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a b s t r a c t

Switchgrass (Panicum virgatum L.) is being developed as a bioenergy species. Recently an early version of
its genome has been released permitting a route to the cloning and analysis of key proteins. Ascorbate
peroxidases (APx) are an important part of the antioxidant defense system of plant cells and present a
well studied model to understand structure–function relationships. Analysis of the genome indicates that
switchgrass encodes several cytosolic ascorbate peroxidases with apparent varying levels of tissue
expression. A major cytosolic ascorbate peroxidase was thus selected for further studies. This gene
was cloned and expressed in Escherichia coli cells to obtain purified active protein. Full heme incorpora-
tion of the enzyme was achieved utilizing slow growth and supplementing the media with 5-aminolev-
ulinic acid. The enzyme was observed to be monomeric in solution via size exclusion chromatography.
Activity toward ascorbate was observed that was non-Michaelis–Menten in nature. A site-directed
mutant, R172S, was made in an attempt to differentiate activity against ascorbate versus other sub-
strates. The R172S protein exhibited negligible ascorbate peroxidase activity, but showed near wild type
activity toward other aromatic substrates.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cytosolic ascorbate peroxidase (APx) catalyzes the reduction of
H2O2 utilizing small organic substrates as electron donors with the
physiological substrate being ascorbate (AsA) as shown below (Eq.
(1)).

H2O2 !
APX

2H2Oþ 2MDAsA ð1Þ

In plants, the monodehydroascorbate radical (MDAsA) is con-
verted back to AsA by MDAsA reductase or in the absence of reduc-
tase, the 2 MDAsAs can disproportionate to AsA and
dehydroascorbic acid (DAsA) (Chen et al., 2003; Shigeoka et al.,
2002). The catalytic mechanism of ascorbate oxidation by APx
has been well studied and is generally represented as shown in
Eqs. (2)–(4), where APx first reacts with H2O2 and becomes Com-
pound I, the fully oxidized form of APx. Compound I is converted
back to APx via two one-electron transfers from an electron donat-
ing substrate (HS).

APXþH2O2 ! Compound IþH2O ð2Þ

Compound IþHS ! Compound IIþ S� ð3Þ

Compound IIþHS ! APXþ S� þH2O ð4Þ

There are many excellent reviews dealing with APx (Dunford,
1999; Raven, 2003; Raven et al., 2004), and only a brief review is
provided here. Ascorbate-dependent peroxidases from spinach
and pea were first described in 1979 (Groden and Beck, 1979; Kelly
and Latzko, 1979) and are key proteins protecting cellular health in
plants by scavenging peroxides generated during photosynthesis
and cellular metabolism (Alvarez and Lamb, 1997; Bowler et al.,
1992; Ishikawa and Shigeoka, 2008; Noctor and Foyer, 1998). They
have been investigated at the structural and functional level be-
cause unlike cytochrome c peroxidase (CcP), one of the best known
and characterized peroxidases, they have the more typical Com-
pound I intermediate with a porphyrin-based radical and they uti-
lize small molecule substrates as electron donors (Raven, 2003).
Ascorbate-dependent peroxidases are essentially defined by hav-
ing high specificity to ascorbate, which has a clear physiological
role as an electron source for detoxifying cells of H2O2. However
many of these enzymes also have significant activity toward other
aromatic electron donors, which usually do not have clear physio-
logical roles. For the most part, these ascorbate-dependent perox-
idases have higher activity toward ascorbate than other substrates.
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Crystal structures of APxs have been used to identify two different
substrate binding sites, one for ascorbate (PDB ID: 1OAF) (Sharp
et al., 2003) and one for aromatic substrates (PDB IDs: 1VOH, com-
plexed with salicyhydroxamic acid and 2VCS, complexed with iso-
niazid)(Metcalfe et al., 2008; Sharp et al., 2004). This would
strongly indicate that the substrate specificity for the other aro-
matic compounds comes from a different binding site than that
of ascorbate.

In 1995, the first crystal structure of APx was determined for re-
combinant pea cytosolic APx (PDB ID: 1APX) (Patterson and Poulos,
1995). This structure showed a dimeric enzyme held together non-
covalently by ionic interactions. The structure was remarkably
similar to that of CcP, especially in the heme active site where

the same hydrogen bonds exist between key conserved amino
acids that are known to be essential for function. One striking dif-
ference was the discovery of a cation (K+) binding site that has
been observed to influence the ligation of the distal histidine to
the heme iron (Cheek et al., 1999). In 2003, another set of struc-
tures were determined for recombinant soybean cytosolic APx that
included a structure of the APx-ascorbate complex (PDB ID: 1OAF)
(Sharp et al., 2003). This structure positively identified the c-edge
of the heme as the primary location of ascorbate binding and paved
the way to better understanding the electron transfer mechanism
for the enzyme. Presently, there are almost 30 APx structures in
the protein structural database (http://www.rscb.org) that are pre-
dominantly mutant structures for cytosolic APx.

Fig. 1. Phylogenetic relationships of PviAPx1 (A) (Pvi22559; arrow). Other switchgrass Apx sequences are identified by Pvi. The full database entry will read, for example as
Pavirv00022559 m etc. Other cytosolic APx sequences used for this analysis are: At1 = Arabidopsis thaliana; Ps1 = Pisum sativum; Gm1 = Glycine max; Zm1 = Zea mays;
Sb1 = Sorghum bicolor; Os1 = Oryza sativa.Relative expression of PviAPx1 in switchgrass tissues (B).
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