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Response and Adaptation of Escherichia coli to
Suppression of the Amber Stop Codon

[a,

Qian Wang,®®! Tingting Sun,
Demin Zhou,"” and Lei Wang*™

Some extant organisms reassign the amber stop codon to
a sense codon through evolution, and suppression of the
amber codon with engineered tRNAs has been exploited to
expand the genetic code for incorporating non-canonical
amino acids (ncAAs) in live systems. However, it is unclear how
the host cells respond and adapt to such amber suppression.
Herein we suppressed the amber codon in Escherichia coli with
an orthogonal tRNA/synthetase pair and cultured the cells
under such a pressure for about 500 generations. We discov-
ered that E. coli quickly counteracted the suppression with
transposon insertion to inactivate the orthogonal synthetase.
Persistent amber suppression evading transposon inactivation
led to global proteomic changes with a notable up-regulation
of a previously uncharacterized protein (Ydil) for which we
identified an unexpected function of expelling plasmids. These
results should be valuable for understanding codon reassign-
ment in genetic code evolution and for improving the efficien-
cy of ncAA incorporation.

The canonical genetic code contains 61 sense codons specify-
ing 20 amino acids and three nonsense codons (UAA, UAG and
UGA) specifying the stop signal for protein translation. Sense
codons are decoded by tRNAs, whereas the nonsense codons
are recognized by proteins called class | release factors (RFs),
which promote peptide release from the tRNA in the ribosome.
The genetic code was once thought to be a “frozen accident”
because it was universally preserved in all (then known) organ-
isms and any changes would affect all proteins simultaneously
and be deleterious to the host™ Small deviations from the
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canonical code were later discovered in the mitochondrial and
nuclear genetic codes of a number of organisms.” These in-
cluded the reassignment of sense codons from one amino acid
to another and, more frequently, the reassignment of a non-
sense codon to an amino acid. For instance, the eukaryotic re-
lease factor 1 (eRF1) of Tetrahymena restricts its recognition to
UGA, and UAA/UAG are reassigned to GIn; the eRF1 of Euplotes
recognizes UAA/UAG only as stop codons, and UGA is used to
encode Cys.”! These deviations in codon assignment suggest
that the genetic code is flexible and might be still evolving in
extant lineages. However, extant organisms harboring such
changes are at the end-point of the evolution of the genetic
code. Knowledge of the initial response by an organism, con-
current cellular adaptation, and eventual fixation of codon re-
assignments is lacking.”

Suppression of nonsense codons have been exploited for
the incorporation of both canonical and non-canonical amino
acids (ncAAs) into proteins.”’ Occurring only once per gene,
the relative scarcity of nonsense codons may mitigate any
damage caused by codon reassignment. Natural suppressor
tRNAs decoding stop codons as common amino acids have
been identified in E. coli and other organisms.® In addition, or-
thogonal tRNA/synthetase pairs have been generated to incor-
porate ncAAs into proteins in response to a stop codon direct-
ly in live cells.®” Such an orthogonal tRNA/synthetase pair
does not crosstalk with endogenous tRNA/synthetase pairs of
the host cell, and functionally couples with the protein-transla-
tion machinery within the cell. The anticodon of the orthogo-
nal tRNA is mutated to pair with a stop codon for specific rec-
ognition, and the orthogonal synthetase is engineered to use
a desired ncAA as its substrate. This approach has enabled
ncAAs with a variety of functional groups to be genetically in-
corporated into proteins in bacteria, eukaryotic cells, and even
mammals.”“® Genetically encoding ncAAs has the attractive
possibility of investigating proteins and biological processes
in vivo.”! However, because the stop codon chosen to encode
the ncAA is also used by multiple endogenous genes for trans-
lation termination, it is important to understand how the host
cell is affected when this stop codon is suppressed by the or-
thogonal tRNA genome-wide.

To begin to address these questions, we introduced an or-
thogonal tRNA/synthetase pair into E.coli to suppress the
amber stop codon UAG, and maintained the suppression in
E. coli for over 500 generations. We discovered that E. coli ini-
tially uses transposons to counteract the pressure, and that
long term adaptation of E. coli to amber suppression involves
a previously uncharacterized protein, Ydil, which we have
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found to have the function of expelling plasmids from the cell.
These results should facilitate the synthetic reassignment of
the amber codon in E. coli and the improvement of ncAA in-
corporation efficiency by using amber codon suppression.

To introduce strong amber codon suppression in the E. coli
genome, a suppressor tyrosyl tRNA derived from archaebacte-
ria Methanococcus jannaschii (J17-tRNAZ,) and the cognate ty-
rosyl-tRNA synthetase (MjTyrRS) were expressed in E. coli. The
J17-tRNAY;,/MJTyrRS pair is orthogonal to endogenous E. coli
tRNA/synthetase pairs and incorporates a tyrosine residue in
response to the amber stop codon, TAG, with high efficiency."”
To monitor the amber codon suppression, the gene for en-
hanced green fluorescent protein (EGFP) containing a TAG
codon at a permissive site (Tyr182) was coexpressed as a fluo-
rescent reporter in a single plasmid, pBK-tYGT (Figure 1A).
E. coli DH10B cells were transformed with the plasmid and
found to be fluorescent when excited at a wavelength of
470 nm. Cells harboring pBK-tYGT (doubling time=43 min)
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Figure 1. Strong amber codon suppression slowed down bacterial growth
and led to a decrease in amber codon suppression over time. A) The orthog-
onal amber codon suppressor tRNA (J17-tRNAT),), its cognate orthogonal
synthetase (MjTyrRS), and the gene for EGFP containing a TAG codon were
assembled in the plasmid pBK-tYGT. Plasmid pBK-GT expresses EGFP-TAG
only and was used as the control. P=promoter; T=terminator. B) Growth
curves of DH10 cells harboring the plasmid pBK-tYGT (squares) or pBK-GT
(circles). Error bars represent the s.d., n=3. C) Percentage of fluorescent
cells over time. Error bars represent the s.d., n=3.
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grew significantly slower than cells harboring pBK-GT (dou-
bling time =27 min), a control plasmid without the tRNA and
synthetase genes (Figure 1B), which suggests that strong
amber codon suppression negatively impacts propagation of
the cells.

To investigate how E. coli would react upon strong amber
codon suppression, cells containing pBK-tYGT were continually
passaged either in liquid media or on plates using kanamycin
to maintain the plasmid. For liquid culture, cells were diluted
2.5x 10%fold for subculture, and they could reach ODyy, =2 in
24 hours. We found that non-fluorescent cells emerged and
the percentage of green fluorescent cells decreased with
growth time (Figure 1C). After three passages (one passage
per day) the liquid culture quickly lost its fluorescence. Plas-
mids extracted from the non-fluorescent cells showed a shift in
mobility on an agarose gel in comparison to those from the
fluorescent cells (Figure 2). Separate PCR amplification of the

M N1

N2 N3 N4 F1 F2 N5 N6 N7 N8 pBK-tYGT

Figure 2. Non-fluorescent cells following long-term amber codon suppres-
sion had transposon insertions in the synthetase gene cassette of plasmid
pBK-tYGT. Plasmids extracted from non-fluorescent colonies N1-N8 were
amplified with primers specific for each gene cassette. Fluorescent colonies
F1-F2 and untransformed plasmid pBK-tYGT were used as controls. The shift
of plasmids was coordinated with the shift of the synthetase (aaRS) PCR
products (bottom panel). M, molecular marker.

tRNA, GFP-TAG, and MjTyrRS genes showed that the mobility
shift of the plasmid resulted from a change in the size of the
synthetase gene cassette. DNA sequencing of the isolated plas-
mids verified that there were insertions in the synthetase gene,
and these insertions were all identified as E. coli endogenous
transposons, IST or I1S10. The five representative insertion sites
and directions of insertion are listed in Table 1. The transposi-
tion occurred at a high frequency only in the pBK-tYGT plas-
mid, whereas the same plasmid construct harboring a tRNA
only or a synthetase only was stable under the same growth
conditions, indicating that the transposition is in response to
the amber codon suppression.

ChemBioChem 2014, 15, 1744-1749 1745
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Table 1. Transposon insertion in the synthetase gene cassette.
Colony Transposon Insertion Insertion
type sitel direction
N1 IS10 427 reverse
N3 IS10 1040 reverse
N5 IS1 404 reverse
N6 IS10 1040 forward
N7 1S1 748 forward
[a] Insertion sites were numbered from the start site of the MjTyrRS gene.

Transposition as an adaptation to stress has been reported
in E. coli cells under UV light or continuous stationary-phase
growth." It is believed that insertion sequences function as
a mutation generator to acquire growth fitness in evolution.
They can dynamically regulate gene expression by abolishing,
duplicating, or translocating target genes. We sequenced nine
insertions in total, and they were all located within the synthe-
tase gene cassette, abolishing the integrity of the gene.

To determine how E. coli cells would respond to long-term
amber codon suppression, passaging was performed on plates
to make the method more controllable. In each round, ten flu-
orescent colonies were randomly picked and suspended in
media, and 1/10° of the suspension was spread on the subse-
quent plate containing kanamycin. The continuous use of fluo-
rescent cells ensured that the amber codon suppression had
not been eliminated by transposons. Passaging was carried
out for 22 rounds, which added
up to approximately 450-500

gate the amber codon suppression pressure. The genes of four
of the identified proteins end with a TAG stop codon, and
their protein products were all decreased. A possible mecha-
nism for the decrease of these proteins could be related to
tmRNA-mediated protein degradation of no-stop mRNA prod-
ucts." The family of outer membrane proteins had nine mem-
bers with the highest amount of decrease, suggesting an im-
pairment of the membrane translocation system.™ Cold-shock
proteins (Csp) were another family identified but, in contrast,
show up-regulated expression. Csp family members normally
show increased expression following cold shock, and are usual-
ly considered to be RNA or protein chaperones to maintain the
necessary transcription and translation efficiency.™ The most
up-regulated protein identified was a hypothetical protein,
Ydil, which showed a remarkable 16-fold increase (Table 2). We
thus investigated its role in helping E. coli cells adapt to amber
codon suppression.

Ydil contains a HotDog folding domain and was predicted
as a putative thioesterase. Enzyme genomics confirmed its es-
terase activity and structural genomics showed high similarity
to another CoA-conjugate thioesterase." We cloned the ydil
gene into the pLEl plasmid and overexpressed it by inducing
with IPTG. When pLEl-ydil was co-transformed with pBK-tYGT
into E. coli cells, we found that the overexpression of ydil
changed colony morphology (Figure 3A). Colonies expressing
Ydil were no longer uniformly fluorescent; less fluorescent,
“white” spots appeared inside the colonies. When DH10f cells
freshly transformed with pLEl-ydil and pBK-tYGT grew for

generations. The initial and final Table 2. Proteins up- or down-regulated more than twofold after persistent, long-term amber codon suppres-
cultures of cells were collected | sionin E coli cells.
and subjected to quantitative Accession No.?! Protein p22/P0"®! Accession No. Protein P22/P0
whole-proteome profiling using

. NP_417479 ExbB 0.15 NP_415278 Galk 0.46
mass  spectrometry.  Proteins | \p" 6719 OmpC 0.19 NP_415280 GalE 047
whose amount differed more | np_415772 OmpW 0.20 NP_418392 ArgE 047
than twofold are listed in NP_418232 WzzEW 0.21 NP_416818 FolC 0.48
Table 2. NP_415895 OmpN 0.27 NP_417616 YraM 0.49

. . NP_415085 NmpC 0.27 NP_418258 UvrD 2.00
Among the proteins  with | o7 5,49 OmpF 027 NP_417573 YoiG 201
large changes in expression, the | NP_417950 PitA 027 NP_417079 YfiQ 203
elongation factor EF-Tu was the NP_418593 Hfq 032 NP_417 348 YgeY 2.05
only protein directly related to | NP-418476 DnaB 0.32 NP_417432 AnsB 2.08
. . NP_417887 GlgA“ 0.34 NP_414978 QueC 2.09

translation, which was decreased | \p7415335 OmpX 034 NP_416476 HchA 211
to 0.39. Because EF-Tu facilitates | np_417875 MalQ™ 0.34 NP_418222 IvC 2.14
acylated tRNA entering into the NP_416693 YejM 0.37 NP_414995 AcrB 2.36
fbosome A  site,  decreased NP_415710 LdcA 0.37 NP_416567 YegH 2.38

. NP_414724 LpxB 0.38 NP_415581 YceB 243
amounts of EF-Tu expression | \p"415407 EF-Tu 039 NP_415820 PspA 252
would slow down translation | Np_416175 PurR 0.41 NP_414702 Dgt 2.68
and cell growth, A decrease in NP_417244 CysJ 0.42 NP_415430 Cmk 2.76
EF-Tu would also decrease the | NP-418142 IbpA 0.42 NP_416200 YdiH 3.12

. NP_415348 MoeA 0.43 NP_417354 Yofk 3.93

delivery of the amber codon | 57416030 AmiA 0.43 NP_415510 CspG 423
suppressor tRNA to the TAG site, | NP_417999 DppC 0.44 NP_415212 YbfF 5.15
whereas the competitor, release NP_418141 IbpB 0.44 NP_418012 CspA 6.78
factor 1, was not affected. This | NP-416678 YeiR 0.46 NP_416075 CspB 8.34
could lead to more efficient ter- NP_418193 AtpEY 0.46 NP_416201 Ydil 16.19
mination than suppression at [a] NCBI accession number. [b] Ratios of proteins from final round (P22) and initial round (P0) cells are listed as
the TAG sites, which would miti- P22/P0. [c] Proteins whose encoding genes end with a TAG codon.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Ydil overexpression reduces EGFP reporter-gene expression by de-
creasing the plasmid copy number. A) Plasmid pBK-tYGT was co-transformed
with pLEl-ydil or an empty vector pLEI into E. coli DH10f cells. Fluorescence
images were taken of colonies grown on agarose plates. The colony mor-
phology was altered in cells overexpressing Ydil. B) Full-length (F) and trun-
cated (T) EGFP with an N-terminal His,-tag were purified and separated by
12% SDS-PAGE. Note: 40-fold higher loading for Ydil overexpressing cells in
a larger well. C) Plasmids extracted from the same number of cells were sep-
arated in an agarose gel and stained with ethidium bromide. The amount of
plasmids in Ydil overexpressing cells was dramatically lower than the con-
trol. Note: plasmids were not linearized prior to electrophersis.

48 hours in liquid media in the presence of IPTG (0.1 mm),
their green fluorescence intensity was dramatically reduced
compared to that of cells transformed with pBK-tYGT and an
empty vector (pLEl). A decrease in EGFP fluorescence could
result from less efficient suppression of the TAG codon intro-
duced at the Tyr182 site (which would increase the amount of
truncated EGFP), or from overall lower expression of the plas-
mid pBK-tYGT. To examine the observed decrease and distin-
guish between the two possibilities, we purified the full-length
and truncated EGFP proteins by Ni*™ affinity chromatography
and separated them by SDS-PAGE (Figure 3B). The Ydil-overex-
pressing cells produced 20-fold less full-length EGFP, but didn't
accumulate much more truncated EGFP. These results indicat-
ed that EGFP expression was reduced in the presence of Ydil
but not because of increased premature termination at the in-
troduced TAG codon.

To check if the gene for EGFP or the orthogonal tRNA/TyrRS
pair were deactivated, we sequenced both plasmids, which
had been isolated from the cells. However, no mutation, inser-
tion, or deletion in the genes for the tRNA, synthetase, or EGFP
was found. Surprisingly, plasmids extracted from Ydil-overex-
pressing cells showed a significant decrease in the amount of
both the pBK-tYGT and the pLEl-ydil plasmid, suggesting that
the decrease of EGFP expression was mainly due to a lower
number of plasmid copies (Figure 3 C).

To verify if Ydil overexpression indeed expels plasmids from
E. coli, we grew E. coli cells with and without Ydil expression
and quantified the number of colonies capable of surviving in

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Expression of Ydil expels plasmids from E. coli cells. A) Method
used to measure the percentage of cells that survived on plates containing
different antibiotics. In cells transformed with pBK-tYGT and pLEl-ydil, Ydil
was expressed by pLEl-ydil upon induction with IPTG. Control cells were
transformed with pBK-tYGT and pLEl, a control plasmid without the ydil
gene. Plasmid pBK-tYGT is kanamycin (Kan) resistant, and pLEl is chloram-
phenicol (Cm) resistant. B) Percentage of surviving cells transformed with
pBK-tYGT and pLEI. C) Percentage of surviving cells transformed with pBK-
tYGT and pLEIl-ydil. Error bars represent the S.EM., n=3.

antibiotics corresponding to the resistance conferred by each
plasmid (Figure 4 A). The percentage of antibiotic-resistant cells
relative to the total number of cells growing on an antibiotic-
free plate was determined, as a measure of plasmid retention.
In the absence of Ydil expression, no significant change in
plasmid retention was observed for either plasmid pBK-tYGT
containing a ColEl origin of replication (ori) or plasmid pLEI
containing a p15A ori over time (Figure 4B). In contrast, when
Ydil expression was induced by IPTG, it reduced kanamycin re-
sistant cells (conferred by plasmid pBK-tYGT) from 46% to
20% in 12 hours. The decrease of the chloramphenicol resist-
ant cells (conferred by plasmid pLEI-Ydil) was from 40 to 6.5%
in six hours and further to 0.5% in 12 hours. When both antibi-
otics were present, only 6.5% of cells could survive after six
hours and 0.1% after 12 hours. These results indicate that Ydil
has the unexpected ability to expel plasmids from E. coli, the
mechanism of which warrants further investigation.

In summary, upon strong amber codon suppression, E. coli
DH10p cells immediately try to inactivate the responsible gene
using transposon insertion. If transposons miss the target and
amber codon suppression persists, the expression of Ydil is up-
regulated, which reduces the copy number of plasmids to at-
tenuate the suppression effect. Amber codon suppression is
currently the prevalent method to genetically incorporate
ncAAs into proteins in live cells. The incorporation efficiency of
ncAAs does not match that of canonical amino acids."'® Our
results suggest that responses from host cells counteract the
codon suppression and may set a limit for amber codon su-

ChemBioChem 2014, 15, 1744-1749 1747


www.chembiochem.org

BIO

pression. This limit might be overcome by using a transposon-
free strain®” as well as manipulating the proteins identified
herein. In addition, codon reassignment has been hypothe-
sized to occur during the evolution of the genetic code.'® A
detailed understanding of how cells respond to amber codon
suppression will help to evaluate whether and how a stop
codon can be reassigned to a sense codon, which could pro-
vide direct evidence for a challenging evolutionary question.

Experimental Section

Plasmid construction: The gene for EGFP with a TAG codon at the
site of Tyr182 was first cloned into the plasmid pLEIG" to replace
the gene for aGFP. The J17-tRNAY, and EGFP-TAG expression cas-
settes from the resultant plasmid were then subcloned into the
plasmid pBK-JYRS®? to afford pBK-tYGT. Plasmid pBK-GT was de-
rived from pBK-tYGT by deleting the genes for the tRNA and the
MjTyrRS. Plasmid pLEl was made from pLEIG by deleting the gene
for aGFP and the tRNA expression cassette. The ydil gene was am-
plified from E. coli genomic DNA using primers Spel_ydil_5: ccA
CTA GTa tga tat gga aac gaa aaa tcc ccc t and Bglll_ydil_3: ccA
GAT CTc aaa atg gcg gtc gtc aat cg. The PCR product was cloned
into pLEl using Spel and Bglll sites to afford pLEl-ydil, which ex-
presses Ydil upon IPTG induction.

Liquid culture and fluorescent cell counting: Following 24h of
liquid culture, cells were diluted 10%fold and 100 plL of the diluted
culture was spread on an agarose plate with kanamycin
(50 pgmL™"). The fluorescence intensity of the colonies were re-
corded by a macro fluorescence-imaging system (Lightools Re-
search; Encinitas, CA, USA) with an excitation wavelength of
470 nm (bandwidth 40 nm). The percentage of fluorescent colonies
was calculated and plotted in Figure 1C.

Mass-spectrometric profiling of the proteomic change: PO and
P22 E. coli cells were harvested and washed three times using PBS
buffer. The cells were lysed in RapiGest (2%; Waters Corp.) and
HEPES buffer (10 mm HEPES, 150 mm NaCl, pH 7.2) by a Branson
Sonifier 450 Ultrasonic Homogenizer. The proteins were reduced
using tris-(2-carboxyethyl)-phosphine (2 mm, 95°C, 5 min) and alky-
lated using iodoacetamide (5 mm, 37°C, 30 min, in the dark). The
proteins were then digested by using trypsin (1:50 dilution, over-
night). The digested peptide samples of PO and P22 (50 ug each)
were labeled by using iTRAQ 115 and 117 reagents (Sigma-
Aldrich), respectively. The labeled peptides were mixed and sub-
jected to Nano-LC-MS/MS analysis. Automated 2D nanoflow LC-
MS/MS analysis was performed on a LTQ tandem mass spectrome-
ter (Thermo Electron Corporation), which employed automated
data-dependent acquisition. An Agilent 1100 HPLC system was
used to deliver a flow rate of 300 nL min~' to the mass spectrome-
ter through a splitter. Chromatographic separation was accom-
plished by using a three-phase capillary column. Using an in-house
constructed pressure cell, Zorbax SB-C18 packing material (5 um)
was packed into fused-silica capillary tubing (200 um ID, 360 pm
OD, 20 cm long) to form the first-dimension reverse-phase (RP)
column (RP1). A similar column (200 um ID, 5cm long) packed
with PolySulfoethyl (5 um, PolyLC) packing material was used as
the ion-exchange (SCX) column. A 1 pum zero-dead-volume filter
(Upchurch, M548) was attached to the exit of each column for
column packing and connection. A fused-silica capillary (100 um
ID, 360 um OD, 20 cm long) packed with Zorbax SB-C18 packing
material (5 pm) was used as the analytical column (RP2). One end
of the fused silica tubing was pulled into a sharp tip with an ID

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

less than 1 um using a laser puller as the electrospray tip. The pep-
tide mixtures were loaded onto the RP1 column using the same in-
house pressure cell. Peptides were first eluted from the RP1
column to the SCX column by using a 0-80% acetonitrile gradient
over 150 min. The peptides were then fractionated by using the
SCX column through a series of salt gradients (20, 30, 40, 45, 50,
55, 60, 65, 70, 75, 80, 90, 100, 120, 150, 180, 200, 1000 mm ammo-
nium acetate for 20 min each), followed by high-resolution RP sep-
aration with an acetonitrile gradient of 0-80% over 120 min. The
full MS scan range of 400-2000 m/z was divided into three smaller
scan ranges (400-800, 800-1050, 1050-2000 m/z) to improve the
dynamic range. Both collision-induced dissociation (CID) and
pulsed-Q dissociation (PQD) scans of the same parent ion were col-
lected for protein identification and quantitation. Each MS scan
was followed by four pairs of CID-PQD MS/MS scans of the most
intense ions from the parent MS scan. A dynamic exclusion of
1 min was used to improve the duty cycle of MS/MS scans. About
20000 MS/MS spectra were collected for each sample. The raw
data was extracted and searched using Spectrum Mill (Agilent, ver.
A.03.02). The CID and PQD scans from the same parent ion were
merged together. MS/MS spectra with a sequence tag length of
one or less were considered to be poor spectra and discarded. The
rest of the MS/MS spectra were searched against the NCBI RefSeq
protein database limited to the E. coli proteome (16324 sequen-
ces). The enzyme parameter was limited to full tryptic peptides
with a maximum miscleavage of one. All other search parameters
were set to the default setting for Spectrum Mill (carbamidomethy-
lation of cysteines, iTRAQ modification, 2.5 Da for precursor ions,
+0.7 Da for fragment ions, and a minimum matched peak intensity
of 50%). A concatenated forward-reverse database was construct-
ed to calculate the in-situ false discovery rate (FDR). Proteins with
shared peptide(s) were grouped together into protein groups. A
protein identification cut-off of 1% FDR at the protein-group level
was used. A total of 1132 protein groups corresponding to 3130
RefSeq proteins were identified, among them 11 protein groups
and 29 proteins were from the reverse database. Relative protein
quantitation was performed by calculating the 117/115 (P22/P0)
iTRAQ reported ion intensity ratios. Protein iTRAQ intensities were
calculated by summing the peptide iTRAQ intensities from each
protein group. Peptides shared among different protein groups
were removed before quantitation. Among the 1132 identified pro-
tein groups, 1097 had iTRAQ reporter intensities strong enough to
obtain a relative quantitation.
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