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Supplementary Figure 1
Substrate-assisted mechanism of OGA.

OGA-catalyzed hydrolysis of O-GIcNAcylation via a substrate-assisted mechanism, adapted from a previous report (Dennis, R. J. et al.,
Nat. Struct. Mol. Biol. 13, 365-371, 2006). The roles of ancillary residues Lys98 and Tyr219 are inferred from the crystal structure of
OGAcyst—thiamet-G from this study.
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Supplementary Figure 2
Kinetic parameters of hOGA and OGAcyst proteins.

(a) Michaelis—Menten plots of hOGA and OGAcyst With varying concentrations of 4MU-NAG. Data were fitted using GraphPad Prism.
Error bars represent s.d. values derived from three independent experiments. (b) Summary of the kinetic parameters of hOGA and
OGAcyst. The Kiy and kear Were determined from three independent experiments and displayed as average + s.d..
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Catalytic domain (B/a)g-barrel

Supplementary Figure 3
Structural comparison of the two sister monomers of OGAcryst.

Two perpendicular views of superimposed OGAo. and OGAR reveal that the catalytic domains are folded into an identical (B/o)s-barrel,
while the stalk domains display a slight variation. OGAa is colored yellow; the catalytic domain and stalk domain of OGAP are colored
magenta and cyan, respectively.

Nature Structural & Molecular Biology: doi:10.1038/nsmb.3390



Homo_sapiens
Oceanicola_granulosus
Bacteroides_thetaiotaomic
Clostridium_perfringens
Thermobaculum terrenum

Homo_sapiens
Oceanicola_granulosus
Bacteroides_thetaiotaomic
Clostridium_perfringens
Thermobaculum terrenum

Homo_sapiens
Oceanicola_granulosus
Bacteroides_thetaiotaomic
Clostridium_perfringens
Thermobaculum terrenum

Homo_sapiens
Oceanicola_granulosus
Bacteroides_thetaiotaomic
Clostridium_perfringens
Thermobaculum terrenum

Homo_sapiens
Oceanicola_granulosus
Bacteroides_thetaiotaomic
Clostridium_perfringens
Thermobaculum terrenum

Homo_sapiens
Oceanicola_granulosus
Bacteroides_thetaiotaomic
Clostridium_perfringens
Thermobaculum terrenum

Homo_sapiens
Oceanicola_granulosus
Bacteroides_thetaiotaomic
Clostridium_perfringens
Thermobaculum terrenum

b

W hOGA

Il OgOGA
M BiGH84
W cpoGA
B Tt0GA

367

507
275
416

282

608
624
460

hOGA-BtGH84

AESKSPEMSMQEDCISDIAPMOQTDEQTNKEQFVEGPNEKP
sie s DPDYAPEREKLARAVER . o ie sovia sro saie & WOPRFRLAFIGIDGAVPE
AKYDTWOQTWEKDAIRT|IILPISAAEE . LECFAMHN. . SDLGPNGHGYR
........ YDYDKAWNRAIDMLYIGDLAED . MKVFANHS . . TRMDNKTWAKS

-REESMD|I|Q P2

GREDAPE[LR DELWNKLS . SKEDAS|A
........ A Y| LTNLIFIKK.VQ...ED..

L...PIDGAND
RGFGV..AVQD|I|L. . . QRDRQGR
KYNHVKALQQOMFYIDQTSNQNP
........... {IVAQLNEDTER
GFFTADEEQAR[ESLQKALQG.RT

hOGA-CpOGA

Nature Structural & Molecular Biology: doi:10.1038/nsmb.3390

<<=

C|L[F|Y LPYEHGPKCGAQMLREFQWLRANSSVVSVNCKCGKDSEKIEEWRSRAAKF
DLFWQPFALGPETTR

[ILSALRAA. .

DIETDVLYSPOMALKLALTEWLOEFGVPHQYSSROVAHSGAKASVVDCGTPLVAAPSLNATTVVTITVYQEP

JLCJEDNLSAMEKFYQSNTISCLEPEEP. . .

CGL
+LT. « .- VPRPDPSDPAWRAALEDLRDLKRR

WDIKSIMSMVKSFVQWLGCRSHSSR|QFLIGDQEPWAFR
WEAQEEVGHLVAYCDWLDEAPPPGAVFPATDRIHNFYR
HQFPKLTAEMGEEV. ... .. cemi LKMVEGRNESYFLR
EICSRQ . « o' o »a LPDEL .« oo v e ac.o IITLAQGDKASLD. .
HEEYKLWTD. . .. ... YLD...QAMIITFS...... NLFT

I8 ) = - R U S
F B SR AT ey s R DA S o e A R R R e T b
OPCVKTAT . - vs = ..RVIKPLIDRTFATVVKFFNQKFNAHLD
ESAKEIAQNKLNTALSSFAVISEKVAQSFIQEALSFDLTL. . 3

...... LKDAVDFRTRVCGDVVRNFLQQVLRSTVSI..ELQA

LREV

hOGA-OgOGA hOGA-TtOGA



Supplementary Figure 4
The sequence and structure of the hOGA stalk domain are markedly different from those of its bacterial homologs.

(a) Sequence alignment and (b-c) structural comparison of the stalk domains of OGA proteins from human (hOGA, cyan) and
representative bacterial species: Oceanicola granulosus (OgOGA, PDB: 2XSA, magenta) (Schimpl, M. et al., Biochem. J. 432, 1-7,
2010), Bacteroides thetaiotaomicron (BtGH84, PDB: 2CHO, orange) (Dennis, R. J. et al., Nat. Struct. Mol. Biol. 13, 365-371, 2006),
Clostridium perfringens (CpOGA, PDB: 2CBJ, green) (Rao, F. V. et al., EMBO J. 25, 1569-1578, 2006) and Thermobaculum terrenum
(TtOGA, PDB: 5DIY, grey) (Ostrowski, A., et al., J. Biol. Chem. 290, 30291-30305, 2015). In the sequence alignment, variable and
similar residues are shown in black and red, respectively.

Nature Structural & Molecular Biology: doi:10.1038/nsmb.3390



Supplementary Figure 5

Extensive polar interactions stabilize the dimerization of OGAcyst.

(a) Two different views of OGAcyst With dimerization interface. OGAw is colored gray; the catalytic domain and stalk domain of OGAf
are colored magenta and cyan, respectively. (b) Schematic representation of the hydrogen bonds detected at the dimerization interface.

(c) Schematic representation of the salt bridges detected at the dimerization interface. Residues from OGAa and OGAR participating in
the polar interactions are colored in yellow and green, respectively.
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Supplementary Figure 6

Relative activities and substrate-binding evaluation of hOGA variants.

(a) The activities of hOGA mutants were measured using 4MU-NAG and normalized to the wild-type enzyme. The error bars represent
the s.d. values derived from three independent experiments. (b) To evaluate the contribution of hydrophobic interactions with the p53
glycopeptide (Ac-QLWVDS(O-GIcNAC)TPPPG), the Michaelis constants of hOGA and mutants were determined using 4MU-NAG as
the reporter substrate following multisubstrate enzyme kinetics as shown previously (Schimpl, M. et al., Biochem. J. 432, 1-7, 2010;
Schimpl, M. et al., Chem. Biol. 19, 173-178, 2012; Xie, D. et al., Protein Science 8, 2460-2464, 1999). *The Michaelis constant of wild-
type hOGA was measured towards a W(-3)A mutant of p53 glycopeptide (Ac-QLAVDS(O-GIcNAc)TPPPG) using a similar assay. The

Km™ values were determined from three independent experiments and displayed as average * s.d..
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Supplementary Figure 7
Binding conformation of p53 glycopeptides in the OGAcys—p53 complex.

(a) Fo—Fc difference map of p53 glycopeptides from the OGAcys—p53 complex (contoured at 30). The peptides from OGAo and OGAR
are shown in orange and green sticks, respectively. Intramolecular hydrogen bonds are displayed as dotted lines. (b) Superposition of
OGAys—p53 complex structures collected from three independent soaking experiments (inserts: enlarged p53 glycopeptides from each
monomer. The p53 glycopeptides in the right insert have been rotated for better clarity). (c-d) Close-up views of the binding
conformations of p53 glycopeptides in (c) OGAa and (d) OGAPB. Residues on the inner surface of the substrate-binding cleft that are in
close vicinity of the peptide are highlighted in (c) blue sticks and (d) yellow sticks, respectively. Hydrogen bonds are displayed in
dashed lines. (e-f) Crystal packing potentially contributes to stabilize p53 glycopeptide in OGAPB but not in OGAco.. OGAx and OGAp are
shown in magenta and yellow, respectively. The symmetric molecule is shown in grey.

Nature Structural & Molecular Biology: doi:10.1038/nsmb.3390



Supplementary Figure 8
The p53 glycopeptide adopts distinct binding conformations in the structures of human and bacterial OGAs.

(a) Superposition of the p53 glycopeptide (stick representation) in the CpOGA—p53 complex (PDB: 2YDR) (Schimpl, M. et al., Chem.
Biol. 19, 173-178, 2012) with those in the OGAcys—p53 complex. (b) Surface representation of the CpOGA—-p53 complex, highlighting
the p53 glycopeptide (yellow) bound on top of the active site (PDB: 2YDR). (c) Surface representation of the p53 glycopeptide (orange)
bound in the substrate-binding cleft that comprises the catalytic domain of OGAX® (grey) and the stalk domain of OGAP (cyan). (d)
Surface representation of the p53 glycopeptide (green) bound in the substrate-binding cleft that comprises the stalk domain of OGA«o
(grey) and the catalytic domain of OGAB (magenta). In b-d panels, stick presentation of p53 glycopeptides is displayed

as semitransparent.
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Bacteroides_thetaiotaomic 252 FETISGEGTNPQ. . v v v v v vt W KQAE(LLINY|IDEKFAQVKPDINQILVMCESEMNKSWSNPNG .
Clostridium_perfringens 286 YWRITODKSA . .A. .o v v v .. KHA|QV|LINREFNEEFVKAKGD VKP|L I|T|Vi4ENMD TGAMVSNGQ
Thermobaculum_terrenum 108 EMEVHSTIGIFFIMVPFDLIHEEDRNSYSNLAEAQADFLITRVILORL.ESTISTP QI IMCIFPCN . . . . . . DP
. . . = . . . oo .
Homo_sapiens 230 QSPLR TV GE K[L|LP|GHE VILEEEPK[V V SKEEP VE S[T|EE[V S|K I[TKEIAP VIPR IHANEY|. DOKRIFLEF YKGR S
Oceanicola_granulosus 171 GSAMLIOR|LG|S T|L{D[P|AMD I|FIyer|EI V S/EEpVAAH|LAAVGE V|ILRIIRP V|I|YDRIFHANMY|. DI RRV|FA[BHLGGRS
Bacteroides_thetaiotaomic 313 . .NpLTTLGDKLNPSEQ I|MEsEDRV I SD| . TRDG|I{SW|TNER|IKIPAY|TYWRIEF|PV SalY|. VRD|HL{L|L[E34V Y|GND
Clostridium perfringens 346 PRAMTRI[FAET[VID|P|SE VIMIEHEP|GV V TINERIP L S D|AIQ L(T S|G I|Y|NIINMA|VIYWIIYP|V T Y|. F K GK L|A|L[@3MH|G LD
Thermobaculum_terrenum 173 NLEMLR I|LG|QR[L[PKNp4D VIF|2fy{elP|N|V C SHENT T S HMQE[V QK S|LjQj3{P A T|L{YDI Y[P[V NI GIGMMP|E LiH|I [35 Y DHR D
Homo_sapiens 301 TE[L|IPRLKG|VLTREEENCEFIJAN|Y|V|AT|H[T|LA|T[W]Y K[SNMNGVRKDV IK[L|
Oceanicola_granulosus 242 RD[ILPLWVAGWITREANNEAMANFPAIHTTIGAYLADPD « v v v v vt vt ie e e eneeeeenafefoeennnneeenas
Bacteroides_thetaiotaomic 381 TT|I|[AKEMS|G| S S|K|T|A|L|Y|S|VIAISYAWNPAKYDTWQTWKDAIRTILPSAAE . E[LJECFAMHNS . . D|L|
Clostridium perfringens 417 KG[LNQYVDF|F TVRpAME HAJYL S[K|T|S|T|H|T|AAD[Y|[SWNMDNYDYDKAWNRAIDMLYGDLAE . DMKVFANHST. . RM
Thermobaculum_terrenum 245 PE[LHTHVVGTYARRIMA LP YA SK|LPLY|TIFAQY|LN|SP SQYNPQDSWRQAVSTLLGEDNLSAMEKFYQSNTISC|L
Homo_sapiens 360 .EDIETDV|LYSPQMA[LKLA[L
Oceanicola_granulosus 278 .[YAPERA|I|AAAV|
Bacteroides_thetaiotaomic 450 GPNGHGYR.REESMDIQPAAERFLKAFKEGKNYDKADF....ETLQYTFERMKESADILLMNTENKP|L{IVE|T
Clostridium_perfringens 486 DNKTWAKSGREDAPELRAKMDELWNKLS.SKEDASALI....EELYGEFARMEEACNNLKRANLPEVAL. . .|.
Thermobaculum_terrenum 317 EPEEPA............ YLTNLFKKVQE..DFASFRFEQGLRTLREEIISMQTT. .YSR|JSTODSK[EFWE[
Homo_sapiens 385 TEWLQEF|GVIPHQYSSRQV/AH.SGAKASVVDGTPLVAAPSLNATTVVTITVYQEPIMSQGAALSGEPTTLTKEE
Oceanicola_granulosus 289 AAWQPRFR[LAFGDGAVP|.|. v v v .o S|
Bacteroides_thetaiotaomic 517 TP[WVHQFK/LTAEMGEEVLKMVEGRNE[SYFLR.KYN ....HVKALQQQMFYI......
Clostridium perfringens 549 EECC|SRQ|.|. . .LDEL[IITLAQGDKA|SLD...... MIVA......
Thermobaculum_terrenum 373 RPWLEEYKLWIDYLDQAMITFSNLFTGFF........ TA....... ..DEEQAR
Homo_sapiens 456 EKKQPDEEPMDMV[VEKQEETDHKNDNQI[L|SEIVEAKMAEELKPMDTDKESIAESKSPEMSMQEDCISDIAPM
Oceanicola granulosus ...t e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
Bacteroides_thetaiotaomic 569 NPYQPG...VKTATRVIKPL.IDRTFAT|VVKFFNQKFNAH.LDATT..DYM.PHK..MISNVE..QIKNLPL
Clostridium perfringens 581 EAYESA...KEIAQNKLNTA.L.SSFAV|I|SEKVAQSFIQEALSFDL..TLINPRTVKITASSEETSGENAPA
Thermobaculum_terrenum 410 ESLQKALQGRTYLREVLKDA.VDFRTR.[VJCGDVVRNFLQQVLRSTV..S........ IE. .. ...t
Homo_sapiens 528 QTDEQTNKEQFVPGPNEKPLYTAEPVTLEDLQLLADL[F|[YLP YEHGPKGAQM
Oceanicola_granulosus 307 (iciiiveicerinsiaeinnas ....DLVALLCDL|FWQPFALGPETTR|I
Bacteroides_thetaiotaomic 629 QVKA...NRVLISPANEV................. VEKWAA..... GINSVE|IELDAIYPGENIQINFGKD. ..
Clostridium perfringens 646 FASDGDMNTFW. ............ HSKWSSPAHEGPHHLT|LELDNVYEINKVKYAPRQDSKN
Thermobaculum_terrenum . ...t tii ittt e
. [ ] . . . ., 1 n . [ ] o0, [ ]
Homo_sapiens 580 REFQWLRAN[SSVVSVNCKGKDSEKIEE[WRSRAAKFEEM. . .CG. .LVMGMFTRLSNCANRTILYDMYSYVWD
Oceanicola_granulosus 331 SALRAA...LT...... VPRPDPSDPAWRAALEDLRDL...KR..RINKLFTLMTEIENRDLFHTFHNYLWE
Bacteroides_thetaiotaomic 673 APCTWGRLEIIS[........... TDGKEWKTVDLKQKESRLSAGLQKAPVKF[VRFTNVSDEEQQVYLRQ. . . .
Clostridium perfringens 696 GRITGYKVSVS[......... . LDGENF|TEVIKTGTL . ...EDNAAIK|FIEFDSVDAKYVRLDVTDSVSD
Thermobaculum_terrenum 457 ... ... LOfe o v v v e e e e AEGKEWTALPPGIVRD . v v v v v v alefe v oo oo oot e e e e e e e e e e e ae
, m . . 000 = o000 o oo .
Homo_sapiens 647 IKSIMSMVKSFVQWLGCRSHSSAQF|LIGDQEPWAFRGGLAGEFQRLLPIDGANDLFFQPP
Oceanicola_granulosus 389 AQEEVGHLVAYCDWLDEAPPPGAVFPATDRIHNFYRRGFGVAVQDILQRDRQGRYHHGV.
Bacteroides_thetaiotaomiec 730 F[VLTIE
Clostridium_perfringens 750 QANGRGK[FATAAEV. ..

Thermobaculum_terrenum

Supplementary Note 1

Sequence alignment of OGA proteins to show that residues on the dimerization interface and the

substrate-binding cleft are highly conserved in eukaryotes but not in prokaryotes.

(a) Sequence alignment of OGA proteins from representative eukaryotic species: Homo sapiens (uniprot:
060502), Rattus norvegicus (uniprot: Q8VIJ5), Mus musculus (uniprot: Q9EQQ9), Caenorhabditis elegans
(uniprot: ABWF17), Drosophila melanogaster, (uniprot: Q9VDC9), and Ostrinia_furnacalis (uniprot: HONID4). (b)
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Sequence alignment of OGA proteins from human and representative prokaryotic species: Oceanicola granulosus
(uniprot: Q2CEE3), Bacteroides thetaiotaomicron (uniprot: Q89Z12), Clostridium perfringens (uniprot: Q0TR53),
and Thermobaculum terrenum (uniprot: D1CDN2). Variable residues are shown in black with white background,
similar residues are shown in red with white background, and conserved residues are shown in white with red
background. Residues involved in the dimerization of OGAcyst are marked with dark blue dots. Hydrophobic

residues on the substrate-binding cleft in close vicinity of the p53 glycopeptide are labeled by light blue squares.
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Supplementary Table 1 A list of polar interactions between OGAa and OGAP within 4 A

OGAB Length (A) OGA«

Hydrogen bonds

D99 [O] 3.0 Y638 [OH]
D99 [0] 3.0 R634 [NH1]
R108 [O] 34 S398 [0G]
E109 [OE] 2.8 Y397 [N]
E109 [OE2] 3.1 S398 [N]
D287 [OD2] 2.9 G683 [N]
Q288 [NE2] 2.8 S642 [OG]
R586 [NE] 2.7 L692 [O]
R634 [NH1] 2.9 D99 [O]
Y638 [OH] 3.0 D99 [O]
Q676 [0] 2.6 K253 [NZ]
E677 [OE1] 3.2 V255 [N]
E677 [OE2] 3.0 V254 [N]
F681 [O] 3.8 R290 [NH1]
R682 [O] 3.8 Q690 [NE2]
R682 [NH1] 2.9 Y286 [0]
G683 [N] 2.8 D287 [OD2]
E688 [OE2] 3.2 L701 [N]
Q690 [OE1] 2.8 K289 [NZ]
Salt bridges

R71 [NH2] 3.2 D639 [OD1]
H571 [NE2] 2.7 E688 [OE1]
D639 [OD1] 3.0 R71 [NH2]
D675 [OD2] 2.8 K253 [NZ]
D675 [OD1] 3.8 K253 [NZ]
E688 [OE1] 2.7 H571 [NE2]
R691 [NE] 3.9 D696 [OD1]
R691 [NE] 4.0 D700 [OD2]
R691 [NH1] 25 D700 [OD1]
R691 [NH1] 2.9 D700 [OD2]

Nature Structural & Molecular Biology: doi:10.1038/nsmb.3390



Supplementary Table 2 Summary of primers used to make OGA mutants in this study

Primer Sequence (5'-3')

K98A_fwd ATACATACTTGTATGCCCCAGCAGATGACTACAAACATAGGATG
K98A_rev CATCCTATGTTTGTAGTCATCTGCTGGGGCATACAAGTATGTAT
D174N_fwd TGGGTGCAGATCATTTGCTTTGCTTTTTAATGATATAGACCATAATA
D174N_rev TATTATGGTCTATATCATTAAAAAGCAAAGCAAATGATCTGCACCCA
D175N_fwd GATCATTTGCTTTGCTTTTTGATAATATAGACCATAATATGTGTGCAGC
D175N_rev CACATATTATGGTCTATATTATCAAAAAGCAAAGCAAATGATCTGCAC
Y219F_fwd CTTCTGTCCCACAGAATTCTGTGGCACTTTCTGT

Y219F _rev ACAGAAAGTGCCACAGAATTCTGTGGGACAGAAG

F223A_fwd CCACAGAATACTGTGGCACTGCCTGTTATCCAAATGTGTCTC
F223A_rev GAGACACATTTGGATAACAGGCAGTGCCACAGTATTCTGTGG

W278A_fwd TTAAGAGAGCTCCAGTAATCGCGGATAACATTCATGCTAATG
W278A_rev CATTAGCATGAATGTTATCCGCGATTACTGGAGCTCTCTTAA
D285A_fwd CTGGGATAACATTCATGCTAATGCTTATGATCAGAAGAGACTGTTTC
D285A_rev GAAACAGTCTCTTCTGATCATAAGCATTAGCATGAATGTTATCCCAG
W679A_fwd GGAGACCAAGAACCCGCGGCCTTTAGAGGTGG

WG679A_rev CCACCTCTAAAGGCCGCGGGTTCTTGGTCTCC






