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       and  A  Kinetic Model for Enzyme  Production
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                             Abstract
    '

    Monascms sp. newly  isolated from soil  was  used  for a-galactosidase

predu.ction. a-Galactosidase  is an  intracellular enzyme  induced by galactose,
melibiose,

 raflinose, or stachyose.  It was  considered  to be useful  to employ

glucosg as .a 
cheap  carbon  souree  for cell  growth, followed by enzyme

mduction
 wrth  galactose. Ammonium  nitrate  was  used  as the  nitrogen

source
 for enzyme  production. The  optimum  conditions  for cell  growth

and  enzyme  production were  determined, as  were  the  optimum  conditions
for enzyme  reaction.  When  gulu¢ ose  and  galactose were  supplied  simul-
taRgoufily,  this mold  utilized  glucose  before the  initiation of  galactose
utilization  for a-galactosidase  production. Cell growth was  diauxic.

    Sing]e-stage continuou$  culture  of  this mold  was  barried out  and  the

:･m,piki.cgk,co.n.s.t:{;h',ln,:.oi".eg,g
'".s,,E'heeti{;,ri'2xa/r?3.6,egaedAeg,s,eiL.{ro.w,t:

concentraiion  of more  than  2.25× 10'`g!ml, glucose repressed  galactose
consumption  and  cr-galactosidase  production. Galactose competitively  ,in-
hibited glucose  consumption  by this mold

in shift-down experiment  were  quite diifei,.llLIS,.S.teaehY.'S,t,at:･.'8A9.fttiP."pshgp..i
periment. For the first time,  

"hysteresis"
 phenomena  in continuous  culture

were  observed.  The  authors  proposed  a kinetic model  for the  enzyme
production, including intracellular reactions;  the constants  at the molecular
level     that         could  not  be determined experimentally  were'estiriiated.  Several

ktiangegiCcollltE.Sn:iogusWec;ueitfi?eM. 
Pared

 
with

 
the

 
experirrientai

 data from a singie.

                               Introduetion

    It is well  known  in the  beet sugar  industry that raMnose  inhibits the  crystalli-
zation  of sucrose.  Suzuki et al.i) have described a  method  by which  raflinose  was

enzymatically  decomposed by a-galactosidase-producing  microorganisms.  This method
improved the  crystallization  eMciency  and  the y{eld of sucrose.  The  present  authors
isolated from soil  a  mold  exhibiting  an  appreciable  a-galactosidase  activity, but with
'only

 a  slight  invertase activity.  This paper  deals with  the  effect  of  ctilture  conditions

oh  the  a-galactesidase  production. ln additiQn  a single-stage  continuous  culture  was

carried  out  with  the  object  of measuring  some  of  the  empirical  ¢ onstants･  used  in
kinetlc equations  for cell growth  and  sugar  consumption.  Based on  this work,  the
authors  proposed a  kinetic model  for the  enzyme  production  in this system.
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                          Materials'a'nd Methods

1. Strain The  morphological  characteristics  of  the isolated fungus grown  on

Koji extract  agar  were  as follows: mycelium  well  developedi, branched, afid septate,

forming conidia,  cleistotheeium,  spores  many;  red  pigment. This mold  was  identi-

fied, hased on  these results,  as a  Monascus sp., and  was  used  in this work.

                                                                  NH`NOs,2. Media  The growth medium  was  composed  of  20gof  glucose, 5gof

5g  of  KH2POd, 1g  of' MgS04･7H20, and  O.lg of  yeast extract  in 1000 ml  of  tap

witer,  pH  4.5. The  induction medium  contained  5g  of  galactose, 5g  of NH4NOs,

5g  of KH2P04,  and  1g  of  MgSO.-7H20  in 1000ml  of  tap  water,  pH  4.5.

3. Cultivations Batch cultures  for the  determination of  optimurn  media  com-

position were  carried  out  in a  500ml  flask (liquid volume=  100ml). The  fiask

                                                   continuous  cultivations  to
was  sliaken on  a  rotary  shaker.  Batch cultivations  and

examine  cell  growth and  enzyme  production were  carried  out  in a  10l jar fermentor

(liquld volume=4l).  The  agitatian  speed  was  500rpm  and  the ae;ation  rate  was

1vvm.  Sinee the optimum  temperatures  for cell growth and  enzyme  production

were  30eC  and  350C, respectively,  these  ternperatures  were  adopted  in this work.

The  optimum  pH  was  the same,  4.5, for both cell growth and  enzyme  induction.

                                                                      .lth4. Crude enzyme  solution  (]ells were  harvested by filtration, washed

distilled water,  and  grourid with  quartz sand  to a  paste. The  paste was.  suspended

in an  amount  of  O.1M  acetate  buffer (pH 4.5) equal  to the  original  volume  of  the

sample  harvested and  the suspension  was  used  as  crude  enzyme  so!ution,  The

enzyme  was  not  inactivated under  these conditions.

5. Enzyme  assay  a-Galactosidase  was  assayed  by the modified  Dey's method.2)

An  appropriately  diluted enzyme  solution  (O.2ml) in acetate  buffer (O.1M, pH  4.5)

was  ineubated at  500C  with  O.2 ml  of  10 mM  p-nltrophenyl-a-D-galactoside (PNPG)
solutitm  for 10min. The reaction  was  stopped  by adding  5.0ml' of  a  sodium

carbonate  solution  (O.1M). The  solution  was  centrifuged  (5000 rpm,  5min)  and

the clear  supernatant  was  assayed.  The  yellow  color  of  p-nitrophenol thus  developed

was  measured  by deterrnining the optical  density at 405mpt. A  blank using  inacti-

vated  enzyme  (treated at 1ooOC, 3 min)  was  conducted  in parqllel and  duly

corrected  for. 
'The

 specified  conditions  gave  a  1inear relationship  between product

formation and  the amount  of  enzyme,,  or  time  of incubation, provided  that the

extinction  of  the final test solution  did not  exceed  O.85.

    One unit  of enzyme  
'aetivity

 was  defined as  the  amount  of  enzyme  requried  to

hydrolyse 1 ttrnole of  PNPG  per  min.

6. Determination  of sugars  Total sugbrs  were  determined by the phenol-sulfate

rriethod.  ･Glucose  and  galactose were  determlned using  the glucose oxidase,  
"gluco-

stat",  and  galactose oxidase,  
"galaCtostat",

 methods.  (Reagents were  obtained  frorn

the  Worthington  Biochemical Corp.･, U.S.A.) ･
 .,,

7. Determination of  cell  rnasis  Cells were  filtered and  dried at  900C  for 24hr,

and  weighed.  A  constant  dry weight  was  achieved  using  this procedure.

8. Analysis of the  kineti¢  model  A  digital computer  was  used  for the analysis

of 'the kinetic model.  Constants' at  the  molecular  level that could  not  be determin

experimeritally were  esitimated  bY trial and  error.  

'
 .

.
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1. The  effect  of  pH  and  temperature  on  the enzyme  reaetion  The effect of

pH  on  the  enzyme  reaction'was  examined  (Fig. 1-a). Aeetate buffer (O.IM)
was  used  in this  experiment.  The optimum  pH  of  cr-galactosidase  activt'ty･lies  at

pH  4.5. The effeet of,･temperature  on  the  enzyme  reaction  is shown  in IFig. 1-b.
The reaction'  ae  each  temperature  was  carrietl out  at  pH  4.5 for 10 min.  Apparent

enzyme  activity  was  the highest at  600C.  Since the  enzyme  might  be inactivated

at  this temperature,  the heat stability  of  the enzYrne  was  examined  (Flg. 1-c). Crude
enzyme  solution  was  maintained  at  each  temperature  for 30 min prior to the enzyme

reaction  at  300C  for 10 min.  The  enzyme  was  inaetivated at  550C  or  more  in

this condition.  On'the  
'basis

 of  this data, a temperattire of 509C  was  used  for the
measurement  of enzyme  activity.  

'
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 Fig. 1-a. Effect of  pH  on  en-

   zymereaction.  Acetatebuffer

   (O.1M) was  used.
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Fig. 1-b. Effect of  temperature

  on  the  enzyme  reaction.  En-

  zyme  reactioR  was  carried  out

  at  each  tcmiperature  at pH
  4.5 for 10 min.
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Fig. 1-c. Effect of  heat treat-

  ment  en  enzyme  mactlvatlon.

  Crude  enzyme  solutibn  was

  treated  at  each  tanperature

  for 30 min  prior te the en-

  zyme  reaction  at  300C  at  pH
  4. 5  for 10 rnin.

'2.
 Effect of  carbon  sources  on  a-galactosidase  production To  examine  the

effect  of  carbon  sources  on  a-galactosidase  pr'oducti6ri, vlatious  sugars  were  used

instead of glucose  in the  growth  medium.  The  relationsih-ip  between carbon  source

and  a-galactosidase  production is shown  in Fig. 2. Galactose, melibioSe,  raffinose,

and  stachyose  induced a-galactosidase  yielding high epzyme  activity,.  while  other

sugars  yielded very  little a-galactosidase.  Hognes  et''al.e) reported  that galactose

and  a-galactoside  facilitated the  a-galactosidase  productign  of  AerobcuteT' aerogenes.

Suzuki et  al.') reported  that  a-galactosidase  of  Mortierezaa vinacea  and  Streptombtces
sp.  were  induced by galactose, lactose, melibiose,  and  raffinose.  In this--culture,

most  of  the'enzyme  was  present in the  mycelium,  while  very  little enzYme  was

present in the  culture  filtrate: Thus the a-galactosidase  of this mold  is an  intra-

cellular  enzyme.  . 
".



The Society for Bioscience and Bioengineering, Japan

NII-Electronic Library Service

The  Society  forBioscience  and  Bioengineering,  Japan

636 T..Imanaka, Z  Kaieda, K. fato,･,and HL /:I:agi4chiCJ.  Fer nent.  TeChnol.,

6LucosEXYLOSERHAMNoSEGALACTOSE

ARABINOSE
FRucTosEMANNosESORBOSEINoslToL"IANNITOLSORBITOL}IELIBIOSE

MALTosESUCROSELAcTosEMFFINOSE

STACHYOSE
iNUL!NDExTRINSTARCHo

    50RELATIvE
 AcTrVITy

100

,, L./

Fig. 2. a-Galaetosidase'prbcluctior!  by

   sp.  with  variQus  carbon  sources.

   Basal mediyun:

      Sugar 2%  Cby wt)
      NH,NO,  o1 5%
      KH,PO,  O. 5%

      Mgso,･7H,o  o,1%

      Teinperature 30?C

Mbnascsts

b

3. Examination  of  the media  and  conditions  for cell  growth  and  enzyme

production  The  effect  of  nitrogen  sources  on  enzyme  productian  is shown  in

Table 1. The  concentration  of  the nltrogen  source.  was  O.5%  (by wt).  Maximum

relative  enzyme  activity  was  obtained  with  amrnonium  nitrate.  The effect of

ammonium  nitrate  coricentration  on  enzyme'production  is shown  in Tal]le 2. The

maximum  specific  enzyme  activity  was  obtained  with  O.3 and  O.5%  of  ammonium

nitrate.  The effect of galactose concentration  on  enzyme  production is shown  in

Table 3. Cells grown  in the growth  medium  at  300C  for 15 hr were  filtered and

Table  1. Effect of  thenltrogensource  on  enzyme  preduction.

Nitrogen soureeRelative  enzymeactlvlty Basal mediiim

Peptone(NH,),SO,

KNOsUreaNH,NO,

100

 2120

 e135

Galactose

KH,PO,
Mgso,･7H,o
Nitrogen source  added
Tap  water  was  used.

1.0%  (by wt)
O. 5%O.

 1%O.5%

Initial pH  was  4.5, but pH  was  not  controlled  during batch culture.

Table 2. Effect.of amnlcmivm  nitrate  conoentratip4  onenzyrpeformatien.

NH,NO,
(%  by wt)

Cell mass
(mglml)

  ime  activity･

(unitslml of  medium)･Specihc

 enzyme  activity

 (unitslmg of  oe1ls)

O.1O.3
 

･

O.51.02.0

!O. 4Q11,7811.

 3511.
 2011.
 10

1.505.765.

 535.104.

 88

O. 144O.
 489O.
 487e.
 455Ol
 439

Basal medium;  galactase:  O.5%  (by wt), KHsP04:  O.5%,  MgSO`･7H20:  O.l%. Tem-

perature: 30eC. Tap  water  was  used.

Initial pH  was  4. 5, but pH  was  not  oantrolled  during batch eulture.
Calls grown  in glucose medium  were  fltered, washed  with distMed water,  and  transferrod into
the  induction medium  containing  galactose.

'
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Table 3. Effect of  galactose  concentration  on  enzyme  production.

Galactose concentration

    (% by wt)

Cell mass

(mglml)
  Enzyme  activity  Specifu enzyme  activity

(unlts!mi ef medium)  (unitslmg of celIs)

2.01.0O.5O.1O.

 05O.
 Ol

11. 6011.309.

 558.
 107.
 557.

 29

5. 165.
 074.
 521.
 611.
 08O.
 77

O.445O.
 "9O.
 474O.
 199O.143O.

 105

      Basal medium  for enzyme  inductienz NH,N03,  O. 5%  ; KH2PO`,  O. 5%; MgSO,･7H20, O. 1%.

     Tap  water  was  use[l.  Temperature  wa{i  35eC.

      Initial pH  was  4.5, but pH  was  not controUed  during enzyme  production.
     Cells grown  in glucx)se medium  were  Mtered, wached  with  distilled water.  and  transferred  inte
     the  induction medium  containing  galactose.

washed  with  water  and  then  transferred  into the  induction rrredium  (350C) containing

various  concentrations  ef  gala¢ tose. The  maximum  specific  enzyme  activity  was

obtained  at  O.5%  galactose. The  effect  of  metal  ions on  enzyme  production  was  also

examined.  Zn++, Ba++, Ca++, Fe++, Co++, Pb",  and  Mn"  affected  enzyme  production
negatively.

    The  optimum  temperatures  for cell growth  and  enzyme  production  were  300C
and  350C, respectively.  The  optimum  pH  for both cell  growth  and  enzyme  production
was  the  same,  4.5, and  in the  range  of  pH  3.0 to  5.0, scarcely  any  differences in
cell  growth  or  enzyme  production  were  observed.

4. Time  courses  of  batch culture  Glucose grown  cells  were  filtered and  used

to  inoculate a  galactose medium  (galactose was  used  instead of  glucose in the

growth  medium).  The  time  course  of  cell growth and  a-galactosidase  production
on  galactose is shown  in Fig. 3. The  pH  was  controlled  with  NaOH.  The  enzyme

was  produced  in parallel with  cell  growth. Figure 4 shows  the linear relationship

 I?b;t

 2El:gi

o

iij

ro

?)t

gl･k

EJ,

ggg

        O2"6  3 ro ll 14 ra ua pm

           trT[VATJOHTIt-E O,T)

Fig. 3. Time  courseof  cel1 growth  and  a-galacto-

   sidase  production on  galactose at  30eC.

   -  galactose, e  cel1  mass,  o  a-galactosidase,

   A  pH.

   The  inoculum consisted  of  glucose grown  ce11ls.

'akts:):i2L..);r:1!kG

   o
       l23455789  10

      CELL MASS  {MgfMl OF  MEDIUtO

Fig. 4. Relationship between a-galactosidase  in
   whole  ce11s  and  the  mass  of  the  cells.

   This  data was  chtained from batch culture

   with galactese.
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between a-galactosidase  activity  and  the amount  of  cells  during batch cultivation.

As  previously  noted  this a-galactosidase  was  an  intracellular enzyme.  Figure 5

sihows the results  of  a  batch culture  in which  a  mixture  of  glucose and  galactose

was  used  as  the carbon  source  instead of glucose alone.  When  glucose and  galactose
were  thus  supplied  simultaneously,  this mold  utilized  glucose before the initiation
of  galactose utilization  and  a-galactosidase  production. When  the glucose was

nearly  consumed,  this mold  began to utilize  galactose and  a-galactosidase  was

produced.  The ¢ ell growth  was  typically diauxic.
  T

                                   Fig. 5. Time  course  of cell  giowth  and  ct-galacto-

     o'･] sidase  production  in the medium  containing

               glucose  and  galaetose.

     ft  
iO

 The inoculum consisted  of  glucose grown  ce1ls,

     ts pH  was  contrelled  with  NaOH,
     .O,2

     i Medium:

     :t g Galactose o. 3%  (by wt)

     I  )' Glucose 1%

. I･i i gilg･,69Ii:,.,. ES2
     g/  Yeast e,uact  O. Ol%

      O  D  glucese -  galactose e  oell  mass

               aLT[vaTiowT[re {hT) O  a-galactosidase

5. Enzyme  inductiom and  repressien  Enzyme  induction by galactose and  its

repression  by glucose  were  examined  (Fig. 6). Cells grown  in the glucose  mediuTn

at  30eC  for 15hr  were  filtered and  then  transferred into the induction medium

(350C). This mold  began to produce cr-galactosidase  80 min  later, and  continued

enzyme  production for 2hours.  Glucose was  added  during the production  of

enzyme.  The  addition  of O.05%  or  more  glucose apparently  repressed  the production
of  a-galactosidase.

       D,5

           Fig. 6. Effect of  glucose on  a-galactosidase  pro-

      
Ages

 
duction.

       v  Cells grown  on  glucose  were  filtered, washed

       # with  distil1ed water  and  placed  into the induc-
in･]J,Eeo,2{:lo,Iss

        e co mo  lm

              T]vE (mln)

6. Single-stage continuous

gtilactosidase control  system

were  carried  out  at  300C

source.  Continuous cultures

various  growth  conditions.

     tion medium.  An  ar:ow  indieates glucose

     addition.  Temperature: 350C.

     Induction medium:

 Galactose O.5%  (by wt)
 NH,NO,  O. 5%

 KH,PO,  O. 5%
 MgSO,･7HtO  O.1%

 xD
 m  PH  4.5

   culture  KnorreS) examined  the  behavior of  a  B-
 in continuous  culture.  Single-stage continuous  cultures

or  350C. Glucose or  galactose was  used  as  the  carbon

   of  this mold  conformed  to Monod's  equation  under

 The  results  are  shown  in Table 4. Glucose gives higher

                                   NII-Electronic  Mbrary
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Table 4. Data  of  continuous  cultivation  at  ytirious  conditions.

Carbon source Temperature (OC) pem (1/hr) K} (gll) Y

GlucoseGlucoseGalactose

G41actose

30353035 e. 215O.
 190O.
 208O.
 162

O. 154O.
 154O.
 258O.
 3on

O. 530O.
 377O.
 516O.
 361

values  of  the maximum  specific  growth  rate,  pt., and  cell yield constant,  Y; and

lower values  of  the saturation  constant,  K,  than  does galactose. When  the  same

sugars  were  used,  higher values  of  the  maximum  specific  growth rate  and  cell  yie!d
and  lower or  unchanged  values  of  the saturation  constant  were  obtained  at  300C
compared  to 350C. Figure 7 shows  the results  of  a  single-stage  continuous  culture

in which  2%  glucose and  O.5%  galactose were  used  as  carbon  sources.  When  the

dilution rate was  changed  from a low to a  high vaJue  (shift-up experiment),  a

given set  of  steady-state  values  was  obtained.  One characteristic  feature of  this

system  is the  discontinuity at  a  dilution rate  equal  to O.142 11hr. Another  feature
is that the 

"washout"
 state  is attained  at  some  dilution rate  lower than  the maximum

speeific  growth  rate  of O.215 11hr. At  dilution rates  higher than  O.142 11hr, only

glucose  was  consumed;  galactose was  not  and  scarcely  any  a-galactosidase  was

produced. At a  dilution rate  lower than  O.1421!hr, glucose and  galactose were

consumed  together and  a-galactosidase  was  produced. From  these  ciata,  it would

seem  that  when  glucose is present at  more  than  the critical concentration,  glucose
represses  galactose consumption  and  enzyme  production. Lineweaver-Burk plots of
cell  growth  are  shown  in Fig. 8. It was  found that galactose competitively  inhibits
glucose consumption  by this mold.  The  inhibitor constant  of  galactose in the

system,  K, was  O.139g of  galactosell. When  the dilution rate was  changed  from
a high to a  low value  (shift-down experiment),  a  different set  of  steady-state  values

aJ,

zb,tse;g

m
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5
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   2
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Fig, 7. Steady-state relationships  in a

   singlestage  continuous  cu1ture  at

   30eC  (shift-up experiment).

   M  glucose -  galactose

   e  oel1 mass  o  a-galactqsidase

      : calcolation

   The 2%  of  glucose and  O.5%  of

   galactose  were  used  as  carbon

   sources.
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were  obtained  (Fig. 9). In this case,  a  discontinuity also  appeared  on  several  of

the  curves.  At a  higher dilution rate  than  O.O08 1!hr, glucose consumption  was

competitively  inhibited by galactose, galaetose was  not  consumed,  and  scarcely  any

a-galactosidase  was  produced. At dilution rates  lower than O.O08 1/hr, glucose  and

galactose were  consumed  together  and  a-galactos{dase  was  produced. The  steady-

state  values  obtained  in the  shift-down  experiment  were  completely  different from

those obtained  in the shift-up  experiment.  Figure 10 shows  the relationships  between

sugar  concentration  and  dilution rate.  Different sugar  c'oncentrations  in shift-down

and  shift-up  experiments  were  obtained  at  identical dilution rates.  This is the

-6 -4  -2 O

11S (ltg)

2

Fig.8. ()ompetitive irihibitien of  cel1

growth  by galactose.
Experimenta1 data were  obtained

from single-stage  continuous  cul-

tures in which  2%  of  glucose and

various  amounts  of  galactose were

used  as  carbon  sources  as  indi-
cated  in the  figure, pH:  4,5,

terriperature: 30eC.

,
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Fig.9. Steaay-state relationships  in a

single-stage  continuous  culture  at

30eC  (shift-down experiment).

The 2%  of  glucose and  O.5%  of

galactese were  used  as  carbon

sources.E

 glucose -  galactose
e  oel1  mass  o  a-galactosidase

   : calculatlon
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Fig. 10. Steady-state relationships  between sugar

   concentrations  and  dilution rate.
                 .

   This  is the  
"hysteresis

 phenomena  in eontinuous
   culture".

-:  glucose----:  galactose

"hysteresis"
 phenomena  in continuous  culture.  To change  from a  shift-down  steady-

state  value  to a  shift-up  steady-state  value,  the dilution rate  of  the  continuous

culture  must  be decreased to O.O08 11hr or  less so  that the glucose concentrat{on

in the medium  is below the  critical  value  of  2.25× 10-`g/ml.  The dilution rate

may  then  be increased to  its initial value.

7. Kinetic model  of  cell growth  The following kinetic model  of  cell  growth
is proposed. The  cell growth  and  sugar  consumption  rates  are  essentially  represented

by' Monod's  equation.  Thus, the specific  growth  rate  of cells,  ", can  be de.fined as

                    1 dX
                #=  X'  dt (1)

With  respect  to glucose consumption,  the term  of competitive  inhibition by galactese
was  added.  The  rate  of  glucose consumption  is expressed  as  follows.

                
d,S,A--E.,..gl".t,.:,-.,,--"L'X

 
(2)

Where

The  rate

 X  ==cell  ooncentration

 S =sugar  concentration

 ll. ==maximum  value  of the  specific  growth rate

 Ks=saturation constant

 Kl==equilibrium constant  in the system  between
 Y  =yield  constant

 subscripts:  A=rglucose; B==galactose

of  galaetose consumption  is expressed  as  follows;

        
ddrSB

 
=m

 i 
･
 k:".Ss",=- i' X

cells and  galactose

(3)
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The over-all  rate  of cell  growth, originating  both from glucose Emd  galactqse, is
shown  below. '

 
'

                
ddX,-x[&..spt:A.SAKKkfs.+k:B.SsB.I

 l                                             t 1                                                                   '

                   ==:  (pt.+".)X= ttX  
'

 (4)

Snc is the  critical  concentration  of  glucose beyond which  galactose utilizatlon  is
inhibitod. When  SA2SAc, galactose remained  unmetabolized.  Then, p.e=O.

8. Kinetic model･  of  ct-galactosidase  production ,The  kinetic model  for a-

galactosidase synthesis  is based on  the  generally accepeed  characteristics  d,f'the                                                                 tl
operon  model.  It was  assumed  that  the  incorporation rate  of  galactose into tlie cell
is expressed  in a Monod  type equation  and  galactose is consumed  in the gell'iby a

monomolecular  reaction.  The  specific rate  of  change  of  galact'ose concentration  in
the  cell  is as  follows: '

                ]l} ･ 
d(glf;X)

 -=  Slr Is., 
ddX,

 +xddS,ni-l
                                                                 ./

                            =  U(  
KG;..B+Sfis,

 L Sml -  ki sei 
''

 - 
'

                
ddStti`

 =UI  KGL,.Bi"s. -Seil  -kt  &i-pSBt (5)

where  U=:= constant  G:== constant  K.  ==  constant

          subscript  i='intracellular

When  SA)Snc, galactose cannot  be incorporated into the cell.  Then, U==O.

    It was  assumed  that  the rate  of  repressor  formation is constant  in the cell.

Since the repressor,  R, was  presumably  decomposed by a  monomolecular  reaction,

and  was  reversibly  combined  with  inducer, attaining  eventually  an  equilibrium  with

galactose, the  specific  repressor  formation rate  is:

                dR
                   =k,-k,R-k,RS.,+k,RS.,-ttR  (6)
                dt

where  RSei=amount of the oornplex  of  repressor  and  inducer (galactose).
    The  mRNA,  M; is decomposed by a  monomolecular  reaction.  Assuming  that

the  rate  of formation for mRNA  is proportional to the  difference between the re-

pressor concentration  and  the critical vaiue,  R,, the following equation  is similarly
obtained.

                dM
                    =la(Re-R)-kTM-ptM  (7)
                 dt

When  RZR.,  R  is taken  as  equal  to R..

    The  enzyme  formation rate  is proportional to the concentration  of  mRNA.

Since the  enzyme  was  stable  under  the experimental  conditions,  the enzyme  de-
composition  was  considered  negligible.  The  enzyme  formation rate  is thus;

                ac
                    ==ksM-ptE  (8)
                 dt

                                                          NII-Electronic  Mbrary
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    The
given  by:rateof

 change  of  the

dRS.,

concentratlonof  the

=
 k, RS.  

-
 k, RS., -  tt,RS,,

galactose-repressor complex  is

dr (9)

where  kj (j'=1,2, --･,7,8)=reaction  rate  constants.

9. Cemparison ef this model  with  experimental  data This model  was

analysed  with  a  digital computer  by using  the various  values  given  in Table 5.
These values  were  established  by trial and  error  and  are  relative  values.  Novick
et  al.6) reported  that the repressor  was  

"growth-unstable"

 with  a  mean  life of  1/10
to 1!5 of a  generation. When  the specific  growth  rate is O.215 1!hr, the generation
time  is about  200 min.  The value  for k3 was  determined on  the  supposition  that
the  half-life of  the  repressor  is 40 min  and  kT was  determined on  the  assumption
that  the half-life of  mRNA  is 5 min.  Calculations for the  single-stage  continueus

culture,  when  glucose  and  galactose concentraiion  in the  incoming medium  are  2%
and  O.5%, respectively,  were  shown  in Figs. 7, 9, and  10. It was  calculated  that
the critical  glucose concentration  was  2.25 × 10-`glml. This value  is not  in dis-
agreement  with  the data in Fig. 6. The  calculated  values  agreed  fairly well  with

the continuous  calture  data.

Table  5.Various  valuesi  used  for calculation  of  this model.

fei ==40

k, ==1k,

 =1k,

 =O.1

k, ;lklo-4

h  ==1k,

 =8ks

 t=3.2787

feep =5.0442

SAo  =2.  25 × 10-,

U  =1oo

Gn  =1Kln

 =1 × 10'B

Rc -O.934

(11hr)(mglmg
 of  cells･hr)

(11hr)(mg
 of  cellslmg･hr)

(IAir)(11hr)(11hr)(unitslmg

 of  M-hr)
(unitslmg of  M-hr)

(glml)(lfhr)(mg!mg

 of  edls)

(rng!mg of  ceils)

(rnglmg of  cells)

*psmaA  =O.  215
*pe,neB

 =O.  208
*pptpt

 :=O.  1co
*pamps

 =O.  162
*Kdia

 ==  1. 54 × 1O"
*KeGB=2.

 58 × 10J'
*KspA==1.45

× 10-`
*Klpn;3,07xlOJ'

*Ki
 m-L39 × 10-,

*1lrA
 ==O.  530

*YlrB
 =O.516

*YbA
 =:O.377

*YbB  =O.361

(11hr)(lfhr)(1!hr)(11hr)(g!ml)(glml)(glml)(glml)(glml)

Subscripts G=:condition of  the cell  growth.

        P==condition of  the enzyme  procluctien.
*:

 Experimental values,

    Since galactose, melibiose,  raMnose,  and  stachyose  are  expensive,  it was  con-

sidered  to be useful  to employ  glucose as  a  cheap  carbon  source  for cell  growth,
followed by the  enzyme  induction with  galactose. To  increase the productivity of
enzyme,  multi-stage  continuous  cultures  are  practical: cell growth in the  first vessel,
enzyme  induction and  production  in the  second  vesseL  A  more  exact  analysis  of

the transient state  of batch and  continuous  culture  will  be discussed in a  later
paper.10.

 Comparison of  this model  
'with

 other  models  This kinetic model  of

enzyme  production  was  compared  with  some  other  models.  
rlliese

 models  are  as

fo11ows:
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(a)in  The  case

the mediuminat

A  typical pattern
rates,  the specific

data. This model

(b) The  case  in

to the amount  of

which  the  amount  of  galactose in the cell is proportional to that

a  steady-state  condition.

S,, ==  G.  S, (1O                   '                                                  '

of  specific  enzyme  activity  is shown  in Fig. 11. At low dilution
enzyme  activity  is lower in the model  than  in the  experimental

 is not  suitable  for the  system.

whlch  the  rate  of the active  repressor  formation is in proportion

glucose within  the cell.

ddRt
 ==k2SAi-ksR-k`RSBi+kfiRSei-,ttR  (6)' '

ut:s2Lm&

l･ths
 rir."o<ts
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                Fig. 11. CDmparison of  this model  with  others.

These models  were  analysed  with  a  digital computer.

(a) Galactose amount  in,'the celI  is ptopertional to that in the medium.

(b) The  rate  of  the  active  repressor  formation is in propertion to the  arnount  of  glucose  within

    the cell.

    (b-1) Glucose amount  in the oell  was  assumed  to folfow a  Monod  type equation  with

         respect  to glucose  concentratien  in the  medium.

    (b-2) Glucose amount  in the cell is proportiorva1 to that in the  medium.

(c) The rate  of  mRNA  formation is inversely proportional to the repressor  conceritration.

       : calculation  data e:  experimenta1  data
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(b-1) The case  in which  the  amount  of glucose  in the  cell was  assumed  to follow
a  Monod  type  equation  for the glucose concentration  in the medium  (Fig. 11).

                     G. S,,
               SAi= KLA+  sA , (11)

When  KA  is large, this model  does not  agree  with  the experimental  data for this

enzyme  formation system.  wren  K.A is very  small,  the calculated  data agrees

well  with  the  experimental  data of  continuQus  culture,  but this model  cannot  ade-

quately  express  the results  of  a  batch culture  because this model  predicts infinite
enzyme  production in the stationary  phase.

(b-2) The  case  in which  the  amount  of glucose  in the cell is proportional to that
in the  medium  (Fig. 11).

               SA,=G.SA (11)t
This model  does not  fit the experimental  data well.

(c) The  case  of  Novick's model,e)  suggesting  that  the rate  of  formation for mRNA
is inversely proportional to the  repressor  amount  (Fig. 11).

               dM                        K
                dr 

=`'keK+R-k7M-ptM

 (7)'

where  K=constant.  This model  does not  agree  with  the experimental  data.

                             Nomenclature

   E  =specific  enzyme  activity  (units/mg of  cells)

   G  ==constant  (mg/mg of  cells)

   K  ='constant  (mglmg of  cells)

   Ki =inhibitor  constant  (glml)
   K.  ==constant  (mg/mg of  cells)  

'

   Kk  =saturation  constant  (glml)
   fei (J'=1, 2, ..･,  8) ==reaction  rate  constants

   M  
===amount

 of  mRNA  (mglmg of ¢ ells)

   R  
=amount

 of  repressor  (mglmg of  cells)

   RSEi=amount  of complex  of  repressor  and  galactose (mglmg of  cells)

   Si --intracellular
 amount  of  sugar  (mglmg of  cells)

   S  ==sugar  concentration  (glml)
   U  ==constant  (11hr)
   X  

=cell
 cencentration  (g of  cells/ml  of  medium)

   Y  =yield  constant

   Subscripts: A==glucose

                B=galactose

                c  =critical  value

                i --intracellular

                m=maximum  value

   Greek letters: pt =specific  growth  rate  (1/hr)

                                                       NII-Electronic  
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