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Abstract— A mathematical model was formulated to describe growth and cloned protein production in the recombi-
nant Escherichia coli cells containing phoA-directed expression systems. Kinetic parameters for the strains with two
fusion genes (phoA-lacZ either on the chromosome or on a multicopy plasmid and phoA-amyE on a multicopy plasmid)
were estimated and compared to analyze the effects of cloning site (chromosome and plasmid), product type (E.
coli B-galactosidase and Bacitllus subtilis a-amylase), and culture temperature on the cell's behavior. The presence
of a multicopy plasmid reduced the specific growth rate and the phosphate uptake rate of the cell, both by 10%,
compared with those of the chromosome-integrated strain. The overexpression of B. subtilis a-amylase decreased
the specific growth rate and the glucose consumption rate more than the B-galactosidase overproduction system. The
presence of multiple copies of the phoA promoter on either an intact phoA gene or the fusion gene reduced both
the repression and derepression efficiencies. Culture temperatures showed a significant effect on a-amylase production.
A temperature of 30C is more desirable than 37C for a-amylase production in the recombinant E. coli containing

the phoA promoter.
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INTRODUCTION

The use of a regulated promoter in an expression system allows
tight control of cloned protein levels through manipulation of
growth conditions so that competitive interactions between the
cloned DNA and host cell's chromosome can be avoided. Secretion
of a product protein across the cytoplasmic membrane can reduce
the degradation of the protein by cellular proteases present in
the cytoplasmic space of the cell. Therefore, these two aspects
are of central importance in maximizing the productivity of a re-
combinant DNA system.

The Escherichia coli phoA gene can be a very useful system
for the production of a desired protein as it provides both a regula-
ted promoter and a signal sequence. The phoA promoter is re-
pressed in the presence of inorganic phosphate in the medium
while derepressed when inorganic phosphate is exhausted. In ad-
dition, the phoA signal sequence can direct the cloned protein
across the cytoplasmic membrane to the periplasm of E. coli. Be-
cause of these characteristics many studies have used the E. coli
phoA expression system for production of valuable proteins such
as human epidermal growth factor, human growth hormone, hu-
man interferon-a , and a-neo-endorphine [Oka et al., 1985; Yoda
et al., 1987].

The expression of Bacillus subtilis a-amylase from the phoA-
amyE fusion gene in a recombinant E. coli system was investiga-
ted under various environmental conditions [Shin et al., 1992].
Environmental parameters studied were growth temperature and
pH. The effect of chloramphenicol on protein stability was also
examined.
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This study is concerned with formulation of a mathematical
model to describe the E. coli phoA-directed expression systems.
Kinetic parameters involved in the model were estimated and
compared to elucidate the effects of cloning sites (chromosome-
integration and multicopy plasmid), product types (a native cyto-
plasmic protein (B-galactosidase) and a foreign secreted protein
(a-amylase)), and cuiture temperatures on growth and product
formation of the recombinant E. coli cells.

MATERIALS AND METHODS

1. Bacterial Strains and Plasmids

E. coli K-12 strain BW3414 [A(argF-lac)205 (U169) pho-499]
was used as a host. The phoA-lacZ fusion gene was transformed
into the host strain (BW13704) by using the plasmid pDK110 and
integrated into the chromosome (BW13706) by using a phage A.
The plasmid pDK110 and the strain BW13706 was described else-
where [Shin and Seo, 1990]. Plasmid pAMYA which contains the
phoA-amyE fusion gene was introduced into the host strain (BW
3414/pAMYA) by transformation [Shin et al, 1992].
2. Medium and Cultivation

An MOPS (3-[IN-Morpholino] propanesulfonic acid) minimal
medium [Neidhardt et al., 1974] containing 2 g/L of glucose was
employed for this study. Cells were grown at 37C and pH 7.4
under an aerobic condition in a fermentor (New Brunswick Scien-
tific, Model F-1000). Initial concentrations of inorganic phosphate
in the growth medium were changed to induce expression from
the cloned phoA gene (1.0 mM K,HPO, for repression and 0.1
mM K.HPOQ, for derepression). B-Glycerophosphate (Sigma) was
used as an organic phosphate source. For a selective culture, am-
picillin (Sigma) was added at 100 mg/L. Detailed experimental
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procedures were already described elsewhere [Shin et al., 1992).
MATHEMATICAL MODELING

1. Cell Growth

Monod growth kinetics relates cell growth to a limiting nutrient
concentration in the medium. When the concentration of the lim-
iting nutrient falls to zero in the medium, cells can no longer
grow. Glucose and other carbon sources belong to this type of
nutrients. But cells require another type of nutrients for their
growth. Nvholm [1976] called these ‘conservative substrates’
since these nutrients are stored within the cell rather than con-
sumed irreversibly. Vitamins and many inorganic ions such as
inorganic phosphate belong to the conservative substrates. When
a conservative substrate becomes a limiting nutrient, cells still
can grow without it in the medium but at a slow growth rate.
In this case, Moncd growth kinetics cannot describe cell growth
on the conservative substrate.

Nyholm [1976] suggested a mathematical model for the growth
of microorganisms under limitation by conservative substrates.
According to his model, the intraceliular concentration of the lim-
iting substrate is the key element for cell growth and can be
divided into two parts: the absolute (structural) and excess (func-
tional) substrates. The former corresponds to the cell’s minimum
substrate requirement while the latter can be used for growth.
He expressed the specific growth rate as a function of the excess
part of the limiting substrate. Based upon the conservative sub-
strate concept, Toda and Yabe [ 1979] developed a model equation
similar to Nyholm’s for the phosphate-limited growth of Saccharo-
myces carisbergensis. They used a different functional form from
Nyholm’s to account for the dependency of the specific growth
rate upon the excess of the limiting substate.

In this work. the model equation developed by Nyholm was
modified for the growth of the recombinant E. coli cells under
phosphate limitation. Simple mass balance equations were formu-
lated for the change of the limiting substrate concentration in
the medium and inside the cell. Mass balance equations for cell
mass (X), glucose (S), extracellular inorganic phosphate (P) and
intracellular inorganic phosphate (P;)) were given,
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It is assumed that an intracellular inorganic phosphate concen-
tration remains at its maximum value (P™) as long as inorganic
phosphate is present in the medium. It is also assumed that there
exists a certain value of intracellular phosphate concentration (P/)
at which the transition of both cell growth and product formation
occurs. In the cell mass balance equation, two different specific
growth rates p,, and p,.. are used to account for the transition

between nonlimiting and limiting conditions as follows:

Uy =l at P>PY
Un = oy at PSP

f.(P) in Eq. (5) represents the dependence of inorganic phosphate
concentration on cell growth, which is expressed by Eq. (6):

(P)=( L) ®)
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where P# in the absolute concentration of inorganic phosphate
required for cell’s viability.

Glucose is consumed for cell growth (Y) and maintenance (m).
Glucose consumption was lumped by using the apparent yield
coefficient, Y.

2. Cloned-gene Expression

Yagil and Yagil [1971] formulated a model equation for the
repression of alkaline phosphatase in E. coli based upon the op-
eron model which relates the synthesis of regulatable enzymes
to cellular effector concentrations. The cellular effector can be
either an inducer or a corepressor depending upon the regulation
mode. They considered inorganic phosphate in the medium as
an effector and correlated the rate of alkaline phosphatase synthe-
sts with an inorganic phosphate level in the medium. This model
successfully described the repression of alkaline phosphatase in
E. coli but cannot explain the derepression of the enzyme in the
absence of inorganic phosphate in the medium. Toda and Yabe
[1979] also applied the operon model for the production of acid
phosphatase in yeast which is also under the control of inorganic
phosphate in the medium. They used the excess intracellular phos-
phate as an effector. Although this model equation succeeded
in describing the expression of acid phosphatase in yeast, the
parameter values in the model equation were found to be very
unstable during parameter estimation from our experimental re-
sults. In this study, we used a simple growth-associated product
formation kinetics. The model equation for product formation (E)
is

dE dX
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dt Ke dt ™
where

Ke=Kip + (Kei — K (P)

It is assumed that an intracellular phosphate concentration af-
fects the product formation only through cell growth when its
level falls below P/. A critical intracellular phosphate level (P/)
was used for product formation instead of using P for cell grow-
th. £.{P;) represents effects of inorganic phosphate concentration
on product formation and was expressed as follows:

" P—=P/
fu(P)= (\—le “pr ) for P>P/
f(P)=0 for P.<P/ @
RESULTS

1. Cloning Site Effect

Kinetic parameters were estimated with the SimuSolv software
(Modeling and simulation software, The Dow Chemical Co., Mid-
land, Michigan) and summarized in Table 1. The accuracy of the
parameter values and the validity were confirmed with different
initial inorganic phosphate concentration (data not shown).
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Table 1. Estimated parameter values for the recombinant E. coli
strains producing either f3-galactosidase (BW13704) or a-am-
ylase (BW3414/pAMYA)

BW3414/ BW3414/

BW13706' BW13704°

Parameter . 8 pAMYA®  pAMYA
G7O GO ey g00)
Cell growth w068 063 063 036
U2 0.30 0.28 0.075 0.05
Glucose Y 1.30 111 1.07 1.05
m 0.095 0.034 0.099 0.077
Yerr 0.62 0.75 0.44 0.35
Extracellular Vo 0.27 0.24 0.244 0.15
phosphate K, 0.001 0.001 0.001 0.001
Intracetlular P 0.144 0.144 0.144 0.144
phosphate P 0.38 0.38 0.37 0.37
P/ 0.30 0.30 0.31 0.31
Product Ker 105 6.6 6.35 6.5
(alkaline K 4970 828 9860 9050
phosphatase) n 0.36 0.71 0.378 0.69
Product K 50 1294 - -
(B-galactosidase) K¢, 8598 22300 - -
n 0.25 0.21 - -
Product Kei - - 1.87 0.0
(o-amylase) Kep - - 343 162
n - - 0.024 0.0
ks - - 0.018 0.0

The strain contains the phoA-lacZ fusion gene on the chromosome.
The strain contains the phoA-lacZ fusion gene on a multicopy plas-
mid.

*The plasmid pAMYA contains the phoA-amyE fusion gene.

The effect of cloning sites on cell growth and cloned-gene ex-
pression was compared for the chromosome-integrated (BW137
06) and plasmid-bearing (BW13704) strains. Kinetic parameters
estimated from the experimental results were summarized in Ta-
ble 1 {(column 1 and 2). As shown in Figs. 1 and 2, the model
successfully described the behavior of cell growth and product
formation for the two strains.

The presence of a multicopy plasmid is deleterious to cell
growth regardiess of the inorganic phosphate levels in the me-
dium. Furthermore, it also appears to cause a decrease in the phos-
phate uptake into the cells. The multicopy plasmid-containing
strain utilizes a carbon source (glucose) more efficiently than the
chromosome-integrated strain as indicated by an increase in the
apparent glucose yield (Y**). The differences in glucose consump-
tion rates between the two strains are even more evident after
phosphate depletion (Figs. 1 and 2). As Y and m were observed
to be very unstable during parameter estimation, we simply com-
pared the apparent yield Y*##, which is the ratio of cell mass pro-
duced to glucose consumed. Y*#* of the BW13704 strain is higher
than that of the BW13706 strain, suggesting that the former uses
glucose for cell growth more efficiently than the latter. The reason
for this observation is not clear, though we assume that the pres-
ence of a multicopy plasmid somehow disturbs the glucose utiliza-
tion machinery.

The enzyme alkaline phosphatase (AP) was expressed from a
single copy of the phoA gene in the chromosome in both strains
while B-galactosidase was expressed from the phoA-lacZ fusion
gene either in the chromosome or the plasmid. When inorganic
phosphate was present in the medium, the expression of both
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Fig. 1. Comparison of the simulation results with experimental data
for the chromosome-integration strain (BW13706) grown at
37°C in the MOPS medium with a low inorganic phosphate
(0.1 mM). Lines represent simulation results.
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Fig. 2. Comparison of the simulation results with experimental data
for the plasmid-bearing strain (BW13704). Grown conditions
and symbols are the same as Fig. 1.
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phoA and phoA-lacZ genes was repressed and hence the Kg, value
represents the rninimum expression rate constant under repres-
sion. When inorganic phosphate is exhausted in the medium, both
genes are initiated to express at a maximum rate and so K,
indicates the maximum expression rate constant under derepres-
sed conditions. As the phoA-lacZ fusion gene is present one or
two copies in the chromosome-integrated strain along with a
single copy of the phoA gene, we may consider the K and Kg.,
values corresponding AP and (-galactosidase expression in this
strain as the repression and derepression efficiencies, respec-
tively, because AP was expressed from a single copy of the phoA
gene.

The Kg; value of B-galactosidase in the plasmid-bearing strain
is more than 200 times greater than that of the chromosome-inte-
grated strain. This implies that the repression efficiency decreas-
ed by this ratio in the plasmid-bearing strain compared with that
in the chromosome-integrated strain. The presence of multiple
copies of the fusion gene disturbs significantly the regulation of
phoA gene expression in E. coli. The K value of AP in the plas-
mid-bearing strain decresed only by 40% compared with that in
the chromosome-integrated strain. The Kg value of AP in the
plasmid-bearing strain is only one-fourth that of the chromosome-
integrated strain. The Ky, value of B-galactosidase in the plasmid-
bearing strain is three times larger than that of the chromosome-
integrated strair. It is estimated that the plasmid-bearing strain
has about a 40 times higher number of the fusion gene than the
chromosome-integrated strain. Therefore, this analysis reveals
that the enhancement of Kz, value is not proportional to the in-
crease of the copy number of the fusion gene. Rather the dere-
pression efficiency of the fusion gene decreased greatly due to
the presence of multiple copies of the fusion gene. The decrease
in the derepression efficiencies of both AP and B-galactosidase
for the plasmid-bearing strain compared with those for the chro-
mosome-integrated strain suggests the limitation of the phoA gene
expression machinery in this strain since many gene products
are involved in the expression of the phoA gene in E. coli [Toda
and Yabe, 1979].

2. Product Effect

To compare the influence of cloned proteins on cell growth
and product formation, two different proteins: a native and cyto-
plasimic protein (B-galactosidase, BW13704) and a foreign and se-
creted protein (B. subtilis a-amylase, BW3414/pAMYA) were used
as model proteins. The structural genes of both proteins were
fused with a gene fragment containing the promoter and signal
sequence of the E. coli phoA gene. Consequently, the expression
of both fusion genes is under the control of inorganic phosphate
concentration in the medium. Furthermore, a-amylase is secreted
into the periplasmic space by the direction of the phoA signal
sequence, while B-galactosidase can not be secreted out of the
cytoplasm. Two fusion genes (phoA-lacZ and phoA-amyE) were
cloned on multicopy plasmids and introduced into the same host
strain, BW3414. Kinetic parameters for cell growth and cloned-
gene expression of both BW13704 and BW3414/pAMYA strains
are summarized in Table 1 (columns 2 and 3).

In the presence of inorganic phosphate in the medium, the spe-
cific growth rates w,; for the BW3414/pAMYA strain and the BW
13704 strain contairing the phoA-lacZ fusion gene on the plasmid
were the same, while .. the specific growth rate after phosphate
depletion, of the former strain was only one-fourth that of the
latter strain. Since the expression of both fusion genes is repress-
ed in the presence of inorganic phosphate in the medium and

derepressed without phosphate, the difference in specific growth
rate in the derepressed condition suggests that the overproduc-
tion of a-amylase is more deleterious to the cell growth than
that of p-galactosidase. The maximum inorganic phosphate uptake
rates V,, for both strains were almost the same, which supports
our previous observation that the presence of multicopy plasmids
did not affect the phosphate uptake by the cell. Examination of
glucose utilization showed a big difference in the apparent yield
for both strains. The apparent yield Y** for the a-amylase produc-
ing strain (BW3414/pAMYA) is only 60% of that for the B-galacto-
sidase producing strain (BW13704), indicating the overproduction
of a-amylase affects the cell growth more severely than the glu-
cose uptake.

The mode of AP expression in the BW3414/pAMYA strain is
very different from the trend observed in the B-galactosidase pro-
ducing strains (BW13704 and BW13706). The previous studies
have shown that as the number of the phoA promoters inside
a cell from both the intact phoA gene and fusion gene (phoA-lacZ)
increases, the maximum expression rate of alkaline phosphatase
(AP) from a single copy of the phoA gene decreases because of
the limitation of the phoA gene expression machinery. In other
words, the derepression efficiency for a phoA gene decreases as
the number of the phoA promoters inside a cell increases. Since
the copy number of the pAMYA plasmid was estimated as three
to five copies, the K, value of AP for the a-amylase producing
strain is expected to be between those of the BW13706 and BW
13704 strains based upon the above trend. But it was found to
be two times a larger value of Kg; than that of the BW13706
strain. Even though the overexpression of a secreted protein a-
amylase prevents cell growth it has little effect on the gene ex-
pression machinery. As a consequence, the Kg; value of AP in-
creases significantly for the a-amylase producing strain. Another
difference in the AP expression behavior of the a-amylase produc-
ing strain compared with that of the B-galactosidase producing
strain is the decrease in the AP expression rate about three hours
after phosphate depletion. The AP expression rate remained con-
stant more than 9 hours after phosphate depletion in the BW13704
strain.

The first order decay term was inserted to accout for the insta-
bility of a-amylase, whereas such term was not considered for
both AP and B-galactosidase as these proteins are natural to E.
coli.

3. Temperature Effect

To see the effects of culture temperature on the cell growth
and a foreign protein expression in E. coli, we compare the kinetic
parameters for a strain containing the phoA-amyE fusion gene
on a multicopy plasmid (BW3414/pAMYA) grown at two different
temperatures: 30C and 37C. This strain produces B. subtilis a-
amylase under the control of inorganic phosphate in the medium.
The estimated kinetic parameters at two different temperatures
are summarized in Table 1 (columns 3 and 4). Figs. 3 and 4 illus-
trate the experimental data and the simulation results. As discuss-
ed in the previous section, the model equations described the
experimental results very well except for AP expression behavior.

When a culture temperature lowered from 37C to 30T, the
specific growth rate in the presence of phosphate decreased 43%
while the specific growth rate without phosphate did 33%. Since
cells grow very slowly without phosphate in the medium, the ef-
fect of temperature on cell growth is more profound when inor-
ganic phosphate is present in the medium. The phosphate uptake
rate also decreased about 40% with decreasing culture tempera-
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Fig. 3. Comparison of the simulation results with experimental data
for the a-amylase producing strain (BW3414/pAMYA) grown
at 37°C. Other growth conditions are the same as Fig. 1.
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tures. So did the apparent yield Y by 20%.

The kinetic parameters for both AP and a-amylase expression
showed totally different dependencies upon temperatures. The
K:» value of AP was kept almost constant regardless of tempera-
ture. However, the Ky, of a-amylase increased five times as tem-
perature decreases. Furthermore, the first order decay constant
k, of a-amylase was found to be 0.018 at 37C, while it was almost
equal to zero at 30C.

DISCUSSION

Model equations were formulated to describe the behavior of
the E. coli phoA-based expression systems. The kinetic parameters
were estimated for the strains with two fusion genes (phoA-lacZ
and phoA-amyE) to compare (1) cloning site effects (chromosome
and multicopy plasmid), (2) product effects (E. coli B-galactosidase
and B. subtilis a-amylase), and (3) culture temperature effects
on the cell growth and product formation in E. coli.

The presence of a multicopy plasmid reduced the specific
growth rate by 10% and this effect was more severe when the
cell expressed a secreted foreign protein a-amylase. In the latter
case, the specific growth rate decreased by more than 70% com-
pared with that of the strain (BW13706) which expressed a native
B-galactosidase from the phoA-lacZ fusion gene on the chromo-
some. A multicopy plasmid also caused the decrease in the phos-
phate uptake rate by 10%. However, the plasmid-bearing strain
(BW13704), which produces B-galactosidase utilized glucose more
efficiently than the chromosome-integrated strain (BW13706),
whereas the a-amylase producing strain (BW3414/pAMYA) show-
ed a 30% decreased glucose consumption yield compared with
the chromosome-integrated strain (BW13706).

In the case of product formation, the presence of the multiple
copies of the phoA-lacZ fusion gene reduced the derepression
efficiency of AP (represented by Kg,) by 5 times and the regula-
tion efficiency of B-galactosidase (represented by Kg) by 200
times compared with those of the chromosome-integrated strain.
The Ki» value of AP for the BW3414/pAMYA strain increased
more than two times compared with that of the chromosome-inte-
grated strain (BW13706), suggesting that the expression and se-
cretion of a-amylase retarded cell growth significantly, while the
gene expression machinery seemed to be unaffected.

When a culture temperature changed from 37C to 30C for the
a-amylase producing strain (BW3414/pAMYA), all the cell's activi-
ties decreased significantly except for the Kg; value of a-amylase.
A decrease in temperature enhanced the Kg; value for a-amylase
by 5 times. Furthermore, the enzyme a-amylase seems to be uns-
table at 37, as indicated the increased value of k;. This observa-
tion is very interesting since a-amylase is known to be thermal
stable.

A multicopy plasmid is usually favorable for overexpression
of a target protein and the chromosome-integrated seems to be
more efficient for the regulation of gene expression. When a for-
eign secreted protein is produced, its effects on the cell growth
are more severe than that of a native protein and as a result,
the cell producing a foreign secreted protein shows totally differ-
ent behavior in cell growth and product formation from the re-
combinant cell overproducing a native protein. These comparisons
along with the effects of growth conditions vn product formation
may provide some useful information on optimal production of
a foreign protein using a phoA-directed expression system in E.
coli.
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NOMENCLATURE

: saturation constant [mol/l or g//]

: product formation constant [units/ml/0.D.]

: specific maintenance rate for carbon source [g///hr/O.D.]
: experimental constant in Eq. (9)

: inorganic phosphate concentration [mol//]

: carbon source (glucose) concentration [g//]

. specific phosphate uptake rate [mol///hr/0Q.D.]

: cell mass ~O.D.]

: cell yield factor based on carbon source [O.D./g/[]

ol

- <o B3

Greek Letter
pu  :specific growth rate [hr ']

Superscripts
a : absolute requirement
app :apparent

Subscripts

i : intracellular

m  : maximum

p  :phosphate

s : carbon source

1 : under repression

2 :under derepression
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