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ABSTRACT: The soil-dwelling, plant growth-promoting bacterium Bacillus amylolique-
faciens FZB42 is a prolific producer of complex natural products. Recently, a new FZB42
metabolite, plantazolicin (PZN), has been described as a member of the growing thiazole/
oxazole-modified microcin (TOMM) family. TOMMs are biosynthesized from inactive,
ribosomal peptides and undergo a series of cyclodehydrations, dehydrogenations, and
other modifications to become bioactive natural products. Using high-resolution mass
spectrometry, chemoselective modification, genetic interruptions, and other spectroscopic
tools, we have determined the molecular structure of PZN. In addition to two conjugated
polyazole moieties, the amino-terminus of PZN has been modified to N“ N*-dimethyl-
arginine. PZN exhibited a highly selective antibiotic activity toward Bacillus anthracis, but
no other tested human pathogen. By altering oxygenation levels during fermentation, PZN
analogues were produced that bear variability in their heterocycle content, which yielded
insight into the order of biosynthetic events. Lastly, genome-mining has revealed the
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existence of four additional PZN-like biosynthetic gene clusters. Given their structural uniqueness and intriguing antimicrobial

specificity, the PZN class of antibiotics may hold pharmacological value.

Wlth facile access to low-cost next-generation DNA sequenc-
ing technology, there has been a recent surge in genome
sequencing. The availability of nearly 2,000 microbial genomes has
rekindled interest in the biosynthetic capabilities of bacteria. ~*
Given the status of natural products and their derivatives as the
largest source of all medicines, exploring uncharted biosynthetic
territory holds vast potential.® One such region of natural product
space includes the thiazole/oxazole-modified microcin (TOMM)
family.®"® Unlike the well-known nonribosomal peptides and
polyketides, TOMMs are derived from inactive, ribosomally
synthesized precursor peptides. Each TOMM precursor peptide
harbors an N-terminal leader region that serves as the binding
site for enzymes that posttranslationally modify a C-terminal core
region.”'® The distinguishing chemical features of a TOMM are
heterocycles that derive from Cys, Ser, and Thr residues, which are
abundant in the core region of the precursor peptide. During
processing by a genetically conserved cyclodehydratase, select Cys
and Ser/Thr amino acids undergo peptide backbone cyclization to
become thiazoline and (methyl)oxazoline heterocycles. A subset
of these are further subjected to a flavin mononucleotide (FMN)-
dependent dehydrogenation, which yields the aromatic thiazole
and (methyl)oxazole heterocycles. The formation of heterocycles
on TOMM precursor peptides is dependent on the presence
of a third component, termed the docking protein, whose
exact function remains enigmatic.”f13 Together, the TOMM
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cyclodehydratase (C), dehydrogenase (B), and docking protein
(D) comprise a functional, heterotrimeric thiazole/oxazole
synthetase. The genes encoding for this synthetase are typically
located as adjacent open reading frames in bacterial genomes,
making such biosynthetic clusters relatively easy to identify using
routine bioinformatic methods.”'*'* TOMM biosynthetic clus-
ters often contain ancillary tailoring enzymes that increase the
chemical complexity of this natural product family.

Although the unification of the TOMM family of natural
products has only recently emerged, the molecular structure and
biological function of some TOMMs have long been established.
Examples include microcin B17 (DNA gyrase inhibitor), the
cyanobactins (eukaryotic cytotoxins), streptolysin S (disease-
promoting cytolysin), and the thiopeptides (ribosome inhibi-
tors).> As reported in early 2011, a plant growth-promoting
bacterium, Bacillus amyloliquefaciens FZB42, produces a TOMM
with antimicrobial activity toward select Gram-positive bacteria.®
In this work, we report the structure and antimicrobial specificity
of a TOMM natural product from FZB42. In addition to the
natural production of PZN variants by FZB42, we discovered
that other Gram-positive bacteria also contain PZN biosynthetic
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Figure 1. Mass spectrometry based structural elucidation of PZN. (a) After biosynthetic processing, the chemical structure of PZN features N*,N“-
dimethylArg (green), two thiazoles (red), seven (methyl)oxazoles (blue), and one methyloxazoline (brown). The numbering scheme used for each
original residue is given at the top of the figure. After treatment with mild acid, azolines undergo hydrolytic ring opening to the original amino acid (in this
case, Thr). (b) CID spectrum of the singly charged PZN ion (m/z 1336) acquired by LTQ-FT-MS. (c) Same as panel b, except the parental ion analyzed
was hydrolyzed PZN (m/z 1354). *Denotes ions resulting from the loss of guanidine that localize the site of dimethylation to the ¢-amine of Arg.
Localization to Arg is further supported by loss of N“,N“-dimethylArg (m/z 1180). **Denotes ions indicating that the sole azoline moiety of PZN is
derived from the most C-terminal Thr residue. All masses are given in Da and represent the singly charged ion. For proposed structures of the daughter

ions, see Supporting Figures S3 and S4.

clusters. We further demonstrate the in vivo biosynthesis of PZN
in one of these newly identified producers.

Very recently, the structure of PZN from FZB42 was reported
by Siissmuth and co-workers, primarily using 2D-NMR.'® In-
dependently, we employed mass spectrometry (MS) as our
principle spectroscopic tool and arrived at the same structure.
Through the use of high-resolution, linear ion trap Fourier
transform hybrid MS (LTQ-FT) operating at 11 T, we measured
the mass of the protonated form of PZN to be 1336.4783 Da

(Figure la and Supporting Figure S1). Due to the high mass
accuracy of FT-MS and the known sequence of the core region of
the precursor peptide (;RCTCTTIISSSSTF,,),”® the molecular
formula of [PZN + H]" can be deduced (Cg3H-oN;7015S5;
theoretical monoisotopic mass = 1336.4780 Da; error, 0.22
ppm). This formula required that 9 out of 10 heterocyclizable
residues (Cys, Ser, Thr) in the core region of the precursor
peptide were converted to the azole heterocycle (Figure 1a). Due
to their adjacent positions, these processed residues form a
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contiguous polyazole, which was supported by spectrophoto-
metric analysis. PZN gave absorption bands at 260 nm (A.y),
310 nm (minor shoulder), and 370 nm (weak), indicating the
presence of a complex chromophore (Supporting Figure S2).
The remaining heterocyclizable residue was left at the azoline
(thiazoline, oxazoline, or methyloxazoline) oxidation state. Also,
this formula required leader peptide cleavage after Ala-Ala and
two methylation events, consistent with earlier deletion studies.®
Collision induced dissociation (CID) was then used to localize
the site(s) of dimethylation and the azoline heterocycle. Analysis
of the doubly charged PZN ion using in-line HPLC-FTMS
resulted in a spectrum that was featureless from m/z ~700 to
1100 as a result of contiguous heterocycle formation (Supporting
Figure S1). Nonetheless, we noted the production of several
diagnostic fragment ions, including peptide bond cleavage at Ile-
Ile. The masses of these resultant ions demonstrated that the
N-terminal (b* ion) fragment contained both posttranslational
methyl groups and that the C-terminal (y" ion) fragment
contained the azoline (now restricted to oxazoline or methylox-
azoline due to the absence of Cys on this fragment). Other
informative fragment ions were derived from cleavage between
Argl-Cys2(thiazole) and Thr13(methyloxazoline)-Phel4. The
former cleavage event demonstrated that both posttranslational
methyl groups were localized to Argl. Observation of the
cleavage between Threl3-Phel2 and related decomposition
products permitted the localization of the (methyl)oxazoline to
Thr13. From the apparently unstable parent ion, we routinely
observed formal loss of allene from methyloxazoline (CsH,,
40.0313 Da) to yield a C-terminal amide (Supporting Figure S1).
Further support for the location of the azoline heterocycle
comes from hydrolysis studies, as discussed below. Proposed
structures for all assignable ions are given (Supporting Figures S3
and S4).

Upon in-depth FTMS analysis of singly charged PZN intro-
duced by direct infusion, we observed larger ions relative to
doubly charged PZN parent ions, including ones consistent with
the loss of guanidine (—59.0483 Da, m/z 1277.4299; error, 0.63
ppm) (Figure 1b). This indicated that the site of dimethylation
was restricted to either the N-terminal amine or the alkyl side
chain of Argl. The latter is exceedingly improbable since the
enzyme known to catalyze this reaction (PznL) is predicted by
sequence alignment to be a S-adenosylmethionine (SAM)-
dependent methyltransferase. The only SAM-dependent en-
zymes capable of engaging in C—H bond activation are the
radical SAM enzymes, which are identifiable by numerous
conserved Cys lacking in PznL.”*'” Higher order CID was
performed on the deguanidinated form of PZN (m/z 1277),
providing corroborating evidence for N-terminal dimethylation
(Supporting Figure SS). Further support for the N-terminus
being the site of dimethylation in PZN comes from chemose-
lective labeling. We reacted HPLC-purified PZN and des-
methylPZN (from the pznL deletion strain) with the amine-
specific reagent N-hydroxysuccinimide (NHS)-biotin.® As ob-
served by MALDI-MS, labeling was only successful in the
desmethylPZN reaction, indicating the presence of a free amine
in this compound, but not in PZN (Supporting Figure S6). From
these studies, we conclude that leader peptide cleavage occurs
before methylation and that the ABC transport system does
not distinguish between PZN and desmethylPZN. The nucleo-
philic N-terminus of desmethylPZN will likely be a convenient
derivatization point for future structure—activity relationship
(SAR) studies.

From the apparent hydrolysis of PZN following SDS-PAGE,*
we were not surprised to find that PZN contained an azoline.
Such heterocycles are prone to both acid- and base-catalyzed
hydrolysis.'"®"” Mild acid treatment of PZN yields m/z 1354
(+18), which was shown by CID studies to be from the
reconstitution of the Thrl3 residue of the precursor peptide
(Figure 1b). Higher order tandem MS experiments further
confirmed the location of the PZN methyloxazoline moiety
(Supporting Figures S4 and SS). Since the Thr13(methyloxazo-
line) is the only heterocycle not processed by the dehydrogenase,
PznB displays a high level of regiospecificity. While our PZN
structure is identical to that just published, note that Thr13 has
been converted to a methyloxazoline, not a methyloxazolidine as
reported.'

During our extensive MS analysis of PZN, we noticed that
fragmentation of the methyloxazoline moiety gave rise to a
characteristic mass loss. CID fragmentation of PZN yielded an
intense daughter ion of m/z 1292.4519 (Figure 1b). The mass
difference from the PZN parent ion is 44.0261 Da, which is
consistent with the neutral loss of acetaldehyde (C,H,O, exact
mass = 44.0262). Loss of acetaldehyde is conceivable from
cycloelimination of methyloxazoline to yield a nitrile ylide, which
can recyclize to form an azirine. The microscopic reverse of this
reaction pathway is well-known in the chemical literature where
azirines are reacted with aldehydes to form oxazolines via 1,3-
dipolar cycloaddition."®***" Importantly, the loss of acetalde-
hyde was observed only when methyloxazoline was present on
the parent ion (compare Figure 1b,c and Supporting Figures
$3—SS). This observation could potentially be capitalized upon
in future studies as a means of screening complex mixtures for the
presence of azoline-bearing natural products.’

To corroborate the proposed structure elucidated by MS, we
performed a series of two-dimensional NMR experiments in-
cluding "H—"H-gCOSY, '"H—"H-TOCSY, and 'H—"*CgHMBC
on a 600 MHz instrument (Supporting Figures $7—S9). The
results of these experiments are compiled in Supporting Table
S1. Briefly, the gCOSY and TOCSY spectra confirmed the
following: (i) Due to the absence of NH and C,H correlations,
all Cys, Ser, and Thr must be heterocyclized. The NH and C,H
correlations were readily visible for all internal residues with an
intact amide bond (Ile, Ile, Phe). (ii) The carbon framework of
the Argl, Ile7, Ile8, and Phe14 side chains were not modified. (jii)
The sole azoline moiety of PZN occurs on a Thr. The "H—"C-
gHMBC spectrum further validated findings from the 'H—"H
experiments, in addition to proving the methylation site as N%,
N“-dimethylArg (Supporting Figure S9). N-Terminal methyla-
tion of ribosomally produced peptides in bacteria is an exceed-
ingly rare posttranslational modification. While N-terminal
dimethylation has been described on Ala (eg, cypemycin)®*
N”N”-dimethylArg appears to be a novel posttranslational
modification.”> The structure of PZN provides yet another
example of the comglex natural product repertoire of B. amylo-
liquefaciens FZB42.”

During the course of optimizing the production of PZN for
detailed spectroscopic analysis, we noticed that the level of
culture oxygenation had a substantial impact on the production
of PZN and derivative metabolites. Under low oxygen fermenta-
tion, PZN (m/z 1336) was the majority species present after a
nonlytic, cell surface extraction procedure, as demonstrated by
the UV trace, total ion chromatogram (TIC), and the extracted
ion chromatogram (EIC, Figure 2a—c). The product of methyl-
oxazoline ring opening (i.c., hydrolyzed PZN, m/z 1354) was also
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Figure 2. Effect of fermentation oxygenation on PZN production. High and low oxygenation cultures were extracted and subjected to chromatography
using an identical procedure. In all panels, vertical lines were drawn at 14.7, 19.9, and 20.5 min. (a) UV chromatogram (abs 266 nm) of FZB42 strain
RSpMarA2 extract from high and low oxygen fermentation. (b) Same as panel a except the trace is the total ion chromatogram (TIC). (c) Extracted ion
chromatogram (EIC) of m/z 1336, 1338, and 1354 from a low oxygen fermentation. (d) Same as panel ¢ except under high oxygenation conditions.

monitored (Figure 2c—d). The m/z 1338 species that “coelutes”
with 1336 at 19.9 min is actually the second isotope peak of m/z
1336 (Supporting Figure $10). Under oxygen saturated cultiva-
tion, UV and TIC monitoring revealed an additional, highly
abundant species at 14.7 min (Figure 2a,b). MS analysis demon-
strated this species was m/z 1338, suggestive of a reduced PZN
species (dihydroPZN) containing two azolines (Figure 2d, Sup-
porting Figure S11). The earlier elution time on reverse-phase
chromatography suggested that this species was more polar than
PZN, which is consistent with the replacement of an aromatic
azole with a protonated azoline (expected in 0.1% formic acid).
After treatment of m/z 1338 with mild aqueous acid, two
additions of water were observed (m/z 1356 and 1374). Tandem
MS was then used to demonstrate that the second azoline was
located on the N-terminal half of PZN (Supporting Figure S12).
Higher order CID analysis prompted the neutral loss of acet-
aldehyde, indicating the heterocycle was derived from Thr, likely
the residue directly preceding Ile (Thr6, data not shown). To an
approximation, this position is sterically and electronically
equivalent to the previously discussed methyloxazoline
(Thr13) since both lie between an N-terminal tetra-azole and a
C-terminal unmodified, hydrophobic residue (Figure 1a). The
corresponding desmethylPZN species was observed when oxy-
genation levels were increased during cultivation of the methyl-
transferase deletion strain (Supporting Figures S13 and S14). It is
possible that azoline oxidation is the rate-determining step in
PZN biosynthesis. With increased aeration (faster metabolism),
partially processed PZN products may be more rapidly produced
and accepted as substrates by proteins acting downstream of the
dehydrogenase. The biosynthetic implication of observing PZN
oxidation intermediates is that the rate of methyloxazoline

oxidation at “Thr6” (putative) and Thr13 (Figure la) must be
slower than the dissociation rate from the heterotrimeric synthe-
tase complex and subsequent maturation steps. An additional
ramification of intercepting this PZN oxidation intermediate is
that cyclodehydration must precede dehydrogenation, as has
been previously supported by in vitro reconstitution experiments
but never before demonstrated in vivo."”'> While the oxygen-
dependency of secondary metabolism is well-known,> the
precise mechanism accounting for the production of a more
reduced PZN species during increased culture aeration is not
clear at the present time.

In early 2011, the activity of PZN toward 16 distinct bacterial
species (18 strains) was reported.® It was determined that PZN
was growth-suppressive primarily toward Bacillus sp., including
B. subtilis. PZN exhibited no activity against any tested Gram-
negative organisms. To further define the selectivity within the
Gram-positives, we evaluated the scope of PZN activity toward a
panel of ubiquitous human pathogens, including methicillin-
resistant Staphylococcus aureus (MRSA), vancomycin-resistant
Enterococcus faecalis (VRE), Listeria monocytogenes, Streptococcus
pyogenes, and Bacillus anthracis strain Sterne. Using a microbroth
dilution bioassay, we observed potent growth inhibition of B.
anthracis (Figure 3a). All other species were unaffected by PZN,
with the exception of S. pyogenes, which was inhibited only by
very high concentrations of PZN. The specificity for PZN against
B. anthracis was recapitulated in an agar diffusion bioassay
(Figure 3b), as inhibition zones were not observed for any other
tested bacterium (data not shown). The action of PZN upon
B. anthracis was decidedly bactericidal, as reculturing of treated
cells in the absence of PZN led to no bacterial growth. Live cell
imaging by differential interference contrast (DIC) microscopy

1310 dx.doi.org/10.1021/cb200339d |ACS Chem. Biol. 2011, 6, 1307-1313



ACS Chemical Biology

revealed that B. anthracis treated with PZN at 4 ug mL '
underwent massive lysis, as evidenced by an abundance of
cellular debris (data not shown). Of the few remaining nonlysed
cells, we observed marked changes in the appearance of the cell
surface (Figure 3c,d). While the biological target of PZN has yet
to be established, the “sidewall spot” phenotype suggests PZN
has either directly or indirectly compromised the integrity of the
cell wall.* Due to the selective, biomedically relevant bactericidal
activity exhibited by PZN, elucidation of the precise mode of
action for PZN is ongoing in our laboratory.

a B. anthracis
Organism MIC (pg/mL)  PZN variant MIC (pg/mL)
B. anthracis 2-4 desmethylPZN >128
E. faecalis (VRE) >128 dihydroPZN* >128
L. monocytogenes >128 hydrolyzed PZN 32
S. aureus (MRSA) >128
S. pyogenes 128
c d__

Figure 3. Assessment of PZN antibiotic activity. (a) The minimum
inhibitory concentration (MIC) of HPLC-purified PZN was measured
against a panel of Gram-positive human pathogens. Values reported
were the concentration of PZN that inhibited 99% of bacterial growth
in a microbroth dilution bioassay. *Due to separation difficulties,
dihydroPZN was supplied as a 1:2:2 mixture of non-, mono-, and
dihydrolyzed species (m/z 1338, 1356, 1374). (b) PZN activity in an
agar disk diffusion bioassay against B. anthracis Sterne. Upper left disk, 8
ug of kanamycin control (positive); upper right, solvent control
(negative); lower disk, 100 ug of PZN (200 ug gave a similar inhibition
diameter). (c) Visual appearance of live B. anthracis Sterne treated with a
solvent control by DIC microscopy. (d) Same as panel c, except cells
were treated with 4 g mL ™" PZN. Scale bar is the same for panel c.

Dimethylation of the a-amino group was apparently critical
for PZN’s antibiotic activity, as desmethylPZN was devoid of
activity against B. anthracis in both bioassays (Figure 3a). While
the molecular basis for this effect is not currently known,
dimethylation increases amine basicity, lipophilicity, and re-
moves two potential H-bond donors. Also tested were the effects
of hydrolyzing the methyloxazoline moiety of PZN (hydrolyzed
PZN, m/z 1354) and the variant with two azolines (dihydroPZN,
m/z 1338). While hydrolyzed PZN retained measurable activity
toward B. anthracis, dihydroPZN was devoid of activity. Due to
difficulty in separating dihydroPZN from the mono- and dihy-
drolyzed forms (m/z 1356 and 1374), these bioassays were
performed using a 1:2:2 mixture (non:mono:di). The lack of
activity with this mixture of hydrolyzed, dihydroPZN com-
pounds might be attributable to the fact that hydrolyzed PZN
is roughly 8-fold less active than PZN (Figure 3a). Although the
production of dihydroPZN under oxygen-saturated conditions
may be artifactual, it nonetheless raises interesting questions
regarding the regiospecificity of azoline oxidation and the sub-
strate tolerance of the downstream tailoring enzymes and export
apparatus.

A targeted bioinformatics survey using the thiazole/oxazole
synthetase proteins (cyclodehydratase, dehydrogenase, and
docking protein) of PZN yielded four highly related biosynthetic
gene clusters (Figure 4). The cluster found in Bacillus pumilus
ATCC 7061 (also a plant growth-promoting saprophyte) is of
identical gene order and direction as the cluster from
B. amyloliquefaciens FZB42.® The remaining three PZN-like
biosynthetic clusters were found in the Actinobacteria phylum
including Clavibacter michiganensis subsp. sepedonicus (potato
pathogen),27 Corynebacterium urealyticum DSM 7109 (human
skin-associated bacterium, causative agent of some urinary tract
infections), and Brevibacterium linens BL2 (human skin-asso-
ciated bacterium). The PZN clusters from C. urealyticum and B.
linens have amino acid similarity values much higher with each
other than the other PZN producers, which is interesting given
their overlapping niche and the absence of TOMM genes in
sequenced relatives (Supporting Figure S15). In each of the five

a
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Figure 4. PZN biosynthetic gene clusters. (a) Open-reading frame diagram showing the genetic organization of PZN clusters, which form a subclass of
TOMMs. Gene designations and predicted functions are color coded in the provided legend. (b) PZN precursor peptide alignment. Shown in purple are
conserved residues within the N-terminal leader region. *Denotes the leader peptide cleavage site, which is known for BamA and BpumA but predicted
for the others. Color-coding indicates the posttranslational modifications of the BamA core region, which are extrapolated to the remaining precursor
peptides: N N“-dimethylarginine (green), thiazoles (red), (methyl)oxazoles (blue), and methyloxazoline (brown). Abbreviations: Bam, Bacillus
amyloliquefaciens FZB42; Bpum, Bacillus pumilus ATCC 7061; Cms, Clavibacter michiganensis subsp. sepedonicus; Cur, Corynebacterium urealyticum DSM

7109; Blin, Brevibacterium linens BL2.
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species, the PZN biosynthetic cluster contained the canonical
TOMM genes: a precursor peptide, dehydrogenase, cyclodehy-
dratase, and docking protein. Beyond this, all five clusters also
include a putative membrane-spanning leader peptidase from the
type Il CAAX superfamily,”® SAM-dependent methyltransferase,
and a required protein of unknown function.® Conversely,
homologues of the PznF immunity protein and PznGH trans-
porters were not found in the local genomic context for the
PZN biosynthetic gene clusters for C. urealyticum and B. linens
(Figure 4a). This suggests a distinct mechanism of immunity and
chromosomally distant transporters for these PZN variants.
Alternatively, the PZNs from C. urealyticum and B. linens could
act intracellularly, or the biosynthetic gene cluster might always
be silent (non-product forming).

On the basis of the identical amino acid sequence of the core
regions of the precursor peptides from FZB42 and B. pumilus, it
would be expected that these species produce identical com-
pounds (Figure 4b). To test if B. pumilus was indeed producing
PZN, stationary phase B. pumilus ATCC 7061 cultures were cell
surface extracted in an identical manner as with FZB42. MALDI-
TOE-MS of HPLC-purified fractions revealed the presence of m/
z 1336 and, in an earlier fraction, m/z 1354 (+H,0), supporting
the production of PZN and hydrolyzed PZN (Supporting Figure
S16a,b). The identity of this species as PZN was confirmed by
high accuracy mass measurement (LTQ-FT-MS) and CID
analysis (Supporting Figure S16c—e). As anticipated, B. amylo.
FZB42 and B. pumilus were not susceptible to the action of PZN
(MIC > 128 ugmL ™). A non-plant-associated strain of B. amylo.
(NRRL B-14393), which does not produce PZN, was also
completely resistant (data not shown). Resistance within the
Bacillus genus to PZN is clearly complex, with a few strains being
bona fide PZN producers and others simply harboring the
immunity gene [eg, B. amylo. strains YAU-Y2 and NAU-B3®
and B. atrophaeus 1942, BATR1942_01200, 94% identical to
FZB42]. Early attempts to isolate a PZN-type natural product
from the Actinobacteria family members have not yet been
successful. The lack of a signal by MALDI-MS and reverse
transcriptase-PCR suggested that the biosynthetic genes were
not transcribed under our cultivation conditions (data not
shown). As with many “silent” gene clusters, highly precise
environmental conditions are often necessary for the bacterium
to produce particular natural products.

With several PZN-like biosynthetic gene clusters identified in
this work, these natural products comprise an entirely new class
of antibiotic. Sequence alignment of all five PZN precursor
peptides showed that there has been evolutionary pressure to
maintain a nearly invariant chemotype giving rise to the PZN
structure (from N- to C-terminus): leader peptide cleavage site
and N-terminal Arg (FEPXAA*R), five cyclizable residues with
position 2 and 4 always Cys and position 6 always Thr, two
hydrophobic residues, five cyclizable residues, and a more
variable C-terminus that ends with Phe, Trp-Gly, or Gly-Gly
(Figure 4b). It is probable that more PZN producers will emerge
with ongoing efforts in genome sequencing. Future work will
establish the contribution of these conserved functionalities on
the bioactivity of PZN.

Here we have reported on the structural uniqueness of PZN,
production of oxygen-dependent derivatives, distribution of
producing species, and a striking human pathogen selectivity
for Bacillus anthracis. Elucidation of the structure, in conjunction
with the interception of dehydrogenase and methyltransferase
intermediates, has provided a glimpse into the biosynthetic

strategy employed by nature. With respect to the bioactivity of
PZN, it is noteworthy that strains of B. anthracis have been
reported to be increasingly resistant to the quinolone, 3-lactam,
tetracycline, and macrolide classes of antibiotics, and thus new
strategies to overcome this NIAID-designated Category A prior-
ity pathogen are needed.””*° With improved diagnostic technol-
ogy, we anticipate that highly discriminating antibiotics will play a
large role in our future antibiotic repertoire. The ideal drugs will
be capable of distinguishing between pathogenic bacteria and
those that live in commensal and/or symbiotic relationships with
humans. Selection theory predicts that such drugs will delay the
rise of antibiotic resistance, as nontargeted species have no
evolutionary benefit to develop/obtain a resistance mechanism.
Faced with the never-ending arms race with multiple-drug-
resistant bacteria, novel structural classes of antimicrobials with
unique modes of action must continually be discovered and
clinically implemented to treat bacterial infections. However,
more work is necessary to determine if PZN-like compounds
exhibit desirable in vivo properties.

Il ASSOCIATED CONTENT
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