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ABSTRACT: COA-Cl is a newly synthesized adenosine analogue that exhibits COA-C! ¢ »
various physiological activities. Its angiogenic, neurotropic, and neuroprotective

potencies make it promising for the development of medicines. In this study, we show

Raman spectroscopic study of COA-CI to elucidate molecular vibrations and related Cl group
chemical properties. Density functional theory calculations were combined with the

Raman spectroscopic data to understand the details of each vibrational mode.

Comparative analysis with adenine, adenosine, and other nucleic acid analogues

enabled identification of unique Raman peaks originating from the cyclobutane

moiety and chloro group of COA-CL This study provides fundamental knowledge

and crucial insights for further development of COA-CI and related chemical species.

cyclobutane

Hl INTRODUCTION ties of such a novel small molecule is essential for elucidating

COA-Cl is a recently synthesized novel adenosine analogue' its fundamental properties and physiological activities.

that exerts strong angiogenic potency with the contribution of

ERK1/2 activation," sphingosine-1-phosphate receptor 1,” and B METHODS AND MATERIALS

enhanced vascular endothelial growth factor secretion.” COA- Experimental Setup for Raman Measurements. In this
Cl also has neurotropic/protective potencies. The admin- study, we utilized a homemade Raman spectroscope. Three
istration of COA-Cl to rodents reduced the damage caused by single-mode continuous-wave lasers with different wavelengths
cerebral infarction,” cerebral hemorrhage,s myocardial in- were installed, with wavelengths of 442 (IK4401R-D, KIMON

farction,” and spinal cord injury.” COA-CI also improved the ELECTRIC), 532 (torus 532, Laser Quantum), and 633 nm

hippocampus-dependent learning of Alzheimer’s disease model (DL633-050-SO, CrystaLaser). The laser light was guided into
mice.® In phenochromocytoma 12 (PCI12) cells, COA-CI

activates tyrosine hydroxylase, a key enzyme in catecholamine
synthesis, and increases dopamine secretion. Enhanced
dopamine secretion from dorsal striatum of living mice was
also confirmed.” Furthermore, COA-Cl inhibited the trans-
forming growth factor (TGF)-f1-induced epithelial—mesen-
chymal transition, which is related to cancer progression and
organ fibrosis in RLD/Abca3 cells,' and COA-Cl also
prevented TGF-f1-induced CTGF (connective tissue growth
factor) expression in normal human dermal fibroblasts and
attenuated skin fibrosis in mice models of systemic sclerosis."*

In this study, we show the Raman spectroscopic study of
COA-Cl to elucidate its molecular vibrations. Density
functional theory (DFT) is also employed to calculate the
Raman spectra and analyze the molecular vibrational modes for
each Raman peak. Comparative analyses of adenine, adenosine,
and other nucleic acid analogues using Raman spectroscopy

an inverted optical microscope (Eclipse Ti2, Nikon) after
passing through a beam expander, wave plates, and several
filters. The powder samples were placed on the sample stage of
the microscope. The incident lasers were focused on the
samples through an oil-immersion objective lens (NA: 1.4S,
%X100), and scattered signals were collected by the same
objective in the back-scattering configuration. Strong Rayleigh-
scattered light was effectively eliminated using a notch filter,
and only Raman signals were guided into the spectroscope
(IsoPlane 160, Teledyne). The signals were finally detected
using a Peltier-cooled CCD camera (PIXIS 100BRX, Tele-
dyne). Further details are described in our earlier reports.'>~"
We have also tried to obtain Raman spectra with COA-Cl
solution. However, the concentration of COA-CI solution
could not be high enough for Raman measurements because

and DFT calculations reveal the detailed molecular vibrations Received: November 29, 2022
of COA-Cl. This fundamental and thorough study provides Revised:  February 8, 2023
deep insights into the Raman spectroscopic and molecular Published: February 21, 2023

vibrational characteristics of COA-CI, which should contribute
to further development of COA-Cl and related chemical
compounds. Understanding the physical and chemical proper-
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the saturated concentration was as low as ~10 mM. Clear
Raman spectra were not obtained at this condition.

Synthesis of COA-Cl and Derivatives. COA-Cl was
synthesized, as previously described." COA-Cl is now
commercially available from FUJIFILM WAKO Pure Chemical
Corporation (Osaka, Osaka, Japan). Its analogues were
synthesized according to methods reported in previous
studies.'*™"*

DFT Calculations. To investigate the Raman spectra, DFT
calculations were performed with the Gaussian 16 program
package.'” The B3LYP functional was employed with the aug-
cc-pVDZ basis set. BBLYP was adopted because the obtained
Raman spectra were in good agreement with the experimental
spectra, compared with other functionals such as BLYP and
@B97X-D. It is noted that the Raman spectra calculated with
the aug-cc-pVDZ basis set were also in good agreement with
those calculated with the larger aug-cc-pVTZ basis set.”” For
molecules with several conformations, the most stable
conformers were used for analysis of the Raman spectra. No
scaling factor was used for vibrational frequencies. To analyze
the molecular vibrational modes, potential energy distribution
analysis was performed using the VEDA program package (see
the Supporting Information).”"

B RESULTS

Figure la shows the molecular structure of COA-CI
(previously abbreviated as 2Cl-C. OXT-A; 6-amino-2-chloro-
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Figure 1. (a) Molecular structure of COA-CL. (b) Raman spectra of
COA-CI obtained with different excitation wavelengths of 442, 532,
and 633 nm.

9-[trans—trans-2',3'-bis(hydroxymethyl)cyclobutyl]-purine).
The dependence of the Raman measurements on the excitation
wavelength was evaluated to understand its influence on the
Raman spectrum of COA-Cl and to determine a suitable
wavelength for the Raman measurements. We used three lasers
with wavelengths of 442, 532, and 633 nm. As shown in Figure
1b, the Raman spectra exhibited completely different features
depending on the excitation wavelength. Multiple clear Raman
peaks were obtained at a wavelength of 633 nm. In contrast,
upon excitation at 442 nm, the Raman signals were completely
overwhelmed by fluorescence noise due to autofluorescence
from COA-Cl because the excitation wavelength was close to
the absorption band of COA-Cl in the ultraviolet region.
Although several Raman peaks were observed at an excitation
wavelength of 532 nm, the signal-to-noise ratio was worse than
that at the other wavelengths, and some peaks were not
detected. The fluorescence noise degraded the Raman
spectrum, even at a wavelength of 532 nm. Therefore, we
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conclude that 633 nm is the most suitable wavelength for the
Raman measurements of COA-Cl among these three wave-
lengths. The absorption bands of COA-CI in the ultraviolet
region were confirmed in the absorption spectrum as well as
the calculated absorption coefficient in Figure S1 in the
Supporting Information. As Raman spectrum of COA-CI has
never been obtained and investigated yet, we believe that the
experimental verifications of basic characteristics of COA-Cl
for Raman spectroscopic studies are crucial.

We then compared the Raman spectra of COA-Cl with
those of adenine and adenosine. Adenine and adenosine have
been extensively studied by Raman spectroscopy””~>° and are
expected to exhibit similar Raman spectroscopic characteristics
as their molecular structures are similar to that of COA-CL
Figure 2 shows the Raman spectra of adenine and adenosine.
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Figure 2. Raman spectra of COA-Cl, adenine, and adenosine,
obtained at the excitation wavelength of 633 nm. The Raman
spectrum of COA-Cl is the same as the red spectrum shown in Figure

1b.

The Raman spectrum of COA-CI, which is the same as the red
spectrum in Figure 1b, is also shown for comparison. Some
representative Raman peaks are indicated by arrows, which are
discussed in detail later. Similar features were observed in the
spectra of adenine and adenosine. For example, the strong
Raman peaks at approximately 725 cm™ (peaks g and k) and
1335 cm™ (peaks h and 1) correspond well with each other.
However, unexpectedly, none of the Raman peaks of COA-Cl
correspond to those of either adenine or adenosine. A strong
Raman peak was observed at approximately 1365 cm™" (peak
d); however, it was slightly blue-shifted compared to peaks h
and 1. In addition, the strong Raman signal at ~725 cm™! was
not observed for COA-ClL

To investigate the origin of each Raman peak, we calculated
the Raman spectra and vibrational modes of each molecule
using DFT (Figure 3). The calculated Raman spectra were in
good agreement with the experimental results (Figure 2),
which is important to validate that our DFT calculations were
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Figure 3. Raman spectra of COA-Cl, adenine, and adenosine,
calculated at the B3LYP/aug-cc-pVTZ level.

implemented appropriately. The calculated Raman spectra of
adenine and adenosine also agreed well with previous reports,
which also verifies that our DFT calculations were performed
correctly.”>”® Note that one cannot expect the exact same
Raman spectra for both calculation and experiment due to
variations in the conditions under which the respective spectra
are acquired. For example, a single isolated molecule is
considered in DFT, whereas aggregated molecules in the
powder form are analyzed experimentally. This difference can
lead to slightly different results.

Figure 4a—c shows the molecular structures of COA-C],
adenine, and adenosine, respectively, where a number was
assigned to each atom to describe the vibrational modes. The
representative Raman vibrational modes are listed in Tables
1—3. Some vibrational modes are illustrated in Figure 4d—k.
The direction and length of the arrows indicate the direction
and strength of the vibrations of each atom, respectively. Other
vibrational modes are summarized in Figures S2—S4 in the
Supporting Information as well as in Movie S1.

The strong Raman peak of COA-Cl at 1381 cm ™" (peak D in
Figure 4d) originated mainly from strong stretching vibrations
inside the adenine moiety, especially between atoms $, 9, 10,
and 12. Strong C—H bending was also observed between
atoms 1 and 2. The peaks at 1366 cm™" (peak H) for adenine
and at 1361 cm™ (peak L) for adenosine also showed almost
the same vibrational modes (Figure 4ef). Although these
vibrational modes are quite similar in the calculation, peak D of
COA-Cl was slightly blue-shifted compared with peaks H and
L. Therefore, we identified that the strongest Raman peak
obtained as peak d in the experiment for COA-Cl originated
from the same Raman modes as those for adenine and
adenosine in peaks h and 1. However, the peak position was
slightly blue-shifted by ~30 cm™, probably due to the
cyclobutane moiety and the heavy chlorine atom on the
adenine moiety. The calculated Raman spectra also show an
enhancement in the Raman intensity, owing to the cyclobutane
moiety and chlorine atom. Note that although the vibrational
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mode in Figure 4f visually looks different from that in Figure
4d,e in the illustrations, Movie S1 shows that the vibrational
modes of the adenine moiety of adenosine are similar with
those of COA-Cl and adenine. Furthermore, we quantitatively
evaluated the degrees of similarity between these vibrational
modes in Tables S7 and S8 in the Supporting Information,
where we discussed relatively lower similarity of peak L of
adenosine (Figure 4f) to peak H of adenine (Figure 4e) in
detail.

The other strong Raman peaks observed experimentally at
approximately 725 cm™' (peaks g and k) for adenine and
adenosine in Figure 2, which correspond to the peaks at 723
and 745 cm™ (peaks G and K) in the calculated spectra in
Figure 3, were found to stem mostly from the breathing mode
of the adenine moiety, as shown in Figure 4h,i. A similar
vibrational mode was observed for COA-Cl at 766 cm™" (peak
B), as shown in Figure 4g. However, the intensity of peak B
was much lower than that of peaks G and K. The
corresponding Raman peak in the experimental spectrum was
also observed in almost the same position (peak b in Figure 2).
Compared to adenine and adenosine, the peak position was
blue-shifted to 755 cm™, and the peak intensity was reduced,
which agrees well with the calculation results. These
comparisons indicate that the Raman peak (peak b) originating
from the vibrational mode similar to the one contributing to
the strong peaks (peaks g and k) of adenine and adenosine at
~725 cm™" was also observable in the spectrum of COA-CJ;
however, the cyclobutane moiety and the chloro group in
COA-Cl caused a blue shift to ~755 cm™ and intensity
reduction of the breathing mode of the adenine moiety.

We also found that the vibrational modes at 1523 cm™" for
COA-Cl (peak E), 1513 cm™" for adenine (peak I), and 1524
cm™ for adenosine (peak M) were almost identical, originating
mainly from the combination of the stretching and bending
modes of atoms 1, 2, 3, and 14 (see Supporting Information
and Movie S1). The in-plane bending modes of atoms 6, 7, and
8 strongly contributed to this vibrational mode. In the
experiment, peaks e, i, and m in Figure 2 most likely
correspond to peaks E, I, and M, respectively. The vibrational
modes at 1616 cm™ for COA-Cl (peak F), 1636 cm™ for
adenine (peak J), and 1607 cm™ for adenosine (peak N) were
also similar (see Supporting Information and Movie S1). For
example, they are composed of strong stretching vibrations
between atoms 5-9 and atoms 12-13. Peaks F, J, and N in the
calculation also probably correspond to peaks f, j, and n in the
experiment in Figure 2. We found that most of the vibrational
modes were dominated by the adenine moiety, and the peak
position and intensity for COA-Cl were slightly modified from
those of adenine or adenosine due to the cyclobutane moiety
and the chloro group.

In contrast, some vibrational modes are unique to COA-Cl.
For example, the Raman peak at 390 cm™" (peak A) is mostly
induced by the strong stretching vibration between C—Cl
bonds (atoms 10-11), as shown in Figure 4j. In the experiment,
we also observed a clear peak at 390 cm™" (peak a in Figure 2),
which was not observed for adenine and adenosine. In
addition, the vibrational mode at 1130 cm™ (peak C) was
dominated by vibrations in the cyclobutane moiety, as shown
in Figure 4k. We also observed a clear peak at a similar position
to peak c in Figure 2. Although we also found small peaks at
around 1130 cm™ for adenine and adenosine in Figure 3,
which correspond to the peak position of 1141 cm™ for
adenine and the peak position of 1142 cm™ for adenosine, we

https://doi.org/10.1021/acs.jpca.2c08382
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Figure 4. (a—c) Molecular structures of COA-Cl, adenine, and adenosine, respectively. An identical number is assigned to each atom to describe
the molecular vibrational modes. (d—k) Schematics of representative molecular vibrational modes of COA-Cl, adenine, and adenosine.

confirmed these peaks were caused by completely different
vibrational modes, as seen in Figures S3 and S4 in the
Supporting Information. We revealed that these are unique
Raman peaks for COA-Cl and are directly related to the
molecular vibrations of the cyclobutane moiety and chloro
group.

To further study the Raman spectrum of COA-Cl, we also
investigated another COA-Cl analogue, C.OXT-A (6-amino-9-
[trans—trans-2’,3'-bis(hydroxymethyl) cyclobutyl]-purine). In
C.OXT-A, the chlorine atom (atom 11) of COA-Cl is replaced
with a hydrogen atom. Therefore, it is possible to investigate
the effects of the chlorine atom by comparing the spectra of
COA-Cl and C.OXT-A. Figure Sa shows the experimental
Raman spectrum of C.OXT-A, and Figure Sb shows the
Raman spectrum calculated using DFT. First, the unique peak
in the spectrum of COA-Cl at 390 cm™ (peak a) disappeared
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in that of C.OXT-A, as shown in Figure Sa. This was expected
because this peak originates from the strong vibration of the
chloro group. The peak should disappear when the chlorine
atom is replaced with a hydrogen atom. This comparison
further supports the fact that the peak observed at 390 cm™ in
the experiment was attributed to the chlorine atom of COA-Cl
In addition, a strong peak was observed at approximately 735
cm™' (peak o), as shown in Figure Sa. This peak was also
observed for adenine and adenosine, as shown in Figure 2. In
contrast, the peak was significantly weakened and blue-shifted
to ~755 cm™! in the spectrum of COA-Cl. Thus, we evaluated
the vibrational mode at peak O in Figure Sb, which is shown in
Figure Sc. This shows the breathing mode of the adenine
moiety, which is exactly the same as peaks G and K in Figure
4h,i. Therefore, we revealed that the reduced peak intensity
and blue-shift of the peak position were mostly caused by the

https://doi.org/10.1021/acs.jpca.2c08382
J. Phys. Chem. A 2023, 127, 18491856
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Table 1. Assignment of Representative Vibrational Modes of
COA-Cl through DFT Calculations®

Raman
wavenumber activity
(em—1) (A* AMU™) assignment of vibrational modes

390 6.86 stretching of 10-11 and 12-13, in-plane
bending of 10-12-13, 9-10-12, and 1-3-4

547 6.62 in-plane bending of 5-9-10 and 10-12-13,
stretching of 5-6

666 10.93 in-plane bending of 9-10-12, 5-9-10,
10-12-13, and 3-1-14

766 8.09 in-plane bending of 1-14-13 and 9-10-12,
stretching of 12-13 (breathing mode of the
adenine moiety)

1130 15.86 stretching of 17-28, in-plane bending of
21-29-30, 22-24-25, and 15-19-17

1267 11.97 in-plane bending of 2-1-3, 14-1-3, and 5-6-7,
stretching of 1-3 and 9-10

1381 117.66 stretching of 9-10 and 5-9, in-plane bending
of 1-3-4, 3-1-14, and 2-1-3

1523 60.19 stretching of 1—3, in-plane bending of 2-1-3,
1-14-13, and 7-6-8

1616 41.45 stretching of 5-9 and 12-13, in-plane bending

of 4-13-12 and 7-6-8

“In the assignment of the vibrational modes, the number indicates
each atom of COA-Cl], as shown in Figure 4a.

Table 2. Assignment of Representative Vibrational Modes of
Adenine Theoretically through DFT Calculations®

Raman
wavenumber activi
(em™) (A* AMU™) assignment of vibrational modes
528 0.72 in-plane bending of 10-12-13, 5-9-10, and
4-13-12
616 7.46 in-plane bending between 9-10-12, 1-14-13,
5-9-10, and 10-12-13
723 27.88 stretching of 12-13, in-plane bending of
1-14-13 and 5-9-10. (breathing mode of the
adenine moiety)
1077 9.66 stretching of 1-14, in-plane bending of
1-14-15 and 2-1-3
1264 21.60 in-plane bending of 2-1-3 and 1-14-15,
stretching of 1-3 and 9-10
1366 72.46 stretching of 5-9 and 1-14, in-plane bending
of 1-3-4, 3-1-14, and 2-1-3
1513 81.77 stretching of 1-3 and 12-13, in-plane bending
of 2-1-3, 1-14-13, and 7-6-8
1636 24.28 stretching of 5-9 and 12-13, in-plane bending

of 4-13-12 and 1-14-15

“In the assignment of vibrational modes, the number indicates each
atom of adenine, as shown in Figure 4b.

chlorine atom in COA-CI rather than the cyclobutane moiety.
We also confirmed the vibrational mode of the cyclobutane
moiety in the spectrum of C.OXT-A at 1130 cm™" (peak P)
(Figure 5d), which is the same as that of COA-Cl, as shown in
Figure 4k. However, this was not observed in the experiment,
as shown in Figure Sa, the reason for which is still under
investigation. As previously mentioned, the calculation did not
perfectly match the experimental results. We suspect that the
peak was weakened and embedded in the noise level in the
experiment because it was inherently not a strong Raman
signal. COA-Cl has very strong angiogenic potency, but this
potency completely disappears when the chloro group is
removed." The presence of the chloro group of COA-CI is
critical for imparting physiological activities. The difference in
the Raman spectra of COA-Cl and C.OXT-A indicates the role

Table 3. Assignment of Representative Vibrational Modes of
Adenosine through DFT Calculations”

Raman
wavenumber activif
(em™) (A* AMU™) assignment of vibrational modes
543 6.74 stretching of 29-31 and 18-20, in-plane
bending of 18-25-29 and 27-25-29
745 21.68 torsion of 15-29-31-32, stretching of 12-13,
in-plane bending of 1-14-13 and 5-19-10
(breathing mode of the adenine moiety)
886 11.17 stretching of 18-20 and 20-23, out-of-plane
bending of 18-17-25-20, torsion of 15-17-18
25
1267 14.07 in-plane bending of 2-1-3, 14-1-3, and 5-6-7,
stretching of 9-10 and 14-15
1361 34.22 in-plane bending of 16-15-17, 17-18-19,
20-23-24, 3-1-14, and 1-3-4, stretching of 1-
14 and 5-9
1524 53.92 stretching of 1-3 and 13-14, in-plane bending
of 2-1-3, 1-14-13, and 7-6-8
1615 41.45 in-plane bending of 7-6-8, 1-13-14, and 1-3-4,

stretching of 12-13 and 9-10

“In the assignment of vibrational modes, the number indicates each
atom of adenosine, as shown in Figure 4c.

(a) experiment

Raman intensity (a.u.) Raman intensity (counts)

1 ' 1 v I v I v 1 v 1 ' I M
400 600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

(© PeakO:735cm" (d) PeakP:1130 cm

Figure 5. (2) Raman spectrum of C.OXT-A, (b) calculated Raman
spectrum of C.OXT-A at the B3LYP/aug-cc-pVIZ level. (c)
Schematic of the vibrational mode of C.OXT-A at 735 cm™. (d)
Schematic of the vibrational mode of C.OXT-A at 1130 cm™.

of the chloro group. Further molecular vibrational studies will
provide more information regarding this issue.

Finally, we calculated the Raman spectra of chloro-adenine
and chloro-adenosine for comparison with that of COA-Cl
(Figure 6a,b). Here, the hydrogen atom (atom 11) of adenine
and adenosine was replaced by a chlorine atom. Compared to
the calculated Raman spectra of adenine and adenosine in
Figure 3, owing to the added chlorine atom, the spectral shapes
became slightly similar to that of COA-CI. As expected, Raman
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Figure 6. (a) Calculated Raman spectrum of chloro-adenine, (b) calculated Raman spectrum of chloro-adenosine, (c) schematic of the vibrational
mode of chloro-adenine at 391 cm™), (d) schematic of the vibrational mode of chloro-adenosine at 398 cm™, (e) schematic of the vibrational mode

of chloro-adenine at 781 cm™!

, and (f) schematic of the vibrational mode of chloro-adenosine at 794 cm™".

1

peaks were observed at ~390 cm™' (peaks Q and T) in both
spectra because of the strong vibration of the chloro group,
which was confirmed in the vibrational modes shown in Figure
6¢,d. Moreover, the strong peaks observed at 723 cm™" (peak
G) for adenine and 745 cm™" (peak K) for adenosine in Figure
3 were blue-shifted to 781 cm™ (peak R) and 794 cm™ (peak
U), respectively. In addition, the peak intensities were largely
reduced. These peaks originate from the breathing mode of the
adenine moiety, as shown in Figure 6e,f. A blue shift and
intensity decrease of this breathing mode were also observed
for COA-Cl (peak B). Therefore, we concluded that this
change in the breathing mode of the adenine moiety was
caused by chlorine atoms. The strong peak D of COA-CI was
also blue-shifted compared to peak H of adenine and peak L of
adenosine in Figure 3, even though the origins of these peaks
are the same vibrational modes. Similarly, peak H at 1366 cm™"
for adenine was blue-shifted to 1371 cm™ for chloro-adenine
(peak S), and the peak at 1366 cm™' for adenosine was blue-
shifted to 1391 cm™ for chloro-adenosine (peak V) (see the
Supporting Information for the vibrational modes). Overall, we
revealed that such a heavy chlorine atom has a large influence
on the Raman vibrational modes, which results in a large
difference in the Raman spectrum of COA-Cl compared to
those of adenine and adenosine.

B CONCLUSIONS

The Raman characteristics of COA-Cl were extensively
investigated through both experiments and DFT calculations
to elucidate the molecular vibrations and its related chemical
properties. COA-CI exhibits multiple clear Raman peaks. The
Raman spectrum of COA-CI differs from those of adenine and
adenosine, although the molecular structures are similar.
Through thorough studies on the Raman spectrum of COA-
Cl and comparison with adenine, adenosine, and other
analogues, we identified the vibrational modes of the
experimentally obtained Raman peaks of COA-Cl. We reveal
that COA-Cl indeed possesses similar molecular vibrational
modes to adenine and adenosine; however, the peak intensities
and peak positions are modified by the cyclobutane moiety and
the chloro group of COA-Cl These effects of the chlorine

atom and the cyclobutane moiety on molecular vibrations were
revealed by comparing COA-CI with adenine, adenosine, and
other analogues, which was not possible by analyzing COA-Cl
only. In particular, the fact that the heavy chlorine atom has a
significant influence on the Raman characteristics of COA-Cl is
essential to understand chemical and physiological properties
of COA-Cl, which implies the unique molecular vibrations
caused by the chlorine atom might play a crucial role for COA-
Cl to gain its superior chemical properties. We believe that this
Raman spectroscopic study provides novel insights into
structure—activity relationships of COA-Cl. Additional in-
formation on almost all the vibrational modes is provided in
detail in the Supporting Information. The fundamental
properties reported in this study are crucial and beneficial for
the further development of COA-Cl and related chemical
compounds.
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