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ABSTRACT: The enzymes DdaG and DdaF, encoded in the Pantoea agglomerans dapdiamide antibiotic
biosynthetic gene cluster, when expressed inEscherichia coli, form the tandem amide bonds of the dapdiamide
scaffold at the expense of ATP cleavage. DdaG uses fumarate, 2,3-diaminopropionate (DAP), and ATP to
make fumaroyl-AMP transiently on the way to the Nβ-fumaroyl-DAP regioisomer. Then DdaF acts as a
second ATP-dependent amide ligase, but this enzyme cleaves ATP to ADP and Pi during amide bond
formation. However, DdaFwill not acceptNβ-fumaroyl-DAP; the enzyme requires the fumaroyl moiety to be
first converted to the fumaramoyl half-amide in Nβ-fumaramoyl-DAP. DdaF adds Val, Ile, or Leu to the
carboxylate of fumaramoyl-DAP tomake dapdiamide A, B, or C, respectively. Thus, to build the dapdiamide
antibiotic scaffold, amidationmust occur on the fumaroyl-DAP scaffold, after DdaG action but before DdaF
catalysis. This is an unusual instance of two ligases acting sequentially in untemplated amide bond formations
using attack of substrate carboxylates at PR (AMP-forming) and then at Pγ (ADP-forming) of ATP
cosubstrates.

Pantoea agglomerans strains produce a variety of antibiotics,
as evidenced by the discoveries of the pantocins (1, 2), andri-
mid (3), and most recently dapdiamides A-E (4) (Figure 1A).
This family of fumaramoyl and epoxysuccinamoyl dipeptides is
named for the presence of DAP and the two amide linkages of
the antibiotic scaffold. The compounds are similar in structure
to synthetic methoxyfumaroyl-DAP dipeptides which show
broad spectrum activity by targeting bacterial and fungal
glucosamine-6-phosphate (GlcN-6-P) synthase, the enzyme
that catalyzes the rate-limiting step in the formation of the
essential cell-wall building block UDP-N-acetylglucosamine
(5, 6). An analogous mode of action has been proposed for
three previously isolated antibiotics with structures similar to
those of the dapdiamides, CB-25-I from Serratia plymuthica (7)
and Sch37137 (8) andA19009 (9, 10) from actinomycete isolates
(Figure 1B) (5). These compounds are likely cleaved intracellu-
larly to generate acyl-DAP warheads which can inhibit GlcN-6-
P synthase, as demonstrated for Nβ-fumaramoyl-DAP (11)
(Figure 1A). The fumaramoyl-DAP warheads derived from
A19009 and dapdiamides A-D would provide a conjugated
eneamide system that is likely attacked by the thiolate side chain
of the active site Cys in the glutaminase domain of GlcN-6-P
synthase in analogy to the mechanism of inactivation observed
for Nβ-methoxyfumaroyl-DAP (5) (Figure 1C). Alkylation of
this residue blocks generation of the ammonia required to
convert fructose-6-P into glucosamine-6-P. The epoxysuccina-
moyl moiety in CB-25-I, Sch37137, and dapdiamide E could
likewise function as an inactivating electrophile for the catalytic
Cys in the target enzyme.

Peptide antibiotics are typically formed by two biological
strategies. The first involves ribosomal synthesis of protein
precursors that undergo posttranslational proteolysis and/or
modification and is exemplified by the Microcin B17, C7, and
E492 molecules as well as the lantibiotics such as nisin, and the
thiazolyl peptides such as thiostrepton and thiocillins (12). The
second strategy uses nonribosomal peptide synthetase (NRPS)
assembly lines to specify the order and composition of amino acid
monomers incorporated and accounts for the biogenesis of
penicillin, vancomycin, and daptomycin scaffolds among
others (12). However, there is another way that peptides can be
assembled, in a manner independent of ribosomal-based mRNA
orNRPSmachinery, via ATP-dependent coupling of amino acid
monomers and elongating peptides by soluble enzymes. This
route has precedents in glutathione biosynthesis (13) and bacter-
ial cell wall pentapeptide elongation (14) where ATP is cleaved to
ADP and intermediate acyl phosphates are formed as reactive
species. A variant of this route occurs in the ATP-dependent
elongation and cyclization of the siderophore ferrioxamine E (15)
by cleavage of ATP to AMP and PPi and involves acyl-AMP
intermediates. We have found that the acyl dipeptides of the
dapdiamide antibiotic family are constructed by this third
strategy, via tandem action of two soluble ligases, one (DdaG)
that cleaves ATP to AMP and another (DdaF) that cleaves ATP
to ADP.

While no biosynthetic gene information is available for
CB-25-I, Sch37137, or A19009, a single gene cluster from
P. agglomerans that makes all five dapdiamides has recently
been cloned into Escherichia coli (4) (Figure S1 of the Support-
ing Information). This metabolic capacity from one gene
cluster suggests both pathway enzyme promiscuity and the
prospect of increased scaffold diversity from combinatorial
biosynthesis once the catalysts have been identified. Inspection
of the fumaramoyl/epoxysuccinamoyl-dipeptide scaffold of
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the dapdiamides and the encoding biosynthetic gene cluster
has led to predictions about the possible functions of the
encoded ORFs (4). Particularly important here are DdaG and
DdaF, which are predicted to be ATP-dependent amide ligases
and thus are candidates for making the two peptide bonds.
Intriguingly, DdaG has the signature elements of an adenylat-
ing ligase that cleaves ATP to AMP and PPi, while DdaF is
predicted to be an ATP grasp family member (16) and instead
cleave ATP to ADP and Pi in a phosphoryl transfer mech-
anism.

In this study, we report heterologous expression, purification,
and characterization of DdaG and DdaF and their amide ligase
activities for making Nβ-fumaroyl-DAP and Nβ-fumaramoyl-
DAP-Val/Ile/Leu, respectively.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, Materials, and Instrumen-
tation. Oligonucleotide primers were synthesized by Integrated
DNA Technologies (Coralville, IA). PCR was performed with
Phusion High-Fidelity PCRMastermix (New England Biolabs).
Cloning was performed using the Gateway System (Invitrogen).
One Shot Chemically Competent TOP10 E. coli (Invitrogen) and
NovaBlue(DE3) (Novagen) were used for routine cloning and
propagation of DNA vectors. Recombinant plasmid DNA was
purified with a Qiaprep kit (Qiagen). DNA sequencing was
performed at the Molecular Biology Core Facilities of the Dana
Farber Cancer Institute (Boston, MA). Nickel-nitrilotriacetic
acid agarose (Ni-NTA) superflow resin and SDS-PAGE gels
were purchased fromQiagen. Protein samples were concentrated
using 30 kDa MMCO Amicon Ultra filters (Millipore). Protein
concentrationswere determined byBradford assaywith BSA as a
standard. Chemicals were purchased from Sigma-Aldrich. NMR
solvents were purchased from Cambridge Isotopes.

A pyruvate kinase/lactate dehydrogenase (PK/LDH) enzyme
mix from rabbit muscle was purchased from Sigma as a buffered
aqueous glycerol solution. Myokinase from chicken muscle was
purchased from Sigma as a lyophilized powder and resuspended
in 10 mM HEPES (pH 8). Synthetic dapdiamide A and the
plasmid containing the dapdiamide gene cluster, pUC19 A10A,
were provided by J. Dawlaty. Fumaramic acid was prepared
frommonomethyl fumarate as described previously (17) or from
monoethyl fumarate via an analogous procedure.

1H NMR spectra were recorded on a Varian 400 or 600 MHz
spectrometer. MS analysis was performed on an Agilent Tech-
nologies 6520 Accurate-Mass Q-TOF LC-MS instrument, an
Agilent Technologies 6210 Accurate-Mass TOF LC-MS instru-
ment, or by staff at the Harvard University Mass Spectrometry
Laboratory (Cambridge, MA). HPLC data were collected on a
Beckman Coulter System Gold (126 solvent module, 168
detector). An Alltech Alltima C18 (250 mm�4.6 mm) column
was used for routine analytical HPLC. A Chiralcel OD-RH
(150 mm� 4.6 mm) chiral column was used for separation of
FMOC-derivatized N-fumaroyl-DAP regioisomers. A Phenom-
enex Luna C18 (250 mm � 21.2 mm) column was used for
preparative HPLC.
Cloning, Overexpression, and Purification of DdaG and

DdaF. ddaG and ddaF were PCR amplified from pUC19 A10A.
For ddaG, the forward primer was 50-CACCAATAAGGGA-
GAAAACATGAATCTGGAAATG-30 and the reverse primer
was 50-TTAATAGCGGCGTTTACTGACGTTGCCG-30. For
ddaF, the forward primer was 50-CACCTCGATTTTGAACAA-
TAAAGAAGTCATCGTAATC-30 and the reverse primer was
50-TTATTCATCAATTAGGCCCAAGTGATAAAAATCCG-
30. Unpurified PCR products were mixed with the pENTR/D-
TOPO vector, and the TOPO construct was then transformed
into TOP10 E. coli. The purified vector was analyzed by PCR to
confirm the presence of the insert. The insertwas recombined into
pDEST17, and the product of this reaction was transformed into
TOP10 E. coli. The purified vector was sequenced to confirm the
insert. BL21(DE3) E. coli cells were transformed with pDEST17-
ddaF or pDEST17-ddaG. Cultures (25mL) were grownovernight
at 37 �C inLuria-Bertani (LB) medium supplementedwith 50 μg/
mL carbenicillin. Two liters of LB with 50 μg/mL carbenicillin
was inoculated with 10mL of this overnight culture. The cultures
were incubated at 37 �C for 3.5-5 h and then at 15 �C for 0.5-
1 h. Cultures were induced with 0.5 mM IPTG. The cultures were

FIGURE 1: (A) Dapdiamide family of antibiotics and Nβ-fumara-
moyl-DAP. (B) Dapdiamide-related natural products. (C) Proposed
mechanism of GlcN-6-P synthase inhibition by Nβ-fumaramoyl-
DAP.
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incubated at 15 �C for 20 h, and then the cells were harvested by
centrifugation at 4200 rpm for 12 min. Cell pellets were resus-
pended in 10 mL of lysis buffer [10 mM Tris-HCl (pH 8) with
200mMNaCl or 10mMHEPES (pH 8) with 200mMNaCl] and
lysed at 5000-10000 psi in an Avestin EmulsiFlex-C5 high-
pressure homogenizer. The cell debris was removed by ultracen-
trifugation at 35000 rpm for 35 min. Supernatants were applied
to a low-pressure chromatography column containing Ni-NTA
resin pre-equilibrated in lysis buffer. The resin was washed with
lysis buffer containing 20 mM imidazole. The protein was eluted
with lysis buffer containing 80 and 200 mM imidazole. Protein
was concentrated and imidazole removed using 30 kDa MMCO
tubes. In some cases, additional purification was achieved by gel
filtration chromatography on an Amersham Pharmacia Biotech
AKTA FPLC system using a Superdex 75 26/60 Hiload column.
Aliquots of the proteins were flash-frozen in liquid nitrogen and
stored at -80 �C.
DdaG and DdaF HPLC Activity Assays. Reaction mix-

tures (50 μL) were incubated at room temperature and contained
9.5 μM enzyme, 2.5 or 5 mM amine substrate, 2.5 or 5 mM
carboxylate substrate, 6 mM ATP, 10 mM MgCl2, and 100 mM
HEPES (pH 8). The protein was removed by centrifugation in
5 kDaMMCO filter tubes at 12000g for 15 min; 100 μL of water
was added, and then filter tubes were spun again at 12000g for
15 min. Eighty microliters of filtered reaction mixture was
combined with 80 μL of CH3CN, 50 μL of water, and 40 μL of
10 mM FMOC-Cl (freshly prepared solution in CH3CN) and
incubated at room temperature for at least 5 min; 80 μL of
100 mM aminoadamantane (in a 1:1 CH3CN/H2O mixture) was
added, and reaction mixtures were incubated at room tempera-
ture for at least 5 min before HPLC analysis using a gradient
from 20 to 100% solvent B (0.1% TFA in CH3CN) in solvent A
(0.1%TFA inwater) over 25 min. For resolution ofN-fumaroyl-
DAP regioisomers, FMOC-derivatized samples were analyzed by
chiral HPLC using a gradient from 20 to 70% solvent B (0.1%
TFA in CH3CN) in solvent A (0.1% TFA in water) over 35 min.
The absorbance was monitored at 263 nm.
Coupled Spectrophotometric Assays for AMP or ADP

Production. For all experiments, 200 μL reaction mixtures were
incubated at room temperature and contained 10 mM ATP,
12 mM MgCl2, 200 μM NADH, 500 μM phosphoenolpyruvate,
and 100 mM HEPES (pH 8). For characterization of DdaG,
reaction mixtures in addition contained 43 units/mL LDH,
30 units/mL PK, 21 units/mL myokinase, 10 mM DAP, and
1.9 nMDdaG for fumarate assays or 9.5 nMDdaG for succinate
assays. For comparison of NR- and Nβ-fumar(am)oyl-DAP
substrates for DdaF, reaction mixtures in addition contained
30 units/mL LDH, 15 units/mL PK, 2 mM Val, and 240 nM
DdaF. For determination of the DdaF reaction velocity with
varying concentrations of Nβ-fumaramoyl-DAP, reaction mix-
tures in addition contained 60 units/mL LDH, 42 units/mL PK,
240 nM DdaF, and 5 mM Val. For characterization of DdaF
with respect to different amino acids, reaction mixtures in
addition contained 60 units/mL LDH, 42 units/mL PK, 125 μM
Nβ-fumaramoyl-DAP, and 240 nM DdaF. The consumption of
NADH was monitored continuously in a Molecular Devices
SPECTRAmax PLUS 96-well plate reader by measuring the
absorbance at 340 nm every 20 s. Kinetic constants were derived
from velocity versus substrate concentration data using a non-
linear, least-squares fitting method with GraphPad Prism.
ATP-[32P]PPi Exchange Assays. Reaction mixtures

(1.2 mL) contained 1.9 μM DdaG, 5 mM substrate, 1 mM

ATP, 1 mMMgCl2, 40 mMKCl, 1 mMDTT, 5 mMNa[32P]PPi

(3.3�104 cpm/mL), and 50 mM Tris-HCl (pH 8). Mixtures were
incubated at 37 �C for 30 min, and then 350 μL aliquots were
removed and quenched with 750 μL of a charcoal suspension
(100 mM NaPPi, 350 mM HClO4, and 16 g/L charcoal). The
mixtures were vortexed and then centrifuged at 13000 rpm for
3 min. The pellets were washed twice with 750 μL of wash
solution (100 mMNaPPi and 350 mMHClO4). Charcoal-bound
radioactivity was measured on a Beckman LS 6500 scintillation
counter.

RESULTS

Expression and Purification of DdaG and DdaF in E.
coli. ddaG and ddaF were PCR amplified from pUC19 A10A, a
plasmid containing the dapdiamide gene cluster, and cloned into
an expression vector encoding an N-terminal His6 tag. The
proteins were overexpressed in E. coli BL21(DE3) and purified
by Ni-NTA affinity chromatography (Figure S2 of the Support-
ing Information). Yields ranged from 12 to 16 mg/L for DdaG
and from 6 to 11 mg/L for DdaF.
DdaG Is a Regioselective ATP-Dependent Fumaroyl-

DAP Ligase. A small amount of Nβ-fumaramoyl-DAP was
isolated with the dapdiamides from fermentation (4), suggesting
that acylation of DAP precedes the formation of the DAP-
amino acid amide bond. To determine which enzyme is respon-
sible for this acylating activity, purified DdaG and DdaF were
incubated with DAP and potential carboxylate substrates, and
reaction mixtures were derivatized with FMOC and analyzed via
HPLC.

DdaG ligates fumarate and DAP to formN-fumaroyl-DAP in
an ATP-dependent manner (Figure 2A and Table S1 of the
Supporting Information). The enzyme also forms N-succinoyl-
DAP from succinate and DAP (Figure S3 and Table S1 of the
Supporting Information). In contrast, the ligase showed no
activity in these assays with the corresponding half-amides,
fumaramate and succinamate, or with the two enantiomers of
trans-epoxysuccinate (Figure S4 of the Supporting Information).
A coupled spectrophotometric assay for AMP formation was
used to kinetically characterize DdaG, and these experiments
demonstrated that the enzyme is specific for fumarate over
succinate, with a kcat/Km of 21 mM-1 s-1 for fumarate and
0.19 mM-1 s-1 for succinate (Table S2 of the Supporting
Information).

ATP-[32P]PPi exchange assays, which test for the reversible
formation of adenylated intermediates, demonstrated that DdaG
adenylates its carboxylate substrate as predicted on the basis of its
homology to AMP-forming enzymes (Figure 2B). As expected,
activation of both fumarate and succinate was observed, whereas
there was no activation of either the epoxysuccinates or succina-
mate. Exchange was seen with fumaramate as a result of
contamination of this substrate with fumarate.2

In dapdiamides A-C, fumaramate and DAP are linked
through the DAP β-amino group, while in dapdiamides D and
E, it is the R-amino group that is acylated. This suggested that
DdaG could act in a regiopromiscuous manner, accepting either
the DAP R- or β-amine as a nucleophile. To test this hypothesis,

2Fumaramate used in this assay was prepared from commercial
monoethyl fumarate that is contaminated with a small amount of
fumarate. Kinetic analysis of the contaminated fumaramate is consis-
tent with the hypothesis that DdaG activity with this substrate results
from contamination with 2-5% fumarate.
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both fumaroyl-DAP isomers were synthesized (Schemes S1 and
S2 of the Supporting Information) and their FMOC derivatives

separated by chiral HPLC. The FMOC-derivatized product of
DdaG catalysis co-eluted with the β-isomer, demonstrating that
DdaG acts in a regioselective manner to formNβ-fumaroyl-DAP
exclusively (Figure 2C).

FIGURE 2: Characterization of DdaG activity. (A) HPLC analysis
showing ATP-dependent ligation of fumarate and DAP by DdaG.
(B) ATP-[32P]PPi exchange data. The graph shows counts per
minute arising from [32P]ATP that is adsorbed to charcoal after
incubation of DdaG, [32P]PPi, unlabeled ATP, and carboxylate
substrate. *Activity with fumaramate results from 2-5% contam-
ination with fumarate.2 (C) Co-elution of the FMOC-derivatized
DdaG product with FMOC-Nβ-fumaroyl-DAP.

FIGURE 3: Relative rates of ADP formation on incubation of DdaF
with potential carboxylate substrates and 2 mM Val.

FIGURE 4: HPLC analysis showing ATP-dependent ligation of
Nβ-fumaramoyl-DAP and Val by DdaF to form dapdiamide A.
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DdaF Is an ATP-Dependent Nβ-Fumaramoyl-DAP-
Amino Acid Ligase. DdaF was characterized using both an
ADP production assay and the same HPLC assay used to study
DdaG. These experiments showed that DdaF catalyzes the
second subunit condensation reaction in this pathway. The
enzyme is not active with either the product of DdaG catalysis,
Nβ-fumaroyl-DAP, or the corresponding R-isomer (Figure 3 and
Figure S5 of the Supporting Information). DdaF accepts only the
corresponding amide Nβ-fumaramoyl-DAP, which it can ligate
to Val, Ile, or Leu to form dapdiamides A-C, respectively
(Figures 3 and 4 and Figure S6 and Table S3 of the Supporting
Information). DdaF is specific for the Nβ-isomer of fumaroyl-
DAP; it will not ligateNR-fumaramoyl-DAP toVal (Figure 3 and
Figure S7 of the Supporting Information).

Apparent substrate inhibition was observed at Nβ-fumara-
moyl-DAP concentrations of >500 μM (Figure S8 of the
Supporting Information), so kinetics with respect to the three
amino acid substrates were determined at a fixed Nβ-fumara-
moyl-DAP concentration of 125 μM. While the apparent kcat
values for each amino acid were similar, the apparent Km values
were 260 μMforVal, 830 μMfor Ile, and 7.82mM for Leu (Table
S4 of the Supporting Information).
Stability of the Nβ-Acyl-DAP Compounds. The lack of

DdaF activity withNR-fumaramoyl-DAPmakes the origin of the
R-linked dapdiamides D and E mysterious. We suspected that
these compounds could arise from nonenzymatic isomerization
of the corresponding β-linked regioisomers, so we tested the
stability of dapdiamide A in 500 mMNH4OH at room tempera-
ture overnight. However, we did not observe any isomerization
(Figure S9 of the Supporting Information). We also tested for
possible isomerization of the pathway intermediates. There was
no conversion ofNβ-fumaroyl-DAP to theR-regioisomer when it
was incubated at pH 8 for 3 days (Figure S10 of the Supporting
Information). Preliminary results indicate that isomerization of
the corresponding amide, Nβ-fumaramoyl-DAP, also does not
happen readily at pH 9.5. On the other hand, some frozen
samples of NR-fumaramoyl-DAP (but not the Nβ-isomer)
decomposed, but the process has not been examined thoroughly.

DISCUSSION

We observe that DdaG uses fumarate, DAP, and ATP to
generate Nβ-fumaroyl-DAP as ATP is cleaved to AMP and PPi.
DAP can in principle be used as a nucleophile either at the β-NH2

group (on the way to dapdiamides A-C) or at the R-NH2 group

(on the way to dapdiamides D and E). In these studies, only the
β-coupling regiochemistry was seen with purified DdaG. In turn,
DdaF cleaves ATP to ADP and Pi as Nβ-fumaramoyl-DAP is
coupled to Val, Ile, or Leu. Most notably, while DdaG will not
accept fumaramate in place of fumarate as the coupling substrate,
DdaF requires fumaramoyl-DAP rather than fumaroyl-DAP.

The characterization of DdaF and DdaG allows us to propose
the timing of other catalytic events in this biosynthetic pathway.
Bioinformatic analysis suggested that DdaH is an amidotrans-
ferase (4), and our results imply that this enzyme acts afterDdaG,
converting Nβ-fumaroyl-DAP to Nβ-fumaramoyl-DAP. DdaF
can then ligate this compound to three branched chain amino
acids (Scheme 1). DdaC is a putative Fe(II)/R-ketoglutarate-
dependent dioxygenase and is likely responsible for the formation
of the dapdiamide E epoxide. Because DdaG shows no activity
with epoxysuccinate, it is probable that DdaC acts on a double
bond of either fumar(am)oyl-DAP or fumaramoyl-DAP-Val.
This epoxidation may occur while the substrate is tethered to the
adenylation-thiolation enzyme DdaD, and the oxidized sub-
strate could be released by the thioesterase homologue DdaE.
The origin of the NR-acyl-DAP linkage in dapdiamides D and E
remains an open question as we have been unable to observe any
NR-acyl-DAP formation from either enzymatic or nonenzymatic
conversion. These compounds could potentially be formed via
the actionof an enzyme that catalyzes anR/β-isomerizationor via
the action of a DAP R-NH2-specific ligase; however, these
activities do not appear to be encoded in the dapdiamide gene
cluster.

The dapdiamides constitute the first example of a family of
small molecules targeted against GlcN-6-P synthase that are
produced by a single biosynthetic gene cluster. The production of
a suite of compounds instead of a single antibiotic may allow the
producing organism to target a broader range ofmicrobes and/or
blunt development of target resistance. It has been shown that the
identity of the amino acid ligated to DAP in the methoxyfumar-
oyl-DAP dipeptides influences the rate of target-cell uptake (6),
and this is likely also true for the dapdiamides. The promiscuity
of DdaF with respect to its amino acid substrate allows the
formation of compounds with three different C-terminal amino
acids, and each may interact differently with the nonspecific
peptide permeases that import these types of compounds.
Additionally, the two different electrophilic moieties (Michael
acceptor or epoxide) may have different levels of reactivity with
the target enzyme. It remains to be explored whether production

Scheme 1: Biosynthetic Route to Dapdiamides A-Ca

aThe grayed-out step has not been biochemically validated.
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of a family of structurally distinct compounds with the same
target confers an advantage on the producer, but this may be one
explanation for the evolution of substrate promiscuity in the
dapdiamide pathway.

Here we focused on the two amide bond-forming enzymes that
are required to generate the fumaramoyl-DAP-dipeptide scaffold
of the dapdiamides. These catalysts are new members of an
expanding class of ligases that assemble antibiotic peptides in a
distinct manner from ribosomal and traditional NRPS systems.
Such enzymes typically use one of two modes of carboxylate
substrate activation: adenylation or phosphorylation. Like
DdaG, the amide ligases CouL, NovL, and CloL use the first
strategy to activate carboxylates for nucleophilic attack by donor
amino groups to bring together monomers in the assembly of the
aminocoumarin antibiotics coumermycin, novobiocin, and clor-
obiocin, respectively (18-20). In contrast, ATP grasp family
members in the bacilysin (21, 22) and tabtoxin (23) pathways
likely activate carboxylate substrates via acyl-phosphate forma-
tion, like DdaF. The dapdiamide pathway is an atypical example
of the recruitment of two amide ligases with distinct ATP
cleavage patterns to form tandem peptide bonds.

Recent studies of P. agglomerans antibiotics have led to the
identification of several novel condensation catalysts (24) that are
homologues of enzymes from primary metabolism, suggesting
that nature’s repertoire of condensation catalysts for natural
product biosynthesis may be broader than once suspected. A
detailed understanding of the function of these catalysts may
open the door to the study of new classes of compounds that are
not produced by canonical biosynthetic enzymes and that may
have structural features which set them apart from previously
identified natural products.
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