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Abstract

Background: Metabolic and genomic informatics integrations in organism-specific databases
require comprehensive and intensive efforts. PathoLogic, a component of the Pathway Tools
software package can create complete Pathway/Genome Databases (PGDBs) from genomic
sequence and annotation files for any organism. This tool can predict the metabolic pathways
using MetaCyc as a reference knowledge base. This work aimed to apply a bioinformatics
approach to curate a PGDB created for the Crenarchaeon Sulfolobus solfataricus P2. This
archaeon grows optimally at 80° C and pH 2-4. The complete genome of S. solfataricus P2 was
released in 2001. Created PGDBs often need manual curations to fill in the metabolic gaps that
the software failed to detect.

Methods: We used Pathway Tools to create the PGDB for the Sulfolobus solfataricus P2.
Bioinformatics curation for carbohydrate metabolism pathway (Entner-Doudoroff “ED”) and
TCA cycle was carried out. Literature search as well as homology-, orthology- and context-
based protein function prediction methods were followed for this curation using the Editors
component of the Pathway Tools program.

Results: Curation modified the number of the pathways in the database by adding extra
pathways that have not been detected by the PathoLogic. New pathways such as semi-
phosphorylated ED and a new variation of the TCA cycle were added to the PGDB of S.
solfataricus P2. Filling in the metabolic holes (missing enzymes) in the pathways under study
was also involved in the curation process.

Conclusion: The bioinformatics curation of the PGDB of S. solfataricus P2 improved the
database that can serve as a reference knowledge base for genomic annotations and metabolic
pathway reconstructions of other organisms especially the closely related Archaea.

Keywords: Bioinformatics curation, Crenarchaeota, Pathway Tools, ED pathway, TCA cycle,
In silico study.
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1. Introduction

Automated prediction of metabolic pathways is referred to as metabolic reconstruction. Using entire genome
sequences and genomic data, many metabolic reconstruction methods and algorithms have been published so far
(1-6). Reference knowledge bases (KBs), especially metabolic pathway-specific databases such as MetaCyc
(https://metacyc.org) (7-12) facilitate the achievement of metabolic reconstruction of the target organism. The
so-called Pathway/Genome databases (PGDBs) for different organisms can be created by using Pathway Tools
software (2, 4). These databases are collections of the annotated entire genome sequences of the target
organisms as well as the reconstructed metabolic pathways of the organism including information on
compounds, intermediates, cofactors, reactions, genes and their products. Many research groups have used the
Pathway Tools software package, and a significant number of created PGDBs were collected in BioCyc
(https://biocyc.org), which contains a collection of 19495 PGDBs for model eukaryotes and thousands of
microorganisms. The initial non-curated PGDBs may lack specific chemical pathways that are actually present
in the organism or conversely consist of false positives. The addition of the absent pathways and removing some
pathways that are not exist naturally in that individual organism help in improving the quality of genome
annotation. If the majority enzymes in a pathway have corresponding genes in the annotated genome, the
missing steps are likely to be present amongst the unidentified genes and are worth to be identified and assigned.
If a protein has not been assigned a specific function during the annotation process (annotations fail to assign
function to 40 — 60% of the new sequences), any reaction catalyzed by that protein would appear as a missing
enzyme (pathway hole) in a PGDB (13).

Sulfolobus solfataricus P2 belongs to the phylum Crenarchaeota of the life domain Archaea. Comparative
genomics has revealed a conserved core of 313 genes that are represented in all completely sequenced archaeal
genomes, plus a variable ‘shell’ that is prone to lineage specific gene loss and horizontal gene exchange (14).
There is limited experimental work available regarding the characterization of archaeal genes and prediction of
the archaeal specific pathways. Whereas the central metabolic routes of bacteria and eukaryotes are generally
well conserved, variant pathways have developed in Archaea (15). S. solfataricus P2 is widely adopted as a
model organism, grows optimally at 80° C and pH 2-4, aerobically metabolizes sulfur for energy and uses
organic compounds as C source (chemoorganotroph) (16). The complete genome of S. solfataricus P2 was
released in 2001, corresponding to a single chromosome of 2,992,245 bp. The identified number of the genes is
3032 genes. The number of proteins is 2,997 of which 1/3 have no detectable homologs in other sequenced
genomes, and 40% appear to be archaeal specific and only 12% and 2.3% are shared exclusively with bacteria
and eukaryotes, respectively (17).

Using “C-glucose, it was found that the oxidative breakdown of glucose to pyruvate in S. solfataricus differs
from the classical Entner-Doudoroff pattern (18), lacking first steps phosphorylations. Metabolic network
analysis by (19), revealed that a significant amount of glucose is metabolized to pyruvate via the non-
phosphorylative rout, followed by the tricarboxylic acid cycle. The non-phosphorylating glyceraldehyde-3-
phosphate dehydrogenase (GAPN) was suggested to act a key role in the regulation of carbon degradation via
modifications of the Emden-Meyerhof-Parnas (EMP) and the branched Entner-Doudoroff (ED) pathway in
hyperthermophilic Archaea (20, 21). This raised the concept “non-phosphorylated Entner-Doudoroff (nED)”
pathway. The anticipated central metabolic pathways (glycolytic pathway, pentose phosphate pathway and the
citric acid cycle) were constructed for the S. solfataricus P2 (17). The construction was based on the prediction
of the majority of the encoding genes. This came in agreement with the assumption that S. solfataricus possesses
the non-phosphorylated Entner—Doudoroff (ED) pathway because all but one of the involving genes encoding
non-phosphorylated ED enzymes were identified (2-keto-3-deoxygluconate [KDG]; glyceraldehyde-3P [GAP];
phosphoenolpyruvate [PEP]; dihydroxyacetone-P [DHAP]).

Tricarboxylic Acid Cycle (TCA Cycle), known as Krebs cycle and also as citric acid cycle is the metabolic
pathway, its complete set comprises eight reactions. The cycle links to the ED pathway via pyruvate or PEP (22,
23). The cycle also links to amino acids biosynthesis pathways via providing precursors for some amino acids
like L-lysine biosynthesis (24). Most organisms with completely sequenced genomes encode only a certain
subset of TCA cycle enzymes, utilizing only fragments of the cycle (25). Via a comparative genomic study, (26)
showed the diversity of TCA cycle pathway in different species, as well as detecting the non-orthologous gene
displacement for some enzymes within the cycle. Although it was mentioned by (17) that all TCA cycle genes
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were predicted in S. solfataricus genome (Ss01077, 1095, 2182, 2356 to 2359, 2482, 2483, 2585, 2589, 2815,
2816, 2863), there are still gaps in the TCA cycle to be filled in.

This bioinformatics study comprises an approach that allies the other ongoing attempts worldwide of
computational metabolic reconstructions of metabolic pathways for many organisms. The study intended
reconstruction of the metabolic pathways in S. solfataricus P2 focusing on carbohydrate metabolism (modified
Entner-Doudoroff) and TCA cycle pathways and introducing an approach to curate the Pathway/Genome
Database specific for S. solfataricus P2.

2. Materials and Methods
2.1. Creating PGDB specific for Sulfolobus solfataricus P2

To create the Pathway/Genome Database specific for S. solfataricus P2, the following tools were used: 1)
Pathway Tools software (2, 4), this package is also useful for querying, visualization and curation of MetaCyc
and other pathway databases. By using this software, initial metabolic pathways were predicted for the target
organism (S. solfataricus P2) via its entire annotated genome sequence. The main components of the Pathway
Tools software are: a) The PathoLogic, b) The Pathway/Genome Navigator ¢) The Pathway/Genome Editors.

2) The reference database MetaCyc (10), which is a multi-organism database of experimentally elucidated
metabolic pathways and the associated enzyme commission (EC) numbers and enzyme names. 3) The annotated
genome of S. solfataricus P2 (17).

4) Experiment-based literature of S. solfataricus P2 pathways and pathways of other closely related Archaea. 5)
Metabolic pathway-specific databases such as KEGG (27, 28).

6) The National Center for Biotechnology Information (NCBI) site for PubMed, Blast and Clusters of
Orthologous Groups (COGs) (https://www.nchi.nlm.nih.gov). 7) Other databases such as: Enzyme database
BRENDA (https://www.brenda-enzymes.org) (29), and the UniProt consortium members such as the Protein
Database Swiss-Prot and Protein Information Resource (PIR) (30).

2.2. Detection of the Missing Enzymes

In order to achieve the metabolic reconstruction of S. solfataricus P2, the following steps were carried out: 1)
by using PathoLogic (a component of Pathway Tools software), the initial non-curated PGDB for S. solfataricus
P2 was created. The annotated genome of S. solfataricus P2 has been used as input and the software would use
MetaCyc as a reference database. From the enzymes annotated in the genome the PathoLogic could predict the
set of the reactions in their corresponding pathways in S. solfataricus P2. 2) The manual curation process of the
initial PGDB was initiated with literature search for the mentioned pathways in Sulfolobus solfataricus, their
reactions, reactants and the involving enzymes. 3a) Checking was carried out for the metabolic pathways and
their components in the reference database MetaCyc (for S. solfataricus P2). 3b) Checking was also done for the
mentioned pathways and the corresponding reactants and enzymes in other metabolic pathway-specific
databases such as KEGG. 4) By comparing the reaction sets, reactants and the enzymes, identified by
experimental literature to those in MetaCyc and the created PGDB of S. solfataricus P2, enabled identifying the
missing steps and enzymes in the pathways (pathway holes).

5) Known EC numbers of the missing reactions helped in filling the missing steps depending on the available
experimental literature in metabolic pathways of Sulfolobus solfataricus, and then the corresponding proteins
and their encoding genes were assigned to these reactions.

6) Adopting one or more of the protein function prediction methods [Details in (31)] was the alternative for the
lack of experimental literature. Homology search using BLASTP and PSI-BLAST (32) of a specific enzyme
with an assigned EC-number (formerly its sequence has been retrieved in closely related Archaea) in S.
solfataricus P2 genome was the main strategy in this step. Clusters of Orthologous Groups of proteins (COGSs)
were used to identify the potential candidates for the pathway holes. 7) Studying the relating pathways in
evolutionarily close species to S. solfataricus P2 not just helped in filling the gaps but also creating some new
pathway variations in the PGDB. 8) Identification of the subunits of the enzyme complexes to give a complete
view of some reactions that are catalyzed by complexes. 9) The predicted missing enzymes and the encoding
genes were assigned to the corresponding reactions via the Editors component of Pathway Tools. 10) Citations
were also added to the curated reactions automatically by the software via entering the PubMed ID of the
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corresponding literature. 11) Finally, partial curated PGDB was achieved including all modifications in the
Entner-Doudoroff and TCA Cycle pathways.

3. Results

The Pathway/Genome Database (PGDB) of S. solfataricus P2 that was created by the PathoLogic component
of the Pathway Tools software is a collection of the genomic information and the reconstructed metabolic
pathways of S. solfataricus P2. The PGDB is visualized, queried and can be edited via the Pathway Tools. The
created PGDB is not a simple rational database but an object-oriented database. All components of the database
are represented as frames in the graphical display of the program. The program compared all the genomic
information of S. solfataricus P2 especially the annotated EC numbers and the enzyme names with those stored
in the reference database MetaCyc. Via PathoLogic algorithm, the program has predicted all reactions that are
probably been catalyzed by these enzymes and then the inferring of the corresponding candidate metabolic
pathways for S. solfataricus P2. The genomic information about the total gene number and the genes encoding
proteins as well as the number of enzymes, enzymatic reactions and the predicted pathways are present in the
PGDB. The number of predicted pathways is 159 and the enzymatic reactions are 787 reactions. From 3009
polypeptides, 582 enzymes were detected in the genome. The PGDB was manually curated for the carbohydrate
metabolic pathways (Entner-Doudoroff) and TCA cycle.

3.1. Curation of Carbohydrate Metabolism Pathways
3.1.1. Semi-Phosphorylated ED Pathway

Non-phosphorylated ED pathway was constructed by (17) for Sulfolobus solfataricus P2 depending on the
detection of the majority of the encoding genes in the genome. Because the genome of Sulolobus solfataricus P2
containing these enzymes was the input to the Pathway Tools software, the program could also detect the non-
phosphorylated ED pathway. As it is depicted in Figure 1 (ignoring the first reaction), from eight reactions only
four reactions were assigned an enzyme in the predicted non-phosphorylated glucose degradation.

Glucose 1-dehydrogenase dhg-1

Glucose 1-dehydrogenase dfig-2
Glucose 1-dehydrogenase  dig-3

5.1.3. 1.1, .1.1. 4.2.1.39
g]ucoscﬁi[&-])-glucusc%%) glucono-3 —Iactunc7>3 1.1.17 gluctmzlteT2-dch_vdm-3-dcox_\'-D-glumnntc
NADP NADPH H,0 H,0
4.1.2.-
pyruvate
Pyruvate kinase pyk Enolase SS00913 Aldehyde dehydrogenase  aldh
2.7.1.40 4.2.1.11 2.7.1.- 1.2.1.3 ) ‘
Py rumtc<ZT phosphoenolpyruvate 47— 2—])hosph0glycerate7—T glycerate (ﬁ glyceraldeyde
ATP H' H,0 ADP ATP NADH H,0
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Figure 1 Detected non-phosphorylated carbohydrate metabolic pathway in the PGDB of Sulfolobus solfataricus
P2 with five metabolic holes (missing enzymes). In the metabolic holes the EC* numbers are shown in blue.
Enzyme names are in green and the gene names are in violet color.

*: EC number is Enzyme Commission number (classification scheme for enzymes). EC
followed by four digits, the first digit defines the general type of reaction catalyzed by the enzyme
(ranges from one to six). The second digit indicates the subclass. The third gives the sub-subclass and
the fourth digit is the serial number of the enzyme in its sub-subclass.

The initial PGDB did not contain the semi-phosphorylated ED pathway. Using the Editors component of
Pathway Tools software, the semi-phosphorylated ED pathway was also created. Figure 2 shows the initial
semi-phosphorylated ED pathway with five metabolic holes. The curation should fill in these gaps (Figure 2).
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Figure 2 Initial semi-phosphorylated ED pathway with five metabolic holes. In the metabolic holes, the EC
numbers are shown in blue above the reaction arrows. Enzyme names are in green and the gene names are in
violet color.

ADP

3.1.1.1. Identifying Enzymes Assigned to the EC Numbers in the Metabolic Holes of Semi-Phosphorylated
ED Pathway

In S. solfataricus P2 the both enzymes, glucose dehydrogenase and 2-keto-3-deoxygluconate aldolase (KDG
aldolase) are responsible for the catabolism of glucose and galactose (33). Their results assume the promiscuity
of the carbohydrate metabolic pathway. Depending on these findings and the orthology-based function
prediction, the enzyme aldose 1-epimerase as well as the encoding gene (COG2017) were assigned to the first
metabolic gap (EC 5.1.3.3) in the semi-phosphorylated ED pathway (Figure 3). Following the bioinformatics
approach, the rest metabolic gaps were filled (see Discussion).

Gluconolactonase
Glucose 1-dehydrogenase dhg-1 $S03041
Aldose 1-epimerase Glucose 1-dehydrogenase dhg-2 Gluconolactonase D-Gluconate dehvdratase
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Figure 3 Complete curated semi-phosphorylated ED pathway in Sulfolobus solfataricus P2. All enzyme names
and genes were assigned to the EC numbers above the reaction arrows. The EC numbers are shown in blue,
enzyme names are in green and the gene names are in violet color.

3.1.2. TCA Cycle Pathway

The prediction of all citric acid cycle genes in S. solfataricus P2 genome (17) allowed the PathoLogic to
detect and add different variations of TCA cycle to the created PGDB of S. solfataricus P2. In order to display a
better view of the TCA cycle pathway in the PGDB, a new variation of the pathway was added as the first
curation achieved for the initial PGDB. The complete set of the TCA cycle EC-numbers was used as input to the
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Editor component of the Pathway Tools software to create the new variation of TCA cycle. The initially created
TCA cycle variations contain many metabolic holes (missing enzymes) that have to be filled in during the
curation process. *Supplementary SFigure 1 shows a part of the TCA cycle in which some gaps with known
EC-numbers are present. Literature search, homology-, orthology- and neighborhood-based protein function
prediction helped in the identification of the missing enzymes to form the most likely complete TCA cycle in S.
solfataricus P2 (Table 1, Figure 4).

It was mentioned that the prediction of the citrate synthase enzyme seems to be a good indicator for the presence
of a (nearly) complete TCA cycle in a given organism (25). The detection of citrate synthase (Ss02589) was
already achieved in the S. solfataricus P2 genome.

3.1.2.1. Identifying and Assign Enzymes to the EC Numbers in the Metabolic Holes of TCA Cycle

Table 1 shows the identified missing enzymes for each EC-number in the missing steps of the TCA cycle,

which was created an added to the PGDB. The identified enzymes also include the missing enzymes of the
linked reactions to the TCA cycle such as the link to pyruvate and phosphoenolpyruvate (PEP).
Malate dehydrogenase ((S)-malate:NAD* oxidoreductase) catalyzes the reaction [(S)-malate + NAD® =
oxaloacetate + NADH + H™] (EC 1.1.1.37). Malate dehydrogenase can be either dimeric or tetrameric (34).
Crystallographic analysis by the same reference of MalDH from the halophilic archaeon Haloarcula
marismortui has shown a tetramer (of two dimers) interacting mainly via complex salt bridge clusters. Putative
malate dehydrogenase was detected in the S. solfataricus P2 genome to be encoded by the gene mdh (named
also as sqdB).

Table 1 The identified missing enzymes for each EC-number in the missing steps of the TCA cycle, with the encoding genes

and the COGs they belong.
*: Clusters of the orthologous groups
EC-Number  Enzyme ‘ Gene-Name Gene# ‘ COG*
EC1.1.1.37 Malate dehydrogenase mdh(sqdB)  Ss02585 COGO0039
EC1.1.1.38 Malic enzyme - S502869 COG0281
EC 1.1.1.40 Malic enzyme - Ss502869 COG0281
EC1.27.1 Pyruvate synthase (pyruvic-ferredoxin
oxidoreductase)
--alpha chain porA-1 Ss01207 COG0674
porA-2 Ss02757
porA-like Ss502129
--beta chain porB-1 Ss01206 COG1013
porB-2 Ss502756
porB-like Ss02130
--delta chain porD-1 Ss07412 COG1144
porD-2 Ss011071
porD-like Ss02128
--gamma chain porG-1 Ss01208 COG1014
porG-2 Ss02758
EC1.2.7.3 2-oxoglutarate synthase (2-oxoglutarate-
ferredoxin oxidoreductase)
--alpha chain Ss02815 COG0674
--beta chain Ss502816 COG1013
EC6.4.1.1 Pyruvate carboxylase AccC? S502466 COG0439
EC4.1.131  Archaeal type phosphoenolpyruvate S502256 C0OG1892
carboxylase (atPEPC)
EC4.1.1.32  Archaeal GTP-dependent pckg Ss502537 COG1274
phosphoenolpyruvate carboxykinase
(PEPCK)
10
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The gene Ss02869 in S. solfataricus P2 produces malic enzyme (oxaloacetate decarboxylating). It was assigned
to the reaction EC 1.1.1.38, that also catalyzes the reaction EC 1.1.1.40 (Figure 4). In the Discussion section,
the strategies and argues are shown for filling the majority of the missing metabolic enzymes and the

corresponding genes.
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Figure 4 Curated TCA cycle of Sulfolobus solfataricus P2. The genes encoding the identified missing enzymes were
assigned to the corresponding EC-numbers (in green) (The enzyme names are listed in Table 1). The software already has
assigned enzymes and the encoding genes to the EC numbers in black.

4. Discussion
4.1. Semi-Phosphorylated ED Pathway

Identification of the key phosphorylation reaction (KDG kinase) for the modified ED pathway in an
experimental work (35) lead to add the concept for a semi-phosphorylated ED pathway in S. solfataricus P2.
This finding helped in the curation process of the ED metabolic pathway in the PGDB of S. solfataricus P2.

In vitro reconstruction experiments, (35) found that no gluconolactonase (catalyses the reaction: D-glucono-1,5-
lactone + H,O = D-gluconate) was needed for a functional pathway. However, they suggested a candidate gene
(Ss03041), which located close to the glucose dehydrogenase (Ss03042) to fill the second metabolic-hole (EC
3.1.1.17) in the semi-phosphorylated ED pathway (Figure 3). This gene due to the above-mentioned
neighborhood is most likely to be the gene that catalyzes the reaction rather than another gene (Ss02705), which
is also found in S. solfataricus (COG3386).

Conversion of D-gluconate to 2-dehydro-3-deoxy-D-gluconate (KDG) is catalyzed by gluconate dehydratase (an
octameric protein). N-terminal amino acid sequencing of the purified D-gluconate dehydratase from S.
solfataricus was done and found to be in exact agreement with Ss03198, which has been annotated in the
genome as muconate cycloisomerase (36). The enzyme and the encoding gene were added to the EC 4.2.1.39 in
the third missing enzyme in the semi-phosphorylated ED pathway (Figure 3). This gene resides in a cluster with
KDG aldolase (Ss03197), KDG kinase (Ss03195) and non-phosphorylating GAP dehydrogenase (Ss03194) (35,
36).

The identification and biochemical characterization of KDG kinase from S. solfataricus P2 added an evidence
for the presence of the semi-phosphorylated ED pathway. The enzyme catalyzes the phosphorylation of 2-

11
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dehydro-3-deoxy-D-gluconate (KDG) to form 6-phospho-2-dehydro-3-deoxy-D-gluconate (KDPG). The gene
(Ss03195) that encodes this enzyme is present in the Ed-gene cluster. The enzyme belongs to sugar kinases,
ribokinase family (COG0524). Within this COG other three genes were found in S. solfataricus but based on the
above mentioned clustering the strong candidate is (Ss03195).The enzyme KDG kinase and the encoding gene
were added to the EC 2.7.1.45 in the fourth missing enzyme in the semi-phosphorylated ED pathway (Figure 3).
The KD(P)G aldolase (a tetrameric protein) has been purified and characterized from S. solfataricus. This
enzyme converts KD(P)G via non-phosphorylated ED pathway (35, 37) and also via semi-phosphorylated ED
pathway (35) to pyruvate and glyceraldehyde(-3-phosphate). The bifunctional KD(P)G aldolase characterization
was the extra evidence for the presence of semi-phosphorylated ED pathway in S. solfataricus. The gene kdgA
known also as eda (Ss03197) was identified and cloned by (35) to be the gene encoding KD(P)G aldolase and it
resides in the ED cluster as mentioned previously. The gene and its product were assigned to the EC 4.1.2.14 in
the fifth missing enzyme in the semi-phosphorylated ED pathway (Figure 3).

Recent evidences showed that all enzymes of this pathway exhibit catalytic promiscuity that enables them to
catalyze the metabolism of galactose as well (38).

4.2. TCA Cycle Pathway

Malic enzyme (Pyruvic-malic carboxylase) catalyzes the reaction [(S)-malate + NAD(P)(+) <=> pyruvate +
CO(2) + NAD(P)H] (EC 1.1.1.40), acting on the CH-OH group of donors with NAD+ or NADP+ as acceptor,
and also decarboxylates the oxaloacetate. The enzyme was purified by (39) from S. solfataricus P2 and its
molecular weight was determined to be dimer of Mr 105,000 +/- 2,000 with apparently identical Mr 49,000 +/-
1,500 subunits.

Pyruvate synthase (Pyruvate:ferredoxin oxidoreductase) complex catalyzes the conversion of pyruvate to acetyl-
CoA (EC 1.2.7.1), which enters the TCA cycle and both with oxaloacetate produce citrate [ Pyruvate + CoA +
oxidized ferredoxin <=> acetyl-CoA + CO(2) + reduced ferredoxin]. In general, Archaea utilize a pyruvate
ferredoxin oxidoreductase (EC 1.2.7.1) instead of pyruvate dehydrogenase complex, which is already isolated
and characterized from some Archaea such as S. solfataricus (40). The enzyme consists of four subunits that
have already been detected in S. solfataricus genome (Table 1) with a molecular mass of 260 kDa (same
reference). The cofactors, which activate the complex, are thiamine diphosphate and iron-sulfur clusters.
Although the genes that encode the enzyme complex have been detected in the genome, the Pathway Tools
software could not assign the enzyme complex, the genes and even the EC number to the reaction of converting
pyruvate to acetyl-CoA. It suggested dehydrogenation reaction with NAD as acceptor (*Supplementary SFigure
2).

A reaction similar to EC 1.2.7.1 is catalyzed by the enzyme complex 2-oxoglutarate synthase (2-oxoglutarate-
ferredoxin oxidoreductase) [2-oxoglutarate + CoA + oxidized ferredoxin <=> succinyl-CoA + CO(2) + reduced
ferredoxin] (EC 1.2.7.3). The enzyme from Sulfolobus sp. is a heterodimer consists of two subunits, alpha (632
amino acids) and beta (305 amino acids) and it shows a broad specificity for 2-oxoacids such as pyruvate and 2-
oxoglutarate (41). The genes encoding the both subunits were detected in the S. solfataricus genome, but the
software same as in the previous reaction suggested a dehydrogenation reaction with NAD as acceptor
(*Supplementary SFigure 3).

Pyruvate carboxylase catalyzes the conversion of pyruvate to oxaloacetate [pyruvate +ATP + HCO(3)(-) <=>
oxaloacetate + ADP + phosphate]. There is no literature available regarding the experimental characterization of
this enzyme in S. solfataricus P2. Although in the pathway-based database KEGG, the enzyme pyruvate
carboxylase and its encoding gene Ss02466 (accC) were assigned to the EC 6.4.1.1, surprisingly neither the
gene Ss02466 nor any archaeal genes exist within the COG1038 (pyruvate carboxylase (PycA)), but they exist
within COGO0439 (biotin carboxylase (AccC)). Within this COG, archaeal pyruvate carboxylase as well as
archaeal biotin carboxylase are present.

Another TCA cycle link to glycolysis is via phosphoenolpyruvate, which is converted to oxaloacetate by an
archaeal type phosphoenolpyruvate carboxylase (atPEPC) (EC 4.1.1.31). The mass of a typical bacterial and
eukaryal PEPC ranges from 90 t0110 kDa, whereas the calculated molecular masses of atPEPC subunits (found
to be tetramer) are approximately half this size, ranging from 55 to 60 kDa and the enzyme complex requires
Mg? for its activity (42). The enzyme atPEPC in S. solfataricus was found to be encoded by Ss02256 (42).
Using Bioinformatical tools, they could also find significant similarity between the archaeal proteins from
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COG1892 (contains Ss02256) and the bacterial, eukaryal PEPC (BE-PEPC) family (COG2352) [for details see
(42)].

Preferably, the reverse conversion of oxaloacetate to phosphoenolpyruvate as the first step of gluconeogenesis is
catalyzed by an archaeal GTP-dependent phosphoenolpyruvate carboxykinase (PEPCK) (EC 4.1.1.32). Among
the completely sequenced Archaea, (43) found a) highly conserved homologues in the closely related genus
Pyrococcus to the studied archaeal (Thermococcus kodakaraensis) PEPCK (84 to 86% identical in amino acid
sequences), b) moderately (50 to 51% identical) and c) weakly (33 to 35% identical) homologous genes in
Sulfolobus and Thermoplasma, respectively (COG1274). The orthologous gene in S. solfataricus within this
COG is Ss02537. There is no lab biochemical characterization of the enzyme from S. solfataricus so far, thus it
is not known to be homotetrameric such as PEPCK from Thermococcus kodakaraensis or monomeric such as all
other known GTP-PEPCKs (43). The identified enzymes (Table 1) and the encoding genes were added to the
gaps in the TCA cycle, each to the corresponding EC-number (Figure 4).

5. Conclusion

The bioinformatics approach implemented in the curation of the PGDB specific for S solfataricus P2
improved the metabolic pathways that can subsequently serve as a reference for genomic annotations and
metabolic pathway reconstruction of other organisms especially the closely related Archaea. As mentioned
previously, many research groups worldwide created a huge number of PGDBs (19495 PGDBs) that have been
collected in BioCyc (https://biocyc.org) (44) for many model eukaryotes and thousands of microorganisms. The
majority of the initial non-curated PGDBs may lack many chemical pathways that have not been detected by the
software packages used to build these metabolic databases, or conversely consist of false positives that need
comprehensive curations. The current bioinformatics approach, which utilizes sufficient techniques, can
efficiently contribute in such curations. The approach mainly aimed to identify and assign enzymes and their
encoding genes to the metabolic holes, curating specific metabolisms in the database. For the complete set
metabolism curation of the whole PGDB database, the same bioinformatics approach can be applied.
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