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ABSTRACT

Recombinant Escherichia coli, which overproduce heterologous
protein, redirect endogenous metabolic activity to that mediated by
the recombinant expression vector. Consequently, cells may experi-
ence perturbations in the biosynthetic reaction network, including
the amino acid biosynthesis pathways. These cells are characterized by
decreased growth rate, decreased cell mass yield, and increased heter-
ologous protein degradation. This study investigates the dynamics of
chloramphenicol-acetyl-transferase (CAT) synthesis and degradation
in E. coli JM105 grown on minimal media, and correlates the observed.
phenomena with induction strength. Coordinated amino acid feeding
was shown to increase the heterologous protein yield. Rational design
of nutrient feeding possibilities is explored.

Index Entries: Heterologous protein expression; stress response;
protease activity; nutrient feed policies.

INTRODUCTION

In order to develop an economically successful process for the produc-
tion of a recombinant protein, high expression levels are often required.
One method of obtaining a high protein content is by amplifying gene
copy number, via runaway-replication expression vectors. However, the
concomitant increase in protein expression often results in cell death (1).
A more common method for protein overexpression in procaryotes is to
amplify the appropriate messenger RNA by inserting an inducible pro-
moter upstream of the foreign gene and controlling its transcription rate.

*Author to whom all correspondence and reprint requests should be addressed.
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Transcription is regulated by the concentration of a gratuitous, nonmetab-
olized inducer, such as isopropyl-g-D-thiogalactoside (IPTG) for the lac-
like promoters. The inducer binds to and inactivates the repressor, allowing
transcription to occur at a high rate (2). Since the inducer is not metabo-
lized, transcription will continue unabated until the cell dies, nutrients
run out, or dilution by cell growth or media transport sufficiently reduces
the intracellular inducer concentration. Excessive transcription may im-
pose a ‘‘metabolic burden’’ on the cell because of the increased require-
ment for raw materials, in particular amino acids and other precursors
(3). The amino acid composition of the foreign protein can be drastically
different than that of the average E. coli protein, so that an additional
burden on the cell’s amino acid synthesis network may result simulta-
neously with increased protein expression. Temporary amino acid deple-
tion could occur, even in a nonauxotrophic host. This type of perturbation
may elicit a stringent response.

In recombinant E. coli that overproduce foreign protein, elevated levels
of protease activity specifically directed toward the foreign protein have
been observed (4). These proteases are a part of the heat-shock response
(4), which is normally induced by elevated culture temperature (5-8). In-
terestingly, the heat-shock response can be induced by a stringent re-
sponse as well, which includes proteases that degrade abnormal proteins
(9,10). One of the most prevalent heat-shock proteins is the protease La
(2,4,6,9,11,12). The protease La is a tetramer of 94,000 Daltons and
degrades abnormal proteins at the expense of ATP energy (6,9,12). Thus,
cells that have increased La activity expend additional energy for protein
degradation that may otherwise have been available for biosynthesis.
Further, Goff and Goldberg (4) have suggested that, in some cases,
foreign proteins encoded by plasmid DNA might appear ‘‘abnormal’’ to
the host cell and, therefore, more vulnerable to degradation.

The objective of this study is to investigate the dynamics of chlor-
amphenicol-acetyl-transferase (CAT) synthesis and degradation in E. coli
JM105 [pSH101], grown on minimal media, and to correlate cell mass yield,
growth rate dynamics, and the dynamics of product synthesis and degra-
dation with induction strength. In addition, amino acid feeding policies
were developed to provide cloned-gene-product (cgp) precursors and to
circumvent cgp degradation, in order to increase heterologous protein
yield.

MATERIALS AND METHODS

Host and Expression Vector

E. coli ]M105, a Lacl® strain, obtained from Pharmacia (Pleasant
Hill, CA), was transformed with the plasmid pSH101 (Ampr, Cnv), which
was constructed from the plasmid pKK233-2 and the CAT GenBlock
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(HindIII cartridge), both purchased from Pharmacia. The CAT GenBlock
(HindIII cartridge) required site-directed mutagenesis at the initiation
site, such that an Ncol restriction site on the CAT GenBlock (HindIII cart-
ridge) would ligate with the Ncol restriction site on the plasmid pKK233-2.
The resulting plasmid (pSH101) provides for constitutive expression of
B-lactamase and, under IPTG-inducible trc promoter control, overexpres-
sion of CAT. Stop codons located downstream of the CAT gene prevent
read-through transcription and translation, so that the amplified protein
expression is limited to the CAT gene.

E. coli RR1 [pBR329] was purchased from the American Type Culture
Collection (Rockville, MD). CAT and B-lactamase are constitutively ex-
pressed from this plasmid, along with the polypeptides for tetracycline
resistance, which in turn, can be induced by the addition of tetracycline.

Culture Conditions

Fermentations were run in Applikon fermenters (3 L) with a 2-L
working volume. M-9 minimal media was used in all fermentations and
prepared as described by Rodriguez and Tait (13), except that 25 ug/mL
streptomycin (Sigma, St. Louis, MO) and 1 ug/mL thiamine (Sigma) were
added. Thiamine is required by JM105 for growth in M-9 minimal media.
Casamino acids were omitted. Ampicillin (40 pg/mL) was used for cul-
tures containing the plasmid pSH101 in order to ensure a homogeneous
plasmid-bearing population. The temperature was controlled at 37°C +1°C,
and pH was maintained at 7.0+0.2. The dissolved oxygen concentration.
was maintained above 60% saturation. Cultures, grown overnight in
shake flasks at 37°C and 200 rpm in LB media, were started from a freezer
culture and stored at 4°C. Shake flasks containing M-9 minimal media
were then inoculated with the LB culture (1% v/v). These M-9 cultures
grew for 12 h, at which time they were used to inoculate the fermenters
(also 1% v/v).

E. coli RR1 [pBR329] fermentations in M-9 minimal media required
supplemental leucine, proline, and thaimine at 41, 164, and 0.166 ug/mL,
respectively. E. coli RR1 [pBR329], grown overnight in shake flasks at
37°C and 200 rpm in LB media, were inoculated from a freezer culture
and later stored at 4°C. Shake flasks containing M-9 minimal media were
then inoculated with the LB culture (1% v/v). These M-9 cultures grew
overnight, at which time they were used to inoculate the shake flasks for
the phenylalanine addition experiments. E. coli JM105 [pSH101] cultures
were also inoculated from overnight M-9 minimal shake flasks for the
phenylalanine addition experiments.

Fermentation Monitoring and Analysis

Growth was monitored by OD (600 nm in the linear range 0.01-0.25
OD) on a Gilford Response Spectrophotometer. Samples above 0.25 OD
were diluted with dH,O until in the linear range. OD measurements were
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Fig. 1. Cell density, glucose concentration, and specific CAT activity vs
time for E. coli J]M105 [pSH101] in M-9 minimal medjia. Initial glucose concentra-
tion was 4 g/L.

corrected for the background media OD. Cell extract for the CAT activity
assay was prepared according to the procedure of Rodriguez and Tait
(13), except cells were frozen in the TDTT (50 mM Tris-HCl, pH 7.8, 30
pM DL-dithiothreitol) buffer prior to sonication after two TDTT washings.
All time series samples (approx 600 xL) were sonicated together for 80 s
with a 30% pulsed duty cycle using a Sonifier Cell Disruptor 350 with a
microtip by Branson Sonic Power, Co. (Danbury, CT). The CAT activity
assay was performed as described by Rodriguez and Tait (13), except re-
agent volumes were doubled and samples were diluted up to 1/32 to avoid
reagent depletion. Total protein was measured by Bio-Rad (Richmond,
CA) protein assay dye reagent concentrate. Specific CAT activity is re-
ported as nmol CAT/min-mg total protein and is the average of duplicates.
In samples where cells were removed by centrifugation, the supernatants
were frozen and assayed later for glucose concentration on a YSI Model
27 glucose analyzer.

RESULTS AND DISCUSSION

Figures 1, 2, and 3 illustrate the time course of cell density, glucose
concentration, and specific CAT activity during an E. coli JM105 [pSH101]
fermentation on M-9 minimal media. The uninduced fermentation is shown
in Fig. 1. The specific CAT activity represents the background expression
level of the CAT gene under the control of the repressed trc promoter.
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Fig. 2. Cell density, glucose concentration, and specific CAT activity vs
time for E. coli JM105 [pSH101] in M-9 minimal media. Induction by the addition
of 2 mM IPTG was at 15.6 h. Initial glucose concentration was 4 g/L.
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Fig. 3. Cell density, glucose concentration, and specific CAT activity vs
time for E. coli ]M105 [pSH101] in M-9 minimal media. Induction by the addition
of 5 mM IPTG was at 12.6 h. Initial glucose concentration was 4 g/L.

This level of CAT expression is 2-3x lower than that produced under the
native CAT promoter, which is contained on the plasmid pBR329. The
uninduced cells stop growing only when the glucose is depleted from the
media. The cells are maintained in the stationary phase an additional
10-15 h.
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Fig. 4. - Specific CAT activity for JM105 [pSH101] in M-9 minimal media
vs cell density (OD). Same experiment as depicted in Fig. 3. Specific CAT activity
begins to decrease while cell density is still increasing.

A low-level induction (2 mM IPTG) fermentation is shown in Fig. 2.
Specific CAT activity increases throughout the fermentation, eventually
reaching approx 8.0x 103 nmol/min-mg total protein near the end of the
fermentation. The specific CAT activity in this fermentation is at least 4 x
greater than in the final sample of the uninduced culture and twice that
typically found in E. coli RR1 [pBR329]. CAT production continues during
the stationary growth phase for the 2 mM IPTG fermentation. Interest-
ingly, the cells continue to produce CAT, albeit at a slower rate than dur-
ing cell growth, even when there is no extracellular glucose to supply
energy. Therefore, the cells are exploiting endogenous metabolic energy
reserves to produce CAT.

The highest specific CAT activity is observed at an intermediate in-
duction level (5 mM IPTG), as shown in Fig. 3. The maximum specific CAT
activity occurs prior to substrate depletion and the stationary growth phase
of the fermentation. In this case, the rapid increase in CAT productivity
upon induction is followed by an even more rapid decrease in specific CAT
activity. Perhaps, the expression rate or intracellular concentration of CAT
triggers a cellular response that enhances its degradation, as described
previously. Subsequent transmission electron microscopy revealed no in-
clusion bodies (14). In Fig. 4, the specific CAT activity is plotted as a func-
tion of OD, which clearly illustrates that the specific CAT activity
decreases while the cell density continues to increase. More commonly,
protein degradation occurs during the stationary phase, after nutrient
supplies have been depleted (15). Thus, our results indicate that the
elicitation of cloned-protein degradation is dependent on its synthesis,
and not the presence or absence of abiotic nutrients. A brief window of
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Fig. 5. Maximum observed specific CAT activity vs induction level. Max-
imum observed specific CAT activity occurs at an intermediate induction level.

high activity apparently exists at high heterologous protein expression
rates, which could be very important when considering cell harvest and
separation times for bioprocess design. Further increases in inducer con-
centration did not increase the specific CAT activity. Instead, the maxi-
mum specific CAT activity obtained decreased to 1.0x10* nmol/min-mg
for a high induction level fermentation (10 mM IPTG, Fig. 5). This might
be due to increased protease activity, such that a high expression rate is
accompanied by a high degradation rate. This is a topic of further study.
Consequently, an induction level for E. coli ]M105 [pSH101] between 2-10
mM IPTG results in the maximum peak specific CAT activity. An induc-
tion level that corresponds to a fully derepressed repressor would have
the maximum transcription rate for the host/expression vector system and,
potentially, the maximum peak specific CAT activity. However, this may
be short-lived, so that the induction level with the maximum peak specific
CAT activity is not always optimal for recombinant protein production.

Cellular Biosynthetic Efficiency

The growth rate of E. coli ]M105 [pSH101] prior to induction was
approx 0.4 h-1, and after induction with IPTG at 2, 5, and 10 mM, the
growth rate decreased by approx 0.1 h-1. The addition of an inducer,
which stimulates cloned-protein expression, imposes an additional meta-
bolic burden on the recombinant cell, because the metabolic activity is
redirected to that mediated by the rDNA expression vector. As a result,
the cell growth rate decreases (16). Our results also indicate that the cell
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Fig. 6. Instantaneous growth rate for JM105 [pSH101] vs cell density
(OD). Indicates reduced efficiency for biomass synthesis.

produces cell mass less efficiently. The cell yield coefficient from glucose
(Yxis) decreases from approx 0.36 to 0.30, 0.27, and 0.27 (g cell/g glucose)
for the induction levels 2, 5, and 10 mM IPTG, respectively (data not
shown). An exponentially growing cell that is induced to overproduce a
foreign protein reduces the efficiency of its cellular biosynthetic network.
Moreover, reduced biosynthetic efficiency is a dynamic problem and is
correlated with the expression rate of the recombinant protein. In Fig. 6,
the instantaneous specific growth rate of the cultures, calculated from its
definition:

p = (1/x)*(dx/dt) 1)

where x and dx/dt denote cell mass concentration and its time derivative,
respectively, continually decreases as the fermentations proceed and the
cells adapt to increased CAT production. During ideal exponential
growth, this value remains constant. The growth rate approaches zero
near the time at which the glucose is exhausted (not shown). Interest-
ingly, the rate of decrease in growth rate appears to be a function of induc-
tion strength. This is made evident by noting that the slopes of the lines
indicated become more negative with increased induction strength. This
analysis indicates that, in the most strongly induced culture (5 mM IPTG),
the cells are burdened more significantly than in the other cultures and
progressively lose the ability to continue synthesizing biomass. Thus, the
cells become increasingly less efficient as they produce more recombinant
product, and the decrease in efficiency is directly related to the induction
strength.

Applied Biochemistry and Biotechnology Vol. 34/35, 1992
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Table 1
Amino Acid Composition
by Family for CAT and Average E. coli Protein

CAT, Average E. coli protein,
Amino acid families % by wt % by wt
Aromatic 28.5 104
Aspartate 29.5 32.2
Glutamate 18.5 24.6
Pyruvate 16.0 22.2
Serine 7.5 10.6
0
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Fig. 7. Growth of Escherichia coli ]M105 [pSH101] for various phenyla-
lanine concentrations (100% is 1.838x10-3 g/L).

Nutrient Feeding Strategies

Since CAT does not have the same amino acid composition as the
average E. coli protein (see Table 1), a rapid increase in CAT expression
could temporarily deplete the intracellular pool of an amino acid that E.
coli does not normally synthesize in large quantities. More specifically,
phenylalanine is 11.5% by weight of the CAT protein, and 4.4% by weight
of the average E. coli protein. Potentially, a rapid increase in CAT expres-
sion could differentially deplete phenylalanine from the intracellular amino
acid pool. Hence, phenylalanine was added at various concentrations to
determine its effect on the production of CAT. In Fig. 7, the growth of
E. coli JM105 [pSH101] is depicted with several addition levels of phenyl-
alanine. Samples were taken at 14.5 h (indicated by an arrow) and ana-
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Fig. 8. Specific CAT activity for E. coli RR1 [pBR329] and E. coli [pSH101]
vs phenylalanine added.

lyzed for CAT. The OD and growth phase of the cultures were similar in
all cases. In this way, specific CAT activity variations, which have been
shown to be time dependent (Figs. 1-3), are minimized, and a compari-
son between cultures can be made. The amount of phenylalanine added
was calculated based on the anticipated final yield in a 100-mL shake flask
culture. The added amount of phenylalanine is indicated as the abscissa
and is expressed as a percentage of that required given no endogenous
phenylalanine synthesis. Results of phenylalanine addition on specific
CAT activity are depicted in Fig. 8.

When phenylalanine was fed to E. coli to supplement the amount en-
dogenously synthesized for CAT production, increased CAT activity was
found in all cases for both E. coli JM105 [pSH101] and E. coli RR1 [pBR329].
The observed specific CAT activity was lower for all E. coli JM105 [pSH101]
cultures since the overexpression of the lac repressor in this Lagl? E.
coli strain when not induced. Neither strain is an auxotrophic mutant.
Therefore, we have attempted to regulate the existing capabilities of the
host cell by minimizing any temporary amino acid depletion. The increase
in CAT observed does not, however, validate the hypothesis that pheny-
lalanine was depleted or low in these cells. The additional phenylalanine
could have been used for other cellular purposes. For example, the growth
rate was higher for all phenylalanine-fed cultures (Tables 2 and 3), which
could be the result of its consumption as an additional carbon and/or
nitrogen source. A suitable control experiment has recently been devel-
oped and will be included in a subsequent communication.
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Table 2
Growth Rate and Specific CAT Activity
as a Function of Phenylalanine Added E. coli RR1 [pBR329]

Phenylalanine, Phenylalanine, Growth rate, Specific CAT activity,

% M th-DH nmol/min-mg
0 0 0.38 1675
20 2.23 0.39 1906
30 3.34 0.42 4249
40 4.45 0.42 2924
50 5.56 0.43 2884
100 11.13 0.43 2737
150 16.69 0.43 3566

Table 3

Growth Rate and Specific CAT Activity
as a Function of Phenylalanine Added E. coli JM105 [pSH101]
(no IPTG Addition)

Phenylalanine, Phenylalaniné, Growth rate, Specific CAT activity,

% uM (h-7) nmol/min-mg
0 0 0.34 227
20 2.23 0.36 1541
30 3.34 0.35 460
40 4.45 0.36 520
50 4.45 0.37 748
100 11.13 0.35 542
150 16.69 0.35 562

The trends illustrated in Fig. 8 for E. coli ]M105 [pSH101] and RR1
[pBR329] are strikingly similar. At a low phenylalanine level (20-40%), a
sharp maximum in specific CAT activity is obtained. Further phenylalanine
addition actually decreases the CAT yield in both strains. Clearly the max-
imum benefit obtained from phenylalanine addition is at a lower level
than the calculated maximum phenylalanine requirement. Thus, the cells
must continue to synthesize phenylalanine in the optimal case. Whitney
et al. (15) noted that indiscriminate amino acid addition during the pro-
duction phase of a batch culture increased yield by 50%. Our results are
consistent, but further demonstrate that indiscriminate addition of amino
acids is not optimal. Instead, a further increase in recombinant protein
yield can result from a regulated or planned addition strategy. Decreased
specific CAT activity at higher phenylalanine concentrations (40-150%,
Fig. 8) might be due to feedback inhibition by phenylalanine on the
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synthesis of the other aromatic amino acids, which are coordinately con-
trolled. The production of CAT, therefore, is more likely affected by this
regulation than the production of E. coli cell mass (see Table 1). It is note-
worthy that these phenomena occur in both strains, despite different pro-
moters controlling transcription (the native constitutive CAT promoter for
pBR329, and the inducible trc promoter from pKK233-2 in pSH101). IPTG
was not added to these fermentations, because we were interested in the
background effects of nutrient feeding without interference from the
dynamics associated with inducer/repressor interactions. This suggests that
the effect of phenylalanine addition is the result of an inherent character-
istic of E. coli amino acid regulation and not the genetic control sequences
of cgp expression. In other words, amino acid addition influences the
protein translation rate and not the DNA transcription process, which is
consistent with our amino acid depletion hypothesis.

SUMMARY

CAT productivity is increased by the addition of an inducer for the
JM105 system. However, maximum productivity does not coincide with
the highest induction level. An intermediate induction level has the
highest observed specific CAT activity. Also, the maximum specific CAT
activity is maintained only briefly before rapid degradation occurs. Low
induction levels are accompanied by CAT production throughout the fer-
mentation. High foreign protein production may burden the amino acid
synthesis network, resulting in a stress response in which the stress pro-
tease activity increases. This decreases the observed foreign protein pro-
ductivity. Coordinated precursor addition, such as phenylalanine addition
for CAT synthesis, can increase dramatically the heterologous protein
yield, possibly by reducing the abnormalities in the amino acid synthesis
network. The degradation of proteins, including identification of specific
stress-induced proteases, and perturbations in the amino acid regulation
of recombinant systems are presently being investigated in our laboratory.
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