
 1

Mistranslation of the genetic code by a new family of bacterial transfer RNAs 

 

Dominik B. Schuntermanna, b, Jonathan T. Fischera, Jonmatthew Bilea, Sarah A. Gaiera, Brett 

A. Shelleyf, Aya Awawdeha, Martina Jahnb, Kyle S. Hoffmanc, Eric Westhofd, Dieter Sölla,e,*, 

Christopher R. Clarkef, and Oscar Vargas-Rodrigueza,*,† 

 

 
a Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT 

06511, USA 
b Department of Microbiology, Technical University of Braunschweig, Braunschweig, 

Germany 
c Bioinformatics Solutions Inc., Waterloo, ON N2L 6J2, Canada 
d Université de Strasbourg, Institut de biologie moléculaire et cellulaire du CNRS, 67084 

Strasbourg, France 
e Department of Chemistry, Yale University, New Haven, CT 06511, USA 
f Genetic Improvement for Fruits and Vegetables Lab, Beltsville Agricultural Research 

Center, Agricultural Research Service, USDA, Beltsville, MD 20705, USA 

 

 
* To whom correspondence may be addressed: Oscar Vargas-Rodriguez, 

oscar.vargas@yale.edu; Dieter Söll, dieter.soll@yale.edu.  

 

Present address: 
† Department of Molecular Biology and Biophysics, University of Connecticut Health Center, 

Farmington, CT 06030, USA 

 

Running title: Bacterial tRNAs mistranslate the genetic code 

 

Keywords: tRNA, aminoacyl-tRNA synthetase, genetic code, translation, mistranslation, 

protein synthesis, Streptomyces. 

 

Abbreviations: 

tRNA, transfer RNA 

aaRS, aminoacyl-tRNA synthetase 

ProRS, prolyl-tRNA synthetase 

GFP, green fluorescent protein 

IPTG, isopropyl-D-thiogalactopyranoside 

SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis 

BLASTN, basic local alignment search tool  

  

© 2023 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S002192582301880X
Manuscript_6796711f1ef6929584b9f30dbf575c4b

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S002192582301880X


 2

Abstract 

The correct coupling of amino acids with transfer RNAs (tRNAs) is vital for translating 

genetic information into functional proteins. Errors during this process lead to mistranslation, 

where a codon is translated using the wrong amino acid. While unregulated and prolonged 

mistranslation is often toxic, growing evidence suggests that organisms, from bacteria to 

humans, can induce and use mistranslation as a mechanism to overcome unfavorable 

environmental conditions. Most known cases of mistranslation are caused by translation 

factors with poor substrate specificity or when substrate discrimination is sensitive to 

molecular changes such as mutations or post-translational modifications. Here we report two 

novel families of tRNAs, encoded by bacteria from the Streptomyces and Kitasatospora 

genera, that adopted dual identities by integrating the anticodons AUU (for Asn) or AGU (for 

Thr) into the structure of a distinct proline tRNA. These tRNAs are typically encoded next to 

a full-length or truncated version of a distinct isoform of bacterial-type prolyl-tRNA 

synthetase. Using two protein reporters, we showed that these tRNAs translate asparagine 

and threonine codons with proline. Moreover, when expressed in Escherichia coli, the tRNAs 

cause varying growth defects due to global Asn-to-Pro and Thr-to-Pro mutations. Yet, 

proteome-wide substitutions of Asn with Pro induced by tRNA expression increased cell 

tolerance to the antibiotic carbenicillin, indicating that Pro mistranslation can be beneficial 

under certain conditions. Collectively, our results significantly expand the catalog of 

organisms known to possess dedicated mistranslation machinery and support the concept 

that mistranslation is a mechanism for cellular resiliency against environmental stress. 

 

Introduction 

 Mistranslation of the genetic code, wherein a codon is decoded with the wrong amino 

acid, is inherent to organisms from all domains of life. In basic cellular conditions, 

mistranslation is estimated to occur once every 103-104 translated codons, although 

environmental and metabolic factors can increase this rate (1-6). Elevated and uncontrolled 

mistranslation can cause irreparable damage (6-12). However, in recent years, our 

understanding of mistranslation has been transformed by the discoveries of cellular 

conditions in which mistranslation is used as a mechanism to overcome unfavorable 

circumstances. For instance, human cancer cells can withstand immune response 

challenges by translating Trp codons as Tyr (13). Similarly, global mistranslation with Met 

can protect mammalian and bacterial cells against oxidative stress (14, 15), while the 

opportunistic human pathogen Candida albicans mistranslates Leu codons with Ser as a 

mechanism to escape the host’s immune response (16-19). Several other examples of 

mistranslation as a mechanism of cellular resiliency and survival have been described (20-

29). 

 Aminoacyl-tRNA synthetases (aaRSs) and ribosomes are the primary sources of 

mistranslation. aaRSs catalyze the ligation of amino acids to tRNAs to form the aminoacyl-

tRNAs, the substrates for ribosomal protein synthesis. Ribosomes and aaRSs are inherently 

error-prone, and their specificities are also susceptible to molecular changes (e.g., mutations 

or modification). Consequently, most reported cases of mistranslation are caused by the 

ligation of amino acids to the wrong tRNAs or incorrect pairing of aminoacyl-tRNAs with 

mRNA codons on the ribosomes (27, 30). However, in a few cases, dedicated mistranslation 

factors exist. For example, C. albicans encodes a unique tRNA with a dual identity. As a 

result, this tRNA is acylated with either Leu or Ser by the corresponding aaRSs, leading to 

the translation of CUG codons as either Ser or Leu (16-18). 
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 We recently discovered a unique family of proline tRNAs in a group of Streptomyces 

bacteria that includes agriculturally important plant pathogens (31). This peculiar tRNAPro has 

adopted a dual identity by replacing its proline anticodon GGG with an AGC alanine 

anticodon (Fig. 1). To indicate its tRNAPro structure and alanine anticodon; this tRNA family 

was named tRNAProA. tRNAProA is encoded with a distinct isoform of bacterial-type ProRS 

(called ProRSx), which appears to have co-evolved with tRNAProA. When expressed 

recombinantly in E. coli, tRNAProA mistranslates Ala codons with Pro, suggesting that 

organisms encoding tRNAProA can deliberately mistranslate their genetic code (31). tRNAProA 

is one of the first examples of a bacterial tRNA that evolved to mistranslate a sense codon.  

 In the present work, we report two new families of non-canonical tRNAs encoded by 

Gram-positive bacteria from the Streptomyces and Kitasatospora genera. Both tRNA 

families have a tRNAProA-like structure but have adopted either an AUU anticodon (Asn) or 

an AGU anticodon (Thr) (Fig. 1). Like tRNAProA, the tRNAs are encoded next to a putative 

ProRSx gene, although a truncated version of ProRSx is found in some cases. We show that 

these novel tRNAs mistranslate their corresponding codons with Pro, leading to proteome-

wide Asn-to-Pro and Thr-to-Pro changes. Pro mistranslation caused varying degrees of 

growth defects in E. coli based on the nature of the mistranslated codon. Despite the harmful 

impact on cell fitness, we observed that the expression of the tRNA mistranslators increased 

the resistance of E. coli to the antibiotic carbenicillin.  

 

Results 

Identification of tRNAs with dual identity 

We previously determined that tRNAProA genes are annotated as alanine tRNAs (tRNAAla) 

in genomic databases due to automated annotation algorithms’ reliance on the anticodon 

sequence to establish the identity of tRNA genes. Consequently, the AGC anticodon of 

tRNAProA causes its annotation as tRNAAla, which hindered a complete assessment of the 

phylogenetic distribution of tRNAProA genes. To circumvent this, we performed searches 

based on sequence homology using the S. turgidiscabies tRNAProA as a query. The search 

identified 18 new genomes containing a region with a predicted tRNA gene and high 

homology to tRNAProA. While all the identified tRNA genes contained the signature C1:G72 

base pair of tRNAProA and tRNAPro, only six tRNAs had the AGC anticodon of tRNAProA. 

Surprisingly, the remaining tRNA genes had either an Asn AUU (1 genome) or a Thr AGU 

(11 genomes) anticodon (Figs. 1 and S1). These genes are annotated as tRNAAsn and 

tRNAThr according to their anticodon sequence. However, like tRNAProA, the tRNAs lack the 

known key elements for aminoacylation by their cognate aaRS (32), suggesting that they are 

not paired with the amino acids corresponding to their anticodon. Given the Asn or Thr 

anticodon combination with the Pro identity element, we named the tRNAs, tRNAProN, and 

tRNAProT (Fig. 1). Using the newly discovered tRNAProN and tRNAProT sequences as queries, 

we performed new searches that unearthed 21 additional organisms with tRNAProA (7), 

tRNAProN (1), and tRNAProT (13). Notably, tRNAProN and tRNAProT contain the same unusual 

and unique structural features of tRNAProA (33), including adenosine at positions 33 (A33) 

and 34 (A34), an A15:A48 tertiary pair, and a G21 (although several tRNAProT species 

contain A21) (Figs. 1 and S1). Because of the conservation of these elements, tRNAProA, 

tRNAProN, and tRNAProT appear to have originated from a common ancestral tRNA and 

belong to a single class of non-canonical tRNAs, which we named the tRNAProX family. 

 

A unique ProRS isoform encoded with tRNAProX  
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The discovery of tRNAProN and tRNAProT prompted us to examine their genomic context. 

We previously showed that tRNAProA is encoded next to a proSx gene encoding ProRSx, a 

distinct form of bacterial prolyl-tRNA synthetase (ProRS) (31). Consistent with this 

observation, we found that every newly identified tRNAProA gene is flanked by a proSx gene 

except for Streptomyces vinaceus, which lacks this gene (Figs. 2A and S2). Furthermore, 

almost half of the bacteria that encode tRNAProT also possess a proSx gene (Figs. 2A and 

S2). However, in the other half of organisms with tRNAProT and the two encoding tRNAProN, a 

truncated proSx gene encoding roughly 200 residues is found (Figs 2A and S2). Sequence 

alignments showed that the remaining section of the gene matches the C-terminal region of 

the ProRSx protein, which comprises the tRNA anticodon binding domain (ABD) (Figs. 2A 

and S3). A phylogenetic analysis of the ProRS enzymes revealed two distinct clades for 

ProRSx, indicating that ProRSx emerged from the bacterial-type ProRS and continued to 

evolve divergently (Fig. 2B). The divergence of the ProRSx enzyme family appears to be 

related to the identity of their accompanying tRNAProX gene as ProRSx located with the 

tRNAProN and tRNAProT cluster separately from ProRSx sequences encoded with tRNAProA 

(Fig. 2B). This suggests that ProRSx has co-evolved with the corresponding tRNAs to adapt 

to changes in the anticodon. Thus, we surmise that the last base of the anticodon may have 

been the evolutionary driving force since tRNAProN and tRNAProT share U36 and tRNAProA 

contains C36. A multiple sequence alignment guided by the bacterial ProRS-tRNAPro 

complex showed that the residues predicted to interact with N36 vary between the two 

ProRSx subfamilies (Fig. S3) (31). 

 

Phylogenetic distribution and evolution of ProRSx and tRNAProX 

The 46 organisms now known to encode ProRSx and tRNAProX are found in bacteria from 

the Actinomycetes class, primarily in Streptomyces species and a few Kitasatospora species 

(Table S1 and Fig. S1). These organisms represent a small subset of the more than 3000 

Streptomycetaceae genomes that are publicly available. Notably, these genes are encoded 

in four of the more than twelve species known to cause plant diseases, including strains of 

Streptomyces ipomoeae (34), Streptomyces turgidiscabies, Streptomyces reticuliscabiei (35) 

(same genomospecies), Streptomyces griseiscabiei (36), and Streptomyces caniscabiei (37, 

38). However, in several cases, ProRSx/tRNAProX is only present in one of the several 

available strains of these pathogens, suggesting either a recent acquisition or ancestral loss 

with maintenance in only one known lineage. 

To better contextualize the phylogenetic distribution and evolution of ProRSx and 

tRNAProX, we constructed a phylogenetic tree to represent the relationship between select 

strains of Streptomyces, Kitasatospora, and Streptacidiphilus using multilocus sequence 

analysis (39). In addition to the 46 genomes encoding ProRSx and tRNAProX, we included 38 

strains to represent the large diversity of Streptomyces (39), the three major clades of 

Kitasatospora (40), and Streptacidiphilus (41). While no available genomes of 

Streptacidiphilus contain ProRSx, the genus was included because it is sister to the 

Kitasatospora genus (40). Whether the ancestor of Streptacidiphilus lost ProRSx or if 

ancestral lineages of Kitasatospora and Streptomyces independently gained ProRSx 

remains unknown. The analysis revealed that ProRSx and all three tRNAProX families are 

distributed sporadically within the Streptomyces genus, while ProRSx and tRNAProT are 

present in two of the three defined clades of Kitasatospora (Fig. 3). Based on its presence 

across multiple genera, we hypothesize that tRNAProT is the most ancestral tRNAProX, even 

though tRNAProA is more prevalent in Streptomyces. Moreover, the presence of tRNAProN in 

only two closely related Streptomyces strains indicates that it emerged more recently. 
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I nt er e sti n gl y, Str e pt o m y c e s  o d o n n ellii cl u st er e d  wit h ot h er str ai n s t h at e n c o d e t h e t R N A Pr o T , 

s u g g e sti n g t h at t h e d u pli c ati o n of t h e t R N A Pr o T  g e n e i s a r e c e nt e v e nt. W h et h er t h e 

p o l y p h yl eti c di stri b uti o n of Pr o R S x a n d t h e t hr e e m e m b er s of t R N APr o X  r e s ult s fr o m 

h o ri z o nt al g e n e tr a n sf er of t h e g e n o mi c l o c u s or a n c e str al l o s s of t h e g e n e s i n m o st li n e a g e s 

of Str e pt o m y c et a c e a e i s u n k n o w n. 

 

t R N AP r o T  t r a n sl at e s T hr c o d o n s a s Pr o 

  To i n v e sti g at e w h et h er t R N A Pr o T  mi str a n sl at e s T hr c o d o n s wit h Pr o, w e a d a pt e d o ur 

pr e vi o u sl y d e v el o p e d d u al fl u or e s c e n c e r e p ort er c o n si sti n g of a f u si o n of s u p erf ol d er gr e e n 

fl u or e s c e nt pr ot ei n ( sf G F P) a n d t h e r e d fl u or e s c e nt m C h err y i n E . c oli  ( Fi g. 4 A) ( 3 1). T h e 

r e p ort er i s b a s e d o n t h e criti c al r ol e of t h e r e si d u e T hr 6 5 i n f or mi n g t h e sf G F P fl u or o p h or e. 

Pr o at t hi s p o siti o n pr e v e nt s pr o p er fl u or o p h or e f or m ati o n, c a u si n g a c o m pl et e l o s s of t h e 

sf G F P fl u or e s c e n c e ( 3 1, 4 2). m C h err y i s u s e d t o n or m ali z e sf G F P e x pr e s si o n. T h u s, w e 

e x p e ct e d t h at c ell s e x pr e s si n g t R N A Pr o T  a n d sf G F P- m C h err y w o ul d di s pl a y a l o w er 

s fG F P/ m C h err y e mi s si o n r ati o t h a n c ell s wit h o ut t R N A Pr o T ( Fi g. 4 B). I n d e e d, w e o b s er v e d a 

~ 7 -f ol d r e d u cti o n i n sf G F P/ m C h err y fl u or e s c e n c e e mi s si o n i n E . c oli  c ell s e x pr e s si n g 

t R N APr o T ( Fi g. 4 C), i n di c ati n g t h at t R N APr o T  c a n i n c or p or at e Pr o i n r e s p o n s e t o T hr c o d o n s. 

I nt er e sti n gl y, t h e c o- e x pr e s si o n of t R N APr o T  wit h it s c o g n at e Pr o R S x o nl y m ar gi n all y 

i ncr e a s e d sf G F P/ m C h err y fl u or e s c e n c e, s u g g e sti n g t h at e n d o g e n o u s E . c oli  Pr o R S 

a mi n o a c yl at e s t R N A Pr o T .   

 

Mi st r a n sl ati o n of A s n c o d o n s b y t R N A P r o N  

  We n e xt s o u g ht t o t e st w h et h er t R N A Pr o N  c a n mi str a n sl at e A s n c o d o n s wit h Pr o. B e c a u s e 

A s n  at p o siti o n 6 5 of sf G F P al s o i m p air s c hr o m o p h or e f or m ati o n ( 4 2), t hi s r e p ort er w a s 

u n s uit a bl e f or st u d yi n g A s n-t o- Pr o mi str a n sl ati o n. I n st e a d, w e a d o pt e d a g ai n- of-f u n cti o n 

r e p ort er b a s e d o n β -l a ct a m a s e a cti vit y. W e pr e vi o u sl y r e p ort e d t h at a Pr o r e si d u e at p o siti o n 

6 5 of β -l a ct a m a s e i s e s s e nti al f or it s c at al yti c a cti vit y. C o n s e q u e ntl y, c ell s e n c o di n g t h e 

P 6 5 A β -l a ct a m a s e m ut a nt ar e s e n siti v e t o t h e a nti bi oti c s a m pi cilli n a n d c ar b e ni cilli n ( 3 1). T o 

e v al u at e w h et h er A s n h a s a si mil ar eff e ct, w e m ut at e d t h e Pr o 6 5 c o d o n t o A A U ( A s n) i n β -

l a ct a m a s e a n d c o m p ar e d it s a cti vit y t o wil d-t y p e ( wt) β -l a ct a m a s e i n E . c oli . W e o b s er v e d 

t h at c ell s e x pr e s si n g t h e P 6 5 N β -l a ct a m a s e di d n ot gr o w i n m e di a c o nt ai ni n g a m pi cilli n, 

w h er e a s c ell s e x pr e s si n g t h e wt e n z y m e di s pl a y e d r o b u st gr o wt h ( Fi g. 5 A). T hi s r e s ult 

f urt h er s u p p ort s t h at Pr o 6 5 i s e s s e nti al f or β -l a ct a m a s e a n d e n a bl e d u s t o r e p ur p o s e it s 

a cti vit y t o i n v e sti g at e A s n-t o- Pr o mi str a n sl ati o n. W e e x p e ct e d t h at mi str a n sl ati o n of A s n at 

p o siti o n 6 5 wit h Pr o w o ul d yi el d a s uffi ci e nt fr a cti o n of a cti v e β -l a ct a m a s e t h at s h o ul d 

i n cr e a s e a nti bi oti c t ol er a n c e ( Fi g. 5 B). T h u s, w e e x pr e s s e d P 6 5 N β -l a ct a m a s e i n E . c oli  i n 

t h e a b s e n c e or pr e s e n c e of t R N APr o N  a n d t e st e d c ell gr o wt h o n a g ar pl at e s c o nt ai ni n g 

v a r yi n g c o n c e ntr ati o n s of c ar b e ni cilli n. B e c a u s e t R N A Pr o N  i s f o u n d n e xt t o a tr u n c at e d pr o S x  

g e n e, w e t e st e d t h e t R N A al o n e. A s e x p e ct e d, E. c oli  e x pr e s si n g t h e P 6 5 N β -l a ct a m a s e 

v ari a nt al o n e s h o w e d si g nifi c a ntl y i m p air e d gr o wt h i n t h e pr e s e n c e of t h e a nti bi oti c ( Fi g. 5 C). 

I n c o ntr a st, c ell s e x pr e s si n g t R N APr o N  di s pl a y e d a s u b st a nti al t ol er a n c e t o c ar b e ni cilli n, e v e n 

at  t h e hi g h e st c o n c e ntr ati o n t e st e d ( Fi g. 5 C).  

  T o c o nfir m t h e i n c or p or ati o n of Pr o i n r e s p o n s e t o A s n c o d o n s, w e u s e d a n sf G F P 

r e p ort er wit h a n N-t er mi n al e xt e n si o n pr e vi o u sl y d e v el o p e d t o f a cilit at e t h e d et e cti o n of 

mi str a n sl ati o n e v e nt s u si n g li q ui d c hr o m at o gr a p h y-t a n d e m m a s s s p e ctr o m etr y ( L C- M S/ M S) 

( 4 3). T h e 2 6-r e si d u e e xt e n si o n c o nt ai n s a h y dr o p h o bi c p e pti d e s e q u e n c e t h at pr o vi d e s 

r eli a bl e i o ni z ati o n. T h e sf G F P r e p ort er w a s r e c o m bi n a ntl y e x pr e s s e d a n d p urifi e d fr o m E . 
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coli cells with and without tRNAProN co-expression and analyzed by LC-MS/MS. Interestingly, 

while no Pro misincorporation was identified at the targeted position of the N-terminal 

extension, Asn-to-Pro mistranslation was detected at three different positions within sfGFP 

corresponding to N115, N144, and N185 (Fig. S4). These substitutions were not observed in 

the sfGFP purified in the absence of tRNAProN. These results demonstrate that tRNAProN can 

mistranslate Asn codons with Pro. 

  

Expression of tRNAProX is toxic in E. coli 

 To investigate the effect of mistranslation on cell fitness, we constitutively expressed S. 

turgidiscabies tRNAProA, Streptomyces sp. OK228 tRNAProN, and Kitasatospora setae 

tRNAProT in E. coli with or without their cognate ProRSx, except for tRNAProN which is only 

encoded with a truncated ProRSx (Figs. 2A and S2). Consequently, we chose K. setae 

ProRSx (KsProRSx) for co-expression with tRNAProN, given the phylogenetic relationship 

between KsProRSx and the truncated Streptomyces sp. OK228 ProRSx (Fig. 2B). Notably, 

individual expression of the three tRNAs was toxic in E. coli cells, albeit with different 

degrees of severity (Fig. 6). tRNAProA caused a minor growth defect, whereas tRNAProN 

robustly impaired growth. In contrast, tRNAProT expression almost completely inhibited cell 

growth. Interestingly, cell cultures expressing tRNAProT formed white precipitated clumps, 

suggesting that Thr-to-Pro mistranslation causes cell wall disruption and lysis (Fig. 6C). 

Lastly, co-expression of the cognate proSx genes slightly augmented the growth defect of 

tRNAProT but not of tRNAProA and tRNAProN. The severity of the growth phenotypes by 

tRNAProX was also visible in the colony sizes of cells expressing the tRNAs after plasmid 

transformation. (Fig. 6C). These data suggest that the constitutive mistranslation of Ala, Asn, 

and Thr codons with Pro is toxic for E. coli. 

 

Aminoacylation of tRNAProX by E. coli ProRS 

 An intriguing observation from our results is that expression of ProRSx was not 

necessary for tRNAProN- and tRNAProT-mediated mistranslation in E. coli (Figs. 4 and 6), 

suggesting that endogenous E. coli ProRS aminoacylates both tRNAs. Efficient 

aminoacylation by E. coli ProRS relies on the recognition of conserved bases in the tRNAPro 

anticodon (G35 and G36) and acceptor stem (A73 and G72) (44, 45). All members of the 

tRNAProX family have A73 and G72 but contain either U or C at position 36 (Figs. 1 and S1). 

Moreover, tRNAProT and tRNAProA have a G35, whereas tRNAProN has a U35. We posited that 

the presence of these elements in tRNAProX might enable their recognition and 

aminoacylation by E. coli ProRS. To test this hypothesis, we performed in vitro 

aminoacylation assays using E. coli ProRS and in vitro tRNA transcripts. The results showed 

that E. coli ProRS has a lower aminoacylation efficiency towards all three tRNAProX relative to 

its cognate tRNAPro substrate (Figs. 7A and S5). However, the enzyme displayed different 

efficiencies towards each tRNAProX. Although tRNAProT was aminoacylated almost 4 times 

less than tRNAPro, it was charged ~3 and 36 times better than tRNAProN and tRNAProA, 

respectively. The higher aminoacylation of E. coli ProRS for tRNAProT may be due to the 

recognition of U36, as E. coli ProRS was shown to aminoacylate a G36U tRNAPro mutant 19-

fold more efficiently than a G36C mutant (Fig. 7B) (45). Next, we tested the aminoacylation 

level of tRNAProX in E. coli. Total RNA was extracted from E. coli expressing a tRNAProX 

under acidic conditions to retain the amino acid bound to tRNAs. A fraction of each tRNAProX 

sample was treated with a basic solution to cleave the amino acid, which allows 

distinguishing between aminoacylated and deacylated tRNA using specific probes for each 

tRNA and northern blotting. Total RNA from E. coli without tRNAProX was used as a negative 
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c o n tr ol. I nt er e sti n gl y, t h e s e a s s a y s s h o w e d t h at t h e t hr e e t R N A s ar e m o stl y a mi n o a c yl at e d 

i n vi v o ( Fi g. 7 C). W hil e t hi s e x p eri m e nt d o e s n ot r e v e al t h e a mi n o a ci d att a c h e d t o t h e 

t R N A s, a mi n o a c yl ati o n b y E. c oli  Pr o R S i s li k el y p o s si bl e, gi v e n t h e Pr o i d e ntit y el e m e nt s of 

t R N APr o X . 

 

P r o mi str a n sl ati o n of Al a a n d A s n c o d o n s b e n efit s E. c oli u n d er a nti bi oti c st r e s s  

  A s s h o w n a b o v e, mi str a n sl ati o n b y t R N APr o N  a n d t R N APr o A  n e g ati v el y aff e ct s c ell gr o wt h 

u n d er n or m al gr o wt h c o n diti o n s ( Fi g. 6). H o w e v er, mi str a n sl ati o n m a y off er a n a d a pti v e 

m e c h a ni s m f or s ur vi v al u n d er s p e cifi c str e s s c o n diti o n s, s u c h a s i n t h e pr e s e n c e of 

a nti bi oti c s ( 2 8, 4 6, 4 7). T o a s s e s s w h et h er mi str a n sl ati o n b y t R N A Pr o A  or t R N APr o N  i s 

b e n efi ci al, w e gr e w E . c oli  e x pr e s si n g t h e t R N A s wit h β -l a ct a m a s e o n L B- a g ar pl at e s 

c o nt ai ni n g diff er e nt c o n c e ntr ati o n s of c ar b e ni cilli n ( Fi g. 8 A). W e r e a s o n e d t h at if 

mi str a n sl ati o n off er s a n a d v a nt a g e, c ell s e x pr e s si n g t h e mi str a n sl ati n g t R N A c o ul d t ol er at e 

hi g h er a nti bi oti c c o n c e ntr ati o n s. N ot a bl y, w e f o u n d t h at, w hil e mi str a n sl ati n g c ell s s h o w e d a 

gr o wt h d ef e ct o n pl at e s wit h o ut c ar b e ni cilli n, t h e y gr e w o n pl at e s wit h hi g h er a nti bi oti c 

c o n c e ntr ati o n s t h a n c ell s wit h a n e m pt y pl a s mi d ( Fi g. 8 B). Mi str a n sl ati n g c ell s al s o s h o w e d 

hi g h er t ol er a n c e t o a m pi cilli n ( Fi g. S 6). T h e d e cr e a s e d s e n siti vit y t o t h e s e β -l a ct a m 

a nti bi oti c s w a s o nl y o b s er v e d w h e n β -l a ct a m a s e w a s c o- e x pr e s s e d wit h t h e t R N A s ( Fi g. S 6). 

T h e s e r e s ult s pr o vi d e n e w e vi d e n c e s u p p orti n g t h e p o siti v e c o n s e q u e n c e s of mi str a n sl ati o n. 

 

Di s c u s si o n 

  H er e w e d e s cri b e d t h e i d e ntifi c ati o n a n d c h ar a ct eri z ati o n of t R N APr o N  a n d t R N APr o T , a 

n e w cl a s s of b a ct eri al t R N A s, s p ar s el y pr e s e nt t hr o u g h o ut t w o g e n er a of A cti n o m y c et ot a , 

t h at e m er g e d t o mi str a n sl at e t h e g e n eti c c o d e. T h e di s c o v er y of t R N APr o N  a n d t R N APr o T  a d d s 

t o t h e gr o wi n g n u m b er of n at ur all y o c c urri n g t R N A mi str a n sl at or s r e p ort e d i n r e c e nt y e ar s, 

i n cl u di n g s e v er al b a ct eri al a n d h u m a n t R N A s ( 9, 4 8- 5 2). T h e di s c o v er y of mi str a n sl ati n g 

t R N A s h a s b e e n p o s si bl e b y r e- e x a mi ni n g s e q u e n c e d g e n o m e s a n d r e cl a s sif yi n g t h e 

a n n ot at e d t R N A g e n e s u si n g a h oli sti c a n al y si s of e a c h t R N A s e q u e n c e a n d t h e pr e di ct e d 

s e c o n d ar y str u ct ur e. T hi s a p pr o a c h all o w s t h e r e c o g niti o n of s m all n u a n c e s p a s s e d o v er b y 

a ut o m at e d, hi g h-t hr o u g h p ut t R N A s e ar c h al g orit h m s. Wit h t h e v a st n u m b er of s e q u e n c e d 

g e n o m e s, w e pr e di ct t h at m or e e x a m pl e s of mi str a n sl ati n g t R N A s m a y b e u n c o v er e d b y 

c ar ef ull y r e a n al y zi n g t R N A g e n e s d et e ct e d i n t h e s e g e n o m e s. 

  T h e c h ar a ct eri z ati o n of t R N APr o N  a n d t R N APr o T  i n E . c o li s h o w e d t h at t h e i m p a ct of Pr o 

mi str a n sl ati o n o n c ell fit n e s s d e p e n d s gr e atl y o n t h e i d e ntit y of t h e mi str a n sl at e d c o d o n. T hr-

t o- Pr o mi str a n sl ati o n w a s si g nifi c a ntl y m or e t o xi c t h a n A s n-t o- Pr o mi str a n sl ati o n. I n c o ntr a st, 

Al a-t o- Pr o mi str a n sl ati o n w a s m or e t ol er at e d. T hi s diff er e n c e i n t o xi cit y i s r e m ar k a bl e 

b e c a u s e r e pl a ci n g r e si d u e s wit h Pr o i s e x p e ct e d t o s e v er el y aff e ct pr ot ei n str u ct ur e a n d 

f u n cti o n ( 5 3). H o w e v er, o ur r e s ult s s u g g e st t h at t h e s u b stit uti o n of T hr a n d A s n wit h Pr o i s 

m or e di sr u pti v e t o pr ot ei n s t h a n Al a s u b stit uti o n s wit h Pr o. T hi s m a y b e e x pl ai n e d b y t h e 

e x p a n d e d c at al yti c a n d str u ct ur al r ol e s of T hr a n d A s n i n pr ot ei n s r el ati v e t o t h e m or e i n ert 

f u n cti o n of Al a. T h e t R N APr o X  a mi n o a c yl ati o n effi ci e n c y of E . c o li Pr o R S m a y al s o c o ntri b ut e 

t o t h e di sti n ct c ell ul ar t o xi citi e s. T h e h ar mf ul eff e ct of e a c h t R N A c orr el at e s wit h t h e i n vitr o 

a mi n o a c yl ati o n a cti vit y of  E. c oli  Pr o R S. T h u s, t h e a bilit y of E . c oli  Pr o R S t o a mi n o a c yl at e 

t R N APr o T  m or e effi ci e ntl y c o ul d r e s ult i n hi g h er l e v el s of mi str a n sl ati o n r el ati v e t o t h e ot h er 

t wo t R N A s. t R N A Pr o T  c o ul d al s o i nfl u e n c e Pr o-t R N APr o  s y nt h e si s b y c o m p eti n g f or Pr o R S 

a m i n o a c yl ati o n wit h e n d o g e n o u s t R N APr o . W e al s o c o n si d er e d t h e p o s si bl e c o ntri b uti o n of 

c o d o n u s a g e t o t h e diff er e n c e s i n t o xi cit y. I n E . c oli , Al a c o d o n s r e pr e s e nt 9. 4 6 % of 
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predicted codons, whereas Thr and Asn codons comprise 5.38% and 3.92%, respectively 

(54). The higher Ala codon usage is inversely correlated to the severity of the observed 

phenotype for mistranslation of Ala codons, thus, reinforcing the notion that proteins can 

endure Ala-to-Pro substitutions more effectively than Thr-to-Pro and Asn-to-Pro mutations. 

On the other hand, the mild toxicity of Asn-to-Pro relative to Thr-to-Pro may be due to the 

lower number of Asn codons. Different patterns of cellular toxicity have also been observed 

for other forms of mistranslation. Notably, E. coli was shown to withstand a variety of 

mistranslation forms such as Cys and Glu mistranslation at Pro and Gln codons, respectively 

(55). Recently, Gly-to-Ala mistranslation in human cells was shown to be less harmful than 

Ser misincorporation at Phe codons (52). In yeast, Ala mistranslation revealed codon-

specific growth defects (56). Therefore, it is becoming clear that not all forms of 

mistranslation are equal and that the nature of mistranslated codons determines the 

biological impact of mistranslation, while additional factors may contribute to the distinct 

growth phenotypes. Lastly, the differences in tRNAProX-induced toxicity may provide clues 

about the phylogenetic distribution and evolution of the tRNAProX family. tRNAProA, the least 

toxic of the three tRNAProX, is present in more species relative to tRNAProT and tRNAProN, and 

it is always encoded with a full-length ProRSx (except for S. vinaceus). Thus, selection may 

act against the more toxic tRNAProT and tRNAProN, resulting in the partial deletion or 

inactivation of ProRSx and a more limited phylogenetic distribution. 

 The specific mechanism for how Pro mistranslation of Asn and Ala codons increases 

carbenicillin tolerance in E. coli has yet to be elucidated. Interestingly, other forms of 

mistranslation have also been shown to decrease antibiotic sensitivity. In E. coli, 

indiscriminate mistranslation with Met protects cells from chloramphenicol (46), whereas 

Asp-to-Asn and Glu-to-Gln mistranslation endows Mycobacteria with increased resistance to 

rifampicin (47). The chemical diversity of these mistranslation events suggests that the 

randomization of the cellular protein pool may be more important than the identity of the 

misincorporated amino acid to decrease antibiotic susceptibility. Testing the effect of other 

forms of mistranslation on antibiotic resistance could provide more clues into this possibility 

and ultimately establish mistranslation as a bona fide mechanism of antibiotic resistance 

(57).  

 The biological function of the tRNAProX family in their host organisms is yet to be 

investigated. However, the increased carbenicillin tolerance of E. coli cells expressing 

tRNAProN suggests that Pro mistranslation may help tRNAProX-encoding organisms endure 

antibiotic exposure. It may also be possible that mistranslation offers an advantage in other 

environmental conditions, including in the adaptation of plant pathogenicity. However, 

ProRSx/tRNAProX are not collocated with known plant virulence genes. Finally, despite the 

tRNAs' capacity to mistranslate the genetic code in E. coli, their biological function in the 

host species may lie outside protein synthesis. tRNAs are known to have diverse functions 

beyond translation (58). In some cases, a particular tRNA isoacceptor can be partitioned for 

non-ribosomal activities (59, 60). Thus, an alternative function of tRNAProX regulated by 

cellular factors such as post-translational modifications or elongation factors is possible. 

Further investigations will define the biological role of tRNAProX and establish the 

environmental conditions that promote their expression. 

 
Experimental procedures 
 

Identification of tRNAProA and tRNAProA-like genes. 
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tRNAProA and tRNAProA-like genes were identified using the basic local alignment search 

tool (BLASTN) (61) hosted by the National Center for Biotechnology Information. The 

Streptomyces turgidiscabies tRNAProA sequence (STRTUCAR8_03649) was used as the 

query. Additional tRNAProA and tRNAProA-like genes were found using the “Compare Region 

Viewer” tool in the Bacterial and Viral Bioinformatics Resource Center (BR-BRC) (62, 63). 

The secondary structure and identity of the putative tRNAProA genes were predicted using 

tRNAscan-SE 2.0 (64). The manually aligned tRNA sequences are shown in Fig. S1. 

 

Phylogenetic analysis and distribution of ProRSx and tRNAProX. 

A total of 121 sequences corresponding to ProRSx (45), Bacterial-type ProRS (42), and 

Archaeal/Eukaryotic-type ProRS (34) were aligned using Clustal Omega (65). The Bacterial- 

and Archaeal/Eukaryotic-type ProRS sequences are from the organisms encoding ProRSx 

(Table S1). The sequence alignment was used to build the phylogenetic tree using MEGAX 

(66) with the Maximum Likelihood method with 100 bootstraps. The tree was visualized with 

iTOL (67). Multilocus sequence analysis alignments were generated with protein sequences 

of housekeeping genes from Streptomyces scabiei 87.22 (strepdb.streptomyces.org.uk) for 

atpD (SCO5373), gyrB (SCO3874), recA (SCO5769), rpoB (SCO4654), and trpB (SCO2037) 

against a local database of 84 genomes using automlsa2 (68, 69). The 46 genomes of 

strains that encode ProRSx or tRNAProX were complemented with 38 additional genomes 

selected to represent the diversity of Streptomyces, Streptacidiphilus, and Kitasatospora (39-

41, 70). The S. turgidiscabies gene sequence (STRTUCAR8_03650) was used as the query 

against the local sequence database with a cutoff threshold of 1e-10 to confirm that ProRSx 

was not present in the other genomes. The ML tree was constructed using default 

parameters for iqtree2.2 and RAxML embedded in automlsa2 with 1000 bootstrap iterations.  

The R package ggtree was used to plot the phylogeny (71) and covariates.   

 

Bacterial strains and plasmids. 

E. coli Stellar™ cells (Takara) were used for cloning, and E. coli MG1655 was used for in 

vivo experiments. The HiFi DNA assembly kit (New England Biolabs) was used for molecular 

cloning. DNA sequencing was performed by Keck Biotechnology Resource Laboratory at 

Yale University to confirm plasmid sequences. The KsProRSx sequence was codon-

optimized for expression in E. coli using the codon optimization tool from Integrated DNA 

Technologies. The corresponding DNA was purchased from Twist Bioscience. The S. 

turgidiscabies ProRSx (StProRSx) gene was cloned into the pCDF vector. The KsProRSx 

was cloned into pCDF and pEVOL vectors (72). The tRNAProA, tRNAProN, and tRNAProT genes 

were cloned into either pCDF or pEVOL vectors under the E. coli constitutive promoter proK. 

A previously developed sfGFP-mCherry fusion reporter (31) was used to investigate in vivo 

mistranslation by tRNAProT. The ACC (Thr) codon at position 65 in sfGFP was mutated to 

ACU (Thr). 

 

Growth conditions. 

E. coli strains were grown in LB media at 37ºC and constant shaking. For selection, 

appropriate antibiotics carbenicillin (Cb, 100 µg/mL), spectinomycin (Spe, 100 µg/mL), 

kanamycin (Kan, 50 µg/mL), and chloramphenicol (Chl, 35 µg/mL) were supplemented to the 

media, unless otherwise indicated.  

Growth assays.  



 1 0

C h e mi c all y c o m p et e nt  E. c oli  M G 1 6 5 5 c ell s w er e tr a n sf or m e d wit h t h e p C D F pl a s mi d 

e n c o di n g a t R N A Pr o X  g e n e wit h or wit h o ut a p ro S x  g e n e (K . s et a e or S . t ur gi di s c a bi e s). Aft er 

tr a n sf or m ati o n, c ell s w er e r e c o v er e d i n S. O. C. m e di u m (I n vitr o g e n) at 3 7º C f or 1 h wit h 

c o n st a nt s h a ki n g. F oll o wi n g r e c o v er y, tr a n sf or m a nt s w er e pl at e d o n L B- a g ar wit h r e s p e cti v e 

a nti bi oti c s a n d gr o w n o v er ni g ht at 3 7º C. Si n gl e c ol o ni e s  w er e u s e d t o i n o c ul at e 1 5 0 µ L of 

fr e s h L B m e di a wit h t h e c orr e s p o n di n g a nti bi oti c s i n bl a c k- si d e d 9 6- w ell pl at e s wit h cl e ar fl at 

b ott o m s ( C or ni n g). C ell gr o wt h ( o pti c al d e n sit y, O D) w a s m e a s ur e d at 6 0 0 n m ( O D 6 0 0 ) f or 

2 0  h of i n c u b ati o n at 3 7º C a n d c o n st a nt s h a ki n g u si n g a Bi o T e k s y n er g y H T X pl at e r e a d er. 

Fl u or e s c e n c e- b a s e d a s s a y s. 

T h e  p E V O L pl a s mi d e n c o di n g t R N A Pr o T  a n d t h e sf G F P- m C h err y r e p ort er pl a s mi d w er e 

tra n sf or m e d i nt o E. c oli  M G 1 6 5 5 c ell s. Si n gl e c ol o ni e s w er e u s e d t o i n o c ul at e L B m e di a 

c o nt ai ni n g K a n, C hl, a n d 0. 2 m M I P T G t o i n d u c e t h e e x pr e s si o n of sf G F P- m C h err y i n a 9 6-

w ell mi cr o pl at e. C ell s w er e i n c u b at e d f or 2 4 h wit h c o n st a nt s h a ki n g at 3 7º C u si n g a Bi o T e k 

H T X pl at e r e a d er. sf G F P ( E x cit ati o n 4 8 5 n m, E mi s si o n 5 1 0 n m) a n d m C h err y ( E x cit ati o n 

5 8 7 n m, E mi s si o n 6 1 0 n m) fl u or e s c e n c e a n d O D 6 0 0  w er e m e a s ur e d. F or c o n si st e n c y, w e 

c h o s e t h e i n di vi d u al mi d- e x p o n e nti al gr o wt h p h a s e of E. c oli  f or d et er mi ni n g sf G F P- m C h err y 

fl u or e s c e n c e a n d mi str a n sl ati o n fr e q u e n c y. T hi s w a s a c c o m pli s h e d b y d et er mi ni n g t h e ti m e 

at w hi c h E. c oli  c ell s r e a c h e d t h e mi d- e x p o n e nti al gr o wt h p h a s e u si n g t h e pr e- s et f u n cti o n 

“ Si g m oi d al, 4 P, X i s c o n c e ntr ati o n” i n Pri s m 9 ( Gr a p h P a d). T h e sf G F P a n d m C h err y 

fl u or e s c e n c e pr o p orti o n w a s c al c ul at e d at t h e mi d- e x p o n e nti al gr o wt h p h a s e. 

 

ββ - L act a m a s e- b a s e d a s s a y s. 

T h e  mi str a n sl ati o n c a p a cit y of t R N A Pr o N  w a s t e st e d u si n g a pr e vi o u sl y d e si g n e d β -

l act a m a s e r e p ort er ( a gift fr o m Dr. A h m e d B a dr a n, S cri p p s) ( 3 1). T h e e s s e nti al Pr o r e si d u e 

at p o siti o n 6 5 of β -l a ct a m a s e w a s m ut at e d t o t h e A s n A A U c o d o n. T h e a cti vit y of t h e 

r e s ulti n g m ut a nt w a s t e st e d i n E . c oli  S 6 0 2 0 c ell s. C ult ur e s w er e pr e p ar e d b y i n o c ul ati n g L B 

m e di a c o nt ai ni n g K a n wit h si n gl e c ol o ni e s a n d gr o w n o v er ni g ht at 3 7º C. 9 9 µ L of fr e s h L B 

m e di a wit h K a n a n d 6 2. 5 µ g/ m L a m pi cilli n w a s mi x e d wit h 1 µ L of o v er ni g ht c ult ur e. O D 6 0 0  

w a s m o nit or e d f or 1 0 h at 3 7º C wit h c o n st a nt s h a ki n g u si n g a Bi o T e k s y n er g y pl at e r e a d er. 

Wil d-t y p e ( wt) β -l a ct a m a s e w a s u s e d a s a c o ntr ol. T o t e st t R N APr o N , t h e p C D F pl a s mi d 

h a r b ori n g t R N APr o N  w a s c o-tr a n sf or m e d wit h t h e β -la ct a m a s e ( P 6 5 N or wt) r e p ort er pl a s mi d 

i nt o E . c oli  M G 1 6 5 5 c ell s. Aft er tr a n sf or m ati o n, c ell s w er e r e c o v er e d f or 1 h i n S. O. C. 

m e di u m wit h s h a ki n g at 3 7º C. S u b s e q u e ntl y, c ell s w er e pl at e d o n a s el e cti v e L B- a g ar 

m e di u m a n d i n c u b at e d o v er ni g ht at 3 7º C. C ell c ult ur e s w er e o bt ai n e d b y i n o c ul ati n g 5 m L 

L B m e di u m wit h a si n gl e c ol o n y a n d i n c u b ati n g o v er ni g ht wit h c o n st a nt s h a ki n g at 3 7º C. T h e 

o v er ni g ht c ult ur e s w er e dil ut e d t o O D 6 0 0  of 1, w hi c h c orr e s p o n d e d t o t h e 1 00 dil uti o n s, a n d 

t he n s eri all y dil ut e d t o 1 0 1 , 1 02 , 1 03 , 1 04 , a n d 1 05 . 4 µ L of dil ut e d c ell s w er e s p ott e d o n L B-

a g ar pl at e s wit h v ar yi n g c o n c e ntr ati o n s of c ar b e ni cilli n ( 0 µ g/ m L, 2 0 µ g/ m L, 3 0 µ g/ m L, 

4 0 µ g/ m L, a n d 5 0 µ g/ m L). T h e pl at e s w er e i m a g e d aft er f or 1 8- 2 0 h of i n c u b ati o n at 3 7º C.  

 

G F P p urifi c ati o n a n d m a s s s p e ct r o m etr y a n al y si s. 

T h e p e pti d e s e q u e n c e M S K G P G K V P G A G V P G X G V P G V G K G G G T ( 4 3) w a s f u s e d t o t h e 

N-t er mi n u s of sf G F P c o nt ai ni n g a C-t er mi n al 6 x Hi s-t a g i n p B A D u si n g Hi Fi D N A a s s e m bl y. 

P o siti o n X  i n di c at e s t h e A s n A A U c o d o n. T h e r e s ulti n g sf G F P v ari a nt w a s c o-tr a n sf or m e d 

wit h p C D F wit h or wit h o ut t h e t R N A Pr o N  g e n e i nt o E . c oli M G 1 6 5 5. Si n gl e c ol o ni e s w er e u s e d 

t o i n o c ul at e L B m e di a c o nt ai ni n g t h e a nti bi oti c s C b a n d S p e. C ell s w er e gr o w n o v er ni g ht at 
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3 7 º C. T h e o v er ni g ht c ult ur e w a s u s e d t o i n o c ul at e fr e s h L B m e di a wit h t h e c orr e s p o n di n g 

a nti bi oti c s, a n d c ell s w er e gr o w n t o a n O D 6 0 0  of 0. 4 - 0. 6. sf G F P e x pr e s si o n w a s i n d u c e d 

w it h 0. 1 5 % ar a bi n o s e f or 5 h. T h e s u s p e n si o n c ult ur e s w er e h ar v e st e d a n d l y s e d wit h 

B u g b u st er ®  ( M er c k Milli p or e) a n d r oll-i n c u b at e d at r o o m t e m p er at ur e f or 2 0 mi n i n a b uff er 

c o n t ai ni n g 5 0 m M Tri s- H Cl ( p H 8. 0), 3 0 0 m M N a Cl, 1 0 m M I mi d a z ol e, a n d c O m pl et e™  

E D T A-fr e e pr ot e a s e i n hi bit or mi xt ur e t a bl et s ( R o c h e), a n d 1 µ L B e n z o n a s e ®  ( Si g m a- Al dri c h). 

L y s e d c ell s w er e c e ntrif u g e d at 1 7, 0 0 0 x g  f or 4 5 mi n at 4º C. T h e l y s at e w a s p a s s e d t hr o u g h 

a T A L O N ®  M et al Affi nit y R e si n ( T a k ar a Bi o), a n d t h e pr ot ei n s w er e el ut e d wit h 3 0 0 m M 

i mi d a z ol e. S u b s e q u e ntl y, t h e b uff er wit h w a s e x c h a n g e d t o 5 0 m M Tri s- H Cl ( p H 8. 0) a n d 

1 0 0 m M N a Cl u si n g A mi c o n ®  Ultr a- 4 c e ntrif u g al filt er u nit s ( 1 0. 0 0 0 k, M er c k Milli p or e) 

f oll o wi n g pr ot ei n c o n c e ntr ati o n u si n g t h e s a m e filt er u nit s. 

S a m pl e s w er e r e d u c e d wit h D T T a n d al k yl at e d wit h I A A b ef or e di g e sti o n wit h tr y p si n a n d 

L y s C. L C- M S/ M S a n al y si s w a s p erf or m e d o n a T h er m o S ci e ntifi c Or bitr a p F u si o n L u m o s 

Tri bri d m a s s s p e ctr o m et er ( T h er m o Fi s h er, S a n J o s e, C A), e q ui p p e d wit h a n a n o s pr a y 

i o ni z ati o n s o ur c e i n p o siti v e i o n m o d e wit h a T h er m o Fi s h er Ulti m at e 3 0 0 0 R S L C n a n o H P L C 

S y st e m ( T h er m o Fi s h er). P e pti d e mi xt ur e s w er e l o a d e d i nt o a P E P M A P 1 0 0 C 1 8 5 u M tr a p 

c ol u m n ( T h er m o Fi s h er) at a c o n st a nt fl o w of 3 0 u L/ mi n, h ol di n g at 6 0 ° C. P e pti d e s w er e 

el ut e d at a r at e of 0. 2 5 μ L/ mi n a n d s e p ar at e d u si n g a P e p S e p r e pr o sil c 1 8, 1. 9 μ m, 1 5 c m I D 

7 5 μ M a n al yti c al c ol u m n ( Br u k er) t hr o u g h o ut a 6 0- mi n gr a di e nt: 0- 5 0 mi n; 4 % - 3 2 % 

a c et o nitril e + 0. 1 % f or mi c a ci d, 5 0- 5 5 mi n; 9 5 % a c et o nitril e + 0. 1 % f or mi c a ci d, a n d 5 5- 6 0 

mi n; 4 % a c et o nitril e + 0. 1 % f or mi c a ci d.   

M S d at a w er e a c q uir e d u si n g t h e d at a- d e p e n d e nt m o d e wit h a c y cl e ti m e of 3 s e c. M S 1 

s c a n w a s p erf or m e d i n or bitr a p wit hi n a r a n g e of 4 0 0- 1 6 0 0 m/ z, at r e s ol uti o n 1 2 0 0 0 0, a n d 

a ut o-i nj e cti o n ti m e wit h a st a n d ar d A G C t ar g et. R F l e n s w a s s et t o 3 0 %. I s ol ati o n f or M S 2 

s c a n s w a s p erf or m e d i n t h e q u a dr u p ol e, wit h a n i s ol ati o n wi n d o w of 0. 7. M S 2 s c a n s w er e 

d o n e i n t h e li n e ar i o n tr a p at t ur b o s c a n r at e, wit h a n a ut o m a xi m u m i nj e cti o n ti m e a n d a 

st a n d ar d A G C t ar g et l e v el. H C D w a s u s e d f or g e n er ati n g t h e M S 2 s p e ctr u m a s fi x e d 

n or m ali z e d c olli si o n e n er g y of 3 0 %. M S 2 s p e ctr a w er e a c q uir e d at a 1 5 0 0 0 r e s ol uti o n. All 

L C- M S/ M S w a s p erf or m e d at Bi oi nf or m ati c s S ol uti o n s I n c. i n W at erl o o, O nt ari o, C a n a d a. 

M S R a w Fil e s w er e pr o c e s s e d u si n g P E A K S X Pr o ( v 1 0. 6, Bi oi nf or m ati c s S ol uti o n s I n c., 

O nt ari o, C a n a d a). T h e d at a w a s s e ar c h e d a g ai n st a c u st o m d at a b a s e c o nt ai ni n g t h e sf G F P 

s e q u e n c e i n t h e E . c oli  K 1 2 U ni pr ot-r e vi e w e d d at a b a s e. Pr e c ur s or i o n m a s s err or t ol er a n c e 

w a s s et t o 1 0 p p m, a n d fr a g m e nt i o n m a s s err or t ol er a n c e w a s s et t o 0. 0 2 D a. S e mi- s p e cifi c 

cl e a v a g e wit h tr y p si n or c h y m otr y p si n w a s s el e ct e d wit h a m a xi m u m of 3 mi s s e d cl e a v a g e s.  

A fi x e d m o difi c ati o n of c ar b a mi d o m et h yl ati o n ( + 5 7. 0 2 D a) o n c y st ei n e r e si d u e s w a s 

s p e cifi e d. V ari a bl e m o difi c ati o n s of d e a mi d ati o n ( + 0. 9 8 D a) o n a s p ar a gi n e a n d gl ut a mi n e, a s 

w ell a s o xi d ati o n ( + 1 5. 9 9 D a) o n m et hi o ni n e, w er e s p e cifi e d. A m a xi m u m of t w o v ari a bl e 

m o difi c ati o n s p er p e pti d e w a s all o w e d. T h e p e pti d e f al s e di s c o v er y r at e w a s s et t o 1 % f or 

t h e d at a b a s e s e ar c h. O nl y c o nfi d e nt m ut ati o n s wit h a n A- S c or e of 2 0 or hi g h er a n d mi ni m u m 

m ut ati o n i o n i nt e n siti e s of 1 % w er e c o n si d er e d. T o e n s ur e t h e a c c ur a c y i n i d e ntif yi n g 

m ut ati o n s, w e a p pli e d a f al s e di s c o v er y r at e ( F D R) filt er of < 1 % f or p e pti d e i d e ntifi c ati o n a n d 

mi ni m u m fr a g m e nt i o n i nt e n sit y of 1 % f or e a c h m ut ati o n. 

 

R a di ol a b eli n g of oli g o n u cl e oti d e pr o b e s. 

A 5 0 µ L r e a cti o n mi x c o nt ai ni n g 5 µ L of 1 0 µ M D N A oli g o n u cl e oti d e pr o b e s, 2. 5 µ L T 4-

p ol y n u cl e oti d e ki n a s e b uff er ( N e w E n gl a n d Bi ol a b s), 3 7. 5 µ L R N a s e-fr e e w at er, 5 µ L γ -3 2 P-

A T P ( P er ki n El m er), a n d 2. 5 µ L T 4- p ol y n u cl e oti d e ki n a s e ( N e w E n gl a n d Bi ol a b s) w a s 
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pr e p ar e d a n d i n c u b at e d f or 3 0 mi n at 3 7º C. E x c e s s γ -3 2 P- A T P w a s r e m o v e d wit h S e p h a d e x 

G -2 5 s pi n c ol u m n s ( C yti v a). R a di o a cti vit y of t h e oli g o n u cl e oti d e s w a s m e a s ur e d wit h a 

s ci ntill ati o n c o u nt er ( Tri- C ar b 3 1 1 0 T R, P er ki n El m er). 

 

N ort h er n bl ot a n al y si s. 

E. c oli  M G 1 6 5 5 c ell s e x pr e s si n g t R N APr o A , t R N APr o N , or t R N APr o T  fr o m a p C D F pl a s mi d 

w e r e gr o w n o v er ni g ht t o i n o c ul at e fr e s h 2 0 m L L B m e di a wit h a p pr o pri at e a nti bi oti c s. C ell s 

w er e gr o w n t o a n O D 6 0 0  of 0. 4 a n d h ar v e st e d b y c e ntrif u g ati o n at 4, 0 0 0 x g  at 4º C. T h e c ell 

p ell et w a s r e s u s p e n d e d i n 0. 5 m L e xtr a cti o n b uff er ( 0. 3 M s o di u m a c et at e p H 4. 5, 1 0 m M 

E D T A) a n d l y s e d wit h 0. 5 m L a ci di c p h e n ol ( p H 4. 5). S a m pl e s w er e v ort e x e d f or 1 0 s a n d 

i n c u b at e d o n i c e f or 3 mi n. T hi s st e p w a s r e p e at e d fi v e ti m e s. S a m pl e s w er e t h e n 

c e ntrif u g e d f or 1 2 mi n at 1 2, 0 0 0 x g  at 4º C. T h e a q u e o u s p h a s e c o nt ai ni n g t ot al R N A w a s 

c oll e ct e d, a n d t h e s a m pl e w a s r e- e xtr a ct e d wit h 0. 2 5 m L e xtr a cti o n b uff er. R N A i n t h e 

a q u e o u s s u p er n at a nt w a s pr e ci pit at e d b y a d di n g 2. 5 x V a b s ol ut e i c e- c ol d et h a n ol a n d 

i n c u b at e d at - 8 0º C f or 1 h. S a m pl e s w er e c e ntrif u g e d f or 2 0 mi n at 1 7, 0 0 0 x g  a n d 4º C. T h e 

s u p er n at a nt w a s di s c ar d e d, a n d t h e R N A p ell et w a s w a s h e d wit h 1 m L of 7 0 % i c e- c ol d 

et h a n ol. C e ntrif u g ati o n w a s r e p e at e d f or 1 2 mi n. T h e s u p er n at a nt w a s di s c ar d e d, a n d t h e 

R N A p ell et w a s air- dri e d. “ D e a c yl at e d t R N A” s a m pl e s w er e r e s u s p e n d e d i n 3 0 µ L 2 0 0 µ M 

Tri s- H Cl p H 8. 0 a n d i n c u b at e d f or 3 0 mi n at 3 7º C, w hil e t h e “ a c yl at e d t R N A” s a m pl e s w er e 

r e s u s p e n d e d i n 3 0 µ L 1 0 m M s o di u m a c et at e p H 4. 5. R N A c o n c e ntr ati o n s w er e m e a s ur e d 

wit h a s p e ctr o p h ot o m et er ( N a n o Dr o p C 2 0 0 0, T h er m o S ci e ntifi c). T ot al R N A fr o m E. c oli  

M G 1 6 5 5 w a s i s ol at e d a s d e s cri b e d a b o v e. 1 µ g of t ot al R N A ( 1 5 µ g f or s a m pl e s c o nt ai ni n g 

t R N APr o T ) w a s mi x e d wit h 2 x l o a di n g b uff er ( 0. 1 M s o di u m a c et at e p H 5. 0, 8 M Ur e a, 0. 0 5 % 

br o m o p h e n ol bl u e, a n d 0. 0 5 % x yl e n e c y a n ol e). T h e s a m pl e s w er e s e p ar at e d o n a 6. 5 % 

P A G E/ 7 M Ur e a g el ( O ut er Pl at e 2 2. 3 x 2 0 c m ( Bi o- R a d), I n n er Pl at e 2 0. 0 x 2 0. 0 c m ( Bi o-

R a d), S p a c er 0. 5 m m ( Bi o- R a d)) i n 0. 1 M s o di u m a c et at e p H 5. 0 at 1 5 0 V f or 3 0 mi n a n d 

t h e n 2 5 0 V f or 7 h at 4º C wit h a P R O T E A N II xi el e ctr o p h or e si s c ell ( Bi o- R a d). Aft er 

s e p ar ati o n, t h e g el r e gi o n b et w e e n br o m o p h e n ol bl u e a n d x yl e n e c y a n ol e w a s e x ci s e d a n d 

tr a n sf err e d t o a w et N yl o n m e m br a n e ( G E H e alt h c ar e) i n 0. 5 x T B E u si n g a Tr a n s- Bl ot®  S D 

c ell ( Bi o- R a d) at c o n st a nt 2 5 V f or 3 2 mi n. T h e R N A w a s cr o s s-li n k e d t o t h e m e m br a n e i n a 

U V C 5 0 0 Cr o s sli n k er ( A m er s h a m) a n d t h e n h y bri di z e d wit h 3 2 P-l a b el e d D N A pr o b e s 

t ar g eti n g t R N APr o A  ( 5′- C A G G C T C C T C G G C A A C G- 3′), t R N APr o N  ( 5′-

C G G C T C C T C G G C A G C A A- 3 ′), a n d t R N APr o T  ( 5′- C A G C T C C T T G G C A A C A C- 3′) o v er ni g ht at 

4 2º C. T h e m e m br a n e w a s e x p o s e d a g ai n st a p h o s p h or s cr e e n f or 3 0 mi n f or t R N A Pr o A  a n d 

t RN A Pr o N  a n d o v er ni g ht f or t R N APr o T . T h e s cr e e n w a s i m a g e d u si n g a p h o s p h oi m a g er 

( Ty p h o o n ™, A m er s h a m). 

 

t R N A i n vitr o t r a n s cri pti o n a n d l a b eli n g. 

t R N A s f or i n vitr o a mi n o a c yl ati o n a s s a y s w er e tr a n s cri b e d i n vitr o . T h e D N A t e m pl at e f or 

i n vitr o tr a n s cri pti o n w a s g e n er at e d vi a P C R fr o m a pl a s mi d c o nt ai ni n g a T 7 pr o m ot or. Aft er 

t h e P C R, D N A fr a g m e nt s w er e p urifi e d wit h a N u cl e o S pi n®  kit ( M a c h er e y- N a g el). F or i n vitr o 

tr a n s cri pti o n, a 1 m L r e a cti o n mi x of 1 x tr a n s cri pti o n b uff er ( 0. 1 M Tri s- H Cl p H 8. 0, 0. 1 M 

M g Cl 2 , 2. 3 M s p er mi di n e, 1 0 % Trit o n, 1 0 m g/ m L B S A, 5 0 m M D T T), 4 m M A T P, 4 m M G T P, 

4 m M C T P, 4 m M U T P, 1 0 µ g D N A t e m pl at e, 2 0 m M M g Cl 2 , D T T 5 m M, 1 0 µ L 

p y r o p h o s p h at a s e ( R o c h e) a n d T 7 R N A p ol y m er a s e w a s i n c u b at e d at 3 7º C f or 1 6 h. 

S u b s e q u e ntl y, t h e r e a cti o n w a s mi x e d wit h a 0. 0 5 % br o m o p h e n ol bl u e, 0. 0 5 % x yl e n e 

c y a n ol e s ol uti o n, a n d 5 0 % f or m a mi d e a n d s e p ar at e d wit h a 1 2 % P A G E/ 8 M ur e a g el at 
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1 2 0 V o v er ni g ht. t R N A b a n d s w er e vi s u ali z e d u n d er U V li g ht a n d e x ci s e d fr o m t h e g el. T h e 

t R N A w a s e xtr a ct e d fr o m t h e g el b y gri n di n g t h e e x ci s e d g el pi e c e a n d a d di n g 1: 2 e xtr a cti o n 

b uff er ( 0. 5 M a m m o ni u m a c et at e a n d 1 m M E D T A, p H 8. 0). T h e g el s ol uti o n w a s i n c u b at e d 

at 3 7º C wit h c o n st a nt s h a ki n g o v er ni g ht. T h e g el d e bri s w a s s e di m e nt e d b y c e ntrif u g ati o n at 

4, 0 0 0 x g  f or 1 0 mi n at 4º C. T h e s u p er n at a nt w a s filt er e d a n d c o n c e ntr at e d u si n g a n 

A mi c o n ®  ultr a ( M er c k) 1 0 K filt er. T o pr e ci pit at e t h e t R N A, 1 x V a b s ol ut e i c e- c ol d et h a n ol w a s 

a d d e d a n d i n c u b at e d at - 8 0º C f or 1 h. T h e t R N A s w er e pr e ci pit at e d b y c e ntrif u g ati o n at 

1 3, 0 0 0 x g  f or 3 0 mi n at 4º C. T h e s u p er n at a nt w a s di s c ar d e d, a n d t h e t R N A p ell et w a s 

w a s h e d wit h i c e- c ol d 7 0 % et h a n ol a n d c e ntrif u g e d at 1 3, 0 0 0 x g  f or 1 0 mi n at 4º C. T h e 

s u p er n at a nt w a s di s c ar d e d, a n d t h e p ell et w a s air- dri e d a n d r e s u s p e n d e d i n 1 5 0 µ L D E P C 

w at er. S u b s e q u e ntl y, t h e t R N A s w er e l a b el e d i n a 1 0 0 µ L r e a cti o n c o nt ai ni n g 5 0 m M gl y ci n e 

p H 9. 0, 1 0 m M M g Cl 2 , 1 µ M t R N A, 0. 8 2 µ M α -3 2 P- A T P ( P er ki n El m er), 5 0 µ M s o di u m 

p y r o p h o s p h at e, a n d 8. 7 7 µ g E. c oli  t R N A n u cl e oti d yltr a n sf er a s e ( 7 3). T h e r e a cti o n w a s 

i n c u b at e d f or 5 mi n at 3 7º C. 1 µ L 1 0 0 µ M C T P a n d 5 µ L p yr o p h o s p h at a s e ( R o c h e) w er e 

i m m e di at el y a d d e d t o t h e r e a cti o n mi xt ur e a n d i n c u b at e d f or a n ot h er 2 mi n at 3 7º C. T h e 

r e a cti o n w a s pl a c e d o n i c e, a n d t h e t R N A w a s e xtr a ct e d wit h 1 x V a ci di c p h e n ol p H 4. 6 a n d 

c e ntrif u g e d at 1 3, 0 0 0 x g  f or 2 mi n at 4º C. T h e a q u e o u s p h a s e w a s c oll e ct e d a n d r e-

e xtr a ct e d wit h a ci di c p h e n ol. E x c e s s α -3 2 P- A T P w a s r e m o v e d wit h S e p h a d e x G- 2 5 s pi n 

c ol u m n s ( C yti v a). t R N A w a s pr e ci pit at e d b y a d di n g 2 x V a b s ol ut e i c e- c ol d et h a n ol a n d 0. 1 x V 

a m m o ni u m a c et at e a n d i n c u b at e d at - 2 0º C o v er ni g ht. T h e t R N A s ol uti o n w a s c e ntrif u g e d at 

1 3, 0 0 0 x g  f or 4 5 mi n at 4º C, a n d t h e s u p er n at a nt w a s di s c ar d e d. S u b s e q u e ntl y, t h e t R N A 

p ell et w a s w a s h e d wit h 3 0 0 µ L 7 0 % i c e- c ol d et h a n ol a n d c e ntrif u g e d at 1 3, 0 0 0 x g  f or 

1 0 mi n at 4º C. T h e s u p er n at a nt w a s di s c ar d e d, a n d t h e 3 2 P-t R N A w a s r e s u s p e n d e d i n 3 0 µ L 

of  R N a s e-fr e e w at er. 

 

I n vit r o a mi n o a c yl ati o n a s s a y s. 

A mi n o a c yl ati o n of t R N A Pr o A , t R N APr o N , t R N APr o T , a n d E. c oli tR N A Pr o  b y E. c oli P r o R S w a s 

c arri e d o ut i n 5 0 m M H E P E S p H 7. 3, 8 m M A T P, 5 0 m M M g Cl 2 , 0. 2 m g/ m L B S A, 4 0 m M 

K C l, 4 0 m M β - m er c a pt o et h a n ol, 1 m M pr oli n e, 7 µ M t R N A, 3 µ L γ -3 2 P-t R N A, a n d 1 µ M 

Pr o R S i n a fi n al v ol u m e of 1 5 µ L. R e a cti o n s w er e i n c u b at e d at 3 7º C a n d q u e n c h e d at t h e 

i n di c at e d ti m e p oi nt s b y mi xi n g 1 µ L of t h e r e a cti o n mi x wit h 5 µ L q u e n c hi n g s ol uti o n 

( 2 0 0 m M s o di u m a c et at e p H 5. 0 a n d 0. 1 U/ µ L n u cl e a s e P 1 ( Si g m a Al dri c h)). T h e q u e n c h e d 

s ol uti o n s w er e i n c u b at e d f or 1 h at r o o m t e m p er at ur e. 1 µ L w a s s p ott e d o n a c ell ul o s e m atri x 

t hi n l a y er c hr o m at o gr a p h y pl at e ( M er c k), pr e- w a s h e d wit h w at er. T h e c hr o m at o gr a p h y pl at e 

w a s r u n i n a b uff er c o nt ai ni n g 0. 1 M s o di u m a c et at e p H 5. 0, a n d 0. 5 % gl a ci al a c eti c a ci d at 

r o o m t e m p er at ur e. T h e pl at e w a s air- dri e d a n d e x p o s e d t o a p h o s p h or s cr e e n o v er ni g ht. T h e 

s cr e e n w a s s c a n n e d u si n g a p h o s p h oi m a g er, a n d t h e A M P a n d Pr o- A M P s p ot s w er e 

q u a ntifi e d u si n g I m a g e J 1. 5 3 ( NI H). 

 

St ati sti c al a n al y si s 

All a s s a y s w er e c o n d u ct e d i n d e p e n d e ntl y, a n d t h e n u m b er of bi ol o gi c al a n d t e c h ni c al 

r e pli c at e s i s s p e cifi e d i n t h e fi g ur e l e g e n d s. St ati sti c al a n al y s e s w er e c arri e d o ut u si n g 

Gr a p h P a d Pri s m v er si o n 9. 0 ( Gr a p h P a d S oft w ar e), wit h a t w o-t ail e d t-t e st u s e d t o a s s e s s 

st ati sti c al si g nifi c a n c e. A p - v al u e of ≤ 0. 0 5 w a s c o n si d er e d st ati sti c all y si g nifi c a nt. T h e r e s ult s 

ar e pr e s e nt e d a s t h e m e a n ± st a n d ar d d e vi ati o n ( S D). S D s ar e i n di c at e d a s err or b ar s. 

 

D at a a v ail a bilit y 
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The mass spectrometry data have been deposited to the ProteomeXchange Consortium via 

the PRIDE (74) partner repository with the dataset identifier PXD041335 and 

10.6019/PXD041335. All the other data is contained in the article. Requests for plasmids 

and other materials should be sent to: oscar.vargas@yale.edu.  
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Figure legends 

 

Figure 1. The predicted cloverleaf structures of the tRNAProX family. The three members of 

this family share the proline identity element, C1:G72 (indicated in red), but contain different 

anticodons. tRNAProA contains the AGC alanine anticodon (shown in blue), while the newly 

discovered tRNAProT and tRNAProN have AGU threonine and AUU asparagine anticodons, 

respectively. Members of the tRNAProX family have a combination of elements rarely found in 

canonical tRNAs (see Fig. S1), including G21, A33, A34, and the A15:A48 tertiary pair, 

which are indicated with orange asterisks in tRNAProA. The predicted secondary structures of 

canonical tRNAAla, tRNAAsn, and tRNAThr are shown with their predicted identity elements 

indicated in colored and bolded fonts (32). The tRNA sequences are from Streptomyces 

turgidiscabies (tRNAAla and tRNAProA), Streptomyces sp. OK228 (tRNAProN and tRNAAsn), and 

Kitasatospora setae KM-6054 (tRNAProT and tRNAThr).  

 

Figure 2. The tRNAProX operon. (A) The predicted operon organization of the tRNAProA, 

tRNAProT, and tRNAProN families. All families are encoded upstream of a putative murG gene. 

tRNAProA and some tRNAProT genes are encoded downstream of a full-length proSx (ProRSx) 

gene (green), GT4 (grey), WbqC (blue), and lmbE (brown). In some organisms, tRNAProT is 

encoded in an operon composed of either only tRNAProT and murG or a truncated proSx 

gene with a flanking methionine tRNA gene (tRNAMet, orange). tRNAProN is only found in 

operons with the tRNAMet and truncated proSx configuration. The complete list of operons 

from each organism is shown in Figure S2. (B) Phylogeny of bacterial-encoded ProRS 

enzymes. The branches corresponding to the Bacterial-type and Archaeal/Eukaryotic-type 

ProRS isoforms (canonical isoforms in bacteria) are shown in the purple and light blue 

clusters, respectively. ProRSx sequences form a distinct cluster from the canonical ProRS 

enzymes. The tRNAProA-associated ProRSx sequences (green) diverge from the ProRSx 

encoded with tRNAProT or tRNAProN (red). Branches with bootstrap support higher than 80% 

are indicated by black triangles. 

 

Figure 3. Phylogenetic distribution of ProRSx and tRNAProX. Maximum Likelihood 

phylogenetic tree constructed using multilocus sequence analysis from protein sequences of 

Streptomyces housekeeping genes atpD, gyrB, recA, rpoB, and trpB. Legend indicates the 

presence of ProRSx (brown, inner ring), pathogenicity (black, middle ring), and anticodon 

sequence for the corresponding tRNAProX (outer ring). The scale bar represents the 

phylogenetic distance of 0.03 nucleotide substitutions per site. Strains NRRL S-984 and 

NRRL F-6133 were renamed from Streptomyces to Kitasatospora based on this MLSA. 

 

Figure 4. Detection of Thr-to-Pro mistranslation by tRNAProT. (A) Schematic representation 

of the sfGFP/mCherry fusion reporter used for monitoring in vivo mistranslation of Thr (ACU) 

codons with Pro. T65 in sfGFP is essential for fluorophore formation and fluorescence 

(green circle), whereas Pro at this position impairs sfGFP fluorescence resulting in non-

fluorescent protein (white circle). In cells expressing tRNAProT, Thr65 can be ambiguously 

translated as Thr and Pro, reducing the sfGFP fluorescence relative to cells without 

tRNAProT. mCherry fluorescence is used to normalize the expression of sfGFP. (B) E. coli 

MG1655 was transformed with plasmids encoding the sfGFP/mCherry reporter and tRNAProT 

(with or without ProRSx), respectively. (C) The ratio of sfGFP and mCherry fluorescence at 

mid-exponential growth was measured in the presence of tRNAProT only (green bar), ProRSx 
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Fi g ur e 7. A mi n o a c yl ati o n of t R N A Pr o X  b y E. c oli  Pr o R S. ( A) I n vitr o  a mi n o a c yl ati o n of 
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a n d 9-f ol d, r e s p e cti v el y ( 4 5). ( C) T h e st e a d y- st at e a mi n o a c yl ati o n l e v el s of t R N A Pr o X  

e x pr e s s e d i n E . c oli  w er e d et er mi n e d b y N ort h er n bl otti n g. T ot al R N A w a s e xtr a ct e d fr o m 
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h y bri di z ati o n wit h s p e cifi c r a di ol a b el e d D N A pr o b e s. 

 

Fi g ur e 8. I n cr e a s e d a nti bi oti c t ol er a n c e of E . c oli  c ell s e x pr e s si n g t R N APr o N  or t R N APr o A . ( A) 

E . c o li M G 1 6 5 5 c ell s h ar b ori n g t h e pl a s mi d e n c o di n g wt β -l a ct a m a s e w er e tr a n sf or m e d wit h 

a pl a s mi d c o nt ai ni n g t h e t R N A Pr o N  or t R N APr o A  g e n e. ( B) S eri al dil uti o n s of o v er ni g ht c ult ur e s 

w e r e s p ott e d o n L B- a g ar pl at e s c o nt ai ni n g 0 µ g/ m L, 1 0 0 µ g/ m L, a n d 2 5 0 µ g/ m L c ar b e ni cilli n 

( C b). T h e pl at e s w er e i n c u b at e d at 3 7º C f or 2 4 h. 




















