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Synthesisof Six Heterocyclic Multifunctional Alkylating
Agentsand Evaluation of Their Activity against
Pyrenophoraavenaeand Blumeria graminisf.sp. hordei

FionaM. Anderson: D.R. Walters:?2andD.J.Robing

Six heterogclic alkylating agentsveresynthesize@ndexaminedfor actvity againstthe oat
stripe pathogerPyrenophoa avenaeon agar platesandagninstthe barley powdery mildew

fungus Blumeria graminis f.sp. hordei on barley seedlings. Radial growth of P. avenae
was not signi cantly affected by ary of the compoundsbut four of them, , -bis[4,7-
bis(2-chloroethkl)-1,4,7-triazagclononanejpara-xylene [3], 1,4,8,11-tetra(2-chloroeyl)-

1,4,8,11-tetraazgclotetradecand4], 8,11-bis(2-chloroetyi)-1,4,8,11-tetraaza-5,7-oxpc
clotetradecang5] and 7,16-bis(2-chloroetl-1,4,10,13-tetraoxa-7,16-diazaoctadec{fle
gave signi cant reductionsin biomassof P. avenaegrown in liquid cultureandin powdery
mildew infection on barley whenusedat 25 M. Polyaminebiosynthesisvas examined
by following the incorporationof labeled ornithine 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

thesecompoundss relatedto reducedformation of polyaminesis not known and awaits
investigation.
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INTRODUCTION

The experimentaluseof inhibitors of polyaminebiosynthesigo control plant fungal
diseasespeci cally is longestablishedindeed yvariousornithinedecarboxylasahibitors,
including -di uoromethylornithine, have beenshavn to reducepathogenidnfectionsof
a numberof plants(19,21), and to reducefungal growth in vitro (15,22). Polyamine
analogsalso possesghe ability to perturbpolyaminemetabolismand thus a numberof
putrescineanalogshave beenshavn to control a variety of plant fungal diseasesandto
alter biosyntheticenzymeactvities and intracellularpolyamineconcentrationsn fungal
cellsin vitro (4-6). However, fungal spermidindevelswerenever totally depletedhrough
the useof suchanalogg4-6), andsincespermidinegs the predominanpolyaminein fungi
(18), inhibition of spermidinesynthaseand/orfunction may be moreeffective in reducing
fungal growth. Recently spermidineanalogssuchasN, N-dimethyl-N'-(3-aminopropl)-
1,3-diaminopropan¢rihydrochloridewere shavn to control powdery mildew on barley
underexperimentalconditions(11,13). Polyaminesgspeciallyspermidineand spermine,
areknown to interactwith andstabilizeDNA (18) andthisis thoughtto beimportantin the
antiproliferatve effects of polyaminebiosynthesisnhibitors (21). Alkylating agentsare
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alsoknown to interactwith DNA, by alkylating basedn the macromoleculg17). These
agentsxertprofoundcytotoxiceffectsonactively growing cellsandthisis therationalefor
theirusein cancerchemotherap(8). During a programof researclinvolving the synthesis
of alkylating agentswith anti-cancemotential,it was decidedto examinethe effects of
theseagentson plantpathogenidungi. We now reporton the synthesif six heterogclic
compoundswith multifunctional alkylating groups,and shav that four of them exhibit
fungicidalactiity andreducethe formationof spermidinen fungal tissue.

MATERIALS AND METHODS

Synthesisof compounds (seeSdeme Fig. 1 for structuesof the compoundsgptarting
materialswere purchasedrom Aldrich ChemicalCompary Inc. (Milwaukee,WI, USA).
Nuclearmagneticresonancepectravererecordedwith a Bruker AM200-SY or a Bruker
WP200-SYspectrophotometesperatingat 50.3MHz ( ¢). Massspectrawererecorded
using A.E.l. MS 12 or 902 spectrometers.All solventswere puri ed and/ordried by
standardechniques.

All compoundswverepreparedas hydrochloridesalts(Fig. 1). N,N'-(1,4-tutanediyl)-
bis(25-2-chlorometlylpyrrolidine) (#1, Fig. 1) waspreparedreviously by Andersoretal.
(). 1,4,7-tris(2-chloroel)-1,4,7-triazagclononang#2, Fig. 1) wasmadeasdescribed
from the correspondingyriol (9) in 99%yield by treatmentvith thionyl chloride(14).

Treatmentof the parentmacrogcle of #3 in Fig. 1 with ethylene oxide, fol-
lowed by thionyl chloride, gave new compound , -bis[4,7-bis(2-chloroetl)-1,4,7-
triazag/clononanelpara-xylene (#3, Fig. 1): (D20) 38.9(CH,Cl), 39.4(CH,N), 49.5
(CHzN), 57.5 (CH;N), 57.8 (CICH,CH,N), 61.3 (CsH4CH;N), 132.3(C) and 132.5
(CH); m/z(FAB+, glycerol)609.3(MH* , 100%);foundMH™* 609.2670CsgH49Ng>°Cly4
requires609.2773. 1,4,8,11-tetra(2-chloroegh)-1,4,8,11-tetraazgclotetradecand#4,
Fig. 1) waspreparedisdescribedy Parkeretal. (14). Treatmenbf the parentmacrogcle
of #5in Fig. 1 with ethylene oxide, followed by thionyl chloride, gave nev compound
8,11-bis(2-chloroetyl)-1,4,8,11-tetraaza-5,7-oxpclotetradecang#s, Fig. 1): (D.0)
27.5(CH,), 38.9(CH,CO0),42.9(CH,CI), 52.9(CHzN), 54.3(CHzN), 57.4(CHzN), 59.3
(CHzN) and167.9(CO); m/z(EI* ) 353(MH* , 40%). Treatmenbf the parentmacrogcle
of #6in Fig. 1 with ethyleneoxide,followedby thionyl chloride,gave new compound’,16-
bis(2-chloroetkl-1,4,10,13-tetraoxa-7,16-diazaoctadec&i@ Fig. 1): (D,0O) 43.1
(CH,CI), 44.9(CH,N), 62.3(CH;N), 70.9(CH,0), 71.7(CH,O); m/z(CI* ) 356.2(MH* ,
45%).

Determination of antifungal activity Pyrenophoa avenaelto & Kuribay was main-
tained on potatodextroseagar (PDA). Filter-sterilized solutions(10 ml) containingthe
analogswere addedto 70 ml of sterile PDA at 45—47 C to obtain nal concentrations
between0 and2 mM. Sterilemedium (20 ml) was addedasepticallyto a 90-mmsingle
ventsterileplasticpetri dishanda sterile8-mm-diamcork borerwasusedto remove plugs
of myceliumfrom theedge=f stockcultureswhich wereinvertedandplacedin thecenter
of eachpetri dish. Control platescontainedculture mediumonly andinoculatedplates
wereincubatedn thedarkat 24 C. Radialmycelial growth, excludingthe mycelial plug,
wasmeasured, 6 and8 daysafterinoculation.

In orderto examinethe effectsof the six compound®n infection of barley seedlings
with the powdery mildew fungus Blumeriagraminisf.sp. hordei Marchal, compounds
weremadeup in distilled watercontaining0.01%Tween20 andappliedto the rst leaves
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of barley seedlingsusinga Shandorsprayunit (SigmaChemicalCo, Poole,UK). Plants
were inoculatedwith powdery mildew (25 conidiamm ?2) 2 dayslater, using a spore
settlingtower. Compoundsvere applied2 daysafter inoculationwith powdery mildew
since,in previouswork (21), this timing provided effective disruptionof fungal germling
development.Infectionintensitywasassessedl0 daysafterinoculationby estimatingthe
percentagef leaf areainfected,usinga standarcareadiagram.

Formation of polyaminesfrom radiolabeled ornithine Filter-sterilizedsolutions(10
ml) containingthecompoundsvereaddedo 140ml of sterilepotatodextrosebrothin 250
ml conical asks to obtainthedesirednal inhibitor concentrationControl asks contained
mediumonly. Flaskswereinoculatedwith a 10-mmdisc of myceliumand placedin a
Gallenkamporbital shaler (140 rpm) at 24 C. After 4 days,the funguswaswashedwith
distilledwaterthrougha ne meshsieve andcentrifugedat16,000gat0 Cfor 10min. The
pelletobtainedwasblotteddry on tissuepaper weighed(seedatain Table1) andusedto
determingheformationof polyaminedrom radiolabeledrnithine,asdescribegreviously
by Walterset al. (20). The reactionmixture containedl0 mM potassiunphosphatepH
7.6,2 mM 1,4-dithiothreitol,1 mM magnesiunthloride,0.1mM EDTA, 0.1mM pyridoxal
phosphateand0.125 Ci L-[U-%*C] ornithine hydrochloride. The reactionwas allowed
to proceedfor 30 min at 37 C, after which it was stoppedby addition of 0.2 ml of 6%
perchloricacid, followed by incubationfor a further 30 min. Thereafteran aliquot (100

) of thereactionmixturewasremoved,200 | of saturatedodiumcarbonatesolutionand
400 | of dansylchloridein acetong30 mgperml of acetoneyvereaddedandthereaction
mixture wasincubatedin the darkat 60 C for 25 min. Proline(100 | of a 100 mg per
ml solutionin distilled water)wasaddedandthe samplesvereincubatedn the darkfor a
further 10 min, atroomtemperatureto convert excessdansylchlorideinto dansylproline.
Toluene(500 [) wasaddedandthe reactionmixture was shalen for 20 s to extractthe
dansylatedpolyamines. An aliquot (25 ) wasthen spottedonto silica gel TLC plates
which had beenincubatedin an ovenat 110 C for 90 min. The plateswere developed
in chloroform: triethylamine (12:1; v/v) andthe polyamineswere visualizedunderUVv
light. Spotswerescrapedff the plateinto 10 ml of Emulsi er Safescintillant (Packard
Biosciencenow PerkinElmer Shelton,CT, USA) andradioactvity wascountedusinga
PackardTR1900liquid scintillationspectrometer

Statistical analyses For fungal growth on solid mediaandin liquid culture,resultswere
calculatedasthe meansof 12 andthreereplicatesrespectiely, whereador the effectson
mildew infectionresultswerecalculatedasthe meansof tenreplicatesandresultsfor the
formationof polyaminedrom radiolabeledrnithinewerecalculatedasthe meansof four
replicates.All experimentswererepeatedvith similar resultsand statisticalsigni cance
wasassessedsingStudentst-test.

RESULTS AND DISCUSSION

Mycelial growth of P. avenaeon solid agar was not signi cantly affectedby ary of
the compoundsxamined(Table 1). Sincesuppliesof the compoundswvere very small,
the highestconcentratiorexaminedwas 25 M; perhapsadial growth would have been
affected at concentrationgreaterthan 25 M. However, in spite of the lack of ary
effect on radial growth of P. avenae four of the compounds#3-#6 reducedgrowth of
P. avenaesigni cantly in liquid medium(Tablel). Differencesn the effectsof exogenous
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compound®ngrowth of P. avenaeon solid mediaandin liquid culturehave beenobsenred
previously (6) andmaybeindicative of theunreliability of studiesof fungal gronth onsolid
media(10).

TABLE 1. Effect of novel alkylating agentson growth of Pyrenophoa avenaeon solid (radial
growth) andliquid (fungal biomassmediumandon powdery mildew infectionof barley seedlings

Compound Radialgronth (mmy Fungal biomasgg ? Leaf areainfected(%o)*
no. f.wt)
Pyrenophoa 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 22 019 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

ZCompoundsvereappliedto the seedling daysafterinoculation,at25 M.

Y Radialgrownth wasmeasuredfter6 days.

X Percentireacoveredwith powdery mildew, assessetl0 daysafterinoculation.
W Signi cant differencesat* P< 0.01and** P< 0.001.

TABLE 2. Effect of novel alkylating agentson the ux of labelfrom ornithineinto the polyamines
in Pyrenophoa avenae

Compound Radioactvity in polyamine(dpmmg protein 1)
no.

Putrescine Spermidine Spermine
Control 29.2 3.48 30.4 3.78 65.9 3.14
1 36.5 1.91 53.2 481 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 44.3 581
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.

Pawdery mildew infectionon barley seedlingsvasalsoreducedsigni cantly by these
compoundgTablel). Thus,25 M of compound#3 reducedmildew infection by 66%,
whereascompound#6 reducedmildew by 57% (Table 1). Becausdimited amountsof
the compoundswere available, it was not possibleto examine the effects of a range
of concentrations. Nevertheless,the alkylating agentswere effective at much lower
concentrationshaninhibitors usedin otherwork (20,21). Differencesn thein vitro and
in vivo effects of compoundsagainstfungi have beenreportedpreviously. For example,
Havis etal. (7) foundthatalthougha numberof alicyclic diamineshadno effecton radial
growth of P. avenaegthey exertedpowerful effectsagainstthe powdery mildew funguson
barley. Suchdifferencesin in vitro andin vivo actiity shouldnot be surprising,since
the former examineseffects on fungal mycelium, while the latter studieseffects on the
fungal germling on the leaf surface. Indeed,it is known that somecompoundswhich
perturbfungal polyaminemetabolismexert their primary effect on the formation of the
appressoriunby germlingsof therustfungusUromycewiciae-fabag16).
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Fig. 1. Compoundsynthesizedshydrochloridesalts

Sinceonly limited amountf eachof theanalogsvereavailable,analysigo determine
their effect on fungal polyaminebiosynthesisvasrestrictedto the examinationof the in-
corporatiorof radiolabeledrnithineinto polyaminesn P. avenaegrown in thepresencef
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theanalogdor 4 days.Thefour compoundg#3-#6)which reducedungal growth in liquid

culture and reducedpowdery mildew infection, reducedthe ux of label from ornithine
throughto the polyaminegTable2). All of the compoundsausedsigni cant reductions
in putrescineand spermidineformation, but the reductionsin spermineformationwere
muchlesspronouncedFor example,compound#6 reducedux throughto putrescineand
spermidineby 82% and84%,respectiely, while ux throughto sperminevasreducecby

61%(Table2). An exceptionto thiswascompound{2, whichreducedspermindabelingby

83%. However, althoughspermidinds the predominanpolyaminein fungi (18), previous
work suggestghat partial reductionsin the intracellularspermidinepool are unlikely to

be the causeof substantiateductionsin fungal growth (2,11,12,13).Neverthelessthere
may be differencesn the sensitvities of differentfungal structuresto partial depletions
in the intracellularpool. Thus,fungal myceliumproducedn vitro may be lesssensitve

to afall in polyaminelevelsthanfungal infection structureproducedon the leaf surface.
Therefore,whetherthesereductionsin incorporationof label from ornithine throughto

the polyaminesarerelatedto the effects of the compoundn mildew will requiremore
detailedinvestigation.
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