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ABSTRACT 

The American University in Cairo 

Identification, expression and biochemical characterization of AMP 

phosphorylases from extreme environments 

By Noha Ahmed Anwar Attallah 

Under the supervision of Prof. Rania Siam, Prof. Peter Neubauer, and Dr. Anke 

Wagner 
 

Nucleotide analogs are interesting pharmaceutical intermediates as they represent the active 

form of nucleoside analog drugs, that are used in the treatment of cancer or viral infections. 

They are used as precursors in preparation of artificial oligonucleotides for therapeutic or 

diagnostic use. Enzymes as active biocatalysts offer numerous advantages over traditional 

chemical processes with respect to high process selectivity and efficiency. Recently, 

adenosine-5’-monophosphate phosphorylase (AMP-P) was identified to catalyze the 

reversible phosphorolysis of nucleotides into nucleobase and ribose-1,5-bisphosphate. 

Therefore, it is an attractive and promising biocatalyst in the synthesis of nucleotides and 

their analogs. The availability of enzymes with wide substrate spectra is an important 

prerequisite to produce a variety of modified nucleotides in enzymatic processes. 

Consequently, interesting AMP-Ps were produced and characterized concerning their 

substrate spectra. Red sea metagenomic data and sequences of the National Center for 

Biotechnology Information database were screened for putative AMP-Ps. Phylogenetic 

analysis was performed to identify interesting candidates. Sixteen AMP-Ps were chosen from 

different phylogenetic clusters for gene synthesis based on the differences in the active 

residues, phylogenetic distance, and variability of their isolation extreme environment. AMP-

Ps was successfully expressed in E. coli and purified. Expression conditions were optimized 

to reach higher amounts of soluble protein. Activity assays were performed with six 

substrates; AMP, CMP, GMP, UMP, adenosine, and uridine. For AMP-P of Thermococcus 

khodakarensis (Am01) published data were confirmed. Additionally, Am03 and Am15 

showed similar substrate spectra (an activity with AMP, GMP, and UMP) and are putative 

AMP-P. Their activity increased with increasing temperature which is in good accordance 

with the temperature optimum of the donor organisms (Thermosphaera aggregans, 

Thermofilum pendens respectively). The other identified proteins could be putative 

pyrimidine/purine nucleoside phosphorylase as they show a phosphorylase activity against 

adenosine and uridine. Am12 from ATII-LCL is an interesting candidate to be further 

analyzed as it is derived from an extreme environment, has activity towards adenosine and 

uridine nucleosides and low activity against AMP. In this study, we confirmed the hypothesis 

that extreme environments can also provide cytoplasmic enzymes with novel characteristics. 
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Chapter One: Introduction and literature review 

1.1 Introduction 

Enzymes as an active biocatalyst are considered interesting especially in the fields of 

industrial biotechnology; that focuses on the production of small molecules. The traditional 

chemical process is usually a tedious multistep reaction that render the process, time and cost 

intensive. Enzymatic synthesis routes are considered a promising alternative to the chemical 

synthesis with respect to high process selectivity and efficiency. Despite the obvious 

advantages of enzymatic or chemo-enzymatic production routes, industrial biotechnology is 

still dominated by chemical production processes. One of the promising fields for the 

application of enzymatic routes is the production of nucleotides and their modified analogs. 

The latter are valuable drugs for the treatment of cancer and viral infections. 

Recently, adenosine 5’-monophosphate phosphorylase (AMP-P) was identified to catalyze 

the reversible phosphorolysis of nucleotides into nucleobase and ribose-1,5-bisphosphate 

(R15P). Therefore, it is an attractive and promising biocatalyst in the synthesis of nucleotides 

and their analogs, however, the availability of enzymes with wide substrate spectrum is an 

important prerequisite to produce a wide variety of modified nucleotides in an enzymatic 

process.  

Deep sea extreme environments are interesting habitats for microorganisms with specific 

characteristics. While it is evident that such habitats are interesting for secreted matter, they 

also can provide cytoplasmic enzymes with novel characteristics. Accordingly, exploring new 

industrial enzymes from an extreme environment is a crucial step for better biotechnological 

applications. 

1.2 Adenosine 5’-monophosphate phosphorylase 

AMP-P (EC 2.4.2.57) is a unique archaeal nucleotide phosphorylase, first identified in a 

hyper-thermophilic archaeon called Thermococcus kodakarensis (Tk) and it has a role in 

nucleic acid metabolism and regulation of the intracellular nucleotide level (Aono et al., 

2012). AMP-P are involved in a novel metabolic pathway (Figure 1) of adenosine 5'-

monophosphate (AMP) metabolism. This pathway is composed of three enzymatic reactions. 

The initial reaction is catalyzed by AMP-P which catalyze the reversible phosphorolysis of 

nucleotides into nucleobase and R15P. The final step is the carboxylase reaction of ribulose-
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1,5-bisphosphate carboxylase/oxygenase (Rubisco; EC 4.1.1.39) which fixes carbon dioxide 

by converting the ribulose-1,5-bisphosphate (RuBP) into two molecules of 3-

phosphoglycerate (3-PGA). This product is an important intermediate in central sugar 

metabolism (Nishitani et al., 2013; Sato, Atomi, & Imanaka, 2007) 

 

Figure 1. Schematic illustration of the novel archaeal AMP metabolic pathway and the role 

of AMP-P in catalyzing the initial step (Nishitani et al., 2013).  

 

1.3 Substrate specificity  

AMP-P is unique enzyme in its substrate specificity (Figure 2) as it is the first enzyme to be 

identified to catalyze phosphorolysis reaction on the nucleotide. It can accept not only AMP 

but cytidine 5'-monophosphate (CMP), uridine 5'-monophosphate (UMP) and deoxycytidine 

5'-monophosphate (dCMP)(Aono et al., 2012). 

Generally, the AMP phosphorylase reaction in equilibrium favors the reverse direction 

toward the formation of nucleoside 5’-monophosphate (NMP) but the presence of Rubisco 

enzyme drives the reaction forwarded toward the formation of 3-PGA (Aono et al., 2012). 

Figure 2. Schematic illustration of AMP-P reversible phosphorolysis reaction against AMP, 

CMP, UMP and dCMP substrates (Aono et al., 2012)  
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In addition, AMP-P is widely distributed among archaea (e.g. Thermococcales, 

Archaeoglobales, Methanomicrobiales, and Methanosarcinales). 

 

1.4 Classification and structure 

Based on AMP-P primary structure, AMP-P belongs to the nucleoside phosphorylase II 

family (NP-II), which includes pyrimidine nucleoside phosphorylase (PyNP) and thymidine 

phosphorylase (TP) (Nishitani et al., 2013). It is the only member of this family to catalyze 

the phosphorolysis of nucleotides, unlike all other members that act on pyrimidine nucleoside 

only forming pyrimidine base and ribose -1-phosphate (Pugmire & Ealick, 2002). 

Previously, AMP-P was annotated as TP; however, its function and structure are distinct from 

the NP-II family members (Nishitani et al., 2013). Recently, most AMP-P members were re-

annotated from homolog of TP to homolog of AMP-P.  AMP-P structure consists of three 

essential domains (Figure 3a): 

a) N-terminal domain (82 residues; 2-84)  is unique to AMP-P and not found in other 

members of NP-II family. It is essential for multimerization as AMP-P form large 

macromolecules (>40mers) in solution and this multimerization is crucial for the 

thermostability of the enzyme from a hyperthermophile (Nishitani et al., 2013). 

Moreover, it is essential to the enzymatic activity of AMP-P as it is stabilizing the closed 

conformation upon substrate binding unlike other members of NP-II family which has 

closed loop instead (Figure 3b & 3c) (Pugmire & Ealick, 1998). 

 

b) Central domain (96 residues; 84–149 and 241–272) whose structure is the same as NP-II 

family members and it contains residues essential for pyrimidine base binding (Glu250 & 

Lys268); however, it contains also residues essential for binding to purine base Asp256 

and Ser264 unlike NP-II family members (Nishitani et al., 2013). 
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Figure 3. Structure of AMP-P a) AMP-P subunit showing the three essential domains.  

The N-terminal, central, and C-terminal domains are shown in yellow, blue, and pink, 

respectively. b & c) Schematic drawing show open and closed conformation in AMP-P (b) 

and PyNP (c) (Nishitani et al., 2013) 

 

c) C-terminal domain (299 residues; residues 161–233 and 276–503) its structure is the 

same as NP-II family members as it contains residues essential for phosphate binding 

(Ser165, Asn175, Lys191, Ser193, Ser194 & Thr203).  In addition, it has residues which 

are unique to AMP-P called 5’-phosphate binding residues (Gly168, Ile197, Thr198, 

Ser199 & Lys288) which is responsible for binding to 5’-phosphate of nucleotide. 

Moreover, AMP-P contains an exceptional β18 strand (10 residues) in the C-terminal 

domain which is responsible for unique domain swapping interaction (Figure 4) that 

contributes to the multimerization of AMP-P (Nishitani et al., 2013), unlike NP-II family 

members which form dimers (Pugmire & Ealick, 1998). 
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Figure 4. Scheme for illustration of domain swapping interaction in AMP-P responsible for 

multimerization (>40mers).  

The N-terminal, central, and C-terminal domains are shown in yellow, blue, and pink, 

respectively. The C-terminal 10 residues, which participate in the domain swapping 

interaction with the neighboring molecule, are shown by red bars (Nishitani et al., 2013) 

 

1.5 Biotechnological applications of modified NMP analogs  

The emergence of drug resistance against nucleoside analogs together with their low 

effectiveness and increased side effects gave rise for new drugs which are prodrug modified 

NMP analogs (Jordheim, Durantel, Zoulim, & Dumontet, 2013). These modified nucleotide 

analogs are important as pharmacological ingredients in the pharmaceutical industry as it 

represents the active form of nucleoside analogs drugs that are used in the treatment of cancer 

and viral infections.  

Furthermore, they have an advantage over the previously known modified nucleoside analogs 

(Figure 5) as:  

1)They don’t require the initial phosphorylation step which converts nucleoside to the 

corresponding NMP and this step is considered the rate-limiting step and one of the resistance 

mechanisms enforced by tumor or viral cells against nucleoside analogs drugs 

2)They are insensitive to deamination either intracellular or extracellular and therefore 

increase the activity of the drug.  
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3) They don’t depend on membrane transporters rather they enter the cell independently 

based on the nature of the chemical moieties that mask the phosphate group (Jordheim et al., 

2013)  

 

Figure 5. Advantage of modified nucleotide analog against modified nucleoside analog. 

(Jordheim et al., 2013) 

 

Several NMPs analogs prodrugs are approved by FDA (Clercq & E., 2016) for the treatment 

of cancer and viral infections for example: 

• Adefovir dipivoxil (Hepsera); acyclic nucleotide analog of AMP in the treatment of human 

hepatitis B virus (HBV) (Shah et al., 2015) (Figure 6a) 

• Tenofovir disproxil fumarate (Viread); acyclic nucleotide analog of deoxyadenosine 5’-

monophosphate belongs to reverse transcriptase inhibitor family and used in the treatment of 

human immunodeficiency virus (HIV) and HBV(Lyseng-Williamson, Reynolds, & Plosker, 

2006) (Figure 6b) 

• Sofosbuvir (Sovaldi); nucleotide analog of UMP used in the treatment of Hepatitis C virus 

(HCV) by inhibiting the nonstructural protein 5B (NS5B) polymerase. It is highly potent over 
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other nucleoside analogs and characterized by low side effects and high resistance against all 

genotypes of HCV (Bhatia, Singh, Grewal, & Natt, 2014) (Figure 6c) 

• Fludarabine Phosphate (Fludara); phosphate salt of a fluorinated nucleotide antimetabolite 

analog of the antiviral agent vidarabine (ara-A) with antineoplastic activity used in the 

treatment of leukemia and lymphoma by inhibiting DNA synthesis (Boogaerts et al., 2001) 

(Figure 6d) 

• Stampidine (experimental); dideoxy thymidine 5’-monophosphate nucleotide analogue 

which is derivative of stavudine (nucleoside analogue) used in the treatment of multidrug 

resistance HIV infections and overcome the major problem of stavudine which the first 

phosphorylation step (rate limiting step) (Uckun, Pendergrass, Venkatachalam, Qazi, & 

Richman, 2002) (Figure 6e) 

 

 

 

 

 

 

 

 

Figure 6. Chemical structure of modified nucleotide analogs. 

a) Adefovir dipivoxil, b) Tenofovir disproxil fumarate, c) Sofosbuvir, d) Fludarabine 

Phosphate and e) Stampidine 

 

1.6 Synthesis of modified nucleotide analogs 

Modified NMPs are synthesized either chemically (Burgess & Cook, 2000) or enzymatically 

(Barai, Kvach, Zinchenko, & Mikhailopulo, 2004; Caton-Williams, Smith, Carrasco, & 

Huang, 2011) through phosphorylation of a nucleoside. These modified analogs have various 

modification either on the sugar or the nucleobase part which renders their chemical synthesis 

tedious, labor-intensive and time-consuming. (Figure 7) 
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Moreover, chemical synthesis has different challenges as difficulty in control the 

regioselectivity of ribose 5’-phosphorylation and production of various byproduct impurities 

which are unstable and difficult to remove. Also, multiple protection and deprotection of 

functional groups (e.g. hydroxyl) of nucleoside are required. In addition, every nucleoside 

analog has different challenges which make a general chemical strategy impossible. All these 

potentials lead to low yield, difficulty in the purification of water-soluble products and high 

cost. (Burgess & Cook, 2000; Caton-Williams et al., 2011) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Examples of various modifications either on base, sugar or phosphate group to 

produce synthetic modified nucleotide analog   

 

Emerging from the importance of the NMPs modified analogs and the difficulty of their 

chemical synthesis; an enzymatic alternative is of great demand. Several attempts  with 

different enzymes were used such as nucleoside phosphotransferases (EC 2.7.1.77; NPT) that 

were used to catalyze 5’-mono-phosphorylation of nucleoside (Barai et al., 2004), engineered 

hypoxanthine phosphoribosyl transferase  which has  specificity for purine base analogues 

only; facilitating their addition to phosphoribosyl pyrophosphate (PRPP) to produce 

monophosphorylated nucleotides. This latter method has some limitations as PRPP has poor 

solubility, decomposes rapidly in solution and has limited substrate specificity (Scism & 

Bachmann, 2010). (Figure 8) 
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Figure 8   Enzymatic cascade for the production of purine nucleotide analogs using 

engineered hypoxanthine phosphoribosyl transferase.  

Ribokinase (RK), phosphoribosyl pyrophosphate synthetase (PPS), engineered hypoxanthine 

phosphoribosyl transferase 8B3PRT (8B3), adenylate kinase (AK), pyruvate kinase(PK), 

Covalently linked enzyme aggregates (CLEA).(Scism & Bachmann, 2010) 

 

Generally, enzymatic synthesis of modified nucleotide analogs is favorable over chemical 

synthesis as it doesn’t require protection of functional groups, requires only mild reaction 

conditions and it enhances purification of the product; however, it requires enzymes that has 

broad substrate specificity and can accept various modified bases and sugars giving to high 

yield. Therefore, it is crucial to screen for novel enzymes with diverse activity.   

 

1.7 Extreme environment and extremophiles as source for novel industrial 

enzymes 
       

Extreme environments are diverse, challenging environments in terms of temperature, pH, 

pressure, salinity, alkalinity, and acidity. Several novel and potentially active enzymes were 

discovered in such environments that have many industrial applications (Littlechild, 2015).  
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One of these environments is the Red Sea brine pools which are characterized by multiple 

abiotic stressors like high temperature, high salinity, high pressure and decreased oxygen 

levels (Siam et al., 2012). Potential thermostable enzymes were discovered in such 

environments as mercuric reductase (Sayed et al., 2014), nitrilase (Sonbol, Ferreira, & Siam, 

2016), esterase (Mohamed et al., 2013), antibiotic resistance enzymes (Elbehery, Leak, & 

Siam, 2017) and anticancer and anti-bacterial orphan biosynthetic gene clusters (Ziko, Ouf, 

Aziz, & Siam, 2019). 

 

Moreover, extremozymes from extremophile show potentials as an active biocatalyst in 

catalyzing various chemical conversion that was dominated by traditional chemistry with 

greater specificity and more stability (L. Kumar, Awasthi, & Singh, 2011). Extremophiles 

from an archaeal origin provide the majority of extremozymes and characterized by novel 

metabolic pathways (Aono et al., 2012; Nishitani et al., 2013; Sato et al., 2007) which make it 

a source for several enzymes with novel biotechnological application. 

 

Owing to the advantages of extremophiles and extreme environment in providing novel 

enzymes and the industrial demand for active biocatalysts to be used in various 

biotechnological applications we screened the Red Sea brine pools and searched various 

extremozymes from archaeal extremophiles for putative AMP phosphorylases enzymes. It 

would thus be of interest to determine the currently unknown mechanism by which AMP 

phosphorylase alone recognizes various bases, sugars and 5′-phosphate groups of nucleotides. 

 

1.8 Aim of the study 

 

The aim of the study was to express and characterize new AMP-P. To identify interesting 

enzyme candidates, phylogenetic analysis was performed with archaeal AMP-P sequences 

identified either in the Red Sea or in the NCBI database. Sequences were chosen for further 

studies based on differences in the amino acid sequence or the structure. 16 AMP-P were 

expressed in E. coli, and their substrate spectra were studied. 
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Chapter Two: Materials and Methods 

2.1 Sample collection, DNA extraction, and Pyrosequencing 

Water and Core sediments samples were collected during the KAUST/WHOI/HCMR Red 

Sea expeditions, 2010 onboard the R/V Aegeo in collaboration with AUC. Samples were 

taken from Atlantis II Deep (ATII, Temperature 68oC), Discovery deep (DD, Temperature 

45oC), Kebrit deep (KD, Temperature 23.4oC) and Brine influenced site (BI, Temperature 

22oC) (Table 1) 

Table 1. Metadata for Red Sea Metagenomic samples 

 

ATII: Atlantis II, KD: Kebrit deep, DD: Discovery deep, IN: interface, UCL: upper convective layer, LCL: lower convective 

layer, S: Sediment, UIN: upper interface, LIN: lower interface, BR: brine, BI: brine influenced 

 

Water samples were collected by Niskin bottles mounted on rosette that is supplied by CTD 

(Conductivity, Temperature, and Depth) meter and immediately processed through serial 

filtration using mixed cellulose ester filters (nitrocellulose/ cellulose acetate) of various pore 

sizes 3.0, 0.8 and 0.1 µm (Millipore). Collected samples stored in sucrose buffer at -20oC for 

further analysis. Twelve water samples were taken from different sites and depths as follows: 

Database Location 
Depth 

(m) 
Description 

Bio-project  

Accession no. 

ATII50 

21o21'N, 38o04'E 

50 Sea Water PRJNA193416 

ATII200 200 Sea Water PRJNA193416 

ATII700 700 Sea Water PRJNA193416 

ATII1500 1500 Sea Water PRJNA193416 

ATII-IN 1997 Interface layer PRJNA219363 

ATII-UCL 1995 Brine PRJNA193416 

ATII-LCL 2100 Brine PRJNA193416 

ATII-S 2168 Brine Sediment PRJNA299097  

KD-UIN 

24o71'N, 36o28'E 

1468 Upper Interface layer PRJNA219363 

KD-LIN 1469 Lower Interface layer PRJNA219363 

KD-BR 1496 Brine PRJNA193416 

DD-IN 

21o28'N 38o04'E 

2030 Interface layer PRJNA219363 

DD-BR 2030 Brine PRJNA193416 

DD-S 2180 Brine Sediment PRJNA299097  

BI-S 21o40'N 38o09'E 1856 Brine influenced sediment PRJNA299097  
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From ATII (50m, 200m, 700m, 1500m, Brine water interface, Upper convective layer and 

Lower convective layer), from DD (Brine and Brine water interphase), from KD (Brine, 

lower interface and upper interphase) (Ferreira et al., 2014). 

Sediment core samples were collected from ATII and DD by gravity cores between 3.5 and 4 

m long (Benthos Instruments, KC Denmark), while form BI by short multi-coring (Siam et 

al., 2012). 

DNA extraction from 0.1 µm filter is done as described (Rusch et al., 2007) and from 

sediment by PowerSoil ® DNA Isolation Kit (MO-BIO, Calsbad, CA). The DNA 

concentration was measured by a Nanodrop 3300 Fluorospectrometer (Thermo Scientific, 

USA) and a Quant-iT™ PicoGreen® dsDNA Kit (Invitrogen, USA). Shotgun sequencing of 

the extracted DNA was done on a GS FLX pyrosequencer using the Titanium 

pyrosequencing kit (454 Life Sciences) creating a dataset of all reads (Table 2). Assembly 

was done by GS assembler (The GS Data Analysis software package, 454 Life Sciences) 

forming contigs where ORFs were identified and annotated using Artemis (Rutherford et al., 

2000). 

Table 2. Characteristics of the Red Sea metagenomic sequence data  

Database Number of reads Total reads size (bp) 
Number of  

Contigs >500bp 

Average contig  

size (bp) 

Largest contig  

size (bp) 

ATII50              1,461,910                   588,584,375  36262 1149 21887 

ATII200              1,260,578                   492,013,769  34640 1131 25392 

ATII700              1,128,514                   489,155,258  32860 1285 33783 

ATII1500                 833,739                   355,048,289  20374 1331 51927 

ATII-IN                 832,138                   268,756,307  9933 1214 25150 

ATII-UCL                 886,030                   330,511,319  11994 1454 103389 

ATII-LCL              4,104,966                1,546,475,362  19165 2084 350936 

ATII-S              1,138,406                   444,647,496  30352 1194 33674 

KD-UIN              1,562,521                   470,950,183  24517 1495 58542 

KD-LIN              1,510,272                   501,870,390  31983 1241 38825 

KD-BR              1,379,832                   367,495,793  22280 945 14864 

DD-IN              1,095,181                   374,686,960  14144 1201 28080 

DD-BR              1,111,044                   393,207,432  15306 1216 22118 

DD-S              1,258,290                   509,882,594  38529 1233 38081 

BI-S                 253,568                   122,268,823  7292 1177 1315 

ATII: Atlantis II, KD: Kebrit deep, DD: Discovery deep, IN: interface, UCL: upper convective layer, LCL: lower convective 

layer, S: Sediment, UIN: upper interface, LIN: lower interface, BR: brine, BI: brine influenced. A highlight indicates the 

highest number.  
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2.2 Computational Analysis 

2.2.1 Screening the Red Sea metagenomic datasets for putative pyrimidine nucleoside 

phosphorylases 

A sequence-based metagenomic approach was used to identify putative PyNPs in the Red Sea 

metagenomic datasets using a probabilistic model called profile hidden Markov models 

(HMMs)(Eddy, 1998) against Red Sea metagenomic datasets: 

a- Pfam signatures (PF00591.20, PF02885.16, PF07831.12) representing the functional 

domains of PyNPs; α/β, α, and C-terminal domains respectively were retrieved from 

Pfam 31.0 (El-Gebali et al., 2019) and used to extract open reading frames (ORFs) 

containing these domains from the assembled Red sea datasets using HMMsearch. 

b- Another HMM profile was built using HMMbuild from a dataset of PyNPs which 

contain 119 PyNP enzymes of thermophilic origin that were retrieved from National 

center for biotechnology information (NCBI). This HMM profile is used to 

HMMsearch against assembled and annotated Red sea datasets to identify ORFs 

containing PyNP domains. 

ORFs of interest that contain the three functional domains of PyNPs were selected and 

compared against non-redundant (nr) protein database using BLASTX algorithm of NCBI 

(Altschul et al., 1997) to identify a possible new PyNP sequences based on different 

parameters as E-value, query coverage and identity percentage to the nearest BLASTX hit 

and also against InterPro protein database to identify protein family (Finn et al., 2017). 

2.2.2 Phylogenetic analysis for archaeal nucleoside/nucleotide phosphorylases to identify 

interesting candidates               

 

Multiple sequence alignment of the computationally identified ORFs with customized 

database (96 sequences, Supplementary Table 1) of AMP-P reference sequences retrieved 

from NCBI from different phylum and classes of archaeal origin together with PyNP of 

Geobacillus stearothermophilus (most identified PyNP) (Pugmire & Ealick, 1998) and 

BioNukleo PyNP/TPs (identified by BioNukleo lab in Technische Universität Berlin) was 

performed using Mcoffee (Wallace, O’Sullivan, Higgins, & Notredame, 2006) (Moretti et al., 

2007) which align sequences using multiple sequence aligners as Muscle, Mafft, ClustalW, 

Probcons and T-coffee and combine their output in one unique alignment. 
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Phylogenetic analysis was performed by the Maximum likelihood (ML) method and 

reliability was tested using bootstrapping of 1000 replicates in MEGA X software version 

10.0.1(S. Kumar, Stecher, Li, Knyaz, & Tamura, 2018). This step was done to analyze where 

the computationally identified proteins from Red Sea datasets will cluster and compare it to 

the BioNukleo PyNP/TPs. The tree was visualized with bootstrap using the online tool 

Interactive Tree of Life (iTOL) V4.3.3 (Letunic & Bork, 2019). 

 

The phylogenetic tree was divided into clusters and enzymes were chosen for gene synthesis 

representative for each cluster together with the only AMP phosphorylase found in NCBI 

reference sequence of bacterial origin. Multiple sequence alignment of selected genes using 

Mcoffee were done to ensure the presence and the correct position of the 

nucleoside/nucleotide phosphorylase functional domains and to identify the active residues 

and compare it against Tk-AMP-P (only identified AMP-P). 

 

Homology modeling for the chosen enzymes was done using Phyre2 tool (Kelley, Mezulis, 

Yates, Wass, & Sternberg, 2015). ESBRI online tool was used for the determination of salt 

bridges in the chosen enzymes (Costantini, Colonna, & Facchiano, 2008). 

Validation of the result 

This validation approach is designed to search for the characteristic domain architecture of 

AMP-P in the Red sea datasets and compare it with the results obtained before from 

HMMsearch. The analysis pipeline as shown in Figure 9 is applied on both Red Sea datasets; 

sequenced reads and assembled contigs using custom-made reference AMP-P protein 

database retrieved from NCBI (96 sequences, Supplementary Table 1).  
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Figure 9. Analysis pipeline diagram for searching AMP-P in the Red sea datasets using a 

reference database of AMP-P retrieved from NCBI 

 

2.3 Synthesis, Cloning & Expression of AMP phosphorylases 

2.3.1 Synthesis of AMP phosphorylases and Transformation in E. coli competent Top10 

cells 

 

Genes coding for the chosen AMP-P (named Am01-16) enzymes were optimized for 

expression in the host organism E. coli using GeneOptimizer® software included in 

GeneArt™ in order to achieve the most efficient expression of AMP-P. Then they were 

synthesized by GeneArt™ Gene synthesis and designed to be flanked by BamHI and HindIII 
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at the 5’ and 3’ cloning sites respectively. The fragments were cloned in pMA-T cloning 

vector with Ampicillin resistance marker (Figure 10) forming cloning construct (pMAT-Am 

(01-16)). 

The cloning constructs were transformed in E. coli competent Top10 cells by electroporation. 

Cells were grown in Luria-Bertani (LB) agar plates containing 100 µg. ml-1 ampicillin and 

incubated overnight at 370C.  Transformed cells were used to propagate the cloning construct 

by incubating the cells in shake flask containing LB medium and 100 µg. ml-1 ampicillin at 

370C, 200rpm overday until turbid and glycerol stocks were prepared. Cloning construct was 

then extracted and purified from the transformed cells using the QIAprep® Spin Miniprep 

Kit (Qiagen, Germany) as mentioned by the manufacturer. The concentration of the purified 

recombinant plasmid was determined by a spectroscopic measurement at 260 nm by a 

Nanodrop™ 1000 spectrophotometer (Thermo Scientific, USA). The Purity of the 

recombinant plasmid is determined by measuring the ratio of spectrophotometric absorbance 

of the sample at 260 nm to that of 280 nm (A260/A280). 

Figure 10 Cloning (pMA-T) and Expression (pKS2) vectors used in this study.                                                      

pMA-T plasmid shows the common features with ampicillin resistance gene and the two 

restriction enzymes used in this study BamHI and HindIII. pKS2 plasmid show also the lac 

operator responsible for expression with isopropyl β-D-1-thiogalactopyranoside (IPTG), two 

restriction enzymes BamHI and HindIII, ampicillin resistance gene, and 6X His tag to be 

added to the N-terminal of the expressed protein for further purification. Plasmid map is 

visualized using Snap gene viewer software (from GSL Biotech; available at snapgene.com). 

 

 

https://www.snapgene.com/
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2.3.2 Re-Cloning of AMP phosphorylases in the expression vector pKS2-plasmid 

 

Restriction digestion of pMAT-Am recombinant plasmid was done using restriction enzymes 

BamHI and HindIII and the insert was separated by agarose gel electrophoresis. The gel piece 

containing the insert was cut and the insert was purified using NucleoSpin® Gel and PCR 

Clean-Up gel extraction kit (Macherey Nagel, Germany) as mentioned by the manufacturer. 

The concentration and the purity of the purified insert were determined as mentioned above. 

 

The purified insert and the pKS2 expression vector (backbone, N-terminal 6xHis-Tag, Figure 

10) were ligated using T4 DNA ligase. The ligation reaction containing the expression 

construct (pKS2-Am (01-16)) was transformed into E. coli competent Top10 cells by 

electroporation. Cells were grown in LB agar plates containing 100 µg. ml-1 ampicillin and 

incubated overnight at 370C.  Transformed cells were used to propagate the expression 

construct by incubating the cells in shake flask containing LB medium and 100 µg. ml-1 

ampicillin at 370C, 200rpm over day until turbid and glycerol stocks were prepared. 

 

Expression construct was then extracted and purified from the transformed cells using the 

QIAprep® Spin Miniprep Kit as mentioned by the manufacturer. The concentration and the 

purity of the purified recombinant plasmid were determined as mentioned above. Each 

purified expression construct is checked by restriction digestion test using a FastDigest buffer 

(10X, Thermo Fisher Scientific) and restriction enzymes (BamHI and HindIII) and then 

analysis via agarose gel electrophoresis to check base pair (bp) number against DNA ladder 

marker. 

 

The purified expression construct was transformed into E. coli competent BL21 cells by 

electroporation for expression. Cells were grown in LB agar plates containing 100 µg. ml-1 

ampicillin and incubated overnight at 370C.  Transformed cells were used to propagate the 

expression construct by incubating the cells in shake flask containing LB medium and 100 

µg. ml-1 ampicillin at 370C, 200rpm over day until turbid. Glycerol stocks were prepared, and 

aliquots were frozen and stored at -80oC for further analysis. 
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2.3.3 Expression of recombinant AMP phosphorylases in E. coli BL21 cells using 

Enpresso®B medium and 2xYT Medium Broth 

 

Enpresso®B medium  

Recombinant E. coli strain BL21 was cultivated in EnPresso®B animal free medium 50ml 

(BioSilta, Finland) using Ultra Yield FlasksTM and AirOTopTM seals (Thomson Instrument 

Company, USA).  

Preculture was prepared in animal-free LB broth containing 100 µg. ml-1 ampicillin and 

incubated at 370C (6-8hr, 250rpm). Preculture OD600 was measured using UV/Vis 

spectrophotometer (Ultrospec 3000, Amersham Biosciences, Germany). The main culture 

was inoculated with fresh preculture to a final OD600 equals 0.15 and incubate overnight at 

300C (200rpm).  

Then, Protein expression was induced using 1 mM IPTG and incubated at 300C (200 rpm). 

24hr after induction, cells were harvested by centrifugation (8000 X g, 40C, 10min) and the 

pellets were stored in -200C for further analysis. 

 

2xYT Medium Broth  

 

The 2xYT medium was used for the expression of Am07 to study if cold expression will 

enhance the solubility of the expressed protein. Recombinant E. coli strain BL21 was 

cultivated in 2xYT medium 500ml (16g peptone, 10g yeast extract, and 5g NaCl) using Ultra 

Yield FlasksTM and AirOTopTM seals. Preculture was prepared in animal-free LB broth 

containing 100 µg. ml-1 ampicillin and incubated overnight at 300C (200rpm).  

Preculture OD600 was measured using UV/Vis spectrophotometer. The main culture was 

inoculated with fresh preculture to a final OD600 equals 0.15 and incubate at 370C (200rpm) 

till OD600 reached 0.6. 

Then, Protein expression was induced using both 50 μM and 1 mM IPTG and incubated at 

220C (200 rpm). Twenty two hours after induction, cells were harvested by centrifugation 

(8000 X g, 40C, 10min) and the pellets were stored in -200C for further analysis. 

 

To analyze protein expression in both media, 1ml sample was taken before and after 

induction with IPTG. OD was measured using UV/Vis spectrophotometer with proper 

dilution to make sure that the absorbance value is in the range of 0.2-0.8 and then a sample of 

OD600 equals 5 is prepared. Cells were harvested by centrifugation (16000 X g, 40C, 5min) 
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and the pellets were stored in -200C for analysis by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). 

 

2.4 SDS-PAGE analysis 

Cell disruption of cell pellets obtained from OD600=5 sample was done by suspending each 

pellet in 300 μl BugBuster TM Protein Extraction Reagent (Novagen, Germany) containing 0.3 

μl. ml-1 Benzonase® (Merck, Germany) and 1 μl. ml-1 Lysozyme (Sigma Aldrich, Germany) 

followed by incubation for 30 min at 300C. A sample (40μl) was taken. Centrifugation 

(16000 x g, 40C, 15min) for samples were done in order to separate the soluble and insoluble 

protein fractions followed by adding 1 volume of 2X SDS loading buffer (125mM Tris HCl 

pH6.8, 5% SDS, 0.25% bromophenol, 25% Glycerol, 200mM Dithiothreitol (DTT)) to 

soluble fractions and the same volume containing 8M Urea in ratio 1:1 was added to the 

insoluble fractions. All samples were heated at 950C for 5 min and 10μl was added for SDS-

PAGE analysis on 12% gels and stained with Coomassie blue according to the Laemmli 

method (Laemmli, 1970). 

2.5 Purification of His-tag AMP phosphorylase by Ni-NTA spin column 

affinity chromatography 

Enzymatic lysis 

Each cell pellet was disrupted by suspending in 3x Lysis buffer solution containing binding 

buffer (50mM sodium phosphate buffer, 300mM NaCl, 10 mM imidazole, pH 8.0), lysozyme 

(1mg. ml-1), MgCl2 (1mM), phenylmethylsulfonyl fluoride (PMSF, 0.1mM) and DNAse 

powder followed by incubation at 300C for 1hr at 300rpm in Thermo-shaker. 

 

Mechanical lysis 

Cells were subjected to sonication using Ultrasonicator UP200S (Hielscher Ultrasonics, 

Teltow) for 10 min with 30s on/off intervals and 30% amplitude. Samples (40μl) were taken 

for further analysis by SDS-PAGE as mentioned before. Centrifugation (10000 x g, 40C, 

30min) to separate the supernatant from the cell debris was done.  
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Purification by Ni-NTA spin column affinity chromatography 

The target protein was purified using Nickel (Ni2+) affinity chromatography with Ni-NTA 

agarose resin (Jena BioScience, Germany) according to manufacture manual using spin 

columns at room temperature. The His-tagged AMP-P was eluted using Elution buffer 

(50mM sodium phosphate, 300mM NaCl, 250mM imidazole, pH 8.0). Purified proteins 

elution fractions were added for SDS-PAGE analysis on 12% gels and stained with 

Coomassie blue according to the Laemmli method (Laemmli, 1970).  

 

Protein Concentration 

The concentration of the purified protein was determined by a spectroscopic measurement at 

280 nm by a Nanodrop™ 1000 spectrophotometer using theoretically extinction coefficient 

calculated by Protparam web tool (Gasteiger et al., n.d.) listed in Table 3. 

Table 3. Extinction coefficient of AMP phosphorylases calculated by Protparam web portal. 

 

 

 

 

 

 

 

 

 

2.6 Activity assay of the purified AMP phosphorylases 

Phosphorylase activity assays were performed in 100μl reaction volume containing 1mM 

substrate (NMP: AMP or CMP or GMP (guanosine 5‘-monophosphate) or UMP, 

Nucleoside: Adenosine or Uridine), 10mM potassium phosphate buffer (pH 7.5), 20μl 

purified protein (no heat) and incubated at different temperatures 37, 50 and 80 0C. 

After 16hr incubation, samples were withdrawn and stopped with 100μl methanol. 

Centrifugation (20000 x g, 40C, 20 min) to remove coagulated protein and the samples were 

stored at 40C for further analysis by high-performance liquid chromatography (HPLC). 

 

AMP-P 
Extinction  

coefficient 
AMP-P 

Extinction  

coefficient 

Am01 4.83 Am09 5.63 

Am02 3.94 Am10 5.19 

Am03 4.56 Am11 3.96 

Am04 4.38 Am12 6.25 

Am05 5.78 Am13 3.88 

Am06 7.35 Am14 3.82 

Am07 7.11 Am15 5.89 

Am08 6.07 Am16 9.62 
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Negative controls were done as mentioned above but by using 20μl water instead of purified 

protein and samples were withdrawn and stopped with 100μl methanol at 0hr and after 16hr 

incubation at 37, 50 and 80 0C.  

 

From the HPLC results, the desired peak area under the curve of the substrate and their 

corresponding nucleosides and bases at specific retention times were calculated. The relative 

activity was calculated using the following formula: 

 

Relative phosphorylase activity (% conversion ) = 
Conc.of the product 

Conc.  of (Product+substrate∗Nucleoside)
 × 100  

 

2.7 Analysis of Thermostability 

 

The purified AMP-P protein was diluted to 0.5mg.ml-1 and heated at the corresponding 

temperature 60, 70 and 800C. After 24hr samples were cooled at 40C for 1hr followed by 

centrifugation (20000 x g, 40C, 20 min). The soluble fraction was analyzed using 12 % SDS 

gels and concentration is measured using Nanodrop spectrophotometer as mentioned above. 

20μl of the purified protein was heated at 700C for 1hr followed by centrifugation (20000 x g, 

40C, 20 min). The soluble fraction was analyzed using 12 % SDS gels as mentioned above. 

 

Phosphorylase activity assays were performed in 100μl reaction volume containing 1mM 

substrate (NMP: AMP or CMP Nucleoside: Uridine), 10mM potassium phosphate buffer 

(pH 7.5), 20μl purified protein (heat 700C for 1hr) and incubated at different temperatures 37, 

50 and 80 0C. 

For Uridine: after 1hr 50μl of the sample was taken and stopped with 50μl methanol 

followed by centrifugation (20000 x g, 40C, 20 min), complete to 200μl with ddH2o and the 

samples were stored at 40C for further HPLC analysis.  After 16hr incubation, samples were 

withdrawn from all and stopped with methanol and negative control was used as mentioned 

above (Table 4). 
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Table 4. Phosphorylase activity assay for purified proteins after heating at 70oC for 1hr to 

test thermostability at a higher temperature 

 

 

2.8 High-Performance Liquid Chromatography (HPLC) analysis 

The amount of NMP and their corresponding nucleosides and bases was determined by 

following the absorption at 260 nm during HPLC analysis using a reversed phase C18 Evo 

column (Kinetex 250x 4.6 mm, Phenomenex) with the following gradient: from 97% 20 mM 

ammonium acetate and 3% acetonitrile to 60% 20 mM ammonium acetate and 40% 

acetonitrile in 10 min with flow rate 1ml. min-1 at 250C.  

Chapter Three: Results 

3.1 Identification of Putative Thymidine /AMP phosphorylase sequences 

from Red Sea metagenomic dataset and NCBI protein database 

The original aim of the study was the identification of novel pyrimidine nucleoside 

phosphorylases from the Red Sea. Therefore, in the first approach Pfam domains of 

pyrimidine nucleoside phosphorylase (α/β domain, α domain, and C-terminal domain) were 

used to perform a HMMsearch against assembled data of the Red sea metagenomic database 

(ATII, KD, DD and BI; water and sediment data) searching for significantly similar sequence 

matches. As only a few hits were reached, a different strategy was used. Based on available 

sequences in NCBI, a database of thermophilic pyrimidine nucleoside phosphorylase 

enzymes (119 enzymes) was generated. HMMbuild was used to define the characteristic 

AMP CMP Uridine

0hr (no Incubation)

16hr (end point,370C)

16hr (end point,500C)

16hr (end point,800C)

AMPP AMP CMP Uridine

1hr (37,50,800C) 50ul sample after 1 hr, 50 ul Methanol

 Uridine only Centrifigation, add 100ul water

16hr (end point,370C) 50µL reaction volume

16hr (end point,500C)

16hr (end point,800C) 50 ul Methanol, Centrifugation, 100ul water

1mM substrate, 10 mM KP, pH 7.5, 1mM substrate, 10 mM KP, pH 7.5,  

20 µl of enzyme solution (purified, without dialysis, heat treated 70 degree for 1 hr)

100 µl MeOH, Centrifugation

Negative 

controls

Phosphorylase 

Activity

100µL reaction volume

1mM substrate, 10 mM KP, pH 7.5, 20 µl Water

100 µl Methanol, Centrifugation

100µL reaction volume
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domains from the multiple sequence alignment of the thermophilic PyNPs and HMM profile 

was built which was used to perform HMMsearch against assembled data of the Red Sea.  

241 and 122 ORFs were identified from HMMsearch containing the domains of PyNPs using 

the thermophilic PyNPs customized database or the Pfam HMM profile, respectively. The 

identified ORFs were filtered by evaluating how many domains every ORF contained. Only 

ORFs containing the three essential functional domains were selected and the rest of the 

ORFs were either having a single domain or two domains only.  

Eleven ORFs (assigned code ORF 01-11) were selected for further analysis (Table 5) based 

on the presence of the three essential functional domains of thymidine/pyrimidine nucleoside 

phosphorylase family. This family belongs to the glycosyltransferase superfamily which also 

includes rarely studied AMP-P or Ribose 1,5-bisphosphate phosphokinase (PhnN). 

To confirm the preliminary screening, all ORFs were aligned against the nr protein database 

using BlastX and Interpro protein family database. Findings based on these databases 

confirmed that these ORFs belong to glycosyltransferase superfamily with significantly low 

E-values (Table 5). While most of the ORFs are related to bacteria, two ORFs (ORF 10,11; 

from Kebrit brine pool upper interface and brine) showed a high degree of identity to 

annotated AMP-P from the archaeal origin. 

3.2 Phylogenetic analysis of the identified ORFs from the Red Sea 

Phylogenetic trees were built to study PyNPs of bacteria and archaea in more detail. 

Representative sequences of each genus and all thermophilic, halophilic or psychrophilic 

sequences from NCBI were chosen to build the phylogenetic tree. Surprisingly, TP sequences 

of archaeal origin were longer than the expected 430 to 440 amino acids. A deeper search 

revealed that the sequences were more closely related to the rarely described AMP-P. Within 

the last year, many of the archaeal sequences were re-annotated from homolog of TPs to 

homologs of AMP-P. As only a few reports to AMP-P are available in literature the focus of 

the presented work went to study AMP-P of mainly archaeal origin. 
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Table 5. BlastX and Interpro results for the eleven ORFs identified by HMMsearch against 

Red sea metagenomic data. Ribose 1,5-bisphosphate phosphokinase is highlighted as it does 

not belong to thymidine/pyrimidine nucleoside phosphorylase family. 
  

BlastX (Non-redundant database) 
  

Interpro 
(Protein database) 

ORF name  
Database 

ORF length 
DNA (bp) / 
Protein 
(aa) 

Description 
(Best hit) 

E-
value 

Identity 
% 

Hit 
coverage 

Taxonomy Protein family 
membership 

contig01155_gene2_641_1897_+_/ 
ORF01 
 
ATII1500m 

1257/ 419 Thymidine 
phosphorylase  
[Candidatus 
Marinimicrobia 
bacterium] 
  

0 67.83% 95% Bacteria Thymidine/pyrimidine 
nucleoside phosphorylase  

contig00107_gene5_3412_4728_-_ / 
ORF02 
 
ATII-IN 

1317 / 439 Thymidine 
phosphorylase 
[Phyllobacterium 
myrsinacearum] 
  

0 97.03% 99% Bacteria 
(α-

Proteobacteria) 

Thymidine/pyrimidine 
nucleoside phosphorylase  

contig00022_gene27_22317_23633_+_ / 
ORF03 
 
ATII-UCL 

1317 / 439 Thymidine 
phosphorylase 
[Phyllobacterium 
myrsinacearum] 
  

0 97.03% 99% Thymidine/pyrimidine 
nucleoside phosphorylase  

contig00011_gene175_179086_180402_- 
/ ORF04 
 
ATII-LCL  

1317 / 439 Thymidine 
phosphorylase 
[Phyllobacterium 
myrsinacearum] 
  

0 97.03% 99% Thymidine/pyrimidine 
nucleoside phosphorylase  

contig00130_gene9_8972_10225_- / 
ORF05 
 
ATII-LCL  

1254 / 418 Thymidine 
phosphorylase  
[Candidatus 
Marinimicrobia 
bacterium] 
  

0 80.58% 99% Bacteria Thymidine/pyrimidine 
nucleoside phosphorylase  

contig00132_gene16_14556_16028_+ / 
ORF06 
 
ATII-LCL  

1473 / 491 Putative Thymidine 
phosphorylase 
[Ralstonia pickettii] 
  

0 100% 99% Bacteria  
(β-

Proteobacteria) 

Thymidine/pyrimidine 
nucleoside phosphorylase  

contig00136_gene6_5374_7536_- / 
ORF07 
 
 
ATII-LCL 

2163 / 721 Phosphonate 
metabolism 
protein/1,5-
bisphosphokinase  
(PRPP-forming) PhnN 
[Cupriavidus 
basilensis]  

0 94.31% 99% Ribose 1,5-bisphosphate  
phosphokinase PhnN  

contig04720_gene1_1_1548_+ /  
ORF08 
 
ATII-LCL  

1548 / 516 Thymidine 
phosphorylase family 
protein 
[Cupriavidus 
basilensis] 
  

0 95.49% 98% Thymidine/pyrimidine 
nucleoside phosphorylase  

contig00230_gene3_1708_2988_+ / 
ORF09 
 
KD-UIN  

1281 / 427 Thymidine 
phosphorylase  
[Candidatus 
Marinimicrobia 
bacterium]  

0 76.71% 99% Bacteria Thymidine/pyrimidine 
nucleoside phosphorylase  

contig05364_gene2_226_1573_- / ORF10 
 
 
 
KD-UIN  

1348 / 449 AMP phosphorylase 
[uncultured 
bacterium] 
 
 
AMP phosphorylase 
[Candidatus 
Woesearchaeota 
archaeon 
  

0 81.47% 99% Uncultured 
Bacteria 

Thymidine nucleoside 
phosphorylase/ AMP 
phosphorylase 

7E-
146 

50.11% Archaea 

contig00866_gene3_707_1948_- / ORF11 
 
KD-BR  

KD-BR 
1242 / 414 

AMP phosphorylase 
[Hadesarchaea 
archaeon]  

3E-
179 

61.71% 99% Archaea Thymidine nucleoside 
phosphorylase/ AMP 
phosphorylase 
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The phylogenetic tree included all ORFs identified in the Red Sea metagenomic data, 

representative sequences of each genus and all thermophilic, halophilic or psychrophilic 

sequences from NCBI. The sequences were divided into eight clusters and fifteen enzymes 

were selected for further characterization (Figure 11, Table 6).  

The AMP-P of Tk was used as a positive control for comparing structure and sequences with 

other selected candidates as it is the only characterized and crystalized member of this 

enzyme family (Aono et al., 2012a; Nishitani et al., 2013). Another enzyme was chosen for 

further characterization from the NCBI database the only RefSeq AMP-P from a bacterial 

origin. It was identified in a Parcubacteria group bacterium (Accession number 

WP_116594393.1). To guarantee that a wide range of enzymes with broad substrate spectrum 

is expressed the enzymes were chosen based on the following reasons:  

1) The showed phylogenetic distance within the cluster. 

2) The difference in the active residues compared to Tk-AMP-P were identified. It is the only 

identified and crystalized member of this enzyme family (Aono et al., 2012a; Nishitani et al., 

2013). 

3) The organisms harboring the enzymes were isolated from extreme environments. 

 

Figure 11. Molecular phylogenetic analysis of Red Sea metagenomic identified ORFs by 

Maximum Likelihood method in Mega X.  

ORFs from Red Sea metagenomic data were aligned together with archaeal AMP-Ps. PyNP 

from Geobacillus stearothermophilus and thermophilic TP/PyNP (BioNukleo) were used as 

non-AMP-P controls. Maximum likelihood method was used based on the Poisson correction 

model. 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 with the 

highest log likelihood (-35246.78) is shown. The tree is drawn to scale, with branch lengths 

measured in the number of substitutions per site. Circles indicate confident bootstrap values. 

The color range is assigned to each cluster shown in the box attached. Enzymes in bold 

indicate enzymes were chosen from each cluster. The phylogenetic tree is presented by 

Interactive tree of life (iTOL) online tool V.4.3.3. 
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Table 6. Characteristics of the sixteen chosen enzymes for gene synthesis. The only bacterial 

AMP-P sequence is highlighted by a green background  

 
 

16 chosen AMP-
P enzymes 

 
 
Cluster 
 no. 

 
 

Code 
name 

 
 

Active residues 
differences 
(Reference: 
TK.AMP-P) 

 
 

3D structure similarities 
(Phyre2 results,100% 

confidence, best 2 hits) 

 
Extremophili
c signature 
(No. of Salt 

bridges) 

 
Isolation 

environment &/or 
Archaea 

characteristics 

 
 

Selection criteria 
from Phylogenetic 

clusters 

 
TK.AMP-P  
(PDB:4ga5) 

 
Gs-PyNP 
(PDB:1br

w) 

 

Thermococcus 
kodakarensis  

5 Am01 ….. 100% 35% 182 Solfatara, 
Hyperthermophile 

The only studied 
AMP-P, Positive 
control 

 
ORF11 

 
 
 
 
4 

 
Am02 

 
Ser175 instead of 
Asn (P04- binding) 

 
60% 

 
33% 

 
126 

 
Kebrit deep brine 
(hypersaline 
 and Sulfur-rich) 

Clustered with AMP-
P forming a separate 
branch between 
Crenarchaeote and 
Euryarchaeote 
(Halobacteria) 

Thermosphaera 
aggregans 

 
Am03 

 
Ala175 instead of 
Asn (P04- binding) 

49% 29% 104  
Hot spring, 
Hyperthermophilic 

A mostly branched 
enzyme in the clade 
(more speciation), 
Length of Enzyme 
512aa (9 residues 
diff. to Tk.AMP-P) 

 
 
ORF10 

 
 
2 

 
 

Am04 

Cys165 instead of 
Ser (P04- binding) 
Thr175 instead of 
Asn (P04- binding) 
Arg250 instead of 
Glu (Pyrimidine 
binding) 

 
41%  

  

 
29% 

 
151 

Kebrit deep upper 
brine  
interface 

Clustered with AMP-
P forming a separate 
branch between 
Crenarchaeote and 
Euryarchaeote 
(Thermococci) 

 
Aciduliprofundu
m boonei  

 
6 

 
Am05 

Ala175 instead of 
Asn (P04- binding) 
Ser198 instead of 
Thr (5'-P04- 
binding) 

51% 31% 163  
Hydrothermal 
vent,  
Thermoacidophile 

 
Mostly branched 
enzyme in the clade 
(more speciation) 

  
 
 
 
Archaeoglobus 
sulfaticallidus 

 
 
 
 
 
 
 
 
7 

 
 
 
 

Am06 

Ala175 instead of 
Asn (P04- binding) 
Ser256 instead of 
Asp (Purine 
binding) 
Gln250 instead of 
Glu (Pyrimidine 
binding) 
Arg268 instead of 
Lys (Pyrimidine 
binding) 

 
 
 

49% 

 
 
 

34% 

 
 
 

139 

 
 
Black rust exposed 
to the hot ridge 
flank crustal fluids, 
Thermophilic 

 
 
 
 
 
Branched alone 
forming separate 
branch (early 
speciation in the 
clade) 

 
Archaeoglobus  
veneficus  

 
Am07 

Ser175 instead of 
Asn (P04- binding) 
Ile256 instead of 
Asp (Purine 
binding) 
Arg288 instead of 
Lys (5'-P04- 
binding) 

 
51% 

 
34% 

 
173 

 
Black smokers, 
Hyperthermophilic 

 
Methano-
natronarchaeum 
thermophilum  

 
 
8 

 
 

Am08 

Thr175 instead of 
Asn (P04- binding) 
Gly199 instead of 
Ser (5'-P04- 
binding) 

 

48% 

 

31% 

 
 

142 

Hypersaline soda 
lakes sediments, 
Extreme 
Halophilic, and 
moderate 
Thermophilic 

Branched alone 
forming separate 
branch (early 
speciation in the 
clade) 
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Continuation of Table 6 

 

Multiple sequence alignment of the selected genes with Tk-AMP-P as positive control (Figure 

12) revealed that all ORFs selected from the Red Sea showed all active residues responsible 

for activity as 5’-phosphate binding residues which is essential for binding with 5’-phosphate 

of nucleotide, purine and pyrimidine binding residues which are responsible for binding to 

purine and pyrimidine nucleosides respectively. However, there are some differences in the 

phosphate binding residues side from residues of Tk-AMP-P were identified (Table 6). It 

shows also ORF11 doesn’t have the 82 residues of the N-terminal domain which is 

responsible for AMP-P thermostability, enzymatic activity, and multimerization. 

 
Methanospirillum 
stamsii  

 
 
 
 
 
8 

 
Am09 

 
 
Ser175 instead of 
Asn (P04- binding) 
 
Gly199 instead of 
Ser (5'-P04- 
binding) 

 
 

47% 

 
 

30% 

 
 

173 

 
Anaerobic 
Bioreactor, 
Psychrotolerant 

Branched alone 
forming separate 
branch (early 
speciation in the 
clade), 
Psychrotolerant, 
Length of Enzyme 
516aa (13 residues 
diff. to 
Th.kodakarensis) 

 
 
Methanolobus 
psychrotolerans 

 
 

Am10 

 
 

51% 

 
 

31% 

 
 

152 

 
Saline meromictic 
Lake, 
Psychrotolerant 

 
Last speciation in the 
clustered clade, 
Psychrotolerant 

ORF08  
 
 
 
 
 
 
 
1 

 
Am11 

Cys165 instead of 
Ser (P04- binding) 
Ser175 instead of 
Asn (P04- binding) 

 
38% 

 
29% 

 
146 

 
 
 
Atlantis II lower 
convective layer 

 
 
Clustered together 
forming a separate 
branch between 
AMP phosphorylases 
and TP/PyNP 
phosphorylases.  

ORF06 Am12 Cys165 instead of 
Ser (P04- binding) 
 
Thr175 instead of 
Asn (P04- binding) 

 
35% 

 
28% 

 
186 

Haloterrigena 
limicola  

 
Am13 

Thr175 instead of 
Asn (P04- binding) 
 
Val197 instead of 
Ile (5'-P04- 
binding) 

 
46% 

 
29% 

 
167 

Aibi Salt Lake 
sediment, 
Extreme Halophilic 
and moderate 
Thermophilic  

 
 
 
 
Last speciation in the 
clustered clade 

Haloferax sp. SB29   
Am14 

Thr175 instead of 
Asn (P04- binding) 
 
Val197 instead of 
Ile (5'-P04- 
binding) 

 
48% 

 
32% 

 
181 

 
Discovery deep 
brine-seawater 
interface 

 
Thermofilum 
pendens  

 
3 

 
Am15 

 
Ser175 instead of 
Asn (P04- binding) 

 
49% 

 
32% 

 
130 

 
Hot spring, 
Hyperthermophilic 

Length of Enzyme 
520aa (17 residues 
diff. to TK.AMP-P) 

Parcubacteria 
group bacterium 

bacte
ria 

Am16 Thr175 instead of 
Asn (P04- binding) 
Ser250 instead of 
Glu (Pyrimidine 
binding) 

 
41% 

 
29% 

 
149 

 
Anaerobic 
Biorector 

Only bacteria I found 
in NCBI RefSeq has 
AMP phosphorylase 
enzymes others are 
AMP nucleosidases 
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Figure 12. Multiple sequence alignment for the chosen enzymes with the only characterized 

AMP-P from Tk archaeon.  

Sequences were aligned using Mcoffee and the figure was displayed using ESpript program 

(Robert & Gouet, 2014). The N-terminal (2-84), Central (84-149, 241-272), and C-terminal 

(161-233, 276-503) domains are shown in black, blue, and pink lines respectively above 

sequences based on Tk-AMP-P structure. Identical and similar residues are indicated by white 

letters on red backgrounds and red letters, respectively. A 5’-phosphate binding loop is 

indicated by a black box. Residues binding to a phosphate ion, a purine base, a pyrimidine 

base, and a 5’-phosphate group of NMP are indicated by pink circles, blue circles, green 

circles, and orange stars, respectively. 
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Phylogenetic analysis (Figure 11) revealed that ORFs 06, 08, 10 and 11 probably share a 

common ancestor of AMP phosphorylases with bootstrapping values of 1, 1, 0.4 and 0.4, 

respectively. ORFs 06 and 08 derived from ATII-LCL are together forming a separate branch 

between AMP-P. ORFs 10 (KD-UIN) and 11 (KD-BR) formed separate branches between 

Crenarchaeote and Euryarchaeote. ORFs 10 and 11 were closely related to Halobacteria and 

Thermococci, respectively. These findings could assign these ORFs as separate lineage in the 

archaeal AMP-P but still, need further investigation. 

3.3 Analysis of AMP-P structure 

3D structure and transmembrane helices were studied for the chosen AMP-P sequences. 

Differences in structure would give a hint to changes in function or substrate spectrum. As a 
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transmembrane helix was identified in Tk-AMP-P the other sequences were studied for 

similar characteristics. Furthermore, the number of salt bridges was analyzed. The number of 

salt bridges increases for enzymes of thermophilic or hyperthermophilic origin  (Chan, Yu, & 

Wong, 2011; Lam, Yeung, Yu, Sze, & Wong, 2011). Hence, the number of salt bridges might 

give a hint concerning the thermal stability of the enzymes. 

Protein modeling and 3D structure prediction of the chosen enzymes were done by Phyre2 

web portal (Kelley et al., 2015). 94-99% of enzymes sequences were modeled at >90% 

confidence with top-ranked template c4ga5H (Tk-AMP-PΔC10 apo-form). The best two hits 

are shown with % identity (Table 6). 

Transmembrane helix prediction shows that only ORF11 has a transmembrane helix like Tk-

AMP-P from residue 82 to 97. It is the equal position as observed for Tk-AMP-P (amino 

acids 175 to 190) (Figure 13). Amino acid numbering differs as ORF11 misses the N-

terminal domain as stated before. 

 

Figure 13. Transmembrane helix prediction by Phyre2 web server using memsat-svm. A. 

ORF11 from Kebrit brine pool. B. AMP-P from Thermococcus kodakarensis. 

 

The number of salt bridges calculated for each enzyme showed the highest number of 186 for 

ORF06 from ATII-LCL which confirms with the thermophilic characteristics of the brine 

pool. However, the lowest number (104 salt bridges) was determined for Am03 identified in 

Thermosphaera aggregans. It contrasts with the hyper-thermophilic characteristic described 

for this archaeon (Table 6). 
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Validation of results 

To confirm previous analysis work, another approach was followed using the Red sea dataset 

reads and assembled contigs as mentioned in the materials and methods section. The 

identified ORFs from this approach was the same as the previous ones which confirmed the 

previous results. 

3.4 Biochemical characterization of the putative AMP-P 

Gene synthesis for the identified sequences and inserts were cloned into plasmids pMA-T. 

From this construct, the inserts were cloned into the expression vector pKS2. Expression 

conditions were optimized, and proteins were purified by affinity chromatography. The 

phosphorylase activity of the enzymes was studied against different substrates and analyzed 

by HPLC. 

3.4.1 Gene synthesis and cloning 

After the inserts were cloned in pKS2, cloning was validated by a test restriction. Test 

restriction with restriction enzymes BamHI and HindIII showed expected inserts size on 

agarose gels for all constructs. Concentrations of the purified recombinant expression 

plasmids were above 100ng/μl except for Am10 (92ng/μl) and the DNA purity A260/280 was 

>1.8 which indicates a good purity of the recombinant plasmid (Figure 14, Table 7). 

Figure 14. Test Restriction after cloning of the sequences of interest into expression vector 

pKS2. Lane D: GeneRuler TM 1Kb plus DNA ladder (Thermo Scientific). Agarose gel 

electrophoresis of the plasmids after test restriction. Inserts are marked with red arrows. a: 

expression constructs before the restriction, b: expression construct after restriction with 

BamHI and HindIII. Inserts are pointed with a red arrow.      
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Table 7. Size [bp] of the inserts and pKS2. The concentration of purified recombinant 

expression plasmids was measured by a spectroscopic measurement at 260 nm by a 

Nanodrop™ 1000 spectrophotometer (Thermo scientific). Absorbance ratio 260/280 was 

measured to determine DNA purity. 

 

 

 

 

 

 

 

 

 

 

 

3.4.2 Protein expression and purification 

N-terminal His-tagged proteins were expressed in EnPresso®B animal free medium. All 

target proteins were detected in both the soluble and the insoluble fractions. However, the 

majority of protein went to the insoluble fraction (Figure 15). Protein sizes observed in SDS-

PAGE gels were slightly higher than the theoretically calculated molecular weight. 

Different expression conditions were applied to optimize the expression and to enhance 

solubility. Different IPTG concentrations and varying expression temperatures were 

analyzed. Increased IPTG concentration led to an increased target protein expression. 

However, most of the protein remained in the insoluble fraction. Protein expression at low 

temperature (22oC) in the 2xYT medium did not enhance the expression of the target protein 

to the soluble fraction. In contrast, compared to the expression in EnPresso®B animal free 

medium the yield of the protein was less (Figure 16). Consequently, induction of protein 

expression with 1 mM IPTG in EnPresso®B animal free medium was used for further studies 

as mentioned in materials and methods. 
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Figure 15. Expression of AMP-P in EnPresso®B medium with IPTG concentrations of 1 

mM. 

12% SDS-PAGE gels were loaded with OD600 = 5 samples of all AMP-P. Expected sizes of 

the target proteins are marked with a red arrow. The theoretical sizes of the AMP-P (above 

red arrow) were calculated using Protparam web tool (Gasteiger et al., n.d.) Lane P: 

Unstained protein ladder (NEB, range 10-250kDa), S: soluble fraction, IS: insoluble fraction. 

 

N-terminal His-tagged proteins were purified by Ni-NTA spin column affinity 

chromatography (Figure 17) as mentioned in the materials and methods section. The size of 

the protein observed after purification in SDS-PAGE gels for Am01, 02, 03, 07 and 12 were 

slightly higher than the theoretically calculated molecular weight. Am07 show a very intense 

band for purified protein. In addition, Faint bands appeared at higher (85-100kDa) than 

expected molecular weights for most of the studied proteins. Protein concentrations and total 

protein mass produced from 50 ml E. coli BL21 culture together with other parameters 

validated during expression and purification of proteins are listed in Table 8. Adequate 

protein concentrations and total protein mass were obtained for all purified protein except 



37 

 

Am16 which show a very low concentration. All proteins were purified with a final protein 

concentration of 0.23 to 4.37mg/ml. Consequently, this was followed by enzymatic activity 

and thermal stability testing. 

 

Figure 16. Optimization of expression shown for Am07 as an example. OD600 = 5 samples 

were analyzed on 12% SDS-PAGE gels. 

A, B) Am07 after expression in the 2xYT medium at 22oC using IPTG conc. of 50µM (A) and 

1 mM (B). C) Am07 after expression in EnPresso®B medium at 30oC using IPTG conc. of 

1mM. Purified Am07 (54kDa) is marked by red arrows. P: Unstained protein ladder (NEB, 

range 10-250kDa), S: soluble fraction, IS: insoluble fraction 
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Figure 17. SDS-PAGE after purification of His-tagged AMP-P by Ni-NTA spin column 

affinity chromatography. Protein code is given above each lane and the size of the protein is 

marked with red arrows. P: Unstained protein ladder (NEB, range 10-250kDa). 
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Table 8. Parameters validated during expression and purification of AMP-P in EnPresso®B 

medium with 1mM IPTG conc. OD600 measurements before and after the harvest of cells, 

protein concentration measured by Nanodrop and total protein mass in 50ml culture. Mean 

and the standard deviation is calculated for replicates. 

 

 

 

 

 
 

 

 

 

 
 

3.5 Activity assays 

The phosphorylase activity of the purified proteins was tested against six substrates including 

nucleoside monophosphates (AMP, GMP, CMP, and UMP), a purine nucleoside (Adenosine) 

and a pyrimidine nucleoside (Uridine). The relative activity [%] was determined for each 

protein and substrate at three different temperatures (37, 50, 80oC) (Figure 18). Only Am01, 

Am03, Am12 and Am15 showed activity using AMP as substrate. Activity increased with 

increasing temperature for Am01, Am03, and Am15. Am12 only showed low activity at 

50oC. Percentage of conversion was higher for Am01 and Am03 compared to Am12 and 

Am15.  

With GMP, Am01, Am03, and Am15 showed a temperature-dependent phosphorylase 

activity (18.1, 17.3,17.1 %, respectively). Am04, Am06, Am07, Am08, Am11, Am12 

showed phosphorylase activity against GMP at 37oC with 16.9, 18.8, 11.1, 19, 17.2, 14.8 %, 

respectively. Activity decreased dramatically at higher temperatures. 

Activity against CMP was insignificant for almost all enzymes. Am01 and Am15 only showed 

very low activity at 50oC reaching percentages of conversion of 10.4 and 6.8 %, respectively. 

Enzyme OD600-Ind. OD600-harvest
Protein concentration 

[mg/mL]

Total protein 

[mg]

Am01 11.01 ± 0.77 31.68 ± 11.24 3.42 ± 0.83 2.57

Am02 7.36 26.85 4.37 ± 1.48 3.28

Am03 9.12 29 1.81 ± 1.57 1.36

Am04 6.5 30.85 3.97 ± 2.88 2.98

Am05 11.4 37.75 2.92 2.19

Am06 10.54 31.4 3.34 ± 0.48 2.51

Am07 10.66 ± 0.49 25.97 ± 2.74 2.53 ± 0.72 1.90

Am08 8.46 34.2 2.13 ± 1.77 1.60

Am09 10.64 39.25 2.43 1.82

Am10 9.76 37.8 2.4 ± 1.77 1.80

Am11 9.6 26.95 3.49 ± 0.93 2.62

Am12 8.96 ± 1.63 16.37 ± 5.93 2.57 ± 1.23 1.93

Am13 10.24 32.9 3.42 ± 1.72 2.57

Am14 9.58 32.95 1.58 1.19

Am15 9.345 36.1 1.52 ± 0.85 1.14

Am16 8.72 12.5 0.23 0.17



40 

 

With UMP only Am01, Am03, and Am15 showed phosphorylase activity which also increases 

with increasing temperature. Final conversion values of 29, 13.7 and 17 %, respectively, were 

reached at 80oC. All enzymes show good activity against Adenosine and Uridine.  

 

 

 

 

Figure 18. Relative phosphorylase activity of AMP-P. AMP-P activity at three different 

temperatures 37, 50 and 80oC was studied with six different substrates (AMP, CMP, GMP, 

UMP, Adenosine, and Uridine). 
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3.6 Thermostability of the heterologous expressed AMP-P 

Analysis of heat resistance was performed for all purified proteins except for Am05, Am09, 

Am14 and Am16 as they showed only very low or no activity in the activity assays. 

Incubation times of 1h (70°C) and 24h (60°C, 70°C, 80°C) were studied. 

After incubation of the purified protein at increased temperatures for 24hr, Am07, Am08, 

Am10, and Am15 resisted denaturation until temperatures up to 70oC. Am12 and Am13 

showed faint bands after incubation at 60oC. However, the protein bands possessed a higher 

molecular weight of approximately 100kDa. None of the proteins were resistant to 80oC 

(Figure 19). 

Using incubation times of 1 h at 70°C all tested proteins were stable (Figure 19). The 

observed protein bands showed the expected sizes. An additional band appeared at a higher 

molecular weight (100kDa), which might be corresponding to the dimer form of the protein. 

Figure 19. Analysis of heat resistance of the purified AMP-Ps on 12% SDS-PAGE gels. 

Stability was analyzed after incubation of 24hr (60, 70, 80°C, A) and 1hr (70°C, B). Target 

proteins are marked with a red arrow. 
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P: Unstained protein ladder (NEB, range 10-250kDa). a: purified protein with no heat, b: 

purified protein after incubating at 60oC, c: purified protein after incubating at 70oC and d: 

purified protein after incubating at 80oC. e: a purified protein with no heat, f: purified protein 

after incubating at 70oC for 1hr. 

3.6.1 Activity of heat-treated AMP-P 

The activity of the heat-treated AMP-P was analyzed. The activity assay was performed with 

three substrates AMP, CMP, and uridine. The activity was either analyzed after 1h and 16h 

(uridine) or at 16h only (AMP, CMP). Am01, Am03, and Am15 showed activity against 

AMP (Figure 20). Activity increased by increasing the temperature. Compared to non-heat-

treated samples the relative activity was decreased. No activity was shown against CMP at 

any temperature. Using uridine as substrate, no activity was observed after 1h. However, after 

16h of incubation activity for all tested proteins was measured. Highest activities were 

observed at 50oC. These results confirm with the previous observations that Am03 and Am15 

are putative AMP phosphorylases.  

 

 

Figure 20. Relative phosphorylase activity of AMP phosphorylases after heat-treatment (1h, 

70°C). AMP phosphorylase activity at three different temperatures 37, 50 and 80oC was 

studied. AMP, CMP, and uridine were used as substrates 
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Chapter Four: Discussion 

The original aim of this study was the identification of novel PyNPs from the Red Sea 

metagenomic datasets. Therefore, a sequence based metagenomic approach was done using 

Pfam HMM profiles of PyNP functional domains (α/β domain, α domain, and C-terminal 

domain) against Red sea metagenomic assembled datasets. Surprisingly, few hits were 

reached so another strategy was used using a thermophilic PyNP custom-made database 

retrieved from NCBI. HMM profile was built from the multiple sequence alignment of the 

custom-made database and used to screen for novel PyNP in the Red Sea metagenomic 

dataset. 

Eleven ORFs were identified to have the three essential functional domains of 

thymidine/pyrimidine nucleoside phosphorylase family. Theses ORFs belong to the 

glycosyltransferase superfamily Interestingly, two ORFs (ORF 10,11; from Kebrit brine pool 

upper interface and brine) showed a high similarity to annotated AMP phosphorylase from 

the archaeal origin. 

Moreover, the archaeal phylogenetic tree that was built to study PyNP showed that thymidine 

phosphorylases of archaeal origin are re-annotated as AMP-P, with sequences longer than the 

expected 430 to 440amino acids. A deeper search in the literature revealed only a few reports 

that focus on AMP-P; consequently, this study focused on AMP-P of mainly archaeal origin. 

Based on the literature, AMP-P is a unique enzyme as it is the first enzyme to be identified to 

catalyze a phosphorolysis reaction on nucleotides which differs from other identified 

phosphorylases that act on nucleosides. Moreover, AMP-P has a role in a novel pathway 

involved in nucleic acid metabolism and is widely distributed among archaea (Aono et al., 

2012; Nishitani et al., 2013; Sato et al., 2007). 

 Phylogenetic analysis of the eleven ORFs in comparison to ninety-six archaeal AMP-P 

reference sequences of the NCBI protein database showed that only four ORFs of the Red 

Sea metagenomic data clustered within AMP-P. ORFs 06 and 08 from ATII-LCL formed a 

separate branch between AMP-P and TP/PyNP. ORF 10 from KD-UIN formed a separate 

branch between Crenarchaeote and Euryarchaeote (Halobacteria) and ORF 11 from KD-BR 

also formed a separate branch between Crenarchaeote and Euryarchaeote (Thermococci). 

These findings could assign these ORFs as separate lineage in archaeal AMP-P but still, need 

further investigation. 
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Previous studies showed that Tk-AMP-P has active residues responsible for its function. 

Phosphate-binding residues at the C-terminal domain involve amino acids Ser165, Asn175, 

Lys191, Ser193, Ser194, and Thr203. Purine and pyrimidine binding sites located in the 

central domain. Important residues for purine binding are Asp256 and Ser264. The 

pyrimidine-binding site is characterized by amino acids Glu250, Ser26, and Lys268. 5’-

phosphate binding loop which is responsible for binding to 5’-phosphate of NMP is found in 

the C-terminal domain and important active residues are Gly168, Ile197, Thr198, Ser199 & 

Lys288 (Nishitani et al., 2013).  

AMP-P has a unique sequence called N-terminal domain (82 residues) which is essential for 

multimerization as AMP-P form large macromolecules (>40mers) in solution and this 

multimerization is crucial for the thermostability of the enzyme from a hyperthermophile 

(Nishitani et al., 2013). Moreover, the N-terminal domain is essential to the enzymatic 

activity of AMP-P as it is stabilizing the closed conformation upon substrate binding. 

Multiple sequence alignment of the selected 15 genes with Tk-AMP-P as positive control 

revealed that all ORFs selected from the Red Sea showed all active residues responsible for 

the activity. Other identified genes show some differences mainly in the phosphate-binding 

residues of their encoded proteins side from residues of Tk-AMP- P as mentioned in Table 6.  

Moreover, Phyre2 results for 3D structure prediction revealed that 94-99% of enzymes 

sequences were modeled at >90% confidence with top-ranked template c4ga5H (Tk-AMP-P 

ΔC10 apo-form). Am02 from Kebrit brine has a transmembrane helix at same positions as 

AMP-P from Tk however, it lacks the 82 residues of the N-terminal domain which is 

responsible for AMP-P thermostability, enzymatic activity, and multimerization. 

Purified expression recombinant plasmids show a good DNA purity (A260/280 is >1.8) and 

high concentration above 100ng/μl except for Am10 was 92ng/μl, which indicates a good 

purity of the recombinant plasmid. Optimization of expression using 1 mM IPTG and 

incubation at 30oC in EnPresso®B animal free medium was done however, most of the 

protein was in the insoluble fraction. Despite that most of the protein retained in the insoluble 

fraction, adequate protein concentrations and total protein mass were obtained for all purified 

protein using Ni-NTA spin column affinity chromatography except for Am16 which show a 

very low concentration (0.27mg/ml). 
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Based on this preliminary study of phosphorylase activity against different substrates; Am03 

and Am15 are putative AMP phosphorylases as they show significant activity toward AMP, 

GMP, and UMP; increases with increasing temperature which conforms with the hyper-

thermophilic characteristics of their isolation Archaea. Therefore, further analysis against 

different substrates is needed to identify their substrate spectrum and confirms their function 

and structure. Although Am12 from ATII-LCL show low activity towards AMP and GMP 

with no activity toward UMP and CMP, it shows significant activity toward Adenosine and 

Uridine. It could be either pyrimidine or purine nucleoside phosphorylase, but further 

analysis is needed to confirm. 

Furthermore, all enzymes show good activity against Adenosine and Uridine. Despite what 

mentioned before (Aono et al., 2012) that AMP-P from Tk (Am01, positive control) doesn’t 

show any activity against Adenosine and Uridine. Relative activity percentage showed that 

there is a phosphorylase activity against these two substrates with the highest activity at 50oC 

reaching 22.6% with Adenosine and 47.4 % with Uridine. 

In addition, Am02 was lacking activity against NMPs substrate. This could be due to it lacks 

the N-terminal domain which is unique to AMP-P enzymatic activity and responsible for its 

thermostability. However, this might be also a problem with the sequencing or assembly of 

reads. Further analysis should be done as it is a promising ORF and if it turns to be a problem 

with assembly or sequences and the whole ORF is identified that give rise to exceptional 

AMP phosphorylase from extreme hypersaline environment which characterized by high H2S 

content. 

The activity assay of the heat-treated AMP-P with the three substrates AMP, CMP and 

uridine revealed that Am03 and Am15 showed activity against AMP which increased by 

increasing the temperature; however, the relative activity is decreased compared to non-heat 

treated samples. No activity was shown against CMP at any temperature. These results 

confirm with the previous observations that Am03 and Am15 are putative AMP 

phosphorylases 
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Chapter Five: Conclusion 
 

AMP phosphorylase is a unique enzyme that demonstrated activity towards nucleoside 

monophosphates. It is highly similar to nucleoside phosphorylase which acts on nucleosides. 

It is involved in a novel metabolic pathway for nucleic acid metabolism that is widely 

distributed among archaea. Being an attractive and promising biocatalyst for the synthesis of 

nucleoside monophosphates and their analogs, it is of high interest to search for novel AMP-

P with broad substrate specificity.  

In this study, interesting AMP-P were identified from both metagenomic data of Red sea 

brine pools and the NCBI database. HMMsearch of the metagenomic data revealed eleven 

ORFs that belong to TP or AMP-P with significantly low E-values based on BlastX and 

Interpro analysis. Two ORFs (ORF 10,11) from Kebrit brine pool showed a high similarity to 

annotated AMP-P from the archaeal origin.  

Phylogenetic analysis of the eleven ORFs with ninety-six archaeal AMP-P reference 

sequences of the NCBI database showed that only four ORFs of the Red Sea metagenomic 

data clustered within AMP-P. ORFs 06 and 08 from ATII-LCL formed a separate branch 

between AMP-P and TP/PyNP. ORF 10 from KD-UIN formed a separate branch between 

Crenarchaeote and Euryarchaeote (Halobacteria) and ORF 11 from KD-BR also formed a 

separate branch between Crenarchaeote and Euryarchaeote (Thermococci). These findings 

could assign these ORFs as separate lineage in archaeal AMP-P but still, need further 

investigation. 

Fifteen candidates were chosen for further studies as they showed distinct differences 

compared to the only characterized AMP-P of TK. AMP-P of Tk was cloned as a positive 

control. Phyre2 results for 3D structure prediction revealed that 94-99% of enzymes 

sequences were modeled at >90% confidence with top-ranked template c4ga5H (Tk-AMP-P 

ΔC10 apo-form). Am02 from kebrit brine has a transmembrane helix at same positions as 

AMP-P from Tk. 

All 16 putative AMP-P were successfully cloned in the expression vector pKS2 after gene 

synthesis. After optimization of expression, all enzymes were successfully expressed in E. 

coli BL21. However, most of the protein went to the insoluble fraction. Nevertheless, all 

proteins were purified with a final protein concentration of 0.23 to 4.37mg/ml. 
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Activity assays were performed with six substrates (4 NMPs, 2 nucleosides). For AMP-P of 

Tk (Am01) published data were confirmed. Additionally, Am03 and Am15 showed similar 

substrate spectra (an activity with AMP, GMP, and UMP) and are putative AMP-P. Their 

activity increased with increasing temperature which is in good accordance with the 

temperature optimum of the donor organisms (Thermosphaera aggregans, Thermofilum 

pendens). 

The other identified proteins could be putative pyrimidine/purine nucleoside phosphorylase 

as they show a phosphorylase activity against adenosine and uridine. Am12 from ATII-LCL 

is an interesting candidate to be further analyzed as it is derived from an extreme 

environment, has activity towards adenosine and uridine nucleosides and low activity against 

AMP. 

Thermal stability was determined for all purified proteins except for Am05, Am09, Am14 

and Am16 as they showed only very low or no phosphorylase activity in the activity assays. 

After incubation of the purified proteins at increased temperatures (60°C, 70°C, 80°C) for 

24hr; only Am07, Am08, Am10 and Am15 did not denature until temperatures up to 70oC. 

Am12 and Am13 showed faint bands after incubation at 60oC. None of the proteins were 

resistant to 80oC 

After incubation for 1h at 70°C, all tested proteins were stable and can withstand the heat 

treatment. However, an additional band appeared at a higher molecular weight (100kDa), 

which might be corresponding to the dimer form of the protein. 

The activity assay of the heat-treated AMP-P with the three substrates AMP, CMP and 

uridine were evaluated. Am01, Am03, and Am15 showed activity against AMP which 

increased by increasing the temperature however, the relative activity is decreased compared 

to non-heat treated samples. No activity was shown against CMP at any temperature. These 

results confirm with the previous observations that Am03 and Am15 are putative AMP-P. 
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Chapter six: Outlook 
 

The availability of AMP-P enzymes with a wide substrate spectrum is an important 

prerequisite to produce a variety of modified nucleotides in enzymatic processes. Therefore, 

screening for novel AMP-Ps from metagenomic database and extremophiles is an interesting 

area of research to be studied.  

In this preliminary study we identified two putative AMP phosphorylases from a 

hyperthermophilic archaeon; Am03 from Thermosphaera aggregans and Am15 from 

Thermofilum pendens. These promising AMP-Ps need further analysis against different 

substrates, especially substrates with modification on the sugar or base moiety to identify its 

broad spectrum. It would thus be of interest to determine the currently unknown mechanism 

by which AMP phosphorylase alone recognizes various bases, sugars and 5′-phosphate 

groups of nucleotides. In addition, further investigation to assess pH optimum, salt tolerance 

and kinetic parameters should be done. Native-PAGE and size exclusion chromatography 

also should be assessed to identify the number of subunits of the active protein. 

Finally, other identified proteins could be a putative pyrimidine/purine nucleoside 

phosphorylase as they show a phosphorylase activity against Adenosine and Uridine. Am12 

from ATII-LCL is an interesting candidate to be further analyzed as it is derived from an 

extreme environment, has activity towards Adenosine and Uridine and low activity against 

AMP. 
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Appendix 

Supplementary materials 
 

Supplementary Table 1. AMP phosphorylases retrieved from NCBI RefSeq. used for 

generating the Archaeal phylogenetic tree 

 
AMP phosphorylase organism 

Protein 
length  
(aa) 

 
Accession no. 

 
Archaeal taxonomy 

Thermococcus gammatolerans     503 WP_015859397.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Pyrococcus abyssi   503 WP_048146577.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Pyrococcus 

Thermococcus sibiricus  503 WP_015848965.1  Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus onnurineus  503 WP_012572022.1  Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Methanococcus maripaludis   505 WP_012193341.1 Archaea; Euryarchaeota; Methanomada group; Methanococci; 
Methanococcales; Methanococcaceae; Methanococcus. 

Methanococcoides burtonii  506 WP_011498424.1  Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanococcoides. 

Thermococcus kodakarensis  503 WP_011249307.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Pyrococcus furiosus  503 WP_011012753.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Pyrococcus 

Pyrococcus horikoshii  503 WP_010885672.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Pyrococcus 

Archaeoglobus fulgidus  504 WP_010878838.1 Archaea; Euryarchaeota; Archaeoglobi; Archaeoglobales; 
Archaeoglobaceae; Archaeoglobus. 

Methanocaldococcus vulcanius  503 WP_012819702.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanocaldococcaceae; Methanocaldococcus. 

Methanocaldococcus 
bathoardescens  

503 WP_048202190.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanocaldococcaceae; Methanocaldococcus. 

Methanocaldococcus fervens  503 WP_015791943.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanocaldococcaceae; Methanocaldococcus. 

Thermococcus peptonophilus  503 WP_062387581.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus guaymasensis  503 WP_062370636.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus celericrescens  503 WP_058939554.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus eurythermalis  503 WP_050003764.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Methanosarcina thermophila  506 WP_048166173.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanosarcina. 

Palaeococcus pacificus  503 WP_048164909.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Palaeococcus. 

Thermococcus barophilus  503 WP_048159765.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Palaeococcus ferrophilus  503 WP_048151637.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Palaeococcus. 

Methanosarcina horonobensis  506 WP_048139654.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanosarcina. 

Methanolobus tindarius  507 WP_048135496.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanolobus. 

Methanosarcina lacustris  506 WP_048126007.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanosarcina. 

Thermococcus nautili  503 WP_042690675.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus paralvinellae  503 WP_042681022.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 
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Continuation of Supplementary Table 1. 

Thermococcus cleftensis  503 WP_014789454.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Pyrococcus yayanosii  503 WP_013905230.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Pyrococcus 

Methanosalsum zhilinae  506 WP_013897981.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanosalsum 

Archaeoglobus veneficus  506 WP_013682953.1 Archaea; Euryarchaeota; Archaeoglobi; Archaeoglobales; 
Archaeoglobaceae; Archaeoglobus. 

Thermococcus zilligii  503 WP_010477092.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus litoralis  503 WP_004069717.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Methanolobus psychrotolerans  506 WP_094228514.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanolobus. 

Methanohalophilus 
portucalensis  

506 WP_072359909.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanohalophilus. 

Methanohalophilus euhalobius  506 WP_096711719.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanohalophilus. 

Methanosarcina spelaei  506 WP_095642796.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanosarcina. 

Methanolobus profundi  506 WP_091932766.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosarcinaceae; Methanolobus. 

Thermococcus gorgonarius  503 WP_088884543.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus barossii  503 WP_088864953.1  Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus celer  503 WP_088862927.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus profundus  503 WP_088858967.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus siculi  503 WP_088856786.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus pacificus  503 WP_088854723.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus chitonophagus  503 WP_068578781.1  Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Thermococcus thioreducens  503 WP_055429706.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 

Methanoregula boonei  508 WP_012106062.1 Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; 
Methanoregulaceae; Methanoregula. 

Methanocella arvoryzae  503 WP_012036091.1 Archaea; Euryarchaeota; Methanomicrobia; Methanocellales; 
Methanocellaceae; Methanocella. 

Methanococcus aeolicus  504 WP_011973334.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanococcaceae; Methanococcus. 

Hyperthermus butylicus  502 WP_011821569.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanocaldococcaceae; Methanocaldococcus. 

Methanocaldococcus 
jannaschii  

503 WP_010870172.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanocaldococcaceae; Methanocaldococcus. 

Methanothermococcus 
okinawensis  

504 WP_013867394.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanococcaceae; Methanothermococcus. 

Haloferax sp. Q22  492 WP_058828152.1 Archaea; Euryarchaeota; Halobacteria; Haloferacales; Haloferacaceae; 
Haloferax. 

Haloferax sp. SB29  492 WP_058573114.1  Archaea; Euryarchaeota; Halobacteria; Haloferacales; Haloferacaceae; 
Haloferax. 

Methanoculleus sediminis  507 WP_048180143.1 Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; 
Methanomicrobiaceae; Methanoculleus. 

Methanoplanus limicola  512 WP_048146198.1 Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; 
Methanomicrobiaceae; Methanoplanus. 

Geoglobus ahangari  505 WP_048094337.1 Archaea; Euryarchaeota; Archaeoglobi; Archaeoglobales; 
Archaeoglobaceae; Geoglobus. 
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Continuation of Supplementary Table 1. 

Geoglobus acetivorans  505 WP_048090314.1 Archaea; Euryarchaeota; Archaeoglobi; Archaeoglobales; 
Archaeoglobaceae; Geoglobus. 

Methanosaeta harundinacea  514 WP_014587167.1 Archaea; Euryarchaeota; Methanomicrobia; Methanosarcinales; 
Methanosaetaceae; Methanosaeta. 

Methanocella conradii  503 WP_014404868.1 Archaea; Euryarchaeota; Methanomicrobia; Methanocellales; 
Methanocellaceae; Methanocella. 

Methanotorris igneus  505 WP_013798979.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanocaldococcaceae; Methanotorris. 

Methanocaldococcus infernus  501 WP_013100164.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanocaldococcaceae; Methanocaldococcus. 

Ferroglobus placidus  503 WP_012965322.1 Archaea; Euryarchaeota; Archaeoglobi; Archaeoglobales; 
Archaeoglobaceae; Ferroglobus. 

Archaeoglobus profundus  506 WP_012940517.1 Archaea; Euryarchaeota; Archaeoglobi; Archaeoglobales; 
Archaeoglobaceae; Archaeoglobus. 

Halogranum salarium  492 WP_009365914.1 Archaea; Euryarchaeota; Halobacteria; Haloferacales; Haloferacaceae. 

Haloferax elongans  492 WP_008323542.1 Archaea; Euryarchaeota; Halobacteria; Haloferacales; Haloferacaceae; 
Haloferax. 

Haloferax mucosum  492 WP_008321385.1 Archaea; Euryarchaeota; Halobacteria; Haloferacales; Haloferacaceae; 
Haloferax. 

Natronorubrum sulfidifaciens 492 WP_008163149.1 Archaea; Euryarchaeota; Halobacteria; Natrialbales; Natrialbaceae; 
Natronorubrum. 

Aciduliprofundum boonei  506 WP_008084769.1 Archaea; Euryarchaeota; DHVE2 group; Aciduliprofundum 

Haloterrigena limicola  491 WP_008012656.1 Archaea; Euryarchaeota; Halobacteria; Natrialbales; Natrialbaceae; 
Haloterrigena. 

Haloferax larsenii  492 WP_007539008.1 Archaea; Euryarchaeota; Halobacteria; Haloferacales; Haloferacaceae; 
Haloferax. 

Methanolinea tarda  508 WP_007314415.1 Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; 
Methanoregulaceae; Methanolinea. 

Haloferax sulfurifontis  492 WP_007274769.1 Archaea; Euryarchaeota; Halobacteria; Haloferacales; Haloferacaceae; 
Haloferax 

Natronolimnobius 
innermongolicus  

492 WP_007260948.1 Archaea; Euryarchaeota; Halobacteria; Natrialbales; Natrialbaceae; 
Natronolimnobius. 

Methanotorris formicicus  505 WP_007044211.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanocaldococcaceae; Methanotorris. 

Natronorubrum bangense  492 WP_006066791.1 Archaea; Euryarchaeota; Halobacteria; Natrialbales; Natrialbaceae; 
Natronorubrum. 

Methanocaldococcus villosus  501 WP_004593508.1 Archaea; Euryarchaeota; Methanococci; Methanococcales; 
Methanocaldococcaceae; Methanocaldococcus 

Natrialba magadii  492 WP_004216326.1 Archaea; Euryarchaeota; Halobacteria; Natrialbales; Natrialbaceae; 
Natrialba 

Archaeoglobus sulfaticallidus  508 WP_015591340.1  Archaea; Euryarchaeota; Archaeoglobi; Archaeoglobales; 
Archaeoglobaceae; Archaeoglobus. 

Haloterrigena hispanica  491 WP_092930949.1 Archaea; Euryarchaeota; Halobacteria; Natrialbales; Natrialbaceae; 
Haloterrigena 

Halorientalis persicus  493 WP_092657549.1 Archaea; Euryarchaeota; Halobacteria; Halobacteriales; Haloarculaceae; 
Halorientalis 

Methanonatronarchaeum 
thermophilum  

504 WP_086637497.1 Archaea; Euryarchaeota; Methanonatronarchaeia; 
Methanonatronarchaeum. 

Methanospirillum stamsii  516 WP_109940965.1 Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; 
Methanospirillaceae; Methanospirillum 

Salinigranum rubrum  492 WP_103424990.1 Archaea; Euryarchaeota; Halobacteria; Haloferacales; Halorubraceae; 
Salinigranum. 

Pyrococcus kukulkanii  503 WP_068323649.1 Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Pyrococcus 

Methanoculleus horonobensis  507 WP_067078709.1 Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; 
Methanomicrobiaceae; Methanoculleus 

Methanoculleus thermophilus  507 WP_066957334.1 Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; 
Methanomicrobiaceae; Methanoculleus 

Thermococcus piezophilus  503 WP_068664075.1  Archaea; Euryarchaeota; Thermococci; Thermococcales; 
Thermococcaceae; Thermococcus. 
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Continuation of Supplementary Table 1. 

Methanofollis ethanolicus 515 WP_067048152.1 Archaea; Euryarchaeota; Methanomicrobia; Methanomicrobiales; 
Methanomicrobiaceae; Methanofollis. 

Desulfurococcus amylolyticus  509 WP_014767048.1 Archaea; Crenarchaeota; Thermoprotei; Desulfurococcales; 
Desulfurococcaceae; Desulfurococcus 

Pyrodictium delaneyi  509 WP_055410511.1 Archaea; Crenarchaeota; Thermoprotei; Desulfurococcales; 
Pyrodictiaceae; Pyrodictium. 

Thermofilum pendens  520 WP_011751768.1 Archaea; Crenarchaeota; Thermoprotei; Thermoproteales; 
Thermofilaceae; Thermofilum. 

Thermogladius calderae  509 WP_014737920.1 Archaea; Crenarchaeota; Thermoprotei; Desulfurococcales; 
Desulfurococcaceae; Thermogladius. 

Pyrodictium occultum  504 WP_058370070.1 Archaea; Crenarchaeota; Thermoprotei; Desulfurococcales; 
Pyrodictiaceae; Pyrodictium. 

Thermosphaera aggregans  512 WP_052891646.1 Archaea; Crenarchaeota; Thermoprotei; Desulfurococcales; 
Desulfurococcaceae; Thermosphaera. 

Thermofilum uzonense 510 WP_052883489.1  Archaea; Crenarchaeota; Thermoprotei; Thermoproteales; 
Thermofilaceae; Thermofilum 

Staphylothermus hellenicus  509 WP_013143293.1 Archaea; Crenarchaeota; Thermoprotei; Desulfurococcales; 
Desulfurococcaceae; Staphylothermus. 
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Figure licenses  

License for Figure 1, 3 and 4 
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License for Figure 5, 6, and 7 
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