
   
   

S6 

 
Figure S1. Comparative biosynthetic gene clusters for bicyclo[2.2.2]diazaoctane fungal indole alkaloids, 
including brevianamide (bvn), notoamide (not/not′), malbrancheamide (mal), and paraherquamide (phq). 
 

Figure S2. SDS-PAGE gels from purification of a.) NotI (47,044 Da) and b.) MBP-NotI′ (89,544 Da). NotI was 
purified via a gradient elution with increasing concentrations of imidazole to yield ~ 42 mg of protein per liter 
of expression culture. NotI′ was fused to an N-terminal MBP tag and batch purified resulting in 15 mg of 
protein per liter of expression culture. Columns 2-5 represent an attempt to express NotI′ in the pTrc vector, 
while the MBP-fusion resulted in majority soluble protein (columns 7 supernatent and 10 elution with 250 mM 
imidazole) and some insoluble protein (column 6 cell debri pellet and 8 flowthrough from the Ni column). 
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Figure S3. UV-Vis spectra of purified NotI protein solution (left) and the supernatant of denatured NotI protein 
solution (right). Denatured protein was generated by boiling for 15 minutes. The flavin cofactor peaks at 360 
and 450 nm are present in both the native protein solution and the denatured supernatant.  
 

 
 
Figure S4. Identification of FAD as the non-covalently bound NotI flavin cofactor. (a) FMN standard; (b) FAD 
standard; (c) NotI supernatant after denaturation of protein by boiling and centrifugation. 
 

 
Figure S5. Identification of FAD as the non-covalently bound NotI′ flavin cofactor by HPLC monitored at 
448nm. (a) FAD standard; (b) NotI′ supernatant after denaturation of protein by boiling and centrifugation. 
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Figure S6. Kinetic curve of NotI against (-)-stephacidin A (4). 
 

  
Figure S7. Comparison of the rate of NADH oxidation and the average rate of product formation in a reaction 
with NotI and (-)-stephacidin A (4). The higher rate of NADH oxidation indicates decoupling of these two 
catalytic factors, and the epoxidation efficiency is 4.1%. 
 

 
Figure S8. Numbering scheme for notoamide TI (18). 
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Figure S9. Planar structure of Notoamide TI (18) showing gCOSY correlations with bold red bonds and 
gHMBCAD correlations with blue arrows recorded at 700 MHz in (CD3)2SO-d6. 
 

 
Figure S10. C-terminus and substrate paraherquamide L from PhqK crystal structure (green, PDB ID: 6pvi) 
aligned with the surface representation of the NotI homology model. 
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AuaG                 -------------------MKTGLTVLIAGGGIGGLTLGVALRRAGIAFKIFERAPALLR 41 
PhqK                 ----------------MGSLGEEVQVIIVGLGIVGLAAAIECREKGHSVHAFEKSNILKS 44 
OxaD                 MTVPNSAGPDTTAATRASDRTSDVKVIIVGLGIAGLVAAIECHYQGLTVIGLEKSPEIRV 60 
AsperlicinC_FMO      MAVPVSGPD-----GVARPNSSGIKVIVVGLGVAGLAAAIECHRKGHTVIAFEKVKEMKP 55 
P. griseofulvum      MTVTHSGPN-----GIAPPGSSGIKVIIVGLGLAGLTAAIECHRKGHSVIGLEKTPKPTH 55 
NotI                 ---MAIDGS-----GVATPAPSGITVIIVGLGPTGLAAAIECHRRGHKVICFEKNPKSYR 52 
NotI'                ---MAIDAS-----GAAAPNSSGITVIIVGLGPTGLAAAIECHRRGHKVICFERNPKSYR 52 
NotB                 MTKSQTNPR-----GPAILSPADLTVIIVGLGIAGLTAAIECHRKGYTVIGLEKKPDANQ 55 
BvnB                 MTRNNTIPR-----DPVPF--SGITVLIVGLGIAGLTAALECSRRGHKVIGFEKKKDTNQ 53 
                                            : *::.* *  **. .:     *  .  :*:       
 
AuaG                 VGAGISMQSNAMLAFRTLGVDTAVAAA----GQEIQGGAILNPRGEEISSMPVSKASAEV 97 
PhqK                 IGDCIGLQSNATRIIKRWGDGAVHEAL-RPWIVSSKEIRIHNSSGRLIIRQDLSEVCE-- 101 
OxaD                 LGDSIALGSNATKVLHAWDQGSVYREL-LAQSDDVAAMEVLNPAGKLYAIDKMDGYGM-- 117 
AsperlicinC_FMO      LGDVIAISSNAARVIDKWGGGSVHEAL-YSVTSDLNPAGLYDETGSLKLKSAVPGFRK-- 112 
P. griseofulvum      LGDIFSISSNGANVIQKWDNGSVARYL-DSVRCDVASITVWDEAANIKLRKDMTGYKE-- 112 
NotI                 LGDLISVTGNAVRVLQEWGNGSVIKEL-QAFQCNLDTLEVYNETGDLKLSAPYNATQA-- 109 
NotI'                LGDLINVTGNAARVLQGWGNGSVINDL-QAFQCNLDTLEVYDETGDLKLSAPYNANQA-- 109 
NotB                 LGDIIGLSGNSMRILAEWNNGSLAHLIDDDITCDVTALELFDAEGHRKLAMPYNANNP-- 113 
BvnB                 LGDVIGLSGNSMRILSQWNQGSLAELVDEDIICAVEALELHDTAGTIRAAMPYHPESP-- 111 
                     :*  : : .*.   :   . .:                 : :  .                
 
AuaG                 GAPMITIHRGRLQDVLHQIVG--DDNLVLGAKVEGFRDGPDGLFVRL---ADG-REFQGD 151 
PhqK                 -QPNYLLPRSELIRVMYEHALKIGVEISLGVEVCEPSEDEEGASVVALTRDGERQIVRGD 160 
OxaD                 -GEGMIIHRGTLITVLHRHAIALGIDLRLGAAVTEYWETEDQAGVTV----DGRERIAAD 172 
AsperlicinC_FMO      -GEGYLLSRGDLAVTFFEHAKSLNINIRMGICVTEFWETDTSAGVIV----DG-EKIEAD 166 
P. griseofulvum      -GEGLVLNRSTTVCTLYEYGKSLGIDLRFGISVSEYWENDNEAGVIA----NG-ERLSAD 166 
NotI                 -KDEYMLRRSRLLDIFLQHLKSLGVEIHLGIQVADYWETESSAGVTV----GG-EKIVGD 163 
NotI'                -KDNYMLRRSRLLDIFLQHLKNLDVDIHLGTEVTDYWETESSAGVTV----GG-KRIAAD 163 
NotB                 -IQGYLFRRTGLLTSLCHYASQLGIDLRFGVTVDDYWETDSNAGVYA----NN-EKITGD 167 
BvnB                 -AQGYLFRRTGLLTKLYELAIRAGIDLRFGVNVMRYWEDADNAGVYI----GE-DRIVGD 165 
                           : *      : .     . :: :*  *    :      *      .    . .* 
 
AuaG                 LLVGADGLRSAVRAQLLKEP-SPRYSGYTSWRGVCDVSEGVRRD---YTSES-WGPGMRF 206 
PhqK                 FIICSDGVHSKMRKAIMPQPVEPRPSGYAAFRALVDTETLKGDPEASWVFEG-VEENDRF 219 
OxaD                 CVIGMDGVHSRTRDYVLGHRISTHNSGLAAYRSCFSAELVANDPDAAWILEE-VGKRDRM 231 
AsperlicinC_FMO      CVIASDGVHSKARVPITGETPRIMSSGRAIYRAWCDASVLEVDPKTKWLTESGSDGGDDS 226 
P. griseofulvum      CVIASDGIHSKARPVITGDNKPLNKSGAATYRAGYPAEVLDNHPDAQWILEG-TEKADQL 225 
NotI                 CVVVADGVHSKGRPQVSGEPFALEATDGIAFRAFFNASEISQDPEASWILRD-AGEKDCF 222 
NotI'                CVVVADGVHSKGRPQVSAEPFDLPSTDGTAFRAFFHASEIAQDPEASWILQD-AGEGDCF 222 
NotB                 CVVAADGFHSKARGIITGENPEPKDIGVVAYRSIFDANAIADVPEAQWILKN-AQTADIF 226 
BvnB                 CVIAADGFYSAGRTAITNEDPVQQPIGAVMYRAIFDAQEIAHVPEAAWLLKK-APTADVL 224 
                      ::  **. *  *  :  .       .   :*.   ..         :  .          
 
AuaG                 GVV-----------PIGEG-QTYWFATATAPE-GG---VDH--PDARTELLQRFSGWHA- 247 
PhqK                 DVFFL-SGAQIALQSCNKGKVFSWFCIHQDT-RNLLDVWTS--PADPNEMLDLIKVWPIG 275 
OxaD                 RRYITDGGLGLTLATGKRGQNIIWQVWHRNDA-KSAEFWENTTQARVEDALSLLQDWPIY 290 
AsperlicinC_FMO      HVFMA-KDVTMVMSTTKNHSLINWSCFHLDS-RGATDLFYY--PATADQVLEYIKVWPVR 282 
P. griseofulvum      NHFIG-KDIAVIMGTGRHGKDVYWGCLHRSS-DGVSKSWLQ--PSDVTKALALIENWPAK 281 
NotI                 KTFYG-KGLVMMVGTAENHEYVFWSCGHKENV------MAH--PSSVATVLDLIRDWPVS 273 
NotI'                KTFYG-KGLVMMLGTAENHEYIFWSCGSKENV------LAQ--SSAVAQVLDLIGDWPVS 273 
NotB                 HSYYG-KDTMVAIGTAARGRYVHWGCAVRGALEEKYEAWMQ--PAPPDPILKCLESWPVG 283 
BvnB                 PSFYG-KDVMVMMGTAAKGRYVHWACTIRGEVQQASEAWMQ--PASVEPVLDCVRNWPAA 281 
                                      .     *                          *  .  *    
 
AuaG                 -PIPQLIENTPSSAIMRTDIHDRVPIRQWV--QGRAVLLGDAAHPMTPNMGQGGCQAVED 304 
PhqK                 QRLWSVIRHTQPQKFINYPLLNHKPLDHWVSSHGRLILIGDAAHPLSPAAGQGASQGIED 335 
OxaD                 PKIAAVLRHTPSGTLADYKIVARDPIPGWISSQGRVMILGDAAHAMSPIAGQGGGQSIED 350 
AsperlicinC_FMO      EKLESVIRRTPPDNLIDYPLVTFEPAKNWVSKGGRMILIGDASHPFLPTSGQGACQGIED 342 
P. griseofulvum      DKVGAVIKCTPNNTCYDHLVMAVDPLSRWVSEKGRMAVIGDAAHAFIPTSGQGASQSIED 341 
NotI                 TRLAPLISKTPGDNCLNQTLYTRPPLKKWVSSNGRMIVLGDAAHPFLPHAGQGANQGIED 333 
NotI'                KRLAPLISKTPSDNCLDQTLFTRSPLNKWVSRKGRMIVLGDAAHPFLPHAGQGANQGIED 333 
NotB                 SKLAAGIARTPPGKCFQQSLRAMPPLKRWVSTGGRMIVIGDAAHSFLPYAGQGGNQAIED 343 
BvnB                 SKLNAVLSRTPPGACFNHTMLATPPLRTWVSHKGRMVVIGDAAHPFLPYAGQGANQAIED 341 
                       :   :  *         :    *   *:   **  ::***:* : *  ***. *.:** 
 
AuaG                 AVVLARCLSLEAE--LPAALARYQAVRVE-RANDFVAGSYRIGQ---IGQWENA------ 352 
PhqK                 ANVLATSLSLAGRQRVSLALHVAERIRYA-RASAVQLISHRVNEGWRNQDWDAYEPNEQN 394 
OxaD                 AVTLALCLAQAGKSCVPLGLRAVEALRYQ-RTRLIQESGNSIYGQMRDPDWDAIEKNPEM 409 
AsperlicinC_FMO      GAVVAIALELAEKGNIRQALEVTNKIYRRERTVQIYNLGLFALETVSNPDWSEAEKNSKL 402 
P. griseofulvum      GAVIAICLELAGKKQIPLALSVMEKLRYQ-RISLIGEGSAKMLESLHGANWDAKQQDKQP 400 
NotI                 GAVLALCLEITSKKDVPLALRVTEKLRYQ-RVAAIQQRGVEARDQSLNVDWGNGGFSKK- 391 
NotI'                AAVLALCLQIAGKDDVPLALRVTEKLRYQ-RVAAIQKRGVEARDQSLSVDWENGGFTKK- 391 
NotB                 AAVLGICLELAGTSNVPLALRVVEKLRHK-RVSLIQKGSAEAGDSFLNAAWESDNAAEKP 402 
BvnB                 AASVAICLERAGRGDIPLALRVFEKLRHK-RVSLIQEGSVEAKDSFLKANWDSDDEAGSP 400 
                     .  :. .*       :  .*   : :    *   .   .           *          
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AuaG                 -----FACWVREKLMRMMSSDRVD---ARTRRNLQFTPL--------------------- 383 
PhqK                 IASLPLETWIYGHDSQAYTEQEFEMVVRAVQEGEEYHATNLPDKLRVQLG--IRNVDVKE 452 
OxaD                 I-KFPRPQWIFGYDARRDVSEEFPTVKKAIEEGSEYRPRNIPEDCQYQIVHDYKKTVST- 467 
AsperlicinC_FMO      F-AIPNPEWVLNHNCQKSAYDEYHKIAESIANGTEYTPQNIPSSAVRS------------ 449 
P. griseofulvum      T-LIARAMWIFDHDCQKSTYEEFEKAAEAVVSGSTYVPANIPNDGRHGIVEEEGKSTVKV 459 
NotI                 --LTLHPAWLHDHDCIKQVYEEFDKAADAVTKGHEHTFGGIPVG---------------- 433 
NotI'                --LTLYPAWLHDQDCIKQVYEEFDKAVAAVTKGHECTFGGIPVD---------------- 433 
NotB                 T-AFTHQAWVYAHNCVDHAYEQFNAAAEAVMNGWEYTPTNIPANGKFRQEEG--NI---- 455 
BvnB                 S-AYLHQSWVYNHDCVQHVVEEFQTAADAIRHGRKYIPTNVPVDGKYRQE---------- 449 
                             *:          :.          .                            
 
AuaG                 ----------- 383 
PhqK                 PLQNKSP---- 459 
OxaD                 ----------- 467 
AsperlicinC_FMO      ----------- 449 
P. griseofulvum      PSAHSAPISAE 470 
NotI                 ----------- 433 
NotI'                ----------- 433 
NotB                 ----------- 455 
BvnB                 ----------- 449 

Figure S11. Sequence alignment of flavin-dependent monooxygenases (FMOs) including AuaG,[1] PhqK,[2] 
OxaD,[3] asperlicin C monooxygenase (GenBank: GBF62818.1), FMO from Penicillium griseofulvum 
(GenBank: KXG49074.1), NotI, NotI′, NotB,[4], and BvnB[5] performed using Clustal2.1.[6] The proposed 
catalytic arginine is highlighted in bold in the green section. The first FAD-binding motif or the Rossmann fold 
(βαβ-fold, containing GxGxxG) is shown highlighted in cyan, the second FAD-binding motif (GD sequence) is 
shown highlighted in magenta, and the DG motif is highlighted in yellow.[7] 
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Figure S12. Substrates and products from reactions with NotI and NotI′. (-)-versicolamide B (11) has not been 
isolated from Aspergillus amoenus or Aspergillus protuberus. 
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Figure S13. Mass spectra (MS) of (A) (-)-stephacidin A (4), expected [M+H]+ = 432.2287; (B) (+)-notoamide 
B (5) formed from reaction with NotI, expected [M+H]+ = 448.2236; (C) (+)-notoamide B (5) formed from 
reaction with NotI′), expected [M+H]+ = 448.2236. Data were measured on an Agilent Q-TOF LC-MS. 
 
 

 
Figure S14. Mass spectra of (A) (+)-stephacidin A (9) standard expected [M+H]+ = 432.2287; (B) (-)-
notoamide B (10) produced by NotI, expected [M+H]+ = 448.2236; (C) (-)-notoamide B (10) produced by NotI′ 
expected [M+H]+ = 448.2236. Data were measured on an Agilent Q-TOF LC-MS. 
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Figure S15. Q-TOF LC-MS analysis depicting EICs of (a) NotI′ reaction with deoxybrevianamide E (13); (b) 
NotI reaction with 13; (c) no enzyme control with 13. Product formed is denoted with P. Data were measured 
on an Agilent Q-TOF LC-MS. 
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Figure S16. Mass spectra of (A) deoxybrevianamide E (13) standard, expected [M+H]+ = 352.2025; (B) 
Product formed from NotI reaction with 13, expected [M+H]+ = 368.1974. Data were measured on an Agilent 
Q-TOF LC-MS. 



   
   

S16 

 
Figure S17. Q-TOF LC-MS analysis depicting EICs of (a) NotI′ reaction with 6-OH-deoxybrevianamide E 
(14); (b) NotI reaction with 14; (c) no enzyme control with 14. Products formed are denoted with P. Asterisk 
denotes a possible diastereomer of 14. Data were measured on an Agilent Q-TOF LC-MS. 
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Figure S18. Mass spectra of (A) 6-OH-deoxybrevianamide E (14) standard labelled with three 13C atoms, 
expected [M+H]+ = 371.1974; (B) Product formed from NotI reaction with 14, expected [M+H]+ = 387.1923; 
(C) Product formed from NotI′ reaction with 14, expected [M+H]+ = 387.1923. Data were measured on an 
Agilent Q-TOF LC-MS. 
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Figure S19. Q-TOF LC-MS analysis depicting EICs of (a) NotI′ reaction with notoamide S (15); (b) NotI 
reaction with 15; (c) no enzyme control with 15. Product(s) formed are denoted with P. Data were measured on 
an Agilent Q-TOF LC-MS. 
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Figure S20. Mass spectra of (A) notoamide S (15) standard, expected [M+H]+ = 436.2600; (B) Product formed 
from reaction of NotI with 15 observed at 594.3 seconds; (C) Product formed from reaction of NotI with 15 
observed at 540.0 seconds; (D) Product formed from  reaction of NotI with 15 observed at 526.6 seconds; (E) 
Product formed from reaction of NotI′ with 15 observed at 595.7 seconds; (F) Product formed from NotI′ in 
reaction with 15 observed at 538.5 seconds; (G) Product formed from NotI′ in reaction with 15 observed at 
526.0 seconds. Oxidized products have an expected [M+H]+ of 452.2549. Data were measured on an Agilent Q-
TOF LC-MS. 
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Figure S21. Q-TOF LC-MS analysis depicting EICs of (a) NotI′ reaction with notoamide E (1); (b) NotI 
reaction with 1; (c) no enzyme control with 1. Products formed are denoted with P. Asterisk denotes possible 
diastereomer of 1. Data were measured on an Agilent Q-TOF LC-MS. 
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Figure S22. Mass spectra of (A) notoamide E (1) standard labelled with two 13C atoms, expected [M+H]+ = 
436.2444; (B) Product formed from reaction of NotI with 1 observed at 621.5 seconds; (C) Product formed 
from reaction of NotI with 1 observed at 573.0 seconds; (D) Product formed from reaction of NotI′ with 1 
observed at 620.2 seconds; (E) Product formed from reaction of NotI′ with 1 observed at 573.1 seconds. 
Oxidized products have an expected [M+H]+ of 452.2393. Data were measured on an Agilent Q-TOF LC-MS. 
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Figure S23. Q-TOF LC-MS analysis depicting EICs of (a) NotI reaction with notoamide T (16/17); (b) NotI′ 
reaction with 16/17; (c) No enzyme control with 16/17. Products formed are denoted with 18 (notoamide TI). 
Asterisk denotes possible diastereomers of 16/17. Data were measured on an Agilent Q-TOF LC-MS. 
 
 

 
Figure S24. Mass spectra of (A) (+)- and (-)-notoamide T (16 and 17) standards in racemic mixture, expected 
[M+H]+ = 434.2444; (B) Product formed from reaction of NotI with the racemic 16/17, expected [M+H]+ = 
450.2392; (C) Product formed from reaction of NotI′ with the racemic 16/17, expected [M+H]+ = 450.2392. 
Data were measured on an Agilent Q-TOF LC-MS. 
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Figure S25. 1H-NMR spectrum of Notoamide TI (18) recorded at 700 MHz in (CD3)2SO-d6. 
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Figure S26. Zoomed view of 1H-NMR spectrum of Notoamide TI (18) recorded at 700 MHz in (CD3)2SO-d6 to 
show multiplets at 3.17ppm (CH2, position 23) and 3.24ppm (CH, position 6). 
 

*23*6



   
   

S25 

 
Figure S27. Zoomed view of 1H-NMR spectrum of Notoamide TI (18) recorded at 700 MHz in (CD3)2SO-d6 to 
show a triplet at 5.13 ppm (CH, position 24). 
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Figure S28. 13C-NMR spectrum of Notoamide TI (18) recorded at 176 MHz in (CD3)2SO-d6. 
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Figure S29. gHSQCAD spectrum of Notoamide TI (18) recorded at 700 MHz in (CD3)2SO-d6. 
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Figure S30. Zoomed view of the gHSQCAD spectrum of Notoamide TI (18) recorded at 700 MHz in 
(CD3)2SO-d6 to display the solvent-obscured peaks at (C2, 2.50/29.06 ppm) and (C1, 3.38/43.39 ppm). The 
peaks for positions 2 and 1 are indicated with asterisks. 
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Figure S31. Zoomed view of the gHSQCAD spectrum of Notoamide TI (18) recorded at 700 MHz in 
(CD3)2SO-d6 to display the peaks for C2 and C3, for which the proton signals overlap at 1.78. The peaks for 
positions 2 and 3 are indicated with asterisks. 
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Figure S32. gCOSY spectrum of Notoamide TI (18) recorded at 700 MHz in (CD3)2SO-d6. 
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Figure S33. gHMBCAD spectrum of Notoamide TI (18) recorded at 700 MHz in (CD3)2SO-d6. 



   
   

S32 

 
Figure S34. Zoomed view of the gHMBCAD spectrum of Notoamide TI (18) recorded at 700 MHz in 
(CD3)2SO-d6 to display the correlations from the solvent-obscured peak at 2.50 ppm (indicated by asterisks). 
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Figure S35. Zoomed view of the gHMBCAD spectrum of Notoamide TI (18) recorded at 700 MHz in 
(CD3)2SO-d6 to display the correlations from the solvent-obscured peak at 2.50 ppm to C2, indicated by an 
asterisk. 
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Figure S36. Zoomed view of the gHMBCAD spectrum of Notoamide TI (18) recorded at 700 MHz in 
(CD3)2SO-d6 to display the correlations from NH(22) at 9.07ppm to C4 at 68.07ppm, indicated by an asterisk. 
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