PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 31 Physical Chemistry Chemical Physics

The nature of nucleotide and the pH not only
modulate the type of the ground-state-complexes of
p-carboline/nucleotide formed, but also the dynamic
deactivation processes.
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Abstract

Interaction between norharmane and three different 2’-deoxynucleotides (dINMP) (2’-
deoxyguanosine 5’-monophosphate (dGMP), 2’-deoxyadenosine 5’-monophosphate (dAAMP) and
2’-deoxycytidine 5’-monophosphate (dCMP)), in aqueous solution, was studied in the ground state
by means of UV-vis and 'H-NMR spectroscopy and in the first electronic excited state with steady-
state and time-resolved fluorescence spectroscopy. In all cases, the norharmane-dNMP interaction
dependence on the pH was examined. Possible mechanisms for the interaction of both ground and
electronic excited states of norharmane with nucleotides are discussed. Spectroscopic, molecular
modeling and chemometric analysis were performed to further characterize the chemical structure
of the complexes formed and to get additional information concerning the interaction between

dNMPs and norharmane.

Keyword: B-carbolines; alkaloids; nitrogen heterocycles; nucleotides; self-assembly; hetero-

association; chemometrics
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Introduction

B-Carbolines (BCs) are a group of efficient naturally occurring photosensitizers. Upon UVA
excitation, these alkaloids induce damage in the DNA moietyl'5 and its components6. Briefly, the
type and extent of the DNA damage strongly depend on the chemical nature of the fC and also on
their binding affinity. Moreover, the latter is modulated by the pH: the lower the pH, the higher the
affinity of the BCs and the biomolecules. Although photo-excited BCs are able to produce reactive
oxygen species (ROS), even upon two-photon excitation,”” these DNA photosensitized damage
take place, mainly, through electron transfer processes (type I mechanism).

In the recent decades, the interest in the photophysics and photochemistry in aqueous

7,9-20

environment of BCs has continuously increased. Thus, their photophysics, photochemistry”®

6. 2133 \ith several biomolecules has been described. Furthermore, the

and their interaction
attention in this kind of systems arises not only from their role in biological systems, but also
from their possible applications in other fields of studies: i.e., development of organic

semiconductors devices like light emitting diodes®* *°

and photovoltaic cells. In such systems,
the packing and co-assembling of hetero-aromatic rings play a key role in the efficiency of
conduction.”®

In particular, the interaction of fCs with some nucleotides has been investigated:

(i) Balon et. al.!

have studied the interaction between harmane and nucleobases, nucleosides and
nucleotides, in methanol-water solutions at pH 8.7. They reported that the interaction between these
molecules is mainly due to static interaction (formation of ground-state-complexes between the
substrates). The nucleobases would only interact with the neutral form of harmane. The magnitude
of the binding constants depends, almost exclusively, on the nature of the nucleobase and neither
the ribose nor the phosphate groups significantly contribute to the overall binding. The exact nature
of the attractive forces involved in the formation of the complexes could not be clearly
characterized. However, the stacking of the hetero-aromatic rings of harmane and the nucleobase in
the complexes would play a major role in the stabilization of the complexes. Time-resolved
fluorescence measurements indicated that a contribution of both static and dynamic quenching
components operate in the deactivation of the first singlet excited state (S;) of the BC. The dynamic
component would be the proton transfer between the protonated harmane, in its S; state, and the
phosphate group of the mononucleotide. However, this hypothesis seems to be unlikely for all the
acidic and basic species of the three nucleotides.

It is known that, in aqueous solution, BCs and nucleobases show several acid-base equilibria
(Scheme 1).” Therefore, under the above pH-conditions (pH 8.7), a mixture of different species of

both the BC and the dANMP are present in the solution. Thus, a comprehensive study of the
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molecular interaction as a function of the pH would certainly help to understand the contribution of
each species to the overall interaction mechanisms.

(ii) Recently, we have demonstrated that the ground state interaction between norharmane and 2’-
deoxyadenosine-5’-monophosphate (1AMP) shows a strong pH-dependence that can be explained
in terms of the chemical structure of both molecules.® On the contrary to what was described in the
literature®', the highest binding constants were estimated under those pH conditions where the
protonated form of the alkaloid is present (pH < 7). Theoretical modeling suggested that, despite
norharmane molecule interacts with adenosine base by m-stacking, the phosphate group also plays a
key role in the relative orientation of the two molecules via coulombic interactions and also via
hydrogen bonding with the BC due to the negative charge density present on it. Fluorescence
studies® revealed that under acidic conditions (i.e., pH 2.5-5.4, where the protonated form of
norharmane, nHoH', is present) the S; of protonated norharmane is deactivated by dAMP via a
purely static process. On the other hand, in alkaline media (pH 10.5), where the neutral form of
norharmane (nHo) is predominant, the quenching involves a combination of dynamic and static
processes, showing a relatively high efficiency of S; deactivation. Reyman et. al®® have recently
suggested that such a dynamic deactivation can be a consequence of a proton exchange between the
phosphate group and the fC moiety, yielding the corresponding zwitterionic form of the BC.

Although the aforementioned results, there are indeed several controversies and queries
that still need to be addressed: What is the pH-effect on the interaction between BCs (in both,
their ground and excited states) and nucleotides? Does the nature of the nucleotide (i.e., purine
or pyrimidine) affect the binding affinity and the interaction mode? What is the physical nature
of the intermolecular interaction forces involved in such complexes: pure m-stacking, pure
electrostatic attraction, hydrogen bonding or mixed contributions? What is the role of the
phosphate group, present in the nucleotide moiety, in the interaction mode: stabilizes and/or
induces a relative orientation between the two moieties? Do proton-transfer processes take place
between the first electronic excited state of BC and nucleotides? Does the phosphate group
present in the nucleotide moiety participate in proton-transfer processes yielding the
zwitterionic form of BC, as it was suggested in the literature*®?

In the present work, we have systematically investigated the interaction between norharmane
and different nucleotides in aqueous solutions as a function of the pH. Since norharmane represents
the common heterocyclic skeleton moiety of full aromatic BCs, its use as a model of BC is a
reasonable starting point.”’ As a proof of principle, two nucleotides were selected as ligands: 2°-
deoxyguanosine 5’-monophosphate (dGMP) and 2’-deoxycytidine 5’-monophosphate (dCMP), as a

model of purine and pyrimidine nucleobases, respectively. Results obtained herein were analyzed in
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connection with those previously reported for dAMP. Molecular modeling and chemometric
analysis were also performed to further characterize the chemical structure of the complexes formed
and to get from the UV-absorbance spectra additional information concerning the interaction

between dNMPs and norharmane.
EXPERIMENTAL METHODS
Chemicals

Norharmane (> 98%), 2'-deoxynucleotides (ANMP: 2’-deoxyguanosine 5'-monophosphate
(dGMP), 2’-deoxyadenosine 5'-monophosphate (dAMP) and 2’-deoxycytidine 5'-monophosphate
(dCMP)) and other chemicals were provided by Sigma-Aldrich and used without further
purification. The pH of the aqueous solutions was adjusted by adding drops of HCl or NaOH
solutions (concentrations ranged from 0.1 M to 2 M) from a micropipette. In the experiments
performed with D,0 as solvent, D,O (> 99.9%; Euriso-top or Aldrich), deuterium chloride (35 wt.
% solution in D,0, 99 atom % D, Aldrich), and sodium deuteroxide (40 wt. % solution in D0, 99+
atom % D, Aldrich) were employed.

pH Measurements were performed with a Altronix TPX-III pH-meter, using a Silver Cap
(U.S.A.)-ALPHA PY41 pH-electrode. The pD values were calculated by adding 0.4 to the pH

values measured.>”
Binding studies

The interaction between norharmane and 2'-deoxynucleotides (INMP) was studied under three pH
conditions in which predominantly exists one acidic-base form of both norharmane and each
nucleotide (i.e., pH 2.8, 5.5 and 10.5 for dCMP and 5.0, 8.5 and 10.5 for dGMP). Previously
published results,’ obtained for the norharmane/dAMP systems are also included for comparative
purposes. Three different techniques were used to explore the interaction:

(a) UV-vis spectrophotometric titration. Details of the system and the method used have been
described elsewhere.’> Briefly, the spectra were recorded on a Perkin Elmer lambda 25
spectrophotometer. Measurements were made in quartz cells of 1 cm optical-path length, at room
temperature. The concentration of norharmane aqueous solutions varied depending on the
interaction studied (see footnotes in the corresponding figures) and ANMP concentrations varied
from 0 to 50 mM. Experimental difference (ED) spectra were obtained by subtracting the spectrum
at 0 mM of dNMP from the subsequent spectra recorded at different AINMP concentration.

(a.1) Benesi-Hildebrand analysis: assuming a 1:1 stoichiometry for the ground states complexes
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formed between norharmane and dNMP, the association constants (Kg;) were estimated by using

the Benesi-Hildebrand equation (equation 1):

1 1 1 1 1
AA ~ (EnHodNMP — EnHo) [nHo]o + K1 (enHo-dNMP — €nHo) [nHo]o [dNMP]

€y

where €,qo.anmp and €qp5, are the molar absorption coefficients of norharmanesdNMP complex and
nHo, respectively, at the titration wavelength. A4 is the change of absorbance, at a concentration of
[dNMP], relative to the completely free norharmane ([ANMP] = 0 M) at the same wavelength. Kg,
values were obtained from the slopes and intercepts of equation 1.

(a.2) Chemometric analysis: we used curve resolution techniques®' in order to retrieve, from the
absorbance matrix, relevant information concerning the interaction between dANMP and

norharmane’>

. Bilinear methods can provide information about composition changes in an
evolving system, therefore we applied the alternating least-squares (ALS) algorithm to
simultaneously estimate concentration and spectral proﬁles.34 The ALS method is capable of
extracting useful information from the experimental absorbance matrix A(i x j) by the iterative
application of the matrix product A = CS" + E; where C(i x n) is the matrix of the concentration
profiles; S"(n x j) is that containing the spectral profiles, and E(i x j) represents the error matrix.
The indexes i, n, and j denote the sample number, absorbing species, and recorded wavelengths,
respectively. Retrieving matrices C and E from matrix A may be a rather difficult task® since on
the one hand, » is usually unknown’® and on the other hand, curve resolution methods cannot
deliver a single solution because of rotational and scale ambiguities.”” We applied Singular Value
Decomposition (SVD) of A for the estimation of n. In addition, some chemically relevant
constraints,”® such as non-negativity, unimodality and closure, were imposed during the iterative
steps of constrained linear regression in order to reduce rotational ambiguities. In addition, matrix
augmentation strategy’’ was used to obtain: (i) the number of species required to reproduce the
spectral behavior within the entire range of pH studied, (ii) the concentration profiles corresponding
to experiments performed using different pH values, and (iii) the spectra of the ground-state
complexes formed between norharmane and dNMP.

(b) Fluorescence measurements. The experimental setup has being described elsewhere.® Briefly,
fluorescence measurements were performed using a single photon counting equipment FL3
TCSPC-SP (Horiba Jobin Yvon) using a FluoroHub-B timing electronic device, in a 0.4 x 1 cm
path length quartz cells, at room temperature. (i) Steady-state: corrected fluorescence spectra of
norharmane were recorded in the presence and in the absence of ANMPs. Experiments were carried
out using aqueous solutions of norharmane (~ 20 uM) and different concentrations of nucleotides
(see below). The fluorescence intensity, Ir, was obtained by integration of the corrected

fluorescence spectra over the entire emission profile. (ii) Time-resolved: the same set of solutions as
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mentioned above was analyzed by time correlated fluorescence. A NanoLED source centered at 341
nm was used for excitation; whereas emission decays were monitored at 450 nm. Under our
experimental conditions, all the fluorescence lifetimes, tr, were obtained from mono-exponential
decays observed after deconvolution from the instrument response functions signal.*’

Data obtained from steady-state and time-resolved were analyzed according to the Stern—

Volmer correlation (equations 2 and 3, respectively):
Ie/lg =1+ Ksy [Q] 2)
/= 1+Kp [Q]=1+k 1" [Q] (3)

where It and I are the integrated fluorescence intensities, and t° and tr (s) the fluorescence
lifetimes in the absence and in the presence of quencher, respectively, kq is the bimolecular
quenching rate constant (L mol ™' s™), [Q] is the quencher concentration (mol L™"), Ksy and Kp, are
the Stern—Volmer constant (L molﬁl) and constant for the dynamic quenching, respectively.

The former analysis is a reliable method for differentiating between static and dynamic
quenching. For instance, if I:"/I¢ vs. [Q] and t"/t¢ vs. [Q] are linear, and have the same slope (Ksy =
Kp), a purely dynamic process can be assumed. On the contrary, if a pure static quenching process
is operating, I"/Ir increases linearity with [Q] (eq. 2), whereas equation 3 is reduced to tz"/tp = 1. In
this case, Kgv is equal to the equilibrium constant for ground state complex formation (Kgs). If both
dynamic and static quenching processes are operating, a quadratic plot is observed for I:/1F vs [Q].

This behavior is mathematically expressed by equation 4:

I:/1r = (1 + Kp[Q]) (1 + Kss[Q]) 4)

where Kp and Ksg are the Ksy values for the dynamic and static quenching, respectively. Kp is equal
to kq ¢ and Kss is the equilibrium constant for complex formation.
(c) Proton Nuclear Magnetic Resonance (IH—NMR). 500-MHz 'H NMR spectra were recorded on a
Bruker AM-500 spectrometer, using D,O as a solvent. The general approach used to quantify the
critical aggregation concentration (c.a.c.), the number of molecules per aggregate (n) and the self-
association constants (Kj.,) has been described previously.6

The binding constants between norharmane and dNMP (Kg,) values were calculated by
standard regression analysis using the NMR 1:1 binding isotherm (equation 5) for fast exchange

systems, to fit experimental data:

A=Ay C\™/ (1/ Ko+ Cy™) (5)
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where A is the change of chemical shift of norharmane (= dqps™ © — 8™ °), A, is the limiting value
when norharmane is fully complexed (= Saggrnﬁo — ™) and Cm™ is free INMP concentration,

obtained from the analytical dNMP concentration corrected by:*" +*

Cu™ =Cpn—CLA/ A, (6)

where Cy and Cy, are the analytical concentration of ANMP and norharmane, respectively.

It is worth mentioning that, for evaluation of Kg,, the initial concentration of each molecule
was kept below the c.a.c. determined herein. Briefly, a solution of norharmane was titrated with a
concentrated solution of dNMP and the corresponding 'H-NMR spectra were recorded under three
different pH conditions (see Scheme 1). Taking into account the corresponding K , and n values, as
well as the range of ANMP used, it can be shown that the fraction of self-associated ANMP was
below 5%, for all the experimental conditions studied. Therefore, although [dNMP] higher than

c.a.c were used, the self-association can be neglected.
Computational methods

Conformational searching of norharmane-dNMP complexes. A very large number of conformers
both for protonated and neutral forms of norharmane and for the INMP molecules were explored.
The complexes that could be formed by those compounds at different pH were also explored
(Figure 7). Starting geometries of complexes were constructed considering the form the isolated
molecules adopt at the corresponding pH. We applied genetic algorithms as implemented in the
Balloon program® to obtain a set of starting geometries. These geometries were further optimized
using the PM6-DH+ method available in the MOPAC software package.44 Optimizations were done
taking into account solvent effects (water) through a polarizable continuum method. For each
system under study, the reported heat of formation (HOF) was calculated as an average over those
conformations within 2 kcal mol™” from the most stable conformer according to a Maxwell-

Boltzmann distribution at 298 K.
RESULTS AND DISCUSSION

In aqueous media, in the pH range 2-12, norharmane shows an acid-base equilibrium that
involves the nitrogen atom of the pyridine ring with a pK, of 7.2,'® with a very distinctive UV-vis
absorption spectrum of each acid-base form (Scheme 1). The changes in the electronic ground state
distribution on this alkaloid have substantial consequences on its photochemical and photophysical
properties.”” ** On the other hand, 2'-deoxynucleotides (INMPs) show several acid-base equilibria

involving both the phosphate group and the nucleobases. However, only the
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protonation/deprotonation of the nucleobases can lead to noticeable consequences in the UV-vis

(a) norHarmane chemical structure and equilibrium norHarmane UV-vis absorption spectra
74y )
247\ A — nHoH" (pH 4.8)
Vi h ——— nHoN (pH 10.0)
_ _ T R
@ £ 5
= NH" N 5 18
g \ / _ oH- \ 7/ T
H* - |
= N pK,=7.2 N s "
£ i H 0
2 Protonated form Neutral form 6
nHoH"* nHo 3
0 | | | , - ‘
200 250 300 350 400 450 500
A/nm
(b) pHorpD System name dNMP structures dNMP UV-vis absorption
spectra
nHoH" / Hy(dGMP)™ >
2
30 (G5.0) —pHS.0
=9
S o]
o 8.5 nHo / H(dGMP)* I
= ’ (G8.5) (I)H
pPK:»» =629 1 b
Ho / (dGMP)* : —
10.5 n 0((}(10 5) ) 200 240 280 320
) A/ nm
25 nHoH" / Hy(dAMP)*
’ (A2.5)
A
= 54 nHoH" / H(dAMP)
< : (A5.4)
10 nHo / (dAAMP)* 0 , ,
S (A10.5) 200 240 280 320
A/ nm
+ +
28 nHoH" / H,(dCMP) -
(C2.8) PK,; = 446
TS TE
A " _ |6 L2 ©
= 55 nHoH" / H(dCMP) o TE
Q ' (C5.5) -
© =
®
2-
105 nHo / (dCMP) 0 ' AN
(C10.5) 200 240 280 320
A/ nm

Scheme 1. (a) Molecular structure and UV-vis absorption spectra of the protonated and neutral species of norharmane
recorded in air-equilibrated aqueous solutions. The nitrogen of the indolic ring of norharmane has a pK, > 13. (b)
norHarmane and dNMPs systems present under each pH condition investigated in this work, chemical structures and
UV-vis spectra of ANMPs as a function of the pH.
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absorption spectra: in the cases of (dGMP)* (pH 10.5) and Hy(dCMP)”* (pH 2.8), with a net charge
on the nucleobase of -1 and +1, respectively, a bathochromic effect was observed (Scheme 1). On
the contrary, Hy(dAMP)* (pH 2.5) show no shift on its UV-vis absorption spectrum with respect to
the uncharged nucleobase, suggesting that the +1 charge is localized in the N-1 atom.

To further evaluate the interaction between each acid-base species, experiments were
performed under three different pH conditions (Scheme 1), where only a given species of each

analyte were present in the solution.
Molecular interaction between norharmane and dNMPs. Spectroscopic studies

In order to examine norharmane-dNMPs interaction and its pH-dependence, UV-vis
absorption, "H-NMR and fluorescence spectroscopy were performed:
UV-vis absorption spectroscopy: UV-vis spectra of norharmane aqueous solutions were recorded in
the presence of increasing amounts of ANMPs. Figure 1 shows, as a representative example, results
obtained for norharmane/dGMP system observed at the three pH investigated: G5.0, G8.5 and
G10.5. See Supporting Information for nHo/dCMP system data (Figure SI.1). Despite in some cases
the recorded changes were small, a clear pH-dependence of each nHo-dNMP interaction was
observed. This fact indicates the presence of an interaction between each acid-base species of
norharmane and dNMPs in their electronic ground states. In most cases, the absorption spectra
showed a moderated bathochromic shift (~ 5 nm) and the appearance of at least two visible
isosbestic points (see Ais, in Table 1-3). The small bathochromic shift observed suggests that the
interaction operates through other kind of interactions different from hydrogen bonding (see below).

As a general trend, increasing concentrations of ANMP lead to a decrease in the intensity
(hypochromic effect) of the lowest energetic absorption band maxima of norharmane (Figure 1 and
SI.1 in Supporting Information). Noteworthy, purine deoxynucleotides (dAMP!®! and dGMP)
showed higher hypochromic effect than dCMP, a pyrimidine deoxynucleotide. This behavior
suggests that, for almost all the pH conditions investigated, non-covalent dispersion interaction
(from now on, m-stacking)*® between the two heteroaromatic rings contributes, among other
intermolecular forces, to the overall interaction between norharmane and dNMP. System C2.8
constitutes an exception to this behavior: the intensity of the absorption spectra decreases while the
nucleotide concentration is increasing, without the appearance of either bathochromic effect or
isosbestic points (Figures SI.1a in Supporting Information). In this case, the electrostatic repulsion
between the two positive net charges, placed in both the norharmane and the cytosine rings, would

explain the distinctive behavior (see below). This fact is in good agreement with the hypothesis that
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hypochromic effect would be related to stacking interaction.
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Figure 1. UV-vis absorption spectra of norharmane (nHo) in the presence increasing amount of dGMP (see arrows): (a)
[nHo]y = 250 uM and pH 5.0, (b) [nHo], = 150 uM and pH 8.5 and (¢) [nHo], = 150 pM and pH 10.5. Insets:

representatives Benesi-Hildebrand plots.

Assuming a 1:1 stoichiometry, the corresponding association constants (Kg;) were calculated

by equation 1. For all cases, a linear behavior was observed, confirming a 1:1 stoichiometry for the

complexes formed (insets in Figure 1 and right column in Figure SI.1 in Supporting Information).

The corresponding values of Kg; are reported in Tables 1 to 3.

11
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Table 1. Binding constants (Kg; and Kg,) between norharmane and dGMP and Stern-Volmer constants for static and
dynamic quenching of fluorescence of norharmane by dGMP (Kgg and Kp, respectively).

pHorpD5.0 pHorpD85 pHorpD10.5

G5.0 G8.5 G10.5
UVovi “Ke /M 89 +2 48 £ 12 11+1

-vis P hiso / NI 338 and 388 318 and 353 nd
“Kap /M 60+ 10 32+8 21+5

¢ d dGMP -1

. Hd g JJOMP g 0.9+0.2 12+0.1 1.0+£04
H-NMR ¢cac./10° M 14+1 1342 1442
‘n 1.8~2 1.9~2 1.6~2
SS *Kes / M 103+2 34+2 "5+ 3
Emission R “Kp /M 112£2 160 £ 2 188 3
/2, /10° Lmol " s 5.14£0.2 7.3+0.2 9.0+0.3

Table 2. For a comparative purpose, data corresponding to norharmane/dAMP systems, already published®, are listed
herein. Binding constants (Kg; and Kg;) between norharmane and dAMP and Stern-Volmer constants for static and
dynamic quenching of the fluorescence of norharmane by dAMP (Kgs and Kp, respectively).*’

pHorpD25 pHorpD54 pHorpD10.5

A25 A5.4 A10.5
UVovi “Ke /M 22+6 64 £ 8 39+8
-vis P i / M 328 and 388 328 and 383 307 and 353
Ky /M 13+£3 75+9 26+5
aig dAMP /! 2+ 1 2.6+0.9 0.36 + 0.04
1 s-a . . . .
H-NMR “cac./10°M 6.7+07 1142 1542
‘n 1.5~2 1.9~2 1.9~2
SS *Kes / M 17+1 54+7 L))
Emission R “Kp /M 0 0 139+ 3
72k, /10° Lmol” s! - - 6.7+0.2

Table 3. Binding constants (Kg; and Kg,) between norharmane and dCMP and Stern-Volmer constants for static and
dynamic quenching of the fluorescence of norharmane by dCMP (Kgg and Kp, respectively).

pHorpD28 pHorpDS55 pHorpD 10.5

C2.8 C5.5 C10.5
) Ko / M 27405 3+£2 12+5
UV-vis 5N / NI none 322 and 379 nd
‘Ko /M /nd ‘nd ’nd
¢ K JOMP ! 0.2+0.04 1.1£0.5 1.2+0.7
1 S-a
WL ‘cac./10°M 22+£3 12+1 15+1
‘n 1.7~2 1.6~2 1.9~2
SS eKss/M_1 3£2 S+1 0
Emission R “Kp/MT 93+0.1 12.8+0.2 117+9
"8k /10°Lmol' s 0.4+0.01 0.6+0.2 5.6+0.5

* Data obtained from UV-vis spectroscopy analysis (equation 1).

" Niso (nm) is the wavelength of the isosbestic points observed in UV-vis spectra.

¢ Data obtained from 'H-NMR spectroscopy analysis. Data listed herein represent the average of the values
derived from 'H-NMR analysis of different protons.

4 K,a value of 1.29 M" has been previously reported*® for guanosine-5’-monophosphate (5'-GMP), measured at
30 °C and pD 7.4.

¢ Values obtained from steady-state, SS, and time-resolved, TR, measurements. In SS experiments, samples
were irradiated (Ae.) at wavelengths corresponding to the maximum of absorption of the lowest energy band
(Figure 1), whereas in TR experiments Aee = 341 nm and Ay = 450 nm.

"Bimolecular rate constants for the quenching of the fluorescence of norharmane by the nucleotide.

£ Norharmane fluorescence lifetime used for &, calculation was 22 ns for both protonated and neutral species of
norharmane. The k4 value reported”’ for the fluorescence quenching by phosphate anions, measured in NH;-

12
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NH,CI pH 8.7 buffer solutions, was 9.7 x 10° M s,

" Data obtained from equation 4, using Ky, value obtained from equation 3 as a fixed value for iteration.

" Ko (in M) values of 2.1 + 0.6, 3.4 + 0.3 and 2.1 + 0.3 has been previously reported® for adenosine-5’-
monophosphate (5'-AMP), measured at pD 3.44, pD 5.61 and pD 8.90, respectively.

¥ nd = not-detected. Due to the extremely small 'H-NMR chemical shifts observed for the C1-H proton signals
of norharmane as a function of dCMP concentration, under the three pH conditions, K, for the hetero-
complexes of this particular nucleotide and norharmane could not be determined.

% K4 n and c.a.c. values for nHoH" and nHo, at pD 5.0 and 10.5, are (7 + 1) M}, 2, (4 + 1) mM and (80 % 16)
M7, 2, nd, respectively.

Briefly, three major points should be highlighted: (i) purine nucleotides show higher affinity

dGMP
GMP and

to norharmane than the pyrimidine nucleotide: in the whole pH-range investigated, Kg
KGldAMP are at least one order of magnitude higher than KGldCMP. This is in disagreement with that
trend described by Balon et. al. (G >> C > A).>' (ii) Kg, values of purine nucleotides show a clear
pH-dependence: the trend observed for dGMP was K190 > K 9 > K %', whereas the trend
for dAMP was Kg 1A5'4 > Kg 1A10'5 > Kg 1A2'5[6]. In each case, the strength of the interactions is tightly
correlated to the chemical nature of the corresponding acid-base species of the involved molecules.
This trend can be explained in terms of electrostatic interactions: the strongest interaction takes
place when the net charges of norharmane and the nucleotide are +1 and —1, respectively (i.e.,
systems G5.0, A5.4 and C5.5). This fact suggests that, beside the stacking contribution, coulombic
forces would also contribute to the overall interaction process between norharmane and nucleotides.
These electrostatic attractions would also contribute to the relative orientations of the interacting

molecules in the hetero-complex (see below). (iii)) On the contrary to what was described by Balon

et. al.*!, our results show that nHoH" clearly interacts with the three INMP investigated.

Chemometric analysis: Experimental absorbance matrices at each studied pH were constructed
form the absorbance spectra recorded at different dGMP concentrations and analyzed by curve
resolution techniques. The wavelength range selected for the analysis was 315-465 nm, since the
contribution of the free forms of dGMP to the recorded absorbance can be considered negligible in
this wavelength domain. Singular value decomposition of the absorbance matrices obtained at pH
5.0 and 10.5 yielded, in both cases, two factors. For both pH conditions, the spectra of the complex
formed as well as the concentration profiles of free- and bound-norharmane were obtained by
application of the ALS algorithm. The constraints used for the iterative process included: equality
(i.e., the spectra of the free forms nHoH " and nHo were fixed since they were already known), non-
negativity (i.e., concentrations and absorption coefficients cannot be negative) and unimodality (i.e.
concentration profiles should decrease for reactants, increase for reaction products, or exhibit a
single peak for intermediate species). The absorption coefficients obtained by the ALS method for
the bound norharmane forms are compared with those of free norharmane forms in Figures 2a and

2b. In addition, insets to Figures 2a and 2b show the fractions of free and bound norharmane against
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the analytical concentration of dGMP at pH 5.0 and 10.5, respectively. Noteworthy, the
concentration profiles obtained for free- and bound-norharmane yielded binding constants that were
in fairly good agreement with the values reported in Table 1 (Table SI.1 in Supporting Information).

Singular value decomposition of the experimental absorbance matrix obtained at pH 8.5
yielded 3 independent factors suggesting that, at this pH value, more than two species contribute to
the recorded absorbance. Inspection of Figure 1 shows that, except for the small shoulder observed
between 360 and 415 nm, the spectral shapes obtained at pH 8.5 are rather similar to those obtained
at pH 10.5. Since for the spectra recorded at pH 5.0 the main absorption changes were found within
the aforementioned wavelength domain, the experimental results were jointly analyzed by
constructing the augmented data matrix, which included the entire set of spectra recorded at
different pH values and dGMP concentrations. Singular Value Decomposition of the augmented
data matrix yielded 4 independent factors, thus suggesting that the overall behavior can be
explained in terms of two free norharmane forms (f-nHoH" and f-nHo) and two bound norharmane
forms (b-nHoH' and b-nHo). In order to confirm this hypothesis, we used the spectra shown in
Figures 2a and 2b to extract, from the absorbance matrix recorded at pH 8.5, the concentration
profiles of the four species by means of linear regression. As expected, the results show that as
dGMP increases, the fraction of b-nHo increases (Figure 2c¢). However, the results also indicate that
non-negligible amounts of b-nHoH' are also formed, despite the fraction of f-nHoH' remains
negligible within the experimental error (for simplicity, the profile of f-nHoH" was omitted from
Figure 2c¢). Figure 2d demonstrates that the concentration profiles and the spectra obtained by the
chemometric analysis can precisely reproduce the experimental results obtained at pH 8.5. Finally,
despite the experiment was performed at pH 8.5 (i.e., 1.3 pH units above the pK, of free
norharmane), the unforeseen presence of b-nHoH' may be explained by assuming that complex
formation leads to a more pronounced free energy decrease for the protonated than for the
deprotonated form of norharmane. Actually, this additional stabilization should result in a shift
towards higher pH values of the apparent pK, for bound norharmane (i.e., pK,"™* = 7.5).

The same general trends were obtained for the dAMP/norharmane system (Figure SI.2 in
Supporting Information). Additional information concerning the results of the chemometric analysis
of norharmane/dGMP and norharmane/dAMP systems is listed in Table SI.1 of the Supporting
Information. It is worth mentioning that, under that pH where a given acid-base specie of
norharmane (i.e., nHoH" or nHo) is present, the spectra of the complexes were the same, within the
experimental error, for both nucleotides: dGMP and dAMP (Figure SI.3 in Supporting Information).

This fact suggests a similar type of interaction between norharmane and these two purine
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nucleotides and that a m-stacking effect contributes, among other forces (see below), to the overall

interaction.
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Figure 2. Results obtained by curve resolution techniques. (a) Absorption spectra of free and bound forms of nHoH" at
pH 5.0. Inset: Free and bound fractions of nHoH" against [dGMP]. (b) Absorption spectra of free and bound forms of
nHo at pH 10.5. Inset: free and bound fractions of nHo against [dGMP]. (¢) Concentration profiles of free nHo, bound
nHo and bound nHoH" against [dGMP] resolved from the absorbance matrix recorded at pH 8.5. (d) Comparison
between the experimental absorbance matrix A and the error matrix E, calculated as A - CS', at pH 8.5. Free
norharmane forms: f-nHo and f-nHoH"; Bound norharmane forms: b-nHo and b-nHoH".

"H-NMR analysis: as it was described elsewhere,” aromatic molecules tend to aggregate in aqueous
solution. Thus, the self-association tendency of dNMPs has to be evaluated first. This analysis
provides useful information such as the optimal concentrations that can be used in the interaction
experiments without the interference of homogeneous multimeric norharmane and/or dNMPs
species. Briefly, the changes on the chemical shift of the ANMPs’ proton signals were determined
for all the acid-base species of dGMP and dCMP as a function of its concentration. The self-
association phenomena for norharmane and dAMP has been previously described.’®

Figure 3 shows, as a representative example, the chemical shift of C1'-H proton of
H,(dGMP)™ (pD 5.0). By fitting the experimental results it was possible to accurately obtain the
self-association constant, Ky, 2““™P" = 0.9 (+ 0.2) M, as well as the number of molecules per
aggregate, n = 1.8 ~ 2, (see inset in Figure 3a). The latter value suggests that, in the concentration-
range investigated, Ho(dGMP) forms dimeric aggregates. The critical aggregation concentration
(c.a.c.) value was also calculated, yielding 14 (= 1) x 10° M (Figure 3b). K., c.a.c. and n values

were estimated for all the investigated compounds, under all pH conditions defined in Scheme 1
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(Tables 1 to 3).

(a) 61K =09+~ 0.1 M (b))
6241 @ T =175+ 004 6.24 4
U‘ﬂ
*®
N
g 6.22- E £ 6.224
(=3 (=3
(=% (=%
= ‘ ‘ ‘ o
T6.204 -6 -5 -4 -
5 In (-ACypp) 5 620+
& o2
6.184
6.18
6.16 c.a.c=14mM
' 0.00 0.01 0.02 0.03 0.04 0.05 0 200 400 600 800
[dGMP] / M [dGMP] "' /M

Figure 3: (a) Chemical shift of C1'-H (8, en ppm) as a function of H,(dGMP)™ concentration, measured in D,O at pD
5.0. Inset: data analysis to obtain the self-association constant, K, @MDY and the number of molecules, 7, per
aggregate. (b) Critical aggregation concentration (c.a.c.) calculated from the analysis of the chemical shifts of
H,(dGMP) C1’-H observed as a function of [Hy(dGMP) .

From the results collected in the three tables above, several points should be highlighted:

e to the best of our knowledge, this is the first time that the self-association constants of each acid-
base species of dGMP and dCMP are provided. The values obtained herein substantially agree with
those reported in the literature for other related nucleotides.” * In general, these nucleotides show
relative low K, values that are in good agreement with the quite high solubility of these molecules
in water. An efficient water-solvation takes place as a consequence of the rather high polarity of the
nucleotides due to the presence of the phosphate and the deoxyribose groups.

e it is generally accepted for these molecules that self-association occurs via aromatic-ring stacking
of the analytes. However, in a very recent study it was suggested that for relative small aromatic
molecules other type of interaction, apart from n-stacking, can be similarly strong, and thus also
important for structure formation.’® The upfield '"H-NMR shifts, observed in our experiments for all
the investigated compounds and pD conditions while increasing dNMP concentration, provide
evidence that the stacking of the aromatic moieties is taking place in self-association interaction
mode.

KS.adNMP $ values were observed in the case of dGMP and

e although no clear pH-dependence of the
dCMP, two points deserve to be mentioned: (i) at pD conditions where the phosphate group is
completely deprotonated (with a -2 net charge) and the nucleobase is neutral, the corresponding K.
JMPS Galues were similar for the three nucleotides (~1 M™). Therefore, under these particular pD

conditions, the phosphate group mainly controls the aggregation process. The chemical nature of
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the nucleobase has no significant effect. In those cases, the nucleotides can be better solvated by the
solvent (water), reducing the chance of self-aggregation. (ii)) The net charge placed on each
nucleobase has different correlation with the aggregation tendency. In the case of (dAGMP)*™ (at pD
10.5), Koo “MP*" value is the same, within the experimental error, to those observed at pD 5.0 and
8.5. This fact can be explained in terms of a charge delocalization as is suggested in the UV-vis
absorption spectra shown in Scheme 1. On the contrary, Hy(dCMP)” (pD 2.8) and Hy(dAMP)* (pD
2.5), both with a positive net charge placed on the nucleobase, show a very distinctive behavior:
Hz(dCMP)i shows the lowest K, value, compared with the self-association constants obtained for
the same nucleotide at pD 5.5 and 10.5; whereas, H,(dAMP)* shows the highest value, within the
experimental error (Ks, =2 (£ 1) M™). This fact is in agreement with the high and low relative
solubility shown by these two species, respectively. Taking into account the stacking contribution to
the self-association of the nucleobases, the presence of a positive charge in the nucleobase should
decrease the self-association tendency due to electrostatic repulsion forces. However, this is not the
general trend. Therefore, our experimental observation should be explained in terms of the stability
of each nucleotides conformer. In the most stable conformer observed for Hy(dAMP)®, the
protonated nitrogen of the nucleobase directly interacts with the atoms of oxygen of the sugar ring
and/or with the negative charge of the phosphate group, neutralizing the total charge of the
zwitterionic species of each nucleotide.® Such interaction would lead to an apparent decrease on the

H2(dAMP)E

nucleotide polarity that would increase the K, value.

e The three dNMP investigated herein, under all pH conditions, have lower self-aggregation

. . dNMP
tendencies (i.e., lower Kg,

values) than norharmane. This fact could be a consequence of
repulsion forces due to the negative charge present in the phosphate group of ANMP. Moreover, the
phosphate group can be better solvated by water, decreasing the self-aggregation tendency. On the
other hand, the low solubility of norharmane is in good accordance to the relative high K, observed
for this alkaloid in aqueous solution.

e For all the cases, under all pD conditions studied, » values obtained were ~ 2, suggesting homo-
dimeric aggregation.

The interaction between norharmane and dNMPs was further characterized by 'H-NMR
spectroscopy, monitoring the chemical shift deviations of norharmane proton signals upon addition
of increasing amounts of dNMPs to a D,O solution of norharmane (see Experimental section).
Except for the system C2.8, results suggested a contribution of non-covalent m-stacking to the
interaction mode (see below the contribution of other intermolecular interaction forces). Figure 4

shows the chemical shift of C1-H proton of norharmane observed at the three pH values

investigated, as a function of dGMP and dCMP concentrations. Results for norharmane/dAMP
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systems (A2.5, A5.4 and A10.5) were already reported in the literature.® The upfield 'H-NMR
chemical shifts for the proton signals, together with a slightly broadening of the peaks and a
significant loosing of resolution (Figure SI.9a), observed as a function of ANMP concentration
suggests that the hetero-association occurs, at least partially, via stacking of the two aromatic rings.
C2.8 system represents an interesting exception. In this particular case, downfield "H-NMR
chemical shifts are observed for the proton signals as a function of Hy(dCMP)”* concentration (see
squares in Figure 4b). Moreover, for this particular case, no changes on the width of the peaks were
observed (Figure SI.9b). These result suggests that the interaction mode for this particular hetero-

complex is not n-stacking-like (see below) but most likely via hydrogen bonding.
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Figure 4: Chemical shift (A = 34,5 — 8¢) of norharmane C1-H signal as a function of the free (a) dGMP and (b) dCMP
concentration.

The corresponding binding constant for the hetero-complexes (Kg;) values were calculated by
fitting the experimental data according to equations 5 and 6 (Tables 1 and 3). These data
substantially agree with those obtained from UV-vis titration experiments shown above. In brief: (i)
purine nucleotides showed higher affinity to norharmane than dCMP. (@) The electrostatic
attractions between the phosphate group and the norharmane protonated pyrimidine nitrogen would
certainly contribute to the overall affinity, as is represented by the highest values observed in G5.0,
AS5.4 and C5.5 (see above). Moreover, in the cases of purine nucleotides, the same pH-trends were
observed, since Kg, values follow the order: KGZ(GS'O) > Kgp'9%? ) > K2 ©'% and KGZ(A5 A > KGZ(AIO'5 )
> K™ for dGMP and dAMP® systems, respectively. (iii) The hetero-association constants
determined herein are, at least, one order of magnitude higher than the corresponding dNMPs K.,
values. Thus, norharmane-dNMP interaction is favored to the nucleotides’ self-association. (iv)

Although the corresponding Kg, for the hetero-complexes formation of dCMP and norharmane

18



Physical Chemistry Chemical Physics

could not be determined, from Figure 4b is evident that the chemical shifts observed for the C1-H
proton signals are smaller than those observed for dGMP and dAMP. This is in agreement with the
low hetero-association constants observed for dCMP and norharmane by UV-vis spectroscopy.
Molecular modeling: theoretical analysis was performed to further investigate the nature of the
complexes formed in the electronic ground states. The dispersion- and hydrogen bonding-corrected
PM6 method was used to explore the complexes that can be originated from the combination of
neutral and protonated forms of norharmane and the three acid-base species of dGMP and dCMP,
laying special emphasis on the interaction energy.

In first place, a conformational search for the three forms of free nucleotides was done.
Briefly, (dAGMP)’" led to 23 conformations, within the energy penalty of 2 kcal mol™, most of them
in an anti (including the most stable one), in which the N9-C8 bond project onto or near the sugar
ring, as is usually observed in purine bases. The remaining conformers adopt a syn conformation.
The conformational search of H(dGMP)* yielded 5 anti and 2 syn conformations, being a syn
conformer the most stable one (Figure 5¢). An anti conformation became the most stable form of
H,(dGMP)'. It is worth mentioning that, for the latter specie, only 2 anti conformations were found,
whereas 8 other conformers adopted a syn conformation. Figure 5 shows the most stable conformers

found for each dGMP species.

Figure 5: The most stable m(laeotide conformations for:((lz)l)) (dGMP)*, (b) H(dGMP)(Zc’)and (¢) Hy(dGMP)'.

For (dCMP)z', the conformational search led to 16 anti conformations, within the energy
window of 2 kcal mol™. All these conformations show the N1-C6 bond projected onto or near the
sugar ring. No syn conformations were found. The lowest energy form for H{dCMP)" was found to
be an anti conformation. Other 14 anti conformers, as well as 6 syn conformations, were also found.
Likewise, 12 conformers were found for Hy(dCMP)* within the energy penalty of 2 kcal mol™, 8 of
them showing an anti conformation and the remaining 4 in a syn conformation. It is worth
mentioning that the most stable conformer found for each dCMP acid-base species adopt an anti

conformation, as it is depicted in Figure 6.
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Lad J

Figure 6: The most stable m(:geotide conformations for:((lz)l)) (dCMP)%, (b) H(dCMP)ggnd (¢) Hy(dCMP)".

In the case of norharmane-dGMP and norharmane-dCMP complexes, the conformational
searching using genetic algorithms led to several hundred conformers for the G5.0, G8.5 and G10.5
systems, on the one hand, and for the C2.8, C5.5 and C10.5 systems, on the other hand. All those
conformers were further optimized at the PM6-DH+ level of theory. As in isolated molecules, those
complexes presenting a HOF up to 2 kcal mol™' above the lowest energy conformer were
considered to obtain a statistically-averaged HOF for each system. Thus, an approach to the
intermolecular interaction enthalpy is given by subtracting the HOFs of nucleotides and norharmane
species from the HOF of the complex. Figure 7 shows the molecular structure of the lowest energy
conformer for each complex together with their statistically-averaged HOF values. It can be seen
that calculated HOFs are in reasonable agreement with experimental binding constants. The
averaged values of binding constants for the corresponding systems displayed in Tables 1 and 3
suggest that the entropic term TAS must be negative for all the cases, which means that the
complexation process leads to highly ordered systems. Besides, a parallel n-stacking interaction is
observed in almost all the systems. System C2.8 is the only exception as no n-stacking between the
norharmane and the nucleobase rings is observed (Figure 7d). This finding is in good agreement
with the NMR results shown above (Figure 4b). In addition, different types of hydrogen bonds can
be seen for all conformations, too. Geometric parameters that define the hydrogen bonding
interaction for each conformation are included in Supplementary Information (Tables SI.2 and

SL3).
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(a) HOF = -12.8279 (b) HOF =-10.5023 (¢) HOF = -8.4223

£ E

(d) HOF =-14.5579 (e) HOF =-8.6879 (f) HOF =-7.8923
Figure 7: The lowest energy conformation and heat of formation (HOF, in kcal mol ') for the six complexes

investigated in this work: (a) G5.0, (b) G8.5, (¢) G10.5, (d) C2.8, (e) C5.5 and (f) C10.5.

30

Fluorescence emission spectroscopy: the deactivation of norharmane fluorescence emission by the
dNMPs was analyzed, under different pH conditions. These data supported those results obtained
by UV-vis and RMN 'H spectroscopies regarding the interaction of these molecules in their ground
states and also provided useful information about the interaction between S; of norharmane and
dNMPs in their ground states. Data recorded in norharmane/dGMP systems (G5.0, G8.5 and G10.5)
are presented in Figure 8, as a typical example among the 9 cases investigated. Data for
norharmane/dCMP systems are shown in Supporting Information (Figures SI.4 to S1.7).

For all the investigated cases, despite the fluorescence intensity of norharmane showed a
strong decrease with the increase of ANMP concentration, the wavelength of the emission maximum
remained unchanged. Moreover, in the whole pH-range investigated, no additional emission bands
were observed (see the normalized emission spectra shown in the insets to the left column of Figure
8). This fact indicates that, as a consequence of the interaction, no new emitting species are
generated: neither emitting complexes nor protonated/deprotonated norharmane excited species. It
is also worth mentioning that in alkaline pH conditions, where the neutral form of norharmane
(nHo) is the predominant species in the ground state, such a decrease is only observed in the
emission band centered at ~ 450 nm (i.e., the fluorescence emission band assigned to the protonated
excited species of norharmane, '[nHoH]*),"> whereas the band centered at ~ 380 nm (assigned to
the neutral norharmane species) remains unchanged. This fact suggests that '[nHoH ]* is the main
excited species involved in the interaction processes.

In time-resolved experiments, first-order kinetics were observed for all fluorescence decays
of norharmane in the presence of different concentrations of nucleotides. Except for systems A2.5

and AS5.4 (see discussion below), the corresponding fluorescence lifetimes (zr) decreased as a
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function of the nucleotide concentration. Typical traces obtained for the quenching of fluorescence
of norharmane by dGMP are shown in Figure 8 (right column).

In order to discern whether the nature of the interaction is static and/or dynamic, a
comparative Stern-Volmer plots were depicted from steady-state and time-resolved experiments
(i.e., IFO/IF and TFO/TF, respectively). Data showed that, except for the cases of systems A2.5 and
AS5.4, where a purely static quenching took place (see below), all the other systems showed the
same trend, i.e., a non-linear Stern-Volmer behavior in the decrease of I as a function of the AINMP
concentration. On the contrary, the dependence of TFO/TF on the dNMP concentration was linear,
with a positive slope. Interestingly, the dynamic and static contributions to the overall fluorescence
quenching observed strongly depend on the nature of the nucleobase and also on the pH. The main
conclusions drawn from this analysis can be summarized as follows:

(i) Comparison of the binding constant values calculated from fluorescence steady-state (Kss) and
UV-vis (Kg;) or 'H-NMR (Kgy) studies reveals that there are no significant differences between
these three groups of experimental data (Table 1). Thus, in the whole pH-range investigated,
norharmane forms static complexes in its electronic ground state with all the INMP investigated
(C2.8 represents an exception, see discussion below).

(ii) For the three norharmane/dGMP systems studied (G5.0, G8.5 and G10.5), the decrease of the
integrated fluorescence intensity as a function of the nucleotide concentration showed non-linear
Stern-Volmer behavior that could be fitted with equation 4. In addition, the dependence of ’L‘FO/TF on
the dGMP concentration was linear, with a positive slope different from zero (insets to Figure 8).
The values reported in Table 1 suggest that although a combination of both dynamic and static
quenching is observed, under alkaline conditions (G8.5 and G10.5) dynamic prevails over the static
contribution; whereas under acidic conditions (GS5.0), both quenching mechanisms equally
contribute.

Based on the corresponding quenching constant values (Kp and Ksg), listed in Table 1, we can
conclude that the static interaction decreases as the negative charge on dGMP molecule increases
(i.e., KSSGS'O > KSSGS'S > KSSGIO'S). This trend is in agreement with the results obtained from UV-vis
spectroscopy and 'H RMN analysis. In contrast, the dynamic interaction increases in the opposite
direction (i.e., KDGS'O < KDG&5 < KDGIO'S).

(iii) Although dAMP is also a purine nucleotide, results described in the previous paragraph are
quite different to those previously described for the norharmane/dAMP system.® Our studies
revealed that under acidic conditions (A2.5 and AS5.4), where nHoH' is present, the first singlet

excited state of the protonated norharmane (‘[nHoH']*) is deactivated by dAMP via a purely static
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process; whereas, in alkaline media (A10.5) the dynamic contribution dominates the deactivation
process.’

(iv) In the case of dCMP the quenching observed was quite minor (Figures SI.4 and SL.5 in
Supporting Information). Under alkaline conditions (C10.5), this pyrimidine nucleotide showed a
pure dynamic contribution to the total S; deactivation (Figure SI.6 in Supporting Information).
Thus, under this pH condition, no association between (ACMP)*~ and nHo in its ground state occurs,
in the whole concentration range analyzed.

On the contrary, under acidic conditions (C2.8 and C5.5), the total deactivation observed was
rather small, with a contribution of both static and dynamic quenching. The small Ksg5 values
observed (Table 3) are in agreement with the non-measurable or negligible Kg values observed by
UV-vis and 'H-NMR spectroscopies. Thus, the interaction between norharmane and dCMP in their
ground states is quite weak taking place only under acidic conditions where nHoH is present (i.e.,
C2.8 and C5.5).

Taking into account the fact that UV-vis and 'H-NMR spectroscopies showed a rather weak
n-stacking interaction between norharmane and cytidine, the electrostatic attraction between the
positive net charge of the protonated pyrimidine-nitrogen present in the norharmane moiety and the
negative charge localized in the phosphate group of the nucleotide should, therefore, dominate the
interaction mode.

(v) For the experiments performed in alkaline media where the nHo is predominant (G8.5, G10.5,
A10.5 and C10.5), the three nucleotides exhibited similar Kp values, showing that dynamic
quenching of the singlet excited state of norharmane is not influenced by the nature of the
nucleobase. Under these pH conditions, Ksg values (Tables 1 to 3) are rather low (or null in the case
of C10.5). Thus, only ground state complexes between nHo and purine nucleotide can be formed
but the formation of the corresponding hetero-complexes will be significant only at relatively high
reactant concentrations. Kss values are the same, within the experimental error, to those obtained
from the UV-vis and '"H-NMR spectroscopy. The latter fact reveals that, in alkaline solution, nHo is
involved in the ground state static complexation (i.e., no exciplex between '[nHoH ]* and dNMPs
are formed).

(vi) Under acidic conditions (G5.0, A2.5, A5.4, C2.8 and C5.5), the three nucleotides showed a
dominant static contribution to the overall nHoH" fluorescence quenching. The capability of nHoH"
to form complexes with nucleotides strongly depends on the nucleobase chemical nature: its
interaction to purine nucleotides is larger than that observed with pyrimidine nucleotides, under the
same experimental conditions. This could be due to the fact that both purines and nHoH' have

polycyclic structures leading to a stronger m-stacking interaction than dCMP, a monocyclic
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structure.

(vii) For those systems where a dynamic contribution was detected, a bimolecular quenching rate
constant (ky) could be calculated from Kp values, kq = Kpts', (see Tables 1-3). For all the cases, kg
values are under the diffusion-controlled limits and are quite similar to those reported in the
literature for related compounds.®>!

Comparison of ky values listed in Tables 1-3 shows that the overall deactivation is much more
efficient in alkaline than in acidic media, where kq are extremely low or null. Upon excitation, even
at pH 10.5, 'InHoH']* is the predominant species.7 Thus, '[nHoH']* is the electronic excited
species that is involved in the dynamic quenching observed.”> Moreover, our results indicate that
the nature of the nucleobase does not affect much the kinetic of the deactivation process. Certainly,
kq values reported herein for G8.5, G10.5, A10.5 and C10.5 are quite close to k4 reported for the
fluorescence quenching of harmane by phosphate anions®' (i.e., 9.7 x10° M s, measured in NH;-
NH,4CI pH 8.7 buffer solutions; see footnotes of Tables 1-3). Balon er. al*' suggested that the
dynamic component observed for a related BC is due to a proton transfer reaction between the
excited state of the BC cations and the phosphate group of the mononucleotide. However, our
results indicate that such a process would only take place under alkaline conditions, where the
phosphate group of the nucleotide is completely deprotonated, even the less acidic oxygen with a
pK, ~ 6.

It is noteworthy that in the cases of dGMP at pH 8.5 and 10.5, the dynamic deactivation is
even faster than that observed for the other nucleotides (kq values are slightly higher). This fact
would indicate the presence of additional deactivation pathways. Such pathways could be related to
additional photochemical processes that yield dGMP photooxidation. As a proof of principle, we
have investigated the comparative damage on the three investigated dNMPs photosensitized by
norharmane (Figure SI.8 in Supporting Information). Clearly, dGMP is the most photosensitive
target, whereas no photosensitized degradation was observed on dCMP. The damage observed for
dAMP was quite small and it was already demonstrated that takes place from the static hetero-
complex.® This photochemical reactivity agrees with the fluorescence quenching trend observed
above.

On the basis of the global analysis of all the results presented in this work, two different
mechanisms are able to explain the distinctive dynamic deactivation observed for the three
nucleotides in the whole pH conditions investigated, as is shown in Scheme 2: (a) a process that
takes place only under alkaline conditions, involving a proton transfer from S; of the protonated
norharmane (‘[nHoH']*) to the oxygen in the phosphate group of dNMPs (Scheme 2b). (b) A

. . . . 1 + .
second mechanism involving an electron transfer reaction from [nHoH ]* to the guanine base
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(Scheme 2a).
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Figure 8. Corrected fluorescence spectra (left column) and fluorescence decays (right column) of norharmane emission
in aqueous solution (20 uM) in the absence and in the presence of increasing amounts of dGMP. The variation in dGMP
concentration (mM) appears above each spectrum. Insets in left column: Normalized Emission (NE) spectra. (I) and (II)
correspond to the emission bands of nHoH" and nHo, respectively. Insets in right column: Stern-Volmer plots of the
fluorescence intensities and lifetimes (Ig, black circles, and tg, white circles, respectively). (a) pH 5.0, (b) pH 8.5 and
(c) pH 10.5.
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Scheme 2. Mechanisms suggested for the dynamic quenching process operating in: (a) the whole pH range investigated
where electron transfer mechanism takes place between excited norharmane and dGMP. In order to make things easier
only dGMP™ was depicted. However, in the whole pH range, other species might be present; (b) alkaline pH conditions
where proton transfer mechanism operates for the three nucleotides investigated (INMP = dGMP, dAMP or dCMP).

CONCLUSIONS

In this work, the pH effect on the interaction between norharmane and deoxynucleotides has
been investigated. The findings described in this manuscript allows to underline that: (i) The type
and extent of the interaction of BC and deoxynucleotides, in both ground and excited electronic
states, as well as the photochemical, photophysical and spectroscopic behavior of both free and
bound BC (i.e., as part of the complex BCs-dNMP), clearly depend on the nucleobase molecular
structure and the pH. This is an important point to keep in mind when considering the roles played
by BCs in natural systems. (ii) Spectroscopic data as well as chemometric analysis reveal that
complex formation between norharmane and purine nucleotides leads to a shift towards higher pH
values of the apparent pK, for bound norharmane relative to free norharmane. This observation may
provide important insights into features that facilitate the binding of BCs and biomolecules and, in
turn, contribute to a better understanding of photosensitized processes where these alkaloids play a
key role. It is worth mentioning that the damage on biomolecules photosensitized by BCs strongly

depends on the strengths of the interaction: the strongest the interaction, the highest the
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photosensitizing activity of these alkaloids.

Data presented show that studies of the pH effect on the interaction of B-carboline alkaloids
and deoxynucleotides, in aqueous media, provide a good opportunity to examine a variety of
fundamental physicochemical phenomena. Moreover, a deep knowledge of the molecular bases of
the interaction between organic molecules of biological importance not only provides relevant
information to further elucidate the roles played by these compounds in a range of biological
systems, but also provides relevant information in other fields of chemistry and technology where

the packing and co-assembling of hetero-aromatic rings play a key role.
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