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ABSTRACT

Spectroscopic techniques are employed in analytical chemistry, biological analysis, and medicine. As
technology has advanced, they have also been incorporated into other methods of analysis and
estimation, such as elemental analysis, chromatography, and other identification tools. Microbes like
cyanobacteria, the ancient oxygen-evolving photoautotrophs, have the ability to synthesize a wide
variety of secondary metabolites and natural chemicals, according to advances in genome sequencing.
When a secondary metabolite is produced in significant amounts, traditional structural elucidation and
isolation procedures are reliable and effective; nevertheless, innovative methods are required for tiny
quantities. High-performance liquid chromatography (HPLC), Fourier transform infrared spectroscopy
(FTIR), electrospray ionization mass spectrometry (ESI-MS), Raman spectroscopy, and nuclear
magnetic resonance spectroscopy (NMR) are the main methods used to investigate microbial and herbal
secondary metabolites. Pre-separation of the metabolic components is necessary for MS and can be
accomplished using analytical methods like GC or LC. Although specialized methods such arrayed
electrochemical detection and FTIR have been employed in a number of situations, they also have
distinct drawbacks. These days, metabolite identification from cell extracts or materials is typically done
using HPLC and MS. For both pure chemicals and complicated combinations, NMR spectroscopy
provides comprehensive information on molecular structure. Spectroscopy can identify these
multifunctional molecules by providing additional information from the experimental data obtained for
the characterization of secondary metabolites. Several recent developments in the characterization of
microbial secondary metabolites using a variety of spectroscopic techniques, including UV-VIS
spectroscopy, ESI-MS, FTIR, Raman spectroscopy, and NMR, are summarized in this work.

List of Abbreviations

HPLC: High-performance liquid chromatography
MS: Liquid chromatography/mass spectrometry
ESI-MS: Electrospray ionization mass spectrometry
FTIR: Fourier transform infrared spectroscopy

RT: Retention time
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MALDI: Matrix-assisted laser desorption/ionisation

NMR: Nuclear magnetic resonance spectroscopy

INTRODUCTION

Through the application of chemometric techniques to foliar optical data, spectroscopy has recently
emerged as an efficient way for precisely characterizing leaf biochemistry in living tissue; nevertheless,
this approach has not been widely applied for plant secondary metabolites. The targeted metabolome
technique, which may be utilized to offer thorough and simultaneous systematic profiling of metabolite
levels in biofluids and tissues, allows for the quantification of limited collections of metabolites.
Metabolites found in bodily fluids were mostly examined using NMR and MS prior to the introduction
of various "omics" technologies, and multivariate statistics were used to interpret these complicated data
sets. Pre-separation of metabolic components is necessary for MS, and this can be accomplished using
analytical methods like GC/LC or its more sophisticated version, ultrahigh pressure LC
(UPLC).Although specialized methods like FTIR and arrayed electrochemical detection have been
employed in a number of situations, their application is constrained by the lack of precise molecular
identification. These days, metabolite identification from cell extracts or materials is typically done
using HPLC and MS. For both pure compounds and complex mixtures, NMR spectroscopy provides
comprehensive information on molecular structure. However, metabolite molecular dynamics and
mobility can also be investigated by interpreting NMR spin-relaxation durations and calculating
molecular diffusion coefficients.

The most primitive group of Gram-negative photosynthetic oxygen-evolving prokaryotes are microbes
like cyanobacteria, which most likely first appeared on Earth during the Precambrian era (between 2.8
and 3.5 billion years ago) when the ozone shield was absent (Tomitani et al. 2006), providing an
oxygenic environment for the evolution of existing life forms (Fischer 2008). Due to their critical
function in the photoprotection of microbial cells, microbial secondary metabolites including
scytonemins and mycosporine-like amino acids (MAAs) are well-known UV-screening substances
(Rastogi et al. 2010a). Tyrosine and tryptophan derivatives are likely involved in the formation of the
pharmacologically significant secondary metabolite scytonemin (Proteau et al. 1993), and the gene
cluster that produces scytonemin has been identified in certain cyanobacterial lineages (Balskus et al.
2011; Balskus and Walsh 2008, 2009; Sorrels et al. 2009; Soule et al. 2007, 2009). While secondary
bioactive compounds from microbes have been analyzed using a variety of analytical techniques,
secondary metabolites like MAAs (Whitehead and Hedges 2002) and scytonemin (Squier et al. 2004)
have been extensively analyzed using high-performance liquid chromatography (HPLC) and mass
spectrometry (MS). Both the lipid and carotenoid alterations in isolated thylakoid membranes were
monitored using chemical techniques and membrane dynamics characterization in order to disclose the
structural characteristics. Noninvasive Fourier transform infrared (FTIR) spectroscopy was employed
for the latter. Lipid structural order has been effectively studied using FTIR spectroscopy in both
biological membranes (Moore & Mendelsohn 1994; Moore et al. 1995) and models (Mantsch &
McElhaney 1991; Mendelsohn & Senak 1993).

In this regard, the lipid fatty-acyl chains' veymCH2 band has primarily been utilized. More disordered
lipid fatty-acyl chains in the membranes are linked to its shift toward higher frequencies. They have
demonstrated that this band may be broken down into two components that correspond to either the
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ordered (trans) or disordered (gauche) segments of the fatty-acyl chains (Kota et al. 1999). By using this
method to comprehend the membrane dynamics of Synechocystis PCC 6803 and its mutant strains that
lack lipid desaturation, they have demonstrated that the cells work to maintain a standard degree of
membrane dynamics at various growth temperatures (Szalontai et al. 2000). A novel tryptophan-
containing microcystin congener from Microcystis CAWBG11, MC-WA, was discovered by researchers
(Puddick et al. 2013).

It was also observed that a microcystin with a structure resembling that of MC-WA but with an extra
mass of 32 Da was present (MC-1014). Using liquid chromatrography-tandem mass spectrometry (LC-
MS/MS), two more tryptophan-containing microcystins from Microcystis CAWBG11 were identified.
Nuclear magnetic resonance (NMR) spectroscopic examination of the previously mentioned MC-1014
showed that it was a novel microcystin that contained the tryptophan oxidation product, Nfk. This
validates the speculative identification of seven more microcystin analogs with the oxidized tryptophan
residues Nfk, Oia, and Kyn by LC-MS/MS. In addition to investigating the nature of gloeocapsin and
other photoprotective pigments found in cyanobacteria and lichens, such as scytonemin, parietin,
chlorophyll, and carotenoids, which can be detected with Raman spectroscopy, research offers Raman
microspectroscopy and chemical mapping of living cyanobacteria.

Studies have concentrated on endoliths and epiliths subjected to water scarcity, extreme temperature and
salinity fluctuations, and direct solar radiation (Ercegovic™ 1932; Jaag 1945; Golubic 1967a, 1967b;
Hoffmann 1986). Because Raman microspectroscopy is non-destructive and only requires a tiny sample
size, its usage in biochemical and biological studies has grown (Edwards et al. 2004, 2005; Marshall et
al. 2007; Bowden et al. 2010). Nevertheless, there aren't many publications on the direct use of Raman
microspectroscopy in relation to UV radiation on cyanobacteria. Researchers have used Raman
microspectroscopy to simultaneously evaluate the variation of antioxidant small molecules in a desert
cyanobacterium Nostoc sp. in order to examine how and when the antioxidant molecules are expressed
by UVB radiation in cyanobacteria.

An excellent foundation for the detection of this crucial bioindicator of extant or extinct life on the
surface or subsurface of Mars is the identification of distinctive and characteristic Raman spectroscopic
signatures of scytonemin in the presence of related molecular features arising from other bioorganics
like trehalose, carotenoids, and chlorophyll (Edwards et al. 2013). Together with chlorophyll molecules,
carotenoids-a unique family of more than 400 conjugated polyenes with Cs modified and
unsubstituted/unsaturated carbon-carbon chains-are in charge of absorbing radiation, mostly in the
visible portion of the electromagnetic spectrum (Hemley and Kohler 1977; Sufra et al. 1977; Hladik et al.
1982; Siefermann-Harms 1985; Schafer et al. 2005). Three distinctive bands are seen in the Raman spectra
profile of these kinds of polyunsaturated chains at particular wavenumbers in the range of 1600 to 1000
cmL. These bands provide conclusive information for the Raman spectroscopy characterization of those
pigments (Withnall et al. 2003; de Oliveira et al. 2010, 2011; Samek et al. 2011; Castiglioni et al. 2011).

CHARACTERIZATION OF MICROBIAL SECONDARY METABOLITES HPLC AND ESI-MS

A Shimadzu high performance liquid chromatography (HPLC) system with a photodiode array (PDA)
detector (SPD-M10A VP), an Inertsil® ODS-3 RP-18 column (5 um, 250 x 4 mm), and a guard (Inertsil
ODS-3, 5 um, 4.0 x 10 mm) is used to further analyze the partially purified secondary metabolites like
MAAs and scytonemin. For scytonemin, the mobile phase consisted of solvent A (ultra-pure water) and
solvent B (acetonitrile—-methanol-tetrahydrofuran, 75:15:10, v/v). The elution was carried out at a flow
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rate of 1.5 mL min. 0-15 minutes of linear rise from 10% solvent A to 100% solvent B and 15-30
minutes at 100% solvent B were used in the 30-minute gradient elution protocol.
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Figure 1: HPLC equipment consists of a pump, injector, column, detector, integrator, or acquisition and
display system, as depicted in the schematic diagram above. The column where separation takes place is
the central component of the system

The PDA scan wavelength ranged from 200 to 800 nm, while the detection wavelength was 380 nm. A
series of trichromatic equations were used to measure the scytonemin concentration (Garcia-Pichel &
Castenholz, 1991). The fraction containing pure scytonemin or its reduced counterpart (reduced
scytonemin) was gathered and lyophilized (Sentry 2.0, VirTis, SP Scientific) after scytonemin
absorption spectra were directly recorded every second on the HPLC separated peaks.
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Figure 2: Schematic representation of the electrospray ionization process

Electrospray ionization mass spectrometry (ESI-MS) was used to further characterize the pure
Iyophilized scytonemin. With a scan range of m/z 200-700, the MS analysis was carried out in the
positive electrospray ionization (ESI) mode. As previously mentioned, the pigment was identified using
its mass and UV/Vis spectra (Squier et al. 2004).
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FTIR SPECTROSCOPY

Membrane suspensions were resuspended in a D>0O-based 10 mM TES-NaOH pD 7.0 buffer after being
centrifuged at 75,000 rpm for 20 minutes at 4°C in a Beckman TL100 centrifuge. (The movement of 0.4
units between pH and pD was considered.) This membrane suspension was positioned between CaF»
windows, which were divided by an alumina spacer that was 25 mm thick. A Philips (Cambridge, UK)
PU9800 FTIR spectrometer with a spectrum resolution of 2 cm™ was used for the FTIR observations.
128 interferograms were gathered for every background and sample spectra.
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Figure 3: Schematic diagram about basics of FTIR

In order to perform temperature scans, the following measurement cycle was repeated: recording the
sample and background spectra, waiting seven minutes, recording the sample and background spectra
once more, setting a new temperature, and waiting seven minutes for the new thermal equilibrium to be
formed. The results from the two spectra taken at the same temperature were averaged throughout the
measurement evaluation. A water-thermostated sample holder was used to raise the temperature in steps
of 2-3°C. The entire measuring cycle was managed by a computer. The temperature setting was more
accurate than 0.5°C. SPSERV software (Cs. Bagyinka, Szeged, Hungary) was used to analyze the data.
A linear baseline was removed from the spectra in the 2800-3050 cm™ range prior to data analysis.
There was no additional data modification (resolution enhancement, smoothing, etc.). Lorentzian
component bands were used to fit the C-H stretching area of the spectrum utilizing two components for
the fit of the .symCH2 band, as previously reported (Kolta et al. 1999). The algorithm first freely
optimized all of the component parameters (frequency, bandwidth, and intensity). The frequency and
bandwidth of the stiff component were set for the temperature scan analysis that followed; the specifics
are described in the text. The component band frequency determination was more accurate than 0.1 cm
(Vakonyi et al. 2002).

FTIR MEASUREMENTS IN THE PROTEIN CONFORMATION OF THE OXYGEN-EVOLVING
CENTER IN CYANOBACTERIAL PHOTOSYSTEM 11

PSII complexes (equivalent to 100 pg of chlorophyll) were suspended in a buffer containing 10 mM
MES-NaOH (pH 6.0), 5 mM NacCl, and either 5 or 100 mM CacCl in the presence of 30 mM potassium
ferrocyanide and 20 mM potassium ferricyanide at a chlorophyll concentration of 0.05 mg mL™'. The
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complexes precipitated at 170009 for 15 minutes in the presence of 10% PEG6000. The final pellet was
placed between two 25 mm-diameter CaF. plates. In order to preserve the non-heme iron in its reduced
form, ferricyanide functions as an external electron acceptor and keeps the medium'’s redox potential
relatively low (Noguchi and Inoue 1995). One of the CaF> plates features a circular groove with an inner
diameter of 14 mm and a width of 1 mm. Silicone grease was applied to the outside of the groove to seal
the sample cell. An aluminum foil piece of approximately 1 mm by 1 mm and 15 pm in thickness was
positioned as a spacer in the cell's exterior. Cold water was circulated in a copper holder to get the
sample temperature down to 10 °C. Before the spectra were taken, the sample was stabilized at this
temperature in the dark for more than two hours. A Bruker IFS-66/S spectrophotometer fitted with an
MCT detector (InfraRed D313-L) with 4 cm™! resolution was used to acquire flash-induced S2/S1 FTIR
difference spectra. A Q-switched Nd:YAG laser (Quanta-Ray GCR-130; 532 nm, ~7 ns full width at
half-maximum) with a power of ~7 mJ pulse™* cm™ at the sample point was used to illuminate flashes.
To synchronize all centers to the S1 state, decrease the preoxidized non-heme iron to Fe?*, and oxidize
YD, the sample was exposed to two preflashes (1 Hz) and dark relaxation. Twice prior to and once
following the illumination of a single flash, a single-beam spectrum (10 s scans) was captured. For
samples (control, *PsbO, *PsbO/V, and *PsbO/V/U) in the presence of 5 and 100 mM CaCly,
respectively, the measurement was repeated 80 times with a dark interval of 10 and 12.5 minutes. A dark
interval of 2.5 minutes was used for samples where all extrinsic proteins were depleted and only PsbV
was restored due to significantly shorter relaxation times (15-25 s compared to 70-110 s in the control
sample). An S2/S1 FTIR difference spectrum as after-minus-before illumination was computed using
the averaged spectra. A baseline and a noise level are represented by the difference spectrum between
the two spectra prior to illumination. To verify the intended composition of the extrinsic proteins in the
PSII core complexes, PSII samples were taken out of the CaF. plates and submitted to SDS-PAGE
following FTIR observations. Igor Pro (WaveMetrics Inc.) was used for spectral fitting. The fitting in
the 1450-1350 cm™! region (symmetric COO— stretching vibrations) determined the variables used to
normalize the spectra of treated PSII samples to those of untreated PSII (Uno et al. 2013). By deducting
the normalized spectra from the spectrum of the untreated PSII, double-difference spectra were
computed.

UV- VIS SPECTROSCOPY

A UV/Vis spectrophotometer (U-2910, 2J1-0012, Hitachi, Tokyo, Japan) was used to conduct
spectroscopic examination for scytonemin and MAAs between 200 and 800 nm. Peaks were examined
using the manufacturer's software after the raw data was moved to a microcomputer.
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Figure 4: Schematic representation of UV-VIS spectrophotometry

NMR SPECTROSCOPY

For nuclear magnetic resonance (NMR) investigation, purified substances are dissolved in deuterium
oxide (Cambridge Isotope Laboratories). A Bruker Avance 111 600 MHz spectrometer with a cryogenic
probe (operating at 600 MHz for 1H and 150 MHz for *C) locked to the deuterium signal is used to
record one-dimensional (proton) and two-dimensional (correlation spectroscopy [COSY], heteronuclear
multiple quantum correlation [HMQC], heteronuclear multiple-bond correlation [HMBC]) NMR spectra
(Katoch et al. 2019).
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Figure 5: Simplified diagram of Nuclear Magnetic Resonance

Purple compound 1 (CsoH3sN20s by HRFABMS) showed two tertiary methyl groups resonating as
singlets at approximately 2.95 and 3.15, a methine singlet at approximately 4.65, a typical AB system
for a para substituted phenol with a hydroxyl proton at approximately 9.23, and signals for one
disubstituted indole ring and an NH proton at approximately 12.12. A carbonyl signal at about 203.0, a
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methine at approximately 85.3, a quaternary carbon at approximately 84.5, and two methoxy signals at
approximately 52.4 and 56.6 were all visible in the 3C NMR spectrum. An olefinic quaternary carbon
signal at around 157.1 was detected among the aromatic carbons, suggesting a phenol function. The
molecule's structural assignment was determined by 2D-NMR analysis. We were able to connect the
para-substituted phenol to the CH-9 with a methoxy starting with the long-range correlations of H-11/H-
15. HMBC correlations of H-9 with C-2, C-3 carrying O-CH3-17, C-3a, and C-10 were used to
construct a second spin system. Long-range associations between H3-17 and C-3 and C-9 were
observed. The long-range correlations found for H-4 with C-3a, C-4a, C-8a, and C-8b as well as the
COSY and HMBC correlations of H-5 to H-8 established the disubstituted indole ring. The two dimeric
units were connected by the remaining two quaternary carbons, C-1 and C-1¢. By examining molecular
models, the geometry of the tetra substituted olefin in 1 was predicted to be E, and MM; computation
verified that it was the lower isomer (Bultel-Ponce et al. 2003).

RAMAN SPECTROSCOPY

A Renishaw via Raman spectrometer connected to a Leic DM 2500 confocal microscope and an Ar-ion
50mW monochromatic 514.5 nm laser source was used for the Raman investigations. Laser excitation
was focused through 50x (numerical aperture = 0.83) and 100x (numerical aperture = 0.74) objectives
after being adjusted to an on sample intensity of maximum approximately 2mW (measured with a
Coherent Laser Check analyzer). Acquisitions were made using an air-cooled (-70°C) 1024x256 pixel
CCD array detector and a grating with 1800 grooves/mm. A spectral detection range of 2000 cm™ was
made possible by this technique. Every day, a Si-Al microprocessor chip with a distinctive Si Raman
band at 520.5 cm™ was used for beam centering and Raman spectra calibration. Wire 4.1 software was
used to modify spectra. Static recording mode (fixed at 1150 cm™) was used for point and static line-
scanning analytical measurements. The type and distribution of UV-protecting pigments were also
identified using a high-resolution dynamic line-scanning Raman mapping technique (Renishaw HR
Stream Line mode). The resulting map (4958 acquisitions) is a real hyperspectral mapping. The area
covered by these photos is 96.2 x 87.1 Im (1.3 um step). The measurement took 461 seconds in total.
Fig. 6 displays Raman mapping pictures created at each sample point using the "intensity at point"
mapping tool. The "through fixed point™ fitting technique has been used to baseline correct the spectra.
The chemical map is created without the use of interpolation modes (Jean-Yves Storme et al. 2015). The
Pasteur suite on the upcoming ESA/IKI Roscomos ExoMars 2018 mission has recently embraced
Raman spectroscopy as a first-pass analysis method to look for evidence of current or former life on
Mars (Edwards et al. 2012). The ability of the Raman technique to distinguish non-destructively
between bioorganic molecules and their inorganic host matrices (Edwards 2010) without requiring
separation and treatment procedures will be the basis for an initial assessment of the planet's potential
biohazards for human exploration. An excellent foundation for the detection of this crucial bioindicator
of extant or extinct life on the surface or subsurface of Mars is the identification of distinctive and
characteristic Raman spectroscopic signatures of scytonemin in the presence of related molecular
features arising from other bioorganics like trehalose, carotenoids, and chlorophyll (Edwards et al.
2013).
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Figure 6: Block diagram of the UV stand-off Raman prototype developed by INO (Forest et al. 2012)

In this regard, the molecular modeling work and density functional theory (DFT) calculations of
Varnali et al. (Varnali et al. 2009; Varnali and Edwards 2014) have been crucial in the interpretation of
the experimental Raman spectral data, allowing for the dissection of the modes that make up the
observed data signatures. A Raman spectrum's quality can be affected by a number of circumstances,
which can make diagnostic interpretation challenging, particularly when comparing with a database and
in the presence of possibly interfering biological components. The laser wavelength, wavenumber range,
and spectral resolution are particularly crucial factors (Jorge-Villar and Edwards 2006).

RAMAN SPECTROSCOPIC PROTOCOL FOR THE PROPOSED STRUCTURES OF IRON
COMPLEXES

A comparison of the predicted Raman spectrum with that observed experimentally for the parent
scytonemin (Edwards et al. 2000) and an analysis of the theoretical data from density functional theory
(DFT) calculations on the most stable energetically favored iron-scytonemin complex structure in Table
1 reveals that, although some aromatic phenyl skeletal modes show slight wavenumber changes, as
might be expected for a rigid and highly conjugated aromatic ring substructure, the iron atom's 16—2
coordination has caused a significant structural change in the co-relationship between the two halves of
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the dimeric molecule, which now shows a marked asymmetry when compared to the parent scytonemin.
As a result, new Raman bands predicted at 1767 and 1754 cm™!, which appear to originate from
decoupled carbonyl modes, have replaced the bands experimentally observed in scytonemin at 1656 and
1710 cm™!, which were assigned to C=C and C=0 modes, as confirmed by the DFT computational
analysis. In contrast, the iron-scytonemin complex retains the unsaturated aromatic ring C=C mode in
the parent scytonemin at 1605 cm™!, which is attributed to the phenol ring C=C mode related to vinyl
stretching at 1607 and 1605 cm ™.

Table 1. Predicted major Raman bands (cm™) for iron complexes of scytonemin and its methoxy-derivatives

(most active bands are bold).

scytonemin (cm™) | dimethoxyscytonemin | Tetramethoxyscytonemin | two irons (cm™)
(cm™) one iron (cm™)
3595, 3579 3635, 3614 3621 3536, 3526
— 3486, 3450 3468, 3451 3357, 3354
3075, 3042 3107, 3089 3103, 3075 3102, 3099
3035 3044 — 3090, 3086
— 2944, 3067 2943, 3063 2959, 2953
— 2898 2897 2919
1767,1754 1761 1751 —
1607, 1605 1607 — —
1591 1585 1584 1593
1557 1558 1552 1572, 1567
1547 — — 1540
— 1538, 1527 1525 —
1497, 1489 — — —
1475, 1470 1469, 1467 1467 1478
— 1456 1450 —
— 1444 — 1434, 1421
1431, 1425 1416, 1411 1412 1415, 1404
1380, 1370, 1338 1387, 1377, 1364, | 1383, 1360 —
1357
1348, 1338, 1335, | 1335,1312 1327
1321
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— 1289 — 1297
1277 1263 — —
1176 1185, 1168, 1146 1198, 1173 —
— 1130, 1105 1142 1119
1075 1076 1074 1081
1064, 1061 — 1047 1054

The iron complex still has a second weak band at 1557 cm™!, which is attributed to the stretching
of the sequence C»,=C:1—C2=Cs3 between the two halves of the molecule, which is now in the cis
conformation. The experimentally observed most active band of scytonemin at 1590 cm™!, which was
theoretically assigned to the trans double bond (C.=C1—C2,=Cg3), vinyl stretching, and coupled aromatic
quadrant modes. In the iron—scytonemin complex, the aromatic ring C=C and C—N linked mode at 1525
cm™! in scytonemin is now considerably displaced to 1547 cm™!. The iron complex now exhibits strong
C-O bands at around 1497 and 1489 cm™!, which originate from the previously described decoupled CO
modes. Theoretically, the conversion of parent scytonemin to an iron-scytonemin complex is expected to
have little effect on other vibrational modes. For example, the bands at 1375 and 1384 cm™' in
scytonemin are found at 1370 and 1380 cm™! in the complex, as are the bands at 1323, 1283, and 1245
cm™!, which are now also found at 1338 and 1277 cm™! with a doublet feature at 1231/1249 cm™!. In
scytonemin, the doublet at 1102 and 1090 cm™!' now occurs at 1100 and 1075 cm™'. It is anticipated that
the complex's bands at 1075 and 1176 cm™! will be highly active. There are now additional bands at 978,
913, and 748 cm™! instead of 984, 889, 835, and 754 cm™!. The Raman spectra of the parent scytonemin
and its iron complex differ rather noticeably, which may serve as the foundation for their distinction,
even though some of these wavenumber differences are expected to be negligible. For the
scytonemin/iron-scytonemin complex, lower frequency modes like 677/689, 565/560, 539/535,
500/497, 450/435, and 274/280 cm™' are also expected to have a number of commonalities. In
conclusion, the complexation of iron(l11) with its location across the two extreme aromatic ring systems
of scytonemin has theoretically produced a new structure that should be detectable experimentally in the
Raman spectrum. This could allow for the experimental detection of the spectral signatures of a
scytonemin—iron complex produced by extremophilic cyanobacterial colonies in iron-rich geological
environments. According to the theoretical study, the key spectral wavenumber region, 1400-1800 cm ™!,
where several of the major differences appear for discriminatory purposes, must be the focus of the
predicted Raman spectroscopic differentiation between the parent scytonemin and a potential iron-
scytonemin complex that could be formed by cyanobacterial colonization in iron-rich geological
scenarios. Specifically, the identification of this complexation will depend on the replacement of the
important scytonemin characteristics at 1710 and 1656 by the novel doublets resulting from the
structurally decoupled carbonyls at 1767 and 1754 cm™! and 1497, 1489 cm™!. The presence of iron-
scytonemin complexation in future experimentally recorded spectra would also be supported by
confirmation from the shifted parent scytonemin band at 1525-1547 cm™!. The single OH and NH bands
each become two bands for the complex, according to a thorough comparison of the data for the
methoxy derivatives and their iron complexes. Because one of the carbonyls is involved in the
complexing to the iron, the two carbonyl bands found in the methoxy derivatives (1710, 1729 cm™! for
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dimethoxy and 1721, 1733 cm™! for tetramethoxy) now appear at higher wavenumbers as just one band
in the complexes (1761 cm™' for dimethoxy and 1751 cm™! for tetramethoxy). There is no discernible
carbonyl band in the diiron complex if both carbonyl groups are involved in complexation. For the iron-
dimethoxyscytonemin complex, the 1626 cm™! band assigned to vinyl stretching becomes a band at
1607 cm™!; for the one iron complex, the 1603 cm™' band becomes the 1584 cm™! band; and for the
diiron complex, it becomes the 1593, 1572, and 1567 cm™' bands. Dimethoxyscytonemin's 1547 cm™!
band (1550 cm™! for tetramethoxyscytonemin) splits into two bands at 1538 and 1527 cm™! (1552 and
1525 cm™! for tetramethoxyscytonemin) for the one iron complex and at 1552 and 1540 cm™! for the
diiron complex. For the dimethoxy, tetramethoxyscytonemin one iron complex, and diiron complex, the
1474 cm™' band changes to 1469 cm™', 1467 cm™!, and 1478 cm™!, respectively. Even though the
computational study revealed some significant vibrational properties that could be verified by
experimental Raman spectroscopy, the complex vibrations that occur below 1400 cm™' cannot be
attributed to individual idealized group motions due to significant mode coupling.
Dimethoxyscytonemin's complex exhibits bands at 1387, 1377, 1364, 1357, 1335, and 1321 cm™!, while
its weak bands at 1338 and 1348 cm™! get stronger. Along with other bands at 1383, 1362, 1357, 1320,
and 1312 cm™!, tetramethoxyscytonemin's 1336 cm™! band becomes stronger and appears at 1335 cm™..
The feature at 1327 cm™! is the only active band for the combination with two iron atoms in this region.
Since potential key molecules that could be produced by organisms in highly stressed environments
have been identified but have not yet been observed experimentally in terrestrial Mars analogue
scenarios, the theoretical analyses and predictions made in this paper have direct relevance to the
upcoming ExoMars 2018 mission and subsequent missions to Mars. Before more destructive
experimental techniques are planned, bio-signatures must be identified from a Raman database in order
to conduct remote instrumental analytical interrogation of the Martian planetary surface and subsurface
(Edwards 2010). Therefore, it is crucial that a variety of potential biosignatures be gathered on land
(Vitek et al. 2012; Edwards et al. 2012). In order to make it easier to identify them in the biomolecular
and mineral mixtures that are commonly found in biogeological matrices, predictions of the spectral
activity of as-yet-undetermined Raman biosignature wavenumbers are crucial.

CONCLUSION

Microbial secondary metabolites are attractive targets in biotechnology and biomedical research
because they have potential uses in industry, agriculture, and pharmaceuticals. Metabolomics
complements transcriptomics, proteomics, and genomes at the metabolite level. Metabolomic analyses
are the level most directly associated with the physiology of an organism, organ, or cell as compared to
proteomics and transcriptomics. Comprehensive and standardized metabolite examinations of
complicated biological materials are made possible by analytical methods like HPLC, ESI-MS, FTIR,
MALDI-TOF, and NMR. Because of the metabolome's complex composition, which includes a wide
range of quantities of highly different chemical compounds, it is extremely difficult to identify and
quantify all cellular metabolites using the fragmentation pattern using MS. Therefore, current
metabolome research is focused on improving analytical technology, experimental protocols, and data
interpretation.
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