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ABSTRACT: Natural products (NPs) serve important roles
as drug candidates and as tools for chemical biology. However,
traditional NP discovery, largely based on bioassay-guided
approaches, is biased toward abundant compounds and
rediscovery rates are high. Orthogonal methods to facilitate
discovery of new NPs are thus needed, and herein we describe
an isotope tag-based expansion of reactivity-based NP
screening to address these shortcomings. Reactivity-based
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screening is a directed discovery approach in which a specific reactive handle on the NP is targeted by a chemoselective probe to
enable its detection by mass spectrometry. In this study, we have developed an aminooxy-containing probe to guide the discovery
of aldehyde- and ketone-containing NPs. To facilitate the detection of labeling events, the probe was dibrominated, imparting a
unique isotopic signature to distinguish labeled metabolites from spectral noise. As a proof of concept, the probe was then
utilized to screen a collection of bacterial extracts, leading to the identification of a new analogue of antipain, deimino-antipain.
The bacterial producer of deimino-antipain was sequenced and the responsible biosynthetic gene cluster was identified by
bioinformatic analysis and heterologous expression. These data reveal the previously undetermined genetic basis for a well-known
family of aldehyde-containing, peptidic protease inhibitors, including antipain, chymostatin, leupeptin, elastatinal, and microbial
alkaline protease inhibitor, which have been widely used for over 40 years.

B INTRODUCTION

Natural products (NPs) have historically been a valuable source
of important drugs and drug leads, as well as serving as the
inspiration for generations of synthetic organic chemists.' ™
While new NPs are still being discovered, rapid determination
of structural novelty, a process referred to as dereplication, has
become increasingly challenging.”” This is especially true for
traditional bioassay-guided isolation approaches, which are
strongly biased toward highly active/abundant compounds and
most often result in the rediscovery of NPs commonly
produced by many species, such as streptomycin.” Rediscovery
is further exacerbated by a focus on screening easily cultivable
bacterial strains often already thoroughly combed over by
industry and academia during the past 75 years. However, even
in these heavily investigated strains, many NPs are easily missed
by traditional screening due to sub-detection threshold
production levels, and retrospective genomic analysis has
demonstrated that many more complex small molecules are
encoded in bacterial and fungal genomes than are currently
known.” A number of inventive methods to facilitate NP
discovery that circumvent the issues surrounding bioactivity-
based screening have been advanced, including new cultivation
techniques, bioinformatics-guided discovery, transcriptional
activation of silent gene clusters, and chemoselective enrich-
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ment. Similar to chemoselective enrichment, another

strategy for the rapid identification of NPs, termed reactivity-
based screening (RBS), involves targeting a specific functional
group present on the NP. This orthogonal, chemistry-based
approach is agnostic to the bioactivity of a NP, and when
interfaced with genomic knowledge, becomes a powerful NP
discovery platform. Typically, RBS is performed on exported
metabolites without cell lysis, meaning the chemoselective
probes used in this method do not have to contend with
functional groups present on cytosolic compounds. Recent
examples of this approach have utilized thiol-based probes to
successfully target electron-deficient alkenes, P-lactams, f-
lactones, and epoxides by nucleophilic addition, resulting in
the discovery of several novel NPs."*™'® Here we expand the
scope of RBS to target additional functional groups as well as
introduce a method for the straightforward identification of
labeled compounds based on a unique isotopic signature
(Figure 1).

Given the presence of aldehydes and ketones in many
clinically important drugs and biological tools derived from
NPs (Figure 2), we believed that these moieties would be
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Figure 1. Overview of reactivity-based screening strategy. (A)
Reaction scheme for labeling aldehydes and ketones with dibromi-
nated aminooxy probe 1. (B) Labeled compounds show a mass shift
accompanied by a distinctive isotopic distribution by mass
spectrometry, allowing straightforward identification of peaks of
interest.

attractive targets for RBS. Aldehydes in particular are often the
active warhead on covalent inhibitors (e.g., protease inhibitors
such as leupeptin, Figure 2), but they can also be found on
drugs acting through non-covalent mechanisms (e.g., strepto-
mycin, Figure 2)."”'® Aldehydes and ketones are found on a
diverse variety of NPs, especially those produced by polyketide

synthases (PKSs).'” For example, the ketone moiety of
erythromycin is formed due to the absence of a ketoreductase
domain in the third module of the PKS; a parallel strategy
applies to many other PKS pathways.'”~>' Aldehyde biosyn-
thesis remains underexplored for many NPs, although two
distinct strategies have been described. In the first, the aldehyde
is formed through oxidation of a hydroxyl group by cytochrome
P450-type enzymes, as in the polyketides tylosin and rosamicin
(Figure 2).”»*’ The second pathway is unique to non-
ribosomal peptides (NRPs) and results from reductive release
from the non-ribosomal peptide synthetase (NRPS, e.g.,
flavopeptin, Figure 2).** Due to their reactivity toward
nucleophiles and biological rarity, aldehydes have been
exploited for bioconjugation””® with numerous examples
utilizing oligonucleotides””** and glycoproteins.””** These
bioconjugations are typically carried out with aminooxy or
hydrazine groups to afford oxime or hydrazone linkages,
respectively.”> Although oxime formation can be sluggish for
some ketone substrates at neutral pH, sufficient reaction
progress for detection of labeling can be achieved for aldehydes
and more electrophilic ketones under mild conditions within a
few hours.”"*> We therefore reasoned that the aminooxy group
could likewise be utilized in a probe for the discovery of
aldehyde-containing and sterically unencumbered ketone-
containing NPs.

A major hurdle of NP discovery is the often low quantity of
compound produced under laboratory conditions.” Coupled
with a complicated metabolic background, reactivity-based
labeling events could be easily overlooked in mass spectra for
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Figure 2. Structures of representative NPs containing aldehyde and/or ketone functional groups. Such groups can be either critical or dispensable for

the bioactivity of the NP.
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low abundance or less reactive compounds. We postulated that
introduction of a unique isotopic signature to the reactive probe
would help ameliorate this issue. This concept was recently
demonstrated by Bertozzi and co-workers, who leveraged the
naturally occurring 1:1 ratio of Br to *'Br to provide a readily
detectable isotopic pattern by mass spectrometry (MS).”
Dibromination results in a symmetrical triplet with major peaks
at M, M+2, and M+4. Based on this distribution, a mass pattern
prediction program, IsoStamp,” was developed and success-
fully used for glycoproteome profiling.”*** By including two
bromines within an aminooxy-based probe, we aimed to
facilitate the discovery of lower abundance NPs through RBS,
especially in impure, complex settings (Figure 1).

B RESULTS AND DISCUSSION

Probe Design and Validation. Probe 1 was designed with
aminooxy functionality for the specific labeling of aldehydes
and ketones. While oxime formation can require hours or even
days to reach completion at room temperature and neutral pH
for poorly reactive electrophiles, complete labeling is not
necessary for RBS and is actually undesirable, as the
simultaneous presence of labeled and unlabeled NP aids in
hit identification. We hypothesized that 1 would be sufficient
for labelin% target NPs as oximes’® in 1—2 h under mild
conditions.”" Probe 1 is readily synthesized, requiring only a
standard amide bond coupling followed by an acid-mediated
deprotection (Figure 3A).

With 1 in hand, we sought to validate probe reactivity toward
known aldehyde- and ketone-containing NPs. We selected a
small panel of commercially available compounds for this
purpose. As oxime formation on aldehydes is considerably
more rapid than on most ketones,”*” we first tested labeling
on streptomycin (Figure 2). As an aminoglycoside antibiotic
produced by a number of actinomycetes, including S. griseus,
streptomycin contains an aldehyde group installed during the
penultimate biosynthetic step.”® Commercially obtained
streptomycin was reacted with 1 in water for 2 h at room
temperature and the crude mixture was subjected to matrix
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS) analysis along with an unreacted
standard. Near complete conversion of streptomycin (m/z
582.3 Da) was observed along with a new peak containing the
expected dibromine isotope signature that corresponded to
labeled streptomycin (m/z 902.2 Da, Figure S1). To determine
if 1 would function in the context of a bacterial extract, a
streptomycin producer, S. griseus WC-3480, was grown on solid
media, and the exported metabolites from several colonies were
extracted with water. As with commercial streptomycin,
efficient labeling was readily observed (Figure 3). The labeling
reaction was also successful in a range of solvents, including
MeOH, n-BuOH, MeCN, EtOAc, and CHCl;, indicating that
the labeling reaction could be performed on extracts directly
without further sample handling. To determine the limit of
detection for streptomycin, we diluted streptomycin into the
organic extracts of S. lividans and performed the labeling
reaction on a series of 10-fold dilutions. These samples were
then analyzed by MALDI-TOF MS for evidence of labeling.
The limit of detection was determined to be between 100 nM
and 1 uM, with the actual amount of labeled streptomycin in
the 1 uM sample for MS being 1 pmol (Figure S2). We expect
the limit of detection of this method to vary considerably due
to differences in ionization efficiency of the NP, the extent of
labeling, and the presence of other compounds in the extract.
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Figure 3. Synthesis and validation of aminooxy probe 1. (A) Scheme
for the synthesis of 1. Conditions: (a) EDC, HOBt, THF (63%); (b) 4
M HCl in dioxane (55%). (B) MALDI-TOF MS of the water-soluble,
excreted metabolites from Streptomyces griseus WC-3480 either
unreacted (top) or labeled with 1 (bottom). The labeled streptomycin
peak is magnified to display the unique dibromine isotopic pattern.
(C) MALDI-TOF MS of Streptomyces bikiniensis subsp. bikiniensis ISP-
5582 extract, either unreacted (top) or labeled with 1 (bottom).

Therefore, caution is warranted in extrapolating this limit of
detection to other NPs. Interestingly, compounds labeled with
1 usually displayed more intense signals by MS than their
unlabeled counterparts from the same initial sample throughout
this study. An example of this can be seen in Figure 3B,C. It has
been noted previously that analyte detection by MALDI-TOF
MS can be greatly enhanced by covalent attachment to a
chromophore capable of absorbing the MALDI UV laser
energy, which may account for the signal enhancement seen
herein upon labeling with 1.*7*

As aryl aldehydes are known to form oximes more slowly
than alkyl aldehydes,*” the labeling reaction was also performed
on anisaldehyde (Figure S3A). Although the unreacted
compound could not be detected using the parameters
employed, a peak with the dibromine isotopic signature was
observed at the expected mass of the labeled product (m/z
456.9 Da, Figure S3B). In addition to confirming that 1 is
effective at labeling aryl aldehydes, this result also supports the
utility of this labeling strategy for the detection of very small
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molecules that are below the standard mass range of MALDI-
TOF MS. Without the dibromine tag, the appearance of new
peaks at low m/z ratios would have been difficult to interpret
due to the unreacted NP never being observed.

Reactions with 1 were next evaluated with ketone-containing
NPs to determine if oxime formation would proceed rapidly
enough to be useful. Three NPs within chemically distinct
ketones—daunomycin, tacrolimus, and virginiamycin S1
(Figure 2)—were evaluated for suitability with RBS-based
NP discovery (Figures S4—S6). Daunomycin, containing an
unhindered methyl ketone, and tacrolimus, containing both an
a-oxoamide and a dialkyl ketone, both labeled to a relatively
small but sufficient extent. Despite containing two ketones,
only a single labeling event was observed on tacrolimus, which
was localized to the dialkyl ketone by '"H NMR (Figure S7). In
contrast, virginiamycin S1, which contains a piperidone,
appeared to fully label under the mild reaction conditions
employed. As expected, these data demonstrate that the
chemical context of the ketone will influence the extent of
labeling. If more robust labeling were desired while specifically
targeting less reactive ketones, a number of methods for
accelerating oxime formation have been reported and could be
utilized in labeling reactions, including numerous organic
catalysts,* =" pH adjustments,** and freeze—thaw cycling.”

While aminooxy groups are primarily used for oxime
formation reactions with aldehydes and ketones, reactions
with other electrophilic functional groups are also possible and
could lead to off-target reactivity. However, these reactions
typically occur either with highly reactive moieties that would
be unlikely to persist in a bacterial extract (e.g. acyl chlorides)
or require additional reagents and/ or very long reaction times
(e.g, epoxides, alkyl chlorides).” Thus, it is unlikely that off-
target reactivity would pose a major problem during aminooxy-
based RBS, and indeed, several NPs containing epoxide or alkyl
chloride groups were submitted to standard labeling conditions
and did not react to any detectable degree (Figure S8).

Screening of Bacterial Extracts. A random collection of
348 actinomycetes extracts grown on solid media were next
screened with probe 1. From this extract collection, 36
contained metabolites that clearly underwent labeling in the
initial screen. Several strains produced more than one labeled
compound, which could result from either the presence of
multiple aldehyde- or ketone-containing NPs (an example of
which is given below) or from MS artifacts (e.g, daunomycin
degrades during MS analysis, Figure S4). Eleven of these strains
were prioritized for further examination based on the presence
of unique masses (many hits within the original 36 extracts
contained redundant masses). Six of these 11 strains
reproducibly generated the metabolite resulting in labeling.

The extract from Streptomyces bikiniensis subsp. bikiniensis
ISP-5582 contained two compounds that underwent complete
labeling (m/z 582.3 and 744.3, Figure 3C). A literature search
revealed the organism to be a known producer of streptomycin
and mannosidostreptomycin (Figure $9).*” Additionally, the
genome of strain ISP-5582 contains a biosynthetic gene cluster
(BGC) with identical gene architecture to the canonical
streptomycin BGC from Streptomyces griseus.”® The ISP-5582
BGC resides within nucleotide positions 22 768—54261 of
NCBI Reference Sequence WP_030220122.1. High-resolution
(HR) MS and MS/MS analysis supported the assignment of
(mannosido)streptomycin (Figure S9), and thus these RBS-
identified NPs were considered a further validation of the
method. The required presence of an aldehyde or ketone group

for labeling on an unknown NP should facilitate dereplication
in future cases as well. Combined with a HR mass, NP
databases can be quickly searched for known compounds that
fit both the mass and reactivity criteria. While this does not
guarantee that the detected compound is a novel NP, it does
guide prioritization toward such compounds. Accordingly,
another hit was detected in Streptomyces albulus NRRL B-
3066 (unlabeled m/z 606.3 Da, Figure 4A) and chosen for
follow up because its HR mass did not correspond to any
known structures (Figure S10).
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Figure 4. Deimino-antipain from S. albulus NRRL B-3066. (A)
MALDI-TOF MS of bacterial extract, either unreacted (top) or labeled
with 1 (bottom). The region containing the labeled peak is shown
magnified and each isotope peak is colored red to display the unique
isotopic pattern. The intensity of peak m/z 655 Da (unknown) was
reduced in the labeled spectrum, resulting in other background peaks
appearing more intense. (B) Structure of deimino-antipain with carbon
numbering shown. (C) Structures of previously known antipain family
members.

Isolation and Structure Determination of Deimino-
antipain. Despite numerous attempts to purify the unlabeled
(native) compound from S. albulus NRRL B-3066, various
chromatographic methods were all found to be insufficient.
Chromatographic difficulties were exacerbated by the com-
pound bearing a weak chromophore, rendering UV-based
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Figure 5. BGCs for deimino-antipain and related NPs. (A) Structures of peptide aldehyde protease inhibitors with the variable side chains shown in
red. (B) S. albulus NRRL B-3066 BGC for deimino-antipain. A, adenylation; C, condensation; PCP, peptide carrier protein/thiolation; R, reduction.
(C) Proposed proteins involved in biosynthesis of C-terminal aldehyde and capreomycidine ring of antipain-like NPs.

monitoring inconvenient. Therefore, the entire extract from S. and 'H-"C HMBC are provided in the Supporting
albulus NRRL B-3066 was reacted with probe 1, resulting in Information (Figures S12 and S13, Table S1). Interestingly, a
complete conversion to the oxime-derivatized metabolite that ureido group was found between 2-C and 9-C. Additionally,
now harbored an easily monitored UV chromophore (Figure while NMR analysis initially suggested two Arg may be present,
S11). This derivatization endowed the compound with further analysis incorporating MS/MS data indicated that the
chemical attributes that gave significantly improved chromato- residue at 9-C was in fact citrulline (Cit), an amino acid rare in
graphic behavior. Analysis of these HPLC traces revealed that small-molecule NPs (only nine entries in the Dictionary of
the RBS-identified compound was actually a collection of two Natural Products contain an unmodified Cit, Figure S14).
major and two minor species that were isobaric (Figure S11). Comparison of the determined structure to NP databases
One of the major isomers was isolated in sufficient quantity to revealed that the compound was similar to the known NP
allow structural characterization by NMR. antipain®”*° but differed by the substitution of Cit for an Arg
Using HRMS, the molecular mass of the oxime-derivatized, (Figure 4). This new NP was thus named deimino-antipain.
protonated species was determined to be m/z 926.2156 Da, Chiral amino acid analysis using the standard Marfey method
and the collision-induced dissociation (CID) spectrum established all amino acids within deimino-antipain to be 1, in
suggested the presence of phenylalanine (Figure S10). These accord with antipain, with the exception of the arginal, which

data, in conjunction with NMR spectroscopy, established the undergoes racemization.
peptidic nature and connectivity of the labeled NP. NMR Antipain is produced by several actinomycetes, including
assignments, '"H—'"H COSY, 'H-'H TOCSY, '"H-'H NOESY, Streptomyces yokosukanensis and Streptomyces michiganensis,”
15161 DOI: 10.1021/jacs.6b06848
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Table 1. Description of Genes from S. albulus NRRL B-3066 Involved in Deimino-antipain Biosynthesis

NCBI length
ORF“ product  accession (aa) functional assignment

1 AnpA OALI11431 364  hydrolase

2 AnpB OAL11432 438  transporter (major facilitator
superfamily)

3 AnpC OAL11433 472 NRPS; C domain

4  AnpD  OAL11435 1119 NRPS; C, A, T domains

S AnpE OAL11436 645  NRPS; A, T domains

6 AnpF OAL11475 626  NRPS; A, T domains

7 AnpG OAL11476 980 NRPS; C, T domains; NAD-
binding domain R

8 AnpH  OALI11437 158  regulator

top BLAST-P match length identity/
(GenBank, NR® database) NCBI accession (aa) similarity (%)

hydrolase [S. exfoliatus] WP_030550770 350 81/88
MFS transporter [S. sp. WM4235]  WP_063839671 462 75/83
NRPS [S. sp. FxanaC1] WP_018091965 431 67/72
NRPS [S. auratus] WP_006607925 1062 76/81
NRPS/PKS hybrid [Streptomyces sp. ~ WP_030982618 645 76/81

NRRL $-1813]
NRPS [Streptomyces sp. NRRL S- WP_051817706 622 80/86

1813]
NRPS/PKS hybrid [Streptomyces WP_053208647 951 71/78

decoyicus]

WP_055706148 159 65/74

regulator [Streptomyces
puniciscabieif

“ORF, open reading frame. PNR, non-redundant.

and is also a commercially available Ser and Cys protease
inhibitor. An analogue, antipain Y, contains Tyr in place of Phe
(Figure 4C).*" Antipain exists as a mixture of the p- and L-
arginal, with the aldehyde primarily masked in either a cyclic
hemiaminal formed from the e-nitrogen or in a hydrate.”” As
two stereoisomers result from formation of the cyclic
hemiaminal, antipain exists as a mixture of eight isoforms:
four cyclic hemiaminals, two hydrates, and two free aldehydes
(Figure S15).>* This complexity, as well as rapid conversion
between the various isoforms, likely contributed to the
chromatographic difficulties encountered previously. The
presence of both D- and L-arginal may account for two of the
detected isobaric species (Figure S11). In the reported
isolations of antipain and antipain Y, cation exchange
chromatography took advantage of the net positive charge
imparted by the two Arg at neutral pH (Figure 4C).
Replacement of one Arg with Cit would require highly acidic
conditions to purify deimino-antipain by this method. Thus, the
four isobaric isomers of deimino-antipain were purified as
oxime-labeled derivatives, which also facilitated their UV-based
detection. Nevertheless, after obtaining sufficient quantities of
deimino-antipain, the oxime derivatization was reversed by acid
treatment in the presence of acetone to quench the released
aminooxy probe. A final round of HPLC purification yielded
pure deimino-antipain. Upon assessing protease inhibitory
activity, deimino-antipain was found to behave similarly to
antipain (Figure S16).

During the purification of deimino-antipain, we discovered
an additional, low-abundance compound labeled with 1 that
was shifted +14 Da from deimino-antipain. While the material
was insufficient for NMR characterization, HRMS/MS analysis
supports the assignment of this species as a methylated
analogue of deimino-antipain (HRMS m/z calculated,
620.3515; experimental 620.3509; ppm error, 0.97; Figure
S17). A probable structure would replace Val with either Leu or
Ile (Figure S17). Such substitutions are known for branched,
hydrophobic amino acids in NRPs, with the alternative residues
being loaded at lower efficiencies than the preferred substrate;>’
for instance, the antipain-like NP chymostatin is produced with
internal Val/Leu/Ile substitutions. While it is unclear at this
time if Leu, Ile, or both, are incorporated, this would account
for the lower abundance of this analogue of deimino-antipain.

Genetic Characterization of Deimino-antipain. Deimi-
no-antipain belongs to a small family of peptide aldehyde
protease inhibitors which includes chymostatin, -elastatinal,
microbial alkaline protease inhibitor (MAPI), etc. (Figure SA).

These peptides are related by their relatively low molecular
weight, hydrophobic character, presence of a C-terminal
aldehyde, and an internal ureido linkage; their high structural
similarity implies a common biosynthetic pathway, and thus,
evolutionarily related BGCs. While this family of protease
inhibitors has been known for over 40 years and appears in
commercial protease inhibitor cocktails,"”***° the genetic
origin of these compounds has not yet been reported. We
were thus interested in locating the BCGs of deimino-antipain
and other peptide aldehyde protease inhibitors. Toward this
goal, the genome of S. albulus NRRL B-3066 was sequenced
and deposited in GenBank (accession number
LWBU00000000).

Numerous peptidic NPs are known to contain ureido-
modified a-amino groups, including the anabaenopeptins,
pacidamycins, and syringolins (Figure S18). Several of these
have been demonstrated to be of non-ribosomal 01'igin,56_58
suggesting that deimino-antipain may also be a NRP. Further, it
is known that during syringolin biosynthesis, the first
adenylation (A) domain installs both amino acids adjacent to
the ureido group, as well as the linkage itself, resulting in one
fewer A domain than would be predicted based on the number
of amino acids.”” The prediction programs antiSMASH*’ and
PRISM®' were used to locate possible NRPS clusters; a single
BGC containing the expected three A domains was identified in
the S. albulus NRRL B-3066 genome (termed anpA—H, Figure
5B, Table 1). Genes anpC—G constitute the NRPS, with anpD,
anpE, and anpF containing A domains predicted to install Arg,
Phe, and Val, respectively, indicating that the cluster is not
classically collinear. The absence of a fourth A domain to install
Arg (or Cit) suggests that either the Phe loading module
(AnpE) also installs Arg/Cit, analogous to syringolin biosyn-
thesis®” or that the Arg-specific module (AnpD) acts twice in a
non-consecutive manner. The installation of two dissimilar
amino acids by a single A domain in deimino-antipain would
constitute a first for NRP biosynthesis (e.g,, Val is installed
twice for syringolin). The alternative scenario, in which AnpD
installs Cit (or Arg with subsequent deimination to Cit)
followed by Arg in a specific, non-consecutive manner, would
also be highly unusual. Of the remaining NRPS genes, anpC
solely contains a condensation (C) domain while anpG
contains thiolation and peptide carrier protein (PCP) and C
domains, as well as a putative NAD-binding reductive (R)
domain (instead of a traditional thioesterase) that is likely
responsible for release of the product to yield the C-terminal
aldehyde.”* Outside of the NRPS genes, anpA encodes a
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Figure 6. Analysis of antipain-like BGCs. (A) Sequence similarity network (SSN) of AnpG homologues. The network is visualized with an edge
cutoff score of 1072'*. Node color indicates which gene architecture shown in (B) is represented by the BGC, consisting either a deimino-antipain-
like BGC lacking an acyl-CoA dehydrogenase (gray), or a BGC with an acyl-CoA dehydrogenase located either in the center (orange) or edge
(purple) of the BGC. Node shapes indicate select MALDI-TOF MS screening hits (MAPI or chymostatin) upon oxime labeling. BGCs containing
the internal dehydrogenase give rise to products 2 Da lighter than BGCs without it. (B) Antipain-like BGCs adopt three architectures, with NRPS
domains indicated. Abbreviations: A, adenylation; C, condensation; PCP, peptide carrier protein; R, reduction. (C) Phylogenetic tree of AnpG
homologues from bioinformatically identified whole (i.e., non-cutoff) BGCs. The proteins form clades consistent with their groupings in the SSN in
(A). The tree is annotated with the presence of the dehydrogenase and the most commonly co-occurring Pfams within 10 genes of the AnpG

homologue in each BGC.

putative hydrolase that could potentially play a role in Cit
formation, either pre- or post-installation of Arg. The most
similar protein to AnpA occurs in Streptomyces exfoliatus (81%
aa sequence identity, 88% similarity). However, the gene is not
located near a NRPS or PKS BGC, nor are any other highly
similar homologues. Finally, AnpB belongs to the major
facilitator superfamily (MFS) and thus is assigned as an
exporter, while AnpH is a predicted histidine kinase and
proposed to serve a regulatory role.

Heterologous Expression of Deimino-antipain. To
determine if the anp gene cluster was sufficient for deimino-
antipain production, a fosmid containing the putative BGC was

15163

generated and transformed into Streptomyces lividans for
heterologous expression. Growth in liquid media for 10 d,
however, resulted in the production of antipain, as determined
by HRMS and MS/MS of the aminooxy-labeled product
(Figure S19). Deimino-antipain was not detected, suggesting
that Cit installation requires genes distal to the BGC that are
either not present or are non-functional in S. lividans.
Conversely, the native producer, S. albulus NRRL B-3066,
grown under identical conditions, formed deimino-antipain
with no detectable antipain (Figure $20). Interestingly, multiple
other species with masses similar to antipain were also labeled
with probe 1 during heterologous S. lividans expression that
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were not present in S. albulus or in control cultures of wild type
S. lividans (Figure S20). The identity of the minor species could
not be determined; however, the exact mass and MS/MS of
one major component were consistent with S-MAPI, an
antipain analogue with a C-terminal Phe (HRMS m/z of the
labeled compound, calculated, 916.1987; experimental
916.1991; ppm error, 0.44; Figure S21). The presence of
these additional analogues may be due to a relaxed NRPS
substrate specificity in S. lividans. Nevertheless, the heterolo-
gous production of the anp BGC demonstrates these genes are
sufficient for antipain biosynthesis.

Bioinformatic Survey of Peptide Aldehyde BGCs. We
sought to identify peptide aldehyde BGCs in all available
genomes to provide bioinformatic context for the deimino-
antipain BGC. We thus identified highly similar homologues of
AnpA—H using BLAST, aligned them, and generated profile
hidden Markov models (pHMMs) of each. Next, we annotated
the local genomic region of all AnpG homologues identified
within GenBank.”>~** AnpG was selected for this analysis as it
is putatively responsible for the installation of the aldehyde, and
we believed it may be conserved in other aldehyde-containing
NRPSs. Seventy-two unique AnpG proteins from 115 strains
were part of similar BGCs with high individual protein
sequence identities to the BGC from S. albulus B-3066
(Table S2). Given the sequence variability found among the
homologues (Table S2), these are likely to represent BGCs for
compounds related to but distinct from antipain. Several BGCs
appear on the edge of whole-genome sequencing contigs or are
missing several proteins; therefore, these cases are of
indeterminate architecture. However, 91 are intact, and these
were subjected to genome neighborhood analysis. Anp-like
BGCs form three general architectures, but all maintain a
consistent anpB—G gene direction and order (Figure 6B). The
principal difference between the three BGC types is the
presence or absence of an acyl-CoA dehydrogenase (present in
63/91, 69%). The additional acyl-CoA dehydrogenase gene
anpl commonly occurs between anpD and anpE, but in four
cases, this gene instead appears after anpG. In the latter
instances, the Anpl homologue is more divergent (29%
identity/43% similarity in clade A, vs 75—100/83—100%
identity/similarity for those in clade B and C, Figure 6A) and
may have a different function. The MFS exporter AnpB appears
in 79/91 BGCs (87%). Interestingly, none of the identified
BGCs contain homologues of AnpA, the putative hydrolase
from the S. albulus deimino-antipain cluster. However,
homologues of AnpH appear in 4/91 cases (4%). Several
additional protein families commonly co-occur in these BGCs,
including regulators (Pfam identifier: PF00440; 59/91, 65%),
hydrolases (PF00561, 51/91, 56%), FAD-binding domains
(PF01494; 10/91, 11%), acetyltransferases (PF00583 and
PF13302; 14/91, 15%), amidases (PF0142S; 45/91, 49%),
and methyltransferases (PF08241; 8/91, 9%), among others
(Figure 6C). A phylogenetic tree annotated with homologue
co-occurrence revealed that the BGCs form clades consistent
with gene organization as well as protein co-occurrences
(Figure 6C), and a sequence similarity network (SSN) of AnpG
proteins showed grouping principally on the basis of the
dehydrogenase presence. SSNs were also generated for the
other NRPS proteins (AnpC—F) and these displayed the same
network topology as with AnpG, again segregating into groups
coinciding with the presence of the dehydrogenase (Figure
S22).

To corroborate our bioinformatic survey, we carried out a
targeted screen of several strains encoding a peptide aldehyde
BGC using probe 1. We noticed a series of labeled peaks of
either m/z 914 or 916 Da [M+H]" in many of the extracts (594
or 596 Da unlabeled). The presence of the heavier peaks
corresponded to genomes with BGCs lacking the Anpl
dehydrogenase; the —2 Da peaks entirely co-occurred with
Anpl. We found that the extract from Streptomyces sp. S-98
abundantly produced a 596 Da species (916 Da labeled), as
well as a 427 Da species (747 Da labeled). HR-MS/MS analysis
revealed a fragmentation pattern for the 596 Da species
consistent with the structure of f-MAPI (dihydrochymostatin
B) (Figure S23). Additionally, HR-MS/MS showed the 427 Da
species to be leupeptin (Figure S$24). Interestingly, the BGC in
S. sp S-98 contains an acetyltransferase (PF13302;
WP_030828785) immediately downstream of its AnpG, as
do several other peptide aldehyde BGCs. Thus, given the
structural similarity of leupeptin and elastatinal to antipain,
chymostatin, and MAPI (Figure SA), as well as the promiscuity
of the antipain BGC observed upon heterologous expression, it
is most probable that these NPs share a common biosynthetic
origin. We also detected peaks consistent with elastatinal A (m/
z 513 Da; S. monomycini B-24309 and S. albus subsp. albus F-
4371) and chymostatin B (m/z 594 Da; S. lavendulae subsp.
lavendulae B-2275 and S. rimosus subsp. rimosus B-8076).

Within the peptide aldehyde protease inhibitor family, a few
(e.g, elastatinal and chymostatin) are adorned with a six-
membered capreomycidine ring (Figure S), which is putatively
formed via the dehydrogenative cyclization of Arg. The
biosynthetic basis for this internal Arg cyclization is not
known, given that the BGCs are elusive for all members of the
family despite the common use of chymostatin and leupeptin in
commercially popular protease inhibitor cocktails. Among
known NPs, capreomycidine is relatively rare, being found in
less than SO NPs, including its eponym, capreomycin (Figure
$25). Along with the Anpl/mass spectrometry correlation data,
we noted that Anpl is similar (56% sequence identity) to
Mur22 (ADZ45334.1) involved in the biosynthesis of
muraymycin, which also displays a capreomycidine adjacent
to a ureido linkage.”> Sequence analysis predicts that Mur22
and Anpl are acyl-CoA dehydrogenases while Murl5/16
(ADZ45327.1/ADZ45328.1), which were previously implicated
in capreomycidine installation,®> are homologues of known
transcription factors and hydroxylases. Additionally, genomic
analysis of S. lavendulae, a known producer of chymostatin B,
revealed no homologues of Murl5/Murl6. During capreomy-
cin and viomycin biosynthesis, however, capreomycidine is pre-
formed before NRPS elongation via fB-hydroxylation of Arg
followed by elimination and conjugate addition.”>®” The
proteins that perform this chemistry, CmnCD/VmnCD
(ABR67746.1/ABR67747.1 and AAP92493.1/AAP92494.1),
share no demonstrable sequence similarity to Anpl/Mur22
nor to Murl5/Murl6, indicating that there are at least two
routes for capreomycidine biosynthesis. For the peptide
aldehyde NRPs, we tentatively assign Anpl as responsible for
capreomycidine installation. Confirmation of this prediction
will require future experimentation.

B CONCLUSION AND OUTLOOK

In this study, we have developed a new NP discovery tool that
utilizes oxime formation as the basis for compound
identification. Reactivity-based (aminooxy-functionalized)
probe 1 selectively labels aldehydes and ketones under mild
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conditions. To extend the technique to less reactive ketones,
previously reported catalysts*' ~* could be employed to widen
the scope of the reaction. Free aldehydes are generally rare
among exported primary metabolites, so hits identified from
mild reaction conditions have a high probability of being
potentially interesting NPs. The lack of off-target reactivity also
allows large excesses of probe to be used without the need for
accurate stoichiometric calculations. The two bromines within
probe 1 provided a unique isotopic distribution that allowed
the unambiguous identification of labeling events even amidst
complex or noisy data. Oxime derivatization was validated by
labeling several aldehyde- or ketone-containing NPs, including
streptomycin, daunomycin, and virginiamycin S1. Screening of
a random collection of 348 bacterial extracts led to the
discovery of a new NP, deimino-antipain, in addition to a
methylated congener. Labeling of deimino-antipain with probe
1 facilitated purification, assessment of bioactivity, and
structural elucidation by MS and NMR. The genome of the
deimino-antipain producer, S. albulus NRRL B-3066, was
sequenced, and the BGC for deimino-antipain was identified
and validated by heterologous expression in S. lividans.
Bioinformatic analysis of genome neighborhoods revealed 115
peptide aldehyde BGCs among sequenced genomes, providing
the first genomic insights into this protease inhibitor family that
includes the long-known compounds S-MAPI, chymostatin,
and elastatinal. This work contributes to the collective
knowledge of genetic pathways to aldehyde formation and
lays the foundation to guide future screening efforts. Many
aldehydes within NPs serve critical functional roles, and notable
examples exist on approved drugs. Therefore, oxime-based
strategies are well-poised to locate additional NPs that have
evaded previous, bioassay-guided isolation efforts.
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