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Synthesisof Six HeterocyclicMultifunctional Alk ylating
Agentsand Evaluation of Their Activity against

Pyrenophoraavenaeand Blumeria graminis f.sp.hordei

FionaM. Anderson,1 D.R.Walters� ;2 andD.J.Robins1

Six heterocyclic alkylatingagentsweresynthesizedandexaminedfor activity againsttheoat
stripepathogenPyrenophora avenaeon agar platesandagainstthebarley powderymildew
fungusBlumeria graminis f.sp. hordei on barley seedlings. Radial growth of P. avenae
was not signi�cantly affected by any of the compounds,but four of them, � ,� -bis[4,7-
bis(2-chloroethyl)-1,4,7-triazacyclononane]-para-xylene [3], 1,4,8,11-tetra(2-chloroethyl)-
1,4,8,11-tetraazacyclotetradecane[4], 8,11-bis(2-chloroethyl)-1,4,8,11-tetraaza-5,7-oxocy-
clotetradecane[5] and 7,16-bis(2-chloroethyl-1,4,10,13-tetraoxa-7,16-diazaoctadecane[6],
gave signi�cant reductionsin biomassof P. avenaegrown in liquid cultureandin powdery
mildew infection on barley when usedat 25 � M. Polyaminebiosynthesiswas examined
by following the incorporationof labeledornithine into polyaminesin P. avenae. The
four compounds3-6 which reducedmildew infection all reducedthe �ux of label through
to the polyaminesin P. avenae. Whetherthe reductionsin mildew infection causedby
thesecompoundsis relatedto reducedformation of polyaminesis not known and awaits
investigation.
KEY WORDS:Synthesis;antifungal activity; Pyrenophora avenae;Blumeriagraminis.

INTRODUCTION

The experimentaluseof inhibitors of polyaminebiosynthesisto control plant fungal
diseasesspeci�cally is longestablished.Indeed,variousornithinedecarboxylaseinhibitors,
including � -di�uoromethylornithine,have beenshown to reducepathogenicinfectionsof
a numberof plants (19,21), and to reducefungal growth in vitro (15,22). Polyamine
analogsalso possessthe ability to perturbpolyaminemetabolismand thusa numberof
putrescineanalogshave beenshown to control a variety of plant fungal diseasesand to
alter biosyntheticenzymeactivities and intracellularpolyamineconcentrationsin fungal
cellsin vitro (4-6). However, fungal spermidinelevelswerenever totally depletedthrough
theuseof suchanalogs(4-6),andsincespermidineis thepredominantpolyaminein fungi
(18), inhibition of spermidinesynthaseand/orfunctionmaybemoreeffective in reducing
fungal growth. Recently, spermidineanalogssuchasN, N-dimethyl-N'-(3-aminopropyl)-
1,3-diaminopropanetrihydrochloridewere shown to control powdery mildew on barley
underexperimentalconditions(11,13). Polyamines,especiallyspermidineandspermine,
areknown to interactwith andstabilizeDNA (18)andthis is thoughtto beimportantin the
antiproliferative effectsof polyaminebiosynthesisinhibitors (21). Alkylating agentsare
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alsoknown to interactwith DNA, by alkylating basesin the macromolecule(17). These
agentsexertprofoundcytotoxiceffectsonactively growing cellsandthisis therationalefor
theirusein cancerchemotherapy (8). Duringaprogramof researchinvolving thesynthesis
of alkylating agentswith anti-cancerpotential,it wasdecidedto examinethe effectsof
theseagentsonplantpathogenicfungi. We now reporton thesynthesisof six heterocyclic
compoundswith multifunctional alkylating groups,and show that four of them exhibit
fungicidalactivity andreducetheformationof spermidinein fungal tissue.

MATERIALS AND METHODS

Synthesisof compounds (seeScheme, Fig. 1 for structuresof thecompounds)Starting
materialswerepurchasedfrom Aldrich ChemicalCompany Inc. (Mil waukee,WI, USA).
Nuclearmagneticresonancespectrawererecordedwith a Bruker AM200-SY or a Bruker
WP200-SYspectrophotometeroperatingat 50.3MHz(� C ). Massspectrawererecorded
using A.E.I. MS 12 or 902 spectrometers.All solventswere puri�ed and/ordried by
standardtechniques.

All compoundswerepreparedashydrochloridesalts(Fig. 1). N,N'-(1,4-butanediyl)-
bis(2S-2-chloromethylpyrrolidine) (#1, Fig. 1) waspreparedpreviouslyby Andersonetal.
(1). 1,4,7-tris(2-chloroethyl)-1,4,7-triazacyclononane(#2, Fig. 1) wasmadeasdescribed
from thecorrespondingtriol (9) in 99%yield by treatmentwith thionyl chloride(14).

Treatmentof the parent macrocycle of #3 in Fig. 1 with ethylene oxide, fol-
lowed by thionyl chloride, gave new compound� ,� -bis[4,7-bis(2-chloroethyl)-1,4,7-
triazacyclononane]-para-xylene(#3, Fig. 1): � c(D2O) 38.9(CH2Cl), 39.4(CH2N), 49.5
(CH2N), 57.5 (CH2N), 57.8 (ClCH2CH2N), 61.3 (C6H4CH2N), 132.3 (C) and 132.5
(CH); m/z(FAB+, glycerol)609.3(MH+ , 100%);foundMH+ 609.2670,C28H49N6

35Cl4
requires609.2773. 1,4,8,11-tetra(2-chloroethyl)-1,4,8,11-tetraazacyclotetradecane(#4,
Fig. 1) waspreparedasdescribedby Parkeretal. (14). Treatmentof theparentmacrocycle
of #5 in Fig. 1 with ethyleneoxide, followed by thionyl chloride,gave new compound
8,11-bis(2-chloroethyl)-1,4,8,11-tetraaza-5,7-oxocyclotetradecane(#5, Fig. 1): � c(D2O)
27.5(CH2), 38.9(CH2CO),42.9(CH2Cl), 52.9(CH2N), 54.3(CH2N), 57.4(CH2N), 59.3
(CH2N) and167.9(CO);m/z(EI+ ) 353(MH+ , 40%).Treatmentof theparentmacrocycle
of #6in Fig. 1 with ethyleneoxide,followedby thionyl chloride,gavenew compound7,16-
bis(2-chloroethyl-1,4,10,13-tetraoxa-7,16-diazaoctadecane(#6, Fig. 1): � C (D2O) 43.1
(CH2Cl), 44.9(CH2N), 62.3(CH2N), 70.9(CH2O),71.7(CH2O); m/z(CI+ ) 356.2(MH+ ,
45%).

Determination of antifungal activity Pyrenophora avenaeIto & Kuribay was main-
tainedon potatodextroseagar (PDA). Filter-sterilizedsolutions(10 ml) containingthe
analogswere addedto 70 ml of sterile PDA at 45–47� C to obtain �nal concentrations
between0 and2 mM. Sterilemedium(20 ml) wasaddedasepticallyto a 90-mmsingle
ventsterileplasticpetridishandasterile8-mm-diamcorkborerwasusedto removeplugs
of myceliumfrom theedgesof stockcultures,whichwereinvertedandplacedin thecenter
of eachpetri dish. Control platescontainedculturemediumonly and inoculatedplates
wereincubatedin thedarkat 24� C. Radialmycelialgrowth, excludingthemycelialplug,
wasmeasured3, 6 and8 daysafterinoculation.

In orderto examinetheeffectsof thesix compoundson infectionof barley seedlings
with the powdery mildew fungusBlumeria graminis f.sp. hordei Marchal, compounds
weremadeup in distilled watercontaining0.01%Tween20 andappliedto the�rst leaves
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of barley seedlingsusinga Shandonsprayunit (SigmaChemicalCo, Poole,UK). Plants
were inoculatedwith powdery mildew (25 conidia mm� 2) 2 days later, using a spore
settling tower. Compoundswereapplied2 daysafter inoculationwith powdery mildew
since,in previouswork (21), this timing providedeffective disruptionof fungal germling
development.Infectionintensitywasassessed10 daysafter inoculationby estimatingthe
percentageof leafareainfected,usingastandardareadiagram.

Formation of polyamines fr om radiolabeled ornithine Filter-sterilizedsolutions(10
ml) containingthecompoundswereaddedto 140ml of sterilepotatodextrosebrothin 250
ml conical�asks toobtainthedesired�nal inhibitor concentration.Control�asks contained
mediumonly. Flaskswere inoculatedwith a 10-mmdisc of mycelium and placedin a
Gallenkamporbital shaker (140rpm) at 24� C. After 4 days,the funguswaswashedwith
distilledwaterthrougha�ne meshsieveandcentrifugedat16,000g at0� C for 10min. The
pelletobtainedwasblotteddry on tissuepaper, weighed(seedatain Table1) andusedto
determinetheformationof polyaminesfromradiolabeledornithine,asdescribedpreviously
by Walterset al. (20). The reactionmixture contained10 mM potassiumphosphate,pH
7.6,2 mM 1,4-dithiothreitol,1 mM magnesiumchloride,0.1mM EDTA, 0.1mM pyridoxal
phosphateand0.125� Ci L-[U-14C] ornithinehydrochloride. The reactionwasallowed
to proceedfor 30 min at 37� C, after which it wasstoppedby additionof 0.2 ml of 6%
perchloricacid, followed by incubationfor a further 30 min. Thereafter, an aliquot (100
� l) of thereactionmixturewasremoved,200� l of saturatedsodiumcarbonatesolutionand
400� l of dansylchloridein acetone(30mgperml of acetone)wereadded,andthereaction
mixture wasincubatedin the dark at 60� C for 25 min. Proline(100 � l of a 100 mg per
ml solutionin distilled water)wasaddedandthesampleswereincubatedin thedarkfor a
further10min, at roomtemperature,to convert excessdansylchlorideinto dansylproline.
Toluene(500 � l) wasaddedandthe reactionmixture wasshaken for 20 s to extract the
dansylatedpolyamines. An aliquot (25 � l) was thenspottedonto silica gel TLC plates
which hadbeenincubatedin an oven at 110� C for 90 min. The platesweredeveloped
in chloroform: triethylamine (12:1; v/v) and the polyamineswerevisualizedunderUV
light. Spotswerescrapedoff the plateinto 10 ml of Emulsi�er Safescintillant (Packard
Bioscience,now PerkinElmer, Shelton,CT, USA) andradioactivity wascountedusinga
PackardTR1900liquid scintillationspectrometer.

Statistical analyses For fungal growth on solid mediaandin liquid culture,resultswere
calculatedasthemeansof 12 andthreereplicates,respectively, whereasfor theeffectson
mildew infectionresultswerecalculatedasthemeansof tenreplicates,andresultsfor the
formationof polyaminesfrom radiolabeledornithinewerecalculatedasthemeansof four
replicates.All experimentswererepeatedwith similar resultsandstatisticalsigni�cance
wasassessedusingStudent's t-test.

RESULTSAND DISCUSSION

Mycelial growth of P. avenaeon solid agar wasnot signi�cantly affectedby any of
the compoundsexamined(Table1). Sincesuppliesof the compoundswerevery small,
the highestconcentrationexaminedwas25 � M; perhapsradial growth would have been
affected at concentrationsgreaterthan 25 � M. However, in spite of the lack of any
effect on radial growth of P. avenae, four of the compounds,#3-#6, reducedgrowth of
P. avenaesigni�cantly in liquid medium(Table1). Differencesin theeffectsof exogenous
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compoundsongrowth of P. avenaeonsolidmediaandin liquid culturehavebeenobserved
previously(6) andmaybeindicativeof theunreliabilityof studiesof fungal growth onsolid
media(10).

TABLE 1. Effect of novel alkylating agentson growth of Pyrenophora avenaeon solid (radial
growth) andliquid (fungal biomass)mediumandonpowderymildew infectionof barley seedlings

Compoundz

no.
Radialgrowth (mm)y Fungal biomass(g� 1

f.wt)
Leafareainfected(%)x

Pyrenophora avenae Blumeriagraminis
Control 3.7� 0.03 6.1� 0.72 48.8� 4.48
1 3.7� 0.03 5.3� 0.49 39.1� 2.96
2 3.1� 0.03 5.6� 0.62 38.8� 2.95
3 3.3� 0.02 2.2� 0.19�� w 16.9� 1.76��

4 3.1� 0.02 2.7� 0.31�� 33.2� 2.15�

5 3.4� 0.03 2.8� 0.30�� 26.0� 2.21��

6 3.3� 0.02 1.9� 0.25�� 21.3� 1.90��

z Compoundswereappliedto theseedlings2 daysafterinoculation,at25 � M.
y Radialgrowth wasmeasuredafter6 days.
x Percentareacoveredwith powderymildew, assessed10daysafterinoculation.
w Signi�cant differencesat *P< 0.01and** P< 0.001.

TABLE 2. Effect of novel alkylating agentson the �ux of label from ornithineinto thepolyamines
in Pyrenophora avenae

Compound
no.

Radioactivity in polyamine(dpmmgprotein� 1 )

Putrescine Spermidine Spermine
Control 29.2� 3.48 30.4� 3.78 65.9� 3.14
1 36.5� 1.91 53.2� 4.81� 79.8� 6.55
2 3.1� 0.38�� 22.6� 1.97 11.8� 2.91��

3 4.5� 0.39�� 8.3� 0.71�� 46.2� 4.17��

4 16.6� 0.57 5.7� 0.73�� 44.3� 5.81��

5 5.7� 0.63�� 4.9� 0.53�� 61.2� 7.28
6 5.3� 0.39�� 4.9� 0.56�� 26.2� 3.81��

� ; �� Signi�cant differencesat *P< 0.01and** P< 0.001.

Powderymildew infectionon barley seedlingswasalsoreducedsigni�cantly by these
compounds(Table1). Thus,25 � M of compound#3 reducedmildew infection by 66%,
whereascompound#6 reducedmildew by 57% (Table1). Becauselimited amountsof
the compoundswere available, it was not possibleto examine the effects of a range
of concentrations. Nevertheless,the alkylating agentswere effective at much lower
concentrationsthaninhibitorsusedin otherwork (20,21). Differencesin the in vitro and
in vivo effectsof compoundsagainst fungi have beenreportedpreviously. For example,
Havis et al. (7) foundthatalthougha numberof alicyclic diamineshadno effect on radial
growth of P. avenae, they exertedpowerful effectsagainstthepowderymildew funguson
barley. Suchdifferencesin in vitro and in vivo activity shouldnot be surprising,since
the former examineseffects on fungal mycelium, while the latter studieseffectson the
fungal germling on the leaf surface. Indeed,it is known that somecompoundswhich
perturbfungal polyaminemetabolismexert their primary effect on the formationof the
appressoriumby germlingsof therustfungusUromycesviciae-fabae(16).
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Fig. 1. Compoundssynthesizedashydrochloridesalts

Sinceonly limited amountsof eachof theanalogswereavailable,analysisto determine
their effect on fungal polyaminebiosynthesiswasrestrictedto theexaminationof the in-
corporationof radiolabeledornithineinto polyaminesin P. avenaegrown in thepresenceof
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theanalogsfor 4 days.Thefour compounds(#3-#6)whichreducedfungal growth in liquid
cultureandreducedpowdery mildew infection, reducedthe �ux of label from ornithine
throughto thepolyamines(Table2). All of thecompoundscausedsigni�cant reductions
in putrescineand spermidineformation, but the reductionsin spermineformation were
muchlesspronounced.For example,compound#6 reduced�ux throughto putrescineand
spermidineby 82%and84%,respectively, while �ux throughto sperminewasreducedby
61%(Table2). An exceptionto thiswascompound#2, whichreducedsperminelabelingby
83%.However, althoughspermidineis thepredominantpolyaminein fungi (18),previous
work suggeststhat partial reductionsin the intracellularspermidinepool areunlikely to
be the causeof substantialreductionsin fungal growth (2,11,12,13).Nevertheless,there
may be differencesin the sensitivities of different fungal structuresto partial depletions
in the intracellularpool. Thus,fungal myceliumproducedin vitro may be lesssensitive
to a fall in polyaminelevels thanfungal infectionstructuresproducedon the leaf surface.
Therefore,whetherthesereductionsin incorporationof label from ornithine throughto
the polyaminesarerelatedto the effectsof the compoundson mildew will requiremore
detailedinvestigation.
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