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ABSTRACT

In Escherichia coli, elevated levels of free L-
tryptophan (L-Trp) promote translational arrest of the
TnaC peptide by inhibiting its termination. However,
the mechanism by which translation-termination by
the UGA-specific decoding release factor 2 (RF2) is
inhibited at the UGA stop codon of stalled TnaC-
ribosome-nascent chain complexes has so far been
ambiguous. This study presents cryo-EM structures
for ribosomes stalled by TnaC in the absence and
presence of RF2 at average resolutions of 2.9 and
3.5 Å, respectively. Stalled TnaC assumes a distinct
conformation composed of two small �-helices that
act together with residues in the peptide exit tunnel
(PET) to coordinate a single L-Trp molecule. In ad-
dition, while the peptidyl-transferase center (PTC) is
locked in a conformation that allows RF2 to adopt
its canonical position in the ribosome, it prevents
the conserved and catalytically essential GGQ motif
of RF2 from adopting its active conformation in the
PTC. This explains how translation of the TnaC pep-
tide effectively allows the ribosome to function as a
L-Trp-specific small-molecule sensor that regulates
the tnaCAB operon.

INTRODUCTION

Translational arrest peptides (APs) engage in specific in-
teractions with the peptide exit tunnel (PET) of ribosomes
to temporarily arrest translation (1,2). Translational arrest
can facilitate certain regulatory mechanisms of gene expres-
sion; examples in bacteria include APs acting as antibiotic
sensors (3–9), force sensors such as the secretion monitor

proteins SecM (1) and VemP (10), small metabolite sensors
such as SpeFL for L-ornithine (11) and TnaC for the amino
acid L-Trp (12–17).

The TnaC system utilizes translational arrest to couple
the expression of two tryptophan-processing genes (tnaA
and tnaB) to the cellular level of free L-Trp. The tnaCAB
operon comprises the tnaC uORF encoding a leader pep-
tide, directly followed by a Rho-dependent transcription
termination sequence and further downstream tnaA and
tnaB. (14,15,18) (Figure 1A). As long as the Rho-dependent
termination sequence on the nascent mRNA is accessible
for Rho, transcription and thus expression of the down-
stream tnaA and tnaB is prevented (19). In this case, trans-
lation of the nascent mRNA occurs only at the TnaC leader
peptide. Upon encountering the UGA stop codon of tnaC,
translation-termination is mediated by the decoding release
factor 2 (RF2) that specifically recognizes the UGA stop
codon to effect release of the peptidyl-tRNAPro at the P-
site of the peptidyl transferase centre (PTC) of the ribo-
some (13). Thereby, the ribosome is quickly released from
the nascent mRNA and the Rho-factor binding site remains
accessible. In contrast, when the cellular level of free L-Trp
are high, RF2 action is inhibited and the TnaC-peptidyl-
tRNAPro is trapped at the PTC. This results in an arrested
ribosome at the UGA stop codon (20). The arrested ribo-
some at the end of the TnaC ORF masks the Rho-factor
binding site and the termination of transcription is inhib-
ited; the L-Trp processing genes tnaA and tnaB are then ex-
pressed (20).

The molecular mechanism of L-Trp dependent transla-
tional arrest was previously shown to involve the interac-
tion of free L-Trp with the TnaC AP in the PET of the 50S
subunit of the Escherichia coli ribosome (16,21–24). This in-
teraction between L-Trp and TnaC was suggested to result
in a perturbation of the PTC that suppressed the ability of

*To whom correspondence should be addressed. Tel: +49 089 218076900; Email: beckmann@genzentrum.lmu.de
Correspondence may also be addressed to Jingdong Cheng. Tel: +86 21 54237880; Email: cheng@fudan.edu.cn
Present addresses:
Ting Su, Pieris Pharmaceuticals GmbH, Hallbergmoos 85399, Germany.
Jingdong Cheng, Institutes of biomedical science, Shanghai Key Laboratory of Medical Epigenetics, International Co-laboratory of Medical Epigenetics and
Metabolism (Ministry of Science and Technology), Fudan university, Dong’an Road 131, 200032 Shanghai, China.

C© The Author(s) 2021. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

https://orcid.org/0000-0003-4442-377X


9540 Nucleic Acids Research, 2021, Vol. 49, No. 16

low L-Trp

tnaC tnaA tnaB

UGA

RF2

Rho Rho dependent transcription termination

high L-Trp

tnaC tnaA tnaB

UGA

RF2

Normal transcription

Ribosome stalling

X

Rho

tRNAPro

TnaCL-Trp

30S

50S

RF2
ArfA

50S

30S

tRNAPro

TnaCL-Trp

TGATAA

8xHis 3C Titin I27 L TnaC * *

A

B

C

L

Figure 1. (A) Schematic illustration for L-Trp dependent regulation of the tnaCAB operon in E. coli. (B) Schematic illustration of the construct used
to purify TnaC–RNCs. A reporter expressing the cleavable His8-3C-Titin-I27-TnaC stalling peptide from a pBAD plasmid was used in a E. coli KC6
�smpB �ssrA strain (25) and RNCs were purified as described in Materials and Methods. (C) Cryo-EM maps of the TnaC-stalled 70S-RNA, without (left
panel) and with bound RF2 and ArfA. The peptide exit tunnel (PET) is outlined with a dashed line (yellow).

RF2 to effect release (13,21). Previous cryo-EM structures
of TnaC-stalled E.coli ribosome-nascent chain complexes
(RNCs) revealed the structure of the nascent TnaC peptide
in the PET at resolutions of 5.5 Å (24), 3.8 Å (21) and 3.1
Å (25), but they were all obtained in the absence of RF2.
A prior cryo-EM reconstruction of TnaC-stalled RNCs by
our group (21) was interpreted to have two L-Trp molecules
coordinated in the PET. However, in a recent higher resolu-
tion structure, it became clear that there is only one L-Trp
molecule located between two very short �-helices formed
by the nascent peptide (25). The molecular basis of the L-
Trp binding to the nascent chain is an important part of
the mechanism since it is causative for the allosteric inhi-
bition of termination. All previous studies suggested that
TnaC could potentially stabilize critical residues of the PTC
in conformations that are incompatible with the accommo-
dation of RF2 in the A-site. However, in the absence of RF2,
none of the existing structures revealed the molecular basis
of the release inhibition of the TnaC peptide from the ribo-
some, and thus of translational arrest.

We now report two cryo-EM structures of L-Trp-
containing TnaC-stalled ribosome-nascent chain com-
plexes (RNCs) in the absence and presence of RF2 (TnaC–
RNC and RF2–TnaC–RNC) at average resolutions of
2.9 and 3.5 Å, respectively. These structures unambiguously
display the key residues of TnaC and the PTC that were pre-

viously identified to be important for stalling (12,16,17,23).
In contrast to the previous suggestions, the RF2-containing
structure reveals that RF2 can be fully accommodated in the
A-site, despite the presence of L-Trp in the PET. However,
the PTC is locked in a state that prevents the catalytically
essential GGQ motif of RF2 from adopting its productive
conformation, thereby inhibiting peptide release. Moreover,
we confirm that a single L-Trp molecule in the PET, as ob-
served before (25), is sufficient to induce stalling.

MATERIALS AND METHODS

Materials

All chemical reagents were sourced from Sigma-Aldrich
Merck Europe, except for n-dodecyl �-D-maltopyranoside
(Anatrace), cOmplete™ EDTA-free protease inhibitor cock-
tail and E. coli tRNA (Roche), Talon® and Ni-NTA metal
affinity resin (Clontech, Takara Biosciences). All chemicals
used during the purification of RNCs were molecular biol-
ogy grade.

The centrifuges and rotors used were manufactured by
Beckman Coulter unless specified, the emulsifex by Avestin,
and the microfluidizer by Microfluidics Corp. Centrifugal
filter units for concentrating protein samples were procured
from Merck-Millipore. Equipment for size exclusion chro-
matography (SEC) was manufactured by GE Healthcare.
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Purification of TnaC stalled ribosome-nascent chain com-
plexes (TnaC-RNCs) from E. coli

TnaC–RNCs were purified as previously described in a
study investigating cotranslational folding of the I27 do-
main of titin (25). In brief, the TnaC stalling construct
was expressed from a pBAD vector harboring the I27-
TnaC insert (Figure 1B). It codes for a stalled nascent
chain with an N-terminal His8-tag followed by an HRV-
3C cleavage site, the 89 amino acid long titin I27 domain
(flanked by linkers: GT on the N-terminal and SGSGS-
GSGGP on the C-terminal side) and the TnaC stalling se-
quence (NILHISVTSKWFNIDNKIVDHRP-stop).

An E. coli clone (in the KC6 �smpB �ssrA background)
expressing the His8-tagged I27-TnaC construct was cul-
tured in lysogeny broth (LB) to an A600 of 0.5. Expression
of the I27-TnaC was induced by treating the cells with a fi-
nal concentration of 0.3% arabinose and culturing them at
37◦C for 1 h. For purification of TnaC–RNCs, all following
buffers were supplemented with 2 mM L-tryptophan to in-
duce translation pausing. Cells were cooled down on ice for
15 min before they were collected by centrifugation and re-
suspended in Buffer A at pH 7.5 (50 mM HEPES–KOH,
250 mM KOAc, 2 mM L-tryptophan, 0.1% (DDM) and
cOmplete EDTA-free protease inhibitor cocktail (Roche).
Cells were lysed in the Emulsifex at 8000 psi at 4◦C. The
resulting cell lysate was cleared by centrifugation at 30 000
× g for 30 min in the JA 25–50 rotor (Beckman-Coulter).
The supernatant after this step was loaded on a 750 mM
sucrose cushion (50 mM HEPES–KOH, 250 mM KOAc, 2
mM L-tryptophan, 0.1% DDM, 750 mM sucrose and cOm-
plete EDTA-free protease inhibitor), and centrifuged at 45
000 × g for 24 h in a Ti70 rotor (Beckman Coulter) to ob-
tain a ribosome pellet, which was resuspended on ice in 200
�l Buffer A.

I27-TnaC RNCs were purified from the ribosome sus-
pension via an N-terminal His8 tag. The suspension was
bound to Talon® metal affinity resin (preincubated with
10 �g/ml E. coli tRNA) for 1 h at 4◦C. The sample-bound
resin was subsequently washed with 20–50 column volumes
of wash buffer at pH 7.5 (50 mM HEPES–KOH, 10 mM
Mg(OAc)2, cOmplete EDTA-free protease inhibitor, 250
mM sucrose and 2 mM L-tryptophan). RNCs were eluted
by incubating the resin with 2 column volumes elution
buffer (50 mM HEPES–KOH, 150 mM KOAc, 2 mM L-
tryptophan 10 mM Mg(OAc)2, cOmplete EDTA-free pro-
tease inhibitor, 150 mM imidazole, 250 mM sucrose). The
eluates were concentrated by centrifugation at 86 320 × g
for 2.5 h in a TLA 100.3 rotor). The resulting RNC pellet
was allowed to gently dissolve in a minimal volume of grid
buffer at pH 7.5 (20 mM HEPES–KOH, 50 mM KOAc, 5
mM Mg(OAc)2, 125 mM sucrose, 2 mM L-tryptophan and
0.03% DDM).

The Lep50-RNCs for visualization of the nascent chain
in absence of tryptophan were generated using a His8-3C-
Lep50-TnaC construct, comprising the N-terminal 50 aa
of the leader peptidase (Lep) (26) and the TnaC stalling
sequence. E. coli BL21 (DE3) cells carrying this construct
were cultured in lysogeny broth (LB) to an A600 of 0.6. After
addition of 2 mM L-tryptophan, expression of the construct
was induced by treating the cells with a final concentration
of 0.2% arabinose and culturing them at 37◦C for 1 h. The

cells were collected by centrifugation and resuspended in
buffer Ac (50 mM HEPES–KOH pH 7.5, 250 mM KOAc, 2
mM L-tryptophan, 0.1% DDM, 5 mM �-mercaptoethanol,
250 �g/ml chloramphenicol and cOmplete EDTA-free pro-
tease inhibitor cocktail (Roche)). Cells were lysed by sonica-
tion and the lysate was cleared by centrifugation at 30 000 ×
g for 30 min in the JA 25–50 rotor (Beckman-Coulter). The
supernatant after this step was loaded on a 750 mM sucrose
cushion in buffer Ac and centrifuged at 45 000 × g for 24 h in
a Ti70 rotor (Beckman Coulter) to obtain a ribosome pellet,
which was resuspended on ice in buffer Ac. Affinity purifica-
tion of the Lep50-RNCs was performed analogously to I27-
TnaC RNCs, except for wash buffer composition. Wash-
ing steps were performed with 10 column volumes each of
buffers Ac, buffer Bc (50 mM HEPES–KOH pH 7.5, 500
mM KOAc, 2 mM L-tryptophan, 0.1% DDM, 5 mM �-
mercaptoethanol, 250 �g/ml Chloramphenicol, 15 mM im-
idazole) and buffer Cc (50 mM HEPES–KOH pH 7.5, 150
mM KOAc, 0.06% DDM, 5 mM �-mercaptoethanol, 250
�g/ml chloramphenicol). Elution was performed in buffer
Cc supplemented to 300 mM imidazole. The eluate was
loaded on a linear 10–50% sucrose gradient in buffer Cc
and centrifuged at 202 048 × g for 2.5 h using a SW 40 Ti
rotor (Beckman Coulter). Gradients were fractionated us-
ing a Biocomp piston gradient fractionator and A260 was
observed using a Biocomp Triax flow cell. The 70S frac-
tion was collected and concentrated by centrifugation in a
TLA 100.3 rotor at 86 320 × g. The resulting RNC pellet
was allowed to gently dissolve in a minimal volume of grid
buffer (20 mM HEPES–KOH pH 7.5, 150 mM KOAc, 5
mM Mg(OAc)2, 125 mM sucrose, 0.05% �-octylglucoside).

Purification of release factor 2 (RF2) from E. coli

E. coli RF2 was expressed from a pET11a vector and pu-
rified from BL21 (DE3) cells as previously described (27).
Briefly, E. coli BL21 (DE3) cells harboring a His6-tagged
RF2 in a pET11a vector were cultured at 37◦C to an A600 of
0.5. Expression of RF2 was induced by treating the bacterial
cultures with 1 mM isopropyl �-D-1-thiogalactopyranoside
(IPTG) and culturing them at 37◦C for a further 1.5 h.
Cells were subsequently collected by centrifugation (SLC-
6000 from Sorvall), and the cell pellet was resuspended in
lysis buffer at pH 7.5 (50 mM NaH2PO4, 200 mM NaCl,
5 mM imidazole), and lysed in a microfluidizer (M-110L)
by passing the suspension through it three times at 18 000
psi. The obtained lysate was clarified by centrifugation at
30 000 × g for 15 min (SS34, Sorvall), and the super-
natant was bound to Ni-NTA metal affinity resin for 1
h. The resin was washed with wash buffer at pH 7.5 (50
mM NaH2PO4, 200 mM NaCl, 10 mM imidazole), and
RF2 was eluted by incubating the resin with elution buffer
at pH 7.5 (50 mM NaH2PO4, 200 mM NaCl, 250 mM
imidazole).

The eluates were subjected to size-exclusion chromatog-
raphy (Superdex 200 10/300 GL) in a gel filtration buffer at
pH 7.5 (50 mM HEPES–KOH, 50 mM KCl, 100 mM NaCl,
2% glycerol and 5 mM �-mercaptoethanol). Proteins were
concentrated in centrifugal filters units (Amicon ultracel-
30), the concentration determined using a nanodrop, and
stored at –80◦C for future use.
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RNC-RF2 binding assay

2 pmol TnaC–RNCs were mixed with a tenfold molar ex-
cess of purified RF2 on ice and then incubated at 37◦C for
15 min. Binding of RF2 to the TnaC–RNCs was confirmed
by spinning the mixture through a 750 mM sucrose cushion
followed by an analysis by SDS-PAGE.

Sample preparation for cryo-EM, data acquisition and pro-
cessing

Data for the RF2-TnaC-RNC sample was collected at the
LMU Munich, Germany on a 300 keV Titan Krios trans-
mission electron microscope (Thermo Fisher Scientific). 2
pmol TnaC–RNCs with a tenfold molar excess of purified
RF2 (described in the binding assay) were loaded on R3/3
copper grids pre-coated with 2 nm thick carbon (Quan-
tifoil) and vitrified in liquid ethane (Vitrobot Mark IV from
Thermo Fisher Scientific). Data was acquired at a nomi-
nal pixel size of 1.084 Å at the object scale under low-dose
conditions (2.8 e–/Å2/frame) on a Falcon II direct electron
detector at defocus ranges from –0.7 to –3.4 �m.

The image stacks of ten frames were aligned and cor-
rected for beam-induced drift using MotionCor2 (28). The
CTF for each micrograph was determined using GCTF
(29). 15 719 good micrographs were selected from two indi-
vidual data collections and 1 817 758 particles were picked
using CrYOLO (30) with a general model for cryo-EM im-
ages. After 2D classification in RELION-3.1, 1 074 182 par-
ticles were subjected to several rounds of 3D classification.
The major class (459,171 particles) contained a tRNA in
the P-site and was chosen for high resolution refinement in
CryoSPARC-2 (31) and RELION-3.1 (32). In CryoSPARC,
after legacy homogenous refinement, tilt and higher or-
der aberrations were corrected during the newly imple-
mented CryoSPARC homogenous refinement using a mask
for the 50S subunit. A similar procedure was performed in
RELION-3.1 including correction of higher-order aberra-
tions (33). The final resolution for both programs was 2.9
Å with local resolution ranging from 2.4 to 6.5 Å. RF2-
containing classes were enriched by focused classification in
RELION 3.1 with a soft mask around the translation factor
binding site and the P-site. After several iterative rounds of
classification (‘T’ value = 4), 27 026 particles with clear den-
sity for RF2 were isolated and refined in both CryoSPARC
and RELION-3.1 to a resolution of 3.5 Å.

Structures of the E. coli 70S ribosome bound to ArfA and
RF2 (34) (PDB: 5MDV) and the TnaC–RNC used to inves-
tigate co-translational folding of I27 titin (25) (PDB 6I0Y)
were used as templates for molecular interpretation and re-
fined model building. These structures were docked into the
cryo-EM maps and used as a basis to refine the model of the
nascent TnaC chain (residues 9–24) including the bound L-
Trp and RF2.

Data collection, frame alignment and CTF determina-
tion for the Lep50-RNC control sample were performed as
described for RNC-RF2. A total of 324 728 particles were
picked from 1739 micrographs using RELION 3.1 (32). The
particles were subjected to several rounds of 3D classifica-
tion in RELION 3.1 (32) and a subset of 107,016 particles
resembling 70S ribosomes with P-site tRNA were refined
to a final resolution of 2.9 Å using CryoSPARC (v3.2) (31).

The pixel size was refined to 1.092 Å during processing. The
model of the TnaC–RNC was rigid body docked into the fi-
nal local resolution filtered map, manually adjusted in Coot
(35) and refined using PHENIX (36). Structures were visu-
alized using ChimeraX (37).

RESULTS

Stalled ribosome-nascent chain complexes of TnaC in the ab-
sence and presence of RF2

RF2–TnaC–RNC complexes were assembled in vitro by re-
constituting TnaC–RNCs and RF2 that were purified from
E. coli cells via N-terminal histidine tags as previously de-
scribed (25,27). These samples were subjected to cryo-EM
and single-particle analysis. In silico sorting of the dataset
yielded a majority of classes containing ribosomes with a
P-site tRNA, and a subpopulation of particles represent-
ing TnaC–RNCs with bound RF2 (Supplementary Fig-
ure S1). Both maps were refined to molecular resolution
(average resolution 2.9 Å for the TnaC–RNC and 3.5 Å
for the TnaC–RF2–RNC) (Figure 1C and Supplementary
Figure S2). As a control, we determined the structure of
TnaC–RNCs purified in the absence of L-Trp supplemented
with chloramphenicol to prevent hydrolysis of the peptidyl-
tRNA (38–41) at 2.9 Å (Supplementary Figure S3).

For the RF2–TnaC–RNC complex, we also identified an
additional density that corresponds to the ribosome rescue
factor ArfA. ArfA was previously shown to sense transla-
tional stalling at truncated mRNAs, and to recruit RF2 in
the absence of a stop codon in order to facilitate release of
the truncated peptide (27,34,42–44).

Interactions between TnaC and the peptide exit tunnel

We refined our previous reconstruction of the TnaC–RNC
(Table 1) including the TnaC nascent chain (25) from the
CCA-end of tRNAPro to the constriction site within the
PET (TnaC residues 9–24), and reached a local resolution
for the nascent peptide and neighbouring regions of around
2.8 Å. The local resolution of the entire ribosome ranges
from 2.4 to 6.5 Å (Supplementary Figure S2). For the con-
trol reconstruction, no density for L-Trp was present and
the TnaC arrest peptide was mostly disordered (Supple-
mentary Figure S3). However, the L-Trp containing struc-
tures revealed a clear density for a single free L-Trp that
was found close to the constriction site formed by riboso-
mal proteins uL4 and uL22 (Figure 2). The well-resolved
region of TnaC exhibits two single-turn �-helices: minihelix
1 (mH1) comprising residues 11–15, and minihelix 2 (mH2)
comprising residues 17–21, in the upper region of the PET,
spanning a distance of about 24 Å from the CCA-end to
the constriction. The C-terminal proline P24 is connected to
the CCA-end of tRNAPro and the preceding R23 sidechain
stacks on the C2504:C2452 bases (Figure 2A).

We also found that the amino acids essential for TnaC
stalling (23) play a crucial role in forming the proximal com-
pacted peptide structure. The peptide bond of D21 in mH1
stacks on A2062 (Figure 2B), and the essential D16 is lo-
cated between the two minihelices and forms a hydrogen
bond with K18. K18 forms an additional hydrogen bond
with U2584 (Figure 2C). Within mH2, D16 and N17 are
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Table 1. Cryo-EM data collection, refinement and validation statistics.

TnaC–RNC
(EMDB- 12936)

(PDB 7OIZ)

RF2–TnaC–
RNC (EMDB-
12937) (PDB

7OJ0)

Data collection and processing
Magnification 129 151
Voltage (kV) 300
Electron exposure (e–/Å2) 28
Defocus range (�m) 0.7–3.4
Pixel size (Å) 1.084
Symmetry imposed C1
Initial particle images (no.) 1 074 182
Final particle images (no.) 459 171 27 026
Map resolution (Å) 2.89 3.52

FSC threshold 0.143 0.143
Refinement
Initial model used (PDB code) 5MDV, 6I0Y
Map sharpening B factor (Å2) -20 -20
Model composition

Non-hydrogen atoms 140 339 146 553
Protein residues 5602 6264
RNA 4474 4527

Ligands 313 312
B factors (Å2) 56.54 110.93

Protein 51.63 122.49
RNA 58.86 105.22

Ligand 38.10 73.37
R.m.s. deviations

Bond lengths (Å) 0.007 0.006
Bond angles (◦) 0.802 0.815

Validation
MolProbity score 1.39 1.70
Clashscore 3.72 7.12
Poor rotamers (%) 0.00 0.06

Ramachandran plot
Favored (%) 96.50 95.58
Allowed (%) 3.44 4.33
Disallowed (%) 0.05 0.08

both involved in formation of the L-Trp binding pocket,
and form a distinct network of interactions with the 23S ri-
bosomal RNA (23S rRNA). These include stacking of the
N17 side chain on the base of U2586 (Figure 2D), a hydro-
gen bond between D16 and U2609 (Figure 2E), hydrogen
bonds between N14 and A2058 (Figure 2F), and stacking
of F13 on C2611 (Figure 2G).

The Trp binding pocket accommodates a single free L-Trp

A single L-Trp molecule is bound in a pocket formed by the
rRNA bases A752, U2609 and mH1 of TnaC (Figure 2H).
These bases together with W12, were previously found to be
essential for stalling (16,17,23). Substituting either or both
of the bases likely disfavours an interaction between D16
in mH1 and U2609, thereby disrupting the geometry of the
L-Trp binding pocket.

L-Trp itself is recognized by both the TnaC peptide and
the ribosome. The indole ring is stacked on the A752:U2609
bases, and the adjacent W12 within the nascent TnaC
may contribute to shaping the binding pocket to accom-
modate L-Trp. The configuration of the �-carbon of L-
Trp finds a matching complementary environment formed
by rRNA bases C746, G748 and amino acid K90 of
uL22, the mutation of which was shown to abolish TnaC-
mediated stalling (22,23). Together, these residues establish

a hydrogen-bonding pattern that complements the stacking
of the indole moiety, resulting in a high specificity for L-Trp.
Notably, the indole amine does not appear to be involved
in hydrogen bonding, explaining why N1-methylated L-Trp
can still trigger stalling (45).

Rearrangements at the PTC impede translation termination
by RF2

Previous structures of TnaC–RNCs (21,25) with bound L-
Trp surmised that TnaC stabilizes critical residues of the
PTC, such as U2585 and A2602, in a conformation that
may be incompatible with the accommodation of RF2 and
proper positioning of its GGQ-bearing domain 3 in the A-
site. In the present study, we found a class of ribosomal par-
ticles associated with both RF2 and ArfA (Figure 1C). No-
tably, no density for mRNA is visible for its 3′ end in the
mRNA channel of the 30S subunit indicating an endonu-
cleolytic cleavage event during the in vivo generation or pu-
rification of the RNCs. Alternatively, the mRNA might be
displaced as was previously observed in stalled ribosomes
bound to ArfB (46). ArfA and RF2 appear to adopt iden-
tical positions when compared to previously visualized re-
constituted ArfA-RF2 ribosome complexes (27,34,42–44).
Despite the identical overall position of RF2, a critical dif-
ference between our TnaC-stalled and previous ArfA-RF2-
70S complexes (27,34,42–44), is an almost complete disor-
der of the GGQ loop of RF2 (Figure 3A and B and Sup-
plementary Figure S4). A comparison of the PTC between
the RF2-bound and RF2-free maps shows that the densi-
ties for both, the PTC and the TnaC peptide, are essentially
identical.

To understand the silencing of the PTC, we inspected
the conformation of three universally conserved PTC
bases––U2506, U2585 and A2602–– that have all been re-
ported to be crucial for peptide-bond formation and re-
lease (47,48). During translation elongation and termina-
tion, these residues switch from an uninduced to an induced
state. This rearrangement of the active site results from ac-
commodation of the A-site––either by aminoacyl-tRNA or
class I release factors––and allows for the attack of acti-
vated nucleophiles during catalysis, which in this case is a
water molecule for termination (49–51). In both maps, we
observe U2506 in two conformations, one where it pairs
with G2583 and the other where it faces the uracil base
towards the sidechain of R23 of TnaC (Figure 3C). While
the first conformation resembles the induced conformation
(1VQN), the latter position significantly differs from both
the induced and uninduced states and would directly clash
with methylated Q252 in the RF2 GGQ loop (Figure 3B,
D and Supplementary Figure S4). We thus speculate that
U2506 plays an active role in displacement of the GGQ
loop, although the induced conformation of U2506 could
still allow for accommodation of the GGQ loop.

As observed before in the absence of RF2 (21), we find
A2602 to be in a stabilized conformation, which differs from
the ArfA-RF2 accommodated structure (PDB 5MDV; Sup-
plementary Figure S4) (34). As A2602 is also more dis-
ordered in our control structure, we believe that its sta-
bilization is likely to be a result of the highly-structured
TnaC in the tunnel. Yet, at the current resolution we cannot
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explain the detailed allosteric connection to the presence
of the L-tryptophan-stabilized TnaC chain. Nevertheless,
this stabilized conformation of A2602 would clearly clash
with the GGQ loop of RF2 or with the residues immedi-
ately preceding (A249) or succeeding (V254) it (Figure 3E).
Although the density of A2602 was less well-defined in the
RF2-containing map, A2602 may still be rigid enough to
affect the conformation of the GGQ loop. Finally, we did
not find U2585 to be in a well-defined conformation, in-
dicative of a high degree of flexibility. Nevertheless, weak
density was visible for the induced conformation of U2585
(Figure 3F).

Taken together, our structures show that the binding of
RF2 to TnaC–RNCs can in principle allow formation of
the induced PTC state, at least for the base U2585. How-
ever, this base appears unusually flexible, thereby potentially
being unfavourable for proper catalysis of the release re-
action. Peptide release is primarily inhibited by preventing
the formation of the rigid and active conformation of the
RF2 GGQ-loop in the PTC. The observed disorder of the
GGQ loop is likely a result of the synergistic steric inter-
ference of the critical PTC bases U2506 and A2602. This
unusual conformation is either directly (U2506) or alloster-

ically (A2602) stabilized by the TnaC AP. As a result, po-
sitioning of the nucleophilic water molecule for peptide re-
lease (49) is no longer possible.

DISCUSSION

When compared with other translational arrest peptides
(1,2), the observed TnaC-mediated mechanism displays sev-
eral of the typically observed features of arrest peptides.
First, the nascent peptide engages in numerous defined con-
tacts with the ribosomal tunnel between the PTC and the
constriction, resulting in a distinct conformation of the pep-
tide within the PET. Similar to the force-sensing APs of the
cytomegalovirus (CMV-AP; encoded by the gp48 uORF2)
(52) and VemP (10), TnaC adopts an �-helical secondary
structure. However, in contrast to the other APs, its stabi-
lization is dependent on the presence of L-Trp, for which
it forms a binding pocket. Second, TnaC contains a C-
terminal proline (P24), an amino acid with a rigid side-
chain and slower peptidyl transfer kinetics. Terminal pro-
lines are often observed in APs (2), for example in the CMV-
AP, which also stalls at the stage of termination. Third, the
TnaC AP arrests translation by perturbation of the PTC of
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the ribosome, resulting in inhibition of the RF2-mediated
release reaction by preventing the formation of an ordered
GGQ loop.

The suggested mechanism is consistent with previous ob-
servations that the peptidyl transfer reaction, in contrast
to the release reaction, is not substantially impaired by the
TnaC peptide (12,16,22,23). Interestingly, in the case of the
eukaryotic CMV-AP, which prevents termination by eRF1,
the GGQ loop can adopt its active conformation, but the
PTC is still inhibited due to a complete repositioning of the
base equivalent to E. coli U2585 (52). It is more difficult to
understand however, how the release of the TnaC AP is ef-
ficiently catalysed by RF1, which also carries a GGQ loop
(53). A possible explanation is that the GGQ motif and its
RF1-specific flanking regions are capable of a stronger in-
teraction with the ribosome, thereby overcoming the steric
hindrance posed by the TnaC-stabilized PTC bases. This
would be consistent with recent mutational analyses (53)
and the known higher affinity of RF1 for ribosomes (54).

To our surprise, we also found the ribosome rescue fac-
tor ArfA associated with RF2 in all classes containing
the release factor RF2. ArfA hasn’t been implicated with
TnaC stalling so far, and we can only speculate about its

involvement in this process. Several studies indicate that
peptide-mediated stalling can lead to mRNA cleavage in
or near the ribosomal A-site, especially in E. coli or B.
subtilis cells with a non-functional trans-translation sys-
tem (55–58). This cleavage is performed by a yet unknown
endonuclease and was shown to be independent of RelE
(55,56). It is possible that such a cleavage occurred during
the course of a quality control event in our �smpB �ssrA
E. coli strain when expressing the I27-TnaC construct, cre-
ating a substrate for ArfA-RF2. Another possible role of
ArfA may be in displacement or disordering of mRNA in
the mRNA channel as observed in cryo-EM structures of
ArfB-bound stalled ribosomes with an mRNA present but
not visible 3′ of the P-site (46). Yet, the functional role of
such a displacement in the context of TnaC stalling is un-
clear and the role of ArfA needs to be elucidated in further
studies.

In summary, our findings explain how the translation
of the TnaC peptide effectively turns the ribosome into a
small-molecule sensor that specifically recognizes a single
L-Trp molecule, leading to the allosteric inhibition of RF2-
dependent release and resulting in L-Trp dependent regula-
tion of the tnaCAB operon.
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