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Earlier experiments in our lab investigated the metabolic 
limitations of cloned-gene expression in bacterial cells 
(for over-production of p-lactamase). These experiments 
showed that the steady-state concentration of ribosomal 
RNA decreased upon plasmid amplification while both the 
synthesis rate and steady-state p-lactamase mRNA level in- 
creased significantly. This appeared to indicate substantial 
limitations exist within the translational machinery of the 
bacterial cell at high copy numbers. To establish the gener- 
ality of this phenomenon, the impact of increasing protein 
expression from a plasmid by chemically inducing a strong 
promoter while maintaining constant copy number has 
been investigated. A plasmid has been constructed which 
contains the lacZ gene under control of the tac promoter 
and contains the parB stability locus to maintain plasmid 
stability. Using this vector, p-galactosidase expression in 
chemostat cultures operated at specific growth rates of 
0.6 h-’ was induced with IPTG such that enzyme activ- 
ity was varied over a 460-fold range. When fully induced, 
p-galactosidase protein production represented 14 wt % of 
total cell protein. A s  transcription was induced, the synthe- 
sis rate of the p-galactosidase mRNA increased 42-fold 
while the steady-state level of p-galactosidase mRNA in- 
creased only fourfold. This indicates mRNA stability may 
play a larger role for p-galactosidase expression with a 
strong promoter than seen with p-lactamase production in 
the elevated copy number system. Furthermore, rRNA 
synthesis rates increased at high expression rates as seen 
in the copy number experiments. However, unlike the 
amplified-plasmid system, the steady-state levels of rRNA 
increased as well. Since the total protein levels closely 
followed the steady-state level of rRNA, translational limita- 
tions are again suggested for the chemically induced- 
transcription system. 
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INTRODUCTION 

As the biotechnology market matures, there is an in- 
creasing incentive to determine at the metabolic level 
what limits protein production within recombinant 
hosts. After delineating these mechanisms, recombinant 
protein production can be enhanced through appropri- 
ate cultivation strategies and genetic manipulations. 

Recent studies have shown that the stability of the 
mRNA is important in cloned-gene expression. Chan 
et al.4 have shown that chloramphenicol acetyltrans- 
ferase (CAT) production can be increased five to eight- 
fold by increasing the stability of its mRNA. The cut 
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structural gene was cloned into the intron region of the 
very stable primary transcript of the td gene of phage 
T4, and the stability of the cut mRNA increased by a 
factor of 2. The flanking T4 intron regions are 8- to 
22-fold more stable than the average E. coli mRNA, 
and they appear to stabilize the cut transcript due their 
highly-ordered RNA ~tructure.~ It appears the stability 
of the cloned-gene mRNA may limit productivity when 
its half-life is relatively short. 

High expression of a cloned-gene may also be limited 
by the translational machinery of the cell. Nomura et al. 
have shown that for nonrecombinant E. coli systems, 
mRNA levels appear to be in excess.’l Using an RNA 
polymerase overproduction system, they found that a 
twofold increase in RNA polymerase led to a twofold 
increase in total mRNA; but, total protein synthesis 
remained unchanged. An RNA polymerase under- 
producing system was also constructed; when RNA 
polymerase levels were reduced to 50% of a suitable 
control, total mRNA synthesis was also halved; yet, 
total protein levels were invariant.21 

Possible translational limitations to recombinant- 
gene expression were investigated in our lab with a 
copy-number-mutant series of plasmids. Chemostat cul- 
ture studies have shown cloned-gene expression reaches 
a plateau even as synthesis rates and steady-state levels 
of p-lactamase mRNA continue to increase.27 It was 
found that although ribosomal RNA synthesis increases, 
steady-state cellular ribosomal RNA levels drop signifi- 
cantly as gene expression is increased by elevating copy 
number. This indicates one limitation to increased levels 
of cloned-gene production may be a deficiency in the 
translation ma~hinery.’~ 

To investigate further the nature of the limitations in 
recombinant protein production, it was decided to alter 
the transcription rate of a reference protein on a stably 
maintained plasmid and measure the impact of this 
mode of regulation of cloned-gene expression on mRNA 
synthesis and accumulation as well as on ribosomal 
RNA synthesis and steady-state levels. To facilitate 
this objective, plasmid pTKW106 was constructed.26 
This pUC derivative produces large quantities of p- 
galactosidase while achieving 100% plasmid stability 
within the chemostat.26 Transcription from the tac pro- 
moter is tightly-regulated since the plasmid contains a 
copy of the lucZQ repressor; multiple copies of the tac 
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promoter arising from multiple copies of the plasmid 
can titrate a chromosome-based lacl r e p r e s s ~ r . ~ ~  With 
this system, transcription of lacZ can be induced over a 
wide range by adding the non-cleavable lactose analog 
IPTG to the fermentation medium. In batch fermenta- 
tions, p-galactosidase activity has been varied over a 
2 x 104-fold range (unpublished data). TheparB locus 
preserves plasmid segregational stability by killing cells 
which lose the plasmid via a reduction in the trans- 
membrane potential.26 

The chemostat was used to create a steady-state 
growth environment in which cells are forced to grow 
at the same rate for each fermentation. The same host 
and plasmid are used in each fermentation; therefore, 
the only difference in the metabolism of each culture is 
the degree of transcription of the plasmid-borne, cloned 
gene and translation of the resulting message. 

MATERIALS AND METHODS 

Bacterial Strains and Plasmids 

The E. coli strain BK626 was used as the host 
in the chemostat fermentations. Its genotype is 
A(lacIPOZ)C29, lacy ’, hsdR, galU, galK, strAr, leuB6, 
trpC9830, A(srl-recA)306:: TnlO with the result BK6 
cannot produce p-galactosidase due to a genetically 
stable deletion while it retains the ability to produce 
p-galactoside permease. Hence, cells harboring plas- 
mids which produce p-galactosidase form red colonies 
on MacConkey agar plates whereas plasmid-free cells 
form white colonies. Because of the trp mutation, it was 
necessary to supplement the minimal medium with try- 
tophan since casamino acids did not supply enough of 
this amino acid. The recA mutation was added to this 
host to increase plasmid stability by reducing homo- 
logous recombination.26 

E. coli strain M182,3 a parent strain of BK6, was 
used as the host for isolation of lacZ DNA from plas- 
mid pMC1871. Its genotype is A(lacIPOZYA)Z74, 
galU, galK, strAr. The tightly regulated expression vec- 
tor #I’KW10626 (9176 bp) is shown in Fig. 1. The plas- 
mid includes the strong tuc promotor upstream of the 
p-galactosidase gene, and the strong transcription ter- 
minators of the rrnB locus. For complete repression of 
the tuc promoter, the ladQ gene has been included on 
the plasmid. The parB locus preserves plasmid stability 
by killing any host cells which lose the plasmid.26 
Kanamycin resistance is conferred by the aphA gene 
and is shown as KanR in Figure 1. 

Hybridization Vectors and Plasmid 
DNA Manipulations 

The source of the fucZ DNA used in the p-galactosidase 
mRNA-DNA hybridizations was plasmid pMC1871: a 

lacla Drall - 
9122 1!9134 

sspl 
7692 

\ 

8arnHI 
7368 

parB - 

KanR - 
SSPl A 

pTKW 
9 1 3 4  

106 
bv 

ptac 

2 

lacZ 

sap1 
2657 

3898 
SSPl 

4003 

OR1 
4 4 2 7  

Figure 1. P-Galactosidase expression vector pTKW106. 

pBR322 derivative. This 7478 bp vector contains the 
lucZ locus without the promoter, operator, ribosome 
binding site, and first eight amino-terminal amino 
acids.3 The lacZ locus is surrounded by two multiple- 
cloning sites which allow the locus to be cleaved as a 
3115 bp gene cartridge by cutting with the restriction 
enzyme Pstl. 

A large-scale plasmid prep was used to  obtain 
pMC1871 plasmid DNA.27 The protocol included over- 
night chloramphenicol amplification of plasmid DNA 
(in the presence of tetracycline selection pressure) fol- 
lowed by lysozyme-induced cell lysis, RNase treatment, 
precipitation of cellular debris with Triton surfactant 
solution, and PEG-induced DNA precipitation. The 
plasmid DNA was separated from chromosomal DNA 
using ultracentrifugation, and was restricted with PstI. 
The 3115- and 4363-bp fragments were separated by 
horizontal gel electroph~resis’~ using either a 0.6 or 
1.2 wt % agarose gel and TBE buffer (89 mM Tris, 
89 mMboric acid, 2.0 mM EDTA, 0.5 pg/mL EtBr, 
pH 8.5). The smaller band was cut from the gel and 
isolated as described previo~sly.~’ 

The 7500 bp fragment of plasmid pKK3535 contain- 
ing the complete rrnB loci was used to quantitate the 
steady-state levels and synthesis rates of ribosomal 
RNA.27 Isolation of this plasmid amd its rrnB locus has 
been described.27 

Rapid plasmid isolations were conducted using the 
protocol of Rodriguez and Tait.23 Briefly, 1.5 mL cell 
suspension was spun at 1.5 x lo4 rpm in a microfuge, 
washed and resuspended in sucrose solution, then lysed 
with lysozyme in the presence of RNase. Sodium ace- 
tate was used to precipitate chromosomal DNA, and 
the plasmid DNA was precipitated from the superna- 
tant using 2-propanol. The pDNA was washed with 80% 
ethanol and resuspended in TE buffer (10 mM Tris, 
pH 7.6, and 1 mM EDTA). 
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Media and Chemostat Cultivation 

The fermentation medium used in the chemostat was 
M9 minimal medium23 containing 0.2 wt % glucose, 
0.4 wt % casamino acids, and 0.0018 wt % tryptophan. 
Isopropyl p-D-thiogalactoside (IPTG, US Biochemicals) 
was also added to the fermentation medium to induce 
lac2 (0.0-7.5 mM). Selection pressure was maintained 
for all of the chemostat fermentations by adding kana- 
mycin at lOOpg/mL. Silicon antifoam was added at 
a concentration of 50 pg/mL. The medium was filter- 
sterilized with a 0.2-pm filter. 

The fermentations were conducted at a dilution rate 
of 0.6 h-' in a 3.0 liter Applikon AD1 1020 Bioproces- 
~or /Fermentor .~~ The temperature was maintained 
at 37"C, the pH was controlled at 7.0, the agitation rate 
was fixed at 1000 rpm, the air flow rate was set at 
122 mL/min, and the dissolved oxygen levels were 
monitored. 

The number of viable cells at steady-state was deter- 
mined for each chemostat culture by cell counts aver- 
aged over 10 MacConkey agar plates. The possibility of 
plasmid segregational instability was chekced by exam- 
ining the MacConkey plates for white colonies. Struc- 
tural stability of the plasmid was checked by horizontal 
electrophoresis.'' No plasmid instability was indicated 
in any of the fermentations. 

Total RNA 

As described previo~sly,~~ two samples of RNA (radio- 
labeled and unlabeled) were isolated under RNase-free 
conditions using the protocol of Dennis and Nomura.' 
Briefly, the isolation involved inducing cell lysis with 
SDS, extracting three times with redistilled phenol, and 
precipitating with ethanol. The RNA was centrifuged 
and resuspended in Tris/azide/EDTA buffer, and the 
phenol was removed by ether extractions. The DNA 
and protein were removed by DNase and pronase treat- 
ments. After additional phenol extractions and other 
ethanol precipitation, the RNA was resuspended in 
2 x SSC buffer. The phenol was removed again by 
three ether extractions, and the resulting total RNA for 
each chemostat culture was quantified by averaging the 
spectrophotometrically-determined concentrations of 
the pulse-labeled and nonlabeled RNA samples. 

pGalactosidase Activity and Total Protein 

The P-galactosidase activity was calculated based on 
the conversion of the substrate o-nitrophenyl-p-D- 
galactopyranoside (ONPG, Sigma) to o-nitrophenol.16 
Ten millileters of each chemostat culture were thawed 
and centrifuged at lo4 rpm for 5 min at 4°C. The cells 
were then resuspended in 0.75 mL of cold TEP buffer 
(100 mM Tris, pH 7.4; 10 mM EDTA, pH 7.0; 1 mM 
PMSF) and transferred to microcentrifuge tubes and 
placed on ice. The cells were then sonicated at 21 kH, 

for one minute in two 30 s intervals using an Artek 
Dismembrator model 300 set at 30% and fitted with a 
microtip. A separate experiment in which cells were 
sonicated for up to two minutes revealed this soni- 
cation interval and intensity released the bulk of the 
p-galactosidase activity from the cells. Ten to twenty 
microliters of this cellular homogenate was then mixed 
with 2.5 mL reagent A (0.1 M Na2HP04 adjusted to 
pH 7.3 with 0.1 M NaH2P04), 100 pL reagent B (3.6M 
p-mercaptoethanol), 100 p L  reagent C (30 mM MgCL), 
and 200 pL reagent D (33.2 mM ONPG in reagent A). 
The well-vortexed mixture was then placed in a Shi- 
madzu UV16OU Spectrophotometer with a constant 
temperature cell set at 25°C and wavelength fixed at 
410 nm; the spectrophotometer then automatically cal- 
culated the change in absorbance over a two-minute in- 
terval. The activity of the p-galactosidase present, 
Vmax,assay, was calculated using Beer's law as: 

(1) 
nmol ONPG cleaved ACONPG AA 

t E l f  
- - - 

Vmax,assay - min (mL assay) 

where ACONPG is the change in ONPG concentration in 
the cuvette; t is time; AA is the change in absorbance; E 

is the extinction coefficient for o-nitrophenol at 410 nm; 
and 1 is the light path length of the cuvette. Dilutions 
were then accounted for and the activity was converted 
to a cellular basis. 

Sigma Protein Kit No. 690 was used to analyze the 
total protein content of cells of the chemostat culture. 
Both 50- and 100-pL samples of the sonicated cellular 
homogenate used for the p-galactosidase activity deter- 
minations were analyzed for each chemostat culture. 

Synthesis Rates of Total RNA, pGalactosidase 
mRNA, and rRNA 

The synthesis rates of total RNA, p-galactosidase 
mRNA, and ribosomal RNA were found by pulse- 
labelling with uracil (3H)?7 This included sampling the 
chemostat after steady-state was reached and pulse- 
labelling the cells for two minutes at 37°C and 250 rpm; 
the RNA was then isolated from the cells as described 
above. 

The total RNA transcription rate was determined by 
adding 10 pL of the 3H-RNA sample to 5 mL of Fisher 
Scinti Verse I1 liquid scintillation cocktail. The radio- 
activity of the sample was quantified using a Packard 
1500 Tri-Carb Liquid Scintillation Analyzer. 

The synthesis rate of p-galactosidase mRNA and 
rRNA were determined as follows. After binding the 
complementary DNA sequence (derived from a large- 
scale plasmid prep) to nitrocellulose using a slot-blot 
filtration unit, 3H-RNA from each chemostat culture 
was then hybridized against the DNA dots for 60-70 h. 
Equal amounts of (pg) of RNA (isolated from the 
chemostat experiments) were suspended in a constant 
volume of buffer and used in the hybridizations. After 
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a series of stringent washes, the radioactivity of the 
hydrogen-bonded mRNA or rRNA on the nitrocellu- 
lose filter was quantified by the Packard liquid scintilla- 
tion counter. 
As reported before for the ribosomal RNA-DNA hy- 

bridization~:~ an excess hybridization was performed to 
ensure that the bound rrnB DNA locus was always in 
excess of the rRNA transcripts contained within the 
total cellular RNA. It was found that the hybridizations 
should be executed such that the ratio should be 6 s s  
than (1.3 pg RNA)/(pg ribosomal DNA).27 The hy- 
bridizations used in these experiments were designed to 
satisfy this requirement. 

To determine the appropriate hybridization condi- 
tions for the 8-galactosidase mRNA-DNA hybridiza- 
tions, another excess hybridization experiment was 
performed. In this experiment, the amount of RNA 
which saturates the lacZ DNA was determined by bind- 
ing 2.0 pg lac2 DNA to nitrocelluose filters. This DNA 
was obtained as a 3115-bp fragment of plasmid pMC1871. 
Pulse-labeled RNA isolated from the 1.0 mM IPTG 
chemostat culture was hybridized against this lac2 
DNA and against salmon testes DNA (control) in 
amounts of 1,2,6, 12, and 24 pg. Duplicates were used 
for each level of RNA. The 1.0 mM IPTG chemostat 
culture was chosen because it has one of the highest 
levels of p-galactosidase mRNA per pg of RNA. As 
shown in Figure 2, the response remained linear up to 
12.0 pg RNA/(2.0 pg DNA); therefore, a ratio of 6.0 pg 
RNA/pg DNA was used to ensure that the lac2 DNA 
probe was in excess of p-galactosidase mRNA. Above 
this level of RNA, the bound DNA becomes satu- 
rated with RNA, preventing an accurate measure of 
B-galactosidase mRNA levels within the cell. 

Steady-State Levels of rRNA and 
pGrbctosidase mRNA 

The steady- state levels of rRNA and B-galactosidase 
mRNA were found by hybridizing nitrocellulose dots 
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Figure 2. Hybridization to lucZ DNA, with line drawn to indicate 
trend. 

with bound, nonradioactive, chemostat-derived, cellular 
RNA against an oligo-labeled DNA pr0be.2~ The radio- 
active DNA probe consisted of the locus specific for the 
transcript of interest and was isolated from plasmid 
DNA obtained from a large-scale plasmid prep. After 
hybridizing for 60-70 h at 42”C, the nitrocellulose 
dots were washed, and the radioactive signal from the 
hydrogen-bonded DNA was quantified using a liquid 
scintillation counter. 

Degradation Constants from Transcription 
Rate Equations 

In order to quantify the loss of P-galactosidase mRNA in 
the cell due to degradation, the decay rate has been as- 
sumed to be proportional to the mRNA c0ncentration.2~ 
Therefore, the p-galactosidase mRNA degradation rate 
term, k d ,  mRNAp-g,l, may be calculated by experimentally 
measuring the rate at which mRNA is synthesized 
(rf, mRNAp-pll) and the steady-state concentration of this 
transcript ( [ ~ Z R N A ] ~ - ~ ~ I ) ~ ~ :  

The specific growth rate, p, is fixed by the dilution rate 
of the reactor system; hence, it is fixed by the experi- 
menter. This monomolecular decay constant indicates 
the stability of mRNA and reveals the extent to which 
the degradation rate is affected by induction of tran- 
scription of the cloned gene. 

Ribosomal RNA was analyzed using the same tech- 
nique. The specific degradation rate for ribosomal RNA 
can be calculated as: 

rJ rRNA 
- c L  [rRNA] kd,rRNA = (3) 

SDS-PAGE 

The individual protein bands of the chemostat cells 
were separated using SDS-PAGE with both stacking 
and separating gels and the discontinuous buffer system 
of Laemmli.’’ Cellular protein was isolated from 20 mL 
of thawed chemostat culture according to the method of 
Miller et al.I7 for each of the chemostat fermentations. 
Using the data of the total protein determinations and 
chemostat cell counts, a 3.5 wt % polyacrylamide stack- 
ing gel and a 12 wt % separating gel was then loaded 
such that each lane contained protein from 9.4 x lo7 
cells for each chemostat run (37-70 pg). Cellular protein 
isolated from the host BK6 and the high and low molecu- 
lar weight standards of Bio-Rad (the higher-molecular- 
weight standard includes p-galactosidase) were run 
along with the chemostat samples. The gel was then 
electrophoresed and stained with coomassie blue. The 
fraction of cellular protein containing p-galactosidase 
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and RNA polymerase was determined by scanning den- 
sitometry using a Hoefer Scientific Instruments Scan- 
ning Densitometer (model GS 300) to scan the gel. The 
output was recorded using Fisher Recordall Series 5000 
Chart Recorder. 

Copy Number Determinations 

The copy number of plasmid pTKW106 in the chemostat 
cultures was determined using horizontal agarose gel 
electrophoresis. Samples from each of the seven chemo- 
stat cultures were thawed, and the sample volume con- 
taining 9.5 x lo8 cells for each culture was mixed with 
1.0 mL of M182/pMC1871 reference cells. The refer- 
ence cells contained a 7.5-kb plasmid (pMC1871) which 
provided an internal standard for monitoring the recov- 
ery of the chemostat plasmid DNA.18 The cells were 
then spun at lo4 rpm for 15 min at 4°C. A miniplasmid 
prep following the protocol of Rodriguez and Tait23 was 
then performed. The chemostat and reference plasmids 
were then digested with Ec001091 restriction enzyme; 
control plasmids pMC1871 and pTKW106 (0.5 kg each) 
that had been isolated earlier using a CsC1-EtBr pro- 
tocol were also digested with Eco0109I. The plas- 
mids were then separated (in the presence of EtBr) 
using horizontal gel electrophoresis with a 0.6 wt % 
agarose gel.15 With the gel illuminated by a Fotodyne 
3-3000 Transilluminator, photographs were taken with 
a Polaroid MP-4 Land Camera using T665 film which 
produces both a negative and a positive print. To quan- 
tify the fluorescence intensity of each plasmid band, a 
Hoefer Scientific Instruments Scanning Densitometer 
(model GS 300) linked to a Fisher Recordall Series 5000 
Chart Recorder was used to scan the negative. 

RESULTS 

The results of the chemostat experiments are presented 
below. In interpreting this data, it should be kept in 
mind that each chemostat experiment is a steady-state 
culture, and that each of the figures reveal a progres- 
sion of steady-states in which the cells are stressed by 
the increasing metabolic load of producing the cloned- 
gene product (p-galactosidase). Hence, the data rep- 
resent the steady-state response of the cell and not tran- 
sient reactions. 

p-Galactosidase Activity 

The intracellular p-galactosidase activity plotted on a 
cellular basis is shown in Figure 3. Initially, from 0.0 to 
1.0 mM IPTG, the enzyme activity increases in direct 
proportion to the extent transcription is induced with 
IPTG. For example, a 100-fold increase in IPTG from 
0.01 to 1.0 mM resulted in a 102-fold increase in activity 
per cell. However, as the level of IPTG was increased 
from 1.0 to 7.5 mM, the cellular enzyme activity 
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Figure 3. p-Galactosidase activity vs. IPTG, with line drawn to 
indicate trend. 

reaches a maximum: the 7.5-fold increase in IPTG from 
1.0 to 7.5 mM results in only a 23% increase in activity. 

The relatively small increase in activity at high IPTG 
concentrations (1.0-7.5 mM) is probably due to nearly 
complete titration of the lacla repressor protein by 
IPTG. As the IPTG concentration is increased beyond 
1.0 mM, the lactose analog is less effective in increasing 
transcription since nearly all of the repressor molecules 
are already bound by IPTG. Hence, the tac promoter is 
nearly fully induced at 1.0 mM IPTG and additional 
IPTG does not significantly increase transcription of 
lacZ. It is also plausible that p-galactosidase protein 
production is becoming limited by the availability of 
ribosomes, and that degradation of the over-expressed 
protein may become enhanced. 

The extracellular p-galactosidase activity was also 
measured and found to be negligible at all IPTG con- 
centrations. The extracellular concentration averaged 
1.4% for the seven chemostat fermentations and indi- 
cates that cell lysis was insignificant. 

SDS-PAGE 

The total cellular protein from 9.4 x lo7 cells from each 
chemostat culture was separated on a polyacrylamide 
gel. As shown in Figure 4, the p-galactosidase (second 
arrow) produced per cell increases in intensity as 
expected as the level of IPTG is increased. The 
p-galactosidase band is first visible at 0.01 mM IPTG; 
at 1.0 mM IPTG the p-galactosidase band is 9% of the 
total protein produced by the bacterial cell as deter- 
mined by scanning densitometry. The p-galactosidase 
band increases to 14 wt % of total cellular protein at 
7.5 mM IPTG and is very distinct. 

This level of activity in the chemostat corresponds 
well with the enzymatic activity found in batch cul- 
tures in which cells are grown for a time equivalent 
to the residence time of cells in the chemostat. The 
maximum p-galactosidase activity in batch cultures of 
BK6/pTKW106 is estimated to be 40-50 wt % (unpub- 
lished data). 
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a. b. c. d. e. f. g. h. i. 

Figure 4. SDS-PAGE of total E. coli protein from chemostat cultures. Each gel well 
contains 9.4 x lo7 cells of a chemostat culture. Lanes were loaded as follows: 
(a) 0.0 mM, (b) 0.01 mM, (c) 0.05 mM, (d) 0.1 mM, (e) 0.5 mM, (f) 1.0 mM, (g) 7.5 mM 
IPTG, (h) high-molecular-weight protein markers (myosin, /3-galactosidase, phosphory- 
lase B, BSA, ovalbumin) and (i) low-molecular-weight protein markers (phosphorylase 
B, BSA, ovalbumin, carbonic anhydrase, soybean trypsin inhibitor, lysozyme). Upper 
arrow indicates /3 and /3' subunits of RNA polymerase and lower arrow indicates the 
/3-galactosidase band. 

The RNA polymerase /3 and /3' bands are clearly 
visible on the SDS-PAGE gel (Fig. 4, top arrow). Their 
molecular weight is 145 and 155 kD," respectively, 
and they migrate between the myosin (200 kD) and 
/3-galactosidase (116 kD) molecular weight bands shown 
in lane h of Figure 4. 

From the intensity of these two bands, the RNA 
polymerase concentration appears to remain constant 
as a function of total cellular protein for all seven of the 
chemostat fermentations. This is shown more clearly in 
Table I where the RNA polymerase concentration is 
listed for each chemostat fermentation as a fraction of 
total protein. Within the estimated error of 0.5%, the 
values are approximately constant. This indicates the 
cells continue to synthesize a constant amount (roughly) 
of this enzyme per microgram of protein at all levels of 
/3-galactosidase expression. 

Total Specific Transcription 

By measuring the total radioactivity of the pulsed- 
labeled chemostat RNA samples, the total transcription 
rate (synthesis of all forms of RNA) was determined. 
On a cellular basis (dpm/min cell), the data are pre- 
sented in Figure 9 and are discussed below with the 
ribosomal RNA synthesis rates. Total specific tran- 
scription rates (dpm/min pg RNA) may also be cal- 
culated by normalizing the measured radioactivity by 
the amount of RNA in each cell; hence the values re- 

flect the relative amount of RNA that was newly syn- 
thesized as transcription increases from the lucZ locus. 
This data are plotted in Figure 5. The value for the 
chemostat experiment in which the plasmid-free host 
cells were grown in the absence of IPTG is labeled 
"BK6" in Figure 5. 

The large increase (350%) in de novo RNA synthesis 
per microgram of RNA for the steady-state BK6/ 
pTKW106 cells at 0.0 mM IPTG relative to the host 
BK6 indicates that the addition of the plasmid to the 
cells has a significant impact on cellular metabolism; 
the plasmid-bearing cells are forced to synthesize much 

0 1 2 3 4 5 6 7 8  

IPTG, mM 
Figure 5. Total specific transcription vs. IPTG, with line drawn to 
indicate trend. 
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more RNA. This additional RNA consists of both 
rRNA and p-galactosidase mRNA since in the absence 
of the inducer IPTG, some p-galactosidase enzyme is 
made. The enzyme activity of the chemostat cells 
grown in the absence of IPTG, 0.079 nmol/(min pg 
protein), is 20-fold higher than the activity found in 
BK6/pTKW106 cells that are grown in batch cultures 
in the absence of IPTG.” 

As the inducer concentration increases and the cell 
produces more p-galactosidase mRNA, there is a steady, 
twofold drop in specific transcription (Fig. 5). This indi- 
cates that the cells respond to further induction of the 
lucZ gene by synthesizing less RNA as a percentage 
of total RNA. The same trend was seen in five chemo- 
stat fermentations using host AMA1004 and plasmid 
pMJR1750. AMA1004 is a r e d +  version of BK6, and 
pMJR1750 is the precursor plasmid of pTKW106 which 
lacks the purB stability locus.26 In this system, the 
specific transcription rate dropped 5.73-fold as the in- 
ducer concentration varied from 0.0 to 0.1 mM IPTG. 

pGaladosidase mRNA 

Synthesis Rates of p-Galactosidase mRNA 

Figure 6 presents the p-galactosidase mRNA synthesis 
rates as a function of induction of fucZ transcription 
with IPTG. The rate radioactive uracil is incorporated 
into the p-galactosidase mRNA of each cell (shown 
on the ordinate as dpm per minute per cell) is propor- 
tional to the rate p-galactosidase mRNA transcripts are 
synthesized on a cellular basis (transcripts per minute 
per cell). 

As the level of inducer is increased from 0.01 to 
7.5 mM, the synthesis rate increases steadily; overall 
there is 42-fold increase in transcription. The increase in 
ZucZ transcription is nearly linear up to 1.0 mM IPTG; 
however, p-galactosidase mRNA synthesis does not in- 
crease linearly between 1.0 and 7.5 mM IPTG. This 
may be due to nearly complete titration of the hcZQ 
repressor by IPTG. 

/ I  300  
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IPTG, mM 
Figure 6. p-Galactosidase mRNA synthesis rates vs. IPTG, with 
line drawn to indicate trend. 

The maximum of 288 x dpm/(cell min) is com- 
parable to the synthesis rate of rRNA (Fig. 9) at 7.5 mM 
IPTG, 385 x dpm/(cell min), indicating approxi- 
mately equal amounts (mass basis) of p-galactosidase 
mRNA and rRNA are being synthesized. This synthesis 
rate also agrees well with the 275 X dpm/(cell min) 
reported previously2’ for p-lactamase mRNA synthesis 
in the highest copy number strain. 

Steady-State 1 evels of p-Galactosidase mRNA 

The steady-state cellular level of p-galactosidase mRNA 
is shown as a function of IPTG concentration in Fig- 
ure 7. As the concentration of IPTG increases, the con- 
centration of p-galactosidase mRNA rises, as expected, 
reflecting the increase in transcription shown previously 
in Figure 6. Overall, there is a 3.6-fold increase in the 
level of p-galactosidase mRNA. This increase is an or- 
der of magnitude less than that predicted by the rise in 
the synthesis rate when the cells are induced, indicating 
the rate of degradation of the cloned-gene transcript in- 
creases as the synthesis rate increases. 

p-Galactosidase mRNA Degradation Constant 

The p-galactosidase mRNA synthesis rates and steady- 
rate levels for each chemostat cultivation can be com- 
bined to determine the degradation constant k d ,  m ~ ~ ~ g - g a ,  

for this transcript. As shown in Eq. (3), kd,mRNAg-gal is 
calculated by dividing the synthesis rate by the steady- 
state level of the transcript and subtracting the specific 
growth rate p. The proportionality constant between 
the two hybridizations was calculated as before.” 

Figure 8 indicates k d ,  mRNAg-p, increases steadily as the 
cells are induced. Between 0.01 and 7.5 mM IPTG, the 
degradation constant increases 12-fold. This reveals 
that the decay mechanism is more active when the cell 
is highly stressed. Perhaps the excess p-galactosidase 
mRNA either triggers the synthesis of additional 
RNase I1 and polynucleotide phosphorylase or the ex- 
isting pool of these two exoribonucleases becomes more 

0.5 

0 1 2 3 4 5 6 7 8  

IPTG, rnM 
Figure 7. p-Galactosidase mRNA steady-state levels vs. IPTG, 
with line drawn to indicate trend. 
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Figure 8. P-Galactosidase mRNA degradation rates vs. IPTG, 
with line drawn to indicate trend. 

active.lg As the tuc promoter is induced and more 
mRNA is transcribed, abortive transcription may also 
occur. This may lead to the formation of incomplete 
transcripts that are rapidly degraded. Additionally, the 
P-galactosidase mRNA degradation constant may in- 
crease due to premature termination of translation." 

Ribosomal RNA 

Synthesis Rate of rRNA 

The effect of inducing P-galactosidase mRNA tran- 
scription on the synthesis rates of rRNA is presented in 
Figure 9. The rate rRNA is synthesized per cell is pro- 
portional to the rate uracil is incorporated into the 
rRNA transcripts; this is shown as dpm/(cell min) on 
the ordinate. Figure 9 also shows the synthesis rates of 
all forms of RNA as determined from measurements of 
total radioactivity. 

The ribosomal RNA synthesis rate is maximum at 
0.0 mM IPTG. It reaches a minimum at 0.1 mM IPTG 
after decreasing steadily 4.4-fold, then it increases 
3.4-fold to roughly the initial synthesis level when 
the cells are fully induced at 1.0 and 7.5 mM IPTG. 
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Figure 9. Total RNA and ribosomal RNA synthesis rates vs. 
IPTG, with lines drawn to indicate trends. 

The total RNA synthesis rates follow a similar trend as 
lacZ in induced. 

The high rRNA synthesis rate when the lucZ locus is 
not induced (0 mM IPTG) reflects the addition of the 
plasmid replication load to the cells and the expression 
of the constitutive plasmid genes. The high level of 
rRNA synthesis at 0 mM IPTG agrees well with the 
maximum that was measured for the total RNA synthe- 
sis (Fig. 9). Hence, the cell is able to produce the largest 
amount of rRNA at low levels of transcription induction 
and P-galactosidase enzyme production. As the meta- 
bolic load of producing P-galactosidase increases (0- 
0.1 mM IPTG), less priority is given to producing rRNA 
per microgram of total RNA (Fig. 5) ,  and rRNA synthe- 
sis decreases. This reduction in rRNA synthesis may re- 
flect the redirection of cellular energy away from rRNA 
synthesis and toward P-galactosidase mRNA synthesis. 

The 3.8-fold increase in rRNA synthesis that begins 
at 0.1 mM IPTG corresponds to the 2.8-fold monotonic 
increase in rRNA synthesis seen when expression of 
P-lactamase is induced by amplifying copy number.27 
Beyond 0.1 mM IPTG, it appears as if a metabolic 
switch is activated that regulates rRNA synthesis. Per- 
haps the active ribosome population becomes depleted 
at high expression levels due to the increase in the num- 
ber of ribosomes required to translate the ever increas- 
ing P-galactosidase mRNA concentration. Therefore, 
the cell is forced to replenish the ribosome pool and ad- 
ditional rRNA is synthesized. This increased synthesis 
of rRNA is reflected in the increase in the total RNA 
synthesis rate (Fig. 9) as expected. 

Steady-State Levels of rRNA 

As P-galactosidase production is induced with IPTG, 
the steady-state rRNA levels follow the trend shown in 
Figure 10. The dpm/cell signal indicated on the ordi- 
nate is proportional to the total number of rRNA tran- 
scripts in the cell. The number of rRNA transcripts 
should reflect the size of the ribosome population 
within the cell. 

The steady-state rRNA curve mirrors that of the syn- 
thesis rates of rRNA (Fig. 9). After a 3.3-fold decrease 
in rRNA levels, a minimum is reached at 0.1 mM IPTG. 
The level of rRNA then increases 2.4-fold as the cells 
are further induced with IPTG levels beyond 0.1 mM. 
It appears that the size of the ribosome population is 
high initially, goes through a minimum, then increases 
to its original size as the lac2 gene is expressed. 

Ribosomal RNA Degradation Constant 

As with p-galactosidase mRNA, the ribosomal RNA 
synthesis rates and steady-state levels for each chemostat 
cultivation can be combined to determine the degrada- 
tion rate kd,*RNA for this transcript. As shown in Eq. (4), 
k d ,  *RNA is calculated by dividing the synthesis rate by the 
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Figure 10. 
drawn to indicate trend. 

steady-state level of the transcript and subtracting the 
specific growth rate p. The proportionality constant 
between the two kinds of hybridizations was calculated 
as described previ~usly.~' 

The degradation rate data are presented in Figure 11. 
At 0.05 mM IPTG, where the rRNA synthesis rate is 
high (Fig. 9), the degradation rate obtains its highest 
value. At higher concentrations of IPTG, there is a gen- 
eral increase in the rate of degradation of the rRNA as 
p-galactosidase mRNA transcription is induced. 

The rates calculated in these induction experiments 
are an order of magnitude lower than those involved 
when copy number is amplified." This indicates that 
the ribosomal RNA is more stable in the induced- 
transcription system relative to the amplified-copy- 
number system. 

Ribosomal RNA steady-state levels vs. IPTG, with line 

Total RNA Levels 

The effect of inducing transcription of p-galactosidase 
mRNA on the total RNA level of these bacterial cells is 
shown in Figure 12. Initially, the concentration of RNA 
per cell increases 230% beyond that of the plasmid-free 
cells revealing that the cell increases its RNA content 
due to the addition of the plasmid and expression of 

0.0' " " " " " " " " 
0 1 2 3 4 5 6 7 8  
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Figure 11. 
drawn to indicate trend. 

Ribosomal RNA degradation rates vs IPTG, with line 

the cloned-gene. The cellular RNA content then de- 
creases by 50% as the IPTG concentration increases 
from 0.0 to 0.1 mM IPTG. As the IPTG concentration 
rises to 1.0 mM, the RNA content increases 280% be- 
yond the minimum level (0.1 mM IPTG). 

This trend in RNA concentration was also seen in 
chemostat fermentations using the unstable plasmid 
system, AMAl004/pMJR1750. For this precursor sys- 
tem, the RNA concentration dropped 30% as the in- 
ducer level increased from 0.0 to 0.1 mM. The cellular 
RNA level then increased 40% as the IPTG level was 
increased to 0.5 mM. Hence, a minimum was consis- 
tently reached in the cellular RNA concentration at 
0.1 mM IPTG. This minimum also agrees with those 
occurring in the rRNA synthesis and steady-state data 
and that of the total protein results. Apparently, the 
cell begins to synthesize more RNA once a certain level 
of induction of the cloned-gene is obtained. 

Additionally, the maximum of 0.364 pglcell of total 
RNA at 1. mM IPTG agrees well with the highest 
level of total RNA seen in the amplified-copy-number 
chemostat cultures (0.36 pg/cell). In that set of experi- 
ments, the host culture without a plasmid had the 
highest level of RNA. This value appears to be the 
maximum amount of RNA that the cell can produce 
while growing at this rate. 

The threefold increase in RNA between 0.1 and 
1.0 mM IPTG for BK6/pTKW106 is the result of steady- 
state increases in both rRNA and p-galactosidase 
mRNA. Because the steady-state ribosomal RNA levels 
shown in Figure 10 increase only to 65% of the maxi- 
mum that occurs for this RNA at 0.0 mM IPTG, it ap- 
pears the increase in total RNA is not purely the result 
of an increase in rRNA but reflects a substantial in- 
crease in the level of p-galactosidase mRNA (whole or 
partially degraded transcripts). 

Using the total RNA and steady-state rRNA data, it 
is possible to estimate the steady-state mRNA content 
in the cell as a function of induction. These results 
are shown in Figure 13. At 0.0 mM IPTG, there are 
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Figure 12. Total RNA vs. IPTG, with line drawn to indicated 
trend. 
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Figure 13. Total RNA, rRNA, and mRNA levels, with lines drawn 
to indicate trends. 

0.258 pg RNA/cell (Fig. 12) of which 85% is rRNA'" 
(assuming the un-induced recombinant cell has the 
same fraction of rRNA as a plasmid-free host). Further- 
more, 12 wt % of the total RNA is tRNA," a percent- 
age that is assumed to not change with induction. 
Therefore, by multiplying the estimated amount of 
rRNA at 0.0 mM IPTG by the relative steady-state levels 
of rRNA shown in Figure 10, the rRNA levels are fixed; 
hence, the mRNA levels can be calculated as the re- 
mainder of total RNA less the tRNA fraction (12 wt %). 
Figure 13 reveals that at 1.0 mM IPTG, the cell must 
have only 0.16 pg rRNA and contains an equal amount 
of P-galactosidase mRNA. Since transcription of this 
mRNA increases 42-fold to synthesis levels on the order 
of rRNA production, a large increase in mRNA levels 
seems plausible. 

Total Protein Levels 

The total cellular protein levels are shown as transcrip- 
tion is induced with IPTG in Figure 14. As with the 
total RNA levels, the total protein concentration of the 
plasmid-free cells (BK6) is lower than that of the un- 
induced, plasmid-bearing cells (BK6/pTKW106 at 
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Figure 14. Total protein vs. IPTG, with line drawn to indicate 
trend. 

0 mM IPTG). The addition of the plasmid causes the 
protein level to increase by 200% whereas the total 
RNA levels increased 230%. 

As transcription is induced by increasing the IPTG 
concentration beyond 0.0 mM, the total protein levels 
on a cellular basis go through a minimum at 0.1 mM 
IPTG (Fig. 14). The protein content of the cells then 
increases by a factor of two to their highest level 
at 1.0 mM IPTG. This increase in total protein be- 
yond the minimum probably reflects the increase in 
P-galactosidase protein seen in the SDS-PAGE gels. 

Since both the total protein and total RNA concen- 
trations are consistently higher for the plasmid-bearing 
chemostat cells than the plasmid-free hosts, it appears 
that one result of adding plasmids is to increase either 
the cell size or the concentrations of these two cellular 
components. The increase in the concentration of the 
RNA and protein may be account for the steady reduc- 
tion in the specific growth rate that occurs upon induc- 
tion of the lac2 locus with IPTG.26 

Copy Number 

To determine the structural stability and copy number 
of the plasmids, a 0.6 wt % agarose gel was run using 
the plasmid DNA isolated by a mini-prep from 9.5 x 
lo8 cells taken from each chemostat culture. In order to 
overcome any errors in the rapid plasmid isolation pro- 
tocol, the same amount of reference cells were added to 
each chemostat culture sample, so the ratio of the 
chemostat plasmid (pTKW106) to reference plasmid 
(pMC1871) should indicate the relative amount of plas- 
mid DNA for each of the samples. Figure 15 shows 
the plasmids isolated by horizontal electrophoresis, 
and Table I1 indicates the ratios of the scanning den- 
sitometer signal of plasmid pTKW106 relative to the 
reference plasmid for each chemostat culture. Since 
the plasmid DNA ratios are roughly constant for each 
of the seven chemostat cultures (average of 2;24), the 
copy number of plasmid pTKW106 remained steady as 
p-galactosidase production was induced with IPTG in 
the chemostat. 

This result is also obvious from the 0.0, 0.5, 1.0, and 
7.5 mM IPTG chemostat samples shown in Figure 15. 
For these four samples, the reference plasmid bands are 

Table I. 
centrations as a percentage of total protein. 

Scanning densitometer results for RNA polymerase con- 

Chemostat IPTG level RNA polymerase concentration 
(% total protein) (d) 

0.00 
0.01 
0.05 
0.10 
0.50 
1.00 
7.50 

1.3 
1.7 
1.9 
1.0 
1.6 
1.5 
1.3 
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Figure 15. Copy number determination of plasmids from chemostat 
cultures. Upper arrow indicates pTKW106 and lower arrow indicates 
reference plasmid pMC1871. For each chemostat culture, plasmid DNA 
from 9.5 x 10' cells was isolated. The gel wells contain (a) control 
pTKW106 (500 ng), (b) chemostat culture sample 0.0 mM, (c) 0.01 mM, 
(d) 0.05 mM, (e) 0.1 mM, (f) 0.5 mM, (g) 1.0 mM, (h) 7.5 mM IPTG, 
(i) lambda DNA molecular weight markers (BsfE digest), and (j) control 
pMC1871 DNA (500 ng). 

Table 11. 
number. 

Chemostat IPTG level 

Scanning densitometer results for determining copy 

Ratio pTKW106 band intensity 
(M) to reference plasmid band 

0.00 2.4 
0.01 2.2 
0.05 2.0 
0.10 1.9 
0.50 2.4 
1.00 2.4 
7.50 2.3 

the same intensity, so the chemostat plasmid bands can 
be directly compared; all four have the same intensity 
indicating constant copy number. 

Also, each plasmid band migrated at the same rate as 
the control pTKW106 band indicating each had the 
same size. Hence, there was no structural change within 
the plasmids during the chemostat fermentations. 

A comparison of the intensity of the pTKW106 plas- 
mid band of the 0.0 mM IPTG chemostat culture with 
that of the intensity of the 500 ng control pTKW106 
DNA added to the agarose gel revealed that the chemo- 

stat plasmid band has more DNA by a factor of 2.36, 
assuming the fluorescence of EtBr is proportional to 
the amount of DNA loaded on the gel. Hence, an esti- 
mate of the copy number of pTKW106 can be made 
since both the size of the plasmid and number of cells 
from which the plasmid DNA was derived are known. 
Based on three gels, the copy number appears to be 
about 84 for these cells in minimal media supplemented 
with casamino acids. This result seems reasonable since 
pTKW106 is derived from pUC18 which is a high copy 
number derivative of pBR322. It has been determined 
that the pUC plasmid series has a copy number of ap- 
proximately 130,22 and plasmid pBR322 has a copy 
number of about 22 under these growth  condition^.'^ 

DISCUSSION 

Plasmid Stability and Copy Number 

The expression vector pTKW106 was 100% stable in 
host BK6 in the seven chemostat experiments in which 
expression of /3-galactosidase was induced with IPTG. 
No plasmid-free segregants were generated, and the 

WOOD AND PERETTI: CHEMICALLY-INDUCED PROTEIN SYNTHESIS IN E. COLl 407 



plasmids from the chemostat cultures all migrated with 
the control pTKW106 plasmid band (as shown by 
agarose gel electrophoresis in Fig. 15). Furthermore, for 
each chemostat fermentation, the ratio of intensity of 
the plasmid band to the reference plasmid band was 
constant. Therefore, the vector was both segregationally 
and structurally stable and was maintained at a con- 
stant 84 copies per chromosome equivalent. 

Hence, the experimental data shown in the previous 
section are derived from a homogeneous population of 
cells at steady-state which consistently harbor a 9176-bp 
plasmid at constant copy number. Any differences in 
cell metabolism between the cultures are the result of 
different levels of cloned-gene transcription and expres- 
sion and are not the result of differences in replication 
of the plasmid. It is tacitly assumed that the other plas- 
mid-borne proteins, the constitutively expressed lacZQ 
and uphA(KanR) proteins, are produced at the same 
level as IPTG concentrations vary. 

P-Galactosidase Activity 

The plateau seen in the P-galactosidase activity at 
high expression levels is similar to that seen in the 
p-lactamase activity when copy number is elevated.” 
Both systems indicate that recombinant protein produc- 
tion increases linearly as transcription or copy number 
are initially increased; yet, protein production reaches a 
limitation at high expression levels. For the IPTG- 
induced cultures, the plateau occurs at relatively high 
levels of IPTG (1.0-7.5 mM) because the lucIQ re- 
pressor is present on the plasmid itself; hence, there 
are 84 copies of the repressor rather than the single 
copy that would be found if the repressor were on the 
chromosome. 

In contrast to the amplified-copy-number systemz7 
where each plasmid adds an additional promoter site, 
the p-galactosidase plateau seen in the IPTG-inducible 
strain may be due to both limitations in the transla- 
tional machinery as well as nearly complete titration of 
lacZQ repressor. Apparently two regimes are present for 
transcription induction. At IPTG concentrations below 
1.0 mM, additional inducer molecules lead to a stoichio- 
metric increase in transcription induction as shown in 
Figures 3 and 6. Above 1.0 mM IPTG, almost all of the 
lac2 promoters are fully induced (due to nearly com- 
plete association of the repressor molecules with IPTG) 
and additional IPTG does not lead to a linear increase 
in lac2 transcription. 

It should be emphasized that active enzyme levels 
have been assayed (activity) rather than measuring the 
broader indicator of protein production which includes 
the total pool of P-galactosidase enzyme. This pool in- 
cludes both active and inactive (denatured) protein and 
degraded polypeptides derived from P-galactosidase. 
Some degradation of the P-galactosidase enzyme proba- 
bly occurs as it is likely that proteolytic enzymes are 
activated at high expression levels. This premise could 

be checked by a western blot where degraded forms of 
P-galactosidase could be investigated as a function of 
induced expression. 

Protein denaturation is indeed implicated when the 
SDS-PAGE results are compared to the enzyme activ- 
ity data. From the SDS-PAGE gel (Fig. 4), it is clear the 
level of P-galactosidase protein continues to increase 
as a fraction of cellular protein as induction rises. 
From 1.0 to 7.5 mM IPTG, this level increases by ap- 
proximately 60%; however, there is only a 22% increase 
in P-galactosidase cellular activity over the same in- 
duction range. It appears that 63% of the additional 
P-galactosidase that is produced by the cell at 7.5 mM 
IPTG is rendered inactive (denatured) or all the en- 
zyme has reduced specific activity. This additional 
p-galactosidase does not include proteolytic degrada- 
tion since this form of the enzyme migrates at 116 kD. 

PGalactosidase mRNA Synthesis and Degradation 

As transcription of P-galactosidase mRNA is induced, 
the large, linear increase in P-galactosidase activity 
(460-fold) and the increase in the P-galactosidase 
protein band seen on the SDS-PAGE gel both indicate 
that recombinant protein production is linked, to a 
large extent, to the rate of transcription of the cloned 
gene. However, the hybridization experiments indicate 
the steady-state level of p-galactosidase mRNA is not 
altered greatly. This seems to indicate that each tran- 
script is quickly degraded and that the stability of the 
transcript is important for p-galactosidase production. 

Using the measured synthesis rates and steady-state 
levels of P-galactosidase mRNA (Figs. 6 and 7), it was 
determined that the transcript is degraded more rapidly 
as the rate of transcription increases (Fig. 8). This in- 
crease in the degradation rate is reflected in the 12-fold 
increase in the specific degradation rate constant for P- 
galactosidase mRNA. This increase agrees well with 
the 13.5-fold increase in the p-lactamase degradation 
constant that was measured at high expression for the 
copy-number mutant plasmid system.*’ Apparently, 
mRNA degradation becomes more important as expres- 
sion of the recombinant protein increases in both the 
elevated copy-number (p-lactamase) and chemically in- 
ducible (P-galactosidase) systems. 

Since the synthesis rate of P-galactosidase mRNA 
increases steadily with increasing transcription induc- 
tion, protein production is probably not limited by 
the capability of the cell to synthesize mRNA. Even 
at high expression levels (from 1.0 to 7.5 mM IPTG), 
P-galactosidase mRNA synthesis increases 75%, result- 
ing in a 32% increase in the steady-state levels of this 
transcript and a 23% increase in the enzyme activity. 
In fact, when transcription is fully induced, the rate of 
P-galactosidase mRNA synthesis approaches the rate of 
ribosomal synthesis. Furthermore, the SDS-PAGE 
results indicate the level of RNA polymerase P and 
p‘ subunits remains constant as a function of total pro- 
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tein throughout the range of induction. This indicates a 
shortage for this enzyme does not exist. 

The same conclusion was drawn from the steady in- 
crease in both the synthesis rate and steady-state levels 
of p-lactamase mRNA in the amplifable-copy-number 
expression system.27 The results of the chemically- 
inducible system, like those of the copy-number system, 
extend the results of Nomura who showed, for non- 
recombinant systems, that mRNA is synthesized in ex- 
cess in E. ~ o l i . ~ '  

Even though p-galactosidase mRNA transcription 
continues to increase with increasing levels of IPTG, 
the steady-state levels of p-galactosidase mRNA increase 
only fourfold over the whole range of induction, an order 
of magnitude less than the increase in synthesis. In the 
copy-number system, it was estimated that the steady- 
state level increased 16-fold as copy number increased. 
Therefore, the stability of p-galactosidase mRNA proba- 
bly does impact the total amount of recombinant protein 
produced since its half-life is only 1.5 minute,' half that 
of p-lactamase mRNA. It would be interesting to in- 
crease the stability of the p-galactosidase message by 
fusing a more stable RNA to and see the impact 
this has on recombinant protein production under the 
same induction conditions. 

Ribosomal RNA Synthesis and Degradation 

After going through a minimum at 0.1 mM IPTG, the 
ribosomal RNA synthesis rates increase 3.8-fold with in- 
creasing cloned-gene expression. This increase parallels 
the 2.8-fold monotonic increase in rRNA synthesis rates 
for the copy-number-mutant system. Both of these re- 
sults agree well with the results of Gausing who showed 
E. cofi can increase its rRNA transcription at least by a 
factor of 2.5 to 4.0 beyond that required for exponential 
growth rate in these chemostat  experiment^.^^ For both 
systems, the increase in rRNA production seems to indi- 
cate production of large amounts of recombinant protein 
requires the cell to synthesize additional ribosomes. The 
existing ribosome pool is depleted by increased transla- 
tion of the recombinant message, and the cell responds 
by increasing rRNA synthesis in order to produce addi- 
tional ribosomes. 

However, for the transcription induction system, the 
steady-state concentrations of rRNA do not simply de- 
crease as in the elevated copy-number system27; instead, 
the steady-state level of rRNA goes through a minimum 
at 0.1 mM IPTG and increases 2.4-fold at high induction 
levels. Since expression of the cloned gene is higher in 
the chemically induced system (14 wt % vs. - 2 wt % 
total cell protein), it appears rRNA regulation is pushed 
beyond the simple decrease in the steady-state rRNA 
levels seen in the amplified copy number system. 

Additionally, the rRNA in the induction system is 
much more stable than that produced in the copy- 
number-mutant system. This increase in rRNA stability 
is reflected in its lower degradation constant (1/10 that 

of the copy-number mutant system). It appears that ribo- 
somal protein production can keep pace with that of the 
rRNA so that functional ribosomes are produced from 
the additional rRNA synthesized. Hence, the newly syn- 
thesized RNA is stable and not degraded as it was in the 
copy-number mutant system. This result suggests that 
there is additional capacity for recombinant protein 
production in systems which induce transcription com- 
pared to systems which amplify copy number. 

Although the ribosomal RNA levels do not steadily 
decrease (as in the copy-number mutant system) they 
are very important to the cell. This close relationship is 
shown by the trend in cellular protein production: it 
mirrors exactly the trend shown in the steady-state level 
of rRNA (cf. Figs. 10 and 14). Additionally, high re- 
combinant protein production coincides with high 
rRNA steady-state levels. 

Total RNA Synthesis and Steady-State Levels 

The largest RNA synthesis capacity of the cell occurs as 
the first increment of p-galactosidase enzyme is made 
and the plasmid is added to the host as shown in Fig- 
ure 5. This in consistent in that is has been shown that 
plasmid replication has a significant effect on cell me- 
tabolism; increasing the copy number or the size of the 
plasmid causes the maximum specific growth rate of 
the cell to decrease in minimal medium.1324 Since the 
growth rate is held constant in these chemostat experi- 
ments, the cell cannot reduce its growth rate. Instead, 
the cell responds by increasing rRNA synthesis to main- 
tain its growth rate with the additional metabolic bur- 
den of the plasmid. This is reasonable since ribosome 
synthesis is closely related to growth rate: synthesis of 
ribosomes varies as the square of the specific growth 
rate for cells doubling at these rates." In effect, replicat- 
ing the plasmid and expressing its genes requires addi- 
tional ribosomes; hence, the cell responds by increasing 
rRNA synthesis to maintain the population of ribo- 
somes required for a specific growth rate of 0.6 h-' as 
well as supply the ribosomes associated with the plasmid. 

As the inducer concentration increases from 0.0 to 
0.1 mM, it appears the increasing metabolic load of pro- 
ducing the cloned-gene product causes the cell to 
respond by producing less RNA (Fig. 5). However, 
all levels of RNA synthesis in the plasmid-bearing 
cells are at least 175% higher than that of the plasmid- 
free cells indicating that the cell redirects its cell 
machinery toward making RNA when cloned-gene pro- 
ducts are produced. 

The total RNA concentrations reflect the metabolic 
changes that occur in the cell as the cloned gene is ex- 
pressed. Upon addition of the plasmid, the total RNA 
concentrations rise. The cellular RNA concentration is 
reduced at intermediate expression levels; but, increase 
again during high expression of fucZ. Since the total 
RNA consists chiefly of rRNA (up to 0.1 mM IPTG), 
these results substantiate the downward trend of the 
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steady-state rRNA data up to 0.1 mM IPTG. Beyond 
0.1 mM, the net increase in total RNA reflects the in- 
crease in both rRNA and p-galactosidase mRNA. 

Ribosomal RNA Synthesis Model 

These results suggest a model for ribosomal RNA syn- 
thesis in bacterial cells in which a cloned gene is ex- 
pressed by inducing a strong promoter. In effect, it 
appears that rRNA synthesis is regulated by the con- 
centration of the nontranslating ribosome population, 
by the distribution of the RNA polymerase population, 
and by relaxation of attenuation of RNA polymerase 
along the rRNA transcript. 

Upon addition of the plasmid to the host, the cell 
responds by increasing rRNA synthesis because of the 
additional translational requirements associated with 
plasmid replication and because of the net increase in 
transcripts that are generated as a result of the plasmid- 
borne genes. This additional mRNA requires additional 
ribosomes for translation. The increased translational 
load results from constitutive expression from each 
of the 84 copies of the plasmid (per chromosome) of 
both the KanR gene and l a d Q  repressor gene as well as 
expression of lac2 (production of p-galactosidase 
enzyme is nonzero even at 0.0 mM IPTG). Due to this 
net increase in demand for ribosomes, the cell must 
produce more rRNA to prevent depletion of the active 
ribosome population. 

This growth-associated regulation of rRNA synthesis 
appears to be responsible for the increase in rRNA syn- 
thesis that occurs when the plasmid is added to the host 
cell. It has been shown that free, nontranslating ribo- 
somes (assembled rRNA and r-protein) are in equi- 
librium with active, translating ribosomes (polysomes), 
and that the nontranslating pool of ribosomes regulate 
rRNA synthesis at the level of trans~ription.~,~," As the 
translational requirements of the cell increase, the non- 
translating ribosome pool decreases. This reduction in 
the nonactive ribosome pool initiates rRNA synthesis 
either by enhancing rRNA promoter strength or RNA 
polymerase binding using the free ribosomes themselves 
or an effector 

The increase in rRNA synthesis that occurs upon ad- 
dition of the plasmid is shown clearly in Figure 5; the 
total specific RNA synthesis increases dramatically 
from the host cells alone (BK6) to the plasmid bearing 
cells (BK6/pTKW106) at 0.0 mM IPTG. On a total 
RNA synthesis per cell basis (total dpm/min cell), the 
increase is 7.5-fold (Fig. 9). Since plasmid-based tran- 
scription is relatively low at 0.0 mM IPTG, the fraction 
of total RNA synthesis which is rRNA synthesis may be 
estimated as 50% at this growth rate.6 Therefore, the 
large increase in total RNA synthesis represents a sig- 
nificant increase in the production of ribosomal RNA. 

tion of RNA polymerase that is active and the fraction 
that is engaged at rRNA Since the tota1 pro- 

The rate of rRNA synthesis also depends on the frac- 

tein levels decrease by 32% from 0.0 to 0.1 mM IPTG 
(Fig. 14), and with the concentration of RNA poly- 
merase constant as a fraction of total protein at all levels 
of transcription induction (SDS-PAGE results, Table I), 
the total RNA polymerase concentration decreases in 
the cell. Additionally, p-galactosidase mRNA transcrip- 
tion is also induced; therefore, the number of active 
RNA polymerase molecules per total mRNA decreases 
due to the reduction in total RNA polymerase and the 
increase in the number of transcripts in the cell. 

The rRNA loci on the chromosome also compete with 
the lac2 gene on each plasmid for RNA polymerase. It 
appears that as the lacZ promoter (tac) is derepressed 
by the addition of IPTG from 0.0 to 0.1 mM, the tac 
promoter titrates the RNA polymerase with the result 
that there is less transcription at the rRNA operons and 
rRNA synthesis decreases as shown in Figure 9. This 
titration of RNA polymerase by the plasmids seems 
reasonable since there are 12-fold more tac promoters 
than rRNA promoters (plasmid copy number 84 vs. 
7 rRNA loci per chromosome"). The net effect is that 
the rRNA promoter strength is the same as upon addi- 
tion of the plasmid; however, there is less RNA poly- 
merase per rRNA transcript so rRNA synthesis 
decreases. Bremer et al. have also reasoned that parti- 
tioning of RNA polymerase between rRNA promoters 
and mRNA promoters controls synthesis of rRNA.2 

A different mode of regulation of rRNA synthesis ap- 
pears to become dominant for induction of the tac pro- 
moter beyond 0.1 mM IPTG since rRNA synthesis 
increases 2.8-fold from 0.1 to 1.0 mM IPTG (Fig. 9). 
Although the RNA polymerase population remains 
constant as a fraction of total cellular protein and total 
cellular protein increases 70% (Fig. 14), the increase in 
transcription is not solely the result of a slightly larger 
RNA polymerase concentration. As shown in Figure 6, 
there is a large increase (17-fold) in p-galactosidase 
mRNA which should more than offset the increase 
in the RNA polymerase concentration. Instead, the 
increased rRNA transcription may be the result of 
relaxation of transcription attenuation of existing RNA 
polymerase molecules on the rRNA loci. Apparently, 
increasing lac2 transcription continues to titrate RNA 
polymerase as before; however, a threshold is reached 
where rRNA synthesis is actually induced by the re- 
duction in RNA polymerase molecules available for 
rRNA transcription. 

It has been shown that the leader region of rrnB con- 
tains potential regulatory sequences which act at the 
level of RNA chain elongation (transcription attenua- 
tion and antitermination) and promoter strength.**12 
Specifically, in vitro results have demonstrated that a 
transcription termination site exists 260 bp downstream 
from the P1 promoter, and 8 transcription pause sites 
exist 47, 63, 77, 78, 90, 91, 119, and 126 bp downstream 
from the P1 promoter.12 Transcription termination and 
attenuation at these sites are dependent on concen- 
trations of the regulatory nucleotide guanosine tetra- 
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phosphate (ppGpp) as well as the NusA and NusB 
Additionally, binding of RNA polymerase 

to the promoters of rrnE and rrnB rRNA loci is also 
decreased by the addition of ppGpp so both a reduction 
in promoter strength and transcription attenuation can 
reduce rRNA synthesis.” 

Relaxation of transcription attenuation at these sites 
could potentially increase the synthesis rate of rRNA six- 
fold” so it is a very effective mode of regulation. Hence, 
if this transcription attenuation is relaxed at the rRNA 
loci as transcription of the lucZ gene increases, rRNA 
synthesis would be expected to increase significantly. 

This mode of regulation seems reasonable in that the 
extent to which RNA polymerase pauses at the 90 and 
91 bp sites of rrnB has been shown to decrease as the 
concentration of RNA polymerase decreases.” At high 
RNA polymerase concentrations, the pausing of the 
enzyme at this site blocks transcription initiation from 
both the P1 and P2 promoters, and it has been reasoned 
that high RNA polymerase concentrations could 
abolish expression of rrnB. l2 As transcription from ZucZ 
increases, the concentration of free RNA polymerase 
should decrease steadily and attenuation of RNA 
polymerase at the 90 and 91 bp sites should be reduced 
with the result that rRNA synthesis would again in- 
crease steadily. 

This reduction in rRNA transcription attenuation due 
to shifting of the RNA polymerase population to the 
cloned gene (lucZ) agrees well with the experimental 
results since the bulk of the lucZ transcription occurs 
beyond 0.1 mM IPTG (Fig. 6). Hence, relaxation of 
transcription attenuation could explain the increase in 
rRNA synthesis that occurs as transcription of ZucZ is 
induced beyond 0.1 mM IPTG. 

This model also seems consistent with the rRNA syn- 
thesis results of the amplified-copy-number chemostat 
experiments. In these fermentations, rRNA synthesis 
increased steadily as the copy number increased from 0 
to over 400.27 Since the plasmid replication burden in- 
creases substantially (equal to 90% of chromosome rep- 
lication at copy number 408), the model predicts the 
nontranslating pool of ribosomes should decrease as 
more ribosomes are required for translation of the 
proteins associated with replication and DNA precursor 
formation. Additional ribosomes are also required for 
translation of the plasmid-borne, cloned-gene message. 
Hence, the cell is forced to increase its rRNA synthesis 
in order to maintain this enhanced protein production 
capacity. 

CONCLUSIONS 

Strain BK6/pTKW106 is a stable expression system use- 
ful for studying chemically-induced, clone-gene produc- 
tion in E. coli. Using P-galactosidase as a reference 
protein, cloned-gene expression in bacterial cells does 
not appear limited by the synthesis of cloned-gene 

mRNA when a strong promoter is chemically induced. 
However, the stability of this transcript appears to play 
an important role at high levels of expression since the 
degradation rate of the P-galactosidase mRNA has been 
shown to increase with increasing induction. 

By measuring rRNA synthesis rates and steady-state 
concentrations, it also has been shown that as the lucZ 
gene is expressed, rRNA synthesis rates and steady- 
state concentrations as well as total RNA concentrations 
go through a minimum. Therefore it appears the cell 
regulates its metabolism to increase rRNA synthesis 
upon addition of the plasmid to the host cell and upon 
high-level expression of the cloned-gene product. 

These results imply limitations exist within the trans- 
lational machinery of the cell since the largest level of 
RNA synthesis (primarily rRNA) occurs upon addition 
of the plasmid to the host cell when cloned-gene expres- 
sion is at its lowest level. Since the total cellular protein 
levels mirror the ribosomal RNA concentrations at all 
levels of expression, the translational capacity of the 
cell remains a crucial factor in cloned-gene production. 
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