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Metabolomics is an effective analytical tool to aid in drug discovery. A
metabolomics approach utilizes different high-resolution analytical techniques
and combinations thereof, that is crucial in the discovery of novel drugs
overcoming flaws in targeting the new bioactive molecules earlier in the
workflow thereby reducing the cost of development failure at a later stage.

The employment of both multivariate analysis (MVA) and molecular
networking (MNW) in a metabolomics-based dereplication of metabolites
effectively avoids the bioassay steps used in bioactivity-guided fractionation and
prevents a tedious isolation work on known compounds.

Metabolomics affords a “snap shot” of the metabolome and the biosynthetic
potential of an organism while genomics complementarily expands on this.
Genomic screening of biosynthetic gene clusters of marine microorganisms that
are difficult to mass cultivate prior to metabolomics analysis would allow
prediction of the occurrence of novel bioactive secondary metabolites and
eliminate strains with low biosynthetic potential from further scale-up to save
time and resources being wasted.

A metabolomics-targeted approach has the ability to pinpoint the bioactive
metabolite on the first fractionation stage even at low mg levels while rendering
subsequent bioassays unnecessary and the chance of isolating the target natural

product at higher yield is increased.
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1 Introduction
1.1 Marine drugs on the market

Around 70% of the world’s surface is covered by ocean mass. Between 1985 and 2012,
1241 new natural compounds from marine sources were identified and elucidated [1,2].
This represents a vast untapped resource for the isolation of potentially new natural
products (NPs) with therapeutic applications. In 2014, there were eight drugs of marine
origin approved by the Food and Drug Administration (FDA) and European Medicines
Agency (EMA), while twelve NPs (or derivatives thereof) are currently in various
phases of clinical trials [2].

The first marine-derived drug to be approved was Cytosar-U® (cytarabine) in
1969 for the treatment of non-Hodgkin’s lymphoma and meningeal leukemia; followed
by Vira-A® (vidarabine) in 1976 as an antiviral, prescribed against herpes, pox, and
some rhabdoviruses [2]. Cytarabine and vidarabine are synthetic nucleosides developed
from isolates of the sponge Tethya crypta [3]. The mechanism of action of cytarabine is
not yet fully understood, though it appears to be intracellularly converted to its active
form cytarabine triphosphate, which competes with deoxycytidine triphosphate as a
substrate for DNA polymerase, inhibiting DNA synthesis [2]. Vidarabine has a higher
toxicity and is less stable than more popular antiviral agents, and exhibits a low oral
bioavailability and poor solubility [4], which contributed to its withdrawal from use in
the US in 2001 [2]. Cytarabine remains a staple in cancer therapy today [2].

Prialt® (ziconotide) was granted approval by the FDA and EMA, in 2004 and
2005 respectively, as an intrathecal anesthetic. Ziconotide is a synthetic analogue of a
peptide isolated from Conus magus [2,3]. It acts by blockading the N-type voltage gated

calcium channel in neuronal cells, preventing pain neurotransmitter release [5].
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Other currently approved marine drugs include:

e Yondelis® (trabectedin®), a novel alkaloid with a unique mechanism of action as
it acts to bind the minor groove of the DNA supercoil and inhibit DNA repair
machinery [2,6]. It was isolated from the tunicate Ecteinascidia turbinata [3].

e Halaven® (erbulin mesylate), used in metastatic breast cancer, is a synthetic
analogue of the cytotoxic halichondrin B, isolated from the sponge Halichondria

okadai [3].

Having established that marine organisms are genetically and chemically unique
[7], it follows that the continued study of these organisms will lead to the discovery of a
plethora of NPs with biologically active properties [8,9]. Referred to as secondary
metabolites [2], these chemicals are not known to serve any primary function related to
growth, development, or propagation of an organism [7]. Rather these NPs are more
commonly associated with defense and survival [10], competition, and communication
[2]. In its infancy, the study of marine natural products (MNPs) was restricted to easy-
to-collect organisms such as soft corals and sponges; leading to the isolation of
chemicals such as the toxin tedanolide from the fire sponge, Tedania ignis, and
prostaglandins from the Caribbean sea whip, Plexaura homomalla [11]. It has been
shown that vast number of secondary metabolites possess a range of biologically active
properties which are unrelated to their in vivo role to aid marine organisms to adapt to
and survive in their respective ecosystem [12]. These include cytotoxic, neurotoxic,
anti-inflammatory, and anti-infective properties [13], all of which, after further study
and development may have pharmaceutical applications. A major obstacle that has

arisen, however, is the largely uncultivable nature of marine invertebrates. This paired
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with an unsustainable collection of insufficient samples for the extraction of an
adequate yield of NPs to be used for further R&D has caused a bottleneck in marine
drug development [14].

Hypothesized to stabilize the sponge matrix, provide waste metabolism, and
chemical defenses, symbiotic bacteria can constitute between 50 and 60% of a sponge’s
dry weight. They serve these functions by production of an immense range of secondary
metabolites possessing unique chemical structures [15-17] that included alkaloids [18],
peptides [19], and polyketides [20], as well as terpenoids, polyhydroxylated lipids [21],
and halogenated compounds [22] with novel pharmacological activities or mechanism
of action [14]. Marine invertebrates such as sponges and soft corals represent an
excellent source of marine microorganisms for drug discovery and development [23].
Of particular interest is the drug Adcretis® (brentuximab vetodin) used in the treatment
of Hodgkin lymphoma [2]. Adcretis® is a chimeric anti-CD30 antibody, conjugated to a
synthetic analogue of the peptide, dolastatin 10 [11,24]. Dolastatin 10 was initially
isolated from Dolabella auricularia, but later it was discovered that it is acrtaullay
produced by the cyanobacteria, Symploca hydnoides and Lyngbya majuscula, that
constitute part of D. auricularia’s diet [2]. Dolastatin 10 was primarily described as an
antitumour and antimitotic agent by inhibiting tubulin polymerisation [25-27]. It has
since been indicated that many NPs isolated from marine organisms may in fact be
synthesized by microorganisms [12].

1.2 A brief history of metabolomics

Metabolomics is the identification and quantification of metabolites that are end
products of a biological process in tissues, cells, or an organism [28]. The methodology
involves high analytical precision and comprehensiveness allowing an unbiased

quantitative and qualitative evaluation of biochemical precursors, intermediates, and
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end products in a sample [28]. Metabolomics has been a growing field that entails the
measurement of small molecules in a system that comprises of metabolite profiling and
metabolic flux analysis [29] to contour changes occurring in living systems in response
to numerous genetic and environmental factors. A metabolomics-based approach
attempts to express the global and physiological changes to reveal information on the
metabolic pathway involved in a cellular process at a molecular level [30]. In
pharmacology, the understanding of the down and up regulation of certain metabolites
allows the disclosure of disease mechanisms, recognition of new diagnostic and
prognostic markers while increasing our comprehension on drug response phenotypes
[31]. Metabolites do play essential roles in the cell and membrane structure (lipids),
signaling (lipid mediators, neurotransmitters), and building blocks (amino acids). They
are also involved in many processes affected by exogenous influences; such as response
to oxidative stress (redox potential), inflammatory response, and energy metabolism
[29]. Detecting and validating changes in metabolite levels in diseased individuals had
become feasible with the rapid progress in instrumentation technology, and therefore
evaluation of metabolomics data could essentially play a more important role in clinical
practice [30].

The process of metabolomics has been around for many years. The first records
were documented in ancient Chinese cultures (200-1500 BC) with the use of body fluids
to establish the occurrence of a biological disorder. Chinese physicians determined the
concentration of glucose in the urine of diabetic patients by using ants as detectors [31].
In the 16" and 17™ century, influential discoveries of Santorio Sancatorius (1561-1636)
on his studies on perspiration contributed to the basic foundation of metabolomics.
Sancatorius created a transportable platform that was attached to a steelyard scale to

calculate the changes in body weight of his subjects who participated on the platform
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when studying the effects of perspiration [32]. Later, the German chemist Eduard
Buchner (1860-1917) opened the field of biochemistry when he demonstrated the
importance of enzymes in intracellular chemical reactions and biochemical pathways
[33]. An early case of metabolite profiling was reported in 1948 when differences in
alcoholic and schizophrenic patients were investigated by analyzing patterns of
respective metabolic components found in their urine and saliva by paper
chromatography [34]. It was not after several decades that technological advances in
both chromatography and spectrometry were later able to quantify metabolites in
biological samples. In the early 20" century, new technologies in mass spectrometry
(MS) were developed to quantify molecules in biochemical samples, which then were
able to examine potential factors that causes the release of metabolites in disease states
[35]. In 1971, compounds present in body tissues could already be quantified by gas
chromatography-mass spectrometry (GC-MS) [36]. Meanwhile, nuclear magnetic
resonance (NMR) spectroscopy was also introduced for quantification [37,38], mixture
analysis [39,40], and to detect metabolites in raw biological samples [41]. A promising
breakthrough was perceived in 2007, when the Human Metabolome Project completed
its first draft. Today, metabolomics research is not only being used in human studies but
also in yeast, fungi, insects and plant models [31].

In recent years, there has been an increasing interest on employing a
metabolomics approach in data analysis and interpretation. The use of genomics,
transcriptomics, and proteomics has allowed understanding biology at a molecular level,
and now there is a demand to widen this knowledge base to further explore the
processes within a biological system [42]. Prior to the advent of metabolomics, there
has been a primary focus on genomics and proteomics. Although these fields are useful,

they can only offer a depiction of the potential outcomes of a biological system.
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Metabolomics affords evidential information of the end products of a cellular process,
and thus, providing a direct correlation between the phenotype of a biological system
and the occurring metabolic processes within. As this applies to both healthy and
diseased systems, it follows that metabolomics will not only provide information
pertaining to disease markers, but also possible targets to control the aberrant system
itself [43]. In medicine, the use of metabolomics was initially restricted to diagnosis,
particularly in metabolic disorders [44,45]. However, the ability of metabolomics to
profile a significantly larger number of molecules than other standardized techniques
promises to present it as an invaluable tool in the future of molecular medicine, drug
development, and drug target discovery [44]. This is even more evident when we
consider that the number of known, expected and predicted human metabolites
continues to grow, that is currently documented at 114,100 in the year 2018, the most
recent update on the Human Metabolome Database [46]. As the field has continued to
grow and evolve, applications have been discovered spanning the length of R&D and
the drug discovery pipeline [47].

The concentrations of different metabolites within a biological system are often
considered as a metabolic “fingerprint”. A metabolic fingerprint is defined as being the
“representative of the state of the organism” or cell at the time of study. Metabolomics
utilizes the techniques discussed previously to quantify these metabolites, and build a
temporal picture of the responses to stimuli displayed by cells and organisms[48]. This
enables the identification of secondary metabolites which may be potential targets for
drug therapy or, indeed, precursor molecules for drug discovery and development.

A more recently developed approach involves the study of metabolic
“footprints”. This approach allows the understanding of the effects of various

external/internal signals on a biological system. Contrary to fingerprinting, where the
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internal metabolome of a cell is studied and defined, footprinting defines the
metabolites secreted, excreted, and consumed by a cell or organism [49]. This approach
eliminates the need for lengthy extraction techniques or rapid metabolism quenching.
Footprinting is of particular interest in the study of pathogenic microorganisms as much
of their pathogenesis is dependent on environmental factors e.g. availability of nutrients
and the presence of other microbes [49] or simply the ability of an organism to respond
to its environment.

This paper aims to provide an unbiased review on how metabolomics is being
increasingly utilized in the field of NP drug discovery, to expand the readers’
knowledge of metabolomics as a viable analytical option. Moreover, to address the
limitations of a metabolomics approach in terms of data interpretation in the translation
process of bringing NPs to a drug development pipeline. The main objective is to
construct a clear image of the direct applications of metabolomics in NPs research by
critically analyzing sample studies where a metabolomics approach was utilized to
exploit the discovery and development of new potential drugs. This study will address
advantages of this approach in terms of feasibility and time required for a newly
discovered natural product to come into the R&D pipeline. This will be achieved by
looking into the different analytical techniques and multivariate analysis methods used
in metabolomics for profiling, targeting, isolation and elucidation of the bioactive NPs.
In addition, these aims will be achieved by evaluating the advantages and disadvantages
of different metabolomics tools that include molecular networking and metabolomic-
guided isolation of bioactive metabolites. Examples of the direct applications of
metabolomics in NPs research will be presented by scrutinizing sample studies on the

discovery of new potential antibiotics and anti-cancer drugs as well as illustrating the
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advantages of a metabolomics-based approach in increasing the efficiency of NPs
research for drug discovery.

2 Analytical techniques used in metabolomics

The study of small molecules, coined as metabolomics, is a relatively new scientific
field, which focuses on their characterization using a number of techniques such as
nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) coupled
with chromatography [47]. It enables a unique “top-down approach” for the study of
complex biological systems [48]. The variety and wide range of analytical techniques
that includes mass spectrometry [50-56], NMR spectroscopy [57-63], and infrared
spectrophotometry [64-69], used within metabolomics has contributed to its rapid
growth. The current tools made it possible to study thousands of metabolites in complex
biological samples [70]. Due to the intricacy of a biological system and the chemical
diversity of the metabolome, there is not one single analytical program or technique
available to recognize all different metabolites in a biological model. To increase
coverage of detected metabolites, new methods are being combined to increase the
efficiency of detection and dereplication [71]. To date, NMR and MS have been the two
main analytical tools used in generating metabolomics data. However, other analytical
hyphenated-platforms like gas-chromatography mass spectrometry (GC-MS), high-
performance liquid-chromatography (HPLC), ultra-performance liquid chromatography
(UPLC) and combinations thereof are being utilized more effectively for metabolite
separation, quantification, and elucidation [71]. While NMR can rapidly produce
accurate and precise information, appropriate for the examination of bulk materials, the
high sensitivity of mass spectrometry allows for the qualitative and quantitative analysis

of many metabolites.

10
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2.1  Mass Spectrometry

Mass spectrometry (MS) plays a massive role in metabolomics and it is the analytical
method of choice when investigating small molecules. In metabolomics studies, MS
has the capability of profiling the effect of time as well as other environmental factors
on metabolite regulation. To date, MS has become a highly sensitive analytical tool
used not only for quantification, but as well as for identification of hundreds more
metabolites at lower concentrations [72]. However, often metabolites require to be
extracted for MS analysis prior to acquisition [73]. The use of mass spectrometry (MS)
has been gaining increasing interest for metabolomics applications [72] . One limitation
of MS is the required separation step to reduce sample complexity and minimize
ionization suppression effects. MS has a significantly higher sensitivity and resolution
than NMR, allowing it to detect a huge number of metabolites [48]. However, detection
is dependent on the metabolites’ capability to ionize in a particular analyzer or
ionization method and mode. A number of MS detectors are utilized for analysis
subsequent to chromatographic separation. Applications and limitations of various
types of mass analysers used as MS detectors are presented in Table 1 [74]. MS
techniques are able to quantitatively profile the metabolites in samples depending on the

ionization capability of the congeners.

****Please add Table 1 here*****

It is common for MS to be used in a hyphenated separation technology such as
with liquid and gas chromatography [72]. Such hyphenated separation techniques
commonly used includes GC-MS, HPLC or UPLC [75,76]. Hyphenated or coupled

systems combine both the advantages of chromatographic and spectral methods to
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increase the efficiency in the identification of metabolites with diverse chemistry.
Chromatography affords unadulterated segments of biological compounds, whereas,
spectrometry and/or spectroscopy produces selective information for the identification
of the metabolites by employing reference standards or library spectra [76]. The
importance of linking both separation and spectroscopic techniques ensures that the
identification and quantification of the metabolites in an unknown sample can be
properly dereplicated and evaluated. The multi-step nature of this type of analysis
makes it slower than NMR [48]. To obtain structural information for the respective
metabolites, a chromatographic system, like an HPLC or GC, could be equipped with
different spectrometric or spectroscopic detectors, such as photo-diode array (PDA),
UV, MS, NMR and Fourier-transform infrared (FTIR) [76]. This has resulted in a
variety of coupled-systems being set-up e.g. LC-MS, GC-MS, CE-MS and HPLC-
MS/NMR (Table 2) [76-78]. GC-MS was the first hyphenated system used in analytical
research and drug development. Advantages and disadvantages of various types of

chromatographic separation are presented in Table 3 [74,77,79].

**44k%kPlease add table 2 here******

**44k%Please add table 3 here******

Gas chromatography coupled with mass spectrometer (GC-MS) was also the
first analytical technique used in metabolite profiling. This technique separates
metabolites from a complex mixture according to the compound’s volatility and
molecular weight. Clinical research studies in the early 1970s used GC-MS techniques
to analyze steroids, acids and drug metabolites from both human and rat urine [36]. It
was not until the 1980s that the diagnostic potential of GC-MS was utilized to analyze

12
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metabolic disorders as in testing for inborn errors of metabolism [80]. Advancements in
computer-operated systems as well as decreased costs permitted GC-MS to be readily
employed in more laboratories in the 1990s [81]. For MS coupled to GC, with electron
impact (EI) as the ionization method usually at 70 eV, this results to a higher incidence
of fragmentation that the spectra could be compared with an online library. However,
GC-MS could only analyze small volatile molecules that are thermally stable,
particularly during the fragmentation process [81].

Liquid chromatography coupled with mass spectrometer (LC-MS) was used to
separate a complex mixture of compounds according to their polarity. During the early
development of LC-MS, there was an incompatibility issue in combining LC and MS.
This issue was resolved in the 1980s with the discovery of electrospray ionization (ESI),
which is compatible to both the LC and MS process [73]. LC-MS or HPLC-MS
combines the separating ability of LC with the selective proficiency of an ESI-MS. This
technique determines not only the molecular weight of a molecule but also the
fragmentation pattern of respective molecules in a sample. Soft ionization techniques
are generally used in LC-MS which is commonly restricted to displaying only the
molecular ion species of a few fragment ions resulting to a less complex set of spectra.

Mass spectral data can be processed with a quantitative differential expression
profiling platform software for metabolite profiling preceding statistical or multivariate
(MVA) analysis. The steps entail deconvolution, nonlinear peak alignment, peak
normalization, peak matching, and identification that may include molecular formula
prediction from high resolution datasets. A number of software are available online via
open access. These include Mzmine 2.0 [82-84] and mzMatch [85], both of which are
modularized tools coded in JAVA, a very flexible software that is easy to couple to a

variety of databases [14]; XCMS is coupled to the METLN database [86]; Galaxy-M for
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processing and analyzing both direct infusion and liquid chromatography mass
spectrometry-based metabolomics data [87]; MetSign for high-resolution MS data[88];
MAIT (Metabolite Automatic Identification Toolkit) in R package[89]; MET-COFEA
for METabolite compound feature extraction; and annotation [90] and Mass-Up is an
open software application for MALDI-TOF mass spectrometry [91]. For all the above-

mentioned software, it is necessary to convert raw data files to mzXML format [92,93].

2.2 Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is another technique commonly
employed in metabolomics [71,73]. NMR is rapid and does not require complex sample
preparation therefore; the sample’s biological integrity is maintained [48]. It is straight-
forward to use and non-destructive to the samples that they can be reused for further
analysis. Several classes of metabolites can be analyzed simultaneously using NMR to
gain an insight into the purity and molecular structure of metabolites in a sample under
investigation. NMR can be used to study metabolites from both biological fluids such
as urine, saliva, solid tissue samples from biopsy as well as extracts from other natural
sources [94]. It has been widely used for metabolite fingerprinting, profiling and
metabolite flux analysis [71]. The obtained NMR spectral data is highly reproducible
and quantitative offering advantages for compounds that are difficult to ionize or would
require to be derivatized for MS analysis [95]. However, the key limitation of NMR
compared to MS, is its low sensitivity and does not allow for the investigation of a large
proportion of metabolites at low abundance [42]. Hence, biomarkers may remain
undetected if their concentrations are too low requiring increased number of scans and
therefore longer measurement time or could also be resolved by employing higher
magnetic fields [71]. NMR can exclusively identify and concurrently quantify a wide
range of organic compounds but only above micro-molar concentrations [71].

14
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Natural products research has become unimaginable without the use of high
resolution chromatographic separation techniques coupled with UV and/or IR detectors
then later combined with mass spectrometry (MS). But more recently, nuclear magnetic
resonance (NMR) has become a valuable tool for natural product dereplication for
metabolic profiling and metabolic fingerprinting applications [96-98]. Hyphenated
HPLC-NMR is a fast growing technology, allowing rapid and detailed structural
characterization of unknown mixtures [99]. Pioneering works on related flow probe
NMR technologies has seen evolved to well established analytical platforms around the
turn of the century [97,98]. Various applications of HPLC-NMR and integrated HPLC-
NMR-MS in drug discovery, especially in the separation and structure elucidation of
drug impurities, reaction mixtures, degradation products, in vitro and in vivo
metabolites, and combinatorial library samples have been illustrated in the literature
[100]. However, analysis of mixtures or crude extracts remains to be a challenge to
interpret depending on the number of overlapping signals present particularly when
secondary metabolites with complex spin patterns are investigated. The complexity of a
secondary metabolomic profile of a natural product derived extract could make the
analytical task arduous and toilsome in terms of requiring a highly specialized staff

expertise as well as higher overhead costs.

2.3 Multivariate analysis (MVA)

Multivariate analysis (MVA) presents visualization plots to gain an understanding of the
dataset trends produced from tested samples. There are many techniques employed that
allow the conversion of highly multivariate data into compatible and interpretable sized

data.
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2.3.1 Principle component analysis (PCA)

Principle component analysis (PCA) is an unsupervised method, most
commonly used to analyze multivariate data. PCA is mainly used for a hypothesis free
explorative analysis [101]. The aim of a PCA is to define datasets by converting large
number of correlated variables into smaller linear datasets [102]. The result is generated
into a scores scatter plot, which express patterns that reflect fundamental arrangements
present in the dataset divided into separate clusters by grouping the samples into
specific metabolic phenotypes [103]. PCA permits the identification of patterns in the
data matrix by producing clusters of columns (samples) or rows (features) that have
comparable designs [104]. These clusters facilitate the detection of “outliers”, samples
that are numerically distant from other data points [105]. Often outliers are caused by a
measurement, experimental, or sampling error and can be removed from the analysis.
However, the outlier should not be removed if it is caused by a natural process of the
construct that is being measured [105].

Advantages of PCA include low noise sensitivity, a decreased need for capacity
and memory, and higher efficiency for processes occurring in a smaller dimension. PCA
has a smaller database representation through trainee images stored and predicted on a
reduced base making it easier to inter-operate a metabolomics dataset. PCA shows
differences between groups by identifying respective distinguishing metabolic features
[106]. However, PCA has its limitations requiring further validation when handling
huge datasets. PCA may significantly fail to disclose underlying groups of unidentified
variables resulting to a false image of the original data structure. Barnes et al. suggested
the need to move the metabolomics software onto the cloud to save money on
standalone software and computer hardware when handling large datasets [107]. PCA

had also its limitation on second order statistical dependencies between variables.
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Further pitfalls partially remained in the interpretation of results on a reduction analysis
dimension, when the data is normalized. Further, simple variance could not be captured
by PCA unless a trained dataset explicitly provides this information [108]. PCA only

operates on the matrix data and cannot take into account the additional information that
might be associated with the datasets. Hence, orthogonal projections to latent structures

discriminant analysis (OPLS-DA) is used to solve this problem.

2.3.2  Orthogonal projections to latent structures discriminant analysis (OPLS-DA)

OPLS-DA is a supervised method, which separates Y-predictive from Y-
orthogonal variation, facilitating the grouping of unrestrained data by extracting
information on changing molecular composition of a sample [103]. OPLS-DA was
designed for modelling two or more classes of data to increase and simplify class
separation. A response value is openly assigned to each measurement. It is a predictive
regression method that finds information in the data relating to known information and
identifies discrete variables. These discrete variables can include factors such as
environmental, temporal, dietary, physiological, drug treatments, sex, genetic, age and
bioactivity are among those that can affect the clustering and considered as grouping or
class factors in OPLS-DA [109]. OPLS-DA is primarily useful in classification studies
and biomarker identification by pinpointing discriminating features for each of the
respective variables. The pinpointed feature can then be preliminarily dereplicated
through a quantitative differential expression profiling platform software such as
mzMine 2.0. OPLS-DA has the unique advantage of interpreting data by showing which
feature(s) is/are responsible for the class discrimination. It requires a second matrix of
information linking to each sample to reduce the impact of unrelated data points on the
data matrixes. This approach allows for the better representation of different defining

variables as it is expressed on a continuum rather than binary scale. In comparison to
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PCA, OPLS-DA is able to separate experimental groups within samples. It can do this
due to its integrated orthogonal signal correction (OSC) filter that eliminates variation
within the systematic spectrum that does not belong to the allocated groups [110].
However, OPLS-DA can often yield false positive results and require rigorous cross-
validation to safeguard reliability [110]. Disadvantages of OPLS-DA includes the risk
of overfitting and incorporating noise into the statistical model. Cross validation
techniques like permutation tests could overcome this problem [111].

To increase specificity and reliability, both PCA and OPLS-DA should be used.
As PCA does not have group specificity information, the plots generated on a scatter
graph are essentially the least biased method of assessing trends and discrimination
capacity. However, PCA is not always able to expose group separations and require the
use of OPLS-DA to identify certain unnoticed groups or features. The use of both PCA
and OPLS-DA on spectral dataset results provides important insights on both the
general spectral trends (PCA) and group-predictive spectral features (OPLS-DA). For
investigative studies, where the metabolic groups are unidentified or random, PCA is a
good starting point to deliver an initial overview into the dataset arrangement and
associations between groups. It provides unbiased information on trends on the
occurrence of specific metabolites prior to the use of supervised methods (OPLS-DA).
The results formed from PCA should then be used to conclude results which can then be
confirmed using OPLS-DA and tested in more detail [110].

Studies have demonstrated the importance of PCA and OPLS-DA to analyze
metabolomics data collected by NMR and MS [112,113]. However, without validation
tests between PCA and OPLS-DA models, data can lead to inconclusive results about
the underlying chemistry [114]. Cheng et al used multivariate analysis (MVA) for

chemical dereplication to profile actinomycetes isolated from Mediterranean sponges,
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which were a great source of novel biologically active compounds for drug discovery
[113]. Conjoining both chemical dereplication and MVA could be an established
method in NP drug discovery [115,116]. PCA and OPLS-DA identified chemically
significant strains that could produce novel bioactive secondary metabolites [14]. PCA
proved the occurrence of metabolites unique to the outlier strain by verifying the
dereplication results. The PCA loadings plot indicated target metabolites that were
validated by MS fragmentation and NMR spectral data. PCA plots organized over 1000
featured metabolites, while notable metabolites defined phenotypes of unique strains.
MVA aided in the prioritization process to find new bioactive metabolites. The study by
Cheng et al demonstrated the limitations of PCA, therefore, it has become a common
practice to carry out OLPS-DA as a complementary method [113].

For NPs research, MVA is a highly effective tool in metabolomics profiling for
discovering new drugs. LC-MS based metabolomics study done by Bose et al analyzed
marine bacterial secondary metabolites and the production of rifamycin in Salinispora
arenicola species. Rifamycin is a well-known antibiotic for the treatment of
tuberculosis. PCA identified outliers and assessed groupings or trends. PCA and OPLS-
DA analyzed the LCMS datasets of samples with various salt concentrations obtained at
7-day intervals to assess the optimum conditions for rifamycin production [117]. Earlier
studies by HPLC-UV, which has become the basis of the latter investigation, monitored
the production of rifamycin W, S and B as species-specific marker over a 43-day time
period [118]. Albeit, the PCA scores plot showed groupings based on the different salt
concentrations used. This was more clearly illustrated using the OPLS-DA plot. The use
of MVA this study gave an insight on the optimum conditions for the production of the

target antibiotics in Salinispora species [117].
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2.4  Molecular networking (MNW)

Molecular networking (MNW) is a dereplication strategy, which aids the
identification of new chemical entities against known compounds and thereby, reducing
time and cost for further research [73]. By employing the MS/MS (MS") fragmentation
data, MNW is also able to match molecular families with gene clusters by comparing
their MS" datasets with specific clusters found in the database network and eventually
establish links with hundreds of other sequences. MNW utilized MS" data based on the
assumption that molecules belonging to the same structural family will have similar
fragmentation patterns [73]. The MS" spectral data are aligned and scored against other
similar molecular families. The molecular network is put together using “cosine scores”,
which indicate the similarities of the MS" data between metabolites. The processed data
assembles a visual map indicating correlations between ion peaks in a chemical space as
provided by the mass spectral data. The molecular network allowed a mapped
comparison of molecular clusters with spectrally similar or identical structures. When a
cluster is constructed, a node represents the link to similar MS™ spectrum, a
“mathematical merging of spectra with nearly identical precursor mass and peak
patterns” [73], and an edge (lines) joins the similar MS" ion peaks. Therefore, a cluster
with numerous nodes connected by several edges indicates the occurrence of related
structures. Whereas, those with fewer nodes and connected by a single edge implicates
that the spectral data is unlinked to a molecular family and may indeed be unique or a
novel compound. The fragmentation data is dereplicated employing databases such as
Metabolights [119] or the Global NP Social Molecular Networking (GNPS) web-
platform containing thousands of both full MS scans and MS" spectral data of various

metabolites. GNPS has been the web platform database coupled to MNW for
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dereplicating structural identities of a chemical family network [120]. The MNW plot
is generated by MATLAB or Cytoscape software [121].

With increased DNA sequencing data access, MNW studies had exhibited a
large number of undiscovered gene clusters still yet to be explored for biologically
valuable properties. One such example was the isolation of a cytotoxic cyclic
octapeptide from an American Samoan marine cyanobacterium as an encouraging
resource for the identification of new anticancer treatments [122].

MNW and MVA strategies are complementary in the discovery of new drugs
from NPs [73,101]. Like MVA, MNW is also a visualization tool but employs an
organizational approach based on tandem MS" data. While MNW can interpret several
variables simultaneously, MVA can only assess two or three variables, as it is difficult
to extrapolate a three-dimensional dataset expressed on a two-dimensional context,
[73,101]. Both MVA and MNW could be coupled to a database to target metabolites for
their structure novelty. A dereplication step prior to commencing an isolation work
thrusts the early recognition of known molecules while reducing the cost and time
invested in the detection of novel pharmacologically active composites. NMR, MS, and
MS® fragmentation data are the most widely used dereplication tools used to highlight
compounds of particular interest. By identifying potential analogues of interest, both
MVA and MNW are able to enable the user to identify unknown fragments and
substructures, thereby decreasing the decision time to prioritize and plan the isolation
protocol for novel bioactive NPs. Additionally, both MNW and MVA effectively avoid
the bioassay steps used in bioactivity-guided fractionation and prevent a tedious
isolation work on known compounds. The disadvantages of using MNW depended
entirely on the limitations of mass spectrometry. Sometimes the results of the MS" are

varied from a narrow number of fragmented ions due to the diverse ionizing capability
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of molecules in different types of instruments. Currently available MS" databases have
only been set-up for specific MS analyzers, which is not able to tackle the non-
reproducible fragmentation pathways between the type of instruments employed for the
analysis. There is still no program available that could accomplish data conversion for
the different vendor-specific MS" data. Small molecular weight compounds produce a
small number of MS fragments, giving rise to similar MS" spectra in spite of significant
differences in structures. MS is unable to reveal the stereochemistry of particular
molecules. Moreover, the time taken for a single MS analysis to be uploaded to a
database network can take from 10 minutes to several hours depending on the class and
structure complexity of the samples. This has a large impact on the quality of the results
and the ability to gain global data sharing [123]. However, the use of a combined MNW
and MVA approach appears advantageous. One study looked at the use of molecular
networking in isolating secondary metabolite production in both Scottish and Antarctic
locations [124]. The results revealed that with the use of PCA in combination with
molecular networking, metabolomics-based dereplication were shown to be very
effective tools for the identification of the metabolites. This also allowed other
metabolite spectral patterns to be prioritized for further isolation, structural analysis, and
bioassay work [124].

MNW has been utilized_in many different areas of research. MS-based
molecular networking has been applied in the dereplication of marine and terrestrial
microbial samples. MNW retained similar analogues that were difficult to detect in
other dereplication approaches and provided a context of information obtained from
MVA. MNW illustrated the dereplication of 58 abyssomicin analogues [73].

Abyssomicin C (Figure 1) was a new potential antibiotic against methicillin-resistant
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Staphylococcus aureus (MRSA). People with MRSA were estimated 64% more likely

to die from an infection compared to people that have the non-resistant form [125].

Figure 1. Potential antibiotics against MRSA

The incorporation of MNW into NPs drug discovery required minimum changes
in the workflow and complemented other dereplication methods as well as bioactivity
fingerprints, like cytological profiling or BloMAP for phenotypic profiling. MNW is
able to facilitate a range of ionization platforms allowing cross correlation of MS®
spectral data that could be obtained by direct infusion, ambient ionization and LC-based
methods. However, since MNW depends on the existence of related fragmentation
patterns of NPs, the number of possible fragments observed decreases with low
intensity molecular ion peaks. Development and improvement of new dereplication
algorithms is still essential for the study and elucidation of novel structures, which may
stay elusive due to their absence in the database.

The application of MNW was also exemplified to gain knowledge on secondary
metabolites of a relatively unknown species of Peitigera lichen [126]. By using MNW
and MALDI-MS complementarily, the study proved that the microbes within the lichen
community work together as a single unit to survive. Small molecules were used as a
defense mechanism through the production of fungal pyridine alkaloid PF1140 (Figure
1), which exhibited both antifungal and antibacterial properties. A limitation of MNW
in this particular study was not all molecules at this point could be annotated. Like
OPLS-DA, MNW can incorporate noise into the signaling dataset, however in both

cases this could be overcome [111,126].
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Studies using MNW have facilitated the increase in production of target
metabolites and thereby increasing their antibiotic activity. One study involved the
marine-derived Streptomyces species strain PTY08712 co-cultured with human
pathogens such as methicillin-sensitive Staphylococcus aureus (MSSA), Bacillus
subtilis and MRSA [127]. By using MNW, it was proven that there was an increased
production of three antibiotics granatomycin C, granatomycin D, and dihydrogranaticin
B (Figure 2), which became more evident when PTY08712 was co-cultured with

MRSA.

Figure 2. Antibiotic compounds obtained from marine-derived Streptomyces species

strain PTY08712

3 Application of metabolomics in NPs research

The application of metabolomics is being applied throughout NPs Research, especially
in the investigations of new antibacterial and anticancer drugs. Several NPs have
entered clinical trial between 1981 and 2010, 34% of approved small molecules were
NPs or direct derivatives thereof [128] while 74% of the currently available antibiotics
and 59% of new anticancer chemical entities originated or were derived from NPs
[129,130]. Despite huge numbers of NPs being approved by the FDA, the
pharmaceutical industry has reduced their efforts in utilizing NPs as a source for drug
discovery. This can be attributed to the high cost of research and high incidence of
rediscovery of known compound during the late stages of the research. Metabolomics
affords the opportunity for a plethora of advancements, particularly in the field of drug
discovery from NPs. Recent improvements reveal the indisputable value of the

analytical techniques used within metabolomics in the discovery of NPs, gene-function
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analysis and diagnostic platforms [131]. However, metabolomics could be plagued with
experimental difficulty due to an incomplete catalogue or library of existing
metabolomes available. Consequently, it is common to find unknown metabolites,
thereby, making the interpretation and analysis of the data difficult, albeit a motivating
prospect for novelty. Due to the vast range in both physical and chemical properties of
the studied metabolites, simultaneous quantification and identification of compounds
can be impossible to achieve using a single analytical technique and methodology.

In order to bring a potential NP-based drug to the global market, it must be
presented into the drug discovery and development pipeline. This is a multi-step
process which includes target validation, lead optimization, drug formulation and
clinical trials. Drug development takes on average 10 to 15 years and requires between
800 million and 1.8 billion dollars to bring a new drug to market [132]. Of 5000
possible new drug candidates, on average only five would be tested in humans and only
one would be approved for therapeutic use. Therefore, the need to utilize different
analytical techniques and combinations thereof, is crucial in the discovery of novel
drugs. The ability to identify flaws in targeting the new bioactive molecules earlier in
the workflow helps reduce financial loss caused by development failure at a later stage
[133]. Metabolomics is effective as an aid to drug discovery, as it has a universal
application with large amounts of information being generated from the results and
datasets. A metabolomics based approach has also been successful in confirming a
desirable in vivo mechanism of action for high throughput screening chemical leads, and
validating the maintenance of mechanism of action as the binding affinity is iteratively
increased. Metabolomics can verify a chemical lead selective to an in vivo inhibitor

along with its possible side effects. Metabolomics has become increasingly important
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within the drug development process with its aforementioned strengths as an analytical

tool [132].

3.1  Search for new potential anticancer drugs

Within the field of NPs research, metabolomics has made an impact in drug discovery,
particularly in the study of cancer chemotherapeutic agents. Due to the difficulties of
getting access to the desired pharmacological potency and selectivity for new
compounds, no new approved drugs have been produced and released onto the market
in recent years. Few studies originating from NPs have been approved by the EMA and
the FDA. However, the growing interest in metabolomics allowed for the discovery of
new potential drugs, in particular in the treatment of cancer. Metabolomics has aimed to
tackle this problem by making the process of discovering new active compounds easier.
A study performed by the Université d’ Auvergne looked at the biochemical disorders
induced by the use of cytotoxic MNPs in the against MCF7 breast cancer cell lines. The
study used high resolution magic angle spinning (HRMAS) proton nuclear magnetic
resonance (NMR) spectroscopy-based metabolomics. The three antineoplastic MNPs
used in the study were ascididemin (Asc), lamellarin-D (Lam-D) and kahalalide F (KF)
[134] (Figure 3). The study included the identification of the response of MCF7 cells to
Asc which involved the obstruction of enzymes in citrate metabolism, mitochondrial-
cytosolic carrier disorders in response to Lam-D, and enhanced lipid membrane
breakdown as a result to exposure to KF [134]. The aim of the study by Bayet-Robert ef
al was to identify metabolic targets and the cytotoxic properties of candidate MNPs

using NMR metabolomics.

Figure 3. Marine-derived anticancer drugs currently in clinical trials.
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Z The metabolomics profiling workflow managed a batch of 1500 samples in

373 replicates for NMR spectroscopy analysis. Partial least squares-discriminant analysis

9

:(1) (PLS-DA) was used to help compare the different NMR spectrum signals from the

g treated and control groups. This included enzyme blockade in citrate metabolism to

1‘51 Asc, mitochondrial-cytosolic carrier disorders with regards to Lam-D, and an increased
EZ lipid membrane catabolism in reaction to KF. These metabolomics study provided clear
;g evidence to the response of MNPs to breast cancer cells. The metabolome information
;; in the involved pathways has aided in the design of potential new medicines from

;431 MNPs prior to their clinical trials in breast cancer.

25

;? 3.2 Search for new potential antibiotics

28

29 Between 1942 and 1972, antibiotics increased life expectancy by eight years [132]. The
3(12) effectiveness of antibiotic therapy is threatened by the emergence of antimicrobial

g i resistance. Diseases more common in 20 century, including pneumonia and

22 tuberculosis, are causing prolonged illnesses, increased health care cost and increasing
2573 mortality [135]. Despite the clear need for new antibiotics, this has been neglected by
39

2(1) the pharmaceutical industry in order to concentrate their efforts on other new

g “blockbuster” drugs. Antibiotics often fail in the drug development process providing
jg less financial returns, also contributing to the lack of input from the pharmaceutical

46

j; industry [132]. Most antibiotics in the clinical pipeline are modifications of known

gg antibiotics, creating a temporary solution to a more permanent problem. Only 51

; antibiotics have been further developed since the discovery of penicillin [125]. The

gézl advent of antimicrobial resistance has become a huge burden on healthcare worldwide.
g ? We know that stagnation in the discovery of new antibiotics has occurred, as evidenced
gg in Figure 4 [136]. In fact, a gap of 32 years occurred with the introduction of no new
60
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antimicrobial agents to clinical practice (1968-2000). Based on this evidence, there is a
pressing need to utilize all means of drug discovery, including NPs and metabolomics to

address this global crisis.

Figure 4. Timeline of the introduction of new antibiotic classes from 1935 — 2003 [136].

The metabolomics approach is effective in secondary metabolite profiling as it is
fast, reproducible and requires a relatively simple sample preparation step. In terms of
feasibility, the process undertaken to identify a producer of a potentially novel antibiotic
could be vast [137]. However, the process would still be cost-feasible due to the market
size for a drug that may show a broad-spectrum of activity against multidrug-resistant
bacterial pathogens.

3.3 Marine microbes as source of new potential drugs
3.3.1 Marine fungi

NPs have been investigated to aid the discovery of new drugs, including tubulin-
binding anticancer medications, immunosuppressants, antibiotics, and antiparasitic
treatments. NPs research has also revealed new classes of antifungals, such as the
echinocandins (Figure 5), a polypeptide-antibiotic from Aspergillus nidulans var.
echinulatus [138]. Research in the field of marine-derived fungi aided the discovery of
several metabolites. Metabolic fingerprints of a collection of French Atlantic marine-
derived fungal extracts afforded the identification of new bioactive halogenated
compounds [139]. An untargeted time-scaled metabolomics-based approach was also
used on strains of marine-derived Penicillium to study biosynthetic pathway regulation
and their effect on metabolome variation [140]. Integrated metabolomics and imaging

techniques has been also used to map the epiphytic fungi on seaweeds Fucus
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vesiculosus [141] while metabolomics tools were also utilized to study the anti-quorum
sensing activity of metabolomes from fungi derived from Baltic seagrass Zostera
marina [142]. MNW-based metabolomics has been used to analyze the bioactivity of
marine adapted fungi co-cultivated with phytopathogens to exploit the secondary
metabolites for agrochemical applications [143]. Metabolomics has aided the discovery
of many new metabolites including the cytotoxic halimide from the marine-derived
fungus Aspergillus ustus, which was a lead compound in the development of plinablin
that entered phase II clinical trials [144], and the antimicrotubule agent KPU-300 [145]

(Figure 6).

Figure 5. Some bioactive compounds from marine-derived microbes

Figure 6. Plinablin and KPU-300 from the marine-derived fungal metabolite halimide

NPs discovery from marine-derived fungi has not been fully utilized since the
discovery of cephalosporin from the marine fungus Acremonium in the 1940s
[144,146]. Studies on marine-derived fungi were rare until the 1990s, and only started
to grow at end of this decade [146]. The objectives of discovering new chemistry from
marine sources has neglected the exploration of obligate marine fungi for drug
discovery when compared to marine-derived fungi [144]. A range of different analytical
techniques has been recently being employed to isolate and discriminate between fungi
actively growing in the substratum and spurious propagule to determine if a fungus is
facultative of marine origin. The long standing definition of marine fungi by Kohlmeyer
has been continuously challenged, therefore fungi isolated from marine sediments have

largely been ignored or labelled as terrestrial [147]. Metabolomics tools have also been

29

URL; httaﬁ)://mc.manuscriptcentral.com/eodc Email: IEDC-peerreview@journals.tandf.co.uk

Information Classification: Géner:



oNOYTULT D WN =

Expert Opinion On Drug Discovery Page 30 of 78

exploited to scrutinize evidential hypothesis and such included measuring the
concentration of ergosterol, a secondary metabolite unique to fungal cell membranes,
which can be used as a biomarker for fungal growth [148,149]. Another study that
employed the metabolomics approach used LC-MS to quantify the concentration of 20-
residue peptaibols longibrachins and trichokonins in 7richoderma strains to determine
their active growth [150,151]. The review by Overy et al intensively analyzed their
stated objectives and used 150 references but neglected several other groups of fungi
such as specific yeast, chytrids, and basal group fungi thereby narrowing the reader’s
overview of marine fungi research as a whole. The article tried to address several
hypotheses that were frequently left unanswered due to the lack of comparative data

within this field [144].

3.3.2 Marine bacteria

It is not just fungi that are paving the road to drug discovery from NPs; bacteria such as
actinobacteria harbors biosynthetic properties to produce antimicrobial secondary
metabolites for new antibiotics [137]. There is an increasing need for the discovery of
new classes of antibiotics as well as utilizing innovative analytical platforms such as
metabolomics to achieve this goal. Around 70% of NPs currently in clinical use are
isolated from actinobacteria; this phylum represents a potential source for a plethora of
NPs with pharmaceutical applications [48]. Phylum Actinobacteria is one of the largest
within the bacteria domain. It encompasses 6 orders and 14 suborders [152], and 408
species included in the List of Prokaryotic Names with Standing in Nomenclature [153].
The sampling of marine sediment for new bacterial sources of novel NPs has led to the
discovery of Salinispora, a new genus of Actinomycetes [154]. Utilization of both

genomics and a chemical profiling workflow resulted in the structural elucidation of
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salinilactam A in Salinispora tropica [155] (Figure 5).

Streptomycetes species are known source of NPs [152]. Many antimicrobial
agents have been described to be biosynthesized by Streptomyces [156,157]. Since
2000, 22 new potential antibiotics have been reported from Streptomyces, while five
represented new compound classes and three of these new classes are NPs derived
[158]. Three of these new classes originate from NPs: the lipopeptide daptomycin
(Figure 5), the pleuromutilin retapamulin™, and the tiacumicin fidaxomicin™ [128]. In
fact, the genus Streptomyces has been the main source organism for the semi-synthesis
of antimicrobial products utilized by the pharmaceutical industry [159]. Due to the rapid
evolution of antimicrobial resistance in pathogenic microorganisms, the discovery of
new antimicrobial drugs is vitally important [160]. Historically, most research into the
secondary metabolites of Streptomycetes has concentrated on terrestrial bacteria but the
last decade has seen the focus shift to the untapped ecological niches of the marine
environment [160,161]. Sponges, being sessile by nature, rely on chemical means of
defense and provide a habitat for a plethora of microbial life. It has been reported that
37% of described MNPs were isolated from sponges. It has, however, been found that a
number of earlier reported NPs attributed to sponges are in fact biosynthesized by their
endosymbionts [162], many of which are Actinomycetes. Through the utilization of
metabolomics along with other omics tools, marine Actinomycetes have been explored
and profiled [163-167] while many new potential drugs [112,113,117,160,162,168-174]
and agrochemicals [175] have been recently described. For the purpose of this literature
appraisal, three research papers were selected and analyzed to assess the application of
metabolomics to current drug discovery programs, with a particular focus on novel
antibiotics isolated from marine Streptomyces. These papers present three different

combinations of bioassay and omics-guided approaches to drug discovery.

31

httaﬁ)://mc.manuscriptcentral.com/eodc Email: IEDC-peerreview@journals.tandf.co.uk



oNOYTULT D WN =

Information ClassiﬁcatimlTJ: I%Ii'enhe

Expert Opinion On Drug Discovery Page 32 of 78

3.4. Isolation strategies for biologically active natural products

3.4.1 Bioassay- and phylogenetic-guided isolation

From British Columbian waters, 186 Streptomyces isolates were obtained from
49 sediment samples collected from various depths (20-200 mm) and locations over a 2-
year period as well as inoculated in different media [176]. The isolates were tolerant of
salt concentrations of up to 3.5% but did not require salt to proliferate, indicating the
strains are not obligate marine species but could have been terrestrial species which
have adapted to the marine environment by being washed down as dormant spores. The
collected isolates of Streptomyces were screened for activity against six microorganisms
(methicillin-resistant Staphylococcus aureus strain ATCC 33591, Bacillus subtilis strain
H344, Escherichia coli strain UBC 8161, Pseudomonas aeruginosa strain ATCC
27853, Mycobacterium fortuitum strain ATCC 6842 and Candida albicans strain ATCC
90028) and 47 isolates showed bioactivity. Bio-assay guided selection and
phylogenetic study of the isolated strains facilitated further isolation work on prioritized
isolates but did not reveal detailed information on the biosynthetic potential of these
strains to produce unique NPs. Phylogenetic analyses of the isolates allowed rapid
comparison and identification of four most bioactive isolates with unique phenotypic
characteristics, which were selected for further chemical analyses and drug discovery
work. A bioassay-guided isolation and preparative HPLC workflow successfully
afforded two known (novobiocin and its desmethyldescarbamoyl congener) and four
new anti-MRSA novobiocin analogues: desmethylnovobiocin, 5-hydroxynovobiocin,
desmethyldescarbamoyl-5-hydroxynovobiocin, and desmethyl-5-hydroxynovobiocin
[176] (Figure 7). The isolated compounds were elucidated by high resolution ESIQIT-
MS (Electrospray Ionization Quadrupole Ion Trap-Mass Spectrometry) and NMR while

the known metabolites were dereplicated from Antibase, Sci-finder and MarinLit.
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Novobiocin was shown to target bacterial gyrase by inhibiting ATP hydrolysis, and
interacts with heat shock protein Hsp90, destabilizing Hsp90 chaperone proteins. It
showed strong activity against Gram positive bacteria and MRSA in combination with
rifampicin, but was withdrawn from the market after its licensing in the 1960’s due to a
poor toxicity profile, aqueous insolubility, and poor activity against multi-resistant

Gram negative infection [177].

Figure 7. Anti-MRSA active novobiocins

The dereplication study was only performed to a small subset of the
Streptomyces isolates at the end of the study allowing only a snapshot of a portion of the
genus. It is also important to account for the impact of horizontal gene transfer between
microorganisms. It is not uncommon for two microbes with 100% rRNA similarity to
synthesize different secondary metabolites, likewise it is known that microbes with very
different sequences can synthesize the same secondary metabolites [131]. Although
phylogenetics is a useful tool in organism identification and classification, the
application of metabolomics tools resolves these issues and allows differentiation
between microbes with a high level of genetic similarity, showing the complementary
nature of the two approaches. Although this study efficiently identified and isolated four
novel novobiocin compounds, the manner in which the strains were selected was a
simple process of elimination based on the activity of the strains sampled against a
small subset of microorganisms. The ability to predict the secondary metabolites that
will be synthesized by a microbe prior to large scale culture and bioassays may prove

invaluable in its ability to expedite the process of NP discovery.
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3.4.2 Metabolomics and genomics: the perfect pairing

Utilizing a genomics platform with a metabolomics approach not only revealed the
biosynthetic gene clusters coding for unidentified NPs but as well as validated their
production by the respective strains [160]. This combinatory approach was further
developed by inactivation of a biosynthetic gene cluster for a known antimicrobial
agent, allowing the identification of a NP which had previously been masked by the
effects of the inactivated gene cluster [162].

The genome of a strain of Streptomyces isolated from marine sediment from the
Trondheim Fjord in Norway has been sequenced and established to contain coding for
multiple of both known and undescribed NPs [160]. The initial genomic analysis
identified the strains’ biosynthetic potential to be comparable to other species within the
genus, having similar average number of biosynthetic gene clusters. The genomic
information predicted the production of a vast array of secondary metabolites in the
strain. The metabolomics tools utilized in this study perfectly complemented the
genomics-based approach that facilitated the isolation and identification of several of
the predicted secondary metabolites from the strain. The sediment sample was treated
with extremely high frequency radiation (EHF), which has been shown to promote the
growth of a number of rare actinomycetes. The antiSMASH search tool revealed 36
potential secondary metabolite biosynthetic gene clusters, accounting for 8.4% of the
chromosome, generally occurring in regions with low G&C content. Cluster 2 was
noted as similar to the cluster coding for coelibactin, a putative peptide implicated in
antibiotic regulation in Streptomyces coelicolor [178]. Five gene clusters contained
genes encoding for terpene biosynthesis, while another (cluster 23) encoded for a type |
polyketide synthase and a terpene synthase/cyclase. A number of unconfirmed

production of other secondary metabolites were also detected, one of which was
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presumed to govern the biosynthesis of a pyrrolopyrimidine nucleoside antibiotic. The
antimicrobial activities of the extracts were assessed against Bacillus subtilis ATCC
6633 and Pseudomonas putida KT 2440 using a disc diffusion assay. They were found
to be active against B. subtilis but not P. putida. This activity was then attributed to the
production of bisindole pyrrole antibiotics that included spiroindimicins B and C and
lynamicins A-E (Figure 8). A compound was identified with the expected absorption
spectra of a bisindole pyrrole, but with a mass not corresponding to any of the known
derivatives available from the database. This compound was found to be a mixture of
two previously undescribed compounds, which were then isolated and structurally
elucidated using NMR as spiroindimicins E and F. The mass disparity of 35Da from

spiroindimicin B was attributed to the absence of a chlorine atom.

Figure 8. Bisindole pyrrole antibiotics

Both genomics and metabolomics were utilized to provide information on both
the phenotype and genotype of a Streptomyces species (SMS) isolated from the marine
sponge, Haliclona simulans, off the coast of Ireland [162]. Partial 16s rRNA sequencing
showed 100% similarity between this strain and Streptomyces violascens strain XSD-
115, other strains of which have been reported to biosynthesize antibiotics including
actinomycin X, and actinomycin D [179], as well as a number of other Streptomyces
species. Extracts were screened for antimicrobial activity against Saccharomyces
cerevisidae, Kluyveromyces marxianus, Aspergillus fumigatus, Candida albicans,
Candida glabrita, Bacillus subtilis, Escherchia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa. SM8 was found to have activity against all but S. aureus and

E. coli while greatest activity was observed against C. albicans and B. subtilis. The
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initial screening of metabolites produced by SM8 was performed using metabolomics
tools. NMR and liquid chromatography-high resolution mass spectroscopy (LC-HRMS)
facilitated swift identification of the classes of compounds present in the metabolome.
2D NMR revealed information on the major components of SM8, while LC-HRMS,
which is more sensitive, detected metabolites in at ng to pug level concentrations
depending on the ability of the compounds to ionize in the respective modes. A search
on the Dictionary of NPs database provisionally identified metabolites already reported
as Streptomyces metabolites. Metabolomic techniques were also applied to compare
extracts from SMS to those of H. simulans to establish the presence of similar secondary
metabolites of interest between the host and the symbiont. Polyhydroxylated fatty acids
were dereplicated by MVA to be bioactive against fungi and gram-negative bacteria.
The majority of bioactive compounds identified by MVA were members of the
antimycin family (Figure 9). SM8 underwent genomic analysis resulting in a draft
genome sequence. Biosynthetic gene clusters for antimycin and candicidin (Figure 9)
were identified and confirmed by comparison to known polyene PKS clusters, and the
published gene cluster from Streptomyces albus sp. S4, respectively. This gene cluster
was inactivated in the mutant strain by deletion of antC, the integral gene for the
biosynthetic pathway of antimycin, to establish its contribution to the antimicrobial
activity of SM8. A 32-fold decrease in antimicrobial activity was observed for the
mutant strain compared to the wild type. LC-MSn analysis of extracts on the Orbitrap
revealed the presence of antimycins A1l-a in the wild type but no traces of any
antimycin congener in the mutant. Further compounds were isolated from a large scale
culture of SM8 in oatmeal media. Three butenolides were found in the antifungal
fractions, which may also have a regulatory role in antibiotic production [180] as earlier

described for avenolide (Figure 9), a butenolide biosynthesized by Streptomyces
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avermitilis [181].
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Figure 9. Examples of antibiotic compounds from sponge-derived Streptomyces.

The combined approach employing both genomics and metabolomics approach
15 allowed rapid identification of antimicrobial compounds in extracts of Streptomyces

17 species SM8 [162]. Metabolomic tools complemented the application of genomics
through identification of similar gene clusters for known antimicrobial agents.

2 Inactivation of the antimycin coding gene cluster quantified the contribution of the

24 respective secondary metabolites to the bioactivity of the extract and in parallel

26 identified the occurrence of the low-yielding antifungal butenolides, the bioactivity of
which may have been masked by the activity of the antimycins. Furthermore,

31 combining genomics with metabolomics served to effectively “shortlist” the compounds
33 responsible for a specific bioactivity, which warranted the importance of the strain for
scale-up.

38 Metabolomics has developed rapidly in terms of its application in natural

40 products research. Metabolomics afforded a “snap shot” of the metabolome and the
biosynthetic potential of an organism while genomics complementarily expands on this.
45 High quality data can be obtained and interpreted rapidly utilizing genome and

47 metabolome databases such as antiSMASH 3.0, which however, like any databases, will
49 have its limitation for dereplicating yet undescribed biosynthetic pathways in the
occurrence of secondary metabolites with novel chemistry. The ability to employ data
54 from one analytical techniques to interrogate and validate another investigative

56 approach serves to expand our understanding of a cellular process through the detected

metabolites as their end products. The ability of a metabolomics approach to model the

37
URL: htt

Information Classificatiol’ e.nem|<1)://mc.manuscrlptcentral.com/eodc Email: IEDC-peerreview@journals.tandf.co.uk



oNOYTULT D WN =

Expert Opinion On Drug Discovery Page 38 of 78

metabolic phenotype of an organism is of great use in the discovery of novel
pharmaceutical agents. Its integration with other omics-based approaches permits a
more accurate model of a complex biological system and could more completely depict
the biosynthetic potential of an organism. Genomic screening of biosynthetic gene
clusters of marine microorganisms that are difficult to mass cultivate prior to
metabolomics analysis would allow prediction of the occurrence of novel bioactive
secondary metabolites and eliminate strains with low biosynthetic potential from further

scale-up to save time and resources being wasted.

4 Conclusion

The fundamental concept of metabolite profiling that has been around for
thousands of years led to the founding of metabolomics, but its potential as an analytical
technique had only recently began to be acknowledged within the field of drug
discovery [35]. Each analytical technique has its limitations, however; it is common for
the most sensitive methods like mass spectrometry to be used as a hyphenated technique
to overcome such issues [72]. The use of NPs for the discovery of new potential
antibiotics and anticancer drugs has become increasingly evident in recent years due to
the discovery of several compounds with novel mechanisms of action and potent
bioactivity. However, to date metabolomics is still within its infancy as a means of
targeting NPs for drug discovery and is still often plagued with experimental difficulties
due to the handling of large datasets and the incomplete nature of metabolomic
databases. MV A such as PCA and OPLS-DA methods provide an essential means of
quick interpretation of complex dataset, therefore, creating significant implications
behind the metabolomics data. However, misunderstanding such methods can result in

misleading or false biological conclusions [182]. MNW is also an effective visualization
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and dereplication tool, allowing fast identification of known analogues and has allowed
simultaneous interpretation of several variables, although it does not directly provide a
chemical structure for respective analogues [73,101]. MVA and molecular networking
are complementary methods and aid the discovery of new antibiotics [73,117].
Metabolomics has been shown to be an effective means of discovering novel antibiotics
from NPs. Nevertheless, metabolomics has yet to achieve a firm position in the drug
development process, in part due to the lack of interest of the pharmaceutical industry in
antibiotics discovery [132]. Bioassay-guided isolation of bioactive metabolites is often
perceived as an inefficient conventional method to the more targeted metabolomics
approach.

The application of metabolomics to drug discovery can be biased for older
methodologies. For instance, because of the past success of the “golden era” of
antibiotic discovery. Unfortunately, the effectivity of antibiotics and anticancer drugs
had dwindled due to the ever-emerging multi-drug resistance. Bacterial infections are
not a third world or 20 century issue and require an urgent response. However, this
will not aid the imminent crisis we are facing, requiring the discovery of new and
innovative drugs as opposed to applying structural changes to current drugs. NPs may
be the means of achieving this goal. Metabolomics has shown great promise as an
efficient drug discovery protocol; however, it must be allowed to have a more
prominent position in this process to prove its effectiveness.

Metabolomics, and other “-omics” approaches, afford a holistic view in systems
biology. As metabolomics progresses as a scientific field in its own right, more and
more applications are coming to light within the drug discovery pipeline. The
application of untargeted metabolomics has been utilized to determine mechanisms of

action of antibiotics [183] and potential anticancer drugs [134] by targeting metabolic
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pathways. A metabolomics based approach has also found its relevance in probing the
evolution of multi-drug resistance [184]. As presented in this review, metabolomics has
been effective in the study and elucidation of disease models and phenotypes. Further
study into the metabolic impact of a diseased state may prove vital in target validation
processes. The efficient nature of a metabolomics-based approach, along with its high
information output could steer towards a plethora of potential candidates for drug
development and expedite the drug discovery process.

Obtaining information from a metabolomics data can be achieved by a range of
approaches, tools and methods. The main issue regarding data mining is that extraction
from datasets using various methods may alter data points, resulting in a different
statistical model. For different approaches, there could be large changes in the
occurrence of respective sets of the metabolome, necessitating a validation step prior to
conclusive interpretation. Data extraction errors have a massive impact on the outcome
of investigations. Such errors in the process increase the financial and temporal cost of a
drug discovery program [185].

Metabolomics tools have been applied, not only in targeted isolation work but,
in studying drug toxicology and disease pathology, which are employed in drug
discovery. The pharmaceutical industry has been pushing to broaden its application by
bringing new medicines to the market in a quicker and more cost-effective way.
Pharmaceutical companies aim to discover drugs which are efficacious and successful
but most importantly are going to save them money when the drug enters the clinical
trial phases. Currently, drug discovery and development also consists of gene analysis
and sequencing to identify genes correlated to a disease [186]. When a potential drug
lead is discovered, it has to pass through the R&D pipeline to reach final development.

Some drug leads successfully complete the final development pipeline only to fail in the
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concluding clinical trial due to unwanted toxicity. Metabolomics aims to bridge this
problem by offering a more cost-effective and practical way to discover potential new
drugs through the study of metabolic pathways. Target analysis quantitatively evaluates
the regulation of particular metabolites in a specific pathway [109]. Additionally, it
holds many advantages by considering the affected chemical changes at the cellular
basis and molecular level over the more conventional ways of drug discovery of
utilizing only the pharmacological data. There are numerous analytical techniques and
technologies employed in metabolomics which have aided in the breakthrough of
discovering new or existing drugs and NPs with new mechanism of action [134,187-
193]. A metabolomics based approach could amplify the presence of explicit
metabolites allowing targeting of pathways specific to the disease under probe [109].
Information on the target pathway could lessen toxicity failures occurring during late
clinical trials while more time and money could be spent wisely on creating a drug that
was specific to the disease. Likewise, by using metabolic fingerprinting, large numbers
of intracellular metabolites and new targets could be scanned that would otherwise have
been unidentified. Metabolome information could afford an overall picture of
physiological processes when a certain disease is active. All cellular processes,
including anabolism and catabolism, are accounted for which would allow for an
informative image to illustrate the particular metabolites and pathways targeted.
Another major advantage of metabolomics in drug discovery is the vast number of
metabolic samples and replicates that could be handled from many different sources or
batches.

There could be more than one preferred method used for metabolite
dereplication as well. The significant amount of data generated and to be interpreted has

been a challenge. Within the process, there are numerous analytical techniques
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accessible and often the choice relies on the main objective of the study. The effectivity
to quantify and identify the metabolites with adequate sensitivity and precision is highly
dependent on the choice of analytical method and instrumentation. High-end
instrumentation cost is the disadvantage of a metabolomics approach. The high
equipment and maintenance costs are a problem and often require specialized technical
skills to operate. However, metabolomics had demonstrated an increased efficiency of
NPs research for drug discovery. With important advances in analytical technologies,
and target validation, the metabolomics approach can identify and quantify larger
amounts of metabolites that can produce faster, more sensitive and reliable data.
Unrelenting advancements in metabolomics technologies will undoubtedly achieve

greater results both in NPs research but also in the drug discovery.

5 Expert Opinion

Metabolomics has become an indispensable analytical tool to aid the drug discovery
process although it remains to be utilised effectively by NP drug discovery programs.
Due to high instrumentation cost of metabolomics, it is still perceived as a relatively
new field of research being effectively only used as an analytical approach since the
1970s [35,80]. The discovery of penicillin by Sir Alexander Fleming in 1928 ushered in
a “golden era” of antibiotic discovery between the years of 1942 and 1972. Most of
these were discovered, not with the aid of metabolomics [194] but by serendipity and
bioassay-guided isolation work. In bioassay-guided fractionation, crude organic extracts
were then subjected to repeated chromatographic isolation with each purification step
being supported by a bioassay to follow the bioactivity of the target metabolite until its
purest form is isolated [195]. The structural composition of the target metabolite was

then determined with high-resolution MS and NMR. However, if no dereplication study
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was done prior to the isolation work, the isolated purified compound could be a known
metabolite. In the presence of low yielding potent secondary metabolites, the isolated
compound could also be either the active or an inactive constituent particularly when
monitoring was only followed by single detection by UV [116]. Nonetheless, bioassay-
guided fractionation has brought about the discovery of significantly vital
pharmaceuticals, such as taxol (paclitaxel), camptothecin, and vinblastine [196] (Figure

10).

Figure 10. Plant-derived anticancer drugs isolated bioassay-guided fractionation

The marine-derived drug called trabectedin® (yondelis®), also known as ecteinascidin-
743 (ET-743) was developed by PharmaMar by semi-synthesis from safracin B (Figure
11), an antibiotic obtained by fermentation of the bacterium Pseudomonas fluorescens
[197]. Trabectedin® was granted orphan designation (EU/3/01/039) by the European
Commission on 30 May 2001 for the treatment of soft tissue sarcoma [198,199]. It was
first isolated from the marine tunicate Ecteinascidia turbinata which belonged to a
family of a Caribbean Sea squirt. The initial accounts of its antitumor effects on P388
murine leukemia cells were reported in 1969 against various cancer cell lines. It was
only in 1990 that Kenneth L. Rinehart isolated and elucidated six further compounds
called ecteinascidins (ET-729, ET-729A, ET-743, ET-745, ET-759B AND ET-770)
[200]. Through bioassay-guided fractionation, Rinehart was able to discern the most
abundant constituent ET-743 and was later licensed to PharmaMar for further research
and development. ET-743, now marketed as yondelis®, was the first anticancer marine-
derived drug that has been authorized by the European Commission for the treatment of

patients with advanced soft tissue sarcoma in 2007, then approved by the EMA in 2008
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and later by the FDA in 2015 for the treatment of advanced or metastatic soft tissue
sarcoma. Bioassay-guided isolation in drug discovery did not require any expensive
high-resolution equipment in the initial stages of the isolation work or any complex
statistical algorithm to process generated spectral data. However, it took 20 years to
isolate and elucidate the compound after the first positive results on anticancer activity
was reported. The question still remains as to whether this 20-year time-frame could

have been decreased with the use of a metabolomics approach?

Figure 11. Structures of safacin B and ecteinascidin 743 also known as yondelis® or

trabectedin®

Bioassays determine the potency of NPs by assessing and comparing the level of
response of test samples with known standards under specific conditions either in vivo
or in vitro. Bioassays can be biochemical or cell-based. A biochemical assays examines
a particular bioactivity without any interference from other cellular processes. Cell-
based assays are dependent on the ability of the sample constituents to either passively
or actively pass through a permeable cell membrane while any interactions with other
cellular constituents were taken into account [201]. Bioassay results anticipated the
discovery of bioactive metabolites for specific pharmacological applications. Clinical
trials are largely based on bioassays of drugs compared to their clinical effects given at
a range of different doses [202]. By taking advantage of new bioassays along with new
chromatographic separation and elucidation methods (NMR and MS), bioassay-guided
isolation has been an effective tool in drug discovery programs allowing greater access
on chemical diversity of the NPs. Bioassay-guided fractionation workflow tolerated

handling large quantities of an entire series of structurally derived compounds to
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establish structural activity relationships [203]. A major issue regarding the use of
bioassay-guided isolation is when testing a sample to determine its minimum inhibition
concentration (MIC) or ICsy or ECs. Quantifying the bioactivity is a process that is long
and often requiring over three weeks to validate the results. This may add problems for
a traditional bioassay-guided fractionation work program as it is common for such a
project to be ran for only two to three months during an intensive screening campaign.
The purification of identified compounds of interest may not be possible within this
period. Therefore, bioassay-guided isolation is often regarded as too slow for a two-year
funded project [203].

Despite the fact that many drugs have been discovered through bioassay-guided
fractionation, there are several disadvantages to the process. The procedure usually
favors the purification of more dominant peaks in a fraction detected by a particular
spectroscopic technique, often resulting to missing the low yielding potent metabolites.
A metabolomics approach has the ability to pinpoint the bioactive metabolite even at pug
levels in the extract or in a fraction [116]. Additionally, during fractionation, as the
volume of fractions decreases, this increases the risk of not isolating the bioactive
component(s) as it becomes more difficult to work with mg levels of fractions [196].

In summary, there is the need to utilize both bioassay-guided isolation techniques as
well as employing a targeted metabolomics approach. The important goal of identifying
bioactive compounds without multiple bioassay-guided isolation steps is still very
apparent. By doing this, the effectiveness and revenue of a NP discovery program can
be improved and more drugs could be brought to the R&D pipeline [196]. By using a
targeted metabolomics approach, multivariate statistical modelling coupled with
bioassay tests can efficiently reveal the bioactive compounds from a complex chemical

profile and accelerate the process of drug development.
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Compared to a metabolomics-based approach, bioassay-guided isolation of the
bioactive metabolites involves more assay steps, requiring higher gram levels of
fraction material to end up with sufficient yield of purified compounds that could be
subjected for structural elucidation work and toxicity assays. With the metabolomics
approach, the target bioactive metabolite is already pinpointed during the bioassay on
the first fractionation stage rendering subsequent bioassays unnecessary [112-
116,137,162,204-206]. Due to the ability of a metabolomics approach to categorize and
rule out flawed drug candidates earlier in the workflow, this reduces the time taken to
identify new natural products with the potential to be submitted to the R&D pipeline
[133]. A metabolomics-guided isolation process requires less steps, as only the fractions
containing the active metabolites would move on to further isolation work, reducing
expenditure on solvents when compared to repeated untargeted chromatographic
separation, which also requires the testing of larger numbers of samples. However,

inactive fractions could still be revisited for structure-activity relationship studies.
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Table 1. Application and limitations of different types of mass analysers commonly used as metabolomics tools. [74]

Type of Analyser Applications and Advantages Limitations
Quadrupole e Offers higher sensitivity for lower limits of e Lower and poorer resolution attained
detection and quantification e Fragmentation dependent on collision gas
e Provides good fragmentation of larger molecules and energy
like peptides and polysaccharides
Ion trap e Quite compact in construction e Poor quantification capability
e With high sensitivity e Very poor dynamic range
e Suitable for structure clarification, target e Not well-defined collision energy
molecules can be fragmented several times in
tandem or multi-staged mass spectrometry
(MSn)
e Excellent in reaction monitoring and target
screening
Time of flight e Wide spectrum of applications that can be e Flight time is longer for higher masses

coupled with various ionization techniques
Excellent high resolution data achieved for small
to medium-sized molecules

Separates ions according to their masses, lower
masses exhibit shorter flight time

Method of choice for Matrix-Assisted Laser
Desorption lonization (MALDI), which is widely
used for imaging

causing lower resolution
Limited precursor-ion selectivity

Fourier transform ion
cyclotron resonance

High resolution mass spectral data is o
exceptionally precise achieving < Sppm accuracy e
Excellent tandem MS capability o

Usually coupled to electrospray ionization (ESI) e

Limited dynamic range

Presence of artifacts

Expensive

Demanding facility requirements
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46
47
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1 Table 2. Applications and limitations of most commonly used hyphenated techniques [76-78].

2 Hyphenated Application Limitations

3 Techniques

4 CE-MS e The versatility of the CE can be used for the separation of e Poor and inadequate reproducibility when tackling large

5 almost all molecules particularly for biofluids; amounts of samples, which makes it unsuitable as a

6 e Used for separating ionised compounds that would move metabolomics tool.

/ at distinct speeds at a certain applied voltage depending e Highly dependent on ionisation capability of the analytes

2 on the size and charge of the respective molecules

10 e Used for purity determination, assays, and trace level

11 determinations.

12 e Hyphenation of CE with MS is suitable because of the

13 low flow rates (10—100 pL/min) required in CE.

14 GC-MS-EI More structural information based on the interpretation of e Only for compounds that are adequately volatile, small, and
15 reproducible fragmentations that can be compared with stable in high temperature

16 library spectra. e Can be useful for larger molecules through chemical

17 derivatization but can lead to increase complexity from

18 incomplete reactions

19 GC-MS-TOF Confirmation of purity and identity of the components by Only for compounds that are adequately volatile, small, and

;? measuripg exact mass and establishing elemental stable in high temperature

22 composition

23 LC-MS-ESIVAPCI ~ One of the most sensitive and highly selective methods of e  Soft ionization techniques that mainly display the molecular
24 LC-MS-MS/MS molecular analysis, and provides information on the ion species with only a few fragment ions

25 molecular weight as well as the fragmentation pattern of the e Detection is highly dependent on the ionisation capability of
26 analyte molecule for tandem MS/MS the respective analytes on different mass analysers that offers
27 varying degree of mass accuracy and resolution

28 LC-IR Identification of organic compounds by utilizing the many e IR is much less sensitive compared to various other detection
29 absorption bands at the mid-IR region that are characteristic methods such as UV and MS

30 of particular functionalities, e.g., -OH, -COOH e Extremely slow because of the huge mid-IR region of the 237
31 absorption bands of the mobile phase solvent often obscure the
32 small signal generated by the sample components

:i LC-NMR Provides the most useful structural information toward the =~ NMR is probably the least sensitive.

35 structure elucidation of natural products, which is of great The NMR spectrometer is not able to handle the intense solvent
36 value in the analysis of complex mixtures of all types, not signals and the weak signals of the analyte at the same time

37 only in the analysis of natural products but as well as drug-

38 related metabolites in biofluids.

39 LC-PDA-MS Have proved to be extremely useful in combination with Detection of the analytes under UV and UV-vis range is

40 biological screening for a rapid survey of natural products dependent on the presence of chromophores

41

42

43

44
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Table 3. Advantages and disadvantages of various chromatographic separation techniques grouped according to their separation

principles. [74,77-79]

Type of separation principle

Chromatographic
method

Advantages and uses

Disadvantages and limitations

A) Separation is based on the
volatility of the various analytes
according to a temperature
gradient ranging usually between
120 and 360 degrees Celsius.

Gas chromatography
(GO)

e Precise, robust and widely applicable
Analyte does not have to contain a
chromophore

e Environmentally friendly — low levels
of waste produced

e Automation

e Usually coupled to Electron Impact
Mass spectrometry (EIMS) that offers
a huge library of mass spectral data for
a broad spectrum of compounds

Only thermally stable and
volatile compounds can be
analyzed

More suitable for non-polar
compounds

Samples sometimes require
chemical derivatisation prior to
analysis

Requires an internal standard due
to variable injection volume

B) By capillary action based on the Thin layer e Rapid, easy to follow, requiring e Quantification needs expensive
affinity of the solute to the chromatography (TLC) minimum training, cheap and instrumentation (e.g.
stationary phase and its partition uncomplicated instrumentation densitometer), which depends on
coefficient with the mobile phase e Qualitative visualization of separated the absorbance capability of an
metabolites analyte that is usually more
e Quick dereplication of metabolites in suitable for chromophores
comparison to a reference standard e Use of a universal chemical
e Reaction monitoring in synthetic spray reagent for detection is
chemistry destructive
C) Adsorption and partition based ~ Flash and/or Medium e  High-throughput separation of e Uses large volumes of solvents
on the difference in affinity of =~ pressure liquid complex mixtures at higher loading with flow rates between 10 to
various metabolites or analytes  chromatography gram level concentrations 100ml/min
between stationary phase and (MPLC) e Non-destructive for metabolites
the mobile phase High performance liquid e Non-destructive e Expensive set-up
chromatography e Low sample volume required e Solvent waste
(HPLC) e Quantitative analysis e Sensitivity highly dependent on

the type of detector used.
Irreversible solute adsorption

Ultra performance liquid
chromatography
(UPLC)

Shorter time of analysis, higher
sensitivity, higher resolution and
separation efficiency, and lower
solvent volumes

e (Quantitative analysis of low volume of
samples (e.g. biofluids)

Expensive set-up
Higher risk of irreversible solute
adsorption
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Highly suitable for mass spectrometry

hyphenated systems

Hydrophilic interaction

Separation of polar components (e.g.

Poor reproducibility due to slow

chromatography amino sugars, nucleotides) equilibration
(HILIC)
Superecritical fluid e Separation of complex mixtures or e Metabolites must be thermally
chromatography (SFC) extracts stable
e Separation of compounds of low to e Not recommended for higher
medium molecular weights or small molecular weight compounds >
molecules 1000 Da
e No solvent waste because it utilizes
CO, as mobile phase under pressurized
condition
e Recommended for high-throughput
industrial scale-up isolation work
D) Liquid-Liquid partitioning of Countercurrent e Good separation between lipophilic e Choice of appropriate suitable
analytes between two immiscible ~ chromatography (CCC) and hydrophilic analytes solvent-system is decisive, not
solvents. The stationary phase is e Used in medium scale-up isolation straight-forward and can be
retained by centrifugal force. High-speed work due to high loading capacity with laborious
countercurrent lesser solvent waste. e Emulsification can be a problem
chromatography e 100% recovery of analytes e Not for thermo-labile compounds
(HSCCC) e pH adjustment is not required
e Shorter purification time
e Does not require expensive columns
E) Adsorption based on size Gel permeation e Set-up is quick, cheap, and simple e Very expensive resin solid
exclusion or molecular sizes chromatography e 100% recovery of metabolites phases
(usually known as LH20 ¢ Reusable resin solid phases e Cannot be used for purification
or SEPHADEX . of closely related structural and

according to the type of
resin used)

Separation of primary metabolites from
large biomolecules like proteins and

polysaccharides

stereoisomers

F) Based on different rate of
migration through an electric
field

Capillary
electrophoresis (CE)

Capillary isoelectric
focusing (CIEF)

Widely used in chiral separation and

amphoteric compounds such as
proteins. Low volume of samples

required therefore can be used for trace
analysis of toxins in biofluids and

immunoassays
Low volume of solvents used

Sensitivity and resolution limit
Metabolites or analytes can be
easily degraded

Applicable only to compounds
that amphoteric or are easy to
ionize

Not useful for chiral compounds
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Figure 1. Potential antibiotics against MRSA
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Figure 2. Antibiotic compounds obtained from marine-derived Streptomyces species strain PTY08712
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Figure 3. Marine-derived anticancer drugs currently in clinical trials.
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Figure 4, Timeline of the introduction of new antibiotic classes from 1935 — 2003 [136].
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Figure 5. Bioactive compounds from marine-derived microbes
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Figure 6. Plinablin and KPU-300 from the marine-derived fungal metabolite halimide
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Figure 7. Anti-MRSA active novobiocins
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novobiocin: R=H, R'= -C(O)NH,, R"= Me
desmethyldescarbamoylnovobiocin: R=H, R'=H, R"= H
desmethylnovobiocin: R=H, R'= -C(O)NH,, R"= H
5-hydroxynovobiocin: R=0OH, R'= -C(O)NH,, R"= Me
desmethyldescarbamoyl-5-hydroxynovobiocin: R=0OH, R'=H, R"=H
desmethyl-5-hydroxynovobiocin : R=0H, R'= -C(O)NH,, R"= H
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Figure 8. Bisindole pyrrole antibiotics
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spiroindimicin B: R= ClI, R'= CI, R"= Me
spiroindimicin C: R=CI, R'= Cl, R"= H

spiroindimicin E: R= CI, R'= H, R"= Me
spiroindimicin F: R= H, R'= CI, R"= Me

lynamicin A: R4, R4, Rg = H; R, = COOMe; R3, Rg = ClI
lynamicin B: Ry, Rg = H; R, = COOMe; R3, Ry, Rs = Cl
lynamicin C: Ry, Ry = H; R3, Ry, Rs, Rg = Cl

lynamicin D: R4, Rg = H; Ry, R, = COOMe; R3, R = Cl
lynamicin E: R3, R4, Rg = H; Ry, R, = COOMe; Rs = Cl
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Figure 9. Examples of antibiotic compounds from sponge-derived Streptomyces.
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Figure 10. Plant-derived anticancer drugs isolated bioassay-guided fractionation
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Figure 11. Structures of safracin B and ecteinascidin 743 also known as yondelis or trabectedin
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