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SUMMARY 

We s t u d i e d  h i g h  cel l  d e n s i t y  c o n t i n u o u s  c u l t u r e  (HDCC) of  a 
r e c o m b i n a n t ( E ,  coh'HBIOI(pPAKS2)) a n d  a m u t a n t ( E ,  coli ATCC 11105) 
s t r a i n s  of  E. coli p r o d u c i n g  p e n i c i l l i n  a c y l a s e ( P A ) .  U s i n g  p u r e  
o x y g e n ,  h i g h  cel l  d e n s i t y  u p  to 95 g / l  was  o b t a i n e d  w i t h o u t  s i g n i f i -  
c a n t  i n h i b i t i o n  %y a main b y p r o d u c t ,  a c e t i c  ac id .  The  o p e r a t i o n  was  
s imp le  a n d  p r o d u c t i v i t y  was  s e v e r a l  t imes  h i g h e r  t h a n  t h o s e  of  
c o n v e n t i o n a l  b a t c h  a n d  c o n t i n u o u s  c u l t u r e .  D i s s o l v e d  o x y g e n  l eve l  
a n d  CO2 c o n c e n t r a t i o n  w e r e  i m p o r t a n t  v a r i a b l e s ,  a n d  g l u c o s e  c o n -  
c e n t r a t i o n  w a s  n a t u r a l l y  r e g u l a t e d  in HDCC. 

INTRODUCTION 

C o n t i n u o u s  o p e r a t i o n  a n d  h i g h  cel l  d e n s i t y  a r e  d e s i r a b l e  f o r  

t he  h i g h  p r o d u c t i v i t y  of  f e r m e n t a t i o n .  H o w e v e r ,  c o n t i n u o u s  o p e r -  

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

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

low ce l l  c o n c e n t r a t i o n  (Mell ing,  1977). A h i g h  ce l l  d e n s i t y  c u l t u r e  

r e q u i r e s  s u f f i c i e n t  o x y g e n  s u p p l y ,  c o n t i n u a l  f e e d i n g  of  s u b s t r a t e s  

w i t h o u t  i n h i b i t i o n ,  a n d  minimal  f o r m a t i o n  of  i n h i b i t o r y  b y p r o d u c t s  

( L a n d w a l l  a n d  Holme, 1977). As m e a n s  of  h i g h  ce l l  dens i ty~  c u l t u r e  

d i a l y s i s  ( L a n d w a l l  a n d  Holme, 1977), f e d - b a t c h  (Mori e t  al . ,  1979) , 
a n d  r e c y c l e  c u l t u r e  ( R o g e r s  e t  al . ,  1980) w e r e  t r i e d .  T h e s e  s y s t e m s  
a c h i e v e d  h i g h  cel l  d e n s i t y  t h a t  c o u l d  n o t  be  o b t a i n e d  w i t h  a c o n -  

v e n t i o n a l  b a t c h  m e t h o d .  Bu t  f e d - b a t c h  is t h e  o n l y  m e t h o d  c u r r e n t l y  
u n d e r  c o m m e r c i a l  p r a c t i c e .  T h e  o t h e r  two m e t h o d s  p r e s e n t  some  
o p e r a t i o n a l  d i f f i c u l t i e s  o r  r e q u i r e  some  s u b s i d i a r y  e q u i p m e n t  t h a t  
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a re  not  economical.  I f  c o n t i n u o u s  c u l t u r e  can be o p e r a t e d  a t  h igh  
cell  de ns i t y ,  it will have  a g r e a t  a d v a n t a g e  in p r o d u c t i v i t y  wi thou t  
a ny  addi t iona l  a p p a r a t u s .  So f a r  HI)CC has been  s t u d i e d  on ly  fo r  
p r o d u c i n g  s ingle  cell  p r o t e i n  (Hofmann and Heisel, 1984). Al though  
E. col i  has been widely  used  as a hos t  of  gene  c loning ,  h igh  d e n -  

s i t y  cu l t iva t ion  of  th is  microbe was d i f f i cu l t  due  to the  i n h i b i t o r y  
b y p r o d u c t  fo rmat ion  such  as ace t i c  acid (Landwall  and Holme, 1977). 
From ou r  e x p e r i e n c e s  of membrane  r e c y c l e  c u l t u r e  (Lee and  Chang,  
1988), we d i s c o v e r e d  t ha t  the  most impor t an t  f a c t o r s  fo r  h igh  d e n -  

s i t y  c u l t u r e  were  the  minimization of an i n h i b i t o r y  b y p r o d u c t  

(acet ic  acid),  g lucose  limitation, and  a d e q u a t e  D.O. con t ro l .  High 
cell  d e n s i t y  or  h igh medium c o n c e n t r a t i o n  did not  p r e s e n t  a n y  
problems.  So we p r a c t i s e d  HDCC w h e r e  g lucose  could  be n a t u r a l l y  

limited. 
In the  p r e s e n t  s t u d y ,  we r e p o r t  on HDCC of  a r e c o m b i n a n t  and 

a mutant  s t r a i n :  of  E. col i  p r o d u c i n g  PA. PA is an i n d u s t r i a l l y  
impor t an t  enzyme t ha t  h y d r o l y s e s  penic i l l ins  in to  6-aminopenic i l lan ic  
ac id  (6-APA) u s e d  as  a p r e c u r s o r  of  s e m i s y n t h e t i c  a n t i b i o t -  

ics(Vandamme and Voets, 1974). 

MATERIALS AND METHODS 

Bacter ia l  s t r a ins :  E. coI~IB101(pPAKS2) and E. col i  (ATCC 11105) 
were  used .  The fo rmer  is a gene t i ca l l y  e n g i n e e r e d  s t r a i n  f o r  p r o -  
duc ing  penici l l in acy lase .  In  th is  s t r a in ,  PA p r o d u c t i o n  is no t  
r e p r e s s e d  by  g lucose  and  need  not  be i nduced  with p h e n y l a c e t i c  
acid (Kim e t  al., 1983). But the  r e v e r s e  is t r u e  fo r  the  l a t t e r .  
Media: The medium YL1 cons i s t ed  of (g/ l ) :  y e a s t  e x t r a c t  5, casamino 
acid 5, p h e n y l a c e t i c  acid 1, K2HPO4 0.5, MgSO4.7H20 0.1, CaCh 0.01, 
t r a c e  metal 0.1 ml. And YL2 (g/ l ) :  g lucose  10, y e a s t  e x t r a c t  5, 
casamino acid 5, K2ItPO4 0.5, MgSO,.7H20 0.2, CaCh 0.02, Vit.B1 
0.001, t r ace  metal 0.1 ml. T r ace  metal so lut ion con ta ined  the  follow- 
ing  m i n e r a l s  in g/1 5N-HCI: FeSOi.7H20 10, MnSO4.nH20 10, 
A1C13.6H20 10, COC12 4, ZnSO,.7H20 2, Na2MoO4.2H20 2, CuCh.2HzO 1, 
H3BO4 0.5. 
Exper imenta l  se tup :  Ja r  f e rmen te r (500  ml) of  New Brunswick  Sc i en -  
t if ic Co. was used .  Hollow fiber(I .D.=l.Smm, O:D.=2.5mm, molecular  
we igh t  cut-off=50,000) was p u r c h a s e d  from B e r g h o f  Co.(Germany) 
and the  c a r t r i d g e  was made in o u r  l a b o r a t o r y  and  i ts  to ta l  s u r f a c e  
a rea  was 600 cm ~. Schemat ic  d iagram of the  whole s e t u p  was shown 
in F igure  1. 
Assay: Cell c o n c e n t r a t i o n  was de t e rmined  by  measu r ing  opt ica l  
d e n s i t y  a t  600 nm(Beckman S p e c t r o p h o t o m e t e r  model 35). Glucose 
was a s s a y e d  enzymat i ea l ly  with g lucose  a n a l y z e r  k i t (Yeongdong  
Pharm. Co.). Organic  ac ids  were  ana lyzed  with FID gas  c h r o m a t o g -  
raphy(Gow Mac 750, column; 10Z Carbowax 20M on Chromosorb  WAX 
80/100 mesh).  We measu red  CO2 c o n c e n t r a t i o n  with Orsa t  gas  a n a -  
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I y z e r ( H a y s  R e p u b l i c  Co.) a n d  D.O. w i t h  a g a l v a n i c  t y p e  D.O. 
p r o b e ( T o k y o  Rikak ika i  Co.). V i s c o s i t y  was  m e a s u r e d  wi th  Os twald  
v i s c o m e t e r .  PA a c t i v i t y  was  d e t e r m i n e d  b y  m e a s u r i n g  6-APA s p e c -  
t r o p h o t o m e t r i c a l l y  t h a t  was p r o d u c e d  f rom the  r e a c t i o n  in a 25 
mg/ml  pen i c i l l i n -G  so lu t i on  in a 50 mM p h o s p h a t e  b u f f e r ( p H = 7 . 5 )  a t  
37~ One unit was defined as activity producing I IJ-mole 
6-APA/hr. 
CuILure condition: Culture temperature was 280C and pH was 
maintained at 7.0 with 4N-NH4OH solution. D.O. level was manually 
controlled at 50-60% of air saturation with air, oxygen enriched air 
or pure oxygen according to the oxygen demand and gas flow rate 
was regulated at I vvm. 

filterate,product ~-- i 

Figure I. Schematic diagram of the experimental setup: 
l.fermenter,2.filter,3.D.O, monitor,4.pH controller,5. 
acid solution,6.alkali solution,7.medium bottle. 

RESULTS AND DISCUSSION 

F i g u r e  2 s h o w s  a t y p i c a l  e x p e r i m e n t a l  r u n  of  h i g h  cell  d e n s i t y  

c o n t i n u o u s  c u l t u r e  wi th  E. eohTIB101(pPAKS2). B a t c h  c u l t u r e  was  

p e r f o r m e d  fo r  the  f i r s t  16.5 h o u r s  a n d  cel l  c o n c e n t r a t i o n  r e a c h e d  

5.4 g/1. Glucose ,  a c e t i c  ac id  and  p r o p i o n i c  ac id  c o n c e n t r a t i o n s  w e r e  

0.5, 0.9, a n d  0.5 g/l, r e s p e c t i v e l y .  T h e n  we s t a r t e d  m e m b r a n e  

r e c y c l e  c u l t u r e  t o  incre,use cell  mass.  DtJring the  r e c y c l e  c u l t u r e  

ace t i c  ac id  and  p r o p i o n i c  ac id  c o n c e n t r a t i o n s  i n c r e a s e d  to 3 and  1 

g / l ,  r e s p e c t i v e l y .  Glucose: concenLraLion  was  0.,5-0.1 g/1 a t  t he  

e a r l y  o p e r a t i o n  and  was l imited afLer  23 h o u r s .  When the  cel l  c o n -  

c e n t r a t i o n  r e a c h e d  a b o u t  83 g / l ,  we s t a r t e d  c o n t i n u o u s  r u n  aL a 

d i lu t ion  r a t e  of  0.06 h r  -l. The  cell c o n c e n t r a t i o n  d e c r e a s e d  to 84 
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g/l. The acetic acid and propionic acid concentrations were main- 

tained at around 0.5 and 1 g/l, respectively. During the continuous 

culture glucose concentration remained at nearly zero. It is thought 

that the reduced acetic acid formation resulted from the glucose 

limitation which could be naturally obtained in continuous culture. 

We emphasize that membrane recycle culture was used to speed 

up the cell mass build-up in the fermenter. Fed-batch culture 

could also be used as well for this purpdse (data not shown here). 

Cell concentrations in HDCC are shown in Figure 3 as a function of 

dilution rate. Cell concentration with 15xYL2 was about 95 g/l while 

that with 10xYL2 was 64 g/l, which indicates that the supplied glu- 

cose was converted to cell mass stoichiometrically. The run with 

20xYL2 produced so high a solid content up to 120 g/l that we 

could not continue the run because of high viscosity, poor mixing, 

and insufficient oxygen supply. The cells were washed out at a 

dilution rate of 0.18 hr -I which was less than the maximum specific: 

growth rate (0.28 hr -l) at the batch culture. The early washout 

may be due to the combined influences of growth inhibitory factors 

such as high CO2 concentration, Oz toxicity, and high osmotic 

pressure of cell broth. Gas phase COz concentration increased up 

to 28 % in this particular experiment, which was found to be a 

function of gas flow rate, medium concentration, and dilution rate. 

Even though P.O. was maintained at about 50 % air satut'ation, use 

of pure oxygen may give an inhibitory effect on cell growth. While 

O2 and COz had influences on specific growth rate and yield, that 

of CO~ was more significant (Fig.4). As D.O. is not maintained at 

high level even with pure oxygen, CO2 would be a main operational 

variable to be controlled in high density culture. Cell broth may 

exert high osmotic pressure which gives a negative effect on cell 

growth because of high medium concentration used. In fact, cell 

growth was retarded at flask culture with the centrifuge superna- 

rant of broth with nutrients supplemented. Another possibility was 

that foam might be one of the causes of cell washout (Thomas and 

Winkler, 1977). 

For comparison E. coli(ATCC 11105) producing PA from chromo- 

somal DNA was also cultured (Fig.5). Since YLI medium did not con- 

tain g l u c o s e ,  a c e t i c  a c i d  f o r m a t i o n  was  minimal  (<0.2 g / l )  c o m p a r e d  

to t he  c a s e  of t h e  r e c o m b i n a n t  s t r a i n .  At t he  s p e c i f i c  g r o w t h  r a t e  

of 0.3 h r - ' ,  d i s s o l v e d  o x y g e n  l e v e l  d r o p p e d  to z e r o  e v e n  w i t h  p u r e  

o x y g e n  a t td  v i g o r o u s  a g i t a t i o n ,  in  t h a t  c a s e  maximum p r o d u c t i v i t y  

was  l imi t ed  b y  o x y g e n  t r a n s f e r  r a t e .  As h e a t  r e m o v a l  was  a t r o u -  

b l e s o m e  p r o b l e m  e v e n  in t h i s  smal l  f e r m e n t e r ,  i t  w o u l d  be an  

i m p o r t a n t  d e s i g n  p a r a m e t e r  in  a l a r g e  s c a l e  f e r m e n t e r  f o r  h i g h  

d e n s i t y  c u l t u r e .  U n l i k e  o t h e r  r e c o m b i n a n t  c e i l s ,  E. 

coh]-IB101(pPAgS2) was  v e r y  s t a b l e  a n d  i t s  s p e c i f i c  a c t i v i t y  was  
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a b o u t  6 u n i t s / r a g  t h r o u g h o u t  the  e x p e r i m e n t .  In  t h e  p r e s e n t  

e x p e r i m e n t ,  we o b t a i n e d  t h e  maximum p r o d u c t i v i t y  of  13 g / 1 . h r ,  

wh ich  c o u l d  h a v e  b e e n  i n c r e a s e d  f u r t h e r  b y  o p t i m i z a t i o n .  I t  is  more  

t h a n  t e n  t i m e s  h i g h e r  t h a n  t h a t  of  s imp le  b a t c h  c u l t u r e .  HDCC n e e d  

no t  be  n e c e s s a r i l y  o p e r a t e d  f o r  a l ong  t ime a t  t h e  r i s k  of  d e g e n e r -  

a t i on  and contami:lation. Several batches or equivalent generations 

will guarantee higher productivity than any other culture methods. 

Moreover, HDCC is advantageous because it does not require any 

auxiliary apparatus such as a membrane filter. 

A c k n o w l e d g e m e n t :  A u t h o r s  a r e  g r a t e f u l  to  Dr. Kang  H.S. o f  
Seou l  Na t i ona l  U n i v e r s i t y  f o r  his  k i n d  d o n a t i o n  of  E. coIfIIBIO1 
(pPAKS2). 
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