
 
 
 

Activation of acetone by sulfate-reducing bacteria –  

Pathway elucidation and enzyme identification in 

Desulfococcus biacutus 

 

Dissertation submitted for the degree of 

Doctor of Natural Sciences (Dr. rer. nat.) 

 

presented by 

Jasmin Renate Elisabeth Frey 

 

at the 

 

Faculty of Science 

Department of Biology 

 

 

Date of the oral examination: 27.04.2017 

1. Reviewer: Prof. Dr. Bernhard Schink 

2. Reviewer: Prof. Dr. Jörg Hartig

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-0-415229



 

 

  



 

 

„Die Definition von Wahnsinn ist, immer wieder das Gleiche zu tun und 

andere Ergebnisse zu erwarten.“ 

Albert Einstein 



Danksagung 

Die vorliegende Arbeit wurde im Zeitraum von August 2012 bis Februar 2017 am Lehrstuhl 

für Mikrobielle Ökologie, Limnologie und Allgemeine Mikrobiologie von Prof. Dr. Bernhard 

Schink angefertigt. 

Mein besonderer Dank gilt Prof. Dr. Bernhard Schink für die Möglichkeit, meine 

Doktorarbeit unter seiner Anleitung anfertigen zu können, für die Überlassung eines sehr 

interessanten und anspruchsvollen Themas sowie für seine stetige Unterstützung. 

Vielen Dank auch an Prof. Dr. Jörg Hartig für die Übernahme des Koreferats und für 

hilfreiche Diskussionen und Anregungen während der Fortschrittsberichtstreffen. 

Großer Dank gilt meinem Ko-Betreuer PD Dr. David Schleheck, der mir immer mit Rat 

und Tat zur Seite stand, und für seine aufbauenden Worte, wenn Experimente nicht 

funktionierten. 

Großer Dank gilt auch Dr. Thomas Huhn und Fabian Schneider für ihre unermüdlichen 

Synthesearbeiten zur Herstellung aller benötigten Substrate. 

Sehr dankbar bin ich Prof. Dr. Dieter Spiteller, der mir mit den MS-Messungen und mit 

interessanten Diskussionen sehr geholfen hat. 

Außerdem bin ich auch Prof. Dr. Bernard Golding, Prof. Dr. Wolfgang Buckel, Dr. Nicolai 

Müller, Dr. Alexander Schmidt und Dr. Diliana Simeonova für nützliche und anregende 

Diskussionen dankbar. Vielen Dank an Dr. Dominik Montag, der mir beibrachte, die HPLC 

zu bedienen und vor allem auch zu reparieren. 

Antje Wiese danke ich für ihre Hilfsbereitschaft und für das Herstellen von Medien.  

Vielen Dank auch an meine VTK- und Bachelor-Studenten und alle anderen Mitglieder 

der AG Schink. Ihr habt immer für eine tolle und herzliche Atmosphäre gesorgt. 

Ich möchte außerdem Sophie Ehle, Ivana Fejkova, Simone Pechmann, Kristina Ruhland, 

Hendrik Rusche und Marion Zetzmann danken, die immer ein offenes Ohr hatten. 

Ein spezieller Dank geht an Astor und Junior (“Spark of Memory”), Manfred und Renate 

Weh, Sonja Pfeffer und Roswitha Fochler. Ihr habt mich unterstützt und für Zerstreuung 

gesorgt. 

Sehr dankbar bin ich außerdem meiner Mutter, meinem Großvater, Esther, Felicitas, dem 

Rest meiner Familie und Uwe Helms dafür, dass Ihr einfach da wart, für eure 

Unterstützung und dass ihr immer an mich geglaubt habt.  



  5 
 

 

Table of Contents 

Abbreviations ................................................................................................................... 7 

Summary ....................................................................................................................... 10 

Zusammenfassung ........................................................................................................ 12 

CHAPTER 1 General Introduction ................................................................................. 14 

1.1 Acetone ................................................................................................................ 14 

1.2 Biodegradation of acetone ................................................................................... 15 

1.2.1 Acetone degradation under oxic conditions ................................................... 15 

1.2.2 Acetone degradation under anoxic conditions ............................................... 17 

1.3 Desulfococcus biacutus ........................................................................................ 19 

1.4 Sulfate-reducing bacteria ..................................................................................... 20 

1.5 Complete oxidation of substrates ......................................................................... 22 

1.6 Aims of this thesis ................................................................................................ 24 

CHAPTER 2 .................................................................................................................. 25 

Abstract ...................................................................................................................... 26 

Background ................................................................................................................ 27 

Methods ..................................................................................................................... 28 

Results ....................................................................................................................... 32 

Discussion .................................................................................................................. 39 

References ................................................................................................................. 46 

CHAPTER 3 .................................................................................................................. 50 

ABSTRACT ................................................................................................................ 51 

INTRODUCTION ........................................................................................................ 52 

RESULTS ................................................................................................................... 55 

DISCUSSION ............................................................................................................. 62 

MATERIAL AND METHODS ...................................................................................... 65 

References ................................................................................................................. 91 

CHAPTER 4 .................................................................................................................. 94 

Abstract ...................................................................................................................... 95 

1. Introduction............................................................................................................. 95 

2. Methods/Experimental section ............................................................................... 96 

3. Results and discussion ......................................................................................... 103 

4. Conclusions .......................................................................................................... 109 



  6 
 

 

References ............................................................................................................... 117 

CHAPTER 5 General Discussion ................................................................................ 119 

Outlook ........................................................................................................................ 125 

Scientific contributions list ............................................................................................ 126 

Record of Achievement ............................................................................................... 128 

References .................................................................................................................. 129 

 

 

  



Abbreviations  7 
 

 

Abbreviations 

2D-PAGE two dimensional polyacrylamide gel electrophoresis 

α  alpha 

A  ampere 

aa  amino acids 

AdoCbl adenosylcobalamine, vitamine B12  

ADP  adenosine diphosphate 

Amp  ampicillin 

AMP  adenosine monophosphate 

ATP  adenosine triphosphate 

ß  beta 

B12  vitamine B12, adenosylcobalamine 

bp  base pairs 

BSA  bovine serum albumin 

°C  degree centigrade 

C  carbon 

cm  centimeter 

Cm  chloramphenicol 

CO  carbon monoxide 

CO2  carbon dioxide 

CoA  coenzyme A 

DNA  desoxyribonucleic acid 

DNPH  dinitrophenylhydrazine 

E. coli  Escherichia coli 

ESI  electrospray ionization 

et al.  and others (et alii) 

γ  gamma 

h   hour 
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H  hydrogen 

H2O  chemical formula of water  

IPTG  isopropyl β-D-1-thiogalactopyranoside 

l  litre 

LB  lysogenic broth 

µ  micro (10-6) 

m  meter, milli (10-3) 

M  molar, mol per litre; mega (106) 

max.  maximal, maximum 

MDR   medium-chain dehydrogenase/reductase superfamily alcohol  

dehydrogenase  

min  minute 

mol  6.022 x 1023 particles 

MS  mass spectrometry 

n  nano (10-9) 

N  nitrogen 

NAD+(H) nicotinamide adenine dinucleotide (reduced form) 

NADP+(H) nicotinamide adenine dinucleotide phosphate (reduced form) 

NCBI  National Center for Biotechnology Information 

Ni   nickel 

NTA   nitrilotriacetic acid  

NMR  Nuclear magnetic resonance (spectroscopy) 

O  oxygen 

OD  optical density 

P  phosphorus; phosphate 

PAGE  polyacrylamide gel electrophoresis 

PCR  polymerase chain reaction 

pH  potential of hydrogen 

PMF  peptide mass fingerprinting 
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rt  room temperature  

S  sulfur 

TDP  thiamine diphosphate (formerly TPP; thiamine pyrophosphate) 

THF  tetrahydrofolate 

U  unit 

UK  United Kingdom  

USA  United States of America 

UV  ultra violet 

V  volt 

vol  volume 

v/v  volume per volume 

w/v  weight per volume 

x g  gravity of Earth 

  



Summary  10 
 

 

Summary 

Acetone degradation is a well understood process in aerobic and nitrate-reducing 

bacteria, whereas only little is known about the degradation of acetone by sulfate-reducing 

bacteria. 

Aerobes and nitrate reducers activate acetone via carboxylation to acetoacetate, 

spending at least two ATP. Such an energy-expensive activation reaction is hardly 

feasible for sulfate reducers, due to their limited energy budget. 

Desulfococcus biacutus is one of only two known acetone-degrading, sulfate-reducing 

bacteria. Its genome was sequenced in 2014, thus allowing also proteomic studies via 

comparative 2D-PAGE. The genes of most of the induced enzymes clustered together in 

two different gene clusters.  

Enzymatic assays and proteomic findings led to two different hypotheses concerning the 

degradation pathway. On the one hand, acetone can be fused to a carbonyl-/formyl-

residue to form a branched aldehyde that could be linearized to 3-hydoxybutanal and 

further oxidized to acetoacetaldehyde, which is subsequently converted to 

acetoacetyl-CoA. On the other hand, an activated formyl residue could be provided as 

formyl-CoA, that leads (after fusion with acetone) to 2-hydroxyisobutyryl-CoA. This could 

be linearized to 3-hydroxybutyryl-CoA and finally be oxidized to acetoacetyl-CoA. 

In this work, several acetone-induced genes were cloned and overexpressed in E. coli, 

and the respective enzymes were tested for their function concerning acetone 

degradation. One of the tested enzymes was capable of reducing aldehydes or ketones 

to alcohols and vice versa. Of special interest was the ability of this enzyme to oxidize 

3-hydroxybutanal to acetoacetaldehyde, a proposed intermediate in the acetone 

degradation pathway of D. biacutus.  
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Furthermore, two enzymes were shown to act on CoA esters, one B12-dependent mutase 

and a dehydrogenase. These two enzymes are encoded in one gene cluster, together 

with a TDP-dependent enzyme that is also induced during growth with acetone. The 

B12-dependent mutase was identified as a 2-hydroxyisobutyryl-CoA mutase, linearizing 

2-hydroxyisobutyryl-CoA to 3-hydroxybutyryl-CoA, which is subsequently oxidized by the 

dehydrogenase to acetoacetyl-CoA. Moreover, sequence comparison and homology 

studies revealed that the gene cluster containing three acetone-induced enzymes 

(TDP-dependent enzyme, B12-dependent mutase and a dehydrogenase) is also present 

in D. cetonica (the other acetone-utilizing sulfate reducer) and two other thermophilic 

sulfate reducers, thus supporting the hypothesis of acetone degradation via CoA esters. 

The results of this work led to the idea of a branched degradation pathway in D. biacutus: 

one branch acts on aldehydes (maybe for sequestering potentially toxic side products), 

and one branch acts on CoA esters ending up in the final common intermediate 

acetoacetyl-CoA. The “CoA ester branch” is probably the main pathway, as it is present 

also in D. cetonica. 

Furthermore, methods for separation and detection of proposed intermediates were 

developed and described.  
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Zusammenfassung 

Der Abbau von Aceton in aeroben und nitratreduzierenden Bakterien ist gut beschrieben. 

Allerdings ist nur wenig über den Acetonabbau durch sulfatreduzierende Bakterien 

bekannt. Während Aerobier und Nitratreduzierer Aceton mit Hilfe einer 

Carboxylierungsreaktion zu Acetoacetat aktivieren, was mindestens zwei ATP verbraucht, 

ist eine solch energetisch teure Reaktion für Sulfatreduzierer kaum praktikabel, da diese 

nur ein sehr begrenztes Energiebudget zur Verfügung haben. 

Desulfococcus biacutus ist eines von zwei bekannten acetonabbauenden, 

sulfatreduzierenden Bakterien. Sein Genom wurde im Jahr 2014 sequenziert, was 

proteomische Untersuchungen mit Hilfe von vergleichender 2D-Polyacrylamid-

gelelektrophorese erlaubte. Viele der induzierten Gene konnten zwei verschiedenen 

Genclustern zugeordnet werden. 

Erkenntnisse aus Enzymtests und proteomischen Arbeiten führten zur Entwicklung von 

zwei verschiedenen Hypothesen. Einerseits könnte Aceton mit einem Carbonyl-  bzw. 

Formyl-Rest zu einem verzweigten Aldehyd verbunden werden. Dieser könnte 

anschließend zu 3-Hydroxybutanal linearisiert, zu Acetoacetaldehyd oxidiert und 

schließlich zu Acetoacetyl-CoA umgewandelt werden. Andererseits könnte der aktivierte 

Formyl-Rest in Form von Formyl-CoA bereitgestellt werden, welcher nach Fusion mit 

Aceton 2-Hydroxyisobutyryl-CoA ergibt. Dieses kann zu 3-Hydroxybutyryl-CoA linearisiert 

und schlussendlich zu Acetoacetyl-CoA oxidiert werden. 

In dieser Arbeit wurden verschiedene Aceton-induzierte Gene in E. coli kloniert und 

überexprimiert und anschließend die Enzyme auf ihre Funktion bezüglich des Abbaus von 

Aceton untersucht. Eines der untersuchten Enzyme konnte Aldehyde oder Ketone zu 

Alkoholen reduzieren und umgekehrt. Besonders interessant ist hierbei die Fähigkeit, 
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3-Hydroxybutanal zu Acetoacetaldehyd zu oxidieren, welches ein vermutetes 

Zwischenprodukt des Acetonabbauweges von D. biacutus ist.  

Des Weiteren konnte gezeigt werden, dass zwei weitere Enzyme mit CoA-Estern 

reagieren; eine B12-abhängige Mutase und eine Dehydrogenase. Diese beiden Enzyme 

sind in einem Gencluster kodiert, zusammen mit einem TDP-abhängigen Enzym, welches 

ebenfalls bei Wachstum mit Aceton induziert ist. 

Die B12-abhängige Mutase konnte als 2-Hydroxyisobutyryl-CoA Mutase identifiziert 

werden, welche 2-Hydroxyisobutyryl-CoA zu 3-Hydroxybutyryl-CoA linearisiert, das 

anschließend von der Dehydrogenase zu Acetoacetyl-CoA oxidiert wird. Darüber hinaus 

zeigten Untersuchungen der Sequenzen und Homologien, dass der Gencluster, welcher 

die Gene für die drei Aceton-induzierten Enzyme (TDP-abhängiges Enzym, 

B12-abhängige Mutase und die Dehydrogenase) enthält, auch in D. cetonica (dem 

anderen acetonverwertendem Sulfatreduzierer) und zwei anderen thermophilen 

Sulfatreduzierern vorhanden ist. Dies stützt zusätzlich die Hypothese eines Abbauweges 

über CoA-Ester.   

Die Ergebnisse dieser Arbeit führen zu der Idee eines verzweigten Abbauweges in 

D. biacutus: ein Zweig, der Aldehyde nutzen kann (möglicherweise um potentiell toxische 

Nebenprodukte abzufangen) und ein Zweig, welcher CoA-Ester verwendet, wobei beide 

Zweige zu einem gemeinsamen Endprodukt Acetoacetyl-CoA führen. 

Der “CoA-Ester-Zweig” ist vermutlich der Hauptweg, da dieser auch in D. cetonica 

vorhanden ist. 

Zudem wurden in dieser Arbeit auch Methoden zur Trennung und zum Nachweis von 

vermuteten Zwischenprodukten entwickelt und beschrieben.  
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CHAPTER 1 General Introduction 

 

1.1 Acetone 

Acetone (also named dimethyl ketone or 2-propanone, Figure 1) with the 

chemical formula CH3COCH3 is the simplest known ketone. It is a 

colorless, flammable and volatile liquid. Acetone is produced chemically 

for example by the so-called cumene process (approx. 83 %), where 

benzene together with propene is oxidized to phenol yielding also 

acetone. Other processes are the dehydrogenation of 2-propanol or the catalytic oxidation 

of propene. These three syntheses yield more than 95 % of the chemically produced 

acetone. Acetone is mostly used as a solvent or for the production of acrylic glass (methyl 

methacrylate), bisphenol A or in a more common use as nail polish remover (Sifniades et 

al., 2011). On the other hand, amongst chemical manufacturing, a biological production 

of acetone via ABE (acetone, butanol, ethanol) fermentation by several Clostridium 

species and also by genetically engineered E. coli or Acetobacterium woodii strains is 

performed (Dürre et al., 1992; Han et al., 2011; May et al., 2013; Hoffmeister et al., 2016). 

In humans, acetone is formed by spontaneous decarboxylation of acetoacetate, which 

(amongst other ketone bodies) can be produced during ketosis caused by starvation or 

under hyperglycemia of diabetic patients (Reichard Jr et al., 1979; Reichard et al., 1986). 

As there are several biological producers, the biodegradation of acetone is of special 

interest. 

 

Figure 1: 

Structure of 

acetone 
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1.2 Biodegradation of acetone 

1.2.1 Acetone degradation under oxic conditions 

Biodegradation of acetone has been described for many different organisms. In mammals, 

as described for a variety of animals like rats, mice or dogs and also for humans, acetone 

is eliminated either directly by simple exhalation or by direct or indirect metabolization to 

CO2 and H2O (Reichard et al., 1986; Kalapos, 2003). The latter is performed via a 

conversion to acetol (1-hydroxyacetone) or 1,2-propanediol which is either converted via 

lactaldehyde to lactic acid and finally to pyruvate or which is subsequently transformed 

into formate and acetate by a not yet identified process. Some studies additionally 

describe a metabolization of acetone to form glucose, or other products like lactate or 

pyruvate (Reichard et al., 1986; Kalapos, 1999). A complete pathway is displayed in 

Figure 2 (Kalapos, 1999; Kalapos, 2003).  

In bacteria, several ways of acetone degradation are known. Metabolization under oxic 

conditions leads either to acetol, methyl acetate or acetoacetate (Vestal & Perry, 1969; 

Sluis et al., 1996; Hausinger, 2007; Kotani et al., 2007). Acetol could be converted via 

methylglyoxal to pyruvate, to 1,2-propanediol, or it is further converted to acetate and 

CO2/formate, acetaldehyde and formaldehyde or acetate and formaldehyde (via 

spontaneous decomposition of hydroxymethylene acetate). Acetol is produced by few 

bacteria like some Mycobacterium or Brevibacterium species (Vestal & Perry, 1969; 

Hausinger, 2007). Methyl acetate is produced by an O2-dependent Baeyer-Villinger 

monooxygenase, and subsequently converted to acetate and methanol, as it is shown for 

Gordonia sp. strain TY-5 (Kotani et al., 2007). Acetoacetate is produced through 

ATP-dependent carboxylation of acetone, as it has been described in detail for the 

obligately aerobic Xanthobacter autotrophicus strain Py2 (Sluis et al., 1996; Sluis & 
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Ensign, 1997). Some acetone-degrading bacteria are able to grow under oxic as well as 

anoxic conditions (with nitrate), e.g. Paracoccus pantotrophus (Thiosphaera pantotropha) 

or Aromatoleum aromaticum (Bonnet-Smits et al., 1988; Schühle & Heider, 2012). 

 

Figure 2: Metabolic pathways in acetone degradation. (a) acetone monooxygenase; (b) acetol 

monooxygenase; (c) after a spontaneous reaction between glutathione and methylglyoxal glyoxalase I; (d) 

glyoxalase II; (e) D-2-hydroxyacid dehydrogenase; (f) alpha-oxoaldehyde dehydrogenase(s); (g) 

methylglyoxal reductase; (h) acetol kinase; (i) L-1,2-propanediol-1-P dehydrogenase; (j) 

glycerol-1-P-phosphatase; (k) alcohol dehydrogenase and lactaldehyde reductase(s); (l) aldehyde 

dehydrogenase and L-lactaldehyde dehydrogenase; (m) L-lactate dehydrogenase; (n) not identified yet; (o) 

acyl-CoA synthase (thiokinase); (p) pyruvate dehydrogenase complex. Abbreviations: GSH, 

reduced glutathione; TCA, tricarboxylic acid. Picture taken from (Kalapos, 1999). 

 



CHAPTER 1 General Introduction  17 
 

 

1.2.2 Acetone degradation under anoxic conditions 

 

Besides aerobic acetone degraders, some anaerobic bacteria are known to utilize acetone 

for growth, all of them are reported to use directly or indirectly CO2 as co-substrate. 

Rhodopseudomonas gelatinosa, Rhodobacter capsulatus and Rhodomicrobium vannielii, 

all phototrophic nonsulfur purple bacteria, have been reported to grow with acetone under 

anaerobic conditions forming acetoacetate (Siegel, 1950; Madigan, 1990; Birks & Kelly, 

1997). Rhodobacter capsulatus was shown to possess an acetone carboxylase, which 

facilitates the ATP-dependent condensation of acetone and CO2 to acetoacetate (Sluis et 

al., 2002). Furthermore, a methanogenic enrichment culture (WoAct) was developed 

which grows on acetone and converts one mol of acetone to two mol of methane and one 

mol of CO2 (Platen & Schink, 1987). Inhibition of methanogenesis led to a strong decrease 

in acetone consumption and to formation of two mol of acetate, indicating that acetate is 

formed and used by a methanogenic partner organism. Experiments with radioactively 

labeled CO2 confirmed an incorporation of CO2 in half of the formed acetate, thus 

supporting the hypothesis of a co-utilization of CO2 during acetone degradation to form a 

C4-intermediate (Platen & Schink, 1987).   

Well studied is the anaerobic acetone degradation in nitrate-reducing bacteria, e.g. in the 

facultatively anaerobic Aromatoleum aromaticum or Paracoccus pantotrophus, which 

were also studied under oxic conditions (Bonnet-Smits et al., 1988; Platen & Schink, 1989; 

Schühle & Heider, 2012). Under anaerobic, nitrate-reducing conditions, acetone is also 

carboxylated to acetoacetate by a nucleotide-dependent (e.g. ATP) acetone carboxylase, 

consuming at least 2 ATP per carboxylation reaction. Subsequently, acetoacetate is 

converted to acetoacetyl-CoA which is split by a thiolase into two molecules of acetyl-CoA. 
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All characterized acetone carboxylases consist of three different subunits (α, β and γ) and 

exhibit a heterohexameric (αβγ)2 structure (Sluis et al., 2002; Dullius et al., 2011; Schühle 

& Heider, 2012; Heider et al., 2016). Acetone carboxylases use inorganic co-factors like 

zinc, manganese or iron, but none of them is reported to contain organic cofactors (e.g. 

biotin) or UV/visible absorbing compounds (Sluis & Ensign, 1997; Sluis et al., 2002; Boyd 

et al., 2004; Schühle & Heider, 2012; Heider et al., 2016).  

In contrast to aerobic and nitrate-reducing acetone degradation, only little is known about 

acetone degradation in sulfate-reducing bacteria. To date there are only two described 

sulfate-reducing bacteria capable of utilizing acetone for growth: Desulfococcus biacutus 

strain KMRActS and Desulfosarcina cetonica (formerly named Desulfobacterium 

cetonicum) (Platen et al., 1990; Galushko & Rozanova, 1991; Janssen & Schink, 1995a; 

Janssen & Schink, 1995b). Theoretically the Gibbs free energy change (ΔG°’) of acetone 

oxidation coupled to sulfate reduction yields only -115.3 kJ mol-1 (accounting for 1.6 ATP), 

whereas acetone oxidation coupled to nitrate reduction (to N2) yields -1614 kJ mol-1 

(accounting for 23 ATP) (Platen et al., 1990; Oosterkamp et al., 2015). From experimental 

data, a yield of 1.6 ATP/acetone can be calculated, which fits to the theoretically possible 

value (ΔG°’) (Platen et al., 1990). Due to this energy limitation, a carboxylation consuming 

at least two ATP to form acetoacetate is hardly possible. The ATP yield for acetone-

utilizing nitrate reducers like P. denitrificans or A. denitrificans strain BC is much lower 

than the theoretically possible value, where yields of 2.8 to 3.7 (3.9-5.2; dependent on 

calculation method) ATP per acetone can be calculated, which is around twice as high as 

the energy yielded by acetone degradation during sulfate reduction (Dullius et al., 2011; 

Oosterkamp et al., 2015). Comparable low energy yields were also shown for acetate 

oxidation coupled to denitrification, confirming the inefficient energy conservation during 
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nitrate reduction, as the reduction of NO and N2O is done in the periplasm, lacking 

concomitant energy conservation (Strohm et al., 2007).  

 

1.3 Desulfococcus biacutus  

The Gram-negative deltaproteobacterium Desulfococcus biacutus was isolated from 

anaerobic sludge of a wastewater treatment plant in Marburg (Germany). It is an obligate 

sulfate reducer, also utilizing sulfite as electron acceptor, producing sulfide as end 

product. In the absence of an inorganic electron acceptor, no fermentation occurs. The 

substrate spectrum ranges from acetone (used for isolation) over various short-chain fatty 

acids to a variety of short-chain alcohols (Platen et al., 1990). In contrast to other 

Desulfococcus species, it does not utilize aromatic compounds like benzoate (Platen et 

al., 1990; Peters et al., 2004). This bacterium is a complete oxidizer, therefore, all 

substrates are oxidized to CO2 and H2O. Contrary to other sulfate reducers, it does not 

grow on lactate, fumarate or succinate, and it does not utilize sugars like glucose or 

fructose (Platen et al., 1990). Enzymatic assays as well as proteomic data revealed an 

incomplete citric acid cycle and a complete oxidation of acetyl-CoA to CO2 via the 

reversed Wood-Ljungdahl pathway. Concerning acetone degradation, no acetone 

carboxylase activity was found, and also no acetone carboxylase-encoding genes were 

present in the genome of D. biacutus (Janssen & Schink, 1995a; Gutiérrez Acosta et al., 

2014b). Furthermore, no activities of acetoacetate-activating enzymes (e.g. 

acetyl-CoA:acetoacetate CoA transferase or acetoacetate CoA ligase) were found in 

D. biacutus (Janssen & Schink, 1995a). Therefore, acetoacetate was excluded as an 

intermediate in the acetone degradation pathway (Platen et al., 1990; Janssen & Schink, 

1995a; Gutiérrez Acosta et al., 2014b). Recent studies with dense cell suspensions of 
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acetone-grown cultures of D. biacutus exhibited higher sulfide formation rates in the 

presence of acetone and CO than with acetone and CO2, and therefore suggested the 

formation of a reactive aldehyde by a carbonylation reaction. Furthermore, the proposed 

reactive aldehyde, acetoacetaldehyde, was identified as a derivative with either 

dinitrophenylhydrazine (DNPH) or guanidine, in enzyme assays with acetone, CO, ATP 

and cell-free extracts of D. biacutus. The proposed carbonylation reaction seemed to be 

dependent on ATP, and activity of a CoA-acylating aldehyde dehydrogenase acting on 

acetoacetaldehyde (with the electron acceptor NAD+) was found. Additionally, 

acetoacetyl-CoA was identified in enzyme assays via ESI-MS (Gutiérrez Acosta et al., 

2013). Moreover, the reaction of acetone activation was shown to depend also on thiamine 

diphosphate (TDP, formerly known as thiamine pyrophosphate (TPP)), and was 

stimulated by CoASH and NAD+ (Gutiérrez Acosta et al., 2014a). 

Sequencing and annotation of the D. biacutus genome allowed comparative 2D-PAGE 

(acetone-grown vs. butyrate-grown) and the identification of induced proteins. Two gene 

clusters were found that contained genes which are specifically induced during growth 

with acetone and are most likely involved in acetone degradation, therefore. The most 

important ones of these enzymes have been annotated as a TDP-dependent enzyme, a 

methylmalonyl-CoA mutase, and two dehydrogenases (Gutiérrez Acosta et al., 2014b). It 

is not yet understood how acetone degradation in D. biacutus or other sulfate-reducing 

bacteria works and which functions are fulfilled by the acetone-induced proteins. 

 

1.4 Sulfate-reducing bacteria 

Sulfur is essential for life and is one of the most abundant elements on earth. In terrestrial 

habitats, sulfur occurs in the form of pyrite (FeS2) or as gypsum (CaSO4), whereas in 
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marine habitats sulfur is mainly present as sulfate. Therefore, there exist several ways 

(chemical and biological) to reduce or oxidize sulfur compounds. Microorganisms are 

essential for the biotransformation of sulfur-containing substances (Muyzer & Stams, 

2008; Rabus et al., 2013). Sulfate-reducing bacteria are anaerobic microorganisms 

ubiquitously occurring in anoxic habitats. They are capable of using sulfate (SO4
2-) as 

terminal electron acceptor, reduce it to sulfite (SO3
2-) and further to sulfide (H2S). Other 

microorganisms can use the highly toxic and reactive sulfide to build up biomass, or it is 

re-oxidized to sulfate. Sulfate-reducing microorganisms are mostly represented by 

bacteria, but also by some archaea. Many sulfate reducers belong to the class of 

Deltaproteobacteria (like D. biacutus), followed by classes of Clostridia, Negativicutes and 

Nitrospira spp.. Archaeal sulfate reducers belong to the Euryarchaeota and 

Crenarchaeota (Muyzer & Stams, 2008; Rabus et al., 2013; Rabus et al., 2015). 

Dissimilatory sulfate reducers all harbor highly conserved genes for the adenosine 

triphosphate nucleotide (ATP) sulfurylase (sat), the APS reductase (aprAB), the 

dissimilatory sulfite reductase with associated proteins (dsrABCD) and the membrane-

associated Qmo and Dsr complexes (at least qmoAB and dsrMK), as well as genes for 

ferredoxin, sulfate transporters, and pyrophosphatases (Pereira et al., 2011; Rabus et al., 

2015). Sulfate reducers can use a broad spectrum of carbon sources. Several sulfate-

reducing microorganisms have been reported to use H2 and CO2, but they can also utilize 

acetate (e.g. D. acetoxidans), lactate, propionate, butyrate, dicarboxylic acids or higher 

fatty acids. Some also use alcohols, alkanes, aldehydes or ketones, others grow with a 

variety of saturated or aromatic hydrocarbons (even hydroxylated or aminated) and few 

grow with more complex substrates like naphthalene or nicotinic acid. Sulfate reducers 

can be grouped in two major categories, those ones that are able to completely oxidize 
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their substrates to CO2 (“complete oxidizers”) and the incomplete oxidizers that excrete 

acetate. The latter could be used by other microorganisms (Muyzer & Stams, 2008; Rabus 

et al., 2013; Rabus et al., 2015).  

 

1.5 Complete oxidation of substrates 

In general, complete oxidizers (and also acetate oxidizers) utilize the acetyl residue in 

form of acetyl-CoA by two different pathways (Thauer et al., 1989). One very common 

possibility is the tricarboxylic acid (TCA) cycle, which is also termed Krebs cycle or citric 

acid cycle. Acetyl-CoA is condensed with oxaloacetate by the citrate synthase to form 

citric acid, which is isomerized to isocitrate and further processed by oxidative 

decarboxylation. The formed 2-oxoglutarate (α-ketoglutarate) later is oxidized to 

succinyl-CoA and CO2 by the 2-oxoglutarate dehydrogenase. Succinyl-CoA is 

transformed into succinate by a thiokinase, which yields one ATP. Succinate is further 

processed to fumarate by a succinate dehydrogenase and subsequently re-oxidized to 

oxaloacetate. In total, the TCA cycle yields one ATP and eight electrons, which can be 

used for ATP generation via electron transport phosphorylation (Thauer, 1988; Thauer et 

al., 1989). A modified form of the TCA was reported, e.g. for D.  postgatei, which utilizes 

four different enzymes, compared to the common TCA cycle (Brandis-Heep et al., 1983; 

Thauer et al., 1989). One difference is an acetyl-CoA:oxaloacetate C-acetyltransferase 

instead of a citrate synthase, which transfers the acetyl residue to oxaloacetate with 

concomitant phosphorylation of ADP to ATP. Another difference is a 

2-oxoglutarate ferredoxin:oxidoreductase, that uses ferredoxin instead of NAD+ for the 

oxidation of 2-oxoglutarate to succinyl-CoA. Furthermore, a succinyl-CoA:acetate CoA 

transferase has been described which activates acetate by a CoA transferase reaction, 
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but does not yield an ATP. Finally, a different succinate dehydrogenase is present, which 

uses menaquinone as electron acceptor. Various intermediates like 2-oxoglutarate or 

succinate are utilized also for biosynthesis of e.g. amino acids, which is why all bacteria 

have at least an incomplete TCA cycle (mostly lacking the 2-oxoglutarate-oxidizing 

enzyme) (Brandis-Heep et al., 1983; Thauer et al., 1989). 

The second possibility for a complete oxidation of acetate or acetyl residues is the 

reversed Wood-Ljungdahl pathway (oxidative acetyl-CoA pathway). Originally, the 

Wood-Ljungdahl pathway is a way of CO2 fixation. In two different branches (the methyl 

branch and the carbonyl branch) two molecules of CO2 are reduced to form an acetyl-CoA. 

In the methyl branch (or “eastern” branch) CO2 is reduced to formate by a formate 

dehydrogenase. Afterwards formate is activated to formyl tetrahydrofolate (THF) in an 

ATP-consuming step by a 10-formyl-THF synthetase. After dehydration, methylene-THF 

is formed, which is further reduced via methenyl-THF to methyl-THF providing the methyl 

group for acetyl-CoA formation. In the carbonyl branch (or “western branch”) CO2 is 

reduced to carbon monoxide and the carbonyl residue is bound to a nickel in the CO 

dehydrogenase/ acetyl-CoA synthase complex. The methyl residue is finally added to the 

carbonyl residue and a CoA, yielding acetyl-CoA. Reversal of the Wood-Ljungdahl 

pathway yields eight electrons and one ATP (starting from acetyl-CoA) (Thauer et al., 

1989; Ragsdale, 2004, 2008; Ragsdale & Pierce, 2008). Combining acetate oxidation with 

sulfate reduction theoretically yields a ΔG°’ of around - 55 kJ mol-1 accounting for almost 

one ATP. The acetate-oxidizing, sulfate-reducing Desulfotomaculum acetoxidans shows 

a growth yield of 4-5 g mol-1, which corresponds to less than one ATP (Thauer et al., 1989; 

Ragsdale & Pierce, 2008). All genes of the Wood-Ljungdahl pathway are present in the 
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genome of D. biacutus and are also expressed during growth with acetone (Gutiérrez 

Acosta et al., 2014b).  

 

1.6 Aims of this thesis 

In this thesis, the enzymes involved in acetone degradation of D. biacutus as well as the 

underlying pathway were to be elucidated. Genome sequencing of D. biacutus (Gutiérrez 

Acosta et al., 2014b) allow further proteomic and genomic approaches. The genes coding 

for enzymes that were supposed to be involved in the pathway of acetone degradation 

were to be cloned in E. coli, and the function of the respective enzymes to be investigated. 

In addition, co-factors and intermediates were to be identified and partial reactions with 

cell-free extracts and recombinant enzyme to be reconstituted. Clarifying the function of 

each protein should contribute to a full elucidation of the acetone degradation pathway. 
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Abstract 

Background: The strictly anaerobic, sulfate-reducing bacterium Desulfococcus biacutus 

can utilize acetone as sole carbon and energy source for growth. Whereas in aerobic and 

nitrate-reducing bacteria acetone is activated by carboxylation with CO2 to acetoacetate, 

D. biacutus involves CO as a cosubstrate for acetone activation through a different, so far 

unknown pathway. Proteomic studies indicated that, among others, a predicted 

medium-chain dehydrogenase/reductase (MDR) superfamily, zinc-dependent alcohol 

dehydrogenase (locus tag DebiaDRAFT_04514) is specifically and highly produced 

during growth with acetone. 

Results: The MDR gene DebiaDRAFT_04514 was cloned and overexpressed in E. coli. 

The purified recombinant protein required zinc as cofactor, and accepted NADH/NAD+ but 

not NADPH/NADP+ as electron donor/acceptor. The pH optimum was at pH 8, and the 

temperature optimum at 45 °C. Highest specific activities were observed for reduction of 

C3 - C5-aldehydes with NADH, such as propanal to propanol (380 ± 15 mU mg−1 protein), 

butanal to butanol (300 ± 24 mU mg−1), and 3-hydroxybutanal to 1,3-butanediol (248 ± 

60 mU mg−1), however, the enzyme also oxidized 3-hydroxybutanal with NAD+ to 

acetoacetaldehyde (83 ± 18 mU mg−1). 

Conclusion: The enzyme might play a key role in acetone degradation by D. biacutus, 

for example as a bifunctional 3-hydroxybutanal dehydrogenase/reductase. Its 

recombinant production may represent an important step in the elucidation of the complete 

degradation pathway. 

Keywords: Acetone activation, Sulfate-reducing bacteria, Carbonylation, Bifunctional 

MDR superfamily oxidoreductase 
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Background           

Desulfococcus biacutus strain KMRActS is a Gram-negative, sulfate-reducing 

deltaproteobacterium capable of using acetone as sole carbon and electron source [1]. 

Due to the small energy budget of this bacterium, activation of acetone by carboxylation 

to acetoacetate with concomitant hydrolysis of two (or more) ATP equivalents, as found 

in aerobic and nitrate-reducing bacteria [2-6], is hardly possible. Early physiological 

findings indicated that acetoacetate is not a free intermediate in the degradation pathway 

[7]. Correspondingly, no acetone carboxylase activity was detected in cell-free extracts, 

and no acetone carboxylases were found in the genome and proteome of this bacterium 

[7-9]. Experiments with dense cell suspensions and cell-free extracts suggested that 

acetone may be activated through a carbonylation or a formylation reaction, and that 

acetoacetaldehyde rather than acetoacetate may be formed as an intermediate [3, 8]. In 

cell-free extracts of acetone-grown D. biacutus cells, acetoacetaldehyde was trapped as 

its dinitrophenylhydrazone derivative and was identified by mass spectrometry, after 

reactions with acetone, ATP and CO as cosubstrates [8]. This reaction was not observed 

in cell-free extract of butyrate-grown cells, hence, the proposed acetone-activating 

enzyme, and most likely the entire acetone utilization pathway, is inducibly expressed in 

D. biacutus. Nonetheless, the mechanism of the acetone activation reaction remains 

unknown so far. 

A differential-proteomics approach comparing acetone- and butyrate-grown D. biacutus 

cells revealed several proteins/genes that were specifically and strongly induced in 

acetone-grown cells, but not in butyrate-grown cells [9]. One of the most prominent 

acetone-inducible proteins observed is encoded by gene (IMG locus tag) 

DebiaDRAFT_04514, and is annotated as medium-chain dehydrogenase/reductase 
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(MDR) superfamily alcohol dehydrogenase (COG1063 in the Clusters of Orthologous 

Groups classification system). Other strongly induced proteins are a predicted thiamine 

diphosphate (TDP)-requiring enzyme (COG0028), and a cobalamin (B12)-binding subunit 

(COG2185) of a methylmalonyl-CoA mutase-like complex [9]. 

Alcohol dehydrogenases (ADH) usually catalyze the reversible oxidation of primary or 

secondary alcohols to aldehydes or ketones, and the reactions are coupled to the 

reduction/oxidation of a pyridine nucleotide [10, 11]. Further, there are three types of 

ADHs known which are classified by the absence or presence, and the type of 

incorporated metal ion: ADHs that are independent of a metal ion, iron-dependent ADHs, 

which can be oxygen-sensitive [12, 13], and zinc-dependent ADHs; DebiaDRAFT_04514 

is predicted as a zinc-dependent ADH.  

In the present study, we cloned, heterologously expressed, purified, and characterized 

the acetone-inducible gene/protein DebiaDRAFT_04514, in an attempt to gain a better 

understanding of its possible role in the acetone utilization pathway of D. biacutus. This is 

also the first description of a functionally expressed recombinant enzyme originating from 

this bacterium. 

 

Methods 

Chemicals 

All chemicals were at least of analytical grade and were purchased from Sigma-Aldrich 

(Germany), Carl Roth GmbH (Germany) or Merck KGaA (Germany). Biochemicals 

(NADH, NADPH, NAD+ and NADP+) were purchased from Sigma-Aldrich (Germany). 

3-Hydroxybutanal was synthesized by Dr. Thomas Huhn and Fabian Schneider, 

Chemistry Department of University of Konstanz. 



CHAPTER 2  29 
 

 

 

Bacterial growth conditions 

Desulfococcus biacutus strain KMRActS (DSM5651) was grown in sulfide-reduced, 

CO2/bicarbonate-buffered (pH 7.2), freshwater mineral-salts medium as described 

previously [7, 8]. The medium was supplemented with 5 mM acetone as sole carbon and 

energy source, and with 10 mM sulfate as electron acceptor. Cultures were incubated at 

30 °C in the dark under strictly anoxic conditions. Escherichia coli strains TOP10 

(Invitrogen) and Rosetta 2 (Merck) were grown aerobically (shaking) in lysogenic broth 

(LB) medium (10 g l-1 peptone, 5 g l-1 yeast extract, 10 g l-1 NaCl) supplemented with 

100 µg ml-1 ampicillin. 

 

Plasmid construction and overexpression 

The Qiagen Genomic DNA Kit (Qiagen, Germany) was used for preparation of genomic 

DNA of D. biacutus. A cell pellet obtained from a 50-ml culture with OD600 ~ 0.3 was 

resuspended in 1 ml of sterile, DNA-free H2O, and further processed following the 

manufacturer’s protocol. For construction of expression plasmids, the ChampionTM pET 

Directional TOPO® Expression Kit (Invitrogen) was used (N-terminal His6-tag). The gene 

of interest of D. biacutus was amplified by PCR, using the forward primer 

5’-CACCATGGCAAAAATGATGAAAACAT-3’ (TOPO-cloning overhang underlined) and 

reverse primer 5’-AACAAAAAAACACTCGACTACATA-3’; the PCR polymerase used was 

Phusion® High-Fidelity DNA Polymerase (New England Biolabs), and PCR conditions 

were 35 cycles of 45 s denaturation at 98 °C, 45 s annealing at 60 °C, and 90 s elongation 

at 72 °C. The PCR product was ligated into the expression vector pET100 (Invitrogen), 

and cloning was performed as recommended by the manufacturer. Plasmid DNA of 
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positive clones was purified using Zyppy Plasmid Miniprep Kit (Zymo Research, 

Germany), and correct integration of the insert was confirmed by sequencing (GATC-

Biotech, Constance, Germany). The DNASTAR Lasergene 5 software package was used 

for primer design and for sequence data analysis. 

Purified plasmid DNA was used for transformation of chemically competent E. coli Rosetta 

2 (DE3) cells (Merck KGaA, Germany). Cells were grown in LB medium (containing 100 

µg ml-1 ampicillin and 35 µg ml-1 chloramphenicol) at 37 ° C to OD600 0.4 - 0.8, followed 

by addition of 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and 3% (v/v) of 

ethanol. After induction, the cultures were incubated for further 5h at 18 °C, and then 

harvested by centrifugation at 2,500 x g for 10 min at 4 °C. 

 

Preparation of cell-free extracts 

E. coli cells were washed twice with a 20 mM Tris/HCl buffer, pH 7.2, containing 100 mM 

KCl and 10% (v/v) glycerol, and resuspended in the same buffer supplemented with 0.5 

mg ml-1 DNase and 1 mg ml-1 protease inhibitor (Complete Mini, EDTA-free protease 

inhibitor cocktail tablets, Roche Diagnostics GmbH, Germany) prior to disruption by three 

passages through a cooled French pressure cell (140 MPa). Cell debris and intact cells 

were removed by centrifugation (16,000 x g, 10 min, 4 °C), and the soluble protein fraction 

was separated from the membrane protein fraction by ultracentrifugation (104,000 x g, 1h, 

4 °C). Cell-free extract of D. biacutus was prepared as described before [8]. 

  

Purification of His-tagged proteins 

The supernatant containing the soluble protein fraction obtained by ultracentrifugation was 

loaded on a Protino Ni-NTA column (Macherey-Nagel, Germany) pre-equilibrated with 



CHAPTER 2  31 
 

 

buffer (20 mM Tris/HCl, pH 7.2, 100 mM KCl, 10% (v/v) glycerol). Unspecifically bound 

proteins were washed off stepwise with the buffer described above containing 20 and 

40 mM imidazole. The bound His-tagged proteins were eluted with the same buffer 

containing 250 mM imidazole. Eluted proteins were concentrated with an Amicon Ultra-15 

Centrifugal Filter Device (10 kDa cutoff; Merck Millipore) while the buffer was exchanged 

twice against the same buffer containing 50 µM ZnCl2. After addition of 30% (v/v) glycerol, 

the purified, concentrated proteins were stored in aliquots at -20 °C. Protein 

concentrations were determined after Bradford with bovine serum albumin (BSA) as 

standard [14]. 

 

Protein gel electrophoresis and identification 

For analysis of expression and purification of recombinant protein, one-dimensional 

denaturing polyacrylamide gel electrophoresis (SDS-PAGE) was performed with a 4% 

stacking gel and a 12% resolving gel [15], and with PageRuler Prestained Protein Ladder 

(Thermo Scientific) as a reference; gels were run at a constant current of 20 mA per gel 

for 1.5 h. For an estimation of the size of the enzyme complex, native PAGE was 

performed using Mini-Protean TGX Precast Gels (Bio-Rad) with a polyacrylamide gradient 

of 4 – 15%; Amersham High Molecular Weight Calibration Kit (GE Healthcare) was used 

as a reference, and gels were run with native-gel running buffer (192 mM Glycine, 25 mM 

Tris/HCl pH 8.8; without SDS) under constant current of 8 mA per gel for 3 h [15, 16].  

Protein staining was performed by colloidal Coomassie staining with final concentrations 

2% H3PO4, 10% (NH4)2SO4, 20% methanol, and 0.08% (w/v) Coomassie Brilliant Blue 

R-250 [17]. Protein bands excised from gels or soluble proteins in preparations were 
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identified by peptide fingerprinting mass spectrometry at the Proteomics facility of 

University of Konstanz, as described previously [9]. 

 

Enzyme assays 

All enzyme assays were performed routinely under anoxic conditions, i.e., under N2 gas 

in cuvettes with rubber stoppers, either in 25 mM MOPS 

(3-(N-morpholino)propanesulfonic acid) buffer (pH 6.0, 7.2 or 8.0) containing 1 g l-1 NaCl, 

0.6 g l-1 MgCl2 x 6 H2O, or in 50 mM Tris/HCl buffer (pH 9.0), each containing 3 mM DTT 

and 50 µM ZnCl2. Reduction of substrates was carried out with 0.1 mM NADH (or 

NADPH), and oxidation of substrates was performed with 0.5 or 2.5 mM NAD+ (or NADP+), 

as co-substrates, as specified in Table 1. Reactions were started by addition of 5 mM 

substrate followed by spectrophotometrical measurement of absorption (increase or 

decrease) of NADH at 340 nm (εNADH= 6.292 mM-1 • cm-1) [18]. 

 

Results 

Predicted features of DebiaDRAFT_04514 based on its amino acid sequence 

Locus tag DebiaDRAFT_04514 was predicted (IMG annotation) to encode a threonine 

dehydrogenase or related Zn-dependent dehydrogenase, which belongs to the MDR 

superfamily of alcohol dehydrogenases: DebiaDRAFT_04514 (in the following 

abbreviated as Debia-MDR) harbors conserved zinc-binding catalytic domains of alcohol 

dehydrogenases (protein domains Adh_N, ADH_zinc-N) with a GroES-like structure and 

a NAD(P)-binding Rossman fold. The predicted molecular mass of the Debia-MDR 

monomer is 38,272 Da. The MDR-family proteins in bacteria and yeasts typically form 
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tetramers [19], and also for Debia-MDR, a tetramer interface (conserved domain cd08285) 

was predicted [20] (see below).  

While amino acid sequence identities of different MDR family enzymes can be only 20% 

or less [21], Debia-MDR exhibited up to 70% sequence identity to predicted, 

uncharacterized alcohol dehydrogenases, e.g., of Desulfonatronovibrio magnus 

(WP_045216775) and Geobacter uraniireducens (ABQ28495 and WP_041246222), and 

47% sequence identity to a characterized alcohol dehydrogenase of C. beijerinckii NRRL 

B-593 (locus ADH_CLOBE; P25984), which utilizes acetone and butanal as substrates 

[22]. In addition, Debia-MDR showed 21% sequence identity to a characterized 

acetoin reductase/2,3-butanediol dehydrogenase of Clostridium beijerinckii [23]. 

 

Heterologous overproduction and purification of Debia-MDR 

Recombinant expression of Debia-MDR with high yield was obtained with E. coli Rosetta 2 

cells harboring the expression plasmid pET100-Debia_04514N when grown in LB medium 

at 37 °C to an optical density of ~ 0.5: subsequently, cells were induced by addition of 

isopropyl β-D-1-thiogalactopyranoside (IPTG; 0.5 mM), and upon induction, the medium 

was supplemented also with 3% (v/v) ethanol; addition of ethanol induces the heat-shock 

response and increases the production of chaperones (GroES/EL and DnaK/J) with 

positive effects on correct protein folding [24]. After induction, the cultures were incubated 

further for 5h at 18 °C.  

Figure 1a shows a representative preparation of His-tag purified protein separated on a 

denaturing SDS-PAGE gel. There was one major band with the expected molecular mass 

of approx. 41 kDa (native Debia-MDR, app. 38.3 kDa; plus His-Tag, app. 3 kDa). The 

identity of recombinant Debia-MDR was confirmed by peptide fingerprinting mass 
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spectrometry. Minor contaminations in the protein preparation (see Fig. 1a) were identified 

as E. coli proteins, but not any other oxidoreductase (data not shown). In addition, also a 

native PAGE was performed in order to estimate the size of the native protein complex 

(Fig. 1b). Here, purified Debia-MDR appeared as a single protein band at about 170 kDa 

molecular mass. Thus, native Debia-MDR has most likely a homotetrameric structure, 

which is in accordance with the bioinformatic prediction of a tetramer-binding domain in 

its amino acid sequence (see above).  

 

Fig. 1 a, b. Evaluation of the purity of recombinant, His-tagged 

Desulfococcus biacutus MDR protein by denaturing PAGE (a), 

and analysis of its native molecular weight by native PAGE (b). 

M, molecular weight markers (kDa) 
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Zinc- and NADH-dependency of Debia-MDR 

A zinc-dependency of the Debia-MDR enzyme activity, as predicted by homology, was 

confirmed. For example, with acetone and NADH as substrates (see below), no activity 

was detectable in the absence of Zn2+. Incubation of the enzyme preparation with 50 µM 

Zn2+ for 30 min prior to the enzyme assays led to a specific activity of 4.0 mU mg-1 protein, 

while addition of 50 µM Zn2+ to the enzyme preparation directly after the His-tag 

purification step (and its presence during storage at -20 °C) led to a maximal activity of 93 

mU mg-1, each with acetone and NADH as substrates. Further, the enzyme in the 

presence of Zn2+ was inhibited completely by addition of 100 µM HgCl2 as typical of 

Zn-dependent MDR dehydrogenases, e.g., threonine 3-dehydrogenase of E. coli, 

3-hydoxyisobutyrate dehydrogenase of P. putida, or a dehydrogenase of Geotrichum 

capitatum [25-27]. Further, the enzyme accepted only NAD+/NADH as electron 

acceptor/donor. No activity was detectable with NADP+/NADPH, which is also typical of 

most MDR superfamily dehydrogenase enzymes [28]. 

 

Substrate range  

The Debia-MDR enzyme showed no reaction with L-threonine as substrate and NAD+, as 

opposed to its initial sequence-based functional prediction. However, the enzyme 

exhibited activity with a range of short- and medium-chain aldehydes, ketones, and 

alcohols, as illustrated in Table 1. With respect to the aldehydes tested (Table 1), the 

enzyme showed highest specific activity in the reduction of propanal 

(380 mU mg-1 = 100%), followed by pentanal (85%), butanal (79%), isobutanal (72%), 

3-hydroxybutanal (65%), and acetaldehyde (14%); no activity was detectable with 

formaldehyde or benzaldehyde. With respect to the non-substituted ketones tested 
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(Table 1), activities were generally lower than those with aldehydes: the enzyme showed 

highest activity for reduction of 3-pentanone (141 mU mg-1 = 37% of activity with 

propanal), followed by 2-pentanone (33%), propanone (acetone) (24%), butanone (17%), 

and 2-hexanone (12%). The affinity (Km) of the enzyme for acetone as substrate was 

determined to be 0.04 mM (Electronic supplementary material, Figure S1), which is low 

compared to other acetone-reducing dehydrogenases, e.g., that of Sulfolobus solfataricus 

(Km = 6.6 mM) and Equus caballus (Km = 135 mM) [11, 29]. Further, the enzyme exhibited 

high activity for reduction of substituted ketones, such as 3-hydroxybutanone (acetoin) 

(86%), 2,3-butanedione (diacetyl) (78%), and 4-hydroxy-2-butanone (41%). 

Unfortunately, no substrate was available to test a reduction of 3-oxobutanal 

(acetoacetaldehyde) (see below). The activities for the corresponding reverse reactions 

with NAD+ were lower, for example with propanol, butanol, or pentanol as substrates 

(<18% relative to the corresponding forward reactions with NADH), or with 2,3-butanediol 

(46%) or 1,3-butanediol (32%); exceptions were ethanol (140%) and 2-butanol (177%), 

while no activity was detectable with 3-hydroxybutanone (acetoin) (Table 1).  

Interestingly, we observed that the enzyme catalyzed also the oxidation of 

3-hydroxybutanal with NAD+, hence, a reaction in addition to the corresponding reductive 

reaction of the same substrate with NADH, though with lower apparent activity (app. 33% 

of the activity in reductive direction). Thus, the Debia-MDR appeared to be a bifunctional 

3-hydroxybutanal reductase/dehydrogenase (see Discussion). A similar bi-functionality of 

the enzyme was confirmed with 4-hydroxy-2-butanone as substrate (see Table 1). 
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Table 1 Specific NAD(H)-dependent oxidoreductase activities determined for the heterologously expressed 

and purified Debia-MDR protein 

Reduction with NADH Oxidation with NAD+ 

Substrate 1) 

Spec. 

activity 

mU mg-1 

Substrate 2) 

Spec. 

activity 

mU mg-1 

 Formaldehyde b.d.  Methanol n.d. 

 
Acetaldehyde 52 ± 14 

 
Ethanol 73 ± 13 

 
Propanal 380 ± 15 

 1-Propanol b 22 ± 2 

 Butanal 301 ± 24  1-Butanol 47 ± 15 

 

Isobutanal 276 ± 30 

 

Isobutanol n.d. 

 Pentanal 325 ± 35  1-Pentanol 11 ± 3 

 

Benzaldehyde b.d. 

 

Benzyl alcohol n.d. 

 

Propanone  

(Acetone) 

93 ± 2 

 

2-Propanol  a 

(Isopropanol) 

21 ± 1 

 

Butanone 65 ± 11 

 

2-Butanol b 115 ± 8 

 

2-Pentanone 126 ± 38 

 

2-Pentanol n.d. 

 

3-Pentanone 141 ± 19 

 

3-Pentanol n.d. 

 

2-Hexanone 45 ± 9 

 

2-Hexanol n.d. 

 

3-Hydroxy-

butanone 

(Acetoine) 

326 ± 38 

 

2,3-Butanediol 150 ± 8 

 

2,3-Butandione 

(Diacetyl) 

298 ±42 

 

3-Hydroxybutanone 

(Acetoine) 

b.d. 
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b.d. below detection limit (< 1 mU mg-1 protein), n.d. not determined, n.s. no substrate was available for 

testing 

1) Assay conditions: anoxic 25 mM MOPS buffer (pH 7.2) plus 3 mM DTT and 50 µM ZnCl2, 30 °C. Reactions 

in reductive direction were assayed with 0.1 mM NADH. Reactions were started by addition of 5 mM 

substrate 

2) Assay conditions: anoxic 25 mM MOPS buffer (pH 8.0) plus 3 mM DTT and 50 µM ZnCl2, 30 °C. Reactions 

in the oxidative direction were assayed with 2.5 mM NAD+, or at pH 7.2 with 0.5 mM NAD+ (a), or at pH 7.2 

with 2.5 mM NAD+ (b) 

 

pH and temperature optimum 

The effect of pH on the Debia-MDR activity was tested in reactions with butanal and NADH 

as substrates, at pH 6.0, 7.2, 8.0 (each in 25 mM MOPS buffer) and at pH 9.0 (in 50 mM 

Tris/HCl buffer). The pH optimum was between pH 7.0 and 8.0 (Additional file 1: Table 

S1). Further, the effect of temperature on the activity was tested in the range of 25 °C to 

50 °C, with butanal and NADH in MOPS buffer, pH 7.2, as described above. The highest 

specific activity was detected at 45 °C (Additional file 1: Table S2).   

 

 

 

3-Hydroxybutanal 248 ± 59 

 

 

1,3-Butanediol 

80 ± 23 

  

4-Hydroxy- 

2-butanone 

155 ± 31 

 

 

 

3-Oxobutanal 

(Acetoacet-

aldehyde) 

 

 

n.s. 

  

3-Hydroxybutanal 83 ± 18 

 

4-Hydroxy- 

2-butanone 

18 ± 3 
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Acetone-inducible butanal dehydrogenase / 3-hydroxybutanal reductase activity 

confirmed in cell-free extracts of D. biacutus 

Enzyme assays were performed also with cell-free extracts of D. biacutus, in order to 

confirm that the reductase/dehydrogenase activity attributed to Debia-MDR is induced by 

acetone, as indicated already by the proteomics data [9]. For example, with butanal as 

substrate and NAD+, cell-free extract of acetone-grown cells exhibited an activity of 

20 ± 3 mU mg-1 protein, whereas in extracts of butyrate grown cells, the activity was 

10-fold reduced (2 ± 0.1 mU mg-1 protein). Also with 3-hydroxybutanal as substrate in the 

reductive direction with NADH, the activity was ca. 3-fold higher in extracts of 

acetone-grown cells (7.4 ± 0.4 mU mg-1 protein) compared to that of butyrate grown cells 

(2.6 ± 0.9 mU mg-1 protein). 

 

Discussion 

Debia-MDR of Desulfococcus biacutus, which was found previously to be inducibly 

expressed during growth with acetone [9], was successfully cloned and overexpressed in 

E. coli. The features determined with the recombinant enzyme correspond well to those 

predicted from its amino acid sequence. The enzyme is active only in the presence of 

zinc, and with NAD+/NADH as electron acceptor/donor, but not with NADP+/NADPH. 

Further, the activity of Debia-MDR, as prepared in this study, was not sensitive to 

molecular oxygen, in contrast to iron-dependent dehydrogenases, which commonly are 

inactivated quickly under oxic conditions (half-life of minutes to a couple of hours under 

oxic conditions; [12, 30]). The native enzyme showed a molecular mass of app. 170 kDa, 

which corresponds well to its bioinformatically predicted homotetrameric structure. Other 

described zinc-dependent ADHs in bacteria and yeasts also exhibit a homotetrameric 
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structure, while dimeric ADHs can be found in higher plants and mammals [31-33]. The 

enzyme exhibited a pH optimum between pH 7 and 8, and a slightly elevated temperature 

optimum (app. 45 °C); D. biacutus grows optimally at 30 °C and cannot grow at higher 

temperatures [1]. The enzyme showed reductase activity with aldehydes and ketones, 

preferably of a chain length of three to five carbon atoms, as far as tested in this study 

(Table 1). Moreover, based on the specific activities observed, aldehydes were preferred 

over ketones. A branched-chain aldehyde was also accepted (isobutanal), with an activity 

comparable to that with the linear analogue (butanal). The specific activities for alcohol 

oxidations determined were only about one fifth to one tenth of those for the respective 

reduction of aldehydes/ketones; these low activities are partly due to the unfavorable 

equilibria of these reactions, which typically are on the side of the alcohols.  

Based on the observed substrate range and catalytic efficiencies (Table 1), and in the 

context of the yet limited information that is available on the acetone degradation pathway 

of D. biacutus, several roles of Debia-MDR are to be considered.  

First, the enzyme could play a role in the oxidation of isopropanol to acetone, since 

D. biacutus is able to utilize also isopropanol via the acetone pathway: our preliminary 

proteomic analyses of isopropanol-grown cells in comparison to acetone-grown cells (data 

not shown) indicated that the same set of enzymes is expressed, e.g., the predicted 

thiamine diphosphate (TDP)-requiring enzyme (DebiaDRAFT_04566), the cobalamin 

(B12)-binding subunit of a methylmalonyl-CoA mutase-like complex (DebiaDRAFT_04573-

74), and the zinc-dependent MDR described in this study (DEBIADraft_04514). However, 

during growth with isopropanol, yet another dehydrogenase candidate 

(DebiaDRAFT_04392) appeared to be additionally, and strongly produced in comparison 

to acetone-grown cells, and this candidate is predicted as iron-dependent alcohol 
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dehydrogenase. Therefore, we suggest that this dehydrogenase, DebiaDRAFT_04392, 

may be the dehydrogenase that funnels isopropanol into the acetone pathway, and not 

the zinc-dependent dehydrogenase examined in this study.  

Second, Debia-MDR may have a detoxifying function, by reducing overproduced toxic 

aldehydes, which may be formed in the acetone activation pathway, to less toxic alcohols. 

For example, one proposed pathway [9] that could involve the predicted TDP-requiring 

enzyme (DebiaDRAFT_04566) and the B12-binding methylmalonyl-CoA mutase-like 

complex (DebiaDRAFT_04573-74) may proceed via a carbonylation (or formylation) of 

acetone to 2-hydroxy-2-methylpropanal (2-hydroxyisobutanal) followed by linearization of 

this branched-chain aldehyde to 3-hydroxybutanal, respectively. Hence, Debia-MDR 

might play a role in a reversible conversion of, e.g., 3-hydroxybutanal to less toxic 

1,3-butanediol, as suggested by its high activity towards this reaction (Table 1). 

Third, when considering the abovementioned proposed pathway, and as illustrated in 

Fig. 2, Debia-MDR might also play a role in the oxidation of the proposed 

3-hydroxybutanal intermediate to acetoacetaldehyde, as suggested by its high activity 

towards this reaction (Table 1). Moreover, the extremely reactive acetoacetaldehyde was 

previously shown (as dinitrophenylhydrazone adduct) to appear at low concentration in 

cell-free extracts of D. biacutus in the presence of acetone and CO [8]. Notably, the 

specific activity of Debia-MDR dehydrogenase for 3-hydroxybutanal oxidation to 

acetoacetaldehyde determined in vitro (83 nmol min-1 mg-1) is sufficient to explain the 

specific substrate turnover rate of D. biacutus during growth with acetone and sulfate 

(19 nmol min-1 mg-1) [34], though upstream and downstream processes may influence the 

rate of this reaction step in vivo. 
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Finally, in the context of the observed bifunctionality of Debia-MDR for both oxidation and 

reduction of 3-hydroxybutanal, it is tempting to speculate further whether the enzyme 

might play roles for both detoxifying, e.g., 3-hydroxybutanal to 1,3-butandiol and 

converting it to acetoacetyldehyde, dependent on the intracellular conditions: the latter 

reaction is catalyzed at lower rate, but may be facilitated if the subsequent enzyme in the 

pathway efficiently removes acetoacetaldehyde (an CoA-acylating aldehyde 

dehydrogenase [8, 9]). On the other hand, at times of 3-hydroxybutanal accumulation, it 

may reversibly be deposited as less toxic 1,3-butandiol (the equilibrium of this reaction is 

far on the side of the alcohol). 

 

Fig. 2 Illustration of a postulated pathway for acetone degradation in Desulfococcus biacutus with an 

attributed role of Debia-MDR as 3-hydroxybutanal dehydrogenase. In this hypothetical pathway, acetone 

would be carbonylated or formylated to a branched-chain aldehyde and then isomerized to linear 

3-hydroxybutanal. The 3-hydroxybutanal would be oxidized to acetoacetaldehyde by the enzyme described 

in this study. Subsequently, acetoacetaldehyde could be converted to acetoacetyl-CoA (see also main text) 

 

Conclusion 

Clearly, more work lies ahead to reveal the unusual acetone activation pathway in 

D. biacutus, which is hampered by, e.g., the absence of molecular genetic methods for 

this bacterium, the unavailability of proposed intermediates for conducting appropriate 

enzyme tests, and by the extremely labile, oxygen-sensitive enzyme activities. However, 

in this study, we report the first heterologous overproduction of a functional protein from 
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D. biacutus, exhibiting an aldehyde/alcohol dehydrogenase activity for a broad range of 

short- and medium chain aldehydes and ketones in vitro. The enzyme appears to be 

involved in acetone degradation by this bacterium, and its recombinant production may 

represent an important step in the elucidation of the complete degradation pathway. 
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Fig. S1 Determination of kinetic parameters of Debia-MDR with substrate acetone.  

Km value and Vmax were calculated from triplicates with non-linear regression using SigmaPlot11 (Systat 

Software GmbH, Germany). 
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Table S1: Specific activity of recombinant Debia-MDR at different pH values.  

Tested with 5 mM butanal and 0.1 mM NADH at 30 °C. 

pH Specific activity (mU/mg 

protein) 

% relative activity 

6 71 ± 36 24 

7.2 301 ± 24 100 

8 370 ± 48 123 

9 120 ± 35 40 

 

Table S2: Specific activity of recombinant Debia-MDR at different reaction temperatures. Tested with 

5 mM butanal and 0.1 mM NADH at pH 7.2. 

Temperature Specific activity (mU mg-1 

protein) 

% relative activity 

25 °C 103 ± 21 34 

30 °C 301 ± 24 100 

35 °C 361 ± 45 120 

37 °C 474 ± 33 158 

40 °C 611 ± 80 203 

45 °C 656 ± 47 218 

50 °C 52 ± 4 17 
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ABSTRACT 

The pathway of acetone degradation by sulfate-reducing bacteria has remained elusive, 

though it must involve an acetone-activation reaction different from that of aerobic or 

nitrate-reducing bacteria, because the small energy budget of sulfate-reducing bacteria 

does not allow for major expenditures into ATP-consuming carboxylation reactions.  

In the present study, an inducible coenzyme B12-dependent conversion of 

2-hydroxyisobutyryl-CoA to 3-hydroxybutyryl-CoA was demonstrated in cell-free extracts 

of acetone-grown Desulfococcus biacutus cells, together with a NAD+-dependent 

oxidation of 3-hydroxybutyryl-CoA to acetoacetyl-CoA. Genes encoding for two mutase 

subunits and a dehydrogenase, which were previously found to be strongly induced during 

growth with acetone, were cloned and heterologously expressed in E. coli. The activities 

of the purified proteins matched with the catalytic functions predicted by their sequence 

and with the inducible enzyme activities observed in cell-free extracts of acetone-grown 

cells: proteins (IMG locus tags) DebiaDRAFT_04573 and 04574 together constituted a 

B12-dependent 2-hydroxyisobutyryl-CoA /3-hydroxybutyryl-CoA mutase, and 

DebiaDRAFT_04571 was a 3-hydroxybutyryl-CoA dehydrogenase. Hence, these 

enzymes most likely play key roles in the degradation of acetone and define an 

involvement of CoA-esters in the pathway. Further, the involvement of 

2-hydroxyisobutyryl-CoA as an intermediate strongly indicates that the carbonyl-C2 of 

acetone is added, most likely, to formyl-CoA through a TDP-dependent enzyme, which is 

co-induced in acetone-grown cells and co-encoded in the same gene cluster as the 

identified mutase and dehydrogenase in D. biacutus. This enzyme has not yet been 

studied. 
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IMPORTANCE 

This novel type of reaction on acetone yielding a branched-chain CoA-ester such as 

2-hydroxyisobutyryl-CoA, and the subsequent rearrangement of the carbon skeleton to 

yield straight-chain CoA-esters such as 3-hydroxybutyryl-CoA, may play a role also in 

other acetone-degrading sulfate-reducing bacteria and for other methylketone 

hydrocarbon-metabolic pathways in strictly anaerobic bacteria. 

 

INTRODUCTION 

Acetone (dimethylketone) can be regarded as a partially activated hydrocarbon through 

its oxo-group, however, its biochemical activation and utilization under anoxic conditions 

by sulfate-reducing bacteria (SRB) remained unclear until today. Two SRB of the 

Desulfosarcina/Desulfococcus clade have been isolated and described that are able to 

utilize acetone as growth substrate, Desulfococcus biacutus strain KMRActs (DSM 5651) 

and Desulfosarcina cetonica strain 480 (DSM 7267) (1, 2). While aerobes and nitrate 

reducers usually activate acetone by a carboxylation reaction forming acetoacetate, no 

acetone carboxylase activity was detected in cell-free extracts of D. biacutus, and no 

acetone carboxylases were found in its genome and proteome (3, 4). Initial studies 

suggested an involvement of carbon monoxide, and of acetoacetaldehyde rather than 

acetoacetate, in the pathway (5). Further, genome sequencing and differential proteomics 

comparing acetone- and butyrate-grown cells (3) identified several proteins that are 

specifically induced during growth with acetone. One of these (IMG locus tag 

DebiaDRAFT_04514) has recently been characterized as a zinc-dependent alcohol 

dehydrogenase capable of converting a wide range of aldehydes and alcohols (6). 

Further, in a different gene cluster, genes of four strongly acetone-inducible proteins 
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annotated as a predicted TDP-dependent enzyme (DebiaDRAFT_04566), two subunits of 

a B12-dependent methylmalonyl-CoA mutase-like enzyme (DebiaDRAFT_04573 and 

04574), and a predicted short-chain alcohol dehydrogenase (DebiaDRAFT_04573), were 

also identified by proteomics (3). The possible involvement of a B12-dependent mutase 

led to the speculation whether a branched chain CoA ester may be formed during acetone 

activation, prior to its conversion to, e.g., acetoacetyl-CoA (3). 

As illustrated in Figure 1A, two routes of acetone activation leading to a branched-chain 

CoA ester were considered likely based on the preliminary data described above. First, a 

direct carbonylation of the C2 carbon atom of acetone (shown as the lower route in Fig. 1A) 

could produce a branched-chain aldehyde (2-hydroxy-2-methylpropanal), which 

subsequently could be processed to a CoA ester. Second, addition of a formyl residue, 

e.g., in form of formyl CoA (shown in the upper route in Fig. 1A), could produce a 

branched-chain CoA ester intermediate, 2-hydroxyisobutyryl-CoA. The predicted 

B12-dependent methylmalonyl-CoA mutase-like enzyme would then isomerize the 

branched-chain CoA ester to 3-hydroxybutyryl-CoA, which could be oxidized to 

acetoacetyl-CoA (Fig. 1A). 

In the present study, a B12-dependent isomerization of 2-hydroxyisobutyryl-CoA to 

3-hydroxybutyryl-CoA was demonstrated, and its subsequent oxidation to 

acetoacetyl-CoA, in cell-free extracts of D. biacutus as well as with recombinant enzymes 

produced from candidate genes attributed by differential proteomics. The results strongly 

support the involvement of these enzymes in acetone degradation, and further highlight 

the potential role of a highly expressed TDP-dependent enzyme for initial acetone 

activation. 
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Fig. 1AB. (A) Hypothetical and confirmed reactions in D. biacutus for an acetone degradation 

pathway that employs a yet inaccessible carbonylation or formylation of acetone and a 

2-hydroxyisobutyryl-CoA mutase and 3-hydroxybutyryl-CoA dehydrogenase as identified in this 

study, and (B) illustration of the corresponding gene cluster in D. biacutus. (A) The enzyme reactions 

identified in this study are the isomerization of 2-hydroxyisobutyryl-CoA to 3-hydroxybutyryl-CoA, which is 

catalyzed by a cofactor-B12 dependent methylmalonyl-CoA type mutase (red), and the subsequent oxidation 

of 3-hydroxybutyryl-CoA to acetoacetyl-CoA which is catalyzed by a NAD+-dependent dehydrogenase 

(green). Subsequent reactions are cleavage of acetoacetyl-CoA into two acetyl-CoA, and the oxidation of 

acetyl-CoA via the reversed Wood-Ljungdahl pathway; the latter pathway is coupled to dissimilatory sulfate 

reduction (not shown) in D. biacutus. (B) For the identified enzymes, the corresponding gene cluster and 

protein/gene identifiers are indicated (color coding) IMG locus tags prefix, DebiaDRAFT_0), as well as for 

the co-encoded TDP-dependent enzyme, which is co-expressed during growth with acetone, and which 

most likely is involved in an initial acetone carbonylation or formylation reaction (see question mark in A, 

and the text). 
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RESULTS 

Sequence comparison and functional prediction. The amino acid sequence of 

DebiaDRAFT_04574 of D. biacutus contains a conserved catalytic N-terminal domain of 

methylmalonyl-CoA mutase-like enzymes, which belong to a small family of coenzyme 

B12-dependent isomerases (protein family pfam01642) (large subunit). The amino acid 

sequence of the neighboring locus tag, DebiaDRAFT_04573, is predicted to represent the 

corresponding coenzyme B12-binding small subunit of methylmalonyl-CoA mutases 

(pfam02310) (7). A sequence comparison across all currently available bacterial genomes 

(as per January 2017; NCBI BLAST) revealed for both subunits highest identities to a 

predicted enzyme in Desulfosarcina cetonica (WP_054693862 and WP_054693859; 86% 

and 86% identity, respectively), which is the only other known bacterium that is able to 

couple acetone degradation to sulfate reduction (1). The genes in D. cetonica are encoded 

in a similar gene cluster, e.g., together with a predicted TDP-dependent enzyme gene as 

in D. biacutus. Moreover, the subunit sequences each exhibited high identities to the 

subunits of characterized 2-hydroxyisobutyryl-CoA mutases (HcmAB) of Kyrpidia tusciae 

(WP_013074530 and WP_013074531; 62% and 62% identity, respectively) and 

Aquincola tertiaricarbonis (AFK_77668 and AFK_77665; 42% and 45% identity) (8, 9). An 

alignment of the sequences of the confirmed 2-hydroxyisobutyryl-CoA mutases of 

K. tusciae and A. tertiaricarbonis together with the candidate HcmAB sequences of 

D. biacutus and D. cetonica is shown in the Supplemental data file (Fig. S1AB); 

sequences of characterized isobutyryl-CoA mutase of Streptomyces cinnamonensis (37% 

and 46% identity) and methylmalonyl-CoA mutase of Pyrococcus horikoshii (46% and 

48% identity) (10, 11) are included in the alignment. 
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In conclusion, sequence analysis suggested that the D. biacutus DebiaDRAFT_04574 

and 04573 proteins, which are highly produced during growth with acetone (3), might 

constitute a mutase enzyme that isomerizes 2-hydroxyisobutyryl-CoA to 

3-hydroxybutyryl-CoA as part of the acetone-activating pathway in D. biacutus. 

DebiaDRAFT_04571, induced in acetone-grown cells (3) and located in the gene cluster 

as well (Fig. 1B), was annotated (IMG pipeline) as 3-oxoacyl-[acyl-carrier protein] 

reductase family of NAD(P)+-binding short-chain alcohol dehydrogenases (pfam00106) 

(12). Its amino acid sequence exhibited around 30% sequence identity to characterized 

3-hydroxybutyryl-CoA dehydrogenases /acetoacetyl-CoA reductases, e.g. of Ralstonia 

solanacearum (PhaB, D8NBJ9), and the highest sequence identity (82%) was found for a 

dehydrogenase candidate encoded in the gene cluster of D. cetonica, as described above 

(13). Hence, DebiaDRAFT_04571 represents a good candidate for a conversion of 

3-hydroxybutyryl-CoA to acetoacetyl-CoA, which is postulated to be formed during 

acetone activation.  

 

2-Hydroxyisobutyryl-CoA mutase activity detected in cell-free extract of 

acetone-grown cells. We synthesized 2-hydroxyisobutyryl-CoA and 

3-hydroxybutyryl-CoA (and acetoacetyl-CoA, see below) for enzyme tests, and as 

analytical standards for establishing appropriate HPLC and MS/MS conditions for 

detecting these compounds, e.g., in cell-free extracts (CFE) or with recombinant protein 

(see below). Indeed, a B12-dependent isomerization of 2-hydroxyisobutyryl-CoA to 

3-hydroxybutyryl-CoA was detectable in CFE of acetone-grown D. biacutus cells. As 

illustrated in Figure 2, anoxically prepared CFE at a total protein concentration of 

944 µg/ml in the presence of 50 µM adenosylcobalamin showed almost complete 
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disappearance of 0.5 mM 2-hydroxyisobutyryl-CoA within 120 min of incubation, as 

followed by HPLC-MS (Fig. 2A). The initial substrate disappearance as followed by 

HPLC-UV (Fig. 2B) was estimated to represent a specific activity of app. 8 mU/mg of 

protein. Concomitant with the disappearance of the peak of 2-hydroxyisobutyryl-CoA, the 

chromatograms (Fig. 2A) showed an appearance of another peak that exhibited also a 

UV absorption spectrum typical of a CoA-ester, and which co-chromatographed with the 

authentic 3-hydroxybutyryl-CoA standard. HPLC-MS/MS analysis of the novel compound 

showed a fragmentation pattern identical to that of the 3-hydroxybutyryl-CoA standard, 

but different from that of the substrate 2-hydroxyisobutyryl-CoA (Fig. 2C). Hence, the 

product of the reaction was 3-hydroxybutyryl-CoA.  

Control reactions without addition of adenosylcobalamin showed no significant activity, 

supporting that the enzyme reaction is dependent on coenzyme B12. The 

2-hydroxyisobutyryl-CoA mutase reaction was very sensitive to oxygen, similar to most 

coenzyme B12-dependent radical reactions (14), and the enzyme was unstable in CFE: 

more than half of the activity was lost within a day when CFE was prepared and stored 

anoxically on ice. However, freshly and anoxically prepared CFE of butyrate-grown 

D. biacutus cells exhibited only app. 10% of the 2-hydroxyisobutyryl-CoA mutase activity 

observed in CFE of acetone-grown cells, thus confirming that the enzyme is specifically 

induced during growth with acetone.  
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Fig. 2ABC. Isomerization of 2-hydroxyisobutyryl-CoA to 3-hydroxybutyryl-CoA as observed in strict 

anoxically prepared cell-free extract of acetone-grown D. biacutus cells. (A) HPLC-MS 

chromatograms of samples taken during the reaction showing the formation of a product, which was 

identified as 3-hydroxybutyryl-CoA, concomitant with disappearance of the substrate 2-hydroxyisobutyryl-

CoA, which eluted after product 3-hydroxybutyryl-CoA under the chromatographic conditions we used 

(Material and Methods).  (B) Illustration of the kinetics of substrate disappearance and product formation, 

as determined by HPLC-UV under the same chromatographic conditions. (C) MS3-fragmentation pattern of 

2-hydroxyisobutyryl-CoA (1) and of 3-hydroxybutyryl-CoA (2) as separated by HPLC.  

 

Production and activity of recombinant 2-hydroxyisobutyryl-CoA mutase and 

3-hydroxybutyryl-CoA dehydrogenase. The DebiaDRAFT_04574 and 04573 genes 

were cloned each into His6-tag expression vectors, and recombinant proteins were 

produced in E. coli Rosetta 2 cells grown aerobically at 37°C in LB medium. The cells 

were induced at OD600 of 0.5 – 0.8 with 0.5 mM isopropyl-β-D-thiogalactopyranosid (IPTG) 
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in the presence of 3% (v/v) ethanol (6), and incubated for additional 5 hours at 18°C. Then, 

cells were harvested by centrifugation, and the preparation of the cell pellets proceeded 

under anoxic conditions. Figure 3 shows denaturing SDS-PAGE gels of representative 

protein preparations after the Ni-NTA purification step, for the large subunit (Fig. 3A) and 

for the small subunit (Fig. 3B), as well as of a native PAGE of a mixture of both 

preparations (Fig. 3C). The prominent bands on the denaturing gels coincided with the 

expected molecular mass (67 kDa for the large and 18 kDa for the small subunit, each 

including the His6-tag with app. 3 kDa), and both preparations contained only minor 

amounts of E. coli proteins; their identities were confirmed by proteomics (including E. coli 

proteins, none of which was a B12-dependent enzyme). The native PAGE of a mixture of 

both subunits showed a single band at a molecular mass of app. 170 kDa (Fig. 3C) thus 

suggesting a heterotetrameric (α2β2) structure of the enzyme, which resembles other 

described mutases (10, 11, 15). Activity of the recombinant enzyme with 

2-hydroxyisobutyryl-CoA in the presence of adenosylcobalamin was measurable by HPLC  

as described for the reaction in CFE (see above), i.e., both as disappearance of the 

substrate 2-hydroxyisobutyryl-CoA and as formation of the product 3-hydroxybutyryl-CoA 

(Fig 4).  

No substrate turnover was observed with the heterologous enzymes without added 

adenosylcobalamin, and not in assays that contained adenosylcobalamin but only one 

subunit each. Hence, the DebiaDRAFT_04574 and 04573 subunit genes were confirmed 

to encode a 2-hydroxyisobutyryl-CoA mutase as predicted. However, the enzyme activity 

of the recombinant enzyme appeared to be extremely labile (complete loss of activity after 

one day of anoxic storage on ice), and removal of residual imidazole from Ni-NTA 

purification by gel filtration was essential for its activity. 
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Fig. 3ABCD. Evaluation of the purity of recombinant 2-hydroxyisobutyryl-CoA mutase HcmA (A) and 

HcmB (B) proteins by denaturing PAGE, estimation of the molecular weight of the HcmAB complex 

by native PAGE (C), and (D) evaluation of the purity of recombinant 3-hydroxybutyryl-CoA 

dehydrogenase protein. M, molecular weight marker (kDa). 

 

Further, strictly anoxic conditions during cell opening, Ni-NTA purification and gel filtration 

(and during the enzyme assays) were essential for obtaining active enzyme.  

Predicted 3-hydroxybutyryl-CoA dehydrogenase DebiaDRAFT_04571 was cloned also 

and recombinant protein was produced and purified. Denaturing SDS-PAGE after the 

Ni-NTA purification (Fig. 3D) showed a prominent band of the expected molecular mass 

(28 kDa predicted; 31 kDa observed, including the His6-tag). The protein exhibited a 

specific activity of 24.3 ± 3.7 mU/mg protein for oxidation of 50 µM 3-hydroxybutyryl-CoA 

in presence of 5 mM NAD+. For the reverse reaction, the recombinant dehydrogenase 

showed a specific activity of 14.1 ± 4.4 mU/mg protein for the reduction of 250 µM 
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acetoacetyl-CoA in the presence of 0.5 mM NADH. When prepared under anoxic 

conditions, the recombinant protein exhibited up to threefold higher activity 

(76.7 ± 20.7 mU/mg with 3-hydroxybutyryl-CoA). The reaction product was 

acetoacetyl-CoA, as confirmed by HPLC-MS (Fig. S2AB in the Supplemental Material). 

No reaction was observed with NADP+, hence, the dehydrogenase appeared to be 

specific for NAD+ as electron acceptor.  

  

Fig. 4. Isomerization of 2-hydroxyisobutyryl-CoA to 3-hydroxybutyryl-CoA as observed with a 

preparation of recombinant 2-hydroxyisobutyryl-CoA mutase (HcmAB). HPLC-MS chromatograms of 

samples taken before (A) and during a reaction (B) illustrating the formation of product 

3-hydroxybutyryl-CoA, when followed as extract chromatograms of molecular ions (TIC of m/z = 854 for 

substrate and product) (upper chromatograms) and by a specific fragment (m/z = 177) (lower 

chromatograms) that was observed only for MS3-fragmentation of 3-hydroxybutyryl-CoA, but not for 

2-hydroxyisobutyryl-CoA. 

 

A 

B 
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DISCUSSION 

For the acetone degradation pathway in D. biacutus, our former observations and 

experiments with cells suspensions and cell-free extracts suggested a direct carbonylation 

of acetone leading to the unstable intermediate acetoacetaldehyde (5), while genome 

sequencing and differential proteomics suggested an involvement of a predicted 

carbon-carbon bond forming TDP-dependent enzyme, and of a branched-chain CoA ester 

intermediate (3). The results of our present work now clearly assign two enzyme functions 

of the pathway, 2-hydroxyisobutyryl CoA mutase and 3-hydroxybutyryl-CoA 

dehydrogenase (Fig. 1A), as well as identities to three of the genes that are co-located in 

the same gene cluster with the TDP-dependent enzyme gene (Fig. 1B), of which all four 

are specifically, and highly induced during growth with acetone (3).  

In order to define the function of the above-mentioned enzymes in the assumed pathway, 

the predicted CoA ester substrates and products had to be made available through 

chemical syntheses (Material and Methods). The inferred 2-hydroxyisobutyryl-CoA 

mutase activity was then confirmed to be active in freshly and strict anoxically prepared 

CFE of acetone-grown cells (Fig. 4), but the activity was unstable under the conditions we 

used. Further, an NAD+-dependent oxidation of 3-hydroxybutyryl-CoA to acetoacetyl-CoA, 

which has been detected in CFE before (4), was confirmed to be present.  

For the recombinant 2-hydroxyisobutyryl-CoA mutase, strictly anoxic conditions 

throughout preparation and purification were indispensable to obtain active enzyme, 

which is a common observation for mutases catalyzing B12-dependent radical reactions 

(10, 11, 13). Fast inactivation of anoxically prepared recombinant enzyme may further be 

due to a lack of a (re)activating compound or chaperone, as described for other 

B12-dependent enzymes (8, 15). Indeed, the D. biacutus gene cluster encodes also an 
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‘Hcm-associated gene’ (DebiaDRAFT_04572), though this protein was not detected by 

our differential proteomics analyses (3), and was not further considered in this study. More 

details on the mutase enzyme (e.g., kinetic parameters and substrate range), are to be 

explored in a future study.  

The specific activity of 3-hydroxybutyryl-CoA oxidation measured in CFE (app. 

450 mU/mg protein) (4) was much higher than the activity measured with the recombinant 

dehydrogenase (76.7 ± 20.7 mU/mg protein). This can be explained by the presence of 

several acyl-CoA dehydrogenases in D. biacutus that are expressed during growth with 

acetone (e.g., also DebiaDRAFT_04512) (3). Further, we cannot exclude yet that the 

recombinant dehydrogenase may require an additional activating factor, or a thiolase as 

an accessory enzyme activity for pulling the reaction by removal of the product 

acetoacetyl-CoA.  

As illustrated in Figure 5, the genes in the described cluster coding for the predicted 

TDP-dependent enzyme, as well as for the confirmed 2-hydroxyisobutyryl-CoA mutase 

and the 3-hydroxybutyryl-CoA dehydrogenase in D. biacutus (Fig. 1B), are found each 

with very high sequence identity (>80% throughout) in a homologous cluster in 

Desulfosarcina cetonica, the only other known acetone-utilizing sulfate reducer. 

Homologous gene clusters were found also in D. arcticum DSM17038 and 

D. geothermicum DSM 3669 (Fig. 5), and therefore these organisms are predicted to be 

acetone-utilizing SRB. 

The identification of 2-hydroxyisobutyryl-CoA as intermediate obtained from the initial 

acetone-activating reaction indicates that the carbonyl-C2 of acetone is added by either 

(activated) carbon monoxide or, most likely, by formyl-CoA, through an involvement of the 

highly induced TDP-dependent enzyme in D. biacutus (Fig. 1A). As long as this enzyme 
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has not been characterized, it remains unclear whether activated carbon monoxide (i.e., 

a formyl residue) is added to acetone directly to form a branched-chain aldehyde, which 

could then be converted by a CoA-acylating dehydrogenase to 2-hydroxyisobutyryl-CoA, 

or whether the formyl residue is added in the form of formyl-CoA (Fig. 1A). 

Fig. 5. Illustration of the acetone-activation gene cluster found in Desulfococcus biacutus with 

homologous gene clusters found in a known acetone-degrading SRB, Desulfosarcina cetonica 

strain 480, and in Desulfotomaculum arcticum strain 15 (DSM 17038) and D. geothermicum strain 

BSD (DSM 3669). Homologous gene clusters were retrieved from the IMG database via the Gene Cassette 

Search tool and the Gene Neighborhood viewer. Shown are gene clusters containing gene homologs 

(indicated by color-coding) for at least three of the four (predicted) core enzymes of the acetone activation 

pathway. 

 

Formyl-CoA could be bound and coordinated by the TDP-dependent enzyme for a 

nucleophilic attack on the C2-carbon of acetone to form 2-hydroxyisobutyryl-CoA. This 

reaction indeed may reflect a reversal of the α-oxidation of branched-chain CoA esters, in 

which an aldehyde and formyl-CoA are released by a TDP-dependent enzyme 
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(2-hydroxyacyl-CoA lyase) (16). However, the TDP-dependent enzyme in D. biacutus was 

observed to be associated (but not tightly bound) to the membrane, and it may be 

speculated whether the acetone-activating reaction may be coupled to, e.g. the reversed 

Wood-Ljungdahl pathway for a direct formyl transfer, or to a Rnf complex (3). 

In conclusion, this novel type of formylation or carbonylation reaction on alkanones 

yielding a branched-chain CoA ester such as 2-hydroxybutyryl-CoA from acetone, and the 

subsequent rearrangement of the carbon skeleton to yield a straight-chain CoA ester such 

as 3-hydroxybutyryl-CoA, may play a role also in other strictly anaerobic bacteria (see 

above) degrading acetone or other methylketones. For example, the pathway depicted in 

Figure 1A may also allow D. biacutus to utilize 2-butanone, and preliminary results from a 

proteomic analysis indicated a strong induction of the same set of enzymes by this 

substrate. The previously identified zinc-dependent dehydrogenase (strongly induced 

during growth with acetone, and encoded in a different gene cluster), which catalyzes 

NAD+/NADH-dependent oxidations /reductions of a wide range of short-chain alcohols 

/aldehydes, e.g., reduction of 3-hydroxybutanal, may help to sequester side products 

formed during acetone activation, for example during CoA cofactor limitation or due to 

unspecific reactions forming reactive aldehydes (Fig. 1A) (3, 6). 

  

MATERIAL AND METHODS 

Chemicals. All purchased chemicals were from Sigma-Aldrich (Germany), Carl Roth 

GmbH (Germany) or Merck KGaA (Germany), and were at least of analytical grade. 

Biochemicals were purchased from Sigma-Aldrich (Germany), Apollo Scientific (UK), or 

AppliChem (Germany).  
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Chemical syntheses. Thiophenyl esters (2-hydroxyisobutyryl-, 3-hydroxybutyryl- and 

3-oxobutyryl-) were synthesized (see below) and analyzed by NMR (Fig. S3 in the 

Supplemental Material). NMR spectra were measured on a Bruker Avance 400 and Bruker 

Avance DRX 600 spectrometers. Trace impurities of protonated deuterated solvent were 

used as reference. The following reference values were used: CDCl3:  = 7.26 ppm 

(1H NMR),  = 77.16 ppm (13C NMR); d6-DMSO:  = 2.50 ppm (1H NMR),  = 39.51 ppm 

(13C NMR). d8-THF:  = 1.73, 3.58 ppm (1H-NMR),  = 25.37, 67.57 ppm (13C-NMR). Data 

was processed using the software MestReNova (v. 10.0). The following abbreviations are 

used for NMR data: s: singlet; d: doublet; t: triplet; q: quartet; m: multiplet. Structure 

assignments were done based on 2D-NMR (COSY, HMBC, HSQC) experiments. 

S-Phenyl 2-hydroxy-2-methylpropanethioate (I). 2-Hydroxy-2-methylpropanoic acid 

(1.129 g, 10.85 mmol) and thiophenol (996 mg, 9.04 mmol) were dissolved in anhydrous 

CH2Cl2 (25 mL) and ethyl-3-(3-dimethylaminopropyl)carbodiimid x HCl (2.080 g, 10.85 

mmol) in CH2Cl2 (25 mL) was added at 0°C over 1 h. The mixture was stirred for 30 h at 

r.t. and then concentrated. The product was isolated by column chromatography (PE: EE 

10:1) as a colorless crystalline solid (1.874 g, 9.55 mmol, 96 %); 1H NMR (400 MHz, 

Chloroform-d)  7.42 (s, 5H, Har), 1.52 (s, 6H, CH3); 13C NMR (101 MHz, Chloroform-d)  

205.2 (C=O), 134.8 (Car), 129.4(Car), 129.3(Car), 127.8 (Car), 79.2 (COH), 27.6 (CH3). 

S-Phenyl 3-oxobutanethioate (II) (17). Diketene (2.0 g, 23.80 mmol) was dissolved in 

anhydrous CH2Cl2 (50 ml) under nitrogen at 0°C, and thiophenol (2.017 g, 18.31 mmol) 

and triethylamine (50 µl) were added. The mixture was stirred at r.t. for 20 h, and then the 

reaction was quenched with NH4Cl. Solids were filtered off, the filtrate was concentrated, 

and the product was isolated by column chromatography (gradient PE:EE 40:1 to 10:1) in 

form of a colorless oil (1.86 g, 9.58 mmol, 52%); 1H NMR (400 MHz, Chloroform-d) 7.52 
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– 7.40 (m, 5H, Har), 5.49 (s, 1H, CH [enole]), 3.76 (s, 1H, CH2 [ketone]), 2.29 (s, 3H, CH3 

[ketone]), 1.96 (s, 3H, CH [enole]); 13C NMR (101 MHz, Chloroform-d)  199.6 (C=O), 

193.4 (C=O), 190.6 (C=O), 174.9 (C=O), 135.2 (Car), 134.6 (Car), 130.0 (Car), 129.8 (Car), 

129.5 (Car), 129.4 (Car), 127.3 (Car), 127.1 (Car), 99.0 (C=CH), 57.9 (CH2), 30.5 (CH3), 21.3 

(CH3). As byproduct of the synthesis, (Z)-3-(1-hydroxyethylidene)-6-methyl-2H-pyran-

2,4(3H)-dione was isolated; 1H NMR (400 MHz, Chloroform-d)  5.92 (s, 1H, HC=C), 2.65 

(s, 3H, CH3), 2.26 (s, 3H, CH3); 13C NMR (101 MHz, Chloroform-d)  205.4, 181.2, 169.2, 

161.3, 101.6, 100.0, 30.1, 20.8. When stoichiometric amounts of triethylamine were used, 

(Z)-3-(1-hydroxyethylidene)-6-methyl-2H-pyran-2,4(3H)-dione  was found as major 

product, but only minor amounts of the desired S-phenyl 3-oxobutanethioate were 

obtained (see S3 for details and characterization).  

Methyl 3-hydroxybutanoate (III). Methyl 3-oxobutanoate (10.0 g, 86.12 mmol) was 

dissolved in CH2Cl2 (100 ml), and NaBH4 (3.258 g, 86.12 mmol) was added in portions of 

0.5 g suspended in methanol (10 ml total). The mixture was stirred at r.t. for 30 min, 

quenched with saturated aqueous NH4Cl, and the pH was adjusted to 7 using 2 N HCl. 

The phases were separated and the aqueous phase was extracted with CH2Cl2 (2x50 ml). 

The combined organic phases were dried over MgSO4 and the solvent was evaporated. 

The product was obtained in form of a colorless oil (7.1 g, 60.1 mmol, 68%); 1H NMR (400 

MHz, Chloroform-d)  4.24 - 4.11 (m, 1H, CHOH), 3.71 (s, 3H, OCH3), 2.50 - 2.40 (m, 2H), 

1.23 (d, J = 6.2 Hz, 3H); 13C NMR (101 MHz, Chloroform-d)  173.5 (C=O), 64.4 (COH), 

51.9 (OCH3), 42.7 (CH2), 22.6 (CH3). 

Methyl 3-([tert-butyldimethylsilyl]oxy)butanoate (IV) (18): Methyl 3-hydroxybutanoate 

(III) (7.1 g, 60.1 mmol) was dissolved in DMF (50 ml), and tert.-butydimethylsilyl chloride 

(11.776 g, 78.13 mmol) and imidazole (7.365 g, 108.82 mmol) were added. The mixture 



CHAPTER 3  68 
 

 

was stirred for 30 min, then quenched with saturated aqueous NaHCO3 solution, and ether 

(100 ml) was added. The phases were separated and the aqueous phase was extracted 

with ether (2x 100 ml). The combined organic phases were washed with water (3x 175 ml) 

and brine, then dried over MgSO4, and concentrated. The product was isolated by column 

chromatography (PE:EE 10:1) as a colorless oil (13.262 g, 57.10 mmol, 95%); 1H NMR 

(400 MHz, Chloroform-d)  4.42 - 4.16 (m, 1H, CHOTBS), 3.66 (s, 2H, OCH3), 2.60 - 2.29 

(m, 2H, CH2), 1.19 (d, J = 6.1 Hz, 3H, CH3), 0.86 (s, 9H, C(CH3)3), 0.06 (s, 2H, SiCH3), 

0.04 (s, 3H, SiCH3); 13C NMR (101 MHz, Chloroform-d)  172.2 (C=O), 66.0 (COTBS), 

51.6 (OCH3), 44.9 (CH2), 27.1 C(CH3)3, 25.9 (C(CH3)3), 24.1 (CH3), -4.4 (SiCH3), -4.9 

(SiCH3). 

3-([tert-Butyldimethylsilyl]oxy)butanoic acid (V) (18). Methyl 3-([tert-

butyldimethylsilyl]oxy) butanoate (IV) (13.263 g, 57.1 mmol) was dissolved in methanol 

(150 ml), and aqueous NaOH (1N, 286 ml, 285.47 mmol) was added. The mixture was 

stirred at r.t. for 15 h, then concentrated to 50% of the initial volume, and extracted with 

ether (3x 100 ml). The pH of the aqueous phase was adjusted to 4 and extracted with 

ether (3x 100 ml). The combined organic phases were dried over MgSO4 and the solvent 

was evaporated. The product was isolated in form of a colorless oil (8.210 g, 37.60 mmol, 

66%); 1H NMR (400 MHz, DMSO-d)  4.27 - 4.09 (m, 1H, CHOTBS), 2.38 - 2.21 (m, 1H, 

CH2), 1.13 (d, J = 6.1 Hz, 2H, CH3), 0.84 (s, 9H, C(CH3)3), 0.04 (s, 2H, SiCH3), 0.02 (s, 

2H, SiCH3); 13C NMR (101 MHz, DMSO-d)  172.3 (C=O), 65.7 (COTBS), 44.5 (CH2), 

25.7 (C(CH3)3), 23.7 (C(CH3)3), 17.7 (CH3), -4.6 (SiCH3), -5.0 (SiCH3). 

S-Phenyl 3-([tert-butyldimethylsilyl]oxy)butanthioate (VI). 3-([tert-

butyldimethylsilyl]oxy)butanoic acid (VI) (8.21 g, 37.6 mmol) was dissolved in anhydrous 

CH2Cl2 (120 ml), and thiophenol (3.186 mg, 28.93 mmol), dicyclohexylcarbodiimide 
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(10.085 g, 48.88 mmol) and 4-(N,N-dimethylamino)pyridine (500 mg, 4.09 mmol) were 

added. The mixture was stirred at r.t. for 27 h, then concentrated, and heptane (200 ml) 

was added. The suspension was filtered through Celite, the filtrate was concentrated, and 

the product was isolated by column chromatography (PE:EE 30:1) in form of a colorless 

oil (10.518 g, 0.036 mmol, 95%); 1H NMR (400 MHz, Chloroform-d)  7.40 (s, 5H, Har), 

4.41 - 4.24 (m, 1H, CHOTBS), 2.92 - 2.60 (m, 2H, CH2), 1.23 (d, J = 6.1 Hz, 3H, CH3), 

0.89 (s, 9H, C(CH3)3), 0.07 (s, 3H, SiCH3), 0.06 (s, 3H, SiCH3); 13C NMR (101 MHz, 

Chloroform-d)  195.6 (C=O), 134.5 (Car), 129.5 (Car), 129.3 (Car), 128.1 (Car), 66.2 

(COTBS), 53.6 (CH2), 35.1 (C(CH3)3), 26.0 (C(CH3)3), 24.1 (CH3), -4.4 (SiCH3), -4.8 

(SiCH3). 

S-Phenyl 3-hydroxybutanthioate (VII). S-Phenyl 3-([tert-

butyldimethylsilyl]oxy)butanthioate (VI) (3.0 g, 10.19 mmol) was dissolved in THF 

(100 ml), and aqueous HCl (2N, 24 ml) was added. The mixture was stirred at r.t. for 4 h 

and then quenched with aqueous saturated NaHCO3 (pH= 7). The phases were separated 

and the aqueous phase extracted with CH2Cl2 (3x 50 ml). The combined organic phases 

were washed with brine and dried over MgSO4. The solvent was evaporated and the 

product was isolated by column chromatography (PE:EE 5:1) as colorless oil (1.070 g, 

5.94 mmol, 58%); 1H NMR (400 MHz, Chloroform-d)  7.43 (s, 5H, Har), 4.35 - 4.23 (m, 

1H, CHOH), 2.90 - 2.73 (m, 2H, CH2), 1.26 (d, J = 6.3 Hz, 3H, CH3); 13C NMR (101 MHz, 

Chloroform-d)  198.0 (C=O), 134.6 (Car), 129.8 (Car), 129.4 (Car), 127.3 (Car), 65.0 (COH), 

51.8 (CH2), 22.6 (CH3). 

Synthesis of CoA esters. Transesterification of thiophenyl esters II, VI and VII to the 

corresponding CoA esters was performed under anoxic conditions. 20 mg of coenzyme A 

(trilithium salt; Apollo scientific, UK) was mixed with a 5- to 10-fold excess of the thiophenyl 
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ester in 10 ml of 0.1 M NaHCO3. The mixture was stirred on ice for 5 h. The reaction was 

stopped by addition of 1 M HCl to a pH of ~5. Residual thiophenyl esters and thiophenol 

was removed by extraction with diethyl ether 4 times. The water phase was frozen in liquid 

nitrogen and freeze dried. The white fluffy powder contained about 25 % (w/w) CoA esters 

(residual ~75 % NaCl). CoA esters were analyzed for byproducts by 2D NMR spectrocopy 

(spectra see SI). Except for acetoacetyl-CoA which slowly decomposed during 

measurement with t1/2~4h the other CoA esters were stable for several hours in D2O.  

2-Hydroxy-2-methylpropionyl-CoA (2-Hydroxyisobutyryl-CoA). 1H NMR (600 MHz, 

Deuterium Oxide)  8.46 - 8.42 (m, 1H, H-5), 8.17 (s, 1H, H-1), 6.07 (d, J = 6.6 Hz, 1H, H-

8), 4.15 - 4.11 (m, 2H, H-10), 3.93 - 3.89 (m, 1H, H-9), 3.72 (dd, J = 9.4, 5.1 Hz, 1H, H-

11b), 3.45 (dd, J = 9.8, 4.7 Hz, 1H, H-11a), 3.34 (t, J = 6.6 Hz, 2H, H-17), 3.22 (t, J = 6.2 

Hz, 2H, H-20), 2.85 (t, J = 6.4 Hz, 2H, H-21), 2.32 (t, J = 6.4 Hz, 2H, H-18), 1.26 (s, 6H, 

H-24, H-25), 0.78 (s, 3H, H-15), 0.65 (s, 3H, H-16). 13C NMR (600 MHz, Deuterium Oxide) 

 210.0 (C-22), 174.1 (C-14), 173.8 (C-19), 155.0 (C-4), 152.3 (C-1), 148.9 (C-2), 139.7 

(C-5), 118.2 (C-3), 86.2 (C-8), 83.5 (C-13), 78.9 (C-23), 74.0 (C-9), 71.9 (C-11), 65.4 (C-

10), 38.7 (C-20), 35.4 (C-18), 35.2 (C-17), 27.6 (C-21), 26.0 (C-24, C-25), 20.7 (C-15), 

18.0 (C-16).  

3-Oxobutyryl-CoA (Acetoacetyl-CoA). 1H NMR (600 MHz, Deuterium Oxide)  8.57 (s, 

1H, H-5), 8.30 (d, J = 3.4 Hz, 1H, H-1), 6.20 – 6.14 (m, 1H, H-8), 4.24 - 4.19 (m, 2H, H-

10), 4.00 (s, 1H, H-13), 3.81 (dd, J = 9.9, 5.0 Hz, 1H, 11a),3.55 (dd, J = 9.8, 4.8 Hz, 1H, 

11b), 3.47 - 3.40 (m, 2H, H-17), 3.34 (t, J = 6.3 Hz, 2H, H-20), 3.03 (t, J = 6.3 Hz, 2H, H-

21), 2.42 (t, J = 6.6 Hz, 2H, H-18), 2.26 (s, 3H, H-25), 0.88 (d, J = 2.3 Hz, 3H, H-15), 0.75 

(s, 3H, H-16). 13C NMR (600 MHz, Deuterium Oxide)  205.2 (C-24), 195.7 (C-22), 174.7 

(C-14), 174.0 (C-19), 155.6 (C-4), 150.6 (C-1), 149.2 (C-2), 139.8 (C-5), 118.4 (C-3), 86.3 
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(C-8), 74.0 (C-13), 71.6 (C-11), 65.2 (C-10), 56.4 (C-23), 40.3 (C-20), 35.6 (C-18), 35.2 

(C-17), 29.1 (C-25), 27.9 (C-21), 20.7 (C-16), 18.1 (C-15). 

The sample hydrolyzed partly during NMR measurement (t1/2≈ 4 h), as evident by 

liberation of acetoacetic acid and additional signals in the spectrum, corresponding to the 

free thiol. Following signals were additionally observed for the hydrolyzed species in the 

1H-NMR: 1H NMR (600 MHz, Deuterium Oxide)  3.30 (t, J = 6.6 Hz, 3H, H-21thiol), 2.59 

(t, J = 6.6 Hz, 3H, H-20thiol), 2.45 (t, J = 6.6 Hz, 3H, H-18thiol), 2.26 (s, 3H, H-25). 

3-Hydroxybutyryl-CoA. 1H NMR (600 MHz, Deuterium Oxide)  8.54 (s, 1H, H-5), 8.26 

(s, 1H, H-1), 6.16 (d, J = 6.8 Hz, 1H, H-8), 4.26 - 4.18 (m, 2H, H-10), 4.00 (s, 1H, H-13), 

3.81 (dd, J = 9.9, 5.0 Hz, 1H, H-11a), 3.54 (dd, J = 9.9, 4.8 Hz, 1H, H-11b), 3.47 - 3.40 

(m, 2H, H-17), 3.35 - 3.27 (m, 2H, H-20), 3.04 - 2.91 (m, 2H, H-21), 2.74 (d, J = 6.4 Hz, 

2H, H-23), 2.41 (t, J = 6.6 Hz, 2H, H-18), 1.19 (d, J = 6.3 Hz, 3H, H-25), 0.86 (s, 3H, H15), 

0.74 (s, 3H, H-16). 13C NMR (600 MHz, Deuterium Oxide)  201.3 (C-22), 174.7 (C-14), 

173.9 (C-19), 155.5 (C-4), 152.6 (C-1), 149.3(C-2), 139.6 (C-5), 118.5 (C-3), 86.2 (C-7), 

74.0 (C-13), 71.8 (C-11), 65.6 (C-10), 64.9 (C-24), 52.0 (C-23), 38.4 (C-20), 35.3 (C-17), 

35.2 (C-18), 28.0 (C-21), 20.8 (C-15), 18.1 (C-16). 

 Bacterial growth conditions. Desulfococcus biacutus strain KMRActS (DSM5651) was 

grown as described previously (4, 5). The medium was supplemented with 5 mM acetone 

or 5 mM butyrate as sole carbon source, and with 10 mM sodium sulfate as electron 

acceptor. Escherichia coli strains TOP10 (Invitrogen) and Rosetta 2 (Merck) were grown 

aerobically at 37°C in LB medium (10 g peptone, 5 g yeast extract and 10 g NaCl per liter) 

supplemented with 100 µg/ml ampicillin (TOP10) and additional 35 µg/ml chloramphenicol 

(Rosetta 2). 



CHAPTER 3  72 
 

 

Plasmid construction. The genes of interest were amplified by PCR using the following 

primer sequences (5’ → 3’; directional-cloning overhang underlined): for Debia-ACPR 

(locus tag 04571) forward primer CACCATGCTATCTATTAAAGGATCGGTTGC and 

reverse primer CCCCTTGGATCCCAAACGAA; for Debia-HcmB (locus tag 04573) 

forward primer CACCATGGATAGGAAAGTCAGAGTGGTAA and reverse primer 

CACGATGCTTATGCCTGAGTAG; for Debia-HcmA (locus tag 04574) forward primer 

CACCGTGGAGAAAAGCAAAGCG and reverse primer 

CAGAAGCGGAAAAGCCCACAAG. Genomic DNA of D. biacutus as PCR template was 

purified usingthe Qiagen Genomic DNA Kit (Qiagen, Germany). The polymerase used 

was Phusion High-Fidelity DNA Polymerase (New England Biolabs), and the PCR 

conditions were 35 cycles of 45 s denaturation at 98°C, 45 s annealing at 60°C (65°C for 

04573 and 04574), and elongation at 72°C depending on product length (1 min per 1000 

bp). The PCR products were inserted either into the expression vector pET100 (N-terminal 

His6-tag; for Debia-HcmB) or pET101 (C-terminal His6-tag; for Debia-ACPR and Debia-

HcmA) of the Champion pET Directional TOPO Expression Kit (Invitrogen) (6). Plasmid 

DNA was purified from E. coli using the Zymo MiniPrep Kit (Zymo Research), and used 

for sequencing (GATC Biotech, Germany). Transformation of chemically competent 

E. coli Rosetta 2 (DE3) cells (Merck KGaA, Germany), as described previously (6). Primer 

design and sequence data analysis was accomplished using the DNASTAR Lasergene 

software package. 

Heterologous overexpression, preparation of cell-free extracts and purification of 

His-tagged proteins. Recombinant proteins were overexpressed in E. coli Rosetta 2 

(DE3) cells grown aerobically in LB medium (with 100 µg/ml ampicillin and 35 µg/ml 

chloramphenicol) cells were induced at an OD600 of 0.5 – 0.8 with 0.5 mM IPTG in the 
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presence of 3% (v/v) ethanol (4), and incubated for additional 5 h. Afterwards, cells were 

harvested by certrifugation (5,000 x g; 10 min; 4°C) and the cell pellets stored frozen under 

air. When anoxic conditions were used, all preparation steps were performed in an anoxic 

tent. Cell-free extract of D. biacutus was prepared as described previously (5). E. coli cells 

were suspended in binding buffer containing 20 mM Tris/HCl (pH 7.2), 100 mM KCl, 40 

mM imidazole, and 10% (v/v) glycerol, were opened in a cooled French pressure cell 

(140 MPa), as described previously (6). Cell debris and intact cells were removed by 

centrifugation (14,100 x g, 10 min). The supernatants were either loaded on Protino 

Ni-NTA columns (Macherey-Nagel, Germany) and purified under air (initial experiments), 

or under anoxic conditions on HisSpinTrap colums (GE Healthcare, Germany) in an 

anoxic tent. Non-specifically bound proteins were washed off three times with binding 

buffer containing 60 mM imidazole, and the bound His-tagged proteins were eluted with 

the same buffer containing 400-500 mM imidazole. Eluted proteins were transferred into 

the same buffer without imidazole through Illustra NAP-10 columns (GE Healthcare, 

Germany). Protein concentration was determined with Bradford reagent and bovine serum 

albumin (BSA) as standard (19). 

Protein gel electrophoresis and identification. Analysis of protein expression and 

protein purification was done by polyacrylamide gel electrophoresis (1D-PAGE) or native 

PAGE (6); proteins were stained with colloidal Coomassie Brilliant Blue (20). Proteins 

were identified by peptide fingerprinting mass spectrometry at the Proteomics facility of 

University of Konstanz (3). 

Enzyme assays. Enzyme assays were performed under strictly anoxic conditions in 

25 mM MOPS buffer, pH 7.2 (mutase) or pH 8.0 (dehydrogenase), each containing 

1 g/liter NaCl, 0.6 g/liter MgCl2 x 6 H2O, and 3 mM DTT. Cofactor B12-dependent reactions 
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contained additional 50 µM adenosylcobalamin, and were incubated in the dark. 

Reduction of acetoacetyl-CoA was assayed with 0.1 mM NADH (or NADPH), and 

oxidation of 3-hydroxybutyryl-CoA with 5 mM NAD+ (or NADP+), as co-substrates. 

Reactions were started by addition of substrate and were followed either discontinuously 

by HPLC-UV or HPLC-MS (see below), or by spectrophotometrical measurement of 

absorption (increase or decrease) of NADH at 340 nm (εNADH= 6.292 mM/cm) (21). 

HPLC analysis. Samples taken from the enzyme reactions for HPLC and LC-MS analysis 

were thoroughly mixed with dichloromethane in order to stop the reactions. The water 

phase obtained after centrifugation (16,000 x g, 5 min) was used for analysis. For routine 

analysis of 2-hydroxyisobutyryl-CoA and 3-hydroxybutyryl-CoA, a Kinetex PFP column 

(5 µm, 100 Å, 250 x 4.6 mm; Phenomenex, USA) was used on a Shimadzu Prominence 

system with PDA detector (SPD-M20A). The eluents were 100 mM ammonium acetate 

(eluent B) and acetonitrile (eluent A). The method started with 5% eluent A for 5 min, 

followed by a gradient from 5% to 25 % eluent A between 5 to 19 min; the flow rate was 

0.75 ml/min and the column was maintained at a temperature of 40°C. The injection 

volume was 5 µl.  

LC-MS measurements. For HPLC-electrospray ionization (ESI)-MS/MS, an Agilent 1100 

HPLC system and the Kinetex PFP column (see above), or a Synergi polar RP column 

(250 mm x 2 mm, 4 µm; Phenomenex, USA), connected to an LCQ ion trap mass 

spectrometer (Thermo Fisher Scientific) was used. For separation of 

2-hydroxyisobutyryl-CoA and 3-hydroxybutyryl-CoA, the Kinetex PFP column was run 

isocratically with 95% 100 mM ammonium acetate and 5% acetonitrile for 10 minutes at 

a flow rate of 0.75 ml/min at 40°C; 5 µl were injected. For separation of the CoA esters 

(e.g. acetoacetyl-CoA), a Synergi polar RP column was used with a gradient from 2% to 
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100% eluent B between 2 and 18 min at a flow rate of 0.25 ml/min; eluent A was 30 mM 

ammonium acetate, and eluent B acetonitrile containing 0.1% acetic acid. 
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Fig.S1AB Sequence alignment (MEGA6 software) on amino acid level of large (A) and small (B) 

subunit of the mutase.  

Asterisks indicate identical residues in all sequences; grey indicate identical sequences in Hcm sequences 

may be important for substrate specificity; black highlighted indicates the highly conserved B12-binding 

domain. 
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Fig. S2AB LC-MS/MS ion traces following the educt decrease (3-hydroxybutyryl-CoA) and product 

formation (acetoacetyl-CoA) in an enzyme assay performed with recombinant dehydrogenase 

(DebiaDRAFT_04571). A. Time course of educt decrease (quasimolecular ion m/z 854) and product 

formation (quasimolecular ion m/z 852) monitoring the specific ion traces m/z 347 and 344 of the MS/MS 

fragmentation of 3-hydroxybutyryl-CoA and acetoacetyl-CoA. B. ESI-MS/MS [M+H]+ of the quasimolecular 

ion m/z 852 of acetoacetyl-CoA. 
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Fig. S3 NMR spectra from CoA ester synthesis and precursors 
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Abstract 

A simple and short high-performance liquid chromatography (HPLC) method for the 

separation of structural isomers of short-chain aldehydes is presented. Some aldehydes 

were not available as reference compounds, therefore, synthesis routes for some hydroxy 

aldehydes and their dinitrophenylhydrazone derivatives are reported. The reported 

method has a low detection limit (2.4 – 16.1 µg/L) and shows good linearity and 

reproducibility for various tested aldehydes. 

 

1. Introduction 

Low-molecular-weight aldehydes and ketones are quite volatile and reactive molecules 

and tend to form larger compounds by spontaneous reactions, i.e. aldol addition. This 

tendency, together with further degradation by oxidation makes their quantitative 

determination in biological samples quite difficult. Classically, aldehydes are identified 

after transformation to their hydrazones by derivatization with 2,4-dinitrophenylhydrazine 

(DNPH). These are stable, non-volatile and often crystalline solids with a sharp melting 

point. Aldehydes and their DNPH derivatives can be determined by gas chromatographic 

methods [1, 2]  or, more commonly, the DNPH derivatives are quantified by HPLC on 

standard C18-phases using water (or buffer)/acetonitrile (ACN) mixtures as eluent. 
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Unfortunately, these methods do not allow a separation of structural isomers, like butanal 

DNPH and isobutanal DNPH or their hydroxy analogues [3-7]. Separation of butanal and 

isobutanal was achieved in a non-aqueous system with hexane as an eluent, but this 

protocol is not applicable for use with aqueous samples as they are commonly employed 

in biological analyses [8]. As possible intermediates of acetone degradation by sulfate 

reducing bacteria, the determination of 2-hydroxyisobutanal, 3-hydroxybutanal and 

acetoacetaldehyde turned out to be essential for the elucidation of a proposed 

biochemical pathway [9, 10]. No method for the analytical separation and quantification of 

these hydroxy aldehydes has been described in the literature. The same holds true for 

their non-hydroxylated congeners butanal and isobutanal. 

In the present work, we describe the synthesis of 2-hydroxyisobutanal, 3-hydroxybutanal 

and acetoacetaldehyde and their DNPH derivatives, and a short method for separation 

and detection of butanal, isobutanal, 2-hydroxyisobutanal, 3-hydroxybutanal, and 

acetoacetaldehyde (in the form of the corresponding [1H]-pyrazole) as DNPH derivatives. 

This method is also applicable to other aldehyde DNPH derivatives (e.g. for formaldehyde, 

acetaldehyde, acetoin, acetone, crotonaldehyde, and other short-chain 

aldehydes/ketones).  

 

2. Methods/Experimental section 

2.1 Reagents 

For HPLC and sample preparation, water from a Milli-Q Water System (Millipore) was 

used. ACN was HPLC grade (HiPerSolv CHROMANORM) from VWR Chemicals 

(Germany). 
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All chemicals were at least of analytical grade and were purchased from Sigma-Aldrich 

(Germany), DNPH standards (formaldehyde, acetaldehyde, acrolein, acetone, 

crotonaldehyde, butyraldehyde and isobutyraldehyde) were purchased as TraceCERT 

standards from SUPELCO (USA). 

 

2.2 Apparatus 

A Shimadzu Prominence HPLC system equipped with a Kinetex® PFP column (5 µm, 100 

Å, 250 x 4.6 mm; Phenomenex, USA) and a photodiode array (PDA) detector (SPD-M20A) 

was used. A binary gradient system was used for separation consisting of 50% H2O (MilliQ 

water) and 50% acetonitrile (ACN) kept isocratic during the first 19 minutes of the run, 

followed by a rapid increase of ACN to 100% during minutes 19 – 20 and kept at 100% 

ACN for one minute. A reversion during minutes 21 – 22 back to initial concentrations of 

50/50 (H2O/ACN) was set before finally re-equilibrating the column for 8 minutes. The flow 

rate was 1 ml per min and the injection volume was 5 µl. The temperature was set to 40°C 

(column oven and flow cell). The wavelength for detection was 360 nm with 550 nm set 

as reference wavelength. 

 

2.3 Synthesis of aldehydes and DNPH derivatives 

2.3.1 General remarks 

NMR spectra were measured on Bruker Avance 400 and Bruker Avance DRX 600 

spectrometers. Trace impurities of protonated within deuterated solvent were used as 

reference. The following reference values were used: CDCl3:  = 7.26 ppm (1H NMR),  = 

77.16 ppm (13C NMR); d6-DMSO:  = 2.50 ppm (1H NMR),  = 39.51 ppm (13C NMR). d8-

THF:  = 1.73, 3.58 ppm (1H-NMR),  = 25.37, 67.57 ppm (13C-NMR). Data were 
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processed using the software MestReNova (v. 10.0). The following abbreviations were 

used for NMR data: s: singlet; d: doublet; t: triplet; q: quartet; m: multiplet. Structure 

assignments were done based on 2D-NMR (COSY, HMBC, HSQC) experiments. 

 

2.3.2 4,4-Dimethoxybutan-2-ol (1):  

4,4-Dimethoxybutan-2-one (5.00 g, 37.8 mmol) was dissolved in CH2Cl2 (100 ml) and 

NaBH4 (1.43 g, 37.8 mmol) in MeOH (20 ml) was added in portions of ~ 3 ml each. The 

reaction mixture was stirred at r.t. for 3 h. Water (100 ml) was added, phases were 

separated and the aqueous phase was extracted with CH2Cl2 (2 x 50 ml). The combined 

organic phases were washed with saturated aqueous NaCl brine (50 ml), dried over 

MgSO4, and the solvent was evaporated. 1 was obtained as a colorless oil (4.29 g, 32.00 

mmol, 84%).  

1H NMR (400 MHz, Chloroform-d)  4.57 (dd, J = 6.0, 5.1 Hz, 1H, C(OCH3)2), 4.13 - 3.87 

(m, 1H, COH), 3.38 (s, 3H, OCH3), 3.35 (s, 3H, OCH3), 1.91 - 1.60 (m, 2H, CH2), 1.20 (d, 

J = 6.3 Hz, 3H, CH3).  

13C NMR (101 MHz, Chloroform-d)  104.1 (C(OCH3)2), 64.8 (COH), 53.9 (OCH3), 53.0 

(OCH3), 41.1 (CH2), 23.5 (CH3). 

 

2.3.3 (E)-1-(2-(2,4-Dinitrophenyl)hydrazono)-2-methylpropan-2-ol (2):  

1,1-Dimethoxy-2-methylpropan-2-ol (1.00 g, 7.46 mmol) was dissolved in acetonitrile (200 

ml), then H2SO4 (1.0 g, 10.2 mmol) and water (750 mg, 38.9 mmol) were added and the 

mixture stirred at r.t. for 3 h. Na2SO4 (5 g) and (2,4-dinitrophenyl)hydrazine (stabilized with 

50 wt% water , 2.95 g, 7.46 mmol) were added and the mixture was stirred for 3 h, then 

adjusted to pH 7.0 using solid KHCO3 and filtered. The filtrate was evaporated, the product 
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was isolated by column chromatography (DCM, then DCM:MeOH 20:1) and recrystallized 

from ethanol to obtain 2 as red needle-shaped crystals (327 mg, 1.22 mmol, 16%).  

1H NMR (400 MHz, DMSO-d6)  11.31 (s, 1H, NH), 8.84 (d, J = 2.7 Hz, 1H, Har), 8.35 (dd, 

J = 9.6, 2.7 Hz, 1H, Har), 8.01 (s, 1H, N=CH), 7.90 (d, J = 9.6 Hz, 1H, Har), 5.15 (s, 1H, 

OH), 1.33 (s, 6H, CH3).  

13C NMR (101 MHz, DMSO-d6)  158.8 (C=N), 145.0 (Car), 136.7 (Car), 129.7 (Car), 129.1 

(Car), 122.9 (Car), 116.4 (Car), 69.7 (COH), 27.4 (CH3). 

 

2.3.4 (E)-4-(2-(2,4-Dinitrophenyl)hydrazono)butan-2-ol (3):  

The compound was prepared following the same procedure as for (E)-1-(2-(2,4- 

dinitrophenyl)hydrazono)-2-methylpropan-2-ol 2 using 4,4-dimethoxybutan-2-ol (1) (500 

mg, 3.73 mmol), H2SO4 (500 mg, 5.10 mmol), water (350 mg, 19.43 mmol), (2,4-

dinitrophenyl)hydrazine (stabilized with 50 wt% water, 1.48 g, 3.73 mmol) and 

Na2SO4 anhydr. (2.5 g). The product was obtained in form of yellow crystals (220 mg, 0.82 

mmol, 22%).  

1H NMR (400 MHz, DMSO-d6)  11.34 (s, 1H, NH), 8.83 (d, J = 2.7 Hz, 1H, Har), 8.32(dd, 

J = 9.7, 2.7 Hz, 1H, Har), 8.02 (t, J = 5.9 Hz, 1H, N=CH), 7.85 (d, J = 9.7 Hz, 1H, Har), 4.77 

(d, J = 4.7 Hz, 1H, OH), 4.03 - 3.79 (m, 1H, HCOH), 2.41 (t, J = 5.9 Hz, 2H, CH2), 1.15 (d, 

J = 6.2 Hz, 2H, CH3).  

13C NMR (101 MHz, DMSO-d6)  153.6 (N=CH), 144.7 (Car), 136.5 (Car), 129.7 (Car), 128.6 

(Car), 123.0 (Car), 116.3 (Car), 64.3 (COH), 42.0 (CH2), 23.4 (CH3). 
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2.3.5 (E)-4-(2-(2,4-Dinitrophenyl)hydrazono)butan-2-one (4):  

4,4-Dimethoxybutan-2-one (985 mg, 7.46 mmol) was dissolved in acetonitrile (200 ml) 

and H2SO4 (1.00 g, 10.20 mmol) and water (38.9 mmol) were added and stirred at r.t. for 

2.5 h. The pH was adjusted to 5.0 by addition of KHCO3, then Na2SO4 (5 g) and 

(2,4-dinitrophenyl)hydrazine (stabilized with 50 wt% water, 2.95 g, 7.46 mmol) were added 

and the mixture was stirred for 1 h, then neutralized with KHCO3 (pH= 7.0), filtered and 

evaporated. An analytically pure sample (30 mg, 0.11 mmol) was obtained by semi-

preparative HPLC (Acetonitrile).  

1H NMR (400 MHz, DMSO-d6)  11.46 (s, 1H, NH), 8.83 (d, J = 2.7 Hz, 1H, CHar), 8.34 

(dd, J = 9.6, 2.7 Hz, 1H, CHar), 8.08 (t, J = 5.7, 1H, N=CH), 7.83 (d, J = 9.6 Hz, 1H, CHar), 

3.62 (d, J = 5.7 Hz, 2H, CH2), 2.21 (s, 3H, CH3).  

Remarks: 

Isolation of (E)-4-(2-(2,4-Dinitrophenyl)hydrazono)butan-2-one (4) was found difficult; 4 

degrades on silica gel, mostly by formation of 1-(2,4-dinitrophenyl)-5-methyl-1H-pyrazole 

(Scheme 1). An attempted recrystallization failed due to the compound’s sensitivity to 

increased temperatures (> 40°C).  

 

 

Scheme 1: Decomposition of (E)-4-(2-(2,4-Dinitrophenyl)hydrazono)butan-2-one (4) to form pyrazole 8.  

 

Compound 4 dissolved in d6-DMSO (neutral, water free conditions) was found to 

decompose slowly with t1/2= 6 h. 
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2.3.6 Acetoacetaldehyde (3-Oxobutanal) (5):  

4,4-Dimethoxybutan-2-one (3.00 g, 22.70 mmol) was dissolved in water (100 ml) and 

conc. HCl (10 ml) was added. The mixture was stirred for 20 min, then extracted with 

CH2Cl2 (3x 30 ml). The combined organic phases were dried over MgSO4 and the solvent 

was evaporated. The product was isolated by evaporation directly from the crude at r.t. 

into a cold trap kept at -196°C and subsequently stored at -80°C. The product is a 

colorless oil at -20°C (712 mg, 8.27 mmol, 36%). Its NMR shows signals of both, keto and 

enol-form in a ratio of 1:6 at 20°C in chloroform-d. 

1H NMR (400 MHz, Chloroform-d)  9.82 (s, 1H, CHO (ketone)), 7.89 (d, J = 4.2 Hz, 1H, 

CHO (enol)), 5.54 (d, J = 4.2 Hz, 1H, C=CH (enol)), 3.54 (d, J = 2.3 Hz, 2H, CH2 (ketone)), 

2.26 (s, 3H, CH3 (ketone)), 2.11 (s, 3H, CH3 (enol)).  

13C NMR (101 MHz, Chloroform-d)  196.9 (C=O (enol)), 175.6 (HOC=C (enol)), 102.5 

(HOC=C (enol)), 26.4 (CH3 (enol)); Signals of the keto-tautomer are omitted because of 

low signal-to-noise ratio. 

 

2.3.7 2-Hydroxyisobutanal (2-Hydroxy-2-methylpropanal) (6):  

Following the method reported in the literature [11], 1,1-dimethoxy-2-methylpropan-2-ol 

(537 mg, 4.00 mmol) was dissolved in deionized water (40 ml) and acidic ion exchange 

resin (Merck Ion exchanger type I) was added. The suspension was stirred at r.t. for 5 h, 

then the resin was filtered off. The solution was concentrated at reduced pressure at 40°C 

to remove methanol. Finally, the concentration of the product in aqueous solution was 

adjusted to 100 mM by addition of deionized water.  

1H NMR (400 MHz, Deuterium oxide)  9.58 (s, 1H, CHO), 1.38 (s, 6H, CH3). 
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2.3.8 3-Hydroxybutanal (7):  

The compound was prepared following the same procedure as for 2-hydroxyisobutanal 

(6) using 4,4-dimethoxybutan-2-ol 1 (537 mg, 4 mmol) in deionized water (40 ml) and a 

reaction time of 26 h.  

1H NMR (400 MHz, Deuterium Oxide)  9.75 (t, J = 2.2 Hz, 1H, CHO), 4.49 - 4.39 (m, 1H, 

CH(OH)), 2.79 - 2.65 (m, 2H, CH2), 1.30 (d, J = 6.2 Hz, 3H, CH3). 

Both stock solutions of hydroxybutanals 6 and 7 were stored at -80°C and used for all 

subsequent experiments. 

 

2.3.9 1-(2,4-Dinitrophenyl)-5-methyl-1H-pyrazole (8):  

2,4-Dinitrophenylhydrazine (stabilized with 50 wt% water, 1.50 g, 3.78 mmol) was 

suspended in ethanol (10 ml) and H2SO4 (2 ml) was added until DNPH was completely 

dissolved. 4,4-Dimethoxybutan-2-one (500 mg, 3.78 mmol) in ethanol (12 ml) was added 

and the mixture was stirred at r.t. for 45 min. The reaction was quenched with NaHCO3, 

and water (50 ml) and CH2Cl2 (50 ml) were added. The phases were separated, the water 

phase was extracted with CH2Cl2 (3x 30 ml) and the combined organic phases were dried 

over MgSO4. The solvent was evaporated, the product was isolated by column 

chromatography (gradient PE:EE 10:1 to 5:1) in form of a yellow solid (505 mg, 2.03 mmol, 

54%).  

1H NMR (400 MHz, Chloroform-d)  8.64 (d, J = 2.5 Hz, 1H, Hphenyl), 8.47 (dd, J = 8.9, 2.5 

Hz, 1H, Hphenyl), 7.83 (d, J = 8.9 Hz, 1H, Hphenyl), 7.66 (d, J = 2.6 Hz, 1H, Hpyr), 6.37 (d, J 

= 2.6 Hz, 1H, Hpyr), 2.34 (s, 3H, CH3).  

13C NMR (101 MHz, Chloroform-d)  153.97 (Car), 137.40 (Car), 130.28 (Car), 127.49 (Car), 

125.41 (Car), 121.23 (Car), 110.60 (Car), 13.76 (CH3). 
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2.4 Sample preparation  

Standards of DNPH derivatives were dissolved in ACN and diluted 50:50 with water. For 

biological samples, and depending on the aldehyde, either the method described by 

Koivusalmi et al. [3] was used or, in case of 3-hydroxybutanal, a derivatization reagent 

containing 5 mg DNPH, 0.05 % conc. H3PO4 (v/v) in 10 ml ACN, was mixed 50:50 with an 

aqueous sample and left at room temperature for 30 min. The latter allowed on the one 

hand a derivatization under very mild conditions, to prevent dehydration of 

3-hydroxybutanal to crotonaldehyde which becomes the main reaction at temperatures 

above 40°C in acidic media. On the other hand, it allows a fast precipitation of proteins 

(due to the ACN), which are usually included in enzyme assay samples, and therefore a 

fast and easy preparation of HPLC samples. 

 

3. Results and discussion 

3.1 Method optimization 

Initially, we used a C18 column (Eurospher II 100-5 C18 KNAUR, 125 x 3 mm) with variable 

ACN/H2O concentrations as eluent, but this way no separation of butanal-DNPH and 

isobutanal-DNPH was achieved. We lateron used the Kinetex® PFP column (5µm, 100 Å, 

250 x 4.6 mm; Phenomenex, USA) with 60/40 ACN/H2O as eluent as provided by the 

Certificate of Analysis from SUPELCO standards. This column allowed a separation of 

around 0.3 minutes between butanal-DNPH and isobutanal-DNPH. Best separation was 

achieved with 50/50 ACN/H2O with around 0.8 min between butanal-DNPH and 

isobutanal-DNPH (0.5 min between 3-hydroxybutanal-DNPH and 
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2-hydroxyisobutanal-DNPH). Consequently, these conditions were used for all 

subsequent samples.  

 

3.2 Synthesis 

1,1-Dimethoxybutan-3-ol (1) was accessible by sodium borohydride reduction of 

1,1-dimethoxybutan-3-one while the two dimethylacetals of aldehydes 5 and 6 were 

commercially available. Generation of the pure aldehydes from their corresponding 

acetals proved to be more complicated than originally anticipated. We attribute this mainly 

to their high reactivity, resulting in fast decomposition of the isolated compounds at room 

temperature. Cleavage of acetal 1 proceeds smoothly in aqueous HCl to yield 

acetoacetaldehyde 5. Isolation of instable acetoacetaldehyde 5 from oligomers formed by 

rapid decomposition was achieved by careful vacuum transfer into a liquid-nitrogen-

cooled cold trap. Acetoacetaldehyde 5 was shown to be temporarily stable in diluted 

aqueous solution, neat 5 decomposes rapidly when stored above -20°C; long-term 

storage demands temperatures at or below -80°C. Neat hydroxy(iso)butanals 6 and 7 

were not stable but were shown to be fairly stable in dilute aqueous solution. Therefore, 

direct synthesis of these compounds in the media used to obtain aqueous stock solutions 

was necessary. The corresponding diethoxyacetals were hydrolyzed with the aid of acidic 

anion-exchange resin utilizing the easy removability of the proton source from the medium 

and omitting further neutralization steps that could lead to impurities such as inorganic 

salts.  

For DNPH derivatization of ketones/aldehydes, commonly Brady’s reagent is employed. 

However, DNPH derivatives 2 and 3 are not accessible with this method, due to 

dehydration to the corresponding -.unsaturated hydrazones. In case of compound 2, 
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additionally significant amounts of its corresponding ethyl ether were obtained upon 

treatment with Brady’s Reagent. Thus, a two-step method was employed: Acetals were 

hydrolyzed in a separate process, in a second step DNPH derivatization was achieved 

with only 0.5% H2SO4 (compared to the 50% H2SO4 of the original Brady protocol) to 

prevent side reactions. Acetonitrile was chosen as reaction medium due to good solubility 

of all reagents, whereas the solubility of DNPH in EtOH is drastically reduced if lower 

concentrations of H2SO4 are employed. To shift the equilibrium and to compensate for the 

water binding ability of H2SO4, a water binding agent had to be added as evident by crude 

NMR. Crude yields are generally high, but multiple recrystallizations in favor of high purity 

led to diminished yields.  

The DNPH derivative 4 of keto-aldehyde 5 is prone to form the corresponding 

[1H]-pyrazole 8 already at r.t. Under reaction conditions employed in the HPLC method 

the direct formation of pyrazole 8 can be expected. Consequently, the pyrazole was 

prepared and chosen as reference substance for the validation of the HPLC method. The 

DNPH derivative 4 as the initial product of the derivatization was obtained by quenching 

the hydrolysis of the acetal with solid KHCO3 and adjusting the pH to 5 before addition of 

DNPH. Condensation of the so formed DNPH derivative was thus slowed down 

tremendously and allowed the isolation of 4. Subsequent tests on the stability of 4 

confirmed the expected instability towards reaction to the [1H]-pyrazole.  

 

3.3 Compound identification during HPLC separation 

Every compound was tested at first as single substance to determine its specific retention 

time. Afterwards, a mixture of different aldehyde-DNPH derivatives (Fig. 1AB; A = Mix 1: 

formaldehyde, acetaldehyde, acrolein, acetone, crotonaldehyde, butyraldehyde and 
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isobutyraldehyde; B = Mix 2: 3-hydroxybutanal, 2-hydroxyisobutanal and 

acetoacetaldehyde (as pyrazole)) was measured. DNPH derivatives of hydroxy aldehydes 

eluted clearly earlier than DNPH derivatives of the non-hydroxy aldehydes. DNPH 

derivatives of unsaturated aldehydes eluted slightly before DNPH derivatives of saturated 

compounds. Finally, DNPH derivatives of branched aldehydes eluted later than their linear 

congeners. Generally, the retention time increased with increasing chain length. 

Measurement of formaldehyde-DNPH and acetoacetaldehyde-DNPH (as pyrazole) 

together in one sample was not performed, as they were not expected to occur together 

in one sample. 

 

 

Fig. 1 AB: Exemplary chromatogram of DNPH mixtures 1 (A; aldehydes and ketones) and 2 (B; 

hydroxy-aldehydes and pyrazole) at 360 nm 
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3.4 Detection limit, reproducibility and linearity 

The developed HPLC method was analyzed for detection limit, quantification limit, 

reproducibility, and linearity. 

Limit of detection (LOD) and limit of quantification (LOQ) for the different aldehyde-DNPH 

derivatives were calculated on the basis of the smallest calibration standards and defined 

as S/N ration of 3 and 10, respectively. The data are collected in Table 1. The detection 

and quantification limits are quite low, in the concentration range of µg/L. The detection 

limits are comparable to those reported by Koivusalmi et al. [3]. 

 

Table 1: Detection limits and quantification limits of several DNPH derivatives. 

standard 
Limit of detection 

(µg/L) (S/N = 3) 
Limit of quantification (µg/L) 

(S/N = 10) 

Formaldehyde-DNPH 2.4 8.2 

Acetaldehyde-DNPH 3.3 10.9 

Acrolein-DNPH 4.4 14.6 

Acetone-DNPH 5.8 19.4 

Crotonaldehyde-DNPH 7.1 23.6 

Butyraldehyde-DNPH 10.3 34.3 

Isobutyraldehyde-DNPH 11.1 37.0 

3-Hydroxybutyraldehyde-DNPH 5.1 16.9 

2-Hydroxyisobutyraldehyde-DNPH 4.4 14.8 

acetoacetaldehyde -DNPH (as pyrazole) 
 

16.1 53.7 

 

Calibration lines (Fig. 2AB; A = Mix 1; B = Mix 2) of the different DNPH derivatives exhibit 

excellent linearity (R2 = 0.9997 - 1) even for higher concentrations (5 µg/ml for mix 1; 10 

µg/ml for mix 2). The retention times were quite stable for all tested substances, showing 

also a high reproducibility (RT RSD below 2%) as displayed in Table 2. All concentrations 

were measured with a minimum of five replicates. 
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Fig. 2 AB: Linearity plot of DNPH mixtures 1 (A; aldehydes and ketones) and 2 (B; hydroxy-aldehydes 

and pyrazole) at 360 nm 
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Table 2: Retention times with RT RSD % of several DNPH derivatives 

compound RT RT RSD % 

Formaldehyde-DNPH 6.43 1.4 

Acetaldehyde-DNPH 8.09 1.4 

Acrolein-DNPH 9.98 1.6 

Acetone-DNPH 10.48 1.5 

Crotonaldehyde-DNPH 12.85 1.8 

Butyraldehyde-DNPH 14.74 1.8 

Isobutyraldehyde-DNPH 15.55 1.9 

3-Hydroxybutyraldehyde-DNPH 5.13 0.3 

2-Hydroxyisobutyraldehyde-DNPH 5.63 0.4 

acetoacetaldehyde -DNPH (as pyrazole) 
 

6.55 0.3 

 

 

4. Conclusions 

This work describes the synthesis of 2-hydroxyisobutanal, 3-hydroxybutanal and 

3-ketobutanal (acetoacetaldehyde), as well as the synthesis of their respective DNPH 

derivatives. Furthermore, an HPLC method is described that allows proper separation of 

the synthesized DNPH derivatives, as well as separation of DNPH derivatives of other 

aldehydes and ketones. Of special interest is the fact that structural isomers (e.g. butanal 

and isobutanal; 2-hydroxyisobutanal and 3-hydroxybutanal) can be separated by this 

method. 
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CHAPTER 5 General Discussion 

 

The pathway of acetone degradation in Desulfococcus biacutus is under research since 

more than 25 years (Platen et al., 1990). Only one further acetone-degrading sulfate 

reducer has been described: Desulfosarcina cetonica (Janssen & Schink, 1995b). 

Acetoacetate, the key intermediate of acetone degradation by aerobic and 

nitrate-reducing bacteria, was excluded as intermediate. Therefore, the assumption of a 

direct carbonylation of acetone arose. Indeed, hints for an ATP- and TDP-dependent 

carbonylation of acetone to the unstable intermediate acetoacetaldehyde were found 

(Gutiérrez Acosta et al., 2013; Gutiérrez Acosta et al., 2014a). Furthermore, sequencing 

of the genome of D. biacutus allowed comparative proteomic studies, revealing two gene 

clusters harboring genes of acetone-induced enzymes. During this thesis, an acetone-

induced enzyme (Chapter 2) was characterized that was capable of reducing aldehydes 

to alcohols and vice versa. This recombinant, purified dehydrogenase was also able to 

oxidize 3-hydroxybutanal (also named 3-hydroxybutyraldehyde) to acetoacetaldehyde 

(Frey et al., 2016). Additionally, in CFE of D. biacutus activities of CoA-acylating 

dehydrogenases with 3-hydroxybutanal and acetoacetaldehyde were identified (Gutiérrez 

Acosta et al., 2013; Frey et al., 2016). In the gene cluster of this 3-hydroxybutanal 

dehydrogenase, also a sequence of a 3-hydroxybutyryl-CoA dehydrogenase 

(DebiaDRAFT_04512) is present which could be a CoA-acylating dehydrogenase acting 

on aldehydes. These findings supported the plausibility of the “aldehyde branch” of 
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acetone degradation (Figure 3). Additionally, an HPLC method for separation of several 

short-chain aldehydes (including 2-hydroxyisobutyraldehyde, 3-hydroxybutyraldehyde 

and acetoacetaldehyde) was developed (Chapter 4). The putative intermediate 

2-hydroxyisobutyraldehyde (also termed 2-hydroxyisobutanal) has not yet been found in 

enzymatic assays, but if this compound is one of the intermediates in acetone 

degradation, either an enzyme for an isomerization to 3-hydroxybutanal, a CoA-acylating 

dehydrogenase or both have to be present in D. biacutus. However, proteomic data of 

other acetone-induced enzymes (a TDP-dependent enzyme, a B12-dependent mutase 

and a dehydrogenase; all encoded in one gene cluster) indicated the involvement of CoA 

esters (Gutiérrez Acosta et al., 2014b). Therefore, a different concept was developed 

involving formyl-CoA (“activated CO/formate”) which could be fused with acetone to form 

2-hydroxyisobutyryl-CoA. In the present study, it could be shown that a B12-dependent 

2-hydroxyisobutyryl-CoA mutase and a NAD+-dependent 3-hydroxybutyryl-CoA 

dehydrogenase are two of the three induced enzymes, encoded together in one gene 

cluster, which both utilize CoA esters (Chapter 3). These acetone-induced enzymes are 

supposed to play a major role during acetone degradation, and their actual functions have 

been determined. This mutase showed the ability to catalyze the isomerization of 

2-HIB-CoA (a proposed intermediate in acetone degradation) to form 3-HB-CoA. The 

latter was oxidized to acetoacetyl-CoA by the here described 3-hydroxybutyryl-CoA 

dehydrogenase.  The third acetone-induced enzyme described above is a 

TDP-dependent protein, proposed to mediate a nucleophilic attack of an activated formyl 

residue on acetone, is still under research and has not yet been characterized (“CoA ester 

branch”; Fig. 3).  
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Figure 3: Proposed pathway with an “aldehyde branch” and a “CoA ester branch”. Enzymes with proven 

function are described by their respective IMG locus tag. 

Nevertheless, the initial reaction is still not yet understood. There are some possibilities 

for an initial reaction of acetone with an activated formyl residue, the chemistry for both 

reactions is comparable. Either the formyl residue could be bound to TDP in the respective 

enzyme, which allows a nucleophilic attack on the C2-carbon of acetone, leading to the 

branched aldehyde 2-hydroxyisobutanal or formyl-CoA could be bound to TDP in the 

same way, leading to a similar reaction with acetone, ending up with 

2-hydroxyisobutyryl-CoA (Figure 4). The latter would be a reversal of a comparable 

reaction in the α-oxidation of branched CoA esters. This reaction is also mediated by a 

TDP-dependent enzyme that catalyzes the splitting of a 2-hydroxy-3-methyl-branched 

acyl-CoA ester into a 2-methyl-branched fatty aldehyde and a formyl-CoA (Casteels et al., 
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2007). Furthermore, it is possible that the branched aldehyde is converted to a CoA ester 

by a CoA-acylating dehydrogenase and processed further. In chemistry, there is also the 

possibility to synthesize acetonyl-CoA (S-(2-oxopropyl)coenzyme A), but this has been 

described as a non-reactive acetyl-CoA analog, and is therefore not a very likely reaction 

compound (Rubenstein & Dryer, 1980). Furthermore, this compound would not allow a 

comparable reaction at the TDP-dependent enzyme, and there is also no description of a 

natural occurrence of this compound. Therefore, acetonyl-CoA is not assumed to be an 

intermediate in the acetone degradation pathway. 

 

Figure 4: Putative mechanisms for activation of acetone with 

formyl-CoA leading to 2-hydroxyisobutyryl-CoA (A) or with a formyl 

residue leading to 2-hydroxyisobutanal (B) at an enzyme-bound TDP. 
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However, to date it is not known how D. biacutus forms an activated formyl residue, but 

several plausible possibilities can be suggested (Figure 5). First, formyl-CoA can be 

formed from CO via a CoA-acylating dehydrogenase. Therefore, either an enzyme-bound 

formyl residue or the generation of formaldehyde from CO, formate or methylene-THF 

could be imagined. Some enzymes have been described using formaldehyde for the 

generation of CoA esters, although their activities are quite low (e.g. around 18 mU mg-1 

protein for Giardia dehydrogenase) (Sánchez, 1998; Zhao et al., 2009). The latter would 

not even require ATP, only an electron acceptor like NAD(P)+ or probably ferredoxin.  

Formation of formyl-CoA could also be performed by converting CO into formate 

(Mazumder et al., 1985), as D. biacutus expresses the necessary enzymes (CO 

dehydrogenase and formate dehydrogenase), and then activate it with ATP (probably 

forming formyl phosphate as intermediate) to formyl-CoA. A possible candidate gene in 

the D. biacutus genome would be the gene of an acyl-CoA synthetase 

(DebiaDRAFT_00009). This assumption is additionally supported by the occurrence of a 

similar gene in D. cetonica (IMG locus tag: Ga0122881_10527), and in the two potential 

acetone degraders D. arcticum (IMG locus tag: Ga0056061_04013) and D. geothermicum 

(IMG locus tag: Ga0056068_101178). 

On the other hand, the formyl residue could be directly provided by, e.g., 

formyl-tetrahydrofolate (THF) (formation of formyl-THF from formate would require one 

ATP) or an enzyme-bound formyl residue (e.g. in CO dehydrogenase) (Ragsdale, 2008; 

Ragsdale & Pierce, 2008; Schuchmann & Müller, 2014). A use of methylene-THF 

(sometimes described as “active formaldehyde” or “active hydroxymethyl”) as formyl 

residue donor has also to be considered (Osborn et al., 1957; Leys et al., 2003).  The 
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necessary enzymes are present in D. biacutus, as it uses the reversed Wood-Ljungdahl 

pathway for oxidation of acetyl-CoA to CO2 (Gutiérrez Acosta et al., 2014b).  

 

Figure 5: Various possibilities for generation of formyl-CoA 
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Outlook 

With respect to the latest achievements of the present study, several interesting, still 

unknown aspects could be investigated. On the one hand, there is the heterologous 

overexpression of the TDP-dependent enzyme (IMG locus tag: DebiaDRAFT_04566). A 

plasmid carrying the respective gene is already available, but an expression of protein in 

a soluble, active state was not possible yet. This can be achieved either by testing an 

expression in E. coli under anoxic conditions, as well as using several additional agents 

(e.g. sucrose, Tween, Triton, etc.) to enhance the solubility of this protein (oxic and anoxic 

conditions). On the other hand, the activity of the “formyl activating enzyme” should be 

shown. There are also some further candidate genes whose proteins are upregulated 

during growth with acetone (IMG locus tags: DebiaDRAFT_00009, DebiaDRAFT_00317); 

these genes could also be cloned and overexpressed and examined for their function.  

Furthermore, the “aldehyde branch” of the acetone degradation pathway (Fig. 3) could be 

investigated further, especially the acetone-induced 3-hydroxybutyryl-CoA 

dehydrogenase (IMG locus tag: DebiaDRAFT_04512) which could be a CoA-acylating 

dehydrogenase, potentially capable of converting aldehydes into CoA esters. 

A different approach could be the use of 13C substrates (acetone, formate, CO), to 

discriminate products from potential background. The use of CO or formate isotopes can 

also be useful to clarify whether D. biacutus uses CO or formate as co-substrate. 

Furthermore, D. cetonica and at least one of the Desulfotomaculum strains 

(D. geothermicum and/or D. arcticum) should be tested for their ability to utilize acetone 

as growth substrate. If these strains are capable of utilizing acetone comparative 

proteomics and also enzyme assays could be done to support these predictions. 
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