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Fig. 1.1: Sugar import systems in 
Archaea. Schematic overview of the three 
different carbohydrate transport systems 
found in Archaea: (A) The major facilitator 
superfamily (MFS) transporter comprising 
uniporters, antiporters and symporters. 
Primary substrate molecules (red) and 
secondary substrate molecules/ions 
(yellow) can be transported singly, 
bidirectionally or unidirectionally, 
respectively; (B) Phosphotransferase 
system (PTS). Phosphotransfer provides 
the energy for translocation. The 
phosphorylgroup is transferred in a 
cascade from the phosphoenolpyruvate 
(PEP) to enzyme I (EnzI), histidine 
phosphorylatable protein (HPr), enzyme 
IIa, IIb and IIc (EnzIIa, EnzIIb, EnzIIc) and 
subsequently to the transported 
carbohydrate. (C) ATP binding cassette 
(ABC) transporter. The transporter 
complex is formed by two transmembrane 
domains (TMDs) which build the channel 
and two nucleotide binding domains 
(NBDs) who provide the energy by ATP 
hydrolysis. The substrate is initially bound 
by the substrate binding domain (SBD). 

Adapted from (Madigan et al., 2015) 

 



 



 

Fig. 1.2: Domain structure of archaeal carbohydrate binding proteins. Sugar class SBPs (A) and Di/oligo-
peptide class SBPs (B) precursors consist of a signal sequence (SS), a hydrophobic transmembrane spanning 
domain (TM), a flexible ST-rich linker region (ST linker) and a catalytic domain which binds the substrate. The 
two different SBP classes are mirrored in their domain organization and anchored to the membrane either N- or 
C-terminally. Adapted from Koning et. al, 2002. 

 



 

 

Fig. 1.3: Mechanism of Type I ABC importers. The two TMD subunits are colored purple and pink, the two 
NBD subunits are colored cyan and magenta and the SBP is colored in orange. The substrate is depicted as a 
blue sphere and ATP and ADP are presented as red and yellow spheres, respectively. The substrate-loaded 
SBP binds to the inward-facing conformation of the transporter (State 1) and induces a partial closure of the 
NBD subunits (State 2). Binding of ATP triggers closure of the two NBDs, reorientation of the TMDs and opening 
of the SBPs, resulting in the release of the substrate into the transporter channel (State 3). The dissociation of 
ADP molecules resets the transporter back to an inward resting state (State 4). The inhibited state (State 5) is 
shown in brackets; when cytoplasmic substrate level is high enough, substrate binds the RDs preventing 
conformational change and ATP hydrolysis of the transporter. Taken from Rice, 2014. 



  



 



 

 

Fig. 1.4: Glucose degradation via the classical Entner-Doudoroff (ED) pathway and the archaeal modified ED 
pathway. In contrast to the classical ED pathway (yellow), the modified ED pathway in Sulfolobales (blue) is not 
initiated by the phosphorylation of the substrate glucose. The modified ED pathway is split into the non-
phosphorylative (np) and the semi-phosphorylative (sp) branch. Reactions which are used by the classical and 
the modified ED pathway are depicted in green. Abbreviations: BPG, 1,3-bisphosphoglycerate; ENO, enolase; G6PDH, 
glucose-6-phosphate dehydrogenase; GA, glyceraldehyde; GAD, gluconate dehydratase; GAOR, glyceraldehyde:ferredoxin 
oxidoreductase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GAPN, nonphosphorylating GAPDH; GDH, glucose 
dehydrogenase; GK, glycerate kinase; GLK, glucokinase; HK, hexokinase; KDG, 2-keto-3-deoxygluconate; KDGK, 2-keto-3-
deoxygluconate kinase; KDPG, 2-keto-3-deoxy-6-phosphogluconate; KDPGA, 2-keto-3-deoxy-6-phosphogluconate aldolase; 
KD(P)GA, 2-keto-3-deoxy-(6-phospho)gluconate aldolase; PGK, phosphoglycerate kinase; 6PGL, 6-phosphoglucono-1,4-lactonase; 
PGAM, phosphoglycerate mutase; PK, pyruvate kinase; PTS, PEP-dependent phosphotransferase system; G6P, glucose 6-
phosphate; GAP, glyceraldehyde 3-phosphate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; 
6PGD, gluconate-6-phosphate dehydratase  Adapted from Bräsen, 2014 

 



 



 

Fig. 1.5: Pentose degradation pathway in Sulfolobales. The oxidative pentose degradation pathway split into 
the Weimberg pathway (yellow) and the Dahms pathway (blue). The Weimberg and the Dahms pathway have 
the same initial reactions (green). In S. solfataricus, the D-arabinose specific enzymes initiate the degradation 
pathway (green/gray striped) for this isomer. Enzymes with an asterisk depict enzymes used for both hexose 
and pentose degradation. The initial dehydrogenase forms lactones as intermediates which are spontaneously 
converted to the corresponding sugar acids. 

Abbreviation: D-AraD, D-arabinoate dehydratase; D-AraDH, D-arabinose dehydrogenase; L-AraD/D-XAD, L-arabinoate/D-xylonate 
dehydratase; GDH, glucose dehydrogenase; GlyAIOR, glycolaldehyde:ferredoxin oxidoreductase; GlyDH, glycolate dehydrogenase; 
KDAD/KDXD, 2-keto-3-deoxy-arabinoate/xylonate dehydratase; KD(P)GA, 2-keto-3-deoxy-(6-phospho)gluconate aldolase; KGSA, α-
keto-glutarate semialdehyde; α-KGSADH, α-ketoglutarate semialdehyde dehydrogenase; MS, malate synthase.  

Adapted from Bräsen, 2014  



 

 

 

 

Fig. 1.6: The basal transcription complex in 
Archaea. Schematic overview of the promoter 
organization and the binding of the pre-initiation 
complex (CIP) subunits. The transcription factors 
TFB and TBP bind to the BRE and the TATA box, 
respectively. Bound TFB and TBP recruit RNAP to 
initiate transcription. TFE can stimulate transcription. 
Commonly, transcriptional activators can bind 
upstream to the BRE site to enhance TFB and/or 
TBP recruitment (yellow bar). Transcriptional 
repressors bind PIC overlapping DNA segments, 
preventing TFB and/or TBP from binding (red bar). 
Adapted from Peeters, et al., 2015. 





 

 

Fig. 1.7: A model of the mechanisms by which Tgr regulates gene transcription in T. kodakarensis under 
gluconeogenic (A) and glycolytic (B) growth conditions. RNAP, RNA polymerase. 

Taken from Tamotsu Kanai et al. J. Biol. Chem. 2007 





 

  



 







 

  



 

  



 

 



 

  



 

 



 

  



 

 



 

  



 

 



 

  



 

 



 

  



 

 





 

 

  



 



 

 



 



 

 



 



 

 



 



 

 



 



 

 





 





 





 





 

 





 

 

 

 



 

Figure 3.1. A Multiple sequence alignment (Clustal 2.1) of MalR (Saci_1161) with TrmB (PF1743) and TrmBL1 
(PF0124) from Pyrococcus furiosus. Structurally identified sugar binding residues in TrmB are indicated in bold 
orange, phosphorylation residues in MalR are indicated in bold red. B Crystal structure of TrmB (grey) and 
predicted protein structure of MalR (blue, Phyre2: 96% of residues modelled at >90% confidence) aligned to the 
dimeric form of TrmB. Sugar binding residues are indicated in orange; phosphorylation residues are indicated in 
red; TrmB bound sucrose is indicated in yellow.  
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Figure 3.2: Promoter-LacS reporter assay of different MalR mutations. β-galactosidase under the control of the 
malE promoter; activity was measured by the turnover of ONPG to σ-nitrophenol at 410 nm. A Effect of sugar 
binding site mutations in MalR on the malE promoter activity. Trans complementation of wild type MalR (MalR), 
MalRG331A (G331A) and MalRE337A (E337A) in the ΔmalR background. B Effect of phosphorylation site 
mutations in MalR on the malE promoter activity. Trans complementation of wild type MalR (MalR), 
MalRT245AY250A (T245AY250A), MalRT245DY250D (T245DY250D), MalRT105A (T105A), MalRT105D (T105D) 
in the ΔmalR background. β-galactosidase expression strains were either grown on Brock medium supplemented 
with 0.1 % NZ and 0.2 % xylose (grey bars) or 0.2 % dextrin (red bars). * indicate significant differences of β-
galactosidase activity (p<0.05) compared to the wild type MalR.   

 



 

 

  

 

 

Figure 3.3: working model of the maltose/maltooligomer induced regulation of the mal operon. A In the 
absence of maltose/maltooligomers the regulatory protein MalR is bound to the ABC transporter complex 
consisting of the maltose binding protein MalE, the two permeases MalF and MalG and the ATPase MalK. 
Phosphorylation (red star) of MalR at position T245Y250 leads to an additional inhibition of its regulatory function. 
B In the presence of maltose/maltooligomer the ABC transporter complex undergoes a conformational change 
resulting in the release of MalR from the complex. Next, MalR is binding to different promoter regions of the 
mal operon inducing its transcription. Additionally, sugar binding and dephosphorylation of MalR lead to higher 
inducibility of the system. 
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Construction and characterization of deletion mutants 



 

 

 

 



 

𝛽-𝑔𝑎𝑙𝑎𝑐𝑡𝑜𝑠𝑖𝑑𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
60,000 𝑥 (𝐴410 nm (t2-t1) − 𝑎𝑢𝑡𝑜𝑙𝑦𝑠𝑖𝑠 𝑎𝑡 410 𝑛𝑚 (t2-t1))

∆𝑡𝑖𝑚𝑒 𝑥 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 [𝑚𝑙] 𝑥 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [
𝑚𝑔
𝑚𝑙

]



 

 

 

Fig.1: Growth curves of S. acidocaldarius 
MW001 in Brock medium for RNA 
sequencing analysis. S. acidocaldarius was 
grown on Brock medium containing 0.2 % 
NZ Amine alone (closed circles ) and 
0.2 % NZ Amine and 0.4 % D-xylose (open 
circles ). Cells were harvested for RNA 
isolation at mid logarithmic growth phase 
(OD600 nm ~0.5, marked with an arrow). 
Growth of three additional replicates of each 
condition were further monitored.  

 



 

Table 1: Gene expression of S. acidocaldarius MW001 on D-xylose detected by RNA sequencing. 

Transcriptionally regulated genes of S. acidocaldarius MW001 grown in Brock medium containing 0.2 % NZ 
Amin alone compared to the supplementation with 0.4 % D-xylose. Transcripts were significantly upregulated if 
log2 fold > 1.35 or significantly downregulated if log2 fold < -1.35 with RNAseq pvalue < 0.001. 

 

 

Gene number Predicted function 

Log2 fold 

regulation 

Xylose upregulated   

Saci_2122 ABC-type substrate binding protein (SBP) 4.54 

Saci_2121 ABC-type transmembrane domain (TMD) 4.41 

Saci_1938 aldehyde dehydrogenase 4.21 

Saci_1939 Fumarylacetoacetate (FAA) hydrolase  3.73 

Saci_2120 ABC-type nucleotide binding domain (NBD) 3.17 

Saci_2139 Uncharacterized conserved protein 1.55 

Saci_2117 Aerobic-type carbon monoxide dehydrogenase 1.42 

Saci_0883 Ammonia permease 1.41 

Saci_1003 Permease of the major facilitator superfamily 1.35 

Xylose downregulated   

Saci_1148 Uncharacterized conserved protein -1.36 

Saci_2234 Acyl-CoA dehydrogenase -1.42 

Saci_0327 Heterodisulfide reductase, subunit A, polyferredoxin  -1.43 

Saci_2230 Predicted heterodisulfide reductase subunit -1.44 

Saci_1147 Subtilase family protease -1.45 

Saci_2233 Acetyl-CoA acetyltransferase -1.45 

Saci_2232 Acetyl-CoA acetyltransferase -1.46 

Saci_2231 Predicted nucleic-acid-binding protein containing a Zn-ribbon -1.48 

Saci_2235 Acyl-CoA synthetase/AMP-(fatty) acid ligase -1.57 

Saci_1162 α-amylase (maltose induced system) -1.67 



 

 

 

Fig. 2: Synteny of the xylose induced ABC transporter. Absynte scores are resulting TBLASTN scores of the 
15 kb chromosome segments normalized to the BLASTP score of the query protein sequence as maximal bit 
score (Despalins et al., 2011).  

  

http://archaea.u-psud.fr/absynte/
http://archaea.u-psud.fr/absynte/


 

 

 

Fig.3: Response of the SBP (saci_2122) 
transcripts to the presence of different 
sugars in the medium. Differences in 
saci_2122 transcript amounts were 
determined by qRT-PCR. cDNA was 
synthesized from cells grown on 0.2 % NZ 
Amine or 0.2 % NZ Amine + 0.4 % sugar: 
D-arabinose, L-arabinose, dextrin, D-glucose, 
sucrose, D-xylose. Bars indicate the sugar 
specific transcription compared to 
transcription of cells grown only NZ Amine in 
a log2 fold scale. 

.  

 



 

 

 

 

 

 

 

  

Fig.4: The composition of glycosylated membrane 
proteins differ by the availability of carbohydrates in 
S. acidocaldarius. Glycosylated membrane proteins 
were isolated by conA purification from membrane 
fractions of S. acidocaldarius cells grown in rich 
medium (0.2 % NZ Amine=NZ) alone or supplemented 
with 0.4 % D-xylose (D-xyl) or 0.4 % L-arabinose (L-
ara). Bands were separated by SDS electrophoresis 
and the ones which are numerated were analyzed by 
mass spectrometry.   

.  

 



 

Table 2: Mass spectrometric analysis of the glycosylated membrane proteins additionally present in the D-
xylose and L-arabinose condition. 

Gel 
spot  ORF no annotation 

MW 
[kDa] 

Peptide 
amount 

Protein 
coverage 
[%] SS 

1 saci_1760 Predicted periplasmic solute binding protein 85.2 5 7 + 

 saci_2356 Conserved protein 69.1 3 5 + 

2 saci_1668 Predicted periplasmic solute binding protein 62.9 3 5 + 

3 saci_2316 Fe-S oxidoreductase 60.1 11 20 - 

4 saci_2122 Predicted periplasmic solute binding protein 42.7 4 17 + 

 saci_0798 Archaeal S-adenosylmethionine synthetase 44.1 9 26 - 

5 saci_2316 Fe-S oxidoreductase 60.1 15 26 - 

 saci_1737 Predicted periplasmic solute binding protein 56.6 2 4 +* 

6 saci_2122 Predicted periplasmic solute binding protein 42.7 5 21 + 

 saci_0798 Archaeal S-adenosylmethionine synthetase 44.1 7 26 - 

Protein bands were isolated from SDS gel were the glycosylated membrane fraction of S. acidocaldarius grown 
on 0.2 % NZ Amine +0.4 % D- xylose or 0.2 % NZ Amine +0.4 % L-arabinose were loaded. Protein bands 1-
6 were isolated as depicted in Fig.4 and identified by mass spectrometry. The predicted masses, the identified 
peptide amount and the protein coverage in percentage are given in the table. SS (=signal sequence) +/- indicate 
the presence or absence of a predicted signal sequence.  



 

 

 

Fig.5 Phenotypical growth comparison of the S. acidocaldarius wt MW001 and the gene deletion strains 
ΔABC-TMD, ΔABC-SBP, ΔABC-NBD, ΔαKGSADH and ΔKDXD/KDAD were grown in the presence of different 
sugar substrates. Mutants of genes shown to be transcriptionally upregulated in the presence of D-xylose were 
grown on 0.1 % NZ Amine alone (closed circles) or with the addition of 0.1 % L-arabinose (open squares), 
dextrin (open triangles) or D-xylose (open circles). ABC-TMD: ABC type transmembrane domain (saci_2121); 
ABC-SBP: ABC type substrate binding domain (saci_2122); ABC-NBD: ABC type nucleotide binding domain 
(saci_2120); αKGSADH: α-ketoglutarate semialdehyde dehydrogenase (saci_1938); KDXD/KDAD: 2-keto-3-
deoxydeoxyarabinoate/xylonate dehydratase (saci_1939). 

  



 

 

Fig.6: WEB Logo and promoter alignment of “ara box” containing promoters in the genome of 
S. acidocaldarius.  



 



 

 

 

 

Fig.7: Promoter activity assay of 
Psaci_1938, Psaci_1939, Psaci_2122 and 
the ara box mutated version of 
Psaci_1938 induced by L-arabinose and 
D-xylose. β-galactosidase activity of 
promoter-reporter fusions in cells grown in 
the presence of L-arabinose (light grey), 
dextrin (dark grey) and D-xylose (black) 
measured by the turnover of ONPG to 
OPG at 410 nm. β-gal activity units were 
calculated as described above in 
correlation to the total protein amount (left). 
Sequences of the different promoters are 
shown below. 

 



 

 

Fig.8: Model of the L-arabinose and D-
xylose transport and metabolism in 
S. acidocaldarius. The ABC transporter 
consists the SBD Saci_2122, the TMD 
Saci_2121 and the NBD Saci_2120 and 
transports L-arabinose and D-xylose into 
the cell. These sugar are thought to be 
degraded via the aldolase independent 
Weimberg pathway (Ai) and the aldolase 
dependent Dahms pathway (Ad) to 2-
keto-glutarate or malate, respectively, 
which enter the citrate cycle. Blue 
highlighted enzymes are transcriptionally 
upregulated in the presence of D-xylose 
and subjects of this study, homologues of 
the grey highlighted enzyme were 
characterized in S. solfataricus, stars 
mark enzyme which function 
simultaneously in the hexose and pentose 
metabolism. The red cross marks the 
presumed absence of the Ad in 
S. acidocaldarius.  

GDH-1, glucose dehydrogenase (isoenzyme 1); 
D-XAD/L-AraD, xylonate/arabinoate dehydra-
tase; D-KDXD/L-KDAD, 2-keto-3-deoxy-xylonate 
/arabinoate dehydratase; α-KGSADH, α-keto-
glutarate semi-aldehyde dehydrogenase. 



 

 

 



 



 

 

 

Fig. 4.1: Principle of an alternative conditional 
gene deletion system for gene depletion. 
Schematic overview of a possible gene depletion 
system in S. acidocaldarius based on two 
independent positive and counter selection 
strategies. An additional copy of the gene of interest 
is cloned in trans on a replicating plasmid and 
transformed into the cell (1st positive selection). 
Deletion of the original gene is performed by the 
transformation of linear gene deletion fragment 
exchanging the gene of interest by positive and 
negative selection cassette (2nd positive selection). 
After the 1st counter-selection, the gene of interest 
is still present in trans on the plasmid. Addition of 
5-FOA to the growing culture leads to the outward 
transfer of the plasmid and the depletion of the gene 
of interest (2nd counterselection). 



 

 

 

Fig. 4.2: 6-methyl purine resistance of 
Δsaci_0998. S. acidocaldarius wild type 
strain MW001 (black) and Δsaci_0998 
mutant (red) were grown in the presence of 
different 6-methyl purine concentrations: 0 
µM (solid line); 7.5 µM (dashed line), 15 µM 
(dotted line) . 



 

 



 

Fig. 4.3: MalR aromatic residues involved in 
substrate specificity. Phyre2 modelled MalR 
structure as described in chapter 3.3. Zoom in of 
the sugar binding cleft together with sucrose. The 
aromatic residues F235, Y238 and Y239 are located 
on the sugar recognition helix and depicted in red.   



 

 

 

Fig. 4.4: Higher D-xylose concentrations restore the wild type phenotype in the transporter mutants. 
S. acidocaldarius wild type MW001 (closed symbols) and the substrate binding deletion mutant ΔSBP (open 
symbols) were grown in rich medium (0.1 % NZ Amine) with the addition of different D-xylose concentrations; 
0 % D-xylose, circles; 0.1 % D-xylose, squares; 0.2 % D-xylose, triangles; 0.4 % D-xylose, diamonds.  

 



 

 



 

 

 

 

Fig. 4.5: Growth of ΔmalK is 
deficient on dextrin and maltose. 
ΔmalK mutant (solid line) was grown 
in rich medium (0.1 % NZ Amine) 
alone (black circles) or supplemented 
with different sugars (0.2 %): L-
arabinose (black squares), dextrin 
(orange squares), D-glucose (black 
stars), maltose (green diamonds), 
sucrose (black crosses), D-xylose 
(black triangles); compared to MW001 
grown in the presence of dextrin 
(green diamonds, dashed line).   
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