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A rather dim future?

U. S. DOE, 1998
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Source: U.S. Department of Energy, Energy Information Administration

U.S. Crude Oil Imports ~ Automotive Fuel 
(180 billion gal in 2003)



Below ground

Recycling wasteRecycling waste
Displacement of oilDisplacement of oil
–– Commodity chemicalsCommodity chemicals

•• polylactic acidpolylactic acid
•• 33--HP, 1HP, 1--3 PD3 PD
•• Solvents, acidsSolvents, acids

–– FuelsFuels
•• ethanolethanol
•• biodieselbiodiesel
•• powerpower

–– Rural EmploymentRural Employment

Above ground

CO2

CO2
CO2

DOE, 2002

Renewable Fuels and Chemicals:Renewable Fuels and Chemicals:

Carbon Carbon 
sequestrationsequestration
(short term)(short term)



Feedstocks Technologies

Municipal 
Solid Waste:

Agricultural 
Residues: 

Forrest 
Residues:

Energy  Crops:
Poplar,willow

ThermoThermo--ChemicalChemical
Combustion
Gasification/Pyrolysis
Chemistry/Catalysis

Separations Tech.

IntermediaryIntermediary
ProductsProducts

MethanolMethanol

Biosynthesis gasBiosynthesis gas
HydrogenHydrogenOrganic AcidsOrganic Acids
EthanolEthanol

MarketsMarkets

Final ProductsFinal Products
ElectricityElectricity

FuelsFuels
ChemicalsChemicalsPlasticsPlastics

Heat/SteamHeat/Steam

BioBio--RefineryRefinery

(DOE, 2002)

BioBio--ChemicalChemical

Hydrolysis
Fermentation
Biocataysis



PLA Cargill-Dow (1,3PDO Dupont/3HP Cargill)

DOE, 2002

1,3 PDO1,3 PDO
1,2 PDO1,2 PDO
33--HPHP
LacticLactic

PlasticsPlastics

StarchStarch
glucoseglucose

LignocelluloseLignocellulose
gluglu, , xylxyl, , araara, man, man



Renewable Feedstocks > Renewable Chemicals

MedicalMedical

SugarsSugars

*1,3 *1,3 Propanediol Propanediol (Dupont)(Dupont)*Lactic Acid (C*Lactic Acid (C--D)D)
(~500,000 tons corn)(~500,000 tons corn)

**SuccinateSuccinate
E. coli, K. E. coli, K. oxytocaoxytoca,  ,  
bacteria, yeasts & fungibacteria, yeasts & fungi

CHEMICALSCHEMICALS

Microbial PlatformsMicrobial Platforms

Ethanol Ethanol (ADM)(ADM)

VitaminsVitamins
Amino AcidsAmino Acids

LignocellulosicLignocellulosic ResiduesResidues
Glucose (40%) celluloseGlucose (40%) cellulose
Xylose   Xylose   (30%) (30%) hemicellulosehemicellulose
Lignin+ (30%) thermoplasticLignin+ (30%) thermoplastic

GlucoseGlucose
Xylose Xylose 

LigninLignin
Clean Boiler FuelClean Boiler Fuel

GlucoseGlucose

30 M tons Corn (15 M tons starch), 2 Billon gal Ethanol

E. coli: thre,phe,(tryp,asp)

*3*3--HP (Cargill)HP (Cargill)

12.5% of 
U.S. corn

PyruvatePyruvate
acetateacetate



HEXOSES                 + PENTOSES

Embden-Meyerhof-Parnas    Entner-Doudoroff     Pentose Phosphate

Succinate

Lactate

Acetate

Acetyl-CoA    + Formate

COCO22 H2EthanolEthanol

Lactate Dehydrogenase
7.2 mM (ldhA)

Pyruvate
Formate-Lyase
2 mM (pfl)

Pyruvate Decarboxylase
0.4mM  (pdc)

Acetaldehyde + COCO22

Alcohol Dehydrogenase
(adhB)         

Ethanol (95% Ethanol (95% TheorTheor. Yield). Yield)

(Zymomonas mobilis)Zymomonas mobilis)PYRUVATEPYRUVATE

Microbial PlatformMicrobial Platform

PEPX

Derivatives of E. coli B and K. oxytoca M5A1)
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E. coli BE. coli B (organic acids) and KO11 (ethanol) (organic acids) and KO11 (ethanol) 

(10%(10% XyloseXylose, pH 6.5, 35C) , pH 6.5, 35C) 

Yield Yield –– 0.50 g ethanol and 0.49 g CO0.50 g ethanol and 0.49 g CO22 per g per g xylose xylose 



HEXOSES + PENTOSES

PYRUVATEPYRUVATE

Ethanol (95% Ethanol (95% TheorTheor. Yield). Yield)

1.  Biocatalyst
Feedstock/nutrients
Substrate range, enzymes
Yield
Rate 
Final titer, tolerance

2.  Engineering
Recovery/Purification
Equipment Costs



Transcriptome Analysis: Transcriptome Analysis: cDNA MicroarrayscDNA Microarrays

Spot VolumeSpot Volume
Area Area •• IntensityIntensity
% of the total% of the total

4,290 4,290 ORFsORFs

CellsCells

Hot PhenolHot Phenol

DNAseDNAse II

QiagenQiagen ColumnColumn

Total RNATotal RNA

SuperScriptSuperScript II (PrimersII (Primers
to 3’ end, 33to 3’ end, 33--PP--dCTPdCTP--
label)label)

cDNAcDNA

HybridizationHybridization
16 h at 65 16 h at 65 °°CC

Han Tao & Ramon Gonzalez, KT Shanmugam and LOI



Acid Hydrolysis

Hemicellulose
Syrup

Fiber Residue (cellulose+lignin)

Residue to
Boiler

Beer

E.coli KO11
(cellulase)

E. coli SZ20 
(cellulase)

Fungal
cellulase

Nutrients Nutrients

LignocelluloseLignocellulose to Ethanolto Ethanol

SSF

BIOMASSBIOMASS

ETHANOLETHANOL

D
i
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t

I

l

l
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n

Recombinant
cellulase

Recombinant
co-products

Syrup
“Detox”



Conversion of Biomass to Fuel Ethanol & Chemicals

Corn Steam Cooker
Fermentation
+ amylase &
glucoamylase

Purification

Mature Corn to Ethanol Industry

Co-products-$$

Lignocellulose

Washing
Dilute Acid
Hydrolysis

Liquid/solid
Separation

Hemicellulose
Fermentation

Cellulose
+Lignin

Fermentation
Cellulose+
Cellulase

Purification

Hemicellulose
Syrup

Hemicellulose
Detox

Initial Biocatalysts

$4 to $10/annual gallon E

<$2/annual gallon E

Lignocellulose Dilute Acid
Hydrolysis

Purification

Fermentation
Cellulose +
Cellulase &
Hemicellulose

Syrup

Potential Simplification with Advanced Biocatalysts

Co-products-$$

$? $? -- Enzyme ProductionEnzyme Production

<$2/annual gallon E



B. Wood, S. Underwood, J. Purvis, 
Y. Qian, S. York, L. Yomano (90%-95%)

Hexose Sugars
Glucose
Mannose
Galactose
Fructose

Pentose Sugars
Xylose
Arabinose

Uronic Acids
Galacturonate
Glucuronate

Pyruvate

2-Propanol

????

Butyrate

Butanol

PyruvatePyruvate

Alanine

Higher Value Co-products

T. Causey, 
S. Zhou (85%)

Shengde Zhou, 
V. Shukla (95%)

EthanolEthanol D&LD&L--LactateLactate

AcetateAcetate



Standard Fermentation Conditions:Standard Fermentation Conditions:Standard Fermentation Conditions:

pH controlled @ 7.00 with pH controlled @ 7.00 with 
45% w/w KOH (11.4 M)45% w/w KOH (11.4 M)

+/+/--Gas flow 1 L Gas flow 1 L •• minmin--11

(0.1(0.1--0.2 0.2 vvmvvm))

(DO controlled above 5% of (DO controlled above 5% of 
air saturation by adjusting air saturation by adjusting 
the ratio of  air & Othe ratio of  air & O22))

Mineral saltsMineral salts
3 % glucose + glucose3 % glucose + glucose

Starting ODStarting OD550550=0.05=0.05

1% 1% inoculum inoculum 

5 L or 10 L volume5 L or 10 L volume

Agitation set @ 350 Agitation set @ 350 
rpm , 37rpm , 3700C C 



E. coliE. coli : Mixed Acid Fermentation : Mixed Acid Fermentation LactateLactate

Glucose (xylose)

2 Pyruvate

2 NAD

2 NADH

ppc

Oxaloacetate

Fumarate
frdABCD

SuccinateSuccinate

D(+) LactateD(+) Lactate
ldhA

NADH NAD

Acetyl-CoA
FormateFormate

COCO22

HH22

pflB

Acetyl~P

pta

AcetateAcetate

ADP

ATP
ackA

Acetaldehyde

adhE

EthanolEthanol

NADH

NAD
adhE

2 ADP

2 ATP

NADH

NAD

X

X

X

X

X

Pediococcus ldhL L(+) Lactate)
Dr. Shengde Zhou

aceEF,lpd

99% 99% enantiomericenantiomeric puritypurity
L(+)  or D(L(+)  or D(--) Lactate) Lactate
>95% yield>95% yield
>1 molar; 9% w/v >1 molar; 9% w/v 



Overview of Metabolism in Overview of Metabolism in E. coliE. coli

Up to 95 % of carbon converted to   Up to 95 % of carbon converted to   
products (low COproducts (low CO22 production)production)

~2 ATP produced~2 ATP produced

Low growth rateLow growth rate

Internal electron acceptorInternal electron acceptor

Cell MassCell Mass

<5% of Carbon<5% of Carbon

Anaerobic, Anaerobic, -- oxygenoxygen
Glucose, CGlucose, C66HH1212OO66

50% of carbon converted to CO50% of carbon converted to CO22

~32 ATP produced~32 ATP produced

High growth rateHigh growth rate

External electron acceptorExternal electron acceptor

Aerobic, + oxygenAerobic, + oxygen

Cell Mass Cell Mass 

50% of Carbon50% of Carbon

Glucose, CGlucose, C66HH1212OO66

The Problem:The Problem:

~32 ATP (aerobic) versus 2 ATP (anaerobic)~32 ATP (aerobic) versus 2 ATP (anaerobic)

ATP  promotes growth!ATP  promotes growth!



Goal: Combine the Attributes of Aerobic & Goal: Combine the Attributes of Aerobic & 
Anaerobic Metabolism to engineer  CoAnaerobic Metabolism to engineer  Co--ProductsProducts

High product yield High product yield 

Low cell yield Low cell yield 

High growth rateHigh growth rate

External eExternal e-- acceptoracceptor

++

Anaerobic

Aerobic

Single Single 
Biocatalyst Biocatalyst 

Neutral or Oxidized ProductsNeutral or Oxidized Products



GLUCOSE

Fermentation
Products

Pyruvate

Cell Growth

TCA Arms 

ATP

ADP+Pi

ADP+Pi

ATP

NADH

NAD+

NAD+

NADH

95% Carbon          <5% Carbon
~2 ATP/glu

GLUCOSE

CO2

Pyruvate

TCA Cycle

ATP

ADP+Pi

50% Carbon   50% Carbon
~33 ATP/glu

ATP

ADP+Pi

ATP

NADH

NAD+

NADH

NAD+

6 O2

12 H2O

ATPase



F1F0 F1F0 ATPaseATPase MutationMutation

Active
Cytoplasmic

ATPase

Gratuitous
Hydrolysis
Of ATP!

Drawing from 
Nakamoto et al., 1999 
Ann. Rev Biophys. 
Biomol. Struct. 28:205-234.



Cell Growth

ADP+Pi

GLUCOSE

Pyruvate

TCA Arms

ATP

ADP+Pi

10% Carbon   90% Carbon
~2 ATP/glu

NADH

NAD+

1 O2

2 H2O

Products

ATP

F1ATPase

Re-Engineered Metabolism
External Electron Acceptor
Low cell mass
Low ATP yield
High Product Yield

Oxidized 
or 

Reduced 

Products

NADH

NAD+



Acetyl-CoA

Glucose

Triose 3-P PEP Pyruvate
~P

~P              

HCO3
-

~P

CO2
-

AcetateAcetate

E. coli E. coli TC36 Engineered for Acetate ProductionTC36 Engineered for Acetate Production
e- transport chain No ox-phos

NADH + H
~P

NADH oxidized by                  
electron transport system.

~ 3 ATP per glucose.

~ 5-10% of glucose 
carbon is converted to cell 
mass.

NADH oxidized by                  NADH oxidized by                  
electron transport system.electron transport system.

~ 3 ATP per glucose.~ 3 ATP per glucose.

~ 5~ 5--10% of glucose 10% of glucose 
carbon is converted to cell carbon is converted to cell 
mass.mass.

Acetyl-P
~P

NADH + H

UQ

UQH2 AcetateAcetate

CO2
-

2H2H++

H2O½O2e- +

Pi

+
ADPATP

F1

ptapta

ackAackA

poxBpoxB

Fumarate

Malate

Oxaloacetate

Citrate

Isocitrate

2-Ketoglutarate

CO2

NADPH2

NADH

TCATCA
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Effects of Mutations on Acetate Production and Carbon RecoveryEffects of Mutations on Acetate Production and Carbon Recovery

a % of maximum theoretical acetate yield (0.67 g g-1) at glucose depletion. 
b Time of complete glucose consumption.

FF FAVFAVFAFAAA



Acetyl-CoA

Glucose

Triose 3-P PEP
~P

~P              

HCO3
-

CO2
-

E. coli E. coli TC44 Engineered for TC44 Engineered for PyruvatePyruvate ProductionProduction
e- transport chain No ox-phos

NADH + H
~P

Acetyl-P
~P

NADH + H

UQ

UQH2

CO2
-

2H2H++

H2O½O2e- +

Pi

+
ADP

ATP

F1

ptapta

ackAackA

poxBpoxB

Fumarate

Malate

Oxaloacetate

Citrate

Isocitrate

2-Ketoglutarate

CO2

NADPH2

NADH

Incomplete
TCA

IncompleteIncomplete
TCATCA

NADH oxidized by                 
electron transport system.

~ 2 ATP per glucose.

~ 5-10% of glucose 
carbon is converted to cell 
mass.

NADH oxidized by                  NADH oxidized by                  
electron transport system.electron transport system.

~ 2 ATP per glucose.~ 2 ATP per glucose.

~ 5~ 5--10% of glucose 10% of glucose 
carbon is converted to cell carbon is converted to cell 
mass.mass.Acetate

Acetate

Pyruvate



TC36
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NEW RESEARCH AREAS
Limits for Glycolytic Flux?
Control of Carbon Partitioning?
Limits for Growth Rate?
Maximum Cell Density?
New products?



Dependence on petroleum Dependence on petroleum 
remains as the remains as the 

single most important factor single most important factor 
affecting the world distributionaffecting the world distribution
of wealth, global conflict, of wealth, global conflict, 
human health, and human health, and 
environmental quality.environmental quality.

Reversing this dependence Reversing this dependence 
would increase employment, would increase employment, 
preserve our environment, and preserve our environment, and 
facilitate investments that improvefacilitate investments that improve
the health and living conditionsthe health and living conditions
for all. for all. 

1989 - Professor Ohta conducting
fermentation studies at Univ. Fla.
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