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General Introduction

Antimicrobial peptides play an important role in innate immunity as a part of the host
defense response [1,2]. Most antimicrobial peptides contain a net positive charge which
could be important for the interaction with the negatively charged bacterial cell membrane.
Antimicrobial peptides are thought to kill bacteria by breaking their cell membranes,
although the exact mechanisms are still unclear [3,4]. To date, numerous antimicrobial
peptides have been identified in a wide range of organisms, such as mammals, insects, and
plants [5].

Large quantities of correctly folded antimicrobial peptide are essential to study the
structure and antimicrobial activity. In general, it is difficult to obtain large amounts of
antimicrobial peptides from natural sources due to their low concentration in these materials.
Although chemically synthesized antimicrobial peptides were widely used in some previous
studies [6-8], the chemical synthesis of antimicrobial peptide is very costly. Therefore,
many strategies have been developed to produce antimicrobial peptide using recombinant
techniques [9-13]. Because E. coli is easy to handle, is inexpensive, and grows quite fast, E.
coli is the most widely used host strain for the overproduction of antimicrobial peptide
[11-13]. However, the recombinant production of antimicrobial peptide using E. coli has
been difficult due to their toxicity and proteolytic susceptibility. The formation of inclusion
bodies may be useful to avoid toxicity and proteolytic degradation of antimicrobial peptides.
However, it is difficult to control inclusion body formation in E. coli cells.

In Chapter 1, therefore, I applied a coexpression method for the production of ABF-2
(antibacterial factor 2) to enhance inclusion body formation. In this method, it is expected
that coexpression of the aggregation-prone protein (partner protein) enhances the inclusion

body formation of the peptide of interest (target peptide) and protects the target peptide



from proteolytic degradation by protease. Moreover, I evaluated the effect of the charge of
partner proteins on inclusion body formation of ABF-2 in this method by using four
structurally homologous proteins. I concluded that the opposite charge of a partner protein
enhanced the formation of an inclusion body of the target peptide efficiently.

In Chapter 2, I applied the coexpression method to produce mouse a-defensin Crp4
(cryptdin-4) in order to enhance the inclusion body formation. Moreover, I attempted to
refold Crp4 directly during the inclusion-body solubilization step under oxidative
conditions. Interestingly, even without any purification, Crp4 was efficiently refolded in the
solubilization step, and the yield was better than that by the conventional refolding method.

In Chapter 3, I show that the previously developed vacuum-assisted detection method
greatly improves the detection of small peptides without additional protocol modification.
Western blotting is a widely used technique for the detection and quantification of proteins
and peptides. However, it is challenging to detect small peptides, such as antimicrobial
peptides, efficiently by the conventional Western blotting method with shaking, in part
because the peptides readily detach from the blotted membrane. Although some modified
Western blotting protocols have been developed to overcome this problem [14-16], it
remains difficult to prevent peptide detachment from the membrane. The vacuum-assisted
method was developed to shorten the time required for all immunodetection steps, and all
the Western blotting solutions penetrated the membrane quickly and efficiently by this
method. By using this vacuum method, I succeeded in detecting peptides that were

completely undetectable by the conventional Western blotting method.
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Chapter 1

Overexpression of an antimicrobial peptide derived from C.
elegans using an aggregation-prone protein coexpression

system



1-1 Abstract

ABF-2 (antibacterial factor 2) is a 67-residue antimicrobial peptide derived from the
nematode Caenorhabditis elegans. Although it has been reported that ABF-2 exerts in vitro
microbicidal activity against a range of bacteria and fungi, the structure of ABF-2 has not
yet been solved. To enable structural studies of ABF-2 by NMR spectroscopy, a large
amount of isotopically labeled ABF-2 is essential. However, the direct expression of ABF-2
in Escherichia coli was difficult to achieve due to its instability. Therefore, I applied a
coexpression method to the production of ABF-2 in order to enhance the inclusion body
formation of ABF-2. The inclusion body formation of ABF-2 was vastly enhanced by
coexpression of aggregation-prone proteins (partner proteins). By using this method, I
succeeded in obtaining milligram quantities of active correctly folded ABF-2. In addition,
SN-labeled ABF-2 and a well-dispersed HSQC spectrum were also obtained successfully.
Moreover, the effect of the charge of the partner protein on the inclusion body formation of
ABF-2 in this method was investigated by using four structurally homologous proteins. I
concluded that the opposite charge of a partner protein enhanced the formation of an

inclusion body of the target peptide efficiently.
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1-2 Introduction

Antimicrobial peptides play an important role in innate immunity as a part of the host
defense response [1,2]. Antimicrobial peptides are thought to kill bacteria by breaking their
cell membranes, although the exact mechanisms are still unclear [3,4]. To date, numerous
antimicrobial peptides have been identified in a wide range of organisms, such as mammals,
insects, and plants [5].

The nematode Caenorhabditis elegans has been successfully used as a model species in
many fields of biological research [6,7]. Because of a lack of an adaptive immune system,
this tiny worm relies solely on its innate immune defense to cope with pathogen attacks.
Therefore, the worm is widely used in the study of host innate immunity, and antibacterial
molecules related to its innate immunity have been identified [8,9].

Antibacterial factor (ABF) is an antimicrobial peptide identified in C. elegans [10]. ABF
was first found by a computer-assisted search of a database using the amino acid sequence
of Ascaris suum antibacterial factor (ASABF) [11]. Both ABF and ASABF are thought to
belong to a cysteine-stabilized a-helix and B-sheet (CSaf) superfamily, which contains a
single a-helix and a pair of anti-parallel B-sheets stabilized by three or four disulfide bridges.
Until now, six kinds of ABF (ABF-1~6) have been identified from C. elegans [12]. Among
these ABFs, the antimicrobial activity of only ABF-2 has been characterized. A previous
study reported that ABF-2 has a broad antimicrobial spectrum compared to that of other
CSap-type antimicrobial peptides. It has been reported that the C-terminal region of ABFs
is longer and more widely diverse than that of other CSaf-type antimicrobial peptides.
Moreover, ABFs differ from the ‘classical' CSaf-type antimicrobial peptides, such as
drosomycin and plant defensins, in the spacing of half-cystine residues, cysteine pairings,
and the organization of the precursor. Therefore, it is thought that the structural properties of

ABFs may contribute to their broad antimicrobial spectrum. Although the CSaf structure of

11



ASABF was solved by '"H-NMR (Aizawa et al., manuscript in preparation), the structure of
ABF-2 remains unclear. Therefore, the structural analysis of ABF-2 will provide new clues
to clarify the structure-activity relationships of ABFs.

In general, recombinant production of antimicrobial peptides has been difficult because of
their activity, although that is a useful technique for various studies. In addition, ABF-2
contains four intramolecular disulfide bridges, thus it is difficult to produce correctly folded
and active ABF-2. There are two major methods for producing recombinant peptides that
require the formation of disulfide bridges for proper folding and function. One method uses
the yeast secretory expression system. Recombinant peptide expression in yeast has many
advantages, such as disulfide bridge formation and proper folding [13]. The yeasts Pichia
pastoris and Saccharomyces cerevisiae are widely used as expression hosts for recombinant
peptides. However, a previous study reported that the expression level of ABF-2 in P,
pastoris was extremely low (100 pg/L) [10]. In addition, in the case of overexpression of
ASABF by using P. pastoris, it was reported that unfavorable degradation occurred in its
C-terminus [11]. The other method is to refold the inclusion body into peptides with native
conformations [14]. In this study, I chose E. coli as an expression host and tried to express
ABF-2 as inclusion bodies in E. coli. Unfortunately, when it was overexpressed directly,
ABF-2 was expressed at low yield as inclusion bodies in E. coli. In this study, therefore, I
applied a coexpression method for the production of ABF-2 to enhance inclusion body
formation. In this method, it is expected that coexpression of the aggregation-prone protein
(partner protein) enhances the inclusion body formation of the peptide of interest (target
peptide) and protects the target peptide from proteolytic degradation by protease. Moreover,
I evaluated the effect of the charge of partner proteins on inclusion body formation of
ABF-2 in this method by using four structurally homologous proteins. As far as I know, this
is the first report to show experimentally that the isoelectric point of the coexpressed partner

protein is an important factor for inclusion body formation of the target peptide.
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1-3 Materials and Methods

Materials
E. coli DH5a was used as a host strain for cloning and for preparing template plasmids. E.
coli BL21 (DE3) was used as an expression host. ’N-labeled CHL medium was purchased

from Chlorella Industry.

Construction of coexpression vector of ABF-2 and partner protein

The ABF-2 gene fragment was amplified by PCR with a set of primers (Table 1). This
product was ligated to the pPCOLADuetl vector (Novagen) by using Ndel-Xhol sites (Fig. 1).
This vector was designated pCOLA-ABF-2. In this study, I selected four kinds of
aggregation-prone proteins (human o-lactalbumin (HLA), bovine a-lactalbumin (BLA),
human lysozyme (HLZ), and bovine lysozyme (BLZ)) as partner proteins. The
PCR-amplified partner protein gene fragments (HLA, BLA, HLZ, and BLZ) were digested
using restriction enzymes, and each was subcloned into the pPCOLA-ABF-2 vector by using
Ncol-BamHI sites. For instance, in this study, the pCOLA-ABF-2 vector containing the
HLA gene was named pCOLA-[HLA]-ABF-2. The clone sequence was confirmed by

capillary sequencing.

Evaluation of the partner protein's effect on ABF-2 expression level

E. coli BL21 (DE3) cells were transformed with the various expression constructs
(pCOLA-[HLA]-ABF-2, pCOLA-[BLA]-ABF-2, pCOLA-[HLZ]-ABF-2,
pCOLA-[BLZ]-ABF-2, and pCOLA-ABF-2). The transformed cells were grown at 37 °C in
5 mL of LB medium until the ODgoo reached 1.0-1.2. The cells were induced by the addition
of 1 mM IPTG and further cultivated for 4 h. The cells were harvested by centrifugation at

15,000 rpm for 5 min at 4 "C. After the cells were lysed using Bugbuster (Novagen),
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inclusion bodies were isolated by centrifugation at 15,000 rpm for 5 min at 4 C and
analyzed on Tricine-SDS PAGE. The intensity of ABF-2 bands was quantified by

densitometry.

Expression and purification of ABF-2

The E. coli strain BL21(DE3) harboring the pCOLA-[BLA]-ABF-2 vector was cultured
overnight at 37 C in 50 mL of LB medium containing 20 pg/mL kanamycin. This
preculture was inoculated to 1 L of medium (LB or 'SN-CHL) containing 20 pg/mL
kanamycin. The culture was grown at 37 C, and protein expression was induced by the
addition of 1 mM IPTG when the ODsoo reached 1.0-1.2. At this point, for the production of
ISN-labeled ABF-2, a '"N-labeled algal amino acid mixture was added to the CHL medium
according to the protocol provided by the supplier. After an additional 4 h cultivation, cells
were harvested by centrifugation at 6,000 rpm for 10 min. The cells were resuspended in
lysis buffer (20 mM Tris-HCI, 1 mM EDTA, pH 8.0) and disrupted by sonication. Next,
inclusion bodies composed mainly of BLA and ABF-2 were isolated by centrifugation at
7,500 rpm for 30 min at 4 C. The inclusion bodies were washed twice with lysis buffer
containing 0.1% TritonX-100 and washed once with lysis buffer (without TritonX-100).

The washed inclusion bodies were solubilized in solubilization buffer (§ M urea, 200 mM
B-mercaptoethanol, 20 mM Tris-HCI, 3 mM EDTA, pH 8.0). After centrifugation at 7,500
rpm at 4 C for 30 min, the clarified supernatant was loaded onto a HiTrap SP HP
cation-exchange column (GE Healthcare) pre-equilibrated with equilibration buffer (8§ M
urea, 20 mM Tris-HCI, 20 mM B-mercaptoethanol, 3 mM EDTA, pH 8.0). The bound
ABF-2 was eluted with a linear gradient of equilibration buffer with 0-600 mM NaCl. The
fractions containing ABF-2 were identified using Tricine-SDS PAGE. These fractions were
collected and dialyzed three times against refolding buffer (20 mM Tris-HCI, 2 mM reduced
glutathione, 0.2 mM oxidized glutathione, pH 8.0) for 12 h at 4 C. Correctly folded ABF-2

14



was purified by RP-HPLC on a Cosmosil 5C18-AR-300 column (Nacalai Tesque). The
elution was carried out with a linear gradient of 25-45% acetonitrile with 0.1% trifluoracetic
acid. The yield of ABF-2 was determined by measuring the absorbance at 280 nm. The

purified recombinant ABF-2 was lyophilized and stored at -30 C.

Microbicidal assay

The antimicrobial activity of ABF-2 against S. aureus ATCC6538P and E. coli K12 was
tested by a colony-forming unit assay. Bacteria were grown in tryptic soy broth (TSB) and
collected in the mid-log phase by centrifugation. The bacteria were washed and diluted in
sterile water. Various concentrations of ABF-2 were incubated with 1x107 bacteria in a
final volume of 50 pL at 37 C for 2 h. After incubation, 1,000-fold dilutions were prepared
and 100 pL of the diluted samples was plated on a solid medium comprised of TSB. The
plates were incubated for 20 h at 37 ‘C and then the colonies were counted. The results

indicated a 50% bactericidal concentration (BCsp).

Circular dichroism spectroscopy analysis

Circular dichroism (CD) spectra were measured in 1 mm path length quartz cuvettes on a
J-725 spectropolarimeter (Jasco) equipped with a temperature control device. Spectra were
acquired over a wavelength range between 250 nm and 200 nm as an average of four
spectra with a 50 nm/min scan speed and a step resolution of 0.1 nm at 25 ‘C. ABF-2
samples (50 uM) were used in buffer (20 mM Tris-HCI, pH 8.0). Blank was subtracted from

all spectra. All measurements were averaged and converted to molar ellipticity.

NMR spectroscopy
I5N-labeled ABF-2 was dissolved in 20 mM phosphate buffer (pH 5.7) comprising a 90%

H20/10% D>O mixture. NMR experiments were performed on a JEOL ECA-600 and a
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Bruker AVANCE III 800 spectrometer with a TCI cryogenic probe. The 'H-'SN
heteronuclear single quantum coherence (HSQC) spectrum was collected at 20 C. The data

were processed by using NMRpipe/NMRdraw [15].

16



1-4 Results

Construction and expression of coexpression plasmids encoding ABF-2 and partner
proteins

First, I tried to express ABF-2 as an inclusion body in E. coli, but the expression level
of ABF-2 was extremely low (Fig. 2). To enhance the inclusion body formation of
ABF-2, I decided to apply a coexpression method.

To construct a coexpression plasmid containing ABF-2 and aggregation-prone partner
protein genes, I utilized the commercially available pPCOLADuetl vector from Novagen.
This vector has two RBS sites flanking two multiple cloning sites, and these are under
the control of each T7 promoter. In this study, partner protein genes were subcloned into
the first multiple cloning site of the pCOLA vector, and the ABF-2 gene was subcloned
into the second multiple cloning site of the pCOLA vector.

To evaluate the effect of a partner protein on the ABF-2 expression level, various
partner proteins and ABF-2 were coexpressed (Table 2). The expression of ABF-2 was
moderately increased in the case of the coexpression of ABF-2 and BLZ (Fig. 2). The
expression of ABF-2 was markedly increased as an inclusion body by coexpression of
HLA or BLA. On the other hand, the expression level of ABF-2 was not affected,
although HLZ was clearly overexpressed as an inclusion body. Because the expression
level of ABF-2 was increased the most by coexpression of BLA, I selected BLA as a

partner protein for large-scale production of ABF-2.

Purification and refolding of ABF-2
ABF-2 was easily separated from BLA by using cation-exchange chromatography
under denaturing conditions, because of the opposite charge (Fig. 3). Unlike fusion

protein systems, there was no need to remove the fusion protein tag by enzymatic or
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chemical methods. After cation-exchange chromatography, I obtained about 54 mg of
crude ABF-2 without disulfide bonds from 1 L of E. coli culture. Next, this crude
ABF-2 was refolded by dialysis. After the refolding and purification procedure, I

obtained 7.8 mg of correctly folded ABF-2 from 1 L culture.

Antimicrobial activity of recombinant ABF-2

The microbicidal activity of recombinant ABF-2 was examined (Table 3). The 50%
microbicidal concentrations were 0.01 and 0.1 uM for S. aureus and E. coli, respectively.
The Gram-positive bacterium (S. aureus) is 10-fold more sensitive than the
Gram-negative bacterium (E. coli). Neither S. aureus nor E. coli was sensitive to the

misfolded fraction (data not shown).

Circular dichroism spectrum of ABF-2

Furthermore, to confirm that purified ABF-2 was folded correctly, the CD spectra of
ABF-2 were measured. The spectra of misfolded ABF-2 revealed a random coil
structure (Fig. 4). On the other hand, the CD spectra of refolded ABF-2 showed
significant decreases in molar ellipticity values in the region between 208 and 220 nm.

This indicates that a secondary structure was formed in refolded ABF-2.

!H-’N HSQC spectrum of '’N-labeled ABF-2

The large amount of isotopically labeled ABF-2 enabled the rapid and sensitive
acquisition of NMR spectra. The HSQC spectrum of '"N-labeled ABF-2 is presented in
Fig. 5. The number of peaks in the HSQC spectrum of '"N-labeled ABF-2 corresponded
approximately to the number of residues in ABF-2. The majority of the 'H-°N
cross-peaks lay between 7.5 and 9.5 ppm. The sharp, well-dispersed peaks indicate that

purified ABF-2 was correctly folded.
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1-5 Discussion

Because the correct disulfide arrangements of disulfide-containing peptides are
difficult to obtain, the yeast P. pastris is widely used to express peptides containing
intramolecular disulfide bridges. The main advantage of P. pastris as a host is that it is
expected to secrete peptides with correct disulfide bridges directly into culture medium
[16]. Several CSap-type antimicrobial peptides were produced by using P. pastris, and
these were well characterized [17-19]. However, a previous study showed that P. pastris
is not a suitable host for large-scale production of ABF-2. Although the antimicrobial
spectrum of ABF-2 was investigated, structural and mutational studies of ABF-2 have
not yet been conducted because of the low yield of ABF-2 in P. pastris [10]. Therefore,
it is very important to develop an alternative expression method that enhances the
expression level of ABF-2.

In this study, I selected E. coli as an expression host and at first tried to express ABF-2
directly in E. coli as inclusion body. Unfortunately, the direct expression of ABF-2 in E.
coli was insufficient due to the instability of the expressed ABF-2 itself in the cells (Fig.
2). I speculated that this low-level expression of ABF-2 was caused by the degradation
of expressed ABF-2 by proteases of E. coli. Therefore, I thought that the prevention of
ABF-2 degradation by proteases is essential to enhance the expression level of ABF-2
as inclusion bodies.

To prevent the degradation of target peptides, fusion protein systems have generally
been used in many studies. The attachment of soluble proteins to target peptides has
been observed to prevent degradation and promote proper folding [20]. However, when
an antimicrobial peptide like ABF-2 is expressed in a soluble form, it may damage host
cells by disrupting their cell membranes. Moreover, in fusion protein systems,

enzymatic or chemical cleavage is inevitable to remove the fusion protein tag.
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Enzymatic cleavage often degrades recombinant peptides, because widely used
proteases, such as enterokinase and factor Xa, often show nonspecific cleavages at
unexpected sites. Furthermore, many peptides often contain potential cleavage sites
cleaved by chemicals. For instance, CNBr is commonly used to cleave peptide bonds
C-terminal to methionine residues in proteins and peptides. However, because ABF-2
contains methionine in its amino acid sequence, CNBr cannot be used to separate
ABF-2 from the fusion protein.

Expression of inclusion bodies may also be useful to avoid proteolytic degradation of
the target peptide. However, it is difficult to control inclusion body formation in E. coli
cells. As another way to produce fusion proteins, the utilization of insoluble protein tags
was also reported [21]. In that case, both degradation and toxicity are expected to be
prevented. However, when an insoluble protein tag is used for fusion expression, it is
difficult to use enzymatic cleavage because of the insolubility of the fusion protein, and
chemical cleavage is usually the only way to induce cleavage. Thus, this cleavage step
is one of the obstacles of this method.

In some reports the coexpression of an insoluble partner protein enhances the inclusion
body formation of the target peptide and protects it from proteolytic degradation by
protease. Saito et al. reported that the expression level of somatomedin C is enhanced in
the case of coexpression of insulin-like growth factor I [22]. Jang ef al. succeeded in
producing a potent antimicrobial peptide, buforin IIb, by coexpression of human gamma
interferon [23]. To obtain a large amount of ABF-2, I decided to apply this method to
ABF-2 and examine the effects of aggregation-prone partner proteins in detail.

In previous studies, translationally coupled two-cistron plasmids were used to
coexpress target peptides and partner proteins [22, 23]. However, genetic manipulation
was needed to construct translationally coupled two-cistron expression systems. In the

present study, I simply used the commercially available pCOLADuet-1 vector to
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coexpress ABF-2 and partner protein genes (Fig. 1). Because this vector is designed for
the cloning and coexpression of two genes, the construction of a coexpression plasmid
is very easy. Therefore, my method can be easily applied to many proteins and peptides.
In this study, I chose four kinds of proteins as aggregation-prone partners. Lysozyme
and o-lactalbumin appear to have evolved from a common ancestral protein, as
evidenced by the similarity of their amino acid sequences and three-dimensional
structures as well as by the high conservation of disulfide bridges [24]. Some studies
clearly showed that these four proteins each form a large amount of inclusion bodies
when overexpressed in E. coli [25, 26]. Interestingly, the isoelectric points of these
proteins are different despite their sequential similarity. Thus, I selected these proteins
as good models of aggregation-prone partners in order to evaluate the effect of the
charge of the partner protein on the expression level of cationic ABF-2 (pI 9.1).
Coexpression of BLZ, whose isoelectric point is 6.5, modestly enhanced the
expression level of ABF-2. In contrast, ABF-2 was produced effectively as an inclusion
body in the case of coexpression with an anionic partner protein (HLA or BLA). On the
other hand, the expression level of ABF-2 was not changed by coexpression of HLZ,
whose isoelectric point is high. Although it has been thought that the charge of both
target and partner proteins influences inclusion body formation, the effect of the charge
of the partner protein on the expression level of the target peptide has not been
elucidated in detail. In this study, I experimentally showed that the charge of the partner
protein is an important factor for enhancing the inclusion body formation of the target
peptide. Interestingly, although HLA and BLA have almost the same isoelectric points
and molecular weights, the expression level of ABF-2 was enhanced more by
coexpression of BLA than by that of HLA. Because not only electrostatic but also
hydrophobic interactions are thought to be critical factors for inclusion body formation
[27], I compared their GRAVY scores, which express the total hydrophobicity of a
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protein. However, I could not find a correlation between the expression level of ABF-2
and the GRAVY scores of the partner proteins. There may be unknown factors that
affect inclusion body formation.

It has been reported that the presence of impurities in an inclusion body, such as
nucleic acids and non-plasmid-encoded proteins, affects the final refolding yield of the
target [28]. These impurities can be removed by washing the body using a low
concentration of detergent. Therefore, inclusion body washing is very important to
enhance the refolding yield of the target. However, in this study I observed that the
inclusion body composed of ABF-2 without partner proteins was gradually solubilized
during the washing process (data not shown). Because of this unfavorable solubilization
of the body, ABF-2 was lost during the washing process and I could not obtain even
crude ABF-2 in the case of expression without partner proteins. On the other hand, the
inclusion body composed of ABF-2 and the partner protein was hardly solubilized
during the washing process. It seems that the robust inclusion body is formed in the case
of coexpression with the partner protein. From these results, it can be said that
coexpression of an aggregation-prone protein is effective not only in enhancing the
expression level of a target peptide as an inclusion body but also in preventing the
unfavorable loss of an inclusion body during washing.

Because ABF-2 has a charge that is opposite that of BLA, I succeeded in separating
ABF-2 from BLA efficiently by a simple one-step cation-exchange chromatography
without enzymatic or chemical cleavage (Fig. 3). After cation-exchange
chromatography, I succeeded in obtaining 54 mg of crude ABF-2 without disulfide
bridges from 1 L of culture. Although crude ABF-2 was refolded by a very simple
standard dialysis refolding protocol, I obtained as much as 7.8 mg of correctly folded
ABF-2. Because refolding additives, such as arginine, have been used to suppress the

aggregation of proteins during refolding in many studies [29], optimization of the
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refolding protocol may enhance the refolding yield of ABF-2.

To confirm that refolded ABF-2 was correctly folded and active, purified ABF-2 was
evaluated by colony-forming unit assay as well as by CD and NMR spectroscopy (Table
3, Figs. 4, 5). I confirmed that purified ABF-2 was active against both S. aureus and E.
coli. Moreover, S. aureus is more sensitive than E. coli. These results were identical to
previous results [10]. Quantitative analysis of the CD spectra of purified ABF-2
indicated a secondary structural content of 28% a-helix, 17% B-sheet. This result was in
agreement with the categorization of ABF-2 as a CSaf-type antimicrobial peptide.
Moreover, the HSQC spectrum of '>N-labeled ABF-2 is sharp and well dispersed. From
these data, I concluded that purified ABF-2 was correctly folded. This sample will
enable me to analyze the structure and interaction of ABF-2 by using NMR in future
studies.

It is known that the long C-terminal regions of ABFs are divergent and vary in length
[12]. Therefore, the difference in the C-terminal region of ABFs is thought to affect
their antimicrobial spectrum. I think that my method described in this work can be
applied not only to ABF-2 but also to other ABFs. By using this method, I are going to
elucidate the effects of the differences in the C-terminal regions of ABFs on their

antimicrobial spectra.
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Table 1 Sequences of primers used in this study

Name

Primer sequence® (from 5' end to 3' end)

Restriction site

Primers for ABF-2 gene

Primers for HLA gene

Primers for BLA gene

Primers for HLZ gene

Primers for BLZ gene

F = GGAATTCCATATGGACATCG
ACTTTAGTACTTGTGC

R = CCGCTCGAGTTATCCTCTCT
TAATAAGAGCACCAAG

F = GAATTCTCATGAAGCAATTC
ACAAAATGTGAGCTG

R = CGGGATCCTTACAACTTCTC
ACAAAGCCACTG

F = GAATTCCCATGGAACAGTTA
ACAAAATGTGAGGTG

R = CGGGATCCTTACAACTTCTC
ACAGAGCCA

F = GAATTCTCATGAAGGTCTTT
GAAAGGTGTGAGTTG

R = CGGGATCCTTACACTCCACA
ACCTTGAACATAC

F = GAATTCTCATGAAGGTCTTT
GAGAGATGTGAGC

R = CGGGATCCTTACAGGGTGCA
ACCCTCAA

Ndel

Xhol

BspHI

BamHI

Ncol

BamHI

BspHI

BamHI

BspHI

BamHI

a. Restriction sites are underlined.

29



Table 2 Properties of antibacterial factors and partner proteins used in this study.

Name Mw pl GRAVY score?
antibacterial factor 2 6999.2 9.1 -0.072
(ABF-2)

human a-lactalbumin 14078.2 4.7 -0.255
(HLA)

bovine a-lactalbumin 14186.1 4.8 -0.453
(BLA)

human lysozyme 14700.7 93 -0.485
(HLZ)

bovine lysozyme 14415.2 6.5 -0.395
(BLZ)

a. GRAVY stands for grand average of hydropathy. The Positive GRAVY scores
indicate hydrophobic peptides, and negative scores indicate hydrophilic peptides.
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Table 3 Microbicidal activity of recombinant ABF-2

Organism BCso (uM)
Gram-positive bacteria
Staphylococcus aureus (ATCC6538P) 0.01

Gram-negative bacteria
E. coli (K12) 0.1

Microbicidal activity was assessed as 50% microbicidal concentration (BCso).
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Figure 1. Schematic representation of expression vector. pro, T7 promoter; SD,

Shine-Dalgarno sequence; ter, T7 terminator.
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Figure 2. Effects of the charges of the partner proteins on ABF-2 expression level. (a):
Tricine-SDS-PAGE analysis of the expression level of ABF-2. (b): The intensity data of the

coexpression method are expressed in relation to those for the direct expression method.

The graph represents the average intensities of three independent experiments.
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Figure 3. Expression and purification of recombinant ABF-2. Lane 1: Inclusion body after
ultrasonication and centrifugation. Lane 2: Solubilized inclusion body. Lane 3: Flowthrough
fraction that passed through cation-exchange chromatography. Lane 4: Purified ABF-2
using cation-exchange chromatography. Lane 5: Purified correctly folded ABF-2 using

RP-HPLC.
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Chapter 2

Efficient production of a correctly folded mouse a-defensin,

cryptdin-4, by refolding during inclusion body solubilization
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2-1 Abstract

Mammalian a-defensins contribute to innate immunity by exerting antimicrobial activity
against various pathogens. To perform structural and functional analysis of a-defensins,
large amounts of o-defensins are essential. Although many expression systems for the
production of recombinant a-defensins have been developed, attempts to obtain large
amounts of a-defensins have been only moderately successful. Therefore, in this study, I
applied a previously developed coexpression method for the production of mouse
a-defensin cryptdin-4 (Crp4) in order to enhance the formation of inclusion bodies by Crp4.
By using this method, I succeeded in obtaining a large amount of Crp4 in the form of
inclusion bodies. Moreover, I attempted to refold Crp4 directly during the inclusion-body
solubilization step under oxidative conditions. Surprisingly, even without any purification,
Crp4 was efficiently refolded during the solubilization step of inclusion bodies, and the
yield was better than that of the conventional refolding method. NMR spectra of purified
Crp4 suggested that it was folded into its correct tertiary structure. Therefore, the method
described in this study not only enhances the expression of a-defensin as inclusion bodies,

but also eliminates the cumbersome and time-consuming refolding step.
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2-2 Introduction

Cationic antimicrobial peptides produced by animal cells represent the first line of defense
against invasion by pathogens [1]. Defensins and cathelicidins are the two major classes of
mammalian antimicrobial peptides [2]. Previous studies have shown that defensins are
microbicidal against Gram-positive and Gram-negative bacteria, yeast, fungi, spirochetes,
protozoa, and enveloped viruses [3,4]. Moreover, some defensins are known to act as
chemokines that activate the adaptive immune response [2-5]. The mammalian defensins
are characterized by six cysteine residues forming three intramolecular disulfide bridges,
and are divided into two subfamilies, a- and B-defensins, based on the amino acid sequence
similarities and the linkages of the disulfide bonds [3-5].

The a-defensins are cationic, amphipathic 3-4 kDa peptides [5]. They were first isolated
from myeloid cells and later identified in intestinal Paneth cells. Structurally, a-defensins
are characterized by a triple-stranded B-sheet structure that is constrained by three invariant
disulfide bonds between Cys!-Cys"!, Cys"-Cys!V, and Cys™-Cys". This characteristic
pattern of disulfide bridges is considered to be crucial for maintenance of the
three-dimensional structure and proteolytic stability of these peptides [5]. Moreover,
a-defensins have conserved biochemical features including a canonical Arg-Glu salt bridge,
a conserved Gly residue at Cys" "8, and high content of Arg relative to that of Lys.

The mouse Paneth cell a-defensins, termed cryptdins (Crps), are secreted into the lumen of
the small intestinal crypts in response to exposure to bacteria or bacterial antigens [6].
Among the known isoforms, cryptdin-4 (Crp4) has the most potent antimicrobial activity
[7]. Furthermore, the primary structure of Crp4 uniquely lacks three amino acids residues
between the fourth and fifth cysteine residues [7]. Because Crp4 has these features that
distinguish it from other Crps, Crp4 has been studied most intensively. The solution

structure of Crp4 has been determined by NMR spectroscopy [8,9]. Moreover, until now,
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cysteine-deleted mutants [10,11], salt bridge-deficient mutants [9,12], positive-to-negative
charge-reversal mutants [13] and an Arg-to-Lys mutant of Crp4 [14,15] have been studied to
elucidate the role of the conserved biochemical features of a-defensins. In previous studies,
the wild-type and mutants of Crp4 were prepared using the Escherichia coli expression
system [8-15]. In this expression system, the recombinant wild-type and Crp4 mutants are
expressed in E. coli as N-terminally linked, 6-histidine-tagged fusion peptides.

Large quantities of correctly folded a-defensin are essential to study the structure and
antimicrobial activity of a-defensin. In general, it is difficult to obtain large amounts of
a-defensins from natural sources due to their low concentration in these materials. Although
chemically synthesized a-defensins were widely used in some previous studies [16-19], the
chemical synthesis of a-defensin is very costly. Therefore, many strategies have been
developed to produce a-defensin using recombinant techniques [20-25]. Because E. coli is
easy to handle, is inexpensive, and grows quite fast, E. coli is the most widely used host
strain for the overproduction of a-defensin [20-23]. However, the recombinant production
of a-defensins using E. coli has been difficult due to their toxicity and proteolytic
susceptibility.

To prevent their degradation, a-defensins are usually expressed as fusion proteins in E. coli
cells [20-23]. The attachment of soluble protein to a-defensins has been adopted to prevent
degradation and promote proper folding [22]. However, the soluble expression of
antimicrobial peptides such as a-defensins may cause damage to the host cells by disrupting
their cell membranes. Moreover, in fusion protein systems, enzymatic or chemical cleavage
is necessary to remove fusion protein tags [20-23]. Enzymatic cleavage often causes
unfavorable degradation of recombinant peptides, because widely used proteases, such as
enterokinase and factor Xa, often show non-specific cleavages at unexpected sites [26,27].
Furthermore, many peptides often contain potential cleavage sites cleaved by chemicals.

For instance, CNBr is commonly used to cleave peptide bonds C-terminal to methionine

40



residues in proteins and peptides [28]. However, because many o-defensins contain
methionine in their amino acid sequences, CNBr cannot be used to separate such
a-defensins from fusion proteins.

On the other hand, the formation of inclusion bodies may also be useful to avoid
proteolytic degradation of a-defensins. However, it is difficult to control inclusion body
formation in E. coli cells. As another way to produce fusion expression, utilization of
insoluble protein tags has also been reported [20,23]. While this method prevents both
degradation and toxicity, it does not readily allow the use of enzymatic cleavage due to the
insolubility of the fusion protein, and thus chemical cleavage is the only practical method
for cleavage. Moreover, when a-defensins are expressed in an insoluble form, they must be
refolded in order to finally yield a correctly folded peptide. Thus, these cleavage and
refolding steps are the drawbacks of this method.

Therefore, I here applied the coexpression method [29] to produce mouse a-defensin Crp4
in order to enhance the inclusion body formation. By using this method, it was expected that
coexpression of the aggregation-prone protein (partner protein) would enhance inclusion
body formation by the peptide of interest (target peptide) while simultaneously protecting
the target peptide from proteolytic degradation by protease. Moreover, I attempted to refold
Crp4 directly during the inclusion-body solubilization step under oxidative conditions.
Interestingly, even without any purification, Crp4 was efficiently refolded in the

solubilization step, and the yield was better than that by the conventional refolding method.
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2-3 Materials and Methods

Bacterial strains
E. coli DH50 was used as a host strain for cloning and for preparing template plasmids. E.

coli BL21 (DE3) was used as an expression host.

Construction of a vector coexpressing Crp4 and a partner protein

The Crp4 gene (GenBank accession no. NM010039) fragment was amplified by PCR with
a set of primers using the cDNA-containing vector as template (Table 1). This product was
ligated to the pCOLADuetl vector (Novagen) by using Ndel-Xhol sites (Fig. 1), and the
resulting vector was designated pCOLA-Crp4. In this study, [ selected two
aggregation-prone proteins, human o-lactalbumin (HLA; GenBank accession no.
NMO002289) and Cys-less human a-lactalbumin (Cys-less HLA), as partner proteins. The
cDNA of Cys-less HLA was synthesized by Eurofins MWG Operon. In this mutant, all
eight Cys residues in HLA were replaced by Ser. The PCR-amplified partner protein gene
fragments (HLA and Cys-less HLA) were digested using restriction enzymes, and each was
subcloned into the pCOLA-Crp4 vector by using Ncol-BamHI sites. For instance, in this
study, the pCOLA-Crp4 vector containing the HLA gene was named pCOLA-[HLA]-Crp4.

The clone sequence was confirmed by capillary sequencing.

Evaluating the effect of Cys residues of HLA on the Crp4 expression level

E. coli BL21 (DE3) cells were transformed with the various expression constructs
(pCOLA-[HLA]-Crp4, pCOLA-[Cys-less HLA]-Crp4, and pCOLA-Crp4). The transformed
cells were grown at 37°C in 5 mL of LB medium until the OD600 reached 1.0-1.2. The cells

were induced by the addition of 1 mM IPTG and further cultivated for 4 h. The cells were
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harvested by centrifugation at 15,000 rpm for 5 min at 4°C. After the cells were lysed using
Bugbuster protein extraction reagent (Novagen), the inclusion bodies were isolated by
centrifugation at 15,000 rpm for 5 min at 4°C and analyzed by Tricine-SDS PAGE. The

intensity of Crp4 bands was quantified by densitometry.

Oxidative folding of chemically synthesized Crp4

Crp4 synthesized by Fmoc chemistry (Sigma-Aldrich Japan) was dissolved at 2 mg/ml in
50 mM Gly-NaOH buffer (pH 9.0) containing various concentrations of urea (0, 2, 4, 6 and
8 M). A 50 pl aliquot was withdrawn at different time intervals (0, 2, 4, 8 and 12 h). Then,
the samples were acidified by 0.1% TFA to quench the folding reaction and injected into
HPLC. HPLC analysis was performed on a Cosmosil 5C18-AR-300 column (Nacalai
Tesque) using a linear gradient of 20-40% acetonitrile containing 0.1% TFA at a flow rate of
1 ml/min over 40 min. The folding yields were calculated by dividing the integrated area of

the correctly folded Crp4 peak by the sum of the integrated area of all peaks.

Expression and inclusion body isolation for large scale production

The E. coli strain BL21(DE3) harboring the pCOLA-[Cys-less HLA]-Crp4 vector was
cultured overnight at 37°C in 50 mL of medium (LB or M9) containing 20 pg/mL
kanamycin. This preculture was inoculated into 1 L of medium (LB or M9) containing 20
pg/mL kanamycin. SN labeling was achieved by growing E. coli in M9 medium containing
ISNH4Cl as the sole nitrogen source. The culture was grown at 37°C, and protein expression
was induced by the addition of 1 mM IPTG when the OD600 reached 1.0-1.2. After an
additional 4 h of cultivation, cells were harvested by centrifugation at 6,000 rpm for 10 min.
The cells were resuspended in lysis buffer (50 mM Gly-NaOH, 1 mM EDTA, pH 9.0) and
disrupted by sonication. Next, inclusion bodies composed mainly of Cys-less HLA and

Crp4 were isolated by centrifugation at 7,500 rpm for 30 min at 4°C. The inclusion bodies
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were washed twice with lysis buffer containing 0.1% TritonX-100 and washed once with

lysis buffer (without TritonX-100).

Conventional refolding method with a reducing step

The procedure of the conventional refolding method is described in Figure 2. The washed
inclusion bodies were solubilized in solubilization buffer (6 M urea, 50 mM Gly-NaOH, 3
mM EDTA, 200 mM B-mercaptoethanol, pH 9.0) to prepare completely reduced, unfolded
Crp4. After centrifugation at 7,500 rpm at 4°C for 30 min, the clarified supernatant was
loaded onto a HiTrap SP HP cation-exchange column (GE Healthcare) pre-equilibrated with
equilibration buffer (6 M wurea, 50 mM Gly-NaOH, 3 mM EDTA, 20 mM
B-mercaptoethanol, pH 9.0). The bound Crp4 was eluted with a linear gradient of
equilibration buffer with 0-1 M NaCl. The fractions containing Crp4 were identified using
Tricine-SDS PAGE. These fractions were collected and dialyzed twice against refolding
buffer (50 mM Gly-NaOH, 3 mM reduced glutathione, 0.3 mM oxidized glutathione, pH
9.0) for 12 h at 4°C. Next, the sample was dialyzed twice against 0.1% acetic acid for 12 h
at 4°C. Correctly folded Crp4 was purified by RP-HPLC on a Cosmosil 5C18-AR-300
column (Nacalai Tesque). The elution was carried out with a linear gradient of 20-40%
acetonitrile with 0.1% trifluoracetic acid. The yield of Crp4 was determined by measuring
the absorbance at 280 nm. The purified recombinant Crp4 was lyophilized and stored at

-30°C.

Direct refolding method without a reducing step

An experimental flowchart for the new method is shown in Figure 2. The washed inclusion
bodies were solubilized in solubilization buffer without reducing agent (6 M urea, 50 mM
Gly-NaOH, 3 mM EDTA, pH 9.0) and incubated for 12 h at 37°C in a shaker incubator to

enhance oxidative folding of Crp4. After centrifugation at 7,500 rpm at 4°C for 30 min, the
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clarified supernatant was loaded onto a HiTrap SP HP cation-exchange column (GE
Healthcare) pre-equilibrated with equilibration buffer (6 M urea, 50 mM Gly-NaOH, 3 mM
EDTA, pH 9.0). The bound Crp4 was eluted with a linear gradient of equilibration buffer
with 0-1 M NaCl. The fractions containing Crp4 were identified using Tricine-SDS PAGE.
These fractions were collected and dialyzed twice against 0.1% acetic acid for 12 h at 4°C.

The HPLC purification was performed using the same method as described above.

Acid-urea polyacrylamide gel electrophoresis analysis

Acid-urea polyacrylamide gel electrophoresis (AU-PAGE) was performed basically
according to the previously described method [30]. Prior to loading on a gel, an aliquot
from each purification step was diluted in 3 x AU-PAGE sample buffer (9 M urea, 5%
acetic acid, methyl green). For the analysis of Crp4 in inclusion bodies, inclusion bodies
isolated from E. coli were directly solubilized into 3 X AU-PAGE sample buffer and then
diluted in 5% acetic acid to prevent the formation of disulfide bonds of Crp4 during
inclusion body solubilization. These samples were electrophoresed on 12.5% acrylamide gel
containing 5% acetic acid and 5 M urea at 150 V. After electrophoresis, the gel was stained

with Coomassie blue.

Bactericidal peptide assay of Crp4

Refolded Crp4 was tested for microbicidal activity against E. coli ML35 and Listeria
monocytogenes (L. monocytogenes). The bacteria were cultured in the following media: E.
coli ML35, tryptic soy broth; L. monocytogenes, brain heart infusion (BHI). Bacteria
growing exponentially at 37°C were deposited by centrifugation at 9,300 g at 4°C for 5 min.
Next, the bacteria were washed in 10 mM sodium phosphate buffer (pH 7.4) supplemented
with a 0.01 volume of the culture medium and resuspended in the same buffer. The bacteria
(~5x10% CFU/ml) were then incubated with recombinant Crp4 in 50 pl for 1 h in a shaker

45



incubator at 37°C, and the surviving bacteria were counted as CFU/ml after overnight
growth on tryptic soy agar plates for E. coli ML35 and BHI agar plates for L.

monocytogenes.

NMR spectroscopy

Recombinant Crp4 refolded during inclusion body solubilization was dissolved in a
mixture of 90% H20/10% D0 and adjusted to pH 4.2 by the addition of minute amounts of
HCI or NaOH. NMR experiments were performed on a Bruker Avance III HD 600 MHz
spectrometer. The HSQC spectrum was collected at 30°C. The data were processed

processed using NMRPipe 4.1 [31] and analyzed using Sparky 3.113 software [32].
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2-4 Results

Effect of coexpression of HLA and Cys-less HLA on the Crp4 expression level

To avoid enzymatic and chemical cleavage of fusion proteins, I tried to directly produce
Crp4 in E. coli as an inclusion body. However, the expression level of Crp4 was extremely
low (Fig. 3). Therefore, to enhance the inclusion body formation by Crp4, I applied the
coexpression method.

In a previous study, I experimentally demonstrated that the inclusion body formation of a
cationic antimicrobial peptide was enhanced by coexpression with an anionic partner
protein [29]. Therefore, I chose an anionic partner protein, HLA, as a coexpression partner.
The results showed that the expression of Crp4 was moderately increased by the
coexpression of Crp4 and HLA.

Moreover, in this study, I evaluated the effect of Cys residues of HLA on the inclusion
body formation of Crp4 by using Cys-less HLA, in which all eight Cys residues were
converted to Ser residues. The expression of Crp4 was markedly increased as an inclusion
body by coexpression of Cys-less HLA (Fig. 3). Because the expression level of Crp4 was
most increased by coexpression of Cys-less HLA, 1 selected Cys-less HLA as a partner

protein for the large-scale production of Crp4.

Oxidative folding of chemically synthesized Crp4

To obtain a large amount of correctly folded Crp4, it is important to determine the best
condition for refolding of Crp4. It has been reported that human o-defensins folded
efficiently in the presence of a proper quantity of denaturant [33]. Therefore, I examined the
folding behavior of chemically synthesized Crp4 under denaturing conditions. Moreover, |
evaluated the effect of the concentration of urea on the refolding yield of Crp4. As shown in

Figure 4, the optimal concentration of urea is 2 M, yielding a 35.4% recovery after 12 h at
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room temperature. Similarly, in the presence of 4 M urea, the refolding yield after 12 h was
34.0%. As the concentration of urea increased from 4 M to 8 M, the refolding yield
gradually declined. Also under non-denaturing conditions, Crp4 folded correctly, although
at a ,much slower rate. No aggregation of Crp4 was observed under any of the experimental

conditions employed.

Purification and refolding of Crp4 by using a conventional refolding method with a
reducing step

Because Crp4 has a charge that is opposite that of Cys-less HLA, I succeeded in separating
Crp4 from Cys-less HLA efficiently by a simple one-step cation-exchange chromatography
without enzymatic or chemical cleavage (Fig. 5a). After cation-exchange chromatography, I
obtained 12 mg of reduced recombinant Crp4. Then, this crude Crp4 was refolded by a
simple standard dialysis refolding protocol (Fig. 2). From the results of refolding analysis
using chemically synthesized Crp4, I refolded Crp4 in the presence of 2 M urea. After the
refolding and purification procedure, I obtained 2.0 mg of correctly folded Crp4 from 1 L of
culture. Although I succeeded in obtaining milligram quantities of correctly folded Crp4 by
using a conventional method with a reducing agent, a large amount of Crp4 precipitate was

observed after the refolding process.

Purification and refolding of Crp4 using the new method without a reducing step

To enhance the refolding yield of Crp4 and avoid the cumbersome refolding step, I
attempted to refold Crp4 directly during inclusion body solubilization. Because I expected
that the omission of reducing agent from the solubilization buffer would lead to the
disulfide bridge formation of Crp4, I attempted to solubilize inclusion bodies of Crp4 in the
solubilization buffer without reducing agent. Although I demonstrated that chemically

synthesized Crp4 could be folded efficiently in the presence of 2-4 M urea, the inclusion
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body was not solubilized in 2-4 M urea (data not shown). Therefore, the inclusion body was
solubilized in solubilization buffer containing 6 M urea. Refolding of Crp4 during inclusion
body solubilization was examined by AU-PAGE analysis. Because small cationic peptides
are separated on the basis of both the molecular size and charge, AU-PAGE is a suitable
method for evaluating the homogeneity and formation of native structure of defensins. In
the case that the isolated inclusion body was directly solubilized in acidic AU PAGE buffer
(approximately pH 3), the mobility of Crp4 was equal to that of reduced chemically
synthesized Crp4, suggesting that no disulfide bridges were formed (Fig 5b). In contrast, the
mobility of Crp4 after 12 h solubilization using solubilization buffer (pH 9.0) without
reducing agent was clearly different from that of reduced Crp4. Moreover, the mobility of
Crp4 was not changed during the following purification step. These results indicated that
the disulfide bridge formation of Crp4 did not occur in E. coli cells but was completed
during inclusion body solubilization without a reducing agent. Aggregation of Crp4 was not
confirmed after the refolding process. After HPLC purification, I obtained 4.6 mg of

correctly folded Crp4 from 1 L of culture.

Antimicrobial activity of recombinant Crp4

The microbicidal activity of refolded Crp4 was examined by colony count assay (Fig. 6).
The purified Crp4 was active against both E. coli ML35 and L. monocytogenes. Moreover,
the Gram-negative bacterium (£. coli ML35) was more sensitive than the Gram-positive
bacterium (L. monocytogenes). These results were in accordance with the findings reported

previously [10].

TOCSY and HSQC spectrum of Crp4
To confirm that the Crp4 refolded by new refolding method had the correct structure, the

TOCSY and HSQC spectra of Crp4 were obtained. The fingerprint region of the TOCSY
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spectrum is presented in Figure 7. I confirmed that the chemical shift of the side chain
amide proton of Arg7 was shifted markedly downfield. Such a shift was also reported in the
previous study [8]. Moreover, the spectrum was quite similar to that observed in the
previous study. These results indicate that the Crp4 refolded during inclusion body
solubilization had the correct structure. In addition, I could easily prepare isotopically
labeled Crp4 due to the good expression efficiency. The HSQC spectrum of '"N-labeled
Crp4 is presented in Figure 8. The well-dispersed peaks in HSQC also indicate that Crp4
was correctly folded. Sequential specific 'H and "N resonance assignments were also

determined without any ambiguity.
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2-5 Discussion

In this study, I chose a mouse a-defensin, Crp4, as the target peptide. To avoid enzymatic
or chemical cleavage of the fusion protein, I at first tried to express Crp4 directly in E. coli.
Unfortunately, the direct expression of Crp4 in E. coli was insufficient, probably due to the
instability of the expressed cellular Crp4 itself (Fig. 3). I speculated that this low-level
expression of Crp4 was caused by the degradation of expressed Crp4 by proteases of E. coli.
Therefore, I decided to apply a previously developed method [29], which enhances the
inclusion body formation of the target peptide by coexpression of aggregation-prone protein
as a partner protein, for overexpression of Crp4.

In my previous study, I examined the effect of the charge of the partner protein on the
inclusion body formation by the target peptide via this method and concluded that the
opposite charge of the partner protein efficiently enhanced the formation of an inclusion
body of the target peptide [29]. In this study, because Crp4 is a cationic antimicrobial
peptide (pI 9.9), I selected anionic HLA (pl 4.7) as a candidate for the coexpression partner
protein for overexpression of Crp4. To further elucidate the mechanism of inclusion body
formation by the target peptide via this method, I evaluated the effect of Cys residues of the
partner protein on the inclusion body formation by the target peptide using Cys-less HLA.

Similarly to HLA, Cys-less HLA formed a large amount of inclusion bodies when
overexpressed in E. coli (Fig. 3a). This result was consistent with earlier findings that a
mutant of HLA, in which all eight Cys residues are substituted to Ala residues, forms
inclusion bodies in E. coli [34], although in my study the Cys residues of HLA were
mutated to Ser residues. From these results, it can be said that the Cys mutations of HLA
did not affect the propensity to form inclusion bodies in E. coli. Interestingly, while
coexpression of HLA modestly enhanced the expression level of Crp4, Crp4 was produced

effectively as an inclusion body in the case of coexpression with Cys-less HLA. In this
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study, I could not clarify why Cys-less HLA induced a greater increase in the expression
level of Crp4 than HLA.

To enhance the refolding yield of Crp4, I focused on previous studies which showed that
proteins in inclusion bodies have a native-like secondary structure, and the restoration of
this native-like structure using mild solubilization conditions promotes refolding of the
proteins [35]. Unfortunately, in the present study the inclusion bodies that mainly contained
Crp4 and Cys-less HLA were not solubilized under a mild condition (2-4 M urea). However,
I were able to confirm that chemically synthesized Crp4 was also refolded even in the
presence of a high concentration of urea (6-8 M urea). Therefore, I expected that the
refolding of Crp4 without a complete denaturing step would enhance the refolding yield of
Crp4. I therefore tried to apply my present method to induce Crp4 to form disulfide bridges
during the solubilization of inclusion bodies (Fig. 2). In this method, to facilitate disulfide
bridge formation of Crp4 during inclusion body solubilization, I removed the reducing
agent from the inclusion body solubilization buffer. As a result, I succeeded in the refolding
of Crp4 during inclusion body solubilization and obtaining 4.6 mg of correctly folded Crp4
after HPLC purification. I also tried to refold Crp4 during the solubilization of inclusion
bodies mainly composed of Crp4 and HLA (Cys-containing), but the refolding of Crp4 was
inhibited by intermolecular disulfide bridge formation between Crp4 and HLA (data not
shown). From these results, it can be said that the coexpression of Cys-less HLA is effective
not only to enhance the expression of Crp4 as inclusion bodies but also to prevent the
interruption of refolding of Crp4 during inclusion body solubilization caused by the
formation of intermolecular disulfide bridges.

In order to avoid the degradation of recombinant proteins and peptides by host-derived
proteases in and after the refolding step, partially purified proteins and peptides are
generally used as starting materials for the in vitro refolding of inclusion body. In this study,

I confirmed that Crp4 has the ability to refold efficiently in the presence of a proper
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concentration of urea (Fig. 4). Under these conditions, host-derived proteases are thought to
be denatured. This may be the reason why the yield of correctly folded Crp4 obtained by the
direct refolding method was high even without partial purification.

Unlike in the conventional fusion protein system, there is no need to remove the fusion
protein tag by enzymatic or chemical methods in my coexpression method. Therefore, my
coexpression system can be applied to the production of any a-defensin. In future studies, |
plan to use this method to produce a-defensins that are difficult to synthesize by

conventional fusion protein methods.
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Table 1. Sequence of primers used in this study

Name Primer sequence® (from the 5' end to 3' end)  Restriction site
Primers for the Crp4 gene F = GGAATTCCATATGGACATCG Ndel
ACTTTAGTACTTGTGC
R = CCGCTCGAGTCAGCGGCGGG Xhol
GG
Primers for the HLA gene F = GAATTCTCATGAAGCAATTC Ncol
ACAAAATGTGAGCTG
R = CGGGATCCTTACAACTTCTC BamHI
ACAAAGCCACTG
Primers for the Cys-less HLA geneF = GAATTCCCATGGGCAAGCAA Ncol
TTCACAAAATCTGAG
R = CGGGATCCTTACAACTTCTC BamHI
AGAAAGCCAC

a. Restriction sites are underlined.
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Figure 1. Schematic representation of the expression vector. P, T7 promoter; partner, partner

protein gene; Crp4, Crp4 gene; T, T7 terminator.
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Conventional refolding method Direct refolding method

______________________ ll

Solubilization of
inclusion body (12 h)
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50 mM Gly-NaOH (pH 9.0)
3 mM EDTA

200 mM B-mercaptoethanol

Cation exchange
chromatography (2 h)

in the presence of 20 mM

Solubilization of
inclusion body (12 h)

6 M urea

50 mM Gly-NaOH (pH 9.0)
3 mM EDTA

without reducing agent

Refolding of Crp4 occurs

_______________________ 1

Cation exchange
chromatography (2 h)

without reducing agent

-mercaptoethanol

______________________ ‘____________________________________________________ R

Dialysis (12 h) x 2
2M urea
50 mM Gly-NaOH (pH 9.0)
3 mM reduced glutathione
0.3 mM oxidized glutathione

Dialysis (12 h) x 2
0.1% CH,COOH

Refolding of Crp4 occurs

|
Dialysis (12 h) x 2
0.1% CH,COOH

______________________ S S
!

RP-HPLC purification
'

Lyophilization

Figure 2. Comparison of the conventional refolding method and the direct refolding method

without a reducing step. Flowcharts are given for the conventional method (left) and the

direct refolding method (right). The time point of Crp4 refolding, the presence or absence of

reducing agent, and the time required for each step are shown.
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Figure 3. Effect of the Cys residues of HLA on Crp4 expression level. (a)
Tricine-SDS-PAGE analysis of the expression level of Crp4. (b) The intensity data of the

coexpression method are expressed in relation to those for the direct expression method.
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Figure 4. Time dependence of the folding yields for chemically synthesized Crp4 under

different urea concentrations.
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Figure 5. Expression and purification of recombinant Crp4. Tricine-SDS PAGE (a) and
AU-PAGE (b) analysis of Crp4. (a) Lane 1: Inclusion body after ultrasonication and
centrifugation. Lane 2: Solubilized inclusion body. Lane 3: A flowthrough fraction that was
passed through cation-exchange chromatography. Lane 4: Purified Crp4 using
cation-exchange chromatography. Lane 5: Purified correctly folded Crp4 using RP-HPLC.
(b) Lane 1: Chemically synthesized reduced Crp4. Lane 2: Inclusion body solubilized in
AU-PAGE buffer (approximately pH 3). Lane 3: Inclusion body after 12 h solubilization in
solubilization buffer (pH 9.0). Lane 4: Purified correctly folded Crp4 using cation-exchange

chromatography. Lane 5: Purified correctly folded Crp4 using RP-HPLC.
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Figure 6. Bactericidal activity of Crp4 refolded by using the direct refolding method.

60



10 9 8 7
ke '@ 123 L3 |
1 VIZY o 4
& R7oN 0 R24 T
e R16 R13 REZ_,
E l 9 H I ® ogg
2- R31 -2
. (] YS” i
R7 -]
—_ hd ol | K E’N c4
£ c28 9
o ¢ O I
g ;. 8@1 0 H10 I
- ] o 0 £t go @ @;“
8‘_ . c6 oo G2p -
I G19 I
g . |1 o o [
G14 o
| o |
e © @ 0
i e L26 e 0
5- o © o ° c21 e © -5
2 C11 F25 s
(]
c29
= e -
10 9 8 7
,- H (ppm)

Figure 7. Fingerprint region of the 2D TOCSY spectrum of Crp4.
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Chapter 3

A new approach to detect small peptides clearly and

sensitively by Western blotting using a vacuum-assisted

detection method
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3-1 Abstract

Western blotting is a widely used technique for the detection and quantification of
proteins and peptides. However, it is challenging to detect small peptides efficiently by
the conventional Western blotting method with shaking, in part because the peptides
readily detach from the blotted membrane. Although some modified Western blotting
protocols have been developed to overcome this problem, it remains difficult to prevent
peptide detachment from the membrane. In this study, I show that the previously
developed vacuum-assisted detection method greatly improves the detection of small
peptides without additional protocol modification. The vacuum-assisted method was
developed to shorten the time required for all immunodetection steps, and all the
Western blotting solutions penetrated the membrane quickly and efficiently by this
method. By using this vacuum method, I succeeded in detecting small peptides that
were completely undetectable by the conventional Western blotting method. I also
confirmed that peptide detachment was induced even by gentle shaking in the case of
the conventional method, and the detachment was accelerated when detergent was
present in the buffer. Unlike in the conventional method, there is no need to shake the
membrane in solution in the vacuum method. Therefore, it is thought that the small

peptides could be detected sensitively only by the vacuum method.
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3-2 Introduction

Western blotting is a powerful procedure to identify and quantify low-abundance

proteins and peptides. However, it is difficult to detect low-molecular-weight peptides

efficiently, in part because they so readily detach from the blotted membranes. To avoid

this detection problem, previous researchers have fixed the blotted membranes with

aldehyde before applying them to the conventional Western blotting method with

shaking [1-3]. Nishi et al. succeeded in detecting a low-molecular-weight (6 kDa)

epidermal growth factor by fixation of a gelatin-coated PVDF membrane with

formaldehyde. Lee et al. reported that fixation of a blotted membrane with

paraformaldehyde enables clear and strong detection of endogenous a-synuclein (17

kDa). Although membrane fixation by this kind of chemical crosslinkers can improve

the retention of peptides on the membrane, it has also been reported that such fixation

can be affect the peptide immunoreactivity due to the chemical modification [4].

Therefore, it is very important to develop an alternative detection method that does not

alter the immunoreactivity of peptides.

In this study, I demonstrated that the previously developed vacuum-assisted detection

method greatly improved the retention of small peptides without the need to fix the

blotted membranes. The length of time for immunodetection could be reduced by the

vacuum method, since all the Western blotting solutions permeated the membrane
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rapidly by this method. Because of this advantage, the vacuum method has been widely

used to detect the protein of interest in many studies [5-7]. Two vacuum systems are

commercially available for laboratory use, the SNAP i.d. system (Millipore) and the

Western Q system (SciTrove). By using the vacuum method, I could detect small

peptides that were not detectable by the conventional Western blotting method. In

addition, I found that the multiple number of cysteine residues in peptides were related

to the retention of the peptides on the membranes. The vacuum-assisted detection

method was originally developed in order to shorten the time required for all

immunodetection steps. To my knowledge there are no published data highlighting the

detection of small peptides using the vacuum method. In this study, I assessed the

effectiveness of the vacuum method for the detection of small peptides.

72



3-3 Materials and Methods

Biotinylated antibody and peptides

Six kinds of C-terminal biotinylated peptides (Table 1) were synthesized by Fmoc
chemistry (Sigma-Aldrich Japan). A cysteine residue was introduced at the C-terminus of
non-cysteine containing peptides (BLP7, MG2, CP1l), and then the peptides were
biotinylated with iodoacetamide-biotin. In addition, cysteine-containing peptides (TEWP,
pBD2, TPI), which contained a C-terminal 2-aminoethylamide moiety, were prepared using
ethylenediamine trityl resin. After the fully protected peptides were cleaved from the resin,
biotin was coupled to the free amino group at the C-terminus. An anti-Salmonella antibody
(a kind gift from the R&D Center, Nippon Meat Packers Inc.) was biotinylated by using a
Biotin Protein Labeling Kit (Roche) according to the protocol provided by the supplier. This

biotinylated polyvalent antibody was used as a positive control in the Western blotting.

Electrophoresis

Prior to loading on a gel, samples were diluted in 2 x sample buffer (100 mM Tris-HCI
(pH 8.4), 24% glycerol, 1% SDS, 2% B-mercaptoethanol, 0.02% Coomassie G-250) and
heated at 95°C for 5 min. Tricine-SDS-polyacrylamide gel electrophoresis was
performed using CPAGEL (ATTO) and Compact PAGE (twin) (AE7341, ATTO) by a

previously described method [8]..

Electrotransfer

The transfer buffers used were formulated as follows. Cathode buffer consisted of 25
mM Tris, 40 mM 6-amino-n-hexanonic acid, and 5% methanol; anode buffer A
consisted of 300 mM Tris and 5% methanol; anode buffer B was made up of 25 mM

Tris and 5% methanol. Prior to electrotransfer, a PVDF membrane (6 cm X 6 cm)
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(Immobilon-Psq, pore size 0.2 um; Millipore) was treated with methanol for 20 s,
transferred to a container of distilled water for 1 min, and then soaked with the anode
buffer B for 30 min. After electrophoresis, the gels were equilibrated in anode buffer B
for 5 min. The gel and membrane were sandwiched in the following order from bottom
to top: three pieces of filter paper soaked with anode buffer A, a piece of filter paper
soaked with anode buffer B, the pre-wetted membrane, the gel, and three pieces of filter
paper soaked with cathode buffer. Electrotransfer was performed at a constant current of

54 A (1.5 mA/cm?) for 40 min using a HorizBLOT 2M blotting unit (AE6687, ATTO).

Conventional shaking detection method

The procedure of the conventional method is described in Fig. 1. The blotted membrane
was blocked with 30 mL of blocking buffer (StabilGuard Choice, SurModics) for 30 min
and then washed with 30 mL of TBS-T (10 mM Tris HCI (pH 8.0), 150 mM NaCl, 0.1%
Tween20) twice for 10 min with gentle shaking. After washing with TBS-T, the membrane
was incubated at room temperature for 1 h with streptavidin horseradish peroxidase (HRP)
conjugate (GE Healthcare) in 15 mL of blocking buffer; the dilution ratio was 1:1000. The
membrane was then washed with 30 mL of TBS-T twice for 10 min with gentle shaking.
The bound peptides and antibody were visualized by Clarity western substrate (Bio-Rad)
according to the protocol provided by the supplier. The luminescent signals were acquired

by using a cooled CCD camera system (AE-6971 Light Capture, ATTO).

Vacuum-assisted detection method

Detection with a SNAP i.d. vacuum system (Millipore) was performed basically according
to the protocol provided by the supplier (Fig. 1). Briefly, after the blot holder containing the
blotted membrane was placed in the SNAP i.d. vacuum system, 30 mL of blocking buffer

was added and then the vacuum was turned on. After the well had emptied completely, the
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vacuum was turned off. Next, Streptavidin HRP conjugate in 5 mL of blocking buffer
(dilution ratio 1:333) was added into the blot holder. After incubation for 10 min, the
vacuum was turned on and then the membrane was washed three times with 30 mL of
TBS-T. The chemiluminescent reaction and detection were performed using the same

method as described above.

The effect of Tween 20 on peptide retention

After electrophoresis, CP1 was electrotransferred from the gel to the pre-wetted membrane.
The peptide was detected by a vacuum system as described above. The membrane was
washed with TBS (10 mM Tris HCI (pH 8.0), 150 mM NaCl) for 10 s to remove the
chemiluminescent reagent. The membrane was then washed again with TBS-T or TBS for
10 min with gentle shaking. The residual peptides were visualized and then the luminescent

signals were acquired. These procedures were repeated four times.
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3-4 Results

While all six peptides were clearly detected by the vacuum method, only three peptides
were weakly detected by the conventional method (Fig. 2). In contrast, the control
antibody, which was a larger protein (25 kDa) than the peptide samples (2-4 kDa), was
clearly detected at almost the same intensity by both methods (Fig. 2B). Although I used
a PVDF membrane with a 0.2 um pore size, which is well-suited for detecting proteins
or peptides of a molecular weight less than 20 kDa, I could not detect three peptides by
the conventional method. This is probably because small peptides tend to detach from
the blotted membrane more easily than the control antibody.

Tween 20 is frequently used in Western blotting to reduce non-specific binding and
background signals. However, a previous study showed that Tween 20 dissociates
bound proteins from the nitrocellulose membrane [9]. To further elucidate the reasons
why some peptides cannot be detected in the conventional method, I evaluated the effect
of Tween 20 on peptide detachment from the blotted membrane. Because CP1 was not
detected by the conventional method, I chose CP1 as the model peptide that easily
detaches from the membrane in the conventional method. Initially, I detected CP1 by
the vacuum method and then I subjected the membrane to repeated 10-min washings
with TBS-T or TBS using gentle shaking. After the fourth washing with TBS-T, the
observed intensity was decreased to 6.3% of its original value (Fig. 3). Similarly, the
intensity declined by 18.2% of its original value after the fourth washing with TBS.
These results suggested that peptide detachment was mainly induced by washing with
gentle shaking. Moreover, I clearly confirmed that detachment of the peptides from the
membrane was accelerated in the presence of Tween 20. Therefore, the decrease of the

peptide intensity was inevitable in the conventional method.
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3-5 Discussion

I speculated that peptide detachment occurs during washing of the membrane in the
conventional method, even if the shaking is done gently. Moreover, the membrane is
also shaken gently during the blocking and incubation steps in the conventional method.
These gentle shakings may induce peptide detachment from the blotted membrane.
Because I used SA-HRP to detect the biotinylated protein and peptides directly, only
three washing steps were needed. However, when primary and secondary antibodies are
used to detect the protein and peptides, the number of washing and incubation steps
increases. Accordingly, it is probable that more peptide detachment occurs when using a
primary and secondary antibody. On the other hand, in the case of the vacuum-assisted
detection method, there is no need for shaking during any of the immunodetection steps.
I think this is the reason why I could detect small peptides sensitively by the vacuum
method only.

I could not find correlation between the retention of peptides on the membrane and the
properties of the peptides (Mw, pl, GRAVY score, Table 1). Interestingly, the three
cysteine-containing peptides, TEWP, pBD2, and TPI, could be detected by the conventional
method, although their intensities were weak. Taking this characteristic into account, I think
that the three peptides detectable by the conventional method may form intermolecular
disulfide bridges. Although the tricine-SDS-polyacrylamide gel electrophoresis was
performed under a reducing condition, it is possible that the cysteines in the peptides form
intermolecular disulfide bridges through subsequent steps. Therefore, their retention on the
membrane may be improved by intermolecular disulfide bridges. It seems likely that the
formation of intermolecular disulfide bridges and the fixation with aldehyde have similar
effects on the retention of peptides on the PVDF membrane.

At the present time, the fixation of blotted membranes with aldehyde is widely used to

7



detect small proteins and peptides. However, because previous studies suggest that
fixation with aldehyde affects the immunoreactivity of proteins, it is not the best way to
improve peptide retention. In this study, I succeeded in detecting small peptides
sensitively and clearly using the vacuum-assisted detection method without the need for
fixation of the blotted membranes. The vacuum method will enable us to detect
previously undetectable proteins and peptides that easily detach from the blotted
membranes. In the near future, the vacuum method will be an indispensable tool for

sensitive detection and accurate quantification of low-molecular-weight peptides
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Table 1. Amino acid sequences and properties of the peptides used in this study

Name Amino acid sequence® Number of cysteines Mw pl GRAVY score®
Turtle Egg-White EKKCPGRCTL 6 4080.9 9.4 -0.608
Protein (TEWP) KCGKHERPTL
PYNCGKYICC
VPVKVK
porcine B-Defensin 2 DHYICAKKGG 6 4085.7 8.9 -0.289
(pBD2) TCNFSPCPLF
NRIEGTCYSG
KAKCCIR
Tachyplesin I (TPI) KWCFRVCYRG 4 2268.7 9.9 -0.518
ICYRRCR
Bobinin-Like Peptide 7  GIGGALLSAG 0 2551.9 9.7 0.415
(BLP7) KSALKGLAKG
LAEHFAN
Magainin 2 (MG2) GIGKFLHSAK 0 24669 10.0 0.083
KFGKAFVGEI
MNS
Cecropin P1 (CP1) SWLSKTAKKL 0 33389 10.6 -0.558
ENSAKKRISE
GIAIAIQGGP
R

a. All peptides are C-terminally biotinylated.

b. GRAVY stands for grand average of hydropathy. The Positive GRAVY scores indicate
hydrophobic peptides, and negative scores indicate hydrophilic peptides.
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Tricine-SDS-polyacrylamide gel electrophoresis (50 min)
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______________________ 1
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TBS-T (30 mL)
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______________________ i
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Figure 1. Comparison of the conventional method and the vacuum method. Flowchart of the

conventional method (left) and the vacuum method (right). This figure shows solution

volume and time required for each step.
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Figure 2. Effectiveness of the use of the vacuum method in Western blotting analysis of
small peptides. (A) Comparison of the vacuum method (upper panel) and the conventional
method (lower panel). Equimolar amounts (0.2 pmol) of the six peptides were
electrophoresed and electrotransferred. A biotinylated antibody was used as a positive
control in Western blotting analysis. The luminescent signals were acquired for 120 s by
using a cooled CCD camera system. The experiment was conducted three times. (B) The
intensity data of the conventional method were expressed in relation to those for the

vacuum method.
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Figure 3. Effect of washing on peptide retention. Comparison of the effects of washing with
TBS-T (solid line) and with TBS (dotted line). The intensity of each step was expressed in

relation to the original value.
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