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This thesis presents the results of an integrated molecular analysis of the sugar metabolism of 
the hyperthermophilic archaeon Sulfolobus solfataricus. The primary aim of this work has 

been to obtain functional insight into several aspects of sugar metabolism of S. solfataricus using 
a wide range of techniques. These aspects include the discovery of new sugar degrading enzymes, 
the elucidation of unknown metabolic pathways, and the functional and structural characteriza-
tion of the enzymes involved in these new metabolic routes. Additionally, the last two chapters 
present the work of laboratory evolution studies in an effort to alter protein properties such as 
enzyme activity and protein stability. The research performed in this work is both fundamental 
and applied, and was conducted in the course of the European Union project SCREEN.

Chapter 1 - Introduction
The first chapter gives an historical overview of the discovery of thermophiles, as well as their 
lifestyle, classification and genomic features. The micro-organism S. solfataricus is presented 
as a model archaeon for studying sugar metabolism. Special attention is given to the currently 
available genetic tools for S. solfataricus, its glycoside hydrolases and the method of directed 
evolution.

Chapter 2 – Reconstruction of central carbon metabolism in Sulfolobus solfataricus using 
a two-dimensional gel electrophoresis map, stable isotope labeling and DNA microarray 
analysis
The second chapter focuses on the expression of genes involved in three main pathways of central 
carbon metabolism: glycolysis, gluconeogenesis and the tricarboxylic acid cycle. The aim was to 
see whether these pathways would fluctuate during growth on either amino acids or sugars by 
analyzing the relevant enzymes at the mRNA and protein level.

Chapter 3 – Identification of the missing links in prokaryotic pentose oxidation pathways: 
evidence for enzyme recruitment
The third chapter presents the work of a functional genomics study using a multidisciplinary 
approach directed to elucidate the metabolism of pentoses in S. solfataricus. After transcriptome 
and proteome analyses, the activities of enzymes suspected to be involved in the degradation 
of D-arabinose were shown using biochemistry, and the catabolic pathway in which they were 
involved was uncovered. Bioinformatics was employed to find and predict the occurrence of 
this uncommon pentose oxidation pathway in other prokaryotes, and to deduce evolutionary 
implications that shed light on metabolic pathway genesis.

Chapter 4 – Crystal structure and biochemical properties of the D-arabinose dehydrogenase 
from Sulfolobus solfataricus
The fourth chapter provides detailed insight into structure-function relationships of the first 
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enzyme of the pentose oxidation pathway: the D-arabinose dehydrogenase. The structure of 
the enzyme provides molecular clues as to why the enzyme prefers NADP+ as a cofactor and 
D-arabinose and L-fucose-like sugars as substrates.

Chapter 5 – Structural insight into substrate binding and catalysis of a novel 2-keto-3- 
deoxy-D-arabinonate dehydratase illustrates common mechanistic features of the FAH  
superfamily.
The crystal structure of a completely new dehydratase involved in the pentose oxidation path-
way is described in the fifth chapter. Insight into substrate binding was obtained from co-crystal 
structures with a divalent metal ion and a substrate analog bound, on the basis of which two 
catalytic mechanisms were proposed. The structure was compared to several functionally un-
known structural homologs.

Chapter 6 – Identification of a novel a-galactosidase from the hyperthermophilic archaeon 
Sulfolobus solfataricus
The goal of the sixth chapter was to find new enzymes involved in the degradation of a-linked 
galactose oligosaccharides. Classical biochemistry and reverse genetics methods were used to 
identify an unusual a-galactosidase with similarities to plant alkaline a-galactosidases. At pres-
ent, this enzyme represents the only enzyme of this type in the domain of the Archaea.

Chapter 7 – DNA family shuffling of hyperthermostable b-glycosidases
The research described in the seventh chapter was aimed at the optimization of existing en-
zymes for their application potential in lactose valorization. Following a DNA family shuffling 
approach using the b-glucosidase CelB from Pyrococcus furiosus and the b-galactosidase LacS 
from S. solfataricus as parents, a hybrid b-glycosidase was obtained containing the desired fea-
tures of both parental enzymes.

Chapter 8 – Engineering a selectable marker for hyperthermophiles
Genetic modification of hyperthermophiles has been hampered by the lack of antibiotic se-
lection markers. The eighth chapter aimed at developing an antibiotic resistance marker for 
hyperthermophiles. A directed evolution approach was chosen by making use of error-prone 
PCR, and the selection of thermostabilized resistance markers in the thermophilic bacterium 
Thermus thermophilus.

Chapter 9 – Summary & concluding remarks
The final chapter is a brief summary of the previous chapters and reflects on the results ob-
tained.
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Introduction

Partly adapted from

Brouns, S.J.J., T.J.G. Ettema, K.M. Stedman, J. Walther, H. Smidt, A.P.L. 
Snijders, M.J. Young, R. Bernander, P.C. Wright, B. Siebers, and J. van 
der Oost (2005) The hyperthermophilic archaeon Sulfolobus: from ex-
ploration to exploitation, p. 261-276. In W.P. Inskeep and T.R. McDer-
mott (ed.), Geothermal biology and geochemistry in Yellowstone national 
park. Thermal Biology Institute, Montana State University, Bozeman.

and

Van der Oost, J., J. Walther, S.J.J. Brouns, H.J.G. van de Werken, A.P.L. 
Snijders, P.C. Wright, A. Andersson, R. Bernander, and W.M. de Vos 
(2006) Functional genomics of the thermo-acidophilic archaeon Sul-
folobus solfataricus, p. 201-232. In F. Rainey and A. Oren (ed.), Extre-
mophiles, Methods in Microbiology, vol. 35. Elsevier.
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Until the late 1960’s life was generally 
considered impossible at temperatures 

above 60 °C. This assumption was adjusted in 
1969 when Thomas Brock and colleagues dis-
covered microorganisms capable of growing at 
temperatures of 75 °C and higher in thermal 
springs in Yellowstone National Park (USA). 
The first organism they found was a gram-
negative bacterium termed Thermus aquaticus 
37. Nearly twenty years later this thermophilic 
bacterium proved to be a good source of DNA 
polymerase, which led to the revolutionary 
invention of DNA amplification using the 
polymerase chain reaction by Kary Mullis 
and co-workers 328. After finding thermophilic 
bacteria, Brock isolated a remarkable thermo-
acidophilic microorganism called Sulfolobus 
acidocaldarius in acid hot springs rich in sulfur 
(pH < 3, 65-90 °C) 36. Based on morphologi-
cal analysis, Sulfolobus was initially classified 
as a thermo-acidophilic bacterium with some 
remarkable properties (Fig. 1.1) 354. The mo-
lecular classification system introduced by 
Carl Woese and colleagues in the late 1970’s, 
however, indicated that Sulfolobus does not 
belong to the Bacteria, but rather to a distinct 
prokaryotic domain: the Archaea 282,432.

	 The pioneering work set the stage for 
further exploration of thermal ecosystems 
world-wide. This has resulted in an ever-grow-
ing collection of thermophiles (both Archaea 
and Bacteria; optimal growth temperature 
60-80 °C) and hyperthermophiles (mainly 
Archaea and some Bacteria; optimal growth 
temperature > 80 °C) isolated from terrestrial 
hot springs and marine ecosystems ranging 
from shallow vents to deep-sea black smokers 
160,324,381,382. Because of the high water pressure 
in deep-sea ecosystems, the water temperature 
can exceed 100 °C before the boiling point is 
reached. Moreover, at these temperatures the 
oxygen solubility is dramatically decreased, 
explaining why mostly anaerobes are found 
under these conditions. The most extreme 
hyperthermophiles described to date are 
crenarchaea of the family of Pyrodictiaceae, 
such as Pyrolobus fumarii (optimum growth 
temperature 106 °C, growth up to 113 °C; 31) 
and a related iron-reducing isolate “strain 121” 
(optimum 106 °C, growth between 113 and 
121 °C; 187). Remarkably, vegetative cultures of 
Pyrolobus and Pyrodictium have been demon-
strated to survive even autoclaving.

Figure 1.1
Electron micrographs of Sulfolobus cells. A) scanning electron micrograph B) negatively stained (uranyl acetate) transmission 
electron micrograph, C) transmission electron micrograph of an ultra-thin section. Arrows indicate cell-membrane, arrowhead 
marks the surface layer. Images provided by Dr. Mathias Lübben, Ruhr-Universität Bochum, Germany.
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Thermophile genomics
Since the discovery of thermophilic microor-
ganisms attempts have been made to reveal 
the secrets of their thermal lifestyle. Initially 
this was done physiological, biochemical and 
genetic analyses of these microbes 9, followed 
by X-ray crystallographic studies of their 
extremely thermostable proteins 212,419,420. In 
addition, the sequencing of the genomes of 
many thermophiles during the last decade 
has allowed for a series of genome-based re-

search lines. Several thermophilic Archaea 
and Bacteria have been selected for complete 
genomic sequencing (Table 1.1). Not only has 
this resulted in the discovery of various robust 
biocatalysts, but it also has led to insight into 
(i) thermophile physiology (unique metabolic 
enzymes and pathways, especially in Archaea 
111,244), (ii) the molecular basis of thermostabil-
ity of bio-molecules (e.g. enhanced numbers 
of charged residues at surface and subunit/
domain interfaces 49), and (iii) the evolution 

Organism Lifestyle Topt (°C) Genome 
Mb,GC% Reference

Archaea
Aeropyrum pernix (C) AE, H 90 1.7, 56 190

Archaeoglobus fulgidus (E) AN, FA 83 2.2, 49 202

Hyperthermus butylicus (C) AN, H 101 1.7, 54 40

Methanocaldococcus jannaschii (E) AN, A 85 1.7, 31 47

Methanopyrus kandleri (E) AN, A 98 1.7, 61 363

Methanosaeta thermophile (E) AN, A 61 1.9, 54 366

Methanothermobacter thermoautotrophicus (E) AN, A 65-70 1.8, 50 364

Nanoarchaeum equitans AN, P 90 0.5, 32 428

Picrophilus torridus (E) AE, H 60 1.6, 36 131

Pyrobaculum aerophilum (C) FAN, FA 100 2.2, 51 119

Pyrobaculum calidifontis (C) FAN, H 90-95 2.0, 57 a

Pyrobaculum islandicum (C) AN, FA 100 1.8, 50 a

Pyrococcus abyssi (E) AN, H 96 1.8, 45 63

Pyrococcus furiosus (E) AN, H 100 1.9, 41 318

Pyrococcus horikoshii (E) AN, H 98 1.7, 42 191

Staphylothermus marinus (C) AN, H 92 1.6, 36 a

Sulfolobus acidocaldarius (C) AE, H 80 2.2, 37 57

Sulfolobus solfataricus (C) AE, H 80 3.0, 36 353

Sulfolobus tokodaii (C) AE, H 80 2.7, 33 189

Thermococcus kodakaraensis (E) AN, H 95 2.1, 52 130

Thermofilum pendens (C) AN, H 88 1.8, 58 a

Thermoplasma acidophilum (E) FAN, H 60 1.6, 46 325

Thermoplasma volcanium (E) FAN, H 60 1.6, 40 192

Thermoproteus tenax (C) AN, FA 88 1.8, 55 359

Bacteria
Aquifex aeolicus FAN, A 95 1.6, 43 86

Carboxydothermus hydrogenoformans AN, A 78 2.4, 42 436

Geobacillus kaustophilus AE, H 60 3.6, 52 391

Geobacillus thermodenitrificans FAN, H 65 3.6, 49 115

Rubrobacter xylanophilus AE, H 60 3.2, 71 a

Symbiobacterium thermophilum AE, H 60 3.6, 69 405

Thermoanaerobacter tengcongensis AN, H 75 2.7, 38 21

Thermotoga maritima AN, H 80 1.9, 46 270

Thermus thermophilus AE, H 75 2.1, 69 152

Table 1.1 - Sequenced thermophiles and hyperthermophiles

C Crenarchaeota, E Euryarchaeota, AE aerobic, AN anaerobic, FAN facultative (an)aerobic, FA facultative autotrophic, 
P parasite. a genome paper not available
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of the eukaryotic cell (fusion of archaeal and 
bacterial cell 317).
	 The first complete genome analysis of 
a hyperthermophilic archaeon, Methanocaldo-
coccus jannaschii 47 (Table 1.1), confirmed the 
monophyletic position of the Archaea, with 
respect to the Bacteria and the Eukaryotes. 
In addition, Archaea appeared to possess a 
bacterial-like compact chromosomal organi-
zation with clustering of genes as polycistronic 
units (operons), and with only few interrupted 
genes (introns). Moreover, the archaeal sys-
tems that drive the flow of genetic informa-
tion (transcription, translation, replication, 
DNA repair) correspond to the core of the 
eukaryal counterparts. These initial observa-
tions of bacterial-like “information storage” 
and eukaryal-like “information processing” 
have been confirmed by the analyses of subse-
quently sequenced hyperthermophilic model 
Archaea: the euryarchaea Pyrococcus spp. (P. 
furiosus, P. abyssi, P. horikoshii) as well as the 
crenarchaea Sulfolobus spp. (S. solfataricus, S. 
tokodaii, S. acidocaldarius) (reviewed by 244). 
The comparative analysis of the genome of 
the hyperthermophilic bacterium Thermo-
toga maritima with that of Pyrococcus furiosus 
(both isolated from shallow thermal vents at 
the same beach (Vulcano, Italy), led to the 
conclusion that horizontal (or lateral) gene 
transfer substantially contributes to the ap-
parent high degree of genome flexibility 206,270. 
In addition, the comparison of closely related 
Pyrococcus species revealed a high degree of 
genome plasticity; moreover, it was proposed 
that the lateral gain as well as the loss of genes 
is a modular event 110. Horizontal gene transfer 
has also been proposed to explain the relatively 

high degree of homology between genome 
fragments of the euryarchaeon Thermoplasma 
acidophilum and the crenarchaeon Sulfolobus 
solfataricus, phylogenetically distant Archaea 
but inhabiting the same environment (65-85 
°C, pH 2). The Sulfolobus-like genes in the T. 
acidophilum genome are clustered into at least 
five discrete regions, again indicating recombi-
nation of larger DNA fragments 122.
	 After the genome sequence of thermo-
philes was established, comparative genomics 
analyses have been performed to assign po-
tential functions for the identified open read-
ing frames. As in all studied genomes, many 
unique and conserved hypothetical genes 
(typically half of the total number of genes) 
were found for which a function could not re-
liably be predicted. The main challenge of the 
post-genome era is therefore to improve the 
functional annotation of genes by integrating 
classical approaches (physiology, biochemistry 
and molecular genetics) with genomics-based 
high-throughput approaches (comparative, 
functional and structural genomics). Obvious 
targets of comparative and functional analysis 
of thermophile genomes are the numerous 
missing links in metabolic pathways as well 
as the largely unknown regulatory systems of 
RNA and protein turnover 111,244.

Sulfolobus
The Domain Archaea has two main Kingdoms, 
the Crenarchaeota (e.g. Sulfolobus, Pyrobacu-
lum, Pyrodictium) and the Euryarchaea (e.g. 
Pyrococcus, Methanococcus, Halobacterium) 
(Fig. 1.2). Although initially the majority of 
the Archaea were isolated from extreme envi-
ronments (high temperature, high salt concen-
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tration, extreme pH), it has become clear that 
Archaea also thrive in non-extreme environ-
ments: Archaea are abundant in many ecosys-
tems ranging from soil to oceans 225,282. Since 
its original discovery in Yellowstone, species of 
the genus Sulfolobus have been isolated from 
various solfataric fields, such as Pisciarelli 
(Italy; S. solfataricus) 446, Sogasel (Iceland; S. 
islandicus) 445, and Beppu (Japan; S. tokodaii) 
388, Yang-Ming (Taiwan, S. yangmingensis) 168 
and Tengchong (China, S. tengchongensis) 437. 
Sulfolobus species are aerobic heterotrophs that 
oxidize a wide range of carbohydrates, yeast 
extract and peptide mixtures to CO2 

144,344. In 
addition, both autotrophic (oxidation of S2O3

2-, 
S4O6

2-, S0 and S2- to sulfuric acid, and of H2 to 
water) and heterotrophic growth have been 
described for S. acidocaldarius 344,354, and it has 
been suggested that anaerobic respiration (e.g. 
reduction of NO) by certain Sulfolobales might 
be possible 353. Other closely related genera 
that have been relatively well-characterized 
include Acidianus (order Sulfolobales; obliga-
tory chemolithoautotroph; aerobic S0 oxida-

tion to sulphuric acid, anaerobic S0 reduction 
coupled to H2 oxidation), Hyperthermus (or-
der Desulfurococcales; anaerobic, amino acid 
fermentation), and Aeropyrum (order Desulfu-
rococcales; aerobe; heterotroph on starch and 
peptides) (Fig. 1.2). Aeropyrum pernix was the 
first Crenarchaeote for which the complete 
genome was sequenced 190 (Table 1.1). One of 
the most striking observations of the overall 
comparative analyses of multiple genomes has 
been their unexpected plasticity. In the case 
of many Sulfolobales, mobile genetic elements 
are anticipated to play an important role in the 
ever-changing genome composition 41. The 
relatively large genome of S. solfataricus (3.0 
Mb) (Table 1.1) contains an unprecedented 
high number of insertion sequences (IS ele-
ments, 344), some of which have been demon-
strated to actively move through the genome 
248. Interestingly, the S. tokodaii genome (2.7 
Mb) contains significantly fewer IS elements 
(95) 189, while the S. acidocaldarius genome 
(2.2 Mb) does not contain a single one 57. 
The Sulfolobus genomes are also well known 

Figure 1.2
Phylogenetic tree based on thermophilic archaeal and bacterial 16S rRNA sequences. Alignment and phylogenetic analysis 
were performed with the ARB software, and the three was constructed using the neighbor-joining method. The reference bar 
indicates the branch length that represents 10% diversity.
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for their unusually high number of Clustered 
Regularly Interspaced Palindromic Repeats 
(CRISPR, >400), which constitute up to 1% of 
the genome, and are thought to encode an im-
mune system against foreign genetic elements 
22,169,230,243,262. Possibly the high number of 
CRISPR in the genome reflects the abundance 
of viruses and plasmids in the thermoacidic 
ecological niche of Sulfolobus species.
	 The best characterized archaeal virus is 
SSV1 isolated from S. shibatae 316,337,438. Upon 
infection of S. shibatae as well as S. solfatari-
cus, the viral genome was generally found to 
be integrated into a specific tRNAArg gene of 
the host chromosome, indicating that site-
specific integration is involved in establishing 
the lysogenic state 337. The pRN family of small 
plasmids from the Sulfolobales includes pSSVx 
from S. islandicus REY 15/4, a hybrid between 
a plasmid and a fusellovirus. In the presence 
of the helper virus, SSV2, it can spread as a 
virus satellite 16. Most conjugative plasmids 
have been isolated from a collection of S. is-
landicus strains. As well as spreading through 
S. islandicus cultures, these plasmids have also 
been reported to be capable of replicating in 
S. solfataricus (pNOB, pING, pSOG) 306,376. In 
addition, exchange of marker genes has been 
well documented for S. acidocaldarius 315,340, 
suggesting a Hfr-like system as present in 
some conjugative bacteria. In line with this, a 
30 kb fragment of the S. tokodaii chromosome 
strongly resembles conjugative plasmids like 
pSOG 105.

Genetic systems
One of the main reasons why Sulfolobus sol-
fataricus has become a model archaeon for 

studying metabolism, transcription, transla-
tion and DNA replication has been its ability 
to grow aerobically on a wide variety of sub-
strates in liquid media as well as on plates 23,353. 
Moreover, Sulfolobus isolates from all over 
the world appeared to possess a wide array of 
extrachromosomal genetic elements 444. These 
findings have encouraged researchers to de-
velop tools for genetic manipulation.
	 The currently available genetic tools 
for Sulfolobus are summarized in Table 1.2. 
Many attempts have been made to generate 
shuttle vectors that replicate stably in both 
Escherichia coli and Sulfolobus, while main-
taining a relatively high copy number in both 
organisms. Hybrid vectors were constructed 
containing the replicase gene from the euryar-
chaeal rolling circle plasmid pGT5 104, which 
could be transformed to S. acidocaldarius by 
electroporation and maintained by applying 
butanol or benzylalcohol tolerance selection 
1,13. In the absence of selectable markers, the 
highly efficient self spreading capabilities of 
the conjugative plasmid pNOB8 336 and S. 
shibatae fusellovirus SSV1 316 were exploited 
to generate a population in which the major-
ity of the cells contained the recombinant 
plasmid 100,375. A thermostable hygromycin 
phosphotransferase mutant gene enabled 
selection of S. solfataricus Gθ transformants 
containing plasmid pEXSs, a small shuttle vec-
tor replicating from a 1.7 kb SSV1 origin 50,51. 
Most success however, has been obtained by 
using β-galactosidase (lacS) deficient strains 
derived from spontaneous insertion-element 
disruption 338,435 or large chromosomal dele-
tions at this locus 25,335. At the phenotype level, 
β-galactosidase complementation allows blue/
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white activity screening using chromogenic 
compound 5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside (X-β-Gal), but has in some 
cases allowed selection for lactose utilization 
as a sole carbon and energy source 25,435. The 
latter property has led to a successful homolo-
gous recombination system for S. solfataricus 
strain 98/2, in which a specific gene can be 
disrupted by a suicide vector 335,435. For the first 
time in hyperthermophilic crenarchaeota, this 
system has enabled researchers to construct 
knock-out mutants and to study gene func-
tion in vivo. A system that allows the genera-
tion of gene knockouts has recently also been 
developed in the hyperthermophilic euryar-
chaeote Thermococcus kodakaraensis 252,332. 

Significant progress has also been made with 
the construction of viral shuttle vector pMJ03. 
This SSV1-derived vector, which includes 
lacS for blue/white screening, also contains 
genes coding for orotidine-5’-monophosphate 
pyrophosphorylase (pyrE) and orotidine-5’-
monophosphate decarboxylase (pyrF), which 
serve as a selectable marker complementing 
uracil auxotrophic Sulfolobus strains 175,248. This 
selection marker appears to be crucial for the 
stability of the shuttle vector; without selective 
pressure, rearrangement of the shuttle vector 
was frequently observed during prolonged 
cultivation 175. The shuttle vector was recently 
upgraded by the implementation of an induc-
ible arabinose promoter and optional affinity 

Vector (kb) Selectable property / 
phenotypic marker

Archaeal
replicon

E. coli
replicon Hosts Features Ref.

pCSV1
(6.1)

none pGT5 pUC19 P. furiosus
S. acidocaldarius

low copy number 1

pAG21
(6.5)

Sso adh, butanol and
benzylalcohol 
tolerance

pGT5 pBR322 P. furiosus
S. acidocaldarius

low copy number 13

pBS-KK
(48)

conjugation
blue/white screening

pNOB8 pBS S. solfataricus P1
derivative PH1 lacS-

Growth retardation,
recombination into 
host genome

100

pEXSs
(6.35)

hphmut HygromycinR SSV1ori pGEM5Zf(-) S. solfataricus Gθ
deriv. GθW,  ∆lacS

low copy number,
sometimes high 
background

25,50,51,68

pSSVrt
(8.4)

spreading by SSV2
or SSV1

pSSVx pUC19 S. solfataricus P2, 
S. solfataricus MT4, 
S. solfataricus GθW

high copy number 18

pKMSD48
(18.5)

self spreading
plaque assay 
screening

SSV1 pBSII S. solfataricus P1,P2
S. solfataricus Gθ

Single integration 
site and present as 
plasmid (5-40/cell)

375

pMJ03
(21.8)

self spreading
Uracil auxotrophy 
compl. (pyrEF)

SSV1 pBSII S. solfataricus P1
derivatives PH1 
(pyrEF-, lacS-)

Single integration 
site and present as 
plasmid

175,248

pSVA5/6 see pMJ03 SSV1 pBSII see pMJ03 Inducible Ara 
promoter, C-terminal 
StrepII and His tag

8

Knockout 
vector

Lactose auxotrophy 
compl. (lacS)

none pNEB193, 
pUC19

S.solfataricus 98/2 
lacS- derivatives, 
∆lacS PBL2002/25

Homologous 
recombination 
suicide vector

7,335,435

pG, pJlacS Uracil/Lactose
auxotrophy compl.
(pyrEF/lacS)

pRN1 pBSII S. solfataricus
S. acidocaldarius

Stable in both hosts, 
no rearrangements 
or integration

29

Table 1.2 - Genetic tools for Sulfolobus
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tags, which allows for the efficient purification 
of recombinant proteins from Sulfolobus 8. 
Small non-viral shuttle vectors based on plas-
mid S. islandicus plasmid pRN1 are the latest 
and most promising addition to the growing 
list of genetic tools. The vectors replicate sta-
bly in both E. coli and Sulfolobus spp, without 
genome integration or rearrangements 29. The 
availability of these vectors will be instrumen-
tal in the genetic analysis of this extremophilic 
model organism.

Glycoside hydrolases
Within the domain of Archaea, Sulfolobus spe-
cies are well known for their saccharolytic ca-
pacity. This feature is particularly well reflected 
by the number of glycoside hydrolases (GHs) 
and transglycosidases that have been found 
by either purification of their activity or by 
homology search methods. Several enzymes 
that are involved in the breakdown of starch 
have been described, such as extracellular 
surface-layer associated α-amylase 435, and an 
intracellular maltase that releases glucose from 
maltodextrins 106,319. These dextrins are also 
the substrate for the enzyme TreY (Sso2095) 
and TreZ (Sso2093) that successively convert it 
into trehalose 249, which appears to be the main 
compatible solute in Sulfolobus spp. 331.
	 A gene cluster involved in glycogen 
synthesis and breakdown can be found in 
the genome. Apart from a glycogen synthase 
(Sso0987), this cluster contains a glycogen as-
sociated α-amylase (Sso0988) 52, a glucoamy-
lase (Sso0990) 198 and a putative glycogen 
debranching enzyme (Sso0991).
	 Besides the potential to degrade α-1,4-
linked glucosides, the genome of Sulfolobus 

has revealed several enzymes that are involved 
in the degradation of other plant polysac-
charides. An interrupted α-fucosidase gene 
(Sso11867/Sso3060) was found, of which the 
mRNA was shown to be correctly translated by 
the ribosome via programmed -1 frameshift-
ing 61. A β-galactosidase (Sso3019) involved 
in the degradation of lactose and cellobiose 
has been described 300, which not only has 
served as a thermostable model protein in 
engineering studies 179, but also has allowed 
the development of genetic manipulation sys-
tems for S. solfataricus 175,435. An α-xylosidase 
gene (Sso3022) was uncovered in the genomic 
vicinity of the β-galactosidase gene, which 
may suggest a cooperative function of the two 
enzymes in the degradation of xyloglucan oli-
gosaccharides 264. The same gene cluster also 
harbors a bifunctional β-D-xylosidase/α-L-
arabinosidase (Sso3032) that is specifically in-
duced in the presence of xylan polysaccharides 
266. Finally, two cellulases were found (Sso1949, 
Sso2534) that could operate in the extracellular 
environment of Sulfolobus which is character-
ized by extreme acidity and high temperature 
159,231. These and other Sulfolobus enzymes may 
have potentially interesting industrial applica-
tions in the microbial conversion of the world’s 
most abundant plant polymer cellulose to bio-
fuels such as ethanol and hydrogen.

Directed evolution
Directed evolution has emerged in just a de-
cade as one of the most effective approaches 
to adapt proteins. It mimics the processes of 
Darwinian evolution in vitro 79, by combining 
random mutagenesis and/or recombination 
with screening or selection for protein variants 
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that have desired properties 211. This revolution 
in customizing protein properties was largely 
started by the introduction of DNA shuffling 
by Pim Stemmer in 1994 377. Soon after, en-
zyme improvements in activity 378, stability 140 
but also adaptations in substrate specificity 442 
were reported. Even whole operons containing 
three genes were successfully shuffled 70. The 
DNA shuffling method consists of the reassem-
bly of fragmented, randomly point-mutated 
genes in a self-priming PCR. Recombination of 
beneficial mutations occurs through template 
switching, creating a pool of mutated genes as 
a source of sequence diversity for a library. Al-
though random mutagenesis at low error-rates 
can be very effective, DNA shuffling allows the 
generation new combinations of mutations, 
providing a more complete spectrum of genes 
with multiple substitutions. The major advan-
tage of these approaches over site-directed 
mutagenesis is that, apart from the fact that 
the effect of a site-directed mutation is often 
unpredictable, no structural information of the 
protein is required. An adaptation called DNA 
family shuffling allows two or more homolo-
gous sequences to be used as starting material 
71. In this method homologous parent genes are 
mixed, randomly fragmented and recombined 
in an assembly PCR using conditions that per-
mit annealing and extension of non-identical 
complementary strands. Following library 
screening, improved clones can be reshuffled 
to recombine useful adaptations in additive 
or synergistic ways, in effect mimicking the 
process of natural sexual recombination. The 
screening of libraries is the major bottleneck of 
directed evolution compared to site-directed 
mutagenesis. In directed evolution approaches 

the most desired mutants are only found when 
the first law of directed evolution is obeyed: 
“You get what you screen for” 440.
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Reconstruction of central carbon metabolism in Sulfolobus 
solfataricus using a two-dimensional gel electrophoresis 
map, stable isotope labeling and DNA microarray analysis

Abstract
In the last decade, an increasing number of sequenced archaeal 
genomes have become available, opening up the possibility for func-
tional genomic analyses. Here, we reconstructed the central carbon 
metabolism in the hyperthermophilic crenarchaeon Sulfolobus sol-
fataricus (glycolysis, gluconeogenesis and tricarboxylic acid cycle) 
on the basis of genomic, proteomic, transcriptomic and biochemi-
cal data. A 2-DE reference map of S. solfataricus grown on glucose, 
consisting of 325 unique ORFs in 255 protein spots, was created to 
facilitate this study. The map was then used for a differential expres-
sion study based on 15N metabolic labeling (yeast extract + tryptone 
grown cells vs. glucose grown cells). In addition, the expression 
ratio of the genes involved in carbon metabolism was studied using 
DNA microarrays. Interestingly, only 3% and 14% of the genes and 
proteins respectively involved in central carbon metabolism showed 
a greater than two fold change in expression level. All results are 
discussed in the light of the current understanding of central carbon 
metabolism in S. solfataricus and will help to obtain a systems wide 
understanding of this organism.

Proteomics (2006) 6: 1518-1529
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INTRODUCTION

Sulfolobus solfataricus is a thermoacidophilic 
crenarchaeon that grows between 70 and 90 
°C and in a pH range of 2-4 446. Its preference 
for environments hostile to many other organ-
isms makes it an interesting source for novel, 
thermostable enzymes. S. solfataricus has been 
an attractive crenarchaeal model organism 
since its isolation in the early 1980’s, and the 
completion of the genomic sequence in 2001 
353 has further increased its popularity. Cur-
rently, 1941 genes (53.11%) in TIGR’s compre-
hensive microbial resource (CMR) database 
have no known function 297. Of the 2977 Open 
Reading Frames (ORFs) originally identified 
in the genome of S. solfataricus, 40% of the 
genes are archaea specific, 12% are bacteria 
specific and 2.3% are shared exclusively with 
eukaryotes. Currently, genetic tools are under 
development that will contribute to our un-
derstanding of fundamental processes in Sul-
folobus 51,68,175,375,435. In order to fully exploit its 
potential for metabolic engineering, a deeper 
understanding of the central energy and pre-
cursor generating pathways is necessary.
	 The central metabolic pathways in 
archaea contain many unique features com-
pared to the classical pathways in bacteria 
and eukaryotes 2,417. In S. solfataricus, glucose 
degradation proceeds via a non-phosphory-
lated version of the Entner-Doudoroff (ED) 
pathway 344,334,84. In this pathway, glucose is 
converted into pyruvate through the action of 
glucose dehydrogenase, gluconate dehydratase, 
2-keto-3-deoxy-D-gluconate (KDG) aldolase, 
glyceraldehyde dehydrogenase, glycerate ki-
nase, enolase and pyruvate kinase. Recently, 

experimental evidence has been provided for 
the operation of the semi-phosphorylated 
ED pathway in S. solfataricus in which KDG 
is phosphorylated 4. Gluconeogenesis via a 
reversed ED pathway is unlikely, since the key 
enzymes in this pathway do not seem to be 
able to distinguish between glucose and galac-
tose derivatives. In this case, gluconeogenesis 
via a reversed ED pathway would result in a 
mixture of glucose and galactose 213. Instead, 
in silico analysis of the Sulfolobus genomes as 
well as experimental evidence has revealed 
the presence of a near complete set of proteins 
involved in the Embden-Meyerhof-Parnas 
(EMP) pathway 417, suggested to be active in 
the gluconeogenic direction rather than in the 
glycolytic direction 213.
	 In this study, we reconstructed central 
carbon metabolism and the TCA cycle on the 
basis of biochemical, computational, proteom-
ic and DNA microarray data, obtained from 
cell extracts of S. solfataricus grown on sugars 
and peptides. First of all, a two-Dimensional 
gel Electrophoresis (2-DE) map was created to 
provide a global overview of protein expression 
under glucose degrading conditions. This map 
was then used to investigate the relative abun-
dance of proteins involved in sugar metabolism 
under minimal or rich media through a 15N 
metabolic labeling approach. Moreover, DNA 
microarray analysis was performed to compare 
mRNA expression under the same conditions.  
In the last few years, similar transcriptome 
studies have been conducted with several ar-
chaea that utilize different types of glycolysis. 
These organisms include: Pyrococcus furiosus 
346 an obligate anaerobic hyperthermophile 
with an EMP-like pathway and Haloferax vol-
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canii 441 a facultative anaerobic halophile using 
an ED-like glycolysis. However, there are rela-
tively few studies that combine transcriptom-
ics and proteomics, and none have so far been 
published for archaea.
	 Here, we present a study in which both 
quantitative proteomics and transcriptomics 
were used to analyze the expression of the 
genes involved in the central carbon metabo-
lism of Sulfolobus solfataricus.

RESULTS AND DISCUSSION

Generation and application of a two-di-
mensional gel electrophoresis map
Figure 2.1 shows an image of the 2-DE refer-
ence map for S. solfataricus. With Coomassie 
Brilliant blue G250, approximately 500 spots 
were visualized. The highest spot count was 
obtained in the region pI 5-9, and proteins 
ranged in size from 15-123 kDa (predicted val-
ues). In total, 255 spots were selected for Mass 
Spectrometry (MS) analysis on the basis of 
their relative high abundance. In addition, faint 
spots were selected to test the sensitivity of the 
MS method. In total, 325 unique proteins in 
255 spots were identified, with even the faint-
est spots yielding significant Molecular Weight 
Search (MOWSE) scores (> 51). All 255 spots 
were found on the triplicate gels. The complete 
dataset is presented in the supplementary ma-
terial online. A subset, representing key ele-
ments of central energy metabolism and other 
relevant proteins is discussed more extensively 
in this paper. The highest MOWSE score, 1362, 
was achieved for elongation factor 2 (Sso0728, 
spot 26). Generally, one peptide (intact mass 
and tandem mass spectrometry (MS/MS) ion 

spectrum) was sufficient for confident iden-
tification of a S. solfataricus protein against 
the full Mass Spectrometry protein sequence 
Database (MSDB). In most cases, however, 
multiple peptides of the same protein were re-
covered from a spot. On average, the sequence 
coverage was 30%. The highest sequence cov-
erage (75%) was found for the α-subunit of the 
proteasome (Sso0738) in spot 213. There was 
no correlation between the sequence coverage 
and the protein size. However, larger proteins 
usually resulted in higher MOWSE scores. This 
is due to the fact that larger proteins generate a 
larger number of unique peptides after tryptic 
digestion. For example, MOWSE scores greater 
than 800 were only obtained for proteins larger 
than 48 kDa.
	 The number of proteins that matched 
to ORFs that are either hypothetical or con-
served hypothetical proteins was 157 (48%). 
This is similar compared to the expected 
53%, on the basis of the genome composition. 
This was also found in a similar study on the 
Methanocaldococcus jannaschii proteome 138. 
Interestingly, there were only two hypothetical 
proteins amongst the 20 most intense spots, 
(Sso0029, Sso0099 relating to spots 130 and 
224 respectively). The relatively high abun-
dance of those proteins suggests an important 
function.
	 Another important observation is that 
a number of proteins were found in more than 
one spot.  Interestingly, this was true for a large 
number of proteins involved in the TCA cycle 
(e.g. 2-oxoacid:ferredoxin oxidoreductase 
(Sso2815) was found in eight different spots). 
There are a number of explanations for this: (1) 
Isoforms or post-translationally modified ver-
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sions of the protein might be present in the cell 
(2) the protein was modified during protein 
extraction or during 2-DE (e.g. proteolysis, me-
thionine oxidation,), (3) the protein does not 
resolve well on the gel and therefore “smears” 
out over a large pH or mass range, or (4) the 
denaturating conditions are not strong enough 

to completely break protein associations. The 
presence of a protein in multiple spots was also 
observed in similar proteomic studies 138. To 
find post-translational modifications, all mass 
spectra were searched again but this time with 
phosphorylation of serine or threonine, and 
with methylation set as variable modifications. 
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Figure 2.1
2-DE reference map for S. solfataricus grown on glucose. All numbered spots were subjected to LC-MS-MS analysis. Results 
are available online as supplementary table 1.
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Unfortunately, no consistent results were 
obtained, and therefore more specific studies 
targeted to identify post-translational modifi-
cations are necessary.
	 In a number of cases multiple proteins 
per spot were found. Often these proteins 
have similar molecular weights (MW) and 
iso-electric points (pI) indicating that the 
resolution on the gel was insufficient to resolve 
these proteins into single protein spots. In 
other cases however, proteins in the same spot 
differ significantly in MW and pI. These repre-
sent biologically interesting cases since these 
could indicate stable protein associations. An 
example was found in spot 1, where subunits 
α, β en γ of aldehyde oxidoreductase (Sso2636, 
Sso2637, Sso2639) were found.
	 Protein quantitation was performed on 
the basis of 15N metabolic labeling as recently 
described. With this method a number of 
problems associated with 2-DE (e.g. multiple 
proteins per spot) can be avoided. Moreover, 
the reproducibility of gel staining becomes of 

lesser importance since protein quantitation 
takes place on the MS 368.
	 Figure 2.2 shows an example of a TOF-
MS spectrum containing both the light and the 
heavy version of the peptide IFGSLSSNYV-
LTK. This peptide is derived from the 2-keto-
3-deoxy-D-gluconate aldolase (Sso3197). The 
light peptide at m/z 714.99 corresponds to the 
yeast extract + tryptone (YT) grown cells and 
the heavy peptide at m/z 722.47 corresponds 
to the glucose (G) grown cells. The relative 
abundance of the heavy and light peptide can 
now be calculated by determining the ratio of 
the peak areas. Note that the difference in mass 
between the heavy and light version of the 
peptide corresponded exactly to the number 
of nitrogen atoms in the peptide, in this case 
15 atoms (∆M/z = 7.5). Table 2.1 summarizes 
the differential proteomic data obtained in this 
way, as well as the corresponding transcrip-
tomic data.

Exploration of the transcriptome

Figure 2.2
Peptide quantitation. TOF MS spec-
trum of a 15N labeled and an unla-
beled peptide. The peak on the left at 
m/z 714.99 represents the unlabeled 
version of the peptide (protein from 
cells grown on yeast extract+tryptone 
(YT)). The peak at the right at m/z 
722.47 represents the 15N labeled 
version of the peptide (protein from 
cells grown on glucose). This peptide 
was identified as IFGSLSSNYVLTK, 
corresponding to 2-keto-3-deoxy-D-
gluconate aldolase (Sso3197). The 
ratio between the areas of the heavy 
and light versions of this peptide was 
1.56.
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In total, 1581 of the 2315 genes printed on the 
microarray were used in the analysis (selected, 
according to criteria described above). There 
were 184 significantly differentially expressed 
genes (p<0.05; p is the statistical certainty that 
the observed change in ratio is not caused by a 
biological effect). In total, 135 and 49 genes are 
up-regulated under glucose and YT conditions, 
respectively. Of these up-regulated genes 23% 
and 20% were annotated as either hypothetical 
or conserved hypothetical. Interestingly, these 
percentages are lower than the expected 53%.
Genes involved in amino acid biosynthesis 
were regulated under both glucose and YT 
conditions. This was 16% and 10%, of the total 
amount of upregulated genes, in the case of 
glucose and YT, respectively. Regulation in this 
functional group was expected since amino 
acids are synthesized under glucose condi-
tions and predominantly degraded under YT 
conditions. This data, therefore, provides an 
excellent starting point for amino acid me-
tabolism reconstruction. Future biochemical 
and proteomic studies are necessary to con-
firm the exact composition and direction of 
the responsible pathways.
	 In addition, three genes involved in 
nitrogen metabolism were regulated: (1) glu-
tamate synthase (Sso0684, 0.15) (2) glutamine 
synthase (Sso0366; 0.27) and (3) glutamate 
dehydrogenase (Sso2044; 6.29), absolute ra-
tios are given as YT/G). These results show 
that cells which grow on glucose assimilate 
nitrogen by the sequential action of glutamine 
synthase and glutamate synthase. Under YT 
conditions glutamate dehydrogenase produces 
free ammonium by converting glutamate into 
2-oxoglutarate. This is necessary because there 

is an excess of nitrogen bound to carbon when 
grown in the presence of YT. 
	 Transport and binding proteins are 
also a major group of up-regulated genes (12% 
and 8% for glucose and YT, respectively). Pre-
viously, it was shown that both glucose and 
YT grown cells have the capacity to transport 
glucose 99. This is reflected by the fact that the 
genes involved in glucose transport were not 
differentially expressed (Sso2847, Sso2848, 
Sso2849, Sso2850). In addition, genes involved 
in dipeptide transport were up-regulated under 
YT conditions (Sso1282; 2.01 / Sso2615; 1.74 / 
Sso2616; 1.57). Interestingly, genes involved in 
maltose transport were slightly up-regulated 
under glucose conditions (Sso3053; 0.36 / 
Sso3058; 0.50 / Sso3059; 0.53).

Metabolic pathway reconstruction
During the last two decades, the main meta-
bolic pathways in Sulfolobus spp. have been 
the subject of extensive experimental research. 
This has led to a profound understanding of 
the enzymes and protein complexes that are 
involved in the glycolysis, the tricarboxylic 
acid cycle (TCA) and related metabolic con-
versions 77,417. The availability of the genome 
sequences of S. solfataricus 353, S. tokodaii 189 
and S. acidocaldarius 57 has recently allowed 
for the identification of the genes encoding 
these proteins by matching full-length or N-
terminal protein sequences to the predicted 
proteomes. A reconstruction of the central 
carbon metabolic pathways in Sulfolobus sol-
fataricus was performed (Fig. 2.3). The results 
should be taken with a degree of caution since 
significant differences exist in the physiology 
between the three Sulfolobus species 334. Al-
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Locus Enzyme description EC COG Transcript-
omicsa Proteomicsa Ref.

Glycolysis
Sso3003 Glucose-1-dehydrogenase 1.1.1.47 1063 NS NF 213

Sso2705 Gluconolactonase 3.1.1.17 3386 1.15 ± 0.07 NF 417

Sso3041 Gluconolactonase 3.1.1.17 3386 NF NF
Sso3198 Gluconate dehydratase 4.2.1.39 4948 1.00 ± 0.07 1.42 ± 0.14 200,214

Sso3197 2-keto-3-deoxy-D-gluconate aldolase 4.1.2.- 0329 0.96 ± 0.19 1.55 ± 0.05 46

Sso3195 2-keto-3-deoxy-D-gluconate kinase 2.7.1.45 0524 1.19 ± 0.15 NF 417

Sso3194 Glyceraldehyde-3-phosphate dehydrogenase 
(non-phosphorylating)

1.2.1.3 1012 0.87 ± 0.10 0.66 ± 0.07 4,45

Sso2639c Aldehyde oxidoreductase, α-subunit 1.2.7.- 1529 0.65 ± 0.01b 4.51 ± 0.78 185

Sso2636c Aldehyde oxidoreductase, β-subunit 1319 0.55 ± 0.13b 4.89 ± 0.40
Sso2637c Aldehyde oxidoreductase, γ-subunit 2080 0.62 ± 0.14b 4.22 ± 1.03
Sso0666 Glycerate kinase 2.7.1.- 2379 0.70 ± 0.24 NF 84,417

Sso0981 Pyruvate kinase 2.7.1.40 0469 0.98 ± 0.10 NF 345

Glycolysis / Gluconeogenesis
Sso0417 Phosphoglycerate mutase 5.4.2.1 3635 1.03 ± 0.13 1.55 ± 0.14 414

Sso2236 Phosphoglycerate mutase 5.4.2.1 0406 NS NF
Sso0913 Enolase 4.2.1.11 0148 1.36 ± 0.35 1.59 ± 0.23 290

Gluconeogenesis
Sso0883 Phosphoenolpyruvate synthase 2.7.9.2 0574 1.62 ± 0.08b 1.77 ± 0.22 162

Sso0527 Phosphoglycerate kinase 2.7.2.3 0126 1.26 ± 0.26 2.30 ± 0.28 154

Sso0528 Glyceraldehyde-3-phosphate dehydrogenase 
(phosphorylating)

1.2.1.12 0057 1.07 ± 0.20 1.16 ± 0.02 326

Sso2592 Triose-phosphate isomerase 5.3.1.1 0149 NF 1.17 ± 0.12 204

Sso3226 Fructose-bisphosphate aldolase 4.1.2.13 1830 NS 1.84 ± 0.10 357

Sso0286 Fructose-bisphosphatase 3.1.3.11 1980 1.24 ± 0.18 1.32 ± 0.05 272

Sso2281 Glucose-6-phosphate isomerase 5.3.1.9 0166 1.01 ± 0.13 1.51 ± 0.10 149

Sso0207 Phosphoglucomutase 5.4.2.2 1109 1.03 ± 0.32 1.55 ± 0.01 372

Tricarboxylic acid cycle
Sso2589 Citrate synthase 2.3.3.1 0372 0.84 ± 0.09 1.02 ± 0.03 232,367

Sso1095 Aconitase 4.2.1.3 1048 1.05 ± 0.14 1.11 ±  0.03 406

Sso2182 Isocitrate dehydrogenase 1.1.1.42 0538 1.34 ± 0.65 1.18 ± 0.03 48

Sso2815d 2-oxoacid:ferredoxin oxidoreductase 
a/g-subunit

1.2.7.1
1.2.7.3

0674
1014

0.89 ± 0.07 0.56 ± 0.05 128,196,
443

Sso2816d 2-oxoacid:ferredoxin oxidoreductase 
b-subunit

1013 0.85 ± 0.31 0.60 ± 0.02

Sso2482 Succinate-CoA ligase, a-subunit 6.2.1.5 0074 0.93 ± 0.25 0.54 ± 0.04 78

Sso2483 Succinate-CoA ligase, b-subunit 0045 0.94 ± 0.30 0.51± 0.05
Sso2356 Succinate dehydrogenase, subunit A 1.3.99.1 1053 NS 0.58 ± 0.4 170

Sso2357 Succinate dehydrogenase, subunit B 0479 0.75 ± 0.28 NF
Sso2358 Succinate dehydrogenase, subunit C 2048 0.94 ± 0.27 NF
Sso2359 Succinate dehydrogenase, subunit D 0.89 ± 0.16 NF
Sso1077 Fumarate hydratase 4.2.1.2 0114 1.08 ± 0.10 1.53 ± 0.09 64,307

Sso2585 Malate dehydrogenase 1.1.1.37 0039 0.82 ± 0.27 0.69 ± 0.01 151

Glyoxylate shunt
Sso1333 Isocitrate lyase 4.1.3.1 2224 0.30 ± 0.07b NF 407

Sso1334 Malate synthase 2.3.3.9 2225 1.11 ± 0.47 1.18  ± 0.04
C3/C4 interconversions

Sso2869 Malic enzyme 1.1.1.38 0281 1.05 ± 0.24 1.92  ± 0.15 24

Sso2537 Phosphoenolpyruvate carboxykinase 4.1.1.32 1274 1.42 ± 0.42 NF 129

Sso2256 Phosphoenolpyruvate carboxylase 4.1.1.31 1892 0.83 ± 0.18 0.88 ±  0.17 112,329

NF not found, NS no significant signal. a Relative abundance ratio with standard deviation Yeast extract + Tryptone grown cells 
/ Glucose grown cells (YT/G), b Probability value (p) smaller than 0.05, c Enzyme complex has broad substrate specificity for 
aldehydes, d exhibits pyruvate, 2-oxoglutarate and 2-oxobutyrate oxidoreductase activity.

Table 2.1 - Relative abundances of mRNA and protein levels of the genes involved in central metabolic pathways of Sulfolobus 
solfataricus grown on yeast extract and tryptone (YT) compared to glucose (G).
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most all proteins involved in this scheme have 
been experimentally verified in either Sulfolo-
bus spp. or other hyperthermophilic Archaea, 
such as Thermoproteus tenax, Archaeoglobus 
fulgidus, Thermoplasma acidophilum, Pyro-
coccus furiosus, Thermococcus kodakaraensis, 
Methanothermus fervidus and Methanocaldo-
coccus jannaschii. Moreover, the vast majority 
of the anticipated proteins in Sulfolobus solfa-
taricus were found on the 2-DE reference map 
(Fig. 2.1). On average, the TCA cycle proteins 
made up approximately 12% of the total stain-
ing intensity.

Glycolysis and gluconeogenesis
The genus Sulfolobus is known to degrade 
glucose according to a modified version of 
the Entner-Doudoroff (ED) pathway. While 
in most cases phosphorylation in the bacterial 
ED pathway occurs at the level of glucose, glu-
conate or 2-keto-3-deoxy-D-gluconate (KDG), 
S. solfataricus has been reported to utilize a 
non-phosphorylated version of the ED path-
way, which phosphorylates only at the level of 
glycerate 84,348. Recent experimental findings, 
however, indicated the presence of a semi-
phosphorylated ED pathway, in which KDG 
is phosphorylated and subsequently cleaved 
forming pyruvate and glyceraldehyde-3-phos-
phate (GAP) by the action of the KDG kinase 
(Sso3195) and the KDG aldolase (Sso3197) 
respectively. GAP is then oxidized by a non-
phosphorylating GAP dehydrogenase (GAPN, 
Sso3194) forming 3-phosphoglycerate (3PG) 4. 
The only net difference between the non- and 
semi-phosphorylated pathways is the fact that 
either reduced ferredoxin (FdR) or NADPH is 
produced, since neither pathway directly yields 

ATP by substrate level phosphorylation.
	 The intrinsic irreversibility of sev-
eral ED enzymes, such as the gluconate dehy-
dratase and GAPN, prevents the ED to operate 
in the gluconeogenic direction, which is, for 
instance, required to store energy in the form 
of glycogen 362. Another important role for the 
gluconeogenic EMP pathway is the produc-
tion of fructose-6-phosphate (F6P), which 
has been proposed to be the main precursor 
for the Pentose Phosphate Pathway (PPP) 417. 
Except for three kinases (GK glucokinase, PFK 
phosphofructokinase and PK pyruvate ki-
nase), the catabolic Embden-Meyerhof-Parnas 
(EMP) pathway consists of reversible enzymes. 
Although the genes encoding a GK and PFK 
were absent, the genes encoding the reversible 
EMP enzymes were all found in the genome 
of Sulfolobus. Moreover, a gene encoding a 
fructose-1,6-bisphosphatase (FBPase) was also 
detected. Because it is known that the catabolic 
EMP pathway is not operational in Sulfolobus 
348, it is likely that these EMP enzymes serve a 
gluconeogenic role. The simultaneous opera-
tion of both the ED and a gluconeogenic EMP 
pathway, however, requires a strict control of 
the metabolic flux through the pathway in or-
der to prevent an energetically futile cycle. Al-
losteric regulation, post-translational protein 
modification and regulation at the transcrip-
tional level are common strategies to modulate 
the activity and abundance of key enzymes, 
such as the fructose-1,6-bisphosphatase.
	 Although glycolysis in Sulfolobus is 
well studied, there are still unconfirmed genes 
and activities in the pathway. For instance, the 
transcriptome analysis revealed the expres-
sion of one of two putative gluconolactonases 
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(Sso2705) that have generally been omitted in 
the analysis of the ED pathway, since the re-
action from gluconolactone to gluconate also 
occurs spontaneously 333. The expression of the 

enzyme, however, would suggest a functional 
role in the metabolism of Sulfolobus. Addition-
ally, only one of two phosphoglycerate mutases 
(Sso0417) that were found in its genome was 

Figure 2.3
Reconstruction of the central metabolic pathways in Sulfolobus solfataricus. Genes involved in the glycolysis, gluconeogenesis 
and tricarboxylic acid cycle were surveyed and are indicated by their locus name. Underlined genes were experimentally 
verified in Sulfolobus or related hyperthermophilic Archaea (Table 2.1). The number of spots that were found on the 2-DE 
reference map is indicated between brackets. The glyoxylate shunt is shown by dashed arrows, while the three to four carbon 
interconversions are depicted by dotted arrows. Mixed dashed and dotted arrows indicate that the exact pathway to glycogen 
and pentoses is unknown. The following abbreviations were used: KD(P)G 2-keto-3-deoxy-D-gluconate-(6-phosphate), GA(P) 
glyceraldehyde-(3-phosphate), PGP 1,3-bisphosphoglycerate, 3PG 3-phosphoglycerate, 2PG 2-phosphoglycerate, PEP 
phosphoenolpyruvate, DHAP dihydroxyacetonephosphate, F1,6P2 fructose-1,6-bisphosphate, F6P fructose-6-phosphate, 
G6P glucose-6-phosphate, G1P glucose-1-phosphate, FdR reduced ferredoxin, PPP pentose phosphate pathway. NAD(P)
H indicates that both NAD+ and NADP+ can be used as a cofactor. Arrows represent the presumed physiologically relevant 
direction of catalysis and are not indicative of enzymatic reversibility.

expressed in both the proteome and transcrip-
tome, while the other type (Sso2236) remained 
undetected. Expression of the predicted glyc-
erate kinase (Sso0666) was only detected at the 
mRNA level.

Tricarboxylic acid cycle
Sulfolobus spp. is an obligate aerobe that pri-
marily obtains energy by the oxidation of or-
ganic molecules and elemental sulphur 36. This 
oxidation results in the formation of reduced 
electron carriers, such as NAD(P)H, FdR 
and FADH2. The majority of these reducing 
equivalents are generated in the tricarboxylic 
acid (TCA) cycle. Per round of the cycle, the 
succinate-CoA ligase of Sulfolobus generates 
one molecule of ATP, instead of the commonly 
produced GTP 78. Apart from being the main 
metabolic converter of chemical energy, the 
TCA cycle intermediates serve an important 
role as biosynthetic precursors for many cel-
lular components, such as amino acids. Con-
sequently, when too many intermediates are 
withdrawn from the cycle, they need to be 
replenished by anaplerotic enzyme reactions. 
The phosphoenolpyruvate carboxylase (PEPC), 
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which forms oxaloacetate from phospho-
enolpyruvate, is the only anaplerotic enzyme 
from Sulfolobus that has been described to date 
112,329. A gene product with high similarity to 
known pyruvate carboxylases could not be de-
tected in the predicted proteome of Sulfolobus. 
In the glyoxylate shunt, which is normally only 
active during growth on acetate, isocitrate and 
acetyl-CoA are converted into succinate and 
malate by the action of the isocitrate lyase and 
the malate synthase. Interestingly, the isoci-
trate lyase of glucose-grown S. acidocaldarius 
cells co-purified with the aconitase 406,407. Not 
only would this suggest a cytosolic association 
of the enzymes, but it also suggests that the 
glyoxylate shunt operates under saccharolytic 
conditions. This pathway may therefore consti-
tute another way of replenishing four-carbon 
TCA cycle intermediates.
	 When there is an excess of TCA in-
termediates, for instance during growth on 
proteinaceous substrates, both malate and ox-
aloacetate can be decarboxylated to pyruvate 
by the malic enzyme 24. Oxaloacetate can also 
be converted to phosphoenolpyruvate by the 
GTP-dependent carboxykinase 129. These four-
to-three carbon conversions then provide the 
precursors that are required in, for instance, 
the gluconeogenesis pathway. In contrast to 
aerobic bacteria and eukaryotes, Sulfolobus 
uses ferredoxin instead of NAD+ as a cofactor 
in the formation of acetyl-CoA from pyruvate 
and succinyl-CoA from 2-oxoglutarate 196. The 
protein complex responsible for both conver-
sions was shown to consist of two subunits; a 
fused α/γ subunit (Sso2815) and a β subunit 
(Sso2816) 128,443. The genome sequences of the 
three Sulfolobus species, however, revealed 

several paralogs of ferredoxin-dependent 
2-oxoacid oxidoreductases, which might also 
be involved in these conversions.
	 What is also evident from this recon-
struction is that almost all dehydrogenases in 
the central carbon metabolism of Sulfolobus 
show a clear cofactor preference for NADP+ 
over NAD+ 24,48,78,213,326,353. The only exception 
to this rule seems to be the malate dehydroge-
nase, which, at least in vitro, uses both electron 
acceptors equally well 151. In bacteria and eu-
karyotes, most NADPH is usually formed in 
the PPP and used for reductive biosynthesis 
purposes. In Sulfolobus, the apparent enzyme 
preference for NADP+ would suggest a more 
general role of its reduced form, in energy 
conservation by oxidative phosphorylation. 
Interestingly, as noted by She et al. 353, all 
genes encoding the NAD(P)H dehydrogenase 
complex are present in the genome, except 
the three that encode the subunits which are 
required for NAD(P)H binding and oxidation. 
It has been proposed that the reducing equiva-
lents are first transferred to ferredoxin by a 
NADPH:ferredoxin oxidoreductase, before 
entering the respiratory chain 353.

Regulation of the main metabolic pathways
Insight was obtained into the regulation of the 
genes anticipated in glycolysis, gluconeogen-
esis and TCA cycle by measuring the relative 
abundance of their mRNA and protein levels by 
using a whole-genome DNA microarray and a 
quantitative proteomics approach, respectively 
(Table 2.1). In the measurements, 35 out of 41 
transcripts ratios were determined, while 29 
out of 41 protein ratios were analysed on 2-DE 
gels. On average the proteomic and transcrip-



25

Integrated molecular analysis of sugar metabolism of Sulfolobus solfataricus

tomic data correlate reasonably well. For 26 
genes both proteomic data and transcriptomic 
data are presented. In general, changes at pro-
teomic and transcriptomic level show a simi-
lar trend, however, proteomic changes tend 
to be more pronounced. In only 3 cases the 
proteomic data contradict the transcriptome 
data. This concerns the three subunits for al-
dehyde dehydrogenase (Sso2639, Sso2636 and 
Sso2637). However, the fact that these clus-
tered genes show a similar ratio at proteomic 
or transcriptomic level indicates the reliability 
of the data. Interestingly, all three subunits 
were found in the same protein spot on the 
gel, suggesting that a strong (non-covalent) 
interaction exists between them. The stability 
of the protein complex might be affected by 
stabilizing factors such as cofactors that may 
lead to different degrees of aggregation under 
different growth conditions. In terms of regu-
latory effects, the glyceraldehyde-3-phosphate 
dehydrogenase (non-phosphorylating; GAPN) 
was up-regulated under glucose conditions, or 
alternatively, down-regulated during growth 
in YT media. This is not surprising, since 
GAP is the crucial intermediate between the 
ED and gluconeogenic EMP, and too much of 
the strictly catabolic GAPN would be likely to 
interfere with gluconeogenesis. The enzymes 
involved in gluconeogenesis were all slightly 
up-regulated during growth on YT media, 
in agreement with expectations. Especially 
the phosphoenolpyruvate synthase and the 
phosphoglycerate kinase, key enzymes of the 
pathway appeared to be most differentially 
expressed.
	 The expression levels of the TCA-cycle 
genes were only marginally different under 

the two conditions. Under glucose condi-
tions, several enzymes of the TCA cycle were 
slightly induced at proteomic level, including 
the 2-oxoacid:ferredoxin oxidoreductase, the 
succinate-CoA ligase, the succinate dehydro-
genase and the malate dehydrogenase. This 
was also true for the enzymes that replenish 
the four-carbon TCA cycle intermediates, 
such as the isocitrate lyase and the phospho-
enolpyruvate carboxylase. This ensures that 
sufficient oxaloacetate is present to serve as 
biosynthetic precursor and as an acceptor mol-
ecule for acetyl-CoA. The differences may be 
due to the fact that glucose catabolism mainly 
results in acetyl-CoA and oxaloacetate forma-
tion, whereas peptide degradation probably 
yields various central intermediates of carbon 
metabolism, such as pyruvate (Ala, Cys, Trp, 
Thr, Ser, Gly), acetyl-CoA (Phe, Tyr, Ile, Leu, 
Lys, Trp, Thr), 2-oxoglutarate (Arg, Gln, His, 
Pro, Glu), succinyl-CoA (Ile, Met, Val, Thr), 
fumarate (Phe, Tyr, Asp) and oxaloacetate 
(Asn, Asp). 

Concluding remarks
In this study, we have created a proteome refer-
ence map for Sulfolobus solfataricus consisting 
of 325 proteins in 255 spots, and have recon-
structed its central carbon metabolic pathways. 
The expression of the genes in these pathways 
was analysed by measuring the relative abun-
dance of mRNA and protein under peptide- or 
sugar-degrading conditions. Although most 
observed differences were small, the expres-
sion of some key enzymes in glycolysis, glu-
coneogenesis and TCA cycle was significantly 
altered. Apart from looking at abundance lev-
els, proteomics studies are now ongoing that 



2 Reconstruction of central carbon metabolism in Sulfolobus solfataricus using a two-dimensional
gel electrophoresis map, stable isotope labeling and DNA microarray analysis

26

focus on the modulation of enzyme activity by 
protein post-translational modification. These 
studies will provide additional clues that will 
reveal the details of regulation of the central 
carbon metabolism in Sulfolobus solfataricus.

EXPERIMENTAL PROCEDURES

Cell growth and harvest
Sulfolobus solfataricus P2 (DSM1617) was 
grown aerobically in a rotary shaker at 80 °C 
in a medium of pH 3.5-4.0 which contained: 
2.5 g L-1 (NH4)2SO4, 3.1 g L-1 KH2PO4, 203.3 
mg L-1 MgCl2 • 6 H2O, 70.8 mg L-1 Ca(NO3)2 
• 4 H2O, 2 mg L-1 FeSO4 • 7 H2O, 1.8 mg L-1 
MnCl2 • 4 H2O, 4.5 mg L-1 Na2B4O7 • 2 H2O, 
0.22 mg L-1 ZnSO4 • 7 H2O, 0.06 mg L-1 CuCl2 • 
2 H2O, 0.03 mg L-1 Na2MoO4 • 2 H2O, 0.03 mg 
L-1 VOSO4 • 2 H2O, 0.01 mg L-1 CoCl2 • 6 H2O. 
The medium was supplemented with Wollin 
vitamins, and either 0.3% to 0.4% D-glucose 
(G) or 0.1% Yeast extract and 0.2% Tryptone 
(YT). The Wollin vitamin stock (100x) con-
tained 2 mg L-1 D-Biotin, 2 mg L-1 Folic acid, 
10 mg L-1 Pyridoxine-HCl, 10 mg L-1 Ribofla-
vin, 5 mg L-1 Thiamine-HCl, 5 mg L-1 Nicotinic 
acid, 5 mg L-1 DL-Ca-Pantothenate, 0.1 mg L-1 
Vitamin B12, 5 mg L-1 p-Aminobenzoic acid, 5 
mg L-1 Lipoic acid. Cell growth was monitored 
by measuring the turbidity at 530 or 600 nm. 
Cells for the proteome reference map were har-
vested by centrifugation in the late exponen-
tial growth phase at an A530 of 1.0. Cells were 
washed twice with a 10 mM Tris-HCl Buffer 
(pH 7). Subsequently, cells were stored at -20 
°C until required. During this whole process, 
considerable care was taken to ensure that cul-
ture to culture variation was minimized, and 

cultures were prepared in at least triplicate. 
In the case of the 15N labeling experiment, 
(15NH4)2SO4 was used as the nitrogen source. 
Cells were incubated with 15N ammonium 
sulphate for at least 8 doubling times to allow 
for full incorporation of the label. After this, 
the 14N and 15N growth experiments were set 
up simultaneously. When the optical density 
reached a value of 0.5, the cultures were mixed. 
To ensure that equal amounts of biomass were 
mixed, slight corrections in volume were made 
in case the A530 was not exactly 0.5. Previously, 
we have demonstrated that this approach leads 
to accurate mixing 370. Next, cells were pelleted 
by centrifugation, washed twice with a 10 mM 
Tris-HCl Buffer (pH 7) and stored at -20 °C. 
Preparation of cell extracts, 2-DE and protein 
identification was performed in exactly the 
same manner for the labeled/unlabeled cells as 
for the unlabeled cells.

Preparation of cell extracts 
The -20 °C frozen cells were thawed and im-
mediately resuspended in 1.5 ml of 10 mM 
Tris-HCl buffer (pH 7), and 25 µl of a protease-
inhibitor cocktail (Sigma) was added. Cells 
were disrupted by sonication for 10 min on ice 
(Soniprep 150, Sanyo). Insoluble cell material 
was removed by centrifugation at 13,000 rpm 
for 10 min. The protein concentration of the 
supernatant was determined using the Brad-
ford Protein Assay (Sigma). The supernatant 
was subsequently stored at -80 °C.

Two-dimensional gel electrophoresis
Gels for the reference map were prepared 
in triplicate. The extract was mixed with a 
rehydration buffer containing 50 mM DTT 
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(Sigma), 8 M Urea (Sigma), 2% CHAPS (Sig-
ma), 0.2% (w/v) Pharmalyte ampholytes pH 
3-10 (Fluka) and Bromophenol Blue (trace) 
(Sigma). This mixture was designated as the 
sample mix. Three IPG strips (pH 3-10) (Bio-
Rad) were rehydrated with 300 µl (400 µg) of 
this sample mix. Strips were allowed to rehy-
drate overnight. IEF was performed using a 
3-step protocol at a temperature of 20 °C using 
a Protean IEF cell (Bio-Rad). In the first step, 
the voltage was linearly ramped to 250 V over 
30 min to desalt the strips. Next, the voltage 
was linearly ramped to 1000 V over 2.5 h. Fi-
nally, the voltage was rapidly ramped to 10,000 
V for 40,000 V/h to complete the focusing. At 
this stage, the strips were stored overnight at 
-20 °C. Focused strips were first incubated for 
15 min in a solution containing 6 M Urea, 2% 
SDS, 0.375 M Tris-HCl (pH 8.8), 20% glycerol, 
and 2% (w/v) DTT. After this, the solution was 
discarded and the strips were incubated in a 
solution containing 6 M Urea, 2% SDS, 0.375 
M Tris-HCl (pH 8.8), 20% Glycerol, and 4% 
Iodoacetamide. After equilibration, proteins 
were separated in the second dimension using 
SDS-PAGE performed using a Protean II Mul-
ticell (Bio-Rad) apparatus on 10% T, 2.6% C 
gels (17 cm x 17 cm x 1 mm). Electrophoresis 
was carried out with a constant current of 16 
mA/gel for 30 min; subsequently the current 
was increased to 24 mA/gel for another 7 h.

Protein visualization and image analysis 
Gels were stained using Coomassie Brilliant 
Blue G250 (Sigma). Gels were scanned using 
a GS-800 densitometer (Bio-Rad) at 100 mi-
crons resolution. All spot detection and quan-
tification was performed with PDQUEST 7.1.0 

(Bio-Rad). Staining intensity was normalized 
against the total staining intensity on the gel. 
255 spots were selected for mass spectrometric 
analysis. For protein quantitation, metabolic 
labeling was used, and for this gel image was 
matched to the reference map and protein 
spots of interest were selected for MS analysis 
and quantitation. 

Protein isolation and identification by MS
Spots of interest were excised from the stained 
2-DE gels by hand, destained with 200 mM 
ammonium bicarbonate with 40% acetonitrile. 
The gel pieces were incubated overnight in a 
0.4 µg trypsin solution (Sigma) and 50 µl of 40 
mM ammonium bicarbonate in 9% acetonitrile. 
The next day, peptides were extracted in three 
subsequent extraction steps using  5 µl of 25 
mM NH4HCO3 (10 min, room temperature), 
30 µl acetonitrile (15 min, 37 °C), 50 µl of 5% 
formic acid (15 min, 37 °C) and finally with 
30 µl acetonitrile (15 min, 37 °C). All extracts 
were pooled and dried in a vacuum centrifuge, 
then stored at -20 °C.
	 The lyophilized peptide mixture was 
resuspended in 0.1% formic acid in 3% ac-
etonitrile.  This mixture was separated on a 
PepMap C-18 RP capillary column (LC Pack-
ings, Amsterdam, Netherlands) and eluted in 
a 30 min gradient via a LC Packings Ultimate 
nanoLC directly onto the mass spectrom-
eter. Peptides were analyzed using an Applied 
Biosystems QStarXL electrospray ionization 
quadrupole time of flight tandem mass spec-
trometer (ESI qQ-TOF). The data acquisition 
on the MS was performed in the positive ion 
mode using Information Dependent Acquisi-
tion (IDA). Peptides with charge states 2 and 
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3 were selected for tandem mass spectrometry. 
IDA data were submitted to Mascot for da-
tabase searching in a sequence query type of 
search (www.matrixscience.com). The peptide 
tolerance was set to 2.0 Da and the MS/MS 
tolerance was set to 0.8 Da. A carbamidom-
ethyl modification of cysteine was set as a fixed 
modification and methionine oxidation was 
set as a variable modification.  Up to 1 missed 
cleavage site by trypsin was allowed. The search 
was performed against the Mass Spectrometry 
protein sequence DataBase (MSDB; ftp://ftp.
ncbi.nih.gov/repository/MSDB/msdb.nam). 
Molecular Weight Search (MOWSE) 287 scores 
greater than 50 were regarded as significant. 

Peptide quantitation
In the metabolic labeling experiments, peptide 
identification of the light (14N) version of the 
peptide was performed as described above. 
After this the heavy 15N version of the peptide 
could be identified by changing the isotope 
abundance of 15N nitrogen to 100% in the 
Analyst software data dictionary. Next, the 
peak area of both version of the same peptide 
was integrated over time using LC-MS recon-
struction tool in the Analyst software. In ad-
dition, an extracted ion chromatogram (XIC) 
was constructed for each peptide. The XIC is 
an ion chromatogram that shows the intensity 
values of a single mass (peptide) over a range 
of scans. This tool was used to check for chro-
matographic shifts between heavy and light 
versions of the same peptide. 

RNA extraction and probe synthesis
Early-log phase cultures (A600 0.1-0.2) of S. 
solfataricus grown on 0.1% yeast extract and 

0.2% tryptone (YT) or 0.3% D-glucose (G) 
were quickly cooled in ice-water and harvested 
by centrifugation at 4 °C. The RNA extraction 
was done as described previously 35. Prepara-
tion of cDNA was done as follows: to 15 µg of 
RNA, 5 µg of random hexamers (Qiagen) was 
added in a total volume of 11.6 µl. This was 
incubated for ten min at 72 °C after which the 
mixture was cooled on ice. Next, dATP, dGTP 
and dCTP (5 µM final concentration) were 
added, together with 4 µM aminoallyl dUTP 
(Sigma), 1 µM dTTP, 10 mM dithiotreitol 
(DTT), 400 U superscript II (Invitrogen) and 
the corresponding 5x RT buffer in a final vol-
ume of 20 µl. The reverse transcriptase reaction 
was carried out at 42 °C for one h. To stop the 
reaction and to degrade the RNA, 2 µl 200 mM 
EDTA and 3 µl 1 M NaOH were added to the 
reaction mixture, after which it was incubated 
at 70 °C for 15 min. After neutralization by the 
addition of 3 µl 1 M HCl, the cDNA was puri-
fied using a Qiagen MinElute kit according to 
the manufacturer’s instructions, except that 
the wash buffer was replaced with 80% (v/v) 
ethanol. The cDNA was then labeled using post 
labeling reactive CyDye packs (Amersham 
Biosciences), according to the protocol pro-
vided by the company. Differentially labeled 
cDNA derived from S. solfataricus cells grown 
on either YT or G media was pooled (15 µg 
labeled cDNA of each sample) and excess label 
was removed by cDNA purification using the 
MinElute kit.

DNA microarray hybridization, scanning 
and data analysis
The design and construction of the microarray, 
as well as the hybridization was performed as 
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described previously 12,236. After hybridization, 
the microarrays were scanned at a resolution 
of 5 microns with a Genepix 4000B scanner 
(Axon Instruments) using the appropriate la-
ser and filter settings. Spots were analyzed with 
the Genepix pro 5.0 software package (Axon 
Instruments). Low-quality spots were excluded 
using criteria that were previously described 
236. 2Log transformed ratios (2log(YT/G)) from 
the replicate slides were averaged after first 
averaging the duplicate spots on the array. Sta-
tistical significance for the observed ratios was 
calculated by doing a Significance Analysis 
of Microarrays (SAM) analysis 404. Each 2log 
value represents 2 hybridization experiments, 
performed in duplicate by using cDNA derived 
from four different cultures of S. solfataricus: 
two grown on YT media and two grown on 
glucose media. The result of each ORF there-
fore consisted of 8 pairwise comparisons. The 
ORFs were categorized according to the 20 
functional categories of the comprehensive 
microbial resource (CMR) 297.

Metabolic pathway reconstruction based on 
biochemical and genomic data
The reconstruction of the main metabolic 
pathways was performed with BLASTP and 
PSI-BLAST programs 10 on the non-redundant 
(NR) database of protein sequences (National 
Center for Biotechnology Information) by 
using full-length or N-terminal protein se-
quences. All the sequences were derived from 
verified enzymatic activities of thermophilic 
or hyperthermophilic archaea unless stated 
otherwise. The sequences from Sulfolobus 
acidocaldarius were analysed by BLASTP 
program using the complete genome sequence 

57. All the assigned enzymatic functions for 
the proteins of Sulfolobus solfataricus P2 were 
checked with the annotations in public protein 
databases, such as the BRaunschweig ENzyme 
DAtabase (BRENDA) 343, Clusters of Ortholo-
gous Groups of proteins (COG) 395, InterPro 267 
and the fee-based ERGO bioinformatics suite 
281. The reconstructed pathways were com-
pared with previous reports 163,321,417 and the 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) 178.
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Identification of the missing links in prokaryotic pentose 
oxidation pathways: evidence for enzyme recruitment

Abstract
The pentose metabolism of archaea is largely unknown. Here, we 
have employed an integrated genomics approach including DNA mi-
croarray and proteomics analyses to elucidate the catabolic pathway 
for D-arabinose in Sulfolobus solfataricus. During growth on this 
sugar, a small set of genes appeared to be differentially expressed 
compared to growth on D-glucose. These genes were heterologously 
overexpressed in Escherichia coli, and the recombinant proteins were 
purified and biochemically studied. This showed that D-arabinose is 
oxidized to 2-oxoglutarate by the consecutive action of a number of 
previously uncharacterized enzymes, including a D-arabinose dehy-
drogenase, a D-arabinonate dehydratase, a novel 2-keto-3-deoxy-D-
arabinonate dehydratase and a 2,5-dioxopentanoate dehydrogenase. 
Promoter analysis of these genes revealed a palindromic sequence 
upstream of the TATA-box, which is likely to be involved in the 
concerted transcriptional control of these genes. Integration of the 
obtained biochemical data with genomic context analysis strongly 
suggests the occurrence of pentose oxidation pathways in both 
archaea and bacteria, and predicts the involvement of additional 
enzyme components. Moreover, it revealed striking genetic similari-
ties between the catabolic pathways for pentoses, hexaric acids and 
hydroxyproline degradation, which support the theory of metabolic 
pathway genesis by enzyme recruitment.

J Biol Chem (2006) 281: 27378-27388
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INTRODUCTION

Pentose sugars are a ubiquitous class of carbo-
hydrates with diverse biological functions. Ri-
bose and deoxy-ribose are major constituents 
of nucleic acids, while arabinose and xylose 
are building blocks of several plant cell wall 
polysaccharides. Many prokaryotes, as well 
as yeasts and fungi, are able to degrade these 
polysaccharides, and use the released five-
carbon sugars as a sole carbon and energy 
source. At present, three main catabolic path-
ways have been described for pentoses. The 
first is present in bacteria and uses isomerases, 
kinases and epimerases to convert D- and 
L-arabinose (Ara) and D-xylose (Xyl) into 
D-xylulose-5-phosphate (Xu-5P) (Fig. 3.1A), 
which is further metabolized by the enzymes 
of the phosphoketolase or pentose phosphate 
pathway. The genes encoding the pentose-

converting enzymes are often located in gene 
clusters in bacterial genomes, for example 
the araBAD operon for L-Ara 222, the xylAB 
operon for D-Xyl 323 and the darK-fucPIK gene 
cluster for D-Ara 101. The second catabolic 
pathway for pentoses converts D-Xyl into Xu-
5P as well, but the conversions are catalyzed 
by reductases and dehydrogenases instead of 
isomerases and epimerases (Fig. 3.1B). This 
pathway is commonly found in yeasts, fungi, 
mammals and plants, but also in some bacte-
ria 58,120,433. In a third pathway, pentoses such 
as L-Ara, D-Xyl, D-ribose (D-Rib) and D-Ara 
are metabolized non-phosphorylatively to ei-
ther 2-oxoglutarate (2OG) or to pyruvate and 
glycolaldehyde (Fig. 3.1C). The conversion to 
2OG, which is a tricarboxylic acid (TCA) cycle 
intermediate, proceeds via the subsequent 
action of a pentose dehydrogenase, a pen-
tonolactonase, a pentonic acid dehydratase, 

Figure 3.1
Schematic representation of three types of pentose degrading pathways (A, B, C). Arrows with an open or closed arrowtail rep-
resent enzymatic steps that are performed by unknown proteins or known proteins, respectively. Abbreviations: Ara arabinose, 
Xyl xylose, Rib ribose, Ru ribulose, Xu xylulose, Ai arabinitol, Xi xylitol, Al arabinonolactone, Xl xylonolactone, Rl ribonolactone, 
At arabinonate, Xt xylonate, Rt ribonate, KDA 2-keto-3-deoxy-arabinonate (also called 2-oxo-4,5-dihydroxypentanoate), DOP 
2,5-dioxopentanoate (also called 2-oxoglutarate semialdehyde), GA glycolaldehyde.
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	 Sulfolobus spp. are obligately aerobic 
crenarchaea that are commonly found in acidic 
geothermal springs. Among the archaea, this 
genus is well known for its broad saccharolytic 
capacity, which is reflected in their ability to 
utilize several pentoses and hexoses, as well as 
oligosaccharides and polysaccharides as a sole 
carbon and energy source 144. Although the ca-
tabolism of hexoses is well studied (reviewed 
in 358), the pathways for pentose degradation 
have neither been established in S. solfataricus, 
nor in any other member of the archaea 174.

RESULTS AND DISCUSSION

Sulfolobus solfataricus is a model archaeon for 
studying metabolism and information process-
ing systems, such as transcription, translation 
and DNA replication 237,353. Several halophilic 
and thermophilic archaea have been reported 
to assimilate pentose sugars, but neither the 
catabolic pathways for these 5-carbon sugars 
nor the majority of its enzymes are known 
144,174. To close this knowledge gap, we have 

studied the growth of S. solfataricus on the 
pentose D-Ara using a multi-disciplinary ge-
nomics approach, and compared the results 
to growth on the hexose D-Glu. Both culture 
media supported growth to cell densities of 
approximately 2⋅109 cells ml-1 (A600 2.5) with 
similar doubling times of around 6 h.
	 Several enzyme activity assays were 
performed with CFEs from both cultures to 
establish a mode of D-Ara degradation (Fig. 
3.1). A 12.3-fold higher NADP+-dependent 
D-Ara dehydrogenase activity (45.5 mU mg-1) 
was detected in D-Ara CFE (Table 3.1), which 
indicated the presence of an inducible D-Ara 
dehydrogenase. D-Ara reductase, D-arabinitol 
dehydrogenase and D-Ara isomerase activity 
were not detected. Activity assays using D-ara-
binonate indicated that D-Ara CFE contained 
a 13.9-fold higher D-arabinonate dehydratase 
activity (7.4 mU mg-1) than D-Glu CFE (Table 
3.1). Moreover, the multi step conversion of 
D-arabinonate to 2OG could readily be dem-
onstrated with D-Ara CFE in the presence of 
NADP+ (Fig. 3.2). The formation of pyruvate 

Figure 3.2
The formation of 2-oxoglutarate from D-arabinonate by 
extracts of S. solfataricus and by the recombinant enzymes 
AraD, KdaD and DopDH, in the presence of 0.4 mM NAD+ 

(dark gray bars) or NADP+ (light gray bars).

a 2-keto-3-deoxy-pentonic acid dehydratase 
and a 2,5-dioxopentanoate dehydrogenase. 
This metabolic pathway has been reported 
in several aerobic bacteria, such as strains of 
Pseudomonas 75,429,430, Rhizobium 93,94, Azospiril-
lum 276 and Herbaspirillum 251. Alternatively, 
some Pseudomonas and Bradyrhizobium spe-
cies have been reported to cleave the 2-keto-3-
deoxy-pentonic acid with an aldolase to yield 
pyruvate and glycolaldehyde 76,285,291. Despite 
the fact that these oxidative pathway variants 
have been known for more than five decades, 
surprisingly, the majority of the responsible 
enzymes and genes remain unidentified.
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as one of the products from D-arabinonate 
was not observed, while control reactions with 
both CFEs and D-gluconate as a substrate did 
yield pyruvate (data not shown), indicating that 
the enzymes of the Entner-Doudoroff pathway 
were operative. In the final step of the path-
way, D-Ara CFE contained a 3.6-fold higher 
activity (255 mU mg-1) towards the aldehyde 
2,5-dioxopentanoate (DOP) using NADP+ as 
a cofactor. The data suggest that S. solfataricus 
employs an inducible enzyme set that converts 
D-Ara into the TCA cycle intermediate 2OG 
via the pentose oxidation pathway (Fig. 3.1C).

Transcriptomics
The global transcriptional response of S. sol-
fataricus growing exponentially on D-Ara or 
D-Glu was determined by DNA microarray 
analysis. The transcriptome comparison be-

tween both growth conditions showed that a 
small set of genes was differentially expressed 
3-fold or more (Table 3.2). The highly expressed 
genes under D-Ara conditions included all 
four subunits of the Ara ABC transporter 
(Sso3066-3069) 99, a putative sugar permease 
for D-Ara (Sso2718), five out of six subunits of 
the SoxM quinol oxidase complex (Sso2968-
2973) 205 and five metabolic genes with general 
function predictions only (Sso1300, Sso3124, 
Sso3117, Sso3118 and Sso1303). The differen-
tial expression of the gene for the remaining 
SoxM subunit, i. e. the sulfocyanin subunit 
SoxE (Sso2972), was just below the threshold 
level (online Suppl. Table 2). While the expres-
sion of the ABC-type transport system genes 
had been shown to be induced in Ara media 
previously 99,235, the differential expression of 
the SoxM gene cluster was not anticipated.

AraDH AraD KdaD DopDH
Description D-arabinose

1-dehydrogenase
D-arabinonate 
dehydratase

2-keto-3-deoxy-
D-arabinonate 
dehydratase

2,5-dioxopentanoate 
dehydrogenase

EC number 1.1.1.117 4.2.1.5 4.2.1.- 1.2.1.26
Locus ID Sso1300 Sso3124 Sso3118 Sso3117
Uniprot ID Q97YM2 Q97U96 Q97UA0 Q97UA1
Genbank ID 15898142 15899830 15899826 15899825
COG 1064 4948 3970 1012
PFAM 00107 01188 01557 00171
Sp. act. S.s extracts 
mU mg-1 (fold A/G)

45.5
(12.3)

7.4
(13.9)

ND 255
(3.6)

ARA-box present yes yes yes yes
Subunit size (kDa) 37.3 42.4 33.1 52.3
Oligomerization Tetramer Octamer Tetramer Tetramer
Substrate specificity,
turnover rate (s-1)

D-arabinose (23.8)
L-fucose (26.8)
D-ribose (17.7)

L-galactose (17.7)

D-arabinonate (1.8) ND dioxopentanoate (8.6)
glycolaldehyde (5.3)
glyceraldehyde (4.8)

Cofactor NADP+, Zn2+ Mg2+ ND NADP+

App. pH optimum
(>50% activity)

8.2 (7.3-9.3) 6.7 (5.2-10.2) ND 7.8 (6.7-8.2)

Apparent T-opt (°C)
(>50% activity)

91 (74->100) 85 (75-92) ND ND

Thermal inactivation 
half-life time

42 min at 85 °C
26 min at 90 °C

18 min at 85 °C
<10 min at 90 °C

ND ND

Table 3.1 - Properties of the D-Ara degrading enzymes of S. solfataricus

ND not determined
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	 The genes that were upregulated under 
D-Glu conditions encode seven uncharacter-
ized proteins (Sso3073, Sso3089, Sso3104, 
Sso1312, Sso2884, Sso3085 and Sso3100), 
the SoxB subunit of the SoxABCD quinol 
oxidase complex (Sso2657) 141 and a glutamate 
dehydrogenase (Sso2044) 66 (Table 3.2). The 
Glu ABC transporter was not differentially 
expressed, confirming previous observations 
235. The difference in gene expression of sub-
units SoxA (Sso2658), SoxC (Sso2656) and 
SoxD (Sso10828) was just below the threshold 

level (online Suppl. Table 2). Next to the Sox-
ABCD genes, a small gene cluster containing 
the Rieske iron-sulfur cluster protein SoxL 
(Sso2660) and Sso2661 to Sso2663 appeared 
to be expressed with a 2 to 3-fold difference 
(online Suppl. Table 2). It thus appears that 
under D-Glu conditions, the SoxABCD qui-
nol oxidase complex is preferentially used, 
whereas under D-Ara conditions the SoxM-
mediated terminal quinol oxidation is favored. 
Differential use of both oxidase complexes was 
recently also found in Metallosphaera sedula. 

Locus 
name

Microarray
2log fold(A/G)

± SD (q-valuea)

Proteomics
fold(A/G) 

± SD
Description Ref.

High expression on D-Ara
Sso3066 4.02 ± 0.58 (1.1) >20 Arabinose ABC transporter, arabinose binding protein (AraS) 99

Sso3068 3.71 ± 0.97 (1.1) ND Arabinose ABC transporter, permease 99

Sso1300 3.64 ± 0.95 (1.1) >20 Alcohol dehydrogenase IVb

D-arabinose 1-dehydrogenase (AraDH)
This 
study

Sso3067 3.37 ± 0.49 (1.1) ND Arabinose ABC transporter, permease 99

Sso3069 2.97 ± 0.18 (2.5) ND Arabinose ABC transporter, ATP binding protein 99

Sso2968 2.56 ± 1.30 (1.1) ND Quinol oxidase subunit (SoxM complex), SoxI 205

Sso3124 2.44 ± 1.13 (1.1) >20 Mandelate racemace / muconate lactonizing enzymeb

D-arabinonate dehydratase (AraD)
This 
study

Sso3117 2.39 ± 0.62 (1.1) >20 Aldehyde dehydrogenaseb

2,5-dioxopentanoate dehydrogenase (DopDH)
This 
study

Sso2971 2.24 ± 1.17 (1.1) ND Quinol oxidase (SoxM complex), SoxF (Rieske Fe-S protein) 205

Sso2973 2.10 ± 1.48 (2.6) ND Quinol oxidase (SoxM complex), SoxM (I + III) 205

Sso2970 2.09 ± 1.53 (2.6) ND Quinol oxidase (SoxM complex), SoxG (cytochr. a587) 205

Sso2718 1.99 ± 1.10 (1.1) ND put. sugar permease -
Sso3046 1.89 ± 0.87 (1.1) ND put. ABC sugar transporter, ATP binding protein -
Sso2969 1.86 ± 1.09 (1.1) ND Quinol oxidase (SoxM complex), SoxH subunit (II) 205

Sso3118 1.78 ± 0.45 (1.1) >20 Conserved hypothetical proteinb

2-keto-3-deoxy-D-arabinonate dehydratase (KdaD)
This 
study

Sso1303 1.77 ± 0.57 (1.1) ND put. pentonic acid dehydratase -
Sso1333 NDE 3.48 ± 0.62 Isocitrate lyase 407

Sso0527 NDE 3.45 ± 0.72 Phosphoglycerate kinase 154

Sso2869 NDE 3.06 ± 1.06 Malic enzyme 24

High expression on D-Glu
Sso3073 -2.59 ± 0.71 (1.1) ND put. Sugar permease -
Sso3089 -2.12 ± 1.12 (1.1) ND Hypothetical membrane protein component -
Sso3104 -2.04 ± 0.31 (1.1) ND Hypothetical protein -
Sso1312 -2.02 ± 0.52 (1.1) ND put. Ring oxidation compl./phenylacetic acid degradation rel. pr. -
Sso2884 -1.87 ± 0.37 (1.1) ND put. 4-carboxymuconolactone decarboxylase -
Sso2657 -1.77 ± 0.87 (1.1) ND Quinol oxidase (SoxABCD complex), SoxB (cytochr. aa3) 141

Sso3085 -1.63 ± 0.86 (1.1) ND Conserved hypothetical membrane protein -
Sso3100 -1.60 ± 0.88 (1.1) ND Hypothetical membrane protein component -
Sso2044 -1.60 ± 0.48 (1.1) ND L-Glutamate dehydrogenase -

NDE not differentially expressed, ND not determined
a q-value < 5 indicates statistically significant differential expression, b original annotation

Table 3.2 - Differentially expressed genes (> 3-fold change)
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Here the SoxABCD genes were expressed 
at high levels during growth on sulfur, while 
heterotrophic growth on yeast extract induced 
the production of the SoxM complex 183. Since 
the aeration and cell-density of the D-Ara and 
D-Glu cultures was similar, the trigger for the 
differential expression of the two oxidase com-
plexes in S. solfataricus is currently unknown.

Proteomics
Protein expression in the soluble proteomes of 
D-Ara and D-Glu grown S. solfataricus cells 
was compared using a combination of two-
dimensional gel electrophoresis, stable isotope 
labeling and tandem mass spectrometry. By 
employing this strategy, five proteins were 
found with more than a 20-fold difference in 
expression level, including the Ara binding 
protein from the Ara ABC transporter (AraS, 
Sso3066) 99, Sso1300, Sso3124, Sso3118 and 
Sso3117 (Table 3.2). Interestingly, the differ-
ence in expression level of these genes at the 
protein level appeared to be more pronounced 
than at the mRNA level, which ranged from 3.4 
to 16-fold. Three other proteins were also pro-
duced in higher amounts during growth on D-

Ara, albeit only up to a 3-fold difference (Table 
3.2). These were the isocitrate lyase (Sso1333) 
407, the phosphoglycerate kinase (Sso0527) 154 
and the malic enzyme (Sso2869) 24.

Promoter motif analysis
The promoters of the differentially expressed 
genes were analyzed for the occurrence of 
DNA sequence motifs that could play a role 
as cis-acting elements in the coordinated tran-
scriptional control of these genes. The analysis 
indeed revealed the presence of a palindromic 
motif (consensus: AACATGTT) in the pro-
moters of Sso3066 (araS), Sso1300, Sso3124, 
Sso3118 and Sso3117 genes (Fig. 3.3). This 
motif was designated the ARA-box and it 
was always located upstream of the predicted 
TATA-box with a separation of 10 bases. A 
conserved transcription factor B (TFB) rec-
ognition element (BRE) appeared to be absent 
from the interspaced sequence between both 
boxes. Additional copies of the ARA-box were 
identified further upstream of both Sso3066 
and Sso1300. Although primer extension 
analysis was only performed for the araS gene 
235, the promoter architecture suggests that the 

Figure 3.3
Putative cis-regulatory element ARA-box and TATA-box in upstream sequences of the D-Ara induced genes. The predicted 
transcription start site is indicated by +1. Transcripts are underlined 235. Coding sequences are in bold. Additional ARA-boxes 
were found for Sso3066 at -90 to -83 and Sso1300 at -235 to -228 relative to the transcription start sites. Note: a single ARA-
box is present in the intergenic region between the divergently oriented genes Sso3118 and Sso3117.
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transcript leader of Sso1300, Sso3124, Sso3118 
and Sso3117 will either be very short, or ab-
sent. This is in good agreement with the fact 
that a large proportion of the S. solfataricus 
genes is predicted to be transcribed without a 
leader 233. The inducibility of the araS promoter 
has recently been exploited in viral expression 
vectors that enable recombinant protein pro-
duction in S. solfataricus 8.

Characterization of induced proteins
The genes that were differentially expressed and 
contained an Ara-box in their promoter were 
selected and cloned in an E. coli expression vec-
tor. The resulting proteins were overproduced, 
purified and characterized to investigate their 
role in the metabolism of D-Ara.

Arabinose dehydrogenase (AraDH)
The putative zinc-containing, medium-chain 
alcohol dehydrogenase encoded by Sso1300 
was efficiently produced and purified using 
a single step of affinity chromatography (Fig. 
3.4). The enzyme was most active on L-fucose 
(6-deoxy-L-galactose) (kcat 26.8 s-1), followed 
by D-Ara (kcat 23.8 s-1), using preferentially 

NADP+ (Km 0.04 ± 0.01 mM) over NAD+ (Km 
1.25 ± 0.45 mM) as a cofactor. This enzyme was 
thus likely to account for the elevated D-Ara 
dehydrogenase activities in S. solfataricus CFE. 
AraDH could also oxidize L-galactose and the 
D-Ara C2-epimer D-ribose with similar rates 
(kcat 17.7 s-1) (Table 3.1). Enzyme activity to-
wards other sugars remained below 7% of the 
highest activity. Similar substrate specificities 
and affinities have been found previously for 
mammalian and bacterial L-fucose or D-Ara 
dehydrogenases, although these enzymes pre-
fer NAD+ as a cofactor 60,261. AraDH was more 
than 50% active in a relatively narrow pH 
range from 7.3 to 9.3, with optimal catalysis 
proceeding at pH 8.2. The thermophilic nature 
of the enzyme is apparent from its optimal 
catalytic temperature of 91 °C. The enzyme 
maintained a half-life of 42 and 26 min at 85 
and 90 °C, respectively, indicating that the en-
zyme is thermostable at physiological growth 
temperatures of S. solfataricus. Native mass 
spectrometry experiments showed that the 
intact recombinant AraDH has a molecular 
mass of 149,700 ± 24 Da. Comparing these 
data with the expected mass on the basis of the 
primary sequence (37,291 Da) clearly showed 
that the protein has a tetrameric structure and 
contains two zinc atoms per monomer. This is 
in good agreement with the tetrameric struc-
ture that has been reported for another alcohol 
dehydrogenase from S. solfataricus (Sso2536), 
which has a 33% identical protein sequence 107. 
This dehydrogenase, however, prefers aromatic 
or aliphatic alcohols as a substrate, and NAD+ 
over NADP+ as a cofactor. A structural study 
of AraDH is currently ongoing to explain the 
observed differences in substrate and cofactor 

Figure 3.4
A digital photograph is shown of a Coomassie Blue stained 8% 
SDS-PAGE gel that was loaded with purified recombinantly 
produced enzymes from the D-Ara oxidation pathway of S. 
solfataricus. Marker sizes are indicated in kDa.
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selectivity.

Arabinonate dehydratase (AraD)
The protein encoded by gene Sso3124 was 
originally annotated as a member of the man-
delate racemase and muconate lactonizing 
enzyme family. This superfamily, which addi-
tionally comprises aldonic acid dehydratases, is 
mechanistically related by their common abil-
ity to abstract α-protons from carboxylic acids 
19. Production of the enzyme in E. coli yielded 
approximately 10% soluble recombinant pro-
tein, which was purified using anion-exchange 
and size exclusion chromatography (Fig. 3.4). 
The enzyme was shown to catalyze the strictly 
Mg2+-dependent dehydration reaction of D-
arabinonate to 2-keto-3-deoxy-D-arabinonate 
(KDA) (Fig. 3.5). It is therefore conceivable 
that this enzyme is largely responsible for the 
increased levels of D-arabinonate dehydratase 
activity in S. solfataricus extracts. AraD dis-
played a maximum turnover rate of 1.8 s-1 at a 
substrate concentration of 8 mM, while higher 
substrate concentrations imposed severe 
inhibitory effects on the enzyme. No activity 

was measured with D-gluconate up to 20 mM. 
More than 50% enzyme activity was observed 
in a broad pH range of 5.2 to 10.2 with an op-
timum at pH 6.7 (Table 3.1). The enzyme was 
optimally active at 85 °C during which it main-
tained a half-life time of 18 min. Native mass 
spectrometry revealed that the protein had 
a molecular mass of 340,654 ± 63 Da, which 
corresponds well to an octameric protein as-
sembly (expected monomeric mass is 42,437 
Da). The native D-gluconate dehydratase from 
S. solfataricus (GnaD, Sso3198), which has a 
23% identical protein sequence, was found to 
be an octamer as well 200. Interestingly, AraD 
was only produced as an octamer when the 
media was supplemented with 20 mM Mg2+ 
during protein overexpression. Without this 
divalent cation, the recombinant protein was 
inactive and appeared to be monomeric. Se-
quence alignment analysis as well as 3D mod-
eling based on a Agrobacterium tumefaciens 
protein with unknown function (Atu3453, 
PDB-ID 1RVK) showed that Asp199, Glu225 
and Glu251 are likely to be involved in bind-
ing the divalent metal ion, which is required to 
stabilize the enolate reaction intermediate 19.

D-KDA dehydratase (KdaD)
To investigate the possible role of Sso3118, 
the protein was overproduced in E. coli, and 
subsequently purified (Fig. 3.4). Surprisingly, 
although the predicted pI of the enzyme is 5.9, 
the vast majority of protein did not bind to the 
anion exchange column at a pH of 8. More-
over, the protein had a tendency to precipitate, 
which could be reversed and effectively pre-
vented by the addition of 0.5 mM of DTT to 
all buffers. Native mass spectrometry under 
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reducing conditions revealed that the protein 
had a molecular mass of 132,850 ± 47 Da, 
which corresponds with a tetrameric quater-
nary structure (expected monomeric mass of 
33,143 Da). The catalytic activity of the protein 
was investigated by performing indirect en-
zyme assays using AraD with D-arabinonate 
as a substrate. A 50% decrease in the yield of 
KDA was observed when both enzymes were 
co-incubated in the presence of Mg2+, but this 
did not result in the formation of either 2OG 
or pyruvate. Given the fact that D-arabinonate 
is converted to 2OG in D-Ara CFE, this en-
zyme was anticipated to be responsible for the 
dehydration of D-KDA to the aldehyde DOP. 
However, due to the unavailability of D-KDA, 
it was not possible to show this in a direct en-
zyme assay. We therefore employed an indirect 
assay using AraD, the putative D-KDA dehy-
dratase (KdaD) and the predicted aldehyde 
dehydrogenase. The results of this assay are 
described below in the DopDH section.
	 According to the Clusters of Ortholo-
gous Groups of proteins classification system, 
the putative KDA dehydratase belongs to 
COG3970. The catalytic domain of these pro-
teins resembles that of the eukaryal fumary-
lacetoacetate hydrolase (FAH); an enzyme 
that catalyzes the Mg2+- or Ca2+-dependent 
hydrolytic cleavage of fumarylacetoacetate to 
yield fumarate and acetoacetate as the final 
step of phenylalanine and tyrosine degrada-
tion 27. In humans, several mutations in the 
FAH gene will lead to hereditary tyrosinemia 
type I, which is mainly characterized by liver 
defects 383. Members of COG3970 are also ho-
mologous to the C-terminal decarboxylase 
domain of the bifunctional enzyme HpcE 

from E. coli, which in addition consists of an 
N-terminal isomerase domain 394. This enzyme 
is active in the homoprotocatechuate pathway 
of aromatic compounds and is responsible 
for the Mg2+-dependent decarboxylation of 
2-oxo-5-carboxy-hept-3-ene-1,7-dioic acid to 
2-hydroxy-hepta-2,4-diene-1,7-dioic acid and 
its subsequent isomerization to 2-oxo-hept-3
-ene-1,7-dioic acid 394. Although the function 
of these enzyme classes is rather diverse, their 
structures have revealed similarities in terms 
of a fully conserved metal ion binding site and 
a relatively conserved active site architecture. 
Multiple sequence alignment analysis of KdaD 
indicated the presence of a metal binding site 
consisting of Glu143, Glu145 and Asp164, 
which may implicate a metal dependent activ-
ity as well. Further structural studies of KdaD 
are currently ongoing.

DOP dehydrogenase (DopDH)
The putative aldehyde dehydrogenase encoded 
by Sso3117 was overproduced in E. coli, which 
resulted in the formation of approximately 
5% soluble protein. This protein fraction 
was purified using affinity and size exclusion 
chromatography (Fig. 3.4). From native mass 
spectrometry experiments we could determine 
a molecular mass of 210,110 Da, which is in 
reasonable agreement with the expected mass 
of the tetramer on the basis of the primary 
sequence (52,290 Da). The measured mass 
may be somewhat higher due to the binding of 
small molecules to the protein oligomer. The 
determined oligomerization state corresponds 
to that of the closely related aldehyde dehydro-
genase ALDH-T from Geobacillus stearother-
mophilus 164. The aldehyde dehydrogenase was 
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tested for the activity towards different alde-
hydes and cofactors (Table 3.1). This indicated 
that the enzyme preferred NADP+ over NAD+, 
and that it oxidized several hydrophilic alde-
hydes with the highest activity towards 2,5-di-
oxopentanoate (DOP) followed by glycolalde-
hyde and DL-glyceraldehyde. More than 50% 
enzyme activity was observed in a pH range 
of 6.7 to 8.2, with an optimum at pH 7.8. The 
enzyme was also tested in conjunction with 
AraD and KdaD for the production of 2OG 
or pyruvate. Similar to the activities in D-Ara 
CFE, these three enzymes were able to form 
2OG and not pyruvate, from D-arabinonate 
using preferably NADP+ as a cofactor (Fig. 
3.2). Omission of either the cofactor, AraD, 
KdaD or DopDH prevented the formation 
of 2OG, indicating that all components were 
essential for the enzymatic conversions, and 
that KdaD was most likely responsible for the 
dehydration of D-KDA to DOP.
	 Extensive kinetic characterization of 
DopDH proved to be rather complicated, since 
the enzyme lost nearly all its activity within one 
day after its purification, even in the presence of 
high concentrations of reducing agents, such as 
DTT or β-mercaptoethanol. This could be due 
to the fact that this class of enzymes contains a 
catalytic cysteine residue (in DopDH Cys293), 
which can become irreversibly oxidized, lead-
ing to a total loss of enzymatic activity. A rapid 
inactivation was also observed with ALDH-T 
from G. stearothermophilus 164.

Central carbohydrate metabolism
Some central metabolic routes, such as the 
glycolysis, gluconeogenesis and the tricar-
boxylic acid (TCA) cycle have been studied 

extensively in S. solfataricus, S. acidocaldarius 
and other archaea. The availability of their 
genome sequences 57,353 as well as the genome 
sequence of S. tokodaii 189, has recently allowed 
a reconstruction of the genes involved in these 
pathways 371. The effect of the introduction of 
excess 2OG resulting from the D-Ara oxida-
tive pathway led to the differential expression 
of only a few additional genes in these central 
carbon metabolic routes (Table 3.2, Fig 3.6). 
The isocitrate lyase, the phosphoglycerate ki-
nase and the malic enzyme were upregulated 
at the protein level under D-Ara conditions. 
The induction of the malic enzyme might 
indicate that the main proportion of 2OG is 
converted to malate, which is then decarboxy-
lated to pyruvate and acetyl-CoA, respectively, 
and is then fully oxidized to two molecules of 
CO2 in one round of the TCA cycle. Although 
this may seem energetically unfavorable, the 
net difference in yield between the full degra-
dation of one molecule of D-Glu or D-Ara to 
CO2 is only one NADPH reduction equivalent 
in favor of D-Glu, since both degradation 
schemes lead to 6 reduced ferredoxins, 2 
FADH2, 2 ATP and 6 or 5 NADPH molecules, 
respectively. It is therefore not surprising that 
the growth rates under both conditions are 
similar. The phosphoglycerate kinase may be 
indicative of increased gluconeogenic activi-
ties that are required under D-Ara conditions. 
The isocitrate lyase is normally operative in the 
glyoxylate shunt, but high production levels of 
the enzyme have also been observed during 
growth on L-glutamate compared to D-Glu 368. 
Oxidative deamination of L-glutamate leads 
to the formation of 2OG as well, which may 
inhibit the isocitrate dehydrogenase activity 



41

Integrated molecular analysis of sugar metabolism of Sulfolobus solfataricus

leading to an accumulation of isocitrate. This 
could trigger the production of the isocitrate 
lyase, which can bypass this step without the 
loss of CO2.

Pentose oxidation gene clusters
The comprehensive analysis of conserved 
gene clustering in multiple genome sequences 
is becoming an increasingly important tool 
to predict functionally or physically associ-
ated proteins in prokaryotic cells (reviewed 
in 278). Genomic context analysis of the genes 
involved in the D-Ara oxidative pathway of 

S. solfataricus showed that kdaD and dopDH 
gene orthologs are often located adjacently in 
prokaryotic genomes. This finding supports 
the proposed enzymatic functions of an al-
dehyde producing and an aldehyde oxidative 
activity. In addition, the analysis uncovered 
the presence of putative pentose oxidative 
gene clusters in the genomes of several aerobic 
proteobacteria, such as members of the genera 
Burkholderia, Rhizobium, Bradyrhizobium, 
Agrobacterium and Pseudomonas. In some 
cases, the presence of such a gene cluster 
correlates well with the organism’s ability to 

Figure 3.6
Enzymes involved in the degradation 
of D-Glu and D-Ara in S. solfataricus 
273,314,371. The following abbreviations 
were used: KD(P)G 2-keto-3-deoxy-
D-gluconate (6-phosphate), GA(P) 
D-glyceraldehyde (3-phosphate), 
PGP 1,3-bisphosphoglycerate, 3PG 
3-phosphoglycerate, 2PG 2-phospho-
glycerate, PEP phosphoenolpyruvate, 
DHAP dihydroxyacetonephosphate, 
F1,6P2 D-fructose 1,6-bisphosphate, 
F6P D-fructose 6-phosphate, G6P 
D-glucose 6-phosphate, G1P D-
glucose 1-phosphate, FdR reduced 
ferredoxin, PPP pentose phosphate 
pathway. Thick arrows are indica-
tive of increased expression of the 
enzyme under D-Ara conditions.
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assimilate pentoses and with enzymatic activi-
ties present in cell extracts 75,93,94,429,430, while in 
other cases biochemical data is not available. 
Nonetheless, a few of these characteristic gene 
clusters have been demonstrated genetically to 
be linked to pentose degradation. Combined 
with the findings in S. solfataricus, this allows 
the identification of additional enzymatic 
components in the pentose oxidation pathway 
and prediction of their enzymatic functions 
(Fig. 3.7A).
	 A putative operon of five genes was 
found in the genome of the oligotrophic 
α-proteobacterium Caulobacter crescentus, 
which was 2.8 to 11.6 fold upregulated dur-
ing growth on D-Xyl as compared to D-Glu 
158. Reporter fusion constructs of the CC0823 
promoter to the β-galactosidase gene (lacZ) 
from E. coli confirmed that this promoter is 
highly induced during growth on D-Xyl, and 
repressed on D-Glu or proteinaceous media 
158,256. Moreover, the disruption of the CC0823 
gene prevented the C. crescentus from growth 
on D-Xyl as a single carbon source 256.
	 A second pentose degradation gene 
cluster involved in L-Ara uptake and utiliza-
tion was found on chromosome II of the 
pathogenic β-proteobacterium Burkholderia 
thailandensis. This cluster consisting of nine 
genes was proposed to be responsible for the 
L-Ara degradation to 2OG (Fig. 3.7A) 263. Dis-
ruption of the araA, araC, araE and araI gene 
led to an L-Ara negative phenotype. Reporter 
gene insertions showed that the expression of 
the araC and the araE gene was repressed dur-
ing growth in D-Glu media, and induced in 
L-Ara media. The transfer of the gene cluster 
to the related bacterium B. pseudomallei en-

abled this organism to utilize L-Ara as a sole 
carbon source also 263. Interestingly, an L-Ara 
dehydrogenase with 80% sequence identity 
to AraE has recently been characterized from 
Azospirillum brasiliense 423; an organism which 
is known to degrade L-Ara to 2OG 276. The 
flanking sequences of this gene revealed close 
homologs of the B. thailandensis araD and 
araE, which would indicate a similar gene 
cluster in A. brasiliense 423.
	 Apart from several bacteria, putative 
pentose oxidation clusters are also present 
in some archaea. In the halophile Haloar-
cula marismortui, a gene cluster was found on 
chromosome I that seems to contain all the 
necessary components for D-Xyl oxidation, 
including a gene that has been identified as a 
D-Xyl dehydrogenase 174 (Fig. 3.7A).

Components of pentose oxidation pathways
Careful inspection of the different pentose 
oxidation gene clusters shows that the gene en-
coding the final enzymatic step, from DOP to 
2OG, is fully conserved between the different 
pentose oxidation gene clusters. The remain-
ing analogous enzymatic steps that convert D-
Ara, D-Xyl or L-Ara into DOP are performed 
by enzymes from distinct COGs (Clusters of 
Orthologous Groups of proteins) 396 (Fig. 3.7, 
pentose panels). While some of this variation 
in enzyme use may simply be explained by 
substrate differences, other variations may be 
due to the individual adaptation of existing 
enzymes with similar reaction chemistry, such 
as the pentose dehydrogenases.
	 A striking difference between the set 
of enzymes responsible for D-Ara degrada-
tion in S. solfataricus on the one hand, and 
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the predicted sets for D-Xyl degradation in C. 
crescentus and H. marismortui and L-Ara deg-
radation in B. thailandensis on the other hand, 
is the apparent absence of an upregulated lac-

tonase in the hyperthermophile. This enzyme 
is responsible for the hydrolysis of the lactone, 
yielding the corresponding linear pentonic 
acid. Such ring opening reactions are reported 

Figure 3.7 (in color on p.152)
A) Cartoon of the organization of conserved gene clusters involved in the pentose, hexaric acid and hydroxyproline degradation. 
Proposed analogous gene functions are indicated in the same color (green: pentose dehydrogenase, orange: pentonolactonase, 
yellow: aldonic acid dehydratase, red: 2-keto-3-deoxy-aldonic acid dehydratase, blue: 2,5-dioxopentanoate dehydrogenase. 
Dashed genes are displayed smaller than their relative size. Protein family numbers are displayed below each gene according 
to Clusters of Orthologous Groups of proteins classification system (COG) 396. The genes indicated in white or gray encode 
the following putative functions: araA: transcriptional regulator, araF-araH: L-Ara ABC transporter (periplasmic L-Ara binding 
protein, ATP binding protein, permease), rrnAC3038: heat shock protein X, ycbE: glucarate/galactarate permease, ycbG: 
transcriptional regulator, PP1249: hydroxyproline permease. B) Schematic representation of the convergence of catabolic 
pathways for pentoses, hexaric acids 75,157,172,352 and hydroxyproline 311,361,439 at the level of 2,5-dioxopentanoate. Enzymatic 
activities are indicated by their EC number. Dashed lines indicate proposed spontaneous reactions.

A

B
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to proceed spontaneously at ambient tempera-
tures, albeit at slow rates 284. Overexpressing 
a lactonase may therefore be advantageous 
at mesophilic growth temperatures, whereas 
at 80 °C the spontaneous reaction may well 
proceed rapidly enough not to be rate limiting. 
The pentose oxidation gene clusters seem to 
be predominated by lactonases of COG3386, 
which are often annotated as “senescence 
marker protein-30 family proteins”. The ge-
nome of S. solfataricus contains two of these 
genes (Sso2705 and Sso3041), but they were 
not differentially expressed, indicating that 
they are either not involved or that their basal 
expression level is sufficient for arabinonolac-
tone hydrolysis. The putative xylonolactonase 
from H. marismortui, however, is homologous 
to metal-dependent β-lactamases belonging 
to COG2220, which catalyze similar lactame-
ring opening reactions 88.
	 Other non-orthologous enzyme 
components of the pentose oxidation path-
way include the pentonic acid dehydratases. 
While the D-arabinonate dehydratase from 
S. solfataricus belongs to COG4948, the same 
function seems to be performed by members 
of COG0129 which are commonly anno-
tated as dihydroxyacid dehydratases (IlvD) 
or 6-phosphogluconate dehydratases (Edd) 
95. A member of this family has recently been 
characterized from S. solfataricus (DHAD, 
Sso3107), which revealed a broad substrate 
specificity for aldonic acids 199. However, this 
gene was not differentially expressed accord-
ing to the transcriptome or proteome analysis.
	 The 2-keto-3-deoxy-D-arabinonate 
dehydratase (COG3970) appears to be present 
in D-Ara and D-Xyl degradation gene clusters. 

Interestingly, in several Burkholderia species, 
and in A. brasiliense, this gene is replaced by 
a member of the dihydrodipicinolate synthase 
family (COG0329, B.th araD). Members of 
this family catalyze either aldolase or dehy-
dratase reactions via a Schiff-base dependent 
reaction mechanism by a strictly conserved 
lysine residue. Interestingly, a detailed study of 
an L-KDA dehydratase involved in the L-Ara 
metabolism of P. saccharophila was reported a 
few decades ago, but unfortunately, neither the 
amino terminal sequence of the protein nor 
the gene sequence was determined 304,384. The 
authors found that this enzyme was enantiose-
lective for L-KDA (2-oxo-4(R),5-dihydroxy-
pentanoate), and that the reaction proceeds 
via a Schiff-base intermediate. The enzyme 
activity was not affected by the presence of 1 
mM EDTA, which suggests a divalent metal 
ion independent reaction. It seems likely that 
this enzyme is encoded by homologs of the B. 
thailandensis araD gene, and that the appar-
ent enantioselectivity of this enzyme does not 
allow a function in the degradation of D-Ara 
or D-Xyl, which results in a 2-keto-3-deoxy-
pentonic acid with the S-configuration (Fig. 
3.7B).
	 The aldehyde dehydrogenase from 
COG1012 is fully conserved in the pentose 
oxidation gene clusters (Fig. 3.7A). Strikingly, 
close homologs of this gene can also be found 
in hexaric acid degradation gene clusters of 
Bacillus species (ycbC–ycbI) 157,352 (Fig. 3.7A). 
The same holds for a gene cluster in P. putida 
(PP1245–PP1249) that is likely to be involved 
in the breakdown of L-hydroxyproline, which 
is a major constituent of collagen and plant 
cell wall proteins 311,439 (Fig. 3.7B). Apparently, 
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since the degradation of both hexaric acids 
and L-hydroxyproline is also known to pro-
ceed through DOP 75, the genetic information 
for the conversion of DOP to 2OG has been 
shared between multiple metabolic pathways 
during evolution (Fig. 3.7). Apart from the 
dopDH gene, orthologs of the D-glucarate de-
hydratase gene (ycbF, COG4948) are observed 
in the pentose degradation gene clusters of 
both S. solfataricus and H. marismortui, while 
remarkably, the keto-deoxy-acid dehydratase 
of COG0329 is found in all three pathways. In 
the hydroxyproline degradation pathway, this 
enzyme might function as a deaminase instead 
361.
	 The apparent mosaic of orthologous 
and non-orthologous proteins involved in the 
pentose oxidation pathway suggests that some 
of these enzymatic steps may have evolved by 
recruitment events between enzymes from the 
hexaric acid or hydroxyproline degradation 
pathways, which too make use of DOP as an 
intermediate and produce 2OG as the final 
product 173,341. The low number of enzymes re-
quired, their common cofactor usage and the 
large gain of obtaining the hub metabolite 2OG 
as the end product of pentose oxidation, may 
have been the driving force in the creation of 
this pathway in aerobically respiring bacteria 
and archaea.

EXPERIMENTAL PROCEDURES

All chemicals were of analytical grade and pur-
chased from Sigma, unless stated otherwise. 
Oligonucleotide primers were obtained from 
MWG Biotech AG (Ebersberg, Germany).
Growth of Sulfolobus species

Sulfolobus solfataricus P2 (DSM1617) was 
grown in media containing either 3 g L-1 D-
Ara or D-Glu as previously described 38.

Transcriptomics
Whole-genome DNA microarrays containing 
gene-specific tags representing >90% of the 
S. solfataricus P2 genes 12 were used for global 
transcript profiling of cultures grown on D-Ara 
as compared to D-Glu. Total RNA extraction, 
cDNA synthesis and labeling, hybridization 
and scanning were performed as previously 
described, as were data filtration, normaliza-
tion and statistical evaluation 236,371.

Quantitative proteomics
The proteome of S. solfataricus P2 was studied 
with a combination of two-dimensional gel 
electrophoresis (2-DE), 15N metabolic labeling 
and tandem mass spectrometry as previously 
described 368,370. Two separate growth experi-
ments were set up; (1) S. solfataricus with D-
Ara as the carbon source and (14NH4)2SO4 as 
the nitrogen source, and (2) S. solfataricus with 
D-Glu as the carbon source and (15NH4)2SO4 
as the nitrogen source. Next, the 14N and 15N 
cultures were mixed in equal amounts on the 
basis of optical density (A530) measurements, 
proteins were extracted and separated by 2-DE. 
For the localization of proteins, a previously 
described 2-DE reference map was used 371. 
Spots were excised from the gel, and peptides 
were quantified on the basis of their relative in-
tensity in the Time-Of-Flight mass spectrum, 
according to established methods 371.

Synthesis of organic compounds
D-Arabinonate was synthesized from D-Ara 
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as previously described 373. The aldehyde 2,5-
dioxopentanoate was synthesized from 1,4-
dibromobutane according to reported proce-
dures 72,209,241.

Gene cloning and protein overexpression
The genes araDH (Sso1300), araD (Sso3124), 
kdaD (Sso3118) and dopDH (Sso3117) were 
amplified by PCR from genomic DNA using 
Pfu TURBO polymerase (Stratagene) and 
cloned in expression vector pET24d (Nova-
gen) (online Suppl. Table 1). The resulting 
plasmids were harvested from Escherichia coli 
HB101 transformants by Miniprep (Qiagen), 
sequenced by Westburg Genomics (Leusden, 
Netherlands), and transformed to E. coli ex-
pression strain BL21(DE3) containing the 
tRNA accessory plasmid pRIL (Stratagene).
	 All proteins were produced according 
to standard procedures in four 1 L shake-flasks 
containing LB medium, but with some excep-
tions. When the culture A600 reached 0.5, the 
cultures were cold-shocked by placing them 
on ice for 30 min to induce host chaperones 38. 
After that, the expression was started by adding 
0.5 mM isopropyl-β-D-thiogalactopyranoside 
(IPTG), and the cultures were incubated for 12 
to 16 h at 37 °C after which they were spun 
down (10 min, 5,000 xg, 4 °C). At the time of 
induction, the AraDH and the AraD overex-
pression culture were supplemented with 0.25 
mM ZnSO4 

107 and 20 mM of MgCl2, respec-
tively.

Protein purification
Pelleted E. coli and S. solfataricus cells were 
resuspended in buffer and disrupted by soni-
cation at 0 °C. Afterwards, insoluble cell mate-

rial was spun down (30 min, 26,500 xg, 4 °C) 
and the E. coli supernatants were subjected to a 
heat-treatment of 30 min at 75 °C. Denatured 
proteins were removed by centrifugation (30 
min, 26,500 xg, 4 °C) yielding the heat stable 
cell-free extract (HSCFE).

AraDH - HSCFE in 20 mM Tris-HCl (pH 7.5) 
supplemented with 50 mM NaCl was applied 
to a 20 ml Matrex RedA affinity column (Ami-
con). After washing the bound protein with 
two column volumes of buffer, the recombi-
nant protein was eluted by a linear gradient of 
2 M of NaCl.

AraD - HSCFE in 50 mM HEPES-KOH (pH 
8.0) supplemented with 50 mM NaCl was ap-
plied to a 70 ml Q-Sepharose Fast Flow (Am-
ersham) anion exchange column, and eluted 
by a 2 M NaCl gradient. Fractions containing 
the recombinant protein were pooled, concen-
trated with a 30 kDa cut-off filter (Vivaspin), 
and purified by size exclusion chromatography 
using a Superdex 200 HR 10/30 column (Am-
ersham) and 50 mM HEPES-KOH buffer (pH 
8.0) supplemented with 100 mM NaCl as an 
eluent.

KdaD - HSCFE in 25 mM NaPi buffer (pH 
6.8) was applied to a 70 ml Q-Sepharose Fast 
Flow (Amersham) anion exchange column. 
Flow-through fractions containing KdaD were 
collected, loaded onto a 46 ml Bio-Gel Hy-
droxyapatite column (Bio-Rad), and eluted by 
a linear gradient of 0.5 M NaPi buffer (pH 6.8). 
Fractions containing the recombinant proteins 
were pooled, and dialyzed overnight in 50 mM 
HEPES-KOH (pH 8.0) supplemented with 0.5 
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mM dithiothreitol (DTT).

DopDH - HSCFE in 20 mM HEPES-KOH (pH 
8.0) supplemented with 200 mM NaCl and 7.5 
mM DTT was purified by affinity chromatog-
raphy, as described for AraDH. Fractions con-
taining the protein were pooled, concentrated 
using a 30 kDa cut-off membrane (Vivaspin), 
and purified by size exclusion chromatography 
as described for AraD.

Enzyme assays
Unless stated otherwise, all enzymatic assays 
were performed in degassed 100 mM HEPES-
KOH buffer (pH 7.5) at 70 °C. The optimal 
pH of catalysis was determined using a 30 
mM citrate-phosphate-glycine buffer system 
which was adjusted in the range of pH 3 to 
11 at 70 °C. Thermal inactivation assays were 
performed by incubating 50 µg ml-1 of enzyme 
at 70, 80, 85 and 90 °C and drawing aliquots 
at regular intervals during 2 h followed by a 
standard activity assay.

Dehydrogenase assays - Sugar dehydroge-
nase activity was determined on a Hitachi 
U-1500 spectrophotometer in a continuous 
assay using 10 mM of D- and L-arabinose, 
D- and L-xylose, D-ribose, D-lyxose, D- and 
L-fucose, D- and L-galactose, D-mannose 
and D-glucose as a substrate, and 0.4 mM of 
NAD+ or NADP+ as a cofactor. Aldehyde de-
hydrogenase reactions were performed using 
5 mM of 2,5-dioxopentanoate, glycolaldehyde, 
DL-glyceraldehyde, acetaldehyde and propi-
onaldehyde in the presence of 10 mM DTT. 
Initial enzymatic activity rates were obtained 
from the increase in absorption at 340 nm 

(A340), and calculated using a molar extinction 
coefficient of 6.22 mM-1⋅cm-1.

Dehydratase assay - Standard reactions 
were performed using 10 mM potassium D-
arabinonate in the presence of 1 mM MgCl2. 
The formation of 2-keto-3-deoxy-acid reaction 
products was determined with the thiobarbi-
turate (TBA) assay at 549 nm using a molar 
extinction coefficient of 67.8 mM-1⋅cm-1 200,422. 
The effect of different divalent cations on 
enzymatic activity was investigated by a pre-
treatment of the enzyme with 1 mM EDTA for 
20 min at 70 °C, followed by a standard assay in 
the presence of 2 mM of divalent metal ions.

Formation of 2-oxoglutarate and pyruvate - 
Enzyme reactions were performed with cell-
free extract (CFE) from S. solfataricus cultures 
grown on either D-Ara or D-Glu which were 
harvested at mid-exponential phase. The reac-
tion was started by adding 25 µl of 3.5 mg ml-1 
CFE to a mixture containing 10 mM of potas-
sium D-arabinonate, 1 mM MgCl2, and either 
0.4 mM NAD+ or NADP+. After an incubation 
of 2 h at 75 °C, the reactions were stopped by 
placing the tubes on ice. Identical reactions 
were setup in which the CFE was replaced by 
the purified enzymes AraD (4.2 µg), KdaD 
(13.4 µg) and DopDH (3.8 µg). The amount 
of 2-oxoglutarate in these mixtures was then 
determined by the reductive amination of 
2-oxoglutarate to L-glutamate using purified 
recombinant Pyrococcus furiosus glutamate 
dehydrogenase (GDH) at 60 °C 217. The detec-
tion reaction was started by the addition of 5 
U of GDH to a sample that was supplemented 
with 10 mM NH4Cl and 0.12 mM NADPH. 
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The formation of pyruvate was determined 
at 30 °C using 4 U of chicken heart lactate 
dehydrogenase and 0.1 mM NADH. The 
conversion of 2-oxoglutarate or pyruvate was 
continuously monitored on a Hitachi U-1500 
spectrophotometer by following the decrease 
in A340 until substrate depletion occurred. 
Changes in concentrations of NAD(P)H were 
calculated as described above.

Determination of protein oligomeric state
The oligomerization state of AraDH, AraD, 
KdaD and DopDH was determined by nano-
flow electrospray ionization mass spectrom-
etry. For this, the protein was concentrated 
in the range of 5 to 15 µM and the buffer was 
exchanged to 50 or 200 mM ammonium ac-
etate (pH 6.7 or 7.5) by using an Ultrafree 0.5 
ml centrifugal filter device with a 5 kDa cut-off 
(Millipore). Protein samples were introduced 
into the nanoflow electrospray ionization 
source of a Micromass LCT mass spectrometer 
(Waters), which was modified for high mass 
operation and set in positive ion mode. Mass 
spectrometry experiments were performed 
under conditions of increased pressure in the 
interface region between sample and extrac-
tion cone of 8 mbar by reducing the pumping 
capacity of the rotary pump 339,390. Capillary 
and sample cone voltages were optimized for 
the different proteins and were in the range of 
1.4-1.6 kV and 75-150 V, respectively.

Bioinformatic analyses
Upstream sequences of the differentially ex-
pressed genes were extracted between -200 and 
+50 nucleotides relative to the open reading 
frame translation start site. These sequences 

were analyzed using the Gibbs Recursive Sam-
pler algorithm 399. Possible sequence motifs 
were checked against all upstream sequences 
and the complete genome of S. solfataricus. A 
diagram of the sequence motif was created us-
ing the WebLogo server.
Protein sequences were retrieved from the Na-
tional Center for Biotechnology Information 
(NCBI) and analyzed using PSI-BLAST on 
the non-redundant database, and RPS-BLAST 
on the conserved domain database. Multiple 
sequence alignments were built using either 
ClustalX or TCoffee software. Gene neighbor-
hood analyses were performed using various 
webserver tools: STRING at the EMBL, Gene 
Ortholog Neighborhoods at the Integrated Mi-
crobial Genomes server of the Joint Genome 
Institute, and pinned regions at the ERGO 
bioinformatics suite.
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Crystal structure and biochemical properties of the 
D-arabinose dehydrogenase from Sulfolobus solfataricus

Abstract
Sulfolobus solfataricus metabolizes the 5-carbon sugar D-arabinose 
to 2-oxoglutarate by an inducible pathway consisting of dehydro-
genases and dehydratases. Here we report the crystal structure 
and biochemical properties of the first enzyme of this pathway: the 
D-arabinose dehydrogenase. The AraDH structure was solved to a 
resolution of 1.80 Å by single-wavelength anomalous diffraction 
and phased using the two endogenous zinc ions per subunit. The 
structure revealed a catalytic and cofactor binding domain, typically 
present in mesophilic and thermophilic alcohol dehydrogenases. Co-
factor modeling showed the presence of a phosphate binding pocket 
sequence motif (SRS-X2-H), which is likely to be responsible for the 
enzyme’s preference for NADP+. The homo-tetrameric enzyme is 
specific for D-arabinose, L-fucose, L-galactose and D-ribose. These 
sugars are optimally converted at pH 8.2 and 91 °C. The protein 
displays a half-life of 42 and 26 minutes at 85 and 90 °C, respectively, 
indicating that the enzyme is thermostable at physiological operat-
ing temperatures of 80 °C. The structure represents the first crystal 
structure of an NADP+-dependent member of the medium-chain 
dehydrogenase/reductase (MDR) superfamily from Archaea.

J Mol Biol (2007) 371: 1249-1260
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INTRODUCTION

Alcohol dehydrogenases (ADHs, EC 1.1.1.1) 
are a widespread and functionally diverse 
class of enzymes that catalyze the oxidation 
of alcohols and the reduction of aldehydes or 
ketones in the presence of a cofactor 59. The 
intrinsic reversibility of this reaction allows 
these enzymes to play distinct functional roles 
in biosynthetic pathways, fermentations and 
detoxification reactions.
	 D-Arabinose dehydrogenase (EC 
1.1.1.116/1.1.1.117) catalyzes the nicotinamide 
cofactor-dependent oxidation of the pentose 
D-arabinose. In the hyperthermophilic ar-
chaeon Sulfolobus solfataricus an enzyme with 
such substrate specificity was overproduced to 
a more than 20-fold higher level during growth 
in D-arabinose containing media. This enzyme, 
termed AraDH, was shown to be responsible 
for the first of four enzymatic steps metaboliz-
ing D-arabinose into 2-oxoglutarate 39. Follow-
ing the action of AraDH, the D-arabinonate 
dehydratase (AraD) converts D-arabinonate 
into 2-keto-3-deoxy-D-arabinonate (KDA). 
A second water elimination reaction is then 
performed by the KDA dehydratase (KdaD), 
yielding the aldehyde 2,5-dioxopentanoate 
(DOP). The DOP dehydrogenase oxidizes the 
substrate under the formation of the citric 
acid cycle intermediate 2-oxoglutarate and a 
second molecule of NADPH. This uncommon 
oxidative pathway, which involves no phos-
phorylated intermediates, results in a central 
metabolic intermediate that has retained all 
five carbon atoms of D-arabinose. Analogous 
pentose oxidation pathways for L-arabinose or 
D-xylose have recently also been demonstrated 

in bacteria such as Azospirillum brasiliense and 
Caulobacter crescentus, respectively, although 
differences in enzyme machineries exist 
39,380,423,425,426. The promiscuous Entner-Doud-
oroff pathway for D-glucose and D-galactose 
in S. solfataricus involves a 2-keto-3-deoxy-
gluconate aldolase and ultimately produces 
two pyruvate molecules per hexose, which are 
fed into the citric acid cycle as acetyl-CoA 46. 
Neither the pentose oxidation pathway nor the 
Entner-Doudoroff pathway in S. solfataricus 
yields net ATP by substrate level phosphoryla-
tion, strongly suggesting that all energy must 
come from aerobic respiration.
	 AraDH belongs to the medium-chain 
dehydrogenase/reductase (MDR) superfam-
ily. This group of enzymes is characterized by 
subunits of approximately 340 to 375 amino 
acids and typically contains a structural as well 
as catalytic zinc ion. The horse liver ADH is 
by far the best studied member of this class, 
both structurally and mechanistically, leading 
to a current total of over thirty structures of 
complexes and mutants of this enzyme in the 
protein structure databank 59,148.

RESULTS AND DISCUSSION

Overall structure
The AraDH monomer comprises 344 amino 
acids and is composed of two domains: a cata-
lytic domain (residues 1-154 and 292-344) and 
a nucleotide binding domain (residues 155-
291) (Fig. 4.1). The active site resides in a deep 
cleft between the domains, which can accom-
modate the nicotinamide adenine dinucleotide 
cofactor and a substrate. The catalytic zinc ion 
is bound in this cleft by residues in α-helix 1 
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and 310-helix 4 (G4), and the loop between β5 
and 6. A second zinc ion is coordinated in a 
protrusion from the catalytic domain that 
forms the small helical elements G1 and G2. 
The core of the catalytic domain is formed by 
a seven stranded mixed β-sheet of five anti-
parallel β-strands (β4, 6-9) and two parallel 
β-strands (β17, 18). This core is flanked by two 
anti-parallel β-sheets (β1, 2, and β3, 5) and 
several helices (α1, G1-3). The catalytic and 
the nucleotide binding domains are intercon-
nected by three helical elements (5-7) that to-
gether span more than half of the protein mol-
ecule. A typical kink is induced by the middle 
310-helix preceding the position of the catalytic 
zinc-binding aspartate. The nucleotide bind-
ing domain adopts a classic Rossmann fold 
312 comprising a six stranded parallel β-sheet 
(β10-16) surrounded by five α-helices (α4-8). 
The amino terminal end of α-helix 4 harbors 
the characteristic glycine-rich sequence motif 
that is typical for the Rossmann cofactor bind-
ing domain. A flexible region called the hinge 
(G269-R274) is located between β-strand 14 
and 15, which in the horse liver ADH medi-

ates a 10° interdomain rotation upon cofactor 
and substrate binding 310. This rotation results 
in a “closed” interdomain cleft, which reverts 
to the “open” conformation after catalysis. The 
extent of relative domain movement appears 
to differ for each enzyme and can be as little as 
2.5° 107,207. Two neighboring polypeptide back-
bone sections of the catalytic domain (Glu14-
Ile18 and Asp322-Asp337) were omitted in 
the final model due to weak electron density. 
These parts of the protein are expected to form 
a turn and an α-helix respectively, similar to 
all known ADH structures.

Quaternary structure
The homo-tetramer of AraDH, built by apply-
ing the crystallographic symmetry operators, 
is composed of a dimer of dimers (Fig. 4.2), in 
which the AB or CD subunit oligomerization is 
found in dimeric eukaryotic ADHs (Fig. 4.2A) 
32,97,289. The AB interface buries a surface area 
of approximately 3800 Å2 per dimer due to 
extensive hydrogen bonding and hydrophobic 
interactions between two β-strands (β15, 16) 
and α-helix 8 of the nucleotide binding do-

Figure 4.1 (in color on p.153)
Schematic representation of the Sul-
folobus solfataricus AraDH structural 
model of the monomer showing the 
catalytic and nucleotide binding do-
main. The N-terminus of the polypep-
tide chain (N, in blue) follows a color 
gradient towards the C-terminus (C, in 
red). Interruptions in the structure due 
to missing residues corresponding to 
regions of weak electron density are 
indicated by dashed lines. The struc-
tural (top) and the catalytic (bottom) 
coordinated zinc ions are displayed 
as gray spheres.
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main. While the β16 strand is an antiparallel 
intersubunit continuation of the main β-sheet 
of the Rossman-fold, the β15 strand consisting 
of Val275, Ser276 and Leu277 is merely in-
volved in a two-stranded antiparallel β-sheet 
between both subunits, creating a second layer 
of interacting β-stands. The structural loop 
containing the zinc ion forms another point 
of contact with the nucleotide binding domain 
of the adjacent subunit in the AB dimer. A 
total of 36 hydrogen bonds and 4 salt bridges 
are formed between the two subunits. Most 
notable among these interactions are the two 
intersubunit surface ion pairs (Glu250-Arg274 
and Lys104-Glu262). Both the relatively high 
occurrence of these oppositely charged amino 
acid pairs in protein structures from hyper-
thermophiles 186 and experimental evidence 
418 have suggested that these interactions con-
tribute to the structural integrity of a protein at 
elevated temperature.
	 The AD dimer (Fig. 4.2B) buries a 
solvent accessible surface area of ~1500 Å2 per 
dimer through interactions of the C-terminal 
parts of α-helices 3 and 4 of the nucleotide 

binding domain with their symmetry related 
counterparts. Additionally, α-helix 9 interacts 
with the loop between α-helix 3 and β-strand 
10 of the adjacent subunit. The AD interface is 
sustained by 12 intersubunit hydrogen bonds 
and two ion pairs (Glu171-Arg305).
	 The AC dimer (Fig. 4.2C) is mainly held 
together by interactions between the structural 
loops containing the zinc ion, and those of the 
loop with the N-terminal part of α-helix 9. A 
few minor areas of contact of the AC dimer 
are formed by residues on two loops that are 
flanked by β-strands 3 and 4, and 6 and 7. The 
AC dimer interface shields ~1200 Å2 of solvent 
accessible surface area of the protein and thus 
forms the smallest intersubunit contact surface 
of the AraDH tetramer. Eight hydrogen bonds 
and two ion pairs interconnect the A and C 
subunits. Through this subunit organization, 
a large internal cavity is formed with approxi-
mate dimensions of 22, 17 and 12 Å at the core 
of the tetramer. The cavity connects to the bulk 
solvent by four narrow water channels which 
are located at each junction between three 
subunits. The pore is delineated by the struc-

Figure 4.2 (in color on p.152)
Schematic diagrams of the S. solfataricus AraDH homo-tetramer generated by crystallographic symmetry operations. View 
perpendicular to A) the AB, B) the AD, and C) the AC dimer interface showing the intersubunit contacts (boxed).
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tural zinc loop of subunit A (Arg98, Glu102), 
the loop between α-helix 3 and β-strand 10 
of subunit B (Lys168, Phe169, Ala170), and 
α-helix 3 and 9 of subunit C (Arg160 and 
Asn298, Asp302, respectively).

Structural zinc loop
A zinc ion is bound in the loop that protrudes 
from the catalytic domain. This zinc is tetrahe-
drally-coordinated by residues Asp94, Cys97, 
Cys100 and Cys108 (Fig. 4.3A) similar to the 
zinc ion present in the Aeropyrum pernix ADH 
structure 147. The aspartate is substituted for a 
glutamate in the structure of the S. solfataricus 
ADH 108, while in most non-archaeal ADH 
structures this residue is replaced by a fourth 
cysteine (Fig. 4.4). Since the removal of the ion 
is accompanied by a loss of thermostability, 
the presence of the zinc ion has been associ-
ated with structural stability 242. In addition, 

the introduction of a zinc ion binding site by 
mutagenesis can lead to an increase of ther-
mostability 424.

Active site
The active site harbors a zinc ion that is believed 
to play a crucial role in the catalytic mecha-
nism of this ADH type (Fig. 4.3B). Similar to 
the horse liver ADH, catalysis by AraDH is 
expected to proceed via a proton relay system 
in which the substrate’s C1 hydroxyl group is 
bound to the zinc ion, allowing its deprotona-
tion by Thr43 and formation of a zinc-bound 
alkoxide ion. A hydride from C1 is then trans-
ferred to the cofactor’s nicotinamide ring by a 
hydrogen tunneling event 203, leaving the char-
acteristic lactone product 310. The product and 
the reduced cofactor then leave the active site, 
completing the ordered bi-bi mechanism. The 
zinc ion is bound in a tetrahedral coordination 

Figure 4.3 (in color on p.154)
View of the composite omit map calculated using the program SFCHECK 409 contoured at 1.0s around A) the structural zinc 
ion and B) the active site zinc ion. A) The structural zinc ion is tetrahedrally coordinated by Asp94 Od1 at a distance of 1.84 Å, 
Cys97 Sg at 2.30 Å, Cys100 Sg at 2.30 Å and Cys108 Sg at 2.34 Å. B) The active site zinc ion is coordinated by Cys41 Sg at 
a distance of 2.36 Å, His65 Ne2 at 2.35 Å and Asp150 Od2 at 1.84 Å. A water molecule is located 4.55 Å from the active site 
zinc ion (not shown).The threonine residue (Thr43) involved in the proton relay mechanism is also shown.
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by three ligands: Cys41, His65 and Asp150. 
The cysteine and histidine are nearly invari-
ant in closely related ADH structures, but the 
aspartate is often replaced by a second cysteine 
(Fig. 4.4).
	 An interesting feature of the AraDH 
structure is that a highly conserved histidine, 
which has been suggested to be involved in 
the proton relay system, is substituted by an 
arginine (Arg46) (Fig. 4.4). Although there is 

some debate, it is generally believed that dur-
ing substrate oxidation, the abstracted proton 
from the substrate is passed on to the solvent 
by this histidine, after it has been shuttled 
through a hydrogen bond network consisting 
of Thr43 and the 2’ and 3’ hydroxyl groups of 
the nicotinamide ribose moiety of the cofactor. 
The positive charge of the guanidinium group 
arginine (pKa 12.5), however, would not allow 
it to function as a hydrogen bond acceptor 

Figure 4.4
Structural sequence alignment of medium chain ADHs. 2H6E S. solfataricus AraDH, 1R37 S. solfataricus ADH 107, 1H2B 
Aeropyrum pernix ADH 147, 1RJW Geobacillus stearothermophilus ADH 55, 1LLU Pseudomonas aeruginosa ADH 226, 2HCY 
Saccharomyces cerevisiae ADH1 309, 2D8A Pyrococcus horikoshii threonine dehydrogenase 166, 1YQX Populus tremuloides 
sinapyl ADH 32, 8ADH Horse liver ADH 65, 1PL7 Human Sorbitol dehydrogenase 289. Amino acid residue numbering of AraDH 
and secondary structure elements according to the Definition of Secondary Structure of Proteins (DSSP 177; H a-helix, E 
extended b-strand, B isolated b-bridge, G 310-helix, T H-bonded turn, S bend, # unstructured) are displayed. Individual amino 
acid functions are indicated by the following single letter codes: C catalytic zinc binding, Z structural zinc binding, R proton 
relay, A active site pocket, N cofactor pocket, P adenyl phosphate pocket, F flexible region (hinge), W water channel (pore).
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1R37 : QGKYVMVGLFGAD--LHYHAPL-ITLSEIQFVGSLVGNQ---SDFLGIMRLAEAGKVKP--MITKTMK-LEEANEAIDNLENFKAIGRQVLIP--------- : 347 
1H2B : MGRLIIVGYGGE---LRFPTIR-VISSEVSFEGSLVGNY---VELHELVTLALQGKVRV--EV-DIHK-LDEINDVLERLEKGEVLGRAVLIP--------- : 359 
1RJW : GGACVLVGLPPEE--MPIPIFD-TVLNGIKIIGSIVGTR---KDLQEALQFAAEGKVKT--II-EVQP-LEKINEVFDRMLKGQINGRVVLTLEDK------ : 339 
1LLU : GGTIALVGLPPGD--FPTPIFD-VVLKGLHIAGSIVGTR---ADLQEALDFAGEGLVKA--TI-HPGK-LDDINQILDQMRAGQIEGRIVLEM--------- : 342 
2HCY : NGTTVLVGMPAGAK-CCSDVFN-QVVKSISIVGSYVGNR---ADTREALDFFARGLVKS--PI-KVVG-LSTLPEIYEKMEKGQIVGRYVVDTSK------- : 348 
2DFV : AGRVSLLGLYPGK--VTIDFNNLIIFKALTIYGITGRHLW--ETWYTVSRLLQSGKLNLDPIITHKYKGFDKYEEAFELMRAGKT-GKVVFMLK-------- : 348 
1YQX : HGKLILVGAPEKP--LELPAFS-LIAGRKIVAGSGIGGM---KETQEMIDFAAKHNITA--DI-EVIS-TDYLNTAMERLAKNDVRYRFVIDVGNTLAATKP : 362 
8ADH : YGVSVIVGVPPDSQNLSMNPM--LLLSGRTWKGAIFGGFKSKDSVPKLVADFMAKKFALDPLITHVLP-FEKINEGFDLLRSGES-IRTILTF--------- : 375 
1PL7 : GGTLVLVGLGSEM--TTVPLLH-AAIREVDIKGVFRYC----NTWPVAISMLASKSVNVKPLVTHRFP-LEKALEAFETFKKGLG-LKIMLKCDPSDQNP-- : 357



55

Integrated molecular analysis of sugar metabolism of Sulfolobus solfataricus

at the slightly basic catalytic pH range of the 
enzyme. Similar exceptions can be observed in 
the cod liver ADH, where a tyrosine is found 
instead of a histidine 308, and the mouse ADH2 
which has a glutamine at the correspond-
ing position 389. Mutagenesis studies with the 
human liver ADH showed that the histidine 
indeed acts as the base catalyst, but that it can 
be functionally replaced by a glutamine when 
a general base catalyst is present in the solvent 
96. Further studies are required to elucidate the 
exact role of Arg46 in AraDH, and the details 
of the proton relay system of ADH enzymes in 
general.
	 Computational substrate and cofactor 
modeling studies revealed that a relatively hy-
drophilic substrate binding pocket is formed 
by residues in several loops of both the cata-
lytic and the nucleotide binding domain (Fig. 
4.1 and Fig. 4.4). The pocket consists of Glu52, 
Lys54, Ala90, Thr91, Ile113, Gln116, Met270, 
Asn293, Tyr294 and is occupied by 6 water 
molecules in the apo AraDH structure. The 
low level of conservation of these residues 
between different ADHs as well as the fact 
that they are located in loops probably reflects 
the diverse substrate range of ADHs, and per-
haps also allows new specificities to evolve by 
mutagenesis without affecting the structural 
integrity of the enzyme. The cofactor bind-
ing site, on the other hand, proved to be very 
well conserved. The main cofactor binding 
residues are located in α-helix 3 (Thr154), 
between β-strand 10 and α-helix 4 (Asn177, 
Gly178, Ile179, Gly180, Gly181, Leu182), and 
in the hinge region between β-strand 14 and 
15 (Val268, Gly269, Met270, Glu271) (Fig. 
4.4). Interestingly, a small cluster of residues 

is present in AraDH with sequence and strong 
spatial resemblance to the phosphate binding 
pocket of the NADP+-dependent sinapyl ADH 
from aspen (Populus tremuloides) 32. The plant 
enzyme uses the amino acid sequence STS-
X2-K to stabilize the adenyl phosphate group 
of the cofactor that distinguishes NADP+ from 
NAD+. Likewise, the Sulfolobus enzyme seems 
to employ the sequence SRS-X2-H (Ser203-
His208) (Fig. 4.4). This sequence is located in 
the peptide region that joins β-strand 11 and 
α-helix 5 and is most commonly replaced with 
a sequence starting with an aspartate followed 
by a hydrophobic residue in NAD+ utiliz-
ing enzymes 20. The aspartate is the primary 
determinant for NAD+-cofactor specificity, 
since its sidechain hydrogen bonds with the 2’ 
and 3’ hydroxyl groups of the adenine ribose 
moiety. The fact that the NADP+-specificity 
determining residues from aspen are relatively 
conserved among enzymes from hyperther-
mophilic Archaea may not only be useful for 
genome annotation purposes, but also for 
enzyme engineering studies. This phosphate 
binding motif is distinct from the GSR-X17-Y 
motif, which is present in NADP+-dependent 
dehydrogenases from mesophilic and thermo-
philic bacteria 207.

Comparison to the MDR superfamily
The AraDH structure superimposes well on 
structures of members of the MDR superfam-
ily, despite the fact that the sequence identity 
to these proteins does not exceed 33%. The 
structures include the tetrameric ADHs 
from other hyperthermophilic archaea (S. 
solfataricus, Aeropyrum pernix and Pyrococ-
cus horikoshii), thermophilic and mesophilic 
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bacteria (Geobacillus stearothermophilus and 
Pseudomonas aeruginosa), yeast (Saccharomy-
ces cerevisiae), and a number of dimeric ADHs 
from plants and mammals (Table 4.1). Re-
markably, although the AraDH structure was 
solved without the substrate and cofactor, the 
lowest backbone RMSD was observed between 
AraDH and the S. solfataricus ADH structure 
with 2-ethoxyethanol and NADH bound, sug-
gesting that the AraDH structure resembles 
the closed conformation. An unusual feature 
of the S. solfataricus ADH concerns a loop that 
covers the active site (Gly50-Val55), which 
is absent in AraDH and most structural ho-
mologs (Fig. 4.4). Also notable is the largely hy-
drophobic active site of most ADH structures, 
which probably reflects their preference for 
aliphatic and aromatic substrates. In contrast, 
the AraDH active site is very hydrophilic and 
is therefore much better suited for the binding 
and conversion of sugars. A unique feature of 
the AraDH structure seems to be an extension 

of α-helix 3 and elongation of the connecting 
loop towards β-strand 10. This enhances the 
subunit interface contacts between subunits 
A and D, possibly reflecting an adaptation to 
increased thermostability of the tetramer.

Enzyme kinetics
The enzyme was tested for its activity towards 
various pentoses and hexoses in combination 
with either NAD+ or NADP+ as a cofactor (Fig. 
4.5). This showed that AraDH is specific for 
sugars with D-arabinose-type hydroxyl group 
stereo-configurations at C3 and C4. This 
configuration is shared among the hexoses L-
fucose (6-deoxy-L-galactose) and L-galactose, 
and the pentose D-ribose. Although the highest 
activity was observed with L-fucose in combi-
nation with NAD+, the remaining sugars were 
oxidized at higher rates using NADP+. The 
Michaelis-Menten constants were determined 
for its preferred substrates and this showed 
that the enzyme has a 6.7-fold higher catalytic 

Source / description PDB ID Form / mutation Res. 
(Å)

Seq. 
ID (%)

RMSD
(Å )a Ref.

S. solfataricus D-arabinose DH 2H6E Apo 1.8 - - This 
study

S. solfataricus ADH 1JVB Apo 1.85 33 1.67 108

1R37 NADH, 2-ethoxyethanol 2.3 1.41 107

Aeropyrum pernix ADH 1H2B NADH, octanoic acid 1.62 33 1.78 147

Geobacillus stearothermophilus ADH 1RJW Apo 2.35 30 1.99 55

Pseudomonas aeruginosa ADH 1LLU NADH, ethylene glycol 2.3 26 1.82 226

Saccharomyces cerevisiae ADH1 2HCY 8-Iodo-NAD+, trifluorethanol 2.44 24 1.89 309

Pyrococcus horikoshii threonine DH 2DFV NAD+ 2.05 25 2.32 166

Populus tremoloides sinapyl ADH 1YQX Asp140Asn 2.5 23 2.49 32

1YQD NADP+, Asp140Asn 1.65 2.47 32

Horse liver ADH 8ADH Apo 2.4 21 2.97 65

6ADH NAD+, dimethylsulfoxide 2.9 3.37 97

Human sorbitol dehydrogenase 1PL7 Apo 2.2 18 2.39 289

Table 4.1 - Comparison to ADH structures of the MDR family

a Averaged backbone superimposition root-mean-square deviation values to all chains
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efficiency for L-fucose compared to its physi-
ological substrate D-arabinose (Table 4.2). 
This dual specificity is common among several 
different protein types, including kinases 288, 
isomerases 347 and lectins 327, and is caused by 
the high degree of similarity between the con-
formers and stereochemistry of the hydroxyl 
groups of both sugars 30.
	 The catalytic efficiency of NADP+ in 
combination with D-arabinose was 36-fold 
higher than that of NAD+, which clearly in-
dicates the preference for the phosphorylated 
cofactor. Similar substrate specificities and 
affinities have been found previously for bac-
terial and yeast D-arabinose dehydrogenases, 
although these enzymes favor NAD+ as a co-
factor 11,60. In yeast, the concerted action of this 
enzyme and a D-arabinono-1,4-lactone oxi-
dase produces D-erythroascorbic acid, which 
is believed to be an antioxidant molecule 161.
	 The S. solfataricus AraDH is more than 
50% active in a relatively narrow pH range 
from 7.3 to 9.3, with optimal catalytic rates at 
pH 8.2 (Fig. 4.6A). The thermophilicity of the 
enzyme is apparent from its optimal catalytic 

Figure 4.5
Relationship between substrate hydroxyl group configuration (Fisher projection) and turnover rate (kcat). Hexoses and pentoses 
were tested at a concentration of 10 mM in combination with 0.4 mM of cofactor (NAD+ gray bars, NADP+ black bars). Gray 
boxes indicate the preferred stereo configurations at the C2, C3 and C4 atoms of the sugar. D-arabinose, L-arabinose and 
D-xylose are also shown in their chair conformation.

temperature of 91 °C (Fig. 4.6B). The enzyme 
is relatively stable at 70 and 80 °C and main-
tains a half-life of 42 and 26 min at 85 and 90 
°C, respectively, indicating that the enzyme is 
thermostable at physiological growth tempera-
tures of S. solfataricus of approximately 80 °C 
144 (Fig. 4.6C).

Substrate docking
To investigate the structural basis of substrate 
and cofactor binding the monosaccharides 
L-fucose and D-arabinose were docked in 
the AraDH active site in their preferred chair 
conformer, i.e. β-L-fucopyranose and α-D-
arabinopyranose, respectively. During in silico 
docking analyses, the equatorial C1O was as-
sumed to form the fourth ligand of the zinc 
ion, in agreement with the generally accepted 
mechanism of oxidation by ADHs 310. The 

Substrate /
Cofactor

Km

(mM)
Vmax

(U mg-1)
kcat Km

-1

(s-1 mM-1)
D-arabinosea 1.40 ± 0.09 23.8 ± 0.4 10.6
L-fucosea 0.22 ± 0.03 23.7 ± 0.2 67.0
NADP+b 0.038 ± 0.010 32.1 ± 0.8 525
NAD+b 1.25 ± 0.45 29.1 ± 8.0 14.5

Table 4.2 - Kinetic parameters

Determined with a 0.4 mM NADP+, and b 10 mM D-arabinose
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results from these docking simulations con-
sistently indicated that the energetically most 
favorable orientation of both substrates is such 
that the C3 and C4 hydroxyl groups of the 
substrate are hydrogen bonded to Lys54 (Fig. 
4.7). In addition, the C3 hydroxyl also appears 
to be hydrogen bonded to Asn293, whereas 
the substrate’s sole axial hydroxyl substituent 
at C4 forms a hydrogen bond with the side 
chain of Gln116. The important role of the 
stereoconfiguration at C3 and C4 is supported 
by the substrate specificity profile of AraDH, 
which indicates that the enzyme only accepts 
substrates with this specific configuration at 
the C3 and C4 positions, such as D-arabinose, 
L-fucose, L-galactose and D-ribose (Fig. 4.5). 
The methyl group of L-fucose, which distin-
guishes it from D-arabinose, is stacked against 
the phenyl ring of Tyr294 and forms more 
hydrophobic contacts with the aliphatic side 
chains of Ala90, Thr91 and Ile113 (latter not 
shown). Perhaps these hydrophobic interac-
tions account for the higher affinity and cata-
lytic efficiency of the enzyme for L-fucose as 
compared to D-arabinose (Table 4.2).

Sugar metabolism
Members of the genus Sulfolobus are unique 

among hyperthermophilic Archaea, because 
they can metabolize hexoses (glucose, galac-
tose, fructose and mannose) as well as pentoses 
(arabinose, xylose and ribose) 144,168,437. Re-
cently, D-arabinose was shown to be oxidized 
to 2-oxoglutarate by an induced pathway, in 
which AraDH catalyzes the initial step 39. Both 
glucose and galactose are degraded by promis-
cuous enzymes according to a slightly modi-
fied scheme that was originally proposed by 
Entner and Doudoroff (ED) for Pseudomonas 
saccharophila 84,103,213. Instead of employing a 
glucokinase or hexokinase 273, Sulfolobus seems 
to postpone substrate phosphorylation to the 
level of 2-keto-3-deoxy-D-gluconate 4.
	 The structure of the first enzyme of 
the ED pathway, the glucose dehydrogenase 
(GDH, Sso3003) which also belongs to the 
MDR superfamily, was recently elucidated 258. 
AraDH shares 19% sequence identity with this 
enzyme, and their sugar substrate specificity 
range appears to be very distinct. Whilst GDH 
preferentially catalyzes the oxidation of D-glu-
cose, D-galactose, D-fucose, L-arabinose and 
D-xylose 213, the activity of AraDH towards 
these substrates is negligible (Fig. 4.5). In 
contrast, AraDH favors L-fucose, L-galactose, 
D-arabinose and D-ribose, the latter two sug-

Figure 4.6
Catalytic properties of AraDH. Relative reaction rates as a function of A) pH and B) temperature. C) Thermal inactivation 
curves. Residual activity is given after a pre-incubation at 70 °C (dot), 80 °C (square), 85 °C (diamond) and 90 °C (triangle).



59

Integrated molecular analysis of sugar metabolism of Sulfolobus solfataricus

ars which in turn form no substrates for GDH 
(L-fucose and L-galactose not tested 213). At 
the molecular level, the substrate specificity of 
GDH has been elegantly explained by the co-
crystal structures of GDH mutant Thr41Ala 
with both D-glucose and D-xylose in the pres-
ence of the NADP+ cofactor 258. It shows that 
the enzyme binds the β-anomeric pyranose 
form of the sugar in the typical D-glucose and 
D-xylose-preferred chair conformer. AraDH, 
however, seems to opt for monosaccharides 
that adopt the opposite chair conformation 
(Fig. 4.5) 30. A comparison of the active site of 
GDH and AraDH by superimposition shows 
that the sugars in both enzymes occupy ap-
proximately the same position and plane in 
the active site pocket (not shown). However, 
the pyranose ring appears to be flipped 180° 
relative to the other, as can be deduced from 
the position of the ring-oxygen of the sugar. 
Besides the residues involved in zinc ion bind-
ing (Cys and His) and proton-relay (Thr), none 

of the amino acids that form hydrogen bonds 
with the hydroxyl groups of the substrate are 
conserved between the two enzymes, further 
supporting their distinct modes of substrate 
binding that results in different substrate 
specificity. GDH exhibits a high catalytic ef-
ficiency for D-xylose, which suggests that the 
enzyme could play a role in an uncharacter-
ized D-xylose degrading pathway in S. solfa-
taricus 258. Given the presence of D-xylonate 
dehydratase activity 199, this indeed appears 
to be plausible since both the oxidation of D-
xylose and D-arabinose yield the intermediate 
2-oxo-4(S),5-dihydroxypentanoate (also called 
2-keto-3-deoxy-D-arabinonate/xylonate). In 
this pathway intermediate the chiral differ-
ences between the two pentoses at the C2 and 
C3 atoms have been eliminated by a penton-
ate dehydratase. The final two conversions to 
2-oxoglutarate could then be conducted by the 
enzymes 2-keto-3-deoxy-D-arabinonate dehy-
dratase (KdaD) and the 2,5-dioxopentanoate 

Figure 4.7 (in color on p.154)
Docking solution of the Michaelis complex for a-L-fucopyranoside (L-fucose) and the nicotinamide cofactor in A) stick and 
B) schematic representation. The C1O of the substrate forms the fourth ligand of the tetrahedrally coordinated zinc ion (gray 
sphere). The C6 methyl group of L-fucose that distinguishes it from D-arabinose is stacked against the phenyl ring of Tyr294 
and forms additional hydrophobic contacts with the aliphatic side chains of Ala90, Thr91 and Ile113 (latter not shown). Hydroxyl 
groups at C3 and C4 form extensive hydrogen bonds with Lys54, Gln116 and Asn293. The C1H is positioned correctly to allow 
hydride transfer to the nicotinamide cofactor.
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dehydrogenase (DopDH) 39.
	 Apart from the complementary sub-
strate range of AraDH and GDH, it seems 
likely that because of the unusually high num-
ber of paralogs (GDH: Sso3042, Sso3204; and 
AraDH: Sso2441, Sso1646, Sso1220, Sso0472, 
Sso2494, Sso0764, Sso2501, Sso2878, Sso2334, 
Sso2800, Sso2717 and Sso3237) even more sug-
ar dehydrogenases with yet different substrate 
specificities are encoded in the S. solfataricus 
P2 genome 353. This large set of enzymes may 
be indicative of its aerobic sugar and alcohol 
degrading lifestyle in acidic hot springs.

EXPERIMENTAL PROCEDURES

Gene cloning and protein overexpression
The genomic fragment corresponding to 
Sso1300 (GenBank ID: 15898142) was 
PCR-amplified from S. solfataricus P2 ge-
nomic DNA using Pfu TURBO polymerase 
(Stratagene) and primers 5’-GGATACCA-
TGGTTAAATCAAAAGCAGCCCTTC-3’ 
and 5’-CTAGAGGATCCTTATGGTGTTAT-
TACTTGTCTTCCG-3’ (NcoI and BamHI 
underlined). The amplified genes were cloned 
into vector pET24d (Novagen) using Escheri-
chia coli HB101 as a host. The resulting plas-
mid (pWUR284) was harvested by Miniprep 
(Qiagen), sequenced by Westburg genomics 
(Leusden, Netherlands), and transformed into 
E. coli expression strain BL21(DE3) (Novagen) 
containing the tRNA accessory plasmid pRIL 
(Stratagene). The transformants were grown in 
four 1 L shake-flasks containing LB medium 
until the optical cell density (A600) had reached 
0.5. The cultures were then cold-shocked to 
induce host chaperones by placing them on ice 

38. After 30 min, the protein overproduction 
was started by adding 0.5 mM isopropyl-β-D-
thiogalactopyranoside (IPTG). A final concen-
tration of 0.25 mM ZnSO4 was added to ensure 
a full occupancy of the zinc binding sites of the 
enzyme 139. The culture was incubated for 12 h 
at 37 °C after which it was spun down (10 min, 
5,000 xg, 4 °C).

Protein purification
Pelleted E. coli cells were resuspended in 20 
mM Tris-HCl buffer (pH 7.5) supplemented 
with 50 mM NaCl, and disrupted by sonication 
at 0 °C. Insoluble cell material was spun down 
(30 min, 26,500 xg, 4 °C) and the E. coli su-
pernatant was subjected to heat-treatment for 
30 min at 75 °C. Denatured proteins were re-
moved by centrifugation (30 min, 26,500 xg, 4 
°C) yielding a heat stable cell-free extract. This 
fraction was filtered (0.2 µm) and applied to a 
20 ml Matrex RedA affinity column (Amicon) 
connected to an FPLC. After washing with 2 
column volumes of buffer, the recombinant 
protein was eluted by a linear gradient of 10 
column volumes of buffer supplemented with 
2 M of NaCl.

Enzyme assays
All enzymatic assays were performed in de-
gassed 0.1 M HEPES-KOH buffer (pH 7.5) 
at 70 °C. Sugar dehydrogenase activity was 
determined on a Hitachi U-1500 spectro-
photometer in a continuous assay using 10 
mM of D- and L-arabinose, D- and L-xylose, 
D-ribose, D-lyxose, D- and L-fucose, D- and 
L-galactose, D-mannose and D-glucose as 
a substrate, and 0.4 mM of NAD+ or NADP+ 
as a cofactor. Initial enzymatic activity rates 
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were obtained from the increase in absorption 
at 340 nm (A340) and calculated using a molar 
extinction coefficient of 6.22 mM-1⋅cm-1. The 
optimal pH of catalysis was determined using 
a 30 mM citrate-phosphate-glycine buffer sys-
tem which was adjusted in the range of pH 3 to 
11 at 70 °C. Thermal inactivation assays were 
performed by incubating 50 µg ml-1 of enzyme 
at 70, 80, 85 and 90 °C and drawing aliquots 
at regular intervals during 2 h followed by a 
standard activity assay.

Protein crystallization and data collection
The protein was crystallized by the hang-
ing drop method of vapor diffusion in 0.1 M 
HEPES-NaOH (pH 8.55) and 10% v/v Jef-
famine M-600 which was mixed 1:1 with 1 
µl of protein solution at a concentration of 4 
mg ml-1. Tetragonal bipyrimidal crystals of 50-
150 µm appeared after 3 weeks at 20 °C. Data 
were collected at the K-edge anomalous peak 
wavelength of zinc (1.2827 Å) from a single 
flash-frozen (100 K) native crystal to 1.8 Å 
resolution using a MAR345 imaging plate at 
the Protein Structure Factory beamline BL-
14.2 of the Free University of Berlin at BESSY 
(Berlin, Germany). All data were reduced using 
HKL2000 280. The crystal used for data collec-
tion had unit cell parameters a,b= 84.019 Å, c= 
194.979 Å, α,β,γ= 90° and belonged to space 
group I4122 with a monomer in the asymmet-
ric unit (Table 4.3). The solvent content of the 
crystal has been estimated as approximately 
47% (v/v) with a Matthews coefficient (VM) of 
2.3 Å3⋅Da-1 for a monomer in the asymmetric 
unit 253.

Structure solution and refinement
The structure of AraDH was determined by sin-
gle-wavelength anomalous dispersion (SAD) 
and phased by making use of the endogenous 
zinc ions in each subunit. The two zinc sites 
were located using the program SOLVE, cor-
responding to the single AraDH molecule in 
the asymmetric unit 397. Subsequently, density 
modification and automated model building 
was performed using RESOLVE 397. The initial 
model was then improved using the free-atom 
refinement method together with automatic 

X-ray data collection statistics

X-ray source Synchrotron BESSY, 
Beamline 14.2

Wavelength (Å) 1.2827
Space group I4122
Unit cell dimensions
and angles

a=b=84.02, c=194.98
a=b=g=90°

Subunits per asymmetric unit 1
Matthews coefficient (Å3 Da-1) 2.3
Resolution limits (Å) 50 - 1.80 

(1.86 – 1.80)
Total measurements 403473
Unique reflections 32525
Completeness (%) 99.1 (93.0)
I / σ(I) 31.7 (3.0)
Rsym

a 0.076 (0.452)
Redundancy 12.4 (7.0)
Refinement statistics
Resolution (Å) 42 – 1.80
Reflections in refinement 30781
Rwork

b 0.195
Rfree

c 0.232
RMSD bond distances (Å) 0.011
RMSD bond angles (˚) 1.285
Total number of protein atoms
Av. protein B value (Å2)

2483
27

Number of zinc ion atoms
Av. zinc ion B value (Å2)

2
44

Number of solvent molecules
Av. solvent B value (Å2)

215
41

a Rsym = Σhkl Σi |I-<Ii>| / Σhkl Σi Ii, where Ii is the intensity of a 
given measurement and the sums are over all measurements 
and reflections. Values in parentheses refer to the highest 
resolution shell.
b Rwork = Σ ||F(obs)|-|F(calc)|| / Σ |F(obs)| for the 95% of the 
reflection data used in refinement.
c Rfree= Σ ||F(obs)|-|F(calc)|| / Σ |F(obs)| for the remaining 5%.

Table 4.3 - Data collection and refinement



4 Crystal structure and biochemical properties of the 
D-arabinose dehydrogenase from Sulfolobus solfataricus

62

model tracing in ARP/wARP 294. TLS (trans-
lation/libration/screw) parameters were 
determined and TLS/positional-restrained 
refinement was performed using REFMAC5 
268. Several rounds of iterative model building 
and refinement followed and water molecules 
were added automatically using ARP/wARP 
294. Coot was used throughout for manual 
model building and for viewing electron den-
sity maps 102.
	 The final model (comprising 324 
amino acids, 215 water molecules and 2 zinc 
ions), refined using data between 50 and 1.8 Å 
resolution, has an R- and free R-factor of 19.5 
and 23.2%, respectively, with good geometry 
(Table 4.3). Alternative side chain confor-
mations were observed for residues Arg98, 
Arg132, Leu182, Asn196, Asp235, Ser240, 
Glu249, Met270, Glu301, Arg305 and Ser309. 
Residues Glu14 to Ile18 and Asp322 to Asp337 
are not visible in the electron density map and 
have therefore been excluded from the model. 
Additionally, the side chains of Lys3, Lys5, 
Lys11, Ser13, Glu19, Arg42, Arg58, Lys79, 
Arg204, Lys232, Lys273 and Lys313 have been 
truncated in the final model. The stereochemi-
cal quality of the model and the model fit to 
the diffraction data were analyzed with the 
programs PROCHECK 216 and SFCHECK 409. 
The coordinates and experimental structure 
factors have been deposited in the Protein 
Data Bank with accession code 2H6E.

Computational methods
Structural homologs were identified using 
blastp searches against the pdb sequence da-
tabase at the National Center for Biotechnol-
ogy Information (NCBI), and by VAST and 

DALI searches against the structural database. 
Oligomeric structure analysis was performed 
at the PISA (Protein Interfaces, Surfaces and 
Assemblies) webserver at EMBL-EBI. A struc-
tural multiple sequence alignment of these 
homologous protein sequences was gener-
ated using the Expresso program. Substrate 
and cofactor docking studies were performed 
with GOLD v3.1.1 (Genetic Optimization for 
Ligand Docking, CCDC software, Cambridge 
Crystallographic Data Centre) 416. Figures of 
the protein structures were prepared with Py-
Mol.
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Structural insight into substrate binding and catalysis of a 
novel 2-keto-3-deoxy-D-arabinonate dehydratase illustrates 
common mechanistic features of the FAH superfamily

Abstract
The archaeon Sulfolobus solfataricus converts D-arabinose to 
2-oxoglutarate by an enzyme set consisting of two dehydrogenases 
and two dehydratases. The third step of the pathway is catalyzed by 
a novel 2-keto-3-deoxy-D-arabinonate dehydratase (KdaD). In this 
study, the crystal structure of the enzyme has been solved to 2.1 Å 
resolution. The enzyme forms a tetrameric oval-shaped ring of iden-
tical subunits, each consisting of an N-terminal domain with a four 
stranded b-sheet flanked by two a-helices, and a C-terminal catalytic 
domain with a fumarylacetoacetate hydrolase (FAH) fold. Crystal 
structures of complexes of the enzyme with magnesium or calcium 
ions and either a substrate analog 2-oxobutyrate, or the aldehyde 
enzyme product 2,5-dioxopentanoate were obtained by soaking 
native protein crystals. The divalent metal ion in the active site is 
octahedrally coordinated by three conserved carboxylate residues, 
a water molecule, and both the carboxylate and the oxo groups of 
the substrate molecule. An enzymatic mechanism for base-catalyzed 
dehydration is proposed based on the binding mode of the substrate 
to the metal-ion, which suggests that the enzyme enhances the acid-
ity of the protons a to the carbonyl group, facilitating their abstrac-
tion by glutamate-114. A comprehensive structural comparison of 
members of the FAH superfamily is presented and their evolution 
is discussed, providing a basis for functional investigations of this 
largely unexplored protein superfamily.

Submitted for publication
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INTRODUCTION

Pentoses are ubiquitous five-carbon sugars that 
occur in various polysaccharides and in nucleic 
acids. Several aerobic archaea and proteobac-
teria metabolize these sugars to the citric acid 
cycle intermediate 2-oxoglutarate by employ-
ing an enzyme set that consists of a pentose 
dehydrogenase, a pentonolactonase, a penton-
ate dehydratase, a 2-keto-3-deoxy-pentonate 
dehydratase and a 2,5-dioxopentanoate dehy-
drogenase (also called α-ketoglutarate semial-
dehyde dehydrogenase) 39,380,423,425-427. Starting 
from stereochemically diverse pentoses such 
as D- and L-arabinose, D-xylose and D-ribose, 
these enzymes cancel out the chiral differences 
between the hydroxyl groups of sugars, fun-
neling them to the final and shared aldehyde 
oxidation step. This pathway is an alternative 
for the well-known xylulose-5-phosphate 
generating pathways, in which the conversions 
are carried out by isomerases, epimerases and 
kinases in bacteria, and reductases, dehydro-
genases and kinases in fungi 58,222,323.
	 The hyperthermophilic archaeon Sul-
folobus solfataricus catabolizes D-arabinose 
to 2-oxoglutarate. The penultimate step of 
this pathway, the elimination of a water mol-
ecule from 2-keto-3-deoxy-D-arabinonate (D-
KDA), is catalyzed by the D-KDA dehydratase 
(KdaD) (Fig. 5.1) 39. The C-terminal domain 
of this enzyme resembles the catalytic domain 
of members of the fumarylacetoacetate hy-

drolase (FAH) protein family, an enzyme class 
involved in the catabolism of aromatic com-
pounds in mammals and bacteria. The mam-
malian FAH enzyme catalyzes the last step in 
tyrosine degradation; the hydrolytic cleavage 
of fumarylacetoacetate yielding fumarate and 
acetoacetate 400. The catalytic domain of KdaD 
is also homologous to the hydratase MhpD 
and the bifunctional decarboxy-lase/isomerase 
HpcE, both involved in two distinct meta-
fission pathways of hydroxyphenyl-related 
compounds in Escherichia coli 90.
	 In this study we have elucidated the 
structure of KdaD, established its mode of 
substrate binding, and obtained insight into 
its catalytic mechanism. A comprehensive 
structural comparison of KdaD, MhpD, HpcE 
and FAH with five functionally unassigned 
homologs is presented, providing a basis for 
uncovering the functions of these homologs in 
archaea, bacteria and eukaryotes.

RESULTS

Overall structure
The KdaD monomer comprises 293 amino 
acids and is composed of two domains: an N-
terminal domain (N-domain, residues 1-69), 
and a C-terminal catalytic domain (residues 
70-293) (Fig. 5.2). The N-domain consists 
of a four-stranded anti-parallel β-sheet (βA 
1-2-3-4) flanked on either side by an α-helix 
(α1 and 2). The core of the catalytic domain 
adopts a mixed β-sandwich roll fold typical 
of the fumarylacetoacetate hydrolase (FAH) 
enzyme 400. This fold is made up of two mostly 
antiparallel β-sheets (βB,C) consisting of six and 
five β-strands, respectively (βB 6-5-13-8-9-10 

Figure 5.1 - Chemical reaction catalyzed by the 2-keto-3-
deoxy-D-arabinonate dehydratase
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and βC 12-11-14-15-7), which are intertwined 
by five crossovers of the polypeptide from 
sheet to sheet (Fig. 5.2). The two β-sheets are 
flanked by four α-helices (α3 to 6) and four 
small 310-helices (G1 to 4). The βB-sheet dis-
plays a pronounced twist delineating the active 
site pocket by forming a barrel-like structure 
(Fig. 5.2C). The boundaries of the catalytic site 
are further defined by the helical elements α4, 
G2 and α5, which seem to serve as a platform 
from which residues point towards the active 
site cavity. On the opposite site, α-helix 3 marks 
the boundary of the active center. Interestingly, 
this α-helix is preceded by a loop, termed the 
lid (Met85-Asn94) that covers the active site 
entrance. The loop appears to be flexible based 
on its high B-factors in the KdaD-Mg2+/Ca2+-
2OB structures, and on its disordered structure 
in the apo and DOP-bound KdaD structures.

Quaternary structure
A homo-tetramer of KdaD can be generated 
by applying crystallographic symmetry op-

erators and is composed of a dimer of dimers 
(Fig. 5.3). The observation of a tetramer is 
consistent with the oligomeric state of KdaD 
determined by electrospray ionization mass-
spectrometry 39,413. Both the N-domain and 
catalytic domains are involved in intermo-
lecular interfaces resulting in the formation 
of an elongated donut-shaped tetramer with a 
central hole of approximately 26 x 43 Å (Fig. 
5.3). The largest protein-protein interface in 
the tetramer is formed by the catalytic do-
mains of two monomers, burying a total of 
approximately 3700 Å2 of solvent accessible 
protein surface per dimer. This subunit con-
tact is mediated by thirteen hydrogen bonds 
and six salt bridges. The residues involved in 
these intersubunit interactions are located in 
the secondary structure elements β5, α3, β6, 
G1, α4, G2, α5, and in loops between β7-8, 
α5-β10, and α6-β13. Two catalytic-domain 
dimers form a tetramer through interactions 
between the N-terminal domains (Fig. 5.3). 
This subunit interaction shields approximately 

Figure 5.2 (in color on p.155)
A) Topology diagram showing the connectivity of secondary structure elements and domain organization of the S. solfataricus 
KdaD monomer. The N-terminus of the polypeptide chain (N, in blue) follows a color gradient towards the C-terminus (C, in 
red). B) and C) Stereo ribbon diagrams at two viewing angles of the KdaD monomer with Mg2+ and 2-oxobutyrate bound.
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1300 Å2 of accessible protein surface area from 
the solvent, and involves six hydrogen bonds 
and six salt bridges per dimer. The subunit 
interface includes residues that are located 
mainly in β-strand 2, 3 and α-helix 1.

Active site

On the surface of the catalytic domain, a deep 
pocket is observed containing a number of 
acidic residues. Inside the pocket, a phosphate 
ion was observed in the SeMet structure. The 
presence of a phosphate ion in a presumably 
negatively charged pocket seems unlikely, but 
given the pH of the experiment (4.8) and the 

Figure 5.3 (in color on p.155)
Schematic ribbon and surface diagrams are shown of the S. solfataricus KdaD homo-tetramer generated by crystallographic 
symmetry operations. View A) perpendicular to the tetrameric ring, B) along the N-domain dimer-dimer interface, and C) along 
the catalytic domain dimer interface.
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presence of a lysine residue (Lys182) in the 
pocket interacting with this ion, it is likely that 
this is a dihydrogen phosphate ion. Next to the 
lysine, three acidic residues (Glu143, Glu145, 
Asp164) emerging from β-strand 8 and 9, 
respectively, form the bottom of the pocket 
in a constellation reminiscent of a metal ion 
binding site, reinforcing the notion that this 
pocket is the active site. This prompted us 
to prepare crystals of the holoenzyme, i.e. 
with magnesium or calcium bound. To this 
end, native protein crystals obtained in high 
phosphate concentrations were cross-linked 
with glutaraldehyde, and subsequently washed 
with buffer solutions containing these divalent 
metal ions. Since glutaraldehyde binds cova-
lently to lysines, a dataset was collected from 
a cross-linked crystal washed in a solution 
without phosphate or divalent metal ions. The 
resulting apo-enzyme electron density maps 
did not show any additional density associated 
with Lys182, indicating that the cross-linking 
procedure did not introduce glutaraldehyde 
adducts in the pocket (not shown).
	 Soaking cross-linked, washed crystals 
in solutions with magnesium and either the 
product 2,5-dioxopentanoate (DOP) or sub-
strate analogue 2-oxobutyrate (2OB) resulted 
in complexes of the enzyme with these com-
pounds as evidenced by σA-weighted 313 simu-
lated annealing difference density maps (Fig. 
5.4AB). Either compound was found inside 
the pocket, ligating the metal ion in the same 
bidentate way, with the anti-orbital of one of 
its carboxylate oxygens and with its 2-oxo 
atom. The 2-oxo atom is also hydrogen bonded 
to Lys182. In the KdaD-DOP and KdaD-2OB 
structures, additional interactions are made 

Figure 5.4 (in color on p.156)
Stereo diagrams are shown of the KdaD active site with Mg2+ 
(green spheres), water molecules (red spheres) and A) 2,5-
dioxopentanoate or B) 2-oxobutyrate bound. Simulated an-
nealing Fo-DFc omit electron density maps for the ligand and 
the metal ion are displayed at a 3s contour level. C) Stereo 
image of a model of the Michaelis complex of KdaD with its 
substrate 2-keto-3-deoxy-D-arabinonate (D-KDA) bound. 
Hydrogen atoms for D-KDA are shown as well as the carbon 
atom numbers.

between the carboxylate moiety of the ligand 
and the backbone amide groups of Ile81 and 
Thr256. In the KdaD-DOP complex, the 5-oxo 
atom of the product is hydrogen bonded to the 
Glu171 side chain, whereas the C5 methylene 
group seems involved in CH-O hydrogen bonds 
to both Oε atoms of the Glu114 (distances 3.2 
and 3.3 Å) (Fig. 5.4A and Fig. 5.5A).
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	 The metal ion is hexacoordinated with 
octahedral geometry by the acidic residues 
in the pocket (Glu143, Glu145 and Asp164), 
two oxygen atoms of the organic ligand, and a 
water molecule. An essentially identical com-
plex was obtained with 2-oxobutyrate when 
calcium was used instead of magnesium (Fig. 
5.4B and Fig. 5.5B).
	 The electron density for the lid 
(Met85–Asn94) became sufficiently visible in 
the 2-oxobutyrate complex to include the loop 
in the model. Although the B-factors in this 
loop refined to high values, the peptide chain 
could be traced with good confidence. Apart 
from closing off the active site pocket, the lid 
places the side chain of Arg89 deeply inside 
the pocket where it binds in close proximity 
to the inhibitor and interacts with Glu143 and 
Glu171.
	 Interestingly, nine ordered water mol-
ecules are present in a cavity at the interface 
between two catalytic domains (Fig. 5.6). Five 
of these water molecules interconnect the 
carboxylic acid side chains of the active site 

residue Glu114 of both subunits by a water-
filled tunnel of approximately 12.5 Å. The wall 
of the tunnel is lined by hydrophobic residues 
Phe116, Pro175, Leu176, Leu178 and Pro179, 
from β-strand 6, and helices G2 and α5.

DISCUSSION

Catalytic mechanism
The structures of KdaD with Mg2+ and 2OB 
or DOP yield significant insight into substrate 

Figure 5.5
Schematic diagrams are shown 
illustrating the binding of Mg2+ and 
A) 2,5-dioxopentanoate and B) 
2-oxobutyrate. C) Enolate resonance 
structures.

Figure 5.6 (in color on p.157)
A schematic representation of the catalytic dimer interface is 
shown, indicating the hydrogen bond connectivity between 
Glu114a and Glu114b residues of both active sites through 
a mostly hydrophobic water tunnel. Interatomic distances are 
displayed in Å.
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binding, and allow for speculation on the cata-
lytic mechanism of water elimination by the 
2-keto-3-deoxy-D-arabinonate dehydratase. 
The most important observation of the com-
plex structures is the bidentate chelation of the 
ligands to the metal ion. As indicated in Figure 
5.5C, this increases the acidity of the protons α 
to the carbonyl group by mesomery, allowing 
for easy proton abstraction from the C3 carbon 
atom by a base such as Glu114. Furthermore, 
the KdaD-DOP structure shows that the C5 
aldehyde oxygen atom is hydrogen bonded to 
residue Glu171. A third observation can be 
made from modeling the substrate 2-keto-3-
deoxy-D-arabinonate (D-KDA) into the active 
site (Fig. 5.4C). This places the C4 hydroxyl 
group of the substrate KDA in close proximity 
of Lys182.

	 Based on these observations, two 
tentative base-catalyzed dehydration mecha-
nisms are proposed (Fig. 5.7). In the E2αβ 
mechanism (Fig. 5.7A), one of the C3 protons 
is abstracted by Glu114, while Lys182 assists 
in the expulsion of the C4-hydroxyl group by 
acting as a proton donor, resulting in interme-
diate 3. Whether a metal cofactor-stabilized 
enolate intermediate exists (intermediate 2), 
or whether elimination would occur concert-
edly, is presently unknown. The next stage of 
the proposed mechanism is a rearrangement 
of the intermediate 3 into the enol compound 
4, involving proton abstraction from the 
C5 carbon atom by Glu114, which must be 
deprotonated for this to take place. Interest-
ingly, Glu114 is hydrogen bonded to the bur-
ied water cluster at the interface between the 

Figure 5.7
Proposed mechanism of base-
catalyzed dehydration according to a 
A) E2ab and B) E2bg mechanism.



5 Structural insight into substrate binding and catalysis of a novel 2-keto-3-deoxy-D-arabinonate 
dehydratase illustrates common mechanistic features of the FAH superfamily

70

catalytic domains. In fact, the two active sites 
in a catalytic-domain dimer are connected via 
hydrogen bonds through this interaction. We 
propose that this water cluster serves to depro-
tonate Glu114, enabling it to abstract a proton 
from C5. From here, the reaction could con-
tinue via two paths; either direct tautomeriza-
tion of the enol 4 occurs, leading to the enolate 
intermediate 5A followed by protonation at C3 
by Glu114, or the sequence of these two events 
is reversed, i.e. C3 is protonated first leading to 
intermediate 5B, and tautomerization occurs 
subsequently.
	 A second and much simpler reaction 
mechanism would be an E2βγ reaction mecha-
nism (Fig. 5.7B). In this mechanism, Glu114 
acts as the base by abstracting a proton from 
the C5 methylene directly, while Lys182 proto-
nates the C4 hydroxyl group causing it to leave 
as a water molecule, leading to the enol form 
of the product (intermediate 5B). 
	 The main difference of the two mecha-
nisms concerns the abstraction of the C4 hy-
droxyl moiety, which is accompanied by pro-
ton abstraction from either the C3 methylene 
(E2αβ, Fig. 5.7A), or from the C5 methylene 
(E2βγ, Fig. 5.7B). Following the considerations 
about the increased acidity of the C3 methyl-
ene protons given above, it seems clear that 
the former option is the most probable one. 
An argument in favor of the latter mechanism 
is the very close interaction between the C5 
methylene and Glu114 observed in the KdaD-
DOP complex. In both cases, the mechanism 
requires Glu114 to function as a relatively 
strong base, which may be favored by the 
exclusion of the bulk solvent by the closing of 
the lid. Conceivably, the interaction between 

Arg89 and Glu171 serves as an anchor for the 
lid. The side chain of residue Arg168 forms a 
second layer of positive charge at the active 
site entrance. This residue is highly conserved 
throughout the FAH superfamily (Fig. 5.8), 
and may serve to exclude water from the active 
center, as has been suggested for FAH 26.

Catalytic domain
The catalytic domain of KdaD (residues 76-
293) is homologous to several structures in 
the protein databank belonging to the fu-
marylacetoacetate hydrolase (FAH) protein 
superfamily (Table 5.1, Fig. 5.8 and Fig 5.9). 
The domain superimposes relatively well on 
these structures with RMSD values of 2.3 to 
8.1 Å, despite a rather low sequence identity 
of 12 to 18% in this polypeptide region (Table 
5.1). A structure-based sequence alignment 
of these proteins reveals a conserved core of 
amino acid residues, which are interrupted 
by peptide insertions in the various protein 
structures, most notably in the FAH enzyme 
(Fig. 5.8). Interestingly, a region correspond-
ing to the lid in KdaD is disordered in many 
structural homologs, including 1WZO, 2DFU, 
1I7O, 1NKQ, 1NR9 and 1SAW (Fig. 5.8 and 
Fig. 5.9). This reinforced the notion that the 
flexibility of this loop allows closing and open-
ing of the active site entrance, and could be 
a requirement for catalytic activity in other 
FAH-like enzymes.

N-domain
The N-terminal domain of KdaD consisting of 
a four-stranded antiparallel β-sheet appears to 
be present only in the structures 1WZO and 
2DFU, and in the FAH crystal structures (Fig. 
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5.8 and Fig 5.9). While both 1WZO and 2DFU 
structures lack α-helix 1, FAH is decorated with 
five extra α-helices surrounding the β-sheet 
core of the Sulfolobus enzyme. Interestingly, 
although all these proteins contain this addi-
tional domain, only KdaD and 1WZO seem to 
form ring-like tetramers through association 
of their N-terminal domains. The ring-like 
structure of 1WZO (not shown), however, is 
much more compact and spherical than the 
planar KdaD structure, which is caused by the 
deletion of α-helix 1 that allows both dim-
ers to associate at an angle. The fact that the 
only two FAH homologs that appear to form 
tetramers through N-domain association are 

present in thermophiles, suggests that having 
this domain might be a thermostabilizing fea-
ture. Possibly this feature has become redun-
dant in mesophiles, allowing the N-domain to 
be completely replaced, discarded or to evolve 
into a new functional domain, which may be 
of regulatory nature 400.

FAH superfamily
Several members of the FAH superfamily for 
which a crystal structure is available, have un-
known functions (Table 5.1). These structures 
include two putative enzymes from Thermus 
thermophilus HB8 (1WZO and 2DFU) 259,260, 
the protein YcgM (1NR9) from E. coli 201, and 

Source / description PDB ID Form / mutation Res.
(Å)

Seq.
ID (%)

RMSD
(Å)a Ref.

S. solfataricus, 
KdaD, Sso3118

2Q18 SeMet, phosphate, tetramer 2.1 - - This
study

2Q1A Mg2+, 2-oxobutyrate, tetramer 2.5

2Q1D Mg2+, 2,5-dioxopentanoate, tetramer 2.7

T. thermophilus, TTHA0958c 1WZO tetramer 1.9 18 2.46
(40-246)

259b

T. thermophilus, TTHA0809c 2DFU dimer 2.2 19 2.86
(44-264)

260b

M. musculus, FAH, 
fumarylacetoacetate
hydrolase

1QQJ Ca2+, acetate, dimer 1.55 13 8.05
(118-419)

400

1QCO Ca2+, fumarate, acetoacetate, dimer 1.9

1QCN Ca2+, acetate, dimer 1.9

1HYO Mg2+, Ca2+, HBUd , acetate, dimer 1.3 27

2HZY Mn2+, Na+, DHJ, dimer 1.35 26

E. coli, HpcE OPETd 
decarboxylase / isomerase

1I7O Ca2+, monomer 1.7 17 3.06
(219-429)

394

1GTT Ca2+, monomer 1.7

S. cerevisiae YNQ8_YEASTc 1NKQ Ca2+, acetate, dimer 2.2 13 5.14
(6-259)

109b

E. coli YcgM
EC1262 (APC5008)c

1NR9 Mg2+, dimer 2.7 17 2.25
(13-219)

201b

H. sapiens, FLJ36880c 1SAW Mg2+, dimer 2.2 18 3.13
(15-225)

246

E. coli MhpD
HPDAd hydratase

1SV6 apo, pentamer 2.9 12 ND
(54-271)

114b

a Averaged backbone superimposition RMSD values to the catalytic domain of all chains. Catalytic domain residue numbers in 
parenthesis; b reference to PDB entry; c function unassigned; d Abbeviations: OPET 2-oxo-5-carboxy-hept-3-ene-1,7-dioic acid; 
HBU 4-(hydroxylmethylphosphinoyl)-3-oxo-butanoic acid; DHJ 4-(2-carboxyethyl)(hydroxyl)phosphoryl))-3-oxo-butanoic acid; 
HPDA 2-hydroxypenta-2,4-dienoic acid

Table 5.1 - Members of the FAH superfamily
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Figure 5.8
Structure-based sequence alignment of members of the FAH superfamily: KdaD S. solfataricus 2-keto-3-deoxy-D-arabinonate 
dehydratase; 1WZO Thermus thermophilus HB8 TTHA0958 259; 2DFU T. thermophilus HB8 TTHA0809 260; FAH Mus musculus 
fumarylacetoacetate hydrolase 400; HpcE Escherichia coli 2-oxo-5-carboxy-hept-3-ene-1,7-dioic acid decarboxylase-domain 
(residues 219-429) 394; 1NKQ Saccharomyces cerevisiae YNQ8_YEAST (res. 6-259) 109; 1NR9 E. coli YcgM (res. 13-219) 201; 
1SAW Homo sapiens FLJ36880 (res. 15-225) 246; MhpD E. coli 2-hydroxypenta-2,4-dienoic acid hydratase (res. 54-271) 114,303. 
Amino acid numbering follows the KdaD protein sequence. Secondary structure elements of KdaD are displayed according to 
the Definition of Secondary Structure of Proteins (DSSP 177; H a-helix, E extended b-strand, B isolated b-bridge, G 310-helix, T 
H-bonded turn, S bend). Residues in bold indicate disordered peptide regions in the structure. Individual amino acid functions 
are marked by the following single letter codes: M metal ion ligand, A active site, W water tunnel.

                                                 20                                40                      
                           β1        β2              β3                       α1                           
                        EEEEEEET  TEEEEEEE      TTS EEEESS H              HHHHHHHHHH               E       
                                                                                                           
KdaD : ----------------MKLFRVVKR--GYYISYAI-----LDNSTIIRLDEDP--------------IKALMRYSENK-----------EVLG :  45 
1WZO : ----------------MKLARFLAK--GRVHQGVYREGLLLDEA------------------------------------------------- :  26 
2DFU : ----------------MKILRFN-----EGRWGVLEGELVLETDGPG---------------------------------------------- :  26 
FAH  : MSFIPVAEDSDFPIQNLPYGVFSTQSNPKPRIGVAIGDQILDLSVIKHLFTGPALSKHQHVFDETTLNNFMGLGQAAWKEARASLQNLLSASQ :  93 
---------------------------------------------------------------------------------------------------------- 
                    60                   80                 100                 120                        
       β4        α2                    β5                          α3        β6    G1                      
       EEESS  HHHHHHHSEETTEEE  SS  S EEEEE  BTT S SS STT  EETTEEHHHHHHHSSS EEEEEE GGGEE T                  
                                                  A              A         A AW                            
KdaD : DRVTGIDYQSLLKSFQINDIRITKPIDPPEVWGSGISYEMARERYSEENVAKILGKTIYEKVYDAVRPEIFFKATPNRCVGH----------- : 127 
1WZO : -----------GEAHRPEDVTWLLPFTPGKILGVALNYADHAEELG----LS-----------RPEEPALFWK-PNTSLLPH----------- :  81 
2DFU : -------GNPTGRRYDLASVTLLPPATPTKIVCVGRNYREHIREMG----HDFGE-------DLPKEPGLFLK-GPNALARPGNPR------- :  93 
FAH  : ARLRDDKELRQRAFTSQASATMHLPATIGDYTDFYSSRQH-ATNVG----IMFRGKENALLPNWLHLPVGYHG-RASSIVVS----------- : 169 
HpcE : ------------------------PHPHGTLFALGLNYADHASELE----FK-----------PPEEPLVFLK-APNTLTGD----------- : 260 
1NKQ : ------------------------LKAARKIICIGRNYAAHIKELN----NS-----------TPKQPFFFLK-PTSSIVTPLSSSLVKTTRP :  58 
1NR9 : ------------------------DYPVSKVVCVGSNYAKHIKEMG----SA-----------VPEEPVLFIK-PETALCDLR---------- :  55 
1SAW : ------------------------WEWGKNIVCVGRNYADHVREMR----SA-----------VLSEPVLFLK-PSTAYAPEG---------- :  57 
MhpD : ------------------------QGRRVVGRKVGLTHPKVQQQLG------------------VDQPDFGTL-FADMCYGDN---------- :  91 
---------------------------------------------------------------------------------------------------------- 
                                              140                              160                         
                         β7                           β8                        β9        α4      G2 
                     TS EEE T              T    B  EEEEEEE TT               EEEEEEEEE B HHHHHH    GG       
                                                  M M                               M   A  A      WW       
KdaD : --------------GEAIAVRS--------------DSEWTLPEPELAVVLDSN-------------GKILGYTIMDDVSARDLEAEN---PL : 176 
1WZO : --------------KGVVLYPK--------------GARFVHYEVELAVVVGRPMKRVR---AKDALDYVLGYTIANDLVARDYVTN---TFR : 140 
2DFU : ---------DPWGTAEPVPYPF--------------FTEELHYEGELAVVVGDRMRHVP---PEKALDHVLGYTVAVDITARDVQKK----DL : 156 
FAH  : --------------GTPIRRPMGQMRPDNSKPPVYGACRLLDMELEMAFFVGPGNRFGEPIPISKAHEHIFGMVLMNDWSARDIQQWEYV-PL : 247 
HpcE : --------------NQTSVRPN--------------NIEYMHYEAELVVVIGKQARNVS---EADAMDYVAGYTVCNDYAIRDYLEN---YYR : 319 
1NKQ : ANSTFNGLNEDGTNPGPIFIPR--------------GV-KVHHEIELALIVSKHLSNVTKMKPEEVYDSISGVALALDLTARNVQDEAKKKGL : 136 
1NR9 : ---------------QPLAIPS--------------DFGSVHHEVELAVLIGATLRQAT---EEHVRKAIAGYGVALDLTLRDVQGKMKKAGQ : 116 
1SAW : ---------------SPILMPA--------------YTRNLHHELELGVVMGKRCRAVP---EAAAMDYVGGYALCLDMTARDVQDECKKKGL : 118 
MhpD : ---------------EIIPF-S--------------RVLQPRIEAEIALVLNRDLPA-TDITFDELYNAIEWVLPALEVVGSRIRDWSI-QFV : 152 
---------------------------------------------------------------------------------------------------------- 
         180                 200                                         220                 240           
         α5          β10    G3                                β11         β12    G4        α6              
       GHHHHH STT EEEEEEEEEGGG                       S TTS EEEEEEEET  TEEEEEEEEEGGGB S HHHHHHHHHT          
        WW  A                                                                                              
KdaD : YLPQSKIYAGCCAFGPVIVTSDEI----------------------KNPYSLDITLKIVRE--GRVFFEGSVNTNKMRRKIEEQIQYLIR--- : 242 
1WZO : PPIRAKGRDTFLPLGPFLVV-EEV----------------------EDPQDLWLRAYVN------GELRQEGHTSRMLYSVAELLEFISEF-- : 202 
2DFU : QWVRAKSADKFLPLGPWLET---D----------------------LNPQDTWVRTYVN------GTLRQEGHTSQMIFSVAEILSYISTF-- : 216 
FAH  : GPFLGKSF--GTTISPWVVPMDALMPFVVPNPKQDPKPLPYLCHSQPYTFDINLSVSLKGEGMSQAATICRSNFKHMYWTMLQQLTHHSVN-- : 336 
HpcE : PNLRVKSRDGLTPMLSTIVPKEAI----------------------PDPHNLTLRTFVN------GELRQQGTTADLIFSVPFLIAYLSEF-- : 382 
1NKQ : PWTISKGFDTFMPISA-IVSREKFSSYK-----------------SNLQDIFRVKCSVN------GQLRQDGGTNLMLHPLHKILQHISTM-- : 203 
1NR9 : PWEKAKAFDNSCPLSG-FIPAAEF---------------------TGDPQNTTLSLSVN------GEQRQQGTTADMIHKIVPLIAYMSKF-- : 179 
1SAW : PWTLAKSFTASCPVSA-FVPKEKI----------------------PDPHKLKLWLKVN------GELRQEGETSSMIFSIPYIISYVSKI-- : 180 
MhpD : DTVADNASCGVYVIGGPAQRPAG-----------------------LDLKNCAMKMTRN------NEEVSSGRGSECLGHPLNAAVWLARKMA : 216 
---------------------------------------------------------------------------------------------------------- 
                         260                                                 280                           
                 β13                                           β14               β15                       
         T    TTEEEE                                TT    TT EEEEEETT        TEEEEEEEEE                    
                   A  A                                                                                   
KdaD : --DNPIPDGTILTTGTAIVPG------------------------RDKGLKDEDIVEITISN--------IGTLITPVKKRR---KIT----- : 293 
1WZO : ---MTLEPYDVLLTGTPKGIS---------------------------QVRPGDVMRLEIEG--------LGALENPIEEEP----------- : 246 
2DFU : ---MTLEPLDVVLTGTPEGVG---------------------------ALRPGDRLEVAVEG--------VGTLFTLIGPKE---ERPW---- : 264 
FAH  : --GCNLRPGDLLASGTISGSDPESFGSMLELSWKGTKAIDVGQGQTRTFLLDGDEVIITGHCQGDGYRVGFGQCAGKVLPAL---SPA----- : 419 
HpcE : ---MTLNPGDMIATGTPKGLS---------------------------DVVPGDEVVVEVEG--------VGRLVNRIVSEE---TAK----- : 429 
1NKQ : ---ISLEPGDIILTGTPAGVG---------------------------ELKPGDRVHCELLQN----NDNIVDMNFECENRP---GPYEFRET : 259 
1NR9 : ---FTLKAGDVVLTGTPDGVG---------------------------PLQSGDELTVTFDG---------HSLTTRVL-------------- : 219 
1SAW : ---ITLEEGDIILTGTPKGVG---------------------------PVKENDEIEAGIHG--------LVSMTFKVEKPE---Y------- : 225 
MhpD : SLGEPLRTGDIILTGALGPMV---------------------------AVNAGDRFEAHIEG--------IGSVAATFSSAAPKGS-LS---- : 269 
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both a human FLJ36880 (1SAW) 246 and a yeast 
protein YNQ8_YEAST (1NKQ) 109.
	 A biochemically characterized 
member includes the bifunctional decar-
boxylase/isomerase HpcE (1I7O, 1GTT, EC 
4.1.1.68/5.3.3.10) from E. coli C, which is 
involved in two consecutive steps of the ho-
moprotocatechuate meta-fission pathway of 
aromatic compounds such as 3- and 4-hydroxy-
phenylacetate that ultimately leads to pyruvate 
and succinate 90,394. This monomeric enzyme 
performs the Mg2+-dependent decarboxyla-
tion of 2-oxo-5-carboxy-hept-3-ene-1,7-dioic 
acid to 2-hydroxy-hepta-2,4-diene-1,7-dioic 
acid, which is then possibly channeled to the 
N-terminal isomerase domain and converted 
into 2-oxo-hept-3-ene-1,7-dioic acid. Interest-
ingly, HpcE seems to be the result of a gene 
duplication of the decarboxylase domain, 
followed by a gene fusion event and subse-
quent diversification leading to the isomerase 

domain. The fold of the two-domain protein 
resembles the dimeric assembly other FAH 
family members.
	 The enzyme MhpD from E. coli is the 
second enzyme that is biochemically studied 
and from which the crystal structure is known 
114,303 (1SV6, EC 4.2.1.80, COG3971 396). This 
protein is involved in the meta-fission path-
way of the aromatic compounds 3-hydroxy-
phenylpropionic acid and 3-hydroxycinnamic 
acid, which are degraded to pyruvate and 
acetyl-CoA 90. The enzyme efficiently hydrates 
2-hydroxypenta-2,4-dienoic acid to 4-hy-
droxy-2-ketopentanoic acid using a divalent 
metal ion, preferably manganese. Oxalate is 
a potent inhibitor of catalysis, suggesting that 
cis-2-keto-pent-3-enoic acid is a transition 
state reaction intermediate 303. Remarkably, 
the crystal structure suggests that this protein 
forms ring-shaped pentamers 114, instead of 
the common dimeric unit that is observed in 

Figure 5.9 (in color on p.157)
A ribbon representation is shown of 
members of the FAH superfamily as 
monomers. See Table 5.1 for details.
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other FAH family members.
	 The prototype of the protein family 
is the fumarylacetoacetate hydrolase (FAH, 
EC 3.7.1.2) 26,27,400. The dimeric FAH enzyme 
catalyzes oxo-hydrolytic cleavage of a carbon-
carbon bond of the substrate and produces 
fumarate and acetoacetate as the last step in 
the mammalian tyrosine catabolism. A genetic 
loss of enzyme function in humans leads to an 
autosomal recessive disorder called hereditary 
tyrosinemia type I (HTI). The catalytic mecha-
nism of FAH involves both a divalent metal 
ion and a catalytic triad consisting of a water 
molecule, a histidine and a glutamate. After 
substrate binding, the diketo group of the 
acetoacetate moiety forms a bidentate chelate 
of the metal ion. As with KdaD, this binding 
mode allows for the stabilization of negative 
charges developing on the substrate as the re-
action proceeds 400.

Common mechanistic features
There are remarkable similarities in terms of 
conserved active site residues among members 
of the FAH protein superfamily (Fig. 5.8). The 
hallmark of these enzymes is the nearly invari-
ant divalent metal ion binding site normally 
consisting of two glutamates and one aspartate 
residue (in KdaD Glu143, Glu145 and Asp164). 
These carboxylate groups form three of the 
six ligands of the octahedrally-coordinated 
divalent metal ion. The only structures with al-
terations in the EED triad are the E. coli MhpD 
enzyme in which the aspartate is replaced by a 
third glutamate, and the FAH enzyme in which 
the water ligand is replaced for an additional 
aspartate residue (DEED). A valine instead of 
an aspartate (DEEV) will lead to tyrosinemia 

in humans, which implies a critical role for 
this amino acid residue in enzyme function 28. 
	 Another highly conserved residue in 
the FAH protein family seems to be Lys182 
of KdaD. In both KdaD and FAH this residue 
is thought to act as a proton donor for the C4 
hydroxyl leaving group of D-KDA, and the 
acetoacetate carbanion, respectively. More-
over, this lysine residue stabilizes the negative 
charges developing during the reaction in both 
enzymes (Fig. 5.7A). Only in MhpD is this 
amino acid not conserved, suggesting that the 
hydration reaction catalyzed by this enzyme 
occurs without a proton donation step by this 
lysine.
	 The two glutamate residues predicted 
to function as catalytic base and acid (Glu114 
and Glu171) are not conserved in the distant 
structural homologs mentioned above (Fig. 
5.8), indicating that these proteins are involved 
in a different type of enzymatic reaction. How-
ever, multiple sequence alignment of thirty-
nine KdaD orthologs belonging to COG3970 
396 from a variety of microbial sources, includ-
ing pathogens from the genera Yersinia, Bur-
kholderia and Bordetella, reveals that Glu114 
and Glu171 are completely conserved at these 
positions (not shown). This is consistent with 
their important functional roles in all enzymes 
that belong to this functional category.
	 Analysis of the active site architec-
ture further reveals that the unknown enzy-
matic activity of 2DFU from T. thermophi-
lus (TTHA0809), 1NR9 from E. coli (YcgM), 
1NKQ from yeast (YNL168C), and 1SAW 
from H. sapiens (FLJ36880) is expected to be 
very similar. Interestingly, a genomic con-
text survey of prokaryotic genomes starting 
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with the Thermus TTHA0809 gene (2DFU) 
shows that this gene often co-occurs next to 
a glutamyl-tRNA synthetase gene, which may 
suggest a role in glutamate metabolism. The 
other Thermus gene sequence (TTHA0958, 
1WZO) is commonly found in gene clusters 
of the homoprotocatechuate pathway for the 
degradation of aromatic compounds, strongly 
suggesting a decarboxylase activity similar to 
E. coli HpcE.
	 Despite the variation in active site 
composition, the structural evidence clearly 
suggests that these proteins have evolved diver-
gently from a common ancestor. We speculate 
that the ancestral enzyme had a metal binding 
site, capable of the binding of either a 2- or 
3-oxoacid substrate moiety, which allows for 
the stabilization of negative charges develop-
ing during the reaction.
	 We here described a metal ion depen-
dent D-KDA dehydratase as a key enzyme in 
the degradation of D-arabinose. Interestingly, 
the degradation pathway for L-arabinose in 
Azospirillum brasiliense was recently shown 
to contain a 2-keto-3-deoxy-L-arabinonate 
(L-KDA) dehydratase (AraD) belonging to 
this Schiff-base forming enzyme class 426. A 
detailed kinetic and mechanistic study of a 
similar L-KDA dehydratase involved in the 
L-arabinose metabolism of Pseudomonas sac-
charophila has been described a few decades 
ago, but unfortunately, neither the amino 
terminal sequence of the protein nor the gene 
sequence was reported 304,384. The authors 
found that this enzyme was enantioselective 
for L-KDA and that the reaction also proceeds 
via a Schiff-base intermediate. Because of this 
enantioselectivity, this enzyme cannot operate 

in the degradation pathways for D-arabinose 
or D-xylose, which result in the intermediate 
D-KDA 39. In those cases a KdaD-ortholog 
seems to be required, which is consistent with 
the gene being present in catabolic gene clus-
ters for the degradation of D-arabinose in S. 
solfataricus and D-xylose in Caulobacter cres-
centus 158,256,380. The complementary substrate 
range of the KdaD and the A. brasiliense AraD 
enzyme therefore seem to form independent 
evolutionary solutions for the dehydration of 
the chiral molecule KDA. These two enzymes 
enable microbes to degrade a wider variety of 
pentose sugars, and provide them with a se-
lective advantage over competing microbes in 
their ecological niche.

EXPERIMENTAL PROCEDURES

Gene cloning and protein overexpression
The genomic fragment corresponding to 
Sso3118 was PCR-amplified from S. solfataricus 
P2 genomic DNA using Pfu TURBO polymerase 
(Stratagene) and primers 5’-GTTCCGtcat-
gaAATTATTTAGAGTTGTAAAAAG-3’ 
and 5’-GACGGaagcttCTAAGTTATTTT-
TCTTCTTTTTTTAAC-3’ (BspHI and Hin-
dIII underlined). The amplified genes were 
cloned into vector pET24d (Novagen) using E. 
coli HB101 as a host 33. The resulting plasmid 
(pWUR286) was harvested by Miniprep (Qia-
gen), sequenced by Westburg genomics (Leus-
den, Netherlands), and used to transform E. 
coli expression strain BL21(DE3) (Novagen) 
containing the tRNA accessory plasmid pRIL 
(Stratagene). The transformants were grown in 
four 1 L shake-flasks containing LB medium 
until the optical cell density (A600) reached 
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0.5. The cultures were then cold-shocked by 
placing them on ice to induce host chaperones 
38. After 30 min, the protein overproduction 
was started by adding 0.5 mM isopropyl-β-
D-thiogalactopyranoside (IPTG). The culture 
was incubated for 12 h at 37 °C after which the 
cells were spun down (10 min, 5,000 xg, 4 °C) 
and stored at -20 °C.
	 The selenium-labeled protein was 
obtained from a 1 L culture of BL21(DE3)-
pRIL transformants grown overnight at 37 °C 
in Luria-Bertani media. The cells were spun 
down (8 min, 5,000 xg , 22 °C), resuspended 
in M9 media supplemented with Seleno-L-
methionine (SeMet) (Fluka) 6, and used as an 
inoculum for a 5 L batch fermenter. Protein 
overexpression was induced by adding 1 mM 
IPTG, after which the cells were cultivated for 
8 h at 35.5 °C with a stirrer speed of 182 rpm, 
before being spun down and frozen at -20 °C.

Protein purification
Native KdaD - Pelleted E. coli cells were re-
suspended in 25 mM NaPi buffer (pH 6.8) and 
disrupted by sonication at 0 °C. Insoluble cell 
material was spun down (30 min, 26,500 xg, 4 
°C) and the E. coli supernatant was subjected 
to a heat-treatment of 30 min at 75 °C. Dena-
tured proteins were removed by centrifuga-
tion (30 min, 26,500 xg, 4 °C) yielding a heat 
stable cell-free extract (HSCFE). This fraction 
was filtered (0.2 µm) and applied to a 70 ml 
Q-Sepharose Fast Flow (GE Healthcare) an-
ion exchange column connected to an FPLC. 
Flowthrough fractions containing KdaD were 
collected, loaded onto a 46 ml Bio-Gel Hy-
droxyapatite column (Bio-Rad), and eluted by 
a linear gradient of 0.5 M NaPi buffer (pH 6.8). 

Fractions containing the recombinant proteins 
were combined, and dialyzed overnight to 50 
mM HEPES-KOH (pH 8.0) supplemented 
with 0.5 mM dithiothreitol (DTT).
	 SeMet KdaD - The selenium-labeled 
protein was purified as above with the follow-
ing modifications. The HSCFE (25 min, 60 °C) 
was loaded directly onto the Hydroxyapatite 
column. The recombinant protein containing 
fractions were dialyzed overnight to 20 mM 
HEPES-KOH (pH 8.0), concentrated with a 30 
kDa cut-off spin filter (Vivaspin), supplement-
ed with 1 mM DTT and 100 mM NaCl, and 
loaded onto a Superdex 200 HR 10/30 column 
(GE Healthcare). Peak fractions correspond-
ing to the KdaD tetramer were then loaded 
onto a MonoQ 5/50 GL column (GE Health-
care). The vast majority of KdaD was collected 
in the flowthrough, effectively separated from 
contaminating proteins.

Protein crystallization and data collection
The native protein was crystallized by the 
hanging drop vapor diffusion method by mix-
ing 1 µl of 15 mg ml-1 protein solution with 
1 µl of crystallization solution at 20 °C. Large 
tetragonal-bipyramidal protein crystals up to 
0.5 mm were observed after 3 weeks in condi-
tions containing: (1) 0.1 M Na-HEPES, 0.8 M 
NaH2PO4, 0.8 M KH2PO4 (pH 4.8); (2) 0.1 M 
Tris-HCl, 2 M (NH4)H2PO4 (pH 4.8); and after 
6 to 12 weeks in condition (3) 0.1 M MES, 1.6 
M MgSO4 (pH 6.5). The SeMet protein crystal-
lized in condition 2 at similar protein concen-
trations.
	 Data were collected at the peak wave-
length of selenium (0.9795 Å) from a single 
flash-frozen (100 K) SeMet crystal to 2.1 Å 
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resolution using a MARdtb imaging plate at 
the BESSY synchrotron source (beamline 14.2) 
of the Protein Structure Factory of the Free 
University of Berlin (Germany). Crystals were 
cryo-protected by soaking them in condition 
1 supplemented with 35% glycerol (v/v). Data 
collection statistics are reported in Table 5.2.

Phasing, model building and refinement
A SAD dataset to 2.1 Å resolution was re-
corded from a SeMet-labeled crystal. Using 

XPREP, ∆|FANO| coefficients were extracted 
from the Se-SAD data, which were used to find 
four selenium sites with SHELXD 342. Given 
the sequence, which shows five methionines 
per monomer, the detection of only four sites 
suggested the presence of only one molecule 
in the asymmetric unit, indicating a very high 
solvent content of approximately 82%. Using 
the four sites for phasing followed by density 
modification in SHELXE resulted in an excel-
lent, readily interpretable experimental elec-

Structure SeMet, 
phosphate Apoenzyme Mg2+, 

2‑oxobutyrate
Ca2+, 

2‑oxobutyrate
Mg2+, 

2,5‑dioxopent.
PDB ID 2Q18 2Q19 2Q1A 2Q1C 2Q1D
X-ray source BESSY, 

beamline 14.2
Rigaku 

MicroMax
Rigaku 

MicroMax
Rigaku 

MicroMax
Rigaku 

MicroMax
Wavelength (Å) 0.9795 1.5418 1.5418 1.5418 1.5418
Space group, 
cell dimensions (Å)

I4122, a=b=127.8 
c=222.4 

a=b=g=90°

I4122, a=b=128.9 
c=225.1 

a=b=g=90°

I4122, a=b=128.8 
c=224.4 

a=b=g=90°

I4122, a=b=128.8 
c=224.7 

a=b=g=90°

I4122, a=b=128.3 
c=223.5

a=b=g=90°
Resol.limits (Å) 111-2.1 15-3.0 20-2.5 15-2.8 20-2.7
Unique reflections 53699 18610 31603 22992 25301
Completeness (%) 99.4 (98.7) 95.9 (99.5) 97.0 (95.7) 97.1 (99.3) 97.3 (93.4)
Redundancy 10.4 4.4 2.4 3.4 3.5
Rsym

a 0.094 (0.582) 0.116 (0.381) 0.11 (0.450) 0.123 (0.446) 0.071 (0.281)
I / σ (I) 23.1 (3.4) 9.5 (3.8) 5.7 (2.2) 8.1 (3.0) 11.4 (4.1)
Resolution range 
refinement (Å)

111-2.1 15-3.0 15-2.5 15-2.8 20-2.7

Reflections in ref. 50918 17680 30010 21834 24400
Protein atoms 2236 2235 2317 2236 2236
Water molecules 285 48 83 79 49
Ligand atoms 5 

(phosphate ion)
Not

applicable
7 (analogue)
1 (Mg2+-ion)

7 (analogue)
1 (Ca2+-ion)

9 (product)
1 (Mg2+-ion)

Rwork
b 0.195 0.208 0.220 0.224 0.210

Rfree
c 0.213 0.236 0.240 0.252 0.243

Rms deviations 
 Bond lengths (Å)
 Bond angles (°)

0.007
1.093

0.006
0.956

0.008
1.139

0.006
0.938

0.010
1.30

Ramachandran 
regions (%)
 Most favored
 Additional and
 generously allowed
 Disallowed

87.7

11.5
0.8

87.2

11.9
0.8

85.0

14.6
0.4

86.2

13.0
0.8

85.1

14.4
0.4

Table 5.2 - Data collection and refinement

a Rsym = Σhkl Σi |I-<Ii>| / Σhkl Σi Ii, where Ii is the intensity of a given measurement and the sums are over all measurements and 
reflections. Values in parentheses refer to the highest resolution shell.
b Rwork = Σ ||F(obs)|-|F(calc)|| / Σ |F(obs)| for the 95% of the reflection data used in refinement.
c Rfree= Σ ||F(obs)|-|F(calc)|| / Σ |F(obs)| for the remaining 5%.
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tron density map. ARP/wARP 294,295 was used 
to trace most of the main-chain, after which 
the sequence docking feature of XtalView/Xfit 
255 was used to build the majority of the side 
chains semi-automatically, using the density 
and the experimentally determined selenium 
positions as a guide. Simulated annealing 43 was 
performed with CNS 44. The final model was 
obtained by iterative cycles of rebuilding with 
XtalView/Xfit and refinement with Refmac 5.0 
268. During refinement, R-factors, B-factors 
and difference electron density maps showed 
that the structure of the selenium-labeled 
crystals is best modeled with sulfur atoms in 
the methionines rather than with selenium 
atoms, indicating incomplete labeling of the 
protein. The structure was therefore refined 
as an unlabeled molecule. No electron density 
was observed for residues 85-94 in the SeMet 
structure. These residues include Met85, ex-
plaining why only four out of five methionines 
are observed. A Met-85 selenium atom could 
also not be observed in an anomalous differ-
ence Fourier synthesis. Towards the end of 
the refinement of the SeMet structure, a large, 
tetrahedral blob of electron density was found 
in a pocket on the surface of the molecule. 
Considering the crystallization conditions, 
this density was modeled as a phosphate ion.

Preparation of complex crystals
For the preparation of complexes with Mg2+ 
or Ca2+ and 2-oxobutyrate (2OB) or 2,5-
dioxopentanoate (DOP), the phosphate from 
the crystallization buffer had to be removed in 
order to avoid precipitation with the alkaline 
earth metals and to allow for competition of 
the ligands for the active site. To this end, crys-

tals were cross-linked using glutaraldehyde 
vapor as described 238. Briefly, hanging-drop 
setups were opened and a sitting-drop rod 
(Hampton Research, Laguna Niguel, CA., 
USA) was placed in the reservoir. On the sit-
ting-drop rod, 6 µl of 20-23% glutaraldehyde 
(Sigma) was placed and the setup was closed 
again and left to incubate for 1 h. A crystal 
was fished out with a cryoloop after crosslink-
ing and washed three times for 30 s in freshly 
made drops of soaking solutions consisting of 
30% polyethylene glycol 400 in 0.1 M HEPES-
NaOH buffer (pH 7.5) supplemented with 0.1 
M MgCl2 or CaCl2, and 0.1 M 2-oxobutyrate 
(Sigma) or 0.25 M 2,5-dioxopentanoate. Simi-
larly, a crystal was treated with only 0.1 M of 
2-oxobutyrate, without magnesium or calcium 
ions. After an incubation of 1 h in their re-
spective soaking solutions, the crystals were 
cryo-cooled in liquid nitrogen and diffraction 
data were collected on a Rigaku 007HF rotat-
ing anode equipped with Osmic mirrors and 
a MAR345 image plate. Data were processed 
with XDS 176.

Computational methods
Structural homologs were identified using 
blastp searches against the pdb sequence da-
tabase at the National Collaborative Bioinfor-
matics Institute (NCBI), and by DALI searches 
against the structural database 155. Oligomeric 
structure analysis was performed at the PISA 
(Protein Interfaces, Surfaces and Assemblies) 
webserver at EMBL-EBI 210. A structure guided 
multiple sequence alignment of these homolo-
gous protein sequences was generated using 
the Expresso program 14. PyMol was used to 
analyze structures and to prepare figures 87. 
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Gene neighborhood analyses were performed 
using various webserver tools: STRING at the 
EMBL, Gene Ortholog Neighborhoods at the 
Integrated Microbial Genomes server of the 
Joint Genome Institute, and pinned regions at 
the ERGO bioinformatics suite.
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Identification of a novel a-galactosidase from the 
hyperthermophilic archaeon Sulfolobus solfataricus

Abstract
Sulfolobus solfataricus is an aerobic crenarchaeon that thrives in 
acidic volcanic pools. In this study, we have purified and character-
ized a thermostable a-galactosidase from cell-extracts of Sulfolobus 
solfataricus P2 grown on the trisaccharide raffinose. The enzyme, 
designated GalS, is highly specific for a-linked galactosides, which 
are optimally hydrolyzed at pH 5 and 90 °C. The protein has 74.7 
kDa subunits and has been identified as the gene-product of open 
reading frame Sso3127. Its primary sequence is most related to 
plant-enzymes of Glycoside Hydrolase family 36, which are involved 
in the synthesis and degradation of raffinose and stachyose. Both the 
galS gene from S. solfataricus P2 and an orthologous gene from S. 
tokodaii have been cloned and functionally expressed in Escherichia 
coli and their activity was confirmed. At present, these Sulfolobus 
enzymes not only constitute a distinct type of thermostable a-galac-
tosidases within Glycoside Hydrolase Clan D but also represent the 
first members from Archaea.

J Bacteriol (2006) 188: 2392-2399
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INTRODUCTION

Alpha-galactosidases (αGals, EC 3.2.1.22) are 
a widespread class of enzymes that liberate ga-
lactose from the non-reducing end of sugars. 
In bacteria, yeasts and fungi these enzymes are 
usually involved in the degradation of various 
plant saccharides, which can then serve as a 
carbon and energy source for growth. Plants 
synthesize α-galactosides such as raffinose and 
stachyose as the major energy storage mol-
ecules in leaves, roots and tubers. Moreover, 
these oligosaccharides have been associated 
with cold and desiccation tolerance of seeds 
193. Both raffinose and stachyose are produced 
by two specialized synthases (raffinose syn-
thase EC 2.4.1.82 and stachyose synthase EC 
2.4.1.67) that use galactinol as a galactosyl 
donor 296. The oligosaccharides are degraded 
during seed germination by the action of two 
distinct types of αGal that differ in their opti-
mal pH of catalysis. While the acid αGal type 
is most likely active in the acidic environment 
of the vacuole and the apoplasm, the alkaline 
αGal type probably catalyses galactose release 
in the more neutral or alkaline cytoplasm 
53,132,223. Mammals express an αGal and an 
alpha-N-acetylgalactosaminidase (α-NAGal) 
in lysosomal bodies to degrade glycolipids, 
glycoproteins and oligosaccharides. In hu-
mans, mutations in the X-chromosomal αGal 
gene can lead to an accumulation of these 
α-linked galactosides in tissues, which results 
in a recessive disorder called Fabry disease 113. 
Mutations in the related α-NAGal gene, which 
is located on chromosome 22, lead to either 
Schindler or Kanzaki disease.
	 Glycoside Hydrolases (GHs) have been 

classified into families based on their primary 
sequence similarities 153. Except for some rare 
cases 229, the majority of αGals can be found 
in GH Clan D (GH-D), which comprises fam-
ily 27 and 36. The two families share a fairly 
conserved catalytic domain and hydrolyze the 
glycosidic bond with retention of configura-
tion of the liberated D-galactose 42. Substantial 
insight into the molecular mechanisms of 
substrate recognition and catalysis of these 
enzymes has been acquired when the crystal 
structures of the human, rice and a fungal 
αGal 127,133,142, as well as the chicken α-NAGal 
134 were obtained.
	 In this study, we have purified an un-
usual intracellular αGal from the hyperther-
mophilic crenarchaeon Sulfolobus solfataricus 
P2, an aerobic micro-organism that lives in 
terrestrial volcanic pools of high acidity (75-85 
°C, pH 2-4) 36.

RESULTS

Purification and identification of the αGal 
from S. solfataricus
Sulfolobus solfataricus P2 is capable of using 
α-linked galactosides such as melibiose and 
raffinose as a sole carbon and energy source. 
The capability to do so not only requires the 
presence of a suitable sugar uptake system, but 
also of an intracellular αGal and an efficient 
metabolic pathway for the step-wise oxidation 
of the released monosaccharides. Activity as-
says using cell-free extracts of S. solfataricus 
grown on several sugars as well as tryptone 
confirmed the presence of a constitutively 
expressed enzyme which is capable of hydro-
lyzing pNPG. The αGal was purified from 
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8.8 grams of cells, which were harvested from 
a 3.6 L late exponential phase culture grown 
on raffinose. In four subsequent chromato-
graphic steps (Q-Sepharose, Hydroxyapatite, 
MonoQ and Superdex) the specific activity 
was enriched 23-fold (Table 6.1). The enriched 
fractions were found to contain two major 
protein bands of approximately 73 and 87 kDa 
on a sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) (Fig. 6.1). 
Size exclusion chromatography showed that 
the αGal eluted in fractions corresponding 
to proteins of a native molecular mass of 225 
± 15 kDa, suggesting a trimeric oligomeriza-
tion (data not shown). Separations of the αGal 
using columns based on hydrophobic interac-
tions resulted in an almost complete loss of 
activity. Similarly, affinity purification using 

immobilized D-galactose (Pierce) proved un-
successful, since the enzyme did not bind to 
the resin. Therefore, the protein could not be 
purified to apparent homogeneity. To identify 
their corresponding genes, both major protein 
bands were excised and treated with trypsin, 
after which the peptides were eluted from the 
gel-slice, desalted, concentrated and analyzed 
by ESI qQ-TOF tandem mass spectrometry. 
Twenty-one different peptides (40% sequence 
coverage, MOWSE score of 831) were found 
that matched band 1 with the gene-product of 
Sso2760 (cutA-5), an 84.9 kDa protein which 
is orthologous to the 80.5 kDa α-subunit of 
the aldehyde oxidoreductase of S. acidocal-
darius 185. In band two, 17 unique peptides 
were found that matched the gene-product of 
Sso3127 (Uniprot: Q97U94), a 74.6 kDa hypo-
thetical protein that shares sequence similarity 
with raffinose synthases and seed imbibition 
proteins of GH36. The MOWSE score for this 
protein was 517 and a sequence coverage of 
34% was achieved. This protein was likely to be 
responsible for the thermostable αGal activity, 
and was termed GalS.

Characteristics of native GalS
Substrate specificity - The enzyme was able 
to hydrolyze pNPG, but showed no activity 
towards pNP-α-substituted hexoses such as 
D-glucose, D-mannose, L-rhamnose or N-
acetyl-D-galactosaminide. pNP-β-substituted 

Figure 6.1
(Left) Purification of the native a-galactosidase from S. sol-
fataricus. 8% SDS-PAGE gel loaded with 5 mg total protein 
of the a-galactosidase enriched fraction after gel filtration 
chromatography. The gel was stained with Coomassie Bril-
liant Blue G250. The sizes of the broad range protein marker 
are shown in kDa. Arrow 1 and 2 indicate the two proteins 
bands that were identified by mass-spectrometry. (Right) 6% 
SDS-PAGE gel loaded with 2 mg GalS fusion protein after 
affinity- and anion exchange chromatography.

Step Protein (mg) Activity (U) Specific activity 
(U mg-1)

Purification 
factor Recovery (%)

Cell free extract 174 31.5 0.18 1 100
Q-sepharose 49 19.5 0.4 2 62
Hydroxyapatite 7 7.8 1.16 6 25
MonoQ 3 6.4 2.31 13 20
Superdex 0.26 1.1 4.25 23 4

Table 6.1 - Purification of the native S. solfataricus aGal
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hexoses such as D-galactose, D-glucose and 
D-mannose did not support catalysis, nor 
did the pentose pNP-β-D-xylopyranoside. 
Of the tested artificial substrates, only pNP-
β-L-arabinopyranoside was hydrolysed by the 
enzyme. However, the Michaelis-Menten con-
stant for this substrate was very high (Km 37.4 
± 2.2 mM) compared to that of pNPG (Km 0.08 
± 0.01 mM). Of the natural substrates tested, 
the αGal was most active on the trisaccharide 
raffinose (2.9 U mg-1), followed by the disac-
charide melibiose (2.6 U mg-1) and tetrasac-
charide stachyose (1.2 U mg-1).
	 Catalytic and stability properties - Ac-
tivity assays in a range of pH values indicated 
that the enzyme is more than 50% active be-
tween pH 4.1 and 6.7, and that it has a sharp 
optimum at pH 5.0 (Fig. 6.2A). When the assay 
temperature was varied, optimal αGal activity 
was found at 90 °C, while the enzyme was 50% 
active at a more physiological temperature of 
75 °C (Fig. 6.2B). GalS was completely inactive 
at temperatures below 50 °C. At its optimal 
temperature for catalysis, the enzyme showed 
a half-life of 30 min (Fig. 6.2C). At 70 or 80 °C, 
the enzyme did not show any significant de-
crease in activity during 2.5 h of incubation.
	 Inhibition of activity - The αGal was 
tested for the inactivation by divalent cations 

at a concentration of 10 mM. Most metal ions 
completely inhibited the activity of the enzyme 
(Ag2+, Ca2+, Cd2+, Co2+, Cu2+, Hg2+, Mn2+, Ni2+ 
and Zn2+), but Mg2+ and Mo2+ had no effect. 
Assays in the presence divalent cation chelator 
EDTA or reducing agent DTT did not alter the 
activity. Enzyme activity was also unaffected in 
the presence of several saccharides such as D-
galactose, L-arabinose, D-fucose and sucrose 
up to concentrations of 20 mM.

Recombinant GalS overexpression
The galS gene (Sso3127, Uniprot: Q97U94) was 
cloned in a T7 RNA polymerase-based vector 
and overexpressed E. coli BL21(DE3)-RIL. The 
heat-treated soluble fraction confirmed the 
presence of αGal activity at 80 °C in the galS 
extract. Activity of E. coli transformants was 
also observed on selective plates containing 20 
µg ml-1 of the chromogenic substrate 5-bromo-
4-chloro-3-indolyl-α-D-galactopyranoside 
(X-α-Gal) after a short incubation at 60 °C. 
However, the soluble expression levels were 
too low to conduct any detailed experimental 
studies. Therefore an orthologous gene from S. 
tokodaii (galSt, St2554, Q96XG2) was cloned 
and expressed, yielding an enzyme with simi-
lar characteristics and expression levels as the 
S. solfataricus αGal. Several reported strate-

Figure 6.2
Properties of the native GalS. Relative reaction rates as a function of (left) pH and (middle) temperature. (right) Thermal 
inactivation curves. Residual activity is given after a pre-incubation at 70 °C (dot), 80 °C (square) and 90 °C (triangle).
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gies were then employed to obtain a sufficient 
amount of soluble recombinant protein. These 
included: monitoring the protein overexpres-
sion levels in time (1, 2, 5, 8 h and overnight 
induction), lowering the temperature during 
overnight protein overexpression (15, 20, 25 
°C), decreasing the IPTG concentration (0.01, 
0.05, 0.1 mM), changing the cell lysis buffer, 
the pH and the ionic strength (HEPES-KOH, 
Tris-HCl, NaPi, pH 5-10, ionic strength 0-0.5 
M NaCl), but none of these strategies prevent-
ed the formation of inclusion bodies. However, 
since it is known that the E. coli maltose bind-
ing protein (MBP) promotes the solubility of 
proteins to which it is fused 184, this strategy 
was also tested. The MBP was translationally 
fused to the N-terminus of GalS, giving rise to 
a 116 kDa fusion protein. Overexpression in 
E. coli HB101 now yielded much more soluble 
fusion protein, which could easily be isolated 
using amylose affinity purification and subse-
quent anion exchange chromatography (Fig. 
6.1).
	 The catalytic properties of the E. coli-
produced GalS were comparable to those de-
termined for the native enzyme. The Michaelis-
Menten constants Km and Vmax for hydrolysis of 
pNPG were 0.085 ± 0.009 mM and 48.3 ± 1.1 
U⋅mg-1, respectively. The catalytic efficiency of 
the E. coli-produced GalS was 703.6 s-1⋅mM-1.

Phylogeny of αGals and prediction of their 
catalytic amino acids
GHs and transglycosidases are classified 
into families based on their sequence simi-
larities 153. Family 27, which mainly contains 
α-galactosidases (EC 3.2.1.22) and α-N-
acetylgalactosaminidases (EC 3.2.1.49) is relat-

ed to family 36, which additionally consists of 
stachyose synthases (EC 2.4.1.67) and raffinose 
synthases (EC 2.4.1.82). Both families make up 
GH Clan D (GH-D) and their catalytic domain 
adopts a common (βα)8-barrel fold 153. This 
prediction was recently confirmed by the elu-
cidation of 4 structures of members of GH27 
127,133,134,142. In order to analyze the diversity of 
both families and to position the Sulfolobus 
αGal sequences in a phylogenetic tree, we 
aligned the catalytic domain of 43 representa-
tive members of GH-D (not shown). A phylo-
genetic tree was constructed from this align-
ment which is shown in Figure 6.3. The tree 
indicates that α-galactosidases of clan GH-D 
can be divided in at least three major types; 
the eukaryal type (GH27), the bacterial type 
(GH36b), and a type consisting of mainly plant 
enzymes (GH36p). The latter type additionally 
comprises uncharacterized sequences from 
Archaea, intestinal bacteria and a fungus. The 
two Sulfolobus αGal sequences form the deep-
est branch of this plant subfamily, and as yet, 
constitute the only Archaeal sequences of clan 
GH-D. Moreover, the Sulfolobus sequences are 
clearly distinct from other thermostable αGals 
that are produced by thermophilic bacteria, 
such as those from the genera of Thermotoga 
(Uniprot: O33835) 228, Thermus (Q746I3) 124 
and Geobacillus (Q9LBD1) 123.
	 The catalytic domain of GH-D mem-
bers comprises only 241 (amino acid 225 to 
466) out of the 648 amino acids of the total 
GalS sequence. It is encompassed by a 26 kDa 
N-terminal domain and a 21 kDa C-terminal 
domain of unknown function. These extra do-
mains are partly shared by members of GH36p 
(PF05691: raffinose synthase domain) and not 
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by GH27 or GH36b members (PF02065: me-
libiase domain).
	 Figure 6.4 depicts the invariant aspartic 
acid residues that are predicted to be involved 
in catalysis as either the nucleophile or the 
acid/base (A/B) of the double displacement 
reaction mechanism of α-galactosyl hydroly-
sis. The prediction is based on the alignment 
combined with experimental and structural 
evidence for the nucleophile and A/B which is 
available for GH27 127,133,134,142,150,239. While the 
sequence motif for the catalytic nucleophile is 
fully conserved within GH-D (K(Y/V/L/W)D, 

catalytic Asp in boldface), the motif comprising 
the A/B aspartic acid is much less conserved 
(RX3D). The mesophilic bacterial αGal group 
seems to deviate most from the main A/B con-
sensus, but appears to contain another motif 
(DX2D), which is mutually shared with GH27. 
Yet another motif that is strongly conserved 
among αGals comprises two invariant aspartic 
acids that are involved in substrate binding 
of the C4- and C6-OH group of D-galactose 
127,142. These residues have long been wrong-
fully assumed to be involved in catalysis as the 
A/B residues. Interestingly, members of GH27 

Figure 6.3
Unrooted neighbor-joining tree of the catalytic domain of a representative set of a-galactosidases belonging to GH-D. Nodes 
with bootstrap probability >70% are indicated by dots. The scale bar indicates an evolutionary distance of 0.1 substitutions per 
position. Abbreviations: aGal alpha-galactosidase, aNAGal a-N-acetylgalactosaminidases, E eukaryal sequences, B bacterial 
sequences, A archaeal sequences. Asterisks indicate uncharacterized sequences.
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and GH36 can be distinguished on the bases 
of either a DDC or a DDG motif at this posi-
tion, respectively. The cysteine of GH27 is fully 
conserved, since it is involved in the formation 
of a disulfide bond within the active site.

Mutation of predicted catalytic aspartates
The predicted nucleophilic and A/B aspar-
tic acids of GalS were changed into glycines, 
yielding mutant Asp367Gly and Asp425Gly, 
respectively. The wild-type and both mutant 
enzymes were produced and purified. Activity 
assays using various substrate concentrations 
indicated that the activity of mutant Asp367G-
ly was below the detection limit (<1x10-3 of 
the wild-type), whereas mutant Asp425Gly 
showed approximately 5x10-3 of the activity of 
the wild-type (data not shown). Molar concen-
trations of sodium-azide or sodium-formate 
were unable to restore or increase the activity 
of the mutant enzymes (data not shown).

DISCUSSION

In the present study we have identified a novel 
thermostable αGal in cell-extracts of the hy-
perthermophilic crenarchaeon Sulfolobus sol-
fataricus and studied the biochemical proper-
ties of the enzyme. Sequence analysis revealed 
an unusual phylogenetic position within the 
widely distributed class of GH-D αGals.

Properties of GalS
GalS and GalSt belong to the most thermo-
active αGals known to date. Despite the fact 
that their primary sequence is very different 
from the α-galactosidases from thermophilic 
bacteria, their catalytic properties, such as the 

optimal pH of 5 and the optimal temperature 
of catalysis of 90 °C, are similar. Interestingly, 
most related enzymes belonging to GH36p 
have neutral or slightly alkaline pH optima’s. 
This might be due to the fact that these en-
zymes contain an aspartic acid residue that is 
in juxtaposition to the predicted A/B residue, 
which may cause an increase in the pKa of the 
A/B. Catalysis can only proceed when the cor-
rect protonation state of the A/B is achieved, 
which may thus be at slightly higher pH. Since 
GalS contains an isoleucine residue at the cor-
responding position, its optimum activity may 
therefore be at slightly acidic pH.
	 GalS is specific for α-linked D-galac-
tosides and β-linked L-arabinosides. However, 
the Michaelis-Menten constant Km, which is 
roughly the inverse measure of the enzyme’s 
substrate affinity, is approximately 460 times 
lower for pNPG than for pNP-β-L-arabinoside, 
which probably excludes a physiological role 
of GalS as an arabinosidase. The activity on 
β-linked L-arabinoside is not surprising since 
it has an identical configuration of the hy-
droxyl groups at C1, C2, C3 and C4, but lacks 

Figure 6.4
Weblogo representations of the predicted catalytic amino acid 
sequence motifs of the different classes of GH-D. Character 
size indicates the relative occurrence of amino acids in the se-
quences encompassing the catalytic aspartic acids (boxed). 
The thermophilic bacterial sequences from the Thermus and 
Thermotoga subgroup are indicated by GH36bt, the other 
groups are defined as depicted in Figure 6.3.
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the CH2OH at its C5 atom in comparison with 
galactose 89. Activity assays using the natural 
substrates melibiose, raffinose and stachyose 
indicated that the enzyme can release D-
galactose from oligosaccharides up to at least 
four sugar moieties, with the maximum cata-
lytic rates on the trisaccharide. Several related 
alkaline αGals were reported to prefer the 
longer raffinose-type oligosaccharides 53,132,223. 
The enzyme showed no product inhibition, 
but it was severely inhibited by several diva-
lent metal ions. This strong inhibitory effect 
of transition metal ions, such as Zn2+, Mn2+ 
and Hg2+ was also observed with the raffinose 
synthase from Vicia faba seeds 224. Similarly, 
the raffinose synthase from Pisum sativum 
(Uniprot: Q8VWN6) was only 30% active af-
ter 1 h of incubation with 1 mM NiCl2 

296. This 
finding suggests the presence of an oxidizable 
group, such as a free cysteine, that is required 
for substrate binding or catalysis.

Mechanism of catalysis
Based on sequence similarity with GH27, 
GH36 members are assumed to hydrolyze the 
glycosidic bond with retention of configura-
tion of the released D-galactose 42. Although 
this assumption has never been experimentally 
verified, it is highly likely that GH36 enzymes 
are retaining instead of inverting enzymes, 
since only the covalent enzyme-galactose in-
termediate of the retaining mechanism will al-
low transglycosylation reactions to occur. The 
raffinose and stachyose synthases of GH36p 
make use of this principle by coupling the 
galactose-moiety of galactinol to an incoming 
sucrose or raffinose molecule in the second 
stage of the reaction, respectively 296.

	 Mutagenesis of the proposed nucleo-
philic and A/B aspartic acids of GalS gave rise 
to similar protein yields, indicating properly 
folded proteins, but virtually inactive enzymes. 
Although many mutations may have a near 
lethal effect on enzymatic activity, this finding 
combined with multiple sequence alignment 
data, suggests that both substituted aspartic 
acids are involved in α-galactosyl hydroly-
sis. Unfortunately, reactivation experiments 
with external nucleophiles such as azide and 
formate failed to restore the activity of either 
the nucleophile or the A/B mutant enzymes. 
While retaining β-glycosidases can sometimes 
be reactivated up to wild-type levels 265, for 
unknown reasons this strategy seems to be far 
less efficient for retaining α-glycosidases 62,85.
	 Catalytic residues of glycosidases can 
also be identified by an approach that consists 
of covalent modification of either the nucleo-
phile or A/B, followed by mass-spectrometric 
analysis of tryptic digests of the modified 
enzyme. This method requires specifically 
designed enzyme inhibitor molecules that 
create a stable bond between the enzyme and 
inhibitor. Using this strategy, the nucleophilic 
aspartic acid of the GH27 α-galactosidases 
from Phanerochaete chrysosporium and Cof-
fea arabica (Uniprot: Q42656) was identified 
150,239.

Metabolism of α-linked galactosides
The ability to use α-linked galactosides, such 
as melibiose and raffinose as a sole carbon and 
energy source implies that an organism should 
at least have a suitable sugar uptake system, an 
αGal and an efficient catabolic pathway for the 
liberated monosaccharides. Within the Sulfolo-
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bus genus, the αGal described here was only 
found in the completed genome sequences of 
S. solfataricus 353 and S. tokodaii 189 and not in 
S. acidocaldarius 57. This observation correlates 
well with the ability of S. solfataricus and S. 
tokodaii, but not S. acidocaldarius, to grow on 
melibiose and raffinose and also the monosac-
charide D-galactose 144,388. In addition, cellular 
growth on raffinose and D-galactose was also 
observed with S. shibatae, S. yangmingensis 
and S. tengchongensis, which may implicate 
that these species do have an αGal gene in 
their genome as well 144,168,437.
	 To date, two main catabolic pathways 
for D-galactose have been reported. Most 
ubiquitous is the Leloir pathway, in which ga-
lactose is converted to glucose-1-phosphate by 
the action of a sugar kinase, uridylyltransferase 
and an epimerase 121. Galactose can also be de-
graded according to a scheme that was origi-
nally proposed by De Ley and Doudoroff 83. In 
this pathway, D-galactose is oxidized to D-ga-
lactonate, subsequently dehydrated to 2-keto-
3-deoxy-D-galactonate, phosphorylated at the 
C6 position and cleaved by an aldolase to yield 
pyruvate and D-glyceraldehyde-3-phosphate. 
S. solfataricus was recently demonstrated to 
use this pathway by employing a promiscuous 
enzyme set that can convert both D-galactose 
and D-glucose as well as their derivatives 213,215. 
Since the aldolase can convert non-phospho-
rylated substrates, the pathway may also occur 
non-phosphorylative in vivo.

EXPERIMENTAL PROCEDURES

All chemicals were of analytical grade and pur-
chased from Sigma, unless stated otherwise. 

Primers were obtained from MWG Biotech 
AG (Ebersberg, Germany). Polymerase chain 
reactions were performed with Pfu TURBO 
polymerase (Stratagene). The chromogenic 
substrate 5-Bromo-4-Chloro-3-indolyl-α-D-
galactopyranoside (X-α-Gal) was purchased 
from Glycosynth (Warrington, UK).

Growth of Sulfolobus species
S. solfataricus P2 (DSM1617) and S. tokodaii 
(JCM10545) were grown aerobically at pH 
3.5 in a rotary shaker at 80 °C. The medium 
contained: 2.5 g L-1 (NH4)2SO4, 3.1 g L-1 KH2-

PO4, 203.3 mg L-1 MgCl2 • 6 H2O, 70.8 mg L-1 
Ca(NO3)2 • 4 H2O, 2 mg L-1 FeSO4 • 7 H2O, 1.8 
mg L-1 MnCl2 • 4 H2O, 4.5 mg L-1 Na2B4O7 • 
2 H2O, 0.22 mg L-1 ZnSO4 • 7 H2O, 0.06 mg 
L-1 CuCl2 • 2 H2O, 0.03 mg L-1 Na2MoO4 • 2 
H2O, 0.03 mg L-1 VOSO4 • 2 H2O, 0.01 mg L-1 
CoCl2 • 6 H2O and was supplemented with 3 g 
L-1 carbon source and Wollin vitamins.
	 The Wollin vitamin stock (100x) con-
tained 2 mg L-1 D-Biotin, 2 mg L-1 Folic acid, 
10 mg L-1 Pyridoxine-HCl, 10 mg L-1 Ribofla-
vin, 5 mg L-1 Thiamine-HCl, 5 mg L-1 Nicotinic 
acid, 5 mg L-1 DL-Ca-Pantothenate, 0.1 mg L-1 
Vitamin B12, 5 mg L-1 p-Aminobenzoic acid, 5 
mg L-1 Lipoic acid.

Purification of the a-galactosidase from S. 
solfataricus P2 extracts
A 3.6 L culture of S. solfataricus P2 was grown 
on raffinose to an A600 of 0.8, after which the 
cells were centrifuged (10 min, 6,000 xg, 4 °C). 
The cell-pellet (8.8 g wet weight) was resus-
pended in 10 ml 50 mM Tris-HCl (pH 7.5) and 
frozen at -80 °C. After thawing, the cells were 
sonicated and diluted 1:1 in the same buffer 



6 Identification of a novel alpha-galactosidase from 
the hyperthermophilic archaeon Sulfolobus solfataricus

90

that contained 1 mM Phenylmethylsulphonyl-
fluoride (PMSF). The suspension was clarified 
by centrifugation (60 min, 19,000 xg, 4 °C). 
All subsequent chromatographic steps were 
performed on an ÄKTA FPLC system (Amer-
sham Biosciences) at room temperature.
	 First, the supernatant was applied to 
a 70 ml Q-Sepharose Fast Flow (Amersham 
Biosciences) anion exchange column which 
was equilibrated with 50 mM Tris-HCl (pH 
7.5). After extensive washing, the proteins 
were eluted by a linear gradient of buffer with 
0.5 M NaCl. Active fractions were pooled and 
dialyzed overnight against 10 mM NaPi buf-
fer (pH 6.8). The dialyzed fraction was then 
loaded onto a Hydroxyapatite column CTH5-I 
(Bio-Rad) and eluted by a linear gradient of 
500 mM NaPi buffer (pH 6.8). Fractions that 
contained αGal activity were pooled, dialyzed 
overnight against 50 mM NaPi buffer (pH 
6.8), and applied to a MonoQ 5/50 GL column 
(Amersham Biosciences). The proteins were 
eluted by a linear gradient of 50 mM NaPi buf-
fer (pH 6.8) supplemented with 0.5 M NaCl. 
Subsequently, the pooled MonoQ fractions 
were purified by gel-filtration chromatography 
using a Superdex 200 HR 10/30 column (Am-
ersham Biosciences) and 50 mM NaPi buffer 
(pH 6.8) supplemented with 100 mM NaCl.

Protein identification
The protocol to identify the αGal was slightly 
modified from Snijders et al. 369. Coomassie 
stained protein bands were excised with a 
scalpel from SDS-PAGE gel and transferred 
to low adhesion Eppendorf tubes. Next, they 
were destained twice with 200 mM NH4HCO3 
in 40% acetonitrile (ACN) for 30 min at 37 

°C. After this, the gel pieces were shrunk with 
ACN, dried in a vacuum centrifuge and the 
proteins were reduced with 10 mM DTT (30 
min, 56 °C) and alkylated with 50 µl 55mM 
Iodoacetamide in 50 mM NH4HCO3 (20 min, 
room temperature, in the dark). After this, gel 
pieces were washed with 50 mM NH4HCO3 
and shrunk with ACN. Next, the trypsin solu-
tion was added, consisting of 8 µg of trypsin 
in 100 µl of 9% ACN and 50 mM NH4HCO3 
(overnight, 37 °C). The next day, peptides 
were extracted in four sequential extraction 
steps: (1) 50 µl of 50 mM NH4HCO3 (10 min, 
room temperature), (2) 75 µl of ACN (15 min, 
37 °C), (3) 75 µl of 5% formic acid (FA). (4) 
75 µl of ACN (15 mins, 37 °C). Extracts were 
pooled, dried down to completeness in a vac-
uum centrifuge, and peptides were redissolved 
in 0.1% FA and 3% ACN. The peptide mixture 
was separated on a PepMap C-18 RP capillary 
column (LC Packings, Amsterdam, Nether-
lands) and eluted directly onto a QStarXL 
electrospray ionisation quadrupole time-of-
flight tandem mass spectrometer (ESI qQ-
TOF; Applied Biosystems/ MDS Sciex; www.
appliedbiosystems.com). Gradients and data 
acquisition were set up as previously described 
369,370. Database search was performed with 
Mascot 2.0 (www.matrixscience.com) against 
the Mass Spectrometry protein sequence Da-
taBase (MSDB). The peptide tolerance was set 
to 1.0 Da, the MS/MS tolerance was 0.6 Da. 
Carbamidomethyl modification of cysteine 
was set as a fixed and methionine oxidation 
as a variable modification. A maximum of 1 
missed cleavage site by trypsin was allowed.
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Protein quantitation
Protein concentrations were determined by 
using the Bicinchoninic acid Protein Assay 
(Pierce) and the Bradford assay (Bio-Rad) ac-
cording to the supplied protocol.

Enzyme assays
Standard activity assays were performed 
with 1.0 mM para-nitrophenol-α-D-
galactopyranoside (pNPG) in a 50 mM Citric 
acid – Na2HPO4 buffer (pH 5.0) at 80 °C. The 
reaction was stopped by adding 0.7 volumes 
of cold 1 M Na2CO3 after which the sample 
was put on ice. The amount of released para-
nitrophenol (pNP) was measured at 420 nm 
and calculated using an extinction coefficient 
of 0.0135 µM-1 cm-1 228. One unit of activity 
was defined as the amount of enzyme required 
to convert 1 µmol of pNP per minute. Ther-
mal inactivation assays were performed by 
incubating 45 µg ml-1 of enzyme at 70, 80 and 
90 °C and drawing aliquots at regular intervals 
during 2.5 h. The residual activity was then 
determined using the standard assay. The op-
timal pH of the enzyme was determined using 
the McIlvaine citrate-phosphate buffer system 
254 in a range of pH 2.2 to 8.0. Several pNP-
substituted hexoses and pentoses were tested 
as a substrate at a concentration of 20 mM 
under standard conditions.
	 The activity towards the disaccharide 
melibiose (D-galactose-α(1,6)-D-glucose), 
trisaccharide raffinose (D-galactose-α(1,6)-D-
glucose-(α1,β2)-D-fructose) and tetrasaccha-
ride stachyose (D-galactose-α(1,6)-raffinose) 
(Fluka) was tested in a continuous assay at 80 
°C using 20 mM of substrate, 0.4 mM NADP+ 
in a 50 mM NaPi buffer (pH 7.0). The amount 

of liberated D-galactose was measured by add-
ing 20 U of the Thermoplasma acidophilum 
Glucose dehydrogenase (Sigma) and calcu-
lated using an extinction coefficient of 6.22 
mM-1 cm-1 for NADPH 228.
	 The effect of different divalent metal 
ions, ethylenediaminetetraacetic acid (EDTA) 
and dithiothreitol (DTT) was tested at a con-
centration of 10 mM in a standard assay. Sugars 
such as D-galactose, sucrose, L-arabinose and 
D-fucose were analysed for inhibitory effects 
at a concentration of 5, 10 and 25 mM.

Gene cloning and mutagenesis
The genomic fragments corresponding to 
Sso3127 and St2554 were PCR-amplified from 
genomic DNA that was prepared according 
to the method of Pitcher 301, and the ampli-
fied genes were cloned into vector pET24d 
or pMAL-CT, respectively, using Escherichia 
coli HB101 as a host (Table 6.2). Mutations 
were introduced by employing either Excite or 
Quikchange protocols (Stratagene). Inserts of 
plasmids used in this study were sequenced by 
Westburg Genomics (Leusden, Netherlands).

Recombinant protein overexpression and 
purification
Plasmids pWUR269 and pWUR270 con-
taining the galS gene from S. solfataricus P2 
and galSt gene S. tokodaii, respectively, were 
transformed into E. coli BL21(DE3)-RIL. 
Transformants were grown overnight at 37 °C 
and used to inoculate 1 L cultures which were 
incubated until an A600 of approximately 0.8. 
Then the cultures were placed on ice to induce 
cold-shock proteins which may prevent inclu-
sion body formation 67. After 1 h, recombinant 
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protein expression was induced by adding 0.5 
mM of isopropyl-β-D-thiogalactopyranoside 
(IPTG). The cultures were allowed to grow for 
4 h at room temperature, after which the cells 
were centrifuged.
	 Plasmids pWUR271, pWUR272 and 
pWUR273 containing wild-type and mutant 
αGal genes translationally fused to the E. coli 
maltose binding protein (MBP) were trans-
formed into E. coli HB101 and the protein was 
overexpressed as described above. Frozen cell 
pellets were resuspended in 20 mM Tris-HCl 
(pH 7.5) buffer which was supplemented with 
150 mM NaCl, 10% glycerol (v/v) and com-
plete protease inhibitors (Roche). Cell suspen-
sions were then sonified (Branson sonifier) 
while keeping the sample in an ice-ethanol 

bath of -10 °C. Next, insoluble cell-matter was 
removed by centrifugation (60 min, 26,500 
xg, 4 °C). Clarified cell-free extracts were then 
loaded onto equilibrated Amylose resin (New 
England Biolabs). After extensive washing with 
the same buffer without glycerol and protease 
inhibitors, the fusion protein was eluted in 
buffer supplemented with 10 mM of maltose. 
To concentrate the fusion protein and to re-
move contaminating maltose, the sample was 
diluted 5 times in NaCl-free buffer and loaded 
onto a MonoQ 5/50 GL column (Amersham 
Biosciences). Pure fusion proteins were eluted 
by a linear gradient of the same buffer with 1 
M NaCl. The maltose binding protein was re-
moved by thrombin cleavage according to the 
instructions from the manufacturer (Sigma), 

Strains Entry code / genotype Reference / Supplier
S. solfataricus P2 DSM1617 wild-type 446

S. tokodaii strain 7 JCM 10545 wild-type 388

E. coli HB101 F- hsdS20 (rB-, mB-) ara-14 galK2 lacY1 leuB6 mcrB mtl-1 proA2 
recA13 rpsL20 supE44 thi-1 xyl-5 (StrR)

33

E. coli BL21(DE3)-RIL hsdS gal (λcIts857 ind1Sam7 nin5 lacUV5-T7 gene 1) Novagen

Plasmids Description
pET24d T7 RNA polymerase expression system Novagen
pMAL-CT N-terminal fusion-tag of E. coli MBP New England Biolabs
pWUR269 galS (Sso3127) in pET24d (BspHI/NcoI – XhoI) This study
pWUR270 galSt (St2554) in pET24d (NcoI – BamHI) This study
pWUR271 galS (Sso3127) in pMAL-CT (BamHI – PstI) This study
pWUR272 pWUR271 with substitution D367G This study
pWUR273 pWUR271 with substitution D425G This study

Primers Sequence (5’ - 3’)a Restriction site / 
codon change

galS-fw (Sso3127) cgtgaTCATGAtttggatagaagacgagaatggg BspHI
galS-rv (Sso3127) gctcaCTCGAGtcattctatagtaactgggattcc XhoI
galSt-fw (St2554) gggcgCCatgGCTatttggatatatgatgaaaatggg NcoI
galSt-rv (St2554) gcccgGGATCCttactcgatactaactatttcttcagc BamHI
MBP-galS-fw (Sso3127) cgcGGATCCatgatttggatagaagacgag BamHI
MBP-galS-rv (Sso3127) ccgcgCTGCAGTCATTCTATAGTAACTGGGATTCC PstI
galS-fw D367Ga gTaatcaatgggtaattcacgc GAT > GGT
galS-rv D367Ga Caaccttaacgagatcgaag GAT > GGT
galS-fw D425Gb gaggaattctataGgCtacgtacccttc GAC > GGC
galS-rv D425Gb gaagggtacgtaGcCtatagaattcctc GAC > GGC

Table 6.2 - Strains, plasmids and primers used in this study

a Restriction sites are underlined, and nucleotide mismatches are indicated in boldface, b Excite mutagenesis primer. 
c  QuikChange mutagenesis primer
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after which the recombinant GalS was re-
isolated with a MonoQ as described above.

Sequence analysis of α-galactosidases
A total of 171 αGal sequences belonging to 
PF0265 and PF05691 were obtained from the 
Pfam database. A small subset of sequences, 
including the ones for which a crystal struc-
ture is available and selected members of 
the different subgroups of GH-D, was then 
aligned using the TCoffee program 275. Addi-
tional sequences were subsequently added to 
the alignment using the ClustalX profile align-
ment mode. Extensive manual alignment edit-
ing was performed with the BioEdit software 
package, after which highly similar sequences 
were discarded. Neighbor-joining trees of 43 
representative sequences were then calculated 
and bootstrapped in ClustalX, while correcting 
for multiple substitutions. Trees were drawn 
with the program Treeview. Sequence motifs 
comprising the catalytic nucleophile and acid/
base were made using the Weblogo server 73.
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DNA family shuffling of hyperthermostable b-glycosidases

Abstract
The structural compatibility of two hyperthermostable family 1 
b-glycosidases, Pyrococcus furiosus CelB and Sulfolobus solfataricus 
LacS, as well as their kinetic potential were studied by construc-
tion of a library of 2048 hybrid b-glycosidases using DNA family 
shuffling. The hybrids were tested for their thermostability, ability 
to hydrolyze lactose and sensitivity towards inhibition by glucose. 
Three screening rounds at 70 °C led to the isolation of three high 
performance hybrid enzymes (hybrid 11, 18 and 20) that had 1.5-3.5 
fold and 3.5–8.6 fold increased lactose hydrolysis rates compared 
to parental CelB and LacS, respectively. The three variants were the 
result of a single crossover event, which gave rise to hybrids with 
a LacS N-terminus and a main CelB sequence. Constructed 3D 
models of the hybrid enzymes visualized that the catalytic (ba)8-
barrel was composed of both LacS and CelB elements. In addition, 
an extra intersubunit H-bond in hybrids 18 and 20 might explain 
their superior stability over hybrid 11. This study demonstrates that 
extremely thermostable enzymes with limited homology and differ-
ent mechanisms of stabilization can be efficiently shuffled to stable 
hybrids with improved catalytic features.

Biochem J (2002) 368: 461-470
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INTRODUCTION

Enzyme optimization has taken off with the 
recent developments in laboratory evolution 
of proteins. Random mutagenesis combined 
with DNA shuffling 378, DNA family shuffling 
71, iterative truncation for creation of hybrid 
enzymes 279 and sequence homology indepen-
dent recombination 355 are several techniques 
that have been applied to modify or improve 
the performance of a wide array of biologically 
active proteins. A higher operational stability is 
one of the most desired enzyme improvements 
and has been found hard to achieve by rational 
protein design. By directed evolution, the half-
life of thermal inactivation of several meso-
philic proteins has been extended dramatically, 
often without compromising low-temperature 
activity 140. Subtle structural changes were ob-
served in the stabilized enzyme variants, which 
resulted in immobilization of flexible loops or 
optimization of long-range interactions 17,374.
	 Relatively few studies report on the 
directed evolution of extreme thermostable 
proteins or thermozymes. These proteins 
already have an extreme resistance against 
thermal inactivation, but often have relatively 
low activities at moderate temperatures. In 
the few known cases, single genes that encode 
hyperthermophilic proteins were subjected to 
in vitro or in vivo random mutagenesis, and 
enzyme variants were screened for increased 
activities at ambient temperatures 218,257,322. An 
increase in low-temperature activity resulted 
from a small number of mutations, which 
often lead to a severe reduction in thermosta-
bility. To our knowledge, there have been no 
reports, yet, on the creation of enzyme hybrids 

by DNA family shuffling of genes from hyper-
thermophilic origin. This could be due to the 
fact that studies on the thermostability of pro-
teins from hyperthermophiles have indicated 
that no general rules exist for protein thermo-
stabilization and that even within a protein 
family, members may have evolved distinct 
mechanisms to resist extreme conditions 305. 
Thus, each protein seems to have been evolved 
individually to withstand the high tempera-
tures of hyperthermophilic habitats 419. In this 
respect it is not unlikely that family shuffling 
of proteins from hyperthermophiles does yield 
hybrid enzymes with affected stability.
	 Despite these uncertainties, we have 
attempted to generate stable, functional hy-
brids by DNA shuffling of two genes coding 
for hyperthermostable β-glycosidases. The 
parental enzymes are the β-glucosidase CelB 
from Pyrococcus furiosus (optimal growth 
temperature 100 °C) and β-glycosidase LacS 
from Sulfolobus solfataricus (optimal growth 
temperature 85 °C), which are among the 
most thermo-active members of family 1 gly-
cosyl hydrolases with optimal temperatures 
for hydrolysis of 105 and 95 °C, respectively 
195,300. Thermostable family 1 glycosidases are 
being recognized as promising candidates for 
carbohydrate engineering 118,298,299,402 and sev-
eral site-directed mutagenesis studies on their 
substrate specificity and activity engineering 
have been reported 69,180,265. CelB and LacS are 
53% and 56% identical at the protein and DNA 
level, respectively, and are similar with respect 
to catalytic mechanism and substrate speci-
ficity 305. However, the molecular basis of the 
high thermostability appears to be different 
in CelB and LacS. A biochemical comparison 
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suggested that CelB is mainly stabilized by 
hydrophobic interactions, while salt-bridge 
interactions are crucial for the stability of LacS 
305. Indeed, analysis of the crystal structures of 
CelB 180 and LacS 3 revealed a higher number 
of ion-pairs in the less stable LacS protein 221. 
Besides being model enzymes for the study 
of enzyme stability and high-temperature ca-
talysis, CelB and LacS have been recognized 
as potentially interesting biocatalysts for the 
hydrolysis of the milk sugar lactose (galactose 
β-1,4-D-glucose) to monomeric glucose and 
galactose 298. However, for CelB a significant 
glucose inhibition was observed, whereas LacS 
displayed limited stability. 
	 In the present study, we report the 
generation of functional glycosidase hydrolase 
hybrids by shuffling of the genes coding for P. 
furiosus CelB and S. solfataricus LacS, and it 
is the first study on DNA family shuffling of 
extreme thermostable enzymes. In order to 
study catalysis at sub-optimal temperatures, 
a library of 2048 active variants has been 
screened for optimized activity at 70 °C, for 
which hydrolysis of lactose in combination 
with a reduced inhibition by glucose has been 
taken as a model system. After three screening 
rounds, three high-performance variants and 
one variant with reduced stability were iso-
lated, purified, and characterized in detail on a 
biochemical and molecular level. Using crystal 
structures of CelB 180 and LacS 3, 3D models 
of the hybrids were constructed by homology 
modeling. The results show that distantly relat-
ed thermozymes can be shuffled into hybrids 
with improved catalytic features. Moreover, we 
found that these enzymes can tolerate a signifi-
cant number of non-wild-type residues while 

remaining extremely thermostable.

RESULTS

Isolation of high performance hybrids 
After the DNA shuffling procedure, hybrid 
PCR fragments were ligated in pET9d, and 
transformed to E. coli JM109(DE3). Ap-
proximately 10,000 colonies were screened 
for X-b-Gal hydrolyzing activity on TY-agar 
plates at 37 °C. About 20% of the colonies 
showed a blue phenotype indicating func-
tional β-galactosidase expression. At this level 
the variety in functional hybrid enzymes was 
visible by the differences in blue color inten-
sity between individual colonies. The enzymes 
were then tested for their (i) thermostability 
at 70 °C, (ii) lactose-hydrolyzing capacity and 

Hybrid Specific activity on
lactose (U mg-1)

Residual 
activity (%)

100 mM 300 mM
CelB 400 581 ND
LacS 223 263 ND

2  333 540 128
3 157 396 3
4 261 562 89
5 308 456 140
6 384 553 138
7 166 310 2
8 378 540 134
9 385 549 116
10 782 1119 107
11 554 926 117
12 604 959 128
13 545 960 130
14 804 941 139
15 588 949 125
16 619 996 114
17 624 948 121
18 728 1146 139
19 32 73 3
20 727 1089 110
21 637 902 132

Table 7.1 - Characterization of high-performance hybrids: lac-
tose hydrolysis at 70 °C and thermostability. Residual activity 
is expressed as the percentage of the initial activity after a 1.5 
h incubation at 70 °C. ND not determined.
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(iii) inhibition by glucose. The heat incubation 
inactivated a significant part of the variants, 
indicating the presence of functional, but 
thermolabile hybrids. One of these instable 
variants, hybrid 1, was studied in more detail 
with respect to its stability and, after sequenc-
ing, a 3D model was constructed by homology 
modeling (see below). In each of the two sub-
sequent screening rounds, 10% of the hybrids 
were selected for re-screening, which finally 
yielded 20 thermostable hybrid enzymes with 
improved lactose hydrolyzing activity and/or a 
reduced inhibition by glucose. These variants 
were partially purified and tested at 70 °C for 
their activity on lactose, glucose inhibition, 
and stability. This more detailed characteriza-
tion revealed that 11 hybrids, indeed showed 
significantly higher lactose-hydrolyzing activ-
ity at 70 °C compared to the parental enzymes 
(Table 7.1). Remarkably, all of these hybrids 
were specifically selected with primers for 
an N-terminal LacS and a C-terminal CelB 
sequence. Hybrid 18 was the most active vari-

ant, while hybrid 11 and 20 represented high-
performance hybrids with a relatively low (11) 
and average (20) activity. These three hybrids 
were selected for further analysis.

Kinetic parameters
To obtain more insight in their altered bio-
chemical properties, the hybrid enzymes 11, 18 
and 20 were purified to homogeneity together 
with the CelB and LacS parent enzymes and 
characterized. At 70 °C the kinetic parameters 
of the purified enzymes were determined for 
the hydrolysis of lactose, cellobiose and their 
respective chromogenic analogs pNP-Gal and 
pNP-Glc (Table 7.2 and Table 7.3). At 70 °C, 
CelB is a little more active on the galacto-
sides lactose and pNP-Gal, than on pNP-Glc, 
whereas the efficiency of cellobiose hydrolysis 
is relatively low. With doubled activities on 
galactosides compared to glucosides, LacS 
displays a more pronounced β-galactosidase 
activity than CelB, as reported previously 305. 
On all tested substrates, LacS is less active than 

Lactose Cellobiose
Km (mM) kcat (s-1) kcat Km

-1

(mM-1s-1)
Km (mM) kcat (s-1) kcat Km

-1

(mM-1s-1)
Km, lactose/

Km, cellobiose

CelBa 59.8 ± 12.1 286 ± 15 4.78 3.2 ± 2.6 37.6 ± 3.2 11.8 18.7
LacS 37.9 ± 17.3 121 ± 13 3.19 13.5 ± 8.4 23.2 ± 2.9 1.72 2.81

11 71.8 ± 10.2 442 ± 18 6.16 11.8 ± 3.9 42.5 ± 2.7 3.60 6.08
18 88.6 ± 8.4 1022 ± 32 11.5 4.6 ± 1.8 264 ± 13 57.4 19.3
20 59.5 ± 5.5 447 ± 11 7.51 12.1 ± 2.4 60.1 ± 2.3 4.97 4.92

Table 7.2 - Kinetic parameters of wild-type and hybrid enzymes for the hydrolysis of lactose and cellobiose at 70 °C. 

pNP-Gal pNP-Glc
Km (mM) kcat (s-1) kcat Km

-1

(mM-1s-1)
Km (mM) kcat (s-1) kcat Km

-1

(mM-1s-1)
Glc

Ki (mM)b
PheImGlc
Ki (nM)b

CelBa 2.60 ± 0.26 298 ± 9 115 0.80 ± 0.11 206 ± 11 258 43 9.3
LacS 1.57 ± 0.21 165 ± 6 105 0.12 ± 0.02 45 ± 2 375 46 8.4

11 3.99 ± 0.35 327 ± 9 82.0 0.71 ± 0.29 235 ± 28 331 110 5.9
18a 5.63 ± 0.51 743 ± 13 132 0.58 ± 0.09 440 ± 21 759 88 12
20a 6.58 ± 0.85 412 ± 20 62.6 0.75 ± 0.13 276 ± 17 368 80 13

Table 7.3 - Kinetic parameters of wild-type and hybrid enzymes for the hydrolysis of pNP-Gal and pNP-Glc at 70 °C. 

a Typical substrate inhibition was observed with pNP-Glc for CelB (> 3 mM) and hybrids 18 and 20 (> 4 mM). Kinetic parameters 
have been determined using activities at lower substrate concentrations. b Determined with pNP-Gal as a substrate.

a Typical substrate inhibition was observed with cellobiose.
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the other enzymes, but has the highest affinity 
for all substrates except cellobiose. Compared 
to LacS, CelB is about twice as active on all 
substrates, however, with equally augmented 
Michaelis constants. The substrate affinities of 
the hybrids are similar to those of CelB. Hy-
brids 11, 18 and 20 have highest activity for the 
hydrolysis of lactose, which was the substrate 
used in the screening. The efficiency of lactose 
hydrolysis is about 1.5-3.5 and 3.6-8.6 times 
higher than that of CelB and LacS, respec-
tively (Fig. 7.1A). All hybrids show increased 
turnover rates (kcat) on cellobiose and chro-
mogenic substrates, but only hybrid 18 has a 
higher efficiency for their hydrolysis (kcat Km

-1) 
compared to CelB and LacS. CelB was inhib-
ited at higher concentrations of the substrates 
cellobiose and pNP-Glc. Hybrid 20 showed 
similar inhibition, but only with pNP-Glc. All 
other substrates were hydrolyzed according to 
Michaelis-Menten kinetics.

Inhibition by glucose and PheImGlc
The inhibition constants of glucose and 
the thermostable transition state analogue 

Figure 7.1
Michaelis-Menten and Dixon plots of hybrid enzymes. A) Michaelis-Menten kinetics of CelB (circle), LacS (triangle), hybrids 11 
(cross), 18 (star) and 20 (diamond) for the hydrolysis of lactose. B) Inhibition of hybrid 20 by various glucose concentrations, 0 
mM (diamond), 25 mM (square), 50 mM (triangle), 100 mM (cross), 200 mM (star). C) Inhibition of hybrid 20 by the transition 
state analogue PheImGlc at various concentrations, 0 nM (diamond), 2.5 nM (square), 5 nM (triangle), 10 nM (cross), 20 nM 
(star). Insets in B) and C) show the dependence of the Km for glucose and PheImGlc, respectively.

PheImGlc on the hydrolytic activity of CelB, 
LacS and hybrids 11, 18 and 20 were deter-
mined (Table 7.3). pNP-Gal was chosen as a 
substrate, since no substrate inhibition was 
observed for the hydrolysis of this compound 
with any of the tested enzymes. The inhibit-
ing effect of glucose on the activity of CelB 
and LacS is similar; the inhibition constants 
for glucose are comparable, whereas the three 
high-performance hybrids are about 2 times 
less sensitive for glucose inhibition (Fig. 7.1B). 
This indicates that the affinity for glucose in 
the ground state conformation has been simi-
larly diminished in all hybrids with respect to 
LacS and CelB. PheImGlc is a glucose deriva-
tive that has a flat geometry at the anomeric 
C1 saccharide atom and, as such, is believed to 
resemble the transition-state in the glycoside 
hydrolysis reaction in retaining β-glycosidases 
286. For all enzymes the strong inhibition by 
PheImGlc followed kinetics for competitive 
inhibition (Fig. 7.1C). The inhibition constants 
for CelB and LacS were similar. The Ki value 
determined for hybrid 11 was slightly lower 
than that for CelB and LacS, while the Ki-value 
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for hybrid 18 and 20 was about 2 times the 
value of hybrid 11. This means that the active 
sites of the enzymes have subtle differences in 
structure, which affect the stabilization of the 
transition state of the reaction.

Stability
The hybrids 11, 18 and 20 were compared to 
CelB and LacS with respect to their thermal 
inactivation rate, optimum temperature for 
catalysis and melting temperature (Table 7.4). 
The different analysis methods roughly display 
similar trends for the enzyme variants. Hybrid 
1 is the least stable variant, while the stability 
of hybrids 11, 18 and 20 are intermediate of 
that of CelB and LacS. Hybrid 20 is the most 
stable hybrid regarding the inactivation rate 
and melting temperature, while hybrid 18 
has a slightly higher optimum temperature 
for hydrolysis (Fig. 7.2). Remarkably, LacS is 
readily inactivated at 92 °C, while it displays a 
broad optimum temperature for catalysis, with 
a peak around 95 °C. For CelB and hybrid 1 
and 18, the determined optimal temperature 

for catalysis is very close to the determined 
melting temperature. For hybrid 11 and 20, 
however, the Topt-value is almost 10 degrees 
lower than the determined Tm-value. This 
might suggest different inactivation patterns 
between the hybrids. It was not possible to de-
termine a Tm value for LacS. This is most likely 
due to the fact that the unfolding of LacS does 
not involve two states, but rather occurs via 
a stable intermediate, which has been identi-
fied during guanidine hydrochloride-induced 
unfolding of LacS (Kaper and Van der Oost, 
unpublished results) 54. In previous differential 
scanning calorimetric experiments with LacS, 
a two-state unfolding was observed, but these 
experiments were performed in 10 mM CAPS 
buffer at pH 10 80. Under those conditions, the 
melting temperature of LacS was 86.3 °C. 

Structural analysis of hybrids
The primary structure of several hybrids was 
determined by DNA sequence analysis. All hy-
brids are the result of a single crossover event 
in different regions with 5 to 22 bases identical 
DNA sequence (Fig. 7.3). All sequenced hybrids 
contain mainly the CelB amino acid sequence 
in which the C-terminus or N-terminus has 

Figure 7.2
Influence of temperature on the activity of CelB, LacS and 
hybrids 1, 11, 18 and 20. Reactions were performed in 250 ml 
20 mM pNP-Gal in 150 mM sodium citrate (pH 5.0) with 0.05 
mg enzyme (CelB (circle), LacS (triangle), hybrid 1 (square), 
11 (cross), 18 (star) and 20 (diamond)). Reactions were 
incubated for 10 min at 60 and 70 °C, 5 min at 70-85 °C, and 
3 min at 90-107 °C. 1 U equals the hydrolysis of 1 mmol of 
pNP-Gal per min.

Enzyme Half-life at 
92 °C (min) Topt (°C) Tm (°C)

CelB >> 100 104 106.0

LacS < 3 95 ND

Hybrid 1 30a 80 80.7

Hybrid 11 7 85 94.0

Hybrid 18 8 96 94.5

Hybrid 20 100 93 101.8

Table 7.4 - Thermal inactivation rate, optimal temperature of 
catalysis and melting temperature for the wild-type and hybrid 
enzymes.

a at 80 °C. ND not determined.
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been substituted with LacS sequence (Fig. 7.3 
and 7.4A). Starting at the N-terminus, hybrids 
1 and 7 have 419 and 413 amino acids derived 
from CelB, followed by 55 and 61 residues of 
LacS until the C-terminus, respectively (Fig. 
7.3A). Hybrid 9 was identical to wild-type 
CelB. Hybrid 11 and 20 are very similar. Both 
proteins start with a LacS sequence of about 
40 residues, followed by CelB sequence until 
the C-terminus. The only differences between 
hybrid 11 and 20 are the residues at position 43 
and 45 (Fig. 7.3B). Hybrid 11 has LacS residues 
at this position, respectively a methionine and 
an alanine, whereas hybrid 20, like CelB, has 
an isoleucine and a serine at these positions. 
Hybrid 14 was found to be identical to hybrid 
20, while hybrid 18 was identical to LacS until 
residue 33, except for a point mutation that 
resulted in Thr23Pro, followed by 441 resi-
dues of CelB sequence (Fig. 7.3B). The gene of 
hybrid 19 consisted of 68 nucleotides of LacS 
sequence followed by the complete wild-type 
celB gene sequence. 
	 To obtain insight in the structural char-
acteristics of the hybrids, three-dimensional 

models were constructed of hybrids 1, 11, 18 
and 20 by homology modeling using the avail-
able crystal structures of CelB 180 and LacS 3. 
Although the resolution of the CelB and LacS 
structures (3.3 and 2.6 Å, respectively) do 
not allow for a detailed analysis of the exact 
positions of the amino acid side chains, they 
do provide a basis for the interpretation of the 
structural rearrangements in the chimeric en-
zymes. In hybrid 1, the LacS sequence replaces 
almost completely the CelB-CelB intersubunit 
contacts at the small subunit interface of the 
tetramer (Fig. 7.4B). The 55 amino acid resi-
dues of the LacS C-terminus are 55% identical 
to the C-terminus of CelB. The LacS sequence 
is two residues longer than in CelB and fills up 
the cavity that is present in the center of CelB 
at the tetrameric subunit interface. The C-
terminus is involved in an elaborate ion-pair 
network in LacS, where the penultimate argi-
nine residue reaches across and participates 
in a 16-residue ion-pair network that bridges 
the four subunits 3. In general, ion pairs have 
been shown to be involved in stabilization of 
proteins against high temperatures 418. In the 

 

 

 

 

 

 

 

 

A 
 
CelB 387 VSHLKAVYNAMKEGADVRGYLHWSLTDNYEWAQGFRMRFGLVYVD 432 
LacS 402 VSHVYQVHRAINSGADVRGYLHWSLADNYEWASGFSMRFGLLKVD 447 
1    387 VSHLKAVYNAMKEGADVRGYLHWSLTDNYEWAQGFRMRFGLVYVD 432 
7     387 VSHLKAVYNAMKEGADVRGYLHWSLTDNYEWAQGFRMRFGLVYVD 432 
         ***   *  *   ************ ****** ** *****  ** 
 
CelB  433 FETKKRYLRPSALVFREIATQKEIPEELAHLADLKFVT--RK    472 
LacS  448 YNTKRLYWRPSALVYREIATNGAITDEIEHLNSVPPVKPLRH    489 
1     433 YNTKRLYWRPSALVYREIATNGAITDEIEHLNSVPPVKPLRH    474 
7     433 YNTKRLYWRPSALVYREIATNGAITDEIEHLNSVPPVKPLRH    474 
           **  * ****** *****   *  *  **     *   *  

 

 

 

B 
 
CelB M-KFPKNFMFGYSWSGFQFEMGLPGSE-VESDWWVWVHDKENIASGLVSGDLPENGPA 56 
LacS MYSFPNSFRFGWSQAGFQSEMGTPGSEDPNTDWYKWVHDPENMAAGLVSGDLPENGPG 58 
11 MYSFPNSFRFGWSQAGFQSEMGTPGSEDPNTDWYKWVHDPENMAAGLVSGDLPENGPA 58 
18 MYSFPNSFRFGWSQAGFQSEMGPPGSEDPNTDWWVWVHDKENIASGLVSGDLPENGPA 58 
14/20 MYSFPNSFRFGWSQAGFQSEMGTPGSEDPNTDWYKWVHDPENIASGLVSGDLPENGPA 58 
    **  * ** *  *** *** ****    **  ****  * * ************ 

Figure 7.3
N- and C-terminal amino acid sequences 
of CelB, LacS and hybrids. CelB se-
quence is underlined, whereas the corre-
sponding regions of nucleotide sequence 
identity where crossovers took place, are 
indicated in bold and italics. A) C-terminal 
amino acid sequence of CelB, LacS, 
hybrid 1 and 7. B) N-terminal sequences 
of CelB, LacS and hybrids 11, 18 and 
20. Differences between hybrid 11 and 
20 are indicated by arrows. Sequence 
identity is indicated by *. The alanine 
residue at position 1a in the sequences 
is not shown for clarity reasons.
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C-terminus of CelB several charged residues 
are located that are possibly involved in an 
ion-pair, but align with non-charged residues 
in LacS and vice versa. Therefore, in hybrid 
1 these possible ion pairs can not be formed. 
Interestingly, the ion partner of the next-to-
last arginine residue in LacS, Glu345, aligns 
with Glu330 in CelB, which could indicate a 
LacS-like C-terminal organization in hybrid 1. 
However, the changes in hydrophobic interac-
tions and H-bridges can not be evaluated with 
these models. Overall, the loss in thermosta-
bility can be interpreted as an incompatibility 
of LacS and CelB in the structural stabilization 
of the C-terminus and the subunit interface. 
The active site in hybrid 1 is equal to that of 
CelB. This could explain the catalytic profile of 

hybrid 1, which is similar to that of CelB (data 
not shown).
	 In contrast to hybrid 1, hybrids 11, 18 
and 20 contain LacS sequences that completely 
traverse the subunit of the protein (Fig. 7.4C). 
A close up of the catalytic (βα)8-barrel visual-
izes that in both variants the first β-strand of 
the CelB barrel has been replaced by its LacS 
counterpart (Fig. 7.4D and Fig. 7.4E). CelB 
and LacS are 51% identical in the first 43 and 
45 amino acid residues of the protein (Fig. 
7.3B). In LacS, the N-terminus is tightly bound 
to the protein body by an ion-ion interaction 
of the α-amino group with the side chain of 
Asp473 3. Such an interaction is not possible 
in the hybrids, where an alanine (Ala 1a) has 
been introduced after the N-terminal methi-

Figure 7.4 (in color on p.158)
Structural representation of hybrids. 
A) Schematic representation of 
primary structures of CelB, LacS, hy-
brids 1, 11, 18 and 20. Surface plot of 
tetrameric B) hybrid 1 and C) hybrid 
20. D) Side view and E) top view of 
the (ba)8-barrel of hybrid 20.
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onine residue to enable a translational fusion 
of the lacS gene to the T7 promoter in a NcoI 
restriction site. In CelB, however, the α-amino 
group does not appear to make ionic interac-
tions. The side chain of Lys2 could form an 
ion pair with Glu455 in CelB. The interactions 
of the charged residues in the LacS stretch in 
hybrid 11, 18 and 20 appear to be similar to 
those in wild-type LacS, which could explain 
the relatively high stability of the hybrids.
	 Hybrids 11 and 20 differ only at two 
positions, Met43 and Ala45 in hybrid 11 
versus Ile43 and Ser45 in hybrid 20. Since 
we measured a significant higher stability for 
hybrid 20, this must solely result from the 
effects of the two different residues. Interest-
ingly, both residues are located at the larger 
subunit interface of the glycosidase tetramer. 
Earlier studies have shown that quaternary 
interactions contribute largely to the stability 
of proteins 419. These intersubunit interactions 
can be hydrophobic interactions, salt-bridges 
or hydrogen bonds. In modeling studies the 
interactions of Met43 and Ile43 in hybrid 11 
and 20, respectively, appear to be very similar. 
However, an extra possible hydrogen bond was 

identified in hybrid 20, which involves the side 
chain of Ser45 and the backbone amide atom 
of Leu221, located at the adjacent subunit (Fig. 
7.5A). Since hybrid 11 has an alanine at posi-
tion 45 a similar interaction is absent in this 
variant (Fig. 7.5B). In hybrid 18 the residues at 
positions 43 and 45 are the same as in hybrid 
20. Surprisingly, it is significantly less stable 
than hybrid 20. The point mutation in hybrid 
18, which resulted in Thr23Pro, causes a small 
shift in the position of the N-terminal peptide 
chain in the 3D model, compared to that in 
hybrid 20. This shift could have a destabilizing 
effect on the interactions that 23 N-terminal 
residues have with the rest of the protein and 
this can explain the lower stability of hybrid 
18.
	 Throughout family 1 of glycoside hy-
drolases, the residues that line the active site 
have been highly conserved 180. Therefore, 
CelB and LacS share a nearly identical active 
site topology. However, the serine residue at 
position 14 in CelB is a serine in half of the 
known family 1 sequences, while an alanine is 
present in the other sequences, including LacS 
(Ala15). The hydroxyl group of this serine side 

Figure 7.5
Modeled subunit interface interac-
tions of A) hybrid 20 and B) hybrid 11 
around residue 45.
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chain could possibly form a hydrogen bond 
with the residue at the non-reducing end of 
a hexose substrate in the active site. Overlay 
studies with the structure of the 6-phospho-
β-galactosidase LacG from Lactococcus lactis 
with a bound galactose-6-phosphate in the 
active site 431 showed that Ser14 might interact 
with the 3-hydroxyl of galactose or glucose, 
which have an identical orientation at this 
position. To investigate whether this residue 
was involved in substrate inhibition, Ser14 was 
substituted by an alanine by site-directed mu-
tagenesis resulting in mutant CelB Ser14Ala. 
However, this mutant was similarly inhibited 
by glucose as CelB and LacS and resembled 
CelB in substrate specificity and activity (data 
not shown). 

DISCUSSION

We have succeeded in generating thermo-
stable hybrid β-glycosidases and isolation 
of high-performance variants. A library was 
constructed by shuffling of the genes encoding 
the hyperthermostable family 1 β-glycosidases 
CelB of P. furiosus and LacS from S. solfa-
taricus. This is the first example of improving 
extremely thermostable enzymes by a DNA 
family shuffling approach. The β-glycosidase-
encoding genes used in this study are 56% 
identical, which is relatively low compared 
to other shuffling studies in which 60-90% 
identical genes were used 56,71,197,271. However, 
the combination of hybrid primer sets with 
extremely low annealing temperatures in the 
reassembly procedure did lead to the forma-
tion of a variety of hybrid genes (Fig. 7.3).
	 Previously, one of the parental enzymes 

in this study, the pyrococcal CelB, has been 
optimized for catalysis at room temperature 
by random mutagenesis in combination with 
DNA shuffling 218. It was demonstrated that 
variants that were selected for increased ac-
tivity on pNP-Glc at room temperature, were 
not equally more active on the β-(1,4) linked 
glucose disaccharide cellobiose 218. In contrast, 
the three high performance hybrids that were 
selected in the present study for an improved 
hydrolysis of lactose also have increased turn-
over rates for hydrolysis of cellobiose, pNP-
Glc and pNP-Gal (Tables 7.2 and Table 7.3). 
However, only hybrid 18 is more efficient than 
the wild-type enzymes in hydrolysis of all four 
tested substrates. This demonstrates the selec-
tivity of the screening procedure: ‘You get what 
you screen for’ 440. In the hydrolysis of pNP-Gal, 
the three selected hybrids were inhibited less 
by glucose, compared to the parental enzymes 
(Table 7.3), which suggests a correlation with 
the increased turnover rates. Judging from the 
increased Km-values for the hydrolysis of pNP-
Gal the affinity for the Michaelis-complex has 
been reduced in the hybrids with respect to the 
parental enzymes, which correlates with the 
reduced glucose inhibition. Therefore, the in-
crease in kcat might result from a less favorable 
binding of the ground state of the substrate, 
which would lower the activation energy to 
reach the transition state of the reaction 117. On 
the other hand, the relation between the inhi-
bition by transition-state analogue PheImGlc 
and the activity of the enzymes seems less clear 
since individual hybrids were either slightly 
more (hybrid 11) or less (hybrids 18 and 20) 
inhibited compared to the parental enzymes 
(Table 7.3). When the hybrids are compared, 
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the higher affinity of 11 for PheImGlc corre-
lates with the observed affinity for hydrolysis 
of pNP-Gal.
	 The three high-performance hybrids 
resulted from single crossover events near the 
N-terminus of the protein. Based on the de-
termined sequences of hybrids 1, 11, 18 and 
20, three-dimensional structural models were 
constructed using the available structures of 
CelB 180 and LacS 3. The hybrids are near-iden-
tical in sequence and consequently in struc-
ture, which means that structural explanations 
for substrate specificity have to result from 
differences between residues at position 34 to 
45 in the hybrids (Fig. 7.3). CelB has a more 
pronounced β-glucosidase character than 
LacS for the hydrolysis of disaccharides (Table 
7.2). Interestingly, hybrid 18 has the shortest 
LacS sequence (residues 1-33) and resembles 
CelB more considering the ratio of the affinity 
for lactose and cellobiose (Km), while hybrid 
11 and 20 have more LacS-like specificities 
(Table 7.2). The peptide stretch from residue 
33 to 45 is the determining factor in the sub-
strate specificity for the hydroxyl group at C4 
of the sugar residue at the non-reducing end. 
However, such specificity correlation can not 
be extended to the hydrolysis of chromogenic 
substrates, since these substrates have a dif-
ferent leaving group. For hydrolysis of disac-
charides, the initial breaking of the glycosidic 
bond is most critical for the reaction rate due 
to the high pKa-value of the leaving glucose 
(i.e. 12.4 434) 194. This requires considerable 
distortion of the non-reducing sugar residue 
81. Since nitrophenol has a good leaving group 
ability (pKa 7.2) 194, the rate-limiting step could 
change from glycosylation to deglycosylation 

of the enzyme. However, this depends on the 
substrate and makes it impossible to compare 
the kinetic data of the hydrolysis of pNP-
substrates in a similar fashion as for lactose 
and cellobiose. Interestingly, the residues at 
position 33 to 45 could be best described as 
third or fourth shell residues and are located 
distantly from the active site, but nevertheless 
appear to affect its structure.
	 The three hybrids have a stability that 
is between that of LacS and CelB, with hybrid 
20 being the most stable variant (Table 7.4, Fig. 
7.2). The loss in stability compared to CelB 
and increase in activity could be the result of 
increased flexibility, although this is not an 
absolute requirement for improved turnover 
numbers at lower temperatures, as has been 
found in other directed evolution studies 
17,140. The structural models were analysed 
with respect to the hybrids’ stability. The infe-
rior stability of hybrid 1 most probably results 
from the loss of a relatively large number of 
stabilising interactions at the C-terminus. The 
difference in stability between hybrid 11 and 
20 is intriguing since the two hybrids differ 
only in two residues. The 3D model shows four 
extra intersubunit H-bridges in the hybrid 20 
tetramer, which could explain the 7 °C dif-
ference in melting temperatures between the 
two hybrids (Fig. 7.5). The forces that coun-
teract conformational entropy loss and result 
in protein folding have a net energy gain for 
folded proteins that equals only a few weak 
intermolecular interactions 167. Therefore, the 
introduction of four H-bridges might result 
in such a large stability increase. Mutational 
studies of subunit interface interactions have 
mainly dealt with ion-pair interactions, but 
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similar differences in melting temperatures 
have been reported upon altering single resi-
dues at subunit interfaces 220,245.
	 This study has demonstrated that DNA 
family shuffling is also applicable for directed 
evolution of highly thermostable enzymes 
with different mechanisms of stabilization. We 
have successfully shuffled the genes coding 
for the extremely thermostable β-glycosidases 
CelB from Pyrococcus furiosus and LacS from 
Sulfolobus solfataricus. Hybrid enzymes were 
selected for thermostability and improved cat-
alytic properties for the hydrolysis of lactose at 
70°C. Composition of the hybrids showed that 
β-glycosidases from hyperthermophiles can 
tolerate significant foreign peptide stretches, 
while remaining very thermostable. These re-
sults have encouraged us to continue directed 
evolution of enzymes from extreme thermo-
philic origin. Laboratory evolution of enzymes 
remains the most promising strategy for im-
provement of enzymes, since the necessary 
structural changes for altered catalytic or sta-
bility features are too subtle to be predicted by 
rational design. Analysis of high-performance 
hybrids is likely to increase our understanding 
of protein stability and catalysis at elevated 
temperatures.

EXPERIMENTAL PROCEDURES

Library construction
For the production of P. furiosus β-glucosidase 
CelB in E. coli an efficient expression system has 
been developed by cloning the celB gene in the 
pET9d vector, resulting in pLUW511 219. Simi-
larly, the lacS gene 74 was cloned in the pET9d 
vector (kanR) (Novagen). The lacS gene was 

PCR-amplified using Pfu TURBO polymerase 
(Stratagene) and homologous primers BG745 
(5’-GCGCGCCCATGGCATACCATTTCCA-
GATAGCTTT-3’; introduced NcoI restriction 
site underlined, lacS start codon in bold face, 
introduced codon for alanine at position 1a 
in italics) and BG746 (5’-gcgcgcggatc-
cttagtgctttaatggctttactg-3’, 
introduced BamHI restriction site underlined, 
lacS stop anticodon in bold face). The PCR 
product was digested with NcoI and BamHI 
and cloned in NcoI-BamHI digested pET9d 
vector to form pWUR6. 
	 Subsequently, the plasmids pLUW511 
and pWUR6 were used as starting material 
for the DNA shuffling procedure in which Pfu 
TURBO DNA polymerase was used in all as-
sembly and DNA amplification steps. The celB 
and lacS genes were amplified by PCR using 
the homologous primer sets BG238/BG239 
219 and BG745/BG746, respectively. Using 
DNaseI the genes were randomly digested as 
described before 234. The digestion mixture 
contained 4 µg DNA and 1 µg DNaseI per 50 
µl DNaseI buffer (5 mM Tris-HCl (pH 7.4), 1 
mM MnCl2) and was performed at room tem-
perature in triplicate. Reactions were stopped 
at intervals by addition of 5 µl 0.5 M EDTA 
and stored on ice. DNA fragments were ana-
lyzed on a 1.5% agarose gel and fragments in 
the range of 50-300 bp (derived from 13-15 
min incubation) were excised and purified 
using the QiaexII gel extraction kit (Qiagen). 
Performing a PCR without primers assembled 
the fragmented genes. The reaction mix con-
tained 0.5 µg of each fragmented gene, 0.2 
mM of each dNTP, 2.5 U Pfu TURBO DNA 
polymerase in the supplied buffer in a total 
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volume of 50 µl. Reported assembly reactions 
have been carried out with annealing tempera-
tures of 40 °C 421. Due to the limited homology 
of the celB and lacS genes, however, the use of 
lower annealing temperatures for re-assembly 
was explored. Attempts with annealing tem-
peratures of 10 °C were unsuccessful. Hybrid 
genes were obtained by using a Tgradient thermo-
cycler (Biometra, Göttingen, Germany), when 
the mixtures were subjected to 5 min 95 °C, 
followed by two temperature programs of 21 
cycles. The first 21 cycles consisted of 1 min 95 
°C, 1 min at 20 °C with 1 °C increase per cycle 
and 1 min 72 °C with 5 s increase per cycle. 
The second 21 cycles were 1 min 95 °C, 1 min 
40 °C and 2 min 40 s at 72 °C with a 2 s in-
crease in elongation time per cycle. To prevent 
amplification of wild-type genes, the shuffled 
constructs were enriched in PCR reactions 
using hybrid primer sets. The amplification 
mixtures contained 100 ng recombined DNA 
fragments, 5 pmol of each primer, 0.2 mM of 
each dNTP, and 2.5 U Pfu TURBO polymerase 
in the supplied buffer in a total volume of 50 
µl. The temperature program was 2 min at 
95 °C followed by 25 repeats of 30 s at 95 °C, 
1 min at 58 °C, and 45 s at 72 °C with a 20 s 
increase per cycle, with a final step of 5 min at 
72 °C. The PCR products were purified using 
the Qiaquick PCR purification kit (Qiagen) 
before digestion with NcoI and BamHI. Using 
T4 DNA ligase, hybrid genes were ligated in 
the NcoI/BamHI sites of pET9d vector. E. coli 
JM109(DE3) (lacZ- strain) electro-competent 
cells were transformed with the ligation mix-
ture using a Electroporator 2510 (Bio-Rad) 
and plated on selective TY-agar (1% tryptone, 
0.5% yeast extract, 0.5% NaCl, 30 µg ml-1 kana-

mycin, with 1.5% granulated agar) containing 
1.6 µg ml-1 5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside (X-b-gal). Colonies with 
complemented β-glycosidase activity showed 
a blue phenotype and were transferred to 
sterile flat bottom a 96-well microplates that 
contained selective TY-medium with 10% 
glycerol. Each plate contained negative  (E. coli 
JM109(DE3)/pET9d) and positive controls (E. 
coli JM109(DE3)/pLUW511 or pWUR6). 2048 
colonies were isolated and grown overnight 
at 37 °C while shaking. These glycerol stocks 
were stored at -80 °C.

Screening for lactose hydrolysis at 70 °C
For the preparation of cell-free extract (CFE), 
the glycerol stock plates were replicated in 96-
well plates containing selective TY-medium 
and grown for 72 h at 37 °C while shaking. 
Induction of the expression system was not 
necessary, because leakage of the lacUV5 
promoter results in a low level of constitutive 
T7 polymerase expression, as described previ-
ously 219. A freezing-thawing step lyzed the 
cells and the cell-free extract was subjected to 
a heat incubation of 60 min at 70 °C, which 
denatured most of the E. coli host proteins. Af-
ter overnight incubation at 4 °C the majority of 
the denatured proteins precipitated at the well 
bottom, leaving a clear CFE. Microplates con-
taining either 200 µl L-buffer (100 mM lactose 
in citrate buffer (150 mM sodium citrate, pH 
5.0)) or 200 µl LG-buffer (L-buffer containing 
10 mM glucose) per well, were covered to pre-
vent evaporation and preheated in a 70 °C wa-
terbath for 15 min. In an insulated microplate 
holder, 5 µl CFE was transferred to the plates 
containing L-buffer and LG-buffer. Next, the 
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plates were covered, manually inverted for 
mixing, and placed in a 70 °C waterbath. Hy-
drolysis was stopped after 60 min by placing 
the microplates in a water-ice mixture. The 
liberated glucose was measured by transfer-
ring 5 µl of the hydrolysis reaction to 200 µl 
GOD-PAP (Roche, Basel, Switzerland) glucose 
detection mixture in 96 well microplates. After 
30 min incubation at room temperature, the 
developed color was measured at 492 nm in 
a Thermomax microplate reader (Molecular 
Devices, Sunnyvale, CA, USA). The amount 
of liberated glucose was calculated from a 
calibration curve. The accuracy of the GOD-
PAP kit allowed for a reliable calculation of 
the liberated glucose in the presence of 10 mM 
glucose. 

Initial characterization of high performance 
hybrids
For a more detailed analysis, hybrids were 
grown overnight in 15 ml selective TY-
medium at 37 °C while shaking. At A600 1.0, 
isopropylthio-β-D-galactopyranoside (IPTG) 
was added to final concentration of 0.5 mM. 
Cells were harvested and resuspended in 0.75 
ml citrate buffer (pH 5.0). Cells were lyzed by 
sonication and CFE was incubated at 70 °C for 
60 min. This yielded at least 90% pure hybrid 
β-glycosidase after centrifugation at 13,000 ×g 
for 30 min, as was judged by SDS-PAGE analy-
sis. The hybrids were tested for their lactose-
hydrolyzing activity and thermostability. For 
the lactose-hydrolyzing activity, samples of 
0.25 µg enzyme were added to 0.5 ml of pre-
heated 100 mM lactose and 300 mM lactose 
both in citrate buffer and incubated at 70°C 
for 15 min. Glucose was detected with the 

GOD-PAP kit. Thermostability of the hybrids 
was tested by incubating 50 µl of 50 µg ml-1 en-
zyme solution at 70 °C for 1.5 h and measuring 
the residual activity, which was divided by the 
initial activity to give the inactivation rate.

Purification high performance hybrids
E. coli JM109(DE3) clones harboring 
pLUW511, pWUR6 or pET9d derivatives with 
hybrid genes, were grown o/n in 125 ml selec-
tive TY medium at 37°C while shaking. Prior to 
harvesting, the cultures were induced for 4 h by 
the addition of IPTG to a final concentration of 
0.5 mM. Cells were collected by centrifugation 
at 5,400 ×g for 10 min, resuspended in citrate 
buffer, and lyzed by sonication (Sonifier B12, 
Branson). E. coli proteins were denatured by a 
heat incubation at 70 °C for 1.5 h and pelleted 
by centrifugation at 45,000 ×g for 30 min. Am-
monium sulfate was added to the supernatant 
to a final concentration of 1 M. After passage 
through a 0.2 µm filter (Schleicher & Schuell, 
Dassel, Germany), the supernatant was loaded 
on a phenyl-superose column coupled to an 
Äkta FPLC (Amersham-Pharmacia-Biotech, 
Uppsala, Sweden), equilibrated with 20 mM 
Tris-HCl (pH 8.0) buffer with 1 M (NH4)2SO4. 
Proteins were eluted by a linearly decreasing 
(NH4)2SO4 gradient and eluted from the col-
umn at approximately 0.2 M (NH4)2SO4. Ac-
tive fractions were pooled and dialyzed against 
20 mM sodium phosphate (pH 7.5). Proteins 
were pure as judged by SDS-PAGE analysis. 
Absence of contaminating DNA was verified 
in wavelength scans in the range of 250-300 
nm. Protein concentrations were determined 
by measuring the absorption at 280 nm, in 
which calculated specific ε280 values of 128,280 
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M-1cm-1 and 140,370 M-1cm-1 were used for 
CelB and LacS, respectively 137.

Enzyme activity assays
Enzymes were tested for the hydrolysis 
of lactose, cellobiose, para-nitrophenyl-
β-galactopyranoside (pNP-Gal) and para-
nitrophenyl-β-glucopyranoside (pNP-Glc) at 
70 °C by discontinuous assays, as described 
before 182. Under the used conditions, the ε405 
of pNP was determined as 15.8 mM-1cm-1. Ki-
netic data were obtained by fitting the data to 
the Michaelis-Menten equation using the non-
linear regression program Tablecurve 2D (Jan-
del Scientific Software, San Rafael, CA, USA). 
Inhibition constants were determined for 
glucose and the thermostable transition state 
analogue (5R,6R,7S,8S)-5-(hydroxymethyl)-
2-phenyl-5,6,7,8-tetrahydroimidazol[1,2-a]
pyridine-6,7,8-triol (PheImGlc, generously 
supplied by Dr. Andrea Vasella, ETH Zurich, 
Switzerland) 286 with pNP-Gal as a substrate, as 
described before 181. However, after the appar-
ent Km values were determined, Ki values were 
determined in a Dixon plot. 

Stability studies
Half-live values of thermal inactivation of par-
ent and hybrid enzymes were determined at 
92 °C in 20 mM sodium phosphate (pH 7.5) 
using 50 µg ml-1 enzyme, as described before 
182. Optimal temperatures for catalysis were 
determined by measuring specific activities at 
60, 70, 75, 80, 85, 90, 95, 100, 105 and 110 °C 
for the hydrolysis of 20 mM pNP-Gal in citrate 
buffer. Below 90 °C, aliquots of 0.5 ml buffer 
with substrate were preheated for 5 min in a 
water bath, before addition of 5 µl enzyme 

solution. After 5 min the incubations were 
stopped by addition of 1 ml 0.5 M Na2CO3. At 
90 °C and above, 250 µl buffer with substrate 
was preheated in 1 ml stoppered glass HPLC 
vials in a silicon oil bath for 5 min. Reactions 
were started by addition of 5 µl enzyme solu-
tion, and terminated by addition of 0.5 ml 0.5 
M Na2CO3. Liberated nitrophenol was mea-
sured at 405 nm using a spectrophotometer 
(Hitachi). Melting temperatures of wild-type 
and hybrid enzymes were determined by dif-
ferential scanning calorimetry in a VP-DCS 
micro calorimeter (MicroCal, Northampton, 
MA, USA), as described previously 181.

DNA sequencing and homology modeling
The DNA sequence of hybrid genes was deter-
mined using the Thermo Sequenase kit (Am-
ersham-Pharmacia-Biotech, Uppsala, Sweden) 
with IR-labelled primers (MWG, Ebersberg, 
Germany) and subsequent analysis on an 
automated sequencer (LiCor, Lincoln, USA). 
Three-dimensional tetrameric models of the 
hybrid enzymes were obtained by molecular 
replacement using the crystal structures of 
CelB 180 and LacS (PDB ID 1GOW) as search 
models by SWISS-MODEL 145.

Construction of CelB Ser14Ala mutant
Using pLUW511 as a template, a Ser14Ala 
substitution was introduced in the celB gene 
via the QuikChange Site-Directed Mutagen-
esis Kit (Stratagene) using primers BG996 (5’-
TATTCTTGGgCTGGTTTCCAG-3’, sense, 
introduced mutation in lower case font) and 
BG997 (5’-CTGGAAACCAGcCCAAGAA-
TA-3’, antisense). The sequence with intro-
duced mutation was verified by DNA sequence 
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analysis (see above). CelB Ser14Ala protein 
was produced and purified as wild-type CelB.
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Engineering a selectable marker for hyperthermophiles

Abstract
Limited thermostability of antibiotic resistance markers has restrict-
ed genetic research in the field of extremely thermophilic archaea 
and bacteria. In this study, we have employed directed evolution 
and selection in the thermophilic bacterium Thermus thermophilus 
HB27 to find thermostable variants of a bleomycin binding protein 
from the mesophilic bacterium, Streptoalloteichus hindustanus. In 
a single selection round we identified 8 clones bearing 5 types of 
double mutated genes that provided T. thermophilus transformants 
with bleomycin resistance at 77 °C, while the wild-type gene could 
only do so up to 65 °C. Only 6 different amino acid positions were al-
tered, three of which were glycine residues. All variant proteins were 
produced in Escherichia coli and analyzed biochemically for thermal 
stability and functionality at high temperature. A synthetic mutant 
resistance gene with low GC content was designed which combined 
4 of the observed substitutions. The encoded protein showed up to 
17 °C increased thermostability and unfolded at 85 °C in the absence 
of bleomycin, whereas in its presence the protein unfolded at 100 °C. 
Despite these highly thermophilic properties, this mutant protein 
was still able to function normally at mesophilic temperatures in 
vivo. To understand the effect of the mutations, the mutant protein 
was co-crystallized with bleomycin and the structure of the binary 
complex was determined to a resolution of 1.5 Å. Detailed struc-
tural analysis revealed that increased thermostability and enhanced 
antibiotic binding was due to the introduction of an intersubunit 
hydrogen bond network, improved hydrophobic packing of surface 
indentations, reduction of loop flexibility and a-helix stabilization. 
The applicability of the thermostable selection marker is discussed.

J Biol Chem (2005) 280: 11422-11431
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INTRODUCTION

Despite the vast amount of protein sequences 
and structures from micro-organisms that 
grow optimally at temperatures above 80 °C, 
improving a protein’s thermal stability is still 
a challenging task. This is mainly because the 
laws governing protein stability are not easily 
extracted, since they are highly variable and 
complex 15,419. It seems generally accepted that 
the extreme stability of certain natural proteins 
results from the cumulative effect of small ad-
aptations in protein architecture and amino 
acid composition. Although some of these sta-
bilizing features, such as optimized surface ion 
pair networks 186, are unlikely to be engineered 
into a protein of interest, other strategies like 
α-helix capping 350, and the introduction of 
disulfide bonds and prolines in β-turns 412 can 
be applied very successfully when carefully 
designed on the basis of a high resolution crys-
tal structure. However, in many cases atomic 
resolution three dimensional information of 
a protein is unavailable. Directed evolution 
approaches, by contrast, do not require any 
structural information, and commonly rely on 
random mutagenesis and recombination fol-
lowed by screening or selection schemes 15,378. 
Thermostability screens of mutant libraries 
are usually carried out by applying a thermal 
challenge at nonpermissive temperatures, af-
ter which the remaining functionality of the 
individual clones is tested 140,283. To explore 
sufficient sequence space, requires the testing 
of large numbers of mutant clones, which ne-
cessitates high throughput approaches such as 
the use of robotics. Conversely, efficient selec-
tion procedures allow the testing of a large set 

of variants while reducing the effort of finding 
improved ones to a minimum.
	 A convenient selection system for find-
ing protein variants in a library with improved 
thermostability is based on in vivo screening in 
a thermophilic expression host. Cloning and 
selection in thermophilic micro-organisms 
such as Geobacillus stearothermophilus (30 to 
60 °C) or Thermus thermophilus (50 to 80 °C), 
mimics natural evolution, but is only appli-
cable when the gene of interest encodes a pro-
tein that is of biological relevance to growth or 
survival of the host organism 227,393. The selec-
tive pressure can be fine-tuned by raising the 
temperature of growth, enabling only hosts 
that bear thermo-adapted variants to grow on 
solid media. For instance, a combination of in 
vitro mutagenesis methods and in vivo selec-
tion schemes have led to a highly thermostable 
kanamycin nucleotidyltransferase gene that is 
able to function at temperatures up to 79 °C 
156. Such mutant selection markers have per-
mitted the development of genetic tools which 
are very useful in the study of gene-function 
relationships in thermophilic bacteria 126.
	 In contrast to thermophiles (optimum 
temperature for growth 60 - 80 °C), antibiotic-
based genetic systems for hyperthermophilic 
bacteria and archaea (optimum temperature 
for growth > 80 °C) are still in their infancy. 
This is primarily due to the absence of ther-
mostable antibiotics and their corresponding 
resistance factors, since most known antibiotic 
producing micro-organisms are mesophilic 
bacteria and fungi. Often, the common antibi-
otics cannot be used, since many of them are 
unstable at high temperatures, or hyperther-
mophiles are simply insensitive to them 274. The 
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glycopeptide bleomycin is an exception, since 
it is a highly thermostable molecule and effec-
tive against many aerobic micro-organisms 
and eukaryotic cell-lines 135,385. The bleomycin 
family of antibiotics, including phleomycin 
and tallysomycin, are DNA- and RNA-cleaving 
glycopeptides that are produced by the actino-
mycetes Streptoalloteichus hindustanus and 
Streptomyces verticillus. As little as a few hun-
dred bleomycin molecules can effectively kill 
aerobic cells 302. For this reason, bleomycin is 
currently clinically employed as an antitumor 
agent against squamous cell carcinomas and 
malignant lymphomas 360. Resistance against 
bleomycin-like antibiotics is conferred by N-
acetylation, deamidation and sequestration of 
the molecule 385. The latter mechanism involves 
bleomycin binding proteins (BBPs) which 
have been found only in mesophilic Bacteria. 
Two proteins, Shble and BlmA, provide self-
immunity for bleomycin-producers St. hin-
dustanus and S. verticillus, respectively 135,387, 
and may be involved the transport and excre-
tion of the molecule 92. Two genes, blmT and 
blmS, are located on the Klepsiella pneumoniae 
transposon Tn5 136 and on the Staphylococcus 
aureus plasmid pUB110 349, respectively. All 
four proteins are highly negatively-charged 
cytoplasmic proteins of around 14 kDa, which 
form homodimers that bind two positively 
charged antibiotic molecules at a hydropho-
bic subunit interface cleft 92,250,386. The small 
protein size and the wide applicability of the 
drug have made both shble and blmT popular 
dominant selection markers in vector systems 
for lower and higher eukaryotes, bacteria and 
halophilic archaea 91,277,385. This prompted us to 
investigate whether we could thermostabilize 

Shble and BlmS to allow for its application in 
aerobic thermophiles and hyperthermophiles.
	 In this study, we have performed 
directed evolution using selection in the 
thermophilic bacterium T. thermophilus, and 
obtained various mutant proteins which could 
operate at highly thermophilic growth condi-
tions. Their enhanced performance at high 
temperature was analyzed biochemically and 
possible stabilizing effects were identified.

RESULTS AND DISCUSSION

Selection of stabilized Shble variants
Randomly mutated shble genes were introduced 
in the E. coli - T. thermophilus shuttle vector 
pMK18 under the control of the promoter of 
the surface layer protein A gene (slpA) from 
Thermus thermophilus HB8 116. This promoter 
is known to drive efficient transcription of the 
single selection marker in both bacteria. An 
error-prone library of approximately 20,000 
functional clones was generated in E. coli 
HB101. Colonies appeared of similar size and 
there was no difference between the mutant 
and wild-type shble phenotype. The plasmid 
library was harvested and transformed into 
Thermus thermophilus HB27, making use of its 
high natural competence 208. Thermus clones 
appeared on bleomycin-containing plates up 
to 65 °C after transformation with the wild-
type shble shuttle vector, whereas wild-type 
blmS was unable to generate a resistant phe-
notype at either 50 or 65 °C. The transforma-
tion efficiency of the shble shuttle vector was 
approximately five times lower at 65 °C than 
the kanamycin-based vector pMK18 82. This 
difference might be due to the lethal effect of 
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bleomycin and the non-catalytic nature of its 
elimination, which requires at least one protein 
molecule per bleomycin molecule.
	 Upon increasing the temperature of 
selection, a dramatic decrease in the number 
of colonies was observed after transformation 
of 8 µg of mutant library DNA. While 1200 
colonies appeared at 67 °C, this number de-
creased to 800 at 69 °C, 600 at 70 °C, 106 at 75 
°C and 8 at 77 °C. No colonies appeared at 78 
and 80 °C.  Plating efficiencies at these tem-
peratures have been reported to be severely 
reduced, which complicates selection up to 
85 °C, the maximum temperature of growth 
156. The eight Thermus clones found at 77 °C 
(termed 77-1 to 77-8) were grown overnight 
in selective media at 70 °C and their plasmids 
were isolated, transformed into E. coli HB101, 
and subsequently re-isolated and their inserts 
were sequenced. This revealed that all variants 
were double mutants bearing, in total, 6 differ-
ent amino acid substitutions and 3 silent muta-
tions (Table 8.1). Five types of double mutants 
could be distinguished at the protein level and 
two sets of double mutants were identical. 
Remarkably, 3 out of 6 mutations found were 
glycine substitutions, of which glycine 98 was 
replaced by either a valine or a serine. The fact 

that only double mutants were found, seems 
to be a clear indication of the high stringency 
that was used during selection. Interestingly, 
some substitutions, such as Leu63Gln, had oc-
curred in combination with either Gly18Glu, 
Asp32Val or Gly98Val, which may point to 
the independent effects of the different muta-
tions. A multiple sequence alignment of BBPs 
and the position of the mutations are shown 
in Figure 8.1. To assess the reason why these 
mutants performed better at elevated tempera-
tures in vivo, we produced and purified wild-
type Shble and all double mutants and studied 
their biochemical behavior in vitro. Further-
more, a synthetic quadruple mutant gene with 
low GC content was designed by combining 
mutation Gly18Glu, Asp32Val, Leu63Gln and 
Gly98Val. The protein, designated HTS (High 
Temperature Shble), was produced, purified 
and biochemically analyzed. The HTS protein 
was crystallized in complex with bleomycin 
A2 and its structure determined.

Thermal unfolding
Shble variants were subjected to temperature-
induced equilibrium unfolding experiments 
in the presence and absence of bleomycin. 
The protein was found to unfold largely ir-
reversible, since only 40% of the native folded 
signal was regained after slow cooling of the 
thermally unfolded protein. Therefore only 
apparent midpoint temperatures of unfolding 
(Tm) could be calculated. The results are sum-
marized in Table 8.2.
	 In the absence of the antibiotic, wild-
type Shble appears to be a very stable protein. 
This is remarkable, since St. hindustanus grows 
optimally at 28 °C 401. It is often found, however, 

Residue number
18 31 32 40 63 98

wild-type Gly Arg Asp Gly Leu Gly

77-1/2/8 Gln 
T188A

Val 
G293T

77-3a Val
A95T

Gln
T188A

77-4/6b Leu
G92T

Ala
G119C

77-5c Leu
G92T

Ser
G292A

77-7 Glu
G53A

Gln
T188A

Table 8.1 - Nucleotide and amino acid changes of mutants.

Additional silent mutations a C360A, b G63A, c G30A.
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that proteins for which low biological turnover 
is beneficial for a host, are prone to little lo-
cal unfolding and hence are less susceptible to 
proteolytic attack 171. Structurally, Shble which 
serves a function of self-immunity, might well 
be adapted to meet these criteria by its com-
pactness, relatively high secondary structure 
content, high surface charge and by its embed-
ded N and C-termini 92. The unfolding data 
also clearly show the strong stabilizing effect 
of ligand binding on the thermostability of the 
BBP, since the apparent unfolding midpoint 
temperature increases 27.3 °C upon bleomycin 
binding. This effect has also been recognized in 
other ligand binding proteins, such as strepta-
vidin and avidin, which become extremely 
thermostable in the presence of biotin 143. In 

the absence of bleomycin, the stability of the 
various mutants is rather different. Of the dou-
ble mutants, only 77-3 (Asp32Val, Leu63Gln) 
seems to have a marked increase in Tm as 
observed with circular dichroism (CD) and 
fluorescence spectroscopy (FS), while numbers 
77-1 (Leu63Gln, Gly98Val), 77-5 (Arg31Leu, 
Gly98Ser) and 77-7 (Gly18Glu, Leu63Gln) 
remain virtually unchanged. Surprisingly, 
mutant 77-4 (Arg31Leu, Gly40Ala) displays 
significantly lower Tm values compared to the 
wild-type. Quadruple mutant HTS, which 
combines non-redundant mutations found 
in 77-1, 77-3 and 77-7, displays a profound 
increase of 13.9, 10.8 and 17.7 °C in stability 
in the absence of the antibiotic as found by 
CD, FS and differential scanning calorimetry 

Figure 8.1
Structural alignment of bleomycin binding proteins from different microbial sources. Shble (PDB ID: 1BYL) from St. hindustanus 
92, BlmA (PDB ID: 1QTO) from S. verticillus ATCC15003 188, SvP from S. verticillus ATCC21890, BlmT (PDB ID: 1ECS) from 
K. pneumoniae transposon Tn5 250 and BlmS from S. aureus plasmid pUB110. The alignment was created by backbone 
superimposition of the three structures and expanded with the SvP and BlmS sequences by realignment using ClustalX 398 

while maintaining the original gaps. The HTS structure was used for residue numbering and topology assignment (black 
arrows: b-strand, checkered boxes: a-helix). Mutations are indicated by arrows.

WT HTS 77-1 77-3 77-4 77-5 77-7

apo
CDa 70.8 ± 0.5 84.7 ± 0.6 72.2 ± 0.5 79.5 ± 0.6 66.8 ± 0.5 71.1 ± 0.6 70.3 ± 0.5
FSb 67.9 ± 0.4 78.7 ± 0.5 67.2 ± 0.4 69.1 ± 0.5 63.8 ± 0.4 64.6 ± 0.5 65.9 ± 0.4
DSCc 67.4 ± 0.6 85.1 ± 0.7 ND ND ND ND ND

bleomycin DSCc 94.7 ± 0.8 100.3 ± 0.8 ND ND ND ND ND

Table 8.2 - Apparent thermal unfolding midpoints (° C) of Shble variants. 

a CD circular dichroism spectroscopy (l205 nm), b FS fluorescence spectroscopy (lex 295 nm, lem 315 nm), c DSC: differential 
scanning calorimetry. ND not determined.
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(DSC), respectively. In its presence, the com-
plex becomes hyperthermostable, unfolding at 
a temperature of just over 100 °C, 5.6 °C higher 
compared to the wild-type protein.
	 To our surprise, the double mutants 
77-1, 77-5 and 77-7 had almost unchanged ap-
parent melting temperatures compared to the 
wild-type. This can be understood by realizing 
that in vivo, some amino acid changes may 
prevent instances of local protein unfolding, 
and therefore may avoid further unfolding 
and subsequent proteolytic attack. However, 
this is not necessarily reflected in its in vitro 
melting temperature, which is a measure of its 
global stability. Only when the weakest point 
of a structure was compensated (Asp32Val and 
Leu63Gln in 77-3), an increase of its melting 
temperature from 70.8 to 79.5 °C with CD, and 
67.9 to 69.1 °C with FS was observed. Adding 
mutation Gly98Val from 77-1 and Gly18Glu 
from 77-7 to 77-3, giving rise to HTS, fur-
ther increased its melting temperature as one 
would expect. This observation is analogous to 
the findings of extensive work which has been 
conducted with the neutral protease from 
Geobacillus stearothermophilus, where interac-
tions close to the N-terminus were found to be 
limiting the global stability 412.

Mutants improve DNA protection against 
bleomycin at high temperature
In vitro DNA protection assays were performed 
with the various Shble mutants in order to test 
whether the resistant phenotype of T. thermo-
philus at 77 °C was due to improved protection 
against the DNA degrading capability of bleo-
mycin. The result of this is shown in Figure 
8.2. At 25 °C, no significant differences in band 
intensities are observed. A 30 min thermal pre-
incubation of the protein at 85 °C, however, 
revealed a drastic loss of function in mutant 
77-4. Differences between the wild-type and 
mutants became pronounced when bleomycin 
binding capabilities were tested at 85 °C. At 
this temperature, the DNA was protected best 
by 77-1 and HTS, followed by 77-4, 77-5, 77-3, 
77-7 and the wild-type. Surprisingly, mutant 
77-4, which displayed a low temperature un-
folding midpoint and high thermal inactiva-
tion at 85 °C, apparently bound bleomycin 
effectively at high temperature conditions. So 
although the global stability of this mutant was 
decreased, it had improved bleomycin bind-
ing characteristics, which in itself, stabilizes 
the protein dramatically as observed by DSC 
measurements for the wild-type. These results 
indicate that some of the double mutants have 
improved the bleomycin binding properties 
compared to the wild-type, which confirms 
the findings of the in vivo selection procedure 
in Thermus thermophilus. Possible structural 
explanations for the improved functionality at 
higher temperature are discussed below.

Overall structure description
The quadruple mutant HTS was crystallized in 

Figure 8.2
DNA protection assay. Images of 1% agarose gels showing 
the degree of DNA protection by Shble variants against the 
strand scission action of bleomycin A2. A) assay at 25 °C for 
10 min. B) assay at 25 °C for 10 min after protein preincuba-
tion at 85 °C for 30 min. C) assay at 85 °C for 10 min.
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the presence of bleomycin A2 and its structure 
was determined to 1.50 Å resolution. The crys-
tals grown belong to space group P21 with unit 
cell parameters a=44.0 Å, b=66.6 Å, c=47.2 Å 
and b=117.4° and a dimer in the asymmetric 
unit (Fig. 8.3AB). Representative electron 
density is shown in Figure 8.3C. The structure 
forms a compact, homodimeric α/β protein of 
121 amino acids (Met1, Gln123 and Asp124 
are disordered) in which two bleomycin A2 
molecules are accommodated in binding 
pockets at the dimer interface. These pockets 
consist of a hydrophilic concavity which runs 

into a hydrophobic intersubunit crevice. The 
dimer is maintained by alternate N-terminal 
β1-strand hydrogen bonding between both 
monomers and by Van der Waals interactions 
at the largely hydrophobic subunit contact 92,188. 
Three sulphate ions are present at the surface 
of the dimer of which two form ion pairs with 
Arg104 of both chains. The presence of a dimer 
in the asymmetric unit allowed the identifica-
tion of certain symmetry deviations between 
both monomers. A backbone superimposition 
of both chains (RMSD: 0.38 Å, Table 8.3) only 
revealed large differences in a random coil 

Figure 8.3 (in color on p.159)
Structure and electron density of HTS in complex with bleomycin A2. Ribbon diagram showing the dimeric structure of the 
fourfold mutant Shble in complex with bleomycin A2. Mutations are indicated by stick representations. Chain A in blue, chain 
B in red, Gly18Glu in green, Asp32Val in pink, Leu63Gln in yellow and Gly98Val in orange. A) side view. B) viewed from the 
N- and C-terminal side (top view) C) stereo view of the electron density around residue Pro9 and Trp65 contoured at 2s. 
Residues are colored according to the CPK color scheme, water molecules are represented by red spheres.
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region comprising residues Asp88, Ala89 and 
Ser90 (Fig. 8.3AB), which is spatially close to 
the carbamoyl group of the D-mannose moi-
ety of bleomycin (Fig. 8.4A). Their respective 
Cα atoms deviate 2.0, 5.1 and 1.6 Å in position, 
while giving rise to almost oppositely pointing 
amino acid side chains. In contrast to the bleo-
mycin bound and unbound BlmA structure, 
backbone B-factors in this region are only 
marginally higher compared to the average 
value, suggesting a rigid conformation 188,386. 
The difference in orientation of this loop might 
therefore be the result of sequential binding of 
two bleomycin molecules. Unlike BlmA, no 
symmetry related differences were observed 
in the region between amino acids 100 to 103. 
The topology of the HTS protein complex and 
the mode of bleomycin binding are similar to 
other BBPs. An overview of available struc-
tures is given in Table 8.3.
	 The structure of the HTS mutant in 
complex with bleomycin completes the list of 
structural information of three BBPs with and 
without their ligands, hereby contributing to 
our understanding of these proteins in gen-
eral. Moreover, it has revealed several molecu-
lar features, which can account for increased 
protein stability and improved functionality at 
higher temperature in vivo and in vitro. 

Structural effects of mutations
Introduction of an intersubunit hydrogen 
bond network - The structure of the dimer 
shows that each of the two bleomycin A2 mol-
ecules is bound by the concerted action of 21 
amino acids. Due to its intersubunit location, 
both binding sites are composed of residues 
from either subunit. These include Val32, 
Phe33, Glu35, Phe38, Ser51, Ala52 and Val53 of 
one subunit and Pro59, Asp60, Asn61, Thr62, 
Gln63, Trp65, Phe86, Ala89, Trp102, Ala107, 
Arg109, Gly113, Cys115 and His117 of the 
other. The crystal structure clearly reveals the 
central role of mutation Leu63Gln which was 
found in 3 out of 5 different double mutants. 
Gln63 is involved in an extensive hydrogen 
bond network at the bottom of the bleomycin 
binding concavity (Fig. 8.5A). It is noteworthy 
that the carbonyl side chains (Oε1) of both 
Gln63 residues in the dimer act as terminal 
hydrogen bond acceptors of a five-molecule 
water channel present at the dimer interface. 
A second hydrogen bond is accepted from 
the side chain hydroxyl group (Oγ) of Ser51 
of the adjacent subunit. The amide side chain 
(Nε2) of Gln63 forms a hydrogen bond with 
one of two water molecules trapped between 
the bleomycin and the surface of the protein. 
The presence of a leucine at position 63 would 

Source / description PDB ID Form Resolution (Å) RMSD (Å) Reference
Shble St. hindustanus 1BYL apo 2.3 0.63a 92

1XRK bleomycin A2 1.5 0.38b This study
BlmA S. verticillus 1QTO apo 1.5 0.77a 188

1JIE bleomycin A2 1.8 0.73a 386

1JIF Cu2+, bleomycin A2 1.6 0.75a

BlmT K. pneumoniae 1ECS apo 1.7 1.18a 250

1EWJ bleomycin A2 2.5 1.15a

Table 8.3 - Crystal structures of bleomycin binding proteins.

a Av. backbone superimposition RMSD values to HTS chain a & b, b backbone superimposition RMSD values of chain a to b.
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most likely not have allowed for a hydrogen-
bond network of this size. The advantage of 
an amino acid compatible with hydrogen 
bonding at position 63 is also evident from the 
alignment, which indicates that without excep-
tion the other four BBPs have a serine at this 
specific site (Fig. 8.1). Although the mutant 
structure without bleomycin is not available, 
we speculate that an intersubunit hydrogen 
bond between Gln63 and Ser51 can persist 
even without the antibiotic bound, giving rise 
to a beneficial interaction that might stabilize 
the dimer at high temperatures.

Hydrophobic packing of surface indentations 
- In wild-type Shble and BlmA, Asp32 is lo-
cated on the edge of the intersubunit binding 
groove for the bithiazole moiety and tail-region 
of bleomycin (Fig. 8.4A) 92,188,386. In bleomycin 
A2, B2 and in phleomycin D1 the tail is posi-
tively charged which suggests involvement of 
Asp32 in electrostatic stabilization or ligand 
recognition. From NMR studies it has become 
clear that in the bound state no strong interac-
tions occur between the protein and the posi-
tively charged tail of bleomycin 415. These data 
are supported by the absence of electron den-

sity for the γ-aminopropyldimethylsulfonium 
moiety of bleomycin A2 in the binary complex 
structure of BlmA and HTS, suggesting a 
disordered conformation of the tail end (Fig. 
8.4B) 386. This might have allowed for an amino 
acid substitution to valine, which extends the 
hydrophobic bithiazole binding cleft at the 
dimer interface fitting nicely within a highly 
hydrophobic environment consisting of Phe33, 
Phe38, Val42, Thr47 and Phe49 (Fig. 8.5B). In 
addition, both BlmT and BlmS sequences also 
contain a valine at the corresponding position 
(Fig. 8.1). From a thermodynamic point of 
view, a mutation introducing surface hydro-
phobicity is generally believed to be unfavor-
able and has therefore rarely been investigated 
in directed mutagenesis studies. Neverthe-
less, some studies have reported significant 
improvements in protein stability by placing 
bulky hydrophobic amino acids at the surface 
of a neutral protease from Geobacillus stearo-
thermophilus 410. Recent findings using Bacillus 
licheniformis α-amylase have clearly indicated 
that hydrophobic surface residues can indeed 
be extremely stabilizing by improving hydro-
phobic packing of surface indentations, hereby 
reinforcing subsurface secondary structure 

Figure 8.4 (in color on p.159)
Chemical diagram and electron density of bleomycin A2. A) Schematic representation of bleomycin A2. B) Electron density 
around bleomycin A2 contoured at 1.5s. The diagram indicates the missing electron density around the g-aminopropyldi-
methylsulfonium moiety suggesting a disordered conformation.
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elements 240. This might explain the enhanced 
secondary structure preservation at high 
temperatures as inferred from CD of mutant 
77-3. Strikingly, modeling of Gly40Ala into 
the wild-type structure (not shown) revealed 
close spatial proximity to Asp32 (5 Å between 
Cα and 3.5 Å between Cβ atoms), which may 
also underline a similar need for hydrophobic-
ity in this part of the protein. Mutation Arg31 
to Leu, which occurred in two types of double 
mutants came as a surprise, since it is involved 
in a surface ion pair with Asp25 in wild-type 
Shble. Apparently this electrostatic interaction 
does not counterweight beneficial effects of 
improved hydrophobic packing among resi-
dues Val20, Thr24, Val34, and Val41.

Reduction of surface loop flexibility - From 
previous crystallographic and NMR studies of 
BBPs, it has become clear that the loop follow-
ing Gly98 in Shble will change its conforma-
tion upon binding of the antibiotic 188,250,386,415. 
This conformational change enables the 
tryptophan at position 102 to stack optimally 
with the hydrophobic bithiazole moiety of 
bleomycin (Fig. 8.4A), packing both thiazole 
rings tightly against Phe33 and Phe38 of the 
adjacent subunit. In both BlmA and Shble, 
Gly98, located on the edge of a small β-strand 
leading towards the binding loop, seems to 
have a hinge function (Fig. 8.5C). The bending 
motion of the backbone is also clearly reflected 
in large Phi and Psi torsion angle changes of 
more than 20° upon the binding of bleomycin. 
At high temperatures, however, this flexibility 
might have caused problems leading to local 
unfolding or a decreased bleomycin binding 
ability. A substitution for either a valine or 

serine as observed, would increase the rigid-
ity of the loop and could therefore restore the 
binding capacity at high temperature. 

a-Helix stabilization - Mutation Gly18Glu in-
troduces a glutamate at position N3 in the first 
turn of the largest α-helix of the protein. Sta-
tistical analysis as well as experimental studies 
have shown that glutamates are energetically 
highly favored over glycines at the third posi-
tion in an α-helix 165,292. This effect is most likely 
caused by the stabilizing effect of the nega-
tively charged side chain on the helix macro 
dipole. To our surprise, chain A of the crystal 
structure revealed the formation of a genuine 
i, i+5 α-helix surface ion-pair between Glu21 
and Arg26, which was absent in the wild-type 
structure (Fig. 8.5D). This new ion pair may 
have been the result of repulsion of anionic 
glutamate side chains of position 18 and 21, 
directing the latter towards the C-terminal 
arginine. Although i, i+5 α-helical surface ion 
pairs do not give rise to strong ionic interac-
tions at ambient temperatures 365, they might 
be more favorable at higher temperatures. 
Theoretical models have indicated that the 
energetic cost of desolvating charged groups 
is much less at 100 °C, due to a drop in the 
dielectric constant of water 98. This is currently 
the best explanation for the fact that proteins 
from extreme thermophiles have large ion pair 
networks at their surfaces, which are thought 
to be involved in maintaining structural integ-
rity 186. Additionally, a minor beneficial effect 
of this mutation could be the introduction of 
additional negative surface charge, which en-
hances electrostatic attraction of the cationic 
antibiotic under physiological conditions.
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Laboratory vs natural evolution of stability
In this study, several possible mechanisms of 
adaptation to high temperature were identi-
fied, such as the introduction of a hydrogen 
bond network, improved hydrophobic pack-
ing of surface indentations, reduction of loop 
flexibility and α-helix stabilization. Remark-
ably, half of all mutations found were glycine 
replacements, which could point to protein 

stabilization by decreasing the entropy of the 
unfolded state 411. Although this could be 
a general strategy of stabilization, proteins 
from hyperthermophiles do not have a lower 
glycine content than their mesophilic coun-
terparts, but rather a slightly increased one 
49. Their predicted proteomes do have an in-
creased propensity for charged (Arg, Lys and 
Glu) and bulky aliphatic (Ile and Val) amino 

Figure 8.5 (in color on p.160)
Structural effects of the individual mutations. A) Leu63Gln.  Ribbon diagram showing the hydrogen bond network at the dimer 
interface. Thr62, Gln63, Ser51 and bleomycin A2 are shown together with the intersubunit water channel. B) Asp32Val.  Ribbon 
diagram showing the hydrophobic intersubunit bleomycin tail binding crevice. Val32 may be involved in improved hydrophobic 
packing of this surface indentation among amino acids Phe33, Phe38, Val42, Thr47 and Phe49. C) Gly98Val. Ribbon rep-
resentation showing a loop between Pro92 and Pro111 which is involved in bleomycin binding. Val98 is located at a former 
hinge region which enables Trp102 to stack the bithiazole tail against Phe33 and Phe38. The electron density revealed two 
alternative sidechain rotamers for Val98 in chain A (not shown) and a single side chain conformation in chain B. D) Gly18Glu. 
Side-by-side comparison of -helix one formed between Asp15 and Leu27 in the wild-type and mutant crystal structures of 
Shble. The existence of a surface ion-pair between Glu21 and Arg26 is visible in the electron density (contoured at 1.5s). 
Interatomic distances are indicated in Å. CPK color coding was used for amino acids and bleomycin A2. Chain A is indicated in 
blue, chain B in red. Water molecules are represented by red spheres. Hydrogen bonds are depicted by green dotted lines.
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acids, which has mostly come at the cost of 
polar residues (Asn, Gln, Ser and Thr) 49. This 
is fully in agreement with the requirements for 
the elevated numbers of surface salt bridges 
and improved hydrophobic core packing that 
has generally been recognized in these types of 
proteins. These are just two of a multitude of 
mechanisms that proteins from hyperthermo-
philic micro-organisms have employed to deal 
with extreme temperatures 212,419,420. 
	 Recently, several other random mu-
tagenesis studies have also reported large 
improvements in thermostability by applying 
directed evolution approaches. A mesophilic 
xylanase of family 11 was stabilized by over 
35 °C by combining nine mutations found 
separately after extensive screening. The activ-
ity of this mutant was optimized by saturation 
mutagenesis of all mutated positions, yielding 
an enzyme variant with highly enhanced prop-
erties for high-temperature applications 283. In 
another study, a highly thermostable esterase 
containing seven mutations was evolved in six 
rounds of random mutagenesis, recombina-
tion and screening 140. The resulting enzyme 
was crystallized and its structure determined 
374. The structure revealed that improved sta-
bility was due to altered core packing, α-helix 
stabilization, the introduction of surface salt 
bridges and reduction of flexibility in surface 
loops. From these and many other directed 
evolution and site-directed mutagenesis stud-
ies, it has become apparent that (i) proteins can 
be stabilized substantially by small numbers 
of mutations, (ii) these mutations are often 
located at the protein surface and (iii) their ef-
fects are usually additive. As few as 2 out of 12 
amino acid differences between a mesophilic 

and thermophilic cold shock protein turned 
out to be responsible for the difference in 
thermostability 293. The remaining variation in 
sequence might just have occurred as a result 
of neutral sequence drift or specific properties 
required by the host, such as solubility, turn-
over and molecular interactions 247. 
	 Despite the fact that only a small 
number of mutations are required to render a 
protein thermostable, finding those mutations 
remains a difficult task. Apart from screening 
vast numbers of random mutants in microtiter 
plates, in vitro and in vivo selection schemes 
offer great advantages in order to reduce the 
effort to encounter improved variants. Cur-
rently, two main strategies are available.
	 One of these thermostabilizing selec-
tion methods is called Proside (Protein sta-
bility increased by directed evolution) which 
is based on the empirically derived inverse 
correlation between protein thermostability 
and proteolytic susceptibility 356. In a phage 
display-like procedure, a library of mutants is 
fused between two domains of E. coli filamen-
tous phage Fd gene-3-protein (G3P) which 
is then subjected to proteases while inducing 
local unfolding of the target protein by means 
of temperature or chemical denaturants. The 
resulting instable fusion protein variants are 
cleaved, causing only the surviving, more 
stable phages to be found after infection. It was 
found that in an ionic denaturant, non-polar 
surface interactions were optimized, whereas 
at elevated temperature variants with improved 
surface electrostatics were selected 247.
	 Cloning and selection in a thermo-
phile, as conducted in this study, is a second 
directed evolution strategy which can lead to 
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rapid improvements in thermostability. De-
spite its simplicity, very few studies using this 
technique have been reported. This is most 
likely due to its limited applicability, since the 
gene of interest rarely confers any biologically 
relevant function for growth or survival of the 
thermophile. Nonetheless, functionally stabi-
lized mutants have been reported up to 79 °C 
for a kanamycin nucleotidyltransferase 156,227 
and 58 °C for a chloramphenicol acetyltrans-
ferase 403. Auxotrophic knockout strains for 
leucine biosynthesis were complemented with 
thermolabile counterpart genes from Bacil-
lus subtilis and Saccharomyces cerevisiae and 
adapted to higher temperature by serial accu-
mulation of beneficial mutations in the in-trans 
introduced 3-isopropylmalate dehydrogenase 
genes 5,392. A hybrid α-galactosidase consisting 
of B. stearothermophilus and T. thermophilus 
peptide regions was adapted to function at 67 
°C by selection for growth on melibiose as the 
sole carbon and energy source 125.

Concluding remarks
In this study, several double mutants of a 
bleomycin binding protein were isolated with 
enhanced performance at high temperature 
both in vivo and in vitro. Structural analysis 
showed that the mutations gave rise to differ-
ent means of stabilization in four parts of the 
protein. A combined mutant gene with a low 
GC content was created, which can serve as an 
antibiotic resistance marker for aerobic and 
micro-aerophilic mesophiles, thermophiles 
and hyperthermophiles. This may allow the 
development of efficient shuttle-vectors and 
knockout strategies for hyperthermophilic 
archaea and bacteria based on positive selec-

tion schemes. Moreover, the high GC content 
double mutant genes will now permit multi-
gene knockout strategies in thermophiles such 
as Thermus thermophilus, allowing further 
exploration and exploitation of thermophilic 
microbial sources.

EXPERIMENTAL PROCEDURES

All chemicals were of analytical grade and 
purchased from Sigma. Primers were ob-
tained from MWG Biotech AG (Ebersberg, 
Germany). Polymerase chain reactions were 
performed with Pfu TURBO (Stratagene) 
unless stated otherwise. Bleomycin A2 (Bleo-
cin, Calbiochem) was used for all selections. 
Escherichia coli HB101 (F- hsdS20 (rB-, mB-) 
ara-14 galK2 lacY1 leuB6 mcrB mtl-1 proA2 
recA13 rpsL20 supE44 thi-1 xyl-5 (StrR)) 33 
was used for cloning purposes and routinely 
transformed by electroporation.

Construction of bleomycin shuttle vector
Bacillus subtilis 168 8G5 carrying pUB110 was 
kindly provided by Dr. S. Bron (University 
of Groningen, Netherlands) and the plasmid 
was isolated by Qiagen Miniprep according 
to the manufacturer’s instructions. The blmS 
gene was PCR amplified with primers BG1407 
(sense) 5’-GGAGGTGcatatgAGAATGT-
TACAGTCTATCCC-3’ and BG1240 (anti-
sense) 5’-CGCGTCTAGATTAGCTTTTT-
ATTTGTTGAAAAAAG-3’ (NdeI and XbaI 
sites underlined). Chromosomal DNA of 
Streptoalloteichus hindustanus (ATCC31158) 
was prepared according to standard proce-
dures 330 and used for PCR amplification of 
the shble gene with primers BG1410 (sense) 
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5’-TGAGGcatatggccaagttgacca-
gtgccg-3’ and BG1411 (antisense) 5’-
gatccTCTAGAtTagtcctgctcctcg-
gccacg-3’ (NdeI and XbaI sites underlined). 
PCR products were digested and ligated into 
E. coli - T. thermophilus shuttle-vector pMK18 
82 (Biotools, Madrid, Spain) thereby replacing 
the kanamycin nucleotidyltransferase gene. 
Ligation mixtures were transformed into E. 
coli HB101 and transformants were plated on 
1.5% LB agar plates supplemented with 3 µg 
ml-1 bleomycin. Both blmS and shble provided 
resistance against the antibiotic, giving rise to 
the 4434 bp plasmid pWUR111 and the 4404 
bp plasmid pWUR112, respectively.

Mutant library construction
Error-prone PCR was carried out using two 
different polymerases, namely Taq (Am-
ersham) and Mutazyme (Genemorph kit, 
Stratagene). This approach was chosen to 
complement the transition and transver-
sion bias of each enzyme to provide a more 
complete mutational spectrum of the PCR 
product. For the error-prone amplification, 
flanking primers BG1412 (sense) 5’-CGAC-
CCTTAAGGAGGTGTGAGGcatatg-3’ 
and BG1408 (antisense) 5’-CGAGCTCGG-
TACCCGGGGATCCTCTAGAtta-3’ (NdeI 
and XbaI site underlined) were designed to 
allow variation throughout the entire coding 
sequence, between the start- and stop-codon 
(indicated in boldface). Taq polymerase based 
PCR reactions were performed as previously 
described 351. A 50 µl PCR reaction contained 
5 ng of pWUR112, 5 pmol of each primer, 0.2 
mM of dATP and dGTP, 1 mM of dCTP and 
dTTP, 5 U of polymerase, 3 mM MgCl2 and 

three concentrations of MnCl2 (0.1, 0.3 and 
0.5 mM). The mixture was thermocycled as 
follows: 95 °C (4 min), 30 cycles of 94 °C (30 
s), 55 °C (45 s) and 72 °C (25 s) post-dwelled 
for 4 min at 72 °C. Mutazyme PCR reactions 
were prepared according to the manufacturer’s 
instructions and thermocycled as above using 
an elongation time of 50 seconds.
	 Randomly mutated PCR products were 
cloned into vector pMK18 and transformed 
into E. coli HB101. A total of approximately 
10,000 Taq and 10,000 Mutazyme derived 
clones were resuspended in 50 ml LB media 
supplemented with antibiotic and grown in 1 
L media to early stationary phase. Plasmids 
were subsequently harvested using a Miniprep 
plasmid isolation kit (Qiagen).

Selection in Thermus thermophilus
Thermus thermophilus HB27 was kindly pro-
vided by Dr. J. Berenguer (Autonomous Uni-
versity of Madrid, Spain). Cells were routinely 
cultivated at 70 °C in a Ca2+ (3.9 mM) and 
Mg2+ (1.9 mM) rich media 82 containing 8 g L-1 
tryptone, 4 g L-1 yeast extract and 3 g L-1 NaCl 
dissolved in Evian mineral water (pH 7.7, 
after autoclaving) (Evian-les-Bains, France). 
Transformation of T. thermophilus was es-
sentially performed by the method of Koyama 
208. Frozen cell aliquots were resuspended in 
25 ml of media and grown at 150 rpm to an 
A600 of 0.8. The culture was then diluted 1:1 in 
preheated media and incubated for another h. 
Next, plasmids were added to 0.5 ml of culture 
and the mixture was incubated for 2-3 h at 
70 °C with occasional shaking before being 
plated on 3% agar plates (Beckton Dickinson) 
supplemented with 30 µg ml-1 kanamycin or 15 
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µg ml-1 bleomycin (Calbiochem) for selection. 
Colonies appeared within 36 h at 60 - 70 °C. 
At temperatures above 70 °C, 1% Gelrite plates 
(Roth, Karlsruhe, Germany) were used, sup-
plemented with 100 µg ml-1 kanamycin or 20 
µg ml-1 bleomycin for selection. Colonies were 
grown overnight in liquid media containing 30 
µg ml-1 kanamycin or 5 µg ml-1 bleomycin. T. 
thermophilus plasmid DNA was prepared us-
ing a plasmid Miniprep-kit (Qiagen) after a 2 
mg ml-1 pre-incubation with lysozyme for 30 
min at 37 °C.

Gene cloning, protein production and pu-
rification
Wild-type and double mutant shble genes 
were PCR amplified from their respective 
pWUR112 plasmids using primers BG1503 
(sense) 5’-gatggCCatgGCCAAGTT-
GACCAGTGC-3’ and BG1504 (antisense) 
5’-gccgcAAGCtTagtcctgctcctcg-
gcc-3’ (NcoI and HindIII site underlined). 
PCR products were cloned into vector pET26b 
(Novagen) and fused to an Erwinia carotovora 
pectate lyase (pelB) signal sequence allowing 
periplasmic protein overexpression in E. coli 
BL21(DE3) (Novagen). Periplasmic fractions 
of 1 L cultures were prepared by osmotic shock 
according to the manufacturers instructions 
and dialyzed overnight against 20 mM Tris-
HCl (pH 7.5). Samples were loaded onto a 
MonoQ HR 5/50 connected to a FPLC system 
(Amersham) and eluted using a 1 M NaCl gra-
dient. Shble containing fractions were pooled 
and dialyzed against a 10 mM NaPi buffer (pH 
7.0) supplemented with 50 mM NaCl and 
subsequently purified by size exclusion chro-
matography using a Superdex 200 HR 10/30 

column (Amersham).

Synthetic gene construction
A synthetic mutant shble gene based on ar-
chaeal codon usage was constructed by oligo-
nucleotide assembly PCR 379. This gene con-
tains the point mutations Gly18Glu, Asp32Val, 
Leu63Gln and Gly98Val, and has a GC content 
of 40.8% compared to 70.2% of wild-type 
shble. The synthetic gene was denominated 
HTS (High Temperature Shble). The sequence 
has been deposited to Genbank (accession 
number AY780486).
	 Assembly PCR mixtures contained 10 
oligonucleotides (BG1542 - BG1451, online 
Suppl. Table) with an overlap of 20 bases. 
Both flanking primers were 40 bases in length 
whereas the 8 central primers consisted of 
80 to 90 bases. The assembly PCR mixture 
contained 2.5 µM of each primer, 0.2 mM of 
dNTP's and 0.05 U µl-1 of Pfu polymerase. The 
mixture was thermocycled at 94 °C (30 s), 55 
°C (30 s) and 72 °C (60 s) for 40 cycles. The PCR 
products were purified over a PCR purification 
column (Qiagen) and diluted 1:1 in fresh PCR 
mix containing only both flanking primers 
BG1542 and BG1551 at 0.1 µM concentration 
and were thermocycled according to standard 
procedures. PCR products of the expected size 
were isolated from agarose gel using Qiaex II 
gel extraction kit (Qiagen), digested with NdeI 
and BglII and cloned into vector pET26b. 
This allowed for efficient cytoplasmic protein 
overproduction in E. coli BL21(DE3)-RIL 
(Novagen). Positive clones were picked from 
LB agar plates containing 3 µg ml-1 bleomycin 
and 50 µg ml-1 chloramphenicol. A 4 L culture 
was grown at 37 °C until A600 0.5, induced with 
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0.5 mM isopropyl-β-D-thiogalactopyranoside 
(IPTG) and was incubated for another 5 h. Cells 
were harvested, resuspended in 20 mM Tris-
HCl (pH 7.5) and sonicated. Cell extracts were 
clarified by centrifugation (30 min, 26,500 xg, 
4 °C) and applied to a 70 ml Q-Sepharose Fast 
Flow (Amersham) anion exchange column. 
Proteins were eluted by a 1 M NaCl gradient, 
High Temperature Shble (HTS) containing 
fractions were pooled and concentrated over 
a YM10 filter (Amicon) and further purified 
by size exclusion chromatography as described 
above. 

DNA sequencing
Inserts of plasmids used in this study were 
sequenced by Westburg Genomics (Wagenin-
gen, Netherlands).

Protein quantitation
Protein concentrations were determined by 
using a Bradford assay 34 (Bio-Rad). Purified 
proteins were quantified from A280 measure-
ments using a protein extinction coefficient of 
29,000 M-1cm-1 320.

DNA protection assay
Protein functionality assays were essentially 
performed as described elsewhere 135, employ-
ing a 10-fold excess molar concentration of 
protein over bleomycin A2 (Calbiochem). In 
each assay, 0.2 µg of PstI linearized plasmid, 
pUC19, was used. Assays were performed by 
first incubating DNA and protein shortly at 85 
°C, after which bleomycin A2, dithiothreitol 
(DTT) and Fe2+ were sequentially added to the 
reaction mixture.

Circular dichroism spectroscopy
CD experiments were performed on a Jasco 
J-715 spectropolarimeter (Jasco, Tokyo, 
Japan) equipped with a PTC-348WI Pel-
tier temperature control system. Far-UV CD 
measurements were conducted with Suprasil 
quartz cuvettes (Hellma Benelux, Rijswijk, 
Netherlands) with a 1 mm cell length. Dur-
ing all experiments, the sample cell chamber 
was purged by dry N2 gas at a flow rate of 10 
L min-1. In temperature-induced unfolding 
experiments, the cuvette containing 1.7 μM 
of protein sample in degassed 10 mM NaPi 
(pH 7.0) and 50 mM NaCl, was heated from 
25 to 95 °C at 0.4 °C min-1 and subsequently 
cooled to 25 °C at the same rate. The ellipticity 
at 205 nm was measured every 0.5 °C with a 2 
s response time to monitor the loss of β-sheet 
and β-turn secondary structure elements. The 
bandwidth of the measurement was set to 1.0 
nm and the sensitivity to 100 mdeg. Data were 
corrected for the temperature dependent ellip-
ticity of a blanc without protein. Averaged data 
of two independent scans were fit according to 
a two state model of unfolding and the appar-
ent temperature unfolding midpoint (Tm) was 
derived from van ’t Hoff plots.

Fluorescence spectroscopy
Fluorescence experiments were performed 
on a Varian Cary Eclipse fluorimeter (Var-
ian, Middelburg, Netherlands) equipped with 
a four-cuvette Peltier multicell holder and 
PCB-150 waterbath. All measurements were 
performed in 3 ml Suprasil quartz cuvettes 
(Hellma Benelux, Rijswijk, Netherlands) with 
a 1 cm pathlength. A magnetic stirring bar 
ensured a homogeneous sample temperature. 
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The temperature of the sample was recorded 
by a temperature probe inside one of the 
four samples. Spectra and thermal unfolding 
curves were recorded of 1.7 µM protein solu-
tions in degassed 10 mM NaPi (pH 7.0) buffer 
supplemented with 50 mM NaCl. Tryptophans 
were excited at 295 nm and fluorescence was 
recorded from 300 to 550 nm with both the 
excitation and the emission slits set to 5 nm. 
During temperature-induced unfolding and 
refolding studies, fluorescence emission inten-
sities were monitored at 315 nm from 27 to 92 
°C at a heating and cooling rate of 0.4 °C min-1. 
Data were corrected for the fluorescence emis-
sion of corresponding blanc solutions. Data of 
two independent scans were treated and fit as 
described above.

Differential scanning calorimetry (DSC)
DSC measurements were performed on a Mi-
crocal III system (Setaram, Caluire, France). 
Degassed protein samples of 0.28 mg ml-1 (20 
µM) in 10 mM NaPi (pH 7.0) and 50 mM NaCl 
in the presence and absence of an 8-fold molar 
excess bleomycin A2, were heated from 20 to 
120 °C at 0.5 °C min-1. Midpoint temperatures 
of unfolding were determined by curved base-
line analysis from two independent scans. 

Protein crystallization, data collection and 
processing
The HTS protein was extensively dialyzed 
against 10 mM NaPi, pH 7.0 and was subse-
quently crystallized by the sitting drop method 
of vapor diffusion at 20 °C and a protein 
concentration of 3.3 mg ml-1 in the presence 
of a 10 fold molar excess of bleomycin A2 
- HCl (Calbiochem). Crystals grew in 2.0 M 

Ammonium-Sulfate as the precipitant in 0.1 M 
Sodium-Acetate buffer, pH 4.6. Data were col-
lected from a single flash-frozen native crystal 
(100K) to 1.5 Å resolution using a MAR345 
imaging plate at the Protein Structure Factory 
beamline BL14.2 of the Free University of Ber-
lin at the BESSY synchrotron source (Berlin, 
Germany) (Table 8.4). All data were reduced 
with DENZO and SCALEPACK 280. The 
crystal used for data collection had unit cell 
parameters a=44.0 Å, b=66.6 Å and c=47.2 Å 
and b=117.4° and belonged to space group P21 
with a dimer in the asymmetric unit.

X-ray data collection statistics
Wavelength (Å) 0.90830
Resolution (Å) 30 – 1.5 (1.53 – 1.50)
Total observations 87740 (3602)
Unique observations 36444 (1714)
Completeness (%) 94.4 (88.6)
I / s(I) 20.3 (3.9)
Rsym

a 0.043 (0.189)

Refinement statistics
Resolution (Å) 30.0 - 1.5
Rwork

b 0.174
Rfree

c 0.194
RMSD bond distances (Å) 0.01
RMSD bond angles (˚) 1.664
Total number of non-H atoms
Av. protein B value (Å2)

1883
13.3

Solvent molecules
Av. solvent B value (Å2)

288
27.0

Bleomycin atoms
Av. ligand B value (Å2)

182
22.8

Sulphate ion atoms
Av. sulphate ion B value (Å2)

15
31.4

a Rsym = Σhkl Σi |I-<Ii>| / Σhkl Σi Ii, where Ii is the intensity of a 
given measurement and the sums are over all measurements 
and reflections. Values in parentheses refer to the highest 
resolution shell.
b Rwork = Σ ||F(obs)|-|F(calc)|| / Σ |F(obs)| for the 95% of the 
reflection data used in refinement.
c Rfree= Σ ||F(obs)|-|F(calc)|| / Σ |F(obs)| for the remaining 5%.

Table 8.4 - Data collection and refinement. Values in paren-
theses refer to the highest resolution shell.



8 Engineering a selectable marker for hyperthermophiles

128

	 The structure of HTS was determined 
by molecular replacement using the program 
MOLREP 408 and the Streptomyces verticillus 
BlmA dimer (PDB ID: 1JIE) 386 as the search 
model. The initial phases were improved us-
ing the free-atom refinement method together 
with automatic model tracing in ARP/wARP 
294. TLS parameters were determined and TLS-
restrained refinement was performed using 
REFMAC 269. Several rounds of iterative model 
building and refinement followed and water 
molecules were added using ARP/wARP 294. 
The final model (comprising 241 amino acids, 
288 water molecules, 2 bleomycin molecules 
and 3 sulphate ions), refined using data be-
tween 30 and 1.5 Å resolution, has an R- and 
free R-factor of 17.4 and 19.4%, respectively, 
with good geometry (Table 8.4). Residues 
Met1, Glu122, Gln123 and Asp124 in chain 
A and Met1, Gln123 and Asp124 in chain B 
are not visible in the electron density map and 
therefore have been excluded from the model. 
Additionally, the side chains of two residues in 
chain A (Asp36 and Arg87), four side chains 
in chain B (Glu21, Asp36, Arg87 and Glu122), 
and the γ-aminopropyldimethylsulfonium 
moiety of bleomycin have been truncated in 
the final model. The stereochemical quality 
of the model and the model fit to the diffrac-
tion data were analyzed with the programs 
PROCHECK 216 and SFCHECK 409.
	 The coordinates and experimental 
structure factors have been deposited in the 
Protein Data Bank with accession number 
1XRK. Figures were prepared with Swiss-
PDBviewer v3.7 SP5 146 and rendered with 
POV-Ray v3.6.
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The work presented in this thesis de-
scribes a study of various aspects of the 

sugar metabolism of the hyperthermophilic 
archaeon Sulfolobus solfataricus. During these 
studies a diverse set of molecular techniques 
was employed, among which DNA microarray 
analysis, quantitative proteomics, classical ge-
netics and biochemistry, X-ray crystallography 
and protein engineering. The wealth of genetic 
information available in the databases was 
explored using bioinformatics. The integrated 
approach that was taken to discover new meta-
bolic pathways, and to analyze the activities 
and structures of the enzymes in these path-
ways, has led to a better general understanding 
of the lifestyle that these microbes have devel-
oped to thrive in hot acid environments. 

Chapter one gives a general overview of 
thermophiles, their genetics and provides an 
introduction to the hyperthermophilic model 
archaeon Sulfolobus solfataricus, its vector 
developments and glycoside hydrolases. Di-
rected evolution approaches are also briefly 
discussed.
	 Chapter two describes the results of 
a reconstruction of the central carbon me-
tabolism (glycolysis, gluconeogenesis and 
tricarboxylic acid cycle) of S. solfataricus on 
the basis of genome, proteome, transcriptome 
and biochemical data. The expression level of 
the genes involved in these pathways was com-
pared at the mRNA and protein level during 
growth on peptides and sugars. Most of the 
observed differences in expression between 
the two conditions were surprisingly small. 
Despite this, some key enzymes in glycolysis 
(non-phosphorylating glyceraldehyde-3-phos-

phate dehydrogenase), and gluconeogenesis 
(phosphoenolpyruvate synthase, phospho-
glycerate kinase) were differentially expressed. 
Since these pathways in Sulfolobus generally 
appear not to be regulated by the abundance of 
the respective enzymes, it is proposed that the 
activity of some key enzymes may be regulated 
by allosteric control and protein post-transla-
tional modifications instead.
	 Chapter three presents the results of an 
integrative genomics approach to elucidate the 
D-arabinose metabolism of S. solfataricus. Key 
enzymes of the pathway were identified using 
DNA microarray and quantitative proteomics 
analyses, while their activities were studied 
by classic biochemistry. This revealed that the 
pentose was converted into 2-oxoglutarate by 
the action of four previously uncharacterized 
enzymes: a D-arabinose dehydrogenase, a D-
arabinonate dehydratase, a 2-keto-3-deoxy-D-
arabinonate dehydratase and a 2,5-dioxopen-
tanoate dehydrogenase. Although this pathway 
has been shown by Weimberg and Doudoroff 
in the late 50’s and early 60’s in Pseudomonas 
saccharophila and P. fragi, it has taken nearly 
50 years for the responsible genes to be found. 
Bioinformatics was employed to make use of 
the wealth of microbial genome information to 
establish the occurrence of the pathway com-
ponents in other micro-organisms. Interest-
ing evolutionary observations were extracted 
from the similarities of the pentose oxidation 
pathway with degradation schemes for hexaric 
acids and L-hydroxyproline, which support a 
pathway genesis scheme by enzyme recruit-
ment events between pathways with shared 
intermediates.
	 Chapter four gives a detailed view 
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of the three dimensional structure and bio-
chemical properties of the enzyme responsible 
for first step of the above mentioned pentose 
oxidation pathway: the D-arabinose dehydro-
genase. As most nicotinamide-adenine-dinu-
cleotide utilizing enzymes from Sulfolobus spp, 
the AraDH enzyme showed a clear preference 
for the electron acceptor NADP+ over NAD+, 
which could be explained by the presence of an 
adenyl-phosphate binding pocket in the struc-
ture. Molecular understanding of the substrate 
preference for D-arabinose and L-fucose was 
obtained by ligand docking simulations. The 
information from this study exemplifies once 
more the diverse functions that are carried out 
by members of the zinc-dependent medium-
chain dehydrogenase/reductase protein super-
family, and can be instrumental for protein en-
gineering and genome annotation purposes.
	 Chapter five describes the crystal struc-
ture of a novel enzyme of the Sulfolobus D-ara-
binose degradation pathway: the 2-keto-3-de-
oxy-D-arabinonate dehydratase. This enzyme 
is responsible for the third step of the pentose 
oxidation pathway, which concerns the water 
elimination of 2-keto-3-deoxy-D-arabinonate 
leading to the aldehyde 2,5-dioxopentanoate. 
The structure uncovered an unusual tetrameric 
ring of two-domain subunits, resembling an 
elongated donut. Insight into substrate bind-
ing and catalysis was obtained from co-crystal 
structures with a substrate analog and the en-
zyme product bound. A catalytic mechanism 
for base catalyzed dehydration was proposed 
based on these observations.
	 Chapter six describes the purification 
and characterization of an unusual intracel-
lular a-galactosidase from the hyperthermo-

philic crenarchaeon S. solfataricus. This class 
of enzymes liberates galactose from the non-
reducing end of sugars, and can be commonly 
found in Bacteria and in Eukaryotes such as 
yeasts, fungi, plants and mammals. Within 
glycosyl hydrolase family 36, the primary 
sequence of the archaeal enzyme variant was 
shown to cluster with mostly alkaline alpha-
galactosidases, and raffinose and stachyose 
synthases from plants, and appeared more 
distantly related to the thermostable bacterial 
a-galactosidases. Catalytic aspartate candi-
dates for the nucleophile and acid/base of the 
reaction were predicted based on conserved 
sequence motifs, and their involvement in 
catalysis was verified by site directed mutagen-
esis.
	 Chapter seven reports on the results 
of a project to engineer the properties of a 
β-glycosidase by DNA family shuffling. A hy-
brid enzyme was constructed with improved 
catalytic rates at 70 °C, which had retained 
the desired properties of the parental enzymes 
CelB (high thermostability) from Pyrococcus 
furiosus and LacS (low product inhibition) 
from Sulfolobus solfataricus. The result came as 
a surprise, since it is commonly accepted that 
amino acid side chain interactions in proteins 
from hyperthermophiles are highly optimized 
to achieve extreme thermostability. This study 
however shows that it is possible to exchange 
a large portion of the central (βα)8-barrel of 
the enzyme, in effect by substituting seventeen 
amino acids in CelB and introducing a single 
insertion, without dramatically affecting the 
structural integrity of the enzyme.
	 Chapter eight describes the directed 
evolution of a bleomycin binding protein to-



9 Summary and concluding remarks

132

wards increased thermal tolerance. An in vivo 
selection system was set up, by making use of 
the thermophilic bacterium Thermus thermo-
philus HB27, capable of growing at tempera-
tures ranging from approximately 50 to 80 °C. 
This system allowed for the simple identifica-
tion of mutants of the bleomycin binding pro-
tein that were operative up to 77 °C within a 
library of 20,000 functional clones. Strikingly, 
while the wild-type bleomycin binding protein 
provided antibiotic resistance up to 65 °C, only 
eight double mutants could do so at 77 °C, 
indicating a high stringency of the selection 
procedure. A total of six amino acid positions 
were altered in the protein, of which three 
were glycine residues. A quadruple mutant 
was constructed which showed that additional 
mutations give rise to an increase in thermo-
stability, suggesting independent and cumu-
lative effects of some of the mutations. The 
molecular basis of increased thermostability 
was deduced from the crystal structure of the 
quadruple mutant, which displayed additional 
hydrogen bonds, improved hydrophobic pack-
ing of surface indentations, reduced flexibility 
of a surface loop, and a stabilized α-helix.
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Figure 3.7
A) Cartoon of the organization of conserved gene clusters involved in the pentose, hexaric acid and hydroxyproline degradation. 
Proposed analogous gene functions are indicated in the same color (green: pentose dehydrogenase, orange: pentonolactonase, 
yellow: aldonic acid dehydratase, red: 2-keto-3-deoxy-aldonic acid dehydratase, blue: 2,5-dioxopentanoate dehydrogenase. 
Dashed genes are displayed smaller than their relative size. Protein family numbers are displayed below each gene according 
to Clusters of Orthologous Groups of proteins classification system (COG) 396. The genes indicated in white or gray encode 
the following putative functions: araA: transcriptional regulator, araF-araH: L-Ara ABC transporter (periplasmic L-Ara binding 
protein, ATP binding protein, permease), rrnAC3038: heat shock protein X, ycbE: glucarate/galactarate permease, ycbG: 
transcriptional regulator, PP1249: hydroxyproline permease. B) Schematic representation of the convergence of catabolic 
pathways for pentoses, hexaric acids 75,157,172,352 and hydroxyproline 311,361,439 at the level of 2,5-dioxopentanoate. Enzymatic 
activities are indicated by their EC number. Dashed lines indicate proposed spontaneous reactions.

A

B
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Figure 4.1
Schematic representation of the Sulfolobus solfataricus AraDH structural model of the monomer showing the catalytic and 
nucleotide binding domain. The N-terminus of the polypeptide chain (N, in blue) follows a color gradient towards the C-terminus 
(C, in red). Interruptions in the structure due to missing residues corresponding to regions of weak electron density are indicated 
by dashed lines. The structural (top) and the catalytic (bottom) coordinated zinc ions are displayed as gray spheres.

Figure 4.2
Schematic diagrams of the S. solfataricus AraDH homo-tetramer generated by crystallographic symmetry operations. View 
perpendicular to A) the AB, B) the AD, and C) the AC dimer interface showing the intersubunit contacts (boxed).
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Figure 4.3
View of the composite omit map calculated using the program SFCHECK 409 contoured at 1.0s around A) the structural zinc 
ion and B) the active site zinc ion. A) The structural zinc ion is tetrahedrally coordinated by Asp94 Od1 at a distance of 1.84 Å, 
Cys97 Sg at 2.30 Å, Cys100 Sg at 2.30 Å and Cys108 Sg at 2.34 Å. B) The active site zinc ion is coordinated by Cys41 Sg at 
a distance of 2.36 Å, His65 Ne2 at 2.35 Å and Asp150 Od2 at 1.84 Å. A water molecule is located 4.55 Å from the active site 
zinc ion (not shown).The threonine residue (Thr43) involved in the proton relay mechanism is also shown.

Figure 4.7
Docking solution of the Michaelis complex for a-L-fucopyranoside (L-fucose) and the nicotinamide cofactor in A) stick and 
B) schematic representation. The C1O of the substrate forms the fourth ligand of the tetrahedrally coordinated zinc ion (gray 
sphere). The C6 methyl group of L-fucose that distinguishes it from D-arabinose is stacked against the phenyl ring of Tyr294 
and forms additional hydrophobic contacts with the aliphatic side chains of Ala90, Thr91 and Ile113 (latter not shown). Hydroxyl 
groups at C3 and C4 form extensive hydrogen bonds with Lys54, Gln116 and Asn293. The C1H is positioned correctly to allow 
hydride transfer to the nicotinamide cofactor.
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Figure 5.2
A) Topology diagram showing the connectivity of secondary structure elements and domain organization of the S. solfataricus 
KdaD monomer. The N-terminus of the polypeptide chain (N, in blue) follows a color gradient towards the C-terminus (C, in 
red). B) and C) Stereo ribbon diagrams at two viewing angles of the KdaD monomer with Mg2+ and 2-oxobutyrate bound.

Figure 5.3
Schematic ribbon and surface 
diagrams are shown of the S. solfa-
taricus KdaD homo-tetramer gener-
ated by crystallographic symmetry 
operations. View A) perpendicular 
to the tetrameric ring, B) along the 
N-domain dimer-dimer interface, and 
C) along the catalytic domain dimer 
interface.



Appendix I: Color figures

156

Figure 5.4
Stereo diagrams are shown of the KdaD active site with Mg2+ (green spheres), water 
molecules (red spheres) and A) 2,5-dioxopentanoate or B) 2-oxobutyrate bound. Simu-
lated annealing Fo-DFc omit electron density maps for the ligand and the metal ion are 
displayed at a 3s contour level. C) Stereo image of a model of the Michaelis complex 
of KdaD with its substrate 2-keto-3-deoxy-D-arabinonate (D-KDA) bound. Hydrogen 
atoms for D-KDA are shown as well as the carbon atom numbers.
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Figure 5.6
A schematic representation of the catalytic dimer interface is shown, indicating the hydrogen bond connectivity between 
Glu114a and Glu114b residues of both active sites through a mostly hydrophobic water tunnel. Interatomic distances are 
displayed in Å.

Figure 5.9
A ribbon representation is shown of 
members of the FAH superfamily as 
monomers. See Table 5.1 and Fig. 
5.8 for details.
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Figure 7.4
Structural representation of hybrids. A) Schematic representation of primary structures of CelB, LacS, hybrids 1, 11, 18 and 20. 
Surface plot of tetrameric B) hybrid 1 and C) hybrid 20. D) Side view and E) top view of the (ba)8-barrel of hybrid 20.
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Figure 8.3
Structure and electron density of HTS in complex with bleomycin A2. Ribbon diagram showing the dimeric structure of the 
fourfold mutant Shble in complex with bleomycin A2. Mutations are indicated by stick representations. Chain A in blue, chain 
B in red, Gly18Glu in green, Asp32Val in pink, Leu63Gln in yellow and Gly98Val in orange. A) side view. B) viewed from the 
N- and C-terminal side (top view) C) stereo view of the electron density around residue Pro9 and Trp65 contoured at 2s. 
Residues are colored according to the CPK color scheme, water molecules are represented by red spheres.

Figure 8.4
Chemical diagram and electron density of bleomycin A2. A) Schematic representation of bleomycin A2. B) Electron density 
around bleomycin A2 contoured at 1.5s. The diagram indicates the missing electron density around the g-aminopropyldimeth-
ylsulfonium moiety suggesting a disordered conformation.
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Figure 8.5
Structural effects of the individual mutations. A) Leu63Gln.  Ribbon diagram showing the hydrogen bond network at the dimer 
interface. Thr62, Gln63, Ser51 and bleomycin A2 are shown together with the intersubunit water channel. B) Asp32Val.  Ribbon 
diagram showing the hydrophobic intersubunit bleomycin tail binding crevice. Val32 may be involved in improved hydrophobic 
packing of this surface indentation among amino acids Phe33, Phe38, Val42, Thr47 and Phe49. C) Gly98Val. Ribbon rep-
resentation showing a loop between Pro92 and Pro111 which is involved in bleomycin binding. Val98 is located at a former 
hinge region which enables Trp102 to stack the bithiazole tail against Phe33 and Phe38. The electron density revealed two 
alternative sidechain rotamers for Val98 in chain A (not shown) and a single side chain conformation in chain B. D) Gly18Glu. 
Side-by-side comparison of -helix one formed between Asp15 and Leu27 in the wild-type and mutant crystal structures of 
Shble. The existence of a surface ion-pair between Glu21 and Arg26 is visible in the electron density (contoured at 1.5s). 
Interatomic distances are indicated in Å. CPK color coding was used for amino acids and bleomycin A2. Chain A is indicated in 
blue, chain B in red. Water molecules are represented by red spheres. Hydrogen bonds are depicted by green dotted lines.
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NEDERLANDSE SAMENVATTING

Dit proefschrift beschrijft diverse aspecten 
van het suikermetabolisme van het hyper-
thermofiele archaeon Sulfolobus solfataricus. 
Bij het onderzoek is gebruik gemaakt van 
verschillende biomoleculaire technieken, 
zoals DNA microarray analyse, kwantitatieve 
proteomics, klassieke genetica en biochemie, 
eiwit kristallografie en mutagenese. Bioinfor-
matica werd gebruikt om de grote hoeveelheid 
genoom informatie die in databanken 
beschikbaar is te doorzoeken. De geïntegreerde 
benadering die ten grondslag lag aan de 
ontdekking van de nieuwe metabole routes en 
de betrokken enzymen, heeft onder andere tot 
betere inzichten geleid in de levenswijze van 
extremofiele micro-organismen. Daarnaast 
zijn er in het onderzoek twee eiwitten geschikt 
gemaakt voor toepassingen in suikeromzet-
tingen en genetische studies aan thermofiele 
micro-organismen.

Hoofdstuk één geeft een historisch overzicht 
van de ontdekking van thermofiele micro-
organismen en hun genetica. Het presenteert 
het hyperthermofiele archaeon Sulfolobus 
solfataricus als model organisme.

In het tweede hoofdstuk staan de resultaten 
van een studie beschreven die gericht was op 
het analyseren van de expressie van genen 
die betrokken zijn bij centrale metabole 
routes, zoals de glycolyse, gluconeogenese 
en de citroenzuurcyclus. Tot onze verrassing 
bleken de verschillen in expressie op zowel 
mRNA- als eiwitniveau klein te zijn, wanneer 
S. solfataricus werd gecultiveerd op suikers 

of peptiden. Slechts de expressie van drie 
enzymen die betrokken zijn bij de glycolyse en 
gluconeogenese was significant verschillend. 
Mogelijk worden de meeste enzymen in deze 
metabole routes gereguleerd door allostere 
effecten en post-translationele modificatie.

Het derde hoofdstuk beschrijft de ophelde-
ring van de metabole route waarmee de 
pentose suiker D-arabinose wordt afgebroken. 
Wederom gebruikmakend van een geïnte-
greerde onderzoeksstrategie werden eerst de 
verantwoordelijke enzymen geïdentificeerd. 
Vervolgens werd van deze enzymen op 
een biochemische wijze vastgesteld welke 
activiteit zij hadden. De suiker bleek door vier 
opeenvolgende enzymen te worden omgezet 
in 2-oxoglutaraat: een centrale metaboliet 
uit de citroenzuurcyclus. Met behulp van 
bioinformatica kon worden voorspeld dat 
andere bacteriën en archaea ook deze oxidatieve 
metabole pathway bezaten. Ook konden 
evolutionaire verbanden worden gelegd tussen 
de metabole routes voor pentoses, hexaarzuren 
en hydroxyproline, die een interessant licht 
werpen op het ontstaan van metabole routes.

In hoofdstuk vier worden de kristal structuur 
en de biochemische eigenschappen van het 
D-arabinose dehydrogenase gepresenteerd. 
Net als de meerderheid van de bekende 
nicotinamide-adenine-dinucleotide afhanke-
lijke enzymen van S. solfataricus geeft dit enzym 
de voorkeur aan de cofactor NADP+ boven 
NAD+. Op moleculair niveau kon die worden 
verklaard door een aminozuur sequentie die 
een pocket vormt voor de extra fosfaatgroep 
van NADP+. Ook de substraatvoorkeur voor 
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D-arabinose en L-fucose kon worden begrepen 
door middel van substraat-docking studies. 
De informatie verkregen in dit hoofdstuk 
illustreert de diverse functies die uitgevoerd 
worden door enzymen die behoren tot de 
MDR superfamilie. Ook is de informatie nuttig 
bij genoom annotaties en eiwit mutagenese 
studies.

Hoofdstuk vijf beschrijft de kristal structuur 
van het 2-keto-3-deoxy-D-arabinonate dehy-
dratase, het derde enzym uit de pentose 
oxidatie route van S. solfataricus. De structuur 
van dit enzym bleek een ongebruikelijke ring-
vormige tetrameer te zijn, waarvan iedere 
subunit uit twee domeinen bestond. Kristal 
structuren van het enzym met het product 
2,5-dioxopentanoaat en substraat analoog 
2-oxobutyraat lieten zien hoe substraten in de 
active site zijn gebonden. Op grond hiervan  
worden speculaties gedaan over het katalytisch 
mechanisme van dit nieuwe enzym. Ook werd 
dit enzym uitgebreid vergeleken met homologe 
structuren waarvan nog geen functie bekend 
is.

In hoofdstuk zes staat de zuivering en 
biochemische karakterisatie van een nieuw 
a-galactosidase van S. solfataricus beschreven. 
Dit enzym haalt galactose van niet-reducerende 
uiteinden van suikers af. Het archaeale type 
bleek phylogenetisch niet te behoren tot het 
bacteriële thermostabiele type a-galactosidase 
van glycosyl hydrolase familie 36, maar tot een 
subklasse die veel eiwitsequenties van planten 
bevat. De betrokkenheid van voorspelde 
katalytische aspartaten werd geverifieerd door 
middel van plaatsgerichte mutagenese.

In hoofdstuk zeven wordt de modificatie 
van een b-glycosidase door middel van 
DNA family shuffling beschreven. Om de 
hydrolyse van afvalproduct lactose optimaal 
bij 70 °C te laten verlopen, werden de goede 
eigenschappen van twee b-glycosidases uit de 
hyperthermofiele Archaea Pyrococcus furiosus 
(hoge thermostabiliteit) en S. solfataricus 
(lage productinhibitie) gecombineerd in een 
hybride enzym. Naast verbeterde catalytische 
eigenschappen van het hybride enzym was het 
resultaat zeer verrassend omdat het aantoont 
dat het mogelijk is om netto 17 aminozuren 
tegelijkertijd te veranderen, zonder desastreuze 
effecten op de hyperthermostabiliteit van het 
enzym te veroorzaken.

In hoofdstuk acht is een selectiemarker 
ontwikkeld voor thermofiele micro-
organismen, waardoor genetisch onderzoek 
aan deze klasse organismen makkelijker zal 
worden. Thermostabiele random mutanten 
van een bleomycine bindend eiwit werden 
geselecteerd in de thermofiele bacterie Thermus 
thermophilus. In een enkele selectieronde bij 
77 °C werden acht dubbelmutanten geïdentifi-
ceerd in een populatie van 20.000. Deze 
mutanten werden biochemisch en structureel 
bestudeerd, waardoor de mechanismen 
die ten grondslag lagen aan de verbeterde 
thermostabiliteit konden worden opgehelderd. 
Het eiwit bleek op vier onafhankelijke 
manieren gestabiliseerd te zijn, waardoor het 
functioneel kon blijven bij aanzienlijk hogere 
temperaturen dat het wild-type eiwit.
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Discipline specific activities
Courses	 											           ECTS
3 months training, Thermal Biology Institute, Bozeman, USA						      6.0
Protein Engineering (oral presentation), Wageningen, 2001 & 2003						      1.5
Bio-informatics 2, Wageningen, 2002									         2.8
Radiation expert 5B, WU & Larenstein, Wageningen/Velp, 2003						      1.4
High Troughput Screening, RU, Groningen, 2002								       1.4
Biomolecular crystallography, BESSY, Berlin, 2005							       1.4
X-ray structure elucidation, SGC, Oxford, 2005								        1.4

Meetings
Annual EU SCREEN project meetings, Germany, Italy, UK, Sweden, 2001-2004				    2.3
Annual Dutch Molecular Genetics meeting (poster and oral presentation), Lunteren, 2001-2007			   4.4
Annual Dutch Protein Study Group (poster and oral presentation), Lunteren, 2003-2006				    3.3
Annual Dutch National Biotechnological Conference, Ede, 2002-2003						     0.6
Extremofiles conference (poster presentation), Napels, Italy, 2002						      1.9
Gordon research conference Archaea (poster presentation), Boston, USA, 2003				    1.9
Gordon research conference Archaea (poster and oral presentation), Oxford, UK, 2005				    2.4
Extremofiles conference (oral presentation), Brest, France, 2006						      1.9

General courses
Scientific writing, Wageningen University, 2005								        1.7

Optionals
Preparation PhD research proposal									         6.0
Bacterial Genetics weekly group meeting, 2001-2007							       3.0
Microbiology biweekly PhD & postdoc meeting, 2001-2007							       3.0
VLAG PhD trip Japan, 2005										          2.5

											           Total	 50.8
1 ECTS (European Credit Transfer System) represents the normative study load of 28 hours

Education Statement of graduate school VLAG

The graduate school hereby declares that the PhD candidate has complied with the educational 
requirements of the graduate school VLAG by following the discipline specific activities listed 
below.
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Stan Johan Jozef Brouns werd op 10 maart 1978 geboren te ‘s-Hertogenbosch. In 1996 behaalde 
zijn VWO diploma aan het Jeroen Bosch college te ‘s-Hertogenbosch. Stan verliet vervolgens het 
ouderlijk huis om in Wageningen Moleculaire Wetenschappen te gaan studeren. Al snel werd 
duidelijk dat de biologische kant van de studie hem meer interesseerde dan de fysische, wat 
in 1999 resulteerde in een afstudeervak bij de vakgroep Microbiologie. Onder begeleiding van 
Thijs Kaper en dr. John van der Oost werd met behulp van nieuwe DNA shuffling technieken een 
hybride enzym gemaakt dat geschikt was om het afvalproduct lactose om te zetten in bruikbare 
suikers. Voor dit project ontving hij in 2000 de Unilever Research prijs.
	 Na dit succes werd bij de vakgroep Biochemie onder begeleiding van Yves Bollen en dr. 
Carlo van Mierlo de stabiliteit van een esterase onderzocht met behulp van spectroscopische 
technieken. Een 6 maanden durende stage naar het Thermal Biology Institute in Bozeman (Ve-
renigde Staten) volgde om ervaring op te doen met het werken met thermofiele micro-organ-
ismen. Onder supervisie van dr. Ken Stedman en prof. dr. Mark Young werd de productie van 
een cellulase van het thermofiele archaeon Sulfolobus solfataricus met behulp van virale vectoren 
geoptimaliseerd.
	 Eenmaal terug in Nederland studeerde hij in juni 2001 af, waarna hij aan de slag ging als 
AIO bij het Laboratorium voor Microbiologie onder leiding van prof. dr. Willem M. de Vos in de 
Bacteriële Genetica groep van dr. John van der Oost. De resultaten van het promotieonderzoek 
die hij in de daarop volgende 4 jaar behaalde, zijn in dit proefschrift beschreven.
	 Na zijn promotieonderzoek bleef hij als Postdoc werkzaam binnen de Bacteriële genetica 
groep. Daar hield hij zich bezig met regulatienetwerken in Archaea en meer recentelijk met een 
nieuw immuun systeem in Bacteriën en Archaea.
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