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SUMMARY 

I Spectrophotometric and colorlmetric assay methods for the dehydrogenation 
of/5-cycloplazonmc acid and the conversion of fl- into a-eycloplazonie acid, both 
catalysed by fl-cycloplazonate oxldocyelase, were developed Paper chromatography, 
ultraviolet spectrophotometry and mass spectrometry were also used in ldentlfymg 
the product, a-cyclopmazonlc acid, formed in the above conversion 

2 Five isoenzymes of fl-cycloplazonate oxldocyclase were isolated and purified 
from the mycehum of Pemc,lhum cyclop,um Westhng by homogenization and extrac- 
tion, differential centrlfugatlon, (NH4)2SO * fractlonatlon, DEAE-cellulose chromato- 
graphy, Sephadex G-Ioo gel chromatography and CM-Sephadex C5o chromatography 
The final yield was 64% and the average final ennchment for the five lsoenzymes 133 

3 The results of mlcrozone electrophoresls, polyacrylamide gel electrophoresls 
and analytical ultracentnfugation Indicated pure and homogeneous preparations of 
all five isoenzymes 

4 The optimum pH for the dehydrogenation reaction and the conversion of 
fl- into a-cycloplazonic acid was found to be 6 8 

5 The five isoenzymes had essentially the same sedimentation coefficients 
(S°2o,w approx 4 o IO -is sec), diffusion coetficlents (D2o,w approx 7 3 lO-7 cm2 sec-1) 
partial specific volumes (~, o 73 cm3 g-l) and molecular weights (mol wt approx 
50 ooo) 

6 The lsoenzymes showed a similar specific activity for both the dehydrogena- 
tion and the conversion of/5- Into a-cyclopiazonic acid and occurred in a constant 
relative ratio 

Abbreviations DCIP, 2,6-dmhlorophenohndophenol,  PMS, phenazme methosulphate  
* Taken m part  from a thesis submit ted  by J C Schabort to the Facul ty  of Agriculture 

of the Umvers l ty  of Pretorla in partial fulfilment of the reqmrements  of the D Sc (Agnc)  degree 
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INTRODUCTION 

/~-Cycloplazonate oxldocyclase catalyses the conversion of/5-cycloplazonlc acid 
into a-cyclopIazonlc acid This conversion is the final step in the biosynthesis of  a- 
cycloplazonlc acid by  the mould Pemcdhum cvclop,um Westlmg 

Evidence tha t  ~-cyclopIazonlc acid is a precursor of a-cycloplazonlc acid hab 
been presented ~ a-Cycloplazomc acid accounts  for the toxici ty of a strain of P cyclo- 
prom Westhng (strain lO82) (I F H PURCHASE, personal communication) isolated by  
SCOTT 2 from stored grain and cereal products  The chemical structures and the rela- 
tive stereochemlstry of  a- and/5-cycloplazonlc acid (Fig I) have been deduced from 
chemical and stereochemlcal studies performed by  HOLZAPFEL el al 3,4 

Structure analyses as ,~ell as radioactive precursor Incorporation studies 
suggested the biosynthesis of  a-cyclopIazonlc acid from a C 5 unit  arising from meva- 
lonlc acid (the precursor of  the active isoprene y,y-dlmethylal lyl  pyrophosphate) ,  
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The  proposed  reac t ions  m the  e n z v m e - c a t a l y s e d  convers ion  of/~- into a-cvcloplazonlc  acid 

t r yp tophan  and two molecules of  acetic acldl, 3 The suggested biological Introduction 
of  a mevalonate  derived C 5 unit  into the 4-position of  an lndole can be similar to tha t  
known to occur, c g In the biosynthesis of the 17 serglc acid portion of  the ergot alka- 
loids in Clavlceps species The condensation of  t ryp tophan  and two molecules of  
acetic acid (or aeetoaeetate) to form a subst i tuted tetramic acid could be analogous 
to the formation of  tenuazonlc acid from L-lsoleuclne and two molecules of  acetic acid 
in Alternarm tenms Auet  6 T ryp tophan  has been recognized as a common precursor 
of  the complex lndole alkaloids T M  The cycloplazonle acldsa, 4, tenuazomc acid and 
erythroskyrene 1~ are the only presently known examples of  subst i tuted tetramlc 
acids occurring as natural  products  

a-Cycloplazomc acid is formed in shake cultures on Czapek-NaNOs media 
supplemented with trace elements 1 When  trace elements were omit ted  from the 
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media, a considerable reduction in the quant i ty  of a-cycloplazonlc acid produced was 
found and fl-cycloplazonlc acid accumulated fl-Cyeloplazonic acid was produced in 
the logarithmic phase of the growth curve and then disappeared dunng later stages 
of growth, whereas a-cyclopiazonlc acid was produced in complete media lust after 
the loganthmlc phase These facts, as well as the 6o% incorporation of 1*C-labelled 
fl-cycloplazonlc acid Into a-cycloplazomc acid, indicate clearly that  fl-cycloplazonlc 
acid is a precursor of a-cycloplazomc acid ~ 

I t  has been proposed that  the conversion of fl- into a-cycloplazonic acid occurs 
In two steps The first step should be the formation of a double bond, possibly at the 
position (a-b) indicated in the structure of a proposed Intermediate compound (Fig I), 
and the second should be a cychzatIon reaction occurring with or without the partici- 
pation of an enzyme The formation of a double bond nearer to the indole system is 
another and perhaps more acceptable possibility 

The main purpose of the work reported here was to find, isolate and s tudy the 
enzyme responsible for the conversion of/5- into a-cycloplazonlc acid in shake cultures 
of P cyclopmm Westhng in media fully supplemented with trace elements The isola- 
tion and purification was achieved Five lsozymes were found that  could catalyze 
both the dehydrogenation as well as the cychzatlon reaction I t  was decided to call 
these enzymes the fl-cycloplazonate oxidocyclases Knowledge of the biochemical, 
and biophysical properties of these enzymes, which catalyze these unique reactions 
should be of interest to biochemists studying other complicated oxidative cychzatlon 
reactions A short preliminary report of some of the work reported here has been 
presented at an IUPAC symposium in Johannesburg, South Africa in 1969 

MATERIALS AND METHODS 

Matermls 
P cyclop,um Westhng (strain 1082) was grown in shake cultures on Czapek- 

NAN03 media 1 The mycehum was harvested after 5 days 
a-Cycloplazomc acid was isolated from cultures of P cyclop~um Westhng 

(strain lO82) on sterilized wet maize meal as described by  HOLZAPI~EL 3 fl-Cyclopla- 
zonic acid was isolated from shake cultures of P cyclop~um Westhng (strain lO82) 
grown In aqueous media described elsewherO 4 

Sephadex G-Ioo and G-20o, CM-Sephadex C5 o and blue dextran 2000 were 
obtained from Pharmacla, Uppsala, Sweden and DEAE-cellulose from Blo-Rad 
Laboratories Cytochrome c, lactate dehydrogenase, and NAD + were obtained from 
Boehringer, Mannhelm, Germany Phenazlne methosulphate was obtained from 
Sigma Chem,  St Louis, Mo, U S A ,  bovine serum albumin from Nutritional Bio- 
chemical Corp,  Cleveland, Ohio, U S A ,  2,6-dlchlorophenohndophenol (DCIP) from 
E Merck, Darmstadt ,  Germany and dialysis tubing from the Fisher Scientific Com- 
pany 

All other chemicals used were of analytical grade quality 

Assay methods 
Assay methods for the dehydrogenatwn reactzon 
Spectrophotometrzc method employzng DCIP as termmal electron acceptor DCIP 

was found to be a very effective terminal acceptor of electrons in the dehydrogenation 
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of f l-cycloplazonlc acid b y  fl-cyclopxazonate oxIdocyclase  The decrease in absorbance  
a t  600 nm, measured  in a Beckman  model  D K 2 A  ra t io  recording spec t ropho tomete r  
employ ing  the  t ime  dr ive  a t t a c h m e n t ,  was used to calculate  the  dehydrogena t ing  
ac t i v i t y  The  nmoles  of  DCIP  reduced  and  thus  nmoles  fl-cycloplazonxc acid oxidized 
d u n n g  the  reac t ion  were ca lcu la ted  from the  molar  absorbance  coefficient of D C I P  
at  600 nm which is given as 19 ooo M -1 cm -1 (see refs 16 and  I7) The ve loc i ty  of 
the  reac t ion  was expressed in nM m m  1 A decrease of o oo i  in absorbance  per  min 
at  600 nm was employed  as an a r b i t r a r y  uni t  of ac t i v i t y  dur ing the  Isolation of  the  
enzyme A c t i v i t y  was also expressed m nmoles DCIP  reduced  or fi-cycloplazonac acid 
oxidized per  mln and  specific ac t i v i t y  an nmoles /mln  per  mg prote in  

S t a n d a r d  react ion mix tures  used for th is  assay  me thod  conta ined  lO5 nmoles 
sodium malea te  (pH 6 6), i8o  nmoles D C I P ,  o 3 nmole  fl-cyclopxazomc acid in 6 7°0 
(v/v) me thano l  (final ( o n c n )  and the enzyme p repa ra t ion  in the  sample  cell wi th  a 
final vo lume of 3 o ml In  the  reference cell f l-cycloplazonic acid was omi t t ed  in most  
cases bu t  in some cases the  enzyme was omi t t ed  and replaced  bv  buffer The final p H  
of the  react ion mix tu re  was 6 82 and  the  react ion was in i t i a t ed  b y  the addi t ion  of 
/3-cycloplazonlc acid The t e m p e r a t u r e  was regu la ted  at  25 ° b y  the t empe ra tu r e  regu- 
l a t ed  cell holder  of the  Beckman  model  D K 2 A  spec t ropho tome te r  except  inhere Indi- 
ca ted  otherwise The a m o u n t  of enzyme t aken  was such t ha t  the  react ion was zero 
order  wi th  respect  to  bo th  DCIP  and  fl-cyclopaazonlc acid, so t ha t  a l inear  re la t ionship  
be tween the  dehyd rogena t i ng  ac t i v i t y  and  enzyme concent ra t ion  was found An 
amoun t  of  enzyme with  a dehydrogena t ing  ac t iv i ty  of i oo  a r b i t r a r y  uni ts  still  fell in 
this  range This  value  x~ as never  exceeded in dehydrogena t ing  ac t i v i t y  measurements  

Al though  f l -cycloplazomc acid is soluble in NaHCO 3 ~olutlons, it  dIssoh es ver b 
slowly an buffered solut ions at  neu t ra l  p H  values  in spate of the  fact t ha t  it  m a y  have  
a l r eady  been neu t ra l ized  b y  the addi t ion  of N a O H  or NaHCO 3 I t  ~ a s  found t ha t  
enough/5-cyclopiazonic  acid can dissolve In 5 to 6 7°o (v/v) me thano l  (final concn ) to 
ensure zero order  kinet ics  wi th  respect  to this  compound  under  the  exper imen ta l  
condi t ions  used The compound  was dissolved in pure  me thano l  and  added  to the  
reac t ion  mix tu re  in o 2 ml me thano l  (o 3 nmole f l -cyclopiazomc acid was usua l ly  
taken)  When  employ ing  a lO% (v/v) final concent ra t ion  of me thano l  the  react ion was 
inh ib i t ed  abou t  lO% In compar ison  ~ i t h  a final concent ra t ion  of  5°0 (v/v) 

Spectrophotometr~c method employing cvtochrome c as terminal electron acceptor 
Dehydrogena t i ng  a c t i v i t y  de te rmina t ions ,  employ ing  c ) t oc h rome  c as a t e rmina l  
e lectron acceptor ,  ~e r e  per formed  under  ident ica l  condi t ions  as descr ibed for the  
spec t ropho tomet r l c  m e t h o d  employing  D C I P  as a t e rmina l  e lectron acceptor  The 
only  difference in the  composi t ion  of the  react ion mix tures  was t h a t  o 18 nmole cyto-  
chrome c was subs t i t u t ed  for D C I P  The increase in absorbance  at  55o nm was used 
as a measure  of  a c t i v i t y  When  I / ,mole phenazine  me thosu lpha te  (PMS) was also 
inc luded In the  react ion mixtures ,  the  dehydrogena t ing  ac t i v i t y  expressed in/~moles  
cy tochrome  c reduced  or f l -cycloplazonic acid dehyd rogena t ed  per  min, was abou t  
84% of  t ha t  ob ta ined  with  D C I P  The ac t iv i ty  expressed ln/~moles/mln was ca lcu la t ed  
b y  using the molar  absorbance  index difference be tween the ful ly reduced  and  full 5 
oxid ized  cy tochrome c at  550 nm a t  p H  7 o of 19 7oo M -1 cm 1 (see refs 16 and 18) 
The e at  55o nm (reduced - -  oxidized) of  cy tochrome c has been de te rmined  as 2I  ooo 
b y  MASSEY 19 and as 21 200 b y  VAN GELDER AND ~LATER 20 
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Assay methods for the conversmn of fl-cyclopmzomc aczd ,nto a-cvclopmzonzc aczd 
Ehrhch method a-Cycloplazomc acid gave a purple-blue Ehrhch colour reaction 

which suggested the presence of an lndole system, unsubstltuted In the a- or /3- 
position 8,2a fl-Cyclopiazomc acid did not give a colour reaction with the Ehrllch 
reagent most probably because of the stereochemlcal reasons suggested by HOLZ- 
APFEL et al 4 

A standard incubation mixture used for the Ehrhch assay method contained 
IO5 #moles sodium maleate (pH 6 6), I #mole PMS, o 6/~mole fl-cycloplazomc acid 
in 6 7% (v/v) methanol (final concn) and enzyme preparation m a total ~olume of 
3 ml The final pH was 6 82 The reaction mixtures were incubated at 37 ° m a water- 
bath The reaction was initiated by the addltlon of fl-cycloplazonlc acid and was ~top- 
ped at different time intervals by means of the chloroform extraction method for 
cycloplazomc acids This was performed by the addition of 7 ml distilled water, a few 
drops of concentrated HC1 and two consecutive extractions with equal volumes of 
chloroform in a separating funnel The chloroform solutions were combined and the 
chloroform evaporated In a rotary evaporator The residue was dissolved in 2 ml 
methanol followed by the addition of x ml lO% (v/v) 4-dlmethylammobenzaldehyde 
(Ehrllch reagent) in methanol and 2 ml concentrated HC1 The absorbance of this 
solution was read after 15 mm at 580 nm In a Beckman model DB spectrophotometer 
The amount a-cyclopmzonlc acid formed was obtained from a standard curve The 
recovery of a-cycloplazonlc acid by the above-mentioned extraction procedure wa~ 
about 98% 

Enzyme activity was expressed as #moles a-cycloplazonlc acid formed per mln 
and the specific activity as #moles/mm per mg protein 

Paper chromatography The a-cycloplazonlc acid formed in reaction mixtures 
containing fl-cycloplazomc acid was identified by paper chromatography described 
elsewhereX, 4 after extraction from incubation mixtures with chloroform as described 
above 
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Fig  2 Ul t rav io le t  abso rp t ion  spec t ra  of  a-cycloplazonlc  acid and  fl-cycloplazonlc acid in d i lu ted  
HC1 so lu t ions  (pH I o) a n d  o 02 M s o d i u m  p h o s p h a t e  buffer  (pH 6 7) The  concen t r a t ion  o f  t hese  
c o m p o u n d s  was  a b o u t  o I / , m o l e  in 3 ml  solut ion which  also con ta ined  5°o (v/v) m e t h a n o l  
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Ultrav,olet spectrophotometry The ultraviolet spectra of a- and fl-cycloplazonlc 
acids were determined in aqueous solutions containing 5% (v/v) methanol using a 
Beckman model DK2A ratio recording spectrophotometer A marked difference in 
their spectra in the 25o-nm region was observed at pH values higher than the pKa of 
these acids, which is about 3 5 (Fig 2) At p H I  o both acids showed only one absorp- 
tion peak at 281 nm but at pH 6 7 (or any pH value from 4 5 upwards) a-cyclopla- 
zonlc acid showed absorption maxima at 281 and 252 nm whereas fl-cycloplazonlc 
acid showed a peak at 281 nm and a shoulder at 246 nm This difference was used to 
Identify a-cycloplazomc acid extracted from reaction mixtures and separated from 
fl-cycloplazomc acid (substrate) on paper chromatograms 

The pKa of a-cycloplazonlc acid was determined by plotting the change in 
absorbance at 252 nm versus pH A pKa of 3 45 was found 

Mass spectrometry a-Cycloplazomc acid was extracted from reaction mixtures 
and separated from fl-cycloplazonlc acid (substrate) on paper chromatograms Un- 
sprayed strips of the paper chromatograms containing a-cycloplazomc acid were ex- 
tracted with chloroform The chloroform extracts were extracted with a NaHCO 3 
solution, after which the extract was acidified with HC1 and the a-cycloplazonlc acid 
extracted with chloroform The chloroform was evaporated in a rotary evaporator 
The a-cycloplazonlc acid obtained from the paper chromatograms seemed to be free 
of any contaminating formamlde The mass spectrum recorded on a MS- 9 spectro- 
meter showed a strong molecular ion (m/e 336) and prominent fragment ions at m/e 
154, 155, 181, 182 and 196 similar to that reported for a-cycloplazonlc acid by 
HOLZAPFEL 3 These fragments must contain the mdole system and three additional 
carbon atoms 

M,crozone eleetrophoresm 
A Beckman mlcrozone electrophoresls system employing the Beckman micro- 

zone electrophoresls cell model R- io i  was used for mlcrozone electrophoresls of 
enzyme preparations on cellulose acetate films as described in the Beckman model R 
mlcrozone electrophoresls cell instruction manual RM-IM-3 The membranes were 
stained with Ponceau S as described in the instructions and finally scanned with a 
Beckman model R8 Analytrol densmtometer with the mlcrozone attachment 

Polyacrylamzde gel electrophoresm 
Polyacrylamlde gel electrophoresls was performed by a modification 22,z3 of the 

method described by REISFELD et al 24 The method only differed from the one 
described by FAMBROUGH AND BONNER 22 in that a o 1% ammonium per~ulphate 
solution instead of a o 2% solution was used 

A nalytzcal ultracentr,fugatzon 
The homogeneity of the purified lsoenzymes was investigated in a Splnco model 

E ultracentrifuge Sedimentation coefficients were determined by the sedimentation- 
velocity method 25 Diffusion coefficients were measured as described by MOLLER 26 
An An-D rotor with a single sector, quartz, plain window, analytical cell with alu- 
mlmum centre piece was used in conjunction with the absorption optical system 
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The ,solatzon and purzficat,on of the five ,soenzymes of fl-cyclopmzonate omdocyclase 
The mycehum of  P cyclopmm Westhng ,  grown in shake  cul tures  under  the  

condi t ions  for the  p roduc t ion  of  a -cycloplazonlc  acid 1, was used as a source of  these 
l soenzymes All  Isolat ion procedures  were carr ied  out  a t  o to 5 ° f l -Cycloplazonate  
oxldocyclase  ac t i v i t y  was d e t e r m m e d  af te r  each s tep (dehydrogena t ing  ac t i v i t y  b y  
the spec t ropho tomet r l c  m e t h o d  wi th  D C I P  as t e rmina l  e lect ron acceptor  as well as 
the  t o t a l  conversion of/5- in to  a-cycloplazonlc  acid b y  the Ehrhch  method)  Pro te in  
was de t e rmined  af te r  each s tep  b y  a s t anda rd i zed  m e t h o d  of Lowry  and to t a l  
mt rogen  b y  a mlc ro -Kle ldah l  m e t h o d  2s 

Extract, on Step I The mycehum,  ha rves t ed  b y  f i l t rat ion,  was kep t  a t  - -  IO ° for 
different  periods,  thawed,  suspended  m 5 par t s  (w/v) o 05 M sodmm malea te  buffer 
(pH 6 6) and  homogenized  in a Sorval l  Omnlmlx  b lender  for 3 m m  at  m a x i m u m  speed 
The  homogena te ,  suspended  m 2 pa r t s  (v/v) of the  above-men t ioned  buffer, was then  
t r e a t e d  for 8 to IO rain m an E d m u n d  Buhler  v ib ra to r  using gla~s beads  (about  500 # m  
m diameter )  in a ra t io  to the  suspension of  3 I (v/v) a t  0-5 ° The suspension was 
decan ted  from the  glass beads,  pressed th rough  8 layers  of  cheese cloth and  centr i -  
fuged a t  44 ooo × g for 30 m m  in a Spmco Model L- 4 u l t racent r i fuge  The s u p e r n a t a n t  
solut ion con ta ined  the  enzymes Ul t rasomf ica t lon  in the  presence of glass powder  or 
gr inding  of  the  m y c e h u m  wi th  sand  in a m o r t a r  were less effective when employed  as 
cell b reak ing  me thods  Omi t t i ng  the  v ib ra to r  s tep  only 15-2o% cell b reakage  was 
found An  mcrease  of  15-2o% m enzyme a c t i v i t y  per  g of m y c e h u m  and a 6-fold m- 
crease in the  to ta l  amoun t  of  p ro te in  was found when the v ib ra to r  s tep was included 
The cul ture  f i l t ra te  con t amed  enzymic  ac t i v i t y  equiva len t  to abou t  IO°o of  t h a t  
o b t a m e d  af ter  m a x i m u m  cell b reakage  These resul ts  indicate  the  possible associa t ion 
of  the  enzymes  wi th  m y c e h u m  cell walls  

(NH4)2SO 4 fract, onat,on Step 2 Dry,  powdered  (NH4),SO 4 was added  over  a 
per iod  of  30 m m  to the  above  men t ioned  s u p e r n a t a n t  solut ion to 25~o sa tu ra t ion  
This  solut ion was left  in an ice-ba th  for 30 mln and  then  cent r i fuged a t  20 ooo × g 
for 20 m m  m a Splnco model  L-4 u l t racent r i fuge  The  p rec ip i t a te  was d iscarded  and  
(NH4)2SO 4 was a d d e d  to the  s u p e r n a t a n t  solut ion over  a per iod of 30 rain to  a final 
s a tu r a t i on  of  94~o The  p r epa ra t i on  was left  overn ight  in a cold room a t  2-3 ° and  then 
cent r i fuged a t  20 ooo × g for 20 rain The p rec ip i t a t e  was suspended  in lO-15 ml 
o 05 M sodium malea te  buffer (pH 6 6) per  IOO g of m y c e h u m  and  d la lysed  overn ight  
aga ins t  2 1 of  the  above-men t ioned  buffer, changing the buffer twice The  dlffusate 
was cent r i fuged at  5 ° ooo × g for 20 m m  and  the  sed iment  d i scarded  The  pro te in  
f rac t ion p rec ip i t a t ed  be tween 25 and  94% sa tu ra t ion  conta ined  near ly  all the  enzyme 
a c t i v i t y  (NH4)2SO 4 f rac t lona t lon  be tween 25 and  94% sa tu ra t i on  also f r ac t lona ted  
the  enzymic  a c t i v i t y  The  a m o u n t  of  (NH,)2SO 4 to be a d d e d  in order  to o b t a m  the 
requi red  sa tu ra t ion  a t  o ° was ca lcu la ted  by  usmg the  KUNITZ ~° re la t ionship  as em- 
p loyed  b y  DI JESSO 3° 

E thano l  f rac t lonat lon ,  p H  and  hea t  p rec ip i t a t ion  y ie lded  unsa t i s fac to ry  resul ts  
DEAE-cellulose chromatography Step 3 A column of  DEAE-ce l lu lose  (capac i ty  

o 6 mequlv/g) ,  38 cm × 2 5 cm, was p repa red  and  e q m h b r a t e d  wi th  o o 5 M sodium 
malea te  buffer (pH 6 6) A b o u t  15o-3oo mg of  p ro te in  ob ta ined  in Step 2 were appl ied  
to the  column Af te r  300 ml  of  the  above-men t ioned  buffer had  passed  through,  a 
l inear  increase in m o l a r l t y  f rom o 05 to o 5 M over  400 ml at  p H  6 6 was effected 
wi th  o 45 M NaC1 b y  employ ing  a hnear  concent ra t ion  grad ien t  An example  of an 
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elutlon diagram obta ined  when 238 mg of protein (about 5o ml), obta ined  in Step 2 
was apphed to a DEAE-cellulose column is given in Fig 3 Contents  of tubes contain-  
mg fl-cyclopiazonate oxldocyclase ac t iv i ty  of 20 and  more a rb i t ra ry  unl t s /ml  were 
combined Since lyophmhzatlon caused denatura t ion ,  the enzyme preparat ion was 
concent ra ted  by  sucrose dehydra t ion  Dialysis bags conta in ing the enzyme were 
covered with sucrose, which was replaced when necessary un t i l  enough of the buffered 
solution had been wi thdrawn This procedure was performed at 2-3 ° The concentra ted 
protein solution was then dlalysed overnight  against  o 05 M sodium maleate buffer 
(pH 6 6), changing the buffer solution t~ice  In  this m a n n e r  the enzyme prepara t ion  
could be concent ra ted  3-4-fold and  in case this was not  sufficient the procedure, 
which took only 2-5 h depending on the volume, could be repeated 

S~phadex G-zoo gel chromatography Step 4 A Sephadex G-Ioo (Medium) 
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Fig 3 Purification of fl-cvcloplazonate ox]docyclase on DEAE-cellulose The column ~as de- 
~eloped at a flo~ rate of lO-14 ml/h and 4-ml fractions were collected Protein concentration was 
determined spectrophotometncally at 280 nm against o 05 M sodium maleate buffer (pH 6 6) in 
the reference cell of the Beckman model DK2A spectrophotonleter Enzyme activity is expressed 
in arbitrary units as defined when employing DCIP as terminal electron acceptor Similar acti- 
vity distribution was obtained by the Ehrhch method A linear concentration gradient was used 
as indicated 

column, 86 cm × 2 5 cm, was packed under  gravi ta t ion  in o 05 M sodium maleate  
buffer (pH 6 6) The enzyme preparat ion obta ined  in Step 3 (about lO-15 ml) was 
applied to the column, which was then eluted with the above-ment ioned buffer at a 
flow rate of 18-2o ml/h An example of the elutlon diagram is given in Fig 4 in which 
98 mg protein was applied to the column Fract ions  conta in ing  enzyme ac t iv i ty  of 
4 ° a rb i t ra ry  uni ts  or more were combined and  concentra ted by  means of the sucrose 
method and  then dlalysed against  o 005 or o 02 M sodium phosphate  buffers (pH 6 7) 
As md]cated in Fig 4, the enzymes were eluted in the thi rd  and  last protein peak 
A much lower purification factor was obta ined  in this step in cases where the v ibra tor  
s tep was omit ted  in the extract ion step 

CM-Sephadex C5o chromatography Step 5 Columns of CM-Sephadex C5o 
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Fig 4 Purification offl-cycloplazonate oxldocyclase on Sephadex G-ioo The effluent was collect- 
ed in 4-ml fractions Protein concentrat ion and enzyme act ivi ty were determined and expresscd 
as described in the legend to Fig 2 
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Fig 5 An example of an elutlon diagram obtained f rom CM-Sephadex C5 o ch r oma tog r a phy  em- 
ploying linear salt concentrat ion gradients  s tar t ing wi th  o 02 M sodium phospha te  buffer (pH 6 6) 
About  45 mg protein (2o ml) was applied to the column (2 5 cm × 35 cm) The flow ra te  was 15- 
18 ml/h  Protein concentrat ion and enzyme act ivi ty  were determined and expressed as described 
in the legend to Fig 2 
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(capac i ty  4 5 mequIv/g ,  par t ic le  size 4o-I2O #m),  35 cm × 2 5 cm, were packed  and  
equ lhb ra t ed  in o 02 M sodium phospha te  buffer (pH 6 7) and  2 5 cm × 85 cm columns 
in 5 mM of the  same buffer The columns were e lu ted  wi th  the  app rop r i a t e  buffers 
and  b y  using consecut ive sal t  concent ra t ion  grad ien ts  as ind ica ted  In Figb 5 and 6, 
af ter  app l ica t ion  of  the  enzyme p repa ra t ions  o b t a m e d  in Step 4 F ive  peaks  wi th  
enzyme ac t i v i t y  were ob ta ined  The fract ions of  each peak  were combined  as Indica ted  
(by ver t ica l  hnes) in F ig  5 In  the  case of  F ig  6, f ract ions conta in ing more than  IO 
a r b i t r a r y  uni ts  of enzyme a c t i v i t y  (dehydrogena t ing  ac t iv i ty)  were combined  A sixth 
peak  conta in ing  no enzyme ac t i v i t y  was also e lu ted  from the columns An bo th  cases 
In  all exper imen t s  the  re la t ive  ra t io  of  the  five lsoenzymes ob ta ined  in Step 5 showed 
no var ia t ion  from those ind ica ted  in Figs  5 and 6 and Table  I Even  in those cases 
where the  re la t ive  amoun t  of cells broken was 15-2o% (Step i) ,  the  re la t ive  ra t io  
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Fig 6 Purification of/~-cycloplazonate oxldocyclase by CM-Sephadex C5o chromatography em- 
ploying hnear salt concentration gradients starting elutlon with 5 mM sodium phosphate buffer 
(pH 6 6) About 90 nag protein was applied to the column (2 5 cm × 85 cm) The flow rate was 
15-18 ml/h Protein concentration and enzyme actl~ltV ~as determmed and expressed as described 
in the legend to Fig 2 

r ema ined  the same bu t  the  amoun t  of p ro te in  e lu ted  in the  s ix th  peak  was less and  
the  final enr ichment  was also much less 

The specific ac t iv i t ies  of the  five lsoenzymes,  as well as the  purif icat ion factors  
ob ta ined  in Step  5 for each of t hem were s imilar  (Table I) 

An average  final puri f icat ion fac tor  for the  five lsoenzymes oi I33-fold was 
ob ta ined  (the highest  for enzyme I I I  (I39-fold) the  lowest  for enzyme I I  (I24-fold) 
The  average  specific a c t i v i t y  was 58 4 nmoles /mIn per  mg pro te in  (enzyme I I I  hav ing  
the  highest  specific a c t i v i t y  and  enzyme I I  the  lowest) The final to t a l  ymld  of  enzyme 
ac t i v i t y  was 64% The to t a l  amoun t  of  enzyme prote in  ob ta ined  from 35 ° g myce l lum 
(wet wt ) was 33 7 mg 
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T A B L E  I 

SUMMARY" OF RESULTS O B T A I N E D  IN T H E  COURSE  OF T H E  P U R I F I C A T I O N  OF /3 -CYCLOPIAZONATE O X I D O C Y C L A S E  

At each step the dehydrogenat ing  act ivi ty as well as the rate  of  conversion of/3- into a-cycloplazomc acid were 
determined Since the  respective reaction rates  were mmflar, the spect rophotometr lc  method employing DCIP  
as terminal  electron acceptor  was more often used due to Its higher accuracy and sensi t ivi ty and because it was 
less t ime-consuming 

Purzficat,on step Total Total actzvzty Speczfic act, v,ty Y, eld Pur,ficatzon 
prote*n (nmoles/m,n) (nmoles/m,n per mg (%) (-fold) 
(rag) prote,n ) 

I Ex t rac t ion  7000 3o80 o 44 IOO I o 
2 Differential centrlfu- 

gatlon 2670 2937 I IO 95 2 5 
3 (NH4)2SO4 fract :onat lon 284 2784 9 80 90 22 3 
4 DEAE-cellulose 

ch roma tog raphy  13o 231o 17 84 75 4 ° 5 
5 Sephadex G-Ioo gel 

chromatograph,c" 53 2o91 39 42 68 89 6 
6 CM-Sephadex C5 o 

ch roma tog raphy  
Isoenzyme I 8 2 468 57 i 15 129 8 
Isoenzyme I I  7 o 383 54 5 12 123 9 
Isoenzyme I I I  14 I 858 61 I 28 138 9 
Isoenzyme IV I 7 lO2 59 3 3 3 134 8 
I soenzyme V 2 7 162 59 4 5 3 135 o 

Total  (I-V) 33 7 1973 58 4 64 132 7 

RESULTS AND DISCUSSION 

Assay methods 
Dehydrogenation of fl-cyclopzazonw acid 
W h e n  a-cycloplazonlc  acld  was used as subs t r a t e  for dehydrogena t ion  no 

a c t i v i t y  was recorded The  enzyme conta ined  a f lavm pros the t ic  group which was 
reduced  b y  f l-cycloplazonlc acid bu t  not  b y  a-cycloplazonlc  acid  8: The  resul ts  c lear ly 
demons t r a t e  t h a t  these enzymes can act  as ca ta lys t s  for the  dehydrogena t ion  of  a 
C-C bond  Blanks  w i thou t  enzyme showed no a c t i v i t y  In  the  absence of f l-cyclopia-  
zonlc acid  no reduct ion  of  D C I P  was observed 

a -Cycloplazomc acid  was ex t r ac t ed  wi th  chloroform at  different  t ime in te rva ls  
from reac t ion  mix tu res  for the  de t e rmina t ion  of  the  dehydrogena t ing  ac t iv i ty  and  
Its concent ra t ion  de t e rmined  co lo r lme tnca l ly  b y  means  of the  Eh rhch  m e t h o d  The  
a m o u n t  of  a -cyc loplazomc acid formed was equal  to the  amoun t  of  f l -cyclopiazomc 
acid  d e h y d r o g e n a t e d  per  uni t  t ime  This  fact  i nd ica t ed  t h a t  the  enzymes  are capable  
of  ca ta lys ing  bo th  the  dehydrogena t ion  and  cychza t lon  reac t ion  a t  a p p r o x i m a t e l y  
the  same ra te  

W h e n  PMS (I #mole)  was included In the  reac t ion  mix tures  (both cells) an 
increase of  abou t  lO% In the  dehydrogena t ing  ac t i v i t y  was observed  which ind ica ted  
t h a t  PMS can act  as an in t e rmed ia t e  electron accep tor  be tween  the  enzyme and 
D C I P  

The presence of  dissolved oxygen  in no w a y  in ter fered  wi th  the  spec t rophoto-  
met r ic  assay  using D C I P  The ac t i v i t y  under  anaerobic  condit ions,  de t e rmined  in 
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Thunberg  cuve t tes  in the  presence of  ni t rogen,  was smnlar  to t h a t  found under  aerobic 
c o n d i t i o n s  ARRIGONI AND SINGER 32 r epor ted  a s imilar  resul t  in the  assay  of  succlnate  
dehydrogenase  which IS a flavln conta in ing  enzyme also 

S p e c t r o p h o t o m e t n c  assay  procedures  using cy tochrome c as a t e rmina l  electron 
aceep tor  are pa r t i cu l a r ly  wel l -known for succlnlC dehydrogenase l<  ~ The use of 
cy tochrome c as a t e rmina l  e lectron acceptor  was pa r t i cu la r ly  useful for o p t i m u m  p H  
de t e rmlna tmns  below p H  6 4 because the  absorbance  of D C l P  at  boo nm decreases 
r ap id ly  below this  value  and below p H  5 9 it loses i ts colour complete l  5 DCIP  could, 
however,  be used down to p H  6 I, employ ing  ca lcu la ted  absorbance  Indexes at  each 
p H  value  below p H  6 4 

Blank  de te rmina t ions  ab per formed  wi th  D C I P  gave no ac t i v i t y  wi th  the  cy to-  
chrome c -PMS sys tem W i t h  a-c \  c loplazomc acid as ~ubstrate  no dehydrogena t ion  
ac t i v i t y  was recorded 

No dehydrogena t ing  ac t i v i t y  was ob ta ined  employing  fer rmyanlde  as a t e rmina l  
e lectron acceptor ,  most  p r o b a b l y  due to inhib i t ion  by  Fe a÷ (ref 3 I) 

Resul ts  ob ta ined  with  o ther  e lectron carriers,  e lectron acceptors  and  cofactors 
are r epor ted  elsewhere a~ 

Conversion of [3-cvcl@2azomc acid to a-cvclopmzomc aczd 
Blank  de te rmina t ions  wi thou t  enzyme employ ing  the Ehrhch  me thod  showed 

no ac t i v i t y  
a-Cycloplazonm acid formed In lncuba tmn  mix tures  was ident if ied b 5 pape r  

c h r o m a t o g r a p h y  The RE values  were o 54 and o 23 for a- and/3-cycloplazonlc  acid, 
respec t ive ly  

a -Cycloplazomc acid formed b y  the  react ions  ca ta lysed  b y  the /3-cycloplazonate  
oxldocyclases  was also Identif ied b y  u l t rav io le t  abso rp tmn  and mass  spe c t rome t ry  
The decrease in molecular  weight  from 338 for fl-c} cloplazomc acid to 33b for a-cvclo-  
plazonlc acid  c lear ly  lndmates  t ha t  fl-c 5 cloplazomc acid ~ as dehydrogena t ed  b y  the 
ac t ion of /3-cycloplazonate  oxldocyclase  dur ing the conversion of  fi- into a-cyclopla-  
zonlc acid 

A l inear  re la t ionship  was found be tween reac t ion  veloci ty  and  enzyme concen- 
t r a t i on  for bo th  the  dehydrogena t ion  reac t ion  and the conversion of/3- Into c,-cyclo- 
plazonm acid 

Optzmum pH 
The o p t i m u m  p H  de te rmined  b y  the s p e c t r o p h o t o m e t n c  assay  methods  em- 

p loying  D C I P  and cy tochrome c as t e rmina l  e lectron acceptors  as well as the  Ehrhch  
m e t h o d  was found to be abou t  6 8 The  five lsoenzymes showed the same o p t i m u m  p H  
for bo th  the  dehydrogena t ion  as well as the  to ta l  conversion of/5- Into a-cycloplazonlc  
acid The  o p t i m u m  p H  curves for l soenzyme I I I  are shown an Fig  7 

Stabzhtv 
The five lsoenzymes of  f l -cycloplazonate  oxldocyclase  were found to re ta in  90°/,, 

of thei r  a c t i v i t y  af ter  2 mon ths  at  o 4 ° In o 05 M malea te  buffer (pH 6 6) conta in ing  
o 05 M NaC1 or In o 02 M sodium phospha te  buffer (pH 6 7) conta in ing  o 08 M NaC1 

The t e m p e r a t u r e  s tabfl l t  5 of the  five lsoenzymes was essent ia l ly  the  same They  
lost all thei r  a c t i v i t y  a f te r  hea t  t r e a t m e n t  for IO m m  at  75 5 ° in a cons tan t  t empera -  
ture  w a t e r - b a t h  bu t  r e t a ined  70% of thei r  a c t i v i t y  af ter  io  mln a t  55 ° 
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Lyophl l lza t lon  caused a loss of  about  50% of the ac t iv i ty  in some cases The 

effects of  urea on the act ivi t ies  ~f the lsoenzymes were also s tudied by the D C I P  and 

Ehrl lch  assay methods  IO M ice-cold urea solutions were added to enzyme prepara-  

tions m o 05 M sodium malea te  buffer (pH 6 6), conta ining o 05 M NaC1, up to final 
urea concentra t ions  of  3 and 6 M, respect ively  These solutions were kept  at o ° in an 

ice-bath E n z y m e  ac t iv i ty  was de te rmined  on ahquots  taken after  I 5, 15 and 30 rain 

6 M urea caused the loss of at least 90% of the ac t iv i ty  of  all the lsoenzymes after  
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Fig 7 Optimum pH of dehydrogenation and total conversion of ~- into a-cycloplazonlc acid for 
purified isoenzyme III About 12 ,/~g purified enzgrne was used per nil of the reaction mixture 
The assay procedure is described m the text 

I 5 min and 15 mln and near ly  lOO% after  3 ° rain Approx  37-48% decrease in 

ac t iv i ty  of  all the  lsoenzymes was found in 3 M urea at  I 5, 15 as well as 30 rain The 
urea concentra t ion  In the react ion mixtures  for assaying enzyme ac t iv i ty  ~as  o 2 or 

o 4 M depending on whether  3 or 6 M u r e a - e n z y m e  solutions were assayed Wi th  the 

D C I P  me thod  It was observed tha t  the act ivi t ies  s ta r ted  to Increase after  5-1o rain 
in the di lu ted urea solution of  the react ion mix tu re  After  15 mln an increase of  about  

20-25% was observed This indica ted  tha t  the dena tura t ion  of  the isoenzymes by 
urea 1~ a reversible process as observed for m a n y  other  proteins 34 The dena tura t ion  

by heat,  however,  was irreversible 

Homogenezty of the fl-cyclopmzonate oxzdocyclases 
The five lsoenzymes obta ined  in Step 5 of  the purif ication procedure appeared 

to be homogeneous and to differ only sl ightly in their  e lectrophoret lc  mobi l i ty  towards  
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the cathode at the pH values employed in mlcrozone and polyacrylamlde gel electro- 
phoresls (Figs 8 and 9) A difference in the amino acid composition, especially the 
basic amino acids and amlde content, was found, which may  be related to the ob- 
served difference in electrophoretlc mobility 
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¢-) A EI 

I-) A I Ex 

(-) ~ EI 

i I I I I I 
3 0  2 0  I0  0 I0  2 0  

DISTANCE OF MIGRATION ( m m ]  

Fig  8 Dens l t ome te r  t r ac ings  of the  mlcrozone e l ec t rophore tog rams  of the  five l soenzymes  of 8- 
cyc lop lazona te  ox ldocyc lase  (E I to  E v) a t  p H  4 85 in o I M sod ium ma l ea t e  buffer c o n t a i n i n g  
o I M NaCI a t  2oo V a nd  I4 -18  mA Be tween  8 a nd  15/~g of each l soenzyme were app l i ed  to  the  
cellulose ace t a t e  fi lms in 4o-5o/~1 buffer Dens l t ome te r  t r a c m g s  of  the  Ponceau  S s t a m e d  mem-  
branes  are i l l u s t r a t ed  in the  figure A s imi la r  p a t t e r n  was  ob ta ined  a t  p H  6 6 in o 05 M sod ium 
m a l e a t e  buffer con t a in ing  o I M NaC1 

Mlcrozone electrophoresls was performed at pH 4 85, 6 7 and 8 6 and similar 
patterns were obtained I t  was evident that  the lsoenzymes were all poslhvely charged 
even at a pH value as high as 8 6 They differed only slightly in the magnitude of 
their positive charge as could be predicted from results obtained from CM-Sephadex 
C5o chromatography 

Results obtained from polyacrylamlde gel electrophoresls performed at pH 4 5 
and 6 7 also indicated that  the five lsoenzymes were homogeneous and differed in the 
magnitude of their positive charge Single sharp bands were obtained for each of the 
five lsoenzymes The lsoenzymes were numbered in increasing order of positive charge 
Similar patterns were obtained at pH 4 8 and 6 7 

Combined preparations of the five lsoenzymes could not be separated effectively 
by mlcrozone or polyacrylamlde gel electrophoresls The nonactive peak 6 obtalne~l 
by CM-Sephadex chromatography was much more positively charged than the five 
lsoenzymes 

The homogeneity of the five isoenzymes was also illustrated by the sharpness 
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% 

Fig 9 Po lyac ry l amlde  gel e lec t rophores ls  of  the  five l soenzymes  (I-V) of  f l -cyclop]azonate  oxl- 
docyclase  a t  p H  4 5 The  15% ac ry l amlde  gel used  was  p repa red  by  a m e t h o d  refered to m the  
t ex t  Ca thode  a t  the  b o t t o m  A b o u t  15, 8, 25, IO a n d  8 #g  of  l soenzyme  I, II ,  I I I ,  IV and  V were 
a p p h e d  to t he  respec t ive  gels m 25% (v/v) sucrose Similar  p a t t e r n s  were ob ta ined  a t  pPI 6 7 
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Fig  io A d e n s l t o m e t e r  t r ac ing  o f  a p h o t o g r a p h  t a k e n  af te r  56 m m  of  c e n t n f u g a t l o n  a t  59 780 
r e v / m m  du r ing  a s e d i m e n t a t i o n  ve loc i ty  e x p e r i m e n t  wi th  l soenzvme  I I I  of  f l -cycloplazonate  oxi- 
docyclase  The  e n z y m e  c o n c e n t r a h o n  was  765 # g / m l  a n d  t he  exposure  h m e  io  sec 
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of the single sedlmentlng boundaries obtained in sedimentation velocity expenments 
by means of the absorption optics (see Fig IO for an example of isoenzyme III) 

Molecular weights and other physical propert2es of the ~-cvclopmzonate o~,docyclases 
Sire e all the enzyme activity was found in one symmetrical peak after Sephadex 

G-Ioo gel chromatography, it was reasonable to assume that if any lsoenzymes were 
involved, their molecular x~elghts should be similar This has been verified by ana- 
lytical ultracentrlfugatlon and gel chromatography on Sephadex G-2oo 

Columns (50 cm × 2 5 cm) of Sephadex G-2oo were used to estimate the molec- 
ular weights of the lsoenzymes from their elutlon volume as deacrIbed bv ANDREWS 35 
Cytochrome e, bovine serum albumin and lactate dehydrogenase of pig heart were 
used as reference protems and blue dextran 2000 for measuring the void volumes 
(Vo) of the columns In Fig I I  the elutlon volumes (Ve) of the reference proteins and 
the isoenzymes are plotted against logl0(mol wt ) of these proteins as ~ell as the lSO- 
enzymes Separate preparations of the five lsoenzymes and combined preparations 
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Fig I I  Plot of elutlon -volume (I e) agams t  loglo (tool wt  ) lot  proteins mc ludmg the/3-cvclopla- 
zonate oxldocyclases on a Sephadex G-2oo column (5 ° cln ~( 2 5 cm) at  p H  7 5 The I e and log- 
(tool ~ t )  values for ch~mot rypsmogen  were not  de te rmmed bu t  taken from the ANOREV~S 'as 
plot  ~-Cycloplazonate oxldocyclase act ivi ty was determined in the effluent by  the spectrophoto-  
metric method einploymg DCIP  as t e rmmal  electron acceptor, cytochrome c concentrat ion was 
de te rmmed by absorbance at  412 nm, blue dext ran  2ooo by absorbance at  625 n m  and lactate 
deh'¢drogenase act ivi ty  by  NAD+ reduction measured spectrophotometr lcal ly  at  34 ° n m  a* 
Concentrat ions of serum albumin as well as the other  p ro tems  were de te rmmed by  absorbance at  
280 nm 

of these lsoenzymes were eluted from Sephadex G-Ioo and G-2oo columns in one 
single symmetrical peak with an estimated molecular weight (according to ANDREWS 3~) 
of 47 000, 50 000, 49 0oo, 48 000 and 48 ooo for lsoenzymes I, II, I I I ,  IV and V, 
respectively, at pH 6 6 as well as 7 5 

Sedimentation coefficients (s20,. values) were calculated employing the partial 
specific volumes (o 73 cm3/g) calculated from the amino acid composition 37 according 
to the procedure described by SCHACHMAN 25 S020,w values, obtained from plots of 
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Isoenzyme S°,o,w D°2o,w ~, Mol  wt accordzng 
× lO -13 (sec) × Io -7 (cm 2 sec -1) partzal speczfic to Svedberg 

roll,me (cm a g- l )  

I 3 8 7 2 o 73 48 7 °0 
I I  4 I 7 2  o 7 3  5 z 5 o o  
I I I  3 9 7 3 o 73 49 9oo 
IV 4 °  7 4  o 7 3  49 900 
V 4 I 7 4 o 73 51 IOO 

I/S2o,w agamst enzyme concentration c, were independent of concentration The 
diffusion coefficients, corrected to D,2o,w, were determined according to the method 
of MOLLER 26 and appeared to be mdependent of concentration Molecular weights 
were calculated by employing the SVEDBERG 37 equation The molecular ~elghts and 
other physical constants are given in Table II  I t  is evident that  these constants of 
the lsoenzymes are similar Gel-exclusion chromatography indicated that these lso- 
enzymes did not associate at pH 6 6 and 7 5 The fact that they contain one molecule 
of flavm per molecule of enzyme 31 indicates that dissociation into smaller subunits 
is very unlikely Flavoprotem enzymes with molecular weights of the same order as 
that of the fl-cycloplazonate oxidocyclases are known 3s-4° 

Numbering of ,soenzymes 
In concurrence with the recommendation of the standing Committee of En- 

zymes of the International Union of Biochemistry for the descriptxon of multiple 
enzyme forms occurring in a smgle species 41, these five enzymes are called isoenzymes 
The numbering of the lsoenzymes is in accord with the recommendation of WIEME 42 
a n d  W I E L A N D  AND P F L E I D E R E R  43 V~Z that the numbering of lsoenzymes should be m 
decreasing order of negative charge or (as adopted in this case) in Increasing order of 
positive charge This numbering system has been accepted by the Standing Committee 
of Enzymes of the International Union of Blochemistry4Xm 
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