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Questions or
Comments?

“Why am I muted?” 
Don’t worry. Everyone is 
muted except the Presenter 
and the Host. Thank you 
and enjoy the show.

Type them into the
questions box!
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linkedin.com/company/
american-chemical-society@amerchemsociety@AmericanChemicalSociety@AmerChemSociety

Let’s Get Social!
Follow the American Chemical Society on Twitter, Facebook, 
Instagram, and LinkedIn for the latest news, events, and 
connect with your colleagues across the Society.

Contact ACS Webinars® at acswebinars@acs.org

www.acs.org/acswebinars
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Where is the Webinar Recording?

All Registrants
Watch the unedited recording 
linked in the Thank You Email 

for 24 hours.

www.acs.org/acswebinars

ACS Members w/Premium Package

Visit the ACS Webinars® Library 
to watch the edited and 

captioned recording.
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5https://chemidp.acs.org

A Career Planning Tool For Chemical Scientists

ChemIDP is an Individual Development Plan 
designed specifically for graduate students and 
postdoctoral scholars in the chemical sciences. 
Through immersive, self-paced activities, users 
explore potential careers, determine specific skills 
needed for success, and develop plans to achieve 
professional goals. ChemIDP tracks user progress 
and input, providing tips and strategies to 
complete goals and guide career exploration.

6www.acs.org/careerconsulting

Career Consultant Directory

• ACS Member-exclusive program that allows you to arrange a one-on-one appointment with 
a certified ACS Career Consultant.

• Consultants provide personalized career advice to ACS Members.

• Browse our Career Consultant roster and request your one-on-one appointment today!
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APPLY Today! 

www.acs.org/industryworkshop
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If you are a student from a group underrepresented in the chemical sciences, we 

want to empower you to get your graduate degree!

The ACS Bridge Program offers:

• A FREE common application that will highlight your achievements 

to participating Bridge Departments

• Resources to help write competitive grad school applications and 

connect you with mentors, students, and industry partners!

Are you thinking of Grad School?

Learn more and apply at www.acs.org/bridge

Email us at bridge@acs.org
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American Chemical Society 9

Interested? 

Learn more:
www.acsprf.org
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ACS OFFICE OF DEIR
Advancing ACS' Core Value of Diversity, Equity, 

Inclusion and Respect

Resources

https://www.acs.org/diversity

https://www.youtube.com/c/ACSReactions/videos 12
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cen.acs.org/sections/stereo-chemistry-podcast.html 14
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ACS Industry 
Member Programs

• ACS Industry Matters

ACS member only content with exclusive 
insights from industry leaders to help you 
succeed in your career. #ACSIndustryMatters

Preview Content: acs.org/indnl

• ACS Innovation Hub LinkedIn Group

Connect, collaborate and stay informed about 
the trends leading chemical innovation.

Join: bit.ly/ACSinnovationhub

16
Creating Your Title, Abstract, 

and Table of Contents Graphic

ACS on Campus is the American Chemical 
Society’s initiative dedicated to helping students 
advance their education and careers.

acsoncampus.acs.org
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ACS Career Resources

https://pubs.acs.org 18
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Register Now! www.gcande.org
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https://www.acs.org/meetings/acs-meetings/fall-2023.html
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Register for Free Browse the Upcoming Schedule at www.acs.org/acswebinars

Co-produced with ACS Division of Agricultural & Food Chemistry

ERGO: A Potential Answer in 
Mushrooms to Healthy Aging?

Thursday, June 29, 2023 | 2-3pm ET

Co-produced with ACS Industry Member Programs

Chemistry and the Economy: 
2023 Mid-Year Review

Wednesday, July 12, 2023 | 2-3pm ET

Co-produced with ACS Education and the Society 
Committee on Education

How Student Feedback Can 
Help Us Teach Better

Thursday, July 13, 2023 | 2-3pm ET
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THIS ACS WEBINAR® 

WILL BEGIN SHORTLY…

🖐 Say hello in the 
questions window!

www.acs.org/acswebinars

21

22

http://www.acs.org/acswebinars


6/22/2023

12

www.acs.org/acswebinars

23

This ACS Webinar ® is co-produced with ACS Division of Medicinal Chemistry and ACS Publications.

Biosynthetic Breakthroughs: Paving the Way for Future Drug Development

Download Presentation Slides 
under “Handouts” in GTW 
Control Panel

CHRISTINA SMOLKE, PhD

CEO and Co-founder, Antheia, Inc. 
and Adjunct Professor, 

Bioengineering, Stanford University

YI TANG, PhD

Parsons Family Professor, Department of 
Chemical and Biomolecular Engineering, 

Department of Chemistry and Biochemistry, UCLA 

CATHERINE GOODMAN, PhD

Senior Associate Publisher, 
American Chemical Society

Genome Mining of 
Fungal Natural Products

Yi Tang
Department of Chemistry and Biochemistry

Department of Chemical and Biomolecular Engineering

University of California, Los Angeles, USA
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NP Biosynthetic Gene Clusters (BGCs)

Walsh and Tang, Natural Product Biosynthesis – Chemical Logic and Enzymatic Machinery 2017, RSC Press

Central dogma in biology

DNA RNA Protein NP

and biosynthesis

Genome

Biosynthetic genes are clustered

25

Major Natural Products Families and BGCs

• Major NP families are assembled by “core, polymerizing” enzymes, and decorated by “tailoring” enzymes.

polyketides nonribosomal peptides terpenes

polyketide synthase (PKS)

Nonribosomal peptide synthetase (NRPS) terpene synthase/cyclase (TS/TC)

The anchoring core enzymes serve as the starting point for genome-driven NP mining.

26
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Genome Mining of Natural Products

Biosynthetic gene clusters

Natural product

Kim, L., et al. Nat. Chem. Biol. 2021

Cluster 
prioritization

Synthetic biology
Structure elucidation

core

27

Pathway activation

Constitutively overexpress silent 
transcriptional factors

Genomics Guided Natural Product Discovery

Epigenetic changes

Modify chromatin to make       

and                more accessible

Heterologous expression

Oxaleimides from Penicillium oxalicum

Sato, JACS 2017

wild type

hdaA

Activated >75% of 
NP pathways, 

isolated 10 new 
compounds

Mao, ACIE 2015

Inactivate HDAC 
in C. arbuscula

Filamentous Fungi Baker’s yeast

Harvey, Science Advances 2018

P450

Terpene 

cyclase

IPP

synthase

Ornithine/lysine

decarboxylase

P450

Short-Chain

Reductase

aKG-oxygenase

/PLP lyase fusion

Hypothetic 

protein

Nonribosomal 

Peptide synthase

A B F GC D E H I

IC50 : 0.32 mM (HeLa)

Yee, JACS 2020

flavunoidine

28

27
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How to mine new NPs from genomes?

Li and Hillenmeyer, Fungal Genet Biol, 2016; Walsh and Tang, Natural Product Biosynthesis – Chemical Logic and Enzymatic Machinery 2017

How to search through genomes for gene clusters of interest?

Can we search gene clusters based on desired biological activity and structural novelty?

29

Natural Products (NPs) and BGCs

4

3

2

1

Gene

clusters

Natural products 

(metabolites)

known

unknown

known unknown

unknown 

unknowns

biosynthetic 

dark matter

Biermann and E. J. N. Helfrich, mSystems, 2021, e0084621.

Unknown BGC, 

Known Compound

Known BGC, 

Unknown Compound

PKS,

NRPS,

Terpene cyclase,

Etc. 

Types of

BGC

30
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Gene

clusters

Natural products 

(metabolites)

known

unknown

known unknown

unknown 

unknowns

biosynthetic 

dark matter

Biermann and E. J. N. Helfrich, mSystems, 2021, e0084621.

Unknown BGC, 

Known Compound

Known BGC, 

Unknown Compound

PKS,

NRPS,

Terpene cyclase,

Etc. 

Types of

BGC

Natural Products (NPs) and BGCs

31

From NP Biosynthesis to Biocatalysis

Biosynthesis
Science 2009

JACS 2009
ACIE 2013

Semisynthesis by 
biocatalysis

H2O, NH4OH

25oC, pH 9

98%, 75 g/L

Nat. Chem. Biol. 2014

2012

9 rounds of evolution

LovC

LovB

LovA LovF

LovG

Ro et al, JACS 2011

Used in commercial API manufacturing

32

31
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2

1

Gene

clusters

Natural products 

(metabolites)

known

unknown

known unknown

unknown 

unknowns

biosynthetic 

dark matter

Biermann and E. J. N. Helfrich, mSystems, 2021, e0084621.

Unknown BGC, 

Known Compound

Known BGC, 

Unknown Compound

PKS,

NRPS,

Terpene cyclase,

Etc. 

Types of

BGC

Natural Products (NPs) and BGCs

33

(previously) Unknown BGC-Known Compounds

Bo Li and coworkers, Science 2021

Ikuro Abe and coworkers, Nature 2022

Bradley Moore and coworkers, JACS 2022

fluopsin

altemicidin

guanitoxin

34

33

34



6/22/2023

18

4

3

2

1

Gene

clusters

Natural products 

(metabolites)

known

unknown

known unknown

unknown 

unknowns

biosynthetic 

dark matter

Biermann and E. J. N. Helfrich, mSystems, 2021, e0084621.

Unknown BGC, 

Known Compound

Known BGC, 

Unknown Compound

PKS,

NRPS,

Terpene cyclase,

Etc. 

Types of

BGC

Natural Products (NPs) and BGCs

35

Known (BGC) –Unknowns (NPs)

Compound family # of BGC Reported NPs

Polyketides 16
harzianolide, pachybasin

azaphilone

Nonribosomal Peptides 22 peptaibols, gliotoxin

Polyketide-peptide hybrids 8 trichosetin, harzianic acid, 

Terpenes 11 abscisic acid*

RiPPs 1 -

Total 58 9

Biosynthetic gene clusters (BGCs) were predicted by AntiSMASH 5.0

Output for a biocontrol fungus Trichoderma afroharzianum t-22

Most predicted BGCs are cryptic and have no associated NPs

36

35
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How to mine new NPs from genomes?

Li and Hillenmeyer, Fungal Genet Biol, 2016; Walsh and Tang, Natural Product Biosynthesis – Chemical Logic and Enzymatic Machinery 2017

How to search through genomes for gene clusters of interest?

Can we search gene clusters based on desired biological activity and structural novelty?

37

What Makes a Known-Unknown BGC Novel?

• Novel clusters lead to novel natural products

– A cluster that offers minimal clue to the structure of NP

– For fungi, >30 kB of biosynthetic enzymes

– Abundance of tailoring enzymes (redox enzymes transferases, PLP-dependent, pericyclases, etc)

– Hypothetical proteins (including DUFs)

– Atypical core enzyme domain arrangements

– Combinations of core enzymes in a single cluster

– Etc. 

Chiang et al, Nat. Prod. Rep. 2022 38

37
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Example of KU Mining from Fungi

overexpression

1

2

3 3′ 4 7

6

5 8 9 10

λ=210nm

OE

wild type

Sato et al., JACS, 2017

Penicillium oxalicum 
from Baja  

P450-1 P450-2

enoylreductase

oxidoreductase

hydrolase

pericyclase

amino
transferase

Polyketide synthase-
nonribosomal 

peptide synthetase (PKS-NRPS)

Polyketide 
Synthase 

(PKS)

P450-3 oxidoreductase

Transporter regulatory

oxaleimide A (1) oxaleimide B (2)
oxaleimide J (9)

IC50 : 0.32 mM (HeLa)

39

Example of KU Mining from Fungi

P450

trichodiene

synthase

ophiobolin F 

synthase

ornithine/lysine

decarboxylase

P450

short-Chain

Reductase

aKG-oxygenase

/PLP fusion

histone-lysine 

N-methyltransferase

Nonribosomal 

Peptide synthase

(A-T-C)

A B F GC D E H I

The cluster is entirely conserved in Aspergillus oryzae. Aspergillus turcosus, etc. 

Yee et al., JACS, 2020

Aspergillus nidulans

flavunoidine
(unknown biological activity)

40

39
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Genome Mining for Desired Activity

New Compound? Bioactivity? Target?

flavunoidine

oxaleimide J YES

YES

YES

NO

NO

NO

41

Mining Guided by Self-Resistance Enzyme

Limit growth
Cell deathSelf-resistance 

enzyme

Housekeeping
enzyme

Housekeeping
enzyme

A BA B

No resistance 
enzyme

Self-resistance enzyme

Producing organism Invading organism

▪ provides the essential resistance needed to 

neutralize the effects of the natural product on 

the producing host. 

▪ is frequently a mutated version of a 

housekeeping enzyme that is 

insensitive to the natural product 

and performs the same function.

▪ The encoding gene is colocalized in the 

natural product biosynthetic gene cluster.

Provides a predictive window to the function of the NP encoded by the gene cluster

cluster

NP

42

41

42
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Step 1: Biosynthetic cluster Identification

Step 3: Biological Activity Demonstration

Molecular Biology          Analytical Chemistry                Bioassay

Genomics Bioinformatics

Step 2: NP Production and Target Validation

Lead Verification    Medicinal Chemistry        Activity optimization 

Target

BGC Activation
Metabolism Analysis

Structure Elucidation

Mining Guided by Self-Resistance Enzyme

43

Target: Branched Chain Amino Acid Biosynthesis

Isoleucine, 

valine

acetolactate synthase

(ALS)

acetohydroxy acid 

isomeroreductase 

(KARI)

dihydroxy acid 

dehydratase 

(DHAD)

The BCAA pathway is present in bacteria, fungi and plants, but absent in animals and humans.

Attractive as targets for antimicrobials (esp anti TB) and herbicide development.  
leucine

44

43
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BCAA as herbicide targets

acetolactate synthase (ALS) acetohydroxy acid 

isomeroreductase (KARI)
dihydroxy acid dehydratase (DHAD)

ALS is the most common 
target for registered herbicide Acta Crystallogr. D Biol. Crystallogr. 2000; 56, 389

Successful crystallization of KARI 

can guide rational design of inhibitors

1. Targeted for development of 

herbicide by major ag chemical 

companies with no success.

2. No crystal structure available.

3. No natural product inhibitor of DHAD 

is known.

Bioorg. Chem. 1993; 21, 367. 45

A Potential DHAD Inhibitor BGC

5 kb
DHAD (SRE) TS P450 beyond BGC

Capronia epimyces CBS 606.96

astD astA astB astC

Aspergillus terreus

Neosartorya fischeri NRRL 181

Penicillium brasilianum

Penicillium solitum strain RS1

Gene Conserved domain

astA Trichodiene synthase (TRI5), pfam06330

astB Cytochrome P450, pfam00067

astC Cytochrome P450, pfam00067

astD Dihydroxy-acid dehydratase, PRK00911

A. terreus NIH 2624, scaffold 6 (NT_165929.1, 469,00-486,00), 17 kbp

A conserved fungal terpene BGC contains DHAD as second copy (60% identity) in addition to the housekeeping DHAD

46

45

46
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Heterologous Expression of BGC in Yeast

Original isolation: 
J. Chem. Soc., Chem. Commun., 1978, 160-161. 

aspterric acid

Saccharomyces cerevisiae Rc01

astA astB astC

Titer: ~ 20 mg/L

astD astA astB astC

Yan, et al, Nature 2018

kcat =3.0 s-1

Km > 20 mM

kcat = 0.05 s-1

Km = 5.4 mM

Aspergillus terreus
DHAD (housekeeping)

Aspergillus terreus
AstD (resistance?)

Kinetic 
parameters

AA inhibition 
parameters

IC50 = 0.31 μM

IC50 > 8 mM

(solubility limit)

kcat = 1.2 s-1

Km = 5.7 mM

Arabidopsis thaliana
DHAD (target)

IC50 = 0.50 μM

Ki = 0.3 mM

Competitive

AA sensitivity

sensitive

insensitive

sensitive

47

Mechanism of Inhibition

unpublished 48

47

48
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Top view

Side view

Herbicidal Activities of AA

*solvent 250 mM AA + *solvent

Growth inhibition of plant on agar plate

Yan, et al, Nature 2018 49

50

49
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4

3

2

1

Gene

clusters

Natural products 

(metabolites)

known

unknown

known unknown

unknown 

unknowns

biosynthetic 

dark matter

Biermann and E. J. N. Helfrich, mSystems, 2021, e0084621.

Unknown BGC, 

Known Compound

Known BGC, 

Unknown Compound

PKS,

NRPS,

Terpene cyclase,

Etc. 

Types of

BGC

Natural Products (NPs) and BGCs

51

Search for the Unknown/Unknown

Biermann and E. J. N. Helfrich, mSystems, 2021, e0084621.

What makes a cluster UU?

• No predicted core enzymes (PKS, NRPS, TS, 
Prenyltransferase) → new methods to generate 
molecular scaffold (C-X bond formation)

• Abundance of modification enzymes (redox 
enzymes, transferases, PLP-dependent enzymes, 
pericyclases, etc)

• Hypothetical protein (HP)

• DUFs (proteins with domains of unknown function)

• Etc. 

52

51

52
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Penicillium variabile

Talaromyces proteolyticus

Aspergillus 

thermomutatus (ank)

Aspergillus novofumigatus

Aspergillus fischeri

NIS P450 ABC PLP FMO MT HPHP

Example of Unknown-Unknown BGC Mining

gene predicted function

E NIS synthetase

B cytochrome P450

H ABC bile acid transporter

A hypothetical protein

D PLP-dependent transferase

C FAD monooxygenase

F O-methyltransferase

G hypothetical protein

ABE D C F GH

Yee, et al, Nature Chemical Biology 2023 53

Heterologous recon. of ank cluster

Aspergillus nidulans A1145

Aspergillus 

thermomutatus (ank) NIS P450 ABC PLP FMO MT HPHP

ABE D C F GH

New compound, but..

NK13650 A

NK13650 C

Tohyama, JOC 2012

Yee, et al, Nature Chemical Biology 2023 54

53

54
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Biosynthesis of NK13650

Aspergillus 

thermomutatus (ank)

NIS P450 ABC PLP FMO MT AGEHP

ABE D C F GH

Ank verified function

E citrate ligase

B cytochrome P450

A hypothetical protein

D PLP-dependent C-O forming

C FAD monooxygenase

F O-methyltransferase

G ATP grasp enzyme

Building molecular 
complexity without core 
“polymerization” enzyme

55

AnkA is the core enzyme?

Aspergillus 

thermomutatus (ank)

NIS P450 ABC PLP FMO MT AGEHP

ABE D C F GH

A hypothetical protein

Initial assignment

518 aa protein

No predicted function

No characterized sequence homolog

No structural homolog

No sequence resemblance to NRPS 

or bacterial CDPS.

A Cyclo-Arg-Tyr synthase

Verified function in yeast

control

ankA

AnkA is the core enzyme in this pathway!

Yee, et al, Nature Chemical Biology 2023
56

55
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Over 100 homologs of AnkA detected from JGI/NCBI blast searchMAFFT 

phylogenetic tree

amaA (id: 28%; cov: 70%)

ateA (id: 28%; cov: 70%)

pthA (id: 28%; cov: 70%)

avaA (id: 28%; cov: 70%)

anoA (id: 29%; cov: 68%)

eshA (id: 33%; cov: 68%)

ankA

cRY

cRP

cRE

cRD

cRW

cRL

57

Genome Mining of AnkA-like Enzymes

Over 100 homologs of AnkA detected from JGI/NCBI blast search

cRY

cRP

cRE

cRD

cRW

Cyclodipeptides accessible through 

CDPS expression in E. coli

Canu and Magarvey 2019

Fungal AknA homologs (CDRPSs) generate rare and new-to-nature Cyclo-Arg-Xaa didpeptides.

cRL

58

57
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Using CDRPS to find UU Natural Products

Aspergillus 

versicolor (ava)

DY225

Aspergillus nidulans A1145

New compound identified from UU genome mining

KFA FMO CDRPS HP MFS

AB EDC gene predicted function

A cRW synthase (verified)

B FAD monooxygenase

C kynurenine formamidase (KFA)

D hypothetical protein

E transporter

59

Using CDRPS to find UU Natural Products

Aspergillus 

versicolor (ava)

KFA FMO CDRPS HP MFS

AB EDC

gene predicted function

A cRW synthase (verified)

B FAD monooxygenase

C kynurenine formamidase (KFA)

D hypothetical protein

E transporter

DY225

DY225 may not represent the final NP of the cluster. Surrounding enzyme (including P450s) are currently being tested for function.

60

59
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Conclusions

4

3

2

1

Gene

clusters

Natural products 

(metabolites)

known

unknown

known unknown

unknown 

unknowns

biosynthetic 

dark matter

unknown BGC, 

known Compound

known BGC, 

unknown Compound

known BGC, 

known Compound

New Enzymes

New Biocatalysts

New Enzymes

New Biosynthetic Logic

New Structures

Targeted Bioactivities
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Edited Recordings
are an exclusive benefit for ACS Members with the 
Premium Package and can be accessed in the 
ACS Webinars® Library at www.acs.org/acswebinars

Learn from the best and brightest minds in chemistry!
Hundreds of webinars on a wide range of topics relevant to 
chemistry professionals at all stages of their careers, presented 
by top experts in the chemical sciences and enterprise.

Live Broadcasts
of ACS Webinars® continue to be available free to 
the general public several times a week generally 
from 2-3pm ET. Visit www.acs.org/acswebinars to 
register* for upcoming webinars. 

*Requires FREE ACS ID

www.acs.org/acswebinars
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ACS Webinars® does not endorse any 
products or services. The views expressed in 
this presentation are those of the presenter 
and do not necessarily reflect the views or 
policies of the American Chemical Society.

Contact ACS Webinars® at acswebinars@acs.org
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