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ABSTRACT: A convenient, sensitive assay for measurement of in vivo missense translational errors is reported
that uses luciferase activity generated by mistranslation of a gene encoding an inactive mutantR chain of
theVibrio harVeyienzyme. Mutations were introduced atR45 His, a position known to be highly intolerant
of amino acids other than histidine. To normalize for any variations in expression level, the concentration
of wild-type luciferaseR â dimer was determined by a novel assay using co-refolding of active/wild-type
â enzyme subunits with inactiveR subunits in lysate with an excess of exogenously added activeR
subunits. Four HisR45 missense mutants of luciferase encoded by leucine codons (CUC, CUU, CUG,
and UUG) had histidine misincorporation rates of 2.0× 10-6, 1.3 × 10-6, 9.0 × 10-8, and 1.5× 10-8

respectively, a variation of over 133-fold among synonymous codons. Any substantial contribution of
mutation was ruled out by a Luria-Delbrück fluctuation test. The two leucine codons with the highest
rates, CUU and CUC, have a single central-mismatch to the histidyl-tRNAQUG anticodon. Aminoglycoside
antibiotics known to enhance mistranslation increased the error rate of the CUC codon more than those
of the CUU and CUG codons, consistent with the hypothesis that CUC codon mistranslation arises primarily
from miscoding events such as the selection of noncognate histidyl-tRNAQUG at the central position of
the codon.

The transfer of genetic information into proteins is highly
precise, but not flawless. Errors in DNA replication and
transcription are respectively in the range from 10-6 to
10-10 (1-3) and 10-5 per base (4-7). The last and least
accurate step, translation, has an average error frequency
of about 10-4 per codon (8-11), as derived from a rela-
tively small and heterogeneous collection of experimental
measurements.

The products of missense errors are less easily detected
and removed than those of premature termination, stop codon
readthrough, and frameshift, all of which change the size of
the protein product. The variant species resulting from
missense errors can comprise a very diverse population, each
having slightly different properties and each present at a low
concentration (12), or there can be one or a few dominant
inaccurate forms (13-15). Most mistranslated forms with a
single amino acid substitution retain the overall structure,
charge, and epitopes of the authentic molecule (16, 17) and
can be extremely difficult to remove on a preparative scale,
as in pharmaceutical manufacturing.

Translational accuracy can be reduced during high-level
expression of heterologous proteins. Codon bias (15, 18-
20) and poor regulation of amino acid biosynthetic pathways

in the host strain can produce a high level of singly
substituted derivatives. In some instances, however, the
occurrence of these high-level errors can be decreased or
eliminated by replacing rare codons or by adding supple-
mental amino acids (14, 21).

InactiVe Enzyme Mutants as PositiVe Reporters of Mis-
sense Errors.One promising approach to the measurement
of in vivo missense errors is the use of an enzymatic reporter,
such as the activity ofâ-lactamase mutants (22), the reduced
specific activity and thermostability ofâ-galactosidase (23,
24), or activity and heat-lability changes ofâ-galactosidase
(25). The first in vivo measurement of a specific mistrans-
lation event in an eukaryotic cell (Saccharomyces cereVisiae)
used inactivating mutants of type III chloramphenicol acetyl
transferase (26).

Constraints upon inactive enzyme mutants used as report-
ers of missense errors were described in our preliminary work
with tryptophan synthetase (27). Useful reporters combine
complete inactivation of wild-type enzyme by a single amino
acid substitution and stability of the mutant form. Determi-
nation of absolute mistranslation rates requires not only
sensitive measurement of the catalytic activity of the
enzymatic missense reporter but also determination of the
concentration of the reporter species in cell extracts. The
use of inactive enzyme mutants as reporters of missense
errors offers several advantages: convenience, avoidance of
possible loss of mistranslated species during fractionation,
and preselection of the type and position of nucleotide
mismatch at the codon-anticodon interface, as well as the
specific type of misincorporation.

† Supported by Grants E-1030 and E-1264 from the Robert A. Welch
Foundation and GM25953 from the National Institutes of Health
(S.C.T.).

* Author to whom correspondence should be addressed. Tel: (713)
743-4308. Fax: (713) 743-4323. E-mail: willson@uh.edu.

‡ Department of Chemical and Biomolecular Engineering.
§ Department of Biology and Biochemistry.

13864 Biochemistry2007,46, 13864-13873

10.1021/bi602660s CCC: $37.00 © 2007 American Chemical Society
Published on Web 11/07/2007



Bacterial Luciferase as a Reporter for Missense Errors.
We have examined missense reporter systems based on
luciferase, which is widely used as a reporter of gene
expression (28-31). The successful expression of het-
erodimericRâ bacterial luciferase inEscherichia coliand
S. cereVisiae as well as in mammalian and plant cells (32,
33) suggests that reporter systems based on this enzyme could
be broadly applicable. Moreover, the luciferase assay (34-
36) features extreme sensitivity, linearity over many orders
of magnitude, convenience, nondestructiveness, and adapt-
ability to common scintillation counters.

The catalytic center ofVibrio harVeyi luciferase has been
localized on theR subunit (37, 38), and a histidine residue
was shown to be essential to the activity of theV. harVeyi
enzyme (39). Xin et al. (40) constructed and characterized
single R chain mutations ofV. harVeyi luciferase at five
conserved histidine residues (positions 44, 45, 82, 224, and
285) and found that position 45 was particularly intolerant
of substitutions. Exhaustive mutagenesis of position 45 (41,
42) suggested that, when substituted for histidine, all 14
amino acids tested reduced the activity of bacterial luciferase
by at least 300-fold, with leucine reducing activity by ca.106-
fold (see below). The five amino acids not tested are
chemically highly distinct from histidine (i.e., no positive
charges or cyclic side chains) and structurally similar to
amino acids known to produce very low activity. For
example, valine and isoleucine, which were not tested, are
expected to be similar to leucine, which was among the least
active. These amino acids therefore are not expected to
contribute significant activity in a missense assay.

A missense assay based on a “one-active-form” strategy
was developed using inactive leucine mutants at position 45
on theR subunit. Six leucine codons (CUU, CUC, CUA,
CUG, UUA, and UUG) offer an attractive synonymous, low-
residual-activity set differing in closeness to the nearest
histidine codons (CAC and CAU). CUU and CUC have one
central base difference, CUA and CUG have both central
and wobble base differences, and UUA and UUG differ in
all three positions from the two histidine codons. The codons
used in this study (CUU, CUC, CUG, and UUG) represent
at least one of each type. Aspartic acid codon CAG, with
only a 3′ wobble position difference from the histidine
codons, was also studied. The very low residual activity of
the mutant reporter enzymes (as little as 10-11 of the native
reporter enzyme) allows the accurate quantification of
missense error frequencies in vivo with no background
bioluminescence from the host.

The determination of luciferase expression levels was
necessary to normalize the catalytic signal from the reporter
by the luciferase expression level, similar to the stimulatory
assay previously used for tryptophan synthetase-based mis-
translation assays (27, 43). While the maxi-cell technique
(22), immunoassays, luciferase aldehyde-oxidation activity,
and the luciferase/second reporter fusions recently employed
by Shaw et al. (44) were considered, the capability of
bacterial luciferase for subunit exchange under denaturation
and refolding conditions (45) allowed a direct internal control
on the expression level of luciferase inE. coli cell extracts.
Since the luciferaseR andâ subunits are synthesized in equal
quantities in bothV. harVeyi andE. coli (46, 47), measuring
the light emission after refolding in the presence of excess
active wild-typeR chains and formation of active dimers is

equivalent to measuring the initial amount ofR inactive
chains in the lysate. This refolding assay permitted the
measurement of luciferase expression levels in crude lysate.
With the catalytic assay and the refolding assay used as an
internal control for expression, we were able to calculate
missense error rates from luciferaseR45 mutants, which are
primarily due to missense incorporation of histidine at this
position.

Since the discovery by Gorini and Kataja (48) of a
streptomycin-resistant strain bearing ribosomal protein muta-
tions, aminoglycoside antibiotics have played an important
role in the study of ribosome function. A major recent step
forward in the elucidation of antibiotic mechanisms was the
determination of ribosomal subunit crystal structures at
resolutions of 3-8 Å (49, 50). The aminoglycosides strep-
tomycin, paromomycin, and neomycin were found to bind
to the A-site decoding region of the ribosome, where they
alter the codon-anticodon interaction as well as the energet-
ics of the A-site domain closure around the anticodon stem
loop (51-54). The effects of streptomycin, paromomycin,
and neomycin on histidine misincorporation at positionR45
of luciferase were studied. Since streptomycin, paromomycin,
and neomycin selectively induce miscoding errors (not
misacylation or mistranscription) by interfering with the
selection of the aminoacyl-tRNA, an increase in error
frequency in response to these antibiotics would provide
evidence that leucine CUC or CUU codon missense errors
derive primarily from miscoding.

While this paper was in preparation, Salas-Marco and
Bedwell (55) demonstrated the use of a similar luciferase-
based reporter system for monitoring missense and readthrough
errors inS. cereVisiae. Their system instead employed firefly
luciferase with mutations at two essential residue positions
(His245 and Lys529) as the reporter. Expression levels were
monitored by an upstream wild-typeRenilla luciferase
expressed from the same promoter in a bicistronic plasmid,
with the two activities being measured independently by
sequential luminometry. This approach allows a more
efficient monitoring of expression level than the refolding
assay used here, although the output is a somewhat less direct
measure of the concentration of the reporter enzyme in cell
extracts.

MATERIALS AND METHODS

Chemicals and Microorganisms.Yeast extract, tryptone,
and casamino acids for culture media were from Difco
Laboratories; DTT1 and IPTG1 were from United States
Biochemical Corp.; DNAse I was obtained from New
England Biolabs; RNAse A and ampicillin were from
Boehringer Mannheim Biochemicals; and sodium chloride,
urea, EDTA,1 sodium phosphate, and potassium phosphate
(monobasic and dibasic forms) were from EM Science.
Decanal and copper(I) bromide were from Aldrich, and the
BCA protein assay kit was from Pierce. Flavin mononucle-
otide, ethidium bromide, and most other chemicals were from

1 Abbreviations: PAGE, polyacrylamide gel electrophoresis; SDS,
sodium dodecyl sulfate; SDS-PAGE, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis; EDTA,N,N,N′,N′-ethylenediaminetet-
raacetic acid; DTT, dithiothreitol; IPTG, isopropyl-â-D-thiogalactoside;
BSA, bovine albumin serum; MWCO, molecular weight cutoff; OD,
optical density; SA, specific activity; LB, Luria broth.
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Sigma. BSA1 was from Promega.E. coli strain JM101 (supE
thi D(lac-proAB)/)F′traD36 proA+ proB+lacIq lacZ∆M15])
was used for phage infection and subcloning. Oligonucle-
otides for site-directed mutagenesis were from Genosys
(Houston, TX).

LuciferaseR45 Mutants.Mutant luxA genes generated by
site-directed mutagenesis (40, 41, 56) were inserted into a
high-copy-number plasmid pUC19, which was introduced
into E. coli. Methods for plasmid DNA preparation, ligation,
phage infection, M13 DNA preparation, subcloning, ligation,
and transformations, were as done described by Sambrook
et al. (57).

Crude Cell Extracts.Extracts of E. coli JM101 cells
bearing pUC19 plasmid withluxAB genes (58-60) were
prepared after 3-3.5 h of cultivation at 37°C to an optical
density at 600 nm (OD600) of 0.6-0.8 in LB1 or M9 minimal
medium supplemented with 100µg/mL ampicillin. The cells
were induced with 0.1 mM IPTG at OD600 ca. 0.2. When an
aminoglycoside study was performed, it was added to the
culture medium at the time ofE. coli mutant inoculation.
Cells were collected by centrifugation at 3100g for 15 min;
washed with 100 mM potassium phosphate, 1 mM EDTA,
pH 7.0; and resuspended with 5 mL of buffer. Cell suspen-
sions were lysed by sonication on ice with a1/8′′ microtip
probe on a W-380 sonicator (Heat Systems Ultrasonic, Inc.)
for 1 min with a pulse duration of 1 s at 90% ofmaximum
output. Protein concentration was determined using the Pierce
BCA protein assay with BSA as a standard.

Bioluminescence Assay.Luciferase activity was measured
in vivo and in vitro with a Turner Designs model TD-20e
luminometer with a sensitivity of 8.52× 105 quanta s-1 light
unit-1, based on a radiochemical standard prepared according
to the method of Hastings and Weber (36). Luciferase activity
was measured in vivo by adding 10µL of 1% v/v decanal
in ethanol to a 1 mL sample of growing culture and was
stable over the measurement period. The in vitro activity of
bacterial luciferase was measured after injecting decanal (to
25 µM) and reduced flavin mononucleotide (to 27µM) into
a mixture of enzyme and oxygenated buffer following the
method of Hastings and Weber (36). Flavin reduction with
Cu(I)Br was conducted following the protocol of Lei and
Becvar (61). A higher decanal concentration (240µM) was
used for mutant enzymes due to their higherKM values (40).
The aldehyde was premixed with the flavin solution rather
than with the luciferase, and the use of BSA as a protection
agent against aldehyde inhibition was then omitted (62). For
all activity assays, 100 mM potassium phosphate, 1 mM
EDTA, pH 7.0 was used at room temperature (22°C).

Determination of ReVersion Rate of V. harVeyi Luciferase
Mutant Gene in E. coli. Luria and Delbru¨ck (63) established
the classical fluctuation test to demonstrate bacterial muta-
tion; the test is also useful for estimating spontaneous
mutation rates. Their estimate is given by

wherep0 is the probability of having no mutations,a is the
reversion rate per generation (detectable mutations/cell), and
N is the number of cells. Experimentally,p0 is determined
by culturing a large number,T, of dilute subcultures from
the same seed culture for a certain number of generations.
A bulk culture from the same seed culture is grown

simultaneously to obtain an average specific activity mea-
surement. The number of subcultures,m, having a loss or
gain of activity resulting from reversion is counted and the
experimental estimate forp0 is given by

In this work, the reversion rate was measured using reversion
to brightness of JM101 cells with plasmid pKK223-3 bearing
luxABcontaining an aspartic acid codon (GAC) at position
45 (40). Two sets of subcultures were prepared by inoculating
ca. 100 cells into each of 24 tubes (set 1) and 25 tubes (set
2) of 1 mL of LB containing 50µg/mL ampicillin and 0.5
mM IPTG. After incubation at 30°C for 14.8 h for set 1
(18.5 population doublings) and 19.3 h for set 2 (24.1
population doublings), the reversion rate of each set was
measured using the in vivo bioluminescence assay.

Purification of Dimeric NatiVe Luciferase.Native lu-
ciferase was prepared from JM101 cells bearing pUC19
plasmid with luxAB genes, cultured for 24 h to an OD at
600 nm of ca. 3.0 in LB broth, harvested by centrifugation
at 3000g, and lysed with 1% w/v lysozyme, 0.8 mg/mL
RNAse A, and 0.8 mg/mL DNAse I in 50 mM potassium
phosphate, 1 mM EDTA, 0.5 mM DTT, pH 7.0. Ammonium
sulfate 40% and 80% saturation cuts of the centrifuged lysate
(12 000g, 30 min) were performed on ice. Luciferase was
concentrated in the 80% ammonium sulfate pellet and was
stable in this form at-20 °C for over 1 year. The pellet
was dialyzed at 4°C using 12 kDa MWCO1 Spectrum
dialysis bags against 100 volumes of 100 mM potassium
phosphate, 1 mM EDTA, 0.5 mM DTT, pH 7.0.

Anion-exchange chromatography of the dialyzed sample
used 30 mL of Pharmacia Q-Sepharose Fast Flow in a 1 cm
Bio-Rad column. A 10 column-volume gradient from 100
to 400 mM potassium phosphate, pH 7.0, in 1 mM EDTA,
0.5 mM DTT, with a flow rate of 2 column volumes per
hour, was used to collect bound luciferase, which eluted near
300 mM. The presence of luciferase in the fractions was
determined using the in vitro assay described above. Purity
was determined by silver-stained SDS-PAGE1 using Phar-
macia PhastSystem, 8-25 SDS Phastgels. TheR and â
subunits of luciferase appeared at 37 and 41 kDa respectively.
After concentration on an Amicon Centriprep-30 concentra-
tor, the retentate was dialyzed against 100 mM potassium
phosphate, 1 mM EDTA, 0.5 mM DTT, pH 7.0 and stored
at -20 °C.

Purification ofR Subunit.Wild-type luciferaseR subunit
used for expression level normalization was isolated from
E. coli JM101 harboring a pUC19 plasmid bearingluxA. Cell
growth, harvesting, and lysis were as described above. Cell
lysate was dialyzed against 50 mM potassium phosphate, 1
mM EDTA, 0.5 mM DTT, pH 7.0. The white precipitate
that appeared was collected by centrifugation (10 000g, 30
min, 4 °C); washed twice in 100 mM potassium phosphate,
1 mM EDTA; and dissolved with the addition of 8.3 mL of
8 M guanidine hydrochloride to the 5 mL suspension. A
silver-stained polyacrylamide gel showed that the precipitate
contained mostly theR subunit (ca. 85% pure) with the main
contaminant being lysozyme. TheR subunit was apparently
soluble in the cell lysate before the dialysis and may have
been precipitated by the decrease in salt concentration.

Denaturation/Refolding Assay for Expression LeVel. Ex-
pression levels ofR chain mutant luciferases were measured

p0 ) (T - m)/T

p0 ) e-aN or a ) -ln(p0)/N
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by activating their wild-typeâ chains by co-refolding with
excess exogenousR wild-type chain (47). Equal volumes of
cell extract (or pure luciferase solution) and 10 M urea in
100 mM potassium phosphate, pH 7.0, were mixed in 0.5
mL microcentrifuge tubes and incubated at room temperature
for 30 min. The tubes were then kept on ice and used within
1 h. The refolding assay was characterized at room temper-
ature and at 4°C; refolding at 4°C is much slower, but
somewhat more complete (see below).

A fixed amount of urea-denatured purifiedR subunit and
four varying amounts of a given urea-denatured extract
sample were mixed. The final volume was adjusted to 50
µL with 5 M urea. The 50µL sample was then diluted with
2 mL of recovery buffer (1% w/v BSA in 100 mM potassium
phosphate, 1 mM EDTA, 1 mM DTT, pH 7.0) and mixed
by vortexing. After dilution, the final concentrations of the
wild-type R subunit and urea were 15µg/mL and 0.125 M,
respectively. For the standard assay, the diluted samples were
refolded at room temperature for 2 h. After refolding, four
50 µL aliquots of refolding mixture were diluted into 1 mL
of assay buffer (100 mM potassium phosphate, 1 mM EDTA,
pH 7.0), and the recovered catalytic activity was measured
as described above, in quadruplicate. The light emission was
plotted against concentration of total cellular protein; the
slope gave the specific activity of the recovered enzyme in
light units/(µg of protein/mL).

Determination of the Mistranslation Rate.The specific
activity of the mutant or wild-type enzyme for each cell
extract was determined by the ratio of catalytic activity (light
units/(µg/mL)) to the luciferase fraction (µg of luciferase/
µg of total protein) determined by the calibration curve
described above. The expression for observed specific
activity (SA) is given by

wherefwild-type is the fraction of mistranslated species to wild-
type, andfi is the fraction of each of the other translated
speciesi. In a typical case, for a SAi of ca. 10-4 light units/
µg of luciferase (40), SAi/SAwild-type is on the order of 10-8

and therefore yields the fraction of species mistranslated to
histidine asfwild-type ) SAmutant/SAwild-type.

RESULTS

ReVersion Rate of Mutant V. harVeyi Luciferase Gene in
E. coli. Spontaneous reversion of the mutant reporterluxA
genes, if it occurred at a frequency of about 10-6 or higher,
would invalidate the measurement of translational errors,
because the signal due to mutation would dominate that due
to mistranslation (64). The estimated average mutation rate
from two different Luria-Delbrück experiments with the
GAC mutant construct was found to be 5.5× 10-10, which
is negligible compared to the average mistranslation rates
found in this work.

Bioluminescence Assay.The measured catalytic rate of
bacterial luciferase has the advantage of being linear over a
wide range of enzyme concentrations, from femtomolar to
micromolar. It is not significantly affected by the presence
of E. coli protein contained in cell extracts spiked with
luciferase, as shown in Figure 1. The specific activity under
the assay conditions used calculated by linear regression of
data between 5 and 200 ng/mL is 7.47 light units/(ng of wild-
type/mL).

Refolding Assay.A calibration curve relating light intensity
to luciferase content was obtained using the standard
refolding protocol and known percentages of pureRâ
luciferase spiked into extracts ofE. coli JM101 harboring
the backbone plasmid pUC19. The recovered specific activi-
ties are plotted in Figure 2 against the fraction of luciferase
in the extract. Recovered specific activities are proportional
to the luciferase level in extracts containing up to 20%
luciferase, as shown. All cell extracts in this work gave
activities corresponding to an expression level lower than
20% of total protein.

Expression levels ofR-mutant luciferase were measured
by refolding and activating their wild-typeâ chains (present
in 1:1 molar ratio to mutantR) with excess exogenous wild-
typeR chains. While loss of activity with denaturant is very
rapid, the later-recovered activity of luciferase was found to
decrease with longer incubation of the denatured protein
sample in urea, perhaps due to unfolding of individual
subunits. Shorter denaturation times, however, may not allow
for complete subunit interchange with theRmutantâwild-type

observed SAmutant) SAwild-type fwild-type + ∑SAi f i

FIGURE 1: Activety of purified luciferase (b) and luciferase in a
synthetic extract ofE. coli JM101 harboring backbone plasmid
pUC19 (O) spiked with varying concentrations of luciferase protein.

FIGURE 2: Refolding assay calibration curve showing luciferase
specific activity (light units/(µg of total protein/mL)) as a function
of luciferase fraction of total protein in luciferase-spiked extracts
of E. coli JM101 harboring backbone plasmid pUC19.
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inactive forms and, therefore, may have a reduced chance
for a â subunit to recombine with an activeR chain during
the refolding step. For the assay of interest here, to allow
the Rmutantâwild-type protein to completely unfold and the
âwild-type to refold with the added excessRwild-type, a 30 min
urea incubation was chosen, similar to the denaturation time
chosen by Ziegler et al. (65).

The recovery of activity depends on temperature and
increases with the refolding time until a maximum is reached.
In agreement with the results of Friedland and Hastings (66),
the refolding is faster but less complete at higher tempera-
tures. Ninety percent recovery of activity with pure luciferase
was reached after 110 h at 4°C and after 2 h at 23°C.
Refolding at 23°C was also linear with time until it reached
a maximum value. A lag phase of about 20 h was seen at
4 °C and has been shown by Baldwin et al. (45) to be due
to slow (first-order) steps in the refolding of both subunits.
To rapidly achieve a high yield, a period of 2 h at room
temperature was selected for the refolding assay.

A large excess of the wild-typeR chain was used to ensure
that recovery of activity was independent of the concentration
of the R chain. Since all of the cell extracts had luciferase
expression of 20% or less of the total cellular protein
production (2µg/mL), 15µg/mL (353 nM) of exogenously
addedRwild-type was used. Below this concentration, the molar
ratio of Rwild-type/Rmutantâwild-type is too low and the recovery
of activity becomes dependent on the amount ofRwild-type

added as well as the amount ofRmutantâwild-type reporter
enzyme.

Missense Error Frequencies of Luciferase Mutants with
Synonymous Codons at PositionR45. Since mutations at
positionR45 profoundly reduce the activity of luciferase (41,
42), differing specific activities of mutants bearing synony-
mous codons must be largely due to incorporation of a native
histidine at position 45. Four luciferase mutants with
synonymous leucine codons at positionR45 had error
frequencies varying from 2.9× 10-6 to 1.5× 10-8 (Table
1). The CUG and UUG codons gave the lowest activity and
have the most base differences (two and three, respectively)
from the native histidine codons (CAC, CAU). The CUC
and CUU codons, which have only one central base
difference from the histidine codons, gave 14-133-fold
higher mistranslation rates, supporting the hypothesis that
the CUC and CUU codons are mistranslated to histidine,
although with very low error frequencies of (1.3-2.0) ×
10-6.

Errors such as misacylation of cognate tRNA and mis-
transcription of mRNA occur prior to translation, and the
observed error frequency is a combination of these error
sources along with mistranslation. Misacylation of the leucyl-
tRNAs, e.g., triggered by depletion of the required amino
acid, would likely result in similar activity for the four
mutants. Moreover, the specific activity of the CUC mutant
was not significantly different in rich LB medium and in
minimal M9 medium with or without 1 g/L casamino acids
(results not shown). Therefore, the large activity differences
among the four leucine mutants arise primarily from either
miscoding or mistranscription, and not misacylation. One
way to distinguish these possible error sources is by the use
of error-promoting antibiotics that selectively promote mis-
coding.

Effects of Streptomycin, Neomycin, and Paromomycin on
the ActiVity of the Leucine (CUC) Mutant.The effects of
streptomycin, neomycin, and paromomycin on the culture-
density-normalized specific activity of the CUC mutant were
determined in preliminary experiments, and the effects of
streptomycin on the specific activity of three different leucine
mutants was studied using the in vitro expression assay. An
approximately linear relationship was observed between
antibiotic concentration and the culture-density-normalized
activity of cultures grown for 2 h in the presence of the
antibiotics. The slopes obtained for streptomycin, paromo-
mycin, and neomycin were 0.35, 1.36, and 3.5 (light units/
OD600)/µM antibiotic, respectively, and at a 2µg/mL
concentration, the increase in catalytic activity was 10-, 53-,
and 68-fold, respectively. Control experiments confirmed that
3.5 µM streptomycin decreases total protein and luciferase
expression levels by 50%, but does not alter the specific
activity of wild-type luciferase expressed in antibiotic-treated
cells (not shown). The sensitivity of the CUC mutant’s
activity to all three miscoding-enhancing antibiotics suggests
that histidine misincorporation events arise in large part due
to noncognate tRNA anticodon-codon interactions.

As illustrated by Figure 3, the activities induced by
neomycin and paromomycin were larger and more similar
to each other than those induced by streptomycin. Paromo-
mycin and neomycin are known to impair codon-anticodon
recognition in the first control in tRNA selection (49, 52,
67, 68) and favor mismatching at the central position of the

Table 1: Histidyl-tRNA Anticodon (3′-GUQ-5′) (Mis)Matching
with Various Codons at PositionR45 of Luciferase along with Their
Specific Activities ((Standard Deviation) and Error Frequenciesd

codon/
anticodon

mismatching

SA ( SD
(light units/

µg of luciferase)
error frequency

SAmutant/SAwild-type

histidine
5′-CAC-3′
5′-CAU-3′

7790( 1420

glutamine
5′-CAg-3′

37 ( 12 4.1× 10-3 a

proline
5′-CcU-3′

1.06( 0.19 1.4× 10-4 c

leucine
5′-CuC-3′

0.015( 0.004 2.9× 10-6 b

leucine
5′-CuU-3′

0.010( 0.005 1.3× 10-6

aspartic acid
5′-gAC-3′

1.48( 0.27 2.0× 10-4 a

tyrosine
5′-uAC-3′

0.050( 0.009 6.6× 10-6 c

leucine
5′-Cug-3′

0.00070( 0.00030 9.0× 10-8

lysine
5′-aAa-3′

0.167( 0.030 2.2× 10-5 a

arginine
5′-aga-3′

1.22( 0.22 1.6× 10-4 c

leucine
5′-uug-3′

0.00012( 0.0006 1.5× 10-8

alanine
5′-gcc-3′

0.0040( 0.0007 5.3× 10-7 a

a Average results from Xin et al. (40) and Li et al. (41) for purified
luciferase mutants, which differ on average by 61%.b Average results
from the present work and Li et al. (41), which differ on average by
61%. c Results from Li et al. (41) for purified luciferase mutant protein.
d Lowercase nucleic acid bases indicate a mismatch with the histidyl-
tRNA anticodon. All measurements were made at least in triplicate.
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codon in poly-UUU programmed ribosomes. The large
activity increase observed for the CUC mutant in the presence
of neomycin, which arises from miscoding at the central base,
is consistent with these observations. Furthermore, the
weaker effect of streptomycin on the CUC mutant is
consistent with the fact that streptomycin does not promote
errors at the middle position of the codon, but rather at the
5′ and 3′ positions by interfering with proofreading (49, 69,
70).

Effects of Streptomycin and Neomycin on Histidine Mis-
incorporation of the Glutamine (CAG) Mutant.Miscoding
errors are most tolerable and most likely at the degenerate
3′ wobble position, where they are less likely to lead to an
amino acid substitution. The glutamine codons (CAG and
CAA) differ from those for histidine (CAC and CAU) solely
at the wobble position. The misincorporation of histidine at
the CAG codon is indeed 2500-fold higher than that of the
central-mismatched leucine codon (CUC) used in the previ-
ous experiment. We estimated an error frequency of 4.8×
10-3 for the glutamine codon (CAG) using the in vitro assay.
This value is comparable to the ratio of mutant activity to
wild-type activity (3.3× 10-3) measured by Li et al. (41)
using purifiedR45 histidinef glutamine enzyme (giving
an average error frequency of 4.1× 10-3 in Table 1), which
indicates that the lysate assay can produce values of the error
frequency matching those found with purified mutant
enzyme.

To confirm that the observed activity was not due to the
residual activity of the mutant protein, and to test if the
activity of glutamine codon (CAG) construct could be due
to miscoding, the culture-density-normalized activity of the
glutamine mutant was measured in the presence of strepto-
mycin and neomycin. As shown in Figure 4, the presence
of 2.5µM streptomycin or neomycin increased the catalytic
activity of the mutant by 12- and 3.5-fold, respectively.
Streptomycin enhanced misreading at the CAG codon (with
a possible wobble mismatch) more than neomycin. The
different responses of the CAG mutant to both antibiotics
suggest that streptomycin and neomycin do not affect the
miscoding event at the wobble position in the same manner.
Together with the results for the CUC mutant described
above, our results confirm the findings of Brakier-Gingras
et al. (67, 68, 71) that streptomycin promotes outside-position
miscoding and neomycin promotes middle-position miscod-
ing.

Effect of Streptomycin on the Error Frequency of Syn-
onymous Codons by in Vitro Expression LeVel Measurement.
The effect of antibiotics observed on the leucine (CUC)
codon using culture-density normalization were further
investigated using the better-controlled in vitro refolding
assay for expression level. It was shown that the error
frequencies of synonymous leucine codons (Table 1) in the
absence of the antibiotics differed by 14-133-fold. As shown
in Figure 5, 2 µg/mL streptomycin increased the error
frequency of three leucine codons from 3.4-fold for the CUG
mutant (with a two-base difference from the tRNAHis

anticodon) to 4.6-fold for the CUU mutant to 18.2-fold
(versus 7-fold observed above with optical density normal-
ization) for the CUC mutant (both with one base difference).
The differences in responsiveness of these mutants to
streptomycin confirm that synonymous codons differ in
translational accuracy. The greater responsiveness of the
CUC codon may arise from its greater ability to bind to
noncognate tRNAs (in this case histidine tRNA) in the first
step of translation (72). The addition of streptomycin, which
is known to enhance misreading through the second proof-

FIGURE 3: Influence of aminoglycoside antibiotic concentration on the light emission ofE. coli expressingR45 leucine (CUC and CUU)
mutant luciferases. A 1% inoculum of an overnight culture ofE. coli JM101 cells harboring the plasmid pUC19 with mutantluxAB was
inoculated into LB with 50µg/mL ampicillin and 0-5 µg/m streptomycin, neomycin, or paromomycin. The light emission (light units), as
well as the optical density at 600 nm (OD600), was measured after 2 h of growth. The ratio light units/OD600 is plotted as a function of
antibiotic concentration.

FIGURE 4: Influence of aminoglycoside antibiotics on the light
emission of E. coli expressingR45 glutamine (CAG) mutant
luciferase. A 1% inoculum of an overnight culture ofE. coli JM101
cells harboring the plasmid pUC19 with mutantluxAB was
inoculated into LB with 50µg/mL ampicillin and 0-3.5 µM
aminoglycoside. The light emission (light units), as well as the
optical density at 600 nm (OD600), was measured after 2 h of
growth. The ratio light units/OD600 is plotted as a function of
antibiotic concentration.
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reading step, will enhance the acceptance of errors from the
first step.

DISCUSSION

Error Frequencies of Synonymous Codons.The error
frequencies of the leucine codons varied by up to 133-fold
(Table 1). Misacylation was not the main error source
because (1) the cells were not starved for leucine, (2) culture
on various growth-rate-determining media did not produce
detectable differences in error frequency with the CUC
codon, and (3) misacylation should favor amino acids that
are structurally related (73) or smaller in size. A histidine-
to-leucine miscoding event especially with the CUC and
CUU codons would result from the selection of noncognate
histidyl-tRNAQUG (tRNAHis). This type of miscoding event
would be similar to those described by Parker et al. (8, 74)
and Parker and Precup (19), in which two synonymous
asparagine and phenylalanine codons were misread by
noncognate lysine and leucine tRNAs, respectively. In that
case, however, mistranslation occurred under starvation
conditions and at the wobble position.

The error frequency with the UUG codon was extremely
low (1.5× 10-8). Since this codon has a three-base mismatch
with the histidyl-tRNAQUG anticodon (Table 1), a miscoding
event with tRNAHis appears improbable. The UUG codon is
read by tRNA4

Leu and tRNA5
Leu (anticodon NAA), which are

not very abundant (<3% of total tRNA) inE. coli (75, 76),
so misreading at this codon may be enhanced by shortage
of cognate tRNAs. A one-base mismatch is more plausible
with one of the phenylalanine anticodons GAA or AAA
(mismatch at the 3′ wobble position) or with the CUG leucine
anticodon by tRNA1Leu, which is the most abundant leucyl-
tRNA. The other possible one-base miscoding events are with
the tryptophan tRNACCA anticodon or with the serine
tRNACGA anticodon. The possible selection of leucine,
phenylalanine, tryptophan, or serine tRNAs, however, would

have all resulted in inactive enzyme molecules (41). The
activity seen with the UUG codon, therefore, may well arise
from mistranscription, which is typically on the order of 10-5

or less (4-7).
The CUG codon differs by two bases from the tRNAHis

anticodon and gave an extremely low error frequency (9.0
× 10-8). A misreading of the CUG codon by tRNAHis would
involve U‚U and Q‚G mismatches at the second and third
positions, as shown in Table 1. The CUG codon is the most
preferred leucine codon inE. coli and its tRNA (tRNA1

Leu)
is the most abundant leucyl-tRNA (75-78). The combination
of codon bias with the improbable mismatch of two bases
with the histidyl-tRNA anticodon would reduce the occur-
rence of leucine-to-histidine miscoding events at the CUG
codon. Furthermore, the weak response of the CUG mutant
to the presence of streptomycin also indicates that only a
small fraction of the misincorporation rate comes from
miscoding. Similarly to the UUG codon, the errors observed
with the CUG codon may arise primarily from mistranscrip-
tion. The error frequencies with the CUU and CUC codons
(1.3× 10-6 and 2.9× 10-6, respectively) were 14-87-fold
greater than the other two leucine codons. CUC and CUU
are less frequently used leucine codons inE. coli, and
tRNA2

Leu, whose anticodon NAG recognizes both, is ca. one-
fifth as abundant as leucyl-tRNA1CAG (76-78). Misreading
errors may be caused by a shortage of tRNA2

Leu, particularly
since it is about one-third as abundant as histidyl-tRNA,
which could misread both the CUC and CUU codons with
a possible U‚U mismatch at the middle position (75, 79).

Error Frequencies of Other Codons with a Single Mis-
match to Histidine.The glutamine (CAG) mutant gave by
far the highest error frequency measured (40, 41, 80); the
histidine misincorporation rate of the CAG codon is about
2500-fold higher than that of the “most active” leucine
mutant (CUC). A histidine-for-glutamine translational error
is relatively probable on the basis of the wobble hypothesis
(81). The CAG codon is more likely to be mispaired to the
histidine tRNAQUG anticodon than any other anticodon.
Ulrich et al. (81) observed a histidine misincorporation for
glutamine in glutamine-starved cells with a normal level of
tRNAHis and an enhanced level of substitutions with an
overproduction of tRNAHis. Lu et al. (82) observed the
reverse event, a glutamine-for-histidine substitution in a
recombinant methionyl granulocyte colony stimulating factor
expressed inE. coli. They also observed three variant
isoforms of this protein resulting from misincorporation of
histidine at three glutamine residues. Similarly, O’Farrell (83)
found that histidine starvation ofrelA error-prone mutants
caused high levels of glutamine-for-histidine substitutions,
apparently due to a third-position misreading by glutamyl-
tRNA. Other types of mispairing at the 3′ wobble position
have been observed. For example, two asparagine codons
(AAU and AAC) were misread by lysine tRNA (74) to
induce lysine-for-asparagine misincorporation error frequen-
cies of 2 × 10-3 and 4 × 10-4, respectively, which are
comparable to the error frequency obtained with the glutamine
(CAG) mutant (4.8× 10-3) in the present study.

The mistranslation rate of the aspartic acid GAC mutant
(2.0 × 10-4) and the proline CCU mutant (1.4× 10-4) are
comparable to the previously estimated average mistransla-
tion rate. As shown in Table 1, a single mismatch of G‚G or
U‚C by tRNAHis could take place at the 5′ and middle codon

FIGURE 5: Influence of streptomycin on error frequencies of leucine
CUU, CUC, and CUG luciferase mutants as measured by the in
vitro refolding assay for luciferase expression.E. coli JM101 cells
harboring the plasmid pUC19 withluxAB with corresponding
mutations on position 45 of theluxA gene were grown overnight.
Cell extracts were generated after 2 h of growth from a 1% v/v
inoculum of the overnight culture in liquid LB with 50µg/mL
ampicillin. Streptomycin was added to a final concentration of 0-2
µg/mL at the time of inoculation. The catalytic activity and refolding
assays were performed on the extracts, and the specific activity
was calculated for each mutant and each antibiotic concentration.
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positions, respectively. The error frequency of the proline
CCU mutant was 2 orders of magnitude higher than that of
the leucine mutants (CUC and CUU), even though the codon/
anticodon mismatch would be at the same (middle) position.
It is possible that a U‚C misreading of a cytosine at the
middle position (in the case of proline) is more frequent than
a U‚U misreading of uracil (in the case of leucine).

Another single-mismatch codon is that of the tyrosine
(UAC) mutant. The error frequency of this codon (6.6×
10-6) was 20 times lower than those of the GAC and CCU
mutants discussed above, but it has the same order of
magnitude as the misincorporation rates of the CUU and
CUC mutants. Interestingly, the error frequency is similar
to the histidine-to-tyrosine misincorporation rate of 5× 10-6

measured at position 195 of type III chloramphenicol acetyl
transferase expressed inE. coli (26, 40). The relatively low
histidine misincorporation rate with the tyrosine mutant may
be due to a possible miscoding at the wobble position, which
would result in early termination. Presumably, these defective
forms would have been eliminated during purification of the
enzyme; therefore, the error frequency would be underesti-
mated.

Error Frequencies with Two or Three Mismatches to
Histidine.The error frequencies of double-mismatch codons
(lysine AAA and alanine GCC) and triple-mismatch codons
(arginine AGA) were determined from the previous work
of Xin et al. (40) and Li et al. (41), respectively. On the
basis of the proceeding discussion, a miscoding event
resulting in histidine incorporation at position 45 is unlikely
for these three codons, but mistranscription or misacylation
could still take place. The histidine misincorporation rate for
the alanine codon (GCC) with two codon-anticodon mis-
matches is very low (0.53× 10-6) and similar to that of the
histidine-for-alanine rate measured at position 195 of chloram-
phenicol acetyl transferase inE. coli (1 × 10-6) (26, 84).
The authors suggest that a mistranscription event is most
likely the source of the misincorporation (as paromomycin
had little effect on the error rate). The apparent error
frequencies observed with the lysine (AAA) and arginine
(AGA) mutants (2.2× 10-5 and 1.6× 10-4, respectively)
are unexpectedly high, especially when compared to the other
codons with double mismatches (alanine GCC and leucine
CUG). However, these basic amino acids may be partially
functional at position 45 in place of histidine. Most reporter
systems will not afford a perfect one-active, 19-totally
inactive reporter, and replacement of the active wild-type
histidine by basic lysine or arginine might well be expected
to give high residual activity relative to other amino acids
(though the activity is only 0.002% and 0.016% of the wild-
type, respectively). It is most important to have one choice
that gives very low activity, and the various leucine codons
give up to 10 000-fold lower residual activity than lysine or
arginine. In addition to possibly high residual activity of basic
amino acid substitutions, the AGA codon inE. coli is
relatively rare and frequently mistranslated (23, 77), and the
very low abundance of tRNAArg in E. coli could result in
the depletion and misselection of a noncognate histidyl-
tRNA.

Salas-Marco and Bedwell found in their firefly luciferase
reporter system that synonymous arginine codons (CGC and
CGA) have a 3.5-fold difference in basal mistranslation rates,
which are enhanced to approximately 8-fold in the presence

of paromomycin (200µg/mL), consistent with our observa-
tions. Additionally, they found only two of 15 mutants tested
with paromomycin (200µg/mL) had an increase in misin-
corporation rate greater than 4.3-fold, while the majority of
these 15 mutants responded less than 1.5-fold. The effects
of ribosomal protein mutations (S9B-D94N and L12 deple-
tion) were also investigated and showed mistranslation
enhancement trends similar to that of paromomycin, sug-
gesting that these factors share a common influence on the
ribosome decoding mechanism. Finally it was also shown
that paromomycin has a greater effect on stop codon
readthrough than on misincorporation; all six tetranucleotide
termination signals tested showed a readthrough enhancement
greater than 14-fold in the presence of 200µg/mL paromo-
mycin.

CONCLUSIONS

The replacement of histidine at position 45 of theR subunit
by most amino acids (27, 40, 42, 56) profoundly inactivates
the V. harVeyi luciferase enzyme, producing a nearly ideal
“one-active” missense reporter as described by Cornut and
Willson (27). The catalytic activity is linear over a wide range
of luciferase concentrations (5-200 ng/mL). This and similar
assays could be used to study the mechanisms of other
antibiotics or miscoding-enhancing agents on the ribosome
and to help understand how ribosome variants, expression
levels, codon usage and frequency, growth phase and medium
composition, amino acid starvation, and tRNA levels influ-
ence missense error rates for specific codons. In this assay,
however, a change in the codon context, i.e., by changing
surrounding codons (CAC at position 44; UUC at position
46 on luxA), would be more problematic, since HisR44 is
another essential amino acid of theR subunit ofV. harVeyi
luciferase. This type of assay might also be useful in
optimizing the manufacture of therapeutic proteins by high
expression of heterologous genes under conditions that may
promote missense errors, such as intermittent glucose feeding
and starvation (85), or in emerging in vitro translation
methods (86). V. harVeyi and other luciferases can be
expressed in a variety of hosts (87). Transgenic mice
expressing luciferase raise the possibility of measuring
species-, organ-, or development-specific translational ac-
curacies (88) and investigating the therapeutic effects of
mistranslation promoting agents on genetic diseases (89).
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