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Abstract-Cyclopeptme and dehydrocyclopeptine, intermediates of cyclopenin biosynthesis in Penzcil- 
lium cyclopium, can be reversibly transformed by homogenates of this fungus which contain cyclopep- 
tine dehydrogenase. The enzyme can be assayed spectrophotometrically in the system NAD(P)‘/ 
NAD(P)H or by linking to diaphorase/2,6-dichlorophenolindophenol. While X-Press and acetone 
treatments of the mycelium are the most suitable disruption methods for assaying the enzyme on 
an analytical scale, grmdmg with sand proved more suitable for preparative work. Part of the total 
enzyme activity m the hyphae as well as in the conidiospores, is found in the cell wall-protoplasmic 
membrane-fraction. The soluble portion of the enzyme was 9%fold enriched. Cyclopeptine dehydro- 
genase activity increased at the beginning of the alkaloid-production-phase, indicating that the enzyme 
is concerned in alkaloid metabolism. 

INTRODUCTION 

Isotope experiments have recently shown that cul- 
tures of Penlcillium cyclopzum form the benzo- 
diazepine alkaloids cyclopenin and cyclopenol via 
cyclopeptme and 3,10-dehydrocyclopeptine. 
Moreover, the latter intermediates could be iso- 
lated from alkaloid-producing cultures and are 
reversibly transformed into each other in uzuo [l]. 
The present paper reports on the enzyme cyclo- 
peptine dehydrogenase which catalyzes this reac- 
tion. 

RESULTS AND DISCUSSION 

The presence of cyclopeptme dehydrogenase in 
extracts of fungal cells was shown by the forma- 
tion of dehydrocyclopeptine and NAD(P)H from 
cyclopeptine and NAD(P)+ and vice versa (Fig. 
I). The benzodiazepine derivatives formed during 
these reactions, after separation by TLC, were 
found to be identical with the products of alka- 

* Abstracted from a Ph D Thesis submitted by E Aboutabl 
to Martin-Luther-Umverslty, Halle-Wlttenberg, DDR 

loid synthesis in vim. Cyclopeptme dehydro- 
genase activity may be conveniently assayed by 
determination of the NAD(P)H formed during the 
reduction of cyclopeptme, either directly (A at 340 
nm) or after couplmg with the system 2,6-dichloro- 
phenolindophenol/diaphorase (NADH : acceptor 
oxidoreductase, EC. 1.3.99.3). The purified 
enzyme was found to use NAD+/NADH as well 
as NADP+/NADPH. However, the reduction of 
NAD+ is 500/i faster than that of NADP+. The 
reaction is optimal in tris-HCl buffer (50 mM, 
pH 9.1) in the presence of 10 mM Mg2+ at 30”. 

X-Press homogenates have higher cyclopeptine 
dehydrogenase activity than those resulting from 

Cyclopeptlne Oehydrocyclopeptlne 

g-q&$--~ 

0 0 

+ NAD( PI+ + NAD(PIH+ H+ 

Fig 1 The cyclopeptme dehydrogenase reaction 
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Table I Cyclopeptme dehydrogenase activity m cell preparations of P cyc/o~~um 

Method of cell dIsruptIon 

“,, m the cell wall! 
Cyclopeptme dehydrogenase actlvlty protoplasmic mcmblanc 

rno xulture mU/mg protein fraction of the enlyme 

Homogenate Supernatant Homorcn<ttc Supernatant actlvlty of the 

(1400 4) 0400 Y) homogenJtcc 

Grmdmg with sand (1 hr) 
Grmdmg with alcoa (1 hr) 
Freezmg and thawmg 

(5 cycles) 
Treatment with acetone 
X-Press 

* St111 contammg whole cells 

acetone treatment (Table 1). By both of these 
methods. the hyphae as well as the comdlospores 
[2] are disrupted and they are therefore sultable 
for a quantltatlve assay of cyclopeptme dehydro- 
genase activity. Grmdmg with sand, on the other 
hand, allows mechamcal dlsruptlon of large 
amounts of material. For this reason, this method 
1s appropriate for preparative work on the soluble 
enzyme A lower cyclopeptmc dehydrogenase 
actlvlty was obtamed on grmdmg with other 
abrasives or on freezmg/thawmg, due to the fact 
that these methods fracture only a small propor- 
tlon of the spores [Z] 

The bemodiazepine alkaloids cyclopeptme, 
dehydrocyclopeptme, cyclopenm and cyclopenol 
are synthesized by the ldlophase hyphae as well 
as by the comdia [3]. Moreover. cyclopeptme 
dehydrogenase was detected m both these cell 
types In batch cultures. cyclopeptme dehydro- 
genase activity increases strongly at the beginning 
of the alkaloid production phase (ldiophase). 
reaching its maximum with the maxlmum of cyc- 
lopenm/cyclopenol formatlon (Fig 2). The rates 
of cxcretlon of cyclopeptmc and dehydrocyclo- 
peptme by the hyphae are similar [I]. This, 
together with the preventlon of further increase 
of alkaloid formation by addition of mhlhltors 
of gene expression (eg cyclohexlmlde) [4], mdl- 
cates that the enzymes of alkaloid blosqnthesis 
at that time arc formed dr ~~ouo 

No method of dlsmtegratlon tested solublhzed 
all cyclopeptme dehydrogenase activity (Table I). 
Fractional centrlfugatlon showed that (as with 
cyclopenase, an enzyme localized on the inner 
side of the protoplasmic membrane of the con- 
ldlospores [Sl) a high percentage of cyclopeptme 
dehydrogenase actlvlty IS found m the fraction 

contammg the cell wall together with the tlghtly- 
bound protoplasmic membrane In the mltochon- 
drlal fraction (contammg the bulk of the reference 
enzyme succimc dehydrogenase; EC. 1.3 99 1 ) as 
well as m the soluble fraction only small amounts 
of cyclopeptine dehydrogenase activity were 
found. However, It 1s still an open question 

I 2 3 4 5 6 7 8 9 IO II 12 I? 
J 

Time after InoCulotlOn. days 

FIN 2 Dynamics of cyclopcptlne dehydropcnnsc dct~v~t! 
(CDH). Cyclopenn~qclopenol-productIon (Cqn/ol) nnd drq 
wt (DW) m whole mycehum (M). spore-free m@lurn (SFM) 
.Ind comdlospores (S) durmg the growth of cultures of P 
~~~L~oI)zu~ 10 = 400 pg Cynbl per ml culture filtrdtr. 6 mg 

DW and 5 mp CHD per cm’ culttue area. rcspectlvclq 
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Table 2 Enrichment of the soluble part of cyclopeptme dehydrogenase 
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Enrichment step Protein (mg) 

Cyclopeptme dehydrogenase actwlty 
Total Specific Enrichment Yield 

(mu) mU/mg protem factor % 

I Supernatant (22000 q) 
after dlsmtegratlon 

with sand 
2 Ammomum sulphate 

fractlonatlon (3CrSOs/, 

saturation) 
3 Ethanol fractlonatlon 

(3&80%) 
4 DEAE Sephadex AZ5 

chromatography 

738 1080 1 1,6 100 

105 780 14 46 12 

51 516 115 12 53 

2.0 314 157 98 29 

whether the enzyme is bound to cell structures 
in vivo. 

Nearly 100-fold purtfication of the enzyme is 
possible in 3 steps (Table 2). With the purified 
preparatton the usual Michaelis-Menten relation- 
ship was demonstrated, grving K, values for cyc- 
lopeptine and NAD+ of 1 6 x 10d3 M and 2% x 
lo- 4 M respectively. Under V,,, condrtrons, the 
reaction with cyclopeptme is 1.7 times more rapid 
than wrth NAD+. 

Cyclopeptine dehydrogenase showed a high 
degree of substrate specrficity, especially regarding 
position 3 of the cyclopeptine molecule since only 
the naturally occurring 3-S isomer is attacked. By 
testing analogues (Table 3) the enzyme was 
shown to be inactive towards the lo-hydroxy de- 
rivative of cyclopeptine (No. 15) Indicating the im- 
portance of the presence of the -CH-CH,- group 
in the molecule. Also other alterations of the cyc- 
lopeptme structure reduce the enzymatic transfor- 

Table 3 Transformation of S,R-cyclopeptme analogues by cyciopeptme dehydrogenase 

Compound R, R2 
Substltuent Rate of transformation 

R3 R4 R, Re R, S,R-Cyclopeptme = 100 

1* Me H H H H H H 
2 H H H H H H H 
3 CH,Ph H H H H H H 
4 H Me H H H H H 
5 Me H H H Cl H H 
6 H H H H Cl H H 
7 Me H Cl H H H H 
8 Me H H Cl Cl H H 
9 Me H Cl H H Cl H 

10 Me H H H OH H H 
I1 Mc H H OH H H H 
12 Me H H H OMe H H 
13 Me H H OMe H H H 

14 Me H OMe H H H H 
15 Me H H H H H OH 

loo 
60 
10 
60 
40 
20 
25 

* Cyclopeptme 
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-Table 4. Effect of activators and inhibitors on cyclopeptine dchydrogenase activit! 

Effcctor 
C’onccntration Concentration 

10 ’ M IV5 M EfTector IO z M 10 + M 

Lead acetate 
Cadmium sulphate 
Calcium chloride 
Cobalt sulphate 
Copper sulphato 
Magnesium chloride 
Manganese chloride 
Nickel sulphate 
Mcrcurlc chloride 
Silver nitrate 

-60 -3x 
- 5x - 19 
- 14 ~-- 5 

-47 - 17 
-57 _ ‘3 
+ 26 + 20 
fi 0 

-57 -26 
- 80 -4x 
-71 -39 

Zinc sulphatc 
Borax 
Sodium acetate 
Sodium Huoridr 
Trisodium phosphate 
EDT/\ 
Cysteine 
Reduced glutathione 
Dithiothrcitol 

A4 0 
i 7 0 
+X 0 
-- 1 I --l 
+1 0 
-R 1) 
fl2 +5 
+4X +19 
i 72 fil 

Activation (A) and inhibition (-) in ‘I(, of the value without etlector. 

mation partially or totally. Since cyclopeptine ~!1- 
hydroxylated in ring B (No. 11) is not dehydro- 
genated. the r,z-hydroxy group which is a charac- 
teristic of the alkaloids cyclopenol and viridicatol 
produced by cultures of P. c~dopium must be in- 
troduced at a later step of the biosynthetic path- 
way. This agrees with the recent demonstration 
of an enzymatic activity which transforms cyclo- 
penin into cyclopenol in riz:o [6] and i/l ~itvo [7]. 

Cyclopeptine dehydrogenase purified by 
(NH&SO, fractionation at pH 6 can bc rcacti- 
vated bq’ FAD. Moreover, acid-dissociation of the 

purified enzyme preparations resulted in the liber- 
ation of a favin which was chromatographically 
identical with FAD. These data indicate that the 
enzyme is a flavoprotein. In connection with this. 
it was found that FAD is the main riboflavin dcri- 
vative in the mycelium. reaching its maximal con- 
tent on the fifth day of growth whereas in the 
culture filtrate of batch cultures. riboflavin (apart 
from traces of FMN and FAD) continuously 
accumulates. 

The effect of various activators and inhibitors 
of cyclopeptine dehydrogenase is illustrated in 
Table 4. The enzyme is inhibited by heavy metals, 
p-chloromercuribenzoate and iodacetamide, while 
being activated by Mg’;, cysteine, reduced glu- 
tathione and dithiothreitol. The inhibition caused 
by p-chlorotnercuribenzoate and iodacetamide is 
partially reversed by compounds containing SH- 
groups viz. cysteine. reduced glutathione and 
dithiothreitol. suggesting that SH-groups are im- 
portant for the activity of the enzyme. 

EXPERIMEI\;‘IAL 

The strain of P. c~~hpium Westling (SM 72) originated from 
in cultul-c O[ P. ~~\dopi~~r LSHTM SO. 72 [X~ IO]. Culture 

conditions \&cre as dcscribcd in rsf. [Xl. Cqclopeptine in 
raczmic and optically active (3S- and 3R-) forms as well as its 
structural analogues were synthesized bv Dr. Aida Elazzouny 
[I. I I]. Separation of hyphne and conidiospores. estimation 
of dry wt. estimation of protein and cyclopenin!cyclopenol 
were performed as described m ref. [I]. chromatographlc sep- 
arrtllon of cyclopcptine and dzhydrocvclopeptilIf as described 
in ref. [I]; extraction. purification. identification and estima- 
tion of Ravins 3s given in [-cf. [I 21; estimation of cyclopenase 
and ruccimc dchqdrogcnaae as in rcfs. [2] and 1137. respect- 
lVCl\‘. 

t;,// &rq~io/~. Cells of P. qclophum brrc suspended in 
7 vol tris -HCI buffer (SO mM, pH 7.5) using a knife-homo- 
genirer. The suspension was then mixed with 2 parts of sand 
and ground (I hr) at 0 in a mortar. The mechanical disruption 
under pressure was performed using the Biotcc >i-Preba cquip- 
ment (Bromma. Sweden). The cell suspension at -30 was 
pressed 5x and allowed to lhaw at 4 Mel<‘0 dry powder 
was prepared b> drclpwise-odditi~)n of 1 vol of cell-suspension 
to 9 vols Me,(‘O at -30 \xith continuous stirring. After 5 
mm. the mixture was filtered and the residue hashed with 
cold Me,CO and allowed to dry at 1 Frcerinr and thawmg 
was cart-ied out by frecring the cell-suspension ;n MeOH,dry 
ice (-70 ) and ~10~1~ thawing at 9 .The process \\a~ repeated 
5x. 

Ceil [ktiomtrim. The disrupted cell material was subjected 
to diffel-ential ccntrifugation at 1300 q for 30 min (cell wall.- 
protoplasmic membrane fraction) and 22000 q fc)r 30 min 
(mitochondrial fraction) rcspcctivcly. At each step. the sedi- 
mcnt b\as u ashcd H ith a small amount of the medium and 
reccntrlfuged. Honda’s mcdlum v,as used for cell disi!l- 
tegratlon and for the fractionation procedure [l 51. 

Puri/~c~~t~o~~ o/ c,~~/opq~?i~~ ii~,/~i,il~,ori~,~tij,\c,. A cell-free extract 
prepared by grinding h-day-old fresh mqcelium with sand and 
tris HC‘I bul%r (50 mM. I>H 7.4) at 0 and succcssivc centrifu- 
gation at 4000 (1 and 27i)OO $1. was treated with (NH,),SO, 
(0.3 0.X saturation) and the pH ad.juslcd to 7. The ppt. was 
dissolved in 50 ml trls HCI hull‘el- and subjcctcd to fractIonal 
precipitation (30 X0”,,) wtth EtOH ( - 20 ). The ppt. WIS freed 
from solvent. dissolved in 5 mM tris-HCI buffer (pH 7.2) and 
subjected to chromatography on a DEAE-Sephadrx Ali 
column. Elusion was started using a linear gradient of 0-l 
M NaCI in the above tris butTeI-. 

Estirwtiorl 01 crc lopcptuic. ~l~~h~rl,o~~~~r~u.s~~ uctiruy, For 
measurement of the ?;AD(P)H at 340 nm. the incubation-mix- 
ture contained 5 /moi c?ctopcptine. S ltmol N.4D ‘., enzyme 
soln. tris HCI buffer (50 mM. pH 9.1) and Hz0 to 2 ml. If 
the NAD(P)H has indircctll determined. diaphorasc ((,(I I U. 
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prepared according to ref [14]) and 2,6-drchlorophenolmdo- 4 
phenol (02 pmol) were additionally mcluded and tris-HC1 
buffer (50 mM, pH 8) was used For assay of crude homo- 
genates by the UV-method, KCN (15 nmol) was added to 5. 
mhibtt mitochondrial enzymes and mcubates were shaken at 
30” for 30 mm The reaction was started by the addition of 6 
the enzyme and termmated by the addition of 2 ml MeOH 
1 umt of cyclopeptme dehydrogenase was calculated as that 7 
amount of enzyme which catalyzes the dehydrogenation of 8 
one nmol of cyclopeptme/mm under the conditions described 

9 
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