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ARTICLE INFO ABSTRACT

Keywords:

The mode of action toward gastric cancer cells of brominated Coelenteramine, an analogue of a metabolic

FTIR product of a marine bioluminescent reaction, was investigated by synchrotron radiation-based Fourier Transform

Synchrotron radiation
Anticancer therapy
Coelenteramine
Coelenterazine
Bioluminescence

Infrared spectrocopy (FTIR). This method revealed that the anticancer activity of brominated Coelenteramine is
closely connected with cellular lipids, by affecting their organization and composition. More specifically, there is
an increasing extent of oxidative stress, which results in changes in membrane polarity, lipid chain packing and
lipid composition. However, this effect was not observed in a noncancer cell line, helping to explain its selectivity

profile. Thus, synchrotron radiation-based FTIR helped to identify the potential of this Coelenteramine analogue
in targeting membrane lipids, while proving to be a powerful technique to probe the mechanism of anticancer

drugs.

1. Introduction

Despite improvements in therapy, cancer is still one of the major
health problems worldwide [1]. Indeed, many patients still cannot
escape therapy failure and serious side effects [2]. Developing new
anticancer drugs is also complex and with high rates of failure at the
clinical trial stage due to problems with efficacy or toxicity [3]. One of
the reasons for that is that different compounds can act via off-target
effects [3]. For this reason, more detailed investigations of the mode
of action of potential drugs are needed at preclinical stages [3]. A better
understanding of the mechanism of action of novel molecules with
anticancer properties can also help to identify new targets for cancer
therapy [4].

Bioluminescence (BL) is a remarkable phenomenon in which light
emission occurs due to a biochemical reaction [5,6], which has been
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gaining applications in biomedical and bioanalytical fields [7,8]. Among
the most well-known BL systems is that of Coelenterazine (Clz, Scheme
1), a molecule widely found in marine organisms [5]. One of the com-
ponents of this system is Coelenteramine (Clm, Scheme 1), which is a
metabolic product of Clz-based BL reactions [9-11]. Recently, we have
found out that a brominated Clm analogue (Br-Clm, Scheme 1) had
anticancer activity toward gastric (AGS) cancer cells, with ICsy values
ranging from 54.3 pM to 15.2 pM (depending on the incubation period)
[9]. This compound also showed cytotoxicity (albeit more reduced)
towards a lung cancer cell line [9]. Interestingly, Br-Clm only showed
residual toxicity (~10% at 100 pM) towards noncancer keratinocytes
(HaCaT cells), thereby showing an interesting selectivity profile toward
cancer cells [9]. Also, when used in combination, Br-Clm was able to
enhance the activity of a chemotherapeutic agent [10]. Thus, this
compound shows potential for further optimizations toward obtaining a

E-mail addresses: tducic@cells.es (T. Du¢i¢), manuel.algarra@unavarra.es (M. Algarra), luis.silva@fc.up.pt (L. Pinto da Silva).

https://doi.org/10.1016/j.abb.2023.109660

Received 31 March 2023; Received in revised form 19 May 2023; Accepted 30 May 2023

Available online 30 May 2023

0003-9861/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:tducic@cells.es
mailto:manuel.algarra@unavarra.es
mailto:luis.silva@fc.up.pt
www.sciencedirect.com/science/journal/00039861
https://www.elsevier.com/locate/yabbi
https://doi.org/10.1016/j.abb.2023.109660
https://doi.org/10.1016/j.abb.2023.109660
https://doi.org/10.1016/j.abb.2023.109660
http://crossmark.crossref.org/dialog/?doi=10.1016/j.abb.2023.109660&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C.M. Magalhaes et al.

safer and more effective anticancer agent.

Nevertheless, this pursuit is impaired by the lack of information
regarding the mode of action of Br-Clm, which was shown to activate
effector caspases while the upstream target responsible for this was not
identified [9,10]. Thus, a comprehensive understanding of how Br-Clm
affects both cancer and noncancer cells is needed. Relevant insights
regarding this could be obtained by examining how Br-Clm affects the
biomolecular composition and conformations in both cancer and non-
cancer cells by infrared spectroscopy.

Herein, synchrotron radiation-based FTIR (SR-FTIR) micro-
spectroscopy was used to investigate the biochemical changes induced
by Br-Clm on both gastric cancer (AGS) and noncancer keratinocytes
(HaCaT) cell lines. SR-FTIR is a label-free and nondestructive approach
that allows probing the biochemical composition of biological systems,
including cells [12]. The application of synchrotron radiation as the
source of infrared light can combine the highest spectral and spatial
resolution to achieve single-cell resolution [12,13]. Thus, it can provide
detailed information about the composition and conformational orga-
nization of different classes of biomolecules [12-14]. In this way, vari-
ations in specific spectral signatures after treatment with target
compounds can be related to their mode of action [15,16].

2. Material and methods
2.1. Br-Clm

Br-Clm was already reported and was prepared by the procedure
previously described by us [9-12]. Namely, by a Suzuki-Miyaura
cross-coupling reaction between 5-bromopyrazin-2-amine and 4-bromo-
phenylboronic acid [9-12].

2.2. Preparation of cell samples

AGS and HaCaT cell lines were purchased from ATCC (Manassas, VA,
USA) and maintained in medium DMEM + GlutaMAXTM with 1%
penicillin/streptomycin and 10% FBS, at 37 °C, in a humidified atmo-
sphere of 5% CO2. Cells were seeded in 48-well plates at a density of
30,000 cells/well at 24 h and allowed to attach in glass coverslips
(Crystan, UK, CaF2 10 mm x 0.5 mm) for 24 h under the conditions
described above. Then, cells were incubated for a period of 24 h with Br-
Clm at a concentration of 50 M. Samples were prepared in triplicate.
After the incubation period, the cells were washed with HBSS (Hanks’
balanced salt solution) and fixed with 4% paraformaldehyde for 20 min
at room temperature, washed with water and kept dry over silica gel.

The concentration at which both cell lines were incubated with Br-
Clm (50 pM) is near the ICsp, in this incubation time, of this com-
pound for AGS cells (54.3 pM), while having no effect on the cellular
viability of HaCaT cells [9]. So, it was deemed a good choice for un-
derstanding both the mode of action and selectivity profile of Br-Clm.

2.3. SR-FTIR spectroscopy

The SR-FTIR measurements were carried out at the MIRAS beamline
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at the synchrotron ALBA (Barcelona, Spain) [17], by using procedures
previously followed by us [13-15,18]. Namely, the synchrotron light
was used as the infrared light source. The infrared (IR) spectra were
collected in a transmission mode using a 3000 Hyperion microscope
coupled to an FTIR Vertex 70v spectrometer and a liquid
nitrogen-cooled mercury cadmium telluride (MCT) detector. The aper-
ture slits were set to 10 x 10 pm to achieve the single-cell size, and 30
cells for each sample were analyzed. Each spectrum was acquired after
256 co-added scans per spectrum, at 4 em ! spectral resolution. The
spectroscopic data were collected in transmission mode using the 36 x
Schwarzschild objective and condenser. Spectra for each treatment were
collected in the 4000-700 cm™! mid-infrared range. The OPUS 8.2
(Bruker, Germany) software package was used for data acquisition. The
SR-FTIR spectra were processed by using the Quasar Spectroscopy tools,
which allow multimodal spectral analysis involving the principal
component analysis (PCA) [19]. Rubber band baseline correction and
vector normalization were performed for each single spectrum. For the
second derivative calculations, the Savitzky-Golay filter was applied
with smoothing points 13, and polynomial order 3 for spectral range as
indicate in respective Figures.

3. Results and discussion

SR-FTIR was employed to evaluate the biochemical changes induced
by incubating cancer AGS and noncancer HaCaT cell lines with Br-Clm,
by following procedures used before by members of this team [13-15,
18]. To that end, two different regions of interest in the SR-FTIR spectra
were analyzed, regarding the spectra obtained for treated and untreated
(control) cells with Br-Clm. The first part of the spectra is at 3100-2800
cm ! (F ig. 1), which is crucial for lipid analysis [15]. Namely, it is
associated with contributions from carbon-hydrogen stretching vibra-
tions (v(C-H)) that originate from lipids’ fatty acid chains [14,15]. The
most intense bands for all cases were that at 2925 and 2955 cm ™, which
correspond to the asymmetric vibration of methylene (v,(CHz)) and
methyl (vqs(CHs)) groups, respectively [14,15]. The bands correspond-
ing to symmetric v¢(CH;) and v;(CHgs) are those found at 2850 and 2870
em ' [1 4,15]. The less intense band at 3060 cm™! can be attributed to v
(C=C-H).!® Analysis of both sets of data (cancer/noncancer, Fig. 1A and
B) revealed spectra that are qualitatively dissimilar, despite showing
that both cell lines were affected.

For AGS cells (Fig. 1A), treatment with Br-Clm increased the in-
tensity of bands associated with v4(CHg) and vq(CH3), while reducing
the intensity of vs(CH>), vs(CH3) and v(C—C-H). It should be noted that a
decrease in the v(C—=C-H) band is possibly caused by lipid peroxidation
[15]. Consistently, an increase of the v4(CH) band (observed in AGS
cells upon treatment with Br-Clm) can also indicate an increased level of
oxidative stress [18]. Furthermore, treatment of AGS cells with Br-Clm
also led to a shift of the vg(CH3), v(CH3) and vg(CHy) bands to
higher wavenumbers, which can indicate changes in membrane fluidity
caused by oxidative modification of lipids [15,18]. Quite interestingly,
these specific variations of spectral data were not found for HaCaT cells
upon treatment with Br-Clm (Fig. 1B), despite this compound also
exerting some effect on cellular lipids. A more quantitative evaluation of

NH»

Br-Clm

Scheme 1. Schematic representation of Clz, Clm and Br-Clm. R;: phenol. Ry: benzyl. R3: p-cresol.
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Fig. 1. Average SR-FTIR spectra, in the area of 3100-2800 cm !, of AGS (A)
and HaCaT (B) cells, when treated (red) or untreated (blue) with Br-Clm
(50 pM).

the effect exerted by Br-Clm was performed by calculating the
Vas(CH2)/v¢s(CH3), v4s(CH2)/vs(CH3) and v{(CH5)/vs(CH3) ratios. These
ratios are related to the degree of saturation [15], membrane polarity
[21], and lipid chain packing [15,20], respectively.

Br-Clm decreased the value of v4(CH2)/v4(CH3) ratio in both AGS
(2.83 + 0.08 to 2.26 + 0.04) and HaCaT (2.73 + 0.05 to 2.12 + 0.08)
cell lines, indicating that fatty acid chains become shorter upon addition
of the studied compound (irrespective of the studied cell line) [15].

Noticeably, the calculation of other ratios revealed significant dif-
ferences regarding the interaction of Br-Clm with cancer and non-cancer
cells. Upon treatment with Br-Clm, the value of v4(CHz)/vs(CH3)
increased in AGS cells (5.41 + 0.07 to 6.11 + 0.04) while remaining
essentially the same in HaCat cells (5.80 + 0.08 to 5.61 + 0.17).
Therefore, Br-Clm appears to increase the polarity of the membrane in
cancer cells [21], while having no effect on the polarity of the membrane
of non-cancer cells. A similar case was seen for vs(CH,)/vs(CH3) ratio,
which decreased in AGS (1.57 + 0.02 to 1.49 + 0.02), while remaining
the same in HaCaT cells (1.61 + 0.02 to 1.64 + 0.04). Meaning that
Br-Clm reduces lipid chain packing in cancer cells, while having no ef-
fect in the same parameter in noncancer cells. So, it is clear that Br-Clm
has a relevant effect on cellular lipids in cancer cells apparently related
to oxidative stress, which might help to explain its anticancer mode of
action [9]. Also, these effects are less obvious or even absent in
non-cancer cells [9,10].

The second region of interest is in the interval of 1800-900 cm™
(Fig. 2), in which can be found bands characteristics of lipids, proteins,
nucleic acids, and carbohydrates [14-16,18,20]. More specifically, the
sub-interval of 1800-1480 ¢cm™! mainly contains absorption bands
associated with protein Amide I (at 1640 cm-1) and Amide II (at 1535
cm-1) [16,18] which are quite sensitive to the secondary structure of
proteins [14,20]. A band at 1740 cm~! can also be found here, which is
associated with the stretching vibration of carbonyl groups (v(C=0)) of
lipid esters [15].

1
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Fig. 2. Average SR-FTIR spectra, in the area of 1800-900 cm™?, of AGS (A) and
HaCaT (B) cells, when treated (red) or untreated (blue) with Br-Clm (50 pM).

The treatment with Br-Clm of AGS cells (Fig. 2A) only led to small
differences regarding Amide I and II, as the intensity is only slightly
decreased (more evident in Amide II) and only slight shifts to higher
wavenumbers were observed. This is not the case, however, for the
treatment of HaCaT cells (Fig. 2B). In this case, there are relevant de-
creases in intensity for both Amide I and II. Thus, treatment with Br-Clm
leads to changes in protein structures for both cell lines, but with higher
impact in noncancer HaCaT cells. However, it should be noted that at the
concentration used for Br-Clm, this compound only led to cytotoxicity
toward cancer cells and not noncancer ones [9]. So, these changes are
most likely not related to the anticancer mechanism of this compound.
Nevertheless, the effect of Br-Clm on the protein conformational changes
was evaluated by examining the second derivative of the Amide I part of
the spectra (Fig. 3), which is associated with changes in protein sec-
ondary structures [16,18,20]. The most prominent bands in all of those
spectra were at ~1685 and ~1655 cm ™ *, and a shoulder at ~1635 cm ™.
These correspond to turn and loops, a-helix, and f-sheet structure,
respectively [14]. While quantitative differences are visible in the effect
exerted by treatment with Br-Clm on both AGS and HaCaT cells, we can
observe some qualitative similarities between both datasets. That is,
while treatment with Br-Clm leads to changes in all bands/shoulders,
these differences are lower at ~1685, and more significant at ~1655
and ~1635. Thus, Br-Clm influences the secondary structure of proteins,
particularly the a-helix and p-sheet structure.

Regarding the carbonyl v(C=O0) group (Fig. 2), the band intensity is
increased upon treatment with Br-Clm for both cell lines. It should be
noted that this band could result from the peroxidation of fatty acid
chains. Therefore, an increase in this peak area is an indicator of an
increase in lipid peroxidation [15]. This band increased in both AGS
(from 0.15 + 0.02 to 0.30 #+ 0.01) and HaCaT cells (from 0.22 + 0.01 to
0.32 + 0.02). These values indicate that lipid peroxidation is induced by
Br-Clm in both cell lines. However, it is higher in the AGS cell line, and it
confirms that this compound has a more pronounced effect on cancer
cell lipids.

Finally, the sub-interval of 1480-900 em™! (fingerprint region)
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Fig. 3. Second-derivative of the average SR-FTIR spectra, in the area of 1700-
1600 cm’l, of AGS (A) and HaCaT (B) cells, when treated (red) or untreated
(blue) with Br-Clm (50 pM).

contains several bands that are typically associated with lipids, proteins,
nucleic acids, and carbohydrates. Namely, two bands at 1450 and 1390
em~!, which are attributed to bending vibrations of unsaturated
aliphatic chains, and vibrations of carboxylic acids and/or aldehydes are
observed (Fig. 2) [18]. These two bands can be associated with both
lipids and proteins [16,18]. Interestingly, in AGS cells the treatment
with Br-Clm did not lead to relevant changes in these bands, contrary to
what happened in HaCaT cells. Regarding the different effects exerted
by Br-Clm on cancer and noncancer cells, it is possible to assume that
these bands could have higher contributions from proteins.

Shoulders between 1200 and 1150 cm ™! are seen in all datasets
(Fig. 2), which are expected to be related to v(C-C), v(C-O-C) and v
(C-OH) vibrations of carbohydrates [16]. Nevertheless, these appear to
not be particularly changed.

Other bands of potential interest are found at 1240 and 1070 cm ™,
which are typically associated with phosphate asymmetric (v45(PO?"))
and symmetric (vs(POZ’)) stretch vibrations of DNA and RNA backbones
(i.e. nucleic acids) [16,18]. We can see that treatment with Br-Clm
resulted in an increase of these bands for both cell lines (Fig. 2). This
increase appears to be similar in both cell lines for vas(POZ*). However,
the difference in intensities for vs(POZ_) is lower in AGS than in HaCaT
cells, which indicates that there is here a relevant distinction regarding
the effect of Br-Clm. Below 1000 cm ™}, absorption bands associated with
nucleic acids can be found, as well as phosphorylated proteins [16].
More specifically, these bands are associated with the symmetric
stretching of di-anionic phosphate monoesters [16]. These bands can be
seen in the spectra for both cell lines (Fig. 2). However, while incubation
with Br-Clm leads to relevant differences in HaCaT cells, this is not the
case for AGS cells (Fig. 2). Therefore, incubation with Br-Clm does affect
nucleic acids in these two cell lines. However, the observed effect ap-
pears to be more pronounced in HaCaT than in AGS cells. Thus, these
changes are not expected to be related to the mechanism of anticancer
cancer of Br-Clm [9]. Also, as this concentration of Br-Clm (50 pM) has
no effect on the cellular viability of HaCaT [9], these changes do not
appear to result directly in cytotoxicity.
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In short, Br-Clm appears to induce biochemical changes in both
cancer and noncancer cells, by having effects on biomolecules such as
lipids, proteins, and nucleic acids. However, the effect on cellular lipids
appears to be associated with the previously observed anticancer ac-
tivity and selectivity profile of Br-Clm [9,10]. In fact, lipid metabolism is
deregulated in cancer [22]. Moreover, lipids are the major components
of cellular membranes and are responsible for regulating membrane
functions. Finally, cellular membranes of cancer and noncancer cells
possess relevant differences in lipid composition [22]. Thus, targeting
membrane lipids has been explored as a promising anticancer therapy,
with enhanced sensitivity to cancer cells [22]. The current study pro-
vided information that allows us to associate the mode of action of
Br-Clm with the modulation of membrane lipid composition/organiza-
tion [22].

Thus, we performed PCA multivariate statistical analysis to further
explore the alterations in AGS cells’ lipids induced by Br-Clm (Fig. 4)
[16]. PCA analysis reflects not only spectral data but also relevant dif-
ferences between samples [16]. The PCA analysis is presented after
performing the second derivative of the SR-FTIR. The PCA score plot
(Fig. 4) describes 93% of data variability, while PC1 and PC2 explained
86% and 7% of total variance. The score plot showed that the datasets
are clustered into different groups, with Br-Clm-treated cells showing
mostly positive PC1 scores (please note that it is opposite proportional
after derivation), while the control ones presented mainly negative PC1
scores. The loading plot PC1 minimum value was observed at ~2924
em™!, associated with the asymmetric vibration of CH, groups, and
~2965 cm 7, related to the asymmetric vibration of CHs groups, which
is more pronounced in treated cells. Analysis of the PC1 loadings showed
higher absolute values in wavenumbers associated with the vibrations of
methyl and methylene groups, pointing out the shorter chains of lipids in
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Fig. 4. PCA score plot for the area of 3100-2800 cm ™!, regarding AGS cell lines
treated and untreated with Br-Clm (top). Corresponding PCA loadings of the
first two components, PC1 (blue) and PC2 (dark gray), regarding the interval of
3100-2800 cm ™ (bottom).
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treated cells, and the possible effect of lipids peroxidation.

Next, we have also performed PCA analysis to explore the alterations
in AGS cells induced by Br-Clm, within the area of 1800-1480 cm™!
(Fig. 5). The PCA score plot describes 90% of data variability, while PC1
and PC2 explained 81% and 9% of the total variance. Analysis of the
score plot indicates that Br-Clm-treated cells are mainly clustered in
positive PC1 scores, while control cells are primarily clustered in
negative PC1 scores. The loadings plot showed the maxima at ~1655
and 1540 cm™!, associated with a-helix, and minima at ~1620 and
~1717 em ™}, connected to aromatic residues and carboxyl group. These
subtle changes are associated with changes in protein secondary struc-
tures [16,18,20]. Thus, according to the loading plot, we can conclude
that Br-Clm treatment influences positively on a-helix structure, as well
as the random coil, while control samples contained more tyrosine and
phenylalanine residues in proteins and carboxyl groups.

Finally, given that the mode of action of Br-Clm appears to be related
to alterations of cellular lipids, we have provided the second-derivative
of the SR-FTIR spectra in the area of 3100-2800 cm ™ for both AGS and
HacCaT cells. These spectra are presented in Fig. 6. Regarding treated and
control AGS cells, the main observed differences are related to wave-
numbers associated with asymmetric and symmetric vibrations of
methylene groups, and asymmetric vibrations of methyl groups, point-
ing out different ratios of CHy vs CH3 groups observed in lipids peroxi-
dation [23]. Interestingly, when we analyze treated and control HaCaT
cells, we reach to the same qualitative conclusion. That is, the main
difference between datasets appears to be related to the vibrations of
long acyl chains in membrane lipids. However, the differences between
treated and control groups are opposite when we compare AGS and
HaCaT datasets. So, these results further indicate that the different ef-
fects exerted by Br-Clm on AGS and HaCaT are related to cellular lipids,
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Fig. 5. PCA score plot for the area of 1800-1480 cm ™!, regarding AGS cell lines
treated and untreated with Br-Clm (top). Corresponding PCA loadings of the
first two components, PC1 (blue) and PC2 (dark gray), regarding the interval of
1800-1480 cm™* (bottom).
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where lipids oxidation takes place.
4. Conclusions

Recently, our group have developed a brominated analogue of ma-
rine Coelenteramine, which is a metabolic product of the bioluminescent
system of marine Coelenterazine. Quite promisingly, we have found that
this compound showed relevant anticancer activity toward gastric can-
cer while having a profile of safety toward noncancer cells. While this
compound showed potential for further optimization, we were impaired
by the lack of data regarding its actual model of action, which is a hurdle
in the development of potential new anticancer drugs.

Given this, we have used here synchrotron radiation-based FTIR to
investigate the biochemical changes induced by this Coelenteramine
analogue in both cancer and noncancer cells. Synchrotron radiation-
based FTIR is a powerful tool that combines the highest spectral and
spatial resolution to achieve single-cell resolution. Thus, it can provide
detailed information about the composition and conformational orga-
nization of different classes of biomolecules.

Herein, we have demonstrated that the brominated Coelenteramine
analogue induces significant changes in cellular lipids in gastric cancer
cells, which could be attributed to its anticancer mode of action. These
changes are related to the increasing extent of oxidative stress and result
in changes in membrane polarity, lipid chain packing and lipid
composition. Besides, protein conformational changes were observed
after treatment, showing more a-helix structure, as well as the random
coils. The same effects were not observed in noncancer cells, which helps
to explain the selectivity profile of this molecule. Hence, Br-Clm shows a
potential effect in targeting membrane lipids, which could be used to
develop anticancer approaches with a profile of safety.

So, synchrotron radiation-based FTIR helped to identify the potential
of this analogue in targeting membrane lipids in cancer cells, while
proving to be a powerful technique to probe the anticancer mechanism
of potential new drugs.
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