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The dermacozines and light: a novel phenazine
semiquinone radical based photocatalytic system
from the deepest oceanic trench of the Earthy
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Dermacozines, the secondary metabolites of the Mariana Trench sediment bacterium Dermacoccus
abyssi MT1.17, were studied using cyclic voltammetry (CV), electron paramagnetic resonance (EPR), fur-
thermore literature and own experimental UV-Vis spectroscopic data. With those measurements, we
determined experimentally the positions of the HOMO, which shifts towards more positive potentials, and
the constant LUMO on the standard hydrogen electrode scale, while the HOMO-LUMO gap gets deeper,
respectively. The HOMO energies of dermacozines experimentally were proven to be water oxidising. EPR
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spectroscopy demonstrated the formation of semiquinone radicals in the case of dermacozines E and O
upon irradiation with visible light corresponding to the absorption maxima (AM) of the chromophores.
Our findings suggest that the dermacozines may assist the strain by maintaining redox homeostasis

rsc.li/obc through its respiratory chain.

anoxic conditions this process is supported by phenazines and
is shown to assist the survival of Pseudomonas aeruginosa by

1. Introduction
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The piezotolerant and halotolerant actinobacteria Dermacoccus
abyssi MT1.1" and MT1.2 were isolated from sediments orig-
inating from the deepest part of the Earth, the Challenger
Deep, Mariana Trench, at 10898 m depth.' These strains
produce novel phenazine secondary metabolites: dermaco-
zines A-G, dermacozines H-J, and dermacozines M-P [Fig. 1,
ref. 2-5 and ESI S1t]. The in vivo function of these compounds
is unknown, but it has been suggested that due to their range
of UV-Vis absorbances, structural properties and radical
scavenging activity they may participate in electron shuttling
reactions.”” Reports on phenazines participating in reducing
matter (e.g., 0,/0, ", Fe**/Fe**, Ag*/Ag) are widespread in the
literature.®® The electrons for these reduction processes in
heterotrophic bacteria originate from the Entner-Doudoroff
pathway and the Szent-Gyorgyi-Krebs cycle.

Energy stored as NADH produced in these processes is
released by oxidation back to NAD'. Under microaerobic/
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maintaining redox homeostasis."® In Phellinus noxious mito-
chondria the role of PCA, the simplest carboxylated phenazine
derivative, seems to be supported by its inductive effect on the
gene expression of the cytochrome a enzyme complex,
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Fig. 1 Dermacozine structures, and their electron-withdrawing and
electron-donating substituents (EWG and EDG).2™>
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increased reactive oxygen species (ROS) production, and the
hyperpolarisation of the mitochondrial membrane potential
(A%,,)."" PCA and other phenazine derivatives reportedly can
have an impact on the mitochondrial function.'*'* These find-
ings from the related literature overall indicate participation of
PCA in an electron exchange reaction between the respiratory
chain (ETC) components and the terminal electron acceptor
(0,) as an electron shuttle while reactive oxygen species (ROS)
are produced. Phenazine-methosulphate (PMS) has been
described as one of the most effective electron acceptors
among the tested materials in the reaction from succinate to
fumarate in the presence of soluble succinate dehydrogenases
(SDHs) from a variety of sources.'*> SDH is the only enzyme
complex (complex II) directly connecting the Szent-Gyorgyi-
Krebs cycle to the respiratory chain in a way that it catalyses
the oxidation of succinate to fumarate, where the electrons
originating from succinate reduce ubiquinone (UQ) to ubiqui-
nol (UQH,). In the next step of the ETC these electrons would
be conducted to cytochrome ¢ (complex III). Furthermore, PMS
was reported to be capable of accepting electrons from other
ETC components downstream from complex IL'* In rapid-
freeze EPR studies PMS could re-oxidise all the detectable
paramagnetic Fe-S 1 and HiPIP (high potential cluster) Fe-S
centre species of complex (II) even at 0 °C within <6 ms."® Our
group recently sequenced the whole genome of Dermacoccus
abyssi MT1.1T and found SDH to be expressed in multiple
copies.” In the study of Park et al. Actinobacillus succinogenes
was capable of utilising reduced neutral red (NR), a synthetic
phenazine, as the sole electron source to reduce fumarate to
succinate.'® Harrington et al. demonstrated in an Escherichia
coli bioelectrochemical system that reduced NR oxidation
occurs through the menaquinone pool in the inner bacterial
membrane.'” Since all phenazines are known to be redox
active compounds, the structurally closely related dermaco-
zines likely possess similar properties, capable of electron
shuttling between the bacterial ETC and terminal electron
acceptors. In this article we investigate their physicochemical
behaviour especially focusing on their redox activity.

2. Results and discussion

2.1. The dermacozine HOMO-LUMO gap energies and
dermacozine radicals

Dermacozines are colourful molecules [ESI S2f]. The experi-
mental HOMO-LUMO gaps, as estimated from the absorption
maxima in the visible absorption spectra of the isolated der-
macozines in ethanol, are between 3.4 eV and 1.7 eV [ESI S3
and 41]. Dermacoccus abyssi MT1.1" and 1.2 create these com-
pounds via the shikimic acid pathway. In this process the elec-
tronic core phenazine structure is modified by the bacterium
suggestive of compounds with differing redox properties.>™ To
investigate this, we recorded CVs of test compounds isolated
from the medium of Dermacoccus abyssi MT1.1" (dermacozines
B, E, F, O, P and phenazine-1-carboxylic acid (PCA)) in a suit-
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Table 1 Experimental anodic and cathodic potentials and electroche-

mically derived HOMO-LUMO gaps of dermacozines B, E, F, O and PCA
in Volt + SE (RE: Ag, acetonitrile, 0.1 M NaClO,)

Electrochemically

Cathodic Anodic derived HOMO-
potential [V] potential [V] LUMO gap [V]
Dermacozine B —0.85 £ 0.05 +1.27 + 0.02 2.12 + 0.05
Dermacozine E —0.89 £ 0.02 +1.01 + 0.02 1.91 £ 0.03
Dermacozine F —0.83 £0.02 +1.17 £ 0.01 2.00 = 0.02
Dermacozine O —0.88 £ 0.01 +0.88 + 0.00 1.76 £ 0.01
PCA —0.96 £ 0.02 +1.29 + 0.03 2.25+0.03

able electrolyte (0.1 M NaClO, in acetonitrile) [ESI S5-101 and
Table 1].

The first redox process in the negative-going potential
sweep (cathodic &;,,) must correspond to injection of one elec-
tron into the LUMO of the compound, and therefore reflects
the position of the LUMO. Similarly, the first redox process in
the positive-going potential sweep (anodic &;,) must corres-
pond to removing one electron from the HOMO of the com-
pound, and therefore reflects the position of the HOMO. The
separation between them must hence correspond to the
HOMO-LUMO gap in eV. The CV of dermacozine B shows a
clear reduction shoulder visible around —0.9 + 0.1 V. A
shoulder around +1.3 + 0.0 V can also be observed in the expo-
nentially growing current at the positive potential limit which
signals the decomposition of the solvent. This would yield an
electrochemically derived HOMO-LUMO gap of 2.1 + 0.1 V
[ESI S5, S11t and Table 1]. These processes lack the corres-
ponding counter peaks, implying that the radical cation and
anion that result from the oxidation and reduction, respect-
ively, undergo fast subsequent reaction(s). In fact, upon
cycling new peaks appear in the central region of the CVs, the
intensity of which decreases with increasing scan rates. The
cathodic and anodic peaks and the resultant electrochemically
derived HOMO-LUMO gaps are similarly identifiable on the
CVs of dermacozines E, F, O and PCA, respectively, as demon-
strated in Table 1.

Dermacozine P’s anodic and cathodic peaks overlap too
much with the decomposition of the solvent, and therefore
they were disregarded in subsequent calculations [ESI S107].

A plot of the electrochemically derived gap of the isolated
dermacozines vs. the corresponding maximum in the UV-vis
absorption spectra is linear with R* = 0.92 (p = 0.01). Therefore,
CV provides evidence that the redox order of dermacozines deter-
mined by UV-Vis spectroscopy”™ is correct [ESI S3, S4 and S12a,
S12b¥]. A linear correlation [ESI S13a and S13bt] is also obtained
when the optically determined HOMO-LUMO gaps of dermaco-
zine B, E, F, O and PCA are plotted against the anodic ¢;,, in the
corresponding CV. No significant correlation was found, however,
between the optically determined HOMO-LUMO gaps and the
cathodic &), in the CVs of these dermacozines (i.e., E;ymo = cOn-
stant) [ESI S14a and S14bt]. This allowed us to conclude that the
LUMOs must be approximately at the same energy, and that the
increase in the HOMO-LUMO gaps is due to the HOMO gradu-
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ally shifting to deeper energies (i.e., more positive potentials)
[Fig. 2]. Based on the constant LUMO energies, the arithmetic
mean of the measured cathodic potentials was considered + ME
[ESI S117].

The anodic &, + ME values of those other known dermaco-
zines, for which we could not obtain CVs (dermacozines A, C, D,
G, H, I, J, M, and N were not isolated), were approximated by
interpolation using the found linear relationship and the value of
the band gap obtained by optical measurements and the
measured anodic potentials + SE [ please see ESI S11 and S137].

The potential difference between the Ag pseudo-reference
electrode and the standard hydrogen electrode (III) was calcu-
lated based on the potential difference detailed in (I) and (II)
as follows:

Ag/AgCl (3 MKClyqy,) || Ag (0.1 MNaClOsacn) €= +0.162V
(D
Pt (1MH'/H, (1atm)) || Ag/AgCl (3 MKCl,qu.) )
& =4+0.197V
Pt (1MH"/H, (1atm)) || Ag (0.1 M NaClOg4 ocn) )
I

& >~ 4+35mV + Ep .

The Ag/AgCl (3 M KCl,q,) electrode potential experi-
mentally turned out to be +0.162 + 0.003 V more positive than
that of the Ag wire in 0.1 M NaClO, acetonitrile. With this
value the calculated anodic and cathodic potentials were
attempted to be translated to the standard hydrogen electrode
[ESI S117]. This implies, based on our experimental data, that
the Ag wire in acetonitrile is approx. 35 mV more positive than
the H'/H, couple under standard conditions (ey; = e — &)).
Fourmond et al. estimated the H'/H, couple to be —70 mV

[ ]Electrochemically Derived HOMO-LUMO Gaps
Electrochemically Derived Position of the HOMO
_||=Electrochemically Derived Position of the LUMO

0,5 1

0,0

Potential vs. Ag [V]

0,5
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17 1!9 21 22 24 27 279 3?0 3!1 3!4
AM in the Visible Absorption Spectrum [eV]

Fig. 2 The positions of the HOMO and LUMO of the isolated dermaco-
zines on the Ag quasi-reference electrode scale were obtained from the
corresponding cyclic voltammograms in 0.1 M NaClO,4 in acetonitrile.
These data points were plotted against the absorption maxima of the
visible absorption spectra of the dermacozines in ethanol. The grey
shaded area corresponds to the HOMO-LUMO energy gaps resulting
from the electrochemical experiments.
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compared to the Fc®/Fc" equilibrium potential in acetonitrile,
which approximates the H'/H, couple to be 33 mV more nega-
tive in acetonitrile than the Ag/AgClO, electrode.'®'® Even
though in our experiments an Ag pseudo-reference electrode
was immersed in acetonitrile, our value is reasonably in agree-
ment with the literature. Although, as the main theoretical
limitation of our study, we must note that there is still a con-
siderable uncertainty with regards to the absolute value of the
e5oN. The above approximated value of efSy shows 0.1-0.2 V
difference versus the calculated values reported by Fawcett.>°

De la Cruz et al. also reported that in DFT modelled studies
the predicted redox potential shifts in the case of a parent phe-
nazine as an analyte, between solvent systems having a higher
dielectric constant than &, > 20 (e.g., acetonitrile and water),
are within approximately ~0.1 V and a similar trend is
expected for other phenazine derivatives as well.”!
Furthermore, the N-alkylated phenazines are oxidised and
reduced involving 1 ¢7/1 H" steps in their redox reactions.**?
Taking these literature data and the liquid-junction potential
[E.;. in (III), and ESI S117] into consideration, not only the
electrochemically derived HOMO-LUMO gaps of dermacozines
but the absolute values of their anodic and cathodic potentials
need to be reasonably in good agreement with the absolute
SHE scale to our approximated potential values of dermaco-
zines versus SHE.

Dermacozines with electron-withdrawing substituents
(EWG) possess larger HOMO-LUMO gaps (PCA and dermaco-
zines A, B, C, D, H, I, ], P), whereas dermacozines with elec-
tron-donating functionalities (EDG) (dermacozines E, F, G, M,
N and O) have shallower gaps [ESI S1, 3, 41 and Fig. 1]. The
resultant interpolated anodic potentials vs. SHE are in keeping
with the previously published experimental data — based on
DPPH’" radical scavenging assays — that dermacozines with
larger optical HOMO-LUMO gaps: dermacozines C, H, J, I, B,
A, and D can act as antioxidants, in this order, with dermaco-
zine C possessing the highest antioxidant activity. Structures
of the type represented by E, F, and G (Fig. 1) do not partici-
pate in that particular radical scavenging activity. This experi-
mental fact serves as independent evidence for the validity of
our experimental data detailed in this paper.*?

The wide range visible AMs obtained in our and previous
studies with dermacozines have stimulated our interest,
whether an excitation process in the visible electromagnetic
spectrum (EM) could provide activation energy and could
make these compounds oxidised/reduced.> Therefore, we
irradiated PCA, dermacozines E, P and O through a coloured
filter corresponding to their AM in the visible EM spectrum.
The resultant EPR signals detected in the case of dermacozines
E and O provided evidence for the existence of their related
semiquinone paramagnetic species [Fig. 3, 4 and ESI S15-177].
Dermacozines P and B were only soluble in acetonitrile or
methanol but not in chloroform. As a consequence, the EPR
spectrometer could not be tuned to visualise whether their
corresponding semiquinone radicals form or not. In the case
of dermacozine F we had insufficient amount of material left
after the CV experiments.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) EPR spectrum obtained upon irradiation of dermacozine O in
chloroform at 550 + 50 nm. The blue dashed line is simulated with para-
meters described in the text. (b) UV-Vis spectra of dermacozine O in
chloroform before (blue) and after (red) irradiation at 550 + 50 nm (inlet:
dermacozine O neutral semiquinone radical).
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Fig. 4 (a) EPR spectrum obtained during irradiation of dermacozine E
in chloroform at 550 + 50 nm. The blue dashed line is simulated with
parameters described in the text. (b) UV-Vis spectra of dermacozine E in
chloroform before (blue) and after (red) irradiation at 550 + 50 nm (inlet:
dermacozine E neutral semiquinone radical).

In the case of dermacozine O a stable radical was detected
when its chloroform solution was irradiated at 550 + 50 nm.
Fig. 3(a) shows the EPR signal obtained, and Fig. 3(b) shows
the comparison of the UV-Vis spectra of dermacozine O before
and after irradiation at 550 + 50 nm. Irradiation caused a
colour change from blue to light blue [ESI S15 and 17-197].
The EPR signal obtained from dermacozine O comprises at
least 13 lines with an average splitting of ~0.4 mT. The signal
was satisfactorily simulated using parameters adapted from
those reported by Catallo et al for the methyl phenazine
radical.>* These authors generated the neutral methyl phena-
zine radical by electrochemical reduction of phenazine metho-
sulphate in aqueous media to form the protonated cation
radical followed by extraction of the deprotonated neutral
radical into toluene.

The 14-line hyperfine structure observed for the methyl
phenazine radical was attributed to coupling to 2 inequivalent
"N nuclei (0.70 and 0.43 mT), 3 methyl protons (0.47 mT),
and 2 sets of 4 equivalent protons on the two adjacent aro-
matic rings (0.36 mT and 0.065 mT). In the dermacozine O
radical there are only 2 adjacent apical protons. The simulated
spectrum in Fig. 3(a) used the following parameters: "*N 0.625
and 0.450 mT, 3 methyl protons 0.39 mT, and 2 adjacent
apical aromatic protons 0.27 mT. Any coupling from the
remaining adjacent aromatic protons was too small to be

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

resolved within the simulated line width of 0.23 mT. The der-
macozine O radical once formed was stable at room tempera-
ture and on exposure to atmospheric oxygen. When a 5 pL
water aliquot was added to ~100 pL chloroform dermacozine
O solution the AUC approximately doubled suggesting a reac-
tion between the exciton in chloroform solution and water.
However, further irradiation after addition of water caused
immediate loss of the EPR signal [ESI S157].

A similar EPR signal was obtained when dermacozine E was
irradiated with a 550 + 50 nm light filter [ESI S161 and Fig. 4].
However, the radical produced in this case was unstable to
further irradiation and was totally lost after ~1 hour of
irradiation. The spectrum shown in Fig. 4(a) was recorded
after 30 minutes of irradiation; the apparent asymmetry of the
signal reflects its partial loss during the scan.

Simulation of the signal of dermacozine E could be
achieved with slightly smaller **N coupling constants (0.605
and 0.405 mT) but with the same proton coupling constants as
for the dermacozine O radical i.e., this is also the neutral semi-
quinone radical. The sample initially changed colour from
blue to green but after further irradiation it turned orange [ESI
S16, S20 and 21}]. Fig. 4(b) shows the comparison of the
UV-Vis spectrum of dermacozine E in chloroform before and
after irradiation. The appearance of an intense band beyond
1000 nm could be completely reversed by subsequent addition
of methanol to the solution, which fully restored the blue
colour and the absorption spectrum of dermacozine E. LC-
(HR)-ESI-MS” (MF = C»3H;6N,03) and UV-Vis spectroscopy con-
firmed that dermacozine E is responsible for the appearance
of the blue colour [ESI S22 and 237]. No chlorine abundance
pattern was revealed in the MS spectra, which excluded the
possibility of the radical reacting with chloroform [ESI
S23-257].

The appearance of a near-infrared absorption band in the
spectrum of N-ethyl-phenazine on cooling below room temp-
erature has been attributed to the formation of dimeric species
in Birkofer and Hausser results.>>*® We speculate that the
“instability” of the dermacozine E semiquinone radical is due
to the dimerization of the paramagnetic compound, while
reaction with methanol restores the original dermacozine E
molecule. Birkofer and Hausser reported dimer formation of
the N-ethyl-phenazine radical when the solution of the N-ethyl-
phenazine radical was cooled to 80 K. Since in the case of der-
macozine E it happens at 298 K, the dimerization energy of the
dermacozine E semiquinone radical must have overcome the
kT thermal disorder [ESI S20-247]. The experimental fact that
dimerization does not happen in the case of dermacozine O
can be explained plausibly by its deprotonated state in non-
acidified chloroform solvent by being a strong acid,® and there-
fore the stronger Coulomb repulsion between the deproto-
nated carboxylate functionalities exceeds the dimerization
tendency.

The dermacozine E radical does not form without visible
light irradiation and in the absence of water. In meticulously
dried samples the EPR signal cannot be detected in the case of
dermacozine E even following excitation with its AM. But by
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adding around 5 pL of water aliquot to the same sample while
being irradiated through a 550 + 50 nm filter, the experiment
will result in the formation of the dermacozine E semiquinone
paramagnetic species. It proves that visible light illumination
with a specific activation energy makes these compounds para-
magnetic via an excitation process. Furthermore, it also gives
some indication that there is a redox reaction between water
and the dermacozine E exciton in chloroform solvent. The O,/
H,O couple redox potential at pH 7 is +0.81 V. If the dermaco-
zine E redox reaction with water was not proton coupled, this
value will always be more negative at pH 7 than the dermaco-
zine E (g, = +1.0 £ 0.01V).. and O oxidation potential
(€0x = +0.9 £ 0.01V)cqe, Since dermacozine E and O EPR
spectra have shown that the N-10 nitrogen atoms in their struc-
tures are not protonated and their radicals are neutral (Fig. 3
and 4), it is likely that their redox potential is independent of
pH (as opposed to the reduced structures with anodic poten-
tials more positive than ~+1.2 V. 90-99% of these compounds
get protonated under pH values lower than their pK,) [ESI
S11t]. The anodic potentials of the dermacozines with an oxi-
dised type of phenazine skeleton (N, O, M, G, E, F) are all non-
pH dependent based on high structural similarity to dermaco-
zines E and O [Fig. 2, ESI S1} and ref. 2, 4, 5]. Therefore, upon
the &" hole formation following visible EM excitation, they
should be able to oxidise water at pH 7. This would provide a
plausible explanation for our EPR experimental observations
with water following excitation as detailed above.

Oxidation of water likely will result in ROS production. The
bacterium possesses catalase, superoxide-dismutase (SOD),
thioredoxin-disulphide reductase, thioredoxin, peroxiredoxin,
NAD(P)H-quinone oxidoreductase, arsenate reductase, alkyl
hydroperoxide reductase, glutathione S-transferase and glutar-
edoxin enzymes and as such should be capable of handling
higher hydrogen-peroxide and ROS levels, while diatomic O, is
produced.” Diatomic oxygen production would be useful for
the bacterium under microaerobic/anaerobic conditions such
as the mud at the depth of the hadal zone. H,O, production in
nature is primarily photochemical, and therefore, its nano-
molar concentration under the continental shell - up until
solar photons are abundant - is not explained.”” In the deep
oceans the production rate of H,0, is ~0.8-9 pM h™* and the
most likely source is bacterial metabolism.>” Dermacoccus
abyssi MT 1.17 and MT 1.2 potentially belong to those species
capable of producing H,0, at that depth. In the Mariana
Trench the oxygen concentration was reported to be
3.07-4.42 mL L™".*® In the mud at the bottom the oxygen con-
centration is likely considerably less.

Since the energy levels of the LUMO orbitals of dermaco-
zines are constant, whilst their HOMO energies are stepwise
increasing/decreasing (Fig. 2) - considering that Kenichi
Fukui’s frontier orbital theory can be applied to radical reac-
tions - it is possible that they can shuttle electrons between
each other.®® In principle, based on our SHE referenced
electrochemistry data [ESI S117], the oxidation reactions can
even be coupled to the ETC of the bacterium itself.
Dermacozine N, with the least positive predicted oxidation
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potential isolated to date (e, = +0.8 & 0.01V (SHE)cyc. in
acetonitrile), is more positive than the benzoquinone/hydro-
quinone redox couple in the same solvent system with refer-
ence to SHE.? Franco et al. concluded that phenazines play a
pivotal role in electron transport between the ETC and term-
inal oxidases, mainly through NADH dehydrogenases; they
also noted that phenazines cannot replace oxygen respiration
in biomass formation.*! Sinha et al. described that NADPH
alone or in conjuncture with cytP,s, reductase in the presence
of 1-OH-phenazine increased the level of ROS, where NADPH
is oxidised.’

As previously mentioned, phenazines coupled to ETC
enzyme redox reactions are well known. In addition to that
experimental fact, our study suggests that those reactions
might even be influenced by visible photons in vitro.
Phenazine type structures are known to produce semiquinone
radicals upon excitation with light.> Zaugg et al. reported
light induced direct electron transfer during the photopho-
sphorylation reaction between Rhodopseudomonas rubrum,
R. spheroides and chromaticum chromatophores and PMSH,,
where UQ is reduced and PMS is oxidised.>® The function of
dermacozines is not expected to be connected to visible
photons, since in the bacterium’s natural habitat, in the hadal
zone, there is no visible EM of solar origin. Their rainbow
colours observed during their isolation process in our study are
somehow suggestive of them participating in optical physico-
chemical phenomena [ESI Fig. S21]. The existing DFT compu-
tational chemistry reports predict large non-linear optical sus-
ceptibilities upon laser excitation, where all dermacozines
showed high values at 800 nm, and particularly the dermacozine
E, F, G-like structures displayed very large hyperpolarizabilities
at 1064 nm.** Although at the mesmerizing depth of deep
oceans visible photons reportedly exist from sources like the p~
emitting *°K decay to the “°Ca stable isotope, bioluminescence,
chemiluminescence, black smokers, and seismic light,*>® sig-
nificant participation of light in the biological function of der-
macozines due to the published low abundance of these
photons is unlikely. Even if it was possible for the organism to
make oxidising dermacozine radicals with light at that depth,
this process will likely not participate in biomass formation in
the hadal zone due to the same considerations.

Since there are more than 6000 synthetic phenazines and
more than 100 phenazines of natural origin, our report may
open new horizons for influencing ETC reactions with phena-
zines at the molecular level with photons corresponding to
their AMs in the visible EM spectrum.

2.2. Potential applications of dermacozine radicals

Oxidising/reducing substrates with the energy of photons is a
well established practice in photocatalysis. Phenazines’ redox
properties were found to be useful in shuttling electrons
between enzymes or electrodes. The electrical properties of
electron-mediators (MEDs, redox active molecules capable of
mediating electron transfer) are exploited in biological reac-
tions, photocatalysis or manufacturing e.g., Li-O, batteries.?”
De la Cruz et al. predicted through computational chemistry

This journal is © The Royal Society of Chemistry 2024
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calculations that the redox potentials of phenazines can be
modified with electron-withdrawing (EWG) and electron-
donating functionalities (EDG), where EDGs shift their redox
potentials towards more negative and EWG functionalities
towards more positive values.”’ This concept was experi-
mentally demonstrated in our manuscript. Dermacozines with
their similar wide range of redox potentials could be suitable
candidates for conducting further MED and redox-flow battery
(RFB) studies.

Considering that dermacozines are reportedly compounds
with cytotoxic activities against chronic myelogenous leukae-
mia (K562), aggressive melanoma (A2058) and hepatocellular
carcinoma (HepG2) cells, and their synthetically modulated
derivatives exhibit even stronger anti-tubulin in vitro activity
than the nocodazole control, the discovery of dermacozines’
photo-redox properties may provide interesting redox active
mechanisms for anti-cancer drug discovery in medicinal
chemistry.>3%3°

Photosensitisation and photo-dynamic-Therapy (PDT)
acting through generating ROS is a promising technique uti-
lised in the treatment of cancer, viral-, bacterial-, and fungal
infections, cardiovascular diseases, and dermatological con-
ditions, with e.g., no reported antimicrobial resistance so far
mentioned in the literature.”® Incorporating photosensitised
substances into nanostructures (e.g., copolymeric micelles,
liposomal vesicles, nanosuspensions etc.) provides protection
against biological breakdown, improves bio-transport and due
to amplified bioavailability potentiates action at the site of
action.*™**> Most antibacterial and anticancer studies related to
phenazines were reported in darkness.*® There are only a few
phenazines which were reported to be PDT active following
visible light illumination, e.g., white light illuminated (Hg
lamp) safranin O and Au nanoparticles incorporated into copo-
lymer emulsion paint caused more lethal photosensitisation of
Escherichia coli and Staphylococcus aureus, and possessed less
toxic effect under dark conditions.*’ In another study neutral
red delivered with thioglycolate covered Au nanoparticles and
illuminated with a 42 = 440 nm Twin Flex LASER LED MMoptics
system led to reduced cell viability of NIH-3T3 fibroblast and
4T1 tumour cell lines.*> None of these compounds were pre-
pared as stable radicals with illumination prior to being tested
against pathogens/cancer cell lines.**™** The activity of derma-
cozines based on their water oxidising redox potentials in our
work might be augmented with light, where their radicals may
become more potent anticancer agents in nature.

3. Conclusion

The coloured dermacozines’ UV-Vis, CV and EPR data demon-
strated that their energy levels can be influenced with visible
photon excitation. Utilising this theory, we have observed the
existence of two paramagnetic dermacozine species: the
neutral dermacozine E and O semiquinone radicals. The
HOMO energies of dermacozines increase in parallel with a
decrease in the HOMO-LUMO band gap, which implies that

This journal is © The Royal Society of Chemistry 2024
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their LUMO energy is constant. Respectively, from the interp-
olated electrode potentials, the position of the cathodic poten-
tial was found to be the same, —0.9 + 0.02 V, for all dermaco-
zines, whereas the anodic potentials were between +0.8 + 0.01
V and +1.4 = 0.01 V, and consequently the electrochemically
derived band gaps grew larger.

In principle the anodic potentials of dermacozines can be
connected to the benzoquinone/hydroquinone redox couple
since it’s redox potential (SHE) in the same solvent system
turned out to be more negative than that of dermacozine N,
the dermacozine isolated to date with the least positive anodic
potential (SHE). Nevertheless, there are examples of phena-
zines capable of accepting electrons in the succinate-fumarate
oxidation process through SDH, which is expressed in
Dermacoccus abyssi MT1.17 in multiple copies. As such, we
propose that the dermacozine redox system can shuttle elec-
trons from the respiratory chain of Dermacoccus abyssi MT1.1T
and MT1.2, and it conducts them to a final electron acceptor.

Our CV measurements have shown that the HOMO energy
levels of dermacozines are water oxidising in acetonitrile
solvent and 0.1 M NaClO, conducting electrolyte. In addition
to this experimental fact, our EPR experiments with the derma-
cozine E and O semiquionone radicals in chloroform solvent
were suggestive of water oxidation as well, whilst the required
activation energy was gained from a visible light source with a
frequency corresponding to the absorption maxima of these
dermacozines in the visible EM.

Our study may lead to new research ideas in physical chem-
istry, medicinal chemistry, and redox chemistry in the future,
where the properties of these photo-redox active compounds
and their radicals can be further investigated and utilised e.g.,
in photocatalysis, photo-redox chemistry, and photodynamic
therapy (PDT). Other phenazines should behave in the same
way as dermacozines, and therefore they may provide photo-
redox access to ETC components and more potent photo-sensi-
tive anticancer drugs in the future.

4. Materials and methods

4.1. Organism

Mariana Trench sediment was collected from the Challenger
Deep (11°19'911"N; 142°12'372"E) on the 21°° of May 1998
during dive number 74 by the JAMSTEC team with the remo-
tely operated submersible Kaiko. The sample (2 mL) was trans-
ported at +4 °C in an insulated container to the UK and stored
at —20 °C. The strain was isolated with raffinose-histidine agar
supplemented with cycloheximide and nystatin.' The pure
colony of the strain was received from the School of Biology,
University of Newcastle, on an ISP2 agar plate and kept in (20
V/V%) glycerol stock at —80 °C at the Marine Biodiscovery
Centre, University of Aberdeen.”™

4.2. Cultivation

From the glycerol stock, 100 pL of Dermacoccus abyssi MT1.1T
cell suspension was added to 25 mL of 20 g ! NaCl (Thermo
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Fischer Scientific) supplemented ISP2 (yeast extract 4 g, o-D-
glucose 10 g, malt extract 10 g, MilliQ water 1 L, pH 7.0) seed
culture. It was grown in 50 mL Falcon tubes while being
shaken at a speed of 150 rpm, at 28 °C for five days. An aliquot
of 1500 pL L™" seed culture was inoculated into ISP2 resulting
in 6 x 1 L ISP2 (yeast extract 4 g, a-p-glucose 10 g, malt extract
10 g, MilliQ water 1 L, pH 7.0) supplemented with 35 g L™"
ocean salt (H,Ocean + Pro Formula with trace elements, The
Aquarium Solution Ltd, Hainault Industrial Estate, Ilford
Essex, UK). Erlenmeyer flasks (2 L) were sealed with a cotton-
wool swab ball and with plastic tape on the top to limit oxygen-
ation from the atmosphere.

The bacterial large-scale cultures were grown in an incuba-
tor with a transparent glass cover under ambient laboratory
light conditions (ceiling lights in the laboratory above the incu-
bator were Osram HE14W/840Lumilux Cool White 16 kW h
per 1000 h, and the laboratory light switch was operated by a
movement sensor, providing light ~12-14 hours a day) at
28 °C with 150 rpm for fourteen days.’

4.3. Extraction/isolation

After the fourteen days of cultivation the media were harvested
with 50 g L™' Diaion HP20 resin (>250 pm, Alfa Aesar by
Thermo Fisher Scientific, Heysham, Lancashire, UK).
Subsequently the crude material was subjected to Kupchan
liquid-liquid partitioning. The dichloromethane fraction (FD)
was partitioned further with column chromatography and
HPLC to obtain dermacozines B, E, F, O, P and PCA as follows,
as described in ref. 4 and 5:

Dermacozine B was obtained as yellowish-brown amor-
phous powder, through size exclusion chromatography of the
FD fraction. Sephadex as a stationary phase was loaded onto a
glass column (Quickfit, » = 0.85 ecm, L = 72 cm). With
CH,Cl, : CH30H = 1:1 mobile phase, thirteen fractions were
obtained in 15 mL vials with around ~1.4 mL min™" flow rate.
Fractions 9 and 10 gave dermacozine B.

Dermacozine E was obtained as purple amorphous powder,
from the S4 silica fraction of the FD Kupchan fraction with
HPLC chromatography with a H,O-CH3;OH solvent system
(Thermo Fischer Scientific, UK, HPLC grade) from 40%
CH;0H to 100% CH3;0H gradient over 45 min with 0.1% TFA
(Thermo Fischer Scientific, UK), flow rate 1.4 mL min ", ACE
HL C,g reversed phase column (5 pm; 250 x 10 mm), RT =
12.2 min.

Dermacozine F was obtained as bluish-purplish amorphous
powder, from the S3 silica fraction with HPLC chromato-
graphy. A H,0-CH;O0H (Thermo Fischer Scientific, UK, HPLC
grade) solvent system was used with 60% CH;OH isocratic
elution over 35 min, 0.1% TFA (Thermo Fischer Scientific,
UK), flow rate 1.8 mL min™", Sunfire C;3 reversed phase
column (5 pm; 250 x 10 mm), RT = 31.8 min.

Dermacozine O was obtained as ink-blue amorphous
powder, from the combined S5-S8 silica fractions (based on
TLC) then purified with HPLC chromatography. A H,O-
CH;0H (Thermo Fischer Scientific, UK, HPLC grade) solvent
system was used with 60% CH3;OH isocratic elution over
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40 min, 0.1% TFA (Thermo Fischer Scientific, UK), flow rate
1.8 mL min~", Sunfire C;4 reversed phase column (5 pm; 250 x
10 mm), RT = 31.9 min.

Dermacozine P was obtained as purplish amorphous
powder (became greyish coloured in DMSO-d) from the S4
silica fraction of the FD Kupchan fraction with HPLC chrom-
atography with a H,O-CH3;OH solvent system (Thermo Fischer
Scientific, UK, HPLC grade) from 40% CH3;OH to 100%
CH;O0H gradient over 45 min with 0.1% TFA (Thermo Fischer
Scientific, UK), flow rate 1.4 mL min~!, ACE HL C,5 reversed
phase column (5 pm; 250 x 10 mm), RT = 15.9 min.

PCA (phenazine-1-carboxylic acid) was obtained from the
S2 silica fraction through HPLC chromatography with 75%
CH3;0H to 100% CH3;OH gradient over 45 min with 0.1% TFA
(Thermo Fischer Scientific, UK), flow rate 1.4 mL min ",
Sunfire C;g reversed phase column (5 pm; 250 x 10 mm), RT =
23.2 min.

High-performance-liquid-chromatography was carried out
with semi-preparative gradient Agilent HPLC apparatus (1100
series), Agilent—Santa Clara, equipped with a binary pump
and a diode array detector (G1315B), Agilent—Santa Clara, and
the reversed phase columns are detailed in each separation
description. Peak detection and the UV-Vis trace analysis were
carried out at the wavelengths of 250 + 5 nm, 280 + 5 nm, 400
+ 25 nm, 550 + 25 nm, and 600 + 25 nm.

4.4. Structure determination

The isolates were subjected to (LC)-HRESI-MS" and 1D
'"H-NMR and their structures were confirmed by comparing
their "H-NMR chemical shifts, mass errors and MFs to the lit-
erature data [ESI $26-S377 and ref. 2-5].

PCA (phenazine-1-carboxylic) acid (1.9 mg), yellow amor-
phous powder; m/z 247.0479 [M + Na]', 471.1064 [2M + Na]’;
MF = C;3HgO,N,, A = —0.4 ppm, DBE = 11. '"H-NMR in DMSO-
de: 6y 14.5 (1H, bs); &y 8.54 (1H, d); 8y 8.51 (1H, d); 6u
8.38-8.42 (1H, m); 5y 8.32-8.36 (1H, m); & 8.04-8.13 (3H, m).

Dermacozine B (1.3 mg), reddish brown amorphous
powder; m/z 387.1447 [M + HJ', 409.1279 [M + Na]', 772.2753
[2M]', 795.2661 [2M + Na]"; MF = C,,H;50;N,, A = —1.18 ppm,
DBE = 16. 'H-NMR in DMSO-dg: 6y 7.43 (2H, bs); 6y 6.69 (1H,
d); 6y 6.58 (2H, td); 8y 6.50 (1H, d); 6y 10.28 (1H, brs); 6 7.78
(1H, brs); 6 7.39 (1H, brs); 6y 7.71 (2H, d); 8 7.53 (2H, t); 6
7.63 (1H, d); 6y 8.07 (1H, brs); 61 2.95 (3H, s).

Dermacozine E (0.9 mg), bluish violet amorphous powder;
m/z 397.1300 [M + HJ', 419.1116 [M + Na]’, 793.2529 [2M +
HJ', 815.2345 [2M + Na]’, MF = C,3H;605N,, A = 1.14 ppm,
DBE = 18. "H-NMR in DMSO-ds: 8y 11.25 (1H, brs); & 8.83
(1H, brs); 6y 8.02 (1H, d); 6y 7.95 (1H, d); 8 7.84 (1H, brs); 6
7.78 (1H, td); 6y 7.48 (2H, m); 6y 7.43 (1H, m); 5y 7.30 (3H, m);
8y 7.20 (1H, d); 6y 3.70 (3H, s).

Dermacozine F (1.5 mg), bluish violet amorphous powder;
mfz 398.1130 [M + H]', MF = C,3H;50,N3, A = 1.5 ppm, DBE =
18. "H-NMR in DMSO-dg: 6y 8.73 (1H, brs); 6 8.06 (2H, t); oy
7.86 (2H, m); 8y 7.50 (2H, t); 8 7.45 (1H, t); 6 7.37 (3H, d); 6
7.21 (1H, d); 3.81 (3H, s).

This journal is © The Royal Society of Chemistry 2024
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Dermacozine Of (3.1 mg), ink blue amorphous powder; m/z
398.1125 [M + HJ", MF = C,3H;504N;, 4 = 2.6 ppm, DBE = 18.
"H-NMR in DMSO-dg: 6y 11.28 (1H, brs); &y 7.87 (1H, dd); 6y
7.78 (1H, td); 6y 7.97 (1H, dd); 6y 7.22 (1H, d); 6y 7.25 (1H, d);
8y 7.31 (2H, dd); 6y 7.47 (2H, td); 6y 7.41 (1H, td); 3.68 (3H, s),
-COOH proton not visualized.

Dermacozine P{ (3.4 mg), purplish amorphous powder,
changes to grey in DMSO-ds, m/z 372.0992 [M + H]', MF =
C1H{304N3, A = 3.49 ppm, DBE = 17, "H-NMR in DMSO-dq: 6y
8.03 (1H, brs); 6y 9.47 (1H, brs); 6y 8.74 (1H, dd); 6y 8.21 (1H,
td); 6y 8.55 (1H, dd); 6y 8.95 (1H, d); 6y 8.65 (1H, d); 6y 7.95
(2H, dd); 6y 7.66 (2H, td); 5y 7.78 (1H, td), -COOH proton not
observed.

4.5. Cyclic voltammetry of dermacozines

A boron doped diamond (BDD) working electrode (WE), a
carbon counter electrode (CE), and a Ag quasi-reference elec-
trode (RE) as printed electrodes were obtained from Metrohm
Ltd capable of handling approx. 10-50 pL volume of sample.
NaClO,-H,0 was purchased from Sigma Aldrich, UK. Blanks of
the supporting electrolyte of 0.1 M NaClO, in CH;CN solution
were scanned initially. Faradaic current occurred under —1.2 V
and above +1.5 V, and therefore the scan window of —1.1 V to
+1.4 V was investigated. The isolated compounds were pre-
pared as cyclic voltammetry analytes as follows: 1 M NaClO,
stock solution in CH3;CN as the supporting electrolyte for the
cyclic voltammetry was prepared. The isolated dermacozines
(B, E, F, O, P, and PCA) were dissolved in 1 mL CH;CN in
Eppendorf tubes. An aliquot of stock electrolyte solution was
mixed with CH3;CN and the analyte resulting in 150 pL of
2.9 mM dermacozine B + 0.1 M NaClO, in CH3;CN, 150 pL of
3.4 mM dermacozine F + 0.1 M NaClO, in CH3;CN, 150 pL of
2.5 mM dermacozine O + 0.1 M NaClO, in CH;CN, 150 pL of
2.6 mM dermacozine E + 0.1 M NaClO, in CH3;CN, 150 pL of
2 mM dermacozine P + 0.1 M NaClO, in CH;CN and 150 pL of
2 mM phenazine-1-carboxylic acid + 0.1 M NaClO, in CH;CN
solution. The evaporation and leakage of the analyte was con-
trolled with a rubber O-ring and a piece of parafilm on the top
of the O-ring. Cyclic voltammetry scans were run at 298 K with
scan rates between 50 and 100 mV s~'. They were repeated in
triplicate with new 50 pL analyte and a new electrode on each
occasion.

4.6. Electron paramagnetic resonance spectroscopy (EPR)

The EPR spectra were recorded with an FA300 ESR
Spectrometer (University of Aberdeen, UK). When dermacozine
E was meticulously dried in a freeze-drier for three days, in
freshly opened CHCl; solvent no radical formation was
detected by EPR. However, when ~5 pL of H,O was added to
its solution, we observed the formation of the dermacozine E
semiquinone radical. No such experiment was carried out with

1N.B. identical spectral data of dermacozines O and P are provided in the ESIf
which have already been published in ref. 5. However, for clarity and for comple-
teness the authors present them in the ESIT with the appropriate citation.
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dermacozine O. In the case of dermacozine E ~0.4 mg sub-
stance was dissolved in 100 pL of He bubbled CHCI; with a He
gas atmosphere above the solution. For investigating dermaco-
zine O, ~0.8 mg substance was dissolved in 100 pL CHCI;
under the same conditions as for dermacozine E initially, and
then the atmosphere was changed to air to see if the radical
remains stable. After confirming stability in air, H,O was
added in 2.5 pL increments up to 7.5 pL per 100 pL. CHCl; with
and without irradiation. Dermacozines E and O were irradiated
through a 550 + 50 nm filter. Initially the EPR spectra of der-
macozines E and O were recorded at 298 K under a He atmo-
sphere, and the reaction with H,O was recorded under normal
atmospheric conditions. We were unable to record the spectra
of dermacozines B, P and PCA, as they were only soluble in
methanol or acetonitrile and the spectrophotometer could not
be tuned with those solvent systems due to their high dielec-
tric constant. We had insufficient material of dermacozine F
left to get any other measurement done.
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