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Abstract

The discovery of biologically active small molecules requires sifting through large amounts of
data to identify unique or unusual arrangements of atoms. Here, we develop, test and evaluate an
atom-based sort to identify novel features of secondary metabolites and demonstrate its use to
evaluate novelty in marine microbial and sponge extracts. This study outlines an important
ongoing advance towards the translation of autonomous systems to identify, and ultimately
elucidate, atomic novelty within a complex mixture of small molecules
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The discovery of biologically active small molecules requires sifting through large amounts of
data to identify unique or unusual arrangements of atoms. Here, we develop, test and evaluate an
atom-based sort to identify novel features of secondary metabolites and outline an important
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ongoing advance towards the translation of autonomous systems to identify, and ultimately
elucidate, atomic novelty within a complex mixture of small molecules.
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One of the most critical aspects in the discovery of biologically active small molecules is the
elucidation of small molecular motifs with unique three-dimensional displays. The
combination of this process with detailed target-based mode of action researchl! lies at the
foundation of drug lead[?! discovery. While automation,[3] miniaturization, [l digital
networking[®] and machine learning-guided high-throughput screening®! have produced
active leads, the bulk of screening efforts still follow a central approach that begins with a
molecular ensemble, either an extract containing natural products or a smart library of
synthetic compounds.[”] Although both synthetic and natural approaches appear different,
they typically apply a combination of molecular, cellular, or phenotypic screens. While
effective, such approaches are often cluttered by the discovery of redundant structural
features and motifs. This strategy has prevailed, in part, due to our inability to search for
structural novelty.

Mass spectrometry (MS) methods, and associated profiling systems, provide an excellent
means to characterize molecules, but are typically limited to databased compounds with
effective molecular ionization. For the elucidation of molecular motifs NMR spectroscopy is
required, typically achieved by collecting a series of 2D spectra, which a trained user
interprets to unequivocally identify every atom in the sample. Recently, computational
systems to evaluate NMR data have been developed.[8] Salient examples, such as the
SMART system, allow one to rapidly identify the structural family of a purified compound.
[80] However, these tools use NMR data to evaluate molecular species. While these
approaches enable rapid clustering of a new compound with structural neighbours, they are
not able to identify novel material, which for natural product lead discovery requires one to
return to the classical methods of compound isolation via dereplication with repeated
purification and characterization steps.

One can view a mixture of compounds simply as a collection of atoms. Since NMR reports
atomic data, it will provide information on all the atoms in all the compounds present in a
mixture. Since the most common atoms in molecules of pharmaceutical interest are
hydrogen (H) and carbon (C), a 1H-13C HSQC NMR spectrum provides a near complete
map of the molecular frameworks within a screening collection. While some structural
features are missed, this spectrum is routinely used by experts to classify and identify
compounds, and for this reason we selected the 1H-13C HSQC experiment as the data source
for developing an objective method that could be readily automated for scoring and sorting
atomic novelty.

We began by constructing a 1H-13C HSQC peak database, where each peak describes a
hydrogen attached to a carbon atom (Fig. 1c, Supporting Fig. S3) and is diagnostic of the
atom’s immediate atomic environment (Supporting Figs. S1-S4). Using publicly available
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data, we abstracted peaks from spectra in the Human Metabolome Databasel®] and the
BioMagResBank,[1%1 and constructed peak lists from a tabulation of the chemical shifts of
common solvents.l1Y] The public data was supplemented with spectra of standards and
natural products collected in house or obtained from the literature. The total number of
peaks was 10,308 obtained from 1,207 spectra.

We then collected a 1H-13C HSQC spectrum on a 50 pg sample of a model natural product,
bromophycolide Al12] (Fig. 1a, Supporting Fig. S4, Supporting Table S1). Automated digital
peak picking of this spectrum produced a peak list (Fig. 1b), which was compared against
the database (Fig. 1c) to provide a profiled spectrum (Fig. 1d, Supporting Fig. S5). A
distance score for each peak in the profiled spectrum (Fig. 1d) was determined by
calculating the Euclidean distance to the closest peak in the database (Supporting Table S1).
Since the ranges of the 1H and 13C dimensions of a HSQC experiment differ by a factor of
more than 10, equal weighting of the dimensions was achieved by dividing the distances in
each dimension by the total range of the chemical shifts in the database for that dimension.
For the database used here, the 1H chemical shift range was 10.25 ppm and the 13C range
211.6 ppm. The distance score was then expressed as a percentage, which can be thought of
as the fraction of the total chemical shift range. Sorting the scores identified the most
unusual chemical shifts, an indicator of a structurally unique proton and/or carbon atom.

The four peaks A1-A4 (Fig. 2) with the largest distance scores are shown in Fig. 2c-2f.
Pleasingly, these peaks corresponded to positions of structural novelty, namely the
macrocyclic aryl system at C3 and C16, halogenation at C22 and a uniquely substituted
macroaromatic lactone at C14. Similarly, testing the algorithm with strychnine (Supporting
Table S2 and Figs. S6-S7), brusatol (Supporting Table S3 and Figs. S8-S9), and paclitaxel
(Supporting Table S4 and Figs. S10-S11) also identified patterns of proton and carbon atom
novelty. Like algorithms used for automated MS assignment[23] or NMR protein structure
elucidation,[*4] this scoring system provides critical information with regards to structural
assignment as well as identifying regions of novelty.

After testing with pure compounds, we then evaluated the approach as a method to prioritize
natural product isolation. Here, the goal was to use this method to rapidly identify extracts
that may have natural products with unique structural features. As illustrated in Fig. 1, the
peaks with the highest novelty (Fig. 1d) can be used to guide the isolation of pure materials
from the extract (Fig. 1e). 1H-13C HSQC data collected on the pure material (Fig. 1e) can be
reapplied to the atomic prioritization as a means of validation (Fig. 1f).

We began by exploring extracts from a marine microbial strain. We prepared EtOAc extracts
from the cultivation of a marine-derived Streptomyces sp., strain CNB-982, and collected
1H-13C HSQC data on 52 pg of crude material (Supporting Fig. S12). The peaks from this
spectrum were extracted digitally, and compared against the database (Fig. 3b, Supporting
Table S5, Supporting Fig. S13). Of the 289 peaks detected, 20 had distance scores greater
than or equal to 1%.

We focused our attention on the top peak in the CNB-982 extract, B1 (6§ = -0.91, §¢ =
32.4, distance = 13.74%, Fig. 3, Supporting Table S5). Using peak B1 to guide selection of
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chromatography fractions, we isolated 1.8 mg of a pure material. The combination of the
exact mass for [M-H,O+H]* m/z1025.6062 observed by FAB mass spectrometry along with
an expanded NMR data set (Supporting Figs. S16-S19 and Supporting Table S7), enabled
the pure material to be identified as cyclomarin A (CsgHgpO11Ng calcd. 1025.6057) (see an
expanded discussion in Supporting Fig. $3).15] By profiling the pure cyclomarin A against
the database (Fig. 3c, Supporting Table S6 and Supporting Fig. S13) we found the top five
scoring peaks (Fig. 3a) were observed in the top 16 found in the crude mixture, indicating
that much of the novelty came from one compound, therein validating the approach as
shown in Fig. 1f.

Inspection of peaks B1-B5 (Fig. 3) was not only useful to guide isolation but provided
structural information. As shown in Fig. 3d, we were able to determine that the top peak B1
(orange) was one of the protons at C51, which had an unusual proton chemical shift at —0.90
ppm. Peaks B2 and B3 arose from the geminal protons C53 (blue, Fig. 3e) with
uncharacteristic proton shifts at 2.58 and 2.71 ppm. The fourth peak (B4, red, Fig. 3f) arose
from the methyl group at C54. Peak B5 (green, Fig. 3g) was assigned to the alpha carbon
(C26) of the leucine residue. Interestingly, all of the top four peaks arose from (25,4R)-2-
amino-5-hydroxy-4-methyl-pentanoic acid, a rare amino acid, therein confirming the
method’s aptness to find structural novelty. Here, we demonstrated how this tool can be used
to prioritize the isolation of materials from a crude extract. In this example, the top peak, B1,
provided a clear spectroscopic beacon to guide the isolation process, and comparison with
the proximal peaks in the database provided preliminary structural information (Supporting
Fig. S8).

Next, we tested the system with extracts from a multicellular model using a marine sponge.
A 1H-13C HSQC spectrum was recorded using a 32 pg sample of a CH,Cl,/MeOH extract
from the marine sponge Plakortis halichondrioides (specimen code IM06-19) (Supporting
Fig. S20). Digital data extraction followed by profiling against the database (Fig. 4b,
Supporting Fig. S21) identified several peaks for prioritization (Supporting Table S9).

Selecting peak C1 as an NMR guide (Fig. 4a), we isolated 1.2 mg of pure material (Fig. 4c,
Supporting Figs. S22-S23 and Table S9) from 1.9 g of crude extract with a HRMS sodiated
molecular ion with m/z371.2193 suggesting a formula of C,1H3,04Na. Collection and
evaluation of 1D and 2D NMR data (Supporting Figs. S24-S27 and Supporting Table S10)
identified the material as a new compound, gracilioether L (Fig. 4a, see an expanded
discussion in Supporting Fig. S4), a two-carbon chain elongated homologue of gracilioether
B.[16] As shown in Fig. 4d—4f, the top three peaks C1-C3 were observed at the C11 trans-
olefin (C1, Fig. 4d), furanyl-C4 olefin (C2, Fig. 4e) and terminal carbon C18 of an ethyl
group at C6 (C3, Fig. 4f). The novelty search then identified the methyl ester C21 (peak C4,
Fig. 4g) as the next unique chemical shift. Interestingly, these atoms are at positions where
modifications are commonly observed within this large family of congeners. Further
inspection of the entire prioritization (Supporting Table S9) additionally supports this
conclusion, suggesting that this tool may also have applications to identify novelty within
families of related natural products. Like cyclomarin A, comparing peaks C1-C4 against
their proximal database peaks provided a direct structural correlation and was particularly
useful in validating peak assignments (Supporting Figs. S2, S4).
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Overall, we have demonstrated the application of this tool to autonomously evaluate atomic
novelty. These studies demonstrate how one can integrate NMR profiling as a means to
identify novelty within an extract and isolate unique materials from these extracts using only
micrograms of material. While one often views NMR analysis as expensive and slow, the
speed and material requirements, < 6 min using a 35 puL sample, rival those conventionally
used by mass spectrometry. The fact that less than 5 min is required for data collection and 1
min for data abstraction and algorithmic processing, clearly demonstrates the practical
nature of the process. Here, we found that the prioritizing of peaks was dependent on the
quality of the peak list. While noise peaks rarely interfered, we found that two-bond
correlations, cross peaks between atoms connected by two bonds instead of one, often
scored highly. To flag these peaks we identified 99.99% confidence limits on the database
peaks. Peaks falling outside these limits were checked for shared coordinates with two other
peaks. Efforts are now underway to expand this tool to flag noise and artifacts, and exclude
two-bond correlations.

We foresee this tool expanding to become a multicomponent algorithm that not only
incorporates Euclidian distance scoring of *H-13C HSQC spectra but also includes data
obtained from such spectra as 1H-1H-COSY, 1H-'H-TOCSY, *H-1H-NOESY, 1H-1H-
ROESY, 1H-13C-HMBC, 1H-15N-HSQC and H-1®N-HMBC, collected in a single
interleaved experiment.[17] Direct digital extraction of chemical shifts from the raw datallél
will push the protocol closer to native computational interrogation. This in turn will expedite
the growth of the database, which we anticipate will eventually be able to assign the
structural features of each carbon and proton within a given molecule. While structural
assignment is a key facet of the drug discovery process, the ability to search through
molecular data one atom at a time offers a new perspective that can enable this system to
operate through a conventional online portal, one that ideally will be united with
biosynthetic genome mining tools*¥ such as antiSMASH,[2% as well as proteomic[?] and
transcriptomicl22] data. Ultimately, it will be interesting to understand the correlation
between structural novelty and its role in inducing novel biological activity, perhaps done
best one atom at a time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Searching atomic novelty in bromophycolide A. Workflow: a) The process begins by
collection of a 1H-13C HSQC spectrum of bromophycolide A. b) Once collected, the peaks
are then digitally abstracted to provide the observed peak list (a 10 KB text file). The
observed peak list is then compared one peak at a time against the HSQC database (a 850
KB text file) using the Euclidian distance algorithm. c) To illustrate this graphically, we
rendered the database as a HSQC spectrum. Here, each peak within the database is
represented by a grey dot. d) In a graphical representation, the peaks to be profiled (blue) are
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then compared to the database peaks (grey). An inset shows graphically the distance
calculation made between one of the peaks to be profiled (blue) and its closest database peak
(grey). Other than collecting the NMR spectrum, the steps are conducted computationally
with peak lists. The graphical representation in c)-d) is provided to visualize this process.
This procedure can be used to guide isolation by following the most novel peaks. €) This
results in a pure compound whose HSQC data can be f) re-subjected to the atomic novelty
prioritization.
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Exploration of the atomic novelty search on the marine microbial extract CNB-982 identifies
the cyclic peptide cyclomarin A. a) Structure of cyclomarin A along with the chemical shifts
of the top scoring peaks, B1-B5, from its 1H-13C HSQC spectrum in CD30D. b) Profiled
1H-13C HSQC of the CNB-982 extract. ¢) Profiled 1H-13C HSQC of the purified cyclomarin
A. d)-g) Graphical rendering of the Euclidian distance evaluations between peaks B1-B5
(red points) and closest peaks in the database (black points). Supporting Fig. S1 provides
chemical structures of the closest database peaks to B1-B5.
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Figure 4.

Exploration of the atomic novelty search on the Plakortis halichondrioides extract (IM06—
19) identifies gracilioether L. a) Structure of gracilioether L along with the top peaks C1-C4
from 1H-13C HSQC spectrum in CD30D. b) Profiled 1H-13C HSQC of the IM06-19 extract.
c) Profiled 1H-13C HSQC of isolated gracilioether L. d)-g) Graphical rendering of the
Euclidian distance evaluations between peaks C1-C4 observed in the spectrum of purified
gracilioether L (red points) and its closest peaks in the database (black points). Supporting
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Fig. S2 provides chemical structures of closest database peaks to C1-C4. The
stereochemistry at C6 and C10 was not determined.
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