Doctoral Thesis

Molecular studies on the formation of silica layer in
bacterial spores and its application
MEIFICBIT 5V B DRI % 5 F AW FHIHt
R A PINYE

Mohamed Abdeltawab Abdallah Abdelhamid
Graduate School of Advanced Sciences of Matter

Hiroshima University

March 2016



1.

)

2)

Table of Contents

Main Thesis
Molecular studies on the formation of silica layer in bacterial spores and its

application

FEERTICRT 5V Y W EORRRICET 55 FAEMZERIE L £ DISH)

Articles

The C-terminal zwitterionic sequence of CotBl1 is essential for biosilicification of the
Bacillus cereus spore coat

Kei Motomura, Takeshi Ikeda, Satoshi Matsuyama, Mohamed A. A. Abdelhamid,
Tatsuya Tanaka, Takenori Ishida, Ryuichi Hirota, and Akio Kuroda

Journal of Bacteriology, 198: 276-282 (2016).

Affinity purification of recombinant proteins using a novel silica-binding peptide as
a fusion tag

Mohamed A. A. Abdelhamid, Kei Motomura, Takeshi Ikeda, Takenori Ishida, Ryuichi
Hirota, and Akio Kuroda

Applied Microbiology and Biotechnology, 98:5677-5684 (2014).



Main Thesis



Contents

Chapter 1. General introduction

1.1
1.2
1.3
1.4
1.5

INErOUCTION. .. e ettt e e,

Biosilicification in €uKaryotes..........c.oviuiiiiiiieii i

Biosilicification in prokaryotes...........oouveiiiiiiiiiiiiiiiiie e,

Biotechnological applications of silica-precipitating proteins/peptides......

Research purpose of this thesis..........cccooviiiiiiiiiii e,

Chapter 2. Biosilicification of Bacillus cereus spore coat

2.1
2.2

23

INtrodUCtiON. . ....e i
Materials and Methods

2.2.1 Insilico screening for silica-forming proteins...........................
2.2.2 Bacterial strains and growth conditions...................coooiiini
2.2.3 Mutant CONSIIUCTION. .....uttt ittt et
2.2.4 Extraction of Spore coat proteins. ........cccccveeeeuvreeireeeeireeesiveeesveeeenens
2.2.5 Silicate uptake assay...........oevuiiiiiiiiiiiii
2.2.6  ACId reSIStANCE ASSAY ... vtnutniiene et et eee et et
2.2.7 Plasmid construction and transformation......................oooeeenn
2.2.8  MICTOSCOPY -+ ettt e et e e et et et et et et e et e e e e e

Results and Discussion

23.1
232
233
234
235

Silacidin-like sequence in the C-terminal of CotB1....................
CotBl is involved in the biosilicification of B. cereus spores........
A C-terminal zwitterionic sequence is essential for biosilicification
Expression and localization of CotB1................c.ocooiiii,
CotB1 may be the founding member of a subset of prokaryotic
proteins that stimulate biosilicification........................coi.

Chapter 3. Affinity purification of recombinant proteins using a novel silica-

binding peptide as a fusion tag

3.1
3.2

INtrodUCHION. ..oo oot
Materials and Methods

3.2.1
322

323
324

MaterialS. .. ...t
Construction of expression plasmids for green fluorescent protein
GFP-CotB1 and GFP-CotBlp fusions.............ccccevviiiiiiininn.n
Expression and purification of GFP-CotB1 and GFP-CotBl1p........

Determination of the dissociation constant (Kq) values for GFP-

Page

12

13
13
14
18
18
19
19
21

22
25
31
33



33

3.2.5
3.2.6
3.2.7
3.2.8

3.2.9

CotBl and GFP-CotBIp.....c.ooviiiiiiiiiiieee e,
Construction of expression plasmids for CotB1-SUMO-mCherry
(CotB1-SC) and CotB1p-SUMO-mCherry (CotB1p-SC) fusions...
Expression of CotB1-SC and CotB1p-SC...

Optimization of silica-binding conditions.. e e———
Affinity purification of mCherry using CotB1/CotB lp as a silica-
DINAING taZ. .. ettt e

Nucleotide sequence data.............cooeviiiiiiiiiiiiiii e,

Results and Discussion

3.3.1
332
333

3.34

Binding of GFP-CotB1 and GFP-CotBlp to silica particles.........
Optimization of silica-binding conditions..............................
Affinity purification of mCherry using CotB1/CotB1p as a silica-

bINAING tag. ...t

DISCUSSION. . . ettt et e e e e e

Chapter 4. Application of volcanic ash particles for protein affinity

purification with a minimized silica-binding tag

4.1
4.2

4.3

INtrOAUCHION. et e
Materials and Methods

4.2.1
422
423
424
4.2.5

4.2.6

Materials. ...,
Construction of expression plasmids..............ccooeiiiiiiiiiininnnen.
Expression of recombinant proteins.................ooccevevvieneenennenn
Silica-binding assay of recombinant proteins...........................
Affinity purification of SB7-tagged proteins using silica or

Shirasu particles as the adsorbent..................c.ooo

Protein @ssay.......coeeiniiiiii e

Results and Discussion

43.1
432
433
434

4.3.5

Minimization of the silica-binding CotBlptag........................
Alanine scanning mutagenesis of the SB7 peptide.....................
L-Arginine as an efficient eluent for silica-bound SB7 tag...........
Affinity purification of SB7-tagged proteins by using natural

silica-containing particles as an adsorbent...........................

DISCUSSION. . . e et e,

Chapter 5. General conclusion.......................ooiiiiiiiiii i,

47
51
51

52
53

54
57

60
65

70

72
72
75
75

76
77

78
80
80
&3

91

95



References..........

Acknowledgments



Chapter 1

General introduction



1.1 Introduction

Silicon, the second most abundant element in the Earth’s crust, is an important

mineral for living organisms. It is also the basic raw material for semiconductors and

many advanced materials. In several eukaryotes such as diatoms, radiolarians, siliceous

sponges and higher plants (e.g. horsetail and rice), silicon is taken up as silicic acid, then

deposited as biogenic silica through natural process, named biosilicification (1). The

molecular mechanisms underlying eukaryotic biosilicification, as well as the genes and

proteins responsible for transport/accumulation of silicon, have been intensively

investigated. The biosilica nanoparticles are produced under milder conditions (pH,

temperature and pressure) than synthetic ones. Those particles have been used in

numerous biotechnological applications that include biocatalysis, drug delivery,

biosensors, and hybrid materials (2). Recently, Hirota el al. demonstrated that a Bacillus

cereus group and its close relatives accumulate silica in and around a spore coat layer and

that the silica-containing layer enhances acid resistance of the spores (3). Another group

identified an extracellular protein of a thermophilic bacterium involved in silica-scale

formation (4). However, the molecular mechanisms of biosilicification in prokaryotes are

still obscure. Understanding the molecular mechanisms and discovering the genes and

proteins that control the biosilicification process in prokaryotes will not only provide a

novel fundamental knowledge about this process, but could also widen biotechnological
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applications of silica materials. Therefore, in the work described in this thesis, the first

insights of the fundamental basis of the biosilicification process in prokaryotes have been

studied.

In this chapter, the author provides a brief overview of the molecular

mechanisms of eukaryotic biosilicification, followed by a discussion of biosilification in

prokaryotes. Finally, the objectives of this thesis will be addressed.

1.2 Biosilicification in eukaryotes

Silicon (Si) acts as the main component of structural skeletons of diatoms,

radiolaria, and siliceous sponges (1). It is also utilized by some plants (e.g., rice and

cucumber) to protect against biotic and abiotic stresses (5). In Si-accumulating organisms,

Si is taken up from the environment as soluble silicate (Si{OH]4), a biologically available

form of Si in nature, which is then polymerized and accumulated as insoluble silica (SiO»).

Such silica biomineralization (biosilicification) in eukaryotes is under genetic control,

which in turn implies the existence of specific gene products guiding biosilicification.

The best-known example of biosilicification occurs in diatoms, which are

eukaryotic unicellular algae that possess silica walls with species-specific micro- and

nano-patternings (6). To date, several peptides and proteins involved in diatom



biosilicification have been identified, including silaffins, silacidins, and silaffin-like

cingulins (7-9). The silaffins are short peptides that undergo extensive post-translational

modifications such as phosphorylation and polyamine conjugation. Due to a zwitterionic

character imparted by negative charges of the phosphate groups and positive charges of

the polyamines, silaffins easily self-assemble into supramolecular aggregates, which

serve as templates for silica formation (7, 10-12). The negatively charged silacidin

peptides also form supramolecular aggregates with positively charged long-chain

polyamines, and act as templates for silica formation (8, 13). These facts indicate the

importance of combining positive and negative charges in order to direct biosilicification.



1.3 Biosilicification in prokaryotes

The presence of Si in bacterial spores was first noted several decades ago (14, 15).

Until recently, however, there have been no reports on the precise localization of Si and

its biological function in prokaryotes. Recently, Hirota et al. reported that some bacterial

isolates take up silicon when cultivated in a nutrient medium supplemented with silicate

and accumulate it in and around their spore coat layer (Fig. 1.1) (3). Those isolates belong

to Bacillus cereus group, a very homogenous cluster of six species, B. cereus, B.

thuringiensis, B. anthracis, B. mycoids, B. pseudomycoids, and B. weihenstphanesis.

The strain with the highest silicon uptake was designated as Bacillus cereus YHO64.

Moreover, it was observed that silicon uptake occurs during the sporulation phase. As

the bacterial mother cells take up the silicate from the medium, the silica layer formed

within the spore coat. Furthermore, it was determined that the silica layer formation

enhances the acid resistance of the bacterial spores.

These findings were the first insights about silicon uptake by prokaryotes.

However, the mechanisms of silicate uptake and silica layer formation in the bacteria and

their physiological functions are not sufficiently understood. Moreover, no proteins or

peptides involved in prokaryotic biosilicification have been identified thus far.



A B
Mother cell Spore

Silica-accumulating bacteria

Fig. 1.1 Silica layer formation in spore coat of B. cereus. A. Schematic illustration of
silica-precipitating bacteria. B. TEM image of Silica localization in the B. cereus pore
coat. Scale bar, 100 nm. CX, cortex; IC, inner coat; OC, outer coat; EX, exosporium; SX,
silica layer. Silica is deposited in OC and SX layers. Adapted from research originally
published in Reference 3, copyright © American Society for Microbiology.



1.4 Biotechnological applications of silica-precipitating proteins/peptides

Silica particles are attractive support materials for protein purification and

immobilization due to their wide range of well-defined surface areas, particle sizes and

pore sizes as well as their commercial availability at low cost. Silaffins, the well-

characterized silica-precipitating peptides, have been used for biotechnological

applications (e.g. enzyme immobilization on silica surfaces for biocatalysis and

biosensors applications) (16). These peptides are rich in serine and positively charged

(arginine and lysine) residues which enable them to interact with negatively charged silica

surfaces. Recently, several proteins and peptides sharing the main features of silaffins

have been used as silica-binding proteins/peptides for protein immobilization and

purification using silica paricles as an adsorbent. An example of silica-binding tag is

bacterial ribosomal protein L2 (also known as Si-tag; 273 amino acids) (17, 18). Si-tag

has been utilized for an affinity purification method with inexpensive commercial silica

(S10;) particles serving as the specific adsorbent (19, 20). The purity and yield achieved

with this method are comparable to conventional affinity purification methods (21) while

the cost is lower (20). Si-tag affinity purification can be used even under denaturing

conditions (i.e., 8§ M urea), enabling purification of inclusion body proteins (19). However,

the large size of the Si-tag (273 amino acids [aa]) and high concentration of divalent



cations (e.g., 2 M MgCl) required to elute Si-tagged fusion proteins may negatively

affect the intrinsic properties and function of the fusion partner. Another potential

disadvantage of the large protein affinity tag is that it wastes more metabolic energy

during overproduction than do small tags (22, 23). These drawbacks motivated the author

to develop an improved silica-based affinity purification method utilizing shorter silica-

binding tags and milder elution conditions.



1.5 Research purpose of this thesis

Although the mechanisms underlying eukaryotic biosilicification have been

intensively investigated, prokaryotic biosilicification has not been studied until recently.

Previously, Hirota el al. demonstrated that biosilicification occurs in Bacillus cereus and

its close relatives and the accumulated silica is deposited in and around a spore coat layer

as a protective coating against acid. Therefore, building upon this research, the author

seeks to address the following objectives:

e Identifying and characterizing protein (s) involved in prokaryotic biosilicification.

e Harnessing this fundamental knowledge for biotechnological applications such as

engineering silica-binding peptides for protein immobilization and purification.

The first topic is discussed in Chapter 2. The author discovered the role of B.

cereus spore coat protein CotBl and its C-terminal zwitterionic sequence in silica

biomineralization. This is the first report of a prokaryotic protein involved in

biosilicification.

The second topic is discussed in Chapter 3. A novel silica-binding tags have been

engineered for silica-based protein purification. The developed silica-based affinity

method enables purification of tagless proteins with high purity and yield. This method is

also useful for therapeutic applications as it enables removal of the affinity tag, producing



native recombinant proteins.

In Chapter 4, the author described a newly developed method utilizing an even

shorter silica-binding tag and mild elution conditions for silica-based affinity purification.

Furthermore, the binding mechanism of silica-binding tag has been determined.

Finally, Chapter 5 provides a summary of the results and discusses the

implications of this work.
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Chapter 2

Biosilicification of Bacillus cereus spore coat
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2.1 Introduction

Biosilicification in prokaryotes is poorly understood. Previously, it was

demonstrated that Bacillus cereus isolates take up silicate during spore formation and

form silica layer on and around their spores (3). Furthermore, the formation of silica layer

was associated with the increased acid resistance of Bacillus spores (3). Spores of Bacillus

species are highly resilient dormant cell types that can withstand extremes of temperature,

radiation, and chemical assault (24). These spore properties are attributable to the physical

and chemical composition of the structures that encase the spore (25, 26). The outermost

portion of Bacillus spores consists of cortex, spore coat, and, in some species, exosporium.

The spore coat, where silica is deposited in B. cereus, is composed of more than 50

proteins (27). Silica accumulation in and around the B. cereus spore coat strongly suggests

that spore coat proteins play an important role in biosilicification. Here the author reports

that one of the spore coat proteins, CotB1, carries a negatively charged silacidin-like

sequence on its C-terminus, followed by a positively charged arginine-rich sequence. The

author demonstrates that the zwitterionic C-terminus of CotB1 plays an essential role in

prokaryotic biosilicification.

12



2.2 Materials and Methods

2.2.1 In silico screening for silica-forming proteins

A database of B. cereus spore coat protein sequences (as reported by Henriques

et al. [27]) was constructed with the sequences obtained from the NCBI website

(http://www.ncbi.nlm.nih.gov/). Previously characterized silica-forming peptides

(silaffin-1A1, -1A2, and -1B of Cylindrotheca fusiformis [7, 28] and silacidin A, B, and C

of Thalassiosira pseudonana [9]) were used as query sequences. Searching for spore coat

proteins with significant similarity to the silica-forming peptides was conducted using the

BLAST program obtained from the NCBI FTP server (ftp://ftp.ncbi.nih.gov/blast/) with

an E-value of 10 as a threshold.

2.2.2 Bacterial strains and growth conditions

B. cereus strain NBRC 15305, which corresponds to strain ATCC 14579 (29),

was obtained from the NITE Biological Resource Center (NBRC; Chiba, Japan) and used

as the wild-type strain in this study. The wild-type and mutant strains of B. cereus were

routinely grown at 28°C in LB medium (30). Sporulation was induced at 28°C by nutrient

exhaustion in mR2A medium (an R2A medium [31] supplemented with 0.6 mM CaClo,

0.03 mM MnCl,, 0.05 mM ZnCl,, and 0.05 mM FeSO4). The author notes that the

13



concentrations of CaCl, and MnCl in the medium are three times higher compared to the
previous report (3) in order to induce efficient sporulation for B. cereus. Spore
development was monitored by bright-field microscopy, and the timing of entry into
sporulation was defined as the end of the exponential growth phase (32). Escherichia coli
JM109 was used as a host for cloning and was grown at 37°C in 2x YT medium (30).
When necessary, spectinomycin (250 pug ml~! for B. cereus), erythromycin (10 pg ml™!

for B. cereus), and carbenicillin (50 pg ml~! for E. coli) were added to the medium.

2.2.3 Mutant construction

The cotB1B2 deletion mutant was constructed by using the allelic replacement
method described by Arnaud et al. (33). DNA fragments (approximately 1 kb each)
corresponding to the up- and downstream regions of cotB1B2 were amplified from the
chromosomal DNA of B. cereus using the primer pairs cotB1-F1/cotB1-R1 and cotB2-
F1/cotB2-R1 (nucleotide sequences are given in Table 2.1), and then treated with Bg/II
and Sall, respectively. A spectinomycin resistance (Sp') cassette was amplified from
pIC333 (34) with the primers spc-F1 and spc-R1 and was digested with Bg/II and Sall.
These three fragments were ligated by T4 DNA ligase, and the resultant fragment was

amplified by PCR with primers cotB1-F1 and cotB2-R1. The PCR fragment was digested

14



Table 2.1. Plasmids used in this study

Primer

Sequence (5'to 3")*

Mutant construction
spe-F1
spe-R1
cotB1-F1
cotB1-R1
cotB2-F1
cotB2-R1
cotG-F1
cotG-R1
cotG-F2
cotG-R2

Mutant screening
spe-F2

spe-R2

cotB1-F2
cotB2-R2

cotG-F3

cotG-R3

Plasmid construction
cotB1-F3
cotB2-R3
cotB1-F4
cotB1-R2
cotB2-F2
cotB2-R4
cotB1-F5
cotB1-R3
cotB1-F6
cotB1-R4
cotB1-R5
gfp-F1°
gfp-R1°
gfp-R2”

GGAGATCTGTATAATAAAGAATAATTATTAATC
ATTGGTCGACTAAATTAAAGTAATAAAGCGTTCTC
ACGGACGCGTTTTGTAAGATGACCTTG
AAAGATCTGAGAAAACCCCTTCCATTAA
AGATGTCGACTGTTTAATAAATAAGAGGGGCATT
TATAACGCGTTAGCTCGTACACAATGTTTATAAG
ATCTACGCGTTAACGTATTATACCCTTGAATGCG
CGAGATCTAGAAATCCTCCTTATCATGTATTAAAG
TAACGTCGACTTTTTATACCACCCAAAAAAGGC
AATTACGCGTAATGGCCCAATCACATTAGTTG

GTGATGATAAGTGGGAAGGACTAT
TTGCTCATGATTTCACCTCGTTG
AAATGGCATATTTAGTATAGAAGCAATATACTGTT
TAATTGATAACGAATTCGGAAACTGCTC
TCGGCCTCATAAACGAAACTGTGAA
TAAGCGAATGAGTTCTGCACCAGAA

GCGAGAGGATCCAAAGACGAAGATTAAACTA
TCAGGTGAATTCATATCCTCCTTCCTACGAA
TTATCTTCCTCTACTTGATTGTC
TGTTTAATAAATAAGAGGGGCAT
GAGAAAACCCCTTCCATTAATTT
TTGGAGAATGTATTATGCTGTGA
TGCTAAAGCATTATAGTTAACACTTTTAA
TAATGTTTAATAAATAAGAGGGGC
ATTATCGCTACTTTCCTTACTATCG
TCAGGTCGTGCTCGTGCACAA
AGTTTATTTCATTGTGATTTTTTGAAAGAC
ATGAGTAAAGGAGAAGAACTTTTCAC
TTTGTAGAGCTCATCCATGCCATG
TTATTTGTAGAGCTCATCCATGCCA

¢ Underlined sequences indicate restriction sites.

b These primers were phosphorylated at the 5’ end.
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with Mlul and inserted into the Mlul site of the pMAD vector (33), which was obtained
from the Pasteur Institute (Paris, France), yielding pMADAcotBIB2 (Table 2.2). The
plasmid was then introduced into the B. cereus wild-type strain by electroporation (35),
and the transformants were selected at 30°C on LB agar plates with 250 ug ml™!
spectinomycin and 50 pg ml~' X-Gal. Integration and excision of pMADAcotB1B2 were
performed as described by Arnaud et al. (33) with slight modifications: the double-
crossover deletion mutants were screened by blue/white screening on LB agar plates
without spectinomycin, because they showed unexpectedly low spectinomycin resistance
when the Sp' cassette was inserted into the cotB1B2 locus. The insufficient resistance can
be ascribed to the incomplete promoter sequence of the Sp' cassette (36) and the upstream
cotB1B2 promoter, which is not active in vegetative cells (see Results and Discussion).
These weak promoters could not support sufficient expression of the Sp' cassette,
although the cassette works appropriately when inserted into the tetB locus of the wild-
type strain (33). Disruption of cotB1B2 was confirmed by PCR amplification with the
primer pairs cotB1-F2/spc-R2 and cotB2-R2/spc-F2.

The cotG deletion mutant was constructed in a similar way by replacing the
primers cotB1-F1, cotB1-R1, cotB2-F1, and cotB2-R1 with cotG-F1, cotG-R1, cotG-F2,

and cotG-R2, respectively, to yield pMADAcotG. Disruption of cotG was confirmed by

16



Table 2.2 Plasmids used in this study

. _ Source or
Plasmid Description
reference
pIC333 Source of an Sp" cassette (34)

Thermosensitive shuttle vector for allelic
pMAD . . : (33)
replacement; Amp" in E. coli, Em' in B. cereus

pMAD carrying up- and downstream regions of .
pMADAcotB1B2 ) ) This study
cotB1B2 with an inserted Sp' cassette

pPMAD carrying up- and downstream regions of )
pMADAcotG . . This study
cotG with an inserted Sp' cassette

pHT304 Shuttle vector; Amp' in E. coli, Em" in B. cereus (39)

pHT304 carrying cotBl and cotB2 with the .
pHT-cotB1B2 . This study
promoter region of cotBI1B2

pHT304 carrying cotBl with the promoter )
pHT-cotB1 . This study
region of cotB1B2

pHT304 carrying cotB2 with the promoter )
pHT-cotB2 . This study
region of cotB1B2

pHT-cotB1 lacking silacidin-like and arginine- )
pHT-cotB1-141 ) This study
rich sequences

pHT-cotB1-157 pHT-cotB1 lacking arginine-rich sequence This study
pHT-cotB1-142/157 pHT-cotB1 lacking silacidin-like sequence This study
Clontech
pGFPuv Source of gfp gene ,
Laboratories
pHT-gfp-cotB1 pHT304 carrying gfp-fused cotB1 This study
pHT-gfp pHT304 carrying gfp This study

Amp', ampicillin resistance; Em" erythromycin resistance; Sp’, spectinomycin resistance

17



PCR amplification with the primer pairs cotG-F3/spc-R2 and cotG-R3/spc-F2.

2.2.4 Extraction of spore coat proteins

Spores were prepared by growing B. cereus strains in mR2A medium
supplemented with 100 pg ml~! silicate at 28°C for 48 h, and were harvested by
centrifugation. The pellets were sonicated in buffer containing 25 mM Tris-HCI (pH 7.5),
1 mM EDTA, 15% glycerol, 0.1 M NaCl and protease inhibitor cocktail (Nacalai Tesque,
Kyoto, Japan) to disrupt residual mother cells, and then the spores were separated from
the suspension by centrifugation as reported by Isticato et al. (37). Spore coat proteins
were extracted from the spores with SDS gel-loading buffer (30) containing 50 mM Tris-
HCI (pH 6.8), 100 mM dithiothreitol, 10% glycerol, 2% SDS and 0.1% bromophenol blue
at 100°C for 10 min. The extracts were immediately fractionated on 12.5% Bis-Tris SDS-
PAGE gels with MOPS running buffer (38), and stained with Coomassie brilliant blue R-

250.

2.2.5 Silicate uptake assay
B. cereus cells grown overnight with shaking at 28°C in R2A medium were

inoculated (5%) into mR2A medium supplemented with 100 pg ml-! silicate. The cultures

18



were incubated at 28°C with shaking. Samples taken from the cultures at 12-h intervals
were centrifuged, and then the silicate concentrations in the supernatants were measured
by using a Silicate Test kit (Merck, Darmstadt, Germany) according to the manufacturer’s

instructions.

2.2.6 Acid resistance assay

Sporulation of B. cereus strains was induced in mR2A medium with or without
100 pug ml! silicate as described above. After keeping the cultures standing at 4°C for 12
h, the spores were collected by centrifugation at 8,100 x g for 10 min and washed twice
with cold sterile distilled water. The purified spores were suspended in distilled water to
an optical density of 1.0 at 600 nm. Spores were centrifuged and resuspended in equal
volumes of 0.2 N HCI. At the designated times, samples were diluted with cold water and
spread on R2A agar plates. Spore viability was determined by counting the colonies after

a 24-h incubation at 28°C.

2.2.7 Plasmid construction and transformation
For complementation tests, a DNA fragment containing the cotB1B2 genes with

their putative promoter and terminator regions was amplified by PCR from the
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chromosomal DNA of B. cereus using the primer pair of cotB1-F3 and cotB2-R3 (Table
2.1). The PCR fragment was digested with BamHI and EcoRI and then inserted into the
same sites of plasmid pHT304 (39), yielding pHT-cotB1B2. The plasmids carrying either
cotB1 or cotB2 gene were amplified by inverse PCR using pHT-cotB1B2 as a template
with the primer pairs of cotB1-F4/cotB1-R2 and cotB2-F2/cotB2-R4, respectively. The
amplified DNA fragments were self-ligated to yield pHT-cotBl and pHT-cotB2,
respectively. To construct the plasmids carrying truncated mutants of cotBI, another
round of inverse PCR was performed using pHT-cotB1 as a template with the primer pairs
of cotB1-F5/cotB1-R3, cotB1-F6/cotB1-R3, and cotB1-F6/cotB1-R4. The amplified
DNA fragments were self-ligated to yield pHT-cotB1-141, pHT-cotB1-157, and pHT-
cotB1-142/157, respectively. These plasmids were introduced into the AcotBI1B2 strain
by electroporation as described above, and then the transformants were selected at 28°C
on LB agar plates with 10 ug ml~! erythromycin. To construct a plasmid expressing green
fluorescent protein (GFP)-fused CotB1 under the control of the promoter of cotB1B2, the
vector backbone was amplified by inverse PCR using pHT-cotB1 as a template with the
primer pair of cotB2-F2 and cotB1-R5. A GFP-encoding DNA fragment was amplified
by PCR from pGFPuv (Clontech Laboratories, Mountain View, CA) using the

phosphorylated primers gfp-F1 and gfp-R1. These PCR products were ligated by T4 DNA

20



ligase, yielding pHT-gfp-cotB1. As a control, plasmid pHT-gfp, which expresses GFP

under the control of the promoter of cotB1B2, was prepared by the same procedures using

the primer pairs cotB2-F2/cotB1-R2 and gfp-F1/gfp-R2. These plasmids were introduced

into the wild-type strain by electroporation as described above.

2.2.8 Microscopy

Sporulating cells and spores grown in mR2A medium supplemented with silicate

were harvested at various time points and observed under a BXS51 fluorescence

microscope equipped with an UPlanApo 100x/1.35 objective lens and a U-MNIBA3 filter

(Olympus, Tokyo, Japan). Images were captured using a DP72 cooled charge-coupled

device camera (Olympus). For transmission electron microscopy (TEM), spores were

prepared without silicate as described above. Ultrathin sections of the spores were

prepared and stained as described previously except that spores were initially fixed with

2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) containing 0.1% MgSO4 for 4

h at 4°C followed by postfixation with 1% OsO4 in 0.2 M cacodylate buffer (pH 7.2) for

10 h at 4°C. The ultrathin sections were observed under a JEM-1400 transmission electron

microscope (JEOL, Tokyo, Japan) operating at an accelerating voltage of 80 kV.
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2.3 Results and Discussion

2.3.1 Silacidin-like sequence in the C-terminal region of CotB1

To identify the proteins involved in the biosilicification of B. cereus spores, the
author performed a local BLAST search of spore coat proteins using sequences of
previously characterized silica-forming peptides (diatom silaffins and silacidins) as
queries. Among the 53 spore coat proteins that have been identified in B. cereus to date
(37), a C-terminal region of CotB1 (GenBank accession number AAP07429.1) showed
significant similarity to silacidin A (50% identity over 16 amino acids, E-value 8.5) (Fig.
2.1, boxed). Silacidin A is a highly acidic peptide of 28 amino acids that is isolated from
cell walls of the diatom T pseudonana (9). Interestingly, a gene encoding a CotB1 paralog,
namely CotB2 (GenBank accession number AAP07430.1), is located in tandem
downstream of the cotB1 gene on the B. cereus genome. The cotB1 and cotB2 genes are
separated by only 20 bp. The cotBI gene is preceded by a putative 6* promoter (40),
which is activated in the mother cell during the late stage of sporulation, whereas no
canonical promoter sequence is found in the 500 bp sequence preceding the cotB2 open
reading frame (Fig. 2.2). These facts imply that the cotB1 and cotB2 genes are present in

a single transcriptional unit.
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CotBl1 1 -MSLFH@ENFLIADIATe S F\YRIANIR QKETIISVCQIMFVIFKNE Y| IFK SpE
CotB2 1 MENVLC@®8QTIAC ETWK\AYILR RV[EELVELGKILTFQLP L
CotBl 60 TIANAJSHCGSSPIGEWEDCAC -JEALIPE SFIS4CLAg R el KA e TIMODMS CDF
CotB2 61 KVI$YSKCG&YSSCFCSDIRYTIJLD IIMKD LIG4K AN plele s Cipde TLIRSEWMHHGCT

CotBl 119 IVKERIMLIAIKERSSRNYNALAICGESIHSDDSKESSDNSGRARAQRQSSRGR 171
CotB2 121 VNGDHVMYVIKS:#NERYSOVVKCEKENERS- - - - - —----------=------- 149

B Silacidin-like Arginine-rich

I LA 1
CotBl1 137 YNALAICEERDEEMDEKIFISHINISGRARAQRQSSRGR 171
Silacidin A 1 SSSEDSEDEPPEWEEEIFIENSVSSEDED- - - - - - - 28
Silaffin-1a, SSKKSGSYSGSKGSK

Fig. 2.1 Pairwise alignment of B. cereus CotB1 and CotB2 and primary structure of 7.
pseudonana silacidin A. Alignments of CotB1 with CotB2 (A) and with silacidin A (B)
were performed using the ClustalW program at GenomeNet (http://www.genome.jp/)
with default parameters. Black-shaded and grey-shaded amino acid residues indicate
identity and  similarity, respectively. The boxed sequence of CotBl
(CGESDESDDSKESSDN) was identified by a local BLAST search for sequences with
significant similarity to silacidin A (SGDSPPSDESEESEDS). The underlined sequence
indicates the arginine-rich region of CotB1. The amino acid sequence of C. fusiformis
silaffin-1A; is given for comparison. Reprinted with permission from “The C-Terminal
Zwitterionic Sequence of CotB1 Is Essential for Biosilicification of the Bacillus cereus
Spore Coat”, Kei Motomura, Takeshi Ikeda, Satoshi Matsuyama, Mohamed A. A.
Abdelhamid, Tatsuya Tanaka, Takenori Ishida, Ryuichi Hirota, and Akio Kuroda. Journal
of Bacteriology, 198: 276-282 (2016), copyright © American Society for Microbiology.
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Fig. 2.2 Nucleotide sequence of cotB1B2 genes with its promoter region (retrieved from
GenBank accession number AE016877.1; region 368,717-369,856). Concensus
sequence of a putative ok-specific promoter is underlined, and the initiation codons of
cotB1 and cotB2 are written in boldface type. The elements in the concensus sequence
AC and CATA---TA correspond to the =35 and —10 regions of the promoter, respectively
(1). Reprinted with permission from “The C-Terminal Zwitterionic Sequence of CotB1 Is
Essential for Biosilicification of the Bacillus cereus Spore Coat”, Kei Motomura, Takeshi
Ikeda, Satoshi Matsuyama, Mohamed A. A. Abdelhamid, Tatsuya Tanaka, Takenori
Ishida, Ryuichi Hirota, and Akio Kuroda. Journal of Bacteriology, 198: 276-282 (2016),

GTAGTCTACCATGTTAAAAGCATATTTTTTTCTAGCTAGGACAAACATAGAGAACGTAAC

CTGTACAGATACATATACTATCAGTGCAAAAGCTTATAAATTAATGGAAGGGGTTTTCTC

cotBl1
GTGAGTTTATTTCATTGTGATTTTTTGARAGACTTAATTGGATCTTTTGTGAGAGTAAAC
M §$ L F H ¢ D F L K bDL I 66 S F V R V N

AGGGGTGGTCCAGAATCTCAAAAAGGAACAATAATATCAGTATGTCAGGACTACTTCGTA
R & 6 P E 5 @ K ¢ T I I § V € @@ D ¥ F N

TTGAAGAATGAAAAAGGTGAGCTTTATTACTATCAACTTAAACATCTAAAAAGTATTACA
L, kKW E k¥ 6 E L ¥ ¥ ¥ @ 5L K H L K 8 I T

AAAAATGCGAAAGAATGTGGATCAAGTGATTGTGAGTGGGAAGATTGCGCCTGTGCAGAA
K N A K E © @ 8 5 B € E W E D € A € A B

GATTTTGAAGCACTACTTGAAAGTTTCAAATATTGCTGGGTGAARATTAATCGCGGCGGT
p F E A L. L E § F K X @ W ¥ E I N R 6 &

CCAGAGAAAGTGGAAGGCATTTTGCAAGATGTTICTTGTGACTTCGTAACATTAATCGTA
P E KN E & I Li @B ¥V 8 € I F VY T Iy I N

AAAGAAGAAATTATATTAATTGCAATAAAGCATATTAAAAGTGTTAACTATAATGCTTTA
K E E I I L I A I K H I K S V N ¥ N A L

GCATGCGGAGAGAGTGATGAGAGCGACGATAGTAAGGAAAGTAGCGATAATTCAGGTCGT
A € 6 E 8 bbE S8 DD 8 K E S 58D N 8 G R

cotB2
GCTCGTGCACAAAGACAATCAAGTAGAGGAAGATAATAAGAAAGGGGGATACGARATTGG
A R A Q R Q 8 S R G R * M E

AGAATGTATTATGCTGTGACCAAATTAAATGTTTAGTTGGTGAGACTGTAAAAGTAARACC
N ¥ ILi € € PP I K € I ¥ ¢ E T V K ¥ N T

TTCGTGGACCAGAAAGTCGAGTTGGTGAGCTCGTATCGTTAGGAAAAGATTATCTAACGT
R & P E & R VY g E L ¥ § L & kK D ¥ L T 1L

TACAGTTACCTCATGGTGAATTAGTATATTATCAGTTGAAACATGTGAAGAGTCTAGTGA
g Lh PH €€ B L. ¥ ¥ ¥ @ Ih K H ¥ K & L ¥V K

AGAAAGTGAAAGAAAGTAAATGTGGCGATTGCTATAGTTCATGTTTCTGCTCTGATGAGG
K ¥ K E &8 K C€C 6 BC ¥ & 8 ¢ F € 8 D E D

ATACTTTTTTAGATATATTAAAAGACTTGAAGTATAAGTGGGTAAAAATTAATCGTGGCG
T F L b I L KD L K Y K W V K I NR G G

GTCCAGAGTGTGTGGAAGGTTTATTAAGTGAGGTACACCATGGCTGTATTACACTAGTAA
P E € V E 66 L L & FE ¥ H B € I T . ¥ N

ACGGTGATGAAGTTATTTATGTAATTAAGTCTCATATTAAGAGTGTGAGTCAAGTAGTTA
¢ B E ¥ I ¥ ¥ I K $ H I K 88 VvV 8 @ ¥V V K

AATGTAAAAAGAATGAAGATGAATAATGTTTAATAAATAAGAGGGGCATTATGAGGGAAA
C K K N E D E *

copyright © American Society for Microbiology.
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Although CotB1 and CotB2 are highly similar to each other (49% identity and 66%

similarity over 131 amino acids), CotB1 is longer than CotB2 (171 aa vs 149 aa) and

contains a characteristic C-terminal extension (Fig. 2.1). The extension overlaps the

silacidin A-like sequence identified by the local BLAST search (residues 142 to 157; Fig.

2.1, boxed), which is rich in serine, aspartate, and glutamate residues, as is the case for

silacidin A. The downstream region (residues 158 to 171; Fig. 2.1, underlined) is rich in

serine and positively charged arginine residues. Such properties are common to diatom

silaffins, although the majority of positively charged residues in silaffins are lysines (e.g.,

silaffin R5: SSKKSGSYSGSKGSKRRIL) (7). The presence of the negatively charged

silacidin-like sequence and positively charged arginine-rich sequence would impart a

zwitterionic character to the C-terminal extension of CotB1.

2.3.2 CotBl1 is involved in the biosilicification of B. cereus spores

In order to investigate whether CotBl and/or CotB2 is involved in the

biosilicification, the author constructed a mutant strain of AcotB1B2. The mutant contains

a chromosomal mutation that replaces the entire cotBI and cotB2 genes with an Sp’

cassette. Another mutant strain AcotG was constructed as a negative control, in which the

Sp" cassette replaces the gene encoding another spore coat protein Coty (41) (formerly

known as an exosporium protein ExsB [42]; however recent studies showed that most of
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this protein is located in spore coat [41, 43]). These mutant strains grew as fast and formed
spores at the same rate as the wild type in the mR2A medium with 100 pug ml™! silicate
(data not shown), suggesting that the cotBIB2 and cotG disruption did not affect
vegetative growth or spore formation. Biosilicification of the spores was evaluated by
measuring the decrease in silicate concentration in the culture supernatant during
incubation, because the previous study indicated most of silicate removed from the
culture supernatant is deposited as silica in the spores (3). During early-stationary phase
(24 to 36 h after inoculation), the silicate concentration in the culture supernatants of the
wild type and AcotG mutant dropped from 100 to about 25 pg ml~! while that in the
AcotBIB2 culture supernatant decreased to about 75 ug ml~!' (Fig. 2.3A), indicating that
one or both of the cotB1B2 genes are involved in biosilicification.

Previously Hirota el al. reported that the biosilicification of the spore coat
increased spore viability under acidic conditions (3). To investigate whether cotBI1B2
disruption affects acid resistance, the author purified spores from the wild-type and
mutant strains, which were produced in mR2A medium with or without silicate, and
treated them with 0.2 N HCI. Consistent with the previous results (3), the wild-type spores

prepared in the presence of silicate showed higher survival rates than those prepared in
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Fig.2.3 Silicate uptake and spore acid resistance of the B. cereus wild type, AcotB1B2,
and AcotG mutants. (A) Silicate concentrations in the culture supernatant of the wild-type
(closed circles), AcotBIB2 (open circles), and AcotG (closed triangles) strains were
measured at the indicated times after inoculation into mR2A medium supplemented with
100 ug ml! silicate. Microscopic observation showed that engulfed forespores formed
during the 12-24 h period and that mature spores were gradually released from mother
cells after 36 h. (B) Viability of wild-type (circles) and AcotB1B2 (triangles) spores in 0.2
N HCI. Spores were produced in the presence (closed symbols) or absence (open
symbols) of silicate. Data represent the means and standard deviations of the results of at
least three independent experiments. Reprinted with permission from “The C-Terminal
Zwitterionic Sequence of CotB1 Is Essential for Biosilicification of the Bacillus cereus
Spore Coat”, Kei Motomura, Takeshi Ikeda, Satoshi Matsuyama, Mohamed A. A.
Abdelhamid, Tatsuya Tanaka, Takenori Ishida, Ryuichi Hirota, and Akio Kuroda. Journal
of Bacteriology, 198: 276-282 (2016), copyright © American Society for Microbiology.
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the absence of silicate (Fig. 2.3B). This was also the case for the AcotG mutant (data not

shown). By contrast, and as expected, the presence of silicate did not affect the survival

rates of the AcotB1B2 spores (Fig. 2.3B). The AcotB1B2 spores prepared with and without

silicate showed survival rates similar to those of the wild-type spores prepared without

silicate (Fig. 2.3B). These data indicate that biosilicification was significantly reduced

in the AcotB1B2 spores.

In order to exclude the possibility that the decrease in the silicate uptake and acid

resistance in the AcotB1B2 mutant was caused by incomplete coat assembly, the author

observed wild-type and AcotB1B2 spores by thin-section TEM and found no measurable

difference in spore coat structure (Fig. 2.4). Consistent with this, SDS-PAGE analysis of

spore coat proteins from the AcotB1B2 mutant showed specific loss of a protein with a

molecular mass consistent with that of CotB1 (19.3 kDa) in the AcotBIB2 spores (Fig.

2.5, arrowhead). Absence of CotB2 could not be unequivocally identified on the SDS gel

because of the overlap with other highly expressed protein bands near the expected

molecular mass of CotB2 (16.8 kDa). These results indicate that the disruption of cotB1B2

genes did not measurably disrupt the overall spore coat assembly, as reported for several

other spore coat proteins (44-46). Therefore, the decrease in acid resistance in the

AcotB1B2 mutant is not due to incomplete coat assembly.
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Fig. 2.4 Spore coat structures of the B. cereus wild type and AcotB1B2 mutant. TEM
images of ultrathinsections of the wild-type spores (A) and AcotB1B2 spores (B). Dark-
staining spore coat (CT) and underlying undercoat (UC) are visible in both images. Scale
bar, 100 nm. CR, core; CX, cortex; EX, exosporium. Reprinted with permission from
“The C-Terminal Zwitterionic Sequence of CotB1 Is Essential for Biosilicification of the
Bacillus cereus Spore Coat”, Kei Motomura, Takeshi Ikeda, Satoshi Matsuyama,
Mohamed A. A. Abdelhamid, Tatsuya Tanaka, Takenori Ishida, Ryuichi Hirota, and Akio
Kuroda. Journal of Bacteriology, 198: 276-282 (2016), copyright © American Society for
Microbiology.
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Fig. 2.5 SDS-PAGE analysis (12.5%) of the spore coat proteins. Sporulation of the B.
cereus wild type (WT) and AcotB1B2 mutant strains was induced in mR2A medium
supplemented with 100 ug ml~! silicate for 48 h. The arrowhead indicates the position
corresponding to the expected size of CotB1 (19.3 kDa). Reprinted with permission from
“The C-Terminal Zwitterionic Sequence of CotB1 Is Essential for Biosilicification of the
Bacillus cereus Spore Coat”, Kei Motomura, Takeshi Ikeda, Satoshi Matsuyama,
Mohamed A. A. Abdelhamid, Tatsuya Tanaka, Takenori Ishida, Ryuichi Hirota, and Akio
Kuroda. Journal of Bacteriology, 198: 276-282 (2016), copyright © American Society for
Microbiology.
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To perform gene complementation analysis, the author constructed plasmids
carrying cotB1, cotB2, or both of these genes with the native promoter region of cotB1B2,
designated pHT-cotB1, pHT-cotB2, and pHT-cotB1B2, respectively. Wild-type levels of
biosilicification were restored by the introduction of either pHT-cotB1 or pHT-cotB1B2
into the AcotB1B2 mutant, whereas this was not the case for pHT-cotB2 (Fig. 2.6A). The
reduction in acid resistance caused by cotBIB2 disruption was also restored by the
introduction of pHT-cotB1 and pHT-cotB1B2, but not pHT-cotB2 (data not shown).

These results clearly indicate that only CotB1 is involved in the biosilicification.

2.3.3 A C-terminal zwitterionic sequence is essential for biosilicification

As noted above, CotB1 (but not CotB2) has a C-terminal extension consisting of
a negatively charged silacidin-like region (residues 142 to 157) and a positively charged
arginine-rich region (residues 158 to 171) (Fig. 2.1). To investigate whether the
zwitterionic extension is essential for biosilicification, the author constructed three
plasmids encoding C-terminally truncated mutants of CotB1: pHT-cotB1-141 encodes
CotB1 lacking residues 142 to 171; pHT-cotB1-157 encodes CotB1 lacking residues 158
to 171; pHT-cotB1-142/157 encodes CotB1 lacking the residues between 142 and 157.

Introduction of any of these mutant plasmids into the AcotB1B2 did not restore the
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Fig. 2.6 Complementation analysis of AcotBIB2. (A) Silicate concentrations in the
culture supernatant of the B. cereus wild-type strain carrying pHT304 (closed circles),
AcotBI1B2 carrying pHT304 (open circles), pHT-cotB1B2 (closed squares), pHT-cotB1
(open squares), or pHT-cotB2 (closed triangles) were measured at the indicated times
after inoculation into mR2A medium supplemented with 100 ug ml! silicate. (B) The
same experiment was performed for the wild-type strain carrying pHT304 (closed circles),
AcotB1B2 carrying pHT304 (open circles), pHT-cotB1 (closed squares), pHT-cotB1-141
(open squares), pHT-cotB1-157 (closed triangles), or pHT-cotB1-142/157 (open
triangles). Data represent the means and standard deviations of the results of at least three
independent experiments. Reprinted with permission from “The C-Terminal Zwitterionic
Sequence of CotB1 Is Essential for Biosilicification of the Bacillus cereus Spore Coat”,
Kei Motomura, Takeshi Ikeda, Satoshi Matsuyama, Mohamed A. A. Abdelhamid, Tatsuya
Tanaka, Takenori Ishida, Ryuichi Hirota, and Akio Kuroda. Journal of Bacteriology, 198:
276-282 (2016), copyright © American Society for Microbiology.

32



biosilicification (Fig. 2.6B), although comparable amounts of the C-terminally truncated

CotB1 proteins were expressed and integrated in the spores (Fig. 2.7). These results

strongly suggest that both the silacidin-like and arginine-rich sequences, which would

impart a zwitterionic character to the C-terminus of CotBl, are essential for

biosilicification.

2.3.4 Expression and localization of CotB1

To further examine the relationship between CotB1 and biosilicification, the time

course of expression and subcellular localization of CotB1 were monitored during

sporulation. First, the author constructed a plasmid containing the cotBIB2 promoter

region followed by a chimeric gene gfp-cotB1 that encodes CotB1 with an N-terminal

GFP (pHT-gfp-cotB1), and then introduced it into the AcotBI1B2 mutant. However, the

levels of biosilicification were not completely restored in the transformant (data not

shown), implying that the presence of the fused GFP attenuates CotB1 function. Therefore,

pHT-gfp-cotB1 was introduced into the wild-type strain, producing a merodiploid strain

that contains gfp-cotB1 fusion on the plasmid in addition to the native cotB1 chromosomal

locus. The transformant grew and sporulated normally in mR2A medium, and its levels

of biosilicification were the same as those of the wild-type strain (data not shown).
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Fig. 2.7 SDS-PAGE analysis (12.5%) of the spore coat proteins of the B. cereus
AcotB1B2 mutant harboring plasmids encoding C-terminally truncated CotB1 proteins.
Sporulation was induced in mR2A medium supplemented with 100 pg ml-1 silicate for
48 h. Lane 1, wild-type strain carrying pHT304; lanes 2—6, AcotB1B2 carrying pHT304
(lane 2), pHT-cotB1 (lane 3), pHT-cotB1-141 (lane 4), pHT-cotB1-157 (lane 5), or pHT-
cotB1-142/157 (lane 6). The arrowheads indicate the position of the expressed proteins.
Reprinted with permission from “The C-Terminal Zwitterionic Sequence of CotB1 Is
Essential for Biosilicification of the Bacillus cereus Spore Coat”, Kei Motomura, Takeshi
Ikeda, Satoshi Matsuyama, Mohamed A. A. Abdelhamid, Tatsuya Tanaka, Takenori
Ishida, Ryuichi Hirota, and Akio Kuroda. Journal of Bacteriology, 198: 276-282 (2016),
copyright © American Society for Microbiology.
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In the merodiploid strain, no fluorescence signals were detected under fluorescence
microscopy at 12 h after inoculation, which is approximately 2 h after entry into
sporulation (Fig. 2.8). At 24 h after inoculation, when the silicate uptake started and the
engulfed forespores could be observed by bright-field microscopy, green fluorescence
was distributed around the entire forespores (Fig. 2.8). This expression time course agrees
well with the presence of a putative 6 promoter (40) upstream of the cotBI gene, which
is activated in the mother cell during the late stage of sporulation (Fig. 2.2). Subsequently,
GFP fluorescence was consistently associated with the developing spores, and finally
formed a complete ring around the mature spores. This fluorescence localization pattern
is essentially the same as those of previously reported GFP-fused spore proteins located
in the exosporium and/or spore coat (47-49), where silica is deposited in B. cereus (3).
By contrast, in the wild-type strain carrying pHT-gfp that contains only the gfp gene
instead of gfp-cotB1, GFP fluorescence was dispersed throughout the mother cell
cytoplasm and did not localize on the spore. Taken together, the timing of CotBlI
expression and its localization agree well with the time course of biosilicification and
the location of the deposited silica, supporting the direct involvement of this protein in

silica formation.
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Fig. 2.8 Bright-field and fluorescence microscopic analysis of GFP-CotBl during
sporulation. The B. cereus wild-type strains carrying pHT-gfp-cotB1 (GFP-CotB1) or
pHT-gfp (GFP) were grown in mR2A medium supplemented with 100 ug ml" silicate.
Samples were taken at the indicated times after inoculation and observed by bright-field
(BF) and fluorescence (FL) microscopy. Reprinted with permission from “The C-
Terminal Zwitterionic Sequence of CotB1 Is Essential for Biosilicification of the Bacillus
cereus Spore Coat”, Kei Motomura, Takeshi Ikeda, Satoshi Matsuyama, Mohamed A. A.
Abdelhamid, Tatsuya Tanaka, Takenori Ishida, Ryuichi Hirota, and Akio Kuroda. Journal
of Bacteriology, 198: 276-282 (2016), copyright © American Society for Microbiology.



2-3-5 CotB1 may be the founding member of a subset of prokaryotic proteins that

stimulate biosilicification

As described above, the C-terminal zwitterionic sequence of CotBl1 is similar to

diatom silica-forming peptides, silaffins and silacidins (Fig. 2.1), and is essential for

biosilicification in vivo (Fig. 2.6B). By contrast, no proteins homologous to sponge

silicatein a, which is involved in biosilicification in siliceous sponges (50, 51), are found

in the B. cereus genome. These facts suggest that B. cereus and diatoms share similar

molecular mechanisms for silica formation, although the very limited overlapping lengths

between CotB1 and silaffins/silacidins prevent further investigation into the evolutionary

relationships among them. Scheffel et al. proposed that preassembled protein-based

templates are general components of the cellular machinery for silica morphogenesis in

diatoms (8). The author’s findings clearly indicate that this is also the case for bacteria,

because B. cereus CotBl1 is also a component of an insoluble supramolecular aggregate

(the spore coat) that serves as a template for silica formation. The author believes this is

the first report of an intracellular protein that stimulates biosilicification in prokaryotes.

The CotB1 homologs that contain the C-terminal zwitterionic sequence are

common to biosilicifying B. cereus relatives (e.g., GenBank accession number

AIF54819.1 of B. anthracis, ADH05148.1 of B. thuringiensis), but not to non-
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biosilicifying Bacillus species (such as B. subtilis) or other organisms, indicating that

CotBI1 plays an important role in prokaryotic biosilicification. These facts are consistent

with the previous finding that all of the biosilicifying bacteria, which were isolated from

paddy field soil, belong to or are closely related to the B. cereus group (3). The author’s

findings indicate that CotB1 plays an important role in prokaryotic biosilicification.

However, the presence of a CotB1 homolog is not sufficient for biosilicification. For

example, biosilicification was not observed in the spores of B. mycoides (also a member

of the B. cereus group) (3), although this bacterium has a CotBl homolog with a

zwitterionic sequence (GenBank accession number EEM01263.1). These findings clearly

indicate the involvement of additional factor(s) in the biosilicification of Bacillus spores.

Such factor(s) probably include the presence of silicate transporters, because spore

biosilicification is likely to require active transport of silicate into the mother cells. Since

biosilicification occurs before the release of the spores (3), silicate needs to be taken up

via transporters on the mother cell surface. The slight decrease in silicate concentration

in the culture supernatant in the AcotB1B2 mutant (Fig. 2.4A) could be attributable to

silicate uptake into the mother cells by the silicate transporters. Since the mutant cells

cannot efficiently polymerize silicate, most of it is later released during mother cell lysis.

In diatoms, silica deposition is tightly coupled to silicate transport, which is mediated by
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specific transporters (52, 53). Influx and efflux silicate transporters have been also
identified in higher plants (54, 55). However, counterparts of the eukaryotic silicate
transporters have not been identified in prokaryotes. Elucidation of the mechanism of
silicate transport in B. cereus may help explain the differences in biosilicification among
Bacillus species, and could also provide new insights into the distribution of

biosilicification in prokaryotes.
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Chapter 3
Affinity purification of recombinant proteins using a novel

silica-binding peptide as a fusion tag
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3.1 Introduction

In Chapter 2, the author has investigated the role of the Bacillus cereus spore

coat protein, CotBI1, in prokaryotic biosilicification. Here, further studies have been

conducted to demonstrate the applications of this protein and its C-terminal fragment as

affinity tags for recombinant protein purification. Affinity tags are highly efficient tools

for protein purification. A variety of proteins, domains, and peptides have been used as

affinity tags to facilitate the purification of proteins of interest from crude extracts (22,

23, 56, 57). Previously, Kuroda and co-workers reported a novel affinity purification

method using a silica-binding tag designated “Si-tag” (17, 18), with inexpensive

commercial silica (Si0;) particles serving as the specific adsorbent (19, 20). However,

the large size of the Si-tag (273 amino acids [aa]) and high concentration of eluent (e.g.,

2 M MgCl,) required to release Si-tagged fusion proteins may negatively affect the

intrinsic properties and function of the fusion partner. Therefore, the author has developed

silica-based affinity method utilizing shorter silica-binding tags and milder elution

conditions.

Recently, Hirota el al. reported that silica is deposited on the coat of Bacillus

cereus spores as a layer of nanometer-sized particles (3). The spore coat is a proteinaceous

layer composed of more than 50 proteins (27). As mentioned in Chapter 2, gene disruption
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analysis revealed that the spore coat protein CotB1 (171 aa) mediates the accumulation

of silica. Here the author found that the C-terminal 14-aa region (corresponding to

residues 158-171 of CotB1) is rich in positively charged and serine residues (5 arginine

and 3 serine residues). Such features are similar to those of the well-characterized silica-

precipitating peptides (silaffins) isolated from diatoms (58), suggesting that CotBl1,

particularly its C-terminal 14-aa region (designated CotB1p), interacts with silica surfaces.

In this chapter, the author demonstrates that CotB1 binds strongly to silica

surfaces. CotB1p also binds to silica surfaces, with affinity comparable to that of CotBl1,

suggesting that the C-terminal 14-aa region of CotB1 mediates silica binding. To develop

a recombinant protein purification method using CotB1/CotBl1p as silica-binding tags,

small ubiquitin-like modifier (SUMO) technology was employed (59-61) to facilitate

release of the target protein from the solid phase (62). The combination of silica-binding

CotB1/CotB1p and SUMO protease-mediated site-specific cleavage at the C-terminus of

the fused SUMO sequence enables purification of tagless target proteins with high purity

and yield.
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3.2 Material and Methods

3.2.1 Materials

Silica particles (o-quartz) with a diameter of approximately 0.8 pm were

purchased from Soekawa Chemical Co., Ltd. (Tokyo, Japan) and used without any

pretreatment. SUMO protease (with an N-terminal His-tag) was purchased from

LifeSensors, Inc. (Malvern, PA, USA). All chemicals used in this study were of analytical

grade.

3.2.2 Construction of expression plasmids for green fluorescent protein GFP-CotB1

and GFP-CotB1p fusions

The DNA fragment encoding CotB1 was amplified by polymerase chain reaction

(PCR) from B. cereus ATCC 14579 genomic DNA using the primers CotB1-F and CotB1-

R (a list of the primers used in the study is shown in Table 3.1). The resulting PCR

fragment was digested with HindIIl and X%ol and then inserted into the HindIII-Xhol sites

of pET-47b (Novagen/Merck KGaA, Darmstadt, Germany). The resulting plasmid was

designated pET-CotB1. Subsequently, a GFP-encoding DNA fragment was amplified by

PCR from pGFPuv (Clontech Laboratories, Inc., Mountain View, CA, USA) using the

primers GFP-F and GFP-R. The resulting PCR fragment was digested with Sacll and

EcoRI and then cloned into the Sacll-EcoRI sites of pET-CotB1. The resulting plasmid
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Table 3.1 Primers used in this study

Restriction
Name DNA sequence (5'to 3')* site
CotB1-F GCCGCAAAGCTTGTGAGTTTATTTCATTGTGAT HindIll
CotB1-R CCCCTCTCGAGTTATCTTCCTCTACTTGATTGTCT Xhol
GFP-F TAATAACCGCGGATATGAGTAAAGGAGAAGAACTT Sacll
GFP-R AGTATAGAATTCCGTTTGTAGAGCTCATCCATG EcoR1

CotBlp-F  TCAGGTCGTGCTCGTGCACAA

CotBlp-R  CGCCAAGGCCTGTACAGAATT

GFP-

CotB1-F TAACTCGAGGCTTAATTAACCTAGGCT

GFP-

CotB1-R CGCCAAGGCCTGTACAGAATT

mCherry-F  AAGGTCTCAAGGTATGGTGAGCAAGGGCGAGGA
mCherry-R  AAAGGTCTCTCTAGACTACTTGTACAGCTCGTCCA
mChe-

SUMO-F GGCAGTATGTCCGACTCAGAAGTC

mChe-

SUMO-R  ACCGCCCATATGTATATCTCCTTCTTAAAG

Bsal
Bsal

2 Restriction sites are underlined.

44



was designated pET-GFP-CotBI1.

Inverse PCR using the primers CotB1p-F and CotB1p-R with pET- GFP-CotB1

serving as the template and self-ligation of the resulting amplified DNA was employed to

construct pET-GFP-CotB1p. Another round of inverse PCR was performed using the

primers GFP-CotB1-F and GFP-CotB1-R, and the resulting amplified DNA was self-

ligated to construct pET-GFP.

3.2.3 Expression and purification of GFP-CotB1 and GFP-CotB1p

The expression plasmids pET-GFP-CotB1, pET-GFP-CotBlp, and pET-GFP

were introduced into Escherichia coli Rosetta(DE3)pLysS (Novagen/Merck KGaA). The

transformants were grown at 37°C in 2x YT medium (30) supplemented with 50 pg/mL

of kanamycin and 30 pg/mL of chloramphenicol. When the culture reached an optical

density at 600 nm of 0.5, 0.2 mM isopropyl-B-D-thiogalactopyranoside was added to the

medium to induce expression of the recombinant proteins. After an additional 8 h of

cultivation at 28°C (for pET-GFP-CotB1) or 4 h at 37°C (for pET-GFP-CotB1p and pET-

GFP), the cells were harvested by centrifugation and the resulting pellets were

resuspended in 25 mM Tris-HCI buffer (pH 8.0) containing 20% (v/v) glycerol. The cells

were then disrupted using lysozyme and sonication followed by centrifugation to remove
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cell debris. The supernatants containing soluble recombinant proteins with an N-terminal

His-tag were loaded onto a HisTrap FF column (GE Healthcare UK Ltd,

Buckinghamshire, UK) equilibrated with 25 mM Tris-HCI buffer (pH 8.0) containing

20% (v/v) glycerol. Proteins were eluted with a linear gradient from 0 to 0.5 M imidazole

in the same buffer. Fractions containing the recombinant proteins were collected and then

applied to a POROS HQ anion exchange column (Applied Biosystems/Life Technologies

Corporation, Carlsbad, CA, USA) equilibrated with the same buffer. Proteins were eluted

with a linear gradient from 0 to 1 M NaCl in the same buffer. Fractions containing the

recombinant proteins were collected and dialyzed at 4°C against 25 mM sodium

phosphate bufter (pH 8.0).

3.2.4 Determination of the dissociation constant (Ka) values for GFP-CotB1 and

GFP-CotBlp

Purified GFP-CotB1 and GFP-CotBlp were diluted to various concentrations

(10-100 nM) in 1 mL of 25 mM sodium phosphate buffer (pH 8.0). The diluted protein

solutions were then mixed with 10 pL of 10 mg/mL silica-particle suspension

(corresponding to 0.1 mg dry weight of silica particles). After incubation for 15 min, the

silica particles were removed by centrifugation at 5,000 x g for 2 min. The amount of
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each fusion protein bound to the silica particles was determined by subtracting the

fluorescence intensity associated with the GFP remaining in the supernatant from the

initial fluorescence intensity. The resulting data were fitted to the Langmuir isotherm to

determine the K4 value.

3.2.5 Construction of expression plasmids for CotB1-SUMO-mCherry (CotB1-SC)

and CotB1p-SUMO-mCherry (CotB1p-SC) fusions

In order to construct fusion proteins consisting of CotB1 (or CotBlp), SUMO,

and a protein of interest, the author first constructed plasmids carrying the gene encoding

either the CotB1-SUMO or CotB1p-SUMO fusion followed by two Bsal sites for cloning

the protein of interest (63). The amino acid sequence of either CotB1 or CotB1p was fused

with that of SUMO (Saccharomyces cerevisiae Smt3p; accession number NP_010798),

in that order, with an intervening GGGS linker. The nucleotide sequences of the CotB1-

SUMO and CotB1p-SUMO fusion genes were designed in order to optimize codon usage

for translation in E. coli. The Bsal cloning sites and adjacent sequences, which were

described by Panavas et al. (2009), were added downstream of the fusion gene so that the

protein of interest could be fused directionally to the C-terminus of SUMO without any

additional sequence. Because SUMO protease selectively cleaves the polypeptide chain
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at the Gly-Gly motif located at the C-terminal end of the SUMO sequence in the resulting

fusion protein, the desired protein with an authentic N-terminus would be released when

the gene of interest is appropriately cloned downstream of the SUMO gene (60). In

addition, an Ndel site was added at the ATG start codon of the fusion gene and a BamHI

site. was added downstream of the Bsal sites. The two designed DNA fragments

(nucleotide sequences are shown in Figs. 3.1 and 3.2) were synthesized by BEX Co., Ltd.

(Tokyo, Japan) and cloned into the Ndel-BamHI sites of pET-24b (Novagen/Merck

KGaA). The resulting plasmids were designated pET-CotB1-SUMO (carrying the CotB1-

SUMO fusion gene) and pET-CotB1p-SUMO (carrying the CotB1p-SUMO fusion gene).

The gene encoding the fluorescent protein mCherry (64) was amplified by PCR from

pmCherry (Clontech Laboratories, Inc.) using the primers mCherry-F and mCherry-R

(Table 3.1). The amplified fragment was digested with Bsal and cloned into the Bsal-

digested pET-CotB1-SUMO and pET-CotB1p-SUMO plasmids to construct pET-CotB1-

SC and pET-CotB1p-SC, respectively.

Inverse PCR using the primers mChe-SUMO-F and mChe-SUMO-R with pET-

CotB1-SC serving as the template and self-ligation of the resulting amplified DNA was

employed to construct pET-SUMO-mCherry.
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NdeI
1 CATATGTCGCTGTTCCATTGTGACTTTCTGAAGGACCTGATCGGCTCGTTCGTTCGTGTGAATCGTGGTGGCCCGGAATCTCAAAAGGGT
M s L F H C D F L K D L I G S F V R V N R G G P E S Q K G
SOSEOOEOOEOO555555555O55555S555555555S55555S55S5OO55SS5S55OS55S5SS55S55555555555555555>
CotBl1

91 ACCATTATCTCAGTTTGCCAGGATTACTTTGTCCTGAAAAACGAAAAGGGTGAACTGTATTACTATCAACTGARACATCTGAAGTCGATT
T I 1 s v ¢C Q DY F V L K N E K G E L Y Y Y Q L K H L K S I
SSSSS5SSSSSS5SSSS5SSSSS5S5S55S55SS5SSSSSS55 5555 555555555555 555555555555 55555555555555555555>>
CotB1

181 ACGAAAAATGCGAAGGAATGCGGCAGCTCTGATTGTGAATGGGAAGACTGCGCGTGTGCCGAAGATTTTGAAGCCCTGCTGGAATCTTTT
T K N A K E C G s s D C EWwW E D CACAE D VF E AL L E S F
D e b b
CotB1

271 AAGTACTGCTGGGTGAAAATTAACCGTGGCGGTCCGGAAAAAGTGGAAGGTATCCTGCAGGATGTTAGTTGTGACTTCGTGACCCTGATC
Ky cw v K I N RGG P EI KV E G I L Q DV S C D F V T L I
SESS555555555555555555555555555555555555 5555555555555 S555 555555555555 55555555>>
CotBl1

361 GTTAAAGAAGAAATCATCCTGATCGCAATCAAGCATATCAAGTCCGTTAACTACAATGCACTGGCTTGTGGCGAATCGGACGAAAGCGAT
v K E £E 1 1 L I A I K H I K S v N Y N A L A C G E S D E S D
SOESO5O5O55555555555O555555555555555S5S555555555555S55555555555S 5555555555555 55555555555>>
CotBl1

451 GACTCTAAAGAAAGTTCCGATAATAGCGGTCGTGCGCGCGCCCAGCGTCAATCATCGCGTGGCCGCGGCGGTGGCAGTATGTCCGACTCA
D S K E S S DN S GURAURA AOQOQIROQOQS S RGUR G G G SsSs M S D s
SESSO5555555555555555555555555555555555555555555555555555555555>>> SSS55555>>>>
CotB1 SUMO

SSS>S>>>>>>>
Linker

541 GAAGTCAACCAGGAAGCGAAACCGGAAGTCAAGCCGGAAGTGAAACCGGAAACGCACATCAATCTGAAAGTTAGCGATGGTAGCTCTGAA
E vV N Q E A K P E V K P E V K P E T H I N L K V s D G S S E
SEESOEOOE55555555555O555555555555555S5O555S55S5SO5SSSOS55S55SS5S 5555555555555 55555555555>>
SUMO

631 ATTTTCTTTAAGATCAAARAGACCACGCCGCTGCGTCGCCTGATGGAAGCATTTGCTAAGCGCCAGGGTAAAGAAATGGATTCTCTGCGT
I ¥ F K I K K T T P L R R L M E A F A K R Q G K E M D S L R
SESSS55S5555555555555555555555555555S555 555555555555 555555555555 5555555555555 555 555555555
SUMO

721 TTCCTGTACGACGGCATTCGCATCCAGGCGGATCAAACCCCGGAAGACCTGGACATGGAAGATAACGACATCATTGAAGCACACCGCGAA
rF L ¥y D GG I R I 9 A D o T P E D L D M E DN D I I E A H R E
SESSSSSSSSSSSSSSSSSSSSSS5S55555555S5 5555555555555 555555555555 555555555555 5555555555555 >
SUMO

Bsal Bsal BamHI

811 CAAATCGGAGGTTGAGACCACTAGTGGTACCGGTCTCACTAGAGGATCC
QO I G G *

SSSSSSS>>5>>
SUMO

Fig. 3.1 Nucleotide and amino acid sequences of the CotB1-SUMO fusion.

Restriction sites are underlined. The nucleotide sequence data are available in
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the

DDBJ/EMBL/GenBank databases under the accession numberAB904509. Reprinted

with permission from “Affinity purification of recombinant proteins using a novel silica-

binding peptide as a fusion tag”, Mohamed A. A. Abdelhamid, Kei Motomura, Takeshi

Ikeda, Takenori Ishida, Ryuichi Hirota, and Akio Kuroda. Applied Microbiology and

Biotechnology, 98:5677-5684 (2014), copyright © Springer.
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91

181

271

361

Ndel
CATATGTCGGGTCGTGCTCGTGCCCAGCGTCAGTCAAGCCGTGGTCGTGGTGGCGGTTCGATGTCGGATAGTGAAGTGAATCAGGAAGCC 90
M S G R AR AQU RO S SRGIRGGSGS M S D S E V N Q E A
SSOSSSOSSSESSSESSOESSOSSEOSSSOSOSSSOSS5S555>> SESSSSSSSSSSSSSSSSSSSSSSSS5>>>
CotBlp SUMO
SEES555555>>
Linker

AAACCGGAAGTGAAGCCGGAAGTTARACCGGAAACCCATATTAACCTGAAGGTCAGTGACGGCAGCTCTGAAATTTTCTTTAAGATCAAA 180
K p E V K P EV K P E TH I N L KV S D G S S E I F F K I K
SESSS5SS5555555555555555555555555555 5555555555555 5555555555555 555555555555 55555555>>
SUMO

AAGACCACGCCGCTGCGTCGCCTGATGGAAGCGTTTGCCAAGCGTCAGGGCAAAGAAATGGATAGCCTGCGTTTCCTGTATGACGGTATT 270
K T T pP L R R L. M E A F A K R Q G K E M D S L R F L Y D G I
SOESO555555555555555S5555555555S555555555555555555555 555555555555 555555555555555555555555>>
SUMO

Bsal
CGCATCCAGGCGGATCAAACGCCGGAAGACCTGGACATGGAAGATAACGACATCATTGAAGCACACCGCGAACAGATTGGAGGTTGAGAC 360
R I 9 A Do T P E DL D MEDNDI I EAHIRE QI G G *
SESSO555555555555555555555555555555555O555S55S5OOSOSSOSS5SSSOS5S55S5555555555555555>
SUMO

Bsal BamHI
CACTAGTGGTACCGGTCTCACTAGAGGATCC 391

Fig. 3.2 Nucleotide and amino acid sequences of the CotB1p-SUMO fusion.

Restriction sites are underlined. The nucleotide sequence data are available in the

DDBJ/EMBL/GenBank databases under the accession numberAB904510. Reprinted

with permission from “Affinity purification of recombinant proteins using a novel silica-

binding peptide as a fusion tag”, Mohamed A. A. Abdelhamid, Kei Motomura, Takeshi

Ikeda, Takenori Ishida, Ryuichi Hirota, and Akio Kuroda. Applied Microbiology and
Biotechnology, 98:5677-5684 (2014), copyright © Springer.
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3.2.6 Expression of CotB1-SC and CotB1p-SC

The expression plasmids pET-CotB1-SC, pET-CotB1p-SC, and pET-SUMO-

mCherry were introduced into E. coli Rosetta(DE3)pLysS, and the transformants were

grown in 2% YT medium as described above. When the culture reached an optical density

at 600 nm of 0.5, 0.2 mM isopropyl-B-D-thiogalactopyranoside was added to the medium

to induce protein expression. After an additional 8 h of cultivation at 28°C (for pET-

CotB1-SC) or 4 h at 37°C (for pET-CotB1p-SC and pET-SUMO-mCherry), the cells were

harvested by centrifugation and the pellets were stored at —80°C until use.

3.2.7 Optimization of silica-binding conditions

The CotB1-SC and CotBlp-SC fusion proteins were expressed in E. coli

Rosetta(DE3)pLysS harboring either pET-CotB1-SC or pET-CotB1p-SC, respectively, as

described above. Cell pellets harvested from 1-mL cultures (typically 10 mg wet weight

of cells) were suspended in 0.5 mL of 25 mM Tris-HCI buffer at various pHs (pH 7.0-

9.0) or 25 mM sodium phosphate buffer (pH 6.0-8.0) and disrupted by sonication. After

centrifugation at 20,000 x g for 30 min, the supernatants (cleared cell lysates) containing

the recombinant proteins were mixed with 0.5 mL of silica-particle suspension in the same

buffer (final silica concentration of 25 mg dry weight/mL) for 15 min at room temperature.
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Silica particles with bound protein were collected by centrifugation at 5,000 x g for 2 min

and then washed three times with 1 mL of the same suspension buffer. After the

supernatant was carefully removed, proteins still bound to the particles were released by

boiling in Laemmli sample buffer (65) for 5 min and analyzed by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE; 15%). Gels were stained with

Coomassie brilliant blue (CBB) R-250 and the target protein was quantified by

densitometric analysis using Imagel software, version 1.41 (66).

Similar experiments were conducted in 25 mM Tris-HCI buffer (pH 8.0) with

varying concentrations of silica (0-30 mg dry weight/mL) and nonionic detergent (0-1.5%

[v/v] Tween 20 or Triton X-100) for varying periods of incubation time (1-30 min).

3.2.8 Affinity purification of mCherry using CotB1/CotB1p as a silica-binding tag

Cell pellets harvested from 10-mL cultures were resuspended in 2 mL of 25 mM

Tris-HCI buffer (pH 8.0) and disrupted by sonication. After centrifugation at 20,000 x g

for 30 min, the cleared cell lysates were mixed with 250 mg dry weight of silica particles

by gentle rotation for 15 min at room temperature. After centrifugation at 5,000 x g for 2

min, the particles were washed three times with 25 mM Tris-HCI buffer (pH 8.0)

containing 150 mM NaCl and then resuspended in 2 mL of the same buffer. SUMO
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protease (80 units) was then added to the suspension. After a 3-h incubation at room

temperature, the suspension was centrifuged at 5,000 x g for 2 min. The resulting

supernatants containing the cleaved mCherry protein were collected and analyzed by

SDS-PAGE. The protein concentration was determined using the Bradford method (67)

with bovine serum albumin as the standard.

3.2.9 Nucleotide sequence data

The nucleotide sequences of the CotB1-SUMO and CotB1p-SUMO fusions are

available in the DDBJ/EMBL/GenBank databases under the accession numbers

AB904509 and AB904510, respectively.
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3.3 Results and Discussion

3.3.1 Binding of GFP-CotB1 and GFP-CotBl1p to silica particles

To test whether CotB1 and its C-terminal 14-aa peptide CotB1p bind to silica

surfaces, the respective GFP fusion proteins were constructed (Fig. 3.3). Cleared lysates

of recombinant E. coli cells expressing GFP-CotB1, GFP-CotB1p, or GFP as a control

were mixed with silica particles for 15 min at room temperature. Silica particles with

bound protein were collected by centrifugation and washed three times with 25 mM Tris-

HCI buffer (pH 8.0) containing 0.5% (v/v) Tween 20. Proteins remaining bound to the

particles were released by boiling in Laemmli sample buffer (65) and then analyzed by

SDS-PAGE. Densitometric analysis of the CBB-stained gel showed that 65% of the GFP-

CotB1 and 60% of the GFP-CotB1p fusion proteins bound to the silica particles, whereas

GFP alone did not bind to silica particles under the experimental conditions used (data

not shown). These results clearly indicate that both CotB1 and CotB1p function as silica-

binding fusion tags.

The author then evaluated the silica-binding affinity of GFP-CotB1 and GFP-

CotBl1p. Adsorption data for the purified proteins mixed with silica particles were fitted

to the Langmuir isotherm (Fig. 3.4). The silica-binding K4 values for GFP-CotB1 and

GFP-CotB1p were 2.09 and 1.24 nM, respectively. The maximum amount of GFP-CotB1
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GFP-CotB1 CotB1 I 49.1 kDa
GFP-CotBlp | 305 kDa
GFP 29 kDa

CotB1-SC CotB1 SUMO _ 57.5 kDa
CotB1p-SC | SUMO 39.9 kDa

SUMO-mCherry | SUMO 38 kDa

Fig. 3.3 Schematic representation of the structures of the CotB1/CotB1p fusion proteins
constructed in this study. Arrowheads indicate SUMO protease cleavage sites. Reprinted
with permission from “Affinity purification of recombinant proteins using a novel silica-
binding peptide as a fusion tag”, Mohamed A. A. Abdelhamid, Kei Motomura, Takeshi
Ikeda, Takenori Ishida, Ryuichi Hirota, and Akio Kuroda. Applied Microbiology and
Biotechnology, 98:5677-5684 (2014), copyright © Springer.
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Fig. 3.4 Binding of GFP-CotB1 (a) and GFP-CotBl1p (b) to silica particles. Data were
fitted to the Langmuir isotherm (solid line) to determine the K4 value. Reprinted with
permission from “Affinity purification of recombinant proteins using a novel silica-
binding peptide as a fusion tag”, Mohamed A. A. Abdelhamid, Kei Motomura, Takeshi
Ikeda, Takenori Ishida, Ryuichi Hirota, and Akio Kuroda. Applied Microbiology and
Biotechnology, 98:5677-5684 (2014), copyright © Springer.
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and GFP-CotBlp bound was 44.6 and 25.1 pg/mg dry weight of silica particles

(corresponding to 0.91 and 0.82 nmol/mg of silica), respectively.

3.3.2 Optimization of silica-binding conditions

In the strategy the author adopted for development of a silica-based affinity

purification method using CotB1/CotBl1p, silica particles were used as an adsorbent for

the CotB1/CotB1p fusion proteins. To release the target protein from the adsorbed fusion

proteins using this approach, a protease recognition site was introduced between the N-

terminal CotB1/CotB1p tag and the C-terminal target protein. Addition of the appropriate

protease would then result in cleavage of the silica-bound fusion protein and release of

the tagless target protein into the liquid phase, with the tag region remaining bound to the

solid phase. In the following experiments, the author used CotB1/CotB1p, SUMO, and

mCherry fusion proteins (designated CotB1-SC and CotB1p-SC; Fig. 3.3) as models to

evaluate the affinity purification method. The fluorescent protein mCherry was selected

as the model target protein, and SUMO, the C-terminal end of which is selectively cleaved

by SUMO protease, was introduced as the protease recognition site.

To maximize the yield of the developed affinity purification method, the optimal

silica-binding conditions for CotB1/CotBlp fusion proteins were determined using

57



cleared lysates of recombinant E. coli cells expressing CotB1-SC or CotB1p-SC. Lysates

of cell pellets harvested from 1-mL cultures (typically 10 mg wet weight of cells) were

mixed with silica particles in a total volume of 1 mL, and the amount of protein bound to

the silica particles was determined by SDS-PAGE as described in the Materials and

Methods section.

The author first determined the optimal pH for silica binding, examining the pH

range 6.0-9.0. Both the CotB1 and CotB1p fusion proteins bound to silica over a wide pH

range, with slightly different optimal pH values (Fig. 3.5a). In contrast, SUMO-mCherry

(without CotB1 nor CotB1p) did not bind to silica particles at any pH examined (data not

shown), confirming that CotB1 (particularly the C-terminal CotBlp region) mediates

silica binding. Because over 90% of both CotB1-SC and CotB1p-SC bound to silica at

pH 8.0, the following experiments were performed in 25 mM Tris-HCI bufter at pH 8.0.

Next, the optimal silica concentration was determined. The amount of the bound

protein increased proportionally to the amount of silica particles added, reaching a plateau

of >90% binding of the fusion proteins with addition of >25 mg dry weight of silica

particles in the 1-mL cleared lysate solution typically containing 10 mg wet weight of

cells (Fig. 3.5b). At a silica concentration of 25 mg dry weight/mL, approximately 85%

of both fusion proteins adsorbed to the silica particles during the first minute of the
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Fig. 3.5 Effect of buffer conditions and incubation time on silica binding of CotB1-SC
and CotB1p-SC. (a) Effect of pH. Open circles and squares, CotB1-SC in 25 mM Tris-
HCI buffer and CotB1-SC in 25 mM phosphate buffer, respectively. Closed circles and
squares, CotB1p-SC in 25 mM Tris-HCI buffer and CotBIp-SC in 25 mM phosphate
buffer, respectively. (b) Effect of silica concentration. Circles, CotB1-SC; squares,
CotB1p-SC. (c) Effect of incubation time. Circles, CotB1-SC; squares, CotB1p-SC. (d)
Effect of nonionic detergents. Open circles and squares, CotB1-SC with Tween 20 and
Triton X-100, respectively. Closed circles and squares, CotB1p-SC with Tween 20 and
Triton X-100, respectively. Reprinted with permission from “Affinity purification of
recombinant proteins using a novel silica-binding peptide as a fusion tag”, Mohamed A.
A. Abdelhamid, Kei Motomura, Takeshi Ikeda, Takenori Ishida, Ryuichi Hirota, and Akio
Kuroda. Applied Microbiology and Biotechnology, 98:5677-5684 (2014), copyright ©
Springer.
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incubation, and the amount of protein adsorbed reached a plateau within 15 min (Fig.

3.5¢).

Finally, the author investigated the effect of adding detergent to the binding

buffer because nonionic detergents (e.g., Tween 20 and Triton X-100) have been used in

other studies to reduce nonspecific binding of host proteins to silica surfaces (68, 69).

Although the author also found that addition of Tween 20 or Triton X-100 did reduce the

degree of nonspecific binding of host proteins to the silica particles (data not shown),

these detergents also reduced the binding of CotB1-SC and CotBlp-SC (Fig. 3.5d).

Therefore, no detergents were added to the binding buffer in subsequent experiments.

3.3.3 Affinity purification of mCherry using CotB1/CotB1p as silica-binding tag

Using the optimized conditions described above, CotB1-SC (57.5 kDa) and

CotB1p-SC (39.9 kDa) were isolated from cleared cell lysates by immobilization on silica

particles and analyzed by SDS-PAGE (Fig. 3.6, lanes 2 and 6, open arrowheads). Some

host proteins also adsorbed onto and remained adsorbed to the silica particles even after

washing. To recover the tagless mCherry protein from the bound fusion proteins, SUMO

protease was added to the suspension of CotB1-SC- or CotB1p-SC-bound silica particles.

SDS-PAGE analysis revealed that most of each of the recombinant proteins was cleaved
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after 3 h of incubation and that the CotB1-SUMO and CotB1p-SUMO fragments (30.8

and 13.2 kDa, respectively) remained bound to the silica particles (Fig. 3-6, lanes 3 and

7, closed arrowheads). The mCherry fragment (26.7 kDa) was released into the

supernatant (Fig. 3-6, lanes 4 and 8). Because the author used much less SUMO protease

compared with the recombinant proteins (less than 0.1% [w/w]), the SUMO protease band

(~26 kDa) was not visible on SDS-PAGE (Fig. 3-6, lanes 4 and 8). The discrepancies

between the calculated molecular masses and pattern of band migration on the gel could

be ascribed to aberrant migration of the SUMO band (61) as well as the mCherry band

(the mCherry parental protein mRFP1 [25.4 kDa] migrates as a >30 kDa band on SDS-

PAGE [70]). Densitometric analysis of the CBB-stained protein bands showed that the

purity of the released tagless mCherry was approximately 95%.

Typical results for the affinity purification of mCherry using the CotB1-SC and

CotB1p-SC fusion proteins are summarized in Tables 3.2 and 3.3, respectively. The

mCherry recovery rate was approximately 85%, with yields of 0.60 = 0.06 and 1.13 +

0.13 mg (mean + standard deviation from three independent experiments) per 10-mL

culture for CotB1-SC and CotB1p-SC, respectively. The 2-fold higher yield obtained with

CotB1p-SC compared to CotB1-SC was due to higher expression of CotB1p-SC in E.

coli (Tables 3.2 and 3.3).
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Fig. 3.6 SDS-PAGE analysis (15%) of the affinity purification of mCherry using silica
particles as an adsorbent. CotB1 (lanes 1-4) or CotB1p (lanes 5-8) was used as a silica-
binding tag. Lanes 1 and 5, cell lysate; lanes 2 and 6, silica-bound fraction; lanes 3 and 7,
silica-bound fraction after SUMO protease treatment; lanes 4 and 8, proteins released
from solid phase after SUMO protease treatment; lane M, molecular mass markers. For
lanes 2, 3, 6, and 7, proteins bound to silica particles were released by boiling in Laemmli
sample buffer (65). Proteins were stained with CBB R-250. Open arrowheads indicate the
expressed CotB1-SC and CotB1p-SC fusion proteins. Closed arrowheads indicate the
CotB1-SUMO and CotB1p-SUMO fragments after SUMO protease treatment. Reprinted
with permission from “Affinity purification of recombinant proteins using a novel silica-
binding peptide as a fusion tag”, Mohamed A. A. Abdelhamid, Kei Motomura, Takeshi
Ikeda, Takenori Ishida, Ryuichi Hirota, and Akio Kuroda. Applied Microbiology and
Biotechnology, 98:5677-5684 (2014), copyright © Springer.
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Table 3.2 Purification of mCherry from E. coli using CotB1 as a silica-binding tag?

Step Total Fusion Target Purity  Purification  Yield (%)
protein protein protein (%)° (-fold)
(mg) (mg)° (mg)
Cell lysate 9.28 1.42 (0.66)° 15 1.0 100°°
Silica-binding  4.50 1.35 (0.63)° 30 2.0 950
fraction
SUMO protease 0.60 N.D. 0.56° 93 6.2 84°
elution

? Starting material was approximately 0.1 g wet weight of cells.

® Determined by densitometric analysis of SDS-PAGE protein bands.

¢ Calculated by multiplying the amount of fusion protein by the ratio of the molecular
mass of mCherry (26.7 kDa) to the molecular mass of the fusion protein (57.5 kDa).
N.D., not detected.
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Table 3.3 Purification of mCherry from E. coli using CotB1p as a silica-binding tag®

Step Total Fusion Target Purity  Purification  Yield (%)
protein protein protein (%)° (-fold)
(mg) (mg)° (mg)
Cell lysate 8.54 1.90 (1.27)° 22 1.0 100°°
Silica-binding 5.56 1.68 (1.13)° 30 1.4 890
fraction
SUMO protease 1.13 N.D. 1.09 95 4.3 85sb
elution

? Starting material was approximately 0.1 g wet weight of cells.

® Determined by densitometric analysis of SDS-PAGE protein bands.

¢ Calculated by multiplying the amount of fusion protein by the ratio of the molecular
mass of mCherry (26.7 kDa) to the molecular mass of the fusion protein (39.9 kDa).
N.D., not detected.
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3.3.4 Discussion

In this study, the author found that the B. cereus spore coat protein CotB1 and its

C-terminal 14-aa peptide CotBlp bind to silica surfaces. The author demonstrated that

both proteins function as silica-binding tags when fused to other proteins at either the N-

or C-terminus. The resulting fusion proteins can be easily immobilized on silica surfaces

by mixing the proteins in solution with silica materials.

The author’s results strongly suggest that the 14-aa CotB1p region of CotB1 plays

a crucial role in binding to silica because both CotBlp and full-length CotB1 showed

comparable affinity for silica (Fig. 3.4). The amino acid sequence of CotBlp

(SGRARAQRQSSRGR) is rich in positively charged arginine residues. CotB1p therefore

has a high net positive charge, with a theoretical isoelectric point of 12.6. In contrast, the

surface of silica is negatively charged under either neutral or basic conditions (71),

suggesting that electrostatic attraction is a major driving force behind the binding of

CotBl1p (and also CotB1) to silica. This is also supported by the fact that the binding of

CotB1p was inhibited at high ionic strength; in the presence of 1.0 M NaCl, only 15% of

CotB1p-SC bound to the silica particles (data not shown). Although the CotB1/CotB1p

fusion proteins constructed in this study have a net negative charge, with theoretical

1soelectric points of 5.3-6.8, these proteins bound to silica surfaces via CotB1/CotBlp.
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These results suggest that the positive charges in the CotB1p region of the fusion protein

are capable of interacting with the negatively charged silica surface even though the net

charge of the overall protein molecule is negative.

Although both CotB1 and CotB1p bind to silica, the author believes that the latter

is a more promising silica-binding tag because of its small size. The CotBlp fusion

protein was expressed more efficiently in E. coli than was the CotB1 fusion protein

(Tables 3.2 and 3.3). In addition, the CotB1 fusion proteins (i.e., GFP-CotB1 and CotB1-

SC) tended to form insoluble inclusion bodies in E. coli when expressed at 37°C, whereas

both the CotBlp fusions (i.e., GFP-CotB1p and CotB1p-SC) and tagless proteins (i.e.,

GFP and SUMO-mCherry) were expressed in the soluble form in E. coli at 37°C (data

not shown). These differences could be attributed to the larger molecular mass of CotB1,

as increasing molecular mass tends to negatively affect the expression of fusion proteins.

To use the CotB1/CotBlp tags for silica-based affinity purification of target

proteins, SUMO technology was employed to cleave the target protein from the silica-

bound fusion protein. Using mCherry as a model target protein, the author demonstrated

that this novel affinity purification method is highly efficient. The purity and yield

obtained using this method are as high as the values reported by Lichty et al. (2005) for

conventional affinity tags. One of the advantages of the developed method is that it
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enables the removal of the affinity tag and recovery of a tagless target protein with an

authentic N-terminus. Fused affinity tags that remain after purification may affect the

intrinsic activity of the target protein and/or interfere with downstream analyses, such as

determination of protein structure. The presence of a tag on a target protein is particularly

unsuitable for therapeutic applications. Therefore, many approaches (most of which

involve protease cleavage at the junction) have been developed to remove affinity tags

from recombinant proteins (56, 72). However, the endoproteases that are commonly

employed in these approaches have several disadvantages, for example, nonspecific

cleavage of the target protein at locations other than the designed site and/or retention of

nonnative amino acid(s) in the sequence of the protein of interest (56, 72, 73). In contrast

to commonly used endoproteases, which recognize short, linear sequences (generally 4-8

aa), SUMO protease specifically recognizes the tertiary structure of SUMO and cleaves

the polypeptide chain at the C-terminal end of the SUMO sequence, enabling the release

of peptides or proteins with any desired N-terminal residue except proline (60). Therefore,

the developed affinity purification method can be used to recover a wide variety of tagless

proteins at high purity. Another advantage of the developed method is that protein elution

does not require the addition of any harsh chemicals that could adversely affect protein

activity.
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Although the amount of SUMO protease used in this study for the release of the

target protein was much less than the amount of the recombinant proteins used (see the

Results section), further purification of the eluted, cleaved target protein necessitates

removal of the SUMO protease from the solution. Because most commercially available

SUMO proteases contain a His-tag, they can be easily removed by immobilized metal ion

affinity chromatography (63). Albeit beyond the scope of this study, construction of

CotB1/CotB1p-fused SUMO proteases might also be useful because these proteins would

be retained on silica surfaces along with the CotB1/CotBlp-SUMO fragments after

cleavage of the fusion protein.

Because of its small size and high affinity for silica, the CotB1p tag should be a

powerful tool not only for the affinity purification application reported in this chapter but

also for enzyme immobilization on silica supports and for developing silicon-based

biomaterials, as has been reported for other silica-binding peptides and proteins (56, 68,

74-78). The author is currently developing silicon-based biomaterials using this

promising tag as an interface.
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Chapter 4
Application of volcanic ash particles for protein affinity

purification with a minimized silica-binding tag
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4.1 Introduction

Several attempts have recently been made to use silica-binding proteins/peptides

as affinity tags, because inexpensive, unmodified silica (SiO2) particles can be used as

both the resin and ligand (for the tag) (19, 20, 79). Examples of such elutable, silica-

binding tags include bacterial ribosomal protein L2 (also known as Si-tag) (17, 18) and a

Car9 peptide (79). The Si-tag shows high affinity for silica and is suitable for stable

immobilization of Si-tagged fusion proteins on silica materials. However, with regard to

affinity purification, a high affinity may be disadvantageous because it requires rather

harsh conditions (e.g., high concentration of divalent cations such as 2 M MgCl,) for the

elution of Si-tagged fusion proteins from silica surfaces (19, 20). Moreover, the large size

of the Si-tag (273 amino acids) may negatively affect the intrinsic properties and function

of the fusion protein. In contrast, the Car9 tag is a much shorter silica-binding tag (12

amino acids) and can be eluted under milder conditions (e.g., 1 M L-lysine) (79). However,

it is still larger than the commonly used affinity tags such as His-tag and FLAG tag (80),

which are 6-10 and 8 amino acids, respectively. These drawbacks motivated the author

to develop an improved silica-based affinity purification method using a shorter silica-

binding tag and milder elution conditions.

Previously, it was reported that silica is deposited on the coat of Bacillus cereus
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spores and functions as a protective coating under acidic conditions (3). Furthermore,

gene disruption analysis previously revealed that the spore coat protein, CotB1 (171

amino acids), mediates silica biomineralization. The polycationic C-terminal sequence of

CotB1 (14 amino acids corresponding to residues 158—171), designated CotB1p, could

be used as a short silica-binding tag (as mentioned in Chapter 2). Here, the author further

shortened the length of this peptide to only seven amino acids while retaining the affinity

for silica. Subsequently, a silica-based affinity purification method has been developed

using the resultant short silica-binding peptide as an affinity tag, in which the protein of

interest is eluted from silica under very mild conditions with 0.3—0.5 M L-arginine. Finally,

the author demonstrated that naturally occurring silica-containing volcanic ash

(designated Shirasu), instead of synthetic, pure silica particles, can be used as an affinity

support in the developed method.
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4.2 Materials and Methods

4.2.1 Materials

Silica particles (a-quartz), ~0.8 um in diameter, were purchased from Soekawa

Chemical Co., Ltd (Tokyo, Japan) and used without any pretreatment. The Shirasu

particles used in this study were provided by the Kagoshima Prefectural Institute of

Industrial Technology. The Shirasu was harvested from a quarry in Kushira city,

Kagoshima, Japan, and was screened through 5 mm and 38 pum mesh sieves and the

resultant fine particles were used in this study.

4.2.2 Construction of expression plasmids

To construct expression plasmids for green fluorescent protein (GFP) fusions

with truncated sequences of CotB1p, inverse PCR was employed using pET-GFP-CotB1p

(constructed in Chapter 3) as the template with the following primer pairs: CB1M-

F1/CB1IM-R1, CBIM-F2/CB1M-R2, and CB1M-F3/ CBIM-R3 (all primers are listed in

Table 4.1). The PCR products were self-ligated to construct pET-GFP-SBS, pET-GFP-

SB10, and pET-GFP-SB7, respectively. Subsequently, plasmid pET-GFP-SB7 was used

as a template for an additional round of inverse PCR with primer pairs of CB1M-
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Table 4.1 Primers used in this study

Name DNA sequence (5'—3")

CBIM-F1¢ TCTTTGTGCACGAGCGCGACCTGA
CBIM-R1¢ TAACTCGAGGCTTAATTAACCTAGGCT
CB1M-F2¢ CGTGCACAAAGACAATCAAGTAGA
CB1M-R2¢ CGCCAAGGCCTGTACAGAATT

CB1M-F3¢ AGACAATCAAGTAGAGGAAGATAA
CB1M-R3¢ CGCCAAGGCCTGTACAGAATT

CB1M-F4¢ CAATCAAGTAGAGGAAGATAACTCGAG
CB1M-R4“ CGCCAAGGCCTGTACAGAATT

CB1M-F5¢ TAACTCGAGGCTTAATTAACCTAGGCT
CB1M-R5¢ TCCTCTACTTGATTGTCTCGCCAAGG
SB7M-F1¢ GCACAATCAAGTAGAGGAAGATAA
SB7M-F2¢ AGAGCATCAAGTAGAGGAAGATAA
SB7M-F3¢ AGACAAGCAAGTAGAGGAAGATAA
SB7M-F4¢ AGACAATCAGCTAGAGGAAGATAA
SB7M-F5¢ AGACAATCAAGTGCAGGAAGATAA
SB7M-F6¢ AGACAATCAAGTAGAGCAAGATAA
SB7M-F7¢ AGACAATCAAGTAGAGGAGCATAA
SB7M-R* CGCCAAGGCCTGTACAGAATT

R7-S AGCTTCGTCGTCGCCGTCGTCGTCGCTAAC
R7-AS CTAGGTTAGCGACGACGACGGCGACGACGA
SB7-SC-F¢ CGTCAGTCAAGCCGTGGTCGTG

SB7-SC-R* CATATGTATATCTCCTTCTTAAAGTTAAAC
SB7-mC-F* ATGGTGAGCAAGGGCGAGGAG

SB7-mC-R¢ ACGACCACGGCTTGACTGACG

“ These primers were phosphorylated at the 5’ end.
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F4/CB1IM-R4 and CB1M-F5/CB1M-R5 to generate two additional plasmids pET-GFP-

SB7v1 and pET-GFP-SB7v2, respectively.

To construct seven alanine-scanning mutants of the SB7 peptide (see Results),

inverse PCR was employed using pET-GFP-SB7 as a template; SB7M-R and one of

SB7M-F (1-7) were used as primers and the PCR products were self-ligated.

Expression plasmids for the hepta-arginine-tagged GFP were constructed as

follows: A DNA fragment encoding the nine arginine residues was prepared by annealing

synthetic oligonucleotides R7-S and R7-AS. The resultant double-stranded DNA carried

a 5-AGCT overhang at the upstream end and a 5'-CTAG overhang at the downstream

end, identical to the cohesive ends of HindlIII- and Avrll-digested fragments, respectively.

The DNA fragment was ligated with HindIll- and Avrll-digested pET-GFP-CotBl

(constructed in Chapter 3) to construct pET-GFP-R7.

To construct expression plasmids for mCherry with an N-terminal SB7-tag (SB7-

mCherry), a two-step inverse PCR was employed using pET-CotB1p-SC (constructed in

Chapter 3) as the template with the primers SB7-SC-F and SB7-SC-R in the first-round

PCR. The amplified DNA were self-ligated and then used as a template in the second-

round PCR with the primers SB7-mC-F and SB7-mC-R. The resultant DNA self-ligated

to form pET-SB7-mCherry.
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4.2.3 Expression of recombinant proteins

The expression plasmids were transformed into Escherichia coli Rosetta2 (DE3).

The transformants were grown at 37°C in 2x YT medium (30) supplemented with 50

png/mL of kanamycin, 30 pg/mL of chloramphenicol and 1% (w/v) glucose. When the

culture reached an optical density of 0.5 at 600 nm, 0.2 mM isopropyl-B-D-

thiogalactopyranoside was added to the medium to induce expression of recombinant

proteins. After an additional 3 h of cultivation at 37°C, the cells were harvested by

centrifugation and the resulting pellets were stored at —80°C until use.

4.2.4 Silica-binding assay of recombinant proteins

Pellets of recombinant cells harvested from 1 mL cultures (typically 10 mg wet

weight of the cells) were suspended in 0.5 mL of 25 mM Tris-HCI buffer (pH 8.0)

containing 0.5% (v/v) Tween 20, and disrupted by sonication. After centrifugation at

20,000 x g for 30 min, each supernatant (cleared cell lysate) containing 0.5 mg of total

protein was mixed with 0.5 mL of silica-particle suspension in the same bufter (final silica

concentration of 40 mg dry weight/mL) for 5 min at room temperature. Silica particles

with the bound protein were collected by centrifugation at 5,000 x g for 2 min and then

washed thrice with 1 mL of the same buffer. After the supernatant was carefully removed,
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proteins that still bound to the particles were released by boiling in sodium dodecyl sulfate

(SDS) gel-loading buffer (30) for 5 min and analyzed by SDS-polyacrylamide gel

electrophoresis (SDS-PAGE; 12.5%). Gels were stained with Coomassie brilliant blue R-

250, and the target protein was quantified by densitometric analysis using the ImageJ

software, version 1.41 (66).

4.2.5 Affinity purification of SB7-tagged proteins using silica or Shirasu particles as

the adsorbent

Pellets of recombinant cells expressing GFP with a C-terminal SB7-tag (GFP-

SB7) or SB7-mCherry harvested from 5-10 mL cultures (~0.05-0.1 g wet weight of cells)

were suspended in 2 mL of 25 mM Tris-HCI buffer (pH 8.0) containing 0.5% (v/v) Tween

20 and disrupted by sonication. After centrifugation at 20,000 x g for 30 min, cleared cell

lysates were mixed with 0.4 g dry weight of silica particles or with 0.35 g dry weight of

Shirasu particles by gentle rotation for 5 min at room temperature. After centrifugation at

5,000 x g for 2 min, the particles were washed thrice with 2 mL of the same buffer.

Proteins were eluted by resuspending the particles with 2 mL of 25 mM Tris-HCI buffer

(pH 8.0) containing 0.5 or 0.3 M L-arginine for silica and Shirasu particles, respectively.

The suspension was centrifuged at 5,000 x g for 2 min. The resultant supernatant
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containing the eluted proteins was collected. The elution step was repeated (total volume

of eluted fractions was 4 mL).

For comparison, GFP-SB7, which also contains an N-terminal His-tag, was

purified from the same amount of cells by His-tag affinity purification using Ni-NTA

agarose (Qiagen GmbH, Germany). Purification was performed per the batch purification

protocol provided by the manufacturer.

4.2.6 Protein assay

The protein concentration was determined with the Bio-Rad Protein Assay

reagent (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard.

77



4.3 Results and Discussion

4.3.1 Minimization of the silica-binding CotB1p tag

To minimize the size [length] of the 14-amino-acid silica-binding CotB1p-tag

(SGRARAQRQSSRGR), the following three truncated mutants of CotB1p were fused to

the C-terminus of GFP: T1 (SGRARAQR, corresponding to residues 1-8 of the CotB1p

peptide), T2 (RAQRQSSRGR, corresponding to residues 5—14 of the CotB1p peptide),

and T3 (RQSSRGR, corresponding to residues 8—14 of the CotB1p peptide). The affinity

of these peptides for silica in 25 mM Tris-HCI buffer (pH 8.0) containing 0.5% (v/v)

Tween 20 was compared to that of the original CotBlp; the surfactant Tween 20 was

added to the buffer to prevent weak, non-specific interactions with the surface of silica

particles. Densitometric analysis of the protein bands obtained on SDS-PAGE gels

showed that more than 80% of GFP-CotB1p bound to silica particles, whereas GFP alone

hardly bound to silica under the conditions used (Fig. 4.1). Although the truncated mutant

T1 showed relatively weak binding (about 70% of the protein bound to silica particles),

affinities of T2 and T3 were comparable to that of original CotBlp (Fig. 4.1). Because

further truncation of the smallest peptide T3 (i.e., removal of the first or seventh arginine

residue of the RQSSRGR sequence) caused significant reduction in affinity for silica (Fig.

4.1, T3-vl and T3-v2), the author chose T3 (hereafter renamed as SB7 tag) as the optimal

peptide for further investigation, as its short length did not compromise its high affinity.
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CotB1p: SGRARAQRQSSRGR
SB8: SGRARAQR
SB10: RAQRQSSRGR
SB7: RQSSRGR
SB7v1: QSSRGR
SB7v2: RQSSRG

M1: AQSSRGR

M2: RASSRGR
M3:RQASRGR

M4: RQSARGR

M5: RQSSAGR

M6: RQSSRAR

M7: RQSSRGA

R7: RRRRRRR

GFP

85.4
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84.1
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Fig. 4.1 Minimization of the silica-binding CotB1p tag and identification of amino acids

important for silica binding. These data represent the percentage of a tagged GFP that

bound to silica particles in 25 mM Tris-HCI (pH 8.0) containing 0.5% Tween 20. Data of

hepta-arginine -tagged GFP are provided for comparison. Values are means + standard

deviations of triplicate measurements.
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4.3.2 Alanine scanning mutagenesis of the SB7 peptide

To gain a better understanding of the binding mechanism of SB7, alanine

scanning mutagenesis was performed for all seven residues of SB7 in GFP-SB7 (Fig. 4.1).

As expected, the author found that the three arginine residues are essential for strong

binding to silica; when one of the arginine residues was replaced with alanine, the fraction

bound to silica drastically reduced from 81% to 30% or less (Fig. 4.1; M1, M5, and M7).

Alanine replacement of one of the other residues (glutamine, two serine, and glycine

residues) did not significantly affect binding to silica, suggesting the relatively lesser

contribution of these residues (Fig. 4.1; M2—4 and M6). Unexpectedly, when all seven

residues were replaced with arginine, the resultant hepta-arginine peptide (i.e. RRRRRRR

sequence) showed much weaker binding to silica than did the original SB7 despite the

fact that the former has a higher net positive charge than the latter (Fig. 4.1; hepta-

arginine).

4.3.3 L-Arginine as an efficient eluent for the silica-bound SB7 tag

The established use of L-lysine solution for efficient release of a silica-bound tag

rich in positively charged lysine residues in a competitive manner and the fact that

arginine residues in the SB7 tag play important roles in silica binding prompted the author
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to use L-arginine as a competitive eluent to release SB7-tagged proteins from the surface

of silica particles. As expected, by using 0.5 M arginine solution (pH 8.0) as an eluent,

the author succeeded in recovering more than 90% of bound GFP-SB7 from silica

particles in a functional form (see below).

The feasibility of affinity purification of SB7-tagged proteins was validated.

SDS-PAGE analysis of bound and unbound proteins (Fig. 4.2) showed that GFP-SB7 was

the major protein that bound to silica particles under these conditions (Fig. 4.2, lane 3);

very little amount of the fusion protein remained in the unbound fraction (Fig. 4.2, lane

2), indicating that most of the expressed GFP-SB7 bound to silica particles. To recover

the GFP-SB7, the previously described elution step was performed and the bound GFP-

SB7 was released into the supernatant (Fig. 4.2, lane 5). This elution step was repeated to

maximize purification yield. After the two elution steps, a small amount of GFP-SB7

remained bound to the silica particles (Fig. 4.2, lane 4), indicating that L-arginine serves

as an efficient eluent for the SB7-tag. Moreover, the eluted fraction showed the ratio of

absorbance at 280 nm to that at 260 nm of >1.6, indicating little, if any, contamination

with nucleic acids (81). Table 4.2 shows typical results from the purification. The purity

and recovery of the protein were evaluated to be 91% + 3% and 78 + 3% (mean + standard

deviation from three independent experiments), respectively.
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Fig. 4.2 SDS-PAGE analysis of the affinity purification fractions of GFP-SB7 using silica
particles and L-arginine as the adsorbent and eluent, respectively. The arrowhead indicates
the position of GFP-SB7. Lane 1, cleared cell lysate; lane 2, silica-unbound fraction; lane
3, silica-bound fraction; lane 4, silica-bound fraction after L-arginine elution; lane 5, L-
arginine-eluted fraction; lane M, molecular mass markers. For lanes 3 and 4, proteins

bound to silica particles were released by boiling in SDS gel-loading sample buffer (30).
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4.3.4 Affinity purification of SB7-tagged proteins by using natural silica-containing

particles as the adsorbent

To minimize the cost for affinity purification, the author next tested the

feasibility of using natural silica-containing volcanic ash particles (Shirasu), instead of

synthetic, pure silica particles, as the adsorbent for affinity purification of SB7-tagged

proteins. Purification of GFP-SB7 was conducted as described above except that Shirasu

particles were used instead of silica particles and the L-arginine concentration in the

elution buffer was reduced from 0.5 M to 0.3 M. Table 4.2 and Fig. 4.3 (lanes 1-5)

compare typical purification results obtained with silica or Shirasu particles as the

absorbent. Despite the lower L-arginine concentration, GFP-SB7 was efficiently released

from Shirasu particles (Fig. 4.3, lane 5), leaving virtually no residual GFP-SB7 bound to

the particles (Fig. 4.3, lane 4). The yield and purity were comparable to those obtained

using silica particles with 0.5 M L-arginine (Fig. 4.3, lanes 2 and 3). By contrast, only

60% of the bound GFP-SB7 was released from silica particles with 0.3 M L-arginine (data

not shown). Efficient release of GFP-SB7 from Shirasu particles with lower L-arginine

concentration indicates a lower affinity of SB7 for Shirasu than for pure silica. Such

differences can be ascribed to the lower silica content and, possibly, to the presence of

alumina in Shirasu. In contrast to negatively charged silica surfaces, alumina surfaces are
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Fig. 4.3 Comparative analysis of SB7-tag and His-tag purification by SDS-PAGE. GFP-
SB7 was purified from the recombinant E. coli by SB7-tag purification using silica (lanes
2 and 3) or Shirasu particles (lanes 4 and 5) as an adsorbent, or by His-tag purification
using Ni-NTA resin (lanes 6 and 7). The arrowhead indicates the position of GFP-SB7.
Lane 1, cleared cell lysate; lanes 2, 4, and 6, unbound fractions for silica, Shirasu, and
Ni-NTA, respectively; lanes 3, 5 and 7, eluted fraction from silica, Shirasu, and Ni-NTA,

respectively; lane M, molecular mass markers.
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electrically neutral or even slightly positively charged in aqueous solutions at pH 8 (82).

Therefore, the presence of alumina might moderately attenuate the interaction between

the SB7-tag and silica surface in Shirasu, thus reducing the L-arginine concentration

required for eluting the tag.

For comparison of purification efficiency to the widely used His-tag affinity

purification, cleared cell lysate containing GFP-SB7, which has an N-terminal His-tag,

was also subjected to immobilized metal-ion affinity chromatography using Ni-NTA resin

according to the manufacturer's recommendation, GFP-SB7 was adsorbed onto the Ni-

NTA resin and then released by addition of 0.5 M imidazole. Table 4.3 shows the typical

results of His-tag affinity purification, and lanes 6 and 7 in Fig. 4.3 show the SDS-PAGE

analysis of the unbound and released proteins, respectively. The comparison of SB7-tag

and His-tag purifications indicate that SB7-tag purification results in similar purity and

higher yield than that achieved with His-tag purification (Fig. 4.3, and compare Tables

4.2 and 4.3).
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Table 4.2 SB7-tag purification of GFP-SB7 from E. coli using silica or Shirasu particles

as an adsorbent?

Step Total Amount of Purity  Purification Yield
protein GFP-SB7 (mg)® (%)" (-fold) (%)°
(mg)
Cell lysate 4.83 0.69 14 1 100
Eluted fraction
0.59 0.54 91 6.4 78
from silica
Eluted fraction
0.71 0.63 88 6.2 91

from Shirasu

? One of three aliquots of the cell lysate was subjected to affinity purification using silica

particles as the adsorbent, and another was subjected to purification using Shirasu

particles as the adsorbent; the remaining one was subjected to His-tag purification (see

Table 4.3). The starting material was approximately 0.1 g (wet weight) each of cells.

® Determined by densitometric analysis of the protein bands on SDS-polyacrylamide gel.
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Table 4.3 His-tag purification of GFP-SB7 from Eschericia coli®

Step Total Amount of GFP-  Purity Purification (-  Yield
protein (mg) SB7 (mg)° (%)° fold) (%)°
Cell lysate 4.83 0.69 14 1 100
Eluted
0.59 0.52 89 6.2 76
fraction

 The starting material was approximately 0.1 g wet weight of cells.
® Determined by densitometric analysis of the protein bands on a SDS-polyacrylamide
gel.
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To test the versatility of the developed purification method, another protein mCherry with

an N-terminal SB7-tag (SB7-mCherry) was used (Table 4.4 and Fig. 4.4). This protein

also bound efficiently to Shirasu particles (Fig. 4.4, lane 2) and was released from the

particles and obtained with high purity and yield when eluted with 0.3 M L-arginine

solution (Fig. 4.4, lane 3). These results further support the efficiency of the developed

method and demonstrate that the SB7 peptide can function as an affinity tag when fused

to other proteins at either the N- or C-terminus.
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Fig. 4.4 SDS-PAGE analysis of the affinity purification fractions of SB7-mCherry with
Shirasu particles as an adsorbent. Closed arrowhead indicates the position of SB7-
mCherry. The band indicated by the open arrowhead is an mCherry fragment derived
from partial hydrolysis of the chromophore acylimine bond during protein boiling (83).
Lane 1, clear cell lysate; lane 2, silica-unbound fraction; lane 3, L-arginine-eluted fraction;

lane M, molecular mass markers.
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Table 4.4 SB7-tag purification of SB7-mCherry from E. coli using Shirasu particles as

an adsorbent?

Step Total Amount of SB7- Purity Purification (-  Yield
protein mCherry (mg)° (%)° fold) (%)°
(mg)

Cell lysate  2.15 0.59 27 1 100

Eluted 0.575 0.51 89 33 88

fraction

 The starting material was approximately 50 mg wet weight of cells.
® Determined by densitometric analysis of the protein bands on a SDS-polyacrylamide

gel.

90



4.3.5 Discussion

Shorter affinity tags are preferable to longer ones as they are less likely to affect

the intrinsic properties and functions of the fusion partner. Hence, in this study, the seven-

amino-acid silica-binding SB7-tag was successfully constructed by minimizing the length

of the previously reported CotB1p-tag. Its length is comparable to that of the commonly

used His-tag (6—10 amino acids). High abundance of positively charged arginine residues

in the SB7 tag (and original CotB1p) suggested that these residues play important roles

in binding to silica. Electrostatic attraction between positively charged amino acid

residues and the negatively charged silica surface has been reported to be a major driving

force of silica-binding proteins/peptides (19, 20, 68, 79, 84, 85). Alanine scanning

mutagenesis of the SB7-tag and comparison with the hepta-arginine tag (Fig. 4.1) strongly

suggested that not only positively charged arginine residues but also uncharged non-

arginine residues in the SB7 sequence play important roles in the binding to negatively

charged silica surfaces, most probably as spacers between the positively charged arginine

residues. Low affinity of the hepta-arginine sequence for silica could be ascribed to

structural confinement of the peptides derived from intramolecular repulsion between

positively charged arginine side chains; although polyarginine peptides adopt an extended,

random coil-like conformation, their conformational flexibility is somewhat restricted by
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the presence of the intramolecular repulsion (86, 87). This might result in unsuitable

configurations of the positive charges for silica binding. Consistent with this observation,

other researchers have reported the importance of peptide conformational flexibility in

binding to solid surfaces (88).

Using the SB7-tag as an affinity tag, a novel affinity purification method has

been developed, in which silica or Shirasu particles serve as the adsorbent for SB7-tagged

proteins, with L-arginine as the eluent. The major advantages of the author’s method are

the small size of the tag (only seven amino acids in length), cost-effectiveness of the

adsorbents, and mild elution with L-arginine, the last two of which are further discussed

below.

Silica has been widely used as a chromatographic support because of its superior

mechanical strength and chemical stability. By contrast to conventional affinity

purification methods, which require a ligand to be immobilized on a support, the author

utilized unmodified bare silica itself as both a support and ligand for an SB7-tag. Because

of the low cost of silica particles, this method is much less expensive than conventional

affinity purification methods. On the basis of the actual purification results (Tables 4.2

and 4.3) and retail prices of the materials used, the author calculated the resin costs for 1

mg GFP purification to be about $0.9 for SB7 tag and $5 for His-tag. Elution costs for
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these tags were negligible (<$0.1) because the eluents, L-arginine and imidazole,

respectively, are inexpensive. Although silica is also used as an adsorbent for nucleic acids,

silica interacts with them only in the presence of chaotropic salts (e.g., Nal, NaClO4, and

guanidinium thiocyanate) (89-91). Because nucleic acids did not bind to silica surfaces

under the conditions used, the author did not apply any steps for nucleic acid removal

prior to the purification, making the approach less time-consuming. Furthermore, the use

of the natural silica-containing particles (i.e., Shirasu) as the adsorbent could further

reduce the purification cost. Shirasu is mainly composed of silica (71%—73%) and

aluminum oxide (alumina; Al,O3) (13-15%) (92) and is widely distributed in large

quantities among the southern Kyushu region of Japan (93). Size-separated shirasu

particles are used in various applications, depending on their size, as construction

materials, thermal insulation materials, cosmetics, etc. The availability of the particles of

well-defined size are suitable as an affinity support. The use of the low-cost natural

particles as an affinity support enables further reduction in purification cost. Because of

their chemical stability, silica and Shirasu can endure harsh cleaning procedures and can

be recovered and reused without loss of binding capacities, resulting in further cost saving.

The addition of L-arginine to a protein solution has been reported to stabilize the

protein against aggregation (94, 95). The author’s method utilizes only L-arginine as an
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eluent and does not require any other additives that could adversely affect protein

structure and/or function. Therefore, the author believes that the developed method would

be suitable to purify relatively unstable, aggregation-prone proteins while preserving their

intrinsic activity. In addition, L-arginine has also been reported to suppress weak protein-

surface interactions (96). This property might play a role in efficient elution in the

purification process by reducing re-binding of released SB7-tagged proteins.

Taken together, the small size of the SB7 tag, in combination with the protein-

stabilizing effect of L-arginine, would help minimize alteration of the intrinsic properties

of target proteins during purification. The SB7 tag allows natural silica-containing

materials to be used as an affinity support, resulting in a considerable reduction in

purification costs. This approach paves the way for the use of naturally occurring

materials as adsorbents for simple, low-cost affinity purification.
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Chapter 5

General conclusion
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Silicon (Si), the second most abundant element in the Earth’s crust, is an

important mineral for living organisms. In eukaryotes ranging from microorganisms to

higher plants, silicon is taken up as silicic acid, then condensed as biogenic silica through

natural process, named biosilicification. In the work described in this thesis, the author

identified the first prokaryotic protein involved in biosilicification. Moreover, this protein

has been utilized for engineering silica-binding tags for protein immobilization and

purification.

In chapter 2, the protein causing the formation of silica layer in and around

Bacillus cereus spore coat has been determined. Several peptides and proteins, including

diatom silaffin and silacidin peptides, are involved in eukaryotic silica biomineralization

(biosilicification). Homologous sequence search revealed a silacidin-like sequence in the

C-terminal region of CotB1, a spore coat protein of B. cereus. The negatively charged

silacidin-like sequence is followed by a positively charged arginine-rich sequence of 14

amino acids, which is remarkably similar to the silaffins. These sequences impart a

zwitterionic character to the C-terminus of CotB1. Interestingly, the cotBI gene appears

to form a bicistronic operon with its paralog, cotB2, the product of which, however, lacks

the C-terminal zwitterionic sequence. A AcotB1B2 mutant strain grew as fast and formed

spores at the same rate as wild-type bacteria, but did not show biosilicification.
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Complementation analysis showed that CotB1, but neither CotB2 nor C-terminally

truncated mutants of CotB1, could restore the biosilicification activity in the AcotBI1B2

mutant, suggesting that the C-terminal zwitterionic sequence of CotBl1 is essential for the

process. The author found that the kinetics of CotB1 expression, as well as its localization,

correlated well with the time course of biosilicification and the location of the deposited

silica. This is the first report of a protein directly involved in prokaryotic biosilicification.

Building upon this research, novel silica-binding tags have been engineered for

protein purification and immobilization (Chapter 3). The author demonstrated that B.

cereus CotB1 (171 amino acids [aa]) and its C-terminal 14-aa region (corresponding to

residues 158-171, designated CotBlp) show strong affinity for silica particles, with

dissociation constants at pH 8.0 of 2.09 and 1.24 nM, respectively. Using CotB1 and

CotBlp as silica-binding tags, a silica-based affinity purification method has been

developed in which silica particles are used as an adsorbent for CotB1/CotB1p fusion

proteins. Small ubiquitin-like modifier (SUMO) technology was employed to release the

target proteins from the adsorbed fusion proteins. SUMO-protease mediated site-specific

cleavage at the C-terminus of the fused SUMO sequence released the tagless target

proteins into the liquid phase while leaving the tag region still bound to the solid phase.

Using the fluorescent protein mCherry as a model, this purification method achieved 85 %
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recovery, with a purity of 95% and yields of 0.60+0.06 and 1.13+£0.13 mg per 10-mL

bacterial culture for the CotB1-SUMO-mCherry and CotB1p-SUMO-mCherry fusions,

respectively. CotB1p demonstrated high affinity for silica and is a promising fusion tag

for both affinity purification and enzyme immobilization on silica supports.

Furthermore, the author developed a method utilizing an even shorter silica-

binding tag and mild elution conditions for silica-based affinity purification (Chapter 4).

The C-terminal 7-aa region of CotBlp peptide (designated SB7-tag), a short silica-

binding peptide, has been used as an affinity tag with L-arginine as an eluent. The

combination of the protein-stabilizing effect of L-arginine and small size of the tag would

help minimize alteration of the intrinsic properties of target proteins. The author also

demonstrated that “shirasu”, volcanic ash broadly deposited in Southern Kyushu, can be

used as an affinity support in the developed method, thus enabling purification of

recombinant proteins at much lower cost compared to the commercially available silica

particles. This affinity method enables purification of recombinant proteins at low cost

with the purity and yield comparable with the commonly used His-tag purification

method.

In conclusion, this research includes the first identification and characterization

of prokaryotic protein involved in biosilicification, and the application of this protein (as
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well as the peptides derived from CotB1) to protein purification and immobilization.
However, further study is needed for the complete understanding of the molecular
mechanism of biosilicification. In particular, identification of the genes and proteins that
control the transport of silicon in its soluble form (silicic acid) into the bacterial cell is

important for fully understanding of biosilicification.
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The C-Terminal Zwitterionic Sequence of CotB1 Is Essential for
Biosilicification of the Bacillus cereus Spore Coat

Kei Motomura,
Akio Kuroda

Department of Molecular Biotechnology, Graduate School of Advanced Sciences of Matter, Hiroshima University, Higashi-Hiroshima, Hiroshima, Japan

Takeshi lkeda, Satoshi Matsuyama, Mohamed A. A. Abdelhamid, Tatsuya Tanaka, Takenori Ishida, Ryuichi Hirota,

ABSTRACT

Silica is deposited in and around the spore coat layer of Bacillus cereus, and enhances the spore’s acid resistance. Several peptides
and proteins, including diatom silaffin and silacidin peptides, are involved in eukaryotic silica biomineralization (biosilicifica-
tion). Homologous sequence search revealed a silacidin-like sequence in the C-terminal region of CotB1, a spore coat protein of
B. cereus. The negatively charged silacidin-like sequence is followed by a positively charged arginine-rich sequence of 14 amino
acids, which is remarkably similar to the silaffins. These sequences impart a zwitterionic character to the C terminus of CotB1.
Interestingly, the cotB1 gene appears to form a bicistronic operon with its paralog, cotB2, the product of which, however, lacks
the C-terminal zwitterionic sequence. A AcotB1B2 mutant strain grew as fast and formed spores at the same rate as wild-type
bacteria but did not show biosilicification. Complementation analysis showed that CotB1, but neither CotB2 nor C-terminally
truncated mutants of CotB1, could restore the biosilicification activity in the AcotB1B2 mutant, suggesting that the C-terminal
zwitterionic sequence of CotB1 is essential for the process. We found that the kinetics of CotB1 expression, as well as its localiza-
tion, correlated well with the time course of biosilicification and the location of the deposited silica. To our knowledge, this is the
first report of a protein directly involved in prokaryotic biosilicification.

IMPORTANCE

Biosilicification is the process by which organisms incorporate soluble silicate in the form of insoluble silica. Although the
mechanisms underlying eukaryotic biosilicification have been intensively investigated, prokaryotic biosilicification was not
studied until recently. We previously demonstrated that biosilicification occurs in Bacillus cereus and its close relatives, and that
silica is deposited in and around a spore coat layer as a protective coating against acid. The present study reveals that a B. cereus
spore coat protein, CotB1, which carried a C-terminal zwitterionic sequence, is essential for biosilicification. Our results provide

the first insight into mechanisms required for biosilicification in prokaryotes.

Silicon (Si), the second most abundant element in the Earth’s
crust, is an important mineral for living organisms. It acts as
the main component of structural skeletons of diatoms, radiolar-
ians, and siliceous sponges (1). Si is also utilized by some plants
(e.g., rice and cucumber) to protect against biotic and abiotic
stresses (2). The presence of Si in bacterial spores was first noted
several decades ago (3, 4). Until recently, however, there have been
no reports on the precise localization of Si and its biological func-
tion in prokaryotes. In a recent study, we demonstrated that the
Bacillus cereus group, a very homogenous cluster of six species,
and its close relatives accumulate Si in and around their spore coat
layer and that the Si-containing layer enhances acid resistance of
the spores (5). In Si-accumulating organisms, Si is taken up from
the environment as soluble silicate (SifOH],), a biologically avail-
able form of Si in nature, which is then polymerized and accumu-
lated as insoluble silica (SiO,). Such silica biomineralization (bio-
silicification) in eukaryotes is under genetic control, which in turn
implies the existence of specific gene products guiding biosilicifi-
cation. However, no proteins or peptides involved in prokaryotic
biosilicification have been identified thus far.

The best-known example of biosilicification occurs in diatoms,
which are eukaryotic unicellular algae that possess cell walls con-
sisting of amorphous silica with a species-specific micro- and na-
no-patterning (6). To date, several peptides and proteins involved
in diatom biosilicification have been identified, including silaffins,
silacidins, and silaffin-like cingulins (7-9). The silaffins are short
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peptides that undergo extensive posttranslational modifications
such as phosphorylation and polyamine conjugation. Due to a
zwitterionic character imparted by negative charges of the phos-
phate groups and positive charges of the polyamines, silaffins eas-
ily self-assemble into supramolecular aggregates, which serve as
the templates for silica formation (7, 10-12). The negatively
charged silacidin peptides also form supramolecular aggregates
with positively charged long-chain polyamines, and act as the
templates for silica formation (8, 13). These observations indicate
the importance of combining positive and negative charges in
order to direct biosilicification.

Spores of Bacillus species are highly resilient dormant cell types
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TABLE 1 Plasmids used in this study

Biosilicification of Bacillus cereus Spore Coat

Plasmid Description” Source or reference
pIC333 Source of an Sp* cassette 24

pPMAD Thermosensitive shuttle vector for allelic replacement; Amp* in E. coli, Em" in B. cereus 23
pMADACcotB1B2 PMAD carrying up- and downstream regions of cotBIB2 with an inserted Sp* cassette This study
PMADAcotG PMAD carrying up- and downstream regions of cotG with an inserted Sp" cassette This study
pHT304 Shuttle vector; Amp* in E. coli, Em" in B. cereus 29

pHT-cotB1B2 pHT304 carrying cotBI and cotB2 with the promoter region of cotB1B2 This study
pHT-cotB1 pHT304 carrying cotBI with the promoter region of cotB1B2 This study
pHT-cotB2 pHT304 carrying cotB2 with the promoter region of cotB1B2 This study
pHT-cotB1-141 pHT-cotB1 lacking silacidin-like and arginine-rich sequences This study
pHT-cotB1-157 pHT-cotB1 lacking arginine-rich sequence This study
pHT-cotB1-142/157 pHT-cotB1 lacking silacidin-like sequence This study
pGFPuv Source of gfp gene Clontech Laboratories
pHT-gfp-cotB1 pHT304 carrying gfp-fused cotBlI This study
pHT-gfp pHT304 carrying gfp This study

“ Amp*, ampicillin resistance; Em", erythromycin resistance; Sp*, spectinomycin resistance.

that can withstand extremes of temperature, radiation, and chem-
ical assault (14). These spore properties are attributable to the
physical and chemical composition of the structures that encase
the spore (15, 16). The outermost portion of Bacillus spores con-
sists of cortex, spore coat, and, in some species, exosporium. The
spore coat, where silica is deposited in B. cereus, is composed of
more than 50 proteins (17). Silica accumulation in and around the
B. cereus spore coat strongly suggests that spore coat proteins play
an important role in biosilicification. We report here that one of
the spore coat proteins, CotB1, carries a negatively charged silaci-
din-like sequence on its C terminus, followed by a positively
charged arginine-rich sequence. We demonstrate that the zwitter-
ionic C terminus of CotB1 plays an essential role in prokaryotic
biosilicification.

MATERIALS AND METHODS

In silico screening for silica-forming proteins. A database of B. cereus
spore coat protein sequences (as reported by Henriques et al. [17]) was
constructed with the sequences obtained from the NCBI website (http:
//www.ncbi.nlm.nih.gov/). Previously characterized silica-forming pep-
tides (silaffin-1A,, -1A,, and -1B of Cylindrotheca fusiformis [7, 18] and
silacidins A, B, and C of Thalassiosira pseudonana [9]) were used as query
sequences. Searching for spore coat proteins with significant similarity to
the silica-forming peptides was conducted using the BLAST program ob-
tained from the NCBI FTP server (ftp://ftp.ncbi.nih.gov/blast/) with an E
value of 10 as a threshold.

Bacterial strains and growth conditions. B. cereus strain NBRC
15305, which corresponds to strain ATCC 14579 (19), was obtained from
the NITE Biological Resource Center (NBRC; Chiba, Japan) and used as
the wild-type strain in the present study. The wild-type and mutant strains
of B. cereus were routinely grown at 28°C in LB medium (20). Sporulation
was induced at 28°C by nutrient exhaustion in mR2A medium (an R2A
medium [21] supplemented with 0.6 mM CaCl,, 0.03 mM MnCl,, 0.05
mM ZnCl,, and 0.05 mM FeSO,). We note that the concentrations of
CaCl, and MnCl, in the medium are three times higher than in our pre-
vious report (5) in order to induce efficient sporulation for B. cereus.
Spore development was monitored by bright-field microscopy, and the
timing of entry into sporulation was defined as the end of the exponential
growth phase (22). Escherichia coli J]M109 was used as a host for cloning
and was grown at 37°C in 2X YT medium (20). When necessary, specti-
nomycin (250 pg ml~" for B. cereus), erythromycin (10 pg ml~" for B.
cereus), and carbenicillin (50 g ml™" for E. coli) were added to the me-
dium.

Mutant construction. The cotBI1B2 deletion mutant was constructed
by using the allelic replacement method described by Arnaud et al. (23).
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DNA fragments (~1 kb each) corresponding to the up- and downstream
regions of cotBIB2 were amplified from the chromosomal DNA of B.
cereus using the primer pairs cotB1-F1/cotB1-R1 and cotB2-F1/cotB2-R1
(nucleotide sequences are given in Table S1 in the supplemental material)
and then treated with BglII and Sall, respectively. A spectinomycin resis-
tance (Sp") cassette was amplified from pIC333 (24) with the primers
spc-F1 and spc-R1 and was digested with BglII and Sall. These three frag-
ments were ligated by T4 DNA ligase, and the resultant fragment was
amplified by PCR with the primers cotB1-F1 and cotB2-R1. The PCR
fragment was digested with Mlul and inserted into the Mlul site of the
PMAD vector (23), which was obtained from the Pasteur Institute (Paris,
France), yielding pMADAcotB1B2 (Table 1). The plasmid was then intro-
duced into the B. cereus wild-type strain by electroporation (25), and the
transformants were selected at 30°C on LB agar plates with 250 pg ml™"
spectinomycin and 50 wg ml~ ' X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside). Integration and excision of pMADAcotBIB2 were
performed as described by Arnaud et al. (23) with slight modifications: the
double-crossover deletion mutants were screened by blue/white screening
on LB agar plates without spectinomycin, because they showed unexpect-
edly low spectinomycin resistance when the Sp* cassette was inserted into
the cotB1B2 locus. The insufficient resistance can be ascribed to the in-
complete promoter sequence of the Sp™ cassette (26) and the upstream
cotB1B2 promoter, which is not active in vegetative cells (see Results and
Discussion). These weak promoters could not support sufficient expres-
sion of the Sp” cassette, although the cassette works appropriately when
inserted into the fefB locus of the wild-type strain (23). Disruption of
cotB1B2 was confirmed by PCR amplification with the primer pairs
cotB1-F2/spc-R2 and cotB2-R2/spc-F2.

The cotG deletion mutant was constructed in a similar way by replac-
ing the primers cotB1-F1, cotB1-R1, cotB2-F1, and cotB2-R1 with cotG-
F1, cotG-R1, cotG-F2, and cotG-R2, respectively, to yield pMADAcotG.
Disruption of cotG was confirmed by PCR amplification with the primer
pairs cotG-F3/spc-R2 and cotG-R3/spc-F2.

Extraction of spore coat proteins. Spores were prepared by growing
B. cereus strains in mR2A medium supplemented with 100 g ml ™" sili-
cate at 28°C for 48 h and were harvested by centrifugation. The pellets
were sonicated in buffer containing 25 mM Tris-HCI (pH 7.5), 1 mM
EDTA, 15% glycerol, 0.1 M NaCl, and protease inhibitor cocktail (Nacalai
Tesque, Kyoto, Japan) to disrupt residual mother cells, and then the
spores were separated from the suspension by centrifugation as reported
by Isticato et al. (27). Spore coat proteins were extracted from the spores
with sodium dodecyl sulfate (SDS) gel-loading buffer (20) containing 50
mM Tris-HCI (pH 6.8), 100 mM dithiothreitol, 10% glycerol, 2% SDS,
and 0.1% bromophenol blue at 100°C for 10 min. The extracts were im-
mediately fractionated on 12.5% Bis-Tris SDS-PAGE gels with 3-(N-mor-
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FIG 1 Pairwise alignment of B. cereus CotB1 and CotB2 and primary structure of T. pseudonana silacidin A. Alignments of CotB1 with CotB2 (A) and with
silacidin A (B) were performed using the CLUSTAL W program at GenomeNet (http://www.genome.jp/) with default parameters. Black-shaded and gray-shaded
amino acid residues indicate identity and similarity, respectively. The boxed sequence of CotB1 (CGESDESDDSKESSDN) was identified by a local BLAST search
for sequences with significant similarity to silacidin A (SGDSPPSDESEESEDS). The underlined sequence indicates the arginine-rich region of CotB1. The amino

acid sequence of C. fusiformis silaffin-1A, is given for comparison.

pholino)propanesulfonic acid running buffer (28) and stained with Coo-
massie brilliant blue R-250.

Silicate uptake assay. B. cereus cells grown overnight with shaking at
28°C in R2A medium were inoculated (5%) into mR2A medium supple-
mented with 100 g ml™ " silicate. The cultures were incubated at 28°C
with shaking. Samples taken from the cultures at 12-h intervals were cen-
trifuged, and then the silicate concentrations in the supernatants were
measured by using a silicate test kit (Merck, Darmstadt, Germany) ac-
cording to the manufacturer’s instructions.

Acid resistance assay. Sporulation of B. cereus strains was induced in
mR2A medium with or without 100 pg ml ™! silicate as described above.
After the cultures were kept standing at 4°C for 12 h, the spores were
collected by centrifugation at 8,100 X g for 10 min and washed twice with
cold sterile distilled water. The purified spores were suspended in distilled
water to an optical density of 1.0 at 600 nm. Spores were centrifuged and
resuspended in equal volumes of 0.2 N HCl. At the designated times,
samples were diluted with cold water and spread on R2A agar plates. Spore
viability was determined by counting the colonies after a 24-h incubation
at 28°C.

Plasmid construction and transformation. For complementation
tests, a DNA fragment containing the cotBIB2 genes with their putative
promoter and terminator regions was amplified by PCR from the chro-
mosomal DNA of B. cereus using the primers cotB1-F3 and cotB2-R3 (see
Table S1 in the supplemental material). The PCR fragment was digested
with BamHI and EcoRI and then inserted into the same sites of plasmid
pHT304 (29), yielding pHT-cotB1B2. The plasmids carrying either cotBI
or cotB2 gene were amplified by inverse PCR using pHT-cotB1B2 as a
template with the primer pairs cotB1-F4/cotB1-R2 and cotB2-F2/cotB2-
R4, respectively. The amplified DNA fragments were self-ligated to yield
pHT-cotB1 and pHT-cotB2, respectively. To construct the plasmids car-
rying truncated mutants of cotBI, another round of inverse PCR was
performed using pHT-cotB1 as a template with the primer pairs cotB1-
F5/cotB1-R3, cotB1-F6/cotB1-R3, and cotB1-F6/cotB1-R4. The ampli-
fied DNA fragments were self-ligated to yield pHT-cotB1-141, pHT-
cotB1-157, and pHT-cotB1-142/157, respectively. These plasmids were
introduced into the AcotBIB2 strain by electroporation as described
above, and then the transformants were selected at 28°C on LB agar plates
with 10 pg ml™" erythromycin. To construct a plasmid expressing green
fluorescent protein (GFP)-fused CotB1 under the control of the promoter
of cotB1B2, the vector backbone was amplified by inverse PCR using pHT-
cotBl1 as a template with the primers cotB2-F2 and cotB1-R5. A GFP-
encoding DNA fragment was amplified by PCR from pGFPuv (Clontech
Laboratories, Mountain View, CA) using the phosphorylated primers
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gfp-F1 and gfp-R1. These PCR products were ligated by T4 DNA ligase,
yielding pHT-gfp-cotB1. As a control, plasmid pHT-gfp, which expresses
GFP under the control of the promoter of cotBIB2, was prepared by the
same procedures using the primer pairs cotB2-F2/cotB1-R2 and gfp-F1/
gfp-R2. These plasmids were introduced into the wild-type strain by elec-
troporation as described above.

Microscopy. Sporulating cells and spores grown in mR2A medium
supplemented with silicate were harvested at various time points and ob-
served under a BX51 fluorescence microscope equipped with an
UPlanApo X100/1.35 objective lens and a U-MNIBA3 filter (Olympus,
Tokyo, Japan). Images were captured using a DP72 cooled charge-cou-
pled device camera (Olympus). For transmission electron microscopy
(TEM), spores were prepared without silicate as described above. Ultra-
thin sections of the spores were prepared and stained as described previ-
ously (5) except that spores were initially fixed with 2.5% glutaraldehyde
in 0.1 M cacodylate buffer (pH 7.2) containing 0.1% MgSO, for 4 h at4°C,
followed by postfixation with 1% OsO, in 0.2 M cacodylate buffer (pH
7.2) for 10 h at 4°C. The ultrathin sections were observed under a JEM-
1400 transmission electron microscope (JEOL, Tokyo, Japan) operating
at an accelerating voltage of 80 kV.

RESULTS AND DISCUSSION

Silacidin-like sequence in the C-terminal region of CotB1. To
identify the proteins involved in the biosilicification of B. cereus
spores, we performed a local BLAST search of spore coat proteins
using sequences of previously characterized silica-forming pep-
tides (diatom silaffins and silacidins) as queries. Among the 53
spore coat proteins that have been identified in B. cereus to date
(17), a C-terminal region of CotB1 (GenBank accession number
AAP07429.1) showed significant similarity to silacidin A (50%
identity over 16 amino acids, E value 8.5) (Fig. 1, boxed). Silacidin
A is a highly acidic peptide of 28 amino acids that is isolated from
cell walls of the diatom T. pseudonana (9). Interestingly, a gene
encoding a CotBl1 paralog, namely, CotB2 (GenBank accession
number AAP07430.1), is located in tandem downstream of the
cotBI gene on the B. cereus genome (see Fig. S1 in the supplemen-
tal material). The cotBI and cotB2 genes are separated by only 20
bp. The cotBI gene is preceded by a putative o® promoter (30),
which is activated in the mother cell during the late stage of spor-
ulation, whereas no canonical promoter sequence is found in the
500-bp sequence preceding the cotB2 open reading frame. These
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FIG 2 Silicate uptake and spore acid resistance of the B. cereus wild type and
AcotB1B2 and AcotG mutants. (A) Silicate concentrations in the culture super-
natant of the wild-type (@), AcotB1B2 (O), and AcotG (A) strains were mea-
sured at the indicated times after inoculation into mR2A medium supple-
mented with 100 pg ml ™' silicate. Microscopic observation showed that
engulfed forespores formed during the 12 to 24 h period and that mature
spores were gradually released from the mother cells after 36 h. (B) Viability of
wild-type (circles) and AcotB1B2 (triangles) spores in 0.2 N HCI. Spores were
produced in the presence (closed symbols) or absence (open symbols) of sili-
cate. The data represent the means and standard deviations of the results of at
least three independent experiments.

facts imply that the cotBI and cotB2 genes are present in a single
transcriptional unit. Although CotB1 and CotB2 are highly simi-
lar to each other (49% identity and 66% similarity over 131 amino
acids), CotB1 is longer than CotB2 (171 versus 149 amino acids)
and contains a characteristic C-terminal extension (Fig. 1). The
extension overlaps the silacidin A-like sequence identified by the
local BLAST search (residues 142 to 157) (Fig. 1, boxed), which is
rich in serine, aspartate, and glutamate residues, as is the case for
silacidin A. The downstream region (residues 158 to 171) (Fig. 1,
underlined) is rich in serine and positively charged arginine resi-
dues. Such properties are common to diatom silaffins, although
the majority of positively charged residues in silaffins are lysines
(e.g., silaffin R5 [SSKKSGSYSGSKGSKRRIL]) (7). The presence
of the negatively charged silacidin-like sequence and positively
charged arginine-rich sequence would impart a zwitterionic char-
acter to the C-terminal extension of CotB1.

CotB1 is involved in the biosilicification of B. cereus spores.
In order to investigate whether CotB1 and/or CotB2 is involved in
the biosilicification, we constructed a AcorBIB2 mutant strain.
The mutant contains a chromosomal mutation that replaces the
entire cotBI and cotB2 genes with an Sp” cassette. We also con-
structed another mutant strain, a AcotG mutant, as a negative
control, in which the Sp” cassette replaces the gene encoding an-
other spore coat protein Cotry (31) (formerly known as an exospo-
rium protein ExsB [32]; however, recent studies showed that most
of this protein is located in the spore coat [31, 33]). These mutant
strains grew as fast and formed spores at the same rate as the wild
type in mR2A medium with 100 wg ml™"' silicate (data not
shown), suggesting that the cotBIB2 and cotG disruption did not
affect vegetative growth or spore formation. Biosilicification of the
spores was evaluated by measuring the decrease in silicate concen-
tration in the culture supernatant during incubation, because our
previous study indicated that most of the silicate removed from
the culture supernatant is deposited as silica in the spores (5).
During the early stationary phase (24 to 36 h after inoculation),
the silicate concentration in the culture supernatants of the wild
type and AcotG mutant decreased by about 75 g ml ™', while that
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FIG 3 SDS-PAGE analysis (12.5%) of the spore coat proteins. Sporulation of
the B. cereus wild type (WT) and AcotBIB2 mutant was induced in mR2A
medium supplemented with 100 pg ml™" silicate for 48 h. The arrowhead
indicates the position corresponding to the expected size of CotB1 (19.3 kDa).

in the AcotBIB2 culture supernatant decreased by only about 25
wg ml~! (Fig. 2A), indicating that one or both of the cotB1B2
genes are involved in biosilicification.

We previously reported that the biosilicification of the spore
coat increased spore viability under acidic conditions (5). To in-
vestigate whether cotB1B2 disruption affects acid resistance, we
purified spores from the wild-type and mutant strains, which were
produced in mR2A medium with or without silicate, and treated
them with 0.2 N HCI. Consistent with our previous results (5), the
wild-type spores prepared in the presence of silicate showed
higher survival rates than those prepared in the absence of silicate
(Fig. 2B). This was also the case for the AcotG mutant (data not
shown). In contrast, and as expected, the presence of silicate did
not affect the survival rates of the AcotBIB2 spores (Fig. 2B). The
AcotB1B2 spores prepared with or without silicate showed sur-
vival rates similar to those of the wild-type spores prepared with-
out silicate (Fig. 2B). These data indicate that biosilicification-
associated acid resistance was significantly reduced in the
AcotB1B2 spores.

In order to exclude the possibility that the decrease in the sili-
cate uptake and acid resistance in the AcotB1B2 mutant was
caused by incomplete coat assembly, we examined wild-type and
AcotB1B2 spores following thin-section TEM and found no mea-
surable differences in spore coat structure (see Fig. S2 in the sup-
plemental material). Consistent with this, SDS-PAGE analysis of
spore coat proteins from the AcotBIB2 mutant showed specific
loss of a protein with a molecular mass consistent with that of
CotB1 (19.3 kDa) in the AcotBI1B2 spores (Fig. 3, arrowhead). The
absence of CotB2 could not be unequivocally identified on the
SDS gel because of the overlap with other highly expressed protein
bands near the expected molecular mass of CotB2 (16.8 kDa).
These results indicate that the disruption of cotB1B2 genes did not
measurably disrupt the overall spore coat assembly, as reported
for several other spore coat proteins (34-36). Therefore, the de-
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FIG 4 Complementation analysis of AcotBI1B2. (A) Silicate concentrations in
the culture supernatant of the B. cereus wild-type strain carrying pHT304 (@),
AcotBIB2 carrying pHT304 (O), pHT-cotB1B2 (M), pHT-cotB1 (), or pHT-
cotB2 (A) were measured at the indicated times after inoculation into mR2A
medium supplemented with 100 p.g ml ™" silicate. (B) The same experiment
was performed for the wild-type strain carrying pHT304 (@), AcotBI1B2 car-
rying pHT304 (O), pHT-cotB1 (M), pHT-cotB1-141 (), pHT-cotB1-157
(A), or pHT-cotB1-142/157 (A). The data represent the means and standard
deviations of the results of at least three independent experiments.

crease in acid resistance in the AcotB1B2 mutant is not due to
incomplete coat assembly.

To perform gene complementation analysis, we constructed
plasmids carrying cotBI, cotB2, or both of these genes with the
native promoter region of cotB1B2, designated pHT-cotB1, pHT-
cotB2, and pHT-cotB1B2, respectively. Wild-type levels of bio-
silicification were restored by the introduction of either pHT-
cotBl or pHT-cotB1B2 into the AcotB1B2 mutant, whereas this
was not the case for pHT-cotB2 (Fig. 4A). The reduction in acid
resistance caused by cofBIB2 disruption was also restored by the
introduction of pHT-cotB1 and pHT-cotB1B2 but not pHT-
cotB2 (data not shown). These results clearly indicate that only
CotB1 is involved in the biosilicification.

A C-terminal zwitterionic sequence is essential for biosilici-
fication. As noted above, CotB1 (but not CotB2) has a C-terminal
extension consisting of a negatively charged silacidin-like region
(residues 142 to 157) and a positively charged arginine-rich region
(residues 158 to 171) (Fig. 1). To investigate whether the zwitter-
ionic extension is essential for biosilicification, we constructed
three plasmids encoding C-terminally truncated mutants of
CotB1: pHT-cotB1-141 encodes CotB1 lacking residues 142 to
171, pHT-cotB1-157 encodes CotB1 lacking residues 158 to 171,
and pHT-cotB1-142/157 encodes CotB1 lacking the residues be-
tween 142 and 157. Introduction of any of these mutant plasmids
into the AcotBIB2 did not restore the biosilicification (Fig. 4B),
although comparable amounts of the C-terminally truncated
CotB1 proteins were expressed and integrated in the spores (see
Fig. S3 in the supplemental material). These results strongly sug-
gest that both the silacidin-like and arginine-rich sequences,
which would impart a zwitterionic character to the C terminus of
CotB1, are essential for biosilicification.

Expression and localization of CotB1. To further examine the
relationship between CotB1 and biosilicification, we monitored
the time course of expression and subcellular localization of
CotB1 during sporulation. First, we constructed a plasmid con-
taining the cotBI1B2 promoter region followed by a chimeric gene,
gfp-cotBI, that encodes CotB1 with an N-terminal GFP (pHT-gfp-
cotB1), and then we introduced it into the AcotBI1B2 mutant.
However, the levels of biosilicification were not completely re-
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FIG 5 Bright-field and fluorescence microscopic analysis of GFP-CotB1 dur-
ing sporulation. The B. cereus wild-type strains carrying pHT-gfp-cotB1 (GFP-
CotB1) or pHT-gfp (GFP) were grown in mR2A medium supplemented with
100 g ml ™" silicate. Samples were taken at the indicated times after inocula-
tion and observed by bright-field (BF) and fluorescence (FL) microscopy.
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stored in the transformant (data not shown), implying that the
presence of the fused GFP attenuates CotB1 function. Therefore,
we introduced pHT-gfp-cotB1 into the wild-type strain, produc-
ing a merodiploid strain that contains gfp-cotBI fusion on the
plasmid in addition to the native cotBI chromosomal locus. The
transformant grew and sporulated normally in mR2A medium,
and its levels of biosilicification were the same as those of the
wild-type strain (data not shown). In the merodiploid strain, no
fluorescence signals were detected under fluorescence microscopy
at 12 h after inoculation, which is approximately 2 h after entry
into sporulation (Fig. 5). At 24 h after inoculation, when the sili-
cate uptake started and the engulfed forespores could be observed
by bright-field microscopy, green fluorescence was distributed
around the entire forespores (Fig. 5). This expression time course
agrees well with the presence of a putative ¢ promoter (30) up-
stream of the cotBI gene, which is activated in the mother cell
during the late stage of sporulation (see Fig. S1 in the supplemen-
tal material). Subsequently, GFP fluorescence was consistently as-
sociated with the developing spores, and finally formed a complete
ring around the mature spores. This fluorescence localization pat-
tern is essentially the same as those of previously reported GFP-
fused spore proteins located in the exosporium and/or spore coat
(37-39), where silica is deposited in B. cereus (5). In contrast, in
the wild-type strain carrying pHT-gfp that contains only the gfp
gene instead of gfp-cotBI, GFP fluorescence was dispersed
throughout the mother cell cytoplasm and did not localize on the
spore. Taken together, the timing of CotB1 expression and its
localization agree well with the time course of biosilicification and
the location of the deposited silica, supporting the direct involve-
ment of this protein in silica formation.

CotB1 may be the founding member of a subset of prokary-
otic proteins that stimulate biosilicification. As described above,
the C-terminal zwitterionic sequence of CotB1 is similar to dia-
tom silica-forming peptides, silaffins and silacidins (Fig. 1), and is
essential for biosilicification in vivo (Fig. 4B). In contrast, no proteins
homologous to sponge silicatein «, which is involved in biosilicifica-
tion in siliceous sponges (40, 41), are found in the B. cereus genome.
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These facts suggest that B. cereus and diatoms share similar mo-
lecular mechanisms for silica formation, although the very limited
overlapping lengths between CotB1 and silaffins/silacidins pre-
vent further investigation into the evolutionary relationships
among them. Scheffel et al. proposed that preassembled protein-
based templates are general components of the cellular machinery
for silica morphogenesis in diatoms (8). Our findings clearly in-
dicate that this is also the case for bacteria, because B. cereus CotB1
is also a component of an insoluble supramolecular aggregate (the
spore coat) that serves as a template for silica formation. To the
best of our knowledge, this is the first report of an intracellular
protein that stimulates biosilicification in prokaryotes.

The CotB1 homologs that contain the C-terminal zwitterionic
sequence are common to biosilicifying B. cereus relatives (e.g.,
GenBank accession numbers AIF54819.1 [B. anthracis] and
ADHO05148.1 [B. thuringiensis]) but not to nonbiosilicifying Ba-
cillus species (such as B. subtilis) or other organisms. These facts
are consistent with our previous finding that all of the biosilicify-
ing bacteria, which we isolated from paddy field soil, belong to or
are closely related to the B. cereus group (5). Our findings indicate
that CotB1 plays an important role in prokaryotic biosilicification.
However, the presence of a CotB1 homolog is not sufficient for
biosilicification. For example, biosilicification was not observed in
the spores of B. mycoides (also a member of the B. cereus group)
(5), although this bacterium has a CotB1 homolog with a zwitter-
ionic sequence (GenBank accession number EEM01263.1). These
findings clearly indicate the involvement of an additional factor(s)
in the biosilicification of Bacillus spores. Such a factor(s) probably
includes the presence of silicate transporters, because spore biosi-
licification is likely to require active transport of silicate into the
mother cells. Since biosilicification occurs before the release of
the spores (5), silicate needs to be taken up via transporters on the
mother cell surface. The slight decrease in silicate concentration in
the culture supernatant in the AcotB1B2 mutant (Fig. 2A) could be
attributable to silicate uptake into the mother cells by the silicate
transporters. Since the mutant cells cannot efficiently polymerize
silicate, most of it is later released during mother cell lysis. In
diatoms, silica deposition is tightly coupled to silicate transport,
which is mediated by specific transporters (42, 43). Influx and
efflux silicate transporters have been also identified in higher
plants (44, 45). However, counterparts of the eukaryotic silicate
transporters have not been identified in prokaryotes. Elucidation
of the mechanism of silicate transport in B. cereus may help ex-
plain the differences in biosilicification among Bacillus species and
could also provide new insights into the distribution of biosilici-
fication in prokaryotes.
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Table S1. DNA primers used in this study

Primer

Sequence (5’ to 3")*

Mutant construction
spc-F1
spc-R1
cotB1-F1
cotB1-R1
cotB2-F1
cotB2-R1
cotG-F1
cotG-R1
cotG-F2
cotG-R2

Mutant screening
spc-F2

spc-R2

cotB1-F2
cotB2-R2

cotG-F3

cotG-R3

Plasmid construction
cotB1-F3
cotB2-R3
cotB1-F4
cotB1-R2
cotB2-F2
cotB2-R4
cotB1-F5
cotB1-R3
cotB1-F6
cotB1-R4
cotB1-R5
gfp-F1°
gfp-R1°
gfp-R2°

GGAGATCTGTATAATAAAGAATAATTATTAATC
ATTGGTCGACTAAATTAAAGTAATAAAGCGTTCTC
ACGGACGCGTTTTGTAAGATGACCTTG
AAAGATCTGAGAAAACCCCTTCCATTAA
AGATGTCGACTGTTTAATAAATAAGAGGGGCATT
TATAACGCGTTAGCTCGTACACAATGTTTATAAG
ATCTACGCGTTAACGTATTATACCCTTGAATGCG
CGAGATCTAGAAATCCTCCTTATCATGTATTAAAG
TAACGTCGACTTTTTATACCACCCAAAAAAGGC
AATTACGCGTAATGGCCCAATCACATTAGTTG

GTGATGATAAGTGGGAAGGACTAT
TTGCTCATGATTTCACCTCGTTG
AAATGGCATATTTAGTATAGAAGCAATATACTGTT
TAATTGATAACGAATTCGGAAACTGCTC
TCGGCCTCATAAACGAAACTGTGAA
TAAGCGAATGAGTTCTGCACCAGAA

GCGAGAGGATCCAAAGACGAAGATTAAACTA
TCAGGTGAATTCATATCCTCCTTCCTACGAA
TTATCTTCCTCTACTTGATTGTC
TGTTTAATAAATAAGAGGGGCAT
GAGAAAACCCCTTCCATTAATTT
TTGGAGAATGTATTATGCTGTGA
TGCTAAAGCATTATAGTTAACACTTTTAA
TAATGTTTAATAAATAAGAGGGGC
ATTATCGCTACTTTCCTTACTATCG
TCAGGTCGTGCTCGTGCACAA
AGTTTATTTCATTGTGATTTTTTGAAAGAC
ATGAGTAAAGGAGAAGAACTTTTCAC
TTTGTAGAGCTCATCCATGCCATG
TTATTTGTAGAGCTCATCCATGCCA

¢ Underlined sequences indicate restriction sites.
b These primers were phosphorylated at the 5’ end.



61

121

181

241

301

361

421

481

541

601

661

721

781

841

901

961

1021

1081

GTAGTCTACCATGTTAAAAGCATATTTTTTTCTAGCTAGGACAAACATAGAGAACGTAAC

CTGTACAGATACATATACTATCAGTGCAAAAGCTTATAAATTAATGGAAGGGGTTTTCTC

cotBl
GTGAGTTTATTTCATTGTGATTTTTTGAAAGACTTAATTGGATCTTTTGTGAGAGTAAAC
M S L ¥ H C D F L K D L I G S F V R V N

AGGGGTGGTCCAGAATCTCAAAAAGGAACAATAATATCAGTATGTCAGGACTACTTCGTA
R 6 G P E S 0 K T I I s v C Q D Y F V

TTGAAGAATGAAAAAGGTGAGCTTTATTACTATCAACTTAAACATCTAAAAAGTATTACA
L K N E K G E L ¥ Y Y 0 L K H L K s I T

AAAAATGCGAAAGAATGTGGATCAAGTGATTGTGAGTGGGAAGATTGCGCCTGTGCAGAA
K N A K E C GG S s D C E W E D C A C A E
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Fig. S1. Nucleotide sequence of cotB1B2 genes with its promoter region (retrieved from GenBank
accession number AE016877.1; region 368,717—369,856). Concensus sequence of a putative 6" -specific

promoter is underlined, and the initiation codons of cotBI and cotB2 are written in boldface type. The
elements in the concensus sequence AC and CATA---TA correspond to the —35 and —10 regions of the
promoter, respectively (1).

1. Eichenberger P, Fujita M, Jensen ST, Conlon EM, Rudner DZ, Wang ST, Ferguson C, Haga K,
Sato T, Liu JS, Losick R. 2004. The program of gene transcription for a single differentiating cell
type during sporulation in Bacillus subtilis. PLoS Biol 2:1664—1683.



Fig. S2. Spore coat structures of the B. cereus wild type and AcotB1B2 mutant. TEM images of ultrathin-
sections of the wild-type spores (A) and AcotBIB2 spores (B). Dark-staining spore coat (CT) and

underlying undercoat (UC) are visible in both images. Scale bar, 100 nm. CR, core; CX, cortex; EX,
exosporium.
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Fig. S3. SDS-PAGE analysis (12.5%) of the spore coat proteins of the B. cereus AcotBIB2 mutant
harboring plasmids encoding C-terminally truncated CotB1 proteins. Sporulation was induced in mR2A
medium supplemented with 100 pg ml™! silicate for 48 h. Lane 1, wild-type strain carrying pHT304; lanes
2-6, AcotB1B2 carrying pHT304 (lane 2), pHT-cotB1 (lane 3), pHT-cotB1-141 (lane 4), pHT-cotB1-157
(lane 5), or pHT-cotB1-142/157 (lane 6). The arrowheads indicate the position of the expressed proteins.
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Abstract We recently reported that silica is deposited on the
coat of Bacillus cereus spores as a layer of nanometer-sized
particles (Hirota et al. 2010 J Bacteriol 192: 111-116). Gene
disruption analysis revealed that the spore coat protein CotB1
mediates the accumulation of silica (our unpublished results).
Here, we report that B. cereus CotB1 (171 amino acids [aa])
and its C-terminal 14-aa region (corresponding to residues
158-171, designated CotB1p) show strong affinity for silica
particles, with dissociation constants at pH 8.0 of 2.09 and
1.24 nM, respectively. Using CotB1 and CotBlp as silica-
binding tags, we developed a silica-based affinity purification
method in which silica particles are used as an adsorbent for
CotB1/CotBl1p fusion proteins. Small ubiquitin-like modifier
(SUMO) technology was employed to release the target pro-
teins from the adsorbed fusion proteins. SUMO-protease-
mediated site-specific cleavage at the C-terminus of the fused
SUMO sequence released the tagless target proteins into the
liquid phase while leaving the tag region still bound to the
solid phase. Using the fluorescent protein mCherry as a mod-
el, our purification method achieved 85 % recovery, with a
purity of 95 % and yields of 0.60+0.06 and 1.13+0.13 mg per
10-mL bacterial culture for the CotB1-SUMO-mCherry and
CotB1p-SUMO-mCherry fusions, respectively. CotBlp, a
short 14-aa peptide, which demonstrates high affinity for
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silica, could be a promising fusion tag for both affinity puri-
fication and enzyme immobilization on silica supports.

Keywords Affinity purification - Fusion tag - Silica-binding
peptide - Small ubiquitin-like modifier - Bacillus cereus -
CotB1

Introduction

Affinity tags are highly efficient tools for protein purification.
A variety of proteins, domains, and peptides have been used as
affinity tags to facilitate the purification of proteins of interest
from crude extracts (Arnau et al. 2006; Malhotra 2009; Terpe
2003; Waugh 2005). We previously reported a novel affinity
purification method using a silica-binding tag designated “Si-
tag” (Ikeda and Kuroda 2011; Taniguchi et al. 2007), with
inexpensive commercial silica (SiO,) particles serving as the
specific adsorbent (Ikeda et al. 2010, 2011). The purity and
yield achieved with this method are comparable to conven-
tional affinity purification methods (Lichty et al. 2005) but at
lower cost (Ikeda et al. 2010). Si-tag affinity purification can
be used even under denaturing conditions (i.e., 8 M urea),
enabling purification of inclusion body proteins (Ikeda et al.
2011). However, the large size of the Si-tag (273 amino acids
[aa]) and high concentration of divalent cations (e.g., 2 M
MgCl,) required to elute Si-tagged fusion proteins may neg-
atively affect the intrinsic properties and function of the fusion
partner. Another potential disadvantage of the large protein
affinity tag is that it wastes more metabolic energy during
overproduction than small tags do (Malhotra 2009; Waugh
2005). These drawbacks motivated us to develop a method
utilizing shorter silica-binding tags and milder elution condi-
tions for silica-based affinity purification.

We recently reported that silica is deposited on the coat of
Bacillus cereus spores as a layer of nanometer-sized particles
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(Hirota et al. 2010). The spore coat is a proteinaceous shell
composed of more than 50 proteins (Henriques and Moran
2007). Gene disruption analysis revealed that the spore coat
protein CotB1 (171 aa) mediates the accumulation of silica
(Motomura et al. in preparation). We also found that the C-
terminal 14-aa region (corresponding to residues 158—171) is
rich in positively charged and serine residues (five arginine
and three serine residues). Such features are similar to those of
the well-characterized silica-precipitating peptides (silaffins)
isolated from diatoms (Pamirsky and Golokhvast 2013), sug-
gesting that CotB1, particularly its C-terminal 14-aa region
(designated CotB1p), interacts with silica surfaces (Motomura
et al. in preparation).

In this report, we demonstrate that CotB1 binds strongly to
silica surfaces. CotBlp also binds to silica surfaces, with
affinity comparable to that of CotB1, suggesting that the C-
terminal 14-aa region of CotB1 mediates silica binding. To
develop a recombinant protein purification method using
CotB1/CotBlp as silica-binding tags, we employed small
ubiquitin-like modifier (SUMO) technology (Butt et al.
2005; Malakhov et al. 2004; Marblestone et al. 2006) to
facilitate release of the target protein from the solid phase
(Lee et al. 2008). The combination of silica-binding CotB1/
CotB1p and SUMO-protease-mediated site-specific cleavage
at the C-terminus of the fused SUMO sequence enables puri-
fication of tagless target proteins with high purity and yield.

Materials and methods
Materials

Silica particles (x-quartz) with a diameter of approximately
0.8 wm were purchased from Soekawa Chemical Co., Ltd.
(Tokyo, Japan) and used without any pretreatment. SUMO
protease (with an N-terminal His-tag) was purchased from
LifeSensors, Inc. (Malvern, PA, USA). All chemicals used
in this study were of analytical grade.

Construction of expression plasmids for GFP-CotB1
and GFP-CotB1p fusions

The DNA fragment encoding CotB1 was amplified by poly-
merase chain reaction (PCR) from B. cereus ATCC 14579
genomic DNA using the primers CotB1-F and CotB1-R (a list
of the primers used in the study is shown in Table 1). The
resulting PCR fragment was digested with HindIIl and Xhol
and then inserted into the HindIIl-XAol sites of pET-47b
(Novagen/Merck KGaA, Darmstadt, Germany). The resulting
plasmid was designated pET-CotB1. Subsequently, a green
fluorescent protein (GFP)-encoding DNA fragment was am-
plified by PCR from pGFPuv (Clontech Laboratories, Inc.,
Mountain View, CA, USA) using the primers GFP-F and
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Table 1 Primers used in this study

Name DNA sequence (5' to 3')* Restriction site

CotB1-F GCCGCAAAGCTTGTGAGT HindIIl
TTATTTCATTGTGAT

CotB1-R CCCCTCTCGAGTTATCTTC Xhol
CTCTACTTGATTGTCT

GFP-F TAATAACCGCGGATATGA Sacll
GTAAAGGAGAAGAACTT

GFP-R AGTATAGAATTCCGTTTGTA EcoRI
GAGCTCATCCATG

CotBlp-F TCAGGTCGTGCTCGTGCACAA

CotBIp-R CGCCAAGGCCTGTACAGAATT

GFP-CotBI-F  TAACTCGAGGCTTAATTAAC
CTAGGCT

GFP-CotBI-R  CGCCAAGGCCTGTACA
GAATT

mCherry-F AAGGTCTCAAGGTATGGTGA  Bsal
GCAAGGGCGAGGA

mCherry-R AAAGGTCTCTCTAGACTACTT  Bsal
GTACAGCTCGTCCA

mChe-SUMO-F  GGCAGTATGTCCGACT
CAGAAGTC

mChe-SUMO-R  ACCGCCCATATGTATATCTC
CTTCTTAAAG

 Restriction sites are underlined

GFP-R. The resulting PCR fragment was digested with Sacll
and EcoRI and then cloned into the Sacll-EcoRI sites of pET-
CotB1. The resulting plasmid was designated pET-GFP-
CotBI.

Inverse PCR using the primers CotB1p-F and CotB1p-R
with pET-GFP-CotB1 serving as the template and self-ligation
of the resulting amplified DNA were employed to construct
pET-GFP-CotB1p. Another round of inverse PCR was per-
formed using the primers GFP-CotB1-F and GFP-CotB1-R,
and the resulting amplified DNA was self-ligated to construct
pET-GFP.

Expression and purification of GFP-CotB1 and GFP-CotB1p

The expression plasmids pET-GFP-CotB1, pET-GFP-
CotBlp, and pET-GFP were introduced into Escherichia
coli Rosetta(DE3)pLysS (Novagen/Merck KGaA). The
transformants were grown at 37 °C in 2x YT medium
(Green and Sambrook 2012) supplemented with 50 pg/
mL of kanamycin and 30 pug/mL of chloramphenicol. When
the culture reached an optical density at 600 nm of 0.5,
0.2 mM isopropyl-[3-D-thiogalactopyranoside was added to
the medium to induce expression of the recombinant pro-
teins. After an additional 8 h of cultivation at 28 °C (for
pET-GFP-CotB1) or 4 h at 37 °C (for pET-GFP-CotB1p
and pET-GFP), the cells were harvested by centrifugation,
and the resulting pellets were resuspended in 25 mM Tris-
HCI buffer (pH 8.0) containing 20 % (v/v) glycerol. The
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cells were then disrupted using lysozyme and sonication,
followed by centrifugation to remove cell debris. The su-
pernatants containing soluble recombinant proteins with an
N-terminal His-tag were loaded onto a HisTrap FF column
(GE Healthcare UK Ltd, Buckinghamshire, UK) equilibrat-
ed with 25 mM Tris-HCl buffer (pH 8.0) containing 20 %
(v/v) glycerol. Proteins were eluted with a linear gradient
from 0 to 0.5 M imidazole in the same buffer. Fractions
containing the recombinant proteins were collected and
then applied to a POROS HQ anion exchange column
(Applied Biosystems/Life Technologies Corporation,
Carlsbad, CA, USA) equilibrated with the same buffer.
Proteins were eluted with a linear gradient from 0 to 1 M
NaCl in the same buffer. Fractions containing the recombi-
nant proteins were collected and dialyzed at 4 °C against
25 mM sodium phosphate buffer (pH 8.0).

Determination of the dissociation constants (Ky) values
for GFP-CotB1 and GFP-CotBlp

Purified GFP-CotB1 and GFP-CotB1p were diluted to various
concentrations (10-100 nM) in 1 mL of 25 mM sodium
phosphate buffer (pH 8.0). The diluted protein solutions were
then mixed with 10 pL of 10 mg/mL silica particle suspension
(corresponding to 0.1 mg dry weight of silica particles). After
incubation for 15 min, the silica particles were removed by
centrifugation at 5,000xg for 2 min. The amount of each
fusion protein bound to the silica particles was determined
by subtracting the fluorescence intensity associated with the
GFP remaining in the supernatant from the initial fluorescence
intensity. The resulting data were fitted to the Langmuir iso-
therm to determine the Ky value.

Construction of expression plasmids
for CotB1-SUMO-mCherry (CotB1-SC)
and CotB1p-SUMO-mCherry (CotB1p-SC) fusions

In order to construct fusion proteins consisting of CotB1 (or
CotB1p), SUMO, and a protein of interest, we first construct-
ed plasmids carrying the gene encoding either the CotB1-
SUMO or CotB1p-SUMO fusion followed by two Bsal sites
for cloning the protein of interest (Panavas et al. 2009). The
amino acid sequence of either CotB1 or CotBlp was fused
with that of SUMO (Saccharomyces cerevisiae Smt3p; acces-
sion number NP_010798), in that order, with an intervening
GGGS linker. The nucleotide sequences of the CotB1-SUMO
and CotB1p-SUMO fusion genes were designed in order to
optimize codon usage for translation in E. coli. The Bsal
cloning sites and adjacent sequences, which were described
by Panavas et al. (2009), were added downstream of the fusion
gene so that the protein of interest could be fused directionally
to the C-terminus of SUMO without any additional sequence.
Because SUMO protease selectively cleaves the polypeptide

chain at the Gly-Gly motif located at the C-terminal end of the
SUMO sequence in the resulting fusion protein, the desired
protein with an authentic N-terminus would be released when
the gene of interest is appropriately cloned downstream of the
SUMO gene (Malakhov et al. 2004). In addition, an Ndel site
was added at the ATG start codon of the fusion gene, and a
BamHI site was added downstream of the Bsal sites. The two
designed DNA fragments (nucleotide sequences are shown in
Figs. S1 and S2, which are available as electronic supplemen-
tary material) were synthesized by BEX Co., Ltd. (Tokyo,
Japan) and cloned into the Ndel-BamHI sites of pET-24b
(Novagen/Merck KGaA). The resulting plasmids were desig-
nated pET-CotB1-SUMO (carrying the CotB1-SUMO fusion
gene) and pET-CotB1p-SUMO (carrying the CotB1p-SUMO
fusion gene).

The gene encoding the fluorescent protein mCherry
(Shaner et al. 2004) was amplified by PCR from pmCherry
(Clontech Laboratories, Inc.) using the primers mCherry-F
and mCherry-R (Table 1). The amplified fragment was
digested with Bsal and cloned into the Bsal-digested pET-
CotB1-SUMO and pET-CotB1p-SUMO plasmids to con-
struct pET-CotB1-SC and pET-CotB1p-SC, respectively.

Inverse PCR using the primers mChe-SUMO-F and mChe-
SUMO-R with pET-CotB1-SC serving as the template and
self-ligation of the resulting amplified DNA were employed to
construct pET-SUMO-mCherry.

Expression of CotB1-SC and CotB1p-SC

The expression plasmids pET-CotB1-SC, pET-CotB1p-SC,
and pET-SUMO-mCherry were introduced into E. coli
Rosetta(DE3)pLysS, and the transformants were grown in
2x YT medium as described above. When the culture reached
an optical density at 600 nm of 0.5, 0.2 mM isopropyl-3-D-
thiogalactopyranoside was added to the medium to induce
protein expression. After an additional 8 h of cultivation at
28 °C (for pET-CotB1-SC) or 4 h at 37 °C (for pET-CotB1p-
SC and pET-SUMO-mCherry), the cells were harvested by
centrifugation, and the pellets were stored at —80 °C until use.

Optimization of silica-binding conditions

The CotB1-SC and CotBl1p-SC fusion proteins were
expressed in E. coli Rosetta(DE3)pLysS harboring either
pET-CotB1-SC or pET-CotB1p-SC, respectively, as described
above. Cell pellets harvested from 1-mL cultures (typically
10 mg wet weight of cells) were suspended in 0.5 mL of
25 mM Tris-HCI buffer at various pHs (pH 7.0-9.0) or
25 mM sodium phosphate buffer (pH 6.0-8.0) and disrupted
by sonication. After centrifugation at 20,000xg for 30 min,
the supernatants (cleared cell lysates) containing the recombi-
nant proteins were mixed with 0.5 mL of silica-particle sus-
pension in the same buffer (final silica concentration of 25 mg
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dry weight/mL) for 15 min at room temperature. Silica parti-
cles with bound protein were collected by centrifugation at
5,000 x g for 2 min and then washed three times with 1 mL of
the same suspension buffer. After the supernatant was
carefully removed, proteins still bound to the particles
were released by boiling in Laemmli sample buffer
(Laemmli 1970) for 5 min and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE; 15 %). Gels were stained with Coomassie
brilliant blue (CBB) R-250, and the target protein was
quantified by densitometric analysis using Imagel soft-
ware, version 1.41 (Schneider et al. 2012).

Similar experiments were conducted in 25 mM Tris-HCI
buffer (pH 8.0) with varying concentrations of silica (0—30 mg
dry weight/mL) and nonionic detergent (0—1.5 % [v/v] Tween
20 or Triton X-100) for varying periods of incubation time (1—
30 min).

Affinity purification of mCherry using CotB1/CotBl1p as
a silica-binding tag

Cell pellets harvested from 10-mL cultures were resuspended
in 2 mL of 25 mM Tris-HCI buffer (pH 8.0) and disrupted by
sonication. After centrifugation at 20,000 x g for 30 min, the
cleared cell lysates were mixed with 250 mg dry weight of
silica particles by gentle rotation for 15 min at room temper-
ature. After centrifugation at 5,000% g for 2 min, the particles
were washed three times with 25 mM Tris-HCI buffer
(pH 8.0) containing 150 mM NaCl and then resuspended in
2 mL of the same buffer. SUMO protease (80 units) was then
added to the suspension. After 3-h incubation at room tem-
perature, the suspension was centrifuged at 5,000xg for
2 min. The resulting supernatants containing the cleaved
mCherry protein were collected and analyzed by SDS-
PAGE. The protein concentration was determined using the
Bradford method (Bradford 1976) with bovine serum albumin
as the standard.

Nucleotide sequence data

The nucleotide sequences of the CotB1-SUMO and CotB1p-
SUMO fusions are available in the DDBJ/EMBL/GenBank
databases under the accession numbers AB904509 and
AB904510, respectively.

Results

Binding of GFP-CotB1 and GFP-CotBl1p to silica particles
To test whether CotB1 and its C-terminal 14-aa peptide

CotBl1p bind to silica surfaces, we constructed the respective
GFP fusion proteins (Fig. 1). Cleared lysates of recombinant
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Fig. 1 Schematic representation of the structures of the CotB1/CotB1p
fusion proteins constructed in this study. Arrowheads indicate SUMO
protease cleavage sites

E. coli cells expressing GFP-CotB1, GFP-CotB1p, or GFP as
a control were mixed with silica particles for 15 min at room
temperature. Silica particles with bound protein were collected
by centrifugation and washed three times with 25 mM Tris-
HCl buffer (pH 8.0) containing 0.5 % (v/v) Tween 20. Proteins
remaining bound to the particles were released by boiling in
Laemmli sample buffer (Laemmli 1970) and then analyzed by
SDS-PAGE. Densitometric analysis of the CBB-stained gel
showed that 65 % of the GFP-CotB1 and 60 % of the GFP-
CotB1p fusion proteins bound to the silica particles, whereas
GFP alone did not bind to silica particles under the experi-
mental conditions used (data not shown). These results clearly
indicate that both CotB1 and CotBlp function as silica-
binding fusion tags.

We then evaluated the silica-binding affinity of GFP-
CotB1 and GFP-CotBlp. Adsorption data for the purified
proteins mixed with silica particles were fitted to the Lang-
muir isotherm (Fig. 2). The silica-binding K values for GFP-
CotB1 and GFP-CotB1p were 2.09 and 1.24 nM, respectively.
The maximum amount of GFP-CotB1 and GFP-CotBlp
bound was 44.6 and 25.1 pug/mg dry weight of silica particles
(corresponding to 0.91 and 0.82 nmol/mg of silica),
respectively.

Optimization of silica-binding conditions

In the strategy we adopted for development of a silica-based
affinity purification method using CotB1/CotB1p, silica
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Fig. 2 Binding of GFP-CotB1 (a) and GFP-CotB1p (b) to silica parti-
cles. Data were fitted to the Langmuir isotherm (solid line) to determine
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particles were used as an adsorbent for the CotB1/CotBlp
fusion proteins. To release the target protein from the adsorbed
fusion proteins using this approach, we introduced a protease
recognition site between the N-terminal CotB1/CotBlp tag
and the C-terminal target protein. Addition of the appropriate
protease would then result in cleavage of the silica-bound
fusion protein and release of the tagless target protein into
the liquid phase, with the tag region remaining bound to the
solid phase. In the following experiments, we used CotB1/
CotBlp, SUMO, and mCherry fusion proteins (designated
CotB1-SC and CotB1p-SC; Fig. 1) as models to evaluate the
affinity purification method. The fluorescent protein mCherry
was selected as the model target protein, and SUMO, the C-
terminal end of which is selectively cleaved by SUMO prote-
ase, was introduced as the protease recognition site.

To maximize the yield of our affinity purification method,
we determined the optimal silica-binding conditions for
CotB1/CotB1p fusion proteins using cleared lysates of recom-
binant E. coli cells expressing CotB1-SC or CotBlp-SC.
Lysates of cell pellets harvested from 1-mL cultures (typically
10 mg wet weight of cells) were mixed with silica particles in
atotal volume of 1 mL, and the amount of protein bound to the
silica particles was determined by SDS-PAGE as described in
the “Materials and methods” section.

We first determined the optimal pH for silica binding,
examining the pH range 6.0-9.0. Both the CotB1 and CotB1p
fusion proteins bound to silica over a wide pH range, with
slightly different optimal pH values (Fig. 3a). In contrast,
SUMO-mCherry (without CotB1 nor CotBl1p) did not bind
to silica particles at any pH examined (data not shown),
confirming that CotB1 (particularly the C-terminal CotBlp
region) mediates silica binding. Because over 90 % of both
CotB1-SC and CotB1p-SC bound to silica at pH 8.0, the
following experiments were performed in 25 mM Tris-HCI
buffer at pH 8.0.

Next, we determined the optimal silica concentration. The
amount of the bound protein increased proportionally to the
amount of silica particles added, reaching a plateau of >90 %
binding of the fusion proteins with addition of >25 mg dry
weight of silica particles in the 1-mL cleared lysate solution
typically containing 10 mg wet weight of cells (Fig. 3b). Ata
silica concentration of 25 mg dry weight/mL, approximately
85 % of both fusion proteins adsorbed to the silica particles
during the first minute of the incubation, and the amount of
protein adsorbed reached a plateau within 15 min (Fig. 3c¢).

Finally, we investigated the effect of adding detergent to
the binding buffer because nonionic detergents (e.g., Tween
20 and Triton X-100) have been used in other studies to reduce
nonspecific binding of host proteins to silica surfaces (Bolivar
and Nidetzky 2012; Castelletti et al. 2000). Although we also
found that addition of Tween 20 or Triton X-100 did reduce
the degree of nonspecific binding of host proteins to the silica
particles (data not shown), these detergents also reduced the
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Effect of nonionic detergents. Open circles and squares CotB1-SC with
Tween 20 and Triton X-100, respectively. Closed circles and squares
CotB1p-SC with Tween 20 and Triton X-100, respectively

binding of CotB1-SC and CotB1p-SC (Fig. 3d). Therefore, no
detergents were added to the binding buffer in the subsequent
experiments.

(kDa)
16 o ==

66.2 T <

450 T <

31.0

215

14.4 1

6.5

Fig. 4 SDS-PAGE analysis (15 %) of the affinity purification of
mCherry using silica particles as an adsorbent. CotB1 (lanes 1—4) or
CotBlp (lanes 5—8) was used as a silica-binding tag. Lanes 1 and 5 cell
lysate, lanes 2 and 6 silica-bound fraction, /anes 3 and 7 silica-bound
fraction after SUMO protease treatment, /anes 4 and 8 proteins released
from solid phase after SUMO protease treatment, /ane M molecular mass
markers. For lanes 2, 3, 6, and 7, proteins bound to silica particles were
released by boiling in Laemmli sample buffer (Laemmli 1970). Proteins
were stained with CBB R-250. Open arrowheads indicate the expressed
CotB1-SC and CotB1p-SC fusion proteins. Closed arrowheads indicate
the CotB1-SUMO and CotB1p-SUMO fragments after SUMO protease
treatment
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Table 2 Purification of mCherry from E. coli using CotB1 as a silica-binding tag”

Step Total protein (mg)  Fusion protein (mg)®  Target protein (mg)  Purity (%)°  Purification (-fold)  Yield (%)
Cell lysate 9.28 1.42 (0.66)° 15 1.0 100>
Silica-binding fraction 4.50 1.35 (0.63)° 30 2.0 95b©
SUMO protease elution  0.60 ND 0.56" 93 6.2 84°

ND not detected
# Starting material was approximately 0.1 g wet weight of cells
® Determined by densitometric analysis of SDS-PAGE protein bands

¢ Calculated by multiplying the amount of fusion protein by the ratio of the molecular mass of mCherry (26.7 kDa) to the molecular mass of the fusion

protein (57.5 kDa)

Affinity purification of mCherry using CotB1/CotB1p as
silica-binding tags

Using the optimized conditions described above, CotB1-SC
(57.5 kDa) and CotB1p-SC (39.9 kDa) were isolated from
cleared cell lysates by immobilization on silica particles and
analyzed by SDS-PAGE (Fig. 4, lanes 2 and 6, open arrow-
heads). Some host proteins also adsorbed onto and remained
adsorbed to the silica particles even after washing. To recover
the tagless mCherry protein from the bound fusion proteins,
we added SUMO protease to the suspension of CotB1-SC- or
CotB1p-SC-bound silica particles. SDS-PAGE analysis re-
vealed that most of each of the recombinant proteins was
cleaved after 3 h of incubation and that the CotB1-SUMO
and CotB1p-SUMO fragments (30.8 and 13.2 kDa, respec-
tively) remained bound to the silica particles (Fig. 4, lanes 3
and 7, closed arrowheads). The mCherry fragment (26.7 kDa)
was released into the supernatant (Fig. 4, lanes 4 and 8).
Because we used much less SUMO protease compared with
the recombinant proteins (less than 0.1 % [w/w]), the SUMO
protease band (~26 kDa) was not visible on SDS-PAGE
(Fig. 4, lanes 4 and 8). The discrepancies between the calcu-
lated molecular masses and pattern of band migration on the
gel could be ascribed to aberrant migration of the SUMO band
(Marblestone et al. 2006) as well as the mCherry band (the
mCherry parental protein mRFP1 [25.4 kDa] migrates as a

>30-kDa band on SDS-PAGE [Campbell et al. 2002]). Den-
sitometric analysis of the CBB-stained protein bands showed
that the purity of the released tagless mCherry was approxi-
mately 95 %.

Typical results for the affinity purification of mCherry
using the CotB1-SC and CotB1p-SC fusion proteins are sum-
marized in Tables 2 and 3, respectively. The mCherry recov-
ery rate was approximately 85 %, with yields of 0.60+0.06
and 1.13+0.13 mg (mean =+ standard deviation from three
independent experiments) per 10-mL culture for CotB1-SC
and CotB1p-SC, respectively. The 2-fold higher yield obtain-
ed with CotB1p-SC compared to CotB1-SC was due to higher
expression of CotB1p-SC in E. coli (Tables 2 and 3).

Discussion

In this study, we found that the B. cereus spore coat protein
CotB1 and its C-terminal 14-aa peptide CotB1p bind to silica
surfaces. We demonstrated that both proteins function as
silica-binding tags when fused to other proteins at either the
N- or C-terminus. The resulting fusion proteins can be easily
immobilized on silica surfaces by mixing the proteins in a
solution with silica materials.

Our results strongly suggest that the 14-aa CotB1p region
of CotB1 plays a crucial role in binding to silica because both

Table 3 Purification of mCherry from E. coli using CotBlp as a silica-binding tag*

Step Total protein (mg)  Fusion protein (mg)" Target protein (mg) ~ Purity (%)°  Purification (-fold)  Yield (%)
Cell lysate 8.54 1.90 (1.27)° 22 1.0 100>
Silica-binding fraction 5.56 1.68 (1.13)¢ 30 1.4 890
SUMO protease elution 1.13 ND 1.09 95 43 85°

ND not detected

# Starting material was approximately 0.1 g wet weight of cells

® Determined by densitometric analysis of SDS-PAGE protein bands

¢ Calculated by multiplying the amount of fusion protein by the ratio of the molecular mass of mCherry (26.7 kDa) to the molecular mass of the fusion

protein (39.9 kDa)
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CotB1p and full-length CotB1 showed comparable affinity for
silica (Fig. 2). The amino acid sequence of CotBlp (SGRA
RAQRQSSRGR) is rich in positively charged arginine resi-
dues. CotB1p therefore has a high net positive charge, with a
theoretical isoelectric point of 12.6. In contrast, the surface of
silica is negatively charged under either neutral or basic con-
ditions (Iler 1979), suggesting that electrostatic attraction is a
major driving force behind the binding of CotBlp (and also
CotBl1) to silica. This is also supported by the fact that the
binding of CotB1p was inhibited at high ionic strength; in the
presence of 1.0 M NaCl, only 15 % of CotB1p-SC bound to
the silica particles (data not shown). Although the CotB1/
CotBlp fusion proteins constructed in this study have a net
negative charge, with theoretical isoelectric points of 5.3—6.8,
these proteins bound to silica surfaces via CotB1/CotBlp.
These results suggest that the positive charges in the CotB1p
region of the fusion protein are capable of interacting with the
negatively charged silica surface even though the net charge
of the overall protein molecule is negative.

Although both CotB1 and CotBlp bind to silica, we be-
lieve that the latter is a more promising silica-binding tag
because of its small size. The CotBlp fusion protein was
expressed more efficiently in E. coli than was the CotB1
fusion protein (Tables 2 and 3). In addition, the CotB1 fusion
proteins (i.e., GFP-CotB1 and CotB1-SC) tended to form
insoluble inclusion bodies in E. coli when expressed at
37 °C, whereas both the CotBlp fusions (i.e., GFP-CotB1p
and CotB1p-SC) and tagless proteins (i.e., GFP and SUMO-
mCherry) were expressed in the soluble form in E. coli at
37 °C (data not shown). These differences could be attributed
to the larger molecular mass of CotB1, as increasing molecu-
lar mass tends to negatively affect the expression of fusion
proteins.

To use the CotB1/CotBlp tags for silica-based affinity
purification of target proteins, we employed SUMO technol-
ogy to cleave the target protein from the silica-bound fusion
protein. Using mCherry as a model target protein, we demon-
strated that our novel affinity purification method is highly
efficient. The purity and yield obtained using our method are
as high as the values reported by Lichty et al. (2005) for
conventional affinity tags. One of the advantages of our meth-
od is that it enables the removal of the affinity tag and recovery
of a tagless target protein with an authentic N-terminus. Fused
affinity tags that remain after purification may affect the
intrinsic activity of the target protein and/or interfere with
downstream analyses, such as determination of protein struc-
ture. The presence of a tag on a target protein is particularly
unsuitable for therapeutic applications. Therefore, many ap-
proaches (most of which involve protease cleavage at the
junction) have been developed to remove affinity tags from
recombinant proteins (Arnau et al. 2006; Waugh 2011). How-
ever, the endoproteases that are commonly employed in these
approaches have several disadvantages, for example,

nonspecific cleavage of the target protein at locations other
than the designed site and/or retention of nonnative amino
acid(s) in the sequence of the protein of interest (Arnau et al.
2006; Jenny et al. 2003; Waugh 2011). In contrast to com-
monly used endoproteases, which recognize short, linear se-
quences (generally 4-8 aa), SUMO protease specifically rec-
ognizes the tertiary structure of SUMO and cleaves the poly-
peptide chain at the C-terminal end of the SUMO sequence,
enabling the release of peptides or proteins with any desired
N-terminal residue except proline (Malakhov et al. 2004).
Therefore, our affinity purification method can be used to
recover a wide variety of tagless proteins at high purity.
Another advantage of our method is that protein elution does
not require the addition of any harsh chemicals that could
adversely affect protein activity.

Although the amount of SUMO protease used in this study
for the release of the target protein was much less than the
amount of the recombinant proteins used (see the “Results”
section), further purification of the eluted, cleaved target pro-
tein necessitates removal of the SUMO protease from the
solution. Because most commercially available SUMO prote-
ases contain a His-tag, they can be easily removed by
immobilized metal ion affinity chromatography (Panavas
et al. 2009). Albeit beyond the scope of this study, construc-
tion of CotB1/CotB1p-fused SUMO proteases might also be
useful because these proteins would be retained on silica
surfaces along with the CotB1/CotB1p-SUMO fragments af-
ter cleavage of the fusion protein.

Because of its small size and high affinity for silica, the
CotB1p tag should be a powerful tool not only for the affinity
purification application reported in this paper but also for
enzyme immobilization on silica supports and for developing
silicon-based biomaterials, as has been reported for other
silica-binding peptides and proteins (Bolivar and Nidetzky
2012; Choi et al. 2011; Fukuyama et al. 2010, 2011;
Hnilova et al. 2012; Pamirsky and Golokhvast 2013;
Yamatogi et al. 2009). We are currently developing silicon-
based biomaterials using this promising tag as an interface.
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Ndel
CATATGTCGCTGTTCCATTGTGACTTTCTGAAGGACCTGATCGGCTCGTTCGTTCGTGTGAATCGTGGTGGCCCGGAATCTCAAAAGGGT
M S L F H C D F L K DL I G S F V R V N R G G P E S Q K G
SESSSSSOSOSSSSSSOOSSSSSSS5OSSS5SSSS5S5555SS55S55555555SS5555555S55555555555555555555555>>>

CotB1l

ACCATTATCTCAGTTTGCCAGGATTACTTTGTCCTGAAAAACGAAAAGGGTGAACTGTATTACTATCAACTGAAACATCTGAAGTCGATT
T r 1 s v ¢Cc o DY ¥ V L KX N E K G E L Y Y Y 0 L K H L K S I
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS5SSSS5SS5SSSSSS55S55SS55 5555555555555 55555555555 55555
CotB1l

ACGAAAAATGCGAAGGAATGCGGCAGCTCTGATTGTGAATGGGAAGACTGCGCGTGTGCCGAAGATTTTGAAGCCCTGCTGGAATCTTTT
T K N A K E C 6 S s b ¢CEWE D C AT CA AUZEDU F E AL L E S F
D S e S SIS
CotB1l

AAGTACTGCTGGGTGAAAATTAACCGTGGCGGTCCGGAAAAAGTGGAAGGTATCCTGCAGGATGTTAGTTGTGACTTCGTGACCCTGATC
K vy cwv K I NRG G P E KV E G I L Q DV S C D F V T L I
PP PP PP PP PP P PP PP PP PP PSPPI DD DD PP PP PPPPPPP PP PP PP DD DD DI PP PP PP PDD PP D PP PP P PP PP PP
CotB1l

GTTAAAGAAGAAATCATCCTGATCGCAATCAAGCATATCAAGTCCGTTAACTACAATGCACTGGCTTGTGGCGAATCGGACGAAAGCGAT
v K B E I I L I A I K H I K S v N Y N A L A C G E S D E S D
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS5SSSS5SS5SSSSSS55S55S555555S 5555555555 5555555555555 55>
CotB1l

GACTCTAAAGAAAGTTCCGATAATAGCGGTCGTGCGCGCGCCCAGCGTCAATCATCGCGTGGCCGCGGCGGTGGCAGTATGTCCGACTCA
b s K 8 s s b N S G R AUR AOIRIOQO® S S R G R G G G s M s D S
D S S S S S S IS SSSS>>>>>>>>
CotB1 SUMO
SSSSSS>>>>>>
Linker

GAAGTCAACCAGGAAGCGAAACCGGAAGTCAAGCCGGAAGTGAAACCGGAAACGCACATCAATCTGAAAGTTAGCGATGGTAGCTCTGAA
E VvV N QO EAIK P E V K P E V K P ETHTINL K V S D G S S E
SO 5555555555555O5555555OOSOSSSSSSSSSSSSSSOEOOOSSSSS555555555555555555
SUMO

ATTTTCTTTAAGATCAAAAAGACCACGCCGCTGCGTCGCCTGATGGAAGCATTTGCTAAGCGCCAGGGTAAAGAAATGGATTCTCTGCGT
I »r F K I K K T T P L R R L M EAF A KR Q G K E M D S L R
SSSSSSSSSSSSS55555555555S5555S5S5S5S5S555555 5555555555555 SSSSSSO OSSOSO SSSSSSSS>>>>
SUMO

TTCCTGTACGACGGCATTCGCATCCAGGCGGATCAAACCCCGGAAGACCTGGACATGGAAGATAACGACATCATTGAAGCACACCGCGAA
F L ¥y D G I R I 9 A D T P E DL D M E DN D I I E A H R E
SOSSSSSSSSSSSSSSSSSSSSSSSOSSSSSSSSSSOSSSSSSSSSSS5SSSSSSSSSS55555S55555555555555555555555>>
SUMO

Bsal Bsal BamHI
CAAATCGGAGGTTGAGACCACTAGTGGTACCGGTCTCACTAGAGGATCC
Q I G G *
SESSSSS>>>>>
SUMO

Fig. S1 Nucleotide and amino acid sequences of the CotB1-SUMO fusion.
Restriction sites are underlined. The nucleotide sequence data are available in
the DDBJ/EMBL/GenBank databases under the accession number AB904509.
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Ndel
1 CATATGTCGGGTCGTGCTCGTGCCCAGCGTCAGTCAAGCCGTGGTCGTGGTGGCGGTTCGATGTCGGATAGTGAAGTGAATCAGGAAGCC
M S G R A R A Q R QQ S S R G RGG G S M S D S E V N Q E A
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS55S55S555555>> SSSSSSSSSSSSSSSSSSSSSS5S55S>>>
CotBlp SUMO
SSSSS>5>>>>>>
Linker

91 AAACCGGAAGTGAAGCCGGAAGTTAAACCGGAAACCCATATTAACCTGAAGGTCAGTGACGGCAGCTCTGAAATTTTCTTTAAGATCAAA
K p E V K P EV K P E THINTL K V S D G S S E I F F K I K
SSSSSSSSSSSS55555555S55555555S5S5S5S5S555555S5S5S5SSSS5S5S5SSSSSSSSSSO OSSOSO
SUMO

181 AAGACCACGCCGCTGCGTCGCCTGATGGAAGCGTTTGCCAAGCGTCAGGGCARAAGAAATGGATAGCCTGCGTTTCCTGTATGACGGTATT
K T T p L R R L. M E A F A K R QG K E M D S L R F L Y D G I
SESSSSSSOOSSSSSSOOOSSSSSSOOSSSSSS5SSS555SSSSS5555555S5O5555555S55555555555555555555555555>>
SUMO

Bsal

271 CGCATCCAGGCGGATCAAACGCCGGAAGACCTGGACATGGAAGATAACGACATCATTGAAGCACACCGCGAACAGATTGGAGGTTGAGAC
R I 9 A DQ T P E DL DM EDNDTI I EAHI REOQTI G G *
SSSSSSSSSSSSSSSSSSS555SSSS5S55555555SS5555SS555555555555555555555555555555555555555>>
SUMO

Bsal BamHI
361 CACTAGTGGTACCGGTCTCACTAGAGGATCC

Fig. S2 Nucleotide and amino acid sequences of the CotB1p-SUMO fusion.
Restriction sites are underlined. The nucleotide sequence data are available in
the DDBJ/EMBL/GenBank databases under the accession number AB904510.
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