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Peptidoglycan, the major component of the bacterial cell wall RN He micNA L
(figure in Supporting Information), is a macromolecule in which ntq74 ﬁ/’i ntji-22 ﬁi
glycan chains made of alternatifigl 4-linkedN-acetylglucosamine Lo ° oL ol °
(GlcNAc) and N-acetylmuramic acid (MurNAc) units are cross- & on g ”\“2 S y “\”2
linked by short peptides of variable composition and complékxity. o on </Nf)' 0=R-OH <’NfN,)N
In most Gram-positive bacteria, including major pathogens such ° °©
as Staphylococcus aureuand Streptococcus pneumonja¢he o=® M N> O
peptides contain a side chain linked to the third position of a stem T’NHZ . ‘°§NH2

A

pentapeptide. The transferases for sequential amino acid addition,
originally identified as factors essential for methicillin resistance
(Fem) inS. aureug form a unique family of non-ribosomal peptide
bond-forming enzymes. The Fem transferases have the particularityScheme 1. Synthesis of Compounds 6 and 72

to use aminoacyl-tRNAs as a substfqt in Figure 1), in contrast NHR NHR

Figure 1. (A) Ala-tRNAA2 substrate of Femyy; (B) stable analogue
containing an RNA microhelix.

to other peptidoglycan biosynthesis enzymes that function with a o P A o A Teso <:]© o <': IN\,)“
more conventional ATP-dependent activation of the substrahe o = Wii\) o, Wiiy B o _a | Wii\ll
side chain supplies the branching point to cross-link peptides from ON OTBS HomN NG OB o TS v 0TS N7 OTES
adjacent glycan chains, an essential reaction catalyzed ly,ghe ! 2| E°CHN;J\°/ : R=HiJ>'N”E°° 6.R=§j>'””3°°

0 D(R=pz:5

transpeptidase catalytic domain of penicillin-binding proteins TR=H
(PBPs)* Fem transferases are considered as attractive targets for 2Reagents and conditions: (a) MBH, MeOH, 0°C, 48 h, 98%; (b)
the development of novel antibiotics active against multiresistant Bo¢+-Ala, EDCI, DMAP, DMF, 36 h; (c) 11G°C, 24 h, 52% over two

o . . . steps; (d) BzCl, pyridine, followed by NI®H, 72%; (e) TFA/HO, 6 h,
bacterid since these enzymes haye a unique catal_ytlc mechénism g °C, THF, 67%: (f) ©-tert-butyl-1-fluoro-1-oxopropan-2-ylcarbamate,
and are essential for the synthesis of the appropriate substrate folyridine, 110°C, 48 h, 33%; (g) HCl 6 N/THF/CEDH, 98%.

the p,b-transpeptidasesincluding low-affinity PBPs responsible

for resistance t@-lactam antibiotics. monodeprotection of theert-butyl-dimethylsilyl (TBS) group. The
The oxadiazoles have been extensively used in medicinal second method t@ involved activation of the-Boc-alanine by
chemistry as stable analogues of esteiscluding the 1,24-  formation of the corresponding acy! fluoride. The coupling wdth
oxadiazole, known to be the best mimic owing to its geometry and iy pyridine afforded after cyclodehydration the monodeprotected
electronic propertied. compound? in 33% yield. In comparison to the other approach,
We have developed the synthesis of an analogue of the the yield was lower (52 vs 33%) but the number of steps to the
aminoacyl-tRNA substrate containing an 1,2,4-oxadiazole g (  target compound was smaller (see below). Compourfiiand 7
in Figure 1). This application is novel since oxadiazoles have never \yere coupled with the commercially available deoxycytidine
been used as bioisosters of esters in the field of nucleoside orphosphoramidite (Scheme 2). From the N-protected compéund
nucleotide chemistry.We show here that the aminoacyl-tRNA  the classical phosphoramidite approach in the presence of tetrazole,
analogueB acts as a Fem inhibitor revealing a novel area of followed by oxidation with iodine and treatment with trichloroacetic
application of the oxadiazole ring in medicinal chemistry. acid (method A), afforded compourdin 67% yield. Phosphory-
Synthesis of nucleoside8 and 7 (Scheme 1) starts with the  |ation of 9 with the bis(2-cyanoethyl)diisopropyl phosphoramidite
synthesis of cyanide deoxyadenosibdrom adenosine using a in tetrazole, followed by oxidation and the deprotection of cyano-
known method® Compoundl was converted quantitatively into  ethyl, acetyl, and benzoyl groups with methylamine afforii@éh

the amidoxime2 by addition of hydroxylamine in methand.was 65% vyield. TheN-Boc and TBS protecting groups were removed
then condensed with activatedBoc-alanine following two different by stirring with HCI for 24 h producind.1 in quantitative yield.
approaches. In the first approach leadingtae-Boc-alanine was For the N-unprotected compourig the same methodology

activated with EDCI and DMAP which reacted with the amidoxime  (method A) gave mainly the undesired trinucleotid(45% yield,
2. Cyclodehydration was obtained by heating the oxime ester see structure in Supporting Information) and the expected compound
intermediate3, leading to compound in 52% yield. 9 only in 13% yield. To avoid formation of the-"N bond, we

The O-acylated intermediat® was isolated in 60% yield for used the “proton-block” strategy described recédtilgat consists
structural confirmation by NMR and mass spectroscopy. Compound in using 5-nitrobenzimidazolium triflate (NBT) instead of tetrazole.
4 afforded compouné (48% yield) after benzoylation and selective  In these conditions (method B, Scheme 2), the dinucle®ideas
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Scheme 2. Synthesis of the Target Compound B#
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aMethod A: (a) Ac-dC-CE phosphoramidite, tetrazole, DCM, room
temp, 1 h; (b) 4, 30 min, room temp; (c) TCA, DCM, 30 min, room temp.
Method B: Method A using NBT instead of tetrazole. (d) Frénbis(2-
cyanoethyl)diisopropylphosphoramidite, tetrazole, DCM, 1 h, room temp.
(d) From9', bis(2-cyanoethyl)diisopropylphosphoramidite, NBT, DCM, 1
h, room temp; (e) CkNHy, 24 h, room temp; (f) HCI 6 N/THF/CEDH,
24 h, room temp, 97%; (g) RNA microhelix 22-nt, T4 RNA ligase in Hepes
buffer, DMSO, ATP, MgCj, 37 °C, 120 min.
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Figure 2. (a) Analysis ofB by polyacrylamide gel electrophoresis; (b)

inhibition of FemXy, by compoundB.

obtained in 54% vyield. Phosphorylation &f with the bis(2-
cyanoethyl)diisopropylphosphoramidite in presence of NBT, fol-
lowed by oxidation and deprotection of cyanoethyl and acetyl
groups with methylamine affordetiO in 49% yield. The overall
yield to obtain10 from 2 is similar in the two pathways (ca 10%)
but the best route involves nucleosidsince the complete synthesis
(Schemes 1 and 2) can be performed without selective 5
deprotection. Compoun& (Scheme 2) was obtained based on
enzymatic ligation betweerdl and a RNA microhelix. This
approach, originally developed to introduce non-natural amino acids
in proteins!? involves chemical synthesis of an aminoacylated
dinucleotide and its enzymatic coupling to an incomplete RNA
molecule lacking the '®H nucleotides @ and A’®. In this study,
we used a synthetic RNA molecule of 22 nucleotides that mimics
the acceptor arm of tRN#. B was purified by size exclusion
chromatography to remove excessldf Characterization oB by
polyacrylamide gel electrophoresis (Figure 2a) indicated that the
microhelix was quantitatively converted B

Inhibition tests were performed with Fermg from Weissella
viridescenswhich has been used as a model enzyme for kinetics
and structural analyses of transferases of the Fem family (Figure
2b)3 The enzyme catalyzes the transfer ¢fla from Ala-tRNAA2
to the peptidoglycan precursor UDP-MurNAc-pentapeptide to
introduce the first residue of an-Ala-L-Ser+-Ala side chain.
Inhibition of Femy, was tested in a radioactive coupled assay as
previously describeé? Inhibition of the formation of the hexapep-
tide revealed an 6 value of 1.4+ 0.1 uM similar to theK, of
FemXyy for the Ala-tRNAMa substrate (1.ZM).13 Compoundll
did not inhibit FemXy, (ICso > 1 mM; data not shown) indicating

that the microhelix was required. This portion of the tRNA was
also sufficient for inhibition since ligation dfl to a 74-nt RNA
resulted in an analogue of the full length substrate that inhibited
FemXyy with an 1G, of 0.17 + 0.03uM.

In conclusion, we have developed an efficient route for synthesis
of modified nucleotides containing an 1,2,4-oxadiazole ring as
mimes of esters in the' Dosition. A first demonstration of the
inhibitory activity of this type of compounds was obtained for a
transferase of the Fem family that catalyzes an essential step of
peptidoglycan synthesis. This is the first report of an inhibitor of
this class of enzymes which has been only recently investigated at
the mechanistic and structural levélghe inhibitor described here
will be important to further develop structural studies of Fem
enzymes, in particular by allowing cocrystallization with a stable
analogue of the aminoacyl-tRNA substrate. Finally, the modified
nucleotides obtained in this study mimic substrates or products of
important targets including the amino acyl-tRNA synthetases and
the peptidyl-transferase center of the ribosome. Thg ¢€B for
FemXyy indicates that the use of five-membered heterocyclic’fing
as ester surrogates can be extended to the field of aminoacyl-tRNA
biology.
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