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Abstract

We show here that the specific use of fast or slowly translated codons in the early coding region of a gene may
influence both the mRNA stability and premature transcription termination. We first inserted a pair of nearly
identical 42-base-pair (bp)-long sequences into codon 3 of the Escherichia coli lacZ gene. The only difference
between the two inserts was that the first base in one was moved to become the last base in the other,
providing a difference in the reading frame, one of which had the biased codons typical for ribosomal protein
genes and which previously was shown to be faster translated than average. This insert reduced the mRNA
stability and increased premature transcription termination and together resulted in a hundred-fold difference
in lacZ expression. We next generated lacZ variants with 7, 14 or 21 fast translated, ribosomal-type codons
inserted into codon 13 of lacZ. This gave progressively more unstable mRNAs and also progressively
increased transcription termination up to 90%. By modeling, based on estimates of the translation rate of
individual codons, we can explain these observations by an increased susceptibility of the mRNA to
degradation, determined by the length and degree of the early mRNA being uncovered by ribosomes. Thus,
we suggest that the translation rate differences among the synonymous codons early in a gene enable a
“velocity code” within the amino acid coding ability, where the translation rate differences encode the mRNA
stability and the premature termination of the RNA polymerase.
e special issue on "Biovisualization" edited by Donald E Ingber, Janet H Iwasa, Jodie Jenkinson,
© 2019 Elsevier Ltd. All rights reserved.
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Introduction

The first gene to become sequenced was the lacI
gene of Escherichia coli [1]. It showed no significant
bias in the use of synonymous codons. In contrast,
the four ribosomal protein genes next to be
sequenced had a very strong codon bias [2]. The
ribosomal proteins are expressed about hundred-
fold more than the Lac repressor. It was therefore
suggested that the biased codons in the ribosomal
genes contributed to the high expression, possibly
because they were translated fast [3]. This codon
bias was also evident in the several hundred E. coli
r Ltd. All rights reserved.
genes that became sequenced during the next
years. The codon adaptation index (CAI) was
defined that quantified this codon bias [4]. Early
experiments showed a substantial translation rate
difference among the individual codons [5] that in
some cases were caused by translation of a rarely
used codon [6].
That the ribosomal-type codons were translated

fast was shown experimentally by measuring the
translation chain growth rate of four highly expressed
ribosomal-type mRNAs and comparing the rate to
that of mRNA from two genes, lacI and bla, with a
non-biased codon usage. The result was that the
Journal of Molecular Biology (2019) 431, 1088–1097
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ribosomes were translating the non-biased codons
with approximately half the speed of that of the
biased codons used for encoding the highly
expressed proteins [7]. By determining the transla-
tion speed of two almost identical sequences
inserted in two different reading frames, with either
ribosomal-type biased or non-biased codons, we
suggested that the difference in translation speed
was due to the codon bias and not due to
hypothetical differences in mRNA structure [8].
Finally, the translation speed of four individual
codons was measured. The span in the velocity
was 5-fold and two codons read by the same tRNA
differed 3-fold, the fastest being the one preferred in
the ribosomal genes [9].
Inspecting the sequences of hundreds of genes

from E. coli, Bulmer [10] noticed that the CAI was
substantially lower in the initial part of an mRNA,
even in those for the highly expressed genes. He
suggested that the biased codon usage in the later
part of the genes was selected for and that the early
part of the genes drifted toward having non-biased
codon usage because of the absence of a selective
pressure. This suggestion was later corrected
because the rate of synonymous codon changes
was lower in the start of genes and the non-biased
codons were suggested to diminish the tendency to
form mRNA structures in the early part of the gene
[11] or restrict the ribosome entry to the mRNA to
increase the overall translation efficiency by mini-
mizing queue formation in the distal part of the gene
[12,13]. We modeled the half-lives found for mRNA
with early sequence-variants of the lacZ gene [14]
and this pointed to that local variations in the
ribosome density early on the mRNA influenced
the mRNA half-life [15].
To analyze the function of the early, non-biased

codon usage further, we have here constructed
several variants of the lac mRNA with inserts of
biased or non-biased codons early in the lacZ
gene. These changes resulted in an up to 10-fold
variation in both the functional half-life of the lacZ
mRNA and, more surprisingly, in the degree of
premature transcription termination, measured as
the failure of the RNA polymerase to reach the
distal lacA gene and together altered the expres-
sion hundred-fold. We argue here, based on
experimental results and modeling, that the mech-
anism for this change in expression involves a
translation rate difference between the synony-
mous codons. In other words, the specific use of
synonymous codons early in a gene generates a
“velocity code,”within the amino acid coding ability,
where the translation rate differences give mRNA
stretches of varying length that is uncovered by
ribosomes, thereby exposing the mRNA to varying
rates of degradation. In addition, we also observed
varying premature terminations of the RNA
polymerase.
Results

To find the reasons for having non-biased codons
in the early mRNAwe constructed several variants of
the lacZ gene with inserts of the ribosomal-type
biased codons in the early coding region. As
described in Methods, we first introduced a unique
restriction enzyme site, BstEII in codon 3 of lacZ and
then inserted two 14-codon-long sequences into this
site. These sequences were identical, except that
the first base in the insert, in pSP1779, was moved to
become the last base in the other, pSP1780. The
pSP1779 insert had a biased ribosomal-codon-type,
GAA-rich insert, and pSP1780 had a frame-shifted
insert dominated by codon AAG, not frequently
found in the ribosomal-type genes. Similarly, we
inserted 7, 14 or 21 codon GAA-rich sequences into
codon 13 of pSN4 [15]. Finally, we supplemented the
lacZ gene in these plasmids with the lacY and lacA
genes to give pMET29, pMET30 and pMET31,
respectively. For cloning reasons, a few additional
biased codons were included in the inserts. The
relevant sequences of these inserts are presented in
Table 1.
The inserts in pMET29, pMET30, pMET31 and

pSP1779 were dominated by codon GAA, which
previously was measured to be translated with two to
three times the average rate [9,12]. The reading
frame in the pSP1780 insert was dominated by
codon AAG. The CAI [4] of these inserts is above
0.74 in the fast inserts and 0.07 in the slow reading
frame insert. The CAI value of 0.74 is higher than in
any natural gene of E. coli, and the CAI of 0.07 is
lower than in the least expressed genes. As the CAI
is a coarse indicator of the translation rate [7,8,12],
this suggests that the inserts in these variants are
translated with different rates. In addition, the GA-
rich sequences we inserted have the advantage of
not being able to give fold back structures with the
Shine–Dalgarno sequence as this will reduce the
translational initiation frequency [16,17].
We first measured the expression and the func-

tional mRNA half-life of these variants of lacZ. As
described in the Methods section, we used three
different methods, A, B and C, for determining the
functional lacZmRNA half-lives. The half-lives of the
lacZ mRNA from pSP1779 and of pSP1780 were
first determined by method A, removal of the inducer
followed by measuring the time course of the
residual capacity to synthesize β-galactosidase by
pulse labeling. The half-life of the pSP1779 lacZ
mRNA was too short to be determined by this
method, whereas that of pSP1780 was approxi-
mately 35 s. To estimate the short half-life of the
pSP1779 variant, we used method C (see Fig. 1 B).
The results are given in Table 2. The expression
from pSP1780 is seen to be approximately one
fourth of that for the wild-type lacZ, in agreement with
the values found by method A, but 40-fold higher



Table 1. Relevant sequences of the lacZ variants mRNA

aDesignates codon 4 in the lacZ wild-type sequence. The sequence distal to codon 4 in these variants is the lacZ wild-type sequence.
bDesignates codon 19 in the lacZ wild-type sequence. The sequence distal to codon 19 in these variants is the lacZ wild-type sequence.

Lower case font: sequences different from the lacZ wild type. The codons of special interest are marked with the following: red, expected
slowly translated codons; orange, expected translation with average rate; and green, expected fast translated codons. The base generating
the different reading frame in pJEM2/pSP1779 and pJEM3/pSP1780 is underlined.
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than that of pSP1779. This indicated that the
apparent half-life of the lacZ mRNA encoded by
pSP1779 was close to 1 s (but see later).
Our attempts to determine the mRNA stability in

the three variants with 7, 14 or 21 codons inserted in
codon 13 by either method A or B were unsuccess-
ful, indicating that the half-lives of these variant
mRNAs were much shorter than that of the parental
pSN4 lacZ variant, 35 s. To estimate these, we used
Fig. 1. Differential expression of LacZ enzymatic activity a
pTT1 (triangles) and pTT2 (crosses). (B) pSP1779 (squares) an
(squares) and pMET31 (triangles).
method C and the results are shown in Fig. 1 C and
Table 2. As seen, there is a progressive decrease in
the β-galactosidase expression when inserting
longer and longer stretches of the ribosomal-gene-
type, fast-translated codons.
Our early failed efforts to model these results

made it clear that an additional mechanism than the
effect on the half-lives was affecting the expression
levels. The lac mRNA is cleaved between lacZ and
fter induction. (A) Wild type (diamonds), pSN4 (squares),
d pSP1780 (diamonds). (C) pMET19 (diamonds), pMET30



Table 2. The expression levels of β-galactosidase and the
Lac-transacetylase

Strain
(lacZ variant)

Relative
LacZ activity

(SEM)

Relative
LacA activity

(SEM)

LacZ mRNA
half-life (s)

116 s × relative
lacZ activity/
relative lacA
activity (SEM)

MET20 (WT) 1 (0.10) 1 (0.10) 116 (17.0)
SP1779 0.0087 (0.0016) 0.123 (0.019) 8.2 (2.0)
SP1780 0.33 (0.07) 0.915 (0.158) 41.4 (11.8)
SP1781 0.018 (0.0019) 0.37 (0.005) 5.6 (1.0)
SP1782 0.074 (0.0011) 0.56 (0.07) 15.3 (3.0)
MET29 0.016 (0.0033) 0.179 (0.030) 10.2 (2.7)
MET30 0.0066 (0.0018) 0.110 (0.017) 7.0(2.2)
MET31 0.0029 (0.0008) 0.084 (0.014) 4.0 (1.2)

The fully induced β-galactosidase level for the pMET20 strain is
approximately 19,000 Miller units, and that for the LacA enzyme is
440 units.
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lacY–lacA [18]. The lacA mRNA part thus has an
independent half-life from the lacZ mRNA part of the
mRNA [14,19]. Consequently, lacA expression
should be unaffected by changes in lacZ, unless
an event in lacZ terminated the RNA polymerase.
We determined such premature transcription termi-
nation by measuring the expression of the distal lacA
gene and found it to vary up to 10-fold among the
different lacZ variants. The expression of lacZ, the
half-lives and the lacA expression are shown in
Table 2. By an accidental error, one inserted
sequence generated a frameshift, which gave rise
to a UGA stop codon in codon 23. To compare our
results with termination in a polar lacZ mutant, we
also measured the LacA activity in this strain and
found that 97% of all transcripts were terminated.
This is very close to the value expected from
previous studies [20].
Table 3. Analysis of half-life data from Table 2

Insert 0 bp 7

1 Half-life 35 s 10.2 s
2 A + ε 1/35 = 0.029 1/10.2 = 0
3 A 0 0.069
4 Calc α's – α7 = 0.069
5 Calc. half-life: 1/(αn + ε) = 1/0.029

= 35 s
= 1/(0.069
= 10.2 s

Row1. The experimentally determined half-lives from either pSN4 [15]
have 0, 7, 14 or 21 bp inserted into codon 13 of pSN4.
Row 2. We separate the degradation constant into one, ε, from the pa
resulting from the insert of 7, 14 and 21 bp, respectively. The degradat
Row 3. The degradation constants An from experiments.
Row 4. We now try to see if the rate of degrading the mRNA due to the i
from the rate of degradation, α7 for one 7-bp unit. If so, the four degra
+ 3α7, respectively.
Row 5. The calculated half-lives for the 2- or 3-unit inserts, including the
insert variant.
Finally, adjusting for the premature transcription
termination, we calculate the mRNA functional half-
lives in the last column of Table 2. We analyze the
results with pMET29, 30 and 31 in Table 3. As seen
from this table, we are able to calculate the mRNA
half-lives for the 14- and 21-bp insert variants mRNA
from the half-lives of the parental variant in pSN4 and
the 7-bp insert in pMET29 that are within the bounds
set by the SEM of the determinations.
The parameter affecting the mRNA half-
life: translation rate or mRNA structure

We previously demonstrated that alteration of
three codons at position 16–18 to AGG, CGG and
GGA (expected to be slowly translated) in the lacZ
variant pSN4 destabilized the mRNA 4-fold [15]. If
this was a result of an increased ribosome spacing
downstream after this bottleneck, as we suggested,
altering these three codons to three different but still
slowly translated codons should not change the
mRNA stability substantially. Alternatively, if we
unknowingly had created a sequence in pSN4 that
destabilized the mRNA by forming a target for
degradation, for instance, a particular RNA structure,
the new mRNA with these perturbed sequences
should each have different stability and probably
closer to that of the wild type.
To test whether the mRNA stabilities were

correlated to these three slowly translated codons
or to hypothetical mRNA structures, we made three
additional alterations of codons 16–18: pTT1 (AGG,
CGG, CGA), pTT2 (CGA, CCG, GGA) and pCARO1
(AGA, CGG, GGA). Analysis of, for example, the
mRNA codon 1 to codon 33 by the MFOLD algorithm
http://unafold.rna.albany.edu/?q=mfold [21] indicat-
ed that the region in pSN4 and in pCARO1 can form
the same potential structure, whereas these in pTT1
bp 14 bp 21 bp

7.0 s 4.0 s
.098 1/7.0 = 0.143 1/3.9 = 0.23

0.114 0.201
α14 = 2α7 = 0.138 α21 = 3α7 = 0.207

+ 0.029) = 1/(0.138 + 0.029)
= 6.0 s

= 1/(0.207 + 0.029)
= 4.2 s

or pMET29, MET30 and MET31 from Table 2. These lacZ variants

rental construct pSN4 without inserts and three, A7, A14 and A21,
ion constants, in s−1, are proportional to the inverse of the half-life.

nserted sequence of 2 or 3 units of 7 fast codons can be estimated
dation rates, α0, α7, α14 and α21 should be ε, ε + α7, ε + 2α7 and ε

experimental degradation rates for the parental lacZ and the 7-bp



Table 4. Half-life of lacZ mRNAs with perturbations of
slowly translated codons at codons 16, 17 and 18

lacZ variant Half-life (s)

Method A Method B Method C

pMAP217, wild-type half-life 116 116 116
pSN4 altered codons 16–18 28 54 8
pCARO1 altered codons 16–18 28 26 17
pTT1 altered codons 16–18 25 44 8
pTT2 altered codons 16–18 ND 51 16

The mRNA half-lives of the different mRNA are given normalized
to the value of pMAP217 measured in the same experiment. In
pMAP217, 36 fast-translated GAA codons were inserted at codon
927 in lacZ. The half-lives of the lacZ mRNA in pMAS2 and in
pMAP217 are identical [15]. As described in the text, we used
three methods to measure the functional half-lives. ND, not
determined.
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and TT2 are different from each other and different
from those in pCARO1 and pSN4 (not shown). The
stability of these new lacZ variants was measured by
one or more of the methods A, B, C as shown in
Table 4.
All four codon 16–18 sequences consist of codons

expected to be translated slowly [12] and are seen to
give mRNAs with similar half-lives. This supports the
conclusion that the most important parameter for this
mRNA destabilization is the slow translation rate of
these three codons, giving an increased distance
between ribosomes distal to codon 18 and not by
other features of the mRNA sequence.
We have previously developed a mathematical

model for the translation process that allows taking
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Fig. 2. Ribosome non-occupancy of the first 100 codons for
the fraction of the time a window of 5 codons will be uncove
translation rates for the codons are indicated: gray, high rate;
variations in the translation speed of the individual
codons into account. For instance, the model can
calculate the fraction of time; a moving window of, for
instance, five codons will not be covered by a
ribosome [12]. The results for the wild-type and the
pSN4 variant are shown in Fig. 2 a and d,
demonstrating that we expect the ribosome occu-
pancy to vary between 40% (wild type) and 25%
(pSN4) in the region distal to the slow codons at
position 16–18.
The new variants constructed here, pCARO1,

pTT1 and pTT2, will have the same modeled
ribosome occupancy as pSN4 because we assign
identical rates to their codon 16–18 sequences.
Table 4 shows that they also have similar half-lives.
Figure 2b and c shows that the fast-translated insert
in the pSP1779 mRNA is approximately 2-fold less
covered with ribosomes compared to the more
slowly translated insert in pSP1780. This agrees
with our model that mRNA uncovered by ribosomes
is more subject to degradation. The region immedi-
ately distal from the insert in pSP1780 is seen to be
less occupied by ribosomes compared to pSP1779
and to the wild type. The short half-life of the
pSP1779 variant indicates that the unoccupied
coding region in 1–20 is more important for the
stability than later codons on the message.
Finally, Fig. 2e and f shows that the early mRNA

region is progressively less covered by ribosomes
when we insert 7 and 21 fast-translated codons into
codon 13 in pMET29 and pMET31. We therefore
conclude that the ribosome occupancy not only in
the region codons 20–45 [15] but also and especially
in the region 1–20 influences the mRNA stability.
(d) pSN4

(e) pMAP1058

0 25 50 75 100

position

(f) pMAP1060

the indicated lacZ mRNA variants. The ordinate that gives
red by a ribosome in the steady state. The approximate
blue, average rate; and red, low rate [12].
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Discussion

This work indicates that the translation rate of
individual codons in the early coding region is a
major parameter that affects the mRNA half-life and
premature transcription termination. Previously, we
presented evidence that the translation rate is codon
specific. First, it was shown that the lacI mRNA and
the bla mRNA with non-biased codons were
translated with approximately half the rate of four
ribosomal-type genes, rpsA, fus, tuf and tsf, in the
same experiments [7]. To try to exclude that the rate
difference was caused by different mRNA structures,
we measured the translation rate on two inserted
sequences that were almost identical except for the
reading frame that had ribosomal-type biased
codons in one and non-biased codons in the other.
Again, the biased ribosomal gene reading frame was
translated about twice as fast as the non-biased
sequence [8], and similarly, a specific codon GAA
was found to be translated with three times of the
rate of the other codon read by the same tRNA, GAG
(22 codons/s versus 6.5 codons/s) [9]. In general,
the codon preferred in the ribosomal-type genes
pairs best with the anti-codon according to Watson–
Crick rules, whereas the other codons read by the
same tRNA have wobble pairing at the third codon
position, indicating that the Km for tRNA binding to
the ribosomal A-site is determining the translation
rate. The translation of the CGA arginine codon
involves an inosine–adenine pairing at the wobble
position and was determined to be one third of the
average translation rate [9]. Finally, changing the
modifications of the uridine base in the wobble base
in the tRNA that reads GAA and GAG had a
substantial effect on the translation rate of these
codons [22]. The concentration of a tRNA has also
been shown to affect the translation rate [6]. These
observations make it unlikely that mRNA structures
are very important for the determination of the
translation velocity.
This does not exclude that other mechanism also

might have an impact on the translation rate. Such
include proline-rich sequences [23], positive amino
acid side-chain residues [24], specific amino acid
sequences [25] and mRNA structures (e.g., Refs.
[26,27]). In addition, the codon-specific rate of
translation has been shown to be involved in
protein folding [28]. The influence of mRNA
structures on the expression level has been
shown experimentally several times (e.g., Refs.
[16,17,29]). In these cases, the ribosome accessi-
bility to the mRNA binding site was lowered. We
think that the first three, proline-rich sequences,
positive side chains and specific amino acid
sequences, represent special cases and that
eventual mRNA structures are formed mainly
before binding of the first ribosome. The codon-
dependent translation rate may therefore affect the
expression in the time the mRNA is devoid of
structures and open for translation.
Also, we developed a mathematical model for the

translation process, and this indicated for the first
time an interdependence of the translation rate and
the mRNA half-life [15]. The mechanism behind this,
we suggested, was that different codon-specific
translation rates caused local mRNA segments to
be covered by ribosomes to a varying degrees, thus
exposing the uncovered mRNA segments to degra-
dation. We suggested that the mRNA region from
codons 20 to 45 was particularly sensitive to such
degradation. After this study, we realized that
several of the inserts from the study by Petersen
[14] had rare and slowly translated codons late in the
insert. These would act as a bottleneck as in our
pSN4 variant and make the ribosomes queue before
these slow codons. This queue would nullify any
difference in codon-specific translation rates before
the bottleneck and be the reason why we failed to
detect any influence of early codons on the mRNA
half-life. We show here, by inserting stretches of
rapidly translated codons into codon 3 and into
codon 13, that also the early part of the mRNA, if
unprotected by ribosomes, is a target for degrada-
tion. This is visualized by our mathematical model
(Fig. 2).
We unexpectedly found premature transcription

termination when we inserted stretches of fast-
translated codons into either codon 3 or codon 13
(Table 2). One might have expected that slowly
translated codons might make the distance between
the RNA polymerase and the first ribosome large
enough to activate Rho-dependent termination.
Instead, we observed that it was stretches of fast-
translated codons that led to transcription termina-
tion. The degree of premature transcription termina-
tion clearly is increasing with the length of the fast-
translated inserts. As mentioned above, long codon
GAA sequences late in the gene did not affect mRNA
half-life or the premature transcription termination
even if it should generate a long stretch of ribosome-
free mRNA. We envisage that two mechanisms are
at play that affect the expression yield: premature
transcription termination and degradation of the
mRNA.
We note that following:

1) The CAI increases gradually and reaches its
final value for a particular gene around codon
50 [10].

2) At approximately this position, we cease to
observe an effect on the mRNA half-life by
codon choice, that is, mRNA stretches not
covered by ribosomes [15].

3) Stretches of ribosomal-gene-type, fast-
translated codons in approximately the first
50 codons will lead to premature transcription
termination (data presented here).
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4) The NusA and the NusG proteins join the
transcribing RNA polymerase gradually after
its initiation [30].

5) The parameters that affect the premature
transcription termination cease to act after
binding of the first ribosome. Fast translating
leading ribosomes might come too close to the
RNA polymerase and prevent binding of the
Nus proteins to the RNA polymerase. This
may lead to transcription termination.

6) The parameter that determines the mRNA
half-life involves the length of the mRNA
between each initiating ribosome (not only
the leading ribosome) and the mRNA's 5′
terminal tri-phosphate group because the
RppH enzyme has been shown to initiate the
mRNA degradation [31]. They also observed
an influence of the initial codons on the mRNA
half-life, which was also observed in our
previous study [32].

Our current summary of the parameters that
influence the expression yield is depicted in Fig. 3.
The argumentation that the lacA and the lacZ

mRNA are degraded independently of each other is
based on experiments with the wild type. The
constructs that show a decreased expression of
LacA have short mRNA half-lives, meaning that they
are translated by few ribosomes. As an alternative to
the model presented in Fig. 3, one might suggest
that the mRNA structure that is split before lacA is
not cleaved in these constructs, possibly because a
degradosome that had been tailing the leading
ribosome after this terminated at the lacZ stop
codon might degrade the first part of the structure
before the last part was synthesized by the RNA
polymerase. If so, the degradosome would follow
immediately after the RNA polymerase and give a
reduced LacA expression. In this scenario, the
reduction of the LacA expression is proportional to
the probability to have only one ribosomes translat-
ing lacZ mRNA. This probability should vary as 1/(N
+1) with the average number, N, of translating
ribosomes per lacZ mRNA, when normalized to the
Fig. 3. Schematic overview of the mechanisms affecting the
cases where a mRNA translated once or more. This
numberN can be estimated to be between 30 and 75
in the wild type. Modeling this, based on the values in
Table 2, we show that the reduction in the LacA
expression already is significant at mRNA half-life at
4 to 10 translations, making this model less likely.
Finally, our ability to calculate the half-lives of the

14- and 21-bp inserts from those of the parental and
7-bp insert is in agreement with and support our
suggestion that the specific use of fast or slowly
translated codons early in a gene is a “velocity code”
within the amino acid coding ability, where the
translation rate differences give mRNA stretches of
varying lengths that is uncovered by ribosomes,
thereby exposing the mRNA to varying rates of
degradation.
Methods

Strains and plasmids

The strain used in all experiments were MC1000
recA1/F′lacIq1 lacZ:: Tn5 constructed by N. Fiil.
All plasmids were derivatives of pBR322, either

pMAS2 carrying lacZ only [8] or pMET20, which is
pMAS2 supplemented with the wild-type lacY and
lacA genes, thus carrying the lac wild-type operon
[32]. We find that the mRNA half-lives of our lacZ
variants are the same whether the plasmid coded for
the complete lac operon or for the lacZ part only.
The lacZ variants were constructed by recombi-

neering [33] screening for increased lacZ expression
from a pMAS20 derivative, pMET1, with a stop
codon in codon 3 as described [32]. pJEM1 has a
BstEII recombinered into pMET1. Our lac variants
come in two versions, one derived from pMAS2
without the lacY and lacA and one where the lacZ
variant was part of the complete lacZYA operon.
These pairs are as follows: pMAS2, pMET20 (wild
type); pJEM2, pSP1779 (14 biased, fast codons
inserted into codon 3); pJEM3, pSP1780 (14 non-
biased codons inserted into codon 3); pMAP1058,
mRNA half-life and the premature transcription termination.
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pMET29 (7 fast codons inserted into codon 13 of
pSN4, [15]); pMAP1059, pMET30 (14 fast codons
inserted into codon 13 of pSN4); and pMAP1060,
pMET31 (21 fast codons inserted into codon 13 of
pSN4). Table 1 gives the sequences of the relevant
early part of these lacZ mRNAs.

Enzymatic assays

The LacZ and LacA enzyme activities were
measured on essentially as described [34], except
that cells were opened by sonic treatment. Columns 2
and 3 in Table 2 give the expression levels as the
enzyme activity per cell mass for a fully induced
culture for the LacZ and LacA enzymes, respectively.

Measurement of the functional lacZ mRNA
stability

To measure the functional lacZ mRNA stability in
vivo, we have used three methods.
In the most direct and the only to give the time for

the half-life, method A, the lac operon was induced
for 5 min, whereupon the bacteria were collected on
a filter. After two washes and re-suspension in
inducer-free medium, the capacity to synthesize β-
galactosidase at different time points was followed
by pulse labeling and a chase to complete the
labeled nascent peptides. We performed such
measurements on mixtures of two cultures that
each encoded a lacZ gene, one serving as an
internal reference and with an increased molecular
weight that allowed separation by gel electrophore-
sis from the lacZ variant to be measured. Examples
of such measurements are given in Fig. 4 and
summarized in Table 4.
For mRNA half-lives that are shorter than about

30 s, method A could not be used because of the
 0.01 0.01
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lengthy filtering, washing and resuspension proce-
dure. To estimate the stability of such unstable
mRNA, we used a second method, B. In this, we
determined the amount of [35S] methionine-labeled
β-galactosidase protein in a pulse-chase experiment
during steady-state induction relative to the radioac-
tivity in the RNA polymerase subunits β and β′.
These proteins were separated on 7.5% acrylamide
one-dimensional PAGE gels. To ensure a reproduc-
ible steady state, the cells had been growing
exponentially for more than 10 doubling times before
induction and labeling. Because all other parameters
—cellular growth rate, plasmid copy number, pro-
moter and ribosome binding site sequences—were
identical for all the lacZ variants we use, the β-
galactosidase expression should only depend on
differences in half-life or of an eventual premature
transcription termination of the mRNA. All our lacZ
variants have 23 methionine residues and their
synthesis rate could be directly estimated from
their β-galactosidase expression, relative to that of
the two RNA polymerase subunits.
In cases where the expression was further

reduced to indicate a half-life of below approximately
10 s, we were even unable to use method B
because of an insufficient labeling of the β-
galactosidase protein compared to the background
labeling. In such cases, we used a third method, C,
where one measures the expression of enzymatic
activity in “Miller units” [34]. When estimating the
mRNA half-lives by method C, one should have a
constant or known specific activity of the encoded
enzymes. Low expression is difficult to measure.
However, we were able to determine the effective
half-life with methods B and C for the lacZ variants
with a medium or wild-type expression level (Table
4). The half-lives found by method C were only
slightly lower than those found by method B,
Fig. 4. An example of the determination the
functional mRNA half-life by method A for the
wild type (squares), pSN4 (circles) and pTT1
(triangles). The figure shows the time course
for the expression of the β-galactosidase
protein after removal of the inducer.
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indicating that there was at most a slight reduction in
enzyme-specific activity compared to the wild-type
enzyme.
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