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Abstract

the FYAW-mutated enzyme produced by yeast.

Plant peroxidases are important for several processes, such as defense against pathogens, and auxin metabolism. In
this study, we report the active production and secretion of plant peroxidase and mutated enzymes in the bacterium
Brevibacillus choshinensis for the first time in the world. We introduced mutations into prxA3a, an anionic peroxi-

dase gene of hybrid aspen, Populus x kitakamiensis, to substitute the amino acid residues at the surface of the pro-
tein and analyzed their modified substrate specificities. We have also reported heterologous expression of PrxA3a
and mutated enzymes in yeast. Enzymes secreted in the culture medium by B. chosinensis were purified by Ni affinity
chromatography, anion-exchange chromatography, and size-exclusion chromatography. The ability of the mutated
enzymes to polymerize sinapyl alcohol, a monolignol, was higher than that of the wild-type enzyme. In particular,
the FYAW-mutated enzyme produced by the bacterium showed higher polymerization activity, similar to that of
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Introduction

Peroxidases (EC 1.11.1.7) catalyze the oxidation of vari-
ous reductants using hydrogen peroxide [1, 2]. Plant per-
oxidases are involved in several physiological processes,
e.g., as the final step of monolignol oxidation in lignin bio-
synthesis [3, 4], polymerization of extensin [5], defense
response to wounding [6, 7], defense against pathogens
[7, 8], and auxin metabolism [9, 10]. Since plant peroxi-
dase genes form a multigene family in a plantgenome,
many peroxidase species are produced in plant cells. It is
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cumbersome to purify the specific peroxidase from oth-
ers to investigate its properties. Therefore, it is impor-
tant to express the isolated plant peroxidase gene in
microorganisms and purify the product by recombinant
technology.

Horseradish peroxidase C (HRP-C) is a typical plant
peroxidase used to study the mechanism of lignin polym-
erization. However, HRP-C is not present to any extent in
lignified tissues [11, 12]. HRP-C, horseradish peroxidase
A2 (HRP-A2), and Arabidopsis thaliana peroxidase A2
(ATP-A2; 95% identity to HRP-A2) can oxidize coniferyl
alcohol efficiently, but not sinapyl alcohol [13, 14],
because sinapyl alcohol is prevented from entering the
substrate binding site of plant peroxidases by interference
between the proline residue in their substrate-binding
site, e. g, Pro-139 of ATP-A2, and the 5-methoxy moi-
ety of sinapyl alcohol [15]. This assumption is generally
applicable because proline residues in the corresponding
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positions are highly conserved in plant peroxidases
(Fig. 1). For instance, 69 of 73 peroxidases in A. thaliana
contain proline residues at their corresponding positions
[13, 16]. Because HRP-C and ATP-A2 share high identity,
including this proline residue, HRP-C, as a representative
of plant peroxidases, cannot catalyze sinapyl alcohol as a
preferred substrate. PrxA3a [protein_id =“BAA07240.17],
a peroxidase from hybrid aspen PopulusX kitakamien-
sis (P sieboldiix P. grandidentata), is involved in lignin
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biosynthesis [1]; it also contains the proline residue
in the corresponding position (Fig. 1) and has similar
substrate specificities as HRP-C. On the other hand,
cationic cell wall-bound peroxidase (CWPO-C) [protein_
id=“BAE16616.1”] from Populus alba could catalyze the
oxidation of sinapyl alcohol as preferred substrate [17—
21], though Pro-135 corresponding to Pro-139 of ATP-
A2 is conserved in CWPO-C. Furthermore, CWPO-C
can catalyze the oxidation of synthetic lignin polymers

Xk
PrxA3a 1 -OLSPTFYDEACPNYNNT IRGYLYQAL YTDPR -- IGASL TRLHFHDCFYNG-CDGS ILLDNTDTIESEKE
ATP-A2 1 -OLNATFYSGTCPNASATYRST IQQALOSDTR -~ IGASL IRLHFHDCFYNG-CDAS ILLDD TGS TASEKN
HRP-C 1 -OLTPTFYDNSCPNYSNIYRDT IVNELRSDPR -~ 1AASTLRLHFHDCFYNG-CDAS ILLDNTTSFRTEKD
BGP-1 1 == QTCPRAESIVREFVOEAYRKD IG--LAAGLLRLHFHDCFYQG-CDASYLLDGSATGPGEQQ
SBP 1 -OLTPTFYRETCPNLFPIYFGY IFDASFTDPR -~ IGASLMRLHFHDCFYQG-COGSYLLNNTD TIESEQD
CWPO-C 1 OGTRYGFYATTCRRAESIYRATYOSHF TSDSS -- [APGLLRMHFHDCFYNG-CDAS IL IDGANT---EKT
LiP-HE 1 ---GKTYGDASCCAWFDYLDD I QUNLFHGGACGAEAHES IRLYFHDS TATSPAMEAQGKFGGGGADGS IM
PrxA3a 67 AAPNNNSYR-GFDVYDDMKAALENACPG-TVSCADILATAAEQSYCLAGGPSWTYPLGRRDSL I-ANRSG
ATP-AZ 67 AGPNYNSAR-GFNYYDNIKTALENACPG-YYSCSDVLALASEASYSLAGGPSWTYLLGRRDSL T-ANLAG
HRP-C 67 AFGNANSAR-GFPVIDRMKAAYESACPR-TYSCADLLTIAAQQOSYTLAGGPSWRYPLGRRDSLO-AFLDL
BGP-1 59 APPNLTLRPSAFKAYNDIRDRLERECRGAYYSCSDILAL AARDSYYYSGGPDYRYPLGRRDSRSFASTAD
SBP 87 ALPNINSIR-GLDVYNDIKTAYENSCPD-TYSCADILAIAAE TASYLGGGPGWPYPLGRRDSLT-ANRTL
CWPO-C 65 AGPNLLLR--GYDYIADAKTOLEAECPG-YYSCADILALAARDSYYLTKGL TWPYPTGRRDGR --YSLAS
LiP-H8 68 IFDDIETAFHPNIGLDEIYKLOKPFYQKHGYTPGDF I AFAGRYALSNCPGAPCMNFFTGRAPAT---QPA
* *

PrxA3a 134 ANSALPSPFASLDYLKSKFAAYGLDTSSDLYALSGAHTFGRAQCSSFNLRLYNESGS-GNPDPTLNTTYL
ATP-AZ 134 ANSSIPSPIESLSNITFKFSAYGLNTN-DLYALSGAHTFGRARCGYFNNRLFNESGT-GNPDPTLNSTLL
HRP-C 134 ANANLPAPFFTLPOLKDSFRNYGLNRSSDL YALSGGHTFGKNACRF IMDRLYNESNT-GLPDPTLNTTYL
BGP-1 129 YLSDLPGPSSNYOSLLALLGRLGLDAT-DLYTISGGHTIGLAHCSSFEDRLF------ PRPDPTISPTFL
SBP 134 ANONLPAPFFNLTOLKASFAYOGLNTL -DLYTLSGGHTFGRARCSTF INRLYNESNT-GNPDPTLNTTYL
CWPO-C 130 DTSNLPGFTDSYDYOKOKFAAFGLNAQ-DLYTLYGGHTIGTTACOFFRYRLYNE TTTGNGADPS INPSFY
LiP-H8 135 PDGLVPEPFHTVDQI INRYNDAGEFDELEL VWML SAHSY AAYNDYDPTYQGLPFDST---PGIFDSQFFY
PrxA3a 203 AELOQLCPOAGNESYVYTNLDPTTPDTFDGNYFSNLOTNEGLLRSDOELFSTT-GADTIDIYVNNESSNAT-
ATP-AZ 202 STLOOLCPONGSAST ITNLDLSTPDAFDNNYF ANLOSNDGLLOSDRELFSTT-GSSTIAIYTSFASNAT-
HRP-C 203 QTLRGLCPLNGNLSALYDFDLRTPT IFDNKYYYNLEECQKGL IQSDOELFSSPNATDTIPLYRSFANSTO-
BGP-1 192 SRLKRTCPAKG-TDRRTYLDYRTPNYFDNKYY IDLYNREGLFYSDQDLF TNA---TTRPIVERFAQSQQ-
SBP 202 EVLRARCPQNATGDNLTNLDLSTPDOFDNRYYSMLLAOLNGLLASDRAELFSTP-GADTIP IYNSFSSNAN-
CWPO-C 199 SOLATLCPONGDGSRRIALDTGSONSFDSSFFANLRSGAGILESDOKLWTDA---TTRTFYORFLGVRGL
LiP-H8 202 ETOLRGTAFPGSGGNOGEVESPLPGEIR------------- [QSDHTIARDS---RTACEWOSFYNNOS-
PrxA3a 271 ---AFFESFVVSMIRMGN ISPLTGTDGE IRLNCRRYNDNSTGSNALLVSST 318

ATP-A2 270 ---LFFOAFAQSMINMGN [SPL TGSNGE IRLDCKKYNGS --=-=------- 305

HRP-C 272 ---TFFNAFYEAMDRMGNITPL TGTOGQIRLNCRYYNSN------------ 307

BGP-1 257 ---DFFEQFGVSIGKMGOMRYRTSDOGEYRRNCSYRNPGPG---------- 294

SBP 270 ---TFFSNFRVSMIKMGN IGYL TGDEGE IRLOCNFYNG------------- 304

CWPO-C 266 AGLTFGVEFGRSMYKMSNIGYKTGTTGEIRRYCSAIN----=--------- 302

LiP-H8 255 KLYDDFQ-FIFLALTQLGODPNAMTDCSDY IPQSKPIPG--=-=------- 292

Fig. 1 Alignment of amino acid sequences for mature peroxidases. PrxA3a, ATP-A2 (PDB ID: 1PA2), HRP-C (PDB ID: THCH), soybean seed coat
peroxidase (PDB ID: 1FHF), barley grain peroxidase 1 (PDB ID: 1BGP), CWPO-C, and LiP-H8 (PDB ID: 1B85). Sequence homology analysis was carried
out using CLUSTALW (http://www.ebi.ac.uk). Conserved amino acid residues in the hem pocket and proline residue corresponding to Pro-139

of ATP-A2 are marked with a star. Trp-166 of LiP-H8, Tyr-74 and Tyr-177 of CWPO-C are yellow-highlighted. Putative N-glycosylation sites (N-X-5/T,

X#P) are underlined
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and ferrocytochrome ¢, unlike other plant peroxidases
[21]. Fungal lignin peroxidase (LiP) can also catalyze the
oxidation of lignin polymers and ferrocytochrome c [22].
CWPO-C and LiP may have additional active sites other
than heme pockets. These enzymes can also oxidize sub-
strates that cannot enter the heme pocket according to
physical size, etc. Therefore, amino acid residues located
on the surface of the enzyme were predicted as catalytic
sites other than the heme pocket and were investigated.
As a result, Tyr-177 or Tyr-74 of CWPO-C were found
to be catalytic sites (Fig. 1) [23-27]. It was also found that
the Trp-166 residue located on the surface of LiP-H8 is a
catalytic site [28-30].

In a previous study [31], we transplanted the putative
additional catalytic sites of CWPO-C and LiP to PrxA3a
for substrate specificity modifications and certifications
of the surface amino acid residue hypothesis. The amino
acid residues, corresponding to the surface catalytic sites
circumferential amino acid residues, of catalytic sites in
these enzymes were chosen for mutagenesis into prxA3a
gene. Phe-77 and Ala-165 of PrxA3a corresponded to
Tyr-74 of CWPO-C and Trp-166 of LiP-H8, respectively
(Fig. 1).

Escherichia coli is usually used as a host for heterolo-
gous recombinant protein production, but the protein
secretion ability of E. coli is so poor that secretion pro-
teins produced heterologously in E. coli often form inac-
tive inclusion bodies. Plant recombinant peroxidases
were also produced as inclusion bodies in E. coli, and
were converted to the active form by the complicated and
laborious steps of solubilization and refolding [17-21].
In contrast, yeasts can produce secreted proteins with
disulfide bonds and sugar chains. The yeast expression
system in our previous study [31] was adopted for the
production and secretion of the active form of PrxA3a
and the mutated enzymes. Therefore, in wild-type
PrxA3a, the mutated PrxA3a with Phe-77 was replaced
with Tyr (F77Y: FY), and in addition, in a mutation with
Ala-165 replaced with Trp (F77Y A165W: FYAW), other
mutated PrxA3a were produced [31]. The FY and FYAW
mutations in PrxA3a resulted in improved sinapyl alcohol
oxidation ability. In addition, the enhanced oxidation of
ferrocytochrome ¢ and the ability to polymerize sinapyl
alcohol indirectly confirmed that the substituted amino
acid residues Trp-165 and Tyr-77 of PrxA3a functioned
as substrate oxidation sites on the protein surface [31].

In this study, Brevibacillus choshinensis was used as a
host for the expression system. B. choshinensis is a gram-
positive bacterium with strong protein secretion activ-
ity, but it cannot add sugar chains to secreted proteins.
Therefore, the B. choshinensis expression system is use-
ful for producing recombinant secreted proteins with
disulfide bonds and no sugar chains. Plant peroxidases
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are secreted proteins that contain disulfide bonds and
sugar chains. Yeast adds sugar chains to secreted pro-
teins, whereas B. choshinensis does not. Sugar chains of
peroxidases may interact to polysaccharide components
in plant cell wall during lignin deposition. With our study,
we aimed to examine various effects of peroxidases with
and without sugar chains on lignin deposition, stability,
and substrate specificity, using yeast and B. chosinensis
expression systems. We attempted to verify the oxidation
and polymerization abilities of purified enzymes without
sugar chains produced by B. choshinensis, to coniferyl
alcohol and sinapyl alcohol.

Materials and methods

Strains

Brevibacillus choshinensis strain HPD31-SP3 was used
as a host to produce PrxA3a and other mutated per-
oxidases. The Escherichia coli strain used for the con-
struction and propagation of plasmids was XL10-gold
(A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44
thi-1 recAl gyrA96 relAl lac Hte) [F’ proAB lacl’ ZAM15
TnlI0 (Tet’) Amy Cam'].

Media and growth conditions

E. coli transformants were grown at 37 °C in Luria—Ber-
tani (LB) broth supplemented with antibiotics. Selected
B. choshinensis transformants were inoculated in MT
liquid medium (1.0% Phytone peptone, 0.575% Ehrlich
bonito extract, 0.2% Bacto yeast extract, 1.0% glucose,
10 mg/L FeSO,7H,0, 10 mg/L MnSO,4H,0, 1 mg/L
ZnSO,*7H,0, 20 mg/L MgCl,) supplemented with kan-
amycin (50 pg/mL) and grown aerobically at 37 °C. B.
choshinensis transformants were aliquoted into 0.5 mL
microtubes and stored at —80 °C. The medium 2SY (4.0%
Bacto soyton, 0.5% Bacto yeast extract, 2.0% glucose,
0.015% CaCl,*2H,0, 150 pg/mL kanamycin) was used for
the pre-culture and protein expression culture.

Plasmids construction and transformation of B. chosinensis
and E. coli

Polymerase chain reaction (PCR) was performed on
wild-type prxA3a [DNA database accession number:
D38050] with deleted introns as the template with KOD
polymerase (ToYoBo, Osaka, Japan) using primers B
and C to introduce the FY mutation and primers A and
D for amplification of full-length preA3a CDS (Fig. 2A,
B). First, PCR was performed with primer sets A and C,
and with primer sets B and C. Both PCR products were
purified by agarose gel electrophoresis, and the target
DNA fragments were rescued. Second, both recovered
DNA fragments were mixed, and the full-length FY-
mutated prxA3a CDS was amplified using primers A and
D. The amplified fragment was digested with HindIII and
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(A)

A 5’ -GAAAGCTTTCTAGAATGATGGTAGATAAAGCAATGC-3'
B 5’ -TCAGTAAGGGGYgTacGATGTTGTTGA-3"’

C 5’ -TCAACAACATCgtAcCCCCTTACTGA-3'

D 5’ -GGGAATTCGGAGCTCTTAAATTGAGCTAAC-3’

E 5’ -GTGACCTGGTTtggCTTTCAGGTGC-3"

F 5’ -GCACCTGAAACccaAACCAGGTCAC-3’

G 5’ -GATGACGATGACAAACAGCTGgaTCCCACTTTTTAC-3’
H 5’ -CATCCTGTTAAGCTTTTAAATTGAGCTAACCAGGAG-3’

B)
HindiNA E. E
1nt 1044 nt
A6 M F77Y A165W  prxA3a  [sor
-29a.a. 318a.a.
laa <~ ‘? ‘D\EcoRI
G
1nt 957 nt
= o,
1a.a ‘ﬁ\/«n‘nmu

A and D: primers for full length prxA3a amplification
B and C: primers for F77Y mutagenesis

E and F: primers for Al65W mutagenesis

G and H: Primers for B. chosinensis transformation

Fig. 2 Primer sequences and their positions. A Primer sequences
used for mutagenesis and vector construction. Red lower-case
letters represent substituted nucleotides. The flanking sequences

of the Hindlll recognition sites in pBIC1-4 are underlined.
Yellow-highlighted sequences are Hindlll, EcoRI or BamHI recognition
sites. Primer A and D: primers for full length prxA3a amplification.
Primer B and C: primers for F77Y mutagenesis. Primer E and F:
primers for A165W mutagenesis. G and H: Primers for creation

of DNA fragments for B. chosinensis transformation. Primer G contains
a BamHI site and causes an amino acid residue substitution of Ser

to Asp at the third position of the native mature PrxA3a. B Positions
of the primers for mutagenesis and vector construction on prxA3a.

inserted into pUC119 to confirm its sequence. Similarly,
FYAW-mutated prxA3a was generated using FY-mutated
prxA3a CDS and primers E and F for the introduc-
tion of the AW mutation into FY-mutated preA3a. The
full-length DNA fragment contained the nucleotide
sequence of the native plant extracellular secretion sig-
nal. For insertion into Brevibacillus expression plasmids,
pBIC1-4 (Takara Bio, Shiga, Japan), containing the nucle-
otide sequences encoding the bacterial signal sequences,
the truncated DNA fragments for the mature peroxidase
deleted the nucleotide sequence for the authentic plant
signal sequence and added short homologous sequences
flanking the HindIIl cloning site of the plasmids. The
DNA fragments were then amplified with primers G and
H using the full-length peroxidase CDSs in pUC119 as
the templates, and the amplified fragments were used
as insert fragments for B. choshinensis transformation.
Primer G caused the substitution of serine with aspartic
acid at the third amino acid residue in mature PrxA3a.
Transformation of B. chosinensis was performed using
the BIC method, according to the instructions for the
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Brevibacillus Expression System (Takara Bio, Shiga,
Japan). A mixture of linearized pBIC1-4 by digestion
with Hindlll and the amplified DNA fragment with
primers G and H was used for the transformation of B.
chosinensis. We used pBIC3 as the expression vector in
further experiments because it produced the most effi-
cient PrxA3a among pBIC1-4 (Additional file 1: Fig. S1).

Ligation reactions of E. coli plasmids and PCR products
were performed using the Seamless Ligation Cloning
Extract (SLiCE) method [32], and SLiCE ligation mix-
tures were used for transformation of E. coli.

Production of recombinant enzymes by B. choshinensis

After thawing the frozen stocks of B. choshinensis trans-
formants at 37 °C for 1 min, they were cultured in 10 mL
of 2SY pre-culture medium with 150 pg/mL kanamycin
in L-tubes at 30 °C for 24 h with shaking (80 rpm). Each
B. choshinensis pre-culture medium was aseptically trans-
ferred to 100 mL of 2SY expression culture medium with
150 pg/mL kanamycin and 50 pg/mL hemin in Sakaguchi
flasks and cultured aerobically at 30 °C for 96 h (140 rpm).

Protein purification
Protein purification was performed in the following three
steps.

1. The supernatant of the culture medium was collected
by centrifugation and used for further purification.
Ni affinity purification using the batch method was
performed with beads of Ni Sepharose™ High Per-
formance (Cytiva, Tokyo, Japan) according to the
protocol provided by the manufacturer, and wild-
type and mutated PrxA3a enzymes were purified
from the resulting filtrate. The crudely purified pro-
teins obtained in this study were used to examine the
enzyme activity and polymerization ability of mon-
olignols, as described below, as well as for protein
quantification.

2. Anion exchange chromatography was performed
according to the following procedure. The buffer of
the crudely purified protein solutions in step 1 was
replaced with 20 mM Tris-HCI (pH 8.0), and the
solutions were concentrated using a 10 kDa ultra-
filtration unit (Amicon Ultra; MILLIPORE, Merck,
Tokyo, Japan). Sample solutions were passed through
a 0.45-um pore size filter (Millex-HV; MILLIPORE,
Merck, Tokyo, Japan). An appropriate amount of
sample was injected into a high-performance pulse-
less constant flow pump (SSC), and the eluate was
aliquoted every minute with a fraction collector. The
fractions in which enzyme activity was confirmed
were collected. The purification was conducted using
a Gradient Controller, SSC-3461, and SSC-5410
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(Senshu Scientific Co., Ltd., Tokyo, Japan) with an
IEC DEAE-825 column (8.0 X 75 mm, 8 pm; Showa
Denko, Tokyo, Japan). Mobile phase A (20 mM Tris-
HCI (pH 8.0)) and mobile phase B (20 mM Tris-HCl
(pH 8.0) with 0.5 M NaCl) were used to elute the
crudely purified protein solution at a flow rate of 1.0
mL/min. The gradient elution was held at 100% A for
5 min, stepped to 80% A/20% B for 5 min, held for
12 min, stepped to 65% A/35% B for 6 min, to 60%
A/40% B for 12 min, and 100% B for 1 min, after
which it returned to 100% A for 1 min.

3. Size-exclusion chromatography was performed
using the following procedure. PROTEIN KW-G 6
B and PROTEIN KW-802.5 columns (Showa Denko,
Tokyo, Japan) were used, and 50 mM sodium phos-
phate buffer (pH 7.0) with 0.3 M NaCl was used as
the mobile phase. The buffer of PrxA3a purified in
step 2 was replaced with 50 mM sodium phosphate
buffer (pH 7.0) with 0.3 M NaCl using a 10 kDa ultra-
filtration unit and concentrated. The sample collected
in step 2 was passed through a 0.45-pm pore diam-
eter filter. An appropriate amount of the sample was
injected into the device, and the eluate was aliquoted
every 20 s with a fraction collector. The fractions
were collected and peroxidase activity was detected
using the simple activity assay described below.

Measurement of enzyme activities

The guaiacol-oxidizing activities of wild-type and
mutated PrxA3a were measured. The buffer used for
the activity assay consisted of 50 mM sodium phosphate
buffer (pH 6.0), 0.1% (w/v) guaiacol, and 0.003% hydro-
gen peroxide. Appropriate amounts (2 pL or 5 puL) of the
enzyme solutions were added to 1 mL of buffer, and the
activity assay was performed. The oxidized guaiacol was
measured using a spectrophotometer at a wavelength of
470 nm. One unit of enzyme activity was defined as the
amount of enzyme that increased one unit of absorbance
at 470 nm (A,,,) per minute in a 1-mL reaction mixture
at about 20 °C.

Protein quantification

The protein quantification reagent was composed of
Bio-Rad Protein Assay Dye Reagent Concentrate and
Milli-Q water (1:4). Protein concentration standards
(BSA 0.1 mg/mL, 0.25 mg/mL, 0.5 mg/mL, 0.75 mg/mL,
1.0 mg/mL) and each enzyme were prepared according
to the instructions, and 10 pL of each was dispensed into
the disposable cell. One milliliter of well-stirred protein
quantification reagent was added to each disposable cell
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and allowed to stand at room temperature for at least
5 min. Within 60 min, the absorbance was measured at
595 nm to determine the protein concentration.

Protein analyses by SDS-PAGE and native-PAGE,

and peroxidase activity staining

In this study, we used both of SDS-PAGE and native-
PAGE methods developed by Laemmli [33, 34]. In SDS-
PAGE, usually proteins are separated in the presence of a
detergent and under heat-denaturing and reducing con-
ditions. Sodium dodecyl sulfate (SDS) is used as a deter-
gent, and 2-mercaptoethanol or dithiothreitol is used as a
reducing agent. In this study, SDS-PAGE was performed
with final concentration of 37.5 mM dithiothreitol for
flow-through and eluted fractions at each purification
step for the wild-type, FY-mutated, and FYAW-mutated
enzymes. The resulting gels were stained with Coomassie
Brilliant Blue R-250 (CBB).

On the other hand, proteins in native-PAGE are sepa-
rated without a detergent and under non-denaturing and
non-reducing conditions. Under such conditions, the
charge, molecular weight, and shape of each of the pro-
teins and the pH during electrophoresis, mainly affect
the mobility of each protein during electrophoresis. And
many proteins can retain their activity after native-PAGE.
Native-PAGE was also performed on the same SDS-
PAGE samples. The resulting gels were stained with CBB
and/or analyzed by peroxidase activity staining, and pho-
tographed. The buffer, containing 0.1% (w/v) guaiacol and
0.003% hydrogen peroxide, used for peroxidase activity
staining of the gels was the same as that used for meas-
urement of enzyme activity. The gels after native-PAGE
were soaked in the buffer for 3 min.

In all of SDS-PAGE and native-PAGE, we used Blue
Prestained Protein Standard, Broad Range (11-250 kDa)
(New England BioLabs Japan, Tokyo, Japan) as the
molecular weight marker.

Measurement of monolignols polymerization ability

of wild-type and mutated PrxA3a enzymes

An Asahipak GF-310 column (Showa Denko, Tokyo,
Japan) was used, and N,N-dimethylformamide (DMF;
HPLC grade) was used as the mobile phase. The substrate
specificities of PrxA3a and the mutated enzymes were
examined using coniferyl alcohol and sinapyl alcohol as
substrates, respectively. The reaction buffer consisted
of 50 mM sodium phosphate buffer (pH 6.0), 0.2 mM
coniferyl or sinapyl alcohol, and 0.003% hydrogen per-
oxide. Each 0.2 unit of enzyme, based on their specific
activities to guaiacol, were added to 50 pL of the reaction
buffer. Coniferyl alcohol was reacted with each enzyme
for 1 h and 24 h. Sinapyl alcohol was reacted with each
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enzyme for 24 h and 72 h. The reaction was stopped by
placing sample tubes in boiling water for 5 min. The reac-
tion mixtures were dried under vacuum for 1 h using a
centrifugal evaporator (IWAKI VEC-260) connected to
an aspirator. The residues in the reaction tubes were dis-
solved in 100 uL of DMF and passed through 0.45-pm
pore size filters (Millex-HV). A 500 pL glass syringe was
used as the injector for HPLC. The samples were injected
into a column that had been previously equilibrated with
degassed DMEF, the flow rate was set at 0.4 mL/min, and
the absorbance at 278 nm was measured. Chromato-
PRO Ver. 5.0.0 (Runtime Instruments, Tokyo, Japan) was
used for the analysis. We used polystyrene STANDARD
SL-105 (Showa Denko, Kanagawa, Japan) composed of
S-20, S-13, S-9.6, S-6.3, S-4.7, S-3.0, S-1.9, S§-1.2, S-0.9,
and S-0.6, with peak molecular weights (Mp) of 19,500,
13,000, 9,590, 6,320, 4,730, 2,970, 1,920, 1,150, 860, and
580, respectively, as the molecular weight standard.

Results and discussion
Purification and specific enzyme activities of wild-type
and mutated enzymes produced by Brevibacillus
Enzyme activity in the supernatants from the culture
medium of the transformant of wild-type prxA3a in pBIC3
was higher than that in the other vectors (Additional file 1:
Fig. S1). Therefore, pBIC3 was used as the expression vec-
tor for the subsequent protein expression experiments.
The mature recombinant PrxA3a enzymes secreted
by Brevibacillus had an amino acid residue substitution
from serine to aspartic acid at the third position of the
native mature PrxA3a and, furthermore, an additional
amino acid sequence, ADHHHHHHDDDDK, at the
N-terminus. The additional sequence was composed of
a His-tag and enterokinase site. Therefore, Ni affinity
purification using the His-tag was performed prior to the
other protein purification steps.
The protein concentration of each enzyme was then
calculated (Table 1-iv). The protein concentration of the
wild-type, FY-mutated, and FYAW-mutated enzymes
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were 0.574, 2.24, and 0.455 mg/mL, respectively. The
specific activity of each enzyme toward guaiacol was
calculated in the same manner (Table 1-v). The individ-
ual specific activities of the wild type, FY-mutated, and
FYAW-mutated enzymes were 95.8, 101, 114 U/mg.

SDS- and native-PAGE and peroxidase activity staining
As shown in Fig. 3, two bands are observed. Their molec-
ular weights are estimated to be 51.2 kDa and 37.5 kDa.

(k02) M 5 _
8 =
130 -

95 .

72 -

55 .

43 -
34 =
26 e
17‘

Fig. 3 Wild-type recombinant PrxA3a in fractions during purification
in SDS-PAGE. The bands of 51.2 kDa and 37.5 kDa are shown

with an arrow and an arrowhead, respectively. M: Molecular weight
marker; 1: elution fraction by 10 mM imidazole; 2: elution fraction

by 20 mM imidazole; 3: elution fraction by 50 mM imidazole;

4: collected fraction after anion exchange chromatography

of the elution fraction by 50 mM imidazole; 5: collected fraction

after both size-exclusive and anion-exchange chromatography

of the elution fraction by 50 mM imidazole

Table 1 The activity and concentration of wild-type and mutated PrxA3a were measured

(i) Enzyme activity (ii) 1 mL equivalent of (iii) Protein quantification  (iv) Protein (v) Specific
enzyme activity [U/mL] concentration activity [U/
[mg/mL] mg]
Wild type (Sample volume) ~ 0.275+0.0155 550 0.293+0.0273 0.574 958
(5 pL) (1oub)
FY mutanted 0454+0.0218 2270 0.468+0.0188 2.24 101
(Sample volume) @ ub) (4 ub)
FYAW mutanted 0.260+0.0145 520 0.228+0.0160 0455 114
(Sample volume) (5uL) (10 ub)

(i) The guaiacol oxidizing activities of wild-type and mutated PrxA3a were measured. (i) Enzyme activity per 1 mL was calculated based on the measured guaiacol
oxidation activity. (i) and (iv) Protein concentrations were determined based on the Bradford method. (v) Specific activity was calculated using enzyme activity per
1 mL and protein concentration. The SD were calculated from the triplicate experiments.
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The estimated molecular weight of mature PrxA3a with
heme and the additional amino acid sequence without
a sugar chain is approximately 36 kDa. Therefore, it is
thought that the lower bands with an arrowhead in Fig. 3
were derived from the denatured monomer of PrxA3a,
while the upper bands represented by an arrow were
resulted from the insufficiently denatured PrxA3a. Some
plant peroxidases are known to exist in the homodimer
form [35-39]. Insufficient denaturation of the dimer
might result in the difference between calculated and
measured mobility in SDS-PAGE. Similar results for
SDS-PAGE, according to the homodimer, were also
observed in our previous report on PrxA3a produced by
yeast [31].

Figure 4 shows that the bands of the wild-type and
mutated enzymes are represented at the same posi-
tions. The molecular weights of the bands indicated by
the arrow are estimated to be 38.1 kD, which is consid-
ered as a monomer. In Fig. 5, reddish-brown bands are
observed in all lanes of the samples. This indicates that
all enzymes were secreted in the active form. No reddish-
brown staining by other peroxidases than wild-type and

(kDa) M 1 2 3

250
180

130

95 B
72

55

43

34 — . " <«—PrxA3a

26

.

Fig. 4 Wild-type and mutated PrxA3a in fractions

after the purification step 1in SDS-PAGE. M: Molecular weight marker;
1: Wild-type enzyme; 2: FY mutated enzyme; 3: FYAW mutated
enzyme
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Fig. 5 Peroxidase activity staining of wild-type and mutated PrxA3a
in fractions after the purification step 1. M, molecular weight marker;
1, wild-type enzyme; 2, FY-mutated enzyme; 3, FYAW-mutated
enzyme. In native-PAGE, protein mobility is affected by many factors,
not just the molecular weight. Therefore, there is no exact correlation
between the molecular weight marker values and the molecular
weights of other proteins

mutated PrxA3a in Fig. 5 was detected, suggesting that
the peroxidase activity was solely derived from prxA3.
Therefore, these crude enzymes could be examined in
a test for monolignol polymerization ability, despite
the presence of many other proteins in these solutions
(Table 2).

Monolignols polymerization abilities of the wild-type

and mutated PrxA3a

The amount of enzyme was set to 0.2 units per volume in
each reaction mixture.

We determined the molecular weights of the peaks
in the size-exclusion chromatograms according to the
molecular weights of polystyrene STANDARD SL-105
(Additional file 1: Fig. S2). The retention times for both
sinapyl alcohol with a molecular weight of 210.226 and
coniferyl alcohol with a molecular weight of 180.20 were
approximately 22 min (Figs. 6 and 7), suggesting that
this is the lower limit of the column’s detection value.
The molecular weight at approximately 16.5 min in the
broad band of coniferyl alcohol reactant by wild-type
PrxA3a in Fig. 6A was nearly 1920 Da. Therefore, the
substance detected around this time was considered to
be approximately 10-mer. Furthermore, multiple peaks
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Table 2 Ratios of coniferyl alcohol polymerization products
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[%]

Monomer Dimer Trimer Oligomer Polymer Before 9 min After 23.5 min
(A) After 1 h reaction
WT 283 45 5.98 386 7.66 0 0.0121
FY 5.87 217 843 30.7 33.1 0 0.189
FYAW 567 154 6.16 299 377 346 1.68
(B) After 24 h reaction
WT 37 315 6.76 296 254 0452 2.57
FY 3.04 109 727 373 404 0.687 0493
FYAW 3.55 10.8 6.14 355 424 0 1.59

The area ratios of the peaks obtained from size exclusion chromatography were determined for coniferyl alcohol polymerization products. (a) after 1 h reaction, (b)
after 24 h reaction. Monomer contains coniferyl alcohol and aldehyde. (monomer: from 21 min to 23.5 min, dimer: from 19.5 min to 21 min, trimer: from 18 min to

19.5 min, oligomer: from 13 to 18 min, and polymer: from 9 to 13 min)

observed between 18 and 21 min were attributed to
tetramers, trimers, and dimers, respectively. Similarly,
the band detected at approximately 15 min was thought
to be about 30-mer, and those detected prior to 13 min
were considered to be complete polymers because their
molecular weight was more than 20 kDa. Polymeriza-
tion capacity tests were conducted on the basis of these
evaluations.

Using coniferyl alcohol alone as the standard, a peak
appeared at 22 min (Fig. 6A, B). In the chromatograms of
coniferyl alcohol oxidized by wild-type, FY, and FYAW-
mutated PrxA3a, the peaks at 20 min were inferred to be
coniferyl alcohol dimers (Fig. 6A, B). In the non-enzyme
control, a shoulder appeared at 23 min. This was thought
to be coniferyl aldehyde, which is an oxidation product
of coniferyl alcohol. A broad band was observed between
9 and 13 min (Fig. 6A, B). Compared to the molecular
weight standard, this corresponds to a molecular weight
of more than 20 kDa. Therefore, the broad band between
9 and 13 min was estimated to be that of coniferyl alcohol
polymer, known as the guaiacyl dehydrogenative polymer
(DHP). The results of the 1-h reaction of the enzyme with
coniferyl alcohol and the 1-d reaction showed that the
polymer increased with time in both the wild-type and
mutated enzymes. The area ratios of the polymer bands
after 24 h of reaction were 25.4% for wild-type PrxA3a,
40.4% for FY-mutated PrxA3a, and 42.4% for FYAW-
mutated PrxA3a, suggesting that FYAW-mutated PrxA3a
had the highest coniferyl alcohol polymerization ability.

As a result of flowing sinapyl alcohol alone, a peak
appeared at 22 min, similar to that of coniferyl alcohol
(Fig. 7A, B). In the non-enzyme control, the shoulder at
23 min appeared to be similar to that in the non-enzyme
control of coniferyl alcohol. This is thought to be sinapyl
aldehyde. After 24 h of enzyme reaction, in the samples

of FY- and FYAW-mutated PrxA3a, the dimer peaks were
the most intense, while the monomer peaks decreased
(Fig. 7A). Compared to the wild-type enzyme, the
mutated enzymes showed improved polymerization abil-
ities. In particular, only the FYAW-mutated enzyme rep-
resented the syringyl DHP polymer band. The polymer
band was obtained when the peroxidase enzymatic reac-
tion was stopped in boiling water. Addition of hydrochlo-
ric acid resulted in the emergence of the oligomer bands
of coniferyl and sinapyl alcohols even though no peroxi-
dase was added (Additional file 1: Fig. S3). However, oli-
gomer bands were not obtained when they were boiled
to stop the enzymatic reaction. Therefore, the reaction
mixtures were placed in microtest tubes in boiling water
for 5 min to stop the enzymatic reaction. When sinapyl
alcohol was reacted with the FY mutant and the FYAW
mutant for 72 h, the polymerization was more advanced
and the trimmer peak at around 19 min was larger
(Fig. 7B). The polymer band area of the FYAW-mutated
enzyme accounted for 15.2% of the total peak area, indi-
cating that it has a higher sinapyl alcohol polymerization
ability than the FY-mutated enzyme (Table 3B). These
results suggest that the introduction of the FY and FYAW
mutations into PrxA3a altered substrate specificities and
enabled the surface substrate oxidation sites to function.
In particular, the FYAW-mutated enzyme showed an
improved polymerization ability for both coniferyl alco-
hol and sinapyl alcohol.

These results were similar to those of wild-type and
mutated PrxA3a produced by yeast [31]. This indicates
that the enhanced reactivities of mutated peroxidases
with FY and FYAW substitutions towards sinapyl alcohol
were not significantly affected by the presence or absence
of sugar chains in these enzymes under the reaction con-
ditions used in this study. However, further analyses for
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Fig. 6 In vitro analysis of coniferyl alcohol polymerization abilities of peroxidases by size exclusion chromatography. UV chromatograms at 278 nm
are shown. Closed triangles, open triangles, closed diamonds, open diamonds, double parentheses, parentheses, and arrows represent monomer,
dimer, trimer, tetramer, oligomer (13-18 min), polymer (9-13 min), and coniferyl aldehyde, respectively. CA coniferyl alcohol, NC non-enzyme
control; WT, FY, and FYAW: reactants of wild-type, FY-mutated, and FYAW-mutated enzymes are shown at the top. AEach enzyme and coniferyl
alcohol were allowed to react for 1 h. B Each enzyme and coniferyl alcohol were allowed to react for 24 h. The area ratios of the polymer bands
after 24 h of reaction were 25.4, 40.4, and 42.4% for the wild-type, FY-mutated, and FYAW-mutated enzymes, respectively
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Fig. 7 In vitro analysis of sinapyl alcohol polymerization abilities of peroxidases by size exclusion chromatography. UV chromatograms at 278 nm
are shown. Closed triangles, open triangles, closed diamonds, open diamonds, double parentheses, parentheses, and arrow represent monomer,
dimer, trimer, tetramer, oligomer (13-18 min), polymer (9-13 min), and sinapy! aldehyde, respectively. SA sinapy! alcohol, NC non-enzyme control;
WT, FY, and FYAW: reactants of wild-type, FY-mutated, and FYAW-mutated enzymes are shown at the top. A Each enzyme and sinapy! alcohol were
allowed to react for 24 h. B Each enzyme and sinapyl alcohol were allowed to react for 72 h

their substrate specificities, stabilities, and specific activi-  using wild and mutated peroxidases derived from gene
ties of with or without cell wall components are required  expression systems of yeast and Brevibacillus.



Ishikura et al. Journal of Wood Science (2023) 69:24 Page 10 of 12
Table 3 Ratios of sinapyl alcohol polymerization products
[%]
Monomer Dimer Trimer Oligomer Polymer Before 9 min After 23.5 min
(A) After 24 h reaction
WT 825 6.40 25 249 1.60 0436 4.09
FY 31.7 412 10 2.71 5.36 0 9.00
FYAW 14.2 436 56 5.56 115 0.556 19.0
(B) After 72 h reaction
WT 66.5 840 4.7 7.84 517 217 523
FY 404 155 25 7.99 6.19 1.76 257
FYAW 184 24.4 6.5 171 15.2 1.21 173

The area ratios of the peaks obtained from size exclusion chromatography were determined for sinapyl alcohol polymerization products. (A) after 24 h reaction, (B)
after 72 h reaction. Monomer contains sinapyl alcohol and aldehyde. (monomer: from 21 min to 23.5 min, dimer: from 19.5 min to 21 min, trimer: from 18 min to

19.5 min, oligomer: from 13 to 18 min, and polymer: from 9 to 13 min)

Conclusions

This experiment revealed the successful production and
secretion of active form of wild-type and mutated plant
peroxidases by B. choshinensis. The expression of the
enzyme with these mutations in plants and alterations in
its traits will contribute to the search for mutated peroxi-
dases in the breeding of highly useful plants.

It is also true that in experiments on the ability of
the mutant enzymes to polymerize sinapyl alcohol, the
considerable amount of the sinapyl alcohol remained
as a dimer, although the polymerization abilities were
better than that of the wild-type enzyme. At pre-
sent, the sinapyl alcohol polymerization ability of the
mutant enzyme cannot be accurately compared to that
of CWPO-C, because of differences of substrates and
reaction conditions [20]. By the way, CWPO-C over-
expression in Arabidopsis is known to cause dwarf-
ing [39]. Therefore, it is beneficial to consider utilizing
PrxA3a, at least in tobacco, in which wild-type overex-
pression does not result in morphological abnormali-
ties (data not shown).

In the near future, we plan to analyze the differences
in the effect of peroxidases on lignin deposition, stabil-
ity, and specific activities of peroxidases with and with-
out sugar chains using the enzymes produced by yeast
and Brevibacillus. The B. choshinensis expression sys-
tem is a new useful tool for functional analyses of plant
peroxidase.

Abbreviations

F77Y (FY)  F77Y A165W FYAW
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CWPO-C  Cationic cell wall-bound peroxidase
LiP Fungal lignin peroxidase

LB Luria-Bertani
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Dehydrogenative polymer
Seamless Ligation Cloning Extract
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