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Rhodosporidium toruloides?

Heterologous
lipid bioproducts

Acetyl-CoA =>malonyl-CoA —>Fatty acids—>TAG

Heterologous
Mevalonate terpene
bioproducts

Rhodosporidium toruloides FPP Steryl esters

» Utilizes lignocellulose l

. GGPP =™ Carotenoids
* Fast growing
v" Naturally high pool of acyl-CoA and TAGS

v" Naturally high flux through mevalonate

» Metabolically versatile pathway

Good platform host for heterologous
terpene and fatty acid bioproducts

» Oleaginous, carotenogenic

» Genetically tractable
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Current Targets and Potential Beachheads

Target 1: Terpenes- biofuels and bioproducts (adhesives, insect repellents, polymers, fragrances, food additives)
Target 2: Fatty Alcohols- Detergents, lubricants, plastics and cosmetics. $5.2 billion in 2011 globally. Grow at

4% CAGR in next decade.

Transfer Target: 3HP- acrylate polymers, biodegradable polymers
Beachheads: These targets pull from many versatile metabolites that provide opportunities to produce literally
thousands of bioproducts. Beachhead stains could be an asset ABF offers to enable industry to focus on the

“last mile”.

2.5 gl/L titer

7.4 g/L titer

Fatty Alcohols

“beachhead”
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ABF DBTL Infrastructure
DNA

ﬁ-‘ol‘

Sequence
Validation

Integration = ¥ oL

Test

control
coefficients

Bayesian Inference: Kinetic Learning Biosensors

Metabolic Kinetics |
J L m Transcriptomics,
\ /\ O ‘ Metabolomics,

Proteomics, &

Data Quality ) 1E S,
EDD Assessment LabKeV Lipidomics

Metabollc Modelmg Deep Learning

U.S. DEPARTMENT OF Energy EﬁlC]enCy &

4 | ©2016-2019 Agile BioFoundry ENERGY | rencwavie Energy J:{- Agile BioFou ndry

BIOENERGY TECHNOLOGIES OFFICE



Host Onboarding -Tier system

Fungi

Algae erpenes wax esters
rimicues [ Hosts | " """ Targets | """ ¢ <ETler System Criteria - ”Hostablllty\

Archaea i alkanes
Actinobacteria fatty acids ¢ ohol
Cyanobacteria atty alcohols

Proteobacteria polyhydroxyalkanoates
gi

Tier 1

Annotated genome; growth conditions; growth kinetics and simple growth models;
antibiotic susceptibility; selectable markers; transformation methods; plasmids/vectors;
basic expression parts; biosafety/biosecurity information

Onboardable |Tier2

Substrate utilization panel toxicity profiles; bioreactor growth; counter-selectable
markers; integ| y ch | safe sites/landing pads; induction
Tier <1 panel of itutive pi RBSs, termi s; models of promoters and
RBSs/Kozak ale Jels; pan lysis; transcrip:

pri bolomi

Tier 3
Bmsensors, ceIIuIar stress momtormg, CRISPR/CAS, Lambda Red, Cre-lox systems;
on platforms; gene expressmn tuning; high throughout
Design HOSt protein i ing platform, idomic and gl d centralized omics
I databases; multi-omic data integration and ', ; protein localization; protein
‘ m p roveme nt degradation tags; protein interactome datasets; 1*C-MFA experiments and model;
kinetic model; population balance model

Build Tier 4

Culture scalability; saturated deletion/loss of fi ion libraries; ic overexpression
platform; adaptive laboratory evolution/cell sorted libraries; baseline strains for
maximal flux to metabolic nodes; cellular state sensors and dynamically regulated
Test production strains; signaling model, gene regulation model, multi-scale model;
predictive cellular model

Target/Host Pair
Ranking

Tier >1

Learn

/

» Tier 1 represents the basic tools needed for DBTL
* Hosts that do not meet Tier 1 require further development prior to usage
» Tools increase in sophistication as an organism moves up Tiers

Not all tools in all Tiers are required for all organisms
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Host Development- Tier Elevation

» Many tier elevation efforts currently under way for FY21Q1 HOD R1

*FY21Q1_HOD_R1 Continue host improvement to elevate 2-3 onboarded hosts at least one Tier.
*FY21Q4_DBTL_AS1 (SOP coverage of core DBTL unit operations)

Expanding Parts: Promoters
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A toolset of constitutive promoters

for metabolic engineering of Rhodosporidium
toruloides

Luisa Czamanski Nora'2*®, Maren Wehrs?3*, Joonhoon Kim?3, Jan-Fang Cheng®®, Angela Tarver®s,

Blake A. Simmons, Jon Magnuson®®, Miranda Harmon-Smith®, Rafael Silva-Rocha’, John M. Gladden®7,
Aindrila Mukhopadhyay™**®, Jeffrey M. Skerker™™ and James Kirby™*”
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Codon Optimization
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CRISPR_
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Metabolic Model

.‘ ) Dicer
AP P
ESALD)

g =% X
ESCHER https://escher.github.io/ i

Functional Genomics: TnSeq

Transfer DNA (TDNA) NN NS
SN PEE
ATMT Map (Tnseq) Count (Barseq)

Agrobacterium tumefaciens
mediated transformation

Associate barcodes with
insertion locations

Quantify strain abundance
in experimental conditions
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CRISPR Toolset iIn R. toruloides

» Developed 1%t approach for simultaneously deleting 2+ genes in Rhodo

tRNASY tRNASY SUP4 Terminator

sgRNA
Handle

-
o
o

~
(3]
|

CAR2 Editing
Efficiency (%)
g

N
3]
"

123 4

CAR2 sgRNA
Target Sequence

» ABF actively using this tool to expedite targeted gene deletion in Rhodo
» Exploring advanced CRISPR techniques for enhancing editing of DNA/RNA

Mxi1 B
Utilizing co-transformed Next-gen DNA-editing _
Repress Cpfl built, being e s
RNA

Donor DNA for targeted Wi _
insertion t?,St?d in Rhodo

Target Gene

Next-gen RNA-editing
Cas13 built, being

dCas9 constructs
tested in Rhodo

built to repress

eGFP in Rhodo
Energy Efficiency &
-f} Agile BioFoundry

Otoupal et al. Multiplexed CRISRP-Cas9-Based Genome Editing of Rhodosporidium. m%ﬁ%‘%
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Establishing RNAI in R. toruloides

» RNAI can be a valuable screening tool, especially for partial knockdown of essential genes, like ACC1,
the major switch for lipid metabolism.

» Can we develop this tool for R. toruloides?
*FY21Q1 HOD_R1 Continue host improvement to elevate 2-3 onboarded hosts at least one Tier.

200000 Fluorescence - RNAi Candidates * Double inverted promoter RNAI targets GFP in

rioncs | Wb wodn  mash bisabolene synthase-GFP fusion gene

B Target: Bisabolene synthase fused to GFP
< 250000 A
ujé 200000 + * 10007 20007 30007 40007 5000 .
2 co000 | E

(GlySer)3_linker NOS terminator
100000 + .
RNAIi: GFP double promoter
50000 - : : : : : .
o | pGapDH SRR TEFL
S R S Sl I S A O B A LN RN G
o

* Good correlation between GFP
« Successful knockdown of GFP fluorescence in fluorescence and bisabolene titers indicates

RNAI strains RNAI leads to full transcript degradation.
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TnSeq: A Simplified View

» Combines transposon-based mutagenesis with high throughput seque
genes involved in a biological function

ncing to identify

Starting population:

A mixed pool of mutant strains

Each strain has an insertion in a different location
Insertion locations have been mapped to different genes

Experiment:

Mutant pool is cultivated in condition of interest and re-sequenced
Changes in relative abundance for each mutant is calculated as a ‘Fitness Score’

Reference

Compare
<58 Sample S Sequence a3 counts Abundances
7S EEEE) -5 EEEE -G counts —)
v % C: 7 count
w A: Log, (4/3) = +0.4
B: Log, (7/6) = +0.2
After 5-7 C: Log, (1/7)=-2.8
Generations o - Sequence A- 4 o nt
025,, B: 7 counts J
C: 1 counts

Q Mutant A

(D Mutant B
O Mutant C
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ABF- Multi-omics Analysis

* Single-sample Metabolite, Protein and Lipid Extraction

— Method developed previously: Burnum-Johnson et al. Analyst, 2017, 142, 442-448
— Now used at the ABF

v
Protgins Metabolites / Chemicals

Metabolomics
Multiple analytical approaches required
Proteomics GC-MS, LC-MS, &
Global LC-MS/MS & targeted 13C metabolic flux analysis
proteomics, whereby a complex sample
is spiked with a stable isotope-labeled
peptide that acts as internal standard

Proteomics (global + targeted) Metabolomics/Lipidomics (Intra/Extracellular)

Genomics/transcriptomics
Primarily sequencing technologies

P. putida >300 datasets >500 datasets
A. pseudoterreus >250 datasets >450 datasets
R. toruloides >250 datasets >300 datasets
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.
Metabolic network modeling of R. toruloides

»The genome-scale metabolic network reconstruction of R. toruloides was
generated and validated against high-throughput experimental data
» The metabolic model was used to model lipid accumulation and elucidate

lignocellulosic carbon utilization pathways using omics-data
*FY21Q1 HOD_R1 Continue host improvement to elevate 2-3 onboarded hosts at least one Tier.

Growth phenotype prediction Metabollc pathway elucidation

Biolog Data Model Prediction HhydroxybenzoykCon_
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Roadmap to Automation in FY20 and Beyond

» Use demonstration project workflows as a baseline for developing automation platforms
» In FY20, define workflows and develop SOPs
» In FY20, start with Build workflows, and determine what can be automated

Automation . .
“FY20Q3_DBTL_RS5 (Identify DBTL Transformation workflow for R. toruloides

tasks suitable for automation) .
*FY21Q4_DBTL_RS5 (Workflow i bl s
automation 2x efficiency

improvements) Can be use_d for
*FY22Q4_DBTL_AS1 (5x efficiency Plate 1 mL of YPD in to - s [l = Pellet cultures n the - Aoplrsts uparnetat, transformatlon, and soon

the wells of a 96-well late by spinning at . - .
improvements) plate SSRGS 3000 for 5 minuts LA for plasmid isolation

Manual step

Prepare transformation

Measure 0D, of the

el nEe Plate-based/Multi-channel step Biomek

well plate

Automated step

generate a ﬂnal 0D, of

Aspirate supernatant,

Standardization Pellet cutures i the

*FY20Q1_DBTL_R1 (Standardization [ @it o
of 4 DBTL unit operations)
*FY21Q4_DBTL_AS1 (SOP b

resuspend cell pellet in

Pellet cultures in the

Aspirate supernatant, Pellet cultures in the .
e e e - resuspend cell pellet in ‘ el o
resuspend cell pellat in ‘ plate by spinning e Eae plate by spinning a

lithium acetate (pH 7.6)

0.7 mL of water 3,000 x gfor 5 minutes 3,000 x gfor 5 minutes

Aspirate supernatant,

Pellet culty in the
e resuspend cell pellet

Add 34 pL of DMSO t
Incubate plate at 28° C o @

COVerage of core DBTL unit 0.1 mL of 150 mM - L L - with 360 pL of - for 1 hour - AT

lithium acetate (pH 7.6)

3,000 x g for 5 minutes thoroughly

transformation mix

operations)

Incubate plate at37° C Pellet cultures in the I Aspirate transformation I Pellet cultures in the I Aspirate supernatant,

for 5 minutes in a water - plate by spinning at mix, resuspend cell plate by spinning at resuspend cell pallet B | (0] I ec t or
bath 4,500 x g for 1 minute pellet with 1 mL of YPD 3,000 x g for 1 minute with 1 mL of YPD R .
Microfermentation
R 48 well plates measuring

Aspirate supernatant,
Incubate plate at 28° C - e e - e AR - selective plates and

3,000 x g for 1 minute with 100 L of water Incubats for 3 days st pH, B|OmaSS, and %DO

30°C

Qpix
Used to spread
cultures onto
agar and pick
colonies

shaking overnight

U.S. DEPARTMENT OF Energy EﬁlClenCy &
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Fatty Alcohols in R. toruloides

 Versatile family of chemicals
— Detergents, surfactants, cosmetics and food applications
— $5 billion global market with ~4% projected annual growth
« Current production methods require petrochemicals
— Multiple processes from ethylene and alkenes
— Hydrogenation of fatty acid methyl esters from natural oils

« Short enzymatic path from R. toruloides’ efficient fatty
acid biosynthesis pathway

 Potential platform for other fatty acid pathway derived
products

EEEEEEEEEEEE Energy Efficiency &
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FOH (mg/L)

FOH Strain Engineering and Media Optimization

s 100 * Obtained a baseline FOH producing strain
T %+ Engineerto enhance flux
23 1]
20 ~
?é 0 T = ; = T E T = T = T = T = T =
2 slZ|e|2|e|g el2|e|2|e 2 828X
6 g g g 3 3 g 3 g
MAQU_2507| TaFAR2 |MAQU_2220| AICER4 | AMFAR1 | TaFAR1 | GgFARL | AdFAR1 |
500 - ®dodecane lIntracellularCon%)t.%lCt —=—maquFOH - no tergitol
1 maquFOH - 0.1%...
4 1 i W
00 - 0.6 Muwng.muuulluﬂuuﬂllmuu
300 1 Developed methods to
200 - * Promote FOH export
100 - * Alleviate FOH toxicity
=
0 . O ]l/r T T T T 1
RN O 5 10 15 20 25
. \0
$* o © SR Time (h)
Tergitol Conc. Liu et al, in preparation
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Gene Source organism
Rt_Maqu_2507 |bacteria M. aquaeolei
Rt_TaFAR2 barn owl
Rt_Maqu_2220 |bacteria M. aquaeolei
Rt_AtCER4 Arabidopsis
Rt_ AmFARL1 honey bee
Rt_TaFAR1 barn owl
Rt_GgFAR1 domestic chicken
Rt_AdFAR1 domestic goose
200 FOH Production in High Sugar Media
600 | 1
I 500 ¢ Optimized DMR media
€40  composition
g so0 * Setup multi-omic
L 200 analysis for N response
I B
0
DMR DMR Mock Mock
5¢g/L 1lg/L 5¢g/L 1lg/L

NH4SO4 NH4SO4 NH4S04 NH4SO4
J;:_‘E Agile BioFoundry



Microbial Fatty Alcohol Production

N\/\RACP Acyl-ACP Reductase (ARR)

AR ——— VW WA,
Synthesis

ACP - Aldehyde
Fatty-acyl-CoA Reductase (AHR)
Reductase (FAR)
0A

W
;‘ C Fatty acyl-CoA H

TAG Synthesis

* synthetase j
W\/\/\/\R Carboxylic Acid
Reductase (CAR)

AMAAMY S oo

EEEEEEEEEEEE Energy Efficiency &
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FOH Host Pathway Engineering: Rational Targets

Phospolipids
Glc f&
Host engineering to / . \

\

FFA=»> FOH

a. Enhance the pool of:
»acetyl-CoA

>acyI-CoA Pyr AcCoA Malonyl-CoA FOH
»NADPH h
' Jl

f' N\’/Iito/Per
[B-oxidation
—p Citrate EA \ . y

b. Knock down
competing pathways:
» TAG biosynthesis

: : IDH & ICL: biosynthesis
> B-oxidation mimic N, Acyl-ACPs 4
Ltamate
”””””””””””” Energy Efficiency &
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FOH Host Pathway Engineering: Non-intuitive Targets

Random integration of H Igh
barcoded T:T; v::slseﬂe Accumulate b u oya n cy
03 Nz Lipids Collect
- - e fractions E Log, (Hioh)
A. tumefaciens | E. coli shuttle vector Buoyancy 1
\ — ' buoyancy
I~ aQ:O?
0 _, | High
S5 /s BODIPY
Grow E =Lo High
Stain with %(Tow)
BODIPY & - — Low
FACS sort ¥ N BODIPY
Accumulate Separate BarSeq
Lipids Fractions Fractions

Coradetti et al., 2018
EﬁEﬁEFY EZ:fxaiT:Er?:réj ﬁ, Agile BioFoundry
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ABF Design and Build Infrastructure

D/VA

My Designs My Projects

»Use ABF DIVA for Design BEE - e e
and Build the majority of o o ° P °
FOH constructs O D

ori Linker ATMT_pTEF1 Heterologous
> 106 C O n St r u CtS b u | | t :erm‘ to_origin ?nken -pvs1,_m,,p1EF1 :GLZ‘ S288¢
Linase TLL
Constructs built by DIVA oL e
80 -LIP1,,Cneinhardtii
60 -LlpE,human
40 "LIPE. human Cais
20 I I I I -CGI.’:B, LIPE_human
0 l I ;I Lphytofermentans
April June July August -
EReview ®Construction ™ Finished
EEEEEEEEEEEE Enerav Efficien
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Fatty acyl-CoA

Acetyl-CoA NADPH

FOH Host Pathway Engineering

» Overexpression of several host targets increases FOH titers
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.
FOH Host Pathway Engineering

» Knock-out of several host targets identified KO targets that improve FOH titers

2000
1500
1000

500

FOH production (mg/L)
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TAG biosynthesis  f-oxidation

e==— TCAcycle

FOH Deg

- - - - il _——
rial 1- 2

Non-intuitive targets

informed by BarSeq

|
| |

Parent
Strain

I

ot

SM
AIDH
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APLIN1
ABCSL2
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Test & Learn Workflow

Design

» Bringing the DBTL together with
Build the Experimental Data Depot

Test EEEE) Multi-omic 1
Experiments Test

EDD study Samples

OGR!

- Test Data TestData
| Processed ‘ Generated

Eﬁ"‘E"WRE'EFY Energy Efficiency & i )
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Multi-omics data on metabolic maps

FOH production strain vs wild-type
Transcriptomics Log2 Fold Change
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FOH (mg/L)

Optimizing FOH Production in DMR/Mock Media

Massively Different N response on DMR
FEED OFF

2000 Pearson Correlation Average Linkage
FOH 16
1500 —_—
= -0.8
1000
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500

0
Days / \ HN l LN HN l LN
\\Q) DMR Mock
-@- Glucose Flask (Fed Batch) -+—Glucose Fermenter (Fed Batch) @
o N  Fatty alcohol dehydrogenases induced on DMR
DMR/Mock
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Media Optimization to ID Factors that Affect FOH

5O - FOH production vs Growth .o

- » Higher trace elements
- 800 - lead to decreased FOH
production

30 - - 600
20 400 < O « Individual metal titrations
revealed the
10 200 FOH/Biomass effect is
0 - 0 E dominated by Zn
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DMR Hydrolysate Has Too Much Zinc

TPEN:
N,N,N’,N’-Tetrakis(2-
FOH and Growth on DMR + TPEN pyridylmethyl)ethylenediaminex
700 60
600 50
o
< 500 09 é
§,400 30 @
T 300 =) _
@) 20 O + Chelating agent
Q 200 o -
100 10 ¥Vlth _hlgh affinity
0 l 0 or zinc
0O 125 25 _ _
“M TPEN . FoIIow_-on studies will focus on
exploring
mFOH = OD 600 * Zn-dependent fatty

alcohol dehydrogenases
» global response to Zn
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ART for Media Optimization

> We collaborate with LBNL to use Automated Recommendation Tool
(ART) to help optimize FOH titers in DMR

.QQ#‘@‘?‘Q

Use biolector or
Ambr 250 to test
many media
additions to
DMR
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> art »

Use ART to
predict optimal
medium for FOH
production in
DMR
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FOH Produciton in High Sugar
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Learn: Automated Recommendation Tool (ART)

» ART uses machine learning to analyze variant data sets and make predictions for optimal configurations
» Flexible, can be used to make pathway recommendations, optimize media, etc.

:}'.Q : 082 Machine learning i |
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