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The crystal structure of a hypothetical protein ST2348 (GI: 47118305) from the hyperthermophilic bac-
teria Sulfolobus tokodaii has been determined using X-ray crystallography. The protein consists of two CBS
(cystathione b synthase) domains, whose function has been analyzed and reported here. PSI-BLAST shows
a conservation of this domain in about 100 proteins in various species. However, none of the close homo-
logs of ST2348 have been functionally characterized so far. Structure and sequence comparison of ST2348
with human AMP-kinase c1 subunit and the CBS domain pair of bacterial IMP dehydrogenase is sugges-
tive of its binding to AMP and ATP. A highly conserved residue Asp118, located in a negatively charged
patch near the ligand binding cleft, could serve as a site for phosphorylation similar to that found in
the chemotatic signal protein CheY and thereby ST2348 can function as a signal transduction molecule.

� 2008 Elsevier Inc. All rights reserved.
Thermostable enzymes are good candidates for many industrial
applications because of their relatively high stability at elevated
temperatures both in aqueous medium and in organic solvents.
These enzymes are excellent subjects for investigation since they
provide information on the thermostability of proteins as well as
characteristics of cells living in an acidic environment.

Sulfolobales, the hyperthermophilic archaea inhabit sulfur-rich
hot acid springs and grow optimally at pH 2–3 and at a tempera-
ture of 80 �C. The Sulfolobus tokodaii strain 7, a representative of
Sulfolobales, is known to oxidize H2S to sulfate intracellularly
and has been used to treat industrial waste water [1]. Here, we re-
port the crystal structure of a hypothetical protein ST2348 from S.
tokodaii strain 7 at a resolution of 2.10 Å. ST2348 (15.1 kDa) has
several close homologs, all of which contain ‘‘CBS domains” (cysta-
thionine b synthase). CBS domains are small motifs that are ubiq-
uitous in all kingdoms of life [2]. The 60-residue domain usually
occurs as tandem pairs (Bateman pairs) and associate via hydro-
phobic interactions between homologous b-sheets and often part
of a larger protein. The interface between the two CBS domains
ll rights reserved.
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forms a cleft that is a potential ligand binding site [3]. Crystallo-
graphic studies show that a pair of CBS domain from AMP-acti-
vated protein kinase, IMP dehydrogenase-2, and chloride channel
CLC2 bind adenosyl moieties such as AMP, ATP, or S-adenosyl
methionine (SAM) and the ligands are bound at the cleft region
[3–6]. Point mutations in CBS domains have been associated with
several hereditary diseases in humans, including homocystinuria,
retinitis pigmentosa, congential myotonia, idiopathic generalized
epilepsy, hypercalciuric nephrolithiasis, classic Bartter syndrome,
and Wolff–Parkinson–White syndrome [2]. Despite their clinical
relevance, the precise function of CBS domains is still unclear. Re-
cent reports provide insight into the general function of CBS do-
mains pairs as cellular energy status sensors [2]. Although
several CBS domain containing proteins have been identified in ar-
chaea, none of them were structurally and/or functionally charac-
terized. This is the first report of structure based functional
characterization of a CBS domain protein from an archaeal source.
Materials and methods

Cloning, expression, and purification of ST2348. The gene encoding
the hypothetical protein (ST2348) from S. tokodaii strain 7 was
amplified from genomic DNA using PCR. The PCR fragment was di-
gested with NdeI and BamHI and cloned into the pET21a (+)
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Table 1
Data collection and refinement statistics of ST2348

Data collection
Space group P21212
Cell dimensions (Å) a = 51.42, b = 135.27, c = 41.23
No. of molecules/asu 2
Wavelength (Å) 0.97897

(peak)
0.97929
(edge)

0.90000 remote
(high energy)

Resolution range (Å) 50.0–2.00 50.0–2.00 50.0–2.00
(2.07–
2.00)a

(2.07–
2.00)

(2.07–2.00)

Unique reflections 19618
(1577)

19408
(1441)

19843 (1694)

Redundancy 6.3 (4.50) 6.3 (4.1) 12.7 (12.1)
Completeness (%) 97.1

(79.7)
95.6
(72.1)

96.5 (75.0)

Rmerge (%) 0.070
(0.273)

0.062
(0.294)

0.065 (0.246)

Refinement statistics
Resolution range (Å) 39.44–2.10
Reflections used in the

refinement
17,453

Total number of reflections used
for working set

15,719

R (%) 0.22
Total number of reflections used

for Rfree

1734

Rfree (%) 0.26
No. of protein atoms 1950
No. of water molecules 134
Rmsd bond lengths (Å) 0.006
Rmsd bond angles (�) 1.2
Average B-factor (Å2) 38.3
Ramachandran statistics
Most favored regions 91.5
Allowed region 8.5
PDB ID 2EF7

a Values in parentheses are for the highest resolution shell.
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expression vector. The plasmid was transformed into the Esche-
richia coli BL21-CodonPlus (DE3)-RIL-X (Stratagene) strain, and
the selenomethionine-containing ST2348 protein was overexpres-
sed at mid-log phase by addition of 1 mM IPTG. Harvested cells
(15.8 g/3 L) were lysed by sonication in 20 mM Tris–HCl, pH 8.0,
50 mM NaCl, 5 mM b-mercaptoethanol, 1 mM phenylmethylsul-
phonyl fluoride (PMSF). The sonicated lysate was heat-treated at
90 �C for 13 min to denature most of the contaminant proteins
and centrifuged at 15,000 rpm for 30 min at 4 �C to remove cell
debris. The supernatant was applied onto a pre-equilibrated HiPrep
desalting column, and eluted with 20 mM Tris–HCl buffer (pH 8.0).
The protein-containing solutions were pooled and loaded onto a
SuperQ Toyopearl 650 M column (Tosoh). The bound proteins were
eluted in a linear sodium chloride gradient (0–0.4 M), and the frac-
tions were analyzed by SDS–PAGE. The sample-containing frac-
tions were pooled, desalted, and exchanged with buffer (0.02 M
Tris–HCl, pH 8.0). The equilibrated protein was run on a ResourceQ
column (GE Healthcare Biosciences), and the bound sample was
eluted with a sodium chloride gradient (0.0–0.3 M). The sample-
containing fractions were pooled, desalted, and exchanged with
buffer (0.01 M potassium phosphate, pH 7.0). The equilibrated pro-
tein was applied to a hydroxyapatite column (CHT10-I, Bio-Rad),
and the bound sample was eluted with a potassium phosphate gra-
dient (0.01–0.5 M). The eluted sample was concentrated and
loaded on a gel filtration column (Superdex 75, GE Healthcare Bio-
sciences), which was pre-equilibrated with 20 mM Tris–HCl, pH
8.0, and 0.2 M NaCl. The homogeneity of the final purified protein
was over 99%, as determined by SDS–PAGE. In total, 24.4 mg of
protein was purified from a 3 L culture and concentrated to
19.6 mg/ml for crystallization studies.

Crystallization and data collection. Initial crystals of ST2348 were
obtained at 20 �C by the sitting drop vapor diffusion method. Crys-
tals were grown by adding 1 ll of protein solution to 1 ll of reser-
voir solution that contained 16% polyethylene glycol (PEG) 3350,
0.16 M ammonium chloride, pH 6.3. Refinement of this condition
yielded diffraction quality crystals within 3 weeks period. Com-
plete multiple anomalous dispersion (MAD) data sets were ob-
tained at 100 K on the RIKEN structural genomics beamline I
(BL26B2) at the SPring-8, Hyogo, Japan. The crystals belong to
the orthorhombic P21212 space group and diffracted to 2.10 Å. Data
sets were processed using the HKL 2000 suite [7]. The crystal
parameters are given in Table 1.

Structure determination and refinement. The ST2348 structure
was solved by MAD phasing using three different wavelength data
sets collected at the Se edge. The Se sites were determined using
the program SOLVE [8]. The initial phases and their figure of merit
(FOM) obtained from SOLVE were input into RESOLVE [8] for sol-
vent flattening and auto-building. Partial model derived from RE-
SOLVE was further improved using the program ARP/wARP [9].
Manual model building was carried out using the program Coot
[10]. Refinement of the structure was carried with CNS [11] which
involved steps of energy minimization, simulated annealing and
individual B-factor refinement. The final refinement cycle gave an
overall R factor of 0.22 (Rfree = 0.26) for all data up to 2.1 Å resolu-
tion. The final model contained two monomers (256 residues) in
the asymmetric unit. Final refinement statistics are summarized
in Table 1.
Results and discussion

Protein sequence analysis

A PSI-BLAST query of ST2348 against the non-redundant protein
database identified 100 candidates, with identities ranging from
72% to 26%. The 10 closest related proteins were from Sulfolobus
sulfataricus (GI: 46560096), Sulfolobus acidocaldarius (GI:
68566501), Metallosphaera sedula (GI: 145701035), Pyrobaculum
islandicum (GI: 119871520), Methanocaldococcus jannaschii (GI:
6626255), Fulvimarina pelagi (GI: 116496329), Mesorhizhobium
sp., Pyrobaculum arsenaticum (GI: 145590267), Hyperthermus buty-
licus (GI: 124026906), Halothermothrix orenii (GI: 89160859), Can-
didatus cryptofilum (GI: 170173707), Thermoproteus neutrophilus
(GI:171184485), and Bacillus sp. (GI:189913531). Most of these
proteins including the 10 closest homologs, were annotated as
either hypothetical or unknown indicating that their biological
function is yet to be determined. However, all these belong to a
discrete family of proteins called CBS domain proteins (Pfam entry
PF00571), which are known to contain a conserved ‘‘CBS domain”.
In ST2348, residues 14–76 constitute one CBS domain whereas res-
idues 1–13 and 77–128 form another CBS domain. The sequence
comparison of ST2348 with its closest homologs shows there are
nine residues namely Gly36, Gly48, Asp54, Glu52, Arg53, Ala89,
Met93, Gly112, and Asp118 that are highly conserved in all species.

Overall fold

The folding of ST2348 molecule is shown in Fig. 1A. It folds into
two domains (CBS1 and CBS2) of approximately equal size (64 res-
idues). CBS1 is made up of three helices and a b-sheet composed of
four strands of topology 1" 2" 3 ; 4". Similarly CBS2 has three a-
helices and a b-sheet with strands 5; 6; 7". The CBS1 and CBS2 do-
mains are structurally very identical and superpose with an rms
deviation of 2.10 Å on Ca atoms. A cleft measuring approximately
16 Å in length and 10 Å in depth observed between CBS1 and a
CBS2 domain constitutes the putative ligand binding region. The
cleft is formed by the b-sheets of both CBS1 and CBS2 domains
and is composed of hydrophobic and charged residues.



Fig. 1. Structure of ST2348. (A) Ribbon representation of ST2348 monomer. The molecule has two domains namely CBS1 and CBS2. The a-helices and b-strands in the two
domains are numbered. (B) Ribbon representation of dimer formation of ST2348 monomers (denoted molecules A and B) in the asymmetric unit of the crystal. The missing
region is indicated by red dotted lines. Diagrams were generated using PyMOL (http://www.pyMOLsourceforge.net/). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this paper.)
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The structure contains three b-bulges: two anti-parallel classic
b-bulges formed by residues (Val40, Val47, and Gly48) and
(Val103, Lys111, and Gly112). A single anti-parallel G1-b-bulge is
formed by residues Asp105, Gly108, and Asn109. These b-bulges,
at the b-strands 2, 3, and 7 are located within the cleft region
and orient the charged side chains towards the interior of the cleft.
Formation of these b-bulges provides a slight bend in these strands
and could perhaps help the ligand to fit more snuggly in the cleft
region.

Oligomeric state of the protein

The asymmetric unit of the crystal contains two ST2348 mole-
cules (denoted A and B) related by a twofold non-crystallographic
symmetry (Fig. 1B). Although the biological oligomerization state
of ST2348 is unknown, crystal packing suggests that ST2348 might
be a tetramer. The crystallographic twofold axis perpendicular to
the non-crystallographic symmetry generates the other two mono-
mers (C and D) of another asymmetric unit such that the four
monomers (A, B, C, and D) form the tetrameric structure. This tet-
rameric assembly can be described as an asymmetrically shaped
‘doughnut’ with dimensions of 84 � 66 � 27 Å (Fig. 2A). In this
packing arrangement, two types of intermolecular interactions
are observed. In the first type, molecules A and B interact with each
other through the exposed residues on helices a2 and a3 of their
respective CBS2 domains. In the second type, molecules A and D
interact via (i) helices a5 and a6 of their respective CBS1 domains
and (ii) through their N- and C-terminal ends.

The dimer in the asymmetric unit (A and B) is stabilized by a
combination of hydrogen bonds, ionic, and hydrophobic interac-
tions. The hydrogen bonds at the interface are formed between
the following pairs of residues (1) Glu52A (OE2) and Arg53B
(NE), (2) Arg53A (NE) and Glu52B (OE2), and (3) Arg53A (NH2)
and Glu52B (OE1). The hydrophobic interactions are contributed
by residues Ala27, Val56, Ile59, and Leu65 of molecule A with
Ala27, Leu23, Ile59, Val56, and Gly60 of molecule B. There are 64
non-bonded contacts (less than 4 Å) between monomers A and D
as against 84 contacts between A and B, indicating that the inter-
actions between A and D (or B and C) are less substantial when
compared to those between monomers A and B of the asymmetric
unit. Calculations of accessible surface area indicate that approxi-
mately 1216 and 906 A2 are buried between monomers A and B
(or C and D) and A and D (or B and C), respectively. The ‘doughnut’
shaped molecular assembly creates a channel structure (Fig. 2A)
that passes through center of the tetramer. The central hole has a
diameter varying from 12 to 41 Å. The inner surface of the channel
is predominately positively charged contributed by arginine and
histidine residues that line the channel. The electrostatic surface
representation of the ST2348 tetramer is shown in Fig. 2B.

Structure comparison

Proteins with a structure homologous to ST2348 monomer
were identified by DALI search [12]. This search revealed 30 candi-
dates that show a z score above 1.5. The most structurally con-
served proteins were uncharacterized CBS domain proteins such
as Methanococcus jannaschii MJ0922, (2p9m, z score = 17.2,
rmsd = 2.5), Mycobacterium tuberculosis Rv2626C (1y5h, z score
17.1, rmsd = 2.3), Bacillus subtilis BSU14130 (1yav, z score = 16.4
and rmsd = 2.5), and Vibrio cholerae ACUB (2o16, z score = 16.2,
rmsd = 3.0). Among the few functionally characterized CBS domain
proteins found in the DALI list, the ST2348 monomer closely
matches with the AMP-bound CBS domain pair from the regulatory
c1 subunit of human AMPK [13] and bacterial inosine-50-mono-
phosphate dehydrogenase (IMPDH) [5]. ST2348 monomer and
AMPK c1 subunit (143 residues) superpose with an rms deviation
of 1.9 Å for 92 common Ca atoms. Similar comparison with bacte-
rial IMPDH showed an rms deviation of 1.9 Å for 73 common Ca
atoms. In both AMPK c1 subunit and IMPDH, the nucleotide-bind-
ing site is located between the two CBS domains and the ligand
AMP binds in a pocket with the adenine ring sandwiched between
the side chains of hydrophobic residues such as Ile, Val, Pro, Phe, or

http://www.pyMOLsourceforge.net/


Fig. 2. Tetrameric structure of ST2348. (A) Monomers A, B, C, and D are shown in green, yellow, magenta and gray, respectively. The molecular assembly generates a channel
in the middle of the tetramer. (B) Electrostatic surface representation of the tetramer assembly created using Coot [10]. Positively charged regions represented in blue,
negatively charged regions in red, and both polar and nonpolar regions are in white. Note that the interior of the channel in predominately positively charged. The position of
the highly conserved residue Asp118 is indicated by an arrow and the negatively charged patch near to Asp118 is circled. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this paper.)

Fig. 3. Docking of ATP with ST2348. Close up view of the cleft region between the
CBS1 and CBS2 domains showing the likely ligand-binding mode. The ATP molecule
is shown in sticks and the ST2348 molecule is represented in ribbons.
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Tyr [3,13]. Further in both complex structures, the hydroxyls of ri-
bose moiety and the phosphate oxygen atoms of the AMP molecule
makes several hydrogen bonds with side chains of charged resi-
dues like His, Asp, Lys, and Arg and hydroxyl group of Ser that line
the surface of the ligand binding region. In ST2348 monomer, cleft
between the CBS domains has a similar hydrophobic pocket
formed by residues Val14, Ile39, Ile49, Leu110, and Leu113. It also
has charged residues such as Lys11, Arg99, and His100. In addition,
a novel motif [(Gly-h-x-Ser/Thr-x-Ser/Thr-Asp), where x is any
amino acid and h is hydrophobic] for the recognition of ribose
phosphate moiety was found in the structural characterization of
AMPK c1 subunit-AMP complex [14]. In ST2348, a similar motif
formed by residues Gly112-Ile113-Ile114-Ser115-Ile116-Arg117-
Asp118 is located well within the cleft region of the CBS domains.
This observation together with the finding of the hydrophobic
pocket and a cluster of charged residues at the cleft region of
ST2348 strongly suggests that the CBS domains in ST2348 may also
be involved in AMP/ATP binding. To find out the possible binding
mode of adenosyl molecule in the cleft region of ST2348 monomer,
insilico docking was carried out with ATP using the program
PATCHDOCK [15]. In the ATP docked ST2348 molecule, the adeno-
sine ring and ribose moiety of the ligand is positioned at one end of
the cleft and the phosphate groups are oriented to the other end of
the cleft (Fig. 3).

Functional hypothesis

ST2348 monomer is made up of two domains. It has already
been reported that a CBS domain pair binds to AMP/ATP and acts
as an energy sensor [2]. In general, ATP binding to a protein has
two implications, either allosteric control or covalent modifica-
tion [16]. In ST2348, allosteric mechanism is not very evident
due to the absence of other subunits or domains in the protein.
In addition, the classification of many structural homologs of
ST2348 as putative signal transduction proteins suggest that
AMP/ATP binding could be involved in covalent phosphorylation
of the protein.
Sequence comparison analysis of ST2348 and its homologs was
used to identify the possible sites of phosphorylation. In this anal-
ysis, two highly conserved residues Asp54 and Asp118 were ob-
served, indicating that they could be the active sites for other
kinases. A similar aspartyl phosphorylation is observed in the che-
motactic signal protein CheY of the two-component regulatory sys-
tem in Salmonella typhimurium and E. coli. [17] where a highly
conserved Asp57 gets phosphorylated by an upstream kinase and
regulates its activity. However, in ST2348, the neighboring ORF
gene products are annotated as either hypothetical or unknown,
indicating the fact that there are no similar upstream kinases in
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the operon. In CheY, the conserved aspartate is located an acidic
patch surrounded by aspartates and is known to serve as a site of
phosphorylation [18]. Interestingly in ST2348, the conserved
Asp118 is located near the ligand binding cleft and also close to a
highly acidic patch suggesting that it could function similar to
CheY (Fig. 2B). There are already lines of evidence for the possible
existence of a two-component signal system in microbes from the
archaeal kingdom [19].

Hence, we hypothesize that ST2348, being an archaeal protein,
does not form a part of the regulatory operon as in bacteria. How-
ever, it could be involved in phosphotransfer reactions and func-
tion as a signal transduction molecule.
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