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An expression system utilizing specialized ribosomes has
been constructed with g-galactosidase as the product.
Ribosomes specific for /acZ mRNA are generated due to a
mutation within the anti-Shine-Dalgarno region of a plasmid-
borne 16S rRNA gene that is complementary to a mutation
within the ribosome-binding site of /acZ. Hence, a subpopu-
lation of ribosomes specific for translation of the cloned-
gene mRNA is produced. Transcription of the /acZ gene is
regulated by the tac promoter, while transcription of the
mutated rrnB locus is controlled by the Ap, promoter. Batch
experiments indicate that full induction of both operons
(2 mM IPTG, 42°C) leads to maximal B-galactosidase activ-
ity per cell at levels 35% higher than that obtained using a
wild-type ribosome expression system. Using a novel, site-
directed mutagenesis technique, construction of the spe-
cialized ribosome vector is outlined, and the results of /lacZ
expression are presenied as transcription of both the
cloned-gene and the specialized-ribosome locus are induced.
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INTRODUCTION

It is generally understood that gene expression is gov-
erned by the rate of transcription of the DNA locus,
the stability of its mRNA, and the rate at which the
transcript is translated.” Our group has been investi-
gating the relative importance of these protein syn-
thesis reactions in plasmid-based expression systems
designed to produce recombinant protein. Using both
an amplifiable-copy-number series of plasmids in which
the copy number was varied from 0 to over 400°° and a
fixed-copy-number plasmid in which transcription was
regulated over a 500-fold range by derepressing the tac
promoter,29 we have shown that synthesis of the cloned-
gene mRNA by RNA polymerase does not limit protein
expression (in the presence of a strong promoter). How-
ever, as cloned-gene expression is increased by ampli-
fying copy number or by inducing transcription, the
stability of the cloned-gene transcript decreases due to
a 12- to 14-fold increase in the mRNA degradation rate
constant.”**® Hence, the stability of the transcript be-
comes increasingly important at high expression levels.

Our results have also indicated that the total protein
levels within the cell follow closely the steady-state con-
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centrations of rRNA.**? The total RNA concentration
within the cell also decreased as the copy number in-
creased in the amplified-copy-number experiments.?®
Both of these results indicate that there may be signifi-
cant translational limitations in the bacterial cell as
cloned genes are expressed.

Further evidence of translational limitations are sup-
plied by the decrease in specific growth rate that occurs
upon amplification of plasmid copy number and upon ex-
pression of cloned genes."” Since the ability of the cell to
produce protein is linked closely to the specific growth
rate (the synthesis of ribosomes varies as the square of
the specific growth rate'?), it appears the competition
between the chromosome-directed, host metabolic ac-
tivity and the plasmid-directed metabolic activity leads
to a net reduction in the ability of the cell to translate
cloned-gene transcripts.

Based on these results, it appeared reasonable to alter
the protein synthetic capacity of the cell in order to pos-
sibly alleviate some of the translational limitations in-
volved in expressing cloned genes. The methodology for
altering the ribosomes was provided by H. A. de Boer
and co-workers.

By studying the complementary relationship between
the bases within the ribosome binding site (RBS) of a
transcript and the anti-Shine-Dalgarno site (ASD) of
the 3’ end of the 16S ribosomal RNA, de Boer et al.
found that increasing homology between the mRNA
and 16S rRNA by increasing the homologous region
from 4 bases to 8 or 13 bases can lead to a reduction in
translation.’ This group then tested if complementarity
was required at all for translation by mutating the RBS
of the leukocyte interferon A gene such that it would
hydrogen bond less with the wild-type sequence of the
3’ end of the 168 ribosomal RNA (ASD). The group
constructed two types of mutations in the RBS of the
leukocyte interferon A gene that diverge from the con-
sensus RBS; these are shown as System IX and X of
Table 1. Using these RBS mutations, but retaining the
wild-type 16S rRNA sequence, they found that expres-
sion of leukocyte interferon A gene was reduced to
undetectable levels.’ This indicates that wild-type ribo-
somes are unable to translate these mutant RBS regions.

To determine if the consensus SD region itself was
necessary for translation or if complementation between

CCC 0006-3592/91/080891-16$04.00



Table I. Specialized ribosome complementary mutations.
Mutation RBS sequence ASD sequence de Boer mutant
System (mRNA) (16S TRNA) ASDvectors (ref. 10)
Wild-type 5 GGAGG 3" 5 CCUCC3 pASDVIII-p;
IX 5" CCUCC3 5 GGAGG 3 pASDIX-p;
X 5" GUGUG 3 5" CACAC 3 pASDX-p,

a ribosome and transcript was necessary and sufficient
for translation, the 16S rRNA gene of the rrnB locus
was mutated in order to make ribosomes that would
hydrogen bond to the mutated System IX and X RBS
mutations of a cloned gene.’ In effect, specialized ribo-
somes (Fig. 1) were created as a second kind of ribo-
some in the bacterial cell that preferentially translates
the mRNA of the cloned gene since only this transcript
has a RBS capable of hydrogen bonding completely to
the mutated 16S rRNA of the mutant ribosomes. Using
this system to express human growth hormone (hGH),
they found that wild-type ribosomes were incapable of
translating the mutant RBS of the hGH mRNA; how-
ever, specialized ribosomes were capable of producing
active hGH.” In their specialized-ribosome system, the
hGH gene with the mutant RBS is constitutively tran-
scribed while transcription of the mutant 16S rRNA of
the rrnB locus is under control of the Ap, promoter.
Human growth hormone was produced at slightly less
than 50% of the levels found within a construct which
uses a wild-type RBS and does not produce specialized
ribosomes.

In the specialized ribosome system, cloned-gene
mRNA is translated by a specific pool of ribosomes that
does not translate other cellular transcripts to a large ex-
tent.'” Hence, the cloned-gene mRNA does not compete
for wild-type ribosomes in the specialized ribosome sys-
tem, and cloned-gene expression has the potential to be
enhanced." Specialized ribosomes may also increase
the pool size of both types of ribosomes within the cell
since it has been shown that the mutation in the 16S
rRNA that generates specialized ribosomes short cir-
cuits the feedback inhibition mechanism responsible for

chrom plasmid
GGAGG... mRNA GGAGG.. mRNA
clUc
chrom plasmid
GGAGG... mRNA LGUGUG... mRNA
Ug C
CC c CA A

wild-type
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. o specialized
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Figure 1. Schematic of specialized ribosomes. The upper por-

tion shows competition between chromosomal mRNA and plasmid

cloned-gene mRNA for a wild-type ribosome. The lower portion

indicates affinity of wild-type and specialized ribosomes for their

respective mRNA.

regulation of ribosomes.” In this manner, specialized ri-
bosomes may increase the total translational capacity of
the cell.

To study specialized ribosomes further, a specialized
ribosome system has been constructed that produces
B-galactosidase. Using a novel site-directed mutagene-
sis technique, we have constructed a single vector in
which transcription of the B-galactosidase mRNA with
its mutant System X RBS is induced by the addition of
the lactose-analog IPTG, and transcription of the spe-
cialized 16S rRNA (and the rest of the rrnB locus) is
controlled by increasing the fermentation temperature
above 32°C. In this way, transcription and translation
of the cloned-gene product (B-galactosidase) have been
decoupled. This vector facilitates the study of the
metabolic impact of enhancing transcription (without
subsequent translation), and the impact of producing
additional ribosomes on cellular metabolism. Segrega-
tional stability of the vector is maintained by the parB
locus.?” Construction of the specialized-ribosome vector
is outlined, and B-galactosidase expression as a function
of induction of the lacZ gene as well as induction of the
mutant rrnB locus is presented.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Enzymes

Strain JM109 [recAl, endAl, gyrA96, thi~, hsdR17,
supE44, relAl, A(lac,proAB), {F'traD36 proAB"
lagl"ZAMI5}T" with the A lysogen NM1070 (Wam403
Eaml1100 lacZ* cI857 nin5 SamI100)'® was used to am-
plify plasmid pASDX-p, (Fig. 2). This host was used
because the recAl mutation reduces the chance of ho-
mologous recombination, and the temperature-sensitive
cI857 repressor prevents transcription of this specialized
ribosome locus when bacterial growth is maintained at
30°C. Transformation®® of pASDX-p, into strains which
lack the cI repressor results in transformants with large

EcoRI

Amp®  gos7 BamHl
Amp 8660

t1,t2
5S. rANA

10103 9246

BamH!
0,13016

pASDX-p,
13,016 bp

5496

tRNA®
P EcoRl
- 3345
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Figure 2. Plasmid pASDX-p, (ref. 10) with mutated rrnB locus.
The mutated 16S rRNA is transcribed (along with the whole rrnB
locus) under control of the Ap,. ASDX indicates the System X
mutation within the 16S rRNA (5'-CACAC-3'). Amp’ represents
the gene which confers ampicillin resistance, and t1 and t2 are the
strong, transcription termination sites of rrnB.
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deletions occurring within pASDX-p, (unpublished re-
sults). The plasmid was amplified using 170 pug/mL
chloramphenicol and CsCl centrifugation as described
below. During cell growth and plasmid amplification,
ampicillin was present at 50 ug/mL.

For construction of pTKW201, BK6 [A(lacIPOZ)C29,
lacY™*, hsdR, galU, galK, strA’, leuB6, trpC9830, A(srl-
recA)306:: Tnl0)*” was used as the host since it is a
recA” strain, therefore, little homologous recombination
between plasmid and chromosome could occur. The
JM101-derivative K5716 [A*, A(lac,proAB), supE,
{F'traD36 proAB"* laql“ZAM15}]"° was used for the con-
struction of pTKW413 since it is readily transformed
and has a wild-type cl repressor.

Characterization of expression of B-galactosidase us-
ing the specialized ribosome system via temperature
induction of the Ap, was performed in K12AH1 [ATCC
No. 33767; K-12 M72, F~, Sm®, lacZam, Abio-uvrB,
(ANam7, Nam53, cI857, AH1)]**** and M5219 [M72,
lacZam, trpam, Sm®, (Abio252, cI857, AH1)].”? The AH1
deletion includes lambda genes cro-R-A-J-b2; this mu-
tation deletes about 80% of the lambda phage genome.’
Two recA4™ versions of these strains were also trans-
formed with the specialized ribosome vectors pTKW413
and pTKW430 to check expression of B-galactosidase:
NO3203® was obtained as a recA version of M5219,
and NCChE1 was constructed by inducing the A(srl-
recA)306:: Tnl0 deletion in strain K12AH1 with P1 kc
transduction.”’

Plasmid pTKW106, a pBR322-derivative, has been
described previously?”® and is shown in Figure 3. It
consists of a functional lacZ gene under control of the
tac promoter, the lacI? gene for strong repression of the
tac promoter, the APH gene (kan"), and the parB locus
to enhance segregational stability. This plasmid was
used in construction of the specialized ribosome plas-
mid, and it was transformed into K12AH1 for use as
a control.

Plasmid pASDX-p,, is shown in Figure 2 and was ob-
tained in the form of miniscreen DNA from Herman

a
lacl oral
—_ 9122 1/9134

pTKW106

9134 bp

Figure 3. B-Galactosidase expression vector pTKW106. The
chemically inducible tac promoter controls transcription from lacZ,
the parB locus enhances segregational stability, and Kan' represents
the gene that confers resistance to kanamycin. The strong, tran-
scription termination sites t1 and t2 are also present.

de Boer. It was constructed™ by placing the specialized
ribosome locus (mutated rrnB locus) within plasmid
pBR322 (Fig. 2). In this vector, the indigenous tandem
promoters of the mutant rrnB locus have been replaced
by the Ap, promoter such that specialized ribosome
rRNA is produced when the temperature is shifted from
30 to 42°C in strains which harbor the cI857 repressor.
The p, promoter was also inserted so that antitermina-
tion and post-transcription processing of the rRNA lo-
cus occurs as in the wild-type system.* The p, promoter
lies at the end of the 1300 bp of inserted lambda DNA
(approximately 35,583-36,883 bp using the number
scheme of Lambda II°) that is adjacent to rrnB.

The restriction enzymes were purchased from
Boehringer Mannheim and New England BioLabs;
T4 polynucleotide kinase was obtained from New Eng-
land Biolabs; T4 DNA polymerase, alkaline phospha-
tase, and ATP were bought from Boehringer Mannheim;
and T4 DNA ligase was purchased from Bethesda
Research Labs. The ultrapure dNTPs were obtained
from Pharmacia.

Media and Fermentation Conditions

M9 minimal medium® containing 0.2 wt % glucose,
0.4 wt % casamino acids, and 0.0018 wt % tryptophan
was used initially to express B-galactosidase in the
specialized-ribosome strain. Subsequent batch fermen-
tations in which B-galactosidase was expressed as a
function of temperature and IPTG levels were per-
formed with LB medium® containing 10 g Bacto tryp-
tone, 5 g Bacto yeast extract, and 10 g NaCl per liter.
Selection pressure was maintained for all fermentations
with kanamycin (50 pg/mL).

The fermentations (21-25 mL) were conducted in
250-mL Erlenmeyer flasks shaken at 250 rpm ip a New
Brunswick or LabLine circulating air shaker. The opti-
cal density of the cell suspensions was monitored using
a Shimadzu UV160U Spectrophotometer with a con-
stant temperature cell set at 25°C and wavelength fixed
at 600 nm.

For the B-galactosidase expression experiments, over-
night cultures were inoculated from —40°C stocks and
grown for 12-16 h at 30°C in LB-Kan at 250 rpm. To
initiate each batch fermentation, 1-5 mL of the over-
night culture were added to 20 mL of fresh medium,
and the cells were grown at 30°C until the cell suspen-
sion reached an optical density (OD) of 0.2 (0.5-1.0 h).
The fermentations were then shifted to the appropriate
temperature (30-45°C), and grown for 8.68 h. In this
way, the batch fermentations were conducted such that
the cells were induced during the early exponential
phase of growth at the same cell density. Five-milliliter
samples were then taken, and the cells were placed
on ice. Additionally, at the start and end of each
fermentation, a 1.5-mL sample of cell suspension
was taken to monitor the plasmid DNA stability, and
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MacConkey—Kan plates were streaked to check for the
lacZ* phenotype.

The experiments in which the time-course of B-
galactosidase expression was followed differed from the
above in that samples were removed over a 23-h period.
Also, the cellular OD at the time of induction was
as indicated.

B-Galactosidase Activity and Total Protein

The B-galactosidase assay has been described previ-
ously.” Briefly, 5-10 mL of each fermentation were cen-
trifuged to form a cell pellet, and the supernatant was
removed and placed on ice until assayed. The cells were
resuspended and sonicated at 21 kHz for 1.33 min. The
cell homogenate and supernatant were then assayed
spectrophotometrically by following the color change
in a Shimadzu UV160U Spectrophotometer with a con-
stant temperature cell set at 25°C. The activity of the
B-galactosidase was then calculated using Beer’s law.”
Sigma Protein Kit No. 690 was used to analyze the
total protein content of the cells of each fermentation.
Two samples (7.5 pL) of the sonicated cellular homoge-
nate of each fermentation that was used to determine
B-galactosidase activity were analyzed and the results
were averaged to determine the total cellular protein.

Plasmid Isolations and Horizontal Gel
Electrophoresis

One liter of LB medium supplemented with kanamycin
and chloramphenicol was used for the large-scale plas-
mid isolations. After centrifugation, the cells were lysed
with lysozyme, and the cell wall and other insoluble
material was precipitated using Triton X-100. RNA was
removed from the supernatant with RNase and DNA
was precipitated by adding PEG. Plasmid DNA was iso-
lated from chromosomal DNA using CsCl ultracentrifu-
gation (60,000 rpm). After precipitating with ethanol,
the concentration of the DNA was then determined by
its absorbance at 260 nm.

Rapid plasmid isolations were conducted using the
protocol of Rodriguez and Tait.” Briefly, 1.5 mL cell
suspension was spun at 1.5 x 10° 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 (10 mM tris, pH 7.6,
and 1 mM EDTA).

Horizontal agarose gel electrophoresis was used to
separate and identify plasmid DNA bands.” Gels were
cast with 0.6 wt % agarose (Bio-Rad) and electro-
phoresed in TBE buffer (89 mM tris, 8 mM boric acid,
2.0 mM EDTA, pH 8.5) in the presence of 0.5 ug/mL
EtBr for 500-1000 V h.

Specialized Ribosome Vector Construction

The specialized ribosome vector consists chiefly of the
lacZ gene with a mutated Shine-Dalgarno region, and
the rrnB locus with a complementary mutation in the
3’ end of the 16S portion (the anti-Shine-Dalgarno re-
gion). It was desired to have the lacZ gene under the
direction of the tac promoter, and transcription of the
rrnB locus to be directed by the Ap, promoter. In this
manner, the level of transcription of lacZ is controlled
by the addition of the inducer IPTG, and the level of
specialized TRNA is controlled by derepressing the Ap,
promoter due to inactivation of the chromosome-based,
temperature-sensitive cI857 repressor. Hence, construc-
tion of the specialized ribosome vector involved mutat-
ing the RBS of lacZ in the stable vector pTKW106 to
form pTKW201. The rrnB locus of pASDX-p, was then
placed within pTKW201 to form plasmids pTKW413
and pTKW430, the specialized ribosome vectors which
differ in the orientation of the rrnB locus. The gen-
eral cloning techniques that follow (T4 polynucleotide
kinase reactions, T4 DNA polymerase reactions, de-
phosphorylation reactions, etc.) are derived from those
presented by Hui et al.,” Maniatis et al.,”” and Berger
and Kimmel.?

pTKW201

The five-base pair mutation in the lacZ RBS of
pTKWI106 (which renders translation of this recom-
binant gene under the control of the specialized
ribosomes) was created using a novel site-directed mu-
tagenesis technique which is outlined in Figure 4. Due
to the proximity of the multiple cloning site (MCS) in
pTKW106 to the RBS of lacZ (42 bp downstream), a
Smal site within the MCS provided an unique opportu-
nity to mutate the RBS of lacZ. Since two Smal sites are
present in pTKW106, the DNA was partially digested
with Smal (2.5 ug digested for 2 min with 3 units of
enzyme) so that pTKW106 was predominantly cut once
leaving approximately 50% of the DNA uncut and pro-
ducing almost no plasmid DNA that had been restricted
at both sites (verified through gel electrophoresis).

In order to expose a single-stranded section of the
pDNA so that a synthetic 29-base oligomer could bind
(containing the mutation in the RBS that forms the
System X mutant RBS), the 3’ ends of the blunt Smal
site were digested with T4 DNA polymerase such that
120 nucleotides should have been removed according to
Maniatis et al.”* The 29 nt oligo (5'-AACAATTTCACA
GTGTG AACAGCGATGAA-3') was synthesized and
purified at the NCSU Genetics Department Molecular
Biology Center. After the oligomer was phosphoryl-
ated with T4 polynucleotide kinase, the 29 nt oligomer
(Fig. 4) was added (molar ratio 1000:1 oligo to vector) to
the pTKW106 vector that had been digested with Smal
and T4 DNA polymerase.
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Figure 4. Construction of pTKW201.

The single-stranded gaps were then filled by adding
T4 DNA polymerase and dNTPs. The T4 DNA poly-
merase was chosen over the Klenow fragment since T4
DNA polymerase does not strand-displace the oligomer
during the fill-in reaction.”

Blunt-end ligation was carried out in the presence of
dNTPs to prevent any T4 DNA polymerase that may be
present from acting as an exonuclease. Ligation pro-
ceeded overnight at 12°C (low temperature) to avoid
melting the oligo from the DNA template. The results
of the ligation and partial digest reactions were checked
by a electrophoresis using a 0.6 wt % agarose gel. The
resulting plasmid pTKW201 is shown in Figure 4.

BK6 cells were made competent according to the
method of Maniatis et al.,”* and were transformed with
300 ng DNA in the ligation solution. Since the cells
which are transformed with the mutant plasmid initially
have one copy of both the mutant plasmid pTKW201
and the wild-type pTKW106 (Fig. 4), both wild-type and
mutant transformants appear red on MacConkey agar
plates. However, cells which replicate the mutant plas-
mid pTKW201 have a growth advantage when grown
in the presence of 0.5 mM IPTG since the pTKW201
mRNA for B-galactosidase is not translated due to the
mutation in the Shine-Dalgarno site.’ Therefore, 100 4L
of the transformation mixture was transferred to 10 mL
of LB with kanamycin (50 ug/mL) and IPTG (0.5 mM)
to induce expression of B-galactosidase in the wild-type
BK6/pTKW106. The difference in growth rate between
BK6/pTKW201 and BK6/pTKWI106 is slightly less
than 0.68-0.61/h, the respective growth rates of BK6/
pTKW106 with and without 0.5 mM IPTG,” since tran-
scription still occurs in BK6/pTKW201 although trans-
lation is prevented.

After 24 h, 100 pL of the LB-Kan-IPTG solution was
diluted and spread on MacConkey—Kan plates. BK6/

pTKW201 colonies were chosen as white colonies, and
the pDNA was screened by a DNA miniscreen.” The
plasmid DNA was cut with BamHI and compared to
BamHI restricted pTKW106 DNA. Since the suitable
transformants may still harbor some pTKW106, the
pDNA was again obtained through a miniscreen and
used to transform BK6. The BK6/pTKW201 cells were
selected as white colonies resistant to kanamycin. In
this manner, pTKW201 was obtained that was uncon-
taminated by pTKW106. A large-scale plasmid prep was
used to acquire purified pTKW201 pDNA, and the plas-
mid DNA was subjected to restriction enzyme analysis
using BamHI, EcoRl, Scal, HindlIl, Sspl, EcoO1091, and
Smal. Horizontal gel electrophoresis was used to sepa-
rate the DNA fragments. A restriction map of pTKW201
is shown in Figure 5.

pTKW413

An outline of the construction of the specialized ribo-
some vector pTKW413 is shown in Figure 6. The mu-
tated ASD of the 16S rRNA gene and the rest of the
rrnB locus of pASDX-p, (Fig. 2) was isolated by re-
stricting pASDX-p, with BamHI. This enzyme cuts
pASDX-p, at the two sites surrounding the rrnB locus
(Fig. 2). The larger, 8660 bp fragment was isolated using
a 0.6 wt % agarose horizontal electrophoresis gel and
was made blunt by filling the restriction sites with T4
DNA polymerase.

The recipient plasmid pTKW201 which harbors the
altered RBS of lacZ was cut at its unique EcoO1091 site
between the lacI? and transcription terminators of
lacZ. The ends of the linearized pTKW201 were then
made blunt by T4 DNA polymerase in the presence
of dNTPs."” In order to prevent religation of pTKW201,
the blunt vector was dephosphorylated with alkaline
phosphatase.”
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Figure 5. Restriction map of pTKW201. The mutated Shine-Dalgarno region of pTKW201 is compared to that of
pTKW106. The first nucleotide of the mRNA is shown by +1.
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Figure 6. Construction of specialized ribosome vector pTKW413.
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The 8660 bp fragment containing the specialized ribo-
some locus was blunt-end ligated to pTKW201 using a
10:1 molar ratio. The blunt 8660 bp fragment (0.8 pmol)
was added to the dephosphorylated, blunt pTKW201
(0.08 pmol). The mixture was ligated for 16.5 h at
23°C.” These conditions fix the j/i ratio (the effective
concentration of one end of a molecule relative to the
other [j] over the total concentration of ends in the liga-
tion mixture [i]) at 0.5 so linear concatamers should be
formed preferentially.”

In order to obtain pTKWA413 from the ligation mix-
ture, the intermediate strain K5716 was used as the host
since it was transformed more easily than the cI857-
bearing strains K12AH1 and M5219. (Attempts to iso-
late pTKW413 from the ligation mixture with host
strains K12AH1 and M5219 were unsuccessful.) Trans-
formation was achieved by adding roughly 350 ng of lig-
ation mixture to 200 uL. of competent K5716 cells and
pulsing the cells for 2 min at 42°C." In order to reduce
the stress on the recipient cells, the transformation solu-
tion was spread (100 uL) on LB-Kan plates rather than
MacConkey-Kan plates (which induce transcription of
the lacZ gene).

Kanamycin-resistant colonies were then scored using
MacConkey-Kan plates: one plate was exposed to 42°C
for 15 min then kept at 37°C overnight while another
MacConkey-Kan plate was kept at 30°C. Suitable
transformants were selected by choosing colonies which
had a very slight red color and which grew slowly on
MacConkey-Kanamycin agar at 37°C compared to
30°C. The slow growth is probably due to the presence

5SS rRNA

t1,62

23S rRNA

EcoRlI
14,619

tANA™

of some specialized ribosomes formed as a result of in-
complete repression of the p, promoter by the single
copy of the ¢l repressor on the chromosome. Colonies
containing pTKW413 or pTKW430 were identified by
rapid plasmid isolations followed by an EcoRI digest
and gel electrophoresis.

A large-scale plasmid prep was used to obtain puri-
fied pDNA; this pDNA was characterized by cleaving
with EcoRl, BamHI, Sspl, Sacl, Xbal, BstEIl, Xbal/
BstEll, Kpnl, EcoO1091, and Smal and visualized using
horizontal gel electrophoresis. The four bands of the
EcoRI digest serve to establish the orientation in which
the 8660 bp rrnB locus was inserted into pTKW201
(Fig. 7). Transformants were found with the 8660 bp
fragment inserted in both orientations. The plasmid with
the two sets of t1, t2 transcription terminators adjacent
was numbered pTKW413, and the opposite orientation
of the 8660 bp fragment was numbered pTKW430.

In order to characterize the specialized ribosome
vectors, pTKW413 and pTKW430 were transformed
into NO3203, M5219, K12AH1, and NCChE1. Plasmid
DNA obtained from a rapid plasmid prep” of K5716/
pTKWA413 was transformed into each of these hosts
using a 2-min pulse at 42°C."

RESULTS

Since both specialized ribosome vectors pTKW413 and
pTKW431 appeared to produce equivalent amounts of
B-galactosidase (they differ solely in the orientation of
the rrnB locus), pTKW413 was chosen for the remain-
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16S rRNA 17,794 bp (spec. RBS)
11,793 BamHl
EcoRl 8738
12,468

Kan®

EcoRI
6788
BamHI
7aes  parB

lacl®

Figure 7. Specialized-ribosome vector pTKW413. The lacZ gene containing the mutated RBS
(5'-GTGTG-3') is transcribed from the chemically-inducible tac promoter, and the mutated 16S
TRNA is transcribed from the Ap, which is temperature-inducible due to the presence of the tem-
perature-sensitive, A repressor ¢I857 in the host K12AH1.
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ing studies. Using this plasmid, host K12AH1 ap-
peared to produce slightly more B-galactosidase on
MacConkey agar plates compared to strain M5219,
so K12AH1/pTKW413 was chosen as the specialized
ribosome strain.

Growth Rates and Expression in Minimal Medium

As lacZ is expressed in the specialized ribosome strain
K12AH1/pTKW413, the growth rate of the bacterium
decreases steadily in minimal medium. After shifting
the temperature from 30 to 40°C and adding IPTG,
the instantaneous growth rate decreases from 0.8 to
0.25 h™! at IPTG concentrations of 0.04, 0.20, and
1.0 mM IPTG in the first 5.5 h of growth. During this
induction period, the absorbance readings were very
low (Ageonm = 0.015-0.060), so growth was not limited
by the nutrient or waste concentrations. Instead, induc-
tion of specialized ribosomes via the p, promoter ap-
pears to have a profound effect on cellular metabolism
in minimal medium. This appears consistent with the
fact that cultures grown at 30°C and with 2.0 mM IPTG
achieve steady growth rates of 0.73 h™!; these cultures
produce B-galactosidase mRNA in large quantities but
the p, promoter and its specialized-ribosome locus are
repressed due to the low temperature.

In addition to a decrease in growth rate, significant
cell lysis was seen after 20 h of expression of lacZ with
minimal medium in K12AH1/pTKW413. The resulting
intracellular and supernatant B-galactosidase activities
are shown in Table II. In these experiments, batch cul-
tures were grown in shake flasks at the indicated tem-
peratures with the inducer concentration fixed at 2 mM
IPTG. The supernatant B-galactosidase activity in-
creased from 14 to 470% of the intracellular activity;
therefore, complex media was used in the remaining ex-
periments to limit cell lysis and to limit the impact of
the production of specialized ribosomes on cellular
metabolism. Cell lysis and decelerating growth rate have
been reported by other researchers using the p; pro-
moter and minimal medium.?® Hence, it is difficult to
determine whether the specialized ribosomes or the p;
promoter cause the lysis and growth problems in mini-
mal medium.

Table [1. The B-galactosidase expression with K12AH1/pTKW413
in minimal medium with 2.0 mM IPTG.

B-Galactosidase activity,
(nmol ONPG cleaved/min AU)

Temperature
°C) Intracellular Supernatant
30 77 11
40 234 146
42 365 1690

Effect of Specialized Ribosomes on Growth Rate
in Complex Medium

To discern the impact of specialized ribosomes on cellu-
lar metabolism, the specific growth rate was measured
as a function of induction of the specialized ribosome
locus, rrnB, in complex (LB) medium. Since it is neces-
sary to change the temperature to induce synthesis of
the specialized ribosomes in this system, the specific
growth rate of the host was determined under the same
conditions as a control. By comparing the growth rates
of the two strains, K12AH1 and K12AH1/pTKW413, the
effect of temperature on the cellular components other
than the specialized ribosome system and its p; pro-
moter is effectively removed since it should affect both
strains to the same extent. Since no IPTG was added to
either strain, there is essentially no B-galactosidase
mRNA synthesized in the plasmid-bearing strain.

The respective growth rates at the indicated tempera-
tures are presented in Table III. At each temperature
from 30 to 42°C, the growth rate of the specialized
ribosome strain is considerably less than that of the host
(which contains only wild-type ribosomes). This indi-
cates the specialized ribosomes influence cell growth
to a large extent. Furthermore, the decrease in specific
growth rate is greatest (32%j) at 39.5°C. This corresponds
closely to the maximum induction temperature of the p,
promoter (41°C) where it is expected production of spe-
cialized ribosomes is highest.

Since the specialized ribosomes significantly decrease
the growth rate even at low temperatures, these results
also suggest the p, promoter is incompletely repressed
(although some of the reduction in growth rate relative
to the host is caused by the metabolic burden of plasmid
replication). Additional results (described below) verify
that the p, promoter is repressed inefficiently (Table VI).

Time Course of g-Galactosidase Production:
Specialized Ribosomes vs. Wild-Type Ribosomes

To further evaluate the specialized ribosome vector
K12AH1/pTKW413, the time course of B-galactosidase
expression was followed as transcription of the special-

Table III. Effect of specialized ribosomes on the specific growth
rate (u) in the absence of lacZ mRNA induction (0 mM IPTG) and
in LB medium.

Specific Growth Rate,
(h)

Temperature Decrease in p
°C) K12AH1  KI12AH1/pTKW413 (%)
30 0.91 0.77 15
37 1.91 1.66 13
39.5 2.09 1.42 32
42 1.46 1.21 17
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ized rrnB locus and lacZ are induced simultaneously.
Production of B-galactosidase in the specialized
ribosome system for this time-course experiment is
shown in Figure 8 for cells grown at 42°C (to induce the
Ap. promoter of rrnB) and in the presence of 2 mM
IPTG (to induce the tac promoter of lacZ). On the ordi-
nate, the enzyme activity has been normalized by the
level of total cellular protein so that the results reflect
the amount of active B-galactosidase enzyme each cell
contains. Time on the abscissa represents the hours
elapsed since the addition of the inducer IPTG (2 mM)
and the simultaneous shift in temperature from 30
to 42°C.

It appears that after an initial lag in which the en-
zyme activity increases sluggishly, B-galactosidase pro-
duction capacity increases linearly for approximately
7 h then reaches its maximum. The 3-h lag period prob-
ably reflects the time required to produce functional
specialized ribosomes since lacZ mRNA has been
shown to be produced without any measurable lag time
after the addition of IPTG." Additionally, in wild-type
ribosome systems at all growth rates, it takes less than
two minutes to produce active B-galactosidase enzyme
after the addition of IPTG.""® No lag period has been
seen in our lab using wild-type ribosomes to express
B-galactosidase. After the initial lag, it appears that the
population of specialized ribosomes increases steadily
which results in the synthesis of more B-galactosidase.

To verify these results, an additional experiment was
conducted in which the same fermentation conditions
were used except the initial cell density at time 0 was
A600nm = 0.133 rather than A600nm = 0.086. The same
trend as that shown in Figure 8 was obtained except the
time at which the maximum enzyme production oc-
curred was shifted forward to 9.3 h rather than 11.7 h.
The same maximum value in B-galactosidase pro-
duction was obtained. From these results, it was
determined that subsequent fermentations should be
conducted for roughly 9 h so that the cells would have
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Figure 8. Time course of B-galactosidase production in K12AH1/
pTKWA413 (solid line, specialized ribosomes) and control K12AH1/
pTKW106 (dashed line, wild-type ribosomes) at 2.0 mM IPTG and
42°C. Lines are drawn to indicate trends.

enough time to produce specialized ribosomes and
make B-galactosidase at appreciable levels. These re-
sults seem reasonable in that Okita et al.” report maxi-
mum product yields for the production of malaria anti-
gens in complex medium occur after 4 to 7.3 h. These
authors used an analogous host that contains the cI857
repressor and AH1 mutation in the lambda lysogen as
well as temperature shifts to induce the Ap, promoter.

As a control for synthesizing B-galactosidase using
wild-type ribosomes, the lacZ locus was expressed in
strain K12AH1/pTKW106. Plasmid pTKW106 (Fig. 3)
does not produce specialized ribosomes since it lacks the
mutated rrnB locus, and the lacZ mRNA that is tran-
scribed upon addition of IPTG has the wild-type RBS.
The time course of B-galactosidase expression is plot-
ted in Figure 8. At time zero, exponentially growing
cells (Agam = 0.200) were shifted from 37 to 42°C,
and IPTG was added (2 mM).

Initially, the concentration of B-galactosidase in-
creases more rapidly in the wild-type system compared
to the specialized-ribosome strain. After approximately
7.0 h at 42°C and 2.0 mM IPTG, the B-galactosidase ac-
tivity in K12AH1/pTKW106 reaches a plateau at a con-
centration that is 25% less than that produced in the
specialized ribosome strain (6.47 vs. 8.73 nmol/min ug
protein). Therefore, specialized ribosomes appear more
effective in producing B-galactosidase than the wild-
type ribosomes. B-Galactosidase was also expressed at
37°C in K12AH1/pTKW106; the enzyme activity after
8.68 h was 5.8 nmol/min pg protein.

Optimal Induction of the Specialized Ribosomes

There is some uncertainty in the literature concerning
the appropriate temperature conditions for optimal in-
duction of the Ap, promoter.”” For example, some au-
thors suggest increasing temperature from 30 to 42°C
for 15 min then reducing temperature to 37°C to induce
transcription." Others recommend increasing the tem-
perature to 42°C for the remainder of the experiment
after a suitable cell density has been obtained.”***

To determine the appropriate time of exposure at
42°C for production of specialized ribosomes via de-
repression of the p, promoter, a series of fermentations
was conducted in which each culture was grown for
8.68 h in the presence of 1.0 mM IPTG; however, the
length of time each culture was exposed to 42°C was
varied from 0 to 8.68 h. After the initial exposure to
42°C, the cultures were shifted to 37°C for the remain-
der of the 8.68 h.

The results are shown in Table 1V with the S-galacto-
sidase activity reported per microgram of total protein.
It appears that the maximum amount of B-galactosidase
is synthesized if the culture is kept at 42°C for the en-
tire time of induction. Exposure to 42°C for 1.5 h at the
start of the fermentation leads to B-galactosidase syn-
thesis at 75% of the maximum.
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Table IV. The B-galactosidase expression in K12AH1/pTKW413
as a function of initial time at 42°C followed by a shift to 37°C
(1.0 mM IPTG).

Time at 42°C B-Galactosidase activity
(h) (nmol ONPG cleaved/min ug protein)
0 1.90
0.25 1.57
0.75 2.05
1.50 4.61
8.68 6.05

An experiment was also performed to determine if
B-galactosidase synthesis is affected by the time at
which IPTG is added to the medium to induce lacZ
mRNA transcription. Five cultures were exposed to
41°C for 8.68 h so that specialized ribosomes were con-
tinuously produced; however, IPTG (1.0 mM ) was added
at progressively later times to induce lacZ mRNA syn-
thesis. The results are shown in Figure 9 and indicate
that the largest amount of enzyme is synthesized when
lacZ mRNA is transcribed for the duration of the ex-
periment. Enzyme activity falls off linearly as the ex-
posure to the chemical inducer decreases.

These results suggest that it may be possible to
increase B-galactosidase production by inducing
B-galactosidase mRNA synthesis continuously and
shifting the culture from 37 to 42°C so they are exposed
at 42°C for greater than 1.5 h. In this way, the cells are
grown at the optimum temperature (37°C) for at least
part of the fermentation; this may increase mRNA
synthesis and its stability as well as decrease enzyme
denaturation and degradation. To test this hypothesis,
cultures were grown in the presence of 2 mM IPTG
and shifted to 42°C after 0, 2, 4, or 6 h at 37°C during
8.68-h fermentations. The resulting B-galactosidase ac-
tivities are presented in Table V. It is clear the highest
level of B-galactosidase is synthesized when the cells
are grown at 42°C continuously without any expo-
sure to 37°C. In this way, specialized ribosomes and
B-galactosidase mRNA are produced for the duration of
the fermentation.

K12AH1/pTKW413

B-Gal Activity, nmol/(min pg protein)

Time IPTG added, hr

Figure 9. pB-Galactosidase expression in K12AH1/pTKW413 as a
function of time of IPTG addition (1.0 mM) at 41°C. Line drawn to

indicate trend.

One additional experiment was conducted to deter-
mine the optimum conditions for expression of the spe-
cialized ribosomes: a culture of K12AH1/pTKW413 was
exposed to 42°C for 15 min of each hour to fully induce
the rrnB locus. The culture was kept at 37°C for the
remaining 45 min of each hour while lacZ mRNA was
continuously expressed by 2.0 mM IPTG. At the end of
8.68 h, the concentration of B-galactosidase was as-
sayed at one-half the level found in cultures that were
continuously exposed to 42°C. Therefore, to maintain
B-galactosidase synthesis at near optimum levels, the
remaining fermentations were conducted such that the
cultures were grown continuously at the specified induc-
tion temperature, and the IPTG concentration was kept
constant during the entire experiment.

B-Galactosidase Activity versus IPTG

In order to ascertain that B-galactosidase mRNA is in-
deed produced by induction of the tac promoter and to
determine the impact of cloned-gene transcription in
a simplified manner, a series of fermentations using
K12AH1/pTKW413 was performed in which the inducer
of transcription of B-galactosidase mRNA, IPTG, was
varied from 0 to 10 mM while the temperature was kept
constant and high. Under these conditions, specialized
ribosomes are produced continuously during the fer-
mentation. For all of these experiments, at time zero the
temperature was changed from 30 to 42°C, and IPTG
was added to the fermentation medium. The cells were
grown for 8.68 h at 42°C, then the B-galactosidase activ-
ity was assayed. The results are presented in Figure 10
from 0 to 1.0 mM IPTG using a logarithmic scale.

Over the course of lacZ mRNA transcription induc-
tion, B-galactosidase enzyme activity varies over a 1300-
fold range indicating that transcription induction has a
profound effect on enzyme synthesis and that there is
remarkably tight control of the tac promoter. The maxi-
mum in activity occurs essentially at 0.5 mM and is es-
sentially unchanged by higher concentrations of IPTG:
at 1.0, 2.0, 5.0, and 10.0 mM IPTG, the B-galactosidase
activity was approximately constant at 6.0, 5.5, 5.2, and
5.9 nmol/min ug protein, respectively.

Most importantly, the range of inducibility is very
narrow since the bulk of induction occurs between 0.0
and 0.5 mM IPTG. Chemostat studies using pTKW106,
the parent plasmid which lacks the mutated rrrnB lo-

Table V., The B-galactosidase expression in K12AH1/pTKW413 as
a function of the time at which the cultures are shifted from 37 to
42°C (2.0 mM IPTG).

Time at 37°C B-Galactosidase activity
(h) (nmol ONPG cleaved/min ug protein)
0 5.62
2 2.09
4 1.84
6 1.59
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Figure 10. B-Galactosidase expression in K12AH1/pTKW413 as a
function of IPTG at 42°C. The line is drawn to indicate trend.

cus, revealed that the tac promoter was inducible up to
7.5 mM IPTG in this wild-type ribosome system with
the lacI® repressor on the plasmid.”” Hence, in the
specialized-ribosome strain, either further mRNA tran-
scription occurs beyond 0.5 mM IPTG but there are not
additional specialized ribosomes to translate the addi-
tional lacZ transcripts, or transcription at the rrnB lo-
cus under the direction of the p; promoter limits further
transcription at the fac promoter.

Plasmid pTKW413 was stable during the course of
these experiments; no segregational or structural insta-
bility was seen. Furthermore, there was essentially no
cell lysis since negligible B-galactosidase was found in
the supernatant (less than 3% of intracellular activity at
all IPTG concentrations).

B-Galactosidase Activity versus Temperature

Induction of functional specialized ribosomes was stud-
ied by inducing transcription of the rrnB locus: dere-
pression of the p, promoter by temperature shifts leads
to the formation of mutant 16S rRNA that is incorpo-
rated into functional ribosomes.”’ These specialized ri-
bosomes have high specificity for the B-galactosidase
mRNA. In these experiments, IPTG levels were main-

K12AH1/pTKW413

L L " " 1

30 32 34 36 38 40 42 44 46

B-Gal Activity, nmol/(min pg protein)
IS

Temperature, °c

Figure 11. B-Galactosidase expression in K12AH1/pTKW413 as
a function of temperature with 2.0 mM IPTG. The line is drawn to
indicate trend.

tained high (2.0 mM) to ensure that lacZ mRNA con-
centrations were always elevated so translation of the
B-galactosidase transcript would limit enzyme synthe-
sis. The results are presented in Figure 11 where the
enzymatic activity is plotted on a total protein basis.

It is clear that B-galactosidase activity reaches a sharp
maximum at 41°C. This indicates that 41°C is the opti-
mal temperature for induction of the p, promoter for
specialized ribosome synthesis. This result agrees well
with the data of Okita et al. who showed induction of
two malaria antigens is favored at 39.5 and 41°C when
the Ap, promoter is used.”

As temperature is varied, B-galactosidase activity is
inducible only over a 6.3-fold range. Since the maximum
in activity of 6.7 nmol/min ug protein at 41°C agrees
well with the maximum which occurred when tempera-
ture was fixed at 42°C and IPTG concentrations were
varied (Fig. 10, 6.0 nmol/min ug protein), it appears the
lack of inducibility is due to leakiness of the Ap, pro-
moter at 30°C. The enzyme activity at 30°C and 2.0 mM
IPTG is 225-fold higher than that which occurs when
IPTG is not added to the fermentation and subsequently
B-galactosidase mRNA is not produced (Fig. 10). The
plasmid from which the specialized-ribosome plasmid is
derived (pTKW106) has a copy number of approximately
84,% therefore, the p, promoter on the specialized-
ribosome vector is probably repressed inefficiently by
the CI857 repressor which exists as only a single copy
on the chromosome. This is substantiated by the results
presented in the following section.

Plasmid pTKW413 was stable (segregationally and
structurally) during the course of these experiments as
evidenced by the plasmid DNA bands from mini-preps
that were separated by agarose gel electrophoresis and
by growth on MacConkey agar plates. The pDNA was
obtained from fermentation samples taken at the end
of each experiment. Essentially no cell lysis occurred
since negligible B-galactosidase was found in the super-
natant (less than 2.5% of intracellular activity) except
at the extreme temperature of 45°C where extracellu-
lar B-galactosidase activity was 15% of the intracellu-
lar activity.

B-Galactosidase Expression: cl Repressor and
Wild-Type Ribosomes

From the previous experiments it is clear that tempera-
ture control of B-galactosidase expression in the spe-
cialized ribosome system (p, promoter) is not as tightly
regulated as ptac-controlled transcription of lacZ since
substantial B-galactosidase is made even at 30°C in
the presence of 2.0 mM IPTG, and the growth rate of
K12AH1/pTKW413 is reduced relative to the host alone
even at low temperatures. It appears two explanations
are possible: either wild-type ribosomes recognize the
mutant RBS of lacZ mRNA made from pTKW413, or
the p, promoter of the specialized rRNA locus is incom-
pletely repressed by the cI857 repressor at low tempera-
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tures. If the rrnB locus is always transcribed to some
extent due to incomplete repression of p, , then special-
ized ribosomes are always present in the cell and are
free to translate the lacZ mRNA whenever it is made.

To determine if B-galactosidase was produced due to
recognition of the mutant RBS of lacZ by wild-type
ribosomes, enzyme expression was checked in BK6/
pTKW201 (Fig. 5). This vector contains the lacZ gene
with the specialized ribosome RBS that is transcribed
from the ptac promoter; therefore, the lacZ mRNA
should not be recognized by wild-type ribosomes. Cells
were grown for 8.68 h at 30°C in the presence of
2.0 mM IPTG so that transcription of the lacZ gene
was maximum. As shown in Table VI, no detectable
B-galactosidase is made under these conditions; there-
fore, the wild-type ribosomes are completely unable to
recognize the mutant RBS of lacZ, even when there are
many transcripts available for transcription. This agrees
well with the results of de Boer’s group which was un-
able to detect leukocyte interferon and human growth
hormone in constructs with the same mutant RBS.’ To
ensure the stability of the plasmid during this experi-
ment, the plasmid was isolated before and after expres-
sion, cleaved with EcoRlI, and the bands were separated
using horizontal electrophoresis. No structural instabil-
ity was seen.

This result implies strongly that the p, promoter is
not fully repressed at low temperatures (30°C); there-
fore, transcription of the specialized ribosome rRNA
and the formation of active specialized ribosomes oc-
curs at low temperatures. This hypothesis was verified
by comparing the extent B-galactosidase is expressed in
K5716/pTKW413 and K12AH1/pTKW413. The main
difference in these strains is that host K12AH1 has the
temperature-sensitive (mutant) cI857 repressor whereas
K5716 has the wild-type cl repressor. The results are
shown in Table VI for expression after 8.68 h at 30°C
and 2 mM IPTG. Since the B-galactosidase activity in
the strain with the wild-type ¢l repressor (K5716) is
1/500 that of the temperature-sensitive strain (K12AH1),
it is clear that the B-galactosidase activity seen at low
temperatures is the result of incomplete repression of
the p, promoter by cI857. The mutation that causes the
temperature-sensitive phenotype must render the re-
pressor much less efficient. The relatively high copy
number increases this effect since the large number of

p. promoters titrates the repressor pool. The stability
of these plasmids during the course of the experiment
was verified as with pTKW201 using a miniprep and
electrophoresis.

These B-galactosidase expression results were also
easily verified qualitatively by growing the three strains
on MacConkey-Kan plates. As expected, K12AH1/
pTKWA413 colonies turned red after 12—-24 h at 30°C due
to inefficient repression of the p; promoter while colo-
nies of K5716/pTKW413 and BK6/pTKW201 did not
turn red after 70 h.

Plasmid Stability

No segregational instability was encountered during the
course of these experiments or during the plasmid con-
structions. It appears the parB locus on the specialized-
ribosome plasmid successfully prevents plasmid-free
segregants from taking over the fermentations by killing
them as they arise.”’

However, the specialized ribosome plasmid
pTKW413 (Fig. 7) was not structurally stable for long
periods since plasmid rearrangements and deletions
were sometimes noticed after approximately two sub-
cultures (44 hr) in LB-Kan in K5716 (wild-type cI). For
this reason the fermentation medium was always in-
oculated from —40°C stocks, and the plasmids were
checked at the start and end of each fermentation.

The structural instability appears to be due to the
large regions of homology between the plasmid and
the chromosome as well as the size of the plasmid. The
rrnB locus (5480 bp), lacZ gene (3110), and lacI® gene
(1161 bp) of plasmid pTKW413 are all homologous with
the corresponding loci on the chromosome.

To check if a reduction in homology leads to an in-
crease in stability, plasmid pASDX-p, (Fig. 2) was trans-
formed into strain K12AHI, grown in LB-Ap, and its
pDNA was monitored. This plasmid contains the p, pro-
moter and the specialized rrnB locus; however, it lacks
both the lacI® and lacZ loci (a reduction in homology
of 4300 bp).

For three consecutive periods of 21 h, K12AH1/
pASDX-p, was grown in a 10-mL culture tube at
250 rpm and 30°C. At the end of each period, the
pDNA was isolated using a mini-prep and checked by
gel electrophoresis. A 10-uL sample of the turbid cul-

Table VI. The B-galactosidase expression as a function of cI repressor and wild-type ribo-

somes at 30°C and 2 mM IPTG.

B-Galactosidase activity

Strain (nmol ONPG cleaved/min ug protein)
BK6/pTKW201
(no specialized ribosomes) 0.000
K5716/pTKW413
(wild-type repressor cl) 0.002
K12AH1/pTKW413
(temperature-sensitive cI857) 1.026
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ture was then diluted into 10 mL of fresh medium.
During the three days of growth (which included both
exponential and stationary phases), no structural in-
stability of the plasmid was observed. Therefore, it ap-
pears the instability of pTKW413 is due to the larger
homologous region.

Effect of recA

In an effort to reduce the structural instability of the
plasmid, pTKWA413 was placed into two hosts, NCChE1
and NO3203, which have a rec4 mutation in addition to
the cI857 repressor. This recA mutation is a deletion
which has been shown to reduce the ability of the cell
to undergo homologous recombination with the chro-
mosome by a factor of 3.6 x 10°.° NCChET1 is isogenic
with K12AH1 (the usual specialized-ribosome expres-
sion host) except for the rec4 mutation. NO3203 has a
slightly different deleted lambda prophage than K12AH1
(see the Materials and Methods Section).

Using MacConkey plates at 30 and 37°C, both of these
hosts had no detectable expression of B-galactosidase.
These results were checked by expression of NCChEl/
pTKW413 and NO3203/pTKW413 at 42°C for 8.68 h
with 2.0 mM IPTG. Neither strain produced measurable
guantites of p-galactosidase and cell lysis occurred in
NO3203/pTKW413. 1t therefore appears that the recA”
genotype is necessary for complete inactivation of the
cI857 repressor for formation of specialized ribosomes.

The effect of the recA mutation on plasmid stabil-
ity was also examined for NCChE1/pTKW413 and
NO3202/pTKW413. After four serial dilutions in the
presence of antibiotic selection pressure, pTKW413 un-
derwent a structural mutation in both strains. Approxi-
mately 1.5 x 10* bp were deleted from pTKW413 which
resulted in the formation of a 2600-bp plasmid that lacks
any homology with the chromosome (lacZ, rrnB, and
lacI® deleted). Hence, the recA mutation did not in-
crease plasmid stability significantly in these strains.

DISCUSSION

B-Galactosidase Expression with
Specialized Ribosomes

A specialized ribosome vector pTKW413 has been con-
structed which produces lacZ mRNA with an altered
RBS by inducing the tac promoter. Upon increasing
temperature, this vector also transcribes a mutated
rrnB locus which leads to production of a subpopulation
of ribosomes that translate specifically the specialized
lacZ mRNA. It has been shown that the specialized
lacZ mRNA is not translated by wild-type ribosomes.
This follows from the observation that B-galactosidase
is not synthesized at detectable levels when the strain
BK6/pTKW201 overproduces specialized lacZ mRNA.
Since no specialized ribosomes are made in this strain,
only wild-type ribosomes are present and they are in-

capable of recognizing the mutant RBS. Since in-
duction of transcription of the specialized rrnB locus
from the p,; promoter in K12AH1/pTKWA413 leads to
B-galactosidase synthesis, functional specialized ribo-
somes must be synthesized in this strain. This also indi-
cates that the mutant 16S rRNA is correctly processed
from the large r7nB transcript, and it is incorporated
into specialized ribosomes that actively translate the
specialized lacZ mRNA.

Since the largest concentration of enzyme is reached
if the cells constantly transcribe mRNA (Fig. 9), high
level expression of B-galactosidase requires the cell to
continuously synthesize mRNA such that its concentra-
tion builds within the cell. Also, the linear decline in
enzyme activity as mRNA production is delayed reveals
that B-galactosidase mRNA concentrations probably
increase linearly with time as transcription of lacZ
is induced.

Furthermore, optimum synthesis of B-galactosidase
occurs if the rruB is induced constantly (with high tem-
peratures); therefore, it appears that either cloned-gene
expression with specialized ribosomes requires the syn-
thesis of a large population of specialized ribosomes
(indicating that the specialized ribosomes are inefficient
in initiating translation of the cloned gene), or that it
takes hours to produce a significant pool of specialized
ribosomes in the cell. Since the half-life of TIRNA is esti-
mated as 10 h based on its degradation constant,” there
should be very little turnover of the wild-type ribo-
somes within the cell. Hence, it may take hours to build
a significant population of specialized ribosomes. This
is supported by the fact that more p-galactosidase is
synthesized if the culture is induced at 42°C for 2 h at
the start of the experiment rather than for 2 h at the
end (4.82 vs. 1.59 nmol/min ug protein).

The inability to synthesize quickly specialized ribo-
somes with the strong promoter p; may indicate that
production of additional ribosomal proteins may be a
limiting factor or the r-proteins may preferentially bind
to wild-type rRNA. If the specialized TRNA is unpro-
tected by r-proteins, it may degrade almost as rapidly as
it is synthesized.® This would cause its concentration to
build slowly in the cell even in the presence of a strong
promoter. Furthermore, transcription attenuation and
termination may limit transcription of the rrnB operon**
even if it is initiated rapidly by the p, promoter. Addi-
tional experiments in which the level of specialized
ribosomes and rRNA are quantitated are required to
address these issues.

Comparison of Specialized-Ribosome System and
the Wild-Type Expression System

Construction of the specialized ribosome vector
pTKW413 was designed such that both the gap distance
between the RBS and the start codon and the sequence
of these intervening bases were not altered when the
RBS of lacZ was mutated. It has been shown that both
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the gap distance and the kinds of bases that reside be-
tween the RBS and the start codon have a profound
effect on translation efficiency in E. coli.* Therefore,
plasmid pTKW106 is an excellent control to determine
the effect of the specialized ribosomes on the produc-
tion of B-galactosidase in that it has the same gap dis-
tance and the same nucleotides in this region as the
specialized-ribosome vector pTKW413. Therefore, the
two vectors differ only in the sequence of their ribo-
some binding sites and the presence (or absence) of the
specialized rrnB locus.

Using specialized ribosomes, B-galactosidase synthe-
sis was enhanced by 35% compared to that produced in
a strain which depends on wild-type ribosomes (Fig. 8).
This indicates that the production of a subpopulation of
ribosomes that specifically translate the cloned gene
can lead to an increase in productivity. This enhance-
ment is achieved by reducing the translational limita-
tions that occur when cloned genes are expressed.”®?

Although the B-galactosidase activity attained us-
ing the specialized-ribosome strain K12AH1/pTKW413
is larger than that of the wild-type ribosome control
(K12AH1/pTKW106), it is 9.3-fold less than the best
B-galactosidase-expression strain in our lab, BK6/
pTKWI106. This strain is capable of producing 40-
50 wt % of total cell protein as B-galactosidase at 37°C.”

The main reason for the difference in cloned-gene
expression is the difference in the two hosts, BK6 and
K12AH1. Upon IPTG addition to K12AH], the entire
chromosomal lac operon is expressed along with the
specialized lacZ locus on plasmid pTKW413. Hence,
along with active enzyme from the plasmid genes,
inactive B-galactosidase (due to the amber mutation
lacZam), lactose permease (lacY product), and trans-
acetylase (lacA product) are produced by the host. Since
B-galactosidase is active as a tetramer,” the mutant,
chromosome-derived polypeptides may also decrease
activity by combining with the plasmid-derived poly-
peptides. The chromosome-based expression represents
a large, additional metabolic burden which decreases the
productivity of K12AHI1 and leads to the lower enzyme
activity. Host BK6 lacks completely the lac operon (due
to the deletion A(lacIPOZ)C29); therefore, no inactive
enzyme is made from the chromosome. Furthermore,
because the specialized-ribosome strain requires cloned-
gene expression at a higher temperature (42°C) to in-
duce the rruB locus, B-galactosidase enzyme activity
may also be reduced due to higher enzyme denaturation
and degradation, and reduced mRNA stability.

Since the specific six-base region used to create the
specialized RBS (5' GUGUG 3') may not be the opti-
mum sequence to initiate translation, it may be possible
to further enhance B-galactosidase expression by opti-
mizing the specialized-ribosome RBS and the comple-
mentary ASD region of rrnB. The nucleotides which
surround the RBS should also be chosen such that they
satisfy the emerging rules for strong translation initia-

tion.*? It is also possible that the stability of the lacZ
mRNA may be affected by changing the RBS, or it may
be decreased due to the stress imposed on the cell from
transcription of the rrnB locus.”®® Therefore, subse-
quent experiments should investigate the mRNA stabil-
ity as well as the quantity and translational efficiency of
the specialized ribosomes.

The specialized ribosomes have also been shown to
have a significant affect on cell metabolism since their
production reduced the specific growth rate by 32% at
39.5°C in the absence of cloned-gene mRNA transcrip-
tion (Table III). Therefore, in terms of producing a pro-
duction vector that overcomes translational limitations,
it may be wiser to focus research on the effect of in-
creasing translation of the cloned-gene by optimizing
the gap length and sequence of bases between the RBS
and the start codon as well as focus on the sequence of
the RBS (for wild-type ribosomes) rather than rely on
specialized ribosomes. The increased metabolic burden
specialized ribosomes place on the cell, and the long-
term structural instability of the plasmid due to the
ribosomal locus limits the utility of the specialized-
ribosome vector as an expression system.

Plasmid Stability

The stability of plasmid pTKW413 in the batch experi-
ments was checked by isolating the plasmid at the start
and at the end of each batch fermentation, cutting with
EcoRl1, and comparing the fragments to DNA molecular-
weight standards. Plasmid stability was checked in
all these experiments and did not occur during the
length (8.68 h) of these experiments used to character-
ize B-galactosidase expression. Furthermore, no segre-
gational instability was seen in any of the experiments.
However, structural instability in pTKW413 was seen
often in fermentations which lasted 45 h or more.
Mutations in the rRNA loci are very difficult to iso-
late since they affect cell metabolism directly and can
be lethal." Therefore, structural instability such as dele-
tions and rearrangements occur frequently if the rRNA
mutation is not suppressed by using a regulatable pro-
moter." It appears that the structural instability of
pTKWA413 is caused by an inability of the cI857 repres-
sor of K12AH1 to fully repress the lambda p, promoter
of the specialized-ribosome vector. This is supported by
the observation that the cI857 repressor is 1/500 as ef-
fective as the cl repressor at 30°C in repressing special-
ized ribosome synthesis (Table VI). The growth rate of
the specialized-ribosome strain was also reduced relative
to the host at low temperatures when pB-galactosidase
was not expressed, indicating leakiness of the p; pro-
moter. Furthermore, the plasmid pASDX-p, (which
contains the specialized ribosome locus but lacks lacI®
and lacZ) did not show any instability after 64 h (three
subcultures, .LB—Kan) in a strain that contains the wild-
type ¢l repressor (K12AH1). However, if this plasmid
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is placed within a host which lacks the cl repressor
(HBI101), extreme structural instability is observed
(large deletions). Therefore, incomplete repression of p;.
by the cI857 repressor seems to be the cause of the in-
stability in that cells that lack the specialized-ribosome
locus are constantly favored due to the difference in
growth rate.

The inefficient repression is probably caused by the
large number of p, promoters that arise from the high
copy number. This situation might be remedied by plac-
ing the cI857 repressor on the plasmid itself. This tech-
nique has been effective with the lacI® repressor and
the tac promoter.”

Even though plasmid pTKW413 appeared unstable in
recA strains, it is likely that the rec4™ genotype of the
host strain K12AH1 increases the structural instability
of the specialized-ribosome plasmid pTKWA413 due to
the great deal of homology between the plasmid and
the chromosome. However, the RecA protein appears
to be required by the cell to fully derepress cI857 for
expression of rrn B since B-galactosidase expression was
negligible in two hosts which contained ¢I857 and the
recA mutation. Perhaps the cell requires the RecA
protease to inactivate cI857 so that the lambda p, pro-
moter can be fully derepressed. It may therefore be ad-
vantageous to use a recA host and a different promoter
to induce the specialized rrnB locus. It also seems pru-
dent to reduce homology between the chromosome and
the plasmid by expressing only the specialized 16S
rRNA and removing the remainder of the rrnB locus.
Homology between the plasmid and chromosome can
be further reduced by deleting the lac operon from the
chromosome.

CONCLUSIONS

A second class of E. coli ribosomes, specialized ribo-
somes, have been used successfully to translate prefer-
entially a cloned-gene transcript. A single plasmid has
been constructed in which the rate of transcription of
lacZ mRNA with a specialized RBS is regulated by the
tac promoter and in which transcription of mutant rrnB
rRNA can be controlled with the p; promoter.

Initial experiments using this specialized-ribosome
vector have shown that production of specialized ribo-
somes significantly affects the growth of the cell in both
minimal and complex medium, and that the specialized-
ribosome locus is structurally unstable after exponential
growth for about 60 generations. Additionally, the opti-
mal induction strategy for production of B-galactosidase
was investigated and shown to involve constant expo-
sure to high temperature to induce transcription fully at
the specialized ribosome locus as well as high, constant
induction of lacZ mRNA transcription. In effect, the
greatest enzyme production occurs if both loci are tran-
scribed continuously at their maximum rates. Under
these conditions, the specialized ribosomes enhanced

B-galactosidase activity by 35% over the wild-type con-
trol. Furthermore, the fac promoter was regulated
tightly by the addition of IPTG (1300-fold); however,
the p, promoter was not controlled tightly due to ineffi-
cient repression by cI857.

By comparing the time course of B-galactosidase pro-
duction in the specialized ribosome and wild-type sys-
tems, it was found that a lag in B-galactosidase synthesis
occurs when specialized ribosomes are used. Further-
more, as has been previously shown with leukocyte
interferon A and human growth hormone,’ the Shine-
Dalgarno region is absolutely required for translation of
B-galactosidase with wild-type ribosomes since no
translation of specialized lacZ mRNA occurs without it,
even with full induction of transcription of mRNA with
strong fac promoter.

Since the specialized lacZ mRNA is not recognized
by wild-type ribosomes , the specialized-ribosome vec-
tor can be used to study the impact of strong mRNA
transcription on cellular metabolism in the absence of
translation of the transcript. Furthermore, the impact
of production of a subpopulation of ribosomes that are
specific for the cloned-gene message can be investi-
gated. Hence, cloned-gene transcription has been de-
coupled from translation.

Studying ribosomes and their interaction with cloned-
gene mRNA appears worthwhile in order to investigate
possible translational bottlenecks which occur when re-
combinant proteins are produced at high concentra-
tions. The specialized ribosome vector constructed in
this work represents a significant tool for investigating
both transcription and translation independently in bac-
terial cells.
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