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Abstract - DNApolymerases have recently emerged as important cellular targets for chemical intervention in the development of anti-
cancer agents. This report describes a PCR assay as a method to investigate the action mechanism of the inhibition of Taq DNA
polymerase by catalpol. This inhibition was not primer or template specific, nor was it due to chelation of Mg2+ ions. In assays of
hyperchromicity of double-stranded DNA, catalpol did not affect melting profile. The inhibitory effect of catalpol does not appear to
depend on DNA concentration. In contrast, increasing dNTP concentration rescue the Taq DNA polymerase activity, suggesting that
catalpol acts in a competitive way with dNTPs at the binding site of the enzyme. Theoretical calculations reinforce the experimental
data and the proposed mode of action of catalpol.
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INTRODUCTION

Faithful replication of DNA molecules by DNA
polymerases is essential for genome integrity and correct
transmission of genetic information in all living organisms.
DNA polymerases have recently emerged as important
cellular targets for chemical intervention in the
development of anti-cancer agents. In spite that several
DNA polymerase inhibitors have been reported, including
the nucleotide dideoxy TTP, phospholipids, fatty acids and
flavonoids, more potent agents are still needed (25).
Therefore information concerning the structural
characteristics of inhibitors could provide valuable insight
for the design of anti-cancer agents (15) and some probes
for understanding the roles of specific enzymes in DNA
replication and repair.

DNA polymerases from different organisms share
common features: all of them have three different activities
located on different domains. Bacterial DNA polymerase I
enzymes are characterized by multidomain structures,
which contain a 5’-3’ exonuclease domain, a 3’-5’
exonuclease domain and a polymerase domain. According
to Astake et al. (2), the last domain has a structure
reminiscent of a right hand, with a large cleft formed by the
fingers, thumb and palm domains. Comparison of the
structures of DNA polymerases from different organisms

shows that the hand-shape architecture is a common
feature of the polymerase domain among all know
polymerases. A variety of evidences point to the region
covering the junction between the palm and fingers
subdomains as being of primary importance in binding an
incoming nucleotide. The importance of these domains is
also shown by amino acid sequence conservation (1,2,3).

Iridoids are cyclopentane-[c]-pyran monoterpenoids
occurring as constituents of several plants (4,9). Several
biological activities have been described for these
compounds, such as antimicrobial, antitumoral,
hemodynamic, choleretic, hepatoprotective and anti-
inflamatory activities (10,11,18,21).

In a previous paper, we studied the action of the iridoids
catalpol (1), 8-O-acetylharpagide (2), harpagide (3) and
dihydrocatalpol (4) against Taq DNA polymerase by using
a PCR assay (20). The present paper investigates the action
of iridoids as Taq DNA polymerase inhibitors, in order to
better characterize the action mechanism of these
compounds.

MATERIALS AND METHODS

Compounds
Catalpol (1) was isolated from Buddleja cordobensis Griseb, and

compound 2 was supplied by Dr. J. Coll (Dept. Chim. Org., Barcelona,
Spain). Compound 3 was prepared from the derivative 2. Compound 4
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was derived from catalpol (Fig. 1) (20). The assayed compounds were
dissolved in DMSO at a 100x stock solution.

PCRs assays
The PCR master mix consist of 40 mM Tris-acetate pH 8.3

containing 1 mM EDTA, 2.5 mM MgCl2, 4.0 U Taq DNA polymerase,
20 µM each oligonucleotide primer and 0.25 mM each deoxynucleotide
triphosphates (dNTP). All PCRs were carried out in 20 µl reaction
volumes, in a Perkin-Elmer Gene Amp 2400.

Inhibition studies were carried out under different conditions, where
desoxynucleotides triphosphates, MgCl2 and DNA template
concentrations were varied. In the experiments performed with p-
GEMT-AT2 (supplied by Dr. Sergio Alvarez from our Molecular Biology
Laboratory) as a template, the primers were: sense primer 5´-TTG TTT
GGT GTA TGG CTT GT-3´ and the antisense primer: 5´-CTT AGA
GAAATG GAC ACC TT-3´. In a different set of experiments, we also
amplified the human β-globin gene, by using suitable primers (5´-CAA
CTT CAT CCA CGT TCA CC-3´ and 5´-GAA GAG CCAAGG ACA
GGT AC-3´) and human DNA (26). For both set of primers, the
amplification conditions consisted of 35 cycles of denaturation at 95ºC
for one min. followed by primers annealing at 56ºC and primer extension
at 72ºC for 2 min. Inhibition positive controls were performed using
ddNTP set.

The amplified DNA sequences were electrophoresed for 45 min. in
1% agarose gel at 60 V in TAE (Tris-acetate-EDTA) running buffer
containing 40 mM Tris-acetate, 2 mM Na2EDTA.2H2O, and 0.5 µg of
ethidium bromide per ml. Amplified DNA bands were detected visually
with UV transilluminator.

Analysis of PCR products
Relative intensities of ethidium bromide stained PCR products were

analyzed by using an optical scanner and the Scion-Image program. The
image of stained agarose gels was captured using Polaroid camera and
then scanned (Hewlett-Packard 3200 C). The digitized band images were
processed using the Image processing program (Scion Image, public
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Fig. 1 Chemical structure of compounds

domain program); IC50 values were determined by GraphPad Prism
program.

Thermal transition of DNA
Thermal transition profiles of double-stranded to single-stranded

DNA in the absence or in the presence of catalpol were determined with
a Beckman DU640B spectrophotometer equipped with thermostatic
system. Plasmid DNA (p-GEMT-AT2, 6 µg/ml) was dissolved in 0.1 M
sodium phosphate buffer (pH 7.0). The solution temperature was
equilibrated at 75°C for 10 min, and increased by 1° at 2 min intervals
for each measurement point and the absorbance was recorded.

Theoretical calculations
All theoretical calculations were performed using the PC Spartan

Pro® software (19) on a PC with an AMD Athlon(TM) processor. The
Spartan Pro® routine for conformational search was based on
Montecarlo Method and the Merck Molecular Force Field (MMFF94)
was used to perform the search. The more stable MMFF conformer was
minimized using a Density Functional method: perturbative Becke-
Perdew (pBP), with a numerical polarization basis set (DN*). HOMO
and LUMO were calculated at 0.032 a.u. as isovalue; the electron density
was estimated at 0.002 electrons/a.u.3 as isovalue, and the molecular
electrostatic potential was calculated at ± 20 kcal/mol as isovalue.
Information in detail on the computational procedures is obtainable from
authors by correspondence.

RESULTS

In a previous paper (20), we reported that the iridoids
catalpol (1), 8-O-acetylharpagide (2) and harpagide (3)
exhibit inhibitory activity on Taq DNA polymerase.
Compound 1 was identified as the most active, showing an
IC50 = 47.8 µM (Fig. 2A). Compound 2 revealed values of
IC50 = 213.8 µM, having a moderate activity; derivative 3
showed only a weak inhibitory activity (IC50 = 416.9 µM)
and dihydrocatalpol (4) has not inhibitory activity (data not
shown). In addition, we also showed that changes in the
sugar moiety affected bioactivity. The introduction of O-
acetyl groups or O-oleyl fragments on the D-glucose
moiety of compound 1 was accompanied by loss of
enzyme inhibitory effect.

In order to better characterize the action mechanism of
catalpol (1) in the inhibition of the Taq DNA polymerase,
we performed polymerization chain reaction (PCR) assays
under different conditions.

Catalpol inhibition is independent of DNA template
Our initial experiments were performed using as

template the p-GEMT-AT2 plasmid and a specific primer
set. Under these conditions, we could not rule out the
possibility that the inhibition could be primer or gene
specific. To study this point, we performed amplification of
the human β-globin gene from human DNA (26) in the
absence or in the presence of catalpol. The amplification of
β-globin was completely inhibited by 125 µM of catalpol
(1). These results suggest that the inhibitor acted
independently of the sequence to be amplified and the
primer set used (Fig. 2B).
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Effect of increasing magnesium concentrations
It is well-known that PCR reaction can also be inhibited

by chelating divalent cations such as Mg2+. To investigate
if the observed inhibition was magnesium dependent,
increasing concentrations of MgCl2 (2.5 mM, 3.75 mM
and 5.0 mM) were added to the PCR reaction mix
containing 125 µM compound 1. PCR amplifications were
done as described under Materials and Methods. Fig. 2C
shows the effect of increasing concentrations of MgCl2. As
expected, within an acceptable range of Mg2+ ion
concentrations, from 2.5 to 5 mM, catalpol was able to
inhibit Taq polymerase, thus suggesting the inhibitory
effect of catalpol is not sequestrating Mg2+ ions.

Hyperchromicity of double-stranded DNA
To investigate whether compound 1 binds to DNA, the

melting transition of double-stranded DNA in the presence
of 100 µM of the iridoid was determined using a
spectrophotometer equipped with a thermostatic system.
Bioassay was performed as described in Materials and
Methods. At this concentration of catalpol (1), no shift in

Fig. 2 A) Inhibitory effect of catalpol against Taq DNA
polymerase. PCR assays were conducted in the presence of
different concentrations of catalpol. B) Specificity of PCR
product inhibition. PCR inhibition assays were performed for
human β-globin using human DNA as template in the
presence of catalpol (125 µM). C) Effect of increasing
magnesium concentrations. PCR assays were made with
increasing magnesium ion concentrations in the presence of
catalpol (125 µM). The figures are representative of three
independent experiments.

the curve was observed. On the contrary, 100 µM of EtBr,
a well-known DNA-intercalating, clearly modified the
thermal transition (13,14,15,27) (Fig. 3).

Effect of increasing DNA template concentrations
To determine if the inhibitory effect of catalpol was

DNA template dependent, increasing concentrations of
DNA(0.013 µg/ml, 0.130 µg/ml, 1.300 µg/ml) were added
to the PCR master mix, containing catalpol in a
concentration, 125 µM, higher than the IC50. Since the
increase of plasmid DNA concentrations failed to rescue
the polymerase activity of reactions containing 125 µM of
compound 1 (Fig. 4A), we can discard the possibility that
catalpol interacts with DNA in a way to interfere with the
enzyme activity.

Fig. 3 Effect of catalpol on the thermal transition of
double-stranded DNA. No addition (control: �), compound 1 (�)
and ethidium bromide (�) (100 µM of each)

Fig. 4 A) Effect of DNA template concentrations. PCR
assays were performed in the presence of catalpol (125 µM)
and increasing concentrations DNA template. B) Effect of
increasing dNTP concentrations. Different concentrations
(250 µM, 375 µM and 500 µM) of dNTP were added to the
PCR assay in the absence (No inh) or in the presence of 125
µM catalpol. Experiments are representative of two
independent assays.



Effect of increasing dNTP concentrations
To study the effect of increasing concentrations of

dNTP, we performed the amplification in the presence of
catalpol and different dNTP concentrations (250 µM, 375
µM and 500 µM). We observed (Fig. 4B) that a
concentration of 375 µM dNTP rescue the Taq DNA
polymerase activity of reactions containing 125 µM of
compound 1, and this effect is dose-dependent, suggesting
a competitive mechanism between catalpol and dNTPs.

Theoretical calculations
From the more stable MMFF conformer (see Materials

and Methods), the isosurfaces were calculated. Fig. 5A
shows a significant similarity among the HOMO
properties of adenosine, guanosine, and compound 1.
Moreover, it shows that the HOMO of compound 4
exhibits no similarity with that of compound 1, adenosine
and guanosine.

Additionally, the possible hydrogen bonds formed
between compound 1 and thymidine, was considered. Fig.
5B shows the calculated hydrogen bonds between
adenosine-thymidine compared with the same interaction
between catalpol-thymidine and dihydrocatalpol-
thymidine, respectively.

DISCUSSION

Taking into account the Taq DNA polymerase
properties (1,2,3,12) it is possible to use this model as a
screening method to find DNA polymerase inhibitors and
also to investigate the action mechanism of inhibition.

The multiple applications of DNA polymerase
inhibitors as well as the number of natural products with
this activity (5,6,25) such as coumarins and flavonoids
(23,24), sulfonosphingolipids and acetylenic fatty acid
(8,16) prompted us to investigate the inhibitory role of
iridoids.

In the present paper we studied the inhibitory effect of
catalpol, using as a model for DNA polymerase, Taq
polymerase, under different conditions. We observed that
catalpol inhibitory activity on Taq polymerase is
independent of the template and primer set used. In effect,
catalpol inhibited both the amplification of a plasmid
containing AT2 receptor or the amplification of the β-
globin gene on human DNA.

It is well known that dNTPs can work as Mg2+

chelating. We test the possibility that catalpol sequestrates
Mg2+ ions, by adding increasing concentrations of Mg2+

during the amplification procedure. Since the increased
concentration of Mg2+ ions did not revert catalpol
inhibition, we can conclude that catalpol act by a different
mechanism.

We compared the melting profile of double-stranded
DNA(dsDNA) in the presence of the iridoid to determinate

whether compound 1 binds to DNA (7,13,14,15,17) and
compare with EtBr. While EtBr does affect melting profile
of dsDNA, catalpol does not, suggesting that catalpol does
not bind dsDNA. From these results, one can hypothesize
that the inhibitor does not appear to act as a chelator of
magnesium ions or bind to DNA, suggesting that it must
inhibit the enzyme activities by interacting with the
enzyme directly.

Biochemical and molecular genetic studies have
determined dNTP binding site and DNA binding site at the
polymerase domain (1). The dNTPbinds adjacent to the O-
helix interacting principally with three positively charged
residues, Arg754, Arg682 and Lys758, plus His734 and Gln708

(3). The DNA template bind in the groove between the
thumb subdomain of the polymerase and the 3’-5’
exonuclease domain, rather than in the DNA-binding cleft
of the polymerase itself. Moreover, a portion of the duplex
region of the DNA interacts with α-helices of the thumb
subdomain of the structure (1). In order to investigate the
catalpol interaction at the enzyme site, we performed
different experiences. To determinate if compound 1
compete with DNA template at the DNA binding site,
assays of PCRs with increasing DNA template
concentrations were performed. Since increasing DNA
template concentrations cannot restore DNA polymerase
activity we can assume that catalpol do not compete at the
DNA binding site.

On the other hand, increasing dNTP concentrations
restore Taq polymerase activity in the presence of catalpol,
suggesting a competition between them (Fig. 4B).
Chemical structure of compound 1 has a certain
resemblance with a nucleoside framework. The bicyclic
aglycone moiety, possessing both oxygenated functional
groups and one desaturation, could mimic a purine-
nucleoside electronic model (20). Taking into account this
similarity, isosurfaces and the possible hydrogen bonds
between catalpol and pyrimidine-nucleoside were
calculated (Fig. 5).

Since HOMO is the most external occupied orbital, its
shape gives an idea about the electronic distribution, wich
is available for recognition. Contrary to dihydrocatalpol
(4), adenosine, guanosine and catalpol (1) show alternate
negative and positive HOMO lobes over the non-sugar
moiety. When theoretical calculation was carried out on
(4), the shape and localization of HOMO vary
considerably, giving this orbital over the glycosidic part of
molecule.

Considering isosurfaces as a possible recognition
profile (20,22), together with our experimental results, we
can hypothesize that catalpol (1) could compete with dNTP
at the dNTP binding site of the enzyme.

As we showed earlier, dihydrocatalpol (4), the
hydrogenated form of catalpol did not inhibit Taq DNA
polymerase. Additionally, we calculated dihydrocatalpol (4)
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isosurfaces (Fig. 5A) and the possible hydrogen bonds
between compound 4 and pyrimidine-nucleosides (Fig.
5B). The HOMO orbital of compound 4 exhibits no
similarity with the HOMO orbital of purine-nucleosides and
catalpol, as well as a lower ability to form hydrogen bonds
with pyrimidine-nucleosides. Theoretical estimations allow
us to propose that catalpol (1) could interact directly with
the enzyme because it has an adequate electronic profile to
compete at the dNTPbinding site and the ability to fit within

the same hydrogen bond distances as the adenosine-
thymidine nucleotide pair.

In summary, catalpol is a Taq DNA polymerase inhibitor
and the inhibitory effect can be produced by direct interaction
at the dNTP binding site of the enzyme. This compound
could be an important inhibitor not only to investigate DNA
polymerase activities but also, the computer-simulated drug
design of this agent, may in theory be useful to develop new
anticancer chemotherapy medicines.

Fig. 5 A) Spatial view of the HOMO orbital of the compounds studied. B) Hydrogen bonds interactions between adenosine-thymidine
(a), catalpol-thymidine (b) and dihydrocatalpol-thymidine (c).
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