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Abstract: Isonitrile-containing natural products have garnered
attention for their manifold bioactivities but are difficult to
detect and isolate due to the chemical lability of the isonitrile
functional group. Here, we used the isonitrile-chlorooxime
ligation (INC) in a reactivity-based screening (RBS) protocol
for the detection and isolation of alkaloid and terpene
isonitriles in the cyanobacterium Fischerella ambigua and a

marine sponge of the order Bubarida, respectively. A trifunc-
tional probe bearing a chlorooxime moiety, a UV active
aromatic moiety, and a bromine label facilitated the chemo-
selective reaction with isonitriles, UV-Vis spectroscopic detec-
tion, and mass spectrometric analysis. The INC-based RBS
allowed for the detection, isolation, and structural elucidation
of isonitriles in microgram quantities.

Natural products featuring an isonitrile functional group occur
in a wide variety of natural sources including bacteria, fungi,
marine sponges, and plants (Figure 1a).[1–6] Many exhibit potent
bioactivity against bacteria, fungi, and parasites.[4–7] Natural
isonitriles are therefore promising targets and lead structures
for drug development. The detection and isolation of isonitrile-
containing natural products is, however, challenging as the
isonitrile functional group is not UV-active and is inherently
labile towards hydrolysis under acidic and strongly basic
conditions.

Reactivity-based screening (RBS) – the chemical labeling of
a specific functional group in a natural product – is an attractive

method to overcome challenges arising from poor detectability,
low bioavailability, and chemical instability.[8,9] Ideal RBS reac-
tions are highly chemoselective for the target functional group,
form a covalent bond that is stable under isolation conditions,
and afford a label that improves detection, for example, by UV-
Vis spectroscopy or mass spectrometry (MS).[10,11] In a recent
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Figure 1. a) Examples of isonitriles and their natural sources. b) Isonitrile-
chlorooxime ligation. c) Reactivity-based screening (RBS) for isonitriles with
probe 1.
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report, a tetrazine-based probe was used for the qualitative
detection of isonitrile-containing natural products.[12] This [4+1]
tetrazine-isonitrile ligation provides stable products with tertiary
isonitriles. In the case of primary and secondary isonitriles the
initially formed 4H-pyrazol-4-imine product undergoes sponta-
neous hydrolysis and escapes detection[13] if not trapped
through reduction with NaBH3CN.[12]

We recently developed the isonitrile-chlorooxime (INC)
ligation (Figure 1b).[14] This highly chemoselective reaction is
fast (0.74 M� 1s� 1) and allows for the labeling of cell surface
glycans in cellulo.[14] The resulting hydroxyimino amide products
are stable, regardless of whether primary, secondary, or tertiary
isonitriles serve as reaction partners.[15] We, therefore, antici-
pated that appropriately functionalized chlorooximes could
serve as powerful probes for the RBS facilitated detection,
isolation, and – ideally also – structural elucidation of isonitriles
in complex biological matrices. We envisioned brominated
chlorooxime 1 as a suitable probe for RBS for isonitriles
(Figure 1c). This probe consists of a) a chlorooxime moiety as a
“warhead” for chemoselective reaction with isonitriles, b) a
bromine substituent as a mass tag to facilitate MS-based
analysis by providing a distinct 79Br : 81Br (1 :1) isotope pattern in
the labeled natural products,[16] and c) an aromatic moiety for
enhanced UV absorption. Probe 1 was readily available in two
synthetic steps starting from commercial 4-bromo benzalde-
hyde (Scheme S1 in the Supporting Information).[17]

Here, we applied the INC ligation for the detection and
identification of isonitrile-containing alkaloids and terpenes in
the cyanobacterium Fischerella ambigua (F. ambigua) and the
Bubarida marine sponge. We show that INC is a robust tool for
RBS and sufficiently sensitive to allow even for the identification
and isolation of isonitrile natural products that occur in minute
quantities.

We started our RBS for isonitriles by exploring whether
probe 1 detects isonitriles in a crude extract of F. ambigua
(Figure 2a). This culturable cyanobacterium is a well-studied
producer of tryptophan-derived isonitrile-containing indole
alkaloids, including hapalindoles and ambiguines.[18,19] Analysis
of a crude methanol extract of cultured strain UTEX 1903 by
ultrahigh performance liquid chromatography (UHPLC) coupled
with high-resolution mass spectrometry (HRMS) detected seven
known isonitrile indole alkaloids under our laboratory condi-
tions (Figures S1a–S9a).

Upon incubation of the dried crude extract with probe 1 in
a THF/water (1 : 1) mixture followed by UHPLC-HRMS analysis,
we observed nine signals with a bromine isotope pattern
(Figures 2b and S1b–S9b). Controls that contained only probe 1
and only the crude extract, respectively, did not show these
signals (Figures S1b–S9b). The signals correspond to the masses
of the conjugates between probe 1 and ambiguine A, C, H, I, E,
D or O, K, and L and hapalindole H, nine isonitrile indole
alkaloids produced by the F. ambigua UTEX 1903 strain
(Figure 2c). Thus, conjugation with probe 1 enhanced the
detection limit of isonitriles in the natural product extract. The
detected natural products contain secondary and tertiary
isonitriles. These results highlight the value of probe 1 for the

identification of different types of isonitriles through RBS in
complex mixtures.

Next, we tested the value of chlorooxime probe 1 for the
identification and isolation of isonitrile-containing natural
products in a marine sponge. In contrast to cyanobacteria,
which are culturable and therefore allow for increasing the
production of natural isonitriles in the laboratory, marine
sponges are typically not maintained in the laboratory, least
scaled-up. Additionally, many marine sponge environments are
under increased threat from ocean warming, terrestrial pollu-
tion, overfishing, and other stressors, which makes it increas-
ingly more challenging to find and collect significant quantities
of isonitrile-producing sponges. Thus, the detection, isolation,
and characterization of such low-abundance sponge natural
products require a highly sensitive methodology.

Figure 2. a) Incubation of a crude extract of F. ambigua (strain UTEX 1903)
with 1. b) Representative extracted ion chromatogram of the extract with
(top) and without (bottom) probe 1, for the mass of conjugated hapalindole
H. c) Labeled isonitrile-containing congeners of natural products (a green
dot indicates the location of the isonitrile group and the attachment site of
probe 1).
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SCUBA collections off the coast of California gave access to
20 g (wet weight) of a marine sponge specimen that is a known
producer of isonitrile-containing terpenes.[20] Extraction with
methylene chloride provided ~60 mg (dry weight) of a crude
extract. Gas chromatography� mass spectrometry (GC-MS) anal-
ysis revealed mass-to-charge ratios corresponding to putative
nitrogenous sesquiterpenes, including isonitrile, isocyanate,
formamide, and isothiocyanate congeners as judged by
comparison with spectral data from the NIST mass spectral
library (Figure S10).[21] Isolation and structural characterization
of the isonitriles by conventional means proved, however,
challenging due to their low UV activity, high lipophilicity, and
volatility. We, therefore, envisioned that labeling the isonitrile-
sesquiterpenes with our chlorooxime probe would facilitate MS
and UV analysis-supported detection and, ideally, chromato-
graphic purification and elucidation of the constitutive structure
of the terpene backbone.

Treatment of the Bubarida sponge crude extract with
chlorooxime probe 1 in THF and citrate buffer pH 5 (1 :1)[22]

followed by LC-UV analysis revealed two major signals (dark
and light blue) and one minor signal (gray; Figure 3a).[23] The MS
spectra associated with these UV signals I, II, and III showed the
bromine isotope pattern (Figure 3b). Controls that contained
only probe 1 or only the crude extract did not show these
signals (Figure 3a) corroborating that these products are
derived from labeled isonitriles.[23] The mass spectra correspond-
ing to the UV signals I and II (t=17.5 and 17.9 min) show the
same mass-to-charge ratio of [M+H]+ =447.17 Da suggesting
that the isonitrile precursors are constitutional isomers with a
C15 terpene-skeleton (Figure 3a). The UV-activity of the labeled
compounds allowed for isolation of these two major products
(Figure 3a, dark and light blue) in a quantity of less than 500 μg
by preparative thin-layer chromatography (TLC) and normal
phase HPLC. This amount sufficed for 1D and 2D NMR
spectroscopic analysis including 2D nuclear Overhauser effect
(NOE) to assign the relative stereochemistry (Tables S1 and S2,
Figures S13 and S14). These analyses revealed that LC UV signal
II corresponds to sesquiterpene-probe conjugate 2 and thus the
known isonitrile congener (3) of sesquiterpene isothiocyanate
epipolasin A (Figure 3b).[24,25] Signal I corresponds to sesquiter-
pene-probe conjugate 4 and thus cadinane-type sesquiterpene
5, which is a constitutional isomer of 3 (Figure 3b). 5 is a known
sesquiterpene from the Mediterranean sponge Axinyssa sp. and
Axinella cannabina (Figure 3c),[26,27] but has not been reported
from this Bubarida sponge.

The amount of the compound(s) corresponding to the
minor LC UV signal III (t=14.9 min, Figure 3a) did not suffice for
isolation. Analysis of the corresponding MS spectrum revealed
molecular ions at m/z 493.1314 [M+H]+ and 511.1408 [M+H]+.
These masses are in agreement with molecular formulas of
oxygenated isonitrile sesquiterpenoids (e.g., [C23H30BrN2O5]

+

and [C23H32BrN2O6]
+), compounds that are rare[3] and have not

yet been observed in the Bubarida sponge. Thus, the chemo-
selective ligation with probe 1 revealed compounds in a marine
sponge that could not be detected with conventional analytical
methods.

These findings also corroborate the exquisite chemoselec-
tivity for isonitriles of the INC ligation. Products from reaction of
probe 1 with compounds bearing other functional groups,
including closely related isocyanates and isothiocyanates that
are produced by the Bubarida sponge,[26] were not detected. We
confirmed this notable chemoselectivity of chlorooxime reac-
tivity further through competition experiments between iso-
cyanates, isothiocyanates and isonitriles for reaction with probe
1 (Scheme S2, Figures S15 and S16).[28]

Furthermore, MS/MS spectra of each of the three com-
pounds showed upon collision-induced dissociation a common
fragment with a mass-to-charge ratio of 242.98 [M+H]+

obs

(Figure S17), which corresponds to hydroxyimino amide A
(242.9764 [M+H]+

calc, Figure 3c). To ascertain the origin of this
MS/MS fragment, we synthesized hydroxyimino amide S3 from
probe 1 and 1,1,3,3,-tetramethyl butyl isocyanide. MS/MS
analysis of S3 showed the formation of the same fragment A
(Figure S18). Thus, A arises from MS fragmentation of a
conjugate between probe 1 and an isonitrile (Scheme S3). The

Figure 3. a) Stacked LC-UV chromatograms of probe 1 (top), sponge crude
extract with (middle) and without (bottom) 1. b) MS spectra of the newly
formed products as monitored by UV (blue: I and II; gray: III) 2 and 4 and the
corresponding isonitrile-containing epipolasin A (3) and cadinane-type (5)
sesquiterpenoids. c) Fragment A formed by MS/MS from ligation products.
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occurrence of MS/MS fragment A is therefore diagnostic for
isonitriles and a valuable signature for isonitriles.[29]

In conclusion, reactivity-based screening by using isonitrile-
chlorooxime ligation is a valuable tool for the labeling,
detection, and isolation of isonitrile-containing natural products
at microgram quantities in complex mixtures. This work puts
forth a trifunctional probe consisting of a) a chlorooxime for
chemoselective reaction with isonitriles in complex mixtures,
b) an aromatic moiety for detection by UV-Vis, and c) a bromine
mass tag for detection by mass spectrometry. The probe
facilitated the identification, isolation, and structure elucidation
of alkaloid and terpene isonitriles in cyanobacteria and marine
sponges collected in the field. Our findings open exciting
prospects for the identification of isonitrile natural products
with as-yet unknown bioactivities.
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