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CONSPECTUS: Protein biosynthesis is a central process in all o N

living cells that is catalyzed by a complex molecular machine—the oo (S s

ribosome. This process is termed translation because the language Lo e

of nucleotides in mRNASs is translated into the language of amino  chemically L oon ™

acids in proteins. Transfer RNA (tRNA) molecules charged with Synfreﬁiie% oo 'NN 0075

amino acids serve as adaptors and recognize codons of mRNA in ;S;iﬁé?RﬁA o " I:>

the decoding center while simultaneously the individual amino conjugates cobo </N1A;

acids are assembled into a peptide chain in the peptidyl transferase et naz ve Lol W

center (PTC). As the nascent peptide emerges from the ribosome, & somad,

it is threaded through a long tunnel referred to as a nascent peptide Hﬁ,b\'(ﬂ\/omNj/.,, Fore(iio)
exit tunnel (NPET). The PTC and NPET are the sites targeted by Moo ( 245k resoluton

many antibiotics and are thus of tremendous importance from a

biomedical perspective and for drug development in the pharmaceutical industry.

Researchers have achieved much progress in characterizing ribosomal translation at the molecular level; an impressive number of
high-resolution structures of different functional and inhibited states of the ribosome are now available. These structures have
significantly contributed to our understanding of how the ribosome interacts with its key substrates, namely, mRNA, tRNAs, and
translation factors. In contrast, much less is known about the mechanisms of how small molecules, especially antibiotics, affect
ribosomal protein synthesis. This mainly concerns the structural basis of small molecule—NPET interference with cotranslational
protein folding and the regulation of protein synthesis. Growing biochemical evidence suggests that NPET plays an active role in the
regulation of protein synthesis.

Much-needed progress in this field is hampered by the fact that during the preparation of ribosome complexes for structural studies
(i.e,, X-ray crystallography, cryoelectron microscopy, and NMR spectroscopy) the aminoacyl- or peptidyl-tRNAs are unstable and
become hydrolyzed. A solution to this problem is the application of hydrolysis-resistant mimics of aminoacyl- or peptidyl-tRNAs.
In this Account, we present an overview of synthetic methods for the generation of peptidyl-tRNA analogs. Modular approaches
have been developed that combine (i) RNA and peptide solid-phase synthesis on 3’-aminoacylamino-adenosine resins, (ii) native
chemical ligations and Staudinger ligations, (iii) tailoring of tRNAs by the selective cleavage of natural native tRNAs with
DNAzymes followed by reassembly with enzymatic ligation to synthetic peptidyl-RNA fragments, and (iv) enzymatic tailing and
cysteine charging of the tRNA to obtain modified CCA termini of a tRNA that are chemically ligated to the peptide moiety of
interest. With this arsenal of tools, in principle, any desired sequence of a stably linked peptidyl-tRNA mimic is accessible. To
underline the significance of the synthetic conjugates, we briefly point to the most critical applications that have shed new light on
the molecular mechanisms underlying the context-specific activity of ribosome-targeting antibiotics, ribosome-dependent
incorporation of multiple consecutive proline residues, the incorporation of p-amino acids, and tRNA mischarging.

Furthermore, we discuss new types of stably charged tRNA analogs, relying on triazole- and squarate (instead of amide)-linked
conjugates. Those have pushed forward our mechanistic understanding of nonribosomal peptide synthesis, where aminoacyl-tRNA-
dependent enzymes are critically involved in various cellular processes in primary and secondary metabolism and in bacterial cell wall

synthesis.
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Figure 1. Stable peptidyl-tRNA analogs are key compounds in studies on ribosomal translation. (A) Functional elements of the bacterial ribosome.
The growing polypeptide chain in the nascent polypeptide exit tunnel (NPET) is schematically depicted with yellow circles. (B) Various ribosome-
targeting antibiotics inhibit the peptide bond-formation reaction catalyzed by the peptidyl transferase center (PTC). (C) First generation of stable
small molecule 3'-peptidyl tRNA analogs was based on the antibiotic puromycin (highlighted in red). (D) Second generation of 3'-peptidyl-tRNA
analogs that is not restricted to a tyrosine side chain for the peptide C-terminus and provides nonmethylated A76. Both generations comprise a
hydrolysis-resistant 3’-amide linkage instead of the native ester. (E) Aminoacyl-tRNAs are also involved in nonribosomal natural product biosynthesis
relying on aminoacyl-tRNA-dependent enzymes. An example reaction catalyzed by the Fem enzyme family of peptidoglycan synthesis in bacteria is
shown (FemXy,).
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termini. Angew. Chem,, Int. Ed. 2009, 48, 4056—4060."
General concept for the solid-phase synthesis of stable
peptidyl-tRNA analogs.

Geiermann, A. S.; Polacek, N.; Micura, R. Native chemical
ligation of hydrolysis-resistant 3’-peptidyl-tRNA mimics.
J. Am. Chem. Soc. 2011, 133, 19068—19071.” First concept
for chemical ligations of peptidyl-tRNA analogs.

Graber, D.; Moroder, H.; Steger, J.; Trappl, K.; Polacek,
N.; Micura, R. Reliable semi-synthesis of hydrolysis-
resistant 3’-peptidyl-tRNA conjugates containing genuine
tRNA modifications. Nucleic Acids Res. 2010, 38, 6796—
802.% First approach for stable peptidyl-full-length tRNA
analogs; usage of DNA enzymes to tailor wild-type tRNAs.

Syroegin, E. A,; Flemmich, L.; Klepacki, D.; Vazquez-
Laslop, N.; Micura, R.; Polikanov, Y. S. Structural basis for
the context-specific action of the classic peptidyl trans-
ferase inhibitor chloramphenicol. Nat. Struct. Mol. Biol.
2022, 29, 152—161.* Key reference for the application of
peptidyl-tRNA analogs in ribosome structure determination.

1. INTRODUCTION

Protein biosynthesis, also known as translation, is a complex
multistep process essential to every cell and is catalyzed by the
ribosomes, which are molecular machines responsible for
translating mRNA into proteins.”~’ Within the ribosome,
tRNAs sequentially decode the mRNA in the decoding center
of the small ribosomal subunit, while the corresponding amino
acids assemble into a peptide chain in the peptidyl transferase
center (PTC) in the order specified by the nucleotide sequences
of the translated mRNAs (Figure 1A). Newly made proteins
emerge from the ribosome through the 100-A-long nascent
peptide exit tunnel (NPET) that spans the body of the large
ribosomal subunit. Initially, the NPET was thought to serve as a
passive conduit for growing polypeptide chains. However,
recent evidence suggests that the NPET plays an active role in
cotranslational protein folding and the regulation of protein
synthesis.”’

PTC and NPET are sites targeted by many antibiotics. For
instance, macrolides bind in the NPET of bacterial ribosomes,
blocking the progression of specific growing polypeptides and
causing translation to stall (Figure 1B). 712" Additionally,
various small organic compounds interact with the tunnel,
influencing the translation rate.®"? Typically, these effects are
associated with specific nascent peptide sequences. Some
ribosome complexes with arrested nascent peptides, mRNA,
tRNAs, and antibiotics have been structurally characterized,
providing insights into the conformational arrangements and
interactions responsible for the tunnel’s impact on trans-
lation."*™"” Furthermore, the synthesis of certain peptide
sequences by ribosomes is inherently challenging, as exemplified
by consecutive prolines. The restricted conformational flexibility
of polyprolines leads to steric hindrances, contributing to the
difficulties associated with their synthesis.”” Overall, the
emerging understanding of the ribosomal tunnel’s active role
in protein synthesis and folding, as well as its modulation by
various compounds, sheds light on the intricate mechanisms
underlying this fundamental cellular process.

Previous structural and biochemical studies utilized the cis-
generated peptidyl-tRNAs in the stalled ribosomal complexes to
investigate the ribosome’s peptidyl transferase activity and its
ability to stall in the presence of various drugs or small molecules
within the NPET."*~"” This approach yielded ribosome nascent
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chain complexes (RNCs) carrying native (wild-type) peptide
chains with peptidyl-tRNAs at the P site. While offering certain
advantages, such as the ability to generate stable complexes, this
method allows the preparation of only the peptide-arrested
RNCs, representing an inactive state of the PTC by definition
and not allowing for variations in the peptide sequence. Such
variations are essential for comparative purposes because the
inability to perform pairwise comparisons of structures of
arrested versus nonarrested RNCs (e.g, with versus without
antibiotic or a small molecule; WT stalling motifs versus
mutants) hampers our profound understanding of the under-
lying ribosome stalling mechanisms.

Recently, significant progress has been made in determining
the first structures of nonarrested nascent peptides in the
prepeptidyl transfer state using hydrolysis-resistant full-length
aminoacyl- and peptidyl-tRNAs”' or their short analogs.””’
These analogs have been known for a long time and essentially
are conjugates between a short ACCA-oligoribonucleotide and a
peptide moiety. In the simplest case, such conjugates can be
derived from the antibiotic puromycin (Figure 1C). The
breakthrough was made possible by developing efficient
procedures for preparing amide-linked peptidyl-tRNA mimics
to prevent their spontaneous deacylation during experiments.
Importantly, nonhydrolyzable peptidyl-tRNAs (Figure 1D) are
structurally indistinguishable from native full-length tRNA
substrates and retain activity in the transpeptidation reaction
when combined with native aminoacyl-tRNA in the P site.”***

Furthermore, it has been demonstrated that synthetic
peptidyl-tRNAs and their short mimics can be effectively
complexed with the ribosome in vitro, representing a function-
ally significant state of the PTC.**® Therefore, using amide-
linked peptidyl-tRNA mimics reasonably approximates the
reactive state, providing a reliable foundation for proposing
mechanistic hypotheses. These advances open new avenues for
investigating the dynamic processes and mechanisms underlying
protein synthesis within the ribosome.

Short peptidyl-tRNA mimics can also be used to explore
nonribosomal peptide synthesis. Aminoacyl-tRNA (aa-tRNA)-
dependent enzymes are involved in various cellular processes of
primary and secondary metabolism.”> For example, the Fem
transferases are crucial for the synthesis of the bacterial cell wall;
they catalyze the formation of amide and peptide bonds during
peptidoglycan biosynthesis (Figure 1E).”® Mechanistically, the
reaction proceeds through a tetrahedral intermediate that can be
adequately mimicked by stably linked peptidyl-tRNA analogs.
Moreover, these analogs potentially could be used as enzyme
inhibitors and therefore are extremely valuable for enzyme
structure determination, inhibitor design, and optimization.

This Account provides an overview of synthetic strategies
developed by our research groups for synthesizing peptidyl-
tRNA analogs that contain amide linkages instead of natural
ester bonds. Applications of these conjugates in the structure
elucidation of ribosomal peptide synthesis in conjunction with
antibiotic resistance phenomena and ribosomal stalling
mechanisms are mentioned but not detailed here. In addition,
we address the synthesis of other than amide-linked peptidyl-
tRNA analogs. These involve 1,4-triazolyl and squarate-linked
peptidyl-tRNA mimics utilized in chemical, biochemical, and
structural studies of nonribosomal peptide synthesis, particularly
on aa-tRNA-dependent enzymes of bacterial cell wall synthesis.

https://doi.org/10.1021/acs.accounts.3c00412
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2. CHEMICAL SOLID-PHASE SYNTHESIS OF
3’-PEPTIDYL-tRNA MIMICS

2.1. Basic Concept Building on
3’-Aminoacylamino-3’-deoxyadenosine Resins

The first small-molecule analogs of peptidyl-tRNAs described in
the literature were based on puromycin (Pmn) as the connecting
module between the peptide and the RNA moieties.”” For
instance, CC-Pmn, ACC-Pmn, and derivatives thereof were
synthesized to mimic the C74-C75-A76-amino acid terminus of
a tRNA charged with a single amino acid (Figure 1C).””*® Since
these conjugates possess a ribose 3’-amide linkage that is
relatively stable toward hydrolysis compared to the naturally
occurring ester linkage,” they could be successfully cocrystal-
lized with the ribosomes and their X-ray structures could be
determined at high resolution, providing important insights into
the interactions between tRNA functional termini and the
PTC.” Moreover, peptide bond formation transition-state
analogs were synthesized based on the Pmn building
block,”°** and the binding of corresponding derivatives to
the PTC was successfully visualized. These structures provided
the first insights into the mechanism of peptide bond formation
catalyzed by the PTC.*>**~*” However, the use of a puromycin
scaffold for synthesizing peptidyl-tRNA conjugates has limi-
tations. It consists of an O-methylated tyrosine linked to an
N° N°-dimethyl-3'-amino-3'-deoxyadenosine moiety, both of
which are not native, with N°-dimethylation at A76 and O-
methylation at the tyrosine side chain (Figure 1C). Even more
troublesome is the presence of the modified tyrosine, which
restricts the C-terminus of any target peptide sequence to this
particular side chain.

Therefore, approaches toward the synthesis of peptidyl-tRNA
conjugates that implement adenine instead of N°-dimethylated
adenine and do not limit the C-terminus of the peptide chain to
O-methylated tyrosine came into focus early on (Figure 1D). In
2003, Strazewski and co-workers introduced a concept that
makes use of appropriately protected 3’-alanylamino-3’-
deoxyadenosine immobilized on polystyrene resin,”” followed
by coupling of Fmoc-protected amino acids to build up the
peptide moiety (Figure 2). Subsequently, coupling of 2’-O-silyl-
protected nucleoside phosphoramidites generates the RNA
chain, and finally, the whole conjugate becomes deprotected and
cleaved from the solid support. This approach follows standard
peptide and standard RNA solid-phase protocols with one
limitation: the peptide side chains cannot be protected with
acid-labile groups typically used for Fmoc amino acid building
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N SN N SN
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Figure 2. Solid-phase synthesis (SPS) of peptidyl-tRNA mimics with

amide linkages based on 3’-aminoacylamino-3’-deoxyadenosine
1,38

resins.
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blocks (e.g., tert-butyl (Ser, Thr), trityl (Cys)) and must be
protected with orthogonal groups (e.g, allyl (Asp, Glu),
allyloxycarbonyl (Lys, His)) or silyl groups (Ser, Thr)).

We (RM. and co-workers) put substantial effort into
developing the solid-phase approach for peptidyl-RNA con-
jugates further toward broad applicability. First, we improved
synthetic access to aminoacylamino-3’-deoxyadenosine solid
supports (Figure 3)." The most practical route commences with
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N ~
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Figure 3. Synthesis of 3’-amino-3’-deoxyadenosine-functionalized
support 8 (rA¥ ™) for the automated solid-phase synthesis of RNA-
peptide conjugates.’ Reagents and conditions: (a) 4 equiv of N,N-di-n-
butylformamide dimethyl acetal, in DMF, 80 °C, 2.5 h, 89%; (b) 2 equiv
of DMT-C], in pyridine, room temperature,1.5 h, 79%; (c) 1.5 equiv of
trifluoromethanesulfonyl chloride, 1.5 equiv of DMAP, 2.5 equiv of
(iPr),NEt, in CH,Cl,, 0 °C, then 30 °C, 15 min; (d) 5.5 equiv of
CF;COO7KY, 1.5 equiv of (iPr),NEt, 2 equiv of 18-crown-6, in toluene,
80°C,2.5h (68% over (c) and (d)); (e) 1.3 equiv of Fmoc-AA-OBt, 2.2
equiv of P(CH3;);, in THF, 0° to room temperature, 16 h, 89%; (f) S
equiv of PfpOOC(CH,),COOPfp, 1 equiv of DMAP, in DMF/
pyridine = 1/1, room temperature, 1 h, 71%; (g) 3 equiv of (w/w)
amino-functionalized support (e.g, GE Healthcare, Custom Primer
Support 200 Amino), 2 equiv of pyridine, DMF, room temperature, 22
h, loading: 40—50 ymol/g.

9-(3’-azido-3'-deoxy-f-p-arabinofuranosyl)adenine 1, which is
readily accessible in two steps from commercially available 9-
(arabinofuranosyl)adenine.” Then, amidine protection of the
adenine exocyclic NH, group (2) and tritylation of the arabinose
5’-OH (3) are accomplished straightforwardly. Inversion of the
configuration at C2’ (4 and §) is achieved by activating the
arabinose 2'-OH as the triflate, followed by substitution with
potassium trifluoroacetate, which has the advantage that the
resulting trifluoroacetic ester is instantaneously cleaved during
workup to provide the free ribose 2’-OH. Subsequently,
Staudinger—Vilarrasa®®*' coupling furnishes the amino acid-
linked key intermediate 6, or alternatively, this amino acid-
adenosine module can be obtained in a stepwise reaction
sequence by the reduction of the azido group under Staudinger
conditions and isolation/purification of the amine, followed by
amino acid coupling.”** Compound 6 is then transformed into
pentafluorophenyl adipinic acid ester 7 and loaded onto the
amino-functionalized resin to provide solid support 8. This
synthetic route has proven robust and efficient. Most of the 20
proteinogenic amino acid-charged adenosine supports have
been synthesized, in addition to several supports that contain b-
configured and/or nonproteinogenic amino acid residues.”**~>"

https://doi.org/10.1021/acs.accounts.3c00412
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Of note, for the solid-phase synthesis of 3’-peptidyl-tRNA
mimics that lack the 2'-OH and offer a 2’-deoxyribose instead,
we introduced a suitable solid support that is attached via the
exocyclic amino group of the nucleobase to resins, function-
alized as N,°N°-glutaryl-9-[(2-hydroxyethoxy)methyl]) 3'-
amino-2/,3’-dideoxyadenosine."

Furthermore, we (R.M. and co-workers) diversified the 3'-
aminoacylamino-3’-deoxyadenosine solid-phase supports to
meet the challenge of N-methylation, O-phosphorylation, and
phosphonation of amino acid side chains of such conjugates. In
particular, to explore the biosynthesis of selenocysteine-tRNA,
we introduced protocols for the synthesis of methylated,
phosphorylated, and phosphonated 3’-aminoacyl-selenocys-
teine-tRNA mimics allowing direct methylation of the a-
amino group as well as the phosphorylation directly on the N*-
seryl- or N%-threonyl 3’-amino-3’-deoxyadenosine-function-
alized solid support. Also, phosphono aminobutyric acid
Abu(p), a common analog of O-phosphorylated serine, has
been introduced as a functional moiety of adenosine-modified
solid supports for synthesizing 3’-peptidyl-tRNA mimics.*’

The sizes of the conjugates that have been reported for the
solid-phase approach are in the range of 3 to about 30
nucleotides and 1 to S amino acids; typically, the number of
nucleotides exceeds (or is equal to) the number of amino acids.
These conjusgates were purified by anion exchange chromatog-
raphy.">** 7" Aggregation was not observed, even when the
peptide unit exclusively consisted of hydrophobic amino acids.

2.2. Formylmethionylated Peptidyl-tRNA Mimics

Although the solid-phase approach described above allows for
high flexibility of both the peptide and the RNA sequence, the
protection group strategy has a limitation with respect to
generating the characteristic N*-formyl methionine terminus
because the formyl group of the conjugate synthesized at the
solid support is cleaved during the final basic deprotection/
release step. A solution to this problem has been described
recently by demonstrating that the coupling of appropriately
activated N”-formyl methionine (as pentafluorophenyl ester) to
a completely deprotected (“free”) peptidyl-RNA conjugate is
selective and highly efficient (Figure 4).”" A further advantage of

NH, s NH,
N~y N— Ay
¢ 1! 1 . ¢

RNA-O ‘ N) PN S OPP g RNA-O N N)
0 H o 0
R o) H R
HZN\pepﬁde/l\n/NHOH RN \H,N\peptide)\n/NHOH
o) H o o)

Figure 4. Coupling of N”-formyl methionine on deprotected peptidyl-
tRNA conjugates in solution (Pfp pentafluorophenyl).”'

this approach is that methionine oxidation is circumvented.
Usually, during solid-phase synthesis of the RNA moiety, the
oxidation of thioether to sulfoxide (see refs 1 and 43) is at least
partially observed for methionine-containing conjugates be-
cause of the repeated exposure to I, solutions required for
P(III)-to-P(V) oxidation to generate the RNA phosphate
backbone. However, if the N-terminal methionine is coupled
after solid-phase synthesis, it is not exposed to the oxidative
reaction conditions. The only limitation of the N®formyl
methionine pentafluorophenyl ester approach concerns lysines
that contain a primary amino group at their side chains; these
become formylmethionylated without a proper protection
strategy. Conceptually, lysine-containing conjugates are acces-
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sible by this approach only if an orthogonal (e.g., photolabile)
protection group is applied at the N* position that is finally
cleaved after fMet has been coupled to the N-terminus of the
peptide.””

2.3. Native Chemical Ligation: Arginine-Containing
Peptidyl-tRNA Mimics

A substantial challenge for the solid-phase synthesis of peptidyl-
tRINA mimics concerns target sequences that contain arginine.
Typically, in Fmoc chemistry, the arginine side chain is
protected with the acid-labile N”-(2,2,4,6,7-pentamethyl-
dihydrobenzofuran-S-sulfonyl) (Pfb) group and, less frequently,
with benzyloxycarbonyl (Z) or NO, groups. All of these
protections are troublesome with respect to the required
detritylation step during RNA solid-phase synthesis (Pfb) or
during deprotection of the peptidyl-RNA conjugate and
cleavage from the solid support (Z, NO,). Only very few
reports are found for appropriate orthogonal (e.g., photolabile,
B-eliminating) guanidine side chain protections suitable for
Fmoc solid-phase peptide synthesis.”””*

Therefore, we (R.M. and co-workers) developed a convergent
route to generate arginine-containing peptidyl-tRNA mimics
involving native chemical ligation (NCL) (Figure 5).7* NCL
was initially designed to link unprotected peptide fragments
under mild reaction conditions.”* The process involves a
reaction between a weakly activated C-terminal thioester and an
unprotected N-terminal cysteine residue.”* > The thermody-
namic strength of an amide bond over a thioester bond is the
driving force behind this reaction, which is made possible
through proximity-driven S-to-N acyl migration.

To obtain peptidyl-tRNA conjugates using NCL, one
fragment is an RNA—peptide conjugate providing the 3'-
terminal cysteine moiety, whereas the other fragment, the
arginine-containing peptide, is functionalized as a thioester.”
More precisely, 4-(N-(2-aminoethyl)carbamoyl)benzyl thioest-
ers (ABT) are applied because of the increased solubility in
aqueous buffer solutions needed for the NCL reaction with
cysteinyl-RNAs. Based on the above-described synthetic
approach, the 3’-cysteinylamino-3’-deoxyadenosine-modified
solid support is readily accessible (Figure SA).”** Thereby,
the thiol cysteine side chain is masked as a disulfide with the S-
StBu group. This group is sufficiently stable during aqueous I,
treatment (low concentration) that is required for P(III)-to-
P(V) oxidation within each RNA coupling cycle and is readily
cleaved in situ with tris(carboxyethyl)phosphine. Subsequently,
NCL is performed in good to excellent yields. To increase the
diversity of the peptide sequences that the NCL approach can
achieve, we (RM. and co-workers) further developed a mild
radical desulfurization protocol that allows the transformation of
cysteine to alanine or, if penicillamine is used for the NCL
reaction, to valine (Figure SA).*” Recently, we (R.M. and co-
workers) have expanded the approach to cysteine-free ligation
methods. This became possible by metal-free diazo transfer on
peptidyl-RNA conjugates using the diazotizing reagent fluo-
rosulfuryl azide (FSO,Nj), which quantitatively transforms the
terminal primary amino group (N”) into an azide without
affecting the nucleobase amino groups (Figure SB).** The
obtained azido-peptidyl-RNA can then be further processed
utilizing well-established bioorthogonal reactions, such as
Staudinger ligations, to extend the peptide moiety of the 3’-
peptidyl-tRNA mimics.”>>
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Figure 5. Chemical ligation of 3'-peptidyl-tRNA analogs. (A) Native
chemical ligation of 3'-cysteinyl-RNA and peptide benzylthioesters; **
desulfurizatioin increases sequence diversity."” (B) Amine-to-azide
conversion on peptidyl-RNA by metal-free diazotransfer allows
subsequent Staudinger ligation with appropriately activated amino
acids or peptides.*®

2.4, Tailored Full-Length Peptidyl-tRNA Mimics

With the solid-phase synthesis approach for stable 3'-peptidyl-
tRNA mimics described above, the achievable RNA moiety
length is roughly the same as for standard RNA synthesis,
meaning that 50 to 60 nt are well accessible, and even full-length
RNAs of 76 nt and more could be synthesized using the
protection groups that allow for mild deprotection condi-
tions.?”°! Nevertheless, severe limitations are encountered for
the RNA solid-phase synthesis if all natural post-transcriptional
nucleoside modifications need to be present in the RNA portion
of the final peptidyl-tRNA conjugate. Some of the most
frequently occurring tRNA modifications®” and, in particular,
a combination of them (e.g, 7-methyl guanosine (m’G), 1-
methyladenosine (m'A), 3-methylcytidine (m*C), dihydrour-

2718

idine (D), wybutosine (yW), queuosine (Q), lysidine (k*C), 2-
methylthio threonyl adenosine (m?t®A), 3-(3-amino-3-
carboxypropyl)uridine (acp®U), S-aminomethyl-2-thiouridine
(mn®s*U), etc.) are very difficult to include in the same RNA by
means of chemical solid-phase approaches.*®

For the target conjugates with a hydrolysis-resistant amide
linkage between the peptide moiety and a full-length tRNA
containing all natural nucleoside modifications, we (R.M. and
co-workers) developed a strategy (Figure 6A)>%* using tRNAs
from natural sources that are site-specifically cleaved within the
TWC loop by using DNA enzymes to obtain defined tRNA §'-
fragments carrying all natural modifications. After dephosphor-
ylation of the 2’,3’-cyclophosphate moieties from these
fragments, they are ligated to the respective 3'-peptidyl-tRNA
termini that were prepared following the lines of the above-
described solid-phase synthesis. This approach can efficiently
produce nonhydrolyzable 3'-peptidyl-tRNA conjugates possess-
ing all natural nucleoside modifications. A limitation of the
approach is that only a few tRNAs from natural sources are
commercially available in uniform quality. The isolation,
purification, and characterization of a single tRNA species
(including the determination of the actual modification levels)
can be laborious and time-consuming,

3. ENGINEERING OF tRNA TERMINI TO GENERATE
STABLE PEPTIDYL-tRNA MIMICS

Convenient large-scale preparation of amide-linked full-length
peptidyl-tRNAs without the need for chemical solid-phase
synthesis of the RNA part (using the type of solid supports
described above) follows a recent biochemical protocol
developed by one of our groups (Y.S.P. and co-workers) (Figure
6B).”° The overall procedure comprises three steps: (i) tRNA-
tailing to replace the 3’-terminal adenosine-3'-OH of the CCA-
end with its amino-substituted adenosine-3’-NH, ana-
log;24’66_69 (i) enzymatic charging of the tailed 3'-NH,-tRNA
with cysteine by the aminoacyl-tRNA-synthetase; ™ and (i)
native chemical ligation of the (commercially available)
thiobenzyl-activated peptide with cysteinyl-tRNA to yield the
final product.”’ Although the usable tRNAs are restricted to
initiator tRNAM*" and elongator cysteine-specific tRNA®"* and
the peptide sequences must always have cysteine at the C-
terminus, a wide range of structural studies that aim at exploring
the interactions between the peptide chain and the ribosomal
tunnel can be fueled by conjugates made this way (Figure 7A,B).
Most importantly, synthetic peptidyl-tRNAs can be efficiently
complexed to the ribosome in vitro and yet represent a
functionally significant state of the PTC. Using nonhydrolyzable
peptidyl-tRNAs, we (Y.S.P. and co-workers) determined the
first set of structures of nonarrested (nonstalled) RNCs in the
functional prepeptidyl transfer state (Figure 7A,B) at the highest
resolution available to date (2.3—2.5 A).*' These structures
provided several new, unexpected insights into the mechanism
of PTC functioning. For example, we (Y.S.P. and co-workers)
revealed a previously unknown role of the ribosome in
stabilizing the C-terminal portion of the growing peptide
chain within the PTC through multiple H-bonds between the
main chain of the nascent peptide and the universally conserved
and essential PTC nucleotides. The availability of such peptidyl-
tRINAs opens many directions for the structural studies of RNCs
under stalling and nonstalling conditions. This chemoenzymatic
approach is convenient for researchers who do not have direct
access to chemical solid-phase synthesis instruments because it
utilizes only commonly available equipment, affordable
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chemicals, and universally available commercial peptide syn-
thesis services and therefore could be employed virtually by any
biochemistry laboratory. We also note that charging of the 3'-
amino-tailed tRNA with various amino acids is not limited to the
use of aminoacyl-tRNA-synthetases and can also be achieved by
flexizymes (flexible tRNA-aminoacylating ribozymes).”

4. APPLICATIONS OF 3’-AMIDE-LINKED
PEPTIDYL-tRNA MIMICS

Conjugates synthesized by the above-described approaches find
applications in structural studies focusing on understanding the
mechanisms of antibiotic action. For instance, macrolide
antibiotics arrest protein synthesis at the Arg/Lys-X-Arg/Lys
(+X+) motifs. In a collaborative effort with the Mankin
laboratory, we (R.M. and co-workers) found that the charge
and size of this motif’s key amino acid side chains make peptide
bond formation inefficient. Antibiotics greatly magnify the
problem of these intrinsically difficult donor—acceptor
pairs.44’71

Furthermore, using a series of tripeptidyltRNA mimics
(Figure 7C), we (Y.S.P., RM,, and co-workers) provided a
detailed view of the molecular mechanism and rationalized the
context-specific action of the classic PTC-acting antibiotic
chloramphenicol (CHL).* Recent discoveries have shown that
CHL preferentially arrests translation when the ribosome needs
to synthesize particular amino acid sequences. By determining
the high-resolution structures of the ribosome in complex with
short peptidyl-tRNA mimics, we found that, by forming direct
interactions with the ribosome-bound CHL, a nascent peptide
with alanine, serine, or threonine in the penultimate (—1)
position provides an additional binding interface for the CHL
molecule, thereby increasing its affinity for the ribosome and
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inducing its action (Figure 7C). Other residues (except for
glycine) in the same (—1) position of the nascent peptide
sterically interfere with CHL binding. The CHL-induced
ribosome stalling occurs when an amino acid residue of the
incoming aa-tRINA is unable to displace the tightly bound CHL
molecule from its canonical binding site, which happens when it
is stabilized by interactions with the proper (—1) residue of the
growing peptide, and therefore it cannot be incorporated into
the ribosomal A site, making peptide bond formation
unattainable. In contrast, the transpeptidation reaction is
insensitive to CHL inhibition if the incoming aa-tRNA carries
a glycine residue. By determining the structure of CHL in
complex with the ribosome carrying A-site glycyl-tRNA and P-
site fMAC-peptidyl-tRNA, we (Y.S.P. and co-workers) dis-
covered that, due to the lack of a side chain, glycine is the only
residue that can coexist in the ribosomal A site together with the
CHL molecule (Figure 7D).”* Unlike previous studies of CHL
bound to vacant ribosomes, our structures featuring peptidyl-
tRNA mimics show that the drug’s binding site is formed not
only by the ribosome alone but also by the growing polypeptide;
therefore, the shape of the drug-binding pocket is continuously
changing during translation,” Thus, a new paradigm-shifting
concept emerged from our studies that drug binding is
controlled not only by the ribosome but also by the ribosomal
substrates. Besides direct clinical implications for developing
next-generation antibacterials, the significance of this new
knowledge is that it is instrumental for a better, deeper, and more
accurate understanding of the most fundamental functions of
the ribosome.

In another study, we (Y.S.P. and co-workers) have determined
the first crystal structure of the ribosome in complex with a b-
aminoacyl-tRNA analog.*® Despite the long-standing knowl-
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edge that p-amino acids slow the rate of ribosomal peptide
synthesis, it took more than 40 years for the first structure that
explains the poor reactivity of p-amino acids. The structure
reveals that, similarly to L-amino acids, a D-amino acid binds to a
ribosome by inserting its side chain into the ribosomal A-site
cleft.** However, this binding mode does not allow optimal
nucleophilic attack of the peptidyl-tRNA by a p-amino acid’s
reactive a-amino group (because of the distinct C* config-
uration). Altogether, our structural analysis provided insight into
the ancient molecular mechanism that allows the ribosome to
discriminate against the chirality of an incoming amino acid and
prevent the incorporation of D-amino acids into natural
proteins.Ar8

Moreover, stable prolyl-tRNA mimics have played a
significant role in investigatingg the effect of proline on peptide
bond formation in the PTC." As a ribosome substrate, proline
reacts markedly more slowly when compared with other amino
acids both as a donor and as an acceptor of the nascent peptide.
Crystal structures of the eukaryotic ribosome bound to analogs
of mono- and diprolyl-tRNAs provided high-resolution snap-
shots of the PTC, showing that the cyclic nature of the proline
residue prevents the same placement of this residue as for the
other amino acids. Moreover, steric interference affects the
position and conformation of the diprolyl-containing nascent
peptide chain in the NPET, rationalizing the observed poor
reactivity of such substrates in the PTC.* These observations
further revise an old dogma that amino acids bind the active site
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of the ribosome uniformly by showing that proline has a binding
mode distinct from those of other amino acids.

Finally, stable alanyl-tRNA mimics have been successfully
applied in the study on tRNA mischarging that is often corrected
through the activity of specialized editing domains present in
some aminoacyl-tRNA-synthetases or via single-domain trans-
editing proteins.”® ProXp-Ala is a trans-editing enzyme that edits
the product of Ala mischarging by prolyl-tRNA synthetase.
Deacylation assays using substrate analogs reveal that size
discrimination is the only selectivity component. In a broad
systematic study, NMR spectroscopy was used to map specificity
determinants.”® Chemical shift perturbations induced by an
uncharged tRNAP™ acceptor stem mimic, microhelixPro, or a
nonhydrolyzable mischarged Ala-microhelixPro substrate ana-
logue identified residues important for binding and deacylation.
The data obtained revealed the structural dynamics of the
system that are crucial for the recognition and selection process
of the mischarged analog. Overall, this study illuminated
strategies such as a trans-editing enzyme used to ensure the
acceptance of only mischarged Ala-tRNA"™.

5. HETEROCYCLIC- AND SQUARATE-LINKED
PEPTIDYL-tRNA MIMICS

Alternative to amide-linked peptidyl-tRNA conjugates, another
type of hydrolysis-resistant linkage has been proven valuable in
biochemical and structural studies of cellular processes that
involve charged tRNAs (M.E.-Q. and co-workers). These
include oxadiazole” and triazole linkages,74_77 mimicking
esters in the 3’ or 2’ position of the 3'-terminal ribose of the
aminoacyl-tRNA. The oxadiazole can be introduced into the 3’-
position of adenosine, and the corresponding RNA can be
obtained following a chemical-enzymatic approach using
classical phosphoramidite chemistry to produce the 3’-modified
dinucleotides followed by enzymatic ligation using T4 RNA
ligase73 (Figure 8A). The triazole-containing counterpart can be
obtained using the same st1'ategy75’76 or by a postsynthetic
approach agglying click chemistry on RNA with 3’-(or 2'-)azido
termini,”* " which themselves are easily accessible by standard
RNA solid-phase synthesis’**'~** (Figure 8B).

These stable analogs have been successfully used for
mechanistic and structural studies of Fem transferases that
play a crucial role in bacterial cell wall synthesis. These enzymes
require alanyl-tRNA*® as a substrate (Figure 1E). The
accessibility of the two stable regioisomers (2’- and 3'-
triazole-RNA)’*77¢ enabled the analysis of the tRNA
regiospecificity > and revealed the ability of the enzyme to
bind both regioisomers of Ala-tRNA*", This provides adequate
access to activated alanine for peptidoglycan synthesis, knowing
that this enzyme competes for the same pool of Ala-tRNA*" as
the ribosome. More recently, these stable aa-tRNA molecules
were used to investigate the participation of tRNA®Y as
acceptors for protein and cell-wall peptidoglycan synthesis in
Staphylococcus aureus.*® Going further in the structural study of
these enzymes, the amino acid part at the 2’ position was
replaced by peptidyl moieties mimicking the growing
peptidoglycan (Figure 8C). These (triazole)-peptidyl-RNA
conjugates were synthesized by using click chemistry in a late-
stage functionalization. They were tested as inhibitors of the
Fem family of enzymes and showed picomolar activity for the
Fem transferases of Weissella viridescens®® and S. aureus.”” In the
latter case, the RNA is connected to a lipid-carbohydrate-
peptidyl conjugate by click chemistry.”” The binding of triazole-
containing peptide-RNA conjugates to Fem enzymes was
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Figure 8. Alternative 2’ and 3’ linkages for peptidyl-tRNA mimics. (A)
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tRNA analog inhibits FemXy, transferase that participates in
peptidoglycan synthesis and was extensively studied structurally. (C)
Access to RNA with 2'- and 3'-azido-modified 3" nucleoside termini is
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complex with the 2’-fluoro-ribose (2'F-RNA) bisubstrate analog of
peptidyltRNA (PDB entry 7Z6A). (E) High yielding, stepwise
transformation via squarate linkage for peptidyl tRNA analogs.
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successfully characterized by X-ray crystallography (Figure 8D).
Of note, conjugates comprising nucleic acid alternatives
(xenonucleic acid), such as 1,5-anhydrohexitol nucleic acid
(HNA), 2'-fluoro-arabinonucleic acid (FANA), or 2'-fluoro
RNA), were well tolerated, making them attractive inhibitors for
biomedical experimentation.”® All of these examples show the
potential of stable aminoacyl-tRNA or peptidyl-tRNA to explore
and deepen our understanding of nonribosomal peptide
synthesis.

Another useful stable linkage between the tRNA termmus and
the peptide moiety employs squarate (Figure SE).*
chemical strategy used to introduce a squarate linkage between
the RNA and the peptide moiety is based on RNA solid-phase
synthesis and 3’-azido/3’-amino postfunctionalization to
introduce an electrophilic site at the 3’ end of RNA. The
squarate diester can be used as an electrophile-enabled
sequential amidation, providing asymmetric squaramides with
high selectivity. The squarate-RNAs are then reacted with an
amine of a peptide, in the specific case with the lysine side chain
of UDP-MurNAc-pentapeptide, a peptidoglycan precursor used
by the aminoacyl-transferase FemXyy, for the synthesis of the
bacterial cell wall (Figure 8E). The peptidyl-RNA obtained with
squarate-RNA and unprotected UDP-MurNAc-pentapeptide
efficiently inhibits FemXyy,. The squarate unit also promoted
specific cross-linking of RNA to the catalytic Lys of FemXy, but
not to related transferases that recognize different aminoacyl-
tRNAs. The specificity of these enzymes is essential for bacteria
since misincorporated amino acids can act as chain terminators
and block peptidoglycan polymerization.*’

6. CONCLUDING REMARKS

Significant steps forward have been made for the synthesis of 3'-
peptidyl tRNA mimics, and almost any desired target sequence
is now accessible with the combination of methods developed
over the last 15 years and reviewed in this Account.
Nevertheless, there is room for further development and
improvements. The most advisible path is the solid-phase
synthesis of peptidyl-tRNA conjugates based on the solid
support of type 8 that integrates the C-terminal amino acid of a
target peptide. However, obviously, this requires individual
support for each of the 20 essential amino acids. Therefore, from
the perspectives of economics and synthetic flexibility, it would
be desirable to have a universal solid support that allows
coupling of the C-terminal amino acid directly to the amino
group of 3’-amino-3’-deoxyadenosine. The difficulty of such an
approach, however, is that the typically applied acyl tether from
the 2’-O of 3’-amino-3’-deoxyadenosine to the solid support will
not work reliably because of migration of the acyl group to the
(deprotected) free 3’-amino functionality that is to be charged
with the first amino acid in the subsequent step. To solve this
problem, we currently evaluate concepts that focus on 3’-amino-
3’-deoxyadenosine supports containing a photocleavable linkage
between the ribose 2’-O and the solid support, which, in
principle, should allow coupling of any amino acid to the
deprotected 3’-amino 3'-deoxyribose functionality.

The example with CHL tells us that structural models
showing how various antibiotics interact with vacant bacterial
ribosomes can provide incomplete or misleading information
because the key interactions of a drug and the ribosome might be
critically dependent on the presence of ribosomal ligands, such
as tRNAs. Therefore, using the functionally relevant ribosome
complexes containing short- or full-length mimics of aminoacyl-
and peptidyl-tRNAs makes it possible to produce principally
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new data highly relevant to the actual mechanism of antibiotic
action. This knowledge may help the future development of
antibiotics that inhibit growth and actively kill pathogenic
bacteria more potently than currently available drugs. Under-
standing the broad bases of translation regulation by ligands
bound in the nascent peptide exit tunnel may provide new ways
for modulating protein synthesis in bacterial and eukaryotic
cells, thereby opening new venues for developing ribosome-
targeting drugs useful for a variety of human diseases.

In addition, data on the catalytic mechanism and active site
structure of enzymes involved in nonribosomal peptide
synthesis, such as the bacterial FemX family, should provide
crucial information for the rational design of drugs that act on
original targets.

B AUTHOR INFORMATION
Corresponding Authors

Yury S. Polikanov — Department of Biological Sciences,
University of Illinois at Chicago, Chicago,, Illinois 60607,
United States; Department of Pharmaceutical Sciences and
Center for Biomolecular Sciences, University of Illinois at
Chicago, Chicago, Illinois 60607, United States; ® orcid.org/
0000-0002-5064-0327; Email: yuryp@uic.edu

Ronald Micura — Institute of Organic Chemistry and Center for
Molecular Biosciences, University of Innsbruck, 6020
Innsbruck, Austria; ©® orcid.org/0000-0003-2661-6105;
Email: ronald.micura@uibk.ac.at

Author

Mélanie Etheve-Quelquejeu — Université Paris Cité, CNRS,
Laboratoire de Chimie et Biochimie Pharmacologiques et
Toxicologiques, Paris F-75006, France; © orcid.org/0000-
0002-4105-3243

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.accounts.3c00412

Author Contributions

CRediT: Yury S. Polikanov conceptualization, writing-review &
editing; Mélanie Etheve-Quelquejeu writing-review & editing;
Ronald Micura conceptualization, writing-original draft, writ-
ing-review & editing.

Funding

Open Access is funded by the Austrian Science Fund (FWF).
Notes

The authors declare no competing financial interest.
Biographies

Yury S. Polikanov is currently an associate professor at the University
of Illinois at Chicago, U.S. He studied biochemistry and molecular
biology at Lomonosov Moscow State University, Russia, and received
his Ph.D. in cellular and molecular pharmacology from Rutgers
University, U.S. He carried out postdoctoral research in the laboratory
of Thomas Steitz at Yale University. The research in his group is
focused on elucidating the structure and functions of the ribosome,
understanding the principles of protein synthesis in bacteria, and
understanding the modes of action of ribosome-targeting antibiotics.

Meélanie Etheve-Quelquejeu is currently a professor of organic
chemistry at the University of Paris Cité, France. She received her
Ph.D. in chemistry from the Sorbonne University in Paris. She carried
out postdoctoral research stays in the U.S., at Stanford University (with
Jim Collman) and later at the University of Santa Barbara (with Bruce

2722

Lipshutz). She is head of a research team at the Laboratory of
Chemistry and Biochemistry, Pharmacology and Toxicology in Paris
working on the chemical biology of RNA.

Ronald Micura is currently a professor of organic chemistry at the
University of Innsbruck, Austria. He received his Ph.D. in chemistry
from the University in Linz. He joined the laboratory of Albert
Eschenmoser at ETH Zurich and later The Scripps Research Institute
to perform postdoctoral research on alternative nucleic acids. He heads
a research team in the Department of Organic Chemistry with a focus
on the chemistry, chemical biology, and biophysics of RNA.

B ACKNOWLEDGMENTS

We thank our present and former group members for their
enthusiasm and dedication to the projects (Holger Moroder,
Dagmar Graber, Jessica Steger, Anna-Skrollan Geiermann,
Lukas Rigger, Marija Kosutic, Sandro Neuner, Elisabeth
Mairhofer, Laurin Flemmich, Olga Krasheninina, Julia Thaler
(Micura group); Egor Syroegin, Elena Aleksandrova, Madhura
Paranjpe, Benjamin Killam, Samson Balasanyants, Clifford
Yerby, and Artem Kruglov (Polikanov group); Patricia Busca,
Maryline Chemama, Dénial Mellal, Laura Iannazzo, Nicolas
Sakkas, Matthieu Fonvielle, Lauriane Rietmeyer (Etheve-
Quelquejeu group)) as well as collaborators (Sergey Melnikov,
Dieter Soll, Maxim Svetlov, Nora Vazquez-Laslop, Alexander
Mankin, Michel Arthur). Recent work by our research groups
was supported by the Austrian Science Fund FWF [P31691,
F8011-B to RM.], the Austrian Research Promotion Agency
FFG [West Austrian Bio NMR 858017 to R.M.], the National
Institute of General Medical Sciences of the National Institutes
of Health [R0O1-GM132302 to Y.S.P.], the National Institute of
Allergy and Infectious Diseases of the National Institutes of
Health [RO1-AI162961 and R21-Al163466 to Y.S.P.], the
National Science Foundation [MCB-1907273 to Y.S.P.], the
Ilinois State startup funds [to Y.S.P.], and the French National
Research Agency ANR [ANR-17-CE07-0041-01 and ANR-13-
BS07-0012]. The funders had no role in study design, data
collection and analysis, the decision to publish, or manuscript
preparation.

B REFERENCES

(1) Moroder, H.; Steger, J.; Graber, D.; Fauster, K,; Trappl, K;
Marquez, V.; Polacek, N.; Wilson, D. N.; Micura, R. Non-hydrolyzable
RNA-peptide conjugates: a powerful advance in the synthesis of mimics
for 3'-peptidyl tRNA termini. Angew. Chem., Int. Ed. 2009, 48, 4056—
4060.

(2) Geiermann, A. S.; Polacek, N.; Micura, R. Native chemical ligation
of hydrolysis-resistant 3’-peptidyl-tRNA mimics. J. Am. Chem. Soc.
2011, 133, 19068—19071.

(3) Graber, D.; Moroder, H.; Steger, J.; Trappl, K; Polacek, N,;
Micura, R. Reliable semi-synthesis of hydrolysis-resistant 3'-peptidyl-
tRNA conjugates containing genuine tRNA modifications. Nucleic Acids
Res. 2010, 38, 6796—802.

(4) Syroegin, E. A.; Flemmich, L.; Klepacki, D.; Vazquez-Laslop, N.;
Micura, R.; Polikanov, Y. S. Structural basis for the context-specific
action of the classic peptidyl transferase inhibitor chloramphenicol. Nat.
Struct. Mol. Biol. 2022, 29, 152—161.

(5) Trappl, K; Polacek, N. The ribosome: a molecular machine
powered by RNA. Met. Ions Life Sci. 2011, 9, 253—275.

(6) Munro, J. B.; Sanbonmatsu, K. Y.; Spahn, C. M.; Blanchard, S. C.
Navigating the ribosome’s metastable energy landscape. Trends
Biochem. Sci. 2009, 34, 390—400.

(7) Wilson, D. N.; Nierhaus, K. H. The weird and wonderful world of
bacterial ribosome regulation. Crit. Rev. Biochem. Mol. Biol. 2007, 42,
187-219.

https://doi.org/10.1021/acs.accounts.3c00412
Acc. Chem. Res. 2023, 56, 2713-2725


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yury+S.+Polikanov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5064-0327
https://orcid.org/0000-0002-5064-0327
mailto:yuryp@uic.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ronald+Micura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2661-6105
mailto:ronald.micura@uibk.ac.at
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Me%CC%81lanie+Etheve-Quelquejeu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4105-3243
https://orcid.org/0000-0002-4105-3243
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00412?ref=pdf
https://doi.org/10.1002/anie.200900939
https://doi.org/10.1002/anie.200900939
https://doi.org/10.1002/anie.200900939
https://doi.org/10.1021/ja209053b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja209053b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkq508
https://doi.org/10.1093/nar/gkq508
https://doi.org/10.1038/s41594-022-00720-y
https://doi.org/10.1038/s41594-022-00720-y
https://doi.org/10.1039/9781849732512-00253
https://doi.org/10.1039/9781849732512-00253
https://doi.org/10.1016/j.tibs.2009.04.004
https://doi.org/10.1080/10409230701360843
https://doi.org/10.1080/10409230701360843
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(8) Ito, K; Chiba, S. Arrest peptides: cis-acting modulators of
translation. Annu. Rev. Biochem. 2013, 82, 171—-202.

(9) Bhushan, S.; Gartmann, M.; Halic, M.; Armache, J. P.; Jarasch, A.;
Mielke, T.; Berninghausen, O.; Wilson, D. N.; Beckmann, R. a-Helical
nascent polypeptide chains visualized within distinct regions of the
ribosomal exit tunnel. Nat. Struct. Mol. Biol. 2010, 17, 313—317.

(10) Lin, J.; Zhou, D.; Steitz, T. A; Polikanov, Y. S.; Gagnon, M. G.
Ribosome-targeting antibiotics: modes of action, mechanisms of
resistance, and implications for drug design. Annu. Rev. Biochem.
2018, 87, 451—478.

(11) Vazquez-Laslop, N.; Mankin, A. S. How macrolide antibiotics
work. Trends Biochem. Sci. 2018, 43, 668—684.

(12) Wilson, D. N. Ribosome-targeting antibiotics and mechanisms of
bacterial resistance. Nat. Rev. Microbiol. 2014, 12, 35—48.

(13) Seip, B.; Innis, C. A. How widespread is metabolite sensing by
ribosome-arresting nascent peptides? J. Mol. Biol. 2016, 428, 2217—
2227.

(14) Arenz, S; Meydan, S.; Starosta, A. L.; Berninghausen, O.;
Beckmann, R.; Vizquez-Laslop, N.; Wilson, D. N. Drug sensing by the
ribosome induces translational arrest via active site perturbation. Mol.
Cell 2014, 56, 446—452.

(15) Arenz, S.; Ramu, H.; Gupta, P.; Berninghausen, O.; Beckmann,
R; Vazquez-Laslop, N.; Mankin, A. S.; Wilson, D. N. Molecular basis
for erythromycin-dependent ribosome stalling during translation of the
ErmBL leader peptide. Nat. Commun. 2014, S, 3501.

(16) Arenz, S.; Bock, L. V; Graf, M.; Innis, C. A,; Beckmann, R,;
Grubmiiller, H.; Vaiana, A. C.; Wilson, D. N. A combined cryo-EM and
molecular dynamics approach reveals the mechanism of ErmBL-
mediated translation arrest. Nat. Commun. 2016, 7, 12026.

(17) Beckert, B.; Leroy, E. C.; Sothiselvam, S.; Bock, L. V.; Svetlov, M.
S.; Graf, M,; Arenz, S.; Abdelshahid, M.; Seip, B.; Grubmiiller, H.;
Mankin, A. S; Innis, C. A,; Vézquez-Laslop, N.; Wilson, D. N.
Structural and mechanistic basis for translation inhibition by macrolide
and ketolide antibiotics. Nat. Commun. 2021, 12, 4466.

(18) Su, T.; Cheng, J.; Sohmen, D.; Hedman, R.; Berninghausen, O.;
von Heijne, G.; Wilson, D. N.; Beckmann, R. The force-sensing peptide
VemP employs extreme compaction and secondary structure formation
to induce ribosomal stalling. Elife 2017, 6, No. €25642.

(19) Herrero Del Valle, A; Seip, B.; Cervera-Marzal, I; Sacheau, G;
Seefeldt, A. C.; Innis, C. A. Ornithine capture by a translating ribosome
controls bacterial polyamine synthesis. Nat. Microbiol. 2020, 5, 554—
S61.

(20) Doerfel, L. K.; Wohlgemuth, I; Kothe, C.; Peske, F.; Urlaub, H.;
Rodnina, M. V. EF-P is essential for rapid synthesis of proteins
containing consecutive proline residues. Science 2013, 339, 85—88.

(21) Syroegin, E. A.; Aleksandrova, E. V.; Polikanov, Y. S. Insights into
the ribosome function from the structures of non-arrested ribosome-
nascent chain complexes. Nat. Chem. 2023, 1S5, 143—153.

(22) Loveland, A. B.; Demo, G.; Korostelev, A. A. Cryo-EM of
elongating ribosome with EF-Tu*GTP elucidates tRNA proofreading.
Nature 2020, 584, 640—64S.

(23) Polikanov, Y. S.; Steitz, T. A.; Innis, C. A. A proton wire to couple
aminoacyl-tRNA accommodation and peptide-bond formation on the
ribosome. Nat. Struct. Mol. Biol. 2014, 21, 787—793.

(24) Fraser, T. H; Rich, A. Synthesis and aminoacylation of 3’-amino-
3’-deoxy transfer RNA and its activity in ribosomal protein synthesis.
Proc. Natl. Acad. Sci. USA 1973, 70, 2671—2675.

(25) Moutiez, M.; Belin, P.; Gondry, M. Aminoacyl-tRNA-Utilizing
Enzymes in Natural Product Biosynthesis. Chem. Rev. 2017, 117,
5578—5618.

(26) Katz, A.; Elgamal, S.; Rajkovic, A.; Ibba, M. Non-canonical roles
of tRNAs and tRNA mimics in bacterial cell biology. Mol. Microbiol.
2016, 101, 545—558.

(27) Okuda, K; Seila, A. C.; Strobel, S. A. Synthesis of isotopically
labeled puromycin derivatives for kinetic isotope effect analysis of
ribosome catalyzed peptide bond formation. Tetrahedron 2004, 60,
12101—-12112.

2723

(28) Okuda, K; Seila, A. C.; Strobel, S. A. Uncovering the enzymatic
pKa of the ribosomal peptidyl transferase reaction utilizing a fluorinated
puromycin derivative. Biochemistry 2005, 44, 6675—6684.

(29) Peacock, J. R.; Walvoord, R. R;; Chang, A. Y.; Kozlowski, M. C,;
Gamper, H.;; Hou, Y. M. Amino acid-dependent stability of the acyl
linkage in aminoacyl-tRNA. RNA 2014, 20, 758—764.

(30) Schmeing, T. M.; Seila, A. C; Hansen, ]J. L.; Freeborn, B,;
Soukup, J. K; Scaringe, S. A.; Strobel, S. A.; Moore, P. B.; Steitz, T. A. A
pre-translocational intermediate in protein synthesis observed in
crystals of enzymatically active S0S subunits. Nat. Struct. Biol. 2002,
9,225-230.

(31) Huang, K. S.; Weinger, J. S.; Butler, E. B.; Strobel, S. A.
Regiospecificity of the peptidyl tRNA ester within the ribosomal P site.
J. Am. Chem. Soc. 2006, 128, 3108—3109.

(32) Weinger, J. S.; Kitchen, D.; Scaringe, S. A.; Strobel, S. A.; Muth,
G. W. Solid phase synthesis and binding affinity of peptidyl transferase
transition state mimics containing 2’-OH at P-site position A76. Nucleic
Acids Res. 2004, 32, 1502—1511.

(33) Manuilov, A. V.; Hixson, S. S.; Zimmermann, R. A. New
photoreactive tRNA derivatives for probing the peptidyl transferase
center of the ribosome. RNA 2007, 13, 793—800.

(34) Schmeing, T. M.; Huang, K. S.; Kitchen, D. E.; Strobel, S. A;
Steitz, T. A. Structural insights into the roles of water and the 2’
hydroxyl of the P site tRNA in the peptidyl transferase reaction. Mol.
Cell 2005, 20, 437—448.

(35) Nissen, P.; Hansen, J.; Ban, N.; Moore, P. B.; Steitz, T. A. The
structural basis of ribosome activity in peptide bond synthesis. Science
2000, 289, 920—930.

(36) Zhong, M.; Strobel, S. A. Synthesis of the ribosomal P-site
substrate CCA-pcb. Org. Lett. 2006, 8, 55—S58.

(37) Zhong, M.; Strobel, S. A. Synthesis of isotopically labeled P-site
substrates for the ribosomal peptidyl transferase reaction. J. Org. Chem.
2008, 73, 603—611.

(38) Terenzi, S.; Biala, E.; Nguyen-Trung, N. Q.; Strazewski, P.
Amphiphilic 3'-peptidyl-RNA conjugates. Angew. Chem., Int. Ed. 2003,
42,2909-2912.

(39) Chen, Y. C.J.; Hansske, F.; Janda, K. D.; Robins, M. J. Nucleic
acid related compounds. 64. Synthesis of 2’,3'-diazido-2",3'-dideox-
yadenosine and 2’,3’-diamino-2’,3’-dideoxyadenosine from 9-(8-D-
arabinofuranosyl)adenine. J. Org. Chem. 1991, 56, 3410—3413.

(40) Chapuis, H.; Strazewski, P. Shorter puromycin analog synthesis
by means of an efficient Staudinger-Vilarrasa coupling. Tetrahedron
2006, 62, 12108—12115.

(41) Burés, J.; Martin, M.; Urpi, F.; Vilarrasa, J. Catalytic Staudinger -
Vilarrasa reaction for the direct ligation of carboxylic acids and azides. J.
Org. Chem. 2009, 74, 2203—2206.

(42) Geiermann, A. S.; Micura, R. Native Chemical Ligation of
Hydrolysis-Resistant 3’-NH-Cysteine-Modified RNA. Curr. Protoc.
Nucleic Acid Chem. 2015, 62, 4.64.1—4.64.36.

(43) Steger, J.; Micura, R. Functionalized polystyrene supports for
solid-phase synthesis of glycyl-, alanyl-, and isoleucyl-RNA conjugates
as hydrolysis-resistant mimics of peptidyl-tRNAs. Bioorg. Med. Chem.
2011, 19, 51675174

(44) Sothiselvam, S.; Neuner, S.; Rigger, L.; Klepacki, D.; Micura, R;;
Vizquez-Laslop, N.; Mankin, A. S. Binding of Macrolide Antibiotics
Leads to Ribosomal Selection against Specific Substrates Based on
Their Charge and Size. Cell Rep. 2016, 16, 1789—99.

(45) Rigger, L.; Schmidt, R. L.; Holman, K. M.; Simonovi¢, M,;
Micura, R. The synthesis of methylated, phosphorylated, and
phosphonated 3’-aminoacyl-tRNA(Sec) mimics. Chem.—Eur. ].
2013, 19, 15872—15878.

(46) Neuner, S.; Micura, R. Synthesis of aminoacylated N(6),N(6)-
dimethyladenosine solid support for efficient access to hydrolysis-
resistant 3'-charged tRNA mimics. Bioorg. Med. Chem. 2014, 22, 6989—
9s.

(47) Geiermann, A. S.; Micura, R. Selective desulfurization
significantly expands sequence variety of 3’-peptidyl-tRNA mimics
obtained by native chemical ligation. Chembiochem. 2012, 13, 1742—
174S.

https://doi.org/10.1021/acs.accounts.3c00412
Acc. Chem. Res. 2023, 56, 2713-2725


https://doi.org/10.1146/annurev-biochem-080211-105026
https://doi.org/10.1146/annurev-biochem-080211-105026
https://doi.org/10.1038/nsmb.1756
https://doi.org/10.1038/nsmb.1756
https://doi.org/10.1038/nsmb.1756
https://doi.org/10.1146/annurev-biochem-062917-011942
https://doi.org/10.1146/annurev-biochem-062917-011942
https://doi.org/10.1016/j.tibs.2018.06.011
https://doi.org/10.1016/j.tibs.2018.06.011
https://doi.org/10.1038/nrmicro3155
https://doi.org/10.1038/nrmicro3155
https://doi.org/10.1016/j.jmb.2016.04.019
https://doi.org/10.1016/j.jmb.2016.04.019
https://doi.org/10.1016/j.molcel.2014.09.014
https://doi.org/10.1016/j.molcel.2014.09.014
https://doi.org/10.1038/ncomms4501
https://doi.org/10.1038/ncomms4501
https://doi.org/10.1038/ncomms4501
https://doi.org/10.1038/ncomms12026
https://doi.org/10.1038/ncomms12026
https://doi.org/10.1038/ncomms12026
https://doi.org/10.1038/s41467-021-24674-9
https://doi.org/10.1038/s41467-021-24674-9
https://doi.org/10.7554/eLife.25642
https://doi.org/10.7554/eLife.25642
https://doi.org/10.7554/eLife.25642
https://doi.org/10.1038/s41564-020-0669-1
https://doi.org/10.1038/s41564-020-0669-1
https://doi.org/10.1126/science.1229017
https://doi.org/10.1126/science.1229017
https://doi.org/10.1038/s41557-022-01073-1
https://doi.org/10.1038/s41557-022-01073-1
https://doi.org/10.1038/s41557-022-01073-1
https://doi.org/10.1038/s41586-020-2447-x
https://doi.org/10.1038/s41586-020-2447-x
https://doi.org/10.1038/nsmb.2871
https://doi.org/10.1038/nsmb.2871
https://doi.org/10.1038/nsmb.2871
https://doi.org/10.1073/pnas.70.9.2671
https://doi.org/10.1073/pnas.70.9.2671
https://doi.org/10.1021/acs.chemrev.6b00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/mmi.13419
https://doi.org/10.1111/mmi.13419
https://doi.org/10.1016/j.tet.2004.10.023
https://doi.org/10.1016/j.tet.2004.10.023
https://doi.org/10.1016/j.tet.2004.10.023
https://doi.org/10.1021/bi047419c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi047419c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi047419c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1261/rna.044123.113
https://doi.org/10.1261/rna.044123.113
https://doi.org/10.1038/nsb758
https://doi.org/10.1038/nsb758
https://doi.org/10.1038/nsb758
https://doi.org/10.1021/ja0554099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkh311
https://doi.org/10.1093/nar/gkh311
https://doi.org/10.1261/rna.425907
https://doi.org/10.1261/rna.425907
https://doi.org/10.1261/rna.425907
https://doi.org/10.1016/j.molcel.2005.09.006
https://doi.org/10.1016/j.molcel.2005.09.006
https://doi.org/10.1126/science.289.5481.920
https://doi.org/10.1126/science.289.5481.920
https://doi.org/10.1021/ol052484f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol052484f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo702070m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo702070m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200350926
https://doi.org/10.1021/jo00010a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00010a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00010a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00010a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2006.09.045
https://doi.org/10.1016/j.tet.2006.09.045
https://doi.org/10.1021/jo802825e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo802825e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/0471142700.nc0464s62
https://doi.org/10.1002/0471142700.nc0464s62
https://doi.org/10.1016/j.bmc.2011.07.018
https://doi.org/10.1016/j.bmc.2011.07.018
https://doi.org/10.1016/j.bmc.2011.07.018
https://doi.org/10.1016/j.celrep.2016.07.018
https://doi.org/10.1016/j.celrep.2016.07.018
https://doi.org/10.1016/j.celrep.2016.07.018
https://doi.org/10.1002/chem.201302188
https://doi.org/10.1002/chem.201302188
https://doi.org/10.1016/j.bmc.2014.09.054
https://doi.org/10.1016/j.bmc.2014.09.054
https://doi.org/10.1016/j.bmc.2014.09.054
https://doi.org/10.1002/cbic.201200368
https://doi.org/10.1002/cbic.201200368
https://doi.org/10.1002/cbic.201200368
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(48) Melnikov, S. V.; Khabibullina, N. F.; Mairhofer, E.; Vargas-
Rodriguez, O.; Reynolds, N. M.; Micura, R.; S6ll, D.; Polikanov, Y. S.
Mechanistic insights into the slow peptide bond formation with D-
amino acids in the ribosomal active site. Nucleic Acids Res. 2019, 47,
2089-2100.

(49) Melnikov, S.; Mailliot, J.; Rigger, L.; Neuner, S.; Shin, B. S;
Yusupova, G.; Dever, T. E.; Micura, R.; Yusupov, M. Molecular insights
into protein synthesis with proline residues. EMBO Rep. 2016, 17,
1776—1784.

(50) Danhart, E. M.; Bakhtina, M.; Cantara, W. A.; Kuzmishin, A. B.;
Ma, X,; Sanford, B. L.; Vargas-Rodriguez, O.; Kosuti¢c, M.; Goto, Y.;
Suga, H.; Nakanishi, K.; Micura, R.; Foster, M. P.; Musier-Forsyth, K.
Conformational and chemical selection by a trans-acting editing
domain. Proc. Natl. Acad. Sci. U.S.A. 2017, 114, E6774—E6783.

(51) Thaler, J.; Syroegin, H.; Breuker, K.; Polikanov, Y.; Micura, R.
Practical synthesis of N-formylmethionylated peptidyl-tRNA mimics.
ACS Chem. Biol. 2023, 18, DOI: 10.1021/acschembio.3c00237.

(52) Mangubat-Medina, A. E; Ball, Z. T. Triggering biological
processes: methods and applications of photocaged peptides and
proteins. Chem. Soc. Rev. 2021, 50, 10403—10421.

(53) Wood, J. S.; Koszelak, M.; Liu, J.; Lawrence, D. S. A caged protein
kinase inhibitor. J. Am. Chem. Soc. 1998, 120, 7145—7146.

(54) Dawson, P. E.; Muir, T. W.; Clark-Lewis, L; Kent, S. B. H Science
1994, 266, 776.

(55) Kent, S. B. H. Novel protein science enabled by total chemical
synthesis. Protein Sci. 2019, 28, 313—328.

(56) McGrath, N. A,; Raines, R. T. Acc. Chem. Res. 2011, 44, 752.

(57) Conibear, A. C.; Watson, E. E.; Payne, R. J.; Becker, C. F. W.
Native chemical ligation in protein synthesis and semi-synthesis. Chem.
Soc. Rev. 2018, 47, 9046—9068.

(58) Krasheninina, O. A.; Thaler, J.; Erlacher, M. D.; Micura, R.
Amine-to-Azide Conversion on Native RNA via Metal-Free Diazo-
transfer Opens New Avenues for RNA Manipulations. Angew. Chem.,
Int. Ed. 2021, 60, 6970—6974.

(59) Kitoun, C.; Fonvielle, M.; Sakkas, N.; Lefresne, M.; Djago, F.;
Blancart Remaury, Q.; Poinot, P.; Arthur, M.; Etheve-Quelquejeu, M.;
Iannazzo, L. Phosphine-mediated bioconjugation of the 3'-end of RNA.
Org. Lett. 2020, 22, 8034—8038.

(60) Gasparutto, D.; Livache, T.; Bazin, H.; Duplaa, A--M.; Guy, A;
Khorlin, A.; Molko, D.; Roget, A.; Téoule, R. Chemical synthesis of a
biologically active natural tRNA with its minor bases Get access. Nucleic
Acids Res. 1992, 20, 5159—5166.

(61) Kremser, J.; Strebitzer, E.; Plangger, R.; Juen, M. A.; NufSbaumer,
F.; Glasner, H.; Breuker, K.; Kreutz, C. Chemical synthesis and NMR
spectroscopy of long stable isotope labelled RNA. Chem. Commun.
2017, 53, 12938—12941.

(62) Lucas, M. C.; Pryszcz, L. P.; Medina, R; Milenkovic, L;
Camacho, N.; Marchand, V.; Motorin, Y.; Ribas de Pouplana, L,;
Novoa, E. M. Quantitative analysis of tRNA abundance and
modifications by nanopore RNA sequencing. Nat. Biotechnol. 2023,
DOI: 10.1038/s41587-023-01743-6, Online ahead of print.

(63) Micura, R. Small interfering RNAs and their chemical synthesis.
Angew. Chem., Int. Ed. 2002, 41, 2265—2269.

(64) Graber, D.; Trappl, K.; Steger, J.; Geiermann, A. S.; Rigger, L.;
Moroder, H.; Polacek, N.; Micura, R. Deoxyribozyme-based, semi-
synthetic access to stable peptidyl-tRNAs exemplified by tRNAYY
carrying a macrolide antibiotic resistance peptide. Methods Mol. Biol.
2012, 848, 201-213.

(65) Suzuki, T. The expanding world of tRNA modifications and their
disease relevance. Nat. Rev. Mol. Cell Biol. 2021, 22, 375—392.

(66) Sprinzl, M.; Faulhammer, H. G. Participation of X47-fluoresc-
amine modified E. coli tRNAs in in vitro protein biosynthesis. Nucleic
Acids Res. 1978, 5, 4837—4853.

(67) Igloi, G. L.; von der Haar, F.; Cramer, F. Hydrolytic action of
aminoacyl-tRNA synthetases from baker’s yeast. "Chemical proof-
reading” of Thr-tRNAVal by valyl-tRNA synthetase studied with
modified tRNAVal and amino acid analogues. Biochemistry 1977, 16,
1696—1702.

2724

(68) Gamper, H.; Hou, Y. M. tRNA 3’-amino-tailing for stable amino
acid attachment. RNA 2018, 24, 1878—1885.

(69) Svetlov, M. S.; Syroegin, E. A.; Aleksandrova, E. V.; Atkinson, G.
C.; Gregory, S. T.; Mankin, A. S; Polikanov, Y. S. Structure of Erm-
modified 70S ribosome reveals the mechanism of macrolide resistance.
Nat. Chem. Biol. 2021, 17, 412—420.

(70) Katoh, T.; Suga, H. Flexizyme-catalyzed synthesis of 3'-
aminoacyl-NH-tRNAs. Nucleic Acids Res. 2019, 47, No. e54.

(71) Ramu, H.; Vazquez-Laslop, N.; Klepacki, D.; Dai, Q.; Piccirilli, J.;
Micura, R.; Mankin, A. S. Nascent peptide in the ribosome exit tunnel
affects functional properties of the A-site of the peptidyl transferase
center. Mol. Cell 2011, 41, 321—-330.

(72) Syroegin, E. A.; Aleksandrova, E. V.; Polikanov, Y. S. Structural
basis for the inability of chloramphenicol to inhibit peptide bond
formation in the presence of A-site glycine. Nucleic Acids Res. 2022, 50,
7669—7679.

(73) Chemama, M.; Fonvielle, M.; Villet, R.; Arthur, M.; Valéry, J. M.;
Etheve-Quelquejeu, M. Stable analogues of aminoacyl-tRNA for
inhibition of an essential step of bacterial cell-wall synthesis. J. Am.
Chem. Soc. 2007, 129, 12642—12643.

(74) Chemama, M.; Fonvielle, M.; Arthur, M.; Valéry, J. M.; Etheve-
Quelquejeu, M. Synthesis of stable aminoacyl-tRNA analogues
containing triazole as a bioisoster of esters. Chem.—Eur. J. 2009, 15,
1929-1938.

(75) Fonvielle, M.; Chemama, M.; Lecerf, M.; Villet, R.; Busca, P.;
Bouhss, A.; Etheve-Quelquejeu, M.; Arthur, M. Decoding the logic of
the tRNA regiospecificity of non-ribosomal FemX(Wv) aminoacyl
transferase. Angew. Chem., Int. Ed. 2010, 49, 5115—-5119.

(76) Chemama, M.; Fonvielle, M.; Lecerf, M.; Mellal, D.; Fief, H.;
Arthur, M,; Etheve-Quelquejeu, M. Synthesis of stable aminoacyl-
tRNA analogs. Curr. Protoc. Nucleic Acid Chem. 2011, 44, 4.44.1.

(77) Santarem, M.; Fonvielle, M.; Sakkas, N.; Laisné, G.; Chemama,
M.,; Herbeuval, J. P.; Braud, E.; Arthur, M.; Etheve-Quelquejeu, M.
Synthesis of 3’-triazoyl-dinucleotides as precursors of stable Phe-
tRNA(Phe) and Leu-tRNA(Leu) analogues. Bioorg. Med. Chem. Lett.
2014, 24, 3231-3233.

(78) Fonvielle, M.; Li de La Sierra-Gallay, L; El-Sagheer, A. H.; Lecerf,
M,; Patin, D.; Mellal, D.; Mayer, C.; Blanot, D.; Gale, N.; Brown, T.; van
Tilbeurgh, H.; Etheéve-Quelquejeu, M.; Arthur, M. The structure of
FemX(Wv) in complex with a peptidyl-RNA conjugate: mechanism of
aminoacyl transfer from Ala-tRNA(Ala) to peptidoglycan precursors.
Angew. Chem,, Int. Ed. 2013, 52, 7278—7281.

(79) Fonvielle, M.; Bouhss, A.; Hoareau, C.; Patin, D.; Mengin-
Lecreulx, D.; Iannazzo, L.; Sakkas, N.; El Sagheer, A.; Brown, T;
Etheve-Quelquejeu, M.; Arthur, M. Synthesis of Lipid-Carbohydrate-
Peptidyl-RNA Conjugates to Explore the Limits Imposed by the
Substrate Specificity of Cell Wall Enzymes on the Acquisition of Drug
Resistance. Chem.—Eur. ]. 2018, 24, 14911—14915.

(80) Rietmeyer, L.; Fix-Boulier, N.; Le Fournis, C.; lannazzo, L.;
Kitoun, C.; Patin, D.; Mengin-Lecreulx, D.; Etheve-Quelquejeu, M.;
Arthur, M.; Fonvielle, M. Partition of tRNAGly isoacceptors between
protein and cell-wall peptidoglycan synthesis in Staphylococcus aureus.
Nucleic Acids Res. 2021, 49, 684—699.

(81) Steger, J.; Graber, D.; Moroder, H.; Geiermann, A. S.; Aigner, M.;
Micura, R. Efficient access to non-hydrolyzable initiator tRNA based on
the synthesis of 3’-azido-3'-deoxyadenosine RNA. Angew. Chem., Int.
Ed. 2010, 49, 7470—7472.

(82) Miiggenburg, F.; Biallas, A.; Debiais, M.; Smietana, M.; Miiller, S.
Azido functionalized nucleosides linked to CPG as suitable starting
materials for oligonucleotide synthesis by the phosphoramidite
approach. Eur. J. Org. Chem. 2021, 2021, 6408—6416.

(83) Miiggenburg, F.; Miiller, S. Azide-Modified Nucleosides as
Versatile Tools for Bioorthogonal Labeling and Functionalization.
Chem. Rec. 2022, 22, No. €202100322.

(84) Fauster, K; Hartl, M.; Santner, T.; Aigner, M.; Kreutz, C.; Bister,
K.; Ennifar, E.; Micura, R. 2’-Azido RNA, a versatile tool for chemical
biology: synthesis, X-ray structure, siRNA applications, click labeling.
ACS Chem. Biol. 2012, 7, 581—589.

https://doi.org/10.1021/acs.accounts.3c00412
Acc. Chem. Res. 2023, 56, 2713-2725


https://doi.org/10.1093/nar/gky1211
https://doi.org/10.1093/nar/gky1211
https://doi.org/10.15252/embr.201642943
https://doi.org/10.15252/embr.201642943
https://doi.org/10.1073/pnas.1703925114
https://doi.org/10.1073/pnas.1703925114
https://doi.org/10.1021/acschembio.3c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.3c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CS01434F
https://doi.org/10.1039/D0CS01434F
https://doi.org/10.1039/D0CS01434F
https://doi.org/10.1021/ja980960+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja980960+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pro.3533
https://doi.org/10.1002/pro.3533
https://doi.org/10.1039/C8CS00573G
https://doi.org/10.1002/anie.202015034
https://doi.org/10.1002/anie.202015034
https://doi.org/10.1021/acs.orglett.0c02982?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/20.19.5159
https://doi.org/10.1093/nar/20.19.5159
https://doi.org/10.1039/C7CC06747J
https://doi.org/10.1039/C7CC06747J
https://doi.org/10.1038/s41587-023-01743-6
https://doi.org/10.1038/s41587-023-01743-6
https://doi.org/10.1038/s41587-023-01743-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1521-3773(20020703)41:13<2265::AID-ANIE2265>3.0.CO;2-3
https://doi.org/10.1007/978-1-61779-545-9_13
https://doi.org/10.1007/978-1-61779-545-9_13
https://doi.org/10.1007/978-1-61779-545-9_13
https://doi.org/10.1038/s41580-021-00342-0
https://doi.org/10.1038/s41580-021-00342-0
https://doi.org/10.1093/nar/5.12.4837
https://doi.org/10.1093/nar/5.12.4837
https://doi.org/10.1021/bi00627a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00627a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00627a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00627a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1261/rna.068015.118
https://doi.org/10.1261/rna.068015.118
https://doi.org/10.1038/s41589-020-00715-0
https://doi.org/10.1038/s41589-020-00715-0
https://doi.org/10.1093/nar/gkz143
https://doi.org/10.1093/nar/gkz143
https://doi.org/10.1016/j.molcel.2010.12.031
https://doi.org/10.1016/j.molcel.2010.12.031
https://doi.org/10.1016/j.molcel.2010.12.031
https://doi.org/10.1093/nar/gkac548
https://doi.org/10.1093/nar/gkac548
https://doi.org/10.1093/nar/gkac548
https://doi.org/10.1021/ja0749946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0749946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200801563
https://doi.org/10.1002/chem.200801563
https://doi.org/10.1002/anie.201001473
https://doi.org/10.1002/anie.201001473
https://doi.org/10.1002/anie.201001473
https://doi.org/10.1002/0471142700.nc0444s44
https://doi.org/10.1002/0471142700.nc0444s44
https://doi.org/10.1016/j.bmcl.2014.06.027
https://doi.org/10.1016/j.bmcl.2014.06.027
https://doi.org/10.1002/anie.201301411
https://doi.org/10.1002/anie.201301411
https://doi.org/10.1002/anie.201301411
https://doi.org/10.1002/chem.201802360
https://doi.org/10.1002/chem.201802360
https://doi.org/10.1002/chem.201802360
https://doi.org/10.1002/chem.201802360
https://doi.org/10.1093/nar/gkaa1242
https://doi.org/10.1093/nar/gkaa1242
https://doi.org/10.1002/anie.201003424
https://doi.org/10.1002/anie.201003424
https://doi.org/10.1002/ejoc.202101140
https://doi.org/10.1002/ejoc.202101140
https://doi.org/10.1002/ejoc.202101140
https://doi.org/10.1002/tcr.202100322
https://doi.org/10.1002/tcr.202100322
https://doi.org/10.1021/cb200510k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb200510k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(85) Santner, T.; Hartl, M; Bister, K.; Micura, R. Efficient access to 3'-
terminal azide-modified RNA for inverse click-labeling patterns.
Bioconjugate Chem. 2014, 25, 188—195.

(86) Fonvielle, M.; Mellal, D.; Patin, D.; Lecerf, M.; Blanot, D.;
Bouhss, A.; Santarem, M.; Mengin-Lecreulx, D.; Sollogoub, M.; Arthur,
M.; Etheve-Quelquejeu, M. Efficient access to peptidyl- RNA
conjugates for picomolar inhibition of non-ribosomal FemX(Wv)
aminoacyl transferase. Chem.—Eur. J. 2013, 19, 1357—1363.

(87) Fonvielle, M.; Sakkas, N.; Iannazzo, L.; Le Fournis, C.; Patin, D.;
Mengin-Lecreulx, D.; El-Sagheer, A.; Braud, E.; Cardon, S.; Brown, T.;
Arthur, M,; Etheve-Quelquejeu, M. Electrophilic RNA for Peptidyl-
RNA Synthesis and Site-Specific Cross-Linking with tRNA-Binding
Enzymes. Angew. Chem., Int. Ed. 2016, S5, 13553—13557.

(88) Rietmeyer, L.; Li De La Sierra-Gallay, I; Schepers, G.; Dorchéne,
D.; Iannazzo, L.; Patin, D.; Touzé, T.; van Tilbeurgh, H.; Herdewijn, P.;
Etheve-Quelquejeu, M.; Fonvielle, M. Amino-acyl tXNA as inhibitors
or amino acid donors in peptide synthesis. Nucleic Acids Res. 2022, S0,
11415—11425S.

(89) Mainardi, J. L.; Villet, R;; Bugg, T. D.; Mayer, C.; Arthur, M.
Evolution of peptidoglycan biosynthesis under the selective pressure of
antibiotics in Gram-positive bacteria. FEMS Microbiol. Rev. 2008, 32,
386—408.

2725

https://doi.org/10.1021/acs.accounts.3c00412
Acc. Chem. Res. 2023, 56, 2713-2725


https://doi.org/10.1021/bc400513z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc400513z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201201999
https://doi.org/10.1002/chem.201201999
https://doi.org/10.1002/chem.201201999
https://doi.org/10.1002/anie.201606843
https://doi.org/10.1002/anie.201606843
https://doi.org/10.1002/anie.201606843
https://doi.org/10.1093/nar/gkac1023
https://doi.org/10.1093/nar/gkac1023
https://doi.org/10.1111/j.1574-6976.2007.00097.x
https://doi.org/10.1111/j.1574-6976.2007.00097.x
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

