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One sentence summary: A simple cloning technique can be used to detect low to high levels of suppressor activity that could explain viability and

widespread dissemination of resistance isolates.
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ABSTRACT

To study the viability of a gyrA S83 stop mutation found in an Escherichia coli J53 ciprofloxacin-resistant strain (J53 CipR27), a
PBR322 derivative was constructed with a TAG mutation in the bla gene knocking out ampicillin resistance. Ampicillin
resistance was restored, suggesting that the strain contains tRNA suppressor activity able to suppress the UAG codon gyrA
and allow viability. The method was applied to 22 unique clinical E. coli isolates, and all were found to have low-level

suppressor activity.
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Quinolones target two essential bacterial type II toposiomerase
enzymes, DNA gyrase and DNA topoisomerase IV. Single amino
acid changes in the quinolone-resistance-determining region
(QRDR) of GyrA can cause quinolone resistance in Escherichia
coli (Hooper and Jacoby 2015). In the course of isolating
ciprofloxacin-resistant mutants from E. coli J53, a common labo-
ratory strain (Yi et al. 2012), a nonsense mutation was found un-
expectedly at amino acid 83 in the QRDR region of GyrA in the
J53 CipR27 strain. Despite the essentiality of gyrase, the growth
curves of J53 and J53 CipR27 at 30°C, 37°C and 40°C showed no
differences (data not shown), suggesting that J53 CipR27 con-
tained a suppressor tRNA allowing translation of GyrA despite
the stop codon at position 83. Thus, we sought to develop a
simple method to detect this and other UAG suppressor mecha-
nisms.

The widely used E. coli moderate-copy-number cloning vector
PBR322 was chosen for this purpose. pBR322 is 4361 base pairs in
length and harbors the origin of replication of plasmid pMB1, a
close relative of the plasmid ColE1. It also contains the bla gene,

encoding g-lactamase and conferring ampicillin resistance, and
the tet gene, encoding the tetracycline resistance protein (Bolivar
et al. 1977). Our strategy was to create a UAG mutation in the bla
gene preventing full translation of g-lactamase and ampicillin
resistance, which could be restored upon plasmid introduction
into strains with suppressor activity. A similar approach cloning
anonsense codon within the chloramphenicol acetyltransferase
(cat) gene in E. coli has been used in the past to prove the func-
tionality of suppressors in mammalian cells (Capone et al. 1986),
but the detection of naturally occurring nonsense suppressors
was not demonstrated.

Site-directed mutagenesis was performed in the bla gene
of pBR322 by using a Phusion site-directed mutagenesis kit
(Thermo Scientific, MA, USA) to substitute a codon for ser-
ine at amino acid 220 for an TAG stop codon (TCG—TAG
change at 662 bp). The forward primer, which included
the desired mutation (shown in bold underline) Amber-
F2 5-GACCACTTCTGCGCTAGGCCCTTCCGGCTG-3, Amber-R2,
5'-CTGCAACTTTATCCGCCTCCATCCAGTCTA-3 and 10 ng of
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Table 1. Phenotype of ampicillin resistance determined by disk dif-
fusion method and MIC in the laboratory strains.

Table 2. Relative bla transcript levels of pBR322 and pBR322-Stop in
different strains.

Disk diffusion? MICP

Mean fold change

Strains zone diameter (mm) (ng/ml) Strains relative to pBR322 (SEM)
BL21 (DE3) 20 2 BL21 (DE3) pBR322 1.000 (0)
BL21 (DE3) pBR322 <6 >256 BL21 (DE3) pBR322-Stop 0.756 (0.130)
BL21 (DE3) pBR322-Stop 21 2 MG1655 pBR322 1.000 (0)
MG1655 20 2 MG1655 pBR322-Stop 0.826 (0.040)
MG1655 pBR322 <6 >256 DHS5 « pBR322 1.000 (0)
MG1655 pBR322-Stop 20 4 DH5 o pBR322-Stop 0.807 (0.165)
DHS o 20 2 J53 pBR322 1.000 (0)
DHS5 o pBR322 <6 >256 J53 pBR322-Stop 0.678 (0.094)
DHS o pBR322-Stop <6 >256 J53 CipR27 pBR322 1.000 (0)
J53 20 4 J53 CipR27 pBR322-Stop 0.689 (0.081)
J53 pBR322 <6 >256

J53 pBR322-Stop <6 ~256 SEM: error standard of the mean.

J53 CipR27 21 0.5

J53 CipR27 pBR322 <6 >256

J53 CipR27 pBR322-Stop <6 >256

2A disk of ampicillin 10ug (Becton, Dickinson and Company) was used.
PMIC was determined by agar dilution method (CLSI 2012).

PBR322 template (New England Biolabs), was used in a final vol-
ume of 50 ul with the following PCR conditions: 98°C 30 s; 24
cycles of 98°C 10 s, 65°C for 30 s, 72°C for 4 min and a final
elongation step of 72°C for 5 min. After gel purification, am-
plified DNA was ligated using T4 DNA Ligase in a 5-min reac-
tion. A portion of 1 ul of the ligated product was used to trans-
form 20 ul of MAX Efficiency® DH5« Competent Cells (Invitro-
gen) and spread on tetracyline (10 xg/ml) LB plates for further
selection. The mutated plasmid was verified by sequencing, us-
ing the primers bla-PCR-F (5-AGTATTCAACATTTCCGTGTCG-3')
and bla-PCR-R (5'-TGCTTAATCAGTGAGGCACCTA-3'), and intro-
duced into E. coli J53, J53 CipR27, DH5« (Grant et al. 1990), BL21
(DE3) (commercial) and MG1655, which is a wild-type K-12 E. coli
control strain (Blattner et al. 1997), by electroporation for further
testing of ampicillin resistance. A wild-type pBR322 was also
electroporated into the same strains as a control. Ampicillin re-
sistance was determined by agar dilution MIC on Mueller Hinton
agar at 37°C with an inoculum of ~10* CFUs and by disk diffu-
sion following in both cases CLSI recommendations and resis-
tance breakpoints (MIC>32 pg/ml and zone diameter <13mm,
respectively) (CLSI 2012).

Escherichia coli BL21 (DE3) and MG1655, which are known to
lack UAG suppressor activity (Nilsson and Rydén-Aulin 2003;
O’Donoghue et al. 2012; Singaravelan, Roshini and Munavar
2010), exhibited an increase in ampicillin MIC with wild-type
plasmid pBR322 but no increase with pBR322-Stop (Table 1). In
contrast, DH5« and J53 with and without the gyrA CipR27 TAG
mutation exhibited similar increases in ampicillin MIC in the
presence of each plasmid. DH5« has a known UAG suppressor,
but J53 was not previously known to have suppressor activity;
the viability of the J53 gyrA CipR27 further validates suppressor
activity in this strain background (Table 1).

To determine if bla trancript levels were similar in pBR322
and pBR322-Stop, we designed bla gene primers (bla gene:
RT-bla-F; CGCCGCATACACTATTCTCA, RT-bla-R, AGTAAGTTGGC-
CGCAGTGTT, extracted RNA and determined expression levels
by RT-qPCR (Vinué et al. 2015). Similar transcript levels were seen
in all of the reference strain backgrounds (Table 2). Thus, dif-
ferences in plasmid-encoded ampicillin resistance among the

strains tested could not be attributed to changes in transcript
levels and thus appear to be related to changes in translation,
as expected for translational suppressor activity.

Although a gyrA Ser83stop mutation in E. coli J53 has been
reported (Cesaro et al. 2008), suppressor activity was not other-
wise documented. To determine if suppressor activity occurs in
E. coli clinical isolates, we obtained 22 sequential clinical urine E.
coli strains each from a different patient from the Massachusetts
General Hospital Clinical Microbiology laboratory that were se-
lected for susceptibility to ampicillin and tetracycline to allow
ampicillin susceptibility testing using pBR322 and pBR322-Stop.
These plasmids were introduced individually by electropora-
tion into each strain, and plasmid-free and plasmid-containing
strains were compared ampicillin MICs and disk diameters (Ta-
ble 3). Although all strains tested showed a similar increase
in MIC of ampicillin with introduction of pBR322 as seen in
the reference strains, none showed a similar increase in ampi-
cillin MIC with introduction of pBR322-Stop, indicating the ab-
sence of strong suppressor activity. Lower increases in ampi-
cillin MIC of 4- to 64-fold, however, were seen in the presence
of pBR322-Stop in all 22 strains, suggesting common but weak
suppressor activity in clinical isolates. To our knowledge, sup-
pressor activity has not been reported before in clinical iso-
lates. UAG suppressor tRNAs vary greatly in their translational
efficiency. Because all UAG suppressor tRNAs share the same
codon-anticodon pairing, the differences must reside in other
parts of the tRNA structure. Weak suppressors require changes
at the first position of the anticodon (cardinal position) whereas
strong suppressors have changes at the two other anticodon po-
sitions. Only when the cardinal nucleotide is embedded in a suit-
able extended anticodon and further embedded in an otherwise
normal tRNA molecule, the anticodon performs as an efficient
and accurate translational device (Yarus 1982). This occurrence
could explain the weak suppressor activity found in the clinical
isolates. Alternatively, several genes known as antisuppressors
have been found to cause reduction in suppressor activity and
affect mainly nucleotide modification enzymes involved in tRNA
maturation and ribosomal proteins (Eggertsson and So6ll 1988).
Further studies are needed to elucidate the emergence of mu-
tations in the tRNA and the presence of suppressors that could
emerge and create low levels of resistance in a clinical setting.

This simple technique could be used to detect low to high
levels of suppressor activity that could explain viability and
widespread dissemination of resistance isolates.
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Table 3. Effects of pBR322 and pBR322-Stop on ampicillin resistance in a set of ampicillin- and tetracycline-susceptible E. coli clinical isolates.

No plasmid pBR322 pBR322-Stop
Strains Zone diameter® (mm) MICP (ng/ml) Zone diameter (mm) MIC (ng/ml) Zone diameter (mm) MIC (ng/ml)
1 18 4 <6 >256 13 32
2 20 8 <6 >256 12 64
3 20 4 <6 >256 13 32
4 20 4 <6 >256 13 32
5 20 4 <6 >256 12 32
6 27 4 <6 >256 14 64
7 21 4 <6 >256 16 16
8 20 4 <6 >256 14 32
9 20 4 <6 >256 12 32
10 21 4 <6 >256 17 16
11 21 4 <6 >256 18 16
13 19 4 <6 >256 15 16
14 20 4 <6 >256 17 16
15 21 2 <6 >256 16 32
16 22 2 <6 >256 11 128
17 20 4 <6 >256 14 32
18 26 2 <6 >256 15 32
19 21 4 <6 >256 15 32
20 21 4 <6 >256 12 64
21 20 4 13 128 17 16
22 20 8 <6 >256 15 32
23 21 2 <6 >256 16 16

2A disk of ampicillin 10 g (Becton, Dickinson and Company) was used.
PMIC was determined by agar dilution method (CLSI 2012).

FUNDING

This work was supported by grant R01 AI057576 (to DCH) from
the National Institutes of Health, U.S. Public Health Service.

Conflict of interest. None declared.

REFERENCES

Blattner FR, Plunkett G, Bloch CA et al. The complete
genome sequence of Escherichia coli K-12. Science 1997;277:
1453-62.

Bolivar F, Rodriguez RL, Greene PJ et al. Construction and charac-
terization of new cloning vehicles. II. A multipurpose cloning
system. Gene 1977;2:95-113.

Capone JP, Sedivy JM, Sharp PA et al. Introduction of UAG, UAA,
and UGA nonsense mutations at a specific site in the Es-
cherichia coli chloramphenicol acetyltransferase gene: use
in measurement of amber, ochre, and opal suppression in
mammalian cells. Mol Cell Biol 1986;6:3059-67.

Cesaro A, Bettoni RR, Lascols C et al. Low selection of topoi-
somerase mutants from strains of Escherichia coli har-
bouring plasmid-borne gnr genes. J Antimicrob Chemother
2008;61:1007-15.

Clinical and Laboratory Standards Institute (CLSI). Methods for
Dilution Antimicrobial Susceptibility Tests for Bacteria that Grow
Aerobically; Approved Standard—Ninth Edition. CLSI document
MO07-A9. Wayne, PA: Clinical and Laboratory Standards Insti-
tute, 2012.

Eggertsson G, SOll D. Transfer ribonucleic acid mediated sup-
pression of termination codons in Escherichia coli. Microbiol
Rev 1988;52:354-74.

Grant SG, Jessee ], Bloom FR et al. Differential plasmid res-
cue from transgenic mouse DNAs into Escherichia coli
methylation-restriction mutants. Proc Natl Acad Sci USA
1990;87:4645-9.

Hooper DC, Jacoby GA. Mechanisms of drug resistance:
quinolone resistance. Ann NY Acad Sci 2015;1354:12-31.

Nilsson M, Rydén-Aulin M. Glutamine is incorporated at the
nonsense codons UAG and UAA in a suppressor-free Es-
cherichia coli strain. Biochim Biophys Acta 2003;1627:1-6.

O’Donoghue P, Prat L, Heinemann IU et al. Near-cognate sup-
pression of amber, opal and quadruplet codons competes
with aminoacyl-tRNAPyl for genetic code expansion. FEMS
Lett 2012;586:3931-7.

Singaravelan B, Roshini BR, Munavar MH. Evidence that the
supE44 mutation of Escherichia coli is an amber suppressor al-
lele of glnX and that it also suppresses ochre and opal non-
sense mutations. J Bacteriol 2010;192:6039-44.

Vinué L, Corcoran MA, Hooper DC et al. Mutations that enhance
the ciprofloxacin resistance of Escherichia coli with gnrA1. An-
timicrob Agents Chemother 2015;60:1537-45.

Yarus M. Translational efficiency of transfer RNAs: uses of an
extended anticodon. Science 1982;218:646-52.

Yi H, Cho Y]J, Yong D et al. Genome sequence of Escherichia
coli J53, a reference strain for genetic studies. J Bacteriol
2012;194:3742-3.



