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ABSTRACT 

The transformation of bile acids by Clos tridium bifermentans 

was studied with a view to developing a.process whereby the bile 

acid conjugates of New Zealand mutton and beef gall may be converted 

to deoxycholic acid. 

Statistically designed experiments were employed to maximise 

7a-dehydroxylation of cholic acid to deoxycholic acid and to minimise 

the ?a-dehydrogenation of cholic acid to 7-ketodeoxycholic acid. Both 

transformations showed optima near pH 7. High deoxycholate yields 

were associated with conditions less favourable to strong growth and 

with relatively high electrode potentials. 7-ketodeoxycholic acid 

production was not as sensitive to environmental factors as was 7a-de­

hydroxylation and could not be eliminated merely by manipulating 

fermentation variables. 

Studies on the ?a-dehydrogenation of cholic acid with washed 

resting-stage cells of Cl.  bifermentans indicated several means of 

manipulating 7-ketodeoxycholate yields which were then tested using 

batch fermentation. In the presence of zn++ions, 7-ketodeoxycholate 

yields were reduced but dehydroxylation was completely inhibited. In 

the presence of EDTA, ?a-dehydrogenation was almost quantitative but 

deoxycholate yields were again nil. Both transformations were enhanced 

during aerobic incubation. The highest deoxycholate yield observed 

during the work (50 molar %) was obtained by sweeping the fermenter 

headspace with air. 

Growing cells of Cl. bifermentans effected the near-quantitative 

hydrolysis of glycodeoxycholate, taurodeoxycholate and taurocholate 

within 4 8  h whilst glycbcholate was 90% deconjugated. At substrate 

concentrations greater than 0.1% w/v however, taurine conjugates were 

less well hydrolysed. 
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B I LE  ACI D  NOMENCLATURE 

Throughout this work , b i le acids wi l l  be re fe rre d to by the 

t ri vi a l  names emp loyed in " The B i le Acids " ( Mats chine r ,  19 7 1 )  . 

The s e  a re listed be low ,  together with the appropriate I . U . P . A. C .  

systematic chemical name s ( I . U . P . A . C . - I . U . B . , 1969 ) . 

cho l i c  aci d  3 a , 7 a , l2a- trihydroxy- S S- cholan- 2 4-oic acid 

deoxycholi c  aci d 3 a , l 2 a- dihydroxy - S S- cholan- 2 4-oic acid 

chenodeoxycho li c acid - 3 a , 7 a- dihydroxy-S S-cholan- 2 4-oic acid 

ursode oxycholic acid 3 a , 7 S- dihydroxy-S S- cholan- 2 4-oi c acid 

l i thocholi c acid 3a-hydroxy-SS- cholan- 2 4- oi c  acid 

7-ketodeoxycholic acid 

3 a , l2a- dihydroxy-7-oxo- S S- cholan- 24-oi c acid 

7-ke tolithocholic acid 

- 3a-hydroxy- 7-oxo-S S- cho lan- 24-oic aci d 

glycochol i c  acid 3a , 7a , l2a- trihydroxy- S 8- ch olan- 2 4- oylglycine 

glycode oxy choli c aci d - 3 a , l2a- dihydroxy - S S - cholan- 24-oylglyc ine 

taurochol i c  ac i d  3a , 7 a , l2a-trihydroxy- S S- cholan-2 4-oylt aurine 

taurode oxycholi c aci d - 3a , l2 a- di hydroxy- S S- cholan- 2 4-oyltaurine 

Aci ds w i l l  be re fe rred to by the s uffi xe s  " - ate " and " - oi c acid" 

interchangeab ly ,  for e xamp le 7-ketode oxycholic aci d and 

7-ketode oxycholate . 
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ABBREVIATIONS 

Abb re viations o f  b i le aci d  n ames ( from Eneroth an d  S joval l ,  19 7 1) : 

c cholic aci d 

D deoxycholic acid 

7KD 7-ketodeoxycholic acid 

GC glycocholic aci d 

GD glycode oxycholic acid 

TC taurocholic acid 

TD taurode oxycholic acid 

Abbrevi ations o f  uni ts : 

g 

h 

l 

m 

M 

min 

Pa 

rev 

tonne 

s 

V 

gramme 

hour 

litre 

metre 

moles per l i tre 

minute s  

Pas cal ( Newton per square metre ) 

revo lution 

tonne ( 1 , 000 Kg ) 

se cond 

volt 

Othe r abb re vi ati ons : 

A 

ATCC 

B 

DMSO 

Ec 

code d  val ue o f  pH in Experiment l ( A  

Ame ri can Type Culture Colle ction 

pH - 7 . 0 )  

code d  val ue o f  gas i n  Experiment l ( B  = l for H 2 , 
B = 0 for N2 , B = - 1  for N 2 - co2 , 9: 1)  

dime thylsulph oxi de 

e le ctrode potential re lative to the s aturated calome l  

e le ctrode 

xii 



Ec . 
nun 

Ec. l. 
(6Ec/6t) 

max 

EDTA 

Eh 

F 

H.P.T . .  C'. 

Km 

L.M.C. 

ln 

log 

log K
1 

MS
lof 

MS 
pe 

N 

NAD 

NADP 

NCIB 

T.L.C. 

Tr1s 

minimum Ec observed during a fermentation 

Ec prevailing at inoculation 

maximum rate of decline of Ec during a fermentation 

ethylenediaminetetraacetic acid 

electrode potential relative to the standard hydrogen 

electrode 

ratio of mean sums of squares (i.e. F ratio) 

high performance liquid chromatography 

the Michaelis constant 

base 10 logarithm of the maximum cell count observed 

during a fermentation 

natural logarithm 

base 10 logarithm 

first formation constant of chelate complex 

mean sum of squares due to lack of fit 

mean sum of squares due to pure error 

number of independent variables in an experiment design 

nicotinamide adenine dinucleotide 

nicotinamide adenine dinucleotide phosphate 

National Collection of Industrial Bacteria 

parachloromercuribenzoate 

T.L.C. mobility relative to solvent front mobility 

thin-layer chromatography 

tris(hydroxymethyl)methylamine 

estimated value of response variable being modelled 

xiii 



CHAPTER 1 PRELUDE 

Currently in New Zealand, 140 tonne s of mutton and bee f gall 

(75% solids ) , byproducts of the me at s laughte ring indus try , are processed 

annual ly .  The c omponent conj ugated bi le acids unde rgo severe a lkaline 

hydrolys is and --.le resulting free b i le acids are re fined to realise $NZ 2 

mi llion in export earn ings . Re cently , alka line hydrolys is , parti cularly 

of taurine con j ugates , has been shown , on the 1 mg s cale , to re sult in 

sub s tantial loss of steroid materi al , thus limi ting yie lds ( Rose leur 

and van Gent , 1976 ) . Experiments on the gram s cale have shown 9 5 %  re cov­

e ry of free cholic acid after the alkaline hydro lysis of glycocholic 

1 

acid and 80-8 5 %  for taurocholate ( Garlan d,l977 ) . Losses of thi s  magni tude 

are regarde d as economi cally signi f i can t .  

I t  was considered that i f  the cholanoylglycine and cholanoy ltaurine 

hydrolase enzymes pos sessed by some mi cro-organisms could be e ffectively 

harness ed, a mi ld hydrolysis proce s s  mi ght be deve loped offering poten­

t i a l ly higher yie lds. Alre ady conj ugate hydrolases , prepared from 

c lostridi a ,  are comme rcially avai lab le as acetone powde rs for s ma l l-s cale 

analytical de conj ugation . 

The rati o of cholic acid conj ugate to deoxycholic acid con j ugate 

in New Ze aland mutton gall is ea 4:1 . At the commencement of this 

p roj ect in 1977 , deoxycholic acid had a market pri ce of $ 30/kg and 

cholic acid $2 5/kg . The main aims o f  this work there fore were to 

develop a mi crobial proce ss to hydrolyse the bile acid con j ugates of 

mutton and bee f gal l, then to 7a-dehydroxylate the resulting cholic acid 

f raction to deoxycholic acid .  I t  was also hoped that the i nves t igation 

would add to current unde rs tanding o f  b i le acid tran s formation . 

Two maj or approaches were pos s ible: firstly, the biochemistry 

could be studied i n  detai l, e ach enzyme being isolated an d  ch aracte ri sed 

individually; secondly, the c e l l  could be treated as a " b lack-box" , 

environmental and chemi cal in fl uences be ing investigated with intact 

cells . The second approach was adopte d for several reasons: 

( a) the avai labi l ity o f  faci lities and s upervis o ry expertise, 

( b )  the reported instability of s everal of the i s o lated enzymes, 

( c )  the deve lopment gap between the b iochemi cal approach and the 

envi s age d industri al appli cati on, and 



( d )  the fact that a numbe r o f  laboratories are already collecting 

the b i ochemical data and pub lish ing in the can ce r re se arch 

lite rature . 

By us ing an ins trumented l aboratory fermente r, it was hoped to provide 

a degree of control ove r the environment of growing p ure cultures not 

ava i l able to other investigators in the fie ld . This approach has an 

analogue in the intestine whe re, through the mediation of the gut flora, 

the same reacti ons procee d  to comp letion with a minimum of s i de-product 

formation . Whi le a s imulati on o f  gut conditions would not be attempted, 

i t  was hoped to identi fy s ome of the envi ronmental factors whi ch s e lect 

for deconj ugation and dehydroxy lation whi le depress ing compe ting 

dehydrogenations . 

2 



CHAPTER 2 INT RODUCTION AND LITERATURE REVIEW 

Thi s  review seeks to organ ise a wealth of in formation gathered 

ove r  hal f a century of bile aci d re search, into a form applic ab le to 

fe rmentation s tudies . 

S ince mi crobial b i le aci d trans formations occur n aturally in the 

inte stinal tract of animals, much has been published in the medi cal and 

s c ie nt i fi c  j ournals, but ve ry l i ttle in the te chni cal or patent litera­

ture . Most workers have been inte re s ted in physiology ( Mi dtvedt, l974 ) ,  

gall s tone formation (Bokkenheuser e t  at. , 1977) , gene ral steroid 

t rans formations ( Carini et at. , 1967) , cancer research ( Hill and Dras ar, 

1975 ; Macdonald and Rao, 1979 ; Owen e t  at. , 1977 ; Hylemon and Stellwag, 

1976 ) , eluc i dation of aerob i c  bile acid metaboli sm ( Hayakawa, 197 3 )  , 

and deve lopment of enzymati c  analyti cal and diagnos t i c  te chniques 

( Macdonald e t  at. , l975a ; Roseleur and van Gent, 1978 ; Yamamoto et at . , 

1977 ) . 

In contrast, recent industrially-ori ented report s  of mi c robial 

bile ac id trans formation are rare: a patent i s s ued to W . H .  Saltzman 

( 1975 ) and the 5-litre s cale aerobi c  fermentation o f  cholic acid re­

porte d by Seve rino et at. ( 1969 ) . S altzman claimed that a particular 

s train of Ctos tridium perfringens can dehydroxylate a range of chol i c  

a c i d  derivati ves t o  the corre sponding chenodeoxycholate de ri vative in 

ne ar quantitative y ield. However, when the same s train and condi tions 

as speci fied in the patent e xample were tested in thi s  laboratory, no 

dehydroxylati on was obse rved ( Maddox, 1979 ) . 

In applying micro- organ i sms to the p roce s s ing of mutton gall into 

deoxycholi c acid, three groups of enzyme s  are important: 

( a )  the hydroxycholanoy l dehydroxylas es, spe c i fi cal ly the 

7a-dehydroxylas e, 

( b )  the competing hydroxycholanoyl dehydrogenas es, particularly 

the 7a- dehydrogenase, and 

( c )  the conj ugate hydro las es: cholanoy lg lycine and cholanoyltaurine 

hydrolase . 
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The lite rature on these three enzyme groups wi ll be reviewed separate ly . 



2 . 1 DEHYDROXYLATION 

During the i r  pass age through the intestinal tract o f  animals, the 

prima ry bile acids are partially 7a-dehydroxy lated to the secondary 

bile acids prior to reabsorption or pas s age in the faece s .  

and H i l l, 1974; Ke llogg, 197 3 ) . 

( Dras ar 

E ve n  be fore any of the organisms respons ib le for dehydroxylation 

had been identi fied, Samue ls son ( 1960b) e lucidated the meehanism of 

dehydroxyl ation in vivo. Having previous ly dis counted the pos s ibility 

o f  the 7-ketone acting as an intermedi ate ( Be rgstrom et aZ. , 19 59 ) , 

Samue l s s on us ed a double l abe l ling technique to demonstrate an initial 

diaxi al trans-e l imination o f  the ?a-hydroxyl group and the 6S-hydrogen 

atom yie lding 3a, l2a-dihydroxy- 5 S-chol-6-en - 2 4-oic acid, followed by 

trans-hydrogenation of the 6a and 7S positions to give deoxycholic 

aci d .  Not until 1977 did Ferrari et aZ .  pe rfo rm isotope trapping ex­

periments with a ce l l- free extract of CZ. bifermentans which led them 

to conc lude that the 6-ene intermediate is also involved in the in 

vitro 7a-dehydroxylation of cholic acid. 

4 

Over the period 19 50 to 1970 a great deal of work was performed 

with ge rm- free and mono- contaminated laboratory animals .  Mi xe d cultures 

of faecal isolates were also prepare d and inves tigate d .  Much of this 

work has been we l l  reviewed by Hayakawa ( 1973)  and Midtvedt ( 1974 ) . 

In 19 62, Portman et aZ. published the first report o f  a s ingle 

fae cal isolate capable o f  7a-dehydroxylating choli c  acid in vitro. 

The i r  o rganism, however, los t  its activity after two t ran s fe rs . Haya­

kawa and Kurokawa ( 196 3 )  reported that 7a-dehydroxy lated metabolites are 

formed from cho l i c  acid by Corynebacterium simpZex. H attori and Haya­

kaw a  ( 1969 ) l ater isolate d  and identified a s train of Bacteroides from 

human faeces whi ch 7a-dehydroxylated cholic acid. In 1966 Gus tafs son 

et aZ . isolated eight strains o f  faecal anaerobes c apable o f  forming l i­

thocho l i c  acid from chenodeoxycholi c  acid. These i s olates were l ater 

identi fied as being o f  the t ribe Lactobacilleae, and the activi ty o f  one 

s train was further characterised ( Mi dtvedt, l967 ; Midtvedt and Norman, l9 68 ) . 

Ferrari and Cocucci ( 19 67) i s olated from a highly se le cted mi xed culture 

of human faecal o rganisms s t ra ins of CZ. bifermentans� Escherichia coZi 

and Pseudomonas aeruginosa which all possessed dehydroxylas e activity . 
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The se organisms los t activi ty with s uccess ive subculture s ,  but retained 

act ivi ty in the mixed culture . The convers e  was observed by Hi l l  and 

Drasar ( 19 6 8 )  who found iso lates of Veil lonella which gained the abi lity 

to 7a-dehydroxylate after repeated subc ulturing in bi le medium. 

Carini et al. ( 1967) attempted to clari fy the re as on s  for the loss 

of activi ty by fresh i solate s, investigating the role o f  anae robiosis, 

growth phas e, deve lopment, vi tamins, trace elements, energy source s, 

metabolic activators, and microb ial fi ltrates of mi xed c ulture s of in­

tes tinal micro-organ isms . However, they we re unsucce ss ful, concluding 

that the complex of phys ical, chemical and biologi cal factors necess ary 

for 7a-dehydroxyl ation is pres ent in vivo, and can only be reproduced in 

vitro with mixed cultures . Carini also considered i t  "not unbe lievab le 

to think of a di rect or indi rect interference from viral agents . u  A 

de cade l ater Tenneson et al. ( 1979 ) pos tulated a link between steroid 

de gradative abi li ty and e ithe r " stab le "  plasmids ( activi ty was los t  on 

mitomycin treatment) or non-comp atib le plasmids ( activi ty was lost when 

s e le ctive press ure was removed, i . e .  grown in s teroid- free medium) . 

Thes e  authors di d not consider 7a-dehydroxylation, and worked with 

aerob i c  bacteria . The poss ib i l i ty exists, however, that the 7a-hydroxy­

chol anoy l  dehydroxylase of inte s tinal anaerobes is coded by plasmi d  

mate rial . Tenne son et al. ( 1979 ) cons ide red deconjugating and dehydro­

genating abi lities to be coded on the main chromos ome . 

S in ce the first isolation and characteri s ation o f  a pure culture 

pos s e s s ing a 7a-hydroxychol anoy l dehydroxylase, many isolate s have been 

shown to catalyse the tran s formation . H i l l  and Dras ar ( 1968)  screene d 

many isolates o f  faecal, intes t inal and oral organi sms for the activi ty . 

They found positive res ults in two s trains o f  Streptococcus faecalis 

out of the 276 s t rains of facultative anaerobes te s ted, 8 out of the 

2 37 s t rains of Bacteroides, 12 out of the 16 strains of Clostridium, 

and 8 out of the 47 strains o f  Veillonella. No activi ty was shown by 

5 8  pseudomonads, 12 mi croaerophilic lactobaci lli, 4 5  yeasts or 89 

s trains of Bifidobacterium spp . Aries et al. ( 19 6 9 )  tested 60 clos tri­

di al faecal isolates from n at i ve Ugandans and 70 from inhabitants of 

the Uni ted Kingdom, finding 4 3 %  and 47% showed dehydroxylation activity 

respe ctive ly . The se work e rs have also found activi ty in inte rnational 

type cultures ( Aries and Hi l l, 1970b ) and have concluded that although 

the dehydroxy l as e  has not been detected in a high proportion of s trains, 
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the c apacity to p roduce the enzyme is wide ly dis tributed ( Dras ar and Hi l l , 

1974; H i l l  et aZ.  , 1971) . I n  contras t , Midtvedt ( 1974 ) cons idered that 

mos t  a uthors have found the capabi lity to be rare amongs t intestinal or­

ganisms , ci ting Dickenson et a Z. ( 197 1) , who found no act ivi�y among 2 4  

intes tinal isolates be longing t o  2 2  genera ,  and h i s  own work ( Midtved­

and Norman , 1967) where none was found among 5 5  type s tra ns of common 

intestinal organisms . Simi larly Suzuk i  ( 1970 ) reported no activi ty in 

many s trains isolated from the digestive tract of the mouse .  

The approach o f  Midtvedt and Norman ( 1967) was adopted by Hayakawa 

and H attori ( 1970 ) , who demonstrated activi ty in both type· culture s 

tes te d ,  CZ . bifermentans ATCC 9 7 14 and CZ. sordeZZii NCIB 6 9 29 . Act­

i vi ty was demons trated without the need for several subculture s i n  · 

bi le me di um, shown by H i l l  and Dras ar ( 1968)  to e l i c i t  the activi ty in 

oral strains of VeiZZoneZZa. 

Ve ry recently , a fungus has been shown to form deoxychol i c  aci d 

from glycocho l i c  acid. This novel dis covery was made in this laboratory 

with CurvuZaria coicis ( Johns , 1980 ) . 

S in ce much of the l iterature is medi cally-oriented and qualitative , 

yield data have not always been published. From those reports where 

data have been presente d ,  a st rong substrate con centration e f fect is 

apparent . The reports concerning growing cells are summaris ed in Table 

2 . 1  ove rleaf . In addi tion , Aries and Hi l l  ( 1970b) have studi ed the 

c e l l - f ree dehydroxylas e s  of Bacteroide s, CZ. weZchii, E. co Zi, Strep. 

faecaZis and two othe r clos tridia and reported they w ere inhibite d  by 

a concentration of 6 . 7  mM bile aci d .  Dras ar and Hi l l  ( 197 4 )  re ite rated 

thes e  and s imi lar reports , s ay ing " the enzyme is inhib ited by substrate 

concentrations in excess of 6 mM ( i . e . in excess of the normal leve l  

found i n  human faeces ) . "  

Deoxycholate yields o f  up to 9 0 %  have been reported for othe r mixe d 

cultures ( Ferrari , 1967 ; Fe rrari and Cocucci , 1967) . Some very high 

dehydroxylati on y ie lds have a l so been observed for freshly isolated pure 

strains: 100% for CZ. bifermentans , for E. co Zi and for Ps. aeruginosa 

( Fe rrari and Cocuc c i , 1967) and for Portman's short Gram negative rod 

( Portman et aZ .  , 1962 ) . However ,  the se strains a l l  lost the activity 

within four or five trans fe rs . 



TABLE 2 . 1  7a-Dehydroxylation Yields Previously Published in the 

Lite rature . 

Dehydroxylation 
Sub st rate 

chol i c  a cid 

chol i c  acid 

Na c holate 

Concentration 

(mM) 

0 . 01 
0 . 10 
0 . 20 
0 . 40 
0 . 60 

0 . 01 

0 . 10 
0 . 20 
0 . 40 
0 . 60 

2 . 32 ( 0 . 1% w/v) 
0 . 58 ( 0 .  0 2 5 %  w/v) 

Yi eld Re fe rence 

9 2 %  Midtvedt and 
27% Norman ( 196 8 )  
2 3 . 5% 
18% 

10 . 5 % 

90% Gustafs s on 

19 % et aZ. ( 1966)  

9% 
5 %  

3 %  

0 %  Hayakawa and 

> 0 %  Hattori ( 1970 ) 

a 

a 

Cholic acid 0 . 37 ( 0 .  015% w/v) 100 %  Portman et aZ. .
b 

2 . 45 ( 0 . 1% w/v) 5 0 %  ( 196 2 )  

cholic acid . 015 ( 6 ]Jg/1) 
. 061 ( 2 5  ]Jg/1) 
. 2 5 ( lOO f..lg/1) 
. 98 ( 400 f.Jg/1) 

a Lactobacillus , 37 ° C ,  7-day incub ation 

b Mixed cae c al culture 

c I solate FA 1/146 , 7-day i ncubation 

39% Bokkenheuser 

35 % et al . ( 1969)  
c 

3 3% 
31% 

7 



Using the ir Cl. bifermentans SD lO i s olate , Ferrari and Aragozz ini 

( 1972 ) incubated lOO mg o f  choli c  acid for 5 days , then isolated 26 rng 
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of deoxychol i c  aci d ,  10 mg o f  7-ketodeoxycholic acid and 2 3  mg o f  un re acted 

cholic acid . Hattori and Hayakawa ( 1969 ) recove red deoxycholic acid 

representing an 11 . 9 % yield ,  and 8 5 . 5% unreacted cholic aci d  ( 7-ketodeoxy­

cholate showed on thin- layer chromatography as a faint spot ) . 

Most 7a-hydroxycholanoy l  dehydroxy las es studied have showed equal 

activi ty on cholic and chenodeoxycholic acids ( Aries and H i l l , 19 7Gb; 

Drasar and Hi l l ,  1974 ) . Us ing growing cells of thei r  strain I I , Midtvedt 

and Norman ( 1968)  showed that the two 7a-hydroxy acids were dehydroxy lated 

equal ly when present togethe r ,  but that more deoxycholate was formed than 

l ithocholate when incubated separate ly . In comp lete contrast ,  Fe rrari 

and Bere tt a  ( 1977) reported the ce l l- free en�yrne of Cl. bifermentans showed 

ve ry l ittle activi ty on chenodeoxy cholic acid even i f  this b i le acid had 

been p resent during cell production . 

No in vitro s tudy to date has demonstrated dehydroxylation o f  con­

jugated b i le aci ds ( Midtvedt , 1974 ; Drasar and Hill , 1974) . However , 

g lycocholate can be dehydroxylated without prior deconjugation in vivo 

in Man ( Hepne r et al. 1972 , 1973 ) . 

The 7a-hydroxycholan oyl dehydroxylase is extreme ly lab i le , both i n  

c e l l-free extracts and in whole cel ls , although some ce l l- free prepara­

tions have been made ( Aries and Hi l l ,  197Gb ; Macdonald et al. 1977 ; 

Ferrari and Beretta , 1977; Ferrari et al.  1977 ) . Indeed Ferrari and eo­

workers report having e lectrophoretically separated the dehydroxy las e 

activi ty o f  Cl . bifermentans S D  10 from two distinct dehydrogenas es . 

Howeve r , this author makes no mention of dehydroxylase cofactor requi re­

ments ( as yet unknown ) de spi te h aving demonstrated activi ty in the high ly 

refine d  enzyme . 

Hydroxycholanoyl dehydroxylases which are active on the C- 3 or C- 12 

hydroxyl groups have been rare ly reported; ce rtainly no s uch enzyme has 

been reported to have been i s ol ate d.  Hayakawa and Samue lsson ( 19 6 4 )  

observed 12a-dehydroxylated metab olites amongs t the degradati on p roducts 

of cho l i c  acid afte r aerobi c incubation with Corynebacterium simplex. 

Howeve r ,  thes e  authors could not con c lude whe the r removal of the 12-

hydroxyl group occurred before o r  after ring A cle avage . Hi l l  and Dras ar 

( 19 6 7 )  reported observing the p roduction of l ithocholic acid from cholic 
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acid by intes tinal i solate s, but could not reproduce the re action 

( Drasar and Hi ll, 1974 ) . Thes e  work e rs furthe r observed what may have 

been 5�- cholan-2 4-oic acid, indicating 3a-dehydroxylation had also 

occurre d .  Finally, S altzman ( 1975 ) has claimed in a patent that cholic 

acid de rivatives can be extens ively 12a-dehydroxylated to the appropri ate 

chenodeoxycholic acid de rivatives through the agency o f  Cl. perfringens. 

I n  s ummary, 7a-dehydroxycho lanoy l dehydroxylas e  activi ty has been 

ob served in a numbe r of inte stinal anaerobes, and a s imi lar enzyme in 

some aerobi c soi l organisms . The activi ty is unstable both in ce l l­

bound and cell- free state s ;  pure cultures have been shown to lose or 

gain the abi lity with serial trans fers . Y i e lds of 7- de oxy p roduct may 

be very high in vivo , in mi xed culture s or with fre sh isolates, and are 

lower at increased s ub strate concentrations . The few ce ll- fre e extracts 

prepared have shown pH optima near neut rali ty .  Dehydroxy lation o f  C - 3  

or C- 12 hydroxyl groups o f  intact bi le acids has been rare ly reported. 

2 . 2  DEHYDROGENATION 

The long his tory o f  observe d  microb i al oxidation-reduction of bi le 

acids from the pre- 1940 in vitro s tudies, through the large screening 

exerc i s e s  pe rformed by the Bri tish and Scandanavi ans in the 1960s, to 

the cel l-free enzyme studi e s  of the early 1970 s has been we l l  reviewed 

by Hayakawa ( 197 3 ) , Midtvedt ( 1974)  and Drasar and H i ll .974 ) . 

Several points are clear from these reviews: 

( a )  Organisms e ffe cting the oxidation- reduction o f  bi le acids are 

wide spread in intes tinal flora, including species o f  

Clostridiwn, Bacteroides, Eubacteriwn, Baci Uus, 

Alka ligenes, Proteus, Lactobaci llus, Ramnibacteriwn, 

Spherophil lus, Streptococcus, Endosporus, Enterobac­

teriwn, Escherichia, Bifidobacteriwn and Pseudomonas. 

( b )  Oxidation- reduction can be e f fe cted a t  the C-7, C- 12 and C- 3 

pos itions, often by the same organism and o ften in the 

orde r  given, resulting in di- and tri-keto compounds . 

( c) Unl ike dehydroxylation, dehydrogenation i s  reve rsible, with both 

epi me ri c  hydroxyl derivati ves sometimes being formed 

( al though 7S-hydroxyl formation has not been observed 

in vitro). 
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( d) The extent o f  oxidation of conj ugates o r  methyl este rs o f  b ile 

acids is usually small . ( This conclusion must be 

modi fied in the light o f  later work , howeve r . ) 

More recently , a number o f  reports have appe ared characteri s ing various 

isolated 3a , 7a and 12a-hydroxy cholanoyl dehydrogenase s , allowing a 

re asonable picture o f  the enzymes to be drawn up . 

2 . 2 . 1 7a�Hydroxycholanoyl Dehydrogenases 

Although Portman et al. ( 19 6 2 ) obtained a cell- free ext ract of E. 

coli capable of producing 7-ketodeoxycholate from cholate in 1962, the 

first maj or s tudy of cell- free 7a-dehydrogen ases was performed by Ari es 

and Hill ( 1970b ) . These authors found a NADP-dependent dehydrogenase 

in two s trains of Cl. welchii wi th optima at pH 9 . 8- 10 . 2  and with equal 

activity on cholic acid and chenodeoxycholi c  acid.. Howeve r ,  thei r  Km 

values were markedly di f ferent . A s imilar degree of activity , with i d­

entical substrate speci ficity , was extracted from E. coli. Thi s  enzyme 

was NAD-dependent with an optimum of pH 9 . 0 -9 . 4 . NAD-dependent enzymes 

were also extracted from two Bacteroides strains . These ext racts showed 

5 - 10 %  of the activity of the othe r anaerobes , with optima at pH 8 . 8-9 . 3  

and 50% gre ate r activi ty toward chenodeoxycholate than cholate . The 

Bacteroide s enzyme was more heat stable and le ss prone to s ub strate 

inhibition than the clos tri di al enzyme . Both had reduction optima at 

pH 6 . 8-7. 0 .  The se workers also des cribed the 3a and 12a-ori ented act­

ivi ties in the i r  extracts , and drew some gene ral conclusion s  for hydro xy­

cholanoyl dehydrogenas es: the enzyme s  are inducible , activi ty increas ing 

70 to 9 5 %  when cells are grown in the pre s en ce o f  0 . 0 1% cholate ; little 

activi ty is shown on methyl e ste rs , glycine or taurine conj ugates , and 

the reaction always requires a n i cotinamide co factor and mole cular oxygen . 

In 197 3 Macdonald et al .  puri fied the NAD-dependent ?a- dehydrogen­

ase of a name d E. coli s train, finding it to be ?a- s te reospe ci fic , 

non- inducible and active on both conj ugated and free b ile acids . 

The following year, Macdonald et al. ( 1974 )  s c reened cell- free 

extracts of 2 5  s trains of E coli for NAD-dependent 7a-hydroxycholanoyl 

dehydrogenase activity for use in the determination o f  ?a-hydroxy 

s te roids ( as the 3a-hydroxysteroid dehydrogenase of Pseudomonas testos­

teroni is used for total 3a-hydroxy bile aci d  determination ) .  The 

activity was found in 9 6 %  o f  the s trains tes ted. 
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I n  1975 , two groups independently publishe d the re sults o f  s creening 

s tudies of Bacteroide s fragilis for 7a-hydroxycholanoyl dehydrogenas es , 

e ach reporting a labile NADP-dependent activity together with the s tronger 

NAD-dependent enzyme observed earlier by Arie s  and Hill ( 1970b ) . Macdonald 

et al. ( 1975b ) demons trated NAD-dependent dehydrogenase in 18 of the 20. 

s trains teste d .  O f  the s e  18 , 1 6  also showed NADP-dependent activity whi ch 

was more pronounced i n  the decline phase o f  growth . Both act ivi ties were 

non-inducible and ?a- s te reospecific . Hylemon and Sherrod ( 1975 ) found 

both activi ties in mos t  of the 9 strains of B. fragilis teste d ,  and showed 

++ 
the NADP- dependent act ivity to be the rmolab ile and Mn -dependent , with an 

optimum at pH 8 . 5-9 . The NAD-dependent enzyme h ad the s ame oxi dation pH 

optimum but no metal ion requirement . Both activities incre as e d  into the 

stationary phas e of growth , speci fi c  activi ty be ing low until glucose 

was depleted from the medium. This led the authors to spe culate on an 

energy metab olismrlinked role for dehydrogenation once othe r oxidi s able 

medium compounds we re e xpende d .  In contrast to Macdonald et a l. ( 1975b ) , 

Hylemon and Sherrod ( 1975 ) found both activi ties were s tronger i f  cholic 

acid was present during cell growth . 

Macdonald et a l. ( 1976 ) reported that the NADP-dependent ?a-dehydro­

genas e o f  Cl.  perfringens is constitutive rather than inducible . 

Midtvedt and Norman ( 19 6 8 )  investigated dehydrogenas e location i n  

the i r  lactobacillus-like isolate , and conclude d that the enzyme was intra-

cellular . Hylemon and Stellwag ( 1976) als o  investigated ?a-dehydrogenas e 

location in B. fragilis and dis covered a doubling of act ivi ty upon lysozyme 

treatme nt .  Furthe r ,  spheroplasts o f  Eubacterium lentum were lOO- fold more 

active than the growing cells . Upon lys i s , both activi ties were tightly 

membrane-bound. 

In s ummary , the reports of ?a- dehydrogenase enzyme s publi shed over 

the last decade have indicated two principle enzyme types: an NAD-dependent 

and a les s  robust NADP-dependent activi ty .  S ome organisms pos s e s s  b oth . 

The literature includes reports of constitutive and of inducible enzyme s . 

Most have optima ( in cell- free extracts ) near pH 9 ,  and are equally 

active on con j ugated and free bile acids . 
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2 . 2 . 2  3a-Hydroxycholanoyl Dehydrogenas es 

Enzymi c dehydrogenation of the 3a-hydroxyl group of b i le acids 

has been we l l  s tudied us ing the high ly active 3a-hydroxy s te roid 

dehydrogenas e of Pseudomonas testosteroni. This enzyme is avai lab le 

commerci al ly , and is employed i n  seve ral published as say s  for total 

bile acids ( Bi lton et al. 1977 ; Barne s  et al. 1976 ; Mashige et al. 1976 ; 

Schwartz et al., 1974 ; She ltaway and Losowsky , 1975 ; Macdonald et al. 

1975 a ) .  A s imi lar enzyme , the 3a-hydroxysteroid dehydrogenase of 

Flavobacterium dehydrogenans has bee n  applied to oxidation o f  the 

chol i c  acid 3a-hydroxyl group by Fe rrari and Gi annattas io ( 1970 ) . 

MYcobacterium mucosum has also been shown to produce the activity 

( Seve rino et al., 1969) . Current re search in bowel cance r should 

res ult in more publications s i n ce the introduction of a 3-keto moiety 

into the A-ring is a ne cess ary prerequis i te for 61 and �4 dehydrogen­

ation yielding the unsaturated b i le acid metabol ites suspected of 

being carcinogens . 

As for other dehydrogenas es , mos t  investigations o f  whole cell 

trans formation have been screening exe rc i s es , while closer investi­

gation o f  the activity has been wi th ce l l- free extracts .  Hayakawa 

(197 3 )  and Midtvedt ( 1974) have reviewe d these s c reens showing that 

3a- dehydrogenases are wide- spre ad amongs t intes tinal bacte ri a ,  

inc luding seve ral species o f  Clostridium. Most 3-dehydrogenas es are 

not s te reo-speci fi c ,  and the reduction o f  the 3-keto moiety to a 3S­

hydroxy l i s  common but not univers a l .  

I n  19 55 Hayaishi et al. i s o l ated a c rude NAD-dependent enzyme 

from Escherichia freundii which was active on only 3a-hydroxyl , 

2 4- carb oxyl b i le acids . The next maj or s tudy reported was that of 

Arie s  et a l. ( 19 70b) , who prepared ce ll- free extracts o f  two s trains 

of Cl. welchii, which were active on both the C- 3 and C-7 hydroxyl 

groups of cholic acid and chenodeoxychol i c  acid. They showed an 

oxidati on pH optimum on the C - 3  hydroxyl of pH 10-10 . 5  and a reduction 

optimum o f  pH 6 . 4-7 . 8 . A s imi la r  degree of 3a-dehydrogenas e activity 

was also ext racte d from a Bifidobacterium species .  Thi s  enzyme or 

enzyme mixture was active on both the C- 3 ( oxidation optimum pH 

10 . 5- 11 . 2 ,  reduction optimum pH 6 . 4-7 . 8) and the C-12 hydroxy l group 

of chelate and deoxycholate . The se enzymes were 3a-s te reospec�fic 

and had a requirement for a SS configuration and a 2 4 - carboxyl group . 



Macdonald et al. { 1976 ) reported that 19 o f  2 5  strains o f  Cl. per­

fringens posse s sed NADP-dependent 3a-hydroxycholanoyl dehydrogenas e .  

1 3  

The enzymes we re cons ti tutive with activi ty parallelling the growth 

curve, and showed a very s harp optimum at pH 1 1 . 3 .  They were active on 

both conj ugated and free b i le acids, on both 5a-H and 58-H steroids , and 

were stereospec i fic for a 3a-hydroxy sub s ti tuent . 

In 1977 Macdonald et al. characte ris e d  a veL_ stable NAD-depen­

dent 3a-dehydrogenase from Eubacterium lentum. These authors found 

the activi ty to be ve ry s imi lar to those of Ps. testosteroni and Cl. 

perfringens, with an optimum at pH 1 1 . 3 .  I t, too, was acti ve on both 

con j ugate d and free bile acids, and on both 5a-H and 58-H steroids, 

but was 3a- stereospec i fi c .  Enzyme p roduction paralle l led growth and 

was non-inducible� in fact activi ty de creased when chelate, deoxycho­

late and part i cularly chenodeoxycholate we re present during growth . 

In contras t, Bi lton et a l. { 1977 ) show
.
ed the Pseudomonas enzyme to be 

deoxycholate- induc ible, s in ce ce l l s  grown in the pre sence o f  that bile 

acid could oxidi s e  s eve ral substrates rapi dly without a lag, where as 

uninduced ce l ls showed lags of up to 10 h .  

I n  s ummary, de spite its importance i n  the catabolism o f  bile aci ds 

to pos s ib le intestinal carcinogens, the 3a-hydroxycholanoy l dehydro­

genases o f  intestinal organisms have, unti l recently, been l ittle stud­

ied.  Seve ral activities have now been partially characterised.  These 

show di f fe ring s imi larities to the potent 3a-hydroxysteroid dehydroge­

nase of PseudOmonas. The e nzymes o f  inte s tinal organisms may be eithe r  

NAD- or NADP-dependent, and may o r  may not have a requi rement for a C- 2 4  

carboxyl group .  Most h ave optima near pH 1 1, and many are constitutive . 

2 . 2 . 3 12a-Hydroxycholanoy l Dehydrogenas e s  

P r i o r  t o  1974, the 12a-ori ented enzyme was the least observed 

bacterial hydroxycholanoyl dehydrogenas e ( Drasar and Hill, 197 4 ) . In 

the on ly maj or s tudy to that date, Ari e s  et al.  ( 1970b) had extracted a 

dehydrogenase from a Bifidobacterium species which was active on both 

the C- 3 and C- 12 positions . The pH optimum was pH 8 . 2 - 8 . 5 for the 

oxidation, and pH 5 . 8- 6 . 4  for the reduction . 

In 1976 Macdonald et al . obse rved an NAD-dependent 12a-hydroxy­

cholanoyl dehydrogenas e in 8 of 2 5  s t rains of Cl. perfringens tes te d .  

A l l  activi t ies were contaminated with a s t ronger 3a-dehydrogenas e .  



Both enzyme s  were cons titutive and active against both con j ugated and 

free b i le acids . The C-12-oriented activity had a pronounced optimum 

at pH 10 . 5 .  The fol lowing year , Macdonald et al . ( 1977 )  reported a very 

s imilar NAD-dependent l2a-dehydrogenas e from Eubacterium lentum with an 

optimum at pH 10 . 2 .  Again it was always as sociated with the C-3-orien­

ted activi ty ,  and was active on both conj ugated and free b i le acids . 
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The enzyme was not i nducib le ; in fact , the p resence of b i le acid in the 

growth medium de creased enzyme yield , even when growth was not depre ssed. 

In 1979 Macdonald et al . s ucceeded in de tecting a l2 a-hydroxychol­

anoyl dehydrogenas e in an organism (Clostridium group P .  strain ATCC 

2973 3)  whi ch possessed no 3a- or ?a-oriente d acti vity . The p roduction 

of this NADP-dependent enzyme para l le lled growth exactly and was consti­

tutive . Howeve r ,  the presence of l mM dihydroxy bile aci d i n  the growth 

me dium inhib ited enzyme production by 100% and growth by 90 % .  This en­

zyme showed an optimum at pH 7-8 and was active on both free bile acids 

and conj ugate s , with lowe r Km value s  for de oxycholate than cholate sub­

s trates . Harris and Hylemon ( 1978)  p roduce d a s imi larly un contami nated 

l2a-oriented NADP-dependent enzyme preparation by puri fying a Cl. leptum 

extract . Thi s  was again active on both free bile aci ds and glycine and 

taurine conj ugate s ,  with lowe r Km values for dihydroxy conj ugates . The 

pH optimum was a little higher at pH 8 . 5-9 . 0 .  The activity was not 

induced by 0 . 1  mM cholic acid and there was no change in acti vity with 

growth phas e .  

Macdonald et al . ( l978c)  have also reported strong extractable NADP­

dependent l 2 a-dehydrogenase acti vi ty·in cell free extracts of mixed 

faecal c ultures taken from three groups of Ame ri can s ub j ects , indi cating 

that the NADP-dependent activity is probably more s i gn i fi c ant in vivo 

than i s  the NAD-dependent activi ty . 

I n  summary , the l2a-hydroxycholanoyl dehydrogenase usual ly exi sts 

as a weak e r  activi ty in con j unction wi th 7a- and 3a- oriented enzymes . 

Optima (pH 7 - 9  for the NADP-dependent activity , pH lO- l l  for the NAD­

dependent activi ty ) are s t i l l  alkaline but generally lower than those 

of other oxidative activi tie s .  Whi le dis tinct NAD- and NADP- link e d  

enzymes exi s t ,  they are homogenous w i th respe ct to sub strate spe c i fi c i ty 

and in the i r  abi l ity to trans form both free b i le acids and conj ugates . 

The enzyme s are consti tutive and are usually produce d paralle l to growth . 

The pre sence o f  b i le acid in the growth medium can impair 12a-dehydrog­

enas e p roduction . 



2 . 3 CHOLANOYLGLYCINE AND CHOLANOYLTAURINE HYDROLASES 

The carbon-nitrogen bond of b i le acid conj ugates is un ique in its 

gre at res i s tance to alkaline hydrolys is and to common proteolyt i c  enzymes 

( Nair, 197 3; Nair et a Z., 1967) . The con j ugate hydrolas e s  are a group of 

enzymes dis t inct from prote ases and until re cently were cons ide red almost 

unique to intestinal organ isms . In the intes tine, b i le ac ids are ex­

creted as glycine o r  taurine con j ugates and a p roportion is re- ab s orbed 

by active transport in the te rminal i leum ( Lack and We ine r, 19 7 3; Dras ar 

and H i l l, 19 7 4 ) . Others are hydrolysed and the free b i le acid ab s orbed 
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by passive di f fusi on in the colon . Any b i le acids not ab sorbed are usually 

complete ly de conj ugated ( Midtvedt, 1974) . In contrast, a l l  fae cal b i le 

acids of germ- free animals are conj ugated ( Di ckenson et a Z. , 1971; 

Ke l logg, 197 3 ) . 

Due to the obvious phys iologi cal importance of the reaction, many 

reports and reviews have appeared on the s ubj e ct .  Shimada et a Z. ( 1969 ) 

reviewe d the maj or s tudies to that date and included the res ults of thei r  

own s creening work involving 1 10 strains of 2 0  anaerobes and 9 aerobe s .  

They reported 5 2  s trains capab le of de conj ugation inc luding both o f  the 

clostridi a tes ted . Thus during 2 4  h growth at 3 7 ° C, CZ. perfringens 

complete ly de con j ugated glycocholate, taurocholate, glycodeoxycholate and 

taurodeoxycholate . Under i dentica l  conditions, Cl.  paraputrifici um  cata­

lysed the hydrolys is of both cholic acid con j ugates . Shimida and collea­

gues also col lated the res ult s from 1006 bacterial strains; this included 

39 clostridi a  of wh ich 29 de con j ugated glycocholate and taurocholate, and 

of the 16 tes ted against deoxycho late con j ugates, 15 we re found to be 

active . 

The se 16 s trains were thos e of Hi l l  and Dras ar ( 19 6 8 ) , who furthe r 

inves tigated the 15 active organisms, finding 87% to have a ce ll-bound 

enzyme . The hydrolases of Bacteroides and VeiZZone Z Za we re also reported 

to be chie fly intrace llular, whilst on ly 34% of 29 active strains of 

Bifidobacterium showed ce ll-bound activi ty . The se authors demons trated 

optima of pH 6-6 . 5  and pH 6 . 5- 7  for the enzymes of Bifidobacterium and 

Streptococcus faecaZis respe ctive ly .  The latter enzymes we re found to be 

mode rately 0 2 - stable in comparison with those of Bacteroide s, whi ch were 

ve ry 0 2 - labi le . 
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Few s creening expe riments have been reported since the review by 

Shimada et a �. ( 19 6 9 ) . Aries et a�.  ( 19 6 9 )  tested 130 human faecal i so­

lates and reported that 9 5 %  of these hydrolysed taurocholate at substrate 

concentrations of both 0 . 0 5 %  w/v and 0 . 5 % w/v. Di ckenson et a � .  ( 1971)  

screened 1 2 4  strai ns from 22 genera, finding conj ugate hydrolases in 8 3  

s trains representing 1 4  genera. O f  those strai ns tes te d, 1 2  were c los tri­

dia ;  8 of these catalysed glycodeoxycholate hydrolysis and ll deconj ugated 

taurocholate . The se s tudies are included in the review of Lewis and 

Gorbach ( 1972 ) . Gi l li land and Spe ck ( 1977) screened anaerobic lactob i l li 

for de conj ugation, reporting that 19 o f  the 36 strains tested deconj ugated 

glycocholate and l l  de conj ugated taurocholate . The se authors reported an 

optimum o f  pH 6 for deconj ugation by growing ce l ls and a requi rement for 

anae robi c  conditions .  The activity was constitutive . 

Re cent work in thi s  laboratory has demonstrated cholanoy lglycine 

hydrolase activi ty in yeas ts and fungi ( Maddox and Chong, 1978) . Subse­

quently , when Coch �iobo�us intermedius was furthe r s tudied, it was 

dis covered that it was able to grow with glycocholic acid as the sole 

ni trogen and carbon s ource . The se workers have also tested a range of 

growing fungi agai nst taurine con j ugates , finding little activity ( Chong 

et a� . , 1980 ) . In the light of mos t previous work , the occurrence o f  

decon j ugating activi ty i n  fungi is s urpris ing , not only through thei r  

having no e cologi cal link with b i le acids ( i . e .  non- intestinal)  but also 

because of thei r  aerob i c  hab i t .  F e w  other instance s of aerob ic de conj uga­

tion have been reported ( Yesair and Himmelfarb , 1970 ) . Mos t  workers have 

used strict anae robe s and have stre s sed the anaerobi c  requireme nt o f  con­

j ugate hydrol a se s ( Aries and Hill , 1970 a ; Gilliland and Speck , 1977 ) . 

The first reported ce ll- free b ile acid con j ugate hydrolas e  activity 

was observed by Norman and Widstrom ( 19 6 4 )  in the liquid phase of rat 

caecal and colon contents . The activi ty had an optimum of pH 6 - 7  wi th 
wide shoulde rs from pH 5- 8 .  The authors concluded that the activi ty on 

taurocholate, taurodeoxycholate and glycocholate was s uffi ciently s trong 

to account for all in vi vo deconj ugation . 

Nai r et a � .  ( 19 6 5 ,  1967) published the firs t  maj or characte ris ation 

of a cholanoylglycine and cholanoyltaurine hydrolas e .  The intrace l lular 

and consti tutive enzyme from Cl. perfri ngens was puri fied 15- fold, and 



showed an optimum o f  pH 5 . 6- 5 . 8 . It was acti ve on both glycine and 

taurine conjugates of chol i c ,  deoxycholi c and chenodeoxycholic acids . 

with activity decreas ing in the orde r dihydroxy > trihydroxy > mono­

hydroxy . Th is work has resulted in the commercial avai lab i lity ( S i gma , 

Schwartz-Mann )  o f  an ace tone dried preparation o f  Cl. perfringens for 

analytical conj ugate hydrolysis . 

The e f fectivene s s  of hydrolysis using this acetone powder was com­

pared with t raditional alkal ine hydrolys is by Rose leur and van Gent 

( 1976 ) who obtained quanti tative yie lds with the enzymi c hydrolysis . 

Yamamoto et al .  ( 1977 )  have succes s fully applied the s ame preparatior 

to C- 3 ,  C-7 and C-12 keto bi le ac . d  conj ugates , compounds which are 

normal ly unstab le to alkaline hydrolys is . Y amamoto ( 19 7 7 )  s imi larly 

hydrolysed a range of conjugate s and the i r  s ulphates . More re cently , 

Kobashi et al .  ( 1978 ) have prepared an acetone dried powde r o f  Pepto­

streptococcus intermedius with a s trong cholanoyltaurine hydrolase ac­

tivi ty but very little as sociated cholanoy lglycine hydrolase . The 

powder was stab le on storage and gave 100 % yie lds within 1 h at 3 7 ° C 

for a 0 . 2 mM substrate concentration . 
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Ove r the last decade, several studies have been made on a variety 

of isolated conjugate hydrolase s .  Aries and Hi l l  ( 19 70 a )  ext racted act­

ivities from two strains of each of Strep. faecalis, Cl. we lchii, Bifi­

dobacteri um spp . and Bacteroides spp . All except the b i fi dobacteria 

had intrace llular or memb rane-bound activities , whi le Bifidobacterium 

posses sed an extra- ce llular hydrolase active on glycodeoxycholate b ut 

not taurodeoxycholate . All enzyme s showed optima o f  pH 5-6 on glyco­

deoxycholate except the Strep. faecalis extract, which had an opt imum 

be low pH 4 . 8 . The bacteroide s and clos tridi al enzymes were non-spe c i fi c ,  

even splitting some synthetic conjugates . The c lostridial enzyme lost 

all activity ove r 4 months at -10 ° c .  In general, activity was greater 

on glycine than on taurine conjugates and gre ate r on t rihydroxy than 

dihydroxy conjugates .  These workers also studied inhibition of the 

hydrolases by a range of compounds , observing ( as di d Nai r et al. ( 19 6 7 ) )  

inhibition by sulphydryl group inhibitors and by heavy metals . 

Yesair and Himme l farb ( 1970 ) studied s ix animal faecal isolates 

from di ffe rent sources . From the aerobically- grown organisms , they 

extracted intracellular hydrolases which showed optima near pH 7 and 



2 0 %  gre ate r activi ty at 37 ° c than at 2 2 ° C .  Hydrolysis o f  both glycine 

and taurine con j ugates was complete with in 2 4  h, b ut bile acids were 

ultimate ly degraded to non-steroidal products .  
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Hylemon and Stellwag ( 1976 ) investi gate d the cellular location of 

the conjugate hydrolases o f  two s trains of B. fragi lis and one Eubac­

teri um aerofaciens. The s e  authors demons trated activity to be loosely 

membrane-bound, being released into the medium upon lysozyme t reatment . 

The re was gre ate r activity in organisms harvested in s tationary phase . 

Ste llwag and Hylemon ( 19 76 ) further characte rised the enzyme of B. fragi Zis 

subsp.  fragi lis, and explaine d con flicting molecular wei ght dete rmina­

t i ons by postulating e ight sub-un i ts in the catalytically active enzyme . 

The optimum was pH 4 . 2 with the activity showing non-Michaels-Menton 

Kinetics on some s ub s t rates . Hydrolases we re found only in those 

Bacteroides spe cie s whi ch also possessed 7a-hydroxycholanoyl dehydrog­

enase act ivity . 

Macdonald et a l .  ( 1976) tes ted cell- free extracts of Cl. perfrin­

gens finding 100% hydrolysis of taurocho late wi thin 2 4  h for each of 

the 2 5  s trains teste d .  In contrast, only one of 5 strains o f  Cl. para­

putrificum showed such activity . 

2 . 4  OCCURRENCE OF MULT IPLE TRANSFORMATION AB I LITIES IN 

SINGLE ORGANI S MS  

In the gut , 7a- dehydroxylation i s  extensive, but 7a-dehydrogen� 

ation is s light . Bergs trom et a l .  ( 19 5 9 )  showed that deoxycholic acid 

is formed from labelled cholic acid in the rabb i t  intestine with almos t 

complete retention o f  the 7S-3 H labe l .  At the s ame t ime the reduction 

of 7-ketodeoxycholate to cholate was found to p roceed rapidly . This 

indicates the dehydrogenation equi librium l ies well to the reductive 

s ide i n  vivo. In con t rast, Ferrari and Aragozz ini ( 1972 ) , who used 

washed and re- s uspende d  re sting ce l ls of a pure culture of Cl. biferme n­

tans S D  10, found almost complete loss o f  the 7S- 3 H over 5 day s '  

incubation with labe lled chol ic aci d ;  o f  the i r  recove red material, 17% 

was 7-ke tone . Canoni c a  et al. ( 1971) obtained s imi lar results . 

Hayakawa and Hattori ( 1970 ) dis cove red approximate ly equal quanti-



ties of 7-ketodeoxychol i c  acid and deoxychol i c  acid in cultures o f  Cl. 

bifermentans ATCC 9714 , Cl. sordellii NCIB 6929 and Bacteroides 28S 

.,, grown in Marcus and Talalay medium contai ning 0 .  0 2 5 %  s odium chelate . 
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Midtvedt and Norman ( 19 68 ) repo rted that keto de rivatives were formed 

from chol ic acid at all pH values s tudi e d ,  whi l s t  dehydroxylation 

occurre d on ly with an initial medium pH above 6 . 0 . Bokkenheus er et a l .  

( 1969 ) found that ?a- dehydrogenation always accompanied 7a-dehydroxy­

lation when their i so late FA 1/146 was grown with varyi ng concentrations 

of cho l i c  acid. Ari e s  et a l .  ( 1969)  found that all those bacte roide s  

and clostridia tes te d  whi ch dehydroxylated also produced the 7-ketone ; 

Stel lwag and Hylemon ( 1978) in characteri s ing the 7a-dehydroxylase in 

whole ce l l s  of Cl. leptum ( forma l ly Bacteroides 28S ) reported no as s oc­

iated 7a �ehydrogenase or bi le conj ugate hydrolase activities . Thi s  

contrasts wi th Hattori and Hayak awa ( 19 6 9 )  who originally isolated 

Bacteroides 2 8S , and who found a small amount of 7-ketodeoxycholate 

contaminating the cholate dehydroxylase mixture . The re are other re­

ports of dehydroxylation without as sociate d dehydrogenation . Fe rrari 

and Pacini ( 1968) c laimed that thei r  mi xe d fae cal culture converted 

cholate to deoxycholate quanti tative ly , and Ferrari and Cocucci ( 1967)  

iso lated a strain o f  Pseudomanas aeruginosa and one o f  Escherichia coli 

which catalysed quantitative dehydroxylat ion . Howeve r the activity was 

los t after a single trans fe r in pure culture . 

From this re ading of the lite rature , there would appear to be no 

single bacterium whi ch has been cle arly shown to pos sess a s table 7a­

hydroxycholanoy l dehydroxylase wi thout at least one associated 7a-hydro­

xycholanoyl dehydrogenas e .  In vitro the oxidative activity is usually 

strongly expre s s e d ,  e xcept in some cas es of mi xed culture s o r  very 

fresh isolates . Howeve r ,  it would appear that 7a- dehydroxylation can 

occur with li ttle concomitant oxidation at C-7 as indeed it does in vivo. 

Drasar and Hi l l  ( 1974 ) state: " I f  the condit i ons are ideal for dehydrox­

ylation , then ve ry l i ttle 7-keto acid formati on should take place . " 

The problem then is to manipulate the environment so that the 

appropriate combinat ion o f  ( unknown) factors suffi c i ently clos e ly 

resemble the in vivo environment . No worke rs in the fie ld have as yet 

attempted to us e the resources of an ins trumented fermenter ; vi rtua lly 

all p revi ous in vitro trans formations have been performed in small 

bottles and flasks without pH control . 



2 0  
Faecal b i le acids are 100 %  deconj ugated , indicating that the b ile 

con j ugate hydrolases are widely distributed amongs t intestinal o rgan­

i sms ( Dras ar and Hi l l , 19 74 ) . The numerous published screening s tudies 

have demonstrated this to be true , so that many organisms capable o f  

further trans forming bile acids can also hydrolyse the conj ugates . 

Ste llwag and Hyleman ( 19 76 )  reported 7a-hydroxycholanoy l  dehydrogenase 

activity i n  only those strains o f  Bacteroide s possess ing a b ile conj u­

gate hydrolase enzyme . In fact , Bacteroide s fragiLis , the mos t  preva­

lent organism i n  human faeces , can be respons ible for all the main 

trans formations of b ile acids ( Hayakawa , 19 7 3 ) . 

Aries et a L .  ( 19 6 9 )  reported that many strains of Bacteroides spp . , 

Bifidobacterium spp . and ente rococci were able to degrade cholate and 

deoxycholate , and that strains o f  these genera could also hydrolyse 

b i le aci d conj ugates . Howeve r ,  no ente robacteri a were found able to 

deconj ugate , even though many could metabolise free b i le acids . Hill 

and Drasar ( 19 6 8 )  dis covered dehydroxylase activity in only those 

genera showing cholanoyl taurine hydrolas e .  Wi th the exception of 

Escheri chia , Di ckenson et aL .  ( 19 71 )  found the ability to trans form 

cholic acid only in those genera capable of deconj ugation . 

Some s e lected isolates have re ceived spe cial attention in the lit­

erature . The organism isolated by Gus tafs son et aL. ( 1966 ) and tenta­

tive ly identi fied by Midtvedt ( 19 6 7 ) as being of the tribe Lactobacilleae , 

has been further s tudied ( Midtvedt and Norman , 196 8 ;  Bokkenhe use r  et a L. 

( 1969 ) . Thi s  lactobacillus-like is olate contained in addi tion to the 

7a-dehydroxy lase , enzymes capable o f  oxidi s ing the hydroxyl groups at 

C- 3 ,  C- 7 and C-12 , but could not spli t  taurocholate or glycocholate . 

Bokkenheuse r  and col league s ( 1969 ) i s o lated an organism ( strain FA 

1/146 )  whi ch was i dentical in thes e  respects , but was not tested on 

conj ugates . As mentioned above , Hattori and Hayakawa ( 19 6 9 ) i s olated 

Bacteroides 2 8S from human faeces . Ste llwag and Hyleman ( 19 7 6 )  re­

clas s i fied Bacteroides 28S as CL. Leptum and s tudied it as washed 

cel l  s uspens i ons . Perhaps the mos t  n ume rous reports of a s ingle iso­

late are those o f  the Italian workers and their isolate CL. bifermentans 

SD 10 ( Ferrari and Cocucci , 196 7 ;  Ferrari and Pacini , 196 8 ;  Carini et 

aL . , 196 7 ;  Fe rrari and Be retta , 19 7 7 ; Ferrari et aL. , 19 7 7 ) . Ferrari 

and Be retta ( 19 7 7 )  observed cell- free extracts of CL. bifermentans 

S D  10 to have , i n  addition to the 7a-dehydroxylase and ?a- dehydrogenase 



abilities previous ly obs erve d ,  the abi li ty to rapidly deconjugate 

taurocholate and glycocholate . In addi t ion , 3-keto- an d  1 2 - keto­

containing cholate metabolites were de te cted. These authors showed 

two e le ctrophoretical ly separab le dehydrogenase activities in the 

extract . 

2 . 5  CHOICE OF ORGAN I S M  

The major proje ct aim was to deve lop a n  industri al proces s  to 

decon jugate and 7a- dehydroxylate the bile acids of mutton gal l , us i ng 

microbial cells . In se lecting an organism or o rganisms to work wi th , 

two approaches we re avai lable: 

( a) s c reening fae cal i solates for organ i s ms  wi th the appropri ate 

ab i l itie s , or 

(b ) us ing a strain named in the lite rature an d  previ ously demons tra­

ted to have the se ab i l ities . 

The forme r alternative has the di sadvantages that: 

( a )  seve ral workers have shown di fficulty expressing dehydroxylase 

activity in s c reene d organi s ms ( Midtvedt and Norman , 

1967 ; Dickenson et al . , 1971 ) ; 

(b)  i solation , pu ri fication and s c reening o f  faecal i solate s  is 

time-consuming ,  and 

( c ) s ince little was known o f  optimum condit i ons for dehydroxy lation 

so early in the inves tigation , there was a dange r 

that any data collected would poorly repres ent the 

true abilities of the s t rains . 

For the se re asons , the second of the two approaches was adopte d .  

The choice o f  o rganism then remaine d .  Clostridium bifermentans 

was s e le cted , s i n ce Ferrari and colleagues have pub l ished numerous 

reports on the i r  own Cl. bifermentans i s o l ate , and Hayakawa and 

2 1  

Hattori ( 1970 ) have i denti fied an inte rnational type strain posse s s ing 

the 7a-hydroxycholanoy l  dehydroxylas e .  Further , Ferrari and Beretta 

( 1977) indicated that the i r  s train pos s e s s e s  a cholanoyltaurine and 

cholanoy lglycine hydrolas e .  The high inci de n ce o f  de conjugating 

abi l i ty in clostridia ( Shimada et al . , 19 69 ; Lewis and Gorbach , 1972 ) 

s ugges te d  that Cl. bifermentans ATCC 97 14 would probab ly also hydrolase 

conjugates . 



2 . 6  CLOSTRIDIUM B IFE RMENTANS 

The taxonomy of Cl. bifermentans is somewhat con fus e d .  Although 

the Ame r ican Type Culture Colle ction has c las s i fied s t rain ATCC 9714 

as Cl. bifermentans for at least the las t 10 years, Be rgey ' s  Manual 

( Smith and Hobbs, 1974)  cites ATCC 9714 ( NCIB 10717) as the re ference 

strain for Cl. sorde l lii. Moore et a l. ( 19 66 )  included in the i r  large 

study o f  c lostri di al fe rmentation patte rns three strains of Cl. bi­

fermentans and three of Cl. sorde l lii. I n c luded in the l atter group 

was ATCC 97 14, whi ch proved to be more simi lar to the two other Cl. 

sorde l lii than to the three Cl. bifermentans s trains . Be rgey ' s  

Manual di f ferenti ates between Cl. bifermentans and Cl. sorde llii on 

the b as is of urease activity wh ich is produce d by the latte r  only . 

2 2  

P revot and ?redette ( 19 6 6 ) , whi le observing that both spe cies have 

been i s o l ated from gangrenous wounds, appear to conside r  Cl. sorde llii 

alone to be pathogeni c .  Prevot deals at length with natural and ex­

perimental pathogenic ity and with the highly active leci thinase toxin 

of Cl. sorde llii , but makes no mention o f  pathogeni c i ty or toxi city of 

Cl. bifermentans . This would imply that the strains use d  by Moore et 

al. we re a l l  Cl. bifermentans , s ince none showe d toxi city to mi ce 

( al though ATCC 9714 was not tested) . 

H ay akawa and Hattori ( 1970 ) fai led in an attemp t  to trace the or­

igins of strain ATCC 97 14, which was first depos ited as Cl. sorde l lii. 

Becaus e  of doubt concerning its true identity, thes e  authors dis counted 

the s train from the i r  dis cus s ions on the pos s ibi lity that separation o f  

Cl.  sorde l lii and Cl. bifermentans is j usti fiab le o n  the bas is o f  7a­

dehydroxylating abi li ty .  They also dis counted the othe r dehydroxy lating 

Cl. bifermentans strain, i . e .  SD 10, stating: " It s eems like ly that 

Cocucci and Ferrari ( 19 6 4 )  i dentified their s train as Cl. bifermentans 

according to S tewart ' s  ( 19 38 )  opinion . " Stewart con s i de red Cl. sorde Uii 

to be a pathogenic variant o f  Cl. bifermentans , and that they should be 

regarded as a s ingle species Cl. bifermentans . Hayakawa ( 197 3 )  reported 

an e xtension to his earlie r work : 6 of 7 s t rains of non-pathogenic Cl. 

sorde l lii and none of the 16 s trains of Cl. bifermentans tested showed 

in vitro 7a-dehydroxylation activi ty . The only Cl. sorde llii to be 

negative was also the only one to be ureas e- negative . 



Nomenclature per se is of little consequence to the current work . 

No attempt w i l l  be made to re-clas s i fy s train s . The spe c i ation adop­

ted by ATCC and Ferrari, from whom the culture s were procured, w i l l  

b e  retained .  

From the viewpoint o f  an industrial p roce ss, a non-pathogenic 

organism is pre ferable, since wide s a fe ty margins are expens ive . In 

the light o f  the confus ion be tween sorde l l iijb i fermentans, and the us e 

of pathogenicity as a taxonomic criterion, there can be no pre ference 

es tablished on these grounds . 
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Having de cided whi ch organism to us e, the next s tep was to s e le ct 

a growth medium.  Hol land and Cox ( 1975 ) deve loped a ful ly synthet�c 

medium whi ch s upporte d growth and sporulation of seve ral Cl.  bifermen­

tans strains .  Hayakawa and Hattori ( 1970 ) , in thei r  study with Cl. 

bifermentans ATCC 97 14 , used Marcus and Ta lalay Medium ( Marc us and 

Talalay, 1 9 56 ) . Ferrari and colleague s  also used thi s  medi um i n  some 

of thei r  ear ly studi es ( Fe rrari and Cocucci, 1967) , but l ate r favoured 

Todd He witt Broth for Cl. bifermentans c ulture (Ferrari and Aragozz ini, 

1972 ; Ferrari et al. , 1977 ; Fe rrari and Beretta, 1977) . Midtvedt and 

Norman ( 19 6 8 )  cite a numbe r of studies in which Todd Hewitt B roth has 

been used for bile acid trans formation work . Thus Todd Hewitt B roth 

was chos en for the current work, for seve ral reasons: 

( a) its extens ive use by othe r worke rs, 

( b )  i ts availability as a standard comme rc i al product, and 

( c )  its re lative s implicity - an indus trial fermentation could 

employ a very s imi lar medium (protein digest, me at 

infus ion, g lucose syrup and salts ) . 

2 . 7  INHIB ITION OF BACTE RIAL GROWTH BY B ILE ACIDS 

The inhibition of bacterial growth by b i le aci ds has been long 

known and is the b as is of several media s elective for enter i c  organi sms . 

In the last dec ade, several studies have been devoted to characte ris ing 

the nature of the inhib ition . A knowledge of thes e  s tudi es should be 

valuab le in the development o f  a p roce s s  for bile acid t rans formations, 

whe re organi sms are cultured in the presence of b i le acids . 
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Floch et a l. ( 1972 ) reviewed the e xisti ng l i te rature i n  thi s  fi e l d ,  

concluding that whi le conj ugate s were inhibitory to some organisms , free 

choli c  and deoxychol i c  acids were more s o .  Anaerobes and Gram pos i tive 

organisms were mos t  affe cted. In the ligh t  of this conclus ion , F loch and 

eo- worke rs postulated an autoregulatory mechanism whe rein gut b acte ri a 

inhib ited thei r  own growth by hydrolys ing b i le conj ugates . They went on 

to dete rmine minimum inhibitory levels of seve ral bile aci ds , i nc luding i n  

the i r  s tudy two s trains o f  Cl. perfringens . The se strains we re inhibited 

by 5 mM glycochol i c  acid and 1 to 5 mM glycodeoxychol i c  aci d.  Both con j u­

gate s were hydrolysed and the re leased choli c acid was subsequently 7a­

dehydroxylated .  F loch and colleagues drew general conclus ions from the i r  

s tudy: 

( a) dihydroxy b i le aci ds are inhibitory at the 1-2 mM level , trihydroxy 

acids at 5 mM; 
(b ) increase d. b i le acid concent ration p roduced incre as ed inhibition ; 

( c) greate r ini tial cel l  dens ity de cre as ed inh ibition for a given bile 

acid concentration ; and 

( d) the inhibi to ry e f fects of di ffe rent bile aci ds are not necessari ly 

additive. 

Percy- Robb and Colley ( 1972 ) extende d  this work , and dis cove re d  b i le 

acid toxi city to bacte ria to be pH-dependent . These workers grew two 

strains of each of Cl. welchii and Bacteroides sp . in the pres ence of 

cholic acid in media o f  initial pH 7 . 2 ,  6 . 4  and 5 . 8 . They found that at 

pH 5 . 8 ,  chol i c  acid was toxi c at 1 . 5 mM ,  but at highe r pH values sensiti­

vity was de c reas ed. Cons equently they p roposed a homeostati c  regulation 

system to prevent back-growth in the small intestine , where b i le acid 

leve l s  are ea 1 mM. 

Binde r et a l. ( 1975 ) studied the inhibition of 1 1  strains of Clos tri­

dium, 15 of Bacteroides and 1 3  of Lactobaci llus,  and reporte d free b i le 

acids to be more inhibitory than conj ugates . Lithocholate h ad a greater 

e f fe ct than deo xycholate which was in t urn more inhibitory than chelate . 

The inhib itory e ffect incre as e d  with de cre as i ng pH . The addition of 5 mM 

o f  lecithin dec reased the inhib itory e f fe ct o f  10 mM c .1olic acid,  

e specially for clostridi a .  

In the light of these findings , one fe rmentation vari ab le worthy 

of s tudy in thi s  proj e ct wil l be the addition of b i le acid trans formation 

s ubstrate be fore/afte r  the completion o f  growth . 



CHAPTE R 3 METHODS 

3 . 1 ME LT ING POINTS 

Al l melting points were determi ned on eithe r a Ko fler hot-s tage 

apparatus ( Kofl e r ,  Rei chert , Aus tri a )  and are corre cte d ,  or on a 

Le itz Dialux mi croscope with heating stage 350 ( Ernst Lei tz GMBH ,  

Wetz lar , F . D . R. )  and are uncorre cted .  

3 .  2 MATE RIALS 

3 . 2 . 1  Medi a 

Cooked Meat Medium ( Oxoi d  CM 81)  was obtained from Oxoid Ltd . , 

London , U . K . , and Todd Hewi tt B roth (BBL 1 17 3 6 ) was obtained from 

Baltimore B iologi cal Laboratories , Cockeys vi l le , Maryland ,  U . S . A. 

3 . 2. 2  Chromatography Materi als 
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Amberlite XAD-2 was obtained from Mall inck rodt , S t . Louis , Mis souri , 

U . S . A .  Ce lite Hyflo Super-ee l ,  used for reverse phase partition chroma­

tography , was s upplied by Koch-Light Laboratories , Colnb rook , Buck ing­

hamshi re , U. K .  Kieselgel DG ( 400 mesh) , used for th in- layer chromatog­

raphy ( T . L . C . )  was ob tained from Riede l- de Haen AG, Seelze-hannove r ,  F . D . R. 

3 . 2 . 3 B i le Acids 

Chol i c  acid ,  methyl 3 a , 7a- di acetoxy- 12a-hydroxy- 5S- cholan- 2 4- oate 

and deoxychol i c  acid (pure and 9 8 %  pure ) were obtained from New Ze aland 

Pharmaceut icals Ltd . , Palme rs ton North , N . Z .  The choli c acid was 

recrystall i sed twi ce from wate r-s aturated ethyl methy l ketone and once 

from methanol-wate r 9 8: 2 ,  be fore drying at 10 5
° C for 3 h .  

The diacetate was recry stallised once f rom methano l and ai r dried 

at room tempe rature , whi lst the lower grade o f  deoxycholic aci d  was 

recrystal l is e d  once from water- s aturated ethyl methy l k etone and ai r 

d ri ed at room temperature for us e in subsequent syntheses . Pure de­

oxycho l i c  acid was used as received , as a s t an dard for high performance 

l iquid chromatography . 
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3 . 2 . 3 . 1  7- Ketodeoxychol i c  acid 

7-Ke todeoxycholic acid was p repare d b y  the method o f  Fieser and 

Raj agopalan ( 19 49 ) . The reaction mixture could not be readi l y  crystal­

lised,  and so w as puri fied by repeated c ry s tallisation of the di formate 

(Tserng and Kle in , 19 7 7 ) . The diformate ( 10 g )  was hydrolys e d  by 

re fluxing for 4 h in a mixture o f  e thanol ( 50 ml ) and 1 . 2 M NaOH ( 75 

rnl ) . The precipitate produce d by the addition of 1 M H2S04  at S0 ° C 

was collecte d ,  re crystallised twi ce from w ate r-s aturate d e thyl acetate , 

then dri ed for 3 h at 100 ° C/0 . 2 -0 . 4 k P a .  The free a c i d  (m. p .  176 - 1 7 8 ° C ;  

c . f .  170- 17 1 ° C ,  Hoehn and Linsk , 1945 ) had the equiva lent wei ght o f  a 

mono-hydrate , ( found : 42 3 . 6 ; calculated for C2 4 0 s H 3 e . H20 : 42 4 ) . 

3 .  2 .  3 .  2 3a , 7a-Dihydroxy- 5 S- chol- l l- en-24-oic ac id 

Methyl 3a , 7a-di acetoxy-5 S- chol- ll-en- 2 4-oate was prepared from 

methyl 3a , 7a- di acetoxy- 12a-hydroxy- 5 S- cholan-2 4- oate essentially by 

the method o f  Chen ( 19 76 )  but omitting the hexane e xtraction of the 

crude 12a-mesylate . The 11-ene-di ace tate ( 20 . 45 g) was subsequently 

hydrolys ed by re fl4xing for 45 min in 1 . 8 M ethano lic NaOH ( 2 0 5  ml ) 

and re- cry stallised twi ce from water- saturated ethyl methy l  ke tone . 

This gave 3a , 7a-dihydroxy-5 S- chol- ll-en- 2 4-oic acid , m. p .  206- 2 10 ° C ,  

for use as an internal s tandard in chromatographic analys es . A s amp le , 

when recrys tallised from ethyl acetate had m . p .  209 . 5-2 12 ° C ( c . f .  

Nakada , 196 3 ,  204-206 ° C ) . 

3 . 2 . 3 . 3  Conj ugates 

Sodi um taurocholate , sodi um taurodeoxy cholate and glycodeoxy cho­

l ic acid were prepared by the method of Norman ( 19 5 5 )  whi le g lycocho­

lic acid was prepared by app lying Norman ' s  method for glycodeoxycholic 

acid to cho l i c  acid.  

Since the taurine con j ugates were di f fi cult to c rystal lise , their 

purity was checked by thin - l ayer chromatography ( solvent system TLC l ,  

refe r  s e ct ion 3 . 6 . 4 ) . Both were contaminated wi th unre acted free bile 

acid.  To remove this , the taurocholate was dissolve d  in water , 

acidi fied to pH 3 . 5  with HCl , and the free b ile acid e xt racted with 

n-butanol . Simi l arly , taurodeoxycholate was dis so lved in wate r ,  

acidi fied to pH 4 . 5 ,  and extracted with e thyl acetate . In both c as es , 



the aqueous phas e contain ing the conj ugate was evaporated to drynes s  

on the s team bath and the resulting gums were dis solved in boi ling 

ethan o l . Sodium hydroxide ( 2 . 0  M) was used to adj ust the solutions 

to pH 8-9 (phenolphthalein ) prior to f i lt rati on . Sodi um taurocho­

late was crystal lised twice from ethanol-ethe r 9 : 1 , then dri e d  for 

three days ove r P z O s  at 4-6 kPa . Sodium t aurodeoxycholate was re­

crysta l lised twi ce from ethanol , then dried for 6 h at 80 ° C and 

4-6 kPa . 

Both glycine con j ugates we re cry s tallised from aqueous e than o l . 
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Glycocholic acid was then re crys tal lised three times from e thyl 

acet ate- ethanol 9 : 1 , while glycodeoxycholi c acid was re crys tallised 

once from ethanol and wate r ,  then twice from ethyl acetate and e thanol . 

Both products were dried for 5 h at 110 ° C and 4-6 kPa . 

All four con j ugates were found to be homogenous by T . L . C .  ( so lvent 

sys tem TLC2 , re fer s ection 3 . 6 . 4 ) . In addi tion , the glycine con j ugate s 

we re subj ected to H . P . L . c . ( solvent sys tem: methanol-0 . 1 7 M aq. ace t i c  

a c i d  8 0 : 20 ,  �ondapak c 1 8  column ,  1 . 7 rnl/rni n ,  refer section 3 . 6 . 5 ) . 

Glycocholic acid was found to be pure , but glycodeoxycho l i c  acid had 

a 0 . 9 % deoxychol i c  acid contaminan t .  

Me lting points were dete rmined o n  the Ko fler hot-stage apparatus , 

and are listed i n  Tab le 3 . 1 .  

TABLE 3 . 1 Me lting Points of Synthet i c  Conjugates 

Conj ugate Found Literature 

o c o c 

Sodium taurochol ate 1 7 1- 174 1 30- 145 Cortese and Bashau ( 19 3 7 )  
182- 184 Tserng et a l. ( 19 7 7 )  
2 2 5- 2 35 Norman ( 19 5 5 )  

Sodium taurodeoxycholate 171- 17 4  172- 1 7 3  Ts erng et a l. ( 19 7 7 )  
1 7 1- 17 5  Norman ( 19 5 5 ) 

Glycocholic acid 166- 169 16 5- 16 8  Norman ( 195 5 )  

G1ycodeoxycho l i c  acid 188- 189 1 8 7 - 1 8 8  Norman ( 19 5 5 )  
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S in ce sodium t aurocholate me lts ove r wide temperature ranges ( Co r 

tase and B ashau , 19 3 7 ;  Norman , 19 5 5 ) , and s i n ce the me lting point deter­

mined here was 10 ° C b e l ow that of Tse rng et aL .  ( 19 7 7) , the s odium t auro­

cholate was comp ared by T . L . C .  ( s ys tem TLC2 , re f .  section 3 . 6 . 4 ) with 

authenti c  sodi um taurocho late ( Koch-Light Laboratories ) , and found to 

have the same Rf value . 

3 . 2 . 4  Solvents 

S olvents for crys tallisation were generally B . D. H .  A. R .  grade 

( B . D . H .  Chemicals New Z e aland Ltd . , Palme rs ton North , N . Z . ) .  Chloro form 

for solvent e xtraction w as purchased from Aj ax Chemi cals , Sydney , Aust­

ral i a ,  and was us ed as re ceived. Afte r us e ,  ch loroform was re covered by 

washing with wate r ,  drying over anhydrous MgS04 and redi sti l ling . Re­

covered chloroform was s tored contain ing 2 %  ( v/v) ethano l .  Methanol 

for glas sware washing was purchas ed from I . C . I .  (New Zealand) Ltd. , 

Lower Hutt , N . Z . , and redisti l led be fore us e .  Hexame thylphosphoric 

triami de , used in the s ynthe sis o f  3 a , 7a-dihydroxy-5 S- chol- ll- en- 24-oic 

acid , was " Aldri ch- analys ed" grade , obtai ned from Aldrich Chemi cal Co . 

Inc . , Mi lwaukee , Wis cons in , U . S . A . 2-Ethy lhexanol us ed in reve rs e phase 

partition chromatography was a Unilab laboratory re agent , Sydney , Aus t­

ralia ,  whi le tri-n-butylamine , used in conj ugate syntheses , and dime thyl­

sulphoxi de ( D . M. S . O . ) were B . D . H .  laboratory reagent grade . 

All solvents for h igh per formance liquid chromatography were re­

dis t i l led in glass and stored in glas s .  Methanol was redi s t i l le d  over 

1% w/v NaOH , using a 1 . 5 m randomly-pack e d  glass column , and wate r was 

dis t i l led in s tainl e s s  ste e l  be fore redi s t i l latibn . Acetic acid and 

column washing solvents were A . R. grade be fore redi s til lation .  

Al l solvent rati o s  are reported on a volume tb volume b as is . 

3 . 2 . 5  Gases and Other Chemi cals 

Hydrogen , oxygen- free n itrogen and mixtures of dry n i trogen and 

c arbon dioxide we re purchased from New Z e aland Industri a l  Gase s  Ltd. , 

Palme rs ton North , N . Z .  The compos ition o f  n i trogen-carbon dioxide mi x­

tures was che cked periodic ally with an Ors at apparatus . 

Phosphomolybdi c acid ( " Bake r- an alys ed" g rade ) was obtai ned from 
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J . T .  B aker Chemi cal Co . , Phi llipsberg , New Jersey , U . S . A .  Sodi um 

thi oglyco l late was purchas ed from Di fco Laboratories , De troi t ,  Mi ch i gan , 

U . S . A. , and dichlorodimethyl s ilane from the P i erce Chemi cal Comp any , 

Rock ford , I llinoi s , U . S . A . B . D . H .  Chemicals ( New Zealand) Ltd . s upp lied 

tris (hydroxymethy l ) me thyl amine , ( Tris ) , a-hydroxyquino l ine and quin­

hydrone which were A . R. grade , and methanes ulphonyl ch lori de , N-bromo­

succinimide , e thyl chloro formate , sodium barb i tone and disodium 

ethylenedi aminetetraacetic acid ( EDTA) , whi ch were a l l  laboratory 

reagent grade . The enzyme inhibitors p- chlorome rcuribenzoate (pCMB ) 

and dicumaro l were purchased from Koch- Light Laboratorie s  and the 

S IGMA Chemi cal Company ( St .  Louis , Miss ouri , U . S . A . ) respective ly .  

Most other chemicals were A . R. or laboratory re agent grade , 

purchas ed from B . D . H .  o r  May and B ake r ( New Ze aland) Ltd. , Lowe r Hutt , 

New Ze aland . 

3 . 3 ORGANISMS 

Clostri dium bifermentans ATCC 9 7 14 was purchased from the Ame ri can 

Type Culture Colle ction as a freeze dri ed specimen . Cl . bifermentans 

SD 10 was a gi ft from Pro fe ssor A .  Ferrari of the Univers ity o f  Mi lan . 

Thi s  s train was isolate d from a highly sele cted mi xed culture o f  human 

faecal organisms ( Fe rrari and Aragozzini , 19 72 ) , and was rece ived as 

a freeze dried culture . 

Both s t rains were reconstituted into and maintained in Cooked 

Meat Medium containing 0 . 0 5% w/v cholic aci d .  Subcultures we re 

p repared approximate ly every twe lve months . 

3 . 4 STERILISATION OF MEDIA 

Both Cooked Mea t  Medium for culture main tenance and Todd Hewitt 

Broth for sma l l  s cale experiments and inoculum preparation we re 

autoclaved in 2 5  ml McCartney bottles for 1 5  min at 12 1 ° c .  



3 . 5 CLEANING OF GLASSWARE 

All glas sw are was routinely washed in hot tap wate r containing 

" Pyroneg" ( Dive rs ey-Wal lace Ltd . , Papatoetoe , Auckland , New Ze aland) , 

thoroughly rinse d  in warm tap water and ai r dri ed at ea 6 0 ° C .  

Glassware for use in analyses was further rinsed with methano l and 

air dri e d  at room tempe rature . I tems used for chemi cal synthes es 

were s oake d  in di lute NaOH pri or to washing , and glassware used to 

store H . P . L . C .  solvents were tre ated with hot ch romi c acid and rinsed 

seve ra l  times wi th dis tilled wate r and the solvent to b e  s tored.  

3 . 6  ANALYTICAL METHODS 

3 . 6 . 1 pH Measurement 

Routine l aboratory pH meas urement w as pe rformed w i th a Metrohm 

He risau pH Mete r E520 ( Metrohm Ltd. , He ri s au ,  Swi tze rland) . 

3 . 6 . 2 Dry We i ght Dete rmination 

An aliquot of ce ll suspens ion was accurately pipetted into an 

aluminium moi s ture di sh , pre vi ously s tore d  i n  a des i cc ator and tared.  

Fre e water was removed on the s te am  b ath . The re s i due was then dri ed 

for 16 h at l l0 ° C ,  cooled i n  a des i cc ator and the dish rewei ghed.  

3 .  6.  3 Ce l l  Counts 

An aliquot of l ive culture was counted di re ct ly using a haemo­

cytomete r with phase con tras t mi cros copy . Spores were not distingui­

shed from vegetative cells . 

3 .  6 .  4 Thin-Layer Chromatography 

Qualitative analytical T . L . C .  was conducted on 10 mm x 20 mm 

glass p l ates with 0 . 2 5 mm l ayers o f  Kiesege l DG. P l ates were 

acti vated by heating at ll0 ° C for 30 min be fore use .  Development 

was by the tank s aturation technique with one of the following 

solve nt systems : 

( a) system TLC l ;  5 : 5 : 1 ,  toluene - aceti c aci d-wate r ,  upper phas e 

( Randerath , 196 8 ) . 

( b )  s ystem TLC2 ; 10 : 10 : 1 , e thylene dich loride- acet i c  acid-water 

( Gregg , 1966 ) . 
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( c )  sys tem TLC3 ; 20 : 10 : 2 ,  benzene-dioxan-acetic acid ( S j oval l , 1964 ) .  

The p lates were vi s ualised by spraying with 10 % w/v e th anolic phos­

phomo lybdic acid ( Ene roth and S j ova ll , 19 7 1 )  and heating at l l0 ° C 

for 5 to 10 min .  

3 . 6 . 5  High Performance Liquid Chromatography 

A Water As s ociates Mode l HPLC200 compris ing a U6K septumless 

loop in j e ctor , mode l 6000A pump and R40 l  di fferenti a l  re fractometer 

( Wa ters As sociate s  Inc. , Mi l ford , Mary land ,  U . S . A . ) was us ed in 

conj unction with a JJ Instruments CR600 twin-pen flat-bed re corde r 

(J.J. L loyd Ins truments Ltd . , Southampton , United Kingdom) . 

The instrument was ope rated at room temperature with e i ther a 

wate rs �Bondapak c 1 8 3 . 9 mm di a x 300 mm column , or a Bio- Rad Bio- Sil 

ODS lO 4 mm di a .  x 2 50 mm column , usually wi th a mob i le phase flow 

rate o f  2 . 0  ml/min . 

3 . 6 . 5 . 1 Mobile phas e 

For s amples containing free bile ac ids and glycodeoxycholi c 

acid , the solvent sys tems used we re mixtures of me th anol and 0 . 1 7 M 

aqueous acetic acid,  firs t used by New Zealand Pharmaceut i cals Ltd. , 

( Garland , 19 7 7 ) . For the �Bondapak C 1 a  column , a volume ratio of 

7 7 : 2 3  was us ua lly us ed , for the B io- Rad column 79 : 2 1 .  

For conj ugate s , a solvent system base d  on that o f  B loch and 

Watkins ( 19 78 )  was us ed , i . e . a mixture o f  methano l ,  wate r and acetic 

ac i d ,  adj usted to a pH 4 . 7 wi th 10 M NaOH . For the �Bondapak c 1 8  
column , a rat io o f  70 : 30 : 3 . 2 7 was use d ;  for the Bio- Rad column , 

7 2 : 2 8 : 3 . 2 7 .  

3 . 6 . 5 . 2  Resolution 

Retention volume s for the system methanol-0 . 17 M ace t i c  acid , 

7 9 : 2 1 are given in Table 3 . 2 a .  Deoxychol i c  acid i s  the las t e luted 

b i le aci d ;  at 2 .. 0 ml/min it is ful ly e lute d  within 12 minutes .  Wi th 

th is syste m ,  the taurine conj ugates cannot be sep arated from the 

solvent fron t , and glycocholic acid is di ffi cult to s eparate from 

7-ketodeoxycholic acid. The partial s eparation b e tween glycodeoxy­

cholic acid and cholic acid is insufficient to a llow simultaneous 

quantitation . 
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Retention volumes for methanol-wate r- acetic acid 78 : 2 8 : 3 . 2 7  

are g iven in Table 3 . 2b .  Cholic acid and g lycodeoxycholi c acid are 

vi rtua l ly eo-e l uted , but a l l  othe r bile acids of intere s t  show base­

line separation . Deoxychol i c  acid i s  again the mos t slowly e luted , 

taking 2 2  minutes at 2 . 0  ml/rni n .  

TABLE 3 . 2 a Retention Volume s o f  B i le Ac ids 

Bile Acid Retention Time 

m in 

7-ketodeoxycholic acid 2 . 7 

cho l i c acid 5 . 1 

glycodeoxy cholic acid 5 . 8 

3a , l2a-dihydroxy- 5 S-
chol- 1 1- en-24-oic acid 6 . 8 

deoxy cholic acid 10 . 5  

Retention Volume 

ml 

5 . 3 

10 . 2  

1 1 . 5 

1 3 . 7 

2 1 . 0 

Condi tions : B io- Rad column , 2 . 0  ml/rnin , 79 : 2 1 methanol-0 . 1 7 M aq . 
acetic acid. 

TABLE 3 . 2b Retention Volume o f  B i le Aci ds 

Bi le Acid Retention Time 

min 

Na taurocholate 3 . 1 

7-ketodeoxycholic acid 3 . 9  

glycocholic acid 4 . 7 

Na taurodeoxycholate 5 . 3 

chol ic acid 9 . 1 

glycodeoxychol i c  acid 9 . 6  

3a , l2a- dihydroxy- 5 S-
chol- 1 1- en- 24-oic acid 12 . 8  

deoxychol i c  acid 19 . 9  

Retention Volume 

ml 

6 . 2  

7 . 8 

9 . 3 

10 . 5  

1 8 . 2 

19 . 2  

2 5 . 7 

3 9 . 8  

Condition s : Bio-Rad column , 2 . 0  ml/min , 7 2 : 2 8 : 3 . 2 7  meth anol-water­
aceti c acid 
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3. 6 . 5 . 3 Ope ration 

Inj ec tion volumes o f  20 to 90 �l cont aining 0 . 1- 1 . 1 �moles o f  

each b i le acid provide d  suitab le peak he ights a t  4 x  o r  B x  attenuation . 

3 3  

Each s amp le mixture inc luded 3a , l2a-dihydroxy- 5 S- chol- ll-en - 2 4- o i c  

ac id a s  inte rnal s tandard , and a s t andard mi �ture o f  known composition 

was always in j ected in paralle l .  

3 . 6 . 6  In fra- Red Spectrophotome try 

A glas s dis c  containing l %  w/v b i le acid in 75 mg o f  potas s i um 

bromide was prepared with a Be ckman Evacuab le KBr Minidie , Mode l DM0- 1 

( Be ckman- Ri i c  Ltd . , Glenrothes ,  F i fe , United Kingdom) . This was 

scanned at slow speed and normal s li t-width w ith a Perkin Elme r 1 2  

7 2 0  spectrophotometer o r  wi th a Pye Unicam SP 3 300 spectrophotometer.  

3 . 7 CULTURE CONDITIONS 

3 . 7 . 1 Small Scale Experiments 

Culture mainten ance , inoculum preparat i on and some de conj ugation 

experiments were performe d on a smal l s cale . Medium ( 20 ml ) was 

dispens ed into 2 5  ml McCartney bottles and autoclaved ( re fer section 

3. 4 ) . Inoculat ion was carri ed out us ing a s te ri le pas te ur p ipette 

with ea 0 . 5  ml of inoculum after media had c ooled to ea 4 5 ° C .  Anae ro­

bic condi tions were adequately approximated by tight ly s c rewing down 

the c aps and incub ating at 3 7 ° C with no further spec ial pre c autions . 

3 . 7 . 2 Fermentation 

3 . 7 . 2 . 1  Equipment 

Figure 3 . 1 is a photograph , and Figure 3 . 2 a diagram o f  the 

ass embled fe rmente r and anc i l lary equipme nt . Fe rmentations we re 

conducted in a Mi c ro fe rm Lab oratory Fe rmente r ( New B run swick Scien­

ti fi c Co. Ltd. , New Brunsw ick , New Jersey , U . S . A . )  using e i ther the 

7 - l i tre ves s e l  w i th 5 l working vol ume , or the 2 - li tre ves s e l  with 

1 . 2 5  l working volume . A modi fied head assemb ly with four e le ctrode 

ports was constructed for the 2 - 1itre ves s e l  ( Figures 3 . 3 and 3 . 4) . 



FIGURE 3 . 1  The As sembled Fe rmenter 



I 

FI GURE 3 .  2 The As sembled Fe rrnente r - Key to Figure 3 . 1 

A 2-litre fe rmenter ve s sel mounted on Mi crofe rm servi ce s un it 

B Inlet gas line wi th glass wool ste rilising filter 

C Acid/base reservoi rs 

D Acid/b ase solenoid valves 

E Manomete r  to measure fe rmenter headspace pre s s ure 

F pH controlle r 

G Time-swi tch allowing s olenoids l s on- time i n  30 s 

H Ele ctrode potential ( E c )  meter 

I Gas-mixe r/flow regulator 

J Chart recorder for pH/tempe rature/electrode potential si gnals 

K Gas supply cylinde r and regulator 

L Effluent gas s crubbe r ,  set to maintain 0 . 5  kPa in headspace 
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F I GURE 3 .  3 The 2 - li tre Ferrnenter Ve s s e l  Head 



'o 
oO 

F I GURE 3 .  4 P l an o f  the 2 - l i tre Fe rmente r Ves s e l  He ad 

A Electrode port 

B F i l l e r  tube 

C S ampl e  tube 

D Water inlet/outlet for hollow-baffle he at-e xch anger 

E Ports open to head space 

F Gas inlet to sparger 

G Gas in let to head space 

H The rmome te r we l l  

I The rmi s te r  we l l  for tempe rature control 

J B earing hous ing and impel lor shaft 

K Ho les for mounting bolts 

L Holes for locat ing p ins 
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A two- chann e l  g a s  mixe r/re gulato r w as b ui l t and i s  shown in 

Figures 3 . 5 and 3 . 6 . The gas l in e  was nylon p re ssure tube w i th 

rubbe r p re s s ur e  tube conne ction s . He adspace p r e s s ure was mon i to r e d  

b y  a w a t e r  manometer conne cted vi a a valve to a port i n  the fermente r 

he ad. E f f l ue nt gas was e xp e l l e d  by s pa rgin g through 30 to 40 mm depth 

of 5 M NaOH whi ch mai ntained a he adspace p re s s ure of ea 0 . 5  kP a . g .  

For one -way pH control , the alkali s ol ut i o n  was s to red i n  a 

ste r i l e  d ropp ing f un n e l  and gravi ty- fed th rough an A l c on type ACDV 

P 2 5 2  soleno i d  valve ( Ale xande r Contro l Lt d . , S utton Coldfi e l d ,  Un i ted 

Kingdom) . For two-way pH contro l ,  b oth ac i d  an d bas e we re gravi ty- fed 

through F l uroc arbon D e l t a  mode l DV2 12 2A2 s o lenoid va l ve s  ( De lt a  

S o l e n o i d  Valve s , Anah e i m ,  C a l i f o rni a ,  U . S . A . ) . Conne cting l in e s  we re 

of s urgical rubbe r h ose , pre - s oak ed in a c i d  o r  b as e  to remove l ab i le 

compone n t s . Whe n  us ing the 2 - l i tre vess e l ,  the solenoid valve s i gnals 

were interrupte d for 2 9  s in e ve ry 3 0  s w i th a c am- t i me r .  

3 . 7 . 2 . 2 I n s t rume n t at ion 

On e -way pH control was obtaine d  w i th an E . I . L .  pH t ran s mi tter 

6320 ( E l e ctron i c  I n s t ruments Lt d . , Ri c hmon d ,  S urrey , Un i te d Kingdom) , 

an E . I . L .  3 3  10 70 0 3 0 toughened glas s e le ct rode and an E . I . L . 3 3  

1 3 2 0  2 10 labo rato ry s e aled re ference e l e ct r o de . The s ame e lec trode s 

were us e d  with an E . I . L . 9 1B pH con t ro l l e r  for two-way contro l .  

Di f fi cul t i e s  were e xperi enced with e l e c t rode dri ft i n  the h i gh ly 

proteinaceous me di a .  The p roblem w as con t ro l l e d b y  freque n t ly che ck­

ing the pH o f  wi thdrawn sample s ,  by s oaking the glass e le ct rode i n  

0 . 1 M HC l/peps in s o l ution ove rn i ght b e tween runs , and by rep l ac i n g  

the glas s e le ctrode app roxima te ly e ve ry tw enty runs . 

E l e ct rode Poten t i al ( Ec )  was moni tored by a Met rohm He ri s au 

E 3 50 B pH mete r ( Me t rohn Ltd. , He ri s au ,  Sw i tz e r l and) w i th the E . I . L . 

3 3  12 1 3  400 laborato ry platinum ele ctrode and an E . I . L . 3 3  1 3 2 0 2 1 0  

laboratory s ealed ( s at urated c a lome l )  re fere n ce e l e c t rode . Operation 

of the p l atinum e le c t rode w as p e ri odi c a l ly check e d  w i th s aturated 

quinhydrone buf fe rs ( Radiomete r ,  19 66 ) . 

3 8  



FIGURE 3 .  5 The Gas-Mixe r/F low- Re gulator 
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Various comb ination s  of pH , Ec and temperature ( meas ure d by 

copper/const antan thermocouple ) were recorded throughout the work , 

us ing e i ther a J . J .  twin-pen flat-bed re corde r  mode l CR 600 ( J . J .  

Lloyd Instruments Ltd. , South ampton , Uni te d  Kingdo� or a Honeywe l l  

Vers aprint Type 12 1- 1  ( Honeywe ll Ltd . , Bois d ' Arcy , France ) . 

3 . 7 . 2 . 3 S teri l is ation 

The fermenter ves s e l  was ass embled and fi l le d  with medium prior 

to autoclaving.  Both the 7- li tre an d 2 - litre ve ssels were s te ri lised 

(wi thout the e lectrode s )  by autoc laving for 15 min at 12 1 ° c .  All 

ports were plugged with non-absorbent cotton-wool and wrapped in 

aluminium foi l .  The sample line and gas inlet line were c l amped 

closed . 

The gas inlet fi lter was fi l le d  with fresh glas s wool , wrapped 

in aluminium foi l  and s teri lised in a hot air oven at 160 ° C for 3 h .  

Solut ions of sulphuri c  aci d ,  s odi um hydroxide , sodium th iogly­

coll ate , EDTA and neutral solutions of b i le acids were autocl aved for 

15 min at l2 1° C in conical flasks plugged with non- ab sorbent cotton­

wool , wrapped in aluminium fo i l .  Solut ions of sodium hydrogen car­

bonate were s te ri lised by fi l tration through a 0 . 45 �m memb rane 

( Oxoi d ,  Uni ted Ki ngdom) . 

Electrode s  and res ervoirs , lines and solenoid values for acid 

and base addi tion we re s te ri lised by soak ing in 2 %  aq . formaldehyde 

for 30 min , then f lushe d wi th s te ri le dis tilled wate r pri o r  to 

conne ction . 

3 .  7 .  2 .  4 Inoculum preparat ion 

A s tan dard inoculum was prepared for each fermentation by sub­

culturing into a tightly capped bottle o f  Todd Hewitt B roth containing 

0 . 0 5 %  w/v cho l i c  acid. After incubation for 48 or 72 h at 37 ° C ,  this 

was used t o  inoculate a s e cond bot�le o f  Todd Hewi tt Broth containing 

0 . 0 5 %  w/v cholic acid.  This bottle provided the appropri ate vol ume 

o f  2 4  h ,  3 7 ° C culture to inocul ate the fe rmenter. I n  no case was the 

final inoculum furthe r than 5 trans fers away from the original freeze 

dried culture . 
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3 . 7 . 2 . 5 Operation 

A s ingle fermentation entai led :  

( l ) p reparation o f  the inoculum, 

(2 ) p reparation o f  the appropri ate volume o f  medi um ,  togethe r wi th 

additives , and the f i l l i n g  of the as s embled ferme nte r 

ves s e l , 

( 3 )  s teri lisation , 
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( 4 )  insertion o f  the s te ri le ,  rinsed e lectrodes into the hot (ea 8 5
°

C)  

ve s s e l  as s emb ly and the fixing o f  th i s  to the fermenter 

prop e r ,  

( 5 )  conne ction o f  all l ine s and leads , and the s tarting up o f  s ystems 

( exc ept c am- time r ) . Within 10 min o f  opening the 

autoclave , the medium would be unde r an anaerob ic gas 

b l anket and being cooled , 

( 6 )  a l lowing two hours for e le ctrode s to equi librate in the me dium , 

( 7 )  w i thdrawal of a samp le to check medium pH , so that the pH con­

tro l l er coul d be c orre ct ly set , 

( 8 )  inoculation and the starting of the cam- time r ,  

( 9 )  operation for 1 to 7 days including peri odic expulsion of 

s amp les unde r  gas pre s s ure , 

( 10) s topping the fermentation , s teri lis ation o f  the contents , 

di s as semb ly and cleaning.  

3.  7. 2. 6 Sampl ing technique 

At e ach s ampling,  the fe rmenter vol ume was recorde d ( the ve s s e l  

was calibrated for volume at 35
°

c ,  prior t o  the s amp le line be ing 

flushed and a samp l e  withdrawn . The volumes o f  the me di um f lushed 

out and s ampled we re measured and re corde d .  A ce l l  coun t  was per­

formed on the s ample and the pH was de te rmined .  

E xact ly 2 0 .00 ml o f  s ample was centri fuged ( 10 min at 3130 x g )  

with 600 m g  o f  i nternal standard , added a s  a 0.2% w/v s ol ut ion in 

lM N aOH . The s upe rnatant l iquid was stored a t  4
°

C for up to 4 8  h 

be fore ext raction and analy s i s . 



3 . 8 WASHED CELL METHODOLOGY 

3 . 8 . 1  Cell Production 

Cells were produced by 16 h fermentation in the 2 -litre ves sel 

wi th Todd Hewitt B roth containing 0 . 01% w/v cho lic ac i d .  The medium 

was agi tated at 200 rev/min , and its s urface was swept with 2 0  ml/min 

N2 -C02 , 9:1 .  Tempe rature was controlled at 37 ° C ,  and pH at 6 . 9-7. 1 

with 0 . 5  M H 2 S 04 and l M NaOH . E c  was monitored and recorded.  

3 . 8 . 2 Equipment 

4 3  

The cell- washing equipment i s  shown in Figures 3 . 7  and 3 . 9 ,  and 

the incubation racks in Figure 3 . 8 . The incubation racks could be 

eithe r s ubme rged in a wate r bath or placed in a controlled tempe rature 

room. Each had a man i fold with allowed dis tribution o f  ste rile gas 

to the tubes , and glass woo l p l ugs in the exhaust lines whi ch preven­

te d b ack- contamination. 

3 . 8 . 3 Harve sting and Wash ing 

Cells were harvested using gas pre s s ure to expel medium into 

two 500 ml screw-top centri fuge bottles , followed by centri fugat ion 

at 3000 x g and 2 5 ° c fo r 10 min . The supe rnatant liqui d was expelled 

unde r n i trogen press ure . Ni trogen pre s sure was then used to half- fill 

the c en tri fuge bottles with phosphate b uf fe r  (pH 7 . 2 ,  0 . 02M) which 

had re cently been autoclaved for 5 min at l0 8
°

C and cooled to 30
°

C 

unde r nitrogen . Res uspension was by sti rring wi th i tem ( E) then with 

item ( F) ( Figure 3 .  8 )  , unde r ni trogen . The cent ri fuge bottle s we re 

topped up with buffe r  and re-centri fuged at 3000 x g and 2 5 ° C for 10 

min . After de canting and re suspension as be fore , the s amples we re 

combine d  into one 500 ml centri f uge bottle and re-centrifuged at 

300 0  x g and 2 5 ° C for 10 min .  Afte r  the final de canting and resus ­

pen s i on , the slurry was made up t o  50 ml i n  a ste rile volumetri c 

flask . This was s to red for no longe r than l h at 30
°

c b e fore use .  

3 . 8 . 4  Incubation 

The reaction mixture ( 20 ml , containing 0 . 0 5% choli c acid)  was 

dispensed into 50 ml polypropylene centri fuge tubes whi ch were then 

placed in the incub ation racks . This as s embly was autoclaved for 5 

min at l0 8 ° c and then coole d to incubation tempe rature e i ther in a 



FIGURE 3 . 7 Ce l l  W ashing Equipmen t  
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F I GURE 3 .  9 Ce ll Washing Equipment - Di agram 

A Cylinde r  and regulator for oxygen- free nitrogen 
B Needle valve 
C S oap-bubble flow-me te r  
D Glass woo l  fi lter 
E 2 00mm thi ck-wal led glass tube , used as s t irring rod 
F S ti rre r with nylon b l ade and provi s i on for gas sweeping 
G 2 1 buchn e r  funne l containing buffer at 30 ° C 
H 5 0 0  ml p olypropylene centrifuge bottle 

S ymbols use d  are those de fined in Figure 3 . 6  
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controlled temperature room a t  30 ° C o r  in a water b ath , with 

continuous flushing with s te ri le nitrogen gas . 

After 1 h equilibration time , 2 ml o f  cell suspension was us ed 

to inocul ate e ach tube , and triplicate 3 ml aliquots of the s uspen­

s ion we re taken for dry weight dete rminations . 

Afte r incub ation , 6 . 00 mg o f  H . P . L . C .  inte rnal standard we re 

added to e ach tub e  as a 0 . 2 % w/v s olution in 0 . 0 5 M NaOH , and the 

s uspens ions we re centri fuge d at 6000 x g for 20 min . The s upernatant 

liqui d was decanted and s tored at 4 ° C for no longe r than 4 8  h be fore 

e xtraction for H . P . L . C .  analysis . 

3 . 9  EXTRACTI ON AND H . P . L . C .  SAMPLE PRE PARATION 

3 . 9 . 1 Solvent Extraction 

Cell- free culture supe rnatant liquid ( ea 20 ml ) was acidi fied to 

pH 2 . 0  with 5 M HCl ,  and ext racted four times with chloro form ( 2 0 ml ) . 

The combined e xtracts were fi ltered through Whatman No . 54 fi lter 

pape r ,  and evaporated to dryness in vacuo . The res idue was dis solved 

in two 0 . 5  ml aliquots o f  methanol-O . l7M aq acetic acid , 9 5 : 5  whi ch 

were then combined and Swinney fi ltered ( Mi l l ipore type FH , 0 . 5  W m  

fi lte r ) . Fi ltere d  ext racts were stored a t  - l8 ° C i n  s ealed tubes , then 

centri fuged briefly be fore the H . P . L . C .  analys is . 

3 . 9 . 2 Freeze-Dry Ext raction 

Ce ll- free culture s upernatant l iqui d ( ea 20 ml ) was acidi fied to 

pH 4 . 5  with 2 . 5  M H 2 S04 , and freeze dried on a Vi rtis Bench- top Freeze 

Dryer Model 10 . 02 0  ( The Vi rti s  Co . Inc . , New York , U . S . A . ) . The 

resi due was e xt racted twi ce with 0 . 0 17 M methanol i c  acetic acid ( 15 ml ) , 

once at room temperature and then once at 60 ° C .  The e xtracts were 

comb ine d and filtered through Whatman No . 54 fi lte r p aper into a cent­

ri fuge tube c ontaining acetone ( 2 0  ml ) . Centri fugation for 10 min at 

3 15 0  x g removed the inso l ub le material . The s upernatant liquid was 

then e vaporated to drynes s  in vacuo , and the res idue dissolved and 

s tored as for the solvent e xtract ( re fer s e ction 3 . 9 . 1 ) . 



3 . 10 PRODUCT CHARACTE RIS AT I ON 

This section des cribes the fe rmentation o f  Clostridium bifermen­

tans s trains with vari ous b i le acid s ubstra te s , and the iso lation 

and i de nti fi cation of tran s formation p roducts . 

A l l  infra- red spe ctra are rep roduced in Appendix 1 .  �e lting 

points for sub s e c tion 3 . 10 . 1 we re determined on the Kofle r hot-s tage 

apparatus , and for section 3 . 10 . 2  on the Leitz hot-s tage apparatus . 

3 . 10 . 1 Action o f  Strain ATCC 9 7 14 on Cholic Acid 

Cho lic acid ( 0 . 0 5 %  w/v) in Todd Hewitt B roth ( 5  1) was incub ate d 

with Cl.  bifermentans ATCC 9 7 14 for 7 days at 3 7 ° C in the 7-litre 

fe rmenter ves s e l .  pH was controlled at not le s s  than pH 7 . 0  with 

1 M N aOH . The medium was agi tated at 200 rev/min , an d  its s urface 

was swept with N 2 - C02 , 9 : 1 . 

Spent medium ( 4 . 5 1 )  w as e vaporated on a s team b ath to 500 ml 

and the n  freeze dri ed.  The re s i due was s uspended in methano l ( 500 ml ) 

and concentrate d sulphuri c  acid was added unti l  the solution was at 

pH 1 .  The res ul ting proteinace ous p re cipitate was removed by fil­

tration , and the fi ltrate was refluxed for 1 h .  Methanol and vol at i le 

me thyl es te rs ( o f  c2 to c6 acid fe rmentation p roducts )  we re · remove d 

from the re action mixture by evaporation in vacuo. The re s idue was 

s uspende d  in wate r ,  ext racted with e thyl ace tate , and the organ i c  

l ayer e vaporated to drynes s  in vacuo. Afte r dissolut i on in methanol 

( 2 5  ml ) , this re si due was hydro lys ed by adding 1 M N aOH ( 10 ml ) and 

re fluxing for 0 . 5  h .  The solution was acidi fied and the b i le acids 

extracted into chloroform. The chloroform ext racts were evaporated 

to dryne ss and re-dissolved i n  methan o l  ( 2 5  ml ) . A 5 ml sample was 

s ub j e cted to re ve rs e phase partition chromatography , as fol lows . 
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Ce l ite Hyflo S uper-ee l was washe d b y  the method o f  Sj ovall ( 19 6 4 )  

and then dried at 1 10 ° C for 5 h .  S i lylation was achieve d  b y  contact­

ing the Super- ee l  ( 40 g) with dichlorodimethylsi lane ( 10 ml ) in 

anhydrous chloro form ( 40 ml ) . The hydrophobi c  Super-ee l was fi ltered 

and washed with chloroform followed by methanol . After drying at l l0 ° C 

for 2 days , it w as stored i n  a des s icator. Chromatography of the 5 ml 



s ample was then performed according to S j ovall ( 1964) , usi ng a mobile 

phas e o f  methanol-water ( 1 : 1 ) and a stationary phas e o f  ch loro form- 2 -

ethylhe xanol ( 1 : 1) . 

F raction s  shown by T . L . C .  to contain mainly deoxycholic acid 

were pooled and e vaporated in vacuo. The residue was c rys tal lised 

from water- saturated ethyl me thyl ketone , then recrys tallised twi ce 

from i s opropanol- toluene 60 : 40 .  The toluene- deoxychol i c  acid complex 

was decomposed by boi ling for 1 h in water.  An authenti c s ample of 

deoxych o li c acid was s imi larly crystallis ed from isop ropanol-to luene 

and boi led in wate r .  Both mate ri als were dri ed over P 20 5  for 4 h at 

ll0 ° C in vacuo . I dent ity between the mi c robially produced ( m. p .  168-

17 1 0 C )  and authenti c deoxycholi c acid (m. p .  1 7 1- 173 ° C )  was estab lished 

by mi xing melting point (m. p .  170- 1 7 3 ° C )  and s uperimpos abi li ty o f  

in fra- red spectra . 

Fraction s  containing mai n ly 7 -ketodeoxycholic acid were pooled 

and evaporated in vacuo . The acid ( 50 mg) was c rystal l i s e d  twi ce 
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from 0 . 00 1  M NaOH ( 7 5 ml ) by adding 0 . 0 1 M HCl .  A s amp le o f  authentic 

7-ketodeoxy chol i c  acid was s imi larly crys tallised. B oth materials were 

dried ove r  P z O s  for 4 h at ll0 ° C in vacuo , and identi ty w as demonstra­

ted by me l ting- point ( 174- 176 ° C for both )  mixed me lting point ( l72-

l76 0 C) and superimpos abil ity o f  i n fra-red spe ctra . 

3 . 10 . 2  Action o f  Strain SD 10 on Conjugate s .  

Each of the four conj ugates ( final concentration 0 . 0 5 % )  was 

incub ated in Todd Hewitt B roth ( 1 . 2 5 l) containing potas s ium fluo­

ri de ( 2 5  mM) , a-hydroxyquinoline ( 0 . 0 1  mM) and sodium thioglycollate 

( 0 . 0 5 %  w/v) i n  the 2- litre fermen tation vesse l .  The medi um was 

agi tated at 300 rev/min and sparged with Nz -C0z , 9 : 1  at 20 rnl/mi n .  

The temperature was contro l led at 32 ° C ;  the p H  was controlled between 

set-points 6 . 9  and 7 . 1 with 1 . 0 M NaHC0 3 and 0 . 5  M H z SO� , and the 

electro de potenti al was monitore d .  The conj ugate s ubs t rates were 

added 6 h afte r inoculation , and the fermentation continue d  for a 

furthe r 4 2  h, after which time de conj ugation w as shown by H . P . L . C . 

analys is to be complete . 

For e ach conj ugate , the s pent medi um ( 1 . 1- 1 . 2 1 )  was autoclave d  

for 1 5  min at 1 2 1° C ,  cooled and adj uste d  t o  pH 10 . 5  with 1 M N aOH . 



AfteL fi ltration with Ce lite fi lter aid ( 0 . 5 %  w/v) , the bee r w as 

passed down a column o f  the non-i on i c  macroreti cular adsorbent XAD- 2 

as follows . 

Arnberl ite XAD-2 ( lO O  g) was washed according to Makino and 

S j oval l  ( 19 71 ) , and poured into a glass column 2 3  mm dia.  x 400 mm . 

so 

The beers we re metered through the column at 2 0  rnl/h with a peri­

staltic pump ( Type 10PP60 , Qui ck fit Instrumentation , S tone , S t afford­

shire , U . K . ) . The cvlurnn was then washed unt i l  neutral with dis ti l led 

wate r ( 20 0 - 3 00 ml ) prior to e lution o f  b i le acids with methanol ( 2 50 ml ) . 

Be fore re-us e ,  the column was reconditioned by succes s ive washings 

w ith acetone ( 400 ml ) and water ( 600 ml ) . 

The methanol eluate was evaporated in vacuo to near dryness and 

di luted to 40 ml with wate r .  After acidi fi cation to pH 2 wi th 5 M HCl ,  

the s olution was ext racted three times with ch loro form ( 40 ml ) . The 

chloro form extracts were pooled and e vaporated in vacuo. 

Chol i c  acid was cry s tallis ed from the appropriate c rude res idue s 

with methanol-wate r 9 : 1 ,  then rec rys tallised twi ce from the s ame sol­

vent . The p roduct was dri ed over P 2 0 s  for 4 h at 100 ° C in vacuo .  A 

s imi l arly recrys tal lised authent i c  s ample o f  cholic acid was used to 

ident i fy both isolated materi als by me lting point and mi xed me lting 

point c ri te ri a ( Tab le 3 . 3 )  and by s uperimposab ility o f  infra- re d 

spectra. 

The c rude deoxycholi c acid residue s were crystallised from water­

s aturated e thyl methyl ketone and re c rystallised from isopropanol­

touene , 1 : 1 . The toluene-deoxycholic acid complex was de compose d  by 

boi ling for 1 h in wate r .  The product was dri ed at l00 ° C ove r P 2 0 s  
for 3 h in vacuo .  Melting point and mi xed melting point data 

( Table 3 . 3 ) , togethe r with the s up e rimpos ab i li ty of the infra-red 

spectrum on that o f  an authentic s amp le , con firmed the identi ty of 

the isolated materi al . 



TABLE 3 .  3 Me lting Points o f  De conjugation P roducts 

Product 

choli c  acid 

cholic acid 

chol i c  ac id 

cho lic acid 

cholic a c id 

deoxychol i c  acid 

deoxychol i c  acid 

deoxychol ic acid 

deoxycholic acid 

deoxycho l i c  acid 

Origin 

authentic s ample 

from glycocholate 

mi xed authent i c  and from 
glycochol ate 

from taurocholate 

mi xed authent i c  and from 
taurocholate 

authentic s ample 

from glycodeoxy cholate 

mi xed authent i c  and from 
glycodeoxychol ate 

from taurodeoxycho late 

mi xe d authenti c and from 
taurodeoxycholate 

3 .  10 . 3 Act ion o f  Strain ATCC 9 7 14 on Conjugate s 

Melting Point 

o c 

199 - 2 0 0  

19 7 . 5 - 1 99 . 5  

1 9 7 - 1 9 8 . 5  

19 8 . 5 - 19 9  

19 8 . 5 - 19 9  

169 . 5- 1 7 1  

170- 1 7 1 . 5 

17 1- 17 2  

169 . 5 - 17 1  

16 9- 1 7 1  

Each con j ugate ( 0 . 0 5 %  w/v) was fermented i n  Todd Hewi tt Broth 

( 2 0 ml ) contained in 25 ml McCartney bottle s fo r 48 h at 3 7 ° C .  
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The entire contents o f  each bottle were e xt racted b y  the freeze dry 

method and the methanol in the final s olution was removed by evapor­

ation . The res idues were dissolved in 0 . 1 M N aOH ( 10 ml ) , and the 

s olution was allowed to s tand over XAD- 2 ( 1  g) for 24 h wi th occas ional 

swi rling . The res i n  was then washe d wi th water unt i l  neutral and 

e xt racted with methanol ( 5  ml ) for 2 4  h .  The methanolic e xtract was 

de canted an d  evapo rated to ea 0 . 5  ml , and a liquots we re e xamined by 

T . L . C .  ( s olvent systems TLC l ,  TLC2 and TLC 3 ) . 

The product s  o f  glycodeoxy cholic aci d and taurodeoxychol i c  acid 

trans formation phowed R
f value s  i de ntical to that of an authenti c 

deoxychol i c  acid s tandard run in p aralle l .  The products o f  g lycocholic 

acid and t aurocholic acid trans formation showed spots o f  i dentical Rf 
to authenti c  cholic acid as we l l  as faint spots corresponding to 

7-ketodeoxychol i c  acid .  



3 . 1 1  CALCULATIONS 

3. 11. 1 H . P . L . C . Data Analy_s i ..:;_ 

From the peak heights and k nown compos i � ion o f  the stanr �rd 

mixture inj ected in parallel w i th the s ample mi xture , a b i le a c i d ' s 

response factor ( R. F . ) c an be calculated : 

R . F .  

wher e  PHIS 
PHU 
wu 
HI S 

PHI S x HU 
PHU x vHS 

p e ak height o f  inte rnal standard ( I'".n) 
pe ak height o f  unknown ( mm )  
weigh t  o f  unknown ( mg )  
weight o f  inte rnal standard ( �g)  

For a s arr.ple containing X mg o f  intern al s tandard, the ur1known 

weight of the bile acid be ing analysed c an be calculated :  

3. 1 1 . 2 

PHU 
\Je i ght RF X X X 

s amp le· 

whe re ?HU sample 
PHI S sample 

PHIS l s amp e 

peak he ight o f  unknown in s amp le ( mm) 
peak height of inte rna l  standard in 

the samp le mixture ( mm ) 

Cal cul ation o f  Molar Compos itions 
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For each s ample , the fermenter volume at sample time w as 

multiplied by the weight o f  e ach b i le acid in the s amp le ( as dete rmined 

by H . P . L . C . )  and divided by the s ample vo lume analys e d  ( 20 . 00 ml) , to 

give the we i ghts o f  those b i le acids in the fe rment e r .  The s e  were 

divi de d  by mole cular weights and the percentage mol ar composi tions 

determined. 

3 . 11 . 3 Mass Balance Calculation 

Mass b alance checks requi red an e s timate of the extent of the 

b ile acid pool ( in mole s )  remaining in the fermente r .  A t  the fi rs t  

s amp ling , the number o f  moles o f  subs trate initial ly added was 

reduced by the fraction that the s ample vo lume repres ented of the 

fermente r  volume . The mo l ar total was s imi l arly reduce d  for s ubsequent 

s amp les . For each s amp le , the calculated mol ar content was comp ared 

with tha t  dete rmined analyt i cally . 



3 . 12 DISCUS S ION OF METHODS 

When b i le acids were used to e xamine the H . P . L . C .  column e ffi c­

i encies ,  using the method o f  Johnson and S tevenson ( 19 7 8 ) , both 

columns were found to have gre ate r than 600 theore tical p l ates . Thi s  

means that p e ak s  e l uted within about 1 0  minutes o f  inje ction were 

narrow , mak ing accurate are a meas urement by non- electron i c  me ans im­

pos s ib le wi thout exce s s i ve chart use . For this re ason , peak heights 

were us ed. 

� lgure 3 . 10 is the di f ferential re fractomete r lineari ty characte r­

istic for peak heights dete rmined for the four free b i le acids 
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in cluding the inte rnal standard 3a, l 2 a-dihydroxy- 5 S- chol- l l- en-24-oic 

acid. Since the 7-ke todeoxych o l i c  acid response devi ate s  from a s t rai ght 

line at highe r operating leve ls ,  the peak he ight ratio of the 7-

ketone to the 1 1-ene varies from sma l l  inj e ctions to large . To 

overcome this problem, s eve ral s tandard mixtures were us e d ,  each 

with a di f fe rent ratio o f  b i le acid to 11-ene . The app ropri ate 

stan dard rat io was then avai lab le . 

A c omp l ete e rror analys is was conducted using the estimate s o f  

unce rta in ly for calibrated glas sware given b y  Voge l ( 19 6 1) . The 9 5 %  

con fi dence l imi ts for the ratios o f  cho l i c  aci d ,  deoxy chol i c  acid and 

7-ketodeoxycholic acid to 3a , 7a-dihydroxy-5 S-chol- l l-en- 2 4-oic acid 

we re dete rmine d by s tatisti cally an alys ing 85 actual s ample s ,  e ach 

in j ected in dup li c ate . 

The s e  con fi dence l imi ts and the line arity characteristic 

(Figure 3 . 10)  were used in e rror calculation . It w as found that 

choli c  a c i d  could be quantitated to ± 5 % , deoxychol i c  acid to ± 8 % , 

and 7-ketodeoxycholi c  acid to ± 10 % .  

The e rror i n  mas s  balance che cks incre ased as more s amp le s  were 

tak e n .  The unce rtainty was a l s o  greater in runs whe re the b i le ac id 

substr ate was added after inocul ation . 

For a s ample composi t i on o f  100 %  7-ketodeoxychol i c  aci d ,  with 

l at e  s ubstrate addition and s i x  p revious s ample s , the e rror is ± 12 . 1% .  
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For the first s ample , containing only chol i c  acid, the sub strate 

having been pre sent i n  the ori ginal medium, an error of ± 5 . 5% i s  

e s timated. 

Thi s  erro r analys is took no account o f  un certainti e s  in 

e xtraction or t rans fer .  Throughout the work , all data not mas s  

balancing to w ithin ± 10 % ,  except i n  spe c ial circums tance s , were 

dis carde d .  Th is occurred with fewer than 5 %  o f  the analy s e s  made . 

indicating that any losses whi ch occurre d wi th e i the r e xtraction 

method ( solvent or freeze-dry) occurre d i dentically to both the 

internal standard and to the b i le acid be ing quantitated. 
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CHAPTE R 4 EXPERIMENT l : EFFECT OF pH AND ATMOSPHE RI C  

COMPOS ITION ON CHOLI C ACI D  TRANSFORMAT ION 

4 . 1 INTRODUCTION 

A maj or part o f  any fermentation study is the identi fi cation o f  

the importan t  variab le s .  I t  was p lanned to perform this e xe rcise 

with a s tati stical ly des igned s c reening experiment . However , s ome 

variab le s are o f  s uch importance that b as e  value s must be determine d 

to provide a good s tart ing point for s creening . Two vari ab l e s  

previous ly imp l i c at� in the lite rature a s  being important t o  de­

hydroxy l ation are pH and the gas wi th whi ch the anae rob i c  atmosphere 

is maint ained. The purpos e o f  the experiment de scribed in this 

chapte r was to dete rmine the approximate pH optimum and whi ch of the 

seve ral avai lab le gas compos itions was superior. 

4 . 2 EXP ERIMENT DES IGN 

Maddox and Ri che rt ( 19 7 7 )  have shown that in microbiology , in 

contrast with the chemi cal indus try , complex inte ract ions between 

variab les are l i ke ly to be important . For this reas on , and be caus e 
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of the e f fi ciency with which in formation can be de rived from rel atively 

few trials , the statis tical e xpe rimental de s ign approach was adopted. 

S ince i t  was de s ired to de te rmine the optimum pH for dehydroxy­

l ation ( and not me rely trends ) , and to dete rmine whi ch of the three 
gas compos itions was supe ri or , each variab le ( factor) needed to be 

tested a t  three levels . The bas ic 32 design was augmented with two 

repli cate centre points to as s ist in � gni fican ce and l ack of fi t 

testin g . 

The des i gn us e d ,  there fore , was a ful ly randomi s ed 32 facto ri al 

e xpe ri ment with triplicate c entre points . The thre e leve ls o f  pH 

we re not less than pH 6 . 0 ,  7 . 0 ,  and 8 . 0 ,  which were coded in the 

de s i gn matri x as having val ue s  � 1 ,  0 ,  or 1 respecti ve ly . The three 

l e ve ls of gas were N2 -C02 9 : 1 ,  oxygen- free nitrogen and hydrogen , 



coded a s  - 1 ,  0 ,  and 1 respectively . The t riplicate centre point was 

pH 7 . 0 w i th nitrogen . Tab le 4 . 1 l i s ts the run orde r ,  pH , gas es and 

de s ign matri x. 

TABLE 4 . 1 De s ign and Run Orde r ,  Expe riment 1 

Run O rde r Gas pH 

( uncoded)  

2 H2 6 . 0 

4 H2 7 . 0  

8 H 2 8 . 0  

9 N 2 6 . 0  

7 N 2 7 . 0  

6 N 2 7 . 0  

3 N 2 7 . 0  

5 N 2 8 . 0  

1 1  N 2C02 6 . 0  

1 N 2 C0 2 7 . 0  

10 N 2C02 8 . 0 

4 . 3 FERMENTATION CONDITIONS 

Gas pH 

( c oded)  

- 1  - 1  

- 1  0 

- 1  1 

0 - 1  

0 0 

0 0 

0 0 

0 1 

1 - 1  

1 0 

1 1 

Each of the e leven runs was conducted in the 7 - l i tre fermente r 

ve s s e l  with Clos tridium bife �ntans ATCC 9 7 14 , usi ng a 5 l working 

vol ume o f  Todd Hewitt B roth . Cho l i c  acid substrate was adde d to 

the medium be fore s te ri l i� ati on to a fin al con centrati on o f  0 . 0 5 %  w/v.  

pH cont ro l  was one-way us ing lM NaOH and the medi um s urface was swept 

w i th the appropri ate gas at 30 ml/mi n .  After inoculation with a 

s t an dard 2 4  h 2 0  ml inoculum in T odd Hewitt B roth containing cholic 

acid ( 0 . 0 5 % ) , fe rmentation was continued for 7 days , during whi ch time 

regular s amples were taken for ce ll count determination and analysis 

of b i l e  acid compos ition . The vessel contents were maintaine d at 

3 7 ° C throughout , and agi tated at 200 rev/mi n .  
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4 . 4 RESULTS 

Raw run dat a  are presented diagrammatic ally in Figure s 4 . 1 to 

4 . 1 1 .  Each figure depicts the progres s  of t rans formation , the pH 

and ce l l  count . In addition , the mas s  balan ce fi gure i s  given.  

Smooth curve s were drawn to better e s timate the 7- day b i le acid 

compos itions listed in Tab le 4 . 2 .  

TABLE 4 .  2 The Effe ct of pH an d  Gas on Ce l l  Growth and Choli c 

Ac id Trans formation 

Run Order Gas pH 7KD· c D Growth 

( mo lar percent y i e ld) ( L . M . C . ) 

2 H2 6 1 3 . 7 79 . 7  6 . 6  8 . 2 7  

4 H2 7 3 1 . 6 6 2 . 0  6 . 4  8 . 60 

8 H2 8 2 2 . 9  7 4 . 9 2 . 2  8 . 1 3  

9 N 2 6 3 2 . 0  6 2 . 1  5 . 9  8 . 60 

7 N 2 7 3 8 . 2 5 3 . 6 8 . 2 8 . 6 7  

6 N 2 7 3 5 . 8  5 5 . 6 8 . 6  8 . 56 

3 N 2 7 3 6 . 5  5 4 . 3 9 . 2 8 . 62 

5 N 2 8 2 8 . 7 70 . 6  0 . 7 8 . 2 5  

1 1  N2 C02 6 2 0 . 9  7 5 . 7 3 . 4 8 . 0 8  

1 , C02 7 3 1 . 7 49 . 0  19 . 3  8 . 60 

10 N 2 C02 8 3 5 . 3 62 . 9  1 . 8 8 . 3 8  

L . M . C .  is the logari thm to b ase 10 o f the maximum numbe r o f  ce lls 
( in cluding spores ) observe d  during a run . 

B i l e  acid values are 7-day yields . 

The third signi ficant fi gure in bi le aci d  yields was prese rved for 
use in compute r regre s s i on p rogrammes . 

4 . 4 . 1 S tatistical Analys i s  
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The data i n  Table 4 . 2 were ana lys ed by multiple l inear regres s ion 

us ing a commercial comput in g  package , MINITAB ( ve rs i on I I , July 1 19 7 6 , 

P ennsylvan i a  State Uni ve rs i ty ) . Statis ti cally insignifi c ant terms 
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Deoxychol i c  acid (()) ,  7-ketodeoxychol i c  acid �) ,  choli c  acid ((] ) ,  

pH ( ) , ce l l  count ) .  The " Mass B alance " figure i s  de fined in 
s ection 3 . 10 . 2 .  " Bi le Acid Composition" is normalised to a 100% 
mas s  balance . Experimental conditions are given in the text . 
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( t- test)  we re rej e cted from the ful l model to e s tablish a 

parsimonious mode l .  The gene ralised full mode l has the form : 

y 

where Y i s  the value o f  the vari able being regressed as predicted 

by the mode l .  The S values are coe ffi cients , A is the coded value 

of pH , B the code d  value of gas constrained as intege r and between 

-1 and l incl us ive . S0 i s  the grand ave rage , or Y- inte rcep t .  

The f u l l  regre s s ions are p resented in Table 4 . 3 .  As teri sks ( * ) 

are use d  to indi cate those coe fficients determined to be signi fi cant 

by a t- te s t  with the two degree s  of freedom a f forded by the rep licate 

centre poi nts . Pars imonious mode l s , examp le s  of res i dual plots and 

details o f  lack of fit tes ts appe ar in Appendi x 2 .  

TABLE 4 . 3 Full Regre ss ion Mode ls for Expe riment l 

Te rm 7KD c D: ln ( D ) L . M. C . 

s o 36 . 8 * * *  5 4 . 5 * * *  8 . 7 * * *  2 . 16 * * *  8 . 6 2 * * *  
SA - 1 . 6 4 . 2 * - 2 . 6 * *  - 1 . 0 7 * * *  -0 . 18*  

SB -0 . 0  6 . 5 * *  -6 . 4 * * *  -0 . 55 * * *  -0 . 00 

SAB - 1 . 3 2 . 0  -0 . 7  -0 . 12 -0 . 11 

sAA. -6 . 5 * l l .  8* * *  - 5 . 4 * * *  - 1 .  4 5 * * *  -0 . 19 

SBB - 5 . 2 * 1 . 0  4 . 2 * *  0 . 2 5 *  -0 . 02 

SAAB -4 . 8* - 2 . 5  7 . 4 * * *  0 . 7 7 * * *  -0 . 02 

SABB 7 . 6 * *  - 8 .  6 * *  l . l 0 . 6 3 * * *  0 . 2 2 *  

SAABB -2 . 0  6 . 0 * - 4 .  0 * *  0 . 16 -0 . 19 

* * *  - s tatistically s i gn i ficant at the l% leve l  
* *  - s tati s ti ca l ly s i gn i fi cant at the 2 %  leve l  

* - statis ti cal ly s igni fi cant at the 5 %  leve l  
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Three residual p lots were performe d  on e ach parsimoni ous mode l 

to che ck that the ass umption s  necess ary for the regres s i on were 

valid : 

( a) Re sidual Plot 1 .  Standard residuals were p lotted agains t run 

orde r to check the abs ence o f  time trends . 

(b ) Res i dual P lo t  2 .  Standard residuals were p lotted against the 

e s timated value o f  the vari able be ing mode lled to 

che ck the equality of residuals .  

( c )  Res idual Plot 3 .  S tandard resi duals were ordere d  and plotte d 

agains t normal random numbers to check the normality 

o f  residuals .  

Only i n  the case o f  deoxychol i c  acid yield was a res idual p lot 

abnormal .  He re , residuals de creased with incre as ing e s timated yie l d ,  

as shown i n  Figure 4 . 12 .  For thi s  reason , the natural logari thm o f  

deoxy cholate yie ld was regres s ed and a 6 - term parsimonious model 

deve loped which showed adequate res idual plots . An e xample o f  each 

of the two othe r types o f  res i dual p lo t  is include d i n  Appendix 2 .  

Lack of fit was tested for e ach pars imonious mode l by calculating 

the F ratio o f  the mean square due to lack of fi t to the mean square 

due to pure erro r .  I n  no case w as the lack o f  f i t  s i gn i fi cant a t  the 

5% leve l .  
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The predi ctions of the three maj or pars imonious models are 

depi cted in Figures 4 . 1 3  to 4 . 1 5 .  Since gas is a qualitative vari ab le , 

the response s urface is constrained to lines through the three integer 

points - 1 ,  0 ,  + 1  on the gas axis . 

Tab le 4 . 4  is the matrix o f  corre lat ion coe ffic ients between e ach 

pair o f  respons e  variab le s . 
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The mode l from whi ch this figure i s  drawn i s  pre sented i n  Appendix 2 ,  
Table A2 . 4 . 
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The model from which this f igure is drawn i s  pre s ented in Appendix 2 ,  
Tab le A2 . 1  
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The model from which this figure i s  drawn i s  pre s ented in Appendix 2 ,  
Table A2 . 5 .  



TABLE 4 . 4  

c 
DC 

L . M. C .  

Matrix o f  Correlation Coe f fi cients for the P ai rs o f  

Re spons e  Vari ab les in Expe riment 1 

7KD c D 

- 0 . 876 * * *  

0 . 266 - 0 . 6 9 8 *  

0 . 772 * * *  - 0 . 8 84 * * *  0 . 6 20 * 

* * *  - s tatistically s igni fi cant at the 1% leve l  
* - s tatistically s i gn i fi can t  at the 5 %  level 

4 . 5  DI SCUSS ION OF EXPERIMENT l 

The expe rimental de s i gn approach adopted i s  empi ri cal ,  and as 

s uch i t  is s ui te d  to the proj e ct aim. Th is me ans that any mechanistic 

dis cus s ion indulge d  in i s  speculative , but may ass is t  in the i dentifi­

cation o f  areas worthy o f  further res earch . 

The regre s s i on mode l s  con fi rm what i s  intui tive ly obvious from 

the raw data ; the pre fe rred condition s  for dehydroxy l ation lie very 

c lose to pH 7 with an atmosphe re of N 2 - co2 , 9 : 1 , whe re as for de­

hydrogenation , an atmo sphe re o f  nitrogen , close to pH 7 is optimum. 
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I f  an experimental des i gn with only two leve l s  ( i . e .  a 2
2 

factorial ) had been s e le c te d ,  the dehydroxylation opt imum might not 

have been dete cte d ,  since the s igni fi cant negative main e ffe cts for 

both vari ab le s  would le ad to the con c lus i on that greate s t  deoxycholate 

yields lay in the dire ction o f  low pH and hydrogen gas . The three­

leve l  des i gn adopted allowed the e l ucidation of much curvature in b oth 

variables , reflected in the s i z e  of quadratic terms in all mode ls , and 

e vi denced by .the ability o f  a logari thmic t rans formation to des cribe 

deoxycholate yield.  The h i gh pe ak for dehydroxylation at pH 7/N z - COz 

i s  mani fe s t  mai n ly in inte ractions i nvolving quadratic terms . Thi s  

p eak i s  o f  great infl uence i n  the mode l ,  yet comprises only a s ingle 

data point . The regre s s i on techniques us ed tend to weight s uch l arge 

outlying points , and i n  this case the apparent stati s t ical s i gn i fi -



c ance is enhanced by c lo s e  agreement o f  the repl icates . Moreove r ,  

this high value arose i n  the very fi rs t  run , whe re di ffe rent random 

in fluences may have been acting .  

To check thi s  value , and t o  sub stantiate the predicted maximum 

deoxycholate yield ( wh i ch corresponded clos e ly to run 1 condi tions ) ,  

run 1 was repeate d .  The results are depi cted i n  Figure 4 . 16 .  The 

total degree o f  t ran s formation was as predi c te d  ( 50 . 6 % ,  p rediction 

50 . 0 % )  and growth y i e ld on ly a little high ( L . M. C .  8 . 80 ,  predi ction 

8 . 60 ) . Howeve r ,  the yield o f  deoxycholate was lowe r than predicted 

via the logari thmi c t rans formation ( 10 . 9 % ,  predi ction 20 . 3 % )  and 

7-ketodeoxycholate y i e ld correspondingly higher ( 38 . 5 % ,  predicted 

3 1 . 0 % ) . The diffe rence between the two pH 7/N 2 -c02 runs may reflect 
" a change in the random in fluence s affe cting any experiment . Thi s  i s  

parti cularly like ly s ince the 1 1- run des ign was performed a s  a s i ngle 

randomi sed block ove r 3 months , an d  the repe at some weeks l ate r on its 

own . De spite the di ffe rence , the repeat run s till showed a highe r 

deoxychol ate yield than any o f  the othe r ten t rial s . Thus the b as i c  

conclus ion still holds : dehydroxylation was gre atest at pH 7 unde r 

the N 2 -C02 mixture . 

Mos t  lite rature reports concerning dehydroxylation as a function 

of pH have de alt with rates o f  trans formation . The current work has 

' been concerned with y i e lds , which are more relevant to the e arly 

\ stages of p roce ss deve lopment , and requi red fewer dat a  points for 

adequate calculation . Only when deoxychol i c  acid yields be come fav­

ourable will rates become of intere s t  from a p rocess viewpoint . Thi s  

di fference between yie ld optima and rate optima mus t be borne in mind 

when cons ide ring p re vi ous ly reported pH " optima" . 
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The l iterature s hows s ome dis agreement concerning the dependence 

of dehydroxylation on pH . Dras ar and Hi l l  ( 19 74 )  revi ewed thei r  own 

extensi ve faecal- i s o late s c reeni ng experiment s , and s imi lar expe riments 

of thei r  col le ague s , all of whi ch emp loye d  T . L . C .  to detect 7a-dehyd­

roxylation by harvested and res uspended ce l l s  of anae robically grown 

organisms . They conc luded that i f  the pH o f  the culture medium fe l l  

below p H  6 . 5 ,  very l i ttle dehydroxylation could b e  detected. Midtvedt 

and Norman ( 19 6 8 )  investigated growing c ultures of thei r  lactobacillus-
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like i solate in chenodeoxycholate - containing medium ,  initially at 

pH 5 . 0 ,  5 . 5 ,  6 . 0 ,  6 . 5 ,  7 . 0 ,  7 . 5 or 8 . 0 .  These authors found growth 

at a l l  initial pH values except at pH 5 . 0  and 5 . 5 ,  but no dehydroxy­

lation in thos e initially at pH 5 . 0 ,  5 . 5  or 6 . 0 .  Despite not having 

demonst rate d dehydroxylation at any pH be low 6 . 5 ,  they conclude d :  

" 7a.-dehydroxy lation 

above 6 . 0 " .  

was only present in medi a with a pH 

Macdonald e t  aL.  ( 19 7 8 )  reported a yield optimum o f  pH 8 for 

active ly growing mixed fae cal cultures , with activi ty evident between 

pH 5 . 5  and pH 9 .  Dehydroxylation was s t i l l  pronounced at pH 9 ,  and 

it was postulated by the author that a s e le ctive e f fe ct was impos e d  

on the faecal populations b y  the initial hydrogen ion concentration . 

S amuel e t  aL .  ( 19 7 3 )  reported that choli c acid and chenodeoxycho­

l i c  acid were 7a.-dehydroxylated at maximal rate ove r a pH range o f  

5 . 0  t o  8 . 0  i n  homogenised s tool samples . I t  should b e  noted that 

since these fae cal organisms were from clinical samp le s ,  they would 

have grown at phys iologi cal pH . Simi lar results have been obtained 

more recently by Ste llwag and Hylemon ( 19 7 8 )  with washed resting 

ce l l s  of CL. Leptum which had been grown in peptone-yeast-glucose 

medi um (pH not stated ) .  The s e  authors found a broad rate optimum 

from pH 6 . 5  to 7 . 5 ,  with act i vi ty expressed over a range from 5 . 0  

to 9 . 0 .  

O f  the s e  five reporte d  s t udies , that of Midtvedt and Norman 

( 19 6 8 )  is mos t  s imilar in methodology to the current work , in that 

the trans formation substrate was pre sent during growth , and a pure 

culture was us e d .  Thus both enzyme e laboration and enzyme activi ty 

occur under the s ame pH conditions . These authors do not , howeve r ,  

c i te an optimum , but me re l y  record the presence o f  the 7-deoxy 

produc t .  

The experiment des cribed i n  thi s  chapte r indicates a p H  y ie ld 

optimum near pH 7 for 7a.-dehydroxylation of choli c aci d by growing 

ce l l s  ( although it must be noted that growth h ad ce ased prior to 

dehydroxylation being e xp re s s ed. Deoxycholate yie lds were very low 

when the pH w as maintained above pH 8 . 0 ,  but mode rate when maintained 
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at not less than pH 6 . 0 .  Thes e  latte r runs were e ffectively not pH 

contro lle d ,  s in ce the lower l imit o f  pH 6 was never reached .  Howeve r ,  

considerab le time was spent be low pH 6 . 5 ,  unt i l  the pH ros e l ater i n  

the run , probab ly as a result o f  deamination .  The deoxychol ate yield 

was s till ris ing during the s e  periods be low pH 6 . 5 . 
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Published optima for ce l l- free preparations o f  7a-dehydroxychola­

noyl dehydroxylase are gene rally highe r than pH 7 ,  and generally re fer 

to trans formation rates . Ferrari and Be re tta ( 19 77 )  found 7a- dehydroxy­

las e activi ty between pH 5 . 5  and pH 9 ,  with an optimum be tween pH 7 . 0  

and 8 . 5 .  The activity was present. in Cl. bifermentans ce l l s  grown 

between pH 6 . 0  and 8 . 5 .  Aries and Hill ( 19 70b) found that ce ll- free 

enzyme preparations of Bacteroides fragi lis � three s t rains of Cl. 

we lchii , two o f  othe r clostri di a  and one each o f  E. co li and Strep. 

faeca lis showe d pH rate optima between pH 7 . 0 and 8 . 0 .  

In the current work , at both pH 6 and pH 8 ,  the general trend 

of greater dehydroxylation unde r hydrogen gas suppo rts the recommend­

ation of Dras ar and Hi ll ( 19 7 4 )  to flush the growth ves s e l  vigorous ly 

wi th hydrogen and incub ate in a hydrogen atmosphere . At pH 7 ,  however ,  

yie lds unde r nitrogen were s l ightly higher than unde r hydrogen , and 

under N 2 - C02 higher stil l .  De spite the empi rical n ature o f  the exper­

iment , it is tempting to spe culate that the influence o f  pH on this 

observed carbon dioxi de e f fect might imp li cate the hydrogen carbonate 

ion , whi ch exists above pH 6 . 4  (pKa of carboni c  aci d dis s oci ation ) . 

Actual hydrogen carbonate ion levels in the growth medi um are 

di ffi cult to calculate , s ince the system is so comp le x .  Todd Hewitt 

Broth contains 0 . 2 5% w/v " Na 2 C0 3 " , according to the BBL speci fi cations , 

( BBL , 1968) , but some may be lost on autocl aving . During a 20 ml­

s cale tri al autoclaving of Todd Hewitt Broth , and of Todd Hewitt B roth 

containing 0 . 2 5 %  w/v added NaHC0 3 , pH changes o f  pH 7 . 40 to 7 . 6 1 and 

pH 7 . 42 to 8 . 83 were observed for the respective s amples . This indi­

cates that at least s ome C02 is lost from s ol ution during autoclaving . 

During fermentation , the medi um was swept with gas , and over time 

would equi librate with the 10 % C02 atmosphe re . I f  equilibrium is 

reache d ,  then hydrogen carbonate concentration can be c al culated for 
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e ach pH . From the chart o f  Capri and Marais ( 19 7 5 )  , the concentrations 

of hydrogen carbonate ion in an anaerob i c  diges tion medi um are l mM and 

l l  mM at pH 6 and 7 respective ly . By e xtrapolation , the hydrogen 

carbonate leve l  at pH 8 wi l l  be ea 110 mM. Less than l% o f  this w i l l  

e xi s t  a s  carbonate ion a t  pH 8 .  Thus hydrogen carbonate could b e  ass ­

o c i ated with the boos ting o f  dehydroxylation yie lds b y  C02 at p H  7 .  

Howeve r ,  the reason for thi s  e ffect not occ urring at pH 8 ,  whe re the 

hydrogen carbonate spe cies is even more predominant , is unknown . 

A fermentation run in the 2-litre fe rme ntation vesse l , sparged 

with Nz -COz , 1 : 1  produced deoxycholate and 7-ketodeoxycholate y i e lds 

ve ry simi lar to those obs erved in a control run with Nz -COz , 9 : 1 . 

Thus the obse rved carbon dioxide e ffect appears not to be enhanced 

by atmospheric C02 leve ls greater than 10 % .  By referring again to 

the charts of Capri and Marais ( 19 75 ) , it can be seen that at pH 7 ,  

medium i n  equi librium with the 50% C02 atmosphere wi ll contain 5 3  mM 
hydrogen carbonate , compared with ll mM for the 10% C02 atmosphe re . 

Hence increasing the hydrogen carbonate leve ls above 10 mM ,  either 

by increas ing the pH or by increasing the atmospheri c C02 content , 

results in no further increase in deoxycholate y ield . 

An unus ual mass balance phenomenon was obse rved wi th the 5 0 %  C02 

level : from 6 to 2 1  h ,  5 to 2 0 %  of the b i le acid pool was unaccounted 

for in solution , but by 30 h leve l s  had re turned to norma l .  The bi le 

acid was apparently reve rs ibly assoc i ated in some way with the cells . 

The reason for this i s  unknown , and may me ri t  furthe r investigation . 

7-Ketodeoxycholate yield i s  pars imon i ous ly mode lled by a 

regress ion equation e xclusive ly involving te rms based on quadrati cs . 

Although trans formation was gene rally higher at pH 8 than pH 6 ,  this 

main e ffe ct i s  not s tati sti cally s igni fi �ant . Dehydrogenation was 

not as sensitive to pH and gas environment as was dehydroxy lation , 

and at leas t  13% o f  the cholic acid substrate ·a lways exi s ted as the 

7-ketone after 7 day s incubat ion . The presence of this side p roduct 

would pose an unattracti ve ly expensi ve separation problem in an 

indus trial proce s s . The 7-ketodeoxycholate also repres ents a los s 

of val uable ste roid material ; unreacted chol i c  acid can conceivab ly 

be recycled.  The minimum 7-ketodeoxycholate yield was observed at 

pH 6 under hydrogen , but was accompanied by a low deo xycholate yield.  



There was no way of obtaining high deoxycholate yields with litt le 

concurrent dehydrogenation mere ly by manipulating the two vari ab le s  

inve stigate d .  In fact the re w a s  always more 7-ketodeoxycholate than 

deoxychol ate after 7 days incubation . 

Dehydrogenation w as maximal unde r nitrogen ne ar pH 7 .  The e f fect 

o f  gas is not -marked .  Y i e l ds were lowe st unde r hydrogen and highest 

unde r nitrogen . However ,  gas affe cted the shape o f  the pH respons e ,  

particularly N2 -co2 where pH 8 re sulted in greatest dehydrogenation . 

No study ( which directly compare s the e ffects o f  anaerob i c  gases on 

dehydrogenation ) is reported in the li terature . 

Although Midtvedt and Norman ( 19 6 8 )  reported 7-ketone formation 

by cells growing ove r the whole pH range te s te d  (pH 5 to 8) , 7a­

hydroxycholanoyl dehydrogenas es have been s tudi ed mai n ly as cell- free 

extracts . Aries and H i l l  ( 19 70b ) found an alkal ine optimum, pH 8 . 8 

o r  above , for demons t rab ly di ffe rent enzymes from Cl . perfringes,  

Bacteroides and E.  co li . Macdonald et a l .  ( 19 7 3 )  characte ris ed the 

NAD-dependent ?a-dehydrogenas e of E. co li , finding a pH optimum o f  

8 2  

pH 9 - 10 . Hylernon and She r rod ( 19 7 5 )  reported two distinct 7a-dehydro­

genases in Bacteroides fragi lis subsp . thetaiotaomicron ; both had pH 

optima 8 . 5-9 . 0 .  In contras t ,  Macdonald et al .  ( l9 75b) , when study ing 

two B. fragi lis enzymes , determined optima at pH 9 . 5 - 10 . 0  and pH 7 . 0 -9 . 0 .  

In the c urrent work , the dehydrogenation involving growing cel l s  

s howed pH opt ima ne ar neut rality , much lowe r than those reported for 

the free enzymes . Such di fferences between whole ce l l  and isolated 

enzyme optima are common and are usually accounted for by pos tulating 

the existence of mic roenvi ronments around ce l l  membranes or within 

cells whe re pH conditions in the immedi ate vi cinity of an enzyme can 

be substantially di f fe rent from thos e o f  the bulk s olutions . Alte rna­

tive ly , other cel l  proces ses necess ary for dehydrogenation such as 

NAD+ or NADP+ regenerati on , enzyme induction and synthesis or the 

function o f  permeab i l ity mech anisms might h ave lower pH optima . Apart 

from the finding of Ferrari and Beretta ( 19 7 7 )  that cells grown between 

pH 6 and 8 . 5 produce d e xtractable dehydrogenas e act i vi ty ,  few data are 

available on the degree of enzyme production as a function o f  pH . 



Growth yields throughout the 11 tri als ranged over only 0 . 59 

log uni ts , a factor o f  3 . 9 .  Again quadrat i c  terms dominate the mode l , 

des cribing the pH optimum at pH 7 .  This i s  more marked unde r hydrogen 

and N2 -C02 than unde r nitrogen . From the table of corre lation co­

effi c ients ( Table 4 . 4 )  it is evident that growth and choli c acid use 

are corre lated ( 99 %  level ) .  Growth i s  al so corre lated with deoxycho­

late and 7-ketodeoxycholate yields ( 95 %  leve l each ) . This relation­

ship is also apparent when the pars i monious mode l for the log o f  

maximum observed number o f  ce lls is compare d wi th thos e for trans form­

ations . Growth fol lows a s imi lar trend to the trans formati ons with 

high cel l  counts at pH 7 and having much curvature in the mode l .  

This trend i s  parti cularly apparent i n  the mode l for cholic aci d  

remaining where the extent o f  trans formation peaks at p H  7 .  
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A patte rn to the growth and trans formation became apparent during 

thi s experiment . E xponential growth was u s ually complete by 6 to 9 

hours with ?a- dehydrogenation becoming mos t rapid during the late 

phas es of growth . Afte r ea 12 h 7-ketodeoxycholate leve ls often de­

clined with concomi tant increas e in cho l i c  acid levels . Dehydroxylation 

us ually commence d between 16 and 2 4  h .  Th is orde r o f  events , and the 

vi s ible reducti on of the 7-keto acid whi ch usually oc curred be fore the 

ons et of dehydroxylation agrees with the observations of Fe rrari and 

Aragozzini ( 19 7 2 ) , Midtvedt and Norman ( 19 6 8 )  and Bokkenheus e r  e t  a l .  

( 1969) . 

4 . 6  CONCLUS IONS 

Growth , 7a-dehydroxylation and ?a-dehydrogenation all s howed 

y ield optima at pH 7 ,  although the 7-ketone was sti ll s trongly 

produced at pH 8 .  Dehydrogenat ion and growth were gene ral ly s tronge s t  

unde r nitrogen , whi le dehydroxylation w a s  greatest unde r hydrogen 

e xcept at pH 7 ,  where nitrogen and especially N2 -co2 , 9 : 1  gave greater 

yields . It i s  evident that C02 pre sent in N2 increas es dehydroxyl­

ation and dec re ases dehydrogenation ove r a l imited range . 



In view of these re sults , it was de cide d  that future s creening 

work for fe rmentation variables should be conducted at pH 7 unde r 

N2 -co2 , 9 : 1 , since these condi tions resulted in greates t  deoxychol ate 

yield. Dehydrogenation could not be prevented by manipulation o f  

gas and p H  within the ranges employed ;  i n  fact 7-ketodeoxycholate 

yield exceeded that of deoxycholate in all runs . 
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CHAPTER 5 EXPERIMENT 2 :  I DENTIFICATION OF FERMENTATI ON 

VARIABLES IMPORTANT TO DEHYDROXYLATION AND 

DEHYDROGENATION OF CHOLI C  ACID .  

5 . 1  INTRODUCTION 

The aim o f  this p roj ect i s  to deve lop a process , bas e d  on 

mi crobial en zymes , for the hydrolys i s  and dehydroxylation of b i le 

acids . In principle the simple s t  o f  s uch proce sses would be a s ingle 

stage fermentation in which the required trans formation was conducted 

in the same ves s el as ce ll growth . In deve loping such a proce s s , the 

maj or fermentation variables affecting cell growth , enzyme production 

and enzyme activity must first be identified.  

The optimum convenient gas and pH combination for dehydroxyla­

tion having been indi cated empi rically , it was now pos s ib le to de s i gn 

an experiment speci fi cally to determine whi ch of the many other 

poss ible fe rmentation variable s have a s igni fi cant e ffect on the 

extent of dehydroxylation and dehydrogenation . 

5 . 2 EXPERI MENT DES I GN 

It was de cided to us e again the experimental des i gn approach . 

The clas s i cal experimental approach would be to adj ust each inde­

pendent vari able one at a time , holding the others at a bas e  leve l ,  

and compare the response o f  e ach with that o f  a control whe re all 

variables we re at a base leve l .  I n  a s aturated statisti cally de s i gned 

screening e xperiment for N (N being an odd numbe r) independent vari­

ables ( factors ) , each factor is at i ts high leve l for (N + l ) /2 runs 

and at its low level for the remaining (N + l ) /2 runs . This gives 

many more eptimate s of the i ndivi dual e ffect of each vari able . The 

sequence o f  high and low leve l s  is de fined by the des i gn matrix .  

However ,  s ince more than one factor is adj usted t o  i t s  high level for 

each run , the effects of any interactions in the system w i l l  appear 

confounde d  with the main e ffects o f  indi vi dual variab les . 
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P l ackett and Burman ( 19 4 6 )  developed a seri e s  of orthogonal 

screening des i gns which , when " fo lded-over" ( s o  that the N + 1 runs 

are performed twi ce , the s econd time with the high and low levels 

reve rsed) , give es timates of main e ffects free o f  two- factor i nter­

actions . One Plackett-Burman fold-over design i s  presented in the 

form of a 2 8 - 4 des ign o f  res olution IV by Box and Hunte r ( 19 6 1 ) . 

The expe riment requi res 16 trials and al lows the dete rminati on of 

fi fteen contrasts : eight are main e ffe cts , e ach confounded wi th three­

factor and higher interaction s ;  seven are chains of four two- factor 

interactions , each confounded with four- factor and higher level 

interactions . 

In the e xpe riment des cribed in Chapter 4 ,  those trials which 

showed high 7-ketodeoxycholate or deoxycholate y ields afte r  7 days 

had already exhibited high yie lds a fter 2 days . Thus it was decided 

that a 4 8  h fermentation time would adequate ly indicate the extent of 

trans formation . Including p reparation and analysis time , one such 

fermentation run could be performe d  each week . It was decide d ,  

the refore , that a 16 r un  expe riment was the maximum s i ze wh ich could 

conveniently be handle d ,  and the 2 8 - 4 
des ign was adopted. 

This des ign wi ll not indivi dually s creen both main e f fects and 

two- factor interactions ; there is no economical way of doing this , 

s ince for 8 factors the re are 2 8  two- factor interactions . Thus , 

de spite the strong pos s ib i lity that they might be important ( Maddox 

and Ri chert , 19 77 ; Chapte r 4 of the current work ) , two- factor inter­

actions mus t be regarded as secondary pieces o f  info rmation . 

A long list of poss ible fe rmentation vari ab les was reduced to 

the eight accommodated by the design . The se were : 

1 .  Strain of organism.  The only two strains of Clostridium bife�n­

tans reported by p revious workers to be capable of 

dehydroxyl ation were us ed : s train ATCC 9 7 14 ( Hayakawa 

and Hattori , 1970 ) , used in Expe riment 1 ,  and s t rain 

SD 10 ( Ferrari and Aragozz ini , 19 72 ) . 
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2 .  Presence or absence o f  inhib itors . Drasar and H i l l  ( 19 74 )  di scus se d  

ce l l- f ree dehydroxylases , c iting �omp lete inhibi tion by 

30 mM cu++ . They also reported parti al inhibi tion o f  
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dehydrogenase b y  3 0  mM cu++ . In the present experiment ,  

a-hydroxyquinol ine was used as a chelati ng agent for 

cupric ion , to boost trans formation . The formation 

cons tants ( log K1 ) of cupri c and ferri c a-hydroxyquin­

olate are 12 . 2  and 12 . 3  respectively . The se values 

exceed those for al l othe r commonly encountered ions by 

s eve ral orde rs of magnitude ( Dean ,  1979 ) . To allow 

adequate trace metal con centrati ons for other metabol i c  

proces s e s  essential for growth , a-hydroxyquinol ine leve l s  

were l imi ted to 10 �M. 

In p rel iminary expe riments ,  the presence of 2 5  mM 

fluoride ion allowed growth to proceed to almos t the 

s ame final cell count as did i t s  absence , but growth 

was noti ceably s lower ; the organism was pres umably 

under some stres s .  Thus fluoride was included to as ce r­

tain whethe r or not trans formati on yie lds were incre as ed 

when growth condi tions were les s  favourable . Fluoride 

( SO mM) has previous ly been shown to have no e f fe ct on 

rates o f  7a- dehydroxylation or ?a-dehydrogenation ( Dras ar 

and H i l l , 19 7 4 ) . 

The two variables fluori de and a-hydroxyquinoli ne , 

pres ent for di fferent purpos es , were combined and group­

s creene d as one vari ab le . 

3 .  Time o f  sub s trate addition .  A batch fe rmentation is s imp le r when 

the trans formation substrate i s  adde d be fore s te ri l i s a­

tion and i noculation .  Howeve r , bile acids have been 

shown to inhibit the growth of some organisms ( Binde r  

e t  a l . , 19 75 ) . At the low le ve l  of this factor ,  cholic 

acid was added be fore inoculation and for the h i gh leve l , 

6 h a fter inoculation . 

4 .  Gas de live ry  and agitation . The 2 - l i t re fermente r ves s e l  had 

p rovis ion to introduce gas e i ther i nto the he ad-space 

o r  by a s ingle nozzle di rec t ly be low the impel lor . 

Sparging with an impellor speed of 300 rev/min provide d  

a thoroughly agitated medium i n  whi ch the s t ripping of 

volatile was te products would be re lative ly rapi d .  The 



alte rnative , s ur face sweeping at an impellor spee d of 

2 00 rev/min , provided j us t  s uffi cient agi tation to 

adequate ly mi x in adde d chemi cal s , s uspend organisms , 

and maintain a flow over electrode s urfaces . 
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5 .  Tempe rature . Most trans formation work with the me soph i l i c  clost­

ridia has been pe rformed at 37 ° C ( Fe rrari and Pacini , 

196 8 ; Hayakawa and Hattori , 19 70 ; Ferrari and Aragozz ini , 

19 7 2 )  with no other temperature be ing inves tigate d .  

Temperature settings o f  32 ° C and 3 7
° C were chos en for 

this experiment to encompass a s ufficient range to 

measure any tempe rature e f fe ct , without exceeding the 

re commended range o f  30- 3 7 °
C ci ted in Be rgey ' s  Manual 

( Smith and Hobbs , 19 7 4 )  for Cl. bifermentans . 

6 .  Pre s ence or absence of 0 . 0 5 %  w/v s odi um thioglyco llate . The 

presence of this reducing agent lowers the i ni tial Redox 

Potenti al of mi crobiologi cal media (Brewer ,  19 40 ) . Th is 

vari ab le was included to determine whether a lower s tart­

ing Ec affecte d the relative extent of the reductive de­

hydroxylation and oxidative dehydrogenation reactions . 

7 .  pH ani on .  To fol low up the carbon dioxi de e f fe ct observed i n  the 

experiment de s crib ed in Chapter 4 ,  the usual l M NaOH 

solution was replaced at the high leve l  of thi s  factor 

by l M NaHC0 3 . 

8 .  Inoculum s ize . A large r inoculum us ually promotes more rapid 

growth and means fewer gene rations are required to 

achieve the s ame final ce ll coun t .  Standard inocul a o f  

2 0  ml o r  5 0  ml we re us ed t o  investigate any e f fe ct o f  

this variab le . 

The se e ight factors and thei r  high and low levels are s ummarised in 

Tab le 5 . 1 , together with the run orde r ( fully randomi sed) and de sign 

matri x .  
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5 . 3 FERMENTATION CONDI T I ONS 

E ach of the s i xteen runs was conducted in the 2 - li tre fermentation 

ves se l  with a 1 . 2 5  1 working vo lume o f  Todd Hewitt Broth . The pH was 

controlled two-ways at s etpoints 6 . 9  to 7 . 1 ,  us ing 0 . 5  M H 2 so,, and 

1 . 0  M N aOH or 1 . 0  M NaHC0 3 • The medi um was sparged or swept with 

N2 -C02 , 9 : 1  at 2 0  ml/min , and s amples we re taken regular ly over the 

4 8  h incubation pe riod for cell count , pH dete rmination and analys i s  

o f  b i le acid compos ition .  Cholic acid subs trate was added to a final 

concentration o f  0 . 0 5 %  w/v. When substrate addition was prior to 

inocul ation , the choli c acid was di s solved in the stoch iometric 

quantity of 1 M NaOH and adde d to the medi um be fore sterilis ation . 

For l ate substrate addi tion the acid was s i milarly di s s olved , di lute d 

to ea. 20 ml and ste ri li s e d .  a-hydroxyquinoline was dissolved in 

1 M HCl (ea. 0 . 5  ml ) and together wi th potas s i um fluo ride adde d to 

the me di um be fore ste ri lisation .  The e le ct rode potential ( Ec )  was 

moni tored throughout each run , and continuous ly recorded together 

with pH and tempe rature . 

5 . 4  RESULTS 
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Raw run data are p re s ente d di agrammatically in Figures 5 . 1 to 5 . 16 .  

Each figure depicts the p rogre ss of trans formation , the pH , Ec and 

cel l  count . In addi tion , the mas s  balance fi gure i s  given . Smooth 

curves were drawn to bette r e s timate the 48 h b i le acid compos itions 

l i s te d  in Table 5 . 2a .  Tab le 5 . 2b lis ts important values o f  e le ctrode 

potentia l .  

The MINITAB multiple regression package was us ed t o  regre ss each 

of the response vari ab le s  i n clude d in Tab les 5 . 2 a and 5 . 2b against 

the terms o f  the full mode l .  The ful l regress ion mode ls are shown 

in Table 5 . 3 .  

The terms o f  greate s t  s tatisti cal s i gn i fi cance were is olated by 

1/2 -normal plotting ( Daniel , 19 59 ) . An example plot is shown in 

Figure 5 . 17 ,  ( p . l l l ) . Thos e  variables s hown not to conform to a normal 
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dis tribution ( they l ay off the 1/2-normal plot l ine of bes t  fit )  

were us ed t o  form a pars imonious mode l .  S uffi cient degrees o f  

freedom were then avai lable to test s igni fi cance by the t- te s t .  

These mode ls are pres ented in detai l in Appendix 3 ,  but the 

signi fican ce leve l s  dete rmined for the i dent i fi e d  vari able s  are 

indicated in Table 5 . 3 .  

TABLE 5 . 2 a Raw Trans formation and Growth Data for Experiment 2 .  

Molar % Y i e ld 
L . M. C .  Run 

7KD c D 

4 11 . 2  74 . 3  14 . 5  8 . 6 6  

3 40 . 2  5 0 . 0  9 . 8  8 . 89 

14 3 1 . 0 2 8 . 6 4 0 . 4  8 . 50 

7 18 . 9  68 . 6  1 2 . 5  8 . 5 1 

12 1 3 . 6  86 . 4  0 . 0  8 . 7 7 

16 2 0 . 8  74 . 2  5 . 0  8 . 87 

15 3 2 . 9  6 3 . 0  4 . 1 8 . 3 7  

2 1 7 . 9  5 2 . 4  2 9 . 7  8 .  15 

9 1 1 . 6  85 . 0  3 . 4  8 . 69 

10 14 . 4  8 3 . 0  2 . 6  8 . 70 

5 2 3 . 2  6 8 . 5  8 . 3 8 . 0 8 

8 17 . 6  6 5 . 2  1 7 . 2 8 . 36 

1 1  3 3 . 7 6 2 . 3  4 . 0  8 . 76 

1 3  3 3 . 2  64 . 0  2 . 8  8 . 9 7 

1 2 6 . 8 5 0 . 2  2 3 . 0  8 . 16 

6 34 . 7  5 9 . 5  5 . 8 8 . 0 2 

L . M. C .  is the logarithm to base 10 of the maximum numbe r  o f  ce lls 
obse rved durin g  a run .  

Bile acid yie lds are those obtained after 4 8  h 

The third s i gni fi cant fi gure in b ile acid yie lds was pre se rved 

10 7 

after norma l i z ation for us e in computer regre s s i on programme s . 
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TABLE 5 . 2b Raw Ele ctrode Potential Data for Experiment 2 

( t.Ecj6t )  Ec . Ec . 
Rrm max m�n � 

( mV/h ) (m V) (m V) 

4 - 79 -5 10 - 2 70 

3 - 5 7  - 4 30 - 2 80 

14 - 2 6  - 3 70 - 2 40 

7 - 5 1  -490 - 3 20 

12 - 10 4  -600 - 36 0  

16 - 3 9  - 5 5 0  - 3 10 

15 - 10 7  - 4 50 - 2 15 

2 - 114 - 4 50 - 2 9 5  

9 - 82 -600 - 340 

10 - 79 - 5 80 - 3 30 

5 - 15 3  -450 - 2 60 

8 - 19 8  - 4 70 - 19 5  

l l  - 102 -500 -205 

l3  - 72 - 59 0  - 3 3 5  

l - 109 - 5 30 - 32 5  

6 - 4 5  -4 10 - 2 80 

( t.Ec/t.t ) max is the maximum rate of e lectrode potential dec l ine 
observed during a rrm . 

Ecmin is the minimum e lectrode potential (m V) reache d .  

Eci i s  the e le ctrode potential ( mV) at inoculation . 



TABLE 5 . 3 Coe ffi cients from the Full Re�res sion Mode ls of Experiment 2 

C oe f fi ci ent Variab l e  % 7KD ln ( % 7KD %C %D L . M . C .  ( �Ec/�t) max Ecmin Eci 
Yield Yield) Remaining Yield ( mV/h) ( m  V) ( m  V) 

. Q) 
s o  Cons tant 2 3 . 9 * * *  3 . 0 9 * * *  6 4 . 7 * * *  l l .  4 * * *  8 . 5 2 * * *  - 88 . 6 * * *  - 499 * * *  - 2 8 5 * * *  > ,et: 
SA Organism 0 . 9  0 . 0 5 - 0 . 1 -0 . 8  0 . 0 3 7 2 - 8  
SB Inhibi tors 1 . 5 0 . 11 - 7 . 7 * * *  6 . 2 * * *  -0 . 2 6 * * * - 12 4 6 * * *  1 8 * *  

en Se Time Subst . Addn . 2 . 8 * * *  0 . 14 *  -0 . 7  - 2 . 1 -0 . 02 2 - 1 1 - 5  .jJ () Sn Q) Gas De livery 4 . 0 * * *  0 . 16*  - 3 . 7 *  -0 . 2  0 . 0 3 7 2 6 * *  2 7* * *  � � SE r£1 Temperature 2 . 2 * *  0 . 0 8 3 . 4 * -5 . 6 * * *  0 .  0 1  5 -4 - 1 3  
s:: Sp ·.-I Thioglyco llate -2 . 4 * *  - 0 . 10 2 . 2  0 . 1  -0 . 00 2 2 * *  - 18 - 2 8 * * *  Ill ::<: SG pH Anion 2 . 2 * *  0 . 09 - 3 . 4 *  l . l -0 . 0 4 4 2 5 * *  3 

SH Inoculum S ize 0 . 5  0 . 0 3 2 . 5 - 3 . 1* -0 . 0 6 - 16 *  - 18 2 

SAB+CG+DH+EF - 4 . 0 * * *  -0 . 1 9 * *  4 . 5 * *  -0 . 6  - 0 . 04 - 8  - 5  2 
SAC+BG+EH+DF - 0 . 9  -0 . 0 4 - 1 . 4 2 . 3 -0 . 04 12 8 - 7  

en SAD+BH+CF+EG -0 . 3  -0 . 0 2 1 . 4 - 1 . 0  - 0 . 05 - 9  5 0 � s:: 0 0 .jJ ·.-1 SAE+CH+BF+DG 4 . 9 * * * 0 . 2 0 * * *  - 7 . 5 * * *  2 . 7  0 . 0 3 2 1 * *  2 0 *  3 () .jJ Ill () � Ill SAF+GH+CD+BE - 0 . 1  0 . 00 4 . 5 * *  - 4 . 3 * * *  -0 . 0 3 7 6 12 I � 0 Q) � � SAG+BC+FH+DE -0 . 1  - 0 . 04 -0 . 0  0 . 2  -0 . 0 7 5 4 - 7  
H 

SAH+BD+CE+FH -0 . 3  - 0 . 0 3 0 . 8 -0 . 5  0 . 02 -0 l 7 

* * * - s igni fi cant at the l% leve l  as shown by the adopted pars imonious mode l 
* *  - sign i fi cant at the 2 %  leve l  as shown by the adopted p ars imonious mode l 

* - s i gni fi cant at the 5 %  leve l  as shown by the adopted pars imonious mode l 1-' 0 \D 
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For each pars imonious mode l de rive d ,  the residual plots us ed in 

Chapter 4 were again employed to che ck e quali ty ,  normality and the 

abs ence of time t rends in the re siduals . Only the mode l de rived for 

7-ke todeoxycholate yield showed an abnormal p lot , resi duals decreas ing 

with incre as ing predi cted yield ( Fi gure 5 . 1 8 ) . A new mode l was de­

rived for the natural logari thmic trans formation of 7-ketodeoxycholate 

yield which showed a bette r patte rn of re s i duals . 

The pars imonious mode l s  for log 7-ketode oxycholate yie ld ,  

deoxycholate yield and the three e le ct rode potenti al variables a l l  

contained suffici ent ly few vari ab le s for them to b e  represented by 

2 3 or 2 4 - 1 des ign s which we re replicated within the s ixteen runs 

performed. This al lowed te sting for lack of fi t .  Only in the mode l 

for maximum rate o f  e lectrode potenti al de c line ( ( 6Ec/6t > max> was 

there s i gni fi c ant l ack o f  fit at the 5% leve l .  Growth ( L . M . C . ) was 

adequately de s cribed by a s traight line ( i . e . a one- te rm mode l ) . 

Table 5 . 4  is the matri x of corre lation coe fficients for the 

various pairs of respon se vari ab le s .  

TABLE 5 .  4 

% C Remaining 

% OC Yie ld 

L . M. C . 

( 6Ec/6t) max 

Ecmin 

E ci 

ln ( 7KDC Yld. ) 

Matrix of Corre lation Coe ffi c i ents for the Pairs o f  

Re spons e  Variab le s  i n  Experiment 2 .  

% 7 KD % c 
Y i e ld 

- 0 . 6 60 * *  

0 . 04 1  -0 . 7 7 8* * 

- 0 . 0 2 3  0 .  320 

- 0 . 2 6 4  0 . 19 3  

% D 

- 0 . 40 6  

-0 . 0 36 

L . M . C .  

- 0 . 3 7 1  

(
6Ec

) 6t max 

0 . 5 2 6 *  - 0 . 7 7 4 * *  0 . 5 9 0 *  - 0 . 5 46 *  - 0 . 0 5 5  

0 .  3 7 3  - 0 . 420 0 . 2 4 7  - 0 . 2 78 

- 0 . 6 88 * *  0 . 0 89 - 0 . 096 

* *  - s igni fi cant at the l% leve l  
* - signi fi cant a t  the 5 %  l evel 

0 .  3 80 

-0 . 2 18 

Ecmin E Ci 

0 . 66 3* *  

0 . 545 * 0 .  386 
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5 . 5  DISCUSS ION OF EXPERIMENT 2 
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For mos t of the re sponse vari ables inve s tigated , at least one 

chain of two- factor interactions was identi fied as having an important 

e ffe c t .  Since e ach such interaction contrast is the sum o f  four 

e ffects of vari able s ign , the re may be other important two- factor 

inte ractions e c l ipsed by effects of oppos ite sign within the s ame 

chain . Furthermo re , i f  two- factor inte ractions are so important , some 

three-factor interactions , which are con founded with main e ffects , may 

also be importan t .  Although this is unl ikely , the pos s ib i lity must be 

borne in mind . 

The inab i l i ty of this de sign to di scern the e ffects of individual 

inte ractions is a dis advantage ; howeve r ,  no des ign could do so in s o  

few trials , least of all i n  a classi cal- type experiment . 

The fact that each two- factor inte raction contrast contains 

e ffe cts invo l ving all e i ght independent vari ables means that no mode l 

involving such an inte raction contrast can infallib ly exclude any 

vari ab le as being ins ign i fi cant . From this point of view , the s tated 

aim of the experiment may be impossible to achieve . Howeve r ,  i t  is 

pos s ible to deve lop a s cale of ' most like ly to be important ' to 

' le ast likely to be import ant ' vari ab le s .  

The factors most like ly t o  b e  important to dehydroxylation yie lds 

are temperature and the pres ence of inhibitors , followed by inoculum 

s ize . The l argest o f  the inte raction-chain e ffe cts i s  also highly 

s i gnifi can t .  I t  i s  tempting t o  spe culate that the inhibitor/temper­

ature interaction is dominant he re , s ince inoculum s i ze partners a 

variable with an ins ign i fi c ant main e f fe c t .  

A mechan i s ti c  e xp l anation for thes e  results i s  not a•ai lab le from 

the pure ly emp i ri cal e xperimental approach adopted ,  nor is it necess­

ari ly wi thin the aim o f  the experiment . Howeve r ,  the observation that 

greate r deoxycholate y i e lds are achieved at the lower temperature with 

inhibitors being pre sent , and with the sma l l e r  i noculum size , might 

indicate that dehydroxylat ion is favoured unde r conditions les s  s ui ted 

to rapid growth . The non- sign i fi cance of the corre lation between 
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deoxycholate yield and L . M. C .  suggests that the presence of inhibi tors , 

the mos t  important factor in determining deoxychol ate yie lds , was also 

the only factor to s i gn i fi cantly e f fect L . M . C .  

The e ffect o f  the smaller inoculum s i ze may be to increas e the 

numb e r  of gene rat ion s . As is the cas e with the presence o f  inhibi tors 

and the lower temperature , smalle r inoculum s i ze would result in a 

longer growth period. Usually , e xponential growth is complete within 

six to eight hours . The pres ence of inhibito rs de layed completion to 

eight to ten hours . In all case s , dehydroxy lation was se ldom apparent 

be fo re 18 h after inoculation . Probab ly it is during growth that the 

foundation of the dehydroxy lating abi li ty is be ing l ai d ;  the induction 

and/or production o f  cofactors , enzymes or eo-enzyme s is pos s i b ly lim­

ite d  to this period. Thus increas ed time spent in cell growth mi ght 

conceivably incre ase dehydroxylating abi l ity . 

Optimum transfo rmation unde r sub-optima l  growth conditions has 

been reported for othe r sys tems . Macdonald et al .  { 19 7 7 )  observed · ·  

maximum production o f  e xtractable 3a- and 12a-hydroxycholanoyl dehydro­

genase activities under sub-optimal growth conditions for an arginine­

uti li s ing Eubacteri um Zentum. Incre ased arginine leve ls res ulte d  in 

gre ate r cell yield and enzyme spe c i f i c  activity only up to a ce rtain 

point . Furthe r increases in arginine leve ls continue d  to improve 

growth yields , b ut res ulted in a fall in dehydrogenase production .  

In vivo , i n  the animal inte stine , dehydroxylating organisms must 

compete in a crowde d envi ronment with many other organisms . Condi tions 

for growth of one parti cular organism are pres umably far from optimal , 

yet the ?a-hydroxy bile acids whi ch are present at levels s imi lar to 

thos e  used in this experiment are largely dehydroxylated.  

With regard t o  7-ketodeoxycholate formation , no indi vidual factor 

has a s  l arge an e f fect as temperature and inhibitors have on dehydroxy­

l ation . Here , gas delive ry is the mos t  l ike ly factor to be important , 

yie lds being reduced by sweeping at 2 0 0  rev/mi n .  E arly s ub s trate 

addition also ass iste d  in decreas ing 7-ketodeoxycholate y i e lds , as did 

( to a les ser e xtent)  low tempe rature , the pres ence o f  thioglycollate , 

and the use o f  OH- ion as pH correctan t . The re lative unimportan ce of 



114 

inhibitors he re is in sharp contrast to i ts effect on dehydroxylation . 

The fact that only one o f  the two t rans formations is boosted by the 

pre sence o f  inhib i tors means that thi s  vari ab le probably doe s  not a ct 

me re ly by increasing cell perme ab i l i ty to bile acids in gene ra l . As 

originally postulate d ,  the inhibitors factor may indeed ope rate chie fly 

through a-hydroxyquinoline che lating cu++ ions whi ch inhibi t  7a- dehydr­

oxylas e  to a g reate r extent than ?a-dehydrogenas e  ( Dras ar and Hi l l ,  1 9 7 4 ) . 

Fortunate ly , from the point o f  view o f  boosting deoxy cholate whi le 

re ducing 7-ketodeoxycholate yie lds , on ly two of the e ight mai n  e ffects 

have the s ame sign for both tran s formations . These are the presence 

of inhib i tors , whi ch boosts both t rans formations ( although ins igni fic­

antly for dehydrogenation ) ,  and pH anion ; for wh ich OH- i on boosts 

both ( although ins ign i fi c antly for dehydroxy lation) . These two vari­

able s are also ident i fiable as showing two of the highe r coe fficients 

in the mode l for cholic acid uti l i s at ion . Howeve r ,  fi ve o f  the s even 

two- factor inte raction chains have the same sign for both trans formation 

yield mode ls re flected in three interaction chains being important to 

cholic acid uti lis ation . A mode l de rived for the ratio o f  deoxycholate 

yield to 7-ketodeoxychol ate yield showed low temperature and the pre­

sence o f  inhib itors to be mos t  e ffective in producing a high ratio .  

P e rh aps the most prominent finding o f  the experiment i s  the 

ins ign i fi c an ce of ' organism'  to any mode l de rived. Changing from the 

ATCC 9 71 4  to the SD 10 strain produced no mo re than a l% drop in de­

oxycholate y ield or a l% incre as e in 7-ketodeoxycho late yie ld , and 

incre as e d  c e l l  yield by a factor of only 1 . 0 7 .  Since the re is prob­

ably no s ign i fi c ant di ffe rence between the s e  s trains insofar as the 

respons e  variables inves tigated are concerne d ,  any two- factor inter­

action invo lving factor ' A ' i s  probably also negligib le . The chains 

of two- f actor interactions are therefore e ffective ly reduced to 

length thre e . 

During each t rial o f  this e xperiment , the e le ct rode potential 

was moni tored.  This val ue , Ec , is the potential di fference ( mV) 

between the polished platinum electrode and a s aturated calome l e le c­

trode i n  electri cal contact with i t .  I t  is an approximation to the 

true oxidation-reduction or redox potential . 



S ince the redox potenti al was not manipulated or contro lled in 

this experiment , except through the vari able thioglycol late , pas s i ve 

obse rvat i ons only are avai lab le . It i s  impos sib le the re fore to con­

clude that a movement in electrode potential is a cause or an e ffect 

of a t rend in trans formation . I t  can be reported only that the two 

events occurred s imultaneous ly . 
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Seve ral response vari ab le s  were de fined i n  an attempt to de te rmine 

the importance of redox potent i a l  in tran s fo rmation .  Of the s e ,  one -

(6Ec/6t) max i . e .  the maximum rate of de cline of e lectrode potential -

could not be adequately des crib e d .  Mode ls containing s ign i fi cant 

( 5% l e ve l )  te rms showed s igni fi c ant ( 5 % leve l)  lack of fi t ,  indi cating 

the pres ence of important random influences not control led in the 

e xp e ri ment. The maximum rate o f  dec line o f  electrode potential was 

gove rned main ly by the vari ab le s  thioglyco l l ate and i no culum size . Not 

une xpe ctedly , large r inocula i ncre as e d  the rate , and the presence of 

thioglycollate decreased the rate . Th is l atte r e ffe ct may be due to 

incre as e d  redox buffering o r  to dec re ased initial electrode potential , 

caus ing de creased s cope for l arge rapid E c  de cline ( th ioglycol l ate was 

highly s igni fi cant in gove rni n g  E ci , the e lectrode potential :t inocu­

lation ) . Of these two vari ab le s ,  only Eci is s igni fi c antly corre lated 

with any other response vari ab le :  runs with low initial e le ctrode po­

tentials also showed low electrode potent i al minima ( Ecmin> .  

S t rong corre lations were observed between trans formation and 

minimum e le ctrode potential . �The more negati ve the minimum Ec , the 

les s  t rans formation occurred .  This result might be expected for dehy­

drogen ation , an oxidative reaction requiring a supply of oxidised 

n i cotinamide cofactor . The occurrence o f  gre ater dehydroxylation i n  

tri als where e lectrode potentials s tayed relative ly high was unexpected . 

A greater degree o f  trans formation has already been obse rved unde r 

condi tions leas t conduci ve to rapid growth . There is also a s i gni ficant 

corre l ation between maximum cell numbers observed ( L . M. C . )  and minimum 

E c ; greater growth paral le l s  more negative E c  minima . The ques tion 

then aros e : is the association of low Ec with both s trong growth and 

weak trans formation a consequence of : 

( a) s trong growth depre s s in g  E c , which in turn reduces activi ty 

o f  the enzyme sys tems involve d , or 



( b )  better trans formation occurring during weak growth ,  whi ch 

incidentally re sults in less p ronounced E c  minima? 

Th is question is un answerable wi thin the conte xt o f  the e xperiment ; 

further work is requi red ,  involving redox cont rol under different 

growth conditions . 
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The phenomenon o f  redox optima for dehydroxy lation and dehydro­

genation reactions has recently been obs erved by Bokkenheuser e t  al .  

( 19 7 7 )  with the 2 1- dehydroxy lation o f  cort i cos teroids by Eubacterium 

lentum. At an Eh o f  - 25 0  to - 3 00 mV ( equivalent to E c  -494 to - 5 44 

mV) , this organism cataly sed the 2 1- dehydroxylati on o f  t etrahydrodeoxy­

corticos terone to pre gnalone , while at Eh - 12 0  to - 1 80 mV (Ec = - 36 4  

to - 4 2 4 )  i t  oxidised the 3-hydroxy group o f  the s ame substrate t o  form 

dihydrodeoxycorticoste rone . In the pres ent expe riment , the beginning 

o f  dehydroxylation o ften accompanied a ri s e  i n  e l ectrode potenti a l  to 

ea - 400 mV . If the Ec rose past - 2 50 mV , dehydroxylati on had usual ly 

ceased. 

Tri al 14 of the current expe riment produced yie lds of 41% for 

the 7- deoxy and 3 1% for the 7-keto products ; the secon d  hi ghest 

deoxycholate y ield was 3 0 %  in run 2 .  As in E xpe riment l,  this i s  a 

high single value . I n  fact , run 14 was performed twi ce , since on the 

firs t occas ion pH control fai led afte r 2 4  hours , by wh i ch time deoxy­

cholate yield exceede d 30% ,  identi cal to the s e cond attempt . The 2 4  h 

7-ke tode oxycholate y i e ld was a little highe r howeve r ,  at 55% compared 

with 44% on the second attemp t .  The L . M . C .  values o f  the two repli­

c ate s di ffered by only 0 . 0 7 log units , and the e lect rode potenti al 

curves we re s uperimpos ab le for the first 2 4  h .  

The usual follow-up to a s cre ening e xp e riment i s  to i ncorporate 

those vari ables shown to be important into a mo re det ai led des ign . 

This would involve thre e  or more leve ls , and often e xtend vari ables 

pas t the limi ts used in the s creen . In E xperiment 2 ,  the large s t  yield 

of deoxycholate obs e rved was o f  the orde r of 40 % ,  s ti l l  accomp anied by 

30 % o f  the 7-keto s i de-product . Although s ome advance has been made 

( in E xperiment l ,  deo xy cholate yield neve r  exceede d  that o f  7-keto­

deoxy cholate , and the highes t  deoxycholate yield was 19 % ) , the target 

o f  ea 9 0 %  dehydroxylation with no dehydrogenation - dictated by probable 

proces s  e conomics - was sti l l  dis tan t .  Thus , there was cons idered to 
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b e  l i t t l e  point i n  pe rforming a de tailed fine-tuning experiment at 

thi s  s tage of the pro j ect.  The large s t  s ingle main e f fect on 

dehydroxylation was that of inhibitors . When the inhibitors were 

present , yields we re higher than the ave rage 1 1 . 4% by 6 . 2 % .  Thus , a 

small increas e i n  inhibitor concentration i s  unl ike ly to s i gn i fi cantly 

enhance dehydroxy l at ion . 

A new app roach was the re fore requi re d i n  the search for condi tions 

whi ch s hould stimul ate dehydroxylation and for condi tions whi ch depre ss 

dehydrogenation . The next chapter de s cribes a s eries of e xperiments 

whi ch we re conducted with the aim of di s cove ring a s e lective inhibito r  

of the oxidative rea ction . 

5 . 6  CONCULS I ONS 

In thei r  e ffe ct on trans formation y i elds , ·growth , ·and e le ctrode 

potenti als , the two Cl. bifermentans s t rains ATCC 9 7 14 and SD 10 

we re i ndistingui shable . 

7a-Dehydroxylation was boos ted , and 7a- dehydrogenation l arge ly 

un affected by the presence of fluori de and 8-hydroxyquino l ine . The s e  

inhibitors also re duced growth , and were associ ated with l e s s  p ro­

nounced e lectrode potentia l  minima . 

Zero-time addi tion o f  b i le acid s ub s t rate decre ase d  the yield 

o f  the 7-keto and slightly incre as ed that of the 7-deoxy product 

compared with 6 -hour substrate addition . The presence o f  0 . 0 5 %  w/v 

cho l i c  acid duri ng growth had no e ffe ct on ce ll yield. 

Sweeping the medium surface with gas gave lowe r 7-ketodeoxy­

cholate yields than sparging , whi le h aving little effe c t  on dehydroxy­

lation . 

Highe r deoxy cholate yields we re obtained at 32 ° C than at 3 7 ° C ,  

accompanied by s lightly lower 7-ketodeoxycholate yields . The ratio 

of the 7-deoxy to the 7-keto product was signi fi cantly high e r  at the 



lower temperature , an d  the overall degree o f  trans formation was 

incre ased.  

The pre sence of thioglycollate reduced the rate of e lectrode 

potential de cline , and depre ssed the ini tial potenti a l , but on ly 

s li ghtly depressed the minimum E c .  Thioglycol late also decre as ed 

?a-dehydrogenation and thus total trans formation to s ome extent . 

Use o f  hydrogen carbonate ion rather than hydroxyl i on for 

pH control was as sociated with higher electrode potenti a l  mi nima 

and s li ghtly greate r  7-ketodeoxycholate yields . 

Inoculum s iz e  had no e ffect on maximum growth y i e l d .  Smaller 

inocul a  boosted dehydroxylation yield , and was associ ate d  with a 

reduce d  rate o f  e lectrode potent ial dec line . 

1 18 

A s t rong as soci ation was apparent between high electrode 

potenti al , weake r growth and high trans formation yie lds , parti cularly 

of deoxy cholate . 

On s eve ral o c casions , deoxycholate yield e xceede d  7-ketodeoxy­

cholate yield . This represents an advance over Experiment l res ults . 

Furthe r ,  the highe s t  48-hour deoxycholate yield of 4 0 %  was doub le 

the h i ghes t  7-day y ie ld o f  19 % achieved in Experiment 1 .  De spite 

us ing the best Experiment 1 condi ditions throughout (pH 7 . 0/N 2 -C02 , 

9 : 1 ) many Expe riment 2 runs showed low deoxycholate yie lds . Hence 

thes e  condi tions do not necessari ly guarantee deoxychol ate yie lds 

of greater than 10% .  

No conditi on s  tes ted res ulted in the e limination o f  ?a-dehydro­

genation . A more drastic approach must be adopted to p revent totally 

any oxidative s ide-product formation . 



CHAPTER 6 CHOLI C ACID TRANSFORMATION USI NG WASHED RESTING 

CELLS OF C l . B IFERMENTANS ATCC 9 7 14 

6 . 1 I NTRODUCTI ON 

In Experiment 2 ,  maj or fe rmentation vari ables were examine d .  

Some were foun d  t o  be more e ffective a t  increasing deoxycholate yield 

and de cre asing 7-ketodeoxycholate yield than others . Howeve r ,  mani­

pulating the vari ables within the confines of the expe riment fai led 

to p roduce yie lds approximating the 90-100% dehydroxy lation o r  the 

0 %  dehydrogenation de s i re d .  

Since dehydroxylation w a s  always accompanied b y  dehydrogenation 

despite the range of envi ronments te ste d ,  an expens ive separation and 

puri fication ope rati on would be involved in any indus trial proce s s  

b ased o n  these fermentation condi tions . It was the re fore conside re d  

necess ary to s eek a n  alte rn ative method of preventing the oxidation 

without impai ring dehydroxylati on . 
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S ince single-vessel batch ferment ation , wi th its e as e  o f  ope ration 

and s implicity o f  p lant had not so far been suc ces s ful , the next step 

was to conside r  a s eparation o f  the proces s  into two stages : 

( a) growth of ce lls in a fe rmenter ,  fol lowed by 

(b)  us e of harvested re s ting-s tage ce l ls to e ffect the cho l i c  

a c i d  trans fo rmation . 

The use of harveste d ,  washed and re s uspende d ce lls has the advantage s 

that : 

( a) trans formation substrate comes into contact wi th buffer and with 

cell s , rather than with comp lex medi a ,  thus s impl i fying 

s ubsequent puri fi c ation , and 

(b ) compounds inhibitory to ?a-dehydrogenation but also damaging to 

cell growth c an be included in the re action mixture 

wi thout any unde s i re d  e ffects . 

I n  addition , in the context o f  the present research , s everal e xperi­

mental trials could be perfo rme d  with a s ingle batch of ce l ls .  From 

a pro cess point of view , the re are also dis advantages :  



( a) complexity - i t  i s  a two- stage ope ration , and 

120 

(b)  p lant - at least two contro l le d-envi ronment ves sels are requi re d ,  

a s  wel l  as ce l l  separati on equipment . 

Given the points made above , the series o f  experiment s reported in 

this chapte r was principally a se arch for an agent to inhibit dehydro­

genation , since the p roduction of the 7-keto side-product repre sents 

the greatest drawback in deve loping a mi crobial process for the 

production o f  deoxy cholic acid. 

6 . 2  FERMENTATION COND ITIONS AND CELL P RE PARATION 

Ce ll producti on , harve s t ing , wash ing and resuspension are 

des cribed in s e ction 3 . 8 . A low level o f  cholic acid wa s included 

in c e l l  production me dia to ens ure enzyme induct ion . Growth condi­

tions were selected to provi de good ce ll y ie lds and high dehydrogenase 

acti vi ty ,  and resulted in low leve l s  of dehydroxylas e .  Ce l l  harve s t ing , 

washing and inc ubation we re performed unde r as anaerobic condi tions as­

pos s i ble in the abs ence o f  a glove cab ine t .  Vi rtually no dehydroxylas e 

acti vi ty was detected in washed ce lls , but whether this was entirely 

due to low initi a l  levels o f  activi ty o r  to loss of activi ty during 

harve s ting and washing is not c le ar . Spent ce ll production l iquor was 

as s ayed for deoxy chol ate and yie lds of between l% ·and 4% we re found , 

indi c ating low ini ti a l  dehydroxylas e leve l s . 

6 . 3 RES ULTS AND DI SCUSS ION 

Several indi vi dual trials we re conducte d ,  each involving a 

s eparate batch o f  ce l ls . This sub s e ct ion reports the res ul t s  o f  

sele cted trials .  

The ce ll yie l d  and e le ctrode potenti al curve during c e l l  p roduc­

tion for e ach tri al are presente d  in Appendi x 4 .  Cell yie lds o f  the 

cell s lurries average d  1 7 . 0  mg/ml dry weigh t ,  ranging from 1 3 . 2 to 

2 0 . 8 mg/ml . Thi s  c orresponds to 0 . 66 to 1 . 0 4  mg/ml dry we ight o f  

fermentation medi um .  



6 . 3 . 1 Time Scale and Reproducibility o f  the Reaction 

An initial experiment was performed to i nvestigate the time­

scale o f  trans formation and a l s o  to che ck the point- to-point repro­

ducibi l i ty within a s ingle run . Choli c  acid was adde d to a 

concentration of 0 . 0 5 %  w/v in pH 7 . 0 ,  0 . 02 M phosphate buffe r .  

Incub ation was a t  3 5 ° C unde r oxygen- free nitrogen . The results o f  

this run are depi cted i n  Figure 6 . 1 . 
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7 - Ke todeoxy cholate yie lds o f  8 to 10 % were ach ieved unde r  thes e  

conditions , with mos t  o f  the t rans fo rmation being comp lete within two 

hours . No deoxy cholate was dete cted.  In the z e ro-time s ample cells 

we re in contact with choli c  acid sub strate for 5 to 10 min be fore the 

pH was raised to ea pH 12 and the ce l ls removed by centri fugation . 

Appre c i able tran s formation h ad o c curred even within thi s short period. 

In all subsequent experiments , zero- time samples we re t aken wi th in 

se conds o f  inoculation with the res ult that this s amp l e  showed no 

trans formati on . 

As is apparent from the c lustering of indivi dual determinations 

in Figure 6 . 1 ,  reproducibi l i ty from t ube to tube was acceptab le . 

6 . 3 . 2 Effe ct o f  Aerobi c  Incubation 

A trial was conducted to investigate the e ffect of atmospheri c 

oxygen on the e xtent o f  dehydrogenation .  Re action mixture s we re 

e i the r left open to the atmosph e re or continuous ly flushed with 

oxygen- free ni trogen . Incubati on was at 30 ° C with 0 . 0 5 %  w/v cho li c 

acid i n  0 . 0 2 M pH 7 . 2 phosphate buffe r .  The results a re depi cted in 

Fi gure 6 . 2 .  The mas s balan ce is also shown , and i ndi c ates that the re 

was appreciab le los s of dete c t able steroid material unde r  aerob i c  

condit ions . There are s everal possible e xp l anations for this : 

( a) aerobic degradation by Cl. bifer.mentans to non-s teroid products ,  

( b )  formation o f  di- or tri-keto products whi ch would b e  e luted at 

the HPLC solvent front and so not be de tecte d ,  or 

( c) contaminat i on o f  all 4 8  h aerobi c  incubation mixtures by s teroid­

degrading o rg an i sms ( the tubes were open to the 

a tmosphere in a non-s te ri le envi ronment) . 

Again , 7-ketodeoxycholate formati on had vi rtually ce as ed withi n  two 
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E ffe ct o f  Aerobic Incub ation on Dehydrogenation by 

Whole Resting Ce lls 

Deoxychol i c  acid <Q,. , 7-ketodeoxychol i c  acid r.6,A) , 

cholic acid <[],Ill . Ho llow symbols for aerobic incubation , 
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solid symbols for anaerobic incubation . Y i e lds are not normalised.  

Expe rimental conditions are des cribed in the text ( se ction 6 . 3 . 2 ) . 
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hours , with the y ield unde r anae robi c  conditions simi lar t o  that i n  

Figure 6 . 1 Unde r aerobi c  condition s , however , yie lds were approxim­

ate ly double . This agrees with the obs e rvations o f  Ari es and H i l l  

( l9 70b) who found mo le cular oxygen t o  b e  nece s s ary for ce l l- free 

dehydrogenation by extracts o f  s everal anae robes , and of She rrod and 

Hylemon ( 19 7 7 ) . Thes e  latte r worke rs incub ated whole ce ll s uspensions 

of the fas tidious anaerobe Bacteroides the taiotaomicron with a numbe r 

o f  electron accepto rs . When they inc ub ated aerob i cally , convers i on o f  

chol ate to 7-ke todeoxycholate p roce ede d  a t  approximate ly 1 0 %  convers i on 

pe r hour ove r the four hours investi gate d .  A control in cubate d unde r 

ni t rogen s topped dehydrogenating a fte r l h at 8% conve rs ion . Another 

ele ctron accep to r ,  fumarate ( unde r  anaerobic condi tions ) p romoted 

conve rs ion to a total o f  30% ove r four hours , with conve rs ion rate 

increas i ng with time . 

Some deoxycho late produc tion was observed i n  th is trial , but 

notably not un de r aerobic conditions . I t  is apparent from the res ults 

of this run that to minimise dehydrogenation , trans formation conditions 

should be oxygen- fre e .  

6 .  3 .  3 .  E f fe ct o f  Atmosphe re , pH ,  Incubation Time and Temperature 

This s ection reports the combined re sults of two trials which 

inve s tigated the e f fe cts o f  atmosph e re ,  incubation time and temperature 

on the pH pro fi le of whole ce l l  cho late dehydrogenation . In the first 

t rial , incubation was at 37 ° C ,  with five tube s being flushe d with 

o xygen- free nitrogen , and five with N2 -co2 , 9 : 1 . Each group o f  five 

contained 0 . 0 5 %  w/v cholic acid in 0 . 0 2 M buffe r at pH 8 . 50 ,  7 . 7 5 ,  

7 . 00 ,  6 . 2 5 ,  or 5 . 50 .  The two high pH value s  employed Tris-HCl buf fe r ,  

the lower values phosphate buffe r .  The re sults are p re sented in 

Fi gure 6 . 3 .  The s e cond tri a l  was conducted at 30 ° C wi th ten tubes 

being f lushed with N2 -co2 , 9 : 1  direct ly from the cylinde r ;  the other 

ten we re flushed with N2 -C02 , 9 : 1  whi ch was continuous ly de-oxygenated 

by pass age ove r h eated copper turnings . This was to che ck i f  trace 

oxygen levels in the gas mixture ( prepare d  with indus t ri a l  dry n i t ro­

gen , not oxygen- free nitrogen) a ffected dehydrogenation . Half o f  e ach 

gro up o f  ten tubes was incub ated for l h ,  the other hal f  for 20 h .  

Each g roup o f  five contained 0 . 0 5 %  w/v cholic aci d in 0 . 1 M b uf fe r  at 

pH 8 . 50 ,  7 . 75 ,  7 . 00 ,  6 . 2 5 or 5 . 50 .  The same buf fers w e re use d  as in 



the first trial , except that maleate buffer was used at pH 5 . 5 .  The 

re sults o f  thi s  trial are plotte d in Figure 6 . 4 .  The final pH o f  the 

1 h mixtures was withi n  0 . 1  units o f  the init i a l  pH except for those 

ini tially at pH 8 . 50 ,  whi ch had dropped to 8 . 2 6 .  The final pH o f  the 

2 0  h mi xt ures was wi th in 0 . 2  units of the initia l  pH e xcept for thos e 

ini tially at pH 7 . 75 ,  whi ch had dropped to ea pH 7 . 2 ,  and those 

ini tially at pH 8 . 50 whi ch had dropped to pH 7 . 5 .  

From Fi gure 6 . 3 it is apparent that unde r oxygen- free nitrogen , 

the pH yield optimum is be twe en pH 6 . 0  and 6 . 5 .  The optimum appe ars 

to be nearer neutrali ty unde r N2 -co2 , 9 : 1 . However , acidi fi cation by 

C02 o f  those mi xt ure s  with higher initial pH value s  occurred during 

incubation . The di ffe rences be tween the two gas e s  are not marked , 

e i the r in terms of maximum yie ld or o f  optimum pH . The results at 

30 ° C ,  i n  Figure 6 . 4 ,  a re ve ry simi lar,  with peak yields o f  ea 15% 

occurring between pH 6 . 3 and 7 . 0 .  Yie lds were s lightly lowe r a fte r 

20 h th an a fter 1 h ,  indi cating s ome reducti on o f  the ketone had 

occurred a fte r 1 h .  Tak in g  into account p H  drift , the 20 h mi xtures 

would result in c urves ve ry s imi lar to the l h curve s .  
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A s  the earlier discussion i n  Chapte r 4 indicate d ,  ce ll- free 

dehydrogenases show highly a lkal ine pH opt ima ( ea pH 10 ) • The rela­

tive ly low pH yie ld optima dete rmined he re p robably re flects the 

di ffe rences be tween ce l l-bound and ce ll- free enzyme act ivities , and 

diffe rences be tween maximum rates and final yield achieved. It i s  

con ceivab le that the re act ions involved i n  7 -ketode o xy cholate formation 

continue for a longe r period between pH 6 . 3  and pH 7 . 0  than at othe r 

pH value s .  The dehydrogenation pH yield optimum reported here i s  

s l ightly more acid than that determined for growing ce lls i n  Experiment 

l ,  and may indi cate that gre ate r enzyme p roduction occurs unde r neutral 

or mi ldly alkaline conditions . 

The trials reported in thi s  section h ave reveale d l ittle di ffer­

ence between the temperatures 30 ° C and 37 ° C ,  or between the gas s e s  

oxygen- free nitrogen , N 2 - C02 , 9 : 1  and o xygen free N 2 -co2 , 9 : 1 . Litt le 

increas e , indeed s ome dec reas e , in 7-ketodeoxycholate yield occurre d  

after the first hour o f  incubation . 



6 . 3 . 4  E f fe cts o f  Common Enzyme Inhib i tors and Other Miscellaneous 

Chemicals 

This section reports the combined res ults of s eve ral trials . 
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In each trial various chemi cals ( including o rgan i c  solvents , electron 

acceptors , common enzyme inhib itors , metal ion s  and che lating agents ) 

we re inve s tigated for the i r  e ffects on the ?a-dehydrogenation re lative 

to dupli c ate control s amp les . 

Many o f  the compounds tes ted have been imp l i cated in the 

literature as having e f fe cts on s imi lar s te roid trans formations . 

Fumarate was include d a s  a potential e lectron acceptor as mentioned 

in section 6 . 3 . 2 .  Ohl s on et a l .  ( 19 7 8 )  have reported that the pre s­

ence o f  organ i c  solvents can increase the rate o f  hydroxysteroid 

dehydrogenation by i ncreasing the ste roid pe rmeability of ce l l  walls 

and/or membrane s .  B arnes e t  a l .  ( 19 76 )  and B i l ton e t  a l .  ( 19 7 7 ) , 

us ing Pseudomonas ,  have shown that nuclear s te roid dehydrogenas e can 

be directly coupled to nitrate reduction . (Bergey ' s  Manual ( Smith and 

Hobbs , 1974 ) states that for Cl . bife�ntans a �d Cl.  sorde l lii , 

nitrate re duction i s  variable . )  Glucose was included to test the 

possibility that s te roi d  dehydrogenation is linked to ene rgy meta­

bolism, in which case the p re s ence of an alternative ene rgy s upply 

may depress trans fo rmation . On the othe r hand , glucose may have a 

stimula tory e ffe ct i f  an initial ene rgy source is necess ary to as s i s t  

dehydrogenation . Othe r compounds tested included p- chlorome rcuriben­

zoate (pCMB ), di c uma ro l , EDTA and several divalent metal ions . E ach 

of these was emp loyed in the search for an inh ib itor of ?a-dehydro­

genation , poss ib ly by poisoning n icotinamide cofactor metab olism. 

The e lectron transport inhibitor dicumarol and the s ulphydryl 

enzyme inhibitor pCMB we re added to incubation mixture s as DMSO 

solutions after autoclaving.  For these two compoun ds , re s ults are 

expre s s ed as % o f  the DMSQ- control yield.  

All compounds mentioned so far we re tes ted in pH 7 . 2 0 . 0 2 M 

phosphate buffe r .  Howeve r ,  s ome me ta l  phosphates are insoluble , and 

also some polybas i c  carboxylic acid buffer compounds are chelating 

agents . For thes e  reason s , metal s alts were dis s olved in 0 . 0 4 M 

pH 7 . 0  barbitone- acetate buffe r  to a final concentration o f  0 . 0 5 M.  



The s e  solution s  we re adj us ted to pH 7 i f  necessary with l M NaOH . 

Thi s  res ulted in some pre c ipitation o f  hydroxides o f  cu++ and sn++ , 

reducing the e f fe ctive concentration o f  the s e  ions in the s upe rnatant 

l iquid .  Excessive pre cipitation o f  hydroxide a t  pH 7 prevented the 

te s ting of s ome othe r ions s uch as Fe+++ , Pb++ and Hg+ + .  

In all tri als reported in thi s s ection , incub ation was a t  30 ° C 

with 0 . 05 %  cholic acid for 4 8  h under oxygen- free nitrogen . The re­

sults are reported in Table 6 . 1 ,  which incl ude s de tai l s  o f  reaction 

condi tions . Al l te sts were performed in dup li c ate unless othe rwis e 

indicated. (Table 6 . 1 overleaf) 

The presence o f  l% acetone resulted in a near doub ling , and o f  

5 %  acetone a ne ar tripling o f  the 7-ketodeoxycholate yield obs e rved 
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i n  the control . The presence of DMSO had a s imi lar , though le s s  

marke d ,  e ffe ct . Nitrate a l s o  showed a marked s timulatory e ffe ct , 

approximate ly doubling the c ontro l yield. Glucos e and fumarate , alone 

and in combination , had l ittle net e ffect , gluco s e  being s li ght ly 

stimu latory , and fumarate - i f  anything - s li ghtly inhibi tory . 

Sodium thioglyco llate , the on ly reduc ing agent tested , lowered 

control activi ty by 6 5 % , pre s umably by depri ving the cells of many o f  

the potential e le ctron ac ceptors , which might othe rwise have been 

available . 

These re sults indicate that Cl.  bifermentans can probably link 

ni trate reduction and pos sibly the reduction o f  other e lectron 

acceptors such as 02 to s te roid dehydrogenation . Th is pro ce s s  c an 

be depre ssed somewhat by addi tion o f  suitab le reducing agents . The 

re s ults involving s olvents con firm the work o f  Oh lson e t  a l .  ( 19 78 ) , 

and may imp l icate a perme ab i l i ty barrier as being a limi ting factor 

in steroid dehydrogenation by who le ce l ls . 

The uncoup ling re agent , di c umarol ,  and the sulphydryl group 

inhibitor , pCMB , had no great e f fe ct on whole ce l l  dehydrogenation , 

yields be ing o f  the orde r o f  those obs erved for the control .  The re 

i s , however ,  no indic at ion as to the e f fective intrace llular inhibi tor 

concentratio n .  



TABLE 6 . 1  E ffects of Mi sce l l aneous Compounds on Chelate 

Trans formation by v/hole Ce l l s  

Compound Concen­
tration 

a cetonea l% v/v 

acetonea 5 %  v/v 

DMSO l %  v/v 

DMSO 5 %  v/v 

KN0 3 c 0 . 1 % w/v 

glucos e 0 . 1% w/v 

fumarate 4 mM 
glucos e + fumarate 0 . 1% + 4 mM 
Na thioglycollatea 0 . 0 5 %  w/v 

pCMB l0- 4M 

pCMB l0- 5M 

pCMB l0- 6M 

pCMB l0- 7M 

di cumarol l0- 4M 

di cumaro l l0- 5M 

dicumarol l0- 6M 

dicumarol l0- 7M 

EDTAb 50 mM 
SnC l2 • 2 H2 0b 50 mM 
MgS04 • 7H2 oP 5 0  mM 
BaCl 2 • 2H 2 oP 50 mM 
HnCl 2 • 4H2oP 50 mM 
CuCl 2 • 2H2 ob 5 0  mM 
CoC l2 • 6H 2 0b 50 mM 
ZnS04 • 7H 2oP 50 mM 
CdCl2 · �H 2 oP 50 mM 

% o f  Control 
7-Ke todeoxy­
cho l ate y ield 

1 8 8  

2 76 

1 3 3  

175  

19 8 

12 7 

8 1  

12 1 

34 

119 

117 

111 

92  

10 8 

1 12 

1 19 

89 

2 6 4  

17 8 

160 

10 5 

7 3  

66 

6 5  

4 5  

2 6  

% Mas s  
Balance 

9 7  

9 8  

9 4  

102 

lOO 

101 

lOO 

9 8  

9 6  

lOO 

9 9  

10 2 

10 1 

lOO 

9 9  

10 3 

9 7  

10 1 

9 2  

102 

10 1 

1 1 8  

8 9  

1 14 

9 9  

10 3 

( a )  - single dete rmination only . A l l  othe r  res ults are ave rages o f  
dup li cates .  

( b )  - normalised t o  mas s balance o f  lOO % t o  aid comp ari son . These 
res ults were obtaine d us ing 0 . 04 M pH 7 barb i turate­
acetate buffe r .  All othe rs were w ith 0 . 0 2 M pH 7 . 2 
phosphate buffe r .  
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( c ) - inte rnal s tandard de grade d  o n  aci di fi cation p r i o r  t o  extraction .  
Y i e ld e xtracted b y  assuming lOO% mas s  balance . 
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Arie s  and Hill ( 19 70b) investi gated the e ffect of seve ral enzyme 

inhibitors on cell- free ext racts of bacte roide s  and clostridial 7a­

hydroxycholanoyl dehydrogenase ( including peri odate and iodoacetate 

but excluding pCMB and dicumarol ) .  In revi ewing this work , Dras ar and 

H i l l  ( 19 74 )  con cluded the incomplete action of the inhibitors indi­

cated that the enzyme does not possess re adi ly denatured o r  complexed 

groups at the active s ite . The present results do not contradi ct 

this conclusion . 

There was weak dehydroxylation apparent during the experiment with 

dicurnarol and pCMB . The latte r compound comp letely inhibite d deo xy­

cholate formation at the l0- 4 M level , and by 2 0 %  at 10- 5 M. Di cumarol 

inhibited dehydroxyl ation by 30% at 10- 4 • At a l l  othe r inhibitor 

concentrations , deoxycholate yie lds we re at the order o f  the ( ve ry 

low) control yields . 

The se results indi c ate that neither di cumarol nor pCMB can b e  

u s e d  to inhib it whole cell dehydrogenation ; n o r  would these compounds 

act without inhib i ting dehydroxylation . 

The hydroxide s of copper and tin precipitate d he avi ly when cen­

tri fuged with alkal ine internal standard so lut ion . This resulted i n  an 

overa l l  los s of b i le acid,  p r,obably by adsorp tion to the precipitating 

hydroxide , and is re fle cted in the low mas s balance figure s . Alterna­

tively tin and copper cholanoates may have been parti ally insolub le .  

The s amples containing Mn++ and eo++ s howed h i gh mas s balance figures 

whi ch may have been c aused by imp ai re d  e xtraction o f  the internal 

standard. The y ie l ds of me tal ion- and EDTA- containing s amples have 

been normalised to a 100 % mas s balance to aid comparison between tho s e  

with high and tho s e  with low mass balance . 

Aries and H i l l  ( 19 70b)  inve s tigated the e ffe cts of metal ions on 

the cell- free 7a-hydroxycholanoy l dehydrogenase o f  Bacteroides and 

Clostridium, and reported partial inhibition by 30rnM cu++ and Mg++ . 

The partial inhibition by copper observed in the current work i s  i n  

agreement with thes e  workers , but the s timulation b y  Mg++ i s  in di re ct 

contrast . Thi s  may re flect a di fference between whole ce lls and c e l l­

free extracts . 



1 3 1  

The stimul a tion o f  dehydrogenation by EDTA i n  this experiment 

is an i mp ortant finding , and may offer a me thod for gre atly s timulating 

7-ketodeoxycholate formati on ,  should thi s  eve r  be desi red. This e ffect 

has two poss ib l e  e xplanat ion s : 

( a )  One or more metal ions may inhibit whol e  ce l l  dehydrogenation at 

the low l eve l s  remaining ass ociated wit h  the ce l l s  

a fter harves ting and washing . I f  the s e  we re che late d ,  

yields might be expected to b e  higher.  The inhib i tion 

obse rved by s everal me tal i on s  in thi s  experiment 

s upports thi s  explanation . 

( b )  EDTA may dis rupt the chelate permeabi lity barri e r  a s  h as been 

shown in the Escherichia c e l l  wal l ,  pre sumab ly by 

che lating divalent metal i on s  responsible for mai ntain­

ing murein s t ructural integrity ( Burman et aZ. , 1972 ; 

Nordstom e t  aZ . , 197 0 ; Hy lemon and Stel lwag , 19 76 ) . 

Arie s  and H i l l  ( 19 70b) also reported an e f fect o f  EDTA on ce ll- free 

7a-hydroxychol anoyl dehydrogenas e .  The se workers observed that EDTA 

enhanced dehydrogenation in e xtracts containing no added NAD+ , but had 

no e f fect in thos e ext racts to which exogenous NAD+ h ad been adde d.  

The y  concluded that EDTA w as probably somehow respon s ib le for re le as ing 

n i co tinamide co factor from the smal l membrane parti cles pre sent in the 

extract.  

Several o f  the metal ions te ste d  showed i nhibitory e ffects , that 

o f  Cd++ being the greate s t .  Howeve r ,  cadmium is one of the ve ry toxic 

cumulative he avy metal poisons , and hence un de s i rabl e  in an industrial 

e ff l uent . Zinc , the second mos t inhibitory metal i on , would be pre f­

e rable . 

6 . 4 CONCLUS IONS 

Although 7a-hydroxyc holanoyl dehydrogen as e  activi ty w as lowe r i n  

washed c e l l  s uspension than in the fe rmentation culture s o f  Experiments 

1 and 2 ,  the activity proved robust .  A range o f  pos s ib le inhibitors 

was tes te d ,  but only the p re s ence o f  zn++ , cd++ o r  the reducing agent 

sodium thioglycollate markedly depressed dehydrogenati on . Convers e ly , 

the potenti al e le ct ron acceptors nitrate and mole c ular oxygen boosted 



oxidation a s  did the presence o f  some organi c s olvents , sn++ , Mg++ 

and ,  mos t  markedly , EDTA. 
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The pH yield optimum o f  ?a-dehydrogenation by whole res ting cells 

was between pH 6 and pH 7 ,  and yields were l arge ly unaffected by 

temperature or the pres ence o f  COz . 

The se res ults offer no method o f  entire ly pre venting formation 

of the 7-ketodeoxycho late s ide-product , although yields might be f ur­

the r de creased if thioglycol l ate , zn++ or cd++ levels were incre as ed. 

Zinc ion and th ioglycollate were s ub sequently tested in fermentations 

( see Chapter 7 ) . 

Seve ral expe riments reported in thi s  chapte r have indic ated 

methods by whi ch ?a-dehydrogenation could be boosted .  I t  seems poss­

ible that high 7-ketodeoxycholate yie lds could be obtained in the 

abs ence of deoxycholate production , i f  this we re de s i red.  

The ce l l  production conditions employed we re not optimal for 

7a-dehydroxylation activi ty . Despite its presence at low leve ls i n  

the 16-hour fermentations , dehydroxylas e  activity w a s  observe d in only 

two of the thi rteen ce l l  s uspens ions use d .  Hence activi ty appe ars to 

be very s ensi tive to the ce ll washing proce dure . It was partly for 

thi s  reason that no trials were pe rfo rme d with washe d ce lls produced 

unde r condi tion s  bette r sui ted to dehydroxy l ation .  I t  i s  the re fore 

very di f ficult to e xt rapolate the res ul ts of the se batch washed- ce l l s  

expe riments t o  the industrial process s ituation ; n o  conclusions c an 

be drawn in thi s  respect . Furthe r research in the are a o f  7a- dehydroxy­

l ation of choli c  acid by w ashe d ce lls with a view to an indus trial 

proce s s  would p robab ly have me ri t on ly i f  ve ry anaerobic condit ion s 

could be provided ,  perhaps through the use of a glove cabine t .  



CHAPTER 7 EFFECT OF AEROB I C  INCUBATION AND MISCELLANEOUS 

COMPOUNDS ON CHOLIC ACI D  TRANSFORMATION DURING 

BATCH FERMENTATI ON 

7 . 1 I NTRODUCTI ON 
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Th is chapte r reports a s e ri e s  o f  experiments designe d t o  apply 

the res ults of the washed ce l l  work to b atch fermentation . The 

practice us ed in the washed ce ll e xperiments o f  growing ce lls in the 

pres ence o f  on ly small quantities of trans formation s ubstrate was 

retaine d.  Howeve r ,  inste ad of the cells being h arvested and re s uspen­

de d ,  cholic acid and the compound under test were added directly to 

the fe rmentation medi um after growth was comp le te . This repres ents 

a com promi s e  in comp le xi ty be tween washed ce ll trans formation and 

growing cell trans formation .  Some advantages o f  the forme r method 

are retained in the latte r :  condi tions bene fi cial to trans formation , 

but harmful to growth , are not employed unt i l  near s tationary phas e ,  

and on ly one controlled envi ronment ve ssel i s  requi red . However ,  s ome 

of the advantage s o f  washe d ce ll trans formation are los t :  ste roid 

substrate comes into contact with the divers microbi al growth metabo­

l i te s  in the spent medium ,  and only one experiment is pos s ib le per 

batch . Furthe r ,  the method adopted was conside red worthwhile because 

dehydroxylation commenced on ly after growth was complete ( s ee Chapters 

4 and 5 )  . 

7 . 2 FERMENTATI ON CONDI T I ONS 

Fe rmentati ons were b as ed a lmost exactly on the conditions de s­

cribed for Expe riment 2 .  Where it was de s ired that the 7a-dehydroxy­

lase be dominan t , condi tions were based on Experiment 2 ,  run 1 4 .  

Whe re it was de s i re d  that the ?a-dehydrogenase b e  dominant , condition s  

were based o n  E xperi�ent 2 ,  r un  1 3 .  Any modi fi cations t o  the se con­

di tions are reported with the appropriate fermentation in the following 

Re sults and Dis cuss ion section ( 7 . 3 ) . 



7 . 3 RESULTS AND DI SCUSS ION . 

7 . 3 . 1 Effe ct o f  Very Late Subs trate Addit ion 
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F rom the fe rmentation p rofi les of Experiment 1 ( Figures 4 . 1 to 

4 . 1 1 )  and Expe riment 2 ( F i gure s 5 . 1 to 5 . 16 ) , it was apparent that 

little dehydroxy l ation occurred before 18 h after inoculation , whi le 

dehydrogenation had usually peaked much e arlier. Towards the end o f  

the e xponential phase ( 6  t o  8 h) , 7-ketodeoxycholate leve l s  were ris ing 

rapidly , but by 18 h some of the 7 keto aci d  had dis appeared , sometime s  

wi th a concomi tant increase i n  cholic acid levels . S ince mas s  balances 

we re acceptab le ,  the possibility of diketone formation was ruled out . 

Thus it is prob able that by 18 h the rate o f  ketone reduction exceeds 

the rate of hydroxyl oxidation . 

I t  was con s ide red that if low l eve ls o f  cholate are s uffi cient 

to induce the synthesis of 7a- dehydroxy las e  within 18 h ,  then further 

chol i c  acid added a fte r that time mi ght be dehydroxy late d  wi thout de l ay .  

This would mean that dehydroxylation would be active without much 

of the cholic acid substrate be ing oxidised.  Fermentation condit ions 

we re based on thos e of Expe riment 2 ,  run 14 ( i . e .  2-lit re ves s e l , 

1 . 25 l working volume , 2-way pH control at pH 7 with H 2 S 0 4 and NaHC0 3 

32 ° C ,  sparged with 2 0  ml/min N 2 -co2 , 9 : 1  at an impellor speed o f  300 

rev/min , 10 � a- hydroxyquinoline , 2 5  mM potas sium fluoride , 0 . 0 5 %  w/v 

sodi um thioglycoll ate , 6 h sub s trate addition , strain ATCC 9 7 14 ,  

20 ml inoculum s ize ) with the following modi fi cation s : cho l i c  acid 

was added to the medi um ( 1 . 2 5  l) to a final con centration o f  0 . 0 5 %  w/v ; 

0 . 0 15 g was present before inoculation , 0 . 0 10 g was contained in the 

inoculum its e l f ,  and 0 . 600 g was added after 18 h incub at ion . Fermen­

tation was then continue d  for a furthe r  52 h wi th re gular s ampling for 

ce l l  count , pH determination and b i le acid analysis . E lectrode poten­

tial and temp e rature we re moni tored as usual . 

The results of this fermentation are depicted in Fi gure 7 . 1 .  

Yields were gene rally low , with 16% 7-ke todeoxycholate and 10% deoxy­

chol ate present a fter 70 h incubation ( 52 h incubation wi th subst rate ) . 

As usual , ?a- dehydrogen at ion began almos t immedi ate ly after s ubs trate 

addi tion , but de spite the pre sence of 0 . 00 2 %  w/v ( 0 . 0 5  mM) cholic acid 

since inoculation , dehydroxyl ation s t i l l  showed a 2 4  h l ag a fter 
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substrate addi tion . 

I n  E xpe riment 2 ,  run 14 , i t  was shown that thes e  fe rmentation 

condi t ion s  are con ducive to dehydroxylation . I f  cholic acid had been 

added be fore inoculation , deoxycholate production would have been 

expected by 18 h .  Hence it is apparent that in this fe rmentation 

0 . 00 2 %  cholic acid fai led to induce the enzyme . 

Seve ral work e rs have reported 7a-hydroxycholanoyl dehydroxylase 
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to be inducible . Aries and H i l l  ( 19 70b ) demonstrated c e ll- free 

7a-dehydroxy lase activi ty in bacteri a grown in the pres ence of bile 

acid sub strate , but no act ivi ty when grown in its abs en ce . S te l lwag 

and Hylemon ( 19 7 8 )  reported that the specific activi ty of 7a-dehydrox­

ylase in bacte r i a  cu�tured in the pre sence o f  0 . 1 mM sodium che late 

was 6 - to 8- fo l d  higher when compared to the speci fi c  activity in 

bacte rial culture s grown in the abs ence o f  sodium chel ate . In the 

cur rent work , a long lag was observed be fore chalic aci d  was dehydrox­

ylat e d ,  regardless of when the addition was made . Furthermore , 50 �M 

cho l i c  acid failed to induce the dehydroxylas e while 1 2 2 5  �M s ucceede d .  

Thi s is in contras t t o  Midtvedt and Norman ( 1968) , who ob served strong 

7a- dehydroxylation by a lac tobacillus grown in the p re s ence o f  10 �M 

chenodeoxychol i c  acid. 

The ve ry long lag , even after substrate addi tion , may indi c ate 

tha t  condi tions are far from optimal for induction . In Experiments 1 

and 2 ,  fermentation condi tions were manipulated ,  but no marked 

re duction in the lag was obs e rved.  Conce i vab ly , a b e tte r induce r than 

choli c  aci d could be found i f  s uf fi ci ent compounds we re screene d .  

Altern ative ly , the l a g  may n o t  b e  a function o f  dehydroxylase i nduc­

tion , but may be due to the deve lopment of other ce l l  mach ine ry for 

whole ce l l  dehydroxylation . 

It must be conclude d that the technique o f  ve ry late subs trate 

addi tion was not suc ce s s ful in reducing the yield o f  7-ketodeoxychol ­

ate re lative t o  that o f  deoxycholate . Dehydrogenation was not pre­

vented ,  dehydroxylation showed a long l ag , and yie l ds were low .  
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7 . 3 . 2 E ffect of zn++ Ion 

In s e ct ion 6 . 3 . 4 ,  zn++ ion wa s reported to reduce dehydrogenation 

yields of washed re sting cells to 45% of the control yie ld . In the 

present exp eriment , zn++ i on was tested on freshly grown cells in the 

fe rmente r .  

Fermentat ion conditions we re agai n bas e d  on Expe riment 2 ,  run 14 , 

to favour dehydroxylation , but fluo ri de was omi tted from the medium 

s ince ZnFz is only sparingly solub l e .  Cho lic acid ( 0 . 0 15 g)  was added 

prior to inoculation , and the balance ( 0 . 6 0 0  g) was added together wi th 

ZnS04 • 7H z O ( 1 . 80 g ,  to give a final concent ration of 5 mM) 6 h a fte r 

inoculation . The fe rmentation was conducted for 4 8 . 5 h in tota l , wi th 

regular s ampl ing for ce l l  coun t , pH de te rmination and b i le acid 

analys is . 

The p rogress o f  fermentation and growth are de s crib e d  in Figure 

7 . 2 .  The 7-ketodeoxycholate y i e ld w as inde ed low , being l l %  compared 

with 3 1 %  for Experiment 2 ,  run 1 4 . Th is represents a 6 5 %  i nhibi ti on , 

which is s imi lar to the 5 5 %  obtained for washed res ti ng ce l ls . However , 

dehydroxylation - us ual ly st rong unde r the se conditions - was complete ly 

inhibite d .  This occurred despite the re l ative ly high e lectrode potenti­

als obs erved which , in the light of the Experiment 2 re s ults , might be 

expe cted to boos t dehydroxylation . Some lowering o f  deoxycholate yield 

coul d be due to the abs en ce o f  fluo ride , b ut based on the re gre s sion 

data from Experiment 2 ,  this would not explain all the de c re as e .  

Hence , although zn+ +  ion had the inhibitory e ffect on dehydrogen­

ation p re di cted from the washed ce l l  expe riments , the concomi tant 

total inhibition o f  dehydroxy l at ion prohibits its use in s e le cting 

for the l atte r reaction . 

7 .  3 .  3 E ffect o f  High Thioglycol late Levels 

S e ct ion 6 . 3 . 4  de s cribed a marked i nhibition o f  c ho l i c  acid 

dehydrogenation by washed re s ting ce lls in the p re s ence o f  s odium 

thioglycollate . To further i nves tigate this effe c t , s odium thi ogly­

collate was added to a final concentrat ion of 0 . 15% w/v in the 2 -

litre fermen te r .  ( In E xpe riment 2 ,  a concentration o f  0 . 0 5 %  was us ed) . 
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Condi tions were b ased on E xpe riment 2 ,  run 14 , with the 

following modi fications : sodium thioglycollate ( 0 . 6 2 5  g )  and cho l i c  

acid ( 0 . 0 15 g)  we re pres ent i n  the 1 . 2 5  1 o f  medium be fore inoculation . 

Afte r 6 h incubation , cholic acid ( 0 . 600 g )  and sodium thioglycollate 

( 1 . 2 5  g) were adde d.  In cubation was continued for a further 4 3  h ,  

with s ampling and analys is as usual . 

The fe rmentation data are p lo tted in Figure 7 . 3 .  Dehydrogenation 

was inde ed depressed over Experiment 2 ,  run 14 , by s ome 40% , whi le the 

deoxycholate y ield afte r 4 8  h was 1 8% .  I t  was noticed that the pre­

sence of the thioglycollate di d not depres s  the e lectrode potenti al , 

rathe r i t  apparently introduce d e xt ra redox buffering cap acity 

(poising) , preventing the E c  minimum fall ing be low - 500 mV and 

maintaining the potenti al be low - 35 0  mV even a fter 4 8  h incub ation . 

This appears to have had the e ffect o f  de laying dehydroxylation , whi ch 

was apparent at low le vels unt i l  ea 2 4  h ,  afte r whi ch i t  incre as e d .  

B y  4 8  h ,  there was sti ll very strong activi ty which may have re s ulted 

in high deo xycholate yield,  had incubat i on been conti nue d .  

Thus high leve l s  o f  thioglyco llate in the trans formation me di um 

appear to buffe r the e le ctrode potenti al . ?a- Dehydrogenation was 

depre s s ed to some extent , but insuffi ciently to eas e the separation 

problem posed by a fe rmentation medi um containing three b i le acid 

speci e s .  

7 . 3 . 4 E ffect o f  EDTA on Cho li c  Ac id Tran s formation 

This section reports two fermentations which were e s i gne d to 

follow 'lP the res ults obtained with washed resting ce l l s  and reported 

in s e ct ion 6 . 3 . 4 . In that experiment , 0 . 0 5 M EDTA was found t o  boos t 

7-ketodeoxychol ate yield by 2 6 4 % .  In both fermentations reported 

here , trans formation s ubstrate ( chol i c  acid) and modi fi e r  ( EDTA) we re 

added a fter growth , lest the pre s ence o f  EDTA impair growth . 

In the fi rs t  o f  the fermentations , conditions were based on 

Experiment 2 ,  run 1 3 , whi ch had a 4 8-hour 7-ketodeoxycholate yie ld 

of 3 3 % ,  a ccomp anied by only 3% deoxycho l ate . Ferment ation condition s  

in Expe riment 2 were : 2 - li tre ves s e l , 1 . 2 5  1 work i ng vo lume , 2 -way pH 
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with 6-hour Addi tion of S odium Thioglycol late to 0 . 1 5 %  w/v 

Legend as for Figure 7 . 1 . Fe rmentation c onditions are g i ven in the 
text ( section 7 . 3 . 3 ) .  



control a t  pH 7 with NaOH and H z S 04 , 3 7 ° C ,  swept with 20 ml/min 

Nz -COz , 9 : 1  at an impellor spee d of 200 rev/mi n ,  s trai n SD 10 , 50 ml 

inoculum s ize , 6-hour sub s trate addi tion and no thiogly col l ate or 

inhib i tor present . The condi tions now use d  were identical e xcept 

that s train ATCC 9 7 14 was used in a 20 ml inoculum. Cho l i c  acid 

14 1 

( 0 . 0 15 g )  was added be fore inoculation . Afte r 6 h inc ub ation , disodium 

EDTA ( 9 . 30 6  g) and cholic aci d ( 0 . 600 g )  were added to give final con­

centrat ion s  of 20 mM and 0 . 0 5 %  w/y respe ctive l y .  Ferme ntation was 

continued for a total of 48 h with regular s ampling. The s econd 

fe rment ation was based on the Experiment 2 condi ti ons whi ch gave 

greate s t  deoxycholate yield,  i . e . run 14 , with the fol lowing modi fi­

cations : cholic acid ( 0 . 0 1 5  g) was added before inocul ation , and 

after 6 h incub at i on , di sodi um EDTA ( 9 . 306 g)  and chol i c  acid ( 0 . 600 

g)  were added.  

The re sults o f  thes e  two fermentati ons are depicted in Figures 

7 . 4 and 7 . 5 .  In the first , ?a-dehydrogenation was rapid and n e arly 

comp le te .  The re was net oxidative activi ty over the who le 42 h 

avai lable for trans formation . I n  this time , 9 7 %  of the chol i c  acid 

sub s trate was oxidi s ed with no accompanying dehydroxylation or ove rall 

los s of s teroid.  Although the control run ( Expe riment 2 ,  run 1 3 )  

its e l f  showed a l ow 48-hour deoxycholate yie ld ,  dehydroxy l ation he re 

appears to be completely i nh ib i ted.  This finding was corroborated by 

the s econd of the two tri a l s  in which the re was no dehydroxylation 

un de r conditions whi ch usua lly p romoted h igh yie lds o f  the 7-deoxy 

product .  Thus , EDTA would appear to have s ome dire ct e ffect upon the 

dehydroxylase act ivi ty , pos s i b ly by che l ating an ess ential me t al ion . 

The 100 %  inhibition of who le ce ll dehydroxy lation is i n  cont ras t to 

the report of Arie s  and H i l l  ( 19 70b) that the cell- free 7a-dehydroxy­

l ase of s eve ral human inte s tinal strains was not inhib ite d  by 30 mM 

EDTA . 

Although the 7 -ketodeoxycholate y ield of 6 1% in the s e cond fer­

mentation was not as h igh as the 9 7 %  yield observed i n  the firs t ,  i t  

was doub le that observed i n  the control ( 3 1% i n  Experiment 2 ,  r un  1 4 ) . 

Thus , in both fermentation s , EDTA enhanced ?a-dehydrogenation . The 

pos s ib le re asons for this observed e ffect have been di s cuss ed in 

s ec t io n  6 . 3 . 4 .  
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The ab i l � ty to 7a-dehydrogenate selective ly in s uch high yields 

adds flexibil ity to the p re s en t  pro j e ct ,  and provides one possible 

solution to the product s eparation p rob lem. With s imple mi xtures o f  

cho l i c  acid and i t s  7-ketone , the o xi di s e d  product could be re lative ly 

e as i ly separated for furthe r  trans formati on .  

7 . 3 . 5 Effe ct o f  Ai r on Cho l i c  Aci d Trans formation 

Reported in section 6 . 3 . 2  i s  the obs ervation that aerobic incuba­

tion doubled the extent of ?a-dehydrogenation of chol i c  aci d  by washed 

resting- stage ce lls . Thi s  c urrent s e ct ion reports three fermentations 

in \¥h i ch the medi um surface ,,.,as swept with ai r after c e l l  growt.l-! was 

largely complete . 

In the first of the s e  three fe rmentations , condi tions s uitab le 

for both C- 7 trans formations were employed ,  so that the e f fect o f  

aerobic conditions on the y i e lds o f  both 7-ketodeoxycho late and de­

oxycholate could be s imultaneous ly obse rved.  Fermentation condi tions 

were as for Experiment 2 ,  run 14 , excep t  that a-hydroxyquinoline was 

( in advertent ly) omitted , an d  s ubstrate addition was l ate . Cho l ic acid 

( 0 . 0 15 9)  ·was p re s ent in t.l-le medium ( L 25 1)  be fore inoculation , and 

fo r the first 7 . 5 h o f  in� ubation the medium was sparged w i th N z -COz , 

9 : 1  ( 20 rnl/min) at an irnpel lor speed o f  300 rev/mi n .  At the 7 . 5 h mark . 

cho lic acid ( 0 . 600 g) was adde d ,  and sparging was s topped.  The medium 

surface ·....-as new swept with ai r at 20 ml/rnin , and the irnpe llor speed "' as  
re duce d to 200 rev/min . Fe rmentation was continue d  i n  thi s  fashion for 

a f urther 42 . 5  h .  

The s e cond o f  thes e fermentations was performed unde r  almost i den­

t i (:al con di tion s . On thi s  occas ion , hO'.veve r ,  a-hydro xyquino l ine '.vas 

in cluded ,  s train SD 10 was employed , an d  s ampl ing was more frequent . 

Condi tions for the th ird fe rment ation were b as e d  on Experiment 2 ,  

run 1 3  (which h ad a 48-hour 7-ketodeoxycholate yield o f  32% accompan­

ied by only 3% deoxycholate ) ,  e xcept that a small inoculum s i ze was 

used.  As for the previous two fe rrnent ation s , chol i c  acid ( 0 . 600 g) 

was added after 7 . 5 h incubation , and sparging wi th Nz -COz , 9 : 1  ( 2 0  

ml/min) a t  an impel lo r  speed o f  300 rev/rnin was rep laced by sweeping 

with ai r ( 2 0  rnl/min) at 2 0 0  rev/min . Fermentation was continued for 
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a further 4 1 . 5 h with regula r  s ampling for ce ll count , pH de te rmination 

and bile aci d  analy s i s . 

The res ults of the s e  fe rmentati ons are shown in F igures 7 . 6 ,  7 . 7 

and 7 . 8 in the orde r  already de s c ribed. 

In some respects , the firs t  fermentati on was uns atis factory in 

that some data points were los t , pH control failed near the end of the 

run , and mas s  b alance s  were poo r .  Howeve r ,  both tran s fo rmation p ro-

ducts were pres ent in h i gh yields . As expected from the washe d- ce l l  

e xp e ri ments , ?a-dehydro genation was enh fuL ce d ,  y i e lds being ea 3 0 %  

greate r than f o r  the c ontro l ( Experiment 2 ,  r un  14) . Unexpe ctedly , 

howeve r ,  dehydroxy lation was also pronoun ce d ,  wi th the highes t  yield 

y e t  ob served in the proj ect , i . e .  50 % .  

The progres s  o f  the s e cond fermentat i on i s  depicted in Fi gure 7 .  7 .  

Here , the 4 8-ho ur deoxycholate y i e ld was ea 40 % ;  this is le s s  than in 

the f irs t fe rmentation , but s ti l l  app roximate ly equal to � h e  previ ous 

highest yield ob se rved.  The two fe rmentations togethe r i ndi cate th at 

ae rob i c  in c ub ation doe s  allow s � rong de!J.ydroxy l ation , an d may e ven 

eP..h an ce . ... l L.  .. In th is s e cond fermentation howeve � .  7 - ke todeoxy chol ate 

y i e ld was only of the o rder of the control y ield . 

The th ird fermentation in the s eri es ( F igure 7 . 8 ) was conducte d 

unde r condi tions s ui te d  to h i gh 7-keto an d  low 7- deo xy product yie lds . 

7-Ketodeoxycholate production was inde e d  s trong , wi th a 4 8-hour le ve l  

o f  6 4% . The e ffe ct o f  air on 7a-dehydro genation was more pronounced 

un de r  the s e  condi tions than unde r thos e more sui ted to dehydroxy l at ion . 

In addi tion , the deo xycholate yield was much h i gher here ( at 10 % )  than 

that obs e rved in the control run ( 3 % for Experiment 2 ,  run 1 3 ) . 

To date , mo s t  work ers using anaerob i c  b acteria for 7a-hydroxy­

lation have s tres se d  the need for stri ctly anaerob ic condition s , both 

during growth and t rans formation ( Dras ar and Hill , 19 7 4 ) . Aries and 

H i l l  ( 19 7Gb)  reported that the 7a-hydroxycho l an oy l  dehydroxy l as e  

enzymes from all eight s t rains s tudi e d  we re active only i n  an anaerob i c  

en vi ronmen t .  
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There have been instances o f  ae rob i c  7a-dehydro xy l ation reported 

for aerob ically growing organisms . Hayakawa and Samue lsson ( 196 4 )  

found 7- deoxy b i le acids amongst the de gradation products when Cory ne­

bacterium simp lex was grown ae robically with sodi um cho l ate as the 

sole c arbon source . Very s imi lar re s ults we re reported for a 

MYobacterium by Severino et al., ( 196 8 ) . However ,  i t  i s  probable 
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that the se products arise by a di ffe rent mechan ism to be di s cus sed 

later .  More recently , ae robi cally growing fungi have b een demonstra­

ted to p roduce deoxycholate from gly cocholate ( John s , 19 80 ) . Further ,  

Ferrari and Beretta ( 19 77 )  foun d  the ce l l- free 7a- hydroxycho lanoy l 

dehydroxy lase o f  CZ . bifermentx�s S D  10 to be active when in cubated 

ae rob i cally . 

The current observati on appears to be the first whe re an intact 

obl i gate anaerobe dehydroxy l ates chol i c  aci d unde r aerobi c  condi tions , 

let a lone with h i gher yie lds than for anaerobi c  incubati on .  

The oc curr e n ce o f  h i gh e r  y i e lds is not enti r e l y  s urp r i s ing i n  the 

ligh t  o f  the redox optimum apparent in E xperiment 2 .  The electrode 

p otent � al of the fe rmentation de scribed in Figure . .  o incre ased rap idly 

as expe cted when ai r was introduce d ,  but only to - 3 30 mV . Ove r the 

n e xt 18 h ,  the Ec ros e only s low ly to - 260 mV . Thi s  app arent re dox 

bu f fe r  zone i s  not evident during growth ; the rapi dly dec l ining Ec o f  

L� e  growing cul tures shows n o  point o f  inflexion near - 2 50 mV . Thus 

the "buf fering" appears not to be a property of the medi um r;er s e .  

I t  i s  prob ab ly there fore a prope rty o f  the ce l ls , whi ch may b e  able 

to me tabolise molecul ar oxygen at a s uffi cient rate to neutral i s e  the 

di f fus i on from the swept sur face . A simi lar observation was made b y  

S amue l et al.  ( 19 7 3 ) , who reported no s i gn i f i cant drop in the rate of 

deoxy cho late production by fae cal homogenates when incubated in ai r ,  

but found that thos e shaken i n  air showed markedly depressed activi ty . 

Al l three fermentat ions reported in thi s s ection showed very 

simi lar e le ct rode potential profi les . The few di ffe rences appeared 

to be related to the ce l l  y ield . In the fi rs t , se cond and thi rd 

fe rmentations the 7 . 5-hour ce ll yields were 7 . 6 x 10 8 , 4 . 1 x 10 8 

and 1 . 0  x 10 9 cells/ml re specti vely . I t  is notable that the "buffe red 

period" ( during which there i s  a s low ri se in e lectrode potent ial 



150 

through ea -2 80 mV) whi ch in e ach run s ta rted immedi at e ly a fter ai r 

addition , i s  longe r in those runs with gre ate r ce ll dens i ty .  Further ,  

the rate o f  e lectrode potential ri s e  was gre ate r where fewer ce lls 

were pres ent after 7 . 5 h.  Thi s  s uppo rts the hypothe s i s  that the 

ele ctrode potential is poised near - 2 80 mV by ce llular action . 

The obse rved di f fe rences in cell density noted he re are p robab ly 

due to the presence or absence o f  fluo ri de ion and 8-hydroxyquinoline . 

The third fe rmentation contained neithe r , and y ielded mos t  ce lls . The 

first fe rmentation contained f l uoride alone , and produced a mode rate 

cel l  dens i ty in comp arison wi th the s econd tri al ,  whi ch contained both 

inhib i to rs . Although there we re s everal di ffe rence s i n  condi tions 

between the fi rs t two fermentations , the absence of 8-hydroxyquinoline 

in the f i rs t  ( whi ch showed higher trans formation yields ) mi ght indi cate 

that its ro le is not as di rect as s urmi s e d  in Chapter 5 .  

un fortunate l y , the pH contro l  fai led during all three ai r- swept 

n.1r1 s . S i n ce t h i s  fai l ure co i n c l de d  to s ome e xte nt '"'i th the e>b s e rved 

de c re as e in ce l l  � umb e rs 12 to 2 0  h afte r  e xpos ure to ai r ,  with the 

rap i d  incre as e  in Ec 16 to 2 2  h a fte r e xpos ure , and \vi t:h the c e as ing 

of 7 �- dehydroxy l atlcn , l t  l S  di f f i cul t to dete rmine why t ran s fo rmat i on 

ceased .  I f  the � ause could b e  dete rmi n e d  and p re ve n te d ,  dehydroxy l a-

tion co uld pos sib ly be continued longe r ,  and deoxycho late yields 

in creased s t i ll furthe r .  

S ince ae robi c  in cubation has prove d  e ffective i n  in creasing 

trans formation yie l ds , further work in the are a is warranted.  F uture 

tri al fe rmentations could be de s i gned to prolong the period spent ne ar 

- 2 80 mV , pos s ib ly by sweeping with ai r for no more than 12 h ,  and 

pos sibly by addin g  sodium thiogly col l ate ne ar the 24 h mark . 

I f  y i e lds could be further i ncre as e d ,  cholic acid uti l i s at ion 

would approach 10 0 % . This would allow a second pos s ib le solution to 

the product separation prob lem invo lved in an indus trial p roce s s . With 

only two bile acid species pre s en t ,  s eparation should be less expens ive . 

The total b i le acid content o f  the spent me di um could be sub j ected to 

Wol f f- Kishne r reduc tion ( Fi e s e r  and Raj agop al an , 19 49 ) , resulting in 

a s ingle p roduct : deoxychol i c  aci d .  



7 . 4 CONCLUS IONS 

Some re sults from tht' � ,:pe r • trt,�n .s ;.,- i �ll washe <'l. res ting ce lls have 

been success ful ly appl i-=- d  l e.' e h ,"! "La · gE-> ·,- sc ale , and .some not .  The 

addi tion o f  subst r a te \:: c t:h£ fer.mer,te r "\S L ate as 18 h a fter ino cu l a-

t i on fai l e d  tc ! " m' l  �0hyd�o ; en ation s e lective ly .  The incorpo r . .  U ·,1 t1 
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o f  Zn ++ ion i nto t.he. rne d .  um a ft e r  6 h incubation did 1 irni t dehyd roye n-· 

ation , b ut. er,U r:e l y  inh ib i te d  dehydroxy l at ion . Incorporation o f  0 . 15%  

w/v s odi um ':.h i nc-- l y cc l late after 6 h a l s o  depressed dehydroge nation and 

This agent appecred to add redox buffe ring 

EDTA , sirr� larly added a fte r incub ation for 

E: ,, , q-::-e at -�. y  ::mhance d  ?a-dehydrogen ation and also total ly inhib i te d  

rlehy:'l. r.:c xy l a  tion . S u rpri s i ngly , introd uc t ion of 'l.) r :_ • t.o t r.e fprmenter 

a f  - : t.::. _ "7 . 5 h incubati on enhanced bc lh t rans fm.:rr,c, t ;  · . , . ,_,;-, "'- o bs e �  "a. tion 

•:; f enh an.ced dehydroxy lation by an ae rob i l: atmos pl'- · · .. :e 1. -->  ..m i.q· '.E. :c .1: an 

intact anaerobe . 

TiNO me t�ods ·.: f a.-:.:: 

been e l uc i date d :  

( a )  

( b )  0se o £  ::. �  r .v i L .  ' i_ .. -/¥. t ... i..' 
c:C .i  J '-1..[ 2 o f  deo xy chc . � ·, ll ·-:. 

These two di s c ove r i e s  a r e  . '1<2 :E:· ' - ':' i'or .L • , d · '"' r. r i a l  

opti rni s i.ng t:he durati on o f  a l. r- s>; 2'? p :vv;.: c'l.'1 Q  the , c .:l. c. ' · ':'. l. On o f  EDTA 

concentrations to le s s  .=.:x)'ens i •.•;:; ::_,., .vf' ls . 

whi ls t  simultanc::ms �y -, ... ' 



CHAPTER 8 HY DROLY S IS OF B I LE ACI D  CONJUGATES BY 

CLOSTRI DIUM B I FERMENTANS . 

8 . 1 I NTRODUCT I ON 
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The re sults reporte d in the previous four ch apte rs have concerne d  

C- 7 trans formations . The current chapter reports experiments performe d  

on the hydrolysis o f  glyco- and tauro- cholate and glyco- and tauro­

deo xycho late , by growing or freshly grown ce lls o f  Cl. bifermentans. 

I t  was obvi ous from pre l iminary s tudi e s  that near quantitative 

hydro lys is o f  a l l  four conj ugates could be achieved wi thin 48 hours 

incub at ion . This meant that in developing a p ro cess to produce de­

o xy cho l i c  acid from mutton g al l ,  the initi al de conj ugation step was 

unl i ke ly to pos e a maj or p rob lem. For this re as on , mos t  attent ion was 

fo c us s ed on 7�- dehydroxylation and 7�-dehydrogenation so that optimal 

condi tions fo r the C- 7 t r ans formation could w� en �e app li e d  L O  the 

de con j ugation . 

8 .  2 ?ERM.ENTATION C'JNDIT :!: ·:)NS 

Ini t i a l ly two sets o f  small-s cale e xpe riments we re performe d  wi th 

strain ATCC 9 7 14 .  Both emp loyed Todd Hewitt B roth with conj ugate 

added to the app ropriate final concentration be fore inocu l ati on . The 

basic me thodo logy for this is des cribed in se ction 3 . 7 . 1 . Incub ation 

was at 37 ° c for 48 h ,  a fte r which time the final pH w as meas ured and 

the alkaline inte rnal standard solution adde d.  Spent culture s with 

high b i le acid content were di luted so that a 20 ml s amp le contained 

no greater than 20 mg o f  bi le ac id ( exc luding i nterna l  standard) . 

Cent r i fugation and e xtraction by the freeze dry method were conducted 

as de s cribed in s ections 3 . 7 . 2 . 6  and 3 . 9 . 2 .  S amp le s  conta ining 

glycodeoxy cho lic aci d  we re e xtracted by the chloro form e xt raction 

me tho d ,  section 3. 9 . 1 .  

Also pe rformed were four fermentations in the 2 - l i tre ve s s e l , each 

with a working volume of 1 . 2 5  1 .  These employed s t rain S D  10 s ince 

s t rain ATCC 9 7 14 suddenly fai led to grow in the sma l l  fermentation 



vess e l , and remained weak for some months .  Thi s condi tion applied 

only to the fe rmente r and not to the sma l l  s cale culture , and i t  

applied on ly to the ATCC 9 7 14 strain . Bacteriophage attack was 

suspected. 
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Thes e  four runs , one with each con j ugate at a final concentration 

of 0 . 0 5 % w/v , were p e rforme d  unde r  the fo l lowing condit ions : 

32 ° C ,  two-way pH control at pH 7 . 0  with 0 . 5 M H 2 S 0 4  and 1 . 0  M N aHC0 3 

10 �M 8-hydroxyqui nol ine , 2 5  mM KF ,  0 . 0 5 %  w/v sodi um th ioglyco ll ate , 

sparge d with N2 - co2 , 9 : 1  ( 2 0  ml/min ) and agi tate d at 300 re v/min . 

No b i le a c i d  was p r e s en t  be fore i nocul a t i on wi th a 2 4  _ ,  \ J.Ll..L J cul-

ture in Todd Hewi tt Broth containing 0 . 0 5 %  w/v cholic acid. Afte r 

6 h incubation s te ri le b i le acid con j ugate ( 0 . 6 2 5  g) was adde d .  

Fermentation was continued for a furthe r  4 2  h wi th regular s amp l ing 

for pH , ce l l  count dete rminat ion , and b i le acid analys is . 

F i � a lly , two 1 . 2 5  l f e rme n t at i on s  we re performed using a mixture 

o f  C . 0 2 S ·:rs w·/v s odi w"1l t auroch o l a te s.nd ::; . c: 2 5 % qlycoch o l i c  a c i d  ( i . e .  
total final s ub s t rat e con centration o f  0 . 0 5 % ) . The f i r s t  fermentation 

� as p e r f o rmed ur. �e r the �ondi t � ons o f  � xp e r i ment 2 ,  rQD 1 3  ( wh i c h  

y i e l de d  3 3 %  7 - ke tode c xy c..:-., o l ate a n d  3 %  de oxycho l ate from cho l i c  ac � d) , 
wi th the fol l ow i n g  mo d i fi c a t i ons : no bi le ac i d  was p re s e n t  b e f o re 

inoculat ion with a 20 ml inoculum contain i ng cho l i c  acid ( 0 . 0 5 %  wjv) 

after 6 h in cub at i on , sodi'.llll t:aurc cho l ate ( 0 .  3 1 2 5 g) , -; l y c c c:--, o l l c  

a c i d  ( 0 . 3 12 5  g )  and di sodi um EDTA ( 9 . 30 6  g) were adde d as s te ri le 

ne ut ral s o lutions . Thi s  gave a final EDTA concentratlon o f  2 0  mM .  

The second o f  the s e  two fe rmentations w as pe rformed unde r the condit-

ions of Expe riment 2 ,  run 14 ( wh i ch y i e lded 3 1% 7-ketodeoxycholate and 

40% deoxycholate f rom choli c  acid) , with the following modi f i c at·ions : 

no b i le acid was adde d b e fore inoculat ion ; after 7 . 5 h incubation , 

sod i um taurocho l ate ( 0 . 3 12 5 g) an d g l y c o cho l i c  aci d  (0 . 3 12 5  g) '-"e re 

adde d as ste rile neutral solutions .  S imultaneous ly ,  sparging with 

N 2 - co2 , 9 : 1  was replaced by sweeping wi th ai r ( 20 ml/min) and agitation 

speed was reduced to 200 rev/min . Afte r 19 h incub ation , th i s  ch ange 

was revers e d ,  anaerob ic sparging be ing res tored.  

Al l fermentation s amples containing glycochol ate , taurocho late or 

taurodeoxycholate were e xtracted by the freeze dry method . Thos e  con­

taining glycodeoxycho late as the sole con j ugate we re e xt racted b y  
ch loroform extraction . 



8 .  3 RES ULTS 

Raw data f rom the smal l- scale e xperiments are presented i n  

Appendi x 5 .  

1 5 4  

Tab le 8 . 1 contains the p roce ssed re sults from the firs t e xperiment 

whi ch was perfo rmed to ob tain a prel iminary indi cation of the extent 

of hydrolys i s . This involved incubating each o f  the four con j ugate s 

( 0 . 0 5 %  w/v i n  2 0  ml ) at 3 7 ° C for 4 8  h .  Each conj ugate was incubate d 

in dup l i cate , and fo r each an uninoculate d control was also an alyse d .  

S ince mas s b a l a  .. r! ces on the small- s c a l e  we re poor , re s ul t s  w e re normal-

i s ed to a 100 %  mas s balance for ease of comparison .  

TABLE 8 . 1 Yield o f  Decon j ugation after 48 h 

Con j ugate 

Glycocho l i c  a c i d  con tro l 

:: e s t  b 

Gly codeoxycr.o li c  ac i d  c on t ro l  

N a  tauro cho l ate 

Na taurodeoxy cholate 

te s t  b 

con t ro l  

tes t  b 

control 

te st b 

Norma l i s e d  

�1o lar % De-
conj ugation 

0 

9 3  
·" V 

9 7  

0 

9 7  

0 

9 8  

a 

Reaction con di tions are as de s cr ib e d  in the test . 

% Mas s 

B a l an ce 

8 8  

9 0  

9 0  

9 5  

9 8  

9 0  

9 5  

9 6  

a % de conj ugation i s  the sum total o f  % y i e ld o f  a l l  de con j ugate d 
products . 

b mean o f  two dup l i cate s . 

The se cond e xpe riment on sma ll - scale was performed to investigate 

the effe c t  of sub s trate concentrat i on on the e xtent of hydroly s i s . 

The p roc e s s e d  re sults are depi cte d in Figures 8 . 1 and 8 . 2 .  In the 

forme r ,  the normalised mo lar % decon j ugation ( i . e .  total o f  a l l  de­

conj ugated p roducts ) is plotted against substrate concent.ration . 



In Figure 8 . 2 ,  the total number o f  mi l l imo le s  o f  bile acid conj ugate 

hydroly sed ( cal culated from normalised molar y ie lds ) in a p arti cular 

20 ml reaction mixture is shown to vary as an e ffect of s ub s t rate 

concentration . The abs c i s s a  of F igure 8 . 2 is calibrate d in mM ,  not 

% w/v , since the con j ugate s have unequal mol e cular we i ghts ( 0 . 10% 

w/v corresponds to 2 . 1 3 mM, 2 . 2 0 mM, 1 . 86 mM and 1 . 9 2  mM for g lyco­

cho lic and gly codeoxy cholic aci ds , s odium taurocho late and s odium 

taurodeoxycholate respective l y) .  

The progre ss o f  fermentation and trans formation o f  the s ix 

fe rme n t a t ions in the 2 - l i tre fe ·cmentat i on ve s s e l  are sho�n i n  

F i gure s 8 . 3 to 8 . 8 .  

8 . 4 DIS CUS S ION 

From the res ults o f  the sma l l - s cale e xp e riments ( Table 8 . 1 ) 

15 5 

it i s  cle ar t:.hat at a s ub s trate concer.trat i on of 0 . 0 5 %  ·-;/v ,  �ydro lys is 

o f  three of the con j ugates was n ear ly quanti tative wi L�in 48 h .  Gly-

cocll.o l i c:  a c i d  ·JY·as least ·..v·c l :  �1y Crcl1- s e d , .s ome 7% rerr1ai n i r-J.g a fte r 4 8  h .  

The batch fe rmer1 t a t i c n s  sho•-;ed s imi l a r  t re n ds , in that g lyco c ho l i c  

acid was ag ain l e a s t  we l l  hydro ly s e d ( 8 7 % )  1 wh i l e  the o th e r  three 

con j ugates we re almo s t  quan t i tatlve ly hydro lys e d  ( Flgure s 8 . 3 to 8 . 6 ) . 

Howeve r 1 whe n s ub s trate ::on cen t:ratl ons ·.vere i n c re c.s e d  to l e ve ls gre ate r 

than 0 . 10 % 1 deconj ugation was impaired ( Fi gures 8 . 1 and 8 . 2 )  The ex-

tent o f  this was a f fe cted by both the arr�no acid mo iety and the p re sence 

o f  a 7a-hydroxyl s ub s ti tute . Hydro lysis o f  both taur i ne con j ugates 

was more sens iti ve to sub s t rate con centration than was that of the 

glycine conj ugate s . The e f fe ct o f  the 7a-hydroxyl group was l e s s  we ll 

de fined ; whe reas g lycocho late hydrolysis was more s e n s i t i ve to s ub­

st rate concentration than that of g lycodeoxycholate , t aurocholate 

hydroly s i s  was le s s  sens i t i ve than that of taurodeoxy cholate . 

At a con centration o f  0 . 0 5 %  w/v ,  the taurine conj ugate s were 

hydro lysed mo s t  rap i dly , the re acti on b e i ng 90% comp l e t e  wi thin 14 h 

o f  s ub s trate addi tion . Glycocho l ate was mos t  s low ly hydro lysed , 

showing a 3- 5 h l ag be fore decon j ugation commence d .  The taurine 

conj ugate hydro ly s i s  also showed a lag , b ut of shorter duration , 



Extent of 

Deconjugation 

(molar %) 

T --- I T 

-f)-

� 
0 

I I 
0. 1 0.2 0.3 

Suhs trate 
0.4 05 

Concen tra tion 
0 6  

(% w/v) 
0.7 

F IGURE 8 . 1 E f fect o�-�ub�tEc:_t��-c;:.o_nce ntrat ion on De conjuga t i on Yields 

I 8 
0.8 

Glycochol ate (I]) 1 gly codeoxych o l ate (t)) 1 t aurocholate (� ) 1 t aurodeoxy cholate (�) . 
Expe rimen t a l  condi t ion s  are de s c r ibed i n  the text . 

I-' ()1 (J\ 
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F I GURE 8 . 2 E f fe ct o f  S ub strate Concentration on Total Extent 

of De conj ugati on 

Legend as for Figure 8 . 11 . The dashe d line is the as symptote for 
100 %  de con j ugati on .  



15 8 

- 100 
::::: E - 200 ........ 
� 

Ec -Q.) pH � (m V) ...... 
- 400 t:: 

::J 
c 

l.> 
-500 ::::::: Q.) 

l.> 
-600 

t7) 
c 

-....J 

0 10 20 30 4 0 50 
Ma ss 

( 9 9 ) ( 9 9 ) ( lO O )  ( 10 3 )  ( lO O )  ( 10 5 )  � 
Balance � 

100 
� .j, 

0 

Time Since Inoculation 

FI GURE 8 .  3 Course o f  Growth o f  Strain S D  10 and Trans formation o f  

Glycocholic Acid in Batch Fe rmentati on 

Deoxychol i c  acid <()l , 7-ketodeoxycho l i c  acid (� , cho l i c  acid <[Jl ,  
glycocholi c  acid <l]l ,  pH ( .. ) ,  cell c ount (�) . The e lectrode 
potenti al , E c , is represented by a solid l ine . The " Mass B al ance " 
figure i s  de fined in s ection 3 . 10 .  2 .  "Bile Acid Compos ition" is 
normalised to a lOO% mass balan ce . Expe rimental condi tion s  are 
given in the text . 
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FIGURE 8 . 4 Course o f  Growth o f  Stra in S D  10 and T rans formation o f  

Glycodeoxycholic Acid in B atch Fermentation 

Glycodeoxy cholic acid <t)l . Remaining legend is as for Figure 8 . 3 .  
A dashed l ine s igni fies unaccept able mas s  balance . 
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FI GURE 8 . 5 Course of Growth o f  Strain S D  10 and Tran s formation o f  

Sodi um Taurochol ate in B atch Fermentation 

Taurocholate <ill . Remaining legend i s  as for Figure 8 . 3 .  
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FIGURE 8 . 6  Cours e of Growth o f  Strain SD 10 and Trans formation of 

Sodium Taurodeoxycholate in Batch Fermentation 

Taurodeoxycholate (�) . Remain ing legend as for Fi gure 8 . 3 .  
A dashe d l ine signi fies unacceptable mass balance . 
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Cours e of Growth of Strain S D  10 and Trans formation o f  

Glycocholic Acid and Sodium Taurocholate in B atch 
Fermentation with 6-hour Substrate Addi tion 

Taurocholate <iil · Remaining legend as for Fi gure 8 . 3 .  
Fe rmentati on conditions we re s uite d  to 7a-dehydrogenation . 
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Glycochol i c  Acid and Sodi um Taurocholate in B atch 
Fe rmentati on wi th Ai r-Sweeping from 7 . 5 to 19 Hours 

Taurocholate <Ill · Remaining legend as for Figure 8 . 3 .  

Fermentation conditions we re suited t o  both C- 7 trans formation s .  
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whi lst glycodeoxycholate hydrolysis commenced immedi ate ly . I f  the 

conj ugate hydrolases are cons titutive , as reporte d  in the lite rature 

( Nair et al .  196 7 ,  Aries and Hi ll , l9 70a) , then the pre s ence of a 

lag might indicate tran sport of bile acid to and from the enzyme s ite 

to be rate l inli ting.  Alternatively , the lag may re flect the increas e 

i n  hydrolase activi ty into stationary phas e reported for Bacteroi des 

fragi lis sub sp . fragi lis by Ste llwag and Hy lemon ( 19 76 ) . 

One hypothe s i s  whi ch Ulight expl ain the highe r rate o f  taurine 

conj ugate hydrolys is and its gre ate r sensitivity to substrate con cen-

tration is the pres ence of two distinct enzymes , cholanoylglycine 

hydrolase and cho lan oy l taurine hydrolase . This mi gh t also exp lain 
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the di f fe rent ef fe ct o f  a ?a-hydroxy l substituen t  on s ub strate con­

centration sens itivi ty of taurine and glycine conj ugate hydroly s i s . 

Howeve r ,  the exi s tence o f  two separate enzyme s i s  not s upported by the 

seve ral l i te rature reports of isolated enzyme s whi ch h ave been p art­

ially puri fied by column chromatography , s ince taurine and glycine 

son j ugate hydro l as e a c t i vi t i e s  were s i mul tane o us ly e l uted ( Nair � t  � l .  
196 7 ;  Aries and H i l l , l9 70 a ;  S te llwag and Hy l emon , 1 9 7 6 ) . 

A s e cond hypothe s i s  is that the ce l l  wal l/mewbrane is more 

perme able to taurine con j ugates . Th is might al low h igher i ntrace llu­

lar subs trate concentration , wh ich at 0 . 0 5 %  w/v bulk solution s ub strate 

concentration would al low greater conve rsion rates , but whi ch at higher 

leve ls would allow the bui ld-up of intrace llular bile acid concentra­

tions to inhib i tory levels . In cons is tent wi th th is i dea i s  the abs ence 

of a l ag fo r glycodeoxy cholate hydroly s i s . Furthermo re , i t  is un l ike ly 

that the more pol a r ,  more highly ionised t aurine con j ugates should 

di ffuse more eas ily through the cell wall/membrane s t ructure . 

I t  may be that s ome unknown e f fect appl ie s  spe ci fi cal ly to gly co­

choli c  acid hydrolys i s . I t  i s  alone in its re lati ve stab i l i ty with 

respect o f  hydrolys i s  by the se s trains o f  Cl. bifermentans . I f  

glycocholate hydrolys is were less s en s i tive to s ub s t rate concentrati on 

than glycodeoxycho l ate hydrolysis , the n a pattern would be apparent 

whi ch would agree w i th most reports in the l iterature . Most workers 

( Shimada et a l . 196 9 ; Ste llwag and Hylemon , 19 76 ; Ari es and H i l l ,  l9 7 0 a )  

have found the hydroly tic acti vi ty o f  ce l l- free e xt racts or growing 



16 5 

cells to be greate r on cholic than on deoxychol i c  acid and conj ugate s .  

Th is trend applies ove r  the range o f  taurine-conj ugate concentrations 

tested in the current work ( Figures 8 . 1 and 8 . 2 ) , but not to the 

glycine conj ugates . I f  a spe c i fi c  unknown e f fect doe s indeed apply 

to glycocholic acid which is res ulting in i ts incre ased stab i lity to 

hydrolys i s , thi s  might also account for i ts dev ' ation from the general 

trend des c ribe d  i n  the l ite rature . 

The sma l l- scale experiments reported in this chapter show that 

the hydrolys i s  o f  tauri ne conj ugates by growing ce lls of Cl. bife rmen­

tans is l imi ted at high substrate con centrati ons . Th is was not due 

to inh ib i t ion of growth as monitored by turb i di ty and pH changes . I t  

i s  also apparent from Figure 8 . 2 that the total number o f  mmo les o f  

substrate hydrolysed was not reduced a t  the highe r concentrat ions . 

Rathe r ,  a plateau was reache d .  I n  the cas e  o f  sodi um taurodeoxy­

cholate , 0 . 0 2 mmo l e s  of conj ugate was hydro lysed whe rever at lea s t  

this quantity was present in the 2 0  ml culture vo lume . Th i s  could be 

indi c at i ve o f  product inhib ition e xe rted by free t aurine . In th ei r 

work , Aries and H i l l  ( 19 7 0 a )  in c l ude d a study o f  product inhib i tion . 

The ce l l- free enzyme s o f  two c l o s t r1 di a l  s t ra1ns were i nhib i t e d  by 

S . S rr� free b i l e  acid;  the inhib i ti o n  was e f fe cted equa l ly by chol i c 

and deo xycho lic aci ds , and was exerted on t he hydrolys is o f  all con­

j ugate s . Howeve r ,  g lycine and taurine (pre s en t  at 20 mM) enhanced 

rather than inhib ited hydrolys is o f  all conj ugate s . In addi t ion , 

Nair e t  al .  ( 19 6 7 )  reported competi tive p roduct inhib ition exe rted 

by chol i c  acid on the parti a l ly puri fi ed enzyme of Cl. perfringens . 

I f  taurine i s  respons ib le for some product inhibiti on in the c urrent 

work , i t  would be in contras t  to the findings of Ari es and Hi l l .  

Furthe rmore , the data pre s ented i n  Figure s 8 . 3 to 8 . 6  p lot poorly 

on the coordinates o f  Chen et  al .  ( 19 6 2 ) , indic ating that s imple 

p roduct inhibi tion is not occurring.  

Mos t  reported s tudies o f  the e f fect o f  s ubstra te concentration 

on de conj ugation have be en conce rned wi th rates o f  hydro ly s i s  rather 

than y ields . Ste l lwag and Hy lemon ( 19 76 ) , work ing wi th partially 

puri fied Bacteroides enz yme , reported that only three of the con j ugates 

tes te d  were hydro lysed at maximum ve locity at subs trate concentrations 

up to 4 mM. The velocity o f  taurodeoxycholate hydrolysis dropped to 



z e ro by 4 mM. It is th is con j ugate wh ich showed greatest sensit ivity 

to s ub s trate concentrati on in the current work . 

From the res ults o f  the two fermentat ions invo l ving conj ugate 

mixtures ( Fi gures 8 . 7 and 8 . 8 ) , it is apparent that the presence o f  
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air did not impai r  de con j ug at ion , but EDTA res tricted hydrolysis o f  

glycocholate . Cholic ac id released in the presence o f  EDTA was rapidly 

7a- dehydrogenated. Howeve r ,  cholic acid re leased in the pre sence o f  

ai r was not t rans formed as rapidly ; after 2 7 . 5 h ,  7-ketone reduction 

e xceeded 7a- hydroxyl oxidation , and the rate of 7a- dehydroxy lation 

de cre ased a fter 19 h incubation . 

The obse rvat ion that hydrolys is o f  g lycocho lic aci d ,  but not 

taurocholate was impaired in the p resence of EDTA ( 5 5 %  deconj ugat ion ) 

may s upport the e arlier sugge stion that this conj ugate is unique ly 

di f f i cult to hydrolys e .  A f urther expe riment to te s t  the e f fect o f  

EDTA on gly codeoxycholate hydrolys is would c l ari fy whe the r this e f fe ct 

pert ains to the glyc ine mo iety or is spe c i fic to glycocho late i ts el f .  

The rapid and extensi ve conve rsion o f  re leased cholic ac id to 7-keto­

aeoxycho late was as expecLed from sect 1 ons 6 . 3 . 4 ana 7 . 3 . 4 ,  but 

de sp i te thi s 9 4 %  conve rs ion , o n ly 6 5 %  o f  the added b i le acid conj ugate 

finished as 7- ke todeoxycho l ate.  Five pe rcent remained as taurocho l ate 

and 2 2 %  as glycocholate . Addi tion o f  EDTA after ( s ay )  12 h contac t  

wi th b i le con j ugate substrate may incre as e  total 7-k etodeo xycho l ate 

y ie ld .  

The obs e rvation that the pre s ence o f  ai r h ad no de trimental 

e ffe ct on cholic acid con j ugate hydrolysis i s  in contras t wi th the 

repo rt of Ari es and H i l l  ( 19 70 a ) , who s howed that in culture , the 

c los tridi a l  s trains tested produced the conj ugate hydrol as e  only under 

stri ctly anae robi c condi tions , although the atmospheri c requi reme nts 

for growth we re less rigorous . 

In se ction 7 . 3 . 5 ,  a fermentat ion was reported whi ch was pe r fo rmed 

un de r  the condi tions o f  Experiment 2 ,  run 14 , with strai n  SD 10 and 

ai r- sweeping . This run ach ieve d  a 48-hour deo xycho late yield o f  40 % .  

The yield now achie ved under s imi lar conditions ( Figure 8 . 8 )  was 19 % .  

Howeve r ,  there is n o  proof that this di f fe rence i s  due to the use o f  
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conj ugated rathe r than free cho l i c  acid subs trate , the return f rom 

a i r- sweeping to anaerob i c  condit ions at the 19-hour mark , or to the 

high ( out-of- cont rol )  pH re ading afte r 19 h incubation . Although the 

7-ketodeoxycho late yie lds were identical between the two f e rrnentations , 

in the one being : urrently des cribed a net reduction of the 7-ke to 

acid oc curred s ome time after the ai r- flow was s toppe d ,  while i n  the 

run de scribe d in Chapter 7 ,  oxidati on occurred th roughout . 

In the two fe rment ations with mi xed cholate conj ugate s ub s trates , 

neither conj ugate was eve r  hydrolys ed to yields greater than 9 1% .  

S ince each was present at 0 . 0 2 5% w/v ,  ea 0 . 1  mrnole o f  each remained 

unreacted after 48 h .  This i s  approximate ly the same quantity remain­

i ng in thos e runs whe re a s ingle conj ugate was added to 0 . 0 5 %  and was 

9 5 - 9 7 %  deconj ugate d .  Thi s  might indi c ate that s ome conj ugate is 

always unavai lab l e  for hydrolys is , yet is extractable for analys i s . 

C Z .  tife rmen&ans was chosen fo r th is proj ect partly because i t  

i s  ab le t o  catalyse both L�e nydrolys i s o f  conj ugate s and tne dehydrox­

ylat i on at C- 7 .  I f  L�e de conj ugation alone were de s i re d ,  othe r organ­

i sms might be p r e fe r ab le . Organisms c apab le of selective ly c a t a l y s i n g  

the hydroly s i s  o f  con j ugates '.vi thout further metabo lis ing the free 

bi le a c i d  have been reported in the l ite rature ( Dick enson e t  a l .  19 7 1 ) . 

Furthe rmore , organisms h ave been reported wi th the capab i l i ty of 

s e le c ti ve ly hydrolysing eithe r only taurine conj '.lga tes ( Kobas h i  e t  ·J. l .  
19 7 8 )  or , more commonly , on ly glycine conj ugate s ( Arie s and H i l l , 

19 70 a ;  Shimada et a l .  1969 ) . 

8 . 5  CONCLUS IONS 

All four o f  the maj or bi le acid con j ug ates of mut ton gal l  c an be 

hydrolys ed by Cl. bifermentans s train s  SD 10 and ATCC 9 7 14 .  The lim­

i ting s ubstrate concentration for single conj ugates is 0 . 1 % w/v ;  above 

this leve l ,  the taurine con j ugate s are hydrolysed in only low yie lds . 

A furthe r limitation i s  the rate and e xtent o f  glycholate hydrolys i s : 

8 7-9 3% yield o ve r  30- 4 8  h .  Hydrolys i s  o f  the other three conj ugate s 

is nearly quantitative withi n  this peri od ( at le as t at 0 . 0 5 %  concen­

tration ) . 



Thi s  reaction rate is probab ly adequate for an indus tri al 

proce s s . Howeve r ,  the l imitation on s ub s trate concentrati on has 

important e conomi c rami fi cations : large volume fe rmente rs would 

be requi red , and l arge volumes o f  beer would need to be processed 

and then di sposed o f .  

Thus , high hydrolysis yie lds ( e xcept for glycochol ate ) have 

been obtained . Furthe r e xpe rimentation to " fine-tune " tran s for­

mation conditions , and a s train development programme to de cre ase 

the sensit ivi ty to substrate concentration , might increas e  the 

applicab i l ity of mi crobial con j ugate hydrolys i s  to indus try . 
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CHAPTER 9 GENERAL DISCUS S I ON 

A s eries o f  e xpe riments has been performed to obtain information 

use ful in deve loping a proce s s , based on mi crobial ce lls , for the 

hydrolysis of b i l e  acid con j ugate s in New Zealand mutton and bee f 

gal l , and to 7a-dehydroxylate the re leased cholic acid to deo xycholic 

acid. Screening experiments were not us ed to se arch for an organism 

posse s s ing the requi s i te enzymes , since little was known o f  optimal 

conditions for e xp re s s ing the 7a-hydroxycholanoy l dehydroxy l as e . 

Instead , an organ i sm was sele cted from those reported in the l i te ra­

ture . Clostridium bifermentans ATCC 9 7 14 was the only inte rnational 

type s train pre vi ous ly shown to have , or to be very like ly to have , 
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the requi s ite acti vities . This strain was procured , togethe r with a 

se cond s train o f  the s ame organism, Cl . bife rmentans SO 10 . The latter 

was i s o l ated by I talian workers , who success fully demons trated i t s  

7a-dehydroxy las e  and con j ugate hydrolase act ivities . Both s trains o f  

C i .  oiJermen�ans also pos ses sed the ( unde s irab l e )  abi li ty t o  catalys e 

the 7u- de hydrcgena�ion o f  cho l i c  acid �o 7 - K e todeoxy chol ate .  The 

o c c urrence of an organ i sm posses sing �he 7a- hydroxycholanoyl dehydrox­

ylase with no as soci ated 7a-hydroxycholanoyl dehydrogenase appe ars to 

be e xceedingly rare . 

The products o f  7a-dehydroxy lation an d  ?a-dehydrogenation o f  

cho l i c  a c i d  by 

cho lic acid by 

cz. bifermentans s o  10 , and of 7a-dehydroxylation o f  

bifermentans ATCC 9 7 14 ,  have alre ady been character-

ised by Ferrari an d  Aragozzini ( 19 72 )  and by Hayakawa and Hattori ( 19 70 )  

respe ctive ly .  The products from strain S D  10 were identi fied b y  cam-

parative in fra- re d spectrophotome try and mas s spectometry , whi le 

Hayakawa and Hattori used mixed me lting point and in fra- red spectra 

compari son of the crystal line methyl deo xycholate wi th authent i c  e s t e r .  

H ayakawa ' s  work i s  repe ate d ,  con fi rmed and extended here ( s ee 

section 3 . 10 . 1) , us ing di fferent technique s :  both products we re 

isol ated and characte ri sed as the free acids . 

The re are only two reports in the l i te rature o f  Cl . bifermentans 

pos s e s s ing bile acid conj ugate hydrolase enzyme s . Ferrari and Ara-
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gozz ini ( 19 7 2 ) us ed comparis on o f  T . L . C .  mobi li ties in one so lvent 

sys tem to demonstrate that s train SD 10 produced cholic acid from 

s odium taurocholate , and Fe r rari and Beretta ( 19 7 7 ) , in a short 

communi cation , reporte d deconj ugation of taurocholate and glycocholate 

by a ce ll- free extract of the same s train . 

The current work ( see s e ction 3 . 10 . 2 ) p rovides con c lus i ve 

e vi dence for the deconj ugation o f  the four maj or choli c and deoxy­

cho l i c  ac id con j ugate s . Furthe rmore , Cl . bifermentans ATCC 9 7 14 ,  

hi therto not te s ted for deconj ugation , has been shown to be active on 

all four conj ugate s .  

Further e vidence for the identity o f  all p roducts from both 

s trains i s  the coin cidence o f  H . P . L . C . peaks wi th peak s  o f  s tandard 

compounds . 

The th ree reactions having been demonst rated to occur , p re l imin ary 

experiments we re conducted. De conj ugation was extens i ve and rap id .  

Howeve r ,  yie lds o f  deoxycho l i c  acid from fre e cho l i c  acid were initi­

a l l y  very low ; furthermore , s igni fi cant p roduction o f  the 7-ketodeoxy­

cho l ate s i de -p roduct oc curred. This l atter compound represented a 

los s of s te roid subs trate , an d ,  as the third s te roid species p res ent, 

woul d pos e an e xpens i ve s eparation prob lem to an indus trial proce s s  

bas e d  on chelate dehydroxy l ation . 

For the s e  reasons , attent ion was firs t  devoted to incre as ing 

deoxycholate yields while e l iminating 7- ketodeoxycholate . Thi s  aim 

was reasonable , s ince in vivo , in the animal intes tine , e xtensive b i le 

acid dehydroxy lation occurs with relatively little concomi tant pro­

duction of oxidised metabolite s  ( Dras ar and H i l l , 1 9 7 4 ) . No p revi ous 

work e rs have emp loyed an instrumented fermenter to p rovide clos e con­

trol of s eve ral fermentat ion variables , enab ling the e ffects o f  

indi vidual vari ables to be e lucidated either s eparate ly or s imult ane­

o us ly .  

Stati s t i c ally des i gned experiments we re chosen to determine in 

the firs t instan ce the optimum combination o f  pH and atmospheri c 

compos i tion , and then t o  s c reen eight other fe rmentation variab l e s , 



in an attempt to identi fy the mos t  important one s .  Each experimental 

tri al w as a s ingle b atch fe rmentation , and e ach item of data was a 

48-hour or 7- day yield o f  deoxycholate or 7-ketodeoxy cholate . Yields 

we re us ed rathe r than rate s , s ince : 

( a ) for an industrial proce s s , a high yield is of p aramount import­

an ce - a short pe riod at high rate may re sult i n  

little product ; 

( b )  rate s require s everal data points for accurate calculation , 

p arti cularly whe re a lag pre cede s  trans formation ; and 

( c )  i f  rates vary greatly w ithin a single fe rmentation , the time 

o f  me as urement i s  c ritical.  

The s tatis tically de s i gned experiments indicate d that the optima 

for 7a- dehydroxylation and ?a- dehydrogenation of cho l i c  aci d  were 
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near pH 7 .  The pres ence o f  carbon dioxide i n  the nitrogen atmosphere 

was as soci ate d with incre ased y i elds o f  deoxych olate . Dehydroxylation 

was enhanced at low temperature s ( 3 2 ° C  compared wi th 3 7 ° C) and in the 

pres ence of 8- hydroxyquin o l ine and f l uo ri de ion . The re Nas an as soc­

i at ion between high trans formation yields (particularly of de oxychol­

ate ) , weaker growth and less p ronour, ce d  e le ct rode potent ial mi nima . 

De spi te the s e  findings , no single factor or combination o f  

facto r s , varied within the con fines o f  the experiment , re s ulte d i n  

gre ate r than 40 % deoxy cholate y ie ld o r  (not simult an eous ly) less than 

l l% 7 - ketodeoxycholate y i e l d .  While ?a-dehydrogen ation is occurring , 

it i s  un like ly that a comme rc ial p roce ss could be based on the 

dehydroxylation . 

To characte ris e  whole-ce l l  dehydrogenat ion furthe r ,  with a view 

to finding a spe cific inhib ito r , a s eries of experiments was per formed 

wi th washed , res ting- s tage ce lls . No agents we re found wh ich , in 

mode rate concentrations , comple te ly inhibi te d  oxidation . Some agents 

cause d  a de cre as e  in 7-ke todeoxycholate yield, othe rs caus ed an incre as e .  

Dehydroxylation activity , already low be fore cell harves ting , appe ared 

to b e  impaired upon ce ll washing . 

Application o f  the findings from washed ce lls to batch fermentation 

p rovi ded two methods wh ich could, a fter further e xperimentation , re s ult 



in no more than two bile acid spe c i e s  be ing p re s ent in the final 

re act ion mi xture : 

( a) EDTA enhanced dehydrogenati on and comp le tely inhib i te d  

dehydroxy lation . Only 7-ketodeoxycholic acid 

togethe r with ea 3% cho l i c  acid remained after 48 h .  

( b )  Sweeping the fermenter head- space with ai r afte r growth had 

ceased enhanced both t rans formations . Very l ittle 

choli c  acid remained to contaminate the deoxy cho late 

and 7-ketodeoxycholate p roducts .  

In a fin a l  group o f  experiment s , de con j ugation was inve stigate d .  
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A l l  four maj o r  mutton and bee f  gall conj ugates , when present at 0 . 0 5 %  

w/v ,  were hydrolysed a t  gre ate r than 9 5 %  yi e ld with the e xcep tion o f  

glycocholate , which was 8 7- 9 3 %  deconj ugate d ove r  4 8  h .  Taurine con j ugate 

hydrolys is was impai red at sub s trate concentrations in e xce s s  of 0 . 1% 

w/v. Glycoch o l ate de conj ugation was i mpai red in the presence of EDTA 

whil s t  tauro cholate de conj ugation was unaffected. Each of the s e  

conj ugates could b e  hydrolys ed unde r aerob i c  condi t i ons . 

Throughout this proj ect , 7-ketcde o xy ch o l ate h as b e e n  t re ated as 

an unwante d s ide -product . I t  does , howeve r ,  have s ome val ue , in that 

the 7-ketone is an i nte rmedi ate in the chemi c a l  synthe s i s  of deoxy­

cholic acid from cholic aci d .  Deoxy cholic acid can be produce d from 

7-ketodeoxycho l i c  ac id by Wo l f f- Kishne r reduc t ion ( Fieser and Raj ago-

palan , 19 49 ) . Indeed , Fies e r ' s  work was performed with indus t r i a l  

7a-dehydroxy lation of cho l i c  a c i d  in mind. I f  cholic acid were con­

ve rte d total ly to 7-ketodeoxycholate or to a mixture of the 7-keto acid 

and deoxychol i c  aci d ,  then by Wol f f- Ki s hner reduction o f  the c rude b i le 

acid extrac t , deoxychol i c  acid would b e  produced as the sole p roduc t . 

It has been reported ( Anon , 1 9 7 9 )  that urs odeoxycho l i c  acid has 

therapeuti c  p rope rties regarding human galls tones . Provided that the 

necess ari ly e xtensive c lin i cal t ri a ls are success ful , the mark e t  for 

ursodeoxycho l a te should inc reas e s igni fi cant ly . Any p roce s s  i nvo lving 

the conve rs i on of cho l i c  acid to ursodeoxycholic acid would bene fi t  

from the added- value economi cs . I t  i s  conce i vable that 7-ketode oxy­

cholate could be converted to ursodeoxycho li c aci d ( 3a , 7 S- dihydroxy-

5 S- cholan- 2 4-oic acid) chemi cal ly by : 



( a )  p rote ction o f  the 3a- hydroxy l and carboxylic acid groups , 

( b) e limination o f  the 12a-hydroxyl group by a modi fi cation o f  the 

method of Nakada ( 19 6 3 ) , 

( c )  hydrogenat i on o f  the 1 1-ene , 

( d) se lective reduction o f  the 7-ke tone to the 7 S-hydroxy l by a 

modi fi cation of the Samue l s son ( 1960a)  me thod , and 

finally 

( e )  deprotection o f  the 3a-hydroxyl and carboxylic acid groups . 

The present method o f  urs odeoxycholate synthe s i s  is vi a chenode oxy­

cho l ate , which is in turn p repared from me thyl 3a, 7 a-di ace toxy- 12a ­

hydroxy- chol ��oate . Chenodeoxychol ate i s  sele ctive ly oxidised at 

C- 7 and reduced to give the 7 S-hydroxy l .  The olde r  method o f  12a ­

hydroxyl e limination with phosphorous o xy chloride and pyridine 

( Nak ada , 196 3 )  s uf fe rs f rom low yields , p robab ly becaus e of faci le 

trans -e liminat i on of ace ti c  acid from the 7a- acetate group ( Chen , 

19 76 ) . Chen p ropos ed a newer method o f  e l imination vi a the 12 - mes­

ylate . Th is has the advantage o f  higher y ie lds , but emp loys mes y l  

chlori de and he xame thy lphosphoric tri amide , both expensive re agen ts . 

By inve rting ��e 3 �qJe �ce and � l iminatins after C- 7 o xi dation , 
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the poss ibi lity i s  p r�s ented o f  avo i ding t.'le ::rc:ns -e limination o f  

acetic acid whi le having a fun ction '.vh ich '.vi l l  be s ub sequent ly ne ede d  

f o r  gene ration o f  the 7 8 - hydroxy l group . 

It should be noted that a simple chemi cal me thod for the 

s yn the s i s  o f  7-ketodeo�Jcholic acid from cho l i c  acid is avai l ab le 

from the s e le ctive oxi dation with N-bromos uccinimide ( Fe i s e r  and Raj a­

gopalan , 1949 ) . Several methods for puri fy ing the crude reaction 

p roduct have also been pub lished ( Hoehn and Linsk , 1945 ; Jervo i s  e t  

al .  , 19 5 1 ;  Gauthie r ,  19 5 3 ) , s ome of whi ch are i n  the patent l ite rature . 

Furthe r ,  s ome organisms pos sess parti cul ar ly active 7a-hydroxy­

cholanoyl dehydrogenas e enzymes ( Macdonald et al. , 19 7 3 ,  19 7 4 , 19 7 5b ) . 

Such organisms could conve rt cholic acid to 7- ketodeoxycholi c acid , 

poss ib ly wi thout the need for high concentrations o f  EDTA. Howeve r ,  

i t  i s  not known whe the r these parti cular o rganisms pos s e s s  de conj uga­

ting abi lity . 



In both the chemi cal and biological cases , i f  7 - ketodeoxy cholic 

acid were to be p roduced from mutton and bee f gall , some deoxychol i c  

acid would a l s o  be present , since glycodeoxycholic acid and tauro­

deoxycholic acid are part of the gal l  mixture . 
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Thi s  dis cus s ion on 7-ketodeoxycholate use is speculative . Wi thin 

the context of the original proj ect aim ,  the 7-keto acid was an unwe l­

come side-product . De spi te the environmental manipul ations and s creen 

for inhibi tors , no method of ent i re ly preventing its formation has 

been dis cove re d .  The re are , howeve r ,  three pos s ible methods whi ch 

coul d  be inve s ti gate d :  

( a )  Fe rrari and Pacini ( 196 8 )  deve loped a high ly selected mi xe d  cul­

ture capable of entirely 7a- dehydroxylating cho l i c  acid 

with on ly trace dehydrogenation . Us e o f  this or of a 

s imi lar mi xed culture may have indus trial appli cation . 

Howeve r , obtaining reproduc ibi li ty on a s mall s cale 

may be di ffi cul t .  

( b )  H attori and Hayak awa ( 19 6 9 ) i s o l a t e d  Bacteroi des 2 8 S  whi ch 

poss e s s e s  on ly a •.veak ?·:::.:- dehydrogen a s e  but an act ive 

7a-dehydroxylas e .  A s e cond organism would probab ly be 

requi red for preliminary deconj ugati on . 

( c )  A mut at i on p rogramme ��ght produce a strai n o f  c: . bi:ermentcns 
without the abi l i ty to synthe s i s e  an act ive 7a- hydroxy­

cholanoy l dehydrogenas e .  Such a programme was cons ide red 

to be beyond the s cope o f  th is proj ect . 

A l l  o f  these areas would be worthy o f  further research in the continued 

de ve lopment o f  a s e lective dehydroxylation pro cess . 

Although the pro j e ct aim was not achieve d in that s e lective 7a­

dehydroxylation of cholic acid was not s uccess ful wi th CZ. bifermentans 

a lone , the de con j ugation step was s uc ce s s ful , at least at low s ub s t rate 

concentration . Cl. bifermentans could conceivably be use d  in a mi c ro­

bial decon j ugation process i f  it could b e  ens ured that no furthe r 

t rans formation o ccurre d .  Th is might be pos s ib l e ,  s ince the c l os tri d­

ial conj ugate hydrolase appears to be more stab le than the 7a-dehydro­

genase or the 7a- dehydroxylas e . Whi le only low yie lds o f  7-ke todeoxy­

cholate ( and ve ry low yields of deoxy cholate ) were achie ved wi th 

washed ce l l s  as des c ribed in Chapter 6 o f  thi s  study , ace tone dried 



ce lls o f  Cl.  we lahii are capable o f  quantitative ly hydrolys ing 

conj ugates ( Rosele ur and van Gent , 19 76 ) . A pos sible area for 

future research is the preparation of acetone powde rs of Cl.  bifer­

mentans with the a im o f  pres erving the de conj ugation activi ty , b ut 

des t roy ing the C- 7 hydroxyl- trans forming activi ties . 

The finding that t aurine conj ugate s ( at less than 0 . 1% w/v) can 

be almo s t  quanti tat ively hydrolysed i s  p articularly important in the 

light o f  the report by Ros e leur and van Gent ( 19 76 )  that the s e  conj u­

gates are substantial ly degrade d  during alkal ine hydrolys i s .  After 
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6 h re act ion time at l 2 0 ° C ,  less than 50% re covery was obs e rved from 

the alkaline hydro lysis of s odium taurocholate , whi le a 70- 7 5 %  re covery 

was obse rved for glycocholic acid. Re cent work has shown that fungal 

hydrolys is o ffers a s e cond a l te rn ative method of de conj ugation . How­

ever , whi le fungal hydrolysis of g lycine conj ugates is ne arly complete , 

taurine con j ugate s are poorly hydrolysed ( Maddox and Chong , 19 7 8 ;  

Chong e t  a l .  , 1980 ) . 

I f  a s imp le de con j ugation process were de s i red , Cl . bifermentans 

wo uld p robably not be the organism o f  choi ce . ri s t r a in would b e  

requi red wh i ch pos s e s sed n o  b i le acid- t rans forming enzyme othe r than 

�he conj ugate hydro las es , and whi ch showed less sen s i t ivity to s ub ­

strate concentrati on .  T o  proce ss th re e 1- tonne , 4 8-houl batche s o f  

6 0 %  s o l i ds gal l p e r  week a t  on ly 0 . 1 %  w;v total b i le acid concentration 

(as is the limitation for Cl. bifermentans ) would required a 300 m 3 

fe rmenter vol ume . 

In this study , ce lls have been treated as "b lack boxe s "  and an 

approach adopted whe reby the environment o f  whole cells has been mani­

pulated.  I t  was con s ide red that other labo ratories are be tte r equipped 

to inve s t igate the biochemi s t ry of bile acid trans formati ons , but that 

a knowledge of the i r  re s ults should be use ful to th is proj ect . Indeed , 

some ins i gh t  has been gaine d into dehydrogenation and de con j ugation i n  

thi s manne r .  Un fortun ately , little work has been per formed with ce ll­

free 7a-hydroxycho lanoyl dehydroxylases , s ince thes e  enzyme s are very 

lab i le in both the ce ll- free and ce l l-bound s ta tes ( Dras ar and Hill , 

19 7 4 ) . In the current work , 7a-dehydroxylas e  activi ty has been found 

to be ve ry sensitive to a number of factors , some of which are s ti l l  

unidenti fied .  



From the few s tudies o f  7a- dehydroxy las e enzymo logy which have 

been publishe d ,  it is apparent ( Ferrari et al .  , 19 7 7 ) that the ce ll­

free in vitro mechanism is ident ical to that e lucidated in vi vo by 

Samue l s s on ( 1960b) ; fi rstly the 6 8-hydrogen and ?a-hydroxy l group are 

e liminated and se condly the 6-ene inte rme di ate is trans -hydrogenated 

at the 6a and 7 8  posi t ions . 
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The second re act ion s tep , be ing a hydrogenation , might be e xpected 

to bene fit from l ow redox potential condi tions where e lectron donors 

predominate . It i s  th is step wh i ch gives the dehydroxylation i t s  net 

reductive charact e r , and p robably partially a ccounts for the l i te rature 

emphas i s  on s trict anaerobiosi s . Howeve r ,  the second reaction appears 

to be extreme ly rap i d  (Ferrari et a� . , 19 7 7 ) . If the hydrogenation i s  

not rate limiting , the apparent need for s tri ct anaerobiosis is not s o  

obvious and the oc currence o f  s trong dehydroxy lation at mode rate 

electrode potenti als i s  not so s urpri s ing . The reason fo r enhan ced 

7a-dehydroxylation unde r aerobic conditions ( s ection 7 . 3 . 5 )  i s  not 

yet c l e a r .  

Furthe r re s e arch involvi�g redo x  contro l indep endent o f  dis s o lved 

oxygen contro l  might as s i st in cl ari fying the ro les o f  the s e  two 

parame ters . 

The only cas e whe re a 6 - ene inte rmdi ate has been is olated was 

during the ae robi c t r ans format ion of cho l i c  acid by Arthrobacter 

simp �ex ( Hayakawa and Sarnue ls s on ,  19 6 4 ) . Hay akawa e t  a� .  ( 19 6 9 )  p ro­

pos ed an ae rob i c  degradation pathway in whi ch the 4 , 6-di en- 3-one 

inte rme diate aros e :  

Cholic aci d + 7a-hydroxy- 3-keto C 2 4 acids + 7a-hydroxy- 4-en- 3-

keto c2 4 acids + 4 , 6-dien- 3 - keto c2 4 acids + 4-en- 3-keto c2 4 
acids + furthe r degradation 

It i s  conceivab le that the ?a-hydroxy l  group is elimi nated chemi cal ly 

in thi s  c as e .  I n  mi ldly acidic conditions : 

H 

.. � "''OH � +  H 

) 
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The fact that a 6 - ene intermediate has been isolated only o n  thi s 

one occas ion may be indi cative o f  the re l ative s tabi li ty o f  the 

4 , 6- dien- 3-one s t ructure to dehydrogenat ion . Togethe r ,  the pos s i b i lity 

of chemi cal elimination and the relative s t ab i lity of the olefinic 

inte rmediate s ugges t  a real di fference between the aerob i c  7a- dehydroxy­

lation mechan ism of Arthrobacter spp . and MYcobacterium spp . and the 

anae rob i c  7a�ehydroxylation of intes tinal b acteria . 

I f ,  as is the aim o f  this proj ect , an indus tri al p rocess we re to 

be de ve loped using CZ .  bifermentans to 7a- dehydroxylate chol i c  a ci d ,  

then the sensi t i vi ty o f  dehydroxylation to sub strate concent ration 

would pose a problem. Midvedt and Norman ( 196 8 )  and Gus tafsson e t  aZ .  

( 19 6 6 )  have demons t rated marked reduc t ion in yie lds of the 7 - deoxy 

p roduc t  in respons e to incre ased substrate concentration . Simi lar 

re s ults were obtained in pre limi nary expe riments in the current work . 

I f  a s ub s trate concentration o f  0 . 0 5 %  were emp loyed , 1m 3 o f  re action 

volume woul d be requi red for each 0 . 5  Kg o f  b i le aci d .  ( For the New 

Z e a l an d  ann ual gall thro ughput , in 48-hour batches , 600 m 3 of fe rmen-

ter vol ume would be requi red) . The expen s e  o f  p lant and o f  p roduct 

�ecove ry wo ul d be p rohib i ti ve .  

Cos ts woul d also b e  highe r in a proce s s  where steroid s ub s tr ate 

came into contact with the many contami nat ing compounds contained in 

spent mi crob io logi cal medi a .  More de s i rab le , from this vi ewpoint , 

would be a p ro ce s s  emp loy ing washe d ,  dri e d  or immob i l i s ed ce l l s  i n  

buffer so lutions . 

He nce , thi s  p roj ect has not achieved i ts aim o f  de ve l oping an 

industrial proce s s , but i t  has provi ded s ome nove l and s ometime s  

puz z ling data re l ating to the bi le acid t rans formations invo l ve d , 

and has suggested areas fo r future work . 
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CHAPTER 1 0  GENERAL CONCLUS IONS 

S t udies have been perfo rmed on the trans formation of bi le acids 

by Clos tridium bifermentans for the purpos e o f  de ve l oping a proce ss 

whereby bile acid conj ugates o f  New Ze aland mutton gal l may be conver­

te d to deoxycho lic acid.  

S tatis tically de signed experiment s proved s ucce s s ful in ident i fy­

ing whi ch fermentation vari ab le s  mo s t  affected yields o f  deoxycholic 

and 7 - ketodeoxycholic acid from cho l i c  ac id. Both products were 

formed in greate s t  yield near pH 7 .  Deoxycholate y i e l d  was highest 

in the pres ence o f  carbon dioxide , fluoride ion and a-hydroxyquinoline 

as we l l  as being highe r at 3 2 ° C than at 3 7 ° C .  Strong 7a- dehydroxy­

l ation was as soc iated wi th re lative ly weak growth and rel atively high 

e le ct rode potentials . 7-Ke todeoxychol ate production was not as 

sen s i t i ve to envi ronment al fac tors as was deoxycho late production , and 

could not be e l i minated by mere ly manipulating fermentat ion vari able s .  

S t udie s  on the ?a- dehydrogenat ion of choli c  acid wi th washe d  

res ting- s t age ce lls o f  v Z . cifermentans indi cated that 7-ke todeoxy­

cho late yields could be reduce d by in cubating in the pre sence of 

cd++ or zn++ ions or s odium thioglyco l late , whi le higher yields were 

obt ained in the presence o f  ai r or EDTA . In b atch fermentation Zn++ 

ion reduce d 7 - ke todeoxy cholate yie lds as expecte d ,  but comp letely 

inhibi ted dehydroxylation . EDTA inc reas ed ?a- dehydrogenation s uffic­

i ently to al low a 9 7 %  yield o f  7-ketodeoxycholate w i th 3 %  of the 

adde d cho l i c  acid remaining afte r  fe rmentation for 4 8  h .  Ae robic 

incub at ion ( afte r ce ll growth was comple te ) incre as ed 7-ketodeoxy­

cho late yie lds as expe cte d , but also s upporte d  s t rong dehydroxylation . 

A 5 0 %  yield o f  deoxycho late ( the highe s t  ob served during the work ) 

was obtained by sweeping the fe rmenter headspace with ai r .  Thi s  i s  

an unexpected finding for a reaction hithe rto con s i de red to be 

s tri ctly anae rob i c .  

Studie s  o f  b i l e  aci d  conj ugate hydrolys i s  during incub ation wi th 

growing ce l l s  o f  CZ.  bife rmentans revealed that near quanti tative 

de con j ugati on can be obtaine d  for glycodeoxycholate , taurocholate and 



taurodeoxychol ate , and ea 9 0 %  deconj ugation for gly cocholate , wi thin 

4 8  h .  At sub s trate concentrati ons greate r than 0 . 1% w/v howeve r ,  

the t aurine con j ugates we re le s s  well hydrolysed. Hydrolys is o f  

glycocholate and taurocholate was unimpai red by aerob i c  incubation , 

whi l e  EDTA part i ally inhibi ted de conj ugation o f  glycocholate but not 

of t aurocholate . 

The low yie lds o f  7a- dehydroxylation ( less than 50% de oxycholic 

from cholic acid) , the great sensitivi ty o f  this trans formation to 

envi ronmental factors and the inab i l i ty to elimi nate the s i de -product 

7-ketode oxycho lic acid requi re that furthe r work be done be fore an 

indus t rial p roce s s  can be bas e d  on this res earch . S e veral avenues o f  

enqui ry have been proposed. 

179 

The rapidi ty and ne ar- comp letene s s  o f  hydrolys i s  o f  the four 

bi l e  acid conj ugates provide the bas i s  of an indus tri a l  p roce ss , so 

long as furthe r t rans formation can be contro lled , product e xt raction 

methods deve lop e d ,  and the limi ted s ub s trate concentrations tole rate d .  
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Characterisation of the product of 

hydrolysis of glycocholic acid by 

Cl . bife�ntans SD 10 
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Characterisation of the product of 

hydrolysis of sodium taurocholate 

by CZ. bife�ntans so 10 
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APPENDIX 2 Pars imonious Models and Regres s i on S tatistics 

for Expe riment 1 

TABLE A2 . 1  Parsimonious Mode l and Re gre s s ion S tatistics for 

7-Ketodeoxycholate Yield 

Pars imonious mode l :  

A 

Note : A ,  B and Y are de fined in "Abbrevi ations " .  

Coe f fi c ient o f  Determinat ion : 

r2 
= 9 7 . 0 % 

Ana lysis of Variance Summary : 

Source of Degrees 
Variation Free dom 

Regre s s ion 4 

Res i dual 6 

Total 10 

Te s t  for Lack of Fi t :  

S ource of Degrees 
Variat ion F reedom 

Pure Error 2 

Lack of F i t  4 

Re sidual 6 

of 

of 

MS
lof -+ 3 . 66 

1 .  5 3  
2 . 40 

Ms 
pe 

Sum o f  
Squares 

5 62 . 9 1 

1 7 . 70 

580 . 6 1  

Sum o f  
Squares 

3 . 0 5 

14 . 65 

17 . 70 

Me an Sum 
Square s 

140 . 7 3 

2 . 9 5 

Me an Sum 
Squares 

1 .  5 3  

3 . 66 
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of 

o f  

As F 
4 , 2 , 0 . 0 5 19 . 2 ,  the lack of fit i s  not s i gni ficant at the 5 %  leve l .  



TABLE A2 . 2  Parsimonious Mode l and Regre s s ion S tatis tics for 

Cho l i c  Acid Remaining 

Pars imonious mode l : 

y 5 4 . 9 + 4 . 2A + 4 . 8B + 1 1 . 4A2 - 8 . 6AB 2 
+ 7 . 0A2B 2 

Coeffi cient o f  Dete rmination : 

r 2 9 7 . 4% 

Analysis of Variance Summary : 

Source o f  Degrees 
Variation Freedom 

Regre ss i on 5 

Re s1.dual 5 

Tot a l  10 

Te s t  for Lack o f  Fit : 

Source of 
Variation 

Pure E rror 

Lack of Fit 

Re s idual 

MS
lof '+ __ :._::... 

MS 
pe 

Degrees 
Freedom 

8 . 5 1 

1 . 0 3  

2 

3 

5 

of S um  of Mean Sum 
Squares Squares 

102 3 . 6 1 2 0 4 .  72  

2 7 . 59 5 . 5 2 

10 5 1 .  20 

of S um of Me an Sum 
Squares Squares 

2 . 06 1 . 0 3  

2 5 . 5 3 8 . 5 1 

2 7 . 59 

8 . 26 

o f  

o f  

A s  F 
3 , 2 , 0 . 0 5 19 . 2 ,  the lack o f  fit i s  not s ignifi cant at the 5 %  leve l .  
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TABLE A2 . 3 Pars imonious Mode l (discarded)  and Regres s i on Statistics 

for Deoxycholic Acid Yield 

Parsimonious mode l :  

Coe f ficient o f  Dete rmination : 

r2 9 8 . 4% 

Analysis o f  Variance Summary : 

Source of 
Variation 

Regre ssion 

Re sidual 

Total 

Te st for Lack o f  Fi t :  

S ource of 
Variation 

Pure Error 

Lack of Fit 

Degrees of 
Freedom 

6 

4 

10 

Deg rees of 
Fre edom 

2 

2 

S um o f  
Squares 

2 5 8 . 50 

4 . 0 8 

267 . 5 8 

Sum o f  
Squares 

0 . 5 1 

3 . 5 7 

Re sidual 4 4 . 0 8  

-+ 
MS

lof 1 . 79 7 . 00 

MS 
pe 0 . 2 6 

Mean Sum o f  
S quares 

4 3 . 08 

1 . 02 

Mean Sum of 
Squares 

0 . 26 

1 .  79 

As F 
2 , 2 , 0 . 05 19 . 0 ,  the lack o f  fit is not s i gn i fi cant at the 5 %  leve l .  
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TABLE A2 . 4 Pars imonious Mode l and Regres s i on S tatis ti c s  for the 

Natural Logarithm of Deoxycholic Acid Yie ld 

Pars imonious mode l :  

Y 2 . 12 - 1 . 0 7A - O . SSB - 1 . 36A2 
+ 0 . 3 4B 2 

+ 0 . 7 7A 2B + 0 . 6 3AB 2 

Coe ffi cient o f  Dete rmination : 

r2 99 . 1% 

An alys i s  o f  Variance Summary : 

Source of Degree s 
Variation Freedom 

Regress ion 6 

Residual 4 

Total 10 

Te s t  for Lack of Fit : 

o f  

Source o f  
Variation 

Degree s  o f  
Freedom 

Pure Error 

Lack of Fit 

Res idual 

MS lof -+ ---
MS 

pe 

0 .  0 3 5 1  
0 . 00 3 3  

2 

2 

4 

10 . 5 2 

S um  of 
Squares 

8 . 5 32 2  

0 . 0 76 9  

8 .  609 1  

Sum o f  
Squares 

0 . 006 7 

0 . 0 702 

0 . 0 769 

Mean Sum of 
Squares 

1 .  4 2 29 

0 . 19 2  

Mean Sum o f  
S quares 

0 . 00 3 3  

0 .  0 35 1  

As F 
2 , 2 , 0 . 0 5 19 . 0 ,  the lack o f  fi t i s  not s i gnifi c an t  at the 5 %  leve l .  
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TABLE A2 . 5 Pars imonious Mode l and Regres s ion Statistics for the 

Base Ten Logari thm o f  the Maximum Number o f  Ce l l s  

Observed . ( L . M. C . ) 

Pars imoni ous mode l : 

y 8 . 6 1 - 0 . 1 8A - O . l lAB - 0 . 18A2 + 0 . 2 2AB 2 - 0 . 2 1A 2 B 2 

Coe fficient o f  Dete rmination : 

r2 
9 1 . 4% 

Analysis o f  Variance Summary : 

S ource of De grees 
Variation F reedom 

Regre ss ion 5 

Re s i dual 5 

Tota l  10 

Test fo r Lack of F it : 

of 

Source of 
Vari ation 

Degrees o f  
Freedom 

+ 

Pure Error 

Lack of F i t  

Re s idual 

MS
lof 

MS pe 

0 . 00 0 4  

0 . 0 0 30 

2 

3 

5 

0 .  1 3 5 5  

Sum o f  
Square s 

0 . 4 6 2 9 2  

0 . 0 0 7 30 

0 . 4 7 0 2 2  

Sum o f  
Squares 

0 . 0 0 6 1 

0 . 0 0 12 

0 . 0 0 7 3  

Mean Sum o f  
Square s 

0 . 0 9 2 5 8  

0 .  00 146 

Mean S um of 
Square s  

0 . 0 0 30 

0 . 0 0 0 4  

As F 
3 , 2 , 0 . 0 5 

19 . 2 ,  the lack o f  fit is not s i gnifi can t  a t  the 5 %  leve l .  
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APPENDI X 3 

TABLE A3 . l  

Pars imonious Models and Regres s i on Statis t ic s  

for Experiment 2 

Pars i monious Mode l and Regress ion Statis tics for 

7-Ketodeoxycholate Y i eld 

Pars imoni ous mode l : 
A 
Y 2 3 . 9 + 2 . 8C + 4 . 0D + 2 . 2E - 2 . 4F + 2 . 2G - 4 . 0 ( AB +CG+DH+EF) 

+ 4 . 9 ( AE+CH+BF+DG) 

Coe f fi cient of Determinat ion : 

r 2 94 . 7 % 

Analys i s  o f  Vari ance Summary : 

Source o f  Degrees 
Vari ation Freedom 

Regression 7 

Residual 8 

Total 15 

o f  Sum of 
Squares 

12 5 4 . 09 

70 . 2 7 

1 3 2 4 .  36 

Me an S um  of 
Square s 

179 . 16 

8 . 78 

Note : I t  should be rememb e re d  that the main e ffe cts A , B , C  e tc. and 

fi rs t  orde r inte ract ion contrasts ( AB +CG+DH+EF ) , (AC+BG+EH+DF ) 

e tc. are confounded wi th second orde r and higher interact ion s . 

This applies to a l l  mode l s  pres ented in Appendix 3 .  

2 0 1  



TABLE A 3 .  2 Pars imonious Mode l and Regre s s i on Statistics for the 

Natural Logarithm of 7-Ketodeoxych olate Yield 

Pars imonious mode l :  
A 
Y 3 . 09 + 0 . 1 4C + 0 . 16D - O . l9 ( AB +CG+DH +EF) + 0 . 20 ( AG+BC+FH+DE ) 

Coe ffi cient o f  Dete rmination : 

r2 7 3 . 7% 

Analys is of Variance Summary : 

Source o f  
Vari ation 

Regress ion 

Re sidual 

Total 

Test for Lack o f  F i t : 

Degrees of 
Freedom 

4 

1 1  

1 5  

Sum o f  
Square s 

1 .  9 45 0  

0 . 69 35 

2 .  6 38 5  

Mean Sum o f  
Squares 

0 . 486 2 

0 . 0 6 30 

4 - 1 I f  the experiment is regarded as a fully rep lic ated 2 ( I=CDGH ) 

2 0 2  

with signi fi cant main e ffects for C and D and sign i fi cant inte ractions 

for CG con founde d with DH and for CH confounded with DG , then th e  s um  o f  

square s due t o  pure e rror c an be calculated from the rep licates : 

s s  = 0 . 5 37 3  
pe 

Source o f  
Variation 

Pure Error 

Lack of F i t  

Residual 

MS lof -+ 
MS pe 

0 . 0 520 
0 . 0 672 

Degrees of Sum of Mean Sum o f  
Freedom Squares Squares 

8 0 . 5 3 7 3  0 . 0 6 72 

3 0 . 15 6 0  0 . 0 5 2 0  

1 1  0 . 69 3 5  

0 .  7 7 4  

A s  F 3 , 8 , 0 . 0 5 4 . 0 7 ,  the lack o f  fit i s  not signi fi cant at the 5 %  leve l .  



TABLE A3 . 3 Pars imonious Mode l and Regres s ion Statis tics for the 

Cholic Ac id Remaining at 48 Hours 

Pars imonious mode l :  
A 
Y 6 4 . 7 - 7 . 7B - 3 . 7D + 3 . 4E - 3 . 4G + 4 . 5 (AB+CG+DH+EF) 

- 7 . 5 ( AE +CH+BF+DG) + 4 . 5 (AF+GH+CD+BE)  

Coe f fi cient o f  Determination : 

r2 9 2 . 3% 

Analys i s  o f  Variance Summary : 

Sour ce of 
Variation 

Regress ion 

Re sidua l 

Total 

Degrees o f  
F reedom 

7 

8 

15 

Sum o f  
S quares 

308 8 . 5 

2 5 8 . 7 

3 3 47 . 2 

Mean Sum 
of Squares 

44 1 . 2 

32 . 3 

2 0 3  



TABLE A3 . 4 Pars imonic 1s Mode l and Regre s s i on S tatistics for 

Deoxycholate Yie ld 

Pars imonious mode l : 
-" 

Y 1 1 . 4 + 6 . 2B - 5 . 6E - 3 . 1H - 4 . 3 ( AF+GH+CD+BE ) 

Coe fficient of Determination : 

r2 82 . 7 % 

Analysis o f  Variance Summary: 

Source of 
Variation 

Regress ion 

Re sidual 

Total 

Te st for Lack of F i t : 

Deg ree s o f  
Freedom 

4 

l l  

15 

Sum of 
Square s 

1565 . 5  

3 2 7 . 2 

1 89 2 . 8 

Me an Sum of 
Squares 

39 1 . 4 

2 9 . 7  

2 0 4  

I f  the experiment is regarded a s  a fully rep licated 2 3 ( I=BEH) , 

with sign i fi c ant main e f fects for B ,  E and H and signi ficant interaction 

BE then the sum of s quare s due to pure error c an be calculated from the 

replicate s : s s  = 2 06 . 8 pe 

-+ 

Source o f  
Variation 

Pure Error 

Lack of F i t  

Res i dual 

MS
lof 

MS pe 

40 . 13 
2 5 . 8 5  

De gree s  o f  
F ree dom 

8 

3 

1 1  

1 .  5 5  

S um o f  
Squares 

2 06 . 8  

120 . 4  

32 7 . 2 

Me an Sum o f  
Squares 

2 5 . 85 

40 . 13 

As F 
3 , 8 , 0 . 0 5 4 . 0 7 ,  the lack of fit is not s i gni fi cant at the 5 %  leve l .  
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TABLE A3 . 5 Pars imoni ous Mode l and Regres sion Stati stics for the 

Bas e  10 L gari thm of Maximum Observed Ce l l  C ounts ( L . M . C . ) 

Pars imoni ous mode l :  
"' 

Y 8 . 5 3 - 0 . 26B 

Coe f fi c ient of De te rmination : 

r
2 76 . 1% 

Analys i s  o f  Vari ance Summary : 

Source o f  
Variation 

Regre s s ion 

Residual 

Total 

Degrees o f  
Freedom 

1 

1 4  

1 5  

S um of 
Square s 

1 .  0 8 16 

0 . 3 3 8 8  

1 .  420 4 

Mean Sum o f  
Squares 

1 .  0 8 16 

. 02 42 
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TAB LE A 3 .  6 Pars imon ious Mode l and Regress ion S ta_t:.��t:.�-�- --f�_:t .�h: 
Maxi mum Ra te of Electrode Potenti a l  De c l i ne '\E( • , 

P arsimonious mode l : 

Y - 88 . 6  + 2 1 . 7F - 16 . 4H + 2 0 . 9 ( AE+CH+BE'+DG) 

Coe ffi cient of Determination : 

r2 6 4 . 8% 

Analysis o f  Vari ance Summary : 

Source o f  
Variation 

Re gression 

Re s i dual 

Total 

Te s t  for Lack of Fit : 

Deg rees of 
F reedom 

3 

12 

15 

Sum o f  
Squares 

1886 3 

10 2 6 5  

2 9 12 8  

· · ! "I ·I X 

Mean Sum o f  
Squares 

6 2 8 8  

8 5 5  

I f  the expe riment i s  regarded as a ful ly rep licated 2 4 - 1 ( I =BCFH ) , 

then SS pe 3 10 3 . 2 5  w c th 8 degrees of freedom. 

Source of 
Variation 

P ure Error 

De gree s o f  
Freedom 

Lack of Fit 

4 

8 

Residual 

MS
lof -+ 

MS pe 

1790 . 4  
3 8 7 .  g 

12 

4 . 6 4 

Sum o f  
Squares 

7 16 1 . 8  

3 10 3 . 2 

10 265 

Mean Sum of 
Squares 

1790 . 4  

3 87 . 9  

As F 
4 , 8 , 0 . 0 5 3 . 84 ,  the lack of fi t is sign i fican t  at the 5 %  leve l .  

� 0 6  



TAB LE A3 . 7 Pars imonious Mode l and Regression S tat istics for 

Minimum Electrode Potential 

Pars imoni ous mode l :  

Y - 49 9  + 46B + 26D + 2 5 G  + 20 ( AE+CH+BF+DG) 

Coefficient of Dete rmi nation : 

r2 80 . 7 % 

Analysis o f  Variance S ummary : 

S ource of 
Variat ion 

Reg re ssion 

Re sidual 

Total 

Te st for Lack of Fit : 

De gree s of 
Freedom 

4 

l l  

15 

Sum of 
Square s 

6 16 5 0  

1 4 7 2 5  

76 375 

Mean S um of 
Squares 

15412 

1 3 39 

I f  the expe riment is regarded as a fully replicated 2 3 ( I=BDG) , 

then S S  p e  8900 with 8 de grees of freedom. 

-+ 

S ource o f  
Variation 

Pure Error 

Lack of Fit 

Residual 

MS
lof 

MS 
pe 

1 9 4 1  
1 1 1 2  

De grees of 
Freedom 

8 

3 

1 1  

l .  7 5  

S um o f  
Squares 

8900 

5 8 2 5  

1 4 7 2 5  

Me an S um of 
Square s 

1 1 12 

19 4 1  

2 0 7  

As F 
3 , 8 , 0 . 0 5 2 . 0 7 ,  the lack of fi t is not s igni fi cant at the 5 %  leve l .  



TABLE A3 . 8 Parsimonious Mode l and Regre s s ion S tatistics for 

Ini t i a l  Electrode Potential ( Ec . ) � 

Pars imonious mode l :  

Y - 2 85 + 18B + 2 7 D  - 2 8F 

Coe ffi cient of De terminat ion : 

r2 76 . 8% 

Analys is of Vari ance : 

Source o f  
Variation 

Regres s ion 

Re sidual 

Total 

Te s t  for Lack of Fit : 

Degrees of 
Freedom 

3 

12 

15 

Sum of 
Squares 

2 9 66 7  

8956 

3 862 3 

I f  the experiment i s  regarded as a 2 3 ( I  

with 8 degrees o f  freedom. 

-+ 

Source o f  
Variation 

Pure Error 

Lack of Fit 

Res i dual 

MS
lof 

MS pe 

3 76 . 5  
9 31 . 2 

Degree s  o f  
Freedom 

8 

4 

12 

= 0 . 40 

Sum o f  
Squares 

7450 

1506 

89 5 6  

Mean S um  o f  
Squares 

9 8 89 

7 46 

BDF )  , then SS 
pe 

Mean Sum o f  
Squares 

9 3 1 . 2 5  

376 . 5  

2 0 8  

7 450 

As F 
4 , 8 , 0 . 0 5 3 . 84 ,  the lack o f  fit i s  not signi fi cant at the 5 %  leve l .  
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APPENDI X 5 

TABLE AS . l  

Con j ugate 

b 

GC 

GC 

GC 

GD 

GD 

GD 

TC 

TC 

TC 

TD 

TD 

TD 

c 

8 8  

4 

8 

90 

3 

4 

9 8  

2 

3 

Raw Data for De conjugation Experiments Conducted 

on the Small S cale 

Extent o f  Trans fo rmation o f  Conjugate ove r  48 h 

Product Total 

7KD c D 

0 0 0 8 8  a 

12 72 1 89 

1 1  7 0  1 90 

0 90 a 

9 0  9 3  

9 4  9 8  

0 0 0 9 8  a 

14 7 1  3 90 

12 70 4 89 

9 5  0 9 5  a 

2 9 4  9 6  

2 9 5  9 7  

All value s  repre sent the leve l  o f  bile acid dete rmi ned after 

48 h, and are expressed as mo lar % of the b i le acid 

originally adde d.  

The "Total" column is e f fective ly the mas s balan ce fi gure . 

E ach row repre sents one 2 0  ml- s cale tri a l .  

a control ( not inocul ated) . Othe r value s  are dupli cates . 

2 10 

b abbreviations are those listed at the beginning o f  thi s  the s is . 

c this column lists the leve ls of conj ugate remaining 

unhydrolysed at 4 8  h .  
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TABLE AS . 2 E ffe ct of Substrate Con centration on Trans formation 

o f  Conjugates After 48 h 

Leve l  Conj ugate P roduct Total pH d Growth e 

% w/v b c 
7KD c D 

0 . 80 GC 44 4 44 0 9 2  6 . 0 1 ( 5 )  

0 . 40 GC 32 4 60 0 9 6  5 . 84 ( 4 )  

0 . 2 0 GC 15 4 76 0 9 6  6 . 0 0 ( 4 )  

0 . 10 GC 11 7 7 1  1 9 0  5 . 96 ( 3 ) 

0 . 0 5 GC 6 1 1  75 0 9 2  6 . 0 6 ( 4 )  

0 . 0 2 5  GC 2 1 1  8 4  5 102 6 . 0 7 ( 5 )  

0 . 80 GD 1 7  7 4  9 1  6 . 6 4 ( 5 )  f 

0 . 40 GD 8 8 5  9 3  6 . 6 3  ( 5 )  f 

0 . 20 GD 4 8 1  85 6 . 6 3  ( 3 )  f 

0 . 10 GD 2 7 1  7 3  6 . 6 8 ( 2 ) 

0 . 0 5 GD 3 85 88 6 . 4 8 ( 1 ) 

0 . 0 2 5  GD 3 89 9 2  6 . 1 8 ( 1 ) 

0 . 80 TC 7 3  2 15 0 90 6 . 14 ( 6 )  

0 . 40 TC 60 4 2 8  0 9 1  6 . 1 1 ( 5 )  

0 . 2 0 TC 42 5 46 0 9 2  6 . 0 8 ( 4 ) 

0 . 1 0 TC 7 6 70 1 84 6 . 0 9 ( 4 )  

0 . 0 5 TC 2 9 7 3  2 8 7  6 . 1 1 ( 4 )  

0 . 0 2 5  TC 3 1 5  72 2 9 2  6 . 17 ( 5 )  

0 . 80 TD 9 5  8 10 3 6 . 12 ( 4 )  

0 . 40 TD 9 1  11 10 2 6 . 12 ( 4 )  

0 . 20 TD 86 18 10 4 6 . 0 4 ( 5 )  

0 . 10 TD 38 59 9 7  6 . 0 8 ( 5 )  

0 . 0 5 TD 2 9 1  9 3  6 . 19 ( 4 )  

0 . 0 2 5  TD 5 8 7  9 3  6 . 2 9 ( 4 )  

Legend is as for Tab le AS . 1  

d Final pH ( Initial pH ea 7 .  7 )  

e Growth is me asured on an arb itrari 1 to 6 s cale of vi s ib le 

turb i di ty .  

f Re action mixture was partially ge l atinis ed , i nflating the 

apparent t urbidity . 
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