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ABSTRACT: The dapdiamides make up a family of anti-
biotics that have been presumed to be cleaved in the target
cell to enzyme-inhibitory N-acyl-2,3-diaminopropionate
(DAP) warheads containing two alternative electrophilic
moieties. Our prior biosynthetic studies revealed that an
enecamide warhead is made first and converted to an
epoxyamide via a three-enzyme branch pathway. Here we
provide a rationale for this logic. We report that the R,
R-epoxyamide warhead is a more efficient covalent inacti-
vator of glucosamine-6-phosphate synthase by 1 order of
magnitude versus the eneamide, and this difference corre-
lates with a >10-fold difference in antibiotic activity for the
corresponding acyl-DAP dipeptides.

P antoea agglomerans are epiphytic bacteria that produce a
series of peptide-based antimetabolites that suppress the
growth of competing microbes.' * This species has received
attention because it inhibits the growth of the economically
important plant pathogen Erwinia amylovora, a species that
inhabits the same ecological niche and leads to the necrotic plant
disease fire blight.” Among the known P. agglomerans antibiotics
are the family of dapdiamides (Scheme S1A of the Supporting
Information), N-acyl-dipeptides where the “dap” refers to the
constituent nonproteinogenic L-2,3-diaminopropionyl (DAP)
residue (blue in Scheme S1).° Antibiotic activity-based screening
of a P. agglomerans CU0119 genomic library heterologously
expressed in Escherichia coli has recently led to the identification
of a biosynthetic gene cluster for the dapdiamides.® This cluster
encodes genes that are necessary and sufficient for production of
dapdiamide A (Ng-fumaramoyl-L-DAP-1-Val) 1 and the corre-
sponding epoxide 2 (Figure 1A).”*

We have shown previously that at least three different types of
ATP-utilizing enzymes participate in this pathway (Scheme
$2).”® DdaG transiently makes fumaroyl-AMP that is captured
by the S-NH, of L-DAP on the way to Ng-fumaroyl-DAP. After
subsequent amidation to Ng-fumaramoyl-DAP 3 (Figure 1B) by
DdaH, DdaF utilizes ATP, this time cleaving it to ADP and P; and
forming an activated Ng-fumaramoyl-DAP acyl phosphate. This
species undergoes nucleophilic attack by the amino group of one
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Figure 1. Antibiotic activity of the dapdiamides. (A) Proposed Trojan

horse mechanism of the dapdiamides. (B) Proposed mechanism of

GImS inhibition by dapdiamide N-acyl-DAP warheads.

of three branched chain aliphatic amino acids, e.g, Val, to form 1.
A third ATP-dependent enzyme, DdaD, is a nonribosomal peptide
synthetase module composed of an adenylation (A) domain and a
thiolation (T) domain. DdaD makes Ng-fumaramoyl-DAP-AMP,
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and this intermediate is captured by the terminal thiol of the
phosphopantetheinyl arm attached to the DdaD T domain. This
results in a covalently tethered Ng-fumaramoyl-DAP-thioester that
is the substrate for a non-heme, mononuclear Fe'-oxygenase
DdaC that epoxidizes the olefin. The tethered epoxysuccina-
moyl-DAP-S-DdaD is likely hydrolyzed by the thioesterase DdaE,
liberating Ng-epoxysuccinamoyl-DAP 4 (Figure 1B). This epoxide
can be processed by DdaF to yield 2 as an antibiotic end product.

Compounds closely related to 1 and 2 are known metabolites
from other bacteria (Scheme S1B), and members of this N-acyl-
DAP-aa class likely serve as pro forms of antibiotics. In analogy to
the known Trojan horse mechanism of synthetic Ng-methox-
yfumaroyl-DAP-aa compounds (FMDP-aa) (Scheme S3),” these
natural products are presumably taken up by neighboring
microbes through oligopeptide permeases and undergo cleavage
by intracellular peptidases to remove the C-terminal residue
(Figure 1A). In the case of 1 and 2, this cleavage would yield
stretched Gln analogues 3 and 4, respectively. Compound 3 has
been previously characterized as an irreversible inactivator of
bacterial' ™" and candidal'® glucosamine-6-phosphate (GIcN6P)
synthase. GIcN6P synthase (termed GImsS in prokaryotes) converts
fructose-6-phosphate (Fru6P) to GIcN6P in an isomerization—
amination reaction (Scheme $4)."* NH; for the amination step is
produced from hydrolysis of L-Gln in the glutaminase active site; this
is initiated by Cys1 nucleophilic attack on the Gln amide. GIcN6P
synthase provides the sole route to this aminohexose, which is
converted by subsequent enzymatic steps to UDP-N-acetylgluco-
samine, a key precursor for the biosynthesis of both bacterial and
fungal cell walls. Interdiction of GIcN6P synthase activity causes
cell death, and the glutaminase active site has been a target for
both natural product antimicrobials (e.g., the dapdiamides and the
Bacillus subtilis natural product bacilysin) and synthetic electro-
philic variants of glutamine.'*'s

Prior studies in the Badet lab of inhibition of E. coli GImS by
the methyl ester analogue of 3, FMDP, suggest that irreversible
inactivation with these o,f-unsaturated carbonyl compounds
proceeds via Cysl thiol Michael addition to the fumar(am)oyl
moiety (Figure 1B)."® NMR studies of the reaction of either Cys
or of a synthetic CGIVGAIAQR decapeptide that corresponds to
the N-terminal sequence of GImS demonstrated that in both
cases FMDP undergoes Michael addition 3 to the ester by the
Cys thiol.' 4 could in principle similarly covalently modify the
glutaminase domain Cys1 via an epoxide ring opening reaction.

Given our recent delineation of the dapdiamide biosynthetic
pathway and the utilization of three enzymes to convert 3 to 4,”*
we sought to understand what utility the conversion of one form
of electrophilic inhibitor (the fumaramoyl eneamide) to the
second (the epoxide) might offer to the producing microbe. We
were also interested in the biological activity of the Ny-fumar-
amoyl-DAP warhead that is predicted to be formed from
peptidase cleavage of dapdiamide D [Ny -fumaramoyl-DAP-Val
(Scheme S1A)]; this moiety is not found in any other known
natural products. Finally, we wanted to test the hypothesis that 1
and 2 are Trojan horse antibiotics that require the C-terminal Val
for uptake and then undergo protease cleavage to liberate
enzyme-inhibitory acyl-DAP warhead 3 or 4. To these ends, we
have examined the catalytic efliciency for inactivation of GIcN6P
synthase as well as the antibiotic potency of several acyl-DAP
compounds.

The absolute stereochemistry of the oxirane carbons in the
N-epoxysuccinamoyl-DAP-Val compounds isolated from P. agglom-
erans has not been determined, * but R,R-epoxide stereochemistry

Table 1. N-Acyl-DAP GImS Inactivation Efficiencies

inhibitor Kinact/Kiee (M s7Y)
3 39+6
RR-4 290 £ 110
S,S-4 5.18 £ 0.03

has been found for the related natural product Sch37137
(Scheme S1B)."” We therefore evaluated both the R,R- and S,
S-4 diastereomers for inhibition of purified GImS. We chose
E. coli GImS as a model enzyme as it has been well-characterized
previous{?f, including a kipact/Kirr (inactivation efficiency) value
for 3.""'® We used an established spectrophotometric assay for
glutaminase activity to determine a ki,,/Ki,, for each inhibitor
(Figure S1). We found that R,R-4 is a potent time-dependent
inactivator of GImS with a kipact/Kie of 200 M~ ' s " (Table 1).
This is approximately 7-fold more potent than 3, which in our
hands exhibited a kippct/Kirr 0f 39 M~ s (Table 1 and Figure
S2A). The S,5-4 diastereomer is a much less efficient GlmS
inactivator than either 3 or R,R-4; the ki,c/ Ky, of 5.18 M~ s7*
is approximately 56-fold lower than that for the R,R-diastereomer.
In contrast, Ny-fumaramoyl-DAP exhibited no time-dependent
inhibition of GImS at concentrations up to 600 «M (Figure S2B).
We also did not observe any time-dependent GImS inhibition with
600 uM acyl-DAP-Val compounds 1 or R,R-2, suggesting that
cleavage of the C-terminal Val is required to generate the active
enzyme-inhibitory warhead (Figure S2C).

The order of magnitude increase in inactivation efficiency
between 3 and R,R-4 offers one rationale for why the producing
microbe elaborates the fumaramoyl acyl group to the R,
R-epoxide in 4 and 2. Perhaps not coincidentally, DdaF has a
kinetic preference for the R ,R-diastereomer of 4 over the §,S-
diastereomer for ligation to Val, and it is likely R,R-2 that is
exported by the producer organism.® In turn, GlmS is inactivated
much more efficiently by that R,R-diastereomer of 4 than by the
S,S-diastereomer; this may reflect an evolutionary matching of
antibiotic production and target susceptibility.

To determine that the catalytic Cys1 is the nucleophilic target
of both 3 and 4, GImS was treated with each inhibitor and
subjected to trypsin digestion and MS. The GImS N-terminal
tryptic decapeptide underwent the expected mass shift for
modification with 3 (Am = 201.1 Da), RR-4 (Am = 217.1
Da), and $,5-4 (Am = 217.1 Da) (Figures S3—S6 and Table S2),
and modification was also seen with Ny -fumaramoyl-DAP (Am =
201.1 Da) (Figure S7 and Table S2). The site of modification
with these inhibitors was further narrowed by employing tandem
MS techniques. MS/MS of the modified decapeptides revealed
mass shifts of the b-ion series but not the y-ion series, supporting
the hypothesis that the inhibitors were bound at the N-terminus
of the peptide (Figures S8—S11). Most conclusively, MS>
fragmentation of the modified CGI b; ion resulted in the
formation of an ion with a mass consistent with the N-terminal
CG b, ion in a thioether linkage with the inhibitors (Figures
$12—S15). These results show that, as anticipated, the dapdia-
mide N-acyl-DAP warheads capture the active site Cys thiolate
nucleophile in the glutaminase domain of GImS.

Next, we investigated whether the improved enzyme inactiva-
tion efficiency of the epoxide-containing acyl-DAP warhead R,
R-4 would translate to greater antibiotic potency of the epoxyamide
dipeptide R,R-2 as compared with eneamide 1. Minimum inhibi-
tory concentrations (MICs) for 1 and R,R-2 were determined
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Table 2. MIC Values for 1 and R,R-2 against E. amylovora 273
and E. coli NR698

antibiotic E. amylovora 273 E. coli NR698
1 188 uM 188 uM
RR-2 12 uM 16 uM

against an ecologically relevant target, E. amylovora 273; wild-type
E. coli K12 MG165S5; and E. coli NR698, which carries a mutation in
the increased membrane permeability (imp) gene that leads to
increased outer membrane permeability (Table 2 and Table $4).'®
R/R-2 was more potent than 1 by 16-fold against E. amylovora,
suggesting that the greater in vitro inactivation efficiency against
GImS correlates with in vivo potency against this microbe. In
contrast, minimal inhibition of E. coli K12 growth was observed at
concentrations of both 1 and R,R-2 of up to S00 4M (Table $4). In
light of our demonstration that 3 and R,R-4 inhibit purified E. coli
GImS, we suspected that this absence of antibiotic activity resulted
from the lack of penetration of the compound into the target cell
cytosol. MICs determined for 1 and R,R-2 against E. coli NR698
support this hypothesis; they are similar to the MICs against E.
amylovora 273, and here again, the epoxyamide is more potent than
the eneamide by 1 order of magnitude. The antibiotic activity of 1
and R,R-2 was abrogated in the presence of 167 mM N-acetylglu-
cosamine, consistent with the hypothesis that these antibiotics act
via blockade of GIcN6P production by GImS (Table S4). As
anticipated on the basis of the hypothesis that the C-terminal Val
is required for uptake of acyl-DAP-Val antibiotics by target cell
peptide permeases, no antibiotic activity was observed for R,R-4 at
concentrations of up to 417 uM against either E. amylovora or E. coli
NR698 (Table S4).

In summary, the dapdiamide biosynthetic pathway generates a
pair of Ng-acyl-DAP-Val compounds, exportable protoxins con-
taining two distinct inactivating electrophilic moieties. The
penultimate incarnation of the acyl group is the fumaramoyl
half-amide that is known to irreversibly inactivate GlmS."" Such
eneamide functional groups are also found in natural product
syringolins and glidobactins that capture the nucleophilic Thr1 of
proteasomes.'® Elaboration of the fumaramoyl double bond to
the R,R-epoxide by DdaCDE produces the ultimate biosynthetic
version of the electrophilic acyl group.® Our observation that S,S-
4 is approximately 56-fold less efficient as a GImS inhibitor than
R/R-4 is consistent with enzymatic assistance for capture of the
epoxide and presumably reflects the stereospecific orientation of
the epoxide moiety toward a chiral general acid side chain in the
active site. Many epoxy metabolites are known in natural prod-
ucts, including the anticapsin moiety of the dipeptide antibiotic
bacilysin that targets the same GImS active site nucleophile.'* It
remains to be seen if studies with purified GIcN6P synthase
enzymes from pathogens such as Candida strains and phyto-
pathogenic bacteria such as E. amylovora will exhibit comparable
ratios of improved inactivation efficiencies for R,R-4 versus 3,
giving insights into the chemical logic used by microbes in the
design, production, and optimization of mechanism-based en-
zyme inhibitors with antibiotic activity.
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