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ABSTRACT: Many synthetic DNA minor groove binders exhibit a strong increase in
fluorescence when bound to DNA. The pharmaceutical-relevant berenil (diminazene
aceturate) is an exception with an extremely low fluorescence quantum yield (on the order
of 107*). We investigate the ultrafast excited-state dynamics of this triazene by femtosecond
time-resolved fluorescence experiments in water, ethylene glycol, and buffer and bound to the
enzyme f-trypsin, the minor groove of AT-rich DNA, and G-quadruplex DNA. Ab initio
calculations provide additional mechanistic insight. The complementing studies unveil that the
excited-state motion initiated by z7* excitation occurs in two phases: a subpicosecond phase
associated with the lengthening of the central N=N double bond, followed by a bicycle-pedal-
type motion of the triazene bridge, which is almost volume-conserving and can proceed
efficiently within only a few picoseconds even under spatially confined conditions. Our results
elucidate the excited-state relaxation mechanism of aromatic triazenes and explain the modest

sensitivity of the fluorescence quantum yield of berenil even when it is bound to various biomolecules.

T riazene compounds are employed for a variety of medical
and pharmaceutical applications. For instance, berenil is
the most widely used drug for treating sleeping sickness in
animals, and it also acts as babesiacide.'™® However, little is
known about the underlying mechanism and how the
properties of berenil change upon interaction with biomole-
cules. Berenil shows a high binding affinity to enzymes like -
trypsin”® or diamine oxidase,” it is an efficient minor-groove
binder of AT-rich DNA,""°~*" and it also strongly binds to G-
quadruplex DNA.*"*> A characteristic blue fluorescence
emitted by berenil after UV excitation is observable when it
is added to cell cultures that are in the stationary or lag phase of
a growth cycle, yet it is absent when berenil is added to cells in
the log phase.””* Until now, no explanation could be found for
this exceptional behavior, and, in general, emission from berenil
is not reported but the molecule is rather described as
nonfluorescent.'®>* While these observations suggest that the
deactivation channel of berenil after photoexcitation is sensitive
to the surrounding, the virtual absence of fluorescence hints to
very fast excited-state dynamics comprising photoisomerization
and internal conversion.

Berenil (diminazene aceturate) is composed of two
amidinophenyl units linked by a triazene bridge (Figure 1). It
has some similarities to azobenzene in which two phenyl rings
are linked by an azo group. The abilities to bind to
biomolecules are very different for azobenzene and berenil,
the latter being more flexible and exhibiting more possibilities
for hydrogen-bond and electrostatic interactions due to the
charged terminal groups. Regarding the photodynamics, despite
numerous papers on the behavior of azobenzene after
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excitation, there is still an ongoing debate considering its
photochemistry.”> " The reaction mechanisms discussed for
its photoisomerization include inversion, rotation, the hula-
twist,”” and the concerted double twist.*'"*> By contrast, the
triazene bridge in berenil contains an amino (NH) group in
addition to the azo bond, which increases the number of
torsional angles that can be involved in the excited-state
relaxation. This opens alternative pathways for deactivation.

To unravel the mechanism of the ultrafast excited-state
dynamics of berenil, we combine ultrafast fluorescence
upconversion measurements of berenil bound to large
biomolecules or in solvents with different viscosity with
correlated wave function calculations for the potential energy
surface of the excited state. In this way, the ultrafast
deactivation and the extremely low fluorescence quantum
yield found for all of these conditions can be rationalized.

Steady-state absorption and emission spectra of berenil in
buffer (S0 mM Tris-HCl, 250 mM KCl) are shown in Figure 1.
The absorption maximum is located at 368 nm with an
extinction coefficient of (26 500 + 2300) M~' ecm™'.** The
fluorescence exhibits a large Stokes shift and peaks at 476 nm
and is extremely weak, as confirmed by the low quantum yield
of 0.9 X 107* that we derived in a Strickler—Berg analysis** with
several reference substances for consistency.
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Figure 1. (a) Chemical structure of berenil and its absorption (green)
and emission spectrum (red, excited at 400 nm) in buffer solution.
Because of the low fluorescence quantum yield, Raman scattering in
the solvent contributes as a pronounced peak at 462 nm. The dashed
line is the Raman-corrected emission, as employed for the Strickler—
Berg analysis. Cartoon representation of berenil bound to (b) AT-rich
DNA (PDB accession code 2DBE)"? and to (c) f-trypsin (left: 3GY6;
right: 3GY2).°

As biomolecular binding partners, we studied S-trypsin, AT-
rich DNA (sequence S5’ to 3': CGAATTTCAAAAGAAATT-
CG), and G-quadruplex DNA (AGGGAGGGCGCTGGG-
AGGAGGG) because of the reported high binding affinity of
berenil to these kinds of biomolecules.”*'**" The binding
between the particular system and berenil is reflected in
characteristic shifts'® in the absorption spectra (Figure S2 in the
Supporting Information). Time-resolved fluorescence spectros-
copy (see Supporting Information for experimental details)
provides insight into the decay behavior, as shown in Figure 2
for berenil in buffer solution and bound to the different
biomolecules as well as in neat water and ethylene glycol,
respectively. Only results for an emission wavelength of 480 nm
are shown for a direct comparison (best-fit parameter values
with error limits are summarized in Table 1); data and fits for
other wavelengths are presented in the SL In each case, the best
global deconvolution fit for all measured samples yields two
lifetimes. For the buffer solution (blue curve), global decay
times of 0.24 and 0.71 ps are found, and the amplitude A, of
the second lifetime increases with increasing fluorescence
wavelength (amplitude ratio 70:30 at 480 nm, 65:35 at 540 nm,
inset of Figure 2).

When berenil is bound to f-trypsin, two main structures are
present with berenil in different conformations (Figure 1c), and
several hydrogen bonds between one of the amidinium groups
and the protein are formed, while further interactions are
possible.” Nevertheless, the two fitted lifetimes are only slightly
increased to 0.28 and 1.41 ps. The amplitude of the latter again
increases with wavelength (83:17 at 480 nm, 76:24 at 540 nm,
inset of Figure 2).

For berenil bound to AT-rich DNA (Figure 1b), one
amidinium moiety hydrogen-bonds directly to an adenine base,
whereas the other one interacts with the DNA via a mediating
water molecule."® This binding to the DNA minor groove
restricts the volume available for geometrical changes of berenil,

1987

B
101 @) 0.35 /,_/—'\'
0.8 0.25 '/%
0.6 015 '/,_,r/—'

0.4 500 520

wavelength (nm)
0.2

ooid

1.0} (b) =— berenil in buffer
— +trypsin
0.8 ==+ AT-rich DNA

+ G-quadruplex DNA

normalized fluorescence intensity

0.6 berenil in H2O

berenil in EtGly
0.4
0.2

0.0

time (ps)

Figure 2. Transient fluorescence signal of berenil at an emission
wavelength of 480 nm. (a) In Tris-HCl and the corresponding salt (in
the case of unbound berenil and bound to the DNAs: KCI; in the case
of berenil bound to trypsin: CaCl,): unbound (blue), bound to trypsin
(green), bound to AT-rich DNA (orange), and bound to G-
quadruplex DNA (red). (b) In water (black) and ethylene glycol
(magenta). Dots show data points, while lines are results from global
fitting. The inset at the top-right shows the relative amplitude A, of the
long lifetime in these fits as a function of fluorescence wavelength.

which should be even more confined when berenil is bound to
the G-quadruplex DNA. Looking at the decay traces of berenil
bound to the DNAs, the traces clearly deviate from the one of
berenil in buffer only. The corresponding lifetimes are 0.48 and
1.77 ps for berenil bound to AT-rich DNA (orange line) and
0.69 and 6.55 ps for G-quadruplex DNA (red line), respectively.
By analogy to the cases with buffer only and binding to f-
trypsin, the amplitude A, increases with increasing wavelength
(81:19 at 480 nm, 78:22 for 540 nm and 83:17 at 480 nm,
79:21 for 540 nm, respectively, inset of Figure 2). When
calculating amplitude-weighted lifetimes 7, (Table 1), the
general trend is the same as for the individual time constants:
While 7, is 0.38 ps for berenil in buffer, it is larger for berenil
bound to trypsin (0.47 ps) and to AT-rich DNA (0.73 ps).
With 1.69 ps, the largest 7, value is found for berenil bound to
G-quadruplex DNA.

These results are in opposition to the behavior of another
efficient DNA binder, DAP], for which the fluorescence lifetime
is enhanced from 100 ps for DAPI dissolved in buffer to several
nanoseconds when DAPI is bound to the minor groove of a
DNA dodecamer.” Compared with this, the lifetime
prolongation we observe for berenil is rather small. To further
explore if the reason for this is the expendability of large
geometrical changes after photoexcitation, we studied berenil in
two solvents with different viscosity. The lifetimes for berenil in
neat water (0.25 and 0.73 ps) are basically identical to the ones
obtained for berenil in Tris-HCI and KCl buffered solution. In
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Table 1. Time Constants Obtained by Global Fitting of the Fluorescence Upconversion Data“

sample A, 7, (ps)
berenil in buffer 0.70 £ 0.07 0.24 + 0.03
berenil + trypsin 0.83 + 0.04 0.28 + 0.02
berenil + AT-rich DNA 0.81 + 0.01 0.48 + 0.01
berenil + G-quad. DNA 0.83 £ 0.01 0.69 + 0.02
berenil in water 0.75 £ 0.03 0.25 + 0.01
berenil in ethylene glycol 0.88 + 0.01 0.34 £ 0.01

4, 7, (ps) Tave (PS)
0.30 + 0.07 0.71 + 0.08 0.38 + 0.06
0.17 + 0.04 141 + 0.24 0.47 £ 0.07
0.19 + 0.01 1.77 £ 0.08 0.73 + 0.03
0.17 £ 0.01 6.55 £ 0.52 1.69 + 0.11
0.25 + 0.03 0.73 + 0.03 0.37 + 0.03
0.12 + 0.01 1.57 £ 0.08 0.49 + 0.02

“Relative amplitudes and amplitude-weighted average fluorescence lifetimes correspond to an emission wavelength of 480 nm (ie., the data
displayed in Figure 2; see Table S2 in the Supporting Information for other emission wavelengths).

ethylene glycol, the lifetimes are only slightly extended (0.34
and 1.57 ps), and, remarkably, the amplitude A, takes the
lowest values with the same overall trend of an increase with
wavelength (88:12 at 480 nm, 83:17 at 540 nm, inset of Figure
2), which is reflected in the rather small increase in 7,,, from
0.37 to 0.49 ps (Table 1). The viscosity of ethylene glycol (20.8
mPa-s at 20 °C)*® is ~20 times higher than the viscosity of
water (1.00 mPa-s at 20 °C).** In numerous studies where
deactivation follows a cis—trans isomerization by rotation
around a C=C bond, changing the solvent viscosity leads to a
significant increase in the fluorescence lifetime.”” ~*' The rather
weak dependence of the fluorescence lifetime of berenil on the
solvent viscosity leads to analogous implications as the studies
with berenil bound to biomolecules, namely, that a very fast
nonradiative deactivation mechanism must be involved that
cannot be associated with pronounced intramolecular motion.

If the deactivation proceeded via rotation, the fluorescence
lifetimes should be significantly enhanced when changing the
viscosity of the solvent. Therefore, we exclude the rotation as a
possible deactivation channel. An in-plane motion of the phenyl
rings as for the inversion mechanism is expected to be less
affected by a higher viscosity. When berenil is bound to trypsin
or DNA the volume accessible for the molecule should be
substantially smaller than that for unbound berenil. Therefore,
the time needed for deactivating structural dynamics along the
inversion mechanism would still be expected to be longer for
bound berenil. The associated enhancement of the emission
lifetimes is deducible from the decay traces. However, the time-
resolved fluorescence studies disclose that there is only a slight
prolongation, which argues against deactivation pathways with
predominant character of rotation and inversion.”"*~**
Consequently, we also exclude inversion as deactivation
mechanism.

To get further insight into the absorption and fluorescence
spectra, we used ab initio electronic structure calculations.
Under the experimental and also physiological conditions'®*’
diminazene is doubly protonated. Using dispersion-corrected
density functional theory (DFT-D3) for geometry optimiza-
tions, we could characterize six local minima on the electronic
ground-state potential energy surface of the doubly protonated
diminazene as pairs with “E-azo, s-trans” (ET), “E-azo, s-is”
(EC), and “Z-azo, s-trans” (ZT) structure. The details of the
computational procedure as well as the molecular structures of
all conformers are available in the Supporting Information.
Second-order Moller—Plesset perturbation theory (RI-MP2)
has been used to obtain accurate relative energies. According to
these results, at room temperature in the thermodynamic
equilibrium only the ET minima are significantly occupied.
Characteristic for the E-azo conformers is that the triazene
bridge and the phenyl rings are coplanar and the amidinium
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groups are twisted by ~30° either dis- or conrotatory out of this
plane.

The energies and oscillator strengths for the five lowest
excited states of the ET conformers have been calculated with
the algebraic diagrammatic construction through second
order,”*® ADC(2), in vacuum and with the COSMO solvation
model*”** for aqueous solution (& = 50) with the SVP and aug-
cc-pVDZ basis sets (see Supporting Information). The results
show that the relative orientation (dis- or conrotatory) of the
amidinium groups has no influence on the spectrum. The
excitation into S, is the only bright transition below S eV. The
vertical excitation energy of 3.32 eV for the transition into S,
computed at the COSMO-ADC(2)/aug-cc-pVDZ level agrees
well with the first maximum in the experimental UV/vis
spectrum at ~3.35 eV (Figure 1a).'”* At the ground-state
structure the transition to S; is dominated by a zz* excitation
from an occupied natural transition orbital*” (NTO), which has
bonding character for the N=N azo bond (no nodal plane
between these two nitrogen atoms) to a virtual NTO with
antibonding character for the N=N bond (see Figure S6 in the
Supporting Information). Consequently, the 7 bond between
these N atoms is broken in the S; state. The C—N 7 bonds
between the NH—N=N moiety and the benzene rings are
strengthened in the S, state.

The results for the absorption spectrum in vacuum and in
aqueous solution show only minor differences, that is, for the
transition into S, a red shift by 0.02 eV and a decrease in the
oscillator strength by ~2%. Furthermore, in the smaller and
computationally cheaper SVP basis set the excitation energies
are only slightly blue-shifted, but the same orbitals are involved
in the excitation to S;, and thus it also describes the electronic
structure of S, correctly. Because neither the excitation energy
nor the oscillator strengths depend on the orientation of the
—C(NH,), groups, we have chosen one of the ET conformers
(the ET1gj structure in Figure 3) and the ADC(2)/SVP level of
theory without COSMO to investigate the relaxation of the
photoactivated molecule.

For the S, state, we found two local minima denoted as
ET1g, and ETlgg,, which can be reached from the Franck—
Condon point after excitation. Their structures, which differ
from the ground-state geometry by clockwise (ETlgg;) and
anticlockwise (ET1g,) torsion around the azo bond, are shown
in Figure 3. The two minima on the S; surface are connected by
a transition state, ET 11g_g;, which differs from the ground-state
structure mainly by a stretch of the azo bond. At the ET1g; and
ETlgg, geometries the COSMO-ADC(2)/aug-cc-pVDZ energy
of the S, state is slightly below the COSMO-RI-MP2/aug-cc-
pVDZ energy of S,. This indicates that in these regions the two
states might be connected by conical intersections.

To investigate the deactivation pathways, we carried out
intrinsic reaction coordinate (IRC) calculations at the
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Figure 3. Optimized stationary points for the ground state and the
lowest excited state at the ADC(2)/SVP level of theory. At the
transition state ET1pg_g), the phenyl groups are almost coplanar while
at the minima ET1g; and ET1g, they are twisted by ~90° around the
N;=N, bond anticlockwise and clockwise, respectively.

ADC(2)/SVP level on the S, surface starting from the Franck—
Condon point. The idea of the IRC analysis is to calculate
nuclear gradients at a given geometry, let the nuclei move for a
certain time step &t (= 2 fs in this case) according to Newton’s
second law, and again calculate the gradients and a geometry
update for the new coordinates until a stationary point is
reached where the gradients are zero within a given threshold.
In the IRC analysis,’”"" the kinetic energy is at each step
damped to zero to follow the minimum energy reaction
pathway.”

Figure 4a shows how the two most important internal
coordinates, the length of the N;=N, azo bond and the C,—
N;=N,—Nj dihedral angle, change along the IRC trajectories.
The density of the points can be interpreted as the inverse of
the gradient (force) norm along the internal coordinates. This
Figure shows that the first phase (IRC,) of the de-excitation is a
fast departure from the Franck—Condon region, which is
characterized by a N;=N, bond stretch and brings the
molecules to a flat region on the S, surface. An optimization
starting from the end point of the IRC,; path led to the
transition state ET1yg_g;, which is very similar to the last
snapshot of the IRC; calculation. To continue the IRC
calculations, the TSg; geometry has been screwed along the
normal mode with negative eigenvalue for ~+10°. The
obtained paths (IRC, and IRC;) show that the second phase
of the de-excitation involves a torsion of the C,—N;=N,—Nj
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Figure 4. (a) Calculated (ADC(2)/RI-MP2)/SVP intrinsic reaction
coordinates are mapped to the N;=N, double bond and the C,—N;—
N,—N; dihedral angle. The Figure presents the results of three
independent IRC calculations. Colors indicate for each point the
energy relative to the ground state at ET1g,; in kcal-mol™". The IRC,
starts from the FC point. The IRC, starts from the ~—10° screwed
TSs; geometry along the normal mode with imaginary frequency and
the IRC; from the ~+10° rotated TSg; geometry. The green lines
connect the starting and ending point of the IRC calculations to the
corresponding stationary points. (b) Evolution of triazene dihedral
angles along the IRC; trajectory.

dihedral angle. The two pathways lead to the two minima
ET1g; and ET1gg, on the S, surface described above (Figure 3).
The two clockwise and anticlockwise rotation paths are
similar to each other and involve, in addition to changes of the
length and torsion angle of the azo bond, torsions around other
bonds at the triazene group. To further unravel the mechanism
of the second de-excitation phase, Figure 4b shows the four
dihedral angles at the triazene group along the IRC; path.
Several mechanisms have been discussed in the literature for
the (photo)isomerization of chromophores with double bonds.
The most important ones are the pure torsion rotation, the
Hula-twist mechanism,*>>? in-plane inversion, concerted
double-twist,”* and the bicycle-pedal type mechanism.*">*
The moderate sensitivity of the deactivation dynamics to the
viscosity of the solvent observed in the experiments already
ruled out inversion and rotation as relaxation mechanisms.
The Hula-twist mechanism would for berenil imply
simultaneous torsions around the N3N, and N,N; (or C,N;)
bonds with about the same amplitude, whereas the concerted
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double-twist mechanism is identified with concerted out-of-
plane motion of N;=N, nitrogens—here the simultaneous
rotation around C,Nj;, N3N, and N,Ns bonds. According to
Figure 4b, the molecule rotates by ~70° around the N;N, bond
but only by ~20° around the N,N; and C,N; bonds.
Consequently, neither the Hula-twist nor the concerted double
twist are the mechanisms of the second phase. The torsion
around the azo bond is accompanied by a simultaneous rotation
around the N;C4 bond by ~40°. Although the amplitude of the
latter motion is somewhat smaller than for the torsion around
the azo bond, it is by far the most important component of the
torsional motions next to the torsion around the azo bond.
Thus we conclude that the relaxation mechanism is
predominantly a bicycle-pedal type motion, which is almost
volume-conserving."*>> This explains the fast radiationless de-
excitation in solution and with various biomolecular binding
partners because it does not require large amplitude motions of
the terminal phenyl and amidinium groups.

While no indication for an intersystem crossing is evident
from our data or from the literature, the ultrafast fluorescence
decay is attributed to ultrafast geometrical changes, rapidly
leading to internal conversion back to the electronic ground
state. From several possibilities for this structural motion, the
combined information from experiment and theory allows for
an unambi§uous identification. A rotation of the phenol’s
sidegroup,S that is, the amidinium groups, after photo-
excitation can be ruled out as decisive process for two reasons:
On the one hand, this motion would be hindered when berenil
is hydrogen-bonded to the biomolecules, yet the dynamics do
not change drastically, in contrast with the minor-groove binder
DAPI where this mechanism is known to contribute to the
relaxation®® and hence causes an enhancement of emission
lifetimes by more than an order of magnitude; on the other
hand, our simulations show that these motions are not the
favorable mechanism for the relaxation from the Franck—
Condon point on the excited-state potential energy surface.

Hence, the triazene bridge is crucially involved in the de-
excitation but in a way that is different from a cis—trans
isomerization found for compounds with C=C double
bonds,” ~*' as can be deduced from the experimentally
observed viscosity dependence. To clarify the structural
dynamics of the triazene bridge, we can first address similarities
to the dynamics of azobenzene, for which also two lifetimes
were found in the fluorescence decay traces. Quick et al.”’
assigned the 0.3 ps lifetime of trans-azobenzene to a rapid
motion away from the Franck—Condon region to a local
minimum, while the longer lifetime of 3 ps was attributed to a
population relaxation. This rather slow population relaxation in
the excited state is associated with a barrier of 8 kJ/mol.

In the case of berenil, the short lifetime is in the range
between 0.24 ps for unbound berenil and 0.69 ps for berenil
bound to G-quadruplex DNA. They match well the first
fluorescence lifetime of azobenzene and can be interpreted
accordingly. As is evident from the simulations and the IRC,
path in Figure 4a, the initial motion setting in after
photoexcitation and concurrent cleavage of the N=N z-bond
in the S state is a lengthening of the N=N bond distance,
which is accompanied by a change of the oscillator strength.
These dynamics are experimentally monitored by the rapidly
decaying fluorescence contribution; that is, the first lifetime
reflects the motion out of the Franck—Condon region. Albeit
slight prolongations are observed, the first lifetime is much less
affected by the different confining conditions than is the second

1990

one, which spans an order of magnitude from 0.71 ps for
unbound berenil to 6.55 ps for berenil bound to G-quadruplex
DNA. Hence the experiments imply that relaxation occurs in
two phases associated with two different types of motion.
This finding is supported by the calculations at the ADC(2)
level. The computational investigations of the relaxation from
the Franck—Condon point to the minima on the S, surface
show the two relaxation phases. Initially, the molecule
approaches a transition state where the azo bond is stretched
but the triazene and phenyl groups are still coplanar. Through
this first phase, 16.1 kcal'mol™ of the absorbed energy is
released. The second phase is dominated by a bicycle-pedal
type motion around the N3;=N, and N;—C4 bonds that links
the transition state TS, to the two minima (S, and R—S;) on

the S, surface, depending on the direction of the torsional
motion. Also, the second phase of the relaxation is strongly
exothermic and releases ~19.4 kcal-mol™" energy. Similar to the
first phase, this step requires no large amplitude motions of the
bulky groups. The fluorescence exhibits an initial red shift. We
do not observe (or possibly resolve) a dynamic Stokes shift
starting at the excitation wavelength with a delayed onset of
long-wavelength emission, as may be caused by solvent
reorganization or intramolecular vibrational relaxation. Never-
theless, the spectral composition of the fluorescence contains
valuable information. Around the S; and R—S; regions, the
energy gap between S, and S, is small, and the two states are
probably connected via conical intersections. Hence, the central
fluorescence wavelength should be different for the two
relaxation phases as a consequence of the shrinking energy
gap when following the IRC, and IRC; reaction paths. Hence,
the associated release of energy during relaxation is manifested
in the relative amplitudes of the fluorescence decays. The inset
of Figure 2 displays an increasing relative amplitude of the
longer lifetime with increasing emission wavelength; that is, the
emission corresponding to the second relaxation phase is
spectrally centered at lower energy photons.

In summary, the joint experimental and theoretical study
shows that the efficient minor-groove binder berenil performs
an ultrafast motion in the electronically excited state after zz*
excitation. The dynamics comprise two phases: first, a
contribution out of the Franck—Condon region associated
with the lengthening of the initiall N=N double bond and a
subsequent bicycle-pedal type motion of the central triazene
unit. Time-resolved fluorescence studies of berenil in water,
buffer, or ethylene glycol and bound to S-trypsin, AT-rich
DNA, or G-quadruplex DNA revealed that the first phase
proceeds on a subpicosecond time scale, whereas the second
phase still occurs within only a few picoseconds for all of the
investigated conditions despite several hydrogen bonds or
different spatial restrictions. The volume-conserving nature of
the bicycle-pedal type motion renders possible extremely fast
excited-state dynamics in berenil and thus explains the very low
fluorescence quantum yield and the frequently encountered
classification of berenil as being “nonfluorescent”.
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