
 

1 

METABOLIC ENGINEERING OF MICROBIAL BIOCATALYSTS FOR FERMENTATIVE 
PRODUCTION OF NEXT GENERATION BIOFUELS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

PHI MINH DO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2009 



 

2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2009 Phi Minh Do 
 
 

 



 

3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my friends, family, colleagues, mentors, and especially Ming Dang for their support and 
motivation for making this possible 

 
 
 



 

4 

ACKNOWLEDGMENTS 

I would like to thank my committee chair, Dr. K.T. Shanmugam and my committee 

members, Dr. Ingram, Dr. Maupin-Furlow, Dr. Stewart, and Dr. Romeo, for their guidance over 

these many years, and my lab mates for their time and assistance.  I would also like to extend a 

special thanks to Dr. Hrdy and Dr. Scharf for T. vaginalis NADH-dehydrogenase (NDH) DNA 

and termite gut [Fe]-hydrogenase DNA, respectively, Dr. Angerhofer for conducting Electron 

Paramagnetic Resonance (EPR) experiments, and the entire Department of Microbiology and 

Cell Science at the University of Florida for making this a positive experience. 



 

5 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS.................................................................................................................... 4 

LIST OF TABLES................................................................................................................................ 8 

LIST OF FIGURES .............................................................................................................................. 9 

LIST OF ABBREVIATIONS ............................................................................................................ 11 

ABSTRACT ........................................................................................................................................ 17 

CHAPTER 

1 INTRODUCTION AND SIGNIFICANCE............................................................................... 19 

Fuel Crisis .................................................................................................................................... 19 
Renewable Biomass to Ethanol .................................................................................................. 20 
Second Generation Renewable Fuels ......................................................................................... 26 

Hydrogen .............................................................................................................................. 26 
Butanol ................................................................................................................................. 27 

2 BACKGROUND ON HYDROGEN PRODUCTION ............................................................. 28 

Current Hydrogen Production Methods ..................................................................................... 28 
Methane Steam Reforming ................................................................................................. 28 
Coal Gasification ................................................................................................................. 28 
Hydrogen from H2O ............................................................................................................ 29 
Biomass Conversion to Hydrogen ...................................................................................... 32 

Microbial Hydrogen Production................................................................................................. 33 
History .................................................................................................................................. 33 
Photosynthetic Hydrogen Production ................................................................................. 34 
Fermentative Hydrogen Production.................................................................................... 38 
Hydrogenase Biochemistry ................................................................................................. 43 

[NiFe]-hydrogenase...................................................................................................... 44 
[Fe]-hydrogenase .......................................................................................................... 45 

NADH-Dependent Hydrogen Producing Pathway ................................................................... 47 

3 BACKGROUND ON BUTANOL PRODUCTION ................................................................. 53 

Fossil Fuel-Based Butanol Production....................................................................................... 53 
Microbial Butanol Production .................................................................................................... 53 

History .................................................................................................................................. 53 
Butanol Fermentation .......................................................................................................... 55 
Molecular Organization of Butanol Production Pathway ................................................. 58 

 



 

6 

Advances in Metabolic Engineering of Bacteria for Butanol Production ............................... 59 
Engineering Escherichia coli for Butanol Production .............................................................. 63 

4 MATERIALS AND METHODS ............................................................................................... 69 

General Methods ......................................................................................................................... 69 
Materials ............................................................................................................................... 69 
Bacterial strains, Bacteriophages, Plasmids, and Primers Used ....................................... 69 
Media and Growth Conditions ............................................................................................ 69 
Fermentation ........................................................................................................................ 70 
DNA Extraction and Purification ....................................................................................... 70 
Polymerase Chain Reaction (PCR)..................................................................................... 71 
DNA Modification ............................................................................................................... 71 
Transformation ..................................................................................................................... 71 
Transduction......................................................................................................................... 72 
Gene Deletions ..................................................................................................................... 72 
Construction of Plasmid pET15b Based T7 Expression Plasmids ................................... 72 
Protein Production Using pET15b Based T7 Expression ................................................. 73 
His-tagged Protein Purification .......................................................................................... 73 
Analytical Methods.............................................................................................................. 74 

Methods for Hydrogen Production............................................................................................. 75 
Construction of Tandem T7 Expression of ndhE and ndhF Subunits .............................. 75 
Construction of Tandem trc Promoter Controlled Expression of ndhE and ndhF .......... 75 
NADH-Dehydrogenase (NDH) Enzymatic Activity ......................................................... 76 
Clostridium Ferredoxin Purification................................................................................... 77 
(Electron Paramagnetic Resonance) EPR Measurements ................................................. 77 
Selection of Methyl Viologen (MV) Resistant E. coli ...................................................... 77 
Detection of Hydrogen Production ..................................................................................... 78 
Electrochemical Potential .................................................................................................... 78 
Cloning of [Fe]-Hydrogenase Isolated from Termite Gut ................................................ 79 

Methods for Butanol Production ................................................................................................ 79 
Construction of Plasmid pET15b Derivatives for the Expression of Enzymes in the 

Butanol Pathway .............................................................................................................. 79 
Enzyme Assays for Butanol Pathway................................................................................. 80 
In Vitro Butanol Production ................................................................................................ 80 
Enzyme Assay from Crude Extract .................................................................................... 81 
Plasmid Construction for Butanol Production ................................................................... 81 
E. coli Strain Construction for Butanol/Butyrate Production ........................................... 84 

5 RESULTS AND DISSCUSSION ............................................................................................ 103 

Biochemical Characterization of Recombinant NADH-Ferredoxin Oxidoreductase 
(NFOR; NDH) from Trichomonas vaginalis ....................................................................... 103 

Expression and Purification of NDH ................................................................................ 103 
Enzymatic Activities / Kinetics of NDH .......................................................................... 104 
Iron / Sulfur Determination ............................................................................................... 105 
 



 

7 

EPR Determination of Iron / Sulfur Clusters ................................................................... 106 
Potential Use of NDH for H2 Production ......................................................................... 107 

NADH-Dependent Hydrogen Production................................................................................ 109 
Reduced Methyl Viologen Coupled to E. coli Hydrogenase-3 (HYD3) Isoenzyme..... 109 
Reduced Methyl Viologen Coupled to [Fe]-Hydrogenase.............................................. 110 
Thermodynamic Barrier .................................................................................................... 112 

Production of 1-Butanol by Recombinant E. coli ................................................................... 116 
In Vitro Production of Butanol from Acetyl-CoA Using Recombinant Proteins .......... 116 
Plasmid Expression of Butanol Pathway ......................................................................... 118 
Chromosomal Insertion of Butanol Pathway into E. coli................................................ 121 
Additional Insertion of bcd-etfBA Transcriptionally Controlled by E. coli adhE 

Promoter ......................................................................................................................... 123 

6 SUMMARY AND CONCLUSIONS ...................................................................................... 148 

Hydrogen ................................................................................................................................... 148 
Butanol ....................................................................................................................................... 151 

APPENDIX     REPRINT PERMISSION OF PUBLISHED MATERIAL .................................. 155 

LIST OF REFERENCES ................................................................................................................. 156 

BIOGRAPHICAL SKETCH ........................................................................................................... 175 

 
 



 

8 

LIST OF TABLES 

Table  page 
 
4-1 Bacterial strains, bacteriophages, and plasmids ................................................................... 89 

4-2 List of PCR primers used in this study. ................................................................................ 92 

4-3 Standard redox potential of electron donor / electron acceptor couple .............................. 96 

5-1 Purification of recombinant NADH-dehydrogenase (NDH) produced in Escherichia 
coli with isopropyl β-D-1-thiogalactopyranoside (IPTG) or arabinose as an inducer. .... 125 

5-2 Specific activity of recombinant Trichomonas vaginalis hydrogenosome NDH 
produced in E. coli with arabinose as inducer .................................................................... 126 

5-3 Kinetic properties of recombinant T. vaginalis hydrogenosome NDH purified from 
E. coli .................................................................................................................................... 127 

5-4 Specific activities of recombinant enzymes in butanol production pathway ................... 128 

5-5 Specific activity of butanol pathway enzymes in the crude extract of JM107 
(pCBEHTCB) ....................................................................................................................... 129 

5-6 Specific activity of AtoB and AdhE2 in the crude extracts of JM107 (pAA) .................. 130 

5-7 Butanol production by various mutant strains of E. coli bearing pCBEHCU and pAA.. 131 

5-8 Effect of various plasmids on the production of butanol by different E. coli strains. ..... 132 

5-9 Effect of a second chromosomal insertion of butyryl-CoA synthesis (BCS) operon 
transcriptionally controlled by pflB promoters. .................................................................. 133 

 
 



 

9 

LIST OF FIGURES 

Figure  page 
 
2-1 Photosynthetic electron transport pathways for hydrogen production in green algae ....... 50 

2-2 NADH-dependent reduction of ferredoxin by Clostridium kluyveri Bcd/EtfBA 
(clostridial NFOR) coupled to crotonyl-CoA to butyryl-CoA reaction .............................. 51 

2-3 NADH-dependent hydrogen producing pathway ................................................................. 52 

3-1 C. acetobutylicum fermentative pathway.............................................................................. 66 

3-2 Molecular organization of genes encoding butanol/solvent pathway in C. 
acetobutylicum........................................................................................................................ 67 

3-3 Escherichia coli mixed acid fermentation ............................................................................ 68 

4-1 Trichomonas vaginalis NADH-dehydrogenase (NDH) T7 expression plasmid. ............... 97 

4-2 Construction of pButanol ....................................................................................................... 98 

4-3 Construction of pButyrate...................................................................................................... 99 

4-4 Construction of pTrc99a derived plasmids ......................................................................... 100 

4-5 Consolidation of butanol pathway genes into a single low-copy vector pACYC184 ..... 101 

4-6 Chromosomal insertion of C. acetobutylicum butyryl-CoA synthesis (BCS) operon 
replacing E. coli pflB ............................................................................................................ 102 

5-1 Native molecular weight of NDH as determined by gel filtration .................................... 135 

5-2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of 
recombinant NDH expressed in E. coli induced by isopropyl β-D-1-
thiogalactopyranoside (IPTG) or arabinose ........................................................................ 136 

5-3 pH profile of NDH activity in phosphate buffer ................................................................ 137 

5-4 Absorption spectrum of recombinant T. vaginalis hydrogenosome NDH or NDH-
small subunit ......................................................................................................................... 138 

5-5 Electron paramagnetic resonance (EPR) spectrum of the recombinant T. vaginalis 
hydrogenosome NDH holoenzyme produced in E. coli .................................................... 139 

5-6 EPR spectrum of NdhE (small subunit) of the T. vaginalis NDH produced in E. coli.... 140 

5-7 Effect of NDH on whole cell reduction of methyl viologen (MV) and H2 evolution in 
overnight cultures of MV resistant PMD45 ....................................................................... 141 



 

10 

5-8 Primary sequence alignment of HydA from C. acetobutylicum, T. vaginalis, P. 
grassii, and a symbiont from the hindgut of R. flavipes .................................................... 142 

5-9 Effect of NDH and GutHyd on hydrogen production ........................................................ 143 

5-10 Effect of NDH and GutHyd on fermentation profile of E. coli strain PMD45 ................ 144 

5-11 High performance liquid chromatography (HPLC) profile of in vitro production of 1-
butanol from acetyl-CoA ..................................................................................................... 145 

5-12 Relative specific activities of functionally expressed recombinant enzymes in E. coli .. 146 

5-13 Growth, pH, pyruvate, and butyrate production from PMD76 with pH control .............. 147 

6-1 Thermodynamics of the NADH-dependent hydrogen production pathway ..................... 154 

 
 



 

11 

LIST OF ABBREVIATIONS 

Aad Alcohol-aldehyde dehydrogenase 

A Absorbance 

ABE Acetone butanol ethanol fermentation 

Adc Acetoacetyl-CoA decarboxylase 

ADH Alcohol dehydrogenase 

ADP Adenosine-5'-diphosphate 

amp Ampicillin 

ampR Ampicillin resistant 

ATCC American type culture collection 

AtoB E. coli thioloase 

ATP Adenosine-5'-triphosphate 

Bcd Butyryl-CoA dehydrogenase 

Bcd/EtfBA Butyryl-CoA dehydrogenase – electron transfer flavoprotein complex 

BCA Bicinchoninic acid protein determination assay 

BCS Butyryl-CoA synthesis pathway from acetoacetyl-CoA to butyryl-CoA 

Bdh Butanol dehydrogenase 

bp Base pair 

BSA Bovine serum albumin 

BTU British thermal unit; equals 1.053 kJ of energy 

but+ E. coli strain carrying butanol biosynthesis genes (chromosomal insertion 
of spcR-Ptrc-adhE2-Ptrc-atoB-Ptrc-crt-bcd-etfBA-hbd- 
Ptrc-ccrA-udhA) 

BV Benzyl viologen 

cal Calories; equal to 4.184 J 



 

12 

CcrA Crotonyl-CoA reductase from Streptomyces 

CoA Coenzyme-A 

Crt Crotonase 

CSC Commercial solvent corporation 

CTAB Cetyl trimethylammonium bromide 

CtfAB Coenzyme-A transferase 

DCPIP  2,6-dichlorophenolindophenol 

DNA Deoxyribonucleic acid 

dNTP Deoxyribonucleotide 

DOE United States Department of Energy 

DTT Dithiothreitol 

E Actual concentration-dependent redox potential  

e- Electron 

E10 Gasoline blend; 10 % ethanol, 90 % gasoline 

E85 Gasoline blend; 85 % ethanol, 15 % gasoline 

Eo' Standard redox midpoint potential  

EIA Energy Information Administration; branch of DOE 

EPR Electron paramagnetic resonance 

Etf Electron transfer flavoprotein 

etfBA Genes AB encoding electron transfer flavoprotein subunits 

Evalue Statistical expect value 

F Faraday constant  (96,500 C mol-1) 

FAD Flavin adenine dinucleotide 

Fd Ferredoxin 



 

13 

FDH Formate dehydrogenase 

[Fe-S] Iron-sulfur cluster 

FHL Formate hydrogen-lyase 

FMN Flavin mononucleotide; riboflavin-5′-phosphate 

FRT Flippase recognition target 

G3P Glyceraldehyde-3-phosphate 

GC Gas chromatograph 

GRAS Generally regarded as safe 

GutHyd Symbiont [Fe]-hydrogenase from R. flavipes hindgut 

H+ Proton 

Hbd Hydroxybutyryl-CoA dehydrogenase 

HPLC High-performance liquid chromatography; High-pressure liquid 
chromatography 

Hrs Hours 

HYD Hydrogenase 

HYD3 E. coli hydrogenase isoenzyme 3 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

J Joules; equals to 0.239 cal (kg m2 s-2) 

kan Kanamycin 

kanR Kanamycin resistant 

Kcat Turnover rate; number of enzymatic reactions catalyzed per second (sec-1) 

kDa Kilodaltons (1000 molecular weight) 

KFeCN Potassium ferricyanide; K3Fe(CN)6 

Km Michaelis constant; substrate concentration that yields ½Vmax of enzyme 
activity 



 

14 

LB Luria-Bertani medium 

LHC Light harvesting complex 

Lpd Dihydrolipoamide dehydrogenase; E3 component of PDH 

lpd101* E. coli lpdA with point mutation E354K 

M Molar concentration (mol L-1) 

mol Mole; quantity equal to 6.022 x 1023 atoms or molecules (Avogadro 
number) 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MV Methyl viologen 

MVR Methyl viologen resistance 

n Number of electrons as in Nernst equation 

N1a [2Fe-2S] cluster of small subunit of NDH 

N3 [4Fe-4S] cluster of large subunit of NDH 

NAD+ Nicotinamide adenine dinucleotide 

NADH Reduced nicotinamide adenine dinucleotide 

NADP+ Nicotinamide adenine dinucleotide phosphate 

NADPH Reduced nicotinamide adenine dinucleotide phosphate 

ND Not detected or not determined 

NDH NADH dehydrogenase 

NEB New England Biolabs, Inc. 

NFOR NADH-ferredoxin oxidoreductase 

OD Optical density 

Ox Oxidized 

PCR Polymerase chain reaction 



 

15 

PDH Pyruvate dehydrogenase 

PEP Phosphoenolpyruvate 

PFOR Pyruvate-ferredoxin oxidoreductase 

PS Photosystem 

PT7 T7 promoter 

Ptrc trc promoter 

quad Quadrillion BTU; 1015 BTU; equivalent to about 8 billion gallons of 
gasoline 

R Ideal gas constant (8.314 J K-1 mol-1) 

Red Reduced 

Redox Reduction / oxidation  

RNA Ribonucleic acid 

S-200 Sephacryl-200 gel filtration matrix 

SD Shine-Dalgarno sequence 

SDS Sodium dodecyl sulfate 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Sp. Act. Specific activity (U (mg protein)-1) 

spc Spectinomycin 

spcR Spectinomycin resistance 

T Temperature (K) 

TCA Tricarboxylic acid cycle; citric acid cycle; Kreb’s cycle 

Thl Thioloase; ThlA and ThlB 

U Unit of enzyme activty (μmole min-1) 

V Volt (J C-1; Kg m2 s-2 C-1 ) 



 

16 

Vmax Enzymes maximum velocity (U (mg protein)-1) 

Δ Gene deletion 

ΔE Change in redox potential; Eproduct – Ereactant 

ΔG Gibbs free energy (J mol-1 or cal mol-1) 

ε Molar extinction coefficient 

 



 

17 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

 
METABOLIC ENGINEERING OF MICROBIAL BIOCATALYSTS FOR FERMENTATIVE 

PRODUCTION OF NEXT GENERATION BIOFUELS 

By 

Phi Minh Do 
 

August 2009 
 
Chair: Name K.T. Shanmugam 
Major: Microbiology and Cell Science 

 
With increasing demand for fuel and a finite supply of petroleum, alternative renewable 

sources of energy need to be generated in order to free the world from the bond of fossil fuels.  

New transportation fuels currently in development include hydrogen and higher chain alcohols 

such as butanol.  This study focuses on metabolic engineering of Escherichia coli as a microbial 

biocatalyst for fermentative production of these high energy alternative fuels towards identifying 

the rate-limiting steps in achieving high product yields.  For production of hydrogen at high yield 

from fermentable sugars, the reducing potential from reduced nicotinamide adenine dinucleotide 

(NADH) produced during fermentation also needs to be converted to hydrogen.  The gene 

encoding the first enzyme in the NADH-dependent hydrogen pathway, NADH-ferredoxin 

oxidoreductase (NDH), was cloned from an anaerobic protozoan, Trichomonas vaginalis, and 

expressed.  The NDH protein purified from the recombinant E. coli and biochemically 

characterized.  The recombinant enzyme reduced several low-potential electron acceptors such as 

ferredoxin and viologens with NADH as electron donor.  The [Fe-S] cluster composition of this 

heterodimer is apparently responsible for this unique catalytic property.  Attempts to couple 

NADH oxidation to hydrogen production using NDH, methyl viologen and native hydrogenase 3 

were not successful due to thermodynamic constraints, which proved to be difficult to overcome 
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in vivo.  Although several microbes produce butanol as a fermentation product, none of them 

produce butanol as sole fermentation product.  Towards constructing a recombinant E. coli that 

produces butanol as the main fermentation product, the genes encoding the enzymes minimally 

needed for converting acetyl-CoA to butanol were cloned from Clostridium acetobutylicum and 

Streptomyces avermitilis and expressed in E. coli.  The encoded proteins upon purification and 

mixing in vitro established the butanol pathway and converted acetyl-CoA to butanol.  E. coli 

carrying the butanol pathway genes produced butanol but the yield of butanol was only about 2 

mM.  One of the rate-limiting steps in achieving higher yield butanol production was identified 

as the butyryl-CoA dehydrogenase complex. Other rate-limiting steps in butanol production were 

the competition for acetyl-CoA between ethanol and butanol pathways as well as generating 

sufficient amounts of appropriate reductants to support the activity of various enzymes in the 

butanol pathway while also maintaining proper redox balance. 
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CHAPTER 1 
INTRODUCTION AND SIGNIFICANCE  

Fuel Crisis 

The United States consumes more energy than it produces, importing 34 % of its total 

energy needs (65).  In 2007, imports accounted for 58.6 % of the petroleum consumed, 

indicating our dependency on foreign energy suppliers.  In order to increase this nation’s energy 

security, there needs to be a shift from foreign imports to domestic production of energy.  As of 

2007, 40.0 % of the energy consumed by the US was derived from petroleum followed by 23.3 

% natural gas, 22.3 % coal, 8.3 % nuclear, and 5.9 % renewable energy (65).  Fossil fuel 

accounts for 85.6 % of the total energy used.  Of the petroleum consumed, 58.6 % of the 

petroleum was imported and 42.4 % and 15.9 % of the total petroleum consumed was used for 

transportation in the form of gasoline and diesel, respectively (65).   

In 2007, The United States consumed 40.75 quadrillion British Thermal Unit (BTU) 

(quad) of petroleum per year with the predicted increase to 41.60 quad of petroleum per year in 

2030 where 1 quad is equivalent to about 8 billion gallons of gasoline (65).  The price of crude 

oil is projected to almost double from $73.33 to $130.43 per barrel in the same time period.  

However, crude oil price reached higher than $140 per barrel in 2008, 22 years ahead of this 

prediction.  The predicted cost reflects global supply/demand and does not account for instability 

in the global economy which could radically fluctuate prices.  For example, from $137.11 in July 

2008 the price declined to $35.70 per barrel five months later in December 2008 (65).  With the 

increase in demand and higher price for oil, domestic production of petroleum is optimistically 

projected to increase from the current 10.73 to 15.96 quad per year in 2030.  This projection of 

increased production is expected to decrease the petroleum import from the current 28.87 to 

21.72 quad per year.  In the transportation sector, the expected decrease in use of gasoline for 
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transportation from 17.29 to 14.49 quad of petroleum per year will be due to a projected use of 

E85 blends up to 2.18 quad per year in 2030. This 13 % reduction in the transportation gasoline 

demand outlines the country’s anticipated shift to a renewable fuel (65).   

Combustion of fossil fuels produces heat plus carbon dioxide, carbon monoxide, and other 

waste products depending on the fuel source.  These undesirable greenhouse gases are released 

into the atmosphere, which is reported to cause global temperature increase.  Alternate sources of 

energy that are CO2 neutral are being explored to mitigate these problems associated with fossil 

fuel use.  The ideal fuel would be renewable, domestically produced, non-polluting, and cost 

effective.   

Renewable Biomass to Ethanol 

Renewable energy is derived from sources that are constantly replenished by natural 

processes such as wind, water, geothermal, and solar.  Energy from these sources can be 

converted to a usable form such as electricity.  Among these, solar energy can be directly 

converted to electricity or indirectly to combustible fuels, such as ethanol, H2, biodiesel, etc.  

During the process of photosynthesis, plants collect and store solar energy as carbohydrates, 

lipids, and plant materials.  Crude petroleum, a primary source of our present energy, is indeed a 

derivative of plant materials generated by photosynthesis eons ago and processed at high 

temperature and pressure.  The CO2 trapped in these plant materials is currently being released 

into the atmosphere during the liberation of the stored energy.  Global warming observed today 

due to CO2 release in this loop is caused by the time between the capture and release of this CO2.  

By using biomass instead of fossil fuels, plant materials can, once again, serve as the energy 

intermediate to meet the current energy demand without enhancing CO2 concentration in the 

atmosphere that leads to global warming. 
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As the plants grow, they utilize energy from the sun to fix CO2 into sugars, which 

polymerize to form starch and lignocellulosic biomass, the structural components of stalks, 

stems, and leaves (31).  Starch, which is the storage components of plants, is made up of two 

components, amylose and amylopectin.  Amylose polymers are long chains of glucose linked by 

α-1,4 glycosidic bonds.  Amylopectin, the other component of starch, consists of amylose with 

branched α-1,6 glycosidic bonds of glucose polymers occurring every after 24-30 glucose units 

(149).  Lignocellulosic biomass is composed of three major components: cellulose, 

hemicellulose, and lignin (77, 188).  The largest fraction, cellulose, which makes up about 20-50 

% of biomass, comprises long polymers of glucose linked by β-1,4 glycosidic linkages.  

Hydrogen bonding between cellulose polymers results in insoluble and anhydrous crystalline 

structure (188).  Hemicellulose, which comprises about 20-40 % of biomass, is relatively shorter, 

and is a highly branched polymer of mainly D-xylose with varying amounts of L-arabinose, D-

galactose, D-glucose, and D-mannose (97, 98, 230).  Higher percentages of hemicellulose are 

found in hard woods and lesser percentages are found in soft plants.  The other major 

component, lignin makes up 10-20 % of biomass and is a polymer of mostly aromatic 

compounds (188).   

Starch, cellulose, and hemicellulose can serve as feedstock for ethanol fermentation.  The 

polymers must first be hydrolyzed into their monomeric carbohydrate constituents that are the 

usable substrates for the ethanol producing microbial biocatalyst.  The α-1,4 and α-1,6 glycosidic 

linkage of starch is easily hydrolyzed by α-amylase, glycoamylase, and pullulanase releasing 

glucose (149).  Hydrolysis of the β-1,4 glycosidic linkage in cellulose is catalyzed by a class of 

enzymes called cellulases (134, 191).  There are different types of cellulases classified by their 

activities (15).  Endocellulases are enzymes that hydrolyze internal β-1,4 glycosidic linkages 
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producing smaller chains of the cellulose polymer (131, 134).  Exocellulase (cellobiohydrolase) 

hydrolyzes the β-1,4 linkages near the ends of the native cellulose polymer and polymers 

produced by endocellulase releasing 2, 3, or 4 linked glucose units called cellobiose, cellotriose, 

or cellotetrose, respectively (134).  Cellobiase or β-glucosidase hydrolyzes the exocellulase 

products such as cellobiose into individual glucose monosaccharides (134).  The structural 

complexity of cellulose hinders the accessibility of cellulases to the polymer, thus requiring 

pretreatment of the polymer and a higher level of enzymes than used for starch hydrolysis to 

hydrolyze cellulose to glucose (15, 230).  Current hemicellulose hydrolysis involves a non-

enzymatic approach.  Hemicellulose is hydrolyzed by dilute acid at high temperature and steam 

treatments (191).  This process releases the monomeric carbohydrates; however, due to the harsh 

conditions needed to hydrolyze hemicellulose, small amounts of the sugars and aromatic 

compounds of lignin are converted to other compounds that are inhibitory to fermenting 

organisms.  These inhibitory compounds include, but are not limited to, acetate, furfural, 5-

hydroxymethylfurfural (HMF), p-hydroxybenzoic acid, vanillin, and syringaldehyde (4, 191, 

230, 231).  There are several studies that are focused on reducing the production of inhibitors 

and/or increasing the tolerance of fermenting organisms to such compounds (79, 191, 193).  

Currently in the United States, greater than 93 % of ethanol production utilizes corn starch 

as feedstock (31, 77, 127).  Other countries with warmer climates such as Brazil, mainly use 

sucrose from sugarcane; whereas, more temperate regions use sucrose from sugar beets as 

feedstock (11, 19, 50, 125).  Since these dominant feedstock sources are also food items, the 

increase in global ethanol demand shifts the use of these food items to fuel thus increasing global 

food prices (31, 91).  In order for ethanol to be an economically favorable fuel, its feedstock 
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must be derived from non-food sources such as lignocellulose – cellulose and hemicellulose 

fractions of biomass (77, 127, 188).   

Yeast, such as Saccharomyces cerevisiae, are the industrial ethanol producers (50, 127, 

202).  S. cerevisiae’s historical prevalence and industrial knowledge still makes it the organism 

of choice for ethanol fermentation; however, its substrate utilization limitations may suggest a 

shift to non-traditional fermentative organisms.  S. cerevisiae naturally ferments glucose but not 

pentoses such as xylose, the second most abundant carbohydrate found in biomass (106, 156, 

202, 227).  Other yeast, such as Pichia stipitis and Candida tropicalis, can ferment xylose; 

however, their low ethanol yields with xylose and inability to ferment other hemicellulose sugars 

has hindered further strain development (77, 105, 106).  Expression of xylose reductase and 

xylitol dehydrogenase from P. stipitis in recombinant strains of S. cerevisiae was only partially 

successful due to the inherent redox constraints of this pathway, which resulted in undesirable 

byproduct formation, such as xylitol, in the absence of oxygen (7, 115, 181, 203).  To mediate 

this problem, xylose isomerase from yeast Piromyces sp. E2 and Thermus thermophilus were 

cloned and expressed in S. cerevisiae resulting in strains with similar ethanol yields on xylose as 

with glucose (25, 36, 203).  Attempts in engineering S. cerevisiae to ferment pentose such as L-

arabinose were less successful due to the poor expression of bacterial source genes in this 

eukaryote (25, 36, 80, 216, 218). 

Bacterial ethanol fermentation also has potential industrial applications.  Zymomonas 

mobilis is a traditional bacterial ethanol producer used for fermentation of alcoholic beverages 

such as tequila.  Z. mobilis metabolizes sugars by Entner-Doudoroff pathway and produces only 

ethanol as fermentation product.  Advantages of Z. mobilis include, but are not limited to, high 

ethanol production yield of up to 120 g L-1, high ethanol tolerance, and high specific ethanol 
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productivity (139, 170, 184).  Z. mobilis’ inability to utilize other sugars found in biomass 

hinders the industrial use of this organism for production of fuels.  Like yeast, recombinant 

strains of Z. mobilis were constructed for utilization of xylose and arabinose resulting in strains 

with broader substrate capability while retaining high ethanol yields; yet, problems of long 

fermentation times due to low productivity has hindered the development of these strains (30, 54, 

127).   

Escherichia coli is a Gram-negative facultative anaerobe that catalyzes mixed acid 

fermentation.  The vast accumulated knowledge and available genetic tools makes this organism 

a feasible platform for metabolic engineering for production of ethanol or other valuable 

chemicals.  This organism has a broad range of substrate utilization, can naturally ferment all 

carbohydrates found in lignocellulose, and can grow in minimal salts medium which reduces cost 

of product production.  To date, one of the most promising ethanologenic E. coli, strain KO11, 

has a chromosomally integrated pyruvate decarboxylase gene (pdc) and alcohol dehydrogenase 

gene (adhB) from ethanologenic bacterium Zymomonas mobilis (97, 155, 227).  Strain KO11 has 

the same ethanol specific productivity as yeast using glucose as a substrate and can utilize 

extremely high xylose concentrations of over 100 g L-1 (96-98, 227, 235).  However, 

disadvantage of this recombinant strain include low ethanol tolerance of about 5 % which was 

about one-third that of yeast’s ethanol tolerance. 

Problems with ethanol:  Ethanol is the first widely used commercially available 

renewable transportation fuel.  The use of ethanol is a first step away from the dependence on 

fossil fuels and towards a new era of clean, sustainable energy.  Ethanol as a fuel however, is not 

perfect.  Pure ethanol cannot be combusted in modern automotive engines due to its chemical 

properties (199).  Ethanol has a higher vapor pressure than gasoline, which at operating 
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temperatures, could produce vapor bubbles within the fuel lines.  The “vapor lock” can cause the 

car to hesitate and stall due to inadequate fuel delivery.  Another main concern with ethanol is 

that it has a higher latent heat of vaporization which requires more heat to vaporize the ethanol 

fuel than gasoline which can reduce the ability of the car’s engine to ignite the fuel at lower 

temperatures.  High ethanol containing fuels may be a problem for older cars with carburetors 

due to inadequate fuel delivery if they are not adjusted for the lower combustional energy.  

Modern fuel injection delivery systems sense the lower energy and adjust by increasing fuel 

delivery; however, this in turn lower fuel efficiency.  Most internal combustion engines can 

operate with 10 % ethanol mixtures with 90 % gasoline without modifications, but only new 

engines especially modified for E85 can utilize 85 % ethanol, 15 % gasoline mixture.  The 

chemical properties of ethanol also make ethanol incompatible with current fuel transportation 

infrastructure and utilization.  Ethanol’s lower solubility in gasoline, high solubility in water, and 

hygroscopic nature present an immense problem in fuel transportation (199).  Currently, gasoline 

is primarily transported through pipelines.  Moisture that seeps into transportation pipelines is 

normally not a problem due to water’s low solubility in gasoline.  Since ethanol is hygroscopic, a 

gasoline/ethanol mixture permits water contamination in fuel which may cause damage to engine 

parts.  The polar nature of ethanol molecules creates strong hydrogen bonds with water.  Since 

water easily separates from gasoline, water contamination causes a temperature dependent phase 

separation of gasoline and ethanol/water mixture (199).  Low temperature is a major concern 

since it increases phase separation of water contaminated gasoline/ethanol mixture which may 

lead to frozen fuel lines during the winter.  The added corrosiveness of ethanol and water also 

makes it less suitable for pipeline transportation.  To mediate this problem, ethanol requires its 
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own separate transportation system and needs to be mixed with gasoline at the pumping station 

to avoid water contamination and fuel separation.   

Another problem with ethanol is that current production requires use of food items as 

feedstock which in turn drives up the cost of both food and fuel.  A shift to lignocellulosic 

ethanol would remedy this problem; however, more research will be needed to develop improved 

processes and microbes to handle the harsh scale of industrial fermentation of biomass.  

Continual usage of ethanol as a fuel will require a drastic overhaul of the fuel infrastructure.  A 

shift to a new “second” generation renewable fuel may be required to move beyond the problems 

associated with ethanol use.  The new fuel must be clean, cost-effective, high in energy, and/or 

does not require much change in current delivery systems.  Potential next generation renewable 

fuels are hydrogen and butanol.   

Second Generation Renewable Fuels 

Hydrogen 

The use of hydrogen as a fuel has been of great interest since its combustion produces only 

heat and water, although shift to H2 as a fuel would also require a new infrastructure.  Hydrogen 

provides more energy per unit mass than all other combustional energy sources (57).  The 

combustional energy of hydrogen is 52,200 BTU/lb whereas gasoline, compressed natural gas, 

propane, and ethanol yield only 18,600 BTU/lb, 20,200 BTU/lb, 19,900 BTU/lb, and 11,600 

BTU/lb, respectively (57).  During the energy crisis of the 1970s, hydrogen sources and 

applications were explored.  Hydrogen was, at the time, believed to be the “fuel of the future”.  

Most of the funds for hydrogen research diminished after oil price dropped but resurfaced again 

in the 1990s with the concern about the greenhouse effect of net CO2 release into the atmosphere 

from fossil fuel use (20).  In 2003, President Bush announced a $1.2 billion hydrogen fuel 
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initiative for developing technology associated with creating, storing, distributing, and utilizing 

hydrogen in fuel cells bringing hydrogen to the fore-front again (41).   

Butanol 

The current shift to using ethanol as a fuel additive is an important progression towards the 

utilization of renewable fuels.  The use of butanol as a fuel additive has been of great interest 

because of its advantages over ethanol.  Butanol has a low solubility in water.  It is also 

hydrophobic and has complete solubility with gasoline at any ratio (168).  Gasoline/butanol 

mixtures could be pumped in pipelines without further modification and this approach do not 

require a separate mixing station.  Butanol also provides higher energy per unit mass than 

ethanol with a value closer to gasoline (86 %).  The combustional energy of butanol is 16,000 

BTU/lb whereas gasoline and ethanol yields are 18,600 BTU/lb and 11,600 BTU/lb, respectively 

(168).  Since butanol’s properties resemble those of gasoline, 100 % butanol could be used in 

automotive engines, even on older cars built in the early 1990’s, without any modification (168).     

The history of biological production of butanol dates back to its discovery by Pasteur in the 

mid 1800’s.  Industrial ABE fermentations were greatly employed from the 1910’s to the late 

1940’s as a source of solvents and synthetic rubber (107).  The emergence of the, at the time 

plentiful and cheap, petrochemical based solvent production in the 1940’s led to the demise of 

ABE fermentations.  Sixty years later, as the petroleum cost and reserves reached problematic 

levels, butanol fermentations are being explored again as a source of renewable energy. 
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CHAPTER 2 
BACKGROUND ON HYDROGEN PRODUCTION 

Current Hydrogen Production Methods 

As mentioned before, hydrogen is an excellent fuel whose combustion only releases heat 

and water.  This section will briefly summarize current technology in hydrogen production from 

both fossil fuel and renewable sources.  I will also introduce biological sources and microbial 

biocatalysts available for both photosynthetic and fermentative hydrogen production. 

Methane Steam Reforming  

At present, hydrogen is produced by a process called steam reforming which utilizes the 

water-gas-shift reaction (Equation 2-1) 

CH4 + H2O → CO + 3H2 (700 - 1,100 oC)          (2-1) 
CO + H2O → CO2 + H2  (130 oC) 
 
CH4 +2H2O → CO2 + 4H2 

When compared with other fossil fuels, methane, commonly known as natural gas, is currently 

the most favorable feedstock for hydrogen production because of its availability and its high 

hydrogen to carbon ratio, which minimizes the yield of CO2 (152).  The disadvantage of this 

method is that it uses a fossil fuel.  In 2007, US imported 19.9 % of its natural gas needs which 

was about 4.8 % higher than in 2004 (65).  Using this method for production of hydrogen for fuel 

production would require additional import of natural gas and would only increase this country’s 

dependence on foreign energy imports.   

Coal Gasification   

United States has a abundant supply of coal with estimated reserves lasting for an 

additional 200 years at the current rate of use (42).  The shift towards hydrogen production from 

coal will decrease energy import.  The production of hydrogen from coal involves a process 

called gasification.  This process comprises partial oxidation of coal with oxygen and steam in a 
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high temperature and pressure reactor (141).  This process, like the steam reforming of natural 

gas, produces a mixture of carbon monoxide and hydrogen in which the CO can be used to make 

additional hydrogen.  One concern with coal as a feedstock is that this process releases a 

significant amount of CO2 due to its high carbon to hydrogen ratio compared to methane.  Using 

current technology, the combustion of coal produces 19 kg of CO2 per kg hydrogen produced 

compared to the combustion of natural gas that produces 10 kg of CO2 per kg hydrogen produced 

(152).  Coal also contains impurities that would be released into the environment such as sulfur 

oxides, nitrogen oxides, lead, and mercury.  These concerns are being met with clean coal 

technologies that reduce plant emissions and increase plant thermal efficiencies.  Further 

improvements in these technologies could enhance coal’s future as a source of hydrogen.  

However, the collected toxic materials still need to be disposed in an environmentally safe 

manner.  The cost of hydrogen production from coal is one of the lowest only if the demands for 

hydrogen are sufficient to construct a centralized plant and a large distribution system (152).  In 

2003, then President Bush announced that the United States would be the first to sponsor a $1 

billion, 10-year demonstration project to create world’s first coal-based, zero-emission electricity 

and hydrogen plant.  This technology is expected to accelerate the commercialization of 

hydrogen fuel by 2020 (42). 

Hydrogen from H2O   

Hydrogen could be generated by splitting water into its two elemental components: 

hydrogen and oxygen, with input of energy.  This process, termed electrolysis, involves passing 

an electric current through water.  The water molecule dissociates producing hydrogen at the 

cathode and oxygen at the anode.  The electrolysis efficiency ranges from 75-80 % with the 

remainder of the energy lost as heat (152).  Increasing the operating temperatures could increase 

the efficiency to 85-90 %; however, certain challenges such as electrode and proton exchange 
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membrane stabilities must be overcome.  Currently, the cost of the energy input into the system 

outweighs the value of the hydrogen evolved (152).  This technology could be coupled with the 

electricity produced from nuclear and renewable resources as discussed below for H2 production. 

Nuclear power could also serve as the source of energy for hydrogen production reactions.  

The heat produced from the nuclear fission reaction could be coupled to steam reforming and 

gasification processes of natural gas and coal, respectively.  As a heating source, this would 

reduce the CO2 emission from natural gas steam reforming by 40 %. The electricity produced by 

nuclear power could be used in electrolysis of water although the efficiency of electrolysis makes 

it uneconomical (210).  At high temperatures thermal-chemical water splitting reactions can be 

used to catalyze the dissociation of water.  One example of this is the sulfur-iodine cycle (39) 

(Equation 2-2): 

I2 + SO2 + 2 H2O → 2 HI + H2SO4   (120 oC)           (2-2) 
H2SO4 → SO2 + H2O + ½ O2    (830 oC – 900 oC) 
2 HI → I2 + H2      (300 oC – 400 oC) 
 
H2O → H2 + ½ O2  
 

As with all nuclear technologies, there are also disadvantages of high capital cost and nuclear 

waste storage and disposal (152). 

The use of renewable energy is the ultimate goal in sustainable hydrogen production.  

Wind energy is often viewed as an excellent source for renewable hydrogen production in a mid-

term time span (152).  Wind energy is pollution-free and requires no feed.  The electricity 

produced from the wind turbines could be used to electrolyze water.  In order for this technology 

to be economical, there needs to be a reduction in the cost of electricity produced by the wind 

powered turbines, a reduction in the cost of the electrolyzers, and optimization in hydrogen 

storage systems (152).  The cost of electricity produced by wind could be attributed to the cost 
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and efficiency of the wind turbines.  Location plays an important role in site selection and cost.  

The site must have powerful wind throughout the year, be located near existing distribution 

networks, and be economically competitive for land use.  The variability of wind intensity may 

affect electricity output, thus affecting the sustainability of electricity and hydrogen production.  

This problem could be solved with a backup power grid, which supplies electricity when wind 

power is less than sufficient; however, this adds additional capital cost.  Other disadvantages of 

wind power are the high noise generated by the turbines, impact on local bird life, visual esthetic 

of the landscape, and interferences to electromagnetic signals (152). 

Solar energy could also be used for hydrogen production.  One method of producing 

“solar-hydrogen” utilizes photovoltaic cells that capture solar energy and convert it to electricity.  

This electricity could again be used to produce hydrogen by electrolysis.  Currently, the cost of 

electricity from a photovoltaic cell module is 6 to 10 times that of electricity from coal or natural 

gas (152).  Significant cost reduction is required if solar energy is to be used for electricity and 

hydrogen production.   

Another method of hydrogen production from solar energy that is being researched utilizes 

photoelectrochemical cells for the direct production of hydrogen from water without using an 

intermediate electrical current.  This requires a submersed solid inorganic oxide electrode 

catalyst that is capable of splitting the water molecule directly when light energy is absorbed.  

Potential candidate materials are SrTiO3, KTaO3, SnO2, and Fe2O3.  Stability and catalytic 

efficiencies require further optimizations (126, 152).  As with wind power, this renewable energy 

is not without its own problems.  Solar output changes both daily and seasonally.  Backup 

systems must be set up to supply energy when solar energy is not sufficient or absent to meet 

demands.  This requires about four to six times more solar modules than needed during peak 
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operations.  The surplus energy produced is stored for hydrogen production during less favorable 

conditions.  Land considerations are similar to that of wind power: the site must have intense 

year-round sunlight, be located near existing distribution networks, and be economically 

competitive for land use.  Other concerns with solar energy are the possible release of toxic 

materials such as cadmium in the production and disposal of photovoltaic cells (152). 

Moving beyond inorganic catalysts, biocatalyst such as cyanobacteria and algae could 

evolve hydrogen by using solar energy coupled with photosynthesis.  This process is presented in 

greater detail in a later section. 

Biomass Conversion to Hydrogen   

In association with solar energy, photons could be captured by biological processes to 

produce biomass via photosynthesis.  Biomass could then be processed thermochemically by 

gasification/pyrolysis processes followed by steam reforming similar to hydrogen production 

from coal (10).  Biomass conversion is renewable and non-polluting.  Any CO2 released from 

this process is fixed by recent photosynthesis; thus, zero net CO2 is produced within this short 

time frame.  However, this does not account for the CO2 produced from the needed heating 

processes such as the burning of fossil fuels and this can be mitigated by the use of biomass.  

There are two general types of biomass that could be used: primary biomass and biomass residue 

(152).  Primary biomass includes energy crops such as switchgrass, poplar, and willow.  These 

are dedicated plants grown for energy production.  Biomass residues include agricultural and 

municipal waste.  The problems currently associated with biomass gasification/pyrolysis include 

variable efficiencies, tar production, and catalyst erosion (10, 152).  In addition to 

gasification/pyrolysis of biomass, biological processes utilizing microbes could also yield 

hydrogen directly by fermentation (20).   
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Microbial Hydrogen Production 

History 

Hydrogen production by photosynthetic cyanobacterium Anabaena was first reported by 

Jackson and Ellms in 1896 (102).  Hydrogen was later found, in 1901, to be also produced from 

light-independent anaerobic fermentation from formic acid (86, 157).  In 1931, Stephenson and 

Strickland identified the enzyme responsible for reversible hydrogen production from enteric 

bacteria which they termed hydrogenase (186, 187).  In 1949, Gest and Kamen demonstrated that 

hydrogen evolution by photosynthetic bacterium Rhodospirillum rubrum was dependent on 

nitrogen fixation, which was later determined to be from the nitrogenase reaction (71).  In 1942, 

Gaffron observed that green alga Scenedesmus obliquus, in the presence of light, could use H2 as 

an electron donor for CO2 fixation in a process he named photoreduction (92, 136).  Gaffron and 

Rubin also reported that S. obliquus could release molecular H2 and CO2 in the dark after 

adaptation in a nitrogen atmosphere (70).  To prevent photoreduction and CO2 fixation from 

occurring when the algae were exposed to light, they trapped the CO2 released by the algae to 

produce a CO2-free environment.  Under these conditions, S. obliquus continually produced 

hydrogen in the presence of light at a 10-fold higher rate compared to the cultures without CO2 

trapping.  Using electron-transport inhibitors, Gaffron concluded that the algae tested produced 

hydrogen via a non-cyclic electron flow through photosystems II and I to hydrogenase (189, 

190).  Arnon and Tagawa identified ferredoxin as the electron donor for hydrogenase, thereby 

linking photosynthesis to hydrogen production (192).  In vitro experiments conducted by 

Benemann and others demonstrated hydrogen evolution by spinach chloroplasts mixed with 

Clostridium kluyveri hydrogenase and ferredoxin (21).  It has been well established that microbes 

produce hydrogen by either photosynthetic or fermentative processes (9, 82).  Photobiological 

hydrogen production utilizes H2O as a source of electrons for the reduction of protons whereas 
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fermentative hydrogen production by algae obtains its reducing power from carbon storage 

compounds.   

Photosynthetic Hydrogen Production 

Members from both eukaryotes and prokaryotes carry out photobiological hydrogen 

production.  Of the prokaryotes, cyanobacteria and photosynthetic bacteria carry out oxygenic 

photosynthesis and anoxygenic photosynthesis, respectively, utilizing either hydrogenase or 

nitrogenase as the terminal enzyme.  In these processes, light provides the energy for both 

hydrogenase and nitrogenase based H2 production (165).  Eukaryotic hydrogen production is 

restricted to green algae and hydrogenase.  In oxygenic photosynthesis, cyanobacteria and algae 

utilize chlorophyll as light harvesting pigments and water as the source of electrons (189, 190).  

Anoxygenic photosynthesis differs in that photosynthetic bacteria utilize bacteriochlorophylls as 

the light-harvesting pigments and either inorganic or organic compounds serve as the reductant 

for hydrogen production (151). 

The underlying process of photosynthesis is well understood.  Oxygenic photosynthesis 

revolves around the two photochemical reaction centers: Photosystems (PS) I and II (the 

classical Z scheme; Figure 2-1).  These photosystems are located within the thylakoid of 

chloroplast or the membranes of cyanobacteria.  Splitting of water is mediated by the excitation 

of an electron at PS II P680 reaction center or light harvesting complex (LHC-II) by the 

absorption of a photon.  The electron passes through the membrane via electron carriers 

generating membrane potentials transferring electron to reaction center P700 (LHC-I) of PS I.  

P700 then absorbs another photon and the energized electron passes though additional membrane-

bound carriers to soluble ferredoxin (Fd).  Reduced Fd is the electron donor for Fd- nicotinamide 

adenine dinucleotide phosphate (NADP+) oxidoreductase that produces reduced nicotinamide 
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adenine dinucleotide phosphate (NADPH) for CO2 fixation (169).  Under anaerobic conditions, 

the reduced Fd is also the electron donor for hydrogenase mediated hydrogen production.   

There are two types of photobiological hydrogen production from water in green algae: 

direct and indirect biophotolysis.  Direct biophotolysis involves both PS II and PS I 

simultaneously and electrons from water are transferred directly to hydrogenase for hydrogen 

production.  The problem with direct biophotolysis is that the O2 evolved by PS II inactivates 

hydrogenase, the H2 producing enzyme.  Indirect biophotolysis occurs in two stages.  In the first 

stage, NADPH is produced from reduced Fd.  NADPH and adenosine-5'-triphosphate (ATP) are 

used to fix CO2 to carbohydrates.  In the second stage, PS II activity is reduced to the level of 

respiration either by low light or by sulfur depletion, and the carbohydrates produced during 

photosynthesis stage are metabolized producing NAD(P)H.  Electrons from NAD(P)H feed into 

quinone-Cytb6f complex, then to PS I which leads to the reduction of Fd with the absorption of a 

photon (Figure 2-1).  Reduced Fd then transfers its electrons to hydrogenase for hydrogen 

production.  The advantage of indirect biophotolysis is that it temporally separates the production 

of O2 and H2 and eliminates hydrogenase inactivation by O2.  Another advantage is that the gas 

mixture produced in the second stage is composed of CO2 and H2, which is far less dangerous to 

handle compared to the explosive mixture O2 and H2 from direct biophotolysis (165).  In 

addition, in indirect biophotolysis, H2 production can proceed until all the stored carbohydrates 

have been converted to H2 due to the stability of hydrogenase.  In a similar experiment using 

cyanobacteria, Mitsui and his coworkers temporally separated carbohydrate production in the 

light and conversion to H2 in the dark through nitrogenase (140).  This light-dark cycle can be 

repeated several times. 
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Hydrogenase- and nitrogenase- based hydrogen production systems.  The enzymes 

mediating the conversion of protons and electrons to molecular hydrogen are hydrogenase and 

nitrogenase.  Hydrogenase is present in both eukaryotic and prokaryotic microorganisms whereas 

nitrogenase, an ATP-dependent enzyme, is restricted to bacterial and archaeal systems.  These 

enzymes from different organisms range from moderately to extremely oxygen sensitive which 

causes a problem for oxygenic photosynthesis.  The oxygen-sensitivity of hydrogenase is 

overcome by Scenedesmus by producing the enzyme only during dark anaerobic conditions (70).  

This allows Scenedesmus to temporally separate hydrogen production from photosynthesis; 

however, upon introduction of light, hydrogen production decreases dramatically within a short 

period of time due to inactivation of hydrogenase.  Sustainability of H2 production is increased 

by depriving the alga Chlamydomonas reinhardtii of sulfur-containing compounds (223).  The 

deprivation of inorganic sulfur decreases oxygenic photosynthesis (PS II) without affecting PS I 

or the rate of cellular respiration.  The absolute rate of photosynthesis mediated O2 production 

decreases below the rate of respiration 24 to 30 hours (hrs) after S-depletion creating an 

anaerobic environment that is suitable for sustained hydrogen production (137). 

Even with the use of cyclical sulfur availability, the algal culture is limited to producing 

hydrogen only during periods of sulfur deprivation.  Ideally, a commercially viable photo-

hydrogen producing system should simultaneously and continuously operate PS II and 

hydrogenase (direct biophotolysis).  Much time and effort have been invested in producing an 

oxygen-stable hydrogenase with little success (40, 46).  The Department of Energy (DOE) 

Hydrogen R&D Program does not believe that there is at present a plausible approach to 

overcome the O2 inhibition of hydrogenase in a direct biophotolysis process and does not 

recommend further effort to pursue this area of research (22).  Other research in this area 
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includes reducing the number of light harvesting pigments or antenna size per photosystem to 

increase photosynthetic efficiency.  Individual algal cells exhibit maximal rate of photosynthesis 

at low light intensity of only 10 to 20 % of sunlight.  Higher light intensities are not utilized due 

to the slow electron transfer rate between PS II and PS I resulting in an energy loss as heat or 

fluorescence (27, 29, 143).  By combining the shading effects of the culture and the individual 

cell’s efficiency, it was calculated that up to two-third of the light absorbed is wasted due to the 

light saturation effect (22).  Current commercial algal production systems with Spirulina operate 

only at 1 % of total solar energy conversion.  The goal of the DOE is to reach 10 % solar 

conversion efficiency (22). 

The principal role of nitrogenase in the cell is to reduce molecular nitrogen to ammonia.  

Nitrogenase also produces molecular hydrogen with different stoichiometric yields along with 

NH3 depending on the metal within the active center (63, 165) (Equation 2-3): 

Molybdenum nitrogenase:    N2 + 8 H+ + 8 e- → 2 NH3 + 1 H2        (2-3) 
Vanadium nitrogenase:   N2 + 12 H+ + 12 e- → 2 NH3 + 3 H2    
Iron nitrogenase:    N2 + 21 H+ + 21 e- → 2 NH3 + 7.5 H2       

        
Nitrogenases are classified by the metals found in the active site such as molybdenum, 

vanadium, or iron.  Although V- and Fe- nitrogenases are found in the N2-fixing bacteria, their 

concentration in the cell is significantly low compared to Mo-nitrogenase, even when these 

alternate nitrogenases are maximally induced.  Only the structure of molybdenum nitrogenase 

has been solved; however, amino acid sequences reveal similarities between the other forms 

(116, 176).   

In the absence of N2, H2 is the only product of nitrogenase.  These reactions are energy 

intensive requiring 2 moles ATP per mole electron transferred (63).  Unlike hydrogenase 

hydrogen production by nitrogenase is thermodynamically favorable due to the of hydrolysis of 
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ATP.  With nitrogenase, hydrogen production continues at hydrogen pressures of up to at least 

50 atmospheres (180).  Hydrogen production by N2-fixing bacteria is also associated with a 

hydrogen uptake hydrogenase reoxidizing H2 with a net decrease in yield.  Mutations in uptake 

hydrogenase are found to increase hydrogen yields (110).   

 Nitrogenases also exhibit varying levels of O2 sensitivity.  Through evolution, various 

organisms developed different mechanisms of separating oxygen from O2 sensitive nitrogenase.  

In cyanobacteria, such as Anabaena, under nitrogen-limitation conditions, a fraction (~8-12 %) 

of the filament differentiates into a morphological state known as heterocyst which contains 

nitrogenase.  Heterocysts lack the oxygen-evolving PS II and receive nutrients and reductant 

from adjoining vegetative cells (74).  Protection mechanisms have also been discovered in 

nonheterocystous filamentous cyanobacteria such as Trichodesmium (23).  In this organism, the 

nitrogenase is localized in subsets of consecutively arranged cells in each filament, which 

accounts for about 15-20 % of all the cells.  Unlike heterocysts, these cells also contain PS II 

components.  During times of increased nitrogen fixation, PS II components were found to be 

down regulated and vice versa.  This allows Trichodesmium to spatially and temporally segregate 

nitrogen fixation and hydrogen evolution from oxygenic photosynthesis.   

Fermentative Hydrogen Production 

According to Gray and Gest (76), all prokaryotes that produce hydrogen belong to four 

groups: strict anaerobic heterotrophs that do not contain a cytochrome system (Clostridium), 

heterotrophic facultative anaerobes that contain cytochromes and use formate to produce 

hydrogen (E. coli), strict anaerobes with a cytochrome system (Desulfovibrio), and 

photosynthetic bacteria with light-dependent evolution of hydrogen (Rhodospirillum).  They 

suggested the first group of organisms produce hydrogen as a way to dispose of electrons 

coupled to energy yielding oxidation of carbohydrates.  Hydrogen production from the second 
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group was proposed to promote energy-yielding oxidations by removing the end-product 

formate.  Group three organisms are believed to possess both mechanisms for hydrogen 

production (146).  The only group three organism known is Desulfovibrio sp. (16).  Group four 

organisms use light as the energy source for hydrogen production; however, unlike cyanobacteria 

and algae, electrons come from organic or inorganic substrates instead of water.  The first three 

groups of bacteria use hydrogenase for hydrogen production while the primary enzyme of 

photosynthetic bacteria for hydrogen production is nitrogenase.  Beyond prokaryotes, strict 

anaerobic protozoa also posses hydrogen producing capabilities within the hydrogenosome.  

Hydrogenosomal hydrogen production is mechanistically similar to that of group one organisms. 

Strict anaerobes such as Clostridium sp. lack a cytochrome system for oxidative 

phosphorylation so all ATP generation must be from substrate level phosphorylation during 

fermentation.  During glycolysis, glucose is oxidized to pyruvate producing ATP and reduced 

nicotinamide adenine dinucleotide (NADH).  Pyruvate is further oxidized by pyruvate-ferredoxin 

oxidoreductase (PFOR) into acetyl-CoA, CO2, and the electrons are transferred to Fd.  Reduced 

Fd provides electrons for hydrogen production through a soluble [Fe]-hydrogenase.  Initially, it 

was believed that NADH produced by 3-P-glyceraldehyde dehydrogenase during glycolysis is 

also used to reduce Fd by a putative NADH-ferredoxin oxidoreductase (NFOR) as described by 

Thauer et al. (82, 146, 215).  Competing routes of NADH oxidation are the reduction of acetyl-

CoA to ethanol, reduction of pyruvate to lactate, and conversion of acetyl-CoA to butyryl-CoA 

with an ATP yielding formation of butyrate catalyzed by phosphotransbutyrylase and butyrate 

kinase.  Lactate or ethanol production does not yield ATP.  ATP could also be generated from 

acetyl-CoA by phosphotransacetylase (PTA) and acetate kinase in the production of acetate.  The 

maximum theoretical yield of 4 moles H2 per mole glucose can be achieved in bacteria if acetate 
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is the sole fermentation product and all the NADH produced during glycolysis is converted to 

H2.  The yield is only 2 moles H2 per glucose if butyrate is the sole end product.  The observed 

yield is typically between 40-50 % (~1.5-2.0 H2/glucose) of the theoretical maximum (4 

H2/glucose) for wild type Clostridium producing both acetate and butyrate as major fermentation 

products (146).  This suggests that NADH is not a preferred reductant for H2 production in 

Clostridium, although an NADH dependent H2 production was demonstrated in cell extracts.  

My own studies also confirmed the existence of an NADH-dependent H2 evolution activity in C. 

acetobutylicum.  This reaction had a requirement for acetyl-CoA.  However, an NADH-

ferredoxin oxidoreductase was never isolated after several attempts by various investigators, 

including myself. 

Recently, Thauer et al. discovered that the clostridial NADH-dependant ferredoxin 

reduction activity is actually a coupled reaction with crotonyl-CoA reduction by butyryl-CoA 

dehydrogenase/ETF (electron transfer flavoprotein) complex, thus, requiring butyrate producing 

pathway for NFOR activity (124). This explanation accounts for the lower observed hydrogen 

yield and also the need for acetyl-CoA in cell extract.  Strict anaerobic protozoan hydrogen 

production is mechanistically similar to that of Clostridium.  Protozoan hydrogen production is 

compartmentalized within a specialized energy producing organelle called the hydrogenosome.  

In this organelle, pyruvate, which was derived from glucose, is metabolized to acetyl-CoA, CO2, 

and H2 by PFOR and hydrogenase in the same manner as clostridia.  However, protozoa such as 

Trichomonas have an NADH-dehydrogenase that is homologous to mitochondrial complex I 

capable of reducing low potential electron acceptors such as ferredoxin (94). 

Heterotrophic facultative anaerobes such as E. coli produce hydrogen using the formate 

hydrogen-lyase (FHL).  FHL complex consists of two enzymes, formate dehydrogenase (FDH-
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H), [NiFe]-hydrogenase isoenzyme 3 (HYD3), and electron carriers connecting the two.  FDH-H 

converts formate to CO2, 2H+ and 2e-.  The electrons are transferred to HYD3 for hydrogen 

production (28).  Theoretically, E. coli could produce 2 moles H2 per mole glucose through 

glycolysis, pyruvate formate-lyase and FHL; however, the observed net H2 yields are only about 

60 % of the theoretical maximum (146) suggesting that some of the formate or H2 is consumed 

by other reactions in the cell.  Another facultative anaerobe with higher hydrogen yield is 

Enterobacter aerogenes.  Mutations leading to decreased α-acetolactate synthase activity have 

been shown to increase H2 yield from 0.8 H2/glucose to 1.8 H2/glucose when compared to wild-

type strain HU101 (101).  Ogino and coworkers compared different strains of Clostridium 

butyricum to E. aerogenes and found that E. aerogenes is not sensitive to oxygen, has a broad 

range of substrate utilization, and has comparable hydrogen yields with C. butyricum.  E. 

aerogenes also grows in mineral salts medium and does not require expensive reducing agents in 

growth medium which lowers the cost of hydrogen production (153). 

According to an economic analysis submitted to the National Renewable Energy 

Laboratory, production of hydrogen by fermentation is expected to be cost effective if the 

organism could produce a yield of 10 moles H2 per mole of glucose (64).  This takes into account 

capital cost of plant, plant production rate, cost of substrates, and H2 market value.  

Theoretically, up to 12 moles H2 could be produced from a mole of glucose by complete 

oxidation (Equation 2-4)     

 C6H12O6 + 6 H2O     →    12 H2 +  6 CO2          (2-4) 

Only an in vitro enzymatic reaction was reported to produce this higher yield although low rates 

and the high cost of the enzymes makes this method impractical for large-scale application (219, 

220, 233).  None of the whole cell based H2
 production methods could reach this minimum 
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requirement of 10 H2 per glucose for cost effective hydrogen production due to physiological and 

thermodynamic barriers.  Strict anaerobes have the ability to couple NADH to H2 production but 

lack the capability to fully oxidize acetyl-CoA to CO2 due to an incomplete tricarboxylic acid 

(TCA) cycle.  Most of the carbons and associated reductants are lost as fermentation products.  

As for facultative anaerobes, formate appears to be the sole substrate for hydrogen production.  

Although these organisms do have a complete TCA cycle, the inability to convert NADH 

directly or indirectly to H2, lowers the yield to only 2 H2/glucose.   

In order to approach the goal of 10 H2/glucose, a hybrid hydrogen producing system would 

be required, combining the pathways of facultative and strict anaerobic organisms.  E. coli 

produces 10 NAD(P)H from glucose during aerobic conditions from the following reactions: 2 

NADH from 3-P-glyceraldehyde dehydrogenase; 2 NADH from pyruvate dehydrogenase; 2 

NADH from α-ketoglutarate dehydrogenase; 2 NADH from malate dehydrogenase; and 2 

NADPH from isocitrate dehydrogenase. Transcriptional regulation of TCA cycle genes is 

effected by the ArcAB and FNR systems.  During anaerobic conditions, a membrane bound 

ArcB senses the redox state, perhaps from increased concentrations of reduced electron carriers 

from NADH dehydrogenase to quinones and activates ArcA by phosphorylation (215).  ArcA-P 

is a global regulator that represses transcription of the genes for many TCA cycle enzymes.  FNR 

is also activated under anaerobic conditions and regulates arcA transcription (183).  The role of 

FNR is to induce genes encoding anaerobic respiration proteins and repress some of the aerobic 

genes (215).  Unlike the two-component regulatory system of ArcAB, FNR is activated by the 

reduction of a bound [Fe-S] cluster, causing a conformational change in the protein (215).  If an 

electron sink that could actively convert electrons from NADH to hydrogen is active in the cell, 

the NADH/NAD+ ratio will be kept low allowing the TCA cycle to be active even under 
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anaerobic conditions.  In this case, the electron sink would be NADH-dependant hydrogen 

production pathway, such as the one from Trichomonas, transferred to the facultative anaerobe 

E. coli.   

The thermodynamics of hydrogenase could hinder the NADH-dependent hydrogen 

pathway in E. coli.  The enzyme hydrogenase catalyzes a simple reaction (Equation 2-5):  

2 H+ + 2 e- ↔ H2               (2-5) 
 

The E′o for H2 oxidation is -420 mV and that for the clostridial ferredoxin (source of electrons 

for hydrogenase) is about -390 mV.  The equilibrium constant for the above reaction is close to 1 

so hydrogenase is said to be “reversible” (195).  In order for hydrogen to be produced from 

NADH, the NADH/NAD+ ratio must be increased to higher levels to lower the Eo’ of the 

NAD+/NADH couple from -320 mV to that of Fd and H2.  This could conflict with the activation 

of the above described anaerobic TCA cycle.  Since the hydrogenase reaction is reversible, 

hydrogen production is subjected to product inhibition at increasing hydrogen levels.  This 

requires continual removal of the produced hydrogen to maintain high rates of H2 production, 

leading to a dilute stream of H2 mixed with other gases.   

Hydrogenase Biochemistry 

There are three classes of hydrogenases: [Fe], [NiFe], and metal-free hydrogenase.  Each 

of these is characterized by a distinctive functional core, which is conserved within each class.  

[Fe] and [NiFe]-hydrogenase structures have been solved by x-ray crystallography (90, 159, 

207).  The active sites of these two classes of hydrogenases show some similarities in their 

structural framework and chemistry, which support the idea of convergent evolution.  Based on 

amino acid sequence analysis, the third class of metal-free hydrogenases lacks any resemblance 
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to the two metal containing classes.  Even though they are classified as metal-free, these 

hydrogenases do contain heme clusters (207). 

[NiFe]-hydrogenase 

[NiFe]-hydrogenases are generally αβ-heterodimers and many of them are associated with 

membranes and H2 uptake.  The large α-subunit is about 60 kDa and contains the [NiFe] active 

site.  The small β-subunit, about 30 kDa, holds the [Fe-S] clusters.  Using sequence analysis, 

[NiFe]-hydrogenases were separated into four different groups (207, 222).  Group one [NiFe]-

hydrogenases are membrane bound respiratory enzymes that link the oxidation of H2 to the 

reduction of electron acceptors such as O2, NO3
-, SO4

2-, fumarate, or CO2.  Examples include 

Wolinella succinogenes (59) and E. coli HYD2 isoenzyme (28) reducing fumarate or inorganic 

oxidants, Ralstonia eutropha (24) reducing O2, and methanogenic archaeon Methanosarcina 

mazei (95) reducing CO2 from H2.  Group two represents cytoplasmic H2 sensors and the 

cyanobacterial uptake hydrogenases such as in Anabaena variabilis (85).  H2 signaling 

hydrogenases, found in Rhodobacter capsulatus (66) and Bradyrhizobium japonicum (26), are 

involved in hydrogenase gene regulation in response to H2. Group three enzymes are bi-

directional heteromultimeric cytoplasmic [NiFe]-hydrogenases.  In this group, the dimeric 

hydrogenase is associated with other subunits that are capable of binding cofactors such as F420 

(Methanococcus voltae (38)), NAD+ (R. eutropha (177)), or NADP+ (Pyrococcus furiosus 

(130)).  Group 4 are hydrogen evolving membrane-associated hydrogenases.  E. coli HYD3 

along with many archaeal hydrogenases such as the ones from Methanosarcina barkeri and P. 

furiosus belong to this group.  These enzymes are energy-conserving, meaning that they reduce 

protons in order to dispose of excess reducing equivalents produced by anaerobic oxidation of 

low potential C1 compounds with associated proton gradient generation (208).   
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[Fe]-hydrogenase 

[Fe]-hydrogenases are the main interest of this study since these enzymes are cytoplasmic 

and couple ferredoxin to H2 evolution.  [Fe]-hydrogenases are mainly monomeric proteins 

containing the H-cluster active site.  The H-cluster consists of a binuclear [Fe] center bound by a 

[4Fe-4S] cluster.  This H-cluster is coordinated by a non-protein dithiolate bridging ligand, CN- 

ligand, and CO ligand.  The composition of the dithiolate linkage is not known experimentally 

but has been proposed to be either SCH2CH2CH2S (PDT) or SCH2NHCH2S (DTN) (160).   

[Fe]-hydrogenases are found in anaerobic bacteria such as Clostridium sp. and sulfate 

reducers and in lower eukaryotes such as Trichomonas vaginalis and green algae.  [Fe]-

hydrogenases, the predominant form of hydrogenase found in eukaryotes, are only found in 

either hydrogenosomes or chloroplasts.  The smallest [Fe]-hydrogenases are found in green algae 

Scenedesmus obliquus, Chlamydomonas reinhardtii, and C. fusca.  These hydrogenases are 

about 45-48 kDa in size and only contain the H-cluster (84).  Clostridial [Fe]-hydrogenases, in 

addition to the H-cluster, contain three other domains:  a [2Fe-2S] ferredoxin-like domain, a 

[4Fe-4S] cluster fold, and a 2[4Fe-4S] domain (150, 159).   

Biosynthesis of the [Fe] active site is not known.  The [Fe]-hydrogenase from C. 

pasteurianum has been crystallized and its structure was solved (159). The corresponding gene 

was cloned and was functionally expressed in a cyanobacterium Synechococcus PCC7942 that 

also produces a [Fe]-hydrogenase indicating  the flexibility of the activation enzymes (8).  C. 

acetobutylicum was also found to heterologously express algal [Fe]-hydrogenase from C. 

reinhardtii and S. obliquus with high specific activities (72).  However, the cyanobacterial 

hydrogenase was not functionally expressed in a non-[Fe]-hydrogenase producing organism such 

as E. coli (8).  In the organisms investigated, the genes coding for the structural genes and the 

accessory genes are not clustered.  Recently, Posewitz et al. identified three novel proteins, 
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HydEF and HydG, that are required for the assembly of an active [Fe]-hydrogenase in C. 

reinhardtii (164).  Through sequence homology, these enzymes were suggested to be members 

of radical S-adenosylmethionine (SAM) proteins.  These proteins were purified and 

characterized from Thermatoga maritima (171).  HydE and HydG were able to reductively 

cleave SAM when reduced by dithionite confirming that they are radical SAM enzymes.  The 

characterization of HydF revealed its ability to hydrolyze GTP (37).  Using known models, such 

as the radical dependent sulfur insertion of LipA and BioB in the biosynthesis of lipoic acid and 

biotin, Peter et al. proposed a H-cluster biosynthesis mechanism involving the HydEFG proteins 

(160).  They suggested that HydE and HydG form the dithiolate ligand to a [2Fe-2S] cluster from 

either amino acid or glycolytic intermediates.  The role of HydF could be the translocation and 

insertion of the [2Fe-2S] cluster into the apohydrogenase.  The incorporation of genes encoding 

these proteins along with [Fe]-hydrogenase from C. reinhardtii into a non-[Fe]-hydrogenase 

producing organism such as E. coli supported small (but variable) amount of active hydrogenase 

(164).  Upon purification, recombinant [Fe]-hydrogenases from various organisms coexpressed 

with C. acetobutylicum HydEFG in E. coli yielded active enzymes with low specific activities 

(113).  These results suggest that HydEFG are the minimally required accessory proteins for 

[Fe]-hydrogenase activation.  However, just after the establishment of the required maturation 

accessory proteins for [Fe]-hydrogenase, Inoue et al. expressed a [Fe]-hydrogenase gene from a 

symbiotic anaerobic protozoan, Pseudotrichonympha grassii, found in the digestive hindgut of 

the termite Coptotermes formosanus without the accessory genes and purified a active 

recombinant [Fe]-hydrogenase from E. coli (99).  Purified recombinant P. grassii [Fe]-

hydrogenase produced in E. coli without added accessory genes was about 30 times more active 

than recombinant clostridial [Fe]-hydrogenase with HydEFG also purified from E. coli (99, 113).  



 

47 

These results suggest that although the HydEFG proteins are required to activate [Fe]-

hydrogenase, a [Fe]-hydrogenase can be produced in an active form in E. coli using only the 

native proteins to activate the enzyme. 

NADH-Dependent Hydrogen Producing Pathway 

There are two demonstrated NADH-dependent H2 production reactions; a clostridial 

pathway and a hydrogenosomal pathway.  NADH-dependent production of H2 was demonstrated 

using crude extracts of C. kluyveri as well as other clostridia with acetyl-CoA as an activator 

(108, 197).  It was believed that NADH is oxidized by NADH-ferredoxin oxidoreductase 

(NFOR) which reduces ferredoxin (108, 163).  Reduced ferredoxin transfers electrons to [Fe]-

hydrogenase for H2 production.  However, recently, the same group that first detected NADH to 

H2 activity in C. kluyveri extracts, purified the key enzyme responsible for the NADH-dependent 

reduction of ferredoxin (124).  Their results show that the initially discovered NFOR activity was 

a coupled side reaction of crotonyl-CoA reduction by butyryl-CoA dehydrogenase/electron 

transfer flavoprotein (Bcd/Etf) complex (Figure 2-2) (Equation 2-6).   

NADH + Fdox → NAD+ + Fdred       ΔGo = +4.15 kcal mol-1     (2-6) 
NADH + crotonyl-CoA → NAD + + butyryl-CoA     ΔGo = -14.31 kcal mol-1 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

2 NADH+crotonyl-CoA+Fdox→2 NAD++butyryl-CoA+Fdred    ΔGo = -10.16 kcal mol-1  
 
Using the E1 (-60 mV) and E2 (-430 mV) redox potential of Acidaminococcus fermentans 

flavodoxin (83, 121, 124, 224), NADH (-320 mV) dependent reduction of ferredoxin (-410 mV) 

appears to be thermodynamically favorable when coupled to crotonyl-CoA reduction (-10 mV) 

where electrons from the E2 state (FADH/FADH2) were transferred to ferredoxin and E1 state 

(FAD/FADH) was transferred to crotonyl-CoA.  Acetyl-CoA, required in the initial studies, turns 

out to be a precursor of the substrate crotonyl-CoA and not an activator.  Diez-Gonzalez et al. 

also partially purified Bcd from C. acetobutylicum and determined that crotonyl-CoA reduction 
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could also use electron donors from reduced dyes such as 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) (Eo’= -110 mV), 2,6-dichlorophenolindophenol (DCPIP) 

(Eo’= +217 mV), and methyl viologen (MV) (Eo’= -440 mV) where MV based activity was 18-

fold higher than observed with MTT (55).  This recent information clearly shows that a 

clostridial NADH-dependent system may not be prudent for the construction of a biocatalyst for 

hydrogen production, using NADH as the reductant, since for every H2 produced, a molecule of 

butyryl-CoA will also produced.  This loss of carbon and energy will significantly lower the H2 

per glucose yield and the overall process will be uneconomical.   

The alternative NADH to H2 pathway starts with NFOR, a hydrogenosomal enzyme in 

anaerobic protozoan.  T. vaginalis NFOR is a heterodimer consisting of a small (NdhE) and a 

large (NdhF) subunit and these proteins have high homology to mitochondrial 24-kDa and 51-

kDa subunits  of NADH-dehydrogenase (NDH) of respiratory complex I (94).  Unlike other 

known respiratory NDH enzymes, the anaerobically produced T. vaginalis NDH has a unique 

capability for reduction of low potential electron acceptors such as its native [2Fe-2S] ferredoxin 

(Eo’= -347 mV) and MV (Eo’= -440 mV) (94).  This difference in electron acceptors is expected 

to reside in the structural components of the T. vaginalis NDH, such as FMN, [Fe-S] clusters, 

etc.  In this study, I purified the NDH heterodimer, as well as the individual subunits and 

biochemically characterized them to elucidate the mechanism by which the recombinant enzyme 

utilizes low potential electron carriers as substrate. 

It has been previously demonstrated that chemically reduced viologen dyes can couple to 

hydrogenase for hydrogen production both in vivo and in vitro (17, 81, 117, 174).  Since T. 

vaginalis NDH has been demonstrated to readily reduce methyl viologen (Eo’= -440 mV) (94), 

which has a lower redox potential than hydrogen (Eo’= -420 mV), the reduced MV produced in 
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vivo by T. vaginalis NDH (expressed in E. coli) can potentially couple NADH oxidation to 

hydrogen production (Figure 2-3).  This pathway has the potential to increase hydrogen yield 

beyond the theoretical 2 mol per mol glucose in E. coli and other facultative anaerobes.
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Figure 2-1.  Photosynthetic electron transport pathways for hydrogen production in green algae.  
Electrons may originate from photo-oxidation of water at PS II or at the 
plastoquinone pool from the oxidation of endogenous substrates such as glycogen and 
starch.  Reduced Fd from PS I could transfer electrons to hydrogenase for hydrogen 
production, or to FNOR to generate NADPH for CO2 fixation.  TCA, Tricarboxylic 
acid cycle; P680, photoreaction center of PS II; Q, primary electron acceptor of 
photosystems; PQ, plastoquinone; Cyt, cytochrome; PC, plastocyanin; Fd, ferredoxin; 
Red, NAD(P)H quinone oxidoreductase; HYD, hydrogenase; FNOR, ferredoxin-
NADP+ oxidoreductase [Adapted from Melis, A., and T. Happe. 2001. Hydrogen 
production. Green algae as a source of energy. Plant Physiol 127:740-748 (Page 743, 
Figure 2)] 
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Figure 2-2.  NADH-dependent reduction of ferredoxin by C. kluyveri Bcd/EtfBA (clostridial 
NFOR) coupled to crotonyl-CoA to butyryl-CoA reaction.  The E1 and E2 redox 
potential of FADH and FADH2 was an estimate based on Acidaminococcus 
fermentans flavodoxin which had similar properties to electron transfer flavoproteins 
(124).  The energetics of this ferredoxin reduction is thermodynamically favorable by 
coupling crotonyl-CoA reduction (Equation 2-6).  [Adapted from Li, F., J. 
Hinderberger, H. Seedorf, J. Zhang, W. Buckel, and R. K. Thauer. 2008. Coupled 
ferredoxin and crotonyl coenzyme A (CoA) reduction with NADH catalyzed by the 
butyryl-CoA dehydrogenase/etf complex from Clostridium kluyveri. J Bacteriol 
190:843-850. (Page 848, Figure 3] 
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Figure 2-3.  NADH-dependent hydrogen producing pathway.  NADH is oxidized by NADH-

ferredoxin oxidoreductase (NFOR) which reduces ferredoxin (Fd).  Reduced Fd is the 
electron donor for hydrogenase (Hyd) for H2 production. 
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CHAPTER 3 
BACKGROUND ON BUTANOL PRODUCTION 

Although H2 is a more desired transportation fuel, other next generation fuels such as 

butanol may become a reality before the H2 economy is realized.  As stated before, butanol has 

several advantages over ethanol as a transportation fuel.  Butanol fermentation has a long history 

and modification of microbial biocatalysts for butanol production is being attempted by several 

laboratories around the world.  In this section, the current status of butanol fermentation is 

presented. 

Fossil Fuel-Based Butanol Production 

Currently, the majority of butanol is produced by the conversion of petroleum-based 

hydrocarbon to butanol by a process called hydroformylation followed by hydrogenation.  

Hydroformylation is defined as the addition of a formyl group to a double bond of a hydrocarbon 

by reaction with a mixture of carbon monoxide and hydrogen in the presence of a catalyst.  For 

butanol production, the formyl group is added to the double bond of propylene producing 

butyraldehyde (194).  Butyraldehyde is reduced to butanol by a hydrogenation reaction (200).  

This process yields both n-butanol and isobutanol, which is separated by distillation (148). 

Microbial Butanol Production 

History 

Microbial butanol fermentation was first described by Pasteur in 1861 (107).  In 1905, 

Schardinger discovered that butanol fermentation included the co-production of acetone (107).  

At the beginning of the 20th century, with an increase in the automotive industry, a shortage in 

natural rubber for the fabrication of tires sparked an interest in butanol fermentation for the 

production of synthetic rubber from butadiene (68, 69).  In 1910, an English firm, Strange and 

Graham Ltd., was on a venture for the production of synthetic rubber. They recruited the work of 
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Weizmann and Perkins of Manchester University, UK and later Fernbach and Schoen of Pasteur 

Institute, France.  In 1911, Fernbach isolated a bacillus culture that was able to produce butanol 

from potato starch but not from corn (68, 69, 107).  Weizmann left Strange and Graham Ltd. in 

1912 to continue his research at Manchester University.  By 1914, Weizmann isolated strain BY 

that was more robust in butanol production than Fernbach’s bacillus and used many different 

sources of starch such as from corn (107).  This strain was later renamed as C. acetobutylicum.  

At the time, C. acetobutylicum gained global attention due to its ability to produce acetone, 

which is used as a solvent for cordite production.  During World War I, cordite was used as the 

main constituent in explosives and gun powder which consists of 58 % nitroglycerine, 37 % 

guncotton, and 5 % vaseline (198).  With high demands for cordite and promising results for the 

production of acetone by the Weizmann process, England constructed a plant for the production 

of acetone at the Royal Naval Cordite Factory at Poole in Dorest and adapted six distilleries in 

Great Britain for the production of acetone using the Weizmann process (107).  A shortage of 

grain due to war efforts forced Great Britain to move the fermentation process to plants in 

Canada.  In 1917, upon the United States’ entry into World War I, United States decided to 

produce acetone in the Midwest corn belt at Terre Haute, Indiana where substrates are readily 

available (107).  The fermentation production was continued until November 1918 when all 

plants were closed due to the end of the war. 

Butanol, the other product of C. acetobutylicum fermentation was stored until after the end 

of the war.  At that time, the automotive industry was rapidly expanding and was in need of a 

quick drying lacquer.  E. I. du Pont de Nemours & Co. developed a nitrocellulose lacquer which 

required butanol and butyl-acetate as solvents.  With the increase in demand for butanol instead 

of acetone, the plants at Terre Haute reopened under the newly formed Commercial Solvent 
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Corporation (CSC) of Maryland in 1920, which operated under the U.S. license for the 

Weizmann process patent issued in 1919.  To meet rapidly growing demands, CSC acquired 

another plant in Peoria, IL (68, 107). 

In the 1930s, a new method using petroleum to produce synthetic solvents posed a threat to 

the butanol fermentation industry.  In efforts to improve the fermentation processes, research was 

initially dedicated to the isolation of a strain, which could use higher concentrations of starch 

with limited results.  Research efforts were then shifted to the fermentation of carbohydrates 

such as readily available molasses, which at the time, cost less than starch.  CSC strain number 8, 

later known as C. saccharoacetobutylicum, was able to ferment up to 6.5 % sugars producing up 

to 2 % total solvents that lowered the distillation cost by half (68, 107). 

The start of World War II once again catapulted the demands for acetone for munitions.  

Plants were built in a number of countries around the world including Japan, India, Australia, 

China, USSR, and South Africa.  By the end of the war in 1945, about two-thirds of the butanol 

in the United States and one-tenth of acetone were produced by fermentation (107).  However, a 

rapidly growing petro-chemical industry in the 1950s, in addition to an increase in molasses 

usage as cattle feed made butanol-acetone fermentation no longer cost-effective; thus, by 1960 

almost all butanol-acetone fermentation ceased in the United States and Great Britain (107). 

Butanol Fermentation 

Unlike hydrogen production, microbial butanol production is more restricted to few 

members of the clostridia class, Clostridiaceae family, and more specifically the genus 

Clostridium; however, some members of the Lachnospiraceae family such as Butyrivibrio 

fibrisolvens contain most of the butanol biochemical pathway, producing butyric acid.  Members 

of the Clostridium genus are anaerobic, Gram-positive, spore-forming, rod-shaped bacteria.  Of 

the clostridia, C. acetobutylicum, C. beijerinckii,  C. saccharobutylicum, and C. 
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saccharoperbutylacetonicum are primary solvent producers (60, 120).  The most studied 

clostridia is C. acetobutylicum which was the strain originally isolated by Weizmann in 1914 

(107).  C. acetobutylicum possesses a 210 kb megaplasmid, pSol1, which was originally named 

for its ability to produce solvents (48).  Strains lacking pSol1 are unable to produce solvents (48).  

During normal growth, C. acetobutylicum undergoes two defined growth phases: acidogenesis 

and solventogenesis (78).  C. acetobutylicum during exponential growth exhibits acidogenesis 

where the major fermentation products are acetate, butyrate, hydrogen, and carbon dioxide.  At 

the onset of stationary phase triggered by a drop in pH, C. acetobutylicum shifts to 

solventogenesis where it takes up the acids produced during acidogenesis and produces solvents 

such as acetone, butanol, and ethanol (ABE) (78).  Depending on the fermentation conditions, 

wild type C. acetobutylicum produces from 5.5 to 11.0 g L-1 butanol (87, 88, 120, 145, 234).  The 

typical molar ratio of acetone : butanol : ethanol in the fermentation broth is about 3:6:1, 

respectively (166).  Mutations up-regulating butanol dehydrogenase and/or down-regulating  

solR (repressor of the sol operon) and acid production genes have led to concentrations up to 

17.8 g L-1 butanol (87, 88, 120, 145, 234).  Hyper-butanol producing mutant C. beijerinckii 

BA101 can produce over 20 g L-1 butanol and 33 g L-1 total solvents in batch fermentations (44, 

120, 166).  When compared with wild-type parent, C. beijerinckii NCIMB 8052, transcriptional 

analysis of mutant strain C. beijerinckii BA101 revealed a decrease in sporulation efficiency and 

PTS sugar transport and an increase in several metabolic genes encoding butanol production 

(179). 

The metabolic pathway for butanol production has been well studied (5, 48, 62, 68, 78, 

107, 142, 145) (Figure 3-1).  Under exponential growth conditions and acidogenesis, C. 

acetobutylicum consumes glucose via glycolysis to produce 2 pyruvate and 2 NADH (215).  
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Pyruvate is then converted to acetyl-CoA and CO2 by pyruvate-ferredoxin oxidoreductase 

(PFOR) which is coupled to ferredoxin reduction and hydrogen production (215).  Acetyl-CoA 

could be converted to acetate for ATP production (phosphotransacetylase, pta and acetate kinase, 

ack) (33) or two acetyl-CoA can be condensed into one acetoacetyl-CoA by thiolase (thiA and 

thiB) (217).  Acetoacetyl-CoA is reduced by hydroxybutyryl-CoA dehydrogenase (hbd) coupled 

to NADH oxidation to produce hydroxybutyryl-CoA (32, 229).  Hydroxybutyryl-CoA is then 

converted to crotonyl-CoA via a dehydration reaction catalyzed by crotonase (crt) (32, 213).  

Butyryl-CoA dehydrogenase (bcd) and electron transfer flavoprotein (etfBA) complex catalyzes 

the conversion of crotonyl-CoA to butyryl-CoA coupled to ferredoxin reduction using two 

NADH (32, 124).  Analogues of Bcd that are capable of catalyzing the same reaction have been 

identified as crotonyl-CoA reductase (ccrA and ccrB) in some Streptomyces species.  Crotonyl-

CoA reductase converts crotonyl-CoA to butyryl-CoA coupled to NADPH oxidation.  A 

coenzyme-A phosphotransbutyrylase converts butyryl-CoA to butyryl-phosphate (ptb) and 

butyrate kinase (buk) transforms butyryl-phosphate to butyrate and ATP (5, 215).   

The shift to stationary phase triggers an 1,200-fold up regulation of the sol operon located 

on pSol1 megaplasmid (5, 61, 145).  The sol operon has two promoters.  The first promoter 

controls genes encoding an alcohol-aldehyde dehydrogenase (aad) and coenzyme-A transferase 

(ctfA and ctfB).  The second promoter transcribes acetoacetate decarboxylase (adc) downstream 

of the first promoter on the complimentary strand.  CtfAB transfers the CoA from acetoacetyl-

CoA to either acetate or butyrate producing acetoacetate and acetyl-CoA or butyryl-CoA, 

respectively.  Adc decarboxylates acetoacetate to produce acetone and CO2.  Aad catalyzes two 

reactions: the first is the reduction of acetyl-CoA to acetaldehyde and ethanol.  The second 
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reaction reduces butyryl-CoA to butyraldehyde and 1-butanol (67, 144). Each reaction is coupled 

to the oxidation of NADH. 

Molecular Organization of Butanol Production Pathway 

C. acetobutylicum has two thiolase homologues; the first gene, thlA (CAC2873), is located 

on the chromosome and the second gene, thlB (CA_P0078) is located on the pSol1 megaplasmid.  

Northern blot analysis revealed high levels of thlA transcripts during acidogenesis and decreasing 

levels to minimal expression about 3 to 7 hrs after induction of solventogenesis (217).  There is a 

σ70 consensus sequence upstream of thlA controlling the transcription of a 1.4kb monocistronic 

message.  Genetic organization of thlB suggests that it forms an operon with two other genes, 

thlC and a possible regulator thlR (Figure 3-2).  Transcriptional analysis of thlB showed very low 

expression relative to thlA during both acidogenesis and solventogenesis.  This study also 

determined that thlA is the main gene encoding thiolase in all phases, and the physiological 

function of thlB is yet to be identified (217).   

In C. acetobutylicum, crt, bcd, etfB, etfA, and hbd genes (CAC2712, CAC2711, CAC2710, 

CAC2709, and CAC2708 respectively)  are arranged in a single polycistronic butyryl-CoA 

synthesis (BCS) operon (32, 142) (Figure 3-2).  The BCS operon was expressed in E. coli and an 

increase in Crt and Hbd activity was detected in the crude extract; however, no Bcd/EtfBA 

activity was detected at that time.  The same operon over-expressed from a plasmid in C. 

acetobutylicum had about a 2-fold increase in activity for all three enzymes including the 

Bcd/EtfBA complex which by far has the lowest activity indicating that it could be the rate 

limiting step of the butanol fermentation pathway (32).  

The last reaction of the pathway converts butyryl-CoA into butanol.  C. acetobutylicum is 

the first bacterium identified with two bifunctionally active Fe- aldehyde-alcohol 

dehydrogenases that are capable of catalyzing this reaction (67).  The first of this type, aad 
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(adhE1, CA_P0162), was identified originally as a part of the sol operon (144).  Aad has 74 % 

similarity and 56 % identity with E. coli AdhE.  The expression of aad and the sol operon 

coincides with the start of solventogenesis (5, 61, 145).  The second gene product, AdhE2 

(adhE2, CA_P0035), is 77 % similar and 58 % identical to E. coli AdhE.  The adhE2 gene is 

expressed only in alcohologenic cultures and not in solventogenic culture (67).  C. 

acetobutylicum also has two adjacent independently transcribed chromosomally located Zn- 

butanol dehydrogenases genes (bdhA-CAC2399 and bdhB-CAC2398) and their expression 

coincides with solventogenesis (5, 62, 161, 162, 212).  The bdhB is induced prior to the 

induction of the sol operon and was found to have a 2.3 fold higher expression than aad  (5, 

161).  It is proposed that aad and bdhB are the two major alcohol dehydrogenase genes 

responsible for butanol production (62).   

Advances in Metabolic Engineering of Bacteria for Butanol Production 

For over 50 years, from the 1910’s to the 1960’s, C. acetobutylicum was used in industrial 

ABE fermentation (107).  Since then, there has not been much advancement in strain 

development for increasing butanol yield; instead, most studies are concentrated on butanol 

extraction and purification (120).  Even though simple genetic tools are available for C. 

acetobutylicum, e.g. plasmid vectors, transformation protocols, and gene knockouts, the 

anaerobic physiology of this organism makes it difficult to work with for cost effective fuel 

production.  Clostridium requires a relatively rich growth medium with an abundant supply of 

nitrogen and reducing agents which add to production costs (12, 120, 153, 166).  Solvent 

producing clostridia utilize less than 25 % of carbon from glucose for butanol production.  The 

rest of the carbon is used for the co-production of acetone, ethanol, and residual acids.  The 

combustional energy from acetone, butanol, and ethanol is about 12,500 BTU/lb, 16,000 BTU/lb, 

and 11,500 BTU/lb, respectively.  Thus, co-production of acetone and ethanol leads to a loss of 
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carbon to lesser energy containing molecules.  Ideally, butanol should be the sole fermentation 

product of this process.  For over 20 years, much work has been done towards the construction of  

a Clostridium for homo-butanol production by mutating competing pathways but with only 

limited success.   

Towards the goal of generating a homo-butanol producing organism, it may be easier to 

recombinantly express the butanol production pathway in other commonly used microbes.  

Genes in the butanol production pathway have been cloned and expressed to produce active 

proteins in other microorganisms such as S. cerevisiae and E. coli (12, 100, 185).  In these 

experiments, Steen et al. cloned the BCS operon and aad2 from C. beijerinckii, atoB (thiolase) 

from E. coli, and ccrA from Streptomyces collinus into S. cerevisiae resulting in the production 

of about 2.5 mg L-1 (0.034 mM or 0.00025 %) butanol (185).   

To date, there are only two published reports on butanol producing E. coli (12, 100).  

Atsumi et al. was the first to demonstrate the production of butanol in E. coli using the clostridial 

pathway (12).  Atsumi et al. cloned the same genes as Steen et al. and functionally expressed 

them in various E. coli mutants deficient in native fermentation pathways.  Atsumi et al. 

identified three possible rate limiting steps: thiolase, butyryl-CoA dehydrogenase, and the 

aldehyde-alcohol dehydrogenase reactions.  Using their parent strain, which has a wild-type 

fermentation profile, with the entire butanol pathway genes expressed from plasmids, they 

compared the productivity of E. coli thiolase, atoB, and C. acetobutylicum thlA under different 

growth conditions.  Strains with over-expressed atoB produced about 4 times more butanol (70 

mg L-1; 0.94 mM butanol) than with thlA (18 mg L-1; 0.24 mM butanol) alone under O2-limiting 

conditions.  Atsumi et al. then tested the effect of butyryl-CoA dehydrogenase by replacing C. 

acetobutylicum bcd-etfBA with Megasphaera elsdenii bcd-etfBA or S. coelicolor ccr.  An E. coli 
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mutant lacking native fermentative pathways (ΔadhE ΔldhA ΔfrdBC Δfnr Δpta) bearing C. 

acetobutylicum bcd-etfBA produced more butanol (~155 mg L-1; 2.09 mM) than the ones with M. 

elsdenii bcd-etfBA (~18 mg L-1; 0.24 mM) or S. coelicolor ccr (~2 mg L-1; 0.03 mM) under O2-

limiting conditions.  An E. coli fermentation defective mutant expressing atoB, C. 

acetobutylicum bcd-etfBA, crt, hbd, and aad2 was able to produce 552 mg L-1 (7.45 mM) butanol 

in rich medium with glycerol as a carbon source and 113 mg L-1 (1.52 mM) butanol in M9 

minimal medium with glucose as a carbon source under O2-limiting condition (12).   

Inui et al., cloned the BCS operon from C. acetobutylicum along with thlA and compared 

the difference in the two aldehyde-alcohol dehydrogenases – aad1 and adhE2 (100).  E. coli 

strain JM109 (wild-type fermentation) was transformed with compatible plasmids expressing the 

above genes with either aad1 or adhE2.  In crude extract, they detected an increase in activity for 

all enzymes tested.  Bcd/EtfBA activity still appeared to be the rate limiting process.  AdhE2 had 

a 27-fold higher butyraldehyde dehydrogenase activity specific for butyryl-CoA as substrate than 

Aad1 for butyryl-CoA as substrate.  Both enzymes preferentially reduced acetyl-CoA to ethanol 

rather than butyryl-CoA to butanol.  Aad1 and AdhE2 had about a 14-fold and a 2-fold, 

respectively, higher specific activity using acetyl-CoA as substrate than butyryl-CoA as 

substrate.  High density cultures of JM109 with BCS, thiolase, and adhE2 genes (OD660nm =  20; 

pH 6.5) in an anaerobic chamber with an atmosphere comprising of 95 % nitrogen and 5 % 

hydrogen, were able to produce up to 16 mM (1185 mg L-1) butanol and 5 mM butyrate; 

whereas, aad1 containing JM109 instead of adhE2 only produced 3.5 mM (259 mg L-1) butanol 

and 1 mM butyrate in 60 hrs at 30oC (100).  The fermentation balance was not presented; 

however, one can assume this strain also produced high concentrations of lactate, acetate, 
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ethanol, formate, and succinate since strain JM109 still contained all the native fermentation 

pathways. 

Based on the pathway presented in Figure 3-1, the reduction of 2 acetyl-CoA to butanol 

will require 4-5 NAD(P)H depending on the enzyme used for the conversion of crotonyl-CoA to 

butyryl-CoA.  Since E. coli can only produce 2 NADH per glucose under anaerobic conditions, it 

lacks the reducing equivalents needed for homo-butanol production anaerobically.  This is also 

apparent in the work of Inui et al. where a high density culture co-produced both butanol and 

butyrate indicating the inability of the bacterium to operate the entire butanol pathway (100).  

The availability of hydrogen in the gas phase may be beneficial for butanol production because 

hydrogen is a known electron donor for fumarate reductase (119, 221).  Since Bcd/EtfBA is a 

flavoprotein and reduces a C=C bond in a manner that is similar to fumarate reductase, hydrogen 

uptake may also supply the needed additional reducing power to aid the conversion of crotonyl-

CoA to butyryl-CoA. 

According to Knoshaug et al., higher butanol concentration could inhibit growth (114).  

Butanol at a concentration of 1.0 % lowers the relative growth of the yeast studied to about 60 % 

and no growth was observed at 2.0 % butanol (114).  Lactobacillus spp. were found to be more 

tolerant to butanol than yeast.  The two strains tested, L. delbrueckii and L. brevis, had 60 % of 

the growth rate compared to the control without butanol at 2.0 % butanol in the medium.  L. 

brevis had the highest butanol tolerance of all the strains tested having a 35 % growth rate at 3.0 

% butanol compared to butanol-less control.  E. coli butanol tolerance appears to be temperature 

dependent.  E. coli strain W3110 has a 25 % and 75 % relative growth rate of the control cultures 

at 37oC and 30oC, respectively, in 1.0 % butanol (114).  According to Atsumi et al., E. coli can 

tolerate up to 1.5 % butanol, which is within the range of clostridial butanol tolerance (12).  
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Engineering Escherichia coli for Butanol Production 

E. coli is one of the most studied organisms in the world.  Nonpathogenic E. coli strains 

such as K12, C, and B strains are classified as a GRAS (Generally Regarded As Safe) organism 

and its physiology makes it an ideal model organism to study.  E. coli is a Gram-negative, non-

sporulating, facultative anaerobe and has the ability to utilize a vast array of carbon sources and 

can grow in minimal salts medium (135).  E. coli has many industrial applications which include 

the production of insulin, amino acids, pyruvate, lactate, succinate, and ethanol (43, 75, 103, 104, 

209, 228, 232).  

E. coli fermentation products are a mixture of acids and ethanol (Figure 3-3) (215).  Under 

anaerobic conditions, glucose is consumed and is converted to 2 moles phosphoenolpyruvate 

(PEP) and then to 2 moles pyruvate during glycolysis.  One NADH is produced during the 

oxidation of glyceraldehyde-3-phosphate (G3P) to 1-3-bisphosphoglycerate by G3P 

dehydrogenase of the glycolysis pathway (2 per glucose).  Pyruvate is converted to acetyl-CoA 

and formate by pyruvate formate-lyase (pflB) or reduced to lactate coupled to NADH oxidation 

by lactate dehydrogenase.  Acetyl-CoA is further reduced to acetaldehyde and then to ethanol 

using 2 moles NADH by alcohol dehydrogenase (adhE).  Acetyl-CoA is also converted to 

acetate by phosphotransferase (pta) and acetate kinase (ack) for the production of 1 ATP.  

Succinate is produced by the carboxylation of PEP to oxaloacetate.  Oxaloacetate is reduced to 

malate by malate dehydrogenase consuming one NADH.  Malate is dehydrated by fumarase to 

produce fumarate.  Fumarate is then reduced by a membrane bound fumarate reductase 

(frdABCD) for succinate production.  The standard mid-point potential for reduction of fumarate 

to succinate is +31 mV.  Of all the reactions of anaerobic glycolysis and fermentation, the 

fumarate reductase is the only enzyme that is membrane-bound. NADH is not an electron donor 
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for fumarate reduction in vitro. This flavoprotein apparently utilizes electrons from an unknown 

source and not directly from NADH in vivo also (215). 

As noted earlier, E. coli generates only 2 moles NADH per mole glucose under anaerobic 

condition from the G3P dehydrogenase activity.  Kim et al. described a strain of E. coli with a 

mutation in dihydrolipoamide dehydrogenase (lpdA), the E3 component of pyruvate 

dehydrogenase (PDH), that alters the NADH sensitivity of PDH (111, 112).  PDH, like PFL, 

catalyzes the conversion of pyruvate to acetyl-CoA; however, PDH releases CO2 and couples the 

reaction with reduction of NAD+ to NADH instead of producing formate.  The inherent 

sensitivity of this enzyme to high NADH concentrations under anaerobic conditions inhibit PDH 

activity.  Point mutation E354K in lpdA (lpd101*) lowers NADH sensitivity of the PDH 

complex (112).  The lower NADH sensitivity of the mutated form of the PDH increases PDH 

activity during anaerobic growth leading to  an additional 2 NADHs per glucose (112).  This 

critical mutation is required to produce a more reduced product such as butanol. 

Another problem to address in engineering E. coli for butanol production is the activity of 

Bcd/EtfBA complex.  The low activity of Bcd/EtfBA in recombinant E. coli is an inherent 

characteristic of this enzyme and not because of recombinant expression in E. coli.  This reaction 

may also be the rate limiting reaction in clostridia (32).  Prior attempts to increase the conversion 

of crotonyl-CoA to butyryl-CoA in E. coli included expressing Streptomyces CcrA and 

Bcd/EtfBA from other organisms without significant success (100, 185).  Streptomyces CcrA 

uses NADPH instead of NADH.  Lower levels of NADPH under anaerobic conditions make this 

reaction less favorable.  To increase CcrA activity in E. coli, higher NADPH pool will be 

required.  Overexpression of E. coli transhydrogenase, udhA (sthA) and pntAB, has been found to 

increase NADPH levels (109, 172, 214).   
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Bcd/EtfBA activity in E. coli could be increased by using succinate producing strains.  As 

mentioned before, succinate is produced from the reductive branch of the anaerobic TCA cycle.  

Succinate is produced by the reduction of fumarate by fumarate reductase coupled to the 

oxidation of an unknown electron carrier.  E. coli strain KJ104 (103) produces near theoretical 

yields of succinate producing up to 1.30 mol succinate per mol glucose.  This high succinate 

production raises the possibility that an unknown electron-transport pathway was elevated in this 

strain to reduce fumarate by fumarate reductase, which is a flavoprotein with unique electron 

carriers like the Bcd/EtfBA complex.  Perhaps this specific electron carrier could also function 

with the clostridial Bcd/EtfBA and the succinate production strain described by Jantama, et al. 

(103) carrying the butanol pathway and appropriate mutations to knock out succinate production 

could increase the activity of Bcd/EtfBA and butanol production.   

This study will evaluate the potential of E. coli as a biocatalyst for butanol production.  

Since E. coli with an NADH-insensitive PDH can generate 4 NADH per glucose, this strain is an 

ideal choice for further engineering for butanol production.  Towards this objective, recombinant 

C. acetobutylicum enzymes as well as Streptomyces CcrA in the butanol pathway will be 

expressed in E. coli to identify the enzymes (genes) that are minimally needed to catalyze the 

conversion of acetyl-CoA to butanol.  Demonstration of the in vitro enzyme-catalyzed butanol 

production will provide the proof of principle that when produced in E. coli these enzymes can 

support production of butanol as a fermentation product.  Furthermore, in this study, I will also 

attempt to optimize the carbon flux to butanol and identify the rate limiting steps in this pathway.  

An understanding of the recombinant butanol pathway in E. coli will serve as a foundation for 

engineering E. coli for homo-butanol production. 
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Figure 3-1.  C. acetobutylicum fermentative pathway.  Solid lines represent fermentative 
pathway during exponential growth (acidogenesis).  Dashed lines represent the 
metabolic pathway during the onset of stationary phase (solventogenesis).  During 
acidogenesis phase, C. acetobutylicum produces primarily acetate, butyrate, 
hydrogen, and carbon dioxide.  Solventogenesis phase is a shift in cellular 
metabolism when cells take up acids and hydrogen produced during acidogenesis, 
followed by further reduction of the metabolites to produce acetone, butanol, and 
ethanol (ABE).  thl, thiolase; hbd, hydroxybutyryl-CoA dehydrogenase; crt, 
crotonase; bcd, butyryl-CoA dehydrogenase; etfBA, electron transfer flavoprotein; 
ctfAB, coenzyme-A transferase; adc, acetoacetate decarboxylase; aad, alcohol-
aldehyde dehydrogenase.  [Adapted from Jones, D. T., and D. R. Woods. 1986. 
Acetone-butanol fermentation revisited. Microbiol Rev 50:484-524 (Page 494, Figure 
1)]  
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Figure 3-2.  Molecular organization of genes encoding butanol/solvent pathway in C. 
acetobutylicum.  C. acetobutylicum has two thiolases encoded by thlA and thlB.  thlA 
is in a single gene operon whereas thlB is transcribed with two adjacent genes: thlR 
and thlC.  The butyryl-CoA synthesis (BCS) operon consists of five genes, crt 
(crotonase), bcd (butyryl-CoA dehydrogenase), etfB (electron transfer flavoprotein 
subunit B), etfA (electron transfer flavoprotein subunit A), and hbd (hydroxybutyryl-
CoA dehydrogenase), for the conversion of acetoacetyl-CoA to butyryl-CoA.  The 
BCS operon is transcribed as a single polycistronic mRNA controlled by a promoter 
upstream of crt.  The sol operons responsible for majority of solvent production have 
two promoters.  The first promoter controls the transcription of aad (aldehyde-alcohol 
dehydrogenase), ctfA (coenzyme A transferase), and ctfB.  The second promoter 
transcribes adc (acetoacetate decarboxylase) on the complimentary strand.  C. 
acetobutylicum has an additional aldehyde-alcohol dehydrogenase (aad2) transcribed 
in its own operon.  In addition to the aldehyde-alcohol dehydrogenase, C. 
acetobutylicum has two butanol dehydrogenases, bdhA and bdhB, which are 
transcribed independently in tandem. 
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Figure 3-3.  E. coli mixed acid fermentation.  Under anaerobic conditions, glucose is converted 
to PEP and then to pyruvate.  Pyruvate could be reduced to produce lactate or could 
be converted to acetyl-CoA and formate.  Formate could be broken down to hydrogen 
and carbon dioxide.  Acetyl-CoA could either be reduced to produce ethanol or be 
converted to acetate for ATP production.  Succinate is produced from the 
carboxylation of PEP followed by further reduction.  ldhA, lactate dehydrogenase; 
pflB, pyruvate formate-lyase; FHL, formate hydrogen-lyase; adhE, alcohol 
dehydrogenase; pta, phosphotransacetylase; ack, acetate kinase; ppc, PEP 
carboxylase; mdh, malate dehydrogenase; fum, fumarase; frdABCD, fumarate 
reductase. 
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CHAPTER 4 
MATERIALS AND METHODS 

General Methods 

Materials 

Biochemicals were purchased from Sigma-Aldrich (St. Louis, MO) and Fisher Scientific 

(Pittsburg, PA).  Phusion DNA polymerase, DNA restriction endonuclease, T4 DNA ligase, and 

Klenow were purchased from New England Biolabs, Inc (Ipswich, MA).  Oligonucletides were 

synthesized by Invitrogen (Carlsbad, CA).  Plasmid extraction kit and DNA gel-extraction kit 

were purchased from Qiagen Inc (Germantown, MD) or Bio-Rad Laboratories, Inc. (Hercules, 

CA). 

Bacterial strains, Bacteriophages, Plasmids, and Primers Used 

The bacterial strains, bacteriophages and plasmids used in this study are listed in Table 4-

1.  All primers used in this study are listed in Table 4-2. 

Media and Growth Conditions 

Luria broth was prepared as described previously (158). Glucose-mineral salts medium 

contained 10 g glucose, 6.25 g Na2HPO4, 0.75 g KH2PO4, 2.0 g NaCl, 10 mg FeSO4•7H2O, 10 

mg Na2MoO4•2H2O, 0.2 g MgSO4•7H2O, and 1.0 g (NH4)2SO4  in 1 L of deionized water. 

Glucose, MgSO4•7H2O, and (NH4)2SO4 were added after autoclaving basal salts solution. Solid 

medium was prepared by the addition of 15 g L-1 agar into liquid medium.  Antibiotics used for 

selection were added to medium after autoclaving.  Typical antibiotics and concentrations used 

in this study were ampicillin (100 mg L-1), kanamycin (50 mg L-1), chloramphenicol (15 mg L-1), 

tetracycline (15 mg L-1), and spectinomycin (100 mg L-1). 
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Fermentation 

Batch fermentations without pH control were carried out in a 13 x 100 mm screw-cap 

tubes filled to the top with appropriate medium. An inoculum was grown aerobically for about 

16 hrs at 37oC in a rotator (80 rpm) and was inoculated into the tubes at a concentration of 1 % 

(v/v).  Microaerobic batch fermentation was carried out in 13 x 100 mm screw cap tubes (9 ml 

capacity); however, the tube contained 4-7 ml of appropriate medium depending on the desired 

oxygen concentration.  The microaerobic culture tubes were incubated in a rotator (80 rpm) at 

37oC.  pH-controlled fermentations were conducted at 37oC in  500 ml fleaker vessels containing 

250 ml of the corresponding medium along with a custom-made pH-stat.  pH was controlled with 

0.5 N KOH (96).   

DNA Extraction and Purification 

Plasmid DNA was extracted with Qiagen QIAprep Spin Miniprep Kits.  DNA extracted 

from agarose after electrophoresis was purified by either Qiagen QIAquick Gel Extraction Kits 

or Bio-Rad Freeze ‘N Squeeze spin columns followed by ethanol precipitation as previously 

described (14).  PCR-DNA purification was done with Qiagen QIAquick PCR Purification Kits.  

Genomic DNA was extracted with a modified protocol as described by Ausubel et al. (14).  Two 

ml of an overnight culture grown at 37oC aerobically was pelleted and resuspended in 567 µl of 

P1 buffer with the addition of RNase from QIAprep Spin Miniprep Kit instead of TE buffer, 

followed by the addition of 50 µl 10 % sodium dodecyl sulfate (SDS).  The cell lysate/SDS 

solution was mixed by inversion and then incubated at 60oC for 5 minutes to increase cell lysis.  

120 µl of 5 M NaCl was then added, mixed by inversion, followed by 1 minute incubation at 

60oC.  Then, 80 μl of cetyl trimethylammonium bromide (CTAB)/NaCl solution (14) preheated 

to 60oC was added, mixed thoroughly by inversion, and incubated at 60oC for 5 more minutes.  

The lysate was extracted with Tris-saturated phenol, pH 8.0, followed by phenol:chloroform: 
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isoamyl alcohol (25:24:1) extraction.  DNA was then precipitated with 0.7 volume isopropyl 

alcohol, pelleted by centrifugation, and washed with 600 µl of 70 % ethanol.  DNA was pelleted 

again and the ethanol was carefully decanted.  The DNA pellet was allowed to dry briefly at 

42oC and then dissolved in 100 µl TE buffer.  Genomic DNA was incubation at 50oC to 

completely dissolve the DNA as needed. 

Polymerase Chain Reaction (PCR) 

Polymerase Chain Reaction (PCR) was performed using Phusion High-Fidelity DNA 

Polymerase (NEB).  A 50 µl reaction typically contained 1x High Fidelity (HF) buffer, 200 µM 

each of the four dNTPs, 0.4 µM of each forward and reverse primer, and 0.5 units of Phusion 

polymerase.  Denaturing temperature was set at 98oC (20 sec), annealing temperatures were set 

at 5oC below the lowest primer Tm (15 sec), and elongation was at 72oC (30 sec per 1 kb).    

DNA Modification 

Digestion conditions and ligation were as modified from manufacturers’ recommendations.  

Typically, a 20 µl digestion reaction consisted of 0.5 µg DNA, 1x buffer, 1 µl BSA (1 mg ml-1), 

and 0.5 µl restriction endonuclease.  10 units or 100 units of T4 ligase was typically used per 

“sticky” end or blunt end ligation reaction, respectively, at 16oC for at least 12 hrs. 

Transformation  

Chemical transformation was carried out as described previously with minor modification 

(133).  Cells were cultured in a 125 ml flask containing 5 ml Luria-Bertani (LB) medium and a 

1.0 % inoculum of an overnight, culture at 37oC for about 1.5 hrs or until the OD420nm = 0.2 . 

Cells were harvested and resuspended in 0.2 ml of cold 0.1 M CaCl2.  About 0.5 µg of plasmid 

DNA was then added to the cell suspension.  The cell and DNA mixture was incubated on ice for 

15 minutes and heat-shocked for 1 minute at 42oC.  After heat-shock, the cell/DNA mixture was 

immediately transferred to ice for additional 10 minutes.  Two ml of LB was added to the 
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reaction mixture and this was incubated for 1 hour at 37oC.  Electroporation was conducted as 

recommended by Bio-Rad Laboratories (MicroPulser electroporation apparatus operating 

instructions and applications guide).  

Transduction 

Gene transfer mediated by bacteriophage P1 mediated transduction was performed as 

described by Miller (138). 

Gene Deletions 

Method used for gene deletion in E. coli was as described by Datsenko et al. (51).  Using 

plasmid pKD4 as template, PCR primers with 50 bases homologous to the gene of interest were 

designed to amplify FRT:kanamycin resistance cassette (kanR):FRT.  The resulting PCR product, 

gene’:FRT:kanR:FRT:’gene, was electroporated into strain BW25113 containing plasmid pKD46 

which encodes an arabinose inducible Red recombinase. Transformants harboring deletion of the 

targeted gene were selected for kanamycin resistance located within the deleted gene.  PCR was 

used to confirm the deletion.  P1 phage transduction was used to transfer the deleted gene to 

other strains of interest.  The kanamycin cassette was removed by transforming in a temperature 

sensitive plasmid, pCP20, harboring yeast FLP recombinase gene leaving an 84 bp insert of a 

single FRT sequence at the site of deletion.   

Construction of Plasmid pET15b Based T7 Expression Plasmids 

Protein over-expression was mediated by plasmid pET15b based T7 expression system.  

Primers were designed to PCR amplify the gene of interest with 5’ extension of CATATG on the 

forward primer and GGATCC on the reverse primer corresponding to the NdeI and BamHI 

endonuclease recognition sites, respectively.  The underlined ATG correspond to an overlapping 

translation start initiation codon of the gene of interest.  XhoI recognition sequence (CTCGAG) 

was substituted for NdeI or BamHI site if these recognition sequences appeared within the gene 
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of interest (see Table 4-2 for complete list of primer sequences).  PCR products and plasmid 

pET15b (Novogen) were digested with the respective enzymes, ligated, and transformed into E. 

coli strain TOP10.  Transformants were selected as ampicillin resistant colonies.  Plasmid was 

extracted and the presence of insert was confirmed by PCR with gene specific primers.  Plasmids 

with appropriate insert DNA were transformed into Rosetta (λDE3) bearing plasmid pRARE 

encoding rare E. coli codon tRNAs  for recombinant expression of heterologous proteins in E. 

coli.  Proteins were expressed as N-terminal His6-thrombin recognition site protein fusions.  

Protein Production Using pET15b Based T7 Expression  

A few colonies of freshly transformed Rosetta strain bearing pET15b derived plasmid were 

inoculated into 20 ml of LB-amp (250 ml flask) and incubated at 37oC (200 rpm) shaking for 

about 15 hrs.  Fifteen ml of this culture was transferred to 1.0 L LB-amp medium in a 2.8 L 

Fernbach flask.  This culture was incubated for 2 hrs at 37oC (250 rpm) or until OD420nm  reached 

~ 0.60.  Arabinose was added to a final concentration of 1.5 % and incubation was continued at 

room temperature with the same shaking rate for an additional 4 hrs.  Cells were harvested by 

centrifugation and washed twice with 40 ml of cold 50 mM KPO4 buffer pH 7.5 with 0.1 M 

NaCl (Buffer A).   The cells were collected, and stored at -20oC until use. 

His-tagged Protein Purification 

Frozen cells were thawed on ice in 10 ml of Buffer A.  All purification steps were 

performed at 4oC or on ice.  The cells were disrupted by passing through a French pressure cell 

operating at 20,000 psi.  100 units of DNaseI was added to reduce viscosity and the lysate was 

incubated on ice for 10 minutes.  The lysate was centrifuged at 30,000 x g for 45 min.  The 

supernatant was filtered using a 0.2 µm syringe filter.  The filtered crude extract was then loaded 

on a 1 ml HiTrap Chelating column (GE) (1 ml min-1 flow rate) that was pre-washed with Ni+2 

(0.1 M NiCl2 in Buffer A) followed by 20 volumes of Buffer A to remove excess nickel.  The 
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protein-bound column was washed with 5 volumes of Buffer A followed by 10 volumes of 

Buffer A with 50 mM imidazole.  The His-tagged protein was eluted with Buffer A containing 

150 mM imidazole at a flow rate of 0.5 ml min-1 and 1 ml fractions were collected.  Fractions 

with the highest protein concentration determined by Bradford assay (14) were separated by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to determine purity.   

Highest purity fractions were combined and digested with 50-100 units of thrombin to remove 

the His-tag while being dialyzed in 4 L Buffer A with 0.5 mM DTT for 16 hrs.   The dialyzed 

protein and thrombin mixture were separated on HiPrep 26/60 Sephacryl S-200 HR (GE) gel 

filtration column (pre-equilibrated with Buffer A containing 0.5 mM DTT) with a flow rate of 

0.5 ml min-1 and 3.75 ml fractions were collected.  Fractions with the highest purity as 

determined by SDS-PAGE were combined.  Glycerol was added to the purified protein to a final 

concentration of 20 %, flash frozen in liquid nitrogen, and stored at -75oC until use. 

Analytical Methods 

Protein concentration was determined using Coomassie blue (Bradford reagent) or 

bicinchoninic acid (BCA) assays (14, 34, 182) with bovine serum albumin as standard.  SDS-

PAGE utilized 12.5 % gels as per Laemmli (118).  The protein standards used in SDS-PAGE 

(Bio-Rad Laboratories, Hercules, CA) were aprotinin (6.5 kDa), lysozyme (14.4 kDa), trypsin 

inhibitor (21.5 kDa), carbonic anhydrase (31.0 kDa), ovalbumin (45.0 kDa), serum albumin 

(66.2 kDa), phosphorylase b (97.4 kDa), β-galactosidase (116.3 kDa), and myosin (200 kDa). 

Protein standards used to calibrate Hi Prep Sephacryl S-200 HR column used for gel filtration 

(Sigma Chemical Co., St. Louis, MO) were bovine carbonic anhydrase (29.0 kDa), ovalbumin 

(45.0 kDa), bovine serum albumin (66.0 kDa), and yeast alcohol dehydrogenase (150 kDa).  

Non-heme iron was determined as described by Harvey et al. (89), and sulfur was determined 

using the method described by Cline (45). Organic acids and sugars were analyzed by high-
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performance liquid chromatography (HPLC, Hewlett Packard 1090 series II chromatograph 

equipped with refractive index and UV detectors) with a Bio-Rad Aminex HPX-87H ion 

exclusion column.  Hydrogen gas was measured by gas chromatography (Gow Mac series 580, 

GOW-MAC Instrument Co., Bethlehem, PA) using a thermal conductivity detector and a 

stainless steel column (1.8 m × 3.2 mm) packed with molecular sieve 5 Å, using N2 as the carrier 

gas.  Optical density of the cultures grown in 13 x 100 mm tubes were measured with a Bausch 

& Lomb Spectronic 20 at 420 nm.  Analytical spectrophotometric measurements were performed 

in a Beckman DU 640 spectrophotometer. 

Methods for Hydrogen Production 

Construction of Tandem T7 Expression of ndhE and ndhF Subunits 

T. vaginalis ndhE and ndhF DNA were received from Dr. Hrdy at Charles University, 

Czech Republic.  T. vaginalis ndhE and ndhF were each cloned into pET15b as previously 

described producing pET15b-ndhE and pET15b-ndhF plasmids (Figure 4-1) (56).  The entire T7 

expression operon from pET15b-ndhF including T7 promoter and T7 terminator was PCR 

amplified using primers “pET15b-T7 F (HindIII)” and “pET15b-T7 R (HindIII)” and the purified 

PCR product was digested and cloned into the HindIII site on pET15b-ndhE (pPMD38) 

producing pET15b-ndhE-ndhF (pPMD40).  The resulting plasmid was digested with XhoI to 

confirm the orientation of the insert.  The plasmid pPMD40 has the two genes, ndhE and ndhF, 

encoding the two subunits of NDH expressed in tandem by independent T7 promoters. 

Construction of Tandem trc Promoter Controlled Expression of ndhE and ndhF  

T. vaginalis ndhE and ndhF were cloned into plasmid pTrc99a as described above in the 

construction of plasmid pPMD40 with independent T7 promoters.  Genes encoding ndhE and 

ndhF were independently cloned into the NcoI and BamHI sites in pTrc99a using PCR primers 

“ndhE F (NcoI)” / ”ndhE R (BamHI) and “ndhF F (NcoI)” / ”ndhF R (BamHI)”, respectively.  
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Using pTrc99a-ndhF as template, ndhF including the trc promoter was PCR amplified with 

primers “pTrc99a F (XbaI-trc)” / “ndhF R (HindIII)” and the resulting product was cloned into 

XbaI and HindIII site of pTrc99a-ndhE producing pTrc99a-ndhEF.  Plasmid pTrc99a-ndhEF 

harbors two independently expressed trc promoters and a rho-independent terminator (rrnB) 

downstream of the last gene, ndhF. 

NADH-Dehydrogenase (NDH) Enzymatic Activity 

NDH activity was determined spectrophotometrically using NADH as the electron donor 

and various artificial electron acceptors.  Standard reaction mixture consisted of K-phosphate 

buffer (50 mM, pH 7.5), NADH (1 mM), and benzyl viologen (1 mM).  Reaction mixture in a 

13×100 mm tube was sealed with a serum stopper, and the gas phase was replaced by evacuation 

and refill with N2.  Enough sodium dithionite was added to the reaction mixture to titrate out the 

residual O2.  Reaction was initiated by the addition of enzyme, and BV reduction was monitored 

continuously at 600 nm at room temperature.  Although the small amount of added dithionite 

will reduce both the Fe-S cluster and flavin in the protein, the presence of excess BV in the 

reaction mixture is expected to reoxidize these cofactors and not interfere with the assay.  Under 

these conditions, the small amount of added dithionite did not affect the kinetics of BV 

reduction. With ferricyanide as electron acceptor, assays were under aerobic condition.  

Concentrations of BV, methyl viologen, and K-ferricyanide were 1.00 mM in the experiments 

leading to determination of Km of NADH.  Molar extinction coefficients used for BV and MV 

are 7,800 and 6,300, respectively, at 600 nm with 1.00 cm path length. Ferricyanide-dependent 

NDH activity was determined in the same buffer as the BV assay (410 nm; extinction coefficient 

of 1,020 M-1 cm-1).  Ferredoxin-dependent NDH activity was determined in the same buffer with 

0.10 mM NADH and 40 μM C. acetobutylicum ferredoxin by following the oxidation of reduced 

NADH at 340 nm. One unit of enzyme activity is defined as 1 μmol substrate oxidized min-1. 
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Clostridium Ferredoxin Purification 

C. acetobutylicum strain 824 (NRRL B-23491) obtained from USDA-ARS (Peoria, IL) 

was cultured in Reinforced Clostridial Medium (Oxoid, Cambridge, UK) without the agar in 12 

L carboys for 16 hrs at 37oC.  Ferredoxin was isolated from the cells as described previously for 

C. pasteurianum ferredoxin (167, 178).  Protein concentration was determined from the molar 

extinction coefficient of 30,600 cm-1 at 390 nm, a value reported for C. pasteurianum ferredoxin 

(167).   

(Electron Paramagnetic Resonance) EPR Measurements 

EPR experiments were performed by Dr. Angerhofer, Department of Chemistry, 

University of Florida.  Cw-EPR spectra of the NDH complex at cryogenic temperatures were 

determined using a commercial EPR spectrometer (Bruker Elexsys E580) equipped with an 

Oxford Instruments ESR900 helium-flow cryostat and the standard TE102 mode rectangular 

cavity (Bruker ER4102ST). EPR samples were placed in a Wilmad 3×4 (ID×OD)-mm quartz 

tubes (CFQ), prefrozen in liquid nitrogen, before insertion into the precooled cryostat.   

Selection of Methyl Viologen (MV) Resistant E. coli 

MV resistant E. coli was selected by serial transfers with increasing concentrations of MV.  

Ten ml of LB supplemented with 10 μM MV in a 125 ml Erlenmeyer flask was inoculated with 

1.0 % of an overnight culture of E. coli strain PMD45 grown in LB at 37oC.  The culture with 

MV was incubated for 16 hrs at 37oC with shaking (250 rpm).  This culture was sequentially 

transferred to 10 ml fresh LB medium with 100 μM MV at a 1.0 % inoculum level and each 

transfer was incubated for 16 hrs.  After which, it was used as an inoculum for 10 ml LB with 1.0 

mM MV.  As needed, a culture at an OD420nm of 0.6 was diluted and plated on LB agar plates 

supplemented with 1.0 mM MV and incubated aerobically overnight at 37oC.  Colonies that 

formed were selected, streaked on the same solid medium supplemented with glucose and were 
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incubated at 37oC in an anaerobic jar.  After 48 hrs, colonies that were resistant to 1 mM MV 

under anaerobic growth conditions were replicated onto the same solid medium and incubated 

aerobically for 8 hrs.  Over 95 % of the colonies that were resistant to MV anaerobically were 

killed by the switch to an oxygenic atmosphere.  Colonies that survived were selected and 

anaerobic/aerobic cycle was repeated two more times until a more stable E. coli strain was 

recovered that was resistant to 1 mM MV and could survive the transition from anaerobic to 

aerobic conditions.   

Detection of Hydrogen Production  

Overnight cultures were used as a 1.0 % inoculum for 1 ml LB with 0.3 % glucose 

supplemented with the appropriate antibiotics and electron acceptors in a 12 x 75 mm heavy wall 

tube sealed with a rubber stopper.  Electron acceptors tested were 1.0 mM of each MV, BV, and 

DCPIP.  The tubes were degassed and filled with N2 and incubated at 37oC.  Hydrogen 

production was determined after injecting 50 or 100 μl gas sample with a Hamilton gas tight 

syringe into a gas chromatograph.   

Electrochemical Potential  

The electrochemical potential of a redox couple was calculated using the Nernst equation 

(Equation 4-1): 

 
         (4-1) 

 
Where E = concentration dependent redox potential (V); Eo’ = midpoint standard redox potential 

(V) (Table 4-3); R = 8.314 J K-1 mol-1 (ideal gas constant); T = temperature (K); F = 96,500 

Coulombs mol-1 (Faraday constant); n = number of e-.  The Nernst equation has been simplified 

by calculating the constants listed at standard temperature (298oK) and converting natural log 

(ln) to log10 as follows (Equation 4-2): 

E = Eo’ + R T ln ( [Oxidized] ) n F [Reduced] 
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   (4-2) 
 

 
Free energy was calculated using a derivation of Gibbs free energy (Equation 4-3): 

ΔG     =     – nFΔE                            (4-3) 

Where ΔG is the change in free energy (J mol-1) and ΔE is the change in redox potential (Eproduct 

– Ereactant; V).  Joules can be converted to calories using the conversion factor 1 cal = 4.18 J. 

Cloning of [Fe]-Hydrogenase Isolated from Termite Gut 

[Fe]-hydrogenase genes from the symbionts present in the digestive tract of Reticulitermes 

flavipes were received from Dr. Mike Scharf, Department of Entomology and Nematology, 

University of Florida.  The ORFs were fully sequenced and the putative gene was identified after 

BLAST alignment as [Fe]-hydrogenases.  Protein alignments were performed with ClustalG ver. 

1.5.  The gene encoding the [Fe]-hydrogenase most similar to the published enzyme from P. 

grassii (99) was subcloned into pET15b and pTrc99a using PCR primers “gutHyd F 

(NdeI)”/”gutHyd R (BamHI)” and “gutHyd F (NcoI)”/”gutHyd R (BamHI)”, respectively.  

gutHyd including the trc promoter was subcloned into NdeI and PflMI sites of pTrc99a-ndhEF 

using PCR primers “gutHyd trc F (NdeI)”/”gutHyd R (PflMI)” resulting in plasmid pTrc99a-

ndhEF-gutHyd. 

Methods for Butanol Production 

Construction of Plasmid pET15b Derivatives for the Expression of Enzymes in the Butanol 
Pathway 

All butanol genes were amplified from C. acetobutylicum American Type Culture 

Collection (ATCC) 824D genomic DNA obtained from ATCC using the respective PCR primers 

listed in Table 4-2.  The gene ccrA was PCR amplified from Streptomyces avermitilis ATCC 

E = Eo’ + 
0.0592 V 

log ( [Oxidized] ) n [Reduced] 
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31267D-5 genomic DNA obtained from ATCC.  Amplified PCR products were cloned into 

plasmid pET15b for expression and purification of His-tagged fusion proteins.  E. coli strain 

Rosetta (λDE3) bearing the appropriate plasmid pET15b-derivatives were induced with 

arabinose, and protein was purified as described in the section on NDH. 

Enzyme Assays for Butanol Pathway 

The enzymes that constitute the butanol pathway were produced in recombinant E. coli and 

purified.   Specific activities of these enzymes was determined spectrophotometrically using 

NAD(P)H as the electron donor and the appropriate CoA derived intermediates or aldehydes as 

acceptors.  All assays were performed in 1 ml of 50 mM K-PO4 buffer pH 7.5 and 0.1 mM 

NAD(P)H at room temperature.  Enzyme kinetics were determined by measuring NAD(P)H 

oxidation (molar extinction coefficient of 6,220 M-1 cm-1 at 340 nm).  Thiolase (0.5-1.0 µg of 

ThlA or ThlB) activity was determined by using 0.1 mM acetyl-CoA as substrate in a coupled 

reaction with NADH oxidation by Hbd (6µg) (217).  Hbd (0.1-0.2 µg) activity was determined 

using 0.2 mM acetoacetyl-CoA as substrate (32, 47, 229).  Crt (2-5 ng) activity was determined 

using 0.1 mM hydroxybutyryl-CoA as substrate in a coupled reaction with NADPH oxidation by 

CcrA (2 µg) (32).  Bcd-EtfBA (10 µg Bcd-complex) and CcrA (0.2-2.0 µg) activity were 

determined by measuring oxidation of NADH or NADPH, respectively, using 0.1 mM crotonyl-

CoA as substrate.  Aldehyde-alcohol dehydrogenase (10 µg of Aad or AdhE2) activity was 

determined by measuring the oxidation of NADH using 0.1 mM butyryl-CoA and 2.5 mM 

butyraldehyde, respectively (67, 144).   

In Vitro Butanol Production 

Based on the specific activates of the recombinant enzymes, 1 unit (μmol min-1) of each 

purified enzyme in the butanol pathway from acetyl-CoA up to butyryl-CoA (ThlA, Hbd, Crt, 

and CcrA) was added to 0.5 ml assay buffer containing a final concentration of 50 mM K-PO4 
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pH 7.6, 5 mM acetyl-CoA, 10 mM NADH, and 10 mM NADPH.  The reaction mixture was 

incubated at 37oC for 30 minutes after which a 100 µl sample was removed for analysis.  One 

unit of AdhE2 and 10 mM NADH were then added and incubated for an additional 30 minutes at 

37oC.  H2SO4 was added to final concentration of 0.1 M to stop the reaction and to hydrolyze the 

CoA releasing free acids.  The final mixture and the starting and intermediate sample were 

analyzed by HPLC for butanol and other intermediates. 

Enzyme Assay from Crude Extract 

E. coli strain JM107 bearing the plasmid(s) pCBEHTCB and/or pAA were grown and the 

enzymes were induced with IPTG as described above for T7-based expression of the same genes. 

Induced cells were disrupted in the same manner as described for T7-based protein production.  

The cell lysate was clarified by ultracentrifugation at 100,000 x g for 1 hr to minimize 

membrane-bound NADH dehydrogenase activity.  Enzyme assays were performed as described 

above. 

Plasmid Construction for Butanol Production 

Construction of pButanol:  Genes from C. acetobutylicum butanol production pathway 

were cloned into plasmid pTrc99a (Figure 4-2).  The BCS operon was PCR amplified using “crt 

F (NcoI)” and “hbd R (BamHI)” primers producing PCR product that has a NcoI site extension 

on the 5’ and a BamHI site attached to the 3’ end.  The gene encoding AdhE2 was amplified with 

“adhE2 F (BamHI)” and “adhE2 R (XhoI)” primers producing a PCR product that has a BamHI 

site extension on the 5’ and XhoI site attached to the 3’ end.  The adhE2 PCR product also 

includes the native 18 bp region upstream of the gene that contains the Shine-Dalgarno (SD) 

sequence.  The gene encoding ThlA was amplified with “thlA SD F (XhoI)” and “thlA R 

(HindIII)” producing a PCR product that has a XhoI site extended on the 5’ and a HindIII site 

attached to the 3’ end.  Since thlA does not have a good E. coli SD sequence immediately 



 

82 

upstream of the gene, a 16 bp region was added through primer “thlA SD F (XhoI)” that contains 

an optimized E. coli SD sequence in addition to the XhoI site.  The resulting PCR products were 

digested with the respective enzymes and ligated all together into the NcoI and HindIII site of 

pTrc99a resulting in the plasmid pButanol.  Plasmid pButanol contains all the genes necessary 

for production of butanol expressed as a single synthetic polycistronic operon controlled by 

IPTG inducible trc promoter.   

Construction of pButyrate:  To construct a plasmid for the production of butyrate, adhE2 

was removed from pButanol and replaced with a FRT:KanR:FRT cassette (Figure 4-3).  Primers 

“pKD4 F (BamHI)” and “pKD4 R (XhoI)” were used to PCR amplify the FRT:KanR:FRT 

cassette with the addition of BamHI and XhoI sites on the 5’ and 3’ends, respectively.  The 

resulting PCR product was cloned into the BamHI and XhoI restriction sites of pButanol 

replacing the adhE2 gene.  The resulting plasmid, pButyrate, has the BCS operon expressed from 

an IPTG inducible trc promoter.  The thlA gene is still expected to be expressed by the plasmid 

from the kanR cassette. 

Construction of pTrc99a derived plasmids:  The vector pTrc99a was used to express 

various individual steps of butanol pathway (Figure 4-4) (6).  The first gene, adhE2, was 

amplified from pButanol with PCR primers “adhE2 F (NcoI)” and “adhE2 R (XmaI)” to produce 

a PCR product with NcoI site on the 5’ and XmaI sites on the 3’, respectively.  The adhE2 PCR 

product was cloned into NcoI and XmaI site within the pTrc99a multiple cloning site resulting in 

pTrc99a-adhE2.  E. coli thiolase gene, atoB, was amplified from E. coli W3110 genomic DNA 

with primers “atoB F (KpnI)” and “atoB R (HindIII)” to produce a product that includes 11 bp 

upstream of atoB containing its native SD sequence and KpnI and HindIII sites at the 5’ and 3’ 

ends, respectively.  This PCR product was cloned into KpnI and HindIII site in pTrc99a resulting 
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in pTrc99a-atoB.  The plasmid pTrc99a-atoB was then used as template for PCR using “pTrc99a 

F (XmaI)” and “atoB R (HindIII)” to amplify atoB with the trc promoter and XmaI and HindIII 

sites at the 5’ and 3’ ends, respectively.  The atoB with its own trc promoter was then cloned into 

the XmaI and HindIII sites of pTrc99a to produce pAA, where both genes were expressed 

independently by tandem trc promoters.  The gene ccrA2 was PCR amplified from S. avermitilis 

genomic DNA using primers “ccrA2 F (NcoI)” and “ccrA2 R (XbaI)” to produce a PCR product 

with NcoI and XbaI sites at the 5’ and 3’ ends, respectively.  E. coli soluble transhydrogenase 

gene, udhA, was amplified from W3110 genomic DNA with primers “udhA F (XbaI)” and “udhA 

R (HindIII)” to produce a PCR product with XbaI and HindIII sites at the 5’ and 3’ ends, 

respectively.  The primer “udhA F (XbaI)” also replaced udhA upstream region with a more 

optimal SD sequence for improved translation.  PCR products of ccrA2 and udhA were digested 

with the respective endonucleases and were all ligated into NcoI and HindIII site of pTrc99a 

resulting in pTrc99a-ccrA2-udhA plasmid where ccrA2 and udhA were expressed as a single 

polycistronic synthetic operon.    

Consolidation of pTrc99a derived plasmids into a single low copy number plasmid:  

Large plasmids with high copy number replication systems tend to result in reduced plasmid 

stability and/or retention.  Therefore the trc operons constructed previously we cloned into a low 

copy number plasmid vector (pACYC184) to improve stability (Figure 4-5).  The BCS operon 

including trc promoter from pButanol was amplified using “pTrc99a F (EagI)” and “hbd R 

(BamHI)” primers and cloned into EagI and BamHI endonuclease restriction sites on 

pACYC184, producing pCBEH.  Using pTrc99a-ccrA2-udhA as template, PCR primers 

“pTrc99a F (BamHI)” and “udhA R (XbaI)” were used to amplify the Ptrc-ccrA2-udhA operon 

and the PCR product was cloned into BamHI and XbaI endonuclease sites on pCBEH to make 
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pCBEHCU.  Using pTrc99a-AA as template, PCR primers “pTrc99a F (Bsu36I)” and “atoB R 

(EagI)” were used to amplify the lacIq-Ptrc-adhE2-Ptrc-udhA operon and the PCR product was 

cloned into Bsu36I and EagI endonuclease sites on pCBEHCU to make pAACBEHCU.  The 

plasmid pAACBEHCU contains all the genes required to produce butanol from acetyl-CoA on a 

low-copy plasmid with p15a origin of replication.  Genes with lower specific activities (adhE2, 

atoB, bcd/etfBA, and ccrA2) were expressed independently by individual trc promoters.    

Another plasmid, pCBEHTCB, was constructed in a similar manner.  A three gene 

synthetic operon was constructed with thlA, ccrA, and bdhB.  The three genes, thlA, ccrA, and 

bdhB, were PCR amplified with primer sets “thlA F (NcoI)”/”thlA R (XhoI)”, “ccrA F 

(XhoI)”/”ccrA R (SexAI)”, and “bdhB F (SexAI)/”bdhB R (SbfI)”, respectively.  The resulting 

PCR products were digested with their respective enzymes and ligated all together into the NcoI 

and SbfI site of plasmid pTrc99a resulting in plasmid pTCB in a similar manner as Figure 4-2.  

The whole operon including the trc promoter was PCR amplified from plasmid pTCB using 

primers “pTrc99a F (BamHI)”/”bdhB R (ClaI)” and cloned into the BamHI and ClaI restriction 

sites of pCBEH resulting in pCBEHTCB. 

E. coli Strain Construction for Butanol/Butyrate Production  

Strain KJ104 (E. coli ATCC 8739 ∆ldhA ∆(focA-pflB) ∆adhE ∆ackA ∆mgsA ∆poxB 

∆tdcDE ∆citF), a microbial biocatalyst developed for succinate production (103), was used as 

the starting strain for engineering a butanol-producing strain   To eliminate succinate production, 

a deletion in frdBC was introduced into strain KJ104 to disrupt fumarate reductase activity.  The 

resulting strain, PMD71, cannot grow anaerobically due to the inability to oxidize NADH 

generated during glycolysis. 

Integration of plasmid pAACBEHCU into E. coli chromosome:  Even though the 

butanol genes were on a low-copy plasmid, the large size (15,550 bp) and repeat trc promoter 
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sequences could lower plasmid stability.  To stabilize the genes, the entire plasmid was 

integrated into E. coli chromosome via single recombination.  The plasmid pAACBEHCU was 

digested with BstBI, which removed p15a origin of replication and the chloramphenicol 

resistance gene (Cm). The linearized DNA was then treated with Klenow fragment to fill in the 

5’ overhang left over from BstBI digestion to produce blunt ends.  The spectinomycin resistance 

gene (spcR) from pAW016 was PCR amplified using primers “spc F” and “spc R”.  The resulting 

PCR product was ligated to the linearized pAACBEHCU to produce a circular DNA that has no 

origin of replication.  The resulting DNA was electroporated into BW25113/pKD46 expressing 

red recombinase.  Genomic DNA was extracted from colonies that were resistant to 

spectinomycin (100 µg ml-1), and PCR was performed using genomic DNA as template and 

appropriate primers to confirm the integration of adhE2-atoB, crt-hbd, and ccrA2-udhA.  PCR 

using primers ”adhE-atoB F” and “adhE-atoB R”, “crt-hbd F” and “crt-hbd R”, and “ccrA2-

udhA F” and “ccrA2-udhA R” produced fragments of 3,487 bp, 4,042 bp, and 2,195 bp 

respectively, confirming the presence of the butanol genes in the chromosome.  The colony with 

all three correct size PCR products was noted to have chromosomal insertion of pAACBEHCU 

(but+) and the genes were transduced to strain PMD50 and PMD71 resulting in PMD70 and 

PMD72, respectively.  The site for chromosomal integration is yet to be determined; however, 

possible recombination sites were atoB, udhA, and lacIq since these E. coli genes were present in 

the circular DNA used for integration.  

Chromosomal insertion of BCS operon at pflB:  PCR using primers “focA F (HindIII)” 

and “pflA R (XmaI)” were used to amplify pflB including 389 bp and 643 bp upstream and 

downstream DNA, respectively, with the addition of HindIII and XmaI sites to the primers 

(Figure 4-6). The 3.4kb PCR product was cloned into HindIII and XmaI sites of pUC19.  The 
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resulting plasmid, pUC19-‘focA-pflA’, was used as template for outward PCR using primers 

“focA out (Blunt)” and “pflA out (XhoI)” producing a 3704 bp PCR product with a blunt 3’ end 

near the end of focA and XhoI site at the 3’ end near the start of pflA.  Primers labeled with 

“Blunt” had a 5’ phosphorylation modification during synthesis.  At the same time, pButyrate 

was used as template for PCR using primers “crt F (Blunt)” and “pKD4 R (XhoI)” to produce a 

6214 bp PCR product of the promoterless BCS operon upstream of a kanamycin cassette.  The 

two PCR products, BCS-kan and pUC19-‘focA-pflA’ outward PCR, were then digested with 

XhoI and ligated together to produce the final plasmid pUC19-ΔpflB-BCS-kanR.  Plasmid 

pUC19-ΔpflB-BCS-kanR was then doubly digested with NruI and Acc65I producing 7171 bp and 

2729 bp DNA fragments.  The larger fragment was gel purified with Qiagen Gel Extraction Kit 

and the purified DNA was electroporated into BW25113/pKD46 as described in Datsenko et al. 

(51).  The digested DNA fragment had 312 bp and 643 bp region of homology to the upstream 

and downstream regions of pflB respectively.  Colonies that were resistant to kanamycin were 

selected and grown anaerobically for 24 hrs at 37oC.  HPLC was used to analyze fermentation 

products.  Cultures with lactate as a major fermentation product with little or no formate, acetate 

and ethanol were noted to have a BCS operon replacing pflB.  The ATG start codon of the first 

gene, crt, replaced the ATG of pflB; thus the BCS operon should now be transcriptionally 

regulated by all of pflB’s seven promoters (173).  Genomic DNA was extracted and PCR was 

performed with primers “crt-hbd F” and “crt-hbd R” (4042 bp) to confirm chromosomal 

insertion.  P1 phage was used to transfer ΔpflB-BCS-kanR to strain PMD72 resulting in strain 

PMD74. 

Production of butyrate:  PCR was performed using pKD4 as template and “spc-adhE2 F 

(pKD4 F)” and “spc-adhE2 R (pKD4 R)” primers to amplify FRT:KanR:FRT cassette with 50 bp 
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up and downstream homologous to 5’ of spcR gene and 3’ of adhE2.  E. coli strain 

PMD52/pKD46 was electroporated with the derived linear PCR product and transformants were 

selected for kanamycin resistance and spectinomycin sensitivity.  The resulting strain, PMD75, 

had a ∆ (adhE2-spcR) mutation. 

Integration of an additional copy of C. acetobutylicum bcd-etfBA replacing E. coli 

adhE:  An additional copy of bcd/etfBA was used to replace E. coli adhE in a similar manner as 

the BCS operon integration replacing pflB.  E. coli adhE was PCR amplified from W3110 

genomic DNA using “adhE F (SbfI)” and “adhE R (XmaI)” primers including 279 bp and 239 

bp upstream and downstream of adhE, respectively. This DNA was cloned into SbfI and XmaI 

sites of pUC19.  At the same time, the FRT:KanR:FRT cassette was also amplified from plasmid 

pKD4 with “pKD4 F (BamHI)” and “pKD4 R (XhoI)”.  This PCR product was digested with 

only BamHI leaving the 3’ end undigested (blunt) and was cloned into BamHI and ScaI (blunt) 

restriction sites on pTrc99a-bcd-etfBA introducing a kanamycin resistance cassette directly 

downstream of the bcd-etfBA operon.  The bcd-etfBA-kanR operon was amplified using “bcd-

etfBA-kan F (homology)” and “bcd-etfBA-kan R (homology)” primers.  Using pUC19-adhE as 

template, “pUC19-adhE F OUT” and “pUC19-adhE R OUT” primers, which bind directly 

upstream and downstream, respectively, of adhE were used to amplify outward away from adhE.  

These primers also include 20 bases 5’ extensions of sequences homologous to “bcd-etfBA-kan F 

(homology)” and “bcd-etfBA-kan R (homology)” for homologues recombination cloning by 

CloneEZTM Kit (GenScript Corp) for seamless cloning without restriction enzyme and ligation.  

Cloning was performed as described by GenScript Corp.  The resulting plasmid, pUC19-ΔadhE-

bcd-etfBA-kanR, had bcd-etfBA-kanR flanked by 279 bp and 239 bp E. coli adhE up and 

downstream regions, respectively.  The plasmid pUC19-ΔadhE-bcd-etfBA-kanR was then 



 

88 

digested with SbfI and XmaI and the purified product was used for double recombination cross-

over in BW25113/pKD46 expressing red recombinase.  Colonies that were resistant to 

kanamycin were grown anaerobically in liquid media and were tested by HPLC for ethanol 

production deficient phenotype.  P1 transduction was used to transfer ΔadhE-bcd-etfBA-kanR into 

strain PMD75 resulting in strain PMD76. 
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Table 4-1.  Bacterial strains, bacteriophages, and plasmids 
Strains Genotype Notes 

   
W3110 Wild-type ATCC 

TOP10 F- mcrA (mrr-hsdRMS-mcrBC) 80lacZ M15 lacX74 recA1 ara 139 
(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG Invitrogen 

JM107 endA1 glnV44 thi-1 relA1 gyrA96 Δ(lac-proAB) [F' traD36 proAB+ lacIq 
lacZΔM15] hsdR17(RK

- mK
+) λ- Lab collection 

JM109 endA1 glnV44 thi-1 relA1 gyrA96 recA1 mcrB+ Δ(lac-proAB) e14- [F' 
traD36 proAB+ lacIq lacZΔM15] hsdR17(rK

-mK
+)  NEB 

BL21 (λDE3) F– ompT gal dcm lon hsdSB(rB
- mB

-) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 
sam7 nin5])  Lab collection 

JM109 (λDE3) JM109 λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) Lab collection 
Rosetta (λDE3) BL21 (λDE3) / pRARE Novagen 
PMD40 W3110 ΔldhA  
PMD42 W3110 ΔldhA Δ(focA-pflB) Anaerobic (-) 
PMD43 W3110 ΔldhA ΔadhE Anaerobic (-) 
PMD44 W3110 ΔldhA ΔadhE ΔfrdBC PMD43 ΔfrdBC 
PMD45 W3110 ΔldhA ΔadhE ΔfrdBC ΔmgsA PMD44 ΔmgsA 
PMD46 W3110 ΔldhA Δ(focA-pflB) lpd101* PMD42 lpd101* 
PMD47 W3110 ΔldhA Δ(focA-pflB) lpd101* ΔmgsA PMD46 ΔmgsA 
PMD48 W3110 ΔldhA Δ(focA-pflB) lpd101* ΔmgsA ΔtcdE PMD47 ΔtcdE 
PMD50 JM107 ΔldhA This study 
PMD51 JM107 ΔldhA Δ(focA-pflB) Anaerobic (-) 
PMD52 JM107 ΔldhA Δ(focA-pflB) lpd101*  
PMD53 JM107 ΔldhA Δ(focA-pflB) lpd101* ΔtcdE Anaerobic (-) 
PMD54 JM107 ΔldhA Δ(focA-pflB) lpd101* ΔadhE Anaerobic (-) 

KJ104 E. coli ATCC 8739 ∆ldhA ∆ (focA-pflB) ∆adhE ∆ackA ∆mgsA ∆poxB 
∆tdcDE ∆citF (103) Succinate strain 

PMD70 JM107 ΔldhA but+[spcR-Ptrc-adhE2-Ptrc-atoB-Ptrc-crt-bcd-etfBA-hbd-Ptrc-
ccrA-udhA] PMD50 but+  

PMD71 KJ104 ΔfrdBC  
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Table 4-1.  Continued  
Strains Genotype Notes 

PMD72 KJ104 ΔfrdBC but+[spcR-Ptrc-adhE2-Ptrc-atoB-Ptrc-crt-bcd-etfBA-hbd-Ptrc-
ccrA-udhA] 

PMD71 but+  

PMD73 JM107 ΔldhA but+ ΔpflB-crt-bcd-etfB-etfA-hbd PMD70 ΔpflB-BCS 
PMD74 KJ104 ΔfrdBC but+ ΔpflB-crt-bcd-etfB-etfA-hbd PMD72 ΔpflB-BCS 
PMD75 KJ104 ΔfrdBC but+[ΔadhE2-spcR] ΔpflB-crt-bcd-etfB-etfA-hbd Butyrate strain 
PMD76 KJ104 ΔfrdBC but+[ΔadhE2-spcR] ΔpflB-crt-bcd-etfB-etfA-hbd ΔadhE-bcd-

etfB-etfA 
PMD75 ΔadhE-bcd-
etfB-etfA 

Bacteriophages Genotype Notes 
P1 clr100 dam rev6  
Plasmid Genotype Notesa 

pUC19 bla+  
pET15b PT7 Novagen 
pTrc99a Ptrc Lab collection 
pPMD38 pET15b-ndhE (PT7-ndhE) from T. vaginalis 
pPMD39 pET15b-ndhF (PT7-ndhF) from T. vaginalis 
pPMD40 pET15b-ndhEF (PT7-ndhE PT7-ndhF) Figure 4-1 
pTrc99a-ndhEF Ptrc-ndhE Ptrc-ndhF This study 
pET15b-gutHyd PT7-gutHyd Symbiont [Fe]-

hydrogenase 
pTrc99a-gutHyd Ptrc-gutHyd This study 
pTrc99a-ndhEF-gutHyd Ptrc-ndhE Ptrc-ndhF Ptrc-gutHyd This study 
pET15b-adhE2 PT7-adhE2 C. acetobutylicum 
pET15b-aad PT7-aad C. acetobutylicum 
pET15b-thlA PT7-thlA C. acetobutylicum 
pET15b-thlB PT7-thlB C. acetobutylicum 
pET15b-hbd PT7-hbd C. acetobutylicum 
pET15b-crt PT7-crt C. acetobutylicum 
pET15b-bcd-etfBA PT7-bcd-etfBA C. acetobutylicum 
pET15b-bcd PT7-bcd C. acetobutylicum 
pET15b-etfB PT7-etfB C. acetobutylicum 
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Table 4-1.  Continued  
Plasmid Genotype Notesa 

pET15b-etfA PT7-etfA C. acetobutylicum 
pET15b-etfBA PT7-etfBA C. acetobutylicum 
pET15b-ccrA1 PT7-ccrA1 S. avermitilis 
pET15b-ccrA2 PT7-ccrA2 S. avermitilis 
pET15b-bdhA PT7-bdhA C. acetobutylicum 
pET15b-bdhB PT7-bdhB C. acetobutylicum 
pButanol Ptrc-crt-bcd-etfB-etfA-hbd-adhE2-thlA Figure 4-2 
pButyrate Ptrc-crt-bcd-etfB-etfA-hbd-FRT:KanR:FRT-thlA Figure 4-3 
pTrc99a-adhE2 Ptrc-adhE2 Figure 4-4 
pTrc99a-atoB Ptrc- atoB Figure 4-4 
pTrc99a-ccrA-udhA Ptrc-ccrA-udhA Figure 4-4 
pAA Ptrc-adhE2 Ptrc-atoB Figure 4-4 
pCBEH Ptrc-crt-bcd-etfB-etfA-hbd Figure 4-5 
pCBEHCU Ptrc-crt-bcd-etfB-etfA-hbd Ptrc-ccrA-udhA Figure 4-5 
pCBEHTCB Ptrc-crt-bcd-etfB-etfA-hbd Ptrc-thlA-ccrA-bdhB  
pAACBEHCU Ptrc-adhE2 Ptrc-atoB Ptrc-crt-bcd-etfB-etfA-hbd Ptrc-ccrA-udhA Figure 4-5 
pUC19-‘focA-pflA’ ‘focA-pflB-pflA’ Figure 4-6 
pUC19-ΔpflB-BCS-kanR ‘focA-crt-bcd-etfB-etfA-hbd-pflA’ Figure 4-6 
pUC19-adhE adhE+  
pUC19-ΔadhE-bcd-
etfBA-kanR 

ΔadhE-bcd-etfBA-kanR  

aThe name of the organism in the Notes column indicates the source of the cloned DNA. 
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Table 4-2.  List of PCR primers used in this study. 
Primer Name Vector/Note Primer Sequence 
ndhE F (XhoI) pET15b GGAGCCTCGAGATGAACAAGAAGTCTGTTCT 
ndhE R (BamHI) pET15b CGGCGGATCCTTATGGGAGTGGTCTTGGTG 
ndhF F (XhoI) pET15b GCCGCTCGAGATGCAGACAAAATTCCTTGA 
ndhF R (BamHI) pET15b CGGCGATATCGGATCCTTACTCAGCGACGCAAGCC

T 
pET15b-T7 F (HindIII) pET15b-ndhF CGGCAAGCTTCCACGATGCGTCCGGCGTAG 
pET15b-T7 R (HindIII) pET15b-ndhF GCCGAAGCTTTTGGTTATGCCGGTACTGCC 
ndhE F (NcoI) pTrc99a GCGACCATGGAGAAGGAGATATACCATGAACAAG

AAGTCTGTTCT 
ndhE R (BamHI) pTrc99a CGGCGGATCCTTATGGGAGTGGTCTTGGTG 
ndhF F (NcoI) pTrc99a GCGACCATGGAGAAGGAGATATACCATGCAGACA

AAATTCCTTGA 
ndhF R (BamHI) pTrc99a CGGCGATATCGGATCCTTACTCAGCGACGCAAGCC

T 
pTrc99a F (XbaI-trc) pTrc99a-ndhF CGGCGTCTAGACGACTGCACGGTGCACCAATG 
ndhF R (HindIII) pTrc99a-ndhF CGCCGAAGCTTTTACTCAGCGACGCAAGCCT 
gutHyd F (NdeI) pET15b GCAATAACATATGAAAATTGATTCTTCTTCGTT 
gutHyd F (NcoI) pTrc99a GCAATAACCATGGAAATTGATTCTTCTTCGTTTT 
gutHyd R (BamHI) pET15b, pTrc99a GCAATAAGGATCCTTACTTGGTCTTTCGATTCG 
gutHyd trc F (Ndel) pTrc99a-ndhEF GCAATAACATATGCGACTGCACGGTGCACCAAT 
gutHyd R (PflMI) pTrc99a-ndhEF GCAATAACCATTCGATGGTTACTTGGTCTTTCGATT

CG 
adhE2 F (XhoI) pET15B GCAACTCGAGATGAAAGTTACAAATCAAAA 
adhE2 R (BamHI) pET15B GCAAGGATCCTTAAAATGATTTTATATAGA 
adhE2 F (NdeI) pET15B GCAACATATGAAAGTCACAACAGTAAA 
adhE2 R (XhoI) pET15B GCAACTCGAGGAAGGTTTAAGGTTGTTTTT 
thlA F (XhoI) pET15B GCAACTCGAGATGAAAGAAGTTGTAATAGC  
thlA R (BamHI) pET15B GCAAGGATCCCTAGCACTTTTCTAGCAATA 
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Table 4-2.  Continued   
Primer Name Vector/Note Primer Sequence 
thlB F (XhoI) pET15B GCAACTCGAGATGAGAGATGTAGTAATAGT 
thlB R (BamHI) pET15B GCAAGGATCCTTAGTCTCTTTCAACTACGA 
hbd F (XhoI) pET15B GCAACTCGAGATGAAAAAGGTATGTGTTAT 
hbd R (BamHI) pET15B; pCBEH GCAAGGATCCTTATTTTGAATAATCGTAGA 
crt F (XhoI) pET15B GCAACTCGAGATGGAACTAAACAATGTCAT 
crt R (BamHI) pET15B GCAAGGATCCCTATCTATTTTTGAAGCCTT 
Bcd-etfBA F (XhoI) pET15B GCAACTCGAGATGGATTTTAATTTAACAAG 
Bcd-etfBA R (BamHI) pET15B GCAAGGATCCTTAATTATTAGCAGCTTTAA 
Bcd R (BamHI) pET15B GCAAGGATCCTTATCTAAAAATTTTTCCTG 
EtfB F (XhoI) pET15B GCAACTCGAGATGAATATAGTTGTTTGTTT 
EtfB R (BamHI) pET15B GCAAGGATCCTTAAATATAGTGTTCTTCTT 
EtfA F (XhoI) pET15B GCAACTCGAGATGAATAAAGCAGATTACAA 
ccrA1 F (NdeI) pET15B GCAACATATGAAGGAAATCCTGGACGC 
ccrA1 R (BamHI) pET15B GCAAGGATCCTCAGATGTTCCGGAAGCGGT 
ccrA2 F (NdeI) pET15B GCAACATATGAAGGAAATCCTGGACGC 
ccrA2 R (BamHI) pET15B GCAAGGATCCTCAGATGTTCCGGAAGCGGT 
bdhA F (XhoI) pET15B GCAACTCGAGATGCTAAGTTTTGATTATTC 
bdhA R (BamHI) pET15B GCAAGGATCCTTAATAAGATTTTTTAAATA 
bdhB F (XhoI) pET15B GCAACTCGAGGTGGTTGATTTCGAATATTC 
bdhB R (BamHI) pET15B GCAAGGATCCTTACACAGATTTTTTGAATA 
crt F (NcoI) pButanol GATTAGCCATGGAACTAAACAATGTCAT 
hbd R (BamHI) pButanol CGAATGGATCCTTATTTTGAATAATCGTAGA 
adhE2 F (BamHI) pButanol TGCATTGGATCCATAAAGGAGTGTATATAAATG 
adhE2 R (XhoI) pButanol GGAAGTCTCGAGTTAAAATGATTTTATATAGA 
thlA SD F (XhoI) pButanol GGAAGTCTCGAGTAGGAGGAGTAAAACATGAG 
thlA R (HindIII) pButanol ATTGGTAAGCTTTTAGTCTCTTTCAACTACGA 
pKD4 F (BamHI) pButyrate GCAATAGGATCCGTGTAGGCTGGAGCTGCTTC 
pKD4 R (XhoI) pButyrate; pUC19-ΔpflB-BCS-Kan GCAATACTCGAGCATATGAATATCCTCCTTAG 
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Table 4-2.  Continued   
Primer Name Vector/Note Primer Sequence 
focA F (HindIII) pUC19 GCAATAAAGCTTGGTATGTCTGGCAGTATGGATGA

GTTATT 
pflA R (XmaI) pUC19 GCAATAACCCGGGCAGCGTGCGGTGGTTGGAAA 
focA out (Blunt) pUC19-ΔpflB-BCS-Kan GTAACACCTACCTTCTTAAGTGGATTT 
pflA out (XhoI) pUC19-ΔpflB-BCS-Kan GCAATACTCGAGTTAGATTTGACTGAAATCGTACA

GTA 
crt F (Blunt) pUC19-ΔpflB-BCS-Kan ATGGAACTAAACAATGTCATCCTT 
crt-hbd F confirmation of gene insertion GCAACGCAAGATTTGGTCAA 
crt-hbd R confirmation of gene insertion GGTGCTTCTGCTACTTCTACA 
adhE2-atoB F confirmation of gene insertion TGAGCCATCAATAGAACTTT 
adhE2-atoB R confirmation of gene insertion TGCCAGCCCCAGCGTTTTAT 
ccrA2-udhA F confirmation of gene insertion CAAGGACGAGACGGAGATGTT 
ccrA2-udhA R confirmation of gene insertion TGTGGCTGTGCGGTCTGATA 
adhE2 F (NcoI) pTrc99a-adhE2 GCAAATGCCATGGAAGTTACAAATCAAAAAGAA 
adhE2 R (XmaI) pTrc99a-adhE2 GCAATACCCGGGTTAAAATGATTTTATATAGA 
atoB F (KpnI) pTrc99a-atoB GCAAAGGTACCTAAGAGGAGGAATATAAAATGAA

AAATTGT 
atoB R (HindIII) pTrc99a-atoB; pTrc99a-adhE2-atoB GCAAAAAGCTTTTAATTCAACCGTTCAATCA 
pTrc99a F (XmaI) pTrc99a-adhE2-atoB GCAATACCCGGGCGACTGCACGGTGCACCAATG 
ccrA2 F (NcoI) pTrc99a-ccrA-udhA GCAATCCATGGAGGAAATCCTGGACGCGATT 
ccrA2 R (XbaI) pTrc99a-ccrA-udhA GCAATTCTAGATCAGATGTTCCGGAAGCGGT 
udhA F (XbaI) pTrc99a-ccrA-udhA GCAATTCTAGAAATAATTTTGTTTAACTTTAAGAAG

GAGATATACCATGCCACATTCCTACGATTA 
udhA R (HindIII) pTrc99a-ccrA-udhA GCAATAAGCTTTTAAAACAGGCGGTTTAAAC 
pTrc99a F (EagI) pCBEH GAATAGCGGCCGCGACTGCACGGTGCACCAAT 
hbd R (BamHI) pET15b; pCBEH GCAAGGATCCTTATTTTGAATAATCGTAGA 
pTrc99a F (BamHI) pCBEHCU; pCBEHTCB GCAATGGATCCCGACTGCACGGTGCACCAAT 
udhA R (XbaI) pCBEHCU GCAACTCTAGATTAAAACAGGCGGTTTAAACCGT 
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Table 4-2.  Continued   
Primer Name Vector/Note Primer Sequence 
thlA F (NcoI) pTCB GCAACCATGGAAGAAGTTGTAATAGCTAGT 
thlA R (XhoI) pTCB GCAACTCGAGCTAGCACTTTTCTAGCAATA 
ccrA F (XhoI) pTCB GCAACTCGAGAGAGGAGGCAAACCATGAAGGAAA

TCCTGGACGC 
ccrA R (SexAI) pTCB GCAAACCTGGTTCAGATGTTCCGGAAGCGGT 
bdhB F (SexAI) pTCB GCAAAACCAGGTTATTAAGGAGGAAGAAATATAT

GGTTGATTTCGAATATTCAATACC 
bdhB R (SbfI) pTCB GCAATGCCTGCAGGTTACACAGATTTTTTGAATA 
bdhB R (ClaI) pCBEHTCB GCAATCATCGATTTACACAGATTTTTTGAATA 
spc F spectinomycin cassette CTTTTCTACGGGGTCTGACGCT 
spc R spectinomycin cassette GCAAGGAACAATTTCTTTCTATTTTC 
adhE F (SbfI) pUC19 GCAATACCTGCAGGTGGCGAAAAGCGATGCTGAA

A 
adhE R (XmaI) pUC19 GCAATACCCGGGAGCGTCAGGCAGTGTTGTATCC 
pUC19-adhE F OUT pUC19-adhE CTTGTTAAATTAAAATCCATAATGCTCTCCTGATAA

TGTT 
pUC19-adhE R OUT pUC19-adhE AAGGAGGATATTCATATGCTTCAGTAGCGCTGTCT

GGCAA 
bcd-etfBA-kan R 
(homology) 

pTrc99a-bcd-etfBA ATGGATTTTAATTTAACAAG 

bcd-etfBA-kan F 
(homology) 

pTrc99a-bcd-etfBA AGCATATGAATATCCTCCTT 

spc-adhE2 F (pKD4 F) pKD4 ATGACCAATTTGATTAACGGAAAAATACCAAATCA
AGCGATTCAAACATTAGTGTAGGCTGGAGCTGCTT
C 

spc-adhE2 R (pKD4 R) pKD4 TTAAAATGATTTTATATAGATATCCTTAAGTTCACT
TATAAGTGGATACCTCATATGAATATCCTCCTTAGT 

Primers were listed with the respective plasmid vector the PCR product was cloned into unless otherwise noted.  The underlined 
sequences represent the endonuclease recognition site indicated by the primer name.  Bold sequence represents the ATG translation 
start site.  Italicized sequences represent the Shine-Dalgarno sequence. 



 

96 

Table 4-3.  Standard redox potential of electron donor / electron acceptor couple 
Redox Couple Eo’ (V) Reference 
MVox / MVred -0.440 (128) 
Flavodoxinox / Flavodoxinred (A. fermentans) -0.430 (83, 121, 124, 224) 
CO2 / Formate -0.420 (128) 
H+ / H2 -0.420 (128) 
Ferredoxinox / Ferredoxinred (C. pasteurianum) -0.398 (196) 
N1aox / N1ared (T. thermophilus NDH) -0.370 (175) 
BVox / BVred -0.360 (128) 
Ferredoxinox / Ferredoxinred (T. vaginalis) -0.347 (205, 206) 
NADP+ / NADPH -0.324 (128) 
NAD+ / NADH -0.320 (128) 
Crotonyl-CoA / Butyryl-CoA -0.010 (128) 
Methylene Blueox / Methylene Bluered +0.011 (128) 
DCPIPox / DCPIPred +0.217 (128) 
Fe(CN)6

-3 / Fe(CN)6
-4 +0.360 (128) 

O2 / H2O +0.816 (128) 
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Figure 4-1.  T. vaginalis NDH T7 expression plasmid.   
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Figure 4-2.  Construction of pButanol.  A) PCR products used to clone C. acetobutylicum BCS 
operon. B) pButanol.  pButanol contains all the genes necessary for production of 
butanol from acetyl-CoA expressed as a single synthetic polycistronic operon 
controlled by an IPTG inducible trc promoter.   
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Figure 4-3.  Construction of pButyrate.  PCR was used to amplify the FRT:KanR:FRT cassette 

from pKD4 with the addition of BamHI and XhoI endonuclease site on the 5’ and 3’, 
respectively.  The resulting PCR product was cloned into BamHI and XhoI restriction 
sites of pButanol replacing the adhE2 gene.  The resulting plasmid, pButyrate, has the 
genes necessary to produce up to butyryl-CoA from acetyl-CoA controlled by an 
IPTG inducible trc promoter. 
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Figure 4-4.  Construction of pTrc99a derived plasmids.  C. acetobutylicum adhE2, E. coli atoB, 
S. avermitilis ccrA2, and E. coli udhA were cloned into plasmid pTrc99a and 
expressed from an IPTG inducible trc promoter.  Clostridial adhE was cloned into 
NcoI and XmaI sites of pTrc99a producing pTrc99a-adhE2.  E. coli atoB was cloned 
into the KpnI and HindIII sites to pTrc99a resulting in pTrc99a-atoB.  Using 
pTrc99a-atoB as template, PCR was used to amplify atoB including the entire trc 
promoter with XmaI and HindIII on the 5’ and 3’, respectively.  This PCR product 
was then cloned into XmaI and HindIII site of pTrc99a-adhE2 producing pAA.  The 
plasmid pAA contains adhE and atoB which are both independently expressed by 
tandem trc promoters.  S. avermitilis ccrA2, and E. coli udhA were PCR amplified 
with addition of NcoI and XbaI, and XbaI and HindIII restriction sites respectively.  
The PCR products were digested with the respective endonucleases and cloned into 
NcoI and HindIII sites of pTrc99a resulting in pTrc99a-ccrA2-udhA which expressed 
both genes as a single synthetic operon controlled by trc promoter.   
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Figure 4-5.  Consolidation of butanol pathway genes into a single low-copy vector pACYC184.  
The BCS operon including trc promoter from pButanol was cloned into EagI and 
BamHI endonuclease restriction sites on pACYC184 producing pCBEH.  Using 
pTrc99a-ccrA2-udhA as template, the Ptrc-ccrA2-udhA operon was PCR amplified 
with the addition of BamHI and XbaI restriction sites and was cloned into the 
respective endonuclease sites on pCBEH to make pCBEHCU.  Using pTrc99a-
AA as template, the lacIq- Ptrc -adhE2- Ptrc -udhA PCR product with Bsu36I and 
EagI sites was cloned into the respective endonuclease sites on pCBEHCU to 
make the final resulting plasmid pAACBEHCU. 
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Figure 4-6.  Chromosomal insertion of C. acetobutylicum BCS operon replacing E. coli pflB.  E. 
coli pflB including 389 bp and 643 bp upstream and downstream, respectively, was 
PCR amplified with the addition of HindIII and XmaI restriction sites and was cloned 
into the respective sites within pUC19.  The resulting plasmid, pUC19-‘focA-pflA’, 
was used as template for outward PCR amplifying everything except pflB with an 
addition of XhoI site near the 5’ of pflA.  PCR was used to amplify the BCS operon 
and a kanamycin gene cassette from pButyrate with the addition of XhoI site at the 3’ 
end.  The two PCR products were ligated together resulting in pUC19-ΔpflB-BCS-
kanR.  The plasmid, pUC19-ΔpflB-BCS-kanR, was then digested with NruI and 
Acc65I and the larger DNA fragment (7171 bp) with 312 bp and 643 bp region of 
homology to the upstream and downstream regions of pflB respectively was used to 
electroplorate into BW25113/pKD46 bearing red recombinase.  Kanamycin was used 
to select for double recombination replacing pflB with the entire BCS operon which is 
now transcriptionally regulated by pflB seven promoters (►) upstream of crt. 
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CHAPTER 5 
RESULTS AND DISSCUSSION 

Biochemical Characterization of Recombinant NADH-Ferredoxin Oxidoreductase (NFOR; 
NDH) from Trichomonas vaginalis1 

Expression and Purification of NDH 

Converting all the energy in glucose to H2 as a potential fuel using biological systems 

requires that the energy stored in NADH that is produced during oxidation of glucose carbon to 

CO2 be transferred to an appropriate electron carriers such as ferredoxin that can support 

hydrogenase activity.  There are two known NADH-dependent ferredoxin reductases, an NFOR 

from the hydrogenosomes and a crotonyl-CoA-dependent clostridial reaction.  The 

hydrogenosomal NFOR was chosen as the primary enzyme in an attempt to engineer E. coli for 

higher H2 yield.  In contrast to the hydrogenosomal NFOR, the clostridial enzyme requires the 

production of crotonyl-CoA in the cell and the end products of glucose fermentation besides H2 

and CO2 are butyrate and acetate.  This reaction, although it could increase the H2 yield per 

glucose to 2.7, which is higher than the theoretical maximum of E. coli, has no potential to 

elevate the H2 yield/glucose to 10 due to loss of glucose carbon as butyrate and acetate.  The 

hydrogenosomal NFOR has the demonstrated ability of transferring the reductant in NADH to 

ferredoxin (94).  

NFOR is the key first step of the NADH dependent hydrogen production pathway in the 

hydrogenosomes of T. vaginalis.  NDH from T. vaginalis is the only member of the NFOR class 

of proteins that is capable of oxidizing NADH coupled to the reduction of low potential electron 

carriers such as ferredoxin.  The NDH from Trichomonas has not been produced in E. coli.  As 

the first step in engineering E. coli for high yield H2 production, the conditions needed for 
                                                   
1 A portion of the Biochemical Characterization of NFOR (NDH) from T. vaginalis was published by Springer 
Science + Business Media and Copyright Clearance Center’s Rightlink.  See Appendix A for publication 
permissions. 
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production of Trichomonas hydrogenosomal NDH in E. coli in active form were established by 

this study.  A plasmid that encodes the two subunits of the enzyme, pPMD40, was introduced 

into strain Rosetta (λDE3) or JM109 (λDE3) bearing plasmid pRARE and the transformants 

were induced with either IPTG or L-arabinose for production of NDH from tandem T7 

promoters.   

Expression with IPTG (50 μM) as an inducer supported significant amount of NDH protein 

synthesis; however, high recombinant protein production rate led to low specific activity of 2.4 U 

(mg protein)-1 (Table 5-1).  This value was less than 1 % of the activity of the native NDH 

isolated from T. vaginalis hydrogenosome.  In order to produce the protein with specific activity 

close to that of the native protein, arabinose was used as an inducer for production of T7-

polymerase from the lac promoter in λDE3.  Arabinose is not a known inducer of lac promoter; 

however, a metabolic product of arabinose appears to induce the lac promoter at a lower level 

(147).  The low level of induction led to an increase in specific activity to 582 U (mg protein)-1 

(Table 5-1), a value that is similar to native enzyme values possibly due to an increase in folding 

efficiencies and/or complete cofactor insertion (94).  The protein migrated through the gel 

filtration column as a heterodimer with a molecular mass of 69,100 (Figure 5-1) and SDS-PAGE 

(Figure 5-2) revealed that the two subunits corresponding to NdhE (22 kDa) and NdhF (47 kDa).   

Enzymatic Activities / Kinetics of NDH 

The specific activity of the recombinant enzyme was highest with ferricyanide as the 

electron acceptor (Table 5-2) consistent with the behavior observed for the native enzyme 

described by Hrdy et al. (94).  The specific activity of the enzyme with benzyl viologen as 

electron acceptor was comparable to that of the value with ferricyanide.  The recombinant 

protein also reduced methyl viologen (about 65 % of the ferricyanide specific activity).  The 

activity of the recombinant protein with methyl viologen as the electron acceptor was 
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significantly higher than that of the enzyme purified directly from the hydrogenosome. In 

addition, the enzyme also reduced clostridial ferredoxin.  These results show that the 

recombinant NDH reduces low-potential electron acceptors such as methyl viologen (Eo′ of -0.44 

V) readily and heterologous ferredoxin. 

NDH had an optimal pH of about 7.5 - 8.0 for activity (Figure 5-3).  Apparent Km for 

NADH for the recombinant enzyme was dependent on the electron acceptor and varied between 

0.10 mM with BV and 0.31 mM with ferricyanide (Table 5-3).  These values were significantly 

higher than the 0.021 mM (NADH) reported for the native enzyme with ferricyanide as the 

electron acceptor (94).  The affinity of the recombinant protein to ferricyanide was significantly 

higher than that of the native protein purified from the hydrogenosome (Km of 0.06 vs 0.29 mM) 

(94).  The Km for BV was about threefold higher than that of ferricyanide and the electron 

acceptor with the highest Km was methyl viologen.  The reaction rate was also highest with 

ferricyanide as the electron acceptor although the Vmax with the other two acceptors was similar.  

These results show that the T. vaginalis hydrogenosome NDH produced in E. coli is capable of 

reducing electron acceptors with standard redox potentials that are significantly lower than that 

of NADH such as methyl viologen.  

Iron / Sulfur Determination 

The holoenzyme had a spectrum typical of Fe-S proteins with absorbance peaks at 326, 

420, 463, and 551 nm (Figure 5-4).  Upon reduction with dithionite, the peaks at 420 and 463 nm 

disappeared, and the absorbance at 551 nm was lower than the protein as purified.  Oxidation of 

the reduced protein by air restored the original spectrum.  A spectrum similar to that of the 

holoenzyme was also obtained with the small subunit NdhE alone that was purified separately 

(Figure 5-4).  These spectra resemble the spectra of the corresponding flavoprotein subcomplex 

of respiratory NADH dehydrogenase complex I and the 25 kDa subunit of the same complex 
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from Paracoccus denitrificans (225, 226) and also a [2Fe-2S] clostridial hydrogenase N-terminal 

domain (13).  The active NDH had 2.15 non-heme iron and 1.95 acid-labile sulfur atoms per 

heterodimer.  The NdhE protein expressed and purified separately also had Fe and acid-labile 

sulfur at the same level. These results suggest that the holoenzyme contains a [2Fe-2S] cluster 

that is located in the small subunit. 

The absence of Fe/S in the large subunit of NDH is unique since the NdhF homologs from 

respiratory chain complex I contain a [4Fe-4S] cluster (154, 225) and the cysteines implicated in 

liganding the tetranuclear [Fe-S] cluster in these proteins are conserved in the Trichomonas 

protein.  The presence of only [2Fe-2S] cluster in the recombinant holoenzyme indicates that the 

NdhF component lacks the anticipated tetranuclear N3 cluster.  In agreement with this, the NdhF 

protein expressed and purified separately also did not have any detectable Fe and labile S. 

This lack of the tetranuclear [Fe-S] cluster in the large subunit could account for the about 

15-fold higher Km for NADH in the recombinant enzyme compared to the native enzyme.  

However, it is not known whether the native NDH contains the tetranuclear [Fe-S] cluster. 

EPR Determination of Iron / Sulfur Clusters 

In order to confirm that the binuclear Fe-S cluster was the only Fe-S cluster in the purified 

NDH, EPR spectra of the protein were obtained.  The purified protein did not show an EPR 

spectrum but reduction with dithionite generated a spectrum that was rhombic in symmetry with 

gxyz values corresponding to 1.917, 1.951, and 2.009 (Figure 5-5). Although NADH was a 

substrate for the enzyme, NADH failed to reduce it to an EPR-active form.  An EPR signal 

corresponding to a tetranuclear [Fe-S] cluster N3 (gxyz=1.87, 1.94, and 2.04) found in 

homologous 54 kDa proteins of the respiratory complex I (225) was not detected in this 

Trichomonas NDH purified from E. coli.  The NdhE subunit by itself also produced an EPR 

spectrum that was similar to the holoenzyme upon reduction by dithionite (gxyz = 1.92, 1.953, 
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and 2.008; Figure 5-6).  These EPR spectra support the conclusion that the heterodimeric protein 

contains only the binuclear [Fe-S] cluster corresponding to N1a in the small subunit of NDH 

from respiratory complex.  It is unlikely that an additional [Fe-S] cluster is present in the 

holoenzyme that is not reduced by dithionite to a paramagnetic state for detection by EPR since 

the visible spectrum of the holoenzyme in the 400-500 nm range was completely bleached by 

dithionite, indicating complete reduction of the [Fe-S] clusters in the protein (Figure 5-4).  In 

addition, the Fe content of the purified protein was only 2 per heterodimer. 

Potential Use of NDH for H2 Production 

The hydrogenosomal NADH dehydrogenase is the only known enzyme with a predicted 

physiological role of coupling NADH oxidation to H2 evolution that has been purified and 

biochemically characterized (94).  As a first step in our attempt to engineer E. coli for production 

of H2 at a higher yield, we have developed methods for optimum expression of the protein in an 

active form in E. coli.  The purified protein reduced ferredoxin, and it is likely that the NDH 

reduces ferredoxin in vivo also as an intermediate in H2 evolution pathway.  In metabolic 

engineering of E. coli for H2 production, the other components of the hydrogenosome pathway, 

ferredoxin, and hydrogenase need to be cloned and expressed in E. coli.  In the interim, the 

ability of the NDH to reduce viologen dyes leads to the possibility of using these intermediate 

electron carriers to couple the recombinant NDH with the native hydrogenase 3 isoenzyme of E. 

coli for H2 evolution.  E. coli whole cells as well as isolated membranes are known for their 

ability to utilize BV or MV as an intermediate electron carrier in coupling dithionite to HYD-3 

for H2 evolution (17, 81, 117, 174) and this reaction could replace the need for ferredoxin and 

hydrogenase from the hydrogenosome. The [NADH]/[NAD+] ratio of anaerobic E. coli is also 

significantly higher than that of an aerobically growing E. coli (52) and this could lead to a 

reduction in the in vivo midpoint redox potential of the NADH/NAD+ couple (less than the Eo’ of 
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-0.32 V) to facilitate reduction of viologen dyes by NDH in vivo.  However, this requires 

complete removal of O2 from the fermenting E. coli since the reduced viologen dyes react with 

O2 to generate superoxide radicals that are detrimental to the cell.  An alternate possibility is to 

engineer the bacterium to be less sensitive to superoxide.   

The tetranuclear N3 cluster that plays a critical role in electron transport to ubiquinone (35, 

154, 175) in all homologs of the respiratory complex I is absent in the recombinant T. vaginalis 

NDH  produced in E. coli.  This is similar to the observed lack of the tetranuclear N3 cluster in 

the recombinant Paracoccus denitrificans NDH produced in E. coli (225).  In contrast to the 

recombinant T. vaginalis NDH protein of this study, the recombinant P. denitrificans NDH 

protein also lacked FMN and NADH-dependent enzyme activity.  Reconstitution of the 

recombinant P. denitrificans protein with FMN alone (without the N3 cluster but with N1a 

cluster) only produced about 25 % of the NADH-dependent ferricyanide reduction activity of a 

complex that was reconstituted with FMN, iron, and sulfur.  This raises the possibility that a 

specific chaperone may be needed for insertion of the N3 cluster in heterologous NDH produced 

in E. coli.  The absence of the N3 cluster in the recombinant T. vaginalis NDH is not due to high 

level of expression of the protein in E. coli as shown by the presence of N3 cluster in 

recombinant NuoF subunit of E. coli (204).  However, it should be noted that the T. vaginalis 

protein produced in E. coli, although lacking the N3 cluster, did reduce several electron 

acceptors at rates that are comparable to the native enzyme isolated from the hydrogenosome 

(Table 5-2).  The reported midpoint redox potential of FMN (-340 mV) in the respiratory 

complex I (154) may not suggest efficient electron flow from FMNH2 to the N1a cluster of the 

recombinant T. vaginalis NDH.  However, the higher [NADH]/[NAD+] ratio of the anaerobic 

cell coupled with an increase in the ratio of [FMNH2]/[FMN] may lower the redox potential 
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sufficiently to facilitate transfer of electrons to the [2Fe-2S] cluster at a midpoint potential of 

about -0.37 V.  With the anticipated physiological role in NADH oxidation to H2 production in a 

microbial biocatalyst such as recombinant E. coli, the tetranuclear cluster N3, if present in the 

flavoprotein of the NDH, would drain electrons from NADH to a more oxidized form (-0.25 V) 

that is not energetically favorable to H2 production. 

NADH-Dependent Hydrogen Production 

Reduced Methyl Viologen Coupled to E. coli Hydrogenase-3 (HYD3) Isoenzyme  

The ability of T. vaginalis NDH to reduce low potential electron carriers such as ferredoxin 

and viologen dyes could play an important role in NADH-dependent hydrogen production.  

Reduced viologen dyes are known for their ability to serve as intermediate electron carriers 

coupling dithionite to HYD-3 for H2 evolution (17, 81, 117, 174); thus, in theory, NDH could 

couple NADH oxidation to H2 production in E. coli with MV as an intermediate electron carrier. 

The use of viologen dyes such as MV or BV could be problematic in growing cultures due 

to the reactivity of the dyes to oxygen generating superoxide radicals.  To remedy this, E. coli 

strain PMD45 was serially transferred in medium with increasing MV concentrations under 

aerobic growth condition selecting for MV resistance.  MV resistance under aerobic conditions 

often does not translate to MV resistance under anaerobic conditions, probably due to varying 

levels of expression of superoxide dismutase and catalase under those conditions (53).  Strains 

that were resistant to 1 mM MV were transformed with pTrc99a-ndhEF and incubated 

anaerobically in the presences of 1 mM MV.  Strains bearing plasmids encoding NDH were 

screened for increased ability to reduce MV identified by color change of growth media.  Strains 

bearing T. vaginalis NDH reduced more MV than vector plasmid alone; however, there was no 

significant difference in H2 evolution (Figure 5-7).  Strains with NDH also grew to slightly 

higher OD probably due to the use of MV as an electron sink.  Electron transfer from MV to 
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HYD3 may be the limiting step in these cultures or the concentration of reduced MV may not be 

sufficient to drive the reaction to H2.  The use of BV led to BV reduction that was higher than the 

upper limit of spectrophotometer since BV is a preferred substrate for NDH; however, this 

higher amount of reduced BV also failed to couple to H2 production.  In fact, BV led to a lower 

H2 evolution with NDH than without indicating an electron sink in BV for formate oxidation. 

Since HYD3 is a membrane associated, multi-subunit complex, the accessibility of reduced 

viologen dyes to the HYD3 active site maybe a limiting factor in this coupled H2 evolution 

reaction.  A more accessible soluble [Fe]-hydrogenase may be required for NADH-dependent 

hydrogen production. 

Reduced Methyl Viologen Coupled to [Fe]-Hydrogenase  

It is known that the maturation of [Fe]-hydrogenase requires at least three accessory 

proteins – HydE, HydF, and HydG (37, 113, 164, 171).  The genes encoding these proteins are 

conserved among [Fe]-hydrogenase bearing organisms.  The expression of [Fe]-hydrogenase in 

recombinant bacteria that lack the genes encoding these accessory proteins such as E. coli yields 

inactive [Fe]-hydrogenase polypeptide.  Even with over-expression of HydEFG in E. coli, the 

specific activity of [Fe]-hydrogenase was extremely low compared to hydrogenases from the 

native organism.  In vitro hydrogen production from NADH using purified C. acetobutylicum 

[Fe]-hydrogenase, NDH, and MV, BV, or C. acetobutylicum ferredoxin yielded also extremely 

low hydrogen.  The replacement of NDH and NADH with dithionite supported detectable levels 

of H2 indicating that the hydrogenase was not irreversibly inactivated during the assay.  Further 

examination of the two enzymes in this coupled reaction revealed that clostridial hydrogenase as 

well as many others had an optimal pH around 6.0 for H2 evolution (1, 2, 58, 73, 93) and an 

optimal pH of 8 – 10 for H2 oxidation/uptake (1, 2, 73, 93); whereas, T. vaginalis NDH optimal 
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pH was about 7.5 – 8.0 for NADH oxidation (Figure 5-3).  The pH incompatibilities of the two 

systems may contribute to the very low H2 evolution.   

One possible substitution for clostridial [Fe]-hydrogenase could be a [Fe]-hydrogenase and 

ferredoxin from T. vaginalis that would reconstitute the native NADH-H2 pathway in E. coli.  An 

alternative set of components could be the proteins from another hydrogenosomal protozoan 

Pseudotrichonympha grassii from digestive hindgut of the termite Coptotermes formosanus (99).  

According to Inoue et al., a non-hydrogen producing strain of E. coli expressing only the [Fe]-

hydrogenase structural gene, hydA, from P. grassii (without the accessory maturation proteins) 

evolved hydrogen indicating that this hydrogenase can be activated by E. coli proteins.  Purified 

recombinant P. grassii [Fe]-hydrogenase from E. coli was about 30 times more active than 

recombinant clostridial [Fe]-hydrogenase with HydEFG (99, 113).  Furthermore, protozoan 

hydrogenase has an optimal pH of 8.0 that is compatible with T. vaginalis NDH.   

Reticulitermes flavipes, is a native species of the State of Florida and is in the same family 

of subterranean termites, Rhinotermitidae, such as C. formosanus.  Of the entire cDNA library of 

this termite gut symbiont, five genes in the expressed sequence tags (EST) were annotated as 

possible [Fe]-hydrogenase by Dr. Scharf and his colleagues who kindly provided these DNA for 

this study.  One [Fe]-hydrogenase in particular had an Evalue of 4 x 10-174 with 67 % identity and 

81 % overall similarity to [Fe]-hydrogenase to P. grassii (Figure 5-8).  This hydrogenase 

sequence also had high similarity to T. vaginalis HydA (Evalue = 1 x 10-127) and to a lesser extent 

to C. acetobutylicum (Evalue = 3 x 10-88).  The high homology to P. grassii hydrogenase as well as 

others makes this hydrogenase a good candidate to further examine its potential to couple NADH 

oxidation to hydrogen evolution. 
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The ORF encoding the unknown symbiont [Fe]-hydrogenase without hydrogenosomal N-

terminal signal peptide (first 28 amino acids), referred to here as gutHyd, was cloned into 

plasmid pET15b as well as plasmid pTrc99a for expression in T7 and non-T7 (trc) E. coli 

expression systems, respectively.  The truncated gene gutHyd was designed in accordance to 

truncated P. grassii [Fe]-hydrogenase (09A82) described by Inoue et al. (99).  Non-hydrogen-

producing strains BL21 (λDE3) and PMD45 bearing pET15b-gutHyd and pTrc99a-gutHyd, 

respectively, failed to evolve H2. 

To rule out that the failure of these recombinant E. coli strains to produce hydrogen was 

due to inactive enzyme and not from the inability of the cell to supply reductant, gutHyd, under 

control of trc promoter, was subcloned from pTrc99a-gutHyd into pTrc99a-ndhEF resulting in 

plasmid pTrc99a-ndhEF-gutHyd.  For expression, pTrc99a-ndhEF-gutHyd was transformed into 

PMD45.  Strain PMD45 could not grow anaerobically due to the inability to reoxidize NADH.  

Plasmid with ndhEF and gutHyd did not restore anaerobic growth; however, this plasmid did 

increase slightly hydrogen production over strains carrying plasmid vector (Figure 5-9).  The 

fermentation profile of the cultures indicated that the difference in H2 evolution between the 

NDH/GutHyd and vector was probably due to the formate hydrogen-lyase (Figure 5-10).   

Thermodynamic Barrier 

PMD45 could not grow anaerobically because of its inability to oxidize NADH during 

fermentation.  The expression of NDH and GutHyd did not alleviate the imbalance in redox 

state.  Ideally, if the activities of NDH and GutHyd using MV as an intermediate electron carrier, 

created an alternate electron pathway, NADH produced during glycolysis would be oxidized to 

H2 enabling growth to proceed.  Its inability to do so maybe because of the thermodynamics of 

H2 (-0.42 V) production from NADH (-0.32 V).  The free energy for this reaction could be 

calculated using Equation 4-3.  Using n equals 2 (number of electrons transferred from NADH to 
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2H+ to make H2), F (Faraday’s constant) equals 96,500 C mol-1 and the standard redox potential 

Eo’ of -0.42 V and -0.32 V for H2 and NADH, respectively, the free energy for this reaction 

could be calculated as follows (Equation 5-1): 

ΔG     =     – (2) (96,500) (-0.42 V – (-0.32 V))          (5-1) 
ΔG     =     +19300 J mol-1     =     +19.3 kJ mol-1     =     +4.62 kcal mol-1 

 
The production of H2 from NADH is an endothermic reaction requiring +4.62 kcal mol-1 of 

energy for the reaction to proceed.  Internal ratios of [NAD+]/[NADH] could effect its redox 

potential.  The internal [NAD+]/[NADH] ratio differs depending on availability of oxygen or 

external electron acceptors.  Internal [NAD+]/[NADH] ratios had been previously determined to 

range between 10.6 aerobically and between 1.0 to 4.5 anaerobically where strains with a ratio of 

1.00 carry mutations in global regulators such as ArcA and Fnr which is known to increase 

NADH levels (3, 122, 123).  Internal potential (E) of [NAD+]/[NADH] in anaerobically growing 

cells could be calculated using the simplified Nernst equation previously described in Equation 

4-2.  Using wild-type E. coli strain DC271 anaerobic NAD+/NADH ratio of 4.5 (122), the Nernst 

equation could be solved as follows (Equation 5-2):  

E     =     -0.320 V     +     (0.0596/2)     log (4.5)          (5-2) 
E     =     -0.301 V 

 
With appropriate mutations in ArcA and Fnr, [NAD+]/[NADH] ratios had been 

demonstrated to reach a low as 1.0 (3, 123), bringing E to its midpoint potential of -0.32 V.  A 

[NAD+]/[NADH] ratio of lower than 1.0 shifts the redox potential to a more negative value 

closer to that of H2.  For example, if the [NAD+]/[NADH] ratio was 0.1, then the redox potential 

shifts to -0.35 V and then the ΔG would lower to +3.23 kcal mol-1 from the +4.62 kcal mol-1 

standard.  In order for the reaction to be spontaneous, there must be a negative (-) ΔG value or 

more specifically, E(NAD+/NADH) must be more negative than E(H+/H2).  To calculate the 
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[NAD+]/[NADH] ratio that is minimally required for a thermodynamic equilibrium reaction of 

NADH to H2, the Nernst equation could be setup as follows (Equation 5-3): 

 Eo’ (H+/H2)        >     Eo’(NAD/NADH)    +     0.0296  log ([NAD+]/[NADH])        (5-3) 
-0.420 V         >     -0.320 V     +     0.0296  log ([NAD+]/[NADH]) 
-3.378 V         >     log ([NAD+]/[NADH]) 
 4.184 x 10-4   >     [NAD+]/[NADH] 
 2390              >     [NADH]/[NAD+] 

 
To reach an internal redox potential of -0.42V for the NAD+/NADH couple, the same as 

the hydrogen electrode potential at pH 7.0, the NADH concentration in the cell should be at least 

2,390 fold higher than the NAD+ concentration. Of course, this ratio should be even higher for 

the reaction from NADH to H2 to be thermodynamically favorable. Although MV was readily 

reduced by NDH in vitro, the reduced MV concentration of an anaerobic bacterial cell 

suspension was only 60 μM in the presence of 1 mM total MV added to the culture.  It appears 

that NDH can only generate an in vivo ratio of [MVred]/[MVoxi] of 0.06 using NADH as the 

electron donor and this ratio may not be high enough to drive the electrons to hydrogen.  The 1 

mM MV is at least 2-times higher than the NDH Km value of 0.44 mM for this substrate (Table 

5-3) and thus may not be limiting as a substrate. With the assumption that the external 

concentrations of oxidized and reduced MV represent the internal concentrations of these two, 

the calculated redox potential for the MV couple in this culture is -0.404 V. The intracellular 

ratio of reduced vs oxidized MV needs to be at least 5-times higher than the observed value for 

thermodynamically favorable coupling of reduced MV to H2 production. This is in agreement 

with the ease with which MV that is reduced by dithionite donates electrons to HYD3 for H2 

evolution.  

An alternate way of coupling NADH to H2 production with the same components, NDH, 

MV and HYD3, would be to increase the internal redox potential of the H+/H2 couple by rapidly 
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removing the H2 produced by the hydrogenase by sparging with N2.  Lowering the partial 

pressure of dissolved H2 had been demonstrated to increase hydrogen production by lowering 

product inhibition (129, 132, 201).  The amount of dissolved H2 in aqueous solution saturates at 

about 1.4 mg L-1 (700 μM) at 37oC (18, 49).  Given the [H+] at pH 7.0 is 1 x 10-7 or 0.1 μM, the 

redox potential of [H+]/[H2] in water at pH 7.0 is -0.534 V with H2 saturation.  By lowering the 

dissolved [H2] at pH 7.0 or at pH 6.0 to 2.0 nM, or 200 nM, respectively, the redox potential will 

shift to -0.37 V, the reported redox potential of N1a cluster of NDH homologs.  With these 

conditions, the use of recombinant NDH and MV may be favorable for H2 production.  This 

would indeed lead to a highly dilute H2 gas stream and may not be an economical H2 

fermentation process. 

The results presented in this section show that the hydrogenosomal NDH can couple to E. 

coli HYD3 with MV as an intermediate electron carrier but at a very low rate.  Replacing the 

native HYD3 and MV with Trichomonas ferredoxin and [Fe]-hydrogenase may not be able to 

overcome some of the constraints discussed above.  It is possible that in the Trichomonas 

hydrogenosome the various components of the NADH to H2 pathway are compartmentalized and 

the H2 is rapidly removed from the microenvironment of hydrogenosome to support this reaction. 

Such a compartmentalization of the components, substrates and products may not be achievable 

in a bacterial cell for cost-effective conversion of glucose to H2 at high yield without energy 

input either in the form of electricity, sun light, etc.   

Due to the constraints on H2 production by dark fermentation discussed above, the 

potential of engineering E. coli for the production of the other alternate next generation biofuel, 

butanol was evaluated. 
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Production of 1-Butanol by Recombinant E. coli 

Another potential next generation biofuel is butanol.  Butanol is produced by several 

clostridia during later stages of growth and fermentation.  However, due to the need to maintain 

redox balance, acetone and ethanol are also co-produced with butanol.  In this section, I am 

presenting my studies aimed at transferring the genes encoding the enzymes that constitute the 

butanol pathway in C. acetobutylicum into E. coli to identify the critical rate-limiting steps in the 

butanol pathway towards producing butanol as the sole fermentation product.  In addition, I also 

evaluated potential alternate choices in both enzymes and strains to overcome these rate-limiting 

steps. 

In Vitro Production of Butanol from Acetyl-CoA Using Recombinant Proteins 

E. coli, like C. acetobutylicum, has a natural ability to produce two moles acetyl-CoA from 

one mole glucose.  In order to produce butanol in E. coli, the rest of the butanol fermentation 

pathway must be introduced from C. acetobutylicum.  The first step is to assess if E. coli is 

capable of producing the enzymes in the clostridial butanol pathway in active form.  To do so, all 

the enzymes that catalyze each reaction from acetyl-CoA to butanol were cloned into plasmid 

pET15b and expressed from T7 promoter in E. coli.  The enzymes were purified to homogeneity 

and assayed for activity (Table 5-4). 

Of the two clostridial thiolases, ThlA appears to have higher activity than ThlB when 

expressed in recombinant E. coli.  Since it is believed that ThlA is the main thiolase in C. 

acetobutylicum for the condensation of acetyl-CoA (217), this is in agreement with the higher 

activity of ThlA.  Recombinant Hbd had a significantly higher specific activity compared to 

ThlA and this is similar to Hbd purified from C. beijerinckii (47).  Crt activity was determined to 

be the highest of all the enzymes of this pathway.  The reduction of crotonyl-CoA to butyryl-

CoA was catalyzed by Bcd/EtfBA complex in clostridial systems.  Purified recombinant 
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Bcd/EtfBA enzyme complex had no detectable activity although Bcd activity in recombinant E. 

coli crude extract has been previously reported (12, 32, 100).  It should be pointed that an active 

Bcd enzyme complex from E. coli has yet to be purified.  To overcome this limitation, the S. 

avermitilis gene encoding CcrA was cloned and the protein was purified.  The CcrA protein 

catalyzes the same reaction as Bcd/EtfBA except it uses NADPH instead of NADH (211).  The 

specific activity of the recombinant CcrA was twice of the reported value of the native enzyme 

from Streptomyces collinus probably due to the difference in species (Table 5-4) (211).  The last 

two steps of the pathway could be catalyzed by both Aad and AdhE2; however, only AdhE2 

seems to have detectable activity for butyraldehyde to butanol.  Fontaine et al. also purified an 

active recombinant AdhE2 from E. coli with similar activities (67).   

Since all the predicted enzymes that catalyze the production of butanol from acetyl-CoA 

were produced in E. coli in an active form, the next step was to determine if these enzymes could 

constitute the butanol pathway in vitro.  One unit (μmole min-1) of each enzyme (ThlA, Hbd, Crt, 

CcrA, and AdhE2) in the presence of 5 mM acetyl-CoA, 10 mM NADH, and 10 mM NADPH 

catalyzed the sequential reactions from acetyl-CoA to butanol (Figure 5-11 and 5-12).  The 

butanol concentration of 0.5 mM in this experiment represented about 20 % of the acetyl-CoA 

added as the starting substrate.   In addition, other intermediates of the pathway were also 

detected, although at significantly lower levels.   

This experiment clearly shows that the minimal set of enzymes needed for conversion of 

acetyl-CoA to butanol can be produced in E. coli in active form.  It should be pointed out that the 

clostridial butyryl-CoA dehydrogenase (Bcd) complex was replaced in this in vitro pathway by 

the crotonyl-CoA reductase (CcrA) from S. avermitilis (Figure 5-12).  Although both enzymes 

catalyze the reduction of crotonyl-CoA to butyryl-CoA, the clostridial Bcd has additional 
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substrate requirements in addition to NADH and crotonyl-CoA for catalysis.  These are 

ferredoxin and soluble Fe-hydrogenase which would also need to be produced as active proteins 

in recombinant E. coli.  As I presented in the previous section, production of active Fe-

hydrogenase in E. coli is still a work in progress. Although Bcd complex utilized NADH as an 

electron donor in vitro, the actual electron donor in vivo is yet to be established.  Coupling these 

enzymes with appropriate substrates, acetyl-CoA, NADH, and NADPH, is expected to support 

butanol biosynthesis in vivo in E. coli.   

Plasmid Expression of Butanol Pathway 

The detection of active recombinant enzymes that catalyzed the production of butanol from 

acetyl-CoA in vitro was instrumental for designing an in vivo butanol pathway.  Assuming that 

enzyme activity was not lost during the purification process, if all the genes were expressed at a 

1:1 ratio to each other, there will be severe bottlenecks in the later steps of the pathway (Figure 

5-12).  Higher levels of Bcd/EtfBA or CcrA and AdhE2 activities will be needed to increase flux 

through the pathway since these appear to be rate limiting steps.  Also, higher thiolase activity 

may be needed to direct acetyl-CoA to this pathway and away from the alcohol dehydrogenase 

(ethanol production) activity of AdhE2 since no alcohol dehydrogenase that is specific for 

butyryl-CoA to butanol has been reported.  All alcohol dehydrogenase enzymes that reduce 

butyryl-CoA also reduce acetyl-CoA to ethanol.  During normal fermentative growth, NADPH-

dependent CcrA cannot overcome this Bcd/EtfBA step due to a limitation of NADPH in the 

anaerobic E. coli.  Previous attempts to utilize CcrA as a substitute for Bcd/EtfBA resulted in 

little to no butanol produced (12, 100). 

The first plasmid constructed for butanol production, pButanol, had crt, bcd, etfB, etfA, 

hbd, adhE2, and thlA arranged in that respective order in a single operon controlled by an IPTG 

inducible trc promoter upstream of crt.  Production of butanol by E. coli with pButanol plasmid 
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appeared to be strain dependent.  Wild-type W3110 did not produce any detectable butanol.  

Since Inui et al. used JM109 for butanol production, strain JM107, a recA+ parent strain of 

JM109, was tested for its ability to produce butanol with plasmid pButanol (100).  JM107 

bearing pButanol produced 0.20 ± 0.11 mM butanol with all fermentation pathways intact.  Since 

all the genes were transcribed from a single promoter, differential translation efficiencies of the 

various genes in the multicistronic mRNA maybe the cause of low yields.  A new expression 

system was constructed to optimize transcription.   

To increase plasmid stability, all the genes were subcloned into a low copy vector 

pACYC184 with p15a origin of replication that is compatible with ColE1 plasmids.  Instead of 

one trc promoter controlling transcription, the genes encoding enzymes with lower specific 

activities (thlA, ccrA, bdhB) were transcribed from their own tandem trc promoter. The gene 

bdhB was included in this construct instead of adhE2 because previous reports indicated that it 

was functionally expressed in E. coli and BdhB had lower affinity to acetyl-CoA than AdhE2 

(67, 144, 212).  Strain JM107 bearing the new construct, pCBEHTCB, did not produce butanol.  

To determine the metabolic rate-limiting step in JM107 (pCBEHTCB), crude extract was tested 

for activity of each of the enzyme encoded in the plasmid (Table 5-5).  Enzyme assays revealed 

the absence of BdhB activity and lower than expected CcrA and ThlA activities.  Since butyrate 

was also not detected in JM107 (pCBEHTCB) fermentations, the rate-limiting reaction was 

probably the first step, ThlA activity.  Higher thiolase activity may be needed to increase flux 

through the butanol pathway and away from ethanol production. 

The plasmid pAA was constructed to increase AdhE2 and thiolase levels in the cell.  Both 

adhE2 and E. coli thiolase, atoB, were expressed from independent trc promoters.  JM107 (pAA) 

produced significantly higher levels of both enzymes upon induction with IPTG especially for 



 

120 

AtoB (Table 5-6).  The higher thiolase activity is expected to therefore increase carbon flux 

through butanol pathway, and away from the competing pathways to ethanol and acetic acid.   

Based on this information, the plasmid pCBEHTCB was revised by removing the two 

genes with low or no activity (thlA and bdhB) and adding udhA (sthA) since previous studies had 

demonstrated an increase in NADPH level by over expression of this soluble trans-hydrogenase 

(172).  JM107 bearing this construct, pCBEHCU, and pAA produced 0.21 ± 0.02 mM butanol 

and the crude extract had similar enzyme activities as detected in Table 5-5 and Table 5-6.   

Low butanol yield could be attributed to the presence of intact native fermentation 

pathways in JM107 that divert carbon and reductant away from butanol pathway.  To improve 

butanol yield, various native fermentation pathway enzymes were deleted in both W3110 and 

JM107 (Table 5-7).  JM107 derivatives were inherently better at producing butanol than W3110 

based strains.  The highest butanol detected was 1.90 ± 0.06 mM from PMD50 (JM107 ∆ ldhA).  

PMD52 (JM107 ∆ldhA ∆pflB with lpd101*) mutation reduced butanol production to 0.92 mM.  

Mutation in lpd101* was expected to increase NADH yield to 4 per glucose; thus, theoretically 

increasing butanol yield by supplying all the required reducing equivalents.  However, in the 

case of JM107, its incorporation in addition to a deletion in pflB reduced butanol production by 

50 %.  The highest value obtained thus far was still about half of the value reported by Atsumi et 

al. (12).  

The observed strain-dependent variation in butanol yield led to an E. coli C based strain, in 

particular, an evolved strain developed for succinate production (103).  Bcd/EtfBA activity in E. 

coli could perhaps be increased by using succinate producing strains.  Succinate is produced by 

the reduction of fumarate by fumarate reductase coupled to the oxidation of an unknown electron 

carrier.  E. coli strain KJ104 (103) produces near theoretical yields of succinate producing up to 
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1.30 mol succinate per mol glucose.  This high succinate production raises the possibility that a 

unique electron-transport pathway was elevated to reduce fumarate reductase.  Since fumarate 

reductase is a flavoprotein with its own unique electron carriers that reduces C=C bond in 

fumarate to succinate, it is possible that the same electron transport components feeding 

electrons to fumarate reductase could provide the needed reductant to Bcd complex, another 

flavoprotein that also reduces a C=C bond in crotonyl-CoA to butyryl-CoA.  The succinate-

production strain, KJ104, has either elevated this unique electron transport pathway to fumarate 

reductase or adapted other components of the cell to support high carbon flux through fumarate 

reductase.  In this study, I tested if this high flux through fumarate reductase could be adapted to 

support carbon flux through the rate-limiting step at the Bcd complex in butanol production. 

Chromosomal Insertion of Butanol Pathway into E. coli 

Traditional directed evolution of E. coli which has been proved to be very successful at 

increasing fermentation yield (43, 103, 104, 111, 135, 227, 231, 235) could not be employed in 

this situation due to plasmid stability and plasmid retention.  Chromosomal insertion of butanol 

pathway genes may be necessary for evolution of these strains for production of butanol.  

Plasmid pAACBEHCU was constructed by combining pCBEHCU and pAA into a single larger 

plasmid.  The origin of replication and chloramphenicol resistance gene were replaced with 

spectinomycin resistance.  Single recombination of the entire plasmid lacking the replicon was 

selected for by spectinomycin resistance and chromosomal insertion of spcR-Ptrc-adhE2-Ptrc-

atoB-Ptrc-crt-bcd-etfBA-hbd-Ptrc-ccrA-udhA and the strain was designated as but+. Chromosomal 

insertion of the full plasmid was confirmed by PCR.  The site for chromosomal integration is yet 

to be determined; however, possible recombination sites were atoB, udhA, and lacI since these 

were E. coli genes.  JM107 ∆ldhA with but+ (PMD70) insertion did not produce butanol or 

butyrate (Table 5-8).  Succinate producer KJ104 with ∆ frdBC and but+ (PMD72) insert also 
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yielded similar results.  The addition of pCBEHCU alone without pAA as a plasmid into these 

strains supported butanol production with yields of 0.30 ± 0.02 mM suggesting that this strain 

may have ample thiolase and butanol dehydrogenase activity and the rate-limiting reaction may 

be the reduction of crotonyl-CoA to butyryl-CoA.  PMD70 bearing pButyrate (pButanol without 

adhE2) was able to produce 1.10 ± 0.05 mM butanol and 1.22 ± 0.02 mM butyrate.  Since the 

strain without plasmid did not produce butyrate and the plasmid supplementation supported 

production of butyrate as well as butanol, the rate limited step may be Bcd/EtfBA and the genes 

expressed in trans from a low copy plasmid were able to overcome the low activity of the but+ 

insert. 

A second chromosomal insertion was made to remedy the poor butanol yield of but+ 

strains.  The BCS operon was inserted in the chromosome replacing pflB which places the entire 

operon under the control of pflB native promoters.  By replacing/deleting pflB in addition to 

∆ldhA, these strains are no longer capable of growing anaerobically.  Micro-aerobic conditions 

that support PDH activity to produce acetyl-CoA were needed to assess the fermentation profiles.  

Strain PMD73 produced 0.16 mM butanol without plasmids (Table 5-9).  PMD74 had a slightly 

higher flux through the pathway producing 0.31 mM butyrate and about 0.10 mM butanol.  The 

inability of the cell to convert all butyrate to butanol could be because of an inadequate supply of 

NADH to complete the reduction of butyryl-CoA to butanol.  Another possible reason could be 

an insufficient activity of AdhE2 which was part of the initial but+ insert.  The key to increasing 

butanol production is apparently to increase flux through the rate limiting Bcd/EtfBA reaction. 

The most direct way to increase flux through Bcd/EtfBA was to initially focus on the 

production of butyrate not butanol since butanol production requires additional NADH that 

requires further engineering.  The production of butyrate requires 2 reducing equivalents which 
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were readily supplied by glycolysis. In addition, increasing AdhE2 level may compete with 

thiolase for acetyl-CoA with production of ethanol as a co-product.  Since PMD74 has the 

highest flux and the lowest co-production of other fermentation products, it will be used as the 

base strain for further genetic manipulations.   

By deleting adhE2 from the original but+ insert, no butanol and only trace amounts of 

ethanol were produced.  The new strains still lacked the ability to grow anaerobically and had no 

significant increase in butyrate production.  pTrc99a based plasmids encoding enzymes of 

butyrate production pathway were inserted into these strains (Table 5-10).  Plasmids pTrc99a-

atoB and pTrc99a-ccrA-udhA had minimal effect on butyrate production.  Plasmids pTrc99a-

bcd/etfBA and pButyrate increased butyrate yield from 0.20 ± 0.07 mM butyrate to 3.08 ± 0.21 

mM to 2.47 ± 0.10 mM butyrate, respectively.  By increasing Bcd/EtfBA levels, the flux to 

butyrate correspondingly increased.  The effect of Bcd/EtfBA analogue, CcrA, was insignificant 

on butyrate production probably due to low NADPH pools which negates any positive effect of 

CcrA’s higher activity.  These results confirm that Bcd/EtfBA activity needs to be elevated in 

order to increase butyrate production. 

Additional Insertion of bcd-etfBA Transcriptionally Controlled by E. coli adhE Promoter 

Low butyrate yields could be the result of inadequate activity of chromosomally expressed 

Bcd/EtfBA.  To overcome the low activity, a third copy of bcd-etfBA was inserted into the 

chromosome replacing E. coli adhE similar to that of the previously described chromosomal 

insertion replacing pflB.  Since adhE had higher promoter activity under anaerobic condition, the 

additional adhE promoter fusion is expected to increase overall Bcd/EtfBA activity in the cell.   

The third bcd-etfBA insertion into adhE promoter led to an increase in butyrate production 

to 2.0 ± 0.50 mM under micro-aerobic fermentation condition.  To further analyze these cultures, 

pH controlled fleaker fermentations were used to examine growth characteristics.  Cultures of 
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PMD76 were inoculated into 1 % glucose minimal medium with an initial pH of 7.0 (Figure 5-

13).  pH controllers with set values of 7.0, 6.5, 6.0, and 5.0 were used to prevent pH from 

decreasing below the respective set values.  Two different phases of growth were observed with 

cultures set to a minimum pH of 7.0 or 6.5.  After the initial phase in which all four cultures 

grew at about the same level, the pH 7.0 and 6.5 cultures grew to a higher cell density.  During 

the initial growth phase, pyruvate was accumulated by the cultures and it was consumed by the 

two cultures during the second phase of growth.  The other two cultures with a set minimum pH 

of 5.0 and 6.0 continued to accumulate pyruvate and butyric acid. Accumulation of pyruvic acid 

by these cultures suggests that even with oxygen provided by mixing the cultures in air, acetyl-

CoA that is required to drive the butyrate pathway is limiting in this pfl mutant. This requires 

reintroduction of PFL activity or increasing the PDH activity with the lpd101* mutation to 

enhance the PDH activity of the anaerobic culture before attempting to overcome other rate-

limiting steps in this pathway.  Further metabolic engineering coupled with long-term metabolic 

evolution is apparently required to overcome the rate-limiting step(s) by activating native E. coli 

genes to channel glucose carbon to butyric acid followed by redirection of the butyryl-CoA to 

butanol. 
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Table 5-1.  Purification of recombinant NDH produced in E. coli with IPTG or arabinose as an 
inducer. 

Induction Sample Total 
[Protein] 

Total 
Activitya 

Sp. 
Activityb 

Purification 
Fold Yield % 

IPTG Crude extract 63.83 16.0 0.25 1.00 100.0 % 

 Ni-affinity 5.76 4.9 0.85 3.40 30.7 % 

 Gel filtration 2.21 5.4 2.4 9.72 33.7 % 
       Arabinose Crude extract 157.76 506 3.21 1.00 100.0 % 

 Ni-affinity 2.32 501 216 67.4 99.1 % 

 Gel filtration 0.72 419 582 181 82.8 % 
Activity was determined using 50 mM K-PO4 buffer pH 7.5, 5 mM benzylviologen (BV), and 1 
mM NADH, under anaerobic condition. The reaction was monitored at 600nm (BV reduction) 
and the activity as calculated from the initial rate of reaction.   
a Total activity: μmole min-1  
b Sp. Activity:  μmole min-1 (mg protein)-1  
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Table 5-2.  Specific activity of recombinant T. vaginalis hydrogenosome NDH produced in E. 
coli with arabinose as inducer 

   Electron acceptor                 Specific activity (μmole min-1 mg protein-1) 
            ____________________________________________________ 

        Arabinose-induced  Nativea 
   Ferricyanide           604 ± 24      690 
   Benzyl viologen          582 ± 44      ND 
   Methyl viologen          392 ± 19      262 
   Ferredoxin           24 ± 0.2b       48c 
[Reprinted with permission from Do, P.M., A. Angerhofer, I. Hrdy, L. Bardonova, L.O. Ingram, 
and K.T. Shanmugam. 2009. Engineering Escherichia coli for fermentative dihydrogen 
production: potential role of NADH-ferredoxin oxidoreductase from the hydrogenosome of 
anaerobic protozoa. Appl Biochem Biotechnol 153:21-33. (Page 27, Table 1)] 
a Values for the native enzyme isolated from Trichomonas vaginalis hydrogenosomes were from 
Hrdy et al.(94).  
bClostridium acetobutylicum ferredoxin  
c T. vaginalis ferredoxin 
ND – not determined.  
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Table 5-3.  Kinetic properties of recombinant T. vaginalis hydrogenosome NDH purified from E. coli 
Induction Reaction Km (donor) Km (acceptor) Vmax

d Kcat 

  (mM NADH) (mM)  (s-1) 
IPTG NADH → BVa 0.35 0.41 3.69 4.14 

 NADH → MVa 0.36 2.41 3.78 4.24 

 NADH → KFeCNa ND ND ND ND 
Arabinose NADH → BVb 0.10 0.17 645 725 

 NADH → MVb 0.22 0.44 570 650 

 NADH → KFeCNc 0.31 0.06 870 1170 
Km for NADH was determined in assay mixture containing 50 mM K-phosphate buffer, pH 7.5 with 5 mM benzyl viologen, 20 mM 
methyl viologen or 1 mM potassium ferricyanide.  Km for electron acceptors was determined in a reaction mixture containing 50 mM 
phosphate buffer, pH 7.5, 1 mM NADH and the electron acceptor at various concentrations. The reaction was followed by the 
reduction of electron acceptor [Adapted from Do, P.M., A. Angerhofer, I. Hrdy, L. Bardonova, L.O. Ingram, and K.T. Shanmugam. 
2009. Engineering Escherichia coli for fermentative dihydrogen production: potential role of NADH-ferredoxin oxidoreductase from 
the hydrogenosome of anaerobic protozoa. Appl Biochem Biotechnol 153:21-33 (Page 28, Table 2)] 
a6.29 µg protein was used in the reduction 
b0.15 µg protein was used in these assays 
c0.45 µg protein was used in these reactions 
dµmole (min mg protein)-1 
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Table 5-4.  Specific activities of recombinant enzymes in butanol production pathway 
Enzyme Reaction Specific Activity Kcat 
  (U mg protein-1) (s-1) 

ThlA Acetyl-CoA → Acetoacetyl -CoA 14.00 ± 1.88 85.62 
ThlB Acetyl-CoA → Acetoacetyl -CoA 4.09 ± 1.01 23.19 
Hbd Acetoacetyl-CoA→ Hydroxybutyryl -CoA 209.5  ± 15.46 (349)a 459.1 
Crt Hydroxybutyryl-CoA→ Crotonyl-CoA 799.5 ± 15.79 1572 
Bcd/EtfBA Crotonyl-CoA→ Butyryl-CoA ND ND 
CcrA Crotonyl-CoA→ Butyryl-CoA 7.59 ± 0.68 (2.89)b 11.23 
Aad Butyryl-CoA→ Butyraldehyde ND ND 
 Butyraldehyde → Butanol ND ND 
AdhE2 Butyryl-CoA→ Butyraldehyde (0.74)c ND 
 Butyraldehyde → Butanol 0.86 ± 0.22 (0.18)c ND 
All enzymes were purified from recombinant E. coli.  The number in parentheses represents 
reported values for enzymes from the respective native organism.  Under the conditions assayed, 
Bcd/EtfBA had no detectable activity.  ND: not detected. 
a Specific activity of Hbd purified from C. beijerinckii (47) 
b Specific activity of CcrA purified from S. collinus (211) 
c Specific activity of C. acetobutylicum AdhE2 purified from E. coli (67) 
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Table 5-5.  Specific activity of butanol pathway enzymes in the crude extract of JM107 
(pCBEHTCB) 

Enzyme Tested IPTG Specific Activity  
(mU mg protein-1) 

ThlA + 11.2 ± 2.3 

 – ND 
Hbd + 908.8 ± 81.6 

 – 19.47 ± 2.4 
Bcd (NADH) + ND 

 – ND 
CcrA (NADPH) + 11.8 ± 1.3 

 – ND 
BdhB + ND 

 – ND 
Crude extracts from JM107 bearing pCBEHTCB uninduced and induced with IPTG were 
assayed for the enzymes indicated.  Values are the average of three independent experiments.  
ND: not detected. 
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Table 5-6.  Specific activity of AtoB and AdhE2 in the crude extracts of JM107 (pAA) 

Enzyme Tested IPTG Specific Activity  
(mU mg protein-1) 

AtoB + 22,130 ± 802 

 – ND 
AdhE2 + 25.62 ± 3.3 

 – ND 
Crude extracts from JM107 (pAA) uninduced and induced with IPTG were extracted and 
assayed for AdhE2 and AtoB.  ND: not detected. 
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Table 5-7.  Butanol production by various mutant strains of E. coli bearing pCBEHCU and pAA  

Strain Parent 
Strain ∆ldhA ∆(focA-pflB) lpd101* ∆mgsA ∆tcdE ∆adhE  Butanol 

(mM) 
W3110         <0.10 
PMD40 W3110 X       0.45 ± 0.13 
PMD42 W3110 X X      ND 
PMD46 W3110 X X X     ND 
PMD47 W3110 X X X X    ND 
PMD48 W3110 X X X X X   ND 
JM107         0.21 ± 0.02 
PMD50 JM107 X       1.90 ± 0.06 
PMD51 JM107 X X      ND 
PMD52 JM107 X X X     0.92 ± 0.11a 

PMD53 JM107 X X X  X   NDa 

PMD54 JM107 X X X   X  0.21 ± 0.09a 

Cultures bearing both pCBEHCU and pAA were grown anaerobically in LB-ampicillin, chloramphenicol with 0.3 % glucose at 37oC 
for 96 hrs. ND, not detected.  (n=3) 
a Grown in a pH stat at pH 7.0 with O2-limitation at 37oC. 
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Table 5-8.  Effect of various plasmids on the production of butanol by different E. coli strains. 

Plasmid(s)  Butanol [mM]  
PMD50 PMD70a PMD72 a,b 

No Plasmid ND ND ND 

pCBEHCU 0.21 ± 0.01 0.30 ± 0.02 0.16 ± 0.09 

pAA ND ND ND 

pAA + pCBEHCU 0.17 ± 0.13 0.21 ± 0.05 0.20 ± 0.02 

pButanol 1.93 ± 0.05 2.20 ± 0.07 1.15 ± 0.40 

pButyrate 1.22 ± 0.02 (1.42 ± 0.03)c 1.10 ±  0.05 (1.22 ± 0.03)c 0.82 ± 0.23 (0.37 ± 0.02)c 

Different E. coli strains bearing various plasmids were tested for butanol production in LB with 0.3 % glucose at 37oC for 48 hrs.  ND, 
not detected. (n=2) 
a Contains but+ chromosomal integration of butanol pathway genes 
b Cultures were grown micro-aerobically 
c The values in parentheses represent butyrate concentration 
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Table 5-9.  Effect of a second chromosomal insertion of BCS operon transcriptionally controlled by pflB promoters. 

Strain Glucose consumed 
[mM] 

Fermentation Products 

Succ Lac For Ace EtOH Butyrate BuOH 

PMD70 a 55.31 ± 0.00 11.6 ± 0.21 ND ND 38.10 ± 3.26 66.1 ± 4.69 ND ND 

PMD73 b 28.20 ± 6.24 4.89 ± 0.03 1.75 ± 0.61 ND 1.86 ± 0.56 18.8 ± 3.42 ND 0.16 ± 0.00 

PMD72 b 12.52 ± 4.98 7.12 ± 0.21 0.85 ± 0.11 ND 5.84 ± 0.64 0.56 ± 0.34 ND ND 

PMD74 b 19.58 ± 2.36 6.03 ± 0.53 1.56 ± 0.12 ND 4.73 ± 1.89 0.32 ± 0.16 0.31 ± 0.11 <0.10 
Succ, succinate; lac, lactate; for, formate; ace, acetate; EtOH, ethanol; BuOH, butanol; ND, not detected. (n=2) 
a Cultured anaerobically in LB-ampicillin, 1.0 % glucose at 37oC for 72hrs 
b Cultured micro-aerobically in the same medium  
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Table 5-10.  Effect of plasmids encoding intermediate reactions for butyrate production on E. coli strain PMD75. 

Plasmid 
Glucose 
consumed 
[mM] 

Fermentation Products [mM] 

Succ Lac For Ace Acetoin EtOH Butyrate 

pTrc99a-vector 17.06 ± 4.19 5.58 ± 0.54 1.55 ± 0.02 ND 1.04 ± 0.78 ND ND 0.20 ± 0.07 

pTrc99a-atoB 27.18 ± 6.12 2.54 ± 0.51 0.75 ± 0.04 ND 5.84 ± 2.21 ND ND 0.39 ± 0.04 

pTrc99a-ccrA-udhA 23.21 ± 2.65 2.89 ± 0.02 1.39 ± 0.08 ND 4.72 ± 1.86 ND ND 0.31 ± 0.02 

pTrc99a-bcd/etfBA 29.30 ± 3.87 1.05 ± 0.02 1.08 ± 0.09 ND 7.03 ± 2.98 0.28 ± 0.11 ND 3.08 ± 0.21 

pButyrate 31.73 ± 4.72 ND 1.64 ± 0.02 ND 12.77 ± 2.11 0.53 ± 0.00 0.68 ± 0.02 2.47 ± 0.10 
E. coli strain PMD75 bearing the above plasmids were grown micro-aerobically in LB- ampicillin with 1.0 % glucose in partially 
filled tubes at 37oC for 72 hrs.  Succ, succinate; lac, lactate; for, formate; ace, acetate; EtOH, ethanol; ND, not detected. 
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Figure 5-1.  Native molecular weight of NDH as determined by gel filtration.  Sephacryl S-200 

column was pre-equilibrated with 50 mM K-PO4 buffer pH 7.5, 0.1 M NaCl, and 0.5 
mM DTT at 4oC.  5 ml of protein sample was loaded with the flow rate of 0.5 ml min-1 
and 3.75 ml fractions were collected.  NDH eluted as a heterodimer with a measured 
molecular weight of 69.1 kDa. 
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Figure 5-2.  SDS-PAGE of recombinant NDH expressed in E. coli induced by IPTG or 

arabinose.  Rosetta (λDE3) bearing pPMD40 was induced with IPTG (lanes 1-6) or 
arabinose (lanes 7-9).  Proteins were separated by reducing SDS-PAGE (12.5 % 
acrylamide).  Lane 1, Protein standards; Lane 2, uninduced cells; Lane 3, IPTG 
induced cells; Lane 4, soluble crude extract (10 µg); Lane 5, after Ni2+ column (5 µg); 
Lane 6, after Thrombin digestion followed by Sephacryl S-200 gel filtration (5 µg); 
Lane 7, arabinose induced soluble crude extract (5 µg); Lane 8, after Ni2+ column (1 
µg); Lane 9, after Thrombin digestion followed by Sephacryl S-200 gel filtration (1 
µg). 
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Figure 5-3.  pH profile of NDH activity in phosphate buffer.  Activity was determined as 

described in Table 5-1.  Optimal pH for NDH activity was determined to be about 7.5 
-8.0 in phosphate buffer. 

 



 

138 

 
 
Figure 5-4.  Absorption spectrum of recombinant T. vaginalis hydrogenosome NDH or NDH-

small subunit.  Native spectrum represents the protein as purified. Reduced spectrum 
was obtained after titrating the protein with sodium dithionite. Reoxidized spectrum 
was obtained after gently mixing the reduced protein with air. [Reprinted with 
permission from Do, P. M., A. Angerhofer, I. Hrdy, L. Bardonova, L. O. Ingram, and 
K. T. Shanmugam. 2009. Engineering Escherichia coli for fermentative dihydrogen 
production: potential role of NADH-ferredoxin oxidoreductase from the 
hydrogenosome of anaerobic protozoa. Appl Biochem Biotechnol 153:21-33. (Page 
28, Figure 2)] 

 

 



 

139 

 
Figure 5-5.  EPR spectrum of the recombinant T. vaginalis hydrogenosome NDH holoenzyme 

produced in E. coli.  Spectrum of the holoenzyme (123.3 μM) was recorded at a 
microwave power of 2.0 mW after reducing the protein with sodium dithionite. EPR 
conditions: sample temperature, 25ºK; microwave frequency, 9.45801 GHz; 
modulation amplitude, 5G; modulation frequency, 100 kHz; time constant, 80 ms; 
scan rate, 160 ms/data point for 4.9 G/s,  0.78 G/data point, receiver gain 60 dB. 
Wavy lines represent the experimental data and the smooth line is the simulation of 
the spectrum. [Reprinted with permission from Do, P. M., A. Angerhofer, I. Hrdy, L. 
Bardonova, L. O. Ingram, and K. T. Shanmugam. 2009. Engineering Escherichia coli 
for fermentative dihydrogen production: potential role of NADH-ferredoxin 
oxidoreductase from the hydrogenosome of anaerobic protozoa. Appl Biochem 
Biotechnol 153:21-33 (Page 29, Figure 3)] 
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Figure 5-6.  EPR spectrum of NdhE (small subunit) of the T. vaginalis NDH produced in E. coli.  

Spectrum of the small subunit (121.0 μM) was obtained after reducing the protein 
with sodium dithionite. Other conditions were as listed for Figure 5-5.  [Reprinted 
with permission from Do, P. M., A. Angerhofer, I. Hrdy, L. Bardonova, L. O. Ingram, 
and K. T. Shanmugam. 2009. Engineering Escherichia coli for fermentative 
dihydrogen production: potential role of NADH-ferredoxin oxidoreductase from the 
hydrogenosome of anaerobic protozoa. Appl Biochem Biotechnol 153:21-33 (Page 
30, Figure 4)] 

 
 



 

141 

 
Figure 5-7.  Effect of NDH on whole cell reduction of methyl viologen and H2 evolution in 

overnight cultures of MV resistant PMD45.  MV resistant cells with indicated 
plasmids were inoculated in 1 ml of LB, 0.3 % glucose, 100 μg ml-1 ampicillin, and 1 
mM MV in 13 x 100 mm tubes which were sealed with a rubber stopper and N2 as the 
gas phase. The cultures were incubated for 17hrs at 37oC.  Optical densities of 
cultures were determined at 420 nm and 600 nm.  Since cells naturally scatter light at 
600 nm, measurements at 600 nm were adjusted for reduced MV by subtracting the 
OD contributed by the cells.  (n=4) 
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Figure 5-8.  Primary sequence alignment of HydA from C. acetobutylicum, T. vaginalis, P. grassii, and a symbiont from the hindgut 

of R. flavipes.  The isolated hydrogenase gene from the unknown symbiont had an Evalue of 4 x 10-174 with 67 % amino acid 
identity and 81 % overall similarity to [Fe]-hydrogenase to P. grassii.  The isolated hydrogenase also had high similarity to 
T. vaginalis HydA (Evalue = 1 x 10-127) and to a lesser extent to C. acetobutylicum (Evalue = 3 x 10-88).  Protein alignment was 
performed with ClustalG ver. 1.5.  Symbol legend: #, fully conserved; *, highly conserved; :, moderately conserved; ., 
weakly conserved or not significant; -, gap.
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Figure 5-9.  Effect of NDH and GutHyd on hydrogen production.  E. coli strain PMD45 with 

pTrc99a-ndhEF-gutHyd or pTrc99a vector control were grown in 5 ml LB-amp-kan 
with 0.3 % glucose in 9 ml vial sealed with rubber septum and degassed with N2.  The 
cultures were incubated at 37oC and H2 in the gas phase was determined by GC.  
Fermentation profile of these cultures was determined by HPLC after 120 hrs (Figure 
5-10). (n=2) 
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Figure 5-10.  Effect of NDH and GutHyd on fermentation profile of E. coli strain PMD45.  The 

fermentation products are from cultures after 120 hrs. (Figure 5-9) of incubation at 
37oC. 
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Figure 5-11.  HPLC profile of in vitro production of 1-butanol from acetyl-CoA. 1 unit (μmole 

min-1) of each enzyme listed in Table 5-4 minus ThlB and AdhE2 were incubated 
together in 0.5 ml 50 mM K-PO4 pH 7.6 assay buffer containing 5 mM acetyl-CoA, 
10 mM NADH, and 10 mM NADPH .  The reaction mixture was incubated at 37oC 
for 30 minutes, after which 1 unit of AdhE2 and 10 mM additional NADH were 
added and the reaction was continued for an additional 30 minutes.  Samples were 
taken before enzymes were added, prior to the addition of AdhE2, and at the end of 
incubation with all enzymes.  HPLC was used to determine the production of butanol 
and pathway intermediates. 
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Figure 5-12.  Relative specific activities of functionally expressed recombinant enzymes in E. 

coli.  Relative activities listed in Table 5-4 are pictorially represented by the thickness 
of the arrow.  Since Bcd/EtfBA had no detectable activity, it was replaced by its 
analogue, NADPH-dependent CcrA from S. avermitilis.  The pathway is now 
complete and can be combined to produce butanol in vitro. aμmole min-1 mg protein-1; 
bs-1 
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Figure 5-13.  Growth, pH, pyruvate, and butyrate production from PMD76 with pH control.  

Cultures were grown in 1 % glucose minimal medium starting at pH 7.0.  pH 
controllers set to 7.0 (diamonds), 6.5 (circles), 6.0 (triangles), and 5.0 (squares).  
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 

Increasing demand for fuel and a finite supply of petroleum reserve dictate that a new 

alternative renewable energy sources be developed in order to free the world from the bond of 

fossil fuels.  Current use of ethanol as a gasoline additive is an excellent step towards an energy 

independent country and a “greener” future; however, physical constraints of ethanol as a fuel 

along with the higher cost of transportation makes ethanol a less desirable transportation fuel.  

New fuels currently in development that could replace gasoline include hydrogen and higher 

chain alcohols such as butanol.   

Hydrogen 

The development of hydrogen as a fuel has been a work in progress for over 30 years.  

Hydrogen is a highly attractive energy source due to the extremely high energy content and clean 

combustion producing water as the only product.  Currently, hydrogen is primarily produced by 

steam reforming of methane, a limited fossil fuel.  Biological production of hydrogen may serve 

as a renewable source of fuel since it involves the conversion of solar energy either directly 

(photosynthetic hydrogen production) or indirectly (fermentative hydrogen production from 

biomass).  Fermentative hydrogen production involves the conversion of sugars, the monomeric 

units of biomass, to hydrogen.   

Fermentative hydrogen production could be economical if yields of 10 H2 per glucose 

could be achieved (64); however, maximal theoretical yields of only 2 and 4 H2 per glucose 

could be reached by facultative and strict anaerobic microbes, respectively.  Facultative 

anaerobes such as E. coli have the natural ability to fully oxidize glucose to CO2 producing up to 

10 NAD(P)H as reducing equivalents.  Strict anaerobes such as C. acetobutylicum and T. 

vaginalis possess the ability to couple NADH oxidation to hydrogen evolution but cannot fully 
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oxidize all the carbons from glucose to CO2.  The absence of a complete TCA cycle in strict 

anaerobes limits the NADH production to only glycolysis.  By combining the two systems, 

NADH-dependent hydrogen production from strict anaerobes with the full TCA cycle from 

facultative anaerobes, higher hydrogen yields of up to 10 H2 per glucose could be achieved.  

Hydrogen production by strict anaerobes generally involves intermediate electron carriers such 

as ferredoxin transferring electrons to soluble [Fe]-hydrogenase for H2 evolution.  Pyruvate 

oxidation by PFOR is the primary source of reduced ferredoxin produced in a coupled reaction.  

The lesser known NFOR could directly couple NADH oxidation to ferredoxin.  However, NFOR 

activity is limited to few anaerobes; Clostridium (108, 124, 197) and anaerobic protozoan such as 

Trichomonas (56, 94).  Clostridial NFOR activity was recently determined to be a side reaction 

of Bcd/EtfBA reduction of crotonyl-CoA to butyryl-CoA (55, 124).  Since clostridial systems do 

not have a true NFOR, the only other source of NFOR is the anaerobic protozoan. 

The unique ability of this NDH to couple NADH oxidation to directly reduce a broad range 

of electron acceptors including low potential ferredoxin, MV, and BV makes T. vaginalis NDH 

the only known member of NFOR class of enzymes.  NDH  is a heterodimer consisting of a 

small (NdhE) and large (NdhF) subunit which have high homology to mitochondrial 24-kDa and 

51-kDa subunits of NADH-dehydrogenase (NDH) of respiratory complex I (94).  Recombinant 

T. vaginalis NDH expressed in E. coli also reduced these low potential electron acceptors (56). 

H2 production from NADH using MV as an electron carrier may also require recombinant 

expression of [Fe]-hydrogenase which currently only been accomplished with low activity.  

Compatibility issues with traditional clostridial [Fe]-hydrogenase due to pH differences makes 

its use with T. vaginalis NDH less ideal.  Hydrogenase from P. grassii isolated from termite 

hindgut may serve as a possible alternative (99).  The high activity of this hydrogenase without 
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maturation accessory proteins in E. coli may be more compatible with NDH since both enzymes 

were hydrogenosome based in their native organisms.  The best candidate for [Fe]-hydrogenase 

cloned from symbiont portion of R. flavipes hindgut had an Evalue of 4 x 10-174 with 67 % identity 

and 81 % overall similarity to [Fe]-hydrogenase from P. grassii.  This high homology did not 

translate into functional expression of active enzyme without accessory proteins.  It may be 

essential to clone and express the hydrogenosomal proteins NDH, Fd, Fe-hydrogenase, and 

accessory proteins together in E. coli to establish an NADH to H2 pathway in E. coli.   

The thermodynamics of producing H2 from NADH is unfavorable requiring about +4.62 

kcal mol-1 (ΔGo) (Equation 5-1) (Figure 6-1).  The [NADH]/[NAD+] ratio required for 

thermodynamically favorable reaction is 2390.  The internal [NAD+]/[NADH] ratios appears to 

be inadequate to shift the reaction to reduce sufficient amount of MV required to drive 

continuous H2 evolution by HYD3.  Overnight cultures of E. coli expressing NDH contained 

only 0.060 mM reduced MV in a total of 1.0 mM MV.  The actual redox potential (E) of MV at 

this equilibrium ratio is -404 mV (Eo’ = -440 mV).  NDH needs to generate a MVred/MVox ratio 

at least three to four fold higher to drive the electrons to hydrogenase and to H2 production, at an 

Eo’ of -420 mV.   

This study attempted to improve hydrogen production by E. coli utilizing hydrogenosome 

based NDH to couple NADH oxidation to low potential viologen dye reduction.  Although 

reduced methyl viologen failed to support high level of hydrogen production, this study 

expanded our understanding of hydrogenosomal NDH from T. vaginalis by providing an insight 

of its capability and limitation in heterologous hosts.  Future work in this area may involve 

recombinant expression of enzymes/proteins from the same organism since they normally have 

better protein-protein interactions than with heterologous enzymes.  The expression of T. 
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vaginalis hydrogenosome ferredoxin (-347 mV) and a [Fe]-hydrogenase in an active form may 

be required to achieve NADH dependent H2 production; however, given the thermodynamic 

constraints of the system, in vivo NADH to H2 may still be difficult to accomplish even with 

continuous H2 removal.   

Butanol 

Butanol is a 4-carbon alcohol that has many physical properties similar to gasoline.  Its 

high combustional energy yield and renewable biological production is of great interest in recent 

years as a gasoline additive or even as a potential gasoline replacement.  Butanol is produced by 

fermentation by some members of the genus Clostridium, where the model organism is C. 

acetobutylicum.  Production of butanol is always accompanied by co-production of lower energy 

value compounds such as acetone and ethanol.  Attempts to eliminate side products and produce 

a robust homo-butanol fermentating Clostridium had been unsuccessful (44, 87, 88, 120, 145, 

234).  The limited available genetic tools and fastidious nature of the strict anaerobes makes it a 

less than ideal organism to engineer.  An alternative to engineering clostridia for homo-butanol 

production is to introduce the entire butanol pathway into a well-known non-producing organism 

that is easy to manipulate.  In this study, I explored the potential of E. coli to produce butanol as 

a sole fermentation product.   

The established butanol pathway enzymes were produced in a recombinant E. coli and 

these enzymes did catalyze the sequential reactions from acetyl-CoA to butanol, in vitro.  

However, in vivo, crotonyl-CoA reduction was found to be a rate-limiting step in this pathway 

due to a unique need for alternative electron donor that is yet to be identified.  Alternative 

enzyme such as CcrA is fraught with NADPH requirement since the pool of NADPH in an 

anaerobic cell is not high enough to drive this reaction towards high butanol yield.  However, the 

in vitro production of butanol provided the proof of principle that E. coli could functionally 
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produce the enzymes required for the production of butanol from acetyl-CoA, provided 

appropriate electron donors can be generated in vivo.   

pH controlled fermentations revealed the optimal pH for butyrate production was about 6.0 

producing about three times more butyrate than at pH 7.0.  Multiple copies of bcd-etfBA 

improved butyrate production suggesting that Bcd/EtfBA protein level was not at par with the 

rest of the pathway.  One proposed method for increasing butyrate production was to insert 

additional copies of bcd-etfBA into the chromosome under control of highly expressed 

promoters.   

Directed evolution had been an instrument used for strain development for industrial grade 

production of compounds and adaptation to less than desirable media conditions (43, 103, 104, 

111, 135, 227, 231, 235).  Since the chromosomal inserts of the butanol pathway are stable, 

directed evolution by serial transfers could be implemented to select for improved productivity 

with the key focus on enhancing Bcd/EtfBA protein level and activity.  The recombinant E. coli 

with butanol/butyrate genes produced in this study could be a good platform organism for the 

evolution of a biocatalyst for butyrate/butanol production.   

Future work in this area may include the identification of the specific Bcd/EtfBA electron 

donor.  The expression of clostridial ferredoxin may be required for effective Bcd activity.  Li et 

al. demonstrated that the Bcd/EtfBA complex couples NADH-dependent reduction of crotonyl-

CoA and ferredoxin (124) and suggest ferredoxin may perhaps serve as an electron bridge 

between Bcd and EtfBA components.  Reduced electron carriers such as MV and DCPIP has 

been demonstrated to couple to crotonyl-CoA reduction (55).  Since T. vaginalis NDH reduced 

these electron carriers, the use of NDH with the appropriate electron carrier may increase Bcd 

activity.  Mutations in lpdA has been demonstrated to increase the PDH activity under anaerobic 
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growth condition supplying an additional 2 NADH (111, 112) that could help maintain redox 

balance during butanol production.  An alcohol dehydrogenase specific for butyryl-

CoA/butyraldehyde may need to be engineered to eliminate co-production of ethanol with 

butanol.  Overcoming these rate-limiting steps is expected to yield a microbial biocatalyst that 

can catalyze the production of butanol as the main fermentation product and at high yield from 

biomass-derived sugars.  
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Figure 6-1.  Thermodynamics of the NADH-dependent hydrogen production pathway.  The 
values in parentheses represent the standard midpoint potential (Eo’) of the respective 
component.  H2 from NADH is a thermodynamically unfavorable reaction with ΔG of 
+4.62 kcal mol-1.  a T. vaginalis ferredoxin (205, 206); b NDH N1a cluster 
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APPENDIX 
REPRINT PERMISSION OF PUBLISHED MATERIALS 

 
A portion of the Chapter 5: Results - Biochemical Characterization of NFOR (NDH) from 

T. vaginalis was previously published by Springer Science + Business Media and Copyright 

Clearance Center's Rightslink1 (56).  Written permission from the publisher was given on June 

17 and 22, 2009 to reproduce text, excerpts, and figures (Figures 5-4, 5-5, and 5-6 and Tables 5-2 

and 5-3) with license numbers 2214350581080, 2211440942274, and 2211440754680, 

respectively, for use in the doctoral dissertation of Phi Minh Do, the first author of the above 

publication.   

 

                                                   
1 Do, P. M., A. Angerhofer, I. Hrdy, L. Bardonova, L. O. Ingram, and K. T. Shanmugam. 2009. Engineering 
Escherichia coli for fermentative dihydrogen production: potential role of NADH-ferredoxin oxidoreductase from 
the hydrogenosome of anaerobic protozoa. Appl Biochem Biotechnol 153:21-33. 
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