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Plants produce a variety of toxic compounds, which are often used
as anticancer drugs. The self-resistance mechanism to these toxic
metabolites in the producing plants, however, remains unclear.
The plant-derived anticancer alkaloid camptothecin (CPT) induces
cell death by targeting DNA topoisomerase I (Top1), the enzyme
that catalyzes changes in DNA topology. We found that CPT-
producing plants, including Camptotheca acuminata, Ophiorrhiza
pumila, and Ophiorrhiza liukiuensis, have Top1s with point muta-
tions that confer resistance to CPT, suggesting the effect of an
endogenous toxic metabolite on the evolution of the target cel-
lular component. Three amino acid substitutions that contribute to
CPT resistance were identified: Asn421Lys, Leu530Ile, and
Asn722Ser (numbered according to human Top1). The substitution
at position 722 is identical to that found in CPT-resistant human
cancer cells. The other mutations have not been found to date in
CPT-resistant human cancer cells; this predicts the possibility of
occurrence of these mutations in CPT-resistant human cancer
patients in the future. Furthermore, comparative analysis of Top1s
of CPT-producing and nonproducing plants suggested that the
former were partially primed for CPT resistance before CPT bio-
synthesis evolved. Our results demonstrate the molecular mecha-
nism of self-resistance to endogenously produced toxic com-
pounds and the possibility of adaptive coevolution between the
CPT production system and its target Top1 in the producing plants.

evolution � Ophiorrhiza pumila � Camptotheca acuminata

P lants produce a vast array of secondary metabolites to
overcome environmental stress and defend themselves

against their natural enemies. The broad metabolic diversity
represents a process of adaptation that has been subjected to
natural selection during evolution (1). Furthermore, humans
have benefited from plant-derived compounds that are used as
medicines. These compounds, including vincristine, vinblastine,
taxol, and camptothecin (CPT), are currently prescribed as
anticancer drugs, which function by disrupting basic biological
processes in human cells. The fact that toxic metabolite-
producing plants are insensitive to the metabolites suggests the
presence of a species-specific resistance mechanism to prevent
cytotoxicity. How these plants have evolved a mechanism to
prevent self-toxicity while simultaneously producing toxic com-
pounds is a long-standing intriguing question that has not been
clearly answered to date.

CPT, a monoterpene indole alkaloid, is produced in many
distantly related plants, including Ophiorrhiza pumila, Ophior-
rhiza liukiuensis, and Camptotheca acuminata. It induces cell
death by stabilizing a covalent complex between DNA topo-
isomerase I (Top1) and the nicked DNA, leading to a DNA
lesion (2–4). Although CPT is toxic to most eukaryotic organ-
isms, including higher plants, CPT-producing plants can avoid
self-toxicity, thereby suggesting the presence of a species-specific
resistance mechanism (5, 6). In contrast, the involvement of
either a CPT transporter or a Top1 mutation that prevents CPT

binding is known to serve as a CPT-resistance mechanism in
CPT-resistant human cancer cells (7, 8). However, no informa-
tion is available on how CPT-producing plants avoid CPT
toxicity (6). Although sequestration of toxic metabolites through
vesicles or transporters is generally assumed as a self-resistance
mechanism, our previous study (9) indicated that CPT is pas-
sively excreted and that no particular sequestration mechanisms
operate for CPT, suggesting the functioning of a different
mechanism. Here, we report the specific mutations of the target
protein Top1 that confer resistance to CPT in CPT-producing
plants as a self-resistance mechanism in plants. In addition, we
provide evidence regarding adaptive coevolution between the
production of CPT and the resistance of Top1.

Results and Discussion
Top1s from both CPT-Producing Plants and Nonproducing Organisms
Share a Common Ancestor. CPT is toxic to most eukaryotic
organisms, except CPT-producing plants [supporting informa-
tion (SI) Fig. S1]. Although most studies on structure and
mechanism have focused on human Top1 (hereafter HsTop1)
(10, 11), several plant Top1s have been characterized as essential
for survival (5, 12). We cloned cDNAs encoding Top1 from three
CPT-producing plants; namely, O. pumila, O. liukiuensis, and C.
acuminata (hereafter referred to as OpTop1, OlTop1, and Ca-
Top1, respectively). For comparison, Top1 cDNAs were also
cloned from CPT-nonproducing plants, including Ophiorrhiza
japonica (OjTop1) (closely related to O. pumila and O. liukiuen-
sis) and Catharanthus roseus (CrTop1) (monoterpene indole
alkaloid-producing plant). All cDNAs contained the conserved
domain of Top1. OpTop1 heterologously expressed in Esche-
richia coli exhibited topoisomerase activity (Fig. S2). A phylo-
genetic tree of Top1s is split into two clusters (Fig. 1). HsTop1
and Saccharomyces cerevisiae Top1 form a cluster. The other
cluster comprises all plant sequences in which the Top1s of
CPT-producing and -nonproducing plants are mixed together.
Despite the divergence between HsTop1 and plant Top1s,
OpTop1 exhibits considerably high homology (47% identity)
with HsTop1. These results suggest the similarity of the overall
structure that originated from a common ancestor.
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Amino Acid Substitutions Found Only in Top1s of CPT-Producing
Plants. Because only a few sites in a functional protein are allowed
to adapt under natural selection, we first focused only on specific
amino acid residues that are involved in CPT binding. The crystal
structure of HsTop1 in a covalent complex with duplex DNA
containing topotecan, a CPT derivative, suggests that several
amino acid residues contribute to its catalytic function or affect
CPT binding (13). Comparison of the residues between HsTop1
and plant Top1s shows that only Top1s of CPT-producing plants
have 4-aa substitutions in the positions that are proposed to
influence CPT binding: Ile-420 to Val, Asn-421 to Lys, Leu-530
to Ile, and Asn-722 to Ser (numbered according to HsTop1) (Fig.
2). No substitution was found in Top1s of CPT-nonproducing
plants, including other alkaloid-producing plants such as O.
japonica and C. roseus, thereby indicating a functional relation-
ship between these substitutions and CPT resistance (see below).
All residues involved in the catalytic function, including the
active center Tyr-723, are evolutionarily conserved (Fig. 2). Of
particular interest was the substitution at the adjacent position
to catalytic Tyr-723, i.e., Asn-722 to Ser, which is found in all
CPT-producing plants. Intriguingly, the same change in this
position has been reported to confer CPT resistance in human
cancer cells isolated from a patient and in yeast (14, 15).

Top1s from CPT-Producing Plants Are Resistant to CPT. We further
investigated whether these plant Top1s are sensitive or resistant
to CPT by conducting an in vivo assay using the Top1-deleted S.
cerevisiae strain RS190 that has been commonly used to study the
interaction of Top1s with antitumor drugs (16–18). In the
noninducing condition (glucose-containing medium), CPT did
not affect the growth of strain RS190 because Top1, the target
of CPT, is absent in this strain. In contrast, overexpression of
Top1 by induction with galactose in the presence of CPT caused
cell death because CPT blocks the correct reaction of Top1 by

stabilizing a covalent complex of the nicked DNA and Top1
leading to a DNA lesion. As shown in Fig. 3A, yeast cells
expressing Arabidopsis thaliana Top1 (AtTop1), CrTop1, and
OjTop1 exhibited decreased cell viability in the presence of CPT,
thereby suggesting that CPT was toxic to these Top1s. In
contrast, the expression of Top1s from CPT-producing plants
had no significant effect on the cell viability. These results
demonstrated that CPT-producing plants possess CPT-resistant
Top1s, which are responsible for a self-resistance mechanism in
these plants. Moreover, the results implied the effect of a
species-specific self-produced toxic metabolite on the evolution
of its target molecule in the producing plants.

Three Residues of Top1 Involved in CPT Binding Are Important for CPT
Resistance. To evaluate the functional importance of the above-
mentioned 4-aa substitutions in CPT resistance, we constructed
four single OjTop1 mutants: Ile420Val, Asn421Lys, Leu530Ile,
and Asn722Ser. We expected these mutants to be CPT-resistant.
Three of these four OjTop1 mutants, namely, Asn421Lys,
Leu530Ile, and Asn722Ser, were found to be resistant to CPT,
indicating that these single-amino-acid substitutions are suffi-
cient to confer resistance (Fig. 3B). In contrast, Ile420Val did not
show altered sensitivity (Fig. 3B). In addition, a double mutant
of CPT-resistant OpTop1, namely, Ile530Leu and Ser722Asn,

Fig. 1. Phylogenetic tree of Top1s. Neighbor-joining tree of Top1s from
plants, yeast, and humans. The numbers indicate bootstrap values. CPT pro-
duction is indicated by ‘‘�’’ or ‘‘�’’.

Fig. 2. Amino acid polymorphism in Top1s of CPT-producing plants and nonproducing organisms. Shown are proposed amino acids that are involved in catalytic
function or affect CPT binding. Asp-533 and Ser-722 directly bind to CPT. Other residues that indirectly bind to CPT are important for the proper positioning of
Asp-533 and Ser-722. The numbering is based on HsTop1. The red characters indicate the amino acid substitutions in Top1s of CPT-producing plants. Hs, Homo
sapiens; At, Arabidopsis thaliana; Cr, Catharanthus roseus; Oj, Ophiorrhiza japonica; Op, Ophiorrhiza pumila; Ol, Ophiorrhiza liukiuensis; Ca, Camptotheca
acuminata.

Fig. 3. In vivo CPT sensitivity assay of S. cerevisiae expressing Top1. Five
microliters of 10-fold serial dilutions (indicated by triangles) of Top1-deleted
yeast cells harboring the plasmid encoding plant Top1s (A) or OjTop1 and its
mutants (B) were spotted on plates. The expression of exogenous Top1 was
induced by galactose and repressed by glucose. The galactose plates were
supplemented with 0.25% Me2SO or 5 �g/ml CPT in a final Me2SO concentra-
tion of 0.25%. After incubation at 30°C for 2 days, the cell growth was scored
as follows: S, CPT-sensitive Top1; S/R, partially CPT-resistant Top1; R, CPT-
resistant Top1.
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became more sensitive to CPT, confirming the importance of
these two residues in CPT resistance (Table S1).

Thus far, several amino acid residues in HsTop1 that affect
CPT binding have been characterized (13). Asn-722 forms a
water-mediated hydrogen bond with topotecan (Fig. 4A),
whereas Asp-533 forms the only direct Top1-topotecan contact
(Fig. 4B). The elimination or alteration of other amino acids
shown in the figure would negatively affect drug binding (Fig. 4
A and B) (13). To obtain structural information, we constructed
structural models of OpTop1 and CaTop1 based on HsTop1 by
homology modeling (13). In both OpTop1 and CaTop1, the
alteration of Asn-722 to Ser, which has a shorter side chain, leads
to the elimination of the water-mediated contact, resulting in the
prevention of CPT binding (Fig. 4C) (13). The difference in side
chain conformation between Leu and Ile at position 530 could
also disrupt CPT binding by shifting the position of Asp-533 that
binds to CPT (Fig. 4D). The alteration of Gln-421 (HsTop1) to
Lys-421 found in CaTop1 would eliminate the interaction be-
tween Gln-421 and His-367, resulting in the disruption of the
interaction of Arg-364 and Asp-533 with CPT (Fig. 4E). The
substitutions at positions 421 and 530 have thus far not been
reported in CPT-resistant Top1s found in human cancer cells.
However, because the period for which CPT production has
evolved in plants is longer than the period of contact between
CPT and human cancer cells, these mutations might occur in the
future in human cancer cells resistant to CPT.

CPT Production System Has Coevolved with CPT-Resistant Top1 in the
Producing Plants. The self-resistance mechanism that develops by
target mutation in CPT-producing plants leads us to propose the
concept of adaptive coevolution between CPT biosynthesis and
Top1. We raised additional questions regarding how CPT-

producing plants ensure that they are primed for CPT resistance
when the CPT biosynthetic pathway has successfully evolved and
how CPT production does not interfere with their survival. The
evolutionally primed resistance mechanism exhibited in bacterial
antibiotic exporters (19) could also occur in CPT-producing
plants, although the resistance mechanism is totally different.
The in vivo CPT toxicity assay using the yeast mutants provides
additional support to the concept of CPT pre-resistance of Top1.
Among the yeast cells containing Top1s from CPT-nonproduc-
ing plants, the cells expressing OjTop1 showed better growth in
the CPT-containing medium than those expressing either
CrTop1 or AtTop1; this finding suggests that OjTop1 is partially
resistant to CPT (Fig. 3A and Table S1). These results imply the
involvement of additional OjTop1 mutations in conferring par-
tial resistance to CPT. Taken together, we propose that an
adaptive coevolution occurred between CPT biosynthesis and
Top1 (Fig. 5). Before the speciation of Ophiorrhiza genus, Top1
was pre-adapted to be partially resistant to CPT by the effect of
an unidentified compound (X), which might be an intermediate
in CPT biosynthesis. This pre-adaptation would have allowed
plants belonging to Ophiorrhiza genus, namely, O. pumila, O.
liukiuensis, and O. japonica, to ensure a certain degree of CPT
resistance before the CPT production was initiated. As soon as
the CPT biosynthetic pathway successfully evolved in the species
O. pumila and O. liukiuensis, Top1 mutated, i.e., Leu530Ile and
Asn722Ser substitutions occurred, due to CPT, thereby render-
ing the plants completely resistant to CPT. Thus, only those
plants that successfully evolved these mutations could maintain
the production of CPT. The same scenario is also likely for C.
acuminata.

A modified alternative scenario can also be proposed. Small
amounts of CPT produced in plants—at concentrations that

Fig. 4. Schematic representation of the CPT-binding site in Top1. (A and B) Each chain of amino acid residues involved in CPT binding is shown in a different
color. Hydrogen bonding or salt bridge interactions are indicated by black dotted lines, and van der Walls interactions are shown by gray dotted lines. Asn-722
forms a hydrogen bond via a water molecule (wat), and Asp-533 forms a direct contact with topotecan (shown in gray). Amino acid substitutions resulting in
CPT resistance in CPT-producing plants are represented in red. (C) Superposition of the CPT-binding residue 722 of HsTop1 (blue) in a complex with topotecan
and those of OpTop1 (yellow) and CaTop1 (magenta). (D and E) Superposition of the CPT-binding residue Asp-533 of HsTop1 (blue) and OpTop1 (yellow) (D) or
CaTop1 (magenta) (E) by substitution Leu530Ile or Gln421Lys. Black dotted lines indicate hydrogen bonding in HsTop1, as indicated in A and B.
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would not affect the plant survival—might trigger the necessary
mutation of Top1 resulting in increased CPT resistance of Top1.
This would lead to higher production of CPT in the plants later.
This scenario has been actually observed in CPT-resistant
human cancer cells. Continuous exposure of cancer cell lines to
CPT derivatives resulted in Top1 mutation conferring CPT
resistance (20).

Conclusions
In contrast to the self-resistance mechanism in antibiotic-
producing bacteria (21–23), self-resistance to toxic metabolites
produced in plants has not been studied extensively despite the
increasing use of plant-derived medicines. Our study revealed a
target mutation-based mechanism of self-resistance to endoge-
nous toxic metabolites in plants, thereby providing insights on a
long-standing question in plant biochemistry about the evolution
of plant secondary products. This self-resistance mechanism that
developed via adaptive coevolution might generally be found in
other plants that produce toxic secondary compounds inhibiting
basic biological processes, such as antimitotic agents, including
paclitaxel in Taxus brevifolia, podophyllotoxin in Podophyllum
spp., vinblastine and vincristine in C. roseus, and colchicine in
Colchicum autumnale. Although a point mutation of the tubulin-
coding gene that confers paclitaxel resistance has been reported
in human cancer cells (24, 25), no information on such mutation
is available for plants producing paclitaxel. Understanding the
self-resistance mechanism can provide useful information not
only for developing the strategy of combinatorial biosynthesis
and synthetic biology in plant cells but also for elucidating the
molecular basis of drug resistance in the clinical field. Compar-
ison of the target sites of the compounds in producing and
nonproducing plants may be exploited for obtaining additional
information on drug-target interaction and for designing ad-
vanced drugs to prevent resistance in cancer cells and combat
drug resistance.

Materials and Methods
Plant Materials. For RNA extraction, we used the hairy roots of O. pumila (26)
and O. liukiuensis (27) and young leaves of O. japonica, C. acuminata, and C.
roseus, which were cultivated in the Medicinal Plant Gardens of the Graduate
School of Pharmaceutical Sciences at Chiba University.

cDNA Cloning. The cDNA fragments encoding plant Top1s were isolated by
degenerate primer PCR with GCIGTIGCIACITAYYTIATHGA as the forward
primer and RCACCAIGCIACIGTDATIC as the reverse primer. The obtained
sequences were extended in the 5� and 3� directions by rapid amplification of
cDNA ends (RACE) PCR using the SMART RACE kit (Clontech). Other primers
used in RACE are available in Table S2. The cDNA encoding OpTop1 was
isolated from the EST library of O. pumila hairy roots.

Phylogenetic Analysis of Top1. The encoded amino acid sequences were
aligned with ClustalW implemented in the MEGA version 4 program (28) by
using standard parameters (Fig. S3). A phylogenetic tree was constructed with
the same program by using the neighbor-joining method. Bootstrap values
were statistically calculated with the default sets of the MEGA program at 500
replicates and seed � 64,238. The protein sequences of other Top1s were
retrieved from the National Center for Biotechnology Information. These
included Top1s from Nicotiana tabacum (accession no. AAK69776), Pisum
sativum (CAA74890), A. thaliana (NP200341), Homo sapiens (AAA61207), and
S. cerevisiae (AAA35162).

Expression of Recombinant OpTop1 in E. coli and in Vitro Top1 Assay. OpTop1s
were cloned into pDONR221 by using the Gateway Cloning Technology
(Invitrogen), and the integrity of the constructs was verified by DNA sequenc-
ing. The Gateway expression vector pDEST17, which has a 6� His N-terminal
tag, was used for expression in E. coli. The plasmid was transformed into E. coli
BL21-AI (Invitrogen). Cells were grown to a density of �0.6 and induced by
using L-arabinose to a final concentration of 0.2% for 4 h at 30°C. The
recombinant protein was purified by using a HisTrap HP column (Amersham).
The plasmid pUC19 was used in the DNA supercoil relaxation activity assay as
described in ref. 29.

Yeast Expression and Sensitivity to CPT. S. cerevisiae strain RS190 (MATa,
top1�) was purchased from American Type Culture Collection. The genes of
plant Top1s were cloned by the Gateway Cloning Technology, and the integ-
rity of the constructs was verified by DNA sequencing. The Gateway expression
vector pYES-DEST52 was used for expression in S. cerevisiae. A CPT sensitivity
assay was conducted by using yeast cells transformed with various Top1
constructs as described in ref. 14. Individual transformants were grown over-
night in a selective medium containing glucose. The cultures were adjusted to
an OD600 of 0.3 and serially diluted 10-fold; 5-�l aliquots were spotted onto
selective plates supplemented with 2% glucose or galactose and 0 or 5 �g/ml
CPT at a final Me2SO concentration of 0.25%.

Construction of Mutant cDNAs. The mutant cDNAs (OjTop1, I420V; OjTop1,
N421K; OjTop1, L530I; and OjTop1, N722S) were prepared by PCR-based
mutagenesis (30). PCR was conducted with KOD DNA polymerase (Toyobo).
The prepared mutant cDNAs were introduced into pDONR221 (Invitrogen)
and sequenced.

Molecular Modeling. Three-dimensional model structures of OpTop1 and
CaTop1 were constructed with MODELLER (31), using the published HsTop1-
DNA-topotecan complex (Protein Data Bank entry 1RRJ) as the template (13).
Structural alignment figures were prepared with PyMOL (www.pymol.org).
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