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Abst;ra&--In the hy~hae of ~~~~~~~~~~ ~~~~0~~~ the irt t&o meas~ab~e activities of 3 enzymes of alkaloid biosyn- 
thesis are induced end~~n~usly during development and increase in a coordinated manner. These are ~y~I~~ptine 
dehydr~gen~se, dehydr~cy~~~peptin~ epoxidase and ~nthranilate adenylyltransf~rase (which is probably part of the 
cyclapeptine synthesizing enzyme complex). In contrast, in the conidiospares, the 3 enzymes are constitutive proteins+ 
Ccznidiatitln af P. ~~~~~~~~ is thus one of the rare cases where enzyme-s ~f~~nda~ metab~Iism are furmed in rapidly 
dividing cells, In the ~~nidi~sp~r~ as well as in that hyphae under certain renditions the in viva rates of alkaloid 
synthesis and the in citro activities of tfre: measured enzymes do not increase in paralit& In the hyphae, synthesis of a 
protein which apparently is not an enzyme of alkaloid metabolism hits the rate of in uit,o c~ck~penin~y~l~pen~~ 
production. 

formation of the ~~~di~e~ine aIk~l~id~ c~cI~~~i~ 
and cyclopmd, is one of the characteristic idiophase 
events in the development of emerged cultures of 
~e~~~j~~~~ c~~~~~i~~ [ 13. Up to now 3 of the enzymes 
invofved in the biusynthesis of these ~rn~~unds (cf. 
Fig. I) have been m~asurabie in vitru: ~yc~o~ptin~ 
dehydrogenase (CD) [2, 33, dehydrocyciopeptine epoxi- 
dase (DE) [4] and ~y~~~~nin ~-hydr~xyIa~ fSj. 
Feeding experiments with Iabelled compounds in &u 
have indicts that the f~rmatiun of cy~~u~ptine is 
catalysed by an enzyme complex (cycfopeptine synthetrxse) 
with tightly bound intermediates f6]. From the activities 
of this hyp~theti~~ compfex, anthrani~at~ adenyl- 
yltransferases (AA) is measurable in cell-free preparatives. 
In the f~II~wing paper, ~x~~~~nt~ are discus in 
which the in U&Q activities of AA, CD and IX are 
determined in hyphae and conidiospores, and are corn- 
pared with the in viuo rates of c~l~~nin~ycl~~n~~ 
biosynthesis_ 

In accordanoe with the trophophas&diophase con- 
cept of di~~rentiati~n in P, cy~~~~~~ [ 11, the appearance 
of AA, CD and DE a~tiviti~ in the hyphae of batch 
cultures show a delay in ~~rn~aris~n with the increase 
of hyphal dry wt (Fig. 2a). This demonstrates that the 
hyphae first grow and later on specialize with subsequent 
formation of the enzymes of alkaloid metab~iism. The 
temporal s~~rati~n of tropha- and idiophase depends 
very much an the meth~ of cultivation. It is relatively 
large in batch cultures (Fig 2a) and decreases if, by reduc- 
tion of the nut~ent regime, the expression of the idio- 
phase is accelerated (Fig. 2b). Best separation was found 
when cultures were grown first under submerge con- 
diti~n~ in which the alkaloid metabolism as well as the 

other idi~~ha~ ~v~~~ do nut GXXW, and tha were 
transferred ta emerged conditions (Fig. 2~). 

During the dev~I~pment of the hyphae, the activities 
of A& CD and DE increase more or less coordinately 
(cf. Figs, 2a and b). This agrees with former in uite 
experiments which have shawn that at the be~nning of 
the idiophase ~y~I~~~tin~ d~hyd~~~y~l~~ptine, cycle- 
penin and cy~~~~~~l fcf” Fig. 1) appear simultaneously 
in the cultures and in spite of a large increase in the 
absolute rates of their synthesis are released in the same 
relative ~rQ~~rti~~ into the cutture medium [6]- The 
increase in CD and DE activities is blocked by i~~ibit~r~ 
of gene expression, e.g. cy~l~h~xjrnide (cf. Fig. 2) and 5- 
fluorouracil (100 PgJrnl: not shown in Fig. 2) Hence it 
~bvi~usIy depends on continuous synthesis of RNA 
and protein [7]. 

fn batch cultures at the canning of the idi~~ha~~, 
the in ci~ro m~surabl~ enzyme activities and the rates of 
cyclo~nin-cyclopenol production increase almost sim- 
ultane~usly~ Thus, at this stage of deve~~prn~n~ the 
amount clzf alkaloids formed by the hyphae can be taken 
as a rn~su~ uf the enzyme a~tiviti~ present, as prv- 
pos& by Never and Luckner [I]. Later on, however, 
there is no further parallelism becz~use due to starvation, 
the rates of alkaloid production rapidly decrease, whereas 
the activities of AA, CR and DE are more or less stable. 
This is in acc+ordance with in U~WJ ex~rimen~ where in 
aid batch cultures (13 days posf ~~~~~u~ p.iJ labelled 
phenyialanin~ was i~c~rp~rat~ into cycl~~nin and 
cyclopenol at even higher rates than in younger cultures 
(5 days pi-) [ES]. 

After di~untinu~us or ~ntinu~~ exchange of the 
nutrient sulution, i.e., under conditions of a steady high 
level of nut~ent~ the rates of alkaloid f~rrn~ti~n are 
higher than under batch conditions (cf. legend to Fig. 
2). Fu~h~rrn~r~, by this kind of cultivation, the rates of 
alkaloid praducticm markedly increase after the in 
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Fig. 1. Alkaloid biosynthesis in P. c~clopium: (I) cyclopeptine synthetase complex, hypothetical --assumed to 
include the enzyme activating anthranilic acid (AA); (2) cyclopeptine dehydrogenase (CD); (3) dehydrocyclopep 

tine epoxidase (DE); (4) cyclopcnin m-hydroxylase; (51 cyclopenase, 

vitro measurable enzyme activities have reached maxi- 
mum values. This increase amounts to cu 3 times by 
discontinuous exchange and to ca 10 times by continu- 
ous exchange of the nutrient solution. 

Experiments with cycloheximide and Sfluorouracil, 
indicate that the in oir.~ rates of alkaloid biosynthesis are 
limited by the formation of a protein_ Fig_ 2 demonstrates 
that even at the period during which AA, CD and DE 
activities have reached maximum values, the further 
increase of the in uiuo alkaloid formation is immediately 
stopped after addition of cyctoheximide. Similar results 
were obtained after the addition of Sfluorouracil (100 
&ml; not shown in Fig. 2). Hence the in uivo rates of 
alkaloid formation are restricted by synthesis of a pro- 
tein. The nature of this protein is still unknown. However. 
on the base of the arguments given above indicating a 
coordinated expression of all enzymes of cyclopenin- 
cyclopenol biosynthesis, it may be speculated that this 
protein limits the formation of precursors, cosubstrates, 

etc. or the transport of these substances to the site of 
alkaloid biosynthesis. 

In contrast to the hyphae, AA, CD and DE are con- 
stitutive proteins of the conidiospor= of P. cyclopium. 
The activities of the enzymes are detectable in homogen- 
ates of even very young spores and remain constant 
during conidiospore maturation (Fig. 3). Because each 
spore-detaching cell produces a conidiospore every 
90-120 min, a fast synthesis goes on during conidiation. 
Conidia detachment in P. cyclopium is thus one of the 
rare examples where formation of enzymes of secondacy 
metabolism proceeds in rapidly dividing cells. Conidia- 
tion in P. cyclopium shows all the features of a quanta1 
cell cylcc (cf. [9, lo]). The phialidae, the spore bearing 
cells, produce a clone of daughter cells, which are deter- 
mined to differ in their mature state in many character- 
istics from their mother cell. Properties found in the 
spores but not in the phialidae and the other hyphal 
cells are, for instance. the thick rigid cell wall incrusted 
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Fig. 2. in ztirro activities of AA, CD and DE and rates of alkaloid biosynthesis in hyphae of P. cyc:clopitrm using 

different methods of cultivation: (a) batch cultures, (b) discontinuous exchange of the nutrient soln; {c) continuo~ 
exchange of the nutrient soln. 

At the time indicated by arrows, cycloheximide (100 pg/ml), was added to the culture medium. The drug was 
removed by fb) after 24 hr, by (c) after 15 hr. In the cycloheximide treated cultures were determined in (a}: CD activ- 
its and cyclopenin~yclo~nol formation, in (b): CD and DE activities and cyclo~nin~yc~o~nol formation, 
in (d): cyclopenin-cyclopenol formation. Hyphae and conidiospores were separated according to [l]. Ordinate: 
All values are given in units/cm’ culture area. a+ Dry wt: 100 = 3.6 (a), 3.5 (b) and 0.5 mg (c); A-A 
AA activity: 100 = 9 (a), 5.6 pkat (b); H CD activity: 100 = 50 (ah 4O(b)and 130 pkat (c); U--sl DE activity: 
100 = 0.10 (a) and 0.42 pkat (h); m Cyc~o~nin~yc~o~nol formation: 100 = 3 (a), 9 {b) and 20 (c) pmolfsec. 
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Beginning of sporulatbon, 

Fig. 3. In cirro activities of AA, CD, DE and cyclopenasc, and rates of alkaloid bi~~synthesis during ripening of 
conidiospores of P. cyckupium. 

Cultureswere grown by discontinuous exchange of the nutrient soln (cf. Fig. 2b). At the lime Indicated by symbols. 
culture discs were frozen with dry ice and the conidiospores in the frozen stale were brushed off. The rate ofalkaloid 
formation was calculated from the increasing aikaloid content of the spores. 

Ordinate: All values are given{mg dry wt. A-A AA activity (100 = I.15 pkat); W 4 CD activity f 100 = 

16 pkat); P Cl DE activity (100 = 0.00’7 pkat); * - -.-.a Cyclopenase acfivi~y (100 = 250 pkat): 0 ... 0 Rates 
of cyclopenin cyclopenol formation (100 = 0.5 pmol!sec). 

with the green and black spore melanins [ 1 l], and cyclo- 
penase, the last enzyme of alkaloid metabolism (cf. 
Fig. I), which becomes active during spore maturation 
(Fig. 3. [ 121). 

Furthermore Fig. 3 shows that the rates of cyclopenin- 
cy~~o~nol formation increase during the early period 
of spore maturation in spite of constant AA, CD and DE 
activities. This phenomenon exactly parallels the dis- 
crepancy between the in vitro activities of these enzymes 
in the hyphae and the in vi00 rates of alkaloid biosyn- 
thesis mentions above. During aging of spores, the 
rates of alkaloid formation rapidly drop due to starvation 
and probably also to the general deceleration of metabol- 
ism at the beginning of spore dormancy. 

P. cyclopium strain SM 72 [I] was cultivated by the following 
methods: (a) Batch CU~WCS. The mould was grown emerged in 
Petri dishes (14 cm dia) with IO0 ml nutrient soIn NL I con- 
taining as the main nutrients 5 % Glc, 0.12 p/, NH, and 0.025 Y, 
PO: [I]+ (b) Discontinuous exe~un~~ oj’ fhe nfctrirnt soln. 
Beginning 48 hr p.i. the filtrate of emerged cultures was replaced 
every 12 hr by a nutrient soln (NL II) containing 20”<, of the 
C and N amounts of NL I and 29; of the phosphate, respectively 
[I]. (c) Continuous exrhmy~ of‘ the nutrient soln. The mould was 
precultivated 48 hr in NL I under submcrg~ conditions on a 
rotary shaker. The globular colonies so formed were spread in 
a monolayer on glass plates covered with Iilter paper and a 
dialysis membrane. The culture was covered with a glass plate 
to limit evapn, kept in a stream of sterile air and supplied con- 
tinuously via the filter paper with nutrrent soln, using NL I 
during the first I2 hr of emerged cultjvation and later on diluted 
NL. 1 containing only 15 ?<, of the original nutrient concn [ 131 

The dry wt of hyphae, the alkaloid content of eonidiospores 
and the rates of cyclopenin+yclopcnoi excretion by the hyphac 
were determined according to ref. [ l]. Activities of cyclopeptine 
dchydrogcnase. dchydrocycl~~~ptine epoxidase and uyclo- 

penase were measured using the methods of [7], [4] and [12], 
respectively. 

Antlimnilate a&nJl)*lr rcm$~m.se acririty. Hyphac of total 
cultures were disintegrated by grinding with 2 parts of sand. 
The mixture was suspended in 2 parts of 0.25 M Tris-HCt 
pH 7.5 c~~nt~lning IO mM merc~ptoethanol. After centrifug~tion 
~15ooO s/30 min) the supernatant was treated with (NHJ2SOd 
4&60”/;, satn. The ppt was dissolved in 0.04 parts of Tris. HCI 
PI-I 7.5. Conidiospores were brushed off from culture% into H,O 
and collected by centrifugation. Spore (1 part) were ground with 
2 parts of dry ice and mixed with 1.5 parts of H,O. Mc,CO 
(13.5 parts} ( - 20”) were added to the ~on~diospore suspension 
for cell disintegration. After 5 min the conidia were sucked off 
and the residue was dried in a stream of air for 1 hr It was 

suspended in 1 part of 0.25 M Tris-HCI pH 7.5 using a glass 
homogenizer. The test for AA activity contained in pmol: 
25 anthranil~c acid 7 ATP Na saft, 20 Mg (MeCO,),, 12.5 
Tris-HCt pH 7.5, 0.5 mercap((~thano~ and 0.05 ml enzyme 
prepn in 0.24 ml. The test was incubated 60 min at 35.. Then 
conidia wcrc removed by centrifugation at @’ (ZOO y: IO min). 
After addition of 20~14 M KOH and 50~11 10 M NH,OH, the 

soln was left for 20 min at 35’. 10 M HCI (20 pII and 0.5 ml 
FeCl,-reagent were added and the rn~xtu~ was ccntrifu~~ 
(25OOg;iO min). After 1 hr its A was determined at 530 nm 
against a blank which contamed 0.29ml H,O instead of the 
test and the NH,OH solns. From the measured value fhc ,Is 
of samples were substracted in which (a) KOH was added before 
the enzyme soln (colour of test constituents and non-enzymatic 
reactions with NH*OH) and in which (b) ~nthrani~ic acid was 
absent {enzymatic side reactions with NH,OH). 

NH,OH. To a methanolic soin of NH,OH-HCl, MeOH 
KOH was added to pH 7.5. After centrifugation the supernatant 
was coned in DQCU~) until a soln of CQ 25 M NH,OH was form&. 

FeCl,-reagent. Equal amounts of IO?;, F&I, sofn. 12”,; 
TCA and 3N HCI were mixed. 
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