1052-2166/06 $90.00 + .00
E-ISSN 1555-3884
WWwWw.cognizantcommunication.com

Gene Expression, Vol. 13, pp. 97-106
Printed in the USA. All rights reserved.
Copyright © 2006 Cognizant Comm. Corp.

Inhibition of Translation by Consecutive Rare
Leucine Codons in E. coli: Absence of Effect
of Varying mRNA Stability

PING SHU,! HUACHENG DAI? WENWU GAO,* AND EMANUEL GOLDMAN

Department of Microbiology & Molecular Genetics, New Jersey Medical School,
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Consecutive homologous codons that are rarely used in E. coli are known to inhibit translation to varying
degrees. As few as two consecutive rare arginine codons exhibit a profound inhibition of translation when they
are located in the 5" portion of a gene in E. coli. We have previously shown that nine consecutive rare CUA
leucine codons cause almost complete inhibition of translation when they are placed after the 13th codon of a
test message (although they do not inhibit translation when they are placed in the middle of the message). In
the present work, we report that five consecutive rare CUA leucine codons exhibit approximately a threefold
inhibition of translation when they are similarly placed after the 13th codon of a test message, compared to five
consecutive common CUG leucine codons, in a T7 RNA polymerase-driven system. Further, by removing RNase
III processing sites at the 3" ends of the mRNAs, we have manipulated the stability of the mRNAs encoding the
test and control messages to see if decreasing mRNA stability might have an effect on the extent of translation
inhibition by the rare leucine codons. However, the inhibition with the less stable mRNAs was similar to that
with the stable mRNAs, approximately 3.4-fold, indicating that mRNA stability per se does not have a major
influence on the effects of rare codons in this system.

Key words: CUA leucine codon; Codon bias; Inhibition by rare codons; T7 expression systems;
RNase III and mRNA stability

INTRODUCTION

Expression of heterologous recombinant genes in
E. coli sometimes proves to be difficult, if not impos-
sible (15,19,27). A number of strategies for overcom-
ing this problem have been explored ([reviewed in (20,
21,36,44)]. In many of the cases where this occurs,
the difficulty can be overcome by resynthesizing the
gene using the preferred synonymous codons of E.
coli (26,32,33,40,48,50). Another approach that is of-
ten successful is to introduce a plasmid in the E. coli

cells that overexpresses one or more tRNA genes cor-
responding to the rare (in E. coli) codons present in
the heterologous sequence to be expressed (1-3,8,9,
24,28,29,31,37,49). This approach has become com-
mercially available in recent years (e.g., from Strata-
gene and Novagen).

This laboratory has previously studied the inhibi-
tion of translation in E. coli by consecutive rare AGG
arginine (43) and CUA leucine (17) codons in a T7
system where translation is, in effect, uncoupled from
transcription (18), because the T7 RNA polymerase
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is highly processive (25) and the mRNA produced is
highly stable due to T7-derived RNase III processing
sites at the 3’ ends of the mRNAs (39). While we
varied the number of AGG codons, and found inhibi-
tory effects with as few as two, we only published a
test of a string of nine CUAs and observed almost
complete inhibition when these codons were located
following the 13th codon of the message. For reasons
still not understood, these codons did not inhibit ex-
pression when they were placed after the 223rd codon
of the 313 codon mRNA; hence, the inhibition after
the 13th codon has been described as “5’-translational
blockage” (17).

Modeling of protein synthesis suggested the possi-
bility that the extent of translational inhibition by im-
pediments such as rare codons might be influenced
by the stability of the mRNA, such that less stable
messages might show greater inhibitory effects of the
rare codons compared to more stable messages (16).
The logic behind this proposition was that less stable
messages will not reach a “steady-state” condition (in
which the rate-limiting step, whether initiation or
translation through a string of rare codons, governs
the yield), and therefore the effect of translational im-
pediments would be exacerbated.

In the present study, we report that a string of five
consecutive rare CUA leucine codons (placed near
the 5" end of the mRNA) has about a threefold inhibi-
tory effect on translation compared to five consecu-
tive common CUG leucine codons. We tested the ef-
fects of these strings of codons in both the original
T7 system and in a modification of the system such
that the mRNA was destabilized. However, no major
difference was observed in the extent of translation
inhibition between the stable and unstable mRNAs.

MATERIALS AND METHODS
Plasmid Vectors

Vectors pCT1 and pCT1.1, diagramed in Figure 1,
have been previously described (23,43) and their fea-
tures are discussed in the Results section; pCT1.3 (6),
which is discussed but not used in this work, is the
same as pCT1.4 in Figure 1 with the exception that
the 2.4 kb spacer in pCT1.3 was replaced with a dif-
ferent spacer, 2.0 kb, in pCT1.4 (see below).

Construction of pCTI1.4, pCT1.4(CUG)s,
and pCT1.4(CUA);

Vector pCT1.4 was designed to substitute the 2.4
kb spacer fragment separating the test and control
genes in pCT1.3 with another fragment, 2.0 kb in
length, from the same source plasmid, pJC27 (7). The
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main reason for doing this was because the 2.4 kb
spacer contained an EcoRlI site, which interferes with
use of the cloning site in the pCT vectors. An addi-
tional reason is that the 2.4 kb spacer contains an
origin of replication that is expected to make the plas-
mid incompatible with pLysS (included to reduce
basal expression). The 2.0 kb fragment was obtained
by amplifying another part of pJC27, and introducing
a new Bglll site at the 5" end of the 2.0 kb fragment
to facilitate its insertion into the pCT1.1 vector.

The portion of the pJC27 plasmid that was ampli-
fied is comprised almost entirely from the coding se-
quence of the lacZ gene in the vector, starting at nu-
cleotide (nt) 1465 and ending at nt 3472, which is the
cutting point (a/gatct) of one of the Bg/II sites in
pJC27. Nt 1465 in pJC27 corresponds to nt 1129 in
the sequence coding for B-galactosidase (not counting
the start codon), and is located at the 377th codon.
The end point, at nt 3472, is 58 nt downstream of
the last of the three TAA stop codons at the end of
the lacZ gene. Because there are no known indepen-
dent translation start signals in the open reading
frame of the 2.0 kb fragment, it is not expected to be
translated, although even if it were, this should not
affect the comparison of test and control protein ex-
pression.

Two primers, P1 and P2, were designed to amplify
the 2.0 kb fragment from pJC27, and Bg/II sites in
these primers allowed insertion of the fragment into
the middle Bg/II site of pCT1.1. Following Bg/II cut-
ting and insertion of the fragment, primer P1 added
4 nt (for the restriction site) at the 5" end of the 2.0
kb fragment. The sequences of P1 and P2 (Bg/II sites
underlined) are: P1, 5-GGAAGATCTGCTGATGA
AGCAGAACAACTTTAACG-3'; P2, 5-CGGCGTA
GAGCAGATCTGAAATAGTAC-3'.

The 2.0 kb fragment amplified from pJC27 was
digested with Bgl/Il. pCT1.1 was partially digested
with Bg/ll, and a 6 kb fragment was recovered from
an agarose gel, treated with phosphatase, and then
ligated with the BgllI-digested 2.0 kb fragment. Col-
ony PCR (polymerase chain reaction) with primers
P3 and P4 was used to screen transformants to obtain
pCT1.4. This screen worked because when the inser-
tion is in the left or right Bg/II site, PCR amplifies
438 nt, but when the insertion is in the middle Bg/II
site, PCR amplifies 2449 nt. The approximate loca-
tions in pCT1.4 corresponding to these primers are
indicated by the arrows above the pCT1.4 schematic
diagram in Figure 1. The sequences of P3 and P4
are: P3, 5-CGTAAACAGTGTCATTGA-3"; P4, 5'-
GGGAAACCGTTGTGGTCTC-3'.

Two constructions with five CTGs and five CTAs
in frame at the BamHI-EcoRI (B-E) cloning site of
pCT1.4 are called pCT1.4(CUG); and pCT1.4(CUA);.
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Figure 1. Arrangement of elements in the pCT1 series of vectors used in this work. ¢/0 represents a promoter for T7 RNA polymerase, s10
is a strong translational start site, and CJ is a 17-bp sequence from the T7 concatemer junction. The test and control genes are derived from
T7 gene 9, with a 45-codon in-frame deletion from the test gene to derive the control gene. A BamHI-EcoRI site in the test gene allows
insertion of nucleotides after codon 13. R represents an RNase III cleavage site, and T¢ is a transcriptional terminator for T7 RNA polymer-
ase. bla represents the plasmid B-lactamase gene, and ori represents the plasmid’s ColE1 origin of replication. The 2 kb fragment is derived
from plasmid pJC27, as described in Materials and Methods. The arrows labeled P3 and P4 above pCT1.4 represent the primers used to
identify the construct. Restriction sites: Bg, Bg/II; X, Xbal; Nd, Ndel; N, Nhel; N/X, Nhel-Xbal fusion; B-E, BamHI-EcoRI cloning site.

Two pairs of complementary oligonucleotides (oligo1/
oligo2 and oligo3/oligo4) were synthesized, annealed,
and inserted into pCT1.4 precut with BamHI and
EcoRI. Colony PCR with primers oligol and P4 or
oligo3 and P4 were used to screen transformants for the
presence of insertions. The oligo sequences are: oligo1,
5-GATCCGCTACTACTACTACTAG-3"; oligo2, 5'-
AATTCTAGTAGTAGTAGTAGCG-3’; oligo3, 5-
GATCCGCTGCTGCTGCTGCTGG-3’; oligo4, 5'-
AATTCCAGCAGCAGCAGCAGCG-3’. The final
vectors were placed in E. coli strain DH5o for main-
tenance, and in strain BL27(DE3)pLysS for expres-
sion experiments. The junction sequences of plasmids
pCT1.4, pCT1.4(CUG)s, and pCT1.4(CUA); were se-
quenced from the maintenance strain by the New Jer-
sey Medical School Molecular Resource Facility.

Protein Expression Experiments

The host strain for expression experiments,
BL27(DE3)pLysS (43), contains a chromosomally

integrated gene for T7 RNA polymerase controlled
by the lacUV5 promoter. [BL27(DE3) is a recA de-
rivative of BL21(DE3).] All cells were grown in min-
imal medium containing 25 pug/ml chloramphenicol
(to maintain pLysS); media for cells containing any
of the codon test vectors also included 50 pg/ml am-
picillin.

Cultures were grown shaking at 37°C to mid-log
phase. Portions (50 ul) of each culture were labeled
with [¥S]methionine (Amersham) at O time (unin-
duced samples). The remainder of the cultures had
IPTG added, and were similarly labeled with
[¥*S]methionine at the indicated times after induction.

Incorporation was stopped by addition of 25 pl of
3x MOPS cracking buffer, vortexing, and placing the
samples on ice. The 3x MOPS cracking buffer con-
tains 60 mM MOPS, 24 mM sodium acetate, 3%
SDS, 6 mM EDTA, 30% glycerol, and 0.15% each
of bromophenol blue and xylene cyanole FF; it is
stored at room temperature and 3% (v/v) B-mercapto-
ethanol is added before use. Samples were placed in
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a boiling water bath for 2 min in capped Eppendorf
tubes, briefly spun to minimize volume loss, stored
at —20°C, and boiled again for 1 min in capped tubes
before loading an aliquot on 10% sodium-dodecyl-
sulfate polyacrylamide gels for electrophoresis (SDS-
PAGE). Gels were dried and bonded to Whatmann
3MM paper, subjected to autoradiography on X-ray
film, and quantitated by phosphorimaging or densi-
tometry, as indicated.

RESULTS
Vector System to Test Effects of Rare Codons

The pCT (codon test) series of vectors was origi-
nally designed to permit a standardized and con-
trolled vehicle for assessing the extent of inhibition,
if any, of rare codons on translation. To this end, the
system utilized transcription by T7 RNA polymerase
and mRNA 3’ end processing by RNase III, essen-
tially uncoupling translation from transcription by
creating stable mRNAs whose synthesis is not subject
to polarity.

The original system (43), diagramed in Figure 1,
consisted of a plasmid vector containing a ‘test” and
“control” gene (T7 gene 9) in tandem on one tran-
scription unit, controlled by a T7 RNA polymerase
promoter (¢10) and terminator (T¢). Both genes were
fused to common strong translation start signals
(S10), and both were flanked (and separated) by sin-
gle-cut RNase III processing sites (R). The control
gene has actually the same sequence as the test gene,
except for a 45-codon (in-frame) deletion to permit
distinguishing by size both test and control protein
and mRNA in the same cell. In the complete system
as originally constructed, the test gene had inserted
three alternate cloning sites, either 13 codons from
the ATG start in vector pCT1 (5" end), 223 codons
downstream from the start in vector pCT2 (internal),
or 307 codons downstream, which is six codons from
the TAA stop in vector pCT3 (3" end). Because of
results showing that the most translational inhibition
by rare codons occurs when they are inserted near the
5" end of a message (5,17,38,43), we have not de-
picted in Figure 1 vectors pCT2 and pCT3.

The test and control genes contain a typical high-
usage codon composition characteristic of highly ex-
pressed genes in E. coli. The plasmid is ordinarily
inserted in a strain harboring a chromosomal copy of
the T7 RNA polymerase gene under control of the
lacUV5 promoter (46); hence, induction with IPTG
turns on synthesis of the T7 RNA polymerase, which
in turn begins transcription of the test and control
genes on the vector. Basal transcription in the ab-
sence of induction is usually restricted by addition
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of a compatible plasmid constitutively expressing T7
lysozyme, an inhibitor of T7 RNA polymerase (45).
Insertion of low- or synonymous high-usage codons
into the test gene cloning site permits a direct and
controlled comparison of translation rates. Expres-
sion of test protein is always compared to expression
of control protein (an internal standard), minimizing
effects of experimental variation from sample to
sample.

Because of our interest in whether differences in
mRNA stability could alter the effects of rare codons
on expression, modification of pCT1 was previously
undertaken: a 17-bp element from the T7 concatemer
junction sequence (CJ), reported to be a weak tran-
scription terminator for T7 RNA polymerase, was in-
troduced at the 3’ ends of the test and control genes,
replacing pCT1’s RNase III processing sites as well
as the T7 terminator, and a new T7 promoter was
also introduced to drive the downstream (control)
gene (23). While these modifications did indeed de-
stabilize the mRNA, this vector, pCT1.1 (Fig. 1), un-
expectedly showed inhibition of the downstream con-
trol gene expression (23). This inhibition was
reversed by introduction of a 2.4 kb spacer between
the test and control genes, in vector pCT1.3 (6).
However, the 2.4 kb spacer happened to also contain
an additional EcoRI restriction site, complicating its
ease of use for testing insertions at the cloning site,
which also depends on an EcoRI restriction site.

In the present work, the 2.4 kb spacer of pCT1.3
was replaced by a 2 kb spacer from the same source
plasmid, to create pCT1.4 (Fig. 1). Because this vec-
tor no longer had the extra EcoRlI restriction site, it
was now easy to use for testing insertion of rare co-
dons.

Inhibition of Translation by Rare Leucine Codons

Five rare CTA leucine codons, or common CTG
leucine codons, were inserted into the cloning site of
the test gene in pCT1, creating vectors pCT1(CUA)s
and pCT1(CUG);, respectively. These vectors were
tested in Gao’s Ph.D. thesis (13), and the results are
shown in Figure 2. Compared to pCT1(CUG)5 [5'-
(CUG)s in Fig. 2], the expression of test protein (nor-
malized to control protein) in pCT1(CUA)5 [5-
(CUA);s in Fig. 2] was three- to fourfold less at all
time points; as expected, in cases of middle insertions
in pCT2 [m-(CUA)s/m-(CUG);s], and 3’ insertions in
pCT3 [3’-(CUA)s/3’-(CUG)s], test/control ratios were
essentially 1:1, indicating that there was no inhibition
by the CUAs at these downstream positions. The
quantitations were rough estimates from densitometry
of autoradiograms (see legend to Fig. 2).

In further experiments, pCT1(CUA); and pCTl1
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Figure 2. Effect of five consecutive CUA codons on translation of test protein. Plasmids with 5’, middle (m-), and 3 insertions are indicated,;
numbers above the wells are time in minutes after induction. Cultures were grown in MOPS medium [described in (14)] with antibiotics
(see Materials and Methods) to ~3 x 10% cells/ml at 37°C. Cultures were induced by adding IPTG to 0.4 mM. At the indicated times after
induction, portions of the cultures were removed to fresh Eppendorf tubes containing [*S]methionine (50 Ci/mmol, 20 uCi/ml) (Amersham).
Incorporation was stopped 3 min later by mixing the samples with 1/3 volume of 3x MOPS cracking buffer (see Materials and Methods).
Uninduced cultures (0 time) were labeled in parallel. Following SDS-PAGE, autoradiograms were subjected to densitometry, which yielded
the following ratios of normalized (i.e., test/control) expression of (CUG)s to (CUA)s. Insertions at the 5” end: 2.72-4.44; insertions at the

middle: 0.95-0.96; insertions at the 3" end: 0.97-1.01.

(CUG);s were retested and again found to show ap-
proximately threefold inhibition by the CUAs, this
time with quantitation on a phosphorimager. E. coli
strain BL27(DE3)pLysS containing either no codon
test plasmid, pCT1 alone, or pCT1 producing mRNAs
with five CUAs or five CUGs were grown to mid-
log phase and induced with IPTG at O time. Because
the T7 RNA polymerase is insensitive to the E. coli
RNA polymerase inhibitor rifampicin, portions of the
cultures were treated with 100 pg/ml rifampicin at
15 min, to visualize expression from the T7 RNA
polymerase-derived mRNAs in the absence of host
background synthesis. (Note, however, that because
the T7 RNA polymerase in this system is itself syn-
thesized from an E. coli RNA polymerase promoter,
further T7 RNA polymerase production is also inhib-
ited when rifampicin is added.) At 30 min postinduc-
tion, all samples were pulse-labeled with [**S]methio-
nine for 10 min, subjected to SDS-PAGE, and
visualized in a phosphorimager.

The results of this experiment are shown in the
right panel of Figure 3. The migrations of the test and
control genes are indicated by arrows. As previously
observed and described for this system, for reasons
apparently connected to the molecular architecture of
the T7 gene 9 protein, any insertion encoding more
than two residues after the 13th codon of the test pro-
tein slows the mobility of the protein in the gel, even
under the denaturing conditions of SDS-PAGE, com-
pared to that of the vector without insertions (17,
18,43).

Background host synthesis is shown in lane 10 of

Figure 3, which looks quite similar to uninduced syn-
thesis in the pCT1 vector shown in lane 1, with the
exception that one can see basal expression of the
control gene with the vector present. Following 30-
min induction of the vector, a substantial amount of
both test and control protein was made (lane 2), and
background host synthesis was virtually eliminated in
the presence of rifampicin (lane 3), leaving only the
test and control proteins visible.

When the string of five CUGs (common leucine
codon) or five CUAs (rare leucine codon) was in-
serted into the vector’s mRNA, the uninduced sam-
ples (lanes 4 and 7, respectively) also looked quite
similar to the uninduced vector sample (lane 1). Fol-
lowing 30-min induction, synthesis of both test and
control proteins was evident, but there was visibly
more relative test protein with the CUGs (lane 5) ver-
sus CUAs (lane 8). Because of the slower mobility
with the insertions after residue 13, the test bands
in these samples migrated close to the position of a
background band seen in the “no plasmid” (lane 10)
and uninduced (lanes 1, 4, and 7) samples. However,
when rifampicin was added, host background synthe-
sis was eliminated, and the identification of these
bands as test protein was evident (lanes 6 and 9, re-
spectively), again showing somewhat greater synthe-
sis of test protein with the CUGs versus CUAs.

Further, a characteristic of T7 systems such as the
one used here is that background host synthesis is
also inhibited simply by induction of the T7 promot-
ers, as all the cell’s resources are diverted to T7 RNA
polymerase-driven expression due to the processive
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Figure 3. Expression of test and control proteins from pCT1 and pCT1.4 with insertion of five consecutive CUA or CUG leucine codons.
Ten-milliliter cultures were grown in M9 minimal medium shaking at 37°C to 2 x 108 cells/ml (50 klett units or Agp = 0.4). Portions (50
ul) of each culture were labeled with [*S]methionine (Amersham) (20 uCi/ml, 1 Ci/mmol) for 10 min at O time (uninduced samples). The
remainder of the cultures had IPTG added to 1 mM, and were similarly labeled with [¥*S]methionine at 30 min after induction. For those
samples also treated with rifampicin, at 15 min, 5 ml from the culture flask was transferred to another flask containing 50 pl of 10 mg/ml
rifampicin in DMSO (final concentration 100 pg/ml). Incorporation was stopped at 10 min by the addition of 25 ul of 3x MOPS cracking
buffer, and 20 pl of the samples was subjected to SDS-PAGE as described in Materials and Methods. The dried gels were subjected to
phosphorimaging on a Molecular Dynamics Typhoon 9410 Phosphorimager. Lanes 1-9 were samples based on vector pCT1, and lanes
11-19 were based on pCT1.4. Lanes 10 and 20 did not contain any codon test vector. Lanes 1-3 and 11-13 contained the respective vectors
alone, without insertion of any leucine codons at the cloning site. Lanes 4—6 and 14—16 contained the respective vectors with insertion of
five consecutive CUG leucine codons at the cloning site, while lanes 7-9 and 17-19 had insertion of five consecutive CUA leucine codons.
Rifampicin (rifamp) was added to lanes 3, 6, 9, 13, 16, 19, and 20. Minutes indicated reflect either uninduced samples at O time (lanes 1,
4,7, 11, 14, 17) or all the other samples that were induced (i.e., exposed to 1 mM IPTG) for 30 min. Migrations of test and control proteins
are indicated by arrows, but as explained in the text, the mobility of the test protein shifts to a slightly slower migration when additional

residues are inserted at the cloning site.

and high rate of transcription and the stable mRNAs
produced. This can be seen in Figure 3 as well, by
comparing overall synthesis of host bands in the in-
duced samples (lanes 2, 5, and 8) versus the unin-
duced samples (lanes 1, 4, and 7). Quantitation of
this effect shows that there was ~50% reduction in
background level of synthesis after 30 min of induc-
tion (see legend to Table 1).

Quantitation of the test and control bands was per-
formed on a phosphorimager. Rectangles of the same
size encompassing the test and control bands in each
sample were drawn and the amount of radioactivity
(“volume”) was reported by the phosphorimager’s
Image Quant software. Results of this analysis are
shown in Table 1. To obtain values specific for syn-
thesis of test and control proteins, the volumes re-
ported for the uninduced (0 time) samples were sub-
tracted from the values for the induced samples.
Because of nonspecific general reduction of host
background when pCT1 vectors are induced, the sub-
tracted values for these samples were normalized for

the overall nonspecific inhibition, as described in the
legend to Table 1.

Lines 3—6 of Table 1 show the uninduced and in-
duced values observed with pCT1(CUA); and pCT1
(CUQG)s, respectively. The ratio of synthesis of test to
control proteins for the insertion of five CUAs was
0.6 (line 4) whereas that for the five CUGs was 1.8
(line 6), indicating that the inhibitory effect of the
rare codons was about threefold. Lines 1 and 2 show
that the ratio of synthesis of test to control protein for
the vector without inserted codons was about 1.5.

In the presence of rifampicin, the ratio of test to
control proteins for the five CUAs was 0.5 (Table 1,
line 15) while for the five CUGs it was 1.0 (line 16).
[The vector alone in the presence of rifampicin gave
a ratio of 1.2 (line 14).] Therefore, the overall inhibi-
tory effect in the presence of rifampicin was twofold
(rather than the threefold seen without rifampicin).
However, it should be noted that the absence of com-
peting host synthesis due to rifampicin will also re-
move any competing demands for the rare cognate
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TABLE 1
EFFECT OF FIVE CUAs ON EXPRESSION OF TEST PROTEIN

Volume Reported* Uninduced Values{ Subtracted

Time Fold
Line Plasmid (min) Test Control Test Control Ratio Effect
1 pCT1 0 -2677 1484
2 30 13243 10503 14582 9761 1.5
3 pCT1(CUA);s 0 3218 2272
4 30 4689 6681 3080 5545 0.6 3.0
5 pCT1(CUG); 0 3790 2862
6 30 8427 5056 6532 3625 1.8
7 no plasmid 30 1005 94
8 pCT1.4 0 -78 888
9 30 9280 3185 9358 2297 4.1
10 pCT1.4(CUA); 0 2471 409
11 30 3490 2607 1019 2198 0.5 34
12 pCT14(CUG);s 0 1389 497
13 30 5501 2891 4112 2394 1.7

“No Plasmid” Values Subtracted

Rifampicin
treated Test Control Ratio
14 pCT1 30 18728 15225 18375 15242 1.2
15 pCTI1(CUA); 30 1837 2975 1484 2992 0.5 2.0
16 pCT1(CUG);s 30 2188 1745 1835 1762 1.0
17 no plasmid 30 353 =17
18 pCT1.4 30 3085 1189 2732 1206 2.3
19 pCT14(CUA); 30 2300 1531 1947 1548 1.3 2.0
20 pCT14(CUG);s 30 4969 1742 4616 1759 2.6

*Quantitation of test and control bands from the SDS-PAGE gels in Figure 3. Samples at 0 time were uninduced
and labeled with [’S]methionine for 10 min in parallel and at the same time as samples subjected to IPTG
induction. The induced samples were similarly labeled at 30 min after addition of IPTG. Volume = local median
values reported by the ImageQuant software (v. 5.2) following exposure of the gel in a Molecular Dynamics
Phosphorimager (see legend to Fig. 3). Because the software automatically corrects for signal-to-noise back-
grounds, three of the values with low signals were reported as negative numbers.

7100% of uninduced values for pCT1.4 samples, 50% for pCT1 samples. The uninduced values subtracted for
pCT1 samples were normalized for general inhibition of expression when pCT1 was induced. The normalization
value was obtained from taking four random regions (not shown) of the uninduced and induced pCT1 sample
lanes (Fig. 3, lanes 1 and 2) and quantitating these regions on the phosphorimager. The average of the four
regions showed a nonspecific reduction in expression of ~50 £ 10% when pCT1 was induced with IPTG;
therefore, 50% of the uninduced values were subtracted as background from the induced pCT1 samples. By
contrast, pCT1.4 does not cause a general inhibition of expression following induction; therefore, 100% of the
uninduced values were subtracted as background from the induced pCT1.4 samples.
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tRNA-Leu species that decode rare CUA codons,
which may explain why the inhibition is not as great
in the rifampicin-treated samples.

Absence of Change in Inhibition by Rare Codons
With Destabilized mRNAs

To test whether the effect of rare leucine codons
on expression was altered by reduced mRNA stabil-
ity, the mRNAs in this system were destabilized by
removing the RNase III processing sites at the 3’ ends
of the test and control genes (Fig. 1). Vector pCT1.4
contains the same genes for the test and control pro-
teins, but the mRNAs are expected to have much
shorter half-lives. We have previously demonstrated

that removal of the RNase III processing elements
from the pCT1 vector [and replacement of these with
the T7 concatemer junction sequence element (CJ)]
results in destabilization of the mRNA from the vec-
tor (6,23). For example, Figure 3 in Cheng and Gold-
man (6) shows the immense reduction in observable
mRNA in the vectors where the RNase III sites have
been replaced by the CJ element. This was shown
directly for the parent vectors pCT1.1 (23) and
pCT1.3 (6).

Because the change from pCT1.3 to pCT1.4 was
relatively minor (only swapping the spacer sequence
between the test and control genes), we did not mea-
sure mRNA stability directly in this work; however,
the loss of mRNA stability can be inferred by exam-
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ining the patterns of expression of pCT1.4 in Figure
3. For one thing, there is no loss of host background
synthesis upon induction of T7 expression (compare
lanes 11 and 12), in contrast to standard T7 systems
such as that of pCT1 (compare lanes 1 and 2). This
is likely because the destabilized mRNA is not able
to expropriate the biosynthetic capacity of the host
cell the way stable T7 mRNAs do.

Another indication that the mRNA is destabilized
in the pCT1.4 samples comes from the rifampicin-
treated samples (lanes 13, 16, and 19), where we can
observe a smear, and even a few discreet bands, of
lower molecular weight products, which are absent in
the rifampicin-treated pCT1 samples (lanes 3, 6, and
9). We also know that these lower molecular weight
products are specific to the T7-induced mRNAs, be-
cause host cells containing no vector treated with ri-
fampicin do not show any such products (lane 20).
Because these lower molecular weight products are
not due to instability of the test and control proteins,
which remain intact in the rifampicin-treated pCT1
samples (lanes 3, 6, and 9), we are left with the plau-
sible explanation that these lower molecular weight
products must be derived from aborted synthesis on
destabilized and/or truncated mRNAs in pCT1.4.

Lines 10-13 of Table 1 show the uninduced and
induced values observed with pCT1.4(CUA)s and
pCT1.4(CUG)s, respectively. The ratio of synthesis
of test to control proteins for the insertion of five
CUAs was 0.5 (line 11) whereas that for the five
CUGs was 1.7 (line 13), indicating that the inhibitory
effect of the rare codons was about 3.4-fold. Lines 8
and 9 show that the ratio of synthesis of test to con-
trol protein for the vector without inserted codons
was about 4.1. [The dominance of test over control
synthesis in the pCT1.4 vector may reflect some re-
sidual inhibition of the downstream gene, as reported
for pCT1.1 (23).]

In the presence of rifampicin, the ratio of test to
control proteins for the five CUAs was 1.3 (line 19)
while for the 5 CUGs it was 2.6 (line 20). [The vector
alone in the presence of rifampicin gave a ratio of 2.3
(line 18).] Therefore, the overall inhibitory effect in
the presence of rifampicin was twofold (rather than
the 3.4-fold seen without rifampicin), the same value
obtained for the pCT1 vectors (lines 15 and 16).

DISCUSSION

In this work, we have shown that insertion of five
consecutive rare CUA leucine codons into a test gene
mRNA has approximately a threefold inhibitory ef-
fect on the production of the protein compared to in-
sertion of five consecutive common CUG leucine co-
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dons. Further, this value does not change much, only
to a 3.4-fold inhibition, when the mRNA encoding
the test gene was destabilized by removal of the 3’
end stability elements, RNase III processing sites.

Other workers have reported that even a single
CUA codon near the 5 end of a gene was inhibitory
to expression under certain conditions, and that addi-
tion of the cognate tRNA-Leu abolished the inhibi-
tion (30). Earlier studies on bacterial attenuators also
had suggested that CUA codons near the translation
start had a significant inhibitory effect on translation
rates in vivo (4), even in the case of a single CUA
codon (22). It has been argued that selective charging
of different tRNA-Leu isoacceptors accounts for
these phenomena (10).

Although we reported evidence for premature ter-
mination of translation with rare arginine codons in-
serted at the 5" end of the test message, we did not
observe the same with the rare CUA leucine codons
(14). The basis for inhibition of translation by con-
secutive CUA leucine codons may involve some kind
of switch to nonproductive attachment of ribosomes
to mRNA in the absence of acceptable charged
tRNA. Indeed, it has been reported that ribosomes
can bypass codons that are deprived of cognate
charged tRNA, resuming protein synthesis further
downstream (11,12,35), and that this occurs sponta-
neously even in unstarved cells, with a frequency cor-
related to the abundance of the cognate tRNA in the
cells (34).

In E. coli, when a ribosome comes to the end of a
truncated mRNA, a tRNA-like molecule, tmRNA
(also called SsrA RNA or 10Sa RNA), enters the A
site of the ribosome, bringing an attached Ala to ac-
cept the peptide from peptidyl tRNA in the P site.
This same tmRNA then encodes, via ‘“trans-transla-
tion,” a decapeptide, ending with a stop codon, so
that the truncated protein can be properly terminated;
the C-terminal peptide tag targets the truncated pro-
tein for proteolysis [reviewed in (47)]. Ribosomes
paused at consecutive rare Arg codons AGA or CGA
are also subject to the SsrA tagging system (42),
which may explain our previous results of premature
termination of translation with rare AGG Arg codons
(14). However, there is no evidence to our knowledge
that this mechanism has any role with rare Leu co-
dons.

In the system used in this work, the other compo-
nent (besides the RNase III sites) that uncouples
translation from transcription in these vectors was the
use of T7 RNA polymerase, which was not varied in
these experiments. Thus, it remains possible that the
effects of the rare codons could still be exacerbated
in an E. coli RNA polymerase-driven system, be-
cause of potential polarity triggered by translational
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stalling at the rare codons. In this view, polarity [i.e.,
termination of RNA polymerase transcription when
translation is blocked; reviewed in (41)] would cause
a much stronger deprivation of mRNA than mRNA
degradation due to instability. Nevertheless, we can
conclude from these experiments that at least to a
first approximation, mRNA stability per se is not by
itself a major factor modulating the extent of inhibi-
tion of rare codons on expression.

10.

11.

12.
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