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Optimization of Fusion Proinsulin Production by High Cell-density 
Fermentation of Recombinant E. col i  
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The optimum conditions for mass production of fusion proinsulin were studied in re- 
combinant Escherichia coli strain BL21 (DE3) [pT7-PI] using fed-batch culture employing 
pH-stat method. Yeast extract was found to enhance both the growth rate of recombinant E. 
coli strain BL21 (DE3) [pT7-PI] and its cell mass yield. When the glucose concentration was 
i0 g/L in the initial medium, I0 g/L concentration of yeast extract was found to be optimal to 
control the acetate production and to augment both the cell mass yield and the growth rate. 
Optimum ratio of glucose to yeast extract to minimize the cost of the feeding medium in the 
fed-batch culture was calculated to be 1.225 and verified by the subsequent experiments. 
The appropriate inducer concentration and induction time were examined with isopropyl-~- 
D-thiogalactopyranoside (IPTG). Irrespective of the induction time, IPTG induction result- 
ed in the reduction of growth rate, but the expression level of the fusion protein was main- 
tained at the level of about 20% of the total proteins. Since the volumetric productivity was 
well maintained in the range between 0.15 and 0.18 g/L.hr at the inducer concentration of a- 
bove 0.025 raM, the appropriate inducer concentration, in relation to the inducer cost, is con- 
sidered to be about 0.025 raM. 
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INTRODUCTION 

Heterologous expression of na tura l ly  scarce eu- 
karyotic proteins in Escherichia coil has provided a 
more abundant source of these proteins for clinical use. 
The efficient production of these proteins necessitates 
to optimize each step of host selection, gene cloning, 
high cell-density culture, protein purification, etc. Op- 
timization of the high cell-density culture is one of the 
major requirements in obtaining high productivity in a 
fermentation process. Up to now, fed-batch culture 
technique has been mainly used for mass culture of re- 
combinant E. coll. To supply nutrients to the fermentor 
in fed-batch culture, various feeding system have been 
developed, such as predetermined feeding system [i], 
DO-star system [2-5], pH-stat system [6-7], and system 
using on-line glucose analyzer [8] etc. In this study, pH- 
stat method where nutrient addition is triggered by 
the pH change was used. 

Among the various factors to be considered for high 
productivity in a fermentation process, lowering ace- 
tate concentration is one of the problems to be solved. 
It has been reported by many researchers that under 
excessive glucose concentration even in the aerobic con- 
dition, E. coli produces acetate (E. coli Crabtree effect), 
which inhibits cell growth [1, 2, 9, 10] and product syn- 
thesis [10]. Ammonia is another substance to be con- 
sidered since E. coli growth was reported to be rapidly 
inhibited when ammonia concentration is above 170 
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mM [11]. To maintain protein expression level (specific 
protein productivity) at high cell-density culture, 
plasmid stability should be maintained for overall 
period of culture. It was known that several factors af- 
fect plasmid stability, and Hopkins et al. [12] reported 
that DO limitation is one of the environmental stresses 
that gave rise to plasmid segregation of recombinant E. 
coll. Therefore, considering all previous results for 
high density culture of recombinant E. coli by fed- 
batch culture technique, it is desirable to maintain DO 
concentration at least above 10% of that saturated by 
air, glucose concentration at low level to inhibit ace- 
tate accumulation, and ammonia concentration below 
170 raM. 

In addition to the several factors described above, 
medium composition is also important. Usually, one or 
several complex nitrogen sources are added to the medi- 
um to increase cell growth rate and to enhance cell 
mass yield [8]. Yeast extract has been used to increase 
cell growth rate and cell mass yield [8, 16, 17]. The op- 
timum concentration of yeast extract, however, in re- 
lation to the carbon source has not been well studied. 

In this study, we aimed at the medium optimization 
for high cell-density culture ofE. coli, in consideration 
of the minimum medium cost and the optimum con- 
centration ratio of glucose to yeast extract. Also, we 
have determined the induction time and the optimum 
inducer concentration to maximize the volumetric pro- 
ductivity of target protein. 

MATERIALS AND METHODS 

Bacterial Strain and Plasmid  System 
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The  E. coli host s t rain used in this s tudy was BL21 
(DE3) [ F  ompT rB ~ mB-] whose chromosome carries 
the  gene for T7 RNA poly~nerase, lacI gene and lacUV5 
promoter  gene. pT7-7 plasmid, originally developed by 
Studier  et al. [15], was used as an expression vector sys- 
tem.  Proinsulin was fused at  the amino te rminus  to an 
N - t e r m i n a l  57 r e s idue  sequence  of h u m a n  t u m o r  
necrosis factor-a (TNF-c~) for the ease of down s t ream 
processing. The gene for the fusion proinsulin was in- 
ser ted  into the restr ict ion sites of the pT7-7 plasmid to 
construct  recombinant  expression vector system pT7- 
PI. When expressed in recombinant  E. coli strain, the 
fusion protein was accumulated as inclusion bodies. 

C u l t i v a t i o n  an d  Media  

C o n t r o l l e d  f e r m e n t a t i o n s  were  p e r f o r m e d  in a 
BioFlo III 5L fe rmen to r  (New Brunswick Scientific 
Co.), equipped with an embedded multiloop controller 
which regulates  agitation, temperature ,  dissolved ox- 
ygen, pH and nu t r ien t  addition. Nutr ien t  addition by 
pH-s ta t  method  was controlled with the program AFS 
(Advanced Fe rmen ta t ion  Software), provided by the 
manufac ture r .  During fermentat ion,  air  and/or pure 
oxygen were supplied at  a ra te  of 1-1.5 vwr, to main- 
ta in  the dissolved oxygen concentrat ion greater  than 
50% of tha t  sa tura ted  by air. The fermentat ion tem- 
pe r a tu r e  was controlled at  37~ and the pH at 7.0 by ad- 
ding 3N NaOH during batch culture period. In a fed- 
ba tch  culture,  medium was added automatical ly  by 
AFS whenever  the  culture pH becomes higher  than  
7.04. An overnight culture in LB medium was used as 
an  inocu]um for all experiments.  Ampicillin was added 
to inhibit  the growth of plasmid-free cells and con- 
taminants .  Antifbam A (Sigma Chemical) was used to 
suppress  the foam formation. Glucose, MgS04" 7H20 
and trace metals were sterilized separately.  Thiamine- 
HC1, ampicillin and IPTG were filter-sterilized with a 
0.22 ~LM filter (Millipore) before use. The medium com- 
position for fed-batch cultures is listed in Table 1. 

Analy t i ca l  P r o c e d u r e s  

The  optical density (OD) of each sample was measur-  
ed at 600 nm wi th  a UV-visible spect rophotometer  
(UltraspecIII ,  Pharmacia) .  One optical densi ty  unit  
was exper imental ly  determined to be 0.424g dry  cell 
weight/L. Glucose and acetate  concentrations were det- 
e rmined  using a clinical glucose analyzer  (YSI model 
2300 plus) and an enzyme kit (Bohringer mannhe im 
Co.), respectively.  The ammonia  concent ra t ion  was 
measu red  with a pH/ion mete r  (Mettler delta 350) and 
an  a m m o n i a  combina t ion  electrode (Corning). Ex- 
pression level of the fusion proinsulin was examined 
wi th  sodium dodecyl sulfate-polyacrylamide gel elec- 
t rophoresis  (SDS-PAGE) and quantified by scanning 
the  s ta ined bands  with densi tometer .  P lasmid sta- 
bil i ty was de te rmined  by  counting colonies on agar 
plates  (LB medium) with and without  100 mg/L am- 
picillin. Five serially di luted samples were used for cell 
counting. In all fed-batch cultures performed in this 
study, plasmid stabili ty was well mainta ined by near ly  
100%. 

R E S U L T S  A N D  D I S C U S S I O N  
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Table 1. The medium composition for fed-batch cultures 

Components Initial medium Feeding medium 
(g/L) (g/L) 

KH2PO4 5.00 0 
K2HPO4 3.00 0 
(NH4)2SO 4 1.67 1.50 
FeSQ. 7H20 0.10 0 
CaCI2- 2H20 0.02 0 
MgSO4.7H20 2.00 1.50 
Trace metal 80 m]/L 0 
Thiamine-HCI 0.10 0 
Ampicillin 0.20 1 
Glucose 10.00 variable 
Yeast Extract variable variable 

It  has  been  repor ted  tha t  yeas t  ext rac t  promotes  
both cell growth of recombinant  Bacillus subtilis 1A96 
and production of the target  protein [8]. Similar effects 
were investigated on the growth of recombinant  E. coli 
BL21 (DE3) [pT7-PI], by performing two batch cul- 
tures  using the initial media (Table 1) containing 0 g/L 
and 5 g/L y ea s t  ext rac t ,  respect ively .  10 g/L con- 
centrat ion of glucose as a carbon source was used in 
the initial medium. Specific growth ra te  (~) and cell 
mass yield (Y.~s: cell optical densi ty produced/glucose 
mass consumed) in the medium without  yeas t  extract  
were 0.164 hr  1 and 0.22 O.D./g glucose, respectively. 
On the  other hand, specific growth ra te  and cell mass 
yield in the medium with 5 g/L yeas t  extract  were near- 
ly doubled, with the values of 0.30 hr ~ and 0.42 O.D./g, 
respectively. These results  indicate tha t  the addition 
of yeas t  extract  increases both the growth ra te  of re- 
combinant  E. coli BL21 (DE3) [pT7-PI] and the cell 
mass yield. 

O p t imiza t io n  of Yeast  Extract  C o n c e n t r a t i o n  in  
Ini t ia l  M e d i u m  of  Fed -b a tch  Cul ture  

The opt imum initial concentrat ion of yeast  extract  
was tes ted by varying the concentrat ion of yeast  ex- 
t rac t  from 0 to 60 g/L. The glucose concentrat ion was 
fixed at  10 g/L. F ro m  each ba t ch  cul ture ,  kinet ic  
pa ramete r s  were calculated and plotted in Fig. 1 and 2. 
Fig. 1 shows the effect of yeas t  extract  on cell mass 
yield (Y~) and acetate yield (Yp/~: acetate  concentrat ion 
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Effec ts  of Yeast  Extract  on  the  G r o w t h  of  Re- Fig. 1. Effects of G/Y on kinetic parameters (initialglucose 
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Fig. 2. Effect of yeast extract concentration on specific 
growth rate. 

produced/glucose  concent ra t ion  consumed).  Yp/.~ re- 
mains  constant  when the concentrat ion ratio (G/Y) of 
glucose (10 g/L) to yeas t  extract  is above 1, but  Yp/~ was 
inversely proport ional  to G/Y when the G/Y ratio is be- 
low 1. This indicates tha t  excess nitrogen against  car- 
bon has an enhancing effect on acetate production path- 
way. In subsequent  experiments  with various G/Y ra- 
tios, it was shown tha t  the cell mass yield (Y.~.J in- 
creases as the G/Y ratio decreases. Fig. 2 exhibits the ef- 
fect of yeas t  extract  on specific growth rate.  The spec- 
ific growth ra te  reached a maximum value (-0.40 hr ~) 
when the level of yeast  extract  is above 10 g/L. Since 
aceta te  is a major  inhibitor of cell growth [1, 2, 9, 10], 
its excessive accumulation at the batch period in a fed- 
ba tch  culture is not desirable. By considering the con- 
ditions where low Yp,s and high Y~,~ and m are  required, 
the  opt imum concentrat ion of yeast  extract  was found 
to be about  10 g/L at  10 g/L of initial glucose con- 
centration.  

Optimizat ion of  Glucose/yeast Extract Ratio (G/ 
Y~o) in the Feeding  Medium of Fed-batch Culture 

Optimizat ion of feeding medium composition is im- 
por tan t  to achieve high growth rate  and high cell-den- 
s i ty  cost-effectively. As shown in Table  1, cost de- 
t e rminan t s  of feeding medium are glucose and yeast  ex- 
tract .  To find out the effect of G/Y~ (glucose/yeast ex- 
t rac t  rat io in the feeding medium) on Y~.~ (cell optical 
dens i ty  produced/glucose mass consumed in a fed- 
batch period), exper iments  were carried out at several 
different concentrat ion ratios (G/Y(~), 150/30, 150/75, 
150/100, 150/150, 180/150 and 220/150, respectively. 
The  re su l t  was p lo t ted  in Fig. 3 and from the ex- 
per imenta l  data, Y_~.~ is expressed by power equation 
as follows: 

Y,.j~ = 1.069 (G/Y~) 0.s4v (1) 

Eq. (1) is useful in the culture conditions in which the 
glucose concentrat ion dur ing fed-batch period is main- 
ta ined at  the very low level (it was main ta ined  below 
100 mg/L in our experiments),  enough to inhibit  the 
ace t a t e  product ion .  Compar ing  Fig. 3 wi th  Fig. 1 
(batch resul t  with acetate  production), it appears  tha t  
ace ta te  production reduces the cell mass yield to car- 

1.25 

1.00- 

0.75 

0.50 

0.2 

o 
o 

O 

I t o �89 ~, 6 

G/Y(f) 
Fig. 3. Effect of G/Y,t, (glucose/yeast extract ratio in fe- 
eding medium) on Y.x,s,~ (cell optical density produced/glu- 
cose mass consumed in a fed-batch period). 

bon source considerably and tha t  fed-batch cul ture 
without Crabtree  effect shows higher  yield. 

Calculation of  Optimum Feed ing  Medium Com- 
posi t ion (G/Y(D 

In the fed-batch culture to obtain high cell-density, it 
is preferable to optimize feeding medium composition 
as follows: 1) minimization of medium cost, 2) use of 
small volume of feeding medium to prevent  excessive 
increase of working volume, and 3) main tenance  of 
high growth rate. 

Maximum solubilities of glucose and yeas t  extract  
were exper imental ly  de termined  to be 600 and 350 g/L, 
respectively.  Also, m a x i m u m  solubilit ies of glucose 
and yeast  extracts  in a mixture  were obtained with 
stepwise increase of glucose from 150 g/L to 500 g/L 
with 50 g/L interval. The resul ts  are displayed in Table 
2. These maximum solubilities of glucose and yeast  ex- 
t r ac t  in m ed i a  were  used  to ca lu la te  the  feeding 
volume and the cost of the feeding medium. The fe- 
eding volume of medium (VJ is calculated from the fol- 
lowing equations: 

CG • V~=MG (2) 

Mc • Y~s(~=OD~ • V~-ODi • Vi (3) 

Vr=Vi+Vt (4) 

From Eqs. (2), (3) and (4) 

Vt=(ODrODi) x Vi/(Y~s~ • CG-ODf) 
when Y~s(~ x CG>ODf (5) 

where Cc is the glucose concentrat ion (g/L) of the fe- 
eding medium, Vt is the feeding volume of medium (L) 
and MG is the  total  glucose mass (g). OD~ and ODf desig- 
nate  the initial OD of 6.0 and the desired final OD of 
100 and Vi and Vr denote the initial working volume of 
2.415 L and the final working volume (L). As shown in 
Table 2, the volume of the feeding medium becomes 
min imum when G/Y(~ is between 1.225 and 1.714, and 
the medium cost becomes min imum when G/Y~ is in 
the vicinity of 2.397. Therefore,  in consideration of fer- 
menter  size to be used, opt imum G/Y~ is thought  to be 
located between 1.225 and 2.397. 
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Table 2. The estimated costs and volumes according to G/Y~ (glucose/yeast extract ratio in feeding medium) at  maximum 
solubility. The costs of glucose and yeast extract were based on the price list of Difco Co. Specific cost indicates the ratio of fe- 
eding medium cost fed to total medium volume (Vi+Vt) 

Glucose Yeast extract Feeding medium Feeding medium Specific cost 
(g/L) (g/L) GfY~ Y~s~o volume fed (L) cost fed ($) ($/Vr) 

150 262 0.573 1.450 1.932 68.3 15.7 
200 233 0.858 1.162 1.715 56.7 13.7 
250 204 1.225 0.957 1.630 50.1 12.4 
300 175 I. 714 0.796 1.636 46.5 1 i. 5 
350 146 2.397 0.663 1.719 44.8 10.8 
400 117 3.419 0.546 1.917 45.6 10.5 
450 87 5.172 0.437 2.349 50.0 10.5 
500 58 8.621 0.329 3.519 66.9 11.7 

The Determinat ion of  Optimum Feeding  Medi- 
u m  Composi t ion (G/Y(~) by Experiment  

To ver i fy  the  above ca lcu la ted  o p t i m u m  ra t io  of 
g lucose/yeas t  extract ,  fed-batch  f e rmen ta t ions  were 
p e r f o r m e d  u s i n g  four  d i f f e r e n t  c o n c e n t r a t i o n s  of 
glucose/yeast  extract,  200/233, 250/204, 300/175 and 
350/146, respect ively (Fig. 4). Dur ing each fed-batch 
period, the  glucose concentrat ion was well ma in ta ined  
a t  the m i n i m u m  level below 100 mg/L, which was low 
enough to inhibit  the aceta te  production. And the  final 
a m m o n i a  concentrat ion was below 30 mM, much small- 
er  t han  170 mM which has  been repor ted  to inhibit  cell 
growth by Thompson  et al. [11]. After  the s t a r t  of fed- 
ba tch  period, ace ta te  s t a r t ed  to be consumed by glyoxy- 
late  bypass  of E. coli and its level was ma in t a ined  be- 
low 0.5 g/L. When  the ra t ios  of G/Y~ were 300/175 and 
350/146, respectively,  high cell-density was  not achiev- 
ed due to the  rapid  decrease of growth rate .  Bu t  in the 
cases  of G/Y~r~ with  250/204 and 200/233, much  im- 
proved growth pa t t e rn s  were  found. The exper imenta l  
va lues  of Y~.~, feeding m ed i um  volume, and its cost 
were  0.941, 1545 ml and 47.55 for G/Yc~ rat io  of 250/204, 
and  1.1786, 1640 m] and 54.25 for G/Y~ rat io  of 200/233, 
respect ively .  These  da t a  were s imi lar  to calculated 
resul ts  shown in Table  2. F rom these  results ,  it is con- 
sidered t ha t  op t imum G/Y(~ is in the vicinity of 1.225. 

D e t e r m i n a t i o n  of  I n d u c t i o n  Time U s i n g  Op- 
timized Medium 
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Fig. 4. The growth curves according to G/Y,~ (glucose/yeast 
extract ratio in feeding medium) (O : 350/146; V: 300/175; o : 
250/502; [] : 200/233). 

The effect of induction t ime  on cell g rowth  and ex- 
press ion  level was  de t e rmined  us ing  the  above op- 
t imized init ial  and  feeding media.  I P T G  was added 
into the cul ture broth  at  three  different s tages  of cell 
dens i ty  (OD of 30, 50 and  67) to give a f inal  con- 
centra t ion of 2.0 mM. As shown in Fig. 5, the  addition 
of inducer causes  reduction of cell growth ra te ,  which is 
main ly  due to the  uti l ization of cellular mach ine ry  for 
the  synthes is  of ta rge t  protein. Similar  effect was  also 
observed in o ther  chemically inducible gene expression 
sys tems  [13-14]. The expression level has  reached to 
the m a x i m u m  level of 20% in 3 hrs  af ter  induction in 
all cases (data not shown). This  indicates t h a t  the ex- 
press ion level of fusion proinsulin is not affected by the 
induction t ime  between OD of 30 and  67. F rom these 
results ,  it was  decided t h a t  the  o p t i m u m  induction 
t ime for mass  product ion of fusion proinsul in  us ing re- 
combinant  BL21 (DE3) [pTT-PI] is OD of 67 at  this  ex- 
pe r imenta l  r ange  (OD of 30 - OD of 67). These  resul ts  
suggest  t ha t  the induction in high cell-density culture 
ofE.  coli BL21 (DE3) [pT7-PI] is preferable  to be done 
in the late s tage of the growth phase.  

Determinat ion of  Inducer Concentrat ion Using 
Optimized Medium 

The o p t i m u m  inducer concentrat ion was  examined 
with  var ious IPTG concentrat ions be tween  0.01 and 2.0 
nUM. I P T G  was added into the  cul ture  bro th  when OD 
reached  about  OD of 67. The resul ts  are shown in Fig. 6. 
I t  was  found t h a t  the  growth ra t e  is inversely  pro- 
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Fig. 5. The effects of inducer concentration on the cell 
growth (D : 30; z~: 50; o : 67 of induction OD). 
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Fig. 6. The effects of inducer  concentrat ion on the cell 
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Fig. 7. The effects of inducer concentration on the fusion 
proinsulin expression rate and level (~ : 0.01; �9 : 0.025; r : 
0.05; �9 : 0.25; D : 0.5;~: 1.0;~: 2.0 mM). 

portional to the inducer concentration of between 0.025 
and 0.5 mM. On the other hand, the growth rate was 
not affected by the variation of inducer concentration 
below 0.025 mM or above 0.5 mM. Fig. 7 shows fusion 
proinsulin synthesis rate and maximum expression lev- 
el at various inducer concentrations. Above 0.05 mM of 
IPTG, fusion proinsulin was expressed to a maximum 
level between 20 and 23% in 3 hrs after induction and 
their synthesis rates were similar irrespective of in- 
ducer concentration. Below 0.05 mM of IPTG, however, 
the synthesis rate of the fusion proinsulin and the max- 
imum expression level appeared to reduce as the in- 
ducer concentration decreased. At 0.025 mM of IPTG, 
for example, the time required to reach a maximum ex- 
pression level of 18%, was 5 hrs after induction and fu- 
sion proinsulin synthesis rate reduced slightly. At 0.01 
mM of IPTG, the maximum expression level was only 
5.9% and the synthesis rate reduced remarkably. Final 
volumetric fusion proinsulin productivities were cal- 
culated with respect to the inducer concentration. 
When the inducer concentrations were 0.01, 0.025, 
0.05, 0.25, 0.5, 1.0, and 2.0 raM, the corresponding final 
volumetric fusion proinsulin productivities were cal- 
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culated to be 0.052, 0.162, 0.187, 0.170, 0.156, 0.152, 
and 0.170 g/L.hr, respectively. Since the volumetric 
productivity was well maintained between 0.15 and 
0.18 g/L.hr when IPTG level was above 0.025 raM, it 
was considered that about 0.025 mM of the inducer con- 
centration, in relation to the inducer cost, is appro- 
priate. 
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