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Plants possess a unique metabolic diversity commonly desig-
nated as secondary metabolism, of which the anticancer alkaloids 
from Catharanthus roseus are among the most studied. Recently, 
in a classical function-to-protein-to-gene approach, we have char-
acterized the main class III peroxidase (Prx) expressed in C. 
roseus leaves, CrPrx1, implicated in a key biosynthetic step of the 
anticancer alkaloids. We have shown the vacuolar sorting deter-
mination of CrPrx1 using GFP fusions and we have obtained 
further evidence supporting the role of this enzyme in alkaloid 
biosynthesis, indicating the potential of CrPrx1 as a molecular 
tool for the manipulation of alkaloid metabolism. Here, we discuss 
how plant cells may regulate Prx reactions. In fact, Prxs form a 
large multigenic family whose members accept a broad range of 
substrates and, in their two subcellular localizations, the cell wall 
and the vacuole, Prxs co-locate with a large variety of secondary 
metabolites which can be accepted as substrates. How then, are 
Prx reactions regulated? Localization data obtained in our lab 
suggest that arabinogalactan proteins (AGPs) and Prxs may be 
associated in membrane microdomains, evocative of lipid rafts. 
Whether plasma membrane and/or tonoplast microcompartmen-
tation involve AGPs and Prxs and whether this enables metabolic 
channeling determining Prx substrate selection are challenging 
questions ahead.

A Class III Peroxidase and the Anticancer Alkaloids from 
Catharanthus roseus

Catharanthus roseus (L.) G. Don is the source of the first natural 
drugs used in cancer therapy, the dimeric terpenoid indole alka-
loids vinblastine and vincristine, produced in very low levels in the 
leaves of the plant. Since early studies of the biosynthesis of the 
anticancer alkaloids, the dimerization reaction leading to α-3',4'-
anhydrovinblastine (AVLB, Fig. 1) has attracted much attention 
due to its possible regulatory importance and potential application, 
either for increasing the anticancer alkaloid levels in planta, or for 
the semi synthetic production of the natural anticancer alkaloids and 
their derivatives. Initial work with cell suspension cultures suggested 
the involvement of peroxidase-like enzymes in AVLB biosynthesis, 
but remained largely inconclusive since the dimeric alkaloids do 
not accumulate in cultured cells.1-3 In our labs, we have conducted 
a systematic search for AVLB synthase activity in the leaves of 
the plant, where both the monomeric precursors and the dimeric 
products accumulate. After partial purification, a peroxidase-like 
dimerization activity was unmasked and ascribed to the single class 
III peroxidase (Prx) isoenzyme activity detected in C. roseus leaves.4 
This activity was purified to homogeneity revealing a protein with 
all the characteristics of Prxs, CrPrx1, and subcellular localization 
studies pointed to its localization in the vacuole, where the mono-
meric alkaloid precursors and dimeric products are also located.5,6

In a classical function-to-protein-to-gene approach published 
recently in Plant Physiology (February 2008; vol 146:403–17),7 
we have purified CrPrx1, the main Prx and single AVLB synthase 
activity found in C. roseus leaves, we have obtained a partial 
aminoacid sequence which was used to isolate the CrPrx1 gene by 
a RT-PCR based strategy, and we have obtained further evidence 
confirming the vacuolar localization of Crprx1 and supporting its 
role in AVLB biosynthesis.

CrPrx1 is encoded by a single copy gene with two introns and 
it contains all conserved and highly conserved residues typical of 
Prxs, including the two His residues interacting with the heme 
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and the eight Cys residues forming 
four disulfide bridges. N-terminal 
aminoacid sequencing of the purified 
CrPrx1 enabled the identification of 
an N-terminal propeptide of 34 amino 
acids, which is predicted to be a signal 
peptide to the secretory system and 
was indeed able to direct a GFP fusion 
to the ER. Moreover, alignment of the 
full deduced sequence of CrPrx1 with 
previously characterized Prxs indicated 
the presence of a C-terminal exten-
sion with 23 to 25 amino acids, which 
was shown to be essential for vacuolar 
sorting of a GFP-Crprx1 fusion, and 
also confirmed the vacuolar localiza-
tion of Crprx1. Likewise, phylogenetic 
analysis indicated that CrPrx1 belongs 
to an evolutionary branch of vacuolar 
Prxs that likely preceded the diver-
gence between monocots and dicots, 
and whose members appear to have 
been recruited for different functions 
during evolution. On the other hand, 
an Arabidopsis vacuolar Prx from a 
different phylogenetic branch seems 
to have the same expression profile as 
CrPrx1, indicating that Prxs may be 
replaceable during evolution, in line 
with the largely overlapping reactivity properties they show.

Expression and activity studies further supported a role for 
CrPrx1 in indole alkaloid biosynthesis, although a correlation 
between CrPrx1 and alkaloid levels was not always found. This may 
be a consequence of the indole alkaloid pathway being dependent 
on a complex network of factors and regulation programs, but also a 
consequence of the regulation of CrPrx1 activity by the availability 
of H2O2. In fact, the source of H2O2 still remains one of the main 
mysteries concerning the oxidative activity of Prxs. As a whole, this 
work is one of the few thorough characterizations of a vacuolar class 
III peroxidase and its possible function, and has produced a molec-
ular tool which may be of use to increase the anticancer alkaloid 
levels in the plant, or to produce a biotransformation system suitable 
for the large scale production of the dimeric anticancer alkaloids and 
their derivatives from the in planta abundant precursors vindoline 
and catharanthine (Fig. 1).

Class III Peroxidases and Secondary  
Metabolites—Who Meets Who?

This crossroads between a Prx and the biosynthesis of a class of 
secondary metabolites is interesting because both Prxs and secondary 
metabolism are paradigms of the phenotypic plasticity of plants 
and are, in many ways, two sides of the same coin. Prxs form large 
multigenic families in plant species, and they accept a broad range 
of substrates, showing largely overlapping reactivities. Thus, Prxs 
represent a case of high functional redundancy, which makes the 
characterization of their functions a daunting and frequently intan-
gible task. Likewise, secondary metabolism is extremely prodigal in 

the plant kingdom and their products seem to have redundant roles, 
since several compounds with similar effects may be produced by 
the same plant tissue, and they have low specificity, since the same 
compound seems to be active in a number of different situations. 
Again, as for Prxs, this makes it very difficult to draw conclusions 
about the roles of secondary metabolites, which remain largely uncer-
tain. Thus, in plants, evolution seems to have often selected broad 
range survival strategies with low specificity, of which secondary 
metabolites and class III peroxidases are prime examples.

But the crossroads between Prxs and the biosynthesis of secondary 
metabolites raises also several recurring questions. In their two 
subcellular localizations, the cell wall and the vacuole, Prxs co-locate 
with a large variety of secondary metabolites which also accumulate 
preferentially in these two compartments, and which can be accepted 
as Prx substrates, including aromatic phenols, amines, indoles, 
alkaloids, sulfonates, etc.8 How then, are Prx reactions regulated? 
Are they just chance metabolic plasticity? Is spatial and temporal 
co-localization with the most concentrated/higher affinity substrate 
determining who wins the race? Or could some sort of metabolic 
channeling play a decisive role?

Class III Peroxidases and Membrane Microdomains 
Containing Arabinogalactan Proteins—Unlikely Partners 
Determining Peroxidase-Mediated Secondary Metabolism 
Reactions?

In C. roseus, CrPrx1 localizes at the inner face of the tonoplast 
with a punctuated distribution suggesting a meaningful spatial 
organization (Fig. 2A). This has led us to propose a metabolic 

Figure 1. Biosynthesis of vinblastine from the monomeric precursors catharanthine and vindoline. 
Anhydrovinblastine is the product of the dimerization reaction and the precursor of the anticancer drugs 
vinblastine and vincristine.
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Figure 2. (A) Cytochemical localization of CrPrx1 in C. roseus mesophyll cells using DAB and H2O2. (B) Green—immunofluorescence localization of AGPs 
using MAB Jim13 in C. roseus mesophyll cells. Blue—cell walls stained with calcofluor. Red—chloroplast autofluorescence. Bar = 4 μm.

 channeling model for the biosynthesis of AVLB in which CrPrx1 
may be localized in specific microdomains of the tonoplast near 
the putative vindoline and catharanthine transporter,9 in such 
a way that alkaloid transport through the tonoplast would be 
coupled to its immediate oxidation by CrPrx1.6 We further 
proposed that the generation of H2O2 could be mediated by a 
tonoplast NADPH oxidase co-localized with CrPrx1 and the alka-
loid transporter.6 The proposed model, in which several proteins 
cooperate in specific membrane localizations, correlates interest-
ingly with the recent set of data indicating the existence in plant 
plasma membranes of sterol-rich, detergent-resistant microdo-
mains called lipid rafts. These microdomains are proposed to host 
glycosyl-phosphatidylinositol(GPI)-anchored proteins and a subset 
of integral and peripheral cell surface proteins which interact 
to perform specific functions. Among GPI-anchored proteins, 
plants possess a particularly prominent and plant specific group—
arabinoglactan proteins (AGPs). AGPs are complex proteoglycans 
found at the surface of all plant cells and they have been implicated 
in different aspects of plant development and plant cell physiology, 
with much of the supporting data coming from the time- or cell-
specific localization of AGPs glycosidic epitopes recognized by 
several MABs.10 Sporadically, some of these MABs have localized 
AGPs in the tonoplast or the vacuole.11,12 In C. roseus leaves, the 
AGP epitope recognized by the MAB Jim13 localizes at the inner 
face of the tonoplast of many of the mesophyll cells (Fig. 2B), 
with a punctuated distribution which mirrors the localization 
pattern of CrPrx1 (Fig. 2A). Moreover, recent proteomic studies 
have detected the presence of AGPs, Prxs and NADPH oxidase 
in lipid rafts of certain tissues,13-15 this latter having also been 
detected in the tonoplast/vacuole.16 In view of all this data, we 
hypothesize that Prxs may co-localize with AGPs in lipid rafts 
in both the plasma membrane and the tonoplast, and that the 
specific localization/orientation of Prxs on the rafts will determine 
which compounds will function as Prx substrates, namely due to 
co-localization with specific transporters and with an NADPH 
oxidase providing the H2O2.

There are thus exciting and challenging questions ahead! Does 
the tonoplast also present AGPs and lipid rafts? Are Prxs and AGPs 
indeed associated to lipid rafts? Does this lead to metabolic chan-
neling involving transporters of secondary metabolites? Is there a 
tonoplast based NADPH oxidase and is this the source of the H2O2 
used by Prxs?
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