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ABSTRACT

._Ch_emical and biological aspects of thiarubrine, a highly éntifungél .
dithiééyclohexédiene polyine, wérg investigated. A tissue culture system for the productibn of
thiarubrines was developed by éulturing hairy roots of Chaenactis douglasii induced by
Agroba_bter’iuﬁz rhiéogénes strain TR7. One culture line accumulated two times thé levels of
_ thiarubrines 6f nontransformed control root cultures, while maintaining rapid growth. The
co'mbination of fast growth and high thiarubrine accumulation could not be duplicéted in coﬁtrols
‘by adding exogenous NAA to the culture medium. Hairy root culturesv also produced less
thiarubrine B relative to thiarubring A compared to controls. Thiarubrine synthesis appears to be
closely co.rrélat,ed.with degree of tissue differentiation; it is suggestéd that it may be more
practical to improve the growth rate of thiarubrine-producing root cultures by transformation
rather than seek to induce synthesis in fast-grbﬁing suspension cultures.

| The biosynthetic relation bet‘;ween thiérubrines and the always. co-occurring
thiopheneés was investigated by performing 3°S tracer experiments with C. douglasii hairy root.
cultures. It is possible that the thiophenes are not actively synthesized by the roots but rather
are products of thiarubrine decomposition vriesulting from the extraction procedures and other
manipulations of the cultures. The in vitro conversion of 'thigrubrine to thiophene can be induced
' By light, héat and other agents. No turnover of -thiarubrines could be detected in the cultures in
late logarithmic or sﬁationafy phases of the growth cyclé. f

| Thiarubrines show strong light-independent antibact;arial and'antifungal activity.
The mechanism of action of thiarubrine against E coli and S. cerevisiae was investigated using
comparative disk bioassays. A very similiar polyine from Rudbeckia hirté was as active as
thiarubrine in the dark, indicating the central role of the disulﬁde ring in toxicity of the

compounds. Visible light enhanced this activity vsuggesting‘ that decomposition of the disulfide



il

A ring is important for its antibiotic effects. The photodegradation product, a thiobhéne, is
phototoxic, probably via vboth tyﬁe 1 and type 1I photosensitization mechanisms.

The root culture extracts of Rudbeckia hirta yielded a new isomer of a known
dithiacyclohexadiene polyine. MS and NMR analyses confirmed the cis conﬁguration of this

isomer.
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GENERAL INTRODUCTION

The‘great diversity. of .plant form at the tnacroscopic level.is mitjrored at the
molecular level by an extraordinar.y variety of chemicai structure. In addition to the compounds
required by all plants for. normal metabolic functions, thousands of low-molecular weight
compounds not dlrectly involved i in’ prlmary metabohsm are found throughout the plant kmgdom
Th1s variety of chemlcals with no apparent functlon in the plant is dlfﬁcult to explam espec1ally
because often these so-called secondary plant metabolites represent a substantial energy
investment by the plant A protective function .is ascribed to many of these compounds and the;lr
toxicity to animals, mxcrobes or other plants can often be demonstrated in the laboratory (Swain,
1977; Harborne, 1981). It is dlfﬁcult however to extrapolate from biological activity in the
laboratory to an ecological role the field. Moreover, it is not clear why such a variety of products
.drawn from a number of chemical classes should have evolved to .perform essentially the.same,
protective function.

Whatever their biological rolesv, secondary plant metabolites have been used by
humans for medicinal and spiritual reasons since prehistoric times. Their central role in modern
- medicine is undisputed; it is estimated that 25% of all pharmac‘euticals in use today are derived
from higher piants (Hahlbrock, 1986). Thus, for‘both scientiﬁo and practical reasons, seoondary
plant metaholism is and will 'continue to be an active erea of stud&.' |

| The research constituting this thesis deals with a secondary plant metabolite
belonging to the class of compounds known as polyacetylenes, or polyines. These are common ih
members of the Campanulaceae, Apiaceae, and Asteraceae and are characterized by one or more
C-C triple bonds. Many structural variations, which often include the heteroatoms oxygen,

sulfur, or chlorine, are known. However, all are based on C13 to C18 skeletons synthesised by the



dehydrogenation and desaturation of oleic acid (Bohlmann et al., 1973). Neither the m’ec‘hanisms
nor enzymes of triple bond fofmation are known. |

It is the remarkable toxicity, often light;mediated, of many polyines against a
range of organisms including insects, nematodes, fungi, bacteria andA viruses that has generated
interest in these compounds (for a review, see Towers, 1987). Indigenous peoples were aware—df
such biological effects: for exémple, the leaves of Schefflera digitata which contain the antibiotic
polyine falcarindiol were used by the Maoris of New Zealand to treat ringworm (Muir, 1979),
and tribes of the Amazon basin still use the polyine-containing extract of the cofnposité
Clibadium s&lvéétr_e to stun and subsequently harvest ﬁéh. The Western pharmacopeia, however,
does not include any polyines; this may be the result of their chemical instability (Reisch et al.,
1973), but perhaps also because of the paucity of information on the effects of many of these
compounds.

A particularily interesting group of polyines, on which the present research is
focused, are dithiacyclohexadiene polyines. These consist of a aisulﬁde group in a six-membered
»ring incorporated into an acetylehe chain, and are derived from Cis polyings by formal addition
of Z(st)' They are distinctly red in color, and were first described by Morter_lsen et al. (1964),
and Bohlmann and Kleine (1965). Two of these dithiacyclohexadiene polyines were isolated from
Chaenactis douglasii and named thiarubrine A and thiarubrine B (Norton et al., 1985). They
were shown to be highly toxic to fungi and bacteria (Towers et al., 1985). In total, four C 13
dithiacyclohexadiene polyines have been isolated from 18 genera, all in the Asteraceae
(Bohimann and Zdero, 1985). In the course of the present research, a new isomer of a known
dithiacyclohexadiene was isolated from Rudbeckia hirta. The dithiacyclohexadiene po‘llyines of
interest to the present work, together with the co-occurring thiophenes, are shown in Figure 1.

While the biological function of disulfide polyines is not known, the toxicity of
thiarubrine points to a defensive role. Meaicinal uses have also been documented. Roots.of
Chaenactis douglasii contain very high concentrations of thiarubrines and were used by thek

natives of southern British Columbia to treat snakebite and stomach ailments (Moerman, 1977).



A
Thiarubrine A
1 Me—C EC——@—(CEC); —CH—=CH,
S-S
Thiarubrine B
2 Me— (C==0(), ﬂ—CEC—CHzcﬂa
S-S
Thiophene A" / \
3 Me—C_:_C—(:)-—(C—EC),——CH:CH2
Thiophene B /R
4 . Me——(CEC),—Q—-CEC—CH:cH,
B

y cis
5 Me—C ECWCEC—CH—_—CH——CH:CH,
3

, S—
6 trans
/ \ cis
7 Me—CEC—i_;)_CEC—CH:CH—CH_—_CH,
8 trans

Figure 1. Thiarubrines and related disulfide polyines and their corresponding thiophenes from
Chaenactis douglasii (A)and Rudbeckia hirta (B)



In Tanzania, the roots of Aspilia mossambicensis which contain thiarubrines are prescribed by
traditional healers as a tooth-ache remedy. Chimipanzees in East Africa have been observed to
swallow leaves of this and other thiarubrine-containing Aspilia species in a highly unusual and

selective manner suggesting a therapeutic use. (Wrangham and Nishida, 1983).

The biologic:al activify and unusual disuiﬁde struéture of thiarﬁbri#e raise‘sev'evr:;l] questions
regarding its 'synthesis and effect on microorgahiéms. Some of these éfe addreéséd in this thesis
by experiments,deal_i’ng with the accumﬁlafibh and bioS&ntﬁhes’is of thi_axi‘-tjlbiﬁi'_r'lé‘in tissue__cﬁ’ltures, -
as v?ell 55 its mechanism of éétion. ' | J | |

To investigate the effects of any compound it is neceSséry to obtéin it in sufficient
amounts, and one approach is via plant tissue culture. The production of secondary plant -
metabolites by plant tissue culture for possible commercial expiloitati(’)n is being investigated by
many laboratories. Chapter I describes the development anQ characterization of a Chaenactis
douglasii tissue culture system for thiarubrine production .using hairy root disease to induce
- rapid and autonomous root growth in culture. Yields were doubled compared to previous culture
systems. ;

Tissue cultures, being closely defined systems, are useful tools for biosynthetic
investigations. The biosynthesis of thiarubrines and related compounds is very poorly
understood. Chapter II describes experiments to examine the biogenetic relationship of
’chiarubfines and the closely .rel..ated thiophenes ;Jvhich occur witb,hb thiérubri'ﬁes in é.ll plants
investigated. USing pulse-chase experimeﬁts in C. ‘dougiasii haify ;'oot éﬁltures, it was
determinedv that the thiophenes are probably not actively synthesized in the plant but rather
appear as decomposition products. Furthermore, no measurable turnovér of thiarubrines in vivo
was detected.

Although the biological efTectsv of thiarubrine have been documented (Towers et

-al., 1985; Hudson et al.,_ 1986a, Towers, 1987), its méchanism of action is unknown. Root

cultures of the composite Rudbeckia hirta provided a polyine very similiar to thiarubrine but



" differing slightly'in the acetylenic side chain. This pérmittea comparative bioaséays to be carried
out. The discoverjr that the disulfide ring decomposes under visible light facilitated experiments
on the importance of ring decompeosition in the toxicity of thiarubrines. The mechanism of action
studies are described in Chap_ter 111,

The work on isolating the dithiacyclohexadiene from R. hirta resulted in the
discovery of a new isomer of both this cqmpound and the cdrresponding thiophene. Nuclear
.magnetic resonance and mass spectforﬁetry v;rére used to confirm the structures as described in

Chapter IV. .~ .



| CHAPTER I
THIARUBRINE ACCUMULATION IN HAIRY ROOT CULTURES OF

CHAENACTIS DOUGLASII



INTRODUCTION

Iﬁ many plant species, roots are the éite of synthesis and accumulation. of
secondary plant metabblite_s, yet the production of these often pharmacoldgically important
metabolites has no£ been studied extensively with root cultures. The roots of Cl.zaenactisb douglasii
(Compositaé) acgumulabe high levels of the antifuﬁgal, suifur-ééntainihg polyines thiarubriné A
and thiarubriné B (Norton et al., 198_‘5)".-'Neith.er compound has been detected in callus or
suspension culture of C. douglasii; céi‘tain crown gall tumour cultures, however, synthesize these
compounds in differentiated root-like nodules embedded in the callus (Cosio et al., 1986). It is not
uncommon to find that secondary plant metabolites found in whole. plants and organs are absent
from cell cultures, particularly in the case of substances such as polyines which accumulate in
resin canals or other specialized structures (Butcher 1976). In those species where products are
found in cell cultures, levels of synthesis are unstable and variable, requiring constant selection
to maintain high productivity (for a review, see Hahlbrock, 19886). Root cultures of C. douglasii
consistently produce thiarubrines in éimiliar quantities as are found in intact plant roots (Cosio
et al., 1986). Root tissue gultures are fully dif'ferentiatéd and thus have a number of advantages
- over cell cultures, such as genetic stability and consistent product synthesis, that make them
attractive as culture'systéms for the production-of sec-ovnvdary metabolites. (Lindsey and Yeornfzm,
1983; D’Amato, 1977). |

As an approach to improving the growth and productivity of root cultures, hairy
root cultufes of C. douglasii were investigated, transformed by infection with the causative agent
of hairy root disease, Agrobacterium rhizogenes. Like its close relative, Agrobacterium
tumefaciens, this bacterium transfers a segment of DNA from a large plasmid (Ri, or root-
inducing plasmid) to a plant cell at a plant wound site. The bacterial DNA is integrated stably

into the plant genome (Chilton et al., 1982; Tepfer, 1983), and is inherited along with genomic



- DNA (Chantal et al., 1984). The bacterial T-DNAk _of A. rhizogenes apparently encodes auxin ‘
biosynthetic genesb which are expressedv by the transformed plant cell, causing autonomous and
proliﬁc root growth at the site of infection (Huffrnan et al.,, 1984; White et al., 1985). The
resulting hairy roots can be grown axenically in culture and are characterized by high growth
rates and increased lateral branchmcr (Tepfer, 1984) Furthermore hairy root cultures appear to
be genetlcally stable (Hanisch ten Cate etal., 1987). |

This chapter describes the establishment of C. douglasii hairy root cultures-using
A. rhzzogenes strain TR7. One hairy root culture line produced ylelds of thlarubrmes more than
thce those of the untransformed controls, and both halry root culture lines. showed a change in |

~ the ratio of thiarubrines produced.

MATERIALS AND METHODS

Plant Material and Bacterial Cultures

Chaenactis douglasit (Hook.) H. & A. was collected near Princeton, British‘
Columbia, and Winthrop, Washington State, and grown in a greenhouse until used. Strains of
Agrobacterium rhizogenes were obtained from Dr. Larry Moore, Deparf;ment of Plant Pathology,
Oregon State University in Corvallis, Oregon. Bacterial cultures were kept on potato dextrose. _

agar at 25 degrees C.

Induction of hairy roots

Whole leaves of C. douglasii were surface sterilized with a 5% (v/v) solution of
sodium hypochlorite, the cut petioles inoculated with a culture of A. rhizogenes, and placed on
0.7% agar in petri plates. Rootlets, appearing at the site of infection after approximately 3 -
weeks, were excised and transferred to solid Schenk and Hildebrandt (SH) medium (Schenk and

Hildebrandt, 1972) containing a combination of vancomycin, carbenicillin, or cefotaxime. After



repeated transfers without visible bacterial growth, the roots were transferred first to solid SH

medium without antibiotics, and subsequently to liquid SH medium.

Liquid Root Culture

" Hairy root cultures were mamtalued in liquid SH medium on-a- rotary shaker .
(100 rprn) at 25 degrees C in the dark and subcultured every 4 weeks. Nontransformed root
cultures were obtained from callus cultures of C. douglasii as previously described (Cosxo et al.,
1986). These were grown in SH medium wn:h 0.3 mg naphthalene acetic ac1d (NAA) per liter,

under the same conditions as hairy root cultures

Opine Analysis
To confirm the transformed nature of the hairy root cultures, oplnes from roots
were extracted with 1% HCI and analysed by high voltage paper electrophoresis, according to the
procedure of Petit et al. (1983) Two microliters of extract was spotted on Whatmann 3MM paper
and electrophoresed at 90V/em for 12 min at pH 9.2 er pH 1.9. Opines were stained with
AgNOg by the procedufe of Trevelyan et al. (1950). Authentic opine standards were a gift of Dr.
| A. Petit, Groupe de Recherche sur les Interactions entre Plantes et Microorganismes, Universite

de Paris-Sud, Institut de Microbiologie, Orsay, France.

Analysis of qulyines
Eight to ten grams of fresh material .were extracted twice with 30 ml methanol,
partitioned tw_ice| with 20 ml petroleum ether (30-60), and stored at -20 degrees C as described
. (Cosio et al.,1986). Polyines were separated en a'_Varian Micro Pak MCH-10 reverse-phase
column using ‘72% aqueous acetonitrile at a flow rate of 1 ml/min. ‘The components were
quantified by their ebsorption at 340 nm relative to an internal standard of known concentxfat_;ion.
The molar absorptivities used were 10,300 for the thiarubrines and 31,500 for the related

thiophenes (Bohimann and Kleine, 1965).
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RESULTS

Transformatibn of C. douglasii

C. douglasii explants were inoculated with a number of strains of A. rhizogenes.
»While al»l_vgtréins" tested indﬁced rod£ 'formatiqn on carrot disks, only two :;i;rains -wére successfu].
in catljsing. ha:iry root formation on C. douglasii (Table 1). One strain, R-1000, fesulted in the
formatign__of ‘t_umburs on C. douglasii, but caused hairy roots on carrqt.‘The.two hairy root
culturé l‘in.févs ana]&sed in all Vvé'xperi'ments .v'vere bbth inducéd with stréih‘TR'Z ..Hairy roots
appeare(j éboﬁt three week; after inoculation (Figure 2). |

| Detection of opines by high voltage paper electrophoresis confirmed the

transformed nature of the hairy root cultures. Electrophoregrams run at pH 1.9 with extracts of
both hairy root culture lines, CD-HR710 and CD-HR2 11, demonstrated the presence of
mannopine but not agropine, whereas the control (CD-N) contained no opines (Figure 3). At pH
9.2, two additional opines, agropinic acid and mannopinic acid, were detected in the hairy root
cultures, but were absept in control robt culture extracts (data not shown). A. rhizogenes s‘train
TR7 is known to encode the synthesis of mannopinic acid, agropinic acid and marnopine, but not

agropine (Petit et al., 1983).

Iméortance of plant origin
| Hairy root éultures were established from two naturalb}v)opu.latiorvxs of C. douglasit. ‘
Although the plants from both sites were morphologically identicai, intact plant roots from site 1
(Princeton) typically contained twice as much thiarubrine as those from site 2 (Winthrop)
(Table 2). This difference was also visible in the hairy root cultures derived from plants from
each of the populations, with CD-HR710 accumulating twice as much thiarubrines as CD-
" HR211. Such population differences are not uncommon; Zenk et al. (1976) found a large
variation in alkaloid content of plants derived from different populations. C. douglasii has been '

shown to be morphologically and cytologically very diverse (Mooring, 1980).



Table 1: Response of Daucus carota and C. douglasii to inoculation with several

strains of A. rhizogenes.

Strain D. carota C. douglasii
R-1000 hairy root callus
A2/83 hairy root hairy root
A4 hairy root n.r.!

A4/83 hairy root n.r.

TR7 hairy root hairy root
15834 hairy root n.r.

TR105 hairy root n.r.

1 no response

11



12

Figure 2: Hairy roots emerging from cut petiole of C. douglasii three weeks after inoculation
with A. rhizogenes strain TR7.




13

1 Iv

o
o
oL
e
«
b

o

control

Figure 3: Electropherogram of hairy root and control root culture extracts. Two microliters of
extract spotted on Whatmann 3MM paper was electrophoresed with 90 V/em for 12 min at pH
9.2. The standard contained agropine (I), mannopine (II), agropinic acid (III) and mannopinic acid
(IV). Hairy root cultures were induced with the agropine negative strain TR7. The presence of

agropinic and mannopinic acid in the extracts is masked by neutral silver nitrate staining
material.




Table 2: Thiarubrine content of of C. douglasii roots and root cultures from
Princeton (site 1) and Winthrop (site 2) populations.

Source ' mg/gEDW
Site 1: v
intact plant roots 5.1(2.1)!
hairy root culture (CD-HR710) 9.7 (0.5)
Site 2:
intact plant roots 1.8 (0.8)
hairy root culture (CD-HR211) 5.0(1.2)

! Values are mean +/- S.D., n=10 (intact plants) or n=4 (root cultures)
independent determinations. '

14



Effect of NAA in éultu‘re médium

Untransformed roots are able to grow in culture even in the absence of exogenous
growth regulators, albeit at a reduced rate. Exogenous auxins, such as NAA, are comménly used
to stimulate growth. In order to make rheaningful comparisons of thiarubrine content and yield
between hairy root culturés, and ﬁntransformed cultures, an experiment to optimize exogenous
auxinb Iévels for the untransformed control-s' for maxirﬁum thiarubrine synthesis was pel;formed. ,
Both 'haify root and untransformed cultures were grown on a range of NAA cokncentra'tions,r and

~growth: and -.t;hiarubrinéaééumulatiqn ‘measured after a 3 week culture period. ‘The resuits are
shown- m F-igure 4 “

Gréwth of untransformed root cultures, measured as fresh weight (FW),
responded'pésitively to an increase -of NAA at all concentrations. Thiarubrine yield per flask,
however, was méximized at concentrations between 0.3 and 0.5 mg NAA/L. Visual inspection of
the cultures indicated a correlation between high auxin levels and callus formation in the culture.
This confirmed previous observations that undifferentiated cells do not synthesize acetylenic |
products readily (Cosio et al., 1986); thus the obser.ved peak in yield can be ihterpr'eped as the
best compromise betweep rapid growth and excessive callus fox;mation. Furthermore, maximum
thiarubrine content of the cultures, expressed on a mg/g extracted dry weight (EDW) basis, was
optimized at 0.3 mg NAA/L; this level of NAA in the medium was considered to be the optimum
for untransformed cultures of C. douglasii and was used in all further experiments for
untransformed control root cultures.
| In contrast, ih hairy rbot cultures; the effecf; of NAA jn the medium was negative
at all concentrations. Since these cultures are auxin autonomous, exogenous NAA sirriply

produces an increase of callus growth with a concurrent decrease in thiarubrine accumulation.

Changes in biomass and thiarubrine accumulation with culture age
Figure 5 shows the progression of EDW, thiarubrine content and total thiarubrine

yield of two hairy root and an untransformed root culture over a 36-day culture period. All three
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Figure 4: The effect of NAA concentration of culture medium on growth and total thiarubrine
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culture lines grew at approximately the same rate, aé -meas'ured by their réspective incrpa‘ses in
EDW. |
Although the two hairy root lines and the control show different maxima, the

_overall shapes of the growth curves give a similiar pattern. Maximum thiarubrine content
(mg/gEDW) is seen very early in-the growth. cycle. Thiarubrine yvield (mg/flask) is maximized

' mﬁch later, in the late logarithmic phase (Day. 28), and éppéaré to parallel growth. |

While the times of peak product content and yield are similiar in all three culture
lines, their maxima are ve;jy>.difr‘f‘ereht. Hairy root line CD-HR710 accumulated twice asn_llélc'hj'

: tl;iarﬁbrines per flask, as wel‘l:'-.‘a;,s iaer ;;i]DW, compare(.l‘with the ;Jntréﬁsformed cultu;ejlix{e -(:CD-
N). Haify root line CD-HR211, in 6ont;'ast, produced levels of thiarubrine simliar to thosé of
CD-N. Both hairy root culture linés contained less callus than the coﬁtrol. The high thiafubrine
levels of CD-HR710 are presﬁmably the result of high growth rates, normally achievable in root
culture only §vith exogenous auxin, while keeping callus formation to a minimum. The lower
levels of accumulation of thiarubrine in CD-HR211 probably result from the origin of this line in
a different population of C. douglasii (as discussed above). It was not possible to establish an

untransformed control culture from the C. douglasii population at site 2.

Types of polyines accumulated

The good separation of the isomeric thiarubrines with HPLC facilitated their
~separate quantification, so that f;he ‘molar ratio of the'is_bmers could be calculated. 'Hairy}x%op't .
éuitures accﬁmulate thiarubrines in different ra.lti(.)s than both untransformed root culﬁu_rés and
| (untransformed) intact plant roots. This effect is independent of culture age, origin of the plant
material, 6r dégree of differentiation (Table 3). Another type of transformed culture of
C. douglasii, a crown gall tumor line previously established by Cosio et al. (1986) also
demonstrates the lower ratio of isomers, which theréf’ore seems to be correlated only with the

transformed state.



Table 3: Molar ratio of thiarubrine A / B in transformed and nontransformed roots.

Source thiarubrine A/
thiarubrine B

Nontransformed:
intact plant roots (site 1) 5.70 (0.38)?
intact plant roots (site 2) 5.71 (0.69)
CD-N (day 12) 4.18 (0.65)
Transformed:
CD-N (day 24) 4.94 (0.45)
CD-HR710 (day 12) 2.86 (0.42)
CD-HR710 (day 24) 2.69 (0.25)
CD-HR211 (day 12) 2.63 (0.18)
CD-HR211 (day 24) 2.70 (0.33)
tumour culture 3.31 (0.23)?

1 Values are mean +/- standard deviation, n=10 (intact plants) or n=4 (cultures).
2 Calculated from Cosio et al. (1986).
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A feature COmmbn to transformed tissue éultures ‘not shared by othef culturé '
types is the higher level of endogenous auxin synthesis. Therefore the possibility of a correlat':ion
between auxin levels of the medium and the ratio of thiarubrine isomers synthesized was
invéstigat;ed. The ratio of thiarubrine isomers was plotted against‘ the NAA concentration of the
culture-meAdiuAm (Table 4). Whilé the untransformed 1ihé accumulates thiarubrines in the same
fatio independent of NAA concentration, the hairy root line accumulates proportionately -less

thiarubrine B at higher concentrations of NAA.

DISCUSSION

The results show that hairy root cultures of C. douglasii have the potential of
significantly improving yields of the antifungal thiarubrines in tissue culture,.pr(.)ducing the
highest yields of thiarubrines in culture reported to date. The improved yields are due to an
in:creased growth rate without concurrent increases in callus content. A high content of
undifferentiated, fast-growing cells is correlated with a loss in biosynthetic capability in
C. douglasii (Cosio et al., 1986) as well as most other plant species (Lindsey and Yeoman, 198_3).

| Hairy root culture thus represents a different approach ‘to the search for increased yields of
secondary metabolites in tissue culture: rather than seeking to induce an undifferentiated, fast-
growing culture to synthesize high levels of the product, transfor_rﬁation with A. rhizogenes was
used to stimulate the ,'gr(;wth rate of a root culture knownto synthesize substantiélv amounts of
product.

Other groups have also reported high yields of specific nafural products in hairy
root cultures (Flores, 1985; Kamada et al., 1986; Hamill et al., 1986; Jung and Tepfer, 1987).
In particular Jung and Tepfer (1987) indicate that these improved yields are chiefly due to the
high growth fate of hairy root cultures. None of these groups attempted to rriaximize yields of
the nontransformed control cultures using exogenous hormones, Vmaking it difficult to estimate

.the usefulness of their hairy root culture systems. The experiments indicate that the observed



Table 4. The effect of NAA concentration of medium on the ratio of thiarubrine

isomers of hairy root (CD-HR710) and normal root (CD-N) cultures.

molar ratio thiarubrine A/ B

[NAA] in medium

(mg/) CD-HR710 CD-N
0 2.73 (0.11)! 4.81 (0.34)
0.1 3.25 (0.39) 4.88 (0.28)
0.3 3.24 (0.10) 4.81 (0.31)
0.5 3.49 (0.18) 4.52 (0.13)
0.7 3.95 (0.88) 4.55 (0.20)

1 Values are mean +/- S.D., n=4,
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growth-stimulating effect of trahsférmation of C. douglasii with A. rhizogenes cannot bé
duplicated by the addition of exogenoﬁs NAA to nontransfofmed root culturés.

The results also show a change in relative quan‘tities of thiarubrine synthesized
by root cultures as a result of transformation. Since growth regulators have a profound influence
on secbndary product synthesis (for a revféw, see DiCosmo and ,Towers,-1985), this effect was
théu‘ght to Be due to the different levels of auxins in trénsformed and nontransformed cuitur;s.

“However, the reduced raﬁo of thiarubrine A/ thiarubrine B observed in the transformed cultures
could not be obtained in nontransformed root cultures of C. douglasii by ihcreaéing levels of -
exogenous NAA in the medium. Thus, it is concluded th;lt; halrv root cultures of C. douglasii
show growth and biosynthetic characteristics which cannot be achieved in nontransformed root
cultures by the addition of exogenous NAA. This is consistent with the view that the expression
by the plant tissue of bacterial auxin biosynthetic genes contained on the T-DNA is at least |
partially regulated. Working with A. tumefaciens-transformed potato cultures, Burrell et al.
(1985) found lower levels of transcription of the T-_DNA genes in grafted shoots than in sh_ootsv
emerging.directly from the culture. In the grafted shoots the T-DNA seems to be under some
controlling mechanism. Using an auxin transport inhibitor, Quattrocchio et al. (1986)
demonstrated that an auxin gradient is established in hairy roots of pétat;o, suggesting that the
synthesis of endogenoﬁs auxins, though encoded by the bacteri.él T-DNA, is indeed subject to
some degree of regulation by the plant. Clearly, l;athing roots in a solution of exogenous auxin
cannot duplicate the effects of elevated endogenoué auxin syn'the‘sis resulting from bacterial -
transformation. |

Tabata (1977) has stressed the importance of time course experiments as an
approach to understanding the control of secondary product synthesis in tissue culture. Three
basic types of growth curves for cell cultures are described, differing in whether vproduct
synthesis occurs parallel to growtﬁ, during maximal growth (logarithmic phase), or after growth
has stoﬁped (stationary phase). Most commonly, maximum synthesis is observed during late

logarithmic growth (Zenk et al., 1976). Not much data are available for root cultures. For all
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three root culture lines describéd ih this répoft, thiarubrine accumulation ﬁafallels grovs./th, and
maximum product yield is observed élose to the po.i.nt of maximﬁm‘ biomass at the beginning of
the stationary phase. This parallel pattern suggests that the biosynthetic pathways are
expressed constitutively throughout the culture period, and are not turned on at specific times.
The drop in yield of very old cu_lturés is probably the result of a general degeneration of the
culture. In root culturesA..-(;f: ’éidensv alba, Norton and Towers (1986) observed a sifniliar éattern in
the accumulétioﬁ of polyir_les, although in that system, product accumulation lagged slightly
: behind biomass produc’ti:()_?. An appafent.:‘lag}'i_:s_: als_o visiblé in the produétidn of tropane alkaloids_
and nicotine by root cultures of three spe‘ci‘e-:s; of Duboisié .(Erzldo anci Yémada, 1985), ana rﬁ‘ay V
indicate some down-regulation of the biosynthetic pathway. This was not observed in
C. douglasii root cultures.

It was observed that only two of the seven A. rhizogenes strains used to inoculate
C. douglasii induced root formation; this concurs with the report of Andél;son and Moore (1979)
which concludes that any given strain A. rhizogenes has a relétively restricted‘host range. The
applicabiiity of A. rhizogenes transformation to improve secondary product yield in other higher

plant species may thus be limited by the host range of this pathogen.
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CHAPTER II

%8 LABELLING STUDIES OF CHAENACTIS DOUGLASII HAIRY ROOT CULTURES
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INTRODUCTION

-Along with thiarubrines A (1). and B (2), root extracts of Chaenactis douglasii’

" have been found to contain the thlophenes 3 and 4 as minor constxtuents (Bohlmann and Kleine,
1965; Cosio et al., 1985). These thiophenes are known from many members of the ASteraceae
.and vhav‘é been isolated from almost.100 different speéieé. Similiarily, thiophene compounds 7 -

” and 8 co-oc;:ur ‘with ‘diéuiﬁdés 5:aﬁd 6 in root ext'lzf.avc;t,'s. (;f Rudbéckia hiﬁa. ‘The biosynthesis of . |
thiarubrines and other polyinéé is poorly understood; sin_ce the thiophenes 3, 4, 7, and 8 are
involved in the synthesis of more complex £hiophenes (Bohlmann and Zdero, 1985), thé :
possibility of a biosynthetic relation between thiarubrines and thiophenes was investigated. A
tissue culture systefn using hairy roots of C. douglasii to produce thiarubrines (Chapter I)
provided a well-defined system within which labelling studies could be conducted.

The results demonstrate that in C. d;)uglaéii thiophenes are not part of the
biosynthetic pathway of thiarubrine. It is suggested that they appear only as the breakdown
products of the chemically unstable thiarubrines, although other possibilities could not be ruled

out. Furthermore, there was no evidence for a significant turnover of thiarubrines in vivo.

MATERIALS AND METHODS

Root Cultures
Hairy root cultures were induced on C. douglasii with Agrobacterium rhizogenes
strain TR7 as described in Chapter I. Hairy root cultures were routinely maintained in liquid SH

medium (Schenk and Hildebrahdt, 1972) on a rotary shaker (100 rpm) at 25 degrees C in the
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dark and subcultured every 4 weeks. For some experiments, 1.72 mM MgSO4 was replaced by

0.86 mM MgSO4 + 0.86 mM MgCl2 in the medium (see results). |

Radiochemicdls
35’804‘2 was obtained from Amersham Radiochemicals as a sodium salt. It was = - -

administered to cultures as a filter-sterilized agqueous solution. ° B

Extraction of thiarubrines and thioﬁhenes

Roof cultures were rinsed.3x iﬁ distilled H 2O, bldtt;d :E(ir":y, aﬁd frozen to -80
degreéé. After lyophilizing for 48h, samples were extracted with petroleum ether (30-60) for
24h. The extract was filtered, the filtrate evaporated and the compounds resuspended in HPLC-
grade methanol. The polyine componeénts were separated on a Varian Micro Pak MCH-IO
reverse-phase column using 72% aqueous acetonitrile at a flow rate of 1 ml/min and were
quantified by aBsorption at 340 nm. An internal standard of known concentration was used to
correct for variations in injection volume. The molar absorptivities used for concentration
determinations were 10,360 for the thiarubrines and 31,500 for the related thiophenes
(Bohlmann and Kleine, 1965). The thiarubrine and thiophene peaks were collected for liquid
scintillation counting. All manipulations involving thiarubrines were carried out in dim light to

prevent its decomposition.

Liguid scintillation counting

Samples (2 ml) were mixed with 10 ml of a scintillation mixture consisting of 10
mg PPO-BisMSB (ICN Radiochemicals) and 50g naphthalene to 1 | p-dioxane. Counts were
obtained on a Searle Isocap/300 liquid scintillation counter, and corrected for quenching using the

channels method.
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Tracer studies
11- to 16-day old root cultures (logarithmic growth phase) were labelled with a
filter-sterilized aqueous solution of Na 235804 (5-20 uCi). In pulse-chase experiments, the label

was diluted out by adding unlabelled MgSO4 (0.080 mmol/flask).

RESULTS

Polyine pattém of C. douglasii hairy root cultures

The thiarubrines and thiophenes isolated from intact plant roots and root culture
extracts of C. douglasii are each found as two isomers, A and B. These are found in a constant
ratio (Chapter 1), and are therefore analysed together in this study. Earlier experiments had
shown thiophenes to be present in C. douglasii root extracts at 2-10% of the fnore abundant

“ thiarubrines (Table 5). In general, thiophenes vvve‘re present as a greater proportion relative to

the thiarubrines early in the culture period. The reason for the large differénce in polyine content
of intact plant roots from the two populations is not known; however, Chaenactis is known to be

a variable species complex (Mooring, 1980).

35S incorporation in relation to SO4‘2 availability

That roots are able to regulate rates of uptake of specific ions dependent on their
availability has been documented (Glass, 1983). Such regulation hasvbeen observed with SO4'2 in
cultured tobacco cells (Reuveny and Filner, 1977) and whole seedling roots of pea (Deanne-
Drummond, 1987). In order to optimize the uptake and incorporation efficiency of 35S into the
compounds of interest, cultures of C. douglasii roots were groWn in SH medium with a range of
reduced SO4'2 conceﬁtrations. Appropriate amounts of MgCl, were added to maintain the Mg+2
concentration constant. After a 3-day labelling period, thiarubrines were extracted and the

radioactivity measured. Results are shown in Figure 6. Cultures that had been grown in SH



Table 5: Polyines in C. douglasii root culture and intact plant root extracts

(mg/gEDW),
Source Thiarubrines Thiophenes
1+2) (3+4)
Root cultures!?
12-day-old 6.35 (2.63)2 0.66 (0.05)
24-day-old 5.00 (0.22) 0.21 (0.03)
Intact plant roots
Site 1 5.11(2.12) 0.36 (0.01)
Site 2 1.80 (0.78) 0.13 (0.04)

} Hairy root culture line CD-HR211 (see Chapter 1I).

2 Means +/- standard deviation, n=10 (intact plants), or n=4 (cultures).
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medium withvone half the normal concentration of 804'2 shoWed the greatest total activity of
thiarubrines. The specific activity was also maxifnizéd at this SO4'2 concentration. The increase
in specific and total activity was much greater than that expect,ed‘to result solely from a reduced
dilution of the label. Thus the rate SO4'2 ixptake had been significantly enhanced.by‘ the S-
limiting -conditions. Thiérubrine synthesis was not inhibited by 804;2 limitation except-at 0.36 :
mM and 0.12 mM SO4'2, and growth w'é.ls-vnot affected except at thg ldwest SO. 4"2 concentration
(data not sho;rvn). For further labelling experiments cultures were gréwn in SH with 0.86 mM

’MgSO‘; + 0.86 mM MgC]I2 rather than only 1.72 mM MgSO "

Rate of incorporation of 35S into thiarubrine and thiophene

Experiments were carried out to deterfnine how rapidly 35S, supplied as 35804‘2,
is incorpbrated into the polyines of interest. Cultures ih the logarithmic growth phase were fed
5 uCi of 35804'2, and four flasks were extracted and analysed at intervals between 1h and‘ 120h.
The results are presented in Table 6. No‘ activity could be detected with a labelling period of 1h

or less, and the rate of incorporation decreased after 24h. Based on the above results, a pulse of

24h was chosen for pulse-chase experiments.

‘Pulse-chase experiments

A 24h 35S0 4'2 pulse was followed by a chaser of unlabelled MgSO,. Four culture
" flasks were harvested 0, 2, 4, 8, and 12 days after the end Qf the labelling period and anﬁlyséd
for thiarubrine and thiophene content and activity. The results are summarized in Figure 7
Thiarubrine yield followed a sigmoidal curve while thiophene increases were less dramatic and
more linear. Earlier time-course experiments with hairy root cultures of C. douglasii had shown
that thiarubrine synthesis parallels the typically sigmoidél pattern of biomass accumulation
(Chapter I). For both compounds, the activity curves were very similiar. The specific activities of
both compounds increased concurrently after administrapion of the label. Specibﬁc activity of

thiarubrine did not increase significantly after day 2, and that of the
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Table 6.: Rate of incorporation of 35S into thiarubrines (mCi/mol).

Time(h) 1 3 8 24 120
Specific 0 0.64(0.35)! 0.89(0.15) 11.8(2.89) 27.6(2.70)
Activity

! mean of 4 independent determinations (+/- standard deviation).
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| l;hiophene aftér day 4 The total activities of both compo‘onds increased steadily to day 4 aod _
then remained constant. Although the 35SO4'2 in the medium was diluted by the unlabelled
1\/.IgSO4 at time 0, 35S continued to be incorporated intp the polyines for several days. Apparently
sufficient 35S was taken up by the roots in 24h to feed into the biosynthetic pathway for the

| following 4 days. As a rosulp, the pulse actually.received by the thiarubrine pat}hw‘ay spanned '

more than 24h.

DISCUSSION

The almost identical pottern of 35S incorporation into thiarubrine and thiophene
indicated that the label appears in both compounds at the same time, and once incorporated,
remains at a constant level in both cases. This is inconsistent with the hypothesis that these
compounds are synthe}vsized sequentially as part of the same pathway. Several alternative
possibilities could acoount for the observed pattern. Both compounds could be synthesized in
parallel from separate pathways, or in separate reactions from the same precursor.
Biosynthetically, the latter is more likely. Furthermore, previous observations indicate that
thiarubrine is an unstable molecule and decomposes to the thiophene upon exposure to light,
heat, and other agents (Bohlmann aod Kleine, 1965). It is therefore also possible that at least
some of the thiophenes are not synthesized in tho plant but are artifacts of the extraction
procedure and -other_manipulations of the oultures and extracts. All procedures were'performed
in dim light to minimize possible decomposition; nevertheless, duplicate extractions with an
internal standard of HPLC-purified thiarubrine gave decomposition rates of between 2% and 5%,
depending on the extraction procedure used. These rates would give concentrations in the range

| observed for thiophenes. Greater conversion was detected when fresh roots were first extfacted
into methanol and then partitioned into petroleum ether, rather than being freeze-dried and

extracted with petroleum ether directly.‘ While it is felt that decomposition is the most likely
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explanation for the origin of thiophenes in these cultures, the evidence presented here cannot }b
exclude other possibilities.

The conclusion that the thiophenes may not be part of the biosynthetic pathway
of thiarubrines is surprising in light of the wide distribution of the thiophenes 3 and 4 in the
Asteraceae and their documented role as precursors for numerous mono-, bi- and terthienyl
polyines (Bohlmann and Zdero, 1985;.'Bohlmann and Hinz, 1965). No direct precursors aré :
known for thiarubrines, although work by Bohlmann and associates indicates that‘ all C1 s
polyines are ultimately derived from tridecapentaynene. The mechanism of the in.vivo addit?o_n of
sﬁlfur is also unresolved. It is likely, though, that different mechanisms give rise to dithio rmgs
and to thiophenes. This is also supported by earlier work in which Bohlmann and Bresinsky
(1967) attempted to synthesize six-mémbered disulfide rings from acetylenes and N328 . The
result, in addition to thiophenes, were five-membered disulfides, suggesting to the guthors that it
is unlikely that the six-membered dithiacyclohexadienes were intermediates in the pathway to
thiophenes .

In recent years it has become increasingly recognized that secondary plant
~ metabolites are not, by defiition, inert end products of a biosynthetic pathway, but can be
catabolized by the plant it;elf (Barz and deter, 1981). Enzymatic breakdown may occur
concurrently with biosynthesis of the same product, so that a constant concentration of a
metabolite may in effect be the result of a dynamic balance of synthesis and degradation. Thus
the rate of turnover of a given product is better indicator of the biosynthetic activity of a plant
organ or culture than are concentrations of product. Total activity in pulse-chase experiments is
usually used to estimate the turnover time of a given product. (Brown and Wetter, 1972).

The data reported here give no indication of any turnover of thiarubrine in hairy
root cultures of C. douglasii (Figure 2). The constant total activity between days 4 and 12
demonstrates that during the late logarithmic and stationary phases thiarubrine is removed from
active metabolism once synthesized. It should be noted, however, that turnover may be

contingent on the growth phase of the culture (Barz, 1977).



35
Thiarubrine, like many hydrophobic secondary plant metabolites, accumulatés
extracellularily in the resin canals of the roots (Cosio et al., 1986). As thiarurine A has been
shown to be very toxic to fungi, bacteria, and nematodes (Towers et al.,1985; Chapter III), the

absence of a turnover of thiarubrine suggests that in the plant it has a protective rather than a

. physiological function.
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INTRODUCTION

Many sulfur- contammg polymes have been studied mtenswely since the dxscovery
of their phototoxmlty (Gommers 1972; Camm et al., 1975). Thlarubnnesb dlffer in that their |
antibiotic activity is light-independent; thiarubrine A was shown te be toxic in the dark to
Candida albicans and Saccharomycee.cerevzszae as well as a number of bacterla at a concentratlonrl
of 1 ppm (Towers et al., 1985) In UV-A its antibiotic act1v1ty was sometlmes ‘enhanced.

UV-A light rapidly conyerts thiarubrine A (1) to thlophene A (8). Thls compound
in turn is inactive in the dark but inhibits C. albicans and other microorganisms at 0.1 bpm in
UV-A. The phototoxicity of thiophene A has made it very difficult to interpret the experiments in |
which thiarubrine A is exposed to UV-A, as one cannot readily separate its activity from that of
_ its thiophene breakdown product. Thus the observed inhibition of microorganisms by
thiarubrine A in UV-A could be due to the compound itself prior to photoconversion, to the
phot':ot;oxic thiophene A, or to a mechanism of toxicity involving the conversion pfocess itself.

Two approaches were taken to investigate how thiarubrine A affects organisms in
~the dark and light. The first was to test the importance of the acetylenic side chain for biological
- activity. Both dark and light activities of thiarubrine A and thiophene A were compared to an
anelogoﬁs pair of compoends»(5 and 7) isolated from Rudbeckia hirta. These differ from
thiarubrine A and thiophene A in that one trjple bond is subetituted by a double bond in the cis
configuration (Figure 1). Secondly, to test for a poesible rple of dis>ulﬁ(.le ring decomposition in the
toxicity of' thiarubrine A, visible light v;ras used convert thiarubrine A to thiophene A without
photosensitizing the thiophene.

The results showed that light-enhanced conversion of thiarubrine A to
thiophene A causes toxie effects greater than those resulting fx;om the activity of thiarubrine A

alone. This toxicity is independent. of the photosensitization of thiophene A observed under UV-A.
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The phototoxic effects of thiophene A differ depending on the test organism and most likely

involve both photodynamic and non-photodynamic processes. -

MATERIALS AND METHODS

Microorganisms
Strains of yeast and bacteria were obtained from the University of British
Columbia Culture Collection. Yeast cultures were maintained on potato dextrose agar, and

bacteria on Luria broth agar.

Chemicals

Thiarubrine A (Compound 1) wasv isolated from' hairy root or normal root cultures
of Chaenactis douglasii grqwn.in liquid culture as described in Chapter 1. Compound 5 was
isolated from Rudbeckia hirta root cultures grown under similiar conditions. These cultures were
started from R. hirta seed obtained from Richters & Sons Ltd., Goodwood, Ontario. The
corresponding thiophenes 3 and 7 were prepared by irradiation of compounds 1 and 5 with UV-A
or visible light followed by preparative HPLC on a VarianA Mikro-Pak MCH-10 reverse-phase
column using. 72% aquéous acetonitrilé (1.5 br.n'l/min). Compoun&s were identified using UV, NMR

and MS spectra, and were stored in petroleum ether at -20 degrees in the dark.

Toxicity Tests

| The inhibitory effect of the compounds was measured using filter paper disk
bioassays. The co;rlpounds were dissolved in petroleum ether, applied to paper disks and the
solvent allowed to evaporate before the disk Was placed on a ca_r;pet of microorganisms on

nutrient agar. Plates were incubated in the dark for 30 minutes to allow the compound to diffuse
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frdm the disk into the agar before exposure to light. UV-AF(n’lax 350nm) was provided by 4
black-blue light UV lamps. Plates were exposed for 90 ﬁlihutes, and then iﬁcubated in the dark
for 24h. Exceptions are noted.

Visible light without UV was 6bﬁéined from an incandescent light filtered through
5 cm of water. In 'visiblevlight experiments, the antibiotic disks were removed from both light and
dark treatments after one hour of dérk pre-treatment incubation. This wa.s'vac-)'n‘e to ensure that
both plates had an equal afnount of time for the compound to diffuse into the medium. The
- effectiveness of a giveh compound in inhibiting growth of the test 6rganisms-i§§és egtifnated by
the diameter of the clear zoné‘in,the microbial carpeﬁ around ‘-the disk. All comp‘o;més ?‘t‘,ested were
structurally similiar and were assumed to diffuse into égar at comparable rates. Thé tests were

carried out twice.

RESULTS

Comparative biological acﬁvities of two disulfide polyines and their corresponding thiophenes

Qne of> the interesting characteristics of thiarubrine A is its biological activity in
the dark as well as light. Earlier results had already indicated that the disulfide ring is necessary
for this dark activity (Towers et al., 1985). The dataA préséﬁbed here extend this finding to
another ciisulﬁde compdund (5). Neither thiophene 3 or 7 was active in thé dark, indicéting.that
the disulfide ring was required for light-independent activity (Table 7). The comparable activity
of compounds 1 and 5 against E. coli and S. cerevisiae in the dark demonstrated that the
substitution of one ‘of' ‘the acetylenic bonds with a double bond did not diminish the light-
independent toxicity of thiarubrine A. None of the test compounds inhibited Pseudomonas

flavescens.
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Table 7: Toxicities of Thiarubrine A and related compounds expressed as zones of growth

inhibition (mm).

Compounds Organisms
S. cerevisae E. coli P _flavescens
dark UV-A dark UV-A dark
1 (thiarubrine A) 4.7 5.7 2.0 0 0
2 (thiophene A) 0 4.0 0 n.t.3 n.t.
3 6.3 2.5 2.0 0 0
4 0 0.5 0 n.t n.t.

190 min. UV-A rradiation at 5 W/m?
2 Values are means, S.D. <15%.

3 n.t.= not tested
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| In UV-A light the thiophenes 3 ;and 7 showed éctivity against yéast and E. coli.
Whereas yeast was equally affected by both compounds, E. coli was inﬁibited more by thiophene
3 than 7. This suggested that a dif'fefent mode of thiophene photosensitization is active against
yeast than E coli.
‘Both disulfide compounds showed greater inhibition zones in UV-A than in the
dark. Fuftherﬁore, théy were rnore:toxic under these conditions than their corresponvding‘
thiophenes. This led to the hyi)othesis that the propéss of disulfide ring decomposition could be

important in the toxicity .of the disulﬁ_de .éompounds in UV-A.

Disulfide ring decomposition as d mechanism of toxicity

In the course of the experiments it was discovered that very rapid breakdown of
thiarubrine to the thiophene occux;s in incandescent light as well as in UV-A. 1ncandescent light,
filtered through a layer of water to eliminate possible traces of UV irradiétion, causes complete
conversion of ‘thiarubrine A to thiophene A in less than 30 minutes. This was monitored by the
loss of red color on paper disks and confirmed by HPLC. Under these conditions neither
thiophene A nor Ialpha-t,erthien_yl, included as a confrol, were photosensitized (Table 8). This
allowed us to convert thiarubrine A to thiophene A without photosensitizing the thiophene
product; thus it was possible to probe th‘e actual conversion process for antibiotic effects without
interference. The disk bioassays were repeated with thiarubrine A ahd thiophene A, but water-
filtered incandescent light was used rather than UV-A. The results aré shown in Table 9. Visible
light enhanced growth inhibition of thiarubrine A against E. coli and S.:_cerevisiae. The thiophene

control was not photosensitized under these conditions.

DISCUSSION

Little is known about how polyines affect cells in the dark. Reisch et al. (1973)

. systematically assayed a series of synthetic polyines for light-independent activity against
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Table 8: Toxicities of thiarubrine A and related thiophenes in visible and UV-A light
against E. coli. Identical results were obtained for S. cerevisae.

visible
Compounds dark light! UV-A?
thiarubrine A (1) + + +
thiophene A (3) -~ - +
light-treated?
thiarubrine A - - +
alpha-terthienyl! - - +

! incandescent irradiation filtered through 5 cm of water (60W/m?2).
2 blue-black light tube irradiation (5W/m?2),
3 30 min visible light irradiation as above.



Table 9: Toxicity of thiarubrine A and thiophene A in visible light expressed as zones
of growth inhibition (mm).

Compounds Organisms

S. cerevisae E. coli

light! dark light dark
Thiarubrine A 7.5%(0.9) 5.5 (0.3) 0.8 (0.1) 0.2 (0.2)
Thiophene A 0 0 0 0

1 60 min incandescent radiation (see Table 2).
2 Mean (+/- Standard deviation), n=3.
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seperal bacteriél é.pd fungal paﬁhogens. Their results indicate greater antifungal activity with
decreasing saturation of the molecule and increasing .polarization of the triple bond. The influence
of electron-Withdrawing subst;ituents such as carbonyl or phenyl groups was interpreted as
enhancing the degree of polarization of the triple bonds.

‘The dark thici_ty -of thiarubrine A does not follow this pattern. The results
indicate that a third triple b:b'nd’v.can be feplaced by a double bond, and that the reéult_ing decrease
in conjugation and increase'in saturation of the chain does not reducé the light-independent
tox1c1ty of the molecule Rather the disulfide ring appears to be of central 1mportance Exactly
| how this moiety interacts w1th hvmg cells is still unclear. The data presented here demonstr#pe
that visible light-induced decdmposition of the disulfide ring to the thiophene enhances the
bpxiéity of the compound. Since the breakdown products Valone are not toxic at the appropriate
concentration, it follows that energy released by the reaction is imparted to one of the products
involved, which then interacts with living cells. Singlet. sulfur is a possiple species, although this
has not been demonstrated. Experiments using the singlet oxygen quencher NaN 3 or the singlet
oxygen stabilizer D20 gave ambiguous results due to toxicity of both compounds alone under the
conditions employed. Since the disulfide ring is chemically unspablé (Bohimann and Kleine,
1965), ring decomposition may also account for some of the toxic effects of thiarubrine A in the
dark. Reextraction and HPLC analysi;c, of the paper disks é.f'ber a 24h dark incubation period
indicated that the disk itself still contained mostly thiarubrine A and vefy littie thiophene A. It is
hoWevgr, difﬁéult_ to measure the degree of conversion occurring in the agar itself as the
compound diffuses. | |

‘The' phototoxic mechanisms of polyines have been studied more extensively
(Marchant and Cooper, 1986). Two types of photosensitization are in competition in polyines.
(Foote, 1987; McLachlan et al., 1984; Towers and Champagne, 1986). Type I, also called non-
photodynamic, involves the formation of an activated species, probably a free radical. Straight-
chain acetylenes are predominantly photosensitized by this mechanism. Type II, or

photodynamic, photosensitizers such as alpha-terthienyl transfer energy to molecular oxygen
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reéulting invsin_glet oxygen formation. In phenylheptatryine @ﬁT) both ;types of
- photosensitization are in competition (Weir et al., 1984; McRae et al., 1985). In@restingly,
McLachlan et al. (1984) found type I photosenéitization to be more important against E. coli
tilan type II, and type II more effective against yeast than type 1.

Thlophenes 3 and 7 show a pattern of- t0x1c1ty very 51m111ar to-that of PHT. .
Agalnst E. colz, the greater phototoxwlty of compound 3 compared to compound 7 suggests a .
non-photodynamic process: in this mechanism, the degree of toxicity is coryelated with the
number of conjﬁgaﬁéd triple bonds (Marchant and Cooper, 1986). The}‘r(.)b'sér\-ration that yeast was
. ::e('ixiailly inhibitéd -b); éompound 3 ana 7 indicates that against‘ this oréaniém ‘the acefylenic side
“chain is not as important for phototoxicity as the thienyl ring. Ring moieties are generally
important for singlet oxygen generation (McLachlan et al., 1984). The parallels in strﬁcture and
patterns of phototoxicity of thiophenes 3 and 7 with PHT s.uggest that in these compounds also
competing photodynamic and non-photodynamic mechanisms are inv'olfred. This prediction can be
tested by performing the experiments under both aerobic and anaerobit conditions.

The target molecules of thiarubrine A in dark or light are not known, although it
appears thét different components are involved in either case. Viruses are unaffected bby
thiarubrine A unless irradiated with UV-A (Hudson et al., 1986a), and under ﬁhese conditions -
membrane-bound viruses are more susceptible than non-membrane viruses (Hudson et al.,
1986h). Furtherr—nore, thé compound causes leakage of glucose or K* from monolamellar vesicles

~ under UV-‘A, but no£ in the dark (MacRae, Abramowski, and waers, unpublished results). Thus
it’appéars that in ﬁV-A, thiarubrine A or its thiophene product acts on membranes; this is in
accordance with the proposed target site of other polyines (Hudson et al., 1986b; MacRae et al.,
1985). In the dark another té.rget seems to be involved.

It is concluded that thiarubrine A is a complex molecule which can interacf with
living cells by several different mechanisms (Figure 8). Conversion to thiophene is important in

growth inhibition of microbes in visible and UV-A light, and possibly in the dark. UV-A -
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"mediated phototoxicity of the thiophene appears to involve competing -photodyna.mic and non-

-photodynamic mechanisms.
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490nm activated
Thiarubrine A == =g~ e intermediate e empy- ewmp- Thiophene A

light-independent enhanced UV-A
toxicity toxicity phototoxicity

Figure 8: Summary of biological activities of thiarubrine A.



'CHAPTER 1V
IDENTIFICATION OF A NEW DISULFIDE POLYINE ISOMER FROM

RUDBECKIA HIRTA
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INTRODUCTION

In the course of 1solatmg and 1dent1fymg the dlsulﬁde contalmng polyme from
R udbeckza hzrta L. root cultures for the studles descrlbed in Chapter II1, two addltlonal
compounds were observed and separated by HPLC. Although Bohlmann and Kleme (1965)
described only the trans isomers 6-and 8, the spectral analyses carried out here 1nd1cated that
the raajor compoaents of - the axawrlal examined are in- the cis conﬁguratlon 1I-I NMR spectral
data of thiarubrine A and B from Chaenactis douglasii, are also present,e'd, conﬁrming the

stuctures for the isomers thiarubrine A and B given by Norton et al. (1985).

MATERIALS AND METHODS

v R. hirta seeds were obtained from Richtérs ‘& Sons Litd in Gpodwood, Ontario.
After surface sterilization with 5% hypochlorite solution, thev seeds were germinated on
moistened filter paper. The emerging rootlets were ebxcised, transferred to s'olidv Schenk and
Hildebrandt (1972) medium (SH), and subsequently to liquid SH medium containing 0.5 mg/l
naphthalene acetic acid. Cultures were maintained in 250 ml Erlénm}éyer ﬂasks on a rotary. .
‘ shakér (100 rpm) at. 25 aegrees C in the dark, ‘an‘d were subcultured or harve_sted.afteri 3 weeks.
Root cultures were blotted dry, homogenized, .ﬁltered, and extracted 3x with
MeOH. The extract was partitioned 2x into petroleum ether (30-60), concentrated and purified
fﬁrther by column chromatography (silica gel, pétroleum ether). Yields were 0.44
mg/g extracted dry weight (EDW) total 5 and 6, and d.07 mg/gEDW total 7 and 8. All
procedures were performed in dim light to prevent photodegradation of the compounds. Samples

were stored in petroleum ether at -20 degrees Cor analysed immediately.
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:E:bﬁtracts for HPLC anaiyéis were taken to dryness and 'resusper.lded in HPLC
| grade MeOH. 20ul.samples were separéted'on a Varian 5000 Liduid Chromatograph using an
MCH-10 reverse-phasé column with MeCN:H, 0 (6:4) at a flow rate of 1.5 ml/min. Retention
times and inte;grals were calculated on a Spectra-Physics»lilOO Computing Integrator.
‘Compounds 5-8 eluted a t Rt=24.6; 23.3, 19.9, and 16.8 respectively. .

UV spectra were obtained.in petroleum:et;'her with a Philips PU 8820 UV/V isible
Spectrophotometer from HPLC- purified samples. Mass; spectrometry was carried out on a
' Finnigan 1020 GC-MS. o
A Compounds- 1 and 2 were iso.léted.and .puriﬁ.e(vi ffom root-cultures of C douglasii

as described in Chapter 1.

RESULTS AND DISCUSSION

HPLC analysis of the petroleum ether extract of R. hirta root cultures indiéated

the presence of four lipophilic compounds. In addition to the previously described 6 and 8
(Bohlmann and Kleine, 1965), the cis isomers 5 and 7 were found to be present (Figure 9). The
major component of roots grown in liquid culture was 5 (63%), being present at three times the
concentration of 6. Thiophenes 7 and 8 were present in a similiar ratio and together constituted
15% of total acetylenes. . | »

| The UV and mass spectral déta of 5 and 7 corresponded closely to those of 6 ,.';md
- 8. Mass spectral analysis gave molecular ions at m/z 230 for compounds 5 and 6, and m/z 198
for compounds 7 and 8. The large numbers of low-molecular weight ions obtained are typical of
acetylenes (Bohlniann, 1985)». Fragmentation patterns for each pair of geometrical isomers were
almost identical, suggesting e/z isomers of the same compound. Further evidence came from
capillary gas chromatography with a fused silica column of SE 54, which resolved a mixture of 7

and 8 into two peaks of the same molecular ions at m/z 198. The observation that 7
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Figure 9: Polyines for which TH NMR spectra were obtained.
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could be converted to 8 by UV light strongly implicated 7 és. the cis and 8 as thé trans isomer
(Figure 10). GC retention times of 8.9 min for 7 and 8.5 min for 8 supported these assignments.

The isomeric forms of the compounds were definitively identified by 'H NMR
(Table 10). The coupling constants for H-3 and H-4, J=111n7 and J=16 in 8, confirmed 7 as
the cis and 8 as the trans isomer of this compound. The larger coupling constant in 8 -resu_l@__s in
the H-3 double 'doublet signal being résolx.fed into 4.p_eaks as compared to 3 peaks seen 7. ‘Si’gnals
H-3 and H-4 are shifted upfield in 8 compared to 7. Compounds 7 and 8 could be generated By
d_ecoinp’osing 5 and 6 with incandescent light. The ¢is/trans isomers of 5 and 6 Ithﬁ.s followed
. ﬁnequ'i-vocally from 7 and 8. - |

Differences in the 'H NMR spectrum of the disulfide compound § from its
corresponding thiophene 7 were seen in a greater downfield shift and a reduced coupling of the
ring protons at C-8 and C-9.

Although disulfide compound 2 has been described (Bohlmann and Kleine, 1965),
its tH NMR spectrum (Table 10) has previously not been assigned completely. It differs from
that of its isomer 1 in greater shielding of C-1 protons most iikely due to the extended |
conjugation resulting from the second triple bond on the proximal side of the ring. Both disulfide
ring protons signals are closer together, perhaps reflecting a more symmetrical distribution of
conjugated bonds.oﬁ either side of the ring. These data supplement the evidence for the

identification of 1 and 2 from Chaenactis douglasii (Norton et al., 1985).
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Figure 10: Conversion of 1 and 2 under UV-A (black-blue light tubes, 5W/m?).
Photodecomposition to the thiophenes is followed by photoisomerisation to a cis/trans mixture of
1:3 regardless of starting compound.
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Table 10. 'H-NMR spectral data of compounds 1, 2, 5, 7, 8 (400 MHz, CD3CN, TMS as

internal standard).

H 5 7 8 1 2

1 5.52d 5.49d 541d 5.90dd 5.77 dd
T 540d 5.37d 5.26d 5.78 dd 5.67 dd
2 6.85 ddd 6.90 ddd 6.49 ddd 6.01 dd 6.07 dd
3 6.58 dd 6.54 dd 6.70 dd - -

4 5.72d 5.73 d 5.93d - -

8 6.67 d 7.11d 7.07d 6.79d 6.68 d
9 6.50 d 7.03d 7.01d 6.60 d 6.78 d
13 2.08 s . 2.09s 2.06 s 2.10s 2.20 s

J[Hz): 1’,2=11; compounds 1 and 2: 1,1’=2; 1,2=17.5; 8,9=7; compound 5: 1,2=17;
2,3=11; 3,4=11; 8,9=7; compound 7: 1,2=16; 2,3=11; 3,4=11; 8,9=4; compound 8:

1,2=16; 2,3=11; 3,4=16. 8,9=4,
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SUMMARY AND CONCLUSION

This inveétigation of several aspects of the biology and chemistry of thiarubr;ine
and rélated polyines is summarized iﬁ the followiné .conclusions: 1. Thiarubrine accumulation is
doubled in hairy root cultures of C. douglasii compared to nontransforfned root cultures, and the
broportion of 'thiérubrine A/ iB is reduced." 2. Th_i_'érubrines-are'riot synthesized. sequehtially with
thiophenes in the same pgthway, and are not turned o"i/er' in mature-C. douglasii }'1.ai1_'y._-root
cultures. 3. The antimicrobial activipy of thiarubrine is enhanced by visible light, suggesting ring
modification as a mechanism of toxicity. The corresponding thiophenes are probably
photosensitzed by both type I and type Il mechanisms. 4. R. hirta contains the previously
unreported cis isomer of a known disulﬁde polyine.

In addition to focusing on the same or very similar secondary plant compounds,
the above studies share the use of plant tissue culture throughout, as an experimental system,
as an efficient and reliable method of obtaining the polyines of interest, or as a bpic of research
itself. The work described in this thesis is thus a demonstration that plant tissue culture, more
specifically organ éulture, can be a valuable tool in the investigation of secondary metabolites.
This conclusion is underlined by the experience that C. douglasii root cultures in an incubator
were easier to propagate and maintain than the intact plants themselves in the greenhouse. -

A somewhat personal conclusion, after studying’ thiarubrine from a number of
perspectives, is built on the diversity of aspects investigated: it is because secondary plant

chemicals raise questions at a number of levels that they are a stimulating area of research.
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APPENDIX 1: SPECTRAL DATA

Compound 5: UV spectral data in petroleum ether (nm): 482, 350 257; MS m/z (rel mt) 230
(54) 197 (38), 165 (100),69 (85).

Compound 7: UV spectral data in petroleum ether (nm) 339 248 ; MS m/z (rel. int.): 198 (100)
171(13), 165 (27), 152 (®. |

Spectral data for 6 (UV-max: 478, 349, 258) and 8 '(UV-max: 337, 246) matched those .report.ed
in the literature (Bohlﬁann and Kleine, 1965).

Mass spectra for compounds 5 (A) and 7 (B) are shown on following page.
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