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INTRODUCTION

Calcium signaling in bacteria and archaea has been

believed to be as important as it in eukaryotes for many

years, but calcium-binding proteins identified in prokar-

yotes are much less than those in eukaryotes.1–3 A cal-

cium-gated potassium channel discovered in the

archaeon Methanobacterium thermoautotrophicum indi-

cated the importance of calcium in archaea.4 So far, sev-

eral calcium-binding proteins, such as pullulanase,5

MTH1880,6 Ulilysin,7 Tk-subtilisin,8 and M-Crystallin,9

have been identified from various archaea. Of them only

a few structures were solved by X-ray crystallography or

NMR spectroscopy. The physiological significance of

most of these calcium-binding proteins is still unclear to

date.

Sulfolobus solfataricus is a hyperthermophilic archaeon

used as a model system for researches on genetics, evolu-

tion, and hyperthermophilic mechanism.10–12 S. solfa-

taricus genome encodes about 3000 proteins, in which

about 25% proteins are exclusive to Sulfolobus.11 Cal-

cium-binding proteins in S. solfataricus were rarely inves-

tigated up to now. SSO6904 (UniProt ID: Q97ZE1) is a

predicted protein conserved in Sulfolobales [Fig. 1(A)]

and has no sequence homology to any of other protein

families. We determined the solution structure of

SSO6904 from S. solfataricus P2 and found that it is a

helical protein. The tertiary fold of SSO6904 is similar to

that of saposin-fold proteins and some calcium-binding

proteins. Although SSO6904 has no EF-hand sequence,

which is the most common calcium-binding sequence,

NMR titration experiments showed that SSO6904 can

bind with calcium weakly at its unique binding site.

MATERIALS AND METHODS

Cloning, expression, and purification of
SSO6904

The gene of SSO6904 (NCBI RefSeq: NP_342461) was

amplified from the genomic library of S. solfataricus P2

by polymerase chain reaction (PCR) using a sense

primer, 50-GGGAATTCCATATGATGGCTATGTCAATAT-
TAGAAG-30 and an antisense primer, 50-
GCCGCTCGAGTTTTATAGTAGTTAGT-30, with Nde I

and Xho I restriction sites, respectively. The PCR product

was cloned into a pET30a vector. Expression of this

SSO6904 construct was attempted in Escherichia coli.

However, no expression of the recombinant SSO6904 was

obtained. We noticed that this SSO6904 construct has

Met-Met-Ala as the first three N-terminal amino acid

residues, which do not exist in the homologues. More-
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over, in the Sulfolobus database (http://www.sulfolobus.

org/) which includes an updated version of S. solfataricus

P2 genome sequence,13 there are no such three residues

(MMA) at the N-terminus of the amino acid sequence of

SSO6904. Therefore, the region coding 4–94 amino acid

residues of NP_342461 was amplified by PCR using a

new pair of primers: forward 50-CTGCATATGTCAATAT-
TAGAAGATCCAG-30 and reverse 50-GCCGCTCGAGTTT-
TATAGTAGTTAGTATC-30. The amplified PCR product

was subcloned into a pET30a vector, forming a vector

pET30a-SSO6904. The protein product of this construct

contains an additional C-terminal His-tag

(LEHHHHHH) to the original gene product. The

recombinant protein was successfully overexpressed and

purified using this construct. In this article, the sequence

of SSO6904 is numbered according to the Sulfolobus

database.

The vector pET30a-SSO6904 was transformed into

E. coli Rosetta(DE3)pLysS. The recombinant SSO6904

was expressed in M9 minimal medium at 378C. When

the cell density reached an OD600 of about 0.8, the pro-

tein expression was induced with 1.0 mM isopropyl-1-

thio-b-D-galactopyranoside for 4 h at 378C. The cells

were harvested by centrifuging at 4000 rpm, 48C for 30

min. The harvested cell pellet was resuspended in 50

mM Tris-HCl, pH 8.0, 500 mM NaCl, and then frozen at

2208C overnight. The resuspended cell pellet was thawed

and lysed by sonication. Thereafter, the target protein

was purified via a Chelating Sepharose Fast Flow (GE

Healthcare) column and eluted with 500 mM imidazole,

and the eluate containing the recombinant SSO6904 was

collected and concentrated to 2 mL using Amicon Ultra-

15 centrifugal filter units (5 kDa NMWL) (Millipore).

Then, the protein was further purified using a Superdex

75 (GE Healthcare) gel filtration column pre-equilibrated

in 50 mM potassium phosphate buffer and 100 mM KCl

at pH 7.2. The fractions containing the recombinant

SSO6904 were collected and concentrated. Protein con-

centration was determined by the UV absorption at 280

nm using a theoretical molar extinction coefficient 6400

M21 cm21.

Circular dichroism spectroscopy

The sample for circular dichroism (CD) measurements

contained 0.3 mg/mL recombinant SSO6904 in 50 mM

potassium phosphate buffer at pH 7.2. The Far-UV CD

spectra were recorded on a PiStar spectropolarimeter

(Applied Photophysics).

NMR spectroscopy

Uniformly 15N- and 15N/13C-labeled proteins were

obtained by growth in M9 minimal media containing

Figure 1
Structure of SSO6904. (A) Sequences of SSO6904 and homologues. Secondary structures of SSO6904 are indicated on the top of the sequences. (B)

Far-UV circular dichroism spectra of SSO6904 at the temperatures of 25 (square), 60 (circle), and 80 (triangle)8C. (C) Superposition of the 20

conformers of SSO6904. The structures were colored as a rainbow from the N-terminus to the C-terminus. (D) Cartoon representation of SSO6904

structure. Helices are shown as cylinders. The molecular orientation and color scheme are same as Figure C. (E) The electrostatic surface of

SSO6904. Red, negatively charged; blue, positively charged; white, neutral. A cartoon representation with same color scheme of Figure D was also

shown to indicate the molecular orientation. For clarity, the C-terminal His-tag was not shown in Figures C, D, and E.
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15NH4Cl and [13C]-glucose as the sole nitrogen and

carbon sources, respectively. NMR samples consisted of

1–1.5 mM recombinant SSO6904 proteins in 90% H2O/

10% D2O containing 50 mM potassium phosphate buffer

(pH 7.2), 100 mM KCl, 0.02%(w/v) NaN3, 0.02%(w/v)

sodium 2,2-dimethylsilapentane-5-sulfonate (DSS), 50

mM arginine, and 50 mM glutamic acid for improving

the solubility and long-term stability.14 In this study, the

NMR buffer (pH 7.2) was used to prepare the sample

because the theoretical pI of SSO6904 is about 6.4 and

the intracellular pH of S. solfataricus is maintained at

about 6.5, although the optimal growth of Sulfolobus spe-

cies occurs at pH 2–3.15

All NMR experiments were performed at 310 K on a

Bruker DMX 600 spectrometer equipped with a z-gradi-

ent triple-resonance cryoprobe. Backbone and side-chain

resonance assignments were derived from 2D 1H-15N

HSQC and 1H-13C HSQC, 3D HNCA, HNCACB,

CBCA(CO)NH, HNCO, HN(CA)CO, HBHA(CBCA)

(CO)NH, HBHA(CBCA)NH, and (H)CCH-TOCSY.

NOE distance constraints were derived from 3D 1H-15N

NOESY-HSQC spectrum and two 3D 1H-13C NOESY-

HSQC spectra for aliphatic and aromatic regions. The

mixing times for 13C-13C TOCSY and 1H-1H NOESY

experiments were 12 and 120 ms, respectively. All NMR

spectra were processed and analyzed using the software

Felix (Accelrys). Proton chemical shifts were referenced

to the internal DSS, and 15N and 13C chemical shifts

were referenced indirectly.16

Structure calculation

Initial structures of SSO6904 were generated using

CANDID module of CYANA.17 Backbone dihedral angle

restraints incorporated into the structural calculation

were obtained using TALOS.18 Hydrogen-bond restraints

were applied according to the regular secondary structure

patterns. The NOE assignments generated by CANDID

were checked manually, and the structures were refined

in explicit water19 using CNS20 and RECOORDScript.21

A family of 100 structures was generated by CNS, and

the 50 structures with the lowest energies were subjected

to the refinement in explicit water, from which a final set

of 20 structures with the lowest energies was selected for

the final analysis. The quality of the determined struc-

tures was analyzed using MOLMOL22 and PROCHECK-

NMR.23 MOLMOL and PyMol (DeLano Scientific LLC)

were used for the visualization of the structures. Struc-

tural similarity was searched using Dali server24 and

SSM server.25

The chemical shifts of SSO6904 were deposited in the

BioMagResBank database under an accession number

16320. The atomic coordinates for SSO6904 and all

restraints were deposited in the Protein Data Bank data-

base with the accession code 2KJG.

Calcium titration

A Ca21 titration of 15N-labeled SSO6904 was performed

using 2D 1H-15N HSQC spectra. The samples containing

0.4 mM 15N-labeled SSO6904 used for the titration were

dialyzed extensively for removing the residual calcium

from the sample solution. The dialysis was made first

against the sample buffer (20 mM Tris-HCl, 100 mM KCl,

pH 7.2) containing 5 mM EDTA and 5 mM EGTA, and

subsequently against the sample buffer without EDTA/

EGTA. For each titration point, a small volume of the

stock CaCl2 solution was added into the sample to an

appropriate ratio. The dissociation constant KD of Ca21

with SSO6904 was estimated by fitting the chemical shift

changes during the titration as previously described.26

RESULTS AND DISCUSSION

SSO6904 is an all-helix protein
with high stability

The CD spectra of SSO6904 at 25, 60, and 808C are

similar [Fig. 1(B)], indicating that SSO6904 is a thermo-

stable protein with abundant helical secondary structures.

The high thermal stability of SSO6904 is expected

because the protein is from the hyperthermophilic

archaeon S. solfataricus.

The structure of SSO6904 was determined using heter-

onuclear NMR spectroscopy. A superposition of the final

20 lowest energy structures of SSO6904 is shown in

Figure 1(C) and a cartoon representation of the lowest

energy structure is depicted in Figure 1(D). The experi-

mental restraints for structure calculations and structural

statistics for the SSO6904 ensemble are summarized in

Table I.

SSO6904 shows an all-helix structure comprising six

a-helices (a1:7-15, a2:21-35, a3:41-51, a4:53-58, a5:60-
74, and a6:79-90) [Fig. 1(D)]. Helices a2 and a3 run

antiparallel to helices a6 and a5 at angles of �1728 and

�1588 between the a-helix axes, respectively, whereas

helices a2 and a6 pack against helices a3 and a5 at

angles of �1408 and �1478 between the a-helix axes,

respectively. The relatively short helix a4 packs almost

perpendicularly to helices a3 and a5 (1028 and 958
between the a-helix axes, respectively) and the N-termi-

nal helix a1 packs on the side of helices a5 and a6 fac-

ing opposite to helices a2 and a3. The side chains of

hydrophobic residues I3, F9, L12, V19, F21, V24, M25,

I27, L28, I31, L35, I41, I45, V48, Y49, L53, I56, F62, Y63,

M65, I66, A67, I69, L70, Y73, Y74, I77, I79, V82, L85,

I86, L87, T89, and I90 of the six a-helices build a tightly

packed hydrophobic core, and most of these residues are

conserved in the homologues of SSO6904. The large

number of hydrophobic residues (more than 1/3, i.e., 34

of total 91 residues) may account for the high thermal

stability of SSO6904, because hydrophobic interactions
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are one of the determinants of hyperthermostability.27,28

A number of salt bridges (E5-K76, D6-R72, E8-K11, E32-

R36, D54-R57, E55-K58, K60-E61, and E68-R72) were

identified on the protein surface using distance cutoff 6.0

Å between side-chain oxygen atoms and nitrogen atoms

of negatively and positively charged residues, respectively.

These salt bridges may also contribute to the high ther-

mal stability of the protein. However, most of them are

not conserved between SSO6904 and the other proteins

in the same family.

The electrostatic surface of SSO6904 is shown in

Figure 1(E). Interestingly, the negatively charged residues

D29, E30, E32, and E80 are clustered on the protein sur-

face. As is known, the clustered negatively or positively

charged residues can be a structural region for interac-

tions with charged molecules such as cations, anions,

and nucleic acids. Therefore, the negatively charged

region on SSO6904 surface may be a potential binding

site for cations or positively charged proteins (see the

discussion later).

Calcium binding of SSO6904

Because SSO6904 has no sequence homology with

other known protein families, the structure homology of

SSO6904 was then searched using Dali24 and SSM.25

The highest scored structure homologues are eukaryotic

saposin-fold proteins [human saposin C, Dali Z-Score

Table I
Experimental Constraints and Structural Statistics for the 20 Lowest

Energy Structures of SSO6904

Parameter Value

Number of distance restraints
Total NOEs 3208
Intraresidual NOEs 1193
Sequential NOEs 652
Medium-range NOEs 559
Long-range NOEs 420
Ambiguous NOEs 384
Hydrogen bonds 53

Number of dihedral angle restraints
/ angle 71
w angle 71

PROCHECK_NMR Ramachandran map analysis
Most favored regions 86.6%
Additional allowed regions 10.4%
Generously allowed regions 1.5%
Disallowed regions 1.5%

RMSD from mean (secondary
structure residuesa) (�)

Backbone heavy atoms 0.32 � 0.07
All heavy atoms 0.76 � 0.05

RMSD from experimental restraints
Distance restraints (�) 0.0062 � 0.0009
Dihedral angle restraints (8) 0.28 � 0.05

RMSD from ideal geometry
Bond lengths (�) 0.0087 � 0.0003
Bond angles (8) 1.12 � 0.03
Impropers (8) 1.28 � 0.07

CNS energies
Lennard–Jones (kcal/mol) 2492 � 12
Electrostatic (kcal/mol) 24405 � 59

aSecondary structure residues: 7–15,21–35,41–51,53–58,60–74,79–90.

Figure 2
Calcium binding of SSO6904. (A) Structural alignment between

SSO6904 (red) and human saposin C (PDB 1M12) (green). (B)

Structural alignment between SSO6904 (red) and human calmodulin-

like skin protein C-terminal domain (PDB 2B1U) (yellow). (C) The

chemical shift differences between calcium-free SSO6904 and SSO6904

in the presence of 9.8 mM CaCl2. (D) Curve fitting of E80 1HN

chemical shifts using the following equation:

-obs ¼ -0 þ Dmax

3
½P�0 þ ½P�0 � x þ KD

� ��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½P�0 þ ½P�0 � x þ KD

� �2 � 4½P�0 � ½P�0 � x
� �q

2 � ½P�0

0
@

1
A;

where xobs is the observed E80 1HN chemical shift at the particular
CaCl2 concentration, x0 is the E80 1HN chemical shift in the absence of
CaCl2, Dmax is the E80

1HN chemical shift difference between calcium-
free and calcium-saturated SSO6904, [P]0 is the initial protein concen-
tration of SSO6904, x is the molar ratio of CaCl2 to SSO6904 and KD is
the dissociation constant.
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5.8, RMSD 3.5 Å, Figure 2(A)], which are membrane-

interacting glycoproteins required for the hydrolysis

of certain sphingolipids by specific lysosomal hydro-

lases.29,30 The six cysteine residues forming three

disulfide bonds of saposin fold are not found in

SSO6904, suggesting that SSO6904 may not be a typical

saposin-like protein. Interestingly, SSO6904 has also

structure homology with a number of calcium-binding

proteins, such as human calmodulin-like skin protein

C-terminal domain [PDB 2B1U, Dali Z-Score 3.0, RMSD

2.9 Å, Fig. 2(B)], calcyclin (PDB 1A03, Dali Z-Score 2.4,

RMSD 3.6 Å), calcium vector protein (PDB 1J7Q, Dali

Z-Score 2.2, RMSD 3.0 Å). All these calcium-binding

proteins have EF-hand motifs, which bind to calcium

ions. SSO6904 has no EF-hand motif.31 However, the

negatively charged surface region of SSO6904 found in

the previous section may be a site interacting with a

cation such as Ca21.

To detect whether SSO6904 can bind with calcium,

calcium titrations were performed and the chemical shifts

of cross peaks in the 2D 1H-15N HSQC spectra of

SSO6904 were used as probes to detect the calcium-bind-

ing site. A number of cross peaks showed significant

shifts during the titration, in which the cross peak of E80

shifted most significantly [Fig. 2(C) and Supporting

Information Fig. S1]. The dissociation constant KD esti-

mated by the fitting of the chemical shift changes is

0.0205 � 0.0005 M [Fig. 2(D)], indicating a very weak

calcium binding, which is similar to the calcium binding

of some known calcium-binding proteins.26,32 The cal-

cium-binding site was identified by mapping the chemi-

cal shift changes on the structure of SSO6904. As is

shown in Figure 1(E) and Supporting Information Figure

S2, of the residues showing chemical shift changes D29,

E30, E32, E80, N81, and Q84 clustered together on the

surface of SSO6904 forming a negatively charged pocket.

The oxygen atoms of the carboxyl groups of D29, E30,

E32, and E80 and the side-chain carbonyl oxygen atoms

of N81 and Q84 may form a Ca21 coordination, which

may be a potential calcium-binding site of the protein.

The results of this study indicated that SSO6904 has

the similar fold but the different calcium-binding site

compared with the eukaryotic calcium-binding proteins,

although there is no sequence homology between

SSO6904 and the eukaryotic calcium-binding proteins.

Because the calcium-binding affinity of SSO6904 is very

weak, the physiological significance of the calcium bind-

ing needs further investigation in vivo. In addition,

SSO6904 also shows very weak affinity for some other

cations such as Mg21 and Zn21 in vitro (data not shown).

In the genome, the gene of SSO6904 is adjacent with

some genes of metabolism-related enzymes (SSO0976:

uridylate kinase; SSO0975: 3-oxoacyl-[acyl-carrier-pro-

tein] reductase; SSO0974: 3-hydroxyisobutyrate dehydro-

genase; SSO0972: pseudouridine synthase; SSO0977:

2-isopropylmalate synthase 1; SSO0978: ribose 5-phos-

phate isomerase; SSO0981: pyruvate kinase), a leucine

tRNA gene (SSOt41), and a gene of a chromatin protein

Cren7 (SSO6901) discovered recently.33 Whether the cal-

cium binding of SSO6904 has relationship with these

genes is interesting and should be explored in future.
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