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The BioEnergy Science Center
A multi-institutional, DOE-funded center performing basic
and applied science dedicated to improving yields of
biofuels from cellulosic biomass
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BESC mission statement

Cellulose Microfibril

To enable the emergence of a sustainable
cellulosic biofuels industry by leading advances In
science and science-based innovation resulting In
removal of recalcitrance as an economic barrier to
cost-effective production of biofuels
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Overcoming biomass recalcitrance iNEEGY

remains the single coherent theme for BESC

Recalcitrance:
Resistance to
breakdown

into sugars ., h Fuel(s)

ellulosic
" biomass “Access to the biomass sugars” is the most costly aspect

in current processes
Greatest cost reduction potential
Advances necessary and sufficient to enable cellulosic
biofuels industry
Enabling for all products, fuels, co-products
ethanol likely first, advanced fuels next

0=[BESC
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Access to the sugars in lignocellulosic

B> U.S. DEPARTMENT OF
© ENERGY

Office of Science

biomass IS the current critical barrier

* Overcoming this barrier will
cut processing costs
significantly and be used in
MOSt conversion processes

* This requires an integrated,
multi-disciplinary approach

* BESC believes
biotechnology-intensive
solutions offer greatest
potential
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Top science accomplishments

* Genetic improvements to switchgrass
* Natural and genetically improved variants of Populus

* Development of genetic systems for C. thermocellum and
Caldicellulosiruptor

* Tolerance to key inhibitors of microbial fermentation

* Cellulolytic microbes more effective than cell-free systems
* Modified yeast the basis of commercial development

° Production of isobutanol directly from cellulose

* High-throughput platform handles tens of thousands of
feedstock samples

BioEnergy Science Center
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Three mailn science areas ENERGY

Office of Science

CONMPUJTATIONAL BIOLOGY
OMIGS  PREJREATIVIENT. CHARACTERIZATION

ENABLING TECHNOLOGIES %@BESC
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. © ENERGY
A two-pronged approach to Increase  ocorsdene

the accessibility of biomass sugars

Modify the plant cell wall Improve combined microbial
structure to increase approaches that release
accessibility sugars and ferment into fuels
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Both utilize rapid screening for relevant traits followed by detailed analysis of selected samples
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BESC:
biofeedstocks
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Genetic manipulation of lignin improves

biofuel production from switchgrass

Down-regulation of a single gene
reduces recalcitrance with no
apparent growth defects and leads
to:

— Increase in ethanol production by
over one third.

— Reduction in needed severity of
pre-treatment.

— Evidence that biofuel processing
costs can be reduced by at least
20% with 300-400% lower enzyme
costs.

Fu et al. PNAS, 2011

A2, U.S. DEPARTMENT OF
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Wild-type (L) and 3 transgenic switchgrass plants (R)
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Modified switchgrass in field trials

Field Trials at UT-Knoxville

st A

|d Trials at Ceres TAMU facility
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Mathematical modeling elucidates
control of lignin biosynthesis

Ratios of lignin monomers can be a significant
contributor to recalcitrance of biomass to
cellulosic biofuel conversion.

BESC researchers developed a novel model
combining static flux-based analysis with Monte
Carlo simulation to identify control points in the
lignin biosynthetic pathway.

The model, built upon experimentally generated
S/G monolignol data from stem internodes of
transgenic alfalfa (Medicago sativa L.) lines,
predicted new metabolic channels and novel
regulatory control schemes which then were
confirmed experimentally (e.g., salicylic acid).

Such wall biosynthesis pathway models are
indispensable tools in the rational design of
feedstock crops for efficient biofuels production.

A2, U.S. DEPARTMENT OF
W ENERGY

Office of Science
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The mathematical model allowed the inference of metabolic
channels as well as a significant regulatory mechanism
controlling the pathway.

Lee et al., PL0S
Comp. Biol. 2011
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Switchgrass highlights

® Atransformation efficiency of more than
90% has been achieved.

* |t takes only about 4 months to produce
In vitro rooted plants.

* Alarge number of independent
transgenics (>800) were produced in 6
months. 20 RECC

Fu, Wang, Dixon/Noble D=0 ﬂ_}

BioEnergy Science Center
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Populus highlights ENERGY

Office of Science

Populus association genetic mapping yields
reduced recalcitrance lines and affected genes in the natural population

omon Gardens Phenotypic Variation Gene ID using OTL/LD Mapping
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Lignin content and composition in
natural Populus variants affects | Offceof Science
sugar release

® The largest recalcitrance studies of Populus
natural variants.

¢ Strong negative correlation between lignin
content and glucose release does not apply

to biomass samples with an S/G ratio > 2.0. Orihogonal refationship plot betueen lignin
1100 Populus natural variants.
® Certain natural variants yielded unusually s
high sugar yields with no pretreatment. S R
® SNP discovery revealng new recalcitrance = | PRI
genes L 4 i? o' o
1 Ilgnm content [% ] %
Contact: Charlie Wyman (charles.wyman@ucr.edu, 951 781-5703) =9 D) : C/
Funding Source: DOE Office of Science BioEnergy Science Center ¥~ IS

Citation: Studer et al. Lignin content in natural Populus variants affects sugar release. PNAS 108:6300-5, 2011 BioEnergy Science Center
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Order-of-magnitude difference in sugar @ENERGY
release from natural variants in Populus  ©fectsdene

* |dentified 19 genes that control reduced recalcitrance in
Populus

* |dentified O individual genotypes that yield significant
glucan sugars

) C C
OO\

BioEnergy Science Center
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Mutation in a WRKY transcription factor leads to )ENERGY
ectopic secondary wall deposition in Arabidopsis: Office of Science

CCRC-M149 CCRC-M138 CCRC-M153

Crystalline
Xy| an Cellulose

- ‘/—--

S~y " W -

Wang et al., PNAS, 2010 BioEnergy Science Center
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Systems analysis and elite line selection @ ENERGY
activity will drive BESC In the next years =~ *7>*

Overview of TOP40 and ELITES8 line selection process

Year 5-Year 7/8:
continue to identify candidate
TOP40 Lines
(based largely on high sugar release)

Selection process for TOP and ELITE Populus
and switchgrass reduced-recalcitrance lines

Year 5:
-begin selection of TOP40 lines
-form TOP40 Systems Analysis

MllMllullMM teams as each line is selected
- TOP40 Line Year 8

TOP20 Populus + TOP20 switchgrass begin to select ELITE8
-highest sugar release
Selected TOP40 lines with greatest -best agronomics
reduction in recalcitrance A :
k and best agronomic characteristics / unique recalcitrance pathways
A o
-develop superior bioenergy
ELITES Lines feedstocks
ELITE4 Populus + ELITE4 switchgrass -understand mechanism of

recalcitrance

Based on reduced recalcitrance and _
- . us = 0 7~ r"ﬁ
agronomic characteristics = J;

\_._J\_J
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High-throughput characterization
pipeline for recalcitrance phenotype Offce of Science

Screening thousands of samples

Composition analytical Pre-treatment Enzyme digestibility
pyrolysis, IR, confirmed new method with dilute » sugar release
by wet chemistry acid and steam with enzyme cocktalil

Detailed chemical and structural analyses of specific samples

Studer, et al., Biotechnol. Bioeng., 2010 20 PCCrr

Sykes, et al., Biofuels: Methods, 2009 D= 1DCIO\L

Studer, et al., patent pending (US 2010/015570 A1) BioEnergy Science Center
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Enabling Technologies provided needed © ENERGY
Infrastructure for integration in BESC1 Offce of Science

Populus, switchgrass
and biosynthesis

Less recalcitrant
plants

— More efficient

_L organisms
Increased

understanding
BESC1 > BESC2 >

Enabling Technology developments

High-throughput pipelines for cell wall chemistry and recalcitrance.

Deployed a unique bioenergy-based knowledgebase (BESC KB).

Tools predicting biosynthesis and degradation enzymes (CAT).

A LIMS to gather and report datasets across the BESC.

Switchgrass Affymetrix gene chips to identify plant cell wall biosynthesis
genes. 2RESC

e’

Cell wall chemistry and
transformation pipelines

Characterization and
‘Omics

Computational biology |
and data management

Number of samples

Microorganisms and
enzymes

21 B|oEnergg Science Center
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Characterization tools for feedstock and S ENERGY
microbial samples e ofBaenee

AFM of switchgrass
showing cellulose
microfibrils

Detailed
analysis
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BESC compiles Biomass Characterization

Technique Reference

« This is a compilation of various established
Biomass Characterization Techniques that are

available to BESC Researchers. This handbook is

being shared with GLBRC and JBEI to help
identify unique analytic capabilities.

» Techniques are grouped by capacity:
— First Tier (capable of >thousand analyses per month)

HTP screens for composition by analytical pyrolysis and
digestibility by pretreatment and enzyme digestion

— Second Tier (capable of >hundred analyses per month)

Includes glycome profiling, enhanced pretreatment and
digestion assays, and carbohydrate measurements

— Third Tier (lower throughput techniques for specific
samples and measurements).

« This includes brief descriptions of the methods,
sample preparation, and the contact person.

=%, U.S. DEPARTMENT OF

© ENERGY

Office of Science

 BioenergySince Ceter (BESC)

Biomass Characterization Technique Reference

Volume 2
May 2011

Contacts: Mark Davis (mark.davis@nrel.gov phone: 303-384-6140), Funding Source: DOE Office of Science BioEnergy Science Center

0=BESC

B|oEnergg Science Center




Impact of lignin down-regulation on cell
wall composition and sugar release

Achievement. Sugar release improvement of
150-200% (Alfalfa/Euc) or ethanol yields
increases of 30% (Switchgrass)

Alfalfa - p-coumarate 3-hydroxylase (C3H) or hydroxy
cinnamoyl-CoA:shikimate/quinate hydroxy cinnamoyl

transferase down regulation®2
+ decreases molecular weight of extractable lignin
* changes S/G ratio
 changes inter-unit linkage distribution

Eucalyptus — p-coumarate 3-hydroxylase or cinnamate 4-
hydroxylase (C4H) down regulation show similar trends to
Alfalfa3

Switchgrass —

Caffeic acid O-methyl
transferase (COMT)
down regulation

* More G lignin

* New lignin sub-unit
characterized*

* Increase in ethanol yields®

1 — Ziebell et al. 2010 JBC;

2 — Pu et al. 2009 Bioenergy Res;

3 — Two manuscripts in preparation;
4 — Samuel et al., under review;
5—-Fuetal. 2011 PNAS

® U.S. DEPARTMENT OF

© ENERGY

Office of Science

Alfalfa: Molecular weight distribution of lignin
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Understanding the reason for decrease in molecular weight
has lead to a NREL/ORNL collaborative computational

modeling project.
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Alfalfa: 2D 1H-13C HSQC NMR
identifies changes in lignin
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Carbohydrate antibodies enable imaging @ENERGY
and prOflllng Of mutants Office of Science

De-esterified Non-
Homoalacturon fucosylated

Switchgrass
Stem

extraordinary tools for
understanding wall structure
and recalcitrance, e.g. glycome

I ' j Arabidopsi
profiling and immunolabeling. Arabidopsis
Populus
Stem
CCRC- CCRC- CCRC-
M38 m88 M138
Hahn et al.
20 NCCr

S = e S’ N
BioEnergy Science Center




Clustering analysis of cell wall
chemotype and recalcitrance propertles
by glycome profiling

”’"'r. U.S. DEPARTMENT OF

© ENERGY

Office of Science

* Arabidopsis mutants with altered — T ]_I_—\l—‘ |

xylan biosynthesis (CCRC).

* Recalcitrance properties (NREL
and UC-Riverside).

* Correlations with the chemical
structures of xylan (CCRC).

— Identified xylan DP is strongly
correlated to sugar yield
supporting hypothesis that
specific xylan structural features
affect recalcitrance.

— Corollary to hypothesis is
understanding the relationships

DP

1
1
L
1
! 1
between xylan structure and LS S s's 5 § 8
i i : I'ss ¥ 1 5 £ + 5
recalcitrance will provide a o N = %l % 5§ 5 2
i g N
basis for the development of : Eg & g8 T § =
. . = (=) (=)
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| [e) O I > 3 o
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Glycome profiling identifies role of GAUTS in OEﬁTeEO:gIe

hemicellulose, pectin and arabinogalactan wall extractability:

WT Leaf gautb leaf

;
Strong Binding 1z 7
p 3

Monoclonal Antibodies

o S & & &S &
O N Ny Ny o N N »
(¥id ®
Pattathil, Biswal, Hahn, 0 ~1ICINL

Mohnen et al./UGA BioEnergy Science Center



Investigating how the removal of specific
cell wall components affects digestibility

« Chemical and enzymatic extractions produced
Populus and switchgrass samples varying cell
wall composition.

Switchgrass
Switchgrass

Switchgrass
Poplar

Poplar

« The samples were characterized using glycome
profiling.

 Significant differences were observed between
Populus and switchgrass, presumably due in
large part to cell wall structural differences
between dicots and monocots.

* Removal of pectins/arabinogalactans had little
effect on digestibility for both Populus and
switchgrass under pretreatment conditions
studied.

* In switchgrass, digestibility was associated with
removal of methyl glucuronoxylan, arabinoxylan,
and unsubstituted straight chain xylan. Hahn/UGA, Wyman/UCR

Monoclonal Antibodies

1H 1M KOH
1H 1M KOH

24H 1M KOH

24H Chlorite
24H 1M KOH

24H EPG/PME
24H 0.1M KOH
24H 0.25M KOH
24H 0.5M KOH
24H 0.1M KOH
24H 0.25M KOH
24H 0.5M KOH

* In Populus, digestibility was associated with
removal of lignin.
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Mycorrhizae inoculation increases
switchgrass biomass under drought

* Drought is one of the most important abiotic
constraints of plant biomass production worldwide.

* Symbiotic microbes provide several benefits to
host plants including drought tolerance.

* BESC researchers conducted greenhouse studies
and discovered that colonization of switchgrass roots
by the fungus Sebacina vermifera increased biomass
yield by 258% with normal watering and 132% under
severe drought.

» Colonized plants subjected to severe drought
(4, at right) produced 173% more biomass than
well-watered uninoculated control plants (1, at right).

o ) ) Normally watered plants without fungus (1) and
« Symbiotic microbes hold great potential for with fungus (2); drought exposed plant without
bioenergy crop production, or any agronomic crop, fungus (3) and with fungus (4).

grown under a low-input regime.

Contacts: Kelly Craven (kdcraven@noble.org, 580 224 6960)

Funding Source: DOE Office of Science BioEnergy Science Center

Citation: Ghimire SR and Craven KD (2011). The ectomycorrhizal fungus Sebacina vermifera, enhances biomass

production of switchgrass (Panicum virgatum L.) under drought conditions. Applied and Environmental Microbiology 20 IYCCr

(doi:10.1128/AEM.05225-11) 0= IDCO\L

BioEnergy Science Center
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Unusual “C-lignin” polymer discovered in ¥ ENERGY
certain plant seeds Offioe of Seience

Seeds of both monocot and dicot species contain previously unsuspected lignin
polymers constructed almost entirely from catechyl (C) units. This C-polymerisa  p B st
major component of the seed coat of V. planifolia, whereas the stem, leaf, and @OH @we EtS

aerial root have only typical angiosperm G/S lignins.

SEt
OH

Rz Ry
OTMS
WMe MeO OMe G: Ry=OMe, Rz=H
S: Ry=R;=OMe

OH C: Ry=0TMS, Rg=H

* Impact:

» This discovery shows the natural capability that native plants have in producing
specific lignin polymers.

* It supports the radical coupling polymerization hypothesis.

» This lignin may be new source for carbon fiber manufacturing

» Selected as the cover story for an upcoming issue in the Proceedings of the
National Academy of Sciences and as an “editor’s choice” story in an upcoming
volume of Science magazine

1J G {L c

ssqH c
« C-lignin polymer is produced in vivo via combinatorial oxidative radical coupling ]z Joime | || sispaie
that is under simple chemical control, a mechanism analogous to that theorized af ] m ‘Lj ‘
for classical lignin biosynthesis. = o o i
sl B QK & HM e g
24 Vanila J Vanita o Mammitaria
« Aligninin the monocotyledonous angiosperm Vanilla orchid (Vanilla planifolia) S 16 Y { et J
that is naturally biosynthesized from the unusual C monolignol, caffeyl alcohol. Es:u_m SJL- M L
Similar polymers are found in the seeds of other vanilla species and several 38" 40 42 ' 43 ' ‘38 40 42 44 ' 33 40 42 44 46

. . ] . Retention time (min) Retention time (min)  Retention time (min)
SpeCIeS Of CaCtI (WhICh are dICOtS) Fig. 1. A Cignin polymer in plant seeds. (A) Aromatic structures of con-
ventional and novel lignin units (see text and Fig. S1). (8) Diagnostic mono-
meric compounds released via thioaddolysis of guaiacyl (G), syringyl (S), and

» The absolute levels of the C-lignin in the vanilla seed are substantially higher than  @tech! © lignin polymers. () Mature V. planifolia beans. (D-£) Cross-sec-

tions of V. planifolia beans at 6 (D), 8 (E), and 10 (F) wk postpollination. (G)

the values estimated from the released thioacidolysis monomers because of the ~ Teminal cephalium of Melocactus obtusipetalus, showing mature seed pods

(mp), a senesced seed pod (sp) revealing contents, and individual released
seeds (s). (H-M) Partial total-ion chromatograms of thioacidolysis products
u nusual StrUCtu re Of the p0|ymer from V. planifolia (H) seed coat, (/) pod (without seed), (J) stem, and (K) leaf,
and (L) Melocactus obtusipetalus, and (M) Mammillaria pilcayensis seed coat.

Contacts: (Samuel Roberts Noble Foundation) Richard Dixon(radixon@noble.org, XXx-Xxx-XXxx) Vit 20 DCCr
Funding Source: DOE Office of Science BioEnergy Science Center, Great Lakes Bioenergy Center GREAT LAKES BIOENERGY g 0= 1DCO\L
Citation: Chen, F., Tobimatsu, Y., Havkin-Frenkel, D., Dixon, R.A., Ralph, J., A polymer of caffeyl alcohol in plant seeds BioEnergy Science Center

PNAS 2012 ; published ahead of print January 17, 2012, doi:10.1073/pnas.1120992109



BESC identifies a new monolignol and ©) ENERGY
Its synthesis pathway in COMT-deficient Office of Science

switchgrass

« GC-MS metabolomics and NMR confirmed by
synthesis for iso-sinapyl and derivatives.

« Reactivity estimated by computation modeling
of lignin monomers.

™~ R4
; R4 = 5 -
T— sinapyl alcohol: R*=H RY=CHj

Fhundance lon 354,00 (353,70 to 354,70}, 0805106-11 D'datams iso-sinapyt alcohol: R% = CH; Ré=H
12518 1275 lon 354,00 (53 70 to 35470} 0R05104-10.0'datams

5000

7000

unk 354

0004 12[f56

G000 . 0
sinapyl alc/5-hydroxycaniferyl alc : L.
Py /5-hy ycomitery secoisolariciresinol

N 354 glyc

30004

2000

10004

] ket a Wit i ey b v I Aoy
Time-- =9 )
Tschaplinski et al., New Phytologist. & = | )\

in revision 2012 BioEnergy Science Center
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BESC identifies a new monolignol and
Its synthesis pathway in COMT-deficient Office of Science
switchgrass

« GC-MS metabolomics and NMR confirmed by
synthesis for iso-sinapyl and derivatives.

« Reactivity estimated by computation modeling
of lignin monomers.

H, OMe R4
sinapyl alcohol: R*=H R%=CH;

iso-sinapyl alcohol: R* = CH3 R® = H

; ~45
-— | 50
C,-0-C 1 55
—.{1 |
c,0C ¥ 60
— 11, L
—=_ 3" OMmeH
z C,/H 65
o v
3 i
E 70
4.5 4.0 3.5 3.0 20 PCCr
Tschaplinski et al., New Phytologist. J/ =N H\
. . l _13 . g _ . . . ) -1 . ,J s ? -
Switchgrass: 2D 'H-8C HSQC NMR identifies new sub-unit in in revision 2012 Biofneray Science Conter

COMT down-regulated switchgrass lignin



Enzymatic and microbial hydrolysis @
A fundamentally different relationship

%%, U.S. DEPARTMENT OF

ENERGY

Office of Science

between microbes and cellulose

Enzymatic hydrolysis (classical approach)

Microbial hydrolysis (CBP)

o
R ——— ®
. Cellulase
. enzyme(s), E
R ——>
Microbes, M
Cellulose, C (non-cellulolytic)

S o0 °
® Cellulase
® enzyme(s), E
'# ® ® e —
Microbes, M
Cellulose, C (cellulolytic)

* Hydrolysis mediated by CE complexes
* Enzymes (several) both bound and free
* Cells may or may not be present

Yeast, enzymes
with biomass
(Dumitrache
and Wolfaardt)

* Hydrolysis mediated mainly by CEM complexes
* Enzymes both bound and free
* Cells both bound and free

| C. thermocellum

on poplar
(Morrell-Falvey

and Raman, ORNL)

=" _"/‘ r ’/'

= s
S e S’ N
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C. thermocellum as a model system

Cellulose hydrolysis mediated by a

:‘I:w‘ﬂ";'—".‘-,:,l U.S. DEPARTMENT OF

Office of Science

“cellulosome™ complex with over 70 distinct

proteins.

I

Growth Rate of Microbes
on Crystalline Cellulose (hr1)

Cellulosome scheme E 22

Caldi. sp.
m
0.4 } R
v
e
0.3 F s’
®~
0.2 _+" m C.therm.
Q”
0.1r !"./ m Anaerobes
PR ® Aerobes
@
0 2 . . . . . ;
20 30 40 50 60 70 80

Growth Temperature (°C)
Lynd et al. (2002)

One of the highest growth rates on cellulose among described microbes, but does

not ferment pentoses, grows poorly on glucose, makes unwanted fermentation

products - requires genetic modification.

=20 DCCr
= =9 \\
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Developed genetic tools for
thermophilic CBP microbes

® BESC has developed and applied genetic tools
for Clostridium thermocellum and
Caldicellulosiruptor for economical production
of biofuels from cellulosic feedstocks.

® BESC has discovered ways to overcome key
iInhibitors of microbial fermentation efficiency,
e.g., microbial strain improvements that lead to
enhanced ethanol or acetate tolerance.

® These discoveries are significant since end-
product titer, yield and inhibitory byproducts are
Important contributors to capital and
downstream processing costs.

Olson et al., PNAS, 2010
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ATP
Acetic Acid

Westpheling, et al., patent pending 2011

Acetyl-CoA
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Acetyl-P

Acetaldehyde
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Deletion of competing electron transport
pathways in C. thermocellum for enhanced

ethanol production

[ Glucose ]

v

NAD+
hydrogenases

Glycolysis V( o Hs
v > NADH ----X——---»@

v

v
Pyruvate @ hydrogenases

Fdomdlzed 2H+
formate
I:dreduced
NAD(P)H

NAD+ NADH

L-Lactic
Acid

Acetyl-CoA NAD(P)*
NAD(P)H
NAD(P)+
Acetyl-P Acetaldehyde

NAD(P)H
ATP \g NAD(P)+

Acetic Acid m

0.9
0.8
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0.6 -
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0.2 -
0.1 -
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B Parent strain
B Ahydrogenase
B Apfl

Acetate Formate Lactate

Ethanol
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Rationale. Understanding of the mechanisms underlying the action of plant cell wall-solubilizing
enzymes is needed to guide the choice of enzymes for the recombinant CBP development

strategy and to provide a foundation for improving cellulase enzymes and related cell wall
degrading systems. %

Progress

* New crystal structures from C. therm. and C. bescii including
three family 48 catalytic domains, two family 9 catalytic domains,
and one CBM.

FA2 Activity | Project 1: CBP Enzymatic Fundamentals

Compact and extended form of
CbhA on cellulose

« The first complete molecular model of the 7-domain CbhA (C.
therm.) enzyme ->X1 domains possible extensible hidden linkers.

» CelA (C. bescii) is as active on BESC pretreated switchgrass as
the C. bescii broth; confirming that it is the key cellulase in this
system.

» CelA (C. bescii) is twice as active as a formulation based on
native* CBH | at the same protein loading on Avicel.

Model of the 5 modules of CelA from C. bescii

40

« Domain-swapping used for C. therm. enzymes to improve
activity of cellulosomal multi-modular cellulases, demonstrating
that the individual enzymes can be improved. Some chimeras
twice as active as their wild types at the same protein loading on
Avicel.

L),
: 5
E =

o2
wh
L

Wild-type
Chbha|

e
wh o
L L

* Forty minicellulosomes using C. therm. Components
constructed. 11 of these were the first minicellulosomes able to
operate at 60°C and convert substantial fractions (60%) of
cellulose to sugars.

—
=
L

Conversion of Avicel

= \h
1

20 40 &0 a0 00 120 N
Digestion time (hour)

o

[*NREL has developed greatly improved rCBH | variants available to BESC]

More efficient CbhA chimera



Quantitative proteomics reveal the secreted,
highly thermostable cellulases of two
extremely thermophilic bacteria

C. bescii

« 53-57 proteins changed in abundance during the course
of cellulose fermentations, including glycosidases,
pectate lyases and extracellular binding proteins.

 Caldicellulosiruptor spp. secrete a small number of
highly abundant multidomain, multifunctional
glycosidases with carbohydrate binding domains.

Csac_1076 (CelA) 1751 aa
GHY can com3

Athe_1867/COB_1673 (CelA) 1759/1787 aa
ST -

.S. DEPARTMENT OF

)ENERGY

Office of Science

C. obsidiansis ..
EBP 0080 -
EBP 1822

GbSbhoombNwe
NN

195/195 kDa

195 kDa

fcam3)

 Glycosidase mixtures efficiently degraded crystalline  msegecos e o

cellulose at 85°C. SR
* Glycosidase domains and architecture vary between the ... .
two closely related species. e

NA/COB47_1671 (CelB) 1294 aa 141 kDa
GHIO cam3 com3)

{cBm3f

Csac_1080 (ManB) 243aa 27 kDa
o GHS 3

165 kDa

142 kDa

Csac_1078 (CelB) 1039 aa 118 kDa
{ R0 Goma { GHs. }

Athe_1860/COB47_1664 1904/1897 aa
e— . E—

Csac_1085 931aa 102 kDa
GH74 cam3)

Contacts: Robert L. Hettich, hettichri@omnl.gov , 865-574-4968, David E. Graham, grahamde@ornl.gov, 865-574-0559
Funding Source: DOE Office of Science BioEnergy Science Center

Citation: A. Lochner, R.J. Giannone, M. Rodriguez Jr., M.B. Shah, J.R. Mielenz, M. Keller, G. Antranikian, D.E. Graham and R.L. Hettich, Label-free quantitative
proteomics distinguish the secreted cellulolytic systems of Caldicellulosiruptor bescii and Caldicellulosiruptor obsidiansis. Applied and Environmental Microbiology. In

| press. doi:10.1128/AEM.02811-10

GHAa4.
142 kDa
209/209 kDa
=
1 ntad
"J ,J \_l_// .
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Modeling of microbial cellulose
utilization

C. obsidiansis cells stained with the DNA dye Syto9 at various
timepoints during biofilm formation

* A small portion of hydrolysate (cellulobiose) is utilized by
the cellulolytic biofilm; most of the hydrolysate is

Biofilm cells density Hydrolysate profile ) ) . )
0.08 released into bulk solution where it supports planktonic
L': ---------- S 6X101] Ce” grOWth
g 006 [ gt % « Growth of the cellulolytic biofilm is limited by the rate of
g ' '§ soluble substrate utilization rather than the soluble
-t R N 3 Teoxi B substrate diffusion rate.
& R ' 8 ) . .
2 oo \ N\ (60107 - The unexpected results may explain the thin and uniform
£ F4.0x10 o] . _ .
= planitonie cells concentration.2 01007 mprph(_)logy t}_/plcally observed for cellulose-degrading
0.00 - ‘ - microbial biofilms.
1 10 100 1000
2 tance from cxlluloso surface () - At later stages of the fermentation process, substrate
Biofilm Boundary layer hydrolysis by the biofilm becomes the overall rate-
limiting step when considering the biofilm
Wang, Z., Hamilton-Brehm, S.D., Lochner, A., Elkins, J.G., and and planktonic cells as a whole system. _ . . ~ . .
Morrell-Falvey, J.L. (2011) “Mathematical modeling of hydrolysate A =< > \(
diffusion and utilization in cellulolytic biofilms of the extreme thermophile d e Sl N

Caldicellulosiruptor obsidiansis” Bioresource Tech 102, 3155-3162. BioEnergy Science Center



Microbe engineered to produce
Isobutanol directly from cellulose

SE R, U.S. DEPARTMENT OF

Office of Science

* BESC researchers engineered a native cellulose-degrading
microbe, Clostridium cellulolyticum, to produce isobutanol.

* Demonstrating the ability to combine CBP (consolidated
bioprocessing) with production of next generation biofuels.

r‘lfa}%\j&n 2 o 3 \‘ -
%= Cellulose gfas

Y
=

- XA 7

/'(Des&;éux,(ﬁOOS, FEMmlogy Rewews:

C. Cellulolyticum growing on cellulose substrate

Higaside et al. Applied Environmental Biology 2011
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a
o 200
0
100 vector
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Time (Days)

Isobutanol production on cellulose:
Isobutanol pathway mutants vs. Vector control
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T, Py Tir Today, the Department announced that a research team at our BioEnergy Science Center achieved yet another se
£ « 1, 2 2 2
advance In the drive toward next generation biofuels: using a microbe to convert plant matter directly into
isobutanol. Isobutanol can be burned in regular car engines with a heat value higher than ethanol and similar to
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Speeches

Congrasalonal Teatimony Energy Department Announces New Advance in Biofuel Technology

Events Highlights Opportunity to Reduce America’s Oil Dependence and Create Jobs in Rural America

Lab Features
U.S. Energy Secretary Steven Chu today congratulated a team of researchers at the Department's BioEnergy Science Center who have achieved

Email Updates yet another advance in the drive toward next generation biofuels: using bacteria to convert plant matter directly into isobutanol, which can be

DOE Digital Archive burned in regular car engines with a heat value higher than ethanol and similar to gasoline. This research is part of a broad portfolio of work the = O (_l o~
Department is doing to reduce America's dependence on foreign oil and create new economic opportunities for rural America. N — ) N
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BESC establishes a paradigm for
strain characterization and improvement

-

Test mechanismin
different microorganisms

Cultivation and
mutant selection

Genome
resequencing
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* The application of classical and

systems biology tools is a
paradigm for industrial strain
improvement.

* |dentification and over-

expression of Na*/H* antiporter
genes confers enhanced
tolerance to acetate salts.

| T

E. coli NhaA Z. mobilis NhaA

Yang. et al. PNAS. 2010
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Resequencing an ethanol tolerant Offce of Science
C. thermocellum mutant

Williams et al. Appl Microbiol gDNA resequenced via
Biotechnol (2007) microarray Resequencing via 454
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Fig. 1 Effect of ethanol on growth of wild-type (circles) and ethanol- H
adapted (triangles) cultures. Ethanol-sensitive cells (wild-type) and &
cells adapted to 5% ethanol were incubated in media containing m
varying concentrations of ethanol. Optical density (a) and growth rate AgdTAut esth krac rhe vacay

(b) were measured
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Brown S. D., et al. submitted. U.S. 61/346,660. BioEnergy Science Center
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Single microbial gene linked to
Increased ethanol tolerance

s
\ - 10
—a— vector only control
—o— mutant adhE
1 4 —r— wt
E
=3
2 0.1
&
o
0.01
40 g/L ethanol
0.001

0 a0 100 150 200 250 300
time (h}

* A mutated alcohol dehydrogenase (AdhE) with altered co-factor specificity
was shown to enhance ethanol tolerance in Clostridium thermocellum, a
candidate consolidated bioprocessing microbe.

* The simplicity of the genetic basis for this ethanol-tolerant phenotype informs
rational engineering of mutant microbial strains for cellulosic ethanol
production.

* lllustrates systems biology approach including molecular modeling, ‘omics,
physiological measurements and leadership class computing facilities. - , — - ~

) = am
S e S’ N

BioEnergy Science Center

Brown, et al., PNAS, 2011



Carbon and electron flow partition
differently in AdhE mutant strain

Mutation in
NADH binding
domain of ADH

&R, U.S. DEPARTMENT OF

Office of Science

Carbon flow also effected in
C. thermocellum containing

Mutant ADH co-factor specificity
changes to NADPH dependence

mutant ADH
25
mWT madhE*

2

15
|
>

1

Specific Activity? (Std dev)

NADH NADPH
WT 2.7(0.18)  0.025 (0.005)
EA <0.005b 0.052 (0.007)
adhE*(EA) <0.005 0.12 (0.03)

Ethanol Acetate Formate Lactate

Studies underway to further optimize
carbon and electron flow for

aug NAD(P)H oxidized.mg crude extract protein-1.min-1
b Below assay detection limit

productivity advances

Brown S. D., et al
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S. baltica Pathway: UDP-N-acetyl-D-glucosamine biosynthesis

Integrating Expression, Proteomics, SNPs,
Metabolites on Cellular Systems

Clostridium thermocellum
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http://www.ncbi.nlm.nih.gov/COG/grace/wiew.cgi?COG0528
http://genomics.ornl.gov/mist/search.php?search_type=gi&search_terms=24373199&submit=Search
http://spruce.ornl.gov:1555/SHEON/NEW-IMAGE?type=GENE&object=SO1631
http://maple.lsd.ornl.gov/cgi-bin/JGI_microbial/gene_viewer.cgi?org=sone&chr=1&contig=Contig1&gene=SO1631
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=search&term=SO1631
http://img.jgi.doe.gov/cgi-bin/pub/main.cgi?page=geneDetail&gene_oid=637343539
http://seed-viewer.theseed.org/linkin.cgi?id=fig|211586.1.peg.1498
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BESC Knowledge Base (BESCKB)

+ Paper summarizes the discovery and data mining BESC KNOWLEDGE BASE EXPERIMENTS
environment for design of experiments.

« The BESCKB is a centralized repository for genomic,
phenotypic, metabolic and experimentally generated
data by BESC researchers.

« It integrates diverse data types across BESC data and
community / reference data such as genomes,
pathways, networks, and Omics data in the context of @D'SCOVGW
organism systems biology.

Design

* This integration is the key to gain comprehensive,
systems level understanding of cellular processes
involved in plant biomass formation, degradation and
biofuel production.

« Data available through BESCKB include genomic,
pathways, Omics data, resequencing data, and
various assay results related to biomass properties, e s e et o
structure and composition.

* Tools available through knowledgebase include
annotation, visualization, comparative analysis, .
integration, data mining, and various navigation tools. &f/

As:
imilarity

Contacts: (Oak Ridge National Laboratory) Ed Uberbacher (ube@ornl.gov, 865-241-3490)
=0 ) .r’_' -~ . 7

Funding Source: DOE Office of Science BioEnergy Science Center e =S
Citation: Mustafa H. Syed; Tatiana V. Karpinets; Morey Parang; Michael R. Leuze; Byung H. Park; Doug Hyatt; Steven D. Brown; Steve Moulton; Michael D. Galloway; v o N o N
Edward C. Uberbacher, Bioinformatics 2012; doi: 10.1093/bioinformatics/bts016 BioEnergy Science Center
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Metabolic map reconstruction
tool in BESCkb (BeoCyc)

T. thermosaccharolyticum specific reactions are in blue;

reactions shared with C. thermocellum are in red Degradation/Utilization
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BESC will revolutionize how © ENERGY
biomass Is processed and converted Offi of Science

Biomass Consolidated
Modlﬁcatlon Bioprocessing
(%)
¢_% Reduced or No No CBP:L Next
% Pretreatment y Separation Microb Generation
o » Biomass > ¥ —> Biofuel
=
o
=
Switchgrass mutant CBP yeast development Butanol
(25% more Ethanol and significant reduction in Isobutanol
therefore accessible sugar) cellulose addition Hydrocarbons
Synergy

Advanced New Process S BESC

\_n_) e
BloEnergg Science Center




Improved switchgrass and new fermentation
yeast dramatically improve biofuel production

COMT Transgenic Switchgrass
Produced More Ethanol
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Translating Discoveries to the
Scientific Community

« 349+ Scientific publications (~61% multi-

mStItUtlonaI) zzz BESC Publications, Inventions & License
Cited 1500+ times in peer review journals Metrics /
300
« 2000+ Scientific presentations at meetings and 250 /
conferences worldwide 200 /

150 /

« 250+ Workshops and seminars for BESC

researchers and graduate students 100 //
50
« 86+ Inventions disclosed under evaluation by the | e l | rtl_.J_-g

BESC Commercialization Council Mar Sept Mar Sept Mar Sept Mar Sept Feb
2008 2008 2009 2009 2010 2010 2011 2011 2012
° 14+ Patents In proceSS s New Pubs Total Pubs Inventions Licenses

« 300+ Presentations to Stakeholders (Secretary,
Under Secretaries, Congressmen and Staff
Members, Businessmen, etc.)

« 200+ Television, Print, and Radio Interviews

« 34000+ Students reached through an Education
program with the Creative Discovery Museum in
Chattanooga, Tennessee with a Biofuels Outreach 20 QCC

| = o
Lesson D = 1DCIO\L

BioEnergy Science Center



Industry program facilitates strategic

commercialization

* 13 Inventions Transferred to Industry
» 7 focused on feedstock inventions

» 3 focused on microbial inventions

Switchgrass

* 23 Patent Applications Filed cer e s

* 83 BESC-Funded Invention Disclosures

Conversion

5:‘ MASCOMA

» 3 focused on enabling technologyv W
inventions

(

©

=S, U.S. DEPARTMENT OF

JENERGY

Office of Science

Conversion

Commercial Affiliates

DSM (8
EGenera

Qon FuturaGene
Yielding the Future™

Populus k

ARBOR(JEN

i

GREENWOOD

A Reraurce That Lasts Farcver

~BESC

B|oEnergg Science Center



S, U.S. DEPARTMENT OF

BESC reaches thousands of students  @ENERGY
Wlth ‘Farming for Fuels, Iessons Office of Science

* BESC developed a set of hands-
on lesson plans aimed at
students in fourth, fifth and sixth
grades.

* Lessons educate students about .
the use of lignocellulosic biomass L o | ME= b ¥
as a substrate for the production A “
of biofuels and the technical and
economic obstacles to a bio- ,
based fuel economy. | e
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* The program has now reached , _
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teachers and parents. | -
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* Accomplished by partnering with
museums and centers in
Tennessee, Georgia, Texas,
Michigan, lllinois, Florida, New 2=BESC

York and Arlzona. BioEnergy Science Center
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Discussion for the future —- BESC o

and sustainability

« BESC will provide improved biofeedstocks for conversion
— Both transgenic and natural variants

— Limited agronomic data and field tests are part of plans for
down-selecting lines.

« BESC will provide improved CBP biocatalysts for scale-
up and optimization
— Limited technoeconomic evaluation
» Enabling technologies

— Data sets — mostly system biology data
— Improved screening and deep characterization tools

* Needs for collaboration?
— Improved evaluation of impacts of the above?
— Use of materials in other programs and field trials
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