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Abstract

Geobacillus spp. are moderate thermophiles that have great potential for use in diverse applications. For effective utiliza-
tion of the species, genetic tools have been extensively studied; however, an overexpression vector remains to be developed.
Here we constructed a plasmid vector that can shuttle between Escherichia coli and Geobacillus spp., and which contained a
maltose-inducible promoter from Geobacillus kaustophilus HTA426. Although the vector (termed pGKE119) was originally
designed for basal gene expression, it surprisingly directed robust protein production in G. kaustophilus. Protein production
essentially occurred in an auto-inducible manner without maltose; however, some proteins were produced more efficiently
in the presence of maltose. Although the productivity was affected by culture conditions, three proteins were successfully
produced with abundance ratios of 12-27% (on a total protein basis) and yields of 77-170 mg (per L culture). pGKE119
directed substantial protein production even in Geobacillus subterraneus, Geobacillus thermoglucosidasius, and Geobacillus
thermoleovorans. This suggests that pGKE119 can use a range of Geobacillus spp. as hosts and widely expand their genetic
toolbox. Because Geobacillus spp. are highly proliferative bacteria that are distinct from organisms used as protein produc-
tion hosts, pGKE119 may also provide a novel platform for hyperproduction of recombinant proteins.
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Abbreviations Introduction

ODgg Optical density at 600 nm

LB Luria—Bertani The genus Geobacillus comprises aerobic or facultative

SDS-PAGE  Sodium dodecyl sulfate—polyacrylamide gel anaerobic Gram-positive bacteria that grow preferentially
electrophoresis at 55-65 °C. Members of the genus are of historical impor-

[ A carrier state of the plasmid tance as producers of thermostable proteins that serve as

robust enzymatic catalysts or biomimetic structures (Hus-
sein et al. 2015). In addition, Geobacillus spp. have attracted
interest as hosts for whole-cell applications because the spe-
cies often exhibit unique properties that are useful in biopro-
Communicated by Cann. duction, biodegradation, biomineralization, and bioremedia-
tion (Hussein et al. 2015), and high-temperature processes
using thermophiles have several advantages over moderate
processes using mesophiles (Wiegel and Ljungdahl 1986).
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knockout systems via allele-coupled exchange (Bacon et al.
2017; Sheng et al. 2017). However, a convenient vector that
directs substantial gene expression remains to be established
in Geobacillus spp.

Geobacillus kaustophilus HTA426 has served as a pilot
organism for biotechnological studies on Geobacillus spp.
(Suzuki 2017). The strain originated from a mud sample
from the bottom of the Challenger Deep in the Mariana
Trench (Takami et al. 1997), and the complete genome
sequence of this strain has been published (Takami et al.
2004). In a previous report (Suzuki et al. 2013b), we
reported that the genome contained a possible operon for
starch utilization (Fig. 1a) and that the promoter (termed
the gk704 promoter) was induced by maltose. The present
study was originally designed to construct a plasmid that
contained the gk704 promoter for basal gene expression in
Geobacillus spp.; however, contrary to our expectations,
the plasmid directed substantial production of diverse het-
erologous proteins. We report here on the development of
an overexpression vector for Geobacillus spp., which not
only expands the genetic tools available for Geobacillus spp.
but also suggests a novel platform for recombinant protein
production.

Materials and methods
Bacterial strains

Geobacillus kaustophilus MK244 (JCM 31,151) was
previously constructed from G. kaustophilus HTA426
(Suzuki et al. 2013a). G. kaustophilus MK244 has
the genotype: ApyrF, ApyrR, AhsdM,;S;R,, and
A(mcrB—mcrB,-hsdM,S,R,—mrr). Geobacillus subterra-
neus DSM 13,552, Geobacillus (Parageobacillus) thermo-
glucosidasius DSM 2542, and Geobacillus thermoleovorans
DSM 5366 were purchased from the Bacillus Genetic Stock
Center (Columbus, OH, USA). Escherichia coli strains
DH5a and BL21(DE3) were purchased from Takara Bio
(Otsu, Japan) and Merck Millipore (Darmstadt, Germany),
respectively. E. coli DH5a, carrying either pUB307 or
pRK2013, was used as a helper strain for ternary conjuga-
tion (Suzuki et al. 2013a).

Culture conditions

Escherichia coli was cultured at 37 °C in Luria—Bertani (LB)
medium (Nacalai Tesque, Kyoto, Japan). E. coli, carrying
the TK101 marker, was cultured in the presence of 20 mg/L
kanamycin. Geobacillus spp. were cultured at 60 °C in LB
or semisynthetic (MC and MY) liquid media that contained
inorganic salts (0.3 g/L K,SO,, 2.5 g/LL Na,HPO,-12H,0,
1 g/L NH,Cl, 0.4 g/L MgSO,, 3 mg/L MnCl,-4H,0, 5 mg/L

1kb
P
A GK0703 9T GKO704 GK0705 GK0706 GK0707 GK0708 GK0709
o-Glucosidase L | a-Amylase Lacl family Fis family
ABC transporter
B S__ - _Im_ == _TEx
_:Q®=°=Eom Q‘D:Q:EQ%
p15A ([ pIR200 Jcat F33LRS8 LS F2EXRF]ESE
T T I I I I | L1111
Pgk704 oriT BamHII ,S pel I Pgk704 1 lacZo-T7term
TK101 g~ p15A p15A =2
pUC pBST pBST
pGKE98 —_— pGKE106 —_— pGKE119
4.7kb 5.3 kb 5.8 kb
Q bla TK101 TK101
pBST Mulnl oriT oriT

Fig. 1 Construction of the pGKE119 vector. a Gene organization sur-
rounding the gk704 promoter in Geobacillus kaustophilus HTA426.
GK0704-GKO0708 potentially constitute an operon for starch utiliza-
tion where GK0704-GK0706 encode sugar ABC transporter whereas
GKO0707 and GKO708 encode a-amylase and Lacl family regulator,
respectively. The gk704 promoter (Pyqq,) is located upstream of
the operon. b Schematic representation of pGKE119 construction.
Abbreviations used are the following: bla, ampicillin resistance gene;
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cat, chloramphenicol resistance gene; lacZa-T7term, lacZa gene fol-
lowed by the T7 terminator; oriT, conjugative transfer origin; pBST,
pBST1 replicon for autonomous replication in Geobacillus spp.;
pUC and pl15A, replicons for autonomous replication in E. coli; and
TK101, kanamycin resistance gene functional at elevated tempera-
tures. Relevant sites digested by restriction endonucleases are also
indicated
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CaCl,-2H,0, and 7 mg/L FeCl;-6H,0), 0.1% trace element
solution (Amartey et al. 1991), 10 mM Tris—HCI (pH 7.5),
and 10 mg/L uracil. MC medium also contained 10 g/L
casamino acids (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA), whereas MY medium contained 10 g/L
yeast extract (Becton, Dickinson and Company). Geobacil-
lus transformants carrying the TK101 marker were cultured
in the presence of 5 mg/L kanamycin. Protein production
was examined under constitutive, inductive, and non-
inductive expression of the gk704 promoter. Non-inductive
expression was examined via consecutive incubation in
LB and semisynthetic media that contained 1% D-glucose.
Constitutive expression was performed via consecutive incu-
bation in media supplemented with 1% maltose. Inductive
expression was performed via preincubation for 6 h (until
the culture reached the stationary phase) in media without
maltose and then incubation in the presence of 1% maltose.

Genetic materials

Table 1 summarizes the plasmids used in this study.
pUC19ANdel was constructed from pUC19 (Takara Bio)
via a silent mutation in the lacZa gene to abolish the Ndel
site (5'-CATATG-3' to 5'-TATATG-3'). The mutagenesis was
performed using a QuikChange Site-directed Mutagenesis
Kit (Agilent Technologies, Santa Clara, CA, USA). venus®X
was artificially synthesized along with codon optimization
for G. kaustophilus HTA426. The sequence was deposited
in DDBJ/EMBL/GenBank databases with accession number
LC488130.

PGKE119 construction

The p15A replicon was amplified from pIR200 using the
primers 5'-CCCAGATCTGGATCCGCGTAACGGCAA
AAGCACC-3'" and 5'-CCCAGATCTCCCTTGAGAGCC
TTCAACCC-3' (BgllI sites underlined and BamHI site in
italics) and trimmed with BglIl. The pBST1 replicon and
TK101 gene were together amplified from pGKE75 using
the primers 5-GCGGGATCCACTAGTTTCCTTAAGGAA
CGTACAGACGG-3" and 5'-GCGGGATCCTCAAAA
TGGTATGCGTTTTGACAC-3' (BamHI sites underlined
and Spel site in italics) and trimmed with BamHI. The two
fragments were ligated to give pGKE98 (Fig. 1b), which
was then digested with Munl and ligated with an oriT frag-
ment that was excised from pGKE75 with EcoRI. Subse-
quently, the oligonucleotides 5'-GATCAAGCTTGCATG
CATATGCTGCAGCTCGAGTCGACGGATCCGAAT
TC-3" and 5'-AAGCTTGCATGCATATGCTGCAGCTCG
AGTCGACGGATCCGAATTCGATC-3" were hybridized
and cloned at the BamHI site to give pPGKE106. pGKE119
was constructed from pGKE106 via ligation with the gk704
promoter, T7 terminator, and lacZa fragments. The gk704
promoter was excised from pGKE75 and cloned between
HindIII and Sphl sites. The lacZa fragment, devoid of the
Ndel site, was amplified from pUC19ANdel using the prim-
ers 5'-CAGGAAACAGCTATGAC-3" and 5'-GGGACTAGT
ATCGATCAATTGCTATGCGGCATCAGAGCAG-3' (Spel
site underlined) and cloned between EcoRI and Spel sites.
The T7 terminator was generated via hybridization of the
oligonucleotides 5'-AATTGCTAGCATAACCCCTTGGGG

Table 1 Plasmids used in this
study

Plasmid

Relevant description

Reference

pGAM46-bgaB

pPGAMA46 carrying bgaB

Suzuki et al. (2012)

pGKE75 pUC and pBST1 replicons, oriT, bla, TK101, Py7o, ~ Kobayashi et al. (2015a)
pGKE75-cat*138T pGKE75 carrying cat A138T Kobayashi et al. (2015a)
pGKE119 E. coli-Geobacillus shuttle plasmid; p15A This study

and pBST1 replicons, oriT, TK101,

Po704-1acZo-T7term
pGKE119-bgaB pGKE119 derivative carrying bgaB This study
pGKE119-cat*!*¥T  pGKE119 derivative carrying cat*!38T This study
pGKE119-venus®®  pGKE119 derivative carrying venus®¥ This study

pIR200
pRK2013
pUB307
pUC19ANdel

p15A replicon, cat

Tra*, ColE1 replicon, oriT, kan
Tra*, oriV replicon, oriT, kan, tet
pUC19 devoid of Ndel site

Suzuki et al. (2011)

Figurski and Helinski (1979)
Bennett et al. (1977)

This study

TK101 confers kanamycin resistance on Geobacillus spp. at elevated temperatures. bla, cat, kan, and tet are
ampicillin, chloramphenicol, kanamycin, and tetracycline resistance genes, respectively. pBST1 replicon is
responsible for autonomous plasmid replication in Geobacillus spp. Other replicons (ColEl, oriV, p15A,
and pUC) function in E. coli. Tra' indicates that the plasmid can mediate conjugative transfer of oriT-
containing plasmids. Pyq4-lacZa-T7term indicates lacZo gene flanked by the gk704 promoter (Pgr04)

and T7 terminator. venus®X, bgaB, and cat

AT encode yellow fluorescence protein (Nagai et al. 2002),

B-galactosidase (Suzuki et al. 2012), and a thermostable variant of chloramphenicol acetyltransferase (Kob-

ayashi et al. 2015a), respectively
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CCTCTAAACGGGTCTTGAGGGGTTTTTTGA-3’ and
5'-CTAGTCAAAAAACCCCTCAAGACCCGTTTAGAG
GCCCCAAGGGGTTATGCTAGC-3" and cloned between
Munl and Spel sites.

pPGKE119 construction of pGKE119-bgaB,
PGKE119-cat*"*®", and pGKE119-venus®¥

The venus“X fragment was cloned between Sphl and BamHI
sites of pGKE119 to give pGKE119-venus®X. The bgaB and
cat®38T fragments were excised from pGAM46-bgaB and
pGKE75-cat*!37, respectively, and subcloned between Sphl
and BamHI sites of pGKE119 to give pGKE119-bgaB and
pGKE119-cat?!3T,

Plasmid transformation

Competent E. coli cells were prepared using a standard
method (Inoue et al. 1990). pGKE119 derivatives were
transferred from E. coli DHS5a (donor) to Geobacillus spp.
(recipient) via ternary conjugation with E. coli DH5« car-
rying pUB307 or pRK2013 (as helper). Conjugation was
performed following the previously published procedure
(Suzuki et al. 2013a). Briefly, the recipient, donor, and
helper strains were cultured to the proliferative phase and
mixed at a ratio of 10:1:1. Cells were concentrated on a
nitrocellulose membrane (0.22 um) via suction filtration
and incubated on an LB plate at 37 °C for 16 h to achieve
conjugation. Cells were then recovered from the membrane
and incubated at 60 °C on LB plates supplemented with or
without kanamycin (5 mg/L) to determine the concentration
of transformant or recipient cells, respectively. The conjuga-
tion efficiency was expressed as the number of transformants
per total number of recipients. Data are presented as the
mean + standard error (n=3-4).

Flow cytometric analysis

Geobacillus kaustophilus MK244 [pGKE119-venus®X],
where square brackets indicate a carrier state of the plas-
mid, was precultured in LB medium at 60 °C. An aliquot of
the culture (50 puL) was inoculated in LB medium (5 mL)
in a test tube and aerobically incubated at 60 °C for 24 h
with rotary shaking at 180 rpm. Cell fluorescence was first
detected with light-emitting diodes that irradiated green
light at a wavelength of about 500 nm and was then ana-
lyzed by flow cytometry using FACSAria (Becton, Dickin-
son and Company) with excitation at 488 nm and detection
at 519 nm. The analysis was performed for 10* cells. G.
kaustophilus MK244 [pGKE119] was used as the negative
control.

@ Springer

Quantitative assay of cell fluorescence

Geobacillus kaustophilus MK244 [pGKEll9-venusGK]
was precultured in LB medium at 60 °C. Aliquots of cul-
ture (200 uL) were inoculated in different media (20 mL) in
Erlenmeyer flasks (100 mL). The medium was aerobically
incubated for 3 d, and aliquots (1 mL) were collected every
12 h. The culture was quickly frozen using liquid nitrogen
and stored at — 80 °C until use. The frozen sample was spon-
taneously thawed at room temperature and appropriately
diluted in 50 mM Tris—HCI (pH 8.0). Culture fluorescence
was determined using a FP-8300 DS fluorescence spectro-
photometer (JASCO Corp., Tokyo, Japan), with excitation
at 515 nm and detection at 528 nm. In parallel, the optical
density at 600 nm (ODyy) of the culture was determined
using a UV-1700 spectrophotometer (Shimadzu, Kyoto,
Japan). The intensity of cell fluorescence was defined as
culture fluorescence per ODg,, where the mean value after
incubation at 60 °C for 24 h in LB medium was taken to be
one unit. G. kaustophilus MK244 [pGKE119] was used as
the negative control.

Estimation of protein productivity

Geobacillus spp. were precultured in LB medium at 60 °C.
Aliquots of culture (200 pL) were inoculated into LB
medium (20 mL) in an Erlenmeyer flask (100 mL). After
the medium was aerobically incubated for 24 h or 48 h at
50-65 °C, cells were harvested by centrifugation (5000xg
for 10 min) and stored at— 80 °C. Frozen cells were sus-
pended in 50 mM sodium phosphate at pH 7.0 (1 mL) and
homogenized by sonication. Homogenates were centrifuged
to obtain clear lysates, in which protein concentrations were
determined using the Bradford assay with bovine serum
albumin as the standard. The lysate was further analyzed
using sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE). Proteins in gels were stained with
Coomassie Brilliant Blue. The intensity of the protein bands
was quantified using the ImageJ program (https://rsb.info.
nih.gov/ij) to calculate the intensity ratio of the recombinant
protein to total proteins, which was defined as the abundance
ratio. The yield of recombinant proteins (mg protein per L
culture) was calculated based on the abundance ratio and
protein concentration.

Results
Genetic characteristics of the pGKE119 vector
Escherichia coli transformants with pGKE119 formed sub-

stantial colonies (>1 mm in diameter) on LB plates sup-
plemented with 20 pg/mL kanamycin following incubation
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at 37 °C for 24 h. False positives appeared on plates with
10 pg/mL kanamycin, whereas no colonies appeared in
the presence of 50 ug/mL kanamycin possibly because the
TK101 marker was inefficient at moderate temperatures.
The transformation efficiency (n=3) was determined as
(4.8+1.1)x 10° cfu/ug when examined using compe-
tent cells whose efficiency was 107 cfu/ug of pUC19. The
lower efficiency is attributable to the differences in plasmid
size (pGKE119, 5.8 kb; pUC19, 2.7 kb) and/or the repli-
con (pGKEI119, p15A replicon; pUC19, pUC replicon). It
is unlikely that the lower efficiency arose from the selec-
tion marker (pGKE119, TK101; pUC19, bla) because a
plasmid that carried these markers produced comparable
frequencies of transformants upon kanamycin and ampi-
cillin selections (Reeve et al. 2016). In the presence of
5-bromo-4-chloro-3-indolyl-f-p-galactopyranoside, colo-
nies exhibited pale blue coloration because of the lacZa
gene in pGKE119. Although coloration required incuba-
tion for > 24 h, E. coli transformants that carried pGKE119
derivatives (e.g., pPGKE119-bgaB, pGKE119-cat*!*%T, and
pGKE119-venus®®) were strictly selected on the basis of
colony coloration. G. kaustophilus accepted pGKE119 trans-
ferred from E. coli via ternary conjugation. The efficien-
cies (n=4) were (1.1+0.8)x 107" and (1.2+0.7)x 107
when pUB307 and pRK2013, respectively, were used as
conjugation helper plasmids. The efficiency was compara-
ble to that observed for a plasmid previously constructed
(Suzuki et al. 2013a). When pGKE119 was purified from
G. kaustophilus [pGKE119], it produced only a slight band
on agarose gel electrophoresis analysis. The observation
implied that pGKE119 replicated at a low copy number in
G. kaustophilus.

venus®® expression from pGKE119

Venus is a yellow fluorescent protein that is monomeric, tol-
erant to acidic conditions, and excellent in terms of protein
folding and brightness (Nagai et al. 2002). We synthesized
the gene (venus®X) and used it as a reporter gene to examine
gene expression from pGKE119 in G. kaustophilus. Bio-
chemical analysis confirmed that mature Venus®X was suf-
ficiently thermostable in vitro to retain >90% fluorescence
at 70 °C for 12 h. G. kaustophilus [pGKE119-VCHUSGK]
exhibited obvious yellow fluorescence when irradiated with
green light of the excitation wavelength (Fig. 2a). The cells
retained fluorescence at 70 °C with a half-life of > 12 d in
the presence of antibiotics (streptomycin and rifampicin)
to prevent further protein synthesis, suggesting that mature
Venus©X is extremely thermostable in vivo. Flow cytomet-
ric analysis clearly differentiated cell fluorescence between
G. kaustophilus carrying pGKE119-venus®® and pGKE119
(Fig. 2b). Non-fluorescent cells were negligibly detected in
G. kaustophilus [pGKE1 19-VCIlU.SGK]; therefore, it is likely

300+

200

Cell count

100

10? 103 104 10°
Fluorescence intensity

venus®K

Fig.2 Cell fluorescence of Geobacillus kaustophilus [pGKE119-
venus®X]. a Visual cell fluorescence of G. kaustophilus that car-
ried pGKE119-venus®® (+) or pGKE119 (). Cells were cultured
at 60 °C for 24 h and observed with (lower panel) or without (upper
panel) green light irradiation. b Cell fluorescence distribution of G.
kaustophilus that carried pGKE119-venus®® (yellow) or pGKE119
(gray). The analysis was performed for 10* cells using flow cytomet-
ric analysis

that pGKE119-venus®® was stably maintained during cell
division.

Effects of culture conditions

Geobacillus kaustophilus [pGKE119-venus®X] was cultured
in LB medium at 60 °C while cell fluorescence was analyzed
(Fig. 3a). Cell growth reached the stationary phase at 12 h,
and yellow fluorescence associated with Venus“X increased
markedly at 36 h. This suggests that venus®X expression was
spontaneously induced during the stationary phase even
in the absence of maltose. Cells were also cultured under
constitutive and inductive conditions to determine whether
maltose increased venus®X expression; however, neither
of the conditions had any marked effects on cell fluores-
cence (Fig. 3b). Similar autoinduction was observed in MC
medium but not in MY medium. In MC medium, constitu-
tive conditions caused higher cell fluorescence at the middle
stationary phase than at the late stationary phase; therefore,
it is likely that maltose served as an inducer in MC medium,
a finding in agreement with the previous observation (Suzuki
et al. 2013b). In MY medium, inductive conditions slowly
increased cell fluorescence, but constitutive conditions did
not. Among the culture conditions examined, Venus©K was
most efficiently produced in LB medium at the late station-

ary phase under non-inductive conditions.

PGKE119 directs robust protein production

Geobacillus kaustophilus [pGKE119-venus®X] was cul-

tured in LB medium at different temperatures, after

@ Springer
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Fig.3 Venus®X production is dependent on culture conditions. a
Geobacillus kaustophilus that carried pGKE119-venus®® (solid) or
pGKE119 (hollow) was cultured in LB medium at 60 °C and ana-
lyzed for cell fluorescence. b G. kaustophilus [pGKE119-venus©X]
was analyzed for cell fluorescence following culture at 60 °C for 12 h
(solid) and 48 h (hollow) under non-inductive (No), constitutive (Cs),
or inductive conditions (In). The analysis was performed for three
independent clones. Data are presented as the mean + standard error.
Single and double asterisks indicate that P values (one-way ANOVA)
are<0.1 and <0.01, respectively

which intracellular soluble proteins were analyzed using
SDS-PAGE (Fig. 4). The protein band of Venus®® (27 kDa)
was observed at 48 h but not at 24 h when cells were cul-
tured at 60 °C. This observation was consistent with the time
course of cell fluorescence, which was much higher at 48 h
than at 24 h (Fig. 3a). The Venus®X band was undetectable
at 65 °C but became more prominent at <55 °C. On the
basis of band intensity, VenusX was produced at 48 h with
an abundance ratio of 27% and a yield of 170 mg/L. The
higher productivity at 50 °C than at 60 °C could be because
Venus®X folding was more efficient at lower temperatures
and misfolded proteins produced at higher temperatures
were degraded by intrinsic biological processes. This idea
is consistent with the observation that BgaB, which is a ther-
mostable -galactosidase from G. kaustophilus ATCC 8005,
was produced over a broad temperature range of 50-65 °C
with abundance ratios of 5-14% and yields of 11-72 mg/L

@ Springer

(Fig. 4). cat**8T encodes a thermostable variant of chloram-
phenicol acetyltransferase, which was produced exclusively
at 50 °C with an abundance ratio of 6-7% and a yield of
32-34 mg/L. Because the protein originates from a meso-
philic bacterium (Staphylococcus aureus), its folding may
also be inefficient at elevated temperatures, although the
mature form was thermostable even at > 60 °C (Kobayashi
et al. 2015a). We further examined BgaB and Cat*!*T pro-
duction in MY medium under inductive conditions. Both
proteins were produced more efficiently at 50 °C and at 24 h,
where the abundance ratio and yield were 24% and 140 mg/L
for BgaB and 12% and 77 mg/L for Cat*'37T, respectively.
The results confirmed that culture conditions affected pro-
tein production from pGKE119 and that inductive conditions
might increase the productivity of certain proteins.

Venus®¥ production at moderate temperatures
Venus®® expression was examined at lower temperatures
(Fig. 5). Because G. kaustophilus barely grows at<45 °C,
cells were first precultured at 60 °C until the stationary phase
was reached and then incubated at 40 °C. Cell fluorescence
was slowly increased and reached a plateau at 60 h. Accord-
ing to SDS—PAGE analysis, Venus®® was produced at 60 h
with an abundance ratio of 15% and a yield of 73 mg/L. Cell
fluorescence also increased during incubation at 30 °C and
35 °C, albeit with slower increase rates. The results show
that pGKE119 can direct protein production even at moder-
ate temperatures, although longer incubation times may be
required.

pGKE119 functions widely in Geobacillus spp.
GK expression was examined using G. subterraneus, G.
thermoglucosidasius, and G. thermoleovorans as host cells.
Transformants carrying pGKE119-venus®X were cultured
in LB medium at different temperatures, following which
intracellular soluble proteins were analyzed by SDS-PAGE
(Fig. 6). G. subterraneus [pGKE119-venus°¥] showed lower
productivity for unknown reasons; however, G. thermoglu-
cosidasius [pGKE119-VenusGK] and G. thermoleovorans
[pGKE119-venus®X] produced substantial amounts of
Venus®X with abundance ratios of 17-25% and yields of
49-170 mg/L at< 55 °C.

Venus

Discussion

pGKEI119 was constructed to facilitate gene expression in
Geobacillus spp. To this end, the plasmid contained mul-
tiple cloning sites in lacZa under the control of the gk704
promoter. The lacZa gene was functionally expressed in
E. coli and allowed us to screen for pGKE119 derivatives
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Fig.5 Venus®® production at moderate temperatures. Geobacillus
kaustophilus [pGKE119-venus®X] was precultured in LB medium at
60 °C for 6 h and then incubated at 40 °C (solid squares), 35 °C (hol-
low squares), or 30 °C (solid circles). Subsequently, cell fluorescence
was analyzed. The analysis was performed for three independent
clones. Data are presented as the mean + standard error

based on colony coloration. TK101 was contained as a sole
selectable marker. This contributed to a reduction in the
plasmid size, whereas E. coli transformants were readily
selected based on kanamycin resistance without false posi-
tives. pPGKE119 contains p15A and pBST]1 replicons for
autonomous replications in E. coli and Geobacillus spp.,
respectively. The pl15A replicon replicates at a moderate
copy number (~20 copies) in contrast to the pUC replicon
(>500 copies), which was commonly used in previously
studied plasmids that shuttle between E. coli and Geobacil-
Ius spp. (Hussein et al. 2015; Kananaviciaté and CitaviGius
2015; Reeve et al. 2016). pGKE119 employed the p15A
replicon to decrease involuntary gene expression from the
gk704 promoter in E. coli. The T7 terminator was arranged
downstream of lacZa to depress read-through transcription
from the gk704 promoter. We noted that venus®X was not
expressed from a pGKE119 derivative that lacked the T7 ter-
minator in G. kaustophilus (data not shown), indicating that
the terminator contributed to the stable gene expression from
pGKEI119. Since the pBST1 replicon is located downstream
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Fig.6 Venus®X production in other Geobacillus spp. Geobacillus
subterraneus (a), Geobacillus thermoglucosidasius (b), and Geoba-
cillus thermoleovorans (¢) were transformed with pGKE119-venus®%
and pGKE119 (empty). Cells were cultured in LB medium for 24 h
(upper panels) and 48 h (lower panels) at temperatures indicated on

of the gk704 promoter, the terminator may prevent read-
through transcription from impairing plasmid replication in
G. kaustophilus.

The pBSTI replicon has been widely employed in E.
coli-Geobacillus shuttle plasmids including pUCG18T
(Suzuki and Yoshida 2012), pGKE75 (Kobayashi et al.
2015a), and pG1AK (Reeve et al. 2016). In previous obser-
vations, pUCG18T was undetectable following agarose gel
electrophoresis when recovered from transformant cells of
Geobacillus spp., whereas pSTE33T, which has another
type of replicon and replicates at a moderate copy number
(~16 copies), was clearly detected (Suzuki and Yoshida
2012; Tominaga et al. 2016). On the basis of the observa-
tion, we assumed that the pBST1 replicon replicated at low
copy numbers in Geobacillus spp. and designed pGKE119
as a plasmid that could direct basal gene expression in
Geobacillus spp. However, although pGKE119 identity
was still unclear following agarose gel electrophoresis,
it directed the hyperproduction of heterologous proteins
in G. kaustophilus with abundance rates of 12-27% and
yields of 77-170 mg/L. The reason for such hyperproduc-
tion is unclear, but it is possible that pGKE119 actually
replicates at a high copy number. This idea is supported
by copy number analysis using PCR-based methods, which
suggest that pGKE75 derivatives replicate at> 17 copies in
G. kaustophilus (Kobayashi et al. 2015b) and that pG1AK
replicates at > 80 copies in G. thermoglucosidasius (Reeve
et al. 2016). The discrepancy in terms of plasmid copy
numbers determined by PCR-based methods and agarose
gel electrophoresis may be explained by the large plas-
mid concatemers that are generated during plasmid rep-
lication via a rolling circle mechanism (Khan 1997). The
concatemers could express multiple copies of a gene even
though their identity on agarose gel electrophoresis is
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top of gels. Subsequently, intracellular soluble proteins (40 pg) were
analyzed using SDS-PAGE. Gels focus on protein bands around
Venus®K. The abundance ratios and yields of Venus®X were calcu-
lated based on band intensities. Minus indicates that the Venus®X
band was unclear

unclear because of the wide distribution of sizes. Although
the pBST1 replicon exhibits a weak similarity to theta-
type replicons (Taylor et al. 2008), it is still possible that
the replication proceeds via a rolling circle mechanism
because this mechanism is common in plasmids of Gram-
positive bacteria (Khan 1997).

Numerous promoter sequences have been identified
from Geobacillus spp. The 1dh promoter from Geobacil-
lus stearothermophilus NCA1503 expresses under con-
ditions of oxygen limitation and is employed to modify
Geobacillus spp. for fermentative biofuel production (Tay-
lor et al. 2008). The 2n38 (Bartosiak-Jentys et al. 2013),
pfl (Pogrebnyakov et al. 2017), pta (Frenzel et al. 2018),
RHIII (Blanchard et al. 2014), and uppT12 (Daas et al.
2016) promoters are all constitutively expressed, whereas
the pglu (Bartosiak-Jentys et al. 2013), surP (Blanchard
et al. 2014), and xylA (Pogrebnyakov et al. 2017) promot-
ers are induced by xylose, cellobiose, and sucrose, respec-
tively. In addition, the rplS and groES promoters have been
used to generate mutant sequences that exhibit expression
levels spanning ~ 100-fold ranges (Pogrebnyakov et al.
2017; Reeve et al. 2016). Among these promoters, only
the gk704 promoter in pSTE33T has been examined with
respect to the amount of proteins that it can produce in
Geobacillus spp.; however, this plasmid had not been
optimized as an expression vector and showed lower pro-
ductivity than pGKE119 (Suzuki et al. 2013b). Impor-
tantly, gene clusters homologous to GK0704-GK0708
have been widely identified in whole genome sequences
of Geobacillus spp., including G. stearothermophilus, G.
subterraneus, Geobacillus thermocatenulatus, Geobacil-
lus thermodenitrificans, G. thermoglucosidasius, and G.
thermoleovorans. This observation suggests that pGKE119
should function in these species and widely expand the
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genetic toolboxes available for Geobacillus spp. In fact,
pGKE119 has been shown to function in G. subterraneus,
G. thermoglucosidasius, and G. thermoleovorans (Fig. 6).

The development of pGKE119 not only expands the
genetic tools available for Geobacillus spp. but also sug-
gests a novel host—vector system for recombinant protein
production. E. coli is commonly used as a host for recom-
binant protein production since the species can rapidly
grow and numerous genetic tools are available to facilitate
its modification (Kaur et al. 2018). Yeasts and fungi are
also used as protein production hosts, which are advanta-
geous for producing eukaryotic proteins that undergo post-
translational modifications unique to eukaryotes (Baghban
etal. 2019). In theory, any protein can be produced in such
microorganisms; however, it is known that protein produc-
tivity varies to a large degree in terms of the combination
of target protein and host species. This is attributable to
biological and/or physicochemical factors such as codon
usage biases and intracellular conditions that affect protein
folding (Kaur et al. 2018; Suzuki et al. 2013b). Efficient
production of recombinant proteins requires the consolida-
tion of overexpression vectors for diverse microorganisms.

Geobacillus kaustophilus can grow efficiently on inex-
pensive substrates and produce recombinant proteins as
well as does E. coli, whereas codon usages are substantially
different between these microorganisms (Nakamura et al.
2000). On the basis of phylogenetic relationships (Suzuki
2018), G. kaustophilus may be more effective than E. coli
for the hyperproduction of numerous proteins from the
family Bacillaceae. Because certain proteins from thermo-
philes require high temperatures for correct protein folding,
G. kaustophilus is potentially superior to mesophilic hosts
in terms of the production of thermophile proteins (Suzuki
et al. 2013b). Intriguingly, gene expression from pGKE119
was spontaneously induced during the stationary phase. This
is presumably because expression of a repressor protein to
repress the operon (e.g., the Lacl family protein encoded by
GKO0708) declined along with cell proliferation. Autoinduc-
tion is advantageous for protein production because it allows
for simple and less-expensive protein production without
growth inhibition. It is also noteworthy that the host—vector
system produced Venus®X efficiently at 40 °C. This suggests
that the system can be used to produce thermolabile proteins.
Given that thermolabile proteins are accumulated as dena-
tured forms during incubation at elevated temperatures, the
system may be applicable for the production of the toxic
thermolabile proteins via in vivo synthesis in the form of
denatured (non-toxic) configurations, followed by refolding
in vitro. Such a process could be much less expensive than
in vitro protein synthesis.
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