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Tryptathionine Biosynthesis by Flavin Mopo-Oxvgenase 1 (FMO1)

This application claims benefit of priority to the filing date of U.S. Provisional
Application Ser. No. 62/491,632, filed April 28, 2017, the contents of which are specifically
incorporated herein by reference in their entity,

Government Funding

This invention was made with government support under GMOE8274 awarded by the

National Institutes of Health. The government has certain rights in the invention
Background of the Invention

Cyclic and bicyclic peptides have been found in plants, bacteria, fungi, and animals
(Arnison ¢t al., Nat. Prod. Rep. 30:108-160 (2013); Umenura et al., Fung. Genet. Biol.
68:23-30 (2014)). Examples of macrocyelized peptides inchide the cyanobacting from marine
bacteria {Donia et al., Nat. Chem. Biol 2:729-735 (2006)) and the orbitides and cyclotides
from plants (Craik & Malik, Curr. Opin. Chem. Biol. 17:546-554 (2013)). Cyclization
confers several pharmacologically advantageous attributes to peptides, including increased
rigidity, enhanced membrane permeability, and resistance to proteolysis and denaturation
(Craik & Allewell, Biol. Chem. 287:26999-27000 (2012}). As a result, many cyclic peptides
have potent biological activities against a wide range of medically and ecologically
significant targets (Bockus et al., Cuarr. Top. Med. Chem. 13:821-836 (2013); Giordanetio &
Kihlberg, J. Med. Chem. 57:278-295 (2014); Walton, Plant Cell. 8:1723-1733 (1996)).

Summary

Deseribed herein are compositions and methods involving expression cassettes,
enzymes, and methods useful for generating cross-bridges in peptides. The expression
cassettes, and methods can involve using nucleic acids encoding a flavin mono-oxygenase
(FMO) enzyme. Methods are also described for generating cross-bridges in peptides within in
vitro {e.g., cell free) reaction mixtures. The cross-bridge enzymes can be used in conjunction
with other enzymes such as enzymes that cyclize peptides. These cross-bridge and cyclization
enzymes are useful for making a variety of crosslinked, bicyclic and/or cyclic peptides.

Digseribed herein are expression systems that can include at least one expression
casseite having a promoter operably linked to a beterologous nucleic acid segment encoding a
flavin mono-oxygenase (FMO) with at least 95% sequence identity to SEQ 1D NG: 2, 4, 5, 6,
or 7.

Host cells containing such expression systems are also described herein, and methods

for using such expression systems and host cells. For example, the methods can include
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incubating a host cell that has one or more expression systems that can include at least one
cxpression cassette having a promoter operably linked to a heterologous nucleic acid segment
encoding a flavin mono-oxygenase (FMQO) with at least 93% sequence identity to SEQ ID
NO: 2,4, 5,6, 0r 7, for a time and under conditions sufficient for generation of a
tryptathionine cross-bridge between a tryptophan (Trp) and a cysteine (Cys) in the peptide
substrate. The expression systems, host cells, and methods can also include use of at least one
cxpression cassette having a promoter operably linked to a heterologous nucleic acid segment
encoding a prolyl oligopeptidase with at Jeast 95% sequence identity to SEQ 1D NG:11, 13,
14, or 15.

In some cases, tryptathionine cross-bridges between tryptophan (Trp) and cysteine
{Cys) residues in the peptide substrate ave formed in vive (within a host celly by FMO1T while
in other cases tryptathionine cross-bridges between tryptophan (Trp) and cysteine (Cys)
residues in the peptide substrate are formed in vitre (not within a host) by FMO1. For
cxample, in some cases additional cellular enzymes and other factors can help optimize cross-
bridge formation and/or can facilitate cyclization of peptides. Accordingly, in some cases the
cross-bridges are prepared in vivo.

However, the FMOT enzyme can be incubated in vitro with a peptide that inchudes
tryptophan (Trp) and cysteine {(Cys) residues to generate a pepude with a tryptathionine
cross-bridge between the Trp and Cys residues. Henee, the FMO1 proteins can be used in in
vitro corppositions, assay mixtures, and/or enzymatic manmifacturing processes.

Bescription of the Figures

FIG. 1A-1B illustrates cychization of peptides. FIG. 1A illustrates conversion of a 35-
amino acid precursor peptide (SEQ ID NGO: 19) to a cyclic octapeptide by a prolyl
oligopeptidase B from Galering marginata (GmPOPB) enzyme (SEQ 1D NOs: 19 and 27-
29). As illustrated, GmPOPB catalyzes two reactions to convert the linear 33mer precursor
peptide (31) to cyclo(JWGHGCNP, SE 1D NG:1), an intermediate in amanitin biosynthesis.
Product P3 is then cross-linked (Trp to Cys) as dlustrated in FIG. 2 and hydroxylated (3-4
times) to make bicyclic peptide (see also Luo et al. Chemistry and Biology 21:1610 (2014)).
FiIG. 1B tllustrates the reaction catalyzed by flavin mono-oxygenase {FMO1) to form
tryptathionine. The substrate is the product of POPB.

FIG. 2ZA-2B illustrates how hydroxylation of an indole ring can activate the indole for
further reaction including cross-linking to cysteine. FIG. 2Aillustrates 3-hydroxylation of
indole as catalyzed by an FMO from Methylophaga. FIG. 2B illusirates reaction via Savige-
Fontana synthesis of tryptathionine from 3a-hydroxy-pyrrolo2,3-bi-indole (Hpi), in which 3-

s
pa
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hydoxyTrp is an intermediate. See, Cho et al., J Stuct Biol 175:39-48 (2011); May JP, Perrin
DM (2007) Tryptathionine bridges in peptide synthesis. Biopolymers 88:714-724.)

FiGs. 3A-3C illustrate in vitro expression of FMO1 and its catalysis of a
tryptathionine crossbridge product. F1G 3 A shows expression of FMO1 as a 60-kDa protein
fused to a myc tag. Left panel: Coomassic stained gel. Right panel: western blot of the same
zel with anti-miyc antibodies. FIG. 3B shows LC/MS analysis of substrate (imonocyclic
cyclo[TWGIGCNP], bottom) and product after reaction with FMO1 (bicyclic[FWGIGCNP],
top). FIG. 3C shows a mass spectrum of the product ehiting at 12.0 min as shown in FIG. 3B,
ithastrating the parent ion at M+H+ 839 (tallest peak) as predicted for bicyelic compound.

FiGs. 4A-48 illustrate that targeted geve disruption of GmFM G/ abolishes amanitin
biosynthesis. FIG. 4A shows an HPLC trace (UV absorbance at 280 nm) illustrating amanitin
made by wild type G. marginata (solid trace) and not by deletion mutant FMOT7 G.
marginata (dotted trace) cells. FIG. 4B shows a Southern blot of genomic DNA from
deletion mutant #FMO7 G. marginata cells. The Southemn blot shows that the FMO! gene has
been deleted in the mutant. The results show that the FMO1 gene is important for amanitin
production.

Betailed Description

Cyclic peptides, bicyclic peptides and peptides with cross-bridges are useful as drags
due to their stabiity, high surface arca, membrane permeability, and resistance to proteascs.
For example, the bicyclic peptide toxins of Amanita mushrooms, the amatoxins such as
amanitin and the phallotoxins such as phalloidin, inchide a thicether cross-bridge between
tryptophan (Trp) and cysteine {(Cys). This cross bridge, called wyptathionine, contributes to
the activitics of these powerful compounds. Tryptathionine is not present in any other natural
product, and its biosynthetic pathway is unknown. Amatoxins currently cannot be chemically
synthesized and Amanita cannot be cultured, so the only current source is extraction from
mushrooms collected in the wild. The enzyme that catalyzes tryptathione biosynthesis can be
used for in vitro or in vivo production of a new class of bicyelic peptides with potential
pharmaceutical or ndustrial applications, ultimately including the amatoxins themselves.

In the amanitin-producing fungus Galerinag marginata, a gene encoding a flavin
mongo-oxygenase (FMO) s clustered with two genes in the amanitin biosynthetic pathway,
proiyi oligopeptidase B (POPB) and AMAT. The specific versions of these three genes in G.
marginata are also known as GmAMAL, GmPMO1, and GmPOPB. AMATL encodes the 35-
amino acid pro-profein for amanitin, and POPB encodes the macrocyclase that converts the
35mer precursor peplide o a cyclic octapeptide, cyclo (IWGIGCONP, SEQ D NO:1) (Luo et

3
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al., Fung Genet Biol 49:123 (2012); Luo et al. Chemistry and Biology 21:1610 (2014);

Sgambelluri et al. ACS Synth Biol, 7 (1): 145-152 (2017)). Macrocyclases are enzymes that

can convert a linear substrate into a circular (cyelic) product {e.g., a cyclic peptide). Genes

for such enzymes are also present in Amanifa bisporigera and Amanita phalloides (Pulman ct
5  al. BMC Genomics 17:1038 (2016).

FMO1 catalyzes tryptathionine biosynthesis as shown by the following reaction.
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10 'The process by which this reaction proceeds is believed to proceed as illustrated below,
where step (A) involves 3-hydroxylation of indole, hike the reaction catalyzed by an FMO
from Methyviophaga. Step (B) is a reaction pathway for the Savige-Fontana synthesis of
tryptathionine from the synthetic comopound 3a-hydroxy-pyrrolo[2,3-bl-indole (Hpi), in

which 3-hydoxyTrp is an intermediate.
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After formation of the tryptathionine cross bridge by FMOYI, peptides can undergo
one or more hydroxylations and sulfoxidations. For example, after formation of a
tryptathionine cross bridge, the remaining steps in amanitin biosynthesis include two to four
hydroxylations and sulfoxidation. Identification of the tryptathionine forming enzyme FMO1

5 is a key missing link.

Flavin mono-oxygenase {(FMO) nucleic acids and enzymes are described herein that
are useful for gencrating crosslinked and/or cyclized peptides. For example, a nucleic acid
encoding a Galering marginata FMO1 (GmPFMO1) enzymoe was isolated as a cDNA. The
Galering marginata FMO1 (GmPFMOL) protein encoded by such a ¢cDNA is shown below as

10 SEQ D NG

1 MVQIRRLL
TLVE LEAFSRNNWE VVLYEERESV GGIWLPDNND
EIFPKTP LYPLLRTNTE VPSMTYPGEP FPPSTPLYPR
121 HDHVEAYHLR YARRHENLLDF IKFDTMVEKA FWNGTPEEGY
. WNLTLSSKEG RMRYKTFDHL VVATGNNHIP HIPVWKCQED

LG FLSSPSQTPL ESNHGEPVEPSK SIAVVGAGSA

¥y

[,
i
o
l_

201 WLASPANHSR KIIHSVYYRG PEAFSNQTVL IVQNGGSGR
241 AATQILGYAS QIFMSIRRSY GPVDDGEVIVK >

281 VVFVDCTILD PDVILLGTGY EMQKFPLLSEC GELSFDPTAK
321 DNSSVRGTLV TNGHYIFPLH RHIFSLSPRY PPNﬂLAF[”T

20 361 LSFIASCPSD IAQS 1A ILDPSILPPR

401 EDKARRQGLD JYMKGF[VLN NTSNDYQDEL hYLKQKan
141 PDDGKKFVEE WRREILAYHY LORGWSRIE LGMGPAW ] EG
481 VKTEAQWEDL MTIRVNEWQKN WETENGIAFR VDLDLTC

25 The region that includes amino acid positions 34-105 of the SEQ D NO:2 FMO!1 protein
includes a Rossmann-fold NAD({P){+)-binding protein domain.
A nucleic acid sequence (cDNA}) encoding the SEQ 1D NO:2 Galering marginata
FMO1 is shown below as SEQ ID NO:3

1 ATGGETTCAAA TAAAACGACT CTTGCTIGGGC TTICTATCGET
CTCCGTCGCA GACGCCCTTG CGAGTCCAATC ATGGTCCAGT
31 CCCTTICAAAA TCCATCGCCG TTGTTGCGTGC TCGGAGTGCA

121 GGUTTGGCGA TGCTCAGGAC TCTTGTIGGAA TTAGAGGCAT

161 TTTCTCGGAA TAATTGGGAA GTCGITITGT ACGAAGAACG

201 AGAAAGTCTA GGGGGTATCT GGCTACCAGA TAACAACGAT

35 241 GICTTTCCAC CTGAGATACC AAARAACTCCT CTCTATCCIC
281 ]. CCTCCGETAC A«l\ TACCCCA GTGC C‘I"I‘ CTA TGACATACCC

321 TGGCITTCCG TTCCCGCCCA GTACGCCICT CTATCCACGT

361 CATGACCATG TAGAAGCCTA TCATTTCGCGT TACGCCCGCC

401 GCCACAACCT TCTGGACTTC ATTAAATTCG ACACCATGGT

40 441 TCAAAAGGCT TTCTGCAATGC GAACACCACA GCAACGCTAT
TGGAATCTTA CICTTICGAG CAAAGAGGGT CGAATGCGECT
ATAAAACATT TGATCATCTT GTACTCGCAA CTGGCAATAA

A
561 CCACATACCT CACATTICCCG TTTGGCAAGGG CCAAGAAGAC
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TGCTTGGCAA GCCCGGIAAA TCATTCCAGE AAAATTATAC
ACTCAGTGTA TTATCCTGGC CCGGAGGCAT TTTCGAACCA
GACTGTIGCTG ATCGTIGGCA ATGGUGGCAG TGGGCGAGAC

o
O
s

o b e

5
O

[ox)
o0

721 GCGGCTACTIC AGATICITGG ATATGC ;ACC CAGACCTTTA
76 -G ATGA TCC”’"'

P et N alalarals
O AGAGLCLEG

G

TCGICCGATCAG ACGCAGTTAC CGGCCCICT

AATAGTCAAA CCGGATATTT CTCATTIT

CTACGTTTTCG TGGACGCTAC CATACTTGAC CCC TZ\CC]AZ\
Y

TTTTCCTCGG TACTGCATAC GAAATG AND AGCCCTTGCT

o oo
IO

[8:0]
[ee]

) ~ AT YR YRR TR (e AT VRO
921 CA AGGC GGAGAACTGA GUCT TCC CACGGCTAAA
G AN AR T N A e e Ty AT
861 GACAATTCT CAGTTCGCGG CACACTIGTC ACCAACGGETC

ATTE
CCCTC

ATAT ',I’ CCCTT

(—“s.CA.',[' CGAC /“x(, ATCT TTTICCTTGAG

[y

1 C [TAT CC TCCAAATG CTCTCGCTTT CATTGGACTC
1 CTCTCGTICA TCGCGAGCTG TC (‘ TTCT (w!\ ATTGCTCAGA
i GCTTGTTIGC _‘(7’(\? CCACGCC CTGGA CTTCAATCCT
1 TCCTCCTCGT CCTTCTCC TC (,A«’\(wnA'. _‘ GGCGTCATALC
1: GAGGATAAAG CTCGGAGACA AGGTCTTIGAT CCITATCTTIA
1 AAGGCCCAAT AATGCTGAAT AACACATCAA ACGATTATCA
1 T STATT TGAAGCAAAA GAATGCCATA
1 C AAGTT CCTIGGAGGAA TOGGCCTICGEIC
1 ATTAC CTTCAACGAG GUTGGAGTCG
1 TGO GGCCGGEGTE GACACAGGGC
1 STTCGACCTIC A '[‘GACA( GGLv
1 AT TCGGCGAAACCG AGAATGGCGAT
1 [GG’ ACCTCACTGG CTGA

An FMO1-related protein from Galering marginata UBS 339.88 with SEQ 1D N4
shares at least 71% sequence identity with the SEQ ID NO:2 protein sequence as iHustrated
below, where the asterisks illustrate which amino acids are the same between these two

proteins.

Seqg2 1 MVQIKRLLLGELS QTPLESNHGRPVRS KST’-‘\."W&/’(’.}"«AGS AGLAMY
Seqd 1 MVNLORLLESFLSSDLPSQVPLRASHGAGPPKSIATIVGAG
ww H KK * kK K kA K K wx * K Kk A F kK Ak F KKK K KF K

59 WEVVLYEERESVGGIWLPDNNDVE
61 "\’E”‘ _JYEEREE”GG\ TWLPDYN
ok k%

vk ok hhk ok k ok ko kk ok kk kAo

R i i

Seg2 119

Sagd 121

STRPVHEGO

PRIPVY JK‘UQI‘D\’JL

FrAA Kk kkAAAAh khdA Ak ok Ak

Z38 GRDAATQ B
1 GRI ‘]XAC’\/”\/L;LAQQ SVRHD HEVE .G'\/"PV’J\;SI"DD'J\/\/LLG

B i O S * % *xh kK *h kk ok ox A A S S U S - S i

v LAL

GDPVD-GVVTRD

eg?2 298 TGYEMOKPLLSEGGELSFDPTAKDNSSVRGTLVINGHYIFPLHR
4 ~ -

i S8
KPPLSDSGELRKVDSSARDNSSVOETLATNLRYLEPLYR

6
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wokk ok ok Ak kok & ok * w kK ok Ak Kok kA ko ok kA kk ok Awwh kAKX AKK AR

Seq2 358 IGLLSFI DKARRQGLDEYLKGP I
Seqd 360 IGLPSYI EETVRAAGLDPY INGHR

* * ok ok KK *

5 * Ak w

{TSNDYQDELVEYLEQKNAIPDDGKKEVEEWRRE TLAYHYLOQRGWSRIERKLGMGPARW
GTSSDYQDELLDELRKOMNATPDDGKKEVEQWRRDIFTYQY LKRGWSRIEKLGTGAEW

A S O S R i kAKX FHEAFARFIFAXHF XX krx Kk kKK R KAFFRXARKAF K =

16
Seqg? 478 TEGVKTEAQWFDLMTRVNEWORKNWE
Secgd 480 TKAIET LA’) VADLMKRVNEWQKNWE T

= FRIIKE Fhh FhkFIArARAAHF khkw HFHF kk KKk K

This related protein from Galering marginata CBS 339.88 has accession number

KDR84895.1 and the following sequence (SEQ ID NG:4).

1 MVNLQRLLFS FLESSDLPSQV PLRASHGAGP PKSIAIVGAG
41 SAGLAMLKSL RELETISREDG WEVS ‘VEWH SVGGVWLPDY
20 &1 NEVFPPDIPE TPLYPLLHTN TPVPSMAYPG FPFPPSTPLY
121 PSHEHIEAYH LRYAQHHKLIL EFINFNHERVQ KAVWIGGTVE
161 GEFWNLTISDK EGLVNHKTFN HLVVASGNNH IPRIPVWEGQ
181 DDWLSSPSAN HPRKITIHSVY YRKPEAFANQ SVLIVGNGAS
241 GRDAASQVVG LAQQTWLSVR HDGDPVDGVV TKPEISHEVP
25 281 EGVVEVDGSI VDPDVVLLGT GYEMRKPFLSE DSCGELKVDSS
321 ARDNSSVQET LATNLRYLFP LYRHILSLSEF RYPTNALAFI
361 GLPSYIANCE SDIAQSVEVA HVISEPSILP SRAVLLGELA
401 SYEETVRAAG LDPYINGHEM LWNCGTSSDYQD

441 AIPDDGKRFEV EQWRRDIFTY VY]K[GWSRT
30 481 KATETEAQWA DLMKRVNEWQ ENWEIENGMA

Mushroom species other than Galering marginata can make cyclic peptides such as
amanitin. For example, an FMO1-related protein from Hypholoma sublateritium FD-334 §8-
4 with SEQ ID NO:S shares at least 59-60% sequence identity with the SEQ 1D NG:2 protein
353 sequence as illustrated below, where the asterisks illustrate which amino acids are the same

between these two proteins.

1 ””O K LLLG*’ QTPLESNHGPVPESKSIAVVGAGSAGLAMIRTLVELEAFSRNN
L ISSTWESQESLSVEYGAVPRKSVAIIG, TLLDLPAEVROG
& koK * E I S * % L 3 &
2 59 WEVVLYEERESVGGIWLPDNNDVERPPEIPKTPLYPLLR
Segd 61 LEISVYEERENVAGVWLPDPRNVIPPEIPETPLYPLLHT
* L T I S R R O I R I g
45 Seg? 119 PRHEDHVE LRYARRENLLDEFIKFDTMVEKAFWNGTPEEGYWNLTLSSK-EGRME

Segh 121 PSHEEIEAYHLRYAQHYNLLPFISENHELRKASWSGTAEKGHWIVSILDRTSGVLHTXNE
x ok KKKk R KRk ok *H K wx Kk K RS S S S S * * K

178 DHLVVATGNNE HIPVWKGOEDWLAS-PANH-SRKITHSVYYRGPEAFSNQTVLIVGN
50 181 DHLVVASGNE IPTWEGQHDWIANTPSNRLERRIVHSVYYREPTAFTGQOSVLVVGNG
FEIXARK Fh xkxk KKk ok xEF KKk 0w * K Ok mAKFHR A x kK E I S i
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DGVIVEPDISE

VLKE

* *

AKEVETST M_j"\h(}_xp; Tar

ok ok

* ok kx oA ko K

“QV“LLSQGGELSFDP ABEN

355 ELASYEDKARRQGLDPYLK
36l _MdLAAYDEHLR"LGLDPYTN

Ak ok K * Kok Aok ok
Seg2 415 GPIMLNNTS-NDYQDELVEYLKQKNAIPDDGKKEVEEWRREILAYHY L”PGWSRIHVLuM
Seqgh 421 GHRMLLGTGPSDYQDELVDELKEKGVIRDTGKKEVEGWRRDVYNYQALKRGWIRIRELG
* o * wk Rk KAk * % & * ok Ak kkkKkKk  NwKk * xRk A KK * %
Seql? 474 GPAWIEGVKTIEAQWFDLMTRVNEWQKNWETENGIAFRVDLDL
Seg5 481 GEEWIKDVETEAQWADLMWRINEWQERWEREQGLSFGRDEDL
* * % * kxxkKk HAKkK K AHhKkw ok Kk x * x ok x

This FMO1 -related protein from Hypholoma sublateritium has accession number
KIA26129.1 and the following sequence (SEQ 13 NO:S).

1 MVNIARLLLP
41

31 RNVIPPEIPE

4

—

AVP
ERE

RESVATIGTC
NVAGVWL
PKTELY

FISSTWPSQE SLSV
T
‘

SAGLAMVKTL LDL PDP

-
SR

2
()

121
161
201
241
281
321
361
401
441
481
521

PSHEEIEAYH
CHWIVSILDR
QHDWIANTPS
ASCGRDAASOV
BT Z\N(”\Tv 'GD

r) o
w2 \)

SEEWTED

DLDLAG

TPLYPLLHTN TPVE
<

LRYAQHYNLL
TSOVLHTENE
NRLKRRIVHS

LRFAKEVEIS
GTSIDPDVVI
ARG m_ﬁf TNLR
PNCPSDVAQS
RSLGLDPYTN
GKEKEVEGWRR
EAQWADLMWR

N
N

PFI ELR
DHLVA
VYYREPTAET
IRHENVDPID
"’7‘4’?.T RKFP
HIL
FAAHATIVNE
SHRMLLGTGP
DVYNYQALKR
INEWQERWER

JEY
Isvy

F

V

CNP

A
A

-
[

G
E

MSYPG FPFL
E

KASWSCTAEK
BIPRIPTWEG
GOSVILVVGNG
GVRKIKPEISH
FLERTCELLA

SYPTNA

QT ow
\)4.4.\; R

SIFPPREELL
SDYQDELVDE
GWIRIRELGT
EQG

P
SEGRDP

Axt FMO1 -related protein from Amanita muscaria Koide BXG08 with SEQ [0 NO6

shares at least 52% sequence identity with the SEQ ID N(O:2 protein sequence as illustrated

below, where the asterisks illustrate which amino acids are the same between these two

AT
AMIR

TLVLLEAFS.ENN

*x & ow

60 EVVLYEERES SVEPE LYP
59 D"FLFEEP%NiuGIwLHDEDPSPEPVLPElPLVPALRTNTPVP YP
* KAk ok ok ok ok ok kow ok k% *x d kx ok k A Kx hk ok k Aok wh oK K* R 4
Seqg? 120 RHDHVEAYHLRYARRHNLLDFIKEDTMVEKAFWNG
Seg6 119 SHHAVEAYHVRYAHHYNLLPYIRFNHRVLITSWIGAL

R o 2 S * kK x ok * * K *
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Seg2 416 PIMLNNT--SNDYQDELVEYLKQKNAIPDDGKKEVEEWRREILAYHYLORGWSRIEKLGMG

Seqé 417 HKLPDNTRASDYODELLDYLKEKGVIEDEGKEFVEEWRRE Isz‘:LRRG,qu 2 TEELGVG
* LK kkHkk w ok kA kk kRN kA ko wk K hh wkhk ok hkw

Seqg2 475 PAWIEGVKTEAQWEDLMT ”ﬂ\ENQI’I\W‘T

Segs 477 DDWVRGVETEEEWSGVMARVNEWQKAYE
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*

* ko k ok A oAk ok K *

This FMOI -related protein from Amanita muscaria has accession number KIL66087.1 and

the following sequence (SEQ 1D NO:6).

1 MVNVR
AGL
PPPVLPETPL
HAVEAYHVRY

41
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WIGAPDDGEW
IPTWPGQKEW
YSASGODETA
KPATAHFTKD
GNGLLIKPTV
YPTTALSFIG
RDQMLOELAR
ELLDYLKEKG
EELGVGDDWV

Another FMO1-related protein from Amanita muscaria Koide BXO0S with SEQ 1D

NO:T shares at least 52-53% sequence identity with the SEQ 1D NG:2 protein sequence as

ithustrated below, where the asterisks itlustrate which amino acids are

two proteins.

IKRLLLGELSSPSQTE

IFSLIGTQLEVY

Seqg? i 0]
Seqg’ 1 MVNFRQI
x K
Seg? 00 EVVLYEERESV
Seqg’ 5% DIALFEEREN
* KoK K H

* & *

GGIWLPDNNDVEPPEIPKTPLY
VGGIWLPDPDPNPPPVLPETPLYEPALE T

FTRKKF KKK *x *
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(w'

5T
KeIAT
& &k K

PLLR TI T2
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H R KKk

AVVGAGSA

IVGAGSAGLAML

LR R o I I e

the same between these

GLAMLRTLVELEAF SRNNW
KTLIDEP-—-DHNSW
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Seg2 RHLLLEELASYEDKARRQGLDPYLKG
Seq’ DOMLOELAEHEQKSRDEGEDEYIKG
Kk wk Kk % wx kxk Ak
Seg2 416 PIMLNNT-SNDYQODELVEYLKQKNAIPDDGKKEVEEWRRE ILZ\AXN‘”
Seg’ 418 HDMPDNTRSCDYQDELLDYLKEKGVIEDDGKKEVEEWRREMGSYD
* Ak kok &k kow ok * kA ok Kk owokk ok ok ok A wk Kk K hook ok wowk ok k Ak kkk K
Seqg2 FDLMTRVNEWOKNWE
Seq’ SDVMARVNEWQKAYE
* ok k k% ok h ok *

This FMO1 -related protein from Amanifa muscaria has accession number K1L.66345.1 and

the following s

1
41
81

121
lel
201
241
zgl
321
361
401
441
481

cque
MVNFROIIFS
AGLAMLKTLL
PPPVLPETPL
EHVEAYHVERY
NVTEFSNEKNE

LINRTGLRRE

TALVAPLAAN

PTN O TN T
KDSVVEVDKT

;.4 i

TARSGESSTK
PEVIPRP
EHEQKSRDEG
GVIEDDGKKY
VRGVETEEEW

in some embodiments,

nce (SEQ 1D NO:7).

LIGTQLFPVVE CSSHEPELVNE KESIATIVGAGS
DFPDHNEWDI ALFEERENVG GIWLPDEFDPN
YPALHTNTPV PAMTYPNEPE PVGTHLYPSH
ABYYNLLPHI RENHRVLITS WIGAPDNGEW
TYYQAFRHLV VASGINRIPR TPTWPCQAEY
IVHSAWEFRRP ERYSNKSVLV VGYSSSGODE
TYVSIKSENG SYHRPIPSNV IRKPE [.’3}’”',"
EINVDSVLLA TGYEMREPEFL EAGNVILVKE
TLITNTKYIF PLYRHIFSLS PQYPTTALSE

)

/

SDMAQATETA HAIRNASVLP SRDOMLOELA
FOPYIKGHDM PDNTRSCDYQ DELLDYLKEK
VEEWRREMGS YDYLRRGWDR IEKLGVGDDW
SDVMARVNEW QKAYEENS

a cDNA clone encoding a FMO1 protein is synthesized,

isolated, and/or obtained from a sclected cell. In other embodiments, cIDNA clones from other

species (that encode a FMO1-related protein) are isolated from selected fungal tissues. For

cxample, the nucleic acid encoding a

a FMOI protein can be any nucleic acid with a coding

region that hybridizes to SEQ ID NG:3. Such a FMO1-related nucleic acid can encode a

protein that has FMO1 activity.

10
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In another example, the FM O/ nucleic acid can encode a FMO1 protein with an
amino acid seguence that has at least 90%, or at least 95%, or at least 96%, or at least 97%, at
least 98%, or at least 99% sequence identity to SEQ ID NO:2, 4, 5, 6, or 7. Using restriction
endonucleases, the entire coding sequence for the FMO/! nucleic acid is subcloned

5  downstream of the promoter in a 37 to 3”7 sense oricntation.

In some cases, the FMO1 proteins can be used in in vitro compositions, assay
mixtures, and/or enzymatic manufacturing processes. The FMOI1 proteins in these
compositions, mixtures, and processes can have amino acid sequences that have at least 90%,
or at least 953%, or at least 86%, or at least 97%, at least 98%, or at least 99% sequence

10 identity to SEQ ID N(G:2, 4, 5,6, 0r 7.
Peptide Cyclization Enzymes

In some cases, the FMO1 nucleic acids and/or FMO1 enzymes can be used in

conjunction with other enzvmes. For example, the FMQ1 nucleic acids and/or FMO]

cnzymes can be co-cxpressed or combined in vitro with other enzymes that can cyelize

[
()

peptides.

One example of an enzyme that can cyclize peptides is a prolyl oligopeptidase
enzyme. As used herein, "prodyl oligopeptidase” or "POP" refers to a member of a family of
enzymes classified and veferred to as EC 3.4.21 26-enzymes that are capable of cleaving a
peptide sequence, for example via hydrolysis of Pro-I-Xaa»> Ala-l-Xaa in oligopeptides.

20 Prolyl oligopeptidases are also referred o as "post-proline cleaving enzyme," "proline-
specific endopeptidase,” "post-proline endopeptidase,” "proline endopeptidase,” "endoprolyl

"o

peptidase,” "prolyl endopeptidase,” "post-profine cleaving enzyme,” "post-proline
endopeptidase,” and "prolyl endopeptidase.” POPA enzymes are found in the majority of
mushrooms. POPB enzymes generally have approximately about 30% to 60% (e.g. 55%)
25  amino acid identity to POPA enzymes. The POPB enzymes are primarily found in Amanita,
Galerina, and Lepiota peptide-producing mushroom species.
One exarnople of an Amanita bisporigera prolyl oligopeptidase (POPA) sequence is
shown below as SEQ ID NO:&.

1 MERFLEPVRE RLRSALARYF GSRIMSSTQW TPNMYPSARR

30 41 SDHIDTYRSE TRGEVEVPDP YHWLEEY! TDEWTSDOER
81 FIRTYLDSNP DRKEKLEDAFR KSMDYPKEFSA PFLNDDKRWY

GLOAQ TVICRSKDET LPDFSESDYV GETEFDPNLL
ASLSM YDFSHCGKYE AYGISLSGSD FOMY{VRS“7

1ol 338DGH

121 WFYNT

201 SPLAPGNNSI RNDDGRLPDE ILRYVKF3SIS WIKDSKGFFEY
35 241 QRYPGTGIVN GONGIQTQGD RDAMIYYHRI GTEQSDDILV
281 HEDQEHPDWV FGAEVTIEDGK YVALYTMKDT SRENLLWIAD

11
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{(cDNA) sequence that encodes the Amanita bisporigera prolyl

Gligopeptidase (POPA) protein is shown below as SEQ ID NG:S.
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shown below as SEQ ID NG:10.
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The following comparison of Amanita bisporigera (SEQ 1D NO:E) and Galerina
marginata (SEQ ID NO:10) prolvl oligopeptidase (POPA) sequences is shown below,
tlustrating conserved and non-conserved sequence regions or domains, where the asterisks

tllustrate which arcino acids are the same between these two proteins.

TS Y

RESD

“El GEVEVELPY HW] SEETDKWTSDOEEFTRT
ZNLRGDVRVQDPYQWLEEY TDETDEWT TAQEVETRT

R i S T kAKX kK kAKX wm kKA AK wohk kW ok h R o
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As illustrated, the Amanita bisporigera (SEQ 1D NO:8)Y and Galerina marginata (SEQ ID
NO: 1) prolvl oligopeptidase (POPA) sequences have about 65% sequence identity.
However, POPA from Amanita hisporigera and Galering marginata do not have
significant mwacrocyclase activity, and instead POPA enzymes often just cut small peptides at
5 proline residues
Proiyl oligopeptidase B (POPB) is an enzyme that can cyclize peptides. An example
of an Amanita bisporigera prolyl oligopeptidase (POPB) sequence is shown below as SEQ
D NG,

1
41

YPPTRRSDHV ”PWPDPY“WT

TTAOTAFTOO TEFKFRAS

A AT ASKD

S L DsG dv\!{/v[* YN 1<.CK*"9\]]_,-]_J.OE‘

121 PCT KVQMV YEDPNVLSAD SGEYFAYA
161 VSHLGVDYET IYVRPTSSSL SQAF GRLSDCVKWC

201 RKPTTITWIKI
241 VGTTQLEDIT
281 ASKONLLWVA
TYVETNY

SKGE MY QRYP A R'P"
VQQD PDW TYGTI
EFDKD«VKVE '“WRL"=-

DKDAMVCYHE
K{.V]VVYV“
GADYHVITNH

DASTE

By =N

321 GSL NAPQYKVVTIT DLSTGE RD EQKDAK
361 LTQVKCVNKG YFVAIYKRNV KDEIYLYSKA GDQLSRLASD
401 FIGVASITNR EKQPHSFLTF szNTP«TIS

RYDETAPDTO

441 RLSILRTTKL NGLNADDFES TQVWYKSKD VRH

481 KSTKFDGTAP AIQNGYGGFA ITADPFFSPI OTYGA
521 ILAVPNIRGG GEFGGEWHKA GRRETKGNTE DDFIAAAQFL
561 VENKYAAPGK VAITGASNGG FLVCGSVVRA PEGIFGAAVS
601 EGGVADLLEFE NKFTGGMAJ SEYGNPEIKE DEFDEVOALSP
25 641 VHNVPKDRVL PATLLMTNAG DRVVPEFSL KEVANLOYNV
681 PONPHPLLIR VDKSWLCHGEF GKTTDKHTKD AADKWIFVAD

721 SLCELEWKTIVD

An example of a nucleic acid (cDNA) sequence that encodes the Amanita bisporigera prolyl

30 oligopeptidase (POPB) protein is shown below as SEQ D NO:1Z.

1 ATGCCCCCTA CACCATGGGC TCCTCACAGT TATCCTCCTA

41 CCCETCGETTIC TGACCACGTT TA'GTLTNIC AGAGCGCATC

81 CAGAGGCGAA GTACCAGTAC CGGACCCGTA CCAATGGCIC

121 GAGGAGAATT CAAATGAAGT AGACGAATGG ACGACGGCGEC

35 161 AGACAGCTTIT CACGCAAGGC TATCTTGATA AGAATGCGGA
201 TAGACAGAAG CTICGAGGAGA ABTTTFGTCC BAGCAAGGAC

241 TACGTCAAGT TTTICIGCGCC AACTCTIGCTT GATAGTGGAC

281 ACTGGTATTIG GTITCTACAAT AbeGC'TA“ AATCGCAAGC

321 AGTCCTCTAC CGCTCCAAGA AACCCGTICT TCCTGATTIT

40 361 CAAAGAGGGA CGAGGAAAGT CGGCGAAGTA TACTTCGATC
401 CAAACGCTACT CTCTGCTCAT GCCACCGCAA TTATGGGCAC

441 GTGCCGATTIC TCCCCTAGTG GCGAGTATTT CGCATATGCE

4831 CGTICTCCCACT TGCCGAGCTTGA TM“TM“TAC” ATCTATGTTC

521 GCCCTACGAG TTCATCATTIGC CGGAAGCTCA
43 561 AGGCTGGGGAT GGTCGATTIGT CG w«’\‘” GGAGT GAAATGGTGC

i
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An examaple of an Galering marginata prolyl oligopeptidase (POPB) sequence is
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shown below as SEQ D NO:13
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241 VGTIQEEDII VYQDNEHPEW IYGADTSEDG KYLYLYQEFKD
281 TSKKNLLWVA ELDEDGVKSG IHWRKVVNEY AADYNI TNI
321 GSLVYIKTNL NAPQYKVITI DLSKDEPEIR DFIPEEK
361 LAQVNCANEE YFVAIYERNV KDEIYLYSKA GVQLTRI
401 FVCAASIANR QKQTHFFLTL SCEFNTPGTIIA RYDFTAP
441 RFSILRTTKV NELDPDDFES TQVWYESKDG TKI

Ts5s

GR

PN R S WA B R ¥ N AN}

4831 KSTKFDGTAA AIQYGYGGEA \DPEFESPT 11

521 IFAVPSIRGGC CEFGEEWHKG RETKVNTE DDF

561 VKNKYAAPGEK VAINGASNGG LLVMGSIVRA PEC 7
601 EGGVADLLKF HKFTGGQAWI SEYGNPSIPE PF“Y[YPLSI
641 VHNVRITDEVM DCRVVPMHSE KFIATLOHNV
681 PQONPHPI J_J IK LGHGM GEPTDENVED AADKWGCEIAR
721 ALGLELKTVE

The following comparison of Amanita bisporigera (SEQ 1D NO:1 1) and Galerinag marginata
(SEQ ID NG:13) prolyl oligopeptidase {POFPB) sequences is shown below, illustrating
conserved and non-conserved sequence regions or domains, where the asterisks ilustrate

which amino acids are the same between these two proteins.

1 MPPTPWAPHSYPRTRRS MVL VYQSASRGEVRPVPLPYQWLEENSNEVDEWT TAQTAFTQG
1 MSSVIWAPGNYPSTRRSDHVDTIYOSASKGEVEPVEDPYQWLEESTDEVDEWT TAQADLAQ
* * ok ok FTHR K FRIAKFAF KA Rwk KAFRXIAIAFA XK AI KA TREI KR K KK *
61 YIDKNADROKLEEKFRASKDYVKESAPTLLDSGHWYWEY
61 YLDONADIQKLAEKFRASRNYAKFSAP TLLDDGHWYWEY!

wR Kk kkk kkh hokk ok ok ok * kAR HFA AN ALY KAk xkwhk ohkow

121 QRGTRRVGEVYFDPNVLSADGTAIMGTCRESPSGEYFAYAVSHLGY JESISICHE
121 SKGDDNVGDVEFDEPNVLAADGSAGMVLCKESPDGKEEAYAN /SHLE‘;W‘LJ IVVR'QTSSTL
* R A A - S o * kA hk k R hkhkFEddA khk kA ak kA ko ok

Segll 181 LSDGVKWCEKETTITWTRDS! LYQORYPARESLVAKDRDKDAMVE
Seqgl3 181 ,R'L vfu/@: KESTIIWTKDSKGELYQRYPARERREGTREDRNAMMCYREK
xRk * ok kR A X AR hkhh hwm kA A A w AL AKX AR K AA A kK * * ok ok kh
241 PDWIYGTDASEDGKYIYLVVYRDASK AVAEFDKDG ‘/{AE
Z41 SADTSE f GKYLYLYQFKDTS DEDGVKS
Ak EO S o o S o wk Rk Awkhkkhh A kkdok
301 IPWRKVINEFGADYHVITNHGSLIYVKINVNAPQYRVVII
301 IHWRKVVNEYAADYNI] HGS KINLNAPQYKVI
K hk ok ok Ak PR * Ak kK KAk A wh ok ok ok Ak
Segll 361 LIQVKCVNKGYEVAIYKRNVKDEIYLYSKAGDCLSRLASDEIGVASITNREKQFHSELTE
Seqgl? 361 LAQVNCANEEYEFVAIYKRNVKDEIYLYSKAGVCLTRLAPDEVGAASIANRQKQTHFFLTL
* Ak ok %k Awhak kAT Ak kkAnwhrhhd Kk kdkdk kx Kk Awk Kk Aw x kA
Seqgll 421 SGENIPGTISRYDEFTAPDTORLSILRTTKLNGLNADDEFESTOVWYKSKDGTKVPMEIVRH
Segl3 421 SGENTPGTIARYDEIAPETQRFSILRTITKVNELDPDDFESTQVWYESKDGTKIFPMEIVRH
FEIARKIFFFR Ak hk*Fhk KHxdF Frhrw Ak F Kk K FhIRAhkFHR Kk Fhkrrhkk FAEFF XXX

Segll 481 I’?ST‘KF“GT/’AHA*QMG\’GCFAIT/’ADPFTQPIM TEMOTYGAILAVENIRGGGEFGGEWE f{rx
Seqgll 481 KSTKEDGTAAATIQYGYGGEFATSADPFESPIILIFLOTYGAIFAVPSIRGGGEFGEEWH
TREHFFHF KR xR kxR xmAAFKK KEkFFhFIxKX *H I wTAAF KK KFAkF Kk whkFAHA kx ok
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KG *”””PP"‘IAAD\\)C'L‘V’J\'\}KYAA KVAIT C SGELVCG S\/\/R]—Pr_ '.”\’_ AAVS
4 7 LLVMGSIVR FGAAVE

Khk kK hkokhkk ok ohhk ohkw koA

EGGVADLLKENKE TGGMAWTSEYGNPF IKEDFDEY TLLMINAG
EGGVADLLKEH JAWISEYGNPSIPE \TLITVNIG
FoFh Ak ko ok hok c o .

16

Ak kok ok wok ok ok ok kA ok

1 SLGLEWKTIVD
1 ALGLELKTIVE
15 L

As illustrated, the Amanita bisporigera (SEQ 1D NO:11) and Galerinag marginata (SEQ 1D
240 NO:13) prolyvl oligopeptidase (POPB) sequences have at least about 76% sequence identity.
An example of an Hypsizygus marmoreus prolyl oligopeptidase (POP-like) sequence
is shown below as SEQ 1D NO:14.
1 MAISPTPWIP NTYPPTRRSS HVDIYKSATR GEVEVADPYQ
41 WLEENTEETD KWTTAQEEFT RSYLDKNTDR QRLEDAFRTS
&1 TDY «KFSQPT LYEDCRWYWE YNSGLOFOPL IYRSKCKTILP
121 DFS EVFFDPNLLS DDGTAALSIY DESDCGEYFA
16l YGISE STIYVRSTES PLAKKNSGST DDDRLSDEIK
201 HVKET KDSKGFFYQOR YPAHENAKEG IETGGDVDAM

[\
i

241 IY?" SEDILVHSDE ENERJMWﬁ[] ITTEDGKYLIL
30 281 YT LMWIAELSKN E i

321 LITNDG i ”K[“HH“A’QY';JEV[ML?TXJ?

361 DENANLVQVD CVNRDTFAVI YRKRNVEDEILY

401 RLASDFVGAA SISSREKQPH F H‘\"[M" G ‘3] P(w'f‘\]AK YDEG
441 A QRWSIY RSVEVNGLNP DDEFESKQVWY ESKDGTKIPM
35 481 FIVRHKATKE DGTAPAIQYG YGGFSISINP FFSPTILTFL
521 QTYGAVLAVE NIRGGAEFGE DWHKAGTREK KGNVEDDEVA
561 ATQYLVENKY AGEGKVAING GSNGGLLVCGA CINRAPECGTE
601 GAAVAEVGVM DLLEKFSKFTI GKAWTISDYGD PDDPKDEFDEI
641 CPLSPLHNIP TDEVLPPTML LTADHDDRVV PMHSFKHAAT
40 081 LQYTLPENPH PLVIRIDKKA CGHGAGKSTEK ERIKESADKWG
721 FVAQSLGLVW QEFPA

7
o ey
o

- .44

The following comparison of Amanita bisporigera (SEQ 1D NO:1 1) and Hyvpsizygus
marmoreus (SEQ 1D NO:14) prolvl oligopeptidase (POP) sequences is shown below,

£
i

illustrating conserved and non-conserved sequence regions or domains, and sequence identity

of about 63-64% between these two proteins.
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L1 63 DRNADRQKLEEKFRASKDYVRFSAPTILLDSGHWYWFYNSGVOSOAVLYRSKKPVLPDEQOR
20l4 65 DKNTDRORLEDAFRISTDYAKFSSPTLYEDGRUYWEFYNSGLOPQPLIYR SKTLEDESQ

xRk ok ohk ok Kk ok *k ok KAk kwk ok * hhkkwhkhkF Ak K Kk Kk ok k

YEDED ) LG‘/DV“T_”‘M\PT SSLSQ
DDNVVGEVEEDPNLLSDDGT S IYDESDCGRYFAYGISESGSDESTIYVRSTESPLAK
wkw R kA wk Kk * & kHx kA ok k%
Seqgll 183 APEAEGEDGRLSDGVKE VTE i RESL---VAKDRDKDAMVCYH
Segld 185 KNSGSTDDDRLSDEIL I‘”'”VPSK\’”'””‘L\)RKZA'”NAKZGT”I GGDVDAMIYYH
X ok kA * % HkkkAkwohkk AAkwk kK & * ko * %
Segll 240 RVGTTQLEDIIVQQDKENPDWIYGTDASEDGKYIYLVVYKDASKONLLWVAEFDKDGVKE
Seqgld 245 VIGISCSEDILVHSDKSNPEWMWSIDITEDGKYLILY TMKDSSREKNLMWIAELSKNEIG

S5
E3

i
kA ok kk koW Kok kokx ok * K ok kox * Kok K wok ok Ak

Seqgll 300 EIPWRKVINEFGADYHVITNHGSLIVVKINVNAPQYRVVTIDLSTGEPEIRDEIPEQKDA
Segld 305 NIQWNKIIDVFDAEYHLITNDGPILYVKINADAPQYKLVIMDISGDKDISRDLIPEDKNA

A S S E B S S I dh S wk Ak K *hkrFKR x Kk F K * ok KxHEHF Kk

0 KLTQVECVNRKGYEVAIYKRNVEDEIVLYSKAGDQLSRLA
5 NLVQVDCVNRDTIFAVIYKRNVRKDEIYLYSKTGIQLSRLASDEV
*

L A S e * KAKFFFRARKAIAF AR ARK % ) *xwxkdk*r*

T8 ’“fs

TISRYDFTARPDTORLST ] ALNADDEESTQVWYKSKDGTRVEME TVR
TVARYDEFGAPEEQRWSI v r( 1\ GLNPDDFESKQVWYESKDGTKIPMEFIVR

Tk k*x kK * ok kxR F kR F O hhkwRAKA KAk ARX hkrF A A AR FEF AR

GETGGEWHK

—sp o o TR e Ty T . STGEDWH
GFS IS TNE & ) )() AEFGEDWHE

Kok ok ek ok ok kk ko k ok ok okhk kK w kok ok ok ok ko ok k %k ok * ok

fny
O
ul

Sagll 240 AGRRETKGNTEDDEIAAAQFLVKNKYAAPGEVAITGASNGGERLVCGSVVRAPEGTEGAAV
Segld 545 AGTREKKGNVEDRDEVAATQYLVKNKYAGEGKVAINGGSNGGLLVGACINRAPEGTEGAAV

xR AKN kkEk hwkh dh ok kRx A kA AR ANk Kk K* Nk kKk kK KR A A KKk E RN A A

<

PVHNVPEKDRVLPATLLMTNA
LHNIPTDRVLPPTMLLTAD

VGVMDTLE

[s2NR e
<o
Ul

AE AWTSEDYG LVLDD"IW*UP ICPI

w WK Ahkkk vhk ok A khh kw % *hok A kk ok ok kAkHk ok Ak
660 GDDRVVPMHSLKEVANLY NPHPLLIRVDKSWLGHGEGKTTDKETKDAADKWSEVA
565 HDDRVVPMHSE INPHPLVIRIDEK-AGHGAGKSTERKRIKESADKWGEVA

Kok A A Kk ok ok k O A S o * *ak ok ok Kk * E I

Seqll 720 QSLGLEWK
Seqld 724 QSLGLVWQ

B I S

As lustrated, the Amanita bisporigera (SEQ 1D NO:11) and Hypsizyvgus marmoreus (SEQ
1D NO:14) prolyl oligopeptidase (POP) sequences have at least about 64% sequernce identity.

An example of a Termitomyces sp. 1132 prolyl oligopeptidase (POP-like) sequence is
shown below as SEQ 1D NOn15.

1 MIPTPWIPI \‘” YPPTRREDHV DLYKSAMKCE VRVSDP XQWL
4] EEYSDETDKW TTSQETFTRT YLDKNSDRQR LEDVFRS!
81 YiI &?ESAPTT Y DDORWYWEYN SCLOPQSTLY RSRGNTL ‘DF

/:-4
==
A
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121 si

S ’ FEDPNLLTSD GTAALTIY
1lée1 ISYTGSTFST IFVRSTDSPL SEVAKASGCKD DERFPDVIEH
¥ S

i YDE SDCGEYFAYG
201 VKESUIKWVK DEKGFFYQORY PAPKOVENGI ETSGDVDAMV
P

T
o
0w
G
-]
zZ
L)
n

241 YY DDILIHSDEKT NPEWMWGVDI TDDGKYIILY
281 TSKDSSHRNL LWIADLSEND ICGPNIKWNKI INQFESEYHI
321 IATEGSLLYV KTNADAPQYK VITIDVSKEK PVFADLIPEZI

361 KDANLVNIDF VNEKDTFVTVY KRNVRKDEIYL YARKNGAQLAR
401 LAPDF F&SY””F {TEF GTVARYDEFTA
441 HEEQ DFESQQIWYE SYT T“]PMV
481 IVRHKTTIPED ””KPA[F'” G 'SP

521 ITRGGAEFGED W

5ol GT”K”K]N07 5

601 j"WP]VF‘ RA

041 PHNP HP L LJ_J&\ ’D'[\Ku GH uAf K T '[ K?I
681 LELVWERD CK

The following comparison of Amanita bisporigera (SEQG ID NO:11) and
Termitomyces sp. Y132 (SEQ 1D NO:15) proiyl oligopeptidase sequences is shown below,

illustrating conserved and non-conserved sequence regions or domains, and sequence identity

of about 59-60% between these two proteins (where the identical amino acids are identifie

by asterisks).

.rr

‘PP TRREDHVDV YQSASRFE\ VPDPYQWLEENSNEVDEWTTAQTAFTQG
YPPTRRSDHVDLYKS E”AV DPYQWLEEYSDETDRKWITSOQET

i \
FhA A w kI AL LA ok kR kh ok hwkkFhkhkAk kA K Kk xkk Kk

R

Seqgll 121 QRGTRKVGEVYFDPNVLSADGTAIMGTCRFSPSGEYFAYAVIHLGVDYFTIYVRPTSSSL
Seglb 121 SHGDSRDEEVFFDPNLLTSDGTAALTIVYDESDCGKYFAYGISYSGSDESTIFVRSTDSPL
* Kk kA Akw K KA H K K & "R KK & * % L S SR S R

MV

AMY

* & A

TOLEDIIVQQDKENPL WTVGTDASZU?KVIY¢V7VVDT‘KQNuLWVAJ‘Jw G
NQ SDDILIHSDKTNPEWMWGVDITEDGRY I ILYTSKDSSHRNLLWIADLSEND

* & kI S S * x xRk h kKR x H KK wERK K

Segll VEPEIPWRKVINEFGADYHVITNEGSLIYVKTINVNARPQYRKVVT IDLSTGERPEIRDEFIPEQ
Segls IGPNIKWNKIINQFESEYHITATEGSLLYVETNADAPQYKVITIDVSKEKEPVFADLIPET
A S S *H K A S S S s TRk EkFHF Kk K kF K * E I

KRWVRFMLVTV‘&A sDOLSR

VKDEIYLYAKNGAQLARL

KFHFFARRAFFH* * * KKk

FNTPGTISRYDETAPDTQRLSILR
! TTVARYDFT?‘hUQRW;lY

kokokok ok ok ok h ok % ko k ok
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4777 TVRHEKS
]
|

khkFxAk ARk Kk Khkhkwk ok

ETKG NT”DDTIAAPQV

GGVADLLKENKETGGMAWTS
WEVMDLLKESKE

\
ok hx kA Kk x

SPVHNVEKDRVLFATLLM
-~ IDRVLPPTLLL

, ok ok xk Kok ok

£57 TNAGDDRV
530 TADHDDRV

* wFHEK KK KA HNE K & KRR K w

’?MHSFI=%PTLQYTLPHN7HDLLL“”D

,ok ok ok A A Kk ok k

Seqll 717 FVAQSLGLEWK
Seglb €89 FVAQSLGLVWK
R i S

In some embodiments, a cDNA clone encoding a cyclization enzyme such as POPB
cnzyme is synthesized, isolated, and/or obtained from a selected cell. In other embodiments,
cBNA clones from other species (that encode a POP-related protein) are isolated from
selected fungal tssues. For example, the nucleic acid encoding an enzyme {e.g. with
cyclization activity) can be any nucleic acid with a coding region that hybridizes to SE{(} ID
MNO:11 13, 14, 0t

POP activity.

3. Such a cyclization-related nmucleic acid can encode a protein that has

In another example, the POP nucleic acid can encode a POP protein with an amino
acid sequence that has at least 90%, or at least 95%. or at least 96%, or at Icast 97%, at least
98%, or at least 99% sequence identity to SEQ D NO:11, 13, 14, or 15. Using restriction
endonucleases, the entire coding sequence for a selected POP nucleic acid segment is
subcloned downstream of the promoter in a 57 to 3° sense orientation.

In some cases, the cyclization proteins can be used in in vitro compositions, assay
mixtures, and/or enzymatic manufacturing processes. The cyclization proteins in these
compositions, mixtures, and processes can have amino acid sequences that have at least 90%,
or at least 95%, or at least 86%, or at least 7%, at least 98%, or at least 99%

identity to SEQ 1D NO: 11, 13, 14, or 15.

© SCqQUENCe

Expression {asseties

The cross-bridge and cyclization enzyroes described herein can be expressed from
expression cassettes. Such an expression cassette (aiso referved to as a transgene) can include
a promoter operably linked to a nucleic acid segment that encodes any of the FMO1 or other

cnzymes described herein.
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The terms "expression vector” and "expression cassctic” refer to a recombinant
nucleic acid melecule containing a desired nucleic acid coding segment and appropriate
nucleic acid sequences for the expression of the operably linked nucleic acid coding secgment
in a particular host cell or organism. Nucleic acid sequences for expression of proteins in
prokarvotes usually include a promoter, an operator (optional), and a ribosome-binding site,
often along with other sequences. Eukaryotic cells can utilize promoters, enhancers, and
termination and polyadenylation signals.

Nucleic acid sequences for expression of proteins can be heterologous to the nucleic
acid coding segment. A "heterologous mucleic acid,” "heterclogous gene" and "heterologous
protein” indicate a nucleic acid, gene or protein, respectively, which has come from a source
other than its native source. The terms "heterologous” and "exogenous” are sometimes used
interchangeably with "recombinant.” Such heterologous nucleic acid, heterologous genes,
and/or heterologous proteins may have been artificially supplied to the biological system or
host cell. In contrast, the terms "endogenous protein,” "native protein,” "endogenous gene,”
and "native gene" refer to a protein or gene that is native to the biological system, cell,
species or chromosome under study. A "native” or "endogenous” nucleic acid is a mucleic
acid that does not contain nucleotides or other features normally present in the chromosome
in which it is normally found in natore.

Promoters provide for expression of mRNA from the FMO/ and other mucleic acids.
In some cases, the promoter can be a FMO1 native promoter or a promoter that expresses a
native cyclization enzyme. However, the promoter can in some cases be heterologous to the
FMOI nucleic acid segment. Cyclization enzyme can also be expressed from heterologous
promoters. fn other words, such a beterologous promoter may not be naturally linked to such
a FMO and/or other nucleic acid segment. Instead, some expression casseties and expression
vectors have been recombinantly engineered to include a FMO! or other nucleic acid coding
segment operably linked to a heterologous promoter. A FMO/T or other nucleic acid coding
segment is operably linked to the promoter, for example, when it is located downstream from
the promoter.

A variety of promoters can be included in the expression cassettes and/or expression
vectors. In some cases, the endogenous FMOT promoter, or an endogenous promoter that
expresses a native cyclization enzyme, can be employed. Promoter regions are typically
found in the flanking DNA upstream from the coding sequence in both prokaryotic and
eukaryotic cells. A promoter sequence provides for regulation of transeription of the
downstream gene sequence and typically includes from about 50 to about 2,000 nucieotide
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base pairs. Promoter sequences can also contain regulatory sequences such as enhancer
sequences that can influence the level of gene expression. Some isolated promoter sequences
can provide for gene expression of heterologous DNAg, that is a DNA different from the
native or homologous DNA.

Promoters can be strong or weak, or inducible. A strong promoter provides for a high
level of gene expression, whereas a weak promoter provides for a very low level of gene
cxpression. An inducible promoter is a promoter that provides for the tarning on and off gene
cxpression in response to an exogenously added agent, or to an environmental or

developmental stimulus. For example, a bacterial promoter such as the P__ promoter can be

induced to vary levels of gene expression depending on the level of sothiopropylgalactoside
added to the transformed cells. Promoters can also provide for cell specific, tissue specific or
developmental regulation. A strong promoter for heterologous DNASs can be advantageous
because it provides for a sufficient level of gene expression for easy detection and selection
of transformed cells and provides for a high level of gene expression when desired. {n some
cases, the promoter within such expression cassettes / vectors can be functional in a fungal
cell.

Expression cassettes / vectors can include, but are not limited to, fungal promoters of
genes such as isocytochrome C1 (CYC1}, alcobhol dehydrogenase (ADHT), transcription
clongation factor (TEF), yeast glyceraldehyde phosphodehydrogenase (GAPDH), yeast
phosphoglycerate Kinase (PGK below), yeast cvtochrome b5, Yb5 promoter, or a
combination thereof.

Examples of other promoters, which may be useful include fungal and bacterial
promoters. Somme specific nonlimiting examples inchude; the aprE promoter or a rautant aprE
promoter (see, WO 01/51643); the aph promoter of the Strepiomyces fradiae aminogiycoside
3'-phosphotransferase gene; an Aspergillus niger glucoamylase (glaA) promoter; the glucose
isomerase (G5 promoter of Actinoplanes missouriensis and the derivative GI (GIT) promoter
(LS. Pat. No. 6,562,612 and EPA 351029); the glucose isomerase (G} promoter from
Strepromyces lividans (e.g., SEQ ID NG: 1 in WO §3/089621), the short wild-type GI
promoter (SEQ D NG: 33 in WO 03/089621), the 1.5 Gl promoter (SEQ ID NO: 31 in WO
03/089621), the 1.20 Gl promoter (SEQ ID NG: 32 in WO 03/089621), or any of the variant
Gl promoters (SEQ ID NGs: 8-28 in WO 03/089621) as disclosed in WO 03/089621; the
cbhl, cbh2, egll and egl2 promoters from filamentous fungi and specifically the Trichoderma

reesei cellobiohydrolase promoter (GenBank Accession No. D86235); the lac? and tac

23



10

[
()

30

WO 2018/201050

promoters (Bagdasarion et al., 1983, Gene 26:273-282); the ermE promoter (Ward et al.,
1936, Mol. Gen. Genet. 203:468-478 and Schmitt-John et al., 1992, Appl. Microbiol.
Biotechnol 36:493-498); and the Bacillus subtilis phage ¢29 promoters (Pulido et al., 1986,
Gene 49:377-382). Promoters cffective in Strepromyces are listed in Hopwood et al,,
{(Hopwood et al., Regulation of Gene Expression in Antibiotic-producing Streptomyees. In
Booth, 1. and Higgins, C. (Eds) SYMPOSETM OF THE SOCIETY FOR GENERAL MICROBIOLOGY,
REGULATION OF GENE EXPRESSION, Cambridge University Press, 1986 pgs. 251-276).
Streptomyees phage promoters are also disclosed in Labes et al., 1997, Microbiol. 143:1503-
1512. Other promoters that can be used are described in Deuschle et al., 1986 EMEBO J.
3:2987-2994 and WO 96/00787.

Plant promoters can also be used such as the CaMV 358 promoter (Odell et al.,
Nature. 313:810-812 {1985)), or others such as CaMV 185 (Lawton et al., Planr Molecular
Riology. 9:315-324 (1987)), nos (Ebert et al., Proc. Natl. Acad. Sci. USA. 84:5745-5749
(1987, Adhl (Walker et al., Proc. Natl Acad. Sci. USA. 84:6624-6628 (1G87)), sucrose
synthase (Yang et al., Proc. Natl Acad. Sci. USA. 87:4144-4148 (1990)), a-tubulin, ubiquitn,
actin {Wang et al., Mol Cell. Biol. 12:3399 {1892)}), cab {Sullivan et al., Mol Gen. Genet.
215:431 (1989)), PEPCase (Hudspeth et al., Plant Molecular Biology. 12:579-589 (1989)) or
those associated with the R gene complex (Chandler et al., The Plant Celf. 1:1175-1183
(1989)). Further suitable promoters include the poplar xylem-specific secondary cell wall
specific cclulose synthase 8 promoter, cauliflower mosaic virus promoter, the Z10 promoter
from a gene encoding a 10 kD zein protein, a 227 promoter from a gene encoding a 27 kD
zein protein, inducible promoters, such as the hight imducible promoter derived from the pea
rbeS gene (Coruzzi et al., EMBO J. 3:1671 (1984)) and the actin promoter from rice
{(McElroy et al., The Plant Cell. 2:163-171 (1990)). Seed specific promoters, such as the
phaseolin promoter from beans, may also be used (Sengupta-Gopalan, Proc. Natl. Acad. Sci.
USA. 83:3320-3324 (1985).

A FMOI nocleic acid or another enzyme-encoding nucleic acid segment can be
combined with a promoter by standard methods to yield an expression cassette or transgene,
for example, as described in Sambrook et al. (MOLECULAR CLONING: A LABORATORY
MaNUAL. Second HEdition (Cold Spring Harbor, NY: Cold Spring Harbor Press (1989);
Mo1BCULAR CLONING: A LABORATORY MAaNUaL. Third Edition (Cold Spring Harbor, NY:
Cold Spring Harbor Press (2000)). Briefly, a plasmid containing a promoter can be
constructed as described in Jefferson (Plant Molecular Biology Reporter 5:387-405 (1987))

or obtained from Takara/Clontech Lab in Mountain View, California (e.g., pBIi21 or
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pBI221). Typically, these plasmids are constructed to have multiple cloning sites having
specificity for different restriction enzymes downstream from the promoter. The FMO! or
other enzyme encoding nucleic acids can be subcloned downstream from the promoter region
using restriction enzymes and positioned to ensure that the nucleic acid segment is inserted in
proper orientation with respect to the promoter so that the coding segment can be expressed
as sense or antisense RNA. Once the FMOT or other enzyme nucleic acid is operably linked
to a promoter, the expression cassette so formed can be subcloned into a plasmid or other
vector (e.g., an expression vector, such as the pESC-HIS vector illustrated herein for
expression of GmiFfMO1).

In some cases, an endogenous FMO/ gene can be modified (o generate modified host
cells and the host cells can express a modified FMO! protein. Mutations can be introduced
into FMO/-expressing cell genomes by introducing targeting vectors, T-DNA, transposous,
nucleic acids encoding TALENS, CRISPR, or ZFN nucleases, and combinations thereof into
a recipient host cell to create a transformed cell.

In some cases, the endogenous FMOJ or cyclization enzyme gene can be deleted and
host cells with such a deleted endogenous FMOT or cyclization enzyme gene can be
transformed to inchide a modified FMO/ or cyclization enzyme transgene, for example, by
transformation of the host celis with a FMO/ or cyclization enzyme expression cassetie or
expression vector.

Accordingly, the FMO1 and/or cyclization enzyme can be encoded within cxpression
cassettes and expressed in host cells.

The host cells can be any cukaryotic or prokaryotic cell. In some cases, a host cell can
be any fungal cell or microorganism. Several types of fungi are available for use as host cells.
For example, a host cell may be located in a transgenic mushroom or other fungus such as
Saccharomyces cerevisine (yeast). Prokaryotes include but are not limited to gram negative
or positive bacterial cells. Numerous cell lines and cultures are available for use as host cells.
Host cells can be obtained through the American Type Culwre Collection (ATCC), an
organization that serves as an archive for living cultures and genetic materials {(atce.org).

An appropriate host can be determined by one of skill in the art based on the vector
necleic acid sequence and the desired result.

Bacterial cells used as host cells for expression vector replication and/or expression
include, among those listed elsewhere herein, DHS-alpha, JIM108, and KCE, as well as a

number of commercially available bacterial hosis such as SURE™. Competent Cells and
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SOLOPACK.TM Gold Cells (Stratagene, La Jolla). Alternatively, bacterial cells such as £.
coli LE392 can be used as host celis.

In some emmbodiments, a host cell is used as a recipient for heterologous nucleic acids.
A host cell may be "transfected” or "transformed,” which refers to a process by which

5 exogenous nucleic acid is transferred or introduced into the host cell. An expression cassette,

plasmid or cosmid, for example, can be mtroduced into a host cell, where the expression
cassette, plasmid or cosmid can be integrated into the host cell genome or astonomously
replicated. A transformed cell includes the primary subject cell and its progeny.

Examples of fungal cells that can serve as hosts include yeast cells, mold cells, and

10 mushroom cells. For example, the following types of cells can serve as host cells:

Acremonium chrvsogenum, Aspergillius nidulans, Aspergilius niger, Aspergillus oryzae,
Cochlioholus carbonwum, Coprinus cinereus, Mucor circinelloides, Newrospora crassa,
Saccharomyces cerevisiae, Tolypocladium geodes, Trichoderma reesei, Ustilago maydis, and

the like.

[
()

Peptide Substrates

Peptides ave substrates for the FMO1 and/or cyclization enzymes described herein. A
variety of different peptide substrate sequences can be cross-linked and/or cyclized. For
example, although the product of POPB, cyclo(JWGIGUNP), may be a natural substrate for

FMO1, FMOI1 expressed in a cell-free in vitro system exhibited nonspecific FMO activity,

20 indicating that the FMO1 enzyme can be active on a varicty of peptide substrates.

Peptide substrates can be of different sizes or lengths, especially when cyclization
enzymes are present with FMO] enzymes. For example, peptide substrates can have about 6
to about 100 amino acids, or about 7 to about 75 amino acids, or about 8 to about 50 amino
acids, or about § to about 35 amino acids, or about 10 to about 30 anmuno acids.

25 Peptide substrates can contain conventional and/or nonconventional amino acids. In
some cases, the peptide substrates can contain hydroxylated amino acids, D-amino acids,
atypical amino acids (e.g., ornithine, amino-isobutyric acid), N-methylated amino acids (e.g.,
N-methyl glycine}. beta-aming acids {beta-alanine), or combinations thereof. For example,
cyclo(FWGIGCNP) can be a substrate for FMO1 crosslinking, where the Ile, the Trp, and/or

30 the Pro are pre-hydroxylated. POPEB can cyclize peptides containing hydroxylated, D-amino

acids, N-methyl-amino acids, and beta-amino acids. FMOI1 can also bicyclize cyclic peptides

forms.
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Precursor peptides that are cyclized can serve as peptide substrates for FMO enzymes.
Alternatively, the precursor peptides can be linear and one or more cyelization enzymes can
be used with the FMO enzymes.

The peptide substrates can be made by biosynthesis of peptide substrate precursors in

5 ahostcell such as £ coli. In other cases, peptide substrates with or without unusual amino
acids can be chemically synthesized.

In some cases, synthetic peptide substrates can be modified. To produce cyclized /
crosslinked peptides with different sequences, peptide substrates can be synthesized by
recombinant host cells that have expression casseties with modified coding region segments.

10 For exarople, selected mucleotides of synthetic &, marginata alpha-amanitin sequences can be
changed to make other types of peptide toxins and peptides. In one example, replacing the
codon AAC (Asn) with GAC (Asp) provides beta-amanitin instead of alpha-amanitin. Beta-
amanifin production in G. marginata can readily be detected by reverse-phase HPLC.

Alpha-amanitin, for example, is Asn-Hyp-Hyi-Trp-Gly-le-Gly-Cys {Bridge: 4-8]

[
()

(also referred to as cyclic L-asparaginyl-4-hydroxy-L-proly-(f)-4,5-dihvdroxy-L-isoleucyl-6-
hydroxy-2-mercapto-L-tryptophviglye yi-L-isoleucylglveyl-L-cysteinyl) cvclic (4 — 8)-
sulfide(K)-S-oxide), and it has the following structure.
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Beta-amanitin has the following structure.
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Phallacidin, for exampile, is cyclo{Ala-2-Mercapto-Trp-4,5-Dihydroxy-Leu-Val-

erythro-3-Hydroxy-D-Asp-Cys-cis-4-Hydroxy-Pro), and it has the following structure.
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Various amino acids in precursor peptides can be modified to make non-natural

amanitin derivatives. One example of a non-natural amanitin derivative can involve replacing

Gly with Ala by replacing GGT with GCT in a nucleic acid segment encoding a precursor

peptide for amanitin.

The peptide substrates can contain Trp and Cys at positions convenient for forming

tryptathionine cross-bridges {e.g., Trp and Cys may in some cases not be adjacent in the

primary structure or sequence of the peptide substrates). Linear and cyclic peptides of at least

six, seven, eight, ning, ten or more amino acids can be made that include the following

sequence: XWX XXCXP (SEQ ID NO:16), where X is any amino acid. The proline can be

Al
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retained in these peptides for correct processing by POP, and the presence of Trp (W) and
Cys (C) allow for biosynthesis of tryptathionine, a unique halimark of the Amanita toxin
peptides. Peptide sequences that include MDSTN (SEQ 1D NO:17), TRIPL (SEQ 1D NO:1§E),
or other peptide sequences with prolines in conserved positions can be used in the peptide

5 substrates, for example, when forming a cyclized peptide product.

The peptide substrates can have an amino acid sequence that includes a start site (¢.g.,
methionine), a leader sequence (which is cleaved by POPB), a follower peptide that is
removed when POPB cyclizes the core region (JWGIGCNP; SEQ 1D NO:1) by
transpeptidation, and a smaller peptide representing the amino acid sequence of the final

10 peptide product (the core, IWGIGUNP; SE(Q ID NO:1). One example of a peptide substrate
{an exemplary precursor peptde) that includes an aming acid sequence for mature amatoxins
and phallotoxins is ilhustrated as: MFDTNATRLPIRGIGCNPWIAERVDQTLASGND IC (SEQ
1D NO:19), where the peptide that is cyclized is underlined. See also FIG. 1AL This is an
example of an excellent peptide substrate for POPB.

i5 Expression of synthetic peptides and peptide toxins can be monitored by assays
including but not imited to, L / MS and HPLC. Neither the precursor peptide nor the cyclic
toxin peptide products are secreted. Hence, the cychic and/or cross-linked products can be
found inside host cells.

Separation of peptide products from endogenous peptides and proteins (e.g. peptides

20 and proteins produced from genomic DNA originally contained in host cells) can be by
standard techniques including but not Himited o HPLC methods. Isolated peptide products
can be evaluated i assays for assessing structure and/or biological activity. Peptide structures
can be assessed by high resolution MS and NMR. The toxicity of peptide products such as
synthetic amanitin toxins can be determined in assays that mweasure inhibition of transcription

25  ineukaryotic cells, such as capability to inhibit RNA Polymerase H or other assays such as
binding to actin, immunosuppression, or blocking the mitochondrial permeability transition
pore. Useful peptide products can be produced in bulk (either within host cells or by reaction
mixtares containing crosshinking and/or cyclization enzymes).

Table 1 illustrates exemplary sequences encoded by AMA7Z and PHAT genes.

30 Table 1: Exemplary AMAI and PHAI comparisons

Name Proprotein % identity

29
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Ammanitin MSDINATRLP IWGIGCNE 100%

Asn-Hyp-Hyt-Trp-Gly-
He-Gly-Cys {Bridge: 4-
8}

CVGDDVTTLLTRGEALC

SEQ 1D NO:20

Phallacidin

cyclo{ Ala-2-Mercapto-
Trp-4,5-Dihydroxy-
Leu-Val-erythro-3-
Hydroxy-D-Asp-Cys-
cis-4-Hydroxy-Pro)

MSDINATRLPAWLVYDCP
CYGDDVNRLLTRGESLC

SEQID NO:2i

77% to

Amanttin

Conscnsus peptide
precursor re Amanitin
and Phallacidin, where
X is any amino acid

MSDINATRLPXWXAXCXP
CYGDDVXXLLTRGELXC

SEQ ID NO:22

74% 10

Amanttin

Peptide 1

MSDINATRLP FNILPEMLEPP

CVSDDVNILLTRGEDLC

67% to

Amanitin

SEQID NOG:23 67% to
Phallacidin
Peptide 2 MSDINATRLPIWGIGCDP 91% to
CIGDDVTILLTRGEALC Amanitin

Beta-amanitin

SEQID NO:24 74% 10
Phallacidin
Peptide 3 MSDINATRLPIVGILGLPCH 71% 1o
GDDVNSTLTHGEDLC Amanitin
SEQID NO:25 66% to
Phallacidin
Peptide 4 MSDINTTCLPAWLATCPCTG 63% to
DDVNPTLTCGESLC Amanitin
Phalloidin
SEQID NG:26 76% to
Phallacidin
Methods

The cyelic and/or crosslinked peptides that can be made using the enzymes described

bercin can bave useful properties. For example, cyclic, crosslinked peptide toxins of Amanita
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mushrooms are chemically and biologically anique among natural products. Such toxins have
uses as biochemical reagents and as anti-cancer therapeutics, for example, in targeted
therapeutics such as antibody-drug conjugates. The enzymes described herein can be used to
biosynthesize many types of cyclic / crosslinked peptides.

Cyclic and/or crosslinked peptides can be made in vivo {e.g., in host cells or host
organisms) ot in vitro (2.g., in a reaction mixXture confaining oune or MOIrS enzymes, a peptide
substrate, and any other cofactors or other reactants that may facilitate the cyclization or
crosslinking reaction).

For in vivo production of cyclic / crosslinked peptides, peptide substrates can be co-
expressed in 3 host cell with a FMO1 and/or other cyclization enzyme. For example, an
expression cassette can be used that has a promoter operably Hinked © a nucleic acid segment
encoding a peptide substrate. Such peptides can then be expressed with FMO1 and/or
cyclization enzymes so that cyclization and/or cross-bridge formation can occur in a host cell.
The expression cassette encoding the peptide substrate can have any of the promoters
described herein. Similarly, the FMO1 and/or cyclization enzymes can be expressed from
cxpression cassettes within the host cells. After incubation of the host cells in a culoure
meduir that supports the growth and functioning of the host cells, the cyclic / crosslinked
peptides can be isolated from the cell culture.

For in vitre production of cyclic / crosslinked peptides, peptide substrates can be
mixed with one or more FMO1 and/or other cyclization enzymes in a reaction mixture. The
reaction roixture can contain other factors to enhance the formation of cyclic / crosslinked
peptide products. For example, the reaction can contain one or more of the following:
NADPH, FAD, ATP, oxygen, dithiothreitol to maintain free sulthvdryls, buffer (to maintain
the pH), or muetal cofactors.

The reaction temperature that allows synthesis of peptide 1s 0 to 60° C, or 5 10 40° C.
In addition, the reaction pH that allows synthesis of peptide is 6.5 to 10.5, and preferably 6.5
10 9.5.

For example, bicyclic peptides can be produced using the enzymes and methods
described herein. Host celis such as yeast, bacterial (e.g., E. cofi), or Galerina cells can be
transformed with one or more copies of an expression cassette encoding a substrate precursor
peptide useful for making a cyclic or bicyclic peptide, and one or more expression casseties
encoding FMO1 and/or cyclization enzymes. Alternatively, for example, a reaction mixture
of peptide substrates for such cyclic or bicyclic peptides as well as FMO1 and/or cyclization
enzymes can be mcubated i vifro to generate the cyclic or bicyclic product.
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Definitions

The use of the article "a" or "an" is intended to inciude one or more.

As used herein, terms defined in the singular are intended to include those terms
defined in the plural and vice versa.

5 As used herein, "peptide” refers to compounds containing two or more amino acids
linked by the carboxyl group of one amino acid to the amino group of another, i.¢. "peptidyl
linkages" to form an amino acid sequence. It is conternplated that peptides may be purified
and/or isolated from natural sources or prepared by recombinant or synthetic methods. Amino
acid sequences may be encoded by natarally or non-naturally occusring nucleic acid

10 sequences or synthesized by recombinant nucleic acid sequences or artificially synthesized. A
peptide may be a linear peptide or a cyclopeptide, 1.e. cyclic peptide inchiding bicyclic
feature.

As used herein, "cyclic peptide” or "cyclopeptide” in general refers to a peptide

comprising at least one internal bond attaching nonadjacent amino acids of the peptide, such

[
()

as when the end amino acids of a Bnear sequence are attached to form a circular peptide. A
"bicyclic peptide” may have at least two internal bonds forming a cyclopeptide of the present
inventions, such as when the end amino acids of a lincar sequence are attached to form a
circular peptide in addition to another internal bond attaching two nonadjacent amino acids,
for example, see e.g. FIG. 1.

20 As used herein, the term "Amanita peptide” or "Arpanita toxin" or "Amanita peptide
toxin” refers to any linear or cyclic peptide produced by a mushroom, not restricted to a
biologically active toxin. It is not intended that the present invention be limited to atoxin or a
peptide produced by an Amanita mushroom and includes similar peptides and toxins
produced by other fungi, including but not {inited to species of Lepiora, Conocybe, Galering,

25  and the like. An Amanifa peptide toxin resembles any of the amatoxins and phaliotoxins,
such as similarity of amino acid sequences, matching toxin motifs as shown herein, encoded
between the conserved regions (A and B) of their proproteins, encoded by hypervariable
regions of their proproteins (P) and the like. The Amanita peptides inchude, but are not
restricted to, amatoxins such as the amanitins, and phallotoxins such as phalloidin and

30 phallacidin. For example, an exeraplary Amanita peptide in one embodiment ranges from 6-

17 amino acids in length. In another embodiment an Amanita peptide toxin ranges from 7-11

amino acids in length. In one embodiment, an Amanita peptide is linear. In another

embodiment, an Amanita peptide is a bicyclic peptide. It is not meant to limit an Amanita
peptide to a naturally produced peptide. In some embodiments, an Amanita peptide has an
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artificial sequence, in other words a nucleic acid encoding an artificial peptide sequence was
not naturally found in a fungus or found encoded by a nucleic acid sequence isolated from a
fungus.
As used herein, "biologically active" refers to a peptide that when contacted with a
5 cell, tissue or organ induces a biological activity, such as stimulating a cell to divide, causing
a cell to alter its function (e.g., altering T ccll function, causing a cell to change expression of
genes, ete.)

Jeq MR
i

The terms "peptide,” "polypeptide,

[IRT)

propeptide,” "propolypeptide,” "prepropeptide,”

i o6s

"prepropolypeptide,” “precursor peptide”, and "protein” in general refer to a privnary

10 sequence of amino acids that are joined by covalent "peptide linkages." Polypeptides may
encompass cither peptides or proteins. In general, a peptide consists of a few amino acids,
and is shorter than a protein. "Amino acid sequence” and like terms, such as "polypeptide” or
"protein’” are not meant to Higit the amino acid sequence to the complete, pative amino acid

sequence associated with the recited protein molecule.

[
()

As used herein, the term "synthetic” or artificial” in relation to a peptide sequence
refers to a peptide made either artificially from covalendy bonding amino acids, such as by
Peptide Synthesizer, (for example, Applied Biosystems) or a peptide derived from an amino
acid sequence encoded by a recombinant nucleic acid sequence.

As used herein, the term "toxin” refers to a substance (for example, a cyclopeptide)

20 that is detrimoental (i.e., poisonous) to cells and/or organisms, in particular a human organism.
In some cascs, the peptides made by the enzymes and methods described herein are not
toxXins.

As used herein, "amatoxin” generally refers to a family of peptide compounds, related
to and including the amanitins. An amatoxin refers to any small peptide, linear and cyclic,

25  comprising an exemplary chemical structure (e.g., as illustrated herein, see also FIG. 1) or
encoded by a nucleic acid sequence. Such an amatoxin mucleic acid sequence and/or
proprotein can have higher sequence homology to amanitin {or e.g., an AMA/ nucleic acid)
than to an analogous sequence of a phallotoxin {or e.g., a PHAT nucleic acid). In some cases,
the peptides made by the enzymes and methods described herein are not amatoxins or

30  phallotoxins. However, in other cases, the enzymes and methods described herein can

efficiently make amatoxins and/or phallotoxins.

As used herein, "phallotoxin”™ generally refers to a family of peptide compounds,
related to and inclzding phallacidin and phalloidin. A phallotoxin refers to any small peptide
encoded by nucleic acid sequences where the nucleic acid sequence and/or proprotein has a
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higher sequence homology to a phallotoxin (or e.g., a PHA] nucleic acid) than to an
analogous sequence of an amatoxin (or e.g., an AMAT nucleic acid).

As used herein the term "microorganism” refers to niicroscopic organisms and
taxonomically related macroscopic organisms within the categories of algae, bacteria, fungi
(including lichens), protozoa, viruses, and subviral agents.

The terms "cukaryotic” and "cukaryote” are used in the broadest sense. It includes, but
is not limited to, any organisms containing membrane bound nuclei and membrane bound
organelles. Examples of eukaryotes include but are not lunited to aniroals, plants, algae,
diatoms, and fungi.

The terms "prokaryote” and "prokaryotic” are used in the broadest sense. It includes,
but is not limited to, any organisms without a distinet nucleus. Examples of prokaryotes
include but are not limited to bacteria, blue-green algae (cyanobacteria), archachacteria,
actinomycetes and mycoplasma. In some cases, a host cell is any microorganism.

As used herein, the term "fungi” is used in reference to enkaryotic organisms such as
mushrooms, rusts, molds and yeasts, including dimorphic fungi. "Fongus” or "fungt” also
refers to a group of lower orgamsms lacking chlovophyll and dependent upon other organisms
for source of nutrients.

As used heretn, "mushroom” refers to the fruiting body of a fungus.

As used herein, "fruiting body™ refers to a reproductive structure of a fungus which
produces spores, typically comprising the whole reproductive structure of a raushroom
including cap, gills and stem, for example, a prominent fruiting body produced by species of
Ascomycota and Basidiomycota, examples of fruiting bodies are "mushrooms,”
"carpophores,” " toadstools,” "puffballs”, and the like.

As used herein, "fruiting body cell” refers to a cell of a cap or stem which may be
isolated or part of the structure.

As used herein, "spore” refers to a microscopic reproductive cell or cells.

As used herein, "mycelium” refers to a mass of fungus hyphae, otherwise known as a
vegetative portion of a fungus.

As used herein, "Basidiomycota” in reference to a Phylum or Division refers to a
group of fungi whose sexual reproduction involves fruiting bodics comprising basidiospores
formed on club-shaped cells known as basidia

As used herein, "Basidiomycetes” in reference to a class of Phylum Basidiomycota
refers to a group of fungi. Basidiomycetes inclide mushrooms, of which some are rich in
cyclopeptides and/or toxins, and includes certain types of yeasts, rust and simt fungi, gilled-
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mushrooms, puffballs, polypores, jelly fungi, brackets, coral, mushrooms, boletes, puffballs,
stinkhorns, etc.

As used herein, "Ascomycota” or "ascomycetes” in reference to members of a fungal
Phylum or Division refers to a "sac fungus” group. Of the Ascomycota, a class
"Ascomycetes” includes Candida albicans, unicellular yeast, Morchelln esculentum, the
morel, and Newurospora crassa. Some ascomycetes cause discase, for example. Candida
albicans causes thrush and vaginal infections; or produce chemical toxins associated with
diseases, for example, Aspergillus flavus produces a contaminant of nuts and stored grain
called aflatoxin, that acts both as a toxin and a deadly natural carcinogen.

As used herein "Amanita” refer to a genus of fungus whose members comprise
poisonous mushrooms, e.g., Amanita (A.) bisporigera, A. virosa, A. ocreata, A. suballiacea,
and A. tenuifolia which are collectively referred to as "death angels”™ or "Destroying Angels”
and "Amanita phalloides” or "A. phalloides var. alba” or "A. phalloides var. verna” or "A.
verna", referred to as "death cap.” The toxins of these mushrooms frequently cause death
through Hver and kidney failure in hurnans. Not all species of this genus ave deadly, for
example, Amanita muscaria, the fly agaric, induces gastrointestinal distress and/or
hallucinations while others do not induce detectable symptoms.

As used herein, nonribosomal peptide synthetase (INRPS) is an enzyme that catalyzes
the biosynthesis of a small (20 or fewer amine acids) peptide or depsipeptide, linear or
circular, and is composed of one or more domains (modules) typical of this class of enzyme.
Each domain is responsible for aminoacyl adenvlation of one component amino acid. NRPSs
can also contain auxibary domains catalyzing, e.g., N-methylation and amine acid
epimerization (Walton. ¢t al., in Advances in Fungal Biotechnology for Industry, Agriculture,
and Medicine, et al., Eds. (Kluwer Academic/Plenum, N.Y., 2004, pp. 127-162; Finking, et
al., (2004) Annu Rev Microbiol 58:453-488, all of which are herein incorporated by
reference). Examples are gramicidin synthetase, HC-toxin synthetase, cyclosporin synthetase,
and enniatin synthetase.

97 4i

As used herein, the terms “cell,” “cell Hine,” “cell population,” and “cell coltare” may
be used interchangeably. All of these terms also include their progeny, which are any and all
subsequent generations. It 18 understood that all progeny may not be identical due to
deliberate or inadvertent mutations.

As used herein, "host fungus cell” vefers to any fungal cell, for example, a yeast cell, a
mold cell, and a mushroom cell (such as Neurospora crassa, Aspergitius nidulans,

Cochliobolus carbonum, Coprinus cinereus. Ustilago mavdis, and the like).
led
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As used herein, the term "Fungal expression system” refers to a systern using fungi to
produce {express) enzymes and other proteins and peptides. Examples of filamentous fung
which are currently used or proposed for usc in such processes are Neurospora crassa,
Acremonium chrysogenum, Tolypocladium geodes, Mucor circinelloides, Trichoderma

5 reesei, Aspergillus nidulans, Aspergillus niger, Coprinus cinereus, Aspergillus oryzae, eic.
Fuarther examples include an expression system for basidiomycete genes (for example, Gola.
ct al., (2003) J Basic Microbiol. 43(2):104-12; herein incorporated by reference) and fungal
cxpression systems using, for example, a monokaryotic laccase-deficient Pycnoporus
cinnabarinus strain BRFEM 44 (Banque de Resources Fongiques de Marseille, Marseille,

10 France), and Schizophyilum commune, (for exarople, Alexandra, ct al., {2004) Appl Environ
Microbiol. 70(11):6379-638; Lugones, et al., {1999) Mol. Microbiol. 32:681-700; Schuren, et
al., (1994) Curr. Genet. 26:179-183; all of which are herein incorporated by reference).

The term "transgene” as used herein refers to a forcign gene, such as a heterologous

gene, that is placed into an organism by, for example, introducing the foreign gene into cells

[
()

or primnordial tissue. The term "foreign gene™ refers to any nucleic acid {e.g., gene segment)
that is introduced into the genome of a host cell by experimental manipulations and may
include gene sequences found in that cell so long as the introduced gene does not reside in the
same location as does the nawmrally-occurning gene.
As used herein, the term "vector” is used in reference to mucleic acid molecules that
20 transfer DNA segment(s) from one ccll to another. The torm "vehicle” is sometimes used
interchangeably with "vector." A vector "backbone” comprises those parts of the vector
which mediate its maintenance and enable its intended use {e.g., the vector backbone may
contain sequences necossary for replication, genes imparting drug or antibiotic resistance, a
multiple cloning site, and possibly operably linked promoter and/or enhancer elements which
25  enable the expression of a cloned nucleic acid). The cloned nucleic acid {e.g., such as a
cBNA coding sequence, or an amplified PCR product) s inserted into the vector backbone
using common molecular biology techniques.
A recombinant vector” indicates that the nucleotide sequence or arrangement of s
parts is not a native configuration, and has been manipulated by molecular biclogical
30 technigues. The term implies that the vector is comprised of segments of DNA that have been
artificially joined.
As used herein, "recombinant nucleic acid” or "recombinant gene” or "recombinant
DNA molecule” or "recombinant nucleic acid sequence” indicates that the nucleotide
seguence or arrangement of its paris is not a native configuration, and has been manipulated
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by molecular biological techniques. The term implies that the DNA molecule is comprised of
segments of DNA that have been artificially joined together. Protocols and reagents to
manipulate mucleic acids arc common and routine in the art (See ¢.g., Maniatis et al. (eds.},
Molecular Cloning: A Laboratory Manual. Cold Spring Harbor Laboratory Press, NY.
[1982]; Sambrook et al. (eds.}, Molecular Cloning: A Laboratory Manual, Second Edition,
Yolumes 1-3, Cold Spring Harbor Laboratory Press, NY, [1989]; and Ausubel et al. (eds.),
Current Protocols in Molecular Biology, Vol. 1-4, John Wiley & Sons. Inc., New York
[19941; all of which are herein incorporated by reference). Similarly, a "recombinant protein”
or "recombinant polypeptide” refers to a protein molecule that is expressed from a
recombinant DNA molecule. Use of these terms indicates that the primary amino acid
sequence, arrangement of its domains or nucleic acid elements which control its expression
are not native, and have been manipulated by molecular biology technigques. As indicated
above, techniques to manipulate recombinant proteins are also common and routine in the art.
The terms "exogenouns” and "heterologous” are sometimes used interchangeably with
"recombinant.” An "exogenous nucleic acid,” "exogenous gene” and "exogenous protein”
indicate a nucleic acid, gene or protein, respectively, that has come from a source other than
its native source, and has been artificially supplied o the biological system. In contrast, the
terms endogenous profein,” "native protem,” "endogenous gene,” and "native gene” refer to
a protein or gene that is native to the biological system, specics or chromosome under study.

]

A "native” or "endogenous” polypeptide does not contain amino acid residucs encoded by
recombinant vector sequences; that is, the native protein contains only those amino acids
found in the polypeptide or protein as it occurs in natare. A "native” polypeptide may be
produced by recombinant means or may be isolated from a naturally occurring source.
Similarly, a "native” or "endogenous” gene is a gene that does not contain nucleic acid
elements encoded by sources other than the chromosome on which it is normally found in
nature.

As used herein, the term “heterologous nucleic acid” or “heterologous polypeptide”
refers to a nocleic acid or polypeptide that is not in its natural environment. For example, a
heterologous coding region includes a coding region from one species introduced into another
species. A heterologous nucleic acid or heterclogous polypeptide also mchides a nucleic acid
or polypeptide native 1o an organism that has been altered in some way (e.g., mutated, added
in multiple copies, Hnked to non-native regulatory sequences, ete.). Heterologous nucleic
acids or heterologous polypeptides are distinguished from endogenous nucleic acids in that

the heterologous nucleic acids are typically joined to nucleic acid segments that are not found
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naturally associated with the nucleic acids in the chromosome or ave associated with portions
of the chromosome not found in naowre {e.g., coding regions expressed in loct where the
corresponding gene is not normally expressed).

In addition to containing introns, genomic forms of a gene may also include

5 sequences located on both the 5" and 3' end of the sequences that are present on the RNA
transcript. These sequences are referred to as "flanking” sequences or regions (these flanking
sequences are located 5" or 3 to the untranslated sequences present on the mRNA transcript).
The 5' flanking region may contain regulatory sequences such as promoters and enhancers
that control or influence the transcription of the gene. The 3’ flanking region may contain
10 sequences that ditect the fermination of franscription, post-franscriptional cleavage and

polyadenylation.

As used herein, the term "regulatory element” refers to a genetic element that controls
some aspect of the expression of nucleic acid sequences. For example, a promoter is a

regulatory element that facilitates the initiation of transcription of an operably linked coding

[
()

region. Uther regulatory elements include splicing signals, polyadenyiation signals,
termnation signals, ete.

The terms “in operable combination,” “in operable order,” “operably linked” and
stimilar phirases when used in reference to nucleic acid segments herein are used to refer to the
linkage of nucleic acid segments in such a manner that a nucleic acid molecule capable of
20 directing the transcription of a given coding region and/or the synthesis of a desired protein

molecule is produced. The term also refers to the linkage of amino acid sequences in such a
manner 50 that a funcuonal protein is produced.
A "promwoter” is a control sequence that is a region of a nucleic acid scquence at
which initiation and rate of transcription are controlled. It may contain genetic clements at
25  which regulatory proteins and molecules may bind such as RNA polymerase and other
transcription factors. The phrases “operably linked,” “operatively positioned,” “operatively
linked,” “onder control.” and “ander franscriptional control” mean that a promoteris in a
correct functional location and/or ovientation in relation to a nucleic acid segment (e.g., a
nucleic acid segment encoding an enzyme) to control transcriptional initiation and/or
30 expression of that nucleic acid segroent. A promoter may or may not be used in conjunction
with an "enhancer,” which refers to a cis-acting regulatory sequence involved in the
transcriptional activation of a nucleic acid segment.

A promoter may be one naturally associated with a gene or nucleic acid segment, and

may be obtained by isolating the 5" non-coding sequences located upstream of the coding
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segment and/or exon. Such a promoter can be referved to as "endogenous.” Similarly, an
cnhancer may be one naturally associated with a nucleic acid sequence, located either
downstream or upstream of that sequence. Aliernatively, certain advantages will be gained by
positioning the coding nucleic acid segment under the control of a recombinant or
heterologous promoter, which refers to a promoter that is not normally associated with a
nucleic acid sequence in its natural environment. A recombinant or heterologous enhancer
refers also to an enhancer not normally associated with a mucleic acid in its natural
cnvironment. Such promoters or enhancers may incluode promoters or enhancers of other
genes, and promoters or enhancers isolated from any other prokaryotic, viral, or cakaryotic
cell, and promoters or enhancers not "naturally occurring,” e.g., containing different elements
of different transcriptional reguiatory regions, and/ or mutations that alter expression. In
addition to producing nucleic acid sequences of promoters and enhancers synthetically,
scguences may be produced using recombinant cloning and/or nucleic acid amplification
techunology, inchiding PCR, in connection with the compositions disclosed herein (sec ULS.
Pat. No. 4,683,202, U.S. Pat. No. 5,928,906, cach incorporated herein by reference}. It is
further contemplated that control sequences that divect transcription and/or expression of
sequences within non-nuclear organclles such as mitochondria, chloroplasts, and the like, can
be employed as well.

A promoter and/or enhancer can be used that effectively directs the expression of a
nucleic acid segment (e.g., including a nucleic acid segment encoding an enzyme) in the ccll
type, organclle, and organisim chosen for expression. Those of skill in the art of microbiology
and molecular biology generally know the use of promoters, enhancers, and cell type
combinations for protocin expression, for example, sce Sambrook ct al. (1989); herein
incorporated by reference. The promoters emploved may be constitutive, tissue-specific,
inducibie, and/or useful under the appropriate conditions to divect the desired level of
expression of the introduced nucleic acid segment encoding a target protein {¢.g., high levels
of expression that are advantageous in the large-scale production of recombinant proteins
and/or peptides). The promoter may be heterologous or endogenous.

Suitable control elements such as enhancers/promoters, splice junctions,
polyadenylation signals, etc. may be placed in close proximity to the coding region of a
coding region to facilitate proper initiation of transcription and/or correct processing of the
primary RNA transcript. Alternatively, the coding region utilized in the expression casseties

may contain endogenous enhancers/promoters, splice junctions, intervening sequences,
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polyadenyvlation signals, etc. or a combination of both endogenous and exogenous control
elements.

As used herein, the term "hybridization” is used in reference to the pairing of
complementary nucleic acids. Hybridization can be demonstrated using a variety of

5 hybridization assays (Southern blot, Northern Blot, slot blot, phage plaque hybridization, and
other techniques). These protocols are available in the art (Sec e.g., Sambrook et al. (eds.),
Molecular Cloning: A Laboratory Manual, Second Edition, Volumes 1-3, Cold Spring Harbor
Laboratory Press, NY, [1989]; Ausubel et al. (eds.), Current Protocols in Molecular Biology,
Vol. 1-4, John Wiley & Sons, Inc., New York {1994]; all of which are herein incorporated by
10 reference).

Hybridization is the process of one nucleic acid pairing with an antiparallel
counterpart that may or may not have 100% complementarity. Two nucleic acids that contain
100% antiparaliel complementarity will show strong hybridization. Two antiparalle] nucleic

acids which contain no antiparallel complementarity (generally considered to be less than

[
()

3G%) will not hybridize. Two nucleic actds which contain between 31-99% complementarity
will show an intermediate fevel of hybridization. A single molecule that contains pairing of
complementary nucleic acids within s structure is said to be "self-hybridized.”

During hybridization of two nucleic acids under high stringency conditions,
complernentary base pairing will occur only between nucleic acid fragments that have a high

]

20 frequency of complementary base sequences. Thus, conditions of "weak" or "low" stringency

are often vequired with nucleic acids that are derived from organisros that are genetically
diverse, as the frequency of complementary sequences is ussally less. As used herein, two
nucleic acids which are able to hybridize under high stringency conditions arc considered
"substantially homologous.” Whether sequences are "substantially homologous” may he

25 wverified using hybridization competition assays. For example, a "substantially homologous™
nucleotide sequence is one that at least partially inhibits a completely complementary probe
sequence from hybridizing to a target nucleic acid under conditions of low stringency. This is
not to say that conditions of low stringency ave such that non-specific binding s permitted;
low siringency conditions require that the binding of two sequences to one another be a

30 specific (e, selective) interaction. The absence of non-specific binding may be verified by
the use of a second target that lacks even a partial degree of complementarity {e.g., less than
about 30% identity); in the absence of non-specific binding the probe will not hybridize to the
second non-complementary target. When used in reference {o a double-stranded nucleic acid

seguence such as a cBNA or genomic DNA, the term "substantially homologous” refers to
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any probe that can hybridize to either or both strands of the double-stranded nucleic acid
seguence under conditions of high stringency.

Hybridization and the strength of hybridization (i.c.., the strength of the association
between the nucleic acids) is impacted by such factors as the degree of complementary
between the nucleic acids, stringency of the conditions involved, the Tm of the formed
hybrid, and the (:C ratio within the nucleic acids.

As used herein, the term "stringency” is used in reference to the conditions of
temperature, iomc strength, and the presence of other compounds such as organic solvents,
under which mucleic acids hybridize. "Low or weak stringency” conditions are reaction
conditions which favor the complementary base pairing and anncaling of two nucleic acids.
"High stringency"” conditions are those conditions which are less optimal for complementary
base pairing and annealing. Several variables affect the strength of hybridization, including
the length and nature of the probe and target (DNA, RNA, base composition, present in
solution or immobilized, the degree of complementary between the nucleic acids, the Tm of
the formed hybrid, and the G:C ratio within the nucleic acids). Conditions may be
manipulated to define low or high stringency conditions: factors such as the concentration of
salts and other components in the hybridization solution {¢.g., the presence or absence of
formamide, dextran sulfate, and polvethylene glycol) as well as temperature of the
hybridization and/or wash steps. Conditions of "low" or "high" stringency are specific for the
particular hybridization technique used.

As used herein the term "stringency” is used in reference to the conditions of
temperature, iomc strength, and the presence of other compounds such as organic solvents,
under which mucleic acid hybridizations are conducted. Those skilled in the art will recognize
that "stringency” conditions may be altered by varying the parameters just described either
individually or in concert. With "high stringency” conditions, nucleic acid base pairing will
occur only between nucleic acid fragments that have a high frequency of coraplementary base
sequences {(e.g., hybridization under "high stringency” conditions may occur between
homologs with about 85-100% identity, preferably about 70-100% identity). With mediom
stringency conditions, nucleic acid base pairing will occur between nucleic acids with an
intermediate frequency of complementary base sequences {e.g., hybridization under "medium
stringency” conditions may occur between homologs with about 36-70% identity). Thus,
conditions of "weak” or "low" stringency are often required with nucleic acids that are
derived from organisms that are genetically diverse, as the frequency of complementary
seguences s usually less.
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"High stringency conditions” when used in veference to nucleic acid hybridization
comprise conditions equivalent to binding or hybridization at 65° C in a solution consisting
of SxSSPH (43.8 g/1 Na(’l, 6.9 g/1 NaHPO4HO and 1.85 g/t EDTA, pH adjusted to 7.4 with
NaQGH), 0.5% sodiurn dodecyl sulfate (S35), 5xDevhardt’s reagent and 100 pg/mi denatured
salmon sperm DNA followed by washing in a solution comprising 0.1 x8SPE, 1.0% SDS at
42° . when a probe of about 500 nucleotides in length is employed. However, the washing
step is most responsible for the stringency of hybridization. Hence, “high stringency
conditions” can be described as washing in 3.1x3SPE, 1.0% SDS at 42° C.

"Medium stringency conditions” when used in reference o nucleic acid hybridization
comprisc conditions equivalent to binding or hybridization at 53° C. in a solution consisting
of 5x35PE (43.8 g/t Na(ll, 6.9 g/l NathPOH0 and 1.85 g/l EDTA, pH adjusted to 7.4 with
NaOH), 0.5% 3DS, SxDenhardt’s reagent and 100 pg/ml denatured salmon sperm DNA
followed by washing in a3 solution comprising 1 .O0xSSPE, 1.0% SDS at 42° €. when a probe
of about 300 nucleotides in length is emoploved. Because the washing step is most responsible
for the stringency of hybridization, “mediom stringency conditions” can be described as
washing in 1.0xSSPE, 1.0% 3DS at 42° C.

"Low stringency conditions” comprise conditions equivalent to binding or
hybridization at 42°C in a solution consisting of 5xS5PE (43.8 g/t Na(’l, 6.9 g/l
NaHoPO4HO and 1.85 ¢/t EDTA, pH adjusted to 7.4 with NaOH), 0.1% 5D8S, 5xDenhardt's
reagent (S0xDenhardt’s contains per S00 ol 5 g Ficol (Type 400, Pharamcia), 5 g BSA
(Fraction V; Sigma)) and 100 pg/ml denatured salmon sperm DNA followed by washing ina
solution comprising SX3SPE, (.1% SDS at 42° C when a probe of about 500 nucleotides in
length is employed. Because the washing step is most responsible for the stringency of
hybridization, “low stringency conditions” can be described as washing in 5xSSPE, 1.0%
SDS at 427 C.

As used herein, the term "Tm" is used in reference to the "melting temperature.” The
melting temperature is the temperatare at which a population of double-stranded nucleic acid
molecules becomes half dissociated "denatures”™) into single strands. An estimate of the Tm
value may be calculated by the equation: Tm = 81.5+0.41(% G+C), when a nucleic acid is in
aqueous solution at 1 M NaCl (see e.g., Anderson and Young, Quantitative Filter
Hybridization, in Nucleic Acid Hybridization (1985)). Other references include more
sophisticated computations that take structural as well as sequence characteristics into

account for the calculation of Tm.
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As used herein, the terms "antiparallel complementarity” and "complementarity” are
synonymous. Complementarity can include the formation of base pairs between any type of
nucleotides, including non-natural bases, modified bascs, synthetic bases and the like.

The following definitions are the commonly accepted definitions of the terms

5 "sequence identity,” "similarity” and "homology.” Percent sequence identity is a measure of
strict amino acid or nucleotide conservation. Percent similarity is a measure of amino acid
conservation which incorporates both strictly conserved amino acids, as well as
"conservative” amino acid substitutions, where one amino acid is substitoted for a different
amine acid having similar chemical properties (i.c. a "conservative” substitution). The term

10 "homology" can pertain to cither proteins or nucleic acids. Two proteins can be described as
"homologous” or "non-homologous,” but the degree of aming acid conservation is quantitated
by percent identity and percent similarity. Nucleic acid conservation is measured by the strict
conservation of the hases adenine, thymine, guanine and cytosine in the primary nucleotide

sequence. When describing nucleic acid conservation, conservation of the nucleic acid

[
()

primary sequence is sometimes expressed as percent sequence identity or percent homology.
In the same nucleic acid, one region may show a high percentage of nucleotide sequence
conservation, while a different region can show 1o or poor conservation. Nucleotide sequence
conservation may not necessarily be inferred from an amino acid similarity score. Two
proteins may show domains that in one region are homologous, while other regions of the

24 same protein are clearly non-homologous.

The following non-loniting Examples ilhustrate some aspects of the enzymes,

enzymatic reactions, and methods provided herein.

25 Example 1: ¢cDNA for Galerinag marginata TMO1
This Example illustrates isolation of a cDNA for Galerina marginata (CBS 339.88)
FMO1.
Four species of (alering were obtained from Centraalburean voor Schimmelcultures
(CBS), Utrecht, Netherlands, including Galerina marginata {CBS 339.88), Galerina badipes
30 (CBS 268.30), Galering venenata (CBS 924.72), and Galerina hvbrida (CBS 335.88).

Galerinag marginata CBS 339.88 is monokaryotic and was confirmed to make alpha-
amanitin. . venenata is considered synonymous with G. marginate (Gulden et al., 2001,
2003). The cultures were maintained on potato dextrose agar. For DNA isolation, the isolates
were cultured in liguid medium for 15-30 d with rotary shaking at 120 rpm at 23 °C. The
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mediom was HSV-2C, which contains (per liter) 1 g yeast extract, 2 g glucose, 0.1 g NH:Cl,
0.1 g CaS04-5 HxG, 1 myg thiamine-HCI, and 0.1 mg bioan, pH 3.2 (Muraoka and
Shinozawa, J. Biosci. Bioeng. 89, 73-76 (2000)). For induction experiments, the media had
the same formulation, except that the media contained bigh carbon (HSV-5C) and low carbon
(H5V-1C) amounts of glucose (l.e. 5 g glucose and 1 g ghicose, respectively) (see, Muraoka
and Shinozawa, 2000).

Lyophilized fungal myeelia were ground in iguid nitrogen with a mortar and pestle.
Bigh molecular weight DNA was isolated using genomic-tip 100/G (Qiagen, Germantown,
MD; catalog #18,243), RNA was extracted with TRIzol (Invitrogen, Carlsbad, CA), and
cDNA was synthesized following the manufacturers’ protocols.

Transtormation of G. marginata was performed as described previousty by the
inventors (Luo et al., 2014). For candidate genes, 1.5 to 1.8 kb upstream and downstream
seqguences were used for homologous recombination. The fragments were cloned into the
pHg vector (Kemppainen and Pardo, 2010) and transformed into Agrobacterium tumefaciens
strain LBA 1100 (Kemppainen et al., 2003), which were then used in the Galerina
transformation.

Amnalysis of the genomic location of the Galerina marginata FMO1 gene indicated
that this gene is tightly clustered in the genome of Galerina between AMAI, which the
inventors have shown encodes the “core” 35-amino acid precursor peptide (Luo et al., 2012),
and POPB, which the inventors have shown is a unigue, dedicated prolyl oligopeptidase that
catalyzes macrocyclization (F1G. 1; Luo et al., 2014). Genes for natural products biosynthetic
pathways are typicaily clustered in fungi. Hence, such clustering of the FMO1 gene with
known genes in a pathway is evidence that the new gene has a function in the amanitin
biosynthetic pathway.

Example 2: GmFMO1 catalyzes tryptathionine biosynthesis

This Example illustrates that the Galering marginata FMO1 enzyme can form a
tryptathionine (sulfide) cross bridge.

One reason to believe that FMO] catalyzes wyptathionine biosynthesis is based on
reactions catalyzed by other FMOs. A bacterial FMO catalyzes Trp hydroxylation at the three
(3) position (May & Perrin, Biopolymers 88:714-724 (2007)). A chemical route to
tryptathionine biosynthesis can involve hydroxylation of Trp at the 3 position, which
activates the 2-position for spontaneous reaction with Cys. One mechanism of FMOT action
is hydroxylation of the Trp at the 3 position (FIG. 2A), so that conjugation to Cys occurs
spontaneously (FIG. 2B). In the course of the second step, the hydroxyl group leaves. Thus,
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the inventors hypothesized that FMOI] catalyzes “cryptic” (i.e., transienty hydroxylation. To
test the theory that FMO1 catalyzes tryptathionine biosynthesis, recombinant FMO1 was
incubated with cyclo(fWGIGCNP, SEQ 1D NO:1), NADPH, and FAD, and the reaction
products were analyzed by LC/MS.

FMOT1 was successfully expressed in a wheat germ cell free system (ENDEXT
Techunology, see website at fsciences.com/eg/tech html) and it exhibited detectable activity
consistent with tryptatbionine biosynthesis (FIG 3A). In particular, a new product was found
with a mass two daltons lower than the substrate, cyelo(IWGIGCNP) (FIG. 3B). This is the
expected mass for cyclo(IWGIGCNP) (SEQ ID NO: 1) plus the Tip-Cys cross bridge.
Expression in E. coli and yeast is also an option.

FiGs. 3B shows extracted ion counts (EIC) at m/z 839 of (top) product, and the
{(bottom) substrate. As tllustrated by FIG. 3B, when FMO1T was incubated with
cyclo(IWGIGCNDP), NADPH, FAD, and an NADPH-regenerating system, a new product was
observed with a2 mass 2 Da smaller than the substrate, which is consistent with oxidative
coupling of Cys and Trp. In particular, the nv/z of cyclo(IWGIGCNP) 1s 841 (M + H™), and
the predicted mass of cyclo(FWGIGCNP) with a suifide cross-bridge between Trp and Cys is
839 (M + H"). The substrate, cyclo{IWGIGCNP), myz 841, elutes at 13.0 min. FIG. 3C shows
that the compound with #/7 839 is the dominant component eluting at 12.0 min. The peak at
m/z 861 in FIG. 3 corresponds to the sodium adduct. The change in the UV absorption
spectrum (ratio of 295 to 280 um) of the new, FMO1 -catalyzed product was consistent with
the stracture being the bicyclic compound. Coupling of Cys to Trp shifts the UV absorption
maximum of Trp from 280 am to 295 nm (Wieland, 1986}

Example 3; Gene knockout in G. marginata

This Exarople illustrates that targeted gene disruption of GmEFMOT abolishes amanitin
biosynthesis, demonstrating that FMO1 is needed for amanitin biosynthesis.

Dieletion of GmFMOL in G. marginata resulis in total loss of g-amanitin. FIG. 4A
ithustrates LO-MS analysis of amanitin from wild type G. marginata (solid line) and mutant
G. marginate {(dashed line). FIG. 4B fllustrates Southern analysis blot of G marginga wild
type and . marginata deletion mutant genomic DNA. The probes employed were for
GmPMOT; Hyg stands for bygromycin B resistance (the selection for transformation). The
southern blots show that the FMO1 gene has been deleted in the mutant. The gene disruption
method employed is described in Luo et al. Chemistry and Biology 21:1610 (2014). The

results show that GmEFMO]1 is needed for biosynthesis of amanitin.
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All patents and publications refercnced or mentioned herein are indicative of the levels
of skill of those skilled in the art to which the invention pertains, and cach such referenced
patent or publication is hereby specifically incorporated by reference to the same extent asif it

10 bad been incorporated by reference in its entirety individually or set forth herein in its entirety.
Applicams reserve the right to physically incorporate into this specification any and all
materials and information from any such cited patents or publications.

The following statements of the invention are intended to describe and suromarize

varigus embodiments of the invention according to the foregoing description in the

[
()

specification.

Statements:

1. Axn cxpression system comprising at least one expression cassette comprising a
promoter operably linked to a beterologous mucleic acid segment encoding a flavin
wono-oxygenase (FMO).

20 2. The expression system of statement 1, wherein the flavin mono-oxygenase has at least

90%, or at least 91%, or at least 83%, or at jeast 95%, or at least 96%, or at least 97%,
or at least 98%, or at least 99% sequence identity to SEQIDNO: 2,4, 5.6, o 7.

3. The expression system of staternent 1 or 2, wherein the flavin mono-oxygenase can
catalyze a tryptathionine cross-bridge between a tryptophan (Trp) and a cysteine {(Cys)

25 in a peptide subsirate.

4. The expression system of statement 1, 2, or 3, wherein the flavin mono-oxygenase can
catalyze a tryptathionine cross-bridge between a tryptophan (Trp) and a cysteine (Cys)
in a peptide substrate in the presence of nicotinamide adenine dinucleotide phosphate
{NADPH), flavin adenine dinucleotide (FAD), or a combination thereof.

30 5. The expression system of staternent 1-3 or 4, wherein the peptide substrate has about
6 to about 100 amino acids, or about 7 to about 75 amino acids, or about 8 to about 50
amino acids, or about 8 to about 35 amino acids, or about 10 to about 30 amuno acids.

6. The expression system of statement 1-4 or 5, wherein the peptide substrate has

conventional and/or nonconventional amino acids.

A
4’7
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10.

1t

12.

14,

16.

17.

i8.

The expression system of statement 1-5 or 6, wherein the peptide substrate has one or
more hydroxylated amino acids.

The expression system of statement 1-6 or 7, wherein the peptide substrate contains
one or more D-amino acid, N-methyl amino acid, beta amino acids, other atypical
amino acid {e.g., ornithine, amino-isobutyric acid), or combinations thercof.

The expression system of statement 1-7 or 8, wherein the peptide substrate has the
following sequence: XWXXXCXP (SEQ ID NO:16), where X is any amino acid.
The expression system of statement 1-8 or 9, wherein one or more lle, Trp, or Pro
arnino acids are hydroxylated in the peptide substrate.

The expression system of stateraent 1-9 or 10, further comprising at least one
cxpression casseite comprising a promoter operably linked to a heterologous nucleic
acid segment encoding a prolyl oligopeptidase that has macrocyelase activity.

The expression system of statement 11, wherein the prolyl oligopeptidase has at east
90%, or at least 91%, or at least 83%, or at jeast 95%, or at least 96%, or at least 97%,

or at least 98%, or at least 99% sequence identity to SEQ ID NO:11, 13, 14, or 15,

. A host cell comprising an expression system comprising at least one expression

cassette comprising a promoter operably linked to a heterologous nucleic acid
segmeint encoding a flavin mono-oxygenase (FMQ).

The host cell of statement 13, wherein the flavin mono-oxygenase has at lcast 90%, or
at least 91 %, or at least 93%, or at least 95%, or at least 96%, or at least 97%, or at

feast 98%, or at least 99% sequence identity to SEQ ID NG: 2,4,5,6,0v 7.

. The host cell of statement i3 or 14, further comprising at least one expression cassette

comprising a promoter operably linked to a heterologous nucleic acid segment
encoding a prolyl oligopeptidase.

The host cell of statement 15, wherein the prolyl oligopeptidase has at least 90%, or at
least 91%. or at least 93%, or at least 95%, or at least 96%, or at least 97%, or at least
98%, or at least 99% sequence identity to SEQ D NO:11, 13, 14, or 15,

The host cell of statement 13-15 or 16, further comprising at least one expression
cassette comprising a promoter operably linked to a heterologous nucleic acid
segment encoding a peptide substrate.

The host cell of statement 17, wherein the peptide substrate has about 6 to about 100
amino acids, or about 7 to about 75 amino acids, or about 8 to about 50 amuino acids,

or about 8 o about 35 amino acids, or about 10 to about 30 amino acids.

N
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19.

26

22.

24.

26.

30.

The host cell of statement 17 or 18, wherein the peptide substrate has the following
sequence: XWXXXCXP (SEQ D NO:16), where X is any amino acid.

A method comprising incubating the host cell of statement 13-18 or 19, for a time and
under conditions sufficicnt for gencration of a tryptathionine cross-bridge between a

tryptophan (T1p) and a cysteine (Cys) in the peptide substrate.

L. The method of statement 20, wherein the conditions sufficient for generation of a

tryptathionine cross-bridge comprise culture conditions for maintenance of the host
cell.

The method of statement 20 or 21, wherein the conditions sufficient for generation of
a tryptathionine cross-bridge comprise conditions where the host cell expresses the

flavin mono-oxygenase and the peptide substrate.

. A method comprising contacting a peptide substrate with a flavin mono-oxygenase

that has at least 90%, or at least 919%, or at least 93%, or at least 95%, or at least 96%,
or at least 97%, or at least 98%, or at least 99% sequence identity to SEQ 1D NO: 2, 4,
5, 6,0r7.

The method of statement 23, wherein the flavin mono-oxygenase catalyzes a
tryptathionine cross-bridge between a tryptophan (Trp) and a cysteine (Cys) in the

peptide substrate.

. The methed of statement 23 or 24, wherein the flavin mono-oxygenase catalyzes a

tryptathionine cross-bridge between a tryptophan (Trp) and a cysteine (Cys)yin a
peptide substrate in the presence of nicotinamide adenine dinucleotide phosphate
(NADPH). flavin adenine dinucleotide (FAD), or a combination thereof.

The method of statement 23, 24, or 25, wherein the peptide substrate has about 6 to
about 100 amino acids, or about 7 to about 75 amino acids, or about § to about 50

amino acids, or about 8 to about 35 amino acids, or about 10 to about 30 amuno acids.

7. The method of statement 23-25 or 26, wherein the peptide substrate has conventional

and/or nonconventional amino acids.

. The method of statement 23-26 or 27, wherein the peptide substrate is one or more D-

amine acid, N-methyl amino acid, beta amino acids atypical amino acid (e.g.,

ornithine, amino-isobutyric acid), or combinations thereof.

. The method of statement 23-27 or 28, wherein the peptide substrate has the following

sequence: XWXXXUXP (SEQ ID NG:16), where X is any amino acid.
The method of statement 23-28 or 29, wherein the peptide substrate hasone or more
hydroxylated amino acids.
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31. The method of staternent 23-29 or 30, performed in vitro.

32. The method of statement 23-30 or 31, performed in a celi-free reaction mixture.

33. The method of statement 32, wherein the reaction mixture further conprises
nicotinamide adenine dinucleotide phosphate (NADPH), flavin adenine dinucieotide
{FAD?}, or a combination thereof.

34. A flavin mono-oxygenase that has at least 90%, or at least 91%, or at least 93%, or at
feast 95%, or at least 96%, or at least 97%, or at least 98%, or at least Y9% sequence
identity to SEQ 1D NO: 2, 4, 5, 6, or 7, and with at least one amino acid substitution.

35. The flavin mono-oxygenase of statement 34 with less than 100% sequence identity to
SEQIDNG:2,4,5,6,0r7.

36. The flavin mono-oxygenase of statement 34 or 35 with less than 99.5% sequence
identity to SEQ D NO: 2, 4,5, 6,0r 7.

37. An expression system comprising at least one expression cassette comprising a
promoter operably linked to a heterologous nucleic acid segment encoding the flavin
mono-oxygenase (FMQO) of statement 34, 35, or 36.

38. A host cell comprising the expression system of statement 37.

The specific methods and compositions described herein are representative of preferred
embodiments and are exermplary and not intended as limitations on the scope of the invention.
Other objects, aspects, and embodiments will occur o those skilled in the art upon
consideration of this specification, and are encompassed within the spirit of the invention as
defined by the scope of the claims. It will be readily apparent to one skilled m the art that
varying substitutions and modifications may be made to the invesntion disclosed herein without
departing from the scope and spirit of the invention. The invention tllustratively described
herein suitably may be practiced in the absence of any element or elements, or Hmitation or
limitations, which is not specifically disclosed herein as cssential.

The methods and processes illustratively described herein suitably may be practiced in
differing orders of steps, and the methods and processes are not necessarily resiricted to the
orders of steps indicated herein or in the claims. As used herein and in the appended claims,
the singular forms “a,” “an,” and “the” include plural reference unless the context clearly
dictates otherwise. Thus, for example, a reference to “a compound,” “a mucleic acid” or “a
promoter” includes a plurality of such compounds, nucleic acids or promoters (for example, a

sohution of compounds or nucleic acids, or a series of promoters), and so forth.
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Under no circuomstances may the patent be interpreted to be limited to the specific
examples or embodiments or methods specifically disclosed herein. Under no circumstances
may the patent be interpreted to be Hmited by any staternent made by any Examiner or any
other official or emplovee of the Patent and Trademark Office unless such siatement s
specifically and without qualification or veservation expressly adopted in a responsive writing
by Applicanis.

The terras and expressions that have been employed are used as terms of description
and not of limitation, and there is no intent in the use of such terms and expressions to exclude
any equivalent of the features shown and described or portions thercof, but it is recognized that
various modifications are possible within the scope of the invention as claimed. Thus, it will
be understood that although the present invention has been specifically disclosed by preferred
embodiments and optional features, modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such modifications and variations are
considered to be within the scope of this invention as defined by the appended claims and

staternents of the invention.
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What is Clabmed:

1.

10.

11,

An expression system comprising at least one expression cassette comprising a
promoter operably linked to a heterologous nucleic acid segment encoding a flavin
mono-oxygenase (FMO) with at least 95% sequence identity to SEHQ HI NG: 2,4, 5,
6, 0r7.

The expression system of claim 1, further comprising at feast one cxpression cassetic
comprising a promoter operably linked to a heterologous nucleic acid segment
encoding a prolyl oligopeptidase with at least 95% sequence identity to SEQ ID
NO:11, 13, 14, or 15,

The expression system of claim 1, further comprising at least one expression cassette
comprising a promoter operably linked to a heterologous nucleic acid segment
encoding a peptide substrate.

The expression system of claim 1, whercin the peptide substrate has one or more
hydroxylated amino acids.

A host cell comprising an expression system comprising at least one expression
cassette comprising a promoter operably linked to a heterologous nucleic acid
segment encoding a flavin monoe-oxygenase (FMO) with at least 95% sequence
identity to SEQ D NO: 2,4, 5, 6,0r 7.

The host cell of claim 5, where the expression system further comprises at least one
cxpression cassette comprising a promoter operably linked to a heterologous nucleic
acid segment encoding a peptide substrate.

The host cell of claim 5, where the expression system further comprises at least one
CXpression cassctic comprising a promoter operably linked to a heterologous nucleic
acid segment encoding a prolyl oligopeptidase with at least 95% sequence identity to
SEQ ID NO:11, 13, 14, or 5.

A method comprising incubating the host cell of claim 5, for a time and under
conditions sufficient for generation of a tryptathionine cross-bridge hetween a
wryptophan (Trp) and a cysteine (Cys) in the peptide substrate.

A method comprising contacting a peptide substrate with a flavin mono-oxygenase
that has at least 95% sequence identity to SEQ D NO: 2,4, 5,6, o 7.

The method of claim 9, wherein the peptide substrate has one or more hydroxvlated
amino acids.

The method of claim 9, wherein the peptide substrate is ong or more D-amino acid, N-
methyl amine acid, beta amino acids atypical amino acid, or combinations thereotf.
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12. The method of claim 9, wherein the flavin mono-oxygenase catalyzes a tryptathionine

cross-bridge between a tryptophan (Tip) and a cysteine {(Cys) in the peptide substrate.
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