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ABSTRACT: Probes for monitoring protein aggregation
with a variety of photophysical properties are of
importance for the fundamental understanding of the
aggregation process as well as for drug discovery. In this
manuscript we report the photoluminescence response of
the metal dipyridophenazine complex [Re(CO);(dppz)-
(Py)]* in the presence of aggregated Af. [Re-
(CO)5(dppz)(Py)]* shows an instantaneous increase in
photoluminescence with fibrillar Af (primary light-switch-
ing), and an unprecedented further increase in photo-
luminescence upon light irradiation at 362 nm (secondary
light switching). The total increase in photoluminescence
amounts to 105-fold, which we show can be used to
monitor Af aggregation in real time.

Izheimer’s disease (AD), which is the most common form

of dementia, is an age-related disease with no certain cure,
which has a greater chance of affecting individuals with the age
of 65 years or older."”” 26.6 million people were suffering from
AD in 2006 globally, while projections indicate that, by 2050,
one person in every 85 is expected to be diagnosed with AD.’
An ubiquitous observation in AD patients is the formation of
plaques in their gray matter." The dominant components of
these plaques are peptides known as amyloid beta (Af3), which
are peptide fragments of 39 to 42 residues. Af self-assembles
into small oligomers, protofibrils, fibrils, and subsequently
plaques with notable differences between the variants, a process
that is believed to be a key step in the progression of AD.”°
Currently, fluorescent probes such as Thioflavin-T (ThT) are
used to monitor Af aggregation. ThT has a low fluorescence
quantum yield (ie., low fluorescence intensity) when it is
exposed to the monomeric and oligomeric forms of Af, while
the quantum yield is elevated (i.e., high fluorescence intensity)
in the presence of fibrillar forms of AS.

Despite the useful photophysical response of ThT, it presents
however relatively small Stokes shifts, blue fluorescence, and
relatively short lifetimes. Metal complexes with long lifetimes,
large Stokes shifts, and red emissions, such as ruthenium(II)
dipyridophenazine complexes, have been reported to show an
increase in photoluminescence (light-switching) upon binding
to DNA.” Actually, metal dipyridophenazine complexes have
shown a variety of interesting applications, such as cancer
treatment,” determining cell viability,” and carbon nanotubes
dispersions.'’ Recently, we reported the use of [Ru-

(bpy),(dppz)]** (bpy = 2,2'-bipyridine; dppz = dipyrido[3,2-
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a:2,3'-c]phenazine) as a probe for monitoring A} aggregation
(Scheme 1).'"'* Nonetheless, the richness of coordination

Scheme 1. Structures of Ru and Re Dipyridophenazine
Complexes

chemistry allows the exploration of other metal centers with a
variety of properties such as excitation, emission, lifetime, and
Stokes shifts.

Inspired by a previously observed light switching effect for
[Re(CO);(dppz)(Py)]* (Py = pyridine) with double stranded
DNA,"? we moved to investigate whether this complex would
also present an increase in photoluminescence with fibrillar Ap.
The photoluminescence of [Re(CO);(dppz)(Py)]* (Scheme
1) was recorded in both the absence and presence of Af fibrils,
and the results are shown in Figure la. [Re(CO);(dppz)(Py)]*
is only weakly photoluminescent in phosphate buffer; none-
theless, when aggregated Af is present, an ~18-fold increase in
photoluminescence is observed. This increase is larger than the
increment in photoluminescence of [Re(CO),;(dppz)(Py)]*
observed with DNA (ca. 13 times)."” In addition to this light
switching effect produced by the interaction of [Re-
(CO)4(dppz)(Py)]* with AB, it was noticed that consecutive
photoluminescence measurements caused the emission inten-
sity to increase. This secondary light switching process was
confirmed to be due to irradiation of the sample during spectral
acquisition. We investigated this process by obtaining the single
point photoluminescence of [Re(CO);(dppz)(Py)]* at 560 nm
as a function of time, with and without constant irradiation
between the data acquisition intervals (Figure S2). These
experiments showed a significant time-dependent enhancement
of photoluminescence upon irradiation, while, without
continuous excitation, only a marginal increase in photo-
luminescence was observed.

To further explore the effect of light irradiation on the
photoluminescence of [Re(CO);(dppz)(Py)]*, the complex
was photoexcited in the absence and presence of Af fibrils and
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Figure 1. Photoluminescence of [Re(CO);(dppz)(Py)]* under
different conditions. (a) Photoluminescence spectra of [Re-
(CO);(dppz)(Py)]" in buffer (red) and with A fibrils (blue). (b)
Photoluminescence of [Re(CO),(dppz)(Py)]* in buffer (red) and
with A fibrils (blue) as a function of irradiation time. (c) The ratio of
the blue and red curves in Figure 1b showing the increase in
photoluminescence with time. (d) Photoluminescence spectra of
[Re(CO)4(dppz)(Py)]* in buffer (red) and in the presence of Af
fibrils (blue) after irradiation of the samples for 7200 s. All
experiments were performed at [Af] = SO uM, [Re(dppz)] = 20
uM, and S mM PB at pH = 7.4. Figure S1 presents expanded y-axes to
better distinguish the shapes of the red traces in (a) and (d).

its photoluminescence was recorded as a function of irradiation
time. These solutions were continuously irradiated for 2 h by
the spectrofluorometer xenon lamp (at 362 nm, see Supporting
Information for further details) while monitoring the photo-
luminescence at 560 nm. After irradiation, the increased
photoluminescence of [Re(CO);(dppz)(Py)]* in the presence
of fibrillar A was up to 2 orders of magnitude higher than in
buffer (also irradiated). For [Re(CO);(dppz)(Py)]" in buffer
(in absence of fibrillar Af) the rise in photoluminescence was
only 3-fold (Figure 1b). The optimal irradiation time which
would yield the highest photoluminescence increase can be
obtained from the ratio of the time-dependent photo-
luminescence curves obtained with [Re(CO);(dppz)(Py)]* in
the presence and absence of Af fibrils (Figure 1c). From the
curve in Figure 1c it was found that at 2000 s more than 90% of
the increase (relative to buffer) has already occurred (under the
experimental conditions of the assay), which seems to reach a
maximum at 6000 s. These times are of course dependent on
the experimental parameters such as intensity of irradiation and
concentration of [Re(CO);(dppz)(Py)]" and AB. The increase
in the photoluminescence of [Re(CO);(dppz)(Py)]* with
fibrillar A when compared with [Re(CO),;(dppz)(Py)]" in
buffer after 6000 s irradiation is 105-fold (Figure 2d). It is
worth mentioning that we recorded the photoluminescence
spectra in Figure la and d as quickly as possible to minimize
the changes in photoluminescence during the acquisition of the
spectra.

A series of experiments were performed to shed light on the
second light switching effect of [Re(CO);(dppz)(Py)]* with
Ap. While a large photoluminescence increment was observed
for [Re(CO);(dppz)(Py)]* with fibrillar A (Figure 1b), no
significant increase was observed in acetonitrile, phosphate
buffer, or in the presence of calf thymus DNA after light
irradiation (Figure S3). These results imply that the A peptide
plays a role in the photoluminescence increase upon irradiation.
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Figure 2. Real-time Af} aggregation assay monitored by the changes in
photoluminescence of [Re(CO);(dppz)(Py)]*. Red and blue dots
represent the photoluminescence before and after irradiation for 430 s,
respectively.

Furthermore, [Ru(bpy),(dppz)]** did not exhibit any secon-
dary light switching effect in the presence of Af fibrils upon
irradiation (Figure S3), thereby indicating that this effect is
unique for [Re(CO);(dppz)(Py)]*. Thus, coordination of dppz
to a metal complex does not guarantee that the secondary light
switching effect will occur.

A possible scenario could involve modification of Af and/or
[Re(CO);(dppz)(Py)]* upon irradiation. LC-MS analysis of an
irradiated sample containing soluble Af monomers and
[Re(CO);(dppz)(Py)]* showed new peaks in the chromato-
gram (compared to Af only as control, Table S1). Analysis of
the data revealed that the new peaks contained modified forms
of Af§ with mass shifts of +14 (possibly oxidation of —RH,— to
—RO-), +16, and +32 (along with few other species), which
can be attributed to addition of one and two oxygen atoms,
respectively. These masses were detected with different elution
times and likely represent nonspecific modification of the Af
(Figure S4). Similar modification has been previously observed
in Af in the presence of copper and ascorbate and has been
assigned to reaction with hydroxyl radicals."* Interestingly,
previous studies by the Yam group have shown that plasmid
DNA is cleaved by irradiation of [Re(CO);(dppn)(Py)]* due
to the formation of hydroxyl radicals and superoxide. However,
for [Re(CO),(dppz)(Py)]* they found that plasmid cleavage
occurs even in the presence of singlet oxygen scavengers as well
as hydroxyl radical quenchers."

To further investigate the process, solutions containing Af
fibrils and [Re(CO);(dppz)(Py)]* were subjected to varying
irradiation times. After breaking the fibrils to monomers with
hexafluoro-2-propanol (HFIP), LC-MS analysis of the samples
showed a dominant modified form exhibiting a mass shift of
+16 (which is referred to as “singly oxidized AS”). It is worth
mentioning that, upon increasing the irradiation time, we
observed an increasing trend in the ratio of the area underneath
the singly oxidized peak to the area underneath the unmodified
Ap peak (Figure SS). The observed difference in the
distribution of modified peaks between the samples containing
fibrillar and monomer forms of Af is consistent with the fact
that, in the fibril form, the metal complex is attached to fibrils,
while, in the monomer form, no specific binding is expected: a
site-specific oxidation scenario in the case of fibrils, as opposed
to nonspecific oxidation in the case of monomers. Interestingly,

while [Re(CO);(dppz)(Py)]* showed an intense peak in the
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LC-MS (due to its intrinsic positive charge), we did not find
any evidence of chemical modification on the metal complex as
no other peaks with the expected isotopic pattern of rhenium
were observed. We believe that, upon irradiation, [Re-
(CO)5(dppz)(Py)]* catalyzes the oxidation of Af by
promoting the formation of reactive oxygen species. For
example, [Re(CO);(bpy)(Py)]*, which has a similar structure
to [Re(CO);(dppz)(Py)]*, is known to photosensitize the
formation of singlet oxygen."> The A3 peptide contains amino
acids that can be oxidized by reactive oxygen species such as
tyrosine, histidine, and methionine. Purging a sample of Af and
[Re(CO);(dppz)(Py)]* with nitrogen greatly limits the
photoluminescence enhancement due to irradiation to only
~2-fold. This observation relates the increase in photo-
luminescence due to irradiation of [Re(CO),(dppz)(Py)]*
(secondary light-switching effect) with the presence of
molecular oxygen. Nonetheless, the 2-fold increase in photo-
luminescence in the nitrogen purged sample suggests that
either traces of molecular oxygen were retained or other
mechanisms that are independent of singlet oxygen cannot be
completely discarded.

Based on this information, it is reasonable to think that the
two light switching mechanisms have two different origins. The
primary light-switching effect is instantaneous in the presence
of fibrillar A and independent of irradiation. The excited state
of [Re(CO);(dppz)(Py)]* possesses two closely spaced triplet
energy levels, an intraligand state (’IL, emissive) and metal—
ligand charge transfer state (*MLCT, nonemissive).'®"” Polar
environments stabilize the *MLCT rendering the complex not
photoluminescent. However, when the polarity of the medium
decreases, the *MLCT is destabilized allowing the population of
the *IL and the emission of light. As it was previously observed
with [Ru(bpy),(dppz)]**, we propose that fibrillar A} produces
a hydrophobic pocket where the dppz ligand can bind resulting
in increased photoluminescence by the preferential population
of the emissive *IL state.

The secondary light switching mechanism is dependent on
irradiation and oxygen. While ongoing research is being
devoted to unambiguously elucidate the physical nature of
this light-switching mechanism, among the possibilities are that
amino acids in the periphery of the binding site of
[Re(CO);(dppz)(Py)]* partially quench its photolumines-
cence. The oxidation of these quenching amino acids by
reactive oxygen species produced by the photoexcitation of
[Re(CO),(dppz)(Py)]* could disable their ability to deactivate
the excited state of [Re(CO);(dppz)(Py)]*, resulting in an
increase in its photoluminescence. Quenching of [Re-
(CO),(dppz)(Py)]* in poly dC:poly dG duplexes have been
previously observed."” Another possibility is ligand substitution
with a natural or oxidized amino acid upon irradiation. This
observation would be consistent with the broadening of the
[Re(CO);(dppz)(Py)]* spectrum after irradiation (Figure 1d).
Still, it is important to note that we have not yet found the
signature of modified [Re(CO);(dppz)(Py)]* in our MS
experiments, although its existence cannot be discarded.

Probes capable of sensing the aggregation state of A} can be
used to track the self-assembly of Af in real time. Since
irradiation of [Re(CO);(dppz)(Py)]* in the presence of Af
produces an increase in its photoluminescence, this light
switching effect can be used to enhance their ability to detect
Ap aggregation. The self-assembly profile (real-time aggrega-
tion) of a 60 uM Ap solution was studied by monitoring the
photoluminescence of [Re(CO);(dppz)(Py)]* at different

times with and without irradiation (Figure 2). In this
experiment Aff was incubated without the metal complex and
an aliquot was removed every 50 min, mixed with the metal
complex and analyzed in the spectrofluorometer. A standard
sigmoidal curve is observed with a characteristic lag phase
composed mainly of A monomers, a propagation phase, where
small fibril seeds are formed and elongated causing a dramatic
increase in photoluminescence, and a saturation phase where
most of Af has transitioned to a fibrillar aggregated structure.
An increase in photoluminescence of 3-fold was observed for
the nonirradiated solution, which was enhanced to 14-fold
upon irradiation of the aliquots for about 430 s. This optimum
irradiation time was chosen from the ratio of the time-
dependent irradiation curves of [Re(CO);(dppz)(Py)]" in the
presence of Af fibrils and monomers respectively (Figure S6).

In conclusion, the metal complex [Re(CO),(dppz)(Py)]*
was shown to display outstanding photophysical properties in
response to the aggregation state of Af. When [Re-
(CO);(dppz)(Py)]* binds to fibrillar Ap, it presents a
remarkable increase in photoluminescence (light switching).
Irradiation of the sample with 362 nm light promotes a second
light switching event with a several fold increase in the
photoluminescence. This secondary light-switching behavior is
not seen for [Ru(bpy),(dppz)]** with AB or with [Re-
(CO)4(dppz)(Py)]* with DNA and thus, to the best of our
knowledge, is unprecedented and so far only observed with AS.
Given the unconventional light switching properties of
[Re(CO),(dppz)(Py)]" in the presence of Af, the fibrillization
of Af was successfully monitored in real time with a
photoluminescence increase upon irradiation of 14-fold
(compared to 3-fold without irradiation). These experiments
indicate that rhenium dipyridophenazine complexes present
interesting photophysical and photochemical characteristics
amenable for the study of protein aggregation, adding another
dimension to the study of these rhenium coordination
compounds.
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