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ABSTRACT

Antifungal activity is positively correlated to furanocoumarin
content in extracts of the traditional phytomedicine northern
prickly ash (Zanthoxylum americanum Mill. [Rutaceae]). The
specificity of these furanocoumarins in inhibiting replication of
DNA was investigated with reference to significant base
composition differences between fungal and mammalian
mitochondrial DNA. We developed a polymerase chain re-
action–based assay to investigate whether (1) furanocoumarins
inhibit DNA polymerization and (2) distinct furanocoumarins
specifically inhibit DNA replication depending on base compo-
sition. Specific inhibition of DNA polymerization by 5-
methoxypsoralen and psoralen through high–adenine and
thymine (AT) (84.3%) and low-AT (51.9%) DNA, respectively,
suggests that furanocoumarins inhibit replicative functions of
genomes or of regions within the genome that differ in base
composition. Greater overall inhibition of DNA polymerization
by Z. americanum husk extracts than with single or mixed
furanocoumarins suggests that inhibitory compounds in addi-
tion to the major furanocoumarins are present in Z. american-
um.

INTRODUCTION

Northern prickly ash, Zanthoxylum americanum, is a traditional

phytomedicine used by North American First Nations Peoples as

a topical agent for the treatment of skin infections including those

caused by pathogenic fungi (1). Previously, Bafi-Yeboa et al. (2)
documented significant photoactivated inhibition of human

pathogenic fungi by extracts of leaves and berries of northern

prickly ash. Furanocoumarins, principally psoralen, 8-methoxy-

psoralen (8-MOP) and imperatorin, were identified as the major

antifungal constituents of northern prickly ash aboveground parts.

One of the principle modes of action of psoralen and related

compounds is through photogenotoxic effects (3). Furanocouma-

rins intercalate into DNA and, in the presence of UV-A (315–400

nm) light, can form monoadducts with the 5,6-double bond of

pyrimidine bases, especially thymine (4), and can also lead to

biadducts and interstrand DNA cross-link formation. Notably, 8-

MOP has been found to form mono- and biadducts preferentially in

adenine and thymine (AT)–rich regions of DNA (5). It was also

shown that 5-methoxypsoralen (5-MOP) binds to DNA more

strongly and yields more photoadducts than 8-MOP (4).

These differences in DNA-binding characteristics suggest that

some furanocoumarins could inhibit growth of fungi more than

mammalian cells, which may be the basis for a therapeutic index in

the traditional use of this plant. Fungi have relatively high AT

content in the mitochondrial genomes compared with mammals

(Table 1). Therefore, some furanocoumarins may preferentially

form DNA adducts and cross-links within the high-AT regions of

the fungal mitochondrial genome and thus interfere with mitochon-

drial replication and transcription functions in these organisms.

Specific inhibition of high-AT mitochondrial genome functions

may provide a novel target for antifungal chemotherapies.

We tested the hypothesis that UV-A–furanocoumarin exposure

specifically interferes with DNA replication through effects on

AT-rich regions. An assay based on the polymerase chain reaction

(PCR) was developed to examine the effects of exposure to each of

the four furanocoumarins on DNA replication through ;200 base

pair (bp) regions of high-AT (84.3%) and low-AT (51.9%) base

composition. Three of the furanocoumarins tested, psoralen, 8-MOP

and imperatorin, are prominent components of northern prickly ash

extracts. In addition, 5-MOP was tested because of its higher

DNA-binding characteristics in comparison with 8-MOP. Finally,

the DNA polymerization assay was used to compare the effects

of single furanocoumarins, a mixture of furanocoumarins that re-

sembled the crude extract and a crude extract of northern prickly ash.

MATERIALS AND METHODS

Growth inhibition by furanocoumarins. Saccharomyces cerevisiae strain
S288C used in these experiments was obtained from the Ontario Cancer
Institute (Toronto, ON, Canada) and maintained on YPD medium (1%
Bacto-yeast extract, 2% Bacto-peptone, 2% dextrose [Difco, Detroit, MI]).
Concentrations at which 5-MOP, 8-MOP, psoralen (Sigma-Aldrich, St.
Louis, MO) and imperatorin (Indofine Chemical, Somerville, NJ) inhibited
the growth of yeast cells were determined as follows. Mid-log cultures were
diluted to ;1000 cells/mL in YPD, and 100 lL was added to each well of
a 96-well microtiter plate. A 5.0 mM stock of each furanocoumarin (or
furanocoumarin mixture) was prepared in absolute ethanol and used to
establish a dilution series across the microtiter plates, with the highest
concentration set at 40 lM. Control rows were set up with carrier (ethanol)
but no furanocoumarin using the same dilution series. Microtiter plates were
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parafilmed, irradiated with 10 W/m2 for 2 h using three 20 W black-light
blue tubes (320–400 nm range) and incubated stationary for 24 h at 308C.
The range of furanocoumarin concentrations that resulted in ;20–80%
reduction in fungal growth over that of control wells with no inhibitor
present was determined by optical density readings of cell suspensions
(optical density at 600 nm, Spectra Max 340PC, Molecular Devices,
Sunnyvale, CA).

Furanocoumarin content of extracts of northern prickly ash. Husks of
Z. americanum were dried at ambient temperature and milled to ,1 mm
in Thomas-Wiley Laboratory Mill (model 4, Arthur H. Tjomas Co.,
Philadelphia, PA) before extraction with 95% ethanol at a husk to solvent
ratio of ;1 g (dry weight) to 9 mL. Extracts were sonicated and vacuum
filtered through a Buchner funnel and Whatman filter paper #1 (Maidstone,
UK) and dried by rotoevaporation at 508C. Dried extracts (3–7 mg) were
reconstituted in 80% ethanol and filtered (Chromospec 0.2 lm PTFE), and
high-performance liquid chromatography (HPLC) determination of fu-
ranocoumarins was done by injecting 5 lL samples on a reverse-phase C-18
column (LiChrospher 12534mm internal diameter, 5 lmparticle size) fitted
with a guard column (43 4 mm internal diameter, 5 lm particle size). The
mobile phase comprised three solvents, namely water (A), 25 mM sodium
dihydrogen orthophosphate monobasic buffer (B) and acetonitrile (C), and
analyses were carried out using a linear gradient from 70:10:20 (A:B:C) to
40:10:50 for 20 min and concluding at 35:10:55 in the last 10 min of the run.
A flow rate of 1.0 mL/min was maintained throughout the 30 min run.
Compoundswere monitored simultaneously at 200–400 nm, 310 nm and 335
nm and identified by comparison with reference standards at 225 nm.

DNA polymerization assay. Mitochondrial genome DNA sequences
were obtained from National Center for Biotechnology Information (Be-
thesda, MD) and analyzed for AT base composition (Table 1). Base compo-
sition within 50 bp windows was plotted for mitochondrial DNA (mtDNA)
sequences with Emboss Freak (6). Two primer pairs were synthesized to
PCR-amplify across regions of the S. cerevisiae mtDNA that differed sig-
nificantly in base composition. A high-AT PCR product of 223 bp (84.3%
AþT)was amplified from nucleotide positions 532–755 of the yeast mtDNA
using the primers L-52 (59-GGGGTCCCTCACTCACTCCTTC-39) and
R-274 (59-GCCTGACCTTTTGGCTTC-39). A low-AT (51.9% A þ T)
product of 187 bp was amplified from positions 84166–84353 using
primers L-45 (59-CTTCTACGGTTGGACTCCTTC-39) and R-231
(59-GGGAAAAGGAAAATTCCTCAC-39).

Total genomic DNA was isolated from S. cerevisiae by the method of
Rose et al. (7). The effect of treatment (furanocoumarin or northern prickly
ash extract) on DNA polymerization across high- and low-AT sequences
was evaluated as follows. For each treatment and PCR product
combination, nine reactions were set up in 1.5 mL microfuge tubes under
a safe light in a dark room. Final volume in each tube was 15 lL, and each
tube contained ;160 ng of S. cerevisiae genomic DNA. UV light exposure
(10 W/m2, 320–400 nm range) and furanocoumarin concentration for the
nine tubes were 0 h and 0 lM, 0 h and 0.5 lM, 0 h and 5.0 lM, 1 h and
0 lM, 1 h and 0.5 lM, 1 h and 5.0 lM, 2 h and 0 lM, 2 h and 0.5 lM and 2
h and 5.0 lM. The amount of northern prickly ash husk extract used in the

0.5 and 5.0 lM treatments was based on total furanocoumarin content as
determined by HPLC assays. After treatments, 1 lL of each solution was
used as template DNA in 25 lL PCR amplifications. PCR reactions were
done in a Biometra Tgradient (Montreal Biotech, Kirkland, Quebec,
Canada) using 0.9 lM of primers L-52 and R-274 (high AT) or L-45 and R-
231 (low AT), according to the Taq polymerase manufacturer protocol
(Invitrogen, Burlington, Ontario, Canada). PCR conditions used were 5 min
and 958C and then 25 cycles of 50 s and 958C (denaturation), 1 min and
56.18C (annealing) and 1.17 min and 728C (polymerization).
Electrophoresis was performed in 2% agarose, 13 TAE (0.04 M Tris–

acetate, 2 mM ethylenediaminetetraacetic acid, pH 7.8), and PCR products
were visualized and quantified after ethidium bromide staining over a
UV transilluminator with an AlphaImager 2200 (Alpha Innotech, San
Leandro, CA).

RESULTS

Mitochondrial DNA base composition differences

Fungal mtDNA base composition is significantly different from that

of mammals (P , 0.001, two-tailed t-test) as evident in

comparisons of complete mtDNA sequences (Table 1). In this

study, we tested whether furanocoumarins, associated with

antimicrobial activity in northern prickly ash extracts, can

specifically inhibit DNA polymerization through segments of

relatively high-AT base composition. Inhibition of DNA polymer-

ization through AT-rich regions by intercalating agents would

suggest that such compounds could specifically inhibit replication

and transcription of fungal mtDNA.

Specificity of furanocoumarin effect on DNA polymerization

The effects of furanocoumarins, alone or as a mixture, and northern

prickly ash husk extract on DNA polymerization through segments

of high (84.3%) and low (51.9%) AT content were investigated

using a PCR-based assay. Concentrations at which there was

an ;80% reduction in yeast growth (n 5 3) for the four pure

compounds were determined to be 12.6 þ 5.4 lM, 8.0 þ 1.1 lM,
8.1þ 1.4 lM and 23.5þ 6.5 lM for 5-MOP, 8-MOP, psoralen and

imperatorin, respectively. A 20% reduction in cell growth was

evident from densitometry readings at concentrations within one

order of magnitude below those listed above. The use of 0.5 and

5.0 lM furanocoumarin concentrations in the PCR-based assay

was selected to approximate concentrations that inhibited the rate

of yeast growth by ;20–80%. For crude husk extract treatments,

Table 1. Base composition of mitochondrial DNA in fungi and mammals

Species Common name mtDNA size (bp) A þ T (%) Sequence accession

Fungi

Schizosaccharomyces octosporus 44 227 75.9 NC 004312
Podospora anserina 94 192 70.1 NC 001329
S. pombe Fission yeast 19 431 69.9 NC 001326
Schizophyllum commune 49 704 78.1 NC 003049
Saccharomyces cerevisiae Brewers yeast 85 779 82.9 NC 001224
Candida glabrata 20 063 82.4 NC 004691

Mean (SD) 52 232.7 (31 834.8) 76.6 (5.7)

Mammals

Homo sapiens Human 16 571 55.5 NC 001807
Rattus norvegicus Rat 16 300 61.3 NC 001665
Mus musculus Mouse 16 295 63.3 NC 001569
Balaenoptera physalus Finback whale 16 398 59.4 NC 001321
Ovis aries Sheep 16 616 61.1 NC 001941
Canis familiaris Dog 16 727 60.3 NC 002008

Mean (SD) 16 484.5 (179.5) 60.2 (2.6)
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total furanocoumarin concentrations were also set to ;0.5 and

;5.0 lM. The husk extract comprises a mixture of mainly three

furanocoumarins. Based on HPLC, total furanocoumarin content in

the husk extract was ;203 lg/mg, with the major furanocoumarin

constituents being psoralen (32%), imperatorin (4%) and 8-MOP

(64%). Finally, psoralen, imperatorin and 8-MOP were mixed at

these ratios and used at ;5.0 and ;0.5 lM to mimic the major

furanocoumarin content of husk extract.

To investigate the specificity of DNA polymerization inhibition

through high- and low-AT DNA by different furanocoumarins we

used a PCR-based assay. Figure 1 shows PCR products from one

trial of experiments with 5-MOP, 8-MOP and husk extracts. Based

on a reduction in PCR product intensity, this trial clearly shows

that with UV light exposure all treatments significantly interfered

with DNA polymerization. Presumably, DNA replication by Taq
polymerase does not proceed through DNA segments containing

furanocoumarin monoadducts or biadducts. Complete inhibition of

PCR product formation in these assays likely results from all or

nearly all template molecules having DNA adducts. Also notable in

Fig. 1 is that husk extracts of northern prickly ash inhibit DNA

polymerization to a greater extent than would be expected based on

total furanocoumarin concentrations alone.

The effect of base composition is more clearly represented in Fig.

2, where mean PCR product intensities (6standard deviation) are

plotted based on three independent trials with each of the four

furanocoumarins, with crude husk extract and with a mixture of

psoralen, imperatorin and 8-MOP similar to that found in husk

extract. 5-MOP significantly inhibits DNA polymerization through

high-AT compared with low-AT DNA (e.g. P 5 0.03, from two-

tailed t-test for high AT vs low AT at 1 h UVþ0.5 lM 5-MOP) and

only in the presence of UV-A light (e.g. P50.001, two-tailed t-test,
0 vs 1 h UV exposure with high AT, 0.5 lM 5-MOP). Non-

significant (e.g. P5 0.19, two-tailed t-test, low AT at 0 vs 2 h UV,

0.5 lM 5-MOP) interference by 5-MOP with DNA polymerization

across low-AT regions is also evident. At the concentrations tested,

5-MOP does not interfere with DNA polymerization in dark

treatments. In comparison, 8-MOP, psoralen and imperatorin

appear to inhibit DNA polymerization across high-AT and low-

AT regions in both light and dark treatments. Psoralen also shows

Figure 1. Effects of UV light and 5-MOP, 8-MOP and crude extract of
northern prickly ash husks on PCR across regions of 84.3% A þ T (high
AT) and 51.9% AþT (low AT) content. Lane 15DNA size standard; 25
darkþ0 lM furanocoumarin; 35 darkþ 0.5 lM; 45darkþ5.0 lM; 551
h UVþ 0 lM; 65 1 h UVþ 0.5 lM; 75 1 h UVþ 5.0 lM; 85 2 h UVþ
0 lM; 95 2 h UVþ 0.5 lM; 105 2 h UVþ 5.0 lM; and 115 no template
DNA control.

Figure 2. Relative PCR product intensi-
ties after treatments with (a) 5-MOP, (b)
8-MOP, (c) psoralen, (d) imperatorin, (e)
northern prickly ash husk extract and (f)
a mixture of 8-MOP (64%), psoralen
(32%) and imperatorin (4%) that reflects
the major furanocoumarins in husk ex-
tract. Each data point represents the mean
from three independent experiments
(6standard deviation). Treatments of
template DNA before PCR amplification
with primers flanking high-AT (black
diamonds) and low-AT (gray squares)
regions were 15darkþ0 lM furanocou-
marin (either 5-MOP, 8-MOP, psoralen,
imperatorin or total furanocoumarins in
husk extract); 2 5 dark þ 0.5 lM; 3 5
darkþ 5.0 lM; 45 1 h UVþ 0 lM; 55
1 h UVþ 0.5 lM; 65 1 h UVþ 5.0 lM;
752 h UVþ0 lM; 852 h UVþ0.5 lM;
and 95 2 h UVþ 5.0 lM.
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some specificity in inhibiting DNA polymerization across low-AT

regions relative to high-AT regions.

Enhanced inhibition of DNA polymerization by
crude northern prickly ash extracts

Northern prickly ash husk extracts had a relatively greater

inhibitory effect on DNA polymerization than expected from

experiments with the single furanocoumarins and from a mixture of

the three major furanocoumarins found in husk extracts. For

example, at a total furanocoumarin concentration of ;0.5 lM, we
observed ;2- to 10-fold reduction in PCR product intensity by

husk extract in comparison with equivalent concentrations of any

of the four furanocoumarins alone or as a mixture. Pronounced

dark inhibition was observed with the husk extract. This enhanced

inhibitory activity toward DNA polymerization by the husk extract

does not appear to be due to the synergistic activity of the mixture

of furanocoumarins because the mixture that resembles the crude

extract for the major furanocoumarins (64% 8-MOP, 32% psoralen

and 4% imperatorin) is significantly less inhibitory to DNA

polymerization than the husk extract. The best explanation for the

enhanced inhibitory activity of the crude extract is that there are

other, as yet unidentified, inhibitors of DNA polymerization in the

crude husk extracts.

DISCUSSION

The PCR-based DNA polymerization inhibition assay shows that

distinct furanocoumarins can have significantly different specific-

ities with respect to DNA base composition. For example, 5-MOP

inhibited DNA polymerization to a greater extent in high-AT DNA

(;84.3% A þ T), whereas psoralen preferentially inhibited

polymerization in low-AT DNA (51.9% A þ T). Given the high

overall AT base composition of fungal mitochondrial genomes,

compounds such as 5-MOP may have specific antifungal activity

by preferentially interfering with mitochondrial functions such as

DNA replication and RNA transcription. Because relatively few

furanocoumarins were investigated in this study, it is likely that

analogs of 5-MOP and other furanocoumarins will have greater

specific interference with high-AT genome function. Such

compounds may have use in specifically inhibiting the growth of

fungi and other organisms. For example, some invertebrates have

AT-rich mitochondria genomes, including the screw-worm fly,

Cochliomyia hominivorax (76.9% Aþ T, NC 002660), the round-

worm, Caenorhabitis elegans (76.2% AþT, NC 001328), and the

filariasis agent, Brugia malayi (75.5% Aþ T, NC 004298).

Based on the observed light and dark effects by husk extract on

both high- and low-AT DNA, northern prickly ash likely serves as

a nonspecific antibiotic in traditional applications. Extracts from

the aerial portions of northern prickly ash contain mainly 8-MOP,

psoralen and imperatorin but not 5-MOP in significant quantities.

We infer that some of the pronounced inhibitory activity of the

crude husk extract is associated with components other than these

three major furanocoumarins. Furthermore, the crude husk extract

was found to be an effective inhibitor of DNA polymerization

across both high- and low-AT segments. It is therefore unlikely

that extracts of northern prickly ash would specifically inhibit

fungal infections associated with mycoses. Nevertheless, specific

inhibition of polymerization through high-AT regions by com-

pounds such as 5-MOP found in significant quantities in parsnip,

celery, lovage and fennel may provide differential activity in

animal mycoses, plant pathology and materials spoilage.
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