.79 Nostoc sp. PCC 7107 @
067 r Trichomonas vaginalis G3 M
0.99 L Giardia lamblia ATCC 50803 W
Nitrosopumilus maritimus SCM1 A
Chlamydia trachomatis @
Magnetospirillum magneticum AMB-1 @
0.51 ,
L 0.55 L
0.78 Brucella suis 1330 @
Methanosarcina acetivorans C2A A
Streptosporangium roseum DSM 43021 @
0.61 Pseudomonas aeruginosa PA7
uncultured marine group Il euryarchaeote A
e Il N
0.58 Staphylococcus sp. AL1 @
0.79 I Pusillimonas noertemannii
0.96 3 Buchnera aphidicola str. 5A (Acyrthosiphon pisum)
——— uncultured archaeon MedDCM-OCT-S11-C441 @
Uncultured Euryarchaeote A
0.99 jDE Uncultured Euryarchaeote A
099 0.99 uncultured marine group Il euryarchaeote DeepAnt-15E7 A
0.53 uncultured archaeon MedDCM-OCT-S11-C441 @
N Agrobacterium fabrum str. C58 @
0.77 Rhodopirellula baltica @
0.2
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Cfd1/Nbp35/Indl

DSM 5456 A
0. 19100 A
099 [, Sulfolobus sofataricus 96/2 &
T Metallosphaera sedula DSM 5348 A

fulgidus DSM 4304 A

—

Collinsella tanakaei @
Candidatus

—— Pyrococeus furiosus DSM 3638 A

—™

hermococcus litoralis DSM 5473 A

OPF8 A

acidophium DSM 1728 A

05

I
r — uncultured archaeon @
I

A
Methanolinea tarda NOBI-1 A
o wemanoroquaboomeictea
thermophila PT A

KSU-1 @

DSM 4947 @

—
L Methanosarcina acetivorans C2A A
Jicus P

M70-1 A
Pelobacter carbinolicus DSM 2380 @
[ Geobater sulureciicens PCA @

75

DSM 1382 = ATCC 19364 @
L ————— Geobadiorlowieyisz@
75 DSM 4028 @

DSM 15286 @
narugense DSM 14796 @
fermentans DSM 20731 @
Candidatus Latescibacter anaerobius @

Naegleria gruberi
Ter

Clostridium ATCC 824 @

yellowstonii DSM 11347 @

trat

Ectocarpus siliculosus

hymena
Phytophthora infestans T30-4 W
[]

Homo sapiens W
Dictyostelium discoideum AX4 B

1o0m

chizosaccharomyces pombe 972h- W

Neurospora crassa OR74A M
Entamoeba histolyt

w1

sp7m
lowa Il

o7

-

D
Caenorhabliis elegans

vaginalis G3 M
]
[

- LES

par Brenerm

053

ibe 9721- W

52880,
OR74AM

Entamoeba histolytica HI-1:1MSS M

o7z

Trichomonas

—ow

Homo sapiens I

u
Giardia lamblia

ypar
Volvox carteri . nagariensis B
05 Ghlamydomonas reinhardtii
= Arabidopsis thaliana W

Brenerm

JS614@

Baill s XF-1 @

Candidatus
Nitrosopumilus maritimus SCM1 A
Candidatus Ga9.2 A

Halorhabdus utahensis DSM 12940 A

Tiberius @

PCC 7375@

L
PCC7335@

strain CL Brener M

Tetrahy
Ectocarpus siliculosus B

100m

lowa il
Trichomonas

Rickett il str. Madrid £ @

dldatus Midi

hondii IricVA @

Wolbachia

Miyayama ®

str. Sakai
o Ralstonia solanacearum GMI1000

ferrooxidans ATCC 53993

Nitrosomonas sp. s79A3

Galionella sp. SCGC AAAO8-N21
Frat

DSM 6220

TRS of Brugia malayi @
Gardel ®

L
Francisella tul

PA
ATCC 12472

——— Volvox carteri
I

Chlamydomonas reinhardti

Lens
twiarensis SCHU S4

Drosophila melanogaster M

1. nagariensis

Jejuni subsp. jejuni 811
ATCC 17025 @

160

ATCC 11170@
AMB-1®
Azospirilum brasilense Sp245 @

== Ahodopseudomonas palustris BisB5 @
o Rhodopseudomonas palustrs BisAS3 @
7% M5
7% 1450
HIMB100®
L Wetyocelasivestis BL2@
6 Kes83 @
Brucella meltensis ATCC 23457 @
Wesorh

izobium loti MAFF303099
inorhizobium meliloti 1021 @
‘Agrobacterium fabrum str. C58 @

DSM 12444 @

Ind1 is localized to mitochondria.

asiaticus str. psy62 ®

Ikeda ®|

Ind?
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Narl

Ectocarpus siliculosus

Trichomonas vaginalis G3 M

0.2

Tetrahymena thermophila Il
Plasmodium falciparum 3D7
Phytophthora infestans T30-4 M
Saccharomyces cerevisiae S288c B
093 Schizosaccharomyces pombe 972h- B
0.58 Neurospora crassa OR74A M
Trachipleistophora hominis W
) Nosema ceranae BRLO1 M
’ Encephalitozoon cuniculi GB-M1
Homo sapiens M
o5 .6EI Drosophila melanogaster @
) Dictyostelium discoideum AX4 B
Naegleria gruberi @
0.73 Cyanidioschyzon merolae strain 10D M
Cryptosporidium parvum lowa Il l
Caenorhabditis elegans M
Arabidopsis thaliana
0.75 Entamoeba histolytica HM-1:IMSS
0.77 Trypanosoma cruzi strain CL Brener Ml
Volvox carteri f. nagariensis M
1 E Chlamydomonas reinhardtii ®
0.7 Ostreococcus tauri M

Shewanella sp. MR-4

Symbiobacterium thermophilum IAM 14863 @
ﬁcmstﬂdmm liungdahlii DSM 13528 @
7 0. Acetonema longum DSM 6540 @

Rhodospirillum rubrum ATCC 11170 @

|_— Clostridium tyrobutyricum @
1 Clostridium acetobutylicum ATCC 824 @

0.9

—C Desulfitobacterium hafniense Y51 @
1 Cellulomonas fimi ATCC 484 @
Thermosipho africanus TCF52B @

092| [0.99 I_: Desulfovibrio magneticus RS-1 @
1 Desulfobulbus propionicus DSM 2032 @

Rhodopseudomonas palustris DX-1 @
1 Rhodopseudomonas palustris TIE-1 @
L] 5 1 Phaeospirillum molischianum DSM 120 @

Desulfovibrio vulgaris str. Hildenborough @
Sutterella sp. CAG:521

Rhodospirillum photometricum DSM 122 @

Caloramator australicus @

0.6 Alkaliphilus oremlandii OhILAs @

Coprothermobacter proteolyticus DSM 5265 @

1 Thermoanaerobacter pseudethanolicus ATCC 33223 @

55

Giardia lamblia ATCC 50803 W



Cia2

Streptomyces lividans TK24 @
Gordonia alkanivorans NBRC 16433 @
Rhodopseudomonas palustris CGA009 @
gamma proteobacterium BDW918 @
Bradyrhizobium sp. WSM471 @
Mycobacterium tuberculosis H37Rv @
halophilic archaeon DL31 @
Halobacterium sp. DL1 A
Natrialba magadii ATCC 43099 A
Halogeometricum borinquense DSM 11551 A
Haloarcula marismortui ATCC 43049 A
Methanotorris formicicus Mc-S-70 A

Methanocaldococcus fervens AG86 A
0.53 084 Methanothermobacter marburgensis str. Marburg A
1 : 0.86 Methanobrevibacter ruminantium M1 A
Ferroglobus placidus DSM 10642 A

Pyrobaculum arsenaticum DSM 13514 A
Thermotoga petrophila RKU-1 @

Staphylothermus hellenicus DSM 12710 A
Candidatus Korarchaeum cryptofilum OPF8 A

0.51 Sulfolobus islandicus M.14.25 A
0.59 1 Metallosphaera yellowstonensis MK1 A
0.82 Pyrolobus fumarii 1A A
0.81 Hyperthermus butylicus DSM 5456 A

I Candidatus Caldiarchaeum subterraneum
0.97 Bacteroides nordii CL02T12C05 @
Nitrobacter hamburgensis X14 @
W‘j/\romamleum aromaticum EbN1 @
Trichomonas vaginalis G3 W
N Tetrahymena thermophila Bl
0.73 Plasmodium falciparum 3D7 Ml

Phytophthora infestans T30-4 M
0.5! Phaeodactylum tricornutum CCAP 1055/1 M

Schizosaccharomyces pombe 972h- B
T‘j'— Saccharomyces cerevisiae S288c M
0.93

Neurospora crassa OR74A M
Naegleria gruberi M
Entamoeba histolytica HM-1:IMSS Ml

Trachipleistophora hominis Il
rom —— Nosema ceranae BRLO1 Ml
0.97 L Encephalitozoon cuniculi GB-M1 M
Ectocarpus siliculosus M
Dictyostelium discoideum AX4 W
Cyanidioschyzon merolae strain 10D Ml
1 Cryptosporidium parvum lowa I/
Volvox carteri f. nagariensis M
0.88 Chlamydomonas reinhardltii Bl

_|_— Arabidopsis thaliana i
0.76 Arabidopsis thaliana

Arabidopsis thaliana il

Caenorhabditis elegans
—— Drosophila melanogaster
D.6’ Mus musculus
598 0.99 E Homo sapiens M

0740, Branchiostoma floridae M
Amphimedon queenslandica Ml
Trypanosoma cruzi strain CL Brener Ml
Ostreococcus tauri M

Giardia lamblia ATCC 50803 M
Dictyostelium discoideum AX4 Ml
Homo sapiens M
097 Mus musculus il

0.5!

0.75 apiens M
057 Drosophila melanogaster M

Branchiostoma floridae

0.71

0.2

Note that the region that can be aligned between eukaryotes and prokaryotes is quite short for this protein (122 amino acids), and the specific relationships between
the eukaryotes and any particular prokaryotic group are therefore tentative.
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RIil

vaginalis G3 I

4 Nuclear and cytosolic Fe/S cluster-

containing proteins

Nosema ceranae BRLO1 M
0.97

Caenorhabditis elegans
Naegleria gruberi Ml

Homo sapiens M
Drosophila

Encephalitozoon cuniculi GB-M1 i

hora hominis M

Trypanosoma cruzi strain CL Brener Ml

| ]
Saccharomyces cerevisiae S288¢ Ml

Ectocarpus siliculosus M

Neurospora crassa OR74A M
Cyanidioschyzon merolae strain 10D Wl
Phytophthora infestans T30-4 M

pombe 972h- M

histolytica HM-1:IMSS M
Dictyostelium discoideum AX4

Tetrahymena thermophila M

Arabidopsis thaliana M
Ostreococcus tauri M

F i 307
Cryptosporidium parvum lowa I/ M
Volvox carteri f. nagariensis M

Chlamydomonas reinhardtii

Th filum pendens Hrk 5 A
Pyrobacul philum str. IM2 A
Caldivirga maquili is IC-167 A
ffolobt icus P2 A
lm pitalis KIN4/I A
nus marinus F1 A
"
0.98

P
lyperthermus butylicus DSM 5456 A
Aeropyrum pernix K1 A

Pyrococcus furiosus DSM 3638 A
Thermococcus litoralis DSM 5473 A
Candi

crypi

OPF8 A
phicus CaT2 A
Methanocaldococcus jannaschii DSM 2661 A
Methanocaldococcus fervens AG86 A
05 / Caldi

0.99

Nitrosopumilus maritimus SCM1 A
088 L Candidatus Ni

X limnia A
L cenarchaeum symbiosum A A

Giardia lamblia ATCC 50803 Ml

Ther P DSM 1728 A
Archaeoglobus fulgidus DSM 4304 A
lethanosarcina acetivorans C2A A

Methanosaeta thermophila PT A

sp. CAG:521
Bacillus subtilis subsp. spizizenii str. W23 @
Atopobium @
i sp. Is79A3
i i str. Miy [ ]
C: Midi ia mitochondrii IricVA @
pirillum icum AMB-1 @
Stre is sp. HSISB1 @
Cl idit i ATCC 824 @
0,92 R 1as palustris DX-1 @
0.91 Franci tul: is subsp. is SCHU S4
Rickettsia pi ii str. Madrid E @
0.62 aphidicola str. Ak (Acyrthosiphon kondoi)
icola @
C: lob. jejuni subsp. jejuni 81-176 @
T Wolbachia
0.99 L Ehrlichia inantium str. W
0.99 Legionella pneumophila str. Lens
0.9 D ica RCB
052 I O JSC-12@
0.63 Desulfonatronospira thiodismutans @
0.98 Cl ium vi ATCC 12472
Orientia i str. Ikeda @
0.67 Candidatus Liberibacter asiaticus str. psy62 @
092 Brucella is ATCC 23457 @
Rhodospirillum rubrum ATCC 11170 @
[—{0.9 P iginosa PA7
0.78 pallidum subsp. pallidum str. Nichols @
096 Ralstonia GMI1000
0.96 0.99 E: coli O157:H7 str. EDL933
Bartonella bacilliformis KC583 @
Rhodopirellula baltica @
I A fabrum str. C58 @
0.58 I A i i K84 @
0.99 ‘ phing rans DSM 12444 @
[ RY phaeroides ATCC 17025 ®
0.99 0.82 gamma p ium SCGC AB-629-P17
0.99 Sinorhizobium meliloti 1021 @
1
0.2

Mesorhizobium loti MAFF303099 @
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Ignisphaera aggregans DSM 17230 A

Pyrococcus furiosus DSM 3638 A
Thermococcus litoralis DSM 5473 A
— sp. MAR08-339 A
L— Aciduliprofundum boonei T469 A
Methanotorris formicicus M

"1 Methanocaldococcus jannaschii DSM 2661 A
Candidatus Yo OPF8 A
Ferroglobus placidus DSM 10642 A
Archaeoglobus fulgidus DSM 4304 A

7 C2A A

Candidatus Ni gargensis Ga9.2 A
Bacterium @
Nitrosopumilus maritimus SCM1 A
0.99L— Candidatus Nitrosoarchaeum koreensis MY1 A

Trachipleistophora hominis
Nosema ceranae BRLO1 M
Encephalitozoon cuniculi GB-M1 Ml

g

Tetrahymena thermophila
Phytophthora infestans T30-4 M
Naegleria gruberi Bl
Dictyostelium discoideum AX4 M
Drosophila melanogaster B
Homo sapiens

aenorhabitis elegans M
Arabidopsis thaliana
Cyanidioschyzon merolae strain 10D B
Volvox carteri f. nagariensis B
Chlamydomonas reinhardii
Ostreococcus tauri B
Entamoeba histolytica HM-1:IMSS Bl

Fichomonas vaginalis G3
Giardia lamblia ATCC 50803 M

D i BL-DC-9®
) Dehalococcoides sp. GT @
Dehalococcoides sp. VS @

Caldilinea aerophila DSM 14535 = NBRC 104270 @
ila UNI-1 @

Atopobium rimae ATCC 49626 @

Slackia piriformis YIT 12062 @
Eggerthella sp. YY7918 @

E: Slackia exigua ATCC 700122 @

g

Collinsella stercoris DSM 13279 @
Ectocarpus siliculosus
F infestans T30-4 M

0.99 Trypanosoma cruzi strain CL Brener Bl
076 Candidatus C.

Atopobium parvulum DSM 20469 @

Cryptobacterium curtum DSM 15641 @

Plasmodlum falciparum 307 W
idlum parvum lowa I B

097 0.99 Geobacter
099 — Geobacter sp. M21 @
De d AK-01 @

1 De Hxd3 @

T potens JR @

ides halobius DSM 5150 @
‘ i albus 7 @
05 [~ Clostridium ungdahlii DSM 13528 @
599 Clostridium ATCC 824 @
063 Clostridium butyricum 5521
0.93 rhinitidis 1-13 @
Peptostreptococcus stomatis DSM 17678 @
059 o5 - jus VPI 4330 @
099 1 L Peptostreptococcus anaerobius 653-L @
Clostridium bartlettii DSM 16795
D i icus st MBC34 @

— str.
T L Desulfovibrio magneticus RS-1 @
Desulfovibrio piger ATCC 29098 @

Rhodopirellula baltica SH 1 @
T Rhodopirellula sallentina @
KSU-

099 sp. PCC 7105 @
e Bacillus sublilis subsp. spizizenii str. W23 @
Sulfuricella denitrificans skB26 ®
085 jont of Tevnia jeri (vent Tica)

Thiorhodovibrio sp. 970
Ectothiorhodospira sp. PHS-1
Thiorhodospira sibirica ATCC 700588

Photobacterium profundum 3TCK
’f‘:ﬁowﬁacl&num damselae subsp. damselae CIP 102761

sp. 3
55 Enterobacter cloacae subsp. dissolvens SDM
& Enterobacter cloacae ECWSU1
1 1 Escherichia coli 0157:H7 str. EDL933
Cl violaceum ATCC 12472 ®
o9 Azoarcus sp. KH32C ®
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0.99 ]
0.83

T Candidatus Korarchaeum cryptofilum OPF8 A
Hyperthermus butylicus DSM 5456 A

Candidatus Caldiarchaeum subterraneum

Methanosaeta thermophila PT A

0.99 Archaeoglobus fulgidus DSM 4304 A
0.78 —— Pyrococcus furiosus DSM 3638 A
T il L Thermococcus litoralis DSM 5473 A
: Methanosarcina acetivorans C2A A
Nitrosopumilus maritimus SCM1 A
0.99 candidate division YNPFFA A
0.92 planctomycete KSU-1 @
Methanocaldococcus infernus ME A
W— Desulfocapsa sulfexigens DSM 10523 @
Desulfurobacterium sp. TC5-1 @
067 _ candidate division KSB1 bacterium SCGC AAA252-N05 @
—————— Herbaspirillum sp. JC206
1 L Azospirillum brasilense Sp245 @
Acinetobacter sp. CAG:196
Fusobacterium sp. CAG:439 @
Clostridium sp. CAG:768 @
Plasmodium falciparum 307 M
0.95 Trachipleistophora hominis W
067 % Tetrahymena thermophila M
! Nosema ceranae BRLO1T M
Phytophthora infestans T30-4 M
0.93 Entamoeba histolytica HM-1:IMSS
Encephalitozoon cuniculi GB-M1 Ml
Cryptosporidium parvum lowa Il
Trypanosoma cruzi strain CL Brener Bl
Saccharomyces cerevisiae S288c M
1 Saccharomyces cerevisiae S288c Wl
T 0.99 I Trichomonas vaginalis G3 M
095 Schizosaccharomyces pombe 972h- Ml
) I Neurospora crassa OR74A M
Naegleria gruberi
Homo sapiens M
0.86 Ectocarpus siliculosus Ml
Drosophila melanogaster M
0.69 Dictyostelium discoideum AX4 M
0.88 Caenorhabditis elegans M
b————————————— Ostreococcus tauri M
I Arabidopsis thaliana Ml
073 Giardia lamblia ATCC 50803 M
Rhodopirellula baltica @
Cyanidioschyzon merolae strain 10D Wl
T‘j4—7 Chlamydomonas reinhardltii
0.9 Chlamydia trachomatis D/UW-3/CX @
Volvox carteri f. nagariensis M
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Although this tree is poorly resolved, the best BLAST hits of eukaryotic Dna2 are to sequences from the Haloarchaea; this is perhaps consistent with an archaeal
origin for this gene, given the presence of good homologues in these and other Euryarchaeota. The Giardia and Plasmodium sequences included here are the most
likely Dna2 candidates in these species, although the tree topology weakly excludes them from the otherwise monophyletic eukaryotic clade.
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B-family DNA polymerases
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Supplementary Figure 3. Quantitative analysis of immunogold labelling for iron-sulphur cluster
(ISC) assembly components over the mitosome matrix.

Distribution of immunogold labelling over mitosome matrix profiles as compared to a similar number of
random points (analysed as described in the Methods). Plots (a-e) show the cumulative fraction
(Fraction) of gold labelling (blue) and random points (red) plotted against the distance from the inner
membrane (nm). For both Kolmogorov Smirnov tests and Mann-Whitney tests p< 0.01 for (a-d) and p
<0.05 for (e). The pooled data plot is shown as Fig. 1d. Plots (f-j) show the percentage gold labelling
for ISC proteins in successive 10 nm bands from the inner membrane (Chi square test on frequency
distributions for (f-h) p <0.05, for (i) p< 0.01, and for (j) not significant; degrees of freedom was 2 in all
cases). Compared to a random process, all tested components of the ISC pathway clearly show relative
enrichment of labelling close to the mitosome inner membrane. Respective gold and random counts as
follows: Thisu1, 72/98; ThNfs1, 58/69; ThYah1 33/56; ThYfh1, 54/68 and Thisd11, 38/62. Analyses for
individual ISC proteins reveals p< 0.01 for Thlsu1, ThNfs1, ThYah1, and ThYfh1, and p <0.05 for

Thlsd11 in both Kolmogorov-Smirnov and Mann-Whitney tests.
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Supplementary Figure 4. Microsporidial Isd11 can complement the growth defect of a yeast
Isd11-deficient mutant.

a, T. hominis Isd11 can rescue growth of a yeast ISD 11 mutant. Gal-/ISD11 yeast cells were transformed
with the plasmids p425 and p426 containing either no insert or the ThISD11 gene with or without a
mitochondrial targeting sequence from Neurospora crassa F1-ATPase subunit 3. As a positive control,
yeast cells were transformed with the same plasmid containing yeast /ISD11. Cells were depleted of
endogenous Isd11 protein by growth at 30°C in minimal medium containing glucose (SD) and were
spotted onto SD agar plates and grown for 2 d at 30°C. b, Overexpression of Thisd11 in W303 wild-
type cells does not affect growth but co-expression of Thisd11 with ThNfs1 inhibits the growth of yeast
cells. Wild-type cells were co-transformed with either the empty vectors p424 and p425, with the vectors
containing Th/ISD11 and ThNFS1 or with p424 containing ThISD71. Cells were plated on minimal

medium for three days at 30°C.
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Supplementary Figure 5. Purification of recombinant T. hominis mitosomal ISC proteins.

The indicated components of the core mitosomal ISC assembly machinery from T. hominis were
synthesised in E. coli and purified by Ni-NTA affinity chromatography and gel filtration (Akta Purifier
System 10, Column 16/60 Superdex 300). Aliquots were subjected to SDS-PAGE and proteins were

stained using Coomassie.
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Supplementary Figure 6. Characterization of three candidate Atm1 homologues from
T. hominis.

a, Comparison of the domain organization and sequence motifs of yeast ScCAtm1 and the three best
candidates for a T. hominis homologue. Atm1 is an ATP-binding cassette (ABC) half-transporters that
contains an N-terminal mitochondrial targeting signal followed by transmembrane (TMD) and
nucleotide-binding (NBD) domains'” '8, The protein domain organization and key motifs mediating
ATPase activity identified for ScAtm1 are conserved in all three T. hominis proteins (see alignment
Supplementary Figure 1d). None of the T. hominis proteins have a predicted N-terminal mitochondrial
targeting signal, but this has also been observed for T. hominis mitosomal Hsp70 which is nevertheless
targeted to the organelle. ThAtm1_1 and ThAtm1_2 also contain most of the recognized glutathione-
coordinating residues?. Other conserved motifs within the NBD include the Walker A motif and the
preceding conserved basic amino acid®®; the Q- and C- (signature) loops which are part of the ATP-
binding motif??; the Walker B motif followed by a glutamate residue which acts as a catalytic base's; the
D-loop which interacts with the Walker A motif?3, and a conserved histidine that is proposed to be
involved in the catalytic reaction?*. The TMDs were predicted with the TOPCONS server

(http://topcons.cbr.su.se). The presence of a mitochondrial targeting signal was investigated using

MITOPROT (http://ihg.gsf.de/ihg/mitoprot.html). b, Schematic tree showing the relationship between

microsporidian Atm1 homologues, ScAtm1 and reference sequences, the detailed tree itself is included

in Supplementary Figure 2.
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GalL-ATM1+

Supplementary Figure 7. Complementation of yeast GalL-ATM1 mutant cells by candidate Atm1
homologues from T. hominis. GalL-ATM1 yeast cells were transformed with vector p416-MET25
containing no gene (p416), the S. cerevisiae ATM1 gene (ScAtm1), or the three best candidate genes
for ThAtm1. The ThAtm1 constructs included the coding information for a yeast N-terminal
mitochondrial targeting signal. Cells were depleted of nuclear-encoded Atm1 by growth for 32 h at 30°C
in minimal medium containing glucose. Serial tenfold dilutions were spotted onto minimal medium agar
plates containing the indicated carbon sources, and growth was continued for 2 d at 30°C. Gal,
galactose; Glc, glucose; Gly, glycerol.
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Supplementary Figure 8. Domain organization of microsporidian Cfd1 and Nbp35 homologues
and chemical reconstitution. a, Conserved domain organization and sequence motifs in yeast and
microsporidian Nbp35 and Cfd1 protein sequences. Yeast Nbp35 binds a [4Fe-4S] cluster to the
ferredoxin-like CX13CX2CXsC motif at the N-terminus. A second [4Fe-4S] cluster binds to the conserved
C-terminal CX>C motif present in both Nbp35 and Cfd1, bridging both proteins?6283132. Cfd1 and Nbp35
belong to the Mrp/NBP35 subfamily of P-loop NTPases. Nucleotide binding and/or hydrolysis is
apparently critical for loading of Fe/S clusters onto the Cfd-Nbp35 complex. The important Walker A
and B domains for nucleotide binding, and the conserved ENMS sequence common to members of the
Mrp/NBP35 subfamily*® are all conserved in the microsporidian sequences. b, A [4Fe-4S] cluster can
be biochemically reconstituted on the T. hominis Cfd1-Nbp35 scaffold in vitro. T. hominis ThCdf1 or
both ThCfd1 and ThNbp35 were purified after expression in E. coli and used for chemical reconstitution
of a [4Fe-4S] cluster as measured by UV-Vis spectroscopy. The peak around 420 nm indicates the
efficient formation of a [4Fe-4S] cluster on the ThCfd1-ThNbp35 complex.

69



a 25k 25k

1k 10k 25k PK PKITX100k Sup - - RK RK-Th

ThTom70 S T . o
ThHSP70 e o S g .-

ThGrx3 e '
ThHsp70 ThGrx3 DAPI merge

c

ScGrxs
(mitochondria) | ———— CGFS C

(150 aa)

ScGrxild
I:CYIDEDI-IIIJCIEUE}_ — {HE —

(2501244 aa)

EcGrx5s —— — CGFT ——

(204 aa)

ThGrxi CKFT —
(222 aa)

Mitochondrial 0 reqoxindike (SSF52833)  Glutaredoxin (PFO0462)
targeting signal

Supplementary Figure 9. Cellular localization and domain organization of the T. hominis Grx3

homologue. a, Western blots using antibodies to T. hominis proteins with fractions obtained by

differential centrifugation from RK cells or RK cells infected with T. hominis (RK-Th) Centrifugation

speeds for pellet fractions are given above each lane. Sup = final 100 K supernatant. 25 K fractions

were treated with proteinase K (PK) and Triton X-100 detergent (PK-TX) as
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b, Immunofluorescence microscopy of paraformaldehyde-fixed (2.5% PFA in PBS at room temperature
for 10 min followed by permeabilization in 0.2% Triton X-100 in PBS for 10 min, top row) or
methanol:acetone-fixed (1:1 at -20°C for 10 min, bottom row) RK cells infected with T. hominis (Th)
using a rat antibody to T. hominis mitosomal Hsp70 (ThHsp70, green), and a rabbit antibody to the T.
hominis candidate Grx3 (ThGrx3, red). DAPI (blue) was used to label host and parasite nuclear DNA.
Merged images are shown on the right. Scale bars correspond to 2 um. ¢, Comparison of the domain
organization between the S. cerevisiae monothiol glutaredoxins Grx5 of mitochondria, Grx3-Grx4 of the
cytosol-nucleus, and the glutaredoxins from E. cuniculi and T. hominis. Yeast Grx3, Grx4 and Grx5
contain a glutaredoxin (Grx) domain with the active site motif CGFS*. The Grx domain is present in
both microsporidial proteins. Grx3-Grx4 additionally possess an N-terminal thioredoxin-like (Trx)
domain with a conserved sequence (WAEPC) similar to the thioredoxin active site motif ( WCGPC). The
Grx proteins from both E. cuniculi (previously designated EcGrx5*) and T. hominis (annotated here as
ThGrx3; see below) are longer than ScGrx5. EcGrx5 contains a divergent, N-terminally truncated Trx
domain lacking a WAEPC-like sequence (dotted green domain; detected using the SSF52833 profile
and InterProScan 4.85%'. The ThGrx3 N terminus is 40% identical to the corresponding E. cuniculi

domain, but a similarity to the Trx domain was not detectable upon sequence comparison.
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Supplementary Table 1: Conservation of the machinery for Fe/S protein biogenesis and for nuclear and cytosolic Fe/S proteins in
Encephalitozoon cuniculi and Trachipleistophora hominis and representative eukaryotes with mitochondria, mitosomes or

hydrogenosomes.
Organelle type
MT MS MT | MS | HY MS | MT
©
I = @ 2
o = o 0 &)
S 2 3 g s
£ 2 5 2 g S 0
o bt = o © = c
% 2 S E S o L]
< = T < L < o
Gene Description Sc | Ec | Th | Hs | Dd | Eh | GI | Tv | Cp | Pf | At
Scaffold function for de novo assembly of [2Fe-2S]
> ISU1, ISU2|clusters
g Cysteine desulphurase; generates the sulfur moiety from
0 NFS1 cysteine
2 Scaffold function; homologue of bacterial NifU required for
O NIFU maturation of Fe/S clusters of bacterial nitrogenase
@ Cysteine desulphurase; paralogue of Nfsl and homologue
E NIFS of bacterial NifS
E
e . ISD11 Essential binding partner of the cysteine desulfurase Nfsl
8 E Ferredoxin/adrenodoxin reductase; transfers electrons
*é‘ = ARH1 from NADPH to ferredoxin YAH1
o Ferredoxin; part of electron transfer chain required for the
S E YAH1 synthesis of the [2Fe-2S] cluster on ISU1
g Frataxin; potential iron chaperone or stimulator of sulfur
< YFH1 transfer from NFS1 to ISU1
5 Hsp70 protein; involved in Fe/S cluster transfer from ISU1
% SSQ1 to GRX5
S Specialised J-protein chaperone that stimulates the
S JAC1 ATPase function of SSQ1
Q Nucleotide exchange factor for the Ssql ATPase;
% MGE1 homologue of bacterial GrpE
O Glutathione-dependent binding of [2Fe-2S] cluster;
GRX5 involved in Fe/S cluster transfer
e Involved in the maturation of mitochondrial [4Fe-4S]
5 IBA57 proteins
S o Involved in the maturation of mitochondrial [4Fe-4S]
£ = ISA1 proteins
JolS) Involved in the maturation of mitochondrial [4Fe-4S]
€ o ISA2 proteins
%) Involved in the maturation of aconitase, lipoate synthase
S j-_) NFU1 and respiratory complexes | and I
= l&L Involved in the maturation of lipoate synthase and
s = BOL3 respiratory complexes | and Il
o Required for the Fe/S cluster assembly of complex |
= IND1
— Mitochondrial inner membrane ABC transporter; transfers
g ATM1 sulfur-containing compound to CIA machinery
<
w ERV1 Sulphydryl oxidase of the intermembrane space
> Diflavin oxidoreductase; forms a complex with Dre2 and
° delivers electrons from NADPH to the [2Fe-2S] cluster of
& TAH18  |Dre2
7 Forms a complex with Tah18 and receives electrons from
© DRE2* NADPH via Tah18
% CFD1, Form the cytosolic Fe/S scaffold complex that assembles
= NBP35* [4Fe-4S] clusters
$ Iron-only hydrogenase-like protein; assists Fe/S cluster
D - NAR1* transfer from Cfd1-Nbp35 to target apoproteins
L < Glutathione-dependent binding of [2Fe-2S] clusters;
=9 GRX3 involved in cellular iron metabolism
3
g g WDA40 beta propeller protein; part of CIA targeting complex
3 < CIAl assisting Fe/S cluster insertion into target apoproteins
S g CIA2/ DUF59 domain protein; part of CIA targeting complex
o MIP18 assisting Fe/S cluster insertion into target apoproteins
2 MMS19/ Part of CIA targeting complex assisting Fe/S cluster
%’ MET18 insertion into target apoproteins
(%2}
% Forms adapter complex with LTO1 to assist Fe/S cluster
S YAE1 insertion into RLI1; binds to CIA targeting complex
o
g Forms adapter complex with YAE1 to assist Fe/S cluster
O LTO1 insertion into RLI1; binds to CIA targeting complex
'RNAse L inhibitor’; required for ribosome biogenesis and
translation initiation and termination (80S patrticle
RLI1 dissociation)
4 PPAT/
‘D GPAT/ Phosphoribosyl pyrophosphate
§ CAB4 amido-transferase
o Subunit of Elongator complex; required for post-
2 ELP3 transcriptional modification of nucleosides in tRNA
c NTG1, DNA N-glycosylase and apurinic/apyrimidinic (AP) lyase;
g NTG2 involved in base excision repair
9 DNA helicase; involved in nucleotide excision repair and
0 RAD3 transcription
E DNA helicase; involved in sister-chromatid cohesion and
o CHL1 genome integrity and interstrand cross-link repair
= Tripartite DNA replication factor; involved in DNA
4 DNAZ2 replication and repair
= DNA helicase; plays a critical role in telomere
; RTEL1 maintenance and DNA repair
S Subunit of DNA primase; required for DNA synthesis and
i PRI2 double-strand break repair
5}
S POL1 DNA polymerase alpha, catalytic subunit
Z
POL2 DNA polymerase epsilon, catalytic subunit A
POL3 DNA polymerase delta, catalytic subunit
Mitochondrial/Mitosomal ISC pathway Cytosolic Fe/S protein assembly Nuclear and cytosolic Fe/S proteins

* denotes components of the Fe/S biogenesis pathways that are Fe/S proteins themselves.
Key: Sc: S. cerevisiae; Ec: E. cuniculi; Th: T. hominis; Hs: H. sapiens; Dd: D. discoideum; Eh: E. histolytica; Gl: G. lamblia; Tv: T. vaginalis; Cp: C. parvum; Pf: P.
falciparum: At: A. thaliana. MT: mitochondria; MS: mitosomes; HY: hydrogenosomes.
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Supplementary Table 2. Functional complementation of yeast ISC and CIA

depletion cells by Trachipleistophora hominis genes

T. hominis gene

Complementation in yeast

Source of data

>

_g ISU1 Yes Goldberg et al. 2008 (Ref. 50)
<

é NFS1 No Goldberg et al. 2008 (Ref. 50)
>

Ke) HSP70 No (dominant negative in yeast) Goldberg et al. 2008 (Ref. 50)
g Goldberg et al. 2008 (Ref. 50);
§ YFH1 No this study
Q

%) ISD11 Yes This study
©

5 NFS1+ISD11 No (dominant negative in yeast) This study
c

o

§ ARH1 No This study
€ YAH1 No This study
()

8 ARH1+YAH1 No This study
()

ey

..E GRX3 No complementation of Grx5 This study
(2]

‘qc: ATM1 1 No This study
c

é ATM1 2 No This study
3 ATM1_3 No This study
%

D~

b < CFD1 No This study
L0

3 >

[

2= NBP35 No This study
o 3

8 i CFD1+NBP35

é o No This study
55

2 0

s s NAR1 No This study
c 2

o n

QS

E T

o

O CIAl No This study
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