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Bioinformatic, structural, and biochemical analysis
leads to the discovery of novel isonitrilases and
decodes their substrate selectivityf
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Bacterial species, such as Mycobacterium tuberculosis, utilize isonitrile-containing peptides (INPs) for
trace metal trafficking, e.g., copper or zinc. Despite their importance, very few INP structures have been
characterized to date. Reported INPs consist of a peptide backbone and B-isonitrile amide moieties.
While the peptide backbone can be annotated using an adenylation domain predictor of non-ribosomal
peptide synthetase (NRPS), determining the alkyl chain of B-isonitrile amide moieties remains
challenging via conventional analytical techniques. In this study, we focus on non-heme iron and
2-oxoglutarate (Fe/20G) dependent isonitrilases that exhibit inherent selectivity toward the alkyl chain
length of the substrate, thus enabling the structural elucidation of INPs. Based on two known isonitrilase
structures, we identified eight residue positions that control substrate selectivity. Using a custom Python
program that we developed, BioSynthNexus, over 350 Fe/20G isonitrilase genes were identified. One of
these enzymes was engineered through mutations at eight selected positions, effectively modifying its
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substrate preference to favor either a shorter or a longer alkyl chain. Furthermore, by examining several
annotated isonitrilases at eight selected positions, substrate preferences of several isonitrilases were
DOI: 10.1039/d4cb00304g predicted and validated through biochemical assays. Together, these findings allow for effective

identification of isonitrilases and INPs, and establish a predictive framework for determining the
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Introduction

Isonitrile (R-N=C)-containing peptides (INPs) are known to
be produced by several bacteria, including Streptomyces and
Mycobacterium.'™ Due to the coordination property of the
isonitrile group, INPs function as metallophores in metal
trafficking, such as copper and zinc."” INP from M. tuberculosis
(Mtb) is responsible for metal uptake, which is critical for cell
survival and virulence.>®® Despite their importance, only a
limited number of INPs (1-5) have been isolated and character-
ized to date (Fig. 1A). Due to similar biosynthetic pathways
used, INPs are constituted of a peptide backbone and
B-isonitrile amide moieties (Fig. 1B and C)." Briefly, INP
biosynthesis starts with the ligation of an «,B-unsaturated fatty
acid to an acyl carrier protein (ACP) by an ACP-ligase, where the
ACP-bound substrate undergoes Michael addition with glycine.
Subsequent hydrolysis by a dual-functional thioesterase yields
6.""" The isonitrile group is installed by a non-heme iron and

Department of Chemistry, North Carolina State University, Raleigh, NC 27695,

USA. E-mail: wchang6@ncsu.edu

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4cb00304g

© 2025 The Author(s). Published by the Royal Society of Chemistry

preferred alkyl chain of B-isonitrile amide moieties.

2-oxoglutarate (Fe/20G) dependent isonitrilase via decarb-
oxylation-assisted desaturation (6 — 7).>**'"'® Compound 7
is then incorporated onto the peptide backbone via a non-
ribosomal peptide synthetase (NRPS) followed by reductive
cleavage to afford INPs.

Despite employing a similar biosynthetic strategy, INPs pro-
duced from Streptomyces and Mycobacterium exhibit distinct struc-
tural features in both the peptide backbone and -isonitrile amide
moieties. For example, INPs (1, 2, and 5) from Streptomyces consist
of a single peptide derived from either r-lysine or r-ornithine, with
B-isonitrile amide moieties that contain short alkyl side chains (7 =
1)." In contrast, while the dipeptide scaffold of INP from Mtb was
annotated based on the NRPS adenylation (A) domain and MS
analysis, the alkyl chain length of the B-isonitrile amide moieties
remains unclear.” To bridge this gap, our previous research
utilized in vitro assays with Rv0097, the corresponding Fe/20G
isonitrilase from Mtb, and synthetic substrates with varying alkyl
chain lengths (6, n = 1-15) to determine the alkyl side chain length
in 3.* These findings suggest that Fe/20G isonitrilases may play a
key role in regulating the alkyl chain length of the B-isonitrile
amide moieties in INPs.

Using substrate-bound protein structures of Fe/20G isonitri-
lases, e.g., ScoE, Rv0097, and MmaE,***™* mutagenesis studies to
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(A) Isonitrile-containing peptides (1-5) feature a peptide backbone and B-isonitrile amide moieties. Notably, variations exist in both the peptide

backbones and alkyl chain lengths of the B-isonitrile amide moieties. (B) Highly analogous biosynthetic gene clusters imply that a similar strategy is
deployed for INP biosynthesis. (C) The proposed biosynthetic pathway for INPs, illustrated using 1 as an example.

identify residues responsible for the alkyl chain specificity were
reported.”™ A single mutation, such as F203A in ScoE and
G204F in Rv0097, led to a shift in the preferred alkyl side chain
length.*'®> However, the selectivity profile distribution of these
variants remains slightly different from their counterparts. For
example, even with three residues mutated in Rv0097 (A202E/
T203G/G204F), the preferred alkyl chain length (n = 3) still
differs from that of ScoE (n = 1). These pioneering studies
suggested that there might be additional residues governing
alkyl chain length selectivity. Considering the function of INPs
as metallophores in Streptomyces and Mycobacterium, we specu-
lated if they are also used by other bacteria. Herein, we devel-
oped a custom Python program, BioSynthNexus,"” to search for
uncharacterized isonitrilases that are related to uncharacterized
isonitrile-containing natural products. Through structural and
in silico analysis, we identified several residues that play an
important role in the selectivity profiles of isonitrilases. The
function of these residues was validated through systematic
mutagenesis. To further test if the predicted substrate prefer-
ence can be applied, several potential isonitrilases found using
our program were overexpressed and their substrate scopes were
confirmed biochemically. Together, this work establishes an
easy-to-use tool to search for Fe/20G isonitrilases and isonitrile-
containing natural product biosynthetic gene clusters, and
provides a roadmap for substrate scope prediction of Fe/20G
isonitrilases.
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Results and discussion
Bioinformatic analysis reveals putative Fe/20G isonitrilases

To date, all reported biosynthetic gene clusters (BGCs) of INPs
found in Streptomyces and Mycobacterium encode a Fe/20G
enzyme responsible for isonitrile installation."*'" Considering
the critical function of INPs used for metal trafficking, it is
likely that other bacteria might also deploy similar approaches
for isonitrile installation en route to INP biosynthesis. To search
for novel Fe/20G isonitrilases, a previously characterized iso-
nitrilase ScoE was used to generate a sequence similarity net-
work (SSN), followed by a genome neighborhood network
(GNN) analysis.®'® With this approach, over 9000 BGCs were
identified as encoding an annotated Fe/20G gene (~20-96%
sequence identity to ScoE). However, the functions of the
majority of genes are not assigned. Several literature studies
reported that Fe/20G enzyme homologs can produce diverse
reaction outcomes,”** suggesting the challenges in using
sequence identity to predict enzyme function within the Fe/
20G enzyme family. To search for targeted function, ie.,
isonitrilase, we filtered 9000 Fe/20G genes based on their co-
occurrence with an upstream gene, the dual-functional thioes-
terase, because it provides the glycinyl substrate 6 for isonitri-
lase (Fig. 1B)."""* To improve in silico analysis of the 9000
genes, we developed a custom Python program, BioSynth-
Nexus (https://github.com/Tyler-Hostetler/BioSynthNexus).'”
With BioSynthNexus, we can search through BGCs encoding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SSN of 365 putative Fe/20G isonitrilases. Nodes of the major
genera are colored accordingly. The SSN is visualized with Cytoscape®®
where edges indicate at least 60% identity.

Fe/20G genes and filter them based on the presence of specific
protein family domain(s) (see examples and step-by-step
instructions in Fig. S1-S6, ESIT). After applying the thioesterase
(PF10862) as a filter, only 365 BGCs remain (Fig. 2). To help
functional annotation and further engineering, our program
can export amino acid sequences of these genes in FASTA
format for other applications. For example, we used this func-
tion to build a multiple sequence alignment and showed that
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key residues including the 2-histidine/1-carboxylate triad for
iron chelation, residues responsible for substrate positioning,
and a conserved tyrosine essential for the production of an
aldimine intermediate reported in the previous studies are
conserved across 365 genes (Fig. S7 and S8, ESIT).">™* Notably,
quite a few (~143) of these Fe/20G isonitrilases are found in
pathogenic bacteria including Mtb, Nocardia brasiliensis and
Mycobacterium lepromatosis (Fig. S9, ESIT). Interestingly, beyond
INPs, other isonitrilases involved in the polyketide antibiotic
aerocyanidin and amycomicin biosynthetic pathways, i.e., AecA
and AmcA, are also identified.'** "

Identification of key residues governing alkyl chain length
selectivity in isonitrilases

To identify key residues governing alkyl chain length selectivity
in isonitrilases, we examined the substrate bound structures of
two isonitrilases that utilize different substrates. ScoE converts
methyl-6 to the corresponding methyl-7 (6 — 7, n = 1), while 6
with a longer alkyl chain (n = 7) is bound in the Rv0097
structure.”'> In these structures, the 2-His/1-Asp coordination
triad is overlapped. Hydrogen bonding interactions of Tyr, Lys
and Arg with the carboxylate groups of 6 and the Tyr with the
amine group are observed in both ScoE and Rv0097, thus
revealing a very similar substrate positioning in the active site
of ScoE and Rv0097 (Fig. S8, ESIt). However, the size of the
hydrophobic pocket for alkyl chain accommodation differs
(Fig. 3A and B). A detailed comparison of the hydrophobic
pocket led to the identification of several residues that could
potentially affect substrate selection. Overall, eight positions
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(A)—(C) Comparison of the pocket sizes for the alkyl chain in Fe/20G isonitrilases. (A) Crystal structure of Rv0097 bound with heptyl-6 (n = 7, PDB

ID: 8KHT). (B) Crystal structure of ScokE bound with methyl-6 (n = 1, PDB ID: 6L6X). (C) Predicted structure of Srug docked with heptyl-6 (n = 7). (D) and (E)
Eight positions were selected based on structure-guided analysis. These selected residues are positioned around the alkyl chain pocket, illustrated using
Rv0097 as an example (D). (F) General scheme for analyzing the isonitrile product. Substrate 6 with various alkyl chains (n = 1-11) was incubated with
isonitrilases followed by derivatization using tetrazine to generate a common pyrazole product 8. (G) Substrate selectivity profiles of isonitrilases, where
ScoE, Srug, and Rv0097 prefer short, medium, and long alkyl chain substrates, respectively. Protein structures were visualized in ChimeraX.2®
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were found (P1-P8, Fig. 3D, E and Fig. S10, ESIt). Among them,
P1-P3 were previously identified by our group and others,*"*
where the P1-P3 result in significant steric differences between
the two enzymes, i.e., E237/G238/F239 in ScoE and A202/T203/
G204 in Rv0097 (Fig. S10A, ESIT). P4-P7, located at part of the
hydrophobic pocket, were identified. Specifically, compared to
ScoE, an a-helix observed in Rv0097 shifts the entire loop away
from the active site, enlarging the pocket to accommodate
substrates with a longer alkyl chain (Fig. S10B, ESI{). This
structural difference may arise from the disruption caused by
a proline residue (P5) in Rv0097. Consequently, D152 (P4) in
Rv0097 shows hydrogen bonding with a predominately con-
served arginine, which is not observed for S187 in ScoE
(Fig. S10C, ESIY). In contrast, a n-n interaction between Y191
(P6) and a conserved phenylalanine in ScoE reduces the pocket
size (Fig. S10D, ESIY), enabling the binding of substrates with a
short alkyl chain. Furthermore, P8, a cysteine in Rv0097 and a
methionine in ScoE on the other side of the pocket, shows
slightly different interactions with surrounding residues
(Fig. S10E, ESI¥).

To validate if these eight positions are responsible for
substrate recognition and can be further used to guide the
rational design of isonitrilase selectivity, we first identified an
isonitrilase that has partial identity with both ScoE and Rv0097
among these eight positions. To accomplish this, the constructed
sequence alignment was simplified to include only the eight
positions we selected (Fig. S11, ESIT). With the simplified align-
ment, a potential isonitrilase from the pathogenic species Segni-
liparus rugosus®® was selected. This potential isonitrilase, Srug,
has identical resides at P3, P5 and P7 with Rv0097, while its P1,
P4, P6 and P8 are conserved with ScoE (Fig. 3E). At the P2 site,
Srug has an alanine residue which is similar to the glycine in
ScoE. Based on partially overlapped residues with both Rv0097
and ScoE, Srug should have a distinctive substrate scope. In the
predicted structure of Srug docked with heptyl-6 (n = 7), the
hydrophobic pocket for alkyl chain accommodation is different
from that of ScoE and Rv0097 (Fig. 3C). To test this hypothesis,
Srug was codon-optimized and heterologously expressed in
E. coli. To develop a method for product detection and quantifi-
cation, the samples were quenched with an equal volume of
methanol and analyzed using liquid chromatography mass spec-
trometry (LC-MS) (Fig. S12, ESIt). However, variations in the alkyl
chain lengths of the substrates and products affect retention
times and cause potential differences in MS response, which
could introduce errors in quantification. To address this issue,
3,6-di-2-pyridyl-1,2,4,5-tetrazine was used to convert the isonitrile
group into a common pyrazole product for analysis (Fig. 3F and
Fig. S13, ESIT).**! With this strategy, the same pyrazole product 8
is generated and monitored for comparison, regardless of the
substrate used. Following the incubation of Srug, ScoE and
Rv0097 with substrates that have different alkyl chain lengths
(6, n = 1-11), the derivatized products were subjected to LC-MS
analysis (Fig. S14, see ESL,t for Experimental details). As shown in
Fig. 3G, ScoE can only accommodate substrates that have a short
alkyl chain, e.g., a methyl and propyl group, while Rv0097 prefers
a longer alkyl chain (n = 11). Notably, Srug exhibits substrate

586 | RSC Chem. Biol., 2025, 6, 583-589
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preference for medium-length alkyl chains (n = 5-9). This result
supports our hypothesis that these eight selected positions
delineate isonitrilase substrate preference regarding alkyl chain
length. Despite Srug sharing ~76% and ~ 44% sequence identity
with Rv0097 and ScoE, their substrate profiles are different.

Systematic mutagenesis of Srug

To validate the effect of these eight positions, systematic mutagen-
esis experiments were carried out (Fig. 4). To shift the substrate
preference of Srug toward a shorter alkyl chain, P3 was mutated to
incorporate a sterically hindered amino acid, e.g., Gly to Phe. This
alteration reshaped the substrate profile, making 6 with a propyl
group (n = 3) the optimal substrate for this single variant (Fig. 4A).
This finding aligns with the literature that P1-P3 positions play a
critical role in differentiating substrate profiles.*'> After subse-
quent multiple-round mutagenesis, the corresponding residues
were introduced to mimic ScoE. In this variant, a substrate
preference toward the methyl group (n = 1) over the propyl group
(n = 3) was achieved (Fig. 4A).

In parallel, Srug was mutated to accommodate a substrate
with a longer alkyl chain length (Fig. 4B). First, mutations were
conducted at the P4-P7 positions to enlarge the pocket size by
shifting the entire loop away from the active site. Although the
heptyl substrate (n = 7) remains the optimal substrate, its
preference for shorter alkyl chain lengths (n = 1-5) decreases.
In the second round of mutagenesis at P1-P3 sites, the undecyl
and propyl substrates (z = 11 and 3) have similar activity, while
the heptyl (n = 7) substrate is still preferred. After incorporating
Met at P8 position, the relative activity toward the undecyl
substrate (n = 11) increased ca. 36-fold compared to the round-
one mutant (Fig. S15, ESIt). However, compared to Rv0097 which
prefers the undecyl group (n = 11), this Srug variant shows a
preference for the nonyl group (n = 9). This result suggests that
other residues around the hydrophobic pocket or those with
distal interactions may also contribute to substrate preference.
Nevertheless, these observations highlight the importance of the
eight selected positions in governing alkyl chain length selectivity
in Fe/20G isonitrilases.

Forecast of the alkyl chain length selectivity using eight
selected positions

Fe/20G isonitrilases have been reported to install isonitrile
moieties en route to INPs and polyketide biosynthesis.'” How-
ever, compared to 365 BGCs found through in silico analysis
(Fig. 2), only a limited number of isonitrile-containing natural
products have been characterized to date. This is partially due to
the lability of the isonitrile group that degrades to a N-formyl
group during the isolation processes.'®*”**3 To help access the
possible structure of potential INPs from 365 BGCs, we utilized
the eight selected positions that we identified to forecast the
composition of B-isonitrile amide moieties. They are biosynthe-
sized by isonitrilases and then appended onto the peptide
backbone by NRPS (Fig. 1C). To test if our model can be used
to predict the alkyl chain length of uncharacterized isonitri-
lases, we randomly picked a few Fe/20G enzymes from the SSN
analysis with their names simplified to the corresponding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mutagenesis table of the eight selected positions and selectivity
profiles of Srug variants. Several rounds of mutagenesis were employed to
shift the substrate preference of Srug, enabling it to accommodate
substrates with a shorter (A) or a longer (B) alkyl chain.

species. One candidate that captured our attention is from
Mycobacterium lepromatosis, the causative agent of Hansen’s
disease, also known as leprosy.***® Similar to Rv and Sco BGCs,
an NRPS is encoded in the gene cluster of M. lepromatosis,
indicating this BGC is associated with an INP. The isonitrilase
from M. lepromatosis (Mlep) has a nearly identical amino acid
composition at the selected positions with Srug (Fig. 5A), suggest-
ing similar substrate profiles. We overexpressed Mlep in E. coli,
and it showed a substrate preference toward a medium-length
alkyl chain substrate (n = 7) (Fig. 5B). Furthermore, two homo-
logs, Nfla and Rfas, from pathogenic Nocardia flavorosea®”*® and
Rhodococcus fascians™ were selected and tested. Although the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Eight selected positions of uncharacterized Fe/20G isonitrilases
found through in silico analysis. (B) Substrate selectivity profiles of selected
isonitrilases.

corresponding biosynthetic pathways for these two species have
not been elucidated, co-occurrences of NRPS with isonitrilase in
their BGCs imply that they are again associated with INP bio-
synthesis. After examining the eight selected positions of Nfla
and Rfas, the components closely resemble those in the Srug
round 3 variant (Fig. 4A and 5A). This finding suggests that short-
length alkyl chain substrates are used with the propyl group
(n = 3) likely being preferred. We heterologously expressed Nfla
and Rfas, and in vitro assays revealed that both enzymes indeed
show a preference toward the propyl alkyl chain (Fig. 5B).
Inspired by isonitrilase genes, e.g., AecA and AmcA, that
co-occurred with polyketide genes in aerocyanidin and amyco-
micin biosynthesis,"***™>’
positions governing substrate selectivity can be applied to

we were curious whether these eight

isonitrile-containing natural products beyond INPs. The eight
selected positions in AecA and AmcA are highly similar to ScoE,
suggesting that the short-length alkyl chains of 6 are utilized (Fig.
S16A, ESIt). Furthermore, the deviation at P5 in AmcA toward
Rv0097 supports the presence of a propyl moiety in the
amycomicin,'" contrasting with the methyl moiety in aerocyanidin
(Fig. S16B, ESIT).>**” Next, we selected two uncharacterized iso-
nitrilases from Halothiobacillus neapolitanus (Hneap) and Coryne-
bacterium provencense (Cpro). In the BGC of H. neapolitanus,
polyketide synthase (PKS) is encoded while the corresponding
product has not been reported. Interestingly, neither NRPS nor
PKS can be identified in the C. provencense cluster, suggesting the
unique structural scaffold for its potential isonitrile-containing
product. The selected eight positions of Hneap and Cpro are
highly similar with those of ScoE (Fig. 5A), thus suggesting that
they prefer substrates with a shorter alkyl chain. Indeed, both
enzymes showed preference toward methyl and propyl groups
under in vitro conditions (Fig. 5B). Together, we demonstrated

RSC Chem. Biol., 2025, 6, 583-589 | 587
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that these eight positions can be used to annotate the alkyl chain
length of the isonitrile moiety, i.e. short (n = 1-3), medium (1 = 5-9),
or long (n > 11), thus aiding the elucidation of plausible chemical
structures of corresponding natural products.

Conclusion

Bacteria such as Mycobacterium and Streptomyces produce INPs to
scavenge rare metals for their survival in metal-restrictive
environments.”>*” However, only a limited number of INPs have
been isolated and characterized to date. Due to the lability of the
isonitrile moiety, isolating these natural products without isonitrile
degradation remains a challenging task. To help identify novel INPs
and to elucidate possible chemical structures, we developed a
custom Python program, BioSynthNexus, to facilitate in silico ana-
lysis for isonitrilase and BGC identification."” The co-occurrence of a
dual-functional thioesterase is utilized to confidently identify Fe/
20G enzymes with isonitrilase activity (Fig. 2) for which several were
verified in terms of function in vitro. Next, we identified key residues
that are responsible for the alkyl chain recognition of isonitrilases.
Using structural analysis of the substrate-bound isonitrilase struc-
tures, eight positions (P1-P8) that influence substrate preferences
were identified (Fig. 3). To test and forecast substrate scope using
these eight positions, we reconstituted the activity of a previously
unknown enzyme Srug and conducted systematic mutagenesis to
achieve substrate scope shifting (Fig. 4). Furthermore, we demon-
strated that these eight positions can be used to predict the
preferred length of alkyl chain, ie. short (n = 1-3), medium (n =
5-9), or long (n > 11), of several previously unknown Fe/20G
isonitrilases from pathogenic bacteria (Fig. 5).

Furthermore, while numerous tools exist for genome visua-
lization and comparison, such as EFI-GND,'®*'° AnnoView,*°
Artemis comparison tool,** and JBrowse 2,** challenges persist
when exploring protein homologs that catalyze similar reaction
types. BioSynthNexus is designed to search for homologs within
a given GNN by efficiently filtering the protein family (Pfam) IDs
in the neighborhoods. While a similar strategy was applied in
the literature,*>** manual comparison is required to analyze the
results from a given GNN. With BioSynthNexus, the process can
be completed in a time-efficient manner, and it can remotely
access the UniProt database to retrieve sequence information
for neighborhoods of interest in FASTA format, enabling seam-
less integration for further multiple sequence alignment.
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