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a b s t r a c t

In cold and harsh environments such as glaciers and sediments in ice cores, microbes can survive by
forming spores. Spores are composed of a thick coat protein, which protects against external factors such
as heat-shock, high salinity, and nutrient deficiency. GerE is a key transcription factor involved in spore
coat protein expression in the mother cell during sporulation. GerE regulates transcription during the
late sporulation stage by directly binding to the promoter of cotB gene. Here, we report the crystal
structure of PaGerE at 2.09 Å resolution from Paenisporosarcina sp. TG-14, which was isolated from the
Taylor glacier. The PaGerE structure is composed of four a-helices and adopts a helix-turn-helix archi-
tecture with 68 amino acid residues. Based on our DNA binding analysis, the PaGerE binds to the pro-
moter region of CotB to affect protein expression. Additionally, our structural comparison studies suggest
that DNA binding by PaGerE causes a conformational change in the a4-helix region, which may strongly
induce dimerization of PaGerE.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

McMurdo Dry Valleys in Antarctica are extremely cold and
exhibit low humidity levels. The mean annual temperature
is�14.8 �C to�30.0 �C and annual precipitation in the form of snow
is less than awater equivalent of 100mm [1]. These conditions have
persisted for hundreds of thousands of years. As a result, these
regions contain a unique microbial community [2]. Some microbes
present in the glaciers survive by forming endospores [3]. Studies of
the endospore mechanism in mesophiles such as Bacillus species
; CD, Circular dichroism; DTT,
assay; HTH, helix-turn-helix;
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have been widely conducted. However, few studies have examined
psychrophiles. Previously, the novel spore-forming psychrophilic
bacteria Paenisporosarcina sp. TG-14 was isolated from an ice core
collected from the Taylor Glacier. Paenisporosarcina sp. TG-14 forms
endospores and is an example of an ancient microbe [4,5].

Spore formation by microbes is a strategy used to survive in
harsh environments. Stress induces serial expression of spore-
related genes which are responsible for causing morphological
changes in spore-forming microbes. This enables microbes to resist
the external environment and enter a dormant state until the
conditions are suitable for proliferation. Spore formation involves
several coat proteins which form a thick electron-dense outer layer
and thinner inner, lamellar-like structure layer [6]. The expression
and assembly of these proteins are tightly regulated by a cascade of
transcription factors such as sigma factors (SigE and SigK) and other
various proteins (SpoIIID and GerE) [7].

A small protein consisting of 70e80 amino acid residues, GerE,
functions as a transcriptional regulator of sporulation gene
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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expression. GerE contains a similar DNA-binding region as LuxR
and FixJ family proteins which are phosphorylation response reg-
ulators [8]. GerE is composed of four alpha helices; two helices in
the middle form a helix-turn-helix (HTH) DNA-binding motif. Like
many HTH motif-containing proteins that undergo multi-
merization, GerE forms a dimer. These dimeric DNA-binding pro-
teins recognize repeated sequences in DNA-binding sites [9,10].
GerE is a transcription activator or repressor of gene expression and
controlled by the RNA polymerase sigma subunit, sk. DNase I
footprint assays showed that GerE binds to several sk-dependent
gene promoter regions [11e13]. GerE activates the transcription of
many cot genes (cotB, cotC, cotD, cotG, cotV, cotW, cotX, cotY, cotZ)
during the late stage of sporulation. Additionally, GerE down-
regulate several genes (sigK, cotA, cotH, cotB) for feedback regula-
tion [14,15].

In this study, we determined the crystal structure of GerE
(PaGerE) from Paenisporosarcina sp. TG-14. Structural analysis and
electrophoretic mobility shift assay (EMSA) results showed that
dimerization of PaGerE is essential for target DNA binding. More-
over, we found that the mRNA level of gerE was controlled by
temperature variations. Collectively, these results provide insight
into how the expression of spore-forming genes is regulated by
transcription factors.
2. Materials and methods

2.1. Quantitative real-time (qRT)-polymerase chain reaction (PCR)
analyses

Paenisporosarcina sp. TG-14 cells were grown until the OD600
reached 1.0 at 10 �C. The incubation temperatures were then
changed to �5 �C and 37 �C. Each sample was collected after 1 h.
Total RNA was isolated from all samples using TRIzol reagent and
contaminating genomic DNA was removed by treatment with
DNase I (QIAGEN, Hilden, Germany). An RNeasy mini kit (QIAGEN)
was used for RNA extraction according to the manufacturer's in-
structions. cDNA was synthesized from 1 mg of RNA from each
sample using Superscript III (Invitrogen, Carlsbad, CA, USA). For
qRT-PCR analysis, SYBR® Premix Ex Taq™ DNA polymerase (Takara
Bio, Inc., Shiga, Japan), 1 mL of template cDNA, and 0.5 mM of each
primer were used in a reaction volume of 20 mL. The 16 S rRNA gene
was used as an internal control. The primer sequences used for qRT-
PCR are listed in Table 2 qRT-PCR was performed on a Mx3000P
Real-Time PCR System (Stratagene, La Jolla, CA, USA).
2.2. Cloning, expression, and purification of PaGerE

The gene encoding GerE was amplified by PCR from the genomic
DNA of Paenisporosarcina sp. TG-14 using Prime STAR HS DNA po-
lymerase (Takara). The PCR product was cleaved with NdeI and XhoI
and then cloned into the multi-cloning site of the pET-28a vector
(Novagen, Madison, WI, USA) including a 6xHis tag and thrombin
Table 1
Selected structural homologues of PaGerE from a DALI search (DALI-Lite server).

Protein PDB
code

DALI Z-
score

Biological functional
unit

Sequ
num

GerE from Bacillus subtilis 1FSE 14 Dimer 69%
TraR from Rhizobium radiobacter 1L3L 12.7 Dimer 11%
NarL from Streptococcus

pneumoniae
4HYE 12.4 Dimer 29%

LuxR from Bacteroides
thetaiotaomicron

3CLO 12.4 Dimer 33%

SdiA from Escherichia coli 4Y15 12.1 Dimer 25%
protease recognition site. After confirming the sequence, the re-
combinant vector was transformed into Escherichia coli strain
BL21(DE3) for protein expression. The cells were grown at 37 �C in
4 L of LB medium supplemented with kanamycin (50 mg/mL) until
the OD600 reached 0.6e0.7, and overexpression was induced by
adding 1.0mM isopropyl-1-thio-b-D-galactopyranoside at 25 �C for
20 h. The cells were collected by centrifugation (VS-24SMTi; Vision
Scientific, Bucheon, Korea) and resuspended in lysis buffer (50mM
sodium phosphate, 300mM NaCl, 5mM imidazole, pH 8.0) with
0.2mg/mL lysozyme. After ultrasonication, the cell lysate was
centrifuged at 2925 RCF for 1 h at 4 �C. The supernatant containing
PaGerE was loaded onto an open column packed with Ni2þ-NTA
resin (QIAGEN) and washed with wash buffer (50mM sodium
phosphate, 300mM NaCl, 20mM imidazole, pH 8.0). The bound
PaGerE protein was eluted using elution buffer (50mM sodium
phosphate, 300mM NaCl, 300mM imidazole, pH 8.0), and then
concentrated with Amicon Ultra Centrifugal Filters (Ultracel-3K;
Millipore, Darmstadt, Germany). After removing the poly-histidine
tag using thrombin, the protein was loaded onto a Superdex 200
column (GE Healthcare, Piscataway, NJ, USA) pre-equilibrated with
50mM Tris-HCl (pH 8.0), 250mM NaCl, and 1mM DTT. The frac-
tions of putative PaGerE were concentrated to 9.12mg/mL using
Amicon Ultra Centrifugal Filters.
2.3. Crystallization and data collection

A mosquito crystallization robot (TTP Labtech, Hertfordshire,
UK) was used for initial crystallization screening of PaGerE using
the sitting-drop vapor-diffusion method at 293 K in 96-well crys-
tallization plates (Emerald Bio, Bainbridge Island, WA, USA).
Commercially available crystallization solution kits were used for
screening, such as the MCSG I-IV (Microlytic, Burlington, MA, USA),
SG1 Screen (Molecular Dimensions, Newmarket, UK), Morpheus
(Molecular Dimensions), PEGRx, SaltRx, PEG/Ion, and Index
(Hampton Research, Aliso Viejo, CA, USA). Each crystallization drop
consisted of 0.2 mL protein solution and 0.2 mL reservoir solution
with 80 mL reservoir solution. Initial crystals were obtained from
several conditions, with a hexagonal single crystal appearing after
one day in 0.2M sodium chloride and 20% (w/v) PEG 3350 (PEG/Ion
#6 condition). For optimization, the crystallization conditions were
varied according to the pH and precipitant concentration using the
hanging-drop vapor-diffusion method in 24-well crystallization
plates (Molecular Dimensions). The drop volume was increased by
0.2 mLe1 mL to obtain a larger single crystal. The optimized single
crystal was obtained form 0.18M sodium chloride and 18% (w/v)
PEG 3350 at 293 K. A single crystal of PaGerE was picked with a
cryoloop and transferred into paratone-N oil (Hampton Research)
for cryoprotection from a nitrogen-gas stream. The X-ray diffraction
data were collected using a BL-7A beam line at the Pohang Accel-
erator Laboratory (Pohang, Korea) The data set contains 360 images
with a detector to crystal distance of 200mm, oscillation range of
1� per image, and exposure time of 1 s per image. The data set was
ence % ID with PaGerE (aligned residue number/total residue
ber)

Reference

(67/67) [10]
(64/233) [19]
(65/200) [20]

(64/257) Not yet
published

(64/237) [21]



Table 2
Primers used in this study.

Name Sequence Direction

qRT_16S 50-TGGCGAAATGTTGAAAGGCG-30 Forward
qRT_16S 50-GTGTCTCAGTCCCAGTGTGG-30 reverse
qRT_gerE 50-TTGTCAGAACGGGCACATCA-30 Forward
qRT_gerE 50-TGGAGATGTGGTTTCTTACGGT-30 reverse
gerE 50-CGATAACATATGATGTTGTCAGAACGGGC-30 Forward
gerE 50-CGATAACTCGAGTCAGTCGAGTGATAATTCG-30 reverse
p_cotB 50-GAAAATGGGTATTCGCGGAAAAAGCGACAATTAGGCTATTGA-30 Forward
p_cotB 50-CTTTTACCCATAAGCGCCTTTTTCGCTGTTAATCCGATAACT-30 reverse
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indexed, integrated, and scaled using the HKL-2000 program [22].
The data collection statistics are provided in Table 3.

2.4. Structural determination and refinement

The crystal structure of PaGerE was determined by the molec-
ular replacement method using the program MOLREP from the
CCP4i suite [23,24]. The crystal structure of GerE from Bacillus
subtilis (PDB code 1FSE; sequence identities 69%) was used as a
search template model [10]. Model building was conducted using
the program Coot and refinement was performed with phenix.
refine and REFMAC from the CCP4i suite [25e27]. After iterative
rounds of manual model building and refinement, the final model
of PaGerE containing 68 amino acids and 40 water molecules
showed Rwork and Rfree values of 0.203 and 0.254, respectively. The
final model qualities were verified using Molprobity [28]. Detailed
data refinement statistics are presented in Table 3. The coordinates
and structure factors of PaGerE were deposited in the RCSB protein
data bank (accession code 6JQS).

2.5. EMSA of PaGerE with the cotB promoter

DNA sequence (348 base pairs) containing the putative pro-
moter region of the cotB coding gene was used for EMSA. The
Table 3
X-ray diffraction data collection and refinement statistics.

Data set PaGerE

X-ray source PAL 7A beam line
Space group P64
Wavelength (Å) 0.97934
Resolution (Å) 50.00e2.10 (2.14e2.10)
Total reflections 99714
Unique reflections 6278 (319)
Average I/s (I) 71.9 (27.2)
Rmerge

a 0.085 (0.351)
Redundancy 15.9 (19.0)
Completeness (%)b 99.6 (100.0)

Refinement

Resolution range (Å) 21.0e2.09 (2.14e2.09)
No. of reflections in working set 5881 (427)
No. of reflections in test set 285 (29)
No. of amino acid residues 68
No. of water molecules 40
Rcryst

b 0.203 (0.148)
Rfree

c 0.254 (0.301)
R.m.s. bond length (Å) 0.014
R.m.s. bond angle (�) 2.020
Average B-value (Å2) (protein) 42.719
Average B-value (Å2) (solvent) 49.903

Values in parentheses refer to the highest resolution shells.
a Rmerge¼

P
|<I> � I|/

P
<I>.

b Rcryst¼
P

|jFoj - jFcj|/PjFoj.
c Rfree calculated with 5% of all reflections excluded from refinement stages using

high-resolution data.
corresponding sequence was amplified using genomic DNA of
Paenisporosarcina sp. TG-14. The purified PaGerE and PCR product
weremixed in buffer (4% glycerol, 50mMNaCl, 0.5mMDTT,10mM
Tris-HCl, pH 8.0). The binding reaction was performed in a total
volume of 20 mL and incubated for 30min at 25 �C. After incubation,
the samples were loaded onto a 2% TBE acrylamide gel with 10X
loading buffer. Electrophoresis was carried out at 100 V for 30min
in 0.5X TBE buffer. Specific binding of PaGerE and the promoter
region of cotB was captured with a FLB-001BCM FluoroBox (Neo-
Science, Gyeonngi-do, Korea).

3. Results

3.1. gerE is controlled by temperature variations

In several gram-positive spore-forming bacteria, temperature
stress affects gene expression levels and causes sporulation. It have
been reported that the psychrophilic bacterium Paenisporosarcina
sp. TG-14 forms endospore under both low and high temperature
stress [16,17]. Therefore, gerE mRNA levels were investigated when
the temperature was changed. After 1 h, at temperatures of �5 �C
and 37 �C, the mRNA levels of gerE were increased (Fig. 1). While
gerE expression at �5 �C was increased by approximately 3-fold, at
37 �C it showed a greater increase of approximately 4-fold. These
results suggest that gerE is regulated by both cold and high tem-
perature stresses.

3.2. Overexpression, purification, and crystallization

The recombinant GerE (PaGerE) protein from Paenisporosarcina
sp. TG-14was overexpressed in E. coli and purified by Ni-NTA affinity
purification and gel-filtration chromatography (Supplementary
Fig. 1A). PaGerE with the N-terminal 6xHis-tag removed as
appeared as an approximately 9-kDa protein by SDS-PAGE. The
analytical ultracentrifugation results showed that PaGerE was
mostly monomeric in solution. However, a small peak estimated as a
dimeric state was also identified (Supplementary Fig. 1B). Purified
protein solution was concentrated to 9.12mg/mL for crystallization.
After crystallization screening trials, the best hexagonal-shaped
PaGerE crystal was obtained under conditions of 0.18M sodium
chloride and 18% (w/v) PEG3350 (Supplementary Fig. 1C). X-ray
diffraction data was collected at 2.09 Å resolution using a BL-7A
beam line from the Pohang Accelerator Laboratory (Supplementary
Fig. 1D). The crystal belonged to the hexagonal space group of P64
with unit cell parameters of a¼ b¼ 63.769, c¼ 45.407 Å, a¼ b¼ 90,
and g¼ 120�.

3.3. Overall structure of PaGerE

PaGerE is a globular and helical protein with dimensions of
approximately 95� 45� 55 Å, consisting of four a-helices (Fig. 2A).
The asymmetric unit of PaGerE crystals contains one protomer.



Fig. 1. Paenisporosarcina sp. TG-14, a spore-forming psychrophilic bacterium. (A) Scanning electron microscope (SEM) image of Paenisporosarcina sp. TG-14 incubated at 10 �C.
White bar marker represents 1 mm. (B) Transcript profiles of gerE from Paenisporosarcina sp. TG-14. Cells grown at 10 �C were further exposed to �5 �C and 37 �C for 1 h.

Fig. 2. Crystal structure of PaGerE. (A) Overall structure of PaGerE is shown as a ribbon diagram with a-helices colored in cyan. (B) Multiple sequence alignment of PaGerE (NCBI
accession code WP_017379853.1), BsGerE (PDB code 1FSE; UniProtKB code P11470), RrTraR (PDB code 1L3L; UniProtKB code P33905), SpNarL (PDB code 4HYE; UniProtKB code
Q8DNC2), BtLuxR (PDB code 3CLO; UniProtKB code Q8A5Q7), and EcSdiA (PDB code 4Y15; UniProtKB code Q8XBD0). Secondary structural elements in the crystal structure of
PaGerE are represented above the multiple sequence alignment. Multiple sequence alignment was performed with ClustalX and edited with GeneDoc. The hydrophobic residues
involved in dimeric interactions are indicated with a black circle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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PaGerE has a typical HTH motif for DNA binding and its overall
structure is very similar to the previously determined BsGerE
structure (PDB code 1FSE) with 0.604 Å r.m.s. Deviation for 63 Ca

atoms [10]. Application of crystallographic symmetry operators
resulted in completion of the functional dimer. Dimerization of
PaGerE will be discussed in detail in the next section. A DALI search
of the protein data bank (PDB) gave several hits with high Z-scores
and good structural similarities to PaGerE (Table 1) [18]. Notably,
the top five DALI hits were BsGerE, TraR, NarL, LuxR, and SdiA
[10,19e21]. Within the list of hits, the longer-length proteins
aligned only to the C-terminal DNA-binding domain. For example,
TraR (PDB code 1L3L; RrTraR) from Rhizobium radiobacter is a multi-
domain protein spanning 234 residues that contain an N-terminal
pheromone-binding domain and C-terminal DNA-binding domain.
The C-terminal domain of RrTraR was aligned with the PaGerE
structure but showed only 11% sequence identity (Fig. 2B). Despite
its low sequence similarity, the DNA-binding domain showed high
structural similarity with a 0.895 Å r.m.s. Deviation for 57 Ca atoms.

3.4. Dimerization of PaGerE

In the analytical ultracentrifugation experiment, most PaGerE
(95%) was monomeric in solution but a very small fraction of
PaGerE formed dimers (5%). PaGerE was crystallized with one
monomer in the asymmetric unit, while analysis of packing in-
teractions suggested dimerization of PaGerE. This dimer is formed
through the a4-helix and C-terminal loop regions mediated by
hydrophobic interactions (Fig. 3A and B). Two molecules interact



Fig. 3. Dimeric structure of PaGerE. (A) Dimeric structure of PaGerE shown with crystal packing interactions. (B) Dimerization interface of PaGerE. The residues participating
dimerization are shown as a cyan stick model. The residues from other subunit are colored in grey. (C) Structural superposition and comparison between PaGerE (cyan) and DNA-
bound RrTraR (pink). The a4-helix region of PaGerE may undergo conformational change for DNA binding. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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through an interaction surface of ~1980 A2, which contains several
hydrophobic residues such as Ile63, Leu64, Leu67, and Leu74.
Notably, a similar interaction mode was previously described for
the GerE dimer structure (PDB code 1FSE; BsGerE) from B. subtilis
[10]. Structural superposition analysis between PaGerE and DNA-
bound RrTraR revealed a conserved dimerization interface
required for DNA binding. In the DNA-bound RrTraR structure, the
DNA-binding domain tightly interacts through the a4 helix rear-
rangement (Fig. 3C). Thus, we predicted that PaGerE dimerization
occurred through DNA binding.
Fig. 4. DNA binding of PaGerE. (A) Upstream DNA sequence (348 base pairs) of cotB
coding gene (yellow) which was used for EMSA. Putative PaGerE binding site was
indicated in green color. (B) EMSA results showed that PaGerE binds to the upstream
DNA sequence of cotB coding gene. The L64S/L67S mutant could not bind DNA, but the
N-terminal truncated mutant bound to DNA. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
3.5. DNA binding properties of PaGerE

GerE is a transcription factor that functions in the late stage of
sporulation and acts as an activator or repressor of other genes.
Target gene regulation by GerE may also be controlled at the gerE
expression level or regulated by other regulator proteins, as GerE
does not contain a regulator domain as observed in TraR, NarL,
LuxR, and SdiA. GerE binds to several promoter regions of cot genes
[14,15]. Thus, to investigate the DNA binding properties of PaGerE,
the promoter region of cotB was chosen as a substrate for EMSA
(Fig. 4). We confirmed that wild-type PaGerE binds to the promoter
region of cotB. To determine whether dimerization affects DNA-
binding properties, an L64S/L67S double mutant was used, as
both residues Leu64 and Leu67 participate in hydrophobic in-
teractions for dimerization. The results showed that the mutant
with interrupted dimerization could not bind to DNA. Furthermore,
the N-terminal region (residues 1e11) truncated mutant was also
tested. Our EMSA results showed that the N-terminal region does
not affect target DNA binding. Circular dichroism (CD) analysis
showed that the mutants have the same spectra with wild-type
PaGerE. The denaturation temperature of L64S/L67S mutant also
does not largely differ compare with wild-type PaGerE
(Supplementary Fig. 2).
4. Discussion

The psychrophilic bacterium Paenisporosarcina sp. TG-14 iso-
lated from the Taylor glacier, McMurdo Dry Valleys, Antarctica,
undergoes sporulation as a survival strategy in the extreme envi-
ronment. Various proteins are involved in sporulation, and regu-
lator proteins are key components of the spore formation process.
GerE is a regulator protein that induces the expression of coat
proteins during the late stage of sporulation. Our qRT-PCR results
indicated that the mRNA level of GerE was increased by not only
heat stress but also cold stress. Although 37 �C heat stress showed a
larger change than �5 �C cold stress, this is likely because
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Paenisporosarcina sp. TG-14 is a psychrophilic bacterium. In the
laboratory, the optimal growth temperature of Paenisporosarcina
sp. TG-14 was 15 �C [4]. Additionally, we revealed that two hydro-
phobic residues (Leu64 and Leu67) are important for target DNA
binding of PaGerE. Notably, a similar interaction mode was previ-
ously described for the GerE dimer structure (BsGerE) from
B. subtilis [10]. Multiple sequence alignment also revealed similar
hydrophobic residues (Val64 and Leu67) in the corresponding po-
sitions of BsGerE. However, the multi-domain containing tran-
scription factor proteins (RrTraR, SpNarL, BtLuxR, and EcSdiA)
showed a different and non-conserved sequence composition in
the a4 helix region [19e21]. Thus, the multi-domain containing
transcription factor proteins may have a different DNA binding
mechanism compared to GerE proteins. For example, the N-ter-
minal regulator domain may also be involved in the dimerization
process of multi-domain containing transcription factor proteins
during DNA binding. In fact, analysis of the DNA-bound RrTraR
structure (PDB code 1L3L) showed that the N-terminal pheromone
binding domain is also involved in dimeric interactions. Thus, GerE
proteins are thought to use a unique DNA binding mechanism via
hydrophobic a4 helix dimerization (Supplementary Fig. 3).
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