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ABSTRACT

Our understanding of translation underpins our ca-
pacity to engineer living systems. The canonical start
codon (AUG) and a few near-cognates (GUG, UUG)
are considered as the ‘start codons’ for translation
initiation in Escherichia coli. Translation is typically
not thought to initiate from the 61 remaining codons.
Here, we quantified translation initiation of green flu-
orescent protein and nanoluciferase in E. coli from
all 64 triplet codons and across a range of DNA copy
number. We detected initiation of protein synthe-
sis above measurement background for 47 codons.
Translation from non-canonical start codons ranged
from 0.007 to 3% relative to translation from AUG.
Translation from 17 non-AUG codons exceeded the
highest reported rates of non-cognate codon recog-
nition. Translation initiation from non-canonical start
codons may contribute to the synthesis of peptides
in both natural and synthetic biological systems.

INTRODUCTION

The translation of messenger RNA (mRNA) to protein is
one of the fundamental processes in biology. Control of
translation is critical to enable precision bioengineering.
One key modulator of translation is the initiation or ‘start’
codon, which is the three mR NA nucleotides that bind to N-
formylmethionyl transfer RNA (tRNA™¢) (1,2). The most
common start codons for known Escherichia coli genes are
AUG (83% of genes), GUG (14%) and UUG (3%) (2-4).

Similar percentages can be found throughout the bacterial
domain (5).

The occurrence of non-canonical start codons (defined
here as any codon other than AUG, GUG and UUG)
in known genes is very rare. For example, only two non-
canonical start codons have been confirmed in E. coli: infC
(6) and pcnB (7) both begin with AUU. Approximately 0.1%
of annotated start codons in eukaryotes are non-AUG (8),
although recent ribosomal footprinting studies with yeast
and mammalian cells suggest that non-canonical transla-
tion initiation may be more prevalent (9-12).

Translation initiation is an intricate process that has been
studied in detail (e.g. 13-18). Of the mRNA sequences
that modulate translation initiation, the impact of varia-
tion within the 5" untranslated region (5 UTR) (19) and
the Shine-Dalgarno sequence, also known as the ribosome
binding site (RBS) (20), have been systematically quantified
(13,21-24). However, sequence variation within the start
codon itself has not yet been systematically explored.

The number of different roles codons can adopt in trans-
lation motivated our systematic exploration of start codon
variants. As examples: organisms across all domains of life
naturally reassign one of the three canonical stop codons
(UAA, UAG and UGA) to code for amino acids (25); in
wild microbes 13 different codons have evolved to code for
the proteinogenic amino acid selenocysteine (26); in engi-
neered E. coli, 58 of the 64 codons were successfully reas-
signed to code for selenocysteine (27), and all instances of
the UAG stop codon were recoded to UAA to allow UAG
reassignment to unnatural amino acids (28).

Improvements in DNA synthesis (29), sequencing (30)
and assembly (31,32), and the creation of a variety of bright
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fluorescent proteins (33), enabled our systematic explo-
ration of start codon variants. These improvements have al-
ready led to systematic explorations of promoters (34-36),
repressors (37,38), RBSs (34,39,40), insulators (41) and ter-
minators (42,43). Systematic explorations of the regions im-
mediately upstream (22,23) and downstream (44-47) of the
start codon in E. coli have revealed significant impacts of the
sequence surrounding the start codon on translation effi-
ciency. However, only a few studies have explored initiation
of translation via the near-cognates of AUG (48,49), and
none appear to have explored initiating translation from
all 64 codons. Here, we systematically quantified transla-
tion initiation of green fluorescent protein (GFP) from all
64 codons and nanoluciferase from 12 codons on plasmids
designed to interrogate a range of translation initiation con-
ditions.

MATERIALS AND METHODS
Bacterial culture

All strains were grown in lysogeny broth (LB), Rich De-
fined Media (RDM, Teknova) or on LB agar, supplemented
with 50 wg ml~! kanamycin, 100 wg ml~! carbenicillin or
25 wg ml~! chloramphenicol (Sigma) for selection. Plas-
mids were isolated using a QIAQuick Miniprep kit (Qia-
gen). Polymerase chain reaction (PCR) reaction products
were purified using a Genelet Gel extraction kit (Thermo
Scientific) or NucleoSpin Gel and PCR Clean-Up kit (Clon-
Tech). Plasmids and PCR products were sequenced using
Sanger sequencing (Elim Biopharma or MCLab). All PCR
and cloning reactions were performed on a S1000 Thermal
Cycler (Bio-Rad). Information about the E. coli strains used
in this experiment can be found in the Supplementary Data.

Construction of T7-GFP plasmids

A library of 64 plasmids was created where the start codon
(AUGQG) in the GFP (the superfolder GFP variant (50) was
used, referred to as GFP hereafter) coding sequence was re-
placed with each of the 64 codons. A pET20b(+) vector with
a pBR322 origin of replication and an ampicillin-resistance
cassette (Novagen) was used as the plasmid backbone (Sup-
plementary Table S2). The GFP transcript had a strong
RBS (AGGAGA), and the spacer between the RBS and the
start codon (UAAAUAC) was designed to prevent the cre-
ation of out-of-frame canonical start codons and achieve
optimal RBS-start codon spacing (51). Thirty-one variants
of the 64-member library were created by one-pot Golden
Gate cloning, and the remaining 33 were created in parallel
reactions via plasmid amplification followed by blunt-end
ligation. Bacterial cultures for plasmid construction were
grown in LB supplemented with carbenicillin. Additional
details about the cloning methods used can be found in the
Supplementary Data.

Construction of RhaPgap-GFP and RhaPgsp-
nanoluciferase plasmids, and RhaPgsp-nanoluciferase
BACs

A set of 12 codons (AUG, GUG, UUG, AUA, AUC, AUU,
CUG, CAU, CGC, GGA, UAG and UGC) were selected for

further exploration as potential start codons in three dif-
ferent expression cassettes: GFP under control of the na-
tive E. coli RhaPpyp rhamnose-inducible promoter on a
pl5A plasmid, nanoluciferase (Promega NanoLuc® (52),
referred to as nanoluciferase hereafter) under control of
RhaPpyp on a plSA plasmid, and nanoluciferase under
control of RhaPp,p on a very-low-copy bacterial artificial
chromosome (BAC) (53). We chose to use the BAC to better
mimic physiologically-relevant expression conditions. Se-
quence information (Supplementary Table S2) and addi-
tional details about the cloning are available in the Supple-
mentary Data.

Culture growth conditions for assay measurements

LB agar plates with the appropriate antibiotics were
streaked from frozen glycerol stocks and incubated
overnight at 37°C. Plates were stored at 4°C until ready
for use. Plates were discarded after 2 weeks of storage at
4°C. Three individual colonies for each construct were
used to inoculate 300 wl of LB containing the appropriate
antibiotics: carbinecillin and chloramphenicol (T7-GFP
plasmids), or kanamycin (all others) in a 96-well deep
well culture plate (VWR). The plate was sealed with an
AeraSeal gas-permeable microplate seal (E&K Scientific)
and grown overnight at 37°C in a Kuhner LT-X (Lab-
Therm) incubator shaking at 460 rpm with 80% relative
humidity. Unless otherwise specified, all liquid cell cultures
were grown under these conditions.

We used non-expressing control strains lacking a reporter
gene to measure cellular autofluorescence or autolumines-
cence for each experiment. We used a different construct to
create non-expressing control strains for each of the four
reporter-backbone pairs used in this experiment. For mea-
surements of GFP expressed from the pET20b(+) vector, we
used a pET20b(+) cloning vector (Novagen) with no pro-
tein coding sequence inserted into the vector. For measure-
ments of GFP expressed from the pl15A plasmid, we used
a p15A plasmid that carried a silicatein gene. For measure-
ments of nanoluciferase expressed from the pl5A plasmid,
we used a pl15A plasmid that carried a GFP gene. For mea-
surements of nanoluciferase expressed from the BAC, we
used a BAC that carried a GFP gene. All control vectors
had the same resistance gene as the vectors expressing the
reporter gene, and were transformed into the same E. coli
strain used for measuring expression. The background sig-
nal measured from these control strains was used to deter-
mine the fluorescence or luminescence signal above which
we considered expression to be significant.

Fluorescence measurements

For measurements of fluorescence from the T7-GFP plas-
mids in LB, after the overnight growth, 4 .l of each of cul-
ture was transferred into 400 wl of fresh media and grown
for 2 h. A total of 4 pl of freshly prepared 100 mM IPTG
was added to induce T7 RNA polymerase expression and
the cells were grown for an additional 5 h. No IPTG was
added to the non-expressing control cultures because we ob-
served in previous experiments that inducing these cells in-
hibits cell growth. We suspect this is because the cloning vec-
tor in the non-expressing control cells contains a 300 base



transcript transcribed by the T7 promoter, including a pe/B
leader sequence. Overexpression of this sequence appears to
be toxic to the cell.

A total of 300 pl of each cell culture were centrifuged
at 5000 x g for 4 min in a Beckman-Coulter Avanti J-
E centrifuge with a swinging bucket rotor, and the super-
natants were aspirated with a vacuum trap. The pelleted
cells were re-suspended in 250 pl of 1x phosphate buffered
saline (PBS) (Fisher Scientific), and 200 pl were transferred
to CELLSTAR black, clear-bottom 96-well plate (Grenier,
#MO0562) and left overnight at 4°C to allow the GFP to ma-
ture fully. Before reading, plates were placed in the shaking
incubator for 5 min to resuspend any cells that may have
aggregated. Absorbance was measured at 600 nm (ODg)
to estimate culture density, followed by fluorescence (exci-
tation = 485 nm, emission = 510 nm, bandwidth = 9 nm)
measured at two separate gains (high gain, sensitivity = 110;
low gain, sensitivity = 65), on a BioTek Synergy H4 plate
reader. We measured fluorescence at the two gain settings
because the plate reader lacked sufficient dynamic range to
accurately measure fluorescence from all start codons on
a single gain setting (see ‘Data Analysis’ section). All raw
measurements are available online (Supplementary Table
S5).

For measurements of GFP expression in RDM, after the
overnight growth, cultures were sub-cultured 1:100 into 300
wl of EZ RDM with the same antibiotics as the initial cul-
ture and grown for 2 h under the same conditions. Expres-
sion of GFP was then induced by supplementing the cul-
tures with 1 mmol/l IPTG, and the cells were grown for
an additional 5 h. For plate reader measurements, 50 wl of
each culture were transferred to a CELLSTAR black, clear-
bottom 96-well plate. A total of 150 pl of 1 x PBS was added
to each well. Cultures were analyzed on a BioTek Synergy
H4 plate reader. Absorbance at 600 nm (ODygy) was mea-
sured to estimate culture density, followed by fluorescence
(excitation = 485 nm, emission = 510 nm, bandwidth = 9
nm, sensitivity = 65).

For flow cytometry, cells from the RDM expression ex-
periment above were diluted 1/100 in PBS and measured on
a BD LSRII instrument using a FITC fluorescence chan-
nel (488 nm excitation laser with a 525/50 nm emission
band-pass filter). Detector voltages through forward scat-
tering, side scattering and FITC channels were set using
non-expressing control cells and pET-GFP(ATG) clones as
a positive control. Measured events were triggered on a side-
scattering threshold and 30 000 events were measured from
each cell culture. Two measurement sets were acquired, at
high- and low-gain through the FITC channel. At high gain,
the mean GFP signal from the three highest expressing sam-
ples (AUG, GUG, UUG) were set off-scale, above the up-
per detection limit such that the remaining samples were
within the range of detection. At low gain, the mean sig-
nals from highest expressing samples were within the mea-
surable range, but means for the lowest expressing samples
were off-scale below the lower detection limit. Flow cytom-
etry data were processed in R, using the flowCore package
(54) to remove non-expressing near-baseline (noise) values
and log transform the data, and ggplot2 (55) to generate vi-
olin plots.
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Luminescence measurements

After the overnight growth, cultures were subcultured 1:100
into 300 wl of LB with kanamycin and grown for 2 h. Ex-
pression of nanoluciferase was induced by supplementing
the cultures with 4 mmol/1 rhamnose, and then the cultures
were incubated overnight as previously described. After the
second overnight growth, 50 wl of each culture were trans-
ferred to a CELLSTAR black, clear-bottom 96-well plate.
A total of 150 pl of 1 x PBS was added to each well. ODgqg
was measured as described above.

Nanoluciferase luminescence measurements were per-
formed using the Nano-Glo Luciferase Assay System kit
(Promega, #N1110), following the manufacturer’s proto-
col. Lysis buffer was prepared by dissolving 37.5 mg of Egg
White Lysozyme (Sigma-Aldrich) in 7.5 ml of 1 x Glo-Lysis
Buffer (Promega). A total of 20 wl of cell culture was di-
luted in 180 pl of lysis buffer and incubated at room tem-
perature for 10 min. Assay buffer was prepared by mixing
9.8 ml of nanoluciferase Assay Buffer (Promega) with 200
pl of nanoluciferase Assay Reagent (Promega). A total of 5
pl of lysed cells were mixed with 195 pl of assay buffer on
a CELLSTAR white, opaque-bottom 96-well plate and in-
cubated for 5 min at room temperature. During this part of
the experiment, one of the cell solutions (of the AUC codon
in the BAC) was not transferred from the lysis plate to the
assay plate, so only two biological replicates measured for
this codon. Luminescence was measured on a BioTek Syn-
ergy H4 plate reader for all visible wavelengths for 1 s at
a gain of 100. To minimize carry-over signal from adjacent
wells, codons were separated by at least one row and known
high-expressing codons (AUG, GUG and UUG) were read
separately.

Data analysis

Raw fluorescence and optical density measurements for
each cell culture were imported into R. Wells filled only with
cell culture media were used to subtract background optical
density and fluorescence. For the T7-GFP measurements
from LB culture, we created a calibration curve comparing
the relationship between fluorescence measured at the two
gain settings (Supplementary Figure S2). This curve was
used to calibrate fluorescence measured at the low gain set-
ting to an equivalent value of fluorescence measured at the
high gain setting, which allowed for comparison of fluores-
cence measured at the two gain settings. All measurements
except for the three canonical start codons were within the
linear dynamic range at the high gain setting. For the three
canonical start codons, we used the calibration curve (Sup-
plementary Figure S2) to convert the low gain reading to
the expected high gain reading. High gain fluorescence mea-
surements were carried forward for downstream analysis.
Per-cell fluorescence or luminescence was calculated by
dividing the fluorescence by the optical density. Mean per-
cell fluorescence or luminescence for each start codon in
each expression strain was calculated by averaging the per-
cell measurements from three biological replicates. Per-cell
expression was normalized by the per-cell expression from
the AUG start codon to facilitate comparison of relative
expression from different expression systems. The signifi-
cance of the translation initiated from each codon was de-
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termined by comparing the expression measured from all of
the codons in each experiment to the non-expressing con-
trol using Dunnett’s test (56), a statistical method for com-
paring multiple treatments to a single control, using the R
multcomp package (57).

Mass spectrometry to confirm N-terminal sequence of trans-
lated GFP proteins

GFP expression and purification. Five GFP start codon
variants were selected from different expression levels
(AUC, ACG, CAU, GGA and CGC). We selected these
codons for five distinct reasons: first, AUC has been pre-
viously characterized for non-canonical initiation; second,
ACG, despite being one base away from AUG, is not an-
notated as a start codon in known bacterial genes (Table
1); third, CAU expressed at a surprisingly high level de-
spite being the reverse complement of a canonical AUG;
fourth, GGA could potentially create a new RBS; and fifth,
CGC did not initiate a detectable amount of translation.
Genes with these five start codons were recloned into the
pET20b(+) vector with a C-terminal 6x-His tag. These plas-
mids were transformed into BL21(DE3)pLysS. A single
colony was used to inoculate 3 ml of LB supplemented
with ampicillin and chloramphenicol and shaken at 37°C
overnight. The overnight culture was used to inoculate 30
ml of the same media 1:100 and grown for 2 h at 37°C, fol-
lowed by induction to a final concentration of 1 mmol/l
IPTG. The cells were allowed to express the protein at 37°C
for 5 h and harvested by centrifugation for 10 min at 4000 x
g. The cells were resuspended and lysed in 1 ml BPER with
0.6 mg/ml lysozyme, vortexed and incubated for 10 min at
room temperature. DNase (one unit) was added and further
incubated with frequent vortexing for 10 min. The lysate
was then centrifuged at 4°C for 10 min at 15 000 x g. The
clarified lysate was run over 150 wl of nickel resin preequili-
brated with 2 x PBS (24 mmol/I sodium phosphate buffer,
274 mmol/l NaCl, 54 mmol/l1 KCI) with 20 mmol/I imida-
zole at pH 7.5. The column was washed with 4 ml of 2 x
PBS with 20 mmol/l imidazole. Green protein was eluted
with 400 pl of the same buffer with 300 mmol/l imidazole.

Sample preparation for LC-MS. A total of 50 pl volume
of each of the protein solution samples was aliquoted, fol-
lowed by protein precipitation with the addition of 250 pl
—80°C acetone. Samples were stored at —80°C for 1 h, fol-
lowed by light vortex and spun at 12 500 rpm for 12 min
at 4°C. The supernatant was decanted and the protein pel-
let was left to dry under the chemical hood for 20 min at
room temperature. The protein pellet was re-suspended in
65 pl 50 mmol/l ammonium bicarbonate 0.2% protease
max (Promega) followed by vortex and sonication until the
pellet was fully suspended. Dithiothreitol was added to a fi-
nal concentration of 5 mmol/l, incubated on a heat block
at 55°C for 30 min followed by alkylation with the addi-
tion of propionamide to a final concentration of 10 mmol/I
for 30 min at room temperature. A total of 2 wg of Asp N
(Promega) was reconstituted in the vendor specific buffer
and 0.5 pg added to each sample, followed by overnight di-
gestion at 37°C. Formic acid was added to 1% and the acid-

ified digest was C18 stage tip purified (Nest Group) using
microspin columns and dried in a speed vac.

LC-MS. Peptide pools were reconstituted and injected
onto a C18 reversed phase analytical column, 10 ¢cm in
length (New Objective). The UPLC was a Waters NanoAc-
quity, operated at 600 nl/min using a linear gradient from
4% mobile phase B to 35% B. Mobile phase A consisted of
0.1% formic acid, water, Mobile phase B was 0.1% formic
acid, acetonitrile. The mass spectrometer was an Orbitrap
Elite set to acquire data in a high/high data dependent fash-
ion selecting and fragmenting the 10 most intense precursor
ions in the HCD cell where the exclusion window was set at
60 s and multiple charge states of the same ion were allowed.

LC-MS data analysis. MS/MS data were analyzed using
Preview and Byonic v2.6.49 (ProteinMetrics). Data were
first analyzed in Preview to verify calibration criteria and
identify likely post-translational modifications prior to By-
onic analysis. All analyses used a custom .fasta file con-
taining the target protein sequence, and were searched with
a reverse-decoy strategy at a 1% false discovery rate. By-
onic searches were performed using 12 ppm mass tolerances
for precursor and fragment ions, allowing for semi-specific
N-ragged tryptic digestion. The resulting identified peptide
spectral matches were then exported for further analysis.

Bioinformatics analysis

To analyze initiation codon annotations from model bac-
terial species, 69 complete bacterial chromosome and plas-
mid sequences were collected from the National Center for
Biotechnology Information databases (Supplementary Ta-
ble S3). Initiation codon sequences were extracted from an-
notated features and compiled into a comprehensive list of
85 119 entries with Accession Number, Start Codon, Lo-
cus Tag, Gene Name and Gene Product Name extracted
from GenBank annotation features ID, sequence, qual-
ifier(locus_tag), qualifier(gene) and qualifier(product) re-
spectively. After removal of entries due to pseudogenes and
misannotations a set of 84 897 entries remained (Supple-
mentary Table S6) for analysis of initiation codon frequen-
cies across the replicons of model bacterial species. The Bio-
Cyc database was consulted extensively during this process
(58).

RNA folding simulations of transcripts from measured
plasmids was performed using both NUPACK (59) and
KineFold (60). NUPACK was run using default param-
eters. KineFold was run using default parameters except
3 ms co-transcriptional folding parameter for pET20b(+)
simulations and 20 ms co-transcriptional folding parameter
for pI5A and BAC simulations to account for the different
RNA polymerases transcribing these vectors in vivo.

RESULTS

We were first motivated to explore non-canonical start
codons when we attempted to silence translation of a di-
hydrofolate reductase (DHFR) gene. We changed the start
codon from AUG to GUG, UUG, AUA or ACG. Surpris-
ingly, we detected significant DHFR expression in recombi-
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Initiation codon Number Percentage
AUG 69 447 81.801%
GUG 11715 13.799%
UuG 3691 4.348%
CUG 20 0.024%
AUU 16 0.019%
AUC 5 0.006%
AUA 3 0.004%
Total 84 897 100.000%

Start codons extracted from annotated features of 69 bacterial genome and plasmid sequences.

nant bacterial extract (61) from all five codons (Supplemen-
tary Figure S1). We initially wondered whether the observed
protein synthesis was merely an artifact of using an in vitro
translation system, as similar results had been reported us-
ing rabbit reticulocyte lysate (62).

We analyzed 69 well-annotated bacterial chromosomes
and endogenous plasmids (63) to determine which of the 64
codons have been annotated as start codons (Supplemen-
tary Table S3). Our approach was similar to previous ef-
forts (5) but with a focus on well-annotated genomes. Our
analysis indicated that the vast majority of annotated open
reading frames (ORFs) have AUG (81.8%), GUG (13.8%)
or UUG (4.35%) as the start codon, although CUG, AUU,
AUC and AUA are also annotated as start codons (Table 1
and Supplementary Table S6).

We designed a set of four plasmids with different copy
numbers, promoters and reporters to experimentally quan-
tify translation initiated from all 64 codons in E. coli (Fig-
ure 1). First, we measured the translation of GFP initiated
from all 64 codons. Expression was driven by a T7 pro-
moter and a strong RBS (AGGAGA) on a medium-copy
pET20b(+) vector (Figure 1A). The spacer sequence be-
tween the RBS and the start codon (UAAAUAC) was de-
signed to be the optimal length for promoting translation
initiation (51), and also to prevent the inadvertent creation
of an in-frame or out-of-frame canonical start codon.

We measured fluorescence and absorbance via a plate
reader from two different growth conditions. Initially, we
measured expression in RDM using a single plate reader
gain setting (Supplementary Figure S3). We redid our mea-
surements after realizing that we could improve our signal-
to-noise ratio by resuspending cells in PBS after growth in
LB and prior to measurement, and improve our dynamic
range by measuring expression at multiple plate reader gain
settings (Figure 2). Measurements in the second condition
had larger dynamic range than the first condition, but were
otherwise similar (Supplementary Figure S4). In both cases,
a strain carrying an empty cloning vector was used as a con-
trol for measuring background fluorescence. We calculated
mean per-cell expression (fluorescence divided by ODygq)
for three biological replicates of strains expressing GFP
with each of the 64 codons inserted in place of the start
codon in the GFP coding sequence. The expression of GFP
initiated from each start codon across the triplicate cultures
was compared to the expression of the control cells using
Dunnett’s test, a method for comparing multiple treatments
to a single control (56), assuming equal variance. Expres-
sion initiated from a codon was considered to be significant

if the adjusted P-value was <0.05 (filled points, Figure 2).
Of the 64 start codons tested, translation initiated from 47
at a level significantly greater than the control cells.

We created a codon table heat map to better visualize
trends in the translation initiation strength of each of the
64 codons (Supplementary Figure S5). The seven strongest
start codons have U in the second position and are the
only codons that are annotated as start codons in bacterial
genomes (Table 1). However, NAU and GAN also emerged
as a relatively strong group of start codons. This group is not
typically annotated as start codons in bacterial genomes.

We wanted to confirm that the bulk fluorescence mea-
surements we obtained on the plate reader were not aris-
ing from a small number of highly-expressing cells. We mea-
sured the distribution of fluorescence within the population
of each culture on a flow cytometer (Supplementary Figure
S6). The observed distributions were unimodal for all non-
canonical start codons whose expression is above the high-
est reported rates of non-cognate codon recognition (see
‘Discussion’ section). Additionally, the geometric means of
the fluorescence of these populations were well correlated
with the mean per-cell fluorescence measured on the plate
reader (Supplementary Figure S7).

We examined the GFP transcript (Supplementary Table
S2) for in-frame upstream and downstream start codons
as a possible explanation for the observed fluorescence. We
found no canonical in-frame start codons upstream of the
GFP coding sequence. There is an in-frame GUG at the
16th codon in the GFP coding sequence, but any resulting
protein would be truncated and non-fluorescent given that
the minimal sequence needed for GFP fluorescence begins
at the sixth codon (64).

We used proteolytic digestion and mass spectrometry to
determine if translation began at modified start codons for
five selected codons (AUC, ACG, CAU, GGA and CGC,
please see ‘Materials and Methods’ section). We cloned a
6x-His tag into the C-terminus of these five genes and, fol-
lowing expression and purification, recovered significant
amounts of protein. Little to no protein was recovered
from the CGC culture, as expected. We digested proteins
with AspN and analyzed the mixture via mass spectrome-
try. Each expressed protein released peptides of intact N-
termini that included an N-terminal methionine (Supple-
mentary Tables S7-11). ACG and AUC are one base away
from AUG, while GGA and CAU would require two and
three concurrent point mutations, respectively, to revert to
a canonical start codon. In cultures with ACG as the start
codon a small fraction of spectra (1 of 8) indicated that
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Figure 1. Plasmid sets used to measure translation initiation from non-canonical start codons. Plasmids varied in origin of replication (copy number),
promoter and reporter gene characteristics. (A) Set of 64 pET20b(+) plasmids containing medium-copy pBR322 origin, T7 promoter and GFP reporter.
(B) Set of 12 plasmids containing low-copy pl5A origin, RhaPp4p rhamnose-inducible native Escherichia coli promoter and GFP reporter. (C) Set of 12
plasmids containing low-copy pl5A origin, RhaPp4p rhamnose-inducible native E. coli promoter and nanoluciferase reporter. (D) Set of 12 very-low-copy
bacterial artificial chromosomes (BAC) containing RhaPp4p rhamnose-inducible native E. coli promoter and nanoluciferase reporter.

the N-terminal peptide might be the cognate amino acid,
threonine (M; = 119), with a mass shift of —30 Da relative
to methionine (M; = 149) (Supplementary Tables S8 and
11). Other researchers have also observed methionine in the
N-terminal position of proteins whose translation initiates
from GUG or UUG start codons (4,65,66).

Our initial experimental data using GFP suggested
that the 64 codons could be organized into four groups:
three canonical start codons (AUG, GUG, UUG), from
which translation initiated at 10-100% of AUG; four near-
cognates (AUA, AUC, AUU and CUG), from which trans-
lation initiated at 0.1-1% of AUG, similar to previously-
reported values (48,49); 40 codons, from which translation
initiated at 0.01-0.1% of AUG; and 17 codons, from which
translation initiation could not be detected at a level signif-
icantly above that of the non-expressing control cells.

We next explored translation initiated from non-
canonical start codons under more physiologically relevant
conditions. We focused on 12 codons spanning the ob-
served expression initiation range (AUG, GUG, UUG,
AUA, AUC, AUU, CUG, CAU, CGC, GGA, UAG and
UGC). We cloned each of the 12 codons into the first
position of the coding sequence in three constructs: GFP
under the control of the RhaPp,yp promoter on a low-

copy pl5A plasmid (Figure 1B); nanoluciferase under
the control of the RhaPpyp promoter on a low-copy
pl5A plasmid (Figure 1C); and, nanoluciferase under
the control of the RhaPg4p promoter on a very-low-copy
BAC (Figure 1D). The same RBS and 5-spacer was
used in all constructs. GFP expression was quantified
by measuring mean per-cell fluorescence. Nanoluciferase
expression was quantified by measuring mean per-cell
luminescence emitted from the nanoluciferase-catalyzed
conversion of furimazine to furimamide (52). All mea-
surements were repeated in triplicate. Measurements from
serial dilutions of nanoluciferase-expressing cells indicated
that, over the range of concentrations used in this work,
luminescence was linear with nanoluciferase concentration
(Supplementary Figure S7).

Our attempts to measure non-canonical GFP translation
initiation driven by the RhaPg,p promoter on the low-copy
p15A plasmid (Figure 1B) were impeded by a low signal-
to-noise ratio due to significant background signal (Supple-
mentary Figure S9). We were only able to detect significant
GFP expression for the three canonical start codons AUG,
GUG and UUG (Figure 3A). We therefore transitioned to
an expression system with lower background signal to de-
tect non-canonical translation initiation under more biolog-
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Figure 2. Translation initiation from all 64 codons. Normalized per-cell fluorescence measured from three replicate cultures, grown in LB and resuspended
in PBS before measurement, with each of the 64 codons as the start codon in the GFP coding sequence. Shapes represent the replicate plate number, and
filled shapes represent GFP expression significantly greater (adjusted P < 0.05) than the non-expressing control (Control) as determined by Dunnett’s test.

ically relevant expression conditions. Nanoluciferase was a
good reporter for this purpose because cell cultures emit
negligible background luminescence and the nanoluciferase
assay has a linear dynamic range greater than six orders of
magnitude (52).

We measured nanoluciferase expression under transcrip-
tion control of the RhaPg,p promoter on a low-copy pl15A
plasmid (Figure 1C). We detected significant translation ini-
tiation from all 12 codons (Figure 3B). Translation initiated
from the three canonical start codons at 10-100% of AUG,

from the four near-cognates at 0.1-1% of AUG and from the
remaining five codons at 0.007-0.1% of AUG. Of particu-
lar note was that translation initiated from UAG (a canon-
ical stop codon) was the lowest of the 12 codons (0.007%
of AUQG), but was still more than an order of magnitude
higher than the signal measured from the non-expressing
control (0.0003% of AUG).

We next measured nanoluciferase expression from the
very-low-copy BAC. As with the pl5A plasmid (Figure
3B), we measured significant expression initiated from all
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Figure 3. Translation initiation from a subset of 12 codons spanning the expression range. Translation initiated from three expression cassettes, (A) GFP
on a low-copy p15A plasmid, (B) nanoluciferase on a low-copy p15A plasmid and (C) nanoluciferase on a very-low-copy BAC. Transcription was driven by
the RhaPp4p rhamnose-inducible native E. coli promoter. Shapes represent the replicate plate number, and filled shapes represent expression significantly
greater (adjusted P < 0.05) than the non-expressing control (Control) as determined by Dunnett’s test.

12 of the start codons (Figure 3C). As expected from the
lower copy number, the absolute luminescence measured
from constructs on the BAC was more than an order of
magnitude lower than the absolute luminescence measured
from the same genes on the pl15A plasmid. Translation ini-
tiated from the three canonical start codons at 10-100% of
AUG, from the four near-cognates at 0.2-3% of AUG, and
from the remaining five codons at 0.01-0.2% of AUG. The
lowest nanoluciferase expression was again initiated from
the canonical stop codon UAG (0.01% of AUG), which
was still greater than the signal measured from the non-
expressing control (0.004% of AUG). The relative levels of
nanoluciferase translation initiated from the 12 codons on
the pI5A plasmid, the relative strength of nanoluciferase
translation initiated from the 12 codons on the BAC, and
GFP translation initiated on the pET20b(+) plasmid were
well correlated (Supplementary Figure S10).

N-terminal RNA structure is known to impact transla-
tion initiation (67). We simulated RNA secondary struc-
ture around the initiation codon for the four reporter plas-
mids used in this work to evaluate if RNA secondary struc-
ture might contribute to translation initiation from non-
canonical start codons. Both NUPACK (59) and KineFold
(60) tools showed no correlation between the expected sta-
bility of the lowest energy structures and reporter expres-
sion for the nanoluciferase constructs, and a weak correla-
tion for the pET20b(+)-GFP vector (Supplementary Figure
S11 and Table S4). Additionally, there was no correlation
between initiation codon GC-content and reporter expres-
sion (Supplementary Figure S10 and Table S4). These data
suggest that differences in translation initiation from the
start codons measured in this study were likely not caused
by changes in RNA structure around the initiation codon
or the GC-content of the initiation codon.

DISCUSSION

We observed translation initiation in E. coli from many non-
canonical start codons, both near-cognates and non-near-
cognates, at levels ranging from 0.007-3% of translation ini-
tiated from the canonical AUG start codon (Figures 2 and
3). Most of these codons have never before been identified
as start codons.

We considered whether it is possible that the observed ex-
pression could be due to gene expression errors, including
DNA replication errors, DNA transcription errors, tRNA
misacylation or mRNA codon misreading (68). The re-
ported rate of base misincorporation during DNA repli-
cation is ~1071% per base (69). The reported rate of base
misincorporation during transcription ranges between 104
(70) and 107> per base (71), although in a codon that is
one base away from a canonical start codon, only one out
of three random mutations would result in an AUG start
codon. Estimates for the rate of elongator tRNA misacyla-
tion range between 10~* (68) and 10~° (72), although these
rates would need to be compounded with the likelihood of
the mischarged amino acid being methionine (73), and dis-
crimination by IF3 in the ribosomal P-site (74-77) for the
stem-loop structure of initiator tRNAs (78,79). The rate of
mRNA codon misreading (i.e. pairing a tRNA anticodon
with a mismatched mRNA codon during elongation) de-
pends on the number of mismatched bases. For single base
mismatches, error rates during translation elongation have
been estimated between 3.6 x 10~* and 1 x 10~* per codon,
based on changes in activity from single amino acid substi-
tutions in enzymatic assays (72,80,81) or radioisotope in-
corporation (82). For multiple base mismatches, error rates
have been estimated around 3.1 x 10~* per codon and can
depend on cognate tRNA abundance (72).



Given the above, we took 3.6 x 1073 and 3.1 x 10~
as the highest reported error rates for single and multiple
base errors in translation, respectively, noting that the ex-
periments referenced only looked at misincorporation dur-
ing translation elongation, not initiation. We calculated the
expected expression due to these errors by multiplying these
error rates by the expression from the AUG start codon, and
compared the values to the expression level we measured
for each codon (Supplementary Figure S12). The transla-
tion initiation rates we observed from non-canonical start
codons were greater than the reported translation error
rates for 17 non-AUG start codons from the T7-GFP plas-
mids. Specifically, we observed translation initiation from
codons with single base mismatches from AUG at a rate
ranging between 0.01 and 3% relative to AUG, and from
codons with multiple base mismatches at a rate ranging
between 0.007 and 0.1% relative to AUG (Figures 2 and
3). The translation initiation rates we observed were also
strongly correlated to the identity of the non-canonical start
codon across different genes, promoters, plasmid copy num-
ber and expression strains (Supplementary Figure S10).

Wobble base pairing occurs between mRNA codons and
tRNA anticodons during translation, and may be part of
the mechanistic explanation for the observations that we
report in this paper. Wobble pairs occur at the third posi-
tion of many codons during elongation (83). Wobble pairs
also occur at the first position of GUG and UUG codons
during initiation (84). We observed that G in the first po-
sition makes for a relatively stronger start codon than C in
the first position (Figure 2 and Supplementary Figure S5),
which could be due to the strength of the G-U wobble pair
(85,86).

We observed evidence of translation initiation with N-
terminal methionine from four codons (AUC, ACG, CAU
and GGA), and with the N-terminal cognate amino acid in
one spectrum from one codon (ACG) (Supplementary Ta-
bles S7-11). In the spectra in which we observed N-terminal
methionine, it is likely that tRNA™¢ is the initiating tRNA.
We did not perform comprehensive mass spectrometry ex-
periments to identify the N-terminal amino acid from the
remaining codons, so we cannot be certain from which
codon, with which tRNA and with which amino acid, trans-
lation is initiating.

Almost all E. coli genes with non-AUG start codons
initiate with methionine as the N-terminal amino acid
(4,6,7,65,66,87,88), and such events are not considered to
be errors in translation initiation. By this same logic, we
argue that translation initiation of genes with other non-
AUG codons, in which methionine is observed as the N-
terminal amino acid, should also not be considered an error.
However, those wishing a strict interpretation of the central
dogma could consider such events to be errors in transla-
tion initiation. All biological processes are governed by pro-
cesses that imply a certain rate of unlikely events, and such
unlikely events are often referred to as errors, failures or
leaks. However, focusing only on the statistically likely out-
come risks overlooking any advantageous aspects of rare
but purposeful possibilities (89,90). Viewing non-canonical
start codons without confinement to traditional dogma may
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reveal them as a potential feature, rather than an error, in
gene expression.

For example, there may be evolutionary utility to trans-
lation initiation from non-canonical start codons. Research
with yeast has shown gradual transitions of genetic se-
quences between genes and non-genic ORFs in related
species (91). We can imagine a scenario wherein, over evo-
lutionary time scales, point mutations could create a weak
non-canonical initiation codon downstream of a RBS. The
small amounts of protein produced from such an ORF,
if beneficial to the organism, could select for further mu-
tations that increased translation efficiency up to a point
where the gene product more directly impacted organismal
fitness. Further mutations could then be selected that tune
for optimal expression dynamics in a given genetic con-
text. Some evidence for this phenomenon exists in our start
codon survey (Supplementary Table S6), in which the start
codon of the pcnB (plasmid copy number B) gene alternate
between AUG, GUG and UUG across the bacterial phyla
Cyanobacteria, Proteobacteria, Chlamydiales and Hyper-
thermophiles (92).

There may also be regulatory utility to translation ini-
tiation from non-canonical start codons. The AUU start
codon of infC regulates its translation (93), and a proposed
mechanism for the utility of the GUG start codon is its abil-
ity to form stronger transcript secondary structures (84).
Average per-cell abundances of proteins in bacteria and
mammalian cells span five to seven orders of magnitude
(94,95). Given that the non-canonical translation initiation
shown in this paper spans about four orders of magnitude,
it is possible that this level of expression could be physiolog-
ically significant and may serve as an additional mechanism
for controlling protein synthesis.

Exploring changes in non-canonical translation initia-
tion under different experimental conditions could indicate
whether non-canonical translation initiation arises from
error, or whether it confers an advantage through con-
ditional regulation of gene expression. Examples of such
experiments could include work with strains that have
higher translational fidelity, which have been shown to in-
crease the frequency of the programmed RF2 translational
frameshift (96); initiating the translation of an essential
gene, like the translation of chloramphenicol acetyltrans-
ferase from the UAG stop codon (97); measuring growth-
rate-dependence of non-canonical translation initiation,
similar to the growth-rate-dependent translation initiation
of infC (93); and using a weaker RBS in place of the strong
RBS used in this paper.

We wonder why so few genes have been annotated with
non-canonical start codons in bacterial genomes. One pos-
sibility is that naturally occurring genes with non-canonical
start codons are in fact exceedingly rare. Another possibility
is that many naturally occurring non-canonical start codons
and so-initiated proteins remain undiscovered because no-
body has looked for them. In a recent E. coli whole cell shot-
gun proteomics experiment, approximately half of the de-
tected spectra could not be mapped to known genes (98).
E. coli ribosome profiling has also indicated that despite
the extensive annotation of the E. coli genome, there may
be unannotated ORFs (99). The presence of frequent but
very low-level expression of proteins via non-canonical start
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codons would have widespread implications for genome an-
notation, cellular engineering and our fundamental under-
standing of translation initiation. We encourage reconsid-
ering existing definitions and further exploration of what is
considered a start codon.

SUPPLEMENTARY DATA
Supplementary data are available at NAR Online
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