
ABSTRACT 

LODER, ANDREW JAMES. Development of the Extreme Thermophiles Pyrococcus 

furiosus and Sulfolobus acidocaldarius as Metabolic Engineering Platforms. (Under the 

direction of Dr. Robert M. Kelly.) 

 

Recent advances in molecular genetics tools for extreme thermophiles have made it 

possible to begin using them as platforms for metabolic engineering for the production of 

fuels and chemicals. First, the current state of tools and applications of extreme thermophiles 

for metabolic engineering are reviewed. Discussed are the advantages and drawbacks of 

using extreme thermophiles as industrials hosts, considerations for selecting an appropriate 

thermophilic host organism, genetic strategies and available tools genetic manipulation of 

extreme thermophiles, and proven genetic elements for enzyme and pathway expression. In 

addition, applications of metabolic engineering in extremely thermophilic hosts are presented 

along with a future perspective on this developing technology.  

Next, a synthetic thermophilic pathway for n-butanol production from acetyl-CoA 

was designed and analyzed. A pathway that functioned at 70°C was assembled in vitro from 

enzymes recruited from thermophilic bacteria to inform efforts for engineering butanol 

production into thermophilic hosts. Recombinant versions of eight thermophilic enzymes 

were used to examine three possible pathways for n-butanol. One version of this pathway had 

previously been engineered into the extremely thermophilic anaerobic archaeon Pyrococcus 

furiosus, with limited success. To identify possible improvements for in vivo n-butanol 

production, a reaction kinetics model was developed and validated via comparison to in vitro 

experiments. The model was then used to determine relative enzyme ratios needed to 

maximize n-butanol production and minimize production of the undesirable side product 

ethanol. The optimum enzyme ratios allowed >70% conversion to n-butanol in vitro, but with 



 

a 60% decrease in predicted pathway flux. More selective thermophilic versions of three of 

the enzymes would allow similar conversion to n-butanol without a decrease in pathway flux.  

Reaction kinetics models were further utilized to examine the potential of the 3-

hydroxypropionate/4-hydroxybutyrate (3HP/4HB) carbon fixation cycle, found in extreme 

thermoacidophiles, for production of chemicals directly from CO2. A reaction kinetics model 

of the complete cycle was developed using parameters taken from the literature and 

measured from recombinantly-produced enzymes. The reaction kinetics model was capable 

of predicting several experimentally-observed features of the 3HP/4HB cycle, validating the 

model as a useful investigational tool. Four potential pathways for production of acetyl-CoA, 

3HP, or succinate using enzymes from the 3HP/4HB cycle were examined using the kinetic 

model. The model identified specific strategies for engineering these pathways into a 

thermophilic host, as well as potential advantages and weaknesses of each pathway.  

Finally, the first steps were taken towards using the above pathways in vivo by 

developing Sulfolobus acidocaldarius as a metabolic engineering platform for 

chemolithoautotrophic chemical production. The evolutionary history of S. acidocaldarius 

suggest that it could be engineered to fix CO2, driven by the oxidation of elemental sulfur. A 

sulfur oxygenase reductase was recombinantly expressed in S. acidocaldarius. The resulting 

strain was capable of sulfur oxidation but displayed a slow-growth phenotype in the presence 

of sulfur, in contrast to the parent strain. The transcriptome of the parent and mutant strains 

suggest that S. acidocaldarius has the regulatory framework for sulfur oxidation. 

Comparative genomics analysis identifies additional enzymes to express in S. acidocaldarius 

to enable energy conservation from sulfur and alleviate sulfur toxicity, and strain 

development is currently underway. 



© Copyright 2016 by Andrew James Loder 

All Rights Reserved 



 

Development of the Extreme Thermophiles Pyrococcus furiosus and Sulfolobus 

acidocaldarius as Metabolic Engineering Platforms 

 

 

by 

Andrew James Loder 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

Chemical Engineering 

 

 

Raleigh, North Carolina 

2016 

 

APPROVED BY: 

 

________________________________  ________________________________ 

Dr. Robert M. Kelly      Dr. Gregory T. Reeves 

Committee Chair 

 

 

________________________________  ________________________________ 

Dr. Amy M. Grunden      Dr. Balaji Rao 

 

  



ii 

BIOGRAPHY 

Andrew James Loder was born in Dallas, Texas in 1986 to his parents Randall and 

Christine Loder. Shortly after his birth, his family moved to Ann Arbor, Michigan, where his 

sister Wendy and brother David were born. Andrew’s family moved to Eagan, Minnesota 

and again to Carmel, Indiana, where he graduated high school. After high school, Andrew 

attended Rose-Hulman Institute of Technology, where he majored in Chemical Engineering 

with a double major in Biochemistry & Molecular Biology. He received his Bachelor of 

Science in 2008, graduating summa cum laude. After college, Andrew was married to his 

wife Elizabeth. Andrew worked for two years as and Applications Engineer at The Babcock 

& Wilcox Company designing components for power-generation boilers. Realizing he did 

not want a career in power generation, Andrew decided to attend graduate school at NC State 

in order to pursue a career in biotechnology. He studied and conducted research under the 

advisement of Dr. Robert Kelly, whose excellent mentorship made graduate school a 

valuable and enjoyable experience. After completing his Ph.D. in June 2016, Andrew will 

start a career in biotechnology at Novozymes in Franklinton, North Carolina, where he will 

work as a Process Engineer in the fermentation department.  

 



iii 

ACKNOWLEDGMENTS 

I would like to thank my advisor, Dr. Kelly, whose mentorship helped me to grow 

professionally over the past six years. His guidance and assistance with project planning, 

experimental design, writing, and presenting was invaluable. I am also grateful to all of the 

past and current members of the Kelly lab, who it has been a privilege with which to work. In 

particular, thanks to Sara Blumer-Schuette, Yejun Han, and Aaron Hawkins for teaching me 

many experimental methods when I first joined the lab. In addition, thanks to Jeff Zurawski, 

Jonathan Conway, Ben Zeldes, and Chris Straub, whose team-oriented mindset and 

assistance with all the little things made biological research manageable.  

I would also like to thank the other groups that helped support me in my research. I 

am grateful to the NIH Molecular Biology Training program for education and financial 

assistance that made part of my research possible. Thanks also to my collaborators in Dr. 

Mike Adams’ group at the University of Georgia. Dr. Adams, Gina Lipscomb, Gerti Schut, 

and Matt Keller provided invaluable assistance with writing, in addition to tips and tricks for 

the culture and genetic manipulation of Pyroccocus furiosus.  

Finally, I am thankful to my family. Thanks to my Mom, Dad, brother, and sister for 

their encouragement throughout graduate school. Most importantly, I am grateful to my wife 

Lizzie, who originally encouraged me to go to graduate school. Her unwavering love and 

support – emotional, spiritual, and financial – over the past six years helped me through the 

tough times and made graduate school possible. 

  



iv 

TABLE OF CONTENTS 

LIST OF TABLES ................................................................................................................... ix 

LIST OF FIGURES ................................................................................................................. xi 

CHAPTER 1   Extreme Thermophiles as Metabolic Engineering Platforms: Strategies 

and Current Perspective .................................................................................................1 

Abstract ............................................................................................................................. 2 

1.1 Introduction ................................................................................................................. 3 

1.2 Bioprocessing advantages for extremely thermophilic hosts ...................................... 5 

1.3 Bio-based chemicals and fuels: targets and opportunities .......................................... 7 

1.4 Considerations for selecting an extremely thermophilic host ................................... 10 

1.5 General strategies for genetic manipulation of extreme thermophiles ..................... 12 

1.6 Limitations and barriers to genetic modification of extreme thermophiles .............. 21 

1.7 Current status of metabolic engineering efforts and prospects in extreme 

thermophiles ........................................................................................................ 24 

1.8 Pyrococcus furiosus .................................................................................................. 27 

1.8.1 Genetic tools – P. furiosus ..............................................................................27 

1.8.2 Metabolic engineering – P. furiosus ...............................................................30 

1.9 Thermococcus species ............................................................................................... 39 

1.9.1 Genetic tools – Thermococcus species ............................................................40 

1.9.2 Metabolic engineering – Thermococcus species ............................................41 

1.10 Sulfolobus species ................................................................................................... 42 

1.10.1 Genetics tools – Sulfolobus species ..............................................................43 

1.10.2 Metabolic engineering – Sulfolobus species .................................................46 

1.11 Thermotoga maritima ............................................................................................. 47 

1.11.1 Genetic tools – Thermotoga species .............................................................48 

1.11.2 Metabolic engineering – Thermotoga species ..............................................51 

1.12 Thermus species ...................................................................................................... 52 

1.12.1 Genetic tools – Thermus species ...................................................................52 

1.12.2 Metabolic engineering – Thermus species ....................................................56 

1.13 Caldicellulosiruptor bescii ...................................................................................... 58 

1.13.1 Genetics tools – Caldicellulosiruptor bescii .................................................59 



v 

1.13.2 Metabolic engineering – Caldicellulosiruptor bescii ...................................61 

1.14 Thermoanaerobacter species .................................................................................. 64 

1.14.1 Genetic tools – Thermoanaerobacter species ...............................................65 

1.14.2 Metabolic engineering – Thermoanaerobacter species ................................67 

1.15 Caldanaerobacter subterraneus subsp. tengcongensis ........................................... 70 

1.15.1 Genetics tools - Caldanaerobacter subterraneus subsp. 

tengcongensis ...............................................................................................71 

1.15.2 Metabolic engineering - Caldanaerobacter subterraneus subsp. 

tengcongensis ...............................................................................................71 

1.16 Metabolic engineering of extreme thermophiles – Tool kit needs.......................... 72 

1.16.1 Promoters ......................................................................................................72 

1.16.2 Ribosomal binding sites ................................................................................74 

1.16.3 Reporter genes ..............................................................................................75 

1.17 Conclusions and future perspective ........................................................................ 75 

1.18 Acknowledgments ................................................................................................... 78 

CHAPTER 2   Alcohol Selectivity in a Synthetic Thermophilic n-Butanol Pathway is 

Driven by Biocatalytic and Thermostability Characteristics of Constituent 

Enzymes .......................................................................................................................80 

Abstract ........................................................................................................................... 81 

2.1 Introduction ............................................................................................................... 82 

2.2 Materials and Methods .............................................................................................. 87 

2.2.1 Materials .........................................................................................................87 

2.2.2 Recombinant production of pathway enzymes ................................................88 

2.2.3 Enzyme activity assays ....................................................................................90 

2.2.4 In vitro n-butanol production ..........................................................................91 

2.2.5 Gas chromatography .......................................................................................92 

2.2.6 Kinetic modeling and optimization .................................................................92 

2.2.7 Other methods .................................................................................................93 

2.3 Results ....................................................................................................................... 93 

2.3.1 Selection of thermophilic enzymes for hybrid pathway ..................................93 

2.3.2 Production of enzymes from hybrid pathway ..................................................94 

2.3.4 Kinetic parameters for enzymes in the hybrid n-butanol pathway .................96 

2.3.5 Enzyme stability ..............................................................................................99 



vi 

2.3.6 In vitro assembly of n-butanol pathway ........................................................101 

2.3.7 Pathway kinetic modeling and optimization .................................................102 

2.3.8 Model predictions using hypothetical Bad and Bdh .....................................108 

2.4 Discussion ............................................................................................................... 109 

2.5 Acknowledgments ................................................................................................... 113 

2.6 Supplementary Information .................................................................................... 114 

CHAPTER 3   Metabolic Analysis of the 3-Hydroxypropionate/4-Hydroxybutyrate 

CO2 Fixation Pathway in the Extremely Thermoacidophilic Archaeon 

Metallosphaera sedula ...............................................................................................116 

Abstract ......................................................................................................................... 117 

Abbreviations ................................................................................................................ 118 

3.1 Introduction ............................................................................................................. 119 

3.2 Materials and Methods ............................................................................................ 122 

3.2.1 Materials .......................................................................................................122 

3.2.2 Cloning, expression, and purification of HPCS, HPCD, ACR, MCR, 

and SSR ......................................................................................................123 

3.2.3 Purification protocol for HPCS, HPCD, ACR, SSR, and MCR ....................124 

3.2.4 Measurement of HPCS, HPCD, ACR, ACC, MCR and SSR activity ............125 

3.2.5 Yeast Two-Hybrid assay for protein interaction analysis of HPCS-

HPCD, and ACR-SSR ................................................................................127 

3.2.6 Reaction kinetics model of the 3HP/4HB cycle ............................................128 

3.3 Results ..................................................................................................................... 130 

3.3.1 Development of a kinetic model for the 3HP/4HB cycle ..............................130 

3.3.2 Enzymes responsible for 3HP to 4HB conversion in M. sedula ...................133 

3.3.3 HPCD ............................................................................................................133 

3.3.4 HPCS .............................................................................................................135 

3.3.5 SSR ................................................................................................................136 

3.3.6 ACR ...............................................................................................................136 

3.3.7 MCR ..............................................................................................................137 

3.3.8 Kinetic modeling and optimization of the 3HP/4HB cycle ...........................139 

3.3.9 Impact of enzyme amounts, cofactor concentrations, and parameter 

values on model results ..............................................................................141 

3.4 Discussion ............................................................................................................... 145 

3.5 Acknowledgments ................................................................................................... 151 



vii 

3.6 Supplementary Information .................................................................................... 152 

CHAPTER 4   Metabolic Engineering Opportunities for the 3-Hydroxypropionate/ 

4-Hydroxybutyrate CO2 Fixation Cycle in Renewable Chemical Production 

Based on Reaction Kinetics Analysis ........................................................................159 

Abstract ......................................................................................................................... 160 

Abbreviations ................................................................................................................ 161 

4.1 Introduction ............................................................................................................. 162 

4.2 Materials and Methods ............................................................................................ 163 

4.3 Results ..................................................................................................................... 164 

4.3.1 Optimum enzyme ratios .................................................................................164 

4.3.2 Impact of parameter uncertainty on pathway flux predictions .....................166 

4.3.3 Impact of enzyme and cofactor concentrations on pathway flux ..................168 

4.4 Discussion ............................................................................................................... 174 

4.4.1 Autotrophic products from acetyl-CoA .........................................................174 

4.4.2 Autotrophic succinate production .................................................................175 

4.4.3 Heterotrophic succinate production .............................................................176 

4.4.5 Heterotrophic 3HP production .....................................................................176 

4.4.6 Current status of biological 3HP and succinate production ........................177 

4.4.7 Concluding remarks ......................................................................................178 

4.5 Acknowledgments ................................................................................................... 179 

4.6 Supplementary Information .................................................................................... 181 

CHAPTER 5   Restoration of Sulfur Oxidation Capacity in Sulfolobus acidocaldarius 

to Support Chemolithotrophic Production of Chemicals from CO2 ..........................182 

Abstract ......................................................................................................................... 183 

Abbreviations ................................................................................................................ 184 

5.1 Introduction ............................................................................................................. 185 

5.2 Materials and Methods ............................................................................................ 194 

5.2.1 Culture of Sulfolobales species .....................................................................194 

5.2.2 Batch bioreactor culture of strains MW001 and SA104 ...............................195 

5.2.3 Continuous bioreactor culture of strains MW001c and SA104 ....................196 

5.2.4 Incubation of S. acidocaldarius cell suspensions with sulfur .......................197 

5.2.5 DNA microarray sample collection and analysis .........................................197 

5.2.6 qPCR .............................................................................................................198 



viii 

5.2.7 Construction of S. acidocaldarius strain SA104 ...........................................199 

5.2.8 Sulfate assay ..................................................................................................200 

5.2.9 Other methods ...............................................................................................200 

5.3 Results ..................................................................................................................... 201 

5.3.1 Identification of missing genes required for chemolithoautotrophy in 

S. acidocaldarius ........................................................................................201 

5.3.2 Transcription of hbcs and sor in Saci strain SA104 .....................................202 

5.3.3 Sulfur oxidation by Saci strain SA104 ..........................................................203 

5.3.4 Transcriptomic response of Saci strains to sulfur ........................................205 

5.3.5 Transcriptomic response of Saci strains to CO2 ...........................................210 

5.4 Discussion ............................................................................................................... 211 

5.5 Acknowledgments ................................................................................................... 214 

5.6 Supplementary Information .................................................................................... 215 

REFERENCES ......................................................................................................................233 

 

 

 

  



ix 

LIST OF TABLES 

Table 1.1. Methods for genetic manipulation of extreme thermophiles (Topt ≥ 70°C) ............17 

Box 1.1. Metabolic classification of organisms .......................................................................24 

Table 1.2. Extremely thermophilic metabolic engineering hosts ............................................25 

Table 1.3. Metabolic engineering applications of extreme thermophiles ................................32 

Table 1.4. Genetic parts available for engineering of extreme thermophiles ..........................33 

Table 2.1. n-Butanol production by selected native and engineered microorganisms. ...........87 

Table 2.2. Hybrid thermophilic n-butanol pathway enzymes ..................................................95 

Table 2.3. Kinetic parameters of n-butanol pathway enzymes ................................................98 

Table 2.4. Inactivation parameters of n-butanol pathway enzymes .......................................101 

Table 2.5. Enzyme-catalyzed reaction rate expressions ........................................................104 

Table 2.6. Enzyme kinetic parameters used in model ...........................................................105 

Table 2.7. Pathway selectivity and productivity ....................................................................107 

Supplementary Table S2.1. Primer sequences used in gene cloning .....................................114 

Supplementary Table S2.2. Measured and predicted alcohol production for in vitro 

assembly of pathway enzymes ...................................................................................115 

Table 3.1. Enzymes of the 3-hydroxypropionate/4-hydroxybutyrate cycle in M. sedula ......132 

Table 3.2. Molecular properties of selected enzymes for 3HP to 4HB conversion ...............135 

Supplementary Table 3.S1. Primer sequences for cloning HPCS, HPCD, ACR, and 

SSR from M. sedula ...................................................................................................152 

Supplementary Table 3.S2. Reaction details and parameters ................................................155 

Supplementary Table 3.S3. Steady-state concentrations of cycle intermediates at 

optimum enzyme ratios. .............................................................................................158 

Table 4.1. Specific productivity of pathways constructed from 3HP/4HB cycle ..................172 

Table 4.2. Overall stoichiometry for pathways constructed from 3HP/4HB cycle 

enzymes......................................................................................................................176 



x 

Supplementary Table 4.S1. Steady-state concentrations of pathway intermediates at 

optimum enzyme ratios. .............................................................................................181 

Table 5.1. Survey of extremely thermoacidophilic archaeal genomes for components 

of the 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycle. ...........................188 

Table 5.2. Putative genes implicated in H2S oxidation in Sulfolobus species (451). ............193 

Table 5.3. Gibbs free energy of sulfur oxidation reactions (448) ..........................................193 

Table 5.4. S. acidocaldarius strains used in this study ..........................................................199 

Table 5.5. Differentially transcribed genes for S. acidocaldarius strains MW001, 

MW001c, and SA104 in response to S0 and CO2 ......................................................207 

Table 5.6. Selected differentially transcribed genes in MW001 or SA104 in response 

to sulfur (log2 scale) ...................................................................................................208 

Supplementary Table 5.S1. Primers used in this study ..........................................................215 

Table 5.S2. 3HP/4HB cycle enzyme homologs in the Sulfolobales (best matches by 

protein sequence) .......................................................................................................216 

Table 5.S3. 3HP/4HB cycle enzyme homologs in the Sulfolobales (best matches by 

nucleotide sequence) ..................................................................................................217 

Supplementary Table 5.S4. Sulfur oxidation reactions .........................................................218 

Supplementary Table 5.S5. Significantly differentially transcribed genes with >4-fold 

change for sulfur microarray loop ..............................................................................219 

Supplementary Table 5.S6. Significantly differentially transcribed genes with >2-fold 

change for CO2 microarray loop ................................................................................227 

  



xi 

LIST OF FIGURES 

Figure 1.1. Current and future targets for metabolic engineering of extreme 

thermophiles. ................................................................................................................10 

Figure 1.2. General strategies for chromosomal deletion or insertion. ....................................20 

Figure 1.3. Equipment required for plating anaerobic thermophiles. ......................................23 

Figure 1.4. Modeling and optimization of a thermophilic n-butanol pathway in vitro. ..........39 

Figure 2.1. Enzymatic pathway for n-butanol formation. ........................................................85 

Figure 2.2. SDS-PAGE analysis of purified enzymes. ............................................................96 

Figure 2.3. Kinetic parameters of n-butanol pathway enzymes in log space. .......................100 

Figure 2.4. Measured and predicted alcohol production for in vitro assembly of 

pathway enzymes. ......................................................................................................103 

Figure 2.5. In vitro production of ethanol and n-butanol using X514-Bad+X514-Bdh 

pathway with optimized enzyme ratios at 60°C and low enzyme loading ................108 

Supplementary Figure S2.1. GC chromatogram of in vitro reaction containing 0.2 

U/ml Thl, Hbd, Crt, Ter, Bad, and Bdh at 60°C. .......................................................114 

Figure 3.1. Reactions of the 3-hydroxypropionate/4-hydroxybutyrate carbon fixation 

cycle. ..........................................................................................................................121 

Figure 3.2. Purification, and quaternary structure analysis of HPCS and HPCD. .................134 

Figure 3.3. Purification and quaternary structure analysis of ACR and SSR. .......................138 

Figure 3.4. Optimized amounts of 3HP/4HB cycle enzymes and flux control 

coefficients. ................................................................................................................141 

Figure 3.5. Effect of cofactor concentrations and parameters on 3HP/4HB cycle. ...............144 

Figure 3.6. Thermodynamic landscape and kinetic utilization of 3HP/4HB cycle 

enzymes......................................................................................................................146 

Figure 3.7. Protein interaction assay for HPCS and HPCD, ACR and SSR by Yeast 

Two Hybrid. ...............................................................................................................148 

Figure 4.1. Optimized enzyme amounts for metabolic engineering applications of 

3HP/4HB cycle enzymes. ..........................................................................................165 



xii 

Figure 4.2. Parameter response coefficients for metabolic engineering applications of 

3HP/4HB cycle at optimum enzyme ratios predicted by model. ...............................167 

Figure 4.3. Flux control coefficients for metabolic engineering applications of 

3HP/4HB cycle at optimum enzyme ratios predicted by model. ...............................169 

Figure 4.4. Effect of (A) NADPH and (B) coenzyme A concentrations on specific 

carbon fixation rate for metabolic engineering applications of 3HP/4HB cycle 

at optimum enzyme ratios predicted by model. .........................................................171 

Figure 4.5. Thermodynamic driving forces and enzyme utilization factors for pathway 

reactions. ....................................................................................................................173 

Figure 5.1. Sulfur oxidation mechanisms in Acidianus ambivalens. Red arrows track 

the movement of sulfur. .............................................................................................192 

Figure 5.2. Schematic of continuous culture setup for S. acidocaldarius. ............................197 

Figure 5.3. Partial sequence alignment of 4-hydroxybutyryl-CoA synthetase (HBCS) 

in selected Sulfolobales..............................................................................................202 

Figure 5.4. Transcription of hbcs (Msed_0406) and sor (ST1127) in strain SA104. ............203 

Figure 5.5. S. acidocaldarius strains MW001 and SA104 grown in presence or 

absence of elemental sulfur. .......................................................................................204 

Figure 5.6. Sulfur oxidation and growth phenotypes of S. acidocaldarius strains. ...............206 



1 

CHAPTER 1 

 

 

Extreme Thermophiles as Metabolic Engineering Platforms: 

Strategies and Current Perspective 

 

 

Andrew J. Loder1, Benjamin M. Zeldes1, Jonathan M. Conway1, James A. Counts1, 

Christopher T. Straub1, Piyum A. Khatibi1, Laura L. Lee1, Nicholas P. Vitko1, Matthew W. 

Keller2, Amanda M. Rhaesa2, Gabe M. Rubinstein2, Israel M. Scott2, Gina L. Lipscomb2, 

Michael W.W. Adams2, and Robert M. Kelly1* 

 

 

1Department of Chemical and Biomolecular Engineering, North Carolina State University, 

Raleigh, NC 27695-7905 

2Department of Biochemistry and Molecular Biology, University of Georgia, Athens, GA 

30602 

 

 

Published in Industrial Biotechnology 

Liao JC and Wittman C (ed). Wiley-VCH, Weinheim, Germany (in press, 2016). 

  



2 

Abstract 

Recent advances in molecular genetic tools for extreme thermophiles have made it 

possible to begin using them as platforms for metabolic engineering for the production of 

fuels and chemicals. To the point, this review focuses on the current state of tools and 

applications of extreme thermophiles for metabolic engineering. Discussed here are the 

advantages and drawbacks of using extreme thermophiles as industrials hosts, as well as 

considerations for selecting an appropriate host from this group of microorganisms. The 

genetic strategies and tools available for several extreme thermophiles are discussed, 

including the variety of genetic elements that could be considered. Finally, applications of 

metabolic engineering with extreme thermophiles are presented along with perspectives on 

future developments in this emerging technology. 
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1.1 Introduction 

In the past decade, interest in developing biological routes to fuels and chemicals has 

risen dramatically, as the world attempts to find sustainable methods of replacing petroleum-

derived fuels and chemicals (1-3). In the past, fuels or solvents such as ethanol, n-butanol, 

and acetone were produced by fermentation with wild-type organisms, but these approaches 

were phased out as advances in petroleum-based chemical production became more cost-

competitive (4). To make biological production of the fuels and chemicals competitive with 

petroleum-based processes, the capabilities of natural producers are no longer adequate and 

must be improved upon. To develop organisms capable of producing fuels and chemicals 

with high yields and titers from the desired feed stocks, the chemical industry has turned to 

metabolic engineering.  

Metabolic engineering involves modifying the metabolic pathways of organisms to 

generate a desired phenotype, such as production of a fuel or chemical. Such modifications 

are made through the application of genetic engineering tools, which were first developed for 

model mesophilic microorganisms, such as the bacterium Escherichia coli and the yeast 

Saccharomyces cerevisiae. As a result, the majority of metabolic engineering initiatives 

focus upon these organisms as hosts. Significant efforts have been directed at developing E. 

coli as a producer of fuel alcohols, terpenes, fatty acids, and pharmaceuticals (1, 2, 5-9). 

Likewise, S. cerevisiae has been developed as a producer for many of the same products (10-

13). In fact, these organisms have also been used to produce advanced biofuels, such as 

isobutanol and farnesene, and commodity chemicals, such as 1,3-propanediol and the 

antimalarial drug artemisinin (1, 13, 14). 
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While genetic engineering of E. coli and S. cerevisiae is trivial, the growth and 

metabolic characteristics of these model organisms are not ideally suited to every metabolic 

engineering goal. Often, a non-model organism can have desirable traits that make it a more 

attractive starting point for certain metabolic engineering initiatives. As genetic tools become 

available for more species, non-model organisms are increasingly being used as hosts in 

metabolic engineering approaches. For example, members of the cyanobacterium genus 

Synechococcus have been engineered for photoautotrophic production of fuel alcohols, 

alkanes, 3-hydroxypropionate, and polyhydroxybutyrates (15-19). The native n-butanol 

producer Clostridium acetobutylicum has been engineered for increased n-butanol production 

(20, 21). Similarly, natural fatty acid accumulation in the yeast Yarrowia lypolytica has been 

enhanced through metabolic engineering (22). 

One category of organisms that is also being explored as metabolic engineering hosts 

is the extreme thermophiles, as genetic tools are now becoming available for multiple 

species, making it possible to engineer them for industrial use. Extreme thermophiles are 

defined as organisms with optimal growth temperatures of 70°C and above, and these belong 

exclusively to the domains of Bacteria and Archaea (23, 24). Extreme thermophiles have 

unusual metabolic pathways and adaptations that offer intrinsic advantages for industrial 

bioprocessing. 

This review focuses on the current state of tools and applications of extreme 

thermophiles for metabolic engineering. Discussed here are the advantages and drawbacks of 

using extreme thermophiles as industrials hosts, as well as considerations for selecting an 

appropriate host from this group of microorganisms. The genetic strategies and tools 

available for several extreme thermophiles are discussed, including the variety of genetic 
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elements that could be considered. Finally, applications of metabolic engineering with 

extreme thermophiles are discussed along with perspectives on future developments in this 

emerging technology. 

1.2 Bioprocessing advantages for extremely thermophilic hosts 

Extreme thermophiles are noteworthy for their high optimal growth temperatures, and 

initial research efforts to study these organisms was with regard to their being outliers to 

conventional temperature limits for life. However, more recently, these unique organisms are 

being recognized to offer opportunities for exploiting extreme thermophilicity for 

commercial uses. Consistent with their high optimal growth temperatures, extreme 

thermophiles produce enzymes that are likewise stable at elevated temperatures. The most 

notable and earliest example of exploiting an enzyme from an extreme thermophile was the 

development of the Thermus aquaticus (Taq) DNA polymerase for use in the Polymerase 

Chain Reaction (PCR) (25). Taq polymerase became an essential tool in the advancement of 

biotechnology, and use of thermophile-sourced enzymes in PCR is now ubiquitous (26). 

Now, with the advent of available genetic systems for these microorganisms, there are 

opportunities to use extreme thermophiles to enable economically viable commercial scale 

production of fuels, chemicals, enzymes, or other products. As an added advantage, certain 

extreme thermophiles also possess natural tolerances for other extremes such as pH, salinity, 

metals, and other toxic compounds. It remains to be seen whether extreme thermophiles are 

more resistant to solvents, metabolic intermediates and end-products, additional factors that 

could favor them over their mesophilic counterparts as metabolic engineering hosts (27). 

A potential advantage of extreme thermophiles is the lower likelihood of 

contamination in industrial settings. Highly genetically modified organisms usually have a 
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fitness disadvantage (28) and can therefore be easily overtaken in culture when 

contaminating organisms are present. The high growth temperatures of extreme thermophiles 

preclude growth or survival of most potential contaminating organisms. This not only 

reduces the likelihood of low yield or unproductive batches, but can also reduce sterilization 

costs along with capital costs associated with maintaining a highly sterile industrial facility. It 

is unclear at this point whether there should be less concern with the escape of the genetically 

modified organism into the surrounding environment or into the final product, since extreme 

thermophiles are unable to grow in ambient conditions. This issue warrants further attention. 

One possible concern about the use of thermophiles for industrial bioprocessing is 

that the elevated process temperatures will require additional energy. In fact, the opposite 

could be the case, and bioprocesses using thermophiles could lead to significant energy 

savings. All organisms generate heat as a by-product of metabolism, which must be 

dissipated to the environment to maintain a constant temperature. As the scale of the process 

increases, the surface area-to-volume ratio decreases, making it more difficult to maintain an 

isothermal process by heat removal. At the scales required for industrial production, 

metabolic heat production vastly outweighs heat loss to the environment through the 

bioreactor walls, and must be removed by cooling (29). In fact, for a large process, cooling 

duty can be a limiting factor in scale-up. For mesophilic fermentations, the small temperature 

differential between the fermentor and the ambient surroundings is often not adequate for the 

use of cooling water, and therefore necessitates the use of refrigerated cooling fluid, which is 

an additional energy cost (30). The refrigeration requirement decreases as fermentation 

temperature increases, and this can generate significant cost savings, even when only 

moderate thermophiles (40-45°C) are used (30). Thus, extreme thermophiles are attractive 



7 

from a reactor cooling standpoint because the large temperature differential between the 

reactor and the environment would allow the use of non-refrigerated cooling water. 

Furthermore, the low-grade heat produced by cooling the reactor offers the potential for 

additional energy savings via process heat integration.  

An additional large energy cost associated with bioprocessing is the requirement for 

sterilization, which is usually achieved by contact with steam at 121°C. Because extreme 

thermophiles have a lower potential for contamination and phage infection, it may not be 

necessary to sterilize process components at 121°C, and this could allow additional energy 

savings as well as capital cost savings through the use of lower-grade materials. Finally, 

using extreme thermophiles to produce volatile products, such as ethanol and butanol, should 

allow facilitated product removal. Separations processes for purifying volatile products, 

including distillation, pervaporation, and gas stripping, are energy-intensive because they 

operate at elevated temperatures. The elevated temperatures required for thermophilic 

fermentations are more compatible with these separation processes, making thermophilic 

fermentations a favorable match (31, 32). For in situ separations, elevated fermentation 

temperatures may be amenable to distillation or stripping directly from the fermentation 

vessel, thereby maintaining a constant product concentration and potentially allowing for a 

continuous process. In contrast, if the separation strategy involves solvent extraction or phase 

separation, the higher temperatures may be undesirable due to solubility increases.  

1.3 Bio-based chemicals and fuels: targets and opportunities 

Examination of metabolic pathways in extreme thermophiles has provided interesting 

insights into the necessary adaptations for life at high temperatures and possible explanations 

for the mechanisms used by early life. These pathways include enzymes not found in 
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mesophiles and that can perform unique reactions which often by-pass steps found in 

conventional pathways characterized in mesophilic organisms (e.g., (33)). These shortened 

metabolic pathways presumably compensate for changes in equilibrium or instability of 

intermediates at higher temperatures. Thus, these shortcuts may be of some use in 

construction of synthetic metabolic pathways. 

Thermophilic organisms are often found in environments that are not only 

characterized by high temperature, but the chemical composition and nature of these 

environments can also be unusual. Since naturally thermal environments are a consequence 

of subterranean geothermal activity, these niches are often high in inorganic sulfur and 

biologically atypical metals, and exhibit extremes in salinity and pH. The fact that certain 

extreme thermophiles thrive under these otherwise biologically hostile conditions adds to 

their potential advantages as metabolic engineering hosts. A good example of this can be 

found in biomining, where engineered extremely thermoacidophilic hosts could have 

enhanced capacity for solubilizing base, precious and strategic metals from low-grade ores 

(Figure 1.1) (34). 

Current metabolic engineering efforts often focus on low value fuels, such as ethanol 

and hydrogen, due to the myriad of existing known pathways in microorganisms and the 

potential large market for these biofuels (Figure 1.1). The highly efficient conversion of 

starches to ethanol by S. cerevisiae (35) is not likely to be surpassed by engineered extreme 

thermophiles; however, certain thermophiles could be utilized for processing lignocellulosic 

feedstocks by combining natural capacities for cellulose and hemicellulose degradation with 

a synthetic ethanol pathway. For example, this has been considered for species in the genus 

Caldicellulosiruptor which have shown extraordinary capacity to deconstruct complex 
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lignocellulosic feedstocks (36). Interest in biohydrogen production has waxed and waned 

over the years, depending to a large extent on natural gas prices. Many anaerobic 

microorganisms produce hydrogen gas as a by-product of fermentative metabolism, but the 

thermodynamics of this removal of excess reducing equivalents, such as NADH, becomes 

much more thermodynamically favorable at higher temperatures (37). At lower temperatures, 

mesophilic organisms are more likely to add their reducing equivalents to organic molecules 

and form products, such as ethanol or lactate, which at present are more desirable targets.  

On the other end of the spectrum are chemicals that have a smaller market but have a 

much higher value compared to products such as ethanol. Many of these higher value 

compounds are target monomers for fibers and plastics. A current target at present is succinic 

acid, which is an excellent monomer, as well as a valuable four carbon compound (Figure 

1.1). As a component of the tricarboxylic acid (TCA) cycle, the presence of native pathways 

to this molecule lends optimism for near-term optimization. Compounds present in other 

metabolic pathways and cycles, such as 3-hydroxyproprionate, are similarly attractive 

metabolic engineering targets. The key advantage to producing these high value compounds 

by biocatalysis is their specific functional groups that are difficult to create using traditional 

petrochemical processing methods, such as terminal diols and diacids, as well as specific 

alkenes and fatty acids (3). 

As the chemical industry turns more and more to biotechnological solutions for 

chemical and fuel production, the end goal is an optimization of the process to meet given 

economic criteria. Thus, extreme thermophiles must find their niche based on their intrinsic 

properties as hosts. While there are currently no known industrial products produced through 
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the use of metabolically engineered extreme thermophiles, the attributes of these organisms 

make them excellent prospects for further development for future industrial use.  

 

Figure 1.1. Current and future targets for metabolic engineering of extreme 

thermophiles. Boxes with dotted outlines represent potential targets that have not yet been 

demonstrated.  

 

1.4 Considerations for selecting an extremely thermophilic host 

While extreme thermophiles have many intrinsic features that make them attractive 

metabolic engineering hosts for industrial bioprocessing, specific aspects of the industrial 

target must be considered in selecting a host organism. Genetic systems are available for both 

aerobic and anaerobic extreme thermophiles, and both offer advantages and trade-offs as 

potential metabolic engineering hosts. The choice between an aerobe or anaerobe/facultative 

anaerobe for a host is often dependent on the degree of reduction of the product and the 

energetics of its production pathway. For a product with a high degree of reduction, e.g., fuel 

alcohols and fatty acids, it is advantageous to select an anaerobic host. This allows pathway 

engineering strategies in which the product serves as the terminal electron acceptor for the 
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host, providing a driving force for its production that is also coupled with growth (7, 38). In 

an aerobe, electrons are typically donated to oxygen via energy-conserving mechanisms, 

potentially making it difficult to redirect electron flow to a reduced product that likely does 

not allow energy conservation. However, aerobes are frequently a better choice of hosts for 

products such as 3-hydroxypropionate that have a high ATP requirement for production. 

The selection of a host organism can also be influenced by the desired carbon and/or 

energy sources to be used. For high-value products, it is useful to choose a facile, high-

energy carbon source such as sugars. However, for low-value products, alternative sources 

must be used to control costs. For example, efforts toward cellulosic fuel ethanol production 

are driven in part by the reduced cost of lignocellulosic biomass relative to that of corn, 

potentially allowing for bioethanol prices that are cost-competitive with petroleum-derived 

fuels (39, 40). As a result, organisms that natively degrade lignocellulose are attractive 

metabolic engineering hosts for production of biofuels. Such organisms, such as Clostridium 

thermocellum and Caldicellulosiruptor bescii, are currently being engineered for fuel 

molecule production (41, 42). Another example comes from the concept of producing so-

called electrofuels, in which host organisms are often selected for their ability to use 

inorganic energy (electric current or H2) and carbon (CO2) (43-45). 

In addition, it is often advantageous to choose an organism that natively produces the 

desired product. This is not always possible, as only a small minority of known organisms 

have available genetic systems, particularly in extreme thermophiles. However, in cases 

where an organism with a genetic system produces the desired product, it can be easier to 

increase titers of the product in the native organism rather than try to engineer high-titer 

production into an alternate host. For instance, engineering of native thermophilic ethanol 
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producers, such as Thermoanaerobacter mathranii, has led to higher yields and titers than 

adding ethanol production pathways to non-native hosts such as C. bescii (42). This has been 

demonstrated in mesophilic organisms, in which much more effort was required to produce 

similar amounts of n-butanol in E. coli as compared to the native producer C. acetobutylicum 

(7, 20). In a similar vein, it can be easier to use a host that natively makes a product that 

resembles the desired target, such as engineering an ethanologen to produce n-butanol (46). 

However, engineering in pathways that are orthologous to the host’s natural metabolism 

should not be ruled out. It may be the case that this type of heterologous pathway would 

minimally interfere with the host’s metabolism, assuming no common intermediates are 

involved. 

1.5 General strategies for genetic manipulation of extreme thermophiles 

There are a number of extreme thermophiles with established genetic systems (Table 

1.1). Many of these are naturally competent for DNA uptake, such as species of Pyrococcus, 

Thermococcus, and Thermus. Others require more stringent means for inducing DNA uptake, 

with electroporation being the most commonly used method. Transformation is typically 

performed with circular plasmid DNA, although some thermophiles are also readily 

transformed with linear DNA. Selectable markers are limited as the high growth 

temperatures required by these organisms preclude the use of many mesophilic markers and 

means of selection. Two antibiotics that are stable at high temperatures and have 

corresponding thermostable resistance markers are kanamycin and chloramphenicol, and 

these have been employed in bacterial thermophiles. Thermostable antibiotics that are 

functional in Archaea are statin-based compounds (simvastatin and mevinolin) that target the 

isoprenoid biosynthesis pathway for production of archaeal phospholipids. A number of 
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nutritional markers are also employed using corresponding auxotrophic strains, and some of 

these markers have the added benefit of also being counter-selectable. The most commonly 

employed nutritional marker involves genes in the uracil biosynthetic pathway. Deletions in 

pyrF and pyrE generate a background strain that is auxotrophic for uracil. Supplying the 

corresponding marker restores uracil prototrophy. Furthermore, these markers can be 

counter-selected for their absence with the compound 5-fluoroorotic acid (5FOA), an analog 

to a uracil biosynthetic intermediate that can be converted to a toxic product by the enzyme 

encoded by pyrF or pyrE. Other counter-selectable markers based on resistance to 6-

methylpurine, p-chlorophenylalanine and 5-fluorocytosine have also been used to a limited 

extent (see Table 1.1).  

Replicating shuttle vectors have been employed in a number of extreme thermophiles, 

and these vectors are generally based upon use of the backbone of a native plasmid from the 

same organism or a related thermophilic organism. There are also instances for use of the 

host’s chromosomal replication origin to construct a replicating shuttle vector. In general, the 

autonomously replicating plasmids employed in thermophiles have low copy numbers which 

do not approach the high-copy numbers obtained for a variety of plasmid replication origins 

used in mesophiles such as E. coli. Replicating shuttle vectors can be useful as an initial 

screens for expression of metabolic pathway genes since plasmid-based expression might be 

higher depending on the plasmid copy number, and in general, transformation with a 

replicating vector is less labor-intensive than constructing chromosomal mutations. However, 

use of a replicating plasmid is generally not a desirable long-term solution for expression of 

heterologous genes for genetic engineering applications as size limitations and plasmid 

maintenance and stability can be issues.  
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Genetic engineering via chromosomal integration of heterologous metabolic 

pathways has several advantages: higher stability in the absence of selective pressure, a 

greater capacity for large constructs, and the availability of multiple chromosomal locations 

for insertion of a variety of constructs. 

All current techniques for chromosomal modification of extreme thermophiles take 

advantage of host homologous recombination systems to integrate foreign DNA into the 

chromosome, and this requires the use of homologous regions (typically 0.5-1 kb) flanking 

the target genome region within the transforming DNA construct. All of these chromosomal 

modification methods are variations on a few general strategies, as shown in Figure 1.2. 

Design of the transforming DNA and the genetic selection steps vary depending on whether 

circular or linear DNA is used, whether a marked or markerless mutant is desired, and 

whether the goal is gene deletion or insertion. For methods using circular DNA vectors, a 

positive selection step is first required to select for a single-crossover event that integrates the 

vector into the chromosome at one of the homologous flanking regions on the vector. 

Following selection for the presence of the marker, a counter-selection step is used to select 

for a second crossover event that excises the marker(s) (Figure 1.2A and B). Any genes 

between the 3' and 5' homology regions in the host chromosome are deleted following 

counter-selection (Figure 1.2A). If genes are included between the homology regions in the 

vector, they are inserted into the host chromosome (Figure 1.2B). In both of these cases, the 

second selection step will generate either the desired mutation or a reversion to the parent 

strain, depending on the location of the second crossover event; therefore, requiring resulting 

colonies to be screened for the mutation. A drawback to this strategy is that there is no 

selective pressure to force the mutation; therefore, in cases where a mutation creates a fitness 



15 

defect, the number of colonies which contain the desired mutation will be proportional to the 

severity of the defect, and excessive screening may be required to obtain the desired strain. 

To avoid excessive screening for difficult-to-obtain mutations, a second selectable marker, 

such as an antibiotic resistance gene, can be placed between the homology regions, allowing 

a second selective pressure to be applied during the selection and counter-selection steps to 

ensure that surviving colonies have the desired mutation (Figure 1.2C and D). 

Some extreme thermophiles are capable of uptake and integration of linear DNA via 

double-crossover homologous recombination, allowing construction of mutants using linear 

DNA, generated by linearizing a plasmid or amplified as a PCR product. Similar to using 

circular vectors, using linear DNA to generate markerless mutants requires selection for 

integration of the construct and counter-selection for marker removal. The transforming 

DNA contains the marker and 3' homology region placed between the gene of interest and 

the 5' homology region, allowing a double crossover event using the gene of interest and the 

5' homology region. A markerless deletion is generated by homologous recombination at the 

duplicate 3' homology regions (Figure 1.2E). For markerless insertions, the 3' and 5' 

homology regions are used for the first crossover, with the marker, gene(s) of interest, and a 

third homology “pop-out” region included between them (Figure 1.2F). The length of the 

“pop-out” region required will depend upon the recombination efficiency of the organism 

and can range from 65-500 bp. The “pop-out” region can be a random sequence duplicated 

on either side of the marker or a homologous region to a portion of the marker gene, allowing 

the second crossover to occur, leaving a “scar” behind. A pop-out sequence that is 

homologous to a portion of either the 5' or 3' flanking regions can also be used in order to 

generate a final markerless, scarless strain, with the caveat that during initial selection of 
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integration, there is the possibility of integrating the transforming DNA at only that flanking 

region. The advantage of using linear DNA is that only the desired mutant can be obtained 

following counter-selection, with no possibility of reversion to the parent strain. 

The advantage of generating markerless mutants, whether using circular or linear 

DNA, is that iterative genetic modifications can be made to the organism using the same 

selectable markers. This is advantageous for metabolic engineering in which multiple gene 

insertions or deletions are required, especially in extreme thermophiles for which a limited 

number of selectable markers is available. However, in cases where iterative modifications 

are not required, marked deletion or insertion mutants can be generated using linear DNA 

and only a single selection step (Figure 1.2G and H). 
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Table 1.1. Methods for genetic manipulation of extreme thermophiles (Topt ≥ 70°C) 
Organism Genetic 

modification 

Vector Transformation 

method 

Selectiona Counter-selectiona Effective 

transformation 

efficiencya,b 

(CFU/µg DNA) 

Refs 

P. furiosus Homologous 

recombination 

Plasmid, 

BAC, or 

linear DNA 

Natural 

competence 

-Ura 

Or -Agm 

5FOA (2.5 mM) +Ura 

(20 µM) 

Or 5FOA + Agm (4 

mM) 

104 – 105 

per 108 cells 

(47, 48) 

Replicating vector Plasmid Natural 

competence, 

heat shock 

Sim (10 µM) 6MP (50 µM) ~102 

per 108 cells 

(49, 50) 

P. yayanosii Homologous 

recombination 

Plasmid CaCl2 + heat 

shock 

Sim (5 µM), -

Ura 

5FOA (0.1 %) 102 (51) 

 

T. kodakarensis Homologous 

recombination 

Plasmid or 

linear DNA 

CaCl2 + heat 

shock  

-Ura, -Trp 

Sim (4 µM) 

5FOA (4.3 mM) +Ura 

(89 mM) 

6MP (10 µM) 

100-101  (52-55) 

Replicating vector Plasmid CaCl2 + heat 

shock 

-Trp, Mev (15 

uM) 

NA ~100 

per 108 cells 

(56) 

T. onnurineus Homologous 

recombination 

Plasmid CaCl2 + heat 

shock 

Sim (10 µM) NA NR (54, 57) 

T. barophilus Homologous 

recombination  

Plasmid Heat shock Sim (6 µM) 5FOA (46 mM)  102 (58, 59) 

S. solfataricus Homologous 

recombination 

Plasmid or 

linear DNA 

Electroporation Lactose 

-Ura 

NR NR (60-63) 

Replicating Vector Plasmid Electroporation Lactose, 

Butanol/Benzyl 

Alcohol, HygB 

NA 102-104 

per 108 cells 

(64, 65) (66) 

S. acidocaldarius Homologous 

recombination 

Plasmid or 

linear DNA 

Electroporation -Ura 5FOA (100 µg/ml) + 

Ura (10 µg/ml) 

NR (67, 68) 

Replicating Vector Plasmid Electroporation -Ura NA 102-104 

per 108 cells 

(69) 

S. islandicus Homologous 

recombination 

Plasmid or 

linear DNA 

Electroporation -Ura 5FOA (50 µg/ml) + 

Ura (20 µg/ml) 

NR (70) 

Homologous 

recombination 

Plasmid 

(pSEF) 

Electroporation -Ura 5FOA (50 µg/ml) + 

Ura (20 µg/ml) 

NR (71) 

Replicating Plasmid Plasmid 

(pZH2) 

Electroporation -Ura NA 102-103 

per 108 cells 

(70, 71) 
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Table 1.1 Continued 
Organism Genetic 

modification 

Vector Transformation 

method 

Selectiona Counter-selectiona Effective 

transformation 

efficiencya,b 

(CFU/µg DNA) 

Refs 

S. islandicus Replicating Plasmid Plasmid 

(pSSR) 

Electroporation Sim NA NR (72) 

Homologous 

recombination 

Plasmid or 

linear DNA 

Electroporation Sim NA NR (73) 

T. maritima Replicating vector Plasmid Liposome-

mediated  

Kan NA 5 (74) 

Replicating vector Plasmid Electroporation Kan NA 0.25 (74) 

T. sp. RQ7 Replicating vector Plasmid Natural 

competence 

Kan NA 19 (75) 

T. thermophilus Homologous 

recombination 

Plasmid or 

linear DNA 

Natural 

competence 

-Ura 5FOA (200-500 

µg/ml) + Ura (20 

µg/ml) 

6×105 (76-78) 

Homologous 

recombination 

Plasmid or 

linear DNA 

Natural 

competence 

-Trp, -Leu, -Pro NR 0.0005-14.1% 

(frequency) 

(79-84) 

Homologous 

recombination 

Plasmid or 

linear DNA 

Natural 

competence 

Kan (20-40 

µg/ml) 

NR 104-105 (85-89) 

Homologous 

recombination 

Plasmid Natural 

competence 

Kan (30 µg/ml)  p-Cl-Phe (15 mM) NR (90) 

Replicating vector Plasmid Natural 

competence 

Kan (50-120 

µg/ml) 

NR 102-104 (91-97) 

Homologous 

recombination 

Linear 

DNA 

Conjugation Cm (20 µg/ml), 

Nitrate(40 mM), 

Anaerobic 

NR NR (98, 99) 

Homologous 

recombination 

Plasmid Natural 

competence 

Kan (25 µg/ml) 5FC (15 μg/ml) NR (100) 

 

T. flavus Homologous 

recombination 

Plasmid or 

linear 

Natural 

competence 

 -Ura 5FOA (500 µg/ml) + 

Ura (40 µg/ml) 

NR (101) 

Homologous 

recombination 

Plasmid or 

linear 

Natural 

competence 

Kan (20 µg/ml) NR NR  (101) 
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Table 1.1 Continued 
Organism Genetic 

modification 

Vector Transformation 

method 

Selectiona Counter-selectiona Effective 

transformation 

efficiencya,b 

(CFU/µg DNA) 

Refs 

C. bescii  Homologous 

recombination 

Plasmid Electroporation -Ura, Kan (50 

µg/ml) 

5FOA (4 mM) +Ura 

(40 µM) 

 

103 (102, 103) 

Replicating vector Plasmid Electroporation -Ura, Kan (50 

µg/ml) 

NA 5×102  (103, 104) 

C. hydrothermalis Homologous 

recombination 

Plasmid Electroporation -Ura 5FOA (6 mM) + Ura 

(40 µM) 

NR (105) 

Replicating vector Plasmid Electroporation -Ura NA ~102 (105) 

C. subterraneus subsp. 

tengcongensis 

Replicating vector Plasmid Natural 

competence 

Kan (400 µg/ml) NA 7×104 (106) 

T. ethanolicus JW200 

DSM2246 

Replicating vector Plasmid Natural 

competence 

Kan (1000 

µg/ml)  

NA 105 (107) 

T. brockii ATCC 

35047 

Replicating vector Plasmid Natural 

competence 

Kan (1000 

µg/ml) 

NA 1.9×102 (107) 

T. pseudoethanolicus 

39E ATCC33223 

Replicating vector Plasmid Natural 

competence 

Kan (400 µg/ml) NA 6.3×103 (107) 

T. 

thermohydrosulfuricum 

Replicating vector Plasmid Tris – PEG6000 

incubation 

Kan (25 µg/ml) 

or 

Th (10 µg/ml) 

NA ~102 

per 108 cells 

(108) 

T. ethanolicus JW200 Replicating vector Plasmid Electroporation 

of partial 

protoplasts 

Cm (40-80 

µg/ml) 

NA 50 (109) 

Homologous 

recombination 

Plasmid Electroporation 

of partial 

protoplasts 

Cm (40-80 

µg/ml) 

NA 30  

T. mathranii BG1 Homologous 

recombination 

Plasmid Electroporation Kan (50 µg/ml) NA NR (110) 

T. sp. X514 Replicating vector  Plasmid Sonoporation or 

electroporation 

Kan (250 µg/ml) NA 6×102 (111) 

aAbbreviations: NA, not applicable; NR, not reported; BAC, bacterial artificial chromosome; 5FOA, 5-fluoroorotic acid; 6MP, 6-methylpurine; Agm, 

agmatine; Cm, chloramphenicol; Kan, kanamycin; 5FC, 5-fluorocytosine; Leu, leucine; Mev, mevinolin; p-Cl-Phe, p-chlorophenylalanine; Pro, proline; 

Sim, simvastatin; Th, thiamphenicol; Trp, tryptophan; Ura, uracil. 
bIndicates efficiency of DNA uptake for replicating vectors or combined efficiency of DNA uptake and homologous recombination for non-replicating 

vectors. 
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Figure 1.2. General strategies for chromosomal deletion or insertion. DNA architecture 

and transformation steps shown for markerless insertion or deletion using circular or linear 

DNA, and marked insertion or deletion using linear DNA. Note that pyrF is used as both a 

marker for selection (uracil prototrophy) and counter-selection (5FOA resistance); variations 

on these strategies may use an alternate marker for selection and a second marker for 

counter-selection, with appropriate chemicals replacing uracil and 5FOA. Abbreviations: 5' 

HR and 3' HR, homology regions 5' or 3' to the targeted chromosomal region; pyrF,  uracil 

prototrophy/5FOA resistance marker; kat, kanamycin resistance marker; GOI, gene of 

interest; PO, “pop-out” region homologous to  portion of 5’ HR; ura, uracil; 5FOA, 5-

fluoroorotic acid; kan, kanamycin. 
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1.6 Limitations and barriers to genetic modification of extreme thermophiles 

The pace of metabolic engineering of extreme thermophiles is largely influenced by 

practical factors in generating mutant strains. The ease of use of a genetic system, the time 

required to generate a mutant, and the consistency with which the system works all impact 

the pace of strain development. Multiple factors affect how easily and quickly new strains 

can be generated, including transformation efficiency, selectable marker type, plating 

conditions and incubation time, number of selection steps required, and the transformation 

method. Perhaps, the most important factor for genetic engineering is transformation 

efficiency. Transformation efficiencies must be high enough to both generate sufficient 

numbers of isolates for screening and exceed any background growth that does not contain 

the desired modification. Extreme thermophiles with available genetic systems have a wide 

range of transformation efficiencies, from on the order of one transformant per microgram of 

DNA for T. maritima, up to 105 transformants per microgram of DNA for P. furiosus and T. 

thermophilum (Table 1.1). Transformation efficiencies above 102 seem to be the point at 

which a genetic system gains traction. The type of selectable marker can also have an impact 

on ease of mutant construction. Nutritional markers, such as those for uracil prototrophy, 

often suffer from background growth as a result of trace uracil in media components, such as 

Gelrite (112), requiring screening of additional colonies. In contrast, antibiotic resistance 

markers have fewer background colonies (74).  

Another consideration is the plating conditions and time required to grow colonies 

after transformation of the organism. Anaerobic extreme thermophiles may require anaerobic 

conditions during transformation and plating, which necessitates additional equipment, such 

as an anaerobic chamber and anaerobic jars suitable for high temperature incubations (these 
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can be made by modifying paint canisters) (Figure 1.3). Certain anaerobic thermophiles, 

such as P. furiosus and Thermotoga species, can be transformed and plated under aerobic 

conditions, but must still be incubated under anaerobic conditions (47, 74). Aerobic 

thermophiles do not require this specialized equipment and thus do not suffer from decreased 

plating efficiency caused by oxygen toxicity. Plate incubation time is another challenge. 

Even extreme thermophiles with rapid doubling times, such as P. furiosus, C. bescii, and T. 

maritima, require 2-4 days of incubation to develop colonies (47, 74); other organisms, such 

as Sulfolobus and Thermoanaerobacter species, require up to 7 days to develop colonies (67, 

107, 108). Thus, the typical time to construct a markerless mutant is several weeks, as a 

result of the long plating times, two selection steps, and, for some species, multiple rounds of 

plate purification to obtain clonal isolates. The slow turnaround time for mutant construction 

is a key challenge in developing extreme thermophiles as metabolic engineering platforms, 

and highlights the need for more predictive engineering tools to identify target genes, rather 

than relying on trial-and-error approaches. 

An additional barrier to genetic manipulation of extreme thermophiles is the lack of 

knowledge on restriction modification and DNA methylation systems. Active restriction 

enzymes can reduce or prevent transformation of host organisms, unless the vector DNA is 

protected by methylation patterns similar to the host. While the REBASE database predicts 

many restriction enzymes and methylases from genomes, the recognition motifs are not 

always known (113). As a result, biochemical characterization has been required to 

determine restriction enzyme targets prior to effective transformation of some extreme 

thermophiles. For example, a restriction modification system was identified in C. bescii that 

required plasmid DNA to be methylated in vitro prior to transformation (114, 115). 
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Thermoanaerobacter sp. X514 appears to have a restriction methylation system for GATC 

sites, which is protected by Dam+/Dcm+ E. coli strains, as compared to unmethylated 

plasmid from Dam-/Dcm- E. coli (111). Similarly, S. acidocaldarius has the SuaI restriction 

modification system, requiring vector DNA to be methylated prior to transformation (67, 

116). As yet unknown restriction modification systems in other hosts may be responsible for 

low transformation efficiencies. Fortunately, with the advent of SMRT sequencing 

technology, which allows direct identification of DNA methylation patterns, unknown DNA 

restriction modification systems may become a thing of the past (113, 117).  

 

 

Figure 1.3. Equipment required for plating anaerobic thermophiles. Anaerobic glove 

box (left) for manipulating cells and paint canister (right) adapted for incubating plates 

anaerobically at high temperatures. 
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1.7 Current status of metabolic engineering efforts and prospects in 

extreme thermophiles 

There are only a small number of extreme thermophiles for which genetic tools have 

been developed; however, they represent a variety of growth environments and possess an 

assortment of metabolic features. These species come from both the Bacteria and the 

Archaea, include aerobes and anaerobes, and grow at a variety of temperatures, salt 

concentrations, and pH optima (Table 1.2). While most are chemoorganotrophs, at least one 

is a carboxydotroph (Thermococcus onnurineus). Certain strains of Sulfolobus islandicus 

may be chemolithotrophs, but no extremely thermophilic chemolithotroph currently has a 

genetic system. Similarly, no autotrophic extreme thermophiles currently have genetic 

systems. Extreme thermophiles with currently available genetic systems are discussed below, 

with an emphasis on how these organisms can be used in metabolic engineering efforts. 

 

Box 1.1. Metabolic classification of organisms 

The metabolism of an organism can be classified based on its sources of energy and carbon. 

Because some Bacteria and Archaea have unusual metabolic capabilities that are not seen in 

eukaryotes, these classifications are defined here (23). 

Energy metabolism: 

Chemoorganotroph – energy from oxidation of organic molecules 

Chemolithotroph – energy from oxidation of inorganic molecules 

Carboxydotroph – energy from oxidation of carbon monoxide (subset of 

chemolithotrophy) 

Phototroph – energy from light 

Carbon source: 

Heterotroph – carbon from organic molecules 

Autotroph – carbon from carbon dioxide 
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Table 1.2. Extremely thermophilic metabolic engineering hostsa 
Organism Growth conditions Metabolism Doubling  

time 

min 

Max  

Density 

cells/ml 

Refs 

 Temperature 

range 

(optimum) 

°C 

pH range 

(optimum) 

Salinity O2 Reqmt. Energy 

metabolism 

Growth substrates Major  

waste  

products 

   

P. furiosus 

(Archaea) 

70-103 (100) 5.0-9.0 

(7.0) 

Marine Obligate 

anaerobe 

Chemo-

organotroph 

Peptides (S0 optional) 

Hexose di- and 

polysaccharides 

H2 (H2S) 

CO2 

Acetate 

Alanine 

38 5×108 (118-

121) 

T. kodakarensis 

(Archaea) 

60-100 (85) 5.0-9.0 

(6.5) 

Marine Obligate 

anaerobe 

Chemo-

organotroph 

Peptides + S0 

Starch 

H2, H2S 

CO2 

Acetate 

60 1×108 (122, 

123) 

 

T. onnurineus 

(Archaea) 

63-90 (80) 5.0-9.0 

(8.5) 

Marine Obligate 

anaerobe 

Chemo-

organotroph 

Carboxydo-

troph 

Peptides + S0 

Starch + S0 

CO 

Formate 

H2, H2S 

CO2 

Organic 

acids 

92 4.5×108 (124, 

125) 

T. barophilus 

(Archaea) 

48-100 (85) 4.5-9.5 

(7.0) 

Marine Obligate 

anaerobe 

Chemo-

organotroph 

Carboxydo-

troph (?) 

Peptides (S0 optional) 

CO (?) 

H2 (H2S) 

CO2 

Organic 

acids 

28 5×107 (126) 

S. acidocaldarius 

(Archaea) 

55-83 (80) 0.9-5.8 

(3.0) 

Terrestrial Obligate 

aerobe 

Chemo-

organotroph 

Peptides 

Amino Acids 

Dextrin/Starch 

CO2 180 3×109 (127) 

S. solfataricus 

(Archaea) 

65-87 (80) 2.0-4.0 

(3.5) 

Terrestrial Obligate 

aerobe 

Chemo-

organotroph 

Peptides 

Amino Acids 

Pentoses 

Hexose di- and 

polysaccharides 

Phenol 

CO2 300 ~109 (127, 

128) 

S. islandicus 

(Archaea) 

65-85  NR Terrestrial Obligate 

aerobe 

Chemo-

organotroph 

Chemo-

lithotroph 

(?) 

NR NR NR NR (34) 
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Table 1.2 Continued 
Organism Growth conditions Metabolism Doubling  

time 

min 

Max  

Density 

cells/ml 

Refs 

 Temperature 

range 

(optimum) 

°C 

pH range 

(optimum) 

Salinity O2 Reqmt. Energy 

metabolism 

Growth substrates Major  

waste  

products 

   

C. bescii 

(Bacteria) 

65-90 (75)  6.8-7.2 Terrestrial Obligate 

anaerobe 

Chemo-

organotroph 

Hexose and pentose 

di- and 

polysaccharides 

Lignocellulose 

H2, CO2 

Acetate 

Lactate 

120 ~5×108 (36, 

102, 

129-

132)  

T. maritima 

(Bacteria) 

65-90 (80) 6.5-7.0 Marine Obligate 

anaerobe 

Chemo-

organotroph 

Peptides (with sugars) 

Hexose and pentose 

di- and 

polysaccharides 

(S0, S2O3
2- optional) 

H2 (H2S) 

CO2 

Acetate 

90 1×109 (133-

137) 

T. flavus 

(Bacteria) 

40-81 (70) 6.0-9.0 

(7.0-7.5) 

Terrestrial Obligate 

aerobe 

Chemo-

organotroph 

Polysaccharides 

Peptides 

Organic 

acids 

45 NR (138) 

T. thermophilus 

(Bacteria) 

47-85 (62-72) 5.1-9.6 

(7.0) 

Terrestrial Aerobe 

Facultative 

aerobe 

Chemo-

organotroph 

Polysaccharides 

Peptides 

(NO3
- for anaerobic 

growth) 

Organic 

acids 

18-20 8×10
8
 (139, 

140) 

T. ethanolicus 

(Bacteria) 

37-78 (69) 4.4-9.8 

(5.8-8.5) 

Terrestrial Obligate 

anaerobe 

Chemo-

organotroph 

Hexose and pentose 

disaccharides 

Starch 

CO2 

Ethanol 

Acetate 

Lactate 

H2 

60-74 NR (141-

144) 

T. mathranii 

(Bacteria) 

50-75 (75) 4.7-8.8 

(7.0-7.5) 

Terrestrial Obligate 

anaerobe 

Chemo-

organotroph 

NR NR 

T. sp. X514 

(Bacteria) 

45-75 (60) 6.9-8.9 Terrestrial Obligate 

anaerobe 

Chemo-

organotroph 

NR NR 

C. subterraneus  

subsp.  

tengcongensis 

(Bacteria) 

50-80 (75) 5.5-9.0 

(7.0-7.5) 

Terrestrial Obligate 

anaerobe 

Chemo-

organotroph 

Hexose disaccharides 

Starch 

H2 

CO2 

Ethanol 

Acetate 

Alanine 

65 NR (145) 

aNR, not reported. 
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1.8 Pyrococcus furiosus 

Pyrococcus furiosus is a heterotrophic, fermentative, anaerobic marine archaeon that 

can grow on peptides when elemental sulfur is present, or on a variety of saccharides whether 

sulfur is available or not (Table 1.2) (118, 120). It grows at temperatures from 70°C to 

103°C, with an optimum near 100°C, and at pH ranging from 5-9, with an optimum near pH 

7 (118). P. furiosus produces CO2, H2, acetate, and alanine as major fermentation products in 

the absence of sulfur, with H2S replacing H2 production when sulfur is present (118, 121, 

146). P. furiosus has a rapid doubling time of 38 min, on par with many mesophilic 

heterotrophs, and can reach maximum cell densities approaching 109 cells/ml (118, 119). P. 

furiosus has become a model organism within the extremely thermophilic archaea, and, as 

such, many details of its metabolism and physiology are well understood. P. furiosus has 

several natural attributes that make it attractive as an industrial host, even compared to other 

thermophiles. From an industrial standpoint, its extremely high growth temperature obviates 

the chance of contamination. As a marine organism, seawater-based media could be used on 

an industrial scale, avoiding the financial and environmental costs associated with using large 

quantities of freshwater. In addition, P. furiosus can tolerate relatively high levels of oxygen 

for an obligate anaerobe (147), alleviating the need for strict anaerobic conditions in 

industrial-scale cultures.  

1.8.1 Genetic tools – P. furiosus 

There are two genetic systems that have been developed for P. furiosus. The first 

system uses a heat shock method to transform wild-type cells with a replicating shuttle vector 

(Table 1.1) (49). The transformation plasmid contained the gene for HMG-CoA reductase 
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(hmg) as a selectable marker for simvastatin resistance, allowing cells that take up the 

plasmid to grow in the presence of simvastatin. In this method, plasmid was mixed with a 

concentrated cell suspension at 4°C and then heat-shocked at 80°C in the presence of CaCl2. 

After another 4°C incubation, the cells were grown for 2 days at 85°C in complex liquid 

medium, containing simvastatin to select for transformants, then plated on solid medium, 

also containing simvastatin, and grown for another 2 days. The transformation efficiency for 

this method was ~102 transformants per µg DNA per 108 cells. With a plating efficiency of 

~15%, the effective transformation efficiency was low, on the order of 101 colonies per µg 

DNA per 108 cells. Cell manipulations were performed under anaerobic conditions for this 

method.  

The heat-shock method was extended to allow chromosomal modifications via 

double-crossover homologous recombination (50). In this modified genetic system, a 

guanosine auxotrophic strain was transformed with linear DNA containing the hmg marker 

for positive selection and xanthine-guanine phosphoribosyltransferase for counter-selection 

with 6-methylpurine (6MP); the two markers were flanked by homology regions that target 

integration at a specific genome locus. Simvastatin was used to select for chromosomal 

integration of the plasmid, and 6MP was then used to select for cells that had undergone a 

second homologous recombination event for removal of the marker cassette, thereby 

generating a markerless mutant. This method was used to repair a chitinase gene in P. 

furiosus, and has the potential to be used as a general method to insert or delete genes (50). 

The second genetic system reported for P. furiosus takes advantage of the naturally 

competent uracil auxotrophic strain COM1, which contains a targeted deletion of the pyrF 

gene (47). This method used circular or linear DNA containing the pyrF gene as a selectable 
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marker for uracil prototrophy. The DNA was mixed with a culture aliquot of P. furiosus 

strain COM1 under aerobic conditions, the mixture was plated directly on solid defined 

medium lacking uracil and the plates were incubated under anaerobic conditions for 3 days at 

95°C to select for transformants (47). Resulting colonies were then sub-cultured in defined 

medium lacking uracil and screened by PCR amplification of the target genome region. 

Counter-selection for marker removal was performed with 5FOA. Plating on 5FOA selects 

for a second crossover event that removes the pyrF marker, resulting in a uracil auxotroph 

that can be used as a parent strain for additional chromosomal modifications. Transformant 

colonies had to be plated again 2-3 times to obtain pure mutant cultures prior to sequence-

confirmation of the mutant strains. 

Genetic manipulation of the COM1 strain is significantly easier than the system 

established for wild-type P. furiosus, primarily due to increased transformation efficiency. 

The COM1 strain of P. furiosus is highly competent for DNA uptake and recombination, 

with an effective transformation efficiency of 105 transformants per µg DNA per 108 cells 

(47). Additionally, it was shown that P. furiosus COM1 has remarkably efficient 

recombinogenic properties such that transformants can be obtained using DNA with 

homologous recombination regions as short as 40 bp (48). This allows the use of very small 

homologous flanking regions (65 bp) around the pyrF marker cassette that enable counter-

selection for marker loss, thus improving the versatility of the system. This high efficiency of 

transformation and recombination, in combination with the high oxygen tolerance of P. 

furiosus, allows transformation and plating to be done under aerobic rather than anaerobic 

conditions, resulting in adequate numbers of transformant colonies after anaerobic 

incubation, despite variable plating efficiencies. Though the P. furiosus COM1 genome has 
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been sequenced, the exact nature of the mutation(s) leading to the high competence of the 

COM1 strain is unknown, despite comparative analysis with the wild-type genome (48, 148). 

The ease and versatility of the COM1-based system has allowed for phenotypic studies of 

multiple mutants, overexpression of homologous and heterologous proteins, as well as 

application of several genetic engineering strategies that will be discussed below. 

The genetic toolbox for the COM1 strain has also been extended with the application 

of additional selectable markers. An agmatine auxotroph has been developed, based on the 

COM1 strain, that allows use of pdaD as a selectable marker for agmatine prototrophy (149). 

The advantage of selecting for agmatine prototrophy is that it allows the use of complex 

media after transformation, because complex peptide sources such as yeast extract do not 

contain agmatine, simplifying media preparation and possibly increasing plating efficiency 

(149). Additionally, a uracil and tryptophan double auxotroph strain has been developed that 

allows simultaneous selection for two genetic markers, allowing for possibilities such as 

maintaining a replicating vector with one marker and using the other for chromosomal 

manipulations (48). 

1.8.2 Metabolic engineering – P. furiosus 

P. furiosus has been used as the host for several metabolic engineering targets, 

including utilization of two non-native substrates as well as synthesis of four non-native 

products (Table 1.3). Extensive work has been done to engineer P. furiosus to produce 3-

hydroxypropionate (3HP), a valuable commodity chemical (3). 3HP is an intermediate in the 

3HP/4HB carbon-fixation cycle of M. sedula, and is produced from acetyl-CoA and 

bicarbonate in three steps catalyzed by acetyl-CoA carboxylase, malonyl-CoA reductase, and 

malonate semialdehyde reductase (150). To produce 3HP in P. furiosus, the genes for these 
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enzymes were inserted under the control of the strong constitutive S-layer protein promoter 

(Table 1.4). This initial approach resulted in production of 0.6 mM 3HP (43). To improve 

3HP production, several strategies were implemented. First, genes for the enzyme acetyl-

CoA synthase I (ACSI) were deleted to reduce conversion of acetyl-CoA to acetate; the 

knock-down of this competing pathway nearly doubled the titer of 3HP (151). Another 

strategy was the addition of two “helper” enzymes, the M. sedula biotin-protein ligase (BPL) 

and carbonic anhydrase (CA). The BPL assists in the maturation of the acetyl-CoA 

carboxylase enzyme, a crucial enzyme in the 3HP production pathway, while the CA was 

included to ensure high availability of bicarbonate, the substrate for acetyl-CoA carboxylase 

(152). The addition of the BPL and CA increased the 3HP titer to 3.1 mM. A strain 

containing both the ACSI deletion and insertion of BPL and CA would be promising, and 

efforts are currently under way to evaluate such a strain. 
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Table 1.3. Metabolic engineering applications of extreme thermophiles 
Organism Target Titer or productivity Strain genotype Refs 

P. furiosus 

 

3-Hydroxypropionate 0.276 g/l ΔpyrF::Pgdh-pyrF Pslp-Msed_0147-0148, 1375, 0709, 1993 (43, 151, 

152) 

Ethanol 20 mM ΔpyrF::Pgdh-pyrF Pslp-Teth514_0564 (153) 

CO oxidation NA ΔpyrF::Pgdh-pyrF Pslp-Teth514_0564 Pmbh1TON_1017-1031 (153) 

n-Butanol 65 mg/l ΔpyrF::Pgdh-pyrF Pslp-TTE0549, 0548, 0544, Stherm_c16300, 

Teth514_1942, 1935 

(154) 

Lactate 3 mM ΔpyrF ΔpdaD::pdaD PcipA-Athe_1918 (155) 

H2 from formate 45 mmol H2/l ΔpyrF::Pgdh-pyrF Pmbh1-TON1563-1580 (156) 

Chitin utilization NA Δxgprt ΔPF1233-1234::PF1233/1234 (50) 

T. kodakarensis Increased H2 production 28% increase ΔpyrF ΔtrpE::pyrF ΔTK2069-72 (157) 

T. onnurineus Increased H2 from CO 192 mmol/l/hr ΔcorR::Pgdh-corQR (158) 

Increased H2 from CO 131 mmol/l/hr PTN0510-CODH (159) 

C. bescii Hydrogen ~15.0 mM (~3.4 

mol/mol of glucose) 

ΔpyrFA Δldh (102) 

Ethanol 12.8 mM ΔpyrFA Δldh::ISCbe4 Δcbe1::Pslp Cthe-adhE2/(ura-/5FOAR) (41) 

1.4 mM ΔpyrFA Δldh ClS1::PslpTeth39_0218 (adhB) /(ura-/5FOAR) (160) 

2.3 mM ΔpyrFA Δldh ClS1::PslpTeth39_0206 (adhE) /(ura-/5FOAR) (160) 

Lignocellulose solubilization 47% increased xylan 

solubilization 

ΔpyrFA Δcbe1::Pslp-Calkro_0402 (161) 

T. sp. RQ2 Cellulose utilization NA pHX02: PTM1840-Csac_1078 (celB) KanR 

pHX04: PTM0070-Csac_1078 (celB) KanR 

pHX07: PTM0070-Csac_1076 (celA) KanR  

(162) 

T. thermophilus HB27 Carotenoid 1.2 A460/mg dry cell HB27pro4::pCOP1 Crt+ + crtB (80, 84, 163) 

T. ethanolicus JW200 Ethanol 9.4 mM pTE16::adhE cmR (164) 

T. mathranii Ethanol 50.8 mM on glucose 

51.2 mM on xylose 

Δldh::kanR (110, 165-

167) 

ΔadhE in strain AD4 

abolishes ethanol 

production 

AD1: ΔadhA kanR; AD2: ΔadhB kanR; AD3: ΔbdhA kanR; 

AD4: ΔadhE kanR   

(110) 

43.0 mM on glucose 

57.0 mM on xylose 

Δldh::PxylAB-adhE kanR (110) 

38.5 mM on glucose 

49.0 mM on xylose 

Δldh::PxylAB-gldA kanR (168) 

3.0 mM on glucose 

14.7 mM on xylose 

gap-pgk:: PxylAB-gldA kanR (168) 

T. sp. X514 β-glucanase activity NA  pIKM1::endo β-1,4-glucanase from C. thermocellum kanR (111) 

Ethanol ~50 mM 

Improved EtOH 

tolerance 

pIKM1::adh Teth514_0145-0146 kanR (169) 
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Table 1.4. Genetic parts available for engineering of extreme thermophiles 
Organism Promoters RBSa Terminatorsa Selectable markers Reporters Refs 

Type Genea Typeb Phenotypec Genea Type Genea 

P. furiosus Constitutive slp 

(PF1399) 

porγ 

(PF0791) 

hpyA1 

(PF1722) 

S Ura prototrophy pyrF 

(PF1114) 

  (43, 

47-

50, 

154-

156) 

Cold-

induced 

cipA 

(PF0190) 

slp 

(PF1399) 

 S SimR hmg 

(PF1848) 

  

Constitutive gdh 

(PF1602) 

pep 

(PF0043) 

 S Agm prototrophy pdaD 

(PF1623) 

  

Inducible 

(non-sulfur 

conditions) 

mbh1 

(PF1423) 

  S Trp prototrophy trpAB 

(PF1705-6) 

  

    CS 5FOAR ΔpyrF   

    CS 6MPR Δxgprt 

(PF1950) 

  

T. kodakarensis Constitutive gdh AGGTGG  S Ura prototrophy pyrF 

(TK2276) 

Enzyme 

activity 

bglA (TK1761 

or TK1827) 

(54-

56, 

170) Constitutive csg 

(TK0895) 

  S Trp prototrophy trpE 

(TK0254) 

  

    S Agm prototrophy pdaD 

(TK0149) 

  

    S SimR hmg 

(TK0914 or 

PF1848) 

  

    CS 6MPR Δhgprt  

(TK0664) 

  

T. onnurineus Constitutive gdh 

(TN0157) 

  S SimR hmgPfu 

(PF1848) 

  (57, 

158, 

171) Constitutive slh 

(TN0413) 

       

Constitutive TN0510        

T. barophilus     S SimR hmgPfu 

(PF1848) 

  (58, 

59) 

    CS 5FOAR ΔpyrF   
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Table 1.4 Continued 
Organism Promoters RBSa Terminatorsa Selectable markers Reporters Refs 

S. 

acidocaldarius 

Constitutive dps 

lacS 

gdhA  

sac7d  

  S Ura prototrophy pyrEF 

(SSO0615-

0616) 

Blue/white 

screen 

lacS 

(SSO3019) 

(67, 

172, 

173) 

Maltose 

Inducible 

mbp      Fluorescence eCGP123 

Copper 

Inducible 

copMA + 

copT 

       

S. solfataricus Heat 

Inducible 

t5ffα 

 

  S Lactose 

catabolism 

lacS and 

lacTr 

Blue/White 

Screen 

lacS (60, 

61, 

63, 

64, 

174, 

175) 

Mercury 

Inducible 

merA   S AlcoholR adh   

Arabinose 

Inducible 

araS        

S. islandicus     S SimR hmg 

(ST1352) 

  (70, 

72, 

176)     S Ura prototrophy pyrEF 

(SSO0615-

0616) 

  

T. maritima Constitutive tac 

slpA 

amyA 

(TM1840) 

xynB 

(TM0070) 

  S KanR    (74, 

162, 

177) 

T. thermophilus Constitutive slpA 

(X57333) 

slpA 

(X57333) 

slpA 

(X57333) 

S Ura prototrophy pyrF Colony size mdh (80, 

85, 

86, 

91, 

178-

180) 

Constitutive J17   pheST 

(T. flavus) 

S Trp/Pro/Lys/Met/

Leu prototrophy 

NR Blue/White 

Screen  

bgl 

(TTP0042) 

Heat-shock 

Inducible 

dnaK 

(Y07826) 

   S StrepR NR Colony color crtB 

(KC875824) 

Arginine 

Inducible 

arg 

(Y18353) 

   S KanR kat     

Succinate/M

alate 

Inducible 

scs-mdh 

(X54073) 

  CS 5FOAR ΔpyrF/E   
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Table 1.4 Continued 
Organism Promoters RBSa Terminatorsa Selectable markers Reporters Refs 

T. thermophilus Anaerobic 

inducible 

nar 

(AJ504993) 

 

        

T. flavus     S Ura prototrophy pyrE 

(U27180) 

  (101) 

    CS 5FOAR ΔpyrE   

    S KanR kat   

C. bescii Constitutive slp 

(Cbes2303) 

 rho S KanR htk   (41, 

103, 

160, 

161) 
Constitutive S30EA  

(Cbes2105) 

  CS 5FOAR ΔpyrF   

C. subterraneus 

subsp. 

tengcongensis 

Constitutive pta 

(TTE1482) 

  S KanR kat    (106, 

181) 

    S His prototrophy  hisG 

(TTE2139) 

  

T. ethanolicus 

JW200 

Constitutive adhB   S CmR cat 

(K01998) 

  (109) 

T. mathranii 

BG1 

Xylose-

inducible 

xylAB from 

T. 

ethanolicus 

  S KanR htk 

(AB121443

) 

  (87, 

110, 

182) 

T. sp. X514 Undefined β-glucanase 

promoter 

from C. 

thermocellu

m 

  S KanR kanR from 

pIMK1  

  (111, 

183) 

T. thermohydro-

sulfuricum 

    S KanR kat 

(M37273) 

  (108) 

    S CmR/ThR cat 

(K01998) 

  

aLocus tags or accession numbers, when reported, are given in parentheses. 
bS, selection; CS, counter-selection. 
cAbbreviations: 5FOA, 5-fluoroorotic acid; 6MP, 6-methylpurine; Agm, agmatine; Cm, chloramphenicol; Kan, kanamycin; Leu, leucine; Mev, mevinolin; 

p-Cl-Phe, p-chlorophenylalanine; Pro, proline; Sim, simvastatin; Strep, streptomycin; Th, thiamphenicol; Trp, tryptophan; Ura, uracil. 
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In addition to 3HP, P. furiosus has been engineered to produce lactate, ethanol, and n-

butanol. Lactate production was achieved via expression of the lactate dehydrogenase from 

C. bescii under control of the cold-induced promoter PcipA (Table 1.4), changing the 

fermentation end products from acetate to a mixture of lactate and acetate under low-

temperature conditions (155). Ethanol production by P. furiosus was likewise achieved by 

the insertion of a single gene, in this case an alcohol dehydrogenase (ADH) from 

Thermoanaerobacter sp. X514. The inserted ADH, together with the native P. furiosus 

aldehyde oxidoreductase (AOR), allowed conversion of acetate to ethanol (153). Using this 

strain, up to 20 mM ethanol could be produced from maltose. Production of n-butanol was 

achieved by inserting a hybrid synthetic pathway assembled from several thermophilic 

bacteria for the conversion of the intermediate acetyl-CoA to n-butanol. This six-step 

pathway allowed production of n-butanol from maltose, but only in trace quantities, while 

greater quantities of ethanol were produced as an undesired side product of the pathway. 

Further examination of the pathway by in vitro enzyme characterization and kinetic modeling 

suggests that optimization of enzyme expression levels would greatly increase the selectivity 

for butanol production (Figure 1.4), providing further motivation for the development of 

tools to optimize expression levels in P. furiosus (184).  

All of the examples using P. furiosus as a platform for chemical production take 

advantage of a temperature-controlled metabolic shift due to the difference between the 

optimum growth temperature of P. furiosus and temperature optima for the inserted enzymes. 

When P. furiosus is grown at its optimum temperature of 100°C, the inserted pathway 

enzymes are not functional, since they come from organisms with growth temperatures from 

60 – 75°C. As a result, the product is not produced until the temperature is dropped to a point 
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at which the enzymes are active (43, 154). In the case of lactate production, an additional 

switch was employed through the use of the cold-induced protein promoter, which up-

regulates expression of the lactate dehydrogenase mRNA at low temperatures (155). 

Repressing transcription at high temperatures prevents translation of the enzymes, decreasing 

production of unfolded heterologous protein that must be turned over and thus decreasing the 

metabolic burden on the host. A further possible advantage to using a temperature-controlled 

metabolic shift is that the host organism’s native metabolic activity should be reduced at the 

sub-optimal temperatures required for product formation, theoretically allowing more 

substrate to be directed to the product rather than used for biomass generation (185, 186). 

However, transcriptional analysis of P. furiosus strains suggests that the high-level 

expression of the 3HP pathway results in increased energy metabolism compared to the 

parent strain, even at 72°C. Thus, the expected state of significantly reduced metabolic 

activity at sub-optimal temperatures may not be true for engineered strains, presumably a 

result of the increased burden of heterologous protein expression and metabolic activity 

stimulated by the enzymes corresponding to the heterologously expressed genes (152). 

Balancing of heterologous pathway gene expression through the use of a range of promoters 

may better alleviate the burden on the native host metabolism at low temperatures. 

P. furiosus has also been engineered to utilize non-native substrates. By repairing a 

disrupted chitinase, utilization of chitin as a carbon source was restored (50). P. furiosus 

strains have also been engineered to oxidize formate and carbon monoxide by inserting the 

formate hydrogen lyase (FHL) complex or carbon monoxide dehydrogenase (CODH) 

complex from T. onnurineus. Heterologous expression of the FHL required the insertion of 

an 18-gene cluster into the P. furiosus chromosome, allowing the organism to oxidize 
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formate to CO2 coupled with H2 evolution (156). Although unlike T. onnurineus, P. furiosus 

was unable to use FHL to conserve energy from formate oxidation. The successful insertion 

and expression of a large complex in P. furiosus demonstrates its utility as a potential 

metabolic engineering platform. Similarly, expression of the CODH complex in P. furiosus 

was obtained by inserting a 16-gene cluster into the chromosome, thereby allowing P. 

furiosus to utilize CO as an electron donor for the conversion of organic acids to their 

corresponding alcohols via the ADH/AOR pathway (153). 

The genetic systems available for P. furiosus have been used to study several aspects 

of its physiology. These include hydrogen metabolism (47, 187), oxygen tolerance (147), 

sulfur metabolism (188), motility (119), compatible solutes (189), and acetoin production 

(190). Taken together, the metabolic engineering and physiology studies indicate the relative 

ease of the current genetic systems for P. furiosus and promise significant future progress. 
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Figure 1.4. Modeling and optimization of a thermophilic n-butanol pathway in vitro. 

Enzymes from multiple thermophilic bacteria were assembled in vitro to measure conversion 

of carbon in acetyl-CoA to products. Reaction kinetic modeling was used to optimize the 

relative amount of each enzyme (as mol%) to maximize selectivity for n-butanol production. 

Adapted from (184). 
 

1.9 Thermococcus species 

The archaeal genus Thermococcus is closely related to Pyrococcus, and shares many 

of its attributes, with the main difference being lower optimum growth temperatures 

clustering around 85°C as compared to 100°C (Table 1.2). All species require seawater-
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based medium and are obligate anaerobes. Growth is heterotrophic, with the preferred 

substrate being peptides in the presence of sulfur, but some Thermococcus species are also 

capable of utilizing sugar and growing in the absence of sulfur (191). Carboxydotrophic 

growth has been observed in T. sp. AM4 and T. onnurineus, though a continued requirement 

for organic substrates suggests that CO oxidation may provide energy, but not carbon (124, 

192). Genome sequences indicate carboxydotrophy may also be present in several other 

members of the genus, including the piezophilic T. barophilus (193). T. kodakarensis 

(formerly Pyrococcus sp. KOD1 (123), then T. kodakaraensis (122)) is the best understood 

Thermococcus species, and it has been the subject of intense study for decades (194). Its 

sugar metabolism has been thoroughly characterized (195), as have its systems of electron 

disposal to H2S, H2, and alanine, which mirror the systems found in P. furiosus (157). 

Thermococcus species share many of the qualities that make P. furiosus a promising 

industrial host, but with the added benefit of more diverse metabolisms. CO-utilizing 

carboxydotrophic strains could serve as hosts for production of chemicals from syngas, or in 

microbial fuel cells (196). In addition, several species, of which T. onnurineus is the most 

thoroughly examined, are capable of utilizing formate for growth (197). Formate has been 

proposed as an electron source for biofuel production, overcoming the low solubility of 

hydrogen gas (44, 198). 

1.9.1 Genetic tools – Thermococcus species 

The genetic system for T. kodakarensis was among the first to be developed for a 

hyperthermophilic archaeon (53) and has served as a model for developing genetic systems 

in a variety of archaea. The first success relied on the use of a uracil auxotrophic mutant 

strain containing a random mutation in pyrF. Chromosomal DNA integration of either 
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circular or linear DNA containing the pyrF marker gene was selected for by uracil 

prototrophy, and marker loss was counter-selected with 5FOA (53) (Table 1.1). The 

transformation method, adapted from another archaeon (199), involved CaCl2 and heat 

shock, although omitting CaCl2 did not impede transformation. A later study reported the 

construction of a targeted deletion of the pyrF gene and also a deletion in the trp operon 

which allowed for tryptophan-based selection (52). Since then, other selection methods have 

been applied in T. kodakarensis, including resistance to the antibiotic simvastatin (54), 

agmatine prototrophy and resistance to 6-methylpurine (55). 

The many developments in expanding the T. kodakarensis genetic toolbox have 

opened the door for recent successful genetic manipulations in other Thermococcus species, 

including T. onnurineus (57) and T. barophilus (58, 59). The versatile genetic tools available 

for Thermococcus species have been used to elucidate many aspects of their physiology, 

most recently glycolysis (195), amino acid metabolism (200, 201), nucleotide metabolism 

(202), and compatible solutes (59, 203). In addition, genetics tools have been used to study 

and engineer the CRISPR-Cas system of T. kodakarensis (204). 

1.9.2 Metabolic engineering – Thermococcus species 

The only metabolic engineering attempts with Thermococcus species so far have been 

to improve upon their natural ability to produce hydrogen (Table 1.3). T. kodakarensis 

generates H2 during growth on sugars, and hydrogen production can be increased by deleting 

H2-consuming hydrogenases (157). Further improvements in T. kodakarensis hydrogen 

production have been realized by overexpressing the membrane-bound hydrogenase with a 

strong constitutive promoter (205).  
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The natural ability of T. onnurineus to produce H2 from CO has been improved by 

overexpression of the operon encoding the CODH complex (57). The application of ever 

stronger promoters continues to result in improvements in H2 production (159, 171). 

Overexpression of two transcriptional regulators of the CODH operon was also found to 

increase production (158). 

1.10 Sulfolobus species 

The genus Sulfolobus is composed of at least 12 species of thermoacidophilic 

archaea. These archaea are found worldwide in various sulfur-containing geothermal springs 

at temperatures of 55-87°C and a pH range of 1.0-5.9 (34). The most well-studied of the 

Sulfolobus species are the ones for which genetic tools are available: S. solfataricus, S. 

acidocaldarius, and S. islandicus. S. solfataricus and S. acidocaldarius grow as obligate 

aerobic organotrophs and can use both peptides and free amino acids as sole carbon and 

nitrogen sources. They differ in their catabolism of sugars, temperature/pH optima, and 

growth rates (Table 1.2) (127). All three species are predicted to encode a branched Entner-

Doudoroff pathway, a reverse Ribulose Monophosphate Pathway, and a complete oxidative 

TCA-cycle and are thought to generate CO2 as the primary end product of sugar catabolism 

(128, 206-208). S. solfataricus and S. acidocaldarius lack the ability to fix CO2 and oxidize 

sulfur, but are predicted to encode many of the putative enzymes involved in these metabolic 

pathways. The fact that many other Sulfolobus species can fix CO2 and oxidize sulfur 

suggests that this capability may have been lost in S. solfataricus and S. acidocaldarius as a 

result of in vitro passage on organic materials (34). Little is known about S. islandicus 

metabolic capabilities and optimal growth parameters.  
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The high temperature, low pH, and aerobic growth of the Sulfolobales make them 

attractive candidates for industrial use, as there is little risk of contamination and no need to 

purchase specialized equipment for anaerobic manipulation. All three Sulfolobus species 

have sequenced genomes making targeted genetic manipulation possible (206-208). Despite 

this, only S. acidocaldarius is recommended as a metabolic engineering platform. This is 

because S. solfataricus and S. islandicus have been shown to possess numerous active mobile 

genetic elements (206, 208). In fact, S. solfataricus P2 encodes 344 putative insertion 

elements, representing ~10% of its entire genome (209). Furthermore, there is yet no agreed 

upon type strain for S. islandicus. However, several genetic markers, selection strategies, and 

plasmids have been developed for S. solfataricus and S. islandicus that may be useful for 

genetic manipulation of S. acidocaldarius. 

1.10.1 Genetics tools – Sulfolobus species 

Plasmid-based expression and homologous recombination of engineered DNA have 

both been achieved in Sulfolobus species (Table 1.1). In S. solfataricus, there are several 

selection strategies used to accomplish these goals: growth on lactose as a sole carbon 

source, alcohol resistance, uracil prototrophy, and hygromycin B resistance (60, 63-65, 210). 

Most E. coli/S. solfataricus shuttle vectors are derived from either the genome of the S. 

islandicus virus SSV1 or the naturally occurring Sulfolobus plasmid pRN1 (211, 212). In 

2007, Berkner et al. made an E. coli/S. solfataricus shuttle vector derived from pRN1 called 

pJlacS that contains the S. solfataricus lacS gene (69). Successful transformation of S. 

solfataricus ∆lacS (PBL2025) with pJlacS was selected for by growth on lactose as a sole 

carbon source. With selection, pJlacS was stably maintained at 2-3 copies/cell for over 100 

generations. In 2003, Jonuscheit et al. developed a strategy for chromosomal insertion using 
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a vector called pJM03 (63). Specifically, they cloned S. solfataricus pyrEF and lacS into an 

SSV1/pUC18 fusion vector and then transformed this vector (pMJ03) into a pyrF/lacS S. 

solfataricus double mutant (PH1-16) via electroporation, and used uracil prototrophy for 

selection. This vector was stably maintained in the S. solfataricus chromosome at the SSV1 

integration site (at the 3' end of the arginyl tRNA gene) for over 100 generations with 

selection. An additional strategy for chromosomal mutation was first employed in 2003, 

wherein the S. solfataricus lacS gene was inserted into the S. solfataricus amyA gene on a 

plasmid, and then inserted into the S. solfataricus genome via homologous recombination 

following electroporation with growth on lactose as the selective pressure (60).  

In S. acidocaldarius, there is only one selection strategy that has been used for 

plasmid maintenance and homologous recombination. This strategy requires a S. 

acidocaldarius pyrE mutant background and utilizes uracil prototrophy for positive selection 

(67). The first system was reported in 2007 and uses electroporation to transform a natural S. 

acidocaldarius pyrE mutant with a replicating vector (69). The vector, pC, is an E. coli/S. 

acidocaldarius shuttle vector derived from pRN1. pC is stably maintained in S. 

acidocaldarius at 2-8 plasmids/cell when grown in the absence of uracil. Reported 

transformation efficiencies range from 102 – 6×104 cfu/µg DNA. Use of pyrEF for mutation 

of the S. acidocaldarius genome (knock-in and knockout) was first reported in 2012. S. 

solfataricus pyrEF was cloned into a replicating E. coli vector (e.g. pUC19) adjacent to the S. 

acidocaldarius sequence specific to the upstream and downstream regions of a gene targeted 

for insertion/deletion (67). This plasmid was then transformed into a ∆pyrE S. acidocaldarius 

mutant (MW001) and the transformed cells were plated on defined medium in the absence of 

uracil to select for initial recombinants. Recombinants were sub-cultured in liquid medium in 
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the presence of uracil and then plated on defined medium supplemented with uracil (10 

µg/ml) and 5FOA (100 µg/ml) to select for loss of the integrated plasmid.  

Important considerations for use of these genetics systems are timing for growth, 

background growth, and DNA methylation. Growth of S. solfataricus on lactose as a sole 

carbon source takes several days of outgrowth because the organisms do not grow well on 

carbohydrates (60, 112). This increases the probability of generating secondary mutations 

and/or causing genomic rearrangements, an important concern in S. solfataricus. On the other 

hand, the primary issue with uracil prototrophic selection is uracil contamination (112). 

Specifically, Gelrite, the solidifying agent used for making plates for Sulfolobus species, as 

well as many sources of peptides (e.g. tryptone), contains trace amounts of uracil. To prevent 

background growth of uracil auxotrophs in S. acidocaldarius, the S. solfataricus lacS gene 

has been used in combination with pyrEF (67). This allows for blue-white screening of 

“prototrophic” S. acidocaldarius MW001 transformants; the background S. acidocaldarius 

LacS activity is too low to generate blue colonies, and thus there is no need to use a lacS 

mutant. Finally, S. acidocaldarius encodes an active SauI restriction modification system 

targeting GGCC motifs (116, 213). Thus, foreign DNA must be methylated prior to 

transformation into S. acidocaldarius. This is accomplished in vivo, using E. coli K12 

ER1821 (New England Biolabs) bearing the plasmid pM.EsaBC4I (213). DNA transformed 

into S. solfataricus does not require methylation.  

Recently, a new selection strategy has been implemented for S. islandicus that may 

prove useful for the genetic engineering of S. acidocaldarius (72). This strategy relies on the 

use of simvastatin, which acts as a competitive inhibitor of HMG-CoA reductase. 

Importantly, HMG-CoA reductase activity is required for Sulfolobus lipid biogenesis, which 
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is essential for cell membrane formation. In 2012, simvastatin treatment was shown to inhibit 

S. islandicus growth. However, growth was restored via transformation of S. islandicus with 

a replicating vector containing the S. tokodaii hmg allele fused to the S. acidocaldarius sac7d 

promoter. Used to replace uracil prototrophic selection, simvastatin selection could greatly 

reduce the impact of background growth during genetic manipulation of S. acidocaldarius. 

1.10.2 Metabolic engineering – Sulfolobus species 

Metabolic engineering of Sulfolobus species has yet to be reported; however, there 

are many attributes that make Sulfolobus species attractive candidates for metabolic 

engineering. First, a genome-scale metabolic network has been published for S. solfataricus 

(128). Second, a suite of inducible (araS, mbp, copT, merA, tf55α) and constitutive (dps, 

lacS, slaA, gdhA, sac7d) promoters of varying strengths have been used and characterized in 

these organisms (Table 1.4) (61, 63, 67, 172, 174). Third, expression and tag-based 

purification of foreign metabolic genes has been accomplished in both S. acidocaldarius and 

S. solfataricus. Fourth, there are at least four experimentally verified secretion signals. 

Finally, S. acidocaldarius is predicted to encode no active transposable elements, and is 

known to be highly genetically stable. There are intriguing industrial applications for these 

organisms that would require metabolic engineering for either pathway completion or 

optimization. S. solfataricus encodes genes with high sequence homology to 14 of the 16 

genes encoding enzymes for bicarbonate fixation via the hydroxyproprionate-

hydroxybutyrate cycle, which could be completed and further engineered for the production 

of biofuels or biomolecules from carbon dioxide. S. solfataricus grows on phenol as a sole 

carbon source and could therefore be engineered for bioremediation and/or production of 

biomolecules from phenol (Figure 1.1). Lastly, other Sulfolobus species are known to 
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oxidize and solubilize various metal species and could be engineered for biomining (Figure 

1.1). 

1.11 Thermotoga maritima 

Thermotoga maritima is a Gram-positive, anaerobic bacterium that was isolated from 

geothermally heated sea floors alongside Vulcano Island, Italy (133). This bacterium grows 

at temperatures that range from 65°C to 90°C, optimally at 80°C, and within a pH range of 

6.5 - 7.0 (133, 134) (Table 1.2). Like other members of the Thermotogales, T. maritima 

contains an outer envelope called the “toga” that serves as an environmental barrier (133, 

214) and acts as a structure to display polysaccharide hydrolases (215, 216). T. maritima is 

an obligate chemoorganoheterotroph, fermenting a wide range of simple sugars and complex 

polysaccharides including xylose, glucose, xylan, starch, barley glucan, 

carboxymethylcellulose, glucomannan, galactomannan, laminarin, and chitin (135-137, 217). 

Absent in T. maritima is the ability to metabolize crystalline cellulose, due to the lack of 

exoglucanases, endoglucanases, and carbohydrate binding module (CBM) domains (162, 

218). Most of the carbon T. maritima consumes (~85%) is directed to the Embden-Meyerhof-

Parnas pathway, but it also has an active Entner-Doudoroff pathway for carbon metabolism 

(219, 220). It can ferment peptides, but not as the sole carbon source (221). Hydrogen (or 

hydrogen sulfide), acetate, and CO2 are the primary fermentation products (222). In addition 

to its fermentative metabolism, T. maritima may also respire by using Fe(III) (223), 

elemental sulfur (224), and thiosulfate as electron acceptors. 

Growth rates for T. maritima can vary depending on monosaccharide or 

polysaccharide based growth, with average doubling times of 201 min and 90 min, 

respectively, and final cell densities reaching up to 109 cell/ml (135). Under respiration, 



48 

growth conditions change in the presence of electron acceptors (223, 224). For example, 

while ATP is generated when Fe(III) is the terminal electron acceptor (223), energy is not 

produced in the presence of sulfur (225). However, the specific growth rate and final growth 

yield increases with added sulfur or thiosulfate under high hydrogen concentrations (224, 

225), demonstrating that sulfur functions as an electron sink to aid fermentation rather than 

funneling electrons for the production of H2. 

Interest in T. maritima as a metabolic engineering candidate largely stems from its 

ability to produce hydrogen at high yields (3 to 4 mol H2/mol glucose) (221). Hydrogen is a 

promising and unique alternative energy source because it can be converted to mechanical 

energy with great efficiency, and the CO2 generated during H2 production can be captured, 

with no pollutants generated (226, 227). As a marine organism, T. maritima uses seawater-

based media, which has better economics than requiring copious amounts of freshwater for 

the production of fuels and chemicals. 

1.11.1 Genetic tools – Thermotoga species 

Transformation of Thermotoga species has been effective using liposome-mediated 

transformation (177), electroporation (74), and natural competence (75) (Table 1.1). While 

T. sp. RQ7 is naturally competent (75), T. maritima has been successfully transformed using 

liposomes and electroporation (74, 177). Initial attempts to develop a genetics strategy for T. 

maritima were moderately successful and exploited a natively occurring plasmid, called 

pRQ7, that was discovered in Thermotoga sp. strain RQ7 (228). The plasmid (pRQ7) was 

modified to contain either a thermostable chloramphenicol acetyltransferase or kanamycin 

nucleotidyltransferase and was transformed into T. neapolitana and T. maritima cells, 

respectively, using liposome-mediated transformation (177). Though resistance to the 
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antibiotics was obtained, it was short-lived in liquid media, and transformants could not be 

isolated from plates, indicating that the plasmid was unstable. 

As demonstrated in a more recent and improved protocol by Han et al., 

transformation was conducted under aerobic conditions at the bench (74) versus an anaerobic 

chamber (177) and utilized SVO medium (229) for cell culturing. For liposome-mediated 

transformation, spheroplasts were generated by harvesting early stationary phase cells and 

suspending them in 20 mM HEPES buffer containing 300 µg/ml lysozyme at pH 7.4 (177). 

Cells were incubated for 30 min at 37°C followed by 5 min at 77°C. Formation of 

spheroplasts was monitored using a microscope. To generate liposomes harboring plasmid 

DNA, a mixture of 1 µg DNA, HEPES buffer, and DOTAP was incubated at room 

temperature for 15 min. For transformation, the DNA-liposome mixture was added to the 

spheroplasts and incubated for 1 h at 37°C, followed by recovery in complex medium for 3-6 

h at 77°C. 

Transformation via electroporation was carried out by growing Thermotoga cells in 

SVO medium to an optical density of 0.2 at 600 nm (OD600) (74). Cells were washed in cold 

deionized (DI) water and then washed and suspended in a solution of 10% glycerol and 0.85 

M sucrose. Plasmid DNA (4 µg) was mixed with a 50 µl cell suspension. The DNA-cell 

mixture was added to a pre-chilled cuvette, and an electronic pulse was applied. Following 

electroporation, cells were added to a volume of SVO liquid medium in an anaerobic N2-

containing serum bottle and incubated with slow rotation at 77°C for a 3 h recovery. Half of 

the recovered culture was then mixed with hot SVO medium containing 3% Gelrite and 250 

µg/ml kanamycin, this mixture was poured in plates, and plates were then incubated 

anaerobically for 48 h, resulting in a ~50% plating efficiency. This plating method differs 



50 

from a previously described method (177), which used an overlay method where cells in a 

suspension of 0.3% Gelrite were poured on top of a bottom layer of medium containing 0.7% 

Gelrite. Once colonies were formed, they were transferred to liquid SVO medium containing 

0.0075% Gelrite (soft SVO), which, by virtue of its viscous nature, restricts the mass transfer 

of O2 into the medium (74). Following 12-24 h of incubation, soft SVO cultures were 

transferred to liquid SVO using a syringe. The use of soft SVO cultures increased cell 

viability during transfer to liquid medium by minimizing cell exposure to oxygen and 

allowed the isolation of Thermotoga transformants from colonies, which was previously not 

possible. 

Reported transformation efficiencies of liposome-mediated and electroporation 

methods for T. maritima were 5 and 0.25 transformants per µg of DNA, respectively (74), 

and natural transformation efficiency for T. sp RQ7 was ~19 transformants per µg of plasmid 

DNA (75). These low transformation efficiencies might be improved by identifying relevant 

restriction-modification systems in T. maritima and appropriately methylating the plasmid 

DNA. Additionally, performing transformation steps in an anaerobic environment may 

improve efficiency but may also be logistically difficult. While the genetic strategies of T. 

maritima continue to evolve, development of nutritional auxotrophs should be considered as 

an additional selection method. Stability of transformed DNA should also be examined when 

planning metabolic engineering strategies. Transformed DNA in T. maritima was stable 

through three days after culture transfers every 12 h to fresh SVO medium containing 

kanamycin. Yet plasmid stability was shown to be less effective over time (74, 177). 

Furthermore, antibiotic susceptibility is different for T. maritima (kanamycin) and T. 
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neapolitana (chloramphenicol) (177), indicating antibiotic selection should be evaluated for 

any Thermotoga species under study. 

1.11.2 Metabolic engineering – Thermotoga species 

To date, there have been no published reports of metabolic engineering of T. 

maritima and only one metabolic engineering example in a Thermotoga species (Table 1.3). 

Xu et al. (162) heterologously expressed two Caldicellulosiruptor saccharolyticus cellulases, 

Csac_1076 (celA) and Csac_1078 (celB), in T. sp. strain RQ2. These cellulases were fused to 

the promoter and signal peptide of TM1840 (amyA) and TM0070 (xynB) and transformed 

using the strain’s natural competency, with the goal of providing Thermotoga sp. strain RQ2 

the ability to degrade and utilize cellulose as a carbon and energy source. TM1840 and 

TM0070 are both secreted proteins in T. maritima, with TM1840 anchored on the “toga” and 

TM0070 fully secreted out of the cell and into the medium. When the promoter and signal 

sequences of these genes were used to control expression of Csac1076 and Csac1078, about 

half of the endoglucanase activity was localized to the secretome. The exoglucanase activity 

of CelB was functional under transcriptional control of both TM1840 and TM0070. 

However, no exoglucanase activity for CelA was detected, suggesting the exodomain of 

CelA was lost or not functional in T. sp. strain RQ2. Ultimately, all transformants lost their 

recombinant genes after three consecutive transfers under kanamycin selection. Thus, while 

previous work demonstrated stability in T. maritima and T. sp. strain RQ7 through 3 days, 

work in RQ2 was not stable, indicating the differences in genetics of the Thermotoga hosts. 

For future metabolic engineering efforts in T. maritima, techniques for chromosomal 

modifications will be needed to ensure stable expression and propagation of heterologous 

genes; to date, this has not been demonstrated. 
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1.12 Thermus species 

The Thermus genus consists of chemoorganotrophic, non-sporulating, halotolerant, 

Gram-positive bacteria found in a variety of high temperature environments, such as 

terrestrial and submarine thermal springs, compost piles, and even hot tap water (138, 230-

234). Thermus species can grow at temperatures ranging from 40-85°C (optimum typically 

62°C to 75°C) and pH values from 4-9 (optimum 7.0-8.0) (Table 1.2). These microbes are 

obligately aerobic, with the only exception thus far being T. thermophilus HB8 recorded to 

grow anaerobically on nitrate (139). Members of the genus are capable of growth on sugars, 

peptides, and lipids (235), although some species oxidize sulfur (236) and even arsenic (237). 

The genus also produces carotenoids, resulting in orange or yellow colored colonies (84, 138, 

163, 238, 239). 

For use in the biotechnology, Thermus species are already highly relevant. The first 

identified Thermus species, T. aquaticus, is well-known for the widely commercially 

available Taq DNA polymerase first isolated from this organism (230, 240). Additionally, 

Thermus species have acted as model organisms for understanding structural biology related 

to thermophily (241) and natural competence (242-247). As the insertion and expression of 

foreign genetic material has been well studied in Thermus, the concept of converting these 

microbes into high temperature cell factories is becoming a reality (82, 89, 95-97, 232, 248-

252).  

1.12.1 Genetic tools – Thermus species 

Extensive efforts have been directed at developing genetics tools for Thermus species, 

and have been reviewed elsewhere (232, 253, 254). Despite the mature genetic tools 
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available for the Thermus genus, very limited work to date has focused on metabolic 

engineering of Thermus strains. Here, an overview of genetic tools in Thermus is provided. 

Since Thermus species are naturally competent at all stages of growth (80, 255), the 

main hurdle for genetic modification in these microbes was the identification and 

construction of selectable markers. Current genetic engineering efforts in Thermus species 

primarily focus on T. thermophilus strains. The natural competence of T. thermophilus HB27 

was first studied by the classical method showing that genomic DNA could be taken up to 

complement auxotrophic mutants (80). Natural transformation was performed by incubating 

cultures with added DNA at the optimal growth temperature of 70°C and selecting 

transformants by plating cells on minimal medium with incubation at 70°C for 2-3 days. The 

transformation frequencies varied from 0.75% to 11.9%, depending on the mutant 

auxotrophic strain that was used. To initially investigate antibiotic selection, spontaneous 

streptomycin mutants were isolated in T. thermophilus HB27, as well as T. thermophilus 

HB8, T. flavus, T. caldophilus GK24, and T. aquaticus YTI (80). The streptomycin resistance 

gene was then transformed into these species and selected for on solid medium containing 50 

μg/ml streptomycin. Positive transformants were identified for each, although transformation 

frequencies differed for all species, with T. aquaticus YTI having the lowest frequency 

(0.064%). This study also demonstrated plasmid transformation into the T. thermophilus 

proline auxotroph strain, using a cryptic plasmid, pTT8, from T. thermophilus HB8. With no 

selective pressure, only 9 out of 1000 colonies contained the pTT8 plasmid. However, once 

inside the cell, the vector was stable for >20 generations. Other instances of plasmid 

transformation using only natural competence and auxotrophy are the individual deletions of 
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the 3-isopropylmalate dehydrogenase (leuB) (256) and tryptophan synthetase genes (trpBA) 

genes (79), resulting in leucine/isoleucine and tryptophan auxotrophy, respectively.  

Once a basic level of genetic insertion in Thermus species had been demonstrated, 

more complex selection methods were developed. As with many extreme thermophiles, 

uracil auxotrophy by deleting/disrupting pyrE or pyrF with counter-selection on 5FOA has 

been used, first in T. flavus (101) and subsequently in T. thermophilus strains (76). Aside 

from being utilized in a target gene replacement-deletion system (78), the pyrE deletion was 

also generated in a previously engineered T. thermophilus ΔleuB strain, with transformation 

efficiencies of the now dual selection mechanism (ΔleuB ΔpyrE) being 4×105 or 6×105 

transformants per μg of DNA for leuB or pyrE selection, respectively (77).  

No native antibiotic resistance markers have been found in Thermus species to date 

(80, 92), but a high temperature kanamycin-resistance gene (encoding kanamycin 

nucleotidyltransferase, knt ), able to function at 65°C, was generated via passage through an 

E. coli mutator strain followed by selection in Bacillus stearothermophilus at temperatures 

up to 70°C (257). The first demonstration of using this gene as a marker in a Thermus species 

was the insertion of knt into the middle of the highly expressed surface layer protein A (slpA) 

gene of T. thermophilus HB8, disrupting expression and causing a defective S-layer on the 

cells (86). Kanamycin resistance has also been utilized as a chromosomal integration system 

in T. flavus (101). Reported transformation efficiencies were 4×107 transformants/µg of 

DNA, and the genetic modification was stable even in the absence of selective pressure. The 

thermostability of the knt gene has been further improved by directed evolution in T. 

thermophilus. This resulted in a protein having 19 amino acid substitutions and stability up to 

80°C, which was aptly renamed HTK for “Highly Thermostable Kanamycin 
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nucleotidyltransferase” (87). Although not used as extensively as kanamycin, streptomycin 

has also been utilized as a selection in T. thermophilus, and the resulting mutants were 

studied to further understand the mechanisms of bacterial antibiotic resistance (258-261). 

While antibiotic resistance is the most common method of transformation selection, 

different methods of genetic selection continue to be investigated. A recent counter-selection 

method that has been previously demonstrated in mesophilic systems and was recently 

applied in Thermus involves a mutated phenylalanyl-tRNA synthetase gene (pheS) and the 

amino acid analog p-chlorophenylalanine (p-Cl-Phe) (90). The mutant version of PheS 

incorporates p-Cl-Phe into cellular proteins, resulting in unviability of the cell. Antibiotic 

selection with kanamycin was utilized to integrate a mutant pheS marker into the 

chromosome, and p-Cl-Phe was used as a counter-selection to remove both markers. This 

method can be used to construct gene deletions, point mutations, and/or insertions resulting 

in a final, unmarked mutant strain. Another counter-selectable deletion system was also 

developed in T. Thermophilus HB27, employing a heterologous cytosine deaminase gene 

(codA) from a Thermoanaerobacter species. The presence of the codA gene confers 

sensitivity to the compound 5-fluorocytosine (5FC); therefore, kanamycin was used as the 

selection for chromosomal integration of the construct and 5FC was used for counter-

selection for loss of the markers (100). These two counter-selection methods have advantages 

in that they can be used in a wild-type strain without prior construction of a chromosomal 

deletion in order to be able to apply the counter-selection (as compared with the pyrF or pyrE 

markers, for example).  

With its high transformation frequency and well-established genetic technologies, 

even more sophisticated tools are being applied in T. thermophilus. Transposon mutagenesis 
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was performed in T. thermophilus HB27 via natural transformation of genomic DNA 

mutagenized in vitro via the EZ-Tn5 system using a transposon engineered to contain the kat 

selectable marker (88). Although the number of transformants was only 186, this first 

application of the transposon mutagenesis method in an extreme thermophile holds promise 

for future study in this and other organisms. Several promoters have been characterized in 

Thermus species, both inducible and non-inducible (94, 178). In addition, a variety of 

reporter genes have been demonstrated (179, 262, 263).  

One barrier to metabolic engineering of Thermus species is the presence of 

overlapping genes, such as those present in T. thermophilus (90), which makes accurate 

genome editing nontrivial. Efforts to combat these issues have been made (93), and recent 

available genome sequence data should improve the current understanding of the Thermus 

genomes (235, 238, 241, 264-269). 

1.12.2 Metabolic engineering – Thermus species 

Despite the well-established genetic systems in Thermus species, specifically T. 

thermophilus, the number of metabolic engineering efforts for this genus has been limited. 

Typically, T. thermophilus has been used as a cell factory, designed to express proteins. 

Many of the initial efforts focused on expressing proteins from other Thermus species, as 

with the cloning and expression of α- and β-galactosidase genes from Thermus strain T2 (82), 

secreted aqualysin I from T. aquaticus (248), and his-tagged thermozymes and catalases from 

different T. thermophilus strains (96, 249). Since then, expression of multiple heterologous 

genes in T. thermophilus has been completed (89, 250, 251), and T. thermophilus can serve 

as a host for the thermoadaptation of proteins encoded in genes from mesophiles (95, 97, 

252).  
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A few efforts have been directed at modifying the metabolism and physiology of T. 

thermophilus. Although defined as an obligate aerobe, T. thermophilus HB8 had been 

previously shown to grown anaerobically in the presence of nitrate (139). A different strain, 

T. thermophilus HB27, does not share this ability, and as such the nitrate reductase complex 

operon (nar) was transferred from T. thermophilus to HB8 via conjugation, successfully 

converting the strain into a facultative aerobe (98). A very similar method was also utilized to 

transfer a denitrification process to T. thermophilus HB27 (99). In terms of true engineering 

of products generated by Thermus, carotenoids are produced in several Thermus species 

(163, 239), and these genes were targeted for overproduction in T. thermophilus (84) (Table 

1.3). First, a replicating plasmid encoding kanamycin resistance and a phytoene synthase 

gene (crtB) from T. thermophilus HB27 was transformed into T. thermophilus HB27; 

integration into the chromosome was also attempted but was unsuccessful. The presence of 

the vector increased carotenoid production from the host strain by over 20-fold compared to 

the wild-type strain. For future metabolic engineering, more information is required about the 

carotenoid biosynthesis pathway, as it is likely that an unknown regulatory gene is involved 

(84).  

Aside from the cases mentioned above, Thermus metabolic engineering efforts have 

been limited. Although the native products (e.g., carotenoids) in Thermus species have not 

been an area of great interest, Thermus species can serve as effective hosts for expression of 

thermophilic proteins. Furthermore, T. thermophilus has the potential to be engineered with 

multiple genes (251) for in vivo construction of metabolic pathways. Expressing mesophilic 

proteins in thermophilic systems can be nontrivial, which is why improving the 

understanding of protein thermostability is crucial (95, 97, 252). 
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1.13 Caldicellulosiruptor bescii 

Caldicellulosiruptor bescii DSM 6725 is a Gram-positive, anaerobic bacterium that 

was isolated from a geothermal hot spring in Kamchatka, Russia over two decades ago (129, 

132). Along with other species of the Caldicellulosiruptor genus, C. bescii is cellulolytic, 

fermenting simple and complex polysaccharides to predominantly H2, CO2, acetate, and 

lactate (36, 102, 129) (Table 1.2). This extremely thermophilic bacterium grows at 

temperatures that range from 65°C to 90°C, optimally at 75°C (36, 129), and within a pH 

range of 6.8-7.2 (130, 131). The generation time during exponential growth for C. bescii is 

highly dependent on the medium. Cellobiose, cellulose, and switchgrass are primarily used as 

substrates in media when studying C. bescii, resulting in generation times that can range from 

120 min on complex medium to 960 min on switchgrass (41, 130, 270). Other factors that 

affect growth of C. bescii are whether growth occurs in closed serum bottles or bioreactors. 

Closed serum bottles lead to the build-up of organic acids and hydrogen gas, which are 

inhibitive to fermentation and cellulose degradation (131, 271). Cell densities in serum 

bottles can reach over 5.0×108 cells/ml on cellulose and switchgrass (270). Growth in pH-

controlled bioreactors is similar to that found in serum bottles with maximum cell densities 

reaching ~5.0×108 cells/ml, but yielding fermentation products (acetate and lactate) that are 

several times higher, indicative of a more favorable bioreactor environment (131, 270). 

To date, C. bescii is the most thermophilic cellulolytic bacterium known and has 

attracted a lot of interest as a metabolic engineering host in the biofuels field due to its 

unique ability to degrade unpretreated plant biomass and metabolize both C5 and C6 sugars. 

These rare traits make C. bescii an excellent candidate for consolidated bioprocessing (CPB) 

in the production of biofuels, and from an industrial perspective, C. bescii offers several 
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distinct economic advantages over mesophilic ethanologens. For example, high fermentation 

temperatures (>70°C) eliminate any potential contamination by lactic acid bacteria, which 

are common contaminants of yeast-based fuel ethanol fermentations (272). An additional 

cost-saving measure is that, as an anaerobe, C. bescii does not require aeration or vigorous 

agitation (36). 

1.13.1 Genetics tools – Caldicellulosiruptor bescii 

Since the time of its reclassification in 2010 (formerly Anaerocellum thermophilum) 

(129), numerous advancements in C. bescii genetics have made genetic modification and 

engineering of this thermophile possible (114, 115, 130) (Table 1.1). Currently, 

electroporation is the only method used to successfully transform C. bescii for genetic 

modification. With that in mind, there are primarily two strains used for genetic 

modification: strain JWCB005 and JWCB018. JWCB005 (∆pyrFA) is an auxotrophic mutant 

that contains a random deletion in the pyrFA locus for selection of transformants through 

complementation via the pyrF gene (104). Transformation of JWCB005 requires methylation 

of vector DNA with the methyltransferase M.CbeI to prevent the native CbeI restriction 

enzyme from degrading the transformed plasmid DNA. On the other hand, JWCB018 

(∆pyrFA ∆cbeI) was developed to circumvent this step through chromosomal deletion of 

cbeI, permitting the use of recombinant vector DNA that is directly harvested from E. coli 

(102). Transformation of C. bescii may be carried out using either a replicating shuttle vector 

or a non-replicating/integrating vector, with both systems containing the pyrF gene as a 

selectable marker (102, 104). Non-replicating vectors contain homology regions specific for 

the 5'- and 3'-DNA flanking regions of the gene targeted for deletion, or for the genomic 

DNA region targeted for gene insertion. 
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To transform C. bescii via electroporation, mid-log phase cells were harvested and 

washed several times in 10% sucrose. Plasmid DNA (0.5-1.0 µg) in a volume of deionized 

(DI) water, no larger than 5 µl, was then added to a concentrated 50 µl cell suspension in 

10% sucrose (114, 161, 273). The plasmid-cell mixture was added to an electroporation 

cuvette and a single electric pulse at defined parameters was applied. Electroporated cells 

were transferred to recovery medium (LOC) at 75°C for 1-2 hours and then transferred to 

low osmolarity-defined medium lacking uracil (LOD-ura) for selection of transformants (130, 

161, 273). Selective outgrowth cultures were incubated at 70-75°C for up to 72 h, and those 

with growth were transferred several times in LOD-ura or plated on LOD-ura to select 

individual colonies. Transformation efficiency for integrating plasmids was reported to be on 

the order of 50 transformants per microgram of plasmid DNA (102), but was later improved 

to 103 transformants per microgram (102), likely aided by the development of an optimized 

growth medium that was described to have increased plating efficiency by ~1,000-fold (130). 

Transformation efficiency of a stably replicating plasmid was 500 transformants per 

microgram of DNA (104). For knock-out/knock-in vectors, any confirmed successful first 

crossover transformants were counter-selected for marker removal by plating on solid 

medium containing both uracil and 5FOA for 3-4 days. Colonies of strains containing gene 

knockouts or knock-ins were confirmed with PCR amplification and were subcultured 2-3 

times on solid medium containing uracil to achieve strain purity (161).  

Recently, the htk gene developed in Thermus thermophilus discussed above, has been 

shown to function in conferring kanamycin resistance to C. bescii, which is otherwise 

sensitive to kanamycin (103). A codon-optimized version of the htk gene was used 

successfully in both replicating and integrating vectors for transformation of C. bescii. 
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Furthermore, it was used to construct a targeted deletion of the pyrE gene in wild-type C. 

bescii, generating a uracil auxotroph that was resistant to 5FOA. The pyrE gene was then 

demonstrated to function as a selectable marker akin to pyrF, resulting in a dual marker 

system whereby chromosomal integration was selected for via kanamycin resistance and 

plasmid loss was counter-selected via 5FOA resistance. Also, the kanamycin resistance 

marker was used as a tool to directly select for chromosomal mutations, effectively replacing 

a chromosomal target with the gene itself, resulting in a strain that is resistant to kanamycin. 

This strategy will be useful for constructing deletions that cause reduced fitness levels.  

While progress on genetic tools for C. bescii continues, several issues remain. The 

lack of promoter selection (including inducible promoters), reporter genes, and additional 

counter-selection methods presents a major difficulty for the use of C. bescii for metabolic 

engineering. These issues may be combated by adapting promoters, reporter genes, and 

counter-selection methods demonstrated in other thermophilic bacteria, such as Thermus and 

Thermoanaerobacter. Low transformation efficiency makes it difficult to develop strains in a 

time-efficient manner. Furthermore, a practical issue that should be considered when 

engineering C. bescii is the presence of transposons (mobile DNA elements), which may 

insert themselves into functional genes and disable them (274). Finally, it would be useful to 

have genetic tools available for other species of Caldicellulosiruptor, since each species 

possesses a different suite of enzymes for biomass deconstruction (275). Recently, C. bescii 

genetics tools were extended for use in C. hydrothermalis (105). 

1.13.2 Metabolic engineering – Caldicellulosiruptor bescii 

While development of genetic tools and strategies continues to progress for C. bescii, 

there are a number of examples in the literature detailing metabolic engineering efforts in this 
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organism (Table 1.3). Cha et al. (102) increased H2 production in C. bescii through deletion 

of the L-lactate dehydrogenase gene (ldh). In C. bescii, carbon flux is directed to lactate or 

acetyl-CoA with electrons routed to either lactate or H2 and ATP produced during the 

production of acetate via acetate kinase. Thus, by removing ldh from the genome, acetate and 

H2 levels increased together with the culture density, likely due to the increase in energy 

production.  

In addition to biohydrogen, engineering C. bescii to produce appreciable amounts of 

fuel ethanol from lignocellulosic plant biomass is a critical step in the movement toward a 

CBP strategy of second-generation biofuels production. C. bescii and other 

Caldicellulosiruptor spp. are known to produce trace amounts of ethanol (129, 132, 270, 

276) along with H2, CO2, acetate, and lactate. To increase ethanol titer, the ldh deletion strain 

(JWCB018) was further modified to contain the C. thermocellum bifunctional 

acetaldehyde/alcohol dehydrogenase under the transcriptional control of the C. bescii S-layer 

protein promoter (Pslp), converting acetyl-CoA to acetaldehyde followed by further reduction 

to ethanol (41). In this new strain (JWCB032), acetate levels decreased by 38%, and ethanol 

concentrations reached 12.8 mM, well above 0.17 mM ethanol as reported for wild-type 

organisms (270) and well below ethanol concentrations that start to inhibit growth (400 mM) 

(41). The growth rate and growth yield between wild-type, Δldh, and Δldh::adhE strains 

were similar, abating any concerns of poor growth due to redox imbalance from importing a 

new fermentative pathway. 

Fermentation of switchgrass by C. bescii strain JWCB032 was done at 65°C due to 

the thermostability limitations of the C. thermocellum adhE, yet the optimum growth 

temperature for C. bescii is 75°C. Thermoanaerobacter pseudoethanolicus 39E is an 
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anaerobic thermophile that produces ethanol at 70°C, thus the adhB and adhE genes from T. 

pseudoethanolicus 39E were introduced separately into strain JWCB018 under 

transcriptional control of Pslp (160), and substrates were fermented at 75°C. The AdhB and 

AdhE expressing strains produced 0.4 mM and 1.6 mM ethanol on switchgrass, respectively, 

with slightly higher levels on Avicel (1.4 mM and 2.3 mM, respectively). These ethanol 

concentrations were not nearly as high as those produced with the C. thermocellum AdhE 

expressing strain. It was hypothesized that the lower ethanol concentrations observed is due 

to the limitation of NADPH (the cofactor for T. pseudoethanolicus AdhB and AdhE) 

availability in C. bescii relative to NADH (the cofactor for C. thermocellum AdhE). Taken 

together, efforts to engineer C. bescii to produce biofuels at growth optimum temperatures 

and at economical levels are still relatively in their early stages and are continuing to improve 

(277, 278). 

Metabolic engineering strategies in C. bescii will improve as further insights into its 

native metabolic pathways are obtained. Recent work revealed the presence of a gene cluster 

involved in the uptake and utilization of tungsten (273). The ability of the gene cluster to 

support tungstate uptake and incorporate it into a tungstoenzyme was tested by 

heterologously expressing the tungsten-requiring aldehyde-oxidizing enzyme (AOR) from P. 

furiosus in C. bescii, creating strain MACB1002 (273). When C. bescii strain MACB1002 

was grown in the presence of tungsten, AOR was shown to contain tungsten, thus 

demonstrating an active tungsten utilization pathway. 

C. bescii engineering strategies for the production of fuels and chemicals on 

lignocellulosic plant biomass should not be limited to metabolic pathways, but must 

encompass a comprehensive approach that also includes improving plant biomass 
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deconstruction. Surface layer homology (SLH) glycoside hydrolases are key enzymes 

involved in the degradation of plant biomass and may play an important role in the 

attachment of Caldicellulosiruptor spp. to insoluble plant substrates (279-281). The gene 

encoding an SLH containing xylanase from C. kronotskyensis (Calkro 0402) was inserted 

into the C. bescii genome under the transcriptional control of the Pslp promoter (161). The 

engineered strain (RKCB103) was shown to attach and degrade xylans more extensively than 

wild-type C. bescii (161). 

Importing cellulose- and hemicellulose-degrading enzymes together with altering 

metabolic pathways demonstrates the need for a multi-dimensional approach when 

improving the ability of C. bescii to degrade and convert lignocellulosic substrates into fuels 

and chemicals. Moreover, while improvement of the genetic systems available for C. bescii 

must continue, future work may entail improving product tolerance (e.g., ethanol) as well as 

taking a look at phenomena of potential significance (i.e. quorum sensing signaling, cyclic 

dinucleotide signaling, chemotaxis and motility) that may be important to the overall goal of 

developing C. bescii into a robust CBP organism. 

1.14 Thermoanaerobacter species 

Thermoanaerobacter species are heterotrophic fermentative anaerobic bacteria that 

grow on a variety of pentose and hexose saccharides as well as starch, but are not cellulolytic 

(Table 1.2). Growth medium requires the addition of yeast extract, which cannot be replaced 

by tryptone or casein hydrolysate, but yeast extract alone without glucose does not support 

growth (141). Thermoanaerobacter species grow at temperatures from 40°C to 78°C, with an 

optimum of approximately 70°C, and at pH ranging from 4.4 to 9.8 with an optimum near pH 

7 (141, 142). The major fermentation products produced by Thermoanaerobacter include 
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ethanol, CO2, H2, acetate, and lactate. The doubling time of these species is slightly longer 

than 1 hour (142). Thermoanaerobacter is distinct from the genus Thermoanaerobacterium 

in that Thermoanaerobacter species grow at slightly higher temperatures and reduce 

thiosulfate to hydrogen sulfide as opposed to Thermoanaerobacterium species, which reduce 

thiosulfate to elemental sulfur (282). The most well studied Thermoanaerobacter species in 

relation to metabolic engineering include T. ethanolicus, T. mathranii, and T. sp. X514. 

Many Thermoanaerobacter species have completely sequenced genomes (283). 

The primary attribute of Thermoanaerobacter species that makes them of interest as 

an industrial host is the ability to produce ethanol at high yield from sugars (143). Various 

alcohol dehydrogenases have been studied from and manipulated in T. mathranii (110) and 

T. ethanolicus (164). Metabolomics and transcriptomic approaches have been applied to T. 

sp. X514 to elucidate central metabolism pathways (284) and ethanol tolerance mechanisms 

(169). While these bacteria are not cellulolytic, co-culture strategies with cellulolytic 

organisms, like Clostridium thermocellum, have been proposed (285). Strategies for using T. 

mathranii strain A3N for the production of H2 have also been investigated (286).  

1.14.1 Genetic tools – Thermoanaerobacter species 

Various methods for transforming DNA into Thermoanaerobacter species have been 

investigated over the past 30 years (Table 1.1), all of which employ antibiotic resistance 

selectable markers for kanamycin, chloramphenicol, or thiamphenicol. A method of Tris-

PEG6000 incubation was reported in 1985 to successfully transform T. 

thermohydrosulfuricus to confer kanamycin or thiamphenicol resistance with selection on 

plates for 4-6 days at 55°C (108). Electroporation of partial protoplasts was used to transform 

T. ethanolicus JW200 with both a replicating and integrating vector with chloramphenicol 
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selection at 45°C for 5-7 days or 63°C for 2-3 days (109). T. sp. X514 has been transformed 

using either sonoporation or electroporation with kanamycin selection on plates at 45°C for 

5-7 days (111). Natural competence was identified for T. ethanolicus JW200, T. 

pseudethanolicus 39E, and T. brockii ATCC35047 using a replicating vector with a 

kanamycin resistance marker at 55°C (107). In the same study of natural competence, T. 

mathranii was not transformed, but this does not rule out that this species may be naturally 

competent under other conditions (107). T. mathranii BG1 has been transformed by 

electroporation with kanamycin selection at 70°C (168).  

Replicating vectors for Thermoanaerobacter sp. have been constructed using the 

replicative origins of vectors found natively in or developed for other gram positive bacteria 

(Bacillus subtilis plasmids pUB110 and pIM13, Thermoanaerobacterium saccharolyticum 

plasmid B6A-RI, and Clostridium perfringens-Escherichia coli shuttle vector pJIR715) (107-

109, 111). Homologous recombination of integrating vectors has also been used to delete or 

add genes to Thermoanaerobacter sp. (109, 110, 168, 169). The only method of selection 

used to date in Thermoanaerobacter sp. is antibiotic resistance to kanamycin, 

chloramphenicol, or thiamphenicol. The relatively lower growth temperatures of 

Thermoanaerobacter species compared to other extreme thermophiles enables the use of 

antibiotics and antibiotic resistance genes that may be heat labile at higher temperatures. As 

with all extreme thermophiles, the stability of both antibiotics and antibiotic resistance 

proteins at elevated temperatures is of concern, and thus selection is typically performed at a 

temperature well below the growth optimum of extreme thermophiles. 

Chloramphenicol/thiamphenicol selection in Thermoanaerobacter spp. has used the 

chloramphenicol acetyl transferase (cat) from B. subtilis plasmid pC194 at temperatures 
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ranging from 45-63°C (108, 109). In Bacillus stearothermophilus, chloramphenicol 

resistance via the pC194 cat is maintained to the maximum growth temperature of B. 

stearothermophilus at 68°C (287), suggesting it could be used at higher temperatures in 

Thermoanaerobacter. Previously used kanamycin resistance markers necessitated lower 

cultivation temperatures for selection (45-55°C), but the development of the high temperature 

kanamycin (HTK) resistance marker (87) and recent use in T. mathranii BG1 at 70°C (110, 

168) demonstrates kanamycin selection can be achieved at the growth temperature optimum 

of Thermoanaerobacter. While positive selection using antibiotics is an important selection 

tool, the lack of a counter-selection mechanism, such as 5FOA counter-selection of pyrF 

used in other genetic systems, is a limitation of the genetic toolbox in Thermoanaerobacter 

sp. that hinders the ease of performing multiple genetic manipulations in a single strain.  

Restriction methylation systems in Thermoanaerobacter species are largely 

uncharacterized, but are predicted in the genomes of many species in the REBASE database 

(113). In one investigation, T. sp. X514 cell extracts appear to possess a restriction enzyme, 

putatively identified as TspX514ORF458P, capable of cutting unmethylated GATC sites 

similar to DpnII, and Dam+/Dcm+ methylation from E. coli 5α protects plasmid DNA from 

digestion, suggesting this methylation is important for transformation of T. sp. X514 (111).  

1.14.2 Metabolic engineering – Thermoanaerobacter species 

Metabolic engineering in Thermoanaerobacter species has been almost exclusively 

focused on elucidating the function of alcohol dehydrogenases and enhancing ethanol 

production and tolerance (Table 1.3). The majority of metabolically engineered strains have 

been produced in patented strain T. mathranii BG1 (288) by the company BioGasol 

(www.biogasol.com). T. mathranii BG1L1 is a Δldh mutant of T. mathranii BG1 which has 
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been adapted to ethanol concentrations of 6-8.3% (166) and is able to produce 0.39-0.42 g 

ethanol / g glucose consumed from dilute acid corn stover hydrolysate (167) and wet-

exploded wheat straw hydrolysate (165). A set of alcohol dehydrogenase deletion mutants 

(AD1: ΔadhA, AD2: ΔadhB, AD3: ΔbdhA, AD4: ΔadhE) were constructed in T. mathranii 

BG1 to elucidate that adhE is the primary aldehyde dehydrogenase in the ethanol formation 

pathway, where mutant strain AD4 (ΔadhE) no longer produced ethanol (110). Another 

strain was developed to simultaneously delete ldh and insert adhE under the control of the 

xylAB xylose inducible promoter. This strain, T. mathranii strain BG1E1, was able to 

produce elevated levels of ethanol (57.0 mM ethanol, 95.2% of the theoretical maximum) 

when xylose was used as a substrate relative to both strain BG1L1 (Δldh; 51.2mM ethanol) 

or wild-type (49.4 mM ethanol) (110). Deletion of the ldh in these strains eliminates an 

NADH oxidation pathway, disrupting redox balance, so T. mathranii strain BG1G1 was 

constructed to heterologously express gldA (a NAD+-dependent glycerol dehydrogenase) 

from T. maritima while simultaneously deleting ldh to facilitate redox balance through 

NADH regeneration (168). Strain BG1G1 employed the xylAB promoter to drive expression 

of gldA in a xylose inducible manner. Another strain, BG1G2, was also constructed to 

incorporate gldA as part of the gap-pgk locus to express it constitutively in a strain with ldh 

intact (168). Fermentation from batch cultures of strains BG1G1, BG1G2, and BG1L1 

compared to wild-type BG1 were conducted on glucose and xylose (168). On glucose, 

BG1G1 produces elevated levels of ethanol (38.5 mM) compared to wild-type (33.4 mM), 

but BG1L1 produces the most ethanol (43.6 mM), however on xylose, BG1G1 (49.0 mM 

ethanol, 94.5% theoretical maximum) outperforms both BG1L1 (40.0 mM ethanol) and wild-

type (34.3 mM ethanol). Strain BG1G2, which has an intact ldh and constitutively expressed 
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gldA, produces severely decreased levels of ethanol (3.0 mM on glucose, and 14.7 mM on 

xylose) and elevated levels of H2 (up to 37.1 mM on xylose) and lactate (up to 41.0 mM on 

glucose).  

Metabolic engineering in T. sp. X514 has also been pursued to improve ethanol 

production and tolerance. Ethanol shock and adaptation experiments with exogenous ethanol 

and transcriptomic profiling of the resulting strains identified changes in T. sp. X514 genes 

responsible for improved ethanol productivity and tolerance. Using these findings, T. sp. 

X514 adh and NADH oxidase genes (Teth514_0145-0146), and separately, T. sp. X514 σ24 

factor and hypothetical protein genes (Teth514_1847-1848), were overexpressed from the 

replicating vector pIKM1 using the native promoter, RBS, and terminator elements from 

each (169). Both strains showed improved ethanol production over the wild-type (~38 mM), 

with the σ24 overexpression strain producing ~46 mM ethanol and the adh overexpression 

strain producing ~50 mM ethanol. Tolerance and growth in 1% exogenous ethanol was also 

improved in both strains, with the σ24 overexpression strain growing even more rapidly than 

the adh overexpression strain. These experiments were carried out at 45°C, which is 

significantly below the growth optimum of this species, but these genetic manipulations 

demonstrate key genes for improving ethanol tolerance and productivity in T. sp. X514.  

Only one example of metabolic engineering in T. ethanolicus JW200 is available in 

which adhE was homologously expressed using the putative natural promoter and terminator 

(164). This improved the ethanol production of the strain (9.4 mM) compared to the wild-

type (6.7 mM). 
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1.15 Caldanaerobacter subterraneus subsp. tengcongensis  

Caldanaerobacter subterraneus subsp. tengcongensis was isolated from a hot spring 

in Tengcong, China, and initially classified as Thermoanaerobacter tengcongensis (145). The 

genus Caldanaerobacter was established due to differences in the metabolic and 

phylogenetic characteristics of the Caldanaerobacter sp. and Thermoanaerobacter sp. (289). 

Caldanaerobacter have slightly higher growth temperatures, ranging from 40°C to 85°C with 

an optimum of 75°C for C. subterraneus subsp. tengcongensis (Table 1.2). 

Caldanaerobacter sp. grow in pH 5.5 to 9 with optimum of 7 to 7.5 (289). C. subterraneus 

subsp. tengcongensis grows on various hexose sugars, disaccharides, and starch, but is not 

able to degrade cellulose or xylan (145). Similar to Thermoanaerobacter sp., 

Caldanaerobacter sp. are reported to require yeast extract for carbohydrate metabolism, but 

yeast extract cannot serve as a sole carbon source (145, 289). However, a synthetic defined 

medium lacking yeast extract was recently used for genetic manipulation of C. subterraneus 

subsp. tengcongensis (106). Caldanaerobacter species produce ethanol, acetate, CO2, H2, and 

L-alanine as major fermentation products, and reduce thiosulfate to sulfide, but do not reduce 

sulfate (289).  

Like Thermoanaerobacter species, C. subterraneus subsp. tengcongensis is of interest 

for its ability to produce ethanol as a major fermentation product (145). However, not all C. 

subterraneus subspecies are able to produce ethanol (289). Research on C. subterraneus 

subsp. tengcongensis to date has focused primarily on the in vitro characterization of proteins 

as well as proteomic (290, 291) and transcriptomic (292) studies as temperature is varied. To 

date little effort has focused on the industrial application of C. subterraneus subsp. 

tengcongensis, despite its ability to produce 0.7 mol ethanol / mol glucose fermented (145). 
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C. subterraneus subsp. tengcongensis is the most studied member of the genus and has a 

sequenced genome (293). 

1.15.1 Genetics tools - Caldanaerobacter subterraneus subsp. tengcongensis  

The use of natural competence for the transformation of C. subterraneus subsp. 

tengcongensis was reported in 2012 using both a replicating and integrating plasmid with 

kanamycin selection (106) (Table 1.1). No endogenous plasmids were found in C. 

subterraneus subsp. tengcongensis, and replicating plasmids like pMK18 from Thermus 

thermophilus HB27 (181) did not function. As such, a replicating vector was created using 

the chromosome origin of replication oriC and the kanamycin selectable marker from 

pMK18. It appears that the plasmid with oriC replicates independent of the chromosome at 

low copy number, but the exact copy number and potential problems related to segregation of 

the plasmid between daughter cells were not investigated (106). A promoter region upstream 

of pta (phosphate transacetylase, Tte1482) was capable of driving expression of kanamycin 

resistance protein production. Using homologous recombination, an integrating vector was 

used to disrupt hisG to create a mutant strain auxotrophic for histidine, which was then 

complemented with the hisG gene. This demonstrates, at a proof of concept level, that 

histidine auxotrophy and prototrophy could be used as selection methods; however, without a 

counter-selective mechanism, this system relies on homologous recombination to occur in 

both flanking regions to yield final markerless strains.  

1.15.2 Metabolic engineering - Caldanaerobacter subterraneus subsp. tengcongensis  

Because methods for genetic manipulation in C. subterraneus subsp. tengcongensis 

were so recently established, metabolic engineering has not yet been applied to this host. 
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1.16 Metabolic engineering of extreme thermophiles – Tool kit needs 

As with any microbial hosts being considered, metabolic engineering of extreme 

thermophiles requires a suite of genetic parts in addition to genes targeted for deletion or 

insertion. Selectable marker genes are required for strain construction methods, and examples 

of these have been introduced above. In addition, promoters and ribosomal binding sites are 

used to drive transcription and translation of the gene or synthetic operon, and terminator 

sequences are used to halt transcription (although these are sometimes omitted). Reporter 

genes are occasionally used as a way to easily evaluate successful gene insertion or 

expression. Here, possible options of these genetic parts available for metabolic engineering 

of extreme thermophiles are discussed, and they are also summarized in Table 1.4. 

1.16.1 Promoters 

A variety of promoters have been successfully used in extremely thermophilic hosts, 

all of which have been derived from promoters for native genes (Table 1.4). Promoter 

sequences are typically obtained by taking 100-200 bases 5' to the native gene from which 

they are derived (154, 156, 172). Both constitutive and inducible promoters have been used 

to drive gene expression in engineered extreme thermophiles. The constitutive promoters are 

usually chosen based on gene expression data showing high-level expression of the gene 

under most conditions (43). Inducible promoters are typically identified from previous 

literature defining the amount of gene expression under various conditions, such as for mbp 

in S. acidocaldarius (172, 294) and mbh1 for P. furiosus (295, 296). 

Most of the promoters used in extreme thermophiles are constitutive with a high level 

of expression, although a few inducible promoters have been characterized and used (Table 

1.4). In P. furiosus, the promoter for the S-layer protein, one of the most highly expressed 
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genes in P. furiosus, has been most commonly used (297). A cold-induced promoter and a 

promoter activated under non-sulfur conditions have also been successfully used (155, 156). 

A promoter and RBS 295 bp upstream from the xylAB operon in T. ethanolicus (182), which 

is repressed during growth on glucose and induced during growth on xylose, has been used to 

drive expression of proteins in T. mathranii (110, 168). The native promoter and RBS from 

adhB (500 bp upstream) was used to drive chloramphenicol acetyltransferase gene 

expression in T. ethanolicus (109). For expression of the β-glucanase from C. thermocellum 

in Thermoanaerobacter sp. X514, the native promoter and RBS (651 bp upstream) and 

terminator (142 bp downstream) were amplified along with the β-glucanase from the 

genomic DNA of C. thermocellum and shown to function in T. sp. 514 (111). In C. bescii, all 

genetic engineering achievements to date have used the strong constitutive promoters of the 

slp gene and the 30S ribosomal protein gene, and there are as yet no reports for the use of 

regulated or inducible promoters. However, the promoters used in Thermoanaerobacter, a 

closely-related genus, may also be functional in C. bescii. Among the organisms considered 

here, by far the most characterized promoters are for Sulfolobus, allowing inducers such as 

maltose, arabinose, copper, mercury, and heat shock to be used (Table 1.4). There are also a 

few inducible promoters available for bacteria in the Thermus genus. 

Although some native promoters have been characterized for several extremely 

thermophilic hosts, there are currently limited options from which to choose, and most of 

them offer high-level expression. However, high-level gene expression for metabolic 

engineering often does not result in optimal product formation; better results are often 

obtained through controlled gene expression (1, 298). For mesophilic hosts, controlled 

expression of inserted genes has been accomplished through the development of advanced 
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tools, such as promoter libraries (298, 299) and dynamic sensor-regulator systems (300). The 

development of these powerful tools for extreme thermophiles would greatly increase the 

success of metabolic engineering efforts. 

1.16.2 Ribosomal binding sites 

When inserting multiple genes into a host organism, these are often assembled into 

artificial operons which are driven by a single promoter but require ribosomal binding 

sequences (RBS) in between each gene. For cases in which the inserted genes come from 

closely-related organisms, such as the expression of the T. onnurineus formate hydrogen 

lyase complex in P. furiosus, native RBSs can be used successfully (156). However, when 

using genes from distantly-related organisms, modifications to RBSs may have to be made. 

For instance, in order to successfully express three enzymes of the 3-hydroxypropionate/4-

hydroxybutyrate cycle from Metallosphaera sedula in P. furiosus, the M. sedula RBSs did 

not result in effective translation (43). Upon replacing these RBSs with those for highly-

expressed genes in P. furiosus, such as slp and porγ (Table 1.4), the heterologous genes were 

successfully expressed. No attempts to regulate protein expression through RBS sequences 

have been made in other extreme thermophiles. It should be noted that, because translation 

initiation is impacted by sequences both upstream and downstream of the start codon (301), 

simply cutting and pasting RBSs between genes may not work as expected. To combat this, 

libraries could be constructed to allow for testing of multiple RBSs with each gene. 

Alternatively, biophysical models could be developed to predict translation rates from the 

mRNA sequence, such as those developed for E. coli (302), allowing RBSs to be designed 

for the desired expression level of each gene. Further exploration of translational regulatory 
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sequences for gene expression in extremely thermophilic hosts would be of great use moving 

forward. 

1.16.3 Reporter genes 

A few reporter genes have been characterized for extreme thermophiles (Table 1.4). 

Beta-glycosidase has been used as a reporter gene in T. kodakarensis to determine the effect 

of promoter strength and other factors on expression. However, screening requires activity 

assays of cell lysate, so it cannot be used as a colorimetric plate assay to screen for positive 

transformants (55, 303). Reporter genes for the popular blue/white colony screening method 

have been successfully demonstrated in S. acidocaldarius, S. solfataricus, and T. 

thermophilus. Another popular reporter gene, green fluorescent protein (GFP), has been 

successfully used in S. acidocaldarius. A GFP reporter was attempted in T. sp. X514, but 

while the vector transformed, GFP was not functionally expressed, likely due to protein 

instability at elevated temperature or lack of molecular oxygen needed for formation of the 

fluorescent site (111). 

1.17 Conclusions and future perspective 

Extreme thermophiles possess unique pathways and adaptations that offer intrinsic 

advantages for their use in industrial bioprocessing. With the advent of genetic tools for a 

variety of extreme thermophiles, these organisms are now poised to be used as hosts for 

metabolic engineering. Multiple barriers exist to future metabolic engineering projects using 

extremely thermophilic hosts. Practical limitations of the available genetic tools, such as long 

plate incubation times, make it difficult to quickly develop strains to test hypothesized 

metabolic engineering strategies. Likewise, the limited availability of genetic parts makes it 



76 

difficult to express inserted pathways at the desired levels and activities. Despite these 

limitations, successful metabolic engineering of a few extreme thermophiles has already been 

demonstrated. 

Some of the same tools that have been applied to overcoming challenges in metabolic 

engineering of mesophiles would be extremely useful in thermophiles. Advanced genetic 

tools and predictive modeling methods could be used to partially offset the long strain 

development times required for thermophiles. For example, genetic methods, such as 

multiplex automated genome engineering (MAGE) and global transcription machinery 

engineering, would allow high-throughput strain generation, reducing the time required to 

test metabolic engineering hypotheses (304). To avoid the trial-and-error approach to 

metabolic engineering, predictive modeling methods could be applied. For example, genome-

scale metabolic models have been successfully applied to identify gene targets for metabolic 

engineering projects (305). Among the organisms discussed here, genome-scale metabolic 

models exist only for T. maritima and S. solfataricus (128, 305), and they have yet to be used 

for metabolic engineering. Kinetic modeling approaches also show promise as a tool for 

metabolic engineering (184).  

One advanced gene editing technology that has seen dramatic growth in applications 

in recent years is CRISPR/Cas. These tools allow highly-efficient, highly-specific 

chromosomal modifications and can be used to make multiple modifications simultaneously 

(306). Gene editing tools based on CRISPR/Cas most commonly use the effector protein 

from Type II CRISPR/Cas systems, Cas9, an RNA-guided nuclease that catalyzes targeted 

double-stranded DNA breaks (307). In bacteria, gene editing is accomplished by using a 

synthetic guide RNA to induce double-stranded cleavage of wild-type genomic DNA by 
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Cas9, resulting in the death of cells that do not undergo homologous recombination with 

donor DNA lacking the target sequence (307, 308). The guide RNA, Cas9, and donor DNA 

can be introduced on the same plasmid, which is transformed into the cell (306). In a sense, 

this artificial Cas9 system is used as a replacement for selective pressure, resulting in highly 

efficient gene editing, without the need for a selectable marker. In order to develop a Cas9-

based gene editing tools for extreme thermophiles, a thermostable Cas9 is necessary. 

Unfortunately, Type II CRISPR/Cas systems are less common than Type I and III systems 

(309), and no thermophilic Cas9 enzymes have been characterized. However, at least two 

extreme thermophiles are predicted to have Type II systems: Acidothermus cellulolyticus and 

Persephonella marina, both of which grow optimally near 70°C (309-311). Thus, it is 

possible that Cas9-based gene editing tools could be developed by adaptation of a 

thermophilic Cas9.  

While Type II CRISPR/Cas systems are most commonly adapted for gene editing due 

to the simplicity of the effector protein, the Type I and III systems can also be used. Type I 

and III systems use a protein complex for their RNA-guided nuclease, requiring expression 

of multiple genes to allow for targeted cleavage of DNA (308). Type I and III systems are 

much more widely-distributed than Type II; in fact, all of the extremely thermophilic hosts 

discussed here possess a Type I system, with the exception of S. acidocaldarius and C. 

subterraneus (which possess only Type III systems), and most also have a Type III system 

(309). Recently, the endogenous Type I and III systems were used to demonstrate gene 

editing in S. islandicus by introducing plasmids containing sequences for the guide RNA and 

donor DNA (312), a technique that could in principle be extended to any host with a Type I 

or III system. Alternatively, an artificial Type I or III system could be introduced; the Type I 
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and III systems in P. furiosus have been well-characterized and could be adapted for such a 

use in extreme thermophiles (313, 314). Of particular interest is the Type III system, the only 

system known to cleave RNA targets, allowing it to be used for gene knockdown (307). In 

addition to advances in genetic tools and methods for target identification, expanding the 

selection of genetic parts for extremely thermophilic hosts would be advantageous. Promoter 

libraries (315), predictors or libraries for ribosomal binding sites (301, 302), and synthetic 

biology constructs such as dynamic sensor-regulator systems (300), have been developed and 

used to assist metabolic engineering of mesophilic hosts. Applied to thermophilic hosts, these 

same tools would vastly expand the genetic parts library and allow fine-tuning of enzyme 

expression. 

 The metabolic engineering of extreme thermophiles is still in its early stages. Despite 

the current limitations, successful metabolic engineering of a few extreme thermophiles has 

already been demonstrated. As our understanding of extreme thermophiles as hosts grows 

and more tools become developed, these organisms have a promising future as relevant and 

impactful cell factories for industrial biotechnology. 
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Abstract 

n-Butanol is generated as a natural product of metabolism by several microorganisms, 

but almost all grow at mesophilic temperatures. A synthetic pathway for n-butanol 

production from acetyl-CoA that functioned at 70°C was assembled in vitro from enzymes 

recruited from thermophilic bacteria to inform efforts for engineering butanol production into 

thermophilic hosts. Recombinant versions of eight thermophilic enzymes (β-ketothiolase 

(Thl), 3-hydroxybutryl-CoA dehydrogenase (Hbd), 3-hydroxybutyryl-CoA dehydratase (Crt) 

from Caldanaerobacter subterraneus subsp. tengcongensis; trans-2-enoyl-CoA reductase 

(Ter) from Spirochaeta thermophila; bifunctional acetaldehyde dehydrogenase/alcohol 

dehydrogenase (AdhE) from Clostridium thermocellum; and AdhE, aldehyde dehydrogenase 

(Bad), butanol dehydrogenase (Bdh) from Thermoanaerobacter sp. X514) were utilized to 

examine three possible pathways for n-butanol. These pathways differed in the two steps 

required to convert butyryl-CoA to n-butanol: Thl-Hbd-Crt-Ter-AdhE (C. thermocellum), 

Thl-Hbd-Crt-Ter-AdhE (T. X514) and Thl-Hbd-Crt-Ter-Bad-Bdh. n-Butanol was produced 

at 70°C, but with varying amounts of ethanol as co-product, because of the broad substrate 

specificities of AdhE, Bad, and Bdh. A reaction kinetics model, validated via comparison to 

in vitro experiments, was used to determine relative enzyme ratios needed to maximize n-

butanol production. By using high relative amounts of Thl and Hbd, and low amounts of Bad 

and Bdh, >70% conversion to n-butanol was observed in vitro, but with a 60% decrease in 

predicted pathway flux. With more selective hypothetical versions of Bad and Bdh, >70% 

conversion to n-butanol is predicted, with a 19% increase in pathway flux. Thus, more 

selective thermophilic versions of Bad, Bdh, and AdhE are needed to fully exploit 

biocatalytic n-butanol production at elevated temperatures.  
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2.1 Introduction 

Metabolic engineering for bio-based fuel or chemical production has focused almost 

exclusively on mesophilic host organisms, although thermophilic hosts are now also being 

considered, as molecular genetic tools become available (46, 151, 316, 317). Thermal 

bioprocesses can be advantageous for a variety of reasons (318). Extreme thermophiles (Topt 

≥ 70°C), in particular, could be especially strategic for industrial processes, due to lower risk 

of contamination, facilitated product recovery and reduced cooling costs, factors which must 

be weighed against energy requirements to maintain bioprocesses at elevated temperatures 

(30, 185).  

In principle, thermophilic metabolic engineering platforms can potentially draw from 

an enzyme inventory encompassing a broad temperature range (43, 152, 155). However, one 

must take into account potential issues with synthetic pathways composed of heterologous 

enzymes with variable levels of thermoactivity and thermostability. This factor can be 

exacerbated by the relative scarcity of biochemically and biophysically characterized 

versions of specific thermophilic enzymes of interest. As such, biocatalysts may need to be 

recruited from sources with functional temperature ranges that are inconsistent with the 

thermophilic host, leading to incompatibility between the activity and stability among 

enzymes selected for use in an engineered pathway. For example, metabolic engineering of 

Caldicellulosiruptor bescii (Topt = 78°C) for increased ethanol production utilized an enzyme 

from Clostridium thermocellum (Topt = 60°C), resulting in product formation only at 65°C or 

below (41). An additional challenge for metabolic engineering at any temperature is 

balancing biocatalytic function among pathway enzymes. High-level expression of all 

heterologous genes in a pathway can lead to poor product titers and yields, underscoring the 
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need for tuning gene expression to improve overall performance (319, 320). This strategy is 

often actuated through trial-and-error or combinatorial approaches, although more 

deterministic computational methods have been proposed (321, 322). Similarly, achieving 

commercially viable titers and yields in thermophilic hosts will require strain optimization, 

which becomes challenging as the functional properties of constituent pathway enzymes 

become more disparate. 

Biological butanol production has received significant attention lately, driven by 

concerns about energy sustainability and anthropogenic global climate change (323-325). n-

Butanol has long been utilized as a solvent and feedstock for chemical production processes, 

but can additionally be used as a drop-in gasoline replacement due to its superior fuel 

properties; n-butanol has an energy density and octane number similar to that of gasoline (4, 

12, 326). Thermophilic production of volatile products, such as fuel alcohols, allows for the 

possibility of facilitated product removal. The use of thermophilic organisms would be a 

favorable match for most separations processes recovering butanol from dilute fermentation 

broth, including distillation, gas stripping, and pervaporation (31). For example, for a 

solution of  n-butanol (20 g/L) in water, the relative volatility increases from 5.6 at 30°C to 

16 at 70°C, as predicted by the UNIQUAC model (AspenPlus, v8.0, Aspen Technology, Inc., 

Bedford, MA). Thus, gas stripping to concentrate n-butanol from a dilute solution in a 

fermentor would be greatly facilitated by using a thermophilic host. 

n-Butanol is produced natively by multiple fermentative bacteria in the genus 

Clostridium; in fact, Clostridium acetobutylicum fermentation was the primary method of 

butanol production until petroleum-based processes became more cost-effective (4). In native 

producers, n-butanol is made from acetyl-CoA, using electrons donated from NADH via a 
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five-enzyme pathway composed of a β-ketothiolase (Thl; EC 2.3.1.16), 3-hydroxybutryl-

CoA dehydrogenase (Hbd; EC 1.1.1.35), 3-hydroxybutyryl-CoA dehydratase (Crt; EC 

4.2.1.55), butyryl-CoA dehydrogenase (Bcd/Etf), and a bifunctional acetaldehyde 

dehydrogenase/alcohol dehydrogenase (AdhE; EC 1.2.1.10 and 1.1.1.1) (Figure 2.1) (4, 7, 

327). All of the enzymes are NADH-dependent, with the exception of Bcd/Etf, which 

catalyzes an electron-bifurcating reaction to transfer electrons from 2 molecules of NADH to 

oxidized ferredoxin and crotonyl-CoA (2 NADH + Fdox + crotonyl-CoA → 2 NAD+ + Fdred
2- 

+ butyryl-CoA) (327). Using this native pathway, along with other modifications, clostridia 

have been metabolically engineered for increased butanol production, with titers reported up 

to 19 g/L (Table 2.1) (20, 328, 329).  

n-Butanol production has also been engineered into a diverse set of more genetically 

tractable mesophiles, with the highest batch titer reported in Escherichia coli at 15 g/L 

(Table 2.1). The pathway was adapted for E. coli by replacing Bcd/Etf with a trans-2-enoyl-

CoA reductase (Ter; EC 1.3.1.44) to balance ferredoxin metabolism (7). Ter directly uses 

NADH to reduce crotonyl-CoA, alleviating the need to recycle reduced ferredoxin produced 

by Bcd/Etf, while making the reaction irreversible and thus providing a “kinetic trap” in the 

pathway (330, 331). 
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Figure 2.1. Enzymatic pathway for n-butanol formation. Abbreviations: Thl, β-

ketothiolase (EC 2.3.1.16); Hbd, 3-hydroxybutryl-CoA dehydrogenase (EC 1.1.1.35); Crt, 3-

hydroxybutyryl-CoA dehydratase (EC 4.2.1.55); Bcd/Etf, butyryl-CoA 

dehydrogenase/electron transfer protein; Ter, trans-2-enoyl-CoA reductase (EC 1.3.1.44); 

Bad, aldehyde dehydrogenase (EC 1.2.1.10); Bdh, alcohol dehydrogenase (EC 1.1.1.1); 

AdhE, bifunctional acetaldehyde dehydrogenase/alcohol dehydrogenase; and Fd, ferredoxin. 

 

All organisms producing significant amounts (>0.1 g/L) of n-butanol, engineered or 

not, also produce large quantities of ethanol. In cases where the C. acetobutylicum enzymes 

are used for the aldehyde/alcohol dehydrogenase activity (e.g., E. coli, C. acetobutylicum, 
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and Thermoanaerobacterium saccharolyticum), more n-butanol is produced relative to 

ethanol than when native aldehyde/alcohol dehydrogenase enzymes are used (e.g., L. brevis 

and S. cerevisiae). This effect is likely due to the increased selectivity of C. acetobutylicum 

AdhE, Bad, and Bdh for four-carbon substrates (332, 333). Additionally, increased 

production of reducing equivalents or knocking out genes encoding enzymes that produce 

more oxidized fermentation products, both of which change the host’s redox balance, can 

increase n-butanol production (7, 38, 46). Thus, the ratio of ethanol to n-butanol production 

seems to depend upon the specificity of the aldehyde dehydrogenase (Bad or AdhE) and 

alcohol dehydrogenase (Bdh or AdhE) for four-carbon substrates, although redox balancing 

of substrates and fermentation products also plays a role. 

Reports of butanol production in thermophiles are sparse. The highest temperature for 

native n-butanol production is 58°C in C. thermosaccharolyticum (334), although trace 

amounts are produced by Pyrodictium abyssi (Topt = 110°C) (335). In engineered organisms, 

n-butanol has been produced by Thermoanaerobacterium thermosaccharolyticum and T. 

saccharolyticum at 55°C (Table 2.1). There is only one report to date of n-butanol being 

produced by an extreme thermophile growing above 60°C. Pyrococcus furiosus, a 

hyperthermophile (Topt = 100°C), was metabolically engineered to produce alcohols via a 

hybrid pathway assembled in vivo, based on thermophilic versions of enzymes related to 

those found in C. acetobutylicum (154). Production of ethanol and n-butanol resulted in low 

titers, yields and selectivities at 60°C, due in part to the fact that enzymes from microbial 

sources with Topt of 60 - 75°C were utilized (154). In this work, we use a reaction kinetics 

model, informed by in-vitro-measured enzyme biochemical and biophysical (i.e., 

thermostability) properties, to explore possible routes to improving n-butanol:ethanol 
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selectivity in engineered strains of P. furiosus or other thermophilic hosts. The model 

provided key insights into how enzyme characteristics, relative enzyme concentrations, and 

enzyme stability impact selectivity for n-butanol production relative to the less desired 

product ethanol. It also defines the desired kinetic properties for specific enzymes in a hybrid 

thermophilic pathway to maximize n-butanol formation. 

 

Table 2.1. n-Butanol production by selected native and engineered microorganisms. 

Microorganism Temp. 

°C 

Butanol 

Titer 

g/L 

Ethanol 

Titer 

g/L 

Ref 

Clostridium acetobutylicum (native) 37 17 0.92 (329) 

C. thermosaccharolyticum (native) 58 1.9 5.1 (334) 

C. acetobutylicum (engineered) 37 19 2 (20) 

Escherichia coli 37 15 2 (7) 

Thermoanaerobacterium thermosaccharolyticum 55 0.38 0.86 (336) 

Thermoanaerobacterium saccharolyticum 55 0.85 1.8 (46) 

Lactobacillus brevis 30 0.30 4.6 (337) 

Saccharomyces cerevisiae 30 
0.25 a 4-8 (11) 

0.0025 NR b (338) 

Psuedomonas putida 30 0.12 NR (339) 

Synechococcus elongates 30 0.030 NR (15) 

Bacillus subtilis 37 0.024 NR (339) 
a Using a modified leucine synthesis pathway instead of Clostridial pathway 
b NR, not reported 

 

2.2 Materials and Methods 

2.2.1 Materials 

Strains and vectors used for cloning included pET-28b, pET-21b, pET-46 Ek/LIC 

cloning kit, NovaBlueTM E. coli competent cells and RosettaTM 2 (DE3) E. coli competent 

cells (EMD Millipore, Billerica, MA). Primers were purchased from IDT (Coralville, IA). 

Reagents and devices used include acetyl-CoA, acetoacetyl-CoA, (S)-3-hydroxybutyryl-CoA, 
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crotonyl-CoA, butyryl-CoA, butyraldehyde, acetaldehyde, NADH, 1 mg/ml bovine serum 

albumin protein standard, and protein molecular mass standards (Sigma-Aldrich, St. Louis, 

MO); buffer components, media components, and GelCode Blue Stain Reagent (Thermo 

Fisher Scientific, Pittsburgh, PA); NuPAGE 4-12% Bis-Tris protein gels and BenchMarkTM 

protein standards (10 to 220 kDa) (Life Technologies, Grand Island, NY); Bio-Rad Protein 

Assay Dye Reagent (Hercules, CA); QIAquick PCR purification and QIAprep spin miniprep 

kits (Qiagen, Inc., Valencia, CA); restriction enzymes, Gibson assembly master mix, and 

Quickload DNA ladder (1 kb) (New England Biolabs, Ipswich, MA); Amicon Ultra 10K 

centrifugal filter units (EMD Millipore, Billerica, MA); HisTrapTM HP, HiLoad Q-Sepharose 

XK 16/10, HiLoad Superdex 200 pg 26/600, and Superdex 200 10/300 GL FPLC columns 

(GE Healthcare); ZB-WAXplus capillary GC column, 30 m long × 0.53 mm ID × 1 µm film 

thickness (Phenomenex, Torrance, CA). 

2.2.2 Recombinant production of pathway enzymes 

TTE0544 (crt), TTE0548 (hbd), TTE0549 (thl), Teth514_1935 (X514-bdh), and 

Teth514_1942 (X514-bad) were amplified by PCR from genomic DNA (Caldanaerobacter 

subterraneus subsp. tengcongensis DSM 15242 or Thermoanaerobacter sp. X514 ATCC 

BAA-938) and ligated into pET-46 Ek/LIC. Cthe_0423 (Ctherm-adhE) was amplified by 

PCR from C. thermocellum ATCC 27405 genomic DNA and ligated into pET-21b between 

the NdeI and XhoI restriction sites. Teth514_0627 (X514-adhE) was amplified from gDNA 

by PCR and ligated into pET-28b between the NcoI and XhoI restriction sites using Gibson 

assembly (340). Stherm_c16300 (ter) was codon-optimized for E. coli and synthesized (Life 

Technologies), then ligated into pET-28b between the NcoI and NotI restriction sites. 

NovaBlue GigaSinglesTM E. coli competent cells were transformed with ligation products 
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and plated on LB agar medium containing appropriate antibiotics. Colonies were cultured in 

liquid LB medium with appropriate antibiotics, and extracted plasmids were sequenced by 

Eton Bioscience, Inc. (Durham, NC) or Genewiz, Inc. (Research Triangle Park, NC).  

Rosetta 2 (DE3) E. coli competent cells were transformed with expression vectors 

and plated on LB agar with appropriate antibiotics. Single colonies were cultured overnight 

in ZYM-5052 auto-induction medium (341) at 37°C with 275 rpm rotary shaking. Expression 

cultures were harvested by centrifugation at 6000×g for 10 min, re-suspended in lysis buffer 

(300 mM NaCl, 50 mM sodium phosphate, 1 mM MgCl2, 20 mM imidazole, 10% glycerol, 

pH 8.0), and lysed with a French press pressure cell at 16,000 psi. Lysis buffer for Ctherm-

AdhE and X514-AdhE also contained 3 mM dithiothreitol and 0.5 mM 

phenylmethanesulfonyl fluoride. Crude homogenate was incubated at 60°C for 30 min to 

precipitate most E. coli proteins, then centrifuged at 25,000×g for 20 min to obtain cell-free 

extracts. 

All recombinant enzymes were first purified by immobilized metal affinity 

chromatography at room temperature using 1-ml HisTrapTM HP columns. Buffers had the 

same composition as lysis buffer, and protein was eluted with a linear gradient of 20 – 500 

mM imidazole. Active fractions were pooled, concentrated, and exchanged into 25 mM Tris-

HCl, 1 mM MgCl2, 3 mM DTT, pH 8.0 using 10K centrifugal filters, mixed with an equal 

volume of glycerol, and stored at -20°C.  

Crt was further purified by anion exchange chromatography at room temperature on a 

HiLoad Q-Sepharose XK16/10 column in 25 mM Tris-HCl, 1 mM MgCl2, 10% glycerol, pH 

8.0, and eluted with a linear gradient of 0 – 1 M NaCl. Fractions from peaks with activity 

were pooled, concentrated, and stored as described above. 
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Ctherm-AdhE and X514-AdhE were further purified by gel filtration chromatography 

at 4°C on a HiLoad Superdex 200 pg 26/600 column in 50 mM sodium phosphate, 150 mM 

NaCl, 1 mM MgCl2, 3 mM DTT, 10% v/v glycerol, pH 7.8. Active fractions were pooled, 

concentrated, and stored as described above. 

2.2.3 Enzyme activity assays 

All enzyme assays monitored consumption of NADH spectrophotometrically at 340 

nm, using an extinction coefficient of 6300 M-1cm-1 (342). All assay reactions were done in 

120 µl volumes, in quartz cuvettes with 1 cm path length. The enzyme was preheated with 

100 mM MOPS-KOH (pH 7.9 at 22°C) and 0.3 mM NADH, and the reaction was started by 

the addition of substrate. Assays of the two AdhE enzymes were carried out at 60°C, all other 

assays were at 70°C. Thl and Crt do not oxidize NADH, so coupled assays with Hbd and Ter 

were used, respectively, where at least 10-fold excess of the coupled enzymes ensured that 

Thl and Crt would be rate-determining. Michaelis-Menten kinetic parameters and standard 

errors were determined using the R package (R Foundation for Statistical Computing) with 

nlstools (343).  

A range of at least six different substrate concentrations was used for each enzyme. 

Thl was assayed on 50 to 5000 µM acetyl-CoA and a final enzyme concentration of 1.4 

µg/ml, with the coupled Hbd enzyme at 66.7 µg/ml. Hbd was assayed on 3 to 500 µM 

acetoacetyl-CoA and 0.4 µg/ml enzyme. Crt was assayed on 25 to 5000 µM 3-

hydroxybutyryl-CoA and 0.3 µg/ml enzyme, with the coupled Ter enzyme at 186 µg/ml. Ter 

was assayed on 10 to 1000 µM crotonyl-CoA and 2.2 µg/ml enzyme. X514-Bad was assayed 

on 10-500 µM acetyl-CoA or 5-500 µM butyryl-CoA, with 5.3 µg/ml enzyme. X514-Bdh 

was assayed on 0.25-20 mM acetaldehyde or 0.1-20 mM butyraldehyde with 3.1 µg/ml 
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enzyme. X514-AdhE was assayed on 5-500 µM acetyl-CoA, 5-500 µM butyryl-CoA, 0.625-

20 mM acetaldehyde, or 0.625-20 mM butyraldehyde, with 16.25 µg/ml enzyme. Ctherm-

AdhE was assayed on 10-500 µM acetyl-CoA, 10-500 µM butyryl-CoA, 0.5-40 mM 

acetaldehyde, or 0.625-40 mM butyraldehyde, with 20 µg/ml enzyme. 

To determine enzyme thermostability, enzyme was incubated in 100 mM MOPS-

KOH (pH 7.9 at 22°C) and 0.3 mM NADH at 60°C or 70°C for times ranging from 1 min to 

19 h. Following the incubation, residual enzyme activity was assayed at 70°C. Enzyme 

activity over time was fit to a two-step enzyme inactivation mechanism (344): 

𝐸
𝑘1
→ 𝐸1(𝛽)

𝑘2
→ 𝐸𝑑 

where E is the fully active enzyme, E1 is an intermediate with lower activity β, Ed is inactive 

enzyme, and k1 and k2 are rate constants. The fractional activity y at time t is modeled by 

 𝑦(𝑡) = [1 + 𝛽𝑘1 (𝑘2 − 𝑘1)⁄ ] exp(−𝑘1𝑡) − 𝛽𝑘1 (𝑘2 − 𝑘1)⁄ exp(−𝑘2𝑡)  [2.1] 

In the case where there is no active intermediate (E1), the equation reduces to first-order 

decay:   

 𝑦(𝑡) = exp(−𝑘1𝑡) [2.2] 

Enzyme inactivation data were fit to equation [2.1] unless β or k1 were indeterminate, in 

which case equation [2.2] was used. 

2.2.4 In vitro n-butanol production 

For in vitro conversion of acetyl-CoA to n-butanol, the reaction mixture contained 

MOPS-KOH buffer (100 mM, pH 7.9 at 22°C), acetyl-CoA (5 mM), NADH (40 mM), and 

enzymes (varying concentrations). The reactions were incubated at 60°C or 70°C for 45 

minutes, then cooled on ice. The internal standard 2-butanol was added to 250 µg/ml final 
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concentration, and the mixtures were analyzed for alcohol production by gas 

chromatography. All reactions were run in triplicate. 

2.2.5 Gas chromatography 

Alcohols were quantified with a Shimadzu GC-2014 gas chromatograph equipped 

with a ZB-WAXplus capillary column (30 m × 0.53 mm ID × 1 µm film thickness) and 

flame ionization detector. GC oven temperature was initially held at 40°C for 2 min, 

increased to 240°C at 20°C/min, and held for 9 min. Injector and detector were held at 310°C 

and 250°C, respectively. Nitrogen was used as the carrier gas at 30 cm/s column flow. 

Sample volumes of 0.5 µl were injected with a 1:10 split ratio using an AOC-20i 

autosampler. 

2.2.6 Kinetic modeling and optimization 

The concentrations of pathway intermediates over time were modeled by constructing 

a system of differential mass balance equations based on known reaction stoichiometry, rate 

law expressions, and enzyme parameters reported in Table 2.4 and Table 2.5. Any unknown 

parameters were estimated using literature on homologous enzymes. Reactions with 

calculated equilibrium constants greater than 100 (ΔrG°’ < -11.4 kJ/mol at pH 7.0) were 

modeled as irreversible; all other reactions were modeled as reversible. The differential 

equations were solved using the ode15s function in MATLAB (version R2011b, Mathworks, 

Inc.) for given initial compound concentrations enzyme concentrations. Enzyme inactivation 

was modeled by adjusting the enzyme concentrations over time according to equation [2.1].   

To predict optimized enzyme ratios, the model was used to construct a nonlinear 

optimization problem to minimize an objective function, which was the final ratio of ethanol 

to butanol after the reaction had proceeded to completion. The objective function was 
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minimized by varying enzyme concentrations subject to two constraints. First, the total 

enzyme mass was fixed. Second, the minimum allowed concentration of any enzyme was set 

to 10% of the concentration used for the base case, where the base case used enzyme 

concentrations such that each enzyme was present at the same activity of 0.2 U/ml. For each 

case, the minimization problem was solved 50 times using randomized enzyme 

concentrations to avoid local minima.  

2.2.7 Other methods 

Protein concentrations were determined by the method of Bradford using Bio-Rad 

Protein Assay Dye Reagent with bovine serum albumin as the standard (345). SDS-PAGE 

was done using NuPAGE 4-12% Bis-Tris polyacrylamide gels with MOPS buffer and stained 

with GelCode Blue. Enzyme molecular masses were determined by size exclusion 

chromatography with a Superdex 200 10/300 GL column, using buffer containing 50 mM 

sodium phosphate, 150 mM NaCl, 1 mM MgCl2, 1 mM DTT, 10% v/v glycerol, pH 7.8, at 

0.5 ml/min.  

2.3 Results 

2.3.1 Selection of thermophilic enzymes for hybrid pathway 

Because no extreme thermophile contains all of the enzymes necessary for n-butanol 

production from acetyl-CoA, genes encoding such enzymes from multiple sources are 

obviously required. Additionally, few of the required enzymes from extreme thermophiles 

have been characterized. Therefore, a homology search strategy was used to select potential 

extremely thermophilic candidates for each type of enzyme (Table 2.2), as reported 

previously (154). Three variations of the pathway can be constructed from these enzymes, 
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which vary only in the identity of the enzyme(s) used to catalyze the last two pathway steps: 

Ctherm-AdhE, X514-AdhE, or Bad and Bdh (Figure 2.1). All three pathway variations use 

Ter, rather than the NADH- and ferredoxin-dependent bifurcating Bcd/Etf system that is 

found in native n-butanol producers. Use of the Bcd/Etf system as part of the pathway in vivo 

would produce reduced ferredoxin which would then have to be re-oxidized by the host, 

leading to a potential imbalance in ferredoxin metabolism; substituting Ter for the Bcd/Etf 

system avoids this ferredoxin imbalance. 

2.3.2 Production of enzymes from hybrid pathway 

Each enzyme was heterologously expressed in E. coli and isolated to ~80% purity or 

greater, as determined by SDS-PAGE image densitometry (Figure 2.2, Table 2.2). IMAC-

purified Ctherm-AdhE and X514-AdhE contained low-molecular mass contaminants, most of 

which were removed by size exclusion chromatography. These low-molecular mass bands 

were also observed in IMAC-purified AdhE after expression under anaerobic conditions or at 

reduced temperature (18°C or 30°C). Anion exchange chromatography likewise could not 

remove these bands, indicating that the polypeptides comprising these bands have a very 

similar pI to the full-length AdhE. Thus, these low-molecular mass bands are likely the result 

of AdhE degradation by E. coli, and do not represent native E. coli proteins, since heat 

treatment and IMAC alone were able to purify most of the other enzymes to homogeneity. 

Although Ctherm-AdhE activity has been characterized in cell extracts (346, 347), purified 

forms of Ctherm-AdhE and X514-AdhE have not been previously characterized. 
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Table 2.2. Hybrid thermophilic n-butanol pathway enzymes 

Enzyme Query genea 

Source 

thermophilic 

microorganism 

Growth 

Topt 

(°C) 

Thermophile 

locus tag 

Homology 

to query 

(Cov-ID-Pos) 

Monomer Mr 

(kDa) Purityb 

% 

Enzyme 

Mr
c 

(kDa) 

Molecular 

assembly Sequence- 

predicted 

SDS- 

PAGE 

Thl CA_C2873 
Caldanaerobacter  

subterraneus subsp. 

tengcongensis 

75 

TTE0549 99-68-83 43.6 42.3 98 158 α4 

Hbd CA_C2708 TTE0548 99-70-84 32.8 34.4 86 206 α6 

Crt CA_C2712 TTE0544 98-60-80 30.0 29.7 79 92 α3 

Ter TDE_0597 Spirochaeta thermophila 68 STHERM_c16300 98-56-73 45.4 47.1 83 43 α1 

AdhE CA_P0035 

Clostridium thermocellum 60 Cthe_0423 99-64-82 97.2 94.3 81 254 α3 

Thermoanaerobacter 

sp. X514 
60 Teth514_0627 99-53-72 97.7 94.9 79 535 α6 

Bad Cbei_3832 Thermoanaerobacter 

sp. X514 
60 

Teth514_1942 92-50-68 51.7 52.4 88 265 α5 

Bdh CA_C3298 Teth514_1935 99-29-49 44.0 40.4 82 79 α2 

 
a CA Clostridium acetobutylicum; TDE Treponema denticola; Cbei Clostridum beijerinckii 
b SDS-PAGE image densitometry 
c Gel filtration chromatography 
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Figure 2.2. SDS-PAGE analysis of purified enzymes. Abbreviations: IMAC, immobilized 

metal affinity chromatography; AEC, anion exchange chromatography; SEC, size exclusion 

chromatography. 

 

2.3.4 Kinetic parameters for enzymes in the hybrid n-butanol pathway 

The kinetic parameters (Vmax and KM) of each purified enzyme were determined in 

vitro, using NADH as reductant, to facilitate insight into operation of the assembled pathway 

(Table 2.3, Figure 2.3). The kinetics of all enzymes were determined at 70°C with the 

exception of the two AdhE enzymes, which were assayed at 60°C due the observed decrease 

in Ctherm-AdhE activity after less than one minute when assayed at 70°C. The three alcohol 

dehydrogenases examined here, X514-Bdh, Ctherm-AdhE, and X514-AdhE, were assayed 
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by their aldehyde reduction activity. All have low Vmax and high apparent KM on both 

acetaldehyde and butyraldehyde (Figure 2.3A). These enzymes have kcat/KM values ranging 

from 2.4×103 to 7.1×103 M-1 s-1 for butyraldehyde, 2- to 7-fold higher than that for 

acetaldehyde, making them only slightly specific for butyraldehyde. The NADH-dependent 

Bdh from C. acetobutylicum has kcat/KM values of 304 and 6.1 M-1 s-1 on butyraldehyde and 

acetaldehyde, respectively, making it highly specific for butyraldehyde (348). Similarly, 

NADPH-dependent Bdh from C. beijerinckii has high specificity, with a kcat/KM 100-fold 

higher for butyraldehyde than for acetaldehyde (349). X514-Bdh, Ctherm-AdhE, and X514-

AdhE, as well as the C. acetobutylicum Bdh, all have KM values for aldehydes above 2 mM, 

well above the intracellular butyraldehyde concentration measured in C. acetobutylicum, <1 

mM (350). Thus, rates of ethanol or n-butanol production in T. X514, C. thermocellum, and 

C. acetobutylicum are in the linear regime of the Michaelis-Menten curve and, therefore, 

sensitive to acetaldehyde or butyraldehyde concentration. This may help draw the pathway 

towards alcohol production due to the near-irreversibility of the reaction, although much of 

the maximum aldehyde reductase activity would be underutilized (348). An additional issue 

is that none of the alcohol dehydrogenases examined here have any strong preference for 

butyraldehyde over acetaldehyde, which is important for maintaining pathway selectivity for 

production of n-butanol relative to ethanol.  

Similarly, the three aldehyde dehydrogenases, X514-Bad, Ctherm-AdhE, and X514-

AdhE, which were assayed by their acyl-CoA reduction activity, are not highly specific for 

either acetyl-CoA or butyryl-CoA (Figure 2.3B). Neither AdhE examined here had 

significant preference for butyryl-CoA over acetyl-CoA as a substrate, with nearly identical 

kcat/KM values for both substrates. However, X514-Bad shows some substrate specificity, 
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with kcat/KM for butyryl-CoA 15-fold higher than that for acetyl-CoA. This is similar to the 

Bad found in C. beijerinckii, which has a kcat/KM 7-fold higher for butyryl-CoA than for 

acetyl-CoA (351). These results suggest that using X514-Bad would allow greater selectivity 

for production of n-butanol relative to ethanol than either of the two AdhE enzymes.  

 

Table 2.3. Kinetic parameters of n-butanol pathway enzymesa 

Enzyme Locus tag Substrate 

KM 

(µM) 
Vmax 

(U/mg)b 

kcat/KM 

(103 M
-1

s
-1

) 

      

Thl TTE0549 Acetyl-CoA 271 ± 48 74.2 ± 3.1 199 ± 36 

      

Hbd TTE0548 Acetoacetyl-CoA 18.7 ± 3.4 64.1 ± 2.9 1880 ± 350 

      

Crt TTE0544 3-Hydroxybutyryl-CoA 107 ± 19 533 ± 18 2490 ± 430 

      

Ter Stherm_c16300 Crotonyl-CoA 49.9 ± 14.1 63.1 ± 3.9 956 ± 276 

      

Ctherm-

AdhE 

Cthe_0423 Acetyl-CoA 11.5 ± 1.0 2.01 ± 0.04 283 ± 26 

Butyryl-CoA 15.0 ± 3.1 1.41 ± 0.07 152 ± 32 

Acetaldehyde 7760 ± 2240 2.21 ± 0.26 0.46 ± 0.15 

Butyraldehyde 6920 ± 870 9.53 ± 0.48 2.27 ± 0.30 

      

X514-

AdhE 

Teth514_0627 Acetyl-CoA 9.40 ± 1.16 2.20 ± 0.06 381 ± 48 

Butyryl-CoA 5.71 ± 0.66 1.38 ±  0.03 394 ± 46 

Acetaldehyde 22000 ± 4800 14.1 ±  1.6 1.09 ± 0.30 

Butyraldehyde 3230 ± 20 14.0 ± 0.3 7.11 ± 0.49 

      

X514-

Bad 

Teth514_1942 Acetyl-CoA 83.6 ± 31.6 5.31 ± 0.64 55.3 ± 21.7 

Butyryl-CoA 27.2 ± 6.3 26.4 ± 1.6 833 ± 198 

      

X514-

Bdh 

Teth514_1935 Acetaldehyde 3330 ± 850 10.6 ± 0.9 2.37 ± 0.59 

Butyraldehyde 2030 ± 340 14.1 ± 0.7 5.13 ± 0.89 

      
a Uncertainties represent one standard error. 
b 1 U = 1 µmol product formed/min. All Vmax values determined using 0.3 mM NADH as cofactor. 

 

The Vmax of the recombinant, His-tagged Ctherm-AdhE reported here has an activity 

of 2.2 ± 0.3 U/mg for acetaldehyde reduction (Table 2.3), much lower than expected 

considering that the reported activity of AdhE in C. thermocellum cell extract is 7.7 ± 0.1 

U/mg using a similar assay (346). Reported acetaldehyde reductase activities of purified 
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AdhE from a variety of organisms vary widely. Recombinant versions of AdhE from C. 

acetobutylicum and Thermoanaerobacter ethanolicus have activities of 0.18 and 2.6 U/mg, 

respectively, similar to or much less than the value obtained here for Ctherm-AdhE (164, 

352). In contrast, native purified AdhE from E. coli, Geobacillus thermoglucosidasius, and 

Entamoeba histolytica have higher acetaldehyde reductase activities of 9.9, 51, and 320 

U/mg, respectively, although the E. coli activity is only ~5-fold greater than Ctherm-AdhE 

(353-355). The native forms of AdhE are known to form large multimeric structures called 

‘spirosomes’ containing 20 or more AdhE monomers (353-355). The spirosomes are 

hypothesized to enhance catalytic efficiency through substrate channeling of acetaldehyde or 

by stabilizing the protein (354), which may explain some of the discrepancy between 

activities reported for native and recombinant forms. Clearly, the native form of Ctherm-

AdhE should be studied further to resolve the discrepancy between activities of the 

recombinant version and native cell extract. 

2.3.5 Enzyme stability 

Because of the importance of enzyme stability in thermophilic metabolic engineering 

applications, the stability of each enzyme at pH 7.9 and 60°C or 70°C was determined. 

Enzyme inactivation data were fit to a two-step enzyme inactivation model, or a simple first-

order inactivation model, if it provided an adequate fit (Table 2.4). Thl, Hbd, Crt, and Ter 

inactivate slowly at 70°C, with half-lives longer than 2 hours, and are extremely stable at 

60°C with half-lives greater than 6 hours, consistent with the fact that they come from 

organisms with Topt ≥ 70°C. Because X514-Bad, X514-Bdh, and both AdhE enzymes are 

from microorganisms with Topt = 60°C, it was not surprising that they inactivated quickly at 

70°C. Ctherm-AdhE was particularly unstable at 70°C with a half-life of <1 min, although it 
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is quite stable at 60°C with a half-life of 275 min. The Bad enzyme quickly decreases to 70% 

residual activity at 70°C and 43% activity at 60°C, but is then inactivated much more slowly. 

The Bdh behaves similarly to Bad at 60°C, but loses most of its activity within a few minutes 

at 70°C. These results indicate that Ctherm-AdhE is not stable enough for use in a host 

growing near 70°C.  

 

 

Figure 2.3. Kinetic parameters of n-butanol pathway enzymes in log space. Dotted lines 

represent constant values of kcat/KM. Substrate abbreviations: C2, acetaldehyde; C4, 

butyraldehyde; C2-CoA, acetyl-CoA; C4-CoA, butyryl-CoA. Error bars represent one 

standard error. 
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Table 2.4. Inactivation parameters of n-butanol pathway enzymesa 

𝑦(𝑡) = [1 + 𝛽𝑘1 (𝑘2 − 𝑘1)⁄ ] exp(−𝑘1𝑡) − 𝛽𝑘1 (𝑘2 − 𝑘1)⁄ exp(−𝑘2𝑡) ];  𝑦(𝑡) = exp(−𝑘1𝑡) 

Enzyme 

70°C 60°C 

β 
k1 

(10-3 min-1) 
k2 

(10-3 min-1) 
t1/2 

(min) 
β 

k1 

(10-3 min-1) 
k2 

(10-3 min-1) 
t1/2 

(min) 

Thl - 3.36 ± 0.65a - 206 - 2.12 ± 0.34 - 327 

Hbd - 0.20 ± 0.08 - 3470 - 0.10 ± 0.09 - 6930 

Crt - 4.17 ± 1.06 - 166 - 0.10 ± 0.12 - 6930 

Ter - 4.59 ± 0.48 - 151 - 0.32 ± 0.08 - 2170 

Badb 0.70 ± 0.06 315 ± 174 6.88 ± 1.71 52.1 0.43 ± 0.04 204 ± 38 5.49 ± 2.55 9.49 

Bdhc 0.13 ± 0.01 385 ± 21 60.5 ± 3.2 2.18 0.58 ± 0.03 370 ± 65 10.6 ± 1.4 16.9 

Ctherm-

AdhEc 
- 1169 ± 178 - 0.59 - 2.52 ± 0.06 - 275 

X514-

AdhEc 
0.68 ± 0.05 622 ± 225 32.8 ± 3.7 11.0 - 1.03 ± 0.08 - 673 

a Uncertainties represent one standard error 
b With butyryl-CoA as substrate  
c With butyraldehyde as substrate 

 

2.3.6 In vitro assembly of n-butanol pathway 

To confirm that the purified enzymes can be used together to produce n-butanol, they 

were assembled in vitro. Two variations of the pathway were examined, differing only in the 

enzymes used to convert butyryl-CoA to n-butanol: Thl-Hbd-Crt-Ter-Bad-Bdh, and Thl-

Hbd-Crt-Ter-AdhE (T. X514). The pathway variant using Ctherm-AdhE was not examined 

because of its poor stability at 70°C, making it unsuitable for use in an extremely 

thermophilic host, such as P. furiosus, growing at 70°C or above. Enzymes for the Bad/Bdh 

and X514-AdhE pathways were mixed in equal proportions based on specific activity, 

corresponding to molar enzyme proportions seen in Figure 2.4A. These enzyme mixtures 

were incubated at 60°C and 70°C with a high acetyl-CoA concentration (5 mM) and a 

stoichiometric excess of NADH (40 mM) to allow complete conversion of acetyl-CoA and 

accurate quantification of the resulting alcohols by gas chromatography. The theoretical 

maximum conversion of acetyl-CoA to alcohols (100%) was achieved by both pathways 
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(Figure 2.4B and 2.4C). However, the enzyme mixtures had a low selectivity for n-butanol 

production, with the Bad/Bdh and X514-AdhE pathways converting 28% and 5% of carbon 

to n-butanol, respectively, with the balance being ethanol.  

2.3.7 Pathway kinetic modeling and optimization 

To gain further insight into the operation of the complete pathway, a kinetic model 

was implemented using measured enzyme parameters and appropriate rate law expressions 

(Tables 2.5 and 2.6). The model predicts species concentrations over time for given initial 

substrate and enzyme concentrations. While kinetic models have been used to examine a 

variety of metabolic pathways, including the acetone-butanol-ethanol (ABE) pathway in C. 

acetobutylicum, most kinetic models have required fitting parameters to data from batch 

fermentation experiments (356, 357). In contrast, our model used a priori-determined kinetic 

parameters for individual enzymes; no parameters were adjusted to fit measured n-butanol or 

ethanol production by the assembled pathways. 

The primary goal for using the kinetic model was to identify ways to increase the 

selectivity of the n-butanol vs. ethanol production. The final concentrations achieved in the 

modeled reaction can be used to determine the selectivity, defined as the molar ratio of 

carbon in n-butanol to carbon in ethanol. One strategy for increasing the selectivity is to 

change the enzyme ratios, analogous to changing relative expression levels of enzymes in 

vivo. Optimum enzyme ratios for n-butanol selectivity could be determined by searching 

enzyme concentration space to minimize the final ethanol concentration. The optimization 

search was subject to a fixed total enzyme mass, an approximation of the cellular energy 

investment in the pathway enzymes.   
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Figure 2.4. Measured and predicted alcohol production for in vitro assembly of pathway 

enzymes. (A) Molar enzyme proportions of each pathway variant for equal activities of each 

enzyme, and optimized ratios for maximum n-butanol selectivity. (B) Measured (Expt) and 

model-predicted (Pred) production of n-butanol (green) and ethanol (blue) in vitro at 60°C 

using high enzyme loading for predicted reaction completion in 5 min. (C) Production at 

70°C using high enzyme loading. (D) Production at 70°C using low enzyme loading for 

predicted reaction completion in 30 min, also compared with model predictions without 

accounting for enzyme inactivation (No Inact). (E) Model predictions of alcohol production 

using hypothetical thermostable versions of C. beijerinckii Bad (351) and C. acetobutylicum 

Bdh (348). Error bars represent one standard error. 
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Table 2.5. Enzyme-catalyzed reaction rate expressions 

Bi Bi Ping Pong (Thl) 

2 C2-CoA = AcAc-CoA + CoA 
𝑟 =  

𝑘𝑐𝑎𝑡
𝑓𝑤𝑑

𝐸 (𝐴2 −
𝑃𝑄
𝐾𝑒𝑞

)

𝐴2 + 𝐾𝐴𝐴 (1 +
𝑃

𝐾𝐼𝑃
+

𝑄
𝐾𝐼𝑄

) +
𝑘𝑐𝑎𝑡

𝑓𝑤𝑑

𝑘𝑐𝑎𝑡
𝑟𝑒𝑣𝐾𝑒𝑞

[𝑃𝑄 + 𝐾𝑃Q + 𝐾𝑄𝑃]

 
A = C2-CoA 

P = AcAc-CoA 

Q = CoA 

Irreversible Bi (Hbd, Ter, Bdh/AdhE) 

 

Hbd: AcAc-CoA + NADH = 3HB-CoA + NAD 

 

Ter: Crot-CoA + NADH = C4-CoA + NAD 

 

Bdh/AdhE: Acetal + NADH = EtOH + NAD 

Butyral + NADH = ButOH + NAD 

 

𝑟 =  
𝑘𝑐𝑎𝑡

𝑓𝑤𝑑
𝐸𝐴1𝐵

𝐴1𝐵 + 𝐾𝐴1 (1 +
𝐴2

𝐾𝐴2
) 𝐵 + 𝐾𝐵𝐴1

 

Hbd: A1 = AcAc-CoA  

          B  = NADH (no A2) 

Ter: A1 = Crot-CoA  

        B  = NADH (no A2) 

Bdh/AdhE Acetal reduction:      

       A1 = Acetal 

       A2 = Butyral 

       B  = NADH 

 

A1 and A2 switched for Butyral 

reduction. 

Uni Uni (Crt) 

3HB-CoA  = Crot-CoA + H2O 
𝑟 =  

𝑘𝑐𝑎𝑡
𝑓𝑤𝑑

𝐸 (𝐴 −
𝑃

𝐾𝑒𝑞
)

𝐾𝐴 + 𝐴 +
𝐾𝐴

𝐾𝑃
𝑃

 
A = 3HB-CoA 

P = Crot-CoA 

Ordered Bi Ter (Bad/AdhE) 

C2-CoA + NADH = Acetal + NAD + CoA 

C4-CoA + NADH = Butyral + NAD + CoA 

𝑟 =  

𝑘𝑐𝑎𝑡
𝑓𝑤𝑑

𝐸 (𝐴𝐵1 −
𝑃𝑄𝑅1

𝐾𝑒𝑞
)

𝐴𝐵1 + 𝐾𝐴𝐵1 + 𝐾𝐵1 (1 +
𝐵2

𝐾𝐵2
) 𝐴 +

𝑘𝑐𝑎𝑡
𝑓𝑤𝑑

𝑘𝑐𝑎𝑡
𝑟𝑒𝑣𝐾𝑒𝑞

[𝑃𝑄𝑅1 + 𝐾𝑃𝑄𝑅1 + 𝐾𝑄𝑃𝑅1 +  𝐾𝑅1 (1 +
𝑅2

𝐾𝑅2
) 𝑃𝑄]

 

C2-CoA reduction: 

       A = NADH 

       B1 = C2-CoA 

       B2 = C4-CoA 

       P = NAD 

       Q = CoA 

       R1 = Acetal, R2 = Butyral 

 

B1/B2 and R1/R2 switched for 

C4-CoA reduction. 

Rate expressions adapted from (358). For all equations, except bi bi ping pong, terms involving inhibition constants were eliminated from rate 

expression. When possible, kcat
fwd/(Keq kcat

rev) was eliminated from the denominator using a Haldane equality. 

 

Turnover numbers: kcat
fwd, kcat

rev (s-1); Substrate, Product, Enzyme concentrations: A,B…E(mol/L); Michealis constants: KA, KB… (mol/L); Inhibition 

constants: KIP, KIQ (mol/L); Equilibrium constant at standard conditions: Keq (mol/L)n, where n is the sum of stoichiometric coefficients for reaction. 
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Table 2.6. Enzyme kinetic parameters used in modela 

Enzym

e 
Rate Law kcat

fwd kcat
rev KM

 b KI Keq c Source 

  s-1 s-1 Substrate µM µM   

Thl Bi Bi Ping Pong 53.9 987 d 

C2-CoA 271  

2.8×10-5 
This work 

(359) 
AcAc-CoA 33 133 

CoA 15 73 

Hbd Irreversible Bi 35.0  AcAc-CoA 18.7  (180) This work 

Crt Uni Uni 267 267 e 
3HB-CoA 107 

 0.22 
This work 

(360) Crot-CoA 30 

Ter Irreversible Bi 47.7  
Crot-CoA 49.9 

 (1.2×109) This work 
NADH 38.9 

X514-

Bad 
Ordered Bi Ter 

4.54 (C2-CoA) 

22.7 (C4-CoA) 

116 (C2) f 

573 (C4) f 

C2-CoA 83.6 

 
0.14 M 

6.0 M 

This work 

(351) 

C4-CoA 27.2 

C2 3700 

C4 3700 

X514-

Bdh 
Irreversible Bi 

7.7 (C2) 

10.4 (C4) 
 

C2 3330 
 

(790) 

(2200) 
This work 

C4 2030 

Ctherm-

AdhE 

Ordered Bi Ter 
3.3 (C2-CoA) 

2.3 (C4-CoA) 

82.2 (C2) f 

57.8 (C4)  f 

C2-CoA 11.5 

 
0.14 M 

6.0 M 

This work 

(351) C4-CoA 15.0 

Irreversible Bi 
3.6 (C2) 

15.4 (C4) 
 

C2 7760 
 

(790) 

(2200) 
This work 

C4 6920 

X514-

AdhE 

Ordered Bi Ter 
3.6 (C2-CoA) 

2.3 (C4-CoA) 

90.3 (C2) f 

56.8 (C4) f 

C2-CoA 9.4 

 
0.14 M 

6.0 M 

This work 

(351) C4-CoA 5.71 

Irreversible Bi 
23.0 (C2) 

22.9 (C4) 
 

C2 22000 

 
(790) 

(2200) 
This work 

C4 3230 

a Abbreviations: C2-CoA, acetyl-CoA; AcAc-CoA, acetoacetyl-CoA; 3HB-CoA, 3-hydroxybutyryl-CoA; 

Crot-CoA, crotonyl-CoA; C2-CoA, butyryl-CoA; C2, acetaldehyde; C4, butyraldehyde; CoA, Coenzyme A.  

 
b KM for NADH, NAD, and CoA assumed to be 50 µM unless otherwise specified. 

 
c Equilibrium constants calculated using eQuilibrator (361) at pH 7.9 and ionic strength of 0.1 M. Values in 

parenthesis ( ) do not affect reaction rate because reaction is modeled as irreversible. 

 
d Based on (359), assuming constant ratio of kcat

fwd to kcat
rev. 

 
e Assumed to be equal to kcat

fwd 

 

f Based on (351), assuming constant ratio of kcat
fwd to kcat

rev. 
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The results of the model-predicted enzyme ratio optima for each pathway variant 

(X514-Bad/X514-Bdh or X514-AdhE) are reported in Figure 2.4A. In each case, the model 

predicts that using high relative concentrations of Thl and Hbd, along with a low relative 

concentration of Bad or AdhE, results in the highest selectivity for n-butanol. The optimum 

enzyme ratios were tested in vitro, using a total enzyme loading such that n-butanol 

production is predicted to be complete in 5 min to minimize the effects of enzyme 

inactivation. The optimized Bad/Bdh pathway was able to convert 73% and 69% of acetyl-

CoA to n-butanol at 60°C and 70°C, respectively, corresponding to selectivities of 2.6 and 

2.3 (Figure 2.4B and 2.4C, Table 2.7), a nearly 3-fold improvement in butanol production 

over the equal activities case. Likewise, the optimized X514-AdhE pathway was able to 

achieve 61% and 55% conversion to n-butanol at 60°C and 70°C, corresponding to 

selectivities of 1.3 and 1.1, a 12-fold improvement in n-butanol production. The Bad/Bdh 

pathway with optimized ratios was able to produce more n-butanol than the X514-AdhE 

pathway, likely because of the higher specificity of X514-Bad for butyryl-CoA than X514-

AdhE. Model results for both pathways using the optimized and non-optimized (equal 

activity) conditions are in good agreement with experimentally determined n-butanol and 

ethanol concentrations (Figure 2.4B and 2.4C). 

A drawback to using the low concentrations of Bad or AdhE required for high 

selectivity in the optimized cases is a decrease in the overall specific productivity of the 

pathway, defined as the average rate to produce 90% of the final alcohol concentration, per 

gram of enzyme. For both the Bad/Bdh and X514-AdhE pathways, the overall alcohol 

productivity is lower for the optimized enzyme ratios than when using equal activity, 

illustrating a trade-off between pathway selectivity and pathway flux. 
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Table 2.7. Pathway selectivity and productivitya 
Pathway 

variant 
Enzyme Ratios Selectivityb Specific Productivity (predicted)c 

  n-butanol:ethanol mol C/h/g enzyme 

  Measured Predicted n-Butanol Ethanol Overall 

X514-Bad/ 

X514-Bdh 

Equal Activity 0.41 ± 0.02 0.14 ± 0.06 35 95 112 

Optimized 2.59 ± 0.02 1.80 ± 0.11 53 12 45 

X514-

AdhE 

Equal Activity 0.05 ± 0.01 0.02 ± 0.01 9.4 99 102 

Optimized 1.31 ± 0.01 1.82 ± 0.06 21 2.8 13 

Cbei-Bad/ 

Cacet-Bdh 

Equal Activity - 0.19 12 2.1 2.7 

Optimized - 2.88 29 0.4 3.2 
a For reactions run at 60°C, 5-min reaction timescale 

b Moles of carbon ratio, n-butanol to ethanol 
c Average rate to produce 90% of final alcohol concentration 

 

To show the effects of enzyme inactivation on the system, in vitro n-butanol 

production was carried out at 70°C with a lower enzyme loading, adjusted so that n-butanol 

production is predicted to be complete in 30 min (Figure 2.4D). As expected, under these 

conditions, both pathways failed to convert all of the acetyl-CoA to alcohols as a result of 

inactivation of Bad, Bdh, or X514-AdhE. The kinetic model also predicts incomplete 

conversion, although the agreement with experiment is not as good as for the 5-min timescale 

reactions, possibly as a result of uncertainties in the measurement of enzyme inactivation 

parameters. If enzyme inactivation is not included in the model, complete conversion is 

predicted, primarily in the form of ethanol production. Interestingly, in the case of the 

Bad/Bdh pathway, n-butanol production is much higher relative to ethanol production than 

would be the case if all the enzymes were stable, leading to a higher selectivity for n-butanol. 

This example illustrates how the interplay between enzyme ratios and enzyme stability can 

increase the selectivity of the pathway, albeit at the cost of conversion efficiency.  

To examine the time-course predictive capability of the model, reactions with the 

optimized Bad/Bdh pathway were carried out at 60°C and sampled over time, with enzyme 

loading adjusted such that n-butanol production is predicted to complete 75 min. The 
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resulting time-course profiles of alcohol production compare well with the model (Figure 

2.5). n-Butanol production is complete after about 1.5 hours, consistent with model 

predictions, with the ethanol production completing in about 3 hours. The model predicts the 

final ethanol concentration extremely well, although it does somewhat over-predict the final 

n-butanol concentration. 

 

 

Figure 2.5. In vitro production of ethanol and n-butanol using X514-Bad+X514-Bdh 

pathway with optimized enzyme ratios at 60°C and low enzyme loading (predicted n-

butanol production complete in 75 min). Error bars represent one standard error. 

 

2.3.8 Model predictions using hypothetical Bad and Bdh 

While optimizing enzyme ratios for the X514-Bad/X514-Bdh and X514-AdhE 

pathways allowed >70% of the carbon in acetyl-CoA to be directed to butanol, it came at the 

cost of pathway productivity. We took advantage of our kinetic model to examine the effect 

of using hypothetical Bad and Bdh enzymes with increased specificity to C4 substrates on 

pathway selectivity, by adjusting kinetic parameters in silico. The Bad and Bdh enzyme 
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kinetic parameters were adjusted to match the substrate specificity of the mesophilic enzymes 

C. beijerinckii Bad (Cbei-Bad) (351) and C. acetobutylicum Bdh (Cacet-Bdh) (348), which 

are known to be more specific for C4 substrates. The kinetic model was used to predict 

selectivity of a pathway composed of these hypothetical thermostable and C4-specific 

enzymes for cases using equal activity of each enzyme, and for model-predicted optimum 

enzyme ratios (Figure 2.4A and 2.4E). The equal activity case using these hypothetical 

enzymes resulted in 16% conversion to n-butanol, corresponding to a low selectivity of 0.2. 

When optimized enzyme ratios are applied, conversion to n-butanol and selectivity increase 

to 74% and 2.9, respectively, slightly higher than measured for the X514-Bad/X514-Bdh 

pathway. Importantly, however, the increase in selectivity for the Cbei-Bad/Cacet-Bdh 

pathway did not come at the cost of pathway productivity; instead a slight increase in 

productivity is accomplished (Table 2.7). This illustrates the need for thermophilic versions 

of these enzymes with higher specificity for C4 substrates to allow efficient n-butanol 

production. 

2.4 Discussion 

We show herein the successful in vitro assembly of a hybrid enzymatic pathway for 

n-butanol production based on the synthetic pathway recently established in the thermophile 

P. furiosus (154). Two variants of the pathway, one using Bad and Bdh from 

Thermoanaerobacter sp. X514, and another using AdhE from the same organism, could 

produce n-butanol from acetyl-CoA and NADH. While we did not examine the Ctherm-

AdhE pathway variant for butanol production because of the enzyme’s poor thermal stability, 

Ctherm-AdhE has been used for engineered production of ethanol in Caldicellulosiruptor 

bescii (41). However, no ethanol production was observed at growth temperatures above 
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65°C, an unsurprising result in light of the extreme thermal lability of the enzyme at 70°C 

reported here. 

Each pathway also produced ethanol as an undesired side product because the Bad, 

Bdh, and AdhE enzymes are not specific for their C4 substrates. The approach using equal 

activities of each enzyme in the reaction resulted in low selectivities for n-butanol production 

ranging from 0.05 to 0.41, with ethanol as the major reaction product, accounting for 72-95% 

of the total carbon. The selectivity of both pathways could be increased in vitro by using high 

relative concentrations of Thl (28 mol%) and Hbd (46 mol%) and low concentrations of 

X514-AdhE (2.5 mol%) or X514-Bad (4.2 mol%) and X514-Bdh (8.6 mol%). This strategy 

could be applied in vivo by adjusting enzyme expression levels via promoter strength, 

ribosomal binding sequences, and gene copy number. Adjusting enzyme expression levels 

has been used to improve production of a variety of target molecules (5, 159, 298). 

Expression of the Bad/Bdh pathway in the extreme thermophile P. furiosus resulted in 

roughly equal activities of each enzyme, as measured in cell-free extracts at 60°C (154). 

Using the measured activities in cell extracts, our kinetic model predicts a butanol selectivity 

of 0.22, close to the observed in vivo n-butanol selectivity of ~0.11. As methods for varying 

heterologous enzyme expression in P. furiosus become available, this strategy can be applied 

in vivo to increase n-butanol selectivity. However, the increase in selectivity comes at the 

cost of pathway flux, a classical trade-off in reaction engineering problems. 

Clearly, one strategy for increasing the pathway selectivity for n-butanol production 

without sacrificing flux is to use Bad and Bdh enzymes with increased specificity for C4 

substrates. The Bad from C. beijerinckii and the Bdh from C. acetobutylicum, two mesophilic 

organisms that natively produce high n-butanol titers, are known to be more specific for C4 
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substrates than the thermophilic enzymes examined here (348, 351). Using optimized 

enzyme ratios, the Cbei-Bad/Cacet-Bdh pathway allows the highest selectivity for n-butanol 

production with an increased pathway flux (Table 2.7). However, even though Cbei-Bad and 

Cacet-Bdh are more selective, optimized ratios of the enzymes are still required to achieve a 

high selectivity. Given the advantages of using thermophilic hosts for easier downstream 

separations such as gas stripping, it would be useful to develop a more selective pathway for 

n-butanol production. Thermophilic Bad and Bdh enzymes with increased specificity for C4 

substrates could be developed with protein engineering strategies, or searched for by 

screening additional candidates in available genomes or even metagenomic sequences. 

Another way to increase n-butanol selectivity, at least in vitro, is the use of less stable 

enzymes, Bad and Bdh, for the aldehyde and alcohol dehydrogenase steps. When the 

Bad/Bdh pathway was used with optimized ratios at 70°C, but with lower enzyme 

concentrations, a high selectivity was obtained (Figure 2.4D). This strategy takes advantage 

of transient behavior of the pathway: most of the acetyl-CoA is pulled into the four-carbon 

branch of the pathway early on in the reaction, as a result of high proportion of Thl and Hbd 

used. The resulting high concentration of butyryl-CoA relative to acetyl-CoA, combined with 

the slight substrate specificity of Bad, causes most of the n-butanol to be produced quickly, 

with ethanol production increasing only as butyryl-CoA gets depleted (also seen in Figure 

2.5). As a result, most of the n-butanol is produced before any significant inactivation of Bad 

or Bdh occurs. As the reaction proceeds, the Bad and Bdh enzyme are inactivated and 

ethanol production slows to a halt, resulting in a much higher n-butanol:ethanol ratio than 

would occur if the Bad and Bdh were stable. Whether this strategy could be used to increase 
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n-butanol selectivity in vivo, where metabolite concentrations exist in pseudo-steady-state, 

remains to be seen. 

The ability of the kinetic model developed here to interrogate aspects of the hybrid 

butanol pathway illustrates the power of modeling approaches to provide insight into 

candidate pathways for metabolic engineering projects. In this case, the model allowed 

limitations of the pathway to become apparent, and suggests ways to overcome the 

limitations, e.g. by adjusting enzyme ratios to improve selectivity. Kinetic models have been 

developed for a variety of enzymatic pathways, such as yeast glycolysis, sphingolipid and 

ergosterol metabolism, and pentose phosphate pathway (356); acetone-butanol-ethanol 

fermentation in Clostridia (357, 362); and the Calvin cycle in plants (363). Unlike the n-

butanol pathway model introduced here, which used a priori-determined enzyme kinetic 

parameters, most of these kinetic models require parameter fitting to experimental data of the 

operating pathway or organism (356). For example, the model of ABE fermentation 

pathways by C. acetobutylicum was fit to experimental data of batch cultures on various 

sugars (357).  

There are several reasons why kinetic models are often fit to experimental data rather 

than using a priori determined enzyme kinetic parameters. The major reason is illustrated by 

a notable exception to the use of parameter fitting for kinetic modeling: the modeling of 

monolignol synthesis in Populus trichocarpa, in which Michaelis-Menten kinetic and 

inhibition parameters were determine for 21 purified enzymes (364). The difficulty and effort 

required to purify and characterize each enzyme to be modeled is a major undertaking. While 

not all enzymes have a large effect on the overall pathway flux, identifying the crucial 

enzymes using techniques, such as metabolic control analysis, still requires knowledge of 
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enzyme kinetic properties (365). An additional obstacle to kinetic modeling development can 

be the difficulty in characterizing enzymes under in vivo-like conditions (366).  

Recent calls have been made for more integration of top-down genome-scale 

metabolic models, which can be used for constraint-based, system-wide analysis, with the 

bottom-up approach of enzyme kinetic models, which are more descriptive and can model a 

wider variety of conditions (356, 366, 367). Steps have been taken towards developing 

integrated genome-scale kinetic models, such as for E. coli (368), yeast (369), and 

Mycoplasma genitalium (370). These models still rely on parameter fitting to estimate many 

enzyme parameters. However, the existence of a large-scale metabolic kinetic model of an 

organism would be pivotal for identifying successful strategies for metabolic engineering. 
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2.6 Supplementary Information 

 

Supplementary Figure S2.1. GC chromatogram of in vitro reaction containing 0.2 U/ml 

Thl, Hbd, Crt, Ter, Bad, and Bdh at 60°C. Ordinate axis is in minutes. 2-Butanol included 

as internal standard. 

 

Supplementary Table S2.1. Primer sequences used in gene cloning 
Purpose Primer sequence (5’  3’) 

Cthe_0423 fwd CGGCGGCATATGACGAAAATAGCGAATAAATACGAAG 

Cthe_0423 rev GATGATCTCGAGTTTCTTCGCACCTCCGTAATAAGCGTTCAGATACA 

Teth514_0627 fwd CTTTAAGAAGGAGATATACATGCCTACCTTATTACAAGAAAAAAAG 

Teth514_0627 rev CAGTGGTGGTGGTGGTGGTGCGCTTCTCCATAGGCTTTTCTATATATTTC 

TTE0544 fwd GACGACGACAAGATGGTGGAATATAAAAACATAGAAGTGAAAATTGA 

AAAGGGG 

TTE0544 rev GAGGAGAAGCCCGGTCATCTTCCTTCAAATTTAGGAGCT 

TTE0548 fwd GACGACGACAAGATGCAAAAAATATTTGTAGTTGGTGC 

TTE0548 rev GAGGAGAAGCCCGGTTATTTATATTCAAAAAATCCTTTACCAG 

TTE0549 fwd GACGACGACAAGATGAGAGAAGCTGTAATCGTGAGTGCAG 

TTE0549 rev GAGGAGAAGCCCGGTTACATCTCCACAATCATTGATATACCCATG 

Teth514_1935 fwd GACGACGACAAGGTGAAAATATTTAAATTCCATATGCCCC 

Teth514_1935 rev GAGGAGAAGCCCGGTTACATTGCAGACTTGAAAATA 

Teth514_1942 fwd GACGACGACAAGATGATTGATGAAAATTTGGTAG 

Teth514_1942 rev GAGGAGAAGCCCGGTTAAACTATCCTAAAAGCATC 
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Supplementary Table S2.2. Measured and predicted alcohol production for in vitro assembly of pathway enzymesa 

Pathway variant X514-Bad/X514-Bdh X514-AdhE 

Enzyme ratios Equal Activity Optimized Ratios Equal Activity Optimized Ratios 

Mole % 

Thl 8.2% 27.6% 7.6% 30.7% 

Hbd 5.8% 46.2% 5.4% 58.5% 

Crt 2.7% 8.3% 2.5% 3.7% 

Ter 11.4% 5.1% 10.6% 4.6% 

X514-AdhE - - 73.9% 2.5% 

X514-Bad 30.7% 4.2% - - 

X514-Bdh 41.2% 8.6% - - 

Reaction Temp °C 60 70 60 70 60 70 60 70 

Measured 

Ethanol (mM) 3.43 ± 0.09 3.15 ± 0.23 1.42 ± 0.02 1.53 ± 0.02 5.38 ± 0.03 4.56 ± 0.54 2.33 ± 0.02 2.61 ± 0.03 

n-Butanol (mM) 0.71 ± 0.02 0.60 ± 0.05 1.83 ± 0.02 1.73 ± 0.02 0.12 ± 0.01 0.12 ± 0.02 1.53 ± 0.01 1.38 ± 0.01 

Selectivity b 0.41 ± 0.02 0.38 ± 0.01 2.59 ± 0.02 2.26 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 1.31 ± 0.01 1.06 ± 0.01 

Model 

prediction 

Ethanol (mM) 4.37 ± 0.03 4.19 ± 0.05 1.79 ± 0.06 1.75 ± 0.06 4.89 ± 0.01 4.54 ± 0.04 1.77 ± 0.03 1.57 ± 0.04 

n-Butanol (mM) 0.32 ± 0.02 0.31 ± 0.02 1.61 ± 0.03 1.60 ± 0.03 0.06 ± 0.01 0.06 ± 0.01 1.61 ± 0.02 1.65 ± 0.02 

Selectivity b 0.14 ± 0.01 0.15 ± 0.01 1.80 ± 0.06 1.82 ± 0.06 0.02 ± 0.01 0.03 ± 0.01 1.82 ± 0.04 2.10 ± 0.06 
a For reactions using high enzyme loading for predicted reaction completion 5 min. 
b Moles of carbon in n-butanol divided by moles of carbon in ethanol. 
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Abstract 

The 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycle is a recently-

discovered carbon fixation cycle found in autotrophic thermoacidophilic archaea and has 

been studied intensively in Metallosphaera sedula. The 3HP/4HB cycle is a promising 

candidate for metabolic engineering applications because of its thermotolerance, insensitivity 

to oxygen, and potentially rapid pathway kinetics. In this study, recombinant, active versions 

of five enzymes of the 3HP/4HB cycle (malonyl-CoA/succinyl-CoA reductase (MCR), 3-

hydroxypropionyl-CoA synthetase (HPCS), 3-hydroxypropionyl-CoA dehydratase (HPCD), 

acryloyl-CoA reductase (ACR), and succinic semialdehyde reductase (SSR)) were produced. 

HPCS and ACR could only be obtained in soluble, active form when co-expressed with 

HPCD and SSR, respectively, and HPCS could not be purified from HPCD. MCR, HPCD, 

ACR, and SSR were purified to homogeneity and their kinetic parameters measured. Using 

these kinetic parameters and others obtained from previous efforts, an enzyme reaction 

kinetics model was developed to examine the 3HP/4HB cycle characteristics. The model 

correctly predicted several observed features of the cycle: the 35%-65% split of carbon flux 

through the acetyl-CoA and succinate branches; the high abundance and relative ratio of 

acetyl-CoA/propionyl-CoA carboxylase (ACC) and MCR; and the influence of ACC and 

hydroxybutyryl-CoA synthetase (HBCS) as regulated control points for the cycle. This model 

represents a useful investigational tool for probing metabolic features of the 3HP/4HB cycle 

with eye towards its use in metabolic engineering applications. 
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Abbreviations 

Enzyme abbreviations: 3-hydroxypropionate/4-hydroxybutyrate cycle (3HP/4HB), 

Acetyl-CoA/propionyl-CoA carboxylase (ACC), Malonyl-CoA/succinyl-CoA reductase 

(MCR), Malonic semialdehyde reductase (MSR), 3-Hydroxypropionyl-CoA synthetase 

(HPCS), 4-Hydroxybutyryl-CoA synthetase (HBCS), 3-Hydroxypropionyl-CoA dehydratase 

(HPCD), Acryloyl-CoA reductase (ACR), Methylmalonyl-CoA epimerase (MCE), 

Methylmalonyl-CoA mutase (MCM), Succinic semialdehyde reductase (SSR), 4-

Hydroxybutyryl-CoA dehydratase (HBCD), Bifunctional crotonoyl-CoA hydratase/(S)-3-

hydroxybutyryl-CoA dehydrogenase (CCH/HBCD), Acetoacetyl-CoA β-ketothiolase 

(AACT), Succinic semialdehyde dehydrogenase (SSADH), Inorganic pyrophosphatase 

(IPPASE). 
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3.1 Introduction 

As concerns over sustainability and global climate change continue to increase, so has 

interest in developing biological systems for industrial production of fuels and chemicals, 

with particular interest in using inorganic carbon feed stocks, such as CO2 (371). To produce 

chemicals from CO2 biologically, various forms of reducing power, such as H2 or electric 

current, might be used. This concept has the advantage of minimizing or potentially 

bypassing the need to use plant-biomass derived sugars as substrates and allowing chemical 

production to be uncoupled from the inefficient process of photosynthesis (185, 186). To do 

so requires the use of a microbial CO2 fixation pathway, of which six are currently known: 

the 3-hydroxypropionate (3HP) bicycle, the 3-hydroxypropionate/4-hydroxybutyrate 

(3HP/4HB) cycle, the dicarboxylate/4-hydroxybutyrate (DC/4HB) cycle, the reductive citric 

acid cycle, the reductive acetyl-CoA (Wood-Ljungdahl) pathway, and the Calvin-Benson-

Bassham cycle (372-375). There are currently efforts to produce chemicals and fuels using 

several of these pathways, including the 3HP bicycle, Calvin-Benson-Bassham cycle, 

reductive acetyl-CoA pathway, and, of interest here, the 3HP/4HB cycle (43, 44, 376-379). 

The 3HP/4HB cycle is a promising candidate for microbial production of chemicals 

from CO2 for several reasons. First, it functions at high temperatures, allowing it to be used 

in a thermophilic host which is ideal for industrial bioprocessing due to minimal risk of 

contamination and reduced cooling costs (380, 381). Second, the 3HP/4HB cycle is aerobic, 

allowing it to operate in either an aerobic or anaerobic host, unlike the DC/4HB and 

reductive acetyl-CoA pathways which are found exclusively in anaerobic organisms (45). 

Third, the native organism possessing the 3HP/4HB cycle has a rapid autotrophic doubling 

time of less than five hours (382), suggesting the potential for fast pathway kinetics.  
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In addition to its inherent advantages, most of the 3HP/4HB cycle has been well-

characterized. Components of the 3HP/4HB cycle can be identified in genomes within the 

crenarchaeal order Sulfolobales (383), although the entire cycle has been studied most 

intensively in the extremely thermoacidophilic archaeon Metallosphaera sedula (Topt = 70C; 

pH 2.0) (372, 384, 385). The cycle can be divided into three sub-pathways to track the 

reduction of CO2 into acetyl-CoA. In the first sub-pathway, acetyl-CoA is carboxylated by 

acetyl-CoA/propionyl-CoA carboxylase (ACC) and reduced to the free intermediate 3HP 

(Figure 3.1, reactions 1-3). In the second sub-pathway, 3HP is ligated to coenzyme A (CoA), 

converted to propionyl-CoA, carboxylated by ACC, reduced to succinyl-CoA, which is 

further reduced to 4HB (Figure 3.1, reactions 4-12). In the third sub-pathway, 4HB is ligated 

to CoA and cleaved to regenerate the starting substrate and produce an additional molecule of 

acetyl-CoA (Figure 3.1, reactions 13-17). Cellular intermediates used for biomass generation 

are drawn from the cycle through the intermediate acetyl-CoA, as well as through succinic 

semialdehyde via oxidation to succinate by succinic semialdehyde dehydrogenase (Figure 

3.1, reactions 18-22) (386). Isotopic labeling studies have shown that 65% of cellular 

intermediates are formed via succinate, while the remaining 35% of carbon enters cellular 

metabolism via acetyl-CoA (386). Enzymes for all of the cycle enzymes have been 

previously characterized to various extents, although for some the associated genes remain to 

be verified by recombinant production and characterization (382, 383, 385, 387-392). 

Furthermore, it remains to be confirmed that the enzymes in the second sub-pathway 

cooperate to covert 3HP to 4HB. 
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Figure 3.1. Reactions of the 3-hydroxypropionate/4-hydroxybutyrate carbon fixation 

cycle. Enzyme abbreviations: ACC, acetyl-CoA/propionyl-CoA carboxylase; MCR, malonyl-

CoA/succinyl-CoA reductase; MSR, malonic semialdehyde reductase; HPCS, 3-

hydroxypropionyl-CoA synthetase; HBCS, 4-hydroxybutyryl-CoA synthetase; HPCD, 3-

hydroxypropionyl-CoA dehydratase; ACR, acryloyl-CoA reductase; MCE, methylmalonyl-

CoA epimerase; MCM, methylmalonyl-CoA mutase; SSR, succinic semialdehyde reductase; 

HBCD, 4-hydroxybutyryl-CoA dehydratase; CCH/HBCD, bifunctional crotonoyl-CoA 

hydratase/(S)-3-hydroxybutyryl-CoA dehydrogenase; AACT, acetoacetyl-CoA β-

ketothiolase; SSADH, succinic semialdehyde dehydrogenase; IPPASE, inorganic 

pyrophosphatase; BM1, biomass production reaction #1; BM2, biomass production reaction 

#2. For a full list of rate law equations see Supplementary Table 3.S2. 
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Prior to introducing a complex pathway, such as the 3HP/4HB cycle, into a 

metabolically engineered host organism, it is useful to conduct in silico analyses to identify 

and provide solutions for potential bottlenecks encountered when integrating the pathway 

into a host’s metabolism. Genome-scale flux balance modeling has been used extensively to 

assist metabolic engineering of Escherichia coli and Saccharomyces cerevisiae (356, 393). 

However, dynamic models are more descriptive, potentially allowing a wide variety of 

conditions to be evaluated, making them valuable for testing metabolic engineering strategies 

(184, 356).  

Here, we provide biochemical evidence for the catalysis of multiple steps of the cycle 

from 3HP to 4HB by specific gene products from M. sedula. We then report the development 

of a kinetic model to explore aspects of this cycle as it operates in M. sedula and compare the 

model predictions to experimental evidence in the literature.  

3.2 Materials and Methods 

3.2.1 Materials 

Growth conditions for M. sedula (DSM 5348) and genomic DNA purification were 

conducted, as reported previously (384). Strains and vectors used for cloning included the 

pET-46b EK/LIC cloning Kit, pRSF-2 Ek/LIC Vector Kit, pCDF-2 Ek/LIC Vector Kit, 

Novablue GigaSinglesTM E. coli competent cells (Novagen, San Diego, CA), and RosettaTM 

(DE3) E. coli competent cells (Stratagene, La Jolla, CA). The reagents and devices used 

include: n-propionyl-Coenzyme A lithium salt, succinyl-CoA sodium salt, succinic 

semialdehyde solution, NADPH, ATP, and sodium acrylate (Sigma Chemical Co., St. Louis, 

MO); GelCode Blue Stain Reagent (Thermo Fisher Scientific Inc., Rockford, IL); Bio-Rad 

http://www.thermofisher.com/
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Protein Assay Dye Reagent (Hercules, CA), 3-hydroxypropionic acid (TCI America, 

http://www.tciamerica.net/); Quickload DNA Ladder (100 bp) (New England Biolabs, 

Ipswich, MA); QlAquick gel extraction kit and QIAprep Spin Miniprep Kit (QIAGEN, Inc., 

Valencia, CA); Isopropyl β-D-thiogalactopyranoside (IPTG), Amicon Ultra 10k, 30k, 50k 

centrifugal filter units (Millipore, Billerica, MA); antibiotics, agar, agarose, sodium chloride, 

tryptone, sodium acetate, acetic acid, methanol, and K2HPO4, KH2PO4 (Fisher Scientific, 

Pittsburgh, PA); imidazole (ACROS Organics, Geel, Belgium); HisTrap™ Column (GE 

Healthcare Bio-Sciences Corp., Piscataway, NJ USA); BenchMark protein ladder (10 to 220 

kDa) (Invitrogen); Superdex 75 10/300 GL size exclusion column (GE Healthcare). 

3.2.2 Cloning, expression, and purification of HPCS, HPCD, ACR, MCR, and SSR 

The genes encoding HPCS (Msed_1456), HPCD (Msed_2001), ACR (Msed_1426), 

MCR (Msed_0709), and SSR (Msed_1424) were amplified from genomic DNA using the 

primers listed in Supplementary Table 3.S1. The genes for hpcs, acr and ssr were ligated 

into pET46 Ek/LIC, pRSF-2 Ek/LIC, and pET46 Ek/LIC, respectively. The gene for hpcd 

was ligated with pET46 Ek/LIC and pCDF-2 Ek/LIC. Novablue GigaSinglesTM E. coli cells 

were transformed with the ligations of pET46-HPCS, pET46-HPCD, pCDF-HPCD, pRSF-

ACR, and pET46-SSR, and selected on Luria-Bertani (LB) agar medium with appropriate 

antibiotics (ampicillin, kanamycin or streptomycin). The colonies were cultured in LB liquid 

medium with the same antibiotics, and the plasmids were extracted and sequenced by Eton 

Bioscience, Inc. (Durham, NC).  

For protein expression, E. coli Rosetta 2 (DE3) was independently transformed with 

the plasmids pET46-HPCD and pET46-SSR by heat shock and selected on LB plates 

supplemented with antibiotics (ampicillin: 100 μg/ml, chloramphenicol: 50 μg/ml). Single 
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colonies were picked and cultured in liquid LB medium at 37°C with the same antibiotics 

until OD600 = 0.3-0.4. The expression of HPCD was induced with 0.1 mM IPTG, temperature 

was reduced to 16°C, and cells were cultured for another 15 h at the same conditions. SSR 

was induced at 37°C with 0.1 mM IPTG and cultured for another 4 h at 37°C.  

Co-expression was also conducted for two pairs of enzymes: HPCS and HPCD, ACR 

and SSR. E. coli Rosetta 2 (DE3) was co-transformed with the plasmids pET46-HPCS and 

pCDF-HPCD by heat shock and selected by growing on LB medium with antibiotics 

(ampicillin: 100 μg/ml, streptomycin: 50 μg/ml, chloramphenicol: 50 μg/ml). E. coli Rosetta 

2 (DE3) was co-transformed with the plasmids pRSF-ACR and pET46-SSR and selected on 

LB solid medium with antibiotics (ampicillin: 100 μg/ml, kanamycin: 50 μg/ml, 

chloramphenicol: 50 μg/ml). Single colonies were selected and cultured in LB liquid medium 

at 37°C with the same antibiotics. Expression was induced at OD600 = 0.3-0.4 with 0.1 mM 

IPTG and cultured for another 4 h. 

The E. coli cultures expressing the genes of interest were collected by centrifuging at 

6,000 × g for 10 min at 4°C, re-suspended in binding buffer (50 mM K2HPO4-KH2PO4, 300 

mM NaCl, pH 7.0), and lysed by sonication (S-4000, Misonix Ultrasonic Liquid Processors, 

Farmingdale, NY) for 10 min with 10 sec off/on pulses. The cell extract was then centrifuged 

at 10,000 × g for 30 min at 4°C, after which the supernatant and insoluble pellet were 

separated and analyzed by SDS-PAGE to check for soluble expression.   

3.2.3 Purification protocol for HPCS, HPCD, ACR, SSR, and MCR 

Before chromatographic purification, E. coli proteins in the supernatant were 

removed by incubating for 10 min at 65°C and centrifuging at 10,000 × g for 30 min at 4°C. 

Proteins were further purified using metal affinity chromatography. The heat-treated soluble 
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extract was applied to a HisTrap™ column and eluted (50 mM K2HPO4-KH2PO4, 300 mM 

NaCl, 300 mM Imidazole, pH 7.5) by monitoring A280 using FPLC (Bio-Rad, BioLogic 

DuoFlow system, Hercules, CA).  

The proteins purified from heat treatment and IMAC were concentrated and 

exchanged into phosphate buffer (50 mM K2HPO4-KH2PO4, 150 mM NaCl, pH 7.0) by 

Amicon centrifugal filter. HPCD and SSR were further purified by size exclusion 

chromatography (Superdex 75 10/300 GL, GE Healthcare). The column was pre-equilibrated 

with buffer (50 mM K2HPO4-KH2PO4, 150 mM NaCl, pH 7.0) and the sample was added 

and eluted at a flow rate of 0.5 ml/min while monitoring A280. Extracts containing the co-

expressed HPCS/HPCD and ACR/SSR were also loaded onto the Superdex 75 10/300 GL 

column and eluted in same buffer. Fractions were collected (2 ml/tube) for SDS-PAGE 

analysis.  

The following protein standards were used to make the calibration curve for the 

Superdex 75: blue dextran (2000 kDa), β-amylase (200 kDa), alcohol dehydrogenase (150 

kDa), BSA (66 kDa), carbonic anhydrase (29 kDa), and cytochrome c (12.4 kDa). The 

standard curve was generated by plotting the retention volume versus the logarithm of 

molecular mass of the protein standards. The apparent molecular weight of each protein was 

measured by using the calibration curves and elution volume.  

The cloning, expression, and purification of MCR was conducted, as described 

elsewhere, using vector pET21(b) with no His-tag (388). 

3.2.4 Measurement of HPCS, HPCD, ACR, ACC, MCR and SSR activity 

The activity of HPCS was assayed using the method reported elsewhere (389). The 

reaction mixture included 3-hydroxypropionate (2 mM), tert-butyl-3-hydroxypropionate (2 
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mM), or acrylate (2 mM) as substrate, along with ATP (3 mM), MgCl2 (2 mM), CoA (0.15 

mM), buffer (KHPO4-K2HPO4, 100 mM, pH 7.0), and was started by adding HPCS at 65°C. 

The reaction was terminated by the addition of HEPES (pH 7.2) – 5,5-dithiobis (2-

nitrobenzoic acid) (DTNB, 0.5 mM), and free CoASH was measured at 412 nm. The KM and 

Vmax values were determined by varying substrate concentration (3-hydroxypropionate: 0.98-

62.5 µM, tert-butyl-3-hydroxypropionate: 7.5-250 µM, acrylate: 0.98-62.5 µM), with the 

concentration of all other substrates kept constant at the same reaction conditions described 

above.  

The activity of HPCD was assayed in a coupled reaction with HPCS and ACR (390). 

The reaction mixture included 3HP (10 mM), ATP (3 mM), MgCl2 (20 mM), CoA (0.1 mM), 

buffer (KHPO4-K2HPO4, 100 mM, pH 6.5), and NADPH (0.5 mM). The mixture was first 

incubated with HPCS and ACR, following which recombinant HPCD was added to start the 

reaction that was monitored spectrophotometrically at 365 nm for NADPH at 65ºC. For 

kinetic parameter estimation, 3-hydroxypropionate (7.8-62.5 µM) was added separately; the 

concentrations of the other substrates and reaction conditions were kept constant.  

ACR activity was assayed in a coupled reaction with HPCS (390). The reaction 

mixture included acrylate (10 mM), ATP (3 mM), MgCl2 (10 mM), Coenzyme A (0.1 mM), 

buffer (KHPO4-K2HPO4, 100 mM, pH 6.5), NADPH (0.5 mM). The mixture was first 

incubated at 65ºC with HPCS, and then the reaction was started by adding ACR and followed 

spectrophotometrically at 365 nm for NADPH oxidation. To determine kinetic parameters, 

the concentration of acrylate was varied from 0.98 to 62.5 µM, with the reaction conditions 

and concentration of other substrates held constant.  
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MCR activity was measured by incubating the enzyme at 65ºC with succinyl-CoA (1 

mM), MgCl2 (5 mM), DTT (4 mM), NADPH (0.5 mM), buffer (KHPO4-K2HPO4, 100 mM, 

pH 6.5); NADPH consumption was followed spectrophotometrically at 365 nm. The KM and 

Vmax values were determined by varying succinyl-CoA concentration (25-300 µM), with the 

concentration of all other substrates and reaction conditions kept constant.  

SSR activity was measured by incubating the enzyme at 65ºC with succinic 

semialdehyde (1 mM), MgCl2 (5 mM), DTT (5 mM), NADPH (0.5 mM), buffer (KHPO4-

K2HPO4, 100 mM, pH 6.5); NADPH consumption was followed spectrophotometrically at 

365 nm (383). The KM and Vmax values of SSR were determined with succinic semialdehyde 

concentrations between 10-120 µM, with the concentration of all other substrates and 

reaction conditions kept constant. 

3.2.5 Yeast Two-Hybrid assay for protein interaction analysis of HPCS-HPCD, and ACR-

SSR 

Yeast two-hybrid assay was done according to the protocol of Matchmaker GAL4 

Two-Hybrid System, with two vectors pGBKT7 and pGADT7. HPCS and ACR were ligated 

into vector pGADT7, and HPCD and SSR were ligated into vector pGBKT7. The genes were 

cloned from genomic DNA of M. sedula using the primers listed in the Supplementary 

Table 3.S1. An NdeI restriction site was introduced into the 5’ terminal end of pGADT7-

M1456-F, pGBKT7-M2001-F, and pGADT7-M1426-F. A XhoI restriction site was 

introduced into the 5’ terminal end of pGADT7-M1456-R and pGADT7-M1426-R. An 

EcoRI restriction site was introduced into the 5’ terminal end of pGBKT7-M2001-R and 

pGBKT7-M1424-F. Lastly, a SalI restriction site was introduced into the 5’ terminal end of 

pGBKT7-M1424-R. The cloned genes were digested with the corresponding enzymes and 
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ligated into the aforementioned vectors, digested with the same enzymes. The ligations were 

transformed into E. coli Novablue competent cells and selected on LB medium with 

ampicillin. The colonies were picked and cultured in LB liquid medium; the extracted 

plasmids were sequenced by Eton Biosciences. The sequence confirmed plasmids were 

transformed into Yeast AH109, using the protocol in reported in Matchmaker Gold Yeast 

Two-Hybrid System User Manual. Different combinations were applied: pGADT7 and 

pGBKT7; pGADT7 and pGBKT7-M2001-F; pGADT7-M1456-R and pGBKT7; pGADT7-

M1456-R and pGBKT7-M2001-F; pGADT7 and pGBKT7-M1424-R; pGADT7-M1426-R 

and pGBKT7; pGADT7-M1426-R and pGBKT7-M1424-R. The transformations were 

viewed on plates containing SC-medium, lacking leucine and tryptophan, and incubated at 

30ºC for 72 h. Colonies were picked and cultured in the same liquid medium at 30ºC for 16 

h. The cultures were inoculated onto plates of SC-medium lacking leucine, tryptophan and 

histidine-HCl, and that contained X-GAL (20 μg/ml). The inoculated plates were incubated 

at 30ºC for 1 week, along with a positive control. 

3.2.6 Reaction kinetics model of the 3HP/4HB cycle 

To model the 3HP/4HB cycle, a system of differential mass balance equations was 

constructed based on known stoichiometry, rate law expressions, and enzyme parameters for 

each of the reactions in Figure 3.1. To provide a sink for acetyl-CoA and succinate produced 

by the cycle, two reactions were included to simulate the conversion of acetyl-CoA and 

succinate into biomass. Some parameters are not known for the M. sedula enzymes, 

particularly KM values for cofactors or reaction products. These unknown parameters were 

estimated using available literature on the same enzyme from a different organism, or a 

reasonable value based on literature reports was assumed. For enzymes with known 
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mechanisms, rate law expressions were adapted from Cook and Cleland (358). For enzymes 

with unknown mechanisms or unknown action of inhibitors, convenience kinetics rate laws 

were used (394). All of the reactions are treated as reversible, with the exception of the two 

biomass-generating reactions. Equilibrium constants were estimated using eQuilibrator (361) 

at pH 5.4 and ionic strength of 0.1 M, corresponding to approximate intracellular conditions 

in M. sedula (395). Reaction Gibbs free energies were calculated according to the equation 

∆𝐺′ = −𝑅𝑇 ln(𝑄 𝐾𝑒𝑞⁄ ), where Q is the reaction quotient and Keq is the equilibrium constant; 

the temperature used was 25°C because the entropy contribution to most reactions is not 

known and, therefore, it is not possible to estimate ΔG at alternate temperatures. Cofactor 

concentrations were held constant at values measured in exponentially-growing E. coli (396) 

as follows: ATP, 9.6 mM; ADP, 560 µM; AMP, 280 µM; Pi, 1.1 mM; NADPH, 120 µM; 

NADP+, 2.1 µM; NADH, 83 µM; NAD+, 2.6 mM; CoA, 1.4 mM. Bicarbonate concentration 

was held constant at 3 mM, corresponding to the equilibrium concentration of bicarbonate in 

water at 70°C and a CO2 partial pressure of 0.2 bar (397). A complete list of reactions, rate 

law expressions, and parameter values is found in Supplementary Table 3.S2. 

The model was constructed and implemented using the SimBiology package in 

Matlab (version R2014a, Mathworks, Inc.). To determine optimum enzyme ratios, a 

constrained nonlinear optimization problem was set up to maximize the total biomass 

production rate after cycle intermediates reached steady-state (r21 + r22). The total mass of all 

cycle enzymes (excluding BM1 and BM2 which are placeholders for unspecified enzymes) 

was constrained to a constant value to simulate a constant cellular carbon and energy 

investment into producing the cycle enzymes. To prevent biologically unrealistic 

concentrations of cycle intermediates, the steady-state concentrations of these compounds 
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were constrained to less than 10 mM. To avoid local maxima, the optimization problem was 

run multiple times using quasi-random initial enzyme concentrations determined by Latin 

hypercube sampling. An average of enzyme concentrations resulting in the top tenth 

percentile of biomass production rate was used for the final optimized solution. 

Enzyme flux control coefficients, cofactor elasticities, and parameter response 

coefficients were determined for the biomass production rates. The flux control coefficient 

for enzyme A on reaction B is defined as  

𝐶𝐸𝐴
𝐽𝐵 = (

𝜕𝐽𝐵

𝜕𝐸𝐴
) (

𝐸𝐴

𝐽𝐵
) 

where EA is the enzyme concentration and JB is the reaction flux (398). Cofactor elasticities 

and parameter response coefficients have analogous definitions with enzyme concentration 

replaced by cofactor concentration or parameter value, respectively. To evaluate these 

coefficients, small perturbations to the enzyme concentration, cofactor concentration, or 

parameter value were made and the model was run to determine the change in biomass 

production rate. 

3.3 Results 

3.3.1 Development of a kinetic model for the 3HP/4HB cycle 

We set out to build a kinetic model of the 3HP/4HB carbon fixation cycle, motivated 

by the desire to better understand how the native cycle operates in M. sedula. Such a model 

would also be useful to examine ways in which all or part of the cycle could be used for 

chemical production via metabolic engineering, which will be examined in the next chapter. 

Therefore, a mathematical model of the 3HP/4HB cycle was constructed representing all 16 

steps of the cycle. In addition, side reactions were included for the conversion of succinic 
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semialdehyde to succinate and the conversion of acetyl-CoA or succinate to biomass. Finally, 

the hydrolysis of pyrophosphate was included, which improves the thermodynamic driving 

forces for synthesis of 3-hydroxypropionyl-CoA and 4-hydroxybutyryl-CoA (reactions 4, 5, 

and 13) despite the relatively low equilibrium constants for these reactions. Reaction rates 

were modeled using realistic enzyme rate expressions, populated with kinetic parameters 

from the literature.  

A limitation to developing realistic kinetic models is often the need for measured 

kinetic parameters for the enzymes being used. In particular, kinetic parameters for the 

reverse reaction and Michaelis constants for cofactors are often not known. At the outset of 

this work, most of the enzymes of the 3HP/4HB cycle had been at least partially 

characterized biochemically (Table 3.1), but a number of kinetic parameters were still 

missing. In addition, the corresponding genes for several of the enzymes that convert 3HP to 

4HB were uncertain. Therefore, prior to using the model for analysis of the cycle, several of 

the enzymes for the conversion of 3HP to 4HB were recombinantly expressed, purified, and 

characterized. This was done to improve the model as well as confirm the identity of the 

corresponding genes. 
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Table 3.1. Enzymes of the 3-hydroxypropionate/4-hydroxybutyrate cycle in M. sedula 
Enzyme 

abbrev. 

Enzyme name Genes Reaction(s) Catalyzed Characterizationa 

(source) 

ACC Acetyl-CoA/Propionyl-CoA 

carboxylase 

Msed_0147 

Msed_0148 

Msed_1375 

Acetyl-CoA + HCO3
- + ATP ↔ Malonyl-CoA + ADP + 

Pi 

Propionyl-CoA + HCO3
- + ATP ↔ (S)-Methylmalonyl-

CoA + ADP + Pi 

NP (387) 

MCR Malonyl-CoA/Succinyl-CoA reductase 

(NADPH) 

Msed_0709 Malonyl-CoA + NADPH ↔ Malonic semialdehyde + 

NADP + CoA 

Succinyl-CoA + NADPH ↔ Succinic semialdehyde + 

NADP + CoA 

NCE (383) 

R (M. sedula) (this work) 

R (S. tokodaii) (388) 

MSR Malonic semialdehyde reductase 

(NADPH) 

Msed_1993 Malonic semialdehyde + NADPH ↔ 

3-Hydroxypropionate + NADP 

R (383) 

HPCS 3-Hydroxypropionyl-CoA synthetase 

(AMP-forming) 

Msed_1456 3-Hydroxypropionate + ATP + CoA ↔ 

3-Hydroxypropionyl-CoA + AMP + PPi 

NP, R (S. tokodaii) (389) 

R (M. sedula) (this work) 

HPCD 3-Hydroxypropionyl-CoA dehydratase Msed_2001 3-Hydroxypropionyl-CoA ↔ Acryloyl-CoA + H2O 

Crotonyl-CoA + H2O ↔ (S)-3-hydroxybutyryl-CoA 

NP (390), R (this work) 

ACR Acryloyl-CoA reductase (NADPH) Msed_1426 Acryloyl-CoA + NADPH ↔ Propionyl-CoA + NADP R (S. tokodaii) (390) 

R (M. sedula) (this work) 

MCE Methylmalonyl-CoA epimerase Msed_0639 (S)-Methylmalonyl-CoA ↔ (R)-Methylmalonyl-CoA R (6) 

MCM Methylmalonyl-CoA mutase  Msed_0638 (R)-Methylmalonyl-CoA ↔ Succinyl-CoA R (6) 

Msed_2055 

SSR Succinic semialdehyde reductase 

(NADPH) 

Msed_1424 Succinic semialdehyde + NADPH ↔ 

4-Hydroxybutyrate + NADP 

R (383, this work) 

HBCS 4-Hydroxybutyryl-CoA synthetase 

(AMP-forming) 

Msed_0406 4-Hydroxybutyrate + ATP + CoA ↔ 

4-Hydroxybutyryl-CoA + AMP + PPi 

3-Hydroxypropionate + ATP + CoA ↔ 

3-Hydroxypropionyl-CoA + AMP + PPi 

R (382) 

HBCD 4-Hydroxybutyryl-CoA dehydratase Msed_1321 4-Hydroxybutyryl-CoA ↔ Crotonyl-CoA + H2O R (385) 

CCH/ 

HBCD 

Crotonyl-CoA hydratase/ 

(S)-3-Hydroxybutyryl-CoA 

dehydrogenase (NADH) 

Msed_0399 Crotonyl-CoA + H2O ↔ (S)-3-Hydroxybutyryl-CoA 

(S)-3-Hydroxybutyryl-CoA + NAD ↔ Acetoacetyl-

CoA + NADH 

NP (392), R (385) 

AACT Acetoacetyl-CoA -ketothiolase Msed_0656 Acetoacetyl-CoA + CoA ↔ 2 Acetyl-CoA NP (392), R (385) 
a NCE = native cell extract; NP = native purified; R = recombinant purified 
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3.3.2 Enzymes responsible for 3HP to 4HB conversion in M. sedula 

As previously reported, the transcription of the ORFs corresponding to the eight 

enzymes involved in converting 3HP to 4HB in M. sedula was significantly stimulated when 

comparing autotrophic and heterotrophic conditions, supporting their proposed role in the 

CO2 fixation cycle (382, 384). Two of these enzymes, acetyl-CoA/propionyl-CoA 

carboxylase (ACC) and malonyl-CoA/succinyl-CoA reductase (MCR), are multi-functional 

in that they also catalyze the first two steps of the cycle (399). The remaining six enzymes 

are 3-hydroxypropionyl-CoA synthetase (HPCS), 3-hydroxypropionyl-CoA dehydratase 

(HPCD), acryloyl-CoA reductase (ACR), methylmalonyl-CoA mutase (MCM), 

methylmalonyl-CoA epimerase (MCE), and succinic semialdehyde reductase (SSR). ACR 

and SSR are located in the same operon, while the genes encoding the other enzymes are 

distributed throughout the genome. 

3.3.3 HPCD 

Recombinant HPCD formed a homo-octamer, with an estimated molecular mass of 

220 kDa; SDS-PAGE analysis showed that the monomer molecular mass is 28 kDa (Figure 

3.2A, B).The kinetic parameters for HPCD were determined by combining the enzyme with 

HPCS and ACR (see below). The KM and Vmax of HPCD were 25.1 µM and 272 µmol min-1 

mg-1, respectively (Table 3.2). The Vmax of HPCD is higher than had been reported 

previously, possibly because of differences in assay pH (390). 
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Figure 3.2. Purification, and quaternary structure analysis of HPCS and HPCD.(A) 

HPCD was expressed in E. coli, purified by IMAC, and separated by size exclusion 

chromatpgraphy (Superdex 75). (B) Molecular assembly of HPCD as homooctomer. (C) 

HPCS and HPCD co-expressed in E. coli, purified by IMAC, and viewed on SDS-PAGE. (D) 

HPCS and HPCD separated by size exclusion chromatography (Superdex 75). (E) SDS-

PAGE of two peaks eluted from size exclusion chromatography. (F) (HPCS)4(HPCD)8 

determined by size exclusion chromatography. 
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Table 3.2. Molecular properties of selected enzymes for 3HP to 4HB conversion 

Enzyme Substrate 
Vmax (µmol 

min-1 mg-1) 

Km 

(µM) 

kcat/Km 

(105 M-1 s-1) 

Mr
a 

(kDa) 

Molecular 

assembly 
Source 

MCR 
Succinyl-CoA 

40b 150 1.75 

39.3 

NRd (383) 

15.9 191 0.545 
(MCR)3 This work 

NADPH 13.1 79.2 1.09 

HPCS 3-Hydroxypropionate 18 180 1.24 74.4 (HPCS)4 (389) 

HPCD 
3-Hydroxypropionyl- 

CoA 

272 25.1 51.2 
28.3 

(HPCD)8 This work 

151 60 11.9 (HPCD)1 (390) 

ACR Acryloyl-CoA 

7.6 9.1 5.01 

36.0 

(ACR)1 This work 

2.9c NRd NRd NR (390) 

18.7b 10 11.2 (ACR)1 (390) 

SSR 
Succinic 

semialdehyde 

683 27 160 
37.9 

(SSR)5 This work 

700 70 63.2 (SSR)2 (383) 

a Predicted from sequence 
b Recombinant S. tokodaii, expressed in E. coli and purified 
c Native M. sedula, partially purified 
d NR, not reported 

3.3.4 HPCS 

In previous reports, native HPCS was purified from M. sedula cell extract and 

compared to HPCS from Sulfolobus tokodaii produced recombinantly in E. coli (389). The 

reported KM of M. sedula HPCS for 3HP was 180 µM with a Vmax of 18 µmol min-1 mg-1, 

respectively (Table 3.2). Here, several different approaches were tried to produce soluble 

recombinant HPCS from M. sedula. Msed_1456 (HPCS) was cloned and ligated into 

different vectors (pET46, pET21, and pET42) and expressed in E. coli, but in each case the 

resulting protein was insoluble. Since the reactions catalyzed by HPCS and HPCD are 

sequential in the 3HP/4HB cycle, it is possible that the two enzymes interact, and this 

association could impact soluble expression in a heterologous host. As such, the genes 

encoding HPCS and HPCD were ligated into pET46 and pCDF, respectively, and the 

resulting constructs were then co-transformed into Rosetta DE3. Only when both enzymes 

were co-expressed in E. coli could HPCS be obtained in soluble, active form (Figure 3.2C). 

The purified protein complex containing HPCS and HPCD was further analyzed by gel 
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filtration chromatography, and two peaks were observed (Figure 3.2D). When fractions from 

the two peaks were analyzed by SDS-PAGE, one peak consisting solely of HPCD was 

observed, while the other peak contained a mixture of both HPCS and HPCD, suggesting a 

quaternary structure of (HPCS)4(HPCD)8 (Figure 3.2E and 3.2F). Several attempts were 

made to obtain HPCS from the HPCS/HPCD complex using hydrophilic interaction and ion 

exchange chromatography, but neither column could effectively separate the two enzymes. 

Note that recombinant HPCS from S. tokodaii was homodimeric, according to gel filtration 

analysis (389).  

3.3.5 SSR 

SSR catalyzes the conversion of succinic semialdehyde to 4-hydroxybutyrate. The 

molecular mass of the SSR monomer is 37.9 kDa, and the enzyme assembles into a 

homopentamer with Mr of ~200 kDa, based on gel filtration analysis. Using succinic 

semialdehyde as substrate, the KM and Vmax for SSR were 27 µM and 682 µmol min-1 mg-1, 

respectively, comparable to what was previously reported (Table 3.2).  

3.3.6 ACR 

ACR could not be expressed in soluble, active form in E. coli, even though several 

vectors and different expression conditions were tried. In the M. sedula genome, the genes 

for ACR and SSR (Msed_1426 and Msed_1424) are clustered together, separated by a single 

gene (Msed_1425). In an attempt to obtain soluble, active enzymes, Msed_1426 and 

Msed_1424 were ligated into pET46 and pRSF, respectively, and co-expressed in E. coli. 

The molecular masses of ACR and SSR are similar (37.8 and 36.0 kDa, respectively), so that 

only a single band was observed by SDS-PAGE analysis (see Figure 3.3). To determine the 

relative amounts of ACR and SSR in the co-expressed samples, the soluble fraction was first 
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purified by metal affinity chromatography, and then the eluted fraction was applied to a gel 

filtration column. Two peaks were observed (Figure 3.3A), corresponding to masses of 

approximately 200 kDa and 40 kDa. To identify these two peaks, the purified co-expressed 

fraction after metal affinity chromatography was analyzed by NanoLC-MS/MS (Figure 

3.3C) and the results confirmed that both enzymes were present. The two elution peaks from 

the gel filtration (Figure 3.3A) were tested for activity and the results showed that peak 1 

and peak 2 corresponded to SSR and ACR, respectively. ACR was, therefore, obtained from 

peak 2 and used for biochemical analysis. For ACR, the Vmax for acryloyl-CoA was 7.6 µmol 

min-1 mg-1, compared to 3.0 µmol min-1 mg-1 for the native M. sedula ACR and 18.7 µmol 

min-1 mg-1 for the version from S. tokodaii, reported previously (390). Note that although the 

KM for the recombinant versions of ACR from M. sedula and S. tokodaii were comparable, 

this is the first report of KM for the M. sedula enzyme. 

3.3.7 MCR 

Malonyl-CoA/succinyl-CoA reductase (MCR) was previously partially purified from 

M. sedula extracts and compared with recombinant MCR from S. tokodaii produced in E. 

coli (383, 388). Here, recombinant M. sedula MCR was obtained by expression of 

Msed_0745 in E. coli, and the enzyme was purified with metal affinity, ion exchange, and 

gel filtration chromatography. MCR is a promiscuous enzyme responsible for two reactions 

in the 3HP/4HB cycle: the reduction of malonyl-CoA and succinyl-CoA to malonic 

semialdehyde and succinic semialdehyde, respectively, using NADPH as the electron donor 

(383). The activity of MCR on succinyl-CoA was verified by following NADPH 

consumption at 340 nm. The KM and Vmax of MCR with succinyl-CoA were 191 µM and 

15.9 µmol min-1 mg-1, respectively. The KM and Vmax of MCR with NADPH were 79.2 µM 
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and 13.1 µmol min-1 mg-1, respectively (Table 3.2). The catalytic parameters of M. sedula 

MCR are consistent with previously reported parameters for recombinant S. tokodaii MCR 

(383). 

 

Figure 3.3. Purification and quaternary structure analysis of ACR and SSR.  (A) ACR 

and SSR were co-expressed in E. coli and recombinant enzymes were purified by IMAC. 

Quaternary structure was assayed by Superdex 75. (B) The two eluted peaks from (A) were 

collected and analyzed by SDS-PAGE. (C) NanoLC-MS/MS of the two peaks collected in 

(A). (D) SSR was expressed in E. coli and recombinant SSR purified by IMAC was analyzed 

by Superdex 75. (F) The collected peak of recombinant SSR in Superdex 75 was analyzed by 

SDS-PAGE.  

  

A B

(SSR)5

C
Protein Mw(kDa) Protein 

Probability(%)

Peptides Sequence Coverage (%)

SSR 37.8 100 50 85.28
ACR 36.0 100 19 62.65

kDa

20

30

40

60

50

25

80
70----

D E
kDa

20

30

40

60

50

25

80
70----

15

(SSR)5

(SSR)5

ACR 



139 

3.3.8 Kinetic modeling and optimization of the 3HP/4HB cycle 

The kinetic parameters obtained from the literature and here from the characterization 

of the recombinant M. sedula enzymes were the basis of the model of the complete cycle. 

Initially, enzyme concentrations in the model were set to correspond with previously 

measured activities in M. sedula cell extracts (150, 386). However, these model conditions 

predicted extremely low specific carbon fixation rates in comparison to previous 

measurements (386); additionally, comparison of cell extract activities with specific activities 

of purified enzymes implied that the cycle enzymes account for >100% of total cell protein, a 

physical impossibility.  

To avoid the unrealistic results when using enzyme concentrations implied by cell 

extract activities and generate more a more realistic scenario as might exist in M. sedula, the 

relative amounts of cycle enzymes were optimized to give the maximum specific biomass 

production rate after the cycle intermediate concentrations reached steady-state. During this 

optimization, the total enzyme mass was held constant to simulate a fixed carbon and energy 

investment into the cycle enzymes. The results of the optimization suggest that maximum 

biomass production is achieved when ACC and MCR make up 46% and 23% of the total 

enzyme mass, respectively, with the remaining enzymes making up significantly smaller 

portions (Figure 3.4A). Using these optimized ratios, the model predicts a specific carbon 

fixation rate of 159 nmol C/min/mg enzyme. The model also predicts that of the biomass 

being produced, 38.4 ± 2.3% is made via the acetyl-CoA route, with the remaining 61.6 ± 

0.6% made via the succinate route, in excellent agreement with measurements by carbon 

labeling experiments in M. sedula which showed that 65% of carbon tracked the succinate 

route with the remaining 35% tracking the acetyl-CoA route (386). It should be noted that 
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this 38/62% split is predicted a priori by the model, and is not the result of any of the model 

constraints or the stoichiometry of cycle reactions. This agreement between modeling and 

experimental results supports the validity of the model. Assays of ACC and MCR activity in 

M. sedula cell extracts, in comparison with purified enzyme activities, suggest that these two 

enzymes make up ~2.0% and ~1.0% of total protein, respectively (387, 388). Thus, the 

MCR/ACC ratio of ~2 is consistent with model predictions, providing further validation of 

the model. 

The specific carbon fixation rate predicted by the model can be used to estimate a 

growth rate for organism by assuming a cellular elemental composition of CH2O0.5N0.25 and 

that cell dry mass is 50% protein (400). Using optimized enzyme ratios, the model predicts a 

maximum growth rate of 0.12 h-1, corresponding with a minimum doubling time of 5.7 h. 

Observed autotrophic doubling times for M. sedula range from 15 h under microaerophilic 

conditions to 5 h under hydrogen-, oxygen-, and carbon dioxide-rich conditions (382, 386). 

Thus, these growth rates could be achieved by the model if 30% to 100% of cell protein was 

made up of cycle enzymes. While the proportion of M. sedula protein composed of the cycle 

enzymes is not known precisely, native protein purification tables suggest that, under 

conditions resulting in 15-h doubling times, ~2.0% and ~1.0% of total protein is made up of 

ACC and MCR, respectively (387, 388). Thus, it is reasonable to assume that ~5% of M. 

sedula protein is composed of cycle enzymes, which would place the the model-predicted 

doubling time at  ~115 hours, about 8-fold higher than observed M. sedula doubling times.  
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Figure 3.4. Optimized amounts of 3HP/4HB cycle enzymes and flux control coefficients. 

(A) Relative enzyme amounts, on a mass basis, for maximum biomass production as 

predicted by model summarized in Figure 1. (B) Flux control coefficients of each enzyme for 

biomass production from acetyl-CoA (r21), from succinate (r22), or total (r21 + r22). Only 

enzymes with flux control coefficients >0.01 are shown. 
 

3.3.9 Impact of enzyme amounts, cofactor concentrations, and parameter values on model 

results 

Given the realistic predictions of cycle performance, we next turned to evaluating the 

impact of the relative enzyme ratios on the predicted biomass production rate, and flux 

control coefficients (FCCs) for biomass production were determined for each enzyme. A key 

concept in metabolic control analysis theory, FCCs quantify the effect of an enzyme’s 

concentration on a reaction flux and indicate the importance of the enzyme to the pathway. 

An FCC near zero indicates that changing the enzyme concentration would not change the 

reaction flux; an FCC equal to one represents a classical rate-limiting enzyme, where a 1% 

increase in enzyme concentration is expected to result in a 1% increase in reaction flux (398).  

For the 3HP/4HB cycle, nine enzymes are predicted to have FCCs greater than 0.01 

(Figure 3.4B). ACC and MCR both have large positive FCCs for biomass produced from 

both acetyl-CoA and succinate, consistent with these enzymes making up a large proportion 
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of the total. This indicates that absolute increases in either the amount or kcat of ACC and 

MCR would serve to increase the total biomass production rate. SSR and HBCS, which come 

just after the branch point for succinate-derived biomass, have large positive FCCs for acetyl-

CoA-derived biomass but negative FCCs for succinate-derived biomass. SSADH, 

representing the other side of the succinate branch point, has the opposite effect as SSR and 

HBCS. This suggests the potential of SSR, HBCS, and SSADH as key control points in 

driving the proportion of carbon that is directed to biomass through succinate versus the 

proportion directed through the final part of the cycle to form acetyl-CoA. Finally, the 

placeholder enzymes BM1 and BM2 have moderately large FCCs, highlighting the impact of 

the rate at which acetyl-CoA and succinate are drawn away from the cycle on the biomass 

production. 

The kinetic model of the 3HP/4HB cycle used cofactor concentrations as measured in 

glucose-fed, exponentially-growing E. coli, but cofactor concentrations in 

chemolithoautotrophically-growing M. sedula may be significantly different. To evaluate the 

effect of cofactor concentrations on biomass production rates, cofactor elasticities were 

determined for ATP, NADPH, NADH, and coenzyme A. Elasticities are analogous to flux 

control coefficients, and quantify the impact of a species concentration on a reaction flux. 

ATP and NADH had low elasticity for total biomass production (<0.05), indicating that 

increased or decreased concentrations of these cofactors have little effect on biomass 

production. However, NADPH and CoA elasticity coefficients were significant, with values 

of 0.38 for NADPH and -0.80 for CoA, indicating that increased NADPH concentration or 

decreased CoA concentration would increase the total biomass production rate. To further 

examine the effects of NADPH and CoA, biomass production rates using optimized enzyme 
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ratios were modeled for a wide range of NADPH and CoA concentrations (Figure 3.5A and 

B). Results indicate that a 20% increase in biomass production rate could be achieved by 

increasing NADPH concentration, but this would require and NADPH/NADP ratio of nearly 

500, well out of the range of typical NADPH/NADP ratios (396). There appears to be an 

optimum CoA concentration at 0.77 mM that results in an increase in biomass production by 

38%, driven by an increase in biomass production from acetyl-CoA. This is most likely 

driven by the inhibition of ACC and/or AACT by CoA, both of which have KI values below 

the CoA concentration used.  

Although many kinetic parameters in the model were obtained from literature on the 

M. sedula enzymes, it was still necessary to make assumptions or estimates from limited data 

for quite a few parameters, mostly for those describing the reverse reaction (see 

Supplementary Table 3.S2). To evaluate the potential impact of these assumptions, 

parameter response coefficients for biomass production were determined for all parameters in 

the model (except for kcat values, which have the same effect as increasing or decreasing 

enzyme concentration and are, therefore, better-represented as flux control coefficients). 

Several of these assumed parameters did indeed have large impacts on biomass production 

(Figure 3.5C); note that all of these parameters were KM values for reaction products. 

However, several parameters with measured values also had a large impact on biomass 

production. These large parameter response coefficients highlight the importance for high-

quality measurement of kinetic parameters in interpreting model results, but suggest that 

inaccuracies in assumed parameters do not cause any more uncertainty in the results than do 

inaccuracies in measured parameters.  
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Figure 3.5. Effect of cofactor concentrations and parameters on 3HP/4HB cycle. (A) 

Effect of NADPH concentration on biomass production rates, relative to the biomass 

production rate predicted after optimization. The y-intercept represents the concentration 

used for optimization. (B) Effect of CoA concentration on biomass production rates. (C) 

Parameter response coefficients for biomass production rates. Only parameter response 

coefficients >0.01 are shown. 
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Another perspective from which to view the model is to look for thermodynamic and 

kinetic limitations on the carbon fixation rate. The thermodynamic driving force and kinetic 

utilization of each reaction enzyme were determined to evaluate this (Figure 3.6). The 

thermodynamic driving force, represented by the Gibbs free energy of reaction at pH 5.4 and 

model-predicted metabolite concentrations, has little effect on the reaction rate above 10 

kJ/mol, at which point the reverse reaction rate is less than 1% of the total reaction rate (365). 

There are few reactions with a driving force of <10 kJ/mol; for these reactions, the small 

actual reaction rate compared to the maximum velocity of the enzyme (r/Vmax) is a result of 

an equilibrium limitation for that reaction. More interesting are reactions with large driving 

forces but small r/Vmax, which implies that these reactions are limited by enzyme kinetics. 

Many of the reactions in the pathway appear to be kinetically limited, including the reactions 

ACC and MCR, which make up most of the total enzyme mass (Figure 3.6). For ACC, the 

kinetic limitation is primarily a result of inhibition by CoA and succinyl-CoA, for which the 

KI and concentration have similar values (Supplementary Tables 3.S2 and 3.S3). For MCR, 

the kinetic limitation is caused by a combination of substrate limitation (for malonyl-

CoA/succinyl-CoA and NADPH) and product inhibition (for CoA). These results support the 

cofactor elasticity and parameter response coefficient results (Figure 3.5) in suggesting that 

increased NADPH, decreased CoA, and decrease KM values for MCR would allow increased 

carbon fixation rates.  

3.4 Discussion 

While all enzymes of the 3HP/4HB cycle in M. sedula had been characterized to 

some extent prior to this work, many had been only partially characterized. Several that had 

been characterized in recombinant form were done so using versions of the enzyme from S. 
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tokodaii (Tables 3.1 and 3.2). Thus, some open questions remained about the identity of 

corresponding M. sedula genes and the true kinetic parameters of the M. sedula enzymes. In 

this work, the gene identities of MCR, HPCS, HPCD, ACR, and SSR were confirmed via 

recombinant expression of active enzyme in E. coli. Unknown kinetic parameters for several 

of these enzymes were also measured, including for M. sedula ACR and for MCR acting on 

succinyl-CoA.  

 

Figure 3.6. Thermodynamic landscape and kinetic utilization of 3HP/4HB cycle 

enzymes. ΔG’, the Gibbs energy of reaction at steady-state metabolite concentrations and pH 

5.4, represents the thermodynamic driving force of each reaction. The ratio of actual reaction 

rate to maximum reaction rate for the enzyme (r/Vmax), represents the kinetic utilization of 

each enzyme. The dotted line indicates a driving force of 10 kJ/mol, at which the reverse 

reaction rate is ~1% of the total reaction rate. 
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Several observed difficulties in expressing recombinant 3HP/4HB cycle enzymes in 

E. coli suggested protein-protein interactions between pairs of enzymes. In order to obtain 

soluble recombinant HPCS in E. coli, co-expression with HPCD was required. A similar 

requirement was observed for ACR, which required co-expression with SSR. Co-expressed 

HPCS and HPCD eluted as a complex in size exclusion chromatography, and were unable to 

be separated by ion exchange or hydrophilic interaction chromatography. These results are in 

contrast to previous work in which native HPCS was purified to homogeneity from M. sedula 

extracts and was found to exist as a homotetramer (389). There are many possible reasons for 

the discrepancy. A chaperone may exist in M. sedula that assists HPCS folding such that it 

does not form a complex with HPCD. Another possibility is that the high temperature and 

moderately acidic intracellular pH of M. sedula (pH ~5.4) (395) result in a weaker interaction 

of HPCS and HPCD than in E. coli. Yeast two-hybrid analysis was used to further investigate 

the potential for protein-protein interactions between HPCS/HPCD and ACR/SSR. The 

results demonstrate that HPCS and HPCD interact in vivo in yeast, but there is no evidence 

for interaction between ACR and SSR (Figure 3.7). Many metabolic pathways are known to 

be catalyzed by enzyme complexes held together by non-covalent interactions, viz. 

metabolons, and can be stable, weakly-interacting, or transient (401). Metabolons are known 

to occur in a variety of core metabolic pathways, including the Calvin cycle (401). Thus, a 

weak association between HPCS and HPCD is plausible and may be representative of a 

larger metabolon used for the 3HP/4HB cycle. 

The kinetic model of the 3HP/4HB cycle correctly predicts several features that have 

been experimentally observed. These include the 35/65% split of biomass produced from 

acetyl-CoA versus succinate, the high abundance of ACC and MCR in autotrophic cells, and 
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the ratio of ACC to MCR. Taken together, these predictions suggest the model can be used as 

an investigational tool. 

 

 

Figure 3.7. Protein interaction assay for HPCS and HPCD, ACR and SSR by Yeast 

Two Hybrid. (A) Genomic context of HPCS (Msed_1456) and SSR (Msed_2001); ACR 

(Msed_1426) and SSR (Msed_1424). (B) Yeast two hybrid of HPCS and HPCD, ACR and 

SSR. For HPCS and HPCD assay, Vector AD and BK, AD and BK-Msed_2001, AD-

Msed_1456 and BK were applied as negative control, a commercial positive control was 

included. For ACR and SSR, Vector AD and BK, AD and BK-Msed_1424, AD-Msed_1426 

and BK were applied as negative control. 
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A current limitation of the model lies in its prediction of the specific carbon fixation 

rate. The model predicts a specific carbon fixation rate corresponding to a minimum 

autotrophic doubling time of 5.7 h, which would be achieved only if 100% of cell protein 

were made up of the cell enzymes. Under conditions in which M. sedula doubles every 15 h, 

ACC and MCR activities in cell extract make up ~2% and ~1% of cell protein, respectively 

(387, 388). Assuming that cycle enzymes account for ~5% of cell protein, the model predicts 

114-h doubling time, 8-fold higher than experimentally observed.  

There are multiple possible reasons for the discrepancy between the predicted and 

observed doubling times. First, many of the cycle reactions are predicted to be kinetically-

limited because of substrate limitation, product inhibition, or allosteric inhibition (Figure 

3.6). In E. coli, central carbon metabolism enzymes commonly have KM values near the 

substrate concentration, which would be consistent with a r/Vmax of ~50%. Increasing the 

r/Vmax of ACC and MCR to ~50% would result in approximately 5-fold increase in carbon 

fixation rate, much more consistent with measured doubling times for M. sedula. Changes to 

the KI parameters for ACC would alleviate much of the kinetic limitations. For example, 

ACC has a KI for CoA of 0.67 mM, and a CoA concentration of 1.4 mM allows ACC to 

operate at only 32% of its maximum rate. It is important to note that the KI parameters for 

ACC were each estimated using data at only a single inhibitor concentration (387), and 

therefore the actual values for these KI may be quite different. Second, cofactor 

concentrations may be much different in autotrophic M. sedula than the values assumed for 

the model, which are based on glucose-fed E. coli. Modeling results over a range of NADPH 

and CoA concentrations suggest that carbon fixation rate could be increased by up to 65% 

using the same enzyme ratios, and potentially even higher if the enzyme ratios are re-
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optimized at different cofactor concentrations (Figure 3.5A and 3.5B). Third, parameter 

response coefficients indicate opportunities for increased carbon fixation rate by using 

different estimates for assumed product KM values for multiple enzymes, in particular for 

ACC, HPCS, and MCR (Figure 3.5C). Fourth, substrate channeling may occur in vivo, either 

through macromolecular crowding effects or metabolon formation by cycle enzymes, which 

leads to higher reaction rates than predicted by in vitro kinetics (401, 402). Correcting the 

model to account for any of these four effects would result in model predictions more in line 

with observed doubling times.  

Enzymes with large flux control coefficients are likely candidates for regulation. Two 

of the enzymes predicted to have large flux control coefficients are ACC and HBCS. ACC is 

strongly up-regulated at the transcriptional level under autotrophic compared to heterotrophic 

conditions, and recent comparative genomics work indicates that ACC is part of a regulon 

that includes 13 of the 3HP/4HB cycle genes and is controlled by the transcription factor 

HhcR (385, 403). In addition, ACC is known to be post-translationally regulated through 

inhibition by malonyl-CoA, succinyl-CoA, ADP, and CoA (387). The FCCs for HBCS are 

interesting in that the FCC is positive for the acetyl-CoA branch but negative for the 

succinate branch, suggesting it could serve to regulate the relative flux between these two 

branches of the cycle. This provides further evidence for the role of HBCS as a major control 

point for the distribution of carbon to the acetyl-CoA and succinate branches (385). ACC and 

HBCS as control points both make sense from an energetic standpoint, as they both require 

an ATP investment and are the first steps towards the succinate and acetyl-CoA branches for 

biomass production, respectively. 
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As discussed in the previous chapter, kinetic models can be powerful tools to 

investigate metabolic pathways. Not only can they be used to examine aspects of native 

pathways, as is done here, but they can also be used to identify approaches for using a given 

pathway for metabolic engineering projects. In the next chapter, the kinetic model of the 

3HP/4HB cycle is used to examine several ways in which the cycle could be used to produce 

chemicals from CO2. 
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3.6 Supplementary Information 

Supplementary Table 3.S1. Primer sequences for cloning HPCS, HPCD, ACR, and SSR 

from M. sedula 

Primer  Sequence  

For expression in E. coli 

hpcs-F 5′-GACGACGACAAGATGTTTATGCGATATATTATGGTTG-3′ 

hpcs-R 5′-GAGGAGAAGCCCGGTTAGGAGGTCTTTAACTC-3′ 

hpcd-F 5'-GACGACGACAAGATGGAATTTGAAACAATAG-3' 

hpcd-R 5'-GAGGAGAAGCCCGGTTATTTTCCCTTAAAC-3' 

acr-F 5'-GACGACGACAAGATGAAAGCTGTCGTAGTG-3' 

acr-R 5'-GAGGAGAAGCCCGGTTACGTGGTAAGGAG-3' 

ssr-F 5'-GACGACGACAAGATGAAAGCTGCAGTAC-3' 

ssr-R 5'-GAGGAGAAGCCCGGTTACGGGATTATGAGA-3' 

For yeast two hybrid 

pGADT7-M1456-F 5'-GACTAGCATATGTTTATGCGATATATTATGGTTGAGG-3' 

pGADT7-M1456-R 5'-GATACTCTCGAGCTAGGAGGTCTTTAACTCCTTC-3' 

pGBKT7-M2001-F 5'-GACTAGCATATGGAATTTGAAACAATAGAAACTAAAAAAGAAG-3' 

pGBKT7-M2001-R 5'-GATACTGAATTCCTATTTTCCCTTAAACGTAGGCTCTC-3' 

pGADT7-M1426-F 5'-GACTAGCATATGAAAGCTGTCGTAGTGAAAGGA-3' 

pGADT7-M1426-R 5'-GATACTCTCGAGTTACGTGGTAAGGAGTACTTTC-3' 

pGBKT7-M1424-F 5'-GATACTGAATTCATGAAAGCTGCAGTACTTCATACGTATAAG-3' 

pGBKT7-M1424-R 5'-GACTAGGTCGACTTACGGGATTATGAGACTTCTTATG-3' 

 

Rate Law Expressions. Reaction rates were modeled using the enzyme kinetics rate 

expressions listed below. In each rate law, E represents enzyme concentration; a, b, c, etc. are 

substrate, product and inhibitor concentrations; Ka, Kb, Kc, etc. are Michaelis constants; Kiw, 

Kix, etc. are inhibition constants; kcat
fwd is the turnover number for the forward reaction; and 

Keq is the equilibrium constant. For enzymes that catalyze more than one reaction (ACC, 

HPCS, HBCS, SSADH, MCR, HPCD, and CCH/HBCD), Michaelis constant parameters for 

competing substrates were replaced with apparent parameters according to the following 

equation: 

𝐾𝑎1
𝑎𝑝𝑝

= 𝐾𝑎1 (
𝑎2

𝐾𝑎2

+  1) 

Where a1 is the substrate for the current reaction and a2 is the competing substrate (404). 
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Convenience Kinetics for ACC (r1 and r8) 

𝑟 =

𝐸 𝑘𝑐𝑎𝑡
𝑓𝑤𝑑 𝑎1𝑏𝑐

𝐾𝑎1 (
𝑎2

𝐾𝑎2
+  1) 𝐾𝑏𝐾𝑐

(1 −
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𝐾𝑒𝑞𝑎1𝑏𝑐
)

(
𝑎1

𝐾𝑎1 (
𝑎2

𝐾𝑎2
+  1)

+  1) (
𝑏

𝐾𝑏
+  1) (

𝑐
𝐾𝑐

+  1) + (
𝑝1

𝐾𝑝1 (
𝑝2

𝐾𝑝2
+  1)

+  1) (
𝑞

𝐾𝑞
+  1) (

𝑟
𝐾𝑟

+  1) − 1

×
1

(
𝑤

𝐾𝑖𝑤
+  1) (

𝑥
𝐾𝑖𝑥

+  1) (
𝑦

𝐾𝑖𝑦
+  1) (

𝑧
𝐾𝑖𝑧

+  1)
 

 

Convenience Kinetics for HPCS and HBCS (r4, r5, r13) 

𝑟 =

𝐸 𝑘𝑐𝑎𝑡
𝑓𝑤𝑑 𝑎1𝑏𝑐

𝐾𝑎1 (
𝑎2

𝐾𝑎2
+  1) 𝐾𝑏𝐾𝑐

(1 −
𝑝1𝑞𝑟

𝐾𝑒𝑞𝑎1𝑏𝑐
)

 (
𝑎1

𝐾𝑎1 (
𝑎2

𝐾𝑎2
+  1)

+  1) (
𝑏

𝐾𝑏
+  1) (

𝑐
𝐾𝑐

+  1) + (
𝑝1

𝐾𝑝1 (
𝑝2

𝐾𝑝2
+  1)

+  1) (
𝑞

𝐾𝑞
+  1) (

𝑟
𝐾𝑟

+  1) − 1

 

 

Convenience Kinetics for IPPase (r20) 

𝑟 =

𝐸 𝑘𝑐𝑎𝑡
𝑓𝑤𝑑 𝑎

𝐾𝑎
(1 −

𝑝2

𝐾𝑒𝑞𝑎
)

𝑎
𝐾𝑎

+
𝑝

𝐾𝑝
+

𝑝2

𝐾𝑝
2 +  1

 

 

Convenience Kinetics for SSADH (r18, r19) 

𝑟 =

𝐸 𝑘𝑐𝑎𝑡
𝑓𝑤𝑑 𝑎𝑏1

𝐾𝑎𝐾𝑏1 (
𝑏2

𝐾𝑏2
+  1)

(1 −
𝑝𝑞1

𝐾𝑒𝑞𝑎𝑏1
)

𝑎
𝐾𝑎

+
𝑝

𝐾𝑝
+

𝑏1

𝐾𝑏1 (
𝑏2

𝐾𝑏2
+  1)

+
𝑞1

𝐾𝑞1 (
𝑞2
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+
𝑎𝑏1

𝐾𝑎𝐾𝑏1 (
𝑏2
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×
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𝑥
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+  1) (

𝑦
𝐾𝑖𝑦
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𝑧

𝐾𝑖𝑧
+  1)

 

 



154 

Convenience Kinetics for MCR (r2, r11) 

𝑟 =

𝐸 𝑘𝑐𝑎𝑡
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𝐾𝑏1 (
𝑏2

𝐾𝑏2
+  1)

+  1) +  (
𝑝1

𝐾𝑝1 (
𝑝2

𝐾𝑝2
+  1)

+  1) (
𝑞

𝐾𝑞
+  1) (

𝑟
𝐾𝑟

+  1) −  1

 

 

Ping-Pong Bi-Bi (r17) 

𝑟 =

𝐸 𝑘𝑐𝑎𝑡
𝑓𝑤𝑑

(𝑎𝑏 −
𝑝2

𝐾𝑒𝑞
)

𝑎𝑏 +  𝐾𝑎𝑏 +  𝐾𝑏𝑎 (1 +
𝑝

𝐾𝑖𝑝
) +

𝐾𝑎𝐾𝑖𝑏

𝐾𝑝𝐾𝑖𝑝
(𝑝2 + 𝐾𝑝𝑝 (1 +

𝑏
𝐾𝑖𝑏

))

 

 

Ordered Bi-Bi (r3, r7, r12, r16) 

𝑟 =

𝐸 𝑘𝑐𝑎𝑡
𝑓𝑤𝑑

(𝑎𝑏 −
𝑝𝑞
𝐾𝑒𝑞

)

𝑎𝑏 + 𝐾𝑎𝑏 +  𝐾𝑏𝑎 +
𝐾𝑏

𝐾𝑝
(𝑝𝑞 + 𝐾𝑝𝑞 +  𝐾𝑞𝑝)

 

 

Reversible Michaelis-Menten (r9, r10, r14, r15
fwd) 

𝑟 =

𝐸 𝑘𝑐𝑎𝑡
𝑓𝑤𝑑 𝑎

𝐾𝑎
(1 −

𝑝
𝐾𝑒𝑞𝑎

)

1 +
𝑎

𝐾𝑎
+

𝑝
𝐾𝑝

 

 

Reversible Michaelis-Menten with substrate competition (r6, r15
rev) 

𝑟 =

𝐸 𝑘𝑐𝑎𝑡
𝑓𝑤𝑑 𝑎1

𝐾𝑎1 (1 +
𝑎2

𝐾𝑎2
)

(1 −
𝑝1

𝐾𝑒𝑞𝑎1
)

1 +
𝑎1

𝐾𝑎1 (1 +
𝑎2

𝐾𝑎2
)

+
𝑝1

𝐾𝑝1 (1 +
𝑝2

𝐾𝑝2
)
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Irreversible Michaelis-Menten (r21, r22) 

𝑟 =
𝐸 𝑘𝑐𝑎𝑡

𝑓𝑤𝑑
𝑎

𝑎 + 𝐾𝑎

 

 

Supplementary Table 3.S2. Reaction details and parameters 
# Reaction and Keq

a Enzyme and  

kcat
fwd (s-1) (Ref)b 

Speciesa Km or Ki 

(µM) 

Source 

1 Ac-CoA + HCO3 + ATP ↔ 

Mal-CoA + ADP + Pi 

Keq = 2.45 

ACC 

kcat
fwd = 7.7 

(387) 

a1 Ac-CoA 60 (387) 

a2 Prop-CoA 70 (387) 

b HCO3 300 (387) 

c ATP 40 (387) 

p1 Mal-CoA 50 Assumed 

p2 SMM-CoA 50 Assumed 

q Pi 50 Assumed 

r ADP 50 Assumed 

w Mal-CoA 2000 (387)c 

x Suc-CoA 500 (387)c 

y CoA 667 (387)c 

z ADP 20000 (387)c 

2 Mal-CoA + NADPH ↔ 

Mal-semi + NADP + CoA 

Keq = 7.37 M 

MCR 

kcat
fwd = 15.9 

This work, (383) 

a NADPH 79.2 This work 

b1 Mal-CoA 40 (383) 

b2 Suc-CoA 191.2 This work 

p1 Mal-semi 50 Assumed 

p2 Suc-semi 50 Assumed 

q CoA 50 Assumed 

r NADP 50 Assumed 

3 Mal-semi + NADPH ↔ 

3HP + NADP 

Keq = 1.10×106 

MSR 

kcat
fwd = 115 

(383) 

a NADPH 70 (383) 

b Mal-semi 70 (383) 

p 3HP 50 Assumed 

q NADP 50 Assumed 

4 3HP + ATP + CoA ↔ 

3HP-CoA + AMP + PPi 

Keq = 0.652 

HPCS 

kcat
fwd = 23.0 

(389) 

a1 3HP 180 (389) 

a2 4HB 1×107 (382, 392)d 

b ATP 45 (389) 

c CoA 100 (389) 

p1 3HP-CoA 50 Assumed 

p2 4HB-CoA 1×107 (382, 392)d 

q PPi 50 Assumed 

r AMP 50 Assumed 

5 3HP + ATP + CoA ↔ 

3HP-CoA + AMP + PPi 

Keq = 0.652 

HBCS 

kcat
fwd = 2.6 

(382) 

a1 3HP 810 (382) 

a2 4HB 2000 (382) 

b ATP 50 Assumed 

c CoA 50 Assumed 

p1 3HP-CoA 50 Assumed 

p2 4HB-CoA 50 Assumed 

q PPi 50 Assumed 

r AMP 50 Assumed 
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Supplementary Table 3.S2 Continued. 
# Reaction and Keq

a Enzyme and  

kcat
fwd (s-1) (Ref)b 

Speciesa Km or Ki 

(µM) 

Source 

6 3HP-CoA ↔ Acr-CoA 

Keq = 1.04 

HPCD 

kcat
fwd = 128 

This work 

a1 3HP-CoA 25.1 This work 

a2 S3HB-CoA 75 (390) 

p1 Acr-CoA 50 Assumed 

p2 Crot-CoA 50 Assumed 

7 Acr-CoA + NADPH ↔ 

Prop-CoA + NADP 

Keq = 6.6×1012 

ACR 

kcat
fwd = 4.6 

This work 

a NADPH 36 (390) 

b Acr-CoA 9.1 This work 

p Prop-CoA 50 Assumed 

q NADP 50 Assumed 

8 Prop-CoA + HCO3 + ATP ↔ 

SMM-CoA + ADP + Pi 

Keq = 0.75 

ACC 

kcat
fwd = 7.94 

(387) 

a1 Prop-CoA 70 (387) 

a2 Ac-CoA 60 (387) 

b HCO3 300 (387) 

c ATP 40 (387) 

p1 SMM-CoA 50 Assumed 

p2 Mal-CoA 50 Assumed 

q Pi 50 Assumed 

r ADP 50 Assumed 

w Mal-CoA 750 (387)c 

x Suc-CoA 125 (387)c 

y CoA 250 (387)c 

z ADP 20000 (387)c 

9 SMM-CoA ↔ RMM-CoA 

Keq = 1.00 

MCE 

kcat
fwd = 62.8 

This work 

a SMM-CoA 79 (405) 

p RMM-CoA 79 (405) 

10 RMM-CoA ↔ Suc-CoA 

Keq = 21.3 

MCM 

kcat
fwd = 120 

(406) 

a RMM-CoA 133 (406) 

p Suc-CoA 96 (407) 

11 Suc-CoA + NADPH ↔ 

Suc-semi + NADP + CoA 

Keq = 3.85 M 

MCR 

kcat
fwd = 15.9 

This work 

a NADPH 79.2 This work 

b1 Suc-CoA 191.2 This work 

b2 Mal-CoA 40 (383) 

p1 Suc-semi 50 Assumed 

p2 Mal-semi 50 Assumed 

q CoA 50 Assumed 

r NADP 50 Assumed 

12 Suc-semi + NADPH ↔ 

4HB + NADP 

Keq = 78.2 

SSR 

kcat
fwd = 431 

This work 

a NADPH 6 (383) 

b Suc-semi 27 This work 

p 4HB 50 Assumed 

q NADP 50 Assumed 

13 4HB + ATP + CoA ↔ 

4HB-CoA + AMP + PPi 

Keq = 5.6×104 

HBCS 

kcat
fwd = 1.8 

(382) 

a1 4HB 2000 (382) 

a2 3HP 810 (382) 

b ATP 50 Assumed 

c CoA 50 Assumed 

p1 4HB-CoA 50 Assumed 

p2 3HP-CoA 50 Assumed 

q PPi 50 Assumed 

r AMP 50 Assumed 

14 4HB-CoA ↔ Crot-CoA 

Keq = 39.0 

HBCD 

kcat
fwd = 2.1 

(385) 

a 4HB-CoA 150 (385) 

p Crot-CoA 50 Assumed 

15fwd Crot-CoA ↔ S3HB-CoA 

Keq = 2.72 

CCH/HBCD 

kcat
fwd = 19 

(385) 

a Crot-CoA 70 (385) 

p S3HB-CoA 60 (385) 
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Supplementary Table 3.S2 Continued. 
# Reaction and Keq

a Enzyme and  

kcat
fwd (s-1) (Ref)b 

Speciesa Km or Ki 

(µM) 

Source 

15rev S3HB-CoA ↔ Crot-CoA 

Keq = 0.368 

HPCD 

kcat
fwd = 128 

(390) 

a1 S3HB-CoA 75 (390) 

a2 3HP-CoA 25.1 This work 

p1 Crot-CoA 50 Assumed 

p2 Acr-CoA 50 Assumed 

16 S3HB-CoA + NAD ↔ 

AcAc-CoA + NADH 

Keq = 1.60×10-5 

CCH/HBCD 

kcat
fwd = 15 

(385) 

a NAD 250 (392) 

b S3HB-CoA 60 (385) 

p AcAc-CoA 50 Assumed 

q NADH 50 Assumed 

17 AcAc-CoA + CoA ↔ 

2 Ac-CoA 

Keq = 3.50×104 

AACT 

kcat
fwd = 39.4 

(392) 

a AcAc-CoA 150 (392) 

b CoA 15 (73)e (359) 

p Ac-CoA 115 (1×106)e (359)f 

18 Suc-semi + NADP ↔ 

Succinate + NADPH 

Keq = 346 

SSADH 

kcat
fwd = 16.5 

(408) 

a Suc-semi 4 (408) 

b1 NADP 10 (408) 

b2 NAD 11100 (408) 

p Succinate 50 Assumed 

q1 NADPH 50 Assumed 

q2 NADH 10000 Assumed 

x Suc-semi 13000 (408) 

y NADP 17000 (408) 

z NAD 18500 (408) 

19 Suc-semi + NAD ↔ 

Succinate + NADH 

Keq = 561 

SSADH 

kcat
fwd = 136.3 

(408) 

a Suc-semi 4 (408) 

b1 NAD 11100 (408) 

b2 NADP 10 (408) 

p Succinate 50 Assumed 

q1 NADH 10000 Assumed 

q2 NADPH 50 Assumed 

x Suc-semi 13000 (408) 

y NADP 17000 (408) 

z NAD 18500 (408) 

20 PPi ↔ 2 Pi 

Keq = 402 M 

IPPASE 

kcat
fwd = 1080 

(409) 

a PPi 5.4 (409) 

p Pi 50 Assumed 

21 0.5 Ac-CoA → Biomass BM1 

kcat
fwd = 1g 

a Ac-CoA 100 Assumed 

22 0.25 Succinate → Biomass BM2 

kcat
fwd = 1g 

a Succinate 100 Assumed 

a Species abbreviations: Ac-CoA, acetyl-CoA; Mal-CoA, malonyl-CoA; Mal-semi, malonic semialdehyde; 

3HP, 3-hydroxypropionate; 3HP-CoA, 3-hydroxypropionyl-CoA; Acr-CoA, acryloyl-CoA; Prop-CoA, 

propionyl-CoA; SMM-CoA, (S)-methylmalonyl-CoA; RMM-CoA, (R)-methylmalonyl-CoA; Suc-CoA, 

succinyl-CoA; Suc-semi, succinic semialdehyde; 4HB, 4-hydroxybutyrate; 4HB-CoA, 4-hydroxybutyryl-

CoA; Crot-CoA, crotonoyl-CoA; S3HB-CoA, (S)-3-hydroxybutyryl-CoA; AcAc-CoA, acetoacetyl-CoA; 

HCO3, bicarbonate; Pi, orthophosphate; PPi, pyrophosphate; CoA, Coenzyme A. 
b Enzyme abbreviations: ACC, acetyl-CoA/propionyl-CoA carboxylase; MCR, malonyl-CoA/succinyl-CoA 

reductase; MSR, malonic semialdehyde reductase; HPCS, 3-hydroxypropionyl-CoA synthetase; HBCS, 4-

hydroxybutyryl-CoA synthetase; HPCD, 3-hydroxypropionyl-CoA dehydratase; ACR, acryloyl-CoA 

reductase; MCE, methylmalonyl-CoA epimerase; MCM, methylmalonyl-CoA mutase; SSR, succinic 

semialdehyde reductase; HBCD, 4-hydroxybutyryl-CoA dehydratase; CCH/HBCD, bifunctional crotonoyl-

CoA hydratase/(S)-3-hydroxybutyryl-CoA dehydrogenase; AACT, acetoacetyl-CoA β-ketothiolase; SSADH, 

succinic semialdehyde dehydrogenase; IPPASE, inorganic pyrophosphatase; BM1, “biomass 1”; BM2, 

“biomass 2”.  
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Supplementary Table 3.S2 Continued. 
c Estimated from enzyme rate data at a single concentration of each inhibitor. 
d No activity on 4HB. 
e Values in parentheses are inhibition constants. 
f Assumed no inhibition by Ac-CoA. 
g Arbitrary kcat

fwd for biomass production reactions; the actual maximum reaction rate is determined by 

concentrations of BM1 and BM2, which are unconstrained and optimized by the model to allow maximum 

biomass production rate. 

 

Supplementary Table 3.S3. Steady-state concentrations of cycle intermediates at 

optimum enzyme ratios. 
Species Steady-state concentration (µM) 

Native cycle 

Ac-CoA 990.3 

Mal-CoA 20.8 

Mal-semi 7.1 

3HP 136.4 

3HP-CoA 579.7 

Acr-CoA 501.3 

Prop-CoA 3454.4 

SMM-CoA 46.8 

RMM-CoA 35.9 

Suc-CoA 98.3 

Suc-semi 6.2 

4HB 3494.2 

4HB-CoA 3579.9 

Crot-CoA 1620.8 

S3HB-CoA 4126.7 

AcAc-CoA 1.6 

Succinate 86.2 

PPi 22.9 
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Abstract 

The 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) carbon fixation cycle from 

the extreme thermoacidophile Metallosphaera sedula presents promising metabolic 

engineering opportunities for chemical production directly from CO2 (the “electrofuels” 

concept) or for chemical production with offset CO2 emissions. In this work, four pathways 

for chemical production, constructed from enzymes of the 3HP/4HB cycle, were evaluated 

using a previously developed reaction kinetics model of the native 3HP/4HB cycle: 1) 

autotrophic acetyl-CoA production (for conversion of acetyl-CoA to a final product using 

any number of proven pathways), 2) autotrophic succinate production, 3) heterotrophic 

succinate production, and 4) heterotrophic 3HP production. The kinetic modeling approach 

provided insights into how each pathway might be applied in a metabolically-engineered 

host. For autotrophic acetyl-CoA production, acetyl-CoA/propionyl-CoA carboxylase (ACC) 

and malonyl-CoA/succinyl-CoA reductase (MCR) should make up 42% and 22% of the total 

heterologously expressed enzyme, with 4-hydroxybutyryl-CoA synthetase (HBCS), 4-

hydroxybutyryl-CoA dehydratase (HBCD), and acetoacetyl-CoA β-ketothiolase (AACT) 

expressed in a single regulated operon to control the pathway flux. For heterotrophic 

succinate or heterotrophic 3HP production, ACC and MCR should also be expressed in the 

largest quantities, and should also be regulated to control pathway flux. Autotrophic 

succinate production would be difficult to apply successfully in vivo, because extreme 

sensitivity to expression of several enzymes suggests an inherent instability of the pathway. 

Autotrophic acetyl-CoA production and heterotrophic 3HP production show the most 

promise because of their fast pathway kinetics and potential to reduce CO2 emissions.  
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Abbreviations 

3-Hydroxypropionate/4-hydroxybutyrate cycle (3HP/4HB), Acetyl-CoA/propionyl-

CoA carboxylase (ACC), Malonyl-CoA/succinyl-CoA reductase (MCR), Malonic 

semialdehyde reductase (MSR), 3-Hydroxypropionyl-CoA synthetase (HPCS), 4-

Hydroxybutyryl-CoA synthetase (HBCS), 3-Hydroxypropionyl-CoA dehydratase (HPCD), 

Acryloyl-CoA reductase (ACR), Methylmalonyl-CoA epimerase (MCE), Methylmalonyl-

CoA mutase (MCM), Succinic semialdehyde reductase (SSR), 4-Hydroxybutyryl-CoA 

dehydratase (HBCD), Bifunctional crotonoyl-CoA hydratase/(S)-3-hydroxybutyryl-CoA 

dehydrogenase (CCH/HBCD), Acetoacetyl-CoA β-ketothiolase (AACT), Succinic 

semialdehyde dehydrogenase (SSADH), Inorganic pyrophosphatase (IPPASE), flux control 

coefficient (FCC). 
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4.1 Introduction 

In the previous chapter, features of the 3-hydroxypropionate/4-hydroxybutyrate 

(3HP/4HB) carbon fixation cycle, as it exists in extreme thermoacidophile Metallosphaera 

sedula, were examined using a reaction kinetics modeling approach. However, outside of its 

natural context, there are many opportunities to use 3HP/4HB cycle as a route to renewable 

production of chemicals. Use of the complete cycle for metabolic engineering would enable 

the production of chemicals directly from CO2, while an alternative is to use portions of the 

complete cycle for production of chemicals from sugars via the intermediate acetyl-CoA. 

Chemical production directly from CO2 requires an inorganic source of reducing 

power and ATP, which can be obtained from the oxidation of hydrogen, sulfur, metals, or 

even electric current. Organisms with chemolithotrophic metabolisms are ideal as hosts for 

such metabolic engineering strategies. Metabolic engineering of chemolithoautotrophs is a 

recent field, but interest is rapidly increasing, driven by the potential for higher overall 

efficiency of carbon and energy assimilation than photoautotrophic chemical production (e.g. 

biofuels) (371). In effect, metabolic engineering of chemolithotrophs seeks to “replace” the 

electrons liberated from water by light in phototrophs with alternate sources of electrons, a 

concept that has been dubbed “electrofuels” (371, 410). The electrofuels concept has been 

demonstrated at bench-scale in several organisms. The natural aerobic chemolithotroph 

Ralstonia eutropha has been engineered to produce isobutanol and 3-methyl-1-butanol from 

CO2 and electric current, using the CO2/formate redox couple as an electron-carrying 

mediator (44), and most recently using H2 generated in situ by electrochemical catalysis 

(411). R. eutropha has also been engineered to produce arginine from H2 and CO2 (412). The 

anaerobe Clostridium ljungdahlii has been engineered to produce acetone from H2 and CO2 
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(413). A recent study also demonstrated the metabolic engineering of the aerobic acidophile 

Acidithiobacillus ferrooxidans for production of isobutyric acid from CO2, with electric 

current as the indirect source of reductant through the Fe2+/Fe3+ redox couple intermediate 

(414). 

In this chapter, four examples of how the 3HP/4HB cycle could be used for 

renewable production of chemicals are discussed, centered around the cycle intermediates 

acetyl-CoA, 3HP, and succinate. First, we examine how the cycle could be used to produce 

chemicals directly from CO2 by producing the precursor acetyl-CoA. As a ubiquitous central 

carbon metabolite, a variety of pathways exist for the conversion of acetyl-CoA to useful 

products, including fuel alcohols, fatty acids, terpenes, and polymer precursors (3, 328, 415). 

Second, we examine a similar case to produce succinate directly from CO2; succinate itself is 

a valuable product as it can be chemically converted to a variety of valuable derivatives (3, 

328). Third, we examine how a portion of the cycle could be used to convert organic carbon 

sources to succinate as a final product. Last, we examine how a portion of the cycle could be 

used to convert organic carbon sources to 3HP, also valuable because it can be chemically 

converted to polymer precursors (3).  

4.2 Materials and Methods 

Modeling of the 3HP/4HB cycle and sub-pathways was done essentially as described 

in Chapter 3, with the following changes. To model autotrophic acetyl-CoA production, all 

cycle enzymes were included except for SSADH and BM2, to ensure biomass produced via 

acetyl-CoA was the only sink for carbon. To model autotrophic succinate production, all 

enzymes were included except for BM1, to ensure biomass produced via succinate was the 

only sink for carbon. In these two cases, the biomass-producing reactions serve as 
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placeholders for additional pathways that convert acetyl-CoA or succinate into products. To 

model heterotrophic production of succinate, only the enzymes required to convert acetyl-

CoA to biomass via succinate were included (ACC, MCR, MSR, HPCS, HPCD, ACR, MCE, 

MCM, SSADH, and BM2). To model heterotrophic production of 3HP, only the enzymes 

required to convert acetyl-CoA to 3HP were included (ACC, MCR, and MSR). For 

heterotrophic production of 3HP or succinate, the concentration of acetyl-CoA was set to 610 

µM (396). 

4.3 Results 

To examine ways in which the 3HP/4HB cycle could be used for metabolic 

engineering, different pathways to three products were analyzed using the reaction kinetics 

model developed in the previous chapter. These pathways, composed of subsets of the cycle 

enzymes, were for the production of acetyl-CoA from CO2 (autotrophic), succinate from CO2 

(autotrophic), 3HP from acetyl-CoA (heterotrophic), and succinate from acetyl-CoA 

(heterotrophic). The first two routes require all of the carbon to be derived from CO2, while 

the second two routes assume two carbons come from sugar catabolism, with the remaining 

one (for 3HP) or two carbons (for succinate) derived from CO2. The portion of the 3HP/4HB 

cycle that makes up each pathway is shown in Figure 4.1. 

4.3.1 Optimum enzyme ratios 

The model was used to predict enzyme ratios for each of the pathways that maximize 

their specific productivity. Enzyme ratios for the two pathways for autotrophic production of 

acetyl-CoA or succinate look similar to that of the native cycle, with the majority of enzyme 

mass being made up of ACC and MCR in a ~2:1 ACC:MCR ratio, and most of the rest being 
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made up of enzymes required for the conversion of 4HB to acetyl-CoA (HBCS, HBCD, and 

AACT) (Figure 4.1A and B). For maximum production of succinate, SSR makes up 7% of 

the enzyme mass, in contrast to for acetyl-CoA production which is makes up less than 2% 

(Figure 4.1B). SSR competes with SSADH for succinic semialdehyde in the autotrophic 

succinate production pathway, which is why it is present in greater quantities than in the 

acetyl-CoA production pathway. 

 

 

Figure 4.1. Optimized enzyme amounts for metabolic engineering applications of 

3HP/4HB cycle enzymes. Relative amounts predicted by model, on a mass basis, shown for 

each pathway derived from the 3HP/4HB cycle. The pathways are (A) acetyl-CoA 

autotrophic, (B) succinate autotrophic, (C) succinate heterotrophic (via acetyl-CoA), and (D) 

3HP heterotrophic (via acetyl-CoA). Enzyme abbreviations: Acetyl-CoA/propionyl-CoA 

carboxylase (ACC), Malonyl-CoA/succinyl-CoA reductase (MCR), Malonic semialdehyde 

reductase (MSR), 3-Hydroxypropionyl-CoA synthetase (HPCS), 4-Hydroxybutyryl-CoA 

synthetase (HBCS), 3-Hydroxypropionyl-CoA dehydratase (HPCD), Acryloyl-CoA 

reductase (ACR), Methylmalonyl-CoA epimerase (MCE), Methylmalonyl-CoA mutase 

(MCM), Succinic semialdehyde reductase (SSR), 4-Hydroxybutyryl-CoA dehydratase 

(HBCD), Bifunctional crotonoyl-CoA hydratase/(S)-3-hydroxybutyryl-CoA dehydrogenase 

(CCH/HBCD), Acetoacetyl-CoA β-ketothiolase (AACT), Succinic semialdehyde 

dehydrogenase (SSADH). 
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To produce succinate from organic carbon sources, such as sugar, nine of the cycle 

enzymes are required, plus the reaction “BM2” which serves as a sink for succinate to 

represent export from the cell or conversion to a different final product. Optimum enzyme 

ratios indicate that ACC and MCR make up >90% of the total enzyme mass. This reflects the 

need for ACC and MCR to each catalyze two reactions in the succinate pathway, while other 

enzymes present in significant amounts in the autotrophic pathways are not required for 

succinate production from sugar. 

The pathway to produce 3HP from sugar catabolism, via acetyl-CoA as a precursor 

metabolite, is much simpler than any of the other pathways as it only requires three enzymes. 

ACC and MCR make up >75% of the protein mass, again in a ~2:1 ratio, with MSR making 

up the remaining amount. 

4.3.2 Impact of parameter uncertainty on pathway flux predictions 

As the complexity of a model increases, more parameters are required. In many cases, 

it is unlikely that all of the needed parameters will have been independently measured. For 

the pathways presented here, several parameter values were assumed, primarily KM values for 

reaction products or cofactors, because those KM values are not always reported in the 

enzyme characterization literature. Even in cases of measured parameters, there is some 

uncertainty associated with their values. To evaluate the impacts of uncertainty in measured 

and assumed parameters on the predicted pathway fluxes, parameter response coefficients 

were calculated for all parameters in the model. The majority of parameters (81%) had 

response coefficients with magnitude less than 0.1 for all of the pathways, indicating that 

errors in these parameters have little impact on the model predictions. The remaining 19% of 

parameters, with larger expected effects on pathway flux are shown in Figure 4.2.  
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Figure 4.2. Parameter response coefficients for metabolic engineering applications of 

3HP/4HB cycle at optimum enzyme ratios predicted by model. Only parameters with 

response coefficients >0.1 are shown. 

 

For all of the pathways except for autotrophic succinate production, errors in certain 

parameter estimates are expected to have moderate but not severe impacts on pathway flux 

predictions. The autotrophic acetyl-CoA pathway has three parameters with magnitudes of 

~0.3, indicating that if e.g. the KM of HPCS for 3HP-CoA increased by 30%, the pathway 

flux would be expected to increase by ~10% (to a linear approximation). Thus, errors in 
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parameter estimates or assumptions are not expected to have a major impact on the flux or 

optimum enzyme ratios predicted for the acetyl-CoA pathway. A similar story holds for the 

heterotrophic succinate pathway. For the heterotrophic 3HP pathway, only one parameter, the 

KI of ACC for CoA, has a large impact, with a value of 0.63 (Figure 4.2), suggesting that if 

this parameter increased by e.g. 30%, a 21% increase in pathway flux would be expected. 

The autotrophic succinate pathway, however, is very sensitive to changes in multiple 

parameters, with four parameters having response coefficient magnitudes greater than one. 

This indicates that errors of 30% in these parameter estimates would have up to a 66% 

impact on succinate production rate. Therefore, there is less confidence in the model 

predictions for this pathway than for the other pathways. 

4.3.3 Impact of enzyme and cofactor concentrations on pathway flux 

To evaluate the impact of changes in enzyme and cofactor concentrations on the flux 

of each pathway, flux control coefficients (FCCs) and elasticities for each cofactor were 

calculated by the model. Flux control coefficients for acetyl-CoA production from CO2 

indicate that is the most stable pathway with respect to changes in enzyme concentrations 

(Figure 4.3). The flux is controlled primarily by the concentrations of enzymes in the last 

part of the cycle (HBCS, HBCD, and AACT), similar to the control of acetyl-CoA 

production from biomass for the native cycle. In contrast, succinate production from CO2 

seems to be the least stable of the pathways with respect to enzyme production, with large 

FCCs for SSR, HBCS, and SSADH.  
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Figure 4.3. Flux control coefficients for metabolic engineering applications of 3HP/4HB 

cycle at optimum enzyme ratios predicted by model. Only enzymes with FCCs >0.01 are 

shown. 

 

FCCs for succinate production from sugar indicate that succinate production rate is 

controlled by both ACC and MCR, consistent with these enzymes making up >90% of the 

total protein for this pathway. For 3HP production, the flux is controlled almost exclusively 

by ACC.  

Similar to the native pathway, pathway fluxes were insensitive to a broad range of 

NADH or ATP, but CoA and NADPH had larger effects. The predicted pathway fluxes over 

a range of NADPH and CoA concentrations are shown in Figure 4.4. In general, increasing 
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NADPH concentration and decreasing CoA concentration allows for higher pathway flux. 

The autotrophic succinate pathway appears to have a discontinuity in CoA elasticity around 2 

mM and a discontinuity in NADPH elasticity around an NADPH/NADP ratio of 75. These 

sharp changes in response to NADPH and CoA are a result of the buildup of pathway 

intermediates above 2 mM CoA and NADPH/NADP of 75 (data not shown), and are further 

indicative of the instability of the autotrophic succinate pathway. The heterotrophic succinate 

pathway also has a discontinuity in CoA elasticity as CoA decreases below 1.1 mM, and also 

indicates a buildup of pathway intermediates as ACC inhibition by CoA is alleviated. Re-

optimizing the enzyme ratios for lower concentrations of CoA would likely result in a curve 

for the succinate pathway that resembles that of the 3HP pathway (Figure 4.4B).  

Predicted specific productivities for each pathway, with the native cycle productivity 

for comparison, are shown in Table 4.1. The productivity can be evaluated on the basis of 

moles of product, moles of carbon, or moles of CO2 fixed. The productivity on a carbon basis 

is much higher for succinate and 3HP produced from sugar than for any of the autotrophic 

pathways, because two of the carbons in the heterotrophic pathways are derived from the 

acetyl-CoA supplied to the pathway. The CO2 fixation rate is the best value for comparison 

between all the pathways because it is independent of whether carbon is supplied to the 

pathway via CO2, acetyl-CoA, or both. Carbon fixation rates correlate with how many 

“turns” of the cycle are required for each product. Succinate produced from CO2 has the 

lowest carbon fixation rate because one and one half turns of the cycle are required for each 

succinate produced, followed by acetyl-CoA from CO2 which requires one turn, then 

succinate from sugar which requires one half turn, and finally 3HP from sugar which requires 

less than half a turn and has the highest carbon fixation rate. 
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Figure 4.4. Effect of (A) NADPH and (B) coenzyme A concentrations on specific carbon 

fixation rate for metabolic engineering applications of 3HP/4HB cycle at optimum 

enzyme ratios predicted by model. Dotted lines indicate the baseline NADPH and CoA 

concentrations at which enzymes ratios were optimized. *Sharp corners in curves for 

autotrophic succinate pathway represent points above which buildup of pathway 

intermediates prevents reaching steady-state. ^Sharp corner in heterotrophic succinate 

pathway represents the point below which buildup of pathway intermediates prevents 

reaching steady-state. 
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Table 4.1. Specific productivity of pathways constructed from 3HP/4HB cycle 

Pathway 
Productivity 

(nmol product/min/mg) 

CO2 fixation rate 

(nmol C/min/mg) 

Compared to 

native cycle 

(%) 

Potential productivity 

(nmol product/min/mg) 

Native cycle 159 159 100 181a 

Acetyl-CoA 

autotrophic 
75 149 94 85b 

Succinate 

autotrophic 
23 90 57 26b 

Succinate 

heterotrophic 
107 215 135 61b 

3HP 

heterotrophic 
421 421 265 140b 

aAssuming a 5-h doubling time and 50% cell dry weight as protein 
bAssuming similar expression levels of pathway enzymes as in M. sedula 

 

Because overall pathway flux is limited by the rates of its constituent enzymes, it is 

useful to identify factors limiting the enzyme rates. There are two main limitations to the rate 

at which an enzyme catalyzes its forward reaction: thermodynamic limitations and kinetic 

limitations. Thermodynamic limitations can be quantified by the thermodynamic driving 

force (negative Gibbs free energy change) of the reaction. A driving force of zero represents 

a reaction at equilibrium, at which point half of the enzyme capacity is used for the forward 

reaction and half for the reverse reaction (365). As the driving force increases, an increasing 

amount of enzyme capacity is used for the forward reaction, and above 10 kJ/mol the vast 

majority of enzyme capacity (>99%) is used for the forward reaction, representing a 

negligible effect of thermodynamics on the reaction rate. Kinetic limitations depend on the 

catalytic properties of the enzyme, and can be affected by concentrations of substrates, 

products, and inhibitors. To examine the effects of thermodynamic and kinetic limitations on 

each pathway reaction, the driving force and enzyme utilization factor (r/Vmax) were 

determined. A few of the reactions are close to equilibrium, and these are catalyzed by 

HPCD, MCE, MCM, SSR, and CCH/HBCD (Figure 4.5A). As expected, the enzyme 

utilization factors for these enzymes are low as a result of the thermodynamic limitation 
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(Figure 4.5B). However, many reactions have a high driving force but still a low enzyme 

utilization factor, indicating these reactions are kinetically-limited. In particular, ACC and 

MCR have utilization factors below 5% for the reactions they catalyze (with the exception of 

ACC in the 3HP pathway), driven by product inhibition, substrate limitation for MCR, and 

allosteric inhibition by CoA and succinyl-CoA for ACC (see Supplementary Tables 4.S1 

and 3.S2). 

 

Figure 4.5. Thermodynamic driving forces and enzyme utilization factors for pathway 

reactions. (A) -ΔG’, the Gibbs energy of reaction at steady-state metabolite concentrations 

and pH 5.4, represents the thermodynamic driving force of each reaction. The dotted line 

represents a driving force of 10 kJ/mol, above which the forward reaction accounts for >99% 

of the total enzyme reaction rate. (B) The ratio of actual reaction rate to maximum reaction 

rate for the enzyme (r/Vmax), representing the kinetic utilization of each enzyme.  
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4.4 Discussion 

The kinetics and energetics features of each pathway suggest how they might be 

applied in an engineered host. Here, metabolic engineering strategies and limitations for each 

of these pathways are discussed. 

4.4.1 Autotrophic products from acetyl-CoA 

Autotrophic production of acetyl-CoA-derived products has similar kinetics as for the 

native cycle (Table 4.1), implying it could be used effectively for chemical production. Of 

course, autotrophic chemical production requires that energy and reducing equivalents be 

obtained via lithotrophy, suggesting that the acetyl-CoA pathway would be best applied in a 

thermophilic chemolithotroph. Ideally, this pathway would be engineered by modifying the 

existing 3HP/4HB cycle in an organism such as M. sedula, by knocking-down the expression 

of SSADH and engineering a pathway for chemical production from acetyl-CoA. While 

reports of genetic manipulation of M. sedula exist (416), current tools are not sufficient for 

pathway engineering. An alternative strategy would be to engineer a related organism with 

available genetic tools, such as Sulfolobus acidocaldarius. This presents different difficulties, 

however, because while S. acidocaldarius was initially reported as having the capability for 

sulfur chemolithoautotrophy, current strains are obligate heterotrophs (34). This suggests that 

the 3HP/4HB cycle and/or sulfur lithotrophy would need to be repaired prior to using this 

organism as a host for autotrophic chemical production.  

Application of the autotrophic 3HP pathway in a chemolithotrophic host would 

involve tuning enzyme expression levels such that they approximately match the mass ratios 

predicted by the model (Figure 4.1A). In addition, because certain enzymes have a 

disproportionate impact on pathway flux, it would be desirable to express them in a 
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regulated, or at least inducible, fashion. Dynamic balancing of pathway enzymes in 

metabolic engineering has been found to be crucial to obtaining high product yields (300). 

For example, FCCs for the autotrophic acetyl-CoA pathway suggest that because HBCS, 

HBCD, and ACCT all have a similar impact on pathway flux (Figure 4.3), they should be 

expressed as a single operon driven by a regulated promoter (perhaps regulated in response to 

acetyl-CoA concentration). 

4.4.2 Autotrophic succinate production 

Although autotrophic succinate production is attractive from a renewables standpoint, 

the pathway model suggests that it has a low potential flux (Table 4.1). Additionally, results 

for FCCs, parameter response coefficients, and cofactor elasticity for the autotrophic 

succinate pathway all suggest that this pathway is inherently unstable. This pathway has two 

enzymes with FCCs of magnitude greater than 2 (HBCS and SSADH; see Figure 4.3), 

unusually large for FCCs (398), indicating that extremely tight control over expression of 

these enzymes would be required to prevent buildup of pathway intermediates to toxic levels. 

Similarly, this pathway has four parameter response coefficients with magnitudes greater 

than one (Figure 4.2). Moderate changes in NADPH or CoA concentration prevented the 

autotrophic succinate pathway from reaching steady-state (Figure 4.4), in contrast to the 

native cycle, acetyl-CoA pathway, and 3HP pathway, which maintained steady-state 

solutions over large ranges of NADPH and CoA concentrations (data not shown). This 

suggests that the presence of a sink for acetyl-CoA, as is the case in the native cycle, 

provides stability to the overall cycle such that changes in enzyme amounts do not greatly 

affect succinate production rate. The instability of the autotrophic succinate pathway, 
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combined with its low specific productivity relative to the other pathways (Table 4.1), 

suggests that autotrophic production of succinate would be difficult to apply in vivo. 

4.4.3 Heterotrophic succinate production 

The heterotrophic succinate pathway is predicted to have higher specific productivity 

than the autotrophic pathways, which is explained by the fact that only a half the carbon in 

succinate is derived from CO2 (Table 4.1). For successful in vivo application of this pathway, 

enzymes should be expressed in ratios shown in Figure 4.1C. Also because the pathway flux 

is controlled almost exclusively by ACC and MCR (Figure 4.3), it would be ideal to express 

these two enzymes in an inducible or regulated fashion.  

4.4.5 Heterotrophic 3HP production 

The heterotrophic 3HP pathway also has a high potential productivity, and requires 

significantly less ATP per CO2 fixed than any of the other pathways (Table 4.2). With a low 

ATP requirement but still high requirement for reducing equivalents (Table 4.2), 3HP is a 

promising candidate for production in an anaerobe, particularly if the host can be engineered 

such that 3HP production is the sole electron sink and is thus coupled with growth.  

 

Table 4.2. Overall stoichiometry for pathways constructed from 3HP/4HB cycle 

enzymes 

Pathway Reaction 
ATP 

/CO2 

NAD(P)H 

/CO2 

Native cycle 
3.3 CO2 + 8.6 ATP + 7.6 NADPH + 1.65 NAD  3.3 Biomass (C1) 

              + 8.6 ADP + 7.6 NADP   + 1.65 NADH 
2.6 1.8 

Acetyl-CoA 

autotrophic 

2 CO2 + 6 ATP + 5 NADPH + NAD + CoA  Acetyl-CoA  

           + 6 ADP + 5 NADP   + NADH 
3.0 2.0 

Succinate 

autotrophic 

4 CO2 + 10 ATP + 9 NADPH + 2 NAD  Succinate  

           + 10 ADP + 9 NADP   + 2 NADH 
2.5 1.8 

Succinate 

heterotrophic 

Acetyl-CoA + 2 CO2 + 4 ATP + 4 NADPH + NAD  Succinate  

                                 + 4 ADP + 4 NADP   + NADH 
2.0 1.5 

3HP 

heterotrophic 

Acetyl-CoA + CO2 + ATP + 2 NADPH  3HP  

                                + ADP + 2 NADP + CoA 
1.0 2.0 
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In fact, this 3HP production pathway has already been engineered into the anaerobic 

fermentative hyperthermophile Pyrococcus furiosus, with engineered strains producing up to 

0.3 g/L at productivities of up to 11 mg/L/h, corresponding to a specific productivity of 40 

nmol 3HP/min/mg protein (43, 151, 152). The kinetic model of this pathway predicts a 

specific productivity 260% higher than that of the native cycle (Table 4.1). M. sedula has 

been shown to fix carbon at a rate of up to 181 nmol/min/mg protein (for doubling time of 5 

h) (385, 386). Assuming that the 3HP pathway enzymes could be expressed in P. furiosus at 

similar levels as the native cycle enzymes in M. sedula, 3HP production rates of up to 480 

nmol 3HP/min/mg protein could be achieved (Table 4.1), a 10-fold improvement over 

current strains. These increases might be realized by strain engineering to tune enzyme 

expression levels to be more in line with the optimum ratios predicted by the model (Figure 

4.1D). Additionally, because 3HP production rate is controlled almost exclusively by ACC 

(Figure 4.3), this enzyme would ideally be dynamically regulated to balance acetyl-CoA 

consumption for 3HP with acetyl-CoA requirements of the host organism.  

4.4.6 Current status of biological 3HP and succinate production 

Both 3HP and succinate have been identified as candidates for bio-based production, 

and significant effort has been made to produce these chemicals in mesophilic hosts. 

Succinate production through metabolic engineering has been successful enough for 

commercialization in some cases (417). The highest succinate titer demonstrated to date was 

achieved by engineering Corynebacterium glutamicum, which produced 146 g/L succinate 

from glucose via the TCA cycle, with a specific productivity of 87 nmol/min/mg protein 

(418). Given the low potential productivity of the succinate pathway proposed here (61 

nmol/min/mg protein; Table 4.1), combined with the relatively high energy and reducing 
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equivalent requirement (Table 4.2), it is unlikely that producing succinate from sugar using 

3HP/4HB cycle enzymes could be competitive with current biological routes to succinate. 

The highest reported 3HP titer to date was achieved by engineering Klebsiella pneumoniae to 

convert glycerol to 3HP via a two-step pathway, resulting in a specific productivity of 141 

nmol 3HP/min/mg protein with a final titer of 48.9 g/L (419, 420). 3HP production from 

sugar has also been achieved in E. coli using malonyl-CoA reductase from Chloroflexus 

aurantiacus (similar to the pathway proposed here), resulting in a titer of 0.2 g/L (421). With 

a potential specific productivity of 140 nmol/min/mg (Table 4.1), the kinetics of the 3HP 

pathway proposed here indicate it could be competitive as an alternate means for biological 

3HP production, especially if the pathway enzymes could be overexpressed above the levels 

at which they exist in M. sedula. 

4.4.7 Concluding remarks 

The insights gained through modeling for each of the pathways proposed here, 

combined with their overall energetics, suggest practical strategies for in vivo applications. 

The autotrophic acetyl-CoA and heterotrophic 3HP pathways have the most promise, the 

former because it offers the opportunity to produce chemicals direction from CO2, and the 

latter because of its high flux potential along with the potential for reduced CO2 emissions. 

Both pathways for succinate production (autotrophic and heterotrophic) would be 

challenging to implement in vivo with great success. While the heterotrophic succinate 

pathway has promising kinetics (Table 4.1), it has a relatively high energy requirement 

(Table 4.2) which limits its usefulness as a heterotrophic pathway. Additionally, 

heterotrophic production of succinate has already had great success in mesophilic hosts, and 

achieving similar success using the pathway proposed here seems unlikely. Although 
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autotrophic succinate production is attractive from a renewables standpoint, its low potential 

flux and extreme sensitivity to the quantity of several enzymes indicates it would be nearly 

impossible to use successfully for metabolic engineering. A final consideration for improving 

the potential flux of any of these pathways is to find ways to overcome kinetic limitations on 

many of the enzymes, particularly ACC and MCR. Some of these limitations are driven by 

product and allosteric inhibition, the effects of which are sensitive to KM/KI values and were 

assumed for some parameters. Better estimates of pathway productivity could be obtained by 

first measuring these enzyme parameters, and may alleviate some kinetic limitations. Also, 

because ACC is significantly limited by allosteric inhibition from CoA, one possibility would 

be to engineer ACC to reduce the effect of this inhibition, since CoA concentration is tightly 

regulated in most organisms. 

In summary, pathways for constructed from enzymes of the 3HP/4HB carbon fixation 

cycle have promise for renewable chemical production, and kinetic models suggest concrete 

strategies for applying these pathways in vivo. Metabolic engineering of thermophiles, driven 

by tools such as kinetic modeling and made practicable by genetics tools for hosts such as 

Pyrococcus furiosus and Sulfolobus acidocaldarius (47, 67), is now a promising field of 

research. 
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4.6 Supplementary Information 

Supplementary Table 4.S1. Steady-state concentrations of pathway intermediates at 

optimum enzyme ratios. 

Species 

Steady-state concentration (µM) 

Acetyl-CoA 

from CO2 

Succinate 

from CO2 

Succinate 

from sugars 

3HP from 

sugars 

Ac-CoA 529.4 20.2 610.0 610.0 

Mal-CoA 19.3 9.6 19.7 111.0 

Mal-semi 7.2 3.1 9.4 33.7 

3HP 114.3 17.4 215.7 N/A 

3HP-CoA 431.6 38.3 1342.2 N/A 

Acr-CoA 359.0 21.6 1128.1 N/A 

Prop-CoA 1812.2 60.6 2081.8 N/A 

SMM-CoA 44.5 22.2 67.5 N/A 

RMM-CoA 34.5 18.7 48.0 N/A 

Suc-CoA 91.5 43.7 86.2 N/A 

Suc-semi 6.5 0.1 2.7 N/A 

4HB 3139.3 379.8 N/A N/A 

4HB-CoA 5613.7 587.5 N/A N/A 

Crot-CoA 2296.7 652.7 N/A N/A 

S3HB-CoA 5823.0 1729.6 N/A N/A 

AcAc-CoA 2.3 0.7 N/A N/A 

Succinate N/A 0.9 7.2 N/A 

PPi 26.2 5.3 30.5 N/A 
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Abstract 

From a renewable energy standpoint, biological routes to directly fix CO2 into fuels 

and chemicals is attractive technologically because it avoids inefficiencies inherent in 

photosynthesis and biomass conversion. The novel 3-hydroxypropionate/4-hydroxybutyrate 

CO2 fixation cycle, found in extremely thermoacidophilic archaea, presents a potential 

opportunity for engineering autotrophic chemical production into thermophilic hosts. To 

support carbon fixation, a chemolithotrophic energy source may be required. Here, the first 

steps are taken to develop the genetically-tractable extreme thermoacidophile, Sulfolobus 

acidocaldarius, into a chemolithoautotrophic platform for metabolic engineering. While the 

genetically-tractable strain currently being used does not grow chemolithoautotrophically, the 

evolutionary history of S. acidocaldarius and its close relatives suggest that it could be 

engineered to fix CO2, driven by the oxidation of elemental sulfur. In this work, a sulfur 

oxygenase reductase (SOR) and 4-hydroxybutyryl-CoA synthetase were recombinantly 

expressed in S. acidocaldarius. The resulting strain was capable of oxidizing elemental sulfur 

to sulfate as a result of SOR expression, but grew very slowly in the presence of sulfur and 

could not utilize sulfur as the sole energy source. Additionally, transcriptional response 

analysis showed that both the parent and mutant strains strongly respond to sulfur, suggesting 

the gene regulatory framework for sulfur oxidation exists in S. acidocaldarius. This work 

lays the basis for future efforts aimed at expressing a thiosulfate:quinine oxidoreductase and 

adenosine-5’-phosphosulfate reductase in addition to SOR, in order to enable energy 

conservation from sulfur oxidation by S. acidocaldarius. 
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Abbreviations 

3-Hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycle, sulfur oxygenase 

reductase (SOR), 4-hydroxybutyryl-CoA synthetase (HBCS), Sulfolobus acidocaldarius 

DSM639 (Saci), adenosine-5’-phosphosulfate (APS), APS reductase (APSR), 

sulfite:acceptor oxidoreductase (SAOR), thiosulfate:quinone oxidoreductase (TQO), ATP-

dependent sulfate adenyltransferase (SAT), APS:phosphate adenylyltransferase (APAT), 

adenylate kinase (AK), open reading frame (ORF). 
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5.1 Introduction 

From an energy sustainability perspective, a great deal of effort has been directed 

over the past two decades at metabolic engineering microorganisms with well-developed 

molecular genetic systems, such as Escherichia coli and Saccharomyces cerevisiae, to 

convert simple sugars (preferably, originating from lignocellulose) into biofuels. However, 

less attention has been paid to developing metabolic engineering approaches using non-

model microorganisms to fix CO2 directly into a fuel molecule, avoiding the inefficiencies 

inherent in photosynthesis and biomass conversion (185, 186).  

Now, another potential opportunity presents itself for extreme thermophiles as 

metabolic engineering platforms. A novel CO2 fixation cycle exists in extremely 

thermoacidophilic archaea (150). The 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) 

cycle is one of only six known carbon fixation routes and is exclusively found in high 

temperature microorganisms, the other five being the 3-hydroxpropionate (3HP) bicycle, the 

dicarboxylate/4-hydroxybutyrate (DC/4HB) cycle, the reductive citric acid cycle, the 

reductive acetyl-Coenzyme A (CoA) pathway, and the Calvin cycle (374, 399, 422). 

Components of the 3HP/4HB cycle can be identified in genomes within the crenarchaeal 

order Sulfolobales (383), although the entire cycle has been studied most intensively in the 

extremely thermoacidophilic archaeon Metallosphaera sedula (Topt = 70C; pH 2.0) (186, 

384, 399). The 3-HP/4-HB cycle involves 13 enzymes, encoded by 16 genes (382). The 

features of this cycle in the extreme thermoacidophile Metallosphaera sedula (382) have 

been elucidated through transcriptomic profiling and by producing active recombinant forms 

of all 13 cycle enzymes, and subsequently characterizing their biochemical features (382, 

383, 385, 391, 423, 424).  
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We have previously shown that portions of the 3HP/4HB cycle can be inserted into 

the genome of the anaerobic fermentative hyperthermophilic archaeon Pyrococcus furiosus 

and have biosynthetic activity (43, 151, 152). These enzymes have been used to engineer P. 

furiosus, to produce 3HP from simple sugars and incorporate CO2 (43, 152). However, net 

fixation of CO2 into biofuel molecules may be better accomplished by metabolic engineering 

a host organism that naturally contains most, if not all, of the components of the 3HP/4HB 

cycle and can grow chemolithotrophically. This would avoid the undesirable formation of 

CO2 through fermentation (anaerobically) or oxidation (aerobically) of sugars associated with 

heterotrophy.  

One group of candidates for net fixation of CO2 into bio-based chemicals is the 

extremely thermoacidophilic order Sulfolobales, specifically the genus Sulfolobus. Many 

species of Sulfolobales encode components of the 3HP/4HB cycle in their genomes (see 

Table 5.1), yet only a small number have been shown to grow chemolithotrophically with 

CO2 as the sole carbon source; these include M. sedula, M. cuprina, Acidianus hospitalis, and 

Sulfolobus tokodaii. (Additional members of the Sulfolobales are chemolithoautotrophic but 

their genomes have not been sequenced (34)). The archaeal genus Sulfolobus is composed of 

species isolated from acidic terrestrial hot springs (70-80°C, pH < 3.5), and as such they are 

classified as extreme thermoacidophiles (425). Molecular genetic systems have been 

developed for three obligately heterotrophic, aerobic Sulfolobus species: S. acidocaldarius, S. 

solfataricus, and S. islandicus, all of which grow well on rich media, and can be isolated as 

single colonies on solid substrates (426). Because of their genetic tractability, they serve as 

model organisms for extremophile microbiology. So far, however, no Sulfolobus species has 
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been metabolically engineered to produce a commercially-desirable chemical product or 

biofuel. 

The microbiology of the genus Sulfolobus is an interesting story, with many 

physiological issues still unresolved, including why some species can grow 

chemolithotrophically and others cannot. To a large extent, this is the consequence of the fact 

that most microbiological studies of Sulfolobus physiology were done before genome 

sequence data became available and the challenges with doing the kind of experiments 

needed to study these archaea. Following the initial isolation of S. acidocaldarius (425) and 

S. solfataricus (427), these species (or closely related strains) were regularly re-isolated 

independently over a period of time from acidic, thermal features (428). This, combined with 

difficulties obtaining pure cultures, led to the use of mixed and misidentified strains during 

the early stages of Sulfolobus research (127). Many strains were maintained in laboratories 

through serial passages such that ‘lab cultures’ arose that lost specific phenotypes. S. 

islandicus, isolated more recently (210), has suffered from similar confusion: ‘new’ isolates 

have been reported so frequently that no single strain has been dominant enough to be 

thoroughly characterized; in fact, the species name islandicus is not yet officially recognized 

(429). 

The initial isolation of a Sulfolobus species in 1972 reported its ability to grow 

chemolithoautotrophically by oxidation of sulfur (425); subsequently, ‘autotrophic’ 

Sulfolobus sp. have reportedly been re-isolated from the environment (430, 431), but these do 

not have available genetics systems as of yet and have received minimal attention. Current 

lab strains of S. acidocaldarius DSM639 and S. solfataricus P2, the most studied members of 

the Sulfolobales, appear to have lost (or never had) this ability to grow 
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chemolithoautotrophically and only grow if organic substrates are present (426). The original 

S. islandicus isolates were determined to be obligate heterotrophs, growing well on complex 

media containing tryptone or yeast extract (210), but no detailed characterization of preferred 

energy sources has been done. Thus, as we consider Sulfolobus species as metabolic 

engineering platforms, certain issues related to their microbial physiology and genetics must 

be addressed and understood. Fortunately, genome sequence information is now available 

and has been an essential tool in deciphering the details of Sulfolobus metabolism and 

physiology (128). 

 

Table 5.1. Survey of extremely thermoacidophilic archaeal genomes for components of 

the 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB) cycle.a 

Enzymeb Msedc Mcupc Myelc Ahosc Acopc Stokc Saci Sisl Ssol 

ACC Y Y Y Y Y Y Y Y Y 

MCR Y Y Y Y Y Y Y Y Y 

MSR Y Y Y Y Y Y Y Y Y 

HPCS Y Y Y Y Y Y Y Y Y 

HPCD Y Y Y Y Y Y Y Y Y 

ACR Y Y Y Y Y Y Y Y Y 

MCE Y Y Y Y Y Y Y Y Y 

MCM Y Y Y Y Y Y Y Y Y 

SSR Y Y Y Y Y Y Y Y Y 

HBCS Y Y Y (Y) Y (Y) Yd (Y) (Y) 

HBCD Y Y Y Y Y Y Y Y Y 

CCH/HBCD Y Y Y N (Y) Y Y Y Y 

AACT Y Y Y Y Y Y Y Y Y 

a Y = Homolog with >50% identity present; (Y) = homolog with <50% identity present; N = no homolog 

present. Organism abbreviations: Msed, Metallosphaera sedula DSM5348; Mcup, M. cuprina Ar-4; Myel, M. 

yellowstonensis MK1; Ahos, Acidianus hospitalis W1; Acop, A. copahuensis ALE1; Stok, Sulfolobus tokodaii 

str. 7; Saci, S. acidocaldarius DSM638; Sisl, S. islandicus HVE10/4; Ssol, S. solfataricus P2. 
b Enzyme abbreviations: Acetyl-CoA/propionyl-CoA carboxylase (ACC), Malonyl-CoA/succinyl-CoA 

reductase (MCR), Malonic semialdehyde reductase (MSR), 3-Hydroxypropionyl-CoA synthetase (HPCS), 4-

Hydroxybutyryl-CoA synthetase (HBCS), 3-Hydroxypropionyl-CoA dehydratase (HPCD), Acryloyl-CoA 

reductase (ACR), Methylmalonyl-CoA epimerase (MCE), Methylmalonyl-CoA mutase (MCM), Succinic 

semialdehyde reductase (SSR), 4-Hydroxybutyryl-CoA dehydratase (HBCD), Bifunctional crotonoyl-CoA 

hydratase/(S)-3-hydroxybutyryl-CoA dehydrogenase (CCH/HBCD), Acetoacetyl-CoA β-ketothiolase (AACT). 
c Organisms in bold are autotrophic (34). 
d Saci HBCS homolog (Saci_1149) has a truncation mutation near the N-terminus resulting in non-functional 

enzyme. 
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Genetic system development in Sulfolobus species has been underway in a few 

academic labs for over a decade, which has led to the prospect of metabolic engineering. S. 

acidocaldarius DSM639 in particular has an effective and versatile system as demonstrated 

through numerous publications (67, 69, 112, 172, 294, 432). Approximately 75% of the 

genes in S. acidocaldarius DSM639 have homologs in S. solfataricus, although their overall 

order is divergent reflecting the preferential occurrence of mobile elements in the S. 

solfataricus genome (207). Genetic stability is a key advantage for using S. acidocaldarius 

DSM639 for metabolic engineering purposes. Note that recently it was shown that, unlike S. 

solfararicus and S. islandicus, globally diverse strains of S. acidocaldarius have nearly 

identical genome sequences (433), indicating little evolutionary genetic shift. Genetic 

stability can be a critical characteristic of a microorganism envisioned as a metabolic 

engineering platform. 

If the goal is to fix CO2 into a biofuel, growth under chemolithotrophic conditions is 

highly desirable to avoid the concomitant generation of CO2 from organic carbon-based 

energy sources. One possibility for members of the Sulfolobales is the use of reduced 

inorganic sulfur compounds (RISCs) as energy sources. The biochemistry of RISC oxidation 

has been studied in extreme thermoacidophiles to some extent (434-441), although there is 

still an incomplete understanding of this complex process. Most progress has been made in 

deciphering dissimilatory sulfur biooxidation mechanisms (436) in Acidianus ambivalens 

(see Figure 5.1). In this member of the Sulfolobales, a cytoplasmic sulfur oxygenase 

reductase (SOR) has been implicated in the aerobic conversion (disproportionation) of 

elemental sulfur to sulfite and H2S; in fact, the three dimensional structure of SOR and its 

biochemical properties have been reported (439, 442-445). Furthermore, a membrane-bound 
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thiosulfate:quinone oxidoreductase (TQO), which oxidizes thiosulfate to tetrathionate using 

ferricyanide or decylubiquinone as electron acceptors, has been identified, thereby linking 

thiosulfate oxidation to dioxygen reduction in A. ambivalens (439, 442-445). Abiotic 

reduction of polythionates consumes H2S and tetrathionate to regenerate thiosulfate and 

elemental sulfur, leaving sulfite as the only species remaining to be oxidized (446). In A. 

ambivalens, two routes for sulfite oxidation have been identified (447). The first route is 

carried out in the cytosol by adenosine-5’-phosphosulfate reductase (APSR), APS:sulfate 

adenylyltransferase (APAT), and adenylate kinase, resulting in substrate-level 

phosphorylation of ADP to ATP and reduction of an unknown electron acceptor (Figure 

5.1). In the second route, sulfite is directly oxidized directly to sulfate by the membrane 

protein sulfite:acceptor oxidoreductase (SAOR) to reduce an unknown electron acceptor. 

Energy is conserved in both routes by dioxygen reduction via the electron transport chain. 

For chemolithotrophic growth of Sulfolobus species, the key is the connection 

between sulfur oxidation and energy conservation. The calculated theoretical thermodynamic 

efficiency of RISC utilization indicates that oxidation of one mole of sulfide or thiosulfate 

could fix 6-7 moles of CO2 (to the level of fructose) (448). However, experimental values of 

0.5-1.0 (mole CO2)/(mole sulfur compound) have been reported for a few microorganisms, 

although these are not among the Sulfolobales (448). This likely relates to biochemical and 

metabolic inefficiencies. For example, SOR is not membrane-associated and functions 

without cofactors (449), and as such its activity cannot be coupled to energy conservation. 

So, while the theoretical energy yield is much higher, in practice most sulfur-oxidizing 

autotrophs may fix only between 0.5 and 1 carbon molecules for each molecule of soluble 

sulfur compound oxidized. However, this could be necessarily higher for chemolithotrophic 
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growth in extreme environments. Nevertheless, the extent of energy conservation needs to be 

determined experimentally for Sulfolobus species. 

Chemolithotrophic growth has not been demonstrated for S. acidocaldarius DSM639 

(Saci), despite its relationship to other Sulfolobus species that exhibit this growth mode. 

Genomic analysis shows that Saci contains homologs only to the enzymes highlighted in 

black in Figure 5.1, and may be missing enzymes required for sulfite oxidation. However, 

large gaps remain in the current understanding of electron flow in the Sulfolobales, indicated 

by the enzymes highlighted in grey in Figure 5.1, which have unknown sequences in the 

Sulfolobales. While APSR has been characterized in the dissimilatory sulfate reducer 

Archaeoglobus fulgidus (450), this enzyme has no homologs in sequenced Sulfolobales 

genomes. Furthermore, Saci is unable to utilize elemental sulfur and thiosulfate, likely 

because it lacks SOR and TQO; perhaps these genes were lost through laboratory transfers 

after isolation. However, the Saci genome does contain homologs to some genes implicated 

in Sulfolobus tokodaii’s ability to oxidize hydrogen sulfide (Table 5.2) (451). The ability to 

utilize hydrogen sulfide is important for potential biosynthetic metabolic engineering 

applications because, as a more reduced form of sulfur, its oxidation to sulfate releases about 

30% more energy than elemental sulfur oxidation, which in turn provides nearly double the 

energy of oxidizing sulfite (Table 5.3). 
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Figure 5.1. Sulfur oxidation mechanisms in Acidianus ambivalens. Red arrows track the 

movement of sulfur. Enzymes shown in black have homologs in S. acidocaldarius. 

Enzymes in grey have unknown gene identities and their presence in S. acidocaldarius is 

unknown. Enzymes in white are not present in S. acidocaldarius. Questions marks represent 

unknown processes or electron acceptors. Abbreviations: APS, adenosine-5’-phosphosulfate; 

Q, quinone; SOR, sulfur oxygenase reductase; APSR, APS reductase; SAOR, sulfite:acceptor 

oxidoreductase; TQO, thiosulfate:quinone oxidoreductase; SAT, ATP-dependent sulfate 

adenyltransferase (also known as ATP sulfurylase); APAT, APS:phosphate 

adenylyltransferase; AK, adenylate kinase. Adapted from (439, 446, 447).  

 

The overarching goal of this research is to demonstrate that CO2 fixation can be 

restored in Saci, driven by chemolithotrophic oxidation of RISCs, such as H2S and S°, which 

could be used to support production of energy-dense biofuel molecules. Comparative 

analysis of genome sequence data for species within the Sulfolobales leads to a specific 

strategy to accomplish these objectives. Here, the first steps of this strategy are implemented, 

by expressing SOR and 4-hydroxybutyryl-CoA synthetase in Saci. The resulting strain is 

tested for sulfur oxidation, and its transcriptomic response to both sulfur and CO2 is 
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evaluated. The results show that Saci can oxidize sulfur and suggest the next steps to connect 

sulfur oxidation with energy conservation to support CO2 fixation. 

 

Table 5.2. Putative genes implicated in H2S oxidation in Sulfolobus species (451). 

Locus tag 
Function Reaction % ID 

Stok Saci 

ST0615 Saci_0331 Sulfide dehydrogenase H2S ↔ S0 + H2 87 

ST0971 None 
Sulfide dehydrogenase 

flavoprotein 
H2S ↔ S0 + H2 N/A 

ST1010 Saci_1202 Sulfite oxidase SO3
2- + O2 + H2O ↔ SO4

2- + H2O2 30 

ST1127 None Sulfur oxygenase reductase 
4 S0 + 4 H2O + O2 ↔ 2 H2S + 2 SO3- 

+ 4 H+ 
N/A 

ST1839 Saci_2101 
Thiosulfate reductase ETC 

protein 
H2S ↔ S2O3

2- 81 

ST2564 Saci_2198 Thiosulfate sulfurtransferase S2O3
2-  + CN- ↔ SO3

2-  + SCN- 83 

ST2566 Saci_2200 Sulfite reductase H2S + 3Fdox + 3H2O ↔ SO3
2- + 3Fdred 69 

ST2567 Saci_2202 
Phosphoadenosine 

phosphosulfate reductase 
SO4

2- + H2 ↔ SO3
2- + H2O 71 

ST2568 Saci_2203-04 Sulfate adenyltransferase ATP + SO4
2- ↔ Pi + APS 73 

 

Table 5.3. Gibbs free energy of sulfur oxidation reactions (448) 

Reaction ΔG° (kJ/mol S) 

S2- + 2 O2  →  SO4
2- -659 

S0 + 1.5 O2 + H2O  →  SO4
2- + 2 H+ -507 

SO3
- + 0.5 O2 → SO4

2-  -258 
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5.2 Materials and Methods 

5.2.1 Culture of Sulfolobales species 

S. acidocaldarius strains were routinely cultured in at 75°C and pH 3.5 in 30 ml of 

Brock’s medium (425) in 120-ml serum bottles, sealed with a rubber stopper and vented with 

a 22 gauge needle attached to a 0.22-µm sterile filter, with 100 rpm orbital shaking. Media 

were assembled from four separate sterilized stock solutions: Brock I stock (1000X 

concentration) containing, per liter, 70 g CaCl2·2H2O; Brock II stock (100X) containing, per 

liter 130 g (NH4)2SO4, 25 g MgSO4·7H2O, and 1.5 mL concentrated H2SO4; Brock III stock 

(200X), containing, per liter, 56 g KH2PO4, 1.5 mL concentrated H2SO4, and 100 mL trace 

elements solution; and Fe(III) stock, containing, per liter, 20 g FeCl3·6H2O. Trace elements 

solution (2000X) contained, per liter, 5 mL concentrated H2SO4, 9 g Na2B4O7·10H2O, 0.44 g 

ZnSO4·7H2O, 0.1 g CuCl2·2H2O, 0.06 g Na2MoO4·2H2O, 0.06 g VOSO4·2H2O, 0.04 g 

CoSO4·7H2O, and 3.6 g MnCl2·4H2O. Brock I, II, and III stocks were autoclaved, while 

Fe(III) and trace elements stocks were filter-sterilized. For liquid media, stock solutions were 

mixed with deionized water, pH-adjusted with H2SO4, and filter-sterilized. The final 

assembled medium contained, per liter: 1.3 g (NH4)2SO4, 0.28 g KH2PO4, 0.25 g 

MgSO4·7H2O, 0.07 g CaCl2·2H2O, 0.02 g/L FeCl3·6H2O, 1.8 mg MnCl2·4H2O, 4.5 mg 

Na2B4O7·10H2O, 0.22 mg ZnSO4·7H2O, 0.05 mg CuCl2·2H2O, 0.03 mg Na2MoO4·2H2O, 

0.03 mg VOSO4·2H2O, and 0.02 mg CoSO4·7H2O. When culturing strains in the presence of 

elemental sulfur, a low-sulfate medium was used by replacing (NH4)2SO4 with NH4Cl and 

MgSO4·7H2O with MgCl2·6H2O, keeping the molar concentrations of ammonium and 

magnesium constant. When used, powdered sulfur (Mallinckrodt) was added at 10 g/L. Plate 

media contained an additional 3 mM CaCl2 and 10 mM Mg2Cl2, added from 1 M stock 
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solutions, and 6 g/L gellan gum (PhytagelTM, Sigma). Plate media was assembled by mixing 

equal volumes of pre-sterilized 2X media (without gellan gum) and autoclaved 2X gellan 

gum solution, both preheated to ~95°C, prior to pouring plates.  

Carbon and nitrogen sources were added to media prior to pH adjustment from 20% 

w/v stock solutions. Liquid medium contained 1 g/L NZ-Amine AS (Sigma) or tryptone 

(Bacto; BD, Franklin Lakes, NJ) and 2 g/L sucrose (Fisher) or dextrin (type IV from potato, 

Sigma). For strains MW001 and SA104, liquid medium also contained 10 mg/L uracil 

(Sigma), added from a 0.5 g/L stock solution. Plate medium for first selection (uracil 

prototrophy) contained 1 g/L NZ-Amine and 2 g/L dextrin. Plate medium for second 

selection (uracil auxotrophy) contained 1 g/L tryptone, 2 g/L dextrin, 10 mg/L uracil, and 0.1 

g/L 5-fluoroorotic acid (US Biological Life Sciences, Salem, MA), added from a 100 g/L 

stock in dimethylsulfoxide.  

Other Sulfolobales species were cultured in serum bottles in Brock’s medium salts 

with the following modifications. S. tokodaii DSM16993 was cultured at pH 3.0 and 75°C in 

medium containing 1 g/L NZ-Amine. S. solfataricus P2 was cultured at pH 3.5 and 75°C in 

medium containing 1 g/L NZ-Amine and 2 g/L sucrose. M. sedula DSM5348 was cultured at 

pH 2.0 and 70°C in medium containing 1 g/L yeast extract (Bacto).  

5.2.2 Batch bioreactor culture of strains MW001 and SA104 

To evaluate the response of strains to elemental sulfur, they were grown in batch 

culture in 3-L glass bioreactors (Applikon Biotechnology, Delft, Netherlands) with a 2-L 

working volume. Strains were cultured at 75°C with 100 SCCM air sparging rate and 800 

rpm stirring to effectively disperse the sulfur particles. The pH was controlled at 3.20 with 

automatic addition of 1 M HCl or 1 M NaOH. Low-sulfate Brock’s medium containing 1 g/L 
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NZ-Amine and 2 g/L dextrin was used. When used, sulfur was added at 10 g/L. Bioreactors 

were inoculated to a target cell density of 2 – 2.5 × 108 mL-1 from late-exponential phase 

bottle cultures that had been passaged twice on the same medium (without sulfur) after 

reviving from freezer stocks. Periodically, 10-ml samples were collected to monitor OD600, 

cell density, and sulfate concentration. For microarray analysis, 250 – 500 ml samples were 

collected while the cultures were in exponential phase (1 × 108 to 2 × 109 ml-1). 

5.2.3 Continuous bioreactor culture of strains MW001c and SA104 

To evaluate the response of strains to CO2, they were grown in continuous culture 

(Figure 5.2) in 3-L glass bioreactors with a 2-L working volume. Strains were cultured at 

75°C with 100 SCCM air or 100 SCCM air plus 25 SCCM CO2 and 250-600 rpm stirring to 

maintain dissolved oxygen levels above 70% of saturation. The pH was controlled at 3.20 

with automatic addition of 1 M H2SO4. The medium contained 1 g/L NZ-Amine and 2 g/L 

sucrose. After inoculation at 2 – 2.5 × 108 mL-1 cell density, the culture was grown in batch 

mode until cell density reached 1 – 2 × 109 mL-1, after which continuous mode was started by 

turning on an external pump for media addition at 150 mL/h (dilution rate 0.075 h-1). Culture 

volume was automatically maintained at 2 L using a level probe and outlet pump. 

Periodically, 10-ml samples were collected to monitor OD600 and cell density. Prior to 

collecting samples for microarray analysis, at least 5 residence times (67 h) were allowed to 

pass after starting continuous mode or after changing gas sparge composition. Two residence 

times (26 h) were allowed to pass in between collection of replicate samples. 
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Figure 5.2. Schematic of continuous culture setup for S. acidocaldarius. 

 

5.2.4 Incubation of S. acidocaldarius cell suspensions with sulfur 

For cell suspension experiments, 30-ml cultures of S. acidocaldarius strains were 

grown in medium containing 1 g/L NZ-Amine and 2 g/L sucrose until cell density reached 

109 mL-1. Cells were harvested by centrifugation at 4°C and washed in 30 mL “autotrophic” 

medium (no heterotrophic carbon sources and containing 1 mL/L vitamin solution (452)). 

Cells were re-suspended in 30 mL fresh autotrophic medium containing 10 g/L sulfur, sealed 

in a serum bottle with 20% CO2 in the headspace, and incubated at 75°C.  

5.2.5 DNA microarray sample collection and analysis 

To collect culture samples for DNA microarray analysis, 300 – 500 ml of culture was 

chilled rapidly (< 1 min) to 0°C by siphoning culture from the bioreactor through a ¼” 

copper tube coil immersed in an ice water bath. If necessary, sulfur particles were removed 

by centrifuging at 100 × g for 2 min and decanting the supernatant. Cells were pelleted by 
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centrifugation at 5,000 × g for 10 min. Cell pellets were resuspended in 1-2 ml of Brock’s 

media salts, transferred to 2-ml screw cap tubes, and centrifuged again at 16,000 × g for 2 

min. Cell pellets were stored at -80°C prior to RNA extraction. RNA was extracted using 

Trizol reagent (Ambion) and the RNeasy RNA isolation kit (Qiagen, Hilden, Germany) 

according to kit instructions. A spotted whole-genome oligonucleotide microarray, based on 

2278 protein-coding open reading frames (ORFs) was used. Microarray analysis was done 

essentially as previously described (135, 137). Briefly, RNA was reverse-transcribed 

(Superscript III, Invitrogen), re-purified, labeled with either Cy3 or Cy5 dye (GE Healthcare, 

Chicago, IL), and hybridized to microarray slides (Corning, Corning, NY). Slides were 

scanned with a GenePix 4000B microarray scanner (Molecular Devices, Sunnyvale, CA). 

Raw spot intensities were quantified with GenePix Pro v7 (Molecular Devices). Statistical 

analysis was done with JMP Genomics v5 (SAS, Cary, NC). Log2-transformed data were 

normalized with ANOVA and differential gene transcription was evaluated using a mixed-

effects ANOVA model. Statistically significant differential transcription was defined by the 

Bonferroni correction, which for these data was 5.5 (equivalent to a p-value of 3.2 × 10-6).  

5.2.6 qPCR 

Quantitative reverse-transcript PCR was done using SsoFast Evagreen Supermix 

(Bio-Rad, Hercules, CA). Total RNA previously isolated for microarray analysis was treated 

with Turbo DNA-free kit (Ambion) to remove trace genomic DNA and reverse-transcribed 

using iScript Reverse Transcription supermix (Bio-Rad). cDNA corresponding to ~5 ng total 

RNA was used in each 20-ul qPCR reaction. qPCR reactions were run in triplicate with one 

no-RT control and one no-template control. Transcription of hbcsMsed (Msed_0406) and sor 

(ST1127) genes were quantified with DNA polymerase sliding clamp (Saci_0817) and the 
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main S-layer protein slaA (Saci_2355) as reference genes, using the primers shown in 

Supplementary Table 5.S1. 

5.2.7 Construction of S. acidocaldarius strain SA104 

Strain SA104 was constructed by chromosomal insertion of a synthetic operon 

expressing hbcsMsed (Msed_0406) and sorStok (ST1127) under the control of the slaApSaci 

promoter sequence (201 bp 5’ to Saci_2355) with the slaBrbsSaci ribosomal binding sequence 

(12 bp 5’ to Saci_2354) in between (see Table 5.4) (453). The synthetic operon was inserted 

at the Saci_1149 locus, with concomitant deletion of Saci_1149, encoding a truncation 

mutant of hbcsSaci. The following fragments were amplified with Phusion polymerase (Life 

Technologies) using the primers in Supplementary Table 5.S1: Saci_1149 5’ flanking 

region, slaASaci promoter, and Saci_1149 3’ flanking region, each amplified from S. 

acidocaldarius DSM639 genomic DNA (gDNA); Msed_0406, amplified from M. sedula 

DSM5348 gDNA; ST1127, amplified from S. tokodaii DSM16993 gDNA; pyrBEF (uracil 

prototrophy marker), amplified from S. solfataricus P2 gDNA; and pUC19 backbone, 

amplified from pUC19 plasmid. The above fragments were assembled using Gibson 

assembly master mix (New England Biolabs) to construct plasmid pAJL104. The Gibson 

assembly reaction was used to transform One Shot Top10 chemically competent E. coli 

(ThermoFisher Scientific), and the plasmid was sequence-verified (Genewiz, RTP, NC).  

 

Table 5.4. S. acidocaldarius strains used in this study 

Strain Genotype Source 

MW001 ΔpyrEF (67) 

MW001c ΔpyrEF::pyrBEFSso (67) 

SA104 ΔpyrEF ΔhbcsSaci::slaApSaci-hbcsMsed-slaBrbsSaci-sorStok-slaAtermSaci This work 
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Genetic manipulation of S. acidocaldarius was done as previously described (67). 

Briefly, S. acidocaldarius MW001 was transformed with pAJL104 and plated on uracil-free 

medium to select for chromosomal integration pAJL104. Colonies were subcultured in 

uracil-free liquid medium and screened by PCR using primers in Supplementary Table 

5.S1. Positive colonies were subcultured again in medium containing uracil and then plated 

on medium containing uracil and 5-fluoroorotic acid to select for removal of the pyrBEF 

marker. Colonies were subcultured in medium containing uracil, screened by PCR, and the 

sequence of the Saci_1149 region was verified (Genewiz).  

5.2.8 Sulfate assay 

Sulfate concentrations in culture supernatant were measured using a turbidimetric 

assay modified from Lundquist et al.  (454). Reagent stock solution contained, per liter, 35 g 

BaCl2·2H2O, 75 g polyethylene glycol (MW 8000), and 20 mL concentrated HCl. Assay 

reagent was prepared by adding 50 µL of 10 mM Na2SO4 to 10 mL of reagent stock solution. 

In a 96-well plate, 100 µL sample was mixed with 75 µL of freshly-prepared assay reagent. 

The plate was vortexed for 5 min and the absorbance at 600 nm was read on a Synergy MX 

plate reader (Biotek Instruments, Winooski, VT). A standard curve of 0-10 mM Na2SO4 with 

a cubic polynomial fit was used to quantify sample concentrations. 

5.2.9 Other methods 

Genomic DNA was isolated by phenol-chloroform extraction as previously described 

(455). E. coli plasmid DNA was isolated using the Qiagen Miniprep kit. Cells were counted 

by epifluorescence microscopy with acridine orange as previously described (456). 
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5.3 Results 

5.3.1 Identification of missing genes required for chemolithoautotrophy in S. acidocaldarius 

Comparative genomics analysis of the Sulfolobales indicates that most of the 

autotrophic species possess homologs to all 13 enzymes in the 3HP/4HB cycle, and should 

therefore be capable of fixing CO2 (Table 5.1). In the case of Sulfolobus acidocaldarius 

DSM639 (Saci) however, there is a frame-shift mutation in the ORF (Saci_1149) encoding 4-

hydroxybutyrate-CoA synthetase (HBCS) (Figure 5.3), thought to be a key enzyme of the 

cycle in M. sedula (382). Without a functional form of this enzyme, the conversion of 4-

hydroxybutyrate to acetyl-CoA is disabled. By repairing/replacing this gene, Saci, which has 

a tractable genetic system, might then potentially utilize the full cycle to fix CO2 as the sole 

carbon source and grow chemolithoautotrophically on reduced inorganic sulfur compounds 

(RISCs).  

In addition, Saci appears to be missing at least some genes required for oxidation of 

elemental sulfur and associated energy conservation (Figure 5.1). The first step in elemental 

sulfur oxidation is catalyzed by SOR, and it is unknown if Saci possesses APSR and SAOR 

for conservation of energy from sulfite oxidation. Therefore, by inserting a functional SOR 

into Saci, it should be capable of sulfur oxidation and possibly even lithotrophic energy 

conservation. 
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Figure 5.3. Partial sequence alignment of 4-hydroxybutyryl-CoA synthetase (HBCS) in 

selected Sulfolobales.Genes with the highest similarity to Metallosphaera sedula HBCS 

(Msed_0406) were chosen from each strain. Organism abbreviations: Mse, M. sedula; Mcu, 

M. cuprina; Sac, Sulfolobus acidocaldarius; Sso, S. solfataricus; Sis, S. islandicus; Sto, S. 

tokodaii. The HBCS of Sac DSM639 contains a frameshift mutation resulting in a truncation 

at position 103 (the Mse HBCS has 564 residues). Alignment generated using Geneious v8.1 

(Biomatters, Auckland, NZ).  

 

To test these hypotheses about the requirement for HBCS and SOR for 

chemolithoautotrophy in Saci, strain SA104 was constructed to express both of these 

enzymes (Table 5.4). Genes for HBCS from M. sedula (Msed_0406) and SOR from S. 

tokodaii (ST1127) were assembled in an operon driven by the Saci S-layer protein (slaA) 

promoter for constitutive high-level expression of both enzymes, and this operon was used to 

replace the truncated hbcs in Saci. 

5.3.2 Transcription of hbcs and sor in Saci strain SA104 

To verify that the inserted genes were transcribed in Saci strain SA104, hbcs and sor 

transcription levels were quantified in comparison to slaA and to a DNA polymerase sliding 

clamp gene (Saci_0817) using quantitative reverse-transcript PCR (Figure 5.4). Under all 

growth conditions examined, hbcs was transcribed at a low level, three to four orders of 
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magnitude lower than slaA. Transcription of sor was also transcribed at similar levels under 

all conditions, but ~10-fold lower than hbcs. However, both genes were transcribed 100 to 

1000-fold higher than Saci_0817. These results suggest that while the slaA promoter does 

result in constitutive expression, it is not capable of driving expression at levels similar to 

that of its native gene.  

 

Figure 5.4. Transcription of hbcs (Msed_0406) and sor (ST1127) in strain SA104. 

Transcription of each gene, relative to slaA (Saci_2355) as determined by qPCR, is shown 

for strain SA104 grown in batch culture (see Figure 5.5) in the absence (Htr) and presence 

(Htr + S0) of sulfur, and for SA104 grown in continuous culture, sparging with air only (Htr) 

or 20-80 CO2-air mix (Htr + CO2). Transcription of dnap (Saci_0817), encoding DNA 

polymerase sliding clamp, is shown for comparison. No transcription of hbcs or sor was 

detected for strains MW001 or MW001c (data not shown). Error bars represent one standard 

error for two biological replicates and three technical replicates. 
 

5.3.3 Sulfur oxidation by Saci strain SA104 

To evaluate phenotypic differences between the mutant and parent strains, Saci 

SA104 was grown in batch bioreactor culture on standard heterotrophic medium in the 

presence and absence of elemental sulfur, and compared to the parent strain, MW001 

(Figure 5.5). Strain MW001 grew normally whether or not sulfur was present, with only a 

small accumulation of sulfate in the medium. Strain SA104 grew normally in the absence of 
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sulfur, but growth was suppressed with sulfur present. In fact, SA104 could not be 

consistently passaged on medium containing sulfur; to overcome this limitation, sulfur was 

added to the bioreactor cultures 6 hours post-inoculation to allow SA104 to enter log phase 

prior to sulfur challenge. In addition, sulfate accumulated in the SA104 cultures when sulfur 

was added, resulting in 1.5 – 4.5 mM net increase in sulfate concentration.  

 

 

Figure 5.5. S. acidocaldarius strains MW001 and SA104 grown in presence or absence 

of elemental sulfur. Batch cultures of each strains MW001 (left) and SA104 (right) were 

grown in bioreactors on heterotrophic medium, in the absence (top) or presence (bottom) of 

elemental sulfur. Solid lines show cell density and dotted lines show sulfate concentration. 

Different colors represent biological replicates.  
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Evaluation of the specific growth rates and sulfate production rates of each culture 

shows that SA104 grows at nearly the same rate as MW001 (µ = 0.126 ± 0.013 h-1 vs. 

0.106 ± 0.008 h-1) under normal conditions, but significantly more slowly in the presence of 

sulfur (µ = 0.030 ± 0.008 h-1) (Figure 5.6A). MW001 showed no growth rate phenotype in 

response to sulfur. Additionally, sulfate production rate for MW001, while non-zero, was the 

same in both the presence and absence of sulfur, while SA104 produced sulfate at a higher 

rate in the presence of sulfur (Figure 5.6A). To verify that sulfate accumulation was the 

result of elemental sulfur oxidation and not oxidation of sulfur-containing peptides in NZ-

Amine, cell suspensions of MW001 and SA104 were incubated in medium containing 

elemental sulfur but free of organic carbon (Figure 5.6B). Sulfate concentration remained 

constant for MW001, while SA104 was capable of oxidizing sulfur to sulfate. However, 

neither strain was capable of sustaining growth with sulfur as the sole energy source, as 

evidenced by their eventual drop in cell density.  

5.3.4 Transcriptomic response of Saci strains to sulfur 

To further examine the SA104 strain’s response to sulfur, a whole-genome cDNA 

microarray was used to look for differentially transcribed genes in log-phase samples of the 

cultures shown in Figure 5.5. There were few differences between the two strains in the 

absence of sulfur, with <2% of the genome being differentially transcribed (Table 5.5), 

indicating that heterologous expression of HBCS and SOR has little effect under normal 

growth conditions. However, both strains had a strong transcriptomic response to sulfur. It is 

interesting that despite the lack of a growth phenotype in MW001, this strain responded more 

strongly to sulfur than SA104, with 21% of genes differentially transcribed in MW001 

compared to 7.2% in SA104.  
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Figure 5.6. Sulfur oxidation and growth phenotypes of S. acidocaldarius strains. 

Average specific sulfate production (red) and specific growth rate (blue) of S. acidocaldarius 

strains MW001 and SA104 cultures shown in Figure 5.3. Error bars represent one standard 

error. (B) Sulfur oxidation of MW001 (blue) and SA104 (red) cell suspensions with sulfur in 

autotrophic medium (no carbon or nitrogen sources). Solid lines represent cell density and 

dotted lines represent sulfate concentration. 
 

Upon closer examination, several categories of differentially transcribed genes 

become apparent. Multiple genes involved in transcription and protein synthesis were down-

regulated in response to sulfur in MW001, including RNA polymerase, several tRNA 

synthetases and ribosomal proteins (Table 5.6). In contrast, these genes had a mixed 

response in SA104, with several being strongly up-regulated (Saci_0663, 0708, and 0766). 
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Similarly, genes involved in DNA synthesis and repair were strongly down-regulated in 

MW001 in response to sulfur, but less so in SA104.  

Genes associated with autotrophy in the Sulfolobales, such as those in the 3HP/4HB 

cycle, had an unusual differential expression pattern in Saci. Two genes in the 3HP/4HB 

cycle, 3HP-CoA ligase (Saci_0306) and methylmalonyl-CoA mutase (Saci_0924) were 

actually down-regulated in MW001 in response to sulfur, the opposite of what one might 

expect if Saci is preparing for chemolithoautotrophy; in M. sedula, methylmalonyl-CoA 

mutase was strongly up-regulated under autotrophic conditions, and 3HP-CoA ligase did not 

respond (385). Furthermore, none of the 3HP/4HB cycle genes typically associated with 

autotrophy in M. sedula, such as acetyl-CoA carboxylase, malonyl-CoA reductase, and 

succinic semialdehyde reductase, responded in Saci (385). 

Table 5.5. Differentially transcribed genes for S. acidocaldarius strains MW001, 

MW001c, and SA104 in response to S0 and CO2 

Comparison 
Genes upregulated Genes downregulated 

Number % of total ORFs Number % of total ORFs 

Sulfur microarray 

SA104 vs. MW001 

-S0 17 0.8 15 0.7 

MW001 

+S0 vs. -S0 
93 4.1 383 16.9 

SA104 

+S0 vs. -S0 
45 2.0 118 5.2 

SA104 vs. MW001 

+S0 
149 6.6 152 6.7 

CO2 microarray 

SA104 vs. MW001c 

Air 
69 3.1 17 0.8 

MW001c 

CO2 vs. Air 
24 1.1 15 0.7 

SA104 

CO2 vs. Air 
2 0.1 81 3.6 

SA104 vs. MW001c 

CO2 
29 1.3 81 3.6 
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Table 5.6. Selected differentially transcribed genes in MW001 or SA104 in response to 

sulfur (log2 scale) 

Locus 

Taga Annotation 

LSMb,c 

MW_N  

Difference of treatment (log2-fold)c 

(MW_S) 

- (MW_N) 

(SA_S) 

- (SA_N) 

(SA_N) 

- (MW_N) 

(SA_S) 

- (MW_S) 

Transcription, translation, and protein synthesis 

1370 DNA-directed RNA polymerase subunit K 0.6 
 

-2.6 0.0 -1.9 0.7 

1587 DNA-directed RNA polymerase subunit M -0.8 
 

-2.3 -1.5 -0.8 0.0 

0152 cysteinyl-tRNA synthetase 0.6 
 

-4.0 -1.8 -1.2 1.0 

0663 histidyl-tRNA synthetase -2.2 
 

0.9 2.9 1.0 3.1 

0768 aspartyl-tRNA synthetase 1.5 
 

0.9 5.2 -0.3 3.9 

1349 

glutamyl-tRNA(Gln) amidotransferase 

subunit D 
3.1 

 
-2.1 -0.5 -1.2 0.4 

1396 arginyl-tRNA synthetase -0.8 
 

-2.1 -0.6 -0.4 1.1 

0607 

brix domain-containing ribosomal biogenesis 

protein 
1.1 

 
-2.9 -0.7 -0.7 1.5 

0961 translation initiation factor IF-2 subunit beta 1.0 
 

-2.7 -1.0 -0.8 0.9 

0766 50S ribosomal protein L40 -5.9 
 

1.2 4.0 -0.1 2.7 

1457 50S ribosomal protein L10 0.5 
 

-4.7 -1.9 -1.4 1.4 

1458 50S ribosomal protein L1 2.8 
 

-2.3 -0.9 0.0 1.5 

1459 50S ribosomal protein L11 -0.1 
 

-1.6 -0.5 -0.4 0.8 

1621 

30S ribosomal protein S6 modification 

protein 
-0.2 

 
-3.5 -0.5 -1.0 2.1 

DNA synthesis and repair 

0153 DNA mismatch repair protein MutT 1.0 
 

-2.8 -1.2 -1.0 0.6 

1314 DNA topoisomerase VI subunit A 0.1 
 

-2.5 -1.2 -1.1 0.2 

1315 DNA topoisomerase VI subunit B 0.2 
 

-2.0 -1.2 -1.0 -0.2 

1813 DNA-binding protein 1.4 
 

-2.7 -1.6 -0.7 0.4 

1977 DNA-binding protein 2.3 
 

-2.7 -0.8 -0.4 1.4 

3HP/4HB cycle 

0306 3-hydroxypropionate-CoA ligase 2.1 
 

-2.5 0.0 -0.9 1.6 

1149 4-hydroxybutyrate-CoA ligase 2.3 
 

0.5 -0.8 0.7 -0.6 

0924 methylmalonyl-CoA mutase alpha subunit 0.5 
 

-3.0 -1.0 -0.3 1.7 

SoxEFGHIM Oxidase Cluster 

2259 cytochrome B558 subunit B 3.3 
 

-2.3 -0.9 -0.9 0.4 

2260 cytochrome B6 2.2 
 

-2.3 -0.9 -0.8 0.6 

2261 (2Fe-2S)-binding protein 4.3 
 

-6.7 -2.2 -2.6 1.9 

2263 quinol oxidase subunit 1/3 2.0 
 

-2.8 -0.6 -1.2 1.0 

Genes related to sulfur metabolism 

0114 sulfate ABC transporter permease -0.7 
 

1.0 1.4 0.0 0.4 

0326 heterodisulfide reductase subunit C -1.1 
 

-0.6 1.4 0.5 2.5 

0327 hypothetical protein -4.1 
 

5.1 2.0 3.7 0.7 

0328 heterodisulfide reductase A 0.4 
 

-0.3 1.0 0.2 1.6 

0329 heterodisulfide reductase subunit B -0.2 
 

0.3 1.2 1.1 2.1 

0334 heterodisulfide reductase 1.4 
 

0.2 1.5 0.8 2.1 

1170 methionine sulfoxide reductase A 1.1 
 

-2.8 -0.3 -0.5 2.0 

1390 [Fe-S cluster assembly protein SufD]d 2.3 
 

-2.6 -0.1 -0.8 1.8 

1485 thioredoxin 1.8 
 

-2.6 -1.6 -0.7 0.4 

2267 [Rhodanese-related sulfurtransferase]d 1.9 
 

-2.7 -2.3 -1.0 -0.6 
a Prefix Saci_ 
b LSM = least-squares mean normalized transcription level (log2 scale). Color scale: green = low transcription, purple = 

high transcription. 
c Treatment abbreviations: MW_N = MW001, no sulfur; MW_S = MW001, with sulfur; SA_N = SA104, no sulfur; SA_S 

= SA104, with sulfur. Values in bold indicate statistically significant differences (p = 3.2 × 10-6). Color scale: blue = 

down-regulated, red = up-regulated. 
d Annotation based on homology to proteins in other Sulfolobales.  

 



209 

More relevant to the presence of sulfur was the differential regulation of genes 

relating to sulfur metabolism. These include strong down-regulation of genes in the 

SoxEFGHIM cluster in MW001, and weak down-regulation in SA104. This Sox cluster has 

previously been associated with heterotrophy in Saci and M. sedula (457, 458), suggesting 

that Saci is responding to the presence of sulfur as a lithotrophic substrate. Also interesting is 

the up-regulation of a heterodisulfide reductase cluster (Saci_0326-0329 and 0334) in SA104 

on sulfur, and these genes were significantly up-regulated in SA104 compared to MW001 in 

the presence of sulfur. These genes have previously been implicated in tetrathionate and 

elemental sulfur oxidation in M. sedula (457), but have been most-studied in methanogens, 

where they play a role in an energy-conserving step in methanogenesis by reducing CoM-

CoB heterodisulfide (459). Since Saci is not known to contain CoM or CoB cofactors or 

methanogenesis pathways, it is likely that these heterodisulfide reductase genes act on some 

other substrate; possibly, these genes are being up-regulated to deal with sulfur species that 

may be generated abiotically from S0, H2S, and SO3
2-. Methionine sulfide reductase 

(Saci_1170) and thioredoxin (Saci_1485), both of which are involved in protein oxidation 

repair, were down-regulated in MW001, possibly reflecting a more reduced environment 

when elemental sulfur is present. Finally, genes involved in assimilatory sulfate reduction, 

such as thioredoxin, a putative Fe-S cluster assembly protein (Saci_1390) and a putative 

rhodanese-related sulfurtransferase (Saci_2267), were down-regulated in MW001 on sulfur, 

perhaps because more reduced sulfur species are available as catabolic sources of sulfur. 

In addition, many hypothetical proteins were differentially regulated: 29 hypothetical 

proteins were up-regulated and 130 down-regulated in MW001 in response to sulfur, while 

16 were up-regulated and 30 down-regulated in SA104. Five genes were down-regulated 
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>16-fold in MW001 on sulfur (Saci_0172, 0492, 0495, 1573, and 1946; see Supplementary 

Table 5.S5), and one was up-regulated 32-fold (Saci_0327). Since 806 genes (35%) in Saci 

are annotated as hypotheticals, it is unsurprising that hypotheticals represent many of the 

differentially transcribed genes. Often, genomic context offers no clues as to the role of these 

genes. For instance, Saci_1046-1053 were all down-regulated on sulfur in both strains. Some 

of these ORFs decreased >8-fold, but all are annotated as hypotheticals, with the exception of 

Saci_1051 which is annotated as a cellulose biosynthesis protein, an annotation that makes 

little sense in an organism that does not produce cellulose. Clearly, insightful annotation 

would help to unravel the observed response of Saci to sulfur. 

5.3.5 Transcriptomic response of Saci strains to CO2 

To examine whether Saci also has the capability to respond to CO2, strains SA104 

and MW001c were grown in continuous culture under two conditions: one in which the 

culture was sparged with air only (0.04% CO2), and one in which it was sparged with a 20%-

80% CO2-air mixture. No phenotypic differences were observed in response to excess CO2 in 

either strain, including cell size, growth rate, or maximum cell density (data not shown). In 

contrast to sulfur, relatively few genes were differentially transcribed in response to excess 

CO2 (Table 5.5); in fact, greater differences were observed between the strains than between 

conditions for each strain. There are, however, two genes that hint at increased activity of the 

3HP/4HB cycle in SA104. Inorganic pyrophosphatase (Saci_0955) and CCH/HBCD 

(Saci_1109) are strongly up-regulated (79- and 14-fold, respectively) in SA104 compared to 

MW001c in the presence of CO2. This may be to metabolize products formed by HBCS: 

pyrophosphate is produced by HBCS, and the combined action of HBCS and 4-

hydroxybutyryl-CoA synthetase (Saci_2143) together produce crotonyl-CoA, the substrate 
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for CCH/HBCD. While other genes were differentially regulated, the relatively small 

changes in response to CO2 suggest that, overall, S. acidocaldarius does not sense excess 

CO2, at least when heterotrophic substrates are present. 

5.4 Discussion 

While expression of S. tokodaii SOR in Saci did allow oxidation of elemental sulfur 

to sulfate, it also had a toxic effect in the presence of sulfur. Likely, one of the products of 

SOR, sulfite and H2S, is responsible. Because Saci possesses many genes implicated in H2S 

oxidation (Table 5.2), and no H2S odor was detected in any of the cultures, H2S itself is 

probably not responsible for the toxic effect of SOR. Sulfite, on the other hand, has long been 

used as an antimicrobial agent, although its mechanism is not known (460). While free 

radical formation is suspected to play a role in it antibacterial activity, an oxidative stress 

response was not observed in the Saci strain SA104 transcriptome in response to sulfur. 

Alternatively, H2S or sulfite might be further metabolized by undetermined enzymes in Saci 

resulting in toxic product buildup. 

While it is clear that the slaA promoter drives transcription of the inserted hbcs and 

sor, the level is only 10-3 to 10-4 that of the slaA gene (Figure 5.4). Given the apparent 

toxicity of sor expression in the presence of sulfur, this may not be a problem. However, as 

strain engineering efforts proceed to allow energy conservation from sulfur and alleviate the 

toxic effect, increased expression of sor may be necessary to drive chemolithoautotrophic 

chemical production. Several inducible and constitutive promoters for Saci have been 

characterized, which allow a variety of expression levels (172). Use of these promoters in 

future strains would be advantageous. 
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Cell suspensions of Saci strain SA104 were unable to support growth with sulfur as 

the sole energy source, indicating it cannot conserve energy from sulfur oxidation. Several 

strategies could be used to couple sulfur oxidation to energy conservation in Saci, which 

should also alleviate the toxic effect of SOR. To do this, additional enzymes must be 

expressed to allow oxidation of H2S and sulfite and produce reduced electron donors or 

enable substrate-level phosphorylation. One step towards this is to insert genes to express the 

TQO complex for thiosulfate oxidation, which, coupled with abiotic reactions, oxidizes H2S 

to sulfite (Figure 5.1). TQO, encoded by the genes doxAD, is present in several sequenced 

Sulfolobales, including S. tokodaii and M. sedula (461). Insertion of S. tokodaii TQO 

(ST1855-56) into Saci should therefore enable H2S oxidation, leaving only sulfite. Sulfite 

could be dealt with by inclusion of the cytosolic protein APSR, which activates sulfite to 

APS; APS could be metabolized by native Saci SAT to produce ATP. While the identity of 

APSR is not known in the Sulfolobales, it has been characterized in the thermophilic 

dissimilatory sulfate reducer Archaeoglobus fulgidus (Topt 85°C) (462, 463). Therefore, 

insertion of A. fulgidus APSR (AF_RS08395 and 08400) into Saci should allow sulfite 

oxidation. Together, TQO and APSR, along with the SOR already present, should allow 

complete oxidation of elemental sulfur to sulfate, and conserve energy in the form of 2 moles 

reduced electron acceptors and 0.5-1 moles ATP (depending on whether APAT or SAT is 

used; see Supplementary Table 5.S4) for every mole of sulfur.  

The transcriptomic responses to sulfur and CO2 may both be limited by the presence 

of heterotrophic substrates. Both the Saci parent strain and the strain expressing SOR had a 

strong transcriptomic response to sulfur, suggesting that the regulatory framework for 

responding to sulfur exists in Saci, possibly reflecting its evolutionary origins as a 
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chemolithotroph. However, none of the Sox clusters associated with sulfur oxidation in M. 

sedula, such as SoxABCDL (457), were up-regulated in Saci, possibly because of catabolite 

repression by peptides and sucrose. Likewise, the limited transcriptomic response to CO2 

may reflect repression of autotrophy in the presence of heterotrophic substrates. Even in M. 

sedula, a capable autotroph, the 3HP/4HB cycle genes are only strongly up-regulated under 

strict autotrophic conditions, and most have only average transcript levels when peptides are 

present (384, 385). Thus, activation of autotrophic metabolism in Saci will most likely 

require that chemolithotrophy be functioning first. It may even be possible that Saci will 

express an autotrophy phenotype as soon as it is capable of chemolithotrophic energy 

conservation, and autotrophic conditions are applied. 

An alternate possibility is that Saci has lost the regulatory framework for autotrophy. 

A recent study identified a novel transcriptional regulator of autotrophy in the Sulfolobales, 

HhcR, and an associated HHC box DNA motif that is bound by HhcR; the HHC box is found 

in the promoters of most of the 3HP/4HB cycle genes and other genes associated with 

chemolithotrophy (403). HhcR also appears to be auto-regulated as evidenced by the 

presence of the HHC box upstream of hhcR. However, in Saci, the HHC box is absent in the 

promoter for hhcR (Saci_0446), pointing to a possible loss of auto-regulation. Saci hhcR was 

not differentially regulated in any of the compared conditions or strains in this work. Thus, 

potential malfunctions in the regulation of autotrophy in Saci may need to be considered 

moving forward. 

The next steps for enabling chemolithoautotrophy in Saci are currently underway by 

developing strains incorporating TQO and APSR. The transcriptomic response of Saci to 
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sulfur is an encouraging sign. The lessons learned through this work help in enabling future 

development of Saci as a chemolithoautotrophic platform for renewable chemical production. 
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5.6 Supplementary Information 

Supplementary Table 5.S1. Primers used in this study 
Name Purpose Sequence (5’3’) 

For construction of pAJL104 and strain SA104 

AJL.128 Saci_1149 5’ flanking 

region fwd GAATTCGAGCTCGGTACCCCACTCTAATTTCTCTCA 

AJL.129 Saci_1149 5’ flanking 

region rev 

CCAAGTACTAGAACTGCTCAAAATTTAATATTGAGCT

TAATAA 

AJL.180 slaApSaci fwd AATCTTTAAATAAATTATTAAGCTCAATATTAAATGT

CTAAAGGGTGTTCTT 

AJL.140 slaApSaci rev ACTTTTCACTTTCAAGG 

AJL.141 hbcsMsed fwd GATGTTTTTCCTTGAAAGTGAAAAGTATGGTTACCGT

TCAA 

AJL.133 hbcsMsed rev TCAGAAGACGTACTCG 

AJL.142 sorStok fwd GAACGAGTACGTCTTCTGAGGGTGTATGTGTATGCCG

AAACCATA 

AJL.135 sorStok rev ATTTAAAAAAGGATTTATTATAAATGATATTCATTCA 

AJL.136 Saci_1149 3’ flanking 

region fwd 

CCTGAATGAATATCATTTATAATAAATCCTTTTTTAAA

TTTTTCTCGCGTAACAAGAACC 

AJL.137 Saci_1149 3’ flanking 

region rev CTGCAGGTCGACTCTAGAGAGCTAATTTTGGAGG 

AJL.173 pyrBEFSsol fwd TTTGAGCAGTTCTAGTACT 

AJL.174 pyrBEFSsol rev CTGCAGGTCGACTCTAGAGACCGGCTATTTTT 

AJL.120 pUC19 backbone fwd TCTAGAGTCGACCTGCAGG 

AJL.121 pUC19 backbone rev GGTACCGAGCTCGAATTC 

AJL.183 Saci_1149 region 

screening fwd GGTATTATGGAAAGGAGTGTCGTC 

AJL.184 Saci_1149 region 

screening rev CCCCTCTTAGCAACTTCAACTAAG 

For qPCR 

AJL.160q ST1127 fwd GACGGATTTCACAGTTATGGTAGG 

AJL.161q ST1127 rev AAGTATCATCCCTCCTAGGAATCC 

AJL.157q Msed_0406 fwd TGAGAGATTAAGGTCCGTAGTCAG 

AJL.158q Msed_0406 rev TTCATCGTCAAGAAGCCTTATGTC 

AJL.196q Saci_0817 fwd AGCAGATTCAGATTGAAGGTGATG 

AJL.197q Saci_0817 rev TTCAGAGAATGCAGAAGCCTTAAG 

JAC.Q4F Saci_2355 fwd GGATAAGCCATGGGAGTCTTAC 

JAC.Q4R Saci_2355 rev GCTACAAACGGGAAATAGCCTATAG 
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Supplementary Table 5.S2. 3HP/4HB cycle enzyme homologs in the Sulfolobales (best matches by protein sequence)a 
Organismb Msed Mcup Myel Ahos Acop Stok Saci Sisl Ssol 

Autotrophic? Y Y Y Y Y Y N ? N 

Enzyme Locus tag numberc 

ACC 

0147 1926 RS09175 2119 02600 0593 0260 0261 2466 

0148 1925 RS09180 2118 02605 0592 0261 0260 2464 

1375 0858 RS11145 2117 02610 0591 0262 0259 2463 

MCR 0709 1427 RS05375 2348 05510 1242 2370 2755 2178 

MSR 1993 0293 RS14155 1103 07700 1507 1623 1456 0647 

HPCS 1456 0744 RS11190 2066 02385 0783 1184 2103 3203 

HPCD 2001 0286 RS14110 1095 07735 1516 1633 1448 0654 

ACR 1426 0809 RS04240 2283 
12385 

00600 
0480 

0911 

1115 

1323 

0293 

0764 

2494 

MCE 0639 1517 RS05005 2217 03105 0554 0923 0222 2426 

MCM 
0638 1516 RS05000 2216 03100 0552 0924 0221 2425 

2055 0235 RS13805 0509 08235 2096 0062 0076 2266 

SSR 1424 0811 RS04195 2277 12395 2056 2145 1606 0472 

HBCS 0406 1674 RS07880 1005 (33%) 01375 0050 (32%) 0025 (26%) 0727 (32%) 2863 (31%) 

HBCD 1321 0888 RS01110 2036 11210 1659 2143 2522 2738 

CCH/HBCD 0399 1680 RS07910 None 01680 (48%) 0069 1109 0309 2514 

AACT 0656 1437 RS05105 2176 02445 0514 0963 0179 2377 
a Best matches determined by protein BLAST search using M. sedula genes as queries. All matches have at least 85% coverage. Unless otherwise 

indicated in parentheses, all matches are at least 50% identical.  
b Organism abbreviations: Msed, Metallosphaera sedula DSM5348; Mcup, M. cuprina Ar-4; Myel, M. yellowstonensis MK1; Ahos, Acidianus 

hospitalis W1; Acop, A. copahuensis ALE1; Stok, Sulfolobus tokodaii str. 7; Saci, S. acidocaldarius DSM638; Sisl, S. islandicus HVE10/4; Ssol, S. 

solfataricus P2. 
c Locus tag prefixes: Msed, Msed_; Mcup, Mcup_; Myel, METMK1DRAFT_; Ahos, Ahos_; Acop, CM19_; Stok, ST; Saci, Saci_; Sisl, SiH_; Ssol, 

SSO. 
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Supplementary Table 5.S3. 3HP/4HB cycle enzyme homologs in the Sulfolobales (best 

matches by nucleotide sequence)a 

Organismb Msed Mcup Myel Ahos Acop Stok Saci Sisl Ssol 

Autotrophic Y Y Y Y Y Y N ? N 

Enzyme Locus tag numberc 

ACC 

0147 1926 RS09175 2119 02600 0593 0260 0261 2466 

0148 1925 RS09180 2118 02605 0592 0261 0260 2464 

1375 0858 RS11145 2117 02610 0591 0262 0259 2463 

MCR 0709 1427 RS05375 2348 01990 2171 2370 2755 2178 

MSR 1993 0293 RS14155 1103 07700 1507 1623 1456 0647 

HPCS 1456 0744 RS11190 2066 02385 0783 1184 2103 3203 

HPCD 2001 0286 RS14110 1095 07735 1516 1633 1448 0654 

ACR 1426 0809 RS04240 2283 12385 0480 0911 1323 0764 

MCE 0639 1517 RS05005 2217 03105 0554 0923 0222 2426 

MCM 
0638 1516 RS05000 2216 03100 0552 0924 0221 2425 

2055 0235 RS13805 0509 08235 2096 0062 0076 2266 

SSR 1424 0811 RS04195 2277 12395 2056 2145 1606 0472 

HBCS 0406 1674 RS07880 None 01375 None 1149d None None 

HBCD 1321 0888 RS01110 2036 11210 1659 2143 2522 2738 

CCH/HBCD 0399 1680 RS07910 None None None None None None 

AACT 0656 1437 RS05105 2176 02445 0514 0963 0179 2377 

a Best matches determined by nucleotide BLAST search using M. sedula genes as queries. Locus tags in 

bold have different best homologs than determined by protein identity (Table 5.S2). 
b Organism abbreviations: Msed, Metallosphaera sedula DSM5348; Mcup, M. cuprina Ar-4; Myel, M. 

yellowstonensis MK1; Ahos, Acidianus hospitalis W1; Acop, A. copahuensis ALE1; Stok, Sulfolobus 

tokodaii str. 7; Saci, S. acidocaldarius DSM638; Sisl, S. islandicus HVE10/4; Ssol, S. solfataricus P2. 
c Locus tag prefixes: Msed, Msed_; Mcup, Mcup_; Myel, METMK1DRAFT_; Ahos, Ahos_; Acop, 

CM19_; Stok, ST; Saci, Saci_; Sisl, SiH_; Ssol, SSO. 
d Saci_1149 has a frameshift mutation at nucleotide 103. 
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Supplementary Table 5.S4. Sulfur oxidation reactions 

Enzyme Reaction 

SOR 4 S0 + 2 H2O + O2 = 2 H2S + 2 SO3
2- + 4 H+ 

TQO 2 S2O3
2-+ 2 H+ + Quinone(ox) = S4O6

2- + Quinone(red, 2e-) 

SAOR SO3
2- + H2O + Acceptor(ox) = SO4

2- + Acceptor(red, 2e-) 

APSR SO3
2- + AMP + Acceptor(ox) = APS + Acceptor(red, 2e-) 

APAT APS + Pi = ADP + SO4
2- 

SAT APS + PPi = ATP + SO4
2- 

AK 2 ADP = AMP + ATP 

Abiotic S0 + SO3
2- = S2O3

2- 

Abiotic S4O6
2- + H2S = 2 S2O3

2- + S0 + 2 H+ 

Overall reactions for sulfur oxidation modes 

SOR+TQO+SAOR 2 S0 + 6 H2O + O2 + 4 Acceptor(ox) = 2 SO4 + 4 H+ + 4 Acceptor (red, 2e-) 

SOR+TQO+APSR+APAT+AK 2 S0 + 6 H2O + O2 + AMP + 4 Acceptor(ox) + 2 Pi = 2 SO4 + 4 H+ + ATP + 4 Acceptor (red, 2e-) 

SOR+TQO+APSR+SAT+AK 2 S0 + 6 H2O + O2 + 2 AMP + 4 Acceptor(ox) + 2 PPi = 2 SO4 + 4 H+ + 2 ATP + 4 Acceptor (red, 2e-) 
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Supplementary Table 5.S5. Significantly differentially transcribed genes with >4-fold change for sulfur microarray loop 

Locus tag Product 

LSMa,b Difference of treatment (log2-fold change)b,c 

MW_N MW_S SA_N SA_S 
(MW_S) 

- (MW_N) 

(SA_S) 

- (SA_N) 

(SA_N) 

- (MW_N) 

(SA_S) 

- (MW_S) 

Saci_0006 ArsR family transcriptional regulator 2.4 -0.8 1.7 -0.4 -3.1 -2.1 -0.7 0.4 

Saci_0019 transcriptional regulator 2.2 -0.1 1.6 1.3 -2.3 -0.4 -0.5 1.3 

Saci_0039 non-canonical purine NTP phosphatase -0.7 -4.0 -1.6 -3.4 -3.3 -1.9 -0.8 0.6 

Saci_0043 phosphoglycerate mutase -0.1 -2.3 -0.6 -1.6 -2.2 -1.1 -0.5 0.7 

Saci_0045 hypothetical protein 0.8 -2.0 -0.1 -0.9 -2.8 -0.7 -0.9 1.2 

Saci_0048 Fur family transcriptional regulator 1.3 -1.1 0.7 0.9 -2.4 0.1 -0.6 1.9 

Saci_0111 hypothetical protein 4.4 2.0 3.1 2.8 -2.4 -0.3 -1.3 0.8 

Saci_0122 fumarate hydratase 1.3 -1.6 0.5 -0.8 -2.9 -1.3 -0.8 0.8 

Saci_0152 cysteinyl-tRNA synthetase 0.6 -3.4 -0.6 -2.4 -4.0 -1.8 -1.2 1.0 

Saci_0153 DNA mismatch repair protein MutT 1.0 -1.8 0.0 -1.1 -2.8 -1.2 -1.0 0.6 

Saci_0172 hypothetical protein 0.8 -3.7 -0.6 -2.2 -4.5 -1.6 -1.4 1.5 

Saci_0183 3-deoxy-7-phosphoheptulonate synthase 1.1 -0.9 0.6 -0.3 -2.0 -0.9 -0.5 0.6 

Saci_0212 histidine kinase 0.0 -2.6 -0.5 -1.4 -2.5 -0.9 -0.5 1.1 

Saci_0224 hypothetical protein 0.2 -3.0 -0.6 -1.1 -3.2 -0.5 -0.8 1.9 

Saci_0236 hypothetical protein 0.4 0.0 0.3 2.0 -0.5 1.7 -0.2 2.0 

Saci_0244 methylisocitrate lyase 0.6 -1.5 0.1 -1.0 -2.2 -1.1 -0.5 0.5 

Saci_0252 3-isopropylmalate dehydratase small subunit 0.9 -2.2 -0.1 -1.6 -3.1 -1.5 -1.0 0.6 

Saci_0253 3-isopropylmalate dehydratase large subunit 2.1 0.0 1.3 0.3 -2.0 -1.0 -0.8 0.3 

Saci_0266 phosphate transport regulator 0.8 -1.6 0.1 -0.2 -2.3 -0.3 -0.7 1.4 

Saci_0270 glutamine amidotransferase 0.7 -2.0 -0.1 -1.0 -2.7 -0.9 -0.8 1.0 

Saci_0278 membrane protein 1.6 -1.9 0.4 -0.3 -3.6 -0.6 -1.2 1.7 

Saci_0298 hypothetical protein -0.9 -3.1 -1.4 -2.1 -2.2 -0.7 -0.5 1.0 

Saci_0301 hypothetical protein 1.3 1.0 1.5 3.8 -0.3 2.3 0.2 2.8 

Saci_0306 3-hydroxypropionyl-CoA synthetase 2.1 -0.3 1.2 1.2 -2.5 0.0 -0.9 1.6 

Saci_0323 twitching motility protein PilT -1.3 -2.3 -0.6 0.0 -1.0 0.7 0.6 2.3 

Saci_0324 permease -4.3 -3.4 -1.9 0.0 0.9 1.9 2.4 3.3 

Saci_0326 heterodisulfide reductase subunit C -1.1 -1.7 -0.6 0.9 -0.6 1.4 0.5 2.5 

Saci_0327 hypothetical protein -4.1 0.9 -0.4 1.6 5.1 2.0 3.7 0.7 

Saci_0329 heterodisulfide reductase subunit B -0.2 0.1 0.9 2.2 0.3 1.2 1.1 2.1 
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Locus tag Product 

LSMa,b Difference of treatment (log2-fold change)b,c 

MW_N MW_S SA_N SA_S 
(MW_S) 

- (MW_N) 

(SA_S) 

- (SA_N) 

(SA_N) 

- (MW_N) 

(SA_S) 

- (MW_S) 

Saci_0334 heterodisulfide reductase 1.4 1.6 2.2 3.7 0.2 1.5 0.8 2.1 

Saci_0337 hypothetical protein -0.7 -2.5 -0.2 -0.1 -1.7 0.2 0.5 2.4 

Saci_0343 biotin synthase -3.4 -0.6 -1.8 0.1 2.9 1.9 1.7 0.7 

Saci_0353 peroxiredoxin -1.6 -3.5 -1.4 -1.3 -2.0 0.1 0.2 2.3 

Saci_0357 small metal-binding protein 3.0 1.7 3.1 3.7 -1.4 0.6 0.1 2.0 

Saci_0372 leucyl aminopeptidase -0.3 -4.1 -1.6 -3.6 -3.7 -2.1 -1.2 0.4 

Saci_0381 NAD-dependent deacetylase 2.3 0.4 2.4 2.9 -1.8 0.6 0.1 2.5 

Saci_0384 hypothetical protein 2.1 0.3 2.6 3.1 -1.8 0.5 0.5 2.8 

Saci_0399 
bifunctional sirohydrochlorin cobalt 

chelatase/precorrin-8X methylmutase 
0.7 -1.5 0.0 -1.4 -2.2 -1.4 -0.7 0.1 

Saci_0407 hypothetical protein 1.6 -1.1 1.1 -0.2 -2.8 -1.3 -0.5 1.0 

Saci_0428 hypothetical protein -0.3 -2.7 -0.8 -1.6 -2.4 -0.9 -0.5 1.1 

Saci_0430 hypothetical protein 0.8 -2.8 0.0 -1.5 -3.5 -1.4 -0.8 1.3 

Saci_0455 HTH domain-containing protein 0.3 -2.4 -0.3 -0.5 -2.7 -0.2 -0.6 1.9 

Saci_0482 conjugative plasmid protein 0.1 -1.9 -0.4 -1.0 -2.0 -0.6 -0.5 0.9 

Saci_0488 conjugative plasmid protein 2.2 -0.1 1.6 1.2 -2.3 -0.4 -0.6 1.3 

Saci_0490 hypothetical protein 0.7 -1.6 0.2 -0.4 -2.3 -0.6 -0.5 1.3 

Saci_0492 hypothetical protein -0.4 -4.8 -0.9 -2.2 -4.4 -1.3 -0.5 2.6 

Saci_0495 hypothetical protein 0.3 -4.3 -1.4 -2.4 -4.5 -1.0 -1.6 1.9 

Saci_0531 zinc uptake system ATP-binding protein 1.5 -1.7 0.7 -0.3 -3.1 -1.0 -0.7 1.4 

Saci_0548 GMP synthase 3.4 1.2 2.8 2.6 -2.2 -0.2 -0.6 1.4 

Saci_0549 aspartate oxidase -0.1 -3.8 -1.0 -2.1 -3.7 -1.2 -0.8 1.7 

Saci_0550 NUDIX hydrolase 1.1 -2.2 0.4 -1.3 -3.3 -1.7 -0.7 0.9 

Saci_0552 TATA box-binding protein 0.0 -2.9 -0.8 -2.6 -2.8 -1.8 -0.8 0.2 

Saci_0558 glutamine synthetase 0.3 -2.2 -0.2 -0.6 -2.5 -0.4 -0.5 1.6 

Saci_0607 
brix domain-containing ribosomal biogenesis 

protein 
1.1 -1.7 0.4 -0.2 -2.9 -0.7 -0.7 1.5 

Saci_0610 exosome complex exonuclease Rrp41 -1.3 -3.9 -2.0 -2.6 -2.6 -0.5 -0.7 1.3 

Saci_0611 RNA-binding protein 2.1 -0.6 1.8 1.0 -2.7 -0.8 -0.3 1.6 
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Saci_0631 hypothetical protein 1.1 1.1 1.7 -0.7 0.0 -2.3 0.6 -1.8 

Saci_0641 peptidylprolyl isomerase 2.5 -0.1 2.0 -0.8 -2.5 -2.8 -0.4 -0.7 

Saci_0647 hypothetical protein 1.1 -2.2 0.5 -1.2 -3.2 -1.7 -0.5 1.0 

Saci_0659 7-cyano-7-deazaguanine tRNA-ribosyltransferase 1.3 -3.7 0.3 -1.7 -5.0 -2.0 -1.0 2.1 

Saci_0660 Sm ribonucleo -4.6 -2.5 -1.6 -2.0 2.1 -0.4 3.0 0.4 

Saci_0663 histidyl-tRNA synthetase -2.2 -1.4 -1.2 1.7 0.9 2.9 1.0 3.1 

Saci_0666 thermosome subunit -3.3 -1.9 -2.4 -0.2 1.4 2.2 0.9 1.7 

Saci_0673 conserved protein 0.0 -3.4 -1.2 -2.4 -3.4 -1.2 -1.2 1.0 

Saci_0732 hypothetical protein -1.1 -3.7 -2.3 -2.3 -2.6 0.0 -1.2 1.4 

Saci_0742 hypothetical protein 2.2 -1.5 0.5 0.7 -3.8 0.2 -1.8 2.2 

Saci_0766 50S ribosomal protein L40 -5.9 -4.7 -6.1 -2.0 1.2 4.0 -0.1 2.7 

Saci_0768 aspartyl-tRNA synthetase 1.5 2.4 1.2 6.3 0.9 5.2 -0.3 3.9 

Saci_0776 siroheme synthase -1.0 -3.7 -1.8 -1.9 -2.7 -0.2 -0.7 1.8 

Saci_0804 hypothetical protein -2.4 -3.1 -1.4 -1.1 -0.8 0.3 0.9 2.0 

Saci_0820 6,7-dimethyl-8-ribityllumazine synthase 0.4 -1.4 0.1 1.6 -1.8 1.5 -0.3 3.0 

Saci_0838 ATPase AAA 0.6 -4.3 -0.5 -1.9 -4.9 -1.4 -1.1 2.4 

Saci_0840 nitrilase -0.6 -2.7 -0.8 -1.7 -2.1 -0.9 -0.2 1.1 

Saci_0847 hypothetical protein -1.1 -3.5 -1.6 -2.3 -2.4 -0.6 -0.6 1.2 

Saci_0864 
DNA directed RNA polymerase subunit P-like 

protein 
3.1 2.1 3.6 4.3 -1.0 0.7 0.5 2.2 

Saci_0872 copper-transporting P-type ATPase -0.4 -2.6 -1.1 -2.1 -2.2 -1.0 -0.7 0.5 

Saci_0879 hypothetical protein -5.2 -2.7 -3.6 -2.8 2.5 0.9 1.5 0.0 

Saci_0893 thymidylate kinase 1.0 -4.1 0.0 -2.3 -5.0 -2.3 -1.0 1.7 

Saci_0924 methylmalonyl-CoA mutase 0.5 -2.4 0.3 -0.7 -3.0 -1.0 -0.3 1.7 

Saci_0951 hypothetical protein 4.7 4.0 2.6 2.1 -0.7 -0.5 -2.1 -2.0 

Saci_0953 phosphomethylpyrimidine kinase 2.2 0.1 1.2 -0.1 -2.2 -1.3 -1.0 -0.1 

Saci_0954 phosphohydrolase 0.1 -2.7 -0.4 -1.4 -2.8 -1.1 -0.4 1.2 

Saci_0955 inorganic pyrophosphatase -0.8 -4.6 -2.0 -3.9 -3.9 -2.0 -1.2 0.7 

Saci_0961 translation initiation factor IF-2 subunit beta 1.0 -1.7 0.3 -0.8 -2.7 -1.0 -0.8 0.9 
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Saci_0966 RNA-processing protein 1.4 -0.6 1.3 0.5 -2.0 -0.8 -0.1 1.1 

Saci_0972 homoserine kinase 0.1 -2.5 -0.2 -1.3 -2.5 -1.1 -0.3 1.2 

Saci_0975 single-stranded DNA-binding protein 0.2 -2.0 -0.3 -1.2 -2.2 -0.9 -0.5 0.8 

Saci_0989 phosphoesterase 2.0 -0.2 1.9 1.2 -2.2 -0.7 -0.1 1.5 

Saci_1003 hypothetical protein 0.1 -2.5 -0.6 -1.2 -2.6 -0.6 -0.7 1.3 

Saci_1015 Xaa-Pro aminopeptidase 0.2 -2.2 0.0 -0.9 -2.4 -0.9 -0.3 1.3 

Saci_1035 ABC transporter -0.2 -2.2 -0.4 -1.0 -2.1 -0.6 -0.3 1.2 

Saci_1045 MFS transporter 0.4 -2.2 -0.5 -1.3 -2.7 -0.8 -0.9 0.9 

Saci_1047 hypothetical protein 1.6 -1.8 1.1 -0.5 -3.3 -1.6 -0.5 1.3 

Saci_1048 hypothetical protein 1.5 -2.1 0.7 -0.9 -3.6 -1.6 -0.7 1.3 

Saci_1050 hypothetical protein -0.3 -3.8 -1.2 -2.3 -3.5 -1.1 -0.9 1.5 

Saci_1051 cellulose biosynthesis protein CelA 0.3 -3.2 -0.3 -1.1 -3.5 -0.8 -0.6 2.1 

Saci_1063 hypothetical protein -0.4 -0.9 0.9 -2.0 -0.5 -2.8 1.3 -1.1 

Saci_1076 hypothetical protein 3.6 2.5 3.2 4.9 -1.1 1.7 -0.4 2.3 

Saci_1084 AMP-dependent synthetase 0.4 -2.7 -0.4 -1.4 -3.0 -1.0 -0.7 1.3 

Saci_1091 membrane protein -0.1 -2.9 -0.3 -1.6 -2.8 -1.2 -0.3 1.3 

Saci_1126 fatty-acid-CoA ligase 1.4 -0.9 1.1 0.3 -2.3 -0.8 -0.3 1.3 

Saci_1132 metallophosphoesterase 0.6 -3.8 -0.5 -1.2 -4.4 -0.7 -1.1 2.6 

Saci_1137 thiamine pyrophosphate enzyme -0.6 -3.8 -1.3 -2.5 -3.2 -1.3 -0.7 1.2 

Saci_1139 hypothetical protein 0.8 -1.8 -0.1 -1.4 -2.6 -1.3 -0.9 0.4 

Saci_1140 hypothetical protein -0.2 -2.2 -0.5 -1.4 -2.1 -0.9 -0.4 0.8 

Saci_1143 hypothetical protein -0.4 -2.9 -1.3 -2.3 -2.4 -1.0 -0.9 0.6 

Saci_1155 acetoacetate decarboxylase 0.3 -2.3 -0.3 -1.3 -2.6 -1.1 -0.5 1.0 

Saci_1159 hypothetical protein 0.0 -2.4 -0.9 -1.6 -2.4 -0.7 -1.0 0.8 

Saci_1161 HTH domain-containing protein 0.6 -2.2 -0.5 -1.2 -2.9 -0.8 -1.1 1.0 

Saci_1170 methionine sulfoxide reductase A 1.1 -1.7 0.6 0.3 -2.8 -0.3 -0.5 2.0 

Saci_1185 hypothetical protein 0.0 -3.0 -0.4 -1.3 -2.9 -0.9 -0.4 1.7 

Saci_1186 MarR family transcriptional regulator -0.7 -3.6 -1.5 -2.3 -2.9 -0.8 -0.8 1.3 

Saci_1196 histidine kinase 3.1 0.8 3.0 2.0 -2.3 -0.9 -0.1 1.3 
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Saci_1198 glucan 1,3-alpha-glucosidase -0.8 -1.2 1.0 -1.4 -0.4 -2.4 1.8 -0.2 

Saci_1200 alpha-amylase -0.6 -1.4 -0.1 -2.3 -0.9 -2.1 0.4 -0.8 

Saci_1202 oxidoreductase -0.1 -1.3 0.7 -1.3 -1.2 -2.1 0.8 0.0 

Saci_1215 hypothetical protein 0.9 -0.6 0.6 1.6 -1.5 1.0 -0.3 2.2 

Saci_1222 iron ABC transporter ATP-binding protein -0.8 -2.9 -0.6 -0.7 -2.2 -0.1 0.2 2.2 

Saci_1223 transcriptional regulator Lrs14-like protein 0.8 -2.6 0.2 -1.0 -3.4 -1.2 -0.6 1.6 

Saci_1235 hypothetical protein 0.5 -1.0 0.7 1.1 -1.6 0.4 0.1 2.1 

Saci_1238 membrane protein 0.4 -3.2 -0.5 -1.5 -3.5 -1.0 -0.9 1.6 

Saci_1246 phosphohydrolase -0.3 -3.3 -1.1 -2.0 -2.9 -1.0 -0.7 1.2 

Saci_1259 nucleotidyltransferase 0.8 -1.2 0.4 -0.3 -2.0 -0.7 -0.3 1.0 

Saci_1281 GTPase 1.6 0.2 1.6 -0.5 -1.5 -2.1 -0.1 -0.7 

Saci_1289 serine/threonine protein kinase -3.1 -2.1 -3.3 -0.5 1.1 2.8 -0.1 1.6 

Saci_1290 hypothetical protein 1.2 -1.3 0.7 0.2 -2.5 -0.5 -0.4 1.5 

Saci_1314 DNA topoisomerase VI subunit A 0.1 -2.4 -1.0 -2.3 -2.5 -1.2 -1.1 0.2 

Saci_1327 hypothetical protein -1.5 -2.2 -1.1 0.2 -0.7 1.4 0.4 2.4 

Saci_1332 riboflavin kinase -0.1 -2.9 -0.8 -1.5 -2.9 -0.7 -0.7 1.5 

Saci_1339 hypothetical protein 0.4 -2.8 0.4 -0.9 -3.2 -1.3 0.0 2.0 

Saci_1345 hypothetical protein -1.8 -4.3 -2.2 -3.0 -2.5 -0.9 -0.4 1.3 

Saci_1349 glutamyl-tRNA(Gln) amidotransferase subunit D 3.1 1.0 1.9 1.4 -2.1 -0.5 -1.2 0.4 

Saci_1351 hypothetical protein 1.9 -0.6 0.2 -0.4 -2.5 -0.6 -1.6 0.2 

Saci_1370 DNA-directed RNA polymerase subunit K 0.6 -2.0 -1.3 -1.3 -2.6 0.0 -1.9 0.7 

Saci_1373 cell division protein -0.3 -3.1 -1.1 -1.2 -2.9 -0.2 -0.8 1.9 

Saci_1380 peptidase S26 1.2 -1.4 1.0 0.7 -2.6 -0.4 -0.2 2.1 

Saci_1385 carboxylate-amine ligase 0.1 -2.9 -0.5 -1.8 -3.0 -1.3 -0.6 1.2 

Saci_1390 hypothetical protein 2.3 -0.4 1.4 1.4 -2.6 -0.1 -0.8 1.8 

Saci_1396 arginyl-tRNA synthetase -0.8 -2.9 -1.2 -1.8 -2.1 -0.6 -0.4 1.1 

Saci_1415 hypothetical protein -0.4 2.4 0.2 3.6 2.8 3.4 0.5 1.1 

Saci_1416 hypothetical protein 0.5 -3.1 -0.4 -1.5 -3.6 -1.1 -0.9 1.7 

Saci_1422 tryptophan synthase subunit alpha -3.0 -1.5 -3.2 -1.2 1.5 2.0 -0.2 0.3 
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Saci_1457 50S ribosomal protein L10 0.5 -4.2 -0.9 -2.8 -4.7 -1.9 -1.4 1.4 

Saci_1458 50S ribosomal protein L1 2.8 0.5 2.8 2.0 -2.3 -0.9 0.0 1.5 

Saci_1472 hypothetical protein 0.8 -2.3 -0.1 -2.0 -3.1 -1.8 -0.9 0.3 

Saci_1473 peroxiredoxin 1.5 -1.9 0.5 -1.8 -3.4 -2.3 -1.0 0.1 

Saci_1474 hypothetical protein 1.6 -2.2 0.6 -1.7 -3.8 -2.2 -1.0 0.5 

Saci_1485 thioredoxin 1.8 -0.8 1.1 -0.5 -2.6 -1.6 -0.7 0.4 

Saci_1560 hypothetical protein 0.3 -2.6 -0.8 0.6 -2.9 1.4 -1.1 3.2 

Saci_1561 acetolactate synthase 1.2 -0.5 0.7 2.0 -1.7 1.2 -0.4 2.4 

Saci_1573 hypothetical protein 3.9 -0.5 2.5 0.0 -4.4 -2.5 -1.4 0.4 

Saci_1574 histidinol-phosphate aminotransferase 3.5 1.3 3.2 1.5 -2.2 -1.7 -0.3 0.2 

Saci_1580 phosphoribosyl-ATP pyrophosphatase -0.2 -2.2 -0.9 -1.9 -2.1 -1.1 -0.7 0.3 

Saci_1587 DNA-directed RNA polymerase subunit M -0.8 -3.1 -1.6 -3.1 -2.3 -1.5 -0.8 0.0 

Saci_1607 
phosphoribosylaminoimidazole-

succinocarboxamide synthase 
-0.4 -3.3 -0.8 -2.1 -2.9 -1.3 -0.4 1.1 

Saci_1609 
 

0.3 -2.8 -0.5 -3.1 -3.1 -2.6 -0.8 -0.3 

Saci_1616 CopG family transcriptional regulator -1.1 -3.2 -2.4 -3.3 -2.1 -0.9 -1.3 -0.1 

Saci_1621 30S ribosomal protein S6 modification protein -0.2 -3.8 -1.2 -1.7 -3.5 -0.5 -1.0 2.1 

Saci_1622 haloacid dehalogenase -0.4 -2.9 -1.0 -1.4 -2.4 -0.4 -0.6 1.5 

Saci_1624 cupin -0.2 -2.9 -0.9 -2.0 -2.6 -1.1 -0.6 0.9 

Saci_1644 NADH dehydrogenase subunit B 2.0 0.4 2.3 0.2 -1.6 -2.1 0.3 -0.2 

Saci_1668 hypothetical protein -0.1 -2.5 -0.9 -2.3 -2.4 -1.4 -0.8 0.3 

Saci_1672 deoxycytidine triphosphate deaminase 0.2 -2.7 -0.1 -1.2 -2.9 -1.1 -0.3 1.5 

Saci_1675 hypothetical protein -0.4 -3.3 -0.8 -1.7 -3.0 -0.9 -0.5 1.6 

Saci_1701 hypothetical protein -0.2 -2.8 -1.0 -3.0 -2.7 -2.0 -0.9 -0.2 

Saci_1709 conserved protein -1.9 -4.0 -1.6 -2.1 -2.1 -0.4 0.3 2.0 

Saci_1713 acyl-CoA dehydrogenase 0.6 -1.7 0.2 -0.6 -2.3 -0.8 -0.4 1.1 

Saci_1721 hypothetical protein 2.1 -3.5 0.2 -2.1 -5.6 -2.3 -1.9 1.4 

Saci_1780 pyrrolidone-carboxylate peptidase -0.1 -3.6 -1.2 -2.6 -3.5 -1.4 -1.1 1.0 

Saci_1783 hypothetical membrane protein 5.2 2.9 4.6 1.8 -2.3 -2.8 -0.6 -1.1 
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Saci_1791 hypothetical protein 2.6 -1.3 1.2 0.5 -3.9 -0.7 -1.4 1.8 

Saci_1813 DNA-binding protein 1.4 -1.3 0.7 -1.0 -2.7 -1.6 -0.7 0.4 

Saci_1849 beta-galactosidase 2.8 -0.7 1.9 0.6 -3.5 -1.3 -0.9 1.3 

Saci_1857 aldehyde dehydrogenase 1.3 -1.0 0.5 -0.8 -2.4 -1.3 -0.8 0.3 

Saci_1865 hypothetical protein 1.9 -0.4 1.2 0.3 -2.4 -0.9 -0.7 0.7 

Saci_1868 hypothetical protein -0.3 -2.7 -0.8 -1.4 -2.4 -0.6 -0.5 1.3 

Saci_1883 twitching motility protein PilT 2.1 -1.0 1.5 0.7 -3.1 -0.8 -0.5 1.7 

Saci_1886 hypothetical protein 1.9 -0.5 1.3 0.6 -2.5 -0.6 -0.7 1.1 

Saci_1891 hypothetical protein -0.5 -3.7 -0.9 -2.0 -3.2 -1.1 -0.4 1.7 

Saci_1894 hypothetical protein 1.7 -2.1 0.7 -0.8 -3.8 -1.5 -1.0 1.3 

Saci_1898 hypothetical protein 0.6 -1.6 0.2 1.4 -2.2 1.3 -0.4 3.0 

Saci_1903 MFS transporter 3.1 1.0 2.8 2.6 -2.1 -0.2 -0.3 1.5 

Saci_1908 membrane protein 0.0 -3.2 -0.9 -1.5 -3.2 -0.6 -0.9 1.7 

Saci_1918 hypothetical protein 2.2 -0.3 1.9 0.9 -2.5 -1.0 -0.4 1.2 

Saci_1919 membrane protein 3.3 0.9 2.5 1.4 -2.4 -1.1 -0.7 0.6 

Saci_1920 membrane protein 2.6 0.5 2.0 1.1 -2.1 -0.9 -0.7 0.6 

Saci_1928 hypothetical protein 1.0 -1.1 0.0 -0.8 -2.1 -0.8 -1.0 0.4 

Saci_1946 hypothetical protein 1.0 -3.3 0.4 -0.9 -4.2 -1.3 -0.6 2.3 

Saci_1961 ABC transporter -0.2 -2.3 -0.9 -2.0 -2.0 -1.1 -0.7 0.3 

Saci_1969 hypothetical protein 0.0 -2.9 -1.1 -1.7 -2.8 -0.6 -1.1 1.2 

Saci_1975 restriction endonuclease subunit M 1.2 -1.0 0.8 -0.1 -2.2 -1.0 -0.3 0.9 

Saci_1977 DNA-binding protein 2.3 -0.3 1.9 1.1 -2.7 -0.8 -0.4 1.4 

Saci_1980 CopG family transcriptional regulator 0.4 -2.1 -0.3 -1.4 -2.5 -1.1 -0.7 0.7 

Saci_1981 hypothetical protein 1.6 -2.1 0.2 -1.9 -3.7 -2.1 -1.4 0.2 

Saci_1985 twitching motility protein PilT 1.4 -1.2 0.9 -0.5 -2.6 -1.4 -0.5 0.7 

Saci_1987 hypothetical protein 2.4 0.1 1.9 0.7 -2.3 -1.3 -0.5 0.5 

Saci_1991 ATPase AAA 2.8 0.1 2.2 0.1 -2.7 -2.2 -0.6 -0.1 

Saci_2000 ABC transporter ATP-binding protein 0.0 -2.2 -0.6 -2.1 -2.2 -1.5 -0.6 0.1 

Saci_2010 CRISPR-associated endonuclease Cas2 -0.4 -3.3 -1.4 -2.5 -2.9 -1.2 -1.0 0.8 
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Supplementary Table 5.S5 Continued 

Locus tag Product 

LSMa,b Difference of treatment (log2-fold change)b,c 

MW_N MW_S SA_N SA_S 
(MW_S) 

- (MW_N) 

(SA_S) 

- (SA_N) 

(SA_N) 

- (MW_N) 

(SA_S) 

- (MW_S) 

Saci_2011 CRISPR-associated protein Cas1 -0.3 -3.5 -1.0 -2.1 -3.2 -1.1 -0.6 1.4 

Saci_2013 
 

0.0 -2.2 -0.4 -1.5 -2.2 -1.0 -0.4 0.8 

Saci_2030 PIN domain-containing protein 2.2 0.6 1.9 2.8 -1.6 1.0 -0.3 2.2 

Saci_2053 hypothetical protein 0.7 -2.1 0.2 -1.0 -2.8 -1.2 -0.5 1.2 

Saci_2057 alcohol dehydrogenase 1.3 -0.7 0.9 -0.1 -2.0 -1.0 -0.4 0.6 

Saci_2076 MFS transporter -1.0 -3.0 -2.2 -3.3 -2.0 -1.1 -1.3 -0.3 

Saci_2105 hypothetical protein -2.1 -4.2 -2.6 -2.8 -2.1 -0.3 -0.4 1.4 

Saci_2123 ABC transporter ATP-binding protein -5.0 -4.4 -1.3 -2.4 0.6 -1.1 3.7 2.0 

Saci_2131 succinyl-diaminopimelate desuccinylase 1.6 -0.6 0.9 -0.2 -2.2 -1.1 -0.7 0.4 

Saci_2139 hypothetical protein -4.1 -2.3 -1.1 -1.4 1.7 -0.3 3.0 1.0 

Saci_2141 glutamate--ammonia ligase -1.5 -4.1 -1.6 -3.0 -2.6 -1.5 -0.1 1.1 

Saci_2149 2-hydroxyhepta-2,4-diene-1,7-dioate isomerase -1.0 -3.9 -1.0 -2.4 -2.9 -1.4 0.0 1.5 

Saci_2213 alpha/beta hydrolase fold protein -2.1 -1.0 -3.4 -3.5 1.1 0.0 -1.3 -2.4 

Saci_2259 cytochrome B558 subunit B 3.3 1.0 2.4 1.5 -2.3 -0.9 -0.9 0.4 

Saci_2260 cytochrome B6 2.2 -0.1 1.5 0.5 -2.3 -0.9 -0.8 0.6 

Saci_2261 (2Fe-2S)-binding protein 4.3 -2.4 1.6 -0.6 -6.7 -2.2 -2.6 1.9 

Saci_2263 quinol oxidase subunit 1/3 2.0 -0.8 0.8 0.2 -2.8 -0.6 -1.2 1.0 

Saci_2267 hypothetical protein 1.9 -0.8 0.9 -1.4 -2.7 -2.3 -1.0 -0.6 

Saci_2269 carbon monoxide dehydrogenase 3.4 0.2 2.3 1.7 -3.2 -0.6 -1.1 1.5 

Saci_2282 transporter 2.8 0.4 1.7 0.0 -2.3 -1.7 -1.0 -0.4 

Saci_2285 enoyl-CoA hydratase 1.6 -0.5 0.9 0.3 -2.0 -0.6 -0.6 0.8 

Saci_2320 glutamate synthase -0.2 -2.8 -1.1 -1.8 -2.5 -0.7 -0.9 1.0 

Saci_2362 MBL fold metallo-hydrolase 1.1 -1.3 0.0 -0.6 -2.4 -0.7 -1.1 0.7 

Saci_2367 hypothetical protein 1.1 -1.7 0.4 -0.6 -2.9 -0.9 -0.7 1.2 
a LSM = least-squares mean normalized transcription level (log2 scale). Color scale: green = low transcription, purple = high transcription. 
b Treatment abbreviations: MW_N = MW001, no sulfur; MW_S = MW001, with sulfur; SA_N = SA104, no sulfur; SA_S = SA104, with sulfur. 
c Values in bold indicate statistically significant differences (p = 3.2 × 10-6). Color scale: green = down-regulated, purple = up-regulated. 
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Supplementary Table 5.S6. Significantly differentially transcribed genes with >2-fold change for CO2 microarray loop 

Locus tag Product 

LSMa,b Difference of treatment (log2-fold change)b,c 

MW_A MW_C SA_A SA_C 
(MW_A) 

- (MW_C) 

(MW_A) 

- (SA_A) 

(MW_C) 

- (SA_C) 

(SA_A) 

- (SA_C) 

Saci_0028 hypothetical protein 0.3 -1.2 -0.4 -0.5 1.6 0.7 -0.7 0.2 

Saci_0185 shikimate 5-dehydrogenase 0.7 1.1 0.0 -0.7 -0.4 0.7 1.8 0.7 

Saci_0193 thioredoxin 0.5 0.6 0.5 -0.5 -0.1 0.0 1.0 0.9 

Saci_0194 hypothetical protein -0.1 0.1 0.1 -1.1 -0.2 -0.2 1.2 1.2 

Saci_0282 permease 0.3 1.9 0.0 -1.2 -1.6 0.3 3.1 1.2 

Saci_0314 hypothetical protein 1.7 0.8 -1.5 -0.6 0.8 3.2 1.5 -0.9 

Saci_0329 heterodisulfide reductase subunit B 3.2 5.1 2.0 3.4 -1.9 1.1 1.7 -1.4 

Saci_0330 transcriptional regulator 4.3 5.0 5.6 4.7 -0.7 -1.3 0.3 0.9 

Saci_0337 hypothetical protein 0.9 0.1 -0.7 0.1 0.9 1.7 0.0 -0.8 

Saci_0345 ligase -2.0 0.1 -3.0 -1.6 -2.0 1.0 1.7 -1.4 

Saci_0382 hypothetical protein 1.3 2.2 -0.3 -0.2 -0.9 1.6 2.4 -0.1 

Saci_0383 sodium:solute symporter 0.6 1.6 -2.0 -1.2 -1.1 2.5 2.8 -0.8 

SacI_0419 fructose-bisphosphate aldolase (EC 4.1.2.13) 4.8 5.1 5.9 5.3 -0.3 -1.1 -0.2 0.6 

Saci_0455 HTH domain-containing protein -4.5 -2.9 -0.8 -2.6 -1.6 -3.7 -0.3 1.8 

Saci_0479 hypothetical protein 0.8 1.6 0.3 0.5 -0.8 0.4 1.0 -0.2 

Saci_0502 hypothetical protein Saci_0502 2.0 3.3 0.9 1.2 -1.3 1.1 2.1 -0.3 

SacI_0514  -1.4 -0.9 -1.5 -2.1 -0.5 0.1 1.2 0.6 

Saci_0534 hypothetical protein Saci_0534 6.7 6.7 7.8 6.8 0.0 -1.0 -0.1 0.9 

Saci_0565 archease 2.0 3.3 1.2 1.7 -1.3 0.8 1.6 -0.5 

Saci_0566 hypothetical protein Saci_0566 2.4 4.1 2.4 2.4 -1.8 -0.1 1.7 0.0 

Saci_0598 hypothetical protein 0.9 1.7 0.8 0.2 -0.8 0.2 1.6 0.6 

Saci_0601 hypothetical protein 0.7 1.5 0.1 -0.4 -0.8 0.6 1.8 0.4 

Saci_0613 proteasome endopeptidase complex,subunit alpha 0.4 -2.2 -1.2 -2.1 2.6 1.6 -0.1 0.9 

Saci_0619 nucleotidyltransferase 2.7 2.3 4.6 4.8 0.4 -1.8 -2.5 -0.3 

Saci_0623 16S rRNA methyltransferase 1.4 1.7 2.1 1.0 -0.2 -0.7 0.7 1.2 

Saci_0636 hypothetical protein 0.8 -0.8 -2.0 -1.2 1.6 2.8 0.5 -0.8 

Saci_0639 hypothetical protein 0.3 1.3 -0.7 -1.0 -0.9 1.0 2.2 0.3 

Saci_0697 50S ribosomal protein L24 -0.4 2.3 -1.3 -2.5 -2.7 0.9 4.7 1.2 

Saci_0700 glutamyl-tRNA amidotransferase subunit B -1.5 0.4 -1.9 -1.7 -1.9 0.4 2.0 -0.3 

Saci_0707 
5-formaminoimidazole-4-carboxamide-1-(beta)-

D- ribofuranosyl 5'-monophosphate synthetase 
-0.8 0.9 -1.3 -2.8 -1.7 0.5 3.8 1.6 

Saci_0711 hypothetical protein -0.4 2.5 -1.5 -1.8 -2.9 1.1 4.3 0.3 
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Supplementary Table 5.S6 Continued 

Locus tag Product 

LSMa,b Difference of treatment (log2-fold change)b,c 

MW_A MW_C SA_A SA_C 
(MW_A) 

- (MW_C) 

(MW_A) 

- (SA_A) 

(MW_C) 

- (SA_C) 

(SA_A) 

- (SA_C) 

Saci_0716 hypothetical protein 1.1 2.8 0.4 -0.1 -1.7 0.8 2.9 0.5 

Saci_0729 preprotein translocase subunit SecG -1.0 -0.9 -1.7 -2.3 -0.2 0.7 1.5 0.6 

Saci_0730 hypothetical protein 0.5 1.2 -0.1 0.0 -0.7 0.6 1.1 -0.2 

Saci_0732 hypothetical protein -1.2 0.3 -2.6 -2.4 -1.5 1.4 2.7 -0.2 

Saci_0749 hypothetical protein -0.8 1.3 -2.9 -4.6 -2.1 2.1 5.9 1.7 

Saci_0756 acetyl-lysine deacetylase -0.1 -0.2 0.5 -1.0 0.1 -0.6 0.8 1.5 

Saci_0795 hypothetical protein 0.9 1.7 2.2 1.4 -0.7 -1.2 0.3 0.8 

Saci_0800 ArsR family transcriptional regulator -1.4 -2.9 -1.0 0.5 1.5 -0.4 -3.4 -1.6 

Saci_0822 3,4-dihydroxy-2-butanone 4-phosphate synthase 5.9 5.6 6.9 5.6 0.3 -1.0 0.0 1.3 

Saci_0860 hypothetical protein 1.9 1.8 3.0 2.2 0.1 -1.1 -0.4 0.8 

Saci_0863 agmatinase 6.6 6.1 3.3 4.6 0.5 3.2 1.5 -1.2 

Saci_0864 DNA-directed RNA polymerase subunit P 7.9 7.4 5.4 7.0 0.4 2.4 0.5 -1.5 

Saci_0875 hypothetical protein -2.4 -4.5 -1.3 -0.1 2.1 -1.0 -4.4 -1.2 

Saci_0881 hypothetical protein -1.9 -4.8 -1.0 0.0 2.9 -0.9 -4.8 -0.9 

Saci_0894 hypothetical protein 2.4 2.6 3.6 2.8 -0.3 -1.2 -0.1 0.8 

Saci_0895 hypothetical protein 0.7 0.7 -1.0 -2.9 0.0 1.8 3.7 1.9 

Saci_0906 replication protein C -0.9 -3.2 0.3 1.2 2.3 -1.2 -4.3 -0.9 

Saci_0907 ATPase AAA 1.7 1.5 2.5 1.2 0.2 -0.8 0.3 1.3 

Saci_0910 amidase 7.6 6.6 8.1 7.1 0.9 -0.5 -0.5 1.0 

Saci_0950 GHMP kinase -0.1 0.5 -0.6 -0.9 -0.5 0.5 1.3 0.3 

Saci_0955 inorganic pyrophosphatase -2.0 -7.1 -1.5 -0.8 5.1 -0.5 -6.3 -0.7 

Saci_0969 hypothetical protein -0.1 0.5 -0.8 -1.6 -0.6 0.7 2.1 0.8 

Saci_0980 disulfide reductase -1.4 -3.5 -0.7 0.1 2.0 -0.7 -3.5 -0.8 

Saci_0988 hypothetical protein -0.6 -3.2 -0.2 0.8 2.5 -0.5 -3.9 -0.9 

Saci_0994 30S ribosomal protein S6 modification protein -0.1 0.7 -0.5 -2.0 -0.8 0.4 2.7 1.5 

Saci_0999 peptide chain release factor 1 -2.4 -4.4 -1.2 0.5 2.0 -1.2 -4.9 -1.7 

Saci_1002 hypothetical protein -0.2 1.3 -1.4 -3.0 -1.5 1.2 4.3 1.5 

Saci_1007 hypothetical protein 0.7 2.2 -1.6 -2.3 -1.4 2.3 4.4 0.7 

Saci_1032 HIT family hydrolase 5.8 5.4 6.6 5.4 0.3 -0.8 0.0 1.2 

Saci_1043 hypothetical protein Saci_1043 2.9 1.3 1.2 1.6 1.6 1.7 -0.3 -0.4 

Saci_1044 radical SAM protein 3.8 2.0 2.8 2.9 1.8 1.0 -0.9 -0.1 

Saci_1048 hypothetical protein 3.1 1.5 1.7 2.1 1.6 1.4 -0.6 -0.4 
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Supplementary Table 5.S6 Continued 

Locus tag Product 

LSMa,b Difference of treatment (log2-fold change)b,c 

MW_A MW_C SA_A SA_C 
(MW_A) 

- (MW_C) 

(MW_A) 

- (SA_A) 

(MW_C) 

- (SA_C) 

(SA_A) 

- (SA_C) 

Saci_1061 hypothetical protein -0.2 -0.3 0.2 -1.0 0.1 -0.4 0.7 1.2 

Saci_1070 MaoC family dehydratase -2.6 -4.7 -1.9 -0.6 2.1 -0.7 -4.1 -1.2 

Saci_1072 amidohydrolase -1.1 -3.5 -0.4 0.9 2.5 -0.6 -4.4 -1.3 

Saci_1078 3-hydroxybutyryl-CoA dehydrogenase -0.8 -3.6 -0.9 -1.3 2.8 0.1 -2.3 0.4 

Saci_1087 alcohol dehydrogenase 0.5 0.3 0.2 -1.8 0.2 0.3 2.1 2.0 

Saci_1109 3-hydroxyacyl-CoA dehydrogenase -0.2 -2.8 0.7 0.9 2.6 -0.9 -3.8 -0.3 

Saci_1110 hypothetical protein 2.6 2.9 3.7 2.9 -0.3 -1.1 0.0 0.9 

Saci_1131 acid phosphatase 6.2 6.0 7.1 5.9 0.2 -0.9 0.1 1.2 

Saci_1138 hypothetical protein 0.4 1.1 0.4 -0.1 -0.7 0.0 1.2 0.5 

Saci_1149 acetyl-CoA synthetase (acs-6) 2.4 3.3 3.0 1.8 -0.9 -0.7 1.5 1.3 

Saci_1151 hypothetical protein 4.9 5.2 6.1 5.2 -0.2 -1.1 0.0 0.9 

Saci_1189 hypothetical protein 1.2 2.1 0.8 0.0 -1.0 0.4 2.2 0.8 

Saci_1190 
N5-carboxyaminoimidazole ribonucleotide 

mutase 
2.9 3.2 3.9 3.1 -0.3 -1.0 0.1 0.8 

Saci_1191 phosphoribosylaminoimidazole carboxylase 0.3 0.9 -0.9 -1.9 -0.7 1.2 2.9 1.1 

Saci_1202 oxidoreductase -0.2 1.7 -2.0 -4.3 -1.9 1.8 5.9 2.3 

Saci_1266 succinyl-CoA synthetase subunit alpha -1.7 -2.8 -0.9 -0.1 1.2 -0.7 -2.7 -0.9 

Saci_1267 hypothetical protein -2.3 -4.4 -1.2 -0.8 2.1 -1.1 -3.6 -0.4 

Saci_1278 hypothetical protein -0.6 0.1 -0.8 -1.0 -0.7 0.3 1.1 0.2 

Saci_1284 ribonuclease Z 2.0 2.4 3.2 2.4 -0.4 -1.2 -0.1 0.8 

Saci_1287 2'-5' RNA ligase -3.3 -4.6 -1.3 -0.3 1.3 -2.0 -4.3 -1.0 

Saci_1292 hypothetical protein Saci_1292 1.2 1.8 1.2 0.8 -0.6 0.1 1.0 0.4 

Saci_1320 ATP-dependent helicase -1.2 -1.0 -0.2 -1.6 -0.2 -1.0 0.6 1.4 

Saci_1359 3-hydroxy-3-methylglutaryl-CoA reductase 1.9 1.5 0.4 0.3 0.3 1.5 1.2 0.0 

Saci_1370 DNA-directed RNA polymerase subunit K -1.0 0.5 -1.0 -1.6 -1.6 0.0 2.2 0.6 

Saci_1371 DNA topoisomerase I -0.5 0.4 -0.4 -1.4 -0.9 -0.1 1.8 1.0 

Saci_1377 enolase -0.1 0.7 -1.1 -1.3 -0.8 1.0 2.1 0.2 

Saci_1385 carboxylate-amine ligase -1.0 0.0 -1.5 -2.2 -0.9 0.5 2.1 0.7 

Saci_1400 hypothetical protein -3.1 -3.9 -1.6 0.6 0.8 -1.5 -4.4 -2.2 

Saci_1412 aspartate kinase -1.1 -2.6 -0.3 0.1 1.5 -0.9 -2.7 -0.3 

Saci_1413 threonine synthase -0.5 -2.4 0.4 -0.1 1.9 -0.9 -2.3 0.5 

Saci_1420 acylphosphatase -0.6 0.6 -0.3 -1.2 -1.1 -0.2 1.8 0.9 
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Supplementary Table 5.S6 Continued 

Locus tag Product 

LSMa,b Difference of treatment (log2-fold change)b,c 

MW_A MW_C SA_A SA_C 
(MW_A) 

- (MW_C) 

(MW_A) 

- (SA_A) 

(MW_C) 

- (SA_C) 

(SA_A) 

- (SA_C) 

Saci_1436 maltooligosyl trehalose synthase (EC 5.4.99.15) 1.4 1.9 2.9 1.9 -0.5 -1.6 0.0 1.0 

Saci_1456 50S ribosomal protein L7/L12 -1.1 -0.1 -2.1 -2.2 -1.0 1.0 2.1 0.1 

Saci_1463 prefoldin subunit alpha -2.1 0.8 -2.7 -1.0 -2.9 0.5 1.8 -1.7 

Saci_1481 GTP cyclohydrolase -1.8 -3.4 -1.1 0.2 1.6 -0.7 -3.6 -1.2 

Saci_1502 histidine kinase -0.8 0.4 -2.6 -4.4 -1.2 1.8 4.8 1.7 

Saci_1506 alcohol dehydrogenase -2.5 -3.8 -1.2 -0.9 1.3 -1.3 -2.9 -0.3 

Saci_1509 alpha/beta hydrolase fold protein 2.4 2.9 3.6 2.2 -0.5 -1.2 0.7 1.3 

Saci_1537 DNA polymerase I 2.0 2.4 1.5 0.4 -0.4 0.5 2.0 1.1 

Saci_1540 hypothetical protein 3.1 3.7 4.2 3.2 -0.6 -1.1 0.5 0.9 

Saci_1555 pyridoxal biosynthesis protein 5.6 5.6 6.5 5.5 0.0 -0.9 0.1 1.0 

Saci_1558 Holliday junction DNA helicase 3.1 3.5 4.2 3.2 -0.4 -1.1 0.3 1.1 

Saci_1566 hypothetical protein 5.6 5.7 6.7 5.9 -0.2 -1.2 -0.2 0.9 

Saci_1588 AsnC family transcriptional regulator -1.8 -4.1 -0.6 0.2 2.2 -1.2 -4.3 -0.8 

Saci_1593 dihydroorotase -2.3 -4.8 -1.7 -0.4 2.4 -0.6 -4.3 -1.3 

Saci_1611 amidophosphoribosyltransferase -0.2 0.2 -0.4 -1.6 -0.4 0.2 1.8 1.2 

Saci_1613 phosphoribosylamine--glycine ligase 0.3 1.7 -0.4 -1.1 -1.4 0.7 2.8 0.7 

Saci_1614 phosphoribosylaminoimidazole synthetase 5.1 4.9 6.0 4.9 0.2 -1.0 0.0 1.1 

Saci_1620 carbamoyl phosphate synthase large subunit 5.3 5.0 6.3 4.9 0.3 -1.0 0.2 1.4 

Saci_1622 haloacid dehalogenase 0.9 1.5 -0.9 -0.7 -0.6 1.7 2.2 -0.1 

Saci_1630 hypothetical protein Saci_1630 -1.3 -5.2 -0.6 0.2 3.9 -0.7 -5.4 -0.8 

Saci_1631 hypothetical protein -0.1 0.1 0.7 -0.5 -0.2 -0.8 0.6 1.2 

Saci_1634 hypothetical protein Saci_1634 2.5 3.5 -1.7 1.2 -1.0 4.2 2.3 -2.9 

Saci_1684 hypothetical protein 6.7 6.7 7.9 7.3 0.1 -1.2 -0.7 0.6 

Saci_1700 aldehyde dehydrogenase 0.6 0.5 1.7 1.0 0.0 -1.2 -0.5 0.7 

Saci_1716 hypothetical protein -2.0 -1.7 -3.0 -1.4 -0.3 1.0 -0.3 -1.6 

Saci_1741 endonuclease 1.2 1.6 2.3 1.2 -0.4 -1.1 0.4 1.1 

Saci_1752 hypothetical protein 0.0 0.4 0.8 -0.4 -0.5 -0.8 0.9 1.2 

Saci_1789 MFS transporter 0.2 0.3 0.6 -0.4 -0.1 -0.4 0.7 1.0 

Saci_1800 ABC-2 type transporter 1.0 1.3 2.0 1.2 -0.3 -1.1 0.1 0.8 

Saci_1836 amidohydrolase 1.2 2.0 2.3 1.2 -0.8 -1.2 0.8 1.2 

Saci_1884 hypothetical protein 4.1 4.2 5.1 4.5 -0.1 -1.0 -0.3 0.6 

Saci_1906 membrane protein 3.6 2.1 3.3 2.6 1.4 0.2 -0.4 0.8 
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Supplementary Table 5.S6 Continued 

Locus tag Product 

LSMa,b Difference of treatment (log2-fold change)b,c 

MW_A MW_C SA_A SA_C 
(MW_A) 

- (MW_C) 

(MW_A) 

- (SA_A) 

(MW_C) 

- (SA_C) 

(SA_A) 

- (SA_C) 

Saci_1912 hypothetical protein -1.1 -0.8 -0.5 -1.8 -0.3 -0.6 0.9 1.2 

Saci_1931 hypothetical protein -0.3 0.4 0.2 -0.9 -0.7 -0.5 1.3 1.1 

Saci_1937 hypothetical protein 3.6 3.9 4.7 3.8 -0.3 -1.2 0.0 0.9 

Saci_1943 sugar transporter 0.4 1.6 -0.2 -0.9 -1.2 0.6 2.6 0.7 

Saci_1944 hypothetical protein 3.3 3.5 4.4 3.3 -0.2 -1.2 0.2 1.2 

Saci_1951 hypothetical protein -0.3 -0.1 -1.0 -2.6 -0.2 0.6 2.5 1.6 

Saci_2030 PIN domain-containing protein 1.6 0.1 0.7 1.0 1.5 0.8 -0.9 -0.2 

Saci_2052 hypothetical protein 1.1 1.4 2.1 1.1 -0.3 -1.0 0.3 1.0 

Saci_2055 3-polyprenyl-4-hydroxybenzoate decarboxylase -0.9 -3.2 -0.6 -1.7 2.2 -0.3 -1.5 1.1 

Saci_2068 hypothetical protein -0.1 0.6 -0.7 -1.1 -0.7 0.6 1.7 0.4 

Saci_2072 hypothetical protein -1.2 -0.4 -2.6 -3.4 -0.8 1.4 3.0 0.7 

Saci_2079 hypothetical protein 0.0 0.6 -2.2 -2.3 -0.6 2.2 2.9 0.1 

Saci_2109 polysulfide reductase 0.8 1.6 0.1 -0.2 -0.7 0.7 1.7 0.3 

Saci_2111 MFS transporter -0.4 0.9 -0.6 -1.0 -1.3 0.2 1.9 0.4 

Saci_2113 drug transporter -2.0 -2.9 -1.0 -0.9 0.9 -1.0 -2.0 -0.1 

Saci_2115 hypothetical protein -0.3 -1.3 1.3 1.8 1.0 -1.6 -3.1 -0.5 

Saci_2116 bacterio-opsin activator -2.0 -6.2 -1.8 0.0 4.2 -0.2 -6.2 -1.8 

Saci_2120 
monosaccharide ABC transporter ATP-binding 

protein, CUT2 family (TC 3.A.1.2.-) 
-0.2 0.6 -2.0 -1.9 -0.8 1.8 2.5 -0.1 

Saci_2122 hypothetical protein 0.3 1.5 -1.6 -1.7 -1.2 1.8 3.2 0.2 

Saci_2125 metal-sulfur cluster biosynthetic enzyme 0.9 0.1 0.9 -0.7 0.8 0.0 0.8 1.6 

Saci_2126 molecular chaperone GroES -0.5 0.5 -0.8 -2.6 -1.1 0.3 3.1 1.8 

Saci_2131 succinyl-diaminopimelate desuccinylase 0.9 2.1 0.7 0.6 -1.2 0.3 1.5 0.1 

Saci_2183 DNA-directed RNA polymerase sigma-70 factor -0.8 -0.7 -3.6 -4.0 -0.1 2.8 3.3 0.4 

Saci_2188 ribonucleotide-diphosphate reductase subunit beta 2.3 2.8 -0.2 -1.0 -0.5 2.5 3.8 0.8 

Saci_2194 hypothetical protein -0.5 0.0 -2.1 -3.0 -0.6 1.6 3.1 0.9 

Saci_2205 alcohol dehydrogenase 3.2 3.7 4.3 3.6 -0.4 -1.1 0.0 0.7 

Saci_2208 3-hydroxyacyl-CoA dehydrogenase -0.4 1.3 -2.6 -1.8 -1.7 2.2 3.1 -0.8 

Saci_2209 acetyl-CoA acetyltransferase 0.6 1.8 0.2 -0.2 -1.1 0.5 1.9 0.3 

Saci_2212 ribonucleotide-diphosphate reductase subunit beta 5.0 5.5 3.3 3.9 -0.5 1.7 1.6 -0.6 

Saci_2213 alpha/beta hydrolase fold protein -2.6 -2.2 -2.3 -3.7 -0.4 -0.3 1.5 1.4 

Saci_2223 hypothetical protein 0.0 1.0 -0.1 -0.8 -1.0 0.0 1.7 0.7 
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Supplementary Table 5.S6 Continued 

Locus tag Product 

LSMa,b Difference of treatment (log2-fold change)b,c 

MW_A MW_C SA_A SA_C 
(MW_A) 

- (MW_C) 

(MW_A) 

- (SA_A) 

(MW_C) 

- (SA_C) 

(SA_A) 

- (SA_C) 

Saci_2231 DNA-binding protein 2.3 3.2 -0.2 1.0 -0.9 2.5 2.2 -1.3 

Saci_2232 acetyl-CoA acetyltransferase 1.0 2.4 -0.3 0.5 -1.4 1.3 1.9 -0.7 

Saci_2233 acetyl-CoA acetyltransferase 1.5 3.4 -0.6 1.1 -1.9 2.1 2.3 -1.7 

Saci_2249 4Fe-4S ferredoxin 1.5 1.9 3.2 2.2 -0.5 -1.8 -0.2 1.1 

Saci_2263 quinol oxidase subunit 1/3 3.5 3.8 1.3 1.9 -0.3 2.2 2.0 -0.5 

Saci_2276 AIR synthase 4.6 4.7 5.7 4.9 -0.1 -1.1 -0.2 0.8 

Saci_2284 N-acetyltransferase GCN5 -0.3 -2.1 -0.7 -0.9 1.8 0.4 -1.2 0.2 

Saci_2292 hypothetical protein 1.0 2.3 0.2 0.5 -1.3 0.8 1.8 -0.3 

Saci_2294 4-hydroxyphenylacetate 3-hydroxylase 0.6 2.1 -1.3 -0.3 -1.5 1.9 2.4 -1.0 

Saci_2296 HTH DNA-binding domain-containing protein 3.1 3.3 4.5 3.6 -0.2 -1.4 -0.2 0.9 

Saci_2322 hypothetical protein -0.5 0.9 0.2 -0.3 -1.4 -0.6 1.3 0.5 

Saci_2334 ATPase 2.7 3.1 3.9 3.0 -0.4 -1.2 0.1 0.9 

Saci_2341 NADH dehydrogenase subunit J 1.8 1.7 3.1 2.3 0.1 -1.2 -0.5 0.8 
a LSM = least-squares mean normalized transcription level (log2 scale). Color scale: green = low transcription, purple = high transcription. 
b Treatment abbreviations: MW_A = MW001, air only; MW_C = MW001, 20-80 CO2-air; SA_A = SA104, air only; SA_C = SA104, 20-80 CO2-air. 
c Values in bold indicate statistically significant differences (p = 3.2 × 10-6). Color scale: green = down-regulated, purple = up-regulated. 
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