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HARETHRENRICLI-BE (B) BEER
BER A 3K

NARJLAFZIHE—  Corallina pilulifera(¥]IZE. EVE/N)
Ascophyllum nodosum (83, f&7%L)
Ulvella lens (&%, 7T7EFE)
Codium fragile ({&%. 3JL)

*Fr—t Phyllospadix japonicaGBE. TEF7IE)
KRR 74—t Phyllospadix japonica((BE ., TE7<¥E)

C. pilulifera A. nodosum C. fragile P. japonica
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Halogenated Compounds Produced by Algae



Haloperoxidase
AH + X+ H,0,+ H*

(A: nucleophilic cpds. ; X: Cl, Br, |)

AX + 2H,0
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Haloperoxidases Produced by Marine
Algae and Microorganisms

Source Prosthetic group Halide Source Prosthetic group Halide
Algae : Microorganisms
brown algae . Fungi
Ascophyllum nodosum vanadium Br, | | Caldariomyces fumago ferriprotoporphyrin IX Cl, Br, |
Fucus distichus vanadium Br, | i Curvularia inaequalis vanadium Cl, Br, |
Laminaria saccharina vanadium Br, | E Embellisia didymospora vanadium Cl, Br, |
Macrocystis pyrifera vanadium Br, | i
red algae | Bacteria
Corallina pilulifera Vanadium Br. | E Pseudomonas pyrrocinia ferriprotoporphyrin IX Br, |
L. . . i i Pseudomonas pyrrocinia zinc and iron Cl, Br, |
Laurencia japonica (ferriprotoporphyrin) Br, | :
green algae ! Actinomycetes
Penicillus capitatus ferriprotoporphyrin IX ClI, Br, | ! Streptomyces aureofaciens unknown Br, |
Ulvella lens (vanadium) Br, | | Streptomyces phaeochromogenes unknown Br, |

Haloperoxidase
AH + X +H,0,+ H — AX + 2H,0
(X: Cl, Br, I)

(B 1)

“ BromoperOX|dase “
1-Methoxy-4-bromo-

1-Methoxynaphthalene
Br naphthalene

OCHj, OCH3

Corallina pilulifera



"Corallina pilulifera (EYJE/Y)
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Haloperoxidases Produced by Marine
Algae and Microorganisms

Source Prosthetic group Halide Source Prosthetic group Halide
Algae : Microorganisms
brown algae i Fungi
Ascophyllum nodosum vanadium Br,l Caldariomyces fumago ferriprotoporphyrin IX Cl, Br, |
Fucus distichus vanadium Br, | i Curvularia inaequalis vanadium Cl, Br, |
Laminaria saccharina vanadium Br, | E Embellisia didymospora vanadium Cl, Br, |
Macrocystis pyrifera vanadium Br, | i
red algae | Bacteria
Corallina pilulifera Vanadium Br, | i Pseudomonas pyrrocinia ferriprotoporphyrin IX Br, |
L . . ) ! Pseudomonas pyrrocinia zinc and iron Cl, Br, |
Laurencia japonica (ferriprotoporphyrin) Br, | :
green algae ! Actinomycetes
Penicillus capitatus ferriprotoporphyrin IX ClI, Br, | ! Streptomyces aureofaciens unknown Br, |
Ulvella lens (vanadium) Br, | | Streptomyces phaeochromogenes unknown Br, |
r
>
_ Pe
AH+ X +H,0,+ H —» AX + 2H,0
(X: CI, Br, I)
L

Ascophyllum nodosum
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Haloperoxidase

AH + X+ H,0, + H* AX + 2H,0
(A: nucleophilic cpds. ; X: Cl, Br, |)
Cl H o
o) o) o) OH
+ X + H" + H0,
(X =Cl, Br, 1)
HsC CH3 Hs CHg

Monochlorodimedone
(Amax =290 nm)

Cl X
O @)
Hal '
aloperoxidase 2H,0
Hs;C CHj;




Purification of BPO Produced by Cor. pilulifera

Step Total Total Specific  Purifi- Yield
activity protein  activity cation (%)
(V) (mg) (Umg)  (fold)

Cell-free extract 35,000 4,240 8.25 1 100
(NH,),SO, 35700 4,230 8.44  1.02 102
fractionation
DEAE-Sepharose 22,600 188 120 14.5 64.6
1st Q-Sepharose 9,230 57.6 160 19.4 26.4
Sepharose CL-4B 7,360 25.9 284 34.4 21.0
2nd Q-Sepharose 4,560 11.6 393 47.6 13.0

SDS-PAGE of
BPO from Cor. pilulifera

94 W
67 MW

43.

30 -

20 ._

14.4 9 e

-

-
-
-
e

M. Marker proteins

1. Cell-free extract

2. (NH,),SO, fractionation
3. DEAE-Sepharose

4. 1st Q-Sepharose

5. Sepharose CL-4B

6. 2nd Q-Sepharose



Comparison of Properties between BPOs from
Cor. pilulifera and A. nodosum

Cor. pilulifera A. nodosum
Molecular weight 680 kDa 90 kDa
Subunit weight 64 kDa x 12 40 kDa x 2
Optimum temp. 65°C N.D*
Optimum pH 6 6.5
Heat stability 85°C (90% 20 min) 70°C (38%, 20 min)
pH stability 5-13 N.D*
Specific activity 393 U/mg (BPO) 87.5 U/mg (BPO)
Km value 0.12 mM (H,0,)

8.4 mM (KBr) 12.7 mM (KBr)

*Not determined



BPO1
BPO2

BPO1
BPO2

BPO1
BPO2

BPO1
BPO2

BPO1
BPO2

BPO1
BPO2

BPO1
BPO2

BPO1
BPO2

BPO1
BPO2

BPO1
BPO2

MG IPADNLQSRAKASFDTRVAAAELALNRGVVPSFANGEELLYRNPDPDNTDPSFIASFT

PKNAEY 1QFAIDQLNGLEWFNTPAKLGDPPAE IRRRRGEVTVGNLFRGILPGSEVGPYLS
- AR RS LER. e e e

QY1 1VGSKQIGSATVGNKTLVSPNAADEFDGE IAYGSITISQRVRIATPGRDFMTDLKVF

IAPQKG-ESIFPEVDLAVEELGD I LEK-AE 1 SNRKQN IADGDPDPDPSFLLPMAFAEGSP
-KSFLA.SDI..... SEL....SS..DDV..-..E...R...IVS. K. .. ... .....

FHPSYGSGHAVVAGACVT I LKAFFDSGI E1DQVFEVDKDEDKLVKSSFKGTLTVAGELNK

60
58

120
118

180
178

240
238

300
298

360
358

420
418

478
477

538
537

598

Alignment of the Amino Acid Sequences of BPOs,
BPO1 and BPO2 from Cor. pilulifera



Protein Total activity Specific activity

(mg) (V) (U/mg)
1. Cell-free extracts 17600 T T
2. DEAE-Sepharose 264 613 2.32
3. Phenyl-Sepharose 9.92 363 36.6
4. Source 30Q 1.66 159 95.9
5. Superdex 0.341 975 286

purified BPO fromCor. pilulifera

= 1 2 345 kDa
%ﬁziﬁb\ -—__—- = - 9
.- ""'-. "™ g
v - 43

AR T hf - e |
EMERETELZL R D » 30
- § . S & 20
S—— -1y

N-Terminal amino acid sequence
G-I-P-A-D-N-L-Q-S-R-A-K-A-S-F-D

Purification of BPO from the Recombinant E. coli



Purification of BPO Produced by

Saccharomyces cerevisiae BJ1991/pTNT30

Step Total Total Specific  Purifi-  Yield
activity protein  activity cation (%)
(V) (mg) (Umg)  (fold)

Cell-free extract 225,000 10,300 21.8 1 100
(NH,),SO,4 213000 5730  37.2 171 947
fractionation
DEAE-Sepharose 160,000 627 255 11.7 71.1
Q-Sepharose 65,700 162 406 18.6 29.2
Sepharose CL-4B 63,000 146 432 19.8 28.0

SDS-PAGE of BPO from

S. cerevisiae BJ1991/pTNT30

kDa M. 1 3 4 5_M

94
67

f

Sl B A B

-
43 —

30

20

14.4

¢ & ¢ 9 0

M. Marker proteins

1. Cell-free extract

2. (NH,),SO, fractionation
3. DEAE-Sepharose

4. Q-Sepharose

5. Sepharose CL-4B



1.8 M Ammonium dihydrogenphosphate 1.8 M Ammonium dihydrogenphosphate
0.1 M Tris-HCI buffer, pH 5.0 (1 day) 0.1 M Tris-HCI buffer, pH 5.0 (6 days)

Photomicrographs of Crystalline BPO from S. cerevisiae BJ1991/pTNT30
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Coordination Chemistry Reviews, 237, 65-76 (2003) o -
Electron Micrograph
J.B.C., 261, 5194-5200 (1986)

Dodecamer Structure of the Cor.pilulifera BPO



Dodecamer

Monomer

Structure of the Cor. pilulifera BPO
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Monomer Monomer + Monomer

Structure of the Cor. pilulifera BPO






Relative activity (%)
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Structure of the Calcium Binding Structure of the Vanadate Binding
Site of BPO from Cor. pilulifera Site of BPO from Cor. pilulifera



Determination of Calcium in BPO by
Inductively Coupled Plasma (ICP) Emmision Spectrometry

Apo

Wild Recombinant
Wild Recombinant

mol Ca/mol subunit 0.976 0.828 N.D. 0

N.D. : not determined



Enzymes from Cor. pilulifera and the recombinant yeast

—dialyzed against 10 mM EDTA/
100 mM citric acid-potassium dihydrogenphosphate buffer
(pH 3.8) for 24 h

—dialyzed against 50 mM Tris-SO, buffer (pH 7.4) for 24 h

Apo-enzymes

preincubated with 1 mM NazVO, and/or 1 mM various metal salts
at 30°C for 12 h

Holo-enzymes

- heat treatment (20 min)
——measure BPO activity

Scheme of Formation of Apo-enzyme and Holo-enzyme
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Apo enzyme

Acetonitrile

100 —& — = —‘hNone
L 80 s X
> ——* < 5 *=THE
2 60 | T
S Acetone
(b}
; 40 F
< K
I
® 20}

& EtOH, DMSO, MeOH, Dioxane, DMF
0 = = - ! = ! = )
0 50 100 150 200
Time (min)

Effects of Polar Organic Solvents on the Stability of Apo-BPO




Holo enzyme

Acetonitrile

100 — i@None
& EtoH
g 9 x X * fmTHE
E o T
'S 60 |
= 1~
© Acetone
S 40 ¢t
©
)
X o0 A (MeOH
DMS = Dioxane, DMF
0 A S—rt. = L = !
0 50 100 150 200
Time (min)

Effects of Polar Organic Solvents on the Stability of Holo-BPO l



Far UV Near UV

4. 100 Response : 0.25 sec
4x 10 .
Resp.o.ns_e :0.25 sec Sensitivity : 10 mdeg
3 x 104k Sensitivity : 50 mdeg Accumulate 16
;ﬁ;%_ Accumulate - 16 Protein conc. : 0.5 mg/ml
2 % 10 _*Y T Protein conc. : 0.05 mg/ml 50 Optical path  : 10 mm

WHK Optical path  : 2 mm apo-enzyme

ab ¥
[6] 1x 10 apo-and holo-enzymes [6] ¢ |

;
%

% P
0 x 10%} ﬂg/ e

-1 x 104+ § At ’ 0 x : |
wﬁmﬂrﬂ’“ ‘ holo-enzyme
-2 X 104F
-3 X 104 1 1 1 1 1 ) _100 1 1 )
190 200 210 220 230 240 250 250 300 350 400
[nm] [nm]

Analysis of CD Spectrometry of Apo- and Holo-enzymes l
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Far UV |

holo-enzyme + 80% DMSO g

Near UV |

6 x 104 - holo-enzyme + 80% DMSO
apo- and holo-enzymes /
4y 1061 | | holo-enzyme
X ’ h |1 ! l 4? 50
) Al jw’ i [ . holo-enzyme + 80% EtOH
2330 ’H | lT W ‘w * Tk \
(6] “1‘ ] l“ 1‘ il ‘”W :)1[{ J’ M‘ ” ‘M Il I‘Iﬁ 6
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| ;l | hllh&,-:t;iiiji’l-""’b h I H J L‘ : H ‘l‘\‘ \
2 x 104 I%' | L | I \ ! i 50 apo-enzyme
-4 X 104 F : holo,enzyme + 80% MeOH hOIO‘enzyme + 80% MeOH
holo-enzyme + 80% EtOH
-6 x 10* - - - - - - -100
190 200 210 220 230 240 250 250 300 350 400
[nm] [nm]

Analysis of CD Spectrometry of Holo-enzymes in 80% Organic Solvents l
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Structure and Active Site of the BPO Subunit
from Cor. pilulifera



Haloperoxidases Produced by Marine
Algae and Microorganisms

Source Prosthetic group Halide Source Prosthetic group Halide
Algae : Microorganisms
brown algae . Fungi
Ascophyllum nodosum vanadium Br, | | Caldariomyces fumago ferriprotoporphyrin IX Cl, Br, |
Fucus distichus vanadium Br, | | .. . .
Laminari i 4 a1 Curvulariainaequalis vanadium Cl, Br, |
aminaria saccharina vanadium r, . . . . c
o ) | Embellisia didymospora vanadium Cl, Br, |
Macrocystis pyrifera vanadium Br, | :
red algae | Bacteria
Corallina pilulifera vanadium Br, | i Pseudomonas pyrrocinia ferriprotoporphyrin IX Br, |
L . . ) ! Pseudomonas pyrrocinia zinc and iron Cl, Br, |
Laurencia japonica (ferriprotoporphyrin) Br, | :
green algae ! Actinomycetes
Penicillus capitatus ferriprotoporphyrin IX ClI, Br, | ! Streptomyces aureofaciens unknown Br, |
Ulvella lens (vanadium) Br, | | Streptomyces phaeochromogenes unknown Br, |

Haloperoxidase
AH + X +H,0,+H ——» AX +2H,0
(X: CI, Br, I)




Comparison of Properties between BPO from Cor. pilulifera
and CPO from Cur. inaequalis

BPO CPO
Molecular weight 680 kDa 67 kDa
Subunit weight 64 kDa x 12 67 kDa
Optimum temp. 65°C N.D*
Optimum pH 6 55

Heat stability
pH stability

Specific activity

Km value

85°C (90% 20 min)
5-13
432 U/mg (BPO)
0.65 U/mg (CPO)

0.12 mM (H,0,)
8.4 mM (KBr)
N.D* (KCI)

80°C (73%, 5 min)
N.D*

48 U/mg (BPO)
14 U/mg (CPO)

1 uM (H,0,)

0.25 mM (KCI)

*Not determined



[ C. pilulifera

(red alga) BPO}
390 TR
F. distichus D

(brown alga) ppo 4°0 EL

A. nodosum_? EL
(brown alga) BPO

C. inaequalis ¥
(fungus)  cpo 3% ™

E. didymospora 4

A

A

A

339 TD
(fungus) CPO

ALKAVRYQ

X

QRASCYQ

QRSSWYQN

G 1 FSWKEK

A

FNITHRRLRA
WQVHRFARHR

WQVHRFARH

WEF_EFWRA

G 1 FAWKEK

WEF_EFWRA

EA 411
EA 471

EA

LS 363

LS 359

479 FHRS

529 THAS

TaPS

!
396 PHPA

399 PﬁPA

T

G

SGHA|
SGHA

SGHA|

SGHA

VV 490
TQ 540

TQ

TF 407

SGHA

TF 410

537 NKUADNI
589 NKLAVNV

KKIHAVNV

480 WELUMFEN

A

A

A

483 WEMMFEN

IG

FG

1S

A

VS

=3

RNMA

QMU

oMU

I1FL

G

I1FL

Alignment of the Amino Acid Sequences of Vanadium-dependent

C. pilulifera: Corallina pilulifera, F. distichus: Fucus distichus,

A. nodosum: Ascophyllum nodosum, C. inaequalis: Curvularia inaequalis,
E. didymospora: Embellisia didymospora
1) The sequence was submitted to the GenBank Data Bank under the accession number AF053411 (1998).
2) The partial amino acid sequence was determined.

3) Eur. J. Boichem., 229 , 566-574 (1995).

4) J. Biol. Chem., 273 , 23381-23387 (1998).

Haloperoxidases from Algae and Microorganisms

551
603

494

497



Site-directed mutagenesis
of His480—Phe

| | W :I.I
. % Site-directed mutagenesis
~ of Arg397—Trp

Structure and Active Site of the BPO Subunit
from Cor. pilulifera



Specific activity (U/mg)

10.0

8.0

0.8

0.6

0.4

0.2

AH + X + H,0,+ H— AX + 2H,0
i N CPO (A: nucleophilic cpds. ; X: Cl, Br, I)
i I BPO

Wild G Av L I M P FW S TN QY CK H D E
R*"-substituting amino acids

Activities of Mutant Enzymes in Cell-free Extracts



Comparison of Properties among Recombinant Wild Type
BPO, Mutant BPOs (R397W and R397F)

wild R397/W R397F
Molecular weight 680 kDa 680 kDa 680 kDa
Subunit weight 64 kDa x 12 64 kDax 12 64 kDax 12
Optimum temp. 65°C 65°C 65°C
Optimum pH 6 6 6
Heat stability (20 min) 85°C (90%) 85°C (90%) 85°C (90%)
pH stability 5-13 3-13 5-13
Specific activity 432 U/mg (BPO) 469 U/mg (BPO) 459 U/mg (BPO)
0.65U/mg (CPO) 25.1 U/mg (CPO) 32.0 U/mg (CPO)
Km value 0.12 mM (H,0,) 0.13 mM (H,0,) 0.081 mM (H,0,)
8.4 mM (KBr) 7.1 mM (KBr) 4.25 mM (KBr)
N.D* (KCI) 780 mM (KCI) 670 mM (KCI)
Inhibitor Cu? 8-quinolinol  Cu? 8-quinolinol  Cu? 8-quinolinol
lodoacetate lodoacetate lodoacetate
Sodium azide Sodium azide

*Not determined



CPO specific activities (U/mg)
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Measuring Km Values with KCI| Concentrations






PHYTOCHEMISTRY

PERGAMON Phytochemistry 52 (1999) 12111215

7JEE(Ulvellalens) BE/N\AOR LA FHF—F

Occurrence of bromoperoxidase in the marine green macro-alga,
ulvella lens, and emission of volatile brominated methane by the
enzyme

Takashi Ohshiro?, Satoru Nakano®, Yoshinori Takahashi®, Minoru Suzuki®,
Yoshikazu Izumi®*

A Department of Biotechnology, Tottori University, Tottori 680-8552, Japan
b Division of Material Science, Graduate School of Environmental Earth Science, Hokkaido University, Sapporo 060-0810, Japan
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BEES /L (Codium fragile) M IR

FA12.1 kg BIEZERT

R

kDa 97 66 45 30

S — TR

Marker |
*
C.F.E. I

G VIAUL-|

{ 10 mM Tris-HCI buffer (pH 7.0)

=D B
(8,000 rpm. 60 min, 4°C)




EESJIAFENARILAFTIST—EBDFFEE

Total Total Specific Purification Yield
protein activity activity (fold) (%)
(mg) (V) (U/mg)
SJ)LC.F.E. 768 212 0.277 1 100
1st DEAE 238 32 0.136 0.5 15
2nd DEAE 94 18.8 0.200 0.7 8.9
Q-Sepharose 3.5 4.3 1.24 4.5 2.0
Superdex 0.18 0.64 3.56 12.9 0.3
T
oS IVEE 10 kg (BEE) MoBERFAER
Y L
T LS
¥ SRS
kDa M O & $G D M & & (Ca. Mn) TEHEX
— ap— [o] & — 3
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HESIVBEFENARLA TS —E DT

Z & pH K., [H,0,] K., [KBr] %FE (kDa)
(mM) (mM)
C. fragile (#£) 6.0 0.015 35 72,4172
P. capitatus (%) 4.0 0.125 30 52 2)
P. lamourouxii ($&%) 4.0 0.125 15 48 2
C. pilulifera (4L3) 6.0 0.092 11 67 1, 790 2
A. nodosum ($&:&) 6.0 0.034 13 409,902

1) subunit 2) native
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