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domain related to cold shock proteins
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Abstract GSP13 encoded by gene yugI is a rB-dependent

general stress protein in Bacillus subtilis, which can be

induced by heat shock, salt stress, ethanol stress, glucose

starvation, oxidative stress and cold shock. Here we report

the solution structure of GSP13 and it is the first structure

of S1 domain containing protein in Bacillus subtilis. The

structure of GSP13 mainly consists of a typical S1 domain

along with a C-terminal 50-residue flexible tail, different

from the other known S1 domain containing proteins.

Comparison with other S1 domain structures reveals that

GSP13 has a conserved RNA binding surface, and it may

function similarly to cold shock proteins in response to

cold stress.
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Biological context

As a soil bacterium, Bacillus subtilis often faces energy

starvation and a variety of sudden environmental stresses,

such as heat, cold, acid, ethanol, and salt stress etc. To

survive under such conditions, Bacillus subtilis has devel-

oped complicated adaption networks, in which the

alternative transcription factor rB plays a particularly

important role (Haldenwang and Losick 1980). rB is

activated in response to stress by complicated signal

transduction pathways, and then it coordinates the

expression of a large number of proteins (Hecker et al.

2007). These proteins are called rB-dependent general

stress proteins (GSPs). So far, more than 150 rB-dependent

genes have been identified by proteome studies and tran-

scription profiling. However, only less than 20 GSPs have

been found to have defined functions (Hecker et al. 2007).

GSP13, encoded by Bacillus subtilis gene yugI, is a

typical member of GSPs (Bernhardt et al. 1997). Homology

search with BLAST shows that GSP13 seems to be specific

for gram-positive bacteria. It was reported that GSP13

protein level is up-regulated after heat shock, salt stress,

ethanol stress, glucose starvation, oxidative stress and

ammonium starvation (Antelmann et al. 1997; Bernhardt

et al. 1997). Also, the mRNA level and the protein level of

GSP13 show significant increases after cold shock (Kaan

et al. 2002). In addition, GSP13 was found to be degraded

when Bacillus subtilis enters the stationary phase induced

by glucose-starvation, indicating that the protein is tightly

regulated in vivo. Moreover, GSP13 was reported to

associate with ribosome only during the exponential

growth phase, while its function in ribosome remains

unclear (Nanamiya et al. 2004).

GSP13 has 130 amino acid residues, and sequence

analysis suggests that it contains an S1 domain (residues 8–

77) and a C-terminal charge-rich region (residues 78–130

with 10 Lys and 7 Glu). The S1 domain is found in a large

number of RNA-associated proteins. Most of the S1

domain containing proteins are multi-domain proteins with

one or more S1 domains in addition to other functional

domains, while small proteins (*70 residues) like bacterial

and chloroplastic translation initiation factor 1 (IF1) are

constituted of only a single S1 domain. The C-terminal

charge-rich region shows no homology with other proteins.
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Here, we report the solution structure of GSP13. It is the

first structure of S1 domain containing proteins in Bacillus

subtilis. The functional implication of the structure is also

discussed.

Methods and results

NMR spectroscopy

The protein was expressed and purified, and the assign-

ments of 1H, 15N and 13C chemical shifts of GSP13 were

finished as reported (Yu et al. 2008). The NMR sample

containing 1.5 mM 15N/13C labeled GSP13 was in 50 mM

potassium phosphate buffer (pH 7.0) with 90% H2O/10%

D2O, along with 20 mM NaCl, 1 mM EDTA, 20 mM

DTT, 10 mM PMSF, and 0.01% sodium azide. Nuclear

Overhauser effects (NOEs) constraints for structural cal-

culations were obtained from the following experiments:

3D 15N NOESY-HSQC (mixing time of 110 ms), 3D 13C

NOESY-HSQC (mixing time of 110 ms) selective for

aromatic carbons and 3D 13C NOESY-HSQC (mixing time

of 110 ms) selective for aliphatic carbons. All NMR

spectra were acquired on Bruker Avance 600 MHz spec-

trometers at 298 K. All spectra were processed with

NMRPipe (Delaglio et al. 1995) and analyzed with

NMRView (Johnson and Blevins 1994). The 1H dimension

was referenced to internal 2,2-dimethyl-2-silapentane-5-

sulfonic acid (DSS), and the 13C and 15N dimensions were

indirectly referenced to DSS.

Structure determination

The structures were calculated using the program package

CYANA (Herrmann et al. 2002) and refined with AMBER

(Pearlman et al. 1995). The distance restraints were

obtained from the analysis of NOESY data using SANE

(Duggan et al. 2001). Dihedral angles restraints were

obtained based on the analysis of the backbone chemical

shifts with TALOS (Cornilescu et al. 1999). 200 structures

were first calculated by CYANA, and the 100 structures

with the lower target function values were selected as the

initial structures and further refined using AMBER.

Finally, an ensemble of 20 structures with lowest energies

that had no NOE distance violations [0.2 Å and dihedral

angle violations [5� was obtained. The chemical shift

assignments of the protein have been finished as reported.

The structure was finally calculated based on 2777 NOE

restraints, 83 dihedral angle restraints, and 468 chirality

restraints. Structural statistics and the ramachandran anal-

ysis of the ensemble of 20 structures are listed in Table 1.

The mean structure of the 20 structures was calculated with

the software SUPPOSE (Maiti et al. 2004). The ensemble

of the structures was analyzed by PROCHECK_NMR

(Laskowski et al. 1996) and program MOLMOL (Koradi

et al. 1996).

Overall structure description

The solution structure of the GSP13 is showed in Fig. 1a

and b, and structure parameters are summarized in Table 1.

Coordinates of the ensemble of twenty structures have been

deposited in the Protein Data Bank (http://www.rcsb.org/

pdb/) with accession code 2k4k. The overall fold of GSP13

consists of a S1 domain and a long C-terminal flexible tail

(Fig. 1a). The GSP13 S1 domain contains a five-stranded

antiparallel b-sheet (b1: residues 10–19; b2: residues 22–

28; b3: residues 31–36; b4: residues 57–66; b5: residues

71–75) and two small 310 helices (Fig. 1b). The five b-

strands are arranged in a classical 1-2-3-5-4-1 topology to

form a closed b-barrel, which is the characteristic of the

OB-fold. Two b-bulges are located around residues 15/16

and 62/63, allowing b1 and b4 to form a closed barrel. Two

310 helices, a1 (residues 37–39) and a2 (residues 48–50),

exist between b3 and b4. The difference between GSP13 S1

domain and classic OB-fold is that it has an extra 310 helix

Table 1 Restraints and structure statistics

Conformational restraints

NOE restraints 2777

Intra-residue 760

Sequencetial 461

Medium 185

Long-range 453

Ambigous 918

Dihedral angle restraints 83

phi 40

psi 43

Structure statisticsa

Violations Numbers Maximum

violation

Distance restraints ([0.2 Å) 0 0.16 Å

Dihedral angle restraints([58) 0

RMSD (Å) Residues

10–75

Regular

secondary

structure

regions

Backbone heavy atoms (Å) 0.45 0.26

All heavy atoms (Å) 1.07 0.75

Ramachandran plot

Most favored regions (%) 81.3

Additionally allowed regions (%) 17.8

Generously allowed regions (%) 0.7

Disallowed regions (%) 0.3

a Structure statistics is based on the 20 conformers with lowest

AMBER energies selected from 100 calculated structures
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right after strand b3. The long C-terminal tail (residues 76–

130) after b5 is rather flexible, as indicated by the fact that

no inter-residue NOE is observed for most of the residues.

So far, several structures of S1 domain containing proteins

have been determined, however, the structure of GSP13 is

different from all of them in terms that it contains a single

S1 domain along with a long flexible tail (Bycroft et al.

1997; Johnson et al. 2008).

Discussion and conclusions

RNA binding site

During the purification of GSP13, it was found that GSP13

is eluted from the anion-exchange column as a single peak

when the bacterial lysate is pre-treated with RNase A.

Without RNase A treatment, GSP13 was found in multiple

peaks of the elution profile (data not shown). This indicates

that the protein should bind RNA with different lengths in

the cell lysate.

Considerable work has been carried out to investigate on

the RNA binding mechanism of the S1 domains. In E. coli

PNPase S1 domain, several residues F19, F22, H34, D64

and R68, clustered on the surface that are conserved in many

S1 domains, are believed to be involved in RNA binding

(Bycroft et al. 1997). In Tex S1 domain, mutation experi-

ment showed that F668, F671, H683, and R718 are involved

in RNA binding (Johnson et al. 2008). Structure alignment

shows that the corresponding residues in GSP13, Y21, F24,

H34, D66 and K71, are conserved, and they should be

involved in RNA binding of GSP13 (Fig. 2a and b).

Functional implication

Among the superfamily of OB-fold proteins, cold shock

proteins (CSPs) have the most similar structures to the S1

domain. Different from other OB-fold proteins, they all

have a 310 helix at the end of the b3 strand, indicating they

are likely to be the closest relatives in the superfamily

(Bycroft et al. 1997). Moreover, the experiment performed

in E. coli, in which the cold sensitivity by deletion of CspA

Fig. 1 Stereo-view

representation of the solution

structure of the GSP13. a
Superposition of twenty lowest

energy structures of GSP13 with

side chains of residues 1–75

superimposed. b Ribbon

diagram of the mean structure of

the twenty lowest energy

structures (residues 1–82)

J Biomol NMR (2009) 43:255–259 257

123



family was suppressed by PNPase S1 domain, indicated

that the S1 domain and CSPs may have common function

properties in addition to similar tertiary structures (Xia

et al. 2001). Considering the high sequence identity and

structure similarity between PNPase S1 and GSP13 S1, it is

quite possible that the GSP13 S1 domain also has similar

function to CSPs as PNPase S1 domain does. In addition,

E. coli IF1, which is actually a single S1 domain (total 72

residues), can also complement the function of CSPs when

expressed in B. subtilis (Weber et al. 2001). Therefore, we

propose that the GSP13 can act similarly to cold shock

proteins in response to cold stress.
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