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The tnaC regulatory gene from the tna operon of Escherichia
coli controls the transcription of its own operon through an
attenuation mechanism relying on the accumulation of arrested
ribosomes during inhibition of its own translation termination.
This free L-Trp– dependent mechanism of inhibition of transla-
tion termination remains unclear. Here, we analyzed the inhib-
itory effects of L-Trp on the function of two known E. coli trans-
lation termination factors, RF1 and RF2. Using a series of
reporter genes, we found that the in vivo L-Trp sensitivity of
tnaC gene expression is influenced by the identity of its stop
codon, with the UGA stop codon producing higher expression
efficiency of the tnaA-lacZ gene construct than the UAG stop
codon. In vitro TnaC-peptidyl-tRNA accumulation and toe-
printing assays confirmed that in the presence of L-Trp, the
UGA stop codon generates higher accumulation of both TnaC-
peptidyl-tRNA and arrested ribosomes than does the UAG stop
codon. RF-mediated hydrolysis assays corroborated that L-Trp
blocks RF2 function more than that of RF1. Mutational analyses
disclosed that amino acids substitutions at the 246 and 256 res-
idue positions surrounding the RF2-GGQ functional motif
reduce L-Trp– dependent expression of the tnaC(UGA) tnaA-
lacZ construct and the ability of L-Trp to inhibit RF2-mediated
cleavage of the TnaC-peptidyl-tRNA. Altogether, our results
indicate that L-Trp preferentially blocks RF2 activity during
translation termination of the tnaC gene. This inhibition
depends on the identities of amino acid residues surrounding
the RF2-GGQ functional motif.

Translation termination in bacteria is initiated by a couple of
protein paralogs named release factor 1 (RF1)5 and 2 (RF2).
Once bound to the ribosome, these RF proteins promote hy-
drolysis of the resident peptidyl-tRNA by aiding in the accom-
modation of a molecule of water at the ribosome active site, also

known as the peptidyl transferase center (PTC) (1, 2). RF1 or
RF2 initiates translation termination by recognizing distinct
stop codons (UAA/UAG for RF1; UAA/UGA for RF2) located
at the small subunit ribosomal A-site decoding center (3). Once
these release factors recognize their corresponding stop
codons, they change their free-state compact conformation
(closed conformation) to an extended conformation (open con-
formation) where the tip of RF1/RF2 domain 3 reaches the PTC
(4). The tip of the domain 3 of both proteins contains a con-
served GGQ tripeptide motif whose methylated glutamine res-
idue presumably aids in the positioning of a molecule of water
(1, 5–7). Accommodation of the tip of domain 3, suggested to
be the rate-limiting step during hydrolysis of the peptidyl-
tRNA, requires several structural changes in the release factor
protein as well as in the PTC (8 –10). RF2 promotes hydrolysis
of peptidyl-tRNA three to six times more efficiently than RF1
(11). After hydrolysis of the peptidyl-tRNA, RF1 resides within
the ribosomal complex until it dissociates from the ribosome
with the help of release factor 3 (RF3), whereas RF2 can inde-
pendently dissociate itself from the ribosomes (12). RF1 protein
has shown longer residence time within the ribosome than RF2,
explaining the need for the release action of RF3 (12), indicating
that RF1 has stronger affinity for the ribosome than RF2 (13).
Translation termination is completed when the ribosome
release factor interacts at the empty A-site, and along with elon-
gation factor G disassembles the translating ribosome separat-
ing the two subunits from the translated mRNA and the last
deacylated tRNA (14).

The tnaCAB (tna) operon is a bacterial chromosomal unit
whose function is related to the degradation of external L-tryp-
tophan (L-Trp) and the formation of indole, a biofilm, and quo-
rum-sensing regulatory metabolite (15). The tna operon is con-
stituted by a 5�-regulatory leader region and two structural
genes tnaA and tnaB, which express the tryptophanase enzyme
and an L-Trp–specific transporter, respectively. The 5�-regula-
tory leader region of the tna operon contains a small ORF, tnaC,
and a Rho-dependent transcription termination sequence.
Transcription of the tna operon is induced primarily by the
absence of a rich carbon source (16). Transcription coupled to
translational expression of tnaC, which synthesizes the TnaC
regulatory nascent peptide, allows RNA polymerase to con-
tinue synthesizing mRNA downstream of the tnaC gene. In
Escherichia coli, under limiting concentrations of L-Trp, trans-
lation of the tnaC gene terminates at its UGA stop codon,
releasing translating ribosomes from the nascent mRNA (17).
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The release of the ribosomes exposes a rut site that overlaps the
tnaC stop codon, allowing Rho to terminate transcription
before reaching the first structural gene, tnaA. Under activating
concentrations of L-Trp, ribosomes translating tnaC are
arrested at its UGA stop codon, blocking the rut site and action
of Rho and allowing transcription of the structural genes (18,
19). Previous in vivo studies have shown that the expression of
the tna structural genes is affected by the identity of the tnaC
stop codon (20). Under the presence of activating concentra-
tions of L-Trp, tnaC genes with either UAG or UAA codons
induced less expression of tnaA’-’lacZ reporter genes than tnaC
genes with UGA codons (20). Where 85 and 50% reporter gene
expression reduction were observed after replacing the tnaC
UGA stop codon with UAG and UAA stop codons, respectively
(20). These observations suggest that the degree of inhibition of
translation termination by L-Trp at the tnaC sequences may
depend on the identity and kinetic characteristics of the release
factor involved, with RF2, which recognizes the UGA stop
codon, being more susceptible to L-Trp-induced inhibition of
peptide release than RF1, which recognizes the UAG stop
codon. Notably, these previous results were obtained in E. coli
K12 strains that express a RF2 Thr-246 variant, a less active
protein compared with the RF2 Ala-246 variant present in
E. coli B strains (6). Unfortunately, there are no studies of the
expression of the tna operon under the action of the more
active versions of RF2.

Biochemical and structural analyses have shown that
arrested ribosomes at the tnaC sequences contain TnaC-pepti-
dyl-tRNAPro molecules in their P-sites (21, 22). These studies
also indicate that the TnaC nascent peptide acquires a specific
conformation, induced by its interactions with the exit tunnel
and free L-Trp molecules (22–25). Once L-Trp is removed,
TnaC-tRNAPro molecules within the arrested ribosomes
become sensitive to the hydrolysis action of RF2, indicating that
L-Trp is required for the inhibition of the activity of RF2 at the
PTC (26). Several studies indicate that conformational changes
in the PTC induced through the TnaC nascent peptide and the
exit tunnel components are important for inhibiting RF2 (22).
Cryo-EM structures of the ribosome in complex with the stalled
TnaC nascent peptide show that the PTC nucleotide residues
U2585 and A2602 acquire a conformational distribution that
would clash with the amino acid residues at the tip of the
domain 3 of RF2, likely hindering their proper positioning or
accommodation within the ribosome (22, 25). Even though
the structural studies revealed unfavorable conformational
changes of PTC nucleotides, it remained unclear why the
TnaC-mediated stalling could preferentially affect the function
of RF2 over that of RF1, when their conserved GGQ motif acts
in the same region of the ribosome during peptidyl-tRNA
hydrolysis.

In this work, we aimed to determine why the function of RF2
in translation termination is more susceptible to the inhibitory
action of the TnaC nascent peptide and L-Trp in the ribosomal
termination complex as compared with the function of RF1.
We performed genetic and biochemical assays to study the
effects of RF1 and RF2 protein variants on the expression of the
tna operon, accumulation of arrested ribosomes, and cleavage
of TnaC-tRNAPro

2 molecules in the presence of L-Trp. Our

results indicate that distinct RF2 residues located at the PTC
during translation termination make this protein more suscep-
tible than RF1 to translation termination inhibition by the
TnaC nascent peptide and L-Trp.

Results

The identity of the tnaC stop codon is associated with the
sensitivity to detect the inducer 1-methyl-L-Trp during the
expression of the tna operon

Previous experiments that compared the expression of tnaC
tnaA’-’lacZ reporter genes containing variations in their tnaC
stop codon (20) were performed under conditions where cellu-
lar L-Trp concentrations are affected by the expression of the
tryptophanase enzyme (30), making it difficult to compare the
sensory capacity of these reporter genes for free L-Trp. We
decided to analyze the in vivo expression of these tnaC tnaA’-
’lacZ reporter gene variants using 1M-L-Trp as an inducer,
because this analog of L-Trp can induce the expression of the
tna operon without being metabolized by tryptophanase (27).
Bacterial cultures for each strain, SVS1144 (tnaC-UGA tnaA’-
’lacZ) (28), VK800 (tnaC-UAG tnaA’-’lacZ) (20), and PDG1144
(tnaC-UAA tnaA’-’lacZ) (29), were grown under several con-
centrations of 1M-L-Trp. It is important to note that these are
K12-derived bacterial strains, and they therefore express the
RF2 Thr-246 protein variant (6). Bacterial pellets from the final
cultures were used to determine �-gal activity (see “Experimen-
tal procedures”). Data are summarized in Fig. 1. We observed
that the �-gal expression increased with increasing amounts of
inducer in all three bacterial strains (Fig. 1A). At more than 40
�M 1M-L-Trp the SVS1144 (tnaC-UGA) strain generated the
highest �-gal synthesis, two and five times more than the
enzyme synthesis observed in the PDG1144 (tnaC-UAA) and
VK800 (tnaC-UAG) strains, respectively. The graphs in Fig. 1A
show a sharp increase in the enzyme expression between 0 and
5 �M 1M-L-Trp, which was previously observed with the
SVS1144 strain (30). After testing the range between 0 and 5 �M

1M-L-Trp, we observed a linear correlation between the expres-
sion of the enzyme and the concentration of inducer (Fig. 1B).
We calculated that the reporter gene of the SVS1144 (tnaC-
UGA) strain produced an expression efficiency of 230 Miller
units of �-gal activity per 1 �M 1M-L-Trp, four times greater
than the expression efficiency of the reporter gene of the
PDG1144 (tnaC-UAA) strain and 20 times higher than the
expression efficiency of the reporter gene of the VK800 (tnaC-
UAG) strain. These results indicate that the reporter gene with
a tnaC-UGA sequence is more sensitive to 1M-L-Trp than the
constructs containing a tnaC sequence with either a UAA or a
UAG codon. These data also suggest that 1M-L-Trp could be
more efficient in blocking translation termination at the RF2-
specific UGA codon than the RF1/2 UAA and RF1-specific
UAG codons.

L-Trp preferentially induces accumulation of stalled ribosomes
at the tnaC UGA codon

The results shown in Fig. 1 suggest that L-Trp–induced ribo-
some arrest at the tnaC sequences could be more efficient if the
tnaC stop codon is UGA rather than UAA or UAG. To deter-
mine whether such an argument could be true, we decided to
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analyze the formation in vitro of L-Trp–arrested ribosomes
within the tnaC sequences containing variations at their stop
codon positions. We used a reconstituted protein synthesis sys-
tem obtained from E. coli K12 strains where T7 RNA polymer-
ase transcribes supplied DNA fragments (PURExpress from
New England Biolabs). The reconstituted protein synthesis sys-
tem contains the RF2 Thr-246 protein variant. Reactions were
performed using PCR fragments that contained the tnaC gene
variants, where transcription is controlled by a T7 RNA poly-
merase promoter, and translation is enhanced by an omega
sequence located upstream of the tnaC-Shine-Dalgarno
ribosome-binding sequence (30). Northern blotting assays
were performed to detect the accumulation of TnaC-peptidyl-
tRNAPro

2 (see “Experimental procedures”). Accumulation of
TnaC-peptidyl-tRNAPro

2 indicates that translation termina-
tion is inhibited during the expression of tnaC, generating
arrested ribosomes at its stop codon. As seen in Fig. 2A, in the
presence of 4 mM L-Trp, both 30 nM UGA and UAG tnaC-PCR
fragments induced accumulation of TnaC-peptidyl-tRNAPro

2
molecules (see lanes 1 and 3). To confirm that the detected
signal is a product of the inhibitory action of L-Trp and the
regulatory TnaC nascent peptide we used tnaC-PCR fragments
containing a change at the tnaC Trp-12 codon (W12R). This
amino acid substitution generates a nonfunctional TnaC nas-
cent peptide that cannot produce ribosome arrest under acti-
vating concentrations of L-Trp (18). We did not observe accu-
mulation of TnaC-peptidyl-tRNAPro

2 under the same
conditions when the tnaC (W12R)-PCR fragments UGA and

UAG were used for the reactions (compare lane 1 with 2 or lane
3 with 4), or when a translation inhibitor was added to the
reactions (compare lanes 1 and 3 with lanes 5 and 7, respec-
tively). These last sets of data suggest that such TnaC-peptidyl-
tRNAPro

2 accumulation depends on the amino acid composi-
tion of the TnaC nascent peptide and on the translation of both
tnaC variants, UGA and UAG.

We tested L-Trp–induced accumulation of TnaC-peptidyl-
tRNAPro

2 using several concentrations of tnaC-PCR fragments
ranging from 0 to 60 nM to compare the capacity of both tnaC
UGA and UAG variants for accumulating arrested ribosomes
under high concentrations of L-Trp (4 mM). We observed that
both tnaC variants generated maximum accumulation of
TnaC-peptidyl-tRNAPro

2 at DNA concentrations higher than
30 nM (Fig. 2B). We suspect that in the presence of 4 mM L-Trp,
high concentrations of the tnaC PCR fragments could reduce
the pool of tRNAPro

2 limiting the production of stalled ribo-
somes, generating the plateau behavior observed in the curve
obtained with the tnaC UGA PCR fragments (Fig. 2B, closed
circles). Depletion of the cellular pool of tRNAPro

2 has been
seen in vivo during overexpression of the tnaC UGA gene (31).
At concentrations lower than 30 nM, however, the tnaC-UAG
DNA variant generated lesser amounts of TnaC-peptidyl-
tRNAPro

2 than the tnaC-UGA variant. The biggest differences
between both variants were seen at concentrations lower than 7
nM, where the tnaC-UGA variant still reached maximum accu-
mulation, whereas the tnaC-UAG variant produced roughly
40% of maximum accumulation. Therefore, we decided to do

Figure 1. Expression of tnaC tnaA’-’lacZ reporter gene variants under several concentrations of 1-methyl-L-Trp. A and B, bacterial cells with tnaA’-’lacZ
reporter genes controlled by tnaC genes with different stop codons (indicated in the figure) were grown in minimal media under different concentrations of
1-methyl-L-Trp, 0 – 45 �M (A) and 0 –5 �M (B). �-gal activity was tested in the final cultures as indicated under “Experimental procedures.” The following strains
were used in these experiments: SVS1144 strain carrying the tnaC(UGA) tnaA’-’lacZ construct (closed circles), PDG1158 strain with the tnaC(UAA) tnaA’-’lacZ
construct (open triangles), and VK800 strain containing the tnaC(UAG) tnaA’-’lacZ construct (open diamonds). These results represent four independent exper-
iments with a corresponding replica.
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further in vitro tests using 7 nM for the two tnaC-PCR fragment
variants. To determine the differences in L-Trp sensitivity of
both constructs, we tested accumulation of TnaC-tRNAPro

2
under two concentrations of L-Trp, 0.3 mM (low) and 4 mM

(high), which have shown significant differences in in vitro
accumulation of arrested ribosomes (27). We observed that at 7
nM concentrations both the tnaC-UGA and tnaC–UAG DNA
variants accumulated TnaC-peptidyl-tRNAPro

2 under both
high and low L-Trp concentrations (Fig. 2C). At high L-Trp
concentrations the tnaC-UGA DNA generated twice the
amount of TnaC-peptidyl-tRNAPro

2 molecules than at low
L-Trp concentrations. Similarly, at high L-Trp concentrations
the tnaC-UAG variant generated four times more TnaC-pepti-
dyl-tRNAPro

2 molecules than at low L-Trp concentrations. Both
results indicate that each of these tnaC variants are still sensi-
tive to changes in L-Trp concentrations. However, the tnaC-
UGA DNA variant accumulates more TnaC-peptidyl-
tRNAPro

2 than the tnaC-UAG DNA variant at either L-Trp
concentrations (Fig. 2C, compare lanes 1 and 2 with lanes 5 and
6). At high L-Trp concentrations, the tnaC-UGA DNA variant
accumulates four times more TnaC-peptidyl-tRNAPro

2 mole-
cules than the tnaC-UAG DNA variant (Fig. 2C, compare lane
2 with lane 6). Meanwhile, at low L-Trp concentrations, the
tnaC-UGA DNA variant accumulates eight times more TnaC-
peptidyl-tRNAPro

2 molecules than the tnaC-UAG DNA variant
(Fig. 2C, compare lane 1 with lane 5). These results suggest that

the tnaC-UGA variant is more efficient at accumulating
arrested ribosomes than the tnaC-UAG variant at the L-Trp
concentrations described above. To confirm that both tnaC
DNA variants are transcribed and translated similarly, we
induced the accumulation of TnaC-peptidyl-tRNAArg

2 mole-
cules at the tnaC Arg-23 codon position, the codon prior to the
L-Trp– dependent ribosome-arresting position. We used an
inhibitor of the L-prolyl-tRNA synthase, 5�-O-(N-(L-prolyl)-
sulfamoyl)-adenosine (L-PSA), which action will reduce the
pool of available prolyl-tRNA (32). As seen in Fig. 2D, the pres-
ence of L-PSA induced accumulation of TnaC-peptidyl-
tRNAArg

2 molecules using both tnaC DNA variants (compare
lane 1 with lane 2, and lane 3 with lane 4). We did not observe
significant differences in the amount of TnaC-peptidyl-
tRNAArg

2 accumulated at both tnaC DNA variants (compare
lane 1 with lane 3), which suggests that these tnaC DNA vari-
ants have similar capacity for being transcribed and translated
under our in vitro protein synthesis system. Therefore, we pro-
pose that the differences in accumulation of TnaC-peptidyl-
tRNAPro

2 observed between the tnaC-UGA and tnaC-UAG
DNA variants are because of their sensitivity to L-Trp.

Toe-printing assays were used to confirm the accumulation
of arrested ribosomes at the stop codon of the tnaC ORF (see
“Experimental procedures”). In these assays, arrested ribo-
somes are detected during the production of cDNA where the
progression of retrotranscriptase is inhibited by the stalled

Figure 2. In vitro accumulation of peptidyl-tRNA during the expression of tnaC variants. Northern blotting assays were performed on the resolved final
products of in vitro reactions (see “Experimental procedures”). A, in vitro translation reactions were performed with the indicated tnaC PCR fragments in the
presence of high L-Trp concentrations (4 mM). To reveal the TnaC-tRNAPro

2 signals, 50 �M Borrelidin (translation inhibitor), which inhibits the synthesis of
Threonyl-tRNA inducing translation arrest before reaching the tnaC Pro-24 codon, was added to the reactions 10 min prior the addition of the PCR fragments.
B, plot showing relative accumulation of TnaC-peptidyl-tRNAPro

2 with respect concentration of tnaC PCR fragments used in the reactions. Three independent
experiments were performed with concentrations of tnaC PCR fragments 0, 3, 7, 15, 30, and 60 nM. The six reactions for each experiment were run and resolved
in parallel, and their relative accumulation of TnaC-tRNAPro

2 determined in the same membrane. The TnaC-tRNAPro
2 band intensity obtained from the reaction

using 60 nM of tnaC PCR fragment was considered for each experiment as maximum accumulation, or 1. Band intensity values obtained for each PCR
concentrations were divided by the maximum accumulation value to obtain their relative accumulation value. Average of each relative accumulation value of
three experiments and their error bars are shown in the graph. tnaC-UGA (closed circles) and tnaC-UAG (open circles) PCR fragments were used in these
experiments. C, reactions were performed with low (0.3 mM) or high (4 mM) L-Trp with the indicated tnaC PCR fragments. 50 �M Borrelidin was added (�), or not
(�), as indicated in panel A. D, reactions containing high concentrations of L-Trp were performed by adding (�) or not (�) L-PSA to inhibit the synthesis of
prolyl-tRNA 10 min prior the addition of the indicated tnaC PCR fragments. As a control, reactions without addition of PCR fragments were run in parallel.
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ribosomal complex. This allows for precise localization of the
ribosomes at the translated mRNA (Fig. 3A). For these reac-
tions, we used 5 nM of each tnaC DNA variants, a concentration
that showed significant difference in TnaC-peptidyl-tRNAPro

2
accumulation between both tnaC-UGA and tnaC-UAG DNA
variants (Fig. 2B). We observed that the expression of the tnaC-
UGA variant produced two toe-printing signals under the pres-
ence of high concentrations (4 mM) of L-Trp. These signals were
located 16 and 17 nucleotides downstream of the last tnaC pro-
line codon indicating the presence of arrested ribosomes at this
tnaC codon. These arrested ribosome signals were not
observed in reactions performed under low concentrations (0.3
mM) of L-Trp (Fig. 3B, compare lane 2 with lane 1), as well as in
the reactions using nonfunctional mutant tnaC-UGA W12R
variants under the presence of 4 mM L-Trp (Fig. 3B, compare

lane 6 with lane 2). These data indicate that during in vitro
expression of the tnaC-UGA variant, high concentrations of
L-Trp induce accumulation of arrested ribosomes at the tnaC
Pro-24 codon. These events depend on the nature of the TnaC
nascent peptide, because replacements of its conserved Trp-12
residue abolished the accumulation of arrested ribosome sig-
nals. Similar experiments were performed with the tnaC-UAG
variant (Fig. 3C). In this case, the accumulation of both arrested
ribosome signals was also observed under 4 mM L-Trp but not
under 0.3 mM L-Trp (Fig. 3C, compare lane 2 with lane 1). Accu-
mulation of arrested ribosome signals was not observed in the
corresponding tnaC-UAG variant containing the W12R
replacement at both L-Trp concentrations (Fig. 3C, compare
lane 6 with lane 2). However, using three independent in vitro
experiments we calculated (see “Experimental procedures”)

Figure 3. In vitro accumulation of arrested ribosomes during the expression of tnaC variants. A, diagram representing the final cDNA products produced
by arrested ribosomes during toe-printing analysis. The arrows indicate the cDNA products that terminate once they encounter an arrested ribosome. B and C,
toe-printing assays were performed using WT and mutant W12R tnaC DNA fragments which stop codon were either UGA (B) or UAG (C). Reactions were
performed under 0.3 mM (L) or 4 mM (H) L-Trp, in the presence (�) or in the absence (�) of kanamycin (Km) or thiostreptone (Ths). Km and Ths are used to reveal
signals that are dependent on the presence of arrested ribosomes. Final products were resolved as indicated under “Experimental procedures.” The dotted line
on the image indicates a place where the original gel was spliced to deleted one lane containing repetitive data. Signals corresponding to the 5�-end of tnaC
transcripts, arrested-ribosomes at the tnaC start codon, and arrested-ribosomes induced by L-Trp are indicated with arrows. The sequences of the 3�-end, the
last three codons, and the stop codon of tnaC are shown in the left side of each panel. The nucleotide distances between the tnaC proline 24th codon and the
L-Trp– dependent arrested signals are also indicated; nucleotide identities are indicated with asterisks in the left side sequence. These panels represent two
independent experiments.
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that under high concentrations of L-Trp the accumulation of
arrested ribosomes produced with the tnaC-UGA variant was
approximately four times higher than the accumulation
observed with the tnaC-UAG variant. These results suggest
that under high L-Trp concentrations the tnaC-UGA gene var-
iant is more efficient at accumulating arrested ribosomes at
their Pro-24 codon position than the tnaC-UAG gene variant.

RF1 induces cleavage of TnaC-tRNAPro
2 more efficiently

compared with RF2 in the presence of L-Trp

Data shown above (Fig. 2C) suggest that L-Trp has varying
effects on the cleavage of TnaC-tRNAPro

2, effects dependent
upon whether the cleavage is induced by either RF1 or RF2. To
determine such differences, we performed TnaC-tRNAPro

2-
cleavage assays using a reconstituted system nearly devoid of
RF1, RF2 Thr-246, and RF3 proteins (PURExpress �RF123) to
reduce background activity of these proteins. We initially
allowed translation of tnaC (UGA or UAG) variants to proceed
in the presence of high L-Trp concentrations to induce accu-

mulation of arrested ribosomes and by consequence accumu-
lation of TnaC-tRNAPro

2 molecules. Reaction mixes were then
supplemented with variable concentrations of either RF2 Thr-
246 or RF1 (0, 2, 5, and 20 nM) along with 25 nM RF3. Final
products of the reactions were then detected by Northern blot-
ting (see “Experimental procedures”), an example can be seen at
Fig. 4A. We observed that RF2 Thr-246 was less efficient than
RF1 at inducing cleavage of accumulated TnaC-tRNAPro

2 in the
presence of L-Trp. 20 nM RF2 Thr-246 induced the cleavage of
only 10% of the accumulated peptidyl-tRNA at the UGA stop
codon under high L-Trp concentrations (Fig. 4B, left plot, closed
circles). In contrast to the data obtained for RF2 Thr-246, accu-
mulated TnaC-tRNAPro

2 at the UAG stop codon was cleaved
�45 and �70% using 2 and 20 nM RF1, respectively (Fig. 4B,
check left plot, closed squares). As expected, accumulated
TnaC-tRNAPro

2 produced under low L-Trp concentrations at
the UGA codon was 60% cleaved after adding 2 nM RF2 Thr-
246, which increased up to �80% by adding higher RF2 Thr-

Figure 4. Release factors have different efficiencies in inducing cleavage of TnaC-tRNAPro
2 and releasing arrested ribosomes in the presence of L-Trp.

A, Northern blotting assay performed as indicated in Fig. 2 using a cell-free extract nearly devoid of RF1, RF2 Thr-246, and RF3 proteins. Reactions containing
either tnaC UGA or UAG DNA variants were performed with high concentrations of L-Trp and variable concentrations of the indicated RF. B, plots showing
relative accumulation of TnaC-peptidyl-tRNAPro

2 with respective concentrations of RF proteins used in the reactions. In vitro transcription translation assays
were performed using tnaC DNA variants at their indicated stop codon and variable concentrations of the indicated RF proteins 0, 2, 5, and 20 nM. Northern
blotting assays were performed and relative amounts of TnaC-tRNAPro

2 were obtained as indicated in Fig. 2. The plots represent the average of three
independent experiments. Reactions were performed with tnaC-UGA or tnaC-UAA PCR fragments and RF2 Thr-246 (RF2) proteins (circles), and tnaC-UAG or
tnaC-UAA PCR fragments and RF1 proteins (squares) under 0.3 mM (closed symbols) or 4 mM (open symbols) L-Trp concentrations. C, toe-printing assays
performed with the indicated tnaC DNA variants in the presence of 0.3 mM (L) or 4 mM (H) L-Trp. Reactions were performed with the addition or not (�) of the
indicated concentrations of RF2 Thr-246 (RF2) or RF1 factors.
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246 concentrations (20 nM) (Fig. 4B, check left plot, open cir-
cles). Similar to the RF2 experiments, accumulated TnaC-
tRNAPro

2 produced under low L-Trp at the UAG codon was
cleaved to a greater extent at lower and higher concentrations
of RF1. We observed 80% cleavage using both 2 and 20 nM RF1
(Fig. 4B, check left plot, open squares). Similar results were
obtained when a tnaC UAA variant was used, where both
release factors should act to induce cleavage of the accumulated
TnaC-tRNAPro

2 (Fig. 4B, check right plot). These sets of data
indicate that RF1 is more efficient at inducing the cleavage of
TnaC-tRNAPro

2 than RF2 Thr-246 under high L-Trp concen-
trations. Toe-printing assays were performed to determine
whether the RFs activities on TnaC-tRNAPro

2 translate into the
release of stalled ribosomes from translating mRNAs. These
assays were carried out using high L-Trp concentrations,
because large differences between both RFs were observed with
TnaC-tRNAPro

2 cleavage assays (Fig. 4A) (23). We observed
that both concentrations 2 and 20 nM RF2 Thr-246 did not
reduce the arrested ribosome signals generated by the tnaC
UGA mRNAs (Fig. 4C, compare lanes 4 and 5 with lane 3). That
was not the case for the tnaC UAG mRNA and RF1, where the
highest RF1 concentrations (20 nM) greatly reduced the inten-
sity of the arrested ribosome signals to lower levels than those
observed with low L-Trp concentrations (Fig. 4C, compare lane
10 with lane 7). These last sets of data suggest that high L-Trp
concentrations affect ribosome release mediated by RF2 Thr-

246 significantly more than the ribosome release mediated by
RF1.

Nonconserved residues at the tip of domain 3 of RF2 make the
protein more sensitive to L-Trp inhibition

Inhibitory effects of TnaC and L-Trp are localized at the PTC
region of the 50S ribosomal subunit (22, 26), where amino acid
residues of the RF protein’s domain 3 accommodate to assist in
positioning reactive water at the PTC (33). The tips of the
domain 3 of both RF2 and RF1 protein paralogs are noncon-
served in three residue positions, which surround the func-
tional GGQ motif (RF2/RF1: Val-243/Thr-226; Ala- or Thr-
246/Ser-229; and Arg-256/Thr-239) (Fig. 5A). Furthermore,
structural comparisons between isoforms of RF2, Ala-246 and
Thr-246, and RF1 Ser-229 accommodated at the PTC have
shown differences in their spatial distribution (Fig. 5, B and C).
To determine whether these amino acid residues dictate the
differences observed in the inhibition of the activity between
RF2 and RF1, we expressed in vivo variants of RF2 with amino
acid changes in both 246 and 256 residue positions to study
their effects on the expression of the tnaC-UGA tnaA’-’lacZ
reporter gene (Fig. 6). Importantly, the in vivo expression levels
of the RF2 protein variants expressed from our plasmid con-
structs were highly comparable and their expression levels were
�10 times higher than the protein produced from the chromo-
somal copy of the RF2 Thr-246/Arg-256 gene (Fig. S1). Cells

Figure 5. Structural comparisons between RF2 and RF1 protein molecules. A, comparison of the primary sequences of the sections 220 –279 and 237–296
of RF1 and two RF2 variants, respectively, which correspond to the tips of domain 3 that hold the GGQ functional motif (highlighted in cyan). Residues
highlighted in red on the RF1 sequence are different between the three proteins. B and C, molecular modeling was performed as indicated under “Experimental
procedures.” The structures show a view of overlapping molecular densities of the tips of domain 3 of (B) RF2 Ala-246/Arg-256 protein variant, and (C)
Thr-246/Arg-256 (both in brown color), with RF1 (cyan color), all accommodated at the PTC A-site. The structural conformations of the A2602 nucleotide (sticks)
observed in the presence of RF2 (red, PDB ID 5CZP) (7), RF1 (blue, PDB 5J30) (7), or with the TnaC peptide (yellow, PDB 6I0Y) (25) are also shown. The structural
conformations of C2573 and U2506 acquired with RF2 (red), RF1 (blue), or TnaC (green) are shown as well. For both (B) and (C) panels, a tRNA located at the PTC
P-site is shown in black. CCG MOE and Chimera were used to obtain the figures.
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transformed with these plasmids did not show significant dif-
ferences in growth (Fig. S2) or in the expression of the lac gene
from the lac operon (Fig. S3). Therefore, we expected that the
overexpression of the RF2 protein variants would not alter the
translation efficiency of the lacZ from our reporter gene, but
rather, alter the action of tnaC sensing L-Trp. We observed that
the expression efficiency of the reporter gene under the expres-
sion of the RF2 Thr-246/Arg-256 variant was 2-fold higher than
the expression efficiency of the reporter gene under the expres-
sion of the RF2 Thr-246/Arg-256 protein variant (Fig. 6A, com-
pare crosses with closed circles). These results were confirmed
by comparing the expression of the reporter gene from E. coli
K12 cells expressing chromosomal copies of the RF2 Thr-246/
Arg-256 variant with cells expressing the RF2 Ala-246/Arg-256
variant (Fig. S4). These data indicate that the threonine residue
at the 246 position of RF2 enhances the expression of the
reporter gene under the presence of L-Trp. Interestingly, the
expression efficiency of the reporter gene under the RF2 Ala-
246/Thr-256 variant was similar to the expression efficiency
observed under the RF2 Ala-246/Arg-256 variant (Fig. 6A com-
pare open squares with closed circles). Indicating that the
change R256T did not affect the expression of the reporter gene
when RF2 holds an alanine residue at position 246. Surprisingly,
the expression efficiency of the reporter gene under the RF2
Thr-246/Thr-256 protein variant was less than the expression
observed under the RF2 Thr-246/Arg-256 variant (Fig. 6A,
compare crosses with open diamonds), indicating that the
R256T change in the RF2 protein prevents the enhancement
in the expression of the reporter gene produced by the RF2
Thr-246 residue. These two last results indicate that the RF2
residue at position 256 also plays a role in the expression of
the reporter gene, but it depends on the nature of the RF2
residue at position 246.

Because RF1 is not efficiently inhibited by L-Trp, which leads
to low expression of our reporter gene (Fig. 1A), we hypothe-

sized that the RF1-like RF2 Ser-246/Thr-256 variant could
reduce the L-Trp–mediated expression of the tnaA’-’lacZ
reporter gene. As expected, the expression efficiency of the
reporter gene under the RF2 Ser-246/Thr-256 variant was
2-fold lower than the expression efficiency observed with the
RF2 Ala-246/Arg-256 variant (Fig. 6A, compare open circles
with closed circles). This reduction effect depends on both 246
and 256 changes. We observed that the in vivo expression effi-
ciency of the reporter gene under either the RF2 Ser-246/Arg-
256 or Ala-246/Thr-256 variants was similar to the expression
under the RF2 Ala-246/Arg-256 variant (Fig. 6A, compare open
triangles and open squares with closed circles). These last results
indicate that single changes A246S or R256T in the RF2 protein
did not affect the L-Trp–inducible expression of the reporter
gene, but the presence of both changes in the RF2 protein
reduced the expression of the reporter gene. In conclusion, the
RF2 Thr-246/Arg-256 variant allows for maximum expression
of the reporter gene among all tested RF2 variants, whereas
the RF1-like RF2 Ser-246/Thr-256 inefficiently promotes the
L-Trp–mediated reporter gene expression.

To confirm that the differences in expression of the reporter
gene produced by the RF2 variants are because of differences in
the L-Trp-inhibition of the RF2-mediated TnaC-peptidyl-tRNA
hydrolysis, we performed in vitro cleavage assays as shown in
Fig. 4. For each RF2 variant, we tested different concentrations
of pure RF protein on their ability to hydrolyze TnaC-tRNAPro

2
under low and high concentrations of L-Trp. As seen in the left
plot of Fig. 6B, under low concentrations of L-Trp mostly all
RF2 variants have the same efficiency of promoting hydrolysis
of TnaC-peptidyl-tRNAPro

2 at 20 nM concentrations. The RF2
Thr-246/Arg-256 variant was less efficient at concentration
ranges of 0 to 5 nM (Fig. 6B, left plot compare the curve with
crosses with other curves). At high concentrations of L-Trp, the
RF2 Thr-246/Arg-256 efficiency of hydrolysis was significantly
reduced compared with all other variants (Fig. 6B, right plot,

Figure 6. The RF2 residues surrounding the functional GGQ motif contribute to the L-Trp-induced expression of the tna operon. A, cells containing
plasmids that expressed the indicated RF2 variants at positions 246 and 256 were grown in minimal media supplemented with increasing concentrations of
1-methyl-L-Trp. Cultures at mid-log phase were used to determine �-gal activity (see “Experimental procedures”). These results represent four independent
experiments; each experiment had a replica. B, plots showing relative amount of TnaC-peptidyl-tRNAPro

2 with respect concentration of RF protein variants.
Plots were obtained as indicated in Fig. 4. The following RF2 genes (A) and RF2 protein variants (B) were used in these experiments: Thr-246/Arg-256 (crosses),
Ser-246/Arg-256 (open triangles), Ala-246/Thr-256 (open squares), Ala-246/Arg-256 (closed circles), Thr-246/Thr-256 (open diamonds), and Ser-246/Thr-256 (open
circles).
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compare the curve with crosses with other curves). At 20 nM

concentration, the RF2 Thr-246/Arg-256 protein induced just
20% hydrolysis of the TnaC-tRNAPro

2 molecules when all other
RF2 variants induced 80% hydrolysis of this peptidyl-tRNA. As
seen in vivo, the RF2 Thr-246/Thr-256 variant did not behave
like the RF2 Thr-246/Arg-256 variant in these experiments as
well, where the RF2 Thr-246/Thr-256 variant was 4-fold more
efficient promoting hydrolysis of TnaC-tRNAPro

2 than the RF2
Thr-246/Arg-256 variant under high concentration of L-Trp
(Fig. 6B, right plot, compare crosses with open diamonds). We
conclude with these last data that the replacement R256T
counteracts the effects of the Thr-246 residue during the inhi-
bition of hydrolysis produced by L-Trp. Altogether, these
results confirm that the nature of the RF2 residues at position
246 and 256 is important for the induction of the tna operon
and for the L-Trp-inhibition of RF2-mediated hydrolysis of pep-
tidyl-tRNA observed at the tnaC gene.

Discussion

In this work, we show that the regulatory TnaC nascent pep-
tide bound to L-Trp at the ribosomal exit tunnel preferentially
blocks the function of RF2 within the ribosome. In vivo analyses
using reporter genes indicate that the identity of the tnaC stop
codon determines the efficiency of L-Trp induction of the
expression of the tna operon in E. coli; specifically, tnaC se-
quences with UGA stop codons better induce the expression of
the reporter gene under activating concentrations of L-Trp than
those sequences with UAA and UAG stop codons (Fig. 1). In
vitro assays show that under L-Trp, tnaC constructs accumulate
the most stalled ribosomes and TnaC-tRNAPro

2 when its stop
codon is UGA comparing with UAG constructs (Figs. 2 and 3).
In vitro analyses indicate that L-Trp blocks better the RF2-me-
diated hydrolysis of TnaC-tRNAPro

2 than RF1, and as a conse-
quence the release of translating ribosomes from tnaC genes
containing UGA stop codons (Fig. 4). Finally, mutational anal-
yses indicated that the preferential inhibition of RF2 on our
system depends on the nature of its residues at positions 246
and 256 surrounding the GGQ motif. The presence of a threo-
nine residue at the RF2 246 position makes RF2 very sensitive to
the inhibition action of L-Trp; changes in the RF2 arginine res-
idue at position 256 reduce the inhibitory effects observed for
the RF2 Thr-246 protein (Fig. 6).

L-Trp modifications targeting the RF2 246 residue

Genetic assays in concordance with cryo-EM models suggest
that TnaC bound to L-Trp induces structural changes on nucle-
otides at the A-site of the PTC (22). It has been suggested that
the TnaC peptide and free L-Trp molecules establish interac-
tions with ribosomal nucleotides at the exit tunnel, causing the
A2602 nucleotide to hold a spatial conformation that would
generate an unproductive accommodation of the release factor
(22, 34). A2602 is important for the action of release factor
proteins (35, 36). The RF2 residue at position 246 is part of a
cleft that holds the A2602 nucleotide once the release factor is
located at the PTC (Fig. 5, B and C). RF2 proteins with the
Thr-246 residue are less active in termination than RF2 pro-
teins with the Ala-246 (37) or Ser-246 (38) residues. The struc-
tural comparisons shown at Fig. 5, B and C indicates to us that

the RF2 Thr-246 residue makes a narrower cleft (Fig. 5C) com-
pared with the RF2 Ala-246 residue (Fig. 5B) or with the RF1
Ser-229 residue suggesting that the RF2 Thr-246 protein might
have slower kinetics of accommodation of the A2602 residue at
its cleft than the RF2 Ala-246 or RF1 protein. Despite the obser-
vation that all RF2 and RF1 proteins could be inhibited by TnaC
and L-Trp (Figs. 1 and 2), our results show that the RF2 Thr-246
protein is a better target for inhibition than the RF2 Ala-246,
RF2 Ser-246 and RF1 protein (Fig. 6). Therefore, we suggest
that TnaC and L-Trp alter transiently the A-site structural con-
formation of the PTC, which gives the opportunity for factors,
such as RF2 Ala-246, RF2 Ser-246 or RF1, with perhaps faster
accommodation kinetics than RF2 Thr-246 to induce hydroly-
sis of the TnaC-tRNAPro

2 before the inhibitory conformation is
acquired again. Therefore we are expecting any further studies
to show that RF2 Thr-246 has slower accommodation kinetics
than the kinetics of acquiring the inhibitory conformation.

The RF2 256 residue and its structural relationship with the
246 residue

We have seen that the interaction of L-Trp with the TnaC-
ribosome complex alters the dimethyl sulfate reactivity (expo-
sure to water) of several nucleotides of the PTC, and among
them is A2572 (26). As a result, these changes could alter the
conformation of neighboring residues such as C2573 which is
in close proximity to the RF2 Arg-256 residue (Fig. 5, B and C)
(22). The PTC nucleotides A2572 and C2753 are suggested to
be part of an accommodation gate that controls the entrance of
the acceptor arm of aminoacyl-tRNAs and the tip of domain 3
of the release factors at the PTC (39). Mutational changes in
these two nucleotides impair RF2 activity but not aminoacyl-
tRNA accommodation at the PTC and peptide bond formation
(8). These observations suggest that the TnaC nascent peptide
and L-Trp are affecting functional interactions between the
nucleotides C2573 and/or A2572 with elements of the RF2 pro-
tein disturbing accommodation of domain 3 of RF2 at the PTC.
As seen in Fig. 5, B and C, the RF2 Arg-256 residue is in close
vicinity with the C2573 and 2506 nucleotides. Our data indicate
that changes in this RF2 residue, specifically a threonine in the
256 position, overcome the inhibition induced by L-Trp (Fig. 4,
C and D). Therefore, we suggest that the interactions of the
Arg-256 residue with the PTC C2573 and 2506 nucleotides are
important for blocking accommodation of RF2 at the PTC.

In conclusion, the evidence shown in this work indicates that
the regulatory TnaC nascent peptide, in conjunction with L-Trp,
inhibits better RF2- than RF1-mediated peptidyl-RNA hydro-
lysis and ribosome release action. These differences in inhibi-
tion depend on the identity of two nonconserved residues
located at the tip of domain 3 of the RF2 protein, 246 and 256
positions. We suggest that changes in these two residue posi-
tions could affect the accommodation dynamics of the RF2 pro-
tein in the PTC; our claims could be supported by further
kinetic analyses using our current RF2 variants.

Experimental procedures

Bacterial strains, plasmids, growth media, and mutagenesis

E. coli K12 bacteria strains and plasmids used in this work are
indicated in Table S1. M9 media (140 mM disodium phosphate,
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20 mM potassium monophosphate, 8 mM sodium chloride and
18 mM ammonium chloride, 2 mM magnesium sulfate, and 0.1
mM calcium chloride), supplemented with 0.2% glycerol and
0.05% casamino acids, was used to grow bacterial strains for
�-gal assays. 100 �g/ml ampicillin and 50 �g/ml chloramphen-
icol were added when required for maintaining working plas-
mids. Luria Broth (LB) media supplemented with 100 �g/ml
ampicillin and 50 �g/ml chloramphenicol was used to grow
cultures for protein purification.

Mutagenesis and protein purification

Site-directed mutagenesis was performed on the pETDuet
plasmids harboring the prfB and the prmC genes (7) using the
QuikChange II Lightning Site-Directed Mutagenesis Kit (Agi-
lent Technologies). Plasmids were Sanger-sequenced to con-
firm the presence of the mutations using the following primer:
5�-TAATACGACTCACTATAGG-3�. RF2 protein variants
were purified as follows: cell cultures were grown in 20 ml LB
supplemented with ampicillin and chloramphenicol at 37 °C for
3 h. Later, 0.01 mM L-arabinose (Sigma-Aldrich) and 0.1 mM

isopropyl �-D-1 thiogalactopyranoside (IPTG) (Fisher Scien-
tific) was added to induce the expression of the T7 RNA poly-
merase from the pTARA plasmid (40), which directs expression
of the RF2 protein variants from the pETDuet plasmid variants.
Cultures were incubated at 37 °C for 4 more hours. Cells for
each culture were harvested by centrifugation at 4000 � g for 10
min at 4 °C, and later resuspended in 1 ml of binding buffer (20
mM sodium phosphate, 500 mM sodium chloride, and 20 mM

imidazole, pH 7.4). 1 �l of 29 kilo units/�l of lysozyme (Epicen-
ter), 1 �l of 1 units/�l DNase (RQ1, Promega), and 40 �l of 1 M

magnesium chloride was added to the cell suspension. The final
mix was incubated at room temperature for 30 min to allow cell
disruption. The suspension was later sonicated and centrifuged
for a minute at 13,000 � g to separate cell-free extract from
cellular debris. RF2 proteins were purified by passing the cell-
free extracts through a pretreated HisTrap Niquel column (GE
Healthcare). After a couple of washings, the pure RF2 proteins
were eluted from the columns with 200 �l of elution buffer (20
mM sodium phosphate, 500 mM sodium chloride, and 500 mM

imidazole, pH 7.4). The final collected solutions were dialyzed
against 137 mM sodium chloride, 2.7 mM potassium chloride, 8
mM disodium phosphate, and 2 mM potassium phosphate with
20% glycerol. Samples were stored at �80 °C. Degree of purifi-
cation was assessed by gel electrophoresis. Concentration of
proteins was determined using Bradford assays.

�-gal assays

For the experiments shown in Figs. 1; 4, C and D; and 6, A and
B, bacterial cultures in M9 media with increasing concentra-
tions of 1M-L-Trp (Sigma-Aldrich) and 0.1 mM IPTG were
grown with aeration at 37 °C until they reached 0.6 A600. No
L-arabinose was required for this experiment because the back-
ground expression of T7 RNA polymerase induced �10 more
the expression of the RF2 protein variants than the expression
of the endogenous RF2 protein (Fig. S1); however, we added 0.1
mM IPTG to block the action of the Lac I repressor from the
pETDuet plasmids. Final cultures were kept on ice and small
amounts from each culture were used for �-gal assays as

described previously (24). The products of reactions were
detected using a microplate reader (Bio-TEK, powerwave-HT).
The normalized values were reported in Miller units. Replicas
of each independent experiment were performed.

Determination of in vitro accumulation and cleavage of
peptidyl-tRNA

Northern blotting assays were performed to determine in
vitro accumulation of TnaC-peptidyl-tRNAs (Fig. 2) as indi-
cated previously (26). Translation assays using the PURExpress
protein synthesis system were performed as follows: 7 �l reac-
tion containing 2.5 �l of solution A, 2 �l of solution B, 5 units of
SUPERase-In (Ambion), and variable concentrations of L-Trp
and tnaC PCR fragment variants were incubated for 30 min at
37 °C. In the case of Fig. 2D, the mix was pre-incubated with
5�-O-(N-(L-prolyl)-sulfamoyl)adenosine (L-PSA) (provided by
Karin Musier-Forsyth) for 10 min at room temperature prior to
the addition of tnaC PCR fragments. Reactions were stopped by
the addition of 1 volume of loading buffer (4% SDS, 12% glyc-
erol, 50 mM Tris-HCl, pH 6.8, 2% 2-mercaptoethanol, 1% bro-
mphenol-blue) and resolved in 10% tris-tricine polyacrylamide
gels containing a 5% stacking layer. The resolved proteins were
transferred to N� Nylon membranes (Hybond). Membranes
were exposed to UV for 5 min to fix RNA molecules to the
membrane, blocked and hybridized as indicated previously (26)
using the following 5�-end labeled [32P]oligodeoxynucleotides:
anti-tRNAPro

2, 5�-CCTCCGACCCCCGACACCCCAT-3�;
anti-tRNAArg

2, 5�-CCTCCGACCGCTCGGTTCG-3� (41).
Membranes were developed using X-ray films (Kodak) and
bands relative intensities were determined using ImageJ2
(42).

Toe-printing assays

Toe-printing assays were performed as described previously
(23), using customized PURExpress protein synthesis systems
(E6800, New England Biolabs) (Fig. 3) and �RF123, which are
nearly devoid of the RF1, RF2 Thr-246, and RF3 proteins
(E6850, New England Biolabs) (Fig. 4C). DNA fragments con-
taining WT and mutant alleles of the tnaC gene were obtained
by PCR using previously described primers (23). 5 �l of reac-
tions were carried out using 5 to 30 � 10�3 pmol/�l tnaC DNA
fragments, 0.3 mM all amino acids and variable concentrations
of L-Trp at 37 °C for 20 min. For Fig. 4C the indicated pure
release factors (supplemented by New England Biolabs for the
�RF123 system) were added after 20 min of reaction, and the
final mixtures incubated 5 more minutes. cDNA was synthe-
sized in all cases by adding 4 units of AMV reverse transcriptase
enzyme (Roche) and 0.5 �l per reaction of 20 pmol/�l reverse
primer labeled with [32P] to the reactions as described previ-
ously (23). Reactions were then incubated at 37 °C for 15 min.
cDNA products were resolved by electrophoresis using 6%
urea-polyacrylamide gels. Final gels were exposed to a storage
phosphor screen for 1 h and scanned using Typhoon Imager
9410. Band intensities were quantified using ImageJ2 (42). To
compare each lane, the intensities of the arrested ribosome sig-
nals were normalized with the intensity of an internal control
signal. We selected internal control signals that are located
below the arrested bands (because their intensities are not
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affected by the signals of the arrested ribosomes) and whose
presence is independent of the translation of the mRNAs (they
remain present despite the addition of translation inhibitors).

Molecular modeling

Separate structure files for the TnaC (PDB ID: 6I0Y) (25),
RF1, and RF2-bound ribosome (PDB IDs: 5J30 and 5CZP) (7)
were structure corrected, protonated, and partially charged in
CCG MOE 2019.0101 (Chemical Computing Group). Addi-
tionally, the cryo-EM density map coefficients for RF1 and RF2
were aligned with their respective structures; RF1 residues Ser-
229, His-236, Thr-240, and Ser-242, and RF2 residues Ala-246,
His-253, Arg-256, Thr-257, and Ser-259 were manually fitted to
their corresponding cryo-EM density maps. All structures were
then imported to UCSF Chimera 1.13.1 (43) for superimposi-
tion of all three structures using the MatchMaker tool. After
superimposition, the structures were combined into one PDB
and exported back to MOE 2019.0101 for comparison of the
molecular surface of residues and nucleotides of interest. To
generate the molecular surface model shown in Fig. 5, B and C,
a solid molecular surface was generated for RF2 residues Ala-
246 through Ser-259, Asn-277, and Arg-278, and for the RF1
spatially corresponding residues. The conformation of the RF2
Thr-246 residue was generated by the replacement A246T, and
then by aligning the hydroxyl group of Thr-246 with Asn-1 of
RF2-A2602. Fig. 5, B and C were rendered with POV-Ray (Per-
sistence of Vision Pty. Ltd. version 3.6).
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