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Cp-Nanl : ----VEGAVKTEPVDLFHPG FKTKE-GTLIASIDARR----—-—-—- HGGADAPNNDIDTAV
Hs-Neu1: AEARK--—-————- MSSSDE--GAK
Hs-Neu2: : BEQRA--———-——— SKKDE--HAE
Hs-Neu3:MEEV--—TTCSFNSPLFRQE-———— D--—- : BAEEKRS-———————— TRRDE--DAL
Hs-Neud:MGVP---RTPS-RTVLF-ER---—-- E--- VEQRL-=-======= SPDDS--HAH
IA-NA: ALSQGTTIRGKHSNGTIHDRSQYRAMISHPL-——— — 81
IB-NA : - - - - ——FQRALLISPHRFGEARGNSA----PLIIFlFMACGEK-~ECKHIALTHYAAQPGGYYNGTREDRNKLRE M SVEL-—-~ — 65
Cp-Nanl :---GERTRDEGQIISD--YPDRSSVIDTTLIQE DETGRIFLLVTHFESKYGFWNA---GLGTSYINLVYSDDDGR-THSEPQRINFQV — 453
Hs-Neul:---GSTWSPTAFI NDGDVPDGLNLGA—VVEEVETGVVFLFYSLCA——HKBGCQ ——————— VESTMLVWSKDBGVSHSTP LS-LD -190
Hs-Neu2: PTHQVQWQAQE-VIAQARLDGHRSMNPCPL YR AQTGTLFLFFMAIBGQVTEQQQLQTRAN-VTRLCQVTSTDHGRTWSSPRELTDAA — 146

Hs-Neu3: --QLVOWGPLE-PMEATLPGHRTMNPCPVWEQKSGCVELFFUCVRGHVTERQQIVSGRN-ALRLCF I¥SQDAGCSWSEVRELTEEV — 148
Hs-Neu4: - -GSVRWGALH-VHGTAALAEHRSMNPCPVHS AGTGTVFLFFUAVLGHT PEAVQIATGRN-AL RLCCVASRDAGLSWGSARELTEEA — 145

IA-NA:———_SSPPTVYNSRVECI-———- GWSSTSCHSG--KTRMSICHSGE-———————————— NN-NSSAVIWYN-—————— RRPVTEIN-- -135
IB-NA:_ _ _ _GRIPTVENSHFHMA-----— AWSGSACHEG--REWTY IGDGE-——————————— DS-MELIKIK¥G-—-———— EAYTETYH-- — 139
)
Cp-Nanl : E-—-KDWMKFLGIAPG-RGHQIRNGEHKGRIVYPVYYTNE——————————— KGRQSSAVIYSDDIENWTIGESPNDNRKLENGKIIN — 526
Hs-Neul: IGTE-———— VFAPGPGSGHQKQ--REPREGRI IVCGHGTL——————————~— ERDGVFCLLSDDHEASWRYGSGVSGIPYG——————— - 252
Hs-Neu2: IGPAYREWSTFAVGPGHCUQLN--DRARSLV),PAYAYRK-—---LHPI--QRPIPSAFCFLSHDHE I THARGHFVA———————=———— -213
Hs-Neu3: IGSELKHWATFAVGPGHGUQLQ--S-—GRLVMPAYTYY I PSWFFCFQLPCKTRPHSLMI YSDDL{EVTHHHGRLIR————P——————— - 220
Hs-Neud: 1GGAVQDWATFAVGPGHGHQLP--S--GRLLYPAYTYRVDRRECFGKI-CRTSPHSFAFYSDDHE THRCGGLVDP————N-——-———— - 217
IA-NA: - - - - TWARNILRTQESECECH-———— NGVCPVFTDGS——=—======—, ATGPAETRIYYFK-H&s ILKWEPLAGTA-————=———=— -191
IB-NA: __ _ _ SYANNILRTQESACNCI----- GEDCYMITDGS-=========~, ASGISKCRFLKIR-EgyI IKEIFPTGRV-————————— —195
°
Cp-Nanl : SETLSDDAPQLTE------ QVVEMP----NGCOWKLFMENL--SGYLNIATSFDGGATWDETVEKDT
Hs-Neul:-———————— QPRQBNDFNPDE®QPYELP-——-DGSVINARNQ--NNYHCHCRIVLRSYDAC-DTLRPR
Hs-Neu2: - --QDTIa------ QVAEVE-—-—-QRVTLNABSH-LRARVQAQSTNDGLDFQ-ESQLVKR
Hs-Neu3: - —-MVTV@------— EVAEVTGRAGHDVMYCSAETP--NRCRAEALSTDHGEGFQ-RLALSR
Hs-Neud: - --LRS@3a-----~ QLAAVDGGQAGSFMYCNARSP--LGSRVQALSTDEGTSFL-PAERVA
IA-NA: - - e ———RHIR3------ SCYG-E----RAEMTCTCRDNWQGSNRPVIRIDPVAMTHTSQY ICSPVI#TONPRPND-PTV-GKCN — 256
IB-NA: - EHTHE-————— TCGFAS--—-NKTHECACRDNSYTAKRPFVKLNVETDTAEIRLMCTETYLDTPREPDD-GSI-TGEC - 261
Cp-Nanl ;: —————————- YCQLSVINYS-—————- QEVD-GE-———————— DAVIESNPNAR-Sf SNGT{RIGLINQVGTYENGEPKYEFD-——W — 643
Hs-Neul: —————————— ELVDPVVAA-——————- GAVV-TSS———————— GIVFESNPAHPEFVNETWRWSF SNG—————————— T-SW---R - 357
Hs-Neu2 PQGCQGSVISF———————— PSPRSPA-——————— QWLLYTHPTHSWQRADLGA APEA---WSE - 323
Hs-Neu3: ————————— HGCQGSVVSFRDAPTIQRSSPG-SSE-———————— SWLLYSHPTSREQEVDLGHYLNQTPL—————————— EAAC-—-W - 357
Hs-Neud: ————————— WECQGSIVGFG-————-~ DGPR-QPGPRPGVSGPTWLLYSHPVGRR DPRS---W - 347
IA-NA : DPYPG-NNNNGVEGFSYLD-————————————— e VNTWLGRTISIA LTDDKSKP - 308
IB-NA : ESNGD-KGRGGIKGGFVHQR-———————= MA-SE---——==—= IGRWYSRTMSKTEMGMENW YVRYDGD-——-—=—=—~ PWTDSDAL — 318
Cp-Nanl : KY-NRLFKP--Gyv2f S——-N----=-—= GNIG GGT---P-——————= SEEMSYIEMNLEYLESG---———-————-—--— - 691
Hs-Neu1: KE-TVQUWP--GPSG E---GSMDGEEQRPQLY ARG——————m RNHYTESISVAKISVYG-TL—————————— - 415
Hs-Neu2: -PVLLAK-—--GSCR G---TGPDG---SPLFG 3AN-—--D-——=———- YEEIVFLMFPLEQAFPA-EY-————————= - 377
Hs-Neu3: SR-PRIIHC--GPCJ E-—--E-—————= EGLFG 3CGTRQE-——————- CEQIAFRLFPHREIL-—————————————— - 407
Hs-Neu4: TE- PRVl YE--GPSC§EDLASHG--—PAPEG--—GLVFA 3SGARTS-——————=— YDEISFCTFSLREVLENVPA-————————— - 466
IA-NA : TQ-GOTHMVLNTDWS FEEGSFMDYWAEG-————~ ECYRACFYVLIRGRPRE-DKVWWTSNSIVSMCSSTEFLG----QWDWPDGRKI - 383
IB-NA : aH-5GVEVSMRE PGS FGFERKDRKRC - —— - —— -~ DVPCIGIEMVHD---G-GRKTWHSAATAIYCLMGSGQL----LWDTVTGVDM - 388
Proteins Conserved residues Variable residues
Cp-Nanl R266 | D328 | E539 | R555 | R615 | Y655 F353, T487, Y587
Hs-Neu1 R26 — E205 | R228 | R289 | Y318 E111, Y179, W274
Hs-Neu?2 R21 N86 | E218 | R237 | R304 | Y334 E111, Y181, Q270
Hs-Neu3 R25 N88 | E225 | R245 | R315 | Y345 E113, Y181, H277
Hs-Neud R23 N86 | E222 | R242 | R313 | Y343 | H168,Q204, Q230, Q260
IA-NA R119 — E279 | R294 | R372 | Y406 R155, 1224, N296
IB-NA R115 — E275 | R291 | R373 | Y108 R149, 1220, N293




Supplementary Figure 1. Multiple sequence alignment® of Clostridium perfringens (Cp)-Nanl
and human (Homo sapiens (Hs)) Neul-4. (a) Total five sequences were aligned: Cp-Nanl
(WP_011590331.1, residues 243-691 and A361-426); Hs-Neul (NM_000434.2, residues 65-407);
Hs-Neu2 (NM_005383.2, residues 12-377); Hs-Neu3 (NM_006656.5, residues 12-407, A287-300
and A315-326); Hs-Neu4 (NM_001167599.1, residues 11-466, A284-336 and A355-373);
Influenza A neuraminidase (IA-NA) (strain A/Tern/Australia/G70C/1975 H11N9) (M17813.1,
residues, 14—383); Influenza B neuraminidase (IB-NA) (strain B/Beijing/1/1987) (M54967.2,
residues, 16—388). The italic codes mean NCBI GenBank reference sequence numbers. Residues
showing multi-drug resistances of viral NAs are shown as black filled circles in the above of the
sequences. (b) Conserved and variable residues of Cp-Nanl, Hs-Neul—4, IA-NA, and IB-NA.



Supplementary Figure 2. Superposed overall structures of Hs-Neul—4. Hs-Neul (purple), Hs-
Neu3 (green) and Hs-Neu4 (magenta) was built from Modellerov7 software? based on reported Hs-
Neu?2 structure (PDB code, 1VCU: grey) .



[P] = Vst + (Vi - Vs) [1 — exp (_kobst)] / kobs (2)

kobs = ke *+ [(ks x [1]) / (KPP + [I])] 3)

Eel === E*I

Supplementary Figure 3. Scheme for time-dependent enzyme inhibition. (a) Equations, (2) and
(3) to determine v;, vs, and kqps from the curves using various concentrations of the inhibitors. (b)
The upper part denotes the turnover of the enzyme in the absence of inhibition. The lower part

illustrates the equilibrium for a slow-binding inhibition process.
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Supplementary Figure 4. Lineweaver-Burk plot for inhibition of Cp-Nanl by diplacone.



Supplementary Figure 5. Superposition of the eight sialidase catalytic domains. (a) Superposed
sialidase catalytic domains (2VKS5, grey; 1SLL, orange; 2XCY, blue; 1MZ5, green; 2SIL, brown;
2VWO, yellow; 7NN9, magenta; 1VCU, blue). Detail information was described in Table S1. (b)
Structural conservation of the residues in the active site. The residues were labeled based on Cp-
Nanl sequence.



Supplementary Figure 6. 2F, — F. composite omit map of diplacone contoured at 1.0 o.



Supplementary Figure 7. Structural comparison of Cp-Nanl and drug-resistant mutants of viral
neuraminidases. Cp-Nanl-diplacone, HIN1 viral NA (1223R)-oseltamivir (PDB code, 4B7J), and
H5N1 viral NA (H274Y)-oseltamivir (PDB code, 3CL0O) complexes are colored in green, magenta,

and orange, respectively. (a) Overall superposed structures. (b) Detail view of the active sites.
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Supplementary Table 1. Root mean square deviation (A) of Hs-Neul—4.

Proteins Hs-Neul® | Hs-Neu2™ | Hs-Neu3® | Hs-Neu4?
Hs-Neul® — 0.356 0.481 0.317
Hs-Neu2” — — 0.134 0.120
Hs-Neu3® - — — 0.156

" Chain A of Hs-Neu2 (PDB code, 1VCU)

S Hs-Neul, Hs-Neu3 and Hs-Neu4 were built by homology modeling based on Hs-Neu2.
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Supplementary Table 2. Validation results of Hs-Neul—-4 structures.

Hs-Neul® | Hs-Neu2™ | Hs-Neu3® | Hs-Neu4®
Ramachandran plot
Most favored (%0) 81.0 7.7 81.6 86.6
Additionally allowed (%0) 14.8 22.3 16.9 10.6
Generously allowed (%0) 2.0 0 1.5 0.9
Disallowed (%0) 2.3 0 0 1.9
Z score —2.94 —5.80 —5.59 —5.04

“Chain A of Hs-Neu2 (PDB code, 1VCU)
S Hs-Neul, Hs-Neu3 and Hs-Neu4 were built by homology modeling based on Hs-Neu2.
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Supplementary Table 3. Conservation of the structures of sialidase catalytic domains.

Gene name Species PDB code | RMSD (A)
Nanl Clostridium perfringens 2VK5* —
T7 Macrobdella decora 1SLL? 1.00
AFlL;QO—: G Aspergillus furmigatus 2XCY? 1.15
mndE' Tripanosoma rangeli 1MZ5’ 1.30
NanH Salmonella typhimurium 2SIL® 1.34
NanB Streptococcus pneumoniae 2vwo® 1.20
NA Influenza A 7NN9*Y 1.00
NEU2 Homo sapiens 1VCU? 1.19
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