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Expanded ribosomal synthesis of non-
standard cyclic backbones in vitro

Kanghun Lee1,5, Hyeongwoo Park1,5, Ravi Kumar Devarapalli2, Dahye Im3,
Jongcheol Seo 1,3 & Joongoo Lee 1,2,4

The ribosome polymerizes L-α-amino acids into polypeptides, catalyzing
peptide bond formation through aminolysis. This process is facilitated by
entropy trapping within its peptidyl transferase center (PTC). In this research,
we harness this capability to synthesize polymers containing cyclic motifs in
the backbone. We design 26 non-canonical monomers (ncMs) with two dis-
tinct substrates: dicarboxylic esters and hydrazinoesters, each containing
bifunctional moieties that undergo ring-closing reactions through multiple
aminolysis reactions. Using a cell-free system that enables the consecutive
incorporation of these ncMs into a growing peptide, we discover that the
ribosome canproduce 5- and 6-membered cyclic backbones, which have never
been reported. We also demonstrate that the formation of such cyclic back-
bones within the ribosome is tunable by altering the substituents of dicar-
boxylic esters. This discovery expands the range of non-standard backbones
that can be synthesized by the ribosome and motivates future research
towards expanding ribosome-mediated chemistries for biopolymer synthesis.

The ribosome, an RNA-based catalyst, facilitates the formation of
peptide (amide) bonds through a mechanism known as entropy
trapping1,2. By positioning amino-acyl tRNA molecules in close proxi-
mity within a confined space, the ribosome reduces their conforma-
tional freedom, thereby enhancing the efficiency of peptide bond
formation. This approach contrasts with typical catalytic strategies in
synthetic chemistry, such as acid-base catalysis3, and highlights the
ribosome’s ability to synthesize biopolymers (e.g., peptides or pro-
teins). Uniquely, the ribosome, working in conjunction with other
cellular machinery, can achieve sequence-defined, template-directed
polymerization with high fidelity at speeds up to 17 monomers/
second4. The core reaction, aminolysis, involves the nucleophilic α-
amino group of an amino acid linked to the transfer RNA (tRNA) at the
ribosome’s A-site attacking the electrophilic carbonyl carbon in the
ester linkage of the tRNA in the ribosome’s P-site (Fig. 1)5,6. Despite an
evolutionary preference for a set of 20 canonical amino acids, the

ribosome can also polymerize a wide array of non-canonical mono-
mers (ncMs) through aminolysis, resulting in the formation of amide
backbone. These ncMs vary significantly in size, shape, and chemical
characteristics, including a diverse range: α-, β-, γ-, δ-, ε-, ζ-, D-amino
acids and non-amino carboxylic acids7–17. Incorporating ncMs into
proteins broadens the spectrum of chemical diversity and function-
ality of biopolymers. This development holds promise for producing
enzymes and therapeutics with enhanced or distinct properties18–28.

Buildingonprevious efforts to expand the rangeof substrates, the
field has advanced in developing peptide isosteres by leveraging the
ribosome’s capability for synthesizing linear polypeptides. The repla-
cement of amino acids with structural analogs such as hydroxy-, thio-,
and aminocarbothio-acid has demonstrated that the ribosome can
directly produce polyesters, polythioesters, and polythioamides,
respectively17,29–31. Another significant advancement that challenges
the natural functions of the ribosome is the introduction of cyclic
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backbones into peptides. These cyclic motifs are important for
peptide-based natural products as they enhance proteolytic resis-
tance, structural rigidity, and specificity towards target proteins32,33,
often resulting in increased drug efficacy. Such examples include
penicillin V (dipeptide of Cys-Val), goadsporin (polyazole antibiotics),
and patellamide C (macrocyclic antimicrobial peptides) (Supplemen-
tary Fig. 1). The production of these cyclic structures in peptides was
initially sought using indirect methods, where the peptide is first
synthesized using a ribosome to contain amino acidswith reactive side
chains toward enzymatic reactions, followed by an enzymatic ring-
closing reaction. Examples of enzymes involved in these reactions
include PatD, GodD, and LazDE, cyclohydratases that form hetero-
cyclic azoline derivatives using Cys, Ser, or Thr34,35. More recently, a
directmethod for cyclicmotif productionwas developed, where ncMs
are attached to tRNA using a genetic code reprogramming approach,
and ribosomes facilitate a cyclocondensation reaction between the
two sequentially incorporated ncMs in vitro17. This finding demon-
strates the ribosome’s ability to catalyze ring-closure reactions.
Despite the advancement, the full scope of reactions that ribosomes
can catalyze remains largely unexplored. Expanding the diversity of
cyclic backbones could deepen our understanding of ribosomal
polymerization and widen the array of precisely tailored motifs within
polypeptides particularly relevant in pharmaceutical applications.

In this study, we aim to demonstrate the ribosome’s ability to
directly synthesize diverse cyclic structures, thereby expanding the
chemical space for abiological polymers. To achieve this, (i) we design
two classes of bifunctional substrates, each containing two electro-
philes and nucleophiles; in the peptidyl-transferase center (PTC), these
substrates undergo ring-closing reactions to form cyclic backbones
rather than a peptide bond (Fig. 1). (ii) Next, by adjusting the spacing
and geometry of those reactive handles, we generate diverse 5- and
6-membered rings (Fig. 2). (iii) Furthermore, cyclization efficiency is
modulated by systemically altering the kinetic properties of the sub-
strates substituents (Figs. 3 and 4), allowing the rate and yield of ring
formation to be tuned. (iv)We then show thatminimal RNA constructs
mimicking the ribosomal active site catalyze the same formation

reaction, suggesting that RNA alone can assemble these non-canonical
backbones (Figs. 5 and 6). (v) Finally, we present evidence that cycli-
zation occurs at definedpositions on the substrate, consistentwith the
wild-type ribosome’s evolved preference for α-amino acids over those
with other non-canonical amino acids bearing an extended carbon
chain (e.g., β-amino acids) (Figs. 1 and 7). Collectively, this study
demonstrates that the ribosome and its RNA core can directly syn-
thesize a variety of 5- and 6-membered cyclic structures, deepening
our understanding of the ribosome’s bond-forming mechanism.

Results
Synthesis of ncMs-acylated tRNAs for ribosome-mediated poly-
merization in vitro
The synthesis of cyclic backbones using the ribosome requires ncM-
acylated tRNAs (Fig. 2). The conventional approach to charging ncMs
onto tRNAs involves engineering aminoacyl-tRNA synthetases (aaRSs),
the enzymes responsible for attaching natural amino acids to their
corresponding tRNAs. However, engineered aaRSs have limited pro-
miscuity and can only accommodate a narrow range of amino acids
structurally similar to those used in the engineering process36. To
overcome this limitation, we employed the aminoacylating ribozyme,
flexizyme (Fx), which catalyzes tRNA acylation by recognizing an aro-
matic group37 of an activated ester substrate. Fx has demonstrated
extensive compatibility with a diverse range of ncMs with aromatic
rings10,12,38, thus expanding the scope of ribosome-mediated synthesis
of emerging bio-based materials39. Currently, four different ester or
thioester leaving groups (flexizyme leaving group (FLG), Fig. 2A) are
used in conjunction with three flexizyme variants (eFx, dFx, and aFx):
eFx/cyanomethyl ester (CME), dFx/dinitrobenzyl ester (DNB) or
chlorobenzyl thioester (CBT), and aFx/(2-aminoethyl)amidocarbox-
ybenzyl thioester (ABT). The selection of the appropriate Fx and cor-
responding FLGdepends on the physicochemical characteristicsof the
substrate40. For example, substrates bearing an aromatic group within
their structure (e.g., phenylalanine) are optimally suited for CME. In
contrast, substrates lacking an aromatic residue (e.g., lysine) require
DNB or CBT, while hydrophobic substrates (e.g., leucine) are best

Fig. 1 | Formation of cyclic hydrazinedione bonds within the ribosome. The
structure of the ribosome (gray) and tRNAs (orange and blue) involved in bond
formation frompreviously publishedwork (PDB ID: 1vy4).ABifunctional substrates
containing two electrophiles (E+) and nucleophiles (Nu-) engage in ring-closing

reactions via successive aminolysis within the ribosome, resulting in the formation
of cyclic structure. B The typical ribosome-mediated peptide bond formation
mechanism involving a nucleophilic substitution reaction (See Supplementary
Fig. 2 for further details on the proposed mechanism).
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matched to ABT due to the water-solubilizing moiety (-NH3
+) on the

aromatic component38. The recently reported ‘Fx substrate design
rules’ havemore broadened the scope of Fx applications by providing
guidelines for identifying ncMs compatible with Fx-mediated
acylation37.

Design of chemical substrates for ribosome-mediated cyclic
bond formation
Diesters and hydrazines have been used as substrates to produce
heterocyclic structures, where the diester serves as a scaffold for the
cyclic structure and react with the hydrazine via a nucleophilic sub-
stitution reaction at the two reactive groups. This reaction, however,
typically requires high temperatures and a catalyst (acid or base)41,42,
along with an excess of one of the reactants. Utilizing the ribosome
as a catalyst for synthesizing this motif would provide a distinct
platform, enabling rapid synthesis in an aqueous solution under

moderate temperatures (30–37 °C) as well as taking advantage of the
ribosome’s template-guided sequence-specific polymerization
capability43. To design a diester substrate compatible with Fx, we first
converted an acid moiety to an ester containing an FLG (Fig. 2A). We
next derivatized the other acid with different R1 substituents that
vary the steric hindrance and electron density around the electro-
philic carbonyl carbon. R1 substituents include tert-butyl, ethyl,
methyl, benzyl, and phenyl groups. The choice of R1 may allow the
rate of the cyclization reaction to be finely controlled44,45. We also
varied substituent R2 (Fig. 2A) with aliphatic, branched-chain, and
aromatic variants, demonstrating that ribosome-mediated synthesis
can produce a diverse array of heterocyclic derivatives more effi-
ciently than the conventional solution-based chemistry. Further-
more, we varied the carbon chain length (malonate; 3-carbon chain,
and succinate; 4-carbon chain), which produces different ring sizes
once cyclization occurs (Fig. 2B). As a synthon for forming cyclic
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Fig. 2 | Substrate design principle and genetic code reprogramming for pro-
ducing cyclic structures in a cell-free system.A Each substrate was activatedwith
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containing two electrophiles but differing in the number of carbon atoms in their
structure. The substrates were further diversified by varying the R1 and R2 sub-
stituents. As synthons, we designed a hydrazinoester containing two nucleophilic

nitrogen atoms. B Fx was used to acylate the substrate onto in vitro transcribed
synthetic tRNAs. Following the flexizyme-mediated acylation of diester (violet) and
hydrazinoester (orange), each acylated tRNA:ncMcomplex was added to a cell-free
protein synthesis platform to decode two consecutive codons programmed on
mRNA. The ribosome then forms non-standard 5- and 6-membered rings while
polymerizing the two monomers, demonstrating its potential as a versatile che-
mical apparatus capable of facilitating previously unachieved synthetic reactions.
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structures, we employed 2-hydrazinylpropanoic acid; Hz, (Fig. 2A)17,
which also exhibits bifunctional nature due to its two nucleophilic
nitrogen atoms (Supplementary Fig. 3).

Fx-mediated acylation of ncMs and ribosome-mediated synth-
esis of cyclic motifs
We conducted Fx-mediated reaction in two stages to charge ncMs onto
tRNAs. Initially, we used a shortmicrohelix tRNA (mihx), a 22-nucleotide

tRNA analog, to determine the optimal conditions for acylation. This
method offers rapid analysis because acylated mihx, with its increased
molecular weight, can be distinguished from unacylated mihx due to
their differing mobility on a polyacrylamide gel (Supplementary
Figs. 4–6). For each ncM, six different experimental conditions were
tested, varying pH levels (7.5 and 8.8) and Fx variants (eFx, dFx, and aFx)
to identify the condition with the highest acylation yield16. We quanti-
tatively assessed the acylation yield through densitometric analysis of
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charged to tRNA by Fx, resulting in an ncM:tRNAfMet (CAU) conjugate. Similarly,Hz
was charged to tRNA by Fx, yielding Hz:tRNAPro1E2 (GAU). Cyclization efficiency,
measured as the ratio of peak intensities representing peptides with cyclic struc-
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to a color map. B Upon introducing m:tRNAfMet (CAU) and s:tRNAfMet (CAU) with
Hz:tRNAPro1E2 (GAU) into PURExpress™ (NEB) system, the ribosome successfully
synthesizes 5- and 6-membered ring structures, respectively.CMass spectrometric
analysis of the reaction between substrates m and Hz within the ribosome pro-
duced a high yield (100 %) of peptide oligomer with a cyclic pyrazolidinedione

group at the N-terminus.DHowever, the reaction between substrate s, which bears
the same R1 substituent, and Hz yielded only 20 % cyclic structure alongside 80 %
linear product, indicating incomplete cyclization. Note that substrates 7–8 were
synthesized as a mixture (see Supplementary Fig. 10) and were used as such. The
production of N-terminus truncated peptide (denoted as T) is often observed in
prokaryotic cell-free protein synthesis74,75. This truncation occurs due to the inef-
ficiency of the synthetic tRNAs with ncM (s:tRNAfMet and Hz:tRNAPro1E2) in forming
the translation initiation complex, leading to premature ‘drop-off’ the initiator
tRNA before peptide synthesis is completed. Consequently, the ribosome reiniti-
ates translation at a downstream codon using endogenous tRNAs with natural
amino acids76,77. Spectra in (C, D) are representative of n = 3 independent experi-
ments. Source data are provided as a Source Data file.
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P1c2UGGU

Fig. 6 | Cyclization in analogues of the peptidyl transferase center. A The
P1c2UGGU domain, which partially includes the ribosome’s catalytic domain
(domain V), was prepared via in vitro transcription. B P1c2UGGU was designed
with a UGGU sequence to enable base-pairing with a tRNA bearing an ACCA
sequence at its 3’-end, thereby positioning the substrates in close proximity
and facilitating catalytic activity comparable to that of the full ribosome.
C Upon dimerization, the P1c2UGGU domain forms a catalytic pocket akin to the
peptidyl transferase center. This arrangement allows the two tRNA-charged
substrates to undergo cyclization. Subsequently, RNase digestion of the
resulting tRNAs yields the expected product attached to the 3’-end residue of
the tRNA. D, E The extracted ion chromatograms show a single peak corre-
sponding to the theoretical mass of a 5- and 6-membered ring linked to the 3’-
OH of adenosine, only in the presence of catalytically functional P1c2UGGU in

the solution (blue, [M + H]+ = 422.141 (cal), [M + H]+ = 422.145 (obs) for
5-membered ring and [M + H]+ = 436.158 (cal), [M + H]+ = 436.158 (obs) for
6-membered ring). P1c2, lacking the interaction of tRNA due to the elimination
of the UGGU sequence, does not exhibit the ability to catalyze peptide bond
formation (green). Similarly, reactions with P2cUGGU, of which structure is
mutated to be inactive, produce no cyclic products (purple), suggesting that
simple proximity is insufficient for cyclic structure formation. Additionally,
reactions with P2c (orange), which lacks both catalytic activity and tRNA
interaction, yield no corresponding products. No corresponding products
were observed in the absence of PTC analogues (black). Spectra in D and E are
representative of n = 3 independent experiments. Source data are provided as
a Source Data file.
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gel bands. Once optimal conditions are identified, we acylate a full-
length tRNA molecule with the respective ncM.

We first charged substratem (a malonic ester derivative) andHz
to microhelix (Fig. 3A and Supplementary Fig. 3). Substrate Hz
achieved over 50 % acylation, whereas substratem did not show any
significant band shift on the polyacrylamide gel. This lack of shift is
presumably due to the faster electrophoretic mobility of substratem
in the acidic gel (pH 5.2), which is attributed to the absence of a
positively charged moiety (e.g., -NH3

+) (Supplementary Fig. 4). Acy-
lation of substrate m to tRNA by Fx is essential for achieving
ribosome-mediated biosynthesis of non-native chemical bonds
through two consecutive incorporations of both substrates. Thus, we
sought to measure successful acylation of substrate m to tRNA
through more sensitive means. To achieve this, we performed a Fx-
mediated acylation reaction with substrate m to tRNAfMet (CAU). For
ribosome-mediated biosynthesis, we purified the acylated tRNA
through ethanol precipitation to remove any unreacted substratem.
The resulting m:tRNAfMet (CAU) conjugate was then re-suspended in
an aqueous buffer and introduced into PURExpress™ (NEB), a
reconstituted in vitro protein synthesis system. To facilitate the
analysis of the products, we designed a reporter gene producing a
Strep tag (XWSHPQFEKST) on a T7 promoter-controlled DNA plas-
mid (pJL1_X-StrepII-ST), where X indicates the position to which Fx-

chargedm is incorporated. We selected the Strep tag due to its high
affinity for Strep-Tactin and the ability to elute target peptides under
mild denaturing conditions (0.1 % SDS)46. The reaction was carried
out at 37 °C for 2 h in the presence of the other eight amino acids
required for synthesis of the peptide containing a Strep tag. The
reaction products were purified, eluted, and subsequently char-
acterized via MALDI-TOF mass spectrometry. The mass spectrum
analysis identified a peak corresponding to the theoretical mass
([M +H]+ = 1346.6; [M+Na]+ = 1368.8) of the product containing m at
the N-terminus (Supplementary Fig. 7C), confirming substrate m is
charged to tRNA by Fx. The acylation yield is estimated to be over
50 % based on our previous study17, which analyzed the relationship
between the acylation and translation yield using peak intensities
from the MALDI spectrum (Supplementary Fig. 8).

For substrate Hz, we carried out Fx-mediated reaction for
tRNAPro1E2 (GAU) using the samemethod. An engineered proline-tRNA
was chosen for its efficient incorporation of ncMs into peptides in
previous studies11,47,48. The resulting Hz:tRNAPro1E2 (GAU) conjugate
was introduced to a PURExpress reaction containing m:tRNAfMet

(CAU) and a DNA plasmid (pJL1_XY-StrepII). This DNA template
encodes a Strep tag (XZWSHPQFEK), containing the two ncMs at
positions X and Z (Fig. 3B). The Met(AUG) and Ile(AUC) codons were
selected for X and Z, because Met and Ile are not required for Strep
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with free primary amines, showed a single peak ([M +H]+ = 1360.5) corresponding
to the mass of the linear product of a hydrazone. This is direct evidence that a free
primary amine is present within the peptide, suggesting that the α-nitrogen was
used to form the peptide bond and the β-nitrogen was used for ring-closure.
Spectra in C and D are representative of n = 3 independent experiments.
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tag synthesis (and hence avoid competition with natural amino
acids), and AUG is necessary as the initiation codon in protein
synthesis. The resulting peptide was characterized using MALDI-TOF
mass spectrometry, showing a peak corresponding to the theoretical
mass ([M +H]+ = 1212.5; [M+Na]+ = 1234.4; [M + 2Na-H]+ = 1256.3) of
the product containing a pyrazolidinedione at the N-terminal region
(Fig. 3C and Supplementary Fig. 9). To the best of our knowledge,
this study provides evidence that the ribosome can catalyze the
synthesis of a 5-membered cyclic structure.

Exploring further, we next tested ribosomal synthesis utilizing a
wide spectrum of monomers containing diverse non-canonical back-
bones for incorporation into a growing polymer by the ribosome
(Fig. 3A). We focused on diesters containing an extended carbon chain
capable of forming larger cyclic structures through the ring-closure
mechanism with substrate Hz inside the ribosome (Fig. 3B). For this,
we chose succinic ester and designed a derivative (s) to have the same
R1 substituent. We then found an optimal acylation condition (pH 8.8
and aFx) for tRNA charging by carrying out the Fx/mihx experiments
and mass spectrometric analysis (Supplementary Fig. 5 and 7G). With
Fx-charged s:tRNAfMet (CAU) with Hz:tRNAPro1E2 (GAU), we carried out
in vitro translation using PURExpressTM and characterized the resulting
product using mass spectrometry. The MALDI spectrum showed a
peakcorresponding to the theoreticalmass of thepeptide containing a
6-membered tetrahydropyridazinedione at the N-terminus ([M+H]+ =
1226.5; [M+Na]+ = 1248.5, Fig. 3D). Although a previous study reported
the 6-membered structure with a pyridazinone (C4H6N2O) motif pro-
duced by the ribosome17, our study has discovered a distinct cyclic
structure with the pyrazolidinedione motif (C4H6N2O2).

Intriguingly, themass spectrum (Fig. 3D) showedmajor peaks that
did not correspond to the expected mass of product containing the
6-membered structure. Themass analysis suggests that themajor peak
(denoted as T) corresponds to the theoretical mass of a truncated
peptide without any synthetic substrates at the N-terminus. However,
the peak L matched the peptide containing substrate s, with a peptide
bond connected to a single nitrogen atom from substrateHz (Fig. 3B).

We also considered the scenario in which the appropriate sub-
strates are incorporated into the peptide, but the ring closing reaction
is not efficiently carried out, resulting in a linear product (Fig. 3B). To
determine the ratio of cyclic to linear products, we calculated the
percentage based on peak areas, assuming a calibration factor of 1.0
(Supplementary Fig. 11) as observed in our previous study17. Based on
this calculation, we found that only 20 % of the cyclic product was
produced from substrate s (Fig. 3D), while the reaction with substrate
m yielded no linear product (Fig. 3C), indicating nearly 100 % cycli-
zation efficiency. We hypothesized that this is due to the fast kinetics
of 5-membered ring formation, attributed to reduced ring strain and a
stable transition state, as observed in solution chemistry49,50. To test
this hypothesis further, we looked to experiments that allowed us to
tune the kinetic rate of ring formation.

Mechanistically, the formation of cyclic structure between a die-
ster and a hydrazinoester, two sequential aminolysis reactions must
occur within the ribosome. This involves release of both tRNA and
alkoxide (R1O

-) from the two carbonyls of diester substrates. In the two
reactions using substrates m and s, methoxide (CH3O

-), a conjugate
base ofmethanol, with high basicity (pKa of ~16) is expelled as a leaving
group. We hypothesized that high basicity makes methoxide less
prone to dissociate and that altering the R1 substituent to groups with
different pKa may affect the kinetics of ring-closure reaction. To test
this hypothesis, we designed malonate and succinate derivatives with
various R1 groups (tert-butyl, ethyl, benzyl and phenyl) and various
pKas (Figs. 2A and 3A).

The cyclization kinetics are influenced by the R1 substituents
First, we synthesized a range of malonic ester derivatives (substrates
1–3), varying the R1 group (ethyl (1), methyl (2), and phenyl (3)) to

evaluate their impact on forming 5-membered rings (Fig. 3A). We also
varied R2 groups (R2 =H, amino, and cyclopropyl) (Supplementary
Fig. 12) to test if the ribosome’s potential to catalyze the synthesis of
5-membered pyrazolidinedione derivatives is independent of an
additional functional group attached to the carbon chain. After Fx-
mediated tRNA acylation reaction and subsequent ribosomal synthesis
withHz:tRNA in the PURExpress system,we characterized the resulting
products by MALDI mass spectrometry. In the MALDI spectrum
(Fig. 4A (upper panel) and Supplementary Fig. 9), a peak corre-
sponding to the peptide containing the desired 5-membered ring
structure was observed. Notably, peaks indicative of the linear form
were absent across the different R2 substituents (i.e. substrates 1, 2,
and 3). This suggests that the basicity of the R1 substituent, which
ranges across seven orders of magnitude in pKa (from phenolate to
ethoxylate), and the bulkiness of the R2 substituent have minimal
impact on the efficiency of 5-membered ring formation within the
ribosome. This is presumably because the rapid kinetics of ring for-
mation minimizes the potential impact of substituents.

We next examined the impact of R1 substituents on the formation
of 6-membered rings. To explore this, we used nine succinic ester
derivatives (substrates 4–12) with different R1 groups (Fig. 3A). Nota-
bly, substrate 4 containing a tert-butyl substituent yielded no cyclized
product (cyclization efficiency: 0 %, Fig. 3A and Supplementary
Fig. 10). We hypothesized that this was due to the following two key
factors: (i) the tert-butyl group creates significant steric hindrance,
which impedes nucleophilic attack on the carbonyl carbon, a rate-
determining step in aminolysis, and (ii) the tert-butoxylate has a higher
basicity (pKa ~17) and thus is less favorably displaced fromthe carbonyl
carbon compared to substrate s containing a methoxy substituent
(Figs. 3A and 4B). In this context, a less bulky or less basic substituent
may improve the cyclization efficiency. To test this hypothesis, we
designed substrates 5-8 with ethyl or methyl groups (pKa ~16). These
products showed an increased cyclization efficiency of ~30 ± 5 % in the
formation of 6-membered ring. Substrates 9 and 10, bearing a ben-
zylate with pKa of ~15 for the R1 substituent demonstrated cyclization
efficiencies of 40 % and 45 %, respectively (Supplementary Fig. 10).
Interestingly, substrates 11 and 12, which contain a phenolate (pKa of
~10) as the R1 substituent, exhibited a singular peak corresponding to a
peptide with a 6-membered ring in the MALDI spectrum, indicating a
cyclization efficiency of 100 % (Fig. 4C and Supplementary Fig. 10). As
observed for 5-membered rings, the presenceof additional groups (R2)
adjacent to the reaction site does not impede the kinetics of
6-membered ring formation (Supplementary Fig. 13). This demon-
strates that substituent choice can be an effective strategy to tune ring
formation efficacy, with weaker bases better facilitating the ring for-
mation reaction within the ribosome’s active site. This result supports
our hypothesis that the weaker phenolate stabilizes the intermediate
through more efficient deprotonation, thereby accelerating the rate-
limiting step of the cyclization process (Supplementary Fig. 2).

To determine the production yield of the cyclic hydrazinedione
product, we used a peptide that exhibited 100 % cyclization efficiency
in forming a 6-membered ring. We added an internal standard, a
chemically synthesized peptide containing succinic acid (Sa) andHz at
the N-terminus of StrepII residues (Sa-Hz-WSHPQFEK), at a known
concentration to the peptide product. Using the MALDI spectrum
(Supplementary Fig. 14), which showed a comparable intensity to the
peak of the internal standard, we calculated that ~10 ng of target
peptides were produced in 10 µL of the PURExpressTM reaction.
Although the yield is low, this result is consistent with the typical
production yields of 1–10 ng/µL achievable in the in vitro ribosome-
mediated polymerization of ncMs17.

To further investigate the ribosome’s ability to form cyclic struc-
tures larger than a 6-membered ring, we tested an additional set of
diester substrates with a longer carbon chain than that of succinate
diester. Specifically, we synthesized a series of glutarate diester
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derivatives (g, g-2, 16, and 17, Supplementary Fig. 3) with the same R1

substituents and conducted the same procedures for cyclic structure
formation (Supplementary Fig. 6). Unfortunately, we were unable to
detect a peak corresponding to the theoretical mass of the peptide
containing a 7-membered diazepanedione at the N-terminus of a
peptide. Instead, only peaks indicating a linear structure were
observed in MALDI spectra (Supplementary Fig. 15). This is likely
because the rate of the 7-membered ring closure reaction decreases by
1–2 orders of magnitude as the ring size increases from a 5- to 6- to
7-membered ring as observed in solution (Supplementary Fig. 13)49,50.
In summary, we synthesized 9 distinct pyrazolidinedione and tetra-
hydropyridazinedione backbones using the rapid ribosomal synthesis.

Cyclization does not occur in solution spontaneously
Our data demonstrate the ribosome’s ability to form twodistinct cyclic
hydrazinedione derivatives (Figs. 2–4). We considered the possibility
that these cyclic structures couldbe formed through an intramolecular
self-cyclization reaction in solution, rather than through ribosome-
mediated catalysis. To investigate this, we focused on the 6-membered
ring producedwith substrates 5 andHz, which showed 22% cyclization
efficiency (Fig. 3A). If cyclization were to occur spontaneously in
solution, we would expect an increasing proportion of cyclized pro-
ducts over time due to the gradual cyclization of linear products. To
verify this,we introduced the purified samples, containing amixture of
78 % of linear and 22 % of cyclic products, into an aqueous buffer (pH
8.0). The ribosome and targetDNA templatewereomitted to eliminate
any potential for producing cyclic products. We monitored the pro-
duct composition over 24 h through MALDI-TOF mass spectrometry.
As shown in Fig. 5A and Supplementary Fig. 16, the ratio of cyclized to
linear product remained constant, suggesting that no cyclic products
formed by a self-cyclization manner under these conditions (Fig. 5B).
We also considered whether additional materials (Strep-Tactin-coated
magnetic beads) or chemicals (100mM Tris-HCl, 150mM NaCl, 1mM
EDTA, pH 8) used in the experiment might cause a self-cyclization
reaction. We used the product obtained from the reaction of s andHz
and carried out multiple magnetic capture-release experiments to
simulate the purification procedure using the same buffer (Supple-
mentary Fig. 17). Not surprisingly, we observed a constant ratio across
cycles, further supporting that the observed cyclic structures are not
the result of intramolecular self-cyclization during the experiments.

PTC analogues exhibit catalytic activity for cyclization
To directly demonstrate that the cyclic hydrazinedione formation
results from the ribosome’s catalytic activity, we conducted an addi-
tional experiment using functional ribosome analogues thatmimic the
PTC components of the bacterial 23S ribosomal RNA (Fig. 6A). Speci-
fically, we designed two PTC analogues, P1c2 (70-mer) and P2c (97-
mer; Supplementary Information). P1c2 incorporates elements from
the P1 region of the ribosome’s domain V (Fig. 6B)51,52, forming a dimer
that yields a symmetrical three-dimensional structure similar to the
ribosome’s active site and is capable of catalyzing peptide bond for-
mation (Fig. 6C). In contrast, P2c is an inactive variantwith an extended
sequence, despite forming a stable dimeric structure. Using in vitro
transcription with T7 RNA polymerase, we synthesized four different
PTC analogues (P1c2UGGU, P1c2, P2cUGGU, and P2c) and tRNAACCA. The 3’-
UGGU sequence in the PTC analogues was specifically designed to pair
with the complementary 3’-ACCA in tRNA. To assess the functionality
of the RNA constructs, we incubated the P1c2UGGU and P1c2 separately
and observed that both formed dimeric constructs, regardless of the
3’-UGGU sequence (Supplementary Fig. 18A, B), consistent with pre-
vious findings53. Additionally, when P1c2UGGU was incubated with
tRNAACCA, it produced a construct (Supplementary Fig. 18B), pre-
sumably reflecting the formation of a hybridized RNA product via
UGGU-ACCApairing.We hypothesized that this pairingwould position
the substrates in close proximity for peptide bond formation.

Conversely, analogues lacking the complementary UGGU sequence
would fail to interact with tRNA, preventing the formation of a cyclic
structure.

To test the ribosome’s ability to form cyclic structures, we
charged substratesm, s, andHz to tRNAACCA via Fx, purified them, and
mixed m with Hz and s with Hz in separate solutions containing the
PTC analogues. After the reaction (24 h at 0 °C), we digested the tRNA
molecules with RNase (5min, at room temperature) to isolate and
monitor the product attached to the 3’-adenosine residue (Fig. 6C).
The crude reaction mixtures were analyzed using liquid
chromatography-time-of-flight (LC-TOF) mass spectrometry. The
extracted ion chromatogram for the reaction with P1c2UGGU yielded a
single peak at 5.0 and 3.3min corresponding to the mass of the 5- and
6-membered hydrazinedione, respectively (calculated [M+H]+=
422.141, observed [M +H]+= 422.145 in Fig. 6D (blue) and calculated
[M+H]+= 436.158, observed [M+H]+= 436.158 in Fig. 6E (blue)).
Notably, no peaks corresponding to the 5- or 6-membered rings were
observed in the experiments containing P1c2 (Fig. 6D, E (green)). This
indicates that the interaction with tRNAs through the UGGU and ACCA
sequence is essential for positioning substrates into close proximity
and yielding a cyclic structure.

Importantly, the cyclic structure formation could potentially
result from the proximity of the substrates on tRNA, rather than the
catalytic activity of P1c2. To address this possibility, we performed
additional experiments using P2c variants, known to be inactive in
peptide bond formation, despite their ability to form a dimeric con-
struct. Consistent with the previous findings53, we observed that
P2cUGGU and P2c formed a dimeric product (Supplementary Fig. 18C),
whereas Pc2UGGU produced only a hybridized product with tRNA.
However, no peaks corresponding to the masses of 5- or 6-membered
rings were detected in samples with the P2cUGGU domain (Fig. 6D, E,
purple), strongly suggesting that proximity alone is insufficient to
drive peptide and ring formation. Similarly, the Pc2 analog lacking the
UGGUsequencealso failed toproduce thedesiredproducts (Fig. 6D, E,
orange). These findings indicate that the distinctive sequences of P1c2
and P2c may include key residues required for the catalytic activity in
peptide bond formation (see Supplementary Information). Not sur-
prisingly, no peaks corresponding to the 5- and 6-membered cyclic
hydrazinedione were detected in the absence of PTC analogues
(Fig. 6D, E, black). Utilizing these PTC analogues may provide valuable
insights into identifying critical residues for ribosome engineering,
potentially enabling the polymerization of a broader range of ncMs.

The reaction products produced in the presence of P1c2UGGU are
consistent with the products obtained in the experiments conducted
with the full ribosome (Fig. 3C, D). While no linear product was
detected in any of the 5-membered hydrazinedione formation reac-
tions ofm and Hz, a linear product was observed in the 6-membered
formation reaction of substrate s and Hz (Supplementary Fig. 19).

Notably, because P1c2UGGU lacks the ability to position substrates
sequentially throughmRNA codons, a dimeric form ofHz-Hz linked by
a normal peptide bond was observed as a side product. This further
confirms the ribosome’s catalytic ability to facilitate both cyclic
structures and peptide bonds (Supplementary Fig. 20).

Mechanistic proposal for ribosomal synthesis of non-standard
ring structure: the α-nitrogen links, and subsequently, the β-
nitrogen cyclizes
The ribosome naturally prefers L-α-amino acids for peptide bond
formation. Several pioneering studies have shown that the ribosome
can incorporate β-amino acids31, albeit with considerably reduced
efficiency compared to α-amino acids9. This reduced efficiency is
presumably due to the extended carbon chain of β-amino acids, which
hinders the optimal alignment of the β-nitrogen within the ribosome’s
peptidyltransferase center for an effective nucleophilic attack on the
P-site tRNA. Substrate Hz, which has an NH2 group linked to another
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NH2group at both theα andβpositions, presents uniqueproperties. In
reactions involving hydrazine with carboxylic acid derivatives, the β-
nitrogen is the primary atom used for bond-forming reactions due to
steric hindrance around the α-nitrogen (Fig. 7A)54. This raises an
important question: can the β-nitrogen outcompete the ribosome’s
inherent preference for using the α-nitrogen for peptide bond for-
mation within the catalytic site?

The cyclic structures explored in this work have two possible
regioisomers. In one scenario, the α-nitrogen atom of the incoming
hydrazine ester attacks the ester of the P-site tRNA, while the β-
nitrogen targets the ester carbonyl substituted with R1 (Fig. 7A).
Alternatively, the β-nitrogen atom might attack the tRNA linkage,
reversing the roles of the nitrogen atoms (Fig. 7B). A critical distinction
between these two scenarios is that the first scenario produces a free
primary amine in the linear product, while the second scenario does
not. This free amine remains reactive, allowing subsequent reactions
such as a Schiff base reaction. To identify the regioselectivity involved,
we introduced 4-methylbenzaldehyde (4-mba) to the product purified
from the PURExpress reaction of s and Hz, which consists ~80% of the
linear product (Fig. 7C, D). Mass spectrometry revealed a single peak,
corresponding to the mass of a product containing a hydrazone moi-
ety at the β-nitrogen position (Fig. 7D), suggesting that the α-nitrogen
atom attacks the P-site tRNA as shown in Scenario 1 (Fig. 7A). Taken
together, these findings confirm that, in ribosome-mediated cycliza-
tion, the α-nitrogen atom is used first for linking the nascent peptide
chain, and subsequently the β-nitrogen atom undergoes ring closure
with the ester carbonyl group substituted with R1. Despite the lower
steric hindrance of the β-nitrogen, the natural ribosome selectively
uses the α-nitrogen for peptide bond formation (see Supplementary
Fig. 2 for a full proposed mechanism).

Synthesis of non-ribosomal peptide-like products
Direct production of non-ribosomal peptide-like materials may sig-
nificantly enhance the diversity of peptide drug candidates in a library,
particularlywhenprepared for screening via drug discovery platforms.
For example, the RaPID (Random non-standard Peptides Integrated
Discovery) system leverages the advantages of diverse cyclic

structures, which are crucial for drug efficacy, with template-guided
synthesis, inherent to ribosome-based synthesis40,55. These molecules
are designed to contain multiple cyclic structures, introduced via
chemical or enzymatic reactions56–58, as they enhance thermodynamic
stability, resistance to proteolytic degradation, and protein-protein
interactions important in therapeutics32,59–63. To test the ribosome’s
ability to directly produce these non-ribosomal peptide-like materials
with multiple alternative backbones in a peptide39, we designed an
additional plasmid (pJL1-XZ-StrepII-X’Z) that allows the site-specific
incorporation of ncMs (diester andHz) in an alternatingmanner at the
X, Z, X’, and Z positions. Additionally, we prepared a diester substrate
(12) in its amino acid form, enabling the C-terminal incorporation of
the diester and producing a cyclic structure withHz incorporated into
the next codon within the ribosome. In a separate tube containing
PURExpress reaction materials, we supplemented Fx-charged
tRNAfMet(CAU):1 and tRNAPro1E2 (GUC):12, with tRNAPro1E2 (ACG):Hz,
respectively, formultiple ring-closing reactions. In the ribosome, 1 and
Hz incorporated at theX andZpositions formanN-terminal ring,while
12 and Hz at the X’ and Z positions form a C-terminal ring. The mass
spectra (Fig. 8) yielded peaks of the products containing multiple 5-
and 6-membered cyclic backbones, as defined on themRNA sequence.
This suggests the potential for direct synthesis and site-specific
incorporation of pharmaceutical cyclic motifs into biopolymers,
thereby expanding the range of non-ribosomal peptide-like products
in libraries used for peptide drug selection platforms40.

Discussion
In this work, we demonstrate ribosome-mediated biosynthesis of non-
standard cyclic motifs using rationally designed diester and hydrazine
substrates (non-canonical monomers, ncMs). These ncMs were
charged to tRNA by an acylating-ribozyme then consecutively incor-
porated into a peptide, with the ribosome catalyzing multiple amino-
lysis reactions in its catalytic site. Through a series of chemical
reactions and mass spectrometric analysis, we revealed that the α-
nitrogen atom of the hydrazine monomer extends the monomer onto
the nascent peptide chain, while the β-nitrogen undergoes a ring-
closing reaction in the ribosome. By varying the length of the
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monomer scaffolds, we achieved the formation of diverse 5- and
6-membered cyclic backbones on a peptide. Cyclization efficiencies
between 0–100% were observed through rational design of ester
substituents.

We believe this breakthrough bridges the gap between the che-
mical advantages of cyclic motifs in drug-like peptides with the ease of
synthesis using the translation machinery, catalyzed by the ribosome.
To our knowledge, this study demonstrates the ribosome’s capacity to
facilitate ring-closing reactions by leveraging the intrinsic biochemical
properties of ncMs. Looking ahead, this platform could greatly accel-
erate the synthesis of heterocyclic motifs. For instance, previous stu-
dies using chemical methods showed that incorporating a 5- or
6-membered cyclic hydrazinedione into a peptide required a process
of up to seven steps, often under more stringent conditions, such as
high temperatures, highly acidic or basic environments64–66. In con-
trast, our approach using the ribosome in vitro produces the same
motif in an aqueous buffer within 2 h at 37 °C67. This capability could
transform the synthesis of the five-membered pyrazolidine motif,
already used in small-molecule drugs68–72. It could also enhance the
production of diverse peptide libraries used for mRNA display-based
drug discovery platforms like RaPID40. By integrating diverse cyclic
structures into the range of peptidomimetics, this approach holds
potential to accelerate the development of therapeutic compounds.

Interestingly, the reactions occurring within the ribosome appear
to follow conventional chemical principles found in solution. For
example, 5-membered ring formation was more efficient than 6- or
7-membered ring formation, and cyclization yield depends on the
stability of the leaving group. However, kinetic studies (e.g., entropy,
enthalpy, and reaction rates for the ribosome) remain largely unex-
plored. We expect further kinetic investigations to improve our
understanding of the ribosome’s catalytic core, enabling the in vitro
synthesis of an even greater array of cyclic structures. Admittedly, the
product yield in the PURExpress system is low (~10 ng per 10μL reac-
tion scale, 15-fold lower than the typical yield of peptides composed of
the 20 canonical amino acids). However, we anticipate that yields will
improve in the future, given that cell-free systems, once limited to μL
scales, have now expanded to 200 L scales, with protein yields
exceeding grams per liter of reaction73. Non-canonical monomer
polymerization efficiency could potentially be improved by incorpor-
ating an updated set of translational components, such as EF-P, EF-Tu,
tRNAs, and ribosomes specially tailored to accommodate ncMs. Future
developments in this field may expand the spectrum of possible che-
mical reactions, potentially transforming our understanding of poly-
merization chemistry and producing the next generation of medicinal
molecules.

Methods
All materials were of the best grade commercially available and used
without further purification. NMR solvents (DMSO-d6) were purchased
from Sigma-Aldrich or TCI Chemicals. All the oligonucleotides used in
this research were purchased from Integrated DNA Technologies
(IDT), Bioneer, or Cosmogenetech and used as received according to
manufacturer’s guidelines.

General synthesis of substrates
Preparation of diesters. The diester substrates were synthesized in
the following ways: (i) We utilized a commercially available molecule
containing a carboxylic acid and an ester substituted with R1 as a
starting material or an anhydride that would yield an R1 ester upon
hydrolysis, (ii) Following the formulation of diverse R1 substituents, we
carried out esterification reactions to attach FLG for Fx-charging.

Preparation of hydrazine substrate. The hydrazine substrate was
synthesized using a methyl lactate in four steps: (i) replacement of
hydroxyl to hydrazino group (triflation on the hydroxyl group

followed by attachment of Boc-NHNH2), (ii) conversion of ester to acid
by base-catalyzed hydrolysis, (iii) attachment of Boc-ABT, and (iv) Boc
deprotection from the β-nitrogen and ABT.

Preparation of activated substrates for flexizyme reaction
General synthetic procedureA. Formationof cyanomethyl ester. To a
solution of carboxylic acid (1 eq) triethylamine (0.5 eq) and bromoa-
cetonitrile (10ml) were added and stirred overnight. After stirring for
16 h at room temperature, the reactionmixturewasdilutedwith EtOAc
and washed with HCl (1.0M in water), NaHCO3 (4 % (w/v) in water),
brine, and dried over MgSO4. Brine was used to increase the ionic
strength of the aqueous layer, thereby decreasing the solubility of
organic compounds in water. The organic phase was concentrated to
provide the crude product.

General synthetic procedure B. Formation of dinitrobenzyl esters. To
a solution of carboxylic acid (1 eq), 3,5-dinitrobenzyl alcohol (1.2 eq),
4-dimethylaminopyridine (DMAP) (0.5 eq) and N-(3-dimethylamino-
propyl)-N′-ethylcarbodiimide hydrochloride (EDC⋅HCl) (1.2 eq) were
added in dichloromethane. After stirring for 16 h at room temperature,
the reaction mixture was diluted with EtOAc and washed with HCl
(1.0M in water), NaHCO3 (4% (w/v) in water), brine, and dried over
MgSO4. The organic phase was concentrated to provide the crude
product.

General synthetic procedure C. Formation of 4-((2-aminoethyl)car-
bamoyl)benzyl thioates. To a solution of carboxylic acid (1.0 eq), tert-
butyl 2-[4-(mercaptomethyl)benzamido]ethyl carbamate (Boc-ABT)
(0.3 eq), 4-dimethylaminopyridine (DMAP) (0.5 eq) and N-(3-dime-
thylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC⋅HCl) (1.0
eq)wereadded inDCM.After stirring for 16 h at roomtemperature, the
reactionmixturewasdilutedwith EtOAc andwashedwithHCl (1.0M in
water), NaHCO3 (4% (w/v) in water), brine, and dried over MgSO4. The
organic phase was concentrated to provide the crude product.

General Fx-mediated acylation reaction
Microhelix acylation. A reaction mixture was prepared in a PCR tube
by combining 1μL of 0.5M HEPES (pH 7.5) or bicine (pH 8.8), 1μL of
10μMmicrohelix, 1μL of 10μM eFx, dFx, or aFx, and 3μL of nuclease-
freewater. The solutionwasheated to 95 °C for 2min and then allowed
to cool to room temperature over 5min. After cooling, 2 μL of 300mM
MgCl2was added, and themixturewas incubated at room temperature
for 5min. The reaction was subsequently chilled on ice for 2min, fol-
lowed by the addition of 2μL of 10–50mMactivated-ester substrate in
DMSO. The final mixture was incubated at 0 °C for 16–120 h.

tRNAacylation. In a separate PCR tube, 2μLof 0.5MHEPES (pH7.5) or
bicine (pH 8.8), 2μL of 250μM tRNA, 2μL of 250μMFx (selected from
the microhelix screen), and 3μL of nuclease-free water were com-
bined. The mixture was heated to 95 °C for 2min and allowed to cool
to room temperature over 5min. After cooling, 4μL of 300mMMgCl2
was added, and the solution was incubated at room temperature for
5min. The reaction was then chilled on ice for 2min, followed by the
addition of 4μL of 10–50mM activated-ester substrate in DMSO. The
final mixture was incubated on ice at 0 °C for 16–120 h.

In vitro synthesis of cyclic hydrazinediones
Ribosome-mediated synthesis of cyclic hydrazinediones. As a
reporter peptide, a T7 promoter-controlled DNA template (pJL1_XZ-
StrepII) was designed to encode a streptavidin (Strep) tag and addi-
tional Met(AUG) and Ile(AUC) codons (XZWSHPQFEKST (strep-tag),
where X and Z indicate the position of the diester and Hz substrates,
respectively) for N-terminal incorporation of two ncMs. The synthesis
was performed using only the 9 amino acids that decode the pur-
ification tagwithout theother 11 amino acids toprevent corresponding
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endogenous tRNAs from being aminoacylated and participating in
translation. The PURExpressTMΔ (aa, tRNA) kit (NEB, E6840S) was used
for in vitro ribosomal synthesis and the reaction mixtures were incu-
bated at 37 °C for 2 h. The synthesized peptides were then purified
using Strep-Tactin®-coatedmagnetic beads (IBA), denatured with a 0.1
% (v/v) SDS solution in water, and characterized by MALDI-TOF mass
spectrometry.

Multiple syntheses of cyclic hydrazinediones. A plasmid (pJL1-XZ-
StrepII-X’Z) encoding the XZWSHPQFEKSX’Z was used for multiple
ring-closing reactions, where X, X’, and Z indicate the position of the
diester (1, 12) andHz, respectively. Thediesterswere incorporated into
the Met (AUG-X) and Asp (GAC-X’) codons. Simultaneously, Hz was
incorporated into the Arg (CGU-Z) codon. The reaction mixtures,
containing only the 8 amino acids necessary for decoding the Strep
tag, were incubated at 37 °C for 2 h. The reaction mixtures were
incubated at 37 °C for 2 h. The resulting products were purified and
characterized by the same method described below.

Purification and characterization of cyclic hydrazinediones
The products containing hydrazinediones were purified using an affi-
nity tag purification technique or a C18 spin column purification. The
purified products were characterized by MALDI spectrometry. For
MALDI sample preparation, the purified peptide in 1.5 μL of SDS
solution was dried with 0.5μL of the matrix (α-cyano-4-hydro-
xycinnamic acid in THF, 10mg·mL−1). The dried sample was char-
acterized on a Bruker Autoflex MALDI-TOF and processed using
Compass DataAnalysis (Bruker).

Reaction of hydrazone between hydrazine and aldehyde
The sample was freeze-dried to remove a solvent (water). Then, the
solid-state peptide was dissolved by 4-methylbenzaldehyde (TCI,
T0259) and incubated for 30min at 37 °C. Afterward, water was added
again, and if layer separation occurs, the upper aqueous layer was
characterized by MALDI-TOF and processed using Compass DataA-
nalysis (Bruker).

Formation of cyclic hydrazinedione using PTC analogues
(P1c2UGGU, P1c2, P2cUGGU, and P2c)
1,000 pmol of PTC analogues was separately dissolved in 32μL of
62.5mMHEPES (pH7.5). To the cooledmixture, 8μLof 300mMMgCl2
was added, and incubated on ice for 60min to allow self-dimerization.
Then, 1,000pmol of tRNAfMet (CAU):s and tRNAfMet (CAU):Hz was
added and placed at 0 °C for 24 h for cyclic hydrazinedione formation
reaction. After the reaction, eachproductwas treatedwith 44 µLRNase
A solution (RNaseA (Favorgen) and200mMsodiumacetate, pH 5.2) to
liberate any cyclic hydrazinedione that may have formed from tRNA,
and incubated at room temperature for 5min. The RNase-treated
samples were directly used for LC–MS analysis without further pur-
ification process.

Statistics and reproducibility
No statistical methods were used to predetermine sample size, and no
samples were excluded from the analysis. The experiments were not
randomized, and investigators were not blinded.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The ribosome model shown in Fig. 1, Fig. 6, and Supplementary Fig. 2
was rendered from Protein Data Bank entry 1VY4 (E. coli 70S ribosome
bound to a peptidyl-tRNA mimic; [https://www.rcsb.org/structure/

1VY4]). All characterization data (NMR spectroscopy and mass spec-
trometry) are provided within the Article and its Supplementary
Information. The full source dataset has been archived on Zenodo and
is available at [https://doi.org/10.5281/zenodo.15304159]. Source data
are provided with this paper.
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