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ABSTRACT 

The microbiological 19-hydroxylation of steroids was studied 

to investigate the feasibility of a microbial process to produce 

19-hydroxysteroids. These are important precursors of the 

valuable 19-norsteroids. At present, in industrial processes, 

1 9-hydroxylation is performed by chemical synthesis. 

Fungi, selected from the genera Pes taZotia (25 strains) and 

Pe Z ZicuZaria (5 strains) , were screened for their steroid-

hydroxylating activities. Thus, hydroxylation of the substrates 

p rogesterone, 4-anarostene-3,17-dione, and cortexolone 

(17 a. , 21-dihydroxy-4-pregnene-3, 20-dione) v:as studied. Of the 

organisms tested, only Pe Z ZicuZaria fiZamentosa f.sp. 

microsaZerotia IFO 6298 and PeZ ZicuZaria filamentosa f.sp. sasakii 

IFO 5254 were found to perform 19-hydroxylation. Thus, both 

f ungi could produce 19-hydroxycortexolone from cortexolone, with 

the former organism the more active in this respect. 

Hydrocortisone (llf3-hydroxycortexolone) ·.vas also produced by both 

organisms. Neither organism, however, could similarly hydroxylate 

progesterone nor 4-androstene-3, 17-dione. vJith these substrates, 

products other than the 19-hydroxylated derivatives were fanned. 

T hus a degree of substrate specificity was recognised for 

steroidal-19-hydroxylation by these fungi. None of the Pes taZo tia 

species tested could 19-hydroxylate any of the three substrates, 

despite claims in the literature, but instead were very active 

in 11 a. -hydroxylation. In particular, many species were able to 

11 a.-hydroxylate progesterone (0.5 g/1 concentration) in greater 

than 90% (w/w) yield. 

Using P. fi Zamentosa f. sp. miarosaZerotia IFO 6298, in batch 

fermentation, at a cortexolone concentration of 0.5 g/1 yields of 

19- and llf3-hydroxycortexolone totalled approximately 40% (\'1/vl) of 
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the consumed substrata. The ratio of the two products, typically, 

was approximately 1. 2:1 (19: 1113) . Only small variations in this 

ratio were ever observed. The· steroid losses which were observed 

did not proceed via the hydroxy products as intermediates, but 

via a degradation pathway, from cortexolone, parallel to the 

hydroxylatibn rGactions. 

The 1113- and·l9.-hydroxylase enzyme-system of P. fi Zamentosa 
. . . 

f.sp. microsc Zer-otia IFO 6298 was shown to be inducible by 

cortexolone. By using the protein synthesis inhibitor, 

cycloheximide, in fermenter culture the effects of dissolved 

oxygen tension (DOT) on enzyme induction and enzyme expression were 

separately investigated. For both hydroxylations, an optimum DOT 

for induction was shown at 15% of saturation, while the optimt� for 

expression is at .30% of saturation. Thus, maximum �ates of 

hydroxylation were achieved when induction was performed at low 

DOT, followed by elevation to ensure maximum expression. 

The effects of specific glucose consumption rate and specific 

growth rate were investigated using chemostat cultures, under 

automatic DOT control (at 30% of saturation). At a constant 

specific growth rate, the importance of glucose metabolism to the 

hydroxylation process was demonstrated. Thus, with glucose-limited 

cultures, decreasing specific hydroxylation rates were observed 

with decreasing specific glucose consumption rates, possibly as a 

result of the restricted availability of NADPH, which is required 

for hydroxylation to occur. Conversely, with nitrogen-limited 

cultures, it was observed that the hydroxylase system is subject to 

glucose repression. Thus, with high specific glucose consumption 

rates,· cultures showed low levels of hydroxylation activity. 

Maximum activity was obtained at a point, which apparently 

represents a balance between sufficient glucose metabolism to 
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maintain full expression of activity and a condition of excess 

glucose uptake resulting in repression of activity. Thi s finding 

may be of considerable significance for fungal steroid-

hydroxylation processes in general, since relief of repression, 

when it exists, could give several-fold increases in specific 

hydroxylation rates as observed in this study. OVer the range 

-1 1 
of specific growth rates studied ( 0 . 028  h to 0 . 119  h- l no 

significant effect on specific hydroxylation rates was observed. 
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xvii  

STEROID NOMENCLATURE AND STRUCTURE 

The trivial names used for steroids are given , followed by the 
abb reviations ( if  any) employed ,  in brackets , and thei r  systematic 
chemical names ( I . U . P . A . C . - I . U . B . , 1969 ) . 

Numbering of the steroid ring system and s ide chain groups is  as 
follows : 

2 

3 

4 6 

Androstenedione (AD) 

Estrone = 

Cortexolone (Co )  

Hydrocortisone = 

Norethisterone = 

Oes tradiol = 

Progesterone (Pr) = 

Pregnenolone Acetate = 

16 

15 

R Stem Name 

-H androstane 

pregnane 

4-androstene-3 , 17-dione 

38-hydroxy-19-nor-1 , 3 , 5 ( 10 ) 
androstatrien-17-one 

l7a, 2 l-dihydroxy-4-pregnene� 3,20-dione 

l l8 , 1 7a, 2l-trihydroxy-4-pregnene- 3,20-dione 

l7a-ethynyl-l78-hydroxy-l9-nor-4-androsten-
3-one 

38 , 178-dihydroxy-19-nor-1, 3 , 5 (10) 
androstatriene 

4-pregnene- 3 , 20-dione 

38-hydroxy-5-pregnen-20-one acetate 

The fol lowing figure shows a Dreiding Model of sub stituted progesterone . 
The axial and equatorial nature of the various substituent bonds , around 
the ring system , can be c learly seen . 
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DESIGNATION OF STERIOCHEMISTRY 

a ( alph a )  designates a bond below the plane of the ring system 

f3 (beta) desi�1ates a bond above the plane of the ring system 

E; (xi) designates a bond of unknown steriochemistry 
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C HAPTER 1 

I NTRODUCTION 

The p roduc t ion o f  s teroidal fine c hemic a l s  in New 

Z e a l and , based on ind i genous raw mate r ia l s , i s  o f  con s i derab l e  

i nt e re s t  to both researcher s  and commer c i a l  c o ncerns . The 

extrac tion o f  b i l e  acids f rom anima l g a l l  by New Z ea land 

Pharmaceutical s Ltd . ( Ga r l and , 1 9 7 8 )  and of s o l asodine from 

So l an u m  spe c i e s  by t he F l e tcher s - Dio synth group ( K loosterman , 

1 9 7 9 )  s how that thi s  type o f  indu stry can operate 

commerc i a l ly in New Z e a l and . 

A potential are a o f  growth in thi s i ndus try i s  the 

fur th e r  proce s s ing of t he bas i c  r aw mate ri a l s  to h i gh e r  va lue 

steroids prior to export . In thi s  re spec t ,  New Z e al and faces 

the problem o f  w hether i t  c an do more e f fi c i en t l y  what i s  

a l r e ady being done b y  o th e rs o versea s . P ro f i t ab i l i ty i s  

s ig n i f icantly affected by advantages in proce s s  techno logy 

( Cu l lwick , 1 9 8 1 ) . For e x amp l e , the partial synth es i s  o f  a 

h i gh value s teroid u s i ng exi s ting c hemic a l  methods i s  unl i k e l y  

t o  b e  competi t ive . Thi s  ·i s because .in New Z e a l and mo s t  o f  the 

chemi cal reagents mus t b e  imported and the s c a l e  of operation 

wou l d  be much sma l l e r  than i s  the c a s e  over s e a s . Much more 

s u i te d  to the New Zeal and s ituat ion wou l d  be a fermentation

based indus try where mul ti - s tep chemi cal synth e se s  can be 

r e p l aced by one - step mic robiologi cal tran s fo rmations . Such 

techno logy has become e s t ab l i shed overseas i n  certain areas 

of s te ro i d  manufac ture where a microbio log i c a l  trans formation 

is more e f fi c i ent than a ny known chemic a l  method . Kie s l i ch 

( 1 9 8 0 b )  des c r ibes examp l e s  o f  these pro c e s s es . 

To obta in a c omp eti tive advantage New Z e a l and industry 

mu st deve lop novel mi c r ob iological tec hno logy . Rese arch 

aimed at thi s  long-term goal has been in prog r e s s  in the 

B iote chnology Depar tme n t , at Mas sey Univer s i ty ,  for a numb e r  

o f  years . The work de s c r ib ed in thi s  thes i s  w a s  unde rtaken 
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to inve s t igate the fe as ib i l i t y  o f  a microbiological 1 9 -

hydroxy l at ion proces s .  Thi s  p ro ce s s, whi ch i s  a t  present 

c arried o ut by chemi cal s yn th es i s , l eads to important 

pre c ur s o r s  of the 1 9-nor steroids whi ch are used , i n  

par t i c ul a r , a s  anti - fe r ti l i ty drugs . 



2 . 1  INTRODUCT I ON 

CHAPTER 2 

LITERATURE SURVEY 

3 

S ince the h i s to r i c  d i s covery b y  Peters on and Mur r ay 

( 1 9 5 2 )  that a f un gal microorgani sm ( R h i z o p u s  n i g r i can s ) could 

in troduce an l la -hydroxyl group into p roge s te rone , s o  providing 

a new technology for the manufactu re o f  adrenocortical 

hormone s ,  the impact o f  m icrobiology in the fie ld of s tero id 

chemi stry has b ee n  immens e . A vol uminous l i terature on 

mic robiologi c a l  s te ro i d  trans formations has accumulated w i th 

maj or review arti c l e s  and monograph s r e gularly appearing 

( fo r  examp l e , V i s c her and We ttste in , 1 9 5 8 ; Charney and 

H e r zog , 1 9 6 7 ;  I i zuka and Naito , 1 9 67 ;  

Ve z i n a  e t  a l . ,  1 9 7 1 ;  H ay akawa , 1 9 7 3 ; 

and Rakhit , 1 9 7 4  and K i e s l i ch , 1 9 8 0 a ) . 

Marsheck , 1 9 7 1 ; 

Smi th , 1 9 7 4 ; Vez i n a  

In parti cul ar , the 

microb iologic a l  hydroxy l a tion of s te ro ids h a s  r e ce i ved inten s i ve 

s tudy and mi croorgani sms capab le o f  hydroxyl ati ng the s te ro id 

system at almo s t  every po s ition are now known . Al though 

muc h  of the rese arch has not re s u l te d  in the introduction o f  

new mi crobiolog i c a l  technology , mic robial hydroxy l a t ions a t  

po s ition s l la , l l S , and 1 6 a  now fo rm important s teps i n  

steroid manu factur i n g  p roce s s e s  ( K ie s l i ch ,  19 8 0 b ) . 

The produc tion o f  1 9 -hydroxylated s te roids i s  an 

are a of con s ide rab le commerc i a l  s i gn i f i c ance , s ince the s e  

compounds are d ire ct precursors o f  t he med i ca l ly - impo rtant 

1 9 -norsteroid s . Th e p ar t i a l  synth e s i s  of 1 9 -no r s te ro id s , 

f rom re adi ly avai l ab l e  r aw mate r i a l s , invo lve s e l iminat i on 

o f  the C - 1 0  angul a r  methyl group . Functional i s ation o f  thi s  

group i s  a p re req ui s i te for i ts remova l ,  and hydroxy l a t ion i s  

th e mos t  common means o f  achieving thi s ( H e u s l e r  and K a l voda , 

1 9 7 2 ) . 

A c hemic a l  route for C-1 9 hydroxyl ation of s te ro ids has 

been deve loped ( B ower s  e t  a l . ,  1 9 6 2 ) ,  and proceeds via a lead 

tetraacet�tc oxida tion o f  5a-haloge n - 6 S -hydroxy intermedi ate s, 

which are obta ined from the corre spond ing 5 , 6-uns aturated s teroid s 
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F i gure 2 . 1  A typ i c a l  synthe t i c  rou te for the prod uc ti on 
o f  1 9 -hydroxyster o i d s . 

A eO 

A eO 

0� 

HOBr 

A eO 

1. hydrolysis 
-- t 
2. oxidation /"/ . 0' 

� 0 

Br 

Br 
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by the addi tion o f  hypohalous ac id. A typ i c a l  sequence i s  

shown i n  F i gure 2 . 1 .  Thi s route i s  u sed commerc ial l y  t o  prod u c e  

1 9 -hydroxystero ids in 4 0 - 5 0 %  overa l l  y i e l d  ( an e st imate , b a s ed 

on data from Heu s l e r  and Kalvoda , 1 9 7 2 )  • 

Al though i t  i s  we l l  known tha t  enzyme s in animal 

t i s sues e ffec t hydrox y 1 at ion o f  the C - 1 0  angu lar methy l g roup 

in stero ids (Hamberg e t  aZ . ,  1 9 7 4 ) , it remains a rare steroid 

tran s f6rmation aillong mi croorganisms . Mo s t  o f  the re search 

concern i ng a microbio logical 1 9 -hydroxyl a tion proce s s  was carried 

ou t i n  the late 1 9 5 0' s  and early 1 9 6 0 ' s .  Work in th i s  area 

appear s to have a lmo s t  stopped fol lowing the deve lopment o f  t he 

chemi c a l  route , a l t hough a sma l l  number o f  patents d e s cribing 

thi s  trans format ion have appeared more recent l y . Hasegawa and 

Takahashi ( 1 9 5 8 ) f i r s t  reported 1 9 -hyd roxyl ation u sing the 

B a s id i omycete Co r t ic ium s a s a k i i , whic h c onverted cortexolone 

· ( Re i c h s te in ' s  Sub stance ' S ' ) to the corre sponding 1 9 -hydroxyl 

c ompound ( F i g . 2 . 2 ) . However , hydrocorti sone ( l l S - hydroxy

cortexolone ) wa s t he maj or trans format ion product ob served . 

Subsequently , t h i s  t r ansformation has been repor ted on a 

variety o f  sub stra tes with the fung i " Co r t i c ium vagum and 

C .  mi c ro scZe ro t i a  ( Hasegawa e t  az . , · 1 9 6 0 ) , Hyp o ch n u s  s a s a k i i  

( Shul l , 1 9 6 2 a ) ; PeZZ i c uZar ia fiZam e n t o s a  f . sp .  mi c ro s c l e ro t i a  

( T akahashi and H aseg awa , 1 9 6 l b ) , Pe s ta l o t i a  spp . (Ha segawa 

e t  a l . ,  1 9 6 3 ; Cour t i eu , 1 9 7 0 ) , CaZo n e c tria de c o ra ( C hamber s  

et aZ . ,  1 9 7 5 ) , and N i gr o s p o ra s p ha e r i c a  ( P e t zoldt , 1 9 8 0 ) . 

F igure 2 . 2  The 1 9 -hydroxy l a t ion o f  cortexolone 
by Cor t i c i um s a s a k i i . 

C. sasakll ) 
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Inte r e stingly , 1 9 -oxygenated s teroids are a lso 

avai l ab l e  from c er tain p l ant spec ies , for examp l e  the 

· cardenol i de s trophanthidi n  from s eeds o f  the g enus 

S t ro p ha n t hus ( Heftmann and Mosettig , 1 9 6 0 ) . The s e , however ,  

have apparent l y  never been c ommercially s igni f i c ant sour c e s  

of raw mater i a l s  for 1 9 - no r s teroid synthes i s . 

2 . 2  MI CROBIOLOGICAL 1 9 -HYDROXYLATION OF STE ROIDS 

Many of the repo r t s  o f  thi s transformation have 

app e ared in the patent l i terature with rather a pau c i ty o f  

s c i e n ti f i c  pub l ications . I nformation from thes e  two source s  

are s ummari sed , re spect i ve l y , in Tables 2.1 and 2 . 2 .  

Cor t i c i um s a sa k i i� Hyp o c h nus s a s ak i i �  and PeZZi c uZar i a  

fiZam e n t o s a  f . sp .  sa s a k i i  are a ll synonyms f o r  the same 

org a n i sm , as are Cor t i c i um m i c r o s cZero t i a  and PeZZi c ulari a  

fi Zame n t o s a  f . sp .  mi c ro s c l e ro t i a  (Exner , 1 9 5 3 ) . Thi s  narrows 

con s i derably the apparent r ange of fungi capable o f  

hydroxy l ating s teroids a t  the C-1 9  pos i tion . The i n i t i a l  

f i nd i n g  of H a s egawa and Takahashi ( 1 95 8 )  w a s  fo l lowed by the 

repo r t  that P .  fiZame n t o s a  f . sp . m i cro s cZe r o t i a  IFO 629 8 

produc e s  the 1 9 -hydroxy l ated compound from cortexo lone in 

gre ater amount compared to other produc ts ( ma i n l y  

hydrocorti son e )  than doe s P .  fi Zame n to s a  f . sp .  s as a k i i IFO 

5 2 5 4  ( Takahash i  and Hasegawa , l 9 6 lb ) . Yields o f  the 1 1 8 -

and 1 9 -hydroxyl a ted produc t s  were given a s  <1 0 %  and approx

ima te l y  4 0 % , r e s pec tive ly . 

Takahash i ( 1 9 6 3� then showed that P .  fiZame n to s a 

f . s p . m icro s c Ze ro tia IFO 6 2 9 8  could also 1 9 -hydroxy l ate 1 7 a , 

2 0a , 2 1 - tr i hydroxy-4 -pregnen- 3 -one , a compound ident ical to 

cortexolone except for the presence o f  a 2 0a -hydroxy l rather 

tha n a 2 0 -ke tone group . The llS�hydroxy produ c t  was al so 

produced . Thu s  a smal l  c hange in the s ide cha in had l i ttle 

e ffec t  on the trans forma tion products . On the other hand , 

whe n  hydrocorti sone was incubated w i th the organ i sm , no 1 9 -

hydroxy lat ion occurred , indicat ing that the 11 8 -hydroxyl g roup 

b l o c k ed the transformation . Takah ashi ( 1 9 64 )  a l so incubated 



Table 2 . 1 Patent c laims for microbiological 19-hydroxylation of s teroids. 

Sub strate 

4-androstene-3 , 1 7-dione 
4-pregnene-3 , 20-dione 
21-hydroxy-4-pregnene-3 , 20-dione 
1 7a , 21 -d ihydroxy-4-pregnene-3 , 20-d ione 
17a , 2 1-dihydroxy-4-pregnene-3 , 20-dione 

21 acetate 

17a·, 21-dihydroxy-4-pregnene-3 , 20-dione 

3�-hydroxy-4 -androsten-17-one 
1 7a-ethy1 -17S-hydroxy-4-androsten-3-one 
1 7S-hydroxy-17a-propy1-4-androsten-3-one 
1 7a , 21 -d ihydroxy-4-pregnene-3 , 20-d ione 

11S , 17a , 21 -trihydroxy-4-pregnene-3 , 20-dione 

1 7a , 2l -d ihydroxy-4-pregnene-3 , 20-dione 

17a-ethynyl-17S-hydroxy-4-pregnen-3-one 

6-ch1oro-17a-hydroxy-1a , 2a-methylen-
4 , 6-pregnadiene-3 , 20-d ione 

1 7a-hydroxy-6-methyl-4 , 6 - pregnadiene-
3 , 20-dione 

Organi sm . 

Corticium microscZerotia 
IFO 6298 

· c. vagum 

Hypochnus sasakii 

Hypochnus sasakii 

PestaZotia sp . 

PestaZotia sp . 

Nigrospora sphaerica 

Reference 

Hasegawa et aZ., 1960 

Hasegawa et aZ. ,  1960 

Shu11 ,  1962a 

Shu l l , 1962b 

Hasegawa et  aZ . ,  1 963 

Courtieu , 1970 

Petzoldt , 1980 

-...] 



---

Table 2 . 2  Re ferences from the s cientific l i terature for microbiological 19-hydroxylation o f  
s tero ids 

Substrate 

17a , 21-dihydroxy-4-pregnene-3 , 20-dione 

17a , 21-dihydroxy-4-pregnene-3 , 20-dione 

17a , 21-d ihydroxy-4-pregnene-3 , 20-dione 

17a , 2Da , 21-trihydroxy-4-pregnen-:��·0ne 

5a-androstan-17-one 
5a-androst- 2-en-17-one 
1(3 , 6a-dihydroxy-5a-androstan -17-one 
5a-andro stane-1 , 17-dione 
5a-androst- 2-ene-1 , 17-dione 
6a-hyaroxy-5a-androstane-1 , 17 -dione 
6a-hydroxy-3a , 5-cyc1o-5a-androstan-17-one 
6a , 11a-dihydroxy-3a , 5-cyc1o-5a-androstan-

17-one 
3a , 5a-cyc1o-5a-androstane-6 ,17-dione 

17a , 21-dihydroxy-4-pregnene-3 , 17-dione 

Organi sm . 

Cor ticium sasakii 

Pel licula:ria fi lamentosa f .  sp . 
sasakii IFO 5254 

Pel licularia filamentosa f . sp .  
microsclero tia IFO 6298 

CaZonectria decora 

Pes talo tia spp . 

Re ference 

Hasegawa and Takahashi , 
1958; Nishikawa and 
Hagiwara ,  1958 ;  
Hagiwara , 1960 

Takahashi  and 
Hasegawa , 1961b 

Takahashi and 
Hasegawa , 196lb 

Takahashi , l963b 

Chambers et a Z., 1975 

Takahash i ,  1963b CO 
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a var i e ty o f  c 1 9  stero ids w i th P .  fi Zame n to s a  f . sp .  

m i a ros aZe ro t i a  IFO 6 2 9 8  and examined the produc t s  obtai ned . 

Sub st rates wer e  conve r ted a s  s hown in Table 2 . 3 .  The mos t  

obv i o u s  feature o f  the s e  data i s  tha t  1 9 -hydroxy l ation was not 

e f f e c ted with any o f  the s e  s ub strate s . Thi s  s uggests that 

the p re s ence of such s ide chains as dihydroxyacetonyl and 

g ly c e ry l  at the 1 7 -po s it ion may be e s sential fo r 1 9 -

hyd roxyl ation b y  thi s  organism . Thi s  e f fect o f  s ubstrate 

stru cture on the pos i tions hydroxyl ated may r e s u l t  ei ther 

from t h e  action o f  d i f ferent en zymes , or from the same 

en z yme where t he point o f  hydroxyl ase attack depend s on the 

nature o f  b inding between s teroid and enzyme . S in ce po l ar 

group s i n  the sub str a te are probably re sponsib l e  for the 

bind i n g  (Jone s ,  19 7 3 ) , t he s ite and struc ture o f  the s e  would 

determine the form of t he e nzyme - substrate comp l e x . Hhich 

of these pos s ib i lities is r e s ponsible for the apparent s ub s trate 

speci f i c i ty of the 1 9 -hydroxyl ase of P. fiZam e n t o s a  f . sp .  

m i a ros a l e ro t i a  IFO 6 2 9 8  i s  unc l ear . A further interes t ing 

feature of the data in Tab l e  2 . 3  i s  that the o rganism did 

prod u c e  strong .l l S�hydroxys tero id-dehydrogena s e  ac tivity . 

1 1 6 - Hydroxys t e ro ids , i f  t hey had no hydroxyl group e l s ewhere , 

were e a s ily oxidised to t he corre sponding 1 1 -k etones . 

Howeve r , thi s  dehydrogenation was considerably inh i b i ted by a 

hydroxyl group at the ! Sa -po s i tion (o to the l l S  g roup ) and. 

almo s t  comp l e t e ly by 'a 1 4a - hydroxyl group (y to the l l S  g roup) 

( T a b l e  2 . 3 ) . Thu s , fun c t ional group s pro j e c ting to the a - s ide 

of the s teroid nuc leus are cap abl e of inhib i t i ng the l i S -

hyd roxy-dehydrogena ti on . Thi s  i s  noteworthy s ince no 

dehydrogenation abi l i ty was de s cr ibed when thi s organism was 

trans f o rming c ortexolone or 1 7a , 2 0a , 2 1-trihydroxy - 4 -pregnen� 

3 -one; both o f  whi ch c ompo unds pos se s s  a 1 7 a - hydroxyl group 

(y to t he l l S  group ) • 

No further work w ith d i f ferent sub strate structures 

h a s  been repo rted for t h i s organ i sm .  Howeve r, th e patent o f  

Ha s egawa e t  aZ . ( 1 9 6 0 )  i ndicate s  that C .  m i c ros cZe rotia 

(depos i ted at IFO and NRRL under acce s s ion numbers IFO 6 2 9 8 and 

NRRL 2 7 2 7 , re s pectively ) can 1 9 -hydroxy l a te the range o f  

s t e r o i d s  shown i n  Tab l e  2 . 1 .  S ince thi s  i s  the s ame i so l ate 

. •  



Table 2 . 3  The trans formation of C1 9 s teroids by P .. fi Zame n to s a  f . sp . mi cro s c Z ero t i a  IFO 6 2 9 8  
( Takahashi , 1 9 6 4 ) . 

Sub strate 

11 6-hydroxy-4-androstene-3 , 17-dione 

1 1S-hydroxy-1 , 4-androstadiene-3 , 17 -
d ione 

4-androstene-3 , 11 , 17-trione 

14a-hydroxy-4-androstene-3 , 1 7 -
d ione 

15a-hydroxy-4-androstene-3 , 17 -
d ione 

90.-hydroxy-4-androstene-3 , 17-. 
dione 

1 , 4-androstadiene-3 , 17 -d ione 

Func t i onal Group 
on Nuc leu s 

l l 6-0H J l l 6-0H !J. l  

l l -CO 

14a-OH 

l Sa-OH 

9a-OH 

!J. l  

Mai n  Reactions 

1 16-0H dehydrogenation 
14a- hydroxylation 

_ 14a-hydroxy1ation 

l la-hydroxylation 

11 6-hydroxy1ation 

1 4a-hydroxyl ation tl l 6-hydroxylation 
11 6-0H dehydrogenation 
l4a-hydroxylat ion 

S ide React ions 

• 11 6-hydroxylation 

116-dehydrogenat ion 

66-hydroxylation 

� 0 
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as used by Takaha s h i  ( 1 9 6 4 )  and Takahashi and H a s e gawa ( 1 9 6 lb )  , 

c ertain o f  the patent c l aims s e em questionab l e . For examp l e , 

although 4 - androstene - 3 , 1 7 -dione was not examined by 

T akahashi ( 19 6 4 ) , 1 , 4 -andros tadiene- 3 , 1 7 -dione was , and 

1 9 -hydroxyl a t ion was not ob served . From the o ther data 

r e ported i n  Tab l e  2 . 3 ,  it app e a r s  tha t  the � 1 -doub l e  bond doe s  

not i n f lu ence the type o f  t r an s formation ob tained wi th t he s e  

c 1 9  s teroid s . I t  t hus seems un l ikely that thi s organi sm c an 

1 9 -hydroxy l a te 4 - androstene - 3 , 1 7 -dione . The patent o f  

Has egawa e t  a Z . ( 1 9 6 0 )  de sc ribi ng the 1 9 -hydroxyl ation o f  

cortexo lone w i th Co r t i c i um vagum also seems dubious on 

c omp ar i s on w i th data . from the s c ient i f i c  l i te rature . The 

name C .  vagum is re garded as synonymous ,..,i th C. s o  Z an 1: , 

R h iB o c t o n i a  s o Zan i , and P .  fi Z ame n to s a  f . sp .  s o Z an i  ( Exne r , 

1 9 5 3 ) . I n  thi s  re spec t , Takah a s h i  and Hasegawa ( l 9 6 la ) , working 

with 29 strains of R .  s o Z an i , and Takahashi and H asegaw a  

( 1 9 6 lb ) , working wi th P .  fi Z ame n t o s a  f . sp .  s o Z a n i , 

spec i fi c a l ly s tate that in no c a s e  was 19 -hydroxy l ation 

obs erved on the s ub strate c o r texolone . Another con f l i c t  

between th e p atent and sc i en t if i c  l i terature occur s in the 

patent of Shu l l  ( l 9 6 2b )  who c l a ims that Hyp o c h n u s  s as a k i i  c an 

1 9 - hydrox y l ate l l S -hydroxycor texolone ( hydroc o r t i s one ) . I n  

view o f  t h e  s imi l a r i ty i n  hydroxy lating abi l i t ie s  b e tween 

P .  fi lame n to s a  f . sp .  s as a k i i  and micro s c Z e r o t i a , with r e s pe c t  

t o  cortexol one ( Takaha shi and Has egawa , 1 9 6 lb ) , t h e  repo rt that 

hydrocort i sone could not be 1 9 -hydroxy l ated by P. fi Zame n to s a  

f . sp .  mi c ro s c Z e ro t i a  ( Takaha sh i ,  1 9 6 3b) is  o f  some s igni f i ca nce . 

C le arly , any uns ub s tanti ated p atent c l aim mu s t  b e  cons idered 

as requ i ri n g  ver i f i c a t ion . 

Re ferenc e s  to Pe s ta Z o t i a  spe c i e s  carry i ng out 1 9 -

hydroxyla t ion o f  s teroids number only three . The patent o f  

Hasegawa e t  a Z . ( 1 9 6 3 )  stating that a Pe s ta Z o t i a  sp . can 1 9 -

hydroxyl a te c ortexolone , h a s  been ver i fied i n  the p aper o f  

Takahashi ( 1 9 6 3b } . However , this re ference was me nt ioned 

on ly as a foo tno te and no further evidence was provided to 

support the c laim . Takahashi ( 1 9 6 3� s tated tha t  ce rtain 

Pe s ta Z o t i a  spec i e s  can 1 9 -hydroxy late cortexolone , but in 

low conve r s i on y i e lds . A muc h  more recent pate n t  de sc r ibe s 
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a Pe s ta l o tia spec i e s  c apable o f  1 9 -hydroxylating 1 7 a -e thyny l -

1 7 8 - hydroxy- 4 -pregnen- 3 -one ( Courtieu , 1 9 7 0 )  i n  a proce s s  to 

prod uce nore th i sterone . On the bas i s  o f  such s c an t  

information , t h e  extent o f  steroidal - 1 9 -hydroxyl a t ing 

abi l i ty within the genus Pe s ta l o t i a  i s  d i f f ic u l t  to eval ua te . 

Oth e r  s teroid trans forma t ions have b ee n  reported for Pe s ta l o t i a  

spec ie s . Thu s , P .  dio s p yr i  ( Sh i r a s aka e t  a l . ,  19 6 1 ) can 

produc e  the l la - hydroxy de r ivati ve from cortexo lone , and 

P. fo e da n s  is reported to l la -hydroxy l a te 1 7 a , 2 1-dihydroxy-

1 6 a- ethy l - 1 , 4 -pregnadiene - 3 , 2 0 -dione 2 1-acetate ( Ol ive to and 

Weber , 1 9 6 1 )  and 1 7a , 2 1 -d ihydroxy- 1 6 a -methy l - 1 , 4 -p re gnad iene-
3 , 2 0 -d i one (Ol iveto e t  � l A ,  1 9 5 8 } � . Patent c l a ims 

have a l s o  appeared descr ib i ng l l a -hydroxy lation of proges terone 

by P .  fo e dans and P. ro y e nae ( Shul l  e t  a l . ,  1 9 5 5 ) , and 1 6 a 

hydroxylation o f  various p regnane deri va tive s b y  P .  fu n e r e a  

( Charney and H e r zog , 1 9 6 7 ) . 

The f a c t  that Ca l o n e c t r i a  d e c o ra can c arry out 1 9 -

hydrox y l at ion o f  s teroid s ( Chambers e t  a l . ,  1 9 7 5 )  was a rather 

unexpec ted r� su l t  emerging duri ng the cour s e  o f  an 

inve s t i g ation i n to the hydroxylat i ng abi l i ty o f  thi s orga n i sm 

with a variety o f  d i fferent substrate s .  C .  de c o ra cou ld 

1 9 -hyd r oxylate a l arge numb er o f  s t eroids rel ated to 

5a-andros tan-1 7 -one ( Tab l e  2 . 2 ) . Other trans format ions 

occurred cons ecutively in the sequence shown in F igure 2 . 3 ,  

for 5 a - andro s tan- 1 7 -one . Although th i s  f inding i s  o f  l i tt l e  

immed i at e  comme r c i a l  s ign i f i canc e , i t  i s  intere st ing that 

chang e s  i n  subs tr at e  structure could i nduce 1 9 -hydroxyl at ion 

by an organi sm not norma l l y  noted for thi s abi l i ty ( Kie s l ich , 

1 9 8 0 a ) . Chambers e t  a l . ( 1 9 7 5 )  showed that the presence of 

a 1 -oxo-g roup ( e i ther pre sent in the substrate , o r  introduced 

dur i n g  the i ncubat ion) is  e s s ential f o r  the attack on the 

angular methyl g r oup ( C - 1 9 ) of t he sub s trates s tudied ( 1 7 -oxo

Sa- androstane s )  • These r e su l t s  were only part of an ext e n s ive 

study into the pa ttern o f  hydroxyl a t ion of a range of mono

and d i-oxygenated Sa-androstane der i vat ives by a number o f  

fung i . Th i s  work has b ee n  reviewed by Kiesl ich ( 1 9 8 0 a ) . 

The r e su l t s  showed that the d irection o f  hydroxy l a se attack 

cou ld be altered b y  chang ing the po s i tion o f  the po l ar k e to-
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The ac tion of C .  de cora on 
Sa-andros tan-1 7 -one ( Chamber s e t  aZ . �  
1 9 7 5 ) . 
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group s . A convinc ing argument was put forward , in particular 

for Ca l o n e c t r i a  d e cora , that the same enzyme was r e s ponsible 

for all t he variou s hydroxylat ions which were ob served with 

mono-ke tone sub strate s .  The point o f  attack was then 

dependent o n  the pos ition of the ketone group , this b e i ng the 

point of binding to the e n z yme . S imilar , a lthough l e s s  

extens ive , s t ud i e s  into the e f fects o f  s teroid struc ture on 

fungal hydroxy l a tion have been documented (Ma r sheck ,  1 9 7 1 ; 

K ie s l ic h , 1 9 8 0 a ) . 

F inally , the mo s t  rec ent report of steroidal 1 9-

hydroxyl at ion i s  in a patent b y  Pet zoldt ( 1 9 80 )  . The fungu s 

Nigro s p o ra s p h a e r i c a  ATCC 1 2 7 7 2 i s  described a s  be ing ab le 

to 1 9 -hydroxy late the r ather e xtens ively mod i f i ed pregnane 

compound s l i sted in Tab l e  2 . 1 . 

I t  has been sugg e sted ( Vez ina e t  a l . ,  1 9 7 1 )  that 

microb i a l  aroma t i zat ion of 1 9 -methyl - steroids may proceed v i a  

1 9 -hydroxy- intermediate s , in an ana logous mechani sm t o  the 

biosynth e s i s  of e strone f rom 4 -andros tene- 3 , 1 7 -d ione by human 

p lacental m icro somes . In the l a tter case , 1 9 -hydroxyla tion 

precede s  e s trone forma tion ( H amberg e t  a l . ,  1 9 7 4 ) . In fac t , 

thi s concep t has been app l i ed i n  the search for 1 9 -hydroxy l a ti ng 

microorgani sms . Kluepfel and Ve z ina ( 19 7 0 )  used 1 , 4 , 7 -

andro statriene - 3 , 1 7-dione a s  t he trans formation s ub s trate i n  

a mi crob io logic a l  screening programme for organ i sm s  c apab le 

o f  hydroxyl ating carbon- 1 9 .  Thus , a large range o f  bacteria 

and fungi were examined for production of equ i l in and 

equ i lenin ( F i g . 2 . 4 ) . Re s u l ts ind i cated tha t  the abi l i ty to 

aromati z e was wide spread among fami l i e s , order s  and even 

c la s s e s  of microorgani sms . These authors a s sumed that the 

tran s f ormat ion was brought about via 1 9 -hydroxylation o f  the 

substra te , fo l l owed by spontaneous , non-enzymic rearrangement 

( reve r s e  aldol reaction ) to equ i l i n . However , the same 

i solate s could not aroma ti ze 1 , 4 -androstadiene - 3 , 1 7 -d ione 

into e s trone . I f  the pathway d i d  indeed invo lve 1 9 -

hydroxylat ion , i t  would b e  exp e cted that at l e a s t  some o f  the 

organi sms shou ld be abl e to p roduce stable 1 9 -hydroxy-produ c ts 

from �- 3 -keto-s tero ids ( the spontaneou s aromat i z ation wi l l  not 
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F igure 2 . 4  The mic rob i a l  trans formation of 1 , 4 , 7 -androstatri ene-
3 , 1 7 -dione ( I )  to equ i l i n  ( I I )  a nd equ i lenin ( I I I ) . 
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occur in the absenc e  o f  a 6 1 -double bond ) . Thi s , apparent ly , 

i s  not the c a se , s ince 1 9 -hydroxylating microorgani sms have not 

been repor ted as a r e s u l t  of thi s work . The attrac tion of the 

1 9 - hydroxy- intermed i a te hypothes i s  wa s perhaps due to the 

fact that many microorgani sms are able to aromati z e  the A-r i ng 

o f  1 9 -nor- , 1 9 -oxo- , and 1 9 -hydroxysteroids (Ve zina e t  a l . ,  

1 9 7 1 ) . However , t hi s occur s via 6 1 -dehydrogenation ( and 

sub sequent , spontaneous rearrangement ) and hence the organi sms 

reported a re a l l  known to be ac tive in this r e spec t .  Thus , 

i t  i s  r ather natural that aromati z ation would occur in such 

c ircumstance s and thi s s hould not be u sed as evidence to 

suggest that an organism , whi c h  can aromati ze the A-r i ng o f  

1 9 -me thy l - steroids , does s o  v i a  1 9 - hydroxylation . I n  thi s  

re spec t , i t  seems invalid to a s s ume analogy b etween microb i a l  

and mamma l ian mechani sms . For example , the aroma t i zation o f  

1 9 -nor- 4 -andros tene - 3 , 1 7 -d ione by human pl acental mi cro some s 

i nvolve s e l i mination of the I S -hydrogen , whereas w i th 

Ps e u domo nas sp . ,  Ba c i l l u s  s p ha e r i c u s �  and No c ardia r e s t r i c t u s >  

e s trone was obtained v i a  e l imination o f  the la -hydrogen 

(Ve z ina e t  a l . ,  1 9 7 1 ) . Al so , Goddard and H i l l  ( 1 9 7 2 )  and 

Goddard e t  a l . ( 1 9 7 5 )  have shown that a strain of Es c he r i c h i a  

c o l i  and many C l o s tridium s pe c i e s  can produce oe s trad i o l  from 

4 - andro stene - 3 , 17 -d ione . · Certa in l y , in the case of the 

C l o s tr i dia , t hi s  aromati z at ion was due pure ly to 

dehydrogenation reactions , and the i nvolvement of hydrox y l a tion 

in the e l imination of the c - 1 g -me thyl group was cons idered 

h ighly unl ike l y  ( Goddard e t  a l . ,  1 9 7 5 ) . 

I n  conclu s ion , i t  i s  apparent that mic robi o lo g i c a l  

1 9 -hydroxy l at i on i s  indeed a r a r e  ste roid trans formation . 

The mo st deta i l ed re search h a s  been c arried out with 

P . fi l ame n to s a  f . sp .  mi cro s c l e r o t i a  IFO 6 2 9 8 , and ind ic at e s  

certain substrate requi rements for 1 9 -hydroxy lation by th i s  

organi sm . I t  i s  d i f ficult to eva luate the var ious repor t s  

w i th many o f  the other fung i l i s ted i n  Tab l e s  2 . 1 and 2 . 2 .  

C learly , d e s p i te the e f fort s which we re undoubted ly devoted 

to thi s trans forma tion , by i ndu s t r ia l  l aborator i e s  in the 

late 1 9 5 0 ' s  and e ar ly 1 9 6 0 ' s  ( Ve z ina e t  a Z . ,  1 9 7 1 ) , much o f  

the information g athered h a s  probably not been pub l i shed . 
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2 . 3  MICROBIOLOG I CAL STERO I D  HYDROXYLASES 

S teroid hydroxylation in mammal ian t i ssue has received 

con siderab l e  study ( H amberg e t  aZ . ,  1 9 7 4 )  and muc h  d e ta i l  has 

been e stab l i shed on the mechani sm o f  hydroxylation at the 

var ious po s it ions ( inc l uding the C - 1 9  pos i tion ) . Despite 

i t s  commer c i a l  s i gn i f i cance , much less progre s s  has been made 

in the f i e ld of mi crobiologi c a l  s teroid-hydroxyl a t i on . 

However , the present state o f  knowledge sugges t s  importan t  

s imi lari t i e s  b etween the en zymat i c  processes from both 

o ri gins . The avai l ab l e  information c an be s ummar i zed a s  

f o l lows : 

( i )  S tudies i nvo lving i ncubation of steroids with various 

funga l strains known to e f fe c t  hydroxy l ations , i n  

a n  a tmosphere enriched w i th 02 1 8 , showed in every 

c a s e  an almo st theore t i c a l  incorporation of 0 1 8  i n to 

the molec u l e . Hydroxyl a t ions at pos it ions 6 S , 7a , 

l la , l l S , 1 2S , 1 5a , and 2 1  have thu s been examined 

and i t  s eems reasonabl e  to as sume that the d i re c t  

involvement o f  mol ec u l a r  oxygen is  a c ommon feature o f  

a l l  mi crob i a l  steroid-hydroxyl ations ( H ayano , 1 9 6 2 ) . 

( i i )  A s e r i e s  o f  experiments des igned to determine the 

partic ipation of hydrogens of s tero id methy l ene 

g roups undergoing hydroxy lation , have been c arried 

out .  Sever a l  g roup s wor king with a numb er of 

( i i i )  

fungal hydroxylation s y s tems have in every i n s tance , 

found that the i ncomi ng hydroxyl group s tereospe c i f 

i c a l ly d i s p l aced the hydrogen o f  the po s it ion 

hydroxyl ated . For examp le , an incoming ! la -hydroxyl 

g roup di splaces the l la - hydrogen ( H ayano , 1 9 6 2 ) . 

I n  the c a s e  o f  the l i S -hydroxyl ase o f  Cur v u Z a r i a  

Z u na t a , i n  c e l l - free extract , a spec i f i c  requi rement 

for t he reduc ing factor NADPH has been demonstrated 

( Zu idweg , 1 9 6 8 ) . Al though other fungal c e l l -free 

hydroxy l a se systems have been descr ibed ( Sh ibahara 

e t  aZ . ,  1 9 7 0 ; Lin and Smith , 1 9 7 0 a ; Tan and 

F a laradeau, 1 9 7 0 ; Bre skvar and Hudnik -Pl evnik , 1 9 7 7a )  
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the d i f f ic u l ty o f  thi s  work seems to have preve nted 

s imi l a r  d e f i n i t ive s tu d i e s  o n  the invo lvement o f  

NADPH . Certa inly , the i nvo lvement o f  this c o f a c to r  

ha s b een demon strated in a lmo st every c a s e  o f  

mammal i an ste:r:·oi d-hydroxyl a ti on (Hamberg e t  a l . ,  

1 9 7 4 ) . NADPH- s t imu l at ion o f  hydroxylation h a s , 

however ,  been s hown for two b acterial c e l l -f r e e  

hydroxyl a se s y stems , vi z 9 a -hydroxy l as e  o f  Nocardia 

r e s t r i c tu s  ( Chang and S ih , 1 9 6 4 )  and the mul t i p l e 

hydroxyl ase ( s ) o f  Bac i l l u s m e ga t e r i um (Wi l son and 

Ve s t l i n g , 1 9 6 5 ) . 

Thes e  facts p l ace microbia l hydrox y l a s e s  in the c l a s s  o f  

monooxygen a s e s  ( H ayai sh i , 1 9 7 4 ) , a s  w i th tho se o f  mam.rnal ian 

ori gi n . 

The ma j or i t y  o f  the l it e r ature on microb i al s te roid

hydroxylation pertains to hydrox y l a t i ons at secondary and 

t e r t i ary carbons of t he s teroid r ing system . Much l e s s  

d at a  have accumu l ated on hydroxylations o f  steroidal methyl 

group s . As we l l  a s  the C - 1 9  po s i tion , hydroxylations a t  

c arbons 1 8  and 21  have a l so been reported . Kondo and Tori 

( 1 9 6 4 ) , Kondo e t  a l . ( 1 9 6 5 ) , Aur e t  a nd Hol l and ( 1 9 7 1 ) , and 

Denny e t  a l . ( 1 9 7 6 )  de s cr ibe s tero i d al 1 8 -hydroxylation with 

the fungi Cerc o s p ora me l o n i s , Co r y n e s pora c a s s i i c o l a , 

A s p e r g i l l u s  n i g e r , and Lep t op o r u s  fi s s i l i s , re spective l y . 

C - 2 1  hydroxyl a t ion by A sp e rg i l l u s  n i g er has a l s o  b ee n  r eported 

( Charney and H e r zog , 1 9 6 7 ) . The ava i l abl e  informati o n  ind i c at e s  

that hydrox y l a t ions at both methyl and methyl ene g roups are 

entirely ana l ogou s and wou ld occur b y  th e s ame b a s i c  

mec hanism . 

2 . 3 . 1 Mechan i sms o f  Hydroxyl ation 

A number of intere s ting ob s e rva tions invo lving the 

re l at ionsh ip b etween hydroxy l ation ab i l i ty and the abi l ity to 

epoxidise corre spond i ng unsaturated steroid s , are revi ewed 

by H ayano ( 1 9 6 2 ) . Fungal cu l ture s , abl e  to perform re spec t i ve 
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hydroxy lations a t  po s itions 9 a , l la , l l S , 1 4 a , and 1 6 a , we re 

i ncubated separat e l y  wi th both an appropriate s tero id s ub s trate 

a nd its unsaturated analogue ( w i th the double bond a t  the 

pos i tion of hydrox y l ase attac k ) . The r e sul t s  can be 

s ummari sed as f o l l ow s  ( Hayano , 1 9 6 2 ) . An enzyme sy s tem 

c apabl e  of introdu c i ng -�n axial hydrox y l  function ( 9 a ,  l l S , 

1 4 a ) at a spec i f i c  c arbon o f  a saturated stero id , could a l s o  

e f fe c t  the introduc t ion of a n  epoxide group i n g  " axia l "  a t  

the s ame carbon i n  t he correspond ing u n s aturated sub s tr a te . 

Equatorial hydroxy l as e s  ( l la , 1 6 a )  d i d  not e ffect a s im i l ar 

c onvers ion . Out o f  thi s  intere s ti ng correlation a hypothe s i s 

cove r ing the g ro s s  mechani sm o f  steroid hydroxyl ation h a s  

b e e n  proposed ( H ay ano , 1 9 6 2 ) : Ep oxida t i o n  of o l e fi n i c  

s t e r o ids may o c c u r  b e cau s e  o f  t he s p a t i a l r e s e mb l a n c e  o f  

t h e  d o u b l e  b o n d  n - e l ec tr o n  dis t r ib u t i o n i n  a g i v e n  u n s a t u ra t e d  

s u b s t r a t e  to t he a r e a  of maximum e l e c t r o n  d e n s i ty i n  t h e  

r e l a t e d  ax i a l  carbo n � hy dro g e n  b o n d  o f  t h e c o rr e s po n d i n g  

s a t u r a t e d  comp ou nd . That  i s� i n  t h e  app ropra i t e  e nz y m e 

s ub s t r a t e  comp l e xe s t h e  spa t ia l  r e l a t i o n s hip r e q u i r e d  fo r 

r ea c t io n  b e twe e n  an "ax i a l "- h y droxy l as e and an axia l c a rb o n 

h ydro g e n  b o nd� i n  t h e  c a s e  o f  a s a t u r a t e d  s t e ro i d� i s  

a de q ua t e l y  app ro x ima ted b y  t h e  "ax i a l "- h y droxy l a  s e  - 1r - e  l e e  t r o n  

r e l a t i o n s h ip i n  t h e  u n s a t ura t e d  ana l o gu e . Thi s  i s  s hown i n  

Figure 2 . 5 .  I t  f o l lows that a reasonab l e  degree o f  s t ru c tural 

spec i f i c i ty in the oxid i s ing enzyme s y stem wou ld pre c l ud e  

occurrence o f  t h e  epoxidation phenomenon with " equa to r i a l " 

hydroxyl ases , s i nc e  equa torial bond s extend outward mor e  i n  

the p lane o f  the cyc lohexane r ing t o  which they are at tached . 

I nherent i n  thi s hypothe s i s  i s  the a s sumption tha t 

hyd roxylat ions proceed by d irect e lec troph i l ic a ttack o f  an 

OH+ spec ie s . Th i s  concept l ed to a consideration that s ub s trate 

act ivation , particu lar ly w i th re spec t to pos i tions ad j a cent 

to o r  vinylogous to carbonyl func tions , may t ake p lace . That 

i s , i n  reac tions at carbons 2 ,  6 ,  1 0  ( 1 9 -nor ste ro id s ) , and 1 6  

o f  stero idal 3 , 1 7 -d ione s , and al so carbons 1 7  and 2 1  o f  3 , 2 0 -

d ione s , the sub s t r a te may undergo reaction wh i l e  i n  a n  e no l ic 

s ta t e . Evidence in support of this , a lbeit c i rcumstan t i a l , 
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F i gure 2 . 5  A d iagram showi ng t he hypothesi sed 
s imilarity in spa t i a l  rel ationship 
b e tween en zymi c  hydroxylation and 
epoxida t ion ( Hayano , 1 9 6 2 ) . 
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equatorial 
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is provided by t he frequent oc currence of hydroxyl at ion s o f  

� � - 3 , 2 0 -d iketo s te r o ids at t he a x i a l  2 S , 6 S ,  l O B  ( in 1 9 -

norste r o id s ) , and l 7 a -pos i ti on s , whereas microbial hydroxy

l a tions at 2a , 6 a , l Oa , and 1 7 S  are unknown ( Charney and 

Her zog , 1 9 6 7 ) . Chemica l  analogi es a l so exi s t , where 

e l ectrophi li c  attack on the corre sponding eno l s  g ive 

exc lus ively axi a l  sub stituti on o f  the el ectroph i l e  ( Ho l l and 

and Aure t , 1 9 7 5 a ) . The e n z yme sur face would provide 

cond i ti o n s  for e no l i zation o f  hydrogens on methyl ene o r  methy l 

group s ad j acent to ketoni c  oxygens . The resu ltant h i gh 

e lectron den s i ty a t  the pos i t ions under attack thus aids the 

incoming e lec trophi le , envi s aged as OH+ . Maximum ove r l ap o f  

n -e lectrons i s  expected t o  o cc u r  with axial attack , thus 

favour i n g  products of thi s conf iguration . Thi s  mod e l  i s  

demon s t r a ted f o r  6 S - and 2 1 -hydroxy l ations , i n  F i gure 2 . 6 .  

T h e  two p ropo sed mechani sms shown i n  F igure 2 . 6 ,  

have r e c eived some de ta i l ed s tudy . Holl and and Auret ( 1 9 7 5 a )  

examined the C - 2 1  hydroxyl a t ion o f  p roge sterone b y  

A sp e rg i l l u s n i g e r  ATCC 9 1 4 2 . B y  s tudying the hydroxyl a tion 

of C - 2 1 -deuterium-l abe l led proges terone the y  were unab l e  

t o  imp l icate the i nvolvement o f  a C - 2 0 , 2 1 -enol form and 

it appeared that a mechan i sm i nvolving the d irect i n s e rtion 

of oxygen into a C - 2 1  carbon-hydro gen bond was invol ved . 

Thus , a mechani sm d irect ly analogous to hydroxylation o f  non

eno l i zab l e  carbons be s t  exp lained the ir re sul t s . Howe ver , 

in studyi ng the 6 6 -hydroxy l ating a b i l ity o f  R h i z o p u s  ar r hi z u s  

ATCC 1 1 1 4 5 o n  6 � - 3 -ke tonic s te roids , Hol l and and Aur e t  

( 1 9 7 5b , 1 9 7 5c )  and Hol land and Diakow ( 1 9 7 8 , 1 9 7 9 a , 1 9 7 9 b )  

have g iven convinc ing evidence that a � 3 ' �eno l ic intermedi ate 

is invo lved in t h i s  hydroxyla t ion . 

Thus , i t  appears that in certain c as e s  the mechani sm 

of hydroxyl ase ac t ion may i nvo lve eno l i zation o f  the 

sub stra te . Howeve r ,  the �any hydroxylatio n s  at carbons where 

eno l i z a t ion is impos s ib l e , imp l i es that the s e  hydroxy l ases 

operate by d irect inserti on o f  oxygen into a c arbon-hydrogen 

bond . C l early , the exac t mec h an i s t i c  feature s of s teroid 

hydroxyl a se ac t ion are s t i l l  far from compl ete ly understood . 
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2 . 3 . 2  Hydroxy lase B i och emistry 

Recent ly a signi fi c ant advance i n  the knowl edge o f  

fungal steroid hydroxyl a s e s  was made b y  Bre skvar and 

Hudnik-P levnik ( 1 9 7 7 a) . They convincingly d emonstrated 

the i nvo lvement of cytochrome -P 4 5 0  in the l la -hydroxy la tion 

o f  p roge sterone by Rh i z o p u s  n i gr i c a ns . Cytochrome- P 4 5 0  

i s  k nown to b e  an essent i a l  consti tuent o f  various hydroxy

lating systems in mammal ia n  ti ssues , h igher p l ant s , fun g i  and 

bacte r i a  ( Boyd and Smel l ie , 1 9 7 2 ) . There are many d i f ferent 

typ e s  o f  monooxygenases ( H ayaishi , 1 9 7 4 ) , so it may not be 

va l id t o  sugge st that the i nvolvement o f  cytochrome- ?. 4 5 0  wi l l  

b e  common to a l l  microbi a l  steroid hydroxyl a se sys tems . 

H oweve r , t h i s  important f i nd ing brings the unde r s tand ing o f  

microbi a l  steroid hydroxyl a tion much . clo ser t o  that o f  

hydroxyl as e  s ystems o f  animal , p lant and microb i a l  origin . 

Certa i n l y , the involveme nt o f  a meta l lo-en z yme , as  in the 

haemoprotein c ytochrome-P 4 5 0 ,  i n  the activation o f  

I t  i s  mol ec u l ar oxygen has long b een a s sumed ( H ayano , 1 9 6 2 ) 

po s s ib l e  to sugge st a pat hway for microb ial steroid 

hydroxyl ation , involving cytochrome -P 4 5 0 . ( Ro s a z z a  and Smi th , 

1 9 7 9 )  which se rve s as a u se ful mod e l  ( F i g . 2 . 7 ) . Important 

f e ature s of t h i s  mode l a re : 

( i ) I t  i s  a multien z yme compl e x  operating a s  an 

e lec tron transpo r t  c hain . 

( i i )  Mol ecu lar oxygen b i nds w i t h  the reduce d  

Cyt-P�;0 - s teroid complex which i s  further 

reduced to give " ac t iva ted " oxygen ( 1 1 ground 

s tate 11 d ioxyge n i s  not very reac tive ( H ay a i sh i , 

1 9 7 4 ) ) . 

( i i i )  Ultimate ly , one oxygen atom i s  incorporated 

into the sub strate and the second i s  reduced 

to wate r . 



24 

F igure 2 . 7  A mode l for steroid hyd roxy l at ion via 
Cytochrome-P 4 s o -l inked monooxygenase s  
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The intracel lular loc a l i s a t ion of t he s tero id 

hydroxyl a s e- c ompl ex in fung i has b ee n  the sub j ec t  of s ome 

recent work . S hibahara e t  a l . ( 1 9 7 0 )  with the A sp e rg i l l u s  

o c h ra c e u s  pro g e s t erone-l b -hydroxy l a s e , Zuidweg ( 1 9 6 8 )  

w i t h  the Cur v u  l ar i a  l u n a ta cortexo lone-l la -hydroxy l a s e , 

Tan and Falardeau ( 1 9 7 0 )  with the A s p ergi l l us  o c hrac e u s  

proge s terone- l lu -hydrox ylas e ,  a nd Bre skvar and Hudnik � P levnik 

( 1 9 7 7b )  wi th the Rhi z o p u s  n i g r i c a n s  proge sterone- l la -hydroxyl a s e  

are a l l  i n  agreement that th e hydroxylase ac tivity r e s i d e s  

i n  the pos t-mitochond r i a l  supernatant l iquid . Bre skvar and 

Hudnik-Plevni k  ( 1 9 7 7b )  loca l i sed the ac tivity in the membrane 
fraction sed imenting at 1 0 5 , 0 0 0  x g .  As with o ther known 

s teroid hydrox yl a s e  s y s tems t he a c t ivity appears to be 

membrane-a s so c i ated , whi� h may exp l a i n  the u n s tabl e nature o f  

many mi crob i a l  c e l l- free hydrox y l a s e  prepara t ions ( Z u idwe g , 

1 9 6 8 ) . 

The que s t ion o f  wh ether the steroid hydroxyl a s e s  o f  

fun g i  are indu c ib l e  o r  c on s t i tu t ive h a s  rece ived only minor 

s tud y . Zuidweg ( 1 9 6 8 )  demonstrated that onl y  c e l l - free 

preparations from c e l l s  of Curv u l a r i a  luna t a  pre - induced w i th 

cortexolone showed any l l S - and 1 4 a -hydroxyl a s e  ac t i v i ty . 

S imi l ar l y , Lin and Smith ( 1 9 7 0a )  s howed wi th who l e  c e l l  

preparations o f  C .  l u n a t a  that c e l l s  without prior induc tion 

demonstrated i n s i gnif ic ant 1 9 -no r s teroid l l S - and 1 4 a 

hydroxyl a s e  a c t iv i ty .  Also , c e l l - f re e  prepara tions f rom non

indu ced , veg e t at i ve myce l i a  of A s p e rg i l lu s  o c hrac e u s  y i e lded 

inac tive extra c t s , whereas extrac t s  f rom cel l s  pre- induced with 

proge s terone were act ive in l l a -hydroxylation ( Shibahara 

et a l . , 1 9 7 0 ) . Intere sting l y , Ve z ina e t  a l . ( 1 9 6 8 )  r epor ted 

that none of t he antib iotic s that inhibited steroid-tran s form

ation by vegetative c e l l s  of streptomycete s ( Pe r lman e t  a l . ,  

1 9 5 7 ) had any e f fect on the hydroxyl a s e  activ ity o f  the spore s 

of A .  o c h rac e u s . Unfortunately , no data were g iven . However , 

thi s  report c an probably be d i scounted s ince a l l  the a n t i 

bio t i c s  used by Perlman e t  a l .  ( 1 9 5 7 ) were antibac t e r i a l  

compound s and wou l d  no t inhibit funga l prote in- synthe s i s . 

Wi thout pro te in- synthe s i s  inhib i t ion , induc ib i l ity cannot be 
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proven i n  thi s manner . More d if f icul t  to expl a in is the 

report of V e z ina and S ing h ( 1 9 7 5 ) , that cyc lohex imide ,  a t  lev e l s  

which c au s ed grea ter than 9 0 %  inhibition o f  prote i n  synthe s i s  

in A .  o c hr a c e u s  spore s ,  had l ittl e  ef fec t  on prog e s terone 

hydroxylation . I f  no prior i nduc tion by progr e sterone occurred 

before cycloheximide add i tion , this wou ld imp l y  that de n o v o  

protein synthe s i s  i s  unnece s s ar y  for hydroxylation by spore s  

of thi s organism . S inc e t he experimental d eta i l s  were not 
• 

reported i t  i s  po s s ible that cyc lohex im ide may not have been 

add ed to i ncubations pr ior to proge s terone , which wou ld 

negate the c la im of a cons t i tu tive enzyme-sys tem . O n  the 

ba s i s  of the above evidenc e  i t  appear s that in mo s t  fung i  

the enzyme s i nvolved i n  s tero id hydroxylation are inducibl e , 

a l t houg h  there i s  some doubt a s  to whe ther thi s  i s  s o  for 

fung a l  spor e s . I n  the case o f  the l la -hydroxylase o f  R h i z o p u s  

n i g r i c a n s  myc el ium , induc ibi l i ty ha s been put beyond a l l  

doubt ( Br e skvar and Hudnik- P l evnik , 1 9 7 8 )  . Dur i ng s tudi e s  

on the e f f ec t  o f  cyc lohex imide on the hydrox y l a tion o £  
prog e s terone , these author s found tha t  only c u l tur e s  

pretreated wi th i nducer - s teroid cou ld hydroxylate when 

hydroxylatio n  wa s a s sayed in the pre sence of dyc lohex irn i de . 

Cyc loheximide is a potent inhibi tor o f  8 0  S r ibo somes 

( F rank l i n  and Snow , 1 9 8 1 ) , a nd these f ind ing s show convi nc ing l y  

tha t  hydroxylation fol lows d e  n o v o  protein synthe s i s . 

The g ener a l  subj ec t o f  x enobiotic monooxygena s e s  

i s  receiving cons iderable a ttent ion par ticu lar l y  wi th the 

wide spread di scovery of cy toc hrome- P 4 5 0  invo lvement in many 

monooxyge na s e s  of microbial or ig in ( Smith and Davi s ,  1 9 8 0 ;  

Ro sa z za and Smith , 1 9 7 9 ) . Becau s e  of the pau c ity of deta i l e d 

stud ies of fungal s teroid - hydroxylase systems i t  i s  perhaps 

instruc tive to c ons ider ana logy with the many mamma l i a n  and 

microbia l  monooxygenases which have been exam ined i n  some 

depth . I nduction can be d e scr ibed a s  the increased produc tion 

of monoox ygena ses . In mamma l ian cel l s , the i ncrea s ed 

produc t ion of cytochromes i s  thought to occur v ia s timu l.:t tion 

of protein synthe s i s  ( Smith and Davi s ,  1 9 8 0 ) . Var ious 

interact ions whic h cou ld u l timately l ead to increa sed protein 

synth e s i s  are shown in F igure 2 . 8 .  Most impor tant of these 
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F igure 2 ·. 8 S i te s  \vi thi n  mamma l ian c e l l s  tha t are 
r epor ted ly impor tant in the i nduc t ion of 
Cytochrome-P4 5 0  monooxygena ses . 

I nducers may fac i l i ta te ( fac)  or inhibi t  
( inh)  proce s s e s  a s  i nd i c ated . 

Abbreviations : 

mRNA me s senger RNA 
r RNA r ibo soma l RNA 

Source : ( Sm i th and Davi s ,  1 9 3 0 ) . 

CYTOPLASM 

degradation 
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PROTEIN 4!-<:.------

protein 
synthesis 

polyrlbosomes 

ribosomes 
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are the bind i ng o f  inducers such a s  3 -methylcho lanthre ne to 

nuc l ear . DNA . Thi s s timu lates the expre s s ion of mRNA • . 

Other effects , such a s  the d irect i n f lu ence s of induce r s  on 

r i bo somal synthe s i s  and stabl i zation (via r ibonuc l ea s e  

i nh ib i t ion) , and o n  prote in synthe s i s  reactions , coul d  a l l  

l ead u l t imatel y  t o  increa sed protein synthe s i s  and i nc r e a s e d  

l eve l s  of monooxygenas e s . Further , t h e  increased produc tion 

of a r e lated e n z �ne , such a s  NADPH-cytochrome-P 4 5 0  

r eductase ( u s i ng the mod e l  of F igure 2 . 7 )  whi c h  wou l d  inc r e a s e  

t h e  r a t e  of P 4 5 0  reductio n ,  cou ld a l so increase t h e  a c t iv i ty 

o f  the monoox ygenase system ( Smith a nd Dav i s , 1 9 8 0 ) . 

P4 5 0  monooxygenases s tudied i n  fungi have i nd i c a ted 

some paral l e l s  to induction in mamm a l ian spec ie s . I n  many 

c a s e s  induction by the sub s trate ha s been observed . F ewer 

s tu d i e s  have been perf ormed where the more c la s s ical P 4 5 0  

i nducer s , used rout inely i n  mamma l ia n  work , have been ex am i ned . 

I n  the few c a s e s  s tud i e d ,  impor tant s imilar i ti e s  have been 

ob served ( Smi t h  a nd Davi s ,  1 9 8 0  a nd r e f erences the r e in ) . 

T hu s , i n  the pres enc e  of phenobarbi t a l , P 4 5 0  wa s i nduced 

two-fold ( compared to control s )  in the a lkaloid -produc i ng 

s train o f  C la v i c e p s  p urpu re a . With Cu nninghame l l a b a i n i e r i , 

process ing a b e n z o ( a ] pyrene hydrox y l a se sys tem , 1 0 -f o ld 

i nduc tion of hydr oxy l a se activity was ob served when phenanthrene 

was employed a s  t he i nduc ing agent . 

The r o l e  of c e l lu lar metabo l i sm in the ac t iv i ty of 

fungal s teroid hydroxylases i s  another area �hi c h  has 

r e c e ived l i ttle s tudy . Steroid hydroxylation with s tarved 

fung a l  spor e s  has been s hown to r equ ire an exogenou s sou rc e  

of c arbon , and r e sp iratory s tud i e s w i th var iou s sug a r s  

genera l ly i nd i c a te a relationship between oxygen uptake and 

steroid hydrox y l a tion ( Ve z ina e t  a l . ,  1 9 6 8 ) . Ve z i na and 

S ing h ( 1 9 7 5 )  r eported relative ly h ig h  activ i ti e s  of g lucose- 6 -

pho sphate dehydrogenase and 6 -pho sphog luconate d ehydrog e na s e  

( the f i r s t  two e n zymes o f  the hex o s e  monophosphate ( HMP ) 

pa thway ) in c e l l - free extrac ts o f  A s p e r g i l l u s  o c hra c e u s  spore s 

( a n  active l l a -hydroxylating organ i sm )  . The requ i rement for 

g lu co se may be r e lated to the reg e nerat ion of NADPH , th i s  
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be ing e ssent i a l  for hydroxylase ac tivity . In many fung i 

t h i s  cofactor i s  regenerated v i a  the HMP pathway ( Berry , 

1 9 7 5 ;  Coc hrane , 1 9 7 6 ) . Cunni ng hame l l a e l egans spore s  and 

was hed , r e s t i ng myc e l i a  can c arry out cor texolone hydroxyl at ion 

in d i s ti l l ed water wi thout exogenou s g lucose ( Sed l ac zek 

et a l . ,  1 9 8 1 ) . However , biochem i c a l  anal ys i s  of intr a c e l lu lar 

con s t i tuent s i nd icated con s id erable endogenou s consumpt ion 

of storage carbohydrate . Thus it s e ems reasonable to 

sugge s t  that whether s teroid hydroxylation is performed wi th 

e i ther spor e s  or mycel ia some metabo l i sm of a carbon source 

is a requirement for hydroxyla tion . Sedlac z ek e t  a l . 

( 1 9 7 3 ) , wor k i ng with a number of fung i , found that c ompound s 

wh i c h  blocked e lec tron transport and uncoupl ing agent s of 

oxidative phosphorylat ion were able to greatly or total ly 

inhibit l la -hydroxyl a t ion o f  cor texo lone . The author s 

suggested that energy-yielding r e ac tions are nec e s s ar y  f or 

uptake of steroids by active transport . However , i t  wou l d  

seem more l ik e l y  that inhib i tion of normal energy-metabo l i sm 

would r e su l t  i n  a c e s s ation of c arbon metabo l i sm and h e nc e  

cofactor r eg e neration . S imi l ar obs ervations are reported 

for stero id hydroxyl a t ion by fungal �pores (Ve z i na and 

S i ngh , 1 9 7 5 ) . 

S ed l ac zek e t  a l . ( 1 9 7 9 )  d emonstrated a dependenc e  of 

steroid ! la -hydroxyl a s e  activi ty on the redox state o f  tha 

c e l lu lar nicotinamide nuc l eotide coen zyrne poo l s  i n  

Mo no sporium o l i va c e u m . The tran s formation rate of cor tex o lone 

to the l la -hydroxy derivative was correlated wi th the ratio 

of the redu c ed form of NADP to the total poo l s i ze of the 

cofactor . ·They stated that a NADPH : (NADP + NADPH )  ra tio 

o f  > 6 0 % wa s requ ired for rapid s teroid hydroxyl a t ion . 

S imilarly , S ed lac zek e t  a l . ( 1 9 8 1 )  found that thi s ratio was 

s ignif icant l y  higher i n  myc e l i a  o f  Cu nninghame l la e l e ga n s  

a s  compared t o  spore s ,  which corr e lated with the higher 

cor texolone l l a - and l l S -hydr oxyl a s e  activi ties of myce l ia . 

The s e  findi ng s  lend fur ther weight to the impor tance o f  

NADPH-regeneration - sy stems , and hence carbon metabo l i sm, in 

the s tero id hyd roxy lat ion mec ha n i sm . 
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Jawors k i  e t  a l . ( 1 9 7 6 a )  correla ted change s in the 

c e l l u l ar content of ami no a c id s , g lucose and manni to l  of 

M .  o l iv a c eum , dur ing growth and s tarvation , w i th the 

cor texo lone - l la -hydroxylation ac tivi ty . They found the 

h ighe s t  ac tivity when myc e l ia conta ined low amounts of 

metabo l i te s , which poss ibly indicates s ome form of 

catabo l i te repre s s io n . Further evidenc e , that this type of 

metabo l ic control mechani sm may exi s t , v1as demons tra ted for 

Cunn i n g hame l la e Z e ga n s  spor e s  by S ed l ac z ek e t  a l . ( 1 9 8 1 ) . 

Addi tion of exogenou s g luco se to cortexolone-hydroxyl a t i ng 

spore suspensions �e sulted in reduced transformation rate s , 

whereas the add i tion of sever a l  ami no a c id s enhanced r a t e s  

compared t o  a control . 

An investigat ion of the fungus M .  o l i va c e u m , by 

Jaworski e t  a l . ( 1 9 7 6 b) , correl ated the c e l l u l ar energy

c harge (defined a s  the ratio ( [ATP J + � [ADP l ) / ( EATP ] + 

[ ADP ] + [ili�P l ) )  with cortexo lone-hydroxylation ac tivi ty , 

during myce l i a l  growth and starva tion . An incre ase in energy-

c harg e  was accompanied by a decrea s e  in hydroxylat ion a c t iv i ty . 

I n  starved myce l i a , the h ig he s t  hydroxylation activ i ty was 

observed when the l owe st energy-charge l eve l was reached . 

I ntere s t ingly , ATP or en�rgy-charge regu lation·of secondary 

metabo l i sm ha s been d e sc r ibed as a pos s ible control mechani sm 

i n  many antibiotic fermentations ( Drew and Dema i n , 1 9 7 7 ) . 

In the se case s , high l evel s of ATP r e su l t  in low l evel s o f  

antibioti c  in t he fermentation broth . 

I n  an attempt to inves tigate the ef fec t o f  growth 

rate on l la-hydrox y l a t ion o f  cortexo lone by M .  o l i v a c e um, 

Sedlac z ek e t  a l . ( 1 9 7 4 )  obta ined myce l ia from chemo s ta t  

cu ltur e s  operat ing at two d i f f erent g rowt h rate s . S teroid 

hydroxyl a tion wa s then stud i ed under starvation cond i tions . 

At a specif ic growth rate o f � =  0 . 4 9 5  h- l the myc e l i a  were 

2 7 %  au to lysed after 4 8  h s tarva tion , but reta ined the abi l i ty 
-1 to lla -hydroxylate . \vhen l.l = 0 . 1 1 2  h the degree o f  au to l y s i s  

a f ter 4 8  h was 5 1 . 7 % and the steroid hyd roxyl at ing abi l i ty 

wa s l o s t  a f ter 6 h .  Macromo lecu lar compo sit iona l anal y s e s  

of the myce lia showed more c arbohydrate i n  the myc e l ia with 
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the higher spec i f ic growth rate . Thus , i t  would appear that 

thi s e f f e c t  is one of c arbon- source exhaustion rather than 

growth rate . 

I t  thu s  appear s that c e l l  mechani sms and f a c to r s 

control l i ng s tero id hydroxylation are compl ex and are s t i l l  

l i tt l e  u nder s tood . The po s s ib i l i ty o f  catabo l it e  a nd/or 

energy-char g e  regu l ation o f  s teroid hydroxy l a se s , could 

explain many of the c hange s i n  hydroxylation ac t i v i ty o f  

cu l ture s  g rowing on d i fferent media , which have been observed 

( Lee e t  a l . ,  1 9 6 9 ; El -Re f a i  e t  a l . ,  1 9 7 5 ;  Wet tste i n , 

1 9 5 5 ; a nd Marsheck , 1 9 7 1 ) . 

I n  conc lu s ion ,  it  i s  s t i l l  d i f ficu l t  to genera l i se 

about the types and mechani sms o f  s t eroid hydrox y l a se s . 

Albhough general mechani s t i c  feature s  are now better u nder

s tood , it  is  sti l l  unc l ear i n  many cases of mul t ip l e  

hydroxy l a t ions , whether a s ing l e  non- spec i f i c  en z yme o r  a 

group o f  spec i f i c  hydroxyl a s e s  are i nvolved . In the c a s e  

of the s equential l la - and 6 S -hydroxylations of proge sterone , 

by A sp e rg i l l u s  o c hra c e u s , the two a c t ivities have been c lear l y  

separated , in c e l l -free ex trac t ( Shibahara e t  a l . ,  1 9 7 0 ) . 

On the o t her hand , the mu l t ip l e , monohydroxylase ( s )  of 

C.  l u na t a  have been unable to b e  s im i larly separated 

( Zu idweg , 1 9 6 8 ) , and var iou s s tudies have been unable to 

demon s trate the involvement of more than one enzyme ( Li n  and 

Smi th , 1 9 7 0 a ; 1 9 7 0b) . The po s s ibi l i ty ha s a l so been 

sugges ted ( Smith , 1 9 7 4 )  that d i oxygena ses may be r e spons ible 

for cer t a i n  d i hydroxy lations o f  steroids . C l early , t here 

i s  sti l l  a need for better under standing of the s e  fundamenta l 

areas o f  microbi a l  s teroid-hydroxylation . 
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Current trend s  in m icrobiolog i c a l  stero id 

trans format ion tec hniques have recent ly been r eviewed 

(Marsheck , 1 9 7 1 ) . A l t hough the u s e  of fung a l  conidiospo r e s  

( Ve z ina and :s ingh , 1 9 7 5 )  and immobi l i zed c e l l s  (Mosbach a nd 

Lar s son , 1 9 7 0 )  have received considerab l e  i ntere s t , the mo s t  

c ommon technique i s  t he add i tion of s teroid t o  a batch

grown cu l ture . A s l i ght v ar iant on t h i s  method is the 

wa shed , re sting-c e l l technique . Myce l ia from a batch-grown 

c ulture are harve s ted and su spended i n  a sui table buffer . 

S t eroid i s  then added and the trans format ion i s  c arried out 

u nder cond i tions of aeration and ag i tation . 

The phy s ic a l  and b i o logical p roperti e s  of steroid s 

can be o f  cons iderabl e s ig n i f i c ance to trans formation 

proce s s e s . Thus , in h ig h  concentra tion the subs trate o r  

produ c t  o f  transformat ion may b e  tox i c  o r  i nhibitory to 

the microorganism . The very abi l i ty o f  steroid s to perme ate 

c e l l  membranes , which a l l ows transformat ions to take p l a c e , 

imp l i e s  that the organ i sm wi l l  in some way be af fected by 

the pre s ence of stero id . In thi s respect the response of 

microor gani sms to steroids has been r ev i ewed by Buetow and 

Levedahl ( 1 9 6 4 ) . I n  c a s e s  o f  sub strate tox i c i ty , s low 

sub strate feeding can be u sed to prevent the organ i sm b e i ng 

expo sed to high sub s tr ate concentration s . 

Smith e t  a l . ( 1 9 7 7 )  have c l a imed that only d i s s ol ved 

substra te is ava i l ab l e  for trans format ion by microorga n i sms . 

There i s  some evidence , however , whi c h  sugg e s t s  that 

und i s so l ved ster o id c an enter microb i a l  cel l s  and be 

tran s formed . For ex amp l e , Z vyag intsev and Zvyagint sev 

( 1 9 6 9 )  ad sorbed c e l l s  of My c o b a c t e r i um g l o b i fo rme onto 

c rysta l s  of var iou s s tero id s and observed the transforma t i on s . 

With some steroid � , t he trans formation rates were greater 

than in control s amp l e s  with d i spersed sub strate . Thi s wou ld 

sugg e s t  that undi s so l ved substrate may be transformed . 

Never the l e s s , i t  appears to be general ly ac cepted that 



33 

enhanced steroid solvation wi l l  i ncrease the r a te of 

transformation . In this respe c t , the l�w aqueou s s o lubi l i ty 

o f  most ster o i d s  (Kab a saka l ian e t  a l . ,  1 9 6 6 )  i s  o f  

cons iderabl e  con sequence to the hydroxyl ation proce s s . 

Thu s ,  i t  i s  common practice to add the s teroid to a c u l ture 

a s  a solution , in a so lvent such as ethanol , acetone , o r  

d imethy l fo rmami6e .  The so lvent i nc rease s the s o l ub i l i ty o f  

the stero id . Hcwever , w i th increa s ing solvent concentrat ions , 

toxic ity to the organism becomes an important constraint . 

The u se o f  two-phase emu l s ions o f  aqueous and organic so lvent s 

have been d e s cr ibed for some s teroid trans formations 

( Sm i th e t  a l . ,  1 9 7 7 ) . For examp l e , Buck land e t  a l . ( 1 9 7 5 ) , 

u s ing whole r e st ing-c e l l s  o f  No c ar di a  spec ie s , obta i ned 

greater ra te s o f  cho l e sterol oxidat ion in such a s y stem 

compared w it h  a s ingle-phase aqueou s  trans forma t ion . Improved 

steroid solub i l i ty appeared to be partly re spon s ib l e  f o r  

t h e  e f fec t . The c l o s e  structural s imilar ity o f  many sub s tr a  te s 

and products o f  stero id trans forma t ions c�n r e s u l t  i n  

i nterac tion s , in whi c h  the presence o f  one c ompound a f fect s 

the solubi l i ty o f  the other . Examp l e s  h ave been d e s c r ibed , 

in which such i nterac t ions c an work to d ecrea s e  the 

s o lubi l ity o f  the sub strate , and so gradually s top the 

transformation a s  the produc t c oncentration r i s e s  ( M ar sheck , 

1 9 7 1 ) . 

The p hy s ical state o f  the substrate ha s a l so been 

shown to b e  important to the rate and yield of some stero id 

transforma tion proce s se s  (Marsheck , 1 9 7 1 ) , and variou s  

add i t ion technique s h ave been d e s c r ibed . Noteable among 

these , is  t he u se o f  microni s ed sub strate or so-cal l ed 

" smoo th-par t i c l e s " .  For the l la -hydroxylat ion o f  prog e s terone 

t h i s  technique a l lowed rapid tran s formation of high sub strate 

charges ( 2 0 - 5 0  g/1 ) with li ttle side-produ ct forma t ion . Also 

o f  interest is  the phenomenon o f  " p seudocry s t a l l ofermentation " 

wh ich occu r s  w ith certain stero id s . In such c a se s , when 

sub strate i s  added in so lid form ( up to 50 g/1 ) to a cu lture , 

and i s  tran s f ormed , c rysta l s  o f  produc t spontaneou s l y  f orm 

and e f fec t ive ly force the trans f ormation in the d i rec tion o f  

product formation . 
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S ince mo s t  fung a l  steroid-hydroxyl a s e s  appe ar to be 

induc i b l e , a per iod o f  e n z yme induction wi l l  o c c ur fo l lowing 

steroid add i tion to a cu l tu r e . Fermentation cond i tions dur i ng 

thi s period may b e  c r i t i ca l  t o  the f i na l  leve l o f  hydroxyl a se 

activ i ty . Thi s  has s hown to be so , with re spect to d i s solved 

oxygen t e n s ion , f or t he prog e s terone ! la-hydroxyl ase of 

Rh i z op u s  n i gr i c a n s  (Han i s c h  e t  a Z . ,  1 9 8 0 ) . Examp l e s , where 

variation of growth med ium compos ition g ive improved 

hydroxyl a t ion y i e lds , have a l s o  been de scr ibed ( fo r  exampl e ,  

Wett s te i n ,  1 9 5 5 ; Marsheck , 1 9 7 1 ) . It i s , howeve r , impos s ib l e  

t o  gene r a lise from these emp i r ical ob servation s .  I t  i s  per hap s 

su f f i c i ent to sugge st t hat s t e roid hydroxyl a s e s  may be u nder 

var iou s f orms o f  regulation , which may be influenced by 

fac tor s s u ch as growth medium compo s ition . The r equirement 

for oxyg en in the hydroxyl ation proces s  nece s s i ta te s  adequate 

agita tion and aerat ion . Thi s  was demons trated ernpirica�ly by 

Karow and Pet s i avas ( 1 9 5 6 )  for the l la-hydroxyl at ion of 

cortexolone , a nd very recen t l y  a Michae l i s -Menten 

relations h ip , b e tween d i s so lved oxygen tens ion and 

hydrox y l a s e  activity was shown for the l la-hydroxylation of 

proge s terone by Rh . nigr i c a n s  (Hanisch e t  a Z . ,  1 9 8 0 ) . 

I n  conc l u s ion , i t  i s  apparent that muc h  o f  the 

l iteratu r e , d e s cr ibing f ermentation aspects of steroid 

hydrox y l a t ion proce s s e s , i s  empirical i n  nature . As such , 

it i s  d i f f icult to apply r e su l ts from one s te roid / mi c roorgani sm 

system to another . 
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CHAPTE R  3 

MATERIALS AND METHODS 

3 . 1  MATERIALS 

3 . 1 . 1  Microbiologi c a l  Med i a  

Potato Dext rose Agar ( P DA) w a s  obtained from Oxo i d  

Ltd . , London , Engl and . Bacto Yeas t  Extrac t , Bac to Malt 

' 

Extract Agar , and Bacto Mal t  Extract B roth were supp l i ed by 

Di f c o  Laboratori es , Detroit , Mich i gan , U . S . A . .  Microbiological 

Agar was ob tained from Davis. Gela tin Ltd . , Chr i s tchurch , New 

Z e a land . The compos i tions of Lac t r i tme l Agar and of the 

s tarch and sucrose based medi a  of Hasegawa e t  a l . ( 1 9 6 0 )  are 

d e t a i led in Tab l e  3 . 1 .  To ta l ni trogen and tot a l  carbohydrate 

d e t e rrninat ions on the y east extract powder gave analyses o f  

1 0 . 5 % (w/w ) and 9 . 0 % ( w/w) , re spe c tive ly . 

3 . 1 .  2 Chromatographic Nater i a l s  

For thin l ay e r  chromatogr aphy ( tlc ) K i e s e lgel DGF 

( 4 0 0 me sh ASTM) was ob tained from Rie de l -De Haen AG . ,  See l z e 

Hannove r , Germany . For column adsorption chromatography , 

s i l ica g e l  ( 6 0 - 1 2 0  me sh ASTM) , f rom BDH Chemic a l s  Ltd . 

( P almerston North , New Z e a land ) ,  was used . 

3 . 1 . 3  Ga se s 

Oxygen- free ni troge n was supp l i ed by New Zea land 

I ndustri a l  Gases Ltd . , P a lmers ton Nor t h , New Zea land . 

3 . 1 . 4  C h emi c a l s  

3 . 1 . 4 . 1 S teroids 

The fol lowing s teroids were purchased from th e 

S i gma Chemi cal Co . ,  S t . Lou is , Mo . ,  U . S . A .  
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Tabl e  3 . 1  Media c ompo s i tion 

( a ) Lact r i tme l Agar 

Honey 7 g 
Skim mi lk powder 1 4  g 
Wheat f lour 1 4  g 
Agar 1 4  g 
Water to 1 0 0 0  ml 

( b )  S tarch Med ium o f  Hasegawa e t  a l . ( 1 9 6  0 )  

Soluble starch 3 0  g 
NH4 N03 2 . 0  g 
K 2HP04 1 . 0  g 
FeC1 2 . 4 H2 0 0 . 5  g 
KCl 0 . 5  g 
MgS 04 . 7 H 20 0 . 5  g 
Vit amin solution 1 0  ml 
Tap water to 1 0 0 0  ml 

One l itre of v i t amin s olution contain s : 

biotin 0 . 2  mg 
c a l c ium pantothenate 4 0  mg 
i no sitol 2 0 0  mg 
niacinamide 4 0  mg 

!p�aminbbenzoic a c id 2 0  mg 
pyridox ine hydrochloride 4 0  mg 
ribofl avin mononuc leotide 2 0  mg 
thi amine hydro c h loride 4 0  mg 
f o l i c  ac id 0 . 2  mg 

( c )  Sucrose med ium o f  H asegawa e t  a l . ( 1 9 6 0 )  

S uc rose 3 0  g 
K C l  0 . 5  g 
MgS04 . ? H20 0 . 5  g 
K 2HP04 1 . 0  g 
Ma l t  extra c t  2 5  g 
Water to 1 0 0 0  ml 



4 -andros tene - 3 , 1 7 -d ione 

1 7 a , 2 1 -d ihydroxy-4 -pr eg nene-3 , 2 0 -d ione 

l l S ,- - hydroxy- 4 -androstene-3 , 1 7 -d i one 

. 1 9 - hydroxy- 4 -and r o s tene - 3 , 1 7 -d ione 

l la - hydroxy- 4 -p r eg nen e - 3 , 2 0-dione 

l l S - hydroxy- 4 -pr eg nene - 3 , 2 0-d ione 

3 S - hydroxy- 5 -pregnen- 2 0 -one acetate 

3 S - hydroxy- 5 , 1 6 -pr egnad ien- 2 0 -one ace tate 

4 -pregnene-3 , 2 0 -dione 

4 , 1 6 -pregnadiene- 3 , 2 0 -dione 

11 S , l 7a , 21 -trihydroxy- 4-pregnene-3 , 2 0 -d i one 

3 7  

A l l  c ompound s , required a s  f ermenta tion substrates or 

chrom atography s tandard s ,  were checked f or pur ity by me l ti ng 

point and tlc c r i teria . Al l were used as rece iv ed wi th the 

exc ep t i on of hydrocor ti sone and andro s tened ione which requ i r ed 

recr y s ta l l i sa t ion from methanol and acetone : pe tr o l eum ether 

( 6 0°- 8 0° BP) , r e spec t iv e l y . 

The f o l lowing s teroids were prepared by par tia l  

synthe s i s  a s  d e scr ibed : 

1 9 -Hydroxyprog e s terone ( 1 9 -hydroxy-4 -pregnene - 3 , 2 0 -dione ) 

The par tial synth e s i s  of 1 9 -hydrox y lated s teroids 

has been stud ied ex ten s iv e l y  ( Heu s l er arid Ka lvod a , 1 9 7 2 ) . 

Bowe r s  e t  a l . ( 1 9 6 2 ) , Ka lvoda e t  a l . ( 1 9 6 3 )  and Bayu nova and 

Gr i ne nko ( 1 9 7 3 )  de scr ibe method s for the par tia l synthe s i s  

of 1 9 - hydroxyproge s terone , a lthough the exa c t  r outes used 

d i f f er . In some cases the method s of achiev i ng the same 

reac tion al so d i f f er . The f ive-s tep preparation from 

pregneno lone ac eta te proved to be ver y  sensi tive to the 

method s us ed , and sever a l  publ i s hed proc edu r e s  were tried 

be for e a sati sfactory rou t e  wa s d etermined . I n  par ticu lar , 

the u se of benzene a s  the solvent for the cr i tical 6B -1 9 

cyc l i s a t ion s tep , a s  d e scr ibed by Bower s e t  a l . ( 1 9 6 2 )  and 

Bayunova and G r i nenko ( 1 9 7 3 ) ,  g ave poor produc t  y i e ld s .  I ts 

replacement by the s a tu r a ted hydrocarbon , cyclohexane , 

r e su l ted in greatly improv e d  y i e ld s . The s ynthetic rou te ,  

from pregneno lone aceta te ( I ) , i s  shown in F igure 3 . 1 w i th the 

method s used , as  fol lows : 
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F igu re 3 . 1  Synthe s i s  o f  1 9 -hydroxyproge s terone 

A eO 

A eO 

I 

Br 
I I I  

.. 

NBA,HCI04·, 

·dioxane 

AcO 

:
K 2 C03,MeOH� 

reflux 

5 
1 .  Zn,HOAc, 

IPA,reflux 

2.HCI(dil) r.t.� . 0 

Br II 

V. I 
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S tep 1 :  The bromohydrin ( I I )  was p repared by the met hod 

o f  Akhtar and Barton ( 1 9 6 4 )  , a nd the produc t was recove red 

by c ry s ta l l i sat ion (d ichlorome thane :: hexane ) prior to S tep 2 .  

S tep 2 :  Cyc l i sat ion to g ive the 6 S , l 9 -ether ( I I I )  wa s 

c arri ed out according to San t anie l lo e t  a � . ( 1 9 7 5 ) . The 

produc t was pur i fi ed by cry s ta l l i sation from d i c h lo romethane : 

methano l .  

S tep 3 :  Mild hydroly s i s  o f  t he 3 S - ace tate group was · 
performed by the met hod of Kalvoda e t  a � . ( 1 9 6 3 ) . 

S teps 4 and 5 :  Oxidation b f  the 3 S -hydroxy l group w i th 

Jones r eagent ( F i e ser and F i e s e r , 1 9 6 7 a) , fol l owed by 

reductiv e  opening o f  the 6 6 , 1 9 -ether with z inc in i sopropanol/ 

acet i c  a c id , was c arri ed ou t according to Bayunova and 

Grine nko ( 1 9 7 3 ) . 

The 1 9 -hydroxyproge s te rone produc t  ( 8 0 0  mg ) was 

pur i f i ed by recry stal l i s a tion from ethyl ace tate and 

d i s p l ayed the fo l lowing p ropertie s : 

m . p . = 1 6 6 - 1 7 0° ( c f . 1 6 9 - 1 7 0°C ,  Bowers e t  a � . ,  1 9 6 2 )  

MeOH 2 4 1  ' = nm Amax 

IR uKBr 
max 

- 1  -1 3 4 2 0  cm ( 1 9 -hydroxy l ) , 1 7 0 0  cm ( 2 0 -keto) , 
1 6 6 0  cm-1 ( 3 -keto ) . 

The produ c t  gave a mas s  s p ec trum (Append ix B ,  F i gure B l )  

identic a l  t o  that pub l i shed for 1 9 -hydroxyproge s te rone 

( He l l e r  and Mi lne , 1 9 7 8 ) . Th e pronounced e l imination of 

forma ldehyde ( 3 0  arnu ) , g iving r i s e  to an M-CH 2 o ion , 

results in the base peak a t  m/e 3 0 0 . Thi s  i s  h i gh l y  

characte r i s t ic o f  1 9 -hydroxy s teroids wh ich po s s e s s  the 

� 4 - 3 -one group ( see sect ion 3 . 9 . 2 . ) . Proto n  and Carbon- 1 3  

NMR spectra (Appendix B ,  Tab le Bl ) demon strated , unequivoca l ly , 

the pre sence o f  the 1 9 -hydroxy l  group . 
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1 6a-Hydroxyproge sterone ( l G a -hydroxy- 4 -pregnene - 3 , 2 0 -dione ) 

This was prepared from 3 S-hydroxy- 5 , 1 6 -pregnad ien-

2 0 -one ace tate ( I )  according to the route shown i n  F i gure 

3 . 2 .  The method s u sed were a s  fol lows : 

Step 1 :  The 1 6 a , l 7 a-epoxide ( I I )  was prepared by react ion 

with the a lkal ine hydrogen perox ide , ac cording to Ju lian 

e t  a l . ( 1 9 5 6 )  . . The produc t ( 0 . 5  g )  was recovered by 

c ry s ta l l i s ation from methano l : water . 

Step 2 ;  The 3 S-hydroxyl group was oxid i sed to the k e tone by 

add i tion of Jone s reagent ( F i e ser and F ieser , 1 9 6 7 a )  to an 

acetone solut ion of t he compound ( I I ) , at room t emperature . 

S tep 3 :  Reduc t i on o f  th� epox ide to a l 6 a-hydroxyl group 

was performed by the met hod o f  Cole and Jul i a n  ( 1 9 5 4 )  , u sing 

c hromous acetate . 

The f i n a l  product ( IV )  was separated from unreac ted 

compound I I I  and other s ide product s  by preparative hpl c  

under the fol lowing cond i t ion s :  2 . 5  ml/min , 8 0 : 2 0  methano l : 

water , u s ing a Waters As soc iates Semi-preparative C-18 Reverse

Pha se Co lumn ( see sect ion 3 . 4 . 8  for further detai l s ) . The 

produc t thu s obtained was recrysta l l i sed from methano l to 

yield c ry s t al s ( 8 0 mg m . p . 1 9 4 - 2 1 2° ( c f . 2 2 6 - 2 2 7 °c ,  Cole 

and J u l ian , 1 9 5 4 ) . The produ ct s ti l l  c ontained a s i gDi f icant 

amount of an impurity . A sma l l amount ( 2  mg ) o f  pure 

1 6 a-hydroxyproge s terone ( fo r  use as a standard ) was obtained 

by preparative t l c  ( solvent s y stem 3 ,  section 3 . 4 . 7 ) . Thi s 

was unequivoca l l y  identi f ied by mas s  spectrometry (Appendix 

B ,  F i gure B 2 )  and by dehydra t ion (Co le and Ju l i an ,  1 9 5 4 ) 

to 4 , 1 6 -pregnad iene- 3 , 2 0 -dione , whic h  showed identical 

chromatograph i c  behaviour ( t lc , so lvent systems 2 and 3 ,  

sec tion 3 . 4 . 7 )  to au thentic 4 , 1 6 -pregnadiene- 3 , 2 0 -dione . 

Dehydrat ion , under such cond i t ions , i s  c haracte r i s t i c  o f  

1 6 a-hydroxyproge s terone ( Co l e  and Jul ian , 1 9 5 4 ) . 

The base peak in t he ma s s  spec trum at m/ e 2 3 1  i s  charac

teri s t i c  of both 1 5 - and 1 6 - hydroxyprogeste rone s ( Z aretski i ,  1976) . 
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F igure 3 . 2  Synthe s i s  of 1 6a-hydroxyprogeste rone 
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I I r  
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H2 02 ,OH
-

, 

/-----' � S°C 

HO 

3 
/------' ---='l:l!:il*--� 
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HOAc 

I I  

IE()H 

IV 
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The peaks a t  m/e 2 4 4  and 3 0 2 , whi c h  appear i n  t he spec tra o f  

1 6 -hydroxyprogesterone s , a r e  absent i n  spec tra of the ! S a

and 1 5 8-i somer s .  The p r e sence of thes e  pea k s  i n  F igure B 2  

(Appendix B )  lend s  proo f to the pos i tion o f  the hydroxy l a t  

C - 1 6 . The or ientat ion o f  the group c a n  a l so b e  r ead i ly 

ver i f ied from the mas s  s pe c trum .  Z aretskii ( 1 9 7 6 ) , give s the 

r e l ative i ntensitie s o f  the c harac te r i s tic peaks in the mas s  
+ spectra o f  1 6 a- and 1 6 8-hydroxyproges terone (m/e 3 3 0  (M ) , 

3 1 2  (M-H 2 0 ) , 2 3 1 ,  1 0 0 ) . By compa r i son wi th F igure B 2 , the 

1 6 a-orientation of the hydroxyl group was veri f i ed . 

l l a-Hydroxy-4 -ctndros tene -3 , 1 7 -dione 

T h i s  was prepared from hydrocor ti sone ( I )  ac cordi ng 

to the route shown . i n  F igure 3 . 3 .  The method s u sed were as 

f o l l ows : 

S tep 1 :  S ide cha i n  degradation to g ive the 1 7 -ketone ( I I )  

wa s c arr i ed out with sod ium b i smuthate ( after Edward s and 

K e l l i e , 1 9 5 8 ) . 

Step 2 :  Ox idat ion o f  the l l S-hydro�yandros tehed icine ( I t )  

t o  the tr ione ( I I I ) wa s performed wi th Cornforth reagent 

( C or n for th e t  a Z . ,  1 9 6 2 )  • 

S tep 3 :  S e lec tive protec tio n of the 3 - and 1 7 -ketone s a s  

k e t a l s  ( IV )  was carri ed out accord ing t o  Ber n s t e i n  e t  a Z .  

( 1 9 5 3 ) , wi th the mod i f ic a tion that toluene was u sed a s  

s olvent i n s tead o f  b e n z e ne . 

Step 4 :  Reduction o f  the 1 1 -ketone w i th sod ium metal in 

e t ha nol ( sc a led up , f rom the method of Vandenheuve l ,  1 9 7 5 )  

g ave predominant ly the ! l a-hydroxy product . 

S t ep 5 :  The keta l g r ou p s  were removed by heating with 

aqueous ace tic acid on a steam bath ( 1 . 4  g s te ro id , 3 5  ml 

g l ac i a l  ace tic acid , 14 ml wa ter ) for 25 min�te s . F i na l  

s eparation o f  produc t  f rom unreac ted tri one ( I I I )  wa s carr ied 

ou t by co lumn chromatography o n  s i l i c a  gel , by e lution w i th 

to luene : d i e thyl ether ( 1 : 1 ) . The produc t ,  from pooled 
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f r a c tions conta ining the des ired c ompound , was recry s t al l i sed 

f r om acetone : pe tro leum ether to g iv e  l la -hydroxy- 4 -andros tene-

3 , 1 7 -d ione ( 3 7 0  mg ) , m . p .  2 2 5 - 2 2 8° ( c f . 2 2 7 - 2 2 9° , Bernstei n  
MeOH KBr - 1 et a Z . ,  1 9 5 3 ) , A. 2 4 1  run ,  I R  V 3 4 5 0  cm , ( 1 1 -hydroxy l ) , 

_1 max _1 max 
1 7 4 0 cm ( 1 7 -keto) , 1 6 6 5  cm ( 3 -keto) , whi c h  was homogeneous 

on tlc examination i n  s o lvent s y stems 1 and 2 ( re f e r  

s ec t ion 3 .  4 . 7 )  • 

1 9 -Hydrox ycortexolone ( 1 7 a , l 9 , 2 1 -t r i hydroxy- 4 -pregnene - 3 , 2 0 -

d i one ) 

Thi s c ompound was obta i ned by hydroxylation of 

c o rtexolone w i th Pe l l i c u laria fi l a m e n to s a  f . sp .  m i c ro s c l e ro t i a  

IFO 6 2 9 8 . The o rgani sm was grown i n  fermenter cu l tu r e  

( ag i t at ion rate , 6 0 0  rpm ;  aeration rate 6 0 0  ml/m in ;  for 

other cond i tions and p rocedure s r e f er sec tion 3 . 5 . 2 )  i n  

1 5 0 0  ml o f  a med ium c ontaining g l u c o se ( 2 5 g/1 ) and yea s t  

ex tract ( 1 0  g/ 1 )  a t  p H  6 . 0 .  After 2 4  hour s growth , 

cort exolone ( 7 0 0  mg ) , d i s solved i n  d imethy l formamide ( 1 5  

ml ) , was added and the fermentation wa s cont inued for a fur ther 

24 hour s . 

The products were ex trac ted from the au toc l aved 

c u l ture broth ( 1 1 5°C for 15 min)  wi th ethyl acetate ( 3  x 5 0 0  

ml ) a f ter remova l of mycel ium by f i l tration . The myce l ium 

wa s extracted w i th ethanol ( 5 0  m l ) fol lowed by ethyl acetate 

( 1 0 0  m l ) . The c ombined extrac t s  were washed with 2 . 5 % 

(w/v ) sodium hydrogen carbonate so lution ( 2 0 0  ml ) fol lowed 

by wa ter ( 2 0 0  m l ) , and dried over a nhydrous sod ium sulphate . 

The s olvent wa s removed i n  v a c u o  a t  4 0°C .  The requ ired 

produ c t , c r y s ta l l i sed from the c onc entrated ethyl ace tate 

extra c t , wa s a lmo s t  uncontaminated with other c ompounds . 

I t  was recry s ta l l i sed from methanol to yield 1 9 -hydroxy

c o r texolone ( 2 8 mg ) , m . p .  2 3 0 - 2 3 4  ( c f . 2 3 4 - 2 3 5°C ,  Takah a s h i  

and Hasegawa , 1 9 6 l b ) . The c ompound gave a posi tive Porte r

S i lber reac tion (Li sboa , 1 9 6 9 ) , ver i fying the pre sence o f  the 

d i hydroxyac e tony l s id c hain , and wa s further chara cter i sed 

by mas s  spec trometry (Append ix B ,  F igure B3 ) , NMR spec tro s c opy 

(Appendix B ,  Tab le B 2 ) , and degrada tion to 1 9 -hydroxy- 4 -
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androstene - 3 , 1 7 -d ione , whi ch was identi fied unequivo c a l l y  by 

mas s  spec trometry ( Appendix B ,  F igure B4 ) and by c ompari son 

w i th the pub l i shed spec trum ( Egger s ,  1 9 6 5 ) . 

4 -Pregnene - 3 , 1 1 , 2 0 -tr ione and 4 -Andros tene-3 , 1 1 , 1 7 -tr ione 

Thes e  c ompound s were prepar ed from t he r e spect ive 

! l a -hydroxy compound s by oxid a t ion i n  Cornforth reagent 

( Cornforth e t  a Z . ,  1 9 6 2 ) . Af ter two recrystal l i s ation s from 

acetone , bot h  produc ts were homogeneous by t 1 c  ( solvent 

s y stem 1 ,  refer sec tion 3 . 4 . 7 ) , w it h  melting points a s  

fo l lows : 

4 -Pregnene - 3 , 11 , 2 0 -tr ione 

4 �Andro s tene-3 , 1 1 , 1 7 -tr ione 

3 . 1 . 4 . 2  Solvents 

1 7 0 -1 7 4° ( cf . 1 7 3 - 1 7 5° , 
Re ichstein a nd Fuchs , 1 9 4 3 )  

2 2 0 - 2 2 2° ( c f . 2 2 0 - 2 2 3 ° , 
H e rr a nd Heyl , 1 9 5 3 )  

For s tero id synthes i s , cry s t a l l isatio n , t 1 c  mob i le 

phase s , a nd solvent ex traction procedure s ,  t he solvent s were 

u sually BDH A . R .  g r ade ( BDH Chemic a l s  Ltd . ,  Palmers ton North , 

New Z ealand )  . Analytical grade solvents and d i s t i l l ed water 

were g l a s s -red i st i l led for u se i n  hplc and preparative t l c . 

Laboratory grade c hloroform was red i s t i l led for u se i n  the 

c l eaning of g l a s sware . 

3 . 1 . 4 . 3 Othe r  Chemi c a l s  

Chem ic a l s  u s ed i n  the s ynthes i s  o f  s tero ids were 

generally ob ta ined f rom BDH Chem ic a l s  Ltd . or May and Baker 

Ltd . ( Dagenham , Eng land ) and were of analyti c a l  grade . Lead 

te traacetate and c hromous ac etate , used in the synthe s i s  o f  

1 9 -hydroxyproge sterone and 1 6 a -hydroxyproge sterone , 

re spec tive ly , were prepared freshly for use , as fol lows . 

Lead Tetraac etate 

Thi s  wa s Prepared a s  de scribed by F ie s e r  and F i e se r  ( 1 9 6 7 c )  • 

The colou r l e s s  crysta l s  obta ined were : s tored a t  5°C ,  moi stened 
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with acetic ac i d  which conta ined a trace of acetic anhydride . 

Prior to u se the materi a l  wa s washed on a funnel with acetic 

ac id and dried overnight in a vacuum desiccator containing 

pota s s i um hydrox ide pe l le t s . 

Chromium ( I I )  Ac etate 

The procedure , as  descr ibed by F i e ser and F i e s e r  ( 1 9 6 7b ) , 

was u sed . Thi s  reagent oxid i sed very rapid ly , e spec i a l ly 

when moi s t , and so was u s ed , immedi at e ly . 

Other c hemica l s  and the i r  s ources were : 

Phenob arbit a l  and phenanthrene were gifts f rom the Facul ty 

o f  Veterinary Science and the Dep t . of Chem i stry , 

B iochem i s try , and Biophy s ic s , re spective l y , both o f  Ma s sey 

Univer s i ty , New Zea l and . 

BDH Chemica l s  Ltd ( Pa lmer s ton Nor th , New Z e a l and ) . 

Glucos e , B -hydroxyqu i no l ine , a , a ' -bipyridy l , b u f fer tabl e t s : 

pH 4 . 0  and 7 . 0 ,  formaldehyde solut{on 4 0 %  ( w/v) , sod ium 

b i smuthate , chromium trioxide , sodium hydrogen c arbonate , 

hyd roc hloric ac id , sulphuric a c id , sod ium hydroxide , and 

var ious other laboratory c hemica ls ( all  o f  A . R . grad e )  . 

D i ver s ey-Wa l l ace Ltd . � ( Papatoetoe , New Z ea l a nd ) . 

Pyroneg ( R )  d e tergent . 

Swi f t C onsol idated ( NZ ) Ltd . , (We l l ington , New Z e al and ) : 

Dow-Corning anti foam A . F . emu l sion ( Food Grade ) ; 

Ingred ient s : Dimethylpol y s i loxane , s il i c a , s te arate 

emu l s i fier s , sorbic ac id , and water . 

S igma Chemi ca l Company ( S t .  Loui s ,  Mo . ,  U . S . A . )  

Cyc loheximide . 
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3 . 1 . 5  Organ i sms 

The f ungi u sed i n  thi s  work were obta ined from the 

f o l l owing source s :  

I n s t i tute o f  Fermentation , Osaka , Japan 

Pe s ta l o t i op s i s  fune r e a  IFO 5 4 2 7  

Pe s ta lo t i a  fib rico l a  IFO 6 3 1 4  

Pe s ta l o t i a  c ub o n i ana IFO 6 3 1 5  . 
. . 

Pe s ta lo t i a  m i c ro s p ora IFO 3 0 3 1 6  

Pe s ta l o t i op s i s  v e r s ic o l o r  IFO 6 3 1 9  

Pe s ta l o t i a  dio spyri IFO 5 2 8 2 

Pe s ta l o t i op s i s  kars t e n i i  IFO 6 3 1 6  

Pe s ta l o t ia t r u n c a t a  IFO 8 5 8 4  

Cor t ic ium p r a c t i c o l a  IFO 6 2 5 3 

Cor t i c i um ca e ru l e um IFO 4 9 7 4  

Pe l l i c u laria fi lame n t o s a  f . sp .  s o l a n i  IFO 5 2 8 9  

Pe l l i c u laria fi lame n to s a  f . sp .  s a s a k i i  IFO 5 2 5 4  

Pe l l i c u l ar i a  fi lame n to s a  f . sp .  micro s c l e ro t i a  IFO 6 2 9 8  

Commonwealth Hycolog i c a l  I nst itute , London , U . K .  

Pe s ta l o t i op s i s  sydowi a n a  IMI 8 2 4 0 5a 

Pe s ta l o t i op s i s  pop u l i - n i gra e IMI 1 1 0 8 7 8 

Pe s ta l o t i op s i s  pa lma r um IMI 8 7 2 7 7  

Pe s ta l o t i op s i s  gra c i l i s  IMI 8 9 3 0 7 

Pe s ta l o tiop s i s  cru e n ta IMI 9 0 7 7 8c 

Pes ta l o t i op s i s  ma yumb e n s i s IMI 9 9 4 1 8  

Pe s ta l o t i op s i s  aqua t i c a  IMI 8 7 4 0 2  

American Type Cul ture C o l l e c tion , Rockvi l l e , Maryl and , U . S . A .  

Pe s t a  l o  tia m i c 1> o s p o ra ATCC 11 8 1 6  

Victor i a  Univers ity C u l tu r e  Co l l ec tion , We l l ington , New Z e a l and . 

Pe s ta l o tia fine i ta WU 3 9 3  

Pe s ta l o tia ramu l o s a  WU 1 4 5  

Pe s ·ta l o tia u n i c o l o r  vru 1 4 4  

Pe s ta l o tia s p . WU 9/7 7 

Pe s ta l o tiop s i s  sp . WU 2 1 5  
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Plant D i seases D i v i s ion Cu lture C o l l e c tion ( Department of 

Sc i e nt i f ic and I ndustri a l  Re search , Auckland , New Z e a land ) . 

Pe s ta Zo t ia v a c c i n s  PDDCC 5 4 4 6  

Pe s ta Z o t i op s i s  v e rs i c o Z o r  PDDCC : 7  

Pe s ta Z o t iop s i s  sp . PDDCC 2 4  

Pe s ta Z o t iop s i s  sp . PDDCC 8 

Pe s ta Z o t ia sp . PDDCC 3 0 6 2  

Maintenance 

A l l  organisms , wi th the exc ep tion of the Cor t i c i u m  

and Pe Z Z ic u Z a r i a  spec ie s ,  were maintained o n  s lope s o f  Potato 

Dextros e  Aga r  and subcu l tured every t hree months ( growth 
0 0 

temperature o f  2 5  C ;  s tored a t  5 C ) . The Co r t i ci um and 

Pe Z Z i c u Z a r i a  spp . were f ir st maintained on s l opes o f  Mal t  

Extract Aga r , but were l ater c hang ed to slope s o f  Lactr i tmel 
0 

Agar , and subcu l tured monthly ( g r owth temperatu r e  at 2 5  C ;  

s tored a t  5°C ) . The Lac tr i tme l Agar promoted superior 

myc e l i a l  d i f ferentiation . 

3 . 2  MED IA STERILI ZATION 

Microbiolog i c a l  med ia were s ter i l i zed by autoclaving 

a t  1 21 °C for 1 5  minu te s ,  except i n  the case of ma l t  ex tract 

agar , ma lt ex tract broth , and the g l uco se/yea st extract 

med ium , whi c h  were au toc laved at l l 5 °C f or 15 m inute s . I n  

some cases , heat lab i l e  constituent s o f  a med ium ( for 

example , the v i tamin solut ion , Tabl e  3 . 1 )  were f i l ter

steri l i zed through a 0 . 4 5  �m membrane f i lter ( Ox o id Ltd . ,  

London , Eng la nd ) pr ior to a septi c addi t ion to the med ium . 

3 . 3 CLEANI NG OF GLAS SWARE 

Al l g la s sware wa s wa shed i n  hot Pyroneg ( R )  solution , 

r insed in tap water , t he n  in d i st i l led wa ter , and hot-air 

dr ied . G l a s sware used for the s tor age of hplc so lve nts 

was treated in c hromic a c id a f ter the detergent wa s h , then 

r in s ed thoroughly with d i s t i l led water pr ior to dry i ng . A l l  

g l a s sware u s ed in steroid extraction and qua n ti tation proced -
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ures wa s rinsed w i th c hloroform prior to u se . 

3 . 4  ANALYTICAL METHODS 

3 . 4 . 1 Me l t i ng Po ints 

These were determin ed on a Lei tz HM-Lux H o t  Stage 

M i c r oscope ( Ernst Lei t z , Wet z l ar GMBH , Germany ) and are 

uncorrected . 

3 . 4 . 2 pH Measurement 

Routine pH mea surement s were made wi th a Metrohm 

pH Meter E 5 2 0  (Metrohm AG . ,  Heri sau , Swit zer l and ) which was 

r eg ul a r ly ca l ibrated wi th appropriate buf fer s .  

3 . 4 . 3 Myc e l ial Dry We ight D e termination 

A measured volume of cu l ture ( ea . 20 ml ) , or whol e  

shake - f lask contents , were f i l tered through Whatman No . 4 5  

f i l ter paper ( previou sly dried at 1 0 5°C and prewe ighed ) • The 

b i omas s  wa s \vashed twice w i th d i sti l led water ( 1 0  ml per 2 0  

m l  o f  cu ltur e )  and d r i ed t o  constant we ight a t  1 0 5°C .  

3 . 4 . 4 G lucose Ana l y s i s  

An en zyme elec trode method was u sed t o  spec i f ical ly 

d e termine the g lucose conc entration in samp l e s . A Y S I  Model 

2 7  sugar analyser ( Ye l l ow Springs Ins trument s Ltd . , Yel low 

Spring s , Ohio , USA) was u sed . Wi th regu lar c a l ibra tion the 

r e l at ive error in dup l ic a te determinat ions was l e s s  than 1 % . 

3 · . 4 .  5 Total Carbohydrate Analys i s  

Tota l c arbohydrate concentration was not rou tine ly 

d etermined but wa s occas iona l ly u sed to comp l ement g lucose 

c oncentrat ion determination s . The anthrone method of Gho sh 

et a Z .  ( 1 9 6 0 )  was u s ed . 
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3 . 4 . 6  Tota l N i trogen De terminat ion 

Thi s was performed by the K j e ldah l  method was fol lows . 

A we i g hed samp l e  of oven dry myc e l ia ( 0 . 0 1 - 0 . 0 3  g N )  was 

tra n s f e rr ed to a K j e ldahl d iges tion f la s k . Sodium su lphate 

( 2  g ) , mercu r i c  sulphate solution ( 5  m l ; of 1 5 0  g mercur ic 

ox ide d i s so lved in a solution of 1 8 0  ml cone . s ulphur ic acid 

p l u s  1 3 2 0  ml water ) , a nd concentr ated su lphuri c  ac id ( 2 0 ml ) 

were added . The contents were brought to the boi l  and 

heated unti l c lear , and then heated for a further 1 hour . 

The c ontent s were then c oo l ed and tran sferred quantitativel y  

t o  a 1 0 0  ml volumetr ic f l ask . The ammonia content o f  dige s t ed 
samp l e s  -( l o  ml ) was determined by · s team . di s ti l l at ion in a Markham 

s t i l l  a fter the addi tion of 1 5 %  ( w/v) sodium hypophosphite 

( 5  m l )  and 6 0 % (w/v ) sod ium hydroxide ( 1 5  ml ) . The ammonia 

wa s c o l l ec ted in 2%  ( w/v ) boric acid ( 1 0  ml ) conta ining 2 

drops o f  screened methy l  red indicator ( 2  g methy l  r ed 

p l u s  1 g me thylene blue d i s s olved in 1 0 0 0  ml 9 6 %  ( v/v ) 

e t hanol ) .  The ammonia was t hen ti trated with 0 . 2  M 

hydrochloric a c id to a grey/green end po int . Dup l icate 

determinations were per formed w it h  eac h myce l i a l  samp le . 

3 . 4 . 7  Thin Layer Chromatography ( tlc ) 

Thin l ayers ( 0 . 2  mm ) of si l i ca gel DGF were prepared 

on g l a s s  p late s ( 5  x 20 cm or 1 0  x 20 cm ) . The p l a te s  were 

deve loped under tank saturation cond i tions , in one o r  more 

of t he f o l l ow ing three s o lvent sys tems ( Lisboa , 1 9 6 9 )  : 

I chloroform : ethano l 9 : 1 

I I  e thyl acetate : he xane : acetic ac id 7 5 : 2 0 : 5 

I I I  e thyl acetate : hex ane : acetic acid : e thano l 

7 2 : 1 3 . 5 : 1 0 : 4 . 5  

Rf va lue s  for chromatograms o f  a large range o f  s teroids in 

the s e  s olvent systems are g iven by Lisboa ( 1 9 6 9 )  . 

The s teroid s were norma l ly visuali sed by ul tra-

v i o l e t  light ( 2 5 4  nm ) . To aid identif ication of transformation 

produ c ts , samp les were c hr omatographed in para l l e l  with 



51 

s tandard compound s . To ver i fy the pre s ence of the 

d ihydroxyacetonyl s ide chain of cor ticos teroid s the Por te r 

S i lb er spray reagent , d e s c r ibed by L i sboa , wa s u sed . For 

non- spec i f ic compound v i su a l i sa tion , p late s were sprayed w i th 

methano l : su lphuri c  a c i d  ( 1 : 1 )  and heated at 1 6 0°C for 1 

minute .: 

For preparat iv e  thin layer c hromatography 2 0  x 2 0  cm ,  

1 mm thick , s i l ica ge l DGF plates were prepared . Norma l ly , 

approx imately 2 0  mg o f  steroid was appl i ed per p late . The 

p l a te s  were deve loped as for analyti c a l  t lc . The mater i a l  

w a s  vi sua l i sed under u ltr a -violet l ight and the required band s 

scraped f rom the p l ate . S teroid was e l uted from the s i l i c a  

by stirring for 1 0  min with 4 : 1  chloroform : me thanol , fo l lowed 

by f i l ter ing to r emov e  the s il ic a  g e l . 

3 . 4 . 8 H igh Performance L iquid Chromatography ( hpl c ) 

Quantitat ive steroid ana ly s i s o f  prepared samp l e s  

wa s performed u s ing a Wa ter s Assoc i ate s Model ALC/GPC 2 4 4 

l i quid c hromatograph w i th a UK6 septum l e s s  inj ector 

( Wate r s  Associate s , M i lford , Mas s . ,  USA) . A � Bondapak C - 1 8  

rever se -pha s e  column ( 4 . 0  mm I D  x 2 5 0  mm ,  B io- s i l  ODS 1 0 , 

Bio-Rad Laborator i e s , Ri chmond , C a l i f ornia , USA) was u sed 

for all  ana lyse s .  The s tero id s were de tec ted a t  254  nrn ,  

0 . 1  AUF S  using a Wate r s  As sociates Mode l  4 4 0  u l tra-vi6let 

absorptiometer and the r e sponse was recorded on a CR6 0 0  

twin-pen , f lat-bed c hart recorder ( J . J .  Lloyd Ins truments 

L td . ,  Southampton , E ngland ) . Ana l y s e s  were conducted a t  

ambient temperature u nder the fol lowing cond i t ions : 

{R )  For the ana l y s i s  o f  proge sterone-hyd roxylation 

exper iment s  

1 . 0 ml/mi n , 6 0 : 4 0 (me thano l : water ) 

(h )  For the ana l y s i s  of andros tened i one-hydroxylat ion 

experiments 

2 . 0  rnl/mi n ,  4 0 : 6 0 (methano l : wate r )  



( c )  For the analy s i s  o f  cor texolone -hydrox y l a t ion 

exper iments 

1 . 8  ml/min , 5 0 : 5 0  (methano l : wate r )  

5 2  

The mob i l e  phases were f i ltered and deg a s s ed prior to u se , 

t hrough a 0 . 4 5 �m f i l te r  (Mi l lipore Corporation , Bedford , 

Mas s . ,  USA) . Chromatographs o f  appropr iate c ompounds under 

each of the above cond i tions are shown in Figures 3 . 4 ,  3 . 5 ,  

and 3 . 6 .  B e tween 1 0  � 1  and 5 0  � 1  o f  sample were i n j ec ted 

i nto the c hromatograph , t he exac t amount depend i ng on the 

s teroid concentration in the s ample .  

Quanti tation was normal ly performed by peak height 

mea surement and reference to s tandard mixtu r e s  of compounds ,  

c hromatographed in par a l l e l  w ith the sampl e s . On cer ta i n  

o c c a s ions a Var ian Aerograph Model 4 7 7  Digital I ntegrator 

(Var ian Aerograph , Wa lnut Creek , Ca l . , U SA)  wa s avai lable for 

peak area mea surement a nd served a s  an . alternative quant i tation 

techniqu e . 

For preparat iv e  hplc , a � Bondapak C - 1 8 s emi -preparative , 

reverse-phase column ( 8  mm ID x 3 0 0  mm ,  Waters Assoc iate s , 

M i l ford , Mas s . ,  USA) was u sed . Cond i tions o f  operation were 

s im i lar to t hose for ana lytical hp lc except that detec tion 

wa s by a Waters A s so c iates R4 0 l  d i f ferential r e f rac tometer . 

I n j ection vo lume s o f  up to 2 0 0  � 1  were u sed with typ i c a l  co lumn 

l oadings of 0 . 1 - 2 . 0 mg per i n j e c tion . 

3 . 4 . 9 Inf ra-red Spec trophotometry ( IR) 

A KBr d i s c  containing 1% ( w/w ) steroid , whi c h  had been 

dr ied at l 0 5°C for 3 hour s ,  wa s made with a model DMO-l Beckma n 

Evacuable Minid ie ( Beckman-Ri i c  Ltd . , G lenrothe s ,  F i fe , U . K . ) . 

The spec tra were obta ined by scanning such d i sc s at low speed 

u s ing a Beckman Accu l ab 8 IR Spec trophotometer ( Beckman 

Instruments Inc . , Ful l er ton , U SA) . 
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3 . 4 . 1 0  U ltra-violet Spectrophotometry ( UV )  

Samp le s ,  d i s solved i n  methano l , were s c anned u s ing 

a Var ian Tech tron Mod e l  6 3 4 s  UV-Vi sible Spectrophotometer 

(Va ri an -Tec h tron Pty ,  Ltd . , Austra l i a ) .  

3 . 4 . 11 Ma s s  Spectrometry (MS ) 

Mas s  spec tromet r i c  ana l y s i s  o f  s t ero id samp l e s  was 

per formed by e i t her the C hemi stry Depar tment , Mas sey 

U n ive r si ty , New Zealan d ( u s ing a MS 9 doubl e - focu s s ing Mas s  

Spec trometer ) ,  or by t he App l i ed Biochemi stry Div i s ion , 

Depar tment o f  S c ient i f ic and Indu str ial Re search ,  Palme r s ton 

North , New Z ea land ( u s ing an AE I MS 3 0  doub l e-foc u s sing 

Ma s s  Spec trometer ) . The samp l e s  were run from a direct 

i n sertion probe . 

3 � 4 . 1 2 Nuc l ear Magnetic Re sonance Spe c tro s c opy ( NMR) 

Both proton and c arbon- 1 3  NMR measurements were 

p e r formed by t he Chem i s try Department , Ma s sey Univer s i ty , 

New Z ea land , us ing a JEOL FX 6 0  Pu l se-Fouri e r  Trans form 
1 3  Spec trometer . C-NMR spec tra were accumu lated under f u l l  

proton decoupl ing condi tions . Chemic a l  s h i fts were expr e s s ed 

i n  ppm downfield from t he i nterna l s tandard , tetra�methy l s i l ane . 

3 . 5 CULTURE CONDI T I ONS 

3 . 5 . 1 S hake -F lask C u l ture 

Experiment s were c onduc ted in 2 5 0  ml E r lenmeyer f l a s k s  

c onta ining 5 0  m l  o f  med ium , exc ept where o therwi se s ta ted . 

I ncubation was a t  3 0°C on e i ther an Envi ron-Shaker Mode l  3 5 9 7  

( Lab-l i ne Ins truments Inc . ,  I l l inoi s , USA) or an Orbi tal 

I ncubator (Gallenkamp Ltd . ,  London , UK) operating at 1 8 0  rpm . 

For the screening expe r imehts of Ch�pter 4 ,  a med ium 

c onta ining g lucose ( 2 5 g/1 ) and yeast ex trac t ( 2 0 g/1 ) , at 

pH 6 . 5 , was used . I nocu l um preparat ion was identical for 

all fung i examined . It c on s i s ted o f  inocu lation , from a 
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maintenance s lope , into malt extract broth ( 1 0  ml ) whi c h  was 

incubated a t  2 5°C ;  un t i l  the culture was we ll g rown . The 

c u l ture wa s t he n  transferred i nto the glucose-yea s t  extrac t 

med ium ( l O O ml ) , a s  above , contai ned in a 2 5 0  ml E r lenmeyer 

f la sk . Thi s  was incubated at 3 0°C on an orbital shaker at 

1 8 0  rpm unt i l  we l l  grown . The l O O ml cu l ture was f in a l l y  

homogeni sed i n  a steri le War i ng b lender ( a fter Meyrath and 

Suchanek , 1 9 7 2 )  a t  half-max imum speed , for 1 0  s econd s . Thi s  

p repared inocu lum ( 2  ml ) wa s trans f e rred into the requ ired 

number of 2 5 0  ml Erlenmeyer f la s k s . c ontaining g lucose-yeast 

extract med i um ( 4 8  ml ) . By thi s procedure repl i cate 

cu l ture s of a g iven fungus could be routinely obtained . 

For l ater work with Pe l l i cu l a r i a  fi l am e n to s a  f . sp .  

m i c ro s c l e ro t i a  a rev i s ed inoculum p repara tion procedu r e  
was used . I n  a med ium containing g lucose ( 2 5  g/1 ) and yeast 

extract ( 1 0  g/1 ) , a t  pH 6 . 0  ( l O O  ml volume in a 2 5 0  ml 

Erlenmeyer f la s k )  a culture was prepared by inoculation from 

a maintenance s lope and incubation at 3 0°C and 1 8 0  rpm . 

Af ter 3 days i ncubation , the cu lture ( 5  ml ) was added as a 

s tandard inocu lum to medium ( 4 5  m l ) , compos it ion as above ) 

and incubat ion wa s c arr ied out a s  prev iou s ly d e s c r ibed for 2 4  

hour s .  Cor texo lone , d i s solved in dimethy l formamide ( 0 . 5  g/ 1 

and 1 0  g/1 , r e spec tive f ina l c onc entrations , unle s s  otherwi se 

s tated ) , was then added and i ncubation was continued for the 

required t ime . 

For t he screening exp e r iment s (Chapter 4 )  c u l tures 

were incubated unt i l  sat i s f a c tory growth had been obta ined 

( norma l l y  l - 2  day s )  . A standard i s ed incubation time for a l l  

the fung i wa s not po s s ibl e ,  s i nc e  a lmo st a l l  g rew a t  d i f ferent 

rates . S t e r o id wa s then added a s  appropr iate ( 0 . 5  g/1 final 

concentr a t i o n )  , d i s solved in dimethyl formamide ( 1 0  g/1 fina l  

concentration)  . For exper iment s involving the trans formation 

of prog e s terone and androstened ione , flasks we re h arve s ted at 

8 h and 1 6  h ( two f lasks at 16 h ) . One of t he c u l ture s removed 

at 1 6  h wa s examined qua l i tatively by hp lc . Th i s  was to 

ensure that the internal s tand ard , used in product 

quanti t a t ion o f  the other c u l ture s , did no t obscure any 

trans f o rmat ion produc t s . For screening exper iments invo l ving 
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the trans formation of cortexolone , f l asks were harvested 

at 1 and 2 days ( for Pe s ta l o tia spp . )  or 5 day s  ( fo r  Pe l l i a u l a ri a  

spp . ) a f ter steroid add i tion . N o  interna l s tandard was 

used i n  these exper iments .  

3 . 5 . 2  Fermenter Cu l tu r e  

T h e  basic fermenter u s e d  was a Mul tigen F 2 0 0 0  Benchtop 

culture apparatu s (New Brunswick Sc i enti f ic C o . I nc . ,  

New Brunswick , New Jer sey , USA) . Thi s was operated in bot h  

b a t c h  and continuou s mode s . F i gure 3 . 7 shows a schematic 

diagram o f  t he fermenter vessel i t se l f . F igure s 3 . 8  and 

3 . 9  show re spec tively , a schematic diagram and photograph , 

o f  the fermenter plu s i t s  anc i l l iary equipment whi le in 

continuou s operation . Under batch opera t ion , cul ture over 

f l ow and medi um feeding f ac i l i ties were absent . 

3 . 5 . 2 . 1 Equipment , I n s t rumentation , and Control 

The fermenter v e s s e l  was a 2 l i tre pyrex j ar 

( s tandard for the cul ture apparatus )  with a po lyethylene

propylene head containing hol e s  for the insertion of sensor s 

and o ther f ac il i tie s .  

Agitation was provided by an impel ler as sembly o f  

3 ,  s ix -b l aded d i s c - turb ine imp e l l ers mounted a t  equally 

spaced interval s  from 5 cm above the ve s s e l  base to 5 cm be low 

the culture surfac e . T h i s was dr iven by 

coupl i ng through t he base o f  the ve s s e l . 

from 0 to 1 0 0 0  rpm ( 0 - 2 . 6 2 m/s , i�pe l ler 

ind i r ec t  magnet i c  

Ag i t ation speeds 

tip speed ) were 

a t tainab l e . A single b a f f l e  was used under batch operation 

to ensure turbulent f low ; however , thi s was omitted for 

c ontinuou s operat ion . 

A solid s tate temperature contr o l l e r  w ith a thermis tor 

sensor maintained the fermenter temperature at 3 0  + 0 . 2 °C by 

means of a hea ting e l ement opera ting against a con stant 

cool ing water f lmv .  A thermome ter was u sed as a visual check 

on cu l ture temperatu r e . 
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Air wa s supp l i ed t o  the ves se l  b y  a b l ower s i tuated 

in the Mul t igen F 2 0 0 0  apparatu s .  The air f l ow r ate was 

control l ed by a need le valve a nd measured wit h  a Gap variable

are a  f l ow-meter ( P laten F low Control Ltd . , Bas ing s toke , 

Hamp s h i re , Eng land )  over the r ange 1 0 0 -1 2 00  ml/mi n . The 

metered a i r  wa s passed through a s teri l e  g l a s swoo l -packed 

f i l te r , before e nter ing t he cu l ture ves s e l  t hrough numerou s , 

smal l  ho l e s  in the base o f  the impel ler shaf t  ( Figure 3 . 7 ) . 

The f low meter was c al ibrated u s ing a soap bubbl e  me ter to an 

accurac y  o f  +5  ml/min .  However ,  during fermenter operat ion 

the aeration rate c ould only be r ead to ±_2 5  ml/min due to 

f l u c tuations in the po s ition of the me ter f l oa t . The entire 

air f low s y s tem in the operating fermenter was c hecked for 

leak s under var ious controlled back-pre s sures , by mea sur ing 

the f l ow rate o f  air leaving the apparatus agai n s t  the 

ind i c ated meter read ing . Exha u s t  a i r  was pas sed through 

a water coo l ed condenser and through a c atch-pot to a heated 

exhaust - f i l ter . Thi s  g l as swool -packed f i lter was hea ted by 

a thermo s t a l t i c  tape whi c h  r a i sed the exit air temper ature 

to about 6 0°C ,  so preventing mo i sture condensation . A 

Tayl o r  S e rvomex Oxygen Analy ser , Type OA 27 2 ( Tay lor S ervomex 

Ltd . , C rowborough , Sussex , U . K . )  wa s u s ed to measure the 

oxygen concentr ation in the e x i t  gas from t he f errnen ter . 

Wi t h  r e gu lar cal ibration an absolute accuracy o f  + 0 . 2 5 %  

(v/v ) was po s s ibl e . In many fermenta tions l e s s  than a 

1 %  ( v/v)  absolute c hange in the oxygen conten t o f  the air 

was obta ined , making for rath er i naccurate oxyge n  

consumption r a t e  mea surement s .  However 1 in many s i tuations 

the a na ly ser proved a va luab l e  add i tion to the equ ipment .  

C u l ture pH wa s mainta ined by an Au tomati c Mini pH 

Contro l S y s tem (New Brunswick S c i entific Co . Inc . )  cons i s t i n g  

o f  a p H 4 0 Contro l ler modu l e , a X p H  4 2  pump module and a pH 4 0  

Recorder modu l e . The cu l ture pH was measured by a XpH -7 5 ,  

Type 7 6 1 - 3 5 1 8 , Ingold c ombination g l ass elec trode ( I ngo ld 

E l e c tr od e s  In c . , Lex ing ton , Ma s s . ,  USA ) . Thi s  s y s tem provided 

two way pH control by the add i ti on of e i ther 1 M caus tic 

sod a  o r  0 . 5  M sulphuric ac id . A permanent record o f  cul ture 

pH could be pri nted on the s t r ip chart recorder modu l e . The 



6 1  

pH e lec trode was c a l ibrated u s ing p H  4 . 0 and p H  7 . 0 buf fer 

solutions prior to each fermentat ion . Occas ional s oaking i n  

0 . 1 M hydrochloric ac id , c ontaining peps i n , w a s  requi r ed to 

r emove contaminating proteins f rom the e lectrode . When not 

i n  u se , the probe wa s s tored i n  pH 4 . 0 bu ffer solu tion . The 

pH of removed fermentat ion samp l e s  was independentl y  

mea sured in order t o  correct f o r  t h e  dri f t  i n  p H  readin g , 

whi c h  was regularly ob ser ved . Thi s  was apparently an e ff e c t  

o f  protein contamina t ion on the e l ec trode . 

Antifoam emu l s ion ( Dow-Corning Anti foam AF )  wa s 

added to f e rmenter cultures to suppre s s  foaming . I n i tially , 

a foam- s ens ing probe was u sed to ac tuate anti foam addi tion . 

Howeve r , t h i s  proved unsati s fa c tory , as the fung a l  myc e l i um 

would a ttach to the probe and f or c e  the system out o f  contro l . 

Regu l ar , t imed addi t ion o f  anti foam was u sed to overcome this  

prob l em . Thu s , anti foam emu l s i on ( 1 0 % (w/v) ) was  added a t  

a contro l l ed r a te ( 0 . 1  - 0 . 5  ml/min) for 1 0  second s in every 

3 0  minu te s . The addi ti on pump ( Buchler Mu l t i s ta l t i c  Pump , 

Buchler I n struments , New Jer sey , USA) was actuated for 1 0  

seconds i n  every 3 0  minute s by a c am-timing devi c e . The rate 

of anti foam addi tion was ad j us ted , depending on the degree of 

foaming wh ich occurred . 

A ga l vanic , d i s solved oxygen probe , Type Ml 0 1 6 - 0 2 0 8  

( New Brunswic k  S c i enti f i c  Co . I nc . ) , was used to measure 

the c u l ture d i s solved oxygen tens ion . The probe wa s 

connec ted to a model D0- 4 0  Di ssolved Oxygen Ana lyser ( New 

Brunswic k  S c i enti f ic Co . Inc . )  which u sed a 0 -1 0  mV output for 

c har t recorder operat ion . The probe was c a l ibrated in s i tu , 

prior to inoculation o f  the fermenter , by stripp ing d i s solved 

oxygen from the ve ssel contents with oxygen - free ni trogen 

gas ( pa s sed through the aeration sy stem) to ob tain zero 

s atura t i on cond i tions . The ve s se l  content s were then 

reaerated to g ive 1 0 0 %  saturat ion . The fermente r , prior to 

inoc u l a tion , wa s operated for at l east 24 hou rs to ensure 

stable d i sso l ved oxygen probe operation . After the 

compl etion o f  a fermentat ion , t he probe c al ibra t ion was 

checked to ensure that no s ign i f ic ant change had taken p lace 

dur ing the experiment . 
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D i s solved Oxygen Control 

During the course of t he work , two approache s  to 

d i s so lved oxygen c ontrol were u sed . 

( i )  On-off co ntro l of a e ra t i o n  ra t e  

Wi th thi s  system , whe n the d i s so lved oxygen tension 

( DOT ) d ropped be low t he se t-point a s o l enoid valve , 

connected to t he c ompres sed a i r  l ine , wa s actuated . 

Thi s  boo s ted the aeration rate f rom i t s  normal setting 

( 5 5 0  ml/min )  to 1 2 0 0  ml/min .  When the DOT rose 

above the set-point , the valve was swi tc hed o f f . 

T h i s method was sui tabl e . for control over short spac e s  

o f  t ime , but requi red a j ud i c ious cho i c e  o f  a g i tation 

rate , and regular moni toring . The accuracy o f  c ontro l 

was + 5% of the s a tu ra t ion s c al e  under opt imum 

condi tions . Howeve r , the system could eas i ly go out 

o f  c ontrol . The equ ipment i s  shown s c hematical ly i n  

F igure 3 . 1 0 .  

( i i )  Pr opor t iona l - i n t e gr a l c o n tro l o f  agi t a t i o n  s p e e d  

Thi s  more �ophi s t i cated approac h wa s nec e s sary to 

e n able prec i se , automat i c  DOT contro l over long period s 

o f  time , par ticul ar ly durin� fermenta t ions wher e  the 

f i nal oxygen demand of the cu l ture could not be 

predic ted . The ful l  detai l s  o f  the developed system are 

g iven in Appendix A ;  however , a bri e f  desc ription 

wi l l  be presented here . An ana logue c ir c u i t  was 

d e s igned to proc e s s  the DOT s ignal in such a way as 

to e i ther increa s e  ( i f  below the DOT s e t-point)  or 

de crease ( i f above t he set-point) the agit ation speed . 

When a t  t he se t-point t he speed would remain cons tant . 

The mode by wh ich th e s e  c hange s occurred was governed 

by proportional-integral a c t ion . .  The s y stem is shown 

schematically in F i gure 3 . 1 1 .  Thi s  sy stem allowed 

c ontro l to + 2% o f  the s aturation s c a le and could 

rapidly return t he D OT to the set-point fol lowing 

d i sturbance s .  
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3 . 5 . 2 . 2 Con tinuou s Culture Oper ation 

For c ontinuou s c u l tu re of f i l amentous fungi spe c i a l  

mod i f ic a t i ons _t_o t he fermenter v e s s e l  are normal l y  required . 

These a r e  outl ined by Righe l a to and Pirt ( 19 6 7 )  and Rowley 

and Bul l  ( 1 9 7 3 )  a nd some o f  the mod i fications were adopted 

for the present work . Thu s , the ve s se l  was unba f f l ed ; 

the hea t i ng and coo l ing tube s  and the var iou s prob e s  

provided s u f fic ient baffl i n g . A te f lon-covered , b a r  magnet 

i n s ide the fermenter ve s se l  ( se cured and moved with a horse

shoe magnet on t he out s ide o f  the ve s se l )  was u sed period i c a l l y  

t o  r emove accretions o f  fungal myc e l ium from the ve s s e l  

wal l s . N o  previou s ly repo rted method f o r  c u l ture 

over f l ow wa s found sati s fa c tory in a l lowing cont i nuous removal 

o f  homogeneously mixed ve s s e l  contents . Thu s , when u s i ng a 

s ide-a rm overflow weir (with a ir exiti ng through the s ame l ine 

as t h e  c u l ture ) a steady-sta te bioma s s  l eve l was never 

ach i eved . In thi s c a s e , l iqu id exited preferenti a l l y  to 

the bioma s s  and t he cul ture d r y  weight cont inuou s l y  increased . 

The procedure f i na l ly adopted was to period i c a l l y  evacuate 

the ove r f low reservoir , thu s w ithdrawing cul ture through a 

ver t i c a l l y  po s i tioned ove r f low tube . A schemat i c  d iagram o f  

the s y st em is  shown i n  F igure 3 . 1 2 . The frequency w i th 

whi c h  the evacuation occurred was ad j us ted i n  proportion to 

the d i lu ti on rate , e . g .  At_D = 0 .  0 6 4  h - l  vacuum was appl ied 

for 1 0  s in every 3 0  minute s .  Cul tu re volume and hence 

d i l u tion rate var ied in a cyc l ic manner , by approx imately 

3 % , a s  a r e su l t  of th i s  procedure . Thi s  wa s cons idered 

accepta b l e  wi thin the prec i s ion l imi ts of continuou s culture 

practi c e . In order to p reve n t  the free flow o f  feed-medium 

into t he ve s se l  whi l e  t he vacuum wa s being app l i ed , a 

soleno id va lve was po si ti oned in the feed - l ine to the ve s s e l . 

Thi s was operated through a re lay swi tch . The norma l 

valve pos ition wa s open . Whe n the c am-timer ope ned the 

s o l e no id valve on the vacuum line i t  a l so opened the re lay 

swi tc h , so c l o s ing the va lve on the feed- l ine . Thi s 

equ i pment i s  al so represented in F i gure 3 . 1 2 . 
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3 . 5 . 2 . 3  S te r i l i za tion 

The fermenter ve s se l , containing med ium but wi thout 

e l ec trod e s , wa s autoclaved for 2 0  minutes at 1 1 5°C ,  as were 

the feed and overf low re servo i r s  ( for continuous operati on)  • 

Glu c o se i n  the feed-medium was autoclaved a s  a pure solution 

and l a t e r  added to the steri le feed -re servo i r  containing the 

yeast extract solution . 

The d i s so lved oxygen and pH probe s , a s  wel l  a s  the 

solenoi d  valve in t he feed- l ine , were ster i l i zed by 

soak i n g  in 5% (w/v) forma l i n  solution followed by r i n s i n g  

with s te r i l e  d i s t i l l ed wate r . Thes e  were the n  asept i c a l ly 

mounted i nt o  the i r  appropr i a te po s i tions . Ac id , base , and 

· anti f oam s olution s , and r e l ated tub ing were s ter i l i zed by 

autoc lav i ng for 2 0  minute s at 1 1 5 °C .  Gla s swoo l -packed 

air f i l t e r s  were steri l i z ed by dry heat at 1 6 0°C for 2 hours .  

3 . 5 . 2 . 4  I noculum Prepara t ion 

A standard inocu lum o f  P.  fi lamen t o s a  f . sp .  

micro s c l e ro tia IFO 6 2 9 8  was prepared by sub-culturing f rom 

a maintenance slope into 1 0 0  ml o f  med ium , in a 2 5 0  ml Erlen

meyer f l a sk, and incubat i ng in shake- culture for 3 days 

( 3 0°C ,  1 8 0  rpm) . Transfer o f  5 ml o f  thi s  c u l ture i nto 

another 9 5  ml of med ium followed by incubation as above 

provided 1 0 0  ml o f  inoculum . The e n tire volume of c u l ture 

( e a . 6 - 7 %  ( v/v ) of the f e rmenter con tent s )  was added to the 

fermenter vesse l .  Inocu la of P .  fi l ame n to s a  f . sp .  s a s a k ii 

I FO 5 2 5 4  and Co r t i c i um p ra c t i c o l a  IFO 6 2 5 3  were prepared 

by the s ame basic procedure . I n  the case o f  the former 

organ i sm a n  incubation t ime o f  6 days wa s u sed . 

3 . 5 . 2 . 5  S tero id Add i tion 

S ubstrate , d i s s o lved in d imethyl formamide , was 

added a t  the requ i red t ime as for shake- f l a sk exper iment s , 

except where otherwi se s t ated . I n  expe r iment s involving 

semi-co n t i nuous feeding o f  cortexolone , the s teroid was 

added a s  a fine sus pens ion ( made by adding the requ ired 

amount o f  steroid , d i ssolved in dime thy l formamide, to 0 . 1 % 
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(w/v ) Twee n  8 0  solut ion ; proportions o f  DMF :: Tween s o lution 

were 1 5  ml : l O O  ml ) . The suspens ion was pumped i nto t he 

ves se l  wi th a Buch l er Mul t i st a l t i c  Pump ( Buch l er I n s t ruments , 

New Jersey , U SA)  operat ing for 6 minute s in every 3 0  minute s . 

The f low-rate was ad j u sted to approximately 2 - 5  ml/h , depending 

on t he fermentation requirement s . 

3 . 5 . 2 . 6  Fermenter Operatio n  

After inoculation , t he initial fermenter volume wa s 

recorded . The volume s. o f  a l l  sub sequent addi t ions and 

remova l s  from t he ves s el wer e  a l so recorded . Thi s  al lowed a 

volumetric analy s i s  of the f ermentation to b e  performed , 

in order to correct for any d i l u t ion e ffects . 

Sample s ( ea .  2 0  ml ) were regularly wi thd rawn for steroiq 
myc e l ia l  dry wei ght , and gluco se determinat ions . P r i o r  to 

samp l ing , the s ample tube was f lu shed wi th c u l ture ( ea . 

5 .,,m l )  to remove the resident " de ad " volume . The myce l ia l  

dry weights o f  s amples s o  obta ined were found to b e  

repre sentative of the a c tual m ixed-cul ture dry we ight . 

Dur ing continuou s cu l ture operation myc e l ia l  growth 

around the ves se l  wal l s  was period i c a l ly d i s lodged w ith a 

c aptive , t e f lon -coated magnet ( see Bection 3 . 5 . 2 . 2 ) . 

3 . 6  STEROID EXTRACT ION AND ANALYTICAL SM1PLE PREPARAT ION 

For a l l  the fo l l owin g  procedures the cu l tu r e s  were 

inac t ivated by heat ing at 1 00°C for 5 minute s ,  p r ior to 

steroid ex tract ion . By the s imi lar treatment of standard 

stero id s , and by the ana ly s i s  o f  c u l tures with and wi thout 

such treatment , it wa s ver i f ied that in no c a s e  d id 

degrad at ion o f  steroids occur . This procedure s imp ly 

ensured c onta inment o f  the fung i , some of whi c h  were pote n t i a l  

p l a n t  pa thogens . 
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3 . 6 . 1  Extract ion o f  Free z e -Dried C u l ture s 

The Pe s t a Z o t ia spp . invariably produced highly 

v i s cous c u l ture broths whic h  made myc e l ial removal by 

f i ltration , and sub sequent s o lvent extraction , very d i f f i c u l t . 

For this r e a son al l the funga l c u l ture s examined for thei r 

s te ro id trans format ion ab i l i t i e s  ( Chapter 4 }  were free z e 

dried prior t o  solvent extracti on . Each 5 0  ml culture 

( in a 2 5 0  ml E r lenmeyer f l a s k }  was . free ze-d ried i n  a c abinet 

free ze-dryer (Food Technology Dept . ,  Massey U nivers ity , New 

Z ea l and } . The dr ied c u l ture , s t i l l  in i t s  o r i g inal 2 5 0  ml 

f l a sk , was then extracted by one o f  the fol l ow ing 

procedur e s , dependi ng on the transformation substrate . 

. ( i } Progesterone and Androstened ione 

A known amount ( 1 0 mg } of internal standard was added 

to eac h cul ture pr ior to f ree z e -drying . For 

experiments involving the hydroxyl ation of proges terone , 

andro s tened ione wa s used a s  internal standard ; for 

andro s tened ione hydroxylation s , l i B -hydroxy

androstenedione was s imi l arly used . 

S olvent extrac t ion was c a r r i ed out a s  fol low s : 

( a }  1 x methandl : c hloroform 1 : 1 ( 4 0  ml } 

( b )  1 x chloroform ( 3 0  ml } 

( c )  1 x c h loroform ( 2 0  ml } 

I n  s teps ( b )  and ( c )  o f  t h i s  procedure , t he c u l ture , 

p lu s  solve nt , wa s hea ted to the solvent bo i l ing po int 

( e a 6 0°C } . The c ombined extracts were washed w i th 

2 . 5 % (w/v } sodium hydrogen c arbonate ( 4 0 ml } and then 

water ( 2 0  ml } , prior to drying over anhydrous sod ium 

s u l phate , and evaporation to dryne s s  i n  v a c u o  at 

5 0°C .  The dr ied extract wa s taken up in me thanol 

( 1 0  ml ) for c hromatographic examinat ion . 
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{ i i )  Cor tex olone 

3 . 6 . 2  

The ex terna l standard method was used for 

qua n t i tation of the transforma tion products f r om this 

substra te . Thus , the f r e ez e -dried cu l ture s  were 

extracted as fol lows : 

{ a )  1 x methano l : ethyl a c e tate 1 : 1 ( 4 0  m l )  

{ b )  1 x ethyl acetate ( 3 0  ml ) 

{ c )  1 x e thyl acetate ( 2 0 m l ) 

I n  s teps ( b )  and ( c )  the c u l tur e , plu s solve n t , 

wa s heated to the s o lvent boi ling point ( e a . 7 0°C ) . 

The c ombined extracts were evaporated to dryne s s  

i n  v a c u o  a t  5 0°C and take n  up i n  methanol ( exac t l y  

1 0  ml ) f or c hromatographi c examination . 

So lvent Extraction 

For later work w i th the Pe Z Z ic u l aria spp . ( P .  

fi lame n to sa f . sp .  m i c r o s c l ero t i a  ma inly ) , involving the 

hydrox y lation of cortexo lone , t he above fre e ze-drying 

proc edure wa s unnece s sary . I n  thi s  case , fermentation 

samp l e s  ( e a . 20  ml ) , or who l e  s hake-flask contents , were 

ex tracted as fol lows . Af ter addi t ion of l b -hydroxyproges terone 

( from 1 . 0  to 5 . 0  mg were norma l ly u sed ) as  i nterna l s tandard , 

the sampl e s  were f i l tered to remove mycelium , and the bro th 

wa s ex trac ted twice wi th ethy l aceta te ( 3 0  ml ) . The 

myce l ium wa s wa s hed wi th ethanol ( 1 0  ml ) and ethyl a cetate 

{ 1 0  m l ) . The c ombined ex trac t s  were washed with 2 . 5 % (w/v ) 

sodium hydrogen carbona te solu tion ( 4 0  m l )  and wa ter ( 2 0  ml ) 
·prior t o  drying over anhydrou s sodium su lphate . Af ter 

f i lter i ng , the solvent wa s r emoved at 5 0°C i n  v a c u o  and the 

r e s idue d i ssolved in me thano l ( 1 0  m l )  , prior to c hroma tographic 

analy s i s . 
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3 . 7 CHEM1CAL METHODS U SED FOR COMPOUND IDENTIF I CATION 

To a s s i st in the ident i f i cat ion of s teroid 

trans formation product s , smal l  s c a l e  c hemical reactions were 

performed e i ther on sma l l  amount s o f  preparatively r ecovered 

compound s ,  or on samp l e s  o f  c rude cu l ture ex tra c t s . 

1 . 7 . 1  Acetylation 

Steroid ( typica l ly less than 1 mg ) in a g round g l a s s  

stoppered tube wa s mixed w i th pyr idine and acetic anhydride 

1 : 1  ( 0 . 5  - 1 . 0  ml o f  each) , under n i trogen , at room 

temperatu r e , and l e f t  overnig ht . Water ( 2  m l ) and e thyl 

acetate ( 5  m l )  wer e  then added and the tube s haken v igorou s l y . 

The e thyl acetate l ayer wa s then removed and the so lvent 

evapora ted , i n  v a c uo a t  5 0 °C .  The r e s idue was then , e i ther 

spotted d i re ctly onto thin layer c hromatography p l a t e s  or 

d i s solved in methanol ( 1  ml ) for hplc analy s i s . 

3 . 7 . 2 Chromium Trioxide Oxidation 

Ox idation wa s performed w i th chromium tri ox ide under 

ac idic or basic cond i tions . Under acidic cond i tions , the 

sampl e  s teroid ( < 1  mg ) , d i s so lved in acetone ( 5  ml ) , wa s 

mixed w i th Jone s reagent ( F ieser and F ieser , 1 9 6 7 a )  and 

shaken for 1 hour at room temperature . Water ( 1 5  ml ) was 

then added and the solution wa s extrac ted w i th chloro form 

( 2  x 1 0  m l ) ; the chloroform layer was washed w i th water 

( 1 0  ml ) and dr i ed over anhydrou s sod ium su lphate . After 

solvent remova l ,  by evaporation i n  va cuo at 5 0°C ,  the r e s idue 

was ready for c hromatographic examination . 

U nder basic cond i tions , the stero id sampl e  was 

d i s s o lved in Cornforth reagent ( 2  ml ) (Cornforth e t  a l . ,  

1 9 6 2 )  a nd l e f t  to s tand at room temperature for 2 hour s . 

After add i tion of water ( 1 0  ml ) , the steroid was ex tracted 

w i th c hloroform ( 2  x 1 0  ml ) ; the c h loroform layer wa s d r i ed 

over a nhydrous sod ium sulphate prior to evaporat ion i n  va c u o  
0 ( 5 0  q and c hr omatography , a s  above . 



3 . 7 . 3  

7 1  

Dehydration of ·  1 6 a - hydroxyprog e s terone ( C o l e  and 

Ju l i an , 1 9 5 4 )  

A s t eroid sample ( in a 1 0  ml g round g l a s s  f lask ) 

was ref luxed for 3 0  minutes in a c e tone ( 5  ml ) containing 1 0 %  

(w/v ) hydrochloric ac id ( 0 . 1  ml ) . After coo l ing , wate r  

( 1 5  ml ) w a s  added and the solution wa s extrac ted with 

c hloroform ( 2  x 10  ml ) . The chloro form l ayer was washed 

with wat e r  ( 1 0 ml ) and dried over anhydrous sodium sulpha te , 

prior to evapora tion of the solvent i n  va c u o  a t  5 0°C .  The 

s ample wa s then ready for c hromatog raphic examination . 

3 . 7 . 4  S od ium B i smu thate Oxidation 

The dihydroxyac�tonyl s idecha in of cortic o s teroids 

can be ea s il y  and selectively e l iminated by oxidation w i th 

sodium b i smu thate to g ive 1 7 -ketoni c steroids ( Brooks and 

Norymberski , 1 9 5 3 ) . The s teroid sample ( < 1  mg ) wa s d i s s o lved 

in aqueou s 5 0 %  ( v/v) acetic a c i d  ( 2 . 0  m l )  and sodium 

b i smu tha te ( 2 5 mg ) added . The mixture wa s s haken in the dark 

for 3 0  m i nu tes , at room tempera ture . The s u spens ion wa s then 

c entr i fu g ed and the supernatant l iqu id removed and d i luted 

w i th 3 %  ( w/v ) sod ium sulphi te ( 1 0  ml ) . Thi s  was then 

ex tracted w i th c hloroform ( 2  x 10 ml ) and the c h l o roform 

l ayer wa s washed with 1 M sod ium hydroxide ( 1 0  ml ) and wate:r 

( 1 0 ml ) , t hen dried over anhydrou s sodium su lphate prior to 

solvent evaporation i n  v a c u o  ( 5 0°C )  . 

3 . 8  CALCULATIONS 

3 . 8 . 1 Hplc Data An a ly s i s  

Quant i tation o f  s tero id s  by hplc was norma l l y  

acc omp l i shed by peak height measurement u s ing an internal 

s tandard in the samp le and compar i son with a para l l e l  

s tand a rd o f  known steroid compos i tion . 

From the pa ra l l e l  s tandard a re sponse factor , F8 , 
was c al c u la ted for each c omponent s teroid , s .  



= 

where : i s  the ratio of i nternal s tandard : 
s teroid peak hei g ht s  
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i s  the we ight ratio o f  the i nternal s tand ard : 
s teroid , in the s tandard . 

The re spo n se factor s were u sed to c a l cu late the amount o f  

s te r o id s i n  the sample . 

where : 

3 . 8 . 2 

= I S�\T * 

i s  the we ight o f  s teroid in the s ampl e  (Mg )  . 

i s  the w�ight o f  the internal s tandard i n  
t h e  samp l e  (mg ) ( 8 ) i s  the ra tio o f  steroid : internal standard . I S  PX peak heights from the sampl e  c hromatogram . 

F8 i s  the re sponse fac tor for the steroid . 

D i lu tion Corrections for Fermenter Tra ns format ions 

With many o f  the fermentat ion experiment s  s igni f ic ant 

add i tions to , and remova l s  from , the ve ssel oc curred . 

Thu s , in order to calculate the ac tual amount of s teroid 

produced , correc tions for the s e  e f fects were requ ired . 

Thi s was mo st obviou s when hyd roxylations w i th c hemostat 

cul tur e s  were per formed . 

A ma s s  balance on produc t ,  p over the fermenter 

ve s se l  was as fol lows ( where the ini tial cond i tion p ( t = 0 )  
= 0 ho ld s ) : 
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Actu a l  produc t in 

ves s e l  a t  time = t 

= The total amount o f  product 

formed from time = 0 up to t 

The amount of produc t  removed 

f r om t = 0 up to t 

· Thi s c an be written mathema tical l y  a s : 

. 

s

t t 

v ( t )  . p ( t )  = . Q  v ( t )  . q ( t )  d t  - S
0

F ( t)  . p ( t ) d t  

wher e : V ( t )  = fermenter volume a t  time = t 

p ( t ) = product concentration at t ime 

q ( t ) = rate 'o f  formation of produc t  
= t (mg / l . h  

- ( 1 )  

( 1 )  
= t (ing/1 

a t  time 

F ( t )  = rate o f  removal of liquid from ve s s e l  

a t  time = t ( 1/-h 
t = t ime ( h )  

For a continuously growing cul ture , the s impl e st case 

app l i e s , where v ( t) and F ( t )  are constants . Thu s 

· ( 1 )  becomes 

t 

p ( t )  = s q ( t) dt 

0 

whe r e : D F = = 
V 

t 

Ds p ( t ) d t  
' 0 ' 

d i lu t ion rate 

- ( 2 ) 

The required quanti ty i s  the total concentrat ion o f  

produc t  formed from time = o to t ,  whi c h  i s  t h e  term 

lt
q ( t ) dt ,  which , by rearrangement o f  ( 2 ) i s  g iven as : 

0 

t � q ( t ) dt = p ( t )  + 

0 

- ( 3 )  
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The r ight-hand - s ide o f  ( 3 )  i s  read i l y  eva lua ted f rom a p l o t  

o f  p ( t )  ver s u s  t ,  and a nume r i c a l  determination o f  the 

i ntegral term . Since t he chemostat i s  a constant vo l ume 

s y s tem , the r emoval of s amp l e s  ( provided the s e  are not too 

large ) h a s  no s igni ficant e f fect on the above analys i s . 

A more complex s i tuation ex ists with batch and fed

batch culture s , where the functions F ( t )  and v ( t )  may be 

very comp l ex . That i s , add ition s  to and removal s  from the 

ves se l  may occur i r regu larly and the fermenter volume wi l l  

hence vary wi th t ime . U s ing equation ( 1 )  the term , 

j\.J ( t )  . q ( t )  dt i s  the required ' total product produced up to 
0 

time t' . For volume remova l by p e r i o d i c  s a mp l i ng , the term 

it
F ( t )  . p ( t )  dt , becomes the c umulative amount of product 

0 
removed up to time t .  Thi s i s  c al culated from equation ( 4 )  

:;

t 

F ( t )  . p ( t )  dt = 

0 

n 

� 
i = l  

V� • p ( t . )  l l 
\ 

- ( 4 )  

where : V� l. = sampl e  volume (plus sample tube " dead " 

volume ) o f  the i th sample .  

p ( t . ) = product concentration at the time of the l. . th 1 J. s arnp e .  

n = the number o f  samp l e s  taken prior to t ime 

t .  

Thus , by r e c ording fermenter volume , s �ple vo lume s , and 

mea suring t he product concentrat ion for each s amp l e , the 

total amount of produc t  ver sus t ime could be c a lc u l a ted . 

These quant i ties were expre s sed as concentrat ion s ,  in terms 

o f  the f e rmenter volume at the time of steroid add i t ion . 
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3 . 9 D I S CUSS ION OF METHODS 

3 . 9 . 1  Nuc l ear Magnetic Re sonance Spec troscopy ( NMR) 

P r oton-NMR spectra of 1 9 -hydroxy steroids have been 

descr ibed by Takahashi ( 1 9 6 3a ) . Tab l e  3 . 2 g ive s the 

important s i gnals in the NMR spectra of cortex olone , 

1 9 -hydroxycor texolone , 4 -andros te ne - 3 , 1 7 -dione , and 

1 9 - hydroxy- 4 -andros tene- 3 , 1 7 -d i one . 

Tab l e  

Compound 

Solvent 

1 8 -CH3 
1 9 -CH3 
1 9 -0H 

1 9 -CH 2 
2 1 -CH 2 
4 -C H  

* 

q 

a 

3 . 2  Important s i gnal s a in the 1H-NMR spec tra o f  
various s teroids 

Cortexo1one . 1 9-ijydroxy-
cortexo1one 

Pyridine-d5 Pyridine-d
5 

0 . 7 4 0 . 8 0 

1 .  0 4  
* 

4 . 1 5 ( q )  

4 . 9 0 ( q )  5 . 0 4 ( q )  

5 . 7 8  6 . 1 2 

a s s ignment could not be made 

r e f e r s  to quarte t 

Androstene- 19-Hydroxy-
dione androstenedione 

Chloroform-cl Chloroform-cl 

0 . 9 3 0 . 9 0 

1 . 2 3 

2 . 9 2  

3 . 9 6 ( q )  

5 . 7 3 5 . 8 7 

c h em ic a l  s h i fts (o ) are expr e s sed in ppm relative to 
the internal standard , tetrame thy l s i l ane . 

1 3  The more powerful technique o f  C -NMR has a l so 

been app l i ed extens ively to steroid s  and an exten sive review 

h a s  recently been pub l i shed ( B lunt and Stothe r s , 1 9 7 7 ) . 

Further , H o l l and e t  a L ( 1 9 7  8 )  have repo rted the spec tral data 

for s ome C - 1 9 -hydroxysteroid s . Tabl e  3 . 3 g ive s the spectra 

for some s teroids of i ntere s t  to this work . The e f fe c ts o f  

d i f ferent s olvents on c hemic a l  s h i f t s  can be a s  much as 2 ppm , 

but are s e ldom greater ( B lunt and S tother s ,  1 9 7 7 ) . 



Tab l e  3 . 3  Chemical s h i ft data * for the 1 3c -NMR spectr:a ·_o f s e l ec ted s te ro i d s . 

Progesterone a Ha-Hydroxy- Cortexo1one b U S-Hydroxy- 19-Hydroxy-4- 4-Androstene-
Carbon progesterone a cortexo1one b androsten�-3 , 17-dion� 3 , 17-dione a 

1 3 5 . 6  3 7 . 4  3 5 . 2  3 4 . 0  3 3 . 6  3 5 . 0  
2 3 3 . 8  3 4 . 1  3 3 . 4  3 3 . 4  3 5 . 0  3 3 . 4  
3 1 9 8 . 5  1 9 9 . 8  1 9 7 . 4  1 9 7 . 7  1 9 9 . 6  1 9 7 . 9  
4 1 2 3 . 7  1 2 4 . 2  1 2 3 . 0  1 2 1 . 4  1 2 7 . 3  1 2 4 . 3  
5 1 6 9 . 8  1 7 1 . 0  1 7 0 . 4  1 7 2 . 0  1 6 5 . 6  1 6 9 . 7  
6 3 2 . 6  3 3 . 6  3 1 . 9  3 2 . 7  3 3 . 6  3 2 . 0  
7 3 1 . 8  3 1 . 6  3 0 . 1  3 1 . 3  3 1 . 9  3 1 . 2  
8 3 5 . 4  3 4 . 9  3 5 . 2  . 3 1 . 1 3 6 . 1  3 4 . 9  
9 5 3 . 5  5 8 . 8  5 3 . 0  5 5 . 5  5 4 . 3  5 4 . 4  
1 0  3 8 . 5  3 9 . 9  3 8 . 1  3 8 . 8  4 3 . 9  3 8 . 3  
1 1  2 1 . 0  6 8 . 5  2 0 . 3  6 6 . 4  2 1 . 0  2 0 . 7  
1 2  3 8 . 5  5 0 . 2  3 3 . 5  3 9 . 0  3 1 . 0  3 0 . 6  
1 3  4 3 . 7  4 4 . 1  4 7 . 0  4 6 . 2  4 7 . 7  4 7 . 5  
1 4  5 5 . 9  5 5 . 2  4 9 . 9  5 1 . 5  5 1 . 5  5 1 . 2  
1 5  2 4 . 2  2 4 . 2  2 3 . 2  2 3 . 3  2 1 . 8  2 2 . 0  
1 6  2 2 . 8  2 2 . 9  3 2 . 1  3 2 . 9  3 5 . 8  3 5 . 4  
1 7  6 3 . 3  6 3 . 0  8 8 . 4  8 8 . 3  2 2 0 . 0  2 1 8 . 7  
1 8  1 3 . 2  1 4 . 4  1 4 . 5  1 6 . 8  1 3 . 9  1 3 . 7  
1 9  1 7 . 3  1 8 . 3  1 7 . 0  2 0 . 4  6 6 . 1  1 7 . 3  
2 0  2 0 8 . 3  2 0 8 . 3  2 1 1 . 3  2 1 1 . 4  
2 1  3 1 . 3  3 1 . 2  . 6 5 . 9  6 5 . 8  

* Chemical s h i f t s  ( 0 )  are expres sed i n  ppm relative to te tramethy 1 s il ane 
Solven t s : a ch1oroform-d ...,J 

b d imethy l su 1phoxide-d 6 
0'1 
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3 . 9 . 2  Ma s s  Spec trometry o f  C - 1 9 -Hydroxys teroids 

U nder e lec tron bombardment , the fragmentation of 

c ompound s 1 - 4  d i ffers markedly from that o f  hydroxys te ro id s  

w i th a -CH 20H group in the s ide-chain a t  C - 1 7  ( Zaret s k i i ,  

1 9 7 6 ; Egger s ,  1 9 6 5 ; Kirkien-Konas iewic z e t  a l . ,  1 9 6 8 ) . 

R R 

HO 

1 3 

2 4 

I n  the l atter c a s e  the hydroxymethy l group wi l l  be l o s t  as  

such ( 3 1  amu ) , whereas , i n  1 9 -hydroxy s tero id s ,  e spe c i a l ly 

those w it h  a � 4 or � 5 doub l e  bond , this group i s  l o s t  a s  

forma lde hyde ( 3 0  amu ) with back-trans fer o f  a hydrogen atom . 

With c ompounds o f  types 1 and 2 the C - 1 0  hydroxymethy l 

g roup i s  e j ected solely as formaldehyde , with the M-CH 2o 

ion r e s u l ting in a base peak in the mas s  spectra a t  M- 3 0 . 

The 3 , 1 9 -dihydroxy analog s ( o f  type s � and !) a l so e l iminate 

a forma ldehyde mo l ecule . However , the proce s s  is a l so 

a ccompan i ed by e j ection o f  the entire l 9 -CH 2 0H group and the 

forma tion of an M - 3 1  ion . In add i tion , the decompo s i tion o f  

the mo l e cular ions o f  the se dihydroxy compound s i s  accompanied 

by inten s ive dehydration . U l timately an M-CH 2o-H 2o ion 

(M- 4 8 ) , who se peak dominate s the spectrum , is formed . In mos t  

1 9 -hydroxy s tero id s ,  where hydrogen back -transfer cannot occur , 

the C - 1 0  hydroxymethyl g roup i s  e j ected a s  such ( 3 1 amu ) • 

However ,  t he dominant , base peak i s  due to an M-CH 20H-H 2o ion 

( H e l l er and Milne , 1 9 7 8 )  . 

. The mas s  spec trum o f � i s  marked l y  d i f fe re n t  from 

that o f  the corre spondi ng 1 8 -hydroxy-4 -andro s tene - 3 , 1 7 -dione 
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(m/e ( % )  3 0 2  ( l O O )  M+ , 2 8 7  ( 9 )  M-Me , 2 8 4  ( 1 0 )  M-H 20 ,  

and 27 1 ( 5 )  M-CH 20H ) , where the d ominant peak i s  due to the 

mol ecular ion , and e j ection o f  the C - 1 3 hydroxymethy l g roup 

re sults in only a minor peak at m/e 2 7 1  (Auret and Hol la nd , 

1 9 7 1 ) . No e l iminat ion o f  f orma ldehyde i s  observed . 

Thus the marked e l iminat ion o f  formaldehyde from 

1 9 - hydrox y s te roids ( e spec i a l l y  those w i th the � 4 - 3 -one 

s y stem)  i s  an important diagno s t i c  feature of the i r  mas s  

spec tra . 

3 . 9 . 3  Ana ly tical Met hod s 

Peak he ight measurement wa s the normal hp l c  

quantitation technique . Linear i ty between p e a k  height and 

the amount o f  s teroid i n j ected was ver i fied f o r  l l a -hydroxy

progesterone , cortexolone , l l S -hydroxycortexo lone , and 1 9 -

hydroxycor texolone ( F i g . 3 . 1 3 ) . Chromatography cond itions 

were tho s e  g iven i n  section 3 . 4 . 8 . ,  for the cortexo lone 

s e r i e s . Dupl icate inj ections o f  the same smnp l e  genera l l y  

gave agr e ement o f  analyse s t o  w i th i n  1 %  relat ive e r ror . 

A l l  steroid extrac t ion proc edure s ( sec tion 3 . 6 )  

c ou ld r e c over appropriate s tandard s tero id s , f rom 

unino cu l a ted med ia ( 0 . 5  g/1 , f inal concentration ) ,  in greater 

t han 9 0 %  y i e ld . Analys i s  of dupl ic ate fermentation samp l e s  

g e ner a l ly g ave agreement t o  w i thin 2 %  relat ive error , 

a l though ,  d i fferences of up to 5 %  were occas iona l l y  obta ined . 
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STEROID QUANTITY PER INJECTION {jlg) 
Figure 3 . 1 3  Peak height s ver su s  quant i ty inj e c t�d , 

for the hplc ana l y s i s  of cortexolone ( • ),  
l la -hydroxyproge s terone ( e ) , l l B -hydroxy
cortexolone ( o ) , and 1 9 -hydroxycortexo lone 
( o ) . ( See s e c tion 3 .  4 .  8 for chrorna tog raphi c  

c c)nd i t ion s ) . 
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CHAPTER 4 

EXAMINATION OF S OME STEROID-TRANSFOR�ING ABI LITIE S OF 

THE GENERA Pe s ta Z o t i a  ( s e n s u  Gub a )  AND Pe Z Z i c u Z a r i a  

( s e ns u  Rodge r s ) 

4 � 1 INTRODUCT ION 

As d i s cu s sed in s e c t ion 2 . 2 ,  the 1 9 -hydrox y l at ion 

of stero ids i s  a r are tran s formation among microorgani sms , and 

only a very sma l l  number o f  fungi h ave been imp l i c ated 

in this re spec t . Clearly , there was a need to obtain 

fundamental informat ion on thi s  trans formation to a l low 

l ine s o f  r e s earc h to be e s tabl i shed . Th i s  c hapter des c r ibes 

a screening programme where a var i ety of steroids were 

incubated with s e lec ted fungi and the product s  wer e  

examined . 

The fungi examined a l l  belong to either o f  the 

genera Pe s ta Z o t ia ( s e n s u  Guba ) or Pe Z Z i c u l a r i a  ( s e n s u  

Rodgers ) .  Al though Ca Z o n e c t r i a  d e c o ra and N i gr o s po r a  

sphae r i c a  have a l so been repor ted t o  perform steroidal 1 9 -

hydroxylation , these organi sms were . not examined . I n  the 

case of the former organi sm , the transformat io n  is very 

substra te spec i f ic and i s  of l i ttle practic a l  va lue ( C hambers 

e t  a Z . ,  1 9 7 5 ) . The very recent repor t conc erning 

Nigro sp o ra s p h a e rica ( Pet zold t ,  1 9 8 0 )  was pub l i shed sub sequent 

to thi s study . 

4 . 2  TAXONOMY OF THE GENERA Pe Z Z icu Z a r i a  AND Pe s ta Z o tia 

4 . 2 . 1  Pe Z Z i c u Zaria ( s e n s u  Rodger s )  

The g e neric names Hyp oc h n u s , Cor t i c i um 3  and 

Pe Z Z i c u Z a r ia have all been u sed somewhat synonymou s ly to 

name members of the group Pe Z Z i c u Z aria ( s e n s u  Rodger s ) . 

These fung i a l l  belong to the fam i ly Thelephoraceae , Qrder 

Ag ar ic a l e s , and c la s s  Ba s id iomycete s .  Prior to 1 9 4 3  the 

name Co r t i c ium had gener a l l y  be en accepted a s  the name for 
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thi s group . Rodgers ( 1 9 4 3 ) , i n  a c r itica l  d i scu s s ion o f  

the genu s  Pe l l i c u laria described i ts synonymy wi th cer ta i n  

Hyp o c hnu s and Co r t i c ium spe c ie s . R h i z o c t o n i a  s o l a n i  and 

R .  m i cro s c l e r o t i a  were a l so descr ibed as the imperfect f orms 

of P .  fi l am e n t o sa . 

I n  a n  a ttempt to c lar i fy the s i tuation , Exner ( 1 9 5 3 )  

c ompared f ou r  organi sms (vi z . C .  m i c ro s c l ero t i a , C .  s a s a k i i , 

C .  s o l a n i , a nd a n  und e s c r ibed Cor t i c i um sp . )  and p ropo s ed 

four form s , b e long i ng to the spe c i e s  Pe l l i c u l ar i a  

fi l am e n to s a , t o  accomodate them : 

P .  fi l am e n t o s a  ( Pat . )  Rodger s 

1 .  Forma spec ial i s  s o l ani ( Kuhn)  

( Synonyms : Hyp o c h n u s s o l a n i �  C .  va gum var s o l a n i �  

C .  v a g u m �  C .  s o l a n i �  C .  va gum subsp . s o l a n i  

Bo t r y o b a s idium s o l a n i ) 

2 .  Forma spec i a l i s  micro s e  Z ero t i a  (Hatz . )  

( SynonY'ms :  C .  m i c ro s cl e ro t ia ) 

3 .  Forma spe c ia l i s  s a s a k i i  ( Shirai ) 

( Synonqrns : H .  s a s a k i i , C .  s a s a k i i ) 

4 .  Forma spec ial i s  t ims ii . 

As fung i of thi s  group may be found under any of the var iou s 

name s , a knowl edge of the synonymy i s  of con s iderable value . 

4 . 2 . 2  Pe s ta l o t i a  ( s e n s u  Guba ) 

The taxonomy o f  thi s group o f  Deuteromycetes i s  

rather conf u s ed . The genu s  Pe s ta l o t i a  was created i n  1 8 3 9  by 

deNotari s  ( Guba , 1 9 6 1 )  on the bas i s  of the fungus Pe s ta l o t ia 

p e z i z o ide s ( d eNot . )  . The mai n  contributor s to the taxonomy 

of the Pe s ta t o t i a  are Guba ( 1 9 6 1 )  and Steyaert ( 1 9 4 9 ) . Both 

ba se thei r  c l a s s i f i c at io n s  on c on idial morpholog y ,  spec i f ical ly , 

the number and colorat ion of c e l l s  in t he c onid ium and the 

number of apical s e tu l ae . 
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Guba ( 1 9 6 1 )  recogni ses the g enu s Pe s ta Z o t i a  a s  

compri s ing thr e e  sub-groups : 

( i )  

( ii )  

( i i i ) 

Sexocula tae - forms w i th s i x  c e l led conid ia 

Qui nque locu latae - form s  with f ive c e l led conid ia 

Quad r i loculatae - forms with four c e l led conid i a  

A f orm whi c h  exhibits only one api c a l  setula i s  cons idered 

to belong to t he genu s Mo no c ha e t i a  ( s e n s u  Gub a ) , whic h  

s im ilarly comp r i s e s  three group s .  

S teya e r t  ( 1 9 4 9 ) , i n  a ma j or revis ion of the s e  

genera ha s d e s c r ibed t he genu s  Pe s ta Z o t i a  as compr i s i ng 

only the s ing l e , six-c e l l ed con idia l form P .  p e z i z o id e s 

(deNot) . He has proposed two new g e nera , i . e .  Tru nca t e Z Z a 

for 4 -cel l ed conidial forms and Pe s ta Z o t i op s i s  for 5 -c e l led 

f orms , to a c c ommodate t he o ther spec i e s  from Guba ' s  Pe s ta Z o t i a  

genus . Furthermore , Mo no c ha e t i a  has be en e l imina ted and i ts 

forms have been d is tr ibuted in the s e c t ion Monosetu l atae 

of the above two new gener a . The g enera T1,unca t e  Z Z a  and 

Pe s ta Z o t i op s i s  are d iv ided into add i tional s e c t ions ; that 

i s , B i setu latae , Tri setu l a tae , and Mul t i setu l a tae , to d e s c r ibe 

the number of ap iculate s e tulae . 

The controver sy over t he r espective c la s s i f i ca tions 

o f  Guba and S teyaert has no t been r eso lved and organisms 

may be found depo s i ted in culture c o l lec tions under any o f  

these name s . The significance of t h i s  taxonomic confu s ion 

from the viewpoint o f  selec ting l ik e ly 1 9 -hydroxyla t i ng 

organisms c a n  be summar i sed as fol l ows : 

( i )  the g roup i s  large and d i verse ; 
• 

( i i )  there i s  no ind i cation o f  po s s ible relat ionships 

( i i i )  

between the morpho log i c a l  taxonomy and the 

phy s iolog ic a l  abi l i t i e s  w i th respect to steroid 

tra n s format ion ; 

i n  c ompari son to the Pe Z Z i c u Z a r i a  g roup , about 

whi c h  the l i terature is r e a sonably spec i f i c  in 

d e s c r ibing 1 9 -hydroxylat ing spec ie s , there are no 

spec i f ic ref erenc e s  to named Pe s ta Z o t i a  spe c i e s  w i th 

re spec t to thi s hydroxy l a t ion . 
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The r ec og n i tion o f  an orga n i sm capabl e  of perform i ng 

the hydroxylation o f  s teroid s at C - 1 9  was the ma i n  a im of 

thi s  sec tion of wor k . A larg e number of organism s  were 

exami ned , the ma j or i ty being Pe s ta Z o t i a  spec i e s  (s e ns u  

Guba ) , s ince thi s group i s  d e scribed poor ly in the 

l i terature .  Three s teroid sub strates were u sed s ince the 

hydroxylating abi l i ty was recog n i s ed as po s s ibly be ing 

sub s tr a t e  spec i f ic . These substr a te s  were prog e s terone , 

4 -a nd ro s tene-3 , 1 7 -d ione , and cor texo lone . 

Initial c ompound identif ication wa s ba sed on 

retention time on hp lc . In  thi s  way , any c ompound w i th the 

same r e tention t ime as t�e 1 9 -hydrox y l a ted s tandard cou ld 

be r ecogni sed f or further identif ic a ti on . Thi s  wa s most 

r ead i ly carr ied ou t by ma ss spec trometr y  of the preparativ e l y  

recovered compound ( on l y  1 - 1 0  l-! g  wa s r equ ir ed )  . A convenient 

featu r e  of the 1 9 - hydr ox y s teroid s is  that all  g ive h ighly 

char a cter i stic ma s s  spectra due to fragmentation of the C - 1 0 

hydroxymethyl group . The ma ss spec tra l  character i s tic s of 

the s e  c ompound s have a lready been d e sc r ibed ( sec tion 3 . 9 . 2 ) . 

The ident i f ic ation , where po s sible , of other hydroxy

lated produc t s  was cons id ered of va'lu e , al though no t of 

pr imary concer n . Only mono-hydroxylated c ompou nd s were 

cons id ered and only c ompound s . posses sing the 6. 4 -3-one 

group were de tec ted by the analytical method s u sed . 
p '> '+  

Al l exper iments were performed in shake -f l a sk 

cu l tu r e  as descr ibed i n  sec tion 3 . 5 . 1 . /S teroid sub s tr a te 

wa s added at a concentr ation of 0 . 5  g / 1  ( 2 5  mg per 5 0  m l  

c u l ture ) . The analyse s were performed qu antita tive ly by 

use of e i ther the internal or ex terna l standard method ( s ee 

sec t ion 3 . 6 . 1 ) . Wher e an internal s tandard wa s inc lud ed 

prior to ex trac tion a n  add i tiona l , replic a te c u lture ex tra c t  

wa s qua l i tatively exam i ned b y  hp lc t o  ensure tha t the 

i nternal standard did not obscure any tr ansformation produ c t s  

( r e fer to s e c t ion 3 . 5 . 1 ) . 
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4 . 4  RESU LTS AND D I SCU S S I ON 

The r e su l ts for thi s  sec t ion can conveniently be 

d iv ided into those f or each genu s/ su b s trate c ombination . 

4 . 4 . 1  The Transformation of Prog e s terone by Pe s ta Z o ti a  

spec i e s  

Prog e sterone wa s incuba ted wi th the fu ng a l  c u l tur es 

f or both 8 and 1 6  hour s . The quanti tative r e su lt s  a r e  presented 

in Tab l e  4 . 1 ,  as m i l l ig rams of s teroid detec ted at the se two 

time s .  The i n i ti a l  identif ication , ba sed on hpl c  r etention 

t ime , was ver i f i ed by other means ( v i d e  i nfra ) .  

1 9 -H ydrox yproge s terone was no t detec ted i n  any of 

the ax tra c t s , thu s e s tabl i shing tha t these org ani sm s  cannot 

1 9 -hydrox y late prog e s terone . l la - Hydroxylat ion was 

charac ter i s ti c  of a lmo s t  a l l  the fung i and , in sorne c a se s , 

greater than 9 0 %  y ield of l la -hydrox yprog e s terone wa s obtained . 

To ver i f y  the initial hplc a s signment of s truc tur e ,  a 

number of fungal ex tracts were ex ami ned by tlc ( solvent 

sy stems 2 and 3 ;  section 3 . 4 . 7 . )  where , in a l l  c a s e s , the 

pu tative c ompound had the same Rf value as au thentic l la 

hydroxypr oge s terone . The ex trac ts from P .  fu n e r ea iFO 5 4 2 7 ; 

Pe s ta l o ti a  sp . PDDCC 3 0 6 2 , and P .  grac i l i s  IM I 8 9 3 0 7 were 

sub j ec ted to ox idation wi th Jone s r eagent ( sec t ion 3 . 7 . 2 ) 

and a l l  g ave produc ts with same Rf value on t l c  ( so lvent 

systems 2 and 3 )  as authentic 1 1 -ketoprog e s terone . The 

hydroxylation of prog e s terone wa s r epeated on a larg er 

scale w i th Pe s ta l o t i a  sp . PDDCC 3 0 6 2  and the hydrox ylated 

produc t was r ecov ered by so lvent ex traction , and i so l a ted 

by prepar ative tlc ( solvent sys tem 1 ) . The c ompou nd , when 

recrysta l l i s ed from dichlor omethane : methano l , ( 2 4 mg ) gave 

m� p .  1 6 2 - 6°C ( c f . 1 6 6-7 °C ,  Murray and Peter son , 1 9 5 2 )  and i t s  

I R  spec trum ( KBr ) wa s ident i c a l  t o  that of authentic 

lla-hydroxyprog e s terone (Append ix B ,  F ig . B5 ) . The c ompound 

gave a 1 3 c -NMR spec trum (Append ix B ,  Table B 3 ) , whi c h , by 

compar i son with tho se for proge s terone and l l a -hydr oxyproge s t

erone ( sec tion 3 . 9 . 1 ) , unequ ivo c a l l y  showed tha t C - 11 had been 

hydrox y l ated . 
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Tabl e  4 . 1  The action o f  Pe s ta l o t i a  spe� t e s  on progesteronea 

8 16 Incubat ion Time ( h )  

S teroid b ·• 1 1 a 16a 19  Pr lla 1 6 a  19  Pr 

Organi sm 

P. funereaiFO 5427  

P. versico lor IFO 6319 

P. fibricola IFO 6314 

1 . 7  2 . 7  

1 . 9 

1 6 . 7  

19 . 8  

11 . 7  

4 . 1  1 . 0  

8 . 5  

P. microspora ATCC 11816 

P. cuboniana IFO 6315 

2 . 5  4 . 7  

3 . 6  1 . 3  

4 . 3  

1 . 5  

2 . 3  3 . 4  

1 . 9  

P. micl'ospora IFO 30316 

P. kars tenii IFO 6316 

P. diospyri IFO 5282 

1 4 . 6  

23 . 4  

15 . 8  

Pesta lotia sp . POOCC 7 21 . 5  

Pesta lo tia sp . POOCC 3062 21 . 5  

P. vaccins Poocc 5446 21 . 8  

Pesta lo tia sp . PODCC 8 18 . 5  

Pesta lo tia sp . PODCC 24 1 7 . 7  

P. unico lor wu 1 44 1 0 . 1  

Pesta lotia sp . wu 215 2 . 7  

Pesta lotia sp . wu 9/7 7 2 . 9  

P. ramulosa wu 145  1 . 1 

P. populi-nigrae IMI 110878 22 . 4  

P. palmarum IMI 87277 1 3 . 3  

P. sydowiana IMI 82405a 

P. graci lis IMI 89307 

P. cruenta IMI 90778c 

P. mayumbensis IMI 99418 

P. aquatica IMI 87402 

8 . 1  

2 3 . 1  

l3  . o  

9 . 0  

25 . 0  

6 . 6  

1 6 . 1  

1 2 . 6  

8 . 0  

3 . 5 1 5 . 0  

3 . 0  1 7 . 9  

3 . 0  7 . 0 

4 .  2 11 . 5  

2 . 4  9 . 1  

14 . 0  1 0 . 1  

22 . 0  1 1 . 5  

1 3 . 1  3 . 3  

23 . 0  3 . 0 

2 . 6 1 5 . 0  

4 . 1  5 . 0 

16 . 0  

l . O 

2 . 2  

8 . 5  

20 . 0  

NO 

15 . 0  

0 . 7  

4 . 5  

NO 

a 
b 

initi a l  sub str ate c harge wa s 2 5  mg/ f l a sk 

s teroid concentrations are g iven as mg/f l a sk 

Abbrevi ations : l l a  = 

1 6 a = 
1 9  = 

Pr = 

ND = 

l l a -hydroxyprogesterone 
1 6 a-hydroxyprogesterone 
1 9 -hydroxyproge s terone 
proge sterone 
no t determined 

l . O  

6 . 8  

11 . 9  

1 . 6  

1 . 6  

l.O 

2 5 . 0  

0 . 5  

5 . 3  

5 . 1  

1 . 0  

1 . 2  

10 . 3  

1 3 . 2  

1 5 . 3  

1 0 . 0  

1 . 3  

2 . 1  

NO NO 

1 . 4  

0 . 7  

19 . 0  
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1 6a -Hydroxypr og e s terone wa s detected i n  the ex tract s  

f r om P .  fu n e r e a  IFO 5 4 27 and P .  fi b r i c o l a  IFO 6 3 1 4 . Only 

P .  fun e r e a  has been pr eviou s l y  r epor ted to c ar r y  out 1 6a 

hydrox y lation . To conf i rm thi s  r e su l t  the ex tract s  were 

sub j ec ted to cond i tions under whic h 1 6 a-hydroxyprog e s terone 

wi l l  f orm the L'l 1 6 -ene ( section 3 . 7 . 3 ) . In bo_th c a se s , analy s i s  

b y  hpl c  and tlc ( so lvent sys tem s  2 and 3 )  r evealed a reaction 

produ c t  wi th the same r etention value a s  authentic 4 , 1 6 -

pregnadi ene- 3 , 2 0 -d ione , a s  we l l  a s  d i sappearance o f  the 

putative 1 6a -hydroxy compound . P .  a q ua t i c a  IMI 8 7 4 0 2 did 

produc e  a c ompound w i th the same hplc r e tentio n time as 1 6 a 

hydroxyprog es terone , but whic h  d id not undergo dehydration . 

On the ba s i s  of Rf va lu e s  in tlc systems 1 and 3 ,  the 

c ompound wa s tenta tively id ent i f ied as 1 5 a -hydroxyprog e s terone . 

4 . 4 . 2  The Transformation o f  4 -Andros tene- 3 , 1 7 -d ione by 

Pe s ta l o t i a  Spec i e s  

The experiment a l  proc edure u sed w i th thi s  sub s tr a te 

wa s identi c a l  to that u s ed for prog e s terone . The quant i ta tive 

r e s u l t s , at 8 and 1 6  h i ncubat ion times , are pre se nted in 

Tabl e  4 . 2 .  No orga n i sm wa s found to produc e  1 9 -hydroxy-4 -

andros tene-3 , 1 7 -d ione , thu s e s tabl i shing that the Pe s ta l o t i a  

spp . examined c a nno t 1 9 - hydr ox y l a te 4 -andros tene - 3 , 1 7 -d ione . 

The ma in pr odu c t  of hydroxy lation wa s l la -hydroxy

and r o s tened ione , analogou s w i th the resu l t s  for prog e s terone . 

Evid ence to substantiate the identity wa s obta ined by tl c 

( so lvent sys tems 2 and 3 )  of a number of cu l tu r e  ex tracts . 

F or two o f  the mor e pronou nced l l a-hydroxyla ting cu ltures 

(P .  g r ac i l i s  IM I 8 9 3 0 7  and P .  m i c r o spora IFO 3 03 1 6 ) , the 

suspec ted l l a -hydroxy compound s were recovered by prepara tive 

tlc ( sy s tem 1 ) . These were subj ected to ox idation wi th 

Jone s reagent ( sec tion 3 . 7 . 2 )  and the produ c t s  were examined 

by t l c  ( so lvent sys tems 2 and 3 )  . In both c a s e s  the 

produ c t s  had the same Rf as au thentic 1 1 -ketoandros tened ione . 

By a na logy w i th the behav iour of the se fung i  toward s 

pro g e s terone , i t  i s  not surpr i s ing that l la -hydr oxyla tion 

was aga i n  the predan inant transformation . Over a l l  

recover ies o f  s teroid , however , were lower than w i th 



8 7  

Tabl e  4 . 2 The a c t io n  o f  Pe s ta l o t i a  spec ies o n  andro s t enedionea 

I ncubation T ime ( h )  8 1 6  

S teroidb l la 1 9  AD l la 1 9  AD 

Organi sm 

P .  · fun er e a  IFO 5 4 27 2 5 . 0  2 3 . 0  

P .  v e r s i c o l o r  IFO 6 3 1 9  1 . 2  2 2 . 8  1 . 3  6 . 5  

P .  fibri c o l a iFO 6 3 1 4  2 3 . 5  

P .  tr unca ta IFO 8 5 8 4  0 . 6  1 5 . 9  1 . 1  1 1 . 8  

P .  c u b o n i a n a  IFO 6 3 1 5  2 4 . 0  2 3 . 6  

P .  micro s p o ra IFO 3 0 3 1 6  5 . 6  1 2 . 7  1 8 . 4  5 . 2  

P .  kar s t e n i i  IFO 6 3 1 6  1 0 . 7  2 . 6  

Pe s t a l o t i a  sp . PDDCC 7 7 . 9  6 . 4  

Pe s ta l o ti a  sp . PDDCC 3 0 6 2  8 . 9 

P .  v a c c i n s  PDDCC 5 4 4 6  6 . 5  2 . 9  4 . 3 

Pe s ta lo t i a  sp . PDDCC 8 9 . 7 1 . 0  7 . 2  

Pe s ta l o t i a  sp . PDDCC 2 4  9 . 5  8 . 1  

Pe s ta l o t i a  sp . wu 2 1 5  1 5 . 4  0 . 7  

P .  u n i c o l o r  WU 1 4 4  0 . 2  1 5 . 0  1 . 7  1 3 . 4  

Pe s t a l o t i a  sp . wu 9 /7 7 1 6 . 8  2 . 0  4 . 7  

P .  popu l i - n i g r a e  IMI 1 1 0 8 7 8  1 0 . 1  1 1 . 5  6 . 1 0 . 6  

P.  p a lmarum IMI 8 7 2 7 7  6 . 8  1 8 . 3  0 . 6  

P .  s ydowiana IMI 8 2 4 0 5a 5 . 5  1 9 . 2  9 . 5  9 . 1 

P .  grac i l i s  IMI 8 9 3 0 7 1 1 . 7  9 . 5  2 1 . 5  3 . 6  

P .  c r ue n ta IMI 9 0 7 7 8 c 7 . 6  1 6 . 0  2 . 0 

P .  m ayumb e n s i s  nn 9 9 4 1 8  2 . 8  1 4 . 0  2 . 2  1 2 . 0  

P .  a qua t i ca IMI 8 7 4 0 2 2 5 . 0  8 . 8  

P .  s t ic t i c a  IMI 8 9 3 0 6  2 . 3  1 0 . 3  1 0 . 0  

P .  m <- cro s p o ra ATCC 1 1 8 1 6  1 2 . 4  0 . 5  5 . 0  

a initia l substrate c harge was 25 mg/fl ask 
b steroid concentrations are g iven a s  mg/ f l a sk 

Abbrev i at ions : l l a, = l l a -hydroxyandro stenedione 
1 9  = 1 9 -hydroxyandrostenedione 
AD = andro s tenedione 



8 8  

proges terone , ind i c a t i ng that the fung i  were e i ther 

metabo l i s ing , or fur ther hydroxylating , andro s tened ione 

to undetec ted c ompound s .  I n  some c as e s , sma l l  amounts of o th er 

c ompound s were detec ted by hp lc_. F o r  examp l e , both 

p ;  fun e r e a  IFO 5 4 2 7  a nd P .  fi brico Z a  IFO 6 3 1 4  produ c ed 

c ompound s with a r e tention time s l ightly greater than that 

of l la - hydroxyandros tened ione . S ince both fung i can 

1 6 a -hydroxylate prog e s terone the se unknown c ompound s may be 

the 1 6 a- hydroxy derivative . As au thentic 1 6 a-hydroxyandro s 

tenedione was unavail abl e ,  no attempt was made a t  ident i f ica

tion . 

4 . 4 . 3  The Tra nsformat ion of Cor texolone by Pe s ta Z o t i a  

Spec i e s  

T h e  transformation of cor texo lone wa s exam i ned wi th 

8 Pe s ta Z o ti a  spec i e s . Quantita tio n of produ c t s , af ter 

i ncuba tion time s of 1 and 2 days , wa s by the external 

s tandard method ( sec tion 3 . 6 . 1 ) . The hydroxylation pattern 

was muc h  more comp l ex wi th thi s  sub strate than wi th e i ther 

prog e s terone or andro s tenedione . Many of the compound s  cou ld 

not be ident i f i ed but were quanti ta ted by area integration 

o n  the a s sumption tha t they po sses sed the same r e sponse 

f a c tor as known hydroxycor texol one s ( a  rea sonable as sumption , 

s i nce the ex tinc tion v a lu e s  for the 6 4 �3 -one group of s tero idal 

c ompou nd s are approx imately constant ) . Hence bo th the known \ 
and unknown compou nd s are repor ted in Tabl e  4 . 3 accord i ng to 

their hplc retention time s . Putative l la -hydroxycor texolone 

was tentatively ident i f ied a s  f o l l ows . 

Thin layer c hroma tograms o f  the ex tracts from 

Pe s ta l o t i a  sp . PDDCC 8 ,  P .  kar s t e n i i  IFO 6 3 1 6 , Pe s to la t ia s p . 

PDDCC 2 4 , Pe s ta .Z o t i a  sp . PDDCC 7 ,  and Pe s ta Z o t ia sp . WU 21 5 

were d eve loped i n  so lvent sys tem 2 .  The suspec ted l l a 

hydroxycor texolone produc t s  gave po s i tive Por ter/ S i lber 

r eac tions ( see sec tion 3 .  4 .  7 ) , ver i f ying the presence of the 

d ihydroxyacetonyl s ide chain . The ex tra c t s  of Pe s ta Z o t i a  

s p . PDDCC 2 4 , Pe s ta l o t i a  sp . PDDCC 8 ,  and P .  ka r s t e n i i  IFO 

6 3 1 6 , were fur ther sub j e c ted to sodium b i smutha te ox idatio n 



Table 4 . 3  The ac t ion of Pe s ta l o t i a  species on cor texoloneb 

Incubation Period 

Compound a X 
Rt (min) c 3 . 5 0  

P .  k ar s t e n i i  IFO 6 3 1 6  -

P .  t r u n c a t a  IFO 8 5 8 4  -

P .  v a c c i n s  PDDCC 5 4 4 6  0 . 1 7  

Pe s ta l o ti a  s p . WU 2 1 5  -

Pe s t a l o t i a  s p . PDDCC 7 -

Pe s ta lo t ia sp . PDDCC 2 4  -

Pe s ta lo t i a  sp . PDDCC 7 -

Pe s t a l o t i a  sp . WU 9 /7 7 -

a x = u nknown identi ty 

1 1 a -OH = l let -hydroxycortexo lone 

Co = cortexolone 

X 
4 . 5 0 

1 . 0  

1 . 3  

0 . 2 8 

0 . 4 0  
-

-

-

1 . 4 2 

1 day 

X l la -OH eo 
5 . 4 1 6 . 7 5 

- 4 . 1  -

1 . 4 5 0 . 8 1 4 . 6  

0 . 2 7 0 . 4 5  0 . 8 7 
- 1 . 4 0 1 . 9 0  
- 1 . 9 0 0 . 1 6  

- 3 . 2 0 -

- 3 . 5 0 -

0 . 7 7  1 . 3 4  5 . 1 7 

2 day 

X X X l let -QH 
3 . 5 0  4 . 5 0 5 . 4 1 6 . 7 5  

- 0 . 6  - 3 . 5  

- 1 . 7 9  1 . 9 6 1 . 1 5 

0 . 1 4  0 . 4 2  0 . 3 6  0 . 6 5 
- 0 . 7 0  - 2 . 8 0 
- - - 1 . 3 0 
- - - 1 . 7 0  
- - - 2 . 4 0 

- 2 . 2 8 1 . 0 0 1 . 7 1 

b s teroid concentrations are g i ven a s  mg/f la sk ; 
2 5  mg/f l a s k . 

i n i t i a l  substrate c harge was 

c c hromatography cond i t ions are a s  described i n  s e c t ion 3 . 4 . 8 

C o  

3 . 9 2  

0 . 1 1 " 

0 . 1 3  

0 . 5 0  

CO 
1.0 
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( sect ion 3 . 7 . 4 )  to g ive the correspond ing andro s tane c ompound s . 

I n  a l l  c a s e s  the product s were c hr omatographi c a l l y  ( hp l c  

and t lc ( so lvent sys tems 2 and 3 ) ) identi cal t o  authentic 

l l a -hyd r oxy-4 -andros tene - 3 , 1 7 -d ione . 

The l la - hydroxy product was pres ent i n  a l l  cu l ture 

ex tra c t s . In some cases ( Pe s ta l o t ia sp . PDDCC 8 ,  P .  ka r s t e n i i  

IFO 6 3 1 6 ,  Pe s ta l o t i a  sp . PDDCC 24 , Pe s ta l o t i a  sp . PDDCC 7 ,  

and Pe s ta lo t ia sp . WU 2 1 5 )  thi s compound wa s the ma j or or 

only monohydroxy l a ted produc t .  On the o ther hand , 

Pe s ta l o t ia sp . WU 9/7 7 , P .  t r u n c a t a  IFO 8 5 8 4 , and P .  v a c c i n s  

PDDCC 5 4 4 6  al so produced sub s tanti a l  amounts of compounds 

with hp l c  r etention times l e s s  than tha t of l la -hydrox y 

cortexolone . One of the s e  unknowns had a r e tention time 

( Rt = 4 . 5 0 min)  very simi l ar to that of 1 9 -hydroxycor texolone . 

Extr a c t s  c onta ining thi s compound were subj ec ted to sodium 

bi smu tha te ox id ation . Hp lc compar i son of the 1 7 -ketonic 

degrada tion product with authentic 1 9 -hydroxyandros tenedione 

revea led that the su spec ted c ompound wa s no t ,  in fa c t , 1 9 -

hydroxycor texolone . Thu s , despite the repor t by Takaha shi 

( 1 9 6 3b ) , t hat c er ta i n  Pe s ta l o t ia spec ies can 1 9 -hydroxy late 

cortexol one , and the corresponding patent c l a im of 

Hasegawa e t  a l . ( 1 9 6 3 ) , none of the fung i , here ex am i ned , 

produc ed 1 9 -hydroxycortexo lone in detectable quan t i t i e s . 

I t  i s  a l so apparent from Tab l e  4 . 3 that a very low recovery 

of the or igina l  s teroid ( 2 5  mg/f l a sk ) was obtained . 

Apparently , the sub strate and/or products are degr aded by 

thes e  f ung i to unidentif i ed c ompound s . 

4 . 4 . 4  The Trans formation o f  Cor texolone by Pe l l i c u l a ria 

Spe c i e s  

The s teroid hydroxyl a ti ng abi l i t i e s  of thi s  g roup 

of f u ng i have be en s tudi ed qu i te ex te nsive ly (Charney and 

Her zog , 1 9 6 7 ) . On ly P .  fi l a me n t o s a  f . sp .  m i c ro s c l e ro t i a  

IFO 6 2 9 8  and P .  fi lame n to s a  f . sp . s a s a k i i  IFO 5 2 5 4  have been 

shown to 1 9 -hydroxy late cortexo lone . Henc e , the s e  two fu ng i 

plu s three other representat ive s of the genu s  ( Co r t i c i u m  

prac t i c o l a  I F O  6 2 5 3 , C .  c a e r u l e um IFO 4 9 7 4 , and P .  fi lame n t o sa 
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f . sp .  s o l a n-i IFO 5 2 8 9 )  were exami ned . The exper iment a l  

procedure s  were as previous ly descr ibed ( sec tion 3 . 5 . 1 )  and 

i ncubation of cortexolone with the cu ltures was for 5 days . 

4 . 4 . 4 . 1 P .  fi lame n t o s a  f . sp .  m i c ro s c l e ro t i a  IFO 6 2 9 8  

Authentic 1 9 -hydroxycortexolone was obtained from 

cu l tu r e s  of thi s  organi sm whi c h  had been incubated wi th 

cor texo lone ( sec tion 3 . 1 . 4 . 1 ) . Hence , initial ident i f ication 

o f  this produc t was perf ormed wi thout authenti c ma terial 

being avai l able .  The cu l tu r e  ex tract was i ni tia l ly ox id i s ed 

w i th sod ium bi smu thate ( sec tion 3 . 7 . 4 )  to g ive the correspond 

i ng and r o s tane compound s ,  wh ich were then compar ed wi th 

authentic compound s by hp l c  and tlc ( so lvent s y s tems 2 and 

3 )  • Thi s a l lowed a tenta tive ident i f i cation of the 

transformation products as 1 9 - , l l S - , and l la -hydroxy

cor texolone , plu s one unknown compound . Thi s  is in agreement 

w i th Takaha shi and Hasegawa ( 1 9 6 l b )  who showed the four th 

compound to be 6 S -hydroxycor texolone . The ma j or trans forma tio n 

products were 1 9 - and l l S -hydroxycortexo lone . The o ther two 

c ompounds were e s t imated a s  accounting for l e s s  than 1 5 %  

o f  the tot a l  produc ts a nd were not further c haracteri sed . 

Puta tive 1 9 -hydroxyandros tened ione was recovered 

by preparative t l c  ( so l vent system 1 )  and a ma s s  spec trum 

was obta i ned (Append ix B ,  F igure B 4 ) . The spec trum wa s 

identi c a l  to tha t pub l i shed for 1 9 -hydroxy-4 -andros tene - 3 , 1 7 -

d ione ( Egger s , 1 9 6 5 ) , and the .. e l imination of 3 0  amu a s  

formaldehyde , t o  give t he bas e  peak at m/e 2 7 2 ,  i s  

unequ ivoc a l  evidenc e f or the pre sence o f  the 1 9 -hydroxyl 

g roup in thi s compound . The original cor texo lone 

transformation ex trac t wa s al so exam ined by t lc ( solvent 

sy s tem 3 )  and the dev e loped c hroma togram wa s sprayed w i th 

Por ter I S i lber r eagent , to which a l l  the c ompound s gave a 

pos it ive reac tion . Thi s  i ndicated the pre s ence of the 

d ihydroxyacetony l s ide cha in ( 2 1 -a ldo-2 0 -keto- and 2 1 -hydroxy--

2 0- oxo- 1 6 -dehydro s teroids w i l l  a l so g ive a po s i tive reac tion 

( Li sboa , 1 9 6 9 ) ) .  F i na l ly , a ma s s  spec trum 'of puta tive 

1 9 -hydroxycortexo lone wa s obtained (Append ix B ,  F igure B3 ) . 
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The pre s ence o f  the molecu lar ion a t  m/e 3 6 2  veri f ie s  the 

expected mo lecular we i g ht . The d i s i ntegration pattern c a n  

be c ompared t o  that obtained f o r  cor texo lone (Append ix B ,  

F igure B6 ) . Ma j or spec tr a l  peaks at m/e· M -3 0 ,  M- 5 9 , and 

M-· 6 0  are common to both spec tra and probably repre sent 

s id e  chain e l iminations . The loss  of 5 9  amu f r om the 

mol ecu l ar ion , g iv i ng r i se to the peaks at m/e 2 8 7  and 3 0 3  

i n  the spec tra of c or texolone and 1 9 -hydroxyco r texolone , 

r e spectively , a lmo s t  c erta inly are due to lo s s  of the 
• 

c 2 0 -c 2 1  s ide cha i n  f ragment a s  CH 2 ( 0H ) CO .  In the spec trum o f  

1 9 -hydroxycor texo lone the b a s e  peak a t  m/e 2 7 2  ( a  further 

3 0  amu down from m/e 3 0 2 )  pre sumab l y  represents the m/e 3 0 2 

ion minu s  the C - 1 9 -hydroxymethyl group , whic h  was l o s t  as  

f o rmaldehyde , with back tran s fer of a hydrog en a tom . Both 
1 1 3  

' 
. H and C -NMR spectra were obtai ned for thi s compound to 

prov ide further proof of ident i ty ( Append ix B ,  Table B2 ) . 

These da ta can be compar ed wi th the spec tral i nformation given 

for cor texolone and 1 9 -hydroxycor texo lone i n  Tabl e s  3 . 2 and 

3 . 3 .  I n  the 1 E-NMR spec trum , the d i s appearance of the 1 9 -CH 3 . 
1 s i ng l et (one of the d ominant s igna l s  in the H-NMR spec tra 

of s teroid s )  and the appearanc e of the 1 9 -C H 2 quar tet i s  

proof t ha t  hydroxylation has indeed taken place a t  C -1 9 . 
1 3 The C-NMR spec trum a l so c learly demons tra tes the down f i e ld 

shift of C-1 9 from e a . 1 7 . 5  ( in cortexo lone ) to 6 5 . 3 ,  aga i n  

proving that i t  ha s been hydroxyl a ted . 

Identi ty o f  the pu tative 1 1 8 -hydroxycor texo lone 

( hydrocorti sone ) from P .  fi l a me n t o sa f . sp .  m i c ro s c Z e ro t i a  

I F O  6 2 9 8  wa s conf irmed b y  i ts hplc and t l c  ( so lvent 

sys tem s  2 and 3 )  behaviour , whic h  was identi c a l  to that of 

authentic mater ia l . Furthermore , ox idation w i th sodium 

b i smu thate gave a c ompound which behaved ident i c a l ly to 

l l B-hydroxy -4 -andros tene - 3 , 1 7 -dione on hpl c  and t l c  

( solvent sys tems 2 a nd 3 )  . 
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4 . 4 . 4 . 2  P. fi l ame n to sa f . sp .  s a s a k i i  IFO 5 2 5 4  

S ince authentic 1 9 -hydroxycortexolone had been 

obtained from P .  fi lame n t o sa f . sp .  m i c ro s c Z e r o t i a  ( s ec t io n  

3 . 1 . 4 . 1 ) , initi a l  identi f icatio n  o f  the produ c t s  o f  

incubation o f  P .  fi lam e n t o sa f . sp .  s a sa k i i  IFO 5 2 5 4  wi th 

cor texolone was by examination of retent ion time s , on hpl c . 

Exam inat ion by tlc ( so lvent systems 2 and 3 )  fur ther v er i f i ed 

the ini t ia l  identi fica tion . There were aga i n , appar e nt ly , 

four · .transformation products ( from hplc retention-time 

data , the same four products as were obta ined wi th P .  

fi Z am e n t o sa f . sp .  micro s c Z er o t i a  IFO 6 2 9 8 ) . The two main 

products wer e apparently 1 1 8 -hydrox y - and 1 9 -hydroxyco r texo lone . 

The minor produc t s  accounted fpr approx ima tely 2 5 %  o f  the 

total hydroxy l a ted ma ter ial . Putative 1 1 8 -hydroxy- and 1 9 -

hydroxycortexol one were recovered f rom a fermenter -cu l ture 

of P .  fi lame n t o s a  f . sp .  s a s a k i i  IFO 5 2 5 4  in which cortexo lone 

wa s incubated ( see sec t ion 5 . 2  for detail s ) . Solvent 

ex trac tion of s teroida l mater i a l  was the same as d e s cr ibed 

in section 3 . 1 . 4 . 1 for P .  fi lame n to s a  f . sp .  m i c ro s c Z e r o t i a  

The compound s wer e  separated and pur i f ied by preparative hpl c  

(methanol : water , 6 5 : 3 5 ;  2 . 0  ml/min ; other cond i tions a s  

descr ibed i n  sec t ion 3 . 4 . 8 . )  of the e thyl acetate extra c t . 

The ma j or produ c t , 1 1 8 -hydroxycor tex olone , wa s obta ined as 

s l ightly yel low cry s ta l s  ( 1 5  mg ) from methano l : water , m . p .  
2 0 0 -2 1 0° ( c f . 2 0 4 -2 0 7 ° , Takahashi and Hasegawa , l 9 6 l b )  and 

i t s  IR spec trum wa s identical to that of authentic 

l l S -hyd roxycor texolone (Append ix B ,  F igure B7 ) . Pu tative 

l 9 �hydroxycor tex olone was identi f ied by i t s  ma s s  spec trum 

(Append ix B ,  F i gure B8 ) , wh ich was identical to that of 

authentic mater i a l  ( ex .  P.  fi l am e n to sa f . sp .  micro s c Z e ro t i a ) .  

Thi s  c haracter i s tic wa s suf f i c ient to unequ ivoca l l y  ident i fy 

the compound a s  1 9 �hydroxycortexo lone . 

4 . 4 . 4 . 3 Co r t i c i um p rac t i c o Z a  IFO 6 2 5 3  

The product s  o f  incuba t ion o f  cortexo1one with thi s  

organi sm were , again ,  two ma j or and two minor monohydroxy 1 ated 

cortexo1one derivative s ( based on hplc exami na tio n )  . The 

ma j or produc ts were ne ither 1 1 8 -hyd roxy- nor 1 9 -hydroxy-
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cortexolone . The compound s were recovered from a fermenter� 
cu l tu r e  of C .  prac t i co l a  IFO 6 2 5 3  in whi ch cortexolone wa s 

incubated ( see sec tion 5 . 2  for detai l s ) . Solvent ex trac tion 

and p repara tive hpl c  procedures were as w i th P.  fi l a me n t o s a  

f . sp .  s a s a k i i  IFO 5 2 5 4 . The compound present in the highe s t  

concentration wa s i solated a s  an impure gum . T h e  mater i a l  

showed . the same c hr omatographic behaviour ( retention time 

and Rf in hplc and tlc ( so lvent systems 2 and 3 )  , re spec tiv e l y )  

as  l l a-hydroxycortexolone , obtained from the i ncuba tion o f  

cortexolone w i th c er tain Pe s ta l o t i a  spe c i es ( sec tion 4 . 4 . 3 ) . 

Sod i um b i smu thate oxidation o f  the ma terial gave a compound 

chroma tograph i c a l l y  identica l ( hplc and tlc in so lvent 

sy s t ems 2 and 3 )  to authentic l l a -hydroxy-4 -andros tene - 3 , 1 7 -

dione . Thus , t he c ompound wa s tena tive ly identif ied a s  

l l a.- hydroxycortexo lone . The second ma i n  produc t \-.Jas 

cry s t a l l i sed f rom methanol to : g ive c ry s ta l s  ( 3 0  mg ) whi c h  wer e  

homogeneou s b y  tlc ; m . p .  2 3 4 - 8 °C ,  A. MeOH 2 3 3  nm .  The ma s s  max 
spectrum (Append ix B ,  F i gure B9 ) added little in character i s i ng 

the c ompound . However , the molecular ion at m/e 3 6 2  and 

sub s equent M-1 8 (m/e 3 4 4 ) , M-3 0 (m/e 2 3 2 ) , M - 5 9  (m/e 3 0 3 ) , 

and M- 6 0  (m/e 3 0 2 )  peaks do g ive some i nforma tion . The 

mo lecu l ar we ight ver i f i e s  the produc t  as a monohydroxy 

der i vative of cor texolone . In the mas s  spec trum of 

cortexolone ( Append ix B ,  Figure B 6 )  the pa ttern of peaks 

above m/e 2 8 0 ,  v i z  M+ (m/e 3 4 6 ) , M-1 8 (m/e 3 2 8 ) , M- 3 0  (m/e 

3 1 6 ) , M- 5 9  (m/e 2 8 7 ) , and M-6 0 (m/e 2 8 6 ) , s how a marked 

simi l ar i ty to tho se in the mass spec trum of the unknown , and 

so ver i f y  the parent compound a s  cor texolone . The obs erva t i o n  

of s i gni ficant meta s tabl e peaks a t  m/e 2 6 8  and 2 7 3  would 

suppo r t  the c ontention tha t the peak a t  B/e 2 8 7  is due to 
. 

the l o s s  of CH 3 from the ion g iv ing r i se to the peak a t  m/e 3 0 2 ,  

whi l e  the m/e 2 8 5  peak i s  due to loss  of H 20 from the ion 

g i v i ng r i se to the peak at m/e 3 0 3 . Thi s  l o s s  of H 2o to g ive 

the base peak at m/e 2 8 5 i s  almost c e r tainly due to the 

e l imination of the unknown hydroxy l group . Thu s , thi s group 

mu s t  be in a pos i tion where loss o f  water i s  a highly 

favourable proce s s . 
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1 3  The C -NMR spec trum for the c ompound (Append ix 

B ,  Tab l e  B 4 )  gave fur ther informa tion . The peak at 8= 
7 0 . 9 4 is due to the hydroxyl ated carbon ( by compar i son wi th 

the spectrum of cor texolone , Sec tion' .  3 .  9 . 1 ,  Tab l e , 3 .  3) . · However , 

the d e s ignation o f  thi s c a rbon could only be i n i tia l ly 

reduced to one o f  seven po s s ibi l i ti e s . Thi s was for two 

reason s ; f i r s t ly the solvent ( DMSO )  peaks obs cured the 

peaks of C-1 , C - 8  and C - 1 0 whi l s t  tho se of C - 2  and C - 1 2 a s  

wel l  a s  C - 6  and C - 1 6 c annot b e  r e so lved from e a c h  other ( see 

the spectrum for cor texolone ) .  The C -1 0  pos i tion can be 

immed i a te ly e l iminated as a pos s ib i l i ty . Also , on the 

ba s i s  o f  ava i l able mel t i ng point data ( Charney a nd Her zog , 

1 9 6 7 )  i t  i s  pos s ible to e l im inate the fol lowing compound s : 

1 8- , 2 8 - , 7 a - ,  7 8 - ,  8 8 - ,  and 1 2 8 -hydroxycor texolone . Thus , 

the pos s ib i l i ti e s  are considerably narrowed . On the ba s i s  

o f  the above i nformation i t  was deduc ed that the c ompound i s  

probably 6 8 -hydroxycortexolone ; c f . rn . p .  2 3 3 - 2 3 4° uncorr . ,  

XE tOH 2 3 6  rum ( Takaha shi and Hasegawa , 1 9 6 l a ) . I n  particu l a r , max 
the shi ft to lower wave leng th , of the absorption max imum , 

i s  c haracteri s tic o f  s teroids w i th the 6 8 -hydroxy-64 -3 -one 

grouping (Takaha shi and H a s egawa , 1 9 6 la ) . The norma l 

absorpt ion max imum for the 6 4 - 3 -one group iri steroids i s  2 4 1  

rum . Furthermore ,  the e l im i nation o f  the 6 8 -hydroxyl group 

as water in the mass spectrometer wou ld be energetical ly 

favoured , a s  it ex tend s con j ug a tion in the mol ecu le , i . e . , 

- H  0 ?  . 2 

Thi s i s  cons i s tent with t he observed spec trum . 



9 6  

4 ·. 4 . 4 . 4  Cor t i c i um c a e r u l e um IFO 4 9 7 4 and P.  fi l am e n to s a  

f . sp .  s o l a n i  IFO 5 2 8 9 .  

1 9 -Hydroxycor texolone wa s not d e tec ted i n  the c u l tur e 

ex trac ts o f  these two fung i  a f ter incubation w i th cor tex o lone 

I n  fac t ,  P .  fi lame n to s a  f . sp .  s o l a n i  IFO 5 2 8 9 gave no 

detectabl e  produc t s  whi le C .  c a e r u l e um IFO 4 9 7 4  gave a s i ng l e  

produ c t  whi c h  d i spl ayed the s ame c hromatographic behavi ou r  

a s  l l B-hydroxycortexolone ( hp l c  and tlc i n  solvent s y stems 

2 and 3 ) . No f urther inve stigations were carri ed ou t .  

The re su l t s  from thi s  sec tion are summar i s ed i n  

Tabl e  4 . 4 .  

4 . 4 . 5  The Trans forma tion of 4 -Andro s tene - 3 , 1 7 -d ione and 

Proge s terone by P .  fi l am e n to s a f . sp .  m i c ro s c l e ro t i a  

. IF O  6 2 9 8  and s a sa k i i I F O  5 2 5 4  

H a s e g awa e t  a l . ( 1 9 6 0 )  c l a imed i n  the ir pate n t  that 

C .  m i c ro s c l e ro t i a  IFO 6 2 9 8  can 1 9 -hydroxyl a te both progesterone 

and andro s tened ione . The fung i P. fi l am e n t o s a  f . sp .  m i c ro s c l e r o t i  

and s a sa k i i , whi c h  c a n  1 9 -hydroxylate cortexolone , were thus 

exami ned w i th the s e  two sub strate s in order to verify the 

c l a im .  

Both organisms trans formed proges terone into , 

apparent ly , po lyhydroxylated produ c t s . Thu s a f ter only 8 h 

incubation no monohydroxy produ c t s  could be detec ted . To 

de termine i f  monohydroxy products d id appear tran s i ently , 

ear l y  i n  the course o f  the tran s f orma tion , a cu l ture of 

P.  f i l a me n t o s a  f . sp .  m i c r o s c l e ro t i a  IFO 6 2 9 8  wa s incubated 

wi th prog es t e rone for 3 hour s . Even a t  thi s  early s tage , 

w i th mo s t  o f  the proge s terone unconver ted , mo s t  o f  the 

products were muc h  more polar (ba sed on hplc and t l c  analy s e s ) 

than typ i c a l  monohydroxyproge s terone s . However , very l ow 

leve l s  o f  c ompound s w i th s imi lar retention time s to monohydroxy 

s tandard s ( by hpl c )  were detec ted , i ndicating the i r  presence , 

a l be i t  trans iently . Iden t i t i e s  could no t be a s s igned to the se 

compound s .  The exac t cond itions described by Hasegawa e t  a l . 

( 1 9 6 0 ) , for the 1 9 -hydroxylation o f  proge sterone , were a l so 
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Table 4 . 4 The action of variou s Pe l l i c u l a r i a  ( s e n s u  
Rodger s )  spec i e s  o n  c ortexo lone . 

S teroid Concentration a (mg/1 ) 

Organism 

P .  fi l a m e n to sa f . sp .  

m i c ro s c l e ro t i a  

s a s a k i i  

so l a n i  

C o r t ic i um p ra c t i c o l a  

Cor t i c i um ca e r u l e u m  

a 

6 (3  

3 0  

l l a  

9 3  

1 1 (3  

5 8  

4 7  

4 0  

1 9  

7 0  

1 5  

a f ter 5 days incubation w i th cortexo l one 

( 5 0 0  mg/1 initial concentration)  

Abbreviations : 6 B  
l 1o<:: 
1 1  B 
1 9  

= 

= 

6 B- hydroxycortexo 1one 
1 1� -hydroxycortexo 1one 
1 1 Bhydroxycortexolone 
1 9 -hydroxycortexo1one 
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examined wi th P .  fi Zame n t o sa t . f� sp .  m i c ro s c Z e ro t i a  IFO 6 2 9 8 . 

However , s im i l ar resul ts to tho se obta ined u s ing the s tandard 

screening procedure , were obta i ned . Most impor tant l y , no 

1 9 -hydroxyprogesterone wa s detected . 

Whe n  incubated w ith 4 -a ndro stene - 3 , 1 7 -d ione for 8 

h ,  both P .  fi Z am e n to s a  f . sp .  m i c ro s c Z e ro t i a  and s a s a k i i  

appeared t o  produc e  the same compound s ,  but in d if ferent 

r e la tive amounts .  Thu s , F igure 4 . 1  shows the hplc·  c hromatograms 

for the c u l ture extracts o f  the s e  organi sm s . By compar i son 

w i th the s tandard mixture it i s  c lear tha t 1 9 -hydrox yand

r o stenedi one wa s not among the produc t s  from e i ther organism . 

Exact dup l ic at io n  of the cond it i ons for 1 9 -hydroxyl a t ion o f  

androste nedione , a s  de scr ibed by Has egawa e t  a Z . ( 1 9 6 0 ) , 

were per formed w i th P .  fi Z am e n t o s a  f . sp .  m i c r o s c Z er o t i a � IFO 

6 2 9 8 . H owever ,  the r e su l t s  were l i tt l e  changed and , agai n , 

1 9 -hydroxyandrostened ione was no t d e tected . Some 

tentative ident i f ication of the compound s obtained from the 

i ncubation of androstened ione wi th the se fungi ( Fig . 4 . 1 )  

i s  po s s ib l e . Thu s , compound s 3 a nd 4 exhibit the same 

re spec t iv e  reten tion t ime s , on hp lc , a s  l la - and l l S -hydroxy

androstened ione . Tlc ( solvent s y s tem 2 )  fur ther ver i f i ed 

thi s conc lu s ion . l l S -Hydroxyl a tion o f  var iou s 4 -andro stene-

3 , 1 7 -dione d e r ivatives has a l ready been reported for t h i s  

organi sm ( Takaha shi , 1 9 6 4 ) . Compound 2 (Fig . 4 . 1 ) , the 

ma j or produc t  of P .  fi l ame n t o s a  f . sp .  m i c ro s c l e r o t i a , was 

r ecovered for fur ther inve stiga t ion . Oxidation and 

acetyla t ion ( see sec tion 3 . 7 )  of the compound were unsucce s s fu l , 

sugge sting the presence of a ter t i ar y  hydroxyl group . A l so , 

based on hpl c  re tent ion time , the compound was more polar than 

the standard monohydroxyandrostenedione s . The ma s s  spectrum 

o f  the c ompound (Append ix B ,  F igure B l O )  exhibi ted a high 

intens i ty mol ecular ion at m/e 3 1 6 . Thi s  i s  con s i stent with 

an androstened ione deriva tive bear ing one hydroxyl and a 

ke tone g roup , or two hydroxyl groups and a doub le bond . As 

dehydrogenation o f  the steroid r i ng sys tem is no t a 

character i st i c  o f  this organi sm ( C harney and Her zog , 1 9 6 7 ) , 

the former p os s ib i l i ty seems more probable . Takahashi ( 1 9 6 4 ) 

obtained 1 4 a -hydroxy-1 , 4 -androstad iene- 3 , 1 1 , 1 7 -trione as the 
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trans formation produc t  of 1 , 4 -andro s tad iene-3 , 1 7 -d i one , w i th 

this  organi sm ( refer to Tabl e 2 . 3 ) . The analogo u s  compou nd , 

without t he l -double bond , wou ld be consi stent w i th t he d a t a  

available f o r  t he unknown product . A s  d i scus sed i n  section 
1 2 :• 2 ,  the pre s ence or absence of t:h:l L'i  -double bond s eems to be o f  

l i tt l e  con sequence in terms o f  the trans formation products 

o f  P.  fi l ame n to s a  f . sp .  micro s c l e r o t ia IFO 6 2 9 8 . Thu s the 

compound wa s tentatively identi f ied as l 4 a -hydroxy-4 -

andro stene -3 , 1 1 , 1 7 -tr ione . 

4 . 5  CONCLU S IONS 

The hydroxyl a tion ab i l i ti e s  of a large numbe r  of 

Pe s ta l o t i a  spec i es and some Pe Z Z i c u Z aria spec i e s  have been 

examined under standardi sed cond itions . The s tero id 

substrates andro stenedione , prog e s t e rone , and cor texolone 

were u sed in the stud y . The repo r ted abi l it i e s  o f  

P .  fi l ame n to s a  f . sp .  m i c ro s c l e ro t ia IFO 6 2 9 8  and s a s a k i i  

I F O  5 2 5 4  t o  1 9 -hydroxylate cortexo lone have been ver i f i ed , 

wi th the former o rgan i sm being the more ac tive i n  thi s  

re spec t . However , o f  the Pe s ta l o t i a  spec ies examined none 

s howed a s im i lar abi l ity , d e spite c la ims in the l i terature . 

I n stead , t he Pe s ta l o t i a  g roup of fungi were very ac tive in 

l l a -hydrox y l a t io n  of steroid s . Thi s find ing may be o f  va lue 

as a chemotaxonomic criter ion in c la r ifying t he t axonomy 

o f  t he genera Pe s ta l o t i a  ( s e n s u  Guba ) , Mo no c ha e t i a  ( s e n s u  

Gub a ) , Pe s ta l o t i o p s i s  ( s e n s u  S teyaer t ) , and Tru n c a t e l l a 

( s e ns u  S teyaer t ) . In  thi s  re spec t , Chong ( 1 9 8 2 )  has 

examined the prog e sterone tran s format ion produc t s  o f  sever a l  

Mo n o c ha e t i a  and Trunc a t e l l a spec i e s , and has observed 

s i gn i f icant d i f fe rence s in hydroxyl a t ion abi l i t i e s  between 

the genera , sug g e s t i ng that there may be a biochemical a s  

we l l  as  a morpho log ical d i f ference . Notably , 1 9 -hydroxyla t ion 

o f  proge sterone was not observed w i th these organi sms , as w i th 

the Pe s ta lo t i a  spec ies s tudi ed here . 
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Intere sting l y , ne i ther P .  fi l ame n t o s a  .f . sp �  

m i c ro s c l e ro t i a  IFO 6 2 9 8  nor s a s a k i i  IFO 5 2 5 4  were abl e  to 

1 9 -hydroxyl a te e it her and rostenedione or proge s terone , 

the structur e s  of which d iffer from cortexolone only i n  the 

nature of the s ide chain at C -1 7 . Wi th prog e st erone , both 

orsani sms apparent ly produced polyhydroxylated product s .  

The ident i t i e s o f  t he se were not d e termined , however , and 

it i s  pos s ib l e  t ha t  one of the po s i t ions hydroxylated may 

have been C-1 9 . Never the l e s s ,  in v iew of the known abi l i ty 

o f  P .  fi l ame n t o s a  f . sp .  micro s c l e ro t i a  IFO 6 2 9 8  to 

1 9 -hydrox y late both 1 7 a , 2 1 -d ihydroxy-4 -pregnene-3 , 2 0 -d ione 

( cor texolone ) and 1 7 a , 2 0a , 2 1 -trihydroxy-4 -pregnen - 3 -one , 

these � r e su l t s  are o f  some sign i f icance . Thu s , al though many 

fungi are very sub s tr a te non-sp ec i f i c  in terms of hydroxyl a tion 

abi l i ty ( Charney and Her zog , 1 9 6 7 ) , t h i s  i s  not the c a s e  w i th 

t h i s  o rganism . Fur ther stud i e s  on the e f f ects of sub s trate 

s tructure may b e  of con s id erable va lue in determining po s s ib l e  

app l icat ions for 1 9 -hydroxylati on b y  thi s  organism i n  steroid 

manu factur ing proce s s e s . The e a s e  w i th whic h  very smal l  

quant i ti te s  o f  1 9 -hyd roxylated s ter o i d s  may be detec ted , u s ing 

ma s s  spectrometry , wou ld greatly a s s i st such s tud i e s . 

On the bas i s  o f  the pre sent data some comments on the 

commerc ia l  imp l ic a tions are po s s ibl e . A valuable product 

of a 1 9 -hydroxylation proc e s s  would be 1 9 -hydroxy- 4 -

andros tene -3 , 1 7 -d ione . Thi s can b e  conver ted to 1 7 a -e thyny l -

1 9 -nor te s to s terone ( 1 9 -norethi s terone ) a s  sho\m in F igure 

4 . 2 .  Thi s  compound is a valuab l e  an t i - f erti l i ty drug 

( Yamada , 1 9 7 7 ) . Pre sently , 1 9 -hydroxyandro ste nedione i s  

produc ed by chemical synthe s i s  from 3 8 -hydroxy-5 -andro sten-

1 7 -one a ce ta te by a route analogous t o  that shown in Figure 

2 . 1  (Heusler and Kalvod a , 1 9 7 2 ) . As  an alternative to d i r e c t  

1 9 -hydroxylatio n  o f  4 -andro s tene- 3 , 1 7 -d i one , whic h the 

pre s ent resul ts sugg e s t  is not f ea s ib l e , 1 9 -hydroxylation 

of c or texolone can l ead to the same p roduct via a very 

s e l ec tive and e f f i c i ent s ide chain deg radation r eac tion u s in g  

sod ium b i smu thate . T h i s  i s  shown in F igure 4 . 3 .  I t  i s  

nec e s sary , the r e fore , t o  (consider whet her cortexolone wou ld 

be prohibitiv e l y  expe n s ive a s : a  s tarting mater i a l  in ord e r  
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for such a proc e s s  to compete with the chemical route . �� 
In thi s  re spec t ,  the c o s t  of 4 -androstene - 3 , 1 7 -d ione 

i s  a u se ful ba s i s  f or comparison . 

In compar i ng t he price s  o f  androstened ione and 

cortexolone a s  s tarting materia l s ,  i t  i s  impor tant to r e a l i s e  

that t he price s  o f  s teroid intermed iates , s u c h  as the s e , 

f lu ctuate with supply , demand , and quant i ty . The 1 9 8 2  

market va lue s o f  andro s tened ione and cortexolone are 

approx imately $ ( NZ ) 1 6 0  and $ ( NZ ) 5 0 0  per k i logram , 

r e spec tively ( Kl oosterman , 1 9 8 2 ) . However , cortexolone i s  

apparently no longer a maj or steroid intermedi ate 

( Kloos t erman , 1 9 8 2 )  and so the above value is muc h  greater 

than if i t  were r equi red a s  a l arge-scale raw mater i a l . 

Thu s , i t  i s  conceivab l e  t hat the mi crobiological hydroxy l a t i o n  

o f  cor texolone f o l l owed b y  s ide chain &gradation to 1 9 -

hydroxyandro stenedione c ould repr e sent a viab l e  al ternative 

to the chemic a l  rou te f r om J S -hydroxy - 5 -androsten- 1 7 -one 

ace tat e , providing t ha t  an effic i e nt , high yield microbial 

hydroxyl ation proce s s  were deve loped . The prospect o f  a two 

produ c t  fermentation g iv ing 1 9 -hydroxycortexolone and l l S 

hydroxycortexolone ( hydrocor tisone ) cou ld al so b e  feasibl e , 

s ince the latter compound i s  i t se l f  valuab l e . Experience 

w i th c u l ture extract s  c ontaining these two compound s :has 

shown that they c a n  be ea s ily separated by c ry s ta l l i sa t io n � 

Henc e , the requ ired separation may not adversely affect the 

proc e s s  economic s .  

Thi s d i scu s s io n  i s  c lear ly specu l a tive , and a 1 9 -

hydroxyl ation proce s s  based on a lower cost sub strate wou ld 

undoubted ly be mor e  advantageous . I n  thi s re spec t ,  further 

inve s t i ga tion into the e ffects of sub s trate struc ture o n  the 

1 9 -hydroxylation o f  stero id s  by P.  fi Z a me n t o s a  f . sp .  

m i c ro s c Z ero tia may be o f  great bene f i t . For example , t he 

pos s i b i l i ty o f  performing 1 9 -hydroxylation on a s imp l e  

derivative of androstened ione i s  attractive . Howeve r ,  a l l  

fur ther work d e s c r ibed in thi s  the s i s  invo lves s tud i e s  o n  the 
l l S - a nd 1 9 -hydroxyl at ion o f  cortexo lone by P. fi Zam e n to s a 

f . sp .  m i c r o s c Z e r o t i a  IFO 6 2 9 8 . 
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CHAPTER 5 

PRELIMINARY STUD I E S  ON THE l l S- AND 1 9 -HYDROXYLAT I ON OF 

C ORTEXOLONE BY Pe l l i c u l aria fi l ame n to s a  f . sp .  

m i c r o s c l e ro ti a  IFO 6 2 9 8  

5 . 1  INTRODUCTION 

The previou s c hapter ident i fied a 1 9 -hydroxy lation 

s y st em sui table for further s tudy . However , prB l iminary 

i nv e stigat ions were s t i l l  required to e stab l i s h  some basic 

know l edge o f  the transformation prior to def ining spec i f i c  

l in e s  o f  r e s earc h .  Thu s , important parameters such as the 

produc t y i e ld and the r atio of 1 9 - to l l S -hydroxy-

c o r t exolone were inve st igated with respect to their 

s e n s i ti v i ty to var iou s fermenta tion variabl e s . Exper iments 

w e r e  a l s o  d e s igned to g ain some ins ight into the nature o f  the 

hydroxy l a s e  system o f  t he org anism . 

5 . 2  THE T IME COURSE OF CORTEXOLONE HYDROXYLAT ION IN 

FERMENTER CULTURE 

5 . 2 . 1  I ntroduction 

The f i r s t  expe r iment was the cons ideration of how 

cortexo lone hydroxy l a ti on proceed s w i th time . F e rmentations 

were car r i ed out , not only wi th P. fi l am e n t o s a  f . sp .  

m i c r o sc l e ro t i a , but a l s o  wi th P .  fi l am e n to s a  f . sp .  s a s a k i i  

I F O  5 2 5 4  and Cor t i c i um prac t i c o l a  IFO 6 2 5 3  t o  prov ide 

c ompar i sons . 

5 . 2 . 2  Re s u l ts and Discu s s ion 

The fermenta tions were performed i n  f e rmen te r  cu l ture 

u s i ng a med ium of glucose ( 2 5 g/1 ) and yeas t extract ( 1 0  g/1 ) 

a t  a con s tant pH of 6 . 0 .  Cor texol one was added only when 

s a t i s factory growth had been obta ined . The time requ ired for 

thi s  depended on the growth rate of the organi sm , and hence 

d i f f ered for the three fung i . For P. fi l ame n t o s a  f . sp .  

m i c r o sc Z e ro t i a  and C .  p rac t i c o l a ,  cortexolone ( ea . 5 0 0  mg/ 1 , 
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f i na l  concen trat ion) d i s s o lved in dimethylformamide ( 1 0  g/1 , 

f in a l  concentration) wa s added 2 4  hours after i noculat ion . 

F o r  P .  fi l am e n t o s a  f . sp .  s a s a k i i , add ition ( as above ) , was 

made 4 days a fter i noculation . D i s solved oxygen tension ( DOT ) 

w a s  not moni tored but a g i tation and aeration c ond i tion s  were 

he l d  con stant at 6 0 0  rpm and 6 0 0  ml/min ,  re spec tively . After 

s teroid addi tion , s amp l e s  were removed period i c a l ly over the 

sub sequent 5 0  hours . The t ime courses for the three fermenta

t ions are s hown in F igur e s  5 . 1 ,  5 . 2 ,  and 5 . 3 . 

A common feature in a l l  cases was the r apid 

d i s appea r ance of cortex o lone during the f i r s t  5 hours af ter 

s t e r o id add i tion . Almo s t  a l l  o f  the s tero id l o s se s  throughout 

the f erme nta tion could be accounted for in this i n i t i a l  period . 

Thi s i s  a lmo st identical to t he behaviour o f  Cur v u la r i a  

l u n a t a  cu l t ures , when hydroxyl ating cortexol one ( Du l aney and 

S tapl ey , 1 9 5 9 ) . In  early work on thi s l l S -hydroxylation proce s s , 

y i e ld s  o f  3 5 -4 0 %  (w/w) were typically reported ( Shu l l  and K i ta , 

1 9 5 5 ; D u l aney and S tapley , 1 9 5 9 )  whi c h  are s imilar to the 

c ombi ned product y i e ld s  obtained here . A further feature o f  

a l l  three f e rmentat ions was that a f ter auto c l av ing ( 1 1 5°C 

f o r  2 0  minute s )  the entire cul ture a t  the compl et ion of the 

exper iment , and solvent extrac tion of the contents ( for 

p roduct r ecovery) , sub stant ial ly more cortexolone was 

d etec ted than was indic ated by analytical s ampl e s . Th i s  may 

s imply have been sub strate whi ch had sprayed i nto the head 

space o f  the fermenter and h ence was unava i l abl e to the cul ture . 

However , i t  may a l so r e f l e c t  " bound " sub strate which was not 

extracted in ana lytital s amp le s ,  but only a f ter autoc l aving 

of the c u l ture . 

For P .  fi l a me n t o sa f . sp .  micro s c l e r o t i a  the final 

{ l l S- + 1 9 -hydroxycortexolo n e )  produc t  yield was approx imate ly 

4 0 % (w/w) , and the r a t io o f  the two ma in produc ts ( 1 . 4 0 : 1 ,  
1 9 - to 1 1 -8::-)  remained almo st con stant through the ferr.1entation . A 

s om�what lower yield ( e a . 2 5 %  (w/w ) ) was obta ined wi th 

P .  fi lam e n t o s a  f . sp .  s a s a k i i �  and the ratio of 1 9 - to l l B 

hydroxycor texolone was c ons iderably d i fferent ( 0 . 2 8 : 1 ,  1 9 - to 

l l B- ) . The transformation o f  cortexolone by Cor t i c i um 
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prac t i c o Z a  provided an inter e s ting compari son . Although 

d i f fe re n t  produc ts were formed , their y i e ld ( e a . 3 0 %  (w/w ) ) and 

the phenomenon of mu l t i p l e -monohydroxylation o f  the sub s trate 

was s im i lar to the other organi sms . 

The d i f ference i n  the ratios of 1 9 - to 1 1 6 - hydroxy

cortexolone , for the two P .  fi Zame n t o s a  organi sms , has 

intere s t i ng imp l i cations w i t h  r e spec t to whether one or more 

en zymes are re spon s ib l e  for the two acti v i ·ti e s . In view o f  

the c lo s e  taxonomic r e l a tionship o f  the se two fungi , and s ince 

both p roduce the same pattern o f  monohydroxy p roducts 

( Takahashi and Hasegawa , 1 9 6 lb ) , it is not unre asonab l e  to a s s ume 

the s ame enzyme system in bo th organisms . I n  thi s r e spect , i t  
i s  nec e s s ary to consider whether d i f ferent produ c t  ratios are 

reconc i l ab l e  w ith a s ingle e n z yme model . T h i s  que s t ion ha s 

been examined i n  some deta i l  w i th t he mu ltiple-monohydroxy lations 

of s teroids by Curvu Z a r i a  l u n a ta ( Zuidweg , 1 9 6 8 ; Lin and 

Smith , 1 9 7 0a ;  Lin and Smi th , 1 9 7 0b ) . Wi th cortexolone as 

sub strate , thi s organi sm p roduces mainly 1 1 6- and 1 4 a-hydroxy 

produc t s . Z u idweg ( 1 9 6 8 ) , working w i th cel l free ex trac ts , 

attemp ted to determine whether the se two activ i t i e s  could be 

a s c r ibed to one s ingle or two separate enzyme s . Approache s 

to thi s  problem inc luded attemp ts at enzyme pur i f ic a tion , 

d i f ferent i a l  mod i f icat ion of e n zyme ac t ivity , and a t tempts a t  

d i f ferent i a l  e nz yme induc tion . However , attemp t s  a t  

enzyme p ur i f i c a t ion and frac tionation failed to s eparate the 

two act i v i t ie s , and incubation of extrac ts w i th c o r texolone , 

under a vari ety o f  cond it ion s , f a i l ed to produc e  s igni f i c ant 

f luc tua t ions in the ratio of produc t s . Furthe r , extrac ts 

from cu l ture s , induced w i t h  a v ar i e ty of d i f ferent s teroids , 

did no t y i e ld abnorma l produc t ratios upon incubat ion wi th 

cortexolone . Zu idweg ( 1 9 6 8 )  t hus conc luded that e i ther one 

singl e e n z �ne catalyses t he two activ i tie s or that two enzyme s 

are under the same control , on a common operon . Howeve r , i f  

the latter were true , attemp ts a t  d i f ferentia l  mod i f i c ation 

of activity shou ld have been succe s s fu l , s ince in s imi lar c a s e s  

of mamma l ian steroid hydroxy l a t i on a t  d i f ferent pos i tions 

s imultaneou s l y , t he activ i ties have been dis tingu i shed qu i te 

read i l y  by t he add ition o f  inhib i tors ( Zu idweg , 1 9 6 8 ;  Levy 

e t  a Z . , 1 9 6 5 ) . 



1 1 0 

Lin and Smith ( l 9 7 0 a )  examined the k in e t i c s  o f  

1 9 -norte s tosterone hydrox y 1 a t ion b y  Curvu l ar i a  l u n a t a . The 

ma j or produc t s  were l O S - , 1 1 S - ,  and 1 4 a -monohydroxy l a ted 

compound s .  Ra tios of the products were not s ign i f i c antly al te red 

by d i f ferent per iod s  of i nduction or by d i f ferent i ncubation 

temperature s , and kinet i c  ana l ys i s  revealed that al l three 

activ i t i e s  po s s e s sed the s ame apparent Michae l i s  constant . 

The mos t  feasible mode l presented by the se au thor s s ugges ted 

a s ingl e  enzyme active s i te to be r e sponsible for a l l  three 

activiti e s , but that factors s uc h  a s  differenti a l  ra te and 

vari an t  geome try o f  approac h ,  aberrant bind i ng , and minor 

mi s a l ignment of t he steroid substrate mol ecule r e s u l t  in the 

foDmation of d i f ferent e n z yme- sub s trate comp l ex e s  which then 

g ive r i se to d i fferent product s . 

I n  y i ew of the above f indi ng s , wi th a s omewhat 

analogou s s ystem to t he P ·. fi l ame n t o s a/ cortexo lone system , it 

would appear t hat d i f ferent ratios of produc t s  should rule 

out a s ingl e  enzyme mode l .  

5 . 3  THE EFFECT OF GROWTH MEDIUM ON THE 1 1 8 - AND 1 9 -

HYDROXYLA'r iON OF CORTEXOLONE 

5 . 3 . 1  Introdu c t ion 

T akaha s h i  and Hasegawa ( 1 9 6 lb )  used a star ch -ba sed 

syntheti c  medium for the growth o f . P . fi Zame n "f; o s a  f . sp .  

m i c ro s c l e ro t ia . I n  the patent o f  Hasegawa e t  a l . ( 1 9 6 0 )  both 

t h i s  med ium and a sucrose based med ium were u s ed w i th thi s  

o rgani sm for the 1 9 -hydroxylation o f  cor texolone . The present 

study had found that the organi sm grew we l l  in a g lucose/ 

yeast ex tr a c t  medium and some c ompari son of hydrox y l at ion 

abi l i t ie s  on the var iou s med i a  was considered to be u s e fu l . 
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5 . 3 . 2  Re s u l t s  and Di scu s s i on 

The three medi a  were i noculated from a s tandard 

i noculum , prepared as d e s c r ibed in section 3 . 5 . 1 ,  prior to 

i nc ubation in shake-fla sk condi tions . The c u l tures were 

i ncubated u nt i l  we ll grow� , at which point t he c u l ture pH 

and myce l i a l  dry we i ghts were determined for rep l ic ate cu l ture s . 

Cortexo lone was then added ( 5 0 0  mg/1 , final concentration in 

d imethy l fo rmamide , 1 0  g/1 f inal concentration) and i ncubation 

was continu ed for 20 hours . The cultures were t he n  

ext racted and steroid l eve l s  wer e  de termined . T h e  s tero i d  

c oncentrations a f t e r  2 0  h incubat ion are pre sented i n  Tabl e 

5 . 1 .  

There was l i tt l e  apparent d i f ferehce i n  the r e s u l ts 

obtained f rom the g lucose/yea st extract med ium and the s tarch 

medium of Takahash i  and Hasegawa ( 1 9 6 lb ) . However , the 

sucrose med i um o f  Hasegawa e t  a l . ( 1 9 6 0 )  gave a muc h  lower 

y i e ld o f  products ( 2 0 . 4 % (w/w )) compared with approx imate l y  

4 0 % (w/w ) f o r  the other med i a )  a nd a n  apparent ly lower r a te o f  

hydroxyl ation , even when consider ing the d i f fe r ence i n  myc e l i a l  

d r y  weight . For a l l  further wor k , ther efore, the g lucose/yeast 

extract medium was chosen on the bas i s  of s imp l i c i ty , and s ince 

it more c lo se ly approximate s a typic al indu s t r i a l  medium than 

does the fu l ly d e f i ned starch med ium . 

5 . 4  THE EFFECT OF CULTURE pH ON THE 1 1 6 - AND 1 9 -

HYDROXYLAT ION OF CORTEXOLONE 

I ntroduc tion 

The r e  is l i tt l e  ind ic a t i on in the l i terature tha t 

c u l ture pH i s  an impor tant var iabl e  in steroid hydrox y l a tion 

by fung i . Han i sch e t  a l . ( 1 9 8 0 )  spec i f ical ly s howed tha t  pH , 

in the range pH4 to pH 6 , had no e f fec t on the l la -hyd rox y l a tion 

of prog e s terone by R h i z op u s  n igr i ca n s . However , i t  wa s 

cons ider ed u se f u l  to determ ine i f  the same ho ld s for P .  
fi lam e n t o s a  f . sp .  m i e ro s e l e ro t ia . 
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Table 5 . 1  The 1 1 8 - and 1 9 -hydroxyla tion of cortexo lone 
by P. fi lame n t o s a f . sp .  m i c ro s c l e ro t i a  i n  
d if ferent media . 

Med ium 

GYE e 

S tarchd 

Sucrose 

a 

b 

c 

d 

e 

MDWab pHb S teroid Conc entration 
c 

( g/1 ) (mg/1 ) 
1 1 8 -0H 1 9 -0H 

7 . 5 6 . 1 8 0 . 5  8 1 . 0  

7 . 4 4 . 4 7 9 . 0  8 4 . 0  

d 5 . 6 6 . 6 3 1 . 5  2 9 . 0  

MDW , myce l i a l  dry we ight 

determined a t  time of steroid add ition 

determined af ter 20 h incubat ion (each resul t 
i s  the average of dup l icate experiment s )  . 

med ia descriptions may be f ound in Table 3 . 1 

Co 

9 3 . 0  

1 0 5 . 0  

2 0 3 . 0  

g lucose ( 2 5  g/1 ) , yea s t  ex trac t ( 1 0  g/1 ) , pH 6 . 0 .  
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Exper i ence o f  fermenter c u l ture s ,  under constant 

pH measurement and contro l ,  r evea l ed tha t  very l i tt l e  c hange 

occurred in c u l tu r e  pH dur ing t he course of the fermentat ion . 

I n  v i ew o f  t hi s ,  a s impl e  shake- f la sk approach o f fered a 

u s e f u l  a l ternat ive to t ime-consum i ng fermenter exper iments .  

5 . 4 . 2  Re s u l t s  a nd Di scu s s io n  

T h e  med ium , conta ining g lucose ( 2 5  g/1 )  and yea s t  

extract ( 1 0  g/ 1 ) , was prepared a s  normal , ex cept the i n i t i a l  

pH wa s ad j u s ted to var iou s va lues u si ng e i ther 1 M hydrochloric 

a c id or 1 M sod ium hydrox ide . After autoc l aving , the 

c u l ture pH values were determined and the f l asks were 

i nocu lated in the u sua l manner . Af ter 2 4  hour s  g rowth , 

cor texolone was added ( 5 0 0  mg/ 1  f in a l  concentrat ion , 

d i s so lved i n  d imethyl formamide r · 1 0  g/1 f i na l  concen tration)  

and incubation was continued for a further 20  hour s . The 

myc e l i a l  dry weights of repl i cate cu l ture s , at each pH 

value , were d e termined at the t ime of steroid add i tion to 

ensure the same bioma s s  l eve l s , and hence direct compar i son 

between pH tre a tment s .  

The c oncentrations of s teroids 2 0  hour s after 

cortexolone add i tion are s hown i n  T able 5 . 2 ,  along wi th 

c u l ture pH va lue s a t  variou s  time s dur ing the exper iment . 

C le ar ly , over the pH range 4 . 5  to 7 . 0 ,  there were no 

s i g n i f icant d i f f erenc e s  in steroid l eve l s . Hence , produ c t  

y i e ld s  and t he 1 9 - : l l S -hyd roxycortex olone ratios were 

approximate l y  con stant . These f i nd i ng s  are in keeping wi th 

the l i terature a nd s how that the l l S - and 1 9 -hydrox y l ations 

a r e  not par t i c u l arly sensi tive to c u l ture pH . For a l l  

further work a c onstant cu l ture pH o f  6 . 0  wa s u sed . 
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Tab l e  5 . 2  The effect of medium pH on the transformation 
of cor texolone . 

pH 

. Before 24  h 4 4  h 

Steroid Concentrationa 

(mg/1 ) 

Inoc u l ation ( tb) ( t.? oh ) l lf3 -OH 1 9 -0H Co 

4 . 5 0 

6 . 0 0 

7 . 0 0 

a 

4 . 5 0 4 . 4 5  8 3 . 1  8 9 . 3  4 1 . 7  

6 . 1 0  6 . 5 0 7 9 . 9  8 5 . 4  5 0 . 3  

6 . 9 0 7 . 2 0 7 8 . 8  8 5 . 9  4 1 . 5  

s teroid concentra�i6ns a f ter 2 0  h incubation ; 
cor texolone wa s added at t0 • Each r e su l t  i s  
the average o f  dupl icate exper iment s .  
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5 . 5  THE EFFECT OF METHOD OF SUB STRATE ADDI T I ON ON THE 
1 1 8 - AND 1 9 -HYDROXYLAT ION OF CORTEXOLONE 

5 . 5 . 1  Introduc tion 

The manner in whi c h  the steroid sub strate i s  added 

to the fermentat ion has been shown to inf luence overa l l  y i e ld s  

and r a t e s  o f  s te r o id trans formations (Marsheck , 1 9 7 1 ) . 

Thus i t  wa s o f  i nterest to determine whether the method o f  

stero id addi tion a f fec ted t he pre sent trans format ion . 

5 . 5 . 2  Re su l ts and Di scu s s ion 

Rep l i cate , shake - f lask cul ture s of P .  fi Z am e n t o s a  

f : sp . m i c ro s c Z er o t ia were prepared . Af ter 2 4  hour s g rowt h  

cortexo lone wa s added , d i s solved in solvents as  requ i r ed , and 

incubations were continu ed for a further 1 6  hour s .  A 

compari son was made between the u s e  o f  no so lvent , d imethyl 

formamide , ethano l , and ac e tone . For the u s e  of ethano l  

and acetone a s  solvent s , the main constraint was cor texo lone 

solub i l i ty .  I n  thi s respec t , the compar i son with d imethy l 

formamide wa s made w ith 2 %  ( v/v) so lvent ( f i nal concentrat i o n )  

and 2 0 0  mg/1 s ter o id ( fi n a l  concentra tion) . The r e su l ts 

are pre s ented in Tab le 5 . 3 .  

The comp a r i son o f  d imethyl formamid e l ethano l , and 

acetone a s  '' carrying solvent " revea l s  that there i s  no 

apparent advantage in any one . However , the superior 

so lvent propertie s  o f  d imethyl formamide for cortexol one make 

i t  an obvious c ho ice . In compar ing the use of 1 %  ( v/v ) 

dime thy l formamide w i th no so lvent ( cor texo lone f ina l 

concentration , 5 0 0  mg/1 )  the interpretat ion of the data 

mu s t  con s ider whether the ratio o f  products to l o s s e s  i s  

affected . S ince the rat io i n  both case s i s  approx imate ly 

0 . 6 : 1 ,  it  i s  c le a r  that t here i s  no s i g n i f i c ant d i f ference 

in terms of product yield between t he two treatments . The 

fac t tha t hydrox y l at ion has proceeded more r apidly in the 

presence of 1 %  d imethy l formamide probably re f l e c t s  the e f f e c t  

o f  s o lvent o n  the s teroid solub i l i ty and/or inc reased c e l l  

membrane perme ab i l i ty to cortexolone . On this  bas i s , 

d imethyl formamide ( 1 0  g/1 f inal concent r a t i o n )  was u sed as 

the s teioid '' c arr i e r " in a l l  further work . 
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Table 5 . 3  The e f f ec t  of d i f ferent " ca rryi ng so lvents " 
on the cortexolone trans formation 

Solvent a Cortexo lone 
Concentration 

(mg/1 ) 

Steroid Conc entr ation b 

(mg/1 ) ( f i na l  concentratio n )  

None 

1 %  (v/v ) 

2 %  (v /v ) 

2 %  ( v /v ) 

2 %  ( v /v ) 

l l S -OH 1 9 -0H Co 

5 0 0  3 9 . 3  51 . 8  

DMF 5 0 0  7 4 . 3  9 3 . 5  

DHF 2 0 0  3 7 . 5  4 3 . 7  

EtOH 2 0 0  3 5 . 4  4 0 . 8  

An . 2 0 0  3 5 . 0  3 5 . 7  

a 
abbreviations are dimethy l formamide ( DMF ) , 
ethanol ( E tOH ) , ace tone ( An . )  

b steroid concentrat ion s a f t�r 1 6  h incubat ion . 
Each r e su l t  i s  the averag e of dup l i c ate 
exper iment s .  

2 5 1 

5 3 . 3  

0 . 0  

0 . 9 

1 . 0 
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5 . 6  THE INDUCIBILITY OF THE 1 1 8 - AND 1 9 -HYDROXYLASE 

SYSTEM OF P .  fi lame n t o s a  f . sp .  m i c ro s c l e ro t i a  

5 . 6 . 1 Introduc tion 

Evi dence ac cumu � ated to date ind ic a te s  that mos t , 

i f  not a l l , s teroid hydroxylases o f  fung a l  origin are 

indu c ible rather than consti tutive enzyme systems ( see 

section 2 . 3 . 2 ) . I f  thi s  is s o , t he n  contro l o f  en zyme 

induct ion in a f ermentat ion proce s s  can be as important a s  

contr o l  o f  en zyme expre s s ion . For thi s  re ason , i t  was 

important to determine i f  the 1 9 - and l i S -hydroxy l a s e  sys tem 

of P .  fi lame n t o s a  f . sp .  m i c ro s c l e r o t i a  i s  inducible by 

cortexo lone . Cyc loheximide , a potent inh i b i tor of 8 0 S  

r ibo some s (Frank l in and 'snow , 1 9 8 1 ) , i s  commonly empl oyed 

as a protein synthe s i s  inhibitor in eukaryotic c el l s , and , 

thu s , was used i n  thi s i nve s tigat ion . 

5 . 6 . 2  Re sul t s  and D i sc u s s ion 

Dup l icate , shak e - f lask cu l ture s ( l O O  ml ) of 

P .  fi l ame n to s a  were prep ared and , a f ter 24  h growth , 

cyc l ohex imide ( 2 5 0  � g/ml , f ina l concentration)  was added 

to one of the f la s k s . After a further 1 5  m i nutes incubat ion , 

cortexo lone ( 2 5 0  mg/ 1 , f in a l  conce ntration ) was added to bo th 

f l ask s , and incubation was continued for 6 hours . The cultures 

were t hen extrac ted and ana l y s ed for s tero id ( Table 5 . 4 ) . 

Table 5 . 4  The e ffect of cyc lohex imide on the 1 1 8 - and 1 9 -
hydroxy l a t ion o f  cortexolone 

Treatment Steroid Concentration a Rec overed 
(mg/1 ) S teroid 

1 1 8 - 0H 1 9 -0H Co ( %  y i e ld )  

Cyc loheximideb 0 0 1 8 4  7 4  

Control 1 8 . 0  1 9 . 0  1 3 5  6 9  

� a f te r  6 h incubat ion 
cyc loheximide added 1 5  min prior to cortexolone 

c ye i ld , based on added s teroid 

c 
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I n  the cul ture to which cycloheximide was added 

prior to steroid no hydroxylation was observed . In t he 

control culture , however ,  l evels o f  l l S - and 1 9 -hydroxy

cor texolone of 1 8  and 1 9  mg/1 , respec tively , were obtained . 

Thi s i s  pre sumptive evidenc e for the presence of an inducible 

enzyme . To conf i rm the result it was neces sary to ensure 

that when the hydroxyla se system is pre sent , cyc loheximide 

doe s not i nhibi t  i t s  expre s s ion . 

Thus , cyc loheximide ( 2 5 0  � g/ml , final concentrat io n )  

was added t o  a f erme nter cul ture whi c h  was in the proc e s s  

o f  hydroxylation ( co r texolone , 5 0 0  mg/ 1  f inal concentration , 

was added 5 h pr i or to cyclohex imide to allow induc tion to 

occ u r )  . Samp l e s  were r emoved from the fermenter over the 

f o l l ow ing 1 2  h and a na l y sed for s tero id s . The cour se o f  

hydroxylation i s  shown i n  F igure 5 . 4 . The f e rmentat ion 

s hown i n  F igure 5 . 1  was performed under simi l ar cond i tions , 

except w i thout cyc loheximide , and can b e  used as a control . 

C le a r l y , the cours e  of t he hyd roxyl ation i s  i n i ti a l ly 

u n a f fe cted by the presence o f  cyc loheximide , and so conf i rms 

that t he l l S - and 1 9 -hydroxylating enzyme ( s )  o f  P .  

fi Z a m e n t o s a  f . sp .  m i ero s c Z e r o t i a  are i nduc ible by 

cor t e xo lone . Fur thermor e , t hese enzymes are produced by 

de n o v o  prote in synthe s i s  and are not present in the c e l l s  

prior to addi tion o f  the i nducer . By c ompar i son with F igure 

5 . 1 ,  i t  is apparent that in the pre sence of the protei n  

s ynth e s i s  inhib i to r , hydroxyl ation cont i nues for only a 

s hort t ime ( e a . 4 h ) . Thi s ind icate s t hat continued protein 

synthes i s  i s  e s sent i al to maintain the hydroxylat ion . I t  

wou ld appear , the n , t hat the hydroxyl a s e ( s )  o r  some c r i t i c a l  

c omponent o f  the e n z yme sy stem may be rapidly " tu rned over '' 

( degr ad ed and re synthe s i sed )  under normal ce l l ular behav iou r . 

Thi s  i s  s imilar to the c onclu sion drawn by Kennel e t  a Z . 

( 1 9 81 ) when studying the d i f ferential e f fec t o f  cyc lohex imide 

on p e ni c i l l in and cephalo spor in biosynth e s i s  by C e p ha l o s p o r i u m  

a c r e m o n i um . · Wh i l e  penic i l l in N production wa s unaffected 

by cyc loheximide add i tion , cephalo spo r i n  C production was 

marked ly inhibited . The authors conc l uded tha t  the e f fec t 

o n  c e phalospori n C was due to turnove r o f  a labile bio

synthetic enzyme . 
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F igure 5 . 4  The cour se o f  cor texolone hydrox y la tion by a 
fermenter c u l ture of P .  fi l am e n t o s a  f . sp . 
micro s c l e ro t i a , i n  the presence of 
cyc lohex imide ( 2 5 0  � g/ml ) . See tex t  for 
exper ime ntal detai l s . 1 9 -Hydroxycortexo lone 
( e ) , 11 !3 -hydroxycor texo lone ( • ) . 
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A fur ther point from these data ( Tabl e 5 . 4 )  is that 

even when cyc lohex imide was added prior to cortex o lone , only 

7 4 %  recovery of s teroid was obta ined . Thu s , sub s trate 

l o s s e s  were occurring even wi t hout the format ion o f  hydroxy

l ated produc t s . 

5 . 7 B INDI NG OF CORTEXOLONE AND l lS -HYDROXYCORTEXOLONE 

BY MYCEL IA 

5 . 7 . 1  I ntroduc t ion 

The abi l i ty of fungal myc e l ia to bind steroids and 

stero l s  h a s  been reported ( Bu e tow and Levedahl ,  1 9 6 4 ) . 
Stero l s  such a s  S - s itosterol , c ho l e stero l and s t i gma sterol 

which po s se s s  a l ong l ipophi l i c  s ide -chain and a 3 S-hydroxy-

5 -ene g roup wer e  particu l ar l y  s u s c eptible to bind ing by 

Penic i l Z ium _ca n r3 'S c.e n s  _, whereas l l S  -hydroxycortexo l one a.nd 

testo s t e rone were no t bound to any s ig�i f icant exten t . I f  

thi s  phenomenon were app l i cabl e  to the P .  fiZame n t o s a /  

cortex o lo ne system , then , based o n  s teroid struc tur e , s imp l e  

binding wou ld no t explain the apparent substr ate l o s s e s  whi c h  

have been observed in bot h  f ermenter and shake - f l a s k  c u l ture . 

Inve s tigation o f  t hi s phenomenon was comp l ic ated 

by the nec e s s i ty to avoid any f orm o f  steroid metabo l i sm or 

trans format ion by the org a n i sm dur ing exper iments . Thi s  can 

only r e l i ab l y  be achieved by autocl av ing the myc e l i a  p rior 

to add ing the steroid . Thi s , however , de stroy s the func tional 

proper t i e s  o f  pro teins and probably d i srupts l ipid-

membran e s , whic h  may both be impor tant for steroid b ind ing 

by l ive myc e l ia . The u se o f  i sotop i c a l ly labe l l ed (� 4C )  
cortexol o ne cou ld be u sed to determine the fate o f  steroid 

added to l ive cu l tu re s . Thi s approach was con s idered but 

the c o s t  o f  obta ining the s tero id wa s prohibi tive . Although 

synthes i s  o f  ( 1 4 c ) -C-4 l abel led cortexolone i s  not d i f f ic ul t , 

the need for spe c i a l  fac i l it i e s  and the requ i r ed time , 

prec luded thi s  approach . 
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As a s impl e  method o f  determining i f  purely phy s ic a l  

i nteractions b e tween myc e l i a  and steroid could account for 

l o s s e s  whic h have been observed , an experiment was performed 

i nvolving t he incubation of steroids w i th auto c l aved myc e l ia . 

5 . 7 . 2  Re su l t s  and D i scu s s ion 

Rep l i cate shake- f lask cu l tu r e s  of P .  fi l ame n t o s a  

f . sp .  micro s c Z e �o t ia were prepared , and a fter 4 8  h growth 

(DW = 1 2 . 2  + 0 . 2  g/1 )  were auto c l aved at l l 5°C for 1 5  

minu te s . Cortexolone and l l S -hydroxycortexolone were then 

i ncubated w i th the cul tures .  Af ter 2 4  h ,  the c u l ture s wer e  

ex tracted and steroid recoveries determined . The se are 

g iven in Table 5 . 5  as  the percen tage of contro l -recove r i e s  

from uninocu lated medi a . 

Tabl e 5 . 5  Recover i e s  for cortexolone and 11 8 -hydroxycor texo l one 
a f te r  i ncubat ion wi th myc e l ia . 

S tero id 

cortexo lone 

11 8 -hydroxyco r texo lone 

Concentrat i o n  
(mg/1 ) 

5 0 0  

2 5 0 0  

5 0 0  

a average s  o f  dup l icate exper iment s 

a Recovery 
( % )  

9 2  

9 1  

l O O  

Al thoug h ,  in the c a se o f  cor texolone , only 

approximate ly 9 0 %  recovery was obta ined , the s e  l o s s e s  are 

insuf f ic ient to account for the sub s ta ntial l o s s e s  ( ea . 6 0 %  

i n  2 0  h )  which have been ob served in l ive culture s . Thu s 

i t  i s  po s s ibl e that the observed l o s s e s  may r e su l t  from 

metabo l i sm o f  cortexolone by the org a n i sm . 
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THE EFFECTS OF � a ' -BI PYRIDYL AND 8 -HYDROXYQUI NOL INE 

ON THE 1 1 S - AND 1 9 -HYDROXYLAT I ON OF CORTEXOLONE 

Introduction 

A sub stant i a l  l iterature e x i s t s  desc r ibing s te ro id 

and sterol degradat ion by microorgani sms ( for examp l e , 

Vez ina e t  a l . ( 1 9 7 1 )  and Mar t in ( 1 9 7 7 ) ) .  Bacter ia , i n  

particular Noc a r d i a  and A r throba c t e r  specie s , have b ee n  

s tud ied exten s ive ly , and i t  has b e e n  shown that attac k  on 

the steroid r ing system p roceed s via 9 a-hydroxyl a t ion and 

� 1 -dehydrogenat ion reactions . Al thou g h  l i tt l e  information 

is available d e s c r ib ing fungal steroid-degradation , some 

fungi are known to po s se s s  these abi l i t i es ( Charney and 

Herzog , 1 9 6 7 ) . Also , the pre sence o f  degradation products 

from cor texolone has b een descr ibed wi th some fungi ( Si ng h  

e t  a l . ,  1 9 6 5 ; C a s a s -Camp i l lo and E spar z a ,  1 9 6 8 ) . I t  t hu s  

seemed pos s i b l e  that the steroid l o s s e s  ob served i n  the 

pre sent wor k  may be due to degrad a tion o f  the steroid 

nuc leus by the o rgan i sm .  

The metal- ion-b inding compound s 8 -hydroxyqu ino l i ne 

and a , a '-bipyr i dy l  have been employed suc c e s s fu l l y  in 

preventing s tero id degradat ion ( Mar t i n , 1 9 7 7 )  and many 

examp l e s  ex i s t  of t he i r  u se w ith bac terial cultur e s . 

There fore , exper iments were per formed u s ing these compound s 

w i t h  P .  fi l am e n t o s a f . sp .  micr o s c l e ro t i a . 

5 . 8 . 2  Re su l t s  and D i scu s s ion 

Rep l i c ate shake- f la s k  c u l tures ( 5 0 ml ) o f  P .  

fi l am e n t o s a  were prepared , and a f te r  2 4  h growth , the 

inhibitors ( at the requi red concent r ation s )  were added 

d i s solved in eth ano l ( 8  g/1 , f i na l  c oncentration ) . 

S imul taneou s l y , cortexolone ( 5 0 0  mg/ 1 ) was added . I ncubation 

wa s continued f o r  20 h af ter whic h  t ime extrac tion and 

qua nti tat ion o f  stero ids was performed . The dry we ight o f  

the solvent-ex tracted myce l i a  was a l so recorded to 

determi ne the e f fect s  o f  the inhibi tors on g rowth dur ing the 

2 0  h incubat ion per iod . The r e su lt s  are pre s ented in Tab l e  

5 . 6  a s  total recovered steroid , 1 � - + 1 9 -hydroxycortexolone 
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T ab l e  5 . 6  The effect o f  8 -hydroxyqu i nol i ne , .and 
a , a ' -bipyr idyl on the 1 1 13 - and 1 9 -hydroxyl ation 
of c ortexolone . 

Tre a tment Dvv a T o ta l  b Yield c Ra-tio 
( g/1 ) Rec overed ( ll S + 1 9 )  ( 1 9  : l l S ) 

S t.eroid w ( %  /w ) 
( %  w/w) 

Contr o l  d 7 . 0 5 8 . 3  4 3 . 6  1 . 0 1 

a , a ' -bipyridyl 

0 . 2  mM 4 . 7 6 2 .  7 2 4 . 5  0 . 9 2 

1 . 0  mM 5 . 5  7 9 . 0  1 6 . 0  0 . 9 8  

1 0  mM 4 . 7 7 9 . 0  0 

8 -hydroxyqu i no l ine 

0 . 2  mM 7 . 1 7 5 .  3 2 7 . 3  1 . 0 6 

1 . 0  mM 4 . 0  7 0 .  0 7 . 5 0 . 9 4  

1 0  mM 1 . 8  8 1 . 0  0 

a dry-weight o f  solvent extracted myc e l i a  
b percentage of added cor texolone 
c percentage of consumed cortexolone 
d conta ining e thano l ( 8  g/1 ) but without i nhibitor s 



1 2 4  

yield , a nd the product ratio . 

From the se resul t s  i t  c a n  be , seen that increas i ng 

level s  o f  bot h  i nhibi tor s d id improve the s tero id recovery . 

However ,  the hydroxylatio n  reactions also became 

i ncreas ingly inhibited . F'urther , t he inhibitors 

drama t i c a l ly a f fec ted the cu l ture dry we ight , sugge sting 

that c e s sation o f  growth and , in some case s cell l y s i s ,  had 

occurred . 

Since i n  no case wa s the product y i e ld improved 

by the u se of e it her a , a ' -bipyridyl or 8 -hydroxyqu ino l i ne , 

there wa s cons ider ed to be no bene f i t  i n  uti l i z i ng thi s 

approac h  to min imise s teroid l o s s e s . 

5 . 9 THE EFFECTS OF PHENOBARB I TAL AND PHENANTHRENE ON 

THE l l S - AND 1 9 -HYDROXYLAT ION OF CORTEXOLONE 

5 . 9 . 1  Introdu c t ion 

Phenobarbi tal and phenanthrene are typ i c al c ompound s 

u sed to i nduce cytochrome-P 4 5 0  i n  marr�a lian a nd fung a l  c e l l s  

( Smith and Davi s ,  1 9 8 0 ) . Wi thout making any a s s umpt ion about 

the natu r e  of the P .  fi lame n t o s a f . sp .  micro s c l e ro t i a  

hydrox y l a s e  system , i t  wa s o f  interest to determine the 

e f f e c t s  of the se i nducer s on the apparent hydroxyl ation rate 

of thi s organi sm . 

5 . 9 . 2  Resul t s  and D i s cu s s i on 

Rep l i c a te shak e- f la sk culture s  ( 5 0 ml ) were 

prepared , and a f ter 24 h growth cor texolone ( 5 0 0  mg/1 , f i na l  

conce n tration ) wa s added , together with the i nduce r  

compound s i n  e thanol ( 8  g/1 , f i na l c oncentratio n ) . I ncuba tion 

was c o nt i nued for a further 1 6  h ,  a f ter whi c h  the c u l tures 

were extracted and the s tero id s  quanti ta ted . The results are 

pre s e nted in Tab le 5 . 7 .  
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Tabl e  5 . 7  The e f f ec t  of phenobarbital and phenanthrene o n  
the 1 1 8 - and 1 9 -hydroxy1ation o f  cortexo lone . 

Tre a tment 

Control b 

I nducer 
. Concentration 

(mM) 

0 

S teroid Concentrat i o n s  a 

(mg /1 ) 
1 1 8 -0H 1 9 -0H Co 

4 9 . 0  4 4 . 0  2 1 3  

Phenobarbital 2 4 7 . 5  4 2 . 5  2 1 5  

5 6 6 . 5  5 9 . 5  

Phenanthrene 1 3 0 . 5  2 0 . 5  

a 

b 

2 2 7 . 5  1 8 . 5  

steroid concentrations a f te r  1 6  h incubation 
( each entry is t he average of dupl i c ate 

expe r iment s )  

conta ining ethanol ( 8  g/1 )  but w ithout 
i nduce r s  

1 6 7 . 5  

3 1 3  

3 1 8  
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Phenobarbital , a t  2 mM concentration , had no 

effect on the product l eve l s  when compared to t he contro l . 

However ,  a t  5 mM concentratio n , a s igni ficant ( 3 5 % )  increas e  

i n  the product l evels was ob served . Thus , i t  c a n  be conc luded 

that phenobarbital , at thi s c oncentration , e i ther increased 

the l ev e l of i nduced hydr ox yl ase ( s )  or enhanced the enzyme ( s ) 

act iv i ty . Both phenomena wou ld r e su l t  in an apparent increase 

in the r a te o f  hydroxyla t ion , as  ob served . 

The e f fect of phenanthrene wa s to depr e s s  the 

hydrox y l ation , as indicated b y  lower produ c t  and higher 

sub s trate concentrations c ompared to the contro l . 

Intere s t i ngly , however , t he r a tio o f  1 9 - to l l S -hydroxy 

produc t s  was qui te s igni f icantly a l tered by thi s c ompound 

( 0 . 6 7 c ompared to 0 . 9 0  i n  the contro l ) . 

�lthough no de f i n i t i ve conc lusions can be drawn , i t  i s  

inte re sting that a c las s i c al cytochrome-P4 5 0  i nducer such as 

phenobarb i ta l  is c apable of i ncreas ing the apparent 

hydrox y l a tion r a te of cortex o lone by P .  fi l ame n t o s a  f . sp .  

micro s c Z e r o t i a . 

5 . 1 0  THE STABILITY OF HYDROXYLATED CORTEXOLONE I N  

P .  fi l a me n t o s a  f . sp .  mi cro s c l e ro t i a  CULTURE S , AND 

THE POS S I B ILITY OF P RODUCT INHIBITION OF THE 

HYDROXYLAT ION PROCE S S . 

5 . 1 0 ·. 1  . I ntroduc tion 

U nacc ountabl e l o s s e s  of steroid were regul a r ly 

ob served during hydroxylat ion o f  c o rtexolone by P .  

fi l ame n t o s a  f . sp .  micr.o s c l e ro t i a .  S ince th i s  appea r s  not to 

be c au s ed by myc e l ial bind i ng ( sec tion 5 . 6 ) , i t  was o f  

intere s t  to d e termine whe ther l o s s e s  pro ceeded vi a the hydroxy 

produ c t s a s  in termed iates i n  s ome degradat ion pathway , or 

through d irec t degradation o f  cortexo lone . On the basis of 

fermente r  c u l tu r e  transformat ions ( e . g .  Fig . 5 . 1 )  i t  wa s 

suspe c t ed that the 11 8- and 1 9 -hydroxy produ c t s  were s t able . 

However , further evidence was requ i red . The po s s ib i l ity o f  

product i nhibi tion a l so warranted some pre l iminary inve s tigation . 
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The s e  e f fects were i nve sti gated only i n  respect of 

1 1 8 -hydroxycortexolone , s ince i n suf f i c ient pure 1 9 -hydroxy

cortexo1one was availabl e .  

5 . 1 0 . 2  Re sults and D i scu s s ion 

Repl icate shake-f lask c ul tures ( 5 0  ml ) were grown 

for 2 4  h ,  a f ter which time the a ppropriate s teroid s ( ea c h  at 

4 0 0  mg/1 , f in a l  concentration )  were added . I ncubati on was 

then continued for a further 24 hours prior to analy s i s . 

The resul t s  are presented i n  Tabl e  5 . 8  as the s tero id 

concentr ations after 24 h i ncubat ion . 

I ncubation of l l S -hydroxycor texolone r e s u l ted i n  

l i ttle apprec iab l e  l o s s  and thi s  i s  i n  agreement wi th the 

ob serva t ions from f ermenter cu l tu re s . Thus , thi s  compound 

is a stab l e  p roduc t  and i s  not appreciably metabo l i s ed by the 

fungu s . The concentrat ion of 1 9 -hydroxycortexolone has been 

ob served ( F i g . 5 . 1 )  to remain approx imately in cons t an t  

proportion t o  tha t o f  t he l l S - hydroxy produc t ,  during t he 

course o f  fermenter cu l ture . Hence , this result w i t h  t he 

latter compound probably a l so app l i e s  to the former . I t  thu s 

appear s that cortexolone i s  metabo l i sed by two competing 

pathways as s hown : -

CORTEXOLONE 

1 9- + 1 1 ,8 -HYD R O X Y  

CORT E X O LO N E  

? . 

Hence , improvement in overa l l  proce s s  yield shou ld b e  able to 

be achieved by block ing the degrada tion pathway , e i ther by 

mutagene s i s  or chemical inhibi tion . 

The re sults obtai ned when cortexolone and 1 1 8- hydroxy

cor texolone were incubated together sugge st tha t  the l atter 
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Table 5 . 8  S teroid c oncentrations i n  shake- f l ask c u l tu re s , 
a f ter 2 4  h inc�batio n . 

a Treatme n t  Steroid Concentration b 

(mg/1 ) 
1 1 8 -0H 1 9 -0H Co 

1 1 8-hydroxycortexolone 3 8 0  

1 1 8-hydroxy cortexolone 
+ cortexolone 

Cortexolone ( control )  

4 27 

7 3 . 3  

5 8 . 5  

7 8 . 3  

a eac h i ndividua l  steroid was add ed at 
4 0 0  mg/1 , f inal concentration 

b each entry i �  the average of dupl icate 
exper iments . 

0 

0 
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d o e s  cau se some inhibition o f  hydroxylation . Thus , t he 

c o nc entrat ions of l lB - and 1 9 - hydroxy compound s observed 

were approx imately 5 0  mg/ 1  ( e st imated from data in Tab l e  

5 . 8 ) and 5 8  mg/1 re s pect ively ,  compared to the contro l 

l eve l s  o f  7 3  mg/1 and 7 8  mg/ 1 . A l terna tive l y , l lB -hydroxy

c o rtexolone may act by r epre s s ing en zyme synthe si s . 

5 . 11 CONCLU S IONS 

The exper iment s descr ibed in this chapter have 

a l l owed dec i s ions to be made on ba s i c  ferment a t ion cond i tions . 

T hu s , med ium constituents and pH , and the mode o f  steroid 

addi tion have been defined . Further , t he proven i nducible 

nature of the hydroxylase sys tem may have impor tant 

c o nsequence s  in terms of fac tor s which contr o l  the induc tion 

proc e s s . 

Typ i c a l ly , the y e i ld o f  1 9 - and l l S -hydroxycortexolone 

wa s l e s s  t han 4 0 %  (w/w) , and t hu s  cons iderab l e  steroid l o s s e s  

w e r e  ob served . I nvestigations into the natur e  of t he s e  

l o s se s ,  and pos s ib l e  tec hniqu e s  t o  avo id them , have been 

d e s cr ibed . It appea r s  t hat s teroid l o s s e s  o c cu r  via a 

p a t hway para l l e l  to the hydroxylation proce s s . Thu s , the 

hyd r oxy products are stab l e  and are not further metabo l i sed . 

Thi s i s  o f  con s iderable c onsequ ence , s ince two s eparate 

a r e a s  of proc e s s  development ar i se : 

( i )  Yield improvement by blocking cortexolone degradation , 

e ither by mutagene s i s o r  c hemical inhib i tion . 

( i i )  Improvement s in hydroxyl ation rate by determining 

optimum conditions for induct ion and expr e s s ion o f  

the hydroxylase ( s ) . 

Thu s r esearch in each o f  these areas cou ld proceed almo s t  

independent ly . Deve lopment o f  a mutat ion programme was ou t s ide 

the s c ope of thi s  thes i s , mainly becau s e  of the t ime requ i red . 

To f ind a means o f  c hemic a l l y  inhibi ting cortexolone 

degradation wou ld invo lve , l arg ely , an emp i r i c a l  or '' black

box " approac h .  Thi s wa s not con sidered an a t tractive avenue 
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to explore a t  thi s  stage . On the other hand , improvemen t s  

in hydrox y l a tion rate , at such an e ar l y  stage i n  a 

development programme , are probabl y  o f  greater importance 

than yield improvement s .  Furthermore , research into r ate 

improvement w0u ld nece ssar i l y  i nvolve a mor e  mechani s t i c  

approach ,  a nd s o  results o f  con s equence to steroid hydroxy

lation in g e nera l , may a r i se . 

T hu s , the f inal two expe r imental c hapt e r s  o f  t h i s  

the s i s  d e s c r ibe research a imed at improvements i n  c ortexo lone

hydroxylation rates o f  P: fi lame n to s a  f . sp .  micro s c l e ro t i a  

IFO 6 2 9 8  cu l ture s .  
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CHAPTER 6 

THE EFFECT OF D I SSOLVED OXYGEN TENSION ON THE I NDUCTION 

AND EXPRE S S I ON OF THE CORTEXOLONE HYDROXYLASE SYSTEM OF 

P .  fi l ame n t o s a  f . sp .  micro s c l er o t i a  

6 . 1  INTRODUCTION 

Recent s tudies o f  microbial mono-oxyge n a s e s  have 

i nd i c a ted the importanc e o f  d i s so lved oxyge n  t e n s ion ( DOT ) 

on the i nduc t i on of the se e nzyme s y s tems (Mauer sberger 

e t  a l . ,  1 9 8 0 ;  Wiseman , 1 9 7 7 ; Gmunder e t  a l . ,  1 9 8 1 ) . I n  

parti c u l a r , Hani sch e t  a l . ( 1 9 8 0 )  showed that f o r  the l la 

hydrox y l a tion o f  proge sterone b y  Rhi z op u s  n i gr i c a n s  there 

was a marked optimum DOT for induc tion of the e n z yme . 

Furthermore , the optimum for exp re s s ion of activity lay at 

a muc h  h i gher DOT . Con seque nt l y , maximum p rodu c t ion rate s 

o f  hydroxyproge sterone were a c h i eved when i nduct ion wa s 

performed at low DOT , f o l lowed by e levation of the DOT to 

enhance expre s s ion of t he synth e s i sed enzyme . 

For the se reason s , t he e f fect of DOT on the present 

hydroxy l a s e  s y s tem was inve s t igated . It  was al s o  cons idered 

that i f  d i s so lved oxygen ten s ion was an important var i ab l e , 

then knowledge o f  thi s would be e s s enti a l  b e fo r e  further 

exper iments cou ld be de s i gned . 

6 . 2  EXPERIMENTAL METHOD 

The i nduc ible nature o f  the P .  fi lame n t o s a  f . sp . 

. micro s c l e ro ti a  h�droxy l a s e  s ys tem was demonstrated i n  

prel iminary experiments ( see sect ion 5 . 6 ) , so i t  was now 

pos s ib l e  to perform exper iments whe re induc t ion o f  en zyme 

synthe s i s  cou ld be clearly separated from en zyme expre s s ion . 

Al l exper iments were conducted i n  batch fermente r  c u l ture s 

( 1 5 0 0  ml work ing volume ) under d i s solved oxygen contro l . 
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To i nves tigate the e ffect o f  DOT on hydroxyl a s e  

e xpre s s ion , indu c t ion was c arr ied o u t  under constant 

condi tions to ensure equal amounts of en zyme synthe s i s . A f t e r  

addi tion o f  cycloheximide ( 2 5 0  � g/ml , f inal c oncentrat ion)  

to p revent further protein synthe s i s , the DOT was ad j us ted 

to the appropr i a te value , and by mea suring the rate o f  

hydroxylation the e f f ect o f  DOT o n  e xpre ss ion was inve s tigated . 

In a s imi l ar manner t he e f fe c t  o f  DOT on induction was 

inve s tigated by i nduc ing a t  different DOT leve l s , fo l l owed 

by addition o f  cycloheximide to prevent further enzyme 

synthe s i s . The amount of en zyme pre s ent was t hen de termined 

by its activity under constant cond i tions of e xpre s s ion . 

After inoculation o f  the fermenter , growth p roceeded 

for approxima te l y  20 h ,  during whi ch t ime t he DOT was a l lowed 

to stabi [ i ze a t  the l evel se lec ted f o r  induction o f  t he s te roid 

hydroxy l a s e s . DOT was control led by on-off contro l o f  

aerat ion rate , as  de s c ribed i n  section 3 . 5 . 2 . 1 .  After a 

per iod o f  s t ab l e  operation ( u sually 4 - 5 h )  cor texo lone , 

d i s so lved in dime thyl formamide ( 1 0 g/1 f ina l conc entration ) , 

was added to the fermenter .  After a fu rther 4 h the DOT 

was adj usted to t hat requ i red for hydroxy l a s e  expre s s ion , 

cyc loheximide b eing added s imul taneously with the c hange i n  

DOT . The rate o f  hydroxyl ation w a s  then mea su red over the 

subsequent 2 h period . Re sults are e xpressed as spe c i f i c  

rate s , the c u l tu r e  dry we ight being determined a t  the time 

o f  cyc lohex imide addi tion . 

The agitat ion speed u sed for e ac h  fe rmenter experiment 

depended on the DOT required sinc e  t he aera tion control 

s y s tem c ould not cope on i ts own . Thus , agitation speeds 

b etween 3 5 0  and 5 0 0 rpm wer e  u sed ( impel lor tip speed 0 . 9 2 -

1 . 3 0 m/s )  wi th h i gh er s peeds for h ighe r DOT leve l s . 
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I n i t i al ly , exper iment s  were performed to determine 

the i n f luence o f  steroid- sub s t rate concentration on the 

amount o f  en zyme i nduced in a ' 4 h  pe riod . DOT conditions for 

indu c t io n  and expres s ion were c hose n  as 2 5 %  and 3 0 % o f  

s aturation , re spec tive ly .  Cortexolone conc entrations o f  0 . 1 ,  

0 . 5 ,  and 2 . 5  g/1 were u s e d . To ensure the pre s ence o f  

suf f ic ient substrate f o r  ful l  expr e s s ion of i nduced act iv i ty , 

a n  addi tional 0 . 7  g/1 o f  s te r o id was added , imme diate ly a f ter 

c y c l ohex imide addition , to tho se fermentations w i th ini tial 

0 . 1  a nd 0 . 5  g/1 cortexo l o ne concentrations . The rate of 

hydroxyl ation over t he sub sequent two hour period afte r  

cyc loheximide addi tion wa s mea s ured , and the re s u l t s  a re 

p r e s e nted i n  Table 6 . 1 .  I t  i s  apparent from t he s e  data 

that , al though there is a gradu a l  r i s e  in the l evel of 

induced e n z yme as s te roid concentration increase s ,  even at 

0 . 1  g/1 a rea sonab ly s imi l ar l eve l of ac tivi ty was obtained 

to that at 2 . 5  g/1 

Tabl e  6 . 1  E ffect of cortexolone conc entration on en zyme 
i nduc tion . 

Cortexo lone 
Concentration 

( g/ 1 ) 

0 . 1 

0 . 5  

2 . 5  

Spec i f ic Hydroxy l a t io n  Rate 
(mg/g DW . h ) 

1 9 -hydroxy l i S-hydroxy 

0 . 6 7 

0 . 8 1 

0 . 8 7 

0 . 4 1  

0 . 6 5  

0 . 6 9 
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C e r tainly , t h e  l atter seemed s u f f i c i ent to provide for 

maximum i nduc t ion . Hence , for all fu ture work a s te ro i d  

con c entration of 2 . 5 g/1 was used . Thi s  al so e n sured that the 

hyd roxyl a s e  system was s aturated with sub strate during the 

expr e s s ion phase of the exper iments .  

The e f fe c t  o f  DOT o n  the expre s s ion o f  hydroxy l a s e  

act i vity was now determined over a range o f  DOT va lues . 

A DOT o f  2 5 %  o f  s aturation was c ho sen as the c o n s tant leve l  

f o r  i nduction in a l l  exper iments .  After s tero i d  add i tion , 

4 h was a l l owed for induc t i o �  a fter which c yc l oheximide was 

added and t he DOT was s imul t aneous ly c hanged to the required 

val u e  for e n zyme expre s s io n . The rate of hydroxyl ation was 

mea sured o ve r  the fol lowing 2 h period , and t he re s u l t s  are 

pre s e nted in F i gure 6 . 1 .  For both 1 9 - and l l S -hydroxyl ation , 

the hydroxy l ation rate s increased w i th incre as i ng DOT unt i l  

a maximum rate wa s ob served a t  3 0 %  o f  saturation . There

a f te r , t he r a te dec re ased at 4 5 %  of s aturation , and 

mai n t a i ned thi s l eve l at 6 0 %  of s aturation . The decrease i n  

hydroxy la t i on rate a s  the DOT approached zero w a s  expec ted 

s in c e  oxygen i s  a sub strate for ; the hydroxylation . Thi s  

agre e s  w i t h  the results o f  H a ni s ch e t  a Z . ( 1 9 8 0 ) . H oweve r , 

t h e  optimum at 3 0 %  o f  s aturation w ith a dec l ine in rates at 

4 5% a nd 6 0 %  was unexpected . 

To inve s t i gate thi s  apparent decrease a t  h i gher DOT 

value s , two further fermenta tions were conduc ted wi th DOT 

leve l s  o f  5 0 %  o f  saturation during induc tion . The DOT 

va l ue s d ur i ng sub sequ e nt exp r e s s ion were 3 0 %  o f  s aturation 

in one experiment and 5 0 %  i n  the other . Hydroxy l ation rates 

were ob tained as de ta i led in Tabl e  6 . 2 .  The ratio of 

hydroxy l a tion rate s between the two ferrnentation s was 

approxima te ly 1 . 4 0  ( 3 0 % / 5 0 %  DOT for expre s s io n ) , wh i l e  the 

exp e c ted ratio from Figu re 6 . 1 wa s ea . 1 . 4 7 . Thus , the se 

fermentations ver i f ied the d e c l i ne in rates above 3 0 %  DOT . 

To dete rmine the e f fe c t  o f  DOT dur ing the induction 

of enzyme ac tivity , 3 0 %  of s a tu rat ion was c hosen as the 

con stant DOT for expre s s ion . Thus , induction was per fo rmed 
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Tab l e  6 . 2 The e ffec t o f  DOT on the rate s  o f  cortexolone 
hydroxylat ion b y  cu l tures induced at a DOT 
va lue of 5 0 %  o f  saturation . 

[ DOT] IND 

( %  satn . )  

5 0  

5 0  

[ D OT ] EXPN 

( %  s atn . )  

3 0  

5 0  

Spe c i f i c  Hydroxyl a tion 
Rate s ( mg/g DW . h )  

1 9 -hydroxy 1 1 8 -hydroxy 

0 . 4 9  

0 . 3 6 

0 . 4 1 

0 . 3 0 

at d i f ferent DOT leve ls f o r  4 h ,  a fter which c y cloheximide 

was added and the DOT was raised to 3 0 %  fo r measurement o f  

the expre s s ion o f  activity . The resu l t s  o f  the s e  experiment s  

are p r e s en ted i n  Figure 6 . 2 ,  and the activi t i e s  s o  determined 

are a measure of the re lat i ve amount of enzyme p roduced 

dur ing i nduc tion . In th i s  case an optimum for induction 

was o b s e rved at a DOT of 1 5 %  o f  s aturat ion for both 1 9 - and 

1 1 8 - hydroxy l a t ion . 

To ensure that the pre sence o f  cyc loheximide was not 

c au s ing erroneou s re sults , two fu rther fermentations were 

conduc ted withou t add i t i on of the protein synth e s i s  inhibitor . 

F i gu r e  6 . 3 shows the t ime course for the hydroxy l a t ion o f  

corte xolone under a con stan t  DOT o f  3 0 %  of s aturation , whi le 

Figure 6 . 4 shows the s ame f or a fermentation wi th a DOT o f  

1 5 %  o f  s aturat ion for the f i rs t  4 h ( a fte r  cortexolone 

add i ti on ) , and then 3 0 %  DOT , thereafter . The r a te s  o f  

hydroxy l a t ion me asured dur ing the appropriate period ( from 

4 to 6 h )  are given in Tabl e  6 . 3  a long wi th the expe c ted 

rate s , d e r ived from Figure s 6 . 1  and 6 . 2 .  An a cc ep table 

level o f  agreement wa s obta ine� so ver i fying the results . 
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Tab l e  6 . 3  Compari son o f  hydroxyl at ion rates from 
fermentat ions performed in the presence and 
absence of cyc lohe x imide . 

[ DOT ] IND 
[ DOT ] EXPN 

( %  s atn . )  ( %  satn . )  

3 0  

1 5  

3 0  

3 0  

Specific Hydroxylation Ratea 

(mg/g m-J . h ) 
1 9 -hydroxy 1 1 8 -hydroxy 

0 . 7 5 ( 0 . 8 0 )  

1 . 1 6 ( 1 . 0 9 )  

0 . 7 1 ( 0 . 6 3 )  

1 . 0 1 ( 0 . 8 9 )  

a rates from cyclohe x imide-treated c u l tu r e s  
i n  parenthe s e s . 

S ome s e lected examp l e s  o f  the time cours e  during the 

2 h per iod after cyc loheximide add i tion are presented i n  

Figure s  6 . 5 and 6 . 6 .  F i gure 6 . 5  shows two exper imen t s , the 

resul t s  o f  whi ch are given in Figu r e  6 . 1 ,  where DOT during 

induc tion wa s 2 5 %  of saturation but w ith d i f f e rent DOT 

leve l s  during expre s s ion . F i gu re 6 . 6 shows two exper iment s , 

the r e s u l t s  o f  which can b e  found i n  Figure 6 . 2 ,  whi ch had 

d i f ferent DOT l eve l s  during induc tion but constant condi tions 

of expre s s ion ( 3 0 %  o f  saturatio n )  . S teroid conce n trat ions 

are expres sed i n  terms o f  myce l i al dry weight to remove any 

e f fect o f  d i f fe re n t  dry we ights in d i fferent fermentat ions . 

In examin i ng the se figure s  i t  c an b e  noted that the spe c i f i c  

hydroxy s t e r o id c oncentra tions a t  zero time a r e  a r e f lection 

of the amount o f  expre s s ion occurring dur ing the induc t ion 

phase . In thi s  re spect , lower z ero -time leve l s  wer e  

ob tained when moving from 2 5 % , t o  1 5 % , and then t o  1 %  o f  

DOT satura t ion . 

6 . 4  D I SCUSS ION 

The r e s u l ts obtained in t hi s work are s imi l a r  to 

tho se repor ted by Hanisch e t  a Z . ( 1 9 8 0 )  for the l l a -hydroxy l as e  

of R h i z o p u s  n i grica n s . The s e  au t hors demon strated a n  optimum 

DOT for indu c t ion at 1 0 %  o f  s aturation wh i le the opt imum DOT 

for expre s s ion was muc h higher ( u s ing a medium o f  s imi l a r  
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compo s ition to that u sed in the present work , and opera t i ng 

a t  3 0°C ) . They d i d  n o t , howeve r , use a protein synthe s i s  

i n h i b i tor to s eparate induc t ion f rom expres s io n , but showed 

that under at l e a s t  one set of cond itions induction was 

comp l e te af ter a brief per iod . Hence , they assumed no 

further prote in synth�si s  during expre s s ion . 

The s impl e st d e f i ni tion of i nduction i s  ' the i n c re a s ed 

produc tion o f  e n z yme ' ( Smith and Davi s , 1 9 8 0 ) . Thus i t  

incl ude s eve rything from g e ne transcr iption to actua l pro te i n  

synthe s i s . Al l en zyme s are i n  a n  equi l ibrium state be bveen 

synt h e s i s  and degradat ion ( Dixon and Webb , 1 9 6 4 ) , so i f  a n  

e n z yme i s  undergoing rapid turnover then pro te in synthes i s  

wou l d  a lways be occurring . 

de s c ribed by Maddox e t  a Z . 

In th i s  re spect , the ob servation 

( 1 9 8 1 )  , \vi t h  agar-immob i l i zed 

c e l l s  of Rhi z o p u s  n i gr i cans , is o f  some s igni f i c ance . I t  

was observed that whe n  suc h cel l s , whic h  were i n  the pro ce s s  

o f  hydroxylating proge sterone , were tre ated wi th 

cyc l oheximide ( 2 5 0  � g/ml ) , t he f inal y ield of l la -hydroxy

proge sterone was cons iderably lower tha n  that with untre ated 

ce l ls , and the ac tivity was lost much more rapid l y . S in c e  

Han i s ch e t  a Z . ( 1 9 8 0 )  had shown that cyc loheximide d i d  not 

dir e ct l y  inhi b i t  t he hydroxy lation proce s s  during the 

init i a l  per iod after i ts addi ti on , thi s  sugge sts that 

conti nued pro te i n  synthe s i s  i s  required to maintain the 

hydroxylation . Thu s , after pro te in synthes i s  is stopped , 

the r a te wi l l  start to d e c l i n e  as  en zyme de gradation 

gradua l ly lowe r s  the amount o f  hydroxy l ase en zyme present . 

In  the present work , i t  was observed that hydroxyl ation 

rat e s  were linear for only a few hours a fter cyc l oheximide 

add i ti o n . ( see s e c t ion 5 . 6 ) , thus sugge s ting a simi l ar e f f e c t . 

Thu s , wi thout t he u se o f  cycloheximide , i t  woulct be unwise 

to a s sume the separat ion o f  i nduc tion f rom expre s s io n . 

Although i t  has previou s l y  been a s s umed that cyc loheximide 

acts o n l y  as a n  inhibitor o f  prote i n  synthes i s  at cytopla smic 

ribosome s , increa s i ng evidence i s  accumul ating for mul ti p l e  

site s  o f  action o f  the drug (Wende lberger-Sch ieweg e i  a i� 1 9 8 0 .  
Henc e , the pos s ib i l i ty that the eventu a l  decl ine i n  

hydroxylation r a t e s  i s  due to e f fects o ther than turnover o f  
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a l abile en zyme must be accepted . Thi s  po s s ib i l ity does n o t , 

however , affect the va l id i ty o f  the pre sent resul t s , s in c e  

hydroxylation r a t e s , measured for t he f i r s t  two hour s  a fter 

c y c loheximide add ition , wer e  ver i f ied by exper iments where 

cyc l oheximide was absent . 

S ince the mRNAs for many intrace l l u l ar en zyme s have 

very short ha l f - l i ve s  ( Dixon and Webb , 1 9 6 4 ) , continued 

prote in synth es i s  al so imp l i es conti nued gene transc r i p ti o n . 

Thi s  i s  s igni f ic a n t , s in c e  the e f f e c t  of DOT on induc t ion 

may exer t  itsel f  at any rate-l imiting step from tran s c r iption 

to protein synthe s i s . A further mea n s  o f  ver i fying tha t  the 

eventual dec l in e  in rate s is due to e n zyme degradation wou l d  

be t o  block transc r iption rather t han prote in synthe si s . 

Thu s , Act inomyc in-D c ou l d  be added to a hydroxylating 

c u l t ure . I f  the mRNAs for the hydroxylase system are s ho r t

l ived , then prote i n  s ynthe s i s  wou l d  soon stop , and en z yme 

degradation coul d exp l a i n  any ob served dec l ine in 

hydroxyl ation r at e s . 

H ani s c h  e t  a l . ( 1 9 8 0 ) , whe n  d i scuss ing the l ow DOT 

opt i mum for enz yme induct ion , exp l a ined the i r  data on the 

bas i s  that the l la -hydroxy lase is known to b e  a cytochrome 

P4 5 0  sy stem and l ow DOT optima have been descr ibed for various 

cytochrome s in o th er mi crob i a l  sy s tems . I t  i s  not known 

whether the 1 9 - and l l S -hydroxyl a s e s  o f  Pe Z Z ic u Z ar i a  

fi l am e n t o s a  f . sp .  m i c ro s c Z e ro ti a  are cyto chrome -P 4 5 0  s y s tems , 

but the pre sent f i ndings would suppo r t  such a hypothe s i s . An 

intere s t ing c ompar i son c an be made w i th the induc ib l e , 

cytochrome-P4 5 0  sy stem o f  the ye a s t  Ca ndida trop ic a Z i s  

( Gmunder e t  a Z . ,  1 9 8 1 ) . When growing on alkane s , such a s  

hexadecane , two e l e ctron transport chains are invo lved . The 

f i r s t  is the mitochond r i a l  respiratory chai n w i th 

cytochrome oxida s e  and the second i s  the micro somal e l ec tron 

tran s por t cha in w i th cytochrome-P 4 5 0 · The primary hydroxy l a 

tion o f  hexadecane b y  cytochrome -P 4 5 0  wa s shown to b e  the 

rate l imit ing step in hexadec ane uptake and sub sequen t  

oxidat i on t o  pa lmi tate . When grown under cond i t ions o f  

oxygen l imi tation , grea tly incre ased l eve l s  o f  both cytochrome 
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-P 4 5 0  and c y tochrome oxidase were observed . Thi s  was 

exp l a i ned as :the result of oxygen be ing the grow t h  l imi ting 

factor , s uc h  that both t h e  microsomal and mitochondria l 

ele c tron transpor t p a  th'l.vay s were l imi ted by the oxygen 

b inding rate o f  the oxidas es . Hence , the c e l l s ' re sponse 

was to increase the l eve l s  of these cytochrome s i n  order to 

c omp e n s ate . An anal o gous argument can b e  app l i ed to the 

present wor k . I f  s te roid hydroxylation by fungi is seen as 

a d e tox i f ic a t ion mec h ani sm ( in that the ste ro id s  become 

mor e  water s olub l e  and so can be exc l uded f rom the c e l l )  , 

the n under o xygen-l imited condition s the rate o f  such 

hydroxy l at ion b ecome s l imi ted by the oxygen supp ly . Henc e , 

the c e l l s ' re sponse i s  to incre ase the leve l  o f  t he hydroxy l a s e  

in an attemp t  t o  c ompensa te . S ince both Han i s ch e t  al . 

( 1 9 8 0 )  and the pre s e n t  work have demonstrated low DOT 

opt ima for i nduc tion of s teroid hydroxylase s , such an 

explana t ion appears fea s ib l e . 

Wi th regard to t h e  r ate of hydroxy l a s e  expre s s ion , 

H an i s c h  e t  a l . ( 1 9 8 0 )  ob served a Michae l i s -Menten 

r e l at io n ship wi th DOT . A l though th e presen t  r e s u l t s  show 

the e f f e c t  o f  oxygen l imi tation on en zyme expre s s ion at low 

DOT , the optimum at 3 0 %  of s a turation was unexpec ted . 

Attemp t s  were made , t herefor e , to dete rmine t he c r i ti c a l  

d i s s o l ved oxygen tens i on for thi s organi sm , s ince thi s  may 

provide addi tional d a ta to exp lain the above e f fe c t . Two 

approaches were used . I n  the f irst c a s e , the oxygen 

con s umption rate of a batch c u l ture ( under c o n s tant agitation , 

5 0 0  rpm , and aeration , 5 0 0  ml/min ) was fol lowed a s  the DOT 

dec l ined dur ing growt h .  The DOT value at whi ch t he oxygen 

consumpt ion rate s ta r ted to dec line was then taken as ( DOT ) ' t  cr1. . 
The s econd appro ach wa s to fo l low the un steady- s tate dec l ine 

in DOT for a fermenter c u l ture a f te r  stopp ing ae r ation . Two 

exper iments were per forme d , one with a i r  in the fermenter 

head s pace , the other with ni trogen gas . The rea son for thi s , 

was to e l imi nate the p o s s ibi l i ty of headspace re-aeration 

being responsible for any devia tion from z e ro -o rder kinetic s . 

Both these experimen t s  are depicted in F igur e  6 . 7 .  From the 

f i r s t: me thod ( F i gure 6 .  7 a )  , a ( DOT ) . t of e a . 3 3 %  was c r1. 
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obtained , while from the s e cond ( Fi gure 6 . 7b )  a val u e  o f  

e a . 2 0 %  6f s aturat ion was ob served . I n  the f i r s t  method the 

cu l ture was 2 5  h o l d  at the t ime when ( DOT ) ' t was eva l uated c r 1  
and the c u l ture dry we ight was approximate ly 1 0  g/1 . I n  the 

second method the c u l ture was only 8 h old w i t h  a dry we i ght 

of only 1 g/1 . The dis crepuncy in ( DOT ) ' t e s t imate s could cr1 
thus be exp l ained on the b a s i s  that the d i s s o l ved oxygen 

e lectrode - measu r e s  only the bul k  l iquid DOT wh i le the 

organism r e s pond s to the ac tua l DOT in i ts immedi ate 

environment . With the 25 h cul ture , oxygen d i f fusion f rom the 

bulk l iquid i nto t he myce l ial mat would be much mor e  

l imiting t han with the d i lu t e , 8 h culture . Thu s , i n  the 

former c a s e , a h i gher apparent ( DOT ) c r i t  would be expected . 

The ( DOT ) ' t e s t imate o f  e a . 3 3 % was measured under c r 1  
fermentat ion condi t ions very c lo s e  to those u sed in the 

present s tudy . Thus , the co inc i dence o f  thi s  value with the 

optimum DOT for expre s s ion o f  hydroxy lase a c t iv i ty may 

repre sent some mechanistic re lationship . It i s  pos s ib l e  that 

above thi s c ritical DOT the metabo l i sm of the organi sm c hang e s  

in such a way a s  t o  lower the r a t e  o f  hydroxyl a s e  reactions � 

This cou ld be due to compet i tion for oxygen with other 

metabo l i c  pathway s .  

F o r  mo st unicel lu l ar organi sms critical DOT va l ue s  in 

the range 2-10  mm H g  have b een determined ; t he s e  corre spond 

to only 1 - 6 %  of the air-satura tion value of 1 6 0  mm H g  

( Harri s on , 1 9 7 2 ) . S imi lar s tud i e s  wi th f i l amentous fungi 

are comp l i cated by the ir tendency to form myce l ial pe l l e ts o r  

ma ts . The d i ffu s ion path f o r  oxygen from cul ture supernatant 

to the c e l l s  ins ide myce l i a l  mat s  may be very s igni f i cant . 

I t  i s  not surpr i s ing , there fore , that in s i tu measurements 

o f  ( DOT ) ' t wi l l  re sul t i n  muc h  higher apparent va lues than c r 1  
with s ingle c e l l ed org an i sms or w i t h  d ilute suspens ions in a 

Warburg apparatu s ; and that mas s  trans fer cond itions and 

the s i ze o f  myc e l i al aggregate s wi l l  influence the me asured 

value ( F inn and Fiechter , 1 9 7 9 ) . Wang and Fewk e s  ( 1 9 7 7 )  

working with fermenter cul ture s o f  S trep tomy c e s n i ve u s  

showed that the re lationship be tween DOT and oxygen consumption 
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rate was dependen t  on the agita tor speed . The s ig n i f i c an t  

ob servation wa s made that th e ' pseudo c r i t i c a l  di s so l ved 

oxygen t e n sion ' decre ased wi th i ncreas in g  shear : flow ratio 

( impe l le r  speed : impe l ler diame ter )  for various turbine 

impe l l er s . I t  i s  apparent , the re fore , that the mea s ured 

DOT optima f rom the present work may s imi l ar l y  b e  dependent 

on the mas s  trans fer cond i t ion s used . P. fi l a me n to s a  d i d  

no t ,  howeve r , form myce l ia l  p e l l e ts and s o  t he re s i s tance 

to oxygen t r ans fer due to such l arge aggregates wou l d  not 

be mani f e s t . S l i ghtly d i f ferent imp e l l e r  spe eds were u sed 

at di f fe rent DOT l eve l s  and the po s s ib l e  cont r ibution of thi s  

to exper imenta l error mu st b e  a c cepted . Neve r the l e s s , the 

overa l l  patterns in F i gure s 6 . 1  and 6 .  2 are c::l ear:. , 

Certainl y , t he drop in rate o f  hydroxyl ase expre s s ion a s  

the DOT i ncreased above 3 0 % o f  saturat ion c annot b e  exp l a ined 

pure l y  o n  the b a s i s  of mas s  trans fer or impe l le r  shear e ffects . 

The imp e l lo r  tip speeds used were only 1 . 0  and 1 . 3  m/s for 

3 0 %  and 6 0 %  DOT , respective l y . These speeds ar e wel l  be low 

those reported as causing s he ar damage to even de l icate 

fung a l  myc e l i a  ( Hanisch e t  a l . ,  19 8 0 ) . Fur thermo r e , if th i s  

were t h e  reason f o r  the decl in e  i n  rate s above 3 0 %  DOT , 

succe s s i ve decreases woul d  b e  e xpected at 4 5 % and 6 0 %  DOT . 

Thi s  i s  not the c a s e . 

6 . 5  CONCLUS I ONS 

The data show that i ncreased rate s of hydroxy l ation o f  

cor te xo lone can be achieved by inducing a t  low DOT , fol lowed 

by e l evation o f  the DOT to enhance en zyme expre s s ion . The 

r e su l ts app ly equ a l l y  we l l  to both the 1 9 - and 1 1 8 -hydroxy

l at ions , s ince l i ttle s ig n i f i c ant var iation in the ratio of 

one to the o ther was ob served dur ing the study . Hence , 

the i r  r e l a tive product ion rate s canno t be manipu l ated by 

vari at i on o f  DOT alone . 
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CHAPTER 7 

THE EFFECT OF GLUCOSE CONSUMPT ION RATE AND GROWTH RATE ON 

THE l l S - AND 1 9 -HYDROXYLAT ION OF CORTEXOLONE BY 

P. fi lame n to s a  f . sp .  mi cros c l e ro t i a  

7 . 1 INTRODUCT ION 

The involvement o f  NADPH i n  steroid hyd roxy l a tion 

imp l i e s  t hat it i s  an energy requ i r i ng proce s s , s ince this 

cofactor mu st be regenerated . I n  many microorgani sms , NADPH 

is  produced by the hexose-monopho sphate ( HMP ) pathway , a s  g luco se 

is metabo l i sed to r ibulo se- 5 -pho sphate . Henc e , i t  c an b e  

po stulated that anything which r e s tr i c t s  the r ate o f  glucose 

metabo l i sm w il l  s low t he rate o f  hydroxylation . As d i s c u s s ed 

i n  section 2 . 3 . 2  , much evidence h a s  accumu l ated to support 

t h i s  hypo th e s i s .  There i s , however ,  a l ack o f  d e f i n i t ive 

r e su l t s . I n  f ac t , i n  much o f  the l i teratur e concerning s teroid 

hydroxylat ion i t  is  uncl ear how t he age or state o f  metabo l ic 

act iv i ty o f  a fung a l  c u l ture a f f e c t s  the hyd roxy l a t io n . 

Hanisch e t  a l . ( 1 9 8 0 )  reported that on addi tion . o f  

p rogesterone to a R h i zopus  n i g r i c a n s  ferment ation , there was 

an increa sed oxygen consump tion r a te that cou ld no t b e  exp l ained 

on the bas i s  o f  oxygen incorporation into the steroid mo l e cu l e  

a lone . A l though the data were no t g iven , it c a n  be po stulated 

that thi s  i nc r ease was due to incre ased g luco s e  metabo l i sm .  

Vez ina and S ingh ( 1 9 7 5 )  a l s o  repor ted a sl ight enhancement o f  

r e spiration upon add ition o f  proges terone to spore s  o f  

A s p erg i l l u s  o c h rac e u s  able to l l a -hydroxylate t h i s  s ub s trate . 

There are many ex amp l e s  of fung a l  me tabo l i sm where a n  increased 

d emand for NADPH , due to bio synthe s i s ,  resu l t s  in an inc rea sed 

u t i l i zation o f  the hexo se-monopho sphate pathway ( Berry , 1 9 7 5 ) . 

The hypothe s i s  tha t steroid hydroxylation is  l inked to g lucose 

metabo l i sm is further suppor ted by the knowledge that fungal 

spore s per forming steroid hydroxy l a t ions have a d e f in i te 

requirement for an energy source (Ve z i na e t  a l . ,  1 9 6 8 ) . 
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Mo sbach and Lars son ( 1 9 7 0 )  and Maddox e t  a l . ( 1 9 81 )  

have p e rformed stero id hydroxyl ations us ing immobi l i z ed 

myce l i a . I n  both cases , attempts to reuse t he immob i l i zed 

c e l l s  r e s u l ted in a gradual l o s s  of ac tivity . Maddox e t  a l . 

( 1 9 8 1 )  s uggested that thi s e ff e c t  might have b een due t o  l ac k  

of myc el ia l  growth i n  t he immob i l i z ed system . I t  was o f  

inter e s t  therefore to inve stigate t he e f fect o f  growt h  rate 

on ster o id hydroxylation . I n  general , the HMP pathway i s  mor e  

active i n  r apidly growing c e l l s , i n  wh ich the biosynthetic 

demand f o r  NADPH is  high ( Berry , 1 9 7 5 ) . Thu s , i t  i s  

conceivab l e  that hydrox y l a s e  a c tivity may b e  i n f l uenced by 

growt h  r a te v i a  the supp ly of NADPH . Optimal spec i f i c  growth 

rates h ave bee n  described in c erta i n  antib iotic fermentations 

( Queener a nd Swar t z , 1 9 7 9 )  where production r ates are 

greatly i n f luenced by t h i s  parameter . I n  the se c a s e s  l ow 

growth r a t e s  are norma l l y  required to trigger product�ion o f  the 

secondary metabo l i te s . Gmunder e t  a l . ( 1 9 8 1 )  stud ied the 

inf luenc e o f  d i lu tion rate on hexadecane a s s imi l ation by 

Candida t r o p i ca l i s  in chemostat c u l ture . They me asured the 

spec i f i c  l evel s  o f  enzyme s and cytochrome s i nvolved in the 

assimi l at ion and metabo l i s m  of hexadecane ( the f i r s t  and rate 

l imiting step involve s  hydroxylat ion by cytochrome-P 4 5 0 ) .  

Cytochrome-P4 5 0 , and cytochromes a , b and c incre a sed a l mo s t  

l inea r l y  w ith d i l ution r ate . Further examp les o f  t h e  i n f luence 

of d i lu t i on r ate on enzyme synthe s i s  in chemostat c u l ture 

have been descr ibed , although the mechanism by which gene 

action i s  c ontro l l ed , i s  s t i l l  unc lear (Me l l ing , 1 9 7 0 ) . 

7 . 2 BATCH AND FED-BATCH EXPERIMENTS 

A ser i e s  o f  batch fermenta tions wa s performed to 

inve s t i gate the requ i rement for g l uco se metabo l i sm i n  the 

hydroxyl a tion o f  cortexolone by P. fi l ame n to sa f . sp .  

m i cro s c l e r o t i a . The fermentat ions were per formed , b a s i ca l l y , 

as  d e s c r ibed in section 3 . 5 . 2 .  DOT was contro l l ed via the 

aeration rate ( sec tion 3 . 5 . 2 . 1 ) , but during the course o f  the 

fermentat ions . the agitation speed required period i c  increments 

to as s i st the control s y s tem , and typical l y  varied between 

4 0 0 and 8 0 0  rpm . 
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The fermentation described in sec tion 6 . 3 ( F i g . 6 . 3 ) , 

where both induct ion and expres s ion o f  hydroxyl a se ac tivi ty 

wer e  performed a t  a DOT o f  3 0 % o f  satu r ation , was continued 

past the ini t i a l  period ( for rate mea surement )  and the comp lete 

data are shown i n  F i gure 7 . 1 .  I t  is  apparent f rom thi s 

figure t ha t  hydroxylation virtual l y  cea sed when g lucose w a s  

exha u s ted ( d e s p i t e  t h e  presence o f  suf f ic ient steroid 

sub s t r ate ) . Al though DOT was not ma �ntained in-contro l , i t s  

ef f e c t  would n o t  account for the rapid ces sation o f  

hydrox y l a t ion . 

A further fermentation was per formed in which 

g l u c o se was intermit tent l y  fed to t he c u l tu r e  to prevent i t s  

exhau s tion . The t ime-cou r se for thi s  fermentation i s  shown 

in F i gure 7 . 2 .  ( The early period o f  thi s  fermentation i s  

that d e s c r ibed i n  section 6 . 3 ( F i g . 6 . 4 ) , where i nduc tion and 

expre s sion o f  hydroxylase a ctivity were per formed at DOT 

val u e s  of 1 5 %  and 3 0 % of saturation , r e s pec t ively ) .  The 

data c learly show that hydroxylati on of cortexolone was 

mainta ined by continued g luco se consump t ion , al though the 

rate of trans format ion decreased from i ts i n i t i a l  value . 

DOT was again contro l led poorly dur ing much o f  this 

fermentat ion . 

To ver i fy t he e ffect that hydroxyl ation i s  

apparently dependent o n  g luco se consump t ion , a further 

fermentation wa s performed . In t h i s c a se g luco se wa s a l l owed 

to b ecome exhau s ted and then , about 7 hours later , g luco s e  

w a s  f e d  t o  the c u l ture . Steroid sub s tr ate was fed 

con t i nuous ly ( 3 0  mg/ l . h) to the c u l ture to ensur e a s a t i s f a ctory 

suppl y  t hroughout the experiment . The time-course , g iven in 

Figure 7 . 3 ,  s hows t hat the hydroxylation rate did indeed s low 

almo s t  to zero a s  g luco se was exhau sted ; i t  then re sumed upon 

g lu c o s e  add ition , al though at a lower rate . 

A f inal fed-batc h fermentation was per formed wher e  

cortexolone ( 3 0 mg/ l . h ) and g luco se ( 0 . 6 5 g/l . h ) were 

cont i nuou sly fed to a batch c u l ture and DOT was to be 

contro l l ed at 3 0 % of s a turat ion . The r e su l t s  are shown i n  

Figure 7 . 4 .  A s  a r e su l t  o f  poor DOT c o ntrol and an eve n tua l 
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breakdown i n  stero id feed ing ( a fter approximate l y  3 3  h )  the 

ini tia l  a im of presenting the mo s t  favourable cond i tions for 

a high y i e ld trans formation wa s not achieved . Howeve r , t he 

resul ts do reinforce the previo u s  f indings with re spect to the 

DOT e f f ec t .  Thu s , when the c u l ture DOT dec l ined to 

approx ima tely 1 0 % o f  saturation , the hydroxyl at ion rate 

greatly dec l ined and the sub strate l evel increased . Upon 

re sump t io n  of DOT control a t  e a . 3 0 %  of saturat ion , the 

hydroxyl a t ion recommenced and eventually cea s ed only when the 

steroid sub strate was exhaus ted . 

These re sults demonstrated that further i nves t igation 

o f  the e f fe c t  of g lucose metabo l i sm on the hydroxy l a t ion 

proce s s  would b e  u se fu l . However , faults w ith the present 

exper imental system were apparent : 

( i )  The DOT control sys tem was unsati s f ac tory for 

pro longed fermentations and an improved s y s tem was 

required . 

( ii )  I n  batch mode , the cu l ture g rowth rate and g lucose 

con sumption rate are c ontinually changing and hence 

the organi sm i s  no t i n  a con stant me tabol ic state . 

Thus i t  wou ld be d i f f i c u l t  to meaningfu l l y  interpret 

hydroxyl ation rate mea surements with r e s p e c t  to 

these factor s . 

T h e  chemo stat techniqu e  provide s for contro l led 

cond i tions with t he organi sm in a cons tant metabo l i c  s tate . 

Thu s , the f ina l series o f  exper iments utili zed thi s method . 

The probl em of DOT control was solved by bui l d ing a contro l l e r  

which automatic a ll y  adj u sted a g i tation speed a s  a means o f  

contro l l ing DOT . Thi s  i s  fu l l y  de s c r ibed in Append i x  A .  

The dev i c e  wa s suc c es sful and DOT contro l cea sed t o  be a 

prob l e m .  

7 . 3 CHEMOSTAT FERMENTAT ION S  

7 . 3 . 1  Introduct ion 

Under c h emostat oper ation a fungal c u l tu r e  c a n  be 

mainta ined in a c onstant metabol i c  s t ate , thu s  a l l owing we l l -
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de fined trans formation exper iments to be performed . The 

hydroxylation reactions were carried out batc h-wi s e  by adding 

cortexolone to a steady- sta te , chemo s tat cul ture and 

measuring the rate of formation o f  products . 

To determine the e ffects o f  growth r ate and g l ucose 

consump tion rate independently , fermentations were required 

no t o n l y  at d i f ferent d i l u t ion r ate s , but a l s o  with varying 

feed-med ium g lucose c oncentration s . By mainta ining a 

constant yeast extract c oncentrat ion in the feed-medium whi l e  

varyi ng the g lucose l eve l , i t  w a s  possible t o  manipu l ate the 

spec i f i c  gluco se con sumption r a te o f  the cul tu r e . 

7 . 3 . 2  Exper imenta l Met ho d  

T h e  b a s ic g luco s e/yeast extract med i um ( pH 6 . 0 )  wa s 

used , a s  in ear l ier batch work . The yeast extract concentra

tion wa s mainta ined at 2 . 0  g/1 in a l l  the exper iment s .  The 

g luco se concentration was varied between 0 and 8 . 9  g/1 , i n i t i a l  

g luco s e  l eve l s  being determined after autoc l aving . 

A new cul ture was e stabl i shed for e a c h  s teady- s tate . 

This no t only avoided prob l ems a s soc iated with s t rain 

degenerat ion i n  chemostat , but , mor e  important l y , pr ior to 

steroid add i tion the c u l tu r e  was entirely uninduced , a s  

with batch fermentations . 

S teady- s tate was a s su�ed when succ e s s ive samp l e s , 

taken over a t  least one r e s idence time , showed no s igni f i c ant 

var i ation . Because o f  t he h igh ly heterogeneo u s  nature o f  

f i l amentou s f ungal cul ture s i t  was anticipated that some 

inte r n a l  feed-back o f  bioma s s  may occur . The r e l ationship 

between the d i lution r ate ( D )  and the organ i sm ' s  spe c i f i c  

growth rate ( � ) , i n  such a s i tuation , i s  

� = A . D  ( P i rt , 1 9 7 5 )  

where A i s  the b ioma s s-concentration factor . I n  many o f  the 

chemo stat experiment s ,  the c u l ture wa s n i trog e n - l imi ted . I n  

t h e s e  s i tuations t h e  c once ntra tion factor w a s  c a l cu l ated 

from the ratio of 
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The degree o f  conc entration wa s o n l y  s l ight , and thi s  

simple c a l cu lation a l lowed the true spec i f ic growth rate to be 

accurately obtained . 

To c ommence the hydroxy l ation , cor tex o l one ( 0 . 7 4 

g/1 ) wa s added , d i s so lved in d im e thyl formamide . Samp l e s  were 

taken regu l ar l y  over the f o l l owing 1 0  hour per iod . The 

e f f ect o f  d i lu tion , on produc t  c o nc entrations , wa s correc ted 

f or as  d e s c r ibed in section 3 . 8 . 2 .  nydroxy lation r a te s  were 

thu s calcu l a ted from the l i near p or tion of p l o t s  o f  

c orrected s teroid c onc entration v e r su s  time , when i ndu c tion 

of activ i ty wa s c omp l e te . 

The d i s so lved oxygen ten s ion wa s accur ately con tr o l l ed 

a t  3 0 %  of s a turation ( u s ing ag ita t ion rate control ,  a s  

d e scr ibed i n  s ection 3 . 5 . 2 . 1 ) dur i ng a l l  o f  the continuou s 

cul ture exper iments , so remov ing thi s a s  a p o s s ib l e  var i ab l e . 

7 . 3 . 3  Re su l t s  and D i sc u s s ion 

I n i t ia l ly , three f ermentations were performed , a t  

d i f ferent d i l u tion r a te s , w i th a f eed-med ium g lucose c oncen

tr ation ( S : ) of 8 . 9  g/1 . The s teady - s tate cu l ture 
0 

parameter s a nd the spec i f ic hydrox y l a t ion rates obtai ned are 

s hown in F igure 7 . 5 .  The s e  d a ta , p l u s  some other c a l cu la ted 

parameter s a r e  reproduced in 'I' abl e 7 . 1 .  Al thoug h the 

specific hydroxylation rate s  ( q1 9 and q1 1 8) increased 

s l ightly wi th d i lu t ion rate (D ) , the g lucose consumpt ion r a te 

( q  1 ) var i ed a lmo s t  in propor tion to thi s . Thu s ,  \vith both g · 
growth r ate and g lu c o s e  con sumption r a te varying s imu l taneou sly 

no c lear interpretation is p o s s ib l e . An inter e s ting f ea ture 

of the se d a ta i s  tha t a s  d i l u t ion rate increased , the myc e l i a l  

percentage n i trogen (MPN ) a l so increased , wh i l e  the m yc e l ia l  

dry weig ht {MDW) decreased . The n i tr ogen conc entr a tion of 

the feed med ium wa s c on s tant at 0 . 2 1, g/1 . I n  c ompar i ng th i s  

wi th the myc e l ial n i trogen concentration (MNC ) d a ta o f  Tab le 

7 . 1 ,  i t  is c lear that the cu l tu r e s  were nitrogen l im i ted at 
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Tabl e  7 . 1 The complete exper imental data s e t  for F ig�re 7 . 5 

D 

(h-1) 

0 . 028 

0 . 064 

0 . 091 

f.! a 

(h -1, ) 

0 . 022  

0 . 058 

0 . 083 

a 

So s MDW 

(g/1 ) ( g/1 ) (g/1 ) 

8 . 9  0 . 0 9 . 90 

8 . 9 2 . 2  6 . 60 

8 . 9  3 . 3  5 . 60 

MPN 
w % ( /w) 

2 . 7  

3 . 5  

4 . 1  

MNC 

(g/1 ) 

0 . 267 

0 . 231 

0 . 230 

qg1 
(g/g N . h)  (g/g DW .h )  

0 . 93 0 . 025  

1 . 86 0 . 065 

2 . 23 0 . 091 

for explanation o f  why f.! �  D ,  refer to section 7 . 3 . 2 

q11S 
(rng/g N . h )  

14 . 5  

18 . 4  

23 . 5  

q19 
(rng/g N . h) 

1 7 . 0  

22 . 9  

23 . 7  

1--' 
V1 
CO 
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a l l  d i lu tion r a te s . I t  can be conc luded , therefor e, ' tha t the 

c hange in MOW is the r e su l t  of c ha ng ing lev e l s  of c arbon 

c ompound s s tored in the myc e l ium . For thi s rea son i t  was 

c lear tha t  r1DW poor l y  repre sented the amount of active bioma s s  

in the f ermentation .  Henc e , the myc e l i a l  n i trogen 

conc entr ation wa s c hosen ins tead , and spec i f ic hydrox y l at ion 

r ates are expr e s s ed in terms of mg/g N . h .  

In order to inv e s tiga te the ef fec t  of g lu c o se 

consump t i on r a te i nd ependently of growth rate , f ermentations 
-1 were performed at a constant d i lu t ion rate of 0 . 0 6 4  h . 

The feed medium g lucose concentr a t ion ( S . ) wa s suc c e s s iv e l y  0 
l owered from 8 . 9 to 0 g/1 , with the r e s u l ts dep i c ted in 

F igure 7 . 6 .  ( The compl ete d a ta set c an be found in Tab l e  

7 . 2 ) . T h e  g lu cose consumption r a te ( q
9 1 ) ,  expr e s sed i n  terms 

of myc e l i a l  ni trog en , d ecrea sed a lmost in proportion to S0 • 
However qg l ' expr e s sed in terms of myc e l ia l  dry we ight , 

showed a M i c ha e l i s -Menten r e l at ion s hip with S0 • The rea son 

f or thi s  d i f ference wa s the increa sed incorporation of carbon 

s torage mater i a l s  into the myc e l ia , a s  i s  indic ated by the 

d ec l ining MPN as S inc�eased . The spec if ic 1 9 -hydrox y la tion 0 
r ate ( q1 9 )  i s  rep l o t ted in F igur e  7 . 7 agains t  qg l  ( bo th i n  

terms o f  N and DH) . C l ear ly ,  a n  optimum wa s obtained . 

Expre s sed in terms of myc e l i a l  dry weight , the obs erved 

max imum r a te of l 9� hydroxylation ( e a . 51 mg/g N . h ) i s  

approx im a t e l y  3 . 9  mg/g DW . h .  Comparing thi s  wi th the r a te 

obta ined in batch cu l ture wi th DOT-control at 3 0 %  of 

saturatio n ,  e a . 0 . 8  mg/g DW . h ,  a substantia l improvement in 

hydrox y lation r ate ha s been achiev ed . 

The d e c l ine in hydrox y l a t ion rate a s  qg l  approaches 

zero v er i f i e s  the f ind i ng from batch f ermenta tion ( s ec tion 

7 . 2 ) tha t hydroxyl at ion is dependent on glucose me tabo l i sm .  

At qg l  = 0 ,  some hydrox ylation s t i l l  proceed s since the 

organi sm i s  u s i ng the yeast ex trac t as a carbon and energy 

source , and thu s some carbon metabo l i sm is  occurring . The se 

r e su l ts d o  not ,  however , d i f f erent iate between whether the 

e f f e c t  of qg l is on induc tio n or expr e s s ion of the hydroxy lase 

system .  That i s , the d ec l ine in hydroxylation rate a s  qg l 
approache s zero may be due to a l ow l evel o f  induc tion r a ther 
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Table 1 : 2  The complete experimental data set for F igure 7 . 6 .  

D 

(h -1 ) 

0 . 064 

0 . 064 

0 . 064 

0 � 064 

0 . 064 

0 . 064 

ll a  
(h -1

) 

-

-

0 . 056 

0 . 059 

0 . 063 

0 . 058 

a 

So s MOW 

(g/1 ) (g/1)  (g/1 ) 

0 0 0 . 37  

0 . 46 0 . 0 1 . 54 

2 . 10 0 . 0 3 . 20 

2 . 10 0 . 0  2 . 90 

4 . 60 0 . 0  4 . 70 

8 . 90 2 . 2  6 . 60 

MPN 

% (w/w) 

10 . 0  

9 . 2  

7 . 45 

7 . 80 

4 . 5 7  

3 . 50 

MNC 

(g/1)  

0 . 037 

0 . 142 

0 . 238 

0 . 226 

0 . 215 

0 . 230 

qg1 
(g/g N . h )  (g/g DW . h )  

0 0 

0 . 24 0 . 022  

0 . 56 0 . 042 

0 . 59 0 . 046 

1 .35 0 . 062 

1 . 86 0 . 065 

for explanation of why ll f D ,  re fer to section 7 . 3 . 2 ;  
ll could only be calculated for N - l imi ted culture s ,  i . e . , 

when MNC > 0 . 2 1  g/1 . 

q
ns 

(mg/g N . h )  

5 . 4 

24 . 1  

38 . 7  

44 . 5  

32 . 6  

18 . 4  

q19 
(mg/g N . h) 

4 . 7 

2 3 . 2  

50 . 4  

51 . 8  

37 . 2  

2 2 . 9  

1-' 
0'1 
1-' 
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than pur ely due t o  poor expre s s ion o f  the hydroxylase system . 

Howev er , the r e su lt s  from batch experiments ( section 7 . 2 )  

c lear ly i ndicate t ha t  a ful ly induc ed cu ltu r e , which i s  

actively hydroxy l at ing , wi l l  c ease doing so when g lucose 

is exhau s ted . 

The decr e a s e  i n  hydroxylation r ates a s  qg l increased 

beyond the optliaum point i ndicate s  that either g lucose 

r epr e s s ion or inhib i tion o f  hydroxylation wa s occur r i ng . 

To c lar i f y  this , a f ermentation wa s e s tabli shed under the 

cond i tions requ ired f or the opt imum point for hydroxylatio n s , 

of F igur e  7 . 6 .  However , 8 hours af ter c ortexolone add i tion 

exogenous g lucose wa s add ed to inc r ease the g lucose consumption 

r a te . Fur ther steroid sub s trate ( 0 . 2  g/1)  wa s a l s o  added a t  

this point to maintain i ts presente in exces s .  Samp l e s  were 

taken during the entire experiment and the mea sur ed tim e  

c our se i s  shown i n  F igur e 7 . 8 .  The hydroxylation rate 

d ec l i ned only s l ightly dur i ng the 4 hour s sub sequ ent to the 

e l evation of qg l " I f  the g lucose-effect on hydroxylation wa s 

due to d irect inhibi tion of the enzyme system a rap id drop i n  

the hydroxylation rate wou ld have been expec t ed . Henc e , i t  

appear s that g luco se-repr e s s ion o f  enzyme synthe s i s  i s  man i f e s t  

i n  the r egulation o f  the s tero id hydroxyla se ( s )  o f  P .  

fi lam e n t o sa f . sp .  m i c ro s c l e ro t i a . ·I f these e nzyme s u nd ergo 

r apid '' turn-over " ,  f or whi c h  some e v idence has been described 

( sec tion 5 . 6 ) , then the s l ight decl ine in hydroxylation r a t e s  

a f ter exogenou s g lucose add i tion can be exp l a i ned o n  the ba s i s  

o f  a g lucose-repr e s s ion mod e l � The phenomenon of c a tabol i te 

r epr e s s ion ha s been shown to act at the lev e l  of g ene 

transcr iption ( D emain e t  a l . ,  1 9 7 9 ) . As most mRNAs for 

i ntracel lular enzym e s  have very shor t ha l f - l ives ( D ixon and 

Webb , 1 9 6 4 ; Teru i , 1 9 7 2 ) , thi s  imp l i e s  tha t  i f  continua l 

protein synth e s i s  i s  oc curring , then continu a l  transcr iption 

mus t  a l s o  occur . Thu s ,  for a rapidly degrad ed and 

r e synthe si sed e n z yme , a c hange in the rate o f  transcription 

wou ld manifest i t s e l f  r e l atively qu ickly a s  a chang e in 

enzyme l evel , a nd hence a c t iv i ty . I n  r e spec t of th i s , i t  can 

be d i f f icult to r e so lve the e f f e c t s  of enzyme repr e s s ion 

and inhibition f or such r apid ly " tur ned over " en zyme s ( Drew 

and Dema i n ,  1 9 7 7 )  • 
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The v i ew ha s be en expr e s sed tha t the degree of 

c a tabo l i te r eg ul a t ion seems to depend upon the rate of 

metabo l i sm of appropriate substr a te s , tather than s imp ly 

thei r  concentr ations i n  the growth medium . Hence , i t  i nvo lves 

the f lux of sub strate into the c e l l  ( Drew and Dema i n , 1 9 7 7 ;  

Gray and Bhuwapa thanapun , 1 9 8 0 ) . I t  may also i nvo lve the 

energy s tate o f  the c e l l , s ince a h i g h  r ate of c atabo l i sm 

imp l i e s  a high c e l lu lar energy-charge . Many exampl e s  have 

been d e scr ibed where high c e l lu lar l ev e l s  of ATP or energy 

charge ( def i ned a s  the ratio ( [ATP J + � [ADP l ) / ( [ATP J + [ADP J 

+ [ MiP l ) )  c au s e  repr e s s ion o f  cer ta i n  enZJ:T..es , typic a l l y  tho se 

i nvo lved in secondary metabo l i sm ( Dr ew and Dema i n , 1 9 7 7 ) . 

At the present t ime the mechani sm of energy-charge 

regu l ation is  not we l l  under s tood . The phenomenon of carbon

catabo l i te repr e s s ion i n  certain bact eria has be en shown to 

act accord ing to the scheme in F igure 7 . 9  ( Pa s tan and 

Per lma n ,  1 9 7 0 ) . I t  i nvolv e s  the bind ing of a compl ex between 

cyc l i c  adeno s i ne - 3  1 ,  5 1  -monopho sphate ( cAMP )  and a c.fu'vlP 

rece ptor prot e i n  ( CRP ) to the promotor s ite of an oper on ; 

thi s b inding s t imu lates the initiation of transcription by 

RNA-polymera se . When g luco se is pr e s ent it i nhibit s adeny l a te 

cyc l a s e , the e n z yme that conver ts ATP to cAMP , thus 

decreas ing the c oncentration of cM1P and inhibiting the 

transcription by RNA-polymerase of operons sub j ect to thi s  

contro l . A l though g lucose ha s been most extensively s tudied 

as an ef fec tor of thi s  form of regu l at ion , other rap id ly u s ed 

carbon sour c e s  a r e  a l so active ( D emai n  e t  a Z . ,  1 9 7 9 ) . T h i s  

phenomenon h a s  been d e scr ibed i n  a w i d e  var iety o f  bacte r i a , 

yea s t ,  and mou ld s ; however a g enera l i s ed mechani sm i nvolving 

cAMP cannot , a s  y e t , be a s sumed i n  a l l  cases . The resu l t s  

p r e sented here do no t d ef ine the mechani sm of repr e s s ion . 

However , the observation of thi s phenomenon , wh ich doe s not 

appear to have be en pr ev iou sly descr i bed for a microbial s teroid 

hydroxy lation proces s ,  i s  of considerable inter e s t . For a n  

indu s trial proc e s s  the removal of . r e pr e s s ion , i f  present , 

may o f f er subs tantia l improvements i n  hydrox y l a se t i tr e  a nd 

hence hydrox y l a tion r a te . 
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Further fermentat i ons , conduc ted under s imilar 

cond i tions wi th d i fferent S0 l eve l s , were performed at 
- 1 - 1 

d i lu t ion rates of 0 . 0 2 8  h and 0 . 1 1 9  h . The r e su lts are 

pre s en ted in F igures 7 . 1 0  and 7 . 1 1 ,  with the f u l l  d a ta sets 

i n  Tables 7 . 3 and 7 . 4 ,  re spec tively . S imi lar r e l ationships 

betwee n  hydroxylation rate and qg l  were observed . 

By compar ing the d ata from Tabl e s  7 . 2 ,  7 . 3 ,  

and 7 . 4 ,  i t  i s  apparent that in a l l  three ca s e s  there i s  an 

opt imum g lucose consumption rate for hydroxylation ( al though 

in the case of the data in Table 7 . 4 (D = 0 . 11 9 h - l ) fur ther 

exper iment s would be r equired to determine i t s  exac t po s i tion)  . 

However , the optimum qg l  varies wi th di lu.tion ( grow·th) rate 

as s hown i n  F igure 7 . 1 2 . Thu s , to determine if the spe c i f i c  

g rowth rate does have a n  i ndependent effect o n  hydroxyla tion , 

i t  "VJOuld not be valid to s impl y  c ompare resu l t s  a t  d i f ferent 

Thi s  i s  d i lu tion rates a t  whi c h  the qg l  values ar e the same . 

bec au s e  an organi sm ' s  energy requir ements are norma l ly 

proport ional to dilution ( growth ) rate ( neg l e c t i ng any 

main te nance energy ) . Thu s , t he consumed g lucose c an be 

env i saged as compr i s i ng two components ( under non-growth

l im i t i ng cond i tions ) i . e . , 

( i )  that propor tion whi c h  i s  metabo l i sed d ir ectly 

to provide energy a nd carbon for g r owth , 

and ( i i )  the remaining propor tion whi c h  i s  converted to 

other products ( in P .  fi lame n to s a  f . sp .  

m i c r o s c Z e r o t i a  s torage mater i a l  appear s to be a 

ma j or produc t )  

The r e f or e ,  two cu ltu r e s , each a t  d i f ferent growth rate s , w i l l  

have d i f ferent d i s tr ibut ions be tween these two c omponent s  

given the same g lucose con sumption rate . If  the degree of 

g lu c o s e-repr e s s ion i s  r e l a ted to the exc e s s  g lucose uptake , 

then the same qg l value , f or c u l tures a t  diff erent growth 

r a te s , wi l l  not exer t the same repr e s sive inf luenc e . Thus , 

a cu l ture parameter i s  r equ ired whi ch i s  independent of 

growth rate , but wh ic h d e s cr i be s  the degree o f  g lucose 

r epr e s sion , i n  order to c ompare fermentatio n s  a t  d i f ferent 

g r owth rate s . 
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T able 7 . 3 The complete experimental data s e t  for F igure 7 . 1 0 

D 

(h -1 ) 

0 . 028 

0 . 028 

0 . 028 

l.J. a  

(h -1 ) 

0 . 023  

0 . 022 

a 

so s MDW 

(g/1 ) (g/1 ) (g/1 ) 

1 . 58 0 . 1  2 . 80 

2 . 50 0 . 0 3 . 76 

8 . 90 0 . 0  9 . 90 

MPN 

% (w /w) 

7 . 0  

6 . 8 

2 . 7  

MNC 

(g/1 ) 

0 . 196 

0 . 2 56 

0 . 26 7  

qg1 
(g/g N . h) . (g/g DW. h) 

0 . 21 0 . 015 

0 . 28 0 . 018 

0 . 9 3 0 . 025  

for explanation of why lJ. � D ,  refer to section 7 . 3 . 2 ;  
lJ. could only be calcul ated for N - l imi ted cul ture s ,  i . e . 1 
when MNC � 0 . 2 1 g/1 . 

qll B 
(rng/g N . h) 

22 . 6  

3 7 . 7  

14 . 5  

q19 
(rng/g N .h) 

2 3 . 3  

43 . 9  

17 . 0  

1-' 
0"\ 1.0 



0 . 10  
2 
s: 
0 
Ol -Ol ..... 

w 1-� 
0: 

z 
0 i= 0. 
� 0.05 :::> 
(f) 
z 
0 () 
w 
(f) 
0 () :::> ...J 0 

2.0 8 

� 
z 
Ol -Ol ..... 

6 
w 1-� 
0: 

z 
0 i= 0. � 1 .0 4 :::> 
(f) 
z 
0 () 
w 
(f) 
0 () 2 :::> ...J 0 

,., 40 .c z 
Ol -
� ..... 

w 1-� 30 0: 
.z 
Q 1-
:5 
>-
X 
0 20 0: 
0 
>-
J: 

() 
ii; () 
w 
0. 10  (f) 

0 1 2 3 4 5 

INLET GLUCOSE CONCENTRATION (g/1) 

F igu r e  7 . 11  E f f e c t  o f  feed-med ium g lucose 
concentra tion on the spec if i c  rate s 
of cortex o lone hydroxylation at 

1 7 0  

,., 
0 � - ..... 

Ol z ..... 
w 1-

J: 0 
0 � 
w � 
� w 

>-
() 0: 

0: w 0 0. 
...J ...J � � 
:J :J 
w w () () 
>- >-
� � 

D = 0 . 1 1 9  h-1 . Legend as for F igure 
7 . 5 .  

. 



Tab le 7 . 4 The complete experimenta l data s e t  for F i gure 7 . 1 1  

D 

{h -1 ) 

0 . 119 

0 . 119 

0 . 119 

a 
l.l 

(h -1 ) 

0 . 110 

0 . 106 

0 . 104 

So 

{g/1 )  

2 . 10 

3 . 93  

4 . 35  

s MDW 

(g/1 ) (g/1 ) 

0 . 0  3 . 2  

0 . 0  4 . 6  

1 . 0  4 . 0 

MPN 

% (w /w) 

7 . 1  

5 . 1  

6 . 0 

MNC 

(g/12_ 

0 . 22 7  

0 . 2 3 5  

0 . 240 

qg1 
(g/g N . h ) , (g/g DW. h) 

1 . 10 0 . 078 

1 . 97 0 . 101 

1 . 65 0 . 099 

a 
for explanation of why l.l t D ,  refer to section 7 . 3 . 2 .  

q11 (3 
(mg/g N . h) 

3 7 . 7  

12 . 8  

:2 . 8  

q19 
(mg/g N . H) 

48 . 9  

12 . 8  

11 . 7  

f-' -...] 
f-' 
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versus d i lution rate (0)  and 
spec i f i c  growth rate (e)  . 
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P lots o f  myc e l i a l  nitrogen concentration ( MNC ) and 

myc e l i a l  per c entage ni trogen (MPN) v e r sus S . , for a l l  the 0 
exper imental d a ta are shown in F igure 7 . 1 3 . From the shape o f  

the MNC . ver s u s  S0 curve it c a n  be deduced that the c u l tu r e s  

chang e from a s ta t e  of carbon- l im i ta tion to ni trogen-l imi ta tion 

at approx ima tel y  s 0 = 2 g/1 . The spread of data points on the 

" n i trogen-l imi ted " port ion of the curve is largely due to 

d i f fer ing amounts of i nterna l - f eedback of bioma s s  ( see sec tion 

7 . 3 . 2 ) a t  the d i f f erent d i lution rate s s tudied , and i f  the 

appropr iate correc tions were made a l l  point s wou ld f a l l  a t  

MNC = 0 . 2 1 g / 1  ( the n itrogen concentration o f  the f eed 

med ium ) . S ig n i f i c antly , the highes t  hydroxyl a tion rates 

observed at a l l  three d i lut ion rates coincide wi th 

approx imatel y  the same S0 va lue ( ea .  2 . 1 0 g/1 ) . Thu s , the 

point o f  chang e in the growth-l imi t i ng nutrient ( c arbon 

l imitation to ni trogen l imitation)  i s  approx imately the 

same point a t  which max imum hydroxylation rates were 

ob served . Furthe rmor e ,  the myc e l i a l  percentage ni trogen 

(MPN ) appea r s  to be dependent only on S0 and independ ent of 

d i lution rate ( F ig . 7 . 1 3 ) . I t  would appear , therefor e , that 

MPN may be a u seful p arameter to d e s cr ibe the amount of 

exc e s s  carbon mat er i a l  i n  the myce l i a , and so the deg r e e  of 

glucose repre s s ion . If thi s  paramet er is indeed i ndependent 

of growth r a t e , then it would serve as a means of compar ing 

exper iments a t  d i f f er ent d i lution rates . F igure 7 . 1 4  shows 

plots of MPN ver sus qg l for a l l  the fermenta tions whe r e  a 

s tate of n i trogen-l imi ta tion ex i s ted . The d i f ferenc e s  i n  the 

s l opes of the l i ne s , depend ing on whether qg l i s  expres sed 

in terms o f  myce lial n i trogen ( F ig . 7 . 1 4 ( a ) ) or myce l i a l  dry 

weight (Fig . 7 . 1 4 ( b ) ) ,  ref lec ts the fact that muc h  of the 

add i tional g lu c o se uptake results i n  d irect incorporation 

o f  carbon s torage ma ter ia l s  into the myc e l ia l dry weight . 

Con s ider ing F igure 7 . 1 4 ( a ) , the c onvergence of the l i ne s ( for 

each d i lu tion r ate ) to approx ima tely 9 . 2 % (w/w ) , by ex tra 

pola ting t o  qg l  = 0 ,  i s  o f  cons iderable s ignif icance . Thu s , 

by compar ing the MPN under cond i tions where the organ i sm i s  

s tarved o f  g lu cose , a nd he nc e when there wou ld pr e sumably be 

no carbonac eous storage mater i a l  in the myc e l i a , the conv ergence 

t o  approx ima t e l y  the same value at all d i lu tion r a te s  ind i ca te s  
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that the "ba s ic " n i trogen c o ntent of the myc e l i a  i s  

approx imate l y  independent o f  growth rate . Thi s  i s  no t 

unexp e c t ed . T he n i trogen c ontent of the myc e l ia w i l l  be 

di str ibuted i n  two main component s ;  prote in ni trogen and 

nuc l e ic a c id nitrogen ( RNA ma inly ) . Cel l  wal l  c h i t i n  a l so 

contains nitr ogen but i s  not a ma j or contributor ( Solomon s ,  

1 9 7 5 ) . The RNA content of t he myc e l ia i s  the only component 

whi c h  wi l l  vary s igni f i cant l y  w i th d i lu tion rate ( Solomons , 

1 9 7 5 ;  K im and Lebeau l t , 1 9 8 1 ) . However , i t  h a s  be en shown 

wi th Pe n i c i l l i um cyc l o p i um g rowing a t  moderat e l y  low d i l ution 

rates ( <  0 . 1  h-l ) , that the RNA-ni trogen wa s l e s s  than 1 5 %  

of the mycel i a l -tota l - n i trogen and var ied only s l ightly 

wi th d i l ution rate ( K im and Lebeaul t , 1 9 8 1 ) . Thu s , i t  

may b e  a ssumed that the " ba s ic "  mycelial perc entag e ni trog en 

of P. fiiame n to s a  f . sp .  m i c r o s c l e ro t i a  myce l ia shou ld not have 

var i ed greatly with d i lution r a te , as Figure s  7 . 1 3  and 7 . 1 4 ( a )  

ind i c ate . 

Ther e for e , on the ba s i s  that MPN i s  a mea sure of the 

amount o f  exc e s s  g luco se uptake by the organism and , i nd irec t l y , 

of the d egree of catabo l i te repr e s s ion , i t  wa s po s s ib l e  to 

ind epend ently analyse the r e su lt s  for the e f f e c t  of g lucose 

repr e s s ion and growth rate . Thu s , a mu ltipl e - l inear-

regre s s ion ana l y s i s  of the d ependenc e of the rate of 1 9 -

hydrox y lation on the g rowth rate and MPN wa s per formed (Append ix 

C ) . T h e r e s u l ts showed tha t  whi l e  MPN wa s h ig h l y  s igni f icant , 

growth rate was not s igni f i c ant ( at the 9 5 %  conf idence l eve l )  . 

Neg l e c ting g r owth rate , F igure 7 . 1 4  g ives a p l o t  of q1 9  ver sus 

MPN f or all the nitrogen-l im i ted fermentations . W i th the 

exception of the two exper iment s  at D = 0 . 1 1 9 h - l  ( where q 1 . g 
wa s re la tively high)  , the d a ta fal l  almo st onto a s traight 

l ine . Apparent ly , a t  the ex treme cond i tions of the deviant 

data poi nt s , thi s simp le mode l  does not app ly . Perhaps 

increa sed myce l i a l-RNA is s ignif icant at thi s  g rowth rate . 

Since i t  i s  the protein-ni trog en whic h  i s  a s sumed to mea sure 

the myce l i a l  activ i ty , an i ncrease in RNA-ni trogen wi l l  

decrease the pro te in-ni trogen c ontent o f  the myc e l ia c ompared 

wi th myc e l i a  at lower growth r a te s .  Thu s the myc e l ia l -tota l 

nitrogen data a t  D = 0 . 1 1 9  h -l may over -es tima te , in relative 

terms , the prote in component o f  the myc e l ia c ompared to myc e l ia 

at l ower d i lution rate s . I f  prote in-nitrogen rather than 



-.c 
z Cl ...... Cl 
E -
UJ 1-< a: 
z 0 
i= < ...1 >-X 
0 a: 0 >-:r: 
() !!; 
() 
w 0. 
Cl) 

1 7 7  

60 

50 

40 

30 

20 

131 
• 

1 0  

0�--------L-------�--------�--------�--------� 

0 2 4 6 8 1 0  

MYCELIAL PERCENT AGE N (%) 

Figu r e  7 . 1 5  Spec i f ic rate o f  1 9 -hydroxylat ion ver sus 
mycel ial percentage ni trogen . Re spect ive 
symbo l s  refer to d i lution rate , as fol lows : 1 D = 0 . 0 2 8  h- 1  ( 4 ) ; 0 . 0 6 4  h- 1  (e) ; 0 . 0 9 1  h-

(+) ; 0 . 1 1 9  h- I  ( • ) .  



, · ,  

1 7 8  

total - n i trogen c ontent of the myce l ia had been mea sured , the 

deviant d a ta points of F igure 7 . 1 4  may fall closer to the l ine 

than i s  presently the case . 

7 . 3 . 4  Conc l u s ions 

Muc h  o f  the ana l y s i s  of the pre sent d a ta has been 

g iven i n  terms o f  the spec i f ic r a te o f  1 9 -hydroxy l a tion 

( q1 9 ) ,  for reasons of simp l i c i ty . Although s l ight var iations 

in the ratio of the two hydrox y l a t ion activ i ti e s  wer e  observed , 

the spec i f ic rate of l l B -hydrox y lation ( q1 1 8 ) rema i ned i n  

approx imate l y  constant proportion w i t h  q1 9 . Thus the 

c onc lu s ions appl y  equally to bo th hydroxylations . 

The r e su l t s  of thi s s tudy ind icate that the spe c i f i c 

grow�h rate of the cu l ture , at lea s t  under ni trogen-l imi ted 

condi tions , is not of ma j or impor tance in the hydrox y l a t ion 

of cor texolone by P. fi l am e n t o s a  f . sp .  m i c ro s c l e ro t i a . Some 

form of g lu cose-repre s s ion i s ,  however , of considerable 

s i gn i f ic ance and a carefu l cho i c e  of medium compos i tion i s  

vital t o  achieve maximum hydrox ylation activ i ty . The 

optimum cond i tions for hydroxyla t ion appear to ref l e c t  a 

bala�ce between suf f ic ient metabo l i sm of a read i ly - ava i l able 

carbon source ( in thi s c a s e  g lu cose ) and a s tate o f  r epres sed 

ac t iv i ty when exc e s s  uptake o c c ur s . Wi th the med ium u s ed 

in thi s s tudy , the opt imum poi n t  a t a given growth rate , 

c o i nc id e s  wi th the qg l  value a t  whi c h  the cu l ture i s  only 

j u s t  n i trogen- l imi ted . The MPN can be u sed a s  a " marke r " 

for thi s  point . Under carbon- l imi ted condi tions the spec i f i c  

hydroxylation rates dec l i ned a s  qg l  approached zero , probably 

becau se o f  insu f f i c i ent carbon metabo l i �m to ma inta in f u l l  

expre s sion of t h e  hydroxylase e nzyme ( s )  ( po s s i bly , the use of 

the HMP pa thway i s  restr i c ted under the se cond i tions ) .  

I t  shou ld be pos s ibl� to app ly the s e  f ind ings 

to batch f e rmenta tion . The mai n  d i f f erenc e be tween batch 

and continuous cu lture is that in the latter the growth of the 

organ i sm i s  always l imi ted by the ava i l abi l i ty o f  a nutr ient , 

wherea s ,  in the former the org ani sm grows a t  �max u n t i l  some 
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nutr ient become s l imi ting . T hu s , to con f idently apply these 

r e s u l t s , a f ed -batch cu l ture technique should be u sed , where 

a med ium , composed of g lu c o s e  ( 2 . 1 0 g/1 ) and yeas t-ex trac t 

( 2 . 0  g/1 ) , i s  s lowly fed to the cu l ture at such a rate that 

g rowth wi l l  a lways be ni trogen- l imited . The exa c t  rate of 

f eedi ng shoul d  not be important , s inc e spec i f i c  g rowth r a te 

( a t  lea s t , w i thin the range s tudied) i s  apparently no t an 

important f a c tor , u nder N - l imit ing cond i tions . This appro a c h  

s hould ma intain the cu lture at the point o f  max imum 

hydroxyl ation rate . 

In many c a s e s  o f  ster o id transforma t ion , var iations 

in med ium c ompo sition have been found to influence the 

proce s s . Ryu and Lee ( 1 9 7 5 ) , s tudying the 6 1 -dehydrogenati on 

o f  9 a - f luoro-l l S , l 6a , l 7 a , 2 1 -tetrahydroxy- 4 -pregnene - 3 , 2 0-

d ione by A r t hrobac t e r  s imp l ex i n  a two - s tage chemo stat proce s s , 

f ound that high med ium conc entration repr e s s ed enzyme 

productiv i t y . Further , Mar sheck ( 1 9 7 1 )  des cribed a number o f  

s i tuations where variation o f  a par ticular medium component 

great ly a f f ec ted s teroid transformat ions . The results of the 

pre sent s tudy c learly s how that ca tabol i te r epre s s ion of 

s teroid hydroxyl at ion does . take place , and that opt ima l 

f ermentation c ondi tions can be described . I t  i s  probab le 

that thi s  phenomenon wi l l  occur in many stero id hydroxylation 

pro c e sse s . A sear c h  for cond i tions where repr e s s ion is  

m i n ima l cou ld resu l t  in sever a l -fold enhancement of hydroxy l a 

t ion ra tes in suc h s i tu a t i on s . 
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CHAPTER 8 

F INAL D ISCUS S ION AND CONCLU S IONS 

The f e a s i b i l ity o f  a microbio logical proc e s s  for 

the 1 9 -hydroxyla tion of steroids has been inve s ti g ated . The 

c ommer c i a l  attra c t ion for such a proce s s  i s  cons iderab l e , 

s ince 1 9 -hydroxyl ated steroids are precur ors . o f  the va l uab l e  

1 9-nor s teroid s . However , s inc e a chem i c a l  route to such 

compound s i s  pre sently u sed , a microb i a l  proce s s  mu st o f f e r  

s igni f icant advantages in order t o  d i s p l ace i t . I n  the 

context of New Z e a land indu stry , one immediate advantage of 

such a process is  that expens ive , imported c h�nic al 

reag ent s  are not r equired . 

The starting point for thi s proj ect was an 

examination o f  fungi imp l icated in the l i terature a s  

med ia t ing · st-eroidal 1 9 -hydroxy l at ion . · - S ince . . the. abi l i ty to 

1 9 -hydroxylate s te r o id s  wa s recogni sed as po s s ib l y  being 

sub strate spec if ic , the trans format ion of several substrates 

was examined ( v i z , 4 -andro stene- 3 , 1 7 -d ione , prog e s terone , 

and cortexolon e ) . Both P .  fi l am e n to s a  f . sp .  m i c ro s c l e ro t i a  

IFO 6 2 9 8  and s a s a k i i  IFO 5 2 5 4  wer e  abl e to 1 9 -hydroxylate 

cortexolone 1 but not the other two subs t rate s .  Desp i te 

c la ims in the l iterature , none o f  the Pe s t a l o t i a  spe c i e s  

whic h  were examined cou ld per form thi s trans forma t ion on 

any o f  the sub strate s .  P.  fi lame n to s a  f . sp .  m i c ro s c l e ro t i a  

IFO 6 2 9 8  wa s f in a l l y  cho sen a s  the mos t  suitab l e  organi sm 

for fur ther stud y . In trans forming cortexo lone , thi s 

organ i sm produced a mixture o f  mainly l l S -hydroxy- and 

1 9 - hydroxycor texolone . Both the se compound s are potent i a l l y  

valuable . 

Although y ield improvements wou ld be nec e s s ary in 

the deve lopment o f  thi s proc e s s , the pre sent study conc entra

ted on improvi n g  the cortexolone -hydroxylat ion rate of 

P. fi lame n to s a  c ul ture s . Thu s , the e f fects o f  d i s solved oxygen 
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tens ion on the induc t ion and expre s s ion of the induc i b l e  

hydroxyl ase s y stem were i nve st igated . Optimal conditions f o r  

e a c h  pha se were d e s c r ibed and , noteably , the optimum f o r  

induct ion of activity ( DOT , 1 5 %  o f  s aturation ) occurred a t  a 

relatively low DOT leve l . Thi s i s  s imilar to the optimum 

condi tions d e s c r ibed for the induct ion of many cytochrome s i n  

m icrobial c e l l s , in particular , cytochrome-P4 5 0  whi c h  

medi ates hydrox y l a t ion of many c ompound s ,  inc luding steroid s . 

The optimum DOT for expr e s s ion o f  ac tivity was a t  3 0 %  o f  

saturation . 

The e f fects o f  g lucose consumption rate and growth 

rate were i nve stigated us ing c hemo s t at cu lture s of the 

organi sm .  The importance _ of g luco se metabol i sm to the 

hydroxylation proc e s s  was ' demon strated . Thus , w i t h  g l u c o s e 

l imited c u l ture s , decreased hydrox y l a t ion r a t e s  were obse rved 

w i th decrea s ing glucose consumption r a te s , pos s ib l y  a s  a 

r e su l t  o f  t he r e stric ted avai lab i l i ty o f  NADPH , whic h  i s  

requ ired for hydroxyl a t ion t o  occur . Conver sely , with 

n i trogen- l imited culture s , it  was observed that t he hydroxylase 

system i s  s ub j ect to glucose repr e s s ion . Thi s  f ind ing is  o f  

considerabl e  s igni f i c ance not only to this trans formation , but , 

i f  s imi lar phenomena ho ld , to steroid hydroxyl a t ion proce s se s  

i n  general .  The r e l i e f  of repre s s ion , where i t  ex i s t s , could 

g ive severa l - fold i ncreases in hydroxylation rate s , whic h , bn 

the indu s t r i a l  s c al e , would mean more e f f i c i ent u se of ava i labl e  

fermenter - space . Interesting l y , t he spec i f i c  g rowth rate o f  

the culture , a t  l east under ni trogen-l imited conditions , 

i s  apparently unimportant in terms o f  the rate o f  cortexo lone 

hydroxyl ation . Thu s , trans format ions u s ing fed -batch c u l ture s , 

where spec i fi c  growth rate wi l l  vary , should s t i l l  y ie l d  

optimal rat e s  o f  hydroxylation provid ing the glucose 

consumpt ion rate of the c u l ture i s  controlled . 

The inve s t igations d e s c r ibed in th i s  t he s i s  have 

genera l ly , only i nvolved mea surement s o f  initial hydroxyl ation 

rate s .  Thu s , factors whic h may b e  important at high product 

concentration s , such as product i nhibition , could be ignored . 

The pos s ib i l i ty o f  product inhib i t ion o f  hydroxylation wa s 
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suggested by a p r e l iminary exper iment ( see sec tion 5 . 1 0) and 

warrants fur t her inve st igat ion . Al s o , evidenc e ha s been 

presented whi c h  s ugge s t s  that the hydroxylase enz yme - s y s tem , 

or s ome c r i t i c a l  component of i t , may be rapidly " turned over " .  

Thi s imp l i e s  that trans c r iption and prote in synthe s i s  a r e  

continually o c curr ing a s  hydroxylation proceed s . Thus , 

condi tions w hi c h  promote opt imal induct ion of activi ty may 

be nec e s sary t hr oughout the tran s formation to maintain the 

same enzyme t i tr e . Thi s wou ld be s i gn i f i cant when op timal 

cond i tions f o r  e xpre s s ion o f  the induced en zyme d i f fe r  f rom 

tho se conditions for opt imal i nduction . Such i s  the c a s e  i n  

re spect of DOT . 

The que s tion of .whether one or two enzymes are 

responsible for t he l l B - and 1 9 -hydroxylating ac tivi t i e s  

o f  the organi sm has b een di scussed b r i e f ly in s e c t ion 5 . 2 .  
Var i ation in the product concentrat ion r atio e i ther dur ing 

an experiment , o r  between d i f feren t experiment s ,  i s  

inconsi stent w it h  a model suggesting a s ing le e n z yme . In this 

respect , some variation has been noted dur ing the cour se of 

t h i s  study . Thu s , t he evidence obta ined sugge s t s  that the 

two activi t i e s  are the r e su l t  o f  s eparate enzyme s . H oweve r , 

condi tions h av e  no t b een descr ibed whi c h  enab l e  s igni fi cant 

manipu lation of t he ra tio of produc t s . This wou ld r epresent 

a u se ful goa l for further resear c h . 

For deve lopment o f  thi s proces s  in the longer term , 

improvement i n  hydroxyl ation y ie l d  wou ld be nece s s ary . The 

unaccountab l e  l o s s e s  of s tero id whi c h  have been observed , 

appear to proceed v i a  metabol i sm o f  cortexolone i n  a pathway 

paral l e l  to the hyd roxyl ation proce s s . Thus , the hydroxy 

products are t hemse lve s stabl e .  The u s e  of chemic a l  i nhibi tion 

or mutagene s i s  to b lock this degrad ation pathway has been 

sugge sted . I n  s imi l ar deve lopment work on the l l B -hydroxylation 

o f  cortexol one by Curvu Z ar i a  Z u n a t� , desc ribed by Du l aney and 

Stap l ey ( 1 9 5 9 ) , mut agene s i s  wa s the only approac h which gave 

any improvement in yield . The s i tuation in th i s  c as e  was 

s imi lar to the pre sent work . That i s , 1 1 6-hydroxycortexo lone 

was a stab l e  produc t ,  but cortexolone losses were occurr ing , 
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apparently , via a paral l e l  degrad ation pathway . Certainl y , 

mutation , a s  a means o f  strain improvement , ha s long b een an 

e s sent i a l  part of mi crobio log i c a l  process development i n  

industr y . 

The sub s trate spec i f i c i ty o f  P .  fi l ame n to s a  f . sp .  
m i c r o s c l e ro t i a  IFO 6 2 9 8 , in term s  o f  1 9 -hydroxyl a tion , h a s  

been d i s cu s s ed . Whi le minor c ha ng e s  in i the C - 1 7 - s ide c hain 

do no t a f f e c t  the organi sm ' s  abi l i ty to 1 9 -hydroxylate 

s teroid s ( se e  Tab l e  2 . 2 ) , c ompound s po s s e s s ing qui te d i f ferent 

s ide chains ( i . e .  proge sterone and andro stenedione ) were 

unable to be s imi l ar ly trans formed . There cou ld b e  great 

advantage s in fur ther stud i e s  of subs trate structure e ffects , 

s ince the s cope o f  a 1 9 -hydroxyl ation proce s s  i n  an i ndustr i a l  

context could b e  more thoroughly eval uated . 

To summarise , further work i s  nece s sary before 

def ini te conc lu s ions can b e  d rawn as to the potent i a l  of a 

microb i o lo g i cal 1 9 -hydroxy l a t i o n  proc e s s . S inc e thi s 

t r ansformat ion i s  very rare among mic roorgani sms i t  i s  l ikely 

that P .  f i l ame n to sa f . sp .  m i cro s c l e ro t i a  I FO 6 2 9 8  is the 

mo st suitable organism avai l ab l e , and more s c reening work wou ld 

be unl ik e l y  to return further b ene f i t . Whi l e  proce s s e s  based 

on sub strates o th er than cortexolone wou ld be attrac tive , the 

proce s s  investigated in thi s  thes i s  doe s have commer c i a l  

appl i ca t ion . I n  r e spect o f  mic robiological steroid -hydroxy lation 

in gener a l , the results of thi s s tudy have cons iderab l e  

s igni f i c a n ce . Thus , the impor tance o f  the d i s so lved oxygen 

ten s ion in the c u l ture med ium , as f ir s t  demon strated by Han i s ch 

e t  a l . ( 1 9 8 0 )  h a s  been fur ther reinforced by the present s tudy . 

Also , the f indings in r e s pec t o f  g lucose repre s s ion and the 

genera l importance of the organ i sm ' s  metabo l i c  s ta t e  may be o f  

cons iderabl e  s igni ficance t o  o ther s teroid hydrox y l at ion 

proce s s e s . 
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THE D I SSOLVED OXYGEN TENS ION CONTROLLER 

A . l  I ntroduct ion 

1 9 7  

· Many d i f f erent method s have been d e scr ibed for achieving 

control of d i s solved oxygen ten s ion ( DOT ) in f ermenter 

c u l tu r e  ( for examp l e , F lynn and L i l l y , 1 9 6 7 ; Vincent , 

1 9 7 4 ) . In particu l ar , variat ion o f  agi t at ion speed ( o f ten 

in c ombination w i th aerat ion-ra te contro l )  s e ems to be t he 

mo s t  popular control me thod , with several recent pub l i c ations 

d e s c r ib ing i t s  app l ic a tion ( Yano e t  a l , 1 9 7 8 ; Yano e t  a l � 

1 9 7 9 ;  Kobayashi e t  a l , 1 9 8 0 ; Landwa l l , 1 9 8 0 ) . C on�er c i a l  

c ontro l ler s , whic h  u ti l i ze thi s contro l mechanism , a r e  a l so 

ava i l ab l e . There i s , however , l ittl e information regard ing 

the techn i c a l  d e tai l s  of achieving thi s type of c ontro l . 

Furthermore , no l i ter ature i s  ava i lable regarding t he 

control dynamics or how to de s ign for a robu st and rapid ly 

converging system . 

. The DOT - contro l ler d e s c r i bed was deve loped to provid e 

h i g h  p rec i s ion contro l  requiring a mi nimum o f  manu a l  ad j u s tment . 

A . 2 The Equ ipment 

The contro l l er was d e s igned to uti l i ze the 0 - 1 0  mV 

output from the D0-4 0 D i s solved Oxygen Ana lyser ( sec tion 

3 . 5 . 2 . 1 )  as the proce s s  i nput , with the f ina l control 

e l ement being the speed of the DC-motor ( s tandard for the NBS 

F - 2 0 0 0  Cu l ture Apparatu s ) whic h  d r ives the ag i tator . A b lock 

d i ag r am of the control loop is s hown in Figure Al . 

The probe signal i s  pro c e s sed by the D0- 4 0  analyser to 

give a meter indication of the DOT and a 0 -1 0  mV ( f sd ) output 

for c hart recorder operat ion . The instrumentat ion amp l i f i e r  

provides high common-mode re j ec t ion and a high i nput imped anc e . 

The pre-amp l i f ied s ignal i s  pas sed through a second order l ow-
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pas s  f i l ter befor e being amp l i f i ed to provide a s ignal i n  the 

range � 5V to + 5V . Thi s s ignal , �epre senting the mea sured 

c u l ture DOT level i s _ subtracted . from a vo ltage 
r�pre senting �he required set-poi�t va lue for 

mea sured DOT . The resul ting error s igna l  i s  p a s sed to a 

Propor tion a l - I ntegra l ( P I )  control l e r . A final output s t age 

condi tions t he control s ignal to provide the correct polarity 

and vo l tage range . Thi s  output stage cou ld be al tered to 

su i t  any s igna l requirement s . A fu l l  c ircuit d iagram i s  shown 
+ -

i n  Figu r e  A 2 . The control -board power supply (V and V ) was 

provided by cond i t ioning t he vol tage output from a + 1 0  V ,  

centre-tapped trans former ( Trotman E l ec tron i c s  Ltd . , Auckland , 

New Z ea l a nd )  The c ircu i t  d i agram f o r  thi s i s  given i n  

F igure A3 . 

The f ina l output voltage , contro l s  the DC - motor speed 

via a thyri s tor motor- speed c ontro l unit ( suppl ied by t he 

Department o f  I ndu stri a l  Management and Eng ineering , Ma s sey 

Univer s i ty ,  New Z ea land ) . Thi s  unit had the u se fu l  fac i l l ty 

that a minimum motor- speed cou l d  be set , and henc e , a minimum 

f ermenter agitation rate ensured . The f inal output s tage of 

the control ler c ircu i t  wa s ad j u sted such that t he agi tator 

speed c hanged from 0 to l O O O  rpm as t he outpu t from t he P I 

control l er changed from - 0 . 5  to +0 . 5  V .  The c a l ibration 

character i s tic is shown i n  F i gure A 4 . When automa t i c  control 

wa s not required , manual speed control was ava i l ab l e . 

The �I-contro l l er c ircu i t  i s  reproduced in F igure 

AS . 

The tran s f e r  func t ion for t hi s  c i r c u i t  i s : 

Vou t . R2 1 !. ]  -- = - [ - + v .  l. n  Rl R1 C s 

1 
= KC [ 1 + TI S ] ( 1 )  

wher e , Proport ional Gai n , K 
R 2 = 

c R . 
1 

( 2 )  

I ntegra l Time Constant , '1' = R2C I ( 3 )  
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F igu r e  AS The PI-control l er c ircu i t . 

>---...-1----- V out 

( Coughanowr and Koppel , 1 9 6 5 ) . 

I n  the t ime domain , the tran s f e r  funct ion ( equation 

( 1 ) ) , bee ome s : 

vout = Kc [ vin + SVin J d t  
T I 

( 4 )  

2 0 3  

I f  the input to t hi s  circuit suddenly changes from 0 to 1 

( step inpu t )  , the output w i l l  behave a s  shown in F i gure A 6. 

The inc lu s ion of an integra l  term i n  proportional contro l ler 

ac tion ensures that there is no control led -variable o f f - set , 

a s  occurs with proportiona l control . 

A . 3 Contro l ler Tuning 

I t  wa s nec e s s ary to obtain settings for the c ircu i t  

variabl e s  R1 , R2 , and C ,  such that , adequate tran s ient 

behaviour o f  DOT wa s obta ined . Th i s  can be done ana lyti c al l y , 

by charac t e r i sing the var iou s s tages in the contro l loop 

( F i g . Al ) . However , the stage s invo lved in thi s  r e l a t ionship 

between a g i ta tion speed and the measured c u l tu r e  DOT , tend to be 

" hig hly . non-l ine a r , as  d e s c r ibed below . 



( 5 )  • 

V out 

1 

F igure A6 The " step -r e sponse " behavi our 
o f  the P I -control ler . 

slope = Kc 
T, 

L-----��----------------� t 

2 0 4  

The trans ient behaviour o f  DOT i s  governed b y  equation 

dD 
dt 

= K ( D *  '"'" D )  ( 5 )  
H 

where , D i s  the c u l ture DOT ( atm ) 

D *  i s  t he oxygen par tia l pre s sure i n  the gas 
phase ( atm) 

K i s  t he vo lume tr i c  oxygen tran s fer coe f f ic ient 
( s""' l ) 

Q0 i s  the volume t r i c  oxygen consump tion rate o f  the 
2 cul ture (mmole s/l . s ) 

H i s  t he Henry ' s  Law Constant for the solut ion at 
the preva i l ing tempe rature ( atm . l /mmol e )  

By varyi ng agitation speed , i t  i s  the coe f f i c i ent K whic h  i s  

manipu l ated . The dependence o f  K on agitation speed N typica l ly 
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obeys a power l aw , a s  i n  equa tion ( 6 )  ( Aiba e t  a l . ,  1 9 7 3 ) . 

K = p con s tant • N ( 6 )  

D i s so l ved oxygen probes , u sed i n  fermenter stud i e s , do no t 

r e s pond i n stantaneou sly to change s in DOT ( Lee and T sao , 

1 9 7 9 ) . The probe u sed in the pre sent s tudy was no except ion 

and a 9 0 %  re spo� se to a step change requ ired approximately 

90  second s . The r e spons e  to a sudden c hange from deoxygenated 

water to air- satu r a ted water ( at 3 0°C )  i s  s hown in F igure A 7 . 

Thi s s tep response curve c an be described as fo l lows ( Lee 

and Tsao , 1 9 7 9 ) , 

where , 

D - D 
0 

D - D s 0 
= · l  -kt e 

i s  t he i n i t i a l  DOT ( atm) 

i s  the final DOT ( a trn) . - 1  i s  t h e  probe constant ( s  ) 

( 7 )  

Thi s  probe c harac teri stic const i tute s a measurement lag in 

the contro l system . 

The d i f f ic u l ties o f  a purely ana lyti c a l  approach to 

contro l l er tuning are inherent in the non- l inear i ty o f  

equ a t ions ( 5 )  and ( 6 ) . Hence i a s impl i fied approach was 

u sed , in whi c h  the sys tem was as sumed to behave as a f i rst

order proc e s s  w it h  the probe re sponse descr ibed a s  a " dead 

t ime " l ag . Th i s  enabl ed the value s for KC and T1 to be 

derived from t he proce s s  reaction curve met hod of Cohen and 

Coon ( 1 9 5 3 ) . T h e  c lo sed- loop system was t hus repre sented 

as shown in F i gure A8 . The proce s s  variab l e s  Kp ' Td ' and 

L were der ived from a pro ce s s  reaction curve . Thi s  curve 

wa s obta ined by subj ect ing a fermenta tion to a step-change 

in agitation speed and measuring the DOT react ion curve . 



F i gure A8 The c lo sed - loop b lock d iagram . 
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Examp l e  

The proce s s  reac tion curve of F i gu re A9 . w a s  obtained 

by subj ecting a fermenter cu l ture to a step-change in 

agitation speed of 2 0 0  rpm (�P )  . By the construct ion method 

s hown in Figure A9 ; the terms �R , L ,  a nd Td were obta i ned . 

The c a l culation o f  KC and TI are accord ing to Cohen and Coon 

( 1 9 5 3 ) , as fo l l ow s : 

�p = 

�R = 

K = 
vp 

KC 
= 

= 

= 

2 0 0  rpm = 2 0 0  mV 

4 0 %  of s a tn . = 2 8  

D.R = 

D.P 

1 

K vp 

1 

0 . 1 4 

4 2  

2 8  m V = 

2 0 0  mv 

Td 

( 1

9

0 L 

1 6 0  ( !._ 
2 5  1 0  

( equ i valent P I  contro l l er 
ou tput )  

mv ( equivalent P I  control l er 
input ) 

0 . 1 4 

+ 

l 2�J 

+ 2 5  

) 1 2  ( 1 6 0 )  
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T I = 
L ( 390 

( 3 0  
= 2 5 

9 

= 6 3  s 

+ 

+ 

2 0 9 

3 L/T ) 
2 0L/T

d 

d 

+ 3 ( 2 5 ) /1 6 0 ) 
+ 2 0 ( 2 5 ) /1 6 0  

Thu s , by applying e quations ( 2 ) and ( 3 ) the P I - contro l l er 

parameter s R1 , R2 , and C c an be determ ined . 

Proportional G ain , KC 
= 

Integr a l  T ime Cons tant , TI 
= 

Choo s ing C = 1 0 0 0  � F ,  give s : 

= 

= 

6 3  

1o - 3 

6 3  X 1 0 3 

4 2  

6 3  = 

= 1 . 5 Ks-2 

= 4 2  

Further r e f i nement o f  contro l l er parameters i s  po s s ib l e  

u s ing trial and error , o r  a lternat ive l y  from examinat i on 

o f  c lo sed -loop s y stem poles . F rom t he proce s s  reaction curve , 

the proc e s s  may b e  repre sented by 

0 . 1 4  - 2 5 s e 

1 6 0 s  + 1 

The contro l l e r  de r'i ved u s ing the method of Cohen and Coon 

( 1 9 5 3 ) i s 



. 4 2  ( 1 + 1 )' 

6 3 s ' · 

a nd the open -loop transfer function i s  

3 6 . 7 5 X 1 0- 3  ( S  + 1 5 . 8 7 X 1 0 - 3 ) 

- 3  s ( s  + 6 . 2 5 x 1 0  ) 

- 2 5 s  e -. 

2 1 0  

U s ing the method s described b y  Ogata ( 1 9 7 0 ) , the roo t locus 

d i agram o f  F i gu re AlQ was derived . Thi s  may be u sed to 

determine ad j u stments to the control l er gain Kc ' to pos i tion 

the c l o sed- loop pol e s  at a satis fac tory operating point . 

A fami ly o f  loc i for different values o f  reset ga in may be 

plotted . 

Typical p e rformance c haracteri stics are shown in 

Figure Al l .  F igur e  Al l ( a )  shows the re spons e  of DOT to 

s tep c hange s in control l e r  s e tpoint . The Cohen-Coon settings 

shou ld provide for a damped , osc i l l i atory . r e s ponse , w i th a 

dec ay r a t io o f  � - T hese settings , appl ied to the real system , 

have r e su l ted in a somewha t  ove r-damped re sponse . Figure 

Al l ( b )  shows t he contro l l er per formance under typical 

proce s s  d i stu;rbance s ,  the mo s t  noteab l e  be ing ant i foam 

add i tion . 

The above approac h to control l er de s ign involved an 

approx imation to a rat her comp l ex system . The various 

non- l inear i t i e s  involved i n  the contro l- loop , requ ire that 

con tro l l er tun i ng s hould be performed under c ond i tions c l o s e  

t o  tho se a t  whi c h  t he s y stem wi l l  operate , t o  ensure the 

· "best " contro l s e tt ing s . In practice ,  howeve r ,  the same 

con tro l settings proved adequa te for a range of fermentations , 

with d i fferent oxygen demand s . Thu s , the system appears to be 

very robu st , a l t hough no attempts wer e  made to i nve stigate 

the l imi ts of stab i lity . 
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APPENDIX B Chemi c a l  Spec tra 
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Tab l e  B l  Proton and Carbon-1 3 Nuclear Magne t i c  Resonance 
spectra o f  proges terone and synthe s i sed 1 9 -hydroxy
proges terone 

· l
H-NMR 

1 3
c-NMR 

19-Hydroxy- 19-Hydroxy-
Progesterone progesterone Progesterone progesterone 

18-CH
3 

0 . 678 0 . 66 1  C20 208 . 59 C20 208 . 75 

19-CH3 
1 . 192 3 198 . 85 3 199 . 50 

19-CH2 4 . 000 ( q) 5 170 . 44 5 166 . 50 

2 1-CH
3 

2 . 1 20 2 . 10 7  4 124 . 02 4 126 . 80 

4-CH 5 . 732 5 . 930  17  63 . 6 3 19 65 . 90 

14 56 . 16 1 7  63 . 4 7  

(a)  Solvents :  CDC1
3 

9 53 . 89 14 56 . 65 

(b )" Chemical shifts ( 0 )  expres;:>ed 1 3  4 3 . 99 9 5 4 . 05 
in ppm downfield from the 

10+12 38 . 80 13  4 3 . 99 
internal standard tetramethy1-
si1ane 1+8 35 . 87 10+12 39 . 12 

2 34 . 09 1 36 . 36 

(c ) q refers to quartet 6 32 . 79 8 35 . 06 

7 32 . 14 2+6 33 . 60 

2 1  31 . 33 7 32 . 30 

16 24 . 51 2 1  3 1 . 3 3 

15  23 . 05 16 24 . 3 5 

1 1  2 1 . 26 15 2 3 . 05 

19 17 . 5 3  11  2 1 . 75 

18  13 . 31 18 1 3 . 4 7 

(a )  Solvents : CDCl3 

(b ) Chemical shifts ( 0 )  expressed 
in ppm downfie ld from the 
internal standard 
tetramethylsilane 

( c )  Assignments made by 
comparison with publ i shed 
data (Blunt and Stothers , 1977 )  . 
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T ab le B2  Proton and Carbon- 1 3  Nuclear Magnetic Resonance 
s pectra of 1 9 -hydroxycortexo lone ( product o f  the 
a ction o f  P. fi Z ame n to s a  f . sp .  m i c ro s c Z ero t i a  
IFO 6 2 9 8 on c or texo lone ) .  

1 
H-NHR 

l8-CH
3 

0 . 800 

19-CH
3 

19-CH2 
* 

2 1-CH
2 

4 . 156  (q) 

4-CH 6 . 099 

* obscured by solvent peaks 

(a )  Solvent : pyridine-d5 
(b )  Chemical shifts ( o )  expressed 

in  ppm downfield from the 
internal standard 
tetramethylsi lane . 

( c ) q refers to quartet 

13
c-NHR 

C20 2 13 . 13 

3 199 . 18 

5 168 . 17 

4 123 . 53 

1 7  89 . 60 

2 1  67 . 69 

19 65 . 26 

9 54 . 22 

14 51 . 46 

1 3  48 . 37 

10 44 . 48 

1+8 36 . 69 

1 2  35 . 71 

2 34 . 74 

16 33 . 9 3  

6 32 . 95 

7 3 1 . 6 3 

15 24 . 02 

11  2 1 . 75 

18 15 . 42 

(a )  Solvent : pyridine-d
5 

(b)  Chemical shi fts ( o )  expressed 
in  ppm downfield from the 
internal standard 
tetramethylsilane 

( c )  Assignments made by 
comparison with pub l i shed 
data ( Blunt & Stothers , 1977 ) . 
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Table B 3  Carbon- 1 3  Nuclear Magne tic Res onance spec trum o f  
l la-hydroxyproges terone ( produ c t  of the action o f  
Pe s ta l o t i a  s p .  PDDCC 3 0 6 2  o n  p roges terone ) .  

0 { ppm) 

CDC13 ( so lvent )  
C 2 0  2 0 8 . 7 5 

3 2 0 0c. 1 5  

5 1 7 0 . 7 7 

4 1'2 4 . 5 0 

1 1  6 8 ._.8 3  

1 7  6 2  .. 9�8 

9 5 8 . 9 2  

1 4  5 5 . 1 9 

1 2  5 0 . 3 2 

1 3  4 4 . 1 5 

1 0  3 9 . 9 3 

2 3 7 . 5 0 

8 3 4 . 9 0 

1 3 4 . 0 9  

6 3 3 . 4 4 

2 1+ 7  3 1 . 3 3 

1 6  2 4 . 1 9 

1 5  2 2 . 8 9 

1 9  1 8 . 1 8 

1 8  1 4 . 4 5 

{ a )  Chemical shifts ( o )  expre s sed in ppm 
downf ie ld from the interna l s tandard 
tetrarneth y l s i lane . 

{ b )  As s ignments made b y  compar i son w i th 
pub l i shed data ( B lunt and S tothe r s , 1 9 7 7 ) . 



Tab le B 4  Carbon- 1 3  Nuclear Magnet i c  Resonance Spect rum 
of putative 6 S -hydroxycortexolone ( product o f  
the action of Co r t i c i um p r a c t i co l a  IFO 6 2 5 3  on 
cortexol one ) . 

0 ( ppm) 

DMS O ( solvent)  

C 2 0  2 1 1 . 8  

3 1 9 9 . 0  

5 1 6 8 . 8  

4 1 2 5 . 0  

1 7  8 8 . 3  
* 7 0 . 9  

2 1  6 5 . 9  

9 5 2 . 8  

1 4  4 9 . 7  

1 3  4 6 . 9  

2 +1 2  3 3 . 8  

6 + 1 6  3 0 . 0  

7 2 9 . 4  

1 5  2 3 . 4  

1 1  2 0 . 1  

1 9  1 9 . 0  

1 8  1 4 . 5  

( a )  Chemic a l  s h i f t s  ( 6 )  expre s s ed i n  ppm 
down f ie ld from tetrame thy l s i lane . 

2 2 7  

( b )  As s ign ments made b y  compari s on w i th 
pub l i shed datq ( B lunt and S tothe rs , 1 9 7 7 ) . 
S igna l s  for C-1 , C- 8 ,  C - 1 0  ob scured by 
s o lvent peak s . 

* s igna l for hydroxy lated c a rbon 
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APPEND IX C 

MULTIPLE LINEAR REGRE S S I ON ANALYS I S  OF SPEC IF IC RATE OF 

( i )  

( i i )  

1 9 -HYDROXYLATION VERSUS SPEC IFIC GROWTH 

MYCELIAL PERCENTAGE NITROGEN 

q l 9 (mg/g N . h )  � ( h-1 ) 

5 0 . 4  0 . 0 5 6  

5 1 . 8  0 . 0 5 9  

3 7 . 2  0 . 0 6 3  

22 . 9  0 . 0 5 8  

23 . 7  0 . 0 8 3  

4 3 . 9  0 . 0 2 3  

17 . 0  0 . 0 2 2  

4 8 . 9  0 . 1 1 0  

1 2 . 8  0 . 1 0 6  

11 . 7  0 . 1 0 4  

Regression of q1 9  versus � I  MPN 

q l 9 
= - 1 7 4  � + 7 . 9 1  MPN 

Var iable C oe f f i c i ent S t . Dev .. . 

of Coe f . 

ll 
MPN 

- 1 7 4 . 4 9 

7 . 9 1 4  

9 4 . 3 2  

1 . 2 2 5  

with 8 degree s o f  freedom 

Ana ly s i s  o f  Var iance 

Due to DOF Sum of Squares 

Regre s s ion 2 1 1 8 2 3 . 9 5  

Re s idual 8 7 7 7 . 5 1 

Total 1 0  1 2 6 0 1 . 4 6  

RATE AND 

MPN ( % )  

7 . 4 5  

7 . 8 0  

4 . 5 7 

3 . 5 0  

4 . 1 0  

6 . 8 0  

2 . 7 0  

7 . 1 0  

5 . 1 0  

6 . 0 0  

t-ratio 

-1 . 8 5 

6 . 4 6  

Mean Squar e s  

5 9 1 1 . 9 7 

9 7 . 1 9 
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( i i i )  Ana l y s i s  o f  the s ignif i c ance o f  each var i able i n  the 

mode l ,  at t he 9 5 %  confidence l evel , can be performed 

by comparing the t-ratios with the standard t 0 • 9 5  
value for 8 dof , whic h  i s  2 .  3 0 6 . Thus ]J i s  not 

s ig ni f ic a nt at thi s  l eve l , whi l e  MPN is h i gh l y  so . 

( iv )  By e l iminating the f in a l  two rows o f  va lue s from the 

d at a  ( the experiments at D = 0 . 1 1 9  h- l  with " high " qg l 
value s ) , an even c learer regres sion i s  obtained . 

ql 9  = + 1 0 . 9  JJ + 6 . 6 2  MPN 

Var iable 

]J 
MPN 

Coe f f i c ient 

1 0 . 8 6 

6 . 6 2 0 6  

S t . Dev . 
of  Coef . 

3 9 . 0 9 

0 . 4 3 8 1  

t-ratio 

0 . 2 8 

1 5 . 1 1 

w i t h  6 degrees o f  freedom . 

( iv )  Analys i s  o f  Var iance 

Due to 

Reg res s ion 

Res idua l 

Tota l 

DOF 

2 

6 

8 

Sum o f  Squar e s  Mean Squar e s  

1 2 2 3 7 . 7 9  6 1 1 8 . 9 0 

6 2 . 9 4 1 0 . 4 9  

1 2 3 0 0 . 7 3 

(vi )  The appropr iate s tandard t0 . 9 5 value i s  2 . 4 4 7 , and by 

compar i son wi th the t-ratios of ]J and MPN , the same 

conc lu s ions as i n  ( i i i )  are even more strongly 

empha s i s ed . 
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The Effect of Dissolved Oxygen Tension on l lP- and 19-Hydroxylation 
of Reichstein's Substance S by Pellicularia filamentosa 

T. A. Cl�k, R. Chong, and i . S. Maddox 

Biotechnology Department, Massey University ,  Palmerston North, New Zealand 

Summary. The 1 1!J· and 1 9-hydroxylation enzyme(s) of 
Pellicularia filamentosa IFO 6298 have been shown to b e  
inducible b y  Reichstein ' s  Substance S. B y  using the protein 
synthesis inhibitor, cycloheximide, in fennenter culture 
the effects of dissolved oxygen tension (DOT) on enzyme 
induction and enzyme expression have been separately 
investigated. For both hydroxylations, an optimum DOT 
for induction has been shown at 1 5% of saturation, while 
the optimum for expression is at 3()% of saturation. The 
results have been verified in the absence of cycloheximide. 
Thus, maximum rates of hydroxylation are achieved when · 
induction is performed at low DOT, followed by elevation 
to ensure maximum expression. 

Introduction 

The microbiological 1 9-hydroxylation of steroids has re
ceived little study despite the importance of 1 9-hydroxy
steroids as intermediates for the production of 1 9-nor
steroids. This is probably because there exists a chemical 
route to 1 9-hydroxysteroids (Heusler and Kalvoda 1 972). 

Pellicularia filamentosa acts on Reichstein's Substance 
S to produce the 1 9-hydroxy compound 1 7a, l .9,2 1 -tri
hydroxypregn-4-en-3,20-dione, and the 1 1(3-hydroxy com
pound hydrocortisone (Fig. 1 )  (Takahashi and Hasegawa 
1 96 1 ). In fermentations where hydrocortisone is produc
e d  by direct 1 1(3-hydroxylation of Reichstein's Substance 
S, e.g. by Curvularia lunata, the yield may be affected by 
competing reactions such as 1 4a-hydroxylation, giving rise 
to non-useful byproducts (Chamey and Herzog 1 967). We 
h ave been studying the hydroxylation of Reichstein's 
Substance S by P. filamentosa because the possibility of 
directing the system to produce either the 1 9- or 1 1 (3-hy
droxy compound as major product is attractive. A study 
aimed at manipulating the 1 9 :  1 1 (3 product ratio is in pro
gress. During this study, we became interested in improv
ing the rate of hydroxylation. Rec::nt studies on microbial 
monooxygenases have indicated the irr{portance of d issolv
ed oxygen tension (DOT) on the induction of these e n
zyme systems (Mauersberger et al. 1 980; Wiseman 1 977). 
In particular, Hanisch et al. ( 1 980) showed that for the 
1 l a-hydroxylation of progesterone by Rhizopus nigricans 

there was a marked optimum DOT for induction of the 
enzyme. Furthermore ,  the optimum for expression of 

+ 

Compound S 1 9-hydroxy Compound S hydrocortisone 

Fig. 1 .  Hydroxylation of Reichstein's Substance S by Pellicularia filamentosa IFO 6298 

Offprint requests to: I .  S. Maddox 

0 1 71 - 1 74 1 /82/00 1 4/0 1 3 1 /$ 0 1 .00 
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activity lay at a much higher DOT. Consequently, maxi
mum production rates of hydroxyprogesterone were 
achieved when induction was performed at low DOT, 
followed by elevation of the DOT to enhance expression 
of the synthesized enzyrr1e. 

In this paper, we describe an investigation into the ef
fect of DOT on the induction and expression of the Pel

licularia filamentosa hydroxlylase system. 

Materials and Methods 

Organism. Pellicularia filamentosa f.sp microsclerotia IFO 6298, 
obtained from the Institute of Fermentation, Osaka, Japan, was 
maintained on Yeast Extract Agar ( Difco, Detroit, USA) and sub
cultured monthly. 

Chemicals. All solvents were of analytical reagent grade and were 
obtained from B.D.H. Ltd . (Palmerston North,  New Zealand). 
Reichstein's Substance S ( 1 7a,21 -hydroxypregn-4-en-3,20-<lione), 
hydrocortisone ( l l(J, 1 7a 2 1-trihydroxypregn-4-en-3,20-dione), 1 9-
hydiOxyandro,( J -cn-3,1 7-dione, 1 1/l·h)·-:iroxyandrost-4-en-3 , 1 7-
dione, 1 1a-hydroxyprogesterone and cycloheximide were obtain
ed from the Sigma Chemical Co. (St. Louis, U SA). Hydrocortisone 
was crystallised from methanol prior to use as a standard for high
performance liquid chromatography (HPLC). 

1 7a,19,21 ,Trihydroxypregn-4-en-3,20-dione was prepared by 
hydroxylation of Reichstein 's Substance S using P. filamentosa in 
a fermenter. 1l1e medium, fermenter and inoculum preparation 
were as descdbed below. The dissolved oxygen tension was not 
controlled; the agitation rate was 600 rpm and the aeration rate 
600 ml/min. Reichstein's Substance S (0.5 g/1) was added 24 h 
after inoculation, and the fermentation was continued for a further 
20 h. Extraction of the whole culture with ethyl acetate, followed 
by concentration of the extract yielded crystals of the 1 9-hydroxy 
compound m.p. 220-230 ° C. Recrystallisation from methanol 
gave a product m.p. 2 30-234 °C, uncorrected (cf. 234-235 ° C, 
Takahashi and Hasegawa 1 96 1  ), which was used as a HPLC stan
dard. 

Product Identification. The 1 7a, l 9,2 1-trihydroxypregn-4-en-3 ,20-
dione obtained from a fermentation by the procedure described 
above was identified by melting point (vide supra), mass spectrom
etry on a MS9 double focussing mass spectrometer (M+ m/e 
362), and degradation with sodium bismuthate (Brooks and 
Norymberski 1 953)  t o  1 9-hydroxyandrost-4-en-3,17-<iione. 
Comparison of the degradation product with an authentic sample 
using mass spectrometry, high-performance liquid chromatography 
( 40 : 60, methanol : water, vide infra for other operating conditions) 
and thin layer chromatography further confirmed the identity of 
the fermentation product. 

Hydrocortisone was isolated from the ethyl acetate mother 
liquor remaining after removal of 1 7a, l 9,21-trihydroxypregn-4-
en-3,20-dione crystals. The concentrated mother liquor was sub
jected to preparative thin layer chromatography using ethyl 
acetate : hexane : acetic, acid, 7 5 :  2 0 : 5. Work-up of the hydrocor
tisone band gave crystals which behaved identically to authentic 
hydrocortisone when subjected to thin layer chromatography, 
HPLC. (50 : 50 methanol : water) and mass spectrometry. Identity 
was further contrrmed on degradation with sodium bismuthate 
to 1 1(J-hydroxyandrost-4-en-3, 1  7-<iione. 

Thin layer chromatography (t.l.c.) was performed with silica 
gel GF2 54 (Merck) plates. For analytical t.l.c., 0.25 mm thick 
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plates were run in three solvent systems; chloroform : ethanol 9 :  1 ,  
ethyl acetate : hexane : acetic acid 7 5 :  20 : 5 ,  and ethyl acetate : hex
ane : acetic acid : ethanol 7 2 :  13.5 : 1 0 :  4.5.  Preparative t . l.c. was 
carried out using 1 mm thick plates in the-ethyl acetate : hexane 
acetic acid system. 

Mass spectrometric data were obtained from a MS9 double 
focussing mass spectrometet through the courtesy of Professor 
R. Hodges, . Dept. of Chemistry, Biochemistry and Biophysics, 
Massey University. 

Cultivation. The medium used contained glucose ( 25 g/1) and 
yeast extract ( 1 0  g/1, Difco Laboratories), adjusted t o  p H  6 .0.  For 
shake-flask experiments, 1 00 ml of medium were dispensed in 
250-ml Erlenmeyer flasks and sterilized at 1 21 °C for 15 min. 
Incubation was at 30 °C on an Orbital Incubator (Gallenkamp 
Ltd. ,  London, UK) at 1 80 rpm. Inocula were prepared by sub
culturing from a slope into a shake-flask culture; after 3 days in
cubation, 5 m! of this culture were used as a standard inoculum. 
After 2 days incubation, Reichstein's Substance S (final concen
tration 0 .25 g/1), dissolved in dimethylformamide (final concen
tration 1 0  g/1) was added. 

Fermenter experiments were performed in a .Multigen Bench
Top Fermenter, Model F-2000 (New Brunswick Scientific Co., 
New Brunswick, USA), using a 2-1 glass vessel with a working 
volume of 1 ,500 m!. D;uin� the fermentation, pH was measured 
using an Ingold combined glass electrode (Type 7 6 1 -35 1B),  and 
controlled at pH 6.0 by addition of either 1 M  NaOH or 1 M 

H 2 S04 using a Model pH-40 pH controller (New Brunswick 
S cientific Co.) coupled to a Model XpH-42 pump module (New 
Brunswick Scientific Co.). Temperature was controlled at 30° 
± 0.2 ° C. Dissolved oxygen tension (DOT) was measured with a 
Dissolved Oxygen Probe, Model 1\1 1 0 1 6-0208 (New Brunswick, 
S cientific Co.) .  The flow rate of air sparged into the vessel was 
set at 5 5 0  ± 50 ml/min. In order to control the DOT the flow 
rate could be adjusted to 1 ,200 ml/min using an o n-off controller 
coupled to a solenoid valve which was connected to the compres
sed air line. This allowed control to within ± 5% of the percentage 
saturation scale. Agitation speed was between 350 and 5 00 rpm 
(impeller tip speed 0.92-1 .30 m/s) depending on the DOT re
quired for the particular experiment. The fermenter vessel was 
baffled, and agitation was provided by 3 six-bladed, d isc turbine 
impellers mounted at equally-spaced intervals from 5 cm above 
the vessel base to 5 cm below the medium surface. The assembled 
vessel, containing medium but without electrodes, was sterilized 
in an autoclave at 1 1 5 •c for 20 min. The electrodes were soaked 
in 5% formalin solution and rinsed with sterile distilled water be
fore being aseptically mounted in the vessel. A standard inoculum 
was prepared by sub-culturing from a slope into 1 00 ml of medium 
and incubating in shake-flask for 3 days. Transfer of 5 m !  of this 
culture into another 1 00 ml of medium followed by incubation 
for 3 days provided 1 00 m! of inoculum. After inoculation, fer
mentation was allowed to proceed for approximately 20 h, during 
which time the DOT was allowed to stabilize at the level selected 
for induction of the steroid-hydroxylases. After several hours 
(usually 4-5 h) of stable operation, Reichstein's Substance S, dis
solved in dimethy!formamide, was added to the fermenter. After 
a further 4 h the DOT was adjusted to that required for hydroxy
lase expression. For experiments involving cyclohe-ximide, the 
protein synthesis inhibitor was added to a final concentration of 
250 �tg/ml simultaneously-with the change in DOT. 

Analytical Procedures. Fermentation samples (20 m!), or whole 
_shakef!ask contents,· were-withdrawn as required. After addition 
of 2.5 mg of 1 1a-hydroxyprogesterone as internal standard, the 
samples were filtered to remove mycelium, and the broth was 
extracted twice with- ethyl <1cetate (-30 m!). The-mycelium was 
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washed with ethanol ( 1 0  m!) and ethyl acetate ( 1 0  ml). The com
bined extracts were washed with NaHC03 (40 ml, 25 g/1) and 
water (20 ml) prior to drying over anhydrous Na2S04. After 
filtering, the solvent was removed at 50 °C in vacuo and the residue 
was dissolved in methanol prior to HPLC analysis. Using this extrac
tion procedure, the various compounds (0.5 g/1 final concentra
t ion)  could be recovered from the liquid medium with 94-96% 
efficiency. Recoveries were also checked with autoclaved mycelia 
in shake-flasks (1 00 m! culture). After adding the steroid (0.5 g/1 
final concentration), and.shaking for 2 days at 30 °C, recoveries of 
8 6 - 90% were obtained. 

HPLC analysis was performed on a Waters Associates Model 
ALC/GPC 244 liquid chromatograph using a BioRad Laboratories 
ODS-1 0 reverse phase column (250 mm x 4 mm). The mobile phase 
was methano l : water, 5 0 : 50, operated at a flow rate of 1 .5 ml/ 
min. Approximately 10 �I of sample was applied to the column 
and detection was by a Waters Associates Model 440 absorbance 
detector at 254 nm, 0.05 AUFS. Peak heights were measured, and 
the compounds quantitated by reference to a standard mi.xture 
run in parallel with the sample injection� Analysis of duplicate 
fermentation samples gave agreement to within 2% of each other. 

Hydroxylation Rates and Activities. For fermentations involving 
cycloheximide, the progress of the hydroxylation was followed 
by extraction and analysis of samples withdrawn fro m  the fermen
ter every 30 min for a period of 2 h after cycloheximide addition. 
The rates were measured as � moles of product produced/g dry 
weight mycelium/h, the dry weights being determined at the time 
of cycloheximide addition. In experiments which sought to 
determine optimum conditions for enzyme induction , the rates 
obtained under constant conditions of enzyme expression were 
used to describe relative amounts of enzyme activity during the 
induction period. 

For fermentations not involving cycloheximide, samples were 
withdrawn from the fermenter at 30 min intervals after a 4 h 
induction period, and rates calculated as above. 

Results and Discussion 

Initially, experiments were performed to demonstrate the 
inducible nature of the 1 9- and 1 1 �-hydroxylases. Dupli
cate shake-flask cultures were grown for 48 h, at which 
t ime cycloheximide was added to o ne flask to a final con
centration of 250 pg/ml. After a further 1 5  min incuba
tion, Reichstein's Substance S (fmal concentration 0.25 
g/1) was added to both flasks and i ncubation was continu
ed for 6 h. Where cycloheximide was added prior to steroid 
no hydroxylation was observed. In the absence of cyclo
heximide,- however, levels of 0.0 1 9  g/1 and 0.0 1 8  g/1 were 
obtained for the 1 9-hydroxy compound and hydrocorti
sone, respectively. To demonstrate that cycloheximide has 
no direct effect on the enzymatic reactions, fermenter cul
tures which were actively hydroxylating were treated with 
the protein synthesis inhibitor. When compared to appro
priate control fennentations, no enzyme inhibition was 
observed during the 2 h period following its addition. 
Hence, both the 1 9- and 1 1 �-hydroxylases were inducible 
by Reichstein's Substance S. (For convenience, we are 
assuming that different enzymes are responsible for the 
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two hydroxylations, but our data do not rule out the pos
sibility that one enzyme is responsible for both activities.) 

Having established the inducible nature of the hydroxy
lases it was then possible to perform experiments where 
induction of enzyme synthesis could be clearly separated 
from enzyme expression. All experiments were now con
ducted in a fermenter. Thus, to investigate the effect of 
DOT on hydroxylase expression, induction was carried 
out under constant conditions to ensure equal amounts of 
enzyme synthesis. After addition of cycloheximide the 
DOT was adjusted to the appropriate value, and by measur
ing the rate of hydroxylation the effect of DOT on expres
sion was investigated. In a similar manner the effect of 
DOT on induction was investigated by inducing at dif
ferent DOT levels, followed by addition of cycloheximide 
to prevent further enzyme synthesis. The amount of e n
zyme present was then determined by its activity under 
constant conditions of expression. 

In all experin1ents both the 1 9-hydroxy and 1 1�
hydroxy products were observed. The ratio of the two 
compounds was invariably constant, at 1 .0 : 0.84 1 9- :  l iP, 
and so the rates were always related in the same propor
tion. Hence, only the data for the 1 9-hydroxylation are 
presented here ; those for the 1 1{J-hydroxylation can b e  
calculated from this ratio. 

To investigate the effect of the D OT on hydroxylase 
expression, induction was performed at a DOT of 25% 
saturation. After 4 h induction in the presence of 2 .3 g/1 
Reichstein's Substance S, cycloheximide was added and 
the DOT adjusted as appropriate. The rate of hydroxy la- . 
tion was then monitored. The results are expressed in Fig. 
2. Although similar levels of activity could be induced 
using a Reichstein's Substance S concentration as low as 
0.093 g/1, the high substrate concentration was used to 
ensure that the hydroxylase wa� saturated with steroid. The 
results show that there is an apparent optimum for en
zyme expression at a DOT of 30% of saturation. 

To further investigate the apparent decrease in hydroxy
lation rate as the DOT changes from 3 0%  to 60% of satura
tion, fermentations were conducted where induction was 
at 50% of saturation. Following addition of cycloheximide, 
the hydroxylase was expressed at a DOT of either 30% or 
50% of saturation. In the former case, a rate of 1 .4 pmoles/g 
dry wt./h was observed, compared with 1 .0 J..LIDOles/g dry 
wt./h for the latter. This decrease in rate with increased 
DOT is in proportion to the expected rates shown in Fig. 2, 
and thus confirms the effect. 

Fermentations were now performed to investigate the 
effect of DOT on enzyme induction. Induction was carri
e d  out at the appropriate DOT for 4 h in the presence of 
2 .3 g/1 Reichstein's Substance S. Cycloheximide was then 
added and the DOT was adjusted to a standard level of 
30% of saturation. Rates of hydroxylase expression were 
then monitored over a 2 h period.  The results, shown in 
Fig. 3, are plotted as the activity during expression, and 
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reflect the amount of enzyme present. An optimum DOT 
for induction was observed at 1 5% of saturation. 

The data shown in Figs. 2 and 3 clearly suggest that 
maximum production of hydroxylated product is obtain
ed when induction and expression are carried out at DOT 
values of 1 5% and 30% of saturation, respectively. To 
verify that the presence of cycloheximide was not produc
ing erroneous data, a fermentation was performed under 
optimum conditions, but in the absence of cycloheximide. 
Thus, after 4 h in ducti on at a DOT of 1 5% of saturation, 
the DOT was adjusted to 30% of saturation and the 
hydroxylation rate was measured over the subsequent 2 h · 

period. 
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A rate of 3 .2 pmoles/g dry wt/h was observed,  com
pared to 3 .0 pmoles/g dry wt./h in the presence of cyclo
heximide. The course of this hydroxylation is shown in 
Fig. 4. A further fermentation was now performed in the 
absence of cycloheximide where the DOT for both induc
tion and expression was 30% of saturation. A hydroxyla
tion rate of 2.1 pmoles/g dry wt./h was observed (cf. 2.2 
pmoles/g dry wt./h interpolated from Fig. 3). Thus, the 
optimum conditions were verified. 

The results obtained in this work are similar to those 
reported by Hanisch et al. ( 1 980) for the 1 1 a:-hydroxy
lase of Rhizopus nigricans. These authors demonstrated an 
optimum DOT for induction at 1 0%  of saturation, while 
the optimum DOT for expression was much higher. TI1ey 
did not, however, use a protein synthesis inhibitor to 
·separate induction from expression, but showed that under 
at least one set of conditions induction was complete after 
a brief period. Hence they assumed no further protein 
synth_7sis during expression. We do not require this assump
tion as protein synthesis had been halted after the induc
tion stage. However, it must be noted that after addition 
of cycloheximide hydroxylation rates were linear for only 
a few hours. This implies that continual protein synthesis 
is necessary to maintain rates, and is similar to the observa
tion described by Maddox et al. ( 1 9 8 1 )  using immobilized 
cells of R. nigricans. 

Hanisch et al. .(1 980) when discussing the low DOT for 
optimum enzyme:in.duction, explained their data on the 
basis that the 1 1 a:-hydroxylase is known to be a cyto
chrome P 450 system and-low DOT optima have been de
scribed for various cy:tochromes in oiher microbial systems. 
It is not known whether_ the 1 9- -and 1 1(3-hydroxylases of 
Pellicularia filament-osa"are cytochrome P 450 systems, but 
the present findings-wo.ui<i support this hypothesis. 
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With regard to-the rate:..of hydroxylase expression, 
Hanisch et al. ( 1 980) observecia Michaelis-Menten relation
ship with DOT. While the present results show the effect 
of oxygen limitation on rates at low DOT, the optimum at 
30% of saturation deviates- from Hanisch's findings. Dur

ing growth studies with P. filamentosa we have observed 
a decrease in oxygen consumption rate below a DOT of 
3 0-35% of saturation_ IUs possible that above this 
critical DOT the metabolism of the organism changes in 
such a way as to lower the rate of hydroxylase reactions, 
perhaps due to competition for oxygen with other meta
bolic pathways. In this respect it must be noted that the 
DOT within the mycelial mat will be lower than the mea

sured b ulk DOT, and that oxygen diffusion within the 

mat will limit the rate of oxygen transfer.  Although 
higher impeller tip speeds were used to achieve the higher 
DOT levels, the actual speeds used were only 1 .0 and 1 .3 
m/sec for 30% and 60% DOT, respectively. These speeds 
are well below those reported as causing shear damage to 
even delicate fungal mycelia (Hanisch et aL 1 980). Further

more , if this were the reason for the decline in rates 
above 30% DOT, successive decreases would be expected 
at 45% and 60% DOT. This is not the case. 

In conclusion, the data show that increased rates of 
hydroxylation of Reichstein's Substance S can be achiev
ed by inducing at low DOT followed by the elevation of 
the DOT to enhance enzyme expression.  The results apply 
equally well to both the 1 9- and 1 1(3-hydroxylations, so 
that their relative production rates cannot be manipulated 
by variation of DOT alone. 
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