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Abstract

The thermoacidophilic Crenarchaecon Sulfolobus solfataricus is a model organism for archaeal
adaptation to extreme environments and renowned for its ability to degrade a broad variety of substrates.
It has been well characterised concerning the utilisation of numerous carbohydrates as carbon source.
However, its amino acid metabolism, especially the degradation of single amino acids, is not as well
understood.

In this work, we performed metabolic modelling as well as metabolome, transcriptome and proteome
analysis on cells grown on caseinhydrolysate as carbon source in order to draw a comprehensive picture
of amino acid metabolism in S. solfataricus P2. We found that 10 out of 16 detectable amino acids are
imported from the growth medium. Overall, uptake of glutamate, methionine, leucine, phenylalanine and
isoleucine was the highest of all observed amino acids. Our simulations predict an incomplete degradation
of leucine and tyrosine to organic acids and, in accordance with this, we detected the export of branched-
chain and aromatic organic acids as well as amino acids, ammonium and trehalose into the culture
supernatants. The branched-chain amino acids as well as phenylalanine and tyrosine are degraded to
organic acids via oxidative Stickland reactions. Such reactions are known for prokaryotes capable of
anaerobic growth, but so far has never been observed in an obligate aerobe. Also, 3-methyl-2-butenoate
and 2-methyl-2-butenoate are for the first time found as products of modified Stickland reactions for the
degradation of branched-chain amino acids. This work presents the first detailed description of branched-

chain and aromatic amino acid catabolism in S. solfataricus.

Introduction

Archaea are the predominant life-form in various extreme environments. The obligate aerobic
Crenarchaeon Sulfolobus solfataricus, growing optimally at 80 °C and pH 3.5, was originally isolated

from hot acidic springs at Pisciarelli Solfatara in Italy [1,2]. Nowadays, S. solfataricus is considered to be
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a model organism for archaeal adaptation to extreme environments and changing nutrient conditions [2—
4]. Its carbohydrate metabolism has been analysed in a number of papers and ranges from alcohols and
monosaccharides up to macromolecules like cellulose [3,5-13]. However, there is only limited
information available about the organism's amino acid metabolism, especially concerning the uptake and
degradation of individual amino acids, which could be mainly attributed to its inability to grow on
individual amino acids as sole carbon source [7,14]. This is quite surprising considering that many species
of the genus Sulfolobus were originally isolated in amino acid rich complex media [1,2,15].
Understanding the organism's amino acid catabolism will facilitate the creation of defined, amino acid-
containing media. It will also help in reducing the production of unwanted by-products from amino acids
that can interfere with the organism's growth behaviour such as pyroglutamate and organic acids, which
has been reported for hyperthermophile archaea [16,17].

So far, S. solfataricus is known to be prototrophic for all its amino acids and in accordance to this
biosynthesis pathways for all proteinogenic amino acids have been postulated from the genome sequence
[18]. Also, it was shown that S. solfataricus reacts quite sensitive to the presence and concentration of
single amino acids. While glutamate and aspartate can enhance growth of S. solfataricus [14], high
concentrations of glutamate have an adverse effect, most likely due to the spontaneous formation of
growth inhibiting pyroglutamate from glutamate at low pH and temperatures above 78 °C [19,20]. In
anaerobic archaea, amino acids have been proposed to be degraded via a series of oxidative Stickland
reactions which lead to the production of organic acids [16]. Originally, Stickland reactions have been
described for bacteria capable of anaerobic growth. In these organisms a reductive branch transfers
electrons gained from the simultaneous oxidation of other amino acids onto acceptor amino acids [21—
23]. In archaea however, only the oxidative branch of Stickland reactions has been observed. The archaeal
enzymes catalysing these reactions have been shown to produce 2-ketoacids derived from valine, leucine,
isoleucine, phenylalanine and glutamate in vitro [17,24] and Thermococcus kodakarensis was shown to
export 2-ketoacids when supplied with extracellular amino acids [16].

To elucidate the uptake and utilisation of amino acids in S. solfataricus P2 we cultivated the organism
on medium containing caseinhydrolysate as sole carbon and nitrogen source and compared it to growth on
glucose minimal medium. The observed growth and uptake rates were integrated into an updated version
of our previously published genome-scale metabolic model of S. solfataricus P2 [25] which predicts
incomplete degradation of leucine and tyrosine to organic acids. In order to monitor changes between the
two growth conditions on a global level we further used metabolomics, transcriptomics and proteomics. A
time-resolved amino acid uptake pattern revealed that 10 out of the 16 detectable amino acids were taken
up by the organism whereas 4 amino acids, trehalose and several organic acids were exported. Ultimately,

we are able to demonstrate that in addition to known degradation pathways S. solfataricus P2 also
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actively degrades branched-chain and aromatic amino acids via oxidative Stickland reactions. The final
products of these reactions are branched-chain or aromatic organic acids accumulating in the culture
supernatant. This is the first description of amino acid degradation via oxidative Stickland reactions in an
obligate aerobe. Additionally two of the detected branched-chain organic acids, namely 3-methyl-2-
butenoate and 2-methyl-2-butenoate, have neither been observed nor yet linked to oxidative Stickland
reactions. These branched-chain organic acids are generated by a slightly varied Stickland pathway that

comprises an additional oxidation reaction of the carboxyl-CoA intermediates.

Results and Discussion

S. solfataricus P2 was cultivated on either defined medium containing 1 % caseinhydrolysate (w/v) as
sole carbon and nitrogen source or on minimal medium containing 0.44 % glucose (w/v) as sole carbon
source and 0.13 % ammonium sulfate as sole nitrogen source. The glucose culture served as a reference
condition in this work. Non-inoculated medium containing caseinhydrolysate was used as control to
investigate amino acid stability under cultivation conditions. All cultivations were performed at 78 °C.

With caseinhydrolysate as carbon source S. solfataricus reached a cell dry weight of 0.44 g1 and
showed a maximum growth rate of 0.03 h™' within 100 hours of cultivation compared to the glucose
reference culture, which showed a maximum growth rate of 0.045 h™' (Figure 1). The cultures growing on
caseinhydrolysate entered the logarithmic growth phase after 30 hours and the stationary growth phase
after 90 hours of cultivation. The observed growth behaviour clearly indicates that S. solfataricus uses
glucose more efficiently as carbon source than amino acids. Recently it was shown, that 47 % of the
carbon from glucose is incorporated into the biomass, whereas the rest is completely oxidized to carbon
dioxide [10]. In contrast, as we demonstrate in this work, only a few amino acids are efficiently consumed
from the media. Further, the majority of these were incompletely oxidized to short chain organic acids
and secreted (see below). Thus, this carbon loss together with the limited uptake of amino acids mainly

contributes to the lower biomass yield during growth on caseinhydrolysate.

Preferential uptake of glutamate, methionine, leucine, phenylalanine and isoleucine

In order to analyse the relative consumption of individual amino acids, samples were taken at different
time points from cultures grown on caseinhydrolysate and the supernatants were analysed via GC-MS.
The uptake profile for 16 detectable amino acids as well as the formation of pyroglutamate is illustrated in
Figure 2. A differential preference for certain amino acids was observed, i. e. a total uptake of 30 — 50 %
for glutamate, methionine, leucine, phenylalanine and isoleucine followed by 15 — 20 % for threonine,
alanine, aspartate, glycine and tyrosine. This shows that the organism prefers glutamate, leucine and

isoleucine over the remaining amino acids. During the first 21 hours, glutamate is the only amino acid to
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be taken up (initial concentration: 5.6 mM). Also, the consumption of glutamate is the highest of all
amino acids (glutamate remaining after 101 h: 1.9 mM). As the heat-induced formation of pyroglutamate
from glutamate is known [19,20] a parallel cell-free experiment was done and the formation of
pyroglutamate determined. Pyroglutamate was formed in both the control cultures as well as the
inoculated samples. In the inoculated cultures pyroglutamate concentrations peaked at about 1.5 mM at 66
hours of cultivation and fell back to about 0.9 mM at the end of cultivation. Methionine and leucine are
only imported after 24 h and isoleucine and phenylalanine after 66 — 77 h.

When cells entered the stationary phase none of the amino acids had been completely consumed.
Hence, neither C- nor N-limitation can be responsible for the impaired growth on caseinhydrolysate. The
pH was constantly monitored and maintained between 3.5 and 4.0 as well. The observed uptake of
pyroglutamate could possibly contribute to the observed growth impairment since pyroglutamate has been
shown to negatively affect growth of thermophilic archaea [14,20] and, in this regard, it has been
discussed to act as protonophore which interferes with respiration and pH homeostasis [26,27]. However,
the pyroglutamate concentrations in the inoculated cultures were far below the reported value of 15.5 mM
required to interrupt growth of S. solfataricus P2 [28]. Interestingly, several small organic acids (e.g. 2-
and 3-Methylbutanoate, 2-Methyl-2-butenoate; see below) have been detected in the culture supernatants
only during growth on caseinhydrolysate, which could also contribute to the observed early entrance into
the stationary growth phase. Due to the low extracellular pH, these acids become protonated and could
then enter the cell by diffusion. As S. solfataricus maintained an internal near neutral pH these acids
immediately dissociate. Thus, such “‘uncouplers’ mediate the net uniport of protons and uncouple proton
transport from cellular processes (e.g. ATP synthase). If proton extrusion proceeds not fast enough, this

process would finally lead to an overacidification of the cytosol [26,29,30].

Secretion of organic acids, ammonium, amino acids and trehalose

The supernatants of cultures grown on caseinhydrolysate were analysed via GC-MS in order to screen
the growth medium for any metabolites exported by S. solfataricus. An accumulation of several organic
acids as well as ammonium, amino acids, pipecolate and trehalose was observed in the culture
supernatants.

We detected the aromatic organic acids 2-hydroxyphenylacetate and 4-hydroxyphenylacetate as well as
the branched-chain organic acids isovalerate, 2-methylbutanoate, isobutanoate, 3-methyl-2-butenoate, 2-
methyl-2-butenoate and of 3-hydroxyisovalerate in the culture supernatants. The branched-chain organic
acids accumulated over the course of cultivation (Figure 3) and are linked to the degradation of the amino
acids leucine, isoleucine and valine (Figure 4) whereas the aromatic organic acids are linked to the

degradation of phenylalanine and tyrosine (Figure 5). Except 3-hydroxyisovalerate all other branched-
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chain organic acids were already exported at an early stage of growth and appeared in the supernatants
after 21 hours of cultivation. These compounds were found to be highly abundant in the culture
supernatants during the whole cultivation period. So far, the organic acids isovalerate, 2-methylbutanoate
and isobutanoate have only been described as product of Stickland reactions in anaerobic organisms
capable of amino acid degradation [16,22]. This was surprising, considering that S. solfataricus is an
obligate aerobe organism [31]. Incomplete oxidation of amino acids has not yet been reported for this
organism. In the following sections, the data acquired in this work was used to elucidate the formation of
the detected organic acids in S. solfataricus P2.

The presence of extracellular ammonium suggests that export of ammonium is the primary mode for
disposal of excess nitrogen in S. solfataricus. In addition to the export of organic acids and ammonium,
we observed export of pipecolate and of the nitrogen-rich amino acids lysine, histidine and arginine. The
formation of these compounds requires energy investment and leads to a loss of carbon. Such a behaviour
indicates overflow metabolism, which is reported for many organisms cultivated in nutrient-rich media
[32]. Pipecolate is also known as a product of lysine degradation, however, to date no pathway for lysine
degradation has been reported for S. solfataricus.

Trehalose starts to accumulate extracellularly up to 24-fold during the stationary growth phase even
though intracellular trehalose concentrations did not change significantly. This compound is known to
serve as a compatible solute in response to osmotic stress and as storage carbohydrate similar to glycogen
[33]. Compared to growth on glucose, key enzymes for gluconeogenesis (Sso0527 and Sso0528) are
slightly more abundant (up to 2.6-fold in proteome) whereas key enzymes for glucose degradation
(Ss03003, Ss03042) are less abundant in cells grown on caseinhydrolysate (down to 0.4-fold in proteome;
Table 1). An increased flux through enzymes of gluconeogenesis could lead to an increased production of

trehalose which, due to overflow metabolism, is exported out of the cell.

Branched-chain amino acids are incompletely degraded to organic acids via oxidative
Stickland reactions

Metabolome analysis allowed the reconstruction of degradation pathways for all three branched-chain
amino acids (Figure 4). According to our metabolic model, complete degradation pathways are present for
isoleucine (reactions 10—18) and valine (reactions 21-27, 16—18) whereas leucine can only be degraded to
mevalonate (reactions 1-6) which is further used in isoprenoid biosynthesis. The first three steps of
common pathways for degradation of branched-chain amino acids are identical for all three amino acids
(reactions 1-3 / 11-13 / 22-24) and catalysed by the same set of enzymes. Among the enzymes catalysing
these reactions the 2-ketoacid:ferredoxin oxidoreductase responsible for converting 2-ketoacids to their
corresponding CoA-derivatives (reaction 2 / 12/ 23), namely 2-ketoisovalerate:ferredoxin oxidoreductase

(Ss02756—S502758, Sso11071), is significantly up-regulated up to 17-fold (Table 1). The remaining steps
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in branched-chain amino acid degradation are different for leucine, isoleucine and valine although some
enzymes are shared in these pathways as well (Figure 4). 3-Hydroxy-3-methylglutaryl-CoA (reaction 5)
acts as a direct precursor of mevalonate, a key intermediate in isoprenoid biosynthesis [34]. No
homologue of 3-hydroxy-3-methylglutaryl-CoA lyase (EC 4.1.3.4) required for subsequent leucine
degradation was found. For the remaining enzymes involved in isoleucine or valine degradation (reactions
14-19 / 25-28) enzyme candidates are presented.

Most importantly, all of the extracellularly detected branched-chain organic acids (Figure 3) can be
produced in S. solfataricus P2 via a series of oxidative Stickland reactions [16,23] from branched-chain
amino acids. The term 'Stickland reactions' typically comprises fermentation pathways in which amino
acids are degraded in a pairwise manner with one amino acid acting as electron donor (oxidative
reactions) while the other amino acid acts as electron acceptor (reductive reactions) [22]. However, only
oxidative Stickland reactions have so far been observed in archaea, all of which are capable of anaerobic
growth [16,17,24]. In S. solfataricus, most of the relevant reactions for the oxidative Stickland reactions
of branched chain amino acids are shared with common degradation pathways for aerobic branched-chain
amino acid degradation (reactions 1-3 / 11-13 / 22-24) and follow the scheme proposed by Yokooji et al.
[16], which suggests subsequent activity of the enzymes amino acid aminotransferase,
2-oxoacid:ferredoxin oxidoreductase and ADP-forming acetate-CoA ligase. Several 2-oxoacid:ferredoxin
oxidoreductases (EC 1.2.7.-) are characteristic for oxidative Stickland reactions and are highly conserved
even between archaea and bacteria [22,35-37]. Their limited presence in (facultative) anaerobes is
probably due to the oxygen sensitivity of this type of oxidoreductases [38,39]. In contrast, however, the 2-
oxoacid:ferredoxin oxidoreductase from Sulfolobus tokodaii has been shown to be oxygen resistant [38].
The activity of oxidoreductases in S. solfataricus demonstrated by the presence of organic acids in this
work suggests that the oxygen resistance of this group of enzymes is common to the genus Sulfolobus.
The final enzyme required for the formation of the branched-chain organic acids from corresponding
CoA-derivatives (reactions 7, 8, 10, 20, 21,29) is an ADP-dependent acetate-CoA ligase that has
previously been isolated from archaea (EC 6.2.1.13) and which is specifically capable of catalysing the
formation of ATP and organic acids [16,24,40,41]. The respective enzyme was shown to produce the
branched-chain organic acids isovalerate and isobutanoate in Pyrococcus furiosus [42], 2-oxoglutarate in
Thermococcus kodakarensis [16] as well as isobutanoate and phenylacetate in Pyrobaculum aerophilum
[41]. Similar to other archaea acetate-CoA ligase is a fusion protein of two subunits in S. solfataricus
[41]. The production of this protein on locus Sso/806 was proven by transcriptome and proteome analysis
and it is slightly increased in cells grown on caseinhydrolysate (2.6-fold in proteome). We therefore
postulate that acetate-CoA ligase is responsible for the production of branched-chain organic acids in

S. solfataricus.
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To our knowledge this work is the first report of oxidative Stickland reactions in an obligate aerobic
organism. While isovalerate, 2-methylbutanoate, isobutanoate and phenylacetate have already been
described as products of oxidative Stickland reactions in anaerobic and facultative anaerobic organisms,
we were surprised to also identify the metabolites 3-methyl-2-butenoate and 2-methyl-2-butenoate in
supernatants of cells grown on caseinhydrolysate. This indicates that the acetate-CoA ligase responsible
for the generation of the mentioned carboxylic acids is also able to accept the reduced CoA-derivatives
generated by isovaleryl-CoA dehydrogenase (reaction 8 / 21) and enoyl-CoA hydratase (reaction 10) as
substrates. Both, 2-methyl-2-butenoate and 3-methyl-2-butenoate, can be reported as newfound products

of oxidative Stickland reactions.

Aromatic amino acids are catabolised to organic acids via oxidative Stickland reactions as
well

Degradation of the aromatic amino acids phenylalanine and tyrosine showed remarkable similarities to
the Stickland-like degradation of branched-chain amino acids.

Not only branched-chain organic acids but also the corresponding aromatic organic acids 4-
hydroxyphenylacetate and 2-hydroxyphenylacetate were detected in the intracellular and extracellular
space of cells grown on caseinhydrolysate (Figure 5). In contrast to the Stickland degradation of
branched-chain amino acids another class of ferredoxin-oxidoreductases (EC 1.2.7.8) [24,44] is
responsible for the formation of aromatic CoA-intermediates (reactions 11, 14). The transcription
of two genes (5502067 & Ss02069) encoding for both subunits of this protein was found to be
significantly increased in medium containing caseinhydrolysate. Presumably, the acetate-CoA
ligase homologue (Sso1806) is again responsible for the formation of phenylacetate (as was
shown for P. aerophilum [41]) and 4-hydroxyphenylacetate from their respective CoA-
derivatives (reactions 11, 14) since both metabolites as well as phenylacetyl-CoA were
significantly more abundant in cells grown on caseinhydrolysate. Phenylacetate, which could
only be detected in cells grown on caseinhydrolysate (Table 2), can be further metabolised to 2-
hydroxyphenylacetate (and also to 4-hydroxyphenylacetate) via action of monooxygenases. The
best relevant candidate for a 4-hydroxyphenylacetate-3-hydroxylase (Ss02053) shares high
sequence similarity to the enzyme from Pseudomonas putida (identity: 37 %, e-value: 4-10°%)
which was shown to exhibit a broad substrate specificity including phenylacetate [45]. All in all,
the Stickland-like incomplete oxidation of aromatic amino acids observed in this work has not yet been
reported for obligate aerobic organisms.

We also obtained the first experimental proof that the bacterial phenylalanine degradation pathway

This article is protected by copyright. All rights reserved.



proposed by Teufel er al. [46] is also active in an archaeon (Figure 5, reactions 1-10). For archaea, key
enzymes of this pathway have so far only been predicted from computational genome analysis for
members of the Halobacteria [47]. Since several of the intermediates (phenylacetyl-CoA, 3-oxo0-5,6-
dehydrosuberyl-CoA semialdehyde, 2,3-dehydroadipyl-CoA) of this pathway were detected in the
metabolome, it is hereby confirmed to be present in S. solfataricus. In S. solfataricus, the homology to
known, characterised enzymes of the bacterial phenylalanine degradation pathway is low. Still, all
predicted loci in this work were found to be actively transcribed on a low level in all examined cultures.
The high abundance of the hydroxyphenylacetate isomers in the culture supernatants and of phenylacetate
and phenylacetyl-CoA intracellularly correspond to the comparably low transcription levels of the
enzymes involved in the bacterial phenylalanine degradation pathway. Furthermore, a large number of
intermediates of this pathway could not be detected. Hence, we postulate that the formation of
phenylacetate and hydroxyphenylacetate isomers is an important feature of aromatic amino acid

metabolism in S. solfataricus P2.

Sulfolobaceae are the only Crenarchaeota with proven oxidative Stickland reactions in an
aerobic environment

In order to evaluate the distribution of enzymes involved in oxidative Stickland reactions among
archaea we queried the database BRENDA [48] for literature on the respective enzymes. We found that
the ferredoxin oxidoreductases EC 1.2.7.7 and EC 1.2.7.8 are well explored in Euryarchaeota as there is
literature on at least 11 organisms from the genuses Archaeoglobus, Haloarcula, Methanococcus,
Methanothermobacter, Pyrococcus and Thermococcus on these enzymes. Among these organisms the
presence of ATP-forming acetate-CoA ligase (EC 6.2.1.13) was also reported for Haloarcula marismortui
[41], Pyrococcus furiosus [24,42,49] and Thermococcus kodakarensis [40]. For Crenarchaeota there is
only literature available on acetate-CoA ligase from  Pyrobaculum aerophilum  and
Pyrobaculum islandicum. It seems that the presence of oxidative Stickland reactions in Euryarchaeota is a
known phenomenon but has not yet been a primary subject of research in Crenarchaeota.

We also performed BLAST searches with the protein sequences of EC 1.2.7.7, EC 1.2.7.8 and
EC 6.2.1.13 from the Euryarchaeon P. furiosus and the Crenarchaeon S. solfataricus against all published
genomes of archaea using the NCBI pBLAST [50] and the BLOSUMG62 similarity matrix. We found that
179 species of archaea (including Euryarchaea and Crenarchaea) exhibited high sequence similarities to at
least one queried acetate-CoA ligase and one queried ferredoxin oxidoreductase (https://seek.sysmo-
db.org/data_files/1644). Thus, the genes which enable archaea to degrade amino acids using oxidative
Stickland reactions are widely distributed in this domain of life. Obligate aerobes are generally
uncommon among archaea [51] and only five of the 179 candidates have been described as such, all of

which belong to the family Sulfolobaceae and thus are Crenarchaeota: Metallosphaera cuprina,
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Metallosphaera sedula, Sulfolobus islandicus, Sulfolobus solfataricus and Sulfolobus tokodaii. The
capability to degrade amino acids using oxidative Stickland reactions seems to be a common feature in
archaea, however, the only obligate aerobe prokaryotes deploying this strategy of amino acid degradation

presumably will be members of the family Sulfolobaceae.

Amino acid degradation via oxidative Stickland reactions in the metabolic model

We used an updated version of our previously published genome-scale metabolic model of
S. solfataricus P2 [25] to predict intracellular metabolite fluxes for growth on caseinhydrolysate as sole
carbon source. This model was also used to identify gene candidates for the enzymes required in the
reconstruction of amino acid metabolism in the organism. The pathways specific for branched-chain and
aromatic amino acid degradation derived by combination of experimental and bioinformatics methods are
shown in Figure 4 and Figure 5. The updated version of our metabolic model (supplied with this
publication and available on the SEEK platform [52] (https://seek.sysmo-db.org/models/231) is
comprised of 1035 reactions and 607 genes. Experimental data obtained in this study were used to
improve the metabolic model: a caseinhydrolysate-specific biomass reaction based on the specific
biomass composition (see Materials and Methods section) was added to the model, growth rates were
used to fit energy maintenance parameters and substrate uptake rates (Table 3) were used to define the
caseinhydrolysate-specific scenarios (see Materials & Methods section).

For the intracellular degradation of individual amino acids some common pathways can be postulated
from the genome sequence. The first steps of glutamate and aspartate degradation in S. solfataricus are
probably catalysed by glutamate dehydrogenase [53,54] and aspartate transaminase [55]. No information,
apart from bioinformational predictions, is available for the degradation of other amino acids in this
organism.

In our simulations all ten amino acids that were experimentally shown to be taken up by S. solfataricus
P2 (Table 3) are also imported by the metabolic model. Glutamate is predicted to be the main carbon
source, followed by leucine which can not be completely oxidised to CO, but instead is used for the
production and export of organic acids in all scenarios. Within the model the simulated degradation of the
branched-chain amino acids leucine, isoleucine and valine as well as from the aromatic amino acids
phenylalanine and tyrosine can lead to the production and export of organic acids due to the utilisation of
oxidative Stickland reactions (Table 3). In the freely optimised scenario the amino acids leucine and
tyrosine are already being degraded to organic acids via a series of oxidative Stickland reactions [23]
(Figure 4, reactions 1-3, 8 / Figure 5, 12—-14) since no enzymes for alternative degradation pathways
could be annotated from the genome sequence. In addition to organic acids derived from leucine and

tyrosine, in the forced-Stickland scenario the amino acids isoleucine and phenylalanine are also degraded
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via oxidative Stickland reactions since common pathways yielding succinyl-CoA and acetyl-CoA (Figure
4, reactions 11-19 / Figure 5, reactions 1-10) have been deactivated (Table 3). Compared to the common
degradation pathways that can yield biomass precursors the production and export of organic acids is
equivalent to a loss of carbon. In the forced-Stickland scenario 15.9 % of all imported carbon is exported
in the form of organic acids compared to 7.7% in the 'free' scenario. The metabolic model predicts a
slightly lower biomass flux for the forced-Stickland scenario (0.026 h™") compared to the freely optimised
scenario (0.030 h™). The slightly lower biomass flux in the 'forced' scenario is a direct consequence of the
mentioned carbon loss, since the objective function for our simulations is optimal biomass production and
therefore dependent on optimal usage of carbon. This, however, must not be true in vivo, since all amino
acids are still present at the end of cultivation (Figure 2) and thus carbon is no growth-limiting factor.
Apart from this, the degradation via Stickland reactions contributes to the ATP production in our
metabolic model (Table 4) which explains why this degradation strategy can be used by S. solfataricus
when growing in amino acid rich medium. Furthermore, the utilisation of Stickland reactions explains the

inability of S. solfataricus to grow on these amino acids as sole carbon source.

Global changes in metabolome, transcriptome and proteome compared to glucose
reference culture

For untargeted metabolome, transcriptome and proteome analysis, we took samples from all cultures
during the logarithmic growth phase. GC-MS and HPLC-MS analysis were used to monitor changes in
the intracellular metabolome of S. solfataricus P2 grown on caseinhydrolysate compared to the glucose
reference (Table 5). We were able to detect 14 amino acids, all of which are more abundant on or only
present in cells grown on caseinhydrolysate including some amino acids not significantly imported from
the medium (Figure 6, Table 2). Likewise, several metabolites linked to common amino acid catabolism
(Figure 6) are significantly increased compared to the glucose reference. This is also true for CoA-
derivatives and organic acids linked to oxidative Stickland reactions (Figure 4, Figure 5). The TCA cycle
intermediates fumarate, succinate and malate are also significantly increased in cells grown on
caseinhydrolysate whereas succinyl-CoA is significantly reduced. The classical degradation pathways of
branched chain amino acids and also of phenylalanine would result in the formation of succinyl- and
acetyl-CoA. However, the decreased abundance of succinyl-CoA and the unchanged levels of acetyl-CoA
indicate a minor importance of classical degradation routes and strongly suggests that the amino acid
degradation via Stickland oxidation is active in S. solfataricus.

Also significantly reduced are sugars and sugar derivatives (e.g. glucose, erythronate, methyl-a-D-
glucopyranoside) as well as the isoprenoid biosynthesis intermediates 3-hydroxy-3-methylglutaryl-CoA
and glycerol-1-phosphate. The decreased abundance of sugars and their derivatives correlates with the

decreased intracellular glucose levels. Isoprenoids on the other hand are required for lipid biosynthesis in
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archaea [56] thus the decreased levels of intermediates of isoprenoid biosynthesis (3-hydroxy-3-
methylglutaryl-CoA and glycerol-1-phosphate) are probably a result of the decreased growth rate.
Furthermore, we observed significant amounts of several N-containing compatible solutes such as the
polyamines norspermidine and spermidine solely in cells grown on caseinhydrolysate. In contrast to the
secretion of amino acids and ammonium to dispose excess nitrogen, these compounds may serve as
intermediate storage for intracellular nitrogen.

We also used transcriptomics and proteomics to monitor the changes in relative abundance of
transcripts and proteins for growth on caseinhydrolysate (Table 5). Most of the differentially expressed
genes and differentially produced proteins with annotated function can be assigned to either transport
processes, amino acid degradation or amino acid biosynthesis pathways. Of the 50 most differentially
expressed genes and differentially produced proteins with known or postulated annotation (Table 1) 13
are linked to transport processes, eight to amino acid degradation (all up-regulated) and seven to amino
acid biosynthesis (all down-regulated). The remaining loci code for a variety of proteins including
molybdopterin-binding subunits of uncharacterised oxidoreductases, alternative quinol oxidase subunits,
heterodisulfide reductase and isocitrate lyase.

The up-regulated genes encoding for transport proteins are mainly comprised of permeases, whereas the
down-regulated genes encoding for transporters include two carbohydrate transporters, an ammonium
transporter and a metal permease. Up-regulated genes involved in amino acid degradation are mainly
required for the degradation of glutamate and branched-chain amino acids, such as glutamate
dehydrogenase encoded on Ss02044 and Ssol907 (Table 1). We assume that glutamate degradation
mainly occurs via glutamate dehydrogenase. Additionally, increased levels of 2-hydroxyglutarate, a
metabolite involved in another degradation pathway for glutamate, were detected in cells grown on
caseinhydrolysate. The degradation pathway via 2-hydroxyglutarate is mainly known from fermenting
bacteria [57] but is also present in S. solfataricus P2 up to the intermediate acetyl-CoA entering the TCA
cycle. Overall, the data demonstrates several key characteristics which illustrate the metabolic adaptation
of S. solfataricus in response to growth on caseinhydrolysate. In particular it indicates a minor importance
of the classical amino acid degradation pathways and suggests that oxidative Stickland reactions are

active in this organism instead.

Concluding remarks

In this work we describe the global changes occurring in cells of S. solfataricus P2 during growth on
caseinhydrolysate and present a comprehensive overview of the organism's amino acid metabolism. This
includes the incomplete degradation of branched-chain and aromatic amino acids via oxidative Stickland

reactions. We also present Stickland-like reactions that yield new products not yet linked to Stickland
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oxidation. This is the first report of this type of reactions occurring in an obligate aerobic organism.
Further, the use of oxidative Stickland reactions for degradation of several amino acids also explains the
inability of S. solfataricus to grow on these amino acids as sole carbon source [7], as this reaction only
provides ATP but no biomass precursors. The changes observed show that a small number of enzymes is
sufficient to catalyse these reactions for a broad variety of amino acids, demonstrating the organism's
versatility in response to environmental changes. We further confirm that the common bacterial pathway
for aerobic phenylalanine degradation proposed by Teufel et al. [46] is also valid in archaea. These results
will contribute to the understanding of archaeal amino acid metabolism, especially in the phylum

Crenarchaeota.

Materials and Methods

Strain and cultivation conditions

Sulfolobus solfataricus P2 [2] was grown at 78 °C, pH 3.5 and 160 rpm (Thermotron, Infors AG,
Switzerland) in defined minimal medium described by Brock et al. [15]. For growth on amino acids the
medium lacks (NH4),SO; and contained 10 g-l'1 caseinhydrolysate (Carl Roth GmbH, Karlsruhe,
Germany) as sole carbon and nitrogen source. The composition of the lot used in this work was published
previously [58]. The medium for the reference cultures contained 4.4 g1' D-glucose and 1.3 gl
(NH4),SO4 as nitrogen source. Long neck flasks (1000 ml or 500 ml, medium volume 1/5) were
inoculated with glucose adapted glycerol stocks (ODggo: 10), prepared as described previously [59], to an
initial optical density of approximately 0.03. If necessary (pH > 4.0) the pH of growing cultures was
adjusted to 3.2-3.5 using 0.5 M H,SO,. For growth on amino acids, additional control cultures were
prepared, containing either no caseinhydrolysate or no cell material. To analyse the depletion of
individual amino acids during growth of S. solfataricus 1 ml samples were withdrawn in regular intervals
from the cultivations as well as from the non-inoculated control (for testing of amino acid stability). Cells
were harvested by centrifugation (20,000 x g; 5 min, 20 °C) and supernatants were stored at -20 °C until
further processing. Cell growth was monitored photometrically, following the increase in optical density
at 600 nm. Biomass composition was determined as described previously [10] and is available on the
SEEK platform (https://seek.sysmo-db.org/data_files/1586). All samples analysed by the different ‘omics’
platforms originate from the same biological replicates. For comparative ‘omics’ analyses all cells were
harvested in the late exponential growth phase (glucose at approx. 80 h, caseinhydrolysate at approx. 66

h). Cell harvest and sample processing was done following the protocol published by Wolf et al. [10].
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GC-MS based analysis of intra- and extracellular compounds

Intracellular metabolites and supernatants for analysis of amino acid depletion were extracted, analysed
and resulting data were processed and statistically analysed as described earlier [10].

Secretion of short chain organic acids was monitored by extraction, analysis and data processing
procedures as described earlier [58]. For calculation of the absolute concentrations calibration curves

ranging from 4-2000 uM for each compound were measured.

Quantification of glutamate and pyroglutamate

To circumvent the spontaneous degradation of glutamate to pyroglutamate during derivatisation and
subsequent GC-MS analysis [60], glutamate was quantified by HPLC-FLD as described previously with
some minor modifications [61]. The method was shortened to focus on glutamate detection. 10 min of an
isocratic flow of 100 % with solvent A (0.02 M sodium acetate, pH 6.5), were followed by a gradient of
solvent B (acetonitrile; 0-100 %) over 4 minutes. Finally, subsequent washing with 100 % B for 2 min
was applied.

Pyroglutamate formed during cultivation was analysed after its conversion back to glutamate following
the protocol described by Macpherson and Slater [62] and quantified in comparison to non-treated

samples.

Extraction and analysis of intracellular CoA-derivatives

CoA-derivatives were extracted and analysed as described earlier [10]. Following data processing [10]
each sample was normalised to its average peak area, excluding those CoA-intermediates in the average
value that were found only in either test (caseinhydrolysate) or reference (D-glucose) condition.
Statistically significant altered metabolite abundances were determined with the non-parametric Kruskal-

Wallis test as described previously [10].

RNA isolation, sequencing and data analysis

RNA was isolated for all replicates using Trizol (ThermoFisher, Waltham, USA) as described earlier
[63] and afterwards treated with RNase-free DNase (Qiagen). Depletion of ribosomal RNA and
preparation of sequencing libraries was performed as previously described [10]. Libraries were sequenced
on a HiSeq1500 instrument (Illumina) in rapid mode with a read length of 2x25nt.

Processing of raw data was performed as described elsewhere [10]. For calculation of the reads per
kilobase of gene per million reads (RPKM) values only reads mapping to coding sequences were
considered for the number of total reads. Ratios of the average RPKM values for the three replicates in

both conditions were built. These ratios were shifted in order to get a median ratio of 1. For determination
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of regulated genes statistical analysis was performed using DeSeq [64].

Protein extraction, iTRAQ labelling, mass spectrometry and data analysis

Protein extraction, labelling and mass spectrometry was performed as described previously [10] with
the following modifications. Samples were labelled with iTRAQ 8-plex reagents as follows (6 reagents
used): 113, 114 and 115 were used for cells grown on caseinhydrolysate whilst 116, 117 and 118 were
used for cells grown on D-glucose (and used as control). The replicates were evaluated using dendrogram
and principle component analysis (based on iTRAQ ions’ intensities). There was a clear clustering and
distinction between biological replicates, indicating similarity between replicates and differences between
biological conditions.

Raw mass spectrometry data was directly submitted to Phenyx with iTRAQ 8-plex option selected for
peptides/proteins identification. Details on search parameters, protein quantitation and statistical analysis

could be found elsewhere [10].

Curation and analysis of the genome-scale metabolic model of S. solfataricus P2

Model curation and constraint-based modelling was performed as described previously [10]. For the
sake of conservative estimation, active transporters (ABC-type or secondary active transporters) were
chosen over passive transporters for compounds that are known to be taken up or exported by the
organism when there was no detailed data available.

For the simulation of growth on D-glucose or caseinhydrolysate as sole carbon sources the uptake of
carbonaceous compounds was restricted to zero mmol~gCDW~h" with the exception of CO,, D-glucose or
amino acids that were experimentally observed to be taken up. The uptake rate of D-glucose was
restricted to the previously observed value of 1.13 mmol-gecpw-h™ [10]. The uptake rates of individual
amino acids were restricted to the maximum of the experimentally observed uptake rates. The biomass
reaction Biomass or Biomass_caseinhydrolysate was used as objective function, depending on which
carbon source was available in each scenario. For simulated growth on caseinhydrolysate the growth-
associated maintenance energy (GAM) as well as the non-growth-associated maintenance energy
(NGAM) were calculated as previously described [25], resulting in a GAM value of 28.94 mmol
ATP-gcpw and a NGAM value of 0.80 mmol ATP-gCDW-h". Here, the NGAM was fitted to the
experimentally observed growth rate.

In addition to a freely optimised scenario for simulated growth on caseinhydrolysate we also defined a
scenario for growth on caseinhydrolysate in which classical degradation pathways for the amino acids
isoleucine and phenylalanine have been deactivated, thus forcing the model to employ oxidative Stickland

reactions for degradation of these amino acids (Stickland-forced scenario).
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Tables

Table 1: Overview of the 50 most differentially expressed genes and differentially produced proteins with
known or postulated annotation in S. solfataricus P2 after growth on caseinhydrolysate. Genes and proteins
which were not significantly changed but discussed in the text are also included. Transcripts and proteins were
identified from RNASeq (Transcriptome) and iTRAQ (Proteome) analysis. The fold change represents the relative
abundance of every gene or protein averaged from three independent experiments. Cells of S. solfataricus P2
grown on glucose were used as reference. All cultures were harvested in the late exponential growth phase to
ensure comparability between the different conditions. Each locus was assigned to one of the following categories
if possible: transport processes (Transport), amino acid biosynthesis (Biosynthesis) or amino acid degradation

(Degradation).

®Fold change in relative abundance as compared to the D-glucose reference condition.
b p-value < 0.01 (transcriptomics) or < 2.6 - 10° (proteomics) indicates statistically significant differential

expression.
not determined.

] Trancriptome Proteome
ocus
ECclass Product Category Fold , Fo b
tag . p-value 2 p-value
change change
Sso1351 Permease, multidrug efflux Transport 34.05 5.2E-52 NDf
Ss01352 Transcriptional regulator, marR family, putative 25.21 2.0E-11 ND°
Ss02704 Permease, multidrug efflux Transport 2430 3.1E-45 ND°
Ss01907 1.4.1.3  NAD specific glutamate dehydrogenase (gdhA-2) Degradation 22.01 1.3E-43 9.93 3.4E-05
Ss01162 Multidrug resistance protein Transport 18.63 3.9E-39  ND°
Ss011071 1.2.7.- Ferredoxin oxidoreductase subunit delta Degradation 17.33 4.4E-06 ND°
Ss02087 3.1.1.- Carboxylesterase / Dienelactone hydrolase Degradation 17.03 5.6E-36 4.30 2.3E-03
Ss02044 1.4.1.3  NAD specific glutamate dehydrogenase (gdhA-4) Degradation 15.78 2.2E-37 9.19  2.5E-05
Predicted molibdopterin-dependent
Ss02824 . . 15.64 3.3E-36 13.64 1.9E-04
oxidoreductase YjgC
Ss01742 Terminal quinol oxidase, subunit (doxD) 14.85 1.4E-09 ND°
Ss01817 2.8.1.1 Thiosulfate sulfurtransferase (cysA-2) 14,58 3.1E-32 7.52 5.1E-05
Ss02757 1.2.7.- Ferredoxin oxidoreductase subunit alpha Degradation 14.54 1.2E-08 ND°
Ss08687 Partial transposase 1ISC1190 1435 1.0E-04 ND°
Ss02758 1.2.7.- Ferredoxin oxidoreductase subunit gamma Degradation 14.29 1.2E-13  ND°
Putative oxidoreductase molybdopterin-binding
Ss01209 . 11.86 8.9E-15 14.01 1.1E-04
subunit
Ss02756 1.2.7.- Ferredoxin oxidoreductase subunit beta Degradation 13.43 3.0E-32 ND°
Ss01127 Heterodisulfide reductase, subunit C (hdrC-1) 13.34 5.4E-32 1290 1.1E-03
Sso01741 Terminal quinol oxidase, subunit Il (doxA) 12.10 9.4E-09 ND°
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Ss02647
Sso0l1131
Ss01183
Sso1134
Ss02079
Ss02701
Ss01135
Ss01123
Ss00786
Ss02821
Sso03211

Ss01184

Ss01580

S$s01906

S$s02069

Ss02067

Ss01806

Sso00527

S$s02053

Sso0528

Ss03042
Ss03003
Ss02970
Ss02043

Ss03069

Ss02971

Sso00876

Ss03060

ABC transporter, ATP binding protein
Heterodisulfide reductase, subunit A (hdrA)
Inorganic phosphate transporter
Heterodisulfide reductase subunit C (hdrC-2)
DPSL-type antioxidant enzyme
Permease, major facilitator superfamily
Heterodisulfide reductase, subunit B (hdrB-2)
1.8.1.4 Dihydrolipoamide dehydrogenase (pdhD-1)
Amino acid specific permease
FDHD protein homolog (fdhD)
2.6.1.19 4-aminobutyrate aminotransferase (gabT-2)
3.3.2.1 Isochorismatase related protein (entB-likel)

Molybdopterin oxidoreductase, molybdopterin
binding subunit

Amino acid transporter related protein

1278 Indolepyruvate ferredoxin oxidoreductase beta
o subunit (iorB)

Indolepyruvate ferredoxin oxidoreductase alpha
1.2.7.8  subunit (iorA)

Putative acetate-CoA ligase

2723 Phosphoglycerate kinase

1.14.14.9 4-hydroxyphenylacetate-3-hydroxylase (hpaA)

Glyceraldehyde-3-phosphate dehydrogenase
1.2.1.12 (GAPDH)
1.1.1.47 Glucose 1-dehydrogenase (dhg-2)
1.1.1.47 Glucose 1-dehydrogenase (dhg-1)
Quinol oxidase-2, cytochrome b (soxG)
Amino acid transporter related protein
Arabinose ABC transporter, ATP-binding protein

Quinol oxidase-2, rieske iron-sulfur protein-2
(soxF)

2.7.2.4  Aspartokinase (akH)

3.2.1.51 Alpha-fucosidase C-terminal fragment (fucA1)
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Transport

Transport

Transport

Transport

Degradation

Transport

Degradation

Degradation

Degradation

Transport

Transport

Biosynthesis

11.07
8.98
8.54
8.19
8.13
8.04
7.89
7.73
7.51
7.08
5.11

6.79

6.77

0.14

3.38

3.36

1.60

1.59

1.40

1.06

0.44
0.37
0.14
0.14

0.21

0.14

0.23
0.13

1.5E-28
1.5E-25
3.0E-20
2.4E-21
3.6E-22
1.3E-08
2.0E-21
2.6E-21
1.0E-19
1.7E-11
1.1E-14

2.0E-20

1.9E-18

1.2E-05

6.4E-08

8.9E-09

3.0E-02

1.5E-01

2.0E-01

7.7E-01

3.6E-04
3.5E-06
8.0E-07
7.1E-09

1.7E-12

4.0E-06

2.4E-03

2.8E-04

7.04

ND¢

2.23
2.62

ND®

1.7E-02

9.7E-03

2.4E-04

3.3E-02

1.3E-04

4.6E-02

3.0E-04

1.7E-03

8.8E-06



S$s02505 Sugar transport protein

Sso0579 2.2.1.6 .
(ilvB-2)

Sso3051 3.2.1.20 Alpha-glucosidase (malA)

$s02972 ]
protein) (soxE)

Quinol oxidase-2, sulfocyanin (blue copper

Transport 0.12 2.6E-19 ND°

Acetolactate synthase large subunit homolog

Biosynthesis  0.12 2.8E-24 0.17

0.11 2.5E-24 ND°

0.10 1.5E-04 ND°

Sso0905 1.1.1.95 3-phosphoglycerate dehydrogenase (serA-1) Biosynthesis 0.10 4.0E-27 0.39

Sso01333 4.1.3.1 Isocitrate lyase (aceA/icl) 0.09 3.0E-30 0.09
Ss01054 Ammonium transporter Transport 0.09 6.3E-05 ND°
Sso0977 2.3.3.13 2-isopropylmalate synthase (leuA-2) Biosynthesis  0.07 3.8E-03 0.06

Sso0127 2.3.3.13 2-isopropylmalate synthase, putative (leuA-1) Biosynthesis 0.05 3.7E-41  ND°

Glutamate synthase domain 1; Conserved

Ss00683 i i
hypothetical protein

Sso0503 Predicted metal permease

Biosynthesis  0.04 1.2E-13  ND°

Transport 0.03 4.0E-14 ND°

Ss00684 1.4.1.13 Glutamate synthase (NADPH) subunit alpha (gltB) Biosynthesis  0.01  5.4E-44  ND°

6.3E-03

9.6E-03

1.2E-05

5.5E-04

Table 2: Identified intracellular metabolites that were only detected in cells of S. solfataricus P2 grown on either
caseinhydrolysate or glucose as sole carbon source. All cultures were harvested in the late exponential growth
phase with 15 mg cell dry weight for each sample, to ensure comparability between the two conditions.

Caseinhydrolysate

Glucose

2-Amino-2-methyl-3-hydroxypropanoate
2-Hydroxyphenylacetate
2-Keto-3-deoxygluconate
2,3-Dehydroadipyl-CoA
3-Methyl-2-butenoyl-CoA
3-0x0-5,6-dehydrosuberyl-CoA semialdehyde
3,4-Dihydroxybenzoate
4-Hydroxybenzoate
4-Methylthio-2-oxobutanoate

Alanine

Butyro-1,4-lactam

Homoserine

a-D-Galactopyranosyl-(1,4)-D-galactopyranoside
B-Alanine
1-O-methyl-a-galactopyranoside
2-Methylmalate
2-Pentenoyl-CoA

Benzoyl-CoA

Erythritol

Erythronic acid

Hexanoyl-CoA

Nicotinic acid

Xylitol

Xylulose
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Lysine

Methionine
N-acetyl-putrescine
Norspermidine
Phenylacetate
Pipecolate

Proline

Spermidine

Tyrosine

Table 3: Amino acid uptake rates and degradation pathways in the metabolic model.

Growth on medium containing caseinhydrolysate was simulated using the parameters detailed in the methods
sections. Amino acids that were not taken up are not listed. Relative fluxes below 0.5 % are not shown.

! Maximum uptake rates of individual amino acids were experimentally determined during the logarithmic growth
phase. The observed peak areas for individual amino acids at start of cultivation were considered to equal 100%.
These relative values were set off against the absolute concentration of amino acids in the medium [58]. Averages
of the maximal observed uptake rates were used for metabolic modelling.

2 Missing relative amounts are consumed in the biomass reaction. When multiple pathways are mentioned in a
single row, the relative fraction has been cumulated from these pathways.

3 Freely optimised scenario without restraints concerning amino acid degradation pathways that voluntarily uses
oxidative Stickland reactions for degradation of leucine and tyrosine.

* Scenario with forced oxidative Stickland reactions: Common pathways for degradation of branched-chain or
aromatic amino acids have been deactivated, thus forcing the model to use oxidative Stickland reactions wherever
possible, including the amino acids isoleucine and phenylalanine.

> Biomass precursors such as amino acids and nucleotides are not listed.

Predicted
fraction” of
. . Uptake rate’ L amino acid in 5

Amino acid 41,1, Degradation via pathway Product(s)

[umol-gepw +h] scenario [%]

free* forced"
Alanine 42.1+2.1 Transamination using 2-oxoglutarate  75.8 78.7  Pyruvate
as nitrogen acceptor

Aspartate 447+ 4.5 Transamination using 2-oxoglutarate  22.2 31.4 Oxaloacetate

as nitrogen acceptor

Asparagine biosynthesis 20.0 17.6
Arginine biosynthesis 19.9 17.5
Nucleotide biosynthesis 18.7 16.5
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Glutamate

Glycine

Isoleucine

Leucine

Methionine

Phenylalanine

Threonine

Tyrosine

241.8 £10.8

6.7+£0.5

28.1t14

76.1+3.3

21.6+0.9

219+1.0

19.7£0.9

11.4+0.6

Deamination via glutamate
dehydrogenase

Transamination for biosynthesis of
arginine, glutamine, valine, serine,
glycine, cysteine and lysine

Nucleotide biosynthesis

Common degradation pathway

Oxidative Stickland reactions

Oxidative Stickland reactions

Conversion to mevalonate for
isoprenoid biosynthesis

Degradation via subsequent
formation of cystathionine and 2-
oxobutanoate

Biosynthesis of cobalamin,
sulfolobusquinone and polyamines
via formation of S-adenosyl-L-
methionine

Degradation via common bacterial
degradation pathway [46]

Oxidative Stickland reactions

Degradation via formation of 2-
oxobutanoate

Cobalamin biosynthesis

Oxidative Stickland reactions
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62.7

34.2

21.2

38.7

49.0

26.4

72.5

9.7

63.6

56.2

1.0

20.8

68.0

29.4

21.2

46.0

55.0

23.3

75.7

8.6

67.9

61.4

0.9

30.2

2-Oxoglutarate

2-Oxoglutarate

Succinyl-CoA

2-Methylbutanoate

3-Methyl-2-butenoate

Propanoyl-CoA

2 equivalents acetyl-CoA
1 equivalent succinyl-CoA

2-Hydroxyphenylacetate

Propanoyl-CoA

4-Hydroxyphenylacetate



Table 4: Comparison of ATP-contributing pathways in the metabolic model.

Growth on medium containing caseinhydrolysate was simulated using the parameters detailed in the methods
sections. The contribution of different pathways towards the total metabolite flux of ATP in the metabolic model
was calculated for two different scenarios. Included in these values is the production of reduced electron carriers
(like NADH) which can subsequently be used for production of ATP during respiration.

! Scenario without restraints concerning amino acid degradation pathways that voluntarily uses oxidative Stickland
reactions for degradation of leucine and tyrosine.

2 Scenario with forced oxidative Stickland reactions: Common pathways for degradation of branched-chain or
aromatic amino acids have been deactivated, thus forcing the model to use oxidative Stickland reactions wherever
possible, including the amino acids isoleucine and phenylalanine.

Total ATP
production in
Pathway scenario [%]

1 2
free forced

TCA cycle 72.0 68.9
Amino acid degradation excluding oxidative Stickland reactions 15.2 171
Pyruvate decarboxylation 6.6 7.1
Oxidative Stickland reactions 2.8 3.2

Table 5: Global changes in transcriptome, proteome and metabolome of S. solfataricus grown on
caseinhydrolysate.

Cells grown on glucose were used as reference.

* p-values < 0.01 (transcriptomics, metabolomics) or < 2.6 - 102 (proteomics) indicate a statistically significant
increase. For transcriptomics also a minimum fold-change of 4 was expected for a statistically significant increase
in transcript levels.

Significantly* changed
Technique Detection scope Identification scope loci / metabolites

Increased Decreased

Transcriptomics 7.8 to 15.3 million reads 37.4% — 69.7% mapped reads 66 99
Proteomics 5240 peptides 580 proteins 35 40
Metabolomics 93 compounds 74 metabolites 50 25
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Figure 1: Growth curve of S. solfataricus P2.

The organism was cultivated on defined media, containing either 1 % (w/v) caseinhydrolysate ( & or 0.44 % (w/v)
glucose (m) as carbon source. The cell dry weight was calculated from measured optical densities. All values
represent the average of three biological replicates. Error bars represent the standard deviation between the
experiments.
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Figure 2: Amino acid depletion profile of S. solfataricus P2 on caseinhydrolysate containing medium at different
growth stages.

The organism was cultivated on defined medium, containing 1 % caseinhydrolysate as carbon and nitrogen source.
The time-resolved amino acid consumption profile of 16 detectable amino acids as well as pyroglutamate (Glp) in
cell free culture supernatants is shown for (A) the exponential growth phase at 66 hours of cultivation and (B) for
the end of cultivation at 101 hours. The relative abundance is expressed as compared to the available amount at
the beginning of cultivation (time point 0). All values represent the average of three biological replicates. Error bars
represent the standard deviation between the experiments.

* The relative abundance of pyroglutamate (Glp) is expressed as compared to the available amount of glutamate at
the beginning of cultivation as Glp was not present at the start of cultivation.
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Figure 3: Secretion of branched-chain organic acids by S. solfataricus P2 on caseinhydrolysate containing
medium.

All compounds start to appear in the media after 21 h of cultivation, hence this value was used as the reference
time point to determine the relative abundances of isovalerate (m), 2-methyl-2-butenoate (m), 3-methyl-2-
butenoate (m), 2-methylbutanoate (m) and isobutanoate (m). After 101 h the compounds accumulated to the
following absolute concentrations [mM]: isovalerate (2.44 + 0.26), 2-methylbutanoate (0.46 + 0.08), isobutanoate
(0.42 £ 0.06), 2-methyl-2-butenoate (0.13 + 0.01) and 3-methyl-2-butenoate (0.03 + 0.01). All values represent the
average of three biological replicates. Error bars represent the standard deviation between the experiments.
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Figure 4: Overview of the reconstructed branched-chain amino acid catabolism in S. solfataricus P2.
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Protein functions were predicted using the metabolic model as well as EnzymeDetector and BLAST-based

annotations. Reactions with the same EC-number are suggested to be catalysed by the same set of enzymes, so

that the corresponding gene loci are only indicated once. Metabolites were detected in the intracellular (closed

rectangles) or extracellular (dashed red rectangles) space. Changes in the intracellular metabolite abundance of

cells grown on caseinhydrolysate against a glucose reference are indicated by symbols and node colour (m/ A

increased abundance; m/ V decreased abundance). Significant regulation of genes or gene products is indicated by

both arrow and font colour as well as arrow style (blue solid arrow: up-regulated; red dotted arrow: down-

regulated). Reactions are numbered in order to facilitate discussion in text. The reaction numbers are coloured in

order to signal the production (black font) or consumption (white font) of the cofactors ATP (green background),

NAD(P)H (blue background) and reduced ferredoxins (orange background).

Abbreviations: HMG-CoA: 3-Hydroxy-3-methylglutaryl-CoA.

* Proven protein function
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Figure 5: Reconstruction of aromatic amino acid metabolism in S. solfataricus P2.

Protein functions were predicted using the metabolic model as well as EnzymeDetector and BLAST-based
annotations. Reactions with the same EC-number are suggested to be catalysed by the same set of enzymes, so
that the corresponding gene loci are only indicated once. Metabolites were detected in the intracellular (closed
rectangles) or extracellular (dashed red rectangles) space. Changes in the intracellular metabolite abundance of
cells grown on caseinhydrolysate against a glucose reference are indicated by symbols and node colour (m/ A
increased abundance; m/ V¥ decreased abundance). Significant Significant regulation of genes or gene products is
indicated by both arrow and font colour as well as arrow style (blue solid arrow: up-regulated; red dotted arrow:
down-regulated). Reactions are numbered in order to facilitate discussion in text. The reaction numbers are
coloured in order to signal the production (black font) or consumption (white font) of the cofactors ATP (green
background), NAD(P)H (blue background) and reduced ferredoxins (orange background).

* Proven protein function
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Figure 6: Intracellularly detected metabolites in S. solfataricus P2 grown with either caseinhydrolysate or D-
glucose as carbon source.

Normalised peak areas were plotted on a double logarithmic scale. Red: more abundant in cells grown on
caseinhydrolysate blue: more abundant in cells grown on glucose, grey: unchanged. Note that only identified
metabolites with significantly altered abundances (Benjamini-Yekutieli corrected Kruskal-Wallis test, p-value <
0.01) are labelled. Values represent the average of three independent experiments. Error bars represent the
standard error between the three experiments.

Abbreviations: 2-MeBu-CoA: 2-Methylbutanoyl-CoA; G1P: Glycerol-1-phosphate*; HMB-CoA: 3-Hydroxy-2-
methylbutyryl-CoA; HMG-CoA: 3-Hydroxy-3-methylglutaryl-CoA; MGP: Methyl-a-D-glucopyranoside; 2-OH-
glutarate: 2-Hydroxyglutarate; 4-OH-PheAc: 4-Hydroxyphenylacetate; PheAc-CoA: Phenylacetyl-CoA; Glp:
Pyroglutamate.

*Glycerol-1-phosphate is identified as glycerol-3-phosphate by GC-MS analysis, however, this method can not
distinguish between the two metabolites and glycerol-3-phosphate is not part of the organism's metabolism.
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