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Visualizing tRNA-dependent mistranslation in human cells
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ABSTRACT
High-fidelity translation and a strictly accurate proteome were originally assumed as essential to life and
cellular viability. Yet recent studies in bacteria and eukaryotic model organisms suggest that proteome-wide
mistranslation can provide selective advantages and is tolerated in the cell at higher levels than previously
thought (one error in 6.9 £ 10¡4 in yeast) with a limited impact on phenotype. Previously, we selected a
tRNAPro containing a single mutation that induces mistranslation with alanine at proline codons in yeast.
Yeast tolerate the mistranslation by inducing a heat-shock response and through the action of the
proteasome. Here we found a homologous human tRNAPro (G3:U70) mutant that is not aminoacylated with
proline, but is an efficient alanine acceptor. In live human cells, we visualized mistranslation using a green
fluorescent protein reporter that fluoresces in response to mistranslation at proline codons. In agreement
with measurements in yeast, quantitation based on the GFP reporter suggested a mistranslation rate of up to
2–5% in HEK 293 cells. Our findings suggest a stress-dependent phenomenon where mistranslation levels
increased during nutrient starvation. Human cells did not mount a detectable heat-shock response and
tolerated this level of mistranslation without apparent impact on cell viability. Because humans encode »600
tRNA genes and the natural population has greater tRNA sequence diversity than previously appreciated, our
data also demonstrate a cell-based screen with the potential to elucidate mutations in tRNAs that may
contribute to or alleviate disease.
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Introduction

A highly accurate proteome is not required for life. In the years
preceding and immediately following the elucidation of the
genetic code,1,2 it was argued that mis-interpretation of the
genetic code and the resulting mistranslation would lead to an
error catastrophe3 in the proteome that could not support life.
Crick used the same logic to argue that the code could not
evolve further or tolerate significant errors because modern
proteomes are composed of “so many highly evolved protein
molecules that any change to these would be highly disadvanta-
geous unless accompanied by many simultaneous mutations to
correct the ‘mistakes’ produced by altering the code.4” There is
now ample evidence that the code does indeed continue to
evolve through codon reassignments, codon recoding, and nat-
ural genetic code expansion in species representing the com-
plete diversity of life.5

In contrast to the concept of a highly accurate proteome,
diverse organisms tolerate mistranslation. A series of landmark
studies, in Escherichia coli,6 yeast,7 and mammalian cells8

reshaped our view of the level of accuracy required to produce
a functional proteome. Errors in protein synthesis are estimated
to occur at a rate of 1 mis-incorporated amino acid in 104 to 105

codons,9,10 which suggests that between 0.01 and 0.001% of
codons are misread in the human proteome. E. coli can tolerate

remarkably high levels of mistranslation. Indeed, Ruan et al.6

showed that E. coli grow similarly to wildtype even when 10%
of genetically encoded asparagine residues were mistranslated
as aspartic acid. The heat-shock response, and the expression
of cellular proteases were essential to maintain wild-type like
growth in these cells despite proteome-wide mistranslation.6

In Saccharomyces cerevisiae, we selected a mutant tRNA that
suppressed a stress-sensitive phenotype by inducing proline to
alanine mistranslation at a rate of »6%.11 Yeast cells tolerated
this tRNA-dependent mistranslation by inducing heat-shock,
again without a significant growth defect. In the mistranslating
yeast strain, we also observed synthetic slow growth with a
deletion of a gene (rpn4) encoding a transcription factor that
regulates proteasome gene expression, implicating the protea-
some and protein degradation as critical mechanisms the cell
uses to tolerate mistranslation.11 In mammalian cells, tyrosine
limitation leads to proteome-wide mistranslation of tyrosine
codons with phenylalanine at a rate of »1%, again without a
significant impact on cellular viability.12

Not only can cells tolerate mistranslation, but mistranslation
may also be advantageous in conditions of stress. Mistransla-
tion in bacteria13 and mammalian cells14,15 protects cells from
reactive oxygen species. In an E. coli strain with a ribosomal
protein mutant (RpsD) that enhances mistranslation, a stop
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codon suppression assay indicated »5-fold increase in transla-
tion errors above the basal level. This mistranslation increased
expression of a general stress response activator (RpoS) that in
turn up-regulated antioxidant gene expression, making the cell
more resistant to peroxide treatment.13 In HEK 293T cells,
mis-aminoacylation of tRNAGlu with methionine accounts for
a »0.5% basal level of mistranslation.16 Immune stimulation or
chemical induction of oxidative stress increased this rate up to
10-fold.17 The current model suggests that oxidative stress leads
to extracellular signal–regulated kinase (ERK) dependent phos-
phorylation of the methionine-tRNA synthetase, which makes
the enzyme more promiscuous for non-cognate tRNAs.18 The
additional methionine incorporated in the proteome at non-
methionine positions is thought to act as a ‘sink’ for reactive
oxygen species (ROS), and methionine mistranslation increased
resistance to ROS in cell culture.17 These studies demonstrate
that cells are capable not only of tolerating proteome-wide mis-
translation, but can derive a selective advantage from mistrans-
lation under certain stress conditions.

We recently devised a selection in yeast that requires mis-
translation at proline codons for the organism to survive under
stress. The selection relied on a stress-sensitive allele of the PIK
kinase chaperon, Tti2.11,19,20 The selection produced four inde-
pendent strains with a single base mutation (C70U) in the accep-
tor stem of tRNAPro, yielding a tRNAPro with the essential G3:
U70 identity element for alanyl-tRNA synthetase (AlaRS). Unlike
many tRNA synthetases, AlaRS does not recognize the anticodon
of its cognate tRNA (Fig. 1). Rather it establishes critical interac-
tions with both major and minor groove sides of the G3:U70
base pair in the acceptor stem of tRNAAla.21 These interactions
orient the 50 amino acid accepting CCA-end of the tRNA in the
AlaRS active site (Fig. 1). Although AlaRS does not tolerate the
reverse U:G pair or other mutations at this position,22 the
human AlaRS shows significant activity with tRNAs that encode
a G4:U69 pair,23 of which there are several in the human refer-
ence genome. Taken together, these studies suggest that because
of its minimal identity requirements, the generation of tRNA

mutations that are mischarged with Ala may be more prevalent
in nature, including in humans, than previously assumed.

Here we produced and characterized a mutant human
tRNAPro with the G3:U70 base pair (Fig. 2A). With biochemical
experiments and live cell imaging, we quantified and visualized
tRNA-dependent mistranslation in human cells, finding that
the mutant tRNAPro is an efficient alanine acceptor that
promotes mistranslation in human cells in culture.

Materials and methods

Plasmids and strains. Plasmid manipulations were performed
with E. coli DH5a cells (Invitrogen, Carlsbad, CA, USA). For in
vitro aminoacylation assays, tRNA genes were ordered as single
stranded DNA oligomers from Sigma-Aldrich (Oakville, ON,
Canada) with overhangs to BamHI/XbaI sites. Single-stranded
oligomers were phosphorylated using T4 polynucleotide kinase
(New England Biolabs (NEB), Ipswich, MA, USA) and
annealed by gradual cooling from 95�C to 55�C. Annealed
oligomers were cloned into pUC19 BamHI/XbaI sites using
BamHI, XbaI, and T4 DNA ligase (NEB). pUC19-derived plas-
mids were purified by mini-prep (GeneAid, New Taipei City,
Taiwan) and used as template for in vitro transcription. For
expression in human cell culture, EGFP D129A or D129P genes
were cloned into pcDNA3.1 HindIII/EcoRI sites. Transfer RNA
genes were fused to a human U6 promoter sequence and 6x
thymidine termination sequence by overlap extension PCR
(pfu polymerase, Agilent Technologies), then ligated into
pcDNA3.1 at the NruI site. Plasmid DNA was isolated from
100 ml E. coli cultures by midi-prep (GeneAid) followed by
phenol chloroform extraction and ethanol precipitation, then
re-suspended in sterile Milli-Q water. All plasmids were diluted
to equimolar concentrations before transfection.

In vitro tRNA transcription and radiolabeling. In vitro
transcription and radiolabeling of tRNAs for in vitro aminoacy-
lation experiments was performed as previously described24

(see Supporting Information for tRNA sequences and details).

Figure 1. Structure of AlaRS and tRNAAla complex. The zoomed in view (A) focuses on the interaction of the tRNAAla acceptor stem with the AlaRS active site (PDB code
3WQY21). The 30 terminal CCA bases of the tRNA are labeled. An alanyl-adenylate analog (�) is also shown. The major AlaRS identity element G3:U70 is highlighted. AlaRS resi-
dues (R371, N359, D450, S451) form a hydrogen bond network (gray dashes) that contacts and ‘reads’ the GU pair from both the major and minor grove sides of the tRNA.
The complete dimeric AlaRS is shown in complex with tRNAAla (B). The three bases of the anticodon (U34, G35, C36; green) are not recognized by the AlaRS.
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In vitro tRNA aminoacylation. For the aminoacylation
assays we purchased recombinant human AlaRS (Abcam,
ab73442, Cambridge, UK) and human glutamyl-prolyl-tRNA
synthetase (EPRS, Origene, TP317559, Rockville, MD). 50 ml
reactions with 5 mM tRNA, 300 nM 32P-labelled tRNA, 10 mM
amino acid (Ala or Pro as indicated), 5 mM ATP and 1 mM
tRNA synthetase were incubated at 37�C for 0, 20 and 40
minutes. Reactions were digested with nuclease P1, spotted on
a polyethyleneimine-cellulose thin layer chromatography
(TLC) plate (EMD Millipore, Billerica, MA, USA) and chroma-
tographed in 5% acetic acid and 100 mM ammonium acetate.
TLC plates were exposed to a phosphor screen, which was
imaged using a Storm 860 Phosphorimager (GE Healthcare
Life Science, Little Chalfont, UK).

HEK 293 cell transfection. Transfections were performed in
24-well or 6-well plates using 1.25 mg or 2.5 mg of DNA,
respectively. Cells were cultured in high glucose Dulbecco’s
modified Eagle medium (DMEM, 4.5 g/L glucose) containing
penicillin, streptomycin (P/S), and 10% fetal bovine serum
(FBS) (Gibco by Life Technologies, Carlsbad, MA). At 70–80%
cell confluency, media was replaced with standard DMEM (no
FBS, P/S) and cells transfected with pcDNA3.1-derived plas-
mids using lipofectamine 2000 (Invitrogen). Cells were
returned to CP/S, C10% FBS media to recover for at least
1 day before analysis. Cell fluorescence was quantitated daily as
described below. For experiments in low serum, low glucose
media, after ‘day 1’ quantitation, media was replaced with 1%
FBS, 1 g/L glucose DMEM (Corning Cellgro, Corning, NY,
USA). Geneticin selections were maintained in DMEM (4.5 g/L
glucose, 10% serum, P/S) containing 500 mg/ml geneticin
(G418; Gibco by Life Technologies).

Fluorescence quantitation of enhanced GFP (EGFP)
reporter. To quantify EGFP fluorescence, images were cap-
tured using an EVOS FL auto fluorescent microscope (Thermo
Fisher Scientific, Waltham, MA, USA) at 20X magnification
and GFP foci outlined using the ellipse measurement tool. The

EVOS microscope measures GFP fluorescence with 470/
525 nm excitation/emission wavelengths. In each field of view,
the 15 brightest foci (i.e., cells) were outlined and data collected
as mean pixel intensity within each ellipse. At least 135 foci
were measured from each experiment daily across three biolog-
ical replicates and three fields-of-view per replicate. On the final
day, an additional two fields-of-view were collected per trans-
fection, totaling 225 foci. The average of five background meas-
urements was subtracted from all values in each field of view to
account for inconsistencies in light scattering between fields.
Percentage mistranslation was estimated using the means of
each data set and p-values were calculated pairwise using sin-
gle-factor ANOVA with Microsoft Excel.

Western blotting. Cells were harvested by pipetting and
centrifuged in 1.5 ml microcentrifuge tubes at 1500 £ g for
3 min at 4�C. Supernatant was removed and cells washed with
ice cold Phosphate Buffered Saline (1 £ PBS pH 7.4; Corning
Cellgro) and centrifuged again. PBS was aspirated off and cells
were suspended in 50 ml of ice-cold Lysis buffer: 50 mM Tris-
HCl (pH 7.4), 1% Triton X-100, 150 mM NaCl, 0.1% sodium
dodecyl sulfate (SDS), and 1 mM Phenylmethylsulfonyl fluo-
ride. The re-suspended cells were incubated on ice for 5 min
then centrifuged at 4�C, 30,000 £ g for 10 minutes. Lysates
were separated on standard SDS-polyacrylamide gel electro-
phoresis (PAGE) (15% acrylamide) and transferred to Polyvi-
nylidene fluoride membranes using a Trans-Blot Turbo
Transfer System (BioRad, Hercules, CA, USA). Membranes
were incubated for 1 hr in blocking solution (3% bovine serum
albumin (BSA), 0.1% Tween 20, 1% PBS) before adding pri-
mary antibodies at a 1:5000 final dilution (a-HSP70, Invitro-
gen, MA3-006; a-HSP90, Protein Tech, Rosemont, IL, USA,
13171-1-AP; a-GFP, abcam, ab32146; a-GAPDH, Sigma-
Aldrich, MAB374). Membranes were incubated overnight at
4�C, washed for 3 £ 10 min in washing solution (1% BSA,
0.1% Tween 20, 1% PBS), then incubated with anti-mouse
(Thermo Fisher Scientific, MA1-21315) or anti-rabbit (Sigma,

Figure 2. In vitro amino-acylation of tRNAPro (G3:U70). (A) Cloverleaf diagrams of human tRNAProUGG WT and G3:U70. Mutations in the acceptor stem are outlined. (B) Puri-
fied 32P-radiolabeled tRNAs were aminoacylated with Ala by human AlaRS or Pro by human GluProRS as indicated in Methods. The autoradiographs show reaction prog-
ress (accumulation of aminoacylated-tRNA) for each reaction over a 40-minute time course.
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GENA9340) horse radish peroxidase-linked secondary anti-
bodies for 2 hr at 1:2000 final dilution. Membranes were then
washed in 1 £ PBS with 0.1% Tween 20 for 3 £ 10 minutes,
followed one wash for 10 minutes in 1 £ PBS. Protein markers
were visualized using Clarity Western enhanced chemilumines-
cence (ECL) Substrates (Bio-Rad) following the manufacturer’s
instructions and imaged with a ChemiDoc XRSC System (Bio-
Rad).

Cell viability assay. HEK 293 cell cultures were seeded at
equivalent cell densities and grown overnight in high glucose
DMEM, then transfected in triplicate and assayed either one day
post-transfection or switched to low serum, low glucose DMEM
for 4 days. Cellular viability was determined using a CellTiter-Glo
Luminescent Cell Viability Assay following the manufacturer’s
instructions (Promega, Madison, WI). Each transfection was
assayed in triplicate, totaling three biological and nine technical
replicates per experiment.

Results

Biochemical characterization of a mistranslating human
tRNAPro (G3:U70). We first investigated human tRNAPro G3:
U70 for mis-acylation activity with Ala (Fig. 2). We produced
and purified human tRNAPro, tRNAAla, and tRNAPro G3:U70
by in vitro transcription using recombinant T7 RNA polymer-
ase. Recombinant human AlaRS (Abcam) and human glu-
tamyl-prolyl-tRNA synthetase (GluProRS, Origene) were
purchased. The ProRS activity in human cells is encoded as a
single polypeptide fused to GluRS. We performed aminoacyla-
tion assays according to standard protocols (see Methods) as
previously.24 The level of aminoacyl-tRNA formed at specific
time points was measured using 32P-radiolabeled tRNA var-
iants (see SI Methods). Following nuclease P1 digestion,
unreacted tRNA and aminoacylated-tRNA product were sepa-
rated by thin layer chromatography and visualized by autoradi-
ography (Fig. 2B). The aminoacylation assays confirmed
significant activity of human GluProRS in Pro-tRNAPro forma-
tion, and efficient aminoacylation by human AlaRS of tRNAAla

with Ala (Fig. 2B). Like our previous findings with the homolo-
gous yeast AlaRS and ProRS,11 ProRS activity is weaker than
that observed with AlaRS. Pro accepting activity was not
detected with the tRNAPro G3:U70 mutant and human Glu-
ProRS, indicating that the single base pair mutation is a suffi-
cient anti-determinant for GluProRS. In the presence of AlaRS
and Ala, however, a gain-of-function was observed as the
mutant tRNA was charged with Ala, though to a lesser extent
than tRNAAla (Fig. 2B). These results demonstrate tRNAPro

(G3:U70) is an efficient Ala acceptor in vitro and the mutation
is sufficient to disable ProRS activity.

GFP reporter illuminates mistranslation in living cells. We
recently established a novel EGFP mistranslation reporter in
yeast.11 The GFP reporter contains a mutation, D129P, which is
thought to cause a kink in the backbone of GFP’s b-barrel struc-
ture.11 When the Pro codon at position 129 in the EGFP
reporter is translated accurately as Pro, the resulting EGFP,
although stably produced, lacks fluorescence. The mutant
D129A, however, fluoresces similarly to wild type EGFP. In our
studies in yeast, this reporter was a sensitive measure of mis-
translation activity in live cells. We reported a level of »6%

mistranslation of the critical Pro129 codon to Ala in a yeast
strain that co-expressed the mistranslating tRNAPro (G3:U70).11

To define how human cells in culture respond to mistransla-
tion, we conducted a series of transient transfection experi-
ments in HEK 293 cells. Each cell line harbored a pCDNA3.1
plasmid containing separate EGFP and tRNA expression cas-
settes. Our EGFP reporter (D129A or D129P) was expressed
under the control of a pCMV constitutive promoter. We chose
to test a CCA codon for mistranslation by tRNAPro

UGG G3:
U70, consistent with our study in yeast.11 The tRNA expression
cassette was designed to include an upstream U6 constitutive
promoter and followed by a downstream poly-T terminator
sequence (see Methods).

Having established our Pro-codon sensitive EGFP mistrans-
lation reporter for use in human cells, we transfected HEK 293
cells in triplicate with plasmids co-expressing EGFP D129P or
D129A and the wild type (C3:G70) or mistranslating (G3:U70)
human tRNAPro (Figs. 3, S3). Based on 3 biological replicates,
transfection efficiencies were initially »50-60% as determined
from the number of cells fluorescing in our EGFP D129A posi-
tive control, but declined to »20-40% by the end of our multi-
day experiment due to plasmid dilution by cell division. Mis-
translation was quantified by fluorescence microscopy (Fig. 3,
see Methods).

In standard, high glucose media, we did not detect a signifi-
cant difference in EGFP D129P fluorescence between cells
expressing tRNAPro versus tRNAPro (G3:U70). Given the rapid
division of cells in rich media, we were unable to measure mis-
translation rates in this condition beyond day 1 due to dilution
of the transfected plasmid. Serum starvation promotes differen-
tiation and prevents rapid cell division. We also reasoned,
based on the literature (e.g., [13–15]), that mistranslation may
be enhanced in conditions of stress. Therefore, the transfected
cell lines were transferred to a low serum and low glucose
medium and monitored daily. For cells expressing wild type
and mutant tRNAPro, we analyzed GFP fluorescence up to
5 days following transfection. Under glucose and serum starva-
tion, a trend of accumulating mistranslation was observed in
cells expressing the mutant tRNAPro over the course of the
experiment. The estimate of mistranslation was calculated
based on the relative fluorescence of EGFP D129P and D129A
expressing controls (Figs. 3, S4). Following recovery (»1 day
after switching media), we observed a reproducible, and statisti-
cally significant, 1.4–2% (p-value < 10¡8) increased rate of mis-
translation on days 4 and 5 in the cells expressing tRNAPro (G3:
U70). In 10% of the cell population, we observed mistranslation
levels of 5% or greater. Equivalent GFP expression in all cell
lines was confirmed by immunoblotting and compared to a
glyceraldehyde 3-phosphate dehydrogenase loading control
(Fig. 4). The mistranslation-dependent effect began to taper on
day 5 due to gradual plasmid loss. Cells were lysed at this stage
for further analysis by western blotting.

Mistranslation following antibiotic selection. In an
attempt to control for transfection efficiency in these experi-
ments, we also observed elevated mistranslation in cells follow-
ing selection on geneticin. The selected cells maintained the
pCDNA plasmid bearing the GFP reporter and either the wild
type or mistranslating tRNAPro. Following selection, there was
no obvious change in morphology when the tRNAPro (G3:U70)
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mutant was expressed compared to tRNAPro, though morpho-
logical heterogeneity could be seen in both cell lines (Fig S1).
Geneticin inhibits bacterial growth by interfering with ribo-
some function, and similar aminoglycosides impair codon-
anti-codon pairing in bacterial25 and mammalian26 translation
systems. We considered the possibility that cells treated with
aminoglycosides may have overall elevated mistranslation rates
and this could potentially impact our GFP reporter if the Pro
codon was decoded by endogenous near-cognate tRNAs.
Although we did not observe elevated mistranslation in cells
expressing the wild type tRNAPro, analysis by fluorescence
microscopy suggested that GFP D129P fluorescence was
restored at a low level (»1%, p-value D 1.2 £ 10¡8) by tRNAPro

(G3:U70)-dependent mistranslation with Ala (Fig S2). This
result is concordant with our observations in nutrient deprived
cells (Fig. 3).

Mistranslation by tRNAPro (G3:U70) does not induce a
heat-shock response. In our previous studies of mistranslation
induced by tRNAPro (G3:U70) in yeast, the heat-shock response
was observed in mistranslating cells.11 HEK 293 cells were har-
vested following 4 days of growth on low serum and low glu-
cose medium where mistranslation was observed. Using
GAPDH as a loading control, we immunoblotted to detect
markers for the heat shock response (HSP70, HSP90). Despite
the fact that cells were mistranslating Pro codons with Ala at
an average rate of »2%, we were unable to detect significant

differences in the levels of HSP70 or HSP90 in comparison to
cells expressing the wild type tRNAPro (Fig. 4).

Viability of mistranslating cells. Using a standard assay for
cell viability, based on the production of ATP in metabolically
active cells (see Methods), we determined the impact of
tRNAPro and tRNAPro G3:U70 expression on the viability of
HEK 293 cells in culture. Cells were transfected with the indi-
cated EGFP and tRNAPro expressing pCDNA 3.1 plasmids
(Fig. 5) and grown in rich media or in low nutrient conditions.
Expression of the EGFP protein reduced cell viability mar-
ginally in comparison to the un-transfected control cells
(p < 0.0001, Fig. 5A). In agreement with our measurements of
the mistranslation as indicated by the GFP reporter, cell viabil-
ity in rich media was unaffected by expression of tRNAPro in
comparison to the mistranslating tRNAPro G3:U70 mutant
(Fig. 5A). In low serum, low glucose medium, the viability of all
cultures decreased, yet cells expressing tRNAPro G3:U70 were
equally as viable as cells expressing the wildtype tRNAPro

(Fig. 5B).

Discussion

Translation of the 61 sense codons in the genetic code table
requires a theoretical minimum of 32 tRNAs to translate all 20
amino acids.27 There are examples of organelles (human mito-
chondria, 22 tRNAs), parasites (Borrelia burgdorferi, 32 tRNAs;

Figure 3. tRNA-dependent mistranslation increases under glucose and serum starvation. HEK 293 cell cultures were transfected in triplicate with plasmid harboring tRNAPro and
EGFP D129P (WT); tRNAPro G3:U70 and EGFP D129P (G3:U70); or tRNAPro and EGFP D129A (C). Cells were grown for 1 day post-transfection in high glucose media (high), then
media was replaced with low serum, low glucose (low) and fluorescence was measured daily by fluorescence microscopy (see Methods). Box and whisker plots (A) of EGFP foci
intensity. Horizontal demarcations depict quartiles with median centered. Means are depicted with an X. Dots represent the general distribution of at least 135 foci measured
in each plot across 3 biological and at least 9 technical replicates. Mistranslation levels were estimated based on means of the three populations on each day and the p-value
of a difference between the WT and G3:U70 populations is reported base on single-factor ANOVA. Representative images (B) of mistranslating cells. HEK 293 cell images were
captured at 20X magnification using light (phase) or fluorescence (GFP; ex/em D 470/525 nm) microscopy. Scale bars depict 200 mm.
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Mycoplasma pulmonis, 28 tRNAs), and obligate symbiotic
microbes (Sulcia muelleri, 31 tRNAs) with a small number of
tRNA genes, some of which fall below the ‘theoretical’ limit
based on wobble decoding.28 In the case of organelles, a com-
plete set of tRNAs for protein synthesis is achieved via tRNA
import from nuclear encoded tDNAs29 or perhaps super-wob-
bling (i.e., one tRNA reading 4 codons) as demonstrated with
tRNAGly in tobacco plants.30 The fact that no free-living organ-
isms has less than 32 tRNAs already indicates that the coding
problem is more complex or more elaborate than the simple
mechanics of matching codon to anticodon and wobble decod-
ing. In free living microbes, the smallest sets of tRNA genes are
found in the model minimal genome ofMycoplasma genitalium
(36 tRNA genes), while the hyperthemophile Methanopyrus
kandleri encodes just 34 tRNAs genes.

The number and diversity of tRNA genes expands in corre-
lation with the complexity of the organism.31 For example,
yeast encodes 275 tRNAs whereas humans have 610 tRNA
genes.28 None of the human tRNA genes are predicted as pseu-
dogenes.28 Most human tRNA genes are expressed in some cells
or tissues,28 and tRNA genes show tissue32 and cell-line specific
expression patterns.33 Even individual tissues express a large
number of these tRNA genes. For example, in human primary
liver tissue, 223 tRNA genes are actively transcribed.34 The rea-
son for the over-abundance of tRNA genes in human and
higher eukaryotes has remained a mystery.

A single tRNA mutant induces mistranslation in human
cells. Among the human population, tRNA mutations are com-
mon. Based on sequence data from the 1000-genomes project,
more than half of individuals (54%) contain at least 1 mutant
tRNA and 20% of individuals harbor two or more mutant
tRNAs.35 Fascinatingly, tRNA gene copy number also varies
even among a small group of individuals.36

Mistranslating tRNAs are present in the reference human
genome. Recent work demonstrated tRNA variants with a G4:
U69 pair enable aminoacylation with Ala. G4:U69 mutants are
common in eukaryotic genomes and 1 of the 30 copies of
tRNACys in the human genome contains such a GU pair. The
mutation confers Ala accepting identity on this tRNACys vari-
ant in vitro and in HEK 293 cells in culture.23

Given the complexity of the human tRNAome and its diver-
sity in the human population, we set out to determine if a single
tRNA mutant would induce mistranslation in human cells in
culture, and to characterize the consequences of this mistrans-
lation. In our previous studies in yeast, expression of a mutant
tRNA caused »6% mis-incorporation at Pro codons in cells
grown in nutrient rich conditions.11 Here we expressed a
homologous mistranslating tRNAPro mutant in human cells in
culture, and we were unable to detect mistranslation in rich
media. Only upon subjecting the cells to stress, including nutri-
ent deprivation or antibiotic selection, did we observe mistrans-
lation induced by the tRNAPro G3:U70 mutant. The results
suggest that the human cell is potentially more resistant to mis-
translation caused by a single tRNA gene, however, under con-
ditions of stress or nutrient deprivation, mis-made protein
could be readily detected. We speculate that under stress condi-
tions human cells are either less able to degrade mis-made pro-
tein, deacylate mis-charged tRNAs37,38 at a lower frequency, or
more readily use the mis-aminoacylated tRNA in translation.
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Figure 5. Viability of mistranslating cells. HEK 293 cell cultures were transfected in
triplicate with lipofectamine only (No Vector, NV), or plasmid harboring tRNAPro

and EGFP D129P (WT); tRNAPro G3:U70 and EGFP D129P (G3:U70); or tRNAPro and
EGFP D129A (C). Transfected cells were assayed one day post-transfection (A) or
after four days incubation in low serum, low glucose media (B). Viability assays
were performed following manufacturer’s instructions (see Methods) using three
technical replicates per transfection. Plots show mean luminescence, which corre-
lates with cellular ATP levels. Error bars indicated 1 standard deviation of the
mean. Stars depict the indicated statistically significant differences according to
single-factor ANOVA (���� D p < 0.0001; ��� D p < 0.001; n.s. D p > 0.05).

Figure 4. Mistranslation caused no detectable induction of heat shock response.
Western blotting of HEK 293 cell lysates (A) with antibodies detecting EGFP, heat
shock markers (HSP70, HSP90), and a GAPDH loading control. Lysates were har-
vested after one day incubation in high glucose media (A, left panel) or changed
to low serum, low glucose media (A, right panel) for four days before harvesting.
Lysates were separated by SDS-PAGE; loading quantities were balanced according
to triplicate Bradford assays. Densitometry based on triplicate western blots of
HSP90 (B) and HSP70 (C) levels normalized to the GAPDH control. Error bars indi-
cated 1 standard deviation of the mean. (B, C) Lysates harvested on day 5 low
serum, low glucose media from three independent transfections. None of the val-
ues reported were statistically significantly different (ANOVA).

572 J. T. LANT ET AL.



tRNA-dependent mistranslation linked to disease. There is
growing evidence connecting mistranslation to disease.19,39-41

Many efforts focus on AARSs, either affected by mutations or
oxidative damage,13 that promote mis-aminoacylation of their
cognate tRNAs12,42 or of non-cognate tRNAs,43 both of which
can then lead to mistranslation. The relevance of analyzing the
role of tRNA mutants in disease was highlighted by a recent
study that identified a mutation in a single tRNA gene specifically
expressed in the central nervous system. The tRNA mutation
caused a synthetic neurodegenerative phenotype in mice also
lacking the gene GTPB2, which is involved in ribosome recy-
cling.44 In agreement with our findings, the impact of the tRNA
mutation alone, in the absence of stress or a synthetic defect, was
not sufficient to cause significant mistranslation. This recently
established link between tRNA mutations and disease suggests
that further studies will uncover a greater role for human tRNA
variants in health and disease.

Detecting tRNA-dependent mistranslation in live cells. A
key difference between our work and previous work with edit-
ing defective tRNA synthetases is that the AARS mutants mis-
aminoacylate (to some level) all tRNA isoacceptors for the cog-
nate amino acid. In our experiments, we expressed a single
tRNAPro mutant. Although this tRNA is specifically mis-ami-
noacylated with Ala, it then competes with properly aminoacy-
lated tRNAPro isoacceptors expressed from 46 genetic loci in
the diploid human genome. This contrasts with our previous
studies in yeast, where mistranslating tRNAPro competes with
only 10 tRNAPro genes. This difference in tRNA copy number
may explain why the tRNAPro G3:U70 readily mistranslates in
yeast cells in rich media, whereas in human cells, stress was
required to enhance tRNAPro G3:U70 induced mistranslation.
It may be that the large number of human tRNA genes serves
as a ‘buffer’ against mistranslation induced by single gene
tRNA mutants.

In this work, we demonstrated the use of a novel mistransla-
tion reporter that is specifically sensitive to mistranslation at
Pro codons in human cells. Given the sensitivity of GFP to
mutations at key positions, a number of other groups have
developed GFP-based reporters for different types of mistrans-
lation. GFP (M72Q) has been used extensively in mammalian
cells to detect natural levels of methionine mis-incorporation,
which increases 10-fold in response to oxidative stress.16,43 GFP
(E222Q)45 and GFP (T65V)46 are examples of reporters that
detect mistranslation of glutamine and valine codons, respec-
tively. Our GFP (D129P) reporter extends the range of GFP-
based reporters for use in live human cells to include a new
type of mistranslation.

A complementary approach involves using quantitative
mass spectrometry to identify mistranslation in a GFP
reporter.47 In this approach, the fluorescence output of GFP
was not used to detect mistranslation, rather a particular resi-
due in GFP was chosen such that tryptic peptides that include
the site are ideal for detection by MS. The technique, referred
to as MS-READ, is unbiased as it can detect any type of mis-
translation event, including detection of exceedingly low levels
of amino acid mis-incorporation. Although this quantitative
method cannot be applied in live cell imaging, it can be used in
a kinetic mode to chart mistranslation in cells at specified time
points. Taken together, these mistranslation reporters provide

the opportunity to comprehensively identify mistranslation
induced by natural and disease-linked tRNA variants.

Cellular adaptation to mistranslation. In yeast, tRNAPro

G3:U70 induces a heat shock response.11 Robust proteasomal
activity was also required to maintain wild-type like growth in
the context of proteome-wide mistranslation.11 In the current
study, we were unable to detect a significant impact of tRNA-
dependent mistranslation on the heat shock response or on cell
viability in HEK 293 cells. In contrast to the view of a highly
accurate proteome, there are many examples in bacteria and
eukaryotic cells (see Introduction), where levels of mistransla-
tion of 1–10% have a negligible impact on cell growth and via-
bility. For example, yeast cells expressing an editing defective
phenylalanyl-tRNA synthetase (PheRS) in complete media
showed no phenotypic defect, despite mis-incorporation of
tyrosine at phenylalanine codons7. When these mistranslating
yeast cells were grown under conditions of amino acid stress,
i.e., in media containing a 1/400 ratio of Phe/Tyr, »5% of phe-
nylalanine codons were mistranslated, which resulted in viable
cells with a 50% reduction in growth rate. The strain failed to
mount a heat shock response despite proteome wide mistrans-
lation. The growth defect resulted from the fact that the PheRS
editing defective yeast strain was ineffective in activating amino
acid and protein stress response pathways to this particular
type of mistranslation.7 These striking observations reveal the
complex and varied cellular responses that manifest as a result
of distinct types of mistranslation, and highlight the need for a
greater understanding of mistranslation in the context of cellu-
lar physiology and disease.

Conclusion

All cells have an inherent level of mistranslation.8,14 Cells, from
bacteria to humans, have evolved mechanisms to cope with not
only this inherent level of mistranslation, but, also elevated lev-
els resulting from a variety of sources including oxidative and
nutrient stress as well as AARS and tRNA mutations. The study
noted above7 and similar studies (reviewed in48) are beginning
to shed light on the pathways activated in response to mistrans-
lation, and of particular interest is the interaction of mistransla-
tion with cell stress. These advances are motivating our
on-going work to further characterize the mammalian cellular
response to Pro codon mistranslation in stress conditions and
cellular models of disease. In addition, our approach represents
a feasible high-throughput cell-based screen for tRNA function.
We anticipate that the GFP reporter we developed here will
have applications in mapping the function of human tRNA var-
iants in the natural population and in elucidating tRNA muta-
tions implicated as drivers or perhaps suppressors of disease.
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