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Prodiginine molecules (prodigiosin and obatoclax) are well-known pH-chromic dyes with promising anti-tumor activities. They
present multiple tautomeric and rotameric forms. The protonation state and the structure of such flexible ligands in interaction
with a protein is crucial to understand and to model the protein biological activities. The determination of the protonation state
via the UV/vis absorption is possible if the ligand spectra of the neutral and protonated states are sufficiently different, and also
if we can eliminate other factors potentially impacting the spectrum. Measuring absorption spectra of the ligand in solution,
varying solvents and pH values, we have determined that the optical properties of prodigiosin and obatoclax depend on the
protonation state and not on the solvent permittivity constant. In parallel, action spectroscopy (using tunable lasers coupled to
ion traps) in the gas phase of protonated and sodiated prodigiosin and obatoclax molecules has been performed to evaluate the
sensitivity of the charge and conformational state on their optical properties free of solvent. The spectra are interpreted using
computational simulations of molecular structures and electronic excitations. The excitation energies are only slightly sensitive
to various isomerizations, and may be used to distinguish between protonated and deprotonated states, even in the presence of a
sodium counter-ion.
1 Introduction biochemistry and mechanism of action, their potential for the
treatment of malignancies may be further clarified. In partic-

Prodiginines are tripyrrole compounds produced as secondary
metabolites by several terrestrial and marine microorganisms '€,
Their intense red color has raised attention a thousand years
ago’, but their very promising antitumor, immunosuppressant,
and antimalarial properties have been discovered much more
recently (for a review see Ref. 8).

The natural prodigiosin (PG, see Fig. 1, a and b) is able
to induce apoptosis in many different human cancer cell lines
with little effect on non-malignant cells 0. A synthetic prodig-
inin, obatoclax, (OBX, see Fig. 1c,d) is promising as a drug
against a variety of hematological malignancies !’ and solid
tumors '°. The mechanisms of prodiginins antitumoral actions
are still debated ; one may cite their interactions with anti-

apoptotic B-cell lymphocyte/leukemia-2 (Bcl-2) proteins ', their

efficiency as ions receptors and transporters within the cell 1729,

and the copper-mediated cleavage of double-stranded DNA 2122,
In contrast to the promising results on cell lines and on mice
models, its disappointing inefficiency as anti-tumoral agent in
clinical trials raises many questions '%-23-26,

By understanding the molecular mechanism of prodiginins’
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ular, prodiginins may exist in a number of different isomers
and protonation states, which may have different biological
impact. Depending on their environment, different isomers
or charge states may be favored. For example, the crystal
structure and solution formation constant of the HCI-complex
of PG and some derivatives have been determined '>?”-8. In
these crystals, the protonated form of prodigiosin (PG-H™") is
observed in a conformer where the chloride counter-ion is in
the center of the three protonated nitrogens forming a tweezer,
and noted B (see Fig. la). But Garcia-Valverde et al. have
calculated that in polar solution, PG-H" should adopt a dif-
ferent conformation noted 7y, where the three nitrogens do not
form a tweezer (see Fig. 1b)?°. Rizzo et al. also have suc-
ceeded to separate two rotamers of a derivative of PG-H* 30,
and showed that they may have similar absorption spectra, but
different pKa. Therefore, the pKa measured spectrophotomet-
ric titrations (7.2 for PG-H"/PG and 7.9 for OBX-H"/OBX)
are macroscopic equilibrium acidity constants emerging from
several concomitant titrations of different conformers in equi-
librium.

In a biological context, when prodiginins interact as a lig-
and, for instance with Bcl-2 proteins, the protonation state
and conformation of the ligand may depend on the position
of the ligand and on its interactions with the protein3!. To
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Fig. 1 Structures of prodigiosin (PG) in its neutral (a) and
protonated (b) forms; structures of obatoclax (OBX) in its neutral
(c) and protonated (d) forms. In natural prodigiosin, the residue R is
C5Hjq; in our theoretical model, it is CoHs. Among the possible
rotamers and tautomers obtained by rotations around the bonds
noted (1), (2), and (3) and by various protonation states of the
nitrogen atoms of cycles A, B and C, the isomers /3 and IV shown
here are the ones with the lowest energies
(0B97X-D/6-311++G(d,p) level of calculation). Color online.

understand the biological action mechanism of prodiginins in
interaction with other biomolecules, one needs to investigate
which isomers are present, and which are active. Protein X-
ray crystallography represents an experimental method heav-
ily applied in all stages of drug discovery. As an alterna-
tive, Nuclear Magnetic Resonance also provides information
on ligand/protein complexes at the atomic scale’>33. These
techniques would probably enable differentiation between f3
and 7y conformers, but they might not have sufficient resolution
to draw conclusions about the protonation state in a complex
environment. Prediction of protonation state in biomimetic
environments using theoretical modeling also remains a diffi-
cult task3+33,

Tunable lasers in the UV-visible range coupled with mass
spectrometry permit to do energy-resolved photodissociation
(PD) experiments. This tecFhnique, also noted as action spec-
troscopy, monitors the photodissociation or photodetachment
yield as a function of the laser wavelength and is directly re-
lated to optical absorption>®. Action spectroscopy on trapped
model bio-chromophores was pioneered by Nielsen, Andersen
and colleagues, using electrostatic storage devices (ELISA)>.
This approach was successfully explored on various protein
model chromophores 3342, Our group used electron photode-

tachment to report the first electronic excitation spectra of iso-
lated biomolecular ions**#, and pushed forward the limit of
spectroscopy on large isolated biomolecular ions in the visi-
ble45, UV40 and even VUV range47’48.

Therefore, PD spectroscopy would be an efficient approach
to investigate the structure of prodiginins in complex biologi-
cal environments. The determination of the protonation state
via the UV/vis absorption is possible only if the ligand spec-
tra of the neutral and protonated states are sufficiently dif-
ferent, and also if we can eliminate other factors potentially
impacting the spectrum. Before investigating prodiginins in
biomimetic environments, we first need to characterize them
in model environments, assess their solvatochromic proper-
ties, and investigate the link between their structural and opti-
cal properties.

In this paper, we report a joint experimental and theoretical
investigation of the optical properties of isolated prodiginins.
We focus on the impact of protonation on their structural and
optical properties. Moreover, we have studied the impact of
the interaction with a cation on the absorption spectrum, the
first stage towards more complex environments. Both sodium
and potassium cations would be relevant in a biological con-
text, but the ion signal observed in mass spectra is significantly
higher for sodium adducts than for potassium adduct, so that
this work focuses on sodium adducts. We show that the natural
ligand and dye prodigiosin (PG), and its derivative obatoclax
(OBX), are good candidates as optical probes of their protona-
tion state. In parallel, theoretical calculations have been used
to interpret and model the effects of protonation and structural
modifications on the optical properties of PG and OBX.

2 Materials and Methods

2.1 Materials.

Prodigiosin was bought from AdipoGen (Liestal, Switzerland)
and obatoclax Mesylate (97.95% purity) was purchased from
Selleckchem.com (Houston, TX). Dimethyl Sulfoxide (DMSO)
was purchased from Sigma (St. Louis, MO) and 1 N HCL so-
Iution in water was bought from Sigma-Aldrich (Steinhelm,
Germany). Ethanediol (Ethylene Glycol) was purchased from
Acros Organics (New Jersey, USA). Fisher Scientific UK (Lough-
borough, UK) was the supplier of Ethanol, absolute (analytical
reagent grade) and Methanol (HPLC grade).

2.2 UV/vis absorption in solution.

UV-Vis spectra were recorded applying an AvaSpec-2048 Fiber
optic spectrometer, an AvaLight-DH-S deuterium-halogen light
source, and a UV-VIS cuvette by Avantes. All solvents were
of spectrophotometric grade. In addition, we have explored
the fluorescence emissions properties of the two molecules
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and could not measure any fluorescence signal in the visible
range, in agreement with the results reported by Dimitrov et
al. on prodigiosin®. Han et al. reported that PG emits weak
luminescence in Tris-HCI buffer (pH 6.8) at room tempera-
ture, with a fluorescence maximum appearing at 554 nm, when
excited at 520 nm>°. It was nevertheless reported that prodig-
inins may fluoresce when they interact with other molecules
The weakness of fluorescence indicates the existence of radi-
ationless deactivation channels. The increase of fluorescence
intensity when the aromatic cycle interact with other molecules
might indicate that these radiationless deactivation are linked
to rotamer interconversions.

2.3 Mass Spectrometry and visible Photodissociation.

Positive ion electrospray was used with solution concentration
of 20 uM prodigiosin and 20 uM obatoclax in 1:1 ethanol/water.
10 uL of 1IN HCI was added to solutions to protonate prodi-
giosin and obatoclax. 10 uL of 1N NaCl was added to solu-
tions to sodiate prodigiosin and obatoclax. Two modes of frag-

mentation were used: collision-induced dissociation (CID) which

consists in fragmenting the trapped ions by collisions with He
atoms in the ion trap and photodissociation (PD), which con-
sists in fragmenting the trapped ions by irradiating them with
photons. CID was accomplished using helium gas at a nor-
malized collision energy of 35% for 30 ms. The activation
q value was set to 0.200 for CID and for PD. The isolation
width for selecting the ion precursors (both for PD and CID)
was 3 Da. A total of 50 microscans were averaged to produce a
spectrum. The laser is a 10 Hz-nanosecond frequency-doubled
tunable Panther”™ EX OPO laser pumped by a Powerlite”™ 11
Nd:YAG laser (both from Continuum, Santa Clara, CA, USA).
The laser beam passes through two diaphragms (2 mm diame-
ter) and lenses after which it is injected on the axis of the linear
trap through a quartz window fitted on the rear of the LTQ Ve-
los chamber>!. An electromechanical shutter, electronically
synchronized with the mass spectrometer, was placed along
the laser beam and allowed to inject the laser light according
to a given time sequence. To perform laser irradiation, the ion
cloud was irradiated for 1000 ms (10 laser shots). We added
in the ion trap RF sequence an MS" step with an activation
amplitude of 0%, during which the shutter located on the laser
beam is opened. The different steps of ion selection and ex-
citation are successively carried out in the high pressure cell.
Final product ions are then transferred and mass analyzed in
the low pressure cell. The photofragmentation yield is defined
aso=1In((I,+Xy))/(I,®) where I, and X s are the intensity
of the precursor ion signals and sum of photofragments and ®
is the laser fluence. Three action spectra are averaged together
for the reported spectra.

49,50

2.4 Theoretical Calculations

In this study, we have systematically made the common quan-
tum mechanical approximation of replacing Progidiosin alkyl
chain (CsH;;) by an ethyl group (C;Hs). Tossel et al. have
shown that this approximation does not change qualitatively
their results on the conformers stability and electronic exci-
tation energies 2. All calculations have been performed with
the version D.01 of the Gaussian 09 program package 3, ap-

49.50plying a tight self-consistent field convergence criterion (10~°

to 10719 a.u.) and a strict optimization threshold (107> a.u.
on average forces). We have optimized both the ground and
excited state geometries and determined their vibrational pat-

terns using density functional theory (DFT) and its time-dependent

derivation (TDDFT), respectively. The same integration grid,
namely the ultrafine grid, was used. We calculate vibrational
spectra at the harmonic level, and the absence of imaginary
frequencies confirms that we are at a local minimum. We have
used the 6-311++G(d,p) atomic basis set throughout, which
is expected to produce converged data for low-lying excited
states in organic molecules. We compared the stability of
different isomers using the total electronic energy with zero-
point correction (ZPC). Discussions about the most appropri-
ate exchange-correlation functionals are developed in greater
detail in Refs. 54-57. @B97X-D>® emerged as a functional
able to reproduce, in a balanced way, both local and inter-
base charge-transfer excited states, and also valuable in sim-
ulation of the impact of the environment on electronic excita-
tion3*+59, Therefore, we have used this functional for geom-
etry optimization of ground and excited states. Nevertheless,
to get some insight into the effect of functional on the vertical
excitation energies of prodiginins, we compared the vertical
excitation energies obtained by B3LYP®?, t-HCTH®!, CAM-
B3LYP%2, PBE0®, M11% and wB97X-D8, at the fixed ge-
ometry obtained previously by ®B97X-D/6-311++G(d,p) op-
timizations. The global hybrid B3LYP Becke:1993tm is very
often used in the quantum chemistry community. One pop-
ular meta-GGA is used here : T-HCTH. The global hybrids
PBEO and Truhlars global hybrid M11 have proven to give
very reasonable results for organic chromophores>>, and are

adapted to describe charge-transfer electronic excitations®.

Long-range correction is proposed with CAM-B3LYP and @B97X-

D. The ®B97X-D also includes an empirical correction to take
into account dispersion effects.

Vibrationally resolved spectra within the harmonic approx-
imation were computed using the FC module of Gaussian 09 %667,
Excited state geometry and vibrations were obtained with func-
tional @B97X-D, which is usually relatively accurate for such

studies, especially where a twisted/planar intramolecular charged-

transfer equilibrium is possible3*. Our calculations, based on
the Franck-Condon formalism, are performed for molecules
at OK. A maximal number of 30 overtones for each mode and
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30 combination bands on each pair of modes were included in
the calculation. The maximum number of integrals to be com-
puted for each class was set to 10'°. The convergence of the
FC factor was 0.94 for I5-PG and 0.90 for I3-PG-H*. The
reported spectra were simulated using a convoluting Gaussian
function presenting a half width at half maximum (HWHM)
that was adjusted to approaches spectra similar to experiment
ones (typical value: 0.09eV ~ 750 cm~!). To match the max-
ima of the absorption band with the experimental action spec-
tra, on Fig 3, the transition energies obtained using @ B97X-D
have been shifted by -0.37eV.

3 Results

3.1 Solvatochromism

Absorption spectra of prodigiosin have been recorded in var-
ious alcohol/water mixtures in the past and at different pH
values>’%8. Two peaks are observed in the visible part of
the spectrum with maxima at 537 nm and 470 nm (2.31 and
2.64eV respectively). The lower energy peak dominates at
acid pH and the higher energy one at basic pH.

To determine the possible influence of solvation on the op-
tical spectra, we recorded UV-Vis absorption spectra of prodi-
giosin and obatoclax in pure solvents that have various dielec-
tric constants. The results of the protonated prodigiosin and
obatoclax molecules are displayed Figs.?? and ?? in Elec-
tronic Supplementary Information (ESI). Based on these two
graphs, when using solvents that have varying dielectric con-
stants within the range of 2 until 47, the absorption wave-
lengths of either molecule barely shifted, for both the proto-
nated and the neutral molecules. These results show that even
with varying the polarity of the solvent (dielectric constant),
prodigiosin and obatoclax are not affected by the solvents po-
larity and are thus not solvatochromic.

3.2 Action Spectroscopy

PG and derivatives have already been studied using mass spec-
trometry by Chen and co-workers ®°, who showed that proto-
nated PG mainly dissociates via the methyl radical loss and
consecutive fragment ions, and in a lesser extent by the loss of
a methanol molecule. Since 15 Da loss is common to MS/MS
spectra of all prodiginines, it was suggested that this corre-
sponds to the loss of the methyl moiety of the methoxy group
on the B-ring. In this work, protonated prodigiosin and oba-
toclax have the same fragmentation pathways with the loss of
the methyl radical being more prevalent than the loss of the
methanol group. The same fragments are observed either by
collision activation (CID) or light absorption (and do not de-
pend on the laser wavelength), while their relative abundance

is slightly different (see Figs. ?? and ?? and in ESI). For so-
diated prodigiosin, thel5 Da loss is the main fragmentation
channel along with the loss of C4Hg radical. Interestingly,
for sodiated obatoclax, in addition to the loss of methanol
molecule, bigger neutral losses are observed that might cor-
respond to fragments within rings.
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Fig. 2 Experimental gas phase photofragmentation yield of (a-b)
protonated and sodiated prodigiosin and (c-d) protonated and
sodiated obatoclax.The definition of the yield is given in the
Experimental Section. Color online.

Fig. 2 shows the action spectra of protonated and sodiated
prodigiosin and obatoclax molecules in the gas phase. The ab-
sorption peak in Figure 2a is at 522 nm (2.37eV). For a com-
parison, based on the absorption spectra of protonated prodi-
giosin in the liquid phase (varying between 530-540 nm), the
gas phase absorption of prodigiosin is slightly blue shifted (see
Fig.?? ). Furthermore, it should be noted that there are two
peaks for the protonated obatoclax molecule, one at 519 nm
(2.39eV) and the other at 554 nm (2.23 eV), which are not
observed for the protonated obatoclax in the liquid phase (ab-
sorption peaks ranging from 544 nm to 550 nm) with only
one protonated absorption peak. Concerning sodiated species,
spectra are blue-shifted and much broader (in particular for
obatoclax) as compared to those of the protonated species.
One qualitative difference between prodigiosin and obtatoclax
in the action mass spectra is the presence of a double peak
for OBX-H" (see Fig.2c). The splitting of the band might
originate in various phenomena : (1) the presence of several
conformers with different excitation energies, (2) the appear-
ance of several excitation levels for a single conformers, (3)
or intense vibronic couplings for a single electronic excitation.
These are discussed on the basis of our theoretical results in
Sect. 3.3.2. Finally, gas phase spectra of sodiated prodiginine

This journal is ©@ The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-11 |4

Page 4 of 11



Page 5 of 11

Physical Chemistry Chemical Physics

molecules are very similar to the absorption spectra of neu-
tral prodigiosin in the liquid phase (see Fig. ??). Solvation has
only a small impact on the position of the optical spectra.

3.3 Theoretical calculations

3.3.1 Numerous tautomers and rotamers

The conjugated moiety of prodiginin is expected to adopt a
rather planar conformation. Three bonds linking the cycles A,
B and C (see Fig.1) permit to imagine 23 = 8 different ro-
tamers of the aromatic core. Moreover, for the neutral form of
the prodiginin, only two of the three nitrogen atoms are proto-
nated, which let three different tautomers emerge. Following
the notations by Garcia-Valverde et al.?® (different from Tos-
sel’s one>?), we distinguish the different rotamers using greek
letters (x to 0), and the different tautomers using roman num-
bers (I, IL, III for the neutral form, IV for the protonated form,
where the three nitrogens cary a proton). Figs.?? and ?? in
ESI describe the 8 x 4 = 32 resulting isomers of prodigiosin
(PG) and obatoclax (OBX).

Chen et al.%, Tossel et al.>2 and Garcia-Valverde et al.?
have already discussed the relative stability of prodiginins iso-
mers. We complete their studies by comparing the energies
of all the possible isomers of our model of prodigiosin and of
obatoclax, in the neutral and protonated forms. The relative
total energies are given in Figs. ?? and ?? of ESI.

For neutral prodigiosins, the tautomers of type I are fa-
vored, i.e. the protonated nitrogens are on cycle A and C,
while the nitrogen on cycle B is deprotonated. The isomer
IB-PG is the most stable (see Fig. 1a), followed by 16-PG,
which energy is 11.8 kJ.mol~! higher. The same isomer If3
was found for a very similar prodiginin by Garcia-Valverde et
al. using solution 'H and '3C NMR experiments and quan-
tum chemical calculations?®. Even if the subtituants of their
model are slightly different from ours, the relative energies
of the conformers existing in both models are in very good
agreement. One can reasonably consider that at equilibrium,
the I population is dominant (at 300K, the thermal energy
kgT equals 2.5 kJ.mol~!). For the protonated species, the
two elongated rotamers IVy-PG-H* and IVa-PG-H™ have the
lowest energy, with IVy-PG-H" dominant (its energy+ZPC is
lower by 6 kJ.mol™1), see Fig. 1b. For obatoclax, the same
rotamer I-OBX is obtained for the neutral form, but for the
protonated OBX-H™, the two rotamers IVy and IV may be
present at room temperature (see Fig. 1b). Noticeably, the for-
mal acido-basic equilibrium I3-PG + H" = IVy-PG-H" in-
volves rotations around the bonds noted (1) and (2) on Fig. 1,
so that other rotamers appear as transition states or reaction
intermediates. Garcia-Valverde et al. have indeed observed
the NMR fingerprint of rotamer conversion upon a change of
counterion in DMSO solution?®. For a derivative of PG in so-
lution, Rizzo et al. have also shown that the rotation around

the bond noted (2) is rapid for the neutral form, but it is frozen
for the protonated form, hindered by the intramolecular H-
bond .

3.3.2 Excitation Energies Calculations

Given the conformation of most stable isomers of neutral and
protonated PG and OBX, one can model their UV-visible ab-
sorption spectra by calculating the energies AE = hc/A which
the molecule may absorb during an electronic excitation by
a photon of wavelength A. If one neglects the variation of
geometry and vibration modes upon the electronic excitation,
these excitation energies can be estimated by a time-dependent
density functional theory (TDDFT) calculation at the ground
state geometry. Table 1 gathers the vertical absorption en-
ergies obtained for our model of prodigiosin and obatoclax.
Comparisons are made between prodigiosin in the protonated
state (the two lowest energy conformers IVy and IV, plus
IV for comparison), in the neutral state (the lowest energy
conformer I, plus two conformers for comparison), and in
interaction with Na™. We report the vertical excitation energy
for the lowest-energy conformers, plus for one or two other
conformers for comparison (their relative energy are given in
parenthesis). Moreover, comparison is made between differ-
ent functionals. In most cases, a single electronic excitation
was dominant, with an oscillator strength larger than 0.8, and
it corresponds to the HOMO-LUMO transition (Highest Oc-
cupied Molecular Orbital to Lowest Unoccupied Molecular
Orbitals).

3.3.2.1 Protonated and neutral prodigiosin
We first compare the results for lowest energy conformers: the
neutral I3-PG and the protonated IVy-PG-H™". The vertical
excitation energies depend on the functional, but a global ten-
dency is recognizable : deprotonation increases the excitation
energies, by values varying from 0.15 to 0.28 eV depending
on the functional. The neutral forms also have lower oscilla-
tor strengths, associated to lower absorption intensities. These
shifts of wavelengths and intensities are indeed observed for
prodigiosin in solution of varying pH. More quantitatively, if
one takes the maximum of the experimental absorption spectra
of prodigiosin solutions (see Fig. ??), the excitation energies
are shifted from about 2.34eV for PG-H* to about 2.70eV
for PG, i.e. a shift of 0.26eV. Additionally, one can inves-
tigate the impact of conformation on the vertical excitation
energies. Different isomers of neutral PG have a small spread-
ing of their excitation energies. The dominant isomers are de-
scribed in Table 1. If one investigates the whole data obtained
using @B97X-D/6-311++G(d,p) (not shown here), seven ro-
tamers of the tautomers of type I of neutral PG (I to 16, ex-
cept I16) have vertical excitation energies ranging from 3.06 eV
to 3.18 eV. The same is true for PG-H™: the eight rotamers
of type IV (IVa to IV, except IV) have vertical excitation
energies ranging from 2.78 eV to 2.86 eV (also using ®B97X-
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prodigiosin PG-H" PG PG-Na*
Isomer (kJ.mol™)) | IVy(©)  IVa(6) IVB23) | 1B (0) y38) 1£@3) | L0 18312
Functional AE f AE f AE f AE f AE f AE [ AE [ AE [
7-HCTH 253095 2591.04 260080 | 2.710.60 253054 2.620.52 | 2.560.47 2.690.36
B3LYP 270 1.18 2.751.27 272090 | 2.85 0.77 2.790.74 2.820.73 | 277 0.56 2.98 0.45
PBEO 275 1.23 2801.32 277093295 080 286080 2.890.77 | 2.840.60 3.07047
CAM-B3LYP 2.82171.29 2851.37 281097 3.08 0.86 3.070.96 3.040.87 | 3.040.63 335051
Mil1 284 1.28 2.861.35 283097 | 3.16 0.88 3.181.02 3.140.90 | 3.170.64 3.480.46
wB97X-D 283 1.30 2.861.37 283098 | 3.100.97 310096 3.060.87 | 3.090.65 3.380.47
obatoclax OBX-H* OBX OBX-Na™

Isomer (kl.mol™") | IVy(©0) IVa@) IVBQ0) | 1B (0) y36) 1L 17(0) To(1)
Functional AE [ AE f AE [ AE f AE f AE f AE [ AE f
7-HCTH 2.250.79 2400.75 | 2.560.35 225030 2370.31 | 2350.13

246095 230081 2930.27 | 2.650.37 2.650.37 2.740.29 | 2.580.46 2.550.65
3.050.17 2.970.32

B3LYP 225023 237037 2.440.36

255093 260084 2.630.63| 2.82091 270063 2.690.64| 280080 2.821.07
PBEO 238041 2490.66 2.550.64 2.62 0.68

2.650.83 270063 273039 | 2.89095 271077 2.780.71 | 2.89095 2.891.14
CAM-B3LYP 270134 274145 2721.09 | 3.020.99 297106 298090 | 3.021.16 2.991.25
Ml1 278139 28017145 2781.09| 310098 3.091.14 3.090.95|3.0517.16 3.021.23
wB97X-D 275139 278148 2751.10] 3.050.99 3.011.08 3.01091 |3.0517.17 3.011.24

Table 1 Vertical excitation energies (eV) of our prodigiosin model and obtatoclax in the neutral, protonated, and sodiated states using various
functionals (6-311++G(d,p) basis set). Oscillator strengths are given in italics. For details on the nomenclature of the tautomers and rotamers,
please see Text and Figures ?? and ?? in ESI. For each conformation, the geometry is fixed as obtained using ®B97X-D/6-311++G(d,p)
optimization, and the relative energy (+ZPC) is given in parenthesis (kJ.mol~!). At 300K, kzT ~ 2.5 kJ.mol~!, some isomers are chosen not
because of their low energy, but because they permit to discuss the impact of protonation and sodiation on the excitation energies (see Text).
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D/6-311++G(d,p)). Such small differences between the ro-
tamers of the neutral or protonated family might not be de-
ciphered in the action mass spectra, but the family of neutral
and protonated prodigiosin have energies different enough to
be distinguished. There is one exception to this tendency: The
difference of the vertical excitation energies of the neutral 15-
PG and the protonated state [§-PG-H™ is only 0.08 eV using
®B97X-D. But this result is functional dependent. The differ-
ent in excitation energies becomes as large as 0.32eV using
the M11 functional. This rotamer could instructively be fur-
ther studied using quantum chemistry methods preciser than
TDDFT.

Looking in more detail at the dependance of the verti-
cal excitation energies on the functional, the excitations en-
ergies vary from 2.53 to 2.83 eV for 7-HCTH and @B97X-D
respectively. These values are clearly above the energy de-
duced from the maximum of the photofragmentation spectrum
(2.37eV) by 0.16¢eV to 0.46eV. This difference had already
been noticed by Tossel et al. who had used the B3LYP func-
tional®>. Such errors are typical of the TDDFT methods>*,
but one could have hoped for a better accuracy from Global
Hybrids functionals incorporating a large share of exact ex-
change (M11), or range-separated hybrids (e.g., CAM-B3LYP
and wB97X-D).

One origin of the shift of an absorption band relative to
the prediction by vertical electronic energy can be the cou-
pling between the electronic and vibrational excitations. The
broadness and shift of the absorption band emerge from the
electronic excitations from or towards vibrationally excited
states. Vibronic couplings modify the absorption spectrum
when the electronically excited state has a different geometry
from the ground state. We have estimated the impact of this
effect by calculating the form of the absorption band emerg-
ing from vibronic coupling for prodigiosin in neutral and pro-
tonated forms. Our calculations, based on the Franck-Condon
formalism, are performed for molecules at OK, i.e. it takes into
account transitions from the ground state in its vibrationally
ground state (initial quantum numbers v = 0) towards the elec-
tronic excited state in vibrationally excited states (final quan-
tum numbers V' > 0). The adiabatic excitation energies (0-0
transitions) are 0.32 and 0.16 eV below the vertical excitation
energies for I8-PG and IVy-PG-H' respectively. Vibronic
coupling is thus non negligible, but it is not anomalously high
for an organic dye.

The vibronic coupling calculations provide thousands of
absorption frequencies and associated intensities. To obtain a
continuous spectrum comparable to experimental data, these
absorption peaks have been convoluted with Gaussian func-
tions, which width is adapted to match the broadening of the
experimental spectra. This convolution mimics broadening
due to Doppler effect and temperature. Fig.3 compares the
calculated absorption spectra of protonated prodigiosin IVy-

PG-H' and neutral prodigiosin If3-PG. These spectra are also
overlaid with the experimental action spectra of Figs.2a and
2b in ESI (Fig.??). The relative shape, position and inten-
sities of the peaks of both the theoretical and experimental
data match grossly, except for the tails of the absorption peaks,
which are broader in the theoretical model. Indeed, the impact

10 T T
9 Ip-EG L5 .
IVy-PG-H™ ——— /
— 8 / \ —
7 7L / L -
o £
s 6 & / o m
& =04 / o o’é\
s St /] Vo
] i \
] 4 - i
£ | \
2 3 L | -
—2 | \\
n I \
. i’ I .
=7 1 L 1 il \

0
360 380 400 420 440 460 480 500 520 540 560 580

Wavelength(nm)

Fig. 3 Vibrationnally resolved absorption spectra of I3-PG and
IVy-PG-H" predicted by TDDFT calculations. The vertical lines
show the position of an absorption peak deduced from the vertical
transition energy (vert.) or from the adiabatic transition (0-0) . The
energies calculated by TD-wB97X-D/6-3114++G(d,p) have all been
shifted by -0.37 eV to match the peak position of the experimental
data. The theoretical absorption energies have been convoluted with
a Gaussian function with a half width at half maximum (HWHM) of
about 0.1 eV. Color online.

of vibronic coupling is stronger for the neutral prodigiosin
than for the protonated one, its calculated absorption band is
broader and its intensity is lower. But within our approxima-
tions, vibronic coupling alone is not sufficient to explain the
differences between the experimental and TD-wB97X-D/6-
311++G(d,p) absorption energies. To match the experimental
and theoretical maxima of the peaks obtained using ®B97X-
D/TDDFT and action spectroscopy, one needs to shift the the-
oretical energies by about -0.37 eV.

Despite the typical inaccuracy in the excitation energy, the
TDDEFT calculations are informative : The enlargements of
the absorption band in the experimental action mass (Figs. 2a
and 2b) are compatible with our calculated vibronic coupling.
Moreover, the calculations also permit to determinate which
vibrational modes contribute to the specific band shape of the
system: For IVy-PG-H™, the first, second and 8th modes (start-
ing from the lowest energy) are particularly important and are
excited together. Mode 1 corresponds to a deformation of the
molecule relative to its planar shape, cycle A and C flapping
symmetrically like the wings of a flying butterfly. Mode 2

This journal is ©@ The Royal Society of Chemistry [year]
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corresponds to the rotation of cycle A around bound (1) (see
Fig. 1). Mode 8 corresponds to an in-plane rotations of cycles
A and C. For IB-PG, 3rd and 4th modes are particularly im-
portant. They both correspond to the opening of the tweezer
formed by the three nitrogen atoms, with an approximate con-
servation of the planarity of the molecule.

To summarize, from these first results on our prodigiosin
model, one could expect that experimental absorption spectra
or action spectra of prodigiosin could permit to distinguish be-
tween different protonation states, but not between rotamers.
The origin of the width of the peak on the action spectra of
PG and PG-H™ seems to be the coupling between electronic
and vibrational excitations, rather than the presence of several
isomers or several electronic excitations.

3.3.2.2 Protonated and neutral obatoclax

The conclusions made on PG theoretical results hold also for
OBX too : the absorption wavelength and absorption intensi-
ties decrease upon deprotonation. Again, this is in qualitative
agreement with what is observed for the absorption spectra of
obatoclax in solutions. Again, the vertical excitation energies
are mostly of few tenths of eV above the energies obtained
from the action mass spectra.

Concerning the theoretical predictions, the results depend
on the functionals: the T-HCTH, B3LYP and PBEO function-
als predict two electronic excitations for IVy-OBX-H*. The
former one, 7-HCTH, even predicts two peaks of similar in-
tensities at 2.25 and 2.46 eV, which are very close to two peaks
observed on the action spectra at 2.23 and 2.39 eV. Other func-
tionals, among which our choice @B97X-D, and also the praised
M11 and CAM-B3LYP, predict a single electronic excitation
at 2.75, 2.78 and 2.80eV respectively. Moreover, T-HCTH,
B3LYP and PBEO functionals predict significant differences
between the two rotamers IVy-OBX-H™ and IVa-OBX-H™,
while M11 and CAM-B3LYP predict very similar electronic
excitations.

Due of this difficulty for the TDDFT results to draw clear
conclusions on the vertical electronic excitations of obatoclax,
we did not investigate further towards the shape of its absorp-
tion bands. Unfortunately, we cannot clearly attribute the dou-
ble peak appearing in the action-spectrum of the OBX-H™ to
either a single electronic excitation with some vibronic cou-
pling, or two separated electronic excitations. The presence of
two rotamers also remains a possibility to explain the pres-
ence of the two peaks, but in this case, the distribution of
the two rotamers in the ion trap is far from the equilibrium
Boltzmann distribution given by the relative total energies. To
clarify these points, it would be helpful to study theoretically
the electronic excitations of protonated obatoclax using post-
Hartree-Fock approaches with higher accuracy than TDDFT.

3.3.3 Interactions with NatAs our aim is to investigate
prodigiosin and obatoclax in complex environments, the im-

pact of electrostatic interactions on their structure and absorp-
tion spectra should be further investigated. Here, we focus on
the impact of the complexation with a sodium cation.

The geometries of the complexes of the neutral PG and
OBX with sodium cation were optimized. To guess reasonable
initial structures, the electrostatic potentials of the optimized
neutral species were studied. As expected, the electronegative
regions are located (1) in the vicinity of the nitrogen which
does not carry any proton, (2) on both sides of the three cy-
cles A, B and C, and (3) on the two lone pairs of the methoxy
group. Following these hints, we constructed 10 starting posi-
tions for the sodium cation dispatched on these electronegative
regions for each of the 24 neutral isomers, and optimized their
geometries. Fig.4 illustrates the structure of optimized con-
formers of PG-Na™ and OBX-Na™. First, the case of prodi-
giosin is discussed. The PG-Na™ with the lowest calculated
energy among all calculations is of type I{-PG-Na™ (Fig. 4a).
For comparison the one with the lowest energy among the 13-
PG-Na™ type lies 12 kI.mol~! higher in energy. This latter
one would be obtained by adding a sodium cation to the most
stable conformer of neutral PG (If3), if the exchange between
rotamers would be frozen, which may happen in a confined
or viscous environment, like in a protein or in a lipidic mem-
brane. All the low-energy conformations of PG-Na™ are fa-
vored by both a strong electrostatic interaction between the
bare nitrogen and the Na™, but also by 7-cation interactions
with cycle C. A compromise has to be found between max-
imizing interaction with the cation and maximizing the pla-
narity of the aromatic moiety. Because of their bulkiness, the
substituents of cycle C also have an impact on the stability of
the different isomers. The dihedral angle around bound (3) of
Fig. 1 is about 30 degrees in the most stable conformer I1§-PG-
Na*, and as large as 50 degrees in the less stable I3-PG-Na™.
Noticeably, the presence of the sodium cation favors confor-
mations of PG-Na™ like I{, Ie and 18, which are improbable
in its absence. These lie respectively at energies 3.9, 6.2 and
6.7 kJ.mol~! higher than the most stable state I{-PG-Na™, and
could therefore be present in small amount at equilibrium.

The rotamers favored in sodiated obatoclax are rather dif-
ferent for the ones in sodiated prodigiosin. As for PG-Na™,
the sodium cation interacts with both the bare nitrogen and
the delocalized 7 electrons (see Figs. 4, ¢c and d) but whereas
it interacts with cycle C in PG-Na™, in OBX-Na™ it interacts
with cycle A. The hydrogen bond between the methoxy group
and the nitrogen of cycle C remains present in the [y-OBX-
Na*t and Io-OBX-Na™. It turns out that the most favorable
conformers are the same for OBX-HT and OBX-Na™, but this
seems fortuitous. Again, a compromise has to be found be-
tween maximizing interaction with the cation and maximiz-
ing the planarity of the aromatic moiety. The dihedral angle
around bound (1) of is about 42 degrees in the most stable
conformer Iy-OBX-Na™ (see Fig. 4c).

1-11 |8
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a) I¢-PG-Na™ (0)

b) IB-PG-Na™ (+12 kJ/mol)

)' \71"\5

4

¢) Iy-OBX-Na* (0)

e 3D s f
Bt ot

d) To-OBX-Na™' (+1 kJ/mol)

Fig. 4 Optimized structures of sodiated prodigiosin (a,b) and
sodiated obatoclax (c.d). The sodium cation is represented as a pink
sphere. Only some optimized conformers are selected here. The
relative total energy is given in parenthesis. (a) I{-PG-Na™ has the
lowest calculated energy among all calculations of PG-Na™. (b) The
complex with the lowest energy among the I[3-PG-Na™. (c)
Iy-OBX-Na™ has the lowest calculated energy among all
calculations of OBX-Na™. (d) Ie-OBX-Na™ is just 1 kJ.mol~!
higher in energy. Color online.

Especially for conjugated moieties, such perturbations of
the molecular geometry may strongly influence the electronic

structure and electronic excitations’?. Table 1 gathers the ver-
tical absorption energies obtained for sodiated prodigiosin and
obatoclax. Depending on the isomers, the interaction with
sodium cation has different impacts. For the most stable iso-
mer I{-PG-Na', for example, the presence of a sodium ion
has practically no impact on the geometry of prodigiosin and
on the absorption energy. In contrast, for the If-PG isomer,
the interaction with the cation distorts the planar structure of
the conjugated moiety. This decreases the electronic delocal-
ization, therefore increases the gap between the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO). The distortion by Nat destabilizes so
strongly the I13-PG, that this isomer would no longer be rele-
vant in an equilibrated sample in a complex with Na*. If one
compares the vertical excitation energies of I-PG and 13 -PG-
Na' (see Table 1), this effect appears functional dependent,
with the largest effect for functional taking into account dis-
persion effects and containing exact-exchange contributions.
But if one compares the two lowest-energy states before and
after sodiation : If-PG and 1-PG-Na', the vertical excitation
energies are almost the same. We attribute this similarity to
the conformers favored during the interaction with the sodium
with only small deformations. Similarly, for OBX, if one com-
pares the two lowest-energy states before and after sodiation:
I-OBX and Iy-OBX-Na', the vertical excitation energies are
practically the same.

4 Conclusions

In summary, we have studied the optical properties of prodi-
giosin and obatoclax by using action spectroscopy and the-
oretical calculations. They exist as free bases or protonated
species and both can interact with cations or anions.

The action spectroscopy of the protonated and sodiated
species shows that the spectra of the ionic species are different
enough to be clearly distinguished. We investigated the impact
of solvent and of complexation with sodium on the absorption
energies. The solvatochromic effect is practically negligible.

Density Functional Theory (DFT) and Time-Dependent
DFT (TDDFT) results permit to interpret the action spectra
in term of electronic excitation with strong vibronic coupling.
The interconversion between isomers can clearly be dragged
by the environment, either a change of pH, or by the presence
of ions. The excitation energies depend the molecule’s pro-
tonation state, but much less on the dielectric constant of the
solvent, possible isomerization, or the presence of a sodium
cation.

These prodiginins optical properties may open the door
for new experimental investigations of this important family
of ligand in biomimetic environment.

This journal is © The Royal Society of Chemistry [year]
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