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Today, carbon-rich fossil fuels, primarily oil, dpand natural gas, provi®% of the energy consumed in
the U.S. As world demand increases, oil reservegsheaome rapidly depleted)( Fossil fuel use increases
CO, emissions andaises the risk of global warming. The high enezggtent of liquid hydrocarbon fuels
makes them the preferred energy sourcafomodes of transportation. In the U.S. alonengpmrtation
consumes »13.8 million barrels of oil per day ardeayates "0.5 gigatons of carbon per y@arThis
release of greenhouse gases has spurred resetraiténnative, nonfossil energpurces. Among the
options (nucleargoncentrated solar thermal, geothermadroglectric, wind, solar, and biomass), only
biomass has the potential to provide a higlergy-content transportation fuel. Biass is a renewable
resource that can lm®nverted into carbon-neutral transporatioels.

Currently, biofuels such as ethanol preduced largely from grains, but there ia@e, untapped
resource (estimated at more than a billion tonsypar) of planbiomass that could be utilized as a
renewable, domestic source of liquid fuels. Wasdtablished processes convert the steocent of the grain
into sugars that can thermented to ethanol. The energy efficiemdystarch-based biofuels is however not
optimal, while plant cell walls (lignocellulose)mesent a huge untapped source of ene8gyP{ant-
derived biomass contains cellulose, which is mdffecdlt to convert to sugars; hemicellulose, which
contains a diversity of carbohydrates that haveetefficiently degraded by microorganisms to fuals]
lignin, which is recalcitrant to degradation andyants cost-effective fermentation. The developroént
costeffective and energy-efficient processes to tramsfignocellulosic biomass into fueils hampered by
significant roadblocks, including the lack of sgielly developecdenergy crops, the difficulty in separating bio-
mass components, low activity of enzynused to deconstruct biomass, and the inhibitorycefdf fuels and
processing byroducts on organisms responsible forchroing fuels from biomass monomers.

The Joint BioEnergy Institute (JBEI) isaS. Department of Energy (DOE) Bioenefggsearch Center
that will address these roadblocks in biofuels potidn. JBEIdraws on the expertise and capabilities of
three national laboratories (Lawrence BéegeNational Laboratory (LBNL), SandMational Laboratories
(SNL), and Lawrence Livermore National LaboratoryIL)), two leading U.S. universities (University o
California campuses at Berkeley (UCB) dbalkis (UCD)), and a foundation (Carnegistitute for Science,
Stanford) to develop the scientific and technolagltase needed tonvert the energy stored in lignocellulose
into transportation fuels and commodityemicals. Established scientists from flaticipating
organizations are leadirigams of researchers to solve the key difiepproblems and develop the tools and
infrastructure that will enable other research&d @@mpanies to rapidly develop new biofuels aradesc
production to meet U.Sransportation needs and to develop and rapidhstt@an new technologies to the
commercial sector.

JBEI's biomass-to-biofuels research approach isthasthree interrelated scific divisions and a
technologies division. The Feedstocks Division w#lvelop improved plant energy crops to serve esath
materials for biofuels. The Deconsttion Division will investigate the conversiani this lignocellulosic plant
material to sugaand aromatics. The Fuels Synthesis Eimi will create microbes that can efficientdgnvert
sugar and aromatics into ethaatl other biofuels. JBEI's cross-cutting Taohogies Division will develop and
optimizea set of enabling technologies including high-tlgimout, chipbased, and 'omiptatforms; tools for
synthetic biology; multi-scale imaging facilitiesnd integrated datnalysis to support and integrate JBEI's
scientific program.
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Figure 1. Overview of JBEI structure and resarch pipeline, courtesy of LBNL Creative Seiices Office.

Energy Feedstocks: UnderstandingrRecalcitrant Biomass.

Atmospheric carborlioxide is fixed by plants into carbotimates through photosynthesis. Sugar cane
and beet roots store large amountsioifple sugars, corn grain and wheatneds store carbon as starch, and
cellulose and hemicellulose are found in the leafed| agricultural crops, as well as in tleaves and wood of
trees. Most ethanol for fuel use today is producenh corn grainand the technology for breaking down starch
into simple sugars is well developed. Lignocelliddsomass, such agood, forest product residues, grasses,
agricultural residues, and specialty eneoggps, can provide much larger amousitbiomass for production
of transportation fuels. However, lignocellulosiomass igesistant to breakdown; plants haaxelved
complex means to employ cdbise and hemicellulose as structural male that are very resistant to
microbial attack. Lignin, a polyphenolic materiggrves to strengthen the cellulosic material tonftire
plant cell wall, which provides resistance to pestd pathogens. The crystalline cellulose coresthfvealls
is very resistant to chemical and biological breadd, and the complex structures of the cell walbal
contribute to its recalcitrance. Research in JBE€sdstocks Division is directed at overcoming the
recalcitrance of lignocellulosic plant matter satth can be more easily deconstructed.

The main objectives of the Feedstocks Divisiontarelucidate the mechanisms involved in
synthesis of plant cell wall constituents usinghhigroughput functional genomics and glycomics tnd
expand knowledge of lignin polymerization to alltive development of plants with novel types of ligni
with equivalent biological function but with impreg susceptibility to enzymatic and chemical
depolymerization.

Deconstruction: Converting Lignocellulosic Biomasso Sugars.

The most direcapproach to overcoming the recalcitrance of biomeléss on pretreatment by
mechanical or chemical methods. Pretreatment airdedrease the crystallinity of cellulose and iasee
the accessibility of the bio-mass for subsequedtdiysis. Biomass pretreatment by dilute acid hiydres
the hemicellulose component, whereas treatmentaik#li removes part of the lignin. These approache
however, are not economically optimal. Other pgirent approaches include steam and alkaline
explosive decompression and hydrothermolysis. Afhese pretreatment methods expose the cellulose
fibers and make them more accessible to cellulazgnees, which can then hydrolyze the cellulose to
fermentablesugars. Enzymatic hydrolysis does notdaroe byproducts and thus offers the ploiisy of
improving the costs of biofuels production.

Cellulolytic microorganisms (fungi artehcteria) produce enzymes that act sgis¢ically to
hydrolyze plant cell wall materials. Presently, oauderstanding of the fammental mechanisms of enzymatic
cellulose degradation is limited. Fungi grae three types of cellulolytic enzymes. Randotimgc



endoglucanases produitee ends from cellulose fibrils that candegraded by exoglucanases, which produce
the glucose dimer cellobiose. The third tygieenzyme, $-glucosidase, hydrolyzes tHeased cellobiose to produce
glucose. Sombacteria employ a molecular “machinéig cellulosome, to break down cellulose.

Hemicellulose is degraded by a class of enzymesvkrass hemicellulases, which are multidomain
enzymes containing strucally discrete catalytic and noncatalytic domaidsmicellulases from different
orgarisms are classified generally as eithlyroside hydrolases or carbohydrate esteraseshwiyidrolyze
acetate or ferulic acigide groups of the hemicellulose polynrespectively. Compared to the research and
development effort in the scientific comnity to understand and optimize cellulaseymes, very little is
known about the eact mechanisms of hemicellulases, amdhods to engineer these enzymes aseard.
Lignin, the third major component bfomass, is the component most resistaiehzymatic attack. Lignases
generally cosist of a family of enzymes including phenol oxid#ccase), peroxidases (lignin peroxidase),
and manganese peroxidase.

Thus, the major objectives of JBEI's Deconstructiimision are i) to improve pretreatment methods
with broad applicability to a range of feedstodRsto explore newsources of lignocellulolytic enzymes from
natural environments, relying on higitroughput protein production and directed evolutising on-chip
technologies, iii) texamine microbial communities for new sources dfi@ytic and lignolytic enzymes,
and iv) to develop lignin mode#d lignase assays that enable the creationodified ligninases for enhanced
degralation and conversion of modified lignin.

Fuel Synthesis: Capturing the EnergyContent of Sugars.

Sugars derived froratarch-based biomass such as cormeadily fermented to ethanol, because they
are present in nearly pure solutions. Intcast, lignocellulose deconstruction resiidoth five- and six-carbon
sugars togetherith a number of inhibitory compoundscinding organic acids, furan derivativedenolics,
and inorganics. Hardwoods aagricultural residues contain 5—25% fiese sugars, primarily xylose and
arabinose.

These are not fermented to ethanol byrttest commonly used yeaSaccharomyces cerevisiae.
Anaerobic bacteria ferment pentose sugars butypiedly inhibited by low concentrations of etharsold other
byproducts from deconstruction. Filamentous funigiable to tolerate these inhibitors but gramd produce ethanol
too slowly to be comercially attractive.

The challenge in the biofuels production divisidrBEI is thus to convert all of the monomer sugars
(hexoses and pentoses)eased from depolymerization of ligndeabsic biomass into transportation fualwd
other chemicals. Accomplishing thisjebtive will first rely on developing and jmnoving fuel production systems
in selected model microorganisms: the bacterfitssherichia coli, the yeasS. cerevisiae, and thehermoacidophilic
archaeorBulfolobus solfataricus. JBEI is initially employinge. coli andS. cerevisiae strains that have been
previously engineered to produce ethanol friwe- and six-carbon sugars. All three host be engineered to
improve their toleranct byproducts formed during biomass pessing and to high concentrations of ethlaand
other fuel products.

JBEI will develop biochemical synthegiathways for production of a range of otbandidate fuel
molecules and chemicalsat are currently based on petroleum feedstocleswiill construct and validate
thesepathways irE. coli and then, when futional, introduce them int8. cerevisiae andS. solfataricus.

JBEI is initially targeting fiveexisting or proposed fuel molecules: etbla butanol, isopentanol, hexadecane,
andgeranyl decanoate ester. Unlike ethati@se potential fuel molecules may be ugedower jet and

diesel engines and can @istributedvia existing infrastructure that issed to distribute petroleum-based
fuels.

Technologies for Biofuels Research arf@roduction.

Successfully meeting JBEI gods critically dependent on the application and depment of
advanced technologies deployed in the contextrefaarclenvironment that is fully integrated through
state-of-the-art information systems and infornstiethods. The JBEI TechnologBwsision will develop
and implement tectologies that can be applied to the rese&raach of the scientific and engineering
divisions. Using high-throughput proteinprssion, purification, and screening, JB&learchers will
generate thousands of geslenes per year, fully characterize the plant walll synthesis machinery by
synthesisand tagging to identify functional complexes, aedfprm functional analysis of tens of
thousands of wild-type and engiered lignocellulose-degrading enzymes.

In functional genomics, JBEI researchers whlracterize the transcript and proteinfipeg of
natural and engineered organismduding plants, undertake metabolite and fluxfitiry of modified



organisms to optnize fuel production, and perform high-throughplycgmics. In the area of synthetic
biology, JBEI will develop platforrhosts for the production of enzymes and fuels aedte parts and
devices for the catruction of new fuel-generating organisarsd improved plants. Finally, in high-
throughput imaging, JBEI researchers w@#élvelop new and improved technologiesyizualizing cell
walls. The technologies deloped within JBEI will be of general use for aleivariety of biological
applications and will benefit the biofuels reseazrom-munity, GTL, and other DOE initiatives.

A Single Facility Integrates JBEI's Research.

JBEI is designed to be a dynamiganization with all research teams working togett a single
location. This colocation of researchers will emadtientists to share their ideas, develop teclgieddhat
will benefit all scientific divisions, and ad-dressllulosic biomass problems at a systems levetl i8
positioned to take advantage of the significantbdjties of its partners and other institutionslan
companies in the San Francisco Bay Area. JBEI'secigorking relationships with its industry partners
will ensure that JBEI creates the fundamental kedgé and scalable technologies to solve real-world
problems in commercial-scale biofuels production.

Conclusions and Perspectives.

The challenges in converting lignocellulosic feedks into transportation fuels are significant.
The integrated approach taken by JBEI's researahidireealize basic science and engineering
developments to meet these challenges. The pdtpaiiaffs from this research are significant: reabie,
carbon-neutral transportation fuels; lesseningrigact of global warming; and reducing our reliance
foreign oil while improving trade balances.
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