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1. Introduction 
 
1.1 Preface 
 

In the work presented herein, two major topics were addressed and thus this thesis is 

separated into two main parts: 

The first part (Part I) deals with the metabolism in the third domain of life, the Archaea, and is 

divided into three subsections: In the first subsection (Chapter 3.1), the fatty acid (FA) 

metabolism, which has not been studied in detail in any archaeon so far, was investigated in 

the thermoacidophilic crenarchaeon Sulfolobus acidocaldarius. It was shown that this archaeal 

model organism contains a fully functional largely bacterial-like β oxidation pathway for FA 

degradation which was biochemically characterized in detail. Furthermore, a potential novel 

pathway for FA synthesis acting completely independent from β oxidation was identified and 

characterized. In the second subsection (Chapter 3.2), the glycerol utilization in 

S. acidocaldarius was elucidated and the involved enzymes particularly including an unusual 

glycerol-3-phosphate dehydrogenase (G3PDH) were biochemically characterized. Finally, in 

the third subsection (Chapter 3.3), the current insights in the archaeal underground metabolism 

and metabolic thermoadaptation are discussed which enable especially (hyper)thermophilic 

Archaea including also Sulfolobus spp. to operate their unusual metabolism under conditions 

where many metabolic intermediates are unstable.  

The second main part (Part II) (Chapter 3.4) of this thesis illustrates the high potential of the 

activity-based protein profiling (ABPP) approach in the discovery of novel enzymes. Using this 

methodology, the secretome including wood substrate-bound enzymes of the lignocellulose 

degrading white rot fungus Phanerochaete chrysosporium was analysed and identified active 

enzymes were characterized. This ABPP-based screening can help to identify those active 

enzymes in a process of interest and to find novel biocatalysts that share no sequence 

similarity to known counterparts. 
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Part I 
 
1.2 Archaea  
 
As mentioned in the preface this thesis takes a closer look at the metabolism of the archaeon 

S. acidocaldarius. Archaea have initially been recognized as one of the three domains of life 

together with Bacteria and Eukaryotes based on 16S/18S rRNA sequences and in this tree 

Archaea and Eukaryotes are regarded as sister groups [1]. The first two identified archaeal 

phyla were the Euryarchaeota and the Crenarchaeota [2] (Fig. 1A). At that time Archaea were 

regarded either as extremophilic or as metabolic specialists. However, in recent years different 

metagenomics/environmental molecular biology methods revealed that Archaea are also 

ubiquitously distributed in mesophilic habitats. In addition, they seem to function as important 

players in different environments [3]. Meanwhile, multiple additional new archaeal phyla have 

been found which are now grouped in four major clades, (i) the Euryarchaeota, (ii) the TACK 

(Thaum-, Aig-, Cren-, Korarchaeota) superphylum [4] (iii) the DPANN superphylum 

(Diapherotrites, Parv-, Aenigma-, Nano-, and Nanohaloarchaeota), and (iv) the Asgard 

archaea comprising the Loki-, Thor-, Odin-, and Heimdallarchaeota [5]. New phylogenomic 

analyses and the discovery of the Asgard archaea even suggest that Bacteria and Archaea 

represent the only two primary evolutionary lineages and that the Eukaryotes originated later 

on from within the Archaea [5,6] (Fig. 1B).  
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Figure 1. Evolutionary relationship of Archaea, Eukaryotes and Bacteria. (A) Phylogenetic three-

domain tree of life based on 16S/18S rRNA sequences [2]. (B) Updated phylogenetic two-domain tree 

of life based on 16S/18S rRNA sequences [5,6]. The schematic lipid compositions in Bacteria, 

Eukaryotes and Archaea show that the cell membranes of Bacteria and Eukaryotes consists of fatty 

acid-based ester bound to G3P, while archaeal membrane consists of isoprenoids ether bound to G1P. 
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Archaea share a mixture of certain bacterial properties such as cell organization and DNA 

structure as well as some less complex versions of eukaryotic features such as replication, 

transcription, DNA-repair, and translation [7]. However, although Archaea are similar in 

metabolic complexity and genomic organization compared to Bacteria, they also contain 

specific archaeal features [8]. Regarding their lifestyle or metabolic complexity, Archaea 

resemble Bacteria as well as lower Eukaryotes, and chemolithoautotrophic, 

chemoorgangoheterotrophic, and phototrophic growth was reported [9,10]. This metabolic 

complexity in Archaea is complemented by the absence of many classical pathways. In this 

regard Archaea are characterized by the presence of unique pathways, such as 

methanogenesis, and by some unusual, modified-pathway versions of these classical routes 

[8]. For example, regarding the central carbohydrate metabolism, modified variants of sugar 

degradation pathways such as the Embden-Meyerhof-Parnas (EMP) pathway and the Entner-

Doudoroff (ED) pathway have been identified in Archaea [8]. Furthermore, the pentose 

phosphate pathway (PPP) is only present partly or not at all and thus pentose degradation is 

significantly different from what is known known for bacterial model organisms [8]. 

In addition, unlike the bacterial cell wall that is composed of murein/petidoglycan, most 

Archaea possess surface layer proteins (S-layer) as their cell wall components. In some 

Archaea (for example, Sulfolobus spp.) S-layer proteins are the sole cell envelope constituent, 

whereas in few other Archaea the cell envelope can also contain polymers, including the 

polysaccharides pseudomurein and methanochondroitin (e.g., methanogenic species), while 

S-layers are only completely missing in some members of certain genera [11]. S-layers often 

consist of mushroom-shape (glyco)proteins that are membrane bound via either 

transmembrane domains or lipid-modified subunits. Functionally S-layers serve as protective 

coats, and play key roles in cell adhesion, surface recognition, antifouling and cell shape 

[11,12].  

 

Another characteristic trait of Archaea is their membrane lipid composition [13]. The so called 

“lipid divide” describes the observation that the membrane lipid composition of Archaea is 

essentially different from those in Bacteria and Eukaryotes. While lipids of Bacteria and 

Eukaryotes are comprised of FAs ester-linked to glycerol-3-phosphate (G3P) that form 

membrane bilayers archaeal membrane lipids are made of isoprenoid chains ether-linked to 

glycerol-1-phosphate (G1P) forming either mono-or bilayer membranes (Fig. 1). This ether 

linkage in archaeal lipids is chemically more stable than ester bonds of bacterial/eukaryotic 

lipids and methyl branches of isoprenoid chains potentially support lipid packing [14-16]. Thus, 

since one of the main functions of FAs as key part of membrane phospholipids and thus of 

cell structure in Bacteria and Eukaryotes is substituted by isoprenoids in Archaea, the 

presence and function of FAs in Archaea remains unknown. For this reason, this works details 
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how FAs are degraded by the archaeal model organism S. acidocaldarius and explores its 

potential regarding FA synthesis.  

 

S. acidocaldarius, a member of the Crenarchaeota has been originally isolated from acidic hot 

springs and grows heterotrophically at temperatures around 80°C and a pH of 3.0 [2]. 

S. acidocaldarius is known for its ease of cultivation, genetic tractability as well as metabolic 

versatility allowing the organism to utilize D-glucose, D-xylose, L-arabinose, starch, dextrin, 

saccharose, and proteinaceous substrates like tryptone, NZ amine and single amino acids, 

and in addition several -omics approaches for the organism have been established [17-19]. 

Interestingly, it was shown that two esterases (Saci_1105, Saci_1116) are involved in 

triacylglyceride degradation in S. acidocaldarius [20] and the corresponding genes are 

organized in a gene cluster (saci_1103-saci_1126) together with several genes encoding 

homologues of all proteins necessary for a functional β oxidation. Furthermore, it was shown 

that S. acidocaldarius can use FAs, i.e., butyrate and hexanoate, as sole source for carbon 

and energy for growth [21]. One gene within this gene cluster, saci_1107, encodes a 

transcriptional regulator from the TetR-family that was shown to exclusively bind in the 

saci_1103-saci_1126 gene cluster and to regulate its own expression in addition to many 

genes encoding for β oxidation homologues [21]. Chapter 3.1 describes the characterization 

of those homologous and elucidates a pathway for FA degradation in S. acidocaldarius and 

additionally indicates a novel potential pathway for FA synthesis. Furthermore, as outlined 

above, S. acidocaldarius is able to cleave triacylglycerides by means of esterases into FAs 

and glycerol and therefore chapter 3.2 further reexamines the utilization of glycerol by 

S. acidocaldarius, previously regarded as a non-glycerol utilizer [17] and compares this 

breakdown with known pathways from Bacteria and Eukaryotes. Lastly, as a 

thermoacidophilic archaeon S. acidocaldarius has evolved strategies to mitigate metabolic 

instabilities associated with high temperatures and chapter 3.3 discusses how the metabolism 

of organisms such as S. acidocaldarius is adapted to growth at high temperatures. 
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1.3 FA degradation via a largely bacterial like β oxidation in S. acidocaldarius 
 
As described in the preface this work takes a closer look at a potential pathway for FA 

degradation in S. acidocaldarius as presented in chapter 3.1. The ability of several Archaea to 

degrade FA based lipids to free FAs and glycerol by means of esterases and lipases in vivo 

was recently analyzed in detail for S. acidocaldarius, Saccharolobus solfataricus, and 

Haloferax volcanii [19,20]. In addition, a previous reports suggest that some Archaea might be 

able to utilize FAs as carbon and energy source (e.g., haloarchaea and Archaeoglobus 

fulgidus) via homologues of a bacterial-like β oxidation pathway, and homologues of bacterial-

like β oxidation genes have been identified in several Archaea, although detailed analyses 

have not been reported so far [22]. As mentioned, it was already shown that S. acidocaldarius 

can utilize FAs as a sole carbon and energy source and contains a gene cluster encoding for 

homologues of a bacterial-like β oxidation (saci_1103-saci_1126) that is regulated by a 

TetR-family transcription factor [21], however it was not shown that the enzymes in this 

genecluster could actually take part in FA degradation. To further study the FA metabolism this 

work analysed chosen enzymes encoded in the saci_1103-1126 gene cluster and their 

functional role in β oxidation. The respective genes were cloned and heterologously expressed 

in Escherichia coli, and the recombinant proteins were purified and biochemically 

characterized to analyse how S. acidocaldarius could be able to degrade FAs and the 

elucidated pathway is depicted in Fig. 2A.  

 

To allow for degradation of free FAs, they first need to be activated to the corresponding acyl-

CoA esters, carried out by AMP-forming acyl-CoA synthetases (ACS) using ATP which then 

get degraded via β oxidation, the concerted consecutive action of four different enzymes. 

Three homologues (Saci_1111, Saci_1122, and Saci_1126) are encoded within the gene 

cluster and the coding function of Saci_1122 was confirmed. The recombinant protein 

catalysed the HS-CoA and ATP dependent activation of FAs forming acyl-CoAs as product 

with the highest activity towards chain lengths between C5 and C8, while no activity was 

observed with FAs longer than C10 classifying the enzyme as medium chain acyl-CoA 

synthetase. 

 

In the first step of the β oxidation cycle acyl-CoA dehydrogenases (ACAD) catalyse the 

formation of a double bound at the α-β position of an acyl-CoA oxidizing it to a respective 

enoyl-CoA ester [23]. Generated electrons are then transferred via the electron transfer 

flavoprotein (ETF) to the membrane bound electron transfer flavoprotein-ubiquinone 

oxidoreductase (ETF-Q) ultimately transporting the electrons to the quinone pool of the 

respiratory chain. Three homologues of ACADs are encoded in the described gene cluster 
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(Saci_1108, Saci_1113 and Saci_1123) and candidates for the ETF and the ETF-Q encoded 

by saci_0315-saci_0317 as well as saci_0290-saci_0293 were found elsewhere in the 

S. acidocaldarius genome. In detail, Saci_1123 was shown to contain ACAD activity using 

flavin adenine dinucleotide (FAD) as a cofactor in presence of the ETF Saci_0315 or an 

artificial electron acceptor e.g., ferrocenium (FcPF6) or 2,6-dichlorophenolindophenol (DCPIP), 

and preferred saturated medium-chain to long chain fatty acyl-CoAs (C4-C12) as substrates 

with the highest preference for C8-CoA, indicating that Saci_1123 belongs to the medium chain 

dehydrogenase group of ACADs. In contrast sequence alignment revealed that other ACADs 

encoded in the analyzed genecluster, Saci_1108 and Saci_1113, seem to be distorted lacking 

the binding site for CoA or FAD, respectively. Biochemical characterization of Saci_0315 

showed that the protein serves as an electron acceptor for the Saci_1123 catalysed acyl-CoA 

oxidation. Saci_0315 represents a fusion protein compromising both the α and β subunits of 

eukaryotic/bacterial ETFs a feature only known to exist in archaeal ETFs [24].  

The next step in β oxidation is the hydration and oxidation of the enoyl-CoA to the 

corresponding a 3-ketoacyl-CoA via a 3(S)-hydroxyacyl-CoA intermediate catalysed by enoyl-

CoA hydratases (ECH) and hydroxyacyl-CoA dehydrogenase (HCDH). For both, only one 

gene (saci_1109) exists in the cluster and both enzyme families are fused together forming an 

enzyme with an N-terminal HCDH domain and a C-terminal ECH domain. For Saci_1109 it 

was shown that the enzyme contained both enoyl-CoA hydratase and 3-hydroxyacyl-CoA 

dehydrogenase activity in vitro using crotonoyl-CoA (C4:1), decenoyl-CoA (C10:1) and 

3-hydroxybutyryl-CoA as substrates, and NAD+ as a cofactor, while no activity was measured 

using hexadecenoyl-CoA (C16:1). Saci_1109 is specific for the (S)-stereoisomer catalysing 

the oxidation of 3(S)-hydroxybutyryl-CoA while the enzyme showed no activity with the 

(R)-stereoisomer. Additionally, Saci_1109 was able to convert acetoacetyl-CoA into 

3-hydroxybutyryl-CoA in presence of NADH as well meaning that the enzyme functions 

reversibly. The observed bi-functional activities are similar to bacterial FadB homologues, e.g., 

from E. coli [25], however here the domain organization is inverted.  

The final reaction in the β oxidation is catalysed by a β-ketothiolase/acetyl-CoA 

acetyltransferase (KT) to yield acetyl-CoA and a saturated acyl-CoA ester shortened by two C 

atoms. Two homologues are present in the saci_1103-1126 gene cluster (saci_1114 and 

saci_1121) and the coding function of purified recombinant Saci_1114 was confirmed for both 

directions of acetoacetyl-CoA cleavage. Canonical homologues of KT and ECH/HCDH e.g., 

from Pseudomonas fragi or E. coli are known to form a complex which enables substrate 

channelling [26-28]. However, this work indicated that in contrast to the E. coli complex the 

S. acidocaldarius enzymes Saci_1109 and Saci_1114 could not be reconstituted in vitro into 

a protein complex and the results might indicate that the inverted domain structure prevents or 

alters complex formation [29].  
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The function of all four enzymes was additionally confirmed in vitro by analysing their combined 

function in an enzyme cascade via HPLC and the conversion of butyryl-CoA, hexanoyl-CoA or 

octanoyl-CoA to acetyl-CoA was demonstrated (Fig. 2B exemplarily shows the stepwise 

conversion of butyryl-CoA). Firstly butyryl-, hexanoyl- and octanoyl-CoA were completely 

oxidized to the respective enoyl-CoA esters by Saci_1123 via either ETF or with the artificial 

electron acceptors DCPIP or FcPF6. These biochemical analyses show that the first step of 

β oxidation, i.e., the oxidation of an acyl-CoA to enoyl-CoA by ACADs, runs to completion 

independent of the electron acceptor used, indicating that this reaction functions as a major 

driving force for the degradation for acyl-CoAs.  

In general, this step has been described as irreversible for kinetic reasons: In their reduced 

state ACADs preferentially bind their enoyl-CoA product which kinetically promotes the 

enzymes oxidative half reaction i.e. the transfer of electrons to the respiratory chain [30]; 

additionally, the redox potential of the caldariellaquinone (+ 100 mV) as primary electron 

acceptor and oxygen (+ 820 mV) as the terminal electron acceptor of the respiratory chain, is 

significantly more positive than an acyl-CoA/enoyl-CoA couple (-10 mV) which renders the 

reversal of acyl-CoA oxidation by ACADs at least unlikely. 

Next, Saci_1109 converted >90% of the formed crotonyl-CoA to hydroxybutyryl-CoA (in 
agreement with the thermodynamics of the reaction (ΔG0’ = -3.3 kJ mol-1) [31]) although the 

further conversion with NAD+ to acetoacetyl-CoA could not be observed in accordance with 

the hydroxyacyl-CoA oxidation being the thermodynamic bottleneck (+18,1 kJ mol-1) of 

β oxidation.  

Only when Saci_1114 was introduced crotonyl-CoA was almost completely converted to 

acetyl-CoA which is explained by the standard free energy change of -26.1 kJ mol-1 of the 

thiolytic cleavage rendering the crotonyl- to acetyl-CoA conversion exergonic by -11 kJ mol-1 

[31] and accordingly a nearly full conversion of crotonyl-CoA to acetyl-CoA by HCDH/ECH and 

KT was observed.  

Thus, in total Saci_1123, Saci_1109 and Saci_1114 reconstituted a fully functional β oxidation 

spiral degrading acyl-CoAs up to chain lengths of C8. Although the FA β oxidation at a first 

glance looks quite similar to the known pathway from Bacteria and mitochondria, the pathway 

shows some unusual features with respect to the ETF and the HCDH/ECH bifunctional enzyme 

together with the previously recognized “archaeal type” KTs [22]. 
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Figure 2: Reconstructed fatty acid (FA) degradation in S. acidocaldarius. (A) Acyl-CoAs enter the 

first step of a β oxidation spiral and are oxidized to unsaturated enoyl-CoA by acyl-CoA dehydrogenases 

(ACADs) simultaneously transferring the electron to oxygen of the respiratory chain through electron 

transferring flavoproteins (ETFs) and ETF:quinone oxidoreductases (ETF-Q). Then enoyl-CoAs are 

converted to 3(S)-hydroxyacyl-CoA and further oxidized to acetoacyl-CoA by bi-functional enzyme 3(S)-

hydroxyacyl-CoA dehydrogenases/enoyl-CoA hydratases (HCDHs/ECHs). Finally, β-ketothiolases 

(KTs) cleave acetoacyl-CoAs into acetyl-CoA and acyl-CoAs shortened by two carbons. The shortened 

acyl-CoAs can further participate in the cycle until the acyl chains are broken down to acetyl-CoAs. The 

thickness of the arrow indicates the energetics of the respective reaction. For redox reactions the 

reduction potential is given in red. (B) During β oxidation enzyme cascade, butyryl-CoA (peak 3) was 

completely oxidized to crotonoyl-CoA (peak 4) by ACAD transferring the electron to DCPIP through ETF. 

Then crotonoyl-CoA was further converted to 3-hydroxybutyryl-CoA (peak 5) by HCDH/ECH and finally 

to acetyl-CoA (peak 2) by KT in presence of free CoA (peak 1) while the intermediate acetoacetyl-CoA 

was not detectable under the applied analytical conditions. ACAD, acyl-CoA dehydrogenase; ETF, 

electron transferring flavoprotein; ECH, enoyl-CoA hydratase; HCDH, 3(S)-hydroxyacyl-CoA 

dehydrogenase; KT, β-ketothiolase or acetyl-CoA C acetyltransferase; BuCoA: butyryl-CoA; DCPIP: 

2,6-dichlorophenolindophenol. 
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1.4 Potential FA synthesis in S. acidocaldarius 
 

Few reports previously suggested that in few Archaea FAs are present indicating that these 

archaeal organisms have a biosynthesis machinery for FAs. The presence of FAs was e.g., 

indicated for S. solfataricus, a close relative of S. acidocaldarius, for Ignicoccus hospitalis [32], 

for some methanogens [33], and also for some haloarchaea [34]. However, neither a complete 

classical bacterial FA synthesis system (FAS II) nor a FAS I machinery, that are present in 

animals and fungi, have been identified in any archaeon. In addition, acyl carrier proteins (ACP) 

and ACP-synthases essential for the FA biosynthesis in Bacteria and Eukaryotes are absent 

in nearly all Archaea with only very few exceptions [22]. Thus, FA containing Archaea require 

a synthesis machinery that is fundamentally different from known FAS I and FAS II systems in 

Bacteria and Eukaryotes. Recently, a phylogenetic reconstruction of archaeal genomes 

indicated the presence of a potentially ACP-independent FA synthesis pathway which could 

function using bacterial like homologues of the FAS II [35]. However, since a complete sets of 

FAS II homologues was not identified in any archaeon so far, instead it was proposed that a 

reversed β oxidation that is also ACP-independent could be used FA synthesis in Archaea 

[22,35]. However, the reversibility of β oxidation in general and particularly in Archaea has not 

been shown so far.  

 

Even though the chemical reactions are similar, both β oxidation and FA synthesis show some 

remarkable differences in Bacteria and Eukaryotes, in order to drive either of the processes in 

the desired direction (FA degradation or synthesis, respectively) and to separate both 

pathways from each other, which both – at least in prokaryotes – (may) run (simultaneously) 

in the cytoplasm [25]. Firstly, for separation both pathways are tightly regulated on a 

transcriptional level and via protein level regulation e.g. by feedback inhibition [25]. In addition, 

the process of FA synthesis is dependent on ACP for activation and transport of growing acyl-

thioester chains [36], while β oxidation exclusively relies on CoA for FA activation. 

Furthermore, FA synthesis is usually NADPH dependent, for both the reduction of ketoacyl-

ACP and enoyl-ACP, whereas the β oxidation is dependent on NAD+ and FAD for oxidation [37] 

although this kind of cosubstrate specificity is less pronounced in Bacteria [38]. Next, FA 

degradation and synthesis are separated via the formation of either S- or R- hydroxyacyl-

CoAs/ACPs, respectively.  

As described above from a kinetic and energetic point of view, two reactions in the β oxidation 

are hardly reversible and need to be by-passed in the synthesis direction. Firstly, the 

ketothiolytic cleavage of the ketoacyl-CoAs into acetyl-CoA and acyl-CoA(n-2) during β oxidation 

is thermodynamically strongly favoured by -26.1 kJ mol-1 [31]. This is bypassed in the FA 
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synthesis by using malonyl-ACP as a donor for chain elongation. Malonyl-ACP has to be 

synthesized through the ATP-dependent carboxylation of acetyl-CoA followed by the transfer 

from CoA to ACP [25,37]. During condensation with another molecule of acetyl-CoA, CO2 is 

liberated again, which renders the Claisen condensation strongly exergonic, through ATP 

hydrolysis. Secondly, as described above first step of β oxidation, i.e., the oxidation of an acyl-

CoA runs to completion and is irreversible. So, for FA synthesis this step also needs to be 

bypassed. In the Eukarya and Bacteria this is accomplished via enoyl-ACP reductases that 

use NAD(P)H (-320 mV) as an electron donor which renders the reduction of enoyl-CoAs to 

acyl-CoAs (-10 mV) strongly exergonic [37].  

 

As shown the other two reactions of β oxidation are in principle reversible, however for the β 

oxidation in S. acidocaldarius the equilibrium is far on the side of degradation (>90 % 

conversion rate), based especially on the thiolytic cleavage by KTs (see section 1.3). Thus, 

even though some reactions are reversible in principle both from a mechanistic and energetic 

point of view, it is unlikely that the β oxidation can also function in the reverse/synthesis 

direction. These considerations raise the questions how FA synthesis might basically proceed 

in Archaea and specifically S. acidocaldarius, how the process is thermodynamically driven, 

and how FA synthesis could be separated from β oxidation, especially since ACP is absent in 

Archaea. The second part of chapter 3.1 describes a putative pathway in S. acidocaldarius as 

depicted in Fig. 3A that is separated from β oxidation and that fits the thermodynamic 

constraints to drive the conversion in the direction FA synthesis. 

 

The first step for a functional FA synthesis pathway that does not include a 3-ketoacyl-ACP 

synthase is the Claisen condensation of an acetyl-CoA molecule with an ac(et)yl-CoA yielding 

a ketoacyl-CoA intermediate. This normally unfavourable reaction can be enabled by DUF35 

scaffolding proteins (see chapter 3.1 for details) that facilitate the formation of protein 

complexes with enzymes that immediately convert the condensed ketoacyl-CoA. This in turn 

enables substrate channelling without liberating the intermediate as was recently described for 

a KT and 3-hydroxy-3-methylglutaryl-CoA-synthase complex [39]. Interestingly in the analysed 

gene cluster a homologue of DUF35 scaffolding proteins encoded by saci_1120 was identified, 

located directly downstream of a gene encoding for a KT (saci_1121), indicating that 

S. acidocaldarius could also form KT-protein complexes to allow for this condensation reaction. 

The second and third step of FA synthesis require the action of a 3-oxoacyl-reductase 

reductase and a hydroxyacyl-CoA dehydratase. Another enzyme encoded by the 

saci_1103-saci_1126 gene cluster is Saci_1104, a 3-oxoacyl-reductase homologue belonging 

to the short chain dehydrogenase (SDR) superfamily. The enzyme showed reversible 

3-oxoacyl-CoA reductase activity and was specific for the 3(R)-hydroxybutyryl-CoA-
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stereoisomer as well as for NADP+/NADPH. No activity was observed with the 

(S)-stereoisomer and NADH. As described above, this (R) specificity is a distinctive feature of 

FA synthesis known from Eukarya and Bacteria whereas β oxidation uses 3(S)-

stereoisomers [37]. However, if FA synthesis in S. acidocaldarius indeed functions via a 

3(R)-stereoisomer intermediate, this would mean that the organism also requires the presence 

of a 3(R)-hydroxyacyl-CoA dehydratase. In bacterial/eukaryotic FA synthesis the dehydration 

of an 3(R)-hydroxyacyl-ACP is carried out by enzymes belonging to the hot dog fold 

superfamily called FabZ and FabA [40,41], however no homologues of these enzymes can be 

found in the S. acidocaldarius genome. Only two distantly related enzymes from the hotdog 

fold superfamily could be found, Saci_1070 and Saci_1085, belonging to the group of MaoC 

dehydratases. The recombinantly produced Saci_1085 indeed showed both 

(R)-hydroxyacyl-CoA dehydratase and enoyl-CoA hydratase activity and the enzyme was 

characterized. However, Saci_1070 was found to be catalytically inactive likely due to a 

missing catalytically essential histidine residue [40]. Interestingly a similar observation was 

made in the pathogenic bacterium Mycobacterium tuberculosis, where a MaoC dehydratase 

(HadB) is part of a pathway of elongation of very long chain FAs [40,42]. 

The last step of this putative FA synthesis pathway involves an enoyl-CoA reductase that 

catalyses the formation of a saturated acyl-CoA molecule from the corresponding enoyl-CoA 

ester. The saci_1103-saci_1126 gene cluster also contains a gene encoding a putative alcohol 

dehydrogenase, Saci_1115, that belongs to the medium chain dehydrogenase/reductase 

family (MDR) and shows a high similarity to the acryloyl-CoA reductase from 

Metallosphaera sedula, which indicates that Saci_1115 may possess enoyl-CoA reductase 

activity. Heterologous production and purification revealed Saci_1115 to be indeed able to 

catalyse the NADPH dependent reduction of medium chain enoyl-CoAs (C4 to C10). In 

accordance with the thermodynamics of the reaction (-56 kJ mol-1) (see also above) the 

enzyme exclusively functioned in the reductive direction and could thus represent a strong 

driving force for FA synthesis. As already mentioned above the clear preference for NADPH is 

in accordance with the known cosubstrate specificity of bacterial/eukaryotic FA synthesis. 

 

From the purified single enzymes described above, the putative FA synthesis cascade was 

reconstituted, and the conversion was followed stepwise via HPLC (Fig. 3B). A combination of 

Saci_1085 and Saci_1115 led to the formation of butyryl-CoA from 3(R)-hydroxybutyryl-CoA. 

Furthermore, by adding Saci_1104 to the enzyme mixture the formation of butyryl-CoA could 

be confirmed using acetoacetyl-CoA as a starting substrate. Together these results indicate a 

potential novel ACP independent FA synthesis pathway in S. acidocaldarius, and this work 

strongly indicate that the β oxidation pathway is not operating reversibly in Archaea (Fig. 2A). 

Instead, we propose a potential archaeal FA synthesis pathway (Fig. 3A) which shows a kind 
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of mosaic character with similarities to both bacterial (fabG, MaoC) and eukaryal (MDR enoyl 

thioester reductase) features mixed with unique archaeal properties (DUF35 domain/KT 

complexes, ACP independence).  
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Figure 3: Reconstructed fatty acid (FA) synthesis in S. acidocaldarius. In the proposed novel fatty 

acyl elongation pathway in S. acidocaldarius, short or medium chain acyl-CoAs (e.g. C2, C4 or C6) are 

condensed with acetyl-CoA to synthesize acetoacyl-CoAs by archaeal type KTs. The resulting 

intermediates are further reduced to the 3(R)-hydroxy CoA esters by SDR superfamily acetoacyl-CoA 

reductases (ACRs) employing NADPH as cofactor. Then MaoC-like 3(R)-hydroxyacyl-CoA 

dehydratases (MaoC-HCDs) catalyse the dehydration from the 3(R)-hydroxy derivative to enoyl-CoAs. 

The MDR family enoyl-CoA reductases (ECRs) then catalyse the reduction of the enoyl-CoAs to 

acyl-CoAs elongated by two carbons. The newly resulting acyl-CoAs will be further elongated until a 

desired length is reached. The thickness of the arrow indicates the energetics of the respective reaction. 

For redox reactions the reduction potential is given in red. (B) During FA synthesis enzyme cascade 

acetoacetyl-CoA (peak 6) was completely reduced to 3-hydroxybutyryl-CoA (peak 5) by ACR employing 

NADPH as cofactor. Then acetoacetyl-CoA was further converted to crotonoyl-CoA (peak 4) by MaoC-

HCD and finally to butyryl-CoA (peak 3) was produced by the second reductase ACR in addition of 

NADPH coenzyme. KT, β-ketothiolase or acetyl-CoA C acetyltransferase; ACR, acetoacetyl-CoA 

reductase; MaoC-HCD: MaoC-like 3(R)-hydroxyacyl-CoA dehydratase; ECR: enoyl-CoA reductase; 

AcAcCoA: acetoacetyl-CoA.  
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1.5 Glycerol degradation via a largely bacterial like Glycerol kinase and an 
unusual Glycerol-3-phosphate dehydrogenase in S. acidocaldarius 

 

Since it has recently been shown that S. acidocaldarius cleaves triacylglycerides by means of 

esterases [20] and to grow with the FAs as sole source of carbon and energy [21] potentially 

using a FA degradation pathway described above, this work reexamined the growth of 

S. acidocaldarius, on the other lipid cleavage product glycerol. Glycerol is an integral 

constituent as the backbone of membrane phospholipids (in all domains of life) and of storage 

lipids (mainly known from Bacteria and Eukaryotes) and is a highly abundant organic 

compound in nature. Accordingly, many Bacteria and Eukarya can utilize glycerol as carbon 

and energy source as depicted in Fig. 4A.  

 

In general, for degradation glycerol needs to be transported across the cytoplasmic membrane 

which often involves facilitated diffusion via aqua(glycerol)porins, facilitating the rapid 

equilibration of glycerol concentration gradients across the membrane [43]. In Bacteria like 

E. coli these glycerol-uptake facilitator (GUF) proteins are encoded by the glpF gene [44]. In 

Bacteria, alternative glycerol transporters have (so far) only been described for 

Mycoplasma mycoides and M. galliosepticum in the form of ABC transporters (in addition to a 

GlpF homologue) [45,46], while in Eukarya, additionally glycerol/H+ or glycerol/Na+ symporters 

have been found (e.g. in yeast) [47,48]. Furthermore, glycerol as a small uncharged molecule 

is also able to enter the cell via passive diffusion [44].  

 

Once transported, glycerol metabolism in Bacteria and Eukaryotes (e.g. E. coli, P. aeruginosa, 

and yeast) phosphorylation and dehydrogenation steps ultimately convert glycerol into 

dihydroxyacetone-phosphate (DHAP): The most widespread route as described is utilized 

(mainly) by respiring organisms [48-50]. Here glycerol is first converted into sn-glycerol-3-P 

(G3P) via a glycerol kinase (GK) (encoded by the glpK gene) using ATP as phosphoryl 

donor  [51]. Following phosphorylation, one of two membrane bound glycerol-3-phosphate 

dehydrogenases (G3PDH), i.e., GlpD and GlpABC, catalyse the oxidation of G3P to 

dihydroxyacetone phosphate (DHAP) via the reduction of a non-covalently enzyme bound 

flavin adenine dinucleotide (FAD) forming FADH2. The electrons are then further transferred 

from FADH2 to the quinone pool of the respiratory chain [52-55]. The G3PDH encoded by the 

glpD gene is maximally expressed under oxic conditions (in E. coli) [50,52-54]. The second 

G3PDH (GlpABC) mainly known from Bacteria is encoded by three different genes, glpABC, 

organized as an operon [56] and the A and B subunits (encoded by glpA and B) form a soluble 

and active dimer [55] which is likely anchored to the membrane via the C subunit (encoded by 
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glpC) [56,57]. GlpABC expression is induced under anoxic conditions when glycerol serves as 

carbon and energy source (in E. coli) [50,56]. A third mechanism of G3P oxidation is less 

widespread among Bacteria and mainly restricted to aerotolerant/microaerophilic lactic acid 

bacteria. These organisms employ the G3P oxidase (GlpO, encoded by the glpO gene), which 

directly reduces oxygen as electron acceptor yielding H2O2 [58-61].  

A second route of glycerol processing is less abundant and restricted to organisms growing 

under fermentative conditions as described for some Enterobacteriaceae including E. coli and 

few other bacterial species [62,63]. Here, instead of a quinone a metabolic intermediate is 

required to serve as an electron sink for glycerol oxidation. In this pathway glycerol is first 

oxidized to dihydroxyacetone (DHA) using NAD+ by a glycerol dehydrogenase encoded by the 

gldA gene followed by PEP (dhaK) or ATP (glpK, Klebsiella pneumoniae) dependent 

phosphorylation forming DHAP [50,62] (Fig. 4). The formed NADH is then reoxidized with 

another molecule of glycerol via the formation of 3-hydroxypropionaldehyde and 1,3-

propandiol [62].  

 

Whereas the glycerol metabolism is well understood in Bacteria and Eukarya, comparably little 

is known regarding glycerol degradation in Archaea. The haloarchaeon H. volcanii has been 

shown to utilize glycerol as carbon and energy source and to employ homologues of the 

bacterial GlpK and GlpABC proteins, although the proteins have not been studied in 

detail [64-67] and GK activity has been reported in crude extracts of H. volcanii and 

Halobacterium sp. [65,68]. However, other representatives from the archaeal domain have not 

been shown to grow with glycerol although GK activity has been shown in crude extracts from 

Thermoplasma strains and Pyrococcus strains. [68] and genes encoding putative GKs or 

G3PDHs were identified in various Halobacteriales [67,69] and in aerobic and anaerobic 

representatives of the orders Thermococcales, Thermoplasmata, Thermoproteales and 

Lokiarchaeota [69]. For Thermococcus kodakarensis, induction of a G3PDH homologue in the 

stationary phase of growth was reported [70]. However, although both a recombinant GK (also 

homologous to the bacterial/eukaryal GlpK) and G3PDH have been characterized from 

T. kodakarensis [71-74], the organism could not be grown with glycerol as carbon and energy 

source [73].  

 

In this work it was demonstrated that the thermoacidophilic crenarchaeal model organism 

S. acidocaldarius grows with glycerol as sole source of carbon and energy, while previously 

S. acidocaldarius has been indicated to not grow on glycerol [17] and only GK homologues 

have been identified whereas G3PDH homologues appeared absent [69]. Together 

transcriptomic, proteomic and metabolomic analysis and crude extract enzyme measurements 

indicated that S. acidocaldarius uses a genecluster (saci_2031-saci_2034) for utilization of 
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glycerol. The gene cluster encodes a putative G3PDH (Saci_2032) with a downstream located 

carbon monoxide dehydrogenase subunit G (CoxG)-like protein (Saci_2031), as well as a 

putative GK (Saci_2033) and a glycerol uptake facilitator (GUF, Saci_2034). To confirm their 

activities Saci_2033 and Saci_2032 were recombinantly produced, purified, and characterized. 

For the homodimeric Saci_2033, GK activity was confirmed as glycerol dependent formation 

of ADP from ATP. Furthermore, with glyceraldehyde (GA) and dihydroxyacetone (DHA) the 

enzyme showed minor activities with catalytic efficiencies of <2% compared to glycerol similar 

to the E. coli GK [75] and T. kodakarensis GK [73]. The recombinant S. acidocaldarius G3PDH 

(Saci_2032) was shown to catalyse the oxidation of G3P transferring electrons to DCPIP or 

Ubiquinone Q1 as artificial electron acceptors and was found to contain one non-covalently 

bound FAD cofactor per monomer. Under native conditions Saci_2032 showed a homodimeric 

structure (α2), similar to observations made for bacterial GlpDs e.g. from E. coli [54]. In addition, 

the S. acidocaldarius G3PDH was found to be highly specific for glycerol and showed no 

activity towards G1P, glycerol, glyceric acid, glyceraldehyde-3-phosphate, and 

phosphoglyceric acid.  

 

To allow for electron transfer to the quinone of the respiratory chain, the FAD dependent 

G3PDHs need to interact with the membrane. The GlpA from E. coli, forming a catalytically 

active soluble dimer with its GlpB subunit, is likely anchored to the membrane via its GlpC 

subunit, and this membrane binding via GlpC mediates electron transfer to the quinone 

pool [57]. In contrast GlpD as a monotopic enzyme directly interacts with the membrane. 

Interestingly, upon heterologous overexpression in E. coli, Saci_2032 was nearly exclusively 

found in the cytoplasmic and not in the membrane fraction already suggesting that Saci_2032 

cannot interact with the membrane alone raising the question of membrane anchoring 

mechanism of the G3PDH in S. acidocaldarius. Interestingly, saci_2031 (as mentioned above 

directly encoded downstream of and cotranscribed with saci_2032) is annotated to encode a 

CoxG homologue which was reported as membrane anchor for the carbon monoxide 

dehydrogenase from Oligotropha carboxidovorans. In S. acidocaldarius, Saci_2031 (as a 

HA-tagged fusion protein) was found to a high degree in the insoluble/membrane fraction from 

which it could be solubilized using n-dodecyl β-D-maltoside (DDM). Furthermore, interaction 

of Saci_2031 and Saci_2032 was confirmed by coimmunoprecipitation using HA-tagged CoxG 

(Saci_2031). Mass spectrometry (MS) of interacting proteins revealed a specific interaction of 

Saci_2031 with Saci_2032. Thus, these results strongly indicate that the G3PDH transfers the 

electrons from G3P oxidation to the quinone pool of the respiratory chain (caldariellaquinone 

in S. acidocaldarius) and that the required membrane interaction is mediated by the CoxG 

homologue Saci_2031. However, the quinone reactivity of the Saci_2032 G3PDH dimer alone 

indicate that CoxG is not involved in electron transfer. Thus, the recruitment of the GlpA-like 



Introduction  Christian Schmerling 

18 

Saci_2032 represents a novel function of CoxG homologues in Archaea and an unusual 

mechanism of membrane anchoring of G3PDHs in S. acidocaldarius.  

 

In total, this work demonstrates that S. acidocaldarius utilizes glycerol as growth substrate and 

employs a conserved “classical” GK (homologous to GlpK) for glycerol phosphorylation. 

However, G3P oxidation is catalysed by a GlpA-subunit like FAD-dependent G3PDH 

(Saci_2032) lacking the B and C subunits of the classical, bacterial GlpABC complex. Instead, 

it shows an unusual type of membrane association facilitated by a small CoxG-related protein. 

The glycerol metabolism elucidated in S. acidocaldarius is illustrated in in Fig. 4 in comparison 

to what is known especially in Bacteria. 
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Fig. 4: Biochemical pathways involved in glycerol conversion in Bacteria (e.g., E. coli, 
Streptococcus or P. putida) and Archaea forming dihydroxyacetone phosphate (DHAP) which is 
channeled into central metabolism. (A) Glycerol metabolism starts with its uptake either via facilitated 

diffusion mediated by the glycerol uptake facilitator (GlpF) (encoded by the glpF gene) or via simple 

diffusion through the cytoplasmic membrane. Following uptake, glycerol is converted finally to DHAP 

via two basic pathways: In respiring organisms, glycerol is first phosphorylated by the glycerol kinase 

(GlpK) (encoded by the glpK gene) to G3P which is further oxidized by two different membrane bound 

FAD dependent G3P dehydrogenases (G3PDH), i.e., GlpD (encoded by the glpD gene) and GlpABC 

(encoded by the glpA, B, and C genes). Electrons are transferred via the G3PDH bound FAD cofactor 

to ubiquinone (UQ) by GlpD or to menaquinone (MQ) (GlpABC) of the respiratory chain. A third 

mechanism of G3P oxidation mainly known from aerotolerant lactic acid bacteria as well as Mycoplasma 

species is catalysed by a soluble, cytoplasmic FAD dependent G3P oxidase (GlpO, encoded by the 

glpO gene) which directly utilizes molecular oxygen as electron acceptor. The second basic glycerol 

converting pathway is known from fermentatively growing organisms. Here, glycerol is first oxidized via 

an NAD+ dependent G3PDH to dihydroxyacetone (GldA, encoded by the gldA gene) which is 

subsequently phosphorylated by dihydroxyacetone kinase (DhaK, encoded by dhaK gene) with 

phosphoenolpyruvate as phosphoryl donor. (B) Glycerol metabolism in S. acidocaldarius likely involves 

the GlpF-like glycerol uptake facilitator Saci_2034 and eventually simple diffusion through the 

cytoplasmic membrane. Intracellularly, glycerol is phosphorylated by GK (Saci_2033), homologous to 

the bacterial GlpK, forming G3P which is then oxidized by a membrane bound, unusual GlpA-like FAD 

dependent G3PDH (Saci_2032). Saci_2032 is anchored to the membrane by the CoxG homologue 

Saci_2031 forming a complex that transfers electrons to the caldariellaquinone (CQ) yielding 

dihydroxyacetone phosphate (DHAP).  
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1.6 Metabolic thermoadaptation in (hyper)thermophilic Archaea 
 

As a (hyper)thermophilic Archaea such as S. acidocaldarius thrive at high temperatures above 

80 °C and possess modified central metabolic pathways often involving promiscuous enzyme 

(see section 1.1). These organisms are particularly challenged by the so-called underground 

metabolism which denotes the formation of byproducts either (i) enzymatically since most 

enzymes are promiscuous and catalyse the conversion of alternative substrates (at low 

efficiency) or they catalyse alternative reactions in addition to their physiological conversions 

[76] or (ii) by spontaneous chemical reactions at high temperature [78-81]. Hence, the question 

arises how extremely thermophilic Archaea can operate their unusual metabolism at 

temperatures where many pathway intermediates are unstable. Chapter 3.3 discusses 

adaptation strategies of (hyper)thermophilic Archaea such as S. acidocaldarius to avoid these 

kinds of reactions and to depose unstable and/or toxic products.  

 

Many metabolites in the cell are unstable and reactive and therefore challenge cellular 

metabolism e.g., triose phosphates, erythrose 4-phosphate, different cofactors (e.g. NAD(P)H, 

thiamin diphosphate, riboflavin intermediates, tetrahydrofolates and carbamoyl phosphates), 

cysteine, homocysteine, glutathione, and glutamine belong to such unstable intermediates 

[82]. In addition, stress conditions such as heat or oxidative stress can lead to metabolite and 

enzyme damage and thus promote the formation of by-products [81]. These challenges posed 

by the underground metabolism even increase with increasing temperatures since the velocity 

of chemical reactions increase exponentially with temperature (according to the Arrhenius 

equation), and thus temperature has a dramatic effect on metabolite stability/damage [79].  

 

However, organisms have evolved different mechanisms for mitigation including 

e.g. metabolite repair via specific enzymes and salvage pathways or pre-emption of damaged 

metabolites by degradation or export (overflow metabolism) [76,78,79,83,84]. Hence, it is 

assumed that many unidentified compounds in metabolomics profiles are the results of 

damaged metabolites and that many genes of unknown function in genomes encode proteins 

dedicated to metabolite damage-control systems [85]. Despite the essential importance, so far 

only few studies address this question. Notably, genome-scale metabolic modelling of, for 

example, S. solfataricus, a close relative of S. acidocaldarius, revealed that 16% of known 

cellular reactions had to be included without genome evidence [86] suggesting that other 

enzymes or pathways catalyse these reactions, or that non-catalysed reactions have replaced 

the enzyme’s role [78]. However so far, only a few repair enzymes and salvaging pathways 

have been investigated in Archaea. In total it seems like (hyper)thermophilic Archaea employ 
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three base strategies for mitigation: (i) The concentration of unstable metabolites is reduced; 

(ii) different pathway topologies allow to circumvent labile intermediates, and (iii) damaged 

metabolites are continuously removed via novel metabolic pathways. Further findings suggest 

a significant influence of thermolabile intermediates as well as of promiscuous enzymes and 

pathways on the evolution of the metabolic network in (hyper)thermophilic Archaea. 
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Part II  

1.7 Screening for novel biocatalysts secreted by the model white rot fungus 
P. chrysosporium using ABPP 

As mentioned, in the preface, the second part of this work showcases the potential of the ABPP 

biocatalyst screening technology in complex and biotechnologically relevant experimental 

setting for studying enzyme activity under various physiological conditions, ABPP, for the 

discovery of new lignocellulose degrading enzymes. ABPP has emerged as a widely used 

chemical proteomics method for basic biology research [87-91]. During ABPP, small molecule 

mechanism-based inhibitors termed activity-based probes (ABPs), form a covalent, irreversible 

bond with a class of target proteins. This interaction then allows to label, identify, and report 

on active enzymes under native, physiological conditions as depicted in Fig. 5. To this end, 

ABPs consist of a reactive warhead, that often ensures a high enzyme class selectivity, a linker 

and a reporter tag such as biotin for purification and identification, fluorophores for in-gel 

detection or so-called 2-step reporters such as alkyne or azide moieties [92]. The warhead of 

ABPs is often based on established inhibitors, while the linker mostly consists of an inert 

carbon chain (e.g., polyethylene glycol) that assures solubility of the probe and additionally 

reduces the steric hindrance during labeling reactions. 

 

One of the first ABPs was developed as a derivative of fluorophosphonate (FP) linked to a 

biotin moiety for affinity enrichment [93]. The Probe was termed FP-biotin and allowed for a 

versatile screening of serine hydrolases (SHs) under a wide range of different conditions. In 

the last years, intensive efforts have been undertaken, both to develop new ABPs targeting 

new enzyme families and to establish their use in, amongst others, drug discovery [94-99], 

plant biology [100] as well as microbiology [101-105]. One of the main improvements of new 

ABPs compared to its original probe was the introduction of alkyne or azide moieties replacing 

the original biotin affinity reporter group. These groups allow for a two-step procedure in which 

enzymes are first labeled without a bulky reporter tag. After in vivo labeling of targeted 

enzymes, a reporter moiety can then be attached to the original probe via click chemistry.  

 

New lignocellulose degrading enzymes are searched after since lignocellulosic waste material 

from agriculture such as wood chips or saw dust consists of polymers such as cellulose, 

hemicellulose and lignin that are a promising alternative to fossil fuel-based substances or 

classical microbial feedstocks. However conventional use of these waste products as a 

microbial feedstock is preceded by thermochemical treatment and these pretreatment steps 

are both expensive and can lead to the formation of toxic byproducts. In this regards, novel 
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biocatalyst for the degradation of lignocellulosic waste products, consisting of cellulose, 

hemicellulose and lignin, are urgently sought to allow for easier/gentler and less expensive 

breakdown. One advanced screening methods for the discovery of such enzymes is ABPP 

which allows the identification of specifically active enzymes in a sample of interest and allows 

for the discovery of novel biocatalysts that share no sequence similarity to known counterparts. 

 

 

Figure 5: Example overview of an ABPP workflow for identifying target enzymes from protein 
samples. An ABP is added to active protein solution, followed by a standard ABPP workflow, consisting 

of click-attachment of a biotin-residues, affinity enrichment of labeled enzymes, trypsin digestion and 

subsequent MS-based protein identification. The use of enzyme-class specific ABPs therefore results 

in targeted identification of active biocatalysts which enables the sequence-independent identification 

of novel biocatalysts without similarity to known homologous. 

 

Cellulose is a linear homopolymer composed of glucose subunits linked together by β-1,4-

glycosidic bonds while hemicellulose, with its major component xylan, is a polysaccharide 

formed from monomeric sugars and sugars acids such as D-xylose, D-mannose, D-galactose, 

D-glucose, L-arabinose, 4-O-methyl-glucuronic, D–galacturonic, and D-glucuronic acids that 

are connected by β-1,4- and β-1,3-glycosidic bonds [106]. In contrast, lignin is a complex 

amorphous heteropolymer composed of phenylpropane derivates linked to each other via C-C 

and C–O bonds derived from coumaryl alcohol, coniferyl alcohol and sinapyl alcohol [107] and 

is linked to both hemicellulose and cellulose via hydrogen bonds giving structural support, 

resistance against microbial degradation and confers resistance to oxidative stress. Different 

factors lead to the resistance of lignocellulose against chemical and enzymatic degradation 

such as the high crystallinity (making cellulose insoluble) and degree of polymerization of 

cellulose which decrease the accessible surface area, which must be modified and/or removed 

before degradation. Plant cell wall-degrading filamentous fungi have an important role in 

recycling nutrients in forest ecosystem. They are known to produce a broad variety of 

extracellular enzymes with diverse catalytic activities for the hydrolysis of lignocellulose-

containing raw materials. To overcome the physical and chemical stability of lignocellulose, 
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fungi must employ large sets of enzymes, which they secrete into the environment during 

growth. Three groups of fungi with lignocellulose degrading abilities have been described: soft-

rot, brown-rot, and white-rot fungi [106]. Of those white-rot fungi can fully decompose 

lignocellulose and are therefore an interesting source of lignocellulose-active enzymes to 

supplement commercially available mixtures of hemicellulases and cellulases [108] (Fig. 6).  

 

This work as described in chapter 3.4 showcases an ABPP approach to identify novel enzymes 

in the thermotolerant white rot fungus P. chrysosporium a known effective degrader of dead 

wood and lignocellulose [109]. P. chrysosporium has been the most intensively studied white 

rot fungus and its enzymes have attracted considerable interest for application in bioprocesses 

such as pollutant degradation [108] and fiber bleaching [110]. Its genome encodes a large 

repertoire of lignocellulolytic enzymes consisting of more than 69 different carbohydrate active 

enzyme (CAZyme) families including a total of 166 glycoside hydrolases (GH), 

14 carbohydrate esterases (CE) and 57 glycosyltransferases (GT). This enormous complexity 

turns this organism into a promising resource for biocatalyst discovery. However, due to its 

sheer size, the P. chrysosporium secretome cannot be explored by systematically expressing 

all enzymes, especially because fungal biocatalysts are highly modified upon secretion and 

thus are notoriously hard to heterologously produce [111,112]. Instead, a methodology to 

preselect on only those enzymes directly involved in lignocellulose degradation is required. Of 

note, expression of these biocatalysts is regulated by the presence of the lignocellulosic 

substrate, demanding preselection assays in the presence of insoluble wood chips and thus 

highly heterogenous conditions. 

 

With the aim to rapidly identify promising lignocellulose degrading enzymes from this complex 

system via ABPP-based preselection, we applied FP-alkyne, a well-established serine 

hydrolase (SH)-targeting ABP, and the GH-targeting ABP JJB111 (N-alkynyl-cyclophellitol 

aziridine connected to biotin). This ABPP workflow was applied to all enzymes secreted by 

P. chrysosporium by labeling both soluble proteins located in the culture medium as well as 

DDM solubilized proteins that were bound to the solid growth substrate in the form of wood 

chips. For this work a fixed growth time of 5 days was chosen for all experiments since 

secretion of lignocellulosic enzymes is highly dependent on growth time [113-115]. The 

workflow allowed for identification of two CEs and twelve GHs (soluble) as well as four CEs 

and seven GHs (substrate bound). Of those three CEs and ten GHs were competitively 

inhibited by paraoxon (SH inhibitor) and KY371 (GH inhibitor), respectively. The CE1 family 

protein Phchr2|126075 (identified by FP-alkyne) was most enriched in the workflow and is 

homologous to a characterized acetyl-xylan esterase [116].  
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Expression, purification, and characterization showed Phchr2|126075 to be an acetyl-xylan 

esterase that is able to cleave pNP-Acetate. Acetyl-xylan esterases play an important role in 

the hydrolysis of xylan, as the acetyl side-groups can interfere with the approach of enzymes 

that break the backbone by steric hindrance, and their elimination thus facilitates the action of 

endo-1,4-β-xylanases [117]. Few acetyl-xylan esterases have been purified and characterized 

until now and not much is known about their physicochemical properties.  

 

Furthermore, the GH5 Phchr2|2915237 (identified by JJB111) was expressed and 

characterized as a promiscuous thermostable (up to 70°C) polysaccharide-cleaving 

β-glucanase that shows activity against both xylan and lichenan as well as against the artificial 

nitrophenol conjugates p-nitrophenyl-glucopyranosid and p-nitrophenyl-xylopyranosid. 

Analysis of degradation products by thin layer chromatography further revealed that 

Phchr2|2915237 functions as an β-endoglucanase and can therefore contribute to the 

breakdown of lignocellulose in P. chrysosporium. In agreement with our biochemical results 

GH5 family members are mostly a class of endo-cleaving glycoside hydrolases that are further 

divided into a total 56 subfamilies with characterized members involved in polysaccharide 

degradation of e.g., cellulose or xylan.  
 
Finally, ABPP was used to assign functions to proteins of unknown functions. As such during 

ABPP a four DUF-domain (DUF4964, DUF5127, DUF4965 and DUF1793) containing protein 

Phchr2|3002168 was identified using a GH specific probe, for which no other characterized 

homologue has ever been described although previous analysis suggested that fungal 

DUF5127 proteins could functions as glycoside hydrolases [118]. However, Phchr2|3002168 

was found to be insoluble a during heterologous production in E. coli, so instead a homologues 

protein was identified via Blast (WP_074995790 from Streptomyces misionensis, a known 

degrader of cellulose [119]), and the enzyme was recombinantly produced and characterized. 

For this protein β-galactosidase activity was confirmed even though the total specific activity 

was low. Based on the labeling approach, sequence analysis and enzyme assays, this work 

proposes that these four DUF domain containing proteins such as Phchr2|3002168 or 

WP_074995790 function as GHs, although their physiological function remains unknown. In 

conclusion, this ABPP approach helps to overcome a persisting challenge in biocatalyst 

discovery: the difficulty to link data from functional screenings directly to sequence information. 

The presented ABPP approach shortcuts this and allows to narrow the analysis to active 

enzymes targeted by the enzyme selective ABP probe.  
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Figure. 6: Components of lignocellulose and the common enzymes involved in their hydrolysis. 
Lignocellulose is a complex and recalcitrant polymer built up from cellulose, xylan (hemicellulose) and 

lignin and its degradation requires the synergistic action of various enzymes as depicted. GH: glycoside 

hydrolases; CE: carbohydrate esterases. 
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2. Scope of the thesis 
 

In the current dissertation my research topics are described in the following chapters and the 

contributions I have made for these manuscripts are outlined below.  

In chapter 3.1 of the manuscript with the title “Fatty acid metabolism in Sulfolobus 
acidocaldarius”, the FA metabolism of S. acidocaldarius was extensively studied by the 

recombinant production, purification, and characterization of relevant enzymes. Here a β 

oxidation with some unusual features and a novel FA synthesis pathway were reconstructed 

via HPLC and biochemical approaches in S. acidocaldarius. For this manuscript I 

heterologously produced and purified the proteins Saci_1123, Saci_1085, and Saci_0315 and 

confirmed their activity using different acyl-CoA substrates and contributed to the 

characterization of Saci_1114 and Saci_1115. In addition, I performed all HPLC 

measurements of single enzymes as well as the reconstruction of enzyme cascades in vitro 

and did the bioinformatic analysis of proteins encoded by saci_1123, saci_1113, saci_1108 

and saci_0315.   

In chapter 3.2 of the manuscript with the title “Glycerol degradation in the thermoacidophilic 
crenarchaeon Sulfolobus acidocaldarius involves an unusual glycerol-3-phosphate 
dehydrogenase” it was elucidated how glycerol is degraded in S. acidocaldarius using 

multiple omics approaches as well as the recombinant production and characterization of 

relevant enzymes. Here it was shown that S. acidocaldarius employs a pathway for glycerol 

dissimilation using a GK and unusual G3PDH. For this work I interpreted and analyzed all 

omics data, analyzed relevant gene clusters and abundant proteins. In addition, I purified and 

extensively characterized Saci_2032 and established the interaction and membrane 

localization of Saci_2031 and Saci_2032 and performed part of the structural analysis of 

different G3PDHs. 

Chapter 3.3 with the title “Enhanced underground metabolism challenges life at high 
temperatures – metabolic thermoadaption in hyperthermophilic Archaea” discusses how 

Archaea circumvent metabolic problems associated with growth at high temperatures such as 

formation and accumulation of toxic by/side products. For this work I participated in writing and 

performed literature search as well as image generation. 

In chapter 3.4 of the manuscript with the title: “Identification of fungal lignocellulose-
degrading biocatalysts secreted by Phanerochaete chrysosporium via activity-based 
protein profiling” we established an ABPP approach in the white-rot fungus P. chrysosporium 

and identified a set of GHs and CEs involved in lignocellulose degradation. For this soluble 

and substrate bound proteins secreted by P. chrysosporium were incubated with different 
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ABPs, followed by affinity purification and target identification. Purification and characterization 

of two targets proteins confirmed their expected activity and the analysis and expression of a 

third protein indicated the presence of GH activity in DUF5127 domain proteins. For this work 

I performed all cultivation experiments and the isolation of active protein fractions. 

Furthermore, I analyzed and annotated gathered proteome data, to confirm the function of 

target proteins. For enzymatic measurements I produced and purified Phchr2|126075 and 

WP_074995790 and performed the characterizations of Phchr2|126075, Phchr2|2915237 and 

WP_074995790.  
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3. Manuscripts 
 

Chapter 3.1: Fatty acid metabolism in 
Sulfolobus acidocaldarius 

  



Manuscripts: Chapter 3.1  Christian Schmerling 

36 

Fatty acid metabolism in Sulfolobus acidocaldarius – a potential archaeal 
pathway for fatty acid synthesis 
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(FAs) fatty acids – (ACS) acyl-CoA synthetase – (ACAD) acyl-CoA dehydrogenase – (ETF) 

electron transfer flavoprotein – (HCDH/ECH) 3(S)-hydroxyacyl-CoA 

dehydrogenase/enoylCoA hydratase – (KT) β-ketothiolase or acetyl-CoA C acetyltransferase 

– (ACR) acetoacyl- 

CoA reductase – (MaoC-HCD) MaoC like 3(R)-hydroxyacyl-CoA dehydratase – (ECR) 

enoylCoA reductase – (3-HBCoA) 3-hydroxybutyryl-CoA – (AcAcCoA) acetoacetyl-CoA – 

(SDR) short-chain dehydrogenases/reductases superfamily – (MDR) medium-chain 

dehydrogenases/reductases superfamily – (FAD) flavin adenine dinucleotide – (DCPIP) 

2,6dichlorophenolindophenol – (INT) iodonitrotetrazolium – (DTNB) 5,5'-dithiobis-(2-

nitrobenzoic acid) or Ellman's reagent – (FcPF6) ferrocenium hexafluorophosphate – (DTT) 

dithiothreitol – (ACN) acetonitrile  
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Abstract  

Fatty acids are main building blocks for bacterial and eukaryotic membrane lipids and together 

with other functions e.g., in energy supply and signaling central to cellular structure. However, 

in Archaea this central function as membrane component is substituted by isoprenoid groups 

which are ether-connected to the glycerol 1-phosphate backbone and therefore, the presence 

and metabolism of FAs in Archaea remained elusive. Scarce reports indicated the presence 

and hence the ability at least of some Archaea to synthesize FAs in an acyl carrier protein 

independent manner probably via a reversed β oxidation. Also, the possibility of some 

Archaea to utilize FAs as carbon and energy source was demonstrated. However, detailed 

biochemical studies have not been performed. We herein studied the FA metabolism in S. 

acidocaldarius by characterisation of the β oxidation homologues encoded in one gene cluster 

(saci_1103-1126). From the characterized single enzymes, a fully functional β oxidation spiral 

was reconstituted in vitro and the complete oxidation of FAs to acetyl-CoA up to a chain length 

of C8 was demonstrated. The data further indicated that the β oxidation is not fully reversible. 

Instead, the potential of S. acidocaldarius to synthesize FAs via a novel CoA dependent 

pathway acting independently from β oxidation enzymes is shown. The pathway comprises a 

bacterial like SDR superfamily R-specific fabG homolog, an MDR superfamily enoyl-CoA 

reductase like in some Eukaryotes, both with a clear preference for NADPH as electron donor. 

Furthermore, an R-specific MaoC like dehydratase was identified. The enzymes were 

biochemically characterized and catalysed the synthesis of medium chain FA-CoA esters up 

to chain lengths of C8. These results provide a basic understanding of the FA metabolism in 

Archaea and thus pave the way for the further understanding of the presence and significance 

of FA in Archaea and its evolutionary implications.  
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Introduction  

The “lipid divide” denotes that the membrane lipid composition of Archaea is fundamentally 

different from those in Bacteria and Eukaryotes. The membrane phospholipids of Bacteria and 

Eukaryotes are composed of fatty acids ester-linked to glycerol 3-phosphate (G3P) forming 

membrane bilayers whereas archaeal membrane lipids are comprised of isoprenoid chains 

ether-linked to glycerol 1-phosphate (G1P) (Fig. S1) forming mono- or bilayer membranes. 

Thus, the membrane lipids are one of the most striking characteristic traits of Archaea. 

Therefore, since one of the main and perhaps most important function of fatty acids (FAs) as 

key constituent of cell membrane phospholipids and thus of cell structure in Bacteria and 

Eukaryotes is substituted by isoprenoids in Archaea, the presence and the function of FAs in 

archaeal representatives remained obscure.  

Previous findings indicated the ability of several Archaea to degrade FA based lipids into FAs 

and glycerol by means of esterases and lipases recently analysed in detail using an ABPP 

approach newly established for Sulfolobus acidocaldarius, Saccharolobus solfataricus, and 

also for Haloferax volcanii [1]. In addition, Saccharolobus solfataricus P1 was shown to 

degrade complex FA based lipids [2]. Also, at least in some Archaea FAs might serve as 

carbon and energy source (e.g. haloarchaea and Archaeoglobus fulgidus) [3, 4] and 

homologues of all enzymes from the bacterial β oxidation have been identified in several 

archaeal species although detailed analyses have not been reported [3, 5]. Interestingly, the 

genes encoding the characterized esterases in S. acidocaldarius (saci_1105, saci_1116) 

involved in triacylglycerol degradation are organized in a gene cluster (saci_1103-saci_1126) 

(Fig. S2) together with several β oxidation homologues which thus may be responsible for the 

lipid degradation in this organism [1, 6-8]. S. acidocaldarius is an obligately aerobic, 

thermoacidophilic (optimal growth around 80°C and pH around 3) (cren)archaeal model 

organism whose central carbohydrate and energy metabolism is well understood [9-11]. The 

genome sequence as well as genetic tools are available [10, 12]. One gene within this S. 

acidocaldarius saci_1103-1126 gene cluster, i.e. saci_1107, encodes a transcriptional 

regulator from the TetR family which binds specifically and exclusively to DNA recognition 

sequences within this cluster and regulates its own expression as well as that of many of the 

β oxidation homologues [8]. This analysis also showed that the regulator is a repressor and 

that derepression occurs when FA-CoA esters bind to the protein. The crystal structure of the 

regulator was determined including the binding to the DNA as well as the binding mode of the 

acyl-CoA. Furthermore, the growth of S. acidocaldarius on the FAs butyrate and hexanoate 

as sole carbon and energy source was clearly shown [8]. In addition to the esterases and the 

TetR regulator, the cluster comprises genes putatively encoding enzymes for FA degradation 

[8]. To channel FAs into β oxidation they first need to be activated to the corresponding CoA 
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esters usually carried out by AMP-forming acyl-CoA synthetases (ACSs) [13-15] (saci_1111, 

saci_1122, saci_1126). Also, three homologues of acyl-CoA dehydrogenases (ACADs) have 

been identified (saci_1108, saci_1113, saci_1123). As a first step in the β oxidation, these 

enzymes introduce a double bond in β position of the straight chain acyl-CoAs oxidizing them 

to the respective enoyl-CoA esters. The next step in β oxidation is the hydration of the enoyl-

CoA to the corresponding 3(S)-hydroxyacyl-CoA followed by the 3(S)-hydroxyacyl-CoA 

oxidation to 3-ketoacyl-CoA carried out by crotonase superfamily hydratases (ECHs) and 

hydroxyacyl-CoA dehydrogenase (HCDHs) superfamily enzymes, respectively. For both, only 

one gene (saci_1109) exists in the cluster and both are fused to encode a single polypeptide 

chain. Finally, the 3-ketoacyl-CoA is thiolytically cleaved by ketothiolases (KTs) to yield acetyl-

CoA and a saturated acyl-CoA ester shortened by two C atoms (saci_1114, saci_1121). 

However, the coding function of these genes have not been confirmed so far.  

Furthermore, scarce reports previously suggested that in few Archaea FAs are present 

including Sulfolobus spp. although the organisms were grown and adapted to FA free medium 

[16-19]. And thus, if this is indeed the case, these archaeal organisms must have a 

biosynthesis machinery for FAs. However, neither a complete classical FAS II system known 

from bacteria nor a FAS I machinery present in animals and fungi have been identified in any 

archaeon [5]. Also, the acyl carrier protein and the acyl carrier protein synthase essential for 

the FA biosynthesis in bacteria and eukaryotes is not present in most Archaea [20]. Thus, if 

at least some archaea are able to synthesize FAs, then the synthesis machinery must be 

fundamentally different from the known systems in Bacteria and Eukaryotes. Recently, an 

ACP-independent FA synthesis pathway has been proposed which relies on bacterial like 

homologues of the FA synthesis system (FAS II) [20]. However, complete sets of such 

homologues could not be identified in any archaeon so far and instead, a reversed β oxidation 

has been proposed to be responsible for FA synthesis in Archaea [5]. However, also the 

reversibility of the β oxidation in general and particularly in Archaea has not been 

demonstrated so far. Instead, both processes known from Bacteria and Eukaryotes, the FA 

synthesis on the one hand and the β oxidation on the other hand which basically follow the 

same chemical conversions, show some remarkable differences in order to drive either of the 

processes in the desired direction and to separate both processes which at least in 

prokaryotes are localized in the cytoplasm (Fig. S3). First of all, both processes are tightly 

regulated on the transcriptional level but also on the protein level e.g. by feedback inhibition 

[21]. As mentioned above the synthesis machinery (Fig. S3B) is ACP dependent which 

activate the FAs and transports the growing acyl chain between the involved enzymes [22]. 

Conversely, the β oxidation (Fig. S3A) relies on CoA for FA activation. The FA synthesis is 

usually NADPH dependent whereas the β oxidation uses NAD+ and FAD [23] although this 
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cosubstrate specificity is less pronounced in Bacteria [24]. The Claisen condensation, the first 

reaction in the synthesis, uses malonyl-ACP as donor for chain elongation instead of acetyl-

CoA, and malonyl-ACP has to be synthesized through ATP-dependent carboxylation of acetyl-

CoA (and transfer to ACP). During condensation the CO2 is liberated again. Thus, the 

endergonic reaction is energetically driven by ATP hydrolysis. Furthermore, the Claisen 

condensation itself catalysed by the decarboxylating ketoacyl-ACP synthase is regarded as 

irreversible in the synthesis direction [24, 25].  The following two reactions in the FA synthesis 

pathway, i.e., the reduction of oxoacyl to the hydroxyacyl intermediate and the dehydration to 

the enoyl moiety are in principle reversible but are specific for the R-hydroxyacyl intermediate 

instead of the S-stereoisomer specific β oxidation [23]. Finally, the interconversion of the 

saturated acyl- to the unsaturated enoyl-intermediate on the β oxidation is carried out by FAD 

dependent dehydrogenases channeling the electrons via the electron transferring flavoprotein 

(ETF) and the ETF: quinone oxidoreductase (EQOR) into the quinone pool of the respiratory 

chain [26, 27]. This reaction is generally regarded as irreversible in the oxidative direction [28] 

and usually bypassed in the FA synthesis by NAD(P)H dependent dehydrogenases which in 

turn makes the reaction highly exergonic towards the reductive direction [24, 29].   

We herein studied the FA metabolism in S. acidocaldarius by characterisation of the β 

oxidation homologues encoded in the saci_1103-1126 gene cluster. From the characterized 

single enzymes a fully functional β oxidation spiral was reconstituted in vitro and the complete 

oxidation of FAs to acetyl-CoA up to a chain length of C8 was demonstrated (Fig. 1, S24). The 

data further indicated that the β oxidation is not fully reversible. Instead, the potential of S. 

acidocaldarius to synthesize FAs via a novel CoA dependent pathway acting independently 

from β oxidation enzymes is shown (Fig. 2A). The pathway comprises a bacterial like SDR 

superfamily R-specific fabG homolog (ACR, saci_1104), an MDR superfamily enoyl-CoA 

reductase (ECR, saci_1115) like in Eukaryotes, both with a clear preference for NADPH as 

electron donor, as well as an R-specific MaoC like dehydratase (MaoC-HCD, saci_1085). The 

enzymes were biochemically characterized and catalysed the synthesis of medium chain FA-

CoA esters up to chain lengths of C8.  
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Material and Methods  

The CoA esters including HS-CoA, acetyl-CoA and butyryl-CoA employed in this study were 

purchased from Millipore Sigma® Merck KGaA in Darmstadt, Germany. The commercial 

hexanoyl-CoA, octanoyl-CoA, crotonoyl-CoA and mixed 3(S/R)-hydroxybutyryl-CoA were 

produced by Santa Cruz Biotechnology (Dallas, USA). The decenoyl-CoA, hexadecenoyl-CoA 

as well as the individual 3(S)-hydroxybutyryl-CoA and 3(R)-hydroxybutyryl-CoA were 

chemically synthesized as described before [30]. The compound acetoacetyl-CoA was 

achieved either from Millipore Sigma® Merck KGaA or via chemical synthesis. The substrates 

hexenoyl-CoA and octenoyl-CoA were enzymatically synthesized as described in the assay 

for enoyl-CoA reductase (Saci_1115).  

Strains and growth conditions  

The E.coli strains DH5α for cloning and Rosetta (DE3) for expression were cultivated 

independently in Luria Bertani (LB) medium containing appropriate antibiotics (100 μg/ml 

ampicillin for strains containing plasmid pET15b or pET45b, 50 μg/ml kanamycin for strains 

including plasmid pET28b and 50 μg/ml chloramphenicol for Rosetta (DE3), respectively) at 

37°C (or under distinct conditions for expression of different proteins) (Table S3).   

The S. acidocaldarius strain MW001 (uracil auxotrophic) were cultured aerobically in Brock´s 

basal medium at 75°C, pH 3, 180 rpm [31] supplemented with 0.1% (w/v) N-Z-amine and 0.3% 

(w/v) D-xylose. The Gelrite-Brock solid medium was prepared as mentioned before [32].  

Cloning, expression and purification of the recombinant proteins  

Open reading frames (ORFs) saci_1122, saci_1123, saci_0315, saci_1109, saci_1104, 

saci_1115 and saci_1085 were PCR amplified using genomic DNA of S. acidocaldarius as 

template (the employed primer pairs were listed in Table S1) and cloned into distinct plasmid 

vectors, which were purchased by Novagen, USA (the employed primer pairs were listed in 

Table S2). The recombinant plasmids were individually transformed into E. coli strain Rosetta 

(DE3) for heterologous overproduction induced by isopropyl-β-d-thiogalactopyranoside 

(IPTG) or into S. acidocaldarius MW001 for homologous expression induced by D-xylose. The 

detailed information for cloning and expression was described in the supplementary Table S1-

S3.   

The cell pellets were harvested by centrifugation at 4°C, 7000 rpm for 15 min. Except for the 

cells maintaining ACAD (saci_1123) or ETF (saci_0315) protein, the other cell pellets were 

resuspended in 50 mM NaH2PO4 plus 300 mM NaCl at pH 8 in a ratio of 1 g wet cells per 3 

ml buffer. Cell suspensions were lysed either by sonication (0.5 cycle, 55 amplitude for 15 

min) or via French press (3 times, 1200 psi). After centrifugation (4°C, 15000 rpm, 45 min) the 
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supernatant was collected and protein samples except Saci_1085 were incubated at 70°C in 

a water bath for 20 min to perform heat precipitation. The thermostable proteins were then 

separately from protein precipitations via centrifugation (4°C, 15000 rpm for 30 min). 

Afterwards, the his-tagged proteins were purified from the supernatant via Protino® Ni-TED 

(tris-carboxymethyl ethylene diamine) affinity chromatography (Machery & Nagel, Düren, 

Germany) whereas the strep-tagged Saci_1085 was purified by Strep-Tactin®XT system (IBA 

Solutions for Life Science, Göttingen Germany) according to the provided instructions. An 

extra wash step was performed for Saci_1085 using 500 mM NaCl and 0.1% SDS to remove 

the impure proteins at 70 kDa or 100 kDa and thus obtain pure Saci_1085. The protein 

samples were then applied to size exclusion chromatography (Superdex 200 prep grad, 

HiLoad 26/60 or 16/60, GE Healthcare Life Sciences, Freiburg, Germany). A buffer containing 

50 mM HEPES/NaOH plus 300 mM NaCl pH 7.2 was applied for equilibrium and elution of 

the proteins Saci_1122, Saci_1109, Saci_1104 and Saci_1115, separately. For Saci_1114, 

50 mM HEPES/KOH pH 7.2 plus 300 mM KCl and 3 mM DTT was used as elution buffer. 

Finally, all the purified proteins were stored in 25% glycerol at -70°C for further use. The pure 

Saci_1114 was flush frozen with liquid nitrogen in prior to long-term storage.   

The ACAD (Saci_1123) or ETF (Saci_0315) containing cells were resuspended in 50 mM Tris 

plus 150 mM KCl, 10 mM imidazole and 0.1% Triton X-100 pH 7.5 and were disrupted by 

sonication. The cell debris was subsequently removed through centrifugation (4°C, 15000 

rpm, 40 min) and the supernatant was added with 1 mM FAD to improve the cofactor binding. 

Purification of ACAD and ETF proceeded via metal-ion affinity chromatography, which was 

carried out with the Äkta PrimePlus (GE Healthcare) system. The crude extracts were filtered 

(0.45 µM polyvinylidene fluoride membrane, Carl Roth, Karlsruhe, Germany) and applied to 1 

or 5 ml Nickel-IDA-Sepharose column according to the user´s manual. The wash buffer 

contained 50 mM Tris, 150 mM KCl and 10 mM imidazole pH 7.5. The protein samples were 

eluted out with the same buffer in additional to 400 mM imidazole. Afterwards, imidazole was 

removed using a 10 or 30 kDa cut-off centrifugal concentrator (Sartorius, Goettingen, 

Germany). The concentrated pure proteins were stored in 25 mM PIPES, 20 mM KCl, 10% 

glycerol pH 6.5 followed by flash freezing in liquid nitrogen and stored at -70°C.  

Protein concentrations were determined with TECAN reader at 450 nm and 595 nm according 

to the standard Bradford assay [33]. Purification and molecular weight were visualized by 

SDSpolyacrylamide gel electrophoresis and the Coomassie Brilliant Blue staining. The 

purified proteins were employed for further enzyme characterization.   
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Reconstitution of protein complex between HCDH/ECH Saci_1109 and KT Saci_1114  

To study the complex formation between the recombinant HCDH/ECH and KT proteins, 0.015 

µmol of each pure protein were mixed together and incubated on ice for 4 hours. Afterwards, 

the protein mixture was applied to the Superdex 200 prep grad HiLoad 16/60 gel filtration 

column (mentioned above). A buffer containing 50 mM HEPES/NaOH plus 300 mM NaCl pH 

7.2 was adopted to elute the protein samples.   

Enzyme assays  

The activities of all the enzymes were determined using two distinct assay systems. The 

continuous assays were performed via a spectrophotometer while the discontinuous assays 

were analysed via HPLC. All the reaction mixtures were pre-incubated under the assay 

conditions for 2 min, afterward reactions were started by addition of the measured enzymes.  

Acyl-CoA synthetase (ACS) – ACS activity of Saci_1122 was determined at 55°C in 100 mM 

HEPES/NaOH pH 7 containing 20 mM MgCl2, 2 mM CoA, 6 mM PEP, 5 mM ATP, 0.2 mM 

NADH and 6.7 µg ACS enzyme in couple with a series of auxiliary enzymes including 11.4 U 

myokinase (MK), 4.6 U pyruvate kinase (PK) and 4.2 U lactate dehydrogenase (LDG). All the 

auxiliary enzymes were extracted from rabbit muscle and purchased from Merck, Darmstadt, 

Germany. Fatty acids with chain length C2-C12 were tested in a total volume of 500 µl and 

the assay was monitored via the decrease of absorbance due to NADH (extinction coefficient: 

6.22 mM−1 cm−1) consumption at 340 nm. The reverse activity of ACS was measured at 70°C, 

412  nm by CoA-dependent increase in absorbance due to its colour reaction with DTNB to 

release yellow 2-nitro-5-thiobenzoate (TNB2-, extinction coefficient: 14.15 mM−1 cm−1) [34]. 

The assay mixture (0.5 ml) contained 100 mM HEPES/NaOH pH 7.5 with 10 μg ACS protein, 

1 mM MgCl2, 20 mM PPi, 0.5 mM AMP, 0.1 mM DTNB and 0.5 mM of different acyl-CoAs 

(acetylCoA, butyryl-CoA, octanoyl-CoA and palmitoyl-CoA).  

 

Acyl-CoA dehydrogenase (ACAD) – ACAD activity of Saci_1123 was measured at 65°C, pH 

6.5 in 50 mM HEPES/KOH buffer containing 20 mM KCl. Continuous spectroscopic assays 

were based on the reduction of the artificial electron acceptor ferrocenium (FcPF6) to its 

reduced species ferrocene at 300 nm (extinction coefficient: 4.3 mM-1 cm-1 [35]) while the 

acylCoA compounds were thus oxidized. The reaction mixture (500 µl) contained 1 mM FcPF6, 

0.13 µg/µl Saci_1123 and 0.4 mM acyl-CoAs (butyryl-CoA, hexanoyl-CoA, octanoyl-CoA and 

palmitoyl-CoA). Variable concentrations of octanoyl-CoA (0-0.15 mM) were used for 

determination of Vmax and Km. For oxidation of palmitoyl-CoA 2.5% DMSO and 0.1% Triton 

were added to increase solubility of the substrate. The discontinuous assay (50 µl) including 

50 mM MES/KOH, 20 mM KCl, 0.4 mM DCPIP, 0.02 µg/µl ACAD and 0.01 µg/µl ETF with 0.4 
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mM of acyl-CoAs (butyryl-CoA, hexanoyl-CoA or octanoyl-CoA) were incubated for 5 min. 

Moreover, 0.8 mM FcPF6 was also used as an electron accpetor instead of ETF and DCPIP.  

Electron transfer flavoprotein (ETF) – Determination of ETF Saci_0315 activity was performed 

by the artificial electron acceptor DCPIP, which exhibits the highest absorbance at 600 nm 

(extinction coefficient: 21 mM-1 cm-1 [36]). Discontinuous assays were based on that ACADs 

are not able to directly transfer electrons to DCPIP but instead need an intermediate electron 

acceptor in the form of ETF. The assay mixture (0.5 ml) containing 50 mM MES/KOH, 20 mM 

KCl, 0.2 mM DCPIP, 0.2 mM of different acyl-CoAs (butyryl-CoA, hexanoyl-CoA or 

octanoylCoA), 1.7 µg ACAD and 3.8 µg ETF was incubated at 65°C, pH 6.5 for 5 min. 

Afterwards, reduction of DCPIP by ETF was monitored by detecting the absorption spectrum 

at the wavelength varying from 400 to 800 nm. Moreover, to detect the NADH-linked EtfAB 

activity of Saci_0315, the assay was performed in 50 mM HEPES/NaOH (pH 7.5) containing 

100 mM NaCl, 0.2 mM iodonitrotetrazolium chloride (INT) and 0.015 µg/µl ETF protein with 0-

1 mM NADH for Km measurement. Then the activity was determined by monitoring the release 

of the red formazan at 500 nm (extinction coefficient 19.3 mM-1 cm-1).   

3-Hydroxyacyl-CoA dehydrogenase/enoyl-CoA hydratase (HCDH/ECH) – The coupling 

activity of the bifunctional protein HCDH/ECH Saci_1109 was determined at 75°C in 100 mM 

Tris/HCl pH 7 with 0.4 mM crotonyl-CoA, 0.2 mM NAD+ or NADP+ and 0.69 µg protein (total 

volume 0.5 ml). Km values for crotonoyl-CoA and NAD+ were determined by varying the 

concentrations from 0-1.6 mM and 0-0.3 mM, respectively. The single oxidation step of 

3HBCoA was measured using the commercial mixed 3(S/R)-HBCoA or the synthesized single 

3(S)- or 3(R)-HBCoA instead of crotonyl-CoA in the assay. Km values for mixed 3(S/R)-HBCoA 

(0-0.7 mM), NAD+ (0-1.5 mM) or single 3(S)-HBCoA (0-1.25 mM) were measured. The 

reversed reduction of AcAcCoA was measured at 35°C due to instability of the substrate. The 

assay solution (0.5 ml) contained 100 mM Tris/HCl pH 7, 0.6 mM AcAcCoA, 0.2 mM NADH 

or NADPH and 4.05 µg HCDH/ECH enzyme. Km values for AcAcCoA (0-0.7 mM), NADH (01.5 

mM) or NADPH (0-1.25 mM) were determined. Discontinuous assay (50 µl) for the combined 

activity of HCDH/ECH was carried out in 50 mM MES/KOH (pH 6.5 at 65°C), 20 mM KCl, 

0.0144 µg/µl protein and 0.4 mM crotonoyl-CoA with or without 2 mM NAD+ and was incubated 

for 15 min. Moreover, to measure the combined last three steps of β oxidation, 1.6 mM CoA 

and 0.054 µg/µl KT were included into the assay.  

β-Ketothiolase (also known as acetyl-CoA C-acetyltransferase) (KT) – Cleavage of 

acetoacetyl-CoA into acetyl-CoA by KT was investigated by monitoring the chelation of 

AcAcCoA with Mg2+ (extinction coefficient of Mg2+- AcAcCoA complex: 21.4 mM-1 cm-1 [37]) at 

23°C, 303 nm under the UV light. A decrease in absorbance should be observed due to the 
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consumption of AcAcCoA. The reaction mixture (0.5 ml) contained 100 mM Tris/HCl pH 8, 20 

mM MgCl2, 0.2 mM CoA, 0.1 mM AcAcCoA and 2.7 µg enzyme. Variable concentrations of 

AcAcCoA (0-0.2 mM) and CoA (0-0.01 mM) were used for identifying Km values, respectively. 

Discontinuous assay (400 µl) including 50 mM MES/KOH (pH 6.5), 0.2 mM CoA and 0.1 mM 

AcAcCoA was pre-incubated at 23°C for 2 min. The reaction was initiated by adding 2.7 µg 

KT and incubated for further 5 min.   

Detection of the reversed activity was coupled with the HCDH/ECH at 75°C. The activity was 

tested by detecting the NADH oxidation at 340 nm. The reaction components (0.5 ml) 

contained 100 mM MOPS/NaOH pH 6.5, 0.3 mM NADH, 17.1 µg ECH/HCDH, 10.8 µg KT and 

0.075-7.5 mM acetyl-CoA was included for determining Vmax and Km. Furthermore, 0.5 mM of 

distinct acyl-CoAs (acetyl-CoA, butyryl-CoA, hexanoyl-CoA, octanoyl-CoA, lauroyl-CoA or 

palmitoyl-CoA) was added to the assay in addition to 2.5 mM acetyl-CoA to investigate the 

substrate specificity. Reaction mixture for discontinuous assay (400 µl) contained 100 mM 

MOPS/NaOH buffer pH 6.5 with 1 mM acetyl-CoA, 0.3 mM NADH, 17.1 µg HCDH/ECH and 

1 mM of distinct acyl-CoA (acetyl-CoA, butyryl-CoA, hexanoyl-CoA or octanoyl-CoA) and was 

incubated at 65°C for 2 min. Afterwards 16.2 µg KT was added to initiate reaction followed by 

further incubation for 5 min.   

β Oxidation enzyme cascades for HPLC analysis – The complete enzyme cascades were 

performed in two steps. The first oxidation step by ACAD and ETF was done as above 

described. In the second step, 2 mM NAD+, 0.0144 µg/µl HCDH/ECH, 1.6 mM CoA and 0.054 

µg/µl KT were successively added followed by incubation for 15 min.  

Acetoacyl-CoA reductase (ACR) – ACR activity was determined according to the AcAcCoA 

dependent oxidation of NADH/NADPH at 340 nm, 35°C. The assay mixture included 100 mM 

Tris/HCl pH 7, 0.3 mM AcAcCoA, 0.2 mM NADH/NADPH and 4.03 µg protein. The 

concentration of AcAcCoA or NADPH was varied from 0-0.5 mM or 0-0.2 mM, respectively, 

for Km determination while concentrations of the other components were kept constant. 

Reversed activity of ACR was tested at 70°C using 3-HBCoA as substrate and 2 mM 

NAD+/NADP+ as cofactor in 100 mM Tris/HCl (pH 7) with 20.16 µg protein. Concentrations of 

0-2 mM were used for Km measurement for the mixed 3(S/R)-HBCoA while 0-1 mM for single 

3(R)-HBCoA in presence of 2 mM NADP+.  

MaoC like 3-hydroxyacyl-CoA dehydratase (MaoC-HCD) – The activity of MaoC-HCD 

Saci_1085 was tested at 65°C, pH 6.5 via a discontinuous assay (50 µl) containinig 50 mM 

MES, 20 mM KCl and 0.0675 µg/µl protein. Km for 3(R)-hydroxybutyryl-CoA was determined 

by varying its concentration from 0-0.5 mM while a variable concentration of 0-1 mM was used 

for measuring Km for crotonoyl-CoA. Activities toward substrates with different chain lengths 
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(C4, C6 or C8) (C) were determined by incubating 0.09 µg/µl protein with 0.4 mM enoyl-CoA 

namely crotonoyl-CoA, hexenoyl-CoA or octenoyl-CoA. Here, the substrate hexenoyl-CoA or 

octenoyl-CoA was enzymatically produced by ACAD, ETF and DCPIP as above mentioned. 

To study the stereochemical specificity towards the 3-hydroxyacyl-CoA intermediates, 0.4 mM 

of individual 3(S)- or 3(R)-hydroxybutyryl-CoA was used and the reaction was run for 30 min. 

Afterwards, the reaction was stopped by mixing the sample with acetonitrile in a ratio of 1:3 

(v/v) at different time points and then freezing the mixture. The formation of the relevant 

product was analysed via HPLC and thus the specific activities were calculated.   

Enoyl-CoA reductase (ECR) – ECR activity was checked by monitoring NADH/NADPH 

consumption at 340 nm. The enzymatic assay (500 µl) was done in 100 mM HEPES/NaOH 

pH 7.5 at 70°C and included 10 mM KCl, 0.3 mM NADH/NADPH, 0.4 mM crotonyl-CoA and 

12 µg ECR. Moreover, 0-5 mM crotonoyl-CoA or 0-0.04 mM NADPH was applied to 

determined Km values, respectively. The activity for oxidation of butyryl-CoA was checked with 

0.2 mM butyryl-CoA as substrate and 1 mM NAD+/NADP+ as cofactor under the same assay 

conditions (500 ul).   

Substrate spectrum of ECR was also checked with different CoA esters. The unsaturated 

hexenoyl-CoA or octenoyl-CoA was enzymatically synthesized by ACAD (Saci_1123) from 

the saturated derivatives. The reaction mixture contained 100 mM HEPES/NaOH (7.5, 70°C), 

0.3 mM of hexanoyl-CoA or octanoyl-CoA, 0.6 mM of FcPF6, then 7.54 µg ACAD (Saci_1123) 

was introduced to produce the corresponding enoyl derivatives. The continuous assay for 

reduction of the enoyl-CoAs with the carbon chain length of C4, C6, C8, C10 or C16 was 

performed in 100 mM HEPES/NaOH (7.5, 70°C) in presence of 0.2 mM NADPH, 10 ug protein 

and 0.3 mM enoyl-CoA. Km for crotonoyl-CoA or NADPH was determined by using a variable 

concentration of 0-0.5 mM or 0-0.04 mM, respectively.  

FA synthesis enzyme cascades for HPLC analysis – To investigate the conversion of 

3(R)hydroxyacyl-CoA into acyl-CoA, 0.4 mM 3(R)-hydroxybutyryl-CoA (3(R)-HBCoA) was 

incubated with 0.84 µg MaoC-HCD Saci_1085, 1.23 µg ECR Saci_1115 and 2 mM NADPH 

in 50 µl of 50 mM MES/KOH plus 20 mM KCl at 65°C, pH 6.5 for 30 min. Furthermore, time 

dependent formation of crotonoyl-CoA or butyryl-CoA was monitored by analysing samples at 

different time points (0, 30, 60, 120, 180 and 240 min). For reconstruction of a potential FA 

synthetic pathway for producing butyryl-CoA from acetoacetyl-CoA (AcAcCoA), 0.4 mM 

AcAcCoA, instead of 3(R)-HBCoA was introduced to the same assay as the initial substrate 

and additional 1.04 µg of ACR Saci_1104 was included. Then the samples were analysed by 

HPLC.  
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In vitro analysis of the FA metabolic reactions via HPLC  

Acyl-CoA esters were extracted from β oxidation reaction mixtures and meanwhile proteins 

were removed through cold acetone precipitation. The reaction mixtures were mixed with 

acetone (1:3 v/v), and then incubated at -80°C for 20 min or at -20°C overnight. Afterwards, 

the samples were centrifuged at 4°C for 30 min to precipitate proteins. The supernatants were 

transferred in clean tubes and the liquid was evaporated completely at 30°C using an  

EppendorfTM Concentrator Plus with Membrane Vacuum Pump. The precipitation was 

resuspended in ultrapure water and applied to the Thermo Scientific UltiMate 3000 HPLC 

system (Thermo Fisher Scientific US). Detection and separation of CoA esters were 

accomplished via a reversed phase NUCLEODUR C18 Pyramid analytical column 

(MACHEREY-NAGEL GmbH & Co. KG, Germany). Acyl-CoAs with different chain lengths 

were analyzed with different concentration gradients of acetonitrile (ACN). On one hand, for 

shorter chain CoA esters (C ≤ 4), the analytical column was pre-equilibrated with 96% of Buffer 

A (0.2 M ammonium acetate, pH 5) and 4% of Buffer B (ACN), CoA and CoA esters were 

eluted employing three linear gradients of ACN: 0-20 min, 4-7% ACN; 20-35 min, 7-30% ACN; 

35-35.5 min, 30-4% followed by an isocratic flow with 4% Buffer B for 9.5 min. In the current 

study, this program for separating shorter chain CoA compounds was regarded as the “4-30%  

ACN” program. On the other hand, to detect longer chain CoA esters (C ≥ 4), the column was 

pre-equilibrated with 99% of Buffer A and 1% of Buffer B, then acyl-CoA compounds were 

eluted firstly with a linear gradient of 1 to 10% ACN for 5 min followed by an isocratic flow with 

10% ACN for 16 min, then two linear gradients of 10 to 60% for 20 min and 60-1% for 0.5 min 

were used. Afterwards, the system was run with 1% ACN for further 19.5 min. Here, the 

program for detecting longer chain CoA esters was regarded as “1-60% ACN” program. All 

chromatography was carried out at 8°C and the flow rate was 1 ml/min. Data collection and 

processing was done by Thermo Scientific™ Dionex™ Chromeleon 7 Chromatography Data 

System (CDS) Software (Thermo Fisher Scientific US).   
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Results  

It has recently been demonstrated that FAs serve as sole carbon and energy source for growth 

of S. acidocaldarius on minimal media [8]. To further study the FA metabolism we first 

analysed the enzymes encoded in the saci_1103-1126 gene cluster and their functional role 

in β oxidation. The respective genes were cloned and heterologously expressed in E. coli, and 

the recombinant proteins were purified (Fig. 1B) and biochemically characterized (Tab. 1), 

including the HPLC based determination of the respective CoA-ester intermediates as well as 

the essential cofactor NAD+/NADH via coupled enzymatic assays (Fig. 1 C). The first step in 

FA degradation (after likely passively entering the cell) is their activation to the corresponding  

CoA esters usually catalysed by AMP-forming acyl-CoA synthetases (FA + ATP + HS-CoA  

FA-CoA + AMP + PPi) [15, 38]. Three homologues (saci_1111, saci_1122, and saci_1126) 

are encoded within the gene cluster and the coding function of saci_1122 was confirmed. The 

recombinant homodimeric protein (61 kDa denaturing, 117 kDa native conditions) catalyzes 

the HS-CoA and FA dependent conversion of ATP yielding AMP and PPi as product with the 

highest activity towards chain lengths between C5 and C8 (Fig. S9) and the kinetic constant 

were determined with valeric acid or octanoic acid as substrate (Tab. S5, Fig. S8). The AMP- 

and PPi-dependence of the enzyme was confirmed in both directions of the reaction (Tab. 

S5). No activity was observed with FAs longer than C10 identifying the enzyme as medium 

chain acyl-CoA synthetase (MACS) (Fig. S9).  

Following the FA activation to the corresponding CoA ester, the acyl-CoA then enters the β 

oxidation and in the first step the saturated acyl-CoA esters are oxidized to yield the 

corresponding enoyl-CoA esters. The sequences of the three acyl-CoA dehydrogenase 

homologues catalyzing this reaction (saci_1108, saci_1113, saci_1123) were thoroughly 

analysed revealing that Saci_1108 (missing adenosine binding site) and Saci_1113 (no CoA- 

and isoalloxaxine-binding sites, no catalytic base) lack catalytically essential features (Fig. 

S4). Accordingly, both recombinant enzymes were inactive. However, Saci_1123 harbours all 

relevant sequence features (Fig. S4) and catalysed the acyl-CoA oxidation with ferrocenium 

as artificial electron acceptor with highest activity towards octanoyl-CoA (Vmax 29 U mg-1, Km 

0.0151 mM), and to a lesser extend also with hexanoyl-CoA and butyryl-CoA. Palmitoyl-CoA 

(C16) was not converted classifying the enzyme as medium chain specific, fitting well to the 

results of the sequence analyses (Tab. 1) (Fig. S4). The yellow colour of the enzyme 

preparation already indicated that the homotretrameric 170 kDa protein (subunits 43.9 kDa) 

(Tab. 1) contains FAD as a cofactor and the content and function for catalysis was shown 

spectroscopically indicating that 62% of the purified protein contained an FAD cofactor and 

from that one FAD cofactor per monomer was concluded. However, the native electron 

acceptor for the reduced FAD cofactor is usually the electron transferring flavoprotein (ETF) 
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which transfers the electrons to the membrane bound ETF dehydrogenase finally reducing 

quinones of the respiratory chain. In S. acidocaldarius two homologues for the ETF 

(saci_0315, and saci_0290/0291) were identified and both form operon like structures with 

genes encoding ETF dehydrogenases (saci_0316/0317, saci_0292/0293). The 

saci_0290/0291 encodes an ETF comprised of two different subunits whereas saci_0315 

represents a fusion of both genes encoding one single fusion protein. Saci_0315 was 

recombinantly produced in E. coli. The purified 68 kDa monomeric protein (calculated 66.9 

kDa) could be shown to take over the electrons from and thus re-oxidize the FAD cofactor of 

the ACAD and further transport the electrons to DCPIP (Fig. S11). A direct reduction of a 

quinone derivative (Q10) by ETF could not be observed. This shows that the ETF acts as 

native electron acceptor for the ACAD and that the ETF dehydrogenase is a further essential 

part of the electron transfer from the saturated acyl-CoA finally to the quinones of the 

respiratory chain. However, an electron transfer from NAD(P)H to ETF or further to the ACAD 

was not observed under aerobic conditions suggesting that ACAD/ETF only work in the 

oxidative direction.  

For the next two steps in the β oxidation, e.g. the hydration of the enoyl-CoA to the 

3(S)hydroxyacyl-CoA and its oxidation to 3-oxoacyl-CoA, one fused gene homologue 

saci_1109 is present in the saci_1103-1126 gene cluster encoding a single polypeptide chain 

with an Nterminal hydroxyacyl-CoA dehydrogenase and a C-terminal enoyl-CoA hydratase 

domain (HCDH/ECH). The molecular mass of the purified recombinant protein composed of 

73 kDa subunits could not unequivocally be determined due to the formation of higher 

oligomerization states with molecular masses above 500 kDa as judged by size exclusion 

chromatography and MS (Tab. 1). However, according to its fused structure the protein 

showed the combined activity, i.e. the crotonyl-CoA dependent NAD+ reduction to NADH, with 

a Vmax of 17 U mg-1 and Km values of 24 µM (crotonyl-CoA) and 36 µM (NAD+) (Tab. 1). The 

enzyme also catalysed the conversion of decenoyl-CoA (C10:1) (Vmax around 45% of that with 

crotonyl-CoA) but was not active with hexadecenoyl-CoA (C16:1) indicating a medium chain 

length specificity (Tab. 1, Fig. S13C). Moreover, the enzyme catalysed the reversible oxidation 

of 3(S)-hydroxybutyrylCoA to acetoacetyl-CoA with a Vmax of 48 U mg-1 and was specific for 

the (S)-enantiomer (Km 43 µM) while the (R)-enantiomer was not converted. Additionally, no 

activity could be observed using the co-substrate NADP+ demonstrating the NAD+–dependent 

property of the recombinant protein. Furthermore, also in the reductive direction Saci_1109 

showed a clear preference for NADH (Km 28 µM) over NADPH (Km 94 µM) (Tab. 1). The Vmax 

(7 U mg-1) was similar for both cosubstrates (in the reductive direction, the reaction had to be 

measured at 35°C due to the pronounced instability of acetoacetyl-CoA), although at higher 
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NADPH concentrations a pronounced inhibition was observed which did not occur with NADH 

(Fig. S12G, H). 

 

The final reaction in the β oxidation is catalysed by the β-ketothiolase/acetyl-CoA 

Cacetyltransferase (KT) and two homologues are present in the saci_1103-1126 gene cluster 

(saci_1114 and saci_1121). The coding function was confirmed for the purified recombinant 

Saci_1114 in both direction of acetoacetyl-CoA cleavage and the kinetic parameters were 

determined for acetoacetyl-CoA (Vmax 1.7 U mg-1, Km 30 µM), CoA (Vmax 2.5 U mg-1, Km 3 µM) 

and acetyl-CoA (Vmax 2.7 U mg-1, Km 2.1 mM), respectively (Tab. 1). The low Km values for 

acetoacetyl-CoA and CoA as well as the relatively high Km for acetyl-CoA already suggest 

that the thiolytical cleavage of the 3-ketoacyl-CoA is the physiologically favorable direction. 

The native molecular mass of 88 kDa and a subunit size of 43 kDa of Saci_1114 suggested 

a homodimeric structure. It has been reported that in Bacteria (i.e. Escherichia coli, 

Psuedomonas fragi or Mycobacterium tuberculosis) the homologues of this β-ketothiolase 

often form complex with the bifunctional protein involved in β oxidation [13, 39, 40]. In order 

to reconstitute the trifunctional protein complex of S. acidocaldarius β oxidation in vitro, equal 

molar amount of HCDH/ECH and KT was mixed and analysed via gel filtration, as a result 

there was no complex formation between these two proteins indicating a distinct mechanism 

of the S. acidocaldarius β oxidation enzymes (Fig. S15). To elucidate the chain length 

specificity of Saci_1114 ketothiolase it was monitored if the addition of substrates with different 

chain length to an assay only containing 2.5 mM of acetyl-CoA could enhance the activity. An 

activity increase was observed with acetyl-, butyryl-, hexanoyl-, and octanoyl-CoA again 

indicating a short to medium chain length specificity (Fig S14D). 

 

All four enzyme activities were also confirmed by HPLC following the consumption and 

formation of the respective CoA ester substrates and intermediates, respectively. First, the 

complete conversion of butyryl-CoA to crotonoyl-CoA as well as of hexanoyl- and 

octanoylCoA to the respective enoyl-CoA esters by ACAD was shown with FcPF6 or the ETF 

as electron acceptors which then transfers the electrons further to DCPIP (Fig. S22). For the 

bifunctional HCDH/ECH Saci_1109 it could be demonstrated that crotonoyl-CoA is converted 

by >90% to hydroxybutyryl-CoA although the further conversion with NAD+ to acetoacetyl-

CoA could not be observed (Fig. S23). However, when the KT was added to the Saci_1109 

reaction the nearly complete conversion of crotonoyl-CoA to acetyl-CoA could be detected 

without any detectable amounts of liberated acetoacetyl-CoA (and only low amounts of 3-

hydroxybutyrylCoA) (Fig. S25). In addition, the complete thiolysis of acetoacetyl-CoA into 

acetyl-CoA by the KT Saci_1114 alone was observed (Fig. S24). Also, the reversible 
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conversion of acetyl-CoA to crotonoyl-CoA using Saci_1114 and Saci_1109 was 

demonstrated although only low amounts of crotonoyl-CoA were observed (and also 3-

hydroxybutyryl-CoA as intermediate) (Fig. S27A). Finally, the complete β oxidation was 

reconstituted by first incubating the respective saturated acyl-CoA esters (C4-C8) with the 

ACAD and ETF/DCPIP for 5 min leading to complete conversion to the respective enoyl 

esters. Upon addition of HCDH/ECH and the KT as well as the required coenzymes NAD+ 

and HS-CoA further formation of acetyl-CoA (Fig. 1C), acetyl- and butyryl-CoA (Fig. S26A), 

as well as acetyl- and hexanoyl-CoA (Fig. S26B) was observed, respectively. The additional 

peaks visible in the chromatograms could not undoubtedly be identified but likely correspond 

to longer chain hydroxyacyl or ketoacyl intermediates, respectively. Together, the results 

show that the saturated acyl-CoAs can completely be converted to acetyl-CoA by the 

reconstituted β oxidation enzyme cascade and that the whole pathway conversion is 

sufficiently exergonic to run the acyl-CoA conversion to acetyl-CoA to completion with the 

ACAD as the major driving force. The other three reactions were shown to operate reversibly 

in vitro also as a three-activity-cascade although with an equilibrium far on side of the acetyl-

CoA formation, i.e. the oxidative/cleavage direction.  

 

Interestingly, in the saci_1103-1126 gene cluster a gene (saci_1115) was identified putatively 

encoding a dehydrogenase of the medium chain dehydrogenase/reductase (MDR) 

superfamily which showed remote sequence similarity (59.46%) to the acryloyl-CoA reductase 

from Metallosphaera sedula. We heterologously overproduced and purified the 69 kDa 

homodimeric enzyme (subunit size 36 kDa) and its characterization revealed crotonoyl-CoA 

reductase activity with NADPH as electron donor (Vmax 0.422 U mg-1, Km (crotonoyl-CoA) 96 

µM, Km (NADPH) 7 µM) (Tab. 2). Also, NADH could serve to reduce crotonoyl-CoA although 

with 4.5 fold reduced activity compared to NADPH. The enzyme also showed activity towards 

hexenoyl-CoA, octenoyl-CoA and decenoyl-CoA (C6, C8 and C10 2-enoyl-CoAs) with the 

highest specific activity for octenoyl-CoA (0.93 U mg-1) (Tab. 2, Fig. S19). This indicates that 

Saci_1115 is a medium chain specific enoyl-CoA reductase with a clear preference for 

NADPH.  

 

The NADPH specificity is regarded as distinctive property of the FA synthesis compared to 

the NAD-specific β oxidation (see above) [23, 24]. Since the HCDH/ECH (Saci_1109) showed 

a clear preference for NAD+, we sought for the presence of NADPH dependent ketoacyl 

thioester reductases which might be operative in FA synthesis in S. acidocaldairus. These 

ketoacyl thioester reductases of the canonicle FA synthesis pathways usually belong to the 

SDR superfamily [23]. The S. acidocaldarius genome harbors in total 11 SDR homologues 

which are annotated as fabG. One of these SDR homologues, e.g. Saci_1104, is also 
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encoded in the saci_1103-1126 gene cluster and was therefore characterized after 

heterologous overexpression in E. coli followed by purification. The recombinant Saci_1104 

catalyzed the reversible and strictly NADPH dependent interconversion of acetoacetyl-CoA to 

3(R)hydroxybutyryl-CoA. No activity was obtained neither with NADH nor with the 

3(S)hydroxybutyryl-CoA stereoisomer. The kinetic constants were determined in both 

directions of the reaction. In the direction of 3(R)-hydroxybutyryl-CoA formation the Vmax was 

1.3 U mg-1 and the Km values were 0.077 mM and 0.024 mM for AcAcCoA and NADPH 

respectively (measured at 35°C due to the instability of AcAcCoA). For 3(R)-hydroxybutyryl-

CoA the Km was 0.16 mM and the Vmax 0.97 U mg-1 (measured with 2 mM NADP+ at 70°C) 

(Tab. 2). Thus, the catalytic efficiency in the reductive direction was already much higher 

although measured at much lower temperature compared to the oxidative direction. This strict 

stereospecificity for the 3(R)-hydroxyacyl intermediates is also a known characteristic trait of 

FAS systems compared to the (S) specificity of the β oxidation [23]. And the presence of an 

NADPH dependent reductases with (R)-hydroxyacyl-CoA specificity, raised the questions 

whether S. acidocaldarius also harbor (R)-specific hydroxyacyl thioester dehydratases. In 

Bacteria and Eukarya this reaction is carried out by dehydratases from the hotdog fold 

superfamily [11], which were not present in the S. acidocaldarius genome. Only distantly 

related MaoC dehydratases which also belong to the hot dog fold superfamily were identified 

(saci_1070, saci_1085).  The recombinantly overproduced and purified Saci_1085 formed 

homododecameric structures (native mass 244 kDa, calculated subunit size 21 kDa) and 

indeed showed 3-hydroxyacyl-CoA dehydratase activity with a pronounced preference for the 

(R)stereoisomer (Tab. 2, Fig. S29A). The enzyme could be measured in both directions of the 

reaction and the kinetic constants were determined for conversion of 3(R)-hydroxybutyryl-CoA 

(Vmax 1.72 U mg-1, Km 0.4 mM) or crotonoyl-CoA (Vmax 4.4 U mg-1, Km 0.22 mM). Interestingly, 

the enzyme preferred C8 enoyl-CoA over C4 or C6 derivatives, which is similar to Saci_1115 

(Fig. S20C). The formation of crotonoyl-CoA from 3(R)-hydroxybutyryl-CoA was also shown 

via HPLC analyses and addition of the enoyl-CoA reductase (Saci_1115) led to the formation 

of butyryl-CoA (Fig. S29). Furthermore, with the reconstitution of these two enzymes with the 

Saci_1104 ketoacyl-CoA reductase the conversion of acetoacetyl-CoA to butyryl-CoA could 

be shown (Fig. 2C). The conversion of acetoacetyl-CoA was complete in the reported time 

frame whereas 3(R)-hydroxybutyryl-CoA was only partially converted to crotonoyl-CoA and 

butyryl-CoA, respectively, suggesting that the final enoyl-CoA reduction do not have the 

expected “pulling” character for the whole enzyme cascade. However, these results together 

with the reversal of the ketothiolase putatively enabled by the DUF35 scaffolding protein (see 

below in the discussions section) indicate a potential novel FA synthesis pathway in S.  

acidocaldarius.   
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Discussion  

It has recently been shown that S. acidocaldarius grows on FAs as sole carbon and energy 

source [41] and this organism belongs to those archaeal species harboring full sets of β 

oxidation homologues (with several paralogous copies for each of the four steps). Also, for 

e.g. halophilic Archaea and for Archaeoglobus species the presence of a complete β oxidation 

pathway has been reported on sequence level and also the growth on FAs has been indicated 

[3-5]. This suggests that indeed the presence of these genes correlates with the ability to 

utilize FAs as carbon and energy source. We here confirmed the coding function of a FA 

activation protein and several of these β oxidation related genes in S. acidocaldarius 

organized in a recently identified gene cluster, i.e. saci_1103-1126  [41], and characterized 

them as ACS (Saci_1122), ACAD (Saci_1123), bifunctional HCDH/ECH (Saci_1109) and KT 

(Saci_1114). This gene cluster including the characterized encoded enzymes was shown to 

be repressed by a TetR like regulator which is released from its DNA target sequences upon 

binding of medium- to long chain acyl-CoA esters (C6-C18) [41]. This at least partly correlates 

with the substrate specificity of the characterized proteins which all show a preference for 

medium chain fatty acid/acyl intermediates. This also applies for the two esterase enzymes 

encoded in the same cluster which were characterized previously (saci_1105, saci_1116) [42, 

43] and cover a medium chain acyl length spectrum with the highest activity. However, the 

presence of further genes encoding additional paralogous copies of the respective enzymes 

might suggest that the substrate spectrum of the whole cluster is probably extended also to 

longer chain substrates.  

 

At first, the saci_1122 encoding protein has been characterized as an AMP-forming medium-

chain ACS for FA activation. To our knowledge, experimental data about the medium-chain 

ACS (MACS) from Archaea especially Sulfolobales is limited, instead many characterized 

archaeal ACSs stick to short chain FA substrates like acetate and propionate [44-47]. In 

contrast the E. coli fadD homologue is responsible for activating long chain FAs (C ≥12) [38]. 

A MACS from Methanosarcina acetivorans (MaACS) was reported to favor branched, medium 

chain FA like 2-methylbutyrate [48] while the Pyrobaculum aerophilum and Archaeoglobus 

fulgidus enzymes were regarded as unusual due to their utilization of longer chain FAs than 

acetate and propionate, i.e. butyrate, isobutyrate or valerate [34, 44], especially, the PaACS 

exhibited octameric structure, unlike the other monomeric or homodimeric ACSs [34]. 

Compared with these ACSs, the homodimeric Saci_1122 did not convert the branched 

isovaleric acid but showed highest activity toward straight chain FAs ranging from C5 to C8 

(Fig. S9C). This is in line with the definition of MACS which activates FAs with C4 to C12 [49].   
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However, the β oxidation enzymes from Archaea have so far not been characterized in detail 

and surprisingly little is known about the acyl-CoA dehydrogenases. The ACADs belong to a 

large superfamily of flavoproteins and oxidize saturated acyl-CoAs to the corresponding 

unsaturated 2,3-enoyl-CoA thioesters and represent key enzymes of β oxidation and amino 

acid metabolism [26, 50, 51]. The primary electron acceptor is a non-covalently enzyme-

bound flavin adenine dinocluotide (forming a charge transfer complex with the substrate) from 

which the electrons are further transferred to the electron transferring flavoprotein. This is in 

turn reoxidzed by the membrane bound ETF: quinone oxidoreductase which reduces the 

quinone pool of the respiratory chain [27], in S. acidocaldarius the caldariellaquinone [52]. 

Finally, the electrons are transferred to oxygen in S. acidocaldarius as terminal electron 

acceptor. In this study the ACAD Saci_1123 from the S. acdiocaldarius saci_1103-1126 gene 

cluster was characterized as medium chain ACAD which fits quite well to the sequence 

analyses (conserved catalytic base and tyrosine residue specific for short and medium chain 

ACAD, Fig. S4). Also, the highest activity towards octanoyl-CoA, the FAD content per 

monomer of likely one, as well as the homotetrameric structure are well in line with known 

medium chain ACADs (MCADs) [26]. The only archaeal ACAD reported so far is the isovaleryl-

CoA dehydrogenase from Halobacterium salinarum which was however not biochemically 

characterized in detail [53]. Also, from Bacteria, only little biochemical information is available. 

MCADs are best characterized from mammalian like e.g. Homo sapiens or Rattus norvegicus 

and the kinetic constants with Km values for the octanoyl-CoA in the micromolar range (2-8 

µM) and Vmax of 10-25 U mg-1 (Brenda database, 2021) are at least in a similar range as 

observed for the S. acidocaldarius enzyme. However, the physiological electron acceptor for 

most of the ACADs is the ETF and two paralogues have been identified in the S. 

acidocaldarius genome (see above) and we could experimentally show that the Saci_0315 is 

reduced by the MCAD Saci_1123. Saci_0315 represents a fusion protein of the β and α 

subunit (N- and Cterminal, respectively) of known ETFs [54] (Fig. S5) and the monomeric 

structure is thus in line with the reported heterodimeric (αβ) structures of the latter. BLAST 

searches revealed that these fused ETFs are restricted to Archaea and occur mainly in the 

Sulfolobaceae [54] and some Thermoplasmatales. They mostly cooccur in gene clusters with 

the genes encoding the ETFCX (annotated as fixCX) ETF: quinone oxidoreductase [54] which 

thus likely funnels electrons from the ETF to the caldariellaquinone pool of S. acidocaldarius. 

Many Sulfolobaceae species habour a second ETF encoded by separated α and β genes and 

it might also be involved in FA degradation. It is well known that ETFs can accept electrons 

from a variety of ACADs [26] and thus a function in e.g. amino acid metabolism is also likely 

considering that most Sulfolobaceae also grow with proteinaceous substrates as carbon and 

energy source [10]. However, the distinct function of both ETFs remains to be elucidated. 

Interestingly, as revealed by bioinformatics analyses, most of the archaeal lineages containing 
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complete sets of β oxidation enzymes also contain such ETF encoding genes whereas those 

not containing ETFs do also not contain a complete FA degradation machinery. This indicates 

and may thus confirm a functional interconnection of these ETFs and FA catabolism. 

Saci_0315 shows around 40% sequence identity to the recently characterized Pyrobaculum 

aerophilum homologue [55]. And accordingly, Saci_0315 also catalyzed the reduction of 

iodonitrotetrazolium (INT) with a specific activity around 0.703 U mg-1 which is only 1.68% of 

that for the P. aerophilum ETF (41.8 U mg-1) [55]. Furthermore, first results obtained by protein 

denaturation and concomitant spectrophotometric determination of FAD and HPLC analyses 

of the AMP in the supernatant indicated that the Saci_0315 fusion ETF contains most likely 

two FAD and no AMP, which is a characteristic feature of bifurcating ETFs (data not shown). 

Also, phylogenetic analyses showed that both ETFs cluster together with other crenarchaeal 

ETFs which appear more closely related to bifurcating ETFs than to non-bifurcating ones [54, 

56]. In P. aerophilum the whole ETFABCX complex was shown to bifurcate electrons from 

NADH to ferredoxin and to menaquinone, respectively [55]. Thus, these results obtained for 

the Saci_0315 ETF suggest that also the complete Saci_0315-0317 ETFABCX catalyzes 

electron bifurcation from NADH to ferredoxin and the caldariellachinone, respectively. The 

physiological role and significance of this process in these aerobic to microaerophilic 

organisms appears not fully established. For P. aerophilum it has been discussed that the 

complexation of NAD+ to the ETF might prevent electron transfer to oxygen forming harmful 

superoxide [55]. However, we herein clearly showed that the ETF functions as electron 

acceptor for the ACAD and most likely further transfers these electrons via the ETFCX 

oxidoreductase to the caldariellaquinone.  

 

As already mentioned above, there is some overlap of the β oxidation to other metabolic 

pathways like the 3HP/4HB and the dicarboxylate/4HB cycles for CO2 fixation found in Cren- 

and Thaumarchaeota, i.e. the conversion of crotonoyl-CoA to two acetyl-CoA in the 4HB part 

of both pathways [57, 58]. Also, degradation pathways of aromatic compounds involve the 

crotonoyl-CoA to acetyl-CoA conversion as well as other analogous reactions as described in 

Archaea for the Euryarchaeon Ferroglobus placidus [59]. Herein, for Saci_1109, the 

conversion of crotonoyl-CoA to acetoacetyl-CoA via 3(S)-hydroxybutyryl-CoA was 

demonstrated. Also, in Metallosphaera sedula (CO2 fixation) and F. placidus this conversion 

has been reported to be catalyzed by a similar bifunctional enzyme like Saci_1109 comprised 

of an N-terminal HCDH and a C-terminal enoyl-CoA hydratase (crotonase superfamily) 

domain [60, 61]. However, the activity with other substrates than crotonoyl-CoA was not 

analyzed for the latter proteins as shown for the Saci_1109 which was active also with straight 

chain 2,3decenoyl-CoA indicating a broader function in the β oxidation of various FAs of at 
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least medium chain length. The combined specific activity, i.e. the conversion of crotonoyl-

CoA to acetoacetyl-CoA with NAD+, of 17 U mg-1 for Saci_1109 was in a similar range as 

reported for the other two archaeal enzymes (8-35 U mg-1 for M. sedula and 6 U mg-1 for F. 

placidus) [5961] although the Km values were somewhat lower for the S. acidocaldarius 

enzyme. Only recently, the M. sedula enzyme was reevaluated, also showing activity towards 

the medium chain C8 enoyl-CoA substrate and a function in β oxidation rather than in CO2 

fixation was discussed.  Interestingly, sequence comparison revealed that in archaea nearly 

exclusively the N-terminal HCDH/C-terminal ECH domain organization occurs if such fusion 

proteins are present. In contrast, in the canonical β oxidation known so far from bacteria and 

mitochondria the crotonoyl- to acetoacetyl-CoA conversion is also carried out by a fusion 

protein which however show an inverted domain organization [62]. As mentioned above, the 

dehydrogenase activity of S. acidocaldarius (30 U mg-1) is around double of that for the 

hydratase (17 U mg-1) while for the M. sedula enzyme, both activities were shown almost to 

be equal (16 U mg-1 for the dehydrogenase and 20 U mg-1 for the hydratase). However, the 

hydratase activity of the E. coli β oxidation complex was reported to be 5-10 fold higher than 

the dehydrogenase activity [63, 64]. This differences between the hydratase and 

dehydrogenase activities of the fusion protein occurred in Archaea and Bacteria might also be 

caused by the distinct domain structures.  The Saci_1109-like domain organization is also 

quite widespread in bacteria but only one such homologue has been characterized so far from 

Cupriavidus necator [65]. However, the ratio behind this domain rearrangement has not been 

analyzed. The canonical enzymes e.g. from Pseudomonas fragi or E. coli are known to form 

a complex with the ketothiolase catalyzing the next step in the β oxidation spiral enabling 

substrate channeling [66-68]. First results obtained from gel filtration analyses of Saci_1109 

with the Saci_1114 ketothiolase similarly carried out as for the E. coli complex [67], indicated 

that in contrast to the E. coli complex the S. acidocaldarius enzymes could not be reconstituted 

in vitro into a protein complex. Although it cannot be ruled out that Saci_1109 forms complexes 

with other ketothiolase paralogues than Saci_1114, the results might indicate that the altered 

domain structure prevent or alter complex formation. [69]. The substrate channeling enabled 

by complex formation appear reasonable in the last three reactions of the β oxidation because, 

although the overall thermodynamics of the three reactions is exergonic by -11.9  kJ mol-1 

(with the thiolase as major driving force of -26.1 kJ mol-1), the NAD+ dependent hydroxyacyl-

CoA oxidation is endergonic by +18 kJ mol-1 and represents the energetic bottle neck of the 

β oxidation spiral [29]. However, in the mitochondrial pathway except for the membrane bound 

long chain specific complex the reaction sequence is carried out by single enzymes which do 

not form protein complexes [70, 71].  
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The ketothiolase Saci_1114 was active as a stand-alone enzyme whereas the E. coli enzyme 

is only active as part of the complex [67]. The specific activity of Saci_1114 with 1.7 U mg-1 

was much lower than previously reported for the M. sedula and Pyrobaculum neutrophilum 

enzymes (Msed_0656, 141 U mg-1; Tneu_0249, 55 U mg-1) [60, 61]. However, due to the 

pronounced instability of acetoacetyl-CoA observed herein the assay temperature was 

lowered to 23°C and the activity at the physiological temperature of 75°C can be roughly 

estimated to 55 U mg-1 using the van’t Hoff rule. With the Km value of the Saci_1114 

ketothiolase of 0.033 mM for acetoacetyl-CoA it indicates a much higher catalytic efficiency 

than the M. sedula or P. neutrophilum (0.15-0.18 mM) enzymes. Thiolases are subdivided into 

two main groups the degradative and biosynthetic thiolases [72]. The degradative thiolases 

are characterized by a broader substrate spectrum also converting longer acyl chain 

substrates whereas biosynthetic thiolases are specific for short chain acyl-CoAs ≤C4. 

Although recently the structural basis for these different substrate spectra has been indicated 

[72], it appears difficult to deduce the biosynthetic or degradative function of a thiolases simply 

by sequence. However, biosynthetic archaeal ketothiolases seem to cooccur downstream with 

a DUF35 domain encoding gene (see below) and the DUF35 domains were shown to act as 

scaffold protein in complex formation [73]. This has been shown for the ketothiolase and the 

3-hydroxy-3methylglutaryl-CoA synthase from Methanothermococcus thermolithotrophicus 

and has also been indicated for haloarchaea [73]. However, the DUF35 domain protein 

encoding gene is not present downstream of saci_1114 which might therefore support the 

degradative function of Saci_1114. The archaeal ketothiolases have been indicated as 

phylogenetically ancestral [74]. Furthermore, both degradative and biosynthetic archaeal 

ketothiolases appear more related to each other than to their bacterial (and perhaps also 

eukaryotic) counterparts [5, 20], which might further explain, together with the inverted domain 

structure of the HCDH/ECH fusion proteins, the differences in complex formation.  

 

From the single enzymes the β oxidation cascade was reconstituted (Fig. 1) in a stepwise 

manner and the substrate and product formation was followed via HPLC analyses. The 

complete conversion of butyryl-CoA to crotonyl-CoA observed with both, ferrocenium and ETF 

as artificial and natural electron acceptor, respectively, is in line with the mechanisms 

described for the ACAD which preferentially binds the product enoyl-CoA in its reduced state 

and thus kinetically promotes the oxidative half-reaction, i.e. the electron transfer from the 

ACAD flavin to the ETF or the artificial electron acceptor [26]. The further conversions 

observed in the β oxidation spiral coincided well with the thermodynamics [29]. The crotonoyl-

CoA conversion to 3(S)-hydroxybutyryl-CoA by the bifunctional HCDH/ECH did not run to 

completion but showed roughly an 80% conversion in agreement with the thermodynamics of 
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the reaction (ΔG0’ = -3.3 kJ mol-1). The addition of NAD+ did not result in any detectably 

acetoacetyl-CoA formation which is also in accordance with the ΔG0’
 of + 18 kJ mol-1 which 

makes the two-step crotonoyl- to acetoacetyl-CoA conversion endergonic by nearly +15 kJ 

mol-1. Only when the ketothiolase is added the crotonoyl-CoA is fully transformed to two 

molecules of acetyl-CoA which is again nicely explained by the standard free energy change 

of -26.1 kJ mol-1 rendering the crotonoyl- to acetyl-CoA conversion in total exergonic by -11 

kJ mol-1 and accordingly a nearly full conversion of crotonoyl-CoA to acetyl-CoA by 

HCDH/ECH and KT was observed. Together with the full conversion of butyryl- to crotonoyl-

CoA with ETF, this also indicates that the fully reconstituted complete β oxidation cascade 

including the ACAD, HCDH/ECH and KT with the ETF and NAD+ as electron acceptors can 

run to completion. We could indeed observe acetyl-CoA formation from butyryl-CoA but it was 

not possible to get a full conversion since the addition of ETF in sufficient amounts led to 

protein precipitation. On the other hand, artificial electron acceptors for the ACAD 

(ferrocenium) or the ETF (DCPIP) interfered with the CoA essential for the KT reaction, making 

the full reconstitution experimentally impossible. However, taken into account, in addition to 

the mechanistic of the ACAD catalyzed reaction,  the thermodynamics with the 

caldariellquinone (CQ) (reduction potential +100 mV [52], that of crotonoyl-CoA/butyryl-CoA -

10 mV [75]) as electron acceptor (and finally oxygen (E0’ +820 mV)), which may drive the 

reaction further into the oxidative direction, it becomes apparent that the β oxidation as an 

entire process is hardly reversible from a mechanistic and energetic point of view and that the 

ACAD catalyzed reaction with the CQ as “primary” electron acceptor is the major bottle neck. 

However, with the described two step enzyme cascade with ACAD/ETF followed by the 

HCDH/ECH-KT enzymes the full degradation of C4, C6 and C8 saturated FA-CoA esters to 

acetyl-CoA as well as butyrylCoA and hexanoyl-CoA, respectively, could be confirmed. This 

in vitro reconstituted β oxidation pathway opens up further experimental opportunities to study 

β oxidation in Archaea and in general gain a deeper understanding of this long known pathway 

which is however, especially in Bacteria and Archaea, not that extensively studied as one 

might expect.  

 

Previous reports suggest that at least some archaea contain FAs and are hence able to 

synthesize them. This was indicated for Saccharolobus solfataricus (formerly known as 

Sulfolobus solfataricus), a close relative of S. acidocaldarius, and for Ignicoccus hospitalis 

[16], for some methanogens [17], and also some haloarchaea [19]. However, some of the 

characteristic components of the known FA synthesis machineries especially the acyl-carrier 

protein and the acyl-carrier protein synthase are nearly completely absent in Archaea [20] and 

also no archaeal organism has been shown so far to contain a full set of FA synthesis enzymes 
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known from Bacteria and Eukaryotes [5]. Thus, if Archaea really synthesize FAs then the 

synthesis pathway must be fundamentally different and particularly ACP independent [20], 

and the β oxidation has been proposed to be used in the reverse direction [5]. However, the 

studies discussed above on the FA degradation in S. acidocaldarius strongly suggested that 

the FA β oxidation is not just a reversible process which can simple be used in one or the 

other direction. Instead, the β oxidation employs the acyl-CoA oxidation to the enoyl-CoA as 

one major driving force. Thus, to drive the whole process in the reverse i.e. the synthesis 

direction at least this reaction needs to be bypassed. In the canonical FA synthesis pathways 

this is usually accomplished by the use of NAD(P)H (E0’ -320 mV) as electron donor which 

renders the reaction highly exergonic towards saturated acyl thioester formation (crotonoyl-

CoA/butyrylCoA E0’ -10 mV) with a standard free energy change corresponding to -60 kJ mol-

1 [29]. Combined with the lower part of the β oxidation this would turn such a pathway 

exergonic by 49 kJ mol-1.  Saci_1115 encoded in the saci_1103-1126 gene cluster clearly 

showed such a NADPH dependent enoyl-CoA reductase activity with a specificity for medium-

chain substrates between C4 and C10. The closest characterized homologue to this protein 

is the acryloyl-CoA reductase from M. sedula, also catalyzing a similar double bond reduction 

on the C3 derivative acryloyl-CoA in course of autotrophic growth utilizing the 3HP/4HB cycle 

for CO2 fixation. Although the M. sedula enzyme was shown not to utilize crotonoyl-CoA, the 

catalytic efficiency with acryloyl-CoA was reported to be more than 100 fold higher than that 

of the Saci_1115 with crotonoyl-CoA [76, 77]. One might argue that such high activities are 

required to enable the high growth rates during autotrophic growth, whereas the low activities 

observed for Saci_1115 could already be sufficient to ensure satisfactory synthesis of FAs in 

S. acidocaldarius which are likely present only in minor quantities in archaeal organisms. 

Saci_1115 (and also the M. sedula enzyme) is a member of the medium chain 

dehydrogenase/reductase (MDR) superfamily whereas the bacterial enoyl-ACP reductases 

(encoded by fabI, fabL, or fabV) belong to the short chain dehydrogenase/reductase (SDR) 

superfamily [24, 78, 79]. Interestingly, the mitochondrial FAS II enoyl thioester reductase and 

also the enoyl reductase components of the FAS I systems of other eukaryotes (mammalia 

and fungi) also belong to the MDR superfamily [80]. As the S. acidocaldarius enzyme, the 

mitochondrial enzymes also show a clear preference for NADPH as cosubstrate. In contrast, 

cosubstrate specificity in Bacteria for the enoyl-ACP reductases appear less strict and e.g. 

the E. coli enzyme accept both substrates with similar efficiencies [81, 82]. 

 

However, the cosubstrate preference is considered as a distinctive property between FA 

synthesis and degradation with NADPH preferred by the FAS systems and NAD+ preferably 

used by the β oxidation. Thus, although the Saci_1109 bifunctional HCDH/ECH operates 
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reversibly in vitro the NAD+ preference might suggest a favorable function in β oxidation rather 

than biosynthesis. Furthermore, Saci_1109 showed a clear preference for the 

3(S)hydroxybutyryl-CoA. This stereospecificity is another distinctive feature of the β oxidation 

whereas the FA synthesis is specific for the 3(R) stereoisomers [23]. In this context Saci_1104 

with its specificity for 3(R)-hydroxybutyryl-CoA and NADPH as cosubstrate appears as a 

suitable candidate to function as 3-oxoacyl-CoA reductase in course of FA synthesis in S. 

acidocaldarius. As the classical bacterial and eukaryal 3-oxoacyl-ACP reductases the 

Saci_1104 belongs to the short chain dehydrogenase/reductase (SDR) superfamily and is 

accordingly also annotated as fabG in the genome [23]. However, most of the SDR members 

belong to only one big subfamily within the superfamily including the fabGs and hence the 

annotation might in these cases not be that meaningful [83, 84]. The SDR superfamily is very 

large and although the diversity in Archaea is much more limited compared to Eukaryotes and 

especially Bacteria, SDR members are found in most archaeal genomes often on several 

paralogous copies. The S. acidocaldarius genome habours in total 11 SDR members of which 

only Saci_1232 was characterized and the crystal structure has been solved [85]. The enzyme 

catalyzed the stereospecific reduction of benzil to (R)-benzoin and also utilized other cyclic 

and aromatic substrates. From extremely halophilic Haloarcula hispanica it was shown that 

one of in total six SDRs functions in (R)-hydroxybutyryl-CoA formation from acetoacetyl-CoA 

in course of polyhydroxyalkanoate production [86]. The kinetic constants determined for 

Saci_1104 (kcat 0.6 s-1 at 35°C corresponding to ~10 s-1 at physiological temperature of 75°C, 

Km 0.08 mM) are in a similar range as reported e.g. for Mycobacterium tuberculosis (7 s-1, 

0.165 mM) [87], although the range in the kinetic constants appear rather broad with reported 

Km values for acetoacetyl-CoA between 0.006 mM and 2.2 mM (Brenda database). Moreover, 

a native molecular mass of 84 kDa (subunit size 27 kDa) was obtained and would perfect 

correspond to a homotrimeric structure. However, a similar result was also observed for the 

Pseudomonas aeruginosa homologue showing a molecular weight between dimer and 

tetramer [89]. The explanation for it was that the ion strength of the buffer affected the 

oligomeric state of the protein and led to appearance of the dimer-tetramer mixture in solution. 

Therefore, our results suggested that Saci_1104 might present in both homodimeric and 

homotetrameric structures.  

 

Interestingly, in the genome of Haloarcula hispanica the fabG gene is directly adjacent to a 

gene annotated as maoC1. MaoCs are only distantly related to the 3(R)-hydroxyacyl-ACP 

dehydratases from the canonical FA synthesis pathways and both belong to the hotdog fold 

superfamily [23, 89]. In the PHA biosynthesis the MaoCs act as (R)-specific enoyl-CoA 

hydratases providing (R)-hydroxyacyl-CoAs for PHA synthesis from FAs interconnecting β 
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oxidation and PHA biosynthesis [90, 91]. Furthermore, in Mycobacterium spp. the MaoC 

dehydratases were shown to participate in the biosynthesis of mycolic acids dehydrating 

3(R)hydroxyacyl-ACPs to the respective trans-enoyl-ACPs during FA elongation [92]. Among 

the seven hot dog fold proteins in S. acidocaldarius only Saci_1085 and Saci_1070 are similar 

to the MaoC dehydratases whereas the others likely represent thioesterases [93]. 

Accordingly, for Saci_1085 the reversible 3(R)-hydroxybutyryl-CoA dehydratase activity was 

confirmed and also a histidine residue catalytically important in the Mycobacterium enzyme is 

well conserved whereas the thiolase sequences show a different sequence pattern in the 

active site (Fig. S6). The kinetic constants for 3(R)-hydroxybutyryl-CoA were determined as 

Vmax 1.72 U mg-1 and Km 0.4 mM whereas the Vmax of 4.4 U mg-1 toward crotonoyl-CoA was 

similar to that reported for the Mycobacterium tuberculosis enzyme (2-3 U mg-1), although the 

Km of 0.22 mM appeared rather high. The Km of the M. tuberculosis enzyme for the C12 enoyl-

CoA was as low as 1.6 µM [94]. However, the Km for crotonoyl-CoA was not determined and 

might be expected to be much higher as crotonoyl-CoA was shown to be a poorer substrate 

than dodecenoyl-CoA (Vmax ~60 U mg-1). The activities for the canonical enoyl thioester 

dehydratases with the enoyl-CoA esters like crotonoyl-CoA were reported to be much lower, 

e.g. for Campylobacter jejuni FabZ 0.18 U mg-1 was reported and the Km of 0.07 mM was in a 

similar range as observed for the Saci_1085 herein [95]. However, the canonical enzymes 

convert the ACP thioesters in vivo and thus the catalytic efficiency might be higher with these 

physiological substrates [96]. For the Saci_1085 enoyl-CoA dehydratase a broader substrate 

spectrum also towards longer chain enoyl-CoAs such as C6 or C8 appears likely since only 

one additional dehydratase candidate, i.e. Saci_1070, is present in S. acidocaldarius, 

although this protein lacks the catalytically essential histidine residue. The apparent 

equilibrium of the reaction under the chosen conditions was roughly 2 (3(R)-hydroxybutyryl-

CoA:crotonoyl-CoA) and fits thus quite well to the theoretical value of 3.7 under standard 

conditions [29]. To partially reconstitute the FA synthesis pathway in vitro, 3(R)-

hydroxybutyryl-CoA was incubated with both, Saci_1085 (3(R)-hydroxybutyryl-CoA 

dehydratase) and Saci_1115 (enoyl-CoA reductase) and indeed butyryl-CoA formation was 

observed. However, the equilibrium of the dehydratase reaction was reached comparably fast 

whereas the further reduction of crotonoyl- to butyryl-CoA continuously proceeded, but only 

slowly. This slow conversion can be explained by the low catalytic efficiency of the enzyme 

for crotonoyl-CoA as a substrate which can be expected to be much higher with longer chain 

substrates based on the observed much higher activities. Also, fatty acid biosynthesis in 

bacteria is a tightly regulated process which also includes feedback inhibition mechanisms 

especially of the acetyl-CoA carboxylase, the ketoacyl thioester synthase and the enoyl-

thioester reductase [21]. Although the S. acidocaldarius enzymes are different from the 

classical bacterial ones especially the enoyl thioester reductase from the MDR superfamily, 
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such feedback mechanisms might also contribute to the low conversion rate of the enoyl-CoA 

reductase Saci_1115. Nevertheless, there are several further candidates of the MDR 

superfamily in S. acidocaldarius which have so far not been characterized and we can also 

not exclude that uncharacterized SDR homologues might also be involved in this conversion 

(see above). In principle, however, this experiment shows that the reductase is likely involved 

in the potential FA synthesis in S. acidocaldarius.  

Also, as mentioned above, the 3-oxoacyl-CoA to 3-hydroxyacyl-CoA conversion which lies far 

on the side of the hydroxyacyl-CoA contributes to the overall energetics of the FA synthesis. 

However, in the canonical FA synthesis pathways, the initial ATP-dependent carboxylation of 

acetyl-CoA to malonyl-CoA and the subsequent decarboxylative synthesis of the ketoacyl 

thioester from malonyl and acetyl thioester bypasses the energetically unfavorable 

nondecarboxylative Claisen condensation of two ac(et)yl thioesters and thus represent a 

further important driving force in the synthesis direction [25]. Although in some Crenarchaeota 

including S. acidocaldarius the acetyl-CoA carboxylases are present as part of the 3HP/4HB 

pathway for CO2 fixation during autotrophic growth [97, 98], the decarboxylating ketothiolases 

(= ketoacyl thioester synthases), which are also members of the thiolase superfamily, are 

missing [5, 20]. Instead, another mechanism as already mentioned above to drive this reaction 

involving DUF35 domain mediated complex formation and substrate channeling has recently 

been described to occur in Archaea [73]. And also, in S. acidocaldarius several DUF35 domain 

proteins were identified. One of those is encoded in the saci_1103-1126 gene cluster 

(Saci_1120) together with an upstream located second ketothiolase gene (Saci_1121) and 

since the biosynthetic ketothiolases were shown to mostly cooccur in this manner with the 

DUF35 domain genes in Archaea [73], it appears likely that this ketothiolase rather than the 

Saci_1114 is involved in FA synthesis in S. acidocaldarius. And this in turn would also mean 

that this mechanism might be of broader significance in Archaea. Further studies on complex 

formation and the role of the DUF35 domains in FA metabolism in Archaea are currently under 

way.  

 

Taken together, we herein report the first comprehensive biochemical study on the FA 

metabolism in Archaea, i.e. from the aerobic, thermoacidophilic crenarchaeal model organism 

S. acidocaldarius. Although the FA β oxidation at a first glance looks quite similar to the known 

pathway from Bacteria and mitochondria, the pathway shows some unusual features with 

respect to the ETF and the HCDH/ECH bifunctional enzyme together with the previously 

recognized “archaeal type” ketothiolases [5]. Furthermore, our results strongly indicate that 

the β oxidation as entire pathway is not operating reversibly in Archaea (Fig. 1A). Instead, we 

propose a potential archaeal FA synthesis pathway (Fig. 2A) which shows a kind of mosaic 
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character with similarities to both bacterial (fabG, MaoC) and eukaryal (MDR enoyl thioester 

reductase) features mixed with unique archaeal properties (DUF35 domain/KT complexes, 

ACP independence). In contrast to the studies on the distribution of the β oxidation 

homologous in Archaea including the Asgardarchaeota previously reported [5, 99], the 

abundance of the proposed FA synthesis pathway remains to be elucidated. This is 

particularly challenging since especially the SDR and MDR superfamily proteins, i.e. the 

ketoacyl-CoA dehydrogenases and the enoyl reductases, are difficult to identify just by 

sequence and there are a lot of paralogues present in many Archaea. Nevertheless, first 

results already suggest that the presence of MaoC homologues might correlate with the 

occurrence of the MDR enoylCoA reductase and the SDR ketoacyl-CoA reductase in 

Sulfolobaceae (e.g. S. acidocaldarius, S. islandicus, Saccharolobus solfataricus, 

Sulfurisphaera tokodaii and Metallosphaera sedula), some Thermoproteaceae (e.g. 

Vulcanisaeta distibuta), some Thaumarchaeota (Nitrososphaeria), and also some unclassified 

Euryarchaeota species. Further remaining open questions, the answer to which is far beyond 

the scope of this paper, like e.g. the physiological significance of the newly proposed FA 

synthesis pathway and of FAs in Archaea in general, as well as the regulation of the FA 

synthesis and degradation pathways in S. acidocaldarius and other Archaea are currently 

under investigation and will finally shed further light on the still enigmatic “lipid divide”.  

 

Author contributions  

XZ and CS carried out the experiments. KW contributed to the cloning of the key enzymes 

Saci_1109 and Saci_1123. The contribution of TK is the chemical synthesis of the CoA 

containing intermediates acryloyl-CoA, crotonoyl-CoA, individual D- or L-3-

hydroxybutyrylCoA, acetoacetyl-CoA, decenoyl-CoA and hexadecenoyl-CoA. CB, XZ and CS 

wrote the manuscript, which was edited by CB and BS. CB and BS conceived the study. All 

authors approved the final manuscript.   

Acknowledgements  

XZ and TK received funds from the VW Stiftung in the “Life?” initiative (96725). CS is 

supported by the German Federal Ministry of Education and Research (BMBF). We 

acknowledge support by the Open Access Publication Fund of the University of Duisburg-

Essen.  

 



Manuscripts: Chapter 3.1  Christian Schmerling 

64 

 

Figure 1. Reconstructed β oxidation pathway for FA degradation in S. acidocaldarius. The β 
oxidation reactions (A), the purified recombinant proteins that catalyze these reactions (SDS-PAGE and 
Coomassie Blue staining) (B) as well as the HPLC chromatogram of the β oxidation enzyme cascade 
for butyryl-CoA conversion (C) are shown. In Fig. A, the subscript “n” of acyl-CoA represents the length 
of the carbon chain which equals 4, 6 or 8. The thickness of the arrow (A) indicates the energetics of the 
respective reaction. For redox reactions the reduction potential is given. During β oxidation enzyme 
cascade (C), butyryl-CoA (peak 3) was completely oxidized to crotonoyl-CoA (peak 4) by ACAD 
transferring the electron to DCPIP through ETF in the first step. Then crotonoyl-CoA was further 
converted to 3-hydroxybutyryl-CoA (peak 5) by HCDH/ECH and finally to acetyl-CoA (peak 2) by KT in 
presence of free CoA (peak 1). However, the intermediate acetoacetyl-CoA released by HCDH/ECH 
using NAD+ as cofactor was not detectable under the applied analytical conditions. The abbreviations: 
ACAD, acyl-CoA dehydrogenase; ETF, electron transferring flavoprotein; ECH, enoyl-CoA hydratase; 
HCDH, 3(S)-hydroxyacyl-CoA dehydrogenase; KT, β-ketothiolase or acetyl-CoA C acetyltransferase; 
BuCoA: butyryl-CoA; DCPIP: 2,6-dichlorophenolindophenol.   
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Figure 2. Proposed FA biosynthetic pathway in S. acidocaldarius. The FA synthetic reactions (A), 
the purified recombinant proteins that catalyze these conversions (SDS-PAGE and Coomassie Blue 
staining) (B) as well as the enzyme cascade for butyryl-CoA synthesis via HPLC (C) are shown. The 
abbreviations for enzymes: KT, β-ketothiolase or acetyl-CoA C acetyltransferase; DUF35, potential 
scaffold protein with uncertain function; ACR, SDR superfamily acetoacyl-CoA reductase or 3-
ketoacylCoA reductase; HCD, MaoC like 3(R)-hydroxyacyl-CoA dehydratase; ECR, MDR family enoyl-
CoA reductase. The thickness of the arrow indicates the energetics of the respective reaction. For redox 
reactions the reduction potential is given. In Fig. A, the subscript “n” of acyl-CoA represents the length 
of the carbon chain which equals 2, 4 or 6. The thickness of the arrow (A) indicates the energetics of the 
respective reaction. For redox reactions the reduction potential is given. During FA synthesis enzyme 
cascade (C), acetoacetyl-CoA (peak 6) was completely reduced to 3-hydroxybutyryl-CoA (peak 5) by 
ACR employing NADPH as cofactor. Then acetoacetyl-CoA was further converted to crotonoyl-CoA 
(peak 4) by MaoC-HCD and finally to butyryl-CoA (peak 3) was produced by the second reductase ACR 
in addition of NADPH coenzyme. The abbreviations: KT, β-ketothiolase or acetyl-CoA C 
acetyltransferase; ACR, acetoacetyl-CoA reductase; MaoC-HCD: MaoC-like 3(R)-hydroxyacyl-CoA 
dehydratase; ECR: enoyl-CoA reductase; AcAcCoA: acetoacetyl-CoA.  
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Table 1. Molecular and kinetic parameters of the β oxidation enzymes in S. acidocaldarius.  
 

ORF/Enzyme 
Native mass 
(kDa) 
(Oligomer) 

Temp Substrate/Cofactor Km (mM) Vmax 
(U mg-1 ) 

kcat 
(S-1 ) 

Saci_1123 Acyl-
CoA 
dehydrogenase 
(ACAD) 

170 
(homotetramer) 65°C 

Butyryl-CoA  
(C4) ND 4.5 ND 

Hexanoyl-CoA  
(C6) ND 8.24 ND 

Octanoyl-CoA  
(C8) 0.0151 ± 0.004 29.046 ± 2.048 21.234 

Palmitoyl-CoA  
(C16) ND ND ND 

Saci_0315 
Electron 
transfer 
flavoprotein 
(ETF) 

68  
(monomer) 65°C NADH 

Idonitrotetrazolium chloride 

0.039 ± 0.012 

0.703 ± 0.046 0.784 
ND 

Saci_1109 Enoy-
CoA 
hydratase/3- 
hydroxyacylCoA 
dehydrogenase 
(ECH/HCDH) 

512 
(homoheptamer) 

75°C 

Aryloyl-CoA  
(C3:1) ND a 0.073 ND 

Crotonyl-CoA  
(C4:1) 0.024 ± 0.004 

16.974 ± 0.479 20.56 
NAD+ 0.036 ± 0.009 
NADP+ ND 0 ND 
Decenoyl-CoA  
(C10:1) ND a 7.6 ND 

Hexadecenoyl-CoA  
(C16:1) ND 0 ND 

3(S/R)-Hydroxybutyryl-CoA 
(C4) 0.092 ± 0.016 

29.658 ± 1.446 35.923 
NAD+ 0.11 ± 0.012 
NADP+ ND 0 ND 
3(S)-Hydroxybutyryl-CoA  
(C4) 0.043 ± 0.002 48.439 ± 0.398 58.672 

3(R)-Hydroxybutyryl-CoA  
(C4) ND 0 ND 

35°C 

Acetoacetyl-CoA  
(C4) 0.076 ± 0,008 

6.969 ± 0.191 8.441 NADH 0.028 ± 0.007 
NADPH *0.094 ± 0.22 

Saci_1114 β-
Ketothiolase 
(KT) 

88  
(homodimer) 

23°C Acetoacetyl-CoA  
(C4) 0.033 ± 0.01 1.676 ± 0.25 1.2 

75°C 
CoA 0.00338 2.53375 1.8 
Acetyl-CoA  
(C2) 2.097 ± 0.263 2.739 ± 0.139 1.959 

 
* The kinetic parameters were calculated in regardless of inhibition effect caused by higher concentration 
of the substrate.   
Numbers after ± represent standard error (SE).   
ND: not detected.  
a The values of these specific activities were estimated according to the experimental measurements.  
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Table 2. Molecular and kinetic parameters of the enzymes involved in the new potential FA synthesis 
pathway in S. acidocaldarius.  

ORF/Enzyme 
Native mass 
(kDa) 
(Oligomer) 

Temp Substrate/Cofactor Km (mM) Vmax 
 (U mg-1 ) kcat (S-1 ) 

Saci_1104 
Acetoacyl-CoA 
reductase 
(ACR) 

84 (homotrimer) 

35°C 

Acetoacetyl-CoA  
(C4) 0.077 ± 0.009 

1.3 ± 0.042 0.586 

NADPH 0.024 ± 0.003 

70°C 

3(S/R)-Hydroxybutyryl-CoA 
(C4) 0.336 ± 0.02 0.211 ± 0.004 0.095 

3(S)-Hydroxybutyryl-CoA 
(C4) ND 0 ND 

3(R)-Hydroxybutyryl-CoA 
(C4) 0.16 ± 0.012 0.965 ± 0.024 0.435 

Saci_1085 
MaoC like 
3(R)- 
hydroxacyl-
CoA 
dehydratase 
(MaoC-HCD) 

244 
(homododecamer) 65°C 

3(S)-Hydroxybutyryl-CoA 
(C4) ND 0 ND 

3(R)-Hydroxybutyryl-CoA 
(C4) 0.399 ± 0.127 1.72 ± 0.301 0.549 

Crotonoyl-CoA  
(C4:1) 0.222 ± 0.064 4.398 ± 0.414 1.404 

Hexenoyl-CoA  
(C6:1) ND 3.5 ND 

Octenoyl-CoA  
(C8:1) ND 5.1 ND 

Saci_1115 
Enoyl-CoA 
reductase 
(ECR) 

69 (homodimer) 70°C 

Aryloyl-CoA  
(C3:1) ND 0 ND 

Crotonoyl-CoA  
(C4:1) 0.096 ± 0.018 

0.422 ± 0.024 0.256 

NADPH 0.007 ± 0.00076 

NADH ND 0.077 ND 

b Hexenoyl-CoA  
(C6:1) ND a 0.54 ND 

b Octenoyl-CoA  
(C8:1) ND a 0.93 ND 

Decenoyl-CoA 
 (C10:1) ND a 0.337 ND 

Hexadecenoyl-CoA  
(C16:1) ND a 0.098 ND 

 
The numbers after ± represent standard error (SE).   
ND: not detected.  
a The values of these specific activities were estimated according to the experimental measurements. 
b In these enzyme assays, the saturated, straight-chain CoA-esters (hexanoyl-CoA or octanoyl-CoA) 
were introduced first and converted into the relevant enoyl-form (hexenoyl-CoA or octenoyl-CoA) by the 
acyl-CoA dehydrogenase Saci_1123, then the produced enoyl-CoAs were subsequently used by the 
enoyl-CoA reductase Saci_1115.  
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Supplementary Information  

 
Table S1: List of oligonucleotides used for cloning and sequencing of the FA related genes from S. acidocaldarius 
in this study.  

Cloned genes  Oligonucleotides for cloning   Sequences (5´→3´) (restriction sites are marked in red)  

 Saci_1122  
Saci_1122_fd_NdeI  GCGTGACATATGAGCAATGAGTATTACG  
Saci_1122_rv_BamHI  TTCACTGGATCCTCACTTGTTCTTCT  

 Saci_1123  
Saci_1123_fd_HindIII  ATAAAGCTTATGGTTTTGCCTTTTAAAAC  
Saci_1123_rv_HindIII  ATAAAGCTTTTACATTTTTATGCCAAATAA  

Saci_0315  
Saci_0315_fd  TAGCAGCCGGATCCTCGAGCAGCCCCTTCTTTTTAATTAAC  
Saci_0315_rv  CCTGGTGCCGCGCGGCAGCCATATGGCAGAGCTTAAAATT 

GTCG  
Saci_1109  

Saci_1109_fd_ BamHI  TATGGATCCCATGAAAGTAGAAGATATTAAGAAA  
Saci_1109_rv_ BamHI  GATGGATCCTTATTCTCCTTTGAACTGTG  

Saci_1114  
M13_fw  TGTAAAACGACGGCCAGT  
M13_rv  CAGGAAACAGCTATGACC  

Saci_1104  
Saci_1104_fd_NdeI  GCTCGCCATATGTAGTCTCTTAAAGAC  
Saci_1104_rv_BamHI  CTAGCTGGATCCTTAAGCAATTCCT  

Saci_1115  
Saci_1115_fw_NdeI  CCTACGCATATGATGAAAGCTGTAATTCTTC  
Saci_1115_rv_BamHI  CGAGCTGGATCCTTATGGCTTTATAAGAATTTTAC  

Saci_1085  
Saci_1085_fw_NdeI  GCCCGCATATGTCAGAGCAGGGTCC  
Saci_1085_rv_BamHI  CGGGCGGATCCTCATTGTGGTTTGTCAGTAC  

Sequenced 
genes  

Oligonucleotides for 
sequencing  Sequences (5´→3´)   

All above except 
for saci_1085  

T7-promoter  TAATACGACTCACTATAGGG  
T7-terminator  GCTAGTTATTGCTCAGCGG  

Saci_1085  
FXara-fd  CAGCGTTTATAACGTTTAACATG  
FXsulf-rv  CCATTTAATAGTTTGTATGGTCTACCC   
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Table S2. Plasmids and strains used for cloning and expression of the FA metabolic enzymes from  

S. acidocaldarius.    
Plasmids  Genotype or description  Source/Reference  

  pET15b  E.coli expression plasmid carrying an N-terminal His Tag for cloning 
of  saci_1122, saci_1104, saci_1115, saci_0315 and saci_1085  Novagen, USA  

  pET28b  E.coli expression plasmid carrying both an N-terminal and a 
Cterminal His Tag for cloning of  saci_1114  Novagen, USA  

  pET45b  E.coli expression plasmid carrying an N-terminal  His Tag and a 
Cterminal S Tag for cloning of  saci_1123, saci_1109  Novagen, USA  

pBS-araFX-UTR-CtSS  S. acidocaldarius expression plasmid carrying a C-terminal Twin 
Strep Tag for cloning of saci_1085  unpublished  

Strains  Function  Source/Reference  
E. coli DH5 α  Plasmid construction  Hanahan, USA  
E. coli Rosetta (DE3)  Heterologous gene expression  Stratagene, USA  
S. acidocaldarius MW001  Homologous gene expression  [1]  
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Table S3: Expression conditions used for the selected genes from S. acidocaldarius.  
Enzymes  ORFs  Overexpression conditions  
Acyl-CoA synthase (ACS)  Saci_1122  0.5 mM IPTG for induction; 37°C overnight  
Acyl-CoA dehydrogenase (ACAD)  Saci_1123  0.4 mM IPTG for induction; 20°C overnight  
Electron transfer flavoprotein (ETF)  Saci_0315  0.4 mM IPTG for induction; 20°C overnight  
Enoy-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase 
(ECH/HCDH)  

Saci_1109  1 mM IPTG for induction; 30°C overnight  

β-Ketothiolase/Acetyl-CoA acetyltransferase (KT/ACAT)  Saci_1114  1 mM IPTG for induction; 22°C overnight  
Acetoacyl-CoA reductase (ACR)  Saci_1104  1 mM IPTG for induction; 37°C 4 hours  
Enoyl-CoA reductase (ECR)  Saci_1115  1 mM IPTG for induction; 16°C  overnight  
MaoC 3-hydroxyacyl-CoA dehydratase (MaoC-HCD)  Saci_1085  0.3% D-xylose for induction; 75°C 48 hours    
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Table S4: Retention times of the corresponding CoA ester compounds in different HPLC running 
programs. The relevant HPLC chromatographs were shown in Fig. S19 (ND: not detected or not 
detectable).  

Peak no.  Compound  
Retention time (min)  

in 4-30% ACN program:  in 1-60% ACN program:  
1  HS-CoA  12.5  8.2  
2  Acetyl-CoA  21.5  9.7  
3  Butyryl-CoA  29.9  25.5  
4  Crotonoyl-CoA (C4:1)  29  ND  
5  3-Hydroxybutyryl-CoA  23.5  ND  
5a  3-(S)-Hydroxybutyryl-CoA  23.5  ND  
5b  3-(R)-Hydroxybutyryl-CoA  23.5  ND  
6  Acetoacetyl-CoA  22.5  ND  
7  Hexanoyl-CoA  35.5  31  
8  Octanoyl-CoA  ND  34  
9  Hexenoyl-CoA (C6:1)  ND  30.3  
10  3-Hydroxyhexanoyl-CoA  ND  24.5  
11  Octenoyl-CoA (C8:1)  ND  33.9  
12  3-Hydroxyoctanoyl-CoA  ND  30.6  
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Table S5: Kinetic parameters of the AMP-forming acyl-CoA synthase from S. acidocaldarius (* The 
kinetic parameters were calculated in regardless of inhibition effect caused by higher concentration of 
the substrate; Numbers after ± represent standard error (SE); ND: not detected).  
 

ORF/Enzyme 
Native mass 
(kDa) 
(Oligomer) 

Temp Substrate/Cofactor Km (mM) Vmax (U 
mg-1 ) 

kcat 
(S-1 ) 

Saci_1122 Acyl-
CoA synthase 
(ACS) 

117 
(homodimer) 

55°C 

Butyric acid (C4) ND 1.34 ND 

Valeric acid (C5) *0.046 ± 0.009 

*2.106 ± 
0.056 *2.35 CoA 0.575 ± 0.134 

ATP *0.965 ± 0.151 

Octanoic acid (C8) *0.01 ± 0.002 *3.282 ± 
0.101 *3.352 

70°C 

Acetyl-CoA (C2) ND 0.007 ND 

Butyryl-CoA (C4) ND 0.14 ND 

Octanoyl-CoA (C8) ND 0.181 ND 

Palmitoyl-CoA (C16) ND 0 ND 
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Figure S 1. Lipid compositions in Archaea (A), Bacteria and Eukaryotes (B). Archaea produce 
isoprenoidbased membrane lipids ether-linked to G1P while the cell membranes of Bacteria and 
Eukarya are composed of fatty acid based-lipids ester-bound to G3P. [2]  
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Figure S 2. Genomic organization of the saci_1103-saci_1126 gene cluster related to lipid and 
fatty acid metabolism in S. acidocaldarius. Within this fatty acid operon, several copies of 
lipases/esterases (saci_1105, saci_1106 and saci_1116, shown in pink) are present, two of them have 
been characterized [3]. Two genes are predicted to be involved in glycerol metabolism (saci_1117 and 
saci_1118, displayed in yellow). The genes encode AMP-forming ACSs, which can synthesize acyl-
CoAs as precursors for β oxidation, were shown in purple (saci_1111, saci_1122 and saci_1126). One 
or more paralogs for each steps of the bacterial-type β oxidation could be found as well, for instance, 
three acyl-CoA dehydrogenases (saci_1108, saci_1113 and saci_1123, colored in orange), a 
bifunctional enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase (saci_1109, in blue-green 
upward diagonal) and two β-ketothiolases/acety-CoA C-acetyltransferases (saci_1114 and saci_1121, 
in red). Moreover, a fabG homolog (saci_1104, in black) and an enoyl-CoA reductase (saci_1115, in 
green) are thought to be responsible for elongation of fatty acyl chains. The genes with blue color 
encode transcription regulators (saci_1107 and saci_1124). [4]  
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Figure S 3. The classical fatty acid degradation and biosynthesis pathway. Fatty acids are initially 
activated into acyl-CoAs by an AMP-forming acyl-CoA synthetase (ACS) and then degraded via β 
oxidation (A) as the following steps. Fatty acyl CoAs are oxidized to enyol-CoAs by acyl-CoA 
dehydrogenase (ACAD). Then, the bifunctional 3-hydroxyacyl-CoA dehydrogenase (HCDH)/enoyl-
CoA hydratase (ECH) catalyzes the next hydration and the second oxidation steps and converts enoyl-
CoA to acetoacyl-CoA via the 3(S)-hydroxyacyl-CoA intermediate. Afterwards, the β-ketothiolase (KT) 
thiolytically cleaves acetoacyl-CoA into acetyl-CoA and the acylCoA with two carbon atoms less than 
before. The resulting two-carbon shortened acyl-CoA can further enter the β oxidation cycle until all 
the fatty acyl chains are broken into acetyl-CoA. In the classic fatty acid biosynthesis pathway (B), 
malonyl-ACP is used as the elongation unit for the fatty acyl chain, so malonyl moiety is formed from 
acetylCoA via carboxylation and transferred from CoA to acyl carrier protein (ACP). In the initial 
reaction, acetoacyl-ACP (also named as 3-ketoacyl-ACP) is produced by the 3-ketoacyl-ACP synthase 
(KS) through the Claisen condensation and CO2 is released. Next, NADPH-dependent 3-ketoacyl-ACP 
reductase (KR) converts acetoacylACP to D-3-hydroxyacyl-ACP (also named as 3R-hydroxyacyl-
ACP). In the following reaction, one molecule of water is removed from D-3-hydroxyacyl-ACP to form 
enoyl-ACP by 3-hydroxyacyl-ACP dehydratase (HD). Finally, enoyl-ACP is reduced to acyl-ACP by 
enyol-ACP reductase (ER). The forming acyl-ACP can be further elongated by the synthetic cycle until 
the desired chain length is reached. [5] Abbreviation: ETF, electron transfer flavoprotein; EQOR: ETF: 
quinone oxidoreductase.  

# 
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Figure S 4. Sequence alignment of various acyl-CoA dehydrogenases. FadE26, 27, 28 and 29 
represent the Mycobabterium acyl-CoA dehydrogenases [6, 7] whereas Saci_1108, Saci_1113, 
Saci_1123 and Saci_2217 are the candidates from S. acidocaldarius. SCAD, MCAD or LCAD is short 
for the short-chain, medium-chain or longchain acyl-CoA dehydrogenase from mammals, respectively 
[6, 8]. IBD (isobutyryl-CoA dehydrogenase) and IVD (isovaleryl-CoA dehydrogenase) denote the 
homologues from human [6]. The general catalytic base for acyl-CoA dehydrogenases is glutamic acid 
(in yellow) while the ones especially for the short- and medium-chain homologues are tyrosine and 
glutamic acid (in light blue). Amino acid residues shown in red (N/DXXR) are coenzyme A binding sites. 
The binding sites for cofactor FAD are shown in light green (residues threonines and serines for 
isoalloxaxine of FAD) and dark blue (aginines, glutamines and glycines for adenosine of FAD), 
respectively.  
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Figure S 5. Sequence alignment of various electron transfer flavoproteins (ETFs). The amino acid 
sequences pai:PAE0721, pcl:Pcal_2132 and sp[P13804]ETFA_HUMAN represent the α subunit of the 
ETF proteins from Pyrobaculum aerophilum, Pyrobaculum calidifontis and human, respectively 
whereas pai:PAE0722, pcl:Pcal_2133 and sp[P38117]ETFB_HUMAN indicate the corresponding β 
subunits. The S. acidocaldarius fusion ETF containing both subunits was regarded as Saci_0315. Blue 
boxes displayed the binding sites for AMP or one FAD while the highly conserved motifs for the other 
FAD was indicated in yellow boxes. Thus, the fusion ETF protein Saci_0315 includes both active sites 
for the cofactors.  
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A  

  

B    

  

Figure S 6. Catalytic sites for different hot-dog fold enzymes (A) and conserved motifs for MaoC 
like dehydratase homologues (B). Different sequences were aligned and hot-dog fold enzymes of S. 
acidocaldarius were screened for conserved catalytic motifs. The catalytic histidine residue of FabA 
and FabZ is absent in all other hot-dog fold sequences from Bacteria like Thermus thermophiles, 
Haemophilus influenza or Mycobacterium tuberculosis and Archaea such as Archaeoglobus fulgidus 
or S. acidocaldarius (A, green box). The hot-dog fold thiolases contain an aspartic acid residue as the 
catalytic motif (A, blue box) while Saci_1085 contains a conserved histidine residue characteristic for 
the hot-dog fold enoyl-CoA hydratases (A, red box), together with either an aspartate or asparagine 
residue, which is in line with almost all the MaoC dehydratases (B). However, a second S. 
acidocaldarius MaoC dehydratase candidate Saci_1070 lacks this key histidine motif (A, red box).  
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Figure S 7. The recombinant acyl-CoA synthetase from S. acidocaldarius after purification. ACS: 
SDS-PAGE (12.5%, Coomassie Blue staining) of 3 µg of the purified AMP-forming acyl-CoA synthetase 
Saci_1122; M: 5 µl PageRuler™ Unstained Protein Ladder (Fermentas). 
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Figure S 8. Determination of kinetic parameters of the recombinant ACS Saci_1122 from S. 
acidocaldarius. The ACS activity was determined in couple with the auxiliary enzymes myokinase 
(MK), pyruvate kinase (PK) and lactate dehydrogenase (LDH) from rabbit muscle by monitoring NADH 
oxidation at 340 nm. The assay was performed at 55°C, pH 7 in 100 mM HEPES/NaOH buffer plus 20 
mM MgCl2 with 2 mM CoA, 5 mM ATP, 6 mM PEP, 0.2 mM NADH, 11.4U MK, 4.6 U PK, 4.2 U LDH 
and 6.7 µg pure Saci_1122 in addition to 2 mM FA. The Km values for CoA (C), ATP (B), valeric acid 
(A) or octanoic acid (D) were separately determined. The independent measurements were performed 
in triplicate and error bars indicate the standard error of the mean (SEM).   
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Figure S 9. Determination of the optimal pH (A), Mg2+ dependency (B) and substrate spectrum of 
the recombinant ACS Saci_1122 from S. acidocaldarius. The optimal pH was identified as 7 at 55°C 
with a mixed buffer of 50 mM MES, 50 mM HEPES and 50 mM Tris setting the pH values from 6 to 9. 
The mixture contained 5 mM MgCl2, 10 mM valeric acid, 2 mM CoA, 5 mM ATP, 6 mM PEP, 0.4 mM 
NADH with 5.7 U MK, 2.3 U PK, 2.1 U LDH and 10.18 µg Saci_1122. Mg2+ dependency was studied 
in 100 mM HEPES/NaOH buffer (pH 7) with the same assay but varying the Mg2+ concentration from 0 
to 50 mM. In the assay for analysis of the substrate specificity 10 mM MgCl2, 0.2 mM NADH, 11.4 U 
MK, 4.6 U PK, 4.2 U LDH and 20.35 µg Saci_1122 as well as 2 or 10 mM of different FAs were included.   
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Figure S 10. Investigation of kinetic properties of the recombinant ACAD Saci_1123 (A) and ETF 
Saci_0315 (B) from S. acidocaldarius. The specific activity and Km of Saci_1123 was tested at 65°C, 
pH 6.5 in 50 mM HEPES/KOH buffer plus 20 mM KCl, 0.13 µg/µl ACAD with 1 mM FcPF6 and 0-0.15 
mM octanoyl-CoA. Reduction of FcPF6 was monitored at 300 nm (extinction coefficient 4.3 mM-1 cm-1). 
For detecting the NADH-linked EtfAB activity of Saci_0315, the assay was carried out in 50 mM 
HEPES/NaOH (pH 7.5) containing 100 mM NaCl, 0.2 mM iodonitrotetrazolium chloride (INT) and 0.015 
µg/µl ETF protein with 0-1 mM NADH for Km measurement. The activity was determined by monitoring 
the release of the red formazan at 500 nm (extinction coefficient 19.3 mM-1 cm-1). The independent 
measurements were performed in triplicate and error bars indicate the standard error of the mean 
(SEM).  
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Figure S 11. Investigation of electron transfer by ACAD and ETF. The assay mixture (0.5 ml) 
contained 50 mM MES/KOH, 20 mM KCl, 0.2 mM DCPIP, 0.2 mM of different acyl-CoA (butyryl-CoA 
(A), hexanoyl-CoA (B) or octanoyl-CoA(C)), 1.7 µg ACAD as well as 3.8 µg ETF and was incubated at 
65°C, pH 6.5 for 5 min. Afterwards, the DCPIP spectrum in each sample was determined under the 
wavelength from 400 to 800 nm. DCPIP exhibits the highest absorbance at 600 nm. Therefore, loss of 
absorbance at 600 nm indicated depletion of DCPIP due to the electron transfer from ACAD to DCPIP 
through ETF. The results suggested that all the employed acyl-CoAs require presence of both ACAD 
and ETF for transporting electrons.  
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Figure S 12. Investigation of kinetic properties of the recombinant HCDH/ECH Saci_1109 from S. 
acidocaldarius. The enzymatic activity of HCDH/ECH was determined at pH 7 in 100 mM Tris/HCl (500 
µl). The formation or consumption of NAD(P)H was monitored at 340 nm. The assay for oxidative 
reactions was performed at 70°C with 0.69 µg protein, 0.2 mM NAD+ and 0.4 mM of crotonoyl-CoA. For 
single oxidation of 3-HBCoA, mixed 3(S/R)-HBCoA or the single 3(S)-HBCoA was applied instead of 
crotonyl-CoA. The Km values for crotonoyl-CoA (A), 3(S/R)-HBCoA (C), 3(S)-HBCoA (E) and NAD+ (B 
with crotonoyl-CoA as substrate; D with substrate 3(S/R)HBCoA) were individually determined. For 
detection of the reverse activity at 35°C, 0.6 mM acetoacetyl-CoA was employed as substrate in addition 
of 0.2 mM NADPH and 4.05 µg protein. The Km values for AcAcCoA (F), NADPH (G) and NADH (H) 
were measured, respectively. The independent measurements were performed in triplicate and error 
bars indicate the standard error of the mean (SEM).  
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Figure S 13. Determination of the optimal pH (A) and temperature (B) as well as the substrate 
spectrum (C) of the recombinant HCDH/ECH Saci_1109 from S. acidocaldarius. The optimal pH 
was determined in a mixed buffer of 50 mM MES, 50 mM HEPES and 50 mM Tris at 70°C. The assay 
contained 0.4 mM crotonoyl-CoA, 0.2 mM NAD+ and 0.69 µg Saci_1109. The catalytic temperature 
optimum was detected in 100 mM HEPES/NaOH (pH 8) utilizing the same assay. The substrate 
spectrum was performed against 0.3 mM of different enoyl-CoAs (crotonoyl-CoA, decenoyl-CoA or 
hexadecenoyl-CoA). The assay (400 µl) was done at 75°C, pH 7 with 0.2 mM NAD+ and 0.36 µg protein. 
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Figure S 14. Determination of kinetic parameters and the substrate spectrum of the recombinant 
KT from S. acidocaldarius. The specific activity of KT was photometrically tested at room temperature 
(23°C), pH 8 by monitoring the decrease of Mg2+-AcAcCoA chelates (extinction coefficient of 21.4 mM−1 
cm−1) at 303 nm under the UV light. The reaction mixture contained 100 mM Tris/HCl, 20 mM MgCl2, 
0.2 mM CoA, 0.1 mM AcAcCoA and 2.7 µg Saci_1114. To calculate Km values, variable concentrations 
of AcAcCoA (0-0.2 mM) (A) or CoA (0-0.1 mM) (B) were employed. The reversed activity was 
determined in couple with HCDH/ECH Saci_1109 by detecting the NADH oxidation at 340 nm. The 
enzyme assay included 100 mM MOPS/NaOH (pH 6.5 at 75°C), 0.3 mM NADH, 17.1 µg Saci_1109, 
10.8 µg Saci_1114 and 0-7.5 mM acetyl-CoA for Km measurement (C). The independent measurements 
were performed in triplicate and error bars indicate the standard error of the mean (SEM). The substrate 
preference (D) was determined by including 2.5 mM acetyl-CoA and 0.5 mM of extra acyl-CoA with 
different chain lengths (acetyl-CoA (C2), butyryl-CoA (C4), hexanoyl-CoA (C6), octanoyl-CoA (C8), 
lauroyl-CoA (C12) and palmitoyl-CoA (C16), separately).  
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Figure S 15. Gel filtration of the recombinant ECH/HCDH Saci_1109 and KT Saci_1114 from S. 
acidocaldarius. Around 0.015 µmol of each of the purified recombinant ECH/HCDH and KT proteins 
were mixed and incubated on ice for 4 hours. Then, the protein mixture was applied to a Superdex 200 
prep grad HiLoad 16/60 gel filtration column (GE Healthcare Life Sciences, Freiburg, Germany). An 
elution buffer containing 50 mM HEPES/NaOH and 300 mM NaCl (pH 7.2) was employed. Afterwards, 
two separate peaks representing the respective HCDH/ECH (A, 64.33 ml) and KT (B, 86.29 ml) were 
obtained indicating no complex formation between these two proteins under the experimental 
conditions.  
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Figure S 16. Investigation of the kinetic parameters of the recombinant ACR Saci_1104 from S. 
acidocaldarius. The ACR activity was determined in 100 mM Tris/HCl with 0.3 mM AcAcCoA, 0.2 mM 
NADH/NADPH and 4.03 µg pure protein at 35°C, pH 7 (340 nm). The Km values were determined for 
AcAcCoA (A) and NADPH (B), respectively. The reversed activity was determined at 70°C with the 
commercial, mixed 3(S/R)hydroxybutyryl-CoA or single 3(R)-hydroxybutyryl-CoA as substrate in 
presence of 2 mM NADP+ and 20.16 µg purified protein.  The Km values for 3-HBCoA reduction were 
measured with a variable concentration of 3(S/R)HBCoA (0-2 mM) (C) or 3(R)-HBCoA (0-1 mM) (D). 
The independent measurements were performed in triplicate and error bars indicate the standard error 
of the mean (SEM).  
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Figure S 17. Identification of the optimal pH (A) and temperature (B) of the recombinant ACR 
Saci_1104 from S. acidocaldarius. The optimal pH was determined in the direction of 3-
hydroxybutyryl-CoA formation at 35°C using 100 mM MES/NaOH (pH 5.5-6.5) and 100 mM Tris /HCl 
(pH 7.0-8.5) as buffers. The assay contained 0.3 mM AcAcCoA, 0.2 mM NADPH and 4.03 µg protein. 
The catalytic temperature optimum was detected in the direction of acetoacetyl-CoA formation at pH 7 
between 35-90°C. The assay was done in 100 mM Tris/HCl containing 2 mM NADP+, 0.3 mM 3(S/R)-
HBCoA and 20.16 µg protein  
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Figure S 18. Determination of kinetic parameters of the recombinant ECR Saci_1115 from S. 
acidocaldarius. The ACR activity was determined at 70°C, pH 7.5 (340 nm) with 12 µg pure protein in 
100 mM HEPES/NaOH including 10 mM KCl, 0.3 mM NADPH and 0.4 mM crotonoyl-CoA in a total 
volume of 0.5 ml. The Km values for crotonoyl-CoA and NADPH were investigated by varying the 
concentrations from 0-0.5 mM (A) and 0-0.04 mM (B), respectively. The independent measurements 
were performed in duplicate and error bars indicate the standard error of the mean (SEM).  
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Figure S 19. Determination of the pH optimum (A) and the substrate spectrum (B) of the 
recombinant ECR Saci_1115 from S. acidocaldarius. The optimal pH for ECR was determined as 
7.5 at 70°C using mixed buffer of 0.5 M HEPES, 0.5 M Tris and 0.5 M MES in presence of 10 mM KCl, 
0.4 mM crotonoyl-CoA, 0.3 mM NADPH and 8 µg enzyme. The substrate specificity of ECR towards 
differenct enoyl-CoAs (crotonoyl-CoA, decenoyl-CoA or hexadecenoyl-CoA) was determined. The 
assay was performed in 100 mM HEPES/NaOH (pH 7.5, 70°C) with 0.3 mM of the relevant enoyl-CoA, 
0.2 mM NADPH and 10 ug protein.   
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Figure S 20. Investigation of kinetic properties (A, B) and substrate spectrum (C) of the 
recombinant MaoCHCD Saci_1085 from S. acidocaldarius. The activity of MaoC-HCD Saci_1085 
was tested at 65°C, pH 6.5 via a discontinuous assay (50 µl) containinig 50 mM MES, 20 mM KCl and 
0.0675 µg/µl protein. Km for 3(R)hydroxybutyryl-CoA was determined by varying its concentration from 
0-0.5 mM (A) while a variable concentration of 0-1 mM was used for measuring Km for crotonoyl-CoA 
(B). Activities toward substrates with different chain lengths (C4, C6 or C8) (C) were determined by 
incubating 0.09 µg/µl protein with 0.4 mM enoyl-CoA namely crotonoyl-CoA, hexenoyl-CoA or octenoyl-
CoA. Afterwards, the reaction was stopped by mixing the sample with acetonitrile in a ratio of 1:3 (v/v) 
at different time points and then freezing the mixture. The formation of the relevant product was analysed 
via HPLC and thus the specific activities were calculated. The independent measurements were 
performed in triplicate and error bars indicate the standard error of the mean (SEM).  
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Figure S 21. HPLC chromatogram of CoA ester standards involved in FA metabolism. Two distinct 
programs with different acetonitrile (ACN) concentration gradients were applied for analyzing different 
chain lengths of CoA esters. The program “4-30% ACN program” (A) was used for shorter chain acyl-
CoAs whereas “1-60% ACN program” (B) for longer chain CoA esters. The retention times representing 
the relevant CoA compounds are indicated in Table S4. The peak numbers correspond to the CoA 
compounds as following: 1. HS-CoA; 2. AcetylCoA; 3. Butyryl-CoA; 4. Crotonoyl-CoA; 5. 3-
Hydroxybutyryl-CoA; 6. Acetoacetyl-CoA; 7. Hexanoyl-CoA; 8. Octanoyl-CoA.  

  

  

  

A   B   
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Figure S 22. HPLC chromatograph of acyl-CoA oxidation to enoyl-CoA. The oxidation of saturated 
acyl-CoAs to enoyl-CoA derivatives was analyzed by discontinuous assays at 65°C, pH 6.5. The 0.02 
µg/µl ACAD and 0.01 µg/µl ETF were incubated in 50 mM MES/KOH (50 µl)  with 20 mM KCl, 0.4 mM 
DCPIP and 0.4 mM of acyl-CoAs (butyryl-CoA, hexanoyl-CoA or octanoyl-CoA) for 5 min (A, B & C). 
Moreover, 0.8 mM FcPF6 was used as the electron acceptor instead of ETF and DCPIP (D, E & F). 
Afterwards, the samples were analyzed via different HPLC programs i.e. butyryl-CoA conversion via 4-
30% ACN program (A, D), oxidation of hexanoyl-CoA (B, E) or octanoyl-CoA (C,F) by 1-60% ACN 
program. As a result, all the tested acyl-CoAs (peak 3, 7 or 8) could be fully converted into the 
corresponding enoyl-CoA products (peak 4, 9 or 11).  

  

  

A   B   C   

D   E   F   
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Figure S 23. HPLC analysis of crotonoyl-CoA conversion into acetoacetyl-CoA by HCDH/ECH 
from S. acidocaldarius. The discontinuous assay was carried out in 50 mM HEPES/NaOH with 20 mM 
KCl, 0.4 mM crotonoyl-CoA, 0.0144 µg/µl Saci_1109 in absence or presence of 2 mM NAD+. The 
reaction mixture was incubated at 65°C, pH 6.5 for 15 min and the samples were then analyzed via the 
1-60% ACN program. The formation of 3hydroxybutyryl-CoA (peak 4) from crotonoyl-CoA (peak 5) could 
be shown. However, further production of acetoacetyl-CoA was not observed in presence of NAD+.  
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Figure S 24. HPLC analysis of cleavage of acetoacetyl-CoA by KT. To analyze the last thiolytic step, 
reaction components (400 µl) including 0.2 mM CoA and 0.1 mM AcAcCoA were incubated in 50 mM 
MES/KOH (pH 6.5) at 23°C for 2 min. The reaction was then initiated by addition of 2.7 µg of KT followed 
by incubation for 5 min. All the reaction samples were investigated adopting the 4-30% ACN HPLC 
program. As shown, all the employed AcAcCoA (peak 6) and CoA (peak 1) were converted to acetyl-
CoA (peak 2).  
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Figure S 25. HPLC investigation of the last three steps by the β oxidation enzymes HCDH/ECH 
and KT. The assay was performed in 50 mM MES/NaOH at 65°C, pH 6.5 by adding 20 mM KCl, 0.4 
mM crotonoyl-CoA, 2 mM NAD+, 0.0144 µg/µl HCDH/ECH, 1.6 mM CoA and 0.054 µg/µl KT. The assay 
mixture was incubated for 15 min and afterwards applied by the 4-30% ACN HPLC program. After 
reaction, initial substrate crotonoyl-CoA (peak 4) was fully consumed by HCDH/ECH, end product 
acetyl-CoA (peak 2) by KT was formed in presence of CoA (peak 1). Meantime, a limited amount of the 
intermediate 3-hydroxybutyryl-CoA (peak 5) was detected.  

 
  



Manuscripts: Chapter 3.1  Christian Schmerling 

104 

  
Figure S 26. β oxidation cascades for degrading hexanoyl-CoA (A) or octanoyl-CoA (B). The 
enzyme assays were carried out in two steps. The first oxidation step by 0.02 µg/µl ACAD (Saci_1123) 
and 0.01 µg/µl ETF (Saci_0315) was done in 50 mM MES/KOH (pH 6.5) at 65°C with 20 mM KCl, 0.4 
mM DCPIP and 0.4 mM of acylCoA. The reaction was run for 5 min. In the second step, 2 m NAD+, 
0.0144 µg/µl HCDH/ECH (Saci_1109), 1.6 mM CoA and 0.054 µg/µl KT (Saci_1114) were successively 
introduced to the mixture and incubated for 15 min. At last, the β oxidation metabolites were detected 
by the 1-60% ACN program. After the first step, acyl-CoAs (peak 7 or 8) were completely oxidized to 
the relevant hexenoyl-CoA (peak 9) and octenoyl-CoA (peak 11) by ACAD and ETF in presence of an 
artificial electron acceptor DCPIP. Finally, hexenoyl-CoA could be fully degraded into acetyl-CoA (peak 
2) and butyryl-CoA (peak 3) by HCDH/ECH and KT with presence of the essential cofactors CoA (peak 
1) and NAD+ (A) whereas the octenoyl-CoA was completely oxidized to acetyl-CoA and hexanoyl-CoA, 
meantime a tiny peak 12 representing the intermediate 3-hydroxyoctanoyl-CoA was found (B).   

A   B   
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Figure S 27. HPLC analysis of elongation of acetyl-CoA (A) or butyryl-CoA (B) by KT and 
HCDH/ECH. The reaction mixture (400 µl) included 50 mM HEPES/NaOH (65°C, pH 6.5), 2 mM acetyl-
CoA, 0.3 mM NADH and 17.1 µg HCDH/ECH (Saci_1109). After incubation for 2 min, the reaction was 
started by adding 16.2 µg KT (Saci_1114) and the mixture was incubated for another 5 min. The samples 
were then analyzed by distinct HPLC programs (A: 4-30% ACN; B: 1-60% ACN). Controls without KT 
were carried out. In both measurements, release of free CoA (peak 1) by KT was found. During acetyl-
CoA elongation (A), limited amount of crotonoyl-CoA (peak 4) and 3hydroxybutyryl-CoA (peak 5) was 
formed whereas less hexenoyl-CoA (peak 9) was synthesized from butyryl-CoA (peak 3) and acetyl-
CoA (peak 2) by KT and HCDH/ECH (B).  

A   B   
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Figure S 28. HPLC detection of condensation of hexanoyl-CoA and acetyl-CoA by KT and 
HCDH/ECH. The reaction mixture (400 µl) included 50 mM HEPES/NaOH (65°C, pH 6.5), 1 mM acetyl-
CoA, 1 mM hexanoyl-CoA, 0.3 mM NADH and 17.1 µg HCDH/ECH (Saci_1109). After incubation for 2 
min, the reaction was started by adding 16.2 µg KT (Saci_1114). The reaction mixture was incubated 
for another 5 min and then analyzed by the 1-60% ACN HPLC program. Control without KT was 
included. The blue box of Fig. A was enlarged (B) in order to better visualize the products. Formation of 
CoA (peak 1) could be clearly shown. Two tiny peaks 11 and 12, which represent the respective 
octenoyl-CoA and 3-hydroxyoctanoyl-CoA were also observed (B) indicating the synthesis of C8-chain 
CoA from hexanoyl-CoA (peak 7) and acetyl-CoA (peak 2) by KT and HCDH/ECH. 
  

A   B   



Christian Schmerling   Manuscripts: Chapter 3.1 

107 

 

Figure S 29. HPLC investigation of the stereospecificity of the recombinant MaoC-HCD Saci_1085 
(A) and the conversion of 3(R)-hydroxybutyryl-CoA to butyryl-CoA by MaoC-HCD and ECR 
Saci_1115 (B). To study the stereochemical specificity towards the 3-hydroxyacyl-CoA intermediates, 
0.4 mM of individual 3(S)- or 3(R)hydroxybutyryl-CoA was incubated with 0.0675 µg/µl Saci_1085 in 50 
mM MES plus 20 mM KCl at 65°C, pH 6.5 for 30 min. The synthesis of butyryl-CoA from 3(R)-
hydroxybutyryl-CoA was accomplished through two steps: dehydration of 3(R)-HBCoA via MaoC-HCD 
(Saci_1085) followed by reduction of crotonoyl-CoA via ECR (Saci_1115). The assay was done at 70°C, 
pH 6.5 in 50 mM MES, 20 mM KCl, 2 mM NADPH, 0.5 µg ECR and 0.5 µg MaoC-HCD, and was 
incubated for 30 min. As shown in Fig. A, 3(S)-HBCoA (peak 5a) was not converted while 3(R)-HBCoA 
(peak 5b) was converted to crotonoyl-CoA (peak 4) by MaoC-HCD and then further reduced to 
butyrylCoA (peak 3) by ECR. In addition, a time-dependent conversion was monitored by analyzing 
samples at different time points: 0, 30, 60, 120, 180 and 240 min (B). Consequently, around 70 µM 
crotonoyl-CoA (black line) and 20 µM butyryl-CoA (red line) were produced over the time. All the assay 
samples were analyzed using 4-30% ACN HPLC program.  
  

A   B   
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Abstract 

Glycerol is an integral constituent of membrane phospholipids in all living organisms as well 

as of storage lipids and is thus a highly abundant organic compound in nature. Accordingly, 

the ability to utilize glycerol as a growth substrate is likewise widespread among organisms 

from all domains of life. In contrast to Bacteria and Eukarya, glycerol metabolism is not well 

understood in Archaea and despite some sequence distribution comparisons only halophiles 

have been analyzed in this respect to some extent. Herein, using growth experiments, 

polyomics approaches, and biochemical analyses it was demonstrated that the 

thermoacidophilic crenarchaeal model organism Sulfolobus acidocaldarius, previously 

regarded as non-glycerol utilizer, grows with glycerol as sole source of carbon and energy. 

After uptake likely involving facilitated diffusion, glycerol is dissimilated by ATP-dependent 

phosphorylation to glycerol-3-phosphate (G3P) via glycerol kinase (GK, Saci_2033) followed 

by oxidation mediated by a membrane associated, quinone reducing FAD-dependent G3P 

dehydrogenase (Saci_2032). Both enzymes were recombinantly produced, purified and 

characterized. Whereas the GK showed high structural and functional similarity to known 

enzymes from Bacteria and Eukaryotes, the G3PDH represents an unusual homologue of the 

bacterial GlpA subunit of the GlpABC complex with remarkable sequence differences in the C-

terminus and a novel type of membrane anchoring for G3PDHs facilitated by a small CoxG-

like protein (Saci_2031). Based on these findings, further sequence analyzes in archaeal 

organisms discovered a higher versatility of G3PDHs in Archaea with respect to interacting 

proteins, electron transfer, and membrane anchoring which seems to reflect tailored 

evolutionary solutions to meet different requirements caused by lifestyles and electron 

acceptors. 
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Introduction 

Glycerol is an integral constituent of membrane phospholipids in all domains of life and also of 

storage lipids mainly known from bacteria and eukaryotes and is thus a highly abundant 

organic compound in nature. Furthermore, as a C3 molecule with a higher reduced state than 

sugars, it is even more attractive as energy source than sugars – at least for respiring 

organisms – and less challenging than e.g. C2 compounds. Accordingly, many organisms from 

Archaea and Bacteria to complex Eukarya are able to utilize glycerol as carbon and energy 

source.  

 

Before glycerol is channeled into metabolism, it needs to be transported across the cytoplasmic 

membrane which often involves facilitated diffusion via aqua(glycerol)porins, transmembrane 

proteins catalyzing the rapid equilibration of glycerol concentration gradients across the 

membrane [1]. In Bacteria like Escherichia coli these glycerol-uptake facilitator (GUF) proteins 

are encoded by the glpF gene. However, glycerol as a small uncharged molecule can also 

enter the cell via passive diffusion through the cytoplasmic membrane [2]. In Bacteria, 

alternative glycerol transporters have so far only been described for Mycoplasma mycoides 

and M. galliosepticum employing ABC transporters (in addition to a GlpF homologue) with 

implications for transport efficiencies and pathogenicity [3, 4]. In Eukarya, also glycerol/H+ or 

glycerol/Na+ symport systems have been described especially in yeasts [5, 6]. 

 

Once transported, glycerol metabolism in bacteria and eukaryotes (e.g. E. coli, Pseudomonas 

aeruginosa, and yeast) as depicted in Fig. 1 essentially follows two possible biochemical routes 

in which phosphorylation and dehydrogenation steps ultimately convert glycerol into 

dihydroxyacetone-phosphate (DHAP): The first and most widespread route is utilized (mainly) 

by respiring organisms [6-8], which first convert intracellular glycerol into sn-glycerol-3-P (G3P) 

via a glycerol kinase (GK) (encoded by the glpK gene) using ATP as phosphoryl donor [9]. GK 

mediated phosphorylation represents – in addition to the concentration gradient - the driving 

force for the glycerol uptake since it keeps the intracellular concentration of free glycerol low 

and confers a negative charge to the molecule which thus cannot freely diffuse outside through 

the cytoplasmic membrane. Furthermore, the glycerol diffusion facilitator does not recognize 

G3P as a substrate, and thus the intermediate is trapped inside the cell [10-12]. GKs have 

been characterized from several Bacteria and Eukarya. They are dimers or tetramers and 

some including the E. coli enzyme show posttranslational regulation via FBP inhibition 

accompanied by dimer-tetramer transition [13].  
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Following phosphorylation, one of two membrane bound glycerol-3-phosphate 

dehydrogenases (G3PDH) hereafter designated as GlpD and GlpABC, encoded either by the 

glpD gene or by the operon comprised of the three genes glpA, B, and C, respectively, catalyze 

the oxidation of G3P to dihydroxyacetone phosphate (DHAP), both with the simultaneous 

reduction of a non-covalently enzyme bound flavin adenine dinucleotide (FAD) to FADH2. The 

electrons are then further transferred from the FADH2 to the quinone pool of the respiratory 

chain [14-17]. GlpD (also called the aerobic G3PDH) is maximally expressed under aerobic 

conditions for example in E. coli. [8, 15-17]. The monotopic, dimeric inner membrane protein 

transfers electrons to ubiquinone from where they are finally passed on to the terminal electron 

acceptors oxygen or nitrate. GlpD is also the G3P oxidizing enzyme in the mitochondria of 

Eukarya [16]. The second G3PDH (GlpABC) mainly known from Bacteria is induced under 

anaerobic conditions (the anaerobic G3PDH) when glycerol serves as carbon and energy 

source and accordingly menaquinone of the respiratory chain is reduced with the final 

acceptors nitrate or fumarate (in E. coli) [8, 18]. The A and B subunits (encoded by glpA and 

B) form a soluble and active dimer [14] which is likely anchored to the membrane via the C 

subunit [18, 19]. A third mechanism of G3P oxidation is less widespread among bacteria and 

mainly restricted to aerotolerant/microaerophilic lactic acid bacteria which are heme deficient 

and thus lack functional respiratory chains. These organisms employ the G3P oxidase (GlpO, 

encoded by the glpO gene), a cytosolic, soluble FAD-dependent enzyme directly reducing 

oxygen as electron acceptor yielding H2O2 which in turn is then detoxified via peroxidase or 

catalase [20-23] (Fig. 1). Also, the Mycoplasma spp. from the Mollicutes use GlpO for G3P 

oxidation and the resulting H2O2 has been discussed to contribute to pathogenicity of these 

organisms [24, 25]. Finally, the DHAP produced by G3P oxidation is then channeled into the 

central metabolism via glycolysis and gluconeogenesis, respectively. G3P can directly be used 

for (phosphor)lipid biosynthesis. 

 

The second route of glycerol processing is less abundant and restricted to organisms growing 

under fermentative conditions as described for some Enterobacteriaceae including E. coli and 

few other bacterial species where glycerol is a challenging substrate due to its high reduction 

state [26, 27]. Here, an external electron acceptor is missing and instead of a quinone a 

metabolic intermediate needs to serve as electron sink for glycerol oxidation. In this pathway 

glycerol is first oxidized to dihydroxyacetone (DHA) in an NAD+ dependent manner (glycerol 

dehydrogenase encoded by the gldA gene) followed by PEP (dhaK) or ATP (glpK, Klebsiella 

pneumoniae) dependent phosphorylation to DHAP [8, 26] (Fig. 1). The DHAP then again 

enters the lower shunt of the EMP pathway finally yielding the major fermentation products of 

the respective organisms or is utilized for anabolism. The NADH derived from glycerol 

oxidation is reoxidized with another molecule of glycerol which is first dehydrated to 3-
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hydroxypropionaldehyde and then reduced to 1,3-propandiol, or converted to methylglyoxal 

via DHAP followed by reduction to 1,2-propanediol [26].  

Whereas the glycerol metabolism is quite well understood in Bacteria and Eukarya, 

comparably little is known regarding glycerol degradation in Archaea. The haloarchaeon 

Haloferax volcanii has been shown to utilize glycerol as carbon and energy source and to 

employ homologues of the bacterial GlpK and GlpABC proteins, while GlpD is absent [28-31]. 

Furthermore, GK activity has been reported in crude extracts of H. volcanii and Halobacterium 

sp. to be induced in the presence of glycerol although basal levels have also been 

demonstrated in its absence [29, 32]. Comparative sequence analyses revealed GK (GlpK) 

and G3PDH (GlpABC) homologues in various other Halobacteriales [31, 33]. However, other 

representatives from the archaeal domain have so far not been shown to grow with glycerol as 

sole source of carbon and energy although genes encoding putative GKs and G3PDHs were 

identified in aerobic and anaerobic representatives of the orders Thermococcales, 

Thermoplasmata, Thermoproteales and Lokiarchaeota [33]. In accordance with the distribution 

of sequence homologues, GK activities in crude extracts from Thermoplasma strains as well 

as from Pyrococcus strains were shown, although the cells were grown in the absence of 

glycerol [32]. For Thermococcus kodakarensis, induction of the G3PDH homologue in the 

stationary phase of growth was reported [34]. However, although both recombinant GK (also 

homologous to the bacterial/eukaryal GlpK) and G3PDH have been characterized from T. 

kodakarensis and also the GK crystal structure was solved [35-38], the organism could not be 

grown with glycerol as carbon and energy source [37]. Also, for the other archaeal organisms 

possessing GK and G3PDH homologues growth on glycerol remains to be shown. 

 

The thermoacidophilic, aerobic crenarchaeal model organism Sulfolobus acidocaldarius grows 

heterotrophically at temperatures around 80°C and a pH of 3.0 with a variety of different 

organic carbon sources including mono- (e.g. pentoses and hexoses), di-, and 

polysaccharides, peptides and amino acids, as well as fatty acids. The central metabolic 

network particularly the carbohydrate metabolism is well understood which employs a modified 

unusual branched Entner-Doudoroff pathway (ED) and the Weimberg pathway for hexose and 

pentose degradation, respectively, as well as the Embden-Meyerhof-Parnas pathway (EMP) 

for gluconeogenesis [39, 40]. The organism’s genome is fully sequenced and genetic tools 

have been developed (for literature see [40]). In S. acidocaldarius and other Sulfolobales, only 

GK homologues have been identified whereas G3PDH homologues appeared absent [33] and 

they have been indicated not to grow on glycerol [41]. Since it has recently been shown that 

S. acidocaldarius cleaves triacylglycerides by means of esterases and to grow with the fatty 

acids as sole source of carbon and energy, we reexamined the growth of S. acidocaldarius on 
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the other lipid cleavage product glycerol. Using growth studies, polyomics approaches, crude 

extract enzyme measurements, and biochemical analyses of the enzymes involved, we herein 

demonstrate that S. acidocaldarius utilizes glycerol as growth substrate and employs a 

conserved “classical” GK (homologous to GlpK) for glycerol phosphorylation. However, G3P 

oxidation is catalyzed by a truncated GlpA-subunit like G3PDH lacking the B and C subunits 

of the classical, bacterial GlpABC complex. Instead, it shows an unusual type of membrane 

association facilitated by a small CoxG-related protein. 
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Results 

S. acidocaldarius glycerol catabolism involves GK and G3PDH 

To analyze growth and glycerol consumption by S. acidocaldarius MW001, cells were 

incubated in standard Brock medium containing glycerol (10 mM, 20 mM, and 40 mM) as sole 

carbon and energy source (Fig. 2a, b, and c, respectively). After a prolonged time of adaption 

(several weeks), S. acidocaldarius MW001 grew exponentially with similar growth rates of 

0.029386 h-1 (10 mM glycerol), 0.0280343 h-1 (20 mM glycerol), and 0.0284 h-1 (40 mM 

glycerol) up to cell densities of OD600 4 (at 40 mM glycerol) and glycerol was completely 

consumed (Fig. 2a-c). The adapted strain was referred to as S. acidocaldarius MW00G. The 

final OD600 of 4 at 40 mM glycerol corresponds to a cell dry weight of approximately 1.33 g/l 

and hence a molar yield coefficient of 33.3 gCDW/mol of glycerol. Lowering the glycerol 

concentrations results in enhanced growth yields of 41 g CDW/mol (20 mM glycerol) and 50 g 

CDW/mol glycerol (10 mM glycerol) (Fig. 2b and c). For comparison, S. acidocaldarius was 

grown with 0.2 % (w/v) D-xylose as sole carbon and energy source leading to a final OD600 of 

0.8 with slower growth rates of 0.0195 h-1 (Fig. 2d). This corresponded to a growth yield of 0.27 

g/l CDW and thus a molar yield coefficient of 20 g CDW/mol D-xylose (Fig. 2d). 

 

To further elucidate the glycerol catabolism in S. acidocaldarius MW00G both, the carbon 

source dependent global transcriptional and translational response to glycerol compared to D-

xylose was studied using transcriptomics (RNA-Seq) and proteomics (LC-MS-MS). For a 

deeper analysis we decided to concentrate on genes/proteins that were differentially regulated 

with at least a log2-fold change of 2 in all glycerol growth conditions both on a transcriptional 

and translational level. Under these conditions a total of 39 transcripts/proteins were 

significantly upregulated while a total of 14 transcripts/proteins were significantly 

downregulated (Supplemental table 3). Among them we observed a downregulation of the 

Weimberg pathway for pentose degradation (saci_1938 – α-ketoglutarate semialdehyde 

dehydrogenase and saci_1939 - 2-dehydro-3-deoxy-D-arabinonate dehydratase) as well as of 

the sugar binding subunit of the xylose/arabinose transporter saci_2122, while other central 

carbohydrate metabolic pathways (e.g. glycolytic branched Entner-Doudoroff pathway (ED), 

and tricarboxylic acid cycle (TCA), as well as the EMP for gluconeogenesis) were found to be 

unregulated. In agreement with glycerol dissimilation, a significant upregulation of the gene 

cluster saci_2031 to saci_2034 (Fig. 3a) and its encoded proteins was observed. The gene 

cluster encodes a putative G3PDH (Saci_2032) with a downstream located carbon monoxide 

dehydrogenase subunit G (CoxG)-like protein (Saci_2031), as well as a putative GK 

(Saci_2033) and a glycerol uptake facilitator (GUF, Saci_2034). Both gene couples saci_2032-

2031 and saci_2033-2034 are divergently oriented as depicted in Fig. 3b. In accordance with 
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the observed regulation pattern, we also observed the induction of the GK and the G3PDH on 

activity level in crude extracts of glycerol compared to D-xylose grown cells (Fig. 3c). Whereas 

in D-xylose grown cells neither GK nor G3PDH activity could be determined under the applied 

assay conditions, a specific activity of 0.3 U mg-1 for GK and of 0.12 U mg-1
 for G3PDH using 

2,6-Dichlorophenolindophenol (DCPIP) as artificial electron acceptor was determined. NAD+ 

dependent G3P oxidation was not detectable. Also, neither DCPIP nor NAD+ dependent 

glycerol oxidizing activity could be observed, indicating that no alternative pathway for glycerol 

dissimilation is present. Notably, the DCPIP dependent G3PDH activity was not only located 

in the soluble fraction (crude extract) after cell disruption but also in the resuspended 

pellet/membrane fraction with 0.23 U mg-1 (Fig. 3c), whereas GK activity was exclusively found 

in the soluble fraction. 

Next, we performed comparative targeted LC(HILIC)-MS/MS based metabolome analyses of 

glycerol and D-xylose grown cells with a special focus on the intermediates of the central 

metabolic pathways like modified branched ED pathway, gluconeogenesis, TCA cycle, and of 

course the hypothetical intermediates of the glycerol catabolism. Interestingly, free glycerol 

was almost absent in glycerol grown cells, while the concentrations particularly of G3P and 

also of DHAP (~20% compared to G3P) was significantly increased (Fig. 3d). Additionally, in 

agreement to our transcriptome and proteome data no significant changes in metabolites in 

the upper EMP pathway for gluconeogenesis (i.e. glucose-6-phosphate (G6P), glucose-1-

phosphate (G1P), fructose-6-phosphate (F6), and fructose-1,6-bisphosphate (F1,6BP)) and 

the common lower shunt of ED and EMP (i.e. glyceraldehyde-3-phosphate (GAP) and 2-

phosphoglycerate (2PG)) were observed. 

 

Together, these results show that S. acidocaldarius is able to utilize glycerol as sole carbon 

and energy source and that the glycerol uptake facilitator (Saci_2034, GlpF-like) is likely 

involved in glycerol transport via facilitated diffusion. Glycerol is then subsequently 

phosphorylated to G3P (GK (GlpK-like), Saci_2033), and further oxidized by an at least loosely 

membrane associated G3PDH to yield DHAP which is than channelled either into the 

reversible, lower common shunt of the ED and EMP pathway for glycolysis or the upper EMP 

shunt for gluconeogenesis.  

 

Purification and characterization of GK and G3PDH  

To confirm the function, C-terminally Twin-Strep tagged GK (Saci_2033) was homologously 

produced in S. acidocaldarius MW001 since all expression efforts in E. coli were not 

successful. The putative GK encoded by saci_2033 comprises 497 amino acids and has a 

calculated molecular mass of 55.3 kDa. This coincides well with the molecular mass of 
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approximately 55 kDa experimentally determined under denaturing conditions by SDS-PAGE 

for the recombinant Twin-Strep tagged protein (supplementary Fig. 1). The molecular weight 

under native conditions as determined via size exclusion chromatography was ~110 kDa, 

indicating a homodimeric structure (α2) (supplementary Fig. 2). GK activity was confirmed as 

glycerol dependent formation of ADP from ATP in a coupled assay using PK-LDH at 50°C. 

Initial rate dependence on substrate concentrations followed classical Michaelis-Menten 

kinetics and a Vmax value of 85 U mg-1 and KM values of 0.024 mM (glycerol) and 0.17 mM 

(ATP) were determined (Fig. 4, Table 1). With glyceraldehyde (GA) and dihydroxyacetone 

(DHA) the enzyme showed only minor activities with catalytic efficiencies of <2% compared to 

glycerol (Vmax similar to glycerol but much higher KM values) (supplementary Fig. 3 a and b). 

Other substrates like D(+)-glyceric acid, D-glucose, D-sorbitol, D-xylose, xylitol, and erythritol 

were not accepted as substrate. The pH optimum was at 6.5 and the temperature optimum at 

75°C and thus corresponded well with the internal pH and optimal growth temperature of S. 

acidocaldarius (Table 1, supplementary figure 3c and d). Accordingly, the Saci GK was also 

stable against thermal inactivation with half-life times of 12 h and 2 h at 70°C and 80°C, 

respectively. However, no remaining activity could be observed after 1 h of incubation at 90°C 

(supplementary Fig. 3e). In addition to ATP also GTP and CTP could serve as phosphoryl 

donor, however with only 20% and 45% residual activity, respectively (supplementary Fig. 4a). 

Fructose-1,6-bisphosphate a known inhibitor of GK activity in e.g. E. coli [13] had no effect on 

the Saci_2033 activity (supplementary Fig. 4b).  

 

The saci_2032 gene is annotated to encode a FAD-dependent oxidoreductase/G3PDH 

consisting of 428 amino acids corresponding to a calculated molecular mass of. 46.9 kDa. 

Heterologous expression in E. coli and purification of the N-terminally His-tagged enzyme 

yielded a soluble, yellow protein with a subunit size of 47.6 kDa (SDS-PAGE) and a native 

molecular mass of 94 kDa (supplementary Fig. 5a and b) determined by size exclusion 

chromatography thus representing a homodimer. The yellow colour already indicated the 

presence of a FAD cofactor and by spectrophotometric measurements (maximal absorption at 

450 nm, extinction coefficient of 11.300 mM-1 cm-1, see materials and methods part) a FAD 

content of two for the homodimer, i.e., one FAD molecule per monomer, was determined (Fig. 

5a). Furthermore, after reduction with G3P without the addition of an artificial electron acceptor 

the bound FAD cofactor remained stable in its colourless, reduced state and did thus not 

immediately react with oxygen which would have otherwise been indicated by the formation of 

its yellow oxidized form. Furthermore, the formation of hydrogen peroxide was excluded using 

the 2,2’-azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTS) assay as described in the 

materials and methods section (data not shown). For G3P a KM of 0.055 mM and a Vmax of 

44.5 U mg-1 determined with DCPIP as artificial electron acceptor (Fig. 5b). Under these 
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conditions, no activity could be detected with glycerol-1-phosphate (G1P), glycerol, glyceric 

acid, glyceraldehyde, glyceraldehyde-3-phosphate (GAP), and phosphoglyceric acid. Also, no 

activity could be observed with NAD+ or NADP+ as electron acceptor neither with G3P nor with 

glycerol, DHAP or glycerol-1-phosphate as substrate. However, ubiquinone-Q1 served as 

electron acceptor as followed by G3P dependent loss of absorption of the quinone at 280 nm 

(Fig. 5c). A KM of 0.179 mM and Vmax of 21.1 U mg-1 for ubiquinone-Q1 (Fig. 5d) were 

determined. The enzyme showed a pH and temperature optimum of 6.5 and 70°C, respectively 

(Table 1, supplementary Fig. 6a and b). Also, the thermostability of the Saci_2032 G3PDH 

was analysed and no loss in activity was observed upon more than 6 h incubation at 70°C. At 

80°C Saci_2032 G3PDH had a half-life time of 3 h, and no remaining activity could be observed 

after 1 h of incubation at 90°C (supplementary Fig. 6c). 

 

A CoxG homologue serves as membrane anchor for S. acidocaldarius G3PDH 

The ability of the Saci_2032 G3PDH to reduce quinones and thus likely to transfers electrons 

to the membrane-located respiratory chain, raised questions about the mechanism of 

membrane association of G3PDH in S. acidocaldarius. Interestingly, in addition to GUF 

(Saci_2034), GK (Saci_2033), and G3PDH (Saci_2032), transcriptomic and proteomic 

analysis of S. acidocaldarius also showed the upregulation of saci_2031 annotated to encode 

a CoxG-homolog (Fig. 3a). As shown by the transcriptomics data, both saci_2032 and 

saci_2031 form an operon with saci_2031 located in the same orientation one base pair 

downstream of and cotranscribed with saci_2032. However, Saci_2032 G3PDH was readily 

active in vitro in the absence of Saci_2031 indicating that Saci_2032 does not essentially rely 

on Saci_2031 for activity or electron transfer even to quinones (see above). Nevertheless, 

CoxG has been described as a catalytically non-essential subunit of the (aerobic) carbon 

monoxide dehydrogenase and was proposed to function as membrane anchor for the enzyme 

complex of Oligotropha carboxidovorans. [42]. A similar function was discussed for the 3-

hydroxypyridine dehydrogenase of Ensifer adhaerens HP1 where a CoxG homolog was 

proposed to facilitate membrane binding [43]. 

To elucidate a potential role of the CoxG (Saci_2031) as membrane anchor for the G3PDH we 

heterologously co-overexpressed saci_2032 and saci_2031 in the pETDuet-1-vector in E. coli. 

As a control, saci_2032 was expressed alone from the same vector. Afterwards membrane 

and soluble proteins were separated by ultracentrifugation and the localization of His tagged 

Saci_2032 was analyzed via western blotting and immunodetection using anti-His antibodies. 

Only the coexpression of saci_2032 and saci_2031 resulted in a localization of G3PDH at the 

cell membrane. In contrast, the expression of saci_2032 in the absence of saci_2031 did not 

yield any membrane bound G3PDH, instead the protein was exclusively localized in the 
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soluble, cytoplasmic fraction in E. coli (Fig. 6a). The signal detected in the cytoplasmic fraction 

for the G3PDH in the cells coexpressing saci_2032 and saci_2031 might be due to a less 

efficient saci_2031 expression compared to saci_2032, so that not all G3PDH could be 

recruited to the membrane. Furthermore, upon homologous expression in S. acidocaldarius 

MW001 as HA-tagged protein, Saci_2031 was found to a high degree in the 

insoluble/membrane fraction from which it could be solubilized using n-dodecyl β-D-maltoside 

(DDM). These finding provided further evidence that the CoxG homolog is membrane 

associated in S. acidocaldarius in vivo. (Fig. 6b). To further confirm interaction between 

Saci_2031 and Saci_2032 a coimmunoprecipitation was performed using C-terminally HA-

tagged CoxG (Saci_2031). MS analysis of interacting proteins revealed a specific interaction 

of Saci_2031 with Saci_2032 (Fig. 6c, supplementary Table 4). Together these results strongly 

indicate that the G3PDH transfers the electrons from G3P oxidation to the quinone pool of the 

respiratory chain (caldariellquinone in S. acidocaldarius) and that the required membrane 

interaction is mediated by the CoxG homolog Saci_2031, thus representing a novel function 

of CoxG homologues in Archaea and an unusual mechanism of membrane anchoring of 

G3PDH in S. acidocaldarius.  
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Discussion 

S. acidocaldarius has previously been shown to cleave short chained triacylglycerols like 

tributyrin by means of esterases and was also shown to grow with short chain fatty acids like 

butyrate and hexanoate as sole carbon and energy sources [44, 45]. Therefore, the question 

arose whether this crenarchaeal model organism is also able to grow with glycerol, the other 

product of esterase mediated lipid breakdown. Herein, growth of S. acidocaldarius with glycerol 

as sole carbon and energy source was demonstrated. To further elucidate the glycerol 

degradation, transcriptomics and proteomics as well as targeted metabolomics/metabolite 

analyses and enzyme activity measurements in crude extracts, both in comparison to D-xylose 

grown cells, were performed. Furthermore, the enzymes upregulated at gene and protein level 

involved in glycerol degradation were recombinantly produced, purified and characterized. It 

was demonstrated that: (i) In both, transcriptomics and proteomics saci_2031-2034, encoding 

CoxG, G3PDH, GK, and GUF were strongly up-regulated in the presence of glycerol 

(compared to D-xylose); (ii) The activities of GK and G3PDH (with DCPIP as electron acceptor 

not with NAD) were highly induced in glycerol but not measurable on D-xylose grown cells, 

and also activities of alternative pathways for glycerol utilization appeared to be absent; (iii) 

The key intermediates of the pathway, especially G3P and also DHAP were much more 

abundant in glycerol grown cells; (iv) The enzymatic function of G3PDH (Saci_2032) and GK 

(Saci_2033), respectively, was confirmed by characterization of the recombinant proteins; (v) 

The G3PDH activity was at least partly associated with the membrane which is mediated by 

the CoxG homologue Saci_2031. These results demonstrate that glycerol degradation in S. 

acidocaldarius is mediated via glycerol phosphorylation catalyzed by a “classical” GK followed 

by FAD-dependent G3P oxidation with electron transfer to the quinone of the respiratory chain 

carried out by a structurally unusual G3PDH. The resulting DHAP is then channeled into central 

metabolism (Fig. 7). 

Glycerol degradation in Archaea has so far only been analyzed in some detail in the halophile 

H. volcanii which also grows on glycerol minimal media. Similarly, to S. acidocaldarius, the 

growth of H. volcanii on glycerol was better than on sugars (e.g. D-xylose) in terms of growth 

yield per mol of substrate carbon [30, 46]. This higher growth yield and hence the higher ATP 

gain per mol of substrate is on the one hand due to the higher reduction state of glycerol 

compared to sugars like D-xylose but can likely not account alone for the observed yield 

differences and might hence hint at a more efficient energetic coupling during growth on 

glycerol. Accordingly, in the transcriptomics and proteomics data we observed changes in the 

respiratory chain of S. acidocaldarius with the SoxEFGHIM (saci_2258-saci_2263), one of 

three terminal oxidases, being strongly upregulated (supplementary Tab. 3). This terminal 

oxidase was shown to have a higher H+/e- ratio [47-50] and thus likely additionally contribute 
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to the higher growth yield. In contrast to the results presented herein, S. acidocaldarius has 

been previously reported not to grow on glycerol [41] and in agreement G3PDH homologues 

were shown to be absent in Sulfolobales [33]. These findings can likely be explained by the 

prolonged time the organism required for adaption to glycerol as carbon and energy source 

observed in this study and at sequence level by the C-terminal truncation/differences of the 

G3PDH of S. acidocaldarius and other Sulfolobales (as well as some Thermoprotei and 

Thermoplasmatales) (see below). Such an adaptation phase - although much less pronounced 

– was also reported for Pseudomonas spp. and was attributed to the mode of regulation with 

G3P as inductor [8]. Like S. acidocaldarius, H. volcanii utilizes the GK/G3PDH pathway for 

glycerol degradation. Although GK activity was induced in presence of glycerol, basal activity 

levels in absence of glycerol were detected indicating constitutive expression of the 

GK/G3PDH pathway in halophiles [29, 32]. In S. acidocaldarius the GK/G3PDH activities are 

only detectable when cells are grown on glycerol suggesting a much tighter regulation. This 

different expression pattern might reflect that glycerol in halophilic habitats is regarded as main 

and preferred carbon and energy source (see references in [29]) which is likely different in 

thermoacidophilic environments. 

In accordance with previous findings [33, 51], bioinformatic/phylogenomic analyses revealed 

that – in addition to Halobacteriales and Sulfolobales - also other archaeal lineages harbor the 

GK/G3PDH pathway. However, the GK/G3PDH homologues and hence the potential ability to 

utilize glycerol is present only in some representatives of these lineages and appears thus only 

patchily distributed in archaea [33]. 

 

Glycerol uptake 

For glycerol uptake, S. acidocaldarius harbors a GUF homologous to GlpF [1] and up-regulated 

in response to glycerol and thus likely involved in glycerol uptake. In Archaea, GlpF 

homologues seems to be restricted to few Sulfolobus and Saccharolobus spp. as well as to 

halophiles [30, 31] and are thus much less abundant then GlpA homologues in archaea 

meaning that by far not all archaea harboring the GK and G3PDH also contain a GlpF 

homologue. This might indicate that alternative transporters than GlpFs are utilized for glycerol 

uptake in other Archaea and the gene neighborhoods of the GK/G3PDH encoding genes often 

also comprise e.g. putative MFS (major facilitator superfamily) transporter encoding genes 

(e.g. in Thermococcus and Pyrococcus species, some Thermoplasmatales, Vulcanisaeta). As 

described above, alternative glycerol transporters are known in Mycoplasma spp. employing 

ABC transporters (in addition to a GlpF homologue) [3, 4] and also in yeast using H+ (Na+) 

symport systems. In S. acidocaldarius, in addition to the glpF gene, also a putative ABC 

transporter (saci_1762-1765) was up-regulated which could thus also be involved in glycerol 
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transport. In addition, glycerol uptake via simple diffusion might also take place in S. 

acidocaldarius and other Archaea. For example, in E. coli deletion of the glpF gene had no 

severe impact on glycerol consumption under high concentrations. Nevertheless, below 5 mM 

glycerol in the medium the growth rate remarkably decreased indicating that the facilitator is 

especially important at low substrate availability [2]. Further on, besides the concentration 

gradient a major driving force of the glycerol uptake was shown to be the subsequent ATP-

dependent phosphorylation catalyzed by the GK [8, 10]. Accordingly, intracellular glycerol was 

nearly undetectable in S. acidocaldarius, whereas the G3P and to a lesser extend also the 

DHAP concentrations were significantly increased during growth on glycerol compared to D-

xylose. Furthermore, the GK and G3PDH activities in crude extracts of S. acidocaldarius cells 

were clearly induced to 0.3 U mg-1 and 0.12 U mg-1, respectively, but were not detectable in 

D-xylose grown cells. Similar GK activities were reported for H. volcanii (0.43 U mg-1) [29] or 

for E. coli (0.61 U mg-1) [2] and for the latter a further activation of the GK activity through 

interaction with the GlpF was suggested [10]. The GK and G3PDH activities agree with the 

much more pronounced accumulation of G3P compared to DHAP in S. acidocaldarius and 

also show that both activities are not rate limiting. The transcriptomics and proteomics analyses 

revealed that candidates for further DHAP conversion via glycolysis and gluconeogenesis as 

well as the TCA cycle are not regulated in response to glycerol which thus likely accounts for 

the accumulation of G3P and DHAP.  

 

Properties of the glycerol kinase Saci_2033 

The S. acidocaldarius GK like all other GKs characterized so far belong to the FGGY family 

within the sugar kinase/HSP70/actin superfamily [52] and shows a high degree of sequence 

conservation not only to other archaeal homologues but also to bacterial (>50% sequence 

identity) and even eukaryotic (~44%) enzymes and thus across the domains of life. The 

homodimeric structure of Saci_2033 is well in accordance with some other GKs from 

eukaryotes (e.g. Trypanosoma brucei gambiense, Plasmodium falciparum, Chaetomium 

thermophilum [53-55]) and bacteria (e.g. Cellulomonas sp. [56]). Also, homotetrames (for 

some Bacteria like Thermus thermophilus, Elizabethkingia meningoseptica, and also some 

Eukaryotes like Saccharomyces cerevisiae [57-59]) and even -hexamers (T. kodakarensis 

[35]) have been reported. For E. coli a dimer-tetramer equilibrium in solution was described 

[13] and also for Haemophilus influenzae a higher (>4mer) and a lower (<4mer) oligomerization 

state was reported [60]. Two different oligomeric species were clearly not observed for 

Saci_2033 which eluted solely as homodimer in size exclusion chromatography experiments 

(supplementary Fig. 2). The tetramer formation observed for the E. coli GK appears a 
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prerequisite for allosteric regulation by fructose-1,6-bisphosphate (FBP) [13] and thus appears 

in accordance with the missing FBP regulation observed for the homodimeric Saci_2033 

enzyme. Also, for the dimeric enzymes from P. falciparum and T. brucei gambiense no 

allosteric control with FBP was observed [53, 61]. Similarly, the T. kodakarensis GK initially 

described as a homodimer did not respond to FBP as allosteric effector. Later on, it has been 

shown that in presence of glycerol the Thermococcus enzyme assembles into hexamers but 

the subunit interactions appear different than observed in the tetramer interactions in E. coli 

essential for FBP binding and seems thus also in agreement with the missing FBP regulation 

[35, 36]. The glycerol mediated hexamer formation of the Thermococcus GK increases the 

ATP affinity of the enzyme tenfold. Under the same glycerol concentration, however, the 

Saci_2033 GK did not change its oligomeric structure (supplementary Fig. 2) and the lysine 

271 (K271) in T. kodakarensis enzyme essential for hexamer formation is not conserved in 

Saci_2033. Additionally, from Enterobacteriaceae (e.g. E. coli) and Firmicutes (e.g. 

Enterococcus, Streptococcus, Bacillus), two different GK regulation mechanisms involving 

components of the PEP-dependent phosphotransferase system (PTS) for sugar transport have 

been described (for literature see [62]). In E. coli the unphosphorylated Enzyme IIAGlc acts as 

allosteric GK inhibitor and in firmicutes GK is phosphorylated by HPr~P at a conserved 

histidine residue (H232 in Enterococcus casseliflavus) located in the loop region where also 

FBP is bound (for literature see Yeh et al., 2009). This phosphorylation in the absence of PTS 

sugars stimulates the enzyme activity 10-15-fold [62]. Similar regulatory mechanisms involving 

components of the sugar transport PTS systems are unlikely to occur in S. acidocaldarius since 

PTS systems in this organism and in archaea in general are absent despite in some halophiles 

[63]. Interestingly, in H. volcanii one PTS component protein, a HPr homologue encoded by 

the ptsH2 gene (HVO_1543), is part of the chromosomal glycerol gene cluster [29, 30]. 

However, the phosphorylated H232 in the E. casseliflavus enzyme is not conserved in the H. 

volcanii GK (and also not in Saci_2033). The kinetic constants of the Saci_2033 GK with KM 

values of 0.024 mM (glycerol) and 0.17 mM (ATP) and a Vmax around 85 U mg-1 (at 50°) are 

well in the (rather broad) range of those determined for other GKs. The Vmax of the Saci_2033 

GK at a more physiological temperature of 75°C was determined at 340 U mg-1 which appears 

comparatively high but roughly approximates a similar range reported for the T. kodakarensis 

GK (>1000 U mg-1). A relaxed substrate specificity as observed in Saci_2033 GK converting 

also DHA and GA although with much lower catalytic efficiencies (<2%) (supplementary Fig 

3.) was also reported e.g. for the E. coli enzyme [64]. The temperature optimum (75°C) and 

the thermal stability with half-life times (t1/2) of 12 h (70°C) and nearly 2 h at (80°) fit well with 

the growth conditions of S. acidocaldarius. Nevertheless, in accordance with the growth 

optimum of T. kodakarensis of 85°C the thermal properties of the GK from this euryarchaeon 

are more pronounced (Topt 80°C, t1/2 30 min (100°C)) [38, 65]. The GK from the thermophilic 
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bacterium Thermus thermophilus on the other hand showed slightly lower Topt between 50°C 

and 70°C and lost ~75% activity upon 30 min incubation at 70°C [57]. 

 

Properties of the G3PDH Saci_2032 and an unusual mode of membrane anchoring by 
CoxG Saci_2031 

In contrast to the S. acidocaldarius GK/G3PDH pathway, the route in H. volcanii involves a 

G3PDH composed of all three GlpABC subunits homologous to the “anaerobic” route known 

from many especially facultatively anaerobic bacteria like E. coli [7, 8, 18, 19, 30]. In Bacteria 

and haloarchaea, the GlpC and GlpB subunits are supposed to permit membrane anchoring 

and electron transfer, respectively, from the catalytic subunit GlpA finally to the (mena)quinone 

pool in E. coli [18, 19]. However, except for most haloarchaea the GlpB and C subunits are 

absent from nearly all other archaea and also GlpD and GlpO homologues were not identified. 

These organisms in addition to GlpK (and frequently also GlpF) only contain GlpA homologues 

which were however demonstrated to be active without additional subunits herein for S. 

acidocaldarius and also previously for T. kodakarensis [37]. The TK1393 G3PDH catalytic 

subunit from T. kodakarensis alone showed a 7-8-fold lower Vmax of 5-6 U mg-1 compared to 

the S. acidocaldarius enzyme and a 50-fold higher KM value (2.6 mM vs. 0.055 mM). However, 

the G3PDH encoding genes are often downstream co-localized with different likely functionally 

related genes (for detailed discussion see below) which suggest – together with the absence 

of the GlpB and C subunits - that electron transfer in these archaeal species might be different. 

We herein forwarded evidence that the S. acidocaldarius G3PDH forms a catalytically active 

dimer which can directly reduce the (ubi)quinone analogue Q1, two features that are similar to 

characterized bacterial and eukaryotic GlpDs [16, 66, 67] which directly transfer the electrons 

to the quinone pool. The use of quinones (E0’ ~+110 mV (ubiquinone) and -75mV 

(menaquinone)) as acceptor for the relatively high potential electrons of G3P (~-200 mV) 

oxidation is advantageous since NAD(P)+ (-320 mV) would render this reaction endergonic 

[68]. Also, the FAD content of one per monomer is more similar to the GlpDs. In contrast, the 

catalytic heterodimer from E. coli (GlpAB) was described to contain only one FAD and also an 

FeS cluster both likely located in the GlpA subunit. How the GlpB subunit acts in the electron 

transport is not fully understood yet. Sequence analyses suggest that the GlpB subunit, which 

is homologous to several flavoproteins like the FAD subunit of the succinate dehydrogenase, 

might contain a further flavin cofactor involved in electron transport to the FeS cluster(s) in 

GlpC [18].  

The S. acidocaldarius G3PDH showed similar specific activities with DCPIP as artificial 

electron acceptor as described for the GlpD from Vibrio alginolyticus with the artificial redox 
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carriers PMS-MTT or ferricyanide (see supplementary table 5). For the GlpDs from E. coli a 

roughly ten-fold lower activity with DCPIP has been reported which was even lower for the pig 

brain mitochondrial enzyme (0.8 U mg-1). However, for the pig brain enzyme also the kinetic 

constants for the more native substrates, the ubiquinones-Q0 and -Q1, have been determined. 

For the ubiquinone-Q1 both the KM and Vmax values were more than 10-fold lower (Vmax 2.6 U 

mg-1, KM 0.013 mM) [69] compared to the S. acidocaldarius enzyme (Vmax 21 U mg-1, KM 0.18 

mM) resulting in a similar catalytic efficiency. The high substrate specificity observed for the S. 

acidocaldarius G3PDH not converting G1P, glycerol, glyceric acid, GAP, and phosphoglyceric 

acid has also been reported for two isoenzymes from Acidiphilium sp. [70]. 

However, as further detailed below the Saci_G3PDH is more similar to GlpAs. So far, the 

GlpAB active heterodimer from E. coli is the only bacterial GlpA-like enzyme which has been 

kinetically characterized in some detail. The Vmax value reported for the E. coli enzyme (34 U 

mg-1) is in a similar range as the S. acidocaldarius G3PDH homodimer (44.5 U mg-1) although 

the KM for G3P is 6-fold lower for the latter (0.055 mM vs. 0.34 mM for the E. coli GlpAB 

heterodimer) [14]. Conversely, the direct reduction of quinone analogues was not described 

for the E. coli enzyme likely because it relies on the GlpC subunit for both, membrane 

anchoring and quinone reduction (electron transfer) (also underscored by the presence of a 

FeS cluster(s) in the C subunit) [19]. In S. acidocaldarius the genes encoding G3PDH 

(saci_2032) and the CoxG homologue (saci_2031) were shown to form an operon (up-

regulated in response to glycerol) and the proteins were shown to interact with each other. The 

CoxG homologue recruits the G3PDH active dimer to the membrane, but as demonstrated by 

the quinone reactivity of the Saci_2032 G3PDH dimer alone the CoxG (subunit) is not involved 

in electron transfer and thus only anchors the protein to the membrane. The only functionally 

analyzed CoxG homologue so far is the protein from O. carboxydovorans which recruits the 

carbon monoxide dehydrogenase (from the aerobic xanthin oxidase type) to the membrane 

but does not seem to have any enzymatic implications [42]. In contrast, the homodimeric 

“aerobic” G3PDH (GlpD), e.g. from E. coli, does not require any membrane anchoring and/or 

additional electron transferring subunits but as a monotopic membrane protein directly 

interacts with the membrane and transfers electrons to the ubiquinone pool. Furthermore, 

these GlpDs were also shown to require membrane interaction, or phospholipids or 

nondenaturing detergents for conformational integrity and thus full activity ( [16] and the 

literature cited therein). This was not the case for the Saci_G3PDH and might further reflect 

the different mode of membrane association (supplementary Fig. 7).  
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Sequence and structural comparisons of G3PDHs 

As indicated by sequence comparisons (Fig. 8), conserved domain analyses, and structural 

comparison including modeling using the “ColabFold: AlphaFold2 using MMseqs2” online tool 

[71] (supplementary Fig. 8), the Saci_G3PDH and other archaeal homologues mentioned 

above are homologous in their first N-terminal ~360 amino acids with GlpDs, GlpAs and also 

with GlpOs. This part of the proteins constitutes the FAD-dependent oxidoreductase domain 

(pfam01266) which belong to the D-amino acid oxidase (DAAO) superfamily (including e.g. 

also the glycine oxidase from Bacillus subtilis (1ng3) [72]). These proteins are composed of a 

‘glutathione-reductase-2’ type FAD-binding domain and an antiparallel β-sheet based 

substrate-binding domain (for details and literature see [24]). Accordingly, the FAD binding 

residues and also the G3P binding site are quite conserved (Fig. 8). However, GlpD, GlpO, 

and GlpA proteins as well as the archaeal homologues differ in length and domain organization 

of their C-terminus. Glycine oxidases just constitute the DAAO fold without any C-terminal 

extensions. However, as revealed by the crystal structures, the C-terminus in GlpD from E. coli 

(2qcu) forms a truncated G3P oxidase domain (pfam 16901, composed of roughly 120 amino 

acids) shortened by an twenty amino acids comprising helix in its very C-terminal end 

compared to the complete G3P oxidase domain (140 aa) present in GlpO from Streptococcus 

sp. (2rgo), (supplementary Fig. 8 as well as supplementary figure 9a and b). In addition to the 

complete C-terminal G3P oxidase domain, GlpOs differ from GlpDs by the presence of a 50 

amino acid insertion in the C-terminal part of the DAAO fold (Fig. 8). In contrast to GlpDs and 

GlpOs, the C-terminus of GlpAs is even larger (160 aa) containing a bfd-like domain with an 

FeS cluster (pfam04324) [52, 73-75] and the four highly conserved cysteine residues likely 

involved in FeS cluster binding are clearly visible in the C-terminus of GlpA sequences but 

missing in GlpDs and GlpOs (Fig. 8, supplementary Fig. 10). The presence of such an FeS 

cluster is in accordance with the presence of two non-heme irons per catalytically active GlpAB 

subunit early reported [14]. As indicated by structural predictions the C-terminal domain of 

GlpA resembles in its first part the C-terminal domain of GlpOs (and thus also of gGlpDs) but 

is even further extended by an additional α helix in its very C-terminal end compared to GlpO 

(supplementary Fig. 8 and 9).  

Notably, all the archaeal G3PDH homologues differ from GlpD, GlpO, and GlpA enzymes in 

their C-terminus: The Thermofilum pendens related homologues nearly completely lack a C-

terminal extension and the DAAO fold is only extended by a very short α helix of 5-6 amino 

acids (if at all) (supplementary Fig. 10a). In the S. acidocaldarius-like archaeal G3PDH 

homologues the C-terminal tail comprises roughly 50 amino acids which does not form any 

known or annotated domain comprising only three α helices (and shows also no similarities to 

GlpA, GlpO, or GlpD) (supplementary Fig. 10b). The Thermococcales G3PDHs as indicated 
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by model predictions seem to contain the bfd-fold (pfam04324) like in GlpA with four cysteine 

residues present (and align well with the GlpAs, Fig. 8), although the overall fold of the C-

terminal domain appears to be different and somewhat shorter (120 aa) (supplementary Fig. 

10c and d).  

The structural differences in C-terminal domains of GlpDs, GlpOs and GlpAs seem to be linked 

to their different functions. In GlpD, the C-terminus was demonstrated to be involved in dimer 

formation whereas in non-membrane associated, cytoplasmic dimeric GlpOs that are reactive 

with oxygen (in contrast to glpDs) the C-terminus is not involved in subunit interaction [16, 20]. 

For GlpA - although no crystal structure is available - the presence of an FeS clusters in the 

C-terminus suggest that this protein moiety is involved in electron transfer to GlpB which might 

necessitate their physical interaction, which in turn is supported by the fact that the GlpAB 

forms the catalytically active unit. The ColabFold prediction of the Saci_G3PDH complex 

(based on the finding that Saci_2032 alone forms a soluble dimer) (see supplementary figure 

11) suggests that also in the Saci_G3PDH the (dissimilar) C-terminus might be involved in 

dimer formation, which, however, leads to different spatial orientation of the DAAO domains to 

each other than observed in GlpD. This different spatial orientation of the dimer together with 

CoxG interaction then likely enables optimal transfer of electrons to the quinone pool in the 

cytoplasmic membrane in S. acidocaldarius. 

 

Distribution and phylogenetic affiliation of archaeal GKs and G3PDHs 

Previous studies have already addressed the question of distribution and phylogenetic 

affiliation of glycerol degrading genes/enzymes in Archaea [24, 33, 51]. Complete sets of 

glycerol degrading enzymes and thus the potential ability to utilize glycerol as sole carbon and 

energy source were mainly found in the euryarchaeal orders of Thermococcales, 

Halobacteriales, Archaeoglobales and Thermoplasmatales and in the crenarchaeal lineages 

of Thermoproteales, Thermofilales, Desulfurococcales, and Sulfolobales [33, 51]. However, 

the GK/G3PDH homologues are present only in some representatives (not in all or at least not 

in the majority) of these lineages and thus only patchily distributed in archaea. It was also 

indicated that the evolutionary history of GK and G3PDH genes in archaea is different with the 

GK acquired by horizontal gene transfer from bacteria whereas the G3PDH might have been 

already present in the universal common ancestor as well as the bacterial and archaeal 

common ancestors [51]. This is also reflected by the higher overall sequence identity among 

the archaeal GKs (40-70% identity) compared to archaeal G3PDHs (20-50% identity) as well 

as by the fact that the closest homologues to GK and G3PDH from S. acidocaldarius were 

identified in different archaeal lineages, i.e., in Thermococcales (61-68% identity) and 



Christian Schmerling   Manuscripts: Chapter 3.2 

129 

Thermoproteales (45-48% identity), respectively. The different evolutionary history of GKs and 

G3PDHs points towards the conserved function of GK in all the organisms whereas the G3PDH 

shows more functional variability with respect to interaction partners, membrane anchoring, 

and electron acceptors (see below). 

Phylogenetic analyses of the G3PDH sequences from all domains resulted in similar tree 

topologies as previously reported [30, 51], however, closer inspection of structural and 

sequence features including gene neighborhood analysis provided deeper functional insights 

that have been previously missed as illustrated in Fig. 9: Firstly, the FAD dependent G3PDHs 

cluster according to their different C-terminal extensions: GlpAs, GlpDs, and GlpOs form 

distinct subgroups within one main cluster within the DAAO superfamily with GlpDs and GlpOs 

more closely related to each other than to GlpAs. In contrast, the mycoplasma GlpOs appear 

only distantly related to glpDs/As/and Os [24]. The G3PDH from Sulfolobales and 

Thermoplasmatales additionally including the Caldivirga maquilingensis and Vulcanisaeta 

moutnovskia homologues as well as those from Thermofilales form distinct subclusters 

separated from canonical bacterial and haloarchaeal sequences within the GlpA subgroup, 

justifying their annotation as GlpAs. Based on these analyses, no archaeal GlpDs could be 

identified. The Thermococcales sequences constitute a cluster clearly separated from glpA/D 

sequences and might thus represent a distinct family within the DAAO superfamily designated 

herein as GlpTk. This cluster also comprises sequences from anaerobic Crenarchaea 

(Desulfurococcales) as well as anaerobic Bacteria (e.g. Thermotoga maritima and Clostridium 

perfringens) and amitochondriate protists (Giardia intestinalis, Entamoeba histolytica, and 

Spironucleus salmonicida). 

Secondly, the phylogenetic affiliation does not only reflect the structural differences of FAD-

dependent G3PDHs, it is also accompanied by a conserved gene organization (Fig. 10): (i) 

The canonical glpA genes always cooccur in operons with downstream located glpB and C 

(Fig. 10a). (ii) In the Thermofilum related species three genes are located downstream of the 

glpA gene homologue encoding putative counterparts of the succinate dehydrogenase b, c 

and d subunits (also involved in membrane anchoring and electron transfer [76]) (Fig. 10b). 

(iii) All genes of the S. acidocaldarius related glpA subgroup show the coxG gene directly 

downstream of the glpA gene homologue (Fig. 10c). (iv) The glpD and glpO genes don’t show 

any obvious operon like structures with any other genes which coincides with their function as 

homodimers irrespective of their membrane or cytoplasmic localization, respectively (Fig. 10d 

and e). (v) The Thermococcus related glpTk genes including the bacterial sequences from T. 

maritima and C. perfringens (see above) are all organized in a cluster with two genes 

downstream annotated to encode a pyridine nucleotide disulfide oxidoreductase/FAD-

dependent oxidoreductase/ NADH oxidase (NOX) and a DUF1667 domain 
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protein/molybdopterin oxidoreductase Fe4S4 domain (MOX) shown to from a soluble complex 

upon in vitro reconstitution [37] (Fig. 10f). Interestingly, the GlpTk-like G3PDH enzymes from 

protists such as Giardia intestinalis [77], Entamoeba histolytica and Spironucleus salmonicida 

represents a fusion protein with a GlpTk, NOX, and a DUF1667 domain. Thus, the observed 

clustering in the phylogenetic tree is accompanied by the formation of different complexes with 

proteins encoded downstream of the respective G3PDH genes in operon like structures for 

membrane association and electron transfer to the respective acceptors. Therefore, the 

acquisition of glycerol utilization necessitated the concomitant evolution of tailored membrane 

anchoring and/or electron transfer systems to fit the requirements of the organism’s lifestyle, 

metabolism and terminal electron acceptors. 

In summary, we herein unraveled the glycerol degradation in S. acidocaldarius to proceed via 

the GK-G3PDH pathway involving a “classical” bacterial GlpK-like GK from the FGGY family. 

However, with respect to the G3PDH the pathway differs remarkably from those known from 

bacteria and haloarchaea. Although sequence comparison clearly identified the G3PDH as 

GlpA homologue, the enzyme shows an unusual subunit composition lacking the B and C 

subunits, a different domain structure in the C-terminus of the catalytic GlpA subunit, and a 

different mode of membrane anchoring via a CoxG homologue instead of a GlpC. Furthermore, 

although the physiological significance remains to be studied, sequence analyses suggest that 

glycerol metabolism in archaea is more versatile with respect to the G3PDHs their interaction 

partners, membrane association, and electron transfer mechanisms. 
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Table 1: Kinetic characterization of the recombinant GK and G3PDH from S. acidocaldarius. 

Enzyme Substrate KM 
[mM] 

Vmax 

[U mg-1] 

kcat/ KM 

[mM-1 s-1] 

Calculate

d mass 
[kDa] 

Native 

mass [kDa] 

Oligomeric 

state 

Temperatur

e optimum 

pH 

optimum 

Saci_2033a 

(GK) 

Glycerol 0.024 339.7 13045 

55.3 110 Homodimer 75°Ca 6.5 
 ATP  0.17 97,3  527 

Saci_2032b 

(G3PDH) 

G3P 0.055 44.5 642 

47.6 94 Homodimer 70°C 6.5 
 Ubiquinone

-Q1 

0.179 21.1 197 

a, kinetic constant for the Saci_2033 GK were determined at 50°C. 
b, kinetic constants for the Saci_2032 G3PDH were determined at 70°C. 
n.d.: not detectable 
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Fig. 1: Biochemical pathways involved in glycerol conversion in Bacteria (e.g., E. coli, 
Streptococcus or Pseudomonas putida) and Eukarya forming dihydroxyacetone phosphate 
(DHAP) which is channeled into central metabolism. Glycerol metabolism starts with its uptake either 

via facilitated diffusion mediated by the glycerol uptake facilitator (GlpF) (encoded by the glpF gene) or 

via (protein independent) simple diffusion through the cytoplasmic membrane. Following uptake, 

glycerol is converted finally to DHAP via two basic pathways: In respiring organisms, glycerol is first 

phosphorylated by the glycerol kinase (GlpK) (encoded by the glpK gene) to G3P which is further 

oxidized by two different membrane bound FAD dependent G3P dehydrogenases (G3PDH), i.e. GlpD 

(encoded by the glpD gene) and GlpABC (encoded by the glpA, B, and C genes). Electrons are 

transferred via the G3PDH bound FAD cofactor to ubiquinone (UQ) by GlpD or to menaquinone (MQ) 

(GlpABC) of the respiratory chain. A third mechanism of G3P oxidation mainly known from aerotolerant 

lactic acid bacteria as well as Mycoplasma species is catalyzed by a soluble, cytoplasmic FAD 

dependent G3P oxidase (GlpO, encoded by the glpO gene) which directly utilizes molecular oxygen as 

electron acceptor. The second basic glycerol converting pathway is known from fermentatively growing 

organisms. Here, glycerol is first oxidized via an NAD+ dependent G3PDH to dihydroxyacetone (GldA, 

encoded by the gldA gene) which is subsequently phosphorylated by dihydroxyacetone kinase (DhaK, 

encoded by dhaK gene) with phosphoenolpyruvate (less frequently ATP) as phosphoryl donor. In all 

cases, DHAP is further degraded via the lower common shunt of the ED and EMP pathway or utilized 

for gluconeogenesis. G3P serves as building block for phospholipid/membrane synthesis. 
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Figure 2: Growth and substrate consumption of S. acidocaldarius MW00G on Brock’s basal 
medium containing 10 mM (a), 20 mM (b), and 40 mM (c) glycerol as sole carbon and energy 
source under aerobic conditions. For comparison the growth with 14 mM D-xylose (d) was 
studied. Growth was monitored as increase in OD600. Substrate concentrations in the cell free 

supernatant were determined enzymatically as described in the materials and methods part. 

Experiments were performed in triplicate and error bars indicate the SD of the mean.  
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Figure 3: Poly-omics and activity-based analyses of glycerol degradation in S. acidocaldarius. 
(a) Log2 fold changes of transcript and protein levels of saci_2031-saci_2034 and saci_1938-saci-1939 

of S. acidocaldarius MW00G grown on 40 mM of glycerol in comparison to 0.2 % (w/v) of D-xylose. (b) 

Divergent orientation of the potential glycerol degradation gene cluster saci_2031-saci_2034 consisting 

of a putative glycerol uptake facilitator (GUF), glycerol kinase (GK, GlpK), glycerol-3-phosphate 

dehydrogenase (G3PDH, GlpA) and CoxG homolog. (c) GK and G3PDH activity of S. acidocaldarius 

MW00G grown on 40 mM glycerol in comparison to 0.2 % (w/v) D-xylose in the cytoplasmic and 

membrane fraction after cell lysis. (d) Peak areas of glycerol, G3P and DHAP of glycerol grown S. 

acidocaldarius MW00G (10mM, 20 mM and 40 mM glycerol) compared to D-xylose grown cells 

determined by targeted metabolomics. All values represent the average of three (growth curve and 

crude extract activities) or four (poly-omics analyses) independent measurements. Error bars represent 

the standard deviation of the mean.  
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Figure 4: Kinetic characterization of the purified recombinant GK Saci_2033. The kinetic properties 

with ATP (a) and glycerol (b) were determined in a continuous assay by coupling the glycerol-dependent 

ADP formation from ATP to NADH oxidation via PK and LDH at 50°C as decrease in absorbance at 340 

nm. Experiments were performed in triplicate and error bars indicate the SD of the mean. 
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Figure 5: Biochemical and kinetic characterization of the recombinant G3PDH Saci_2032. (a) 

Time resolved absorption spectra of ubiquinone-Q1 in the presence of Saci_2032 and 200 µM of G3P. 

Loss of absorption at 280 nm indicates reduction of ubiquinone-Q1 by Saci_2032. (b) Time resolved 

absorption spectrum (400-500 nm) of Saci_2032 bound FAD after addition of G3P. Loss of absorption 

at 450 nm indicates reduction of Saci_2032 bound FAD via G3P. Maximal absorption at 450 nm after 

denaturation by SDS was used to calculate the amount of bound FAD per protein. (c) The kinetic 

properties of recombinant Saci_2032 with G3P as substrate (0-0.3 mM) were determined in a continuous 

assay by coupling the oxidation of G3P to the reduction of the artificial redox active dye DCPIP as 

decrease of absorbance at 600 nm and 70°C. (d) Kinetic properties of Saci_2032 towards ubiquinone-

Q1 were determined in a continuous assay following the G3P dependent reduction of ubiquinone-Q1 to 

ubiquinol-Q1 at 280 nm and 70°C. Experiments were performed in triplicate and error bars indicate the 

SD of the mean.  
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Figure 6. CoxG facilitates membrane binding Saci_2032 G3PDH in vitro. (a) Effect of coexpression 

of CoxG (Saci_2031) on the localization of His-tagged G3PDH (Saci_2032) in the cytoplasmic and 

membrane fraction in E. coli monitored via immunodetection with anti-His antibodies. Only upon 

coexpression with CoxG, G3PDH is found in the membrane fraction. (b) Localization of HA-tagged CoxG 

upon homologous overexpression using a pSVAaraFX-HA vector in S. acidocaldarius determined by 

immunodetection using anti-HA antibodies shows binding of the CoxG homolog to the cell membrane 

as well as localization in the cytoplasm. (c) Identification of interaction partners of HA-tagged CoxG 

(Saci_2031) expressed in S. acidocaldarius MW00G by anti-HA antibody co-immunoprecipitation and 

LC-MS-MS. The log2-fold enrichment of interaction partners was determined using S. acidocaldarius 

MW00G crude extracts as a control. 
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Fig. 7: Glycerol metabolism in S. acidocaldarius. Glycerol uptake likely involves the GlpF-like 

glycerol uptake facilitator Saci_2034 and eventually simple diffusion through the cytoplasmic membrane. 

Additional uptake systems like the ABC transporter (Saci_1762-1765) might also contribute. 

Intracellularly, glycerol is phosphorylated by GK (Saci_2033), homologous to the bacterial GlpK, forming 

G3P which is then oxidized by a membrane bound, unusual GlpA-like FAD dependent G3PDH 

(Saci_2032). Saci_2032 is anchored to the membrane by the CoxG homologue Saci_2031 forming a 

complex that transfers electrons to the caldariellaquinone (CQ) yielding dihydroxyacetone phosphate 

(DHAP). DHAP can be used for phospholipid synthesis (via G1P in Archaea), and - with concomitant 

triosephosphate isomerase (TPI, Saci_0117) mediated conversion to glyceraldehyde-3-phosphate 

(GA3P) - for gluconeogenesis (green arrows), or glycolysis (red arrow).  
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Figure 8: Sequence alignment of S. acidocaldarius G3PDH (Saci_2032) with E. coli GlpD (2qcu, 

P13035) and GlpA (P0A9C0), GlpO from Streptococcus sp. (2rgo, D0VWP7) as well as archaeal 

homologues from T. pendens (A1RZ95, Tpen_1127) and T. kodakarensis (Q5JGZ7, TK1393). The 

secondary structural elements from the available crystal structures of GlpD and GlpO as well as the 

predicted structure for S. acidocaldarius G3PDH by alphaFold based modelling are depicted above of 

the sequences. The alignment illustrates the sequence and structural conservation in the N-terminal 

370-390 aa residues. The residues shown to be involved in FAD cofactor binding and substrate 

(G3P/DHAP) binding in the GlpD and GlpO sturctures as well as their conservation in the other 

sequences are shaded green and orange, respectively. The arginine residue supposed to act as general 

base in catalysis is highlighted in cyan. The sequence insertion distinctive for GlpOs is shaded yellow. 

The amino acid residues comprising the C-terminal domains are boxed in pink with the cysteine residues 

forming the FeS clusters in GlpA and the Thermococcus G3PDH marked by blue shading. The figure 

was generated using ESPript 3.0 [78]. 
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Fig. 9: Phylogenetic affiliation of the S. acidocaldarius G3PDH, selected GlpDs, GlpOs, and 
GlpAs from other Archaea, Bacteria and Eukarya (organism names and uniprot accession numbers 

are given). GlpA homologous are shaded green, with the canonical bacterial and haloarchaeal GlpAs 

shown in dark green, the Thermophilum homologues in green and the S. acidocaldarius homologues in 

light green. The GlpD cluster shaded blue comprises the GlpDs and GlpOs highlighted in light and dark 

blue, respectively. The Thermococcus-like G3PDHs, designated as GlpTk are shown in orange. The 

evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-based model 

[79]. The tree with the highest log likelihood (-20222.59) is shown. The percentage of trees in which the 

associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search 

were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise 

distances estimated using a JTT model, and then selecting the topology with superior log likelihood 

value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. 

This analysis involved 49 amino acid sequences. All positions containing gaps and missing data were 

eliminated (complete deletion option) resulting in a total of 283 positions in the final dataset. Evolutionary 

analyses were conducted in MEGA X [80]. 
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Fig. 10: Comparison of different G3PDHs from Bacteria and Archaea. The respective genome 

environment, the derived reconstructed protein complexes with potential interaction partners, membrane 

or cytoplasmic localization and cofactor content, as well as the catalytic oxidoreductase-monomer 3D-

structure of the G3PDHs GlpABC (E. coli (a), GlpA-SdhBCD (T. pendens) (b), GlpA-CoxG (S. 

acidocaldarius) (c), GlpD (E. coli) (d) GlpO (Streptocoocus) (e) and GlpTk-NOX-MOX (T. kodakarensis) 

(f) are shown. For colour code see Fig. 9. For all 3D structures the principal FAD-binding G3P-

oxidoreductase domain is coloured in grey while the highly divergent C-terminus is coloured according 

to Fig. 9.   
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Material and Methods 
 

Cultivation of S. acidocaldarius strains 
Standard growth of S. acidocaldarius MW001 (uracil auxotroph mutant) [81] was performed at 

75°C and pH 3 in Brock’s basal salt medium, [82] supplemented with 0.1% (w/v) N-Z-Amine, 

0.2% (w/v) dextrin, and 10 µg/ml of uracil. For growth on glycerol, S. acidocaldarius MW001 

were adapted for several weeks in Brock’s basal salt medium with 10 µg/ml uracil in the 

presence of 40 mM glycerol as sole carbon and energy source until growth was observed. For 

strain purification, cells were streaked on Brock’s basal salt medium plates containing 0.1% 

(w/v) N-Z-Amine, 0.2% (w/v) dextrin, 10 µg/ml of uracil, and 0.7 % (w/v) Gelrite (for 

solidification, Carl Roth, Germany) and a single colony was regrown in Brock’s basal salt 

medium containing 10 mM glycerol. This adapted strain denoted as S. acidocaldarius MW00G 

was stored as glycerol stock culture. To this end, S. acidocaldarius MW00G was grown on 10 

mM glycerol to an OD600 of 0.6, cells were pelleted at 4,300xg and 21°C for 10 min, and 

resuspended in standard Brock medium containing 50% (v/v) glycerol to a calculated OD600 of 

10 and stored at -80°C until used. 

Growth experiments with the glycerol-adapted S. acidocaldarius MW00G were performed in 

triplicates at 76°C and 120 rpm under constant shaking using Innova®44 (New Brunswick, 

Germany) in the presence 10 mM glycerol, 20 mM glycerol or 40 mM glycerol as sole carbon 

and energy source. For comparison the same strain was cultivated with 0.2 % (w/v) D-xylose. 

Cells were inoculated into Brock’s basal salt medium containing the respective carbon source 

to an OD600 of 0.05 and growth was monitored as increase in OD600 over time. The glycerol 

concentration in the medium was determined enzymatically using the recombinantly produced 

Saci_2033 glycerol kinase (see below) and ADP formation was quantitatively assayed 

spectrophotometrically as oxidation of NADH via pyruvate kinase (PK) (Merck, Germany) and 

lactate dehydrogenase (LDH) (Merck, Germany) at 340 nm (42°C) in a TECAN infinite M200 

microplate reader (Tecan Trading AG, Switzerland). Thus, per mole of glycerol one mole of 

NADH was reduced. The reaction mix contained 0.1 M MOPS-KOH buffer pH 6.5, 0.6 mM 

NADH, 1 mM PEP, 5 mM ATP, 5 mM MgCl2, 25.5 U LDH, 2.8 U PK, 0.4 U Saci_2033, and 20 

µL glycerol containing sample corresponding to a maximal glycerol concentration of 0.5 mM in 

a total volume of 0.2 mL. For polyomic analysis, S. acidocaldarius MW00G was pre-grown in 

Brock’s basal salt medium containing the respective glycerol concentration for two passages 

in 50 ml and 200 ml, respectively. With these precultures, 400 mL main cultures (four 

replicates) for polyomic analysis with the respective carbon sources were inoculated to a 

starting OD600 of 0.05 and grown to exponential phase (OD600 of 0.8). Cells were cooled down 
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with liquid nitrogen and harvested at 9,000xg, 15 min, 4°C. Cell pellets were stored at -70°C 

and used for RNA-seq, LC-MS-MS and LC(HILIC)-MS/MS for determination of metabolites.  

Transcriptome 

Transcriptomic analysis was performed similarly to what was described before [83]. 

Proteome 

Proteomic analysis was performed similarly to what was described before [84]. 

Metabolome analyses 

Metabolite extraction - The protocol for the metabolite extraction was based on the method 

described by Sellick et al. with slight modifications [85]. It consisted of a first disruption cell wall 

by resuspending the cell pellet in 500 µL of prechilled (-80ºC) methanol and the addition of 20 

µL of internal standards (fructose 6-phosphate, arginine 13C6, and succinic acid d4). The 

mixture was vortexed during 2 min and sonicated again for 2 min. After that, the sample was 

freeze at -80ºC for 5 min and the vortex and sonication steps were repeated. The methanol 

was evaporated by vacuum concentration (Concentrator plus, Eppendorf, Hamburg, 

Germany). When the extract was completely dry, 250 µL of water were added and the process 

was repeated. During the whole process the cells were kept on ice. Then, after the drying the 

water, the extract was resuspended in 100 µL ACN/water (85:15, v/v), sonicated 2 min, and 

vortexed 2 min. The mixture was centrifugated at 12000 rpm during 2 min (MiniSpin centrifuge, 

Eppendorf, Hamburg, Germany). The supernatant was transferred to a LC vial. 

LC-ESI-QTOF method for the metabolomics analysis - The samples were analyzed by a 1290 

Infinity II LC instrument coupled to a 6546 LC/Q-TOF high-resolution mass spectrometer, and 

the ionization was performed using Dual Jet Stream source in negative mode (Agilent 

Technologies, Waldbronn, Germany). For the LC separation, a iHILIC-(P)Classic (150 x 2.1 

mm, 5 µm) (Hilicon, Umeå, Sweden). The mobile phases consisted of 5 mM NH4AC, pH 5 (A) 

and ACN/5 mM ammonium acetate, 85:15 (v/v), pH5 (B). The gradient elution was stablished 

as follows: 0 min, 90% B; 22 min, 80% B, 30 min, 65% B; 35 min, 65% B. The flow rate was 

set at 0.2 mL/min and the column temperature was kept at 40ºC. 

The electrospray ion source parameters were:  gas temperature, 200ºC; dry gas, 10 mL/min; 

nebulizer, 40 psi; sheath gas temperature, 300ºC; sheath gas flow, 12 L/min; fragmentor, 125 

V; skimmer, 65 V; capillary voltage, 3000 V. Ful scan-data dependent acquisition was used to 

perform the tandem MS experiments. 
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Crude extract enzyme measurements 

For preparation of crude extracts, S. acidocaldarius MW00G was grown in 50 ml cultures on 

40 mM glycerol and - for comparison - 0.2 % (w/v) D-xylose to an OD600 of 0.6. Cells were 

collected by centrifugation (4,300xg 15 min, 21°C), and resuspended in 5 ml of 50 mM MES-

KOH pH 6.5, 20 mM KCl. Cells were lysed by sonication (3 x 8 min, 60 %, 0.5 s-1; on ice, 

UP200S, Hielscher Ultrasonics) and centrifuged again at 4,300xg, 30 min, 4°C to remove cell 

debris. To separate the soluble from the membrane fraction, the supernatant was then 

centrifuged at 150,000xg, 60 min at 4°C. After centrifugation, the supernatant represented the 

soluble fraction and the pelleted membrane fraction was washed by resuspension in 5 ml of 

50 mM MES-KOH, 20 mM KCl, pH 6.5 and centrifuged (150,000xg, 60 min at 4°C). The pellet 

was resuspended in 500 µl of 50 mM MES-KOH, 20 mM KCl, pH 6.5 and sonicated with a low 

amplitude (20%, 0.5 s-1) until membranes were fully suspended. The so prepared membrane 

fraction was then used for enzyme measurements. Protein concentrations in both, soluble and 

membrane fractions were determined by a modified Bradford assay [86] using bovine serum 

albumin (Carl Roth, Germany) as standard. Enzyme activities in soluble and membrane 

fraction were assayed spectrophotometrically using a Specord UV/visible-light (Vis) 

spectrometer (Analytic Jena, Germany) with protein amounts of 50 µg (crude extract) and 40 

µg (membrane fraction) in a total volume of 500 µl. Assay mixtures were preincubated at the 

respective temperatures before starting the reaction usually with substrate (glycerol, G3P). 

G3PDH activity was determined as glycerol-3-phosphate (G3P) (Merck, Germany) dependent 

reduction of DCIPIP at 600 nm (extinction coefficient 20.7 mM-1 cm-1) and 70°C in 50 mM MES-

KOH pH 6.5, 20 mM KCl containing 50 µM DCPIP and 200 µM G3P. GK activity was assayed 

in 50 mM MES-KOH pH 6.5, 20 mM KCl, 1 mM MgCl2, 2.5 mM ATP, 5 mM glycerol, 0.2 mM 

NADH, and 2 mM PEP by coupling the glycerol and ATP dependent formation of ADP to NADH 

oxidation via LDH (63.7 U) and PK (7 U) at 50°C and 340 nm (extinction coefficient 6.22 mM-1 

cm-1). It was ensured that the auxiliary enzymes were not rate limiting. One unit (1 U) of enzyme 

activity is defined as 1 µmole substrate consumed or product formed per minute. 

Molecular cloning 

E. coli DH5α used for plasmid construction and propagation was cultivated at 37°C and 180 

rpm (INFORS shaker, Switzerland) in Lysogeny broth (LB) containing appropriate antibiotics 

(150 μg/ml ampicillin, 50 μg/ml kanamycin or 25 μg/ml chloramphenicol). For heterologous 

overexpression in E. coli either the pET15b (saci_2032) or the pETDuet-1 vector 

(coexpresssion of saci_2032 and saci_2031, as well as expression of saci_2032 alone) and 

for homologous overexpression in S. acidocaldarius MW001 the pBS-Ara-albaUTR-FX-vector 

(saci_2033) (manuscript in preparation) were used. Plasmids and strains are listed in 
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supplementary table 1. Open reading frames (ORFs) saci_2031, saci_2032 and saci_2033 

were amplified from genomic DNA of S. acidocaldarius DSM 639 wild type using the primers 

(Eurofins Genomics) listed in supplementary table 2 employing the Q5 polymerase or 

PhusionHigh-Fidelity polymerase (NEB, USA) following the manufacturers’ instructions. After 

restriction digest with the respective restriction endonucleases (NEB, USA) (supplementary 

table 2), the purified PCR products were ligated with the empty vectors in a molar ratio of 1:4 

using T4 DNA ligase (NEB, USA) at 16 °C overnight. For construction of pETDuet-1 

coexpression vectors saci_2032 and saci_2031 were sequentially ligated into multiple cloning 

site 1 and 2, respectively. For homologous overexpression of saci_2031 in course of the co-

immunoprecipitation experiments (see below), the PCR-amplified gene was cloned into 

pSVAaraFX-HA vector [87] using the NcoI/XhoI restriction sites. Plasmid constructs (pET15b-

saci_2032; pETDuet-1-saci_2032; pETDuet-1-saci_2031/saci_2032, pBS-Ara-albaUTR-FX-

saci_2033, and pSVA13204) were propagated in E coli DH5α and successful cloning was 

confirmed by commercially available sequencing services (Eurofins genomics).  

Homologous overexpression and affinity purification of glycerol kinase 

For homologous expression, the pBS-Ara-albaUTR-FX-saci_2033 vector was transformed in 

S. acidocaldarius MW001. To prevent degradation in the recipient strain, the plasmid was 

methylated by transformation into E. coli ER1821. After reisolation the methylated plasmid was 

transformed into electro-competent wild type S. acidocaldarius MW001 cells via 

electroporation using a Gene Pulser Xcell (BioRad, München, Germany) with a constant time 

protocol with input parameters 2 kV, 25 μF, 600 Ω in 0.5 mm cuvettes. Cells were regenerated 

for 45 min at 75°C in liquid Brock’s basal salt medium containing 0.1% (w/v) N-Z-Amine, 0.2% 

(w/v) dextrin [81], and then plated on the same medium solidified by Gelrite (see above) without 

uracil. Successful transformation was confirmed via colony-PCR. Clones harboring the desired 

plasmid construct with the respective gene insert were inoculated in a 50 ml preculture of liquid 

Brock’s basal salt medium with 0.1% (w/v) N-Z-Amine, 0.2% (w/v) dextrin. The latter was used 

then to inoculate a 2 L liquid Brock’s basal salt medium (OD600 0.05) containing 0.1 % N-Z-

Amine and 0.2 % (w/v) D-xylose for induction and cells were grown for two days at 76°C under 

constant shaking at 120 rpm. Afterwards, cells were harvested by centrifugation at 7,000 x g 

and 4°C for 15 minutes and stored at -80°C for further use. For protein purification cells were 

resuspended in 50 mM TRIS-HCl pH 8.0, containing 250 mM NaCl in a ratio of 3 ml buffer to 

1 g of cells (wet weight) and disrupted by sonication (3 x 8 min, 60% amplitude, 0.5 s-1; 

UP200S, Hielscher Ultrasonics). Cell debris was removed by centrifugation at 30,000xg and 

4°C for 45 min and the resulting crude extract was applied onto a Strep-Tactin®XT 4Flow® 

column (IBA Lifesciences, Germany) and purified following the manufacturers’ instructions. 
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Protein purity was analyzed by SDS-PAGE and protein concentration was determined by a 

modified Bradford assay [86] using bovine serum albumin (Carl Roth, Germany) as standard. 

Heterologous overexpression and affinity purification of Saci_2032 

For expression the pET15b-vector-saci_2032 was transformed into E. coli Rosetta (DE3) 

[pLys] and grown in terrific broth (TB) (Carl Roth, Germany) supplemented with 150 µg/ml 

ampicillin and 25 µg/ml chloramphenicol. After growth at 37°C to an OD600 of 0.8 cells were 

induced with 1 mM IPTG and further grown at 20°C for 17 h. Cells were harvested by 

centrifugation (6,000 x g, 20 min, and 4°C) and stored immediately at -80°C for further use. 

Chromatographic purification was carried out using an ÄktaPurifier system (Cytiva, USA). After 

thawing, cells were resuspended in 10 ml buffer per g cells (wet weight) containing 50 mM 

TRIS-HCl pH 7.8, 10 mM imidazole, 150 mM NaCl, supplemented with 1 mM FAD and 

disrupted by sonication (50% amplitude, 0.5 s-1; UP200S, Hielscher Ultrasonics). Afterwards 

cell debris was removed by centrifugation (16,000xg for 45 min, 4°C), the supernatant was 

filtered (0.45 polyvinylidene fluoride membrane, Carl Roth, Germany) and applied onto a 1 ml 

Nickel-IDA column (GE Healthcare) equilibrated in 50 mM TRIS-HCl pH 7.8, 10 mM imidazole, 

150 mM NaCl and proteins were eluted with a linear gradient from 10- 300 mM imidazole in 

the same buffer. G3PDH containing fractions as judged by SDS-PAGE and activity 

measurements were pooled and imidazole was removed using a centrifugal concentrator (10 

kDa cutoff, Sartorius, Germany). Protein aliquots were frozen in liquid nitrogen and stored at -

80°C for further use. Protein purity was analyzed by SDS-PAGE and protein concentration was 

determined by a modified Bradford assay [86] using bovine serum albumin (Carl Roth, 

Germany) as standard. To determine the FAD concentration of the purified G3PDH, the protein 

was denatured with 0.5 % (w/v) SDS and FAD absorbance spectra were determined from 300 

nm to 600 nm. The FAD content was calculated using an extinction coefficient of 11.300 mM-

1 cm-1 at 450 nm.  

Determination of the native molecular mass of purified proteins 

Size exclusion chromatography was used to determine the native molecular mass of all purified 

enzymes. To this end, pooled enzyme samples after affinity chromatography were 

concentrated using centrifugal concentrators (10 kDa cutoff) (Sartorius, Germany) and applied to size 

exclusion chromatography (Superdex 200 HiLoad 26/60 prep grade column or Superose 6/100 

column (Cytavia, USA)) using 50 mM TRIS-HCl pH 7.5, containing 250 mM NaCl as buffer. 

For calibration, Gel Filtration LMW Calibration Kit and Gel Filtration HMW Calibration Kit 

(Cytavia, USA) were used.  
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Localization of G3PDH 

To investigate the role of CoxG (Saci_2031) for membrane anchoring of the Saci_2032 G3PDH 

in S. acidocaldarius, saci_2032 was heterologously coexpressed with saci_2031 from the 

respective pETDuet-1 expression vector construct in E. coli Rosetta (DE3) as described above. 

As a control, saci_2032 was expressed alone from the same vector without saci_2031. After 

expression, membrane and soluble fractions were separated. To this end cells were disrupted 

as described above and insoluble cell debris and non-lysed cells were removed by 

centrifugation at 6,000xg, 4°C for 15 minutes. Afterwards, the resulting supernatant was 

centrifuged at 150,000xg at 4°C for 120 min, and the resulting supernatant (=soluble fraction) 

was separated from the pelleted cell membranes. The insoluble membrane fraction was 

washed twice with 50 mM TRIS-HCl, pH 7.0 and centrifuged (150,000xg, 4°C, 120 min). 

Finally, the membrane fraction was aliquoted, flash frozen in liquid nitrogen, and stored at -

80°C for further use. For activity measurements and immunodetection, isolated membranes were 

thawed, mixed with 500 µl of buffer (50 mM TRIS-HCl pH 7.0) and sonicated with a low 

amplitude (20%, 0.5 s-1) until membranes were fully resuspended. For immunodetection, 50 µg of 

membrane or soluble protein preparations were separated by SDS-PAGE (12.5% (w/v) 

polyacrylamide gels) and transferred to a PVDF membrane using the Trans-Blot Turbo (Biorad, 

USA) at 25 V and1.0 A for 30 min in 25 mM TRIS, 192 mM glycine, 20% (v/v) Ethanol, 0.075% 

SDS. Membranes were blocked with 5 % (w/v) BSA in TBST (20 mM TRIS, 500 mM NaCl, 

0.05% Tween20) and then incubated with horseradish peroxidase (HRP) conjugated anti-His 

antibody (1:10,000 dilution; Abcam, United Kingdom) in TBST with 5 % (w/v) BSA for 90 

minutes. Afterwards membranes were washed three time with 15 ml TBST for 5 min at 21°C, 

and finally with 15 ml of TBS (20 mM TRIS-HCL pH7.4, 500 mM NaCl) for 5 min. Detection of 

His-tagged proteins was performed with the ClarityTM Western ECL substrate (Biorad, USA) 

and using a Versadoc (Biorad, USA) for luminescence detection. 

 

Co-immunoprecipitation (co-IP) Assays with anti-HA-Magnetic Beads 

For each pulldown experiment, saci_2031 was homologously expressed from the pSVA13204 

vector construct transformed into S. acidocaldarius MW00G to yield a C-terminally HA-tagged 

recombinant protein. 500 ml cell cultures were grown Brock’s basal salt medium with 10 mM 

glycerol as carbon source for 72 h to an OD600 0.6-0.7 and expression was induced by the 

addition of 0.2% (w/v) L-arabinose. After 4 h of further growth, cells were cooled down on ice 

and harvested via centrifugation for 20 min at 4 °C and 5,000xg at an OD600 of 0.8-0.9. The 

pellet was resuspended to a calculated OD600 of 40 in 25 mM TRIS-HCl pH 7, 150 mM KCl, 

5% (v/v) glycerol, 10 mM EDTA, and 2 % (w/v) DDM and incubated for 1 h at 37 °C while 
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rotating. The lysed cells were then centrifuged for 30 min at 13000 rpm to remove cell debris 

at room temperature and the supernatant was used for Co-immunoprecipitation. Therefore, 
35 µl of Pierce™ anti-HA Magnetic Beads (Pierce HA-tag IP/co-IP kit (Pierce)) were added to 

10 ml of the cell lysate and incubated for 1 h at room temperature while rotating. The beads 

were concentrated using a magnetic stand and washed twice with 25 mM TRIS-HCl pH 7 

containing 150 mM KCl, 5% (v/v) glycerol, 10 mM EDTA and one time with LC-MS grade water 

(Merck, Germany). After washing, 35 µl of LC-MS grade water was added and 10 µl of the 

bead solution was taken for SDS-PAGE analysis and Western blotting including 

immunodetection. After centrifugation, the supernatant was removed from the remaining 

beads. The beads were frozen down at -20 °C and sent to mass spectrometry analysis. HA-

tagged proteins were detected with anti-HA antibodies and chemifluorescence was generated 

using horse radish coupled secondary antibodies. The Westernblots were developed using an 

iBright™ FL1500 (ThermoFisher). 

 

Characterization of purified enzymes 

Enzyme assays were performed spectrophotometrically using a Specord UV/visible-light (Vis) 

spectrometer (Analytic Jena, Germany) in cuvettes filled with 500 µl assay mixture (unless 

state otherwise). Assay mixtures were prewarmed to the respective assay temperature and 

the reaction was usually started by addition of substrate. Experimental data were fitted, and kinetic 

constants were determined using the OriginPro 2022 software package. 

Glycerol kinase – GK activity was determined as described above for the crude extract 

measurements with following modifications: The assay was performed in 0.1 M MOPS-KOH 

buffer (pH 6.5 at 50°C), 5 mM MgCl2, 5 mM ATP, 0.2 mM NADH, 2 mM PEP, 63.7 U LDH, 7 

U PK and 0.1-0.5 µg of purified Saci_2033. For KM determination varying concentrations of 

glycerol (0-2 mM), DHA (0-30 mM), DL-glyceraldehyde (0-20 mM) or ATP (0-5 mM), were used 

at a constant concentration of 5 mM ATP or 2 mM glycerol, respectively. The pH optimum was 

determined using the same assay in a mixed buffer system ranging from pH 5.0 to pH 8.0 

containing 50 mM MES, 50 mM HEPES and 50 mM TRIS. The temperature optimum was 

determined between 60°C to 80°C by coupling the GK mediated G3P formation to DCPIP 

reduction followed at 600 nm via purified, recombinant G3PDH (0.25 U) from S. acidocaldarius 

(Saci_2032) in an assay containing 0.1 M MOPS-KOH buffer (pH 6.5, temperature adjusted), 

5 mM ATP, 5 mM MgCl2, 0.1 mM DCPIP and 2 mM glycerol.To study the thermal stability, the 

Saci_2033 GK was incubated at 70°C, 80°C, and 90°C in 100 mM MOPS-KOH, pH 6.5 

(temperature adjusted) at a protein concentration of 0.05 mg ml-1. After regular time intervals 

samples were taken and the residual activity of the enzyme was determined in the coupled 
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assay via PK and LDH at 50°C as described above. The effect of fructose-1,6-bisphosphate 

(F1,6BP) on GK activity was also tested in the PK-LDH coupled assay (see above) in the 

presence of F1,6BP concentrations up to 1 mM as indicated. Nucleotide specificity was 

analyzed in the G3PDH coupled assay system using 5 mM GTP, CTP or phosphoenolpyruvate 

(PEP) instead of ATP at 75°C.  

Glycerol-3-phosphate dehydrogenase - G3PDH activity was assayed spectrophotometrically 

at 70°C by following the G3P dependent reduction of either DCPIP, FAD or ubiquinone-Q1 as 

electron acceptors. Assays were performed in 50 mM HEPES-KOH pH 6.5, 100 mM KCl. For 

determination of the reductive half reaction, 70 µg of Saci_2032 protein corresponding to a 

final concentration of 5 µM was incubated with 50 µM of G3P. 0 min, 5 min and 15 min after 

addition of G3P, absorption spectra were measured between 400 and 500 nm in a 96 well 

plates (BRANDplates®, BRAND, Germany) in a Tecan infinite M200 plate reader (Tecan 

Trading AG, Switzerland). Loss of absorption at 450 nm indicates the reduction of bound FAD. 

To test the quinone reactivity, 0.6 µg of Saci_2032 was preincubated with 30 µM of ubiquinone-

Q1. Afterwards 100 µM of G3P was added to the reaction mix and reduction of ubiquinone-Q1 

was followed in 15 second intervals by recording the absorption spectra between 260 and 330 

nm in the Tecan infinite M200 plate reader. Loss of absorption at 280 nm indicates the 

reduction of the ubiquinone-Q1. Continuous enzyme assays were performed by following the 

change (decrease) in absorbance upon reduction of the artificial electron acceptor DCPIP (600 

nm) or of the ubiquinone-Q1 (280 nm). Kinetic parameters for G3P were determined in a 

continuous enzyme assay with 0.06 mM of DCPIP as electron acceptor and varying 

concentrations of G3P (0-0.3 mM). For determination of the kinetic constants for ubiquinone-

Q1 concentrations were varied between 0 mM and 60 mM of the quinone at a fixed G3P 

concentration of 0.4 mM. Both, the pH and the temperature optimum were determined using 

0.4 mM G3P and 0.06 mM DCPIP. For the pH optimum a mixed buffer system containing 50 

mM MES, HEPES, and TRIS was used in the range of pH 5.0 to pH 8.0. The same assay 

system in 50 mM MES-KOH pH 6.5 adjusted at the respective temperature was applied for 

determination of the temperature optimum between 50°C and 80°C. To test the recombinant 

Saci_2032 for glycerol oxidase activity, the G3P dependent hydrogen peroxide formation was 

coupled to the oxidation of  2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS) via 

horseradish peroxidase (HPR) according e.g. to [25]. The assay mixture contained 100 mM 

MES-KOH buffer at pH 6.5, 1 mM ABTS, 0.45 μg of protein and 0.2 U of HRP. The reaction 

was started by addition of 0.2 mM G3P and the hydrogen peroxide dependent ABTS oxidation 

was photometrically determined at 420 nm (extinction coefficient 42.3 mM-1cm-1). The 

thermostability of the Saci_2032 G3PDH was analyzed by incubating the enzyme at 70°C, 

80°C, and 90°C in 50 mM MES, pH 6.5 (temperature adjusted) at a protein concentration of 
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0.18 mg ml-1. After regular time intervals the residual activity of the enzyme was determined 

with G3P and DCPIP as described above. The influence of detergents and membrane lipids 

on Saci_2032 activity was also analysed with DCPIP at 50°C in the presence of either 0.5 % 

(w/v) DDM, 0.5 % (v/v) of Triton X-100, 50 µg of Phosphatidylcholine (Merck, Germany) or 50 

µg of isolated S. acidocaldarius MW00G membrane fractions.  
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Supplementary information 
Supplementary table 1: Strains and Plasmids used in this study 

Designation Genotype or description Reference/Source 
Strains   
MW001 Sulfolobus acidocaldarius strain; For growth or 

deletion mutant construction 

 [1] 

DH5α Escherichia coli strain; Plasmid construction Hanahan, USA 

Rosetta (DE3) Escherichia coli strain; Gene expression; pRARE 

(chloramphenicol resistance) 

Stratagene, USA 

MW00G Sulfolobus acidocaldarius strain; glycerol adapted 

strain 

This study 

Plasmids   
pET15b E. coli expression plasmid carrying an N-terminal His 

tag (ampicillin resistance) 

Novagen, USA 

pETDuet-1 E. coli coexpression plasmid carrying an N-terminal 

His tag (multiple cloning site 1) or S-tag (multiple 

cloning site 2) (ampicillin resistance) 

Novagen, USA 

pBS-Ara-albaUTR-FX Expression plasmid for S. acidocaldarius containing 

an arabinose inducible promotor and N-terminal strep 

tag (ampicillin resistance) 

unpublished 

pSVAaraFX-HA Expression plasmid for S. acidocaldarius containing 

an arabinose inducible promotor and HA-tag 

(ampicillin resistance) 

 [2] 

pEt15b-saci_2032 Expression of saci_2032 in E. coli  This work 

pETduet1-saci_2032 Expression of saci_2032 in E. coli  This work 

pETduet1-saci_2032-saci_2031 Coexpression of saci_2031, saci_2032 in E. coli  This work 

pBS-Ara-albaUTR-FX-saci_2033 Expression of saci_2033 in S. acidocaldarius  This work 

pSVA-AraFX-HA-saci_2031 Expression of saci_2031 in S. acidocaldarius  This work, [2]   

 

Supplementary table 2: Sequences of oligonucleotide used in this study 

ORFs Name Sequences (5´→3´) (restriction sites are marked in red) 
Oligonucleotides for cloning 

Saci_2031 Fw (pETDuet-1)-NdeI GAGGAGCATATGATGGAGATCAGCGGAGAG 
 Rev (pETDuet1-XhoI) GAGGAGCTCGAGCTAGGTAACTCTAGAAC 

 Fw (pSVA-AraFX-HA)-NcoI CATCCATGGAGATCAGCGGAGAGTTTG 

 Rev (pSVA-AraFX-HA)-XhoI CATCTCGAGGGTAACTCTAGAACGTATACAG 

Saci_2032 Fw (pET15b)-NdeI GTCCGACATATGATGGAAATAAAAACAAGCG 

 Rev (pET15b)-BamHI AATTACGGATCCTCATCTCCCTCTTGCAATTAATG 

 Fw (pETDuet-1)-BamHI GAGAGGGATCCATGGAAATAAAAACAAGCG 

 Rev (pETDuet-1)-HindIII GAGAGAAGCTTTCATCTCCCTCTTGCAATTAATG 

Saci_2033 Fw (pBS-Ara)-NcoI GAACCATGGTGGCTGAAAAATACGTGATAG 

 Rev (pBS-Ara)-XhoI GGTCTCGAGACCCCCAATAGTCTTAGC 
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Supplementary table 3: Differentially expressed genes and proteins given as log2-fold-changes 
in S. acidocaldarius MW00G after growth on glycerol compared to D-xylose identified via 
RNASeq (transcriptome) and iTRAQ (proteome) analyses. 

  Transcriptome 
(log2-fold changes) 

Proteome 
(log2-fold changes) 

 Glycerol concentration 10 mM  20 mM 40 mM 10 mM 20 mM 40 mM 
Upregulated 
Locus tag Function  
Saci_0451 ESCRT-III 

3.75 4.08 3.27 6.86 7.15 6.32 
Saci_0942 CopG family transcriptional regulator 

2.10 2.61 2.19 3.51 3.72 3.68 
Saci_1050 ATPase, ParA family 

2.96 3.00 2.85 2.61 2.56 2.71 
Saci_1052 GYD domain-containing secretory 

protein 
3.87 3.82 3.81 5.32 5.38 5.20 

Saci_1054 3-(methylthio)propionyl-CoA ligase 
3.39 2.44 2.20 4.63 4.52 4.68 

Saci_1058 Xylulokinase 
3.12 2.99 2.94 2.62 2.58 2.71 

Saci_1099 Betaine-aldehyde dehydrogenase 
3.00 2.32 2.17 5.40 5.58 5.50 

Saci_1228 Nucleoside triphosphate hydrolase 
3.37 3.10 2.56 3.84 4.00 3.39 

Saci_1372 Vesicle-fusing ATPase  
3.04 2.25 2.00 4.05 3.83 4.02 

Saci_1416 ESCRT-III 
3.91 3.99 3.25 4.42 4.45 3.85 

Saci_1616 Antitoxin (DNA-binding domain)  
2.08 2.54 2.76 3.29 3.17 3.20 

Saci_1762 ABC-type 
3.33 3.11 3.24 3.17 3.05 2.98 

Saci_1763 ABC-type 
3.54 2.91 3.15 3.75 3.82 3.36 

Saci_1764 ABC-type  
3.53 3.12 3.49 2.87 2.94 2.89 

Saci_1765 ABC-type  
3.39 3.17 3.38 2.89 2.98 2.89 

Saci_1804 DUF2173 domain-containing protein 
2.39 2.19 2.74 4.85 4.94 5.04 

Saci_1810 Energy-coupling factor cobalt 
transporter, ATP-binding protein 

2.83 2.37 2.35 3.51 3.53 3.58 
Saci_1855 DUF973 domain-containing membrane 

protein 
7.66 6.92 6.98 5.81 5.90 5.88 

Saci_1856 DUF973 domain-containing membrane 
protein 

3.74 3.88 3.90 4.13 4.15 4.07 
Saci_2032 Glycerol 3-phosphate dehydrogenase 

3.92 3.31 2.97 3.01 2.98 3.10 
Saci_2033 Glycerol kinase 

3.96 3.51 3.19 2.47 2.47 2.24 
Saci_2034 Glycerol uptake facilitator 

3.85 3.52 3.20 4.84 3.59 4.66 
Saci_2139 CBS domain containing protein 

4.62 5.54 5.81 3.51 3.38 3.05 
Saci_2188 Ribonucleoside-diphosphate reductase, 

subunit beta 
3.42 2.99 3.07 2.93 2.61 2.36 

Saci_2206 Lipoate-protein ligase A 
4.77 4.16 4.13 3.68 3.69 3.59 

Saci_2208 3-hydroxyacyl-CoA dehydrogenase 
5.30 4.72 4.56 9.34 9.38 9.45 

Saci_2209 Acetyl-CoA C-acetyltransferase 
4.26 3.63 3.45 2.75 2.76 2.54 
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Saci_2210 DUF35 OB-fold domain containing 
protein 

5.15 4.12 4.16 6.93 6.76 7.02 
Saci_2211 3-(methylthio)propionyl-CoA ligase 

2.79 2.58 2.54 3.00 2.98 2.87 
Saci_2212 Ribonucleoside-diphosphate reductase, 

subunit beta 
 6.32 5.23 5.38 3.91 3.95 3.37 

Saci_2230 DUF35 OB-fold domain containing 
protein 

2.94 2.42 2.68 2.80 2.37 2.74 
Saci_2231 DUF35 OB-fold domain containing 

protein 
3.29 2.63 2.93 2.95 2.85 2.96 

Saci_2232 Acetyl-CoA C-acetyltransferase 
3.39 2.62 2.86 2.77 2.65 2.61 

Saci_2233 Acetyl-CoA C-acetyltransferase 
3.24 2.81 3.07 2.80 2.73 2.71 

Saci_2235 3-hydroxypropionyl-CoA synthase 
5.67 5.07 5.30 8.19 8.39 7.99 

Saci_2258 Membrane protein, terminal oxidase 
function 

2.25 2.60 2.84 2.48 2.43 2.39 
Saci_2259 Cytochrome B558 subunit B 

2.61 2.71 3.02 4.61 4.10 4.54 
Saci_2261 Rieske Fe-S protein 

2.49 3.23 3.35 5.08 4.87 5.16 
Saci_2263 Quinol oxidase subunit 1/3 

2.97 3.05 3.13 5.85 5.46 5.73 
Downregulated 
Locus tag Function  
Saci_0137 Phosphomethylpyrimidine synthase 

-4.55 -4.23 -4.57 -2.86 -2.93 -2.80 
Saci_0314 Hypothetical protein 

-5.43 -4.33 -4.15 -2.36 -3.06 -2.10 
Saci_0526 Thiazole/oxazole-forming peptide 

maturase 
-2.23 -2.32 -2.03 -3.01 -3.33 -3.20 

Saci_0531 ABC-type Mn/Zn transport system 
-3.54 -2.59 -2.54 -3.76 -3.33 -3.39 

Saci_1700 2,5-dioxovalerate dehydrogenase 
-6.09 -5.54 -6.06 -7.18 -7.32 -7.08 

Saci_1707 ABC-type molybdate transport system 
-5.53 -5.93 -5.31 -4.34 -4.79 -5.08 

Saci_1830 Alpha/beta hydrolase 
-4.95 -4.19 -4.07 -4.16 -4.49 -3.60 

Saci_1831 Transciptional regulator 
-4.13 -3.81 -3.81 -2.34 -2.04 -2.21 

Saci_1938 2,5-dioxovalerate dehydrogenase 
-4.08 -4.01 -4.17 -6.83 -6.95 -6.73 

Saci_1939 2-dehydro-3-deoxy-D-arabinonate 
dehydratase 

-3.89 -3.44 -3.77 -5.70 -5.50 -5.48 
Saci_2090 Rieske Fe-S protein 

-3.12 -2.86 -2.62 -3.33 -3.93 -3.91 
Saci_2122 Xylose/arabinose ABC-type transport 

system 
-2.35 -2.43 -2.41 -4.07 -4.10 -4.24 

Saci_2203 Sulfate adenylyltransferase 
-3.61 -4.16 -4.27 -2.16 -2.49 -2.75 

Saci_2204 Hypothetical protein 
-3.73 -4.08 -4.25 -2.89 -3.60 -3.46 
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Supplementary table 4: Differentially enriched proteins via co-immunoprecipitation anti-HA 
antibodies coupled to magnetic beads using S. acidocaldarius MW00G expressing HA-saci_2031 
given as log2-fold-changes.  

majority protein ID gene name ID log2-fold changes 

Q4J7A4 saci_2031 14.15 
Q4J7A2 saci_2032 7.36 
Q4JB29 rpl37ae 5.31 
Q4JA54 eif1a 5.11 
P13125 saci_0362 4.90 
Q4JB43 rpl2 4.52 
P28461 eif5a 4.46 
Q4J9B2 rpl44e 4.17 
Q4JAS4 saci_0727 3.79 
Q4JA43 saci_0975 3.68 
Q4J953 saci_1337 3.56 
Q4J974 saci_1321 3.42 
Q4JAZ9 rpl37e 3.23 
Q4JBQ8 saci_0355 3.19 
Q4JB50 rpl14 3.06 
Q4JAV2 rpl24e 3.03 
Q4JAP0 saci_0766 2.57 
P13123 saci_0064 2.42 
F2Z5Y7 saci_1588 2.38 
Q4J9Q8 saci_1118 2.13 

 



Christian Schmerling   Manuscripts: Chapter 3.2 

161 

Supplemental table 5: Kinetic parameters, source organism, oligomeric state, and cosubstrate spectrum of different characterized 
G3PDHs. DCPIP: 2,6-Dichlorphenolindophenol; FAD: flavin adenine dinucleotide; G3P: Glycerol-3-phosphate; MTT: (4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromid; PMS: Phenazine methosulfate; UQ: Ubiquinone. 

 

 

Enzyme Organism Cofactors 
per 

monomer 

Oligomeric 
state 

Substrate Vmax [U/mg] KM (for G3P) 
[mM] 

KM (electron acceptor) 
[mM] 

Literature 

Saci_2032 S. acidocaldarius 1 FAD homodimer G3P 44.5 (DCPIP) 0.055 (DCPIP) 0.179 (UQ -1) This work 

GlpAB E. coli 1 FAD 
2 non-heme 

iron 

heterodimer G3P 34.4 (PMS-MTT) 0.339 (PMS-MTT)   [3] 

GlpD E. coli 2 FAD homodimer G3P 5.8 (DCPIP) 0.8 (DCPIP)   [4-6] 

GlpD Pig brain 
mitochondria 

FAD homodimer G3P 2.9 (DCPIP) 6.2 (U-Q10) 
10 (DCPIP) 

10 (UQ-0/1/2/6) 

0.048 (UQ-0) 
0.018 (UQ-1) 

0.022 (DCPIP) 

 [7, 8] 

GlpD Vibrio alginolyticus FAD unknown G3P 39.2 (PMS) 
85.8 (ferricyanide) 

4.02 (PMS) 
3.7 (ferricyanide) 

0.13 (PMS) 
0.55 (ferricyanide) 

 [9] 

GlpD Acidiphilium sp. 63 0.58 FAD homodimer G3P 32 (PMS-MTT) - -  [10] 
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Supplemental Figure 1: Purification of recombinant Saci_2032 and Saci_2033. The glycerol kinase 

(GK) Saci_2033 was homologously produced in S. acidocaldarius MW001 using the pBS-Ara-albaUTR-

FX and purified via Strep-tag affinity chromatography and size exclusion chromatography. Proteins (2 

µg) were separated via SDS-PAGE and stained via Coomassie Blue. Marker (M): prestained 

PageRuler™ (Thermo Fischer scientific, USA). 
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Supplementary figure 2: Size exclusion chromatography of the recombinant GK Saci_2033 from 
S. acidocaldarius. Recombinant proteins were separated on a Superose 6 10/300 column in both, the 

absence (a) and presence of 10 mM glycerol (b). In the elution profiles (left panels) the GK Saci_2033 

from S. acidocaldarius is shown in red and the standard proteins for calibration in black. In the right 

panels the calibration curves are shown. 
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Supplementary Figure 3: Biochemical characterization of recombinant GK Saci_2033. The kinetic 

properties of Saci_2033 with (a) DL-glyceraldehyde and dihydroxyacetone (b) as substrate were 

determined in the coupled assay via PK and LDH at 50°C in 0.1 M MOPS pH 6.5. (c) The pH 

dependence of the Saci_2033 activity was determined in the range of pH 5.0-8.0 using a mixed buffer 

system (0.05 M MES, 0.05 M HEPES, 0.05 M TRIS) at 50°C. In a continuous assay coupling the 

formation of ADP from ATP to the oxidation of NADH via pyruvate kinase (PK) and lactate 
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dehydrogenase (LDH) the decrease in absorbance was followed at 340 nm. (d) The optimum 

temperature of Saci_2033 was determined in a continuous assay using G3PDH (Saci_2032) and 0.1 

mM DCPIP between 60°C to 80°C. (e) The thermal stability of the Saci_2033 GK was determined by 

monitoring the residual activity upon incubation at the given temperatures for the indicated time intervals. 

The enzyme was incubated in 100 mM MOPS-KOH, pH 6.5 (temperature adjusted) at a protein 

concentration of 0.05 mg ml-1 and after the respective incubation period the residual activity was 

determined in the coupled assay via PK and LDH at 50°C as described in materials and methods. 

Experiments were performed in triplicate and error bars indicate the SD of the mean.  
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Supplementary Figure 4: Effect of fructose-1,6-bisphosphate on enzyme activity and 
nucleotide/phosphate donor specificity of the recombinant Saci_2033 GK. (a) The enzyme activity 

of Saci_2033 with 2 mM glycerol as substrate and 5 mM of different phosphate donors was determined 

in a continuous assay by coupling the phosphorylation of glycerol to the reduction of DCPIP via G3PDH 

Saci_2032 mediated oxidation of G3P to DHAP as absorbance decrease at 600 nm at 75°C. 

Experiments were performed in triplicate and error bars indicate the SD of the mean. (b) The enzyme 

activity of Saci_2033 in presence of increasing fructose 1,6-bisphosphate concentrations was 

determined in a continuous coupled LDH/PK assay following NADH oxidation as decrease in 

absorbance at 340 nm and 50°C.  
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Supplementary figure 5: SDS-Page and Size exclusion chromatography of the recombinant 
G3PDH Saci_2032 from S. acidocaldarius and the corresponding column calibration. (a) The 

Glycerol-3-phospahte dehydrogenase (G3PDH) Saci_2032 was homologously produced in E. coli 

Rosetta using pET15b and purified via His-tag affinity chromatography. Proteins (2 µg) were separated 

via SDS-PAGE and stained via Coomassie Blue. Marker (M): prestained PageRuler™ (Thermo Fischer 

scientific, USA). (b) Recombinant proteins were separated on a Superose 200 10/300 column. In the 

elution profiles (left panel) the G3PDH Saci_2032 from S. acidocaldarius is shown in red and the 

standard proteins for calibration in black. In the right panel the calibration curves are shown. 
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Supplementary Figure 6: Biochemical characterization of recombinant G3PDH Saci_2032. (a) The 

pH dependence of Saci_2032 was determined in a continuous assay as G3P dependent reduction of 

DCPIP in a mixed buffer system (0.05 M MES, 0.05 M HEPES, 0.0 5M TRIS) at 70°C. (b) The optimum 

temperature of Saci_2032 was determined in the same assay system in 0.05 M MES pH 6.5 adjusted 

between 60°C to 80°C. (c) Heat stability of Saci_2032 was determined by monitoring the residual activity 

upon incubation between 70°C to 90°C for up to 6 hours. The enzyme was incubated in 50 mM MES-

KOH, pH 6.5 (temperature adjusted) at a protein concentration of 0.18 mg ml-1. After the respective 

incubation periods the residual G3PDH activity was determined with DCPIP as electron acceptor at 

70°C as described above. Experiments were performed in triplicate and error bars indicate the SD of 

the mean. 
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Supplemental Figure 7: Effect of non-ionic detergents and phospholipids on recombinant 
G3PDH Saci_2032. Activity of Saci_2032 in the presence of potential activators was determined in a 

continuous assay by coupling the oxidation of G3P to the reduction of DCPIP in a MES-KOH buffer pH 

6.5 at 50°C. 0.5 % DDM, 0.5 % of Triton X-100, 50 µg of Phosphatidylcholine or 50 µg of isolated S. 

acidocaldarius membrane fractions were tested. 
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Supplementary figure 8: Comparison of the overall fold of the catalytic subunits of the different 
types of FAD dependent G3P oxidizing enzymes. The ribbon representations of crystal structures of 
(a) the B. subtilis glycine oxidase (1ng3) comprising the DAAO fold lacking any C-terminal extensions 

(shown in gray in all structures) is comparatively illustrated with those of (b) GlpO (2rgo), (c) GlpD (2qcu), 

as well as the structural models (generated using CoLabFold) of (d) E. coli GlpA, (e) the GlpA 

homologues of T. pendens and (f) S. acidocaldarius, and (g) the GlpTk from T. kodakarensis (TK1393). 

The C-terminal domains are highlighted using the same colour code as in Fig. 9-10 in the main text to 

emphasize the differences in size and fold. 

 

 

 
Supplementary figure 9: Comparison of C-terminal domains of GlpD (a), GlpO (b), and GlpA (c). 
The crystal structures of the C-termini of GlpD from E. coli (2qcu) (a) and GlpO from Streptococcus sp. 

(2rgo) (b) are shown, as well as the structural model of the C-terminus of GlpA from E. coli (c). The 

comparison reveals that the GlpD C-terminal fold is also present in GlpO and GlpA but extended by 

one and two helices, respectively. In (d) the superimposition of the three structures is shown in the 
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same orientation as in (a)-(c). The dashed line in (b) indicates missing structural information for M518 

in the C-terminus of Streptococcus sp. GlpO. 

 
Supplementary figure 10: Comparison of C-terminal extensions from GlpA-like G3PDHs from T. 
pendens (a) and S. acidocaldarius (Saci_2032, b), and of the GlpTk from T. kodakarensis 
(TK1393, c). The ribbon representation of the structural models of the C-terminal are shown. To illustrate 

the presence of the bfd-fold in GlpTk and GlpA a superimposition of both C-termini is presented (d). 

Both structures match in their central parts as well as in the four conserved cysteine residues shown as 

stick models whereas the other parts of the structure differ remarkably. 

 

 

Supplementary figure 11: Comparison of the dimer formation in the crystal structures of the (a) 
soluble, cytoplasmic GlpO (Streptococcus. spp., 2rgo) and (b) the monotopic, membrane bound 
GlpD (E. coli, 2qcu) with (c) the structural model of the GlpA-like Saci_2032 dimer. The three 

structures illustrate the different role of the C-terminus (coloured according to the preceeding figures) in 

dimer formation as well as the resulting different spatial orientation of the DAAO-folds of the subunits to 

each other.  
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Enhanced underground metabolism challenges life at
high temperature–metabolic thermoadaptation in
hyperthermophilic Archaea
Christian Schmerling1, Theresa Kouril2, Jacky Snoep2,3,
Christopher Bräsen1 and Bettina Siebers1

Abstract

The text-book picture of a perfect, well organised metabolism
with highly specific enzymes, is challenged by non-enzymatic
reactions and promiscuous enzymes. This, so-called ‘under-
ground metabolism’, is a special challenge for hyperthermo-
philic Archaea that thrive at temperatures above 80 �C and
possess modified central metabolic pathways often with pro-
miscuous enzymes. Hence, the question arises how extremely
thermophilic Archaea can operate their unusual metabolism at
temperatures where many pathway intermediates are unsta-
ble? We herein discuss current insights in the underground
metabolism and metabolic thermoadaptation of (hyper)ther-
mophilic Archaea. So far, only a few repair enzymes and
salvaging pathways have been investigated in Archaea.
Studies of the central carbohydrate metabolism indicate that a
number of different strategies have evolved: 1) reduction of the
concentration of unstable metabolites, 2) different pathway
topologies are used with newly induced enzymes, and 3)
damaged metabolites are removed via new metabolic
pathways.
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Introduction
The term underground metabolism [1] was originally
applied to the in vivo formation of metabolic side-/by-
products or damaged metabolites by side reactions of
promiscuous ‘sloppy’ enzymes but is now often used in a
broader sense to include spontaneous (non-enzymati-
cally catalysed) chemical reactions [2e5]. In this short
review, we will use this broader definition, which in-
cludes enzyme-catalysed and spontaneous chemical re-
actions. In bacterial and eukaryotic organisms, the
importance of underground metabolism is becoming
increasingly evident and the picture of a perfect, well-
organised metabolism with precise and specific enzymes
has changed. A.G. Goublev nicely put it in a nutshell:
‘Nothing of chemistry disappears in biology’ [6]. Hence,
many canonical metabolites in the cell are unstable and
reactive and therefore challenge cellular metabolism. A
list of ‘the 30 damage-prone endogenous metabolites’
was drawn up based on ‘lability, centrality, and preva-
lence’ using (bio)chemical literature, cheminformatics
and genome-scale metabolic models [7]. Here, in
addition to well-known metabolites such as triose
phosphates, erythrose 4-phosphate and cofactors (e.g.
NAD(P)H, thiamin diphosphate, riboflavin in-
termediates, tetrahydrofolates and carbamoyl phos-
phates) also previously underestimated metabolites
such as cysteine, homocysteine, glutathione, and gluta-
mine could be identified [7]. Furthermore, most en-
zymes are promiscuous and catalyse the conversion of
alternative substrates at low efficiency (< 1%) referred
to as ‘substrate promiscuity’ or they catalyse alternative
‘incorrect’ reactions in addition to their physiological
conversions, called ‘catalytic promiscuity’ (e.g. hydra-
tion instead of dehydrogenation) [8]. In addition, stress
conditions such as heat or oxidative stress are other
causal factors that lead to metabolite and enzyme
damage and thus promote the formation of by-
products [5].

The damaged metabolites and side products formed
either enzymatically or non-enzymatically can be quite
diverse and can act as effectors of other enzymes or they
might be wasteful, harmful or even toxic to the cell.
Depending on the organism, such metabolites can be

Available online at www.sciencedirect.com

ScienceDirect
Current Opinion in

Systems Biology

www.sciencedirect.com Current Opinion in Systems Biology 2022, 30:100423

174



part of the classical metabolic pathways ‘canonical me-
tabolites’ or they can represent ‘non-canonical’ metabo-
lites, that is, metabolic outsiders not connected to the
respective cell metabolism. This distinction does not
always seem easy, as the metabolism of the organisms is
different and often not fully understood [8]. However,
cells have evolved different sophisticated mitigation
systems/mechanisms including metabolite repair via
enzymes and salvage pathways or pre-emption of
damaged metabolites, for example, by degradation or
export (overflow metabolism) [2,3,8e10]. Hence, it is
assumed that many unidentified compounds in metab-
olomics profiles can be traced back to damaged metab-
olites and many genes of unknown function in genomes
encode proteins dedicated to metabolite damage-control
systems, called the ‘catalytic dark matter’ [11]. For
example, for glycolysis with 10 enzymes, so far 10 repair
enzymes have been identified in humans and mice [8].
In Escherichia coli as a whole, over 45 enzymes are asso-
ciated with metabolite damage-control/repair, and novel
metabolite repair enzymes are predicted to make up a
significant proportion of ‘unknowns’, which represent an
estimated 15% of the genes of E. coli [10]. Hence, more
than 260 underground reactions are suggested in E. coli
which corresponds to 10% of metabolic reactions [12].

In the cell, damaged metabolites and side products can
accumulate to substantial levels over time, and inhibit
various metabolic enzymes competitively or damage
proteins, lipids or nucleic acids by covalent interaction/
modification. Consistently, there is increasing evidence
that malfunction in metabolite repair is related to dis-
eases such as diabetes, cancer, and aging in humans and
higher vertebrates [8,13]. However, the identification of
these dangerous side-products and their repair systems is
not straight forward, due to their low concentration in
healthy cells (with active repair systems) and problems in
structure identification. Accordingly, although cofactors
are unstable and typically considered to be the ‘Achilles’
heel of metabolism’ [10] longevity of major cofactors with
half-lives coinciding with the doubling time of the or-
ganism has been demonstrated in E. coli, Bacillus subtilis,
and Saccharomyces cerevisiae [14]. These findings support
the presence of very effective cellular repair systems.

Underground metabolism in
hyperthermophilic Archaea
Archaea were recognised as a third domain of life only in
the 1970s [15]. They were initially regarded as
extremophiles that inhabit hostile environments such as
salt lakes, hot springs or the famous black smokers in the
deep sea. However, today we know that Archaea are
widely distributed in various ecological niches, and even
colonise the human skin and intestines [16,17].

Archaea have a unique metabolism that is characterised
by new metabolic pathways such as methanogenesis and

the reversed ribulose monophosphate (RuMP) pathway,
which in many Archaea replaces the oxidative pentose
phosphate pathway. Even the canonical metabolic
routes like the EmbdeneMeyerhofeParnas (EMP) and
the EntnereDoudoroff (ED) pathway are modified in
terms of their pathway topology (e.g. branched ED
pathway) as well as their enzymology employing novel
enzymes from different enzyme families. These modi-
fications also cause significant changes in the regulation
of the archaeal metabolic pathways (for review see
[18]). Remarkably, despite these modifications most of
the metabolites remain conserved in the modified
archaeal metabolic pathways and correspond to those of
the bacteria and eukaryotes. In addition, enzyme pro-
miscuity often with broad substrate specificity has been
reported for many archaeal enzymes [19]. However,
these studies have so far not been conducted in the
context of underground metabolism.

Adaptation to extremely high temperatures is particu-
larly common in Archaea and organisms with growth up
to 113 �C (Pyrolobus fumarii, growth optimum 106 �C)
have been described [20]. Initial studies in the field
focused on the stability of macromolecules such as
proteins, DNA, and membranes, whereas the stability of
metabolites was greatly neglected. Since the velocity of
chemical reactions increase exponentially with temper-
ature (according to the Arrhenius equation), tempera-
ture has a dramatic effect on metabolite stability/
damage [3] (Table 1). This means that underground
metabolism becomes increasingly important for organ-
isms thriving under elevated temperature conditions.
Thus, the fundamental question arises how (hyper)

Table 1

Half-life times of phospho-intermediates from the common lower
shunt of the EMP pathway determined at different temperatures.

Half-life (in min)

Temperature 37 �C 65 �C 70 �C 80 �C 88 �C

GAP n.d. 6.9 4.0/12.4a 1.63 0.8
DHAP n.d. 25.4 18.9/30.8a 5.3 3.8
1,3BPG 27a n.d. 0.9b n.d. n.d.
3PG n.d. n.d. n.d. >2 h n.d.
2PG n.d. n.d. n.d. >2 h n.d.
PEP n.d. 210 89 22 11

Abbreviations of intermediates: GAP, glyceraldehyde 3-phosphate;
DHAP, dihydroxyacetone phosphate; 1,3BPG, 1,3-bisphosphoglycerate;
3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP,
phosphoenolpyruvate.
The half-life time of intermediates was determined in 100 mM HEPES/
KOH buffer (pH 6.5) [40] (Siebers et al. unpublished data) with few
exceptions.
a Half-life times determined in 0.1 M Tris/HCl, 20 mM MgCl2 [37,38].
b [3].
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thermophilic Archaea deal with promiscuous enzymes
and increasingly unstable metabolites in order to enable
metabolism and thus life at temperatures from 60 to
116 �C. Do non-enzymatic reactions play a major role in
their metabolic pathways [21] or do they possess
effective repair or pre-emption strategies or other
metabolic adaptations?

Cofactor salvage pathways in Archaea
Despite the essential importance, so far only few studies
address this question in (hyper)thermophilic Archaea.
The four-step salvage pathway for NADþ [22] and the
methionine salvage pathway for S-adenosyl-L-methio-
nine (SAM) [23] have been described.

NADþ is characterised by low (thermo)stability (half
life time (t1/2) of 24.2 min at 85 �C) and decomposes to
ADP-ribose and nicotinamide (Nm) [22], requiring or-
ganisms to have effective salvage pathways for NADþ.
While the four-step pathway (PreisseHandler pathway)
from Nm via nicotinic acid mononucleotide and nico-
tinic acid adenine dinucleotide to NADþ is more
common in bacteria, eukaryotes have an additional two-
step pathway that converts Nm via Nmmononucleotide
to NADþ. Studies in the hyperthermophilic Archaeon
Thermococcus kodakarensis with enzyme characterisation,
determination of intermediate thermostabilities and
genetic analyses by Atomi et al. revealed the utilisation
of the four-step pathway. Most intermediates of both
salvage pathways such as ADP-ribose, Nm and nicotinic
acid are very thermostable. However, since Nm mono-
nucleotide (t1/2 17.1 min at 85 �C) from the two-step
pathway is much more thermolabile than the corre-
sponding nicotinic acid mononucleotide (t1/2 431min at
85 �C) from the four-step pathway, they conclude that
an evolution of metabolism has taken place to avoid
thermolabile intermediates.

In the hyperthermophilic methanogenMethanocaldococcus
jannaschii, the promiscuity of enzymes for the regenera-
tion of SAM, an essential cofactor in all three domains of
life, was reported by White et al. [23]. The enzyme
characterisation of methylthioinosine phosphorylase
(MTIP) and methylthioribose 1-phosphate isomerase
(MTRI) are in agreement with their function in the
modified anaerobic methionine salvage pathway. Both
enzymes are promiscuous. Thus, MTIP was shown to
have broad purine nucleoside phosphorylase activity and
a possible additional function in purine salvage was
proposed. MTRI was shown to have activity with 5-
deoxyribose 1-phosphate (in addition to 5-
methylthioribose 1-phosphate) forming 5-deoxyribulose
1-phosphate an important precursor for the synthesis of
6-deoxy-5-ketofructose 1-phosphate (DKFP) for the
synthesis of aromatic amino acids.

Maillard reactions with methylglyoxal
formation at high temperature: A case study
The Maillard reaction is a process occurring at moderate
temperatures and is further accelerated by an increase in
temperature [24]. In the Maillard cascade reducing car-
bohydrates such as glucose and fructose, phosphoester
intermediates (e.g. glucose-6 phosphate and triose-3
phosphates) and glyoxals arising from their decomposi-
tion react spontaneously by non-enzymatic glycation
with nucleophilic amines, which is particularly severe for
heterotrophic organisms. In the final stage of this process
a complex productmixture ofMaillard products so-called
advanced glycation end-products (AGE’s) are formed
which also include, for example, acrylamide well known
from thermal food processing (60e200 �C) [25]. These
AGEs are deleterious by functional impairment of pro-
teins, nucleic acids, and lipids and are closely relatedwith
disease and aging [24,26].

The Maillard reaction has been demonstrated in hy-
perthermophilic Archaea by growth inhibition in pres-
ence of amino acids or peptides and monosaccharides in
the culture medium for Pyrococcus furiosus at 100 �C [27]
and for Aeropyrum pernix at 90 �C [28]. Further on,
enzyme inactivation by carbohydrates at high tempera-
tures (80 �C) was shown for the b-glycosidase from
P. furiosus [29]. As in Bacteria and Eukaryotes, a DJ-1
Maillard deglycase was described in P. furiosus as
important repair enzyme, which degrades Maillard ad-
ducts and prevents glycation damage of proteins [25].
However, these studies are controversial due to lack of
in vivo function [8]. For other repair enzymes like NTP
pyrophosphatases and lactonases (for review see [30]) so
far only their phylogenetic distribution was addressed.

The best studied glycation agent in the central metabolic
pathways is methylglyoxal (MG) causing so-called dicar-
bonyl stress. MG is formed either non-enzymatically as a
spontaneous decomposition product of unstable triose-
phosphates, that is, dihydroxyacetonephosphate (DHAP)
and glyceraldehyde 3-phosphate (GAP) [31,32], or enzy-
matically by side activity of the triosephosphate isomerase
(TPI) and by the dedicated enzyme methylglyoxal
synthase [8,33]. MG toxicity poses special challenges
even under mesophilic conditions, for example, for plants,
vertebrates and Bacteria, and different salvage pathways
and its role as signaling molecule under stress conditions
have been reported [8,33e35]. At high temperature, the
half life time of triosephosphates is significantly reduced
(Table 1) and MG represents a major thermal decompo-
sition product. The metabolic challenge by metabolite
instability at high temperature has been further corrobo-
rated by biochemical/enzymatic as well as in combined
modelling and experimental approaches [31,36e40].
These studies revealed three major adaptation
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mechanisms: (i) changes in pathway topology, (ii) the
introduction of novel enzymes, and (iii) integration of
damaged metabolites into novel pathways.

Novel topologies and promiscuity of
pathways in (hyper)thermophilic Archaea
Investigations of the central carbohydrate metabolism in
Archaea revealed significant changes in the ED pathway
topology including the lower common EMP pathway [18].
For example, aerobic thermoacidophilic Archaea (exposed
to oxidative stress) such asSaccharolobus (formerSulfolobus)
solfataricus rely on a modified branched ED pathway
(Figure 1) for glucose degradation. In contrast to the
classicalEDpathway, nophosphorylation takesplaceat the
beginning of the pathway and 2-keto-3-deoxygluconate
(KDG) is formed as the characteristic intermediate. In
the semi-phosphorylative (sp) ED branch, KDG is phos-
phorylated by KDG kinase (KDGK) to KDPG, the char-
acteristic intermediate in the classical ED pathway, and
GAP and pyruvate are formed by KD(P)G aldolase. In the
non-phosphorylative (np) ED branch KDG is directly
cleaved by the same KD(P)G aldolase to pyruvate and
glyceraldehyde, and the latter is funnelled as 2PG into the
common lower EMP branch. The available KDGKmutant
in Sulfolobus solfataricus showed that the spED pathway is
not essential for growth on glucose and points to gluco-
neogenic function, whereas the npED branch fulfils a
glycolytic function [36]. Notably, this branched pathway
topology allows to circumvent the formation of thermola-
bile intermediates, that is, GAP, DHAP, BPG (npED) in
glycolysis and of BPG (spED) in gluconeogenesis
(Figure 1). In a systems biology study, a mathematical
model for the branched ED was used to show that main-
taining the two ED branches despite additional costs-
substantially contributes to pyruvate production and pro-
vides robustness to internal perturbations due to temper-
ature changes [40]. This increased pathway flexibility/
dynamics and robustness might be of special importance
for organisms facing heat and oxidative stress [5].

Furthermore, it could be shown for S. solfataricus that the
branched ED pathway is promiscuous and can be used for
the degradation of D-galactose in addition to D-glucose
[18]. Some of the enzymes such as glucose dehydroge-
nase and KD(P)G aldolase are even involved in promis-
cuous pentose degradation pathways, that is, the Dahms
and Weimberg pathway for L-arabinose and D-xylose
degradation [18,41]. These findings support the theory
that enzyme promiscuity plays an important role in the
evolution of metabolic pathways in organisms [12].

Novel, unusual enzymes in (hyper)
thermophilic Archaea
With the first discovery of the non-phosphorylating glyc-
eraldehyde-3-phosphate (GAP) dehydrogenase (GAPN)
in the hyperthermophilic Archaeon Thermoproteus tenax a

special role in the so-called ‘metabolic thermoadaptation’
was proposed by Reinhard Hensel [42]. GAPN like the
GAP oxidoreductase (GAPOR), which is additionally
found in anaerobic hyperthermophiles, catalyse the uni-
directional oxidation ofGAP to 3-phosphoglycerate (3PG)
using NAD(P)þ and oxidised ferredoxin (Fdox) as co-
factor, respectively. Allosteric GAPN is activated by
glucose 1-phosphate, an intermediate in glycogen meta-
bolism and polymer degradation, enabling an enhanced
carbon flux under glycolytic conditions. As shown for
several (hyper)thermophilic Archaea (i.e. P. furiosus,
T. kodakarensis,T. tenax, andSulfolobus/Saccharolobus spp. (for
review see [18]) the catabolic/glycolytic GAPN replaces
the classical, reversible GAP dehydrogenase (GAPDH)
and phosphoglycerate kinase (PGK) enzyme couple that
only has a restricted anabolic/gluconeogenic function in
these organisms. Notably, the GAP oxidation via GAPN
andGAPOR is not coupled to ATP gain via substrate level
phosphorylation as in the PGK reaction (Figure 2).
Instead, GAPN and GAPOR circumvent the formation of
the extremely thermolabile 1,3-bisphosphoglycerate
(BPG), which spontaneously dephosphorylates to 3PG
at high temperature. A second unusual enzyme found in
(hyper)thermophilic Archaea and Bacteria is the gluco-
neogenic, bifunctional fructose-1,6-bisphosphate
aldolase/phosphatase (FBPA/ase) [43]. The enzyme ca-
talyses the unidirectional conversion of thermolabile GAP
and DHAP to stable fructose 6-phosphate.

The effect of intermediate instability of triosephos-
phates (i.e. GAP, DHAP, and BPG) at high temperature
was also confirmed in an in vitro reconstituted gluco-
neogenic enzyme cascade [37]. In this study a detailed
mathematical model was constructed for the conversion
of 3PG to F6P at 70 �C by S. solfataricus PGK, GAPDH,
triosephosphate isomerase (TPI), FBPA/ase. The model
not only included the enzyme kinetics for the reactions
but also half-life-times for the intermediates. Low con-
version efficiency (50%e60% of carbon in 3PG was
retrieved as F6P) were observed, which could be related
to the temperature-dependent degradation of GAP,
DHAP, and BPG resulting in the carbon loss by formation
of methylglyoxal [31]. Moreover, comparison of the yeast
and S. solfataricus PGK and GAPDH reaction in vitro at
30 �C and 70 �C, respectively, using a combined model-
ling and experimental approach revealed futile cycling
induced by the PGK leading to net ATP hydrolysis due to
thermal instability of BPG (degradation to 3PG) in the
thermophile, but not in yeast [38]. Addition of GAPDH
at 70 �C reduced the futile cycle, by lowering the BPG
concentration via rapid conversion of BPG to GAP, but in
contrast to the yeast system at 30 �C only low concen-
tration of product was formed due to the thermal insta-
bility of GAP (Figure 3).

Therefore, the instability of triosephosphates causes
carbon and energy loss via toxic methylglyoxal formation
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Figure 1

The topology of the modified branched Entner–Doudoroff (ED) pathway allows to circumvent the formation of thermolabile intermediates. The classical
bacterial ED pathway as well as the semi-phosphorylative (sp) and non-phosphorlylative (npED) branch of the modified ED found in Archaea are
depicted. Both pathways funnel into the lower common Embden–Meyerhof–Parnas (EMP) pathway. The thermolabile intermediates GAP and BPG are
framed by red dashed lines. Enzyme abbreviations: ENO, enolase; G6PDH (ZWF), glucose-6-phosphate dehydrogenase; GAD, gluconate dehydratase;
GADH, glyceraldehyde dehydrogenase; GAOR, glyceraldehyde:ferredoxin oxidoreductase; GAPDH, glyceraldehyde-3-phosphate dehydogenase;
GAPN, non-phosphorylating GAPDH; GAPOR, GAP oxidoreductase; GDH, glucose dehydrogenase; GK, glycerate kinase; GLac, gluconolactonase;
GLK, glucose kinase; HK, hexokinase; KDGK, 2-keto-3-deoxygluconate kinase; KDPGA (EDA), 2-keto-3-deoxy-6-phosphogluconate aldolase; KD(P)GA,
bifunctional 2-keto-3-deoxy-(6-phospho)gluconate aldolase; PGK, phosphoglycerate kinase; PGAM, phosphoglycerate mutase; PK, pyruvate kinase;
6PGD (EDD), gluconate-6-phosphate dehydratase; 6PGL, 6-phosphoglucono-1,4-lactonase. Abbreviations of intermediates: G6P, glucose 6-phosphate;
GAP, glyceraldehyde 3-phosphate; 1,3BPG, 1,3-bisphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate;
KDG, 2-keto-3-deoxygluconate; KDPG, 2-keto-3-deoxy-6-phosphogluconate; GA, glyceraldehyde.
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(GAP,DHAP) and futile cycling (BPG).The introduction
of novel enzymes, that is, glycolytic GAPN/GAPOR and
gluconeogenic bifunctional FBPA/ase represents a pre-
empting strategy to reduce thermolabile metabolite
pools in hyperthermophilic Archaea and to support the
glycolytic and gluconeogenic flux.

Integration of damaged/toxic metabolites
into novel metabolic pathways
First evidence for the integration of MG into novel
metabolic pathways came from studies in M. jannaschii
with optimal growth at 85 �C [44]. The authors deter-
mined a very high concentration of MG (70 mM) in

Figure 2

The introduction of novel enzymes into the EMP pathway of (hyper)thermophilic Archaea pre-empts thermolabile intermediate pools and supports the
glycolytic and/or gluconeogenic flux. For abbreviations see figure legend 1. Additional abbreviations: FBPA/ase, bifunctional fructose-1,6-bisphosphate
aldolase/phosphatase; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; DHAP, dihydroxyacetone phosphate.
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crude extracts, which is at least 30-fold higher than in
other mesophilic organisms (0.1e2 mM). In addition,
they showed that MG is not just detoxified but is an
essential intermediate for the biosynthesis of aromatic
amino acids via 6-deoxy-5-ketofructose-1-phosphate
(DKFP) and lactate for F420 biosynthesis [44e46].
The enzyme involved in methylglyoxal reduction was
later on characterised [46]. Therefore, the introduction
of novel pathways or pathway modifications seem to
enable (hyper)thermophilic Archaea to pre-empt or
reduce toxic metabolite accumulation by including
them into their metabolic network.

Conclusion
(Hyper)thermophiles with a metabolic network chal-
lenged by increased metabolite instability are the per-
fect model organisms to study underground metabolism
[10]. (Hyper)thermophilic Archaea are particularly
promising here because they possess an unusual meta-
bolic network with promiscuous enzymes and pathways.

They dominate high-temperature habitats and some
representatives are established as model organisms. For
several species such as T. kodakarensis, P. furiosus,
S. solfataricus, Sulfolobus acidocaldarius genetic systems
have been established, their central metabolism is well
studied and polyomic/functional genomic data are
available [18]. Notably, genome-scale metabolic
modelling of, for example, S. solfataricus revealed that
16% of known cellular reactions had to be included
without genome evidence [47] suggesting that other
enzymes or pathways catalyse these reactions, or that
non-catalysed reactions have replaced the enzyme’s role
[2]. Furthermore, the current work on central carbohy-
drate metabolism and salvage pathways in (hyper)ther-
mophilic Archaea points towards a pre-emption strategy
that decreases the concentration of unstable in-
termediates by novel pathway topologies and introduc-
tion of novel enzymes, as well as of toxic decomposition
products (i.e. MG) via integration as canonical in-
termediates in novel biosynthesis pathways. These

Figure 3

Futile cycling and carbon loss challenges life at high temperature. The effect of temperature on the gluconeogenic phosphoglycerate kinase (PGK) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reaction was studied in a combined modelling experimental approach [38]. First the gluconeo-
genic PGK reaction at 30 �C using the yeast PGK was studied and due to the chemical equilibrium (DG018.8 kJ mol−1) hardly any BPG was formed. Only
in presence of an effective ATP recycling system the reaction reaches an equilibrium with equal rates of 3PG and BPG formed. The Saccharolobus
(Sulfolobus) solfataricus (Sso) PGK assayed at 70 �C showed no BPG formation even in presence of ATP recycling due to the additional constraint of
thermal degradation of BPG (half life time of 56.5 s at 70 �C [38]) to 3PG leading to a futile cycling of ATP. Coupling of PGK and GAPDH activities could in
both systems overcome the thermodynamic constraint and futile cycling of ATP in presence of NAD(P)+ recycling. However, whereas the yeast enzymes
at 30 �C allowed for complete conversion of 3PG to GAP only very low GAP concentrations were observed in the Sso system at 70 �C due to the thermal
instability of GAP (half life time of 12.4 min at 70 �C [37]) resulting in methylglyoxal formation and thus carbon loss.
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findings suggest a significant influence of thermolabile
intermediates as well as of promiscuous enzymes and
pathways on the evolution of the metabolic network in
(hyper)thermophilic Archaea.

Because of their unique metabolism (hyper)thermo-
philic Archaea will enable the discovery of new under-
ground metabolites and conquer new principles in
metabolic pathway design and topology as well as novel
repair enzymes and salvage strategies. The gained
knowledge on underground metabolism will be of
particular importance for pathway development and
evolution for biotechnological applications [4,12,48].

Conflict of interest statement
Nothing declared.

Acknowledgements
C.S., C.B. and B.S. acknowledge funding by the VW Stiftung in the “Life?”
initiative (96725). C.S., T.K., C.B., J.S. and B.S. acknowledge funding by
the Federal Ministry of Education and Research (BMBF, Germany) grants
HotSysAPP (031L0078A) and HotAcidFACTORY (031B0848A). J.S. ac-
knowledges funding from the DST/NRF (South Africa), particularly for
funding the SARCHI initiative (NRF-SARCHI-82813).

References
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. D’Ari R, Casadesús J: Underground metabolism. Bioessays
1998, 20:181–186.

2. Keller MA, Piedrafita G, Ralser M: The widespread role of non-
enzymatic reactions in cellular metabolism. Curr Opin Bio-
technol 2015, 34:153–161.

3
��
. Hanson AD, Henry CS, Fiehn O, de Crécy-Lagard V: Metabolite

damage and metabolite damage control in plants. Annu Rev
Plant Biol 2016, 67:131–152.

In this review the authors discuss basic principles of chemical and
enzymatic damage as well as damage control mechanisms including
repair, damage pre-emption and directed overflow. Several examples
from plants are given. In addition, bottlenecks in identification of
damage products including the potential of cheminformatics and ‘the
unknown gene problem’ are discussed.

4
��
. Rosenberg J, Commichau FM: Harnessing underground

metabolism for pathway development. Trends Biotechnol
2019, 37:29–37.

The review highlights the importance and potential of underground
metabolism and especially promiscuous enzymes for novel pathway
developments in metabolic engineering approaches.

5. Piedrafita G, Keller MA, Ralser M: The impact of non-enzymatic
reactions and enzyme promiscuity on cellular metabolism
during (oxidative) stress conditions. Biomolecules 2015, 5:
2101–2122.

6. Golubev A: How could the Gompertz-Makeham law evolve.
J Theor Biol 2009, 258:1–17.

7. Lerma-Ortiz C, Jeffryes JG, Cooper AJ, Niehaus TD, Thamm AM,
Frelin O, Aunins T, Fiehn O, de Crécy-Lagard V, Henry CS, et al.:
Nothing of chemistry disappears in biology’: the Top 30
damage-prone endogenous metabolites. Biochem Soc Trans
2016, 44:961–971.

8
��
. Bommer GT, Van Schaftingen E, Veiga-da-Cunha M: Metabolite

repair enzymes control metabolic damage in glycolysis.
Trends Biochem Sci 2020, 45:228–243.

This review gives an excellent overview of the repair enzymes involved
in glycolysis. The respective reactions and repair enzymes as well as
the effect of deficiency on disease in humans and survial in higher
vertebrates is discussed.

9. Linster CL, Van Schaftingen E, Hanson AD: Metabolite damage
and its repair or pre-emption. Nat Chem Biol 2013, 9:72–80.

10
�

. de Crécy-Lagard V, Haas D, Hanson AD: Newly-discovered
enzymes that function in metabolite damage-control. Curr
Opin Chem Biol 2018, 47:101–108.

The challenge by genes/enzymes of unknown function in the post-
genome area and examples of newly discovered repair enzymes and
damage-control systems are discussed.

11. Ellens KW, Christian N, Singh C, Satagopam VP, May P,
Linster CL: Confronting the catalytic dark matter encoded by
sequenced genomes. Nucleic Acids Res 2017, 45:11495–11514.

12
�

. Notebaart RA, Kintses B, Feist AM, Papp B: Underground
metabolism: network-level perspective and biotechnological
potential. Curr Opin Biotechnol 2018, 49:108–114.

The authors describe systems biology advances to map and identify
‘underground’ activities (‘the enzyme promiscuome’) and highlight its
potential to enable evolutionary adaptation to new environments as
well as the design of novel (‘patchwork’) pathways in biotechnology.

13. Veiga-da-Cunha M, Van Schaftingen E, Bommer GT: Inborn
errors of metabolite repair. J Inherit Metab Dis 2020, 43:
14–24.

14. Hartl J, Kiefer P, Meyer F, Vorholt JA: Longevity of major co-
enzymes allows minimal de novo synthesis in microorgan-
isms. Nat Microbiol 2017, 2:17073.

15. Woese CR, Fox GE: Phylogenetic structure of the prokaryotic
domain: the primary kingdoms. Proc Natl Acad Sci U S A 1977,
74:5088–5090.

16. Offre P, Spang A, Schleper C: Archaea in biogeochemical
cycles. Annu Rev Microbiol 2013, 67:437–457.

17. Borrel G, Brugère JF, Gribaldo S, Schmitz RA, Moissl-
Eichinger C: The host-associated archaeome. Nat Rev Micro-
biol 2020, 18:622–636.

18. Bräsen C, Esser D, Rauch B, Siebers B: Carbohydrate meta-
bolism in Archaea: current insights into unusual enzymes
and pathways and their regulation. Microbiol Mol Biol Rev
2014, 78:89–175.

19. Jia B, Cheong GW, Zhang S: Multifunctional enzymes in
archaea: promiscuity and moonlight. Extremophiles 2013, 17:
193–203.

20. Blöchl E, Rachel R, Burggraf S, Hafenbradl D, Jannasch HW,
Stetter KO: Pyrolobus fumarii, gen. and sp. nov., represents a
novel group of archaea, extending the upper temperature
limit for life to 113 degrees C. Extremophiles 1997, 1:14–21.

21. Ralser M: An appeal to magic? The discovery of a non-
enzymatic metabolism and its role in the origins of life. Bio-
chem J 2018, 475:2577–2592.

22
�

. Hachisuka SI, Sato T, Atomi H: Hyperthermophilic Archaeon
Thermococcus kodakarensis utilizes a four-step pathway for
NAD(+) salvage through nicotinamide deamination.
J Bacteriol 2018, 200.

This is one of the few studies in hyperthermophilic Archaea where
salvaging pathways are addressed. The author presents a novel four-
step pathway for NAD(+) salvaging that in contrast to the common two-
step pathway omits the thermolabile nicotinamide.

23. Miller DV, Rauch BJ, Harich K, Xu H, Perona JJ, White RH:
Promiscuity of methionine salvage pathway enzymes in
Methanocaldococcus jannaschii. Microbiology (Read) 2018,
164:969–981.

24. Szwergold BS: Maillard reactions in hyperthermophilic
archaea: implications for better understanding of non-
enzymatic glycation in biology. Rejuvenation Res 2013, 16:
259–272.

25. Richarme G, Marguet E, Forterre P, Ishino S, Ishino Y: DJ-1
family Maillard deglycases prevent acrylamide formation.
Biochem Biophys Res Commun 2016, 478:1111–1116.

8 Metabolic Networks

Current Opinion in Systems Biology 2022, 30:100423 www.sciencedirect.com

181



26
�

. Scheckhuber CQ: Studying the mechanisms and targets of
glycation and advanced glycation end-products in simple
eukaryotic model systems. Int J Biol Macromol 2019, 127:85–94.

In this review the author focusses on the relevance, mode of action and
molecular targets of reactive carbonyl species in model systems from
fungi, plants, the nematode Caenorhabditis elegans and the fruit fly
Drosophila melanogaster.

27. Driskill LE, Kusy K, Bauer MW, Kelly RM: Relationship be-
tween glycosyl hydrolase inventory and growth physiology
of the hyperthermophile Pyrococcus furiosus on
carbohydrate-based media. Appl Environ Microbiol 1999, 65:
893–897.

28. Kim KW, Lee SB: Inhibitory effect of Maillard reaction prod-
ucts on growth of the aerobic marine hyperthermophilic
archaeon Aeropyrum pernix. Appl Environ Microbiol 2003, 69:
4325–4328.

29. Bruins ME, Van Hellemond EW, Janssen AE, Boom RM: Maillard
reactions and increased enzyme inactivation during oligo-
saccharide synthesis by a hyperthermophilic glycosidase.
Biotechnol Bioeng 2003, 81:546–552.

30. Galperin MY, Moroz OV, Wilson KS, Murzin AG: House cleaning,
a part of good housekeeping. Mol Microbiol 2006, 59:5–19.

31. Hagedoorn P-L: Steady-state kinetics of the tungsten
containing aldehyde: ferredoxin oxidoreductases from the
hyperthermophilic archaeon Pyrococcus furiosus.
J Biotechnol 2019, 306:142–148.

32. Gauss D, Schoenenberger B, Wohlgemuth R: Chemical and
enzymatic methodologies for the synthesis of enantiomeri-
cally pure glyceraldehyde 3-phosphates. Carbohydr Res 2014,
389:18–24.

33. Booth IR, Ferguson GP, Miller S, Li C, Gunasekera B, Kinghorn S:
Bacterial production of methylglyoxal: a survival strategy or
death by misadventure? Biochem Soc Trans 2003, 31:
1406–1408.

34. Booth IR: Glycerol and methylglyoxal metabolism. EcoSal
Plus 2005, 1.

35. Hoque TS, Hossain MA, Mostofa MG, Burritt DJ, Fujita M, Tran LS:
Methylglyoxal: an emerging signaling molecule in plant abiotic
stress responses and tolerance. Front Plant Sci 2016, 7:1341.

36. Kouril T, Wieloch P, Reimann J, Wagner M, Zaparty M, Albers SV,
Schomburg D, Ruoff P, Siebers B: Unraveling the function of
the two Entner-Doudoroff branches in the thermoacidophilic
Crenarchaeon Sulfolobus solfataricus P2. FEBS J 2013, 280:
1126–1138.

37. Kouril T, Esser D, Kort J, Westerhoff HV, Siebers B, Snoep JL:
Intermediate instability at high temperature leads to low
pathway efficiency for an in vitro reconstituted system of
gluconeogenesis in Sulfolobus solfataricus. FEBS J 2013,
280:4666–4680.

38
�

. Kouril T, Eicher JJ, Siebers B, Snoep JL: Phosphoglycerate
kinase acts as a futile cycle at high temperature. Microbiology
2017, 163:1604–1612.

This combined modelling-experimental approach highlights the chal-
lenge of life at high temperature resulting in carbon loss and futile
cycling due to the instability of triosephosphates.

39. Zhang Y, Kouril T, Snoep JL, Siebers B, Barberis M,
Westerhoff HV: The peculiar glycolytic pathway in hyper-
thermophylic Archaea: understanding its whims by experi-
mentation in silico. Int J Mol Sci 2017, 18.

40. Figueiredo AS, Kouril T, Esser D, Haferkamp P, Wieloch P,
Schomburg D, Ruoff P, Siebers B, Schaber J: Systems biology
of the modified branched Entner-Doudoroff pathway in
Sulfolobus solfataricus. PLoS One 2017, 12:e0180331.

41. Wagner M, Shen L, Albersmeier A, van der Kolk N, Kim S, Cha J,
Bräsen C, Kalinowski J, Siebers B, Albers S-V: Sulfolobus
acidocaldarius transports pentoses via a carbohydrate
uptake transporter 2 (CUT2)-type ABC transporter and me-
tabolizes them through the aldolase-independent Weimberg
pathway. Appl Environ Microbiol 2018, 84:e01273. 01217.

42. Brunner NA, Siebers B, Hensel R: Role of two different glyc-
eraldehyde-3-phosphate dehydrogenases in controlling the
reversible Embden–Meyerhof–Parnas pathway in Thermo-
proteus tenax: regulation on protein and transcript level.
Extremophiles 2001, 5:101–109.

43. Say RF, Fuchs G: Fructose 1,6-bisphosphate aldolase/phos-
phatase may be an ancestral gluconeogenic enzyme. Nature
2010, 464:1077–1081.

44. White RH, Xu H: Methylglyoxal is an intermediate in the
biosynthesis of 6-deoxy-5-ketofructose-1-phosphate: a pre-
cursor for aromatic amino acid biosynthesis in Meth-
anocaldococcus jannaschii. Biochemistry 2006, 45:
12366–12379.

45. Grochowski LL, Xu H, White RH: Identification of lactaldehyde
dehydrogenase in Methanocaldococcus jannaschii and its
involvement in production of lactate for F420 biosynthesis.
J Bacteriol 2006, 188:2836–2844.

46. Miller DV, Ruhlin M, Ray WK, Xu H, White RH: N5 ,N10 -meth-
ylenetetrahydromethanopterin reductase from Meth-
anocaldococcus jannaschii also serves as a methylglyoxal
reductase. FEBS Lett 2017, 591:2269–2278.

47. Ulas T, Riemer SA, Zaparty M, Siebers B, Schomburg D:
Genome-scale reconstruction and analysis of the metabolic
network in the hyperthermophilic archaeon Sulfolobus
solfataricus. PLoS One 2012, 7:e43401.

48. Guzmán GI, Sandberg TE, LaCroix RA, Nyerges Á, Papp H, de
Raad M, King ZA, Hefner Y, Northen TR, Notebaart RA, et al.:
Enzyme promiscuity shapes adaptation to novel growth
substrates. Mol Syst Biol 2019, 15:e8462.

Underground metabolism in hyperthermophiles Schmerling et al. 9

www.sciencedirect.com Current Opinion in Systems Biology 2022, 30:100423

182



Chris�an Schmerling   Manuscripts: Chapter 3.4 
 

183 

Chapter 3.4: Identification of fungal 
lignocellulose-degrading biocatalysts 

secreted by Phanerochate chrysosporium 
via activity-based protein profiling 

 



ARTICLE

Identification of fungal lignocellulose-degrading
biocatalysts secreted by Phanerochaete
chrysosporium via activity-based protein profiling
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Dominik Begerow 3, Kenneth Jensen 4, Christopher Bräsen1, Farnusch Kaschani 2,5,

Herman S. Overkleeft6, Bettina Siebers 1✉ & Markus Kaiser 2✉

Activity-based protein profiling (ABPP) has emerged as a versatile biochemical method for

studying enzyme activity under various physiological conditions, with applications so far

mainly in biomedicine. Here, we show the potential of ABPP in the discovery of biocatalysts

from the thermophilic and lignocellulose-degrading white rot fungus Phanerochaete

chrysosporium. By employing a comparative ABPP-based functional screen, including a direct

profiling of wood substrate-bound enzymes, we identify those lignocellulose-degrading

carbohydrate esterase (CE1 and CE15) and glycoside hydrolase (GH3, GH5, GH16, GH17,

GH18, GH25, GH30, GH74 and GH79) enzymes specifically active in presence of the sub-

strate. As expression of fungal enzymes remains challenging, our ABPP-mediated approach

represents a preselection procedure for focusing experimental efforts on the most promising

biocatalysts. Furthermore, this approach may also allow the functional annotation of

domains-of-unknown functions (DUFs). The ABPP-based biocatalyst screening described

here may thus allow the identification of active enzymes in a process of interest and the

elucidation of novel biocatalysts that share no sequence similarity to known counterparts.

https://doi.org/10.1038/s42003-022-04141-x OPEN

1Molecular Enzyme Technology and Biochemistry (MEB), Environmental Microbiology and Biotechnology (EMB), Centre for Water and Environmental
Research (CWE), Faculty of Chemistry, University of Duisburg-Essen, Universitätsstraße 5, 45141 Essen, Germany. 2 Department of Chemical Biology, ZMB,
Faculty of Biology, University of Duisburg-Essen, Universitätsstraße 2, 45117 Essen, Germany. 3 Evolution of Plants and Fungi, Ruhr-University Bochum,
Universitätsstraße 150, 44780 Bochum, Germany. 4Novozymes, Biologiens vej 2, 2800 Kgs, Lyngby, Denmark. 5 Analytics Core Facility Essen, ZMB, Faculty
of Biology, University of Duisburg-Essen, Universitätsstraße 2, 45117 Essen, Germany. 6 Department of Bio-organic Synthesis, Leiden Institute of Chemistry,
Leiden University, Einsteinweg 55, 2333 CC Leiden, Netherlands. 7Present address: German Diabetes Center (DDZ), Leibniz Center for Diabetes Research at
Heinrich Heine University Düsseldorf, Düsseldorf, Germany. 8These authors contributed equally: Christian Schmerling, Leonard Sewald, Geronimo Heilmann.
✉email: bettina.siebers@uni-due.de; markus.kaiser@uni-due.de

COMMUNICATIONS BIOLOGY | (2022)5:1254 | https://doi.org/10.1038/s42003-022-04141-x | www.nature.com/commsbio 1

12
34

56
78

9
0
()
:,;

184



Activity-based protein profiling (ABPP) has emerged as a
widely used chemical proteomics methodology for basic
biology research1–5. In ABPP, activity-based probes

(ABPs) consisting of a reactive “warhead“, an enzyme inhibitory
moiety that forms a covalent irreversible bond with their target
protein(s) and often ensures a high enzyme class specificity, a
linker, and a reporter tag are used to label, identify and report on
active enzymes under native, physiological conditions. As
reporters, biotin, fluorophores, or so-called two-step reporter tags
such as alkyne or azide moieties are frequently used6. In the last
years, intensive efforts have been undertaken, both to develop
new ABPs targeting new enzyme families and to establish their
use in, amongst others, drug discovery (target and lead discovery,
target engagement)7–12, plant biology13, or microbiology14–18.

An evolving alternative ABPP application is its usage in bio-
catalyst screening and, thus, biotechnology (we here define bio-
catalysts as enzymes with potential industrial usage)19–21. For
example, ABPP can be used to uncover microbial biocatalysts able
to turn over complex polymeric biomass like lignocellulose,
entities much sought in the context of sustainable energy and
circular bioeconomy processes22–24. In contrast to sequence
homology-based biocatalyst screening approaches (for instance,
the analysis of genomics data25), ABPP exploits the established
enzyme selectivity of ABPs to identify new biocatalysts with
desirable substrate preferences, in principle, without the need to
assign sequence homologies (Fig. 1a)26,27. In what is termed
“ABP-based enrichment”, only those enzymes that are active and
thus have the capability to react with an ABP are selected for
ensuing identification by LC-MS/MS-based sequencing, which
limits protein identification according to the target specificity of
the used ABPs. Accordingly, the often-cumbersome biochemical
protein expression and purification is limited to only those bio-
catalysts preselected by ABPP—an enormous reduction of work
when compared to screening methods that rely on systematic
protein expressions. This is particularly relevant in fungal bio-
catalyst screen campaigns, which are frequently hampered by
difficult heterologous protein expression and purification, e.g., as
a result of complex glycosylation patterns in the case of wood-
degrading enzymes28,29. Despite these intrinsic advances, ABPP-
based biocatalyst discovery has been applied mostly in proof-of-
concept studies using pure cultures, often of model organisms,
and, more importantly, of standard culture media for their
growth30–34.
In the present study, we aimed to overcome this limitation and

showcase the potential of the ABPP biocatalyst screening tech-
nology in a more complex and biotechnologically-relevant
experimental setting. Accordingly, we applied ABPP to a sus-
pended culture consisting of the white rot fungus Phanerochaete
chrysosporium grown on minimal medium and solid beech wood
chips as the sole carbon and energy source, similar to recent work
regarding a functional ABPP approach in a set of
basidiomycetes35. Lignocellulose is the main component of dead
wood and represents a highly recalcitrant polymeric complex
built up from cellulose, xylan (hemicellulose), and lignin
(Fig. 1b)36. Sustainable methods for its efficient degradation are
urgently sought for establishing a biotechnological conversion of
non-food biomass into an industrial feedstock37–39. This, how-
ever, requires a synergistic action of different biocatalysts such as
glycoside hydrolases (GHs), carbohydrate esterases (CEs), poly-
saccharide lyases, and other enzymes belonging to the auxiliary
enzyme class (auxiliary activities, AAs), such as lytic poly-
saccharide monooxygenases (LPMOs)40–42. P. chrysosporium is
an effective degrader of dead wood and lignocellulose in
particular43. Its genome harbors a large repertoire of lig-
nocellulolytic enzymes consisting of more than 69 different
carbohydrate-active enzyme (CAZyme) families, including a total

of 166 GHs, 14 CEs, and 57 glycosyltransferases (GT) (as listed in
the CAZY database (www.cazy.org44)45. This enormous com-
plexity turns this organism into a promising resource for bioca-
talyst discovery. However, due to its sheer size, the P.
chrysosporium secretome cannot be explored by systematically
expressing all enzymes. Instead, a methodology to preselect only
those enzymes directly involved in lignocellulose degradation is
required. Of note, the expression of these biocatalysts are regu-
lated by the presence of the lignocellulosic substrate, demanding
preselection assays in the presence of insoluble wood chips and
thus highly heterogenous conditions46.
With the aim to rapidly identify promising lignocellulose-

degrading enzymes from this complex system via ABPP-based
preselection, we applied FP-alkyne, a well-established serine
hydrolase (SH)-targeting ABP47,48, and the two structurally-
related GH-targeting ABPs KY371 (N-alkynyl-cyclophellitol
aziridine) and JJB111 (the biotin equivalent of KY371)49,50, to P.
chrysosporium cultures grown in minimal medium with beech
wood chips as sole carbon and energy source (Fig. 1c). FP-alkyne
is a reporter-tagged derivative of the well-known fluoropho-
sphonate serine hydrolase inhibitors and thus specifically binds
all SHs, i.e., serine proteases and metabolic SHs, without speci-
ficity within this enzyme class51. By contrast, JJB111 is an azir-
idine analog of cyclophellitol, a natural product inhibitor of GHs.
JJB111 structurally mimics β-glucopyranoside moieties and,
therefore, preferentially reacts with retaining β-glucosidases49; in
addition, it however also labels a variety of β-exoglycosidases52,53.
In hemicellulose degradation, the acetyl-xylan esterases, among
them members of the SH family, cleave as one of the first steps in
the overall degradation pathway acetyl groups from the carbo-
hydrate/polysaccharide backbone54. The GHs, in turn, are
responsible for cellulose, pectin, and xylan hydrolysis. In addition
to extracellular soluble enzymes found in the culture supernatant,
we also applied our ABPP approach to substrate-bound enzymes
isolated from wood chips. Our results thus demonstrate that
ABPP allows a straightforward and technically simple targeted
identification of active biocatalysts, including enzymes with pre-
viously unannotated gene sequences (composed of domains of
unknown function (DUF)), directly from fungal/microbial cul-
tures grown on complex lignocellulosic substrates.

Results
ABPP analysis of the Phanerochaete chrysosporium super-
natant preparation. Previous studies on the identification of P.
chrysosporium lignocellulose-degrading enzymes have been per-
formed via ‘classical’ full proteome analyses of culture
supernatants55. To demonstrate the potential of ABPP in the
rapid identification of lignocellulolytic enzymes, we grew P.
chrysosporium cultures (DSM 1566) for 5 days at 37 °C in beech
wood chips-containing minimal medium (Fig. 2a). The formation
of fungal hyphae as well as macroscopic degradation of growth
substrates in a submerged liquid culture confirmed efficient
fungal cell growth under these conditions. The culture super-
natant was filtrated, lyophilized, re-dissolved in buffer, and then
labeled with 2 µM of the two ABPs FP-alkyne or JJB111,
respectively. For competitive ABPP experiments, pretreatment
with either 50 µM paraoxon in the case of FP-alkyne or 20 µM
KY358 in the case of JJB111 labeling was used. After affinity
enrichment, target identification was achieved by on-bead tryptic
digestion and LC-MS/MS analysis. Each identified protein was
quantified using spectral intensity-based relative quantification; as
a reference, DMSO- or corresponding competitor-treated samples
were used. Only protein groups with a log2 fold change (FC) of ≥2
were kept for further analysis in all ABPP-based labeling
experiments.
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For the FP-alkyne treatment, this approach led to the
identification of two SHs with the Joint Genome Institute (JGI)
protein ID Phchr2|126075 (predicted carbohydrate esterase
family 1 (CE1) with a CBM1 domain, MW of 35.6 kDa) and
Phchr2|2912243 (predicted carbohydrate esterase family 15
(CE15), MW of 44.3 kDa) (Table 1 and green-labeled proteins
in Fig. 2b; see Supplementary Data 1 for the complete list of

identified proteins). Phchr2|126075 displays high sequence
similarity to a previously studied acetyl-xylan esterase of P.
chrysosporium, and its labeling was competed by pretreatment
with the esterase inhibitor paraoxon56. In contrast, Phchr2|
2912243 sequence analysis suggests this enzyme to be a CE15
family member and, therefore likely to be a 4-O-methyl-
glucuronoyl methylesterase.

JJB111

FPFP

JJB111

JJB111

FPFP

FPFP
N3

JJB111

JJB111

FP

FP

P. chrysosporium

37 °C
5 days

Affinity enrichment

Tryptic
on-bead digest

solid
support

LC-MS²

Protein ID

Database
search

Supernatant/SBF Labeling reaction Click reaction Target identification

a

b FP-alkyne Paraoxon KY371

KY358 JJB111

c β-1,4-endoglucanase
(GH5, GH7, GH12, GH45)

cellobiohydrolase
(GH6, GH7)

β-glucosidase
(GH1, GH3)

α-glucoronidase
(GH67, GH1115) acetyl xylan esterase

(CE1, CE4, CE16)

arabinoxylan 
α-arabinofuranohydrolase

(GH51, GH54)

β-1,4-endoxylanase
(GH10, GH11)

β-1,4-xylosidase
(GH3, GH43)

Lignin

Cellulose Cellobiose

Xylan

P
F

O

O
O2N

O
P

O

OO N

OH

HO

HO

HO
O

N

OH

HO

HO

HO
O

N
NN

H
N

O

N
H

O

S

HN NH

O

H
HN

OH

HO

HO

HO
O

OH

HO O

OMe

O

HO

O

O

O

OMe

O

O

HO

OMe

O

O

O

OHO

MeO

O

OHO
HO

OH
O O
HO

HO
OH

HO

OH

OO
HO

OH
O O
HO

HO
O

HO

OH
n

O
O O

O O

OH

OH

HO

HO
HO

HO HO OH

OH

OH

OO
HO

O

O
COOH

MeO
HO

HO

O O
O

O

OH

OH

HO

HO
O O
HO

O

O

O

n

O

HO

O
O HO

OH
HO

HO

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-04141-x ARTICLE

COMMUNICATIONS BIOLOGY | (2022)5:1254 | https://doi.org/10.1038/s42003-022-04141-x | www.nature.com/commsbio 3

186



The application of JJB111 enabled the identification of twelve
GHs (Table 1 and blue-labeled proteins in Fig. 2c; see
Supplementary Data 2 for the complete list of identified proteins).
Pretreatment with KY358 competed labeling of six of them
belonging to the GH3, GH5, GH16, and GH74 families.
Interestingly, in contrast to the identified GHs known to be
involved in cellulose (GH3 and GH5), xylan (GH3), or xyloglucan
(GH74) degradation, our analysis also revealed significant
enrichment (log2 fold change: 5.39) of the protein Phchr2|
3002168, which is annotated as a glutaminase in the JGI
MycoCosm genome database45 (Table 1 and red-labeled protein
in Fig. 2c). The labeling of Phchr2|3002168 was competed by pre-
incubation with KY358 and domain analysis by PFAM57 and
InterProScan58 of its protein sequence revealed the presence of
four DUF domains (DUF4964, DUF5127, DUF4965, and
DUF1793) along with a secretion signal (Supplementary Fig. 1a).
Structural homology analysis by HHpred59 however predicted a
β-glucosidase of the GH116 family from Thermoanaerobacterium
xylolyticum (pdb code 5O0S60, e-value of 7.2e−34, 14% sequence
identity) and a GH52 xylosidase from Geobacillus thermogluco-
sidasius (pdb code 4C1O61, e-value of 7.1e−31, 10% sequence
identity) as homologous proteins (Supplementary Fig. 1b).
Additionally, analysis with InterProScan suggested the presence
of a six-hairpin glycosidase domain which is characteristic for
GH15, GH65, GH92 and GH116 family members. The
Alphafold62-predicted 3D structure of Phchr2|3002168 showed
a high secondary structure overlap to the GH52 β-xylosidase
4C1P ((α/α)6 barrel) of 70% even despite its low sequence
similarity of 12% (Supplementary Fig. 1c, d). Overall, these results
indicate that Phchr2|3002168 might be a GH of a so far
uncharacterized GH family.

ABPP analysis of the P. chrysosporium substrate-bound frac-
tion (SBF). Our study so far demonstrates that ABPP can be used
to detect active SH and GH enzymes in the fungal culture
supernatant. However, lignocellulose degradation by P. chrysos-
porium involves a variety of enzymes, which partially attach to
the respective carbohydrate-based substrate63. Naturally, these
substrate-bound enzymes are of particular interest for bio-
technological applications as they are directly involved in lig-
nocellulose degradation. During sample preparation, the
lignocellulose substrate was filtered off to obtain a homogenous
starting material for labeling. Indeed, such a discarding step is
frequently performed in diverse functional screening approaches
and a technically simple approach for targeted analysis of
substrate-attached biocatalysts would be highly desirable.
To investigate whether such enzymes can be detected by a

substrate-targeted ABPP approach, we again grew P. chrysospor-
ium in the presence of beech wood chips. After removal of the
culture supernatant and free fungal cells, the active substrate-
bound enzymes were detached with 0.1% (w/v) of the MS-
compatible detergent dodecyl-β-D-maltoside. The detached pro-
teins were then lyophilized and the residue was resolved in buffer,

followed by the addition of the ABPs and the standard
downstream MS sample preparation and analysis workflow
(Fig. 3a).
The employment of FP-alkyne led to the identification of 53

substrate-bound proteins, of which seventeen were enriched with
a log2-fold change ≥2. Their functional annotation revealed the
presence of four CEs from the CE1 and CE15 families (Table 2
and green-labeled proteins in Fig. 3b; see Supplementary Data 3
for the complete list of identified proteins). Notably, only the
labeling of the CE1 family proteins Phchr2|2983171 and Phchr2|
126075 was successfully inhibited by pre-incubation with
paraoxon. These proteins are of potential biotechnological
interest due to their predicted potential as acetyl or feruloyl
esterases. Moreover, five serine carboxypeptidases (S10) and four
carboxylesterases were identified which may play a role in
enzyme activation during lignocellulose degradation, for instance
of cellobiose dehydrogenases64. The labeling of three of the
enriched carboxylesterases was furthermore competed by
paraoxon.
The analysis of the ABPP approach with JJB111 revealed seven

GHs, which were enriched with a log2-FC ≥2 (blue-labeled
proteins in Fig. 3c, see Supplementary Data 4 for the complete list
of identified proteins). Of these, four were competed by pre-
incubation with KY371. The proteins Phchr2|3002242, Phchr2|
2945552, and Phchr2|3003144 are predicted members of the GH3
family, whereas protein Phchr2|2915237 belongs to
GH5 subfamily 9; both GH families are known to catalyze
cellulose or xylan degradation. By contrast, the labeling of the
proteins Phchr2|3004009 (GH17), Phchr2|2895579 (GH5), and
Phchr2|3038646 (GH25) was not competed by KY371. Of note,
three of the identified proteins (i.e., Phchr2|291537, Phchr2|
126075, and Phchr2|2912243) were also identified in the ABPP
analysis of the supernatant.
Overall, these experiments demonstrate that ABPP is not only

a technically simple targeted approach to identify promising
lignocellulose biocatalysts but also enables to focus the analysis on
relevant, active enzyme subfractions, e.g., those bound to an
insoluble substrate.

Biochemical validation and characterization of selected iden-
tified enzymes. So far, our ABPP approach identified several
potential lignocellulose-degrading biocatalysts. Their subsequent
functional annotation was achieved by sequence homology ana-
lysis. The ABPP approach may, however, in principle, also enable
the identification of enzymes of a new enzyme family, as enzyme
identification is based on the ABP enzyme reactivity and not
sequence homology. To demonstrate that our ABPP approach
indeed resulted in the identification of lignocellulose-degrading
biocatalysts, we selected three of the ABPP-identified enzymes,
Phchr2|126075, Phchr2|2915237, and Phchr2|3002168, for fur-
ther expression and subsequent biochemical characterization
(Supplementary Fig. 2).

Fig. 1 Activity-based protein profiling (ABPP) for identifying lignocellulose-degrading biocatalysts from P. chrysosporium. a Overview on the ABPP
workflow for identifying lignocellulose-degrading enzymes from P. chrysosporium suspension cultures grown on minimal medium with beech wood chips.
An ABP is added to either the filtrate of a P. chrysosporium beech wood culture (denoted as supernatant) or the dodecylmaltoside-solubilized substrate-
bound fraction (denoted as SBF) after lyophilization. The pretreatment is followed by a standard ABPP workflow, consisting of click-attachment of a biotin-
residue for affinity enrichment (in case of a two-step ABP), affinity enrichment of labeled enzymes, trypsin digest, and subsequent MS-based protein
identification. The use of enzyme class-specific ABPs, therefore, results in targeted identification of active biocatalysts and thus functional enzyme
screening and also enables the sequence-independent identification of novel biocatalysts without similarity to known homologous. The inlet image shows
how P. chrysosporium binds to the solid wood surface during lignocellulose degradation. b Chemical structures of the ABPs and competitors used in this
study. These are FP-alkyne (the “classical” serine hydrolase ABP) and JJB111 (GH ABP), as well as the FP competitor paraoxon and the JJB111 competitors
KY371 and KY358. c Lignocellulose is a complex and recalcitrant polymer built up from cellulose, xylan (hemicellulose), and lignin. Its degradation requires
the synergistic action of various different enzymes.
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Acetyl-xylan esterase activity of Phchr2|126075. The putative
acetyl-xylan esterase Phchr2|126075 (338 amino acids; 35.5 kDa)
was identified with FP-alkyne in the P. chrysosporium supernatant
(log2-fold enrichment of 7.18) and in the SBF (log2-fold enrich-
ment of 2.37). Phchr2|126075 belongs to the CE1 family and
contains a fungal CBM1 motif for carbohydrate binding as well as

a secretion signal. The esterase domain encompasses the residues
80-288. Of note, a homologous acetyl-xylan esterase (Phchr2|
129015, e-value of 0.0, 89% sequence identity) from the same
species was previously characterized56. For characterization,
phchr2|126075 was cloned into the pKLAC2 vector and over-
expressed in Kluyveromyces lactis. As expected from the sequence
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Fig. 2 ABPP of P. chrysosporium supernatants. a Workflow of the analysis. P. chrysosporium suspension cultures were grown for 5 days on a minimal
medium supplemented with beech wood chips. The solid material was filtered off, the filtrate lyophilized, and the residue was subjected to ABPP with the
corresponding probes. b ABPP of SHs without (left panel, log2-fold change ≥2 compared to DMSO is indicated) or after pretreatment with 50 µM paraoxon
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COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-04141-x ARTICLE

COMMUNICATIONS BIOLOGY | (2022)5:1254 | https://doi.org/10.1038/s42003-022-04141-x | www.nature.com/commsbio 5

188



homology, Phchr2|126075 displayed esterase activity against
pNP-acetate and subsequent assays revealed the highest enzyme
activity at a pH of 8 and 40 °C, respectively (Supplementary
Fig. 3). Further kinetic characterizations then revealed a Vmax of
41.7 Umg−1 protein and KM of 0.67 mM for pNP-acetate
hydrolysis (Fig. 4a).

β-glucanase activity of Phchr2|2915237. Phchr2|2915237 (422
amino acids; 46.5 kDa) was identified and enriched with JJB111 in
both the soluble supernatant (log2 fold change: 10.71) and the
SBF (log2 fold change: 4.11). An analysis with InterProScan
indicates the presence of a GH5 cellulase domain encompassing
residues 67-330. Phchr2|2915237 also contains an extracellular
secretion signal but no transmembrane domains. A HHpred59

analysis predicts either β-1-3 glucanases65 (e-value: 9.7e−35; 44%
sequence identity:) or β-1-4-xyloglucanases66 (e-value: 8.8e−24,
18% sequence identity) as the closest structural homologs.
Additionally, homologs of Phchr2|2915237 are present in dif-
ferent wood-degrading fungal species, such as Trametes or
Pleurotus as identified via BLASTP67. The closest characterized
homolog (e-value: 9e−108, 45% sequence identity) of Phchr2|
2915237 belongs to the yeast Candida albicans and plays a role in
cell wall metabolism and restructuring68.

We heterologously expressed Phchr2|2915237 in Aspergillus
oryzae and studied its substrate specificity using a variety of
chromogenic p-nitrophenol-sugar conjugates as well as different
polysaccharides after purification. Phchr2|2915237 showed high
GH activity if pNP-Glc and pNP-Xyl were used as substrates,
while with pNP-Ara only residual and with pNP-Man, pNP-
GlcNAc, and pNP-Gal no hydrolytic activity was observed
(Fig. 4b). For pNP-Glc hydrolysis, a pH and temperature
optimum of 5 and 60 °C, respectively, was elucidated (Supple-
mentary Fig. 3). A 3, 5-dinitrosalicylic acid (DNSA) assay
revealed that Phchr2|2915237 was also able to degrade both
lichenan and beech wood xylan, while carboxymethyl cellulose
(CMC), galactomannan, xyloglucan, and curdlan were no suitable
substrates (Fig. 4b). More detailed kinetic characterizations
revealed a Vmax of 999 Umg−1 protein and a KM of 1.82 mM
as well as a Vmax of 612 Umg−1 protein and a KM of 6.98 mM for
pNP-glucopyranoside and pNP-xylopyranoside, respectively. For
polysaccharide degradation, a Vmax value of 107 Umg−1 protein

with a KM value of 5.5 mgmL−1 as well as a Vmax value of
71.6 Umg−1 protein and a KM value of 13.8 mg mL−1 was
determined with lichenan and beech wood xylan, respectively,
showing that Phchr2|2915237 is also able to cleave natural, more
complex sugar polymers (Fig. 4c). To determine if Phchr2|
2915237 functions as an exo- or endo-glucanase/xylanase, we
analyzed the hydrolysis products of xylan and lichenan generated
by Phchr2|2915237 via thin-layer chromatography. No mono-
saccharides were cleaved from the glucan chains; we instead
observed the formation of polysaccharide degradation products
with unknown length (Supplementary Fig. 4). In addition, a
coupled assay using either a glucose or xylose dehydrogenase also
showed no formation of either glucose or xylose by Phchr2|
2915237 during hydrolysis of lichenan and xylan, respectively.

Activity of Phchr2|3002168 DUF family protein. Phchr2|3002168
(691 amino acids; 74.4 kDa) is an uncharacterized protein that
was enriched by JJB111; its JJB111 labeling was competed by
pretreatment with KY371. The four-domain protein Phchr2|
3002168 is annotated as a glutaminase, but our ABPP approach,
as well as our previously described additional sequence analyses
suggested a possible GH activity. Moreover, a full proteome
analysis of different fungal species including P. chrysosporium
revealed that some of them secreted Phchr2|3002168-homologous
proteins in the presence of lignocellulose69.

We, therefore, tried to characterize this protein via biochemical
assays. However, all our attempts to express and purify Phchr2|
3002168 in E. coli or A. oryzae failed, emphasizing again the
persisting difficulties of an expression- vs. an ABPP-based
functional biocatalyst screening of fungal proteins. To confirm
the activity of Phchr2|3002168 as a GH, we, therefore, searched
for close homologs in other organisms and found WP_074995790
from Streptomyces misionensis (e-value: 0.0; 42% sequence
identity) as a promising candidate. Please note that although
WP_074995790 displays the same four domain structure as
Phchr2|3002168, the InterPro protein annotation just lists the
DUF5127 domain.
We, therefore, overexpressed WP_074995790 (752 amino

acids; 80.5 kDa) and, although this enzyme was difficult to
handle due to strong aggregation tendency in biochemical assays,
we were able to perform some enzyme assays with this

Table 1 Overview of the ABPP-identified enzymes from profiling the supernatant of P. chrysosporium suspension cultures grown
on minimal medium supplemented with beech wood chips.

Protein ID Annotation Used ABP Log2 fold change MW [kDa] Predicted function

Phchr2|126075 CE1-CBM1 FP-alkyne 7.19 35.59 acetyl-xylan esterase
Phchr2|2912243 CE15 FP-alkyne 5.35 44.29 4-O-methyl-glucuronoyl methylesterase
Phchr2|2915237 GH5 subfamily 9 JJB111 10.71 46.55 1,4-β-endoglucanase
Phchr2|3024052 GH3 JJB111 8.55 86.85 1,4-β-xylosidase
Q66NB7; Phchr2|2985730 GH5 subfamily 6 JJB111 8.45 40.41 1,4-β-glucanase
Q9URP5;O74203 CBM1-GH3 JJB111 6.82 85.56 β-glucosidase
Phchr2|2895579 GH5 subfamily 9 JJB111 5.59 73.50 1,3-β-glucosidase
Phchr2|2990154 GH30 subfamily 3 JJB111 5.58 65.13 1,6-β-endoglucanase
Phchr2|3002168 DUF JJB111 5.39 74.43 DUF1793, DUF4964, DUF4965, DUF5127
Phchr2|3004260 GH79 JJB111 4.99 48.99 β-glucuronidase
Phchr2|2981757 GH5 subfamily 5 JJB111 3.26 42.05 1,4-β-endoglucanase
Phchr2|2927412 GH74 JJB111 2.99 79.15 exo-1,3-β-xyloglucanase/reducing end-specific

cellobiohydrolase
Phchr2|2916357 GH28 JJB111 2.52 53.53 galacturonase
W5ZNX7;C6H06; Phchr2|
123909

GH16 JJB111 2.21 33.57 endo-1,3-β-glucanase

Phchr2|3006243 GH18, CBM5 JJB111 2.09 54.31 endo-1,3-β-glucanase

Two SHs, 12 GHs, and one protein (DUF) with four DUFs with similarities to GHs were elucidated from FP-alkyne and JJB111 labeling, respectively.
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preparation. Due to its original assignment as a glutaminase, we
started with corresponding glutaminase enzyme assays but were
unable to detect any conversion of a glutamine substrate. We next
screened for GH activity by testing the same set of pNP-based
sugar substrates used before with Phchr2|2915237. Satisfactorily,
we were able to detect a weak β-galactosidase activity with a total
specific activity of 0.85 Umg−1 protein. All other tested pNP-
substrates were, however, not hydrolyzed (Fig. 4b). Altogether,
these biochemical assays, therefore, demonstrated a GH activity
of WP_074995790, although the observed overall weak β-

galactosidase activity predicts that other carbohydrate structures,
e.g., more complex polymeric carbohydrates, may represent better
substrates.

Discussion
White rot fungi exhibit excellent decomposition abilities and are
responsible for the degradation of lignin in plant biomass; they
have therefore attracted considerable interest as resources for
identifying biotechnologically-relevant enzymes56,70. Among them,
the species P. chrysosporium seems to be particularly well-suited as
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Fig. 3 ABPP of P. chrysosporium substrate-bound fraction (SBF). a Workflow of the SBF analysis. P. chrysosporium suspension cultures were grown for
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a starting point for biocatalyst discovery as its enzymes are often
thermostable due to its rather high growth temperature optimum
of 40 °C71. Accordingly, multiple proteomic studies have investi-
gated its secretome during growth on lignocellulose substrates with
the aim of identifying lignocellulose-degrading biocatalysts,
although most of the identified biocatalysts have never been vali-
dated biochemically46,55,69,72.
Here we described an alternative approach for identifying

biotechnologically-relevant enzymes via ABPP with enzyme class-
specific ABPs that allows to focus the analysis on only active
enzymes with relevance to the overall biological process. This
approach can be employed to rapidly analyze extracellular soluble
(supernatant) biocatalysts. More importantly, however, it can also
be used, as described here for the first time, to identify substrate-
bound biocatalysts, e.g., in our case, enzymes attached to solid
lignocellulose in the form of beech wood chips. The ABPP
approach represents a preselection step for the most promising
biocatalysts. Its application to soluble enzymes or enzymes
directly bound to substrates thereby allows a technically
straightforward functional screening that we anticipate may find
wider application in targeted biocatalyst discovery. The use of
further ABPs, e.g., GH-directed probes with different α/β-speci-
ficity or different sugar selectivity50, will thereby enable to elu-
cidate additional enzymes for lignocellulose degradation.
To demonstrate the applicability of this approach, we bio-

chemically validated three of the identified ABPP ‘hits’. We
selected one SH target of the FP-alkyne as well as one GH target
of the JJB111 ABPP labeling approach. In addition, we chose to
characterize a bacterial homolog of one target enzyme, Phchr2|
3002168, which has not been assigned as a carbohydrate-active
enzyme (CAZyme) based on sequence analyses. The FP-alkyne
identified CE1 family protein Phchr2|126075 was homologous to
a characterized acetyl-xylan esterase73, and we were able to
confirm a potent hydrolytic activity against pNP-acetate. This
suggests a potential biotechnological application of this enzyme in
the first steps of hemicellulose degradation, which is the cleavage
of acetyl groups on lignocellulose. Phchr2|2915237 was identified
as a promiscuous and highly catalytically active polysaccharide-
cleaving β-endoglucanase that shows activity against both xylan
and lichenan as well as against pNP-Glc and pNP-Xyl and
releases neither glucose nor xylose from lichenan or xylan chains,
respectively. It therefore most likely contributes to the breakdown
of lignocellulose in P. chrysosporium. Phchr2|2915237 contains a
secretion signal for extracellular transport and is predicted to
belong to the GH5 subfamily 9. So far, only a few enzymes from
this subfamily are known, most of which contain exo-β-1,3- or

exo-β-1,4-glucanase activity in addition to an endo-1,6-glucanase
activity in some family members. A total of 17 family members
have been characterized, all of them either belonging to different
yeast or Aspergillus species, while no homolog has been described
in any basidiomycete so far. Characterized homologs of Phchr2|
2915237 have been found to play key roles in morphogenetic
processes during development and differentiation, for example, in
Candida albicans where exo-β-1,3-glucanases partially hydrolyze
cell wall areas, enabling the insertion of new cell wall material,
and can additionally also cleave 1,4 and 1,6 glycosidic bonds68. In
S. pombe, a GH5 subfamily 9 protein was able to hydrolyze both
β-1,3 and β-1,6 glycosidic bonds74,75. However, different homo-
logs have also been shown to function as antifungal enzymes or to
be involved in plant cell wall degradation76,77. Interestingly,
Phchr2|2915237 also shows some similarity to endo-1-4-
glucanases that have been shown to catalyze the cleavage of dif-
ferent xylo/gluco-oligosaccharides66. Regarding the cleavage of
fungal cell walls in P. chrysosporium, so far, mostly GH16 and
GH55 enzymes have been attributed to be involved in cell wall
morphogenesis and nutrient recycling78. Although we do not
know the exact in vivo functions of Phchr2|2915237, its export
seems to be induced when P. chrysosporium is grown on lig-
nocellulose and its dual endo-glucanase/xylanase activity would
allow the enzyme to take part in the degradation of plant cell wall
material. The overall high enzymatic activity and the broad
substrate specificity of Phchr2|2915237, in conjunction with its
compatibility with heterologous expression in an industrial-
relevant production organism such as A. oryzae turns this enzyme
into a promising biocatalyst for efficient carbohydrate degrada-
tion. Finally, we were able to show the potential of ABPP to
annotate also proteins of unknown or misassigned function.
Phchr2|3002168 was identified by labeling with the GH probe
JJB111. As we, however, failed to directly express this protein, we
instead characterized the highly homologous protein
WP_074995790 from S. misionensis, a bacterium also known to
degrade cellulose in the form of sugarcane bagasse79. We could
confirm a β-galactosidase activity even though the total specific
activity was low. This indicates that WP_074995790 might indeed
possess GH activity but that we were not able to identify the
native substrates for these novel enzymes so far. However, based
on our labeling approach, sequence analysis, and enzyme assays,
we suggest that proteins containing DUF4964, DUF5127,
DUF4965, and DUF1793 domains, such as Phchr2|3002168 or
WP_074995790 may function as glycoside hydrolases.
However, it should be noted that the reported ABPP approach

in this study has also some limitations. The identification of

Table 2 Overview of the ABPP-identified enzymes from profiling the substrate-bound fraction (SBF) of P. chrysosporium
suspension cultures grown on minimal medium supplemented with beech wood chips.

Protein ID Annotation Used ABP Log2 fold change MW [kDa] Predicted function

Phchr2|3002242 GH3 JJB111 6.20 92.86 β-glucosidase
Phchr2|3004009 GH17 JJB111 4.73 33.78 1,3-β- glucanosyltransferase
Phchr2|2895579 GH5 JJB111 4.44 73.50 1,3-β-glucosidase
Phchr2|2915237a GH5, subfamily 9 JJB111 4.11 46.55 1,4-β- endoglucanase
Phchr2|2945552 GH3-WSC JJB111 3.99 98.95 β-glucosidase
Phchr2|3038646 GH25 JJB111 3.75 24.47 muramidase
Phchr2|3003144 GH3 JJB111 2.65 92.83 β-glucosidase
Phchr2|2912243a CE15 FP-alkyne 6.35 44.29 glucuronoyl methylesterase
Phchr2|2983171 CE1, CBM1 FP-alkyne 5.93 31.85 acetyl-xylan esterase
Phchr2|2918304 CE15, CBM1 FP-alkyne 3.24 47.47 glucuronoyl methylesterase
Phchr2|126075a CE1, CBM1 FP-alkyne 2.37 35.59 acetyl-xylan esterase

aEnzymes that were also labeled in the supernatant (Table 1).
Four SHs and seven GHs were elucidated from FP-alkyne and JJB111 labeling, respectively.
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Fig. 4 Biochemical characterization of selected identified enzymes. a Phchr2|126075 was heterologously produced in K. lactis and activity was confirmed
against pNP-acetate by following the release of pNP with a Vmax of 41.7 Umg−1 protein and a KM of 0.67mM. b Substrate specificity of Phchr2|2915237
and WP_074995790 from S. misionensis. The activity with different p-nitrophenol-based substrates was determined by measuring the release of pNP. The
activity on complex polysaccharides was determined via the DNSA assay that quantifies the formation of reducing ends upon polysaccharide cleavage.
Phchr2|2915237 displayed the highest activities with pNP-Glc, pNP-Xyl, lichenan, and beech wood xylan, while WP_074995790, a close homolog of
Phchr2|3002168 showed activity only with pNP-Gal as a substrate with a specific activity of 0.85 Umg−1 protein. c Kinetic characterization of Phchr2|
2915237 using pNP-Glc, pNP-Xyl, lichenan, and beech wood xylan as substrates. All activity measurements were performed in triplicate (n= 3), mean
values are shown and the error bars indicate the standard deviation (SD).
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potential ABPP target proteins is influenced by the cell culturing
conditions as the composition of proteins secreted by P. chry-
sosporium is dependent on culture growth time and the source
and treatment of lignocellulosic biomass. Since both factors were
fixed in this study, the scope of potential targets is limited to the
proteins produced and secreted under these conditions. In
addition, the usage of additional ABPs, preferentially with dif-
ferent target specificity, may allow the identification of further
enzymes. ABPP labeling may also be lowered by the presence or
enzyme-mediated production of competing metabolites. Finally,
most ABBP methods currently require subsequent bioinformatics
analysis and the verification of target hits via expression and
purification due to a small proportion of unspecific labeling
during ABPP profiling.
In conclusion, our ABPP approach may help to overcome a

persisting challenge in biocatalyst discovery: the difficulty to link
data from a functional screen to sequence information. The ABPP
approach shortcuts this and allows to narrow the analysis to
active enzymes targeted by the enzyme-selective ABP probe. As
more and more ABPs become available, this may allow to identify
biocatalyst ensembles even for the degradation of complex sub-
strates solely by assembling together identified enzymes from
different ABPP screening campaigns.

Methods
Chemicals. Chemicals for cultivation of Escherichia coli and P. chrysosporium DSM
1556, including yeast extract, malt extract, soytone, lysogeny broth, TRIS, MES, and
salts for minimal media were obtained from Carl Roth (Germany). Beech wood
chips for growth were obtained from J. Rettenmaier Söhne GmbH & Co. KG.
(Germany). Carboxymethyl cellulose (CMC), lichenan, mannan, xyloglucan, and
glucomannan were purchased from Sigma Aldrich (USA), and beech wood xylan
was purchased from Carl Roth (Germany). para-nitrophenol (pNP), para-nitro-
phenyl-β-D-galactopyranoside (pNP-Gal), para-nitrophenyl-acetate (pNP-acetate),
para-nitrophenyl-β-D-glucopyranoside (pNP-Glc), para-nitrophenyl-β-D-xylopyr-
anoside (pNP-Xyl), para-nitrophenyl-β-D-mannose (pNP-Man), para-nitrophenyl-
β-D-arabinofuranoside (pNP-Ara), and para-nitrophenyl-N-acetyl-β-D-glucosa-
mine (pNP-GlcNAc) were purchased from Megazyme (Ireland), n-dodecyl β-D-
maltoside (DDM) was obtained from Thermo Scientific (USA) and bovine serum
albumin (BSA) from VWR Chemicals (USA). The sources of supply of more
methodology-specific reagents are reported in the corresponding procedure
section.

Cell growth and storage. P. chrysosporium DSM 1556 was obtained from the
DSMZ (Germany). For long-term storage P. chrysosporium DSM 1556 was grown
on MYP-agar plates (6 g L−1 malt extract; 1 g L−1 peptone from soy, 0.5 g L−1 yeast
extract) for 2 days at 37 °C. Afterward, cells were scraped off, resuspended in
100 µL aliquots of sterile 50% (v/v) glycerol and stored at −80 °C as a glycerol
stock. For the growth of solid cultures, 1.5% (w/v) MYP-Agar was inoculated with
20 µL of P. chrysosporium DSM 1556 glycerol stock and grown for 2 days at 37 °C
until the whole agar plate was covered with fungal hyphae. Afterward minimal
medium containing 2.5 g L−1 K2HPO4, 0.02 g L−1 KH2PO4, 0.1 g L−1 NaCl,
0.02 g L−1 CaCl2, 0.1 g L−1 (NH4)2SO4, 0.02 g L−1 MgSO4, 0.001 g L−1 FeSO4, and
40 g L−1 beech wood chips at pH 5 supplemented with 100 µg mL−1 of chlor-
amphenicol to inhibit bacterial growth were inoculated with plate grown P. chry-
sosporium DSM 1556. Suspension cultures were incubated for 5 days at 37 °C under
constant shaking (180 rpm). Cell growth was tracked by following the formation of
fungal hyphae as well as by the macroscopic degradation of the growth substrate. E.
coli Rosetta DE3 was either grown in standard LB-medium (10 g L−1 tryptone,
10 g L−1 NaCl, 5 g L−1 yeast extract) in precultures or in TB-medium (22 g L−1

yeast extract, 12 g L−1 tryptone, 4 mL L−1 glycerol, 0.072 M K2HPO4, 0.017M
KH2PO4, pH 7.2) for heterologous overexpression of enzymes. Kluyveromyces lactis
GG799 was grown in supplied media of the NEB K. lactis protein expression kit
(New England Biolabs, USA) or in YPGlu media (10 g L−1 yeast extract, 20 g L−1

peptone, 2 % glucose, pH 7) for heterologous overexpression.

Production of supernatant and SBF. After 5 days, the supernatant was removed
and sterilized by filtration through a 0.2 µm filter (Filtropur S 0.2; Sarstedt, Ger-
many). To obtain MS samples, 50 mL (labeling) culture supernatant was snap-
frozen, lyophilized overnight, and subsequently stored at −20 °C until further
analysis. For the isolation of substrate-bound proteins, P. chrysosporium DSM 1556
was grown on 40 g L−1 beech wood chips in a minimal medium in 50 mL of
submerged culture per replicate for a total of three or four biological replicates,
respectively. After a growth time of 5 days, the beech wood chips were separated
from the culture medium and free fungal cells by decantation and the remaining

wood chips were washed three times with 50 mL of buffer (50 mM TRIS, pH 8) by
centrifugation (3000 × g, 10 min, 4 °C) to remove all unbound proteins and cells.
The pelleted wood chips were then incubated in 5 mL of 50 mM TRIS pH 8
containing 0.1 % (w/v) of the MS-compatible detergent DDM at 37 °C for 30 min
under constant shaking at 180 rpm to solubilize all substrate-bound proteins.
Similar to the supernatant, 5 mL of the detachment solution was snap-frozen,
lyophilized overnight, and subsequently stored at −20 °C until further analysis.

Large-scale labeling for target identification. All probes and competitors were
dissolved in DMSO. To identify enzyme targets of FP-alkyne and JJB111, lyophi-
lized proteins were resuspended in 2 mL (supernatant) or 100 µL (SBF) of either
50 mM Na2PO4 (pH 8.0) (FP-alkyne labeling) or 50 mM NaOAc (pH 5.0) (JJB111
labeling), respectively, and the protein concentration was determined with Roti®-
Nanoquant (modified Bradford assay; Carl Roth, Germany). A total amount of
400 µg (supernatant) or 100 µg (substrate-bound fractions) protein was labeled
with 2 µM of the indicated probe (1 h, 37 °C, vigorous shaking). For the compe-
tition of labeling with indicated ABPs, either 50 µM paraoxon (FP-alkyne labeling)
or 20 µM KY358-acyl or KY371 (JJB111 labeling) was used as indicated (30 min,
37 °C, vigorous shaking). FP-alkyne labeled proteins were subsequently subjected
to a click reaction with 10 µM TAMRA-biotin-N3 (Jena Bioscience, Germany),
100 µM TBTA (Sigma Aldrich, USA), 2 mM TCEP (Sigma Aldrich, USA), and
1 mM CuSO4 (Sigma Aldrich, USA; 1 h, room temperature, in the dark).

Affinity enrichment and MS sample preparation. Prior to affinity enrichment, a
modified methanol-chloroform80 precipitation was performed to clean up proteins.
Briefly, protein solutions were incubated with four equivalents of methanol
(−20 °C, overnight) before one equivalent of chloroform and three equivalents of
MS-grade water (VWR Chemicals, USA) were added. The precipitated proteins
were washed twice with methanol, dried on air, and then dissolved in a final
volume of 8 mL 0.2 % (w/v) SDS in 1× PBS (155 mM NaCl, 3 mM Na2HPO4,
1.06 mM KH2PO4, pH 7.4) under gentle shaking (37 °C, 30 min). For enrichment
of ABP-reacted proteins, the obtained protein solution was incubated with 100 µL
of avidin bead slurry (Thermo Scientific, USA) while gently rotating (1 h, room
temperature). Next, the beads were washed five times with 0.2 % (w/v) SDS
(10 min, room temperature, gently rotating), followed by three washes with MS-
grade H2O (5 min, room temperature, vigorously shaking), and collected by cen-
trifugation (400 × g, room temperature, 5 min). The washed beads were taken up in
100 µL of 0.8 M urea (GE Healthcare Life Sciences, USA) in 50 mM ammonium
bicarbonate (ABC), the proteins were reduced with 5 mM dithiothreitol (DTT,
Sigma Aldrich, USA) in 50 mM ABC (30 min, 37 °C, vigorous shaking), and
subsequently alkylated by adding 10 mM iodoacetamide (IAM) in 50 mM ABC
(30 min, 37 °C, in the dark). The alkylation reaction was quenched by adding DTT
to a final concentration of 10 mM. For protein digestion, 1 µg trypsin (Thermo
Fisher Scientific, USA) in 50 mM acetic acid was added (37 °C, 16 h, vigorous
shaking). The beads were collected by centrifugation (5 min, room temperature,
650 × g) and the supernatant was recovered and mixed with formic acid (FA) to a
final concentration of 0.5% (v/v). To wash the beads, 40 µL 1% (v/v) FA were added
(5 min, room temperature, vigorous shaking) and the supernatant was combined
with the recovered digestion mix. To remove the remaining beads from the peptide
solution, the mix was centrifuged (5 min, room temperature, 100×g) through a
homemade two-disc glass microfiber membrane (GE Healthcare, USA; pore size
1.2 µm, thickness 0.26 mm) StageTip. The cleared peptide solution was then
desalted on homemade C18 StageTips as described (for the protocol used, see
below).

Sample clean-up for LC-MS/MS. All peptide solutions after digestion and
removal of solid matter were desalted using homemade C18 StageTips as described
previously81. All centrifugation steps were performed in the range of 400–800 × g
and for 1–3 min at room temperature. Briefly, the acidified tryptic digests were
passed over two-disc StageTips and the immobilized peptides were washed twice
with 0.5% (v/v) FA. The peptides were eluted from the StageTips by a two-step
elution with 80% (v/v) acetonitrile containing 0.5% (v/v) FA. After elution from the
StageTips, samples were dried using a vacuum concentrator (Eppendorf, Germany)
and the peptides were resuspended in 15 µL 0.1% (v/v) FA. The thus prepared
samples were directly used for LC-MS/MS experiments (see below for details).

LC-MS/MS. LC-MS/MS experiments were performed on an Orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific, USA) that was coupled to an
EASY-nLC 1200 liquid chromatography (LC) system (Thermo Fisher Scientific,
USA). The LC was operated in the one-column mode and the analytical column
was a fused silica capillary (inner diameter 75 μm× 36–46 cm) with an integrated
PicoFrit emitter (New Objective, USA) packed in-house with Reprosil-Pur 120
C18-AQ 1.9 μm (Dr. Maisch, Germany). The analytical column was encased by a
column oven (Sonation, Germany) and attached to a nanospray flex ion source
(Thermo Fisher Scientific, USA). The column oven temperature was adjusted to
50 °C during data acquisition. The LC was equipped with two mobile phases:
solvent A (0.1% (v/v) FA, in water) and solvent B (0.1 % (v/v) FA, 20% (v/v) H2O,
in acetonitrile). All solvents were of UHPLC (ultra-high-performance liquid
chromatography) grade (Honeywell, Germany). Peptides were directly loaded onto
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the analytical column with a maximum flow rate that would not exceed the set
pressure limit of 980 bar (usually around 0.5–0.8 µL min−1). Peptide solutions were
subsequently separated on the analytical column using different gradients (105 min
length; for details, see Supplementary File Sample_Legend_and_LC-MS_Settings,
Section “LC_Settings”).

The mass spectrometer was operated using Xcalibur software v4.3.7.3.11. The
mass spectrometer was set in the positive ion mode. Precursor ion scanning (MS1)
was performed in the Orbitrap analyzer (FTMS; Fourier Transform Mass
Spectrometry with the internal lock mass option turned on (lock mass was
445.120025m/z, polysiloxane))82. Dynamic exclusion was turned on (exclude after
n times= 1; Exclusion duration (s)= 120; mass tolerance= ±10 ppm). MS2

product ion spectra were recorded only from ions with a charge bigger than +1
and in a data-dependent fashion in the ITMS (Ion Trap Mass Spectrometry). All
relevant, individual MS settings (resolution, scan rate, scan range, AGC, ion
acquisition time, charge states, isolation window, fragmentation type and details,
cycle time, number of scans performed, and various other settings) for the
individual experiments can be found in Supplementary File
Sample_Legend_and_LC-MS_Settings, Section “MS_Settings”).

Protein identification using MaxQuant and Perseus. RAW spectra were sub-
mitted to an Andromeda search in MaxQuant83 (version 1.6.10.43) using the
default settings. Label-free quantification and match between runs was activated.
MS/MS spectra data were searched against the UniProt P. chrysosporium (Pha-
nerochaete_chrysosporium_Uniprot_210114.fasta; 430 entries) and Joint Genome
Institute P. chrysosporium (Phanerochaete_chrysosporium_JGI_210114.fasta)42

(best-filtered model, 13602 entries) database. All searches included a contaminants
database (as implemented in MaxQuant, 246 sequences). The contaminants
database contains known MS contaminants and was included to estimate the level
of contamination. Andromeda searches allowed the oxidation of methionine
residues (16 Da), acetylation of the protein N-terminus (42 Da) as dynamic
modifications, and the static modification of cysteine (57 Da, alkylation with IAM).
Enzyme specificity was set to “Trypsin/P”. The instrument type in Andromeda
searches was set to Orbitrap and the precursor mass tolerance was set to ±20 ppm
(first search) and ±4.5 ppm (main search). The MS/MS match tolerance was set to
±0.5 Da. The peptide spectrum matched FDR and the protein FDR were set to 0.01
(based on the target-decoy approach). The minimum peptide length was seven
amino acids. For protein quantification, unique and razor peptides were allowed.
Modified peptides with dynamic modifications were allowed for quantification. The
minimum score for modified peptides was 40. Match between runs was enabled
with a match time window of 0.7 min and match ion mobility window of
0.05 min84. Further data analysis and filtering of the MaxQuant output was done in
Perseus v1.6.2.3.85 Label-free quantification (LFQ) intensities were loaded into the
matrix from the proteinGroups.txt file and potential contaminants, as well as hits
from the reverse database and hits only identified by peptides with a modification
site, were removed. Related biological replicates were combined into categorical
groups to allow comparison of different treatments or culture media. The data were
transformed to the log2-scale and only those proteins that were found in two of
three or three of four replicates, respectively, were investigated separately. Prior to
quantification, missing values were imputed from a normal distribution (width 0.3,
downshift 1.8).

In labeling experiments, the log2-fold enrichment of protein groups by FP-
alkyne or JJB111 was calculated based on a two-sided Student’s t-test (permutation-
based FDR: 0.05, s= 0.1, 250 randomizations) compared to the DMSO control.
Proteins with a log2-fold change >2 were considered significantly enriched and all
proteins with a positive fold change were plotted against their numerical order. To
examine the effect of the competitor pretreatment on protein enrichment, a two-
sided Student’s t-test (permutation-based FDR: 0.05, s= 0.1, 250 randomizations)
was performed to calculate the difference in protein abundance between
noncompetitive and pretreated probe-labeled samples and the statistical
significance of the fold change. The log2-fold change for samples preincubated with
the corresponding competitors compared to noncompetition samples labeled with
the respective probe was plotted against the –log p value. Proteins with a reduction
of >75% in their abundance and a p value < 0.01 were considered as primary hits,
while proteins with a p value < 0.05 were reported as secondary hits. The protein ID
was reported as either JGI ID or Uniprot ID.

Isolation of P. chrysosporium mRNA, cDNA synthesis, and cloning. For the
synthesis of cDNA from P. chrysosporium DSM 1556, suspension cultures were
grown on a minimal medium with beech wood chips for 5 days. Afterward, cells
were separated from the beech wood chips by decantation and collected by cen-
trifugation (6000×g, 4 °C, 30 min) and resuspended in 5 mL buffer (10 mM TRIS,
pH 8). About 500 µL of cells were then transferred into a 0.1/0.5 mm bashing beads
vial (Zymo Research, USA) and lysed in a bead beater (Precellys 24, VWR, USA).
Afterward, cell debris was removed by centrifugation (16,000×g, 2 min) and RNA
was isolated from 300 µL of lysed cells using the Monarch total RNA isolation kit
(New England Biolabs, USA), by mixing with 300 µL of RNA lysis buffer. After
RNA isolation, a cDNA library of P. chrysosporium DSM 1556 was synthesized
using the SMARTer PCR cDNA synthesis kit (Takara Bio Europe, France). cDNA
was stored at −20 °C and used for the amplification and sequencing of targeted
genes. The P. chrysosporium gene phchr2|126075 was amplified without introns

from cDNA using Q5® polymerase (New England Biolabs, USA) and the following
gene-specific primers (Eurofins Genomics, Germany) 5′-ATGAGGTTGA-
CATGTCCC-3′ and 5′-ACCTCCAATTCCTCGG-3′. The resulting PCR product
was then used as a template for the amplification of phchr2|126075 containing
additional specific restriction sites for the pKLAC2 vector using the following
primers: 5′-GAGGAGCATATGATGAGGTTGACATGTCCC-3′ and 5′-GAG-
GAGCTCGAGACCTCCAATTCCTCGG-3′ (NdeI and XhoI restriction sites
underlined). Afterward, the PCR products were purified using the Wizard® SV Gel
and PCR clean-up kit (Promega, USA). Phchr2|126075 was cloned into the pKLac2
vector (Novagen, USA), after restriction digest of the purified PCR products and
the empty vector with the respective restriction enzymes (NEB, USA). The
restricted PCR product and vector were used in a molar ratio of 1:4 for ligation
using T4 DNA ligase (New England Biolabs, USA) at 16 °C overnight. E. coli DH5α
cells (Novagene, USA) were transformed with the obtained constructs and the
presence of successfully cloned genes was confirmed by sequencing using the gene-
specific primers above. pKLAC2:phchr2|126075 was then transformed into K. lactis
GG799 following the manufacturer’s instructions (New England Biolabs, USA).
Correct integration of phchr2|126075 was confirmed by PCR using the supplied
integration primers. Transformed clones were inoculated in 2 mL of YPGlu
medium to test for secretion of Phchr2|126075. Expression clones were isolated and
resuspended in 250 µL of sterile 20% (v/v) glycerol and stored for further use at
−80 °C. For expression of phchr2|3002168 from P. chrysosporium and
WP_074995790 from Streptomyces misionensis in E. coli Rosetta DE3, the coding
sequences of both genes were synthesized by BioCat (Germany) without secretion
signals for cloning into the pET20b-vector (with C-terminal His-tag). For het-
erologous overexpression, E. coli Rosetta DE3 was freshly transformed with the
corresponding plasmid.

Heterologous overexpression of phchr2|126075, phchr2|2915237, and
WP_074995790. Recombinant production of Phchr2|126075 was performed in K.
lactis GG799 (New England Biolabs, USA). After transformation, the culture
supernatant was collected by centrifugation (4000 × g, 30 min, 4 °C) and screened
for the clone with the highest activity against pNP-acetate (50 mL culture volume).
To this end, 100 µL of the supernatant was incubated with 100 µL of 50 mM TRIS
pH 8 and 400 µM pNP-acetate, and the release of p-NP was determined at 410 nm
in a 96-well plate (BRANDplates®, BRAND, Germany) using a Tecan infinite
M200 plate reader (Tecan Trading AG, Switzerland). For protein expression, 50 mL
of culture was inoculated with 1% (v/v) of a pre-culture and incubated for 3 days at
30 °C. Afterward, cells were centrifuged (4000 × g, 30 min, 4 °C), and the super-
natant passed through a 0.45 µm filter (Rotilabo® syringe filter, Carl Roth, Ger-
many) before being used for determination of esterase activity of Phchr2|126075.

For the production of WP_074995790, a freshly inoculated E. coli Rosetta DE3
[pET20b::WP_074995790] culture in terrific broth (TB) medium (500 mL),
supplemented with 150 µgmL−1 ampicillin and 50 µg mL−1 chloramphenicol, was
grown to an OD600 of 0.8 at 37 °C under constant shaking (180 rpm). Protein
expression was induced by the addition of 1 mM isopropyl-β-D-
thiogalactopyranoside (IPTG). The cells were then incubated at 18 °C for another
16 h, collected by centrifugation (6000 × g, 20 min, 4 °C), and resuspended in 10 mL
of buffer A (50 mM TRIS-HCl pH 7.8, 200 mM KCl, 10 mM imidazole) per gram
of wet weight. Cell lysis was performed by sonication using a UP 200 S sonicator
(Hielscher Ultrasonics GmbH, Germany) for 3 × 7 min (50% amplitude, 0.5 s−1)
under constant cooling followed by centrifugation (14,000 × g, 60 min, 4 °C). For
further purification of WP_074995790, the cleared lysate was passed through a
0.45 µm filter (Rotilabo® syringe filter, Carl Roth, Germany) and applied onto a
5 mL Ni-IDA column (Cytiva, USA) equilibrated with buffer A at a flow speed of
5 mLmin−1. After washing with buffer A (20 column volumes), elution was
performed with a linear gradient of buffer B (50 mM TRIS pH 7.8, 200 mM KCl,
400 mM imidazole). The elution buffer was exchanged for storage buffer (50 mM
TRIS pH 8.0, 20 mM KCl, 10% (v/v) glycerol) using Amicon® centrifugal filter
devices (50 kDa cutoff, Merck, Germany) by repeated concentration and dilution.
For storage, proteins were flash-frozen in liquid nitrogen and stored at −80 °C.

A synthetic gene encoding Phchr2|2915237 was ordered as a gBlock from
IDTdna (USA), integrated into the genome of Aspergillus oryzae and expressed as
an extracellular enzyme as described elsewhere86. A C-terminal his-tag (6xHis) was
added to ease downstream purification. The fermentation broth was sterile filtrated
and 500 mM NaCl was added and adjusted to pH 7.5 by the addition of NaOH.
The sample was loaded onto a Ni-Sepharose™ 6 Fast Flow column (GE Healthcare,
USA) equilibrated in 50 mM HEPES, pH 7.5 with 500 mM NaCl (buffer A). After
loading, the column was washed with 10 column volumes of buffer A, and bound
proteins were eluted with 500 mM imidazole in buffer A. The fractions containing
the enzyme were pooled and applied to a Sephadex™ G-25 (medium) (GE
Healthcare, USA) column equilibrated and eluted in 100 mM HEPES pH 7.5.
Fractions were analyzed by SDS-PAGE, and fractions containing the enzyme were
combined.

Activity assay for recombinant CE1. Esterase activity was confirmed by mea-
suring the release of pNP from pNP-acetate at 410 nm in either a discontinuous or
continuous assay. To confirm the pH optimum of Phchr2|126075 1.08 µg of pro-
tein was incubated in 50 mM phosphate citrate buffer at a pH range from 5.5 to 8
with 25 mM of pNP-acetate in a total volume of 500 µL for 10 min at 35 °C.
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Afterward, the reactions were stopped by the addition of 500 µL of 0.5 M sodium
carbonate and the absorption of samples was determined at 410 nm. The pro-
duction of pNP was then calculated using the established extinction coefficient of
16.1 mM−1 cm−1 for pNP87. For determination of the temperature optimum,
Phchr2|126075 was incubated in 50 mM TRIS pH 8, 20 mM KCl and release of
pNP from pNP-acetate was continuously determined in a temperature range from
30 to 70 °C in a total volume of 500 µL. For the determination of kinetic constants,
Phchr2|126075 was incubated with different concentrations of pNP-acetate at 40 °C
in an aqueous solution containing 50 mM TRIS pH 8 and 20 mM KCl. Initial
velocities of each reaction were taken and used for the calculation of activities. All
enzyme assays were performed in triplicate.

Activity assay for recombinant glycoside hydrolases. The activity of Phchr2|
2915237 and WP_074995790 was established against different polysaccharides and
artificial pNP-conjugates. The pH and temperature optimum of Phchr2|2915237
were determined by incubating 0.5 µg of an enzyme with 200 µM of pNP-Glc or
pNP-Gal for 10 min in 500 µL phosphate citrate buffer88 at a pH range of 3–8 at
30 °C or a temperature range of 30–70 °C at pH 5, respectively. After incubation,
reactions were stopped by the addition of 500 µL of 0.5 M sodium carbonate and
cleavage of pNP-Glc was followed by determining the release of pNP at 410 nm as
described above. For measuring the substrate specificity of Phchr2|2915237 and
WP_074995790 against pNP-conjugates, either 200 µM of pNP-Ara, pNP-GlcNAc,
pNP-Gal, and pNP-Man were incubated with 10 µg of Phchr2|2915237 or 11.2 µg
of WP_074995790 or 200 µM of pNP-Xyl and pNP-Glc were incubated with 0.4 µg
of Phchr2|2915237 or 11.2 µg of WP_074995790 as described above. Kinetic
measurements against nitrophenyl substrates were performed in a discontinuous
assay by incubating different concentrations of pNP-Glc and pNP-Xyl with 0.5 µg
of Phchr2|2915237 while stopping the reaction after 1, 2, 5, and 10 min, respec-
tively. Afterward, the initial velocities of the reaction were used to calculate the
specific activity of Phchr2|2915237 towards nitrophenol substrates.

For measuring the substrate specificity of Phchr2|2915237 against xyloglucan,
galactomannan, curdlan, CMC, xylan, and lichenan, 1 µg of enzyme was incubated
with 0.5 % (w/v) of the respective polysaccharides in 500 µL of in citric acid phosphate
buffer pH 5 for 1, 2, 5, and 10min. Afterward, 500 µL of the DNSA solution (10 g L−1

DNSA, 2mL L−1 of 0.05 g L−1 sodium sulfite, 200 g L−1 potassium sodium tartrate,
and 10 g L−1 NaOH) was added and subsequently incubated at 100 °C for 15min.
Samples were then cooled on ice for 15min and centrifuged (10,000×g, 4 °C for
30min) before 250 µL of the supernatant was transferred into a 96-well plate
(BRANDplates®, BRAND, Germany). The release of reducing sugars was followed at
575 nm using a Tecan infinite M200 plate reader (Tecan Trading AG, Switzerland) and
determined using a calibration curve based on D-glucose. Background absorption due
to abiotic substrate degradation and the addition of protein solutions was determined
and subtracted from the absorption of the samples. Glutaminase activity was tested
using L-gamma-glutamyl-pNP as described before89 or by monitoring the formation of
glutamate from glutamine by glutamate dehydrogenase (Merck, Germany) via the
reduction of NAD+. To check for the formation of glucose or xylose during
polysaccharide degradation, samples were incubated as described above for 4 h.
Afterward, samples were centrifuged at 10,000×g, 4 °C for 30min, and 200 µl of
supernatant was incubated with either 2 U of glucose dehydrogenase (Sigma Aldrich,
USA) or xylose dehydrogenase (Megazyme, Ireland) and 5mM of NAD+ in 50mM
TRIS pH 8 and the formation of glucose and xylose was then measured by determining
the reduction of NAD+ to NADH. All enzyme assays were performed in triplicate.

Analysis of hydrolysis products by thin-layer chromatography (TLC). Enzymatic
reactions with 0.5 % (w/v) lichenan or beech wood xylan were performed under the
same conditions as used for the DNSA assay with 10 µg of Phchr2|2915237.
Lichenan and xylan were incubated with Phchr2|2915237 as described above, and
samples were removed after 1, 2, and 4 h. Afterward, 2.5 µl of the hydrolysis
products and control solutions were applied to aluminum sheet silica gel 60/
kieselguhr F254 plates ((20 cm × 20 cm, Merck, Germany) and separated at room
temperature with ethyl acetate, methanol and H2O (68:23:9, v/v/v) as solvent.
Plates were dried and products were visualized by treating the plates with a KMnO4

staining solution (1.5 g KMnO4, 10 g K2CO3, and 1.25 mL 10% aq. NaOH in
200 mL H2O) and incubation at room temperature for 30 min.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The mass spectrometry proteomics data for the digestions have been deposited to the
ProteomeXchange Consortium via the PRIDE90 partner repository (https://www.ebi.ac.
uk/pride/archive/) with the dataset identifier PXD030618. All data generated during this
study are included in this published article (and its supplementary information files). All
source data underlying the graphs and charts can be found in Supplementary Data 5.
Raw datasets generated during the current study are available upon request.
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Supplementary Figure 1. Combined bioinformatics and structural analysis of the four domains 

of unknown function (DUF4964, DUF5127, DUF4965 and DUF1739) protein Phchr2|3002168. 

(a) The domain structure predicted by PFAM 1 and HMMER 2 shows the presence of four DUF 

domains (DUF4964, DUF5127, DUF4965 and DUF1739) in  

Phchr2|3002168. (b) Alignment of Phchr2|3002168 with different GH family proteins (pdb code 

4RHH - Geobacillus stearothermophilus, pdb code 5NPF - Thermoanaerobacterium 

xylanolyticum and pdb code 7DKS - Thermoanaerobacterium xylanolyticum LX-11) predicted 

to be structurally similar by HHpred 3. Phchr2|3002168 shows low sequence similarity to known 

GH52 (pdb codes 4RHH and 5NPF,17.5 % and 15.1 % sequence identity, respectively) and 

GH116 (pdb code 7DKS,14.1% sequence identity). Black shaded residue, same amino acid; 

grey shaded residue, similar amino acid. (c) Pairwise structural alignment by PDBeFold 4 

shows that Phchr2|3002168 and pdb code 4C1P share 70% of secondary structure elements. 

Yellow shaded residues indicate secondary structures that are the same in the predicted 

structure of Phchr2|3002168 and pdb code 4C1P. (d) Superimposition of the Alphafold 5 

predicted structure of Phchr2|3002168 with GH52 (pdb code 4C1P, 16.1 % sequence identity) 

and a structure-based alignment show a high similarity in predicted tertiary structure. S = 

betasheet; H = alpha-helix.  
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Supplementary Figure 2. Expression and purification of Phchr2|126075 (P. chrysosporium), 

Phchr2|2915237 (P. chrysosporium) and WP_074995790 (S. misionensis, close homologue of 

Phchr2|3002168). Phchr2|126075 was heterologously expressed in K. lactis. Phchr2|2915237 

was expressed in Aspergillus oryzae. WP_074995790 was heterologously overexpressed in 

E. coli Rosetta. Proteins (2 µg) were separated via SDS-PAGE and stained via Coomassie 

Blue. Marker (M): prestained PageRuler™ (Thermo Fischer scientific, USA).  
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Supplementary Figure 3. Temperature and pH optimum for the heterologously expressed 

proteins Phchr2|126075 and Phchr2|2915237 from P. chrysosporium. (a) Temperature and (b) 

pH optimum were determined for Phchr2|126075 with pNP-acetate and for Phchr2|2915237 

with pNP-Glc as substrate using a citric acid/phosphate buffer in a discontinuous assay by 

determining the release of p-nitrophenol. All activity measurements were performed in triplicate 
(n = 3), mean values are shown and the error bars indicate the standard deviation (SD).  
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Supplemental Figure 4: Thin layer chromatography (TLC) of lichenan (a) and beech wood 

xylan (b) hydrolysis products formed by Phchr2|2915237. Lichenan (0.5 % (w/v)) or xylan (0.5 

% (w/v)) was incubated with 10 µg of Phchr2|2915237, and the reaction products after 1, 2 and 

4 hours were separated by TLC and visualized. Lichenan and glucose (a) as well as xylan and 

xylose (b) served as standards. Hydrolysis products and standards were separated on 

aluminum sheet silica gel 60/kieselguhr F254 plates using ethyl acetate, methanol and H2O 

(68:23:9, v/v/v) as solvent and stained using a KMnO4 solution.  
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5. Summary 
 

The first part (Part I) dealt with the metabolism in the third domain of life, the Archaea. One 

characteristic feature of Archaea is their membrane composition that consists of isoprenoid 

side chains that are ether linked to G1P, in contrast to bacterial and eukaryotic membrane 

lipids that consist of FA side chains that are ester linked to G3P. This evolutionary 

differentiation of membrane structures between Archaea and Bacteria is regarded as the “lipid 

divide“ and raised up questions regarding the existence and the function of FAs in Archaea. 

Since one of the main functions of FAs as key part of membrane phospholipids and thus of 

cell structure in Bacteria and Eukaryotes is substituted by isoprenoids in Archaea, the 

presence and function of FAs in Archaea remains unknown. In this work it was shown that the 

archaeal model organism S. acidocaldarius contains a fully functional largely bacterial-like β 

oxidation pathway for FA degradation which was biochemically characterized in detail. 

Furthermore, a potential novel pathway for FA synthesis acting completely independent from 

β oxidation was identified and characterized. Furthermore, this work elucidated the utilization 

of glycerol by S. acidocaldarius and compares its breakdown with known pathways from 

Bacteria and Eukaryotes and discusses how thermoacidophilic Archaea such as 

S. acidocaldarius have evolved strategies to mitigate metabolic instabilities associated with 

high temperatures.  

 

In chapter 3.1 the FA metabolism of S. acidocaldarius was elucidated by characterizing 

homologous enzymes of a bacterial-like β oxidation encoded by gene cluster saci_1103-1126. 

Here the functions of multiple acyl-CoA synthetases (FA activation), as well as acyl-CoA 

dehydrogenases (ACAD), bifunctional 3(S)-hydroxyacyl-CoA dehydrogenases/enoyl-CoA 

hydratases (HCDH/ECH) and β-ketothiolases (KT) were confirmed via heterologous 

production and characterization. All single enzymes put together in vitro were able to fully 

degrade short to medium chain acyl-CoA esters to acetyl-CoA in a functional β oxidation cycle. 

Thus, it was shown that S. acidocaldarius encodes enzymes for fully functional β oxidation 

spiral degrading acyl-CoAs up to chain lengths of C8 and this pathway shows some unusual 

features with respect to the ETF, the HCDH/ECH bifunctional enzyme and the “archaeal type” 

KTs.  

In contrast to what was previously suggested this β oxidation cycle was not reversible and is 

thus not responsible for FA synthesis in S. acidocaldarius. Instead, a potential novel pathway 

was studied, that would run independent of this β oxidation cycle. This putative anabolic 

pathway for FA synthesis shows a mosaic character with similarities to both bacterial (fabG, 

MaoC) and eukaryal (MDR enoyl thioester reductase) features mixed with unique archaeal 

properties (DUF35 domain/KT complexes, ACP independence). Candidates for all these 



 Summary  Christian Schmerling 

208 
 

enzymes were purified and biochemically characterized and were shown to be active against 

acyl-CoA intermediates with a chain length up to C8. Even though the function of FAs in 

Archaea is unknown this work provides a basic understanding of FA metabolism in Archaea 

and functions as a starting point for understanding the presence and significance of FA in 

Archaea. 

 

Chapter 3.2 presents the elucidation of a pathway for glycerol degradation in S. acidocaldarius. 

Growth curves, transcriptomic, proteomic and metabolomic data show that S. acidocaldarius 

utilizes glycerol via the concerted activity of GK and G3PDH. Biochemical characterization 

shows the ATP dependent phosphorylation of glycerol by GK and quinone dependent oxidation 

of intermediately formed G3P to DHAP. In total, this work demonstrates that S. acidocaldarius 

utilizes glycerol as growth substrate and employs a conserved classical GK (homologous to 

GlpK) for glycerol phosphorylation. However, G3P oxidation is catalysed by a GlpA-subunit 

like FAD-dependent G3PDH (Saci_2032) lacking the B and C subunits of the classical, 

bacterial GlpABC complex. Instead, it shows an unusual type of membrane association 

facilitated by a small CoxG-related protein and thus, the recruitment of the GlpA-like Saci_2032 

represents a novel function of CoxG homologues in Archaea. 

 

Chapter 3.3 discusses how Archaea circumvent metabolic problems associated with growth at 

high temperatures such as formation and accumulation of toxic by/side products. Adaption 

strategies range from detoxification reactions that remove toxic by/side-products to the usage 

of different metabolic routes of common pathways that e.g., skip labile intermediates. In total 

it seems like (hyper)thermophilic Archaea employ three base strategies for mitigation: The 

concentration of unstable metabolites is reduced, different pathway topologies allow to 

circumvent labile intermediates, and damaged metabolites are continuously removed via novel 

metabolic pathways. This review furthermore suggests a significant influence of thermolabile 

intermediates as well as of promiscuous enzymes and pathways on the evolution of the 

metabolic network in (hyper)thermophilic Archaea. 

 

The second part of this work in chapter 3.4 showcases the potential of using activity-based 

protein profiling (ABPP) biocatalyst screening technology in complex and biotechnologically relevant 

experimental settings, with the aim to rapidly identify promising lignocellulose degrading enzymes 

from complex protein samples: the secretome of the white rot fungus P. chrysosporium. The 

newly established workflow allowed for identification of a set of enzymes involved in 

lignocellulose metabolism while paying special attention to the often-neglected substrate 

bound proteins. The workflow allowed for enrichment of a wide array of serine hydrolases (SH) 
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and β-cleaving glycoside hydrolases (GH). Protein production and biochemical 

characterization confirmed the function of two labeled and previously uncharacterized proteins 

Phchr2|126075 and Phchr2|2915237 as an acetyl-xylan esterase and endo cleaving β-

glucanase, respectively. In addition, the results suggest that an unknown class of enzymes, 

DUF5127 domain proteins, could belong to a class of GH based on sequence analysis and 

enzyme assays. In total it was shown that a new established ABPP workflow can successfully 

be used for prescreening of enzymes and the involvement of these enzymes in fungal 

lignocellulose degradation was established. In theory this workflow could now be employed 

using different cultivation methods or different target organisms and could be advanced and 

refined further by the synthesis of novel ABPs. 
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6. Zusammenfassung 
 

Der erste Teil dieser Arbeit befasst sich mit dem Stoffwechsel in der dritten Domäne des 

Lebens, den Archaeen. Ein charakteristisches Merkmal der Archaeen ist ihre 

Membrankomposition, die aus Isoprenoid-Seitenketten besteht, die mit G1P über 

Etherbindungen verknüpft sind, im Gegensatz zu bakteriellen und eukaryotischen 

Membranlipiden, die aus Fettsäure-Seitenketten bestehen, die mit G3P verestert sind. Dieser 

Unterschied der Membranstrukturen zwischen Archaeen und Bakterien wird als "Lipid Divide" 

bezeichnet und wirft Fragen bezüglich der Existenz und Funktion von Fettsäuren in Archaeen 

auf. Da eine der Hauptfunktionen von Fettsäuren als Bestandteil von Membranphospholipiden 

und damit der Zellstruktur in Bakterien und Eukaryonten in Archaeen durch Isoprenoide ersetzt 

wird, ist die Funktion von Fettsäuren in Archaeen unbekannt. In dieser Arbeit wurde gezeigt, 

dass der archaeelle Modellorganismus S. acidocaldarius eine voll funktionsfähige, weitgehend 

bakterienähnliche β-Oxidation für den Abbau von Fettsäuren enthält, die biochemisch im Detail 

charakterisiert wurde. Darüber hinaus wurde ein potenzieller neuer Weg zur Fettsäure-

Synthese identifiziert und charakterisiert, der völlig unabhängig zur β-Oxidation funktioniert. 

Außerdem wurde in dieser Arbeit die Verwertung von Glycerol durch S. acidocaldarius 

aufgeklärt und dieser Abbau mit bekannten Stoffwechselwegen von Bakterien und Eukaryoten 

verglichen und erörtert, wie thermoacidophile Archaeen wie S. acidocaldarius Strategien 

entwickelt haben, um metabolische Instabilitäten im Zusammenhang mit hohen Temperaturen 

abzumildern. 

 

In Kapitel 3.1 wurde der FA-Stoffwechsel von S. acidocaldarius durch die Charakterisierung 

homologer Enzyme einer bakterienähnlichen β-Oxidation aufgeklärt, die von einem Gencluster 

(saci_1103-1126) kodiert werden. Dabei wurden die Funktionen von mehreren Acyl-CoA-

Synthetasen sowie Acyl-CoA-Dehydrogenasen (ACAD), bifunktionellen 3(S)-Hydroxyacyl-

CoA-Dehydrogenasen/Enoyl-CoA-Hydratasen (HCDH/ECH) und β-Ketothiolasen (KT) durch 

heterologe Produktion und Charakterisierung bestätigt. Alle Enzyme zusammen waren in vitro 

in der Lage, kurz- bis mittelkettige Acyl-CoA-Ester in einem funktionellen β-Oxidationszyklus 

vollständig zu Acetyl-CoA abzubauen. Somit wurde gezeigt, dass in S. acidocaldarius Enzyme 

für eine voll funktionsfähige β-Oxidationsspirale kodiert sind, die Acyl-CoAs bis zu einer 

Kettenlänge von C8 abbauen können. Dieser β-Oxidationszyklus zeigte einige ungewöhnliche 

Merkmale in Bezug auf das ETF, das bifunktionelle HCDH/ECH-Enzym und auf archaeelle 

KTs. 
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Im Gegensatz zu früheren Annahmen war diese β-Oxidation nicht reversibel und ist daher 

nicht für die Fettsäure-Synthese in S. acidocaldarius verantwortlich. Stattdessen wurde ein 

möglicher neuer Stoffwechselweg untersucht, der unabhängig von diesem β-Oxidationszyklus 

abläuft. Dieser mutmaßliche anabole Weg für die Fettsäure-Synthese zeigt einen 

Mosaikcharakter mit Ähnlichkeiten sowohl zu bakteriellen (fabG, MaoC) als auch zu 

eukaryontischen (MDR-Reduktase) Merkmalen, gemischt mit einzigartigen archaeellen 

Eigenschaften (DUF35-Domäne/KT-Komplexe, ACP-Unabhängigkeit). Die Kandidaten für alle 

diese Enzyme wurden gereinigt und biochemisch charakterisiert und ihre Funktion bestätigt. 

In Kapitel 3.2 wird die Aufklärung eines Weges für den Glycerolabbau in S. acidocaldarius 

charakterisiert. Wachstumskurven, transkriptomische, proteomische und metabolomische 

Daten zeigten, dass S. acidocaldarius Glycerol über die Aktivität einer GK und G3PDH 

verwertet. Die biochemische Charakterisierung zeigte die ATP-abhängige Phosphorylierung 

von Glycerol durch GK und die Chinon-abhängige Oxidation von intermediär gebildetem G3P 

zu DHAP. Insgesamt zeigt diese Arbeit, dass S. acidocaldarius Glycerol abbaut und eine 

konservierte klassische GK (homolog zu GlpK) für die Glycerolphosphorylierung einsetzt. Die 

G3P-Oxidation wird jedoch von einer GlpA-Untereinheit katalysiert, die der FAD-abhängigen 

G3PDH (Saci_2032) ähnelt und der die Untereinheiten B und C des klassischen, bakteriellen 

GlpABC-Komplexes fehlen. Stattdessen zeigt es eine ungewöhnliche Art der 

Membranassoziation, die durch ein kleines CoxG-verwandtes Protein vermittelt wird, und 

somit stellt die Rekrutierung des GlpA-ähnlichen Saci_2032 eine neue Funktion von CoxG-

Homologen in Archaeen dar. 

 

In Kapitel 3.3 wird erörtert, wie Archaeen metabolische Probleme umgehen, die mit dem 

Wachstum bei hohen Temperaturen verbunden sind, wie z. B. die Bildung und Anhäufung von 

toxischen Nebenprodukten. Die Anpassungsstrategien reichen von Entgiftungsreaktionen, die 

toxische Nebenprodukte entfernen, bis zur Nutzung verschiedener Stoffwechselwege, die z.B. 

labile Zwischenprodukte überspringen. Insgesamt scheinen (hyper)thermophile Archaeen drei 

grundlegende Strategien zur Schadensbegrenzung zu verwenden: Die Konzentration 

instabiler Metaboliten wird reduziert, verschiedene Stoffwechselwege ermöglichen die 

Umgehung labiler Zwischenprodukte, und geschädigte Metaboliten werden kontinuierlich über 

neue Stoffwechselwege entfernt. Diese Übersicht deutet außerdem auf einen signifikanten 

Einfluss von thermolabilen Zwischenprodukten sowie von promiskuitiven Enzymen und 

Stoffwechselwegen auf die Evolution des metabolischen Netzwerks in (hyper)thermophilen 

Archaeen hin. 
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Der zweite Teil dieser Arbeit in Kapitel 3.4 zeigt das Potenzial von ABPP für das Screening 

von Biokatalysatoren in einem komplexen und biotechnologisch relevanten experimentellen 

Umfeld, mit dem Ziel, vielversprechende lignozelluloseabbauende Enzyme aus einer 

komplexen Proteinprobe zu identifizieren: dem Sekretom des Weißfäulepilzes 

P. chrysosporium. Der neu entwickelte Arbeitsablauf ermöglichte die Identifizierung einer 

Reihe von Enzymen, die am Lignozellulosestoffwechsel beteiligt sind, wobei den oft 

vernachlässigten substratgebundenen Proteinen eine besondere Aufmerksamkeit geschenkt 

wurde. Dieser Arbeitsablauf ermöglichte die Anreicherung einer breiten Palette von 

Serinhydrolasen (SH) und β-spaltenden Glykosidhydrolasen (GH). Die Proteinproduktion und 

biochemische Charakterisierung bestätigte die Funktion von zwei zuvor nicht charakterisierten 

Proteinen Phchr2|126075 und Phchr2|2915237 als Acetyl-Xylan-Esterase bzw. endospaltende 

β-Glucanase. Darüber hinaus legen die Ergebnisse nahe, dass eine unbekannte Klasse von 

Enzymen, DUF5127-Domänenproteine, auf der Grundlage von Sequenzanalysen und 

Enzymtests zu einer Klasse von GH gehören könnten. Insgesamt konnte gezeigt werden, dass 

ein neu etablierter ABPP-Arbeitsablauf erfolgreich für das Vorscreening von Enzymen 

eingesetzt werden kann und dass diese Enzyme am Lignocellulose-Abbau durch Pilze beteiligt 

sind. Theoretisch könnte dieser Arbeitsablauf nun mit anderen Kultivierungsmethoden oder 

anderen Zielorganismen eingesetzt und durch die Synthese neuartiger ABPs weiterentwickelt 

und verfeinert werden.
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