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Discovery of novel fungal RiPP class

Ustiloxin \/ rpraeesr
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+ First reported in 1915, as a mycotoxin produced by Ustilaginoidea virens,
which is the rice false smut pathogen

* The compound and its absolute structure were identified in 1992

+ Strongly inhibit microtubule assembly (IC5, 0.7 ~ 6.6 uM)

EBIEMEXS

Ustiloxin: the first RiPP in Ascomycetes \V/ nszsesss

RiPP: Ribosomally synthesized and post-translationally modified peptide

Ustiloxin B
OH Precursor protein UstA
HOOC o S COOH Signal peptide N (YAIG
\ \ @ a—rT— e
HN G MKLILTLLVSGLCALAAPAAKRIDGVEDYAIGIDKR
HO HOw- HN (o) NSVEDYAIGIDKR

e 1 NSVEDYAIGIDKR

h¢ >'=° NSVEDYAIGIDKR

Koiso etal,, Tetrahedron Lett., HN HN NSVEDYAIGIDKR
33:4157 (1992) > NTVEDYAIGIDKR
A NSVEDYAIGIDKR

> YAIGx16 INTVEDYAIGIDKR
NSVEDYAIGIDKR

« |dentified the biosynthetic gene cluster NSVEDYAIGIDKR
i i GGSVEDYAIGIDKR

in the filamentous fungus Aspergillus flavus e
The precursor protein has: NSVEDYAIGIDKR
. . . . GSVEDYAIGIDKKR

« Signal peptide to endoplasmic reticulum GTVEDYAIGIDKR

GGSVEDYAIGIDKRHGGH
* Highly-repeated core peptides at Kex2 recognition sites

ustO ustF1  ustC  ustA ustYa ustP ustYb ustH  ustD ustF2 ustQ ustT ustR  ustM ustS

Discovered the precursor protein in the ustiloxin biosynthetic gene cluster (BGC)

Umemura et al., Fungal Genetics and Biology, 68, 23-30 (2014) 5
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Hlstorv of fungal RiPP biosynthetic pathways / Z83a2822 Dikaritins: ascomycete RiPPs (so far) \/ g81zaess
_ Ustiloxin B > Asperillus fiavus AprA
14 Asperipin-2a MHLSRYIAVLLSASSEVSALPLQNDVIS

DDGSKPIDAIMAT AMEHKVVNPENLDA

~

=z e = 8
8 S S S o
« « « « «

Pathway reported in:

TPATPENPEDLDKR L
COOH
Vet HoOG; FYYTGYKR NAETPEDLDKR Asperigimycin B
O 1 \ e £ FYYTGYKR NAETPEDLDKR g
ClogP 325 on \—>_/ x_‘\ N N i 0\ FYYTGYKR NAETPEDLDKR
s N FYYTGYKR NAETPEDLDKR
) wd wo-( o Oo | ryr-Lys—Gly

ClogP: -5.86

T Phe

FYYTGYKR NAETPEDLDKR
. ™
Ustiloxin B 5

FYYTGYKR NAETPDDLDKR
o /PYO FYYTGYKR NAETPDDLDKR
SN FYYTGYKR NAETPEDLDKR
g > Aspergillus flavus UstA
Umenmura et al, Fungaf Genet Biol, 60:23-30 (2014) Omphalotin A Epichlogcyclin A MKLILTLLVSGLCALAAPAAKR FYYTGYKR NAETPEDLDKR
. < Inhibit microtubule assembly P! Y DGVEDYAIGIDKR NSVEDYAIGIDKR NSVEDYAIGIDKR FYYTGYKR NAETPEDLDKR
)i CW ClogP: 16.26 Zhang etal, J. Agric. Food Chem., NSVEDYAIGIDKR NSVEDYAIGIDKR NTVEDYAIGIDKR FYYTGYKR NAETPEDLDK
LN g i 71:13965-78 (2023) NSVEDYAIGIDKR NTVEDYAIGIDKR NSVEDYAIGIDKR
T -Amanitin NSVEDYAIGIDKR GGSVEDYAIGIDKR NSVEDYAIGIDKR . N . g‘;%:%‘("?'gﬁ's",““ etal. Fungal Genet. Bl
» j Ramm et al,, Angew. Chem. Int. Ed. NSVEDYAIGIDKR GSVEDYAIGIDKKR GTVEDYAIGIDKR Epichloécyclin A
« Inhibit RNA polymerase || _/L,, )/\ 56:9904.9967 2017) . A GGSVEDYAIGIDKR HGGH | e Victorin G on
reaction “on ClogP;2.77 + Strong nematocidal activity P Umemura et al., Fungal Genet. Biol., 68:23-30 (2014) b i @ 7
™ | Tor-cly o
o i Phe, / L </ > Aspergillus flavus ApgA
m Asperipin-2a g Phomopsin B SN s o W ° ) A MKLSIVISVLATAVAAAPTPHGGHPKR
g NDAGTTVDDISEQLYGAWGGIKR
Glogp. 221 on Nagano et al,, Fungal Genet. Biol,, 86:58-70 (2016) J | > Epichios festucae Gigh Ho A N, JKN =+ Elcoon DOEaTTVDD IS ALYGAWGIKA
ey 3 MQFTLIFFYATLAAFGLAAPSEQ N N /
* Growth regulator? N P \ ! DQEGTTVDDISEALYGAWGGIKR
cooH VGRDVVQEGDELDKR INFKIPYTGADL ~ OH O uon 0PNy 2 M DQKATTVDDISEQLYGAWGGIKR
& ° © H 3 VDGDVQEGDKELDKR INFKIPYTGADM HN—_—( DQGGTTVODISEALYGAWGGISKR
‘OH HN-__ .
o ~— VDGDVQEGDKELDKR IGFKIPYRGADM R
¥o J % S CooH x DEEATQGTTVDDISEALYGAWGGISKR
| Nv\,,n [ @ Lo L CLogP: 152 VDGDVQEGDKELDKR PNFKMPYKGADM el DEEATAGTTVDDISEALYGAWGGISKA
o ” ~
* 3 m,l coan § ClogP:-468  ny, Ve Asperigimycin B \ v > Phomopsis leptostromiformis PhomA Johnson etal., Fungal Genet. Biol. NH NEEATQGTTVDDISEQLYGAWGYPFP.
Phallacidin peianny e etal. Nat Ghom B ¢ MRETPAIVIAAFCSLAVAAPAAKAIARSP 85:14-24 (2015) > Cochliobolus victoriae Vich Nie etal, Nat Chem. Biol.
e etal., Nat. Chem. Biol, SEAVEDYVIPIDKKR GEAVEDYVIPIDKKR MVRITALMSGSILLFALQALAMPVE i
« Stabilize F-actin ClogP: 016 isiein® CE i, R SRR B D) Inpress (2025) CEAVEOIIPFOKR GERVEDYVIPIDHAR (GEEVEPAEEKR GLKLAFKR) ¥ 5157 prese (2029)
Ding et al, PNAS, 113:3521-26 (2016) « Bil i il . il i TTSVEPAAEKR GLKLAFKR
Hallen et al., PNAS, 104:19097-101 (2007) s ) Bl RGN 1D Ciie] Possible anticancer GEAVEDYVIPFDKR GEAVEDYVIPIDK GEEVEPAEEKR GLKLAF
* Inhibit microtubule assembly host immune system activity by adding lipid

Ding et al, PNAS, 113:3521-26 (2016) Kessler et al., PNAS, 117:24243-50 (2020)

Water-soluble amphiphilic cyclic peptides, except omphalotin Same class with cyclophane cyclic structure via ether bond to aromatic ring

6 7

N B Fungi produce various natural products N e

Paclitaxel
Cyclosporin Q
Yy P ! > poon

oA, f

W - o ——

A »-'H/O @_{ i en|C| in

AL ¢ e

& L)_ I Anticancer m ]
o)\ {9 | wo Originally found in a plant

A ‘,

I

PKS: Polyketide synthase
NRPS: Non-ribosomal peptide synthetase
TS: Terpene synthese

N 8525222352385 2
Oy I Antibiotic o 533233352552555
- - Immunosuppressant : . 2
How did we discover the pathway? AR Fumonisin

Proctor et al., Fungal Genet. Biol., 38:237-249 (2003)

Mevastatin o OH coon . .
J\)vm" o on * Biosynthetic genes are
W clustered on genome
0.
m‘mu
Aflatoxin After genome sequencing
=

Hypolipidemic

O Antifungal 7 H —_—

» Structurally and functionally diverse Many SMB genes are detected

8 Rich repository for bioactive compounds
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Platform to find and utilize \/ RBIz@Kxy
natural compound biosynthetic gene information

v'NGS sequencing, assembling, gene annotation

Genomes v'Transcriptome analysis

v'Motif search (antiSMASH/SMURF)
v'Comparative genomic analysis
v'MIDDAS-M analysis

Re-survey genomes
using the new seeds

v'Compound prediction from sequence
v'Gene disruption, LC-MS analysis

v'Gene/enzyme function analysis
v'Over-production
v'Design

Application

Whole utilization of genome and biological omics information

ABTEBELXS
MIDDAS-M: REIEmELY

Motif-Independent De novo Detection Algorithm for SMB gene clusters

Using genome and transcriptome information,
based on the co-regulated gene expression,
sharply detect functional biosynthetic gene clusters (BGCs)

Induction ratio

TR,

Genes on genome

’ Gene expression ‘

Detect motif-unknown BGCs, as well as known ones

Umemura et al., PLoS One, 8(12), 84028 (2014) "

Gene induction ratio

Genes on genome

. - . ABI=MEXSR
Principle of MIDDAS-M algorithm B o o

Producing / non-producing

e e T e
Gene [TT2[3T415161718]9]...

Comprehensive creation
of virtual gene clusters

Expression
o

Virtual gene cluster (T2 1312 R
. (Size=5) [ZIaIalsle)
« For continuous genes on genome W, )
« Change cluster size from 1 to 30 “ErerTEe !
Evaluation of induction ratio o _'*"f‘ 2 Genes on genome
for virtual gene clusters =
3 v
« Sum induction ratios of 3 Processed fa
cluster member genes, % B 2 OU
followed by normalization 2 H ~
E 3 See o
Cluster score (M) =3 ; i
a AR - 1 !
Emphasis on deviation J T -l
from normal distribution v [ R e TR
M nel _Mncl Genes on genome
- a)lncl = I logIJtm‘l
* Introduce score probability P ’ O et :

Umemura et al., PLoS One, 8(12), e84028 (2014) 12

Identification of ustiloxin BGC

8| 28°c/37°C 1
2 c
g | B A
! - = o A
s | = — — = —
38 | < i -
- | Gene deletion Culture Extraction
Q. Lt . i
=
T 2000 4000 6000 8000 70000 72000 14000 )
Aspergillus flavus genes LC-MS analysis
EIC m/z 644.2 [M-H]
RT=8.9 min
e - e gl e
> | wooe o — coon
ﬁ N1N>_> /‘{&QMNJ P |
c wd wo{ o w o = |
8|l : | |
£ IR 9] I d I
o Ustiloxin B — g \‘ “l /gﬂ:y’g:; Vo,r(\,_ y
5 o :
K J
buozss
B e el W
200 300 a0 ‘00 00 0 00 - L T - B
mlz Retention time (min)
Cluster b deletants do not produce ustiloxin B
Umemura et al., Fungal Genetics and Biology, 68, 23-30 (2014) 15
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. . . . . \/ BT Sy
Reannotation of ustiloxin biosynthetic genes
Gene NCBI annotation Gene Functional annotation by blastp against UniProtKB
AFLA_094940 Unknown ustO Pyri ine 5' idase-like enzyme
AFLA_094950 Monooxygenase ustF1 Flavin-containing monooxygenase
AFLA_094960 Cytochrome P450 ustC Cytochrome P450

AFLA_094970 Unknown
AFLA_094980 Unknown
AFLA_094990 Unknown
AFLA_095000 Unknown
AFLA_095010 Unknown

Discover the precursor protein
ustYa Uncharacterized protein
UstP == Peptidase S41 family protein (composed of 2 NCBI genes)

Function reannotation by RNA-seq analysis

AFLA_095020 Unknown ustYb Uncharacterized protein (ustYa homolog)
AFLA_095030 Gamma-glutamyltranspeptidase ustH = i ! ione hydrolase
AFLA_095040 NER<like enzyme ustD  PLP-dependent cysteine desulfurase
AFLA_095050 Dimethylaniline monooxygenase ustF2 Flavin-containing monooxygenase
AFLA_095060 Tyrosinase ustQ Tyrosinase
AFLA_095070 MFS multidrug transporter ustT MFS multidrug transporter
AFLA_095080 Unknown ustR C6 transcription factor (composed of 2 NCBI genes)
AFLA_095090 C6 transcription factor
AFLA_095100 Unknown ustM SAM-dependent methyltransferase
AFLA_095110 Unknown ustS Glutathione S-transferase

ustO ustF1  ustC  ustA ustYa wustP  ustYb ustH  ustD ustF2 ustQ ustT ustR ustM ustS

NRPS

tif in ustiloxin gene cluster

Umemura et al., Fungal Genetics and Biology, 68, 23-30 (2014) 16
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Biosynthetic mechanism of ustiloxins
as fungal RiPPs

. - - - . RBI=@EXR
Two ustiloxins from different filamentous fungi \/ rerzmass

Ustilaginoidea virens

Signal peptide N ]

Aspergillus flavus

Signal peptide N
16

8

MKLILTLLVSGLCALAAPAAKRIDGVEDYAIGIDKR MKESLISILATGEPAAVVAAPTFQENVMAKRASVEDYAIGVDKR
NSVEDYAIGIDKR IDAVEDYVIGVDKR
NSVEDYAIGIDKR IDAVEDYVIGVDKR
NSVEDYAIGIDKR IDAVEDYVIGVDKR
o i f
woi, o  oon NSVEDYAIGIDKR woe — o IDAVEDYAIGVDKR
ux_r{n—/ NTVEDYAIGIDKR S 0N/ IDAVEDYVIGVDKR
il N2 !
RN NSVEDYAIGIDKR et afanes IDAVEDYVIGVDKR
L Do NTVEDYAIGIDKR e IDAVEDYAIGVNK
{ . NSVEDYAIGIDKR \  YVIG
- YAIG NSVEDYAIGIDKR
Ustiloxin B GGSVEDYAIGIDKR Ustiloxin A
NSVEDYAIGIDKR °
NSVEDYAIGIDKR Ustiloxin
GSVEDYAIGIDKKR Ustiloxin A
'GTVEDYAICIDKR

GGSVEDYAIGIDKRHGGH

ustO ustF1  ustC  uStA ustYa ustP ustYb  ustH  ustD ustF2 ustQ  ustT ustR  ustM ustS
- — — ) — . — — — m— {— — b A flavus
U. Virens b < —p m— o m—p e fmm— — = e
uvar UV  UVeb  UVeb Vb uva uvap uva  over  uvep
7494 7493 742 7491 7490 _ramame 7467 _74s6 _7des  _rass

Precursor sequences correspond to the compound structure

Tsukui etal., Bioinformatics, 31:981-985 (2015); Kumagai et al., Genome Announcements, 4:600306-16 (2016) 18

. . . . . A TI=EMELR
Ustiloxin biosynthesis from synthetic precursor elenesv Borior st

A. flavus

Ptefl
ustO  ustF1  ustC ustA ustYa  ustP  ustYb  ustH ustD ustF2 ustQ  ustT ustR  ustM ustS
l YAIG: MKLILTLLVSGLCALAAPAAKR [NSVED YAIG IDKR]x16

! ) ) ) YVIG: MKLILTLLVSGLCALAAPAAKR [NSVED YVIG IDKRIx16
Substitute to synthetic DNA (without intron) FAIG: MKLILTLLVSGLCALAAPAAKR [NSVED FAIG IDKR]x16

ustA gene expression Ustiloxin B production

-
o
=3
=3
=3
IS
S

Left: WT Left WT

_ Right: ustRE —_ Right: ustREX
5 <

H 230

= 10000 %

- X

o ©

ﬁ g 20

S 5000 g

w £ 10

)

YAIG YVIG FAIG WT YAIG YVIG FAIG

Core peptide type *Normalised to p-tubuiin Core peptide type

flavus, but ustiloxin A (YVIG) is not

Umemura et al., Fungal Genetics and Biology, 143:103434 (2020) 19
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== RBET=MEEXS H H H H H EBMI=@ LR
Precursor proteln is processed bv KexB RYeTo lsTHits DETEchRDLORY UstlIOX|n blosvnthetlc mechanlsm Yot ETHurs OF FECHROLORY
la
uStO ustFl | ustC usth ustva ustP  usttb | ustH UStD UStE2 ustQ  ustT et UStR . GstM USES ustO ustF1  ustC ustA ustYa ustP ustYb ustH  ustD ustF2 ustQ ustT ustR  ustMustS
i missin
Aspergillus oryzae RIB40 g Signal-[NSVEDYAIGIDKR], 4 -
WT (A. oryzae RIB40) x AkexB ustREX/AkexB  AP10 (10 proteases deletant)* REX/AP10 - . ONZL 'A;Q" poon
“BiopA, ApepE snpte, 3dpplV. @ o "o i m):oo \ Fmo
15 Ustiloxin B production in V8 liquid media Stopnde Aoperd 9 A\ ; Y N
:rl’("— i N / PLP
e NSVEDYAI enzyme R A
® ustR [ = S, D S L
j HN — COOH
10 ¥ ustR®/AkexB GO/gI apparatus ‘u" - HO 0;‘ OBS_-%NJ © how{ o0 HN L
? FNEDLPI0 NSVEDYAIGID L e T
£ ® ustREX/AP10 o> NN
5 ) H G Ustiloxin B FMOT
/4 @ leidase OH
A NH; — COOH
Cyclization factor o COOH o cooH uom:)\/s o/
0 (UstYa family; DUF3328) o%—,z._/ MT UMNJ paso wow{ o w o
0
o 1 2 3 4 5 6 7 8 word o m o ((Z)) NS /U® Ry
0 —_— 0
Day uz» uu—/; i — " Ustiloxin F
KexB is indispensable for ustiloxin biosynthesis After cyclization, tyrosine is modified with norvaline by 4 enzymes
‘Yoshimi et al., AMB Express, 6:9-16 (2016) 20 Ye etal., Angew. Chem., Int. Ed., 55:8072-8075 (2016) 23
REISRELY : : RIS RExy
KEP survey in the fungal kingdom
KEP: Kex2-processed repeat protein
| Signal peptide? I-----'| Repeat? I------| Kex2 site?
#KEP  per strain
Ascomycota 1024  Filamentous fungi 5372 5.25
Basidiomycota 317 Mushroom 1680 5.30
Distribution of dikaritin biosynthetic pathway Mucoromycota 39 Mucor 357 9.15
in the fungal kingdom Microsporidia 39 | Spore-forming unicellular parasites 68 1.74
Chytridiomycota 16 Saprobic 178 9.37
Zoopagomycota 3 Obligate parasites 185 11.56
Cryptomycota 2 Lack chitinous cell walls 14 4.67
Blastocladiomycota 2 12 6.00
Not classified 2 12 6.00
Total 1461 7878 5.39
Latest assemblies registered in NCBI on Oct 9, 2019 were used
24 Umemura, Fungal Biology and Biotechnology, 7:11 (2020) 25
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s

KEP diversity in the fungal kingdom N B

Total 7878 factors
- 92% strains
- Average 5.39 per strain
- Max 30 in a strain

Clustering
(BlastP e-value < 1E30, hsp > 70%)

'
i
i

v

VY lsel.eod
) 838 types

KEPs are widely conserved in the fungal kingdom with high diversity

Umemura, Fungal Biology and Biotechnology, 7:11 (2020) 27

sordariomycetes

S0 woepog

Discovery of another RiPP

A. flavus type-2a RiPP genes

\/ BIza@exy
UstYa

./O/\r COOH
S NH
i & Lo
reductase family protein \ H (o] o
J,‘ J 0 o N,

- N .. N
W H o | H
¥ B “OH

MHLSRYIAVLLSASSFVSALPLQNDVISDDGSKPIDAI
MATAMEEKVVNPENLDATPATPENPEDLDKR

FYVYTCGVKR NAETPEDLDKR - =
FYYTGVKR NAETPEDLDKR EIC m/z 808 [M-H] Asperlpln-Za
FYVTGUKR NAETPEDLDKR Twr HO Aspergillus ribosomal peptide type-2a
FYYTCGVYKR NAETPEDLDKR
FYVTGYKR NAETPEDLDKR i ‘
FYYTGVYKR NAETPDDLDKR .'?) ‘J\ -
FYYTGYKR NAETPDDLDKR 24 - « Use original Tyr hydroxyl groups
FYYTCYKR NAETPEDLDKR D A ustYa-family gene f lizati
FYYTGVYKR NAETPEDLDKR £ h or Cyc ization
FYYTGVKR NAETPEDLDKR w . . . . . .
FYUTCCKR NAETPEDLDK = Single UstYa-family protein

& .| A precursor gene catalyzes formation of the

) cyclophane structure
» No leader peptide required

Time (min)

Bicyclic novel fungal RiPP was identified by genome mining

Nagano et al., Fungal Genet. Biol., 86:58-70 (2016); Ye etal., Org. Biomol. Chem., 17:39-43 (2019) 28

. - - . RBI=@EXR
Repeat structure is not just for yield increase \/ rerzmass

>A. flavus UstA
MKLILTLLVSGLCALAAPAAKR
(NSVEDYAIGIDKR) x16

> 90
i Replace _
v S — 5
MKLILTLLVSGLCALAAPAAKR — 3
(NSVEDYAIGIDKR) x1/3/5/7/11 Culture _—
HGGH 3
2 60
5]
@
300 s
< -0- A1421, PDB . S
] -®- ustROZ, PDB / =
B -O- A1421, maize [
‘§ g 200 @ UStROE, maize = 80
8 p =
- g Y =0.5439xC + 1.7268x - 3.9144 % y = 8.0103x - 2.8984
< 100 1 - y
£ 2=0.917
£ o pe R2=0.9171
3 0
0
> 0 2 4 6 8 10 12

Repeat number Repeat number
Production increased quadratically with repeat number

Precursor transcript level increased linearly with core-peptide repeat number

Umemura et al., Fungal Genetics and Biology, 160: 103691 (2022) 29
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~
[ Encoder ]

CEO—CCPHS MOS0 )
———

FRREBRIBIL TS X — DR ERERICK BDFEE

AL AMOBI o 3

j‘i}n ;.,Tgago

EEM - CEMTIE/ABE, SECHEMFIEEZLHDSMICGRET TSR FRET I ZIBE
5 ) LBSS) EOMEEEF — D OEREBIRZFAF B BIET UL, HLPBEN A RIEHRE B H ANTZALEETFECLD,
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https://www.biorxiv.org/cgi/content/short/2025.06.02.657346v1 32 33
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