
chapter 2

Improvement of Microbial Production 
of Ursodeoxycholic Acid from L ithocholic Acid

Part 1 Conditions for Ursodeoxycholic Acid Production by F u s a r i u m  e q u i s e t i  M41

I n t r o d u c t i o n

As described in the previous chapter, the fungus F u s a r i u m  e q u i s e t i  M41 
was found to be capable of transforming LCA to UDCA, but in a y ie ld  of only 
35%. However, a preliminary in vestig a tion  into the e ffe c t  of oxygen supply 
on the production suggested an important ch a ra cter istic  of the stra in  with 
respect to the induction of the hydroxylation a c t iv ity . This chapter deals 
with the e ffe c ts  of medium components and culture conditions such as tempera­
tu res, pH as w ell as d issolved  oxygen tension on the production of UDCA.
These factors were examined with respect to the induction of hydroxylation  
a c t iv ity  of the organism and the maximization of expression of the a c t iv ity ,  
with a view to improvement of UDCA production by F .  e q u i s e t i  M41 both in 
the resting  system and in the growing culture. The information obtained 
was integrated into a fed-batch culture in a 10-£ jar fermentor, and a 
remarkable increase of product accumulation in the culture broth was achieved.

M a t e r i a l s  and Methods

C h e m i c a l s  C h e n o d e o x y c h o l i c  a c i d  and c h o l i c  a c i d  w e r e  p u r c h a s e d  from
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Sigma Chemical Co., St. Louis, Mo. Hexafluoroisopropanol was obtained from 
E. Merck AG, Darmstadt, West Germany. T riflu oroacetic  anhydride was 
purchased from Gasukuro Kogyo Co. L td ., Tokyo. Sabouraud dextose broth 
(0382-15-1) was the product of Difco Laboratories, D etro it, Mich. Yeast 
extract was obtained from Daigo N u tritive Chemicals, L td ., Osaka.
[Carboxyl- ^c] LCA was purchased from Amersham In tern ation a l, Amersham, U.K. 
(sp e c if ic  r a d io a c tiv ity , 55 mCi/m mol). A ll other reagents were the highest 
grade ava ilab le  from Nakarai Chemicals, L td ., Kyoto, or Wako Pure Chemical 
In d u stries, L td ., Osaka.

Medium Sabouraud dextrose broth was used to prepare the stock and
seed cultures of F . e q u i s e t i  M41 througout th is  work. The basal supplement 
contained 0 . 5  g of MgSO -̂yH^O, 0.5 g of CaCl2*2H20, 1 g of yeast ex tra c t, 
and 0.01 g each of FeS04 -7H20, MnSO^-^O, CuS04 ’5H20, Na2Mo04 -2แ20 , and 
ZnS04 ’7H20 in 1 £ of deionized water. Medium A, used for the survey of 
carbon and nitrogen sources, contained the basal supplement, 10 g of carbon 
source, 5 g of nitrogen source, 3 g of KC1, 2 g of KH2P04 , 3 g of CaCÔ  and 
1 g of LCA in 1 £ of deionized water. Medium B contained the basal supple­
ment, 40 g of carbon source, 12 g of nitrogen source and 1 g of LCA in 1 £ 
of 0 . 1  M potassium phosphate buffer (pH 7 .0 ) . Medium c ,  used for jar  
ferm entation, was medium B containing L-asparagine and dextrin as carbon 
and nitrogen sources.

C ultivation For the inoculum preparation, 100 ml of Sabouraud
dextrose broth in a 500-ml Sakaguchi fla sk  was inoculated with 5 ml of the 
stock culture (stored at -80°c) and incubated at 28°c on a reciprocating  
shaker (120 rpm) for 72 h. Flask c u ltiv a tio n s were performed with 100 ml 
of medium A or B in 500-ml Sakaguchi f la s k s , inoculated with 5 ml of 72-h 
cu ltu re, and incubated at 28°c on a reciprocating shaker (120 spm) for 7 or 
14 days. The fermentor c u ltiv a tio n  was performed by inoculating 100 ml of
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the inoculum into a 2 .5 -£  jar fermentor (type MD-250-3S; L.E. Marubishi,
Tokyo) containing 1.5 £ of Medium c. The temperature was maintained at 
28°c, the aeration rate was adjusted to 1 vvm, and the pH was controlled  
at 7.0 unless otherwise ind icated. Dissolved oxygen tension (DOT) was 
maintained at the desired value ±5% deviation  by autom atically changing the 
ag ita tion  speed. The le v e ls  of DOT and pH during cu ltiv a tio n  were monitored 
with a membrane-type d issolved  oxygen electrode (type DX-26; L.E. Marubishi) 
and a pH electrode (type D-26; L.E. Marubishi).

Assay B ile  acid content was determined by gas chromatography a fter
d er iv atiza tion  with hexafluoroisopropanol and tr iflu o ro a ce tic  anhydride
(59) as described previously (54), using ch o lic  acid as an in ternal standard.
The r e la tiv e  retension times of UDCA, LCA, and by-product with respect to 
ch o lic  acid were 0 .67 , 0.29 and 0 .8 9 , resp ectiv e ly .

C ell mass during c u ltiv a tio n  was expressed as dry weight (g /£ ).
Total sugar content was determined as glucose by the phenol-H^SO^ method
(6 0 ) .

The production of UDCA by restin g  c e l l s  Fungal mycelium was
separated from 40-h culture broth and washed thoroughly with deionized  
water in a Biichner funnel. One gram of mycelium was suspended in 20 ml of
0.1 M Tris-hydrochloride (pH 8 .0 ) in a 100-ml Erlenmeyer f la s k , 20 mg of 
LCA was added, and the mixture was incubated at 28°c on a reciprocating  
shaker at 180 strokes per min (M-100-N, Taiyo S c ie n t if ic  Industries Co. L td ., 
Tokyo). Samples of 1 ml were taken at appropriate in terva ls and assayed 
for b ile  acid.

Uptake of [carboxy-^C] LCA Mycelia were cu ltiva ted  in a 2 .5 -£  jar 
fermentor containing 1.5 £ of medium c under the follow ing conditions: pH 
7 .0 , 28°c , aeration rate of 1 vvm, and 0% DOT. These cu ltiv a tio n  con d ition s, 
under which oxygen consumption by the fungus was almost equal to the oxygen supply
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from a ir  at an aeration rate of 1 vvm with a varied a g ita tio n  speed, are 
represented by the term "DOT 0 The ag ita tio n  speed at DOT 0% was the 
maximum ag ita tion  speed at which the indicator of the DOT meter (Type DX-26;
L.E. Marubishi) remained at 0%. After 40 h of c u lt iv a t io n , the mycelium 
was co llec ted  by centrifugation  (15000 rpm, 10 min, 4°C) and washed three 
times with ice -co ld  0.01 M Tris-hydrochloride (pH 7 .0 ). The mycelium was 
f in a lly  co llec ted  by suction  f i l t r a t io n  on a Buchner funnel. One gram of 
wet mycelium was suspended in 20 ml of ice -co ld  0.1 M Tris-hydrochloride  
(pH 8 .0 ) with or without 0.5 M KC1. After preincubation for 5 min at 28°c,

20 p i  of ["^c] LCA d isso lved  in ethanol was added. At in te r v a ls , 1-ml 
samples were withdrawn, mixed with 50 ml of ice -co ld  0.01 M Tris-hydrochloride  
(pH 7 .0 ) ,  f i lte r e d  through a 0.45 pm membrane f i l t e r  (type TM-2; Toyo Kagaku 
Sangyo Co. L td ., Osaka), and washed f iv e  times with 10-ml portions of ic e -  
cold 0.01 M Tris-hydrochloride (pH 7 .0 ). After drying the membrane f i l t e r  
at 60°c for 20 min, the ra d ioactiv ity  was measured in the presence of 10 ml 
of toluene s c in t i l la n t  containing 2 ,5-diphenyloxazole (9 g /£ ) with a liquid  
s c in t i l la t o r  (Beckman LS 7500; Beckman Instruments, In c ., Irv in e, C a l i f .) .

Results

1. Induction of enzyme a c t iv ity  by LCA
To in v estig a te  whether LCA 7B-hydroxylation is  catalyzed by an inducible  

enzyme, F .  e q u i s e t i  M41 was cu ltiva ted  in the presence and absence of LCA 
and measured the appearance of 73-hydroxylation a c t iv ity  in  the presence of 
250 pg/ml of cyclohexim ide, which has l i t t l e  e ffe c t  on the a c t iv ity .
Mycelium cu ltivated  in the presence of LCA catalyzed 7B-hydroxylation (375 
pg/g of wet c e l l s - h ) ,  whereas mycelium cu ltiva ted  without LCA possessed no
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a c t iv ity , desp ite  showing the same growth curve as mycelium grown in the 
presence of LCA. When cycloheximide was present, the hydroxylation a c t iv ity  
was not observed in sp ite  of the presence of LCA. Therefore, i t  can be 
concluded that the enzyme(ร) was induced by the substrate LCA.
2. Determination of medium composition

In Chapter 1 , in  which we described F. e q u i s e t i  M41 as a transformer 
of LCA into UDCA, we used modified Czapek-Dox medium for screening and oat­
meal medium for production. However, the oatmeal medium gave a rather low 
production y ie ld  (^35%), and i t s  high v is c o s ity  prevented c u ltiv a tio n  con­
d ition s such as DOT from being determined s a t is fa c to r i ly .  Therefore, we 
sought a su itab le  medium composition providing higher UDCA production and 
lower v is c o s ity . F irst the e f fe c ts  of carbon and nitrogen sources on UDCA 
production were in vestigated  (Tables 1 and 2 ). Of the 18 carbon sources 
te s te d , UDCA production from 18.5 mg of UDCA per g of dry c e l l s  with dextrin  
to 2.07 mg per g of dry c e l l s  with sodium succinate and no a c t iv ity  with 
s a lic in . The eight nitrogen sources produced an even wider range of r e s u lts ,  
e .g . ,  27 .7 , 2 1 .3 , and 3.07 mg of UDCA per g of dry c e l l s  with NH^Cl, L- 
asparagine, and tryptone, resp ectiv e ly .

Since the pH values of media a fter  c u ltiv a tio n  were between 8.4 and 
9 .1 , except for la c to se  (pH 7 .8 ) ,  sodium succinate (pH 9 .3 ) ,  and meat ex­
tract (pH 6 .8 , Table 2 ) , the nature of the carbon or nitrogen source rather 
than the pH seemed to be the primary reason for the d ifferen ces in UDCA 
production.

To determine the best combination of carbon and nitrogen sources for 
UDCA production, the combined e ffe c t  of some carbon and nitrogen sources 
was in vestigated  (Table 3). In th is  experiment we used 0.1 M potassium  
phosphate buffer (pH 7.0) instead of 0.3% (พ/พ) CaCÔ  to maintain the pH 
during cu ltiv a tio n  in Sakaguchi f la sk s . In the presence of a higher con-
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Table 1. E ffect of carbon source on formation of UDCA 
by F. e q u i s e t i  M41.*

Carbon source 
(10 g/£) UDCA production (mg of UDCA per g of dry cells)
D-Xylose 2 . 8 3L-Arabinose 3 . 1 4D-Glucose 2 . 6 0D-Fructose 2 . 8 7D-Galactose 2 . 9 8D-Mannitol 3 . 6 9Salicin 0Maltose 4 . 7 3Lactose 7 . 4 3Raffinose 7 . 0 5Sucrose 5 . 0 3Starch (soluble) 7 . 6 8Carboxymethyl cellulose 1 0 . 5Dextrin 1 8 . 5Malt extract 5 . 8 8Sodium acetate 7 . 6 0Glycerol 7 . 6 0Sodium succinate 2 . 0 7

Cultivation was performed with medium A contain­ing the indicated carbon source in a 5 0 0 -ml Sakaguchi flask on a reciprocating shaker ( 1 2 0  rpm) for 7 days at 2 8 ° c .  NaN03 ( 5  g / l ) was used as the nitrogen source. UDCA production is expressed as UDCA formed from added LCA ( 1 0 0  mg per flask).Cell mass ranged from 0 . 4  to 0 . 8  of dry cells per flask.

Table 2. by E ffect of nitrogen source on formation of UDCA 
F. e q u i s e t i  M41.*

Nitrogen source 
( 5  g /i) UDCA production (mg of UDCA per g of dry cells)
NH4CI 2 7 . 7(NHO2SO4 20.2L-Asparagine 2 1 . 3Casamino Acids 4 . 5 9Peptone 4 . 6 7Iryptone 3 . 0 7Yeast extract 6 . 7 7Meat extract 0

*Sodium succinate ( 1 0  g /i) was used as the carbon source; other conditions are as in the footnote to Table 1 .

21



Table 3. Combined e ffe c t  of carbon and nitrogen sources
on formation of UDCA by F. e q u i s e t i  M41 during c u l t i ­
vation with Sakaguchi f la sk s .*

Carbon source UDCA production (mg of UDCA per g of dry cells)
NH4CI (NH4)2 S0 4 L-Asparagine

Starch (soluble) Dextrin 0 . 2 8  (3 . 6 ) 
0 . 2 7  (3 .0 ) 0 (3 . 2 ) 

0 (2 . 9 ) 3 4 . 4  (7 .9 ) 
3 9 . 3  (7 . 7 )

Cultivation was performed with 1 0 0  ml of medium B containing the indicated carbon ( 4 0  g/£) or nitrogen ( 1 2  g/i) source in a 
5 0 0 -ml Sakaguchi flask for 1 4  days at 2 8 ° c .  The pH at the end of cultivation is indicated in parentheses; the in i t ia l pH was adjusted to 7 .0 . Other experimental conditions are as described in the footnote to Table 1 . Cell mass ranged from 1 . 5  to 1 . 7  g of dry cells per flask.

centration  of potassium phosphate, UDCA production became higher and constant. 
This stim ulating e ffe c t  of potassium phosphate w il l  be described la te r .
In the medium composed of dextrin and L-asparagine, a very high conversion 
of up to 39.3 mg of UDCA per g of dry c e l l s  was observed a fter  14 days of 
c u ltiv a tio n  (Table 3 ), whereas very poor production was obtained with in ­
organic ammonium s a lt s  as the nitrogen source. The low pH in these cultures  
may in d icate  that a rapid pH decrease was the reason for poor UDCA produc­
tio n . However, even under pH control in  a jar fermentor (pH was controlled  
as described in Fig. 7a), NĤ Cl combined with e ith er  dextrin or sodium 
succinate was found to be in e ffe c t iv e  (< 5% UDCA production a fter  120 h 
compared with 80% conversion with dextrin  and L-asparagine). Therefore, 
the use of inorganic ammonium s a lt s  as medium con stitu en ts was excluded.

As the resu lts  indicated that dextrin and L-asparagine were good 
medium con stitu en ts for UDCA production, they were se lected  for further 
stu d ies. Examination of the optimal r e la tiv e  amounts of L-asparagine 
and dextrin showed that 12 to 20 g of L-asparagine per l i t e r  with 40 g of 
dextrin per l i t e r  resulted  in sim ilar UDCA production, whereas more or le s s  
L-asparagine was le s s  e f fe c t iv e .

22



3. Reaction conditions for LCA hydroxylation
To in v estig a te  various reaction conditions for UDCA production, i t  

became necessary to assay the 78-hydroxylation a c t iv ity  of the mycelium. 
Because we aimed to improve the UDCA production of liv in g  m ycelia, and be­
cause measurements with c e l l - f r e e  extract revealed the in s ta b i l i ty  of 78- 
hydroxylation a c t iv ity ,  of which the recovery from c e l ls  was le s s  than 1%, 
we developed an assay method for resting  mycelia of F. e q u i s e t i  M41. UDCA 
formation by resting  mycelia proceeded lin ea r ly  for up to 4 h (Fig. 1 ).
The use of Tris-hydrochloride buffer was e sse n tia l in th is  assay because 
with other buffers the pH during the assay changed rapidly and frequent pH 
adjustment became necessary. The reaction rate was 375 yg/g of wet c e l ls /h  
with resting  mycelium, which agreed w ell with that during c u ltiv a tio n , 330 
yg/g of wet c e l l /h .  This indicated that the a c tiv ity  measured by th is  
method was a good in d ication  of the UDCA-producing a c t iv ity  of the mycelium

Fig. 1. Time course of UDCA formation by 
restin g  c e l ls  of F .  e q u i s e t i  M41. After 
40 h of cu ltiv a tio n  with medium c (1.5 £) in a 2.5-£  jar fermentor, mycelia were 
co llec ted  and assayed as described in the te x t. During the c u ltiv a tio n , pH was 
controlled  at 7.0 and DOT at 0% saturation  Other experimental conditions are de­
scribed in the tex t.

F irst the e ffe c ts  of pH and temperature on UDCA production were 
investigated  (Fig. 2 ). The optimum temperature for UDCA production as w ell 
as for growth was found to be 28°c. Higher or lower temperature caused a
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Fig. 2. E ffects of temperature (a) and pH (๖) on formation of 
UDCA by resting c e l l s  of F. e q u i s e t i  M41. Experimental 
conditions are id en tica l to those described in the legend 
to Fig. 1, except that temperature or pH was varied. In 
(b) 0.1 M potassium phosphate buffer ( • ) ,  0.1 T ris-  
hydrochloride buffer ( o ) j  or 0.1 M PIPES [piperazine- 
N ,  N 1 -b is  (2-ethanesulf onic acid ) ]-hydrochloride (A ) buffer  
was used to obtain the desired pH value.

sharp d eclin e  in conversion a c t iv ity . The optimum pH for UDCA production 
was found to be pH 8 .0  with a narrow range, i . e . ,  production increased f iv e ­
fold  from pH 7.0 to 8 .0 , whereas the fungus grew w ell between pH 5 and 7.
This suggested that a pH sh ift  to 8 .0  (UDCA production phase) from pH 7.0  
or lower (growing phase) would enhance UDCA production during the cu ltiv a tio n  
in a fermentor.

As with other fungal hydroxylases, i t  i s  probable that atmospheric 
oxygen is  incorporated d ir ec tly  in to  the su b strate, and the oxygen concen­
tra tion  during conversion may a ffec t the reaction rate (57 ,61). Indeed, as 
shown in Fig. 3, the conversion a c t iv ity  increased when DOT was increased, 
and reached maximum at 60% saturation  (Fig. 3). The resu lts  indicated that
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Fig. 3. E ffect of DOT on formation of UDCA by resting  c e l l s  of 
F.  e q u i s e t i  M41. Mycelia cu ltivated  in medium c (6 £) in  a 10-£ jar fermentor were harvested at 40 h, washed, and 
suspended in  0.1 M Tris-hydrochloride (pH 8 .0 ) (50 g of wet mycelia per £). The conversion reaction was performed 
at 28°c with l-£  portions of the suspension in  a 2.5-Î, jar fermentor equipped with a membrane-type DOT electrod e. 
The DOT was controlled  at the indicated value by changing the ag ita tion  speed (aeration ra te , 1 vvm).

the fungus required a rather high DOT, in  the range of 60 to 100% satu ration , 
for maximal UDCA production.

In preliminary experiments in Sakaguchi f la sk s , i t  was observed that 
high concentrations of potassium phosphate buffer (0.1 M, pH 7.0) 
fa c il i ta te d  higher UDCA production. In the cultures in a fermentor with pH 
con tro l, a high concentration of potassium phosphate was also e ffe c t iv e  
(1 .8 -fo ld  UDCA in the presence of 0 .1 M potassium phosphate, pH 7, compared 
with 0.04 M potassium phosphate, pH 7 ) , excluding the p o ss ib il ity  that the 
buffer e ffe c t  was the reason for higher production. Therefore, the depend­
ence of UDCA production on KC1 or K̂ HPÔ  concentration was examined using 
restin g  mycelia (Fig. 4 ). Both compounds enhanced UDCA production by two­
fold  at a K+ concentration of 0.5 M, suggesting that K+ rather than HPÔ  
was e ffe c t iv e  in the a c tiv a tio n . To in v estig a te  th is  activa tio n  further,
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Fig. 4. E ffect of potassium ion concentration on formation
of UDCA by restin g  c e l l s  of F. e q u i s e t i  M41. Experimental 
conditions are e s se n tia lly  id en tica l to those described in  
the legend to Fig. 1, except that the indicated amount of 
potassium ion was added as e ith er  KC1 ( • )  or K̂ HPÔ  ( o ) -

+

+

the e ffe c t  of several ions on UDCA production was tested  (Table 4 ). Na
and Rb+ were about as e ffe c t iv e  as K+ , whereas Cs+ was e ffe c t iv e  only at
higher concentrations. Li+ was most e ffe c t iv e  at lower concentrations but
was inh ib itory at 0.5 M, probably due to i t s  well-known to x ic ity  (62). NĤ
and a l l  of the d ivalent cations were in h ib itory . Anions were tested  by use
of th eir  sodium s a lt s .  In the presence of Na^so^, Nâ HCÔ , or NaNO ,̂ UDCA
production was le s s  than that obtained in the presence of NaCI, ind icating
the inh ib itory nature of those anions. In the case of HPÔ  1, the promoting
e ffe c t  seemed to come from coex istin g  Na+. Indeed, when Tris-H^PO^ was
used instead of Tris-hydrochloride as the reaction buffer to check the
e ffe c t  of HP0“7 alone, the phosphate anion was found to be s l ig h t ly  in -  4
h ib itory . Thus, i t  can be concluded that UDCA production was sp e c if ic a lly  
activated  by monovalent ca tion s.
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T a b l e  4 .  E f f e c t  o f  i o n s  on UDCA f o r m a t i o n  by r e s t i n g  c e l l s  
o f  F .  e q u i s e t i  M41.*

Addition Relative activity (%) at concentration of
0 . 1  M 0 . 2 5  M 0 . 5  M

NoneLi+ 100
1 8 9 8 1Na+ 1 5 6 211K+ 1 6 1 211

Rb+ 1 4 7 2 8 0Cs+ 1 0 4 2 2 3
nh4+ 85 0

Ca2+ 0 0
Mg 2+ 0 0
Mn2+ 0 0Zn2+ 0 0

HPO42- (2Na+) 1 6 2 202

HPO/,2- (Tris)* 74 70?- +รฮ2 (2Na ) 1 2 4 8 0
HC0 3"  (Na+) 1 0 5 4 4

4-NO3 (Na ) 120 14

Experimental conditions are essentially identical to those described in the legend to Fig. 1 . Cations were added as chlorides at the indicated concentrations. Anions were added as sodium salts, in the case of phosphate ion (indicated by asterisk) the pH of the reaction mixture was adjusted to 
8 . 0  by changing the concentration of Tris. Therefore, at 0 . 1  and 0 . 5  M phosphate ion concentrations, the concentrations of Tris buffer were 0 . 0 6  and 0 . 3 2  M, respectively, instead of 
0.1  M as in the other cases.

S e v e r a l  p o s s i b l e  mec han isms  f o  r t h e  K - d e p e n d e n t  i n c r e a s e  i n  UDCA p r o ­
d u c t i o n  w e r e  c o n s i d e r e d :  ( i )  i n c r e a s e d  s o l u b i l i t y  o f  LCA i n  t h e  p r e s e n c e  o f  

K+ ; ( i i )  i n c r e a s e d  LCA u p t a k e  i n t o  t h e  m y ce l iu m  i n  t h e  p r e s e n c e  o f  K+ ; and  

( i i i )  d i r e c t  a c t i v a t i o n  o f  LCA 7 8 - h y d r o x y l a t i o n  by K+ . The f i r s t  p o s s i b i l i t y  

was d i s c o u n t e d  b e c a u s e  no r e m a r k a b le  d i f f e r e n c e  was found  i n  t h e  s o l u b i l i t y  

o f  LCA upon a d d i t i o n  o f  K+ , i . e . ,  13 and 10 mgh  i n  t h e  a b s e n c e  and p r e s e n c e  

o f  0 . 5  M KC1. And t h e  t h i r d  p o s s i b i l i t y  was d i s c o u n t e d  b e c a u s e  73 - h y d r o x y -  

l a t i o n  w i t h  c e l l - f r e e  e x t r a c t  was n o t  a f f e c t e d  by t h e  a d d i t i o n  o f  0 . 5  M 

KC1. T h e r e f o r e ,  LCA u p t a k e  was i n v e s t i g a t e d  i n  t h e  a b s e n c e  and p r e s e n c e  o f  

K+ ( F i g .  5 ) ,  and t h e  a d d i t i o n  o f  0 . 5  M KC1 was found  c l e a r l y  t o  i n c r e a s e
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F i g .  5 .  Uptake  o f  [ C]LCA by r e s t i n g  c e l l s  o f  F .  e q u i s e t i  
M41 i n  t h e  p r e s e n c e  ( • )  and a b s e n c e  ( o )  o f  0 . 5  M KC1. 
E x p e r i m e n t a l  c o n d i t i o n s  a r e  d e s c r i b e d  i n  t h e  t e x t .

LCA u p t a k e .  The i n i t i a l  u p t a k e  r a t e  and e q u i l i b r i u m  c o n c e n t r a t i o n  o f  LCA 

o f  t h e  m y c e l i a  w er e  en h an ce d  by 5 . 7  and 1 . 7 - f o l d ,  r e s p e c t i v e l y .  Th us ,  
en h an ce d  UDCA p r o d u c t i o n  i n  t h e  p r e s e n c e  o f  k"1" can b e  a t t r i b u t e d  t o  t h e  

i n c r e a s e d  LCA u p t a k e  i n t o  t h e  m y c e l i a  o f  F .  e q u i s e t i  M41.

4 .  E f f e c t  o f  DOT on h y d r o x y l a t i n g  a c t i v i t y  d u r i n g  c u l t i v a t i o n
As m e n t i o n e d  b e f o r e ,  t h e  optimum DOT f o r  c o n v e r s i o n  o f  LCA was o b s e r v e d  

b etw e e n  60  and 100% s a t u r a t i o n .  However ,  DOT may a l s o  a f f e c t  t h e  s y n t h e s i s  

or d e g r a d a t i o n  o f  t h e  enzyme.  To c l a r i f y  t h i s  p o i n t ,  we i n v e s t i g a t e d  t h e  

e f f e c t  o f  DOT d u r i n g  c u l t i v a t i o n  on 7 3 - h y d r o x y l a t i o n  a c t i v i t y  ( F i g .  6 ) .
When t h e  f u n g u s  was c u l t i v a t e d  a t  a DOT o f  15% o r  h i g h e r ,  t h e  enzyme a c t i v i t y  

r e a c h e d  t h e  maximum a f t e r  25 h o f  c u l t i v a t i o n ,  w h e r e a s  t h e  peak  was  d e l a y e d  

t o  34 and 50 h a t  5 and 0% DOT, r e s p e c t i v e l y .  C e l l  gro w t h  was n o t  t h e  r e a s o n  

f o r  t h i s  phenomenon b e c a u s e  b o t h  t h e  g ro w th  r a t e  and t h e  c e l l  mass  a t  t h e  

s t a t i o n a r y  p h a s e  w er e  i d e n t i c a l  un der  a l l  DOT v a l u e s .
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F i g .  6 .  E f f e c t  o f  DOT d u r i n g  c u l t i v a t i o n  on t h e  amount o f  LCA 
7 3 - h y d r o x y l a t i n g  a c t i v i t y .  C u l t i v a t i o n  was  p er fo rm ed  w i t h  
medium c (1.5 a) i n  a j a r  f e r m e n t o r  (2.5 £) a t  a t e m p e r a ­
t u r e  o f  28°c, a e r a t i o n  r a t e  o f  vvm, and pH o f  7 . 0 .  DOT 
was c o n t r o l l e d  a t  t h e  i n d i c a t e d  v a l u e  by c h a n g i n g  
a g i t a t i o n  s p e e d .  At t h e  i n d i c a t e d  c u l t i v a t i o n  t i m e ,  a 
sam p le  was w i t h d r a w n ,  and t h e  7 6 - h y d r o x y l a t i n g  a c t i v i t y  
o f  t h e  m y c e l i a  was a s s a y e d  as  d e s c r i b e d  i n  t h e  t e x t .
DOT d u r i n g  c u l t i v a t i o n :  • ,  0%, A ,  5%; ■ , 15%; o ,  30%;
A,  40%; □ , 60%; V, 100% s a t u r a t i o n .

C ult iv at io n  t i m e  ( h )

Hav ing r e a c h e d  i t s  maximum, t h e  a c t i v i t y  i n  t h e  m yc e l iu m  d e c r e a s e d  

r a p i d l y  i r r e s p e c t i v e  o f  t h e  DOT, f a l l i n g  by 70% i n  10 h a t  pH 7 . 0 .  How ever ,  
t h i s  d e c l i n e  i n  enzyme a c t i v i t y  was r e t a r d e d  by i n c r e a s i n g  t h e  pH t o  8 . 0  

(15% r e d u c t i o n  i n  10 h ) .  A l s o ,  t h e  a d d i t i o n  o f  0 . 5  M KC1 r e t a r d e d  t h e  

d e c l i n e  i n  a c t i v i t y ,  a l t h o u g h  l e s s  r em a rk a b ly  tha n  t h e  pH s h i f t .
5 .  P r o d u c t i o n  o f  UDCA i n  a j a r  f e r m e n t o r  * i)

From t h e  e v i d e n c e  o b t a i n e d  w i t h  r e s t i n g  m y c e l i a ,  t h e  optimum c o n d i t i o n s  

f o r  UDCA p r o d u c t i o n  c o u l d  be  summarized a s  f o l l o w s :
i )  pH 7 or  l o w e r  d u r i n g  t h e  g ro w th  p h a s e ,  and pH 8 . 0  d u r i n g  t h e  

p r o d u c t i o n  p h a s e ,
i i )  a d d i t i o n  o f  0 . 5  M K+ d u r i n g  t h e  p r o d u c t i o n  p h a s e ,
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i i i )  60 to 100% DOT during the production phase,
iv) in it ia t io n  of production phase by changing conditions at 40 to 50

h of growth phase controlled  at 0% DOT or at 25 h of growth phase controlled  
at 15% DOT or higher.

1

๓๓ro2
0)บิ

OJcn
I

30 r

cn

น)
น)(D

2 0

10

40 ร,
LO

เจ
O

20

Fig. 7. UDCA production in jar fermentors (a) with pH s h if t
from 7.0 to 8 .0  and addition of 0.5 M KC1 at 40 h of c u l t i ­va tion , and (b) with the same condition s h if t  at 40 h and 
LCA addition at 60 h. C ultivation conditions are described in the te x t. At the arrow, production was in ita ite d  by 
chaning con d ition s.
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F i g .  8 .  UDCA p r o d u c t i o n  i n  a  j a r  f e r m e n t o r  w i t h  40% DOT d u r i n g  
g r o w t h  p h a s e  a n d  100%  DOT d u r i n g  p r o d u c t i o n  p h a s e .  
E x p e r i m e n t a l  c o n d i t i o n s  a r e  e s s e n t i a l l y  t h e  s a m e  a s  t h o s e  
d e s c r i b e d  i n  t h e  l e g e n d  t o  F i g .  7 ,  e x c e p t  t h a t  DOT w a s  
c o n t r o l l e d  a t  40% s a t u r a t i o n  u n t i l  4 0  h  o f  c u l t i v a t i o n  a n d  
a n o t h e r  p o r t i o n  o f  L C A  ( 1  g / 2 . )  w a s  a d d e d  a t  6 0  h .  T h e  
p r o d u c t i o n  p h a s e  w a s  i n i t i a t e d  a t  t h e  a r r o w .

F i g u r e s  7 a n d  8 s h o w  t h e  t i m e  c o u r s e s  o f  c u l t i v a t i o n  w i t h  t h e s e  s h i f t s  

i n  c o n d i t i o n .  I n  t h e  c o n t r o l  e x p e r i m e n t  ( n o t  s h o w n ) ,  i n  w h i c h  t h e  pH  w a s  

m a i n t a i n e d  a t  7 . 0  t h r o u g h o u t  t h e  c u l t i v a t i o n  w i t h o u t  KC1 a d d i t i o n ,  UDCA  

r e m a i n e d  a t  0 . 2  g / £  e v e n  a f t e r  1 5 0  h  o f  c u l t i v a t i o n .  I n  c o n t r a s t ,  0 . 8  g  

(80%  y i e l d )  o f  UDCA p e r  l i t e r  w a s  p r o d u c e d  w i t h i n  72  h  ( F i g .  7 a )  w h e n  t h e  

DOT w a s  c o n t r o l l e d  a t  0% s a t u r a t i o n  d u r i n g  c e l l  g r o w t h  a n d  c o n d i t i o n s  

w e r e  s h i f t e d  a t  4 0  h :  pH  t o  8 . 0 ,  DOT t o  100%  s a t u r a t i o n ,  a n d  a d d i t i o n  o f  

0 . 5  M K C 1 .  I n  t h i s  c u l t i v a t i o n ,  t h e  s u b s t r a r e ,  L C A ,  w a s  a l m o s t  c o m p l e t e l y  

c o n s u m e d  a t  7 0  h ,  a n d  i t s  d e p l e t i o n  s e e m e d  t o  b e  t h e  m a i n  r e a s o n  w h y  UDCA  

p r o d u c t i o n  e n d e d  a t  0 . 8  g / £ .  I n d e e d ,  b y  p r o v i d i n g  a d d i t i o n a l  L C A ,  UDCA p r o ­

d u c t i o n  r e a c h e d  1 . 2 3  g / £  a t  1 4 6  h  o f  c u l t i v a t i o n  ( F i g .  7 b ) .  N e x t ,  t o
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shorten the cu ltiv a tio n  tim e, we applied a higher DOT (40% saturation) 
during the growth phase and performed the same condition s h if t s  at 25 h 
(Fig. 8 ). As predicted , almost the same amount of UDCA (1.20 g / o  was pro­
duced in the shorter cu ltiv a tio n  time of 96 h.

D iscussion

Almost a l l  s tero id a l hydroxylases of microbial orig in  are known to be 
inducible (63-65), although a few have been reported to be c o n stitu tiv e  
(46,66). L it t le ,  however, i s  known about the hydroxylation of b ile  ac id s, 
which possesses very sim ilar structures to stero id  hormones. In th is  
study we confirmed that the enzyme cata lysin g  LCA 73-hydroxylation was 
in d u cib le , which suggests that in d u c ib ility  of the enzymes involved may be 
a common feature of b ile  acid hydroxylation.

A  survey of p oten tia l medium con stitu en ts showed that dextrin and L- 
asparagine were very e ffe c t iv e  for UDCA production (Tables 1 -3 ). I t  was 
observed that slowly u t i l iz a b le  carbon sources, such as dextrin or soluble  
starch, tended to f a c i l i t a t e  UDCA production. A high concentration of 
glucose greatly  inh ib ited  UDCA production by resting mycelium (88% in h ib i­
tion  in the presence of 20 g of glucose per z ) , suggesting probably enzyme 
repression or in h ib ition  by glucose. In contrast , organic ammonium rather 
than n itra te  was a preferred nitrogen source. L-Asparagine i s  known to be 
a highly required nutrient for the growth of F u s a r i u m  sp ecies (67), and 
well-balanced growth in the presence of L-asparagine might be a cause of 
higher UDCA production. However, the mechanisms by which dextrin and L -  

asparagine fa c il i ta te d  UDCA production remain unclear, and further in v estig a ­
tion  i s  needed.
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By using restin g  mycelium the optimum conversion conditions were 
determined to be pH 8 .0 , temperature of 28°c, and DOT of 60 to 100% satura­
tion; and two-fold activa tio n  was obtained by the addition of 0.5 M KC1 
(Fig. 4 ). The resu lts  shown in Fig. 5 suggested that K+ increased UDCA 
production by increasing the uptake rate or equilibrium concentration of 
LCA. When b ile  acids are absorbed by the liv e r  (68-70) or small in te s t in e  
(71 -73 )), transport of b ile  acids has been reported to be Na+ dependent.
This e ffe c t  was explained by the cotransport of b ile  acids with Na+ uptake 
catalyzed by Na+ , K+-ATPase. A sim ilar mechanism may operate in  hydroxyla­
tion  of LCA by F. e q u i s e t i  M41. Another p o s s ib il ity  i s  that monovalent 
cations disturb the membrane structu re, thereby enhancing passive transport. 
Li"1" was the most e ffe c t iv e  of the monovalent cations at a lower concentra­
tio n , whereas Rb+ or Cs+ became more e ffe c t iv e  at a higher concentration  
(Table 4 ). Ito et a l .  (74) reported that the entrance of plasmid DNA into  

S a c c h a r o m y c e s  c e r e v i s i a e  was enhanced by treatment with a monovalent 
cation , e sp ec ia lly  Li"1" or Cs"1". The optimum concentration of Cs was rather 
high (1.0  M). Considering that a rather high concentration (0.5 M) was a lso  
necessary for the optimum activa tion  of 7g-hydroxylation a c t iv ity ,  enhanced 
passive transport of LCA due to membrane disarrangement seemed more l ik e ly ,  
although further in vestig a tion  is  necessary to c la r ify  the mechanism.

F. e q u i s e t i  M41 converted LCA into UDCA, but UDCA was not the so le  
product. The ratio  of UDCA to a by-product was 4:1 (F igs. 7a and 8 ).
After UDCA production ended due to lack of LCA (Fig. 7 ) , by-product forma­
tion  continued with a concomitant decrease in UDCA. From th is  phenomenon 
and the Rf value o f the by-product on gas chromatography and th in -layer  
chromatography, the by-product seemed to be a 3a, 7g,12a-trihydroxy d erivative  
of 5g-cholanic acid , although i t  was not id e n tified  com pletely. UDCA pro­
duction by th is  fungus would be improved further by elim inating or in h ib it­
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ing the pathway by which the by-product i s  formed.
As mentioned previously , LCA hydroxylation a c t iv ity  was induced by the 

presence of the su b strate, LCA. The amount of LCA in i t i a l ly  contained in  
the media was 1 g per ร,, but the so lu b il i ty  of LCA, which is  highly hydro- 
phobic, is  only about 15 mg p er i of aqueous so lu tion . This ra ises the ques­
tion  of what i s  the e ffe c t iv e  concentration of LCA for induction and expres­
sion of hydroxylation a c t iv ity . As shown in Figs. 7(b) and 8 , the second 
addition of LCA stim ulated the production of UDCA. This together with the 
retardation of LCA consumption and UDCA production with the decrease of LCA 
concentration a fter  60 h of c u ltiv a tio n , shown in  Fig. 7 (a ), indicated  that 
the production rate of UDCA depended on the concentration of LCA. This 
phenomenon w il l  be discussed further in the follow ing se c tio n , Part 2.

Summary

The present study d ea lt with the optimum conditions for ursodeoxycholic 
acid production by F usarium  e q u i s e t i  M41. Resting mycelia of F. e q u i s e t i  
M41 showed maximum conversion at 28°c, pH 8 .0 , and d isso lved  oxygen tension  
of higher than 60% saturation . Monovalent ca tio n s, such as Na+, K+ , and 
Rb+ , stim ulated the conversion rate more than twofold. In the presence of 
0.5 M KC1, the in i t i a l  uptake rate and equilibrium concentration of l i th o -  
cholic  acid were enhanced up to 5 .7 -fo ld  and 1 .7 -fo ld , resp ec tiv e ly . Our 
resu lts  confirmed that the enzyme catalyzing 7g-hydroxylation of lith o c h o lic  
acid was induced by su b strate, lith o c h o lic  acid . The a c t iv ity  of the 
mycelium was controlled  by d issolved  oxygen tension during c u ltiv a tio n .
With d issolved  oxygen tensions of 15% and over, the a c t iv ity  peak was 
observed at 25 h of c u ltiv a tio n , whereas i t  was delayed to 34 and 50 h with
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5 a n d  0% d i s s o l v e d  o x y g e n  t e n s i o n ,  r e s p e c t i v e l y .  A f t e r  r e a c h i n g  t h e  

m a x im u m ,  t h e  7 3 - h y d r o x y l a t i o n  a c t i v i t y  i n  t h e  m y c e l i u m  d e c l i n e d  r a p i d l y  a t  

pH  7 . 0 ,  b u t  t h e  d e c l i n e  w a s  r e t a r d e d  b y  i n c r e a s i n g  t h e  pH  t o  8 . 0 .  A  

c o m b i n a t i o n  o f  s e v e r a l  o p e r a t i o n s ,  i n c l u d i n g  pH  s h i f t  ( f r o m  7 t o  8 ) ,  a d d i ­

t i o n  o f  0 . 5  M K C 1 ,  a n d  d i s s o l v e d  o x y g e n  c o n t r o l ,  w a s  a p p l i e d  t o  t h e  p r o d u c ­

t i o n  o f  u r s o d e o x y c h o l i c  a c i d  i n  a  j a r  f e r m e n t o r ,  a n d  a  m u c h  l a r g e r  a m o u n t  

o f  u r s o d e o x y c h o l i c  a c i d  ( 1 . 2  g / £ )  w a s  p r o d u c e d  w i t h i n  9 6  h  o f  c u l t i v a t i o n .
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P a r t  2 B i o - a d s o r p t i o n  o f  L i t h o c h o l i c  Acid  
i n  t h e  P r o d u c t i o n  o f  UDCA by F.  e q u i s e t i  M41

I n t r o d u c t i o n

As d e s c r i b e d  i n  t h e  p r e v i o u s  p a r t  o f  t h i s  c h a p t e r ,  t h e  c o n c e n t r a t i o n  o f  

LCA s h o u l d  be k e p t  much h i g h e r  tha n  i t s  s o l u b i l i t y  i n  w a t e r  s o l u t i o n  t o  

s e c u r e  a h i g h  p r o d u c t i o n  o f  UDCA. In t h i s  s i t u a t i o n ,  most  o f  t h e  LCA r e ­
ma in s  i n s o l u b l e  d u r i n g  t h e  b i o t r a n s f o r m a t i o n .  A l t h o u g h  much i n f o r m a t i o n  

has  b e e n  a c c u m u l a t e d  on t h e  b i o t r a n s f o r m a t i o n  o f  s t e r o i d a l  com poun ds ,  l i t t l e  

i s  known ab o ut  how i n s o l u b l e  s u b s t r a t e s  i n t e r a c t  w i t h  t h e  m i c r o o r g a n i s m s  

i n v o l v e d .
In  t h e  c o u r s e  o f  t h e  s t u d i e s  on t h e  b i o t r a n s f o r m a t i o n  o f  LCA by F.  

e q u i s e t i  M41, i t  was n o t i c e d  t h a t  t h e  t u r b i d i t y  c a u s e d  by t h e  i n s o l u b l e  LCA 

r a p i d l y  d i s a p p e a r e d .  T h i s  c o u l d  n o t  be e x p l a i n e d  by UDCA f o r m a t i o n ,  and i t  

was found t h a t  t h e  i n s o l u b l e  LCA bound t o  t h e  m y c e l i a  o f  F .  e q u i s e t i  M41.
T h i s  p a r t  d e s c r i b e s  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  LCA b i n d i n g  and t h e  

UDCA p r o d u c i n g  a c t i v i t y ,  and t h e  c h a r a c t e r i z a t i o n  o f  t h e  LCA b i n d i n g  t o  t h e  

m y c e l i a  t o  c l a r i f y  t h e  mechanism o f  UDCA p r o d u c t i o n .

M a t e r i a l s  and Methods

C h e m i c a l s  B i l e  a c i d s ,  h e x a f l u o r o i s o p r o p a n o l , t r i f l u o r o a c e t i c  a c i d
a n h y d r i d e ,  and a c e t o n i t r i l  w er e  p u r c h a s e d  from c o m m e r c i a l  s o u r c e s  a s  men­
t i o n e d  i n  t h e  f i r s t  p a r t  o f  t h i s  c h a p t e r .  L i t h o c h o l i c  a c i d  -  3a s u l p h a t e  

was s y n t h e s i z e d  from LCA by t h e  method o f  Palmer and B o l t  ( 7 5 ) .  9 - A n t h r a n y l
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m e t h y l  e s t e r s  o f  l i t h o c h o l i c  a c i d  and a c e t i c  a c i d  w er e  s y n t h e s i z e d  and 

p u r i f i e d  by t h e  method o f  Baker ( 7 6 )  and t h e  p u r i t y  was c h e c k e d  by h i g h  

p r e s s u r e  l i q u i d  c h r o m a t o g r a p h y .  Other  c h e m i c a l s  w er e  a l l  r e a g e n t  g r a d e .
The p r e p a r a t i o n  o f  c e l l s  The c u l t i v a t i o n  was  p er fo rm ed  i n  a 2 . 5 -  

j a r  f e r m e n t o r  (Type MD-250-3S;  L .E .  M a r u b i s h i , Tokyo)  c o n t a i n i n g  1 . 5  Jl  o f  

medium B, d e s c r i b e d  i n  P ar t  1.  The c u l t i v a t i o n  medium was i n o c u l a t e d  w i t h  

100 ml o f  7 2 - h  c u l t u r e .  The in o c u l u m  p r e p a r a t i o n  i s  d e s c r i b e d  i n  P ar t  1 o f  

t h i s  C h a p t e r .  The t e m p e r a t u r e  was m a i n t a i n e d  a t  2 8 ° c ,  a e r a t i o n  r a t e  at  1 vvm,  
pH a t  7 . 0 ,  and DOT a t  0  -  2% s a t u r a t i o n .  A g i t a t i o n  r a t e  was v a r i e d  t o  a d j u s t  

DOT. A f t e r  40 h o f  f e r m e n t a t i o n ,  pH and DOT w er e  ch an g ed  to  8 . 0  and 60 -  

100% s a t u r a t i o n ,  r e s p e c t i v e l y ,  f o l l o w e d  by t h e  a d d i t i o n  o f  KC1 t o  a f i n a l  

c o n c e n t r a t i o n  o f  0 . 5  M. The c u l t i v a t i o n  was t h e n  c o n t i n u e d  f o r  10 h ,  and 

m y c e l i a  w e r e  c o l l e c t e d  by s u c t i o n  f i l t r a t i o n  and washed t h o r o u g h l y  w i t h  

d e i o n i z e d  w a t e r .
A ssa y  B i l e  a c i d  was a s s a y e d  as  d e s c r i b e d  i n  t h e  f i r s t  p a r t  o f  t h i s

c h a p t e r .  C e l l  mass  was e x p r e s s e d  a s  grams o f  dry  w e i g h t  p er  l  a f t e r  d r y i n g  

a t  8 0 ° c  f o r  24 h .
D e t e r m i n a t i o n  o f  bound b i l e  a c i d  One and a h a l f  g o f  wet  c e l l s  was

s u s p e n d e d  i n  30 ml o f  0 . 1  M T r i s - H C l  b u f f e r  (pH 8 . 0 )  c o n t a i n i n g  t h e  i n d i c a t e d  

amount o f  each  b i l e  a c i d  i n  a 10 0 - m l  Erl enm ey er  f l a s k .  The same b u f f e r ,
0 . 1  M T r i s - H C l  (pH 8 ) ,  was u se d  f o r  s u s p e n d i n g  and w a s h i n g  c e l l s  u n l e s s  

o t h e r w i s e  m e n t i o n e d .  The b i n d i n g  r e a c t i o n  was  p e r fo r m e d  a t  2 8 ° c  a t  a 

s h a k i n g  s p e e d  o f  180 spm f o r  20 m in ,  t h e n  m y c e l i a  w er e  f i l t e r e d  t h r o u g h  a 

s t a i n l e s s - s t e e l  s i e v e  (mesh 1 0 0 ,  p o r e  s i z e  149 ym, I i d a  Co. L t d . )  and washed  

t w i c e  w i t h  30 -m l  p o r t i o n s  o f  t h e  b u f f e r .  To c o m p l e t e l y  e l i m i n a t e  t h e  un­
bound b i l e  a c i d ,  t h e  m yce l iu m  r e m a i n i n g  on t h e  s i e v e  was s u b j e c t e d  t o  f i v e  

c y c l e s  o f  r e s u s p e n s i o n  i n  30 ml o f  t h e  b u f f e r ,  f i l t e r i n g  and w a s h i n g .  The 

6 t h  s u s p e n s i o n  was d i v i d e d  i n t o  10 -m l  and 2 0 -m l  p o r t i o n s  f o r  c e l l  mass  and
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b i le  acid  an a ly se s , re sp e c tiv e ly .
H y d r o p h o b i c i t y  d e t e r m i n a t i o n  o f  b i l e  a c i d  d e r i v a t i v e  H y d r o p h o b i c i t y  

o f  e a c h  b i l e  a c i d  was e s t i m a t e d  from t h e  r e t e n t i o n  t i m e  i n  r e v e r s e - p h a s e  

HPLC, u s i n g  m e t h a n o l : w a t e r  as  t h e  m o b i l e  p h a s e .  The r a t i o  o f  two s o l v e n t s  

was v a r i e d  from 9 0 / 1 0  t o  7 5 / 2 5 .  HPLC a n a l y s i s  was p er fo rm ed  w i t h  a T r i r o t a r  

I I  (Japan S p e c t r o s c o p i c  Co. L t d . )  e q u ip p e d  w i t h  Zorbax-ODS column (Dupont  

I n s t r u m e n t ) , f l o w  r a t e  o f  1 m l / m in  and d e t e c t i o n  a t  210 nm.
S u r f a c e  a r e a  o f  t h e  m y c e l i a  was d e t e r m i n e d  by m e a s u r i n g  t h e  a v e r a g e  

l e n g t h  and a v e r a g e  d i a m e t e r  o f  t h e  m y c e l i a  on p h o t o g r a p h s  t a k e n  a t  3 0 0 - f o l d  

m a g n i f i c a t i o n ,  and a s s u m in g  t h a t  m y c e l i a  can be  r e g a r d e d  a s  c y l i n d r i c a l .
For f l u o r e s c e n t  m i c r o s c o p i c  a n a l y s e s ,  a f l u o r e s c e n t  m i c r o s c o p e  ( t y p e  BH-RFL, 
Olympus C o . )  was u s e d .

P a r t i c l e  s i z e  o f  LCA i n  t h e  i n c u b a t i o n  b u f f e r  was  d e t e r m i n e d  u s i n g  

C o u l t e r  C o u n t e r  ( t y p e  Z B I , C o u l t e r  E l e c t r o n i c s )  w i t h  l a t e x  p a r t i c l e s  

( a v e r a g e  p a r t i c l e  s i z e  4 . 8 6  pm) a s  s t a n d a r d .

R e s u l t s  and D i s c u s s i o n

1.  B i n d i n g  o f  LCA t o  t h e  m y c e l i a  o f  F .  e q u i s e t i  M41
When s u b s t r a t e  LCA was u s e d  a t  a c o n c e n t r a t i o n  o f  1 g p er  l i t e r  or  

h i g h e r ,  more than  60% c o n v e r s i o n  t o  UDCA was a t t a i n e d .  I t  was n o t  c l e a r ,  

h o w e v e r ,  how or  i n  what s t a t e  LCA i n t e r a c t e d  w i t h  t h e  m y c e l i a  d u r i n g  t h e  

c o n v e r s i o n ,  b e c a u s e  LCA was a l m o s t  i n s o l u b l e  i n  w a t e r  ( s o l u b i l i t y  = c a .  15 

mg p er  £)  and more than 98% o f  t h e  LCA would  h a v e  b ee n  u n d i s s o l v e d  a t  t h e  

c o n c e n t r a t i o n  o f  1 g / £ .  To c l a r i f y  t h i s  p o i n t ,  t h e  amount o f  LCA a t t a c h e d  

t o  m y c e l i a  was f i r s t  d e t e r m i n e d  ( F i g .  1 ) .  At c o n c e n t r a t i o n s  a t  wh ich  LCA 

d i s s o l v e s  i n  w a t e r ,  i . e . ,  up t o  15 mg per  £ ,  no LCA was found bound t o  t h e
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F i g .  1 .  E f f e c t  o f  LCA c o n c e n t r a t i o n  on LCA b i n d i n g  t o  t h e
m y c e l i a  o f  F .  e q u i s e t i  M41. ( • ) ,  M y c e l i a  w er e  su s p e n d e d
i n  t h e  b u f f e r  c o n t a i n i n g  t h e  i n d i c a t e d  c o n c e n t r a t i o n  o f  
LCA a s  d e s c r i b e d  i n  M a t e r i a l s  and Methods;  ( A )  m y c e l i a  
( 1 . 0  g - w e t  c e l l )  w er e  s u s p e n d e d  i n  20 ml o f  t h e  b u f f e r  
i n  a d i a l y s i s  t u b e  and t h e  t u b e  was i n c u b a t e d  w i t h  200 ml 
o f  t h e  b u f f e r  c o n t a i n i n g  t h e  i n d i c a t e d  c o n c e n t r a t i o n  o f  
LCA i n  a 50 0 - m l  E r l enm ey er  f l a s k .  I n c u b a t i o n  was p e r ­
formed f o r  4 h .

m y c e l i a ;  b u t  as  LCA c o n c e n t r a t i o n  was  i n c r e a s e d  up t o  5 g p er  £ ,  t h e  amount
o f  bound LCA a l s o  i n c r e a s e d .  At 5 g / £  o f  LCA, 3 1 . 8  mg o f  LCA/g-wet  c e l l
was found a t t a c h e d  t o  t h e  m y c e l i a ,  w h i c h  was e q u i v a l e n t  t o  t h e  b i n d i n g  o f

23 . 0  ug o f  LCA/cm o f  s u r f a c e  a r e a .  From a L i n e w e a v e r - B u r k  t y p e  p l o t ,  t h e  

a p p a r e n t  s a t u r a t i o n  c o n s t a n t ,  ^2 ( b i n d i n g )  o f  1 . 9  g/J l  f o r  LCA was o b t a i n e d .  

At c o n c e n t r a t i o n s  h i g h e r  t h a n  1 g f l y  a l m o s t  a l l  LCA s h o u l d  e x i s t  a s  i n s o l u b l e  

p a r t i c l e s .  T h i s  s u g g e s t s  two p o s s i b l e  modes o f  LCA b i n d i n g :  d i r e c t  b i n d i n g  

o f  t h e  i n s o l u b l e  LCA, and b i n d i n g  o f  o n l y  s o l u b l e  LCA, w h i c h  i s  c o n t i n u o u s l y  

s u p p l i e d  from i n s o l u b l e  LCA.
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To d i s t i n g u i s h  b e t w e e n  t h e s e  two p o s s i b l e  p r o c e s s e s ,  m y c e l i a  w e r e  put  

i n  a d i a l y s i s  t u b e  t o  p r e c l u d e  t h e i r  d i r e c t  c o n t a c t  w i t h  i n s o l u b l e  LCA. As 

shown i n  F i g .  1 ,  l e s s  t h a n  10% o f  LCA was found  w i t h  m y c e l i a  a t  e a c h  LCA 

c o n c e n t r a t i o n  t e s t e d ,  compared w i t h  t h e  amounts  o b s e r v e d  i n  t h e  d i r e c t  

c o n t a c t  w i t h  i n s o l u b l e  LCA. T h i s  i n d i c a t e d  t h a t  most  o f  t h e  bound LCA 

r e s u l t e d  from d i r e c t  b i n d i n g  o f  i n s o l u b l e  LCA. To c o n f i r m  t h i s ,  t h e  

f l u o r e s c e n t  a n a l o g  o f  LCA ( 9 ' - a n t h r a n y l m e t h y l  l i t h o c h o l a t e )  was s y n t h e s i z e d  

and i t s  mode o f  b i n d i n g  was o b s e r v e d  u n d er  a f l u o r e s c e n t  m i c r o s c o p e  ( F i g .  2 ) .

F i g .  2 .  F l u o r e s c e n t  m i c r o s c o p y  o f  t h e  m y c e l i a  i n c u b a t e d  w i t h
f l u o r e s c e n t  a n a l o g  o f  LCA. M y c e l i a  (50  mg) w e r e  i n c u b a t e d  
w i t h  9 ' - a n t h r a n y l m e t h y l  e s t e r  o f  LCA (1 g / l )  i n  2 ml o f  
0 . 1  M T r i s - H C l  b u f f e r  (pH 8 . 0 )  f o r  1 hr a t  2 8 ° c ,  f o l l o w e d  
by r e p e a t e d  w a s h i n g  as  d e s c r i b e d  i n  M a t e r i a l s  and M et h o d s .  
The sa m p le  was o b s e r v e d  un der  a f l u o r e s c e n t  m i c r o s c o p e  
(Type BH-RFL, Olympus C o . ) .

P a r t i c l e s  o f  t h e  f l u o r e s c e n t  LCA d e r i v a t i v e  w e r e  found  a t t a c h e d  t o  t h e  

s u r f a c e  o f  t h e  m y c e l i a ,  w h i l e  t h e  m y c e l i a  i n c u b a t e d  w i t h  c o n t r o l  compound 

( 9 - a n t h r a n y l m e t h y l  a c e t a t e )  d i d  n o t  show any d i f f e r e n c e  from f r e e  m y c e l i a .  

T h e r e f o r e ,  i t  can be  c o n c l u d e d  t h a t  p a r t i c l e s  o f  i n s o l u b l e  LCA b in d  t o  t h e
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s u r f a c e  o f  t h e  m y c e l i a .

To l e a r n  more ab o ut  t h e  b i n d i n g  o f  i n s o l u b l e  LCA t o  t h e  m y c e l i a ,  

s e v e r a l  f e a t u r e s  w e r e  i n v e s t i g a t e d .
Time c o u r s e  s t u d y  o f  t h e  LCA b i n d i n g  ( F i g .  3)  showed t h a t  t h e  b i n d i n g  

was v e r y  r a p i d ,  o c c u r r i n g  w i t h i n  20 s e c o n d s ,  and a l m o s t  c o n s t a n t  v a l u e  was  

o b t a i n e d  u n t i l  60 min.  From a p r a c t i c a l  r e a s o n ,  20  min i n c u b a t i o n  was  u se d  

f o r  f u r t h e r  s t u d y .

2. C h ara c te riz a tio n  of the  LCA binding in  th e  m ycelia '

F i g .  3. Time c o u r s e  o f  LCA b i n d i n g  t o  t h e  m y c e l i a  o f  F.
e q u i s e t i  M41. E x p e r i m e n t a l  c o n d i t i o n s  a r e  i d e n t i c a l  to  
t h o s e  d e s c r i b e d  i n  F i g .  1 ,  e x c e p t  t h a t  t h e  i n c u b a t i o n  
p e r i o d  was v a r i e d .

Two p o s s i b e l  modes o f  i n t e r a c t i o n  b e t w e e n  t h e  m y c e l i a  and LCA w er e  

n e x t  c o n s i d e r e d :  i )  i o n i c  i n t e r a c t i o n  w i t h  t h e  s i d e - c h a i n  COO group i n  

LCA m o l e c u l e ,  and i i )  h y d r o p h o b i c  i n t e r a c t i o n  w i t h  t h e  p o l y c y c l i c  5 3 -  

c h o l a n e  m o i e t y .  I f  t h e  i o n i c  i t e r a c t i o n  p l a y s  t h e  main r o l e  i n  t h e  b i n d i n g ,  

t h e  b i n d i n g  s h o u l d  be l o w e r e d  a t  t h e  a c i d i c  pH w h er e  COOH r a t h e r  t ha n  coo 
becomes  d o m i n a n t .  But from t h e  pH d e p e n d e n c e  o f  t h e  LCA b i n d i n g  ( F i g .  4 ) ,  

i t  i s  a p p a r e n t  t h a t  i n  t h e  a c i d i c  ra n g e  LCA b i n d i n g  i n c r e a s e d  r a t h e r  t h a n
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F i g .  4 .  E f f e c t  o f  pH ๐ท t h e  b i n d i n g  o f  LCA t o  t h e  m y c e l i a  o f  F .  
e q u i s e t i  M41. E x p e r i m e n t a l  c o n d i t i o n s  w er e  e s s e n t i a l l y  t h e  
same as  t h o s e  d e s c r i b e d  i n  F i g .  1 ,  e x c e p t  t h a t  pH was v a r i e d  
For pH 2 . 5  -  6 . 0 ,  0 . 1  M N a - c i t r a t e  b u f f e r  was u s e d ,  and 
f o r  pH 6 . 0  -  8 . 0 ,  0 . 1  M T r i s - H C l  b u f f e r .  As w a s h i n g  b u f f e r ,  
0 . 1  M T r i s - H C l  b u f f e r  (pH 8 . 0 )  was u s e d  a t  each  pH.

d e c r e a s e d .  T h i s  t o g e t h e r  w i t h  t h e  r e s u l t s  t h a t  t h e  bound LCA was n o t  washed  

o f f  w i t h  a h i g h  c o n c e n t r a t i o n  o f  KC1 (up t o  1 M) and t h a t  t h e  p r e s e n c e  o f  

m o n o v a l e n t  c a t i o n s  d u r i n g  t h e  i n c u b a t i o n  w i t h  LCA d id  n ot  a f f e c t  t h e  amount  

o f  bound LCA s u g g e s t s  t h a t  i o n i c  i n t e r a c t i o n  d o e s  n o t  p a r t i c i p a t e  i n  t h e  

b i n d i n g  o f  LCA t o  F.  e q u i s e t i  M41 and t h a t  h y d r o p h o b i c  i n t e r a c t i o n  i s  

p r o b a b l e .
The r e s u l t s  o b t a i n e d  by u s i n g  9 ' - a n t h r a n y l m e t h y l  l i t h o c h o l a t e  w h i c h  

was b l o c k e d  i t s  c a r b o x y l  group as e s t e r  group a l s o  s u p p o r t s  non i o n i c  

mechani sm.
To c l a r i f y  t h i s  p o i n t  f u r t h e r ,  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  LCA 

b i n d i n g  was i n v e s t i g a t e d .  As shown i n  F i g .  5 ,  LCA b i n d i n g  i n c r e a s e d
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F i g .  5 .  T e m p era tu re  d e p e n d e n c e  o f  LCA b i n d i n g  t o  t h e  m y c e l i a  
o f  F .  e g u i s e t i  M41. E x p e r i m e n t a l  c o n d i t i o n s  w er e  e s ­
s e n t i a l l y  i d e n t i c a l  t o  t h o s e  d e s c r i b e d  i n  F i g .  4 ,  e x c e p t  
t h a t  t h e  i n c u b a t i o n  t e m p e r a t u r e  was v a r i e d  i n  t h e  ra n g e  
10 -  4 5 ° c .

s l i g h t l y  w i t h  t h e  i n c r e a s e  o f  t e m p e r a t u r e  w i t h  an Ea v a l u e  o f  0 . 9  k c a l / m o l e ,  

i n d i c a t i n g  t h a t  h y d r o p h o b i c  i n t e r a c t i o n  p l a y e d  t h e  ma jor  r o l e  i n  t h e  LCA 

b i n d i n g  t o  t h e  m y c e l i a .  Ea v a l u e s  f o r  h y d r o p h o b i c  i n t e r a c t i o n s  a r e  u s u a l l y  

l e s s  t h a n  10 k c a l / m o l e ,  and from 10 t o  100 k c a l / m o l e  f o r  i o n i c  i n t e r a c t i o n s .
N e x t ,  we i n v e s t i g a t e d  t h e  b i n d i n g  c a p a c i t y  o f  s e v e r a l  b i l e  a c i d  

d e r i v a t i v e s  w i t h  d i f f e r e n t  h y d r o p h o b i c i t i e s  ( T a b le  1 ) .  A c l o s e  r e l a t i o n ­
s h i p  was o b s e r v e d  b e t w e e n  t h e  h y d r o p h o b i c i t y  o f  t h e  b i l e  a c i d s  and t h e i r  

b i n d i n g  c a p a c i t y ,  i . e . ,  t h e  more h y d r o p h o b i c  a b i l e  a c i d  w a s ,  t h e  more o f  

i t  bound t o  t h e  m y c e l i a .  However ,  t h e r e  were  some e x c e p t i o n s ,  s u c h  a s  58“ 

c h o l a n i c  a c i d  and 3 - k e t o - l i t h o c h o l i c  a c i d .  5 8 - C h o l a n i c  a c i d  h as  no 0H-  

group a t  t h e  3 a - p o s i t i o n ,  and i t s  h y d r o p h o b i c i t y  i s  3 t i m e s  t h a t  o f  LCA; 
but  i t  showed l e s s  b i n d i n g  t h a n  LCA. The r e v e r s e  was t h e  c a s e  f o r  3 - k e t o -  

l i t h o c h o l i c  a c i d ,  i n  w h i c h  3a-0H gr o u p  i s  o x i d i z e d  t o  a  k e t o  gro up  and t h e  

h y d r o p h o b i c i t y  i s  d e c r e a s e d .  I t  showed i n c r e a s e d  b i n d i n g  t o  t h e  m y c e l i a ,
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T a b l e  1 .  C o r r e l a t i o n  b e t w e e n  h y d r o p h o b i c i t y  and t h e  b i n d i n g  
c a p a c i t y  o f  b i l e  a c i d  d e r i v a t i v e s .

Hydrophobicity Amount of bound LCA 
(mg/g wet c e l l )

L i thoc ho l ic  acid  
(3a-0H)
Deoxycholic acid  
(3a,  12a-0H) 
Chenodeoxycholic acid  
(3a,  7a-0H) 
Ursodeoxycholic acid  
(3a,  7-2-OH) 
Hyodeoxycholic acid  
(3a, 6a-0H)
Cholic acid  
(3a, 7a, 12a-0H) 
Dehydrocholic acid  
(3,  7, 12-keto)
58-Cholanic acid  
3 - K e to - l i th o c h o l i c  acid
Lithoc ho l ic  acid  
3 a - s u l f a t e

4.28 22.6

2 . 1 1 1 .8

1.97 2.3
0 .58 0.9
0.99 4.Q
0.86 0.2

0 0.05
14.9 13.0

1.76 54.1
0 1.4

Reverse-phase HPLC was performed as described in Materials  and 
Methods using mobile phases for LCA, deoxychol ic  ac id ,  
chenodeoxychol ic a c id ,  UDCA, c h o l i c  ac id ,  and dehydrocholic  
acid of methanol:H20 = 6:4 (pH 3 .0  with cone. H3PO4); and for  
LCA, 3 - k e t o - l i t h o c h o l i c  a c i d ,  l i t h o c h o l i c  ac id 3 a - s u l f a t e  and 
hyodeoxycholic acid of  methanol ะH20 = 75:25 (pH 5 . 0  with 5 mM 
H3PO4) .  Three ul  of  each b i l e  ac id  s o l u t io n  (1 mg/ml) was in j e c te d .  
Hydrophobicity was determined by the method of Armstrong and 
Carey (73) .  Other experimental cond it ions  are described in  
Materials  and Methods.

i n d i c a t i n g  t h a t  t h e  f u n c t i o n a l  group a t  C-3 was i m p o r t a n t  i n  t h e  b i n d i n g .  

A c t u a l l y ,  b u l k y  s u b s t i t u e n t s  a t  C-3 g r e a t l y  r ed u ced  t h e  b i n d i n g ,  a s  i n  t h e  

c a s e  o f  l i t h o c h o l i c  a c i d  3 a - s u l f a t e ,  a l t h o u g h  t h e  h y d r o p h o b i c i t y  o f  t h i s  

compund was a l s o  d e c r e a s e d .  Th us ,  t h e  o x y g e n  atom a t  C-3 seems t o  p l a y  

an i m p o r t a n t  r o l e  i n  t h e  b i n d i n g ,  p r o b a b l y  t h r o u g h  h y d r o g e n  bond f o r m a t i o n  

o f  b i l e  a c i d s  or  d i p o l e - d i p o l e  i n t e r a c t i o n .
In t h e  b i n d i n g  o f  b i l e  a c i d s  t o  t h e  m y c e l i a  o f  F .  e q u i s e t i  M41, t h e r e  

t h u s  a p p e a r  t o  be two e s s e n t i a l  f a c t o r s  a f f e c t i n g  t h e  b i n d i n g ;  i )  t h e  

h y d r o p h o b i c i t y  o f  t h e  b i l e  a c i d  m o l e c u l e ,  and i i )  t h e  p r e s e n c e  o f  an o x y g e n  

atom a t  C-3 .
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3. C o rre la tio n  between the  LCA binding and UDCA production  (7B-hydroxylating
a c t i v i t y )

B e c a u se  t h e  LCA b i n d i n g  showed s a t u r a t i o n  k i n e t i c s  and a s p e c i f i c  

r e q u i r e m e n t  i n  t h e  s t r u c t u r e  o f  t a r g e t  m o l e c u l e ,  t h e  p o s s i b i l i t y  t h a t  LCA 

b i n d i n g  i s  t h e  a c t i v e  t r a n s p o r t  c o u p l e d  w i t h  7 8 - h y d r o x y l a t i n g  a c t i v i t y  was  

ex am ined by u s i n g  s e v e r a l  i n h i b i t o r s  o f  e l e c t r o n  t r a n s p o r t  ( T a b l e  2 ) .  

However ,  none  o f  t h e  i n h i b i t o r s  s i g n i f i c a n t l y  a f f e c t e d  t h e  amount o f  bound 

LCA, w h i l e  7 B - h y d r o x y l a t i n g  a c t i v i t y  was s i g n i f i c a n t l y  re d u c e d  (KCN or

T a b l e  2 .  E f f e c t s  o f  s e v e r a l  i n h i b i t o r s  on LCA b i n d i n g  and 
UDCA p r o d u c t i o n  by t h e  m y c e l i a  o f  F .  e g u i s e t i  M41.

Final
concentrat ion

Producing
a c t i v i t y

Bound
LCA

(%) (ระ)
None 100 100

Antimycin A 3 yg/ml 00.0 88.0
NaN3 5 mM 57.9 87.2
As 04 10 mM 66.5 105.0
Dicyclohexyl
carbodiimide 2 mM 183.0 87.3
2 ,4 -D in i t ro -  
phenol 1 mM 41.8 85.2
KCN 1 mM 29.2 91.0
Ouabain 1 mM 38.0 1 12 .0
Carbonylcyamide 
m-chiorophenol  
hydorazone (CCCP) 2 pM 30.1 115.0

Experimental condi t ions  are e s s e n t i a l l y  i d e n t i c a l  to 
those described in  Fig. 1 and Materials  and Methods. 
Each i n h ib i t o r  was added at the ind icated concentrat ion  
during the reac t ion.

CCCP) o r  was c o m p l e t e l y  a b o l i s h e d  ( a n t i m y c i n  A ) . T h i s  s u g g e s t s  t h a t  t h e  

main p a r t  o f  t h e  LCA b i n d i n g  i s  n o t  m e d i a t e d  by a c t i v e  t r a n s p o r t ,  a l t h o u g h  

t h e  p o s s i b i l i t y  c a n n o t  be e x c l u d e d  o f  c a r r i e r - m e d i a t e d  t r a n s p o r t .  D i r e c t  

c o u p l i n g  o f  t h e  LCA b i n d i n g  w i t h  7 B - h y d r o x y l a t i n g  a c t i v i t y  i s  u n l i k e l y .
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m y c e l i a  and t h e  7 3 - h y d r o x y l a t i n g  a c t i v i t y  o f  t h e  f u n g u s ,  LCA c o n c e n t r a t i o n
d e p e n d e n c e  o f  t h e  7 3 - h y d r o x y l a t i n g  a c t i v i t y  was me as ure d  u s i n g  r e s t i n g  c e l l s
( F i g .  6 ) .  The 7 3 - h y d r o x y l a t i n g  a c t i v i t y  showed a s i m i l a r  c o n c e n t r a t i o n
d e p e n d e n c e  t o  t h a t  o f  t h e  LCA b i n d i n g :  a t  l o w e r  LCA c o n c e n t r a t i o n  t h a n  t h e
s o l u b i l i t y ,  no a c t i v i t y  was o b s e r v e d ,  but  a t  h i g h e r  LCA c o n c e n t r a t i o n  tha n
t h e  s o l u b i l i t y ,  t h e  7 B - h y d r o x y l a t i o n  i n c r e a s e d  w i t h  t h e  i n c r e a s e  o f  LCA
c o n c e n t r a t i o n .  A L i n e w e a v e r - B u r k  t y p e  p l o t  g a v e  t h e  K 1 f o r  LCAm a p p a r e n t
o f  1 . 8 5  g / £ >  w h i c h  a g r e e d  w e l l  w i t h  t h a t  o b t a i n e d  f o r  LCA b i n d i n g  t o  t h e  

m y c e l i a .  T h e r e f o r e ,  i n s o l u b l e  LCA a t t a c h e d  t o  t h e  m y c e l i a  seems t o  c o r r e l a t e  

s t r o n g l y  w i t h  t h e  7 3 - h y d r o x y l a t i n g  a c t i v i t y  o f  t h e  m y c e l i a .  T h i s  t o g e t h e r  

w i t h  t h e  d a t a  i n  T a b l e  2 on t h e  r e l a t i o n  b e t w e e n  7 6 - h y d r o x y l a t i n g  a c t i v i t y  

and t h e  LCA b i n d i n g  s u g g e s t s  t h a t  LCA b i n d i n g  i s  p r e r e q u i s i t e  f o r  h i g h  73 -  

h y d r o x y l a t i n g  a c t i v i t y .

To fu r th e r  in v e s tig a te  the  c o r re la t io n  between the LCA binding to the

F i g .  6 .  E f f e c t  o f  LCA c o n c e n t r a t i o n  on UDCA f o r m a t i o n  by t h e
r e s t i n g  c e l l s  o f  F .  e q u i s e t i  M41. E x p e r i m e n t a l  c o n d i t i o n s  a r e  
s i m i l a r  t o  t h o s e  d e s c r i b e d  i n  F i g .  1 .  O ther  e x p e r i m e n t a l  
c o n d i t i o n s  a r e  d e s c r i b e d  i n  t h e  t e x t .
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To i n v e s t i g a t e  t h e  mechani sm by w h i c h  i n s o l u b l e  LCA a t t a c h e d  t o  t h e  

m y c e l i a  s t i m u l a t e d  t h e  73- h y d r o x y l a t i o n , r e l e a s e  o f  bound LCA by r e p e a t e d  

w a s h i n g  w i t h  30% d i m e t h y l  s u l f o x i d e  was ex am ined  ( F i g .  7 ) .  The amount o f  

bound LCA d e c r e a s e d  g r a d u a l l y  by r e p e a t e d  w a s h i n g  w i t h  30% DMSO, bu t  l e v e l l e d  

o f f  a t  20  mg LCA b o u n d / g  w e t - c e l l .  T h i s  amount o f  b i n d i n g  r e p r e s e n t e d  40% 

o f  t h e  amount o f  LCA bound a f t e r  r e p e a t e d  w a s h i n g  w i t h  0 . 1  M T r i s - H C l  

b u f f e r .  T h e r e f o r e ,  o f  t h e  t o t a l  amount o f  bound LCA, 60% seemed t o  be  

a t t a c h e d  t o  t h e  s u r f a c e  o f  t h e  m y c e l i a  and t o  be  r e m o v a b le  by m i l d  w a s h i n g ,

0 2 4 6 8 า๐ 12
Washing (Times)

F i g .  7. R e l e a s e  o f  bound LCA by r e p e a t e d  w a s h i n g  w i t h  30% 
d i m e t h y l  s u l f o x i d e  ( •  ) and t h e  b u f f e r  d e s c r i b e d  i n  
M a t e r i a l s  and Methods ( o ) -  M y c e l i a  w e r e  i n c u b a t e d  a t  an 
LCA c o n c e n t r a t i o n  o f  5 g / £ ,  t h e n  r e p e a t e d l y  washed e i t h e r  
w i t h  t h e  b u f f e r  c o n t a i n i n g  30% d i m e t h y l s u l f o x i d e  o r  w i t h  
j u s t  t h e  b u f f e r .
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and 40% t o  b e  e n c l o s e d  w i t h i n  t h e  c e l l .  From t h e  a v e r a g e  c e l l  volume  

d e t e r m i n a t i o n ,  t h e  i n t r a c e l l u l a r  LCA c o n c e n t r a t i o n  was c a l c u l a t e d  t o  be  

2 1 . 5  g o f  LCA/ l ,  a s s u m in g  t h a t  t h e  t i g h t l y  bound LCA i s  d i s t r i b u t e d  e v e n l y  

w i t h i n  t h e  c e l l .  T h i s  LCA c o n c e n t r a t i o n  o f  2 1 . 5  g / £  was 1433  t i m e s  h i g h e r  

tha n  t h e  s o l u b i l i t y  o f  LCA i n  t h e  r e a c t i o n  m i x t u r e  ( 0 . 0 1 5  g / £ ) .  T h u s ,  i t  

can be c o n c l u d e d  t h a t  t h e  b i n d i n g  o f  i n s o l u b l e  LCA t o  t h e  s u r f a c e  o f  t h e  

m y c e l i a  g r e a t l y  i n c r e a s e d  t h e  i n t r a c e l l u l a r  c o n c e n t r a t i o n  o f  LCA, and 

r e s u l t e d  i n  en h an ce d  enzyme a c t i v i t y .

D i s c u s s i o n

The r a t e  o f  UDCA p r o d u c t i o n  was found  t o  b e  d e p e n d e n t  on t h e  c o n c e n t r a  

t i o n  o f  s u b s t r a t e ,  LCA, when t h e  c o n c e n t r a t i o n  o f  LCA was i n  t h e  ra n g e  o f
0 . 2  -  1 . 0  g / £ ,  w h i c h  i s  much g r e a t e r  tha n  t h e  s a t u r a t i o n  c o n c e n t r a t i o n  o f  

LCA o f  a b o ut  15 m g/£ .  I t  was a l s o  d e t e r m i n e d  t h a t  when t h e  c o n c e n t r a t i o n  

o f  LCA i n  t h e  f e r m e n t a t i o n  b r o t h  was l e s s  tha n  15 mg/ £ ,  UDCA was n o t  p r o ­
d u c e d .  M a i n t e n a n c e  o f  LCA c o n c e n t r a t i o n  i n  t h e  f e r m e n t a t i o n  b r o t h  a t  a 

c e r t a i n  l e v e l  t h e r e f o r e  a p p e a r s  t o  be r e q u i s i t e  f o r  i n c r e a s i n g  t h e  c o n c e n ­
t r a t i o n  o f  p r o d u c t .  In t h e  c a s e  o f  3a ,15g-DHC p r o d u c t i o n ,  w h i c h  w i l l  be  

d e s c r i b e d  i n  Chapter  4 ,  p r o d u c t  f o r m a t i o n  was s t i m u l a t e d  by f e e d i n g  a d d i ­
t i o n a l  LCA i n t o  t h e  f e r m e n t a t i o n  b r o t h  when i t  became d e p l e t e d .  S i n c e  

UDCA p r o d u c t i o n  i n v o l v e s  t h e  same c u l t i v a t i o n  medium and t h e  same s u b s t r a t e  

LCA, one  mig ht  e x p e c t  t h e  s i m i l a r  r e s u l t  i n  im p r o v in g  t h e  p r o d u c t i o n  o f  

UDCA, a l t h o u g h  t h e  s t r a i n  was n o t  sam e.  In t h e  l a s t  e x p e r i m e n t  d e s c r i b e d  

i n  P ar t  1 ,  UDCA p r o d u c t i o n  d e c r e a s e d  a s  t h e  c o n c e n t r a t i o n  o f  LCA d e c r e a s e d ,  

and f i n a l l y  c e a s e d ,  p r e s u m a b ly  when LCA c o n c e n t r a t i o n  f e l l  b e l o w  t h e  s a t u r a  

t i o n  c o n c e n t r a t i o n  v a l u e .  But when 1 g / £  o f  LCA was f e d  b e f o r e  i t s  c o n c e n -
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t r a t i o n  had f a l l e n  t o  t h e  s a t u r a t i o n  c o n c e n t r a t i o n ,  UDCA p r o d u c t i o n  c o n ­
t i n u e d  and r e a c h e d  a h i g h e r  l e v e l .

Summary

B i o a d s o r p t i o n  o f  a h y d r o p h o b i c  p r e c u r s o r ,  LCA, t o  t h e  m y c e l i a  o f  F .
e q u i s e t i  M41 was s t u d i e d  i n  r e l a t i o n  t o  t h e  c o n v e r s i o n  o f  LCA t o  UDCA. I t
was r e v e a l e d  t h a t  t h e  b i n d i n g  o f  LCA t o  t h e  m y c e l i a  i n v o l v e d  a h y d r o p h o b i c
i n t e r a c t i o n ,  n o t  i o n i c .  The amount o f  bound LCA i n c r e a s e d  w i t h  i n c r e a s e  i n
LCA c o n c e n t r a t i o n ,  a l t h o u g h  a l m o s t  a l l  LCA e x i s t e d  a s  i n s o l u b l e  p a r t i c l e s
i n  t h e  h i g h e r  c o n c e n t r a t i o n  r e g i o n .  The amount o f  LCA bound t o  t h e  m y c e l i a
was n e g l i g i b l e  when i t s  c o n c e n t r a t i o n  was l o w e r  tha n  i t s  s o l u b i l i t y  i n
w a t e r  ( 0 . 0 1 5  g I t ) .  The e s s e n t i a l  n a t u r e  o f  t h e  b i n d i n g  o f  i n s o l u b l e  LCA
f o r  UDCA f o r m a t i o n  was d e m o n s t r a t e d  by t h e  ag reem en t  o f  t h e  h a l f  s a t u r a t i o n
c o n s t a n t  i n  t h e  b i n d i n g  o f  LCA w i t h  t h e  K , ___  f o r  t h e  t r a n s f o r m a t i o nm a p p a r e n t
o f  LCA t o  UDCA. From t h e  amount o f  t i g h t l y  bound LCA w h i c h  r e s i s t e d  re m ov a l  

by d i m e t h y l s u l f o x i d e , t h e  i n t e r n a l  LCA c o n c e n t r a t i o n  was found t o  be  a b o u t  

1 4 0 0 - f o l d  h i g h e r  tha n  i t s  s a t u r a t e d  c o n c e n t r a t i o n  i n  t h e  r e a c t i o n  m i x t u r e .
Thus ,  i t  can be  c o n c l u d e d  t h a t  F .  e q u i s e t i  M41 b i n d s  i n s o l u b l e  

p a r t i c l e  o f  LCA by h y d r o p h o b i c  i n t e r a c t i o n .  The bound LCA s t i m u l a t e s  t h e  

UDCA p r o d u c i n g  a c t i v i t y  o f  F .  e q u i s e t i  M41 by r a i s i n g  t h e  i n t e r n a l  LCA 

c o n c e n t r a t i o n  f a r  h i g h e r  t h a n  i t s  s o l u b i l i t y .
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