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Recent evidence suggests that natural products are much more a) NH
than simply agents of “microbial warfare” and actually play critical o o o </N i =N
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roles in bacterial pathogenesis and communicatitmparticular, +H3N\)J\ ) ATP +H3N\/|L B o. N N/)
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non-ribosomal peptide (NRP) natural products have been identified H PP, oA o /\(_7’
as key players in bacterial iron uptakéjofilm formation? and HO  OH
commensalism.Thus, small molecule inhibition of NRP biosyn- Pg':l'fHH o aminoacyl-AMP intermediate
thesis would provide a powerful means to study the biological roles %% e-© *HzN non-ribosomal peptide
P P y 9 I i oR protein
of these natural products and a potential avenue to develop novel AMP a P
antibiotics. Detailed mechanistic insights into NRP biosynthesis,  b) <)

developed primarily from the perspectives of fundamental interest
and engineered biosynthesis, can be leveraged to design such
inhibitors. Along these lines, we recently reported a mechanism-
based inhibitor of NRP siderophore biosynthesis, salicyl-AMS
(5'-O-[N-salicylsulfamoyl]adenosiné). This compound targets
salicylate adenylation enzymes by mimicking a key salicyl adenylate . . ) ) .
(salicyl-AMP) reaction intermediate through replacement of the g’gL.”e 1. (a) Reactions catalyzed by amino acid adenylation domains
b . . uring NRP biosynthesis (PCP-SH nucleophile) and by aminoacyl-tRNA
reactive phosphate group with a stable sulfamate moiety. Relatedsynihetases during protein translation (tRNA-OH nucleophile). REP
inhibitor design strategies have also been extended to other arylpeptidyl carrier protein. (b) Cisoid conformation of phenylalanine and AMP
acid adenylation enzymes that have no human homaleigsvever, ligands in a phen_ylalanfine agegy;fagoghgti\ngﬂag)naﬁgg/ei I:i;e th:elgiaE[?B
application of this strategy to more widely distributaghino acid tlF/?r{\lAAU l'y(nct)hgigioﬂﬁfg site. ?F:ﬁeRS; PDB 1B7Y). Adenine C8 to pher¥y|—
adenylation domains is complicated by a major selectivity prob- 4nine @ distances are indicated (gray).
lem: aminoacyl-tRNA synthetases, which are used ubiquitously
in ribosomalprotein translation, catalyze nearly identical reactions
(Figure 1a). Thus, simple aminoacyl-AMP analogs inhibit both thetase structures confirmed transoid ligand conformations in all
classes of enzymés, making them unsuitable for probing NRP  cases! On the basis of this analysis, we postulated that nonhy-
function or as antibiotics. Herein, we report a solution to this drolyzable aminoacyl-AMP analogs in which the cisoid conforma-
problem using macrocyclic aminoacyl-AMP analog@s, (2b) that tion is promoted or enforced would inhibit NRP synthetase amino
exploit pronounced structural differences between these two proteinacid adenylation domains selectively, without inhibiting the cor-
classes to inhibit an amino acid adenylation domain selectively. responding aminoacyl-tRNA synthetases.

To design inhibitors that selectively target NRP synthetase amino  Further examination of the PheA structure revealed an unob-
acid adenylation domains, we compared the reported ligand-boundstructed 4.1 A space between C8 of adenine afidoCphenyl-
crystal structures of a phenylalanine adenylation domain (PheA) alanine (Figure 1b), suggesting that a two- or three-atom linker
and a phenylalanyl-tRNA synthetase (PheSJhese enzymes  might be used to enforce the desired cisoid pharmacophoric
catalyze analogous reactions involving adenylation of phenylalanine conformation in a macrocyclic inhibitor. Such compounds would
to form a phenylalanyl-AMP intermediate followed by transesteri- not be able to adopt the transoid conformation required to bind the
fication to a peptidyl carrier protein thiol or tRNA hydroxyl,  corresponding aminoacyl-tRNA synthetases. Thus, we designed
respectively (Figure 1a). However, these proteins have unrelatedmacrocycle®a—e (Figure 2) as constrained analogs of alanyl-AMP.
folds and bind their ligands in distinct conformatidri$n the PheA e envisioned that such compounds might inhibit other amino acid
structure, phenylalanine and AMP are bound in an overall “cisoid” adenylation domains, such as the cysteine adenylation domain in
conformation (Figure 1b). Examination of closely related aryl acid the versinia pestissiderophore biosynthesis enzyme HMWP2,
adenylation enzyme, fatty acyl-CoA ligase, and luciferase structures provided that the missing sidechain could be compensated by a

suggests that this cisoid ligand conformation is conserved acrossyaqyced entropic cost of binding and/or new favorable binding
this family12In contrast, in the PheRS structure, a phenylalanyl- ;teractiong4

AMP analog is bound in a “transoid” conformation (Figure 1c).
Examination of all available ligand-bound aminoacyl-tRNA syn-

After exploring several synthetic approaches, we arrived at
macrocycle?2a—e using the general strategy outlined in Figure
211 Briefly, 8-iodoadenosing is functionalized at the adenine C8

1m}mg::gftglgg'n'f@gg‘r?ngrcog[%'gr'ggﬂg{“'ca' Biology. position via cross-coupling reactions, thehGsulfamoylated.
8 Cornell University. Macrolactamization oft and global deprotection provides macro-
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Figure 2. Structures of adenylation domain inhibitors and general synthetic
approach to macrocyclé$(R?, R2 = Boc or H; Y = NHBoc or H).

Table 1. Inhibition of a Non-Ribosomal Peptide Synthetase Amino
Acid Adenylation Domain and of in Vitro Translation!

KPP ICs (in vitro
entry compound (HMWP2, uM)? translation, «M)®
1 la(L-Cys-AMS) 0.24 +£0.0Z 155+0.3

2 1b(L-Ala-AMS) 25 £02 0.16+ 0.03
3 1c(p-Cys-AMS) 0.37 +£0.02 n.d.
4 1d(o-Ala-AMS) 34 +3 n.d.
5 1e(Gly-AMS) 16 +5 n.d.
6 2a(cycldP-L-Ala-AMS) 17 4019 >250
7 2b(cyclF%-L-Ala-AMS) 54 +08& >250
8 2c(cycld%P-p-Ala-AMS) 150 +60 n.d.
9  2d(cycld“’-p-Ala-AMS) 400 + 100 n.d.
10 2e(cycldP-propionyl-AMS) 210 +30 n.d.

awith 30 nM HMWPZ2-1491Hisg, 1 mM [¥2P]-PR, 3 mM ATP, 3 mM
L-cysteine n.d. = not determined® K;®s = 0.101+ 0.005uM; KATP =
0.062 + 0.002 uM.11 dK;%ys = 0.27 £ 0.03 uM; KATP = 0.179 +
0.005uM. €K;®s = 0.924 0.06 uM; KATP = 0.57 £ 0.01uM.

cycles2. Linear aminoacyl-AMS analogka—e were also synthe-
sized for comparison.

With this battery of compounds in hand, we set out to test their
inhibitory activities against the cysteine adenylation domain of
yersiniabactin synthetase HMWP?2. Gratifyingly, both macrocycles
2a and 2b were potent inhibitors in a cysteine adenylation assay
(Table 1)1 Notably, the two-carbon-linked macrocycka was
slightly more potent than-alanyl-AMS (1b) and nearly as potent
as the “cognate” inhibitor-cysteyl-AMS (La). In contrast, mac-
rocycles2c and2d, which are analogs af-alanyl-AMS (1d), and
desamino macrocyclee were all poor inhibitors.

To test our hypothesis that the macrocyclic constraints would
prevent these compounds from inhibiting aminoacyl-tRNA synthe-
tases, we used an in vitro translation assay containing all 20 of
these enzyméed.While bothL-cysteyl-AMS (La) andL-alanyl-AMS
(1b) potently inhibited protein translation, presumably by targeting

the corresponding aminoacyl-tRNA synthetases, we were pleased

to find that macrocycle®a and2b showed no inhibitory activity at
up to 250uM concentration. Thus, the macrocyclic structure pro-
vides exquisite selectivity for an amino acid adenylation domain
over aminoacyl-tRNA synthetases.

In summary, we have developed potent, highly selective mac-
rocyclic inhibitors of an amino acid adenylation domain that do
not inhibit aminoacyl-tRNA synthetases. We have exploited distinct
ligand binding conformations to distinguish between these mecha-

compounds and analogs thereof are ongoing. Given the high
structural homology among amino acid adenylation dom#i#s,

it will be of interest to determine whether such compounds can
inhibit other domains, thereby providing a broad spectrum means
to inhibit NRP biosynthetic pathways and to probe the biological
and therapeutic implications thereof. Broad inhibitors might also
synergistically inhibit multiple adenylation domains in an individual
pathway to afford increased poteAtgnd decreased susceptibility
to resistance conferring mutatiotfs.
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