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Abstract—Cyclopeptine and dehydrocyclopeptine, intermediates of cyclopenin biosynthesis in Penicil-
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, grinding with sand proved more suitable for preparative work. Part of the total
enzyme activity in the hyphae as well as in the conidiospores, is found in the cell wall-protoplasmic
membrane-fraction. The soluble portion of the enzyme was 98-fold enriched. Cyclopeptine dehydro-
genase activity increased at the beginning of the alkaloid-production-phase, indicating that the enzyme

18 concerned in alkaloid metabolism.

INTRODUCTION

Isotope experiments have recently shown that cul-
tures of Penicillium cyclopum form the benzo-
diazepine alkaloids cyclopenin and cyclopenol via
cyclopeptine and  3,10-dehydrocyclopeptine.
Moreover, the latter intermediates could be 1so-
lated from alkaloid-producing cultures and are
reversibly transformed into each other wn vivo [1].
The present paper reports on the enzyme cyclo-
peptine dehydrogenase which catalyzes this reac-
tion.

RESULTS AND DISCUSSION

The presence of cyclopeptine 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.
1). The benzodiazepine derivatives formed during
these reactions, after separation by TLC, were
found to be 1dentical with the products of alka-

* Abstracted from a Ph D Thesis submutted by E Aboutabl
to Martin-Luther-University, Halle-Wittenberg, DDR

loid synthesis in vivo. Cyclopeptine dehydro-
genase activity may be conveniently assayed by
determination of the NAD(P)H formed during the
reduction of cyclopeptine, either directly (A at 340
nm) or after coupling with the system 2,6-dichloro-
phenolindophenol/diaphorase (NADH: acceptor
oxidoreductase, E.C. 1.3.99.3). The purified
enzyme was found to use NAD/NADH as well
as NADP*/NADPH. However, the reduction of
NAD" 1s 509 faster than that of NADP*. The
reaction 1s optimal in tris-HCl buffer (50 mM,
pH 9:1) in the presence of 10 mM Mg?* at 30°.

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

Cyclopeptine Oehydrocyclopeptine

+ NAD(PIH+H*

+NaD(PY*

Fig 1 The cyclopeptine dehydrogenase reaction
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Table 1 Cyclopeptine dehydrogenase activity i cell preparations of P ¢yclopum

Cyclopeptine dehydrogenase activity

mU! culture

°, 1n the cell wall,
protoplasmic membrane

mU/mg protein fraction of the enzyme

Homogenate Supernatant Homogenate Supernatant activity of the
Method of cell disruption (1400 ¢) (1400 ) homogenates
Grinding with sand (1 hr) 1081%* 625 187 332 42
Grinding with alcoa (1 hr) 902* 352 167 132 61
Freezing and thawing
(5 cycles) 752% 135 193 11y 82
Treatment with acetone 1363 154 26 222 89
X-Press 1645 517 192 36 69

* Sull containing whole cells

acetone treatment (Table 1). By both of these
methods, the hyphae as well as the conidiospores
[2] are disrupted and they are therefore suitable
for a quantitative assay of cyclopeptine dehydro-
genase activity. Grinding with sand. on the other
hand, allows mechanical disruption of large
amounts of material. For this reason, this method
1s appropriate for preparative work on the soluble
enzyme A lower cyclopeptine dehydrogenase
activity was obtamed on grinding with other
abrasives or on freezing/thawing, due to the fact
that these methods fracture only a small propor-
tion of the spores [2]

The benzodiazepine alkaloids cyclopeptine,
dehydrocyclopeptine, cyclopenin and cyclopenol
are synthesized by the idiophase hyphae as well
as by the conidia [3]. Moreover. cyclopeptine
dehydrogenase was detected in both these cell
types In batch cultures. cyclopeptine dehydro-
genase activity increases strongly at the beginning
of the alkaloild production phase (diophase).
reaching 1ts maximum with the maximum of cyc-
lopenin/cyclopenol formation (Fig 2). The rates
of excretion of cyclopeptine and dehydrocyclo-
peptine by the hyphae are similar [1]. This,
together with the prevention of further mncrease
of alkaloid formation by addition of inhibitors
of gene expression (e g cycloheximide) [4], indi-
cates that the enzymes of alkaloid biosynthesis
at that tme are formed de novo

No method of disintegration tested solubilized
all cyclopeptine dehydrogenase activity (Table 1)
Fractional centrifugation showed that (as with
cyclopenase. an enzyme localized on the inner
side of the protoplasmic membrane of the con-
1diospores [5]) a high percentage of cyclopeptine
dehydrogenase activity 1s found 1 the fraction

contaming the cell wall together with the tightly-
bound protoplasmic membrane In the mitochon-
drial fraction (contaming the bulk of the reference
enzyme succinic dehydrogenase; EC.1.399 1) as
well as 1n the soluble fraction only small amounts
of cyclopeptine dehydrogenase activity were
found. However, 1t 1s still an open question
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Fig 2 Dynamics of cyclopeptine dehydrogenase activity
(CDH), Cyclopenin;cyclopenol-production (Cynol) and dry
wt (DW) 1n whole mycelium (M), spore-free mycelium (SFM)
and comdiospores (S) durmg the growth of cultures of P
«yelopum 10 = 400 pg Cyn/ol per ml culture filtrate. 6 mg
DW and 5 my CHD per cm® cultue area, respectively
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Table 2 Enrichment of the soluble part of cyclopeptine dehydrogenase
Cyclopeptine dehydrogenase activity
Total Specific Enrichment Yield

Enrichment step Protein (mg) (mU) mU/mg protein factor %
1 Supernatant (22000 g)

after disintegration

with sand 738 1080 1,6 1 100
2 Ammonium sulphate

fractionation (30-80%,

saturation) 10:5 780 74 46 72
3 Ethanol fractionation

(30-80%) 51 576 115 72 53
4 DEAE Sephadex A,;

chromatography 20 314 157 98 29

whether the enzyme is bound to cell structures
in vivo.

Nearly 100-fold purnfication of the enzyme is
possible in 3 steps (Table 2). With the purified
preparation the usual Michaelis-Menten relation-
ship was demonstrated, giving K,, values for cyc-
lopeptine and NAD* of 16 x 107* M and 2:8 x
10™* M respectively. Under V_,,, conditions, the
reaction with cyclopeptine is 17 times more rapid
than with NAD™,

Cyclopeptine dehydrogenase showed a high
degree of substrate specificity, 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 10-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-
lopeptine structure reduce the enzymatic transfor-

Table 3 Transformation of S,R-cyclopeptine analogues by cyclopeptine dehydrogenase

Rz Ry
o S A
N\
@ cH—cH Re
N %

/ 0 T

Ry

Substituent Rate of transformation

Compound R, R, R R, R, Re R, S.R-Cyclopeptine = [00

1* Me H H H H H H 100
2 H H H H H H H 60
3 CH,Ph H H H H H H 10
4 H Me H H H H H 60
5 Me H H H Cl H H 40
6 H H H H Cl H H 20
7 Me H Cl H H H H 25
8 Me H H Cl Cl H H 7
9 Me H Cl H H Cl H 0
10 Me H H H OH H H 0
i1 Me H H OH H H H 0
12 Me H H H OMe H H 0
3 Me H H OMe H H H 4]
14 Me H OMe H H H H 0
15 Me H H H H H OH 0

* Cyclopeptine
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Table 4. Effect of activators and inhibitors on cyclopeptine dechydrogenase activity

Concentration Concentration
Effector 10°°M 107* M Effector 10°*M 107* M

Lead acetate — 60 —28  Zinc sulphate +4 0
Cadmium sulphate ~ 58 —19  Borax +=7 0
Calcium chloride — 14 —5  Sodium acetate + ¥ 0
Cobalt sulphate —47 —17  Sodium fuoride — 1l —4
Copper sulphate - 57 —23  Trisodium phosphate +4 0
Magnesium chloride +26 +20 EDTA -8 0
Manganese chloride +3 0 Cysteine +12 +5
Nickel sulphate —57 —26  Reduced glutathione +48 +19
Mercuric chloride - 380 —48  Dithiothreitol +72 +31
Silver nitrate —71 -39

Activation (+) and inhibition {—) in

mation partially or totally. Since cyclopeptine m-
hydroxylated in ring B {No. 11) is not dehydro-
genated. the m-hydroxy group which is a charac-
teristic of the alkaloids cyclopenol and viridicatol
produced by cultures of P. ¢yclopium 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 vivo [6] and in vitro [7].

Cyclopeptine  dehydrogenase  purified by
(NH,),SO, fractionation at pH 6 can be reacti-
vated by FAD. Moreover, acid-dissociation of the
purified enzyme preparations resulted in the liber-
ation of a flavin which was chromatographically
identical with FAD. These data indicate that the
enzyme is a flavoprotein. In conncction with this.
it was found that FAD is the main riboflavin deri-
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-chloromercuribenzoate 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.

EXPERIMENTAL

The strain of P. cvclopium Westling (SM 72} originated from
a culture of P. cyelopium LSHTM No. 72 [8-10]. Culture

% of the value without effector.

conditions were as described in ref. [8]. Cyclopeptine in
racemic and optically active (3S- and 3R-) forms as weli as its
structural analogues were synthesized by Dr. Aida Elazzouny
[1.11]. Scparation of hyphae and conidiospores, estimation
of dry wt. estimation of protein and cyclopenin/cyclopenol
were performed as described in ref. [1]. chromatographic sep-
aration of cyclopeptine and dehydrocyclopeptine as described
in ref. [1]; extraction, purification. identification and estima-
tion of flavins as given in ref. [12]; estimation of cyclopenase
and succinic dehydrogenase as in refs. [2] and [13]. respect-
vely.

Cell disruption. Cells of P. cycloplium were suspended in
2 vol tris-HCl buffer (50 mM, pH 7-3) using a knife-homo-
genizer. The suspension was then mixed with 2 parts of sand
and ground (1 hr) at 0" in a mortar. The mechanical disruption
under pressure was performed using the Biotec X-Press equip-
ment (Bromma. Sweden). The cell suspension at —30° was
pressed 5x and allowed to thaw at 4°. Me,CO dry powder
was prepared by dropwise-addition of 1 vol of cell-suspension
1o 9 vols Me,CO at —20 with continuous stirring. After 5
min, the mixture was filtered and the residuc washed with
cold Me,CO and allowed to dry at 4°. Freezing and thawing
was carried out by freczing the cell-suspension in MeOH/dry
ice (—707) and slowly thawing at 9 . The process was repeated
Sx.

Cell fractionation. The disrupted cell material was subjected
to differential centrifugation at 1400 ¢ for 30 min (cell wall--
protoplasmic membrane fraction) and 22000 g for 30 min
(mitochondrial fraction) respectively. At each step. the sedi-
ment was washed with a small amount of the medium and
recentrifuged. Honda's medium was used for cell disin-
tegration and for the fractionation procedure [15].

Purificution of cyclopeptine dehydrogenase. A cell-free extract
prepared by grinding 6-day-old fresh mycelium with sand and
tris ‘HC! buffer (50 mM. pH 7:4) at 0" and successive centrifu-
gation at 4000 ¢ and 22000 g. was treated with (NH,),SO,
(0-3-0-8 saturation) and the pH adjusted to 7. The ppt. was
dissolved in 50 ml tris-HCl bufler and subjected to fractional
precipitation (30-80%;) with EtOH (- 207). The ppt. was freed
from solvent. dissolved in 5 mM tris-HCY buffer {pH 7-2) and
subjected to chromatography on a DEAE-Sephadex A,
column. Elution was started using a linear gradient of (-1
M NaCl in the above tris bufler.

Estimation  of cyclopeptine  dehydrogenase  activity.  For
measurement of the NAD(P)H at 340 nm. the incubation-mix-
ture contained 5 pmol cyclopeptine, 8 umol NAD ™, enzyme
soln. tris-HC1 buffer (30 mM., pH 9-1) and H,0 to 2 mi. If
the NAD(P)H was indirectly determined. diaphorase (ca 1 U.
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prepared according to ref [14]) and 2,6-dichlorophenolmdo-
phenol (02 umol) were additionally included and trnis-HCl
buffer (50 mM, pH 8) was used For assay of crude homo-
genates by the UV-method, KCN (15 umol) was added to
mhibit mitochondrial enzymes and incubates were shaken at
30° for 30 min The reaction was started by the addition of
the enzyme and terminated by the addition of 2 ml MeOH
1 umt of cyclopeptine dehydrogenase was calculated as that
amount of enzyme which catalyzes the dehydrogenation of
one umoi of cyclopeptine/min under the conditions described
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