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SUMMARY 

I 2,6-Dlchlorophenohndophenol, phenazme methosulphate and cytochrome c 
were effective electron acceptors In the dehydrogenation reaction catalysed by  the 
fl-cycloplazonate oxldocyclases Oxygen was an effective terminal electron acceptor, 
but  only m the presence of phenazine methosulphate as an mtermedlate electron 
carrier Other electron acceptors and carriers were studied as was the effect of various 
metal  ions and possible lnhlbltors Most bivalent metal  ions were found to inhibit the 
enzymes Inhibition of the dehydrogenation and cychzatlon reactions by 2,4-dlnltro- 
I-fluorobenzene and L-I-tosylamlde-2-phenylethylchloromethyl ketone indicates the 
possible roles of ammo groups and the hlstldme lmldazole group in these reactions 
Similar conclusions were made from studies of the effect of pH on the reactions 
Mechamsms mvolvmg the abovementioned groups are proposed for the dehydrogena- 
tion as well as the cychzatlon reaction 

2 The thermodynamic properties of the isoenzymes were found to be similar 
With respect to the dehydrogenation reaction, the following values were found 
activation energy (Ea approx 7 2 kcal mole-i) ,  enthalpy change of activation (AH* 
approx 6 6 kcal mole-l),  entropy change of activation (AS* approx --42 cal mole -1 
degree-i), and free energy change of activation (AG* approx 19 3 kcal mole -1) The 
five isoenzymes were also similar with respect to their response towards mhlbitors 
and electron acceptors, Km values for 2,6-dlchlorophenohndophenol (Km approx 
I 6/~M, lsoenzyme I I  somewhat higher) and catalytic constants (k 2 approx o 048 
sec -1, isoenzyme I I  somewhat lower) 

3 The isoenzymes of fl-cycloplazonate oxldocyclase differed in the order of the 
dehydrogenation reaction with respect to fl-cycloplazomc acid, the half periods of the 
dehydrogenation reaction, the Mlchaehs constants for fl-cycloplazomc acid (2 1-14 

Abbreviations DCIP, 2,6-dlchlorophenohndophenol, PMS, phenazme methosulphate,  
TPCK, L-I-tosylamlde-2-phenylethylchloromethyl ketone, DNFB, 2,6-dmltro-i-fluorobenzene, 
PCMB, p-chloromercurlbenzoate 

* Taken in part  from a thesis submitted by J C Schabort to the Faculty of Agriculture 
ot the University of Pretorla in partial fulfilment of the reqmrements of the D Sc (A.grtc) Degree 
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#M), amino acid composition as far as the ratio ot basic to acidic amino acids are 
concerned, and ammonia and carbohydrate content 

4 All the isoenzymes contained one covalentlv hnked molecule of flavm per 
molecule of enzyme Absorption spectra of the lsoenzymes showed characteristic 
peaks at 276, 366 and 45o nm and a shoulder at 29o nm Their fluorescence emission 
spectra showed a peak at about 527 nm and the flavln residue (most probably FAD), 
released by proteolytic digestion with pronase showed a fluorescence peak at 518 nm 
similar to that of FMN and FAD 

INTRODUCTION 

The conversion of fl-cyclopiazonlc acid into a-cyclopaazonIc acM has been found 
to be catalysed by the fl-cyclopiazonate oxidoc) clases, ~hich consists of five aso- 
enzymes I Reliable and accurate assay methods as well a~ the isolation, purification and 
some physical properties have been described for these isoenzymes I In order to 
obtain more Information about the properties of the lsoenzyines, kinetic and chemical 
studies and studies concerning other enzsnie characteristics ~ere performed 

EXPERIMENTAL PROCEDURE% 

Materzal~ 
a-Cycloplazonlc acid ~as isolated from cultures of Penmzlhum cyclopmm West- 

ling (strata lO82) on sterilized wet maize meal as described by HOLZAPFEL 2 fl-Cx clo- 
plazonlc acid was isolated from shake cultures of P (vclopzum Westllng (strain lO82) 
grown In aqueous media described elsewhere3, 4 

NADP+, NAD +, FAD and FMN were obtained from Boehrlnger, Mannhelm, 
Germany Phenazine methosulphate (PMS), p-chloromercurlbenzoate (PCMB), L-I- 
tosylamlde-2-phenylethylchloromethyl ketone (TPCK), antamycin A, I,Io-phenan- 
throhne, trypsin, chymotrypsm and coenzyme Q6 were obtained from Sigma Chem, 
St Louis, Mo, U S A 2,6-Dichlorophenohndophenol (DCIP) was obtained from 
E Merck, Darmstadt, Germany, 2-methyl-I,4-naphthoquInone from Eastman Orga- 
nic Chemicals, Rochester, N Y ,  U S A , methylene blue from Hopkin and Williams, 
Essex, England, 2,6-dInitro-I-ftuorobenzene (DNFB) from British Drug Houses, 
Johannesburg, South Africa, and pronase from Calblochem, Lo~ Angeles, Calif, 
U S A All other chemicals used were of analytical grade quahty 

The fl-cyclop~azonate ox,docyclases 
The five lsoenzymes of fl-cycloplazonate oxidocyclase were purified from the 

mycehum of P cyclopmm Westhng as described elsewherO 

Assay of fl-cvclopmzonate o~zdocyclase actzv~ty 
The spectrophotometrlc assay methods using DCIP and cytochrome c a, ter- 

minal electron acceptors were employed to determine the dehydrogenating activity 
of the isoenzymes m most of these studies A decrease of o ooi m absorbance per man 
at 6oo nm was used as an arbitrary unit of activity when employing DCIP as terminal 
electron acceptor Activity was normally expressed in nmoles DCIP or cytochromec 
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reduced or fl-cyclopiazonlc acid dehydrogenated per mln and specific activity in 
nmoles/mm per mg protein All determinations were made at 25 ° and pH 6 82 (except 
during pH studies) Protein concentration was determined by a standardized method 
of LOWRY et al ~ and total nitrogen by a mIcro-Kleldahl method 6 

Carbohydrate determ2 nat,on 
The carbohydrate content of the lsoenzymes was determined by the anthrone 

method described by RoE AND DAILEY 7 

Pentose determination 
The pentose content of purified enzyme preparations and the flavm residues of 

the isoenzymes after release from the protein by pronase digestion and separation on 
paper chromatograms x~as determined according to the method of MILITZER 8 as 
described by MARKHAM 9 

Deterrmnat~on of acid labde ,norgan,c sulphur 
The acid labile inorganic sulphur content of the five lsoenzymes was determined 

by the method described by LOVENBERG el allo 

Amino aczd analyses 
Amino acid analyses were performed in a Beckman Spmco Model I2o-C amino 

acid analyzer Solutions of the five isoenzymes of/3-cycloplazonate oxldocyclase were 
dlalysed exhaustively against delonlzed water and then lyophihzed Samples of these 
enzymes (200-700 #g) were dissolved in 2 ml 6 M HC1 in Pyrex tubes, frozen, evacu- 
ated and sealed under reduced pressure Hydrolysis was performed at IiO ! 2 ° for 
24 h 

Half-cystine was determined in samples of lsoenzyme I and I I I  as cystelc acid 
after performlc acid oxidation under reflux for 24 h Tryptophan was determined by 
employing the spectrophotometric method of BENCZE AND SCHMID ll 

Studies on the f lawn prosthetzc group of the fl-cyclopmzonate oxldocyclases 
Spectrophotometrlc studies in the ultraviolet and visible regions were performed 

in a Beckman model DK2A ratio recording spectrophotometer at pH 6 7 in o 02 M 
sodium phosphate buffer containing o 08 M NaC1 

Attempts to release the flavm from the enzyme by conventional methods such 
as treatment with cold acidlY, 13 (6 and lO% (w/v) trlchloroacetIc acid) or by thermal 
denaturation 14 (bolhng for 15 rain) were unsuccessful Chymotrypsm and trypsin, 
used separately as well as combined, were also unable to release the flavln from the 
enzymes Proteolytlc digestion with pronase, however, yielded better results Pronase 
digestion was carried out (o 5 mg of pronase per mg of enzyme protein) at pH 7 i in 
o 05 M Tns-HC1 buffer for 4 h at 38° The lsoenzymes were precipitated with 6% 
(w/v) trachloroacetlc acid (final concentration) at o ° After centrlfugation the precipi- 
tate was used for proteolysxs by suspending it in the buffer and adjusting the pH to 
7 I by addition of Trls when necessary Undigested protein was coagulated by heating 
for IO rain at 95 ° and then removed by brief centrlfugatlon The supernatant obtained 
contained the flavm 

B~och~m Bzophys .4cta, 250 (I97 I) 329-345 



332 J c SCHABORT, D J j POTGIETER 

Paper chromatography of the flavln residues was performed essentially as 
described by KEARNEY 1~ 

Fluorescence spectra of the/5-cycloplazonate oxldocyclases as well as the flavm 
residues released from the proteins by  pronase digestion were determined in o o3 M 
Tns-HC1 buffer (pH 7 I) in a Far rand spectrofluorometer employing a Xenon lamp 
power supply and filter No 373 This filter absorbed hght at wavelengths below 
420 nm 

RESULTS AND DISCUSSION 

Electron carriers, electron acceptors and cofactor reqmrements for the reachons catalysed 
by the/5-cyclop~azonate oz~docyclases 

Ferrlcyamde, 2-methyl-I,4-naphthoqulnone, methylene blue, coenzyme Q6, 
NAD +, NADP +, FAD and FMN did not act as electron acceptors or carriers for the 
dehydrogenation of/5-cycloplazonlc acid and also showed no effect on the formation 
of ~-cyclopmzomc acid under aerobic as well as anaerobic conditions Where PMS 
showed the abil i ty to increase the dehydrogenating act ivi ty  (when DCIP or cytochrome 
c was used as terminal electron acceptor) as well as the rate of the conversion of/5- 
into ~-cycloplazonlc acid In the presence of DCIP, cytochrome or oxygen, compounds 
such as 2-methyl-i ,4-naphthoqulnone and coenzyme Q6 did not show similar ablhtles 

/B- Cy c[oplazonate 

/ 
DCIP ~ (90) 1 (18) Fiavoprotem ~ Cytochrome c 

( FAD)~ (Bz,) 

O 2 

Fig I Proposed electron-transfer  sequences associated wi th  the dehydrogenat ing actl"~lty of the 
~-cvcloplazonate oxldocvlases One molecule of flavm ,~as found per molecule of enzyme The 
flavm momty  appeared to be FAD or a derivative of FAD The numbers  in parentheses  indicate 
act]vltles relative to the act ivi ty of PMS + DCIP  taken as IOO°o 

Cyrochrome c, DCIP, PMS and oxygen have been described as terminal or 
Intermediate electron acceptors m assay methods for many flavoprotem and metallo- 
flavoprotem enzymes Oxygen did not appear  to be a very effective direct acceptor 
of electrons from the flavoprotems except m the presence of PMS, which probably 
acted as an mtermedlate electron carrier Results obtamed indicated that  PMS can 
accept electrons from the /5-cycloplazonate oxldocyclase flavoprotelns at the same 
rate under aerobic and anaerobic conditions The presence of oxygen had no effect 
on the dehydrogenating act ivi ty  of the enzymes when DCIP or eytochrome c were 
used as terminal  electron acceptor A similar observation was made for succlmc 
dehydrogenase 16 

From available results concerning electron carriers and acceptors, a scheme of 
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electron-transfer sequences associated with the dehydrogenating activity of the fl- 
cycloplazonate oxldocyclases is proposed in Fig I 

The highest reaction rate obtained for the dehydrogenation reaction, similar 
to that obtained for the conversion of fl- into a-cycloplazonlc acid in the presence of 
PMS, was observed when a combination of PMS and DCIP was used The finding 
indicated that PMS seems to be the most effective immediate acceptor of electrons 
and that the dehydrogenating reaction may be the rate limiting reaction In the conver- 
sion of fl- into a-cycloplazonic acid In all reaction mixtures a-cyclopiazonlc acid was 
formed at approximately the same rate as the rate of dehydrogenation, indicating 
that the cychzatlon reaction may be in concert with the dehydrogenation reaction 
The isoenzvmes thus catalyze both reactions, first the dehydrogenation reaction 
followed by the cychzation reaction, while the substrate is most probably bound to 
one binding site on the enzyme molecule It  can be expected that a compound similar 
in structure to the proposed intermediate will not be released after the dehydro- 
genation reaction This hypothesis may be supported by the fact that compounds 
containing an indole system conlugated to a double bond are unstable2, 4 and should 
polymerlze when released from the active centre of the lsoenzymes prior to the cychza- 
tlon reaction The formation of a-cyclopiazomc acid from fl-cycloplazonic acid as 
catalysed by the fl-cyclopiazonate oxldocyclases differs markedly from the conversion 
of squalene into lanostero117 In that the oxidation and cychzation reactions seem in 
concert and catalysed by one single enzyme molecule 

The reverse reaction, wz  the conversion of a- Into fl-cyclopIazonlc acid was 
studied by a method based on that used by SINGER et al 18,10 for studying the reoxida- 
tlon by fumarates of NaHSOs-reduced succlnlC dehydrogenase Results indicated 
that the lsoenzymes could not catalyse the reverse reaction under the experimental 
conditions used (pH 6 6) It  may also be concluded that under the conditions of the 
culture medium (pH about 5 5) the conversion of fl- into a-cyclopiazonic acid also 
appeared to be fairly irreversible 

Inhibition studies 

Two assay methods were used in inhibition studies, wz dehydrogenating activ- 
ity employing DCIP as terminal electron acceptor and the total conversion offl- into 
a-cycloplazonic acid by the Ehrhch method The results are presented In Table I 
Similar results were obtained for all five isoenzymes 

All the divalent cations tested have been reported to be moderate to strong 
mhlbltors of certain flavoprotem enzymes such as the NADH dehydrogenases2°m 
Mg 2+ was found to be an activator of certain enzymes *° The important role of trace 
elements like zinc and Iron In the production of a-cyeloplazonic acid in the cultures 
of P cyclopzum Westhng is definitely not attributable to their action as cofactors or 
activators of fl-cyclopiazonate oxidocyclase They may, however, have a direct or 
Indirect effect on the synthesis of these isoenzymes Monovalent cations and anions 
such as phosphate, maleate, cyanide and sulphide had no effect on enzyme activity 
Sulphide interfered with the assay method employing DCIP i ,Io-Phenanthrohne 
appeared to have no effect on enzyme activity This may indicate the absence of 
metals in the enzyme molecule, although no inhibitory effects towards some metallo- 
enzymes have been reported as yet The fact that  citrate, phosphate, cyanide, sul- 
phide and maleate did not show any inhibitory effect supports the conclusion that the 
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T A B L E  I 

E F F E C T  O F  INHIBITORS ON THE REACTIONS C A T A L Y S E D  B Y  /~-CYCLOPIAZONATE OXIDOCYCL~SE, 
ISOENZYME I I I  

B e c a u s e  F e  ~+ a p p e a r e d  t o  r e d u c e  D C I P  a n d  F O  e f o r m e d  a n  o r a n g e - r e d  c o m p l e x  w i t h  D C I P  a n d  
qo l n t e r l e r e d  w i t h  t h e  D C I P  m e t h o d ,  t h e  P M S - c y t o c h r o m e  c m o n i t o r e d  r e a c t i o n  ~ a s  e m p l o y e d  
t o  d e t e r m i n e  t h e  d e h y d r o g e n a t i n g  ac t ix  ItV in  t h e  c a s e  o f  I m M  FeC13 a n d  I m M  F e S O  4 The~e  
s a l t s  c a u s e d ,  r e s p e c t i v e l y ,  i o o  a n d  75 °o i n h i b i t i o n  o f  t h e  a b o v e m e n t i o n e d  r e a c t i o n  

Reagent Concu P~rcentage znhzbltwn 
(M)  

HgC12 

D C I P  method Ehrhch method 

I 2 I 0  2 I 0 0  - -  

I 2 I O  a 9 8  73 
0 o IO 4 61 - -  

I O l O  - 4  8 - -  

MnC1 z 

CoC12 

I o I O  - a  8 0  62 
I O I O  - 7  7 - 

I 0 1 0  - 3  8 0  7 3  

I O I O  - 6  2 2  --  

CuC12 I o I O  a 9 3  8 3  

I O  1 0  7 0 -- 

Z n S O  4 I O  I O  a 

3 3  I O ~  
I O I O  - °  

I O I O  ? 

N a a S  i o i o  a 

CaC12 I O I O -  3 

MRCI~ I o IO 3 
I O 1 0  - 7  

NaC1 5 o i o  2 
P h o s p h a t e  5 o IO -2 
M a l e a t e  5 0  I O  2 

K C N  I o IO- a 
I , I o - P h e n a n t h r o h n e  i o lO -2 
A n t l m y c m  A i o lO -4 
P C M B  I o IO 4 
D N F B  3 o IO a 

I O 1 0  - 3  

T P C K  I o lO -3 

FeC13 I o IO a 
F e S O  4 I o IO a 

83 71 
40 

0 

5 

- -  O 

3 5  2 2  

(+) io  o 
(+) 5 

o o 

o o 

o o 

O o 

O o 

O o 

o o 

16 18 

7 i i  

3 19 
- 04 
- 6 6  

oxldocyclases  do not  conta in  any  meta l  ion The  absence of absorp t ion  peaks  in the  
420 and  520 nm regions, whmh were in te rp re ted  b y  SINGER et al 22,23 t o  be due to 
l r o n - p r o t e m  bonds,  also indica tes  t ha t  iron does not  appea r  to be bound  to the  enzyme 
molecules According  to emission spec t roscopy  the  lsoenzymes d id  not  appea r  to 
conta in  any  significant quant i t i es  of  me ta l  ions I t  would appear ,  therefore,  t ha t  the  
f l -cycloplazonate  oxldocyclases  differ from cer ta in  f lavoprote ln  and  metal lof lavo-  
pro te in  enzymes24, 25 t ha t  ca ta lyse  ox ida t i on - r educ t i on  react ions  m tha t  t hey  do not  
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contain any metal ion In this respect the lsoenzymes correspond to the majority of 
flavoprotelns and the flavodoxlnsl~, 26 

PCMB did not show an Inhibitory effect Antlmycln A showed no effect on the 
activity, which may also indicate the absence of non-berne Iron in these enzymes 

Both the dehydrogenation as well as the conversion of/3- into a-cyclopiazomc 
acid were mhlblted by DNFB TPCK, however, has a somewhat greater inhibitory 
effect on the total conversion of/3- into a-cycloplazonlc acid than on the dehydro- 
genation reaction This indicates that the cychzatlon reaction was inhibited by this 
compound and that this reaction may be an enzyme-catalysed reaction which appears 
to take place in concert with the dehydrogenation reaction I t  is obvious that inhibi- 
tion of the dehydrogenation reaction should always lead to Inhibition of the total 
conversion of/3- into a-cycloplazonic acid and does not mean that the cychzation 
reaction should also be lnhlblted It  can be expected that TPCK reacted with an 
mudazole group in the active centre, but a a-amino or e-amino group of lysine may 
also be involved A positively charged group on the enzyme molecule, which may be 
an imldazole or a-amino group, is expected to catalyse the cychzatlon reaction 

Enzyme kmehcs 
Essentially similar results with the lsoenzymes were obtained from kmetlc 

studies on the effect of pH on the dehydrogenatmg activity of the/3-cycloplazonate 
oxidocyclases Seeing that the pH optimum of the dehydrogenation reaction is not 
dependent on substrate concentration and that a pH optimum of 6 8 was obtained, 
even at high substrate concentrations, it may be concluded, according to the data 
given by LAIDLER 27, that  neither an acidic nor a basic group suggested to be involved 

2 

v v 

I 

0 I I I I I I I I I I 
0 2 4 6 8 i0 

Fig 2 The d e t e r m m a t m n  of the dissociation cons tan t  of the  basic group of lsoenzyme I l I  whmh 
is p robab ly  revolved in the breakdown of the  enzyme-subs t r a t e  complex Enzyme  act ivi ty  or 
reaction velocity (v) was determined spec t rophotometrmal ly  employing DCIP  or PMS and cyto- 
chrome c as electron acceptors at different p H  values Vmax is the reaction velocity at  the p H  
op t l nmm 
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Vmax 5 
V 

4 

3 

2 

l 

I I I I 
i 2 3 4 

l /  [H ÷] x,O - 8  

Fig 3 D e t e r m l n a t m n  of  the  d l s s o c m t m n  c o n s t a n t  of  the  ac idic  group of  l s o e n z y m e  I l l  ~ h t c h  Is 
p r o b a b l y  m ~ o l v e d  in the  b r e a k d o w n  of  the  e n z y m e - s u b s t r a t e  c o m p l e x  E n z y n l e  actl~lt:~ x~as 
d e t e r m i n e d  as described m the  legend to F~g 2 

in this  react ion is d i rec t ly  involved  In the  fo rmat ion  of the  e n z y m e - s u b s t r a t e  complex,  
bu t  t ha t  the  subs t r a t e  m a y  be bound  to a ne lghbour lng  site Both  groups,  however,  
mus t  p l ay  a par t  in the  subsequent  b reakdown  of  the  complex The 7'max/T7 values,  
ob ta ined  at  high subs t r a t e  concentra t ions ,  were p lo t t ed  agains t  EH +] on the  acid side 
of the  p H  o p t i m u m  and  agains t  I / [H+I  on the alkal ine side (Figs 2 and  3) The  Z'ma~ 
and  g values were de te rmined  under  zero order  condi t ions  (high ES] for D C I P  and 
/3-eycloplazonlc acid) The dissociat ion cons tan t s  of the  acidic (Ka) and  basic (Kb) 
groups were ca lcu la ted  from the slopes 27 

According to LAIDLER ~7 K a = K a '  and Kb = K s '  in this  case A p K a '  value  
of approx  7 8 and a p K (  value  of  approx  5 3 were found The plots  i l lus t ra ted  
in Figs 2 and 3 are those ob ta ined  wi th  lsoenzyme I I I A  plot  of logl0~ agains t  p H  
also ymldb pKa' and  pKb '  values  of 7 8 and  5 3, respect ive ly  A p K a  value  of 7 8 is 
consis tent  ~ l th the  dissociat ion cons tan t  of  an u-amino group 27 while a pKb value of  
5 3 falls nea r ly  in the  range of  the  r ing ni t rogen of  the  lmldazole  group of hIs t ldme 28 
The possible role of an a -amino  and  an lmldazole  group In the  dehydrogena t ion  waa 
also suggested b y  the  Inhib i tory  effects of  D N F B  and  T P C K  

The effect of subs t ra te  concent ra t ion  on the  dehydrogena t ing  a c t i v i t y  of the  
five isoenzymes x~ab s tudmd employing  the s p e c t r o p h o t o m e t n c  assay me thod  with  
D C I P  as t e rmina l  electron acceptor  in the  absence of PMS A p p a r e n t  Mlchaehs 
cons tan ts  for /3-cyclopmzonlc acid and  D C I P  were d e t e r m m e d  b y  the  graphica l  
methods  of LINEWEAVER AND BURK 29 and  EADIE a0 (examples  of  plots  given in Figs  
4 and  5) and  are summar ized  m Table  I I  
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Fig 4 Eadle plot for the determinat ion of the apparen t  K m (fl-cycloptazomc acxd) value of lso- 
enz-~me I I I  of fl-cycloplazonate oxidocyclase The enzyme concentrat ion used was i~ 7 /~g/ml 
( E Sl ks the concentrat ion (#M) of fl-cyclopaazomc acid and v is the reaction velocity of the dehydro-  
genation in nmoles /mm ) 

Fig 5 Modified L lneweave r -Burk  plot for determining the apparen t  Km (DCIP) ~alue of lSO- 
enzyme I of fl-cyclopmzonate oxidocyclase The enzyme concentrat ion used ~ a s  i i 3 /~g/ml 
(IS] is the concent ra tmn (pM) of DCIP  and v the reaction velocity of the dehydrogenat ion reaction 
in nmoles /mln ) 

Km (fl-cycloplazonxc acid) values vaned  considerably among the five lsoenzymes 
while the Km (DCIP) values showed less variat ion In  comparison with the Km values 
reported for the na tura l  and artificial substrates of  m a n y  other  f lavoprotem dehydro-  
genases 31-34 the values for fl-cycloplazonlc acid and D C I P  are lower 

The differential method of  LETORT 35 was used to determine the order (n) of the 
dehydrogenat ion reaction with respect to fl-cycloplazonlc acid as well as the rate 
constants  (K) under  conditions where the reacuon was zero order with respect to 
D C I P  I t  was found tha t  the half-period of the dehydrogenat ion reaction was depen- 
dent  on the rate constant  and the substrate and enzyme concentrat ions The half- 
periods (r) for the five lsoenzymes given m Table I I I  were determined at a fl-cyclo- 
plazonlc acid concentrat ion of  12 I #M from the equation 

2 n - 1  - -  I 
r - -  (see ref  35) 

(n - 1) K~" -1 

The catalyt ic  constants  (k2) for the five lsoenzymes gaven m Table I I I  were 
calculated from the relationship v = K 2 [E0] at high substrate concentrat ions The 
molecular weaght of  the lsoenzymes was taken as 5o ooo 

"I ABLE I I  

~ ' m  V A L U E S  FOR ~ - C Y C L O P I A Z O N I C  ACID AND DCIP  O B T A I N E D  FROM L I N E W E A V E R  B U R K  AND 

E A D I E  PLOTS 

lx'm for fl-cycloptazomc aczd Km for DCIP  
(l~]l/I) (la3I) 

Isoenzymes I I I  I I I  I V  V I I I  I I I  I V  V 

Eadle plots 
L m e w e a v e r - B u r k  plots 
Modified L m e w e a v e r - B u r k  

plots 

Average 

21  21  139 12o  51  I I  2 8  15 17  17  
2 4  2 2  148 117 51  I O  2 8  I 4 I 4 14  

19  2 4  144 I I  2 4 9  I I 2 8  13 18  18  

21  2 2  144 116 5 ° I I 2 8  14  16  16  
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1 A B L E  I 1 [  

H A L F - P E R I O D S ,  RA_TE C O N S T k N T S  k N D  O R D E R  O F  T H E  D E H Y D R O G E N A T I O N  R E A C T I O N  W I T H  R E S P E C 1  

T O  / ~ - C Y C L O P I A Z O N I C  A C I D ,  A S  C A T A L Y S E D  B ~  T H E  F I V E  I S O E N Z Y M E S  O F  ~ - C Y C L O P I A Z O N A T E  O X I D O -  

C*t C L A S E  

T h e  x a lues  in p a r e n t h e s e s  i n d i c a t e  t h e  e n z v n l e  c o n c e n t r a t i o n s  in H~/ml e m p l o ) e d  in t h e  d e t e r m i -  
n a t i o n  o f  t ,  

I~o~ nzym~ Orde~ u,tth ~espect Rate constant Hal f -perwd  Catalytic constant 
to f l-cyclopmzomc acid (nmoles]sec) ( t i )  (k2) 

(m~}z) (see-  1) 

I o 2 8  2 9 2 0  ( I I )  O 0 5 0  

I I  o 27 2 3 25 (9) o 042 
I I I  o 49 2 I 16 (12) o 052 
I V  o 51 i 2 28 (6) o 048 

v o 25 i 0 37 (5) o o 4 7  

Activation energies (Ea) were obtained for the dehydrogenation reaction during 
studms of the effect of temperature on enzyme activity from Arrhenms plots 35 The 
entropy change of activation (AS*), enthalpy change of activation (AH*) and free 
energy change of achvatlon (AG*) were calculated by  applying the theory of absolute 
reaction rates35, a6 and the following equatmns 

A H *  = Ea- -  R T  

k T  
kg ~ e A ~/R e--AH*/RT 

h 

and 

AG* = A H * - - T A S *  

The valueb of the thermodynamic quantltms are given m Table IV 
The relatl~ely low ~alues for the achvatlon energy of tile dehydrogenation 

reaction highlight the very efficient catalytic properties of these lsoenzymes The 
negative change in the entropy of activation, as also reported for most other enzyme- 
catalysed reactions, suggests a structural change (folding) m the enzyme molecules 
during formation of the activated complex The posslblhty that  the negative AS" 
values may be attr ibuted to an increase in polarity and a consequent binding of 

F A B L E  I V  

h O M E  T H E R M O D Y N A M I C  C O N S T A N T S  O F  T H E  D E H Y D R O G E N A T I O N  R E A C T I O N  C A T A L Y S E D  B Y  T H E  

~ - e  Y C L O P I  ~ZON A T E  O X I D O C Y C L A S E S  

Isoe n :ym~ T~ mp k 2 
(~ec-U 

1 25 6 ~ o 050 
I I 25 6 ° o 042 

I l l  25 4' o 052 
I \  25 5 ° o 048 

\ 25 2 ° o 047 

&,~ A H *  AS*  AG*  
(kcal/mole) (kcal/mole) (cal/mole (kcal/ 

per degree) mole) 

6 7 5  ~ 15 - - 4 4 °  1 9 3  
8 36 7 77 - - 3 8  9 I9  4 
h 26 7 0 7  - - 3 8 7  i{} 2 
6 06 5 47 - 46 4 tO 3 
6 5 2  5 03 - - 4 4  9 t9  3 
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water molecules dunng the formation of the activated complex seems unlikely, 
because the binding of a negatively charged substrate molecule to a positive group m 
or near the active site of the enzyme is a distinct possibility The positive change in 
the free energy of actlvatmn (AG*) also falls within the range for many enzyme- 
catalysed reactions, especially the proteolytlc enzymes, ~ e 13-19 kcal/mole 37 No 
general values have been reported for oxidative or flavoproteln enzymes The total 
free energy change for the conversion of/3-cyclopmzomc acid into the proposed inter- 
mediate compound (dehydrogenated/3-cycloplazonlc acid) should of course be nega- 
tive Without studying the rate of the reverse reaction by employmg the proposed 
intermediate (which is not available) as substrate it is Impossible to determine this 
constant The fact that this compound may act rather as a substrate for the concerted 
cycllzatlon reaction can make the determination of such a constant impossible 

Amzno aczd compos~tzon of the zsoenzymes of tS-cyclop~azonate o~zdocvclase 
The ammo acid compositions of the lsoenzymes are given in Table V 
The fact that the total amount of amino acid residues recovered from lsoenzyme 

I and II was somewhat less than that from the other lsoenzymes may be due to their 
2-5% carbohydrate content Glucosamme and galactosamme could not be detected 
Due to lack of protein, hydrolysis could not be performed for periods longer than 24 h 
Single samples of lsoenzyme III, however, were hydrolysed for 48 and 72 h, respec- 

T A B L E  V 

AMINO ACID COMPOSITION OF THE FIVE ISOENZYMES OF ~-CYCLOPIATONATF OXIDOC'~ CLOSE (AMINO 

~CID RESIDUES/MOLECULE ENZYME) 

bloleeular weights  taken  as 51 ooo for all the  l~oenz~mes  m the  ca lculat ions  ot the  n u mb er  oi 
a m m o  acid remdues/molecule  of  e n z y m e  

A m zno acid  A m~no aczd reszd~es/molecule o f  e n : y m , / o r  the five 
2soenzymes (nearest zntegral) 

I I I  I l i  I~  V 

Aspart lc  acid 48 43 45 44 4 ° 
T h r e o n m e  28 26 28 27 23 
Serme 29 28 25 33 34 
Glutamlc  acid 33 34 33 32 34 
Pro hne  23 23 23 19 19 
G l y c m e  33 34 32 35 37 
A la nme  31 29 28 z7 z7 
Vahne  25 25 27 23 24 
Methlonme 3 2 2 4 3 
Iso leucme 20 21 22 20 20 

Leucme 28 30 33 3 ° 29 
T:y r o s m e  15 15 17 17 18 
Pheny la lan lne  15 16 ] 8 17 17 
Lysme 19 20 21 24 zb 
Hlst ld ine  8 I o i o i o i o 
Argmlne  14 17 18 17 17 
T r y p t o p h a n  9 IO I I I I I I 
H a l f - c v s t m e  5 - 3 - - 
A m m o n i a  35 32 44 76 74 

Total  (w i thout  N H s )  386 383 306 39o 389 
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t lvely The results obta ined from these samples indicated tha t  there was a decrease m 
the threomne and  senne  content  bu t  an increase of the vahne and  lsoleucine content  
similar to tha t  reported by  MAYHEW AND MASSEY 12 for a f lavodoxm purified by  
them Assuming tha t  this finding was apphcable to all the lsoenzymes, correct values 
for these amino acids were obta ined  by  extrapolat ion 12 

The most  slgmficant differences in the ammo acid composit ion of the five lSO- 
enzymes were their  basic and  acidic ammo acid content  and  their a m m o m a  content  
A gradual  increase m basra amino acids from lsoenzyme I - V  of 41 to 53 residues and in 
ammonia  content  from 32 to 76 remdues and  a gradual  decrease in acldm ammo acids 
from 81 to 74 residues per molecule of enzyme were found The decrease in acidic 
amino acids m~nus the ammonia  residues per molecule (assuming tha t  the ammoma  
is in the amlde form in the protein) for enzyme I - V  vaned  from 46 to o The above- 
ment ioned  results are in good agreement  with and might  offer an explanat ion for the 
previously observed differences in the magmtude  of the positive charge of these 1so- 
enzymes 1 

Using the method  described by  BUCHANAN AND RABINOWlTZ 1°, the five lSO- 
enzymes were found to contam no acid labile morganlc sulphur  Glucose oxldase~S, 39 
and  L-ammo acid oxldase 4° are examples of f lavoprotem enzymes tha t  also conta in  
small  quant i t ies  of carbohydrates  The composit ion of the carbohydrates  was not  
de te rmmed The func tmn of such moieties m terms of the catalytm act lv l ty  of 1so- 
enzymes I and  n are still obscure, bu t  their  presence may  be ascribed to previous 
assocmtlon of these isoenzymes with the cell walls 

Studies on the flawn prosthetic group of the fl-cyclopmzonate oxldocyclases 
The ul t raviolet  and visible spectra of the lsoenzymes showed absorpt ion peaks 

° o l  

4 

0,02 

o Ol 

250 300 350 400  450 500  550 600  
WAVELENGTH (nm) 

Fig 6 Absorption spectrum of lsoenzyme III m o 02 M sodium phosphate buffer (pH 6 7) (A) 
The protein concentration ,~as about o 2 mg/ml The absorption spectrum after the addltmn of 
a small excess of sodium dlthlomte (B) or fl-eyeloplazomc acid (C) are also illustrated (D) shows 
the type of spectra given by lsoenzymes I and II in the 34o-35o-nm region 
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at 276, 366 and 45 ° n m  and a shoulder at 29o nm (Fig 6) The purified enzyme solu- 
tions had a yellow colour The addition of sodium dlthlonlte or/3-cycloplazonic acid 
caused the disappearance of the 450 nm peak, due to the reduction of the flavm bound 
to the enzyme protein (Fig 6) a-Cycloplazomc acid had no similar effect The results 
are similar to those reported for many flavoprotems2e,34,41, .2 The absorption of lso- 
enzymes I and II  in the 34o-35o-nm region is higher in relation to the absorption 
peak at 360 nm than that found for the other lsoenzymes In fact, their absorption 
spectra are in close agreement with that reported for milk xanthlne ox]dase by 
MACKLER et al 43 

The flavln residues released from the protein molecules showed absorption 
peaks at 450, 370 and 262 nm When activated at 45 ° n m  the lsoenzymes showed 
fluorescence peaks at 525-531 nm whereas the released flavln residues showed peaks at 
517-519 nm (Fig 7) which are similar to the fluorescence peaks found for FAD and 
FMN under similar conditions (see EXPERIMENTAL PROCEDURES) 

The fluorescences of the fl-cyclopxazonate oxldocyclases are lower than that of 
the released flavm residue, probably as a result of a quenching of the fluorescence by 
the protein The fluorescence of the released flavm residue was also much lower than 

IO 

g 

~, o 

I I L L I 

480 500 520 540 560 580 600 
W A V E L E N G T H  (nm) 

~ ~0 
Z 

05 

0~0 ~--~ & 

pH 

Fig 7 Fluorescence emission spectra of fl-cycloplazonate oxldoc-~clase (lsoenzyme III) (C) and 
the flavm res,due obtained from lsoenzyme III  by proteolytlc digestion ( t )  an o 05 M Trls-HC1 
buffer (pH 7 I) The enzyme concentration used ~as 25 ° ttg/ml and the amount of flavmn residue 
corresponded to 18o pg/ml lsoenzyme I l I  

Fig 8 The effect of pH on the fluorescence of FAD (D), FMiN (A) and the flavln remdue oh- 
tamed by proteolytlc digestion of lsoenzyme I I I (Q)) correspondmg to about 160/tg protein per ml 

that  of FMN at neutral pH However, the fluorescence increased enormously upon 
acidification An example of this characteristic pH dependence of the fluorescence of 
the flavm residues is illustrated in Fig 8, which Includes for comparison the p H -  
fluorescence curves of FMN and FAD44, 45 I t  may be noted that on the acid side of 
pH 3 o the pH-fluorescence curve of the flavm closely resembles those of FMN and 
FAD, but at pH values higher than 3 2 there is extensive internal quenching which is, 
however, less extensive than that of FAD in the pH range of 3 2-5 5 Purified flavln 
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residues obtained by paper chromatography followed by extraction or evaporation in 
a rotary evaporator gave similar results in fluorescence studies It  thus appears as if 
ammo acids and peptlde residues of the protein produced by proteolytic digestion did 
not effect the fluorescence of this compound 

Flavin residues obtamed after two cycles of paper chromatography 1~ employing 
either butanol-acetic acid-water or 5% Na2HPO 4 (w/v) as solvent followed by extrac- 
tion from the paper with water, were used for identification by paper chromatography 
employing both solvents When 5% Na2HPO 4 was used as solvent the RF value for 
the flavin corresponded with that of FAD, but in butanol-acetic acid-water it did 
not correspond with FAD or FMN Ninhydrm-reactlng material was visualized by a 
very sensitive spraying method 15 Flavin residue spots were found to be ninhydrin- 
positive, which indicated that the flavin residues were probably still attached to an 
amino acid and/or small peptlde This fact could explain the difference in the flavin 
residue R~ value in butanol-acetic acid-water and may also explain the Internal 
fluorescence quenching of the flavln residues at pH 4 o It  can be concluded that in 
the native enzyme the flavin is bound by covalent linkage to the protein and that 
during digestion, proteolysis stops at points determined by the specificity of the 
pronase or by structural or sterlc hindrance by the flavln 

Pentose determmations 9 on the flavm residues indicated that the flavms were 
dmucleotldes 

Flavln concentrations were calculated from the extinction coefficient of FAD 
at 450 nm, v2z I I  3 M-i cm-1 (see refs 46 and 47) It  was calculated that the iso- 
enzymes contain between o 65 and o 80 moles of flavln released per mole of enzyme 
(tool wt taken as 50 ooo) Longer periods of digestion with pronase did not yield 
higher values for the flavln content and pronase digestion of the protein residues 
obtained by thermal coagulation of the original digests showed no detectable quanti- 
tle~ of flavln Because it is quite possible that less than ioo% of the bound flavin 
might have been released b5 pronase digestion, it may be assumed that the enzymes 
contain I mole of flavln (most probably I:AD) per mole of enzyme 

CONCLUSIONS 

Results obtained in studies on the reactions catalysed by the/~-cyclopiazonate 
oxldocyclases indicate that the conversion of/~-cycloplazonlc acid Into a-cyclopiazonlc 
acid occurs in two concerted steps The first reaction is a dehydrogenation reaction 
with the formation of a double bond Several examples of flavoproteln-catalysed 
double bond formations are known 

The cychzatlon reaction or second reaction appears to be in concert with the 
dehydrogenation reaction and may also be catalysed by the enzyme, as indicated by 
the TPCK inhibition 

According to results obtained from prehmmary studies of the effect of pH on the 
activity of the lsoenzymes and the mhlbltlon of the dehydrogenation reaction by 
DNFB, it seems that an imldazole group of hlstldme and an a-amino group may be 
Involved in the breakdown of the enzyme-substrate complex The mechanism of the 
dehydrogenation reaction can be regarded as principally similar to the mechanism 
described for dehydrogenations hke the conversion of succmic acid to fumarlc acid 48,a9 
and 3-oxo steroids into ~i,a-3-oxo steroldS°, 5i This t~ o-step mechanism involves the 
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mltlal removal of a proton from the carbon atom adjacent to an electron-withdrawmg 
group (in this case the electron-wlthdrawang group is at the end of a conjugated 
system), followed by a hydride transfer to a suitable oxldlzmg agent 

Seeing that the cychzatlon reaction appears to take place in concert with the 
dehydrogenation reaction and that the proposed intermediate may be unstable, it can 
be concluded that the substrate stays bound to the same site on the enzyme molecule 
during the dehydrogenation as well as the cychzatlon reaction It  can be suggested 
that the cychzatlon reaction is catalysed by a nelghbouring positively charged group 
on the enzyme molecule Such a positive group could Induce a positive charge at the 
b position of the proposed mtermedlate compound 1 (see Fig 9) by means of relating 
either one of the two conjugated systems to the specific position of the double bond 
in the intermediate The cychzatlon reaction can then be initiated by a nucleophihc 
attack by the Jr-electrons of the double bond in the mevalonate-derived Cs-unlt (in 
position 4 of the lndole) on this positively charged, b position carbon atom followed 

- 1 :, " 3 c ' . ~ ' V " " ~ "  " ~ °  

H 
" ' . ' - o C _  _ _ .~t.~-- 

I 

9-'/////////c 

~Cyc h zatton 

N - - 0  

~t~.)---- NH 

f. 
J 
J 
J 

/ 
/ 
/ 
/ 
/ 
/ 
/ 

a-CyclopJazontc acid 

Fig 9 Proposed mecham~m for the dehydrogenat ion  and cychzatlon reactions m the con~ erslon 
of /5-mto a-cycloplazomc acid by  the fl-cyeloplazonate oxldocyclases 

by a concerted movement of the lone pair of electrons on the mtrogen, as indicated 
m Fig 9 Reasonmg from the mhlbltlon of the cychzatlon reaction by TPCK, it seems 
that the positively charged groups may be an lmldazole group but may as well be a 
lysme e-amino or a-amino group We wall attempt to determine the exact position of 
the double bond in the proposed intermediate in the near future and to obtain more 
definitive evidence that the cychzatlon reaction is also catalysed by the enzyme 

This cychzatlon reaction differs from that catalysed by 2,3-oxldosqualene lano- 
sterol cyclase in that it appears to take place in concert with an oxidative step, where- 
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as squalene cychzatlon is catalyzed by an enzyme different from the oxidative one 
which catalyses the formation of oxldosqualene ~8 

Although the postulated mechamsms may be overs~mphfied, they clearly 
indicate that these reactions can be explained in terms of molecular mechanisms 
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