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cDNAs encoding two cytosolic and two chloroplastic
ascorbate peroxidase (ASAP) isozymes from spinach have
been cloned recently [Ishikawa et al. (1995) FEBS Lett.
367: 28, (1996) FEBS Lett. 384: 289]. We herein report the
cloning of the fifth cDNA of an AsAP isozyme which local-
izes in spinach glyoxysomes (gAsAP). The open reading
frame of the 858-base pair cDNA encoded 286 amino acid
residues with a calculated molecular mass of 31,507 Da. By
determination of the latency of AsAP activity in intact gly-
oxysomes, the enzyme, as well as monodehydroascorbate
(MDASsA) reductase, was found to be located on the exter-
nal side of the organelles. The cDNA was overexpressed in
Escherichia coli (E. coli). The enzymatic properties of the
partially purified recombinant gAsAP were consistent with
those of the native enzyme from intact glyoxysomes. The
recombinant enzyme utilized ascorbate (AsA) as its most
effective natural electron donor; glutathione (GSH) and
NAD(P)H could not substitute for AsA. The substrate-
velocity curves with the recombinant enzyme showed
Michaelis-Menten type kinetics with AsA and hydrogen per-
oxide (H,0,); the apparent K, values for AsA and H,0,
were 1.891+0.05 mM and 74+4.0 uM, respectively. When
the recombinant enzyme was diluted with AsA-depleted me-
dium, the activity was stable over 180 min. We discuss the
H,0,-scavenging system maintained by AsAP and the
regeneration system of AsA in spinach glyoxysome.
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The enzyme AsAP (EC 1.11.1.11) is widely distributed
in higher plants and algae, including Euglena. AsAP cata-
lyzes the following reaction, which is the first step in the
AsA-GSH cycle, a series of reactions which are important
in ridding cells of excess H,O, produced under some physio-
logical conditions.

2AsA+ H202 — 2MDASA + Hzo

In the AsA-GSH cycle, MDASA is the primary product of
the AsAP reaction and spontaneously disproportionates to
AsA and dehydroascorbate. MDASA is also directly re-
duced to AsA by the action of a NAD(P)H-dependent
MDASsA reductase (EC 1.6.5.4). Dehydroascorbate reduc-
tase (EC 1.8.5.1) utilizes GSH to reduce dehydroascorbate
to AsA. The GSH is then regenerated by GSH reductase
(EC 1.6.4.2), utilizing reducing equivalents from NAD(P)H.
The regeneration of AsA from the oxidized forms is an ab-
solute necessity for preventing loss of the AsA pool follow-
ing oxidation and maintaining AsA largely in the reduced
form.

In higher plant cells, different types of AsAP isozyme
have been clarified with respect to their cellular distribu-
tion. One is localized in the cytosol, and the other is found
in both stromal soluble and thylakoid-bound forms of chlo-
roplasts. AsAP isozymes have been purified and character-
ized from many plant sources including spinach (Nakano
and Asada 1987, Miyake et al. 1993), tea (Chen and Asada
1989), pea (Mittler and Zilinskas 1991a) and komatsuna
(Ishikawa et al. 1996a). Chloroplastic and cytosolic AsAP
(cAsAP) isozymes differ in the following aspects: molecu-
lar mass, substrate specificity, pH optimum, and stability
(Asada 1992). The molecular genetics of AsAP have gained
considerable attention in recent years. cDNAs encoding
cAsAP isozymes have been isolated, sequenced, and charac-
terized from several plant species such as spinach (Mittler
and Zilinskas 1991b, Kubo et al. 1992, Ishikawa et al.
1995). The crystal structure of the recombinant cAsAP has
been determined (Patterson et al. 1995). In our preceding
report, we have demonstrated the first complete cloning
and molecular characterization of stromal (sAsAP) and thy-
lakoid-bound AsAP (tAsAP) isozymes from spinach, differ-
ing only in the presence or absence of their C-terminal pep-
tide, which constructs a hydrophobic thylakoid membrane
binding domain (Ishikawa et al. 1996b). Yamaguchi et al.
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24 Spinach glyoxysome-bound ascorbate peroxidase

(1996) have also reported the nucleotide sequence of a
cDNA encoding a tAsAP of pumpkin.

More recently, a novel type of AsAP isozyme was
found to be localized on the membranes of microbodies
in pumpkin (Yamaguchi et al. 1995b) and cotton (Bunkel-
mann and Trelease 1996). At first, the gAsAP was recog-
nized as a rich glyoxysomal membrane protein with a mo-
lecular mass of 31 kDa, which was retained in peroxisomes
during the microbody transition from glyoxysome to perox-
isome (Yamaguchi et al. 1995a). The partial amino acid se-
quence of the 31 kDa protein showed a high homology to
those of already known cAsAPs, and glyoxysomes retained
the activity of AsAP. It thus became clear that a novel
AsAP isozyme exists in the microbodies. The detailed prop-
erties of the enzyme have not been clarified, but its cDNA
has been cloned from cotton cotyledons (Bunkelmann and
Trelease 1996).

Microbody is used as a general term which includes
both peroxisomes and glyoxysomes (Huang et al. 1983).
Peroxisomes in plant cells are known to contain enzymes
related to the oxidative photosynthetic carbon metabolic
cycle of photorespiration and the fatty acid f-oxidation cy-
cle; glyoxysomes, in addition, contain glyoxylate cycle en-
zymes and generally occur in germinating fatty seeds. Sever-
al H,0,-producing flavin oxidases such as glycolate oxidase
and acyl CoA oxidase are well know to exist inside micro-
bodies (del Rio et al. 1992). Moreover, it has been reported
that the superoxide radical is directly generated in the per-
oxisomal matrix and membranes (Sandalio et al. 1988a, del
Rio et al. 1989). As scavenging enzymes of these active oxy-
gen species, peroxisomes typically possess catalase and su-
peroxide dismutase (SOD) (Sandalio and del Rio 1988b,
Droillard and Paulin 1990). These facts reported so far and
the occurrence of a new type of the gAsAP raise the ques-
tion of how catalase and AsAP are functionally utilized as
efficient scavengers of H,O,. In order to explore the physio-
logical role of the gAsAP isozyme in the active oxygen spe-
cies metabolism of this organelle, we describe here the iden-
tification of a cDNA clone which encodes the gAsAP from
spinach cotyledon, the suborganellar distribution of the en-
zyme in glyoxysomes, and the enzymatic characterization
of the recombinant protein overexpressed in E. coli.

Materials and Methods

Materials—Spinach seeds (Spinacia oleracea) were germinat-
ed on moist gauze at 15°C in the dark. The cotyledons from seed-
lings grown for 10-14 days in the dark were transferred to illumi-
nation (140 uE s~ m™2) for 24 h to obtain the greening cotyledons
as described previously (Ishikawa et al. 1996b). Restriction en-
zymes and modifying enzymes were purchased from Takara
(Kyoto, Japan). E. coli strains Y1090r~ and DH5a F’ were obtain-
ed from Amersham (Buckinghamshire, U.K.). The expression vec-
tor pET-3a and its companion production strain BL21(DE3)-
pLysS were purchased from Novagen (Madison, WI). All other

chemicals were of analytical grade and were used without further
purification.

Enzyme activities—The AsAP activity was assayed spectro-
photometrically as previously described (Shigeoka et al. 1980).
The reaction mixture contained 50 mM potassium phosphate buff-
er (pH 7.0), 0.4 mM AsA, 0.1 mM H;0,, and the enzyme. The oxi-
dation of AsA was followed by a decrease in the absorbance at
290 nm (¢=2.8mM™'cm™!). The activities with other electron
donors were assayed in the same reaction mixture used for AsA,
but AsA was replaced with 20 mM pyrogallo] (€40 2.47 mM ™!
cm™"), 5 mM guaiacol (470 26.6 mM ™! cm™!), and NAD(P)H (€349
6.22mM ™! cm™"). MDASA reductase was assayed using MDAsSA
generated by AsA and an AsA oxidase system (Shigeoka et al.
1987). The reaction mixture (2 ml) was comprised of 50 mM phos-
phate buffer (pH 7.0), 1 mM AsA, 1 unit AsA oxidase, 0.1 mM
NADH, and the enzyme. Marker enzymes, catalase (Mutsuda
et al. 1996) and hydroxypyruvate reductase (Bogin and Wallace
1969) for microbodies and cytochrome ¢ oxidase (Hodges and
Leonard 1974) and fumarase (Walk and Hock 1977) for mitochon-
dria, were assayed by the methods in the cited references.

Construction of spinach greening cotyledon cDNA library—
The construction of the cDNA library was performed as described
previously (Ishikawa et al. 1996b). Total RNA was isolated from
greening cotyledons of spinach seedlings (5.0 g wet wt.) with
guanidine-isothiocyanate, and poly(A)*RNA was then purified us-
ing the PolyATtract mRNA Isolation Systems (Promega, WI). A
cDNA was synthesized using a cDNA synthesis kit (Amersham,
U.K.), and a cDNA library was constructed in Agtl1 as described
by the supplier (Amersham, U.K.).

Cloning of spinach gAsAP c¢DNA—The spinach cDNA
library in Agtll was screened with a monoclonal antibody (mAb)
raised against Euglena AsAP (EAP1) diluted 1 to 1,000 as de-
scribed previously (Ishikawa et al. 1996¢). E. coli strain Y1090r™
was infected with recombinant phages; then the plaques formed
were imprinted on isopropyl-g8-p-thiogalactopyranoside (IPTG)-
impregnated nitrocellulose filters (Millipore, MA). The filters were
treated with the EAP1 and then with goat anti-mouse IgG-per-
oxidase conjugate (Cappel, NC), followed by staining with 4-
methoxy-1-naphthol (Aldrich, WI). Positive plaques were rescued
from the master plate, rescreened, and then amplified in Y1090r~.
The insert was excised from the phage and subcloned into the
plasmid vector pBluescript SK(+) (Stratagene, CA).

Nucleotide sequence analysis—The nucleotide sequence was
determined by the dideoxy method using a 373A DNA sequencer
(Applied Biosystems, CA).

Overexpression of recombinant spinach gAsAP in E. coli—
For the construction of the plasmid to express the cloned gAsAP
cDNA, the following oligonucleotide primers were used. The
upstream 24-mer oligonucleotide was derived from the cDNA nu-
cleotide sequence homologous to the non-coding and coding
strands corresponding to the nucleotide positions 12 to 35. It in-
cluded an Ndel restriction site (underlined), giving the follow-
ing sequence: S~AAGCTCCAACATATGGCGATGCCG-3". The
downstream 26-mer oligonucleotide was derived from the nucleo-
tide sequence complementary to the non-coding strand of the
cDNA nucleotide positions 1,085 to 1,110, which included a
BamHI restriction site (underlined), giving the following se-
quence: 5-GCTCTTCATAGTTGGATCCATTCTGA-3'".

The PCR reaction was initiated directly with an aliquot of the
plasmid containing the full-length cDNA of spinach gAsAP. The
plasmid was denatured by heating for 5 min at 94°C. The sample
was then subjected to the PCR in 100 ul reaction mixture contain-
ing 400 nM of each oligonucleotide, 200 uM dNTPs, 1.5 mM
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MgCl,, and 2.5 units Tag DNA polymerase. Thirty cycles (1 min
94°C, 1 min 55°C, 2 min 72°C) were performed, followed by an
elongation of 7 min at 72°C. The double strand PCR product with
the correct size (1,099 bp) was purified, ligated into pT7Blue T-vec-
tor (Novagen, WI), and then transformed into E. coli strain DH5a
F'. The sequence of the insert region of pT7Blue T-vector was
verified by DNA sequencing. The plasmid obtained was digested
with Ndel and BamHI restriction enzymes; then the fragment was
ligated into the Ndel-BamHI sites of the pET-3a expression vector
and introduced into the E. coli strain DHS5a F'. Plasmid DNA was
prepared from the ampicillin-resistant transformants and tested
by digestion using Ndel and BamHI to see if the inserted DNA
was indeed present. The resulting construct, named pET-SAP30,
was introduced into E. coli strain BL21(DE3)pLysS. The recombi-
nant E. coli cells were grown at 37°C in Luria-Bertani medium
(1% w/v bacto-tryptone, 0.5% w/v bacto-yeast extract, 1% w/v
NaCl) supplemented with 50 ug ml™! ampicillin and 34 g ml™!
chloramphenicol. IPTG was added to a final concentration of 0.4
mM to midexponential phase cells (ODgyp~0.7), and the culture
was shaken for an additional 3 to 4 h.

Partial purification of recombinant gAsAP—All procedures
were carried out at 4°C. The recombinant E. coli cells (4.0 g wet
wt.) were harvested by centrifugation at 500X g for 10 min, resus-
pended in 10 ml of 50 mM sodium phosphate buffer (pH 7.0) con-
taining 1 mM EDTA, 1 mM AsA, and 20% (w/v) sorbitol, and
disrupted by sonication (10 kHz) for 3 min. This lysate was centri-
fuged at 100,000 x g for 30 min. Approximately 10 mg of protein
per ml of insoluble suspension was incubated with 0.5% Triton X-
100 in the above phosphate buffer for 1 h. The solubilized enzyme
was obtained by centrifugation at 105,000 X g for 60 min. The su-
pernatant was submitted to a HiLoad 26/10 Q Sepharose column
equilibrated with the phosphate buffer. The active fractions were
then chromatographed onto a HiLoad 16/60 Superdex 200 col-
umn equilibrated with the phosphate buffer.

Isolation of intact glyoxysomes—To avoid contamination by
AsAP isozymes from chloroplasts, spinach cotyledons (100 g wet
wt.) grown under dark conditions were used for the isolation of
glyoxysomes. They were chopped with razor blades in 200 ml of
the grinding medium containing 25 mM MOPS (pH 7.8), 0.4 M
mannitol, 1 mM EDTA, 0.1% (w/v) BSA, 8 mM cysteine, and 1
mM AsA. The homogenate was squeezed through four layers of
cheesecloth. The homogenization of the residue was repeated with
a further 200 ml of the grinding medium. The filtrates were com-
bined and centrifuged at 1,000 X g for 5 min to remove unbroken
cells and cellular debris, followed by centrifuging for 15 min at
14,000 x g. The obtained precipitate was suspended in 140 ml of
the washing medium containing 5 mM MOPS (pH 17.5), 0.4 M
mannitol, | mM EDTA, 0.1% BSA, and 1 mM AsA, centrifuged
for S min at 1,000 X g, and then centrifuged for 15 min at 14,000 X
g. The resultant 1,000-14,000 x g pellets were then resuspended in
8 m! of the washing medium and subjected to a linear sucrose
density gradient centrifugation (40-70% sucrose concentration) in
10 mM Tricine buffer (pH 7.5) containing 1 mM EDTA, 1 mM
AsA described previously (Shigeoka et al. 1980). The tubes were
centrifuged at 100,000 X g for 3 h at 4°C. Intact glyoxysomes were
collected from the gradient by aspiration.

SDS-PAGE and immunoblotting—SDS-PAGE was perform-
ed in 12.5% slab gels, according to the method of Leammli (L.eam-
mli 1970). The gels were stained with Coomassie Brilliant Blue
R-250. For immunoblotting, gels were transferred to PVDF mem-
branes, using an electroblot apparatus (model 200/2.0, Bio-Rad,
CA) at 15V for 1 h. The membranes were treated with the mAb
raised against Euglena AsAP and incubated with horseradish per-

oxidase-conjugated goat anti-mouse {gG, as described previously
(Ishikawa et al. 1996¢c). Immunoreactive proteins attached to mem-
branes were visualized after horseradish peroxidase reduction of
4-methoxy-1-naphthol (Aldrich, WI).

N-terminal sequence analysis—The resolved native and
recombinant proteins were separated using SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes as described above.
The membrane was washed extensively with water, stained with
0.25% Coomassie R-250 in 5% aqueous MeOH and 7.5% acetic
acid for S min, and destained with 90% aqueous MeOH for 10
min. The portion of the membrane containing the desired protein
band was cut out, and the N-terminal sequence was performed by
an automated pulse-liquid protein sequencer (model 492, Applied
Biosystems, CA) as described previously (Ishikawa et al. 1996¢).

Results

cDNA cloning of spinach gAsAP—In the preceding
study, we have reported that mAb (EAP1) raised against
Euglena AsAP cross-reacts with both cAsAP and sAsAP
from spinach leaves (Ishikawa et al. 1996¢) and becomes a
good probe for isolating the four cDNA clones which en-
code two cAsSAP and two chloroplastic AsAP isozymes
(Ishikawa et al. 1995, 1996b). Herein, we isolated one posi-
tive clone (SAP30) with a nucleotide sequence different
from those of the other four AsAP cDNA clones. The
cDNA sequence of the SAP30 showed an open reading
frame starting from nucleotide 24 up to 881 and coding for
a protein containing 286 amino acids with a molecular
mass of 31,507 Da (Fig. 1A). The calculated overall identi-
ty of the sequence was 83.7% and 80.5% at the protein
level with the sequences of cotton (Bunkelmann and Tre-
lease 1996) and Arabidopsis gAsAPs (GenBank accession
No. X98003), respectively (Fig.2). A putative membrane-
spanning region of the predicted protein was identified near
the C-terminal sequence; it possessed a hydrophobic do-
main, as was the case for the cotton enzyme (Fig. 1B).
These data suggested that the SAP30 encodes a spinach
gAsAP. The deduced spinach gAsSAP showed relatively
high homologies to those of cAsAP and chloroplastic
AsAPs from spinach with amino acid identities of 64.2%
and 47.3%, respectively, indicating that the gAsAP has a
higher degree of homology in its amino acid sequence with
cAsAP than with chloroplastic AsAP isozymes. However,
the C-terminal of gAsAP, which involved the putative
transmembrane segment, was approximately 40 amino
acids longer than that of cAsAP. AsAP isozymes and yeast
cytochrome ¢ peroxidase (CCP) have been classified as
members of the class I plant peroxidases from their amino
acid sequences and have been part of the lineage of pro-
karyotic peroxidases (Welinder 1992). The deduced spin-
ach gAsAP showed a 34.8% identity over 230 amino acids
with yeast CCP and had less homology with the classical
plant peroxidases such as horseradish peroxidase. This is
also the case for the other previously described AsAP iso-
zymes (Ishikawa et al. 1995, 1996b). A phylogenic tree was
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A AGTAACCAGTGAAGCTCCAATCAATGGCGATUCCGCTCGTCAACACAGAATACCTCAAGG 60
¥ A M P V V XN T E Y L K E 13

AAATCGACAAAGCTCG TCGCGATCTTCGCGCTCTCATC TCTAATCGCAATTGCGC TCCTC 120
I D K ARRUDULURARALTISGS HNRDNEUGCA AUPL 33

TCATGC TCCGCCTCGCETCECATGATCCAGGGACTTATTGCGCGAAGACGAAGALCCGECG 180

¥ t[R L A Ww BE]DAGTYCAKTE KTGSG 53
e

GCCCTAATGCTTCAATTCGGAACGAGGAAGAGTGCGC TCATGGTGCCAATAATGGTTTGA 240
P N A 8 I R N E E E C A HGA N N G L K 73

AGAAAGCTATTGATTGGTGTGAGGAGGTGAAGTC TAAACACCCAAAGATTACATATGCAG 300
XK A I DW#W C E E V K S5 XK H P K I TUYATD 93

ACCTCTATCAGCTTGC TGG TG TTGTTGCAGTTGAGGTCAC TGGAGGACCTACTGTTGACT 360
L Y Q L A G V V A V EV T GG P TV D F 113

TTCTTCCTCGGAGAAAGGACTCAAATGCGTGTCCCAAGGAAGGGCGACTTCCAGATGCTA 420
V P G R K D S8 § ACUPKUEGRTILUPDATK 133

AACAAGGTGCACCACATCTGAGGGACATATTTTACAGGATGGGTCTCACTGACAAAGACA 480
Q 6 A PHLRUDTIUY P Y RMGL TDIKTUDTI 153

TCGTAGCACTGTCAGGGGGTCATACCCTGGGAAGGGCACATCCAGAGAGATCAGGCTTTG 540
vV AL 86 6 8B TLGRAHUPTZER RS GGUPFr D 173
[ J

ATGGCCCATGGACCCAGGAGCCACTCAAGTTTGATAATTCCTATTTTGTGGAACTCTTGA 600
G P T Q E P L K F D N S YT V EL L K 193

AAGGAGAATCAGAAGGACTOTTGCAACTTCCTACTGATAAAACTTTCGTGGAGGACCCTG 660
6 E 5 E6 L L QL¢P T[(DP]K TL VEDTPaA 213

CATTTCGCCCTTTCGTGGAACTGTATGCTAAGGATGAGGATGTCTTCTTCCGTGACTATG 720
¥F R P F V E L Y A KD ED UV ?F F R DY A 233

CTGTCTCACACAAGAAACTTTCGGAATTAGGATTTACTCCAAGCGGAGGCAAGTCAAGCT 780
v 8 B XK XK L 8 BE L 66 F TP 8 G 6 K &5 8 ¢ 253

GCAAAGACAGCACTATACTGGCTCAGAGTGCAGTCGGAGTTTTAGTTACTGCAGCAGTGG B40
K D 8 T I L A Q 8 A V G V L V T A A V Vv 273

TCATTTGTAGC TACATCTATGAAGTCCGCAAACGC TCAAAGTGAAGAGATTACACAAGTA 900
I ¢ 8§ X I Y E V R K R 8 K 286

ACGTCATTCATATCCATTACATACCGTCTGTATAATAAACTAGTAACATCATATATCTGA 960
GATTCATCCTCCTCATACTATCTCCTACATCTAGGTATATATGTCACTATCATTATCAAG 1020
TATCAACTAACTTTCTATCTCGAATTTAAGTGGTTGTTTCAACTTGCTAGAAACCAGGAG 1080
TGGATCAGAATGGTACGAACTATGAAGAGCCAAATAAGTTTTACTAATATGAATATTTIC 1140
ATTTGTTCAAAAATAAAAAAAAAAAAAAAAAAAAAAN 1176

B 3 S

-3 1 1
1 58 115 172 229 286

Fig. 1 Nucleotide and predicted amino acid sequence of the cDNA for spinach gAsAP and hydropathy profile of its amino acid se-
quence. (A) The amino acid sequences deduced from an open reading frame are shown below the nucleotide sequences. The amino acid
sequences of the N-terminal of the native gAsAP are single-underlined. Hydrophobic sequences representing the putative membrane
binding domain in gAsAP are double-underlined. The distal and proximal His residues are shown by heavy dots. The boxes show amino
acid residues that correlate with active sites. (B) Hydrophobicity was analyzed by the GENETYX software program for a window size of
nine amino acid residues. Positive hydropathy indicates hydrophobicity. The arrow indicates a putative membrane-binding domain in
gAsAP.
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B.gAsAP
C.gAsAP
A .gASAF
SAPL

E.cAsAP
B.sAsAP
E.tAsAP

6 .gASAP
C.gAnAP
A.gASAF
SAP1

§.cAsAP
B.8AsAP
&.tAsAP

5.gABAP
C.gASAP
A.gAsAP
SAP1

B.CASAP
E.nARAP
8.tABAP

Fig. 2 Comparison of the deduced amino acid sequences of spinach gAsAP with other AsAP isozymes. The deduced sequence of spin-
ach glyoxysome-bound AsAP (S. gAsAP) is aligned with that of cotton glyoxysome-bound AsAP (C. gAsAP) (Bunkelmann and Tre-
lease 1996), Arabidopsis glyoxysome-bound AsAP (A. gAsAP) (GenBank accession No. X98003), spinach SAP1 (Ishikawa et al. 1995),
spinach cytosolic AsAP (S. cAsAP) (Ishikawa et al. 1995), spinach stromal AsAP (S. sAsAP) (Ishikawa et al. 1996b), and spinach thyla-
koid-bound AsAP (S. tAsAP) (Ishikawa et al. 1996b) using a single-letter code. The gaps are introduced to optimize the alignment. Resi-
dues found at the same position as spinach mAsAP are shown as white letters on black. The asterisks show the consensus amino acids.

constructed according to Hein’s alignment algorithm (Hein
1990). As illustrated in Fig. 3, gAsAP was more closely re-

lated to the AsAPs and yeast CCP than to other peroxi-
dases. The class I peroxidase shares the common features

0018
voarz | Spinach sAsAP (Ishikawa et al. 1996b)

on aoos SPinach tAsAP (ishikawa et al. 1996b)

0.0542

Toese Pumpkin tAsAP (Yamaguchi et al. 1996)
G A.thaliana tAsAP (X98926)

on:i Spinach cAsAP (lshikawa et al. 1995)
ann

00824 Pea cAsAP (Mittler and Zilinskas 1991a)

v.i0e4 A.thaiiana cAsAP (Kubo et al. 1992)

1048 [

00170 Cotton gAsAP (Bunkeimann and Trelease 1996)
oot A.thaliana gAsAP (XSB003)
o.1280
T ome Spinach gAsAP (thie study)
om1e Spinach SAP1 (Ishikewa et al. 1985)
o Yeast CCP (Kaput et al. 1882)

TEe 57942 CatPOD (Mutsuda et al. 1996)

a5t P.chrysosporium MnP (Peass et al. 1889)

07620 HAP (Wellnder 1976)

Fig. 3 Phylogenic tree for AsAP isozymes and other peroxidases. The dendrogram is generated by comparison of the known amino
acid sequences according to Hein (1990). Numbers indicate branch length as proportional genetic divergence. Numbers in parenthese
show the cited references and accession numbers. The enzymes are as follows: sAsAP, stromal AsAP; tAsAP, thylakoid-bound AsAP;
cAsAP, cytosolic AsAP; gAsAP, glyoxysome-bound AsAP; SAPI, spinach AsAP; CCP, chytochrome ¢ peroxidase; 5.7942 CatPOD,
Synechococcus PCC 7942 catalase-peroxidase; MnP, manganese-dependent peroxidase; HRP, horseradish peroxidase.
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28 Spinach glyoxysome-bound ascorbate peroxidase

of the distal histidine site (R-L-A-W-H). The spinach
gAsAP had a completely conserved residue (His*’) in the se-
quence. The other heme ligand site, the proximal histidine
of the gAsAP, was also conserved at the amino acid posi-
tion of His'®. The Asp'® residue correlated with the active
site of CCP was conserved in the gAsAP as well as AsAP
isozymes. The Trp residue, which was correlated with the
storage of oxidizing equivalents in Compound I (Fishel et
al. 1991), was present at the amino acid position of 176.
These results clearly support the argument that gAsAP
belongs to the class I peroxidases as do the other AsAP iso-
zymes and that the class I peroxidase genes might have
evolved from the same ancestral gene.

Suborganellar distribution of gAsAP—Fig. 4A shows
the subcellular distribution of the ASAP activity together
with marker enzymes (catalase, hydroxy pyruvate reduc-

A

tase, cytochrome ¢ oxidase, fumarase) in a linear sucrose
density gradient centrifugation. The AsSAP activity was
present only in the glyoxysome fraction; no activity was de-
tected in the other fractions. Furthermore, in order to ex-
plore the occurrence of AsAP in spinach glyoxysomes,
each fraction in a linear sucrose density gradient centrifuga-
tion was subjected to SDS-PAGE for immunoblotting us-
ing the mAb (EAP1) raised against Euglena AsAP. The
EAPI1 cross-reacted with a 31 kDa protein band in glyoxy-
somal fractions, which correlated well with the calculated
molecular mass of SAP30; no cross-reactivity was found in
any other fraction such as mitochondria (Fig. 4B). The N-
terminal amino acid sequence of the 31 kDa protein was de-
termined to be M-A-M-P-V-V-N-T-E-Y-, which was com-
pletely identical with that of the deduced amino acid
sequence of the SAP30 clone. These findings clearly in-
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Fig. 4 Subcellular distribution of AsAP and marker enzymes following linear sucrose density gradient centrifugation (A) and immuno-
blot analysis using the mAb (EAP1) raised against Euglena AsAP (B). (A) The 1,000-14,000 x g pellets obtained by differential centrifu-
gation from spinach cotyledon homogenate were resuspended in 8 ml of the washing medium containing 5 mM MOPS (pH 7.5), 0.4 M
mannitol, 1 mM EDTA, 0.1% BSA, and 1 mM AsA and were then subjected to linear sucrose density gradient centrifugation (sucrose

concentration from 40% to 70%). (B) Aliquots of the fractions (20 ul of each fraction) were treated with 1% SDS at 100°C for 3 min and

subjected to SDS-PAGE and immunoblotting. The arrow indicates the position of the gAsAP (31 kDa). Detailed procedures are de-

scribed in the Materials and Methods section.
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Spinach glyoxysome-bound ascorbate peroxidase

Table 1 Suborganellar distribution of activities of AsAP, monodehydroascorbate reduc-
tase (MDASsAR), and catalase (Cat) in spinach glyoxysomes

Enzyme activity

AsAP MDASsAR Cat
(nmol min™") (nmol min™") (umol min™?)

Crude extract 915+33 108 +7.5 174 +12
KCl-soluble fraction nil nil 177 %15
KCl-insoluble fraction 63822 99.4+4.2 1.5+ 0.1

The intact glyoxysomes (0.6 mg of protein) were treated with 50 mM MES buffer (pH 6.0) containing
0.2 M KCl in a final volume of 500 ul. Preparations were incubated on ice and vortexed every 10 min.
After 30 min of incubation, each preparation was centrifuged at 100,000 X g for 30 min at 4°C. The re-
suspended pellet and the soluble fraction were assayed for enzyme activity as described in the

29

Materials and Methods section. Data are mean values +SD from three assays.

dicated that SAP30 is the cDNA clone encoding AsAP iso-
zyme which localizes in glyoxysomes of spinach. The pres-
ence of the C-terminal hydrophobic membrane-spanning
domain of gAsAP suggested that the gAsAP exists as a gly-
oxysome membrane-bound form. The suborganellar distri-
bution of the AsAP in glyoxysomes was confirmed. Most
of the AsAP activity was detected in the KCl-insoluble
membrane fraction of osmotically disrupted glyoxysomes
unlike catalase, a typical soluble matrix enzyme of glyoxy-
somes (Table 1). Furthermore, the latency experiment us-
ing Triton X-100 showed a high latent catalase activity in
glyoxysomes. However, intact glyoxysomes showed no la-
tent AsAP activity (Table 2). The treatment of intact glyox-
ysomes with trypsin resulted in an irreversible inactivation
of the AsAP; it had no effect on the catalase activity (Table
3). The MDASA reductase activity was also observed in the
membrane fraction (Table 1). The latent activity and tryp-
tic treatment of the MDASsA reductase resembled those of
gAsAP (Table 3). The MDAsA reductase activity was
present only in the glyoxysome fraction; no activity was de-
tected in any other fraction in a linear sucrose density gra-
dient centrifugation (data not shown). The MDASA reduc-

tase activity detected in glyoxysome fraction does not seem
to be due to contamination by other organelles. These
results clearly imply that both gAsAP and MDASA reduc-
tase are bound to the external side of the membrane of spin-
ach glyoxysomes.

Expression and partial purification of recombinant
8AsAP—The expression systems using E. coli for the two
cAsAP and one sAsAP isozymes reported in the literature
yielded soluble proteins (Patterson and Poulos 1994,
Dalton et al. 1996, Ishikawa et al. 1996b). These AsAPs ex-
ist as a soluble form in vivo but not as a membrane-bound
form. We examined the optimum conditions for the expres-
sion of our recombinant gAsAP which was subcloned into
the pET-3a expression vector. The initiation of induction
after growth saturation (optical density of 0.7 at 600 nm)
and the continuation of induction for 3 h resulted in a high
yield of recombinant gAsAP. The recombinant enzyme pro-
tein prepared from the insoluble fraction correlated with
the deduced molecular mass from SAP30 (Fig. 5A). The im-
munoblots of the soluble and insoluble fractions using the
EAPI1 raised against Euglena AsAP also revealed a predom-
inant band at 31 kDa (Fig.5B). More than 95% of the

Table 2 Effect of Triton X-100 on enzyme activities of ASAP, monodehydroascorbate re-
ductase (MDASAR), and catalase (Cat) in whole glyoxysomes

Enzyme activity

Treatment AsAP
(nmol min™")

MDASAR Cat
(nmol min™?) (umol min™")

None 1,760t 146

+0.2% Triton X-100

1,470+125

380431 5.0t 0.2

325+27 165 =11

The intact glyoxysomes were treated with Triton X-100 in 50 mM MES buffer (pH 6.0) containing
0.3 M sucrose at detergent-to-protein ratios (w/w) of 10 to 1. The glyoxysome protein (1.21 mg) was
used in a final volume of 0.5 ml. The total enzyme activities were measured in the presence of 0.3 M
sucrose as described in Materials and Methods. Each value represents the mean of three assays+SD.
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Spinach glyoxysome-bound ascorbate peroxidase

Table 3 Effect of trypsin on enzyme activities of AsAP, monodehydroascorbate reduc-
tase (MDAsAR), and catalase (Cat) in whole glyoxysomes

Enzyme activity

Treatment AsAP MDAsAR Cat
(nmol min~') (nmolmin~') (umol min~")
None 1,493 87 403 =+33 100 +8.2
+ 5 ug Trypsin 176+ 14 29.3+ 1.0 85.1£5.0
+5 ug Trypsin and Trypsin inhibitor 1,365+95 390 £25 95 *17.5

The intact glyoxysomes (1.2 mg of protein) were treated with trypsin in 50 mM MES buffer (pH 6.0)
containing 0.3 M sucrose at a trypsin-to-protein ratio (w/w) of 1to 250. After 15 min incubation at
room temperature, the reaction was stopped by trypsin inhibitor in an eight-fold excess relative to the
weight of trypsin. As a control the reaction was incubated for the same time with trypsin and trypsin
inhibitor mixed prior to addition to the organelles. Both preparations were immediately used for the
enzyme assays. The enzyme activities were measured in the absence of 0.3 M sucrose as described in
Materials and Methods. Each value represents the mean of three assays£5SD.

recombinant gAsAP was accumulated in the insoluble
membrane fraction as active enzyme. We therefore develop-
ed the solubilization of the enzyme using some detergents
and partial purification. Sodium deoxycholate (6 mM),
Triton X-100 (0.5%) and CHAPS (0.2%) in 50 mM potas-
sium phosphate (pH 7.0) containing 1 mM AsA solubilized
about 76, 78, and 69%, respectively, of the recombinant
gAsAP from the bacterial membrane. Triton X-100 was
thus a useful detergent for the membrane-bound recombi-
nant gAsAP because of the high yield and enzymatic stabili-
ty. When using CHAPS or octyl-glucoside, the solubilized
enzyme lost its activity within one day (data not shown).

A B
kDa
94— 1 B
67— =L
43— == E
e -——

e - - gASAP
0 s = % kpa)
20.1—

144— —

12 3 4 5 6 78 9101

Fig. 5 Overexpression and partial purification of recombinant
gAsAP in E. coli. The overexpression of pET-SAP30 in E. coli
and partial purification of the recombinant gAsAP were carried
out as described in the Materials and Methods section. (A)
Coomassie Brilliant Blue staining of SDS-PAGE. (B) Immunoblot
analysis using the Euglena AsAP mAb, EAP1. Positions and sizes
in kilodaltons of marker proteins are shown on the left side of the
panel. Lane 1, molecular mass markers; lanes 2 and 7, a soluble
fraction of the cells without pET-SAP30; lanes 3 and 8, a soluble
fraction of the cells harboring pET-SAP30; lanes 4 and 9, an in-
soluble fraction of the cells without pET-SAP30; lanes 5 and 10,
an insoluble fraction of the cells harboring pET-SAP30; lanes 6
and 11, partially purified recombinant gAsAP.

The procedure yielded a recombinant enzyme preparation
purified approximately 2.2-fold over the crude enzyme, giv-
ing a final 32.0% recovery of the activity. The SDS-PAGE
of the partially purified recombinant gAsAP showed
one major and a few faint minor protein bands; the major
band contained approximately 95% of the total protein
(Fig. 5A). The specific activity of the recombinant gAsAP
was 81.0%+2.5 umol of AsA/min per mg of protein. N-ter-
minal amino acid sequence analysis of the recombinant
gAsAP revealed the sequence M-A-M-P-V-V-N-T-E-Y-L-
K-E-I-D-K-, identical to that deduced from the cDNA.

Molecular mass analysis—In cotton oilseed glyoxy-
somes, gAsAP was found to be a homodimer, because the
antiserum raised from 67-kDa peroxisomal membrane pro-
tein recognized a 31 kDa protein (Bunkelmann and Tre-
lease 1996). The authors, however, did not identify the
native gAsAP activity. Judging from SDS-PAGE and im-
munoblotting (Fig. 5), the subunit molecular mass of both
the native and recombinant gAsAPs was found to be 31
kDa, which correlated with the deduced molecular mass
from SAP30 open reading frame. The E. coli soluble frac-
tion corresponding to a few % of the total recombinant
gAsAP activity was subjected to a HiLoad 16/60 Superdex
200 column equilibrated with a 50 mM sodium phosphate
buffer (pH 7.0) containing 1 mM EDTA, 1 mM AsA, and
20% (w/v) sorbitol. The soluble recombinant enzyme had
a molecular mass of 31 kDa, indicating that the glyoxy-
some enzyme exists as a monomeric form in its native state.
We failed to determine the exact molecular mass of the
Triton X-100-solubilized recombinant enzyme because it ag-
gregated during solubilization; this might have been caused
by its C-terminal hydrophobic region.

Enzymatic properties of gAsA P—The enzymatic prop-
erties of the almost purified recombinant gAsAP were con-
sistent with those of the native enzyme from intact glyoxy-
somes. Both recombinant and native gAsAPs utilized AsA
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Spinach glyoxysome-bound ascorbate peroxidase 31

as the most effective natural electron donor; GSH and
NAD(P)H could not substitute for AsA. They catalyzed
the oxidation of pyrogallol at a rate one third lower than
that with AsA. With respect to its donor specificity, gAsAP
resembled the chloroplastic AsAP isozymes more than
the cAsAP isozymes (Nakano and Asada 1987, Chen and
Asada 1989, Mittler and Zilinskas 1991a, Miyake et al.
1993, Ishikawa et al. 1996a). K., values for AsA and H,0,
were determined using Lineweaver-Burk plots with sub-
strate concentrations of 0.1-0.5 mM for AsA and 20-350
uM for H,0,. The substrate-velocity curves with recombi-
nant and native gAsAPs showed Michaelis-Menten type
kinetics with AsA and H,0,. The recombinant cAsAPs
from pea and soybean failed to obey Michaelis-Menten
kinetics because of the complication of the monomer/
dimer equilibrium (Dalton et al. 1996, Patterson and
Poulos 1994). From Lineweaver-Burk plots, the apparent
K, values for AsA of the native and recombinant gAsAP at
0.1 mM H,0, were determined to be 1.82+0.05 mM and
1.89+0.05 mM, respectively. These values were approx-
imately 3.5-7-fold higher than those of other AsAP iso-
zymes (Chen and Asada 1989, Mittler and Zilinskas 1991a,
Ishikawa et al. 1996a). The K, values for H,O, of the
native and recombinant gAsAP were 80+5.3 uM and 74+
4.0 uM, respectively, when the concentration of AsA was
0.4 mM. The partially purified recombinant gAsAP was
completely inhibited by 0.6 mM azide and 50 uM cyanide,
indicating that the spinach gAsAP, like other ASAP iso-
zymes, is a typical hemeprotein. The enzyme was also sensi-
tive to the thiol-modifying agent p-chloromercuric ben-
zoate at 0.1 mM.

The optimum pH and temperature of the recombinant
gAsAP were 7.0 and 37°C, respectively. Previous reports
with respect to cAsAP and chloroplastic AsAP isozymes
from various sources indicate optimum pH ranges of 6.0-
8.0 (Chen and Asada 1989, Mittler and Zilinskas 1991a,
Ishikawa et al. 1996a). The enzyme retained its full activity
up to 45°C between pH 6.3 and 8.0 and lost its activity com-
pletely at 53°C. One of the specific properties of AsAPs is
rapid inactivation in an AsA-depleted medium. This is espe-
cially true for chloroplastic AsAP, whose half-inactivation
time was only 15 s (Miyake and Asada 1996). cAsAP iso-
zymes are more stable than the chloroplastic AsAP iso-
zymes (Asada 1992). When the partially purified recombi-
nant gAsAP was diluted with the AsA-depleted medium,
the activity was stable over 180 min (Fig. 6), which was in
agreement with pea cAsAP (Mittler and Zilinskas 1991a).
Miyake and Asada (1996) have reported that the inactiva-
tion of sAsAP isozyme in an AsA-depleted medium is
caused by the instability of Compound I to H,0, when
AsA is not available for Compound I. When spinach
recombinant gAsAP is incubated with 2 uM H,0, under an-
aerobic conditions, no inactivation is observed (data not
shown). Accordingly, one of the reasons for the stability
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Fig. 6 Effect of the AsA-depletion on AsAP activities. The
recombinant cytosolic AsAP (cAsAP) and recombinant stromal
AsAP (sAsAP) from spinach were prepared as described previous-
ly (Ishikawa et al. 1995, 1996b) and partially purified. Each AsAP
protein (1.2 mg ml ') suspended in 10 mM potassium phosphate
buffer (pH 7.0) containing 0.1 mM AsA and 209 (w/v) sorbitol
was diluted with 10 mM potassium phosphate buffer (pH 7.0) to a
final AsA concentration of less than 10 uM. After incubation for
the indicated time, 1 mM AsA was added, and the enzyme activity
was assayed.

mechanism in spinach gAsAP may be the insusceptibility
of Compound I to H,O,. The exact reason for the differ-
ence in stability among AsAP isozymes is not clear at
present.

Discussion

In spinach, we have demonstrated the molecular char-
acteristics of many AsAP isozymes,. including the one in
this study (Ishikawa et al. 1995, 1996b). This novel AsAP
isozyme, gAsAP, has some characteristic properties distin-
guishing it from other AsAP isozymes. The hydropathy
analysis of its primary structures indicated that a putative
significant hydrophobic segment is present in the C-ter-
minal region (Fig. 1B). A similar membrane-spanning re-
gion at the C-terminal region is present in the tAsAP iso-
zyme, although no other similarity of the C-terminal region
is observed (Ishikawa et al. 1996b). As far as we know, no
other reports exist of such a unique membrane spanning
system. It is an interesting problem as to whether or not the
C-terminal hydrophobic region of the gAsAP serves as a
novel targeting motif of the microbody outer-membrane
and the anchor of the protein.

Based on the latency of gAsAP activity by solubiliza-
tion assay with Triton X-100 and the tryptic digestion in in-
tact glyoxysomes (Table 2), the catalytic domain of AsAP
on glyoxysome membranes was found to be exposed to the
cytosol. This was also true in an AsAP from pumpkin mi-
crobodies (Yamaguchi et al. 1995b). In cotton oilseed, how-

220z 1snBny |z uo 1senb Aq zG1L9%81/£2/1/6€/101E/dod/ W00 dnodlWepese//:Sdjy WOy papeojumoq



32 Spinach glyoxysome-bound ascorbate peroxidase

ever, the majority of gAsAP, including the active site, was
predicted to be on the matrix side of the glyoxysomes
(Bunkelmann and Trelease 1996). SODs in peroxisomes
from many plant species were detected as isozymes differ-
ing in their suborganellar localization. In watermelon coty-
ledons, a Cu/Zn-SOD has been detected in a soluble matrix
and a Mn-SOD on the external side of the peroxisomal
membrane as a binding form. On the other hand, in pea
leaves, a Mn-SOD has been located only in the peroxisomal
matrix (Sandalio and del Rio 1988). Similarly, the subor-
ganellar localization of AsAP in glyoxysomes may also de-
pend on the tissue origin. In pumpkin, the gAsAP had been
recognized as a rich glyoxysomal membrane protein with a
molecular mass of 31 kDa, which was retained in peroxi-
somes during the microbody transition from glyoxysomes
to peroxisomes (Yamaguchi et al. 1995a). The fact that the
SDS-PAGE analysis detected a main band which corre-
sponds to the 31 kDa gAsAP protein in intact glyoxysomes
from spinach cotyledons also suggests that the AsAP
commonly plays an essential role in these organelles (data
not shown). In recent years, it has become clear that micro-
bodies carry out essential functions in almost all eukaryotic
cells and have an essentially oxidative type of metabolism

| NADPH |

(van den Bosch et al. 1992). The acyl CoA oxidase in 8-oxi-
dation and the glycolate oxidase in photorespiration direct-
ly produce H,0O,. Furthermore, there are two sites of O
production in peroxisomes; one is the generating system of
xanthine oxidase in the matrix and the other is the NADH-
dependent electron transport system in the membrane.
Some xenobiotics, such as clofibrate, stimulate the produc-
tion of O; and H,0, inside microbodies (del Rio et al.
1992). Taking into account these data, it seemd important
to determine the extent to which AsAP and catalase are in-
volved in the detoxification of H,O, generated in micro-
bodies. The catalase localized in their matrix appears to be
rather unsuited to the natural state of leaves because it
suffers from a light-induced inhibition of function accom-
panied by a loss of the enzyme protein (Feierabend et al.
1992). In addition, catalase is very inefficient at removing
low concentrations of H,0,, because the K, value for H,0,
is high (~1 M) (Huang et al. 1983). The K, value for H,0,
of spinach gAsAP was 74+4.0 uM. The K, value for AsA
of spinach gAsAP was 1.89+0.05 mM, which is approx-
imately 3.5-7-fold higher than those of other ASAP iso-
zymes (Chen and Asada 1989, Mittler and Zilinskas 1991a,
Ishikawa et al. 1996a). It has been reported that the concen-

Glyoxysome

B-oxidation

€D

Fig. 7 Possible model of the functional organization of the H,0,-scavenging system in glyoxysomes. AsA, ascorbate; cAsAP, cyto-
solic ascorbate peroxidase; gAsAP, glyoxysome-bound ascorbate peroxidase; Cat, catalase; SOD, superoxide dismutase; MDASA,
monodehydroascorbate; MDAsSAR, monodehydroascorbate reductase; DAsA, dehydroascorbate; DASAR, dehydroascorbate reduc-
tase; GSH, reduced glutathione; GSSG, oxidized glutathione; GR, glutathione reductase.
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tration of AsA in apoplasts of spinach leaves is estimated
to be between 0.1 and 0.5 mM and that the average intracel-
lular AsA concentration is far higher than the apoplastic
AsA concentration (Takahama and Oniki 1992). Accord-
ingly, the spinach cytosolic AsA concentration seems to be
at least several mM, allowing gAsAP to remove H,0, in
situ.

Based on our present data and other data so far, we
propose the H,O,-scavenging system involving spinach gly-
oxysomes shown in Fig.7. The MDASA is the primary
product of the AsAP reaction, and rapid regeneration of
AsA is an absolute necessity for the scavenging of H,O, by
AsAP (Asada 1992). In chloroplasts, AsA is regenerated
from the oxidation products in the SAsAP and tAsAP reac-
tion by MDASsA reductase using NAD(P)H as the electron
donor and direct reduction by ferredoxin photoreduced in
PSI (Miyake and Asada 1994). In caster bean and cotton
glyoxysomes, MDA A reductase has been found to be mem-
brane-associated and appears to be bound to the matrix
side of the organelles (Bowditch and Donaldson 1990,
Bunkelmann and Trelease 1996). In contrast, the MDASA
reductase of spinach glyoxysomes was bound to the exter-
nal side of the membrane of glyoxysomes, in analogy with
AsAP. It seems conceivable that the MDASsA which is gen-
erated by the peroxidase reaction is effectively regenerated
to AsA by utilizing cytosolic NAD(P)H via glyoxysome
outer-membrane-bound MDASA reductase. Since the mi-
crobody membrane is sparsely permeable to NAD(P)H
(Liang et al. 1984), the reduction of MDASA radical by the
enzyme seems not to be affected by permeation of the
NAD(P)H from the cytosol to the glyoxysome matrix site.
Furthermore, in caster bean, Bowditch and Donaldson
(1990) assessed the suitability of MDASA as a physiological
acceptor for the glyoxysomal membrane-bound NADH de-
hydrogenase.

H,0, diffuses readily through biological membranes
(Takahashi and Asada 1983). In NaCl-sensitive pea cul-
tivars, the catalase activity was inhibited, and glycolate
oxidase was stimulated by NaCl (Corpas et al. 1993). The
authors thus have suggested that H,O, can diffuse out of
peroxisomes into the cytosol as a result of NaCl-induced
leakage of the peroxisomal membranes. We have demon-
strated that H,O, formed in Euglena organelles, including
chloroplasts and mitochondria diffuses from them into the
cytosol (Ishikawa et al. 1993). The excretion of H,0, has
been reported from many photosynthetic organisms, in-
cluding green microalgae (Zepp et al. 1987). It seems likely
that some of the H,0, generated in the microbody matrix
diffuses from the organelle toward the cytosol and then is
decomposed by the mAsAP binding to the outside of the
membrane. A set of the enzymes responsible for the AsA-
GSH cycle located in the cytosol may serve as a partialy
H,0,-scavenging system. Thus, the AsAP isozymes and
AsA regeneration systems may function to protect micro-

bodies from intoxication by H,0, produced during some
physiological activites.

This work was supported by a grant from NEDO/RITE’s In-
ternational Joint Research Program and by the Japan Private
School Promotion Foundation and the Environmental Science
Research Institute.
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