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ABSTRACT

Natural polyphenols such as rosmarinic acid (RA) are gaining attention for their antioxidant, anti-inflammatory, and neuropro-

tective properties, attributed in part to their ability to chelate redox-active metals. While RA’s interactions with Cu(II) have been

linked to modulation of amyloid beta (AB) aggregation and redox cycling, its coordination with Zn(II)—a key player in Ap aggre-

gation but redox-inert—remains poorly understood. Given that Zn(II) stabilizes toxic Ap oligomers and is abundant in amyloid
plaques, clarifying whether RA can modulate Zn(II)-Ap interactions is of high interest. Here, we systematically investigated RA’s
coordination behavior toward Zn(II) under physiologically relevant conditions, both alone and in the presence of Ap. Using NMR
and UV-vis spectroscopy, we characterized RA-Zn(IT) complex formation and explored how RA influences Zn(II)-mediated Af

associations. These findings provide new insights into the molecular basis of RA’s potential neuroprotective effects and

underscore the importance of targeting metal-amyloid interactions in Alzheimer’s disease.

1 | Introduction

Natural polyphenols, such as rosmarinic acid (RA), have
attracted increasing interest for their potential to interfere with
amyloidogenic protein interactions [1-9], mitigate oxidative
stress [1, 10-12], and prevent neurotoxicity [1, 12-16]. These
compounds, widely distributed in medicinal herbs and dietary
sources, are characterized by the presence of multiple hydroxyl
groups, which enable them to chelate redox-active metal ions
such as copper and iron [17, 18]. This metal-chelating ability
is particularly relevant in neurodegenerative diseases, where
the aberrant accumulation of transition metals contributes to
protein misfolding, aggregation, and the generation of reactive
oxygen species (ROS). In addition to their antioxidant properties,
polyphenols like RA exhibit anti-inflammatory activity, modu-
late intracellular signaling pathways, and have been shown to
preserve mitochondrial function and neuronal viability
in vitro and in vivo models [19].

RA is a natural polyphenolic compound widely distributed
in Lamiaceae herbs, such as rosemary (Rosmarinus

officinalis), perilla (Perilla frutescens), and lemon balm (Melissa
officinalis). Structurally, RA is an ester of caffeic acid and
3,4-dihydroxyphenyllactic acid, containing two catechol moieties
that confer potent antioxidant and metal-chelating properties.
These functionalities enable RA and related polyphenols to coor-
dinate various biologically relevant metal ions, including
copper(Il), iron(III), and zinc(IT), through electron pair donation
from phenolic hydroxyl groups [5, 17, 18, 20-26].

Amyloid beta (Ap) is a peptide derived from the proteolytic
cleavage of the amyloid precursor protein (APP) [27]. The self-
assembly of Ap into oligomers and fibrils is a hallmark of
Alzheimer’s disease (AD) [28]. Among the various molecular fac-
tors implicated in Af aggregation and toxicity, metal ions such as
zinc(IT) play a pivotal role. Zn(II) is highly abundant in the syn-
aptic cleft and is known to modulate Af aggregation by stabiliz-
ing oligomeric species and promoting plaque formation [29-32].
It also promotes aggregation into amorphous, nonfibrillar assem-
blies and inhibits fibrillogenesis under certain conditions [33].
Although Zn(II) is not redox-active under physiological
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conditions, its dysregulation contributes to oxidative stress and
neuronal dysfunction through indirect mechanisms [34-36].
While Zn(II) does not participate in redox cycling like
Fe(III)/Fe(Il) or Cu(II)/Cu(l), it can influence oxidative stress
by modulating signaling pathways and protein conformational
states. Dysregulation of Zn(II) homeostasis has been associated
with neurodegenerative diseases, particularly AD, where it is
found enriched in amyloid plaques [37, 38].

Zn(II) binds to Ap via histidine residues, primarily His6,
His13, and Hisl4, forming coordination complexes that affect
peptide conformation and aggregation kinetics. The binding
stoichiometry and coordination geometry are influenced by pH,
Zn(II) concentration, and the presence of competing ligands
[37, 39-42].

RA has demonstrated promising capabilities in modulating
metal-amyloid-f (Ap) interactions, particularly in the presence
of Cu(Il), where it is involved in a ternary complex with the
peptide, thereby influencing redox cycling and aggregation
behavior [5].

Despite this, the coordination chemistry of RA with Zn(II)—a
redox-inactive yet aggregation-relevant metal ion—remains
poorly characterized, especially within the context of Aj binding.
From a structural standpoint, Zn(II) preferentially adopts tetra-
hedral coordination geometries and binds ligands bearing oxygen
or nitrogen donor atoms. The catechol moiety of RA, containing
two adjacent hydroxyl groups, may serve as a bidentate ligand
capable of forming five-membered chelate rings with Zn(II),
potentially stabilizing distinct coordination species depending
on pH, ionic strength, and metal-to-ligand stoichiometry.
Given the ability of RA to chelate divalent metal ions, it is plau-
sible that RA could modulate Zn(II)-induced Af aggregation
pathways, either by competing for Zn(II) binding, altering the
peptide’s coordination environment, or affecting the physico-
chemical features of the aggregation process itself. Clarifying
these interactions is essential for understanding the molecular
underpinnings of RA’s neuroprotective activity.

To address this, we systematically investigated the coordination
behavior of RA toward Zn(II) under physiologically relevant con-
ditions, both in the absence and in the presence of the Ag peptide.
UV-vis and NMR techniques were employed to define the coor-
dination modes of RA with Zn(II) and evaluate the influence of
RA on Zn(I)-Af interactions.
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2 | Results and Discussion

To investigate the coordination behavior of RA with Zn(II) under
physiologically relevant conditions, we combined '"H NMR and
UV-vis spectroscopy at near-neutral pH using different buffer
systems (phosphate, tristhydroxymethyl)aminomethane (TRIS),
and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES).
The metal titrations carried out in phosphate buffer showed
markedly weak effects. In particular, the NMR spectra of RA
recorded at increasing Zn(II) concentrations, showed progressive
but small chemical shift variations mainly in the aromatic region,
affecting protons H2, H5, H6, and H8 of the caffeic acid moiety.
The maximum shift (~0.02 ppm for H5) indicated a weak and
reversible interaction in fast exchange, without signal broadening
or aggregation (Figure S1). Similarly, UV-vis titrations of RA
revealed the emergence of a weak shoulder near 370 nm upon
Zn(1) addition (Figure S2). The shoulder intensity increased grad-
ually up to ~0.75 equivalents, accompanied by a slight red shift
and hyperchromic effect, suggesting formation of a labile
RA-Zn(II) complex. The spectral changes observed by UV-vis
were consistent with the weak interaction detected by NMR.

To assess whether the phosphate buffer system could influence
the RA-Zn(II) interaction, UV-vis spectroscopic analyses were
also performed using two different buffering agents: TRIS and
HEPES. The titration profiles obtained upon progressive addition
of Zn(IT) showed consistent spectral variations in the character-
istic absorption bands of RA. In both systems, Zn(II) addition
induced the gradual appearance of a new absorption band at
375 nm, whose intensity increased and eventually reached a pla-
teau at higher metal concentrations, indicating the formation of a
stable RA-Zn(II) complex (Figure 1). The emergence of this band
at 375nm is consistent with the deprotonation of the catechol
groups and supports the coordination of Zn(II) to RA [43, 44].
In contrast, when the same experiment was performed in phos-
phate buffer, the spectroscopic response differed markedly
(Figure S2). Only minor or irregular absorbance changes were
detected, and no distinct complex-related band developed.
This result underscores the strong competitive effect of phos-
phate ions, which form Zn-phosphate species that effectively
sequester Zn(II), thereby preventing its coordination to RA.

The titration data shown in Figure 1 were fitted using a 1:1
binding model according to the equation A=A *(Kapp [M]/
(1 + K,pp [M])), where A represents the change in absorbance
at 375nm, Amax is the limiting absorbance at saturation,
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FIGURE1 | UV-visspectra of RA 50 pM in the absence and in the presence of increasing Zn(II) ratios (from 0.1-10) in (A) TRIS 15 mM, pH 7.5 and

(B) HEPES 15 mM, pH 7.2.
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RA-Zn UV-Vis Titrations in TRIS and HEPES (1:1 fits)
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FIGURE 2 | UV-vis titrations of RA 50 pM with Zn(II) in TRIS (orange circle) and HEPES (blue square) buffers. Absorbance values at 375 nm are
plotted as a function of total Zn(II) concentration. Data points correspond to experimental titrations, while solid lines represent the best fits obtained

assuming a 1:1 RA-Zn(II) binding model.

and K, is the apparent binding constant. For the system in TRIS
buffer, the best fit yielded K,p,=1.0%0.04x10* M~ with
Amax =0.46 £0.01, while in HEPES buffer the corresponding
value was Kyp, = 3.8 £ 0.3x10° M™" and Ay = 0.43 +0.02
(Figure 2). Both fittings showed excellent correlation coefficients
(R*>0.99), confirming the adequacy of a simple 1:1 binding

model.

The difference between the apparent binding constants obtained
in TRIS and HEPES is best rationalized by pH, rather than intrin-
sic buffer effects. In fact, both TRIS and HEPES are zwitterionic
good’s buffers commonly used near physiological pH; however,
TRIS can weakly coordinate Zn(II) through its amine group,
potentially stabilizing labile metal species, whereas HEPES
is largely noncoordinating and exerts minimal influence on
Zn(IT) speciation [45, 46]. In our experiments, the TRIS titration
was conducted at pH 7.4, whereas the HEPES titration was at pH
7.2; under these conditions the UV-vis response was stronger in
TRIS, consistent with a larger fraction of deprotonated catechol
sites on RA available to chelate Zn(II). This pH-dependence was
further confirmed by a control titration experiment in HEPES at
pH 6.9, which produced much smaller spectral changes, indicat-
ing significantly weaker complex formation (Figure S3). Because
catechol deprotonation shifts steeply across the neutral pH range,
even a small ApH can substantially alter the concentration of the
coordinating phenolate species, thereby increasing the effective
binding constant and the intensity of the UV-vis response. Taken
together, these observations show that pH is the dominant deter-
minant of the Zn(II)-RA complex formation under our condi-
tions, while TRIS and HEPES act as essentially comparable
media when pH and ionic strength are matched. In contrast,
when the titration was performed in phosphate buffer at the
same pH, no appreciable spectral changes were detected upon
Zn(IT) addition. This behavior indicates that phosphate ions
strongly compete with RA for Zn(II) coordination, thereby reduc-
ing the amount of free metal available to interact with the ligand.

Consequently, the absence of detectable spectral variation in
phosphate buffer supports the conclusion that Zn(II)-RA com-
plex formation is highly sensitive to both pH and competing
ligands present in solution, while the intrinsic effects of TRIS
or HEPES are comparatively minor.

These results provided a reliable foundation for further NMR
investigations of the Zn(II)-RA coordination mode in TRIS
buffer. The metal titration obtained by acquiring 'H 1D NMR
spectra is shown in Figure 3. Progressive additions of Zn(II)
induced pronounced changes in both chemical shift and line
broadening of the aromatic proton signals associated with the
caffeic acid moiety of RA, consistent with the formation of a
coordination complex. Moreover, the two ethylenic protons
were differently affected by the presence of the metal ion, with
the proton at position 8 being the most significantly perturbed.
These effects are consistent with those previously observed in
phosphate buffer (Figure S1), although significantly more
pronounced here, reinforcing the notion that phosphate ions
compete with RA for Zn(II) binding and thereby attenuate the
apparent coordination effects in phosphate medium.

From a structural perspective, the coordination of Zn(II) to RA
is expected to involve the catechol hydroxyl groups of the caf-
feic acid moiety, which are preferred over those on the other
aromatic ring. Although both rings contain vicinal hydroxyl
groups, their acid-base and electronic properties differ
markedly. This difference is evident from the NMR spectra
of RA recorded as a function of pH (6.7-8.2), in which the pro-
tons of the caffeate portion display significant chemical shift
variations, indicating a higher sensitivity of their local environ-
ment to pH changes—consistent with a lower pK, and easier
deprotonation (Figure 4). The investigated pH range was
restricted by the chemical stability and solubility of RA.
At alkaline pH values (around 9.0), RA undergoes rapid oxida-
tion, generating multiple species in solution and preventing
reliable NMR titration. Conversely, pH values below 6.7 could
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FIGURE 3 |

'H NMR titration of RA with Zn(II) in 30 mM TRIS-d,; buffer at pH 7.4. Stacked "H NMR spectra (600 MHz, 298 K) of RA (500 uM)

recorded upon incremental addition of ZnCl, (0-1.0 eqs). Progressive upfield shifts and line broadening are observed for the aromatic protons of the

caffeic acid moiety, indicating direct involvement of this region in Zn(II) coordination.
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FIGURE 4 | Stacked 'H NMR spectra (600 MHz, 298 K) of RA (500 uM) in water, 10% D,O, recorded at different pH values.

not be explored due to the limited solubility of the ligand in
aqueous medium. Taken together, these observations support
a binding model in which Zn(II) preferentially interacts with
the deprotonated catechol sites of the caffeic acid moiety of RA,
forming a weak 1:1 complex whose stability is strongly affected
by pH and buffer composition.

barely detectable. To

In addition to the observed chemical shift variations, the data in
Figure 3 indicate that at Zn(II):RA ratios > 0.75:1.0, the NMR

resonances are substantially broadened and eventually become

gain further insight into the origin of

this broadening, variable-temperature NMR experiments were
performed. As shown in Figure S4, the line widths progressively
decrease upon increasing the temperature, consistent with a shift
toward a faster exchange regime. These observations suggest the
presence of a dynamic equilibrium between the free and metal
bound RA species undergoing exchange on an intermediate
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NMR time scale. However, even at 313 K, further addition of
Zn(II) beyond the 1:1 ratio leads to severe signal broadening
and intensity loss, preventing a reliable estimation of the binding
constant from NMR data (Figure S5). Similarly, previous studies
combining NMR and mass spectrometry have also demonstrated
chemical shift and line-broadening variations in the proton NMR
signals of flavonoid molecules upon gradual addition of Zn(II),
supporting a conserved binding mode with OH and carbonyl
functional groups across different polyphenols [47].

The combined UV-vis and NMR evidence supports the formation
of 1:1 RA-Zn(II) complex under physiological conditions, most
likely involving coordination through the two catechol groups of
the caffeate moiety. UV-vis titrations yielded a good fit to a 1:1
binding model, with an apparent binding constant log K ~ 4 in
TRIS buffer. Furthermore, in phosphate-containing buffers,
Zn(Il) can form Zn-phosphate complexes (log f; ~ 2.7-3.5)
[48], thereby limiting the Zn(II)-RA interaction. This competition
likely reduces the concentration of free Zn(II) available for coordi-
nation with RA and may explain the absence of pronounced
variations in both the NMR and UV-vis spectra recorded under
these conditions.

On the other hand, the magnitude of the RA-Zn(Il) affinity
observed in TRIS is comparable to those reported for other
catechol-containing natural polyphenols. For instance, caffeic acid
and chlorogenic acid exhibit moderate Zn(II) binding with log
K values typically in the 3-5 range, depending on pH and ionic
strength [43, 49, 50]. Similarly, Zn(II) binds preferentially to the
catechol moiety of rutin through adjacent phenolic oxygens on
the 3’, 4’-dihydroxy B-ring, forming a distorted tetrahedral 1:1
complex. The apparent stability constant determined for this inter-
action was log K =~ 3.2-3.5, under near-neutral pH conditions. DFT
calculations confirmed that Zn(II) coordination occurs mainly via
the catechol oxygens, with minor secondary stabilization from
additional hydroxyl or glycosidic groups [49]. This coordination
pattern and affinity closely mirror those observed for RA in the
present study. Both ligands feature a catechol-containing subunit
that provides two adjacent oxygen donors capable of chelating
Zn(1I). The binding constant determined for RA aligns well with
the values reported for rutin, indicating that catechol-based
polyphenols exhibit comparable Zn(II) affinities under physiologi-
cal conditions. Overall, the RA comparison with related flavonoid
complexes underscores a conserved coordination motif among nat-
ural catechol-containing polyphenols, where Zn(Il) forms a
reversible 1:1 chelate through adjacent hydroxyl donors [47].
The moderate stability constants reported for these systems point
to a labile yet biologically relevant mode of interaction. Such com-
plexes are sufficiently stable to transiently sequester Zn(II) and
modulate its local availability, but not so strong as to prevent metal
exchange or redistribution under physiological conditions. This
balance between stability and lability is essential for maintaining
metal homeostasis, allowing RA and similar polyphenols to act as
dynamic regulators of Zn(II) speciation rather than as permanent
chelators.

We next investigated the interaction between Zn(II) and the Af;¢
peptide under the same physiological conditions, using "H NMR
spectroscopy to monitor the effects of metal coordination on the
peptide’s spectral features. Experiments were performed using a
0.5-0.6 mM solution of Af,¢ peptide with 0.3-1.5 equivalents of
Zn(II), recorded at 288, 298, and 313 K at pH 7.4, using both phos-
phate and TRIS buffer. The temperature was lowered to 288 K to

improve the detection of amide proton resonances, which are
otherwise broadened beyond detection at higher temperatures
due to exchange with water. In parallel, experiments at 313K
were conducted to compare the behavior of the system with that
of the RA-Zn(IT) complex previously described.

The choice of using the truncated Af, peptide instead of the full-
length Ap,, or Ap,, is justified by the fact that the N-terminal
region, encompassing the first 16 residues, contains the primary
metal-binding sites, including three histidine residues (His6,
His13, and His14) that are known to coordinate metal ions such
as zinc and copper [40-42, 51, 52]. The shorter Af;, fragment
preserves the essential coordination motifs while offering signifi-
cant advantages in terms of solubility, spectral resolution, and
reduced aggregation propensity under experimental conditions.
These factors make Af¢ a suitable and widely accepted model
for studying metal-peptide interactions at the molecular level,
allowing for clearer interpretation of spectroscopic data without
the complications introduced by the aggregation behavior of full-
length Ap peptides. NMR experiments performed on the apo pep-
tide at 288 K revealed the presence of sequential Nuclear
Overhauser Effect (NOE) connectivities between the amide pro-
tons of residues within the 9-12 region of the A, peptide. These
dNN(,i + 1) correlations are consistent with the formation of a
turn motif, in line with previous structural observations reported
for the apo form of Af;4[41, 52]. As previously reported, the addi-
tion of Zn(II) induces selective chemical-shift perturbations and
significant line broadening in the NMR spectra, indicative of a
dynamic equilibrium among multiple coordination species.
The pronounced broadening observed at room temperature,
which persists even upon increasing the Zn(II) concentration,
points to an exchange process occurring in the intermediate
regime on the NMR timescale and rules out a simple equilibrium
between the free and fully bound forms. The metal-induced
effects are most pronounced in the aromatic region, particularly
at the resonances corresponding to the histidine residues, which
are known primary metal-binding sites (Figure S6A). In addition,
broadenings were also observed for residues located in proximity
to the histidines, including Asp1, Glull, Vall2, Arg5, Asp7, and
GIn15 (Figure S6B). These perturbations are in agreement with
previous studies suggesting that Zn(II) may engage in coordina-
tion not only with histidine imidazole nitrogens but also with the
carboxylate group of Glull, Aspl and Asp7 [53]. This coordina-
tion model may also account for the changes observed at Tyr10,
possibly through local conformational effects or electrostatic per-
turbation due to proximity to the metal-binding site.

As expected, increasing the temperature improves the NMR sig-
nal quality and allows for a clearer monitoring of the chemical
shift variations. The spectra recorded at 313 K show that Zn(II)
addition induces to similar variations in the Ap;¢ signals, with
the largest effects observed for the aromatic resonances belong-
ing to the three histidine residues, as well as those of Tyr10
and Phe4 (Figure S7). In addition, noticeable changes are
detected for the methyl protons of Vall2 and Ala2, and for
the - and y-protons of Asp and Glu residues. Altogether, these
observations reinforce the multifaceted nature of Zn(II) coordi-
nation in Af and support the existence of a heterogeneous
ensemble of AB-Zn(II) species in solution, dynamically exchang-
ing on the NMR timescale.

After evaluating the effect of Zn(II) alone on both the Af6 pep-
tide and RA, we investigated the ternary system containing Afe,
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Zn(II), and RA, the resulting "H NMR spectra were compared
with those of the corresponding binary systems. The ternary sys-
tem was analyzed using both phosphate and TRIS buffers, with
NMR spectra recorded at three different temperatures: 288, 298,
and 313 K. However, since phosphate was found to compete with
RA for Zn(II) binding, we focused primarily on the analysis per-
formed in TRIS buffer for the detailed investigations of the ter-
nary system.

UV-vis spectra recorded for the ternary system indicate that RA is
still able to bind Zn(II) in the presence of Af;¢, as evidenced by the
changes observed in the RA absorption bands upon metal addition
(Figure 5). By comparing these spectra with those obtained for the
RA-Zn(IT) binary system, it is evident that the presence of Af¢
significantly reduces the UV-vis absorption changes induced by
equimolar Zn(IT) amount. In fact, the variations observed are com-
parable to those recorded for the RA-Zn(II) system at a 1:0.3 RA:
Zn ratio. This finding therefore supports the conclusion that, in the
presence of Af4, only about 30% of the RA in solution is coordi-
nated to the metal ion. The 30% value can be rationalized by con-
sidering that the fraction of RA bound to Zn(II) corresponds to its
involvement in the ternary Af;s—-RA-Zn(II) system. In fact, if we
take into account the apparent binding constants—approximately
greater than 10° M for Afs [53] and 10* M~ for RA—it
becomes evident that Zn(II) has a much higher affinity for the
peptide. Under equimolar conditions, this difference implies that
the majority of the metal ions (more than 90-95%) are coordinated
to Ap6, While only a small fraction remains associated with RA.
Therefore, the observed 30% of RA affected by Zn(Il) likely
represents the portion engaged in ternary complex formation with
Ap and the metal ion.

While UV-vis spectroscopy clearly shows that RA remains coor-
dinated to Zn(II) in the presence of Af;, NMR analysis provides
complementary insight into how the Ap-Zn(II) system is affected
by the presence of RA (Figure 6). Through NMR, it is possible to
monitor the specific changes in the peptide resonances upon RA
addition, offering a detailed view of how the ternary interac-
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FIGURE 5 | UV-vis spectra of RA 50 pM + 50 pM Af;¢ (black), RA
SOpM + AByg 50 pM +Zn(I) 50 M (red), RA 50 pM + Zn(II) 15pM
(blue) and RA 50 pM + Zn(II) 50 uM (green). All the spectra were regis-
tered by preparing the solutions in TRIS 15 mM buffer at pH 7.5.
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FIGURE 6 | 'H NMR titration of Af;¢-RA (1:1) mixture with Zn(II)
in TRIS-d,, buffer at pH 7.4. Stacked "H NMR spectra (600 MHz, 313 K)
of Afis=RA=500uM recorded upon incremental addition of ZnCl,
(0-0.9 egs).

tion modulates the metal coordination environment and the
equilibrium among the different Ap-Zn species. Analogously
to what was observed for the Af;s-Zn(II) system, similar varia-
tions are detected upon addition of Zn(II) to the A-RA mixture.
The presence of RA does not initially induce any distinct changes
in the proton resonances of Afs upon progressive Zn(Il) addi-
tion, as shown in Figure 7. This indicates that, at least in the early
stages of titration, the coordination environment of Zn(II)
around the peptide remains comparable in both systems.

At the same time, slight variations are observed on the H5 and H6
resonances of RA (Figure 6), supporting the notion that the poly-
phenol also interacts with the metal ion. However, these changes
are considerably smaller than those reported in Figure S5, suggest-
ing that the majority of Zn(II) remains bound to the Ag peptide.
This is consistent with the expected difference in binding strength,
as the apparent binding constant for the RA-Zn(II) complex is 1-2
orders of magnitude lower than that of the Zn(II)-Ag system [53].
However, this observation appears to contrast with the UV-vis
data, where the absorption changes recorded upon Zn(II) addition
are still pronounced in the presence of the peptide. We also
repeated the NMR measurements at a lower concentration,
reducing it from 0.5 to 0.1 mM, thus approaching the concentra-
tion used in the UV-vis experiments (50 pM). However, the results
remained unchanged, and the observed NMR effects were consis-
tent at both concentrations (data not shown), thereby excluding
concentration as a possible cause of the different behavior
observed between the NMR and UV-vis experiments.

However, a more detailed analysis revealed that within ~2 min
after the addition of 0.9 Zn(II) eqs to the AJ-RA sample, a
filamentous precipitate started to develop and continued to
grow over time, gradually accumulating at the bottom of the
NMR tube. Figure 8 shows the time-dependent overlays of the
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FIGURE 7 | Overlay of selected regions of the "H NMR spectra of
Apis in the absence (black) and presence (red) of an equimolar concen-
tration of RA at different Zn(II): ligand ratios. Stacked "H NMR spectra
(600 MHz, 313K) of Af1s = RA=500pM in TRIS-d;; buffer (pH 7.4),
recorded upon incremental addition of ZnCl, (0-0.9 eq).

aromatic region of the spectra, where progressive changes in
the histidine resonances can be observed as the system undergoes
precipitation. After 24 h a downfield shift is observed for both A

and RA protons that were initially the most affected by Zn(II)
binding. Over time, a noticeable decrease in NMR signal intensity

supernatant

t=24hrs

t=16hrs

t=12hrs ,A” W, J

is also observed—~50% for Af and 40% for RA—consistent with
the gradual sample precipitation. Considering that neither RA nor
Ap alone forms a precipitate even upon Zn(II) additions exceeding
a 1:1 ratio, it is reasonable to assume that the observed solid cor-
responds to the aggregation and precipitation of the ternary Ap-
Zn(I1)-RA complex. Subsequently, the sample was centrifuged to
separate the supernatant from the precipitate. The latter was then
dissolved in DMSO-dg, which—although not providing complete
solubility—allowed sufficient dissolution to enable NMR spectral
acquisition. Unfortunately, the spectra recorded in DMSO exhib-
ited very broad and unresolved signals, preventing a detailed struc-
tural analysis of the systems (data not shown).

Taken together with the UV-vis and NMR data, these findings
indicate that while A dominates Zn(IT) coordination, a fraction
of the metal is also accessible to RA through secondary interac-
tions that give rise to mixed Af-Zn(II)-RA adducts. In fact,
although Zn(II) preferentially binds to Ap, RA remains capable
of coordinating the metal ion, likely establishing a dynamic equi-
librium between Ap-Zn(II) binary complex and Ap-Zn(II)-RA
ternary species in solution.

In order to obtain further evidence for the formation of the ter-
nary adduct, NMR measurements were also carried out in phos-
phate buffer, which had previously been shown to compete with
RA for Zn(II) binding. In phosphate buffer, the RA-Zn(II) com-
plex exhibits selective, though very weak changes on the caffeate
moiety; in the presence of Af;, these effects become broader
(Figure S8). On the other hand, the peptide aromatic signals
remain broadened both with and without RA, confirming that
Ape retains its Zn(I1)-binding capacity. Finally, the subsequent
analysis of the "H-"H NOESY spectrum supported the occurrence
of an interaction between RA and the Afs—Zn(II) complex. In

74 2 [oom]

FIGURES | Stacked "H NMR spectra (600 MHz, 313 K) of the Af};,~RA-Zn(IT) system (Af;6= RA = 500 uM, ZnCl, = 0.9 eq) in TRIS-d,; buffer at pH 7.4,
recorded as a function of time after Zn(II) addition. The aromatic region shows progressive changes consistent with the gradual formation and precipitation

of the ternary A-RA-Zn(II) complex. The final trace corresponds to the spectrum of the supernatant collected after centrifugation of the sample for 10 min.

European Journal of Inorganic Chemistry, 2026

7 of 13

85U8017 SUOWIWIOD BAIIER1D 8]qedt|dde ay) Aq peusenob afe saone VO ‘8sn JO SNl 10} ARIqIT8UIUO A8|IM UO (SUONIPUCD-pUR-SLLBIAL0D A8 | 1M Afe1q 1 BU1|UO//:SANY) SUORIPUOD PUe SWB | 83U} 88S *[9202/20/0T] Uo ARIqiTauluo Ao]iIM ‘il eUeIy00D A] #EE00GZ0Z 016/200T 0T/I0p/LI00" A8 AR jpuljuo adoune-AnsiLeyd//sdny woly papeojumod ‘T ‘920z 92890660T



RA + Zn(ll) RA + Zn(ll)+ AB16 -g
. - : K
- =
...... .
- ©
«
| LI
...... -

1
LISNLI LA L N N L N L N L B B BN |

76 74 72 70 68 66 F2[ppm]

LI N I N N I O O N N O B O |

76 74 72 70 68 66 F2[ppm]

FIGURE 9 | Selected region of 2D 'H-'H NOESY spectra of RA-Zn(II) complex in absence (left) and in presence (right) of Af. Conditions:

[RA] = [Af16] =0.5mM, 20 mM phosphate buffer, pH 7.4, T=298 K.

the RA + Zn(II) system, the small size and fast molecular tum-
bling of RA, results in weak, negative NOE cross-peaks between
its aromatic and olefinic protons, as well as between the aromatic
region and the aliphatic CH, and CH protons (Figure 9).
However, in the presence of Af, coordinated to Zn(II), these
NOE signals are almost completely abolished. This behavior
can be attributed to a change in the correlation time of RA upon
binding to the peptide-metal complex. The interaction induces a
slowing down of RA’s molecular tumbling, shifting the NOE
regime from negative (typical of fast-tumbling small molecules)
toward positive values (typical of larger or transiently bound spe-
cies). This leads to the disappearance of intraligand NOEs,
strongly supporting RA ability to interact with the Ap;s-Zn(II)
complex in solution, resulting in altered motional and spatial
relationships between its molecular domains.

To further investigate the possibility of a direct interaction
between RA and histidine residues in the absence of metal ions,
we also analyzed the chemical shift variations in the "H NMR
spectra of the Afs and Ap;, 16 peptides upon addition of
RA under physiological conditions. A, contains three histidine
residues (His6, His13, and Hisl4), while Ap;, ;¢ includes only
two (Hisl3 and Hisl4), allowing us to assess residue-specific
contributions. In both cases, the addition of RA led to subtle
yet reproducible chemical shift perturbations, particularly in
the aromatic region associated with histidine side chains.
These variations were modest in magnitude (<0.05 ppm), sug-
gesting the presence of a weak, transient interaction rather
than strong complex formation. The NMR data corresponding
to the Apj¢ and RA system measured at T 288 K are shown in
Figures 10 and 11, which illustrate (i) the minor yet consistent

chemical shift changes observed on His aromatic protons upon
RA addition (Figure 10) (ii) the slight perturbations on Af,
amide protons of Arg5, Asp7, Ser8, Glull, Vall2, and GInl5
as clearly indicated by overlapping the fingerprint regions of
'H-"H TOCSY recorded at T 288K (Figure 11) and (iii) the broad-
ening of H2 and H6 proton of RA (Figure 10).

The extent of the perturbation was more pronounced in Af,
indicating that His6 may contribute to the interaction interface.
In Api>-16, although the overall changes were less extensive, a
similar trend was observed for Hisl3 and Hisl4, supporting
the hypothesis of a general low-affinity association between
RA and histidine residues (data not shown). The lack of signifi-
cant signal broadening or NOE pattern changes further suggests
that the interaction is not mediated by a conformational
rearrangement or high-affinity binding, but likely arises from
noncovalent contacts such as z—z stacking or hydrogen bonding
between the phenolic rings of RA and the imidazole moieties of
histidines. These findings indicate that RA can interact directly
with histidine residues in amyloidogenic peptides, even in the
absence of metal ions, though the interaction is weak and likely
dynamic in nature.

Ap-RA interactions have been previously observed by using
different methods: (i) RA caused general chemical shift and
broadening on NMR "H-'°N HSQC spectra of Afs, [54]; molec-
ular docking and dynamics simulations revealed that RA binds
with high affinity to the N-terminal region of Af, interacting with
key residues such as His6, Tyr10, Glull, Gly9, His13, His14, and
Vall2 through hydrogen bonding, z—z stacking, and van der
Waals forces. These interactions destabilize the native conforma-
tion of Af, notably reducing its f-sheet content, and result in a
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FIGURE10 | Comparison of selected regions of 1D "H NMR spectra of (1) Afy (black trace), (2) Afs and RA ,, 1:1 stochiometric ratio (blue traces)
and (3) RA. Conditions: [RA] = [Af;s] =0.6 mM, 20 mM phosphate buffer, pH 7.4, T =298 K.

. V12 i E
— I
R5 I
[ oz
Q15 E11 @
o @ 0 V12 »
o L
- I
€D 8
S8 B
[ ]
&> o <
Qe S '
[ L
S8
o @a ®
D7
T | T T T I T T T | T T T | T
8.6 8.4 8.2 F2 [ppm]

FIGURE 11 | Superimposition of 2D *H-'H TOCSY spectra of Af;
(blue countours) in the absence and in the presence of 1.0 equivalents
of RA (magenta countours). Conditions: [Af;¢] =0.6 mM, 20 mM phos-
phate buffer, pH 7.4, T =288K.

negative binding free energy, indicating formation of a stable and
inhibitory complex [55]; Replica Exchange Molecular Dynamics
analysis identified six principal binding regions for RA and
related polyphenols on the Ap,, protofibril surface, notably
including the disordered N-terminal tail accessible to ligand
interaction [56].

At the same time, no significant chemical shift changes are
observed for the protons of RA upon incubation with Af;¢ in
the absence of Zn(II), although a slight line broadening is
detected. This suggests the absence of strong, specific interactions
between RA and the peptide under these conditions (Figure 10).
Conversely, in the ternary Aps-Zn(I1)-RA system, the spectra
reveal subtle but consistent chemical shift variations for RA sig-
nals (Figure 6) suggesting that RA interacts with Zn(II) in the
presence of Afs as well. The interaction between Af,s and
RA appears to involve histidine residues, which simultaneously
serve as anchoring points for Zn(II). Such behavior likely contrib-
utes to the formation of a ternary complex in which both Ap
and RA are coordinated to the metal ion. Moreover, the interac-
tion between Aps and RA is further stabilized upon Zn(II)
binding, supporting the idea that the overall association is
metal-mediated, with Zn(II) acting as a central coordination
node that enhances the affinity between the peptide and RA.
Similar behavior was observed with the Af;s—Cu(II)-RA system,
where Cu(II)-RA association was stabilized in the presence of
Ap, as indicated by the induced paramagnetic line broadening
on protons signals of RA [5]. RA in the cupric ternary adduct
demonstrated the ability to scavenge ROS generated by the
Ap16-Cu(Il) complex, both in its pure form and when present
within the rosemary extract [11]. Notably, the extract exhibited
a greater protective effect compared to the isolated compound.

Our findings support the ability of RA to bind Zn(II) both in pres-
ence and in absence of Af. Zinc ions have been widely recognized
as key modulators of Af peptide aggregation, primarily through
their ability to coordinate with histidine (His6, His13, and His14)
located in the N-terminal region of the peptide. Notably, upon
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addition of Zn(II) to the A-RA mixture, a filamentous precipi-
tate gradually formed and accumulated over time, indicating a
substantial change in the physicochemical properties of the
ternary system compared to the Ap-Zn(II) binary complex.
This phenomenon suggests that RA might interfere with the
aggregation dynamics of Ap, possibly by modulating metal-
mediated cross-linking and leading to the formation of species
with altered solubility or morphology. Such behavior aligns with
the dual role of natural polyphenols like RA, which have gained
attention as multitarget agents due to their combined metal-
chelating capacity and antiamyloidogenic effects. Although rela-
tively weak, the interaction of RA with the Ap-Zn(II) complex
may attenuate Zn-induced aggregation and favor the stabiliza-
tion of less toxic peptide conformations. This interpretation is
consistent with the observed precipitation process and supported
by preliminary data on the coordination chemistry between RA,
Zn(II), and the N-terminal fragment of Ap. Further studies
involving more aggregation-prone peptide sequences, such as
AP0, APasa, or protofibrillar models, will be necessary to deter-
mine whether RA-Zn(II) coordination can effectively prevent
aggregate nucleation, inhibit fibril elongation, or promote the
disassembly of preformed aggregates.

Moreover, translating these coordination insights into a physio-
logical context necessitates an evaluation of RA’s ability to cross
the blood-brain barrier (BBB). RA exhibits physicochemical
properties that generally support oral absorption, fully complying
with Lipinski’s rule of five. Nevertheless, despite this favorable
drug-like profile, its actual intestinal absorption is remarkably
low, with estimates around 1% of the administered dose, largely
due to limited epithelial permeability and extensive presystemic
metabolism by gut microflora and enzymes. Furthermore, data
indicate that the BBB effectively prevents RA from penetrating
into the central nervous system, thus severely limiting its distri-
bution to the brain after systemic administration. Experimental
studies detected only trace amounts of RA in brain tissue,
confirming its naturally low BBB permeability [57]. At the same
time, nanocarrier-based delivery systems have shown promising
results in enhancing RA brain uptake [58-61], for example
intranasal administration of RA-loaded solid lipid nanoparticles
achieved a mouse brain concentration of 5.69 pg within 1h,
with pharmacokinetic parameters indicating effective systemic
absorption [61]. This nose-to-brain delivery approach success-
fully bypasses the BBB, enhancing cerebral uptake of RA and
limiting systemic exposure, highlighting the importance of
designing optimized delivery platforms for future in vivo studies.

3 | Conclusion

This work elucidates the coordination behavior of RA toward
Zn(II) under near-physiological conditions through a combined
UV-vis and NMR approach. The spectroscopic data demonstrate
the formation of a 1:1 RA-Zn(II) complex involving the depro-
tonated catechol groups of the caffeic acid moiety. The binding
strength (log K ~ 4) and its pronounced dependence on pH and
buffer composition reflect a labile, pH-sensitive coordination
mode typical of catechol-based ligands. Competition experiments
in phosphate buffer further highlight the role of medium com-
position, as Zn-phosphate complexation effectively suppresses
RA binding.

The moderate stability of the RA-Zn(II) complex supports a
dynamic coordination behavior consistent with biological metal
homeostasis, where transient interactions regulate local Zn(II)
speciation rather than permanently chelating the ion. In the pres-
ence of Ap, Zn(II) coordination is largely peptide-driven, yet a
fraction of the metal remains accessible to RA, giving rise to
mixed Ap-Zn(II)-RA adducts. The appearance of a filamentous
precipitate upon Zn(II) addition indicates a distinct alteration in
the physicochemical properties of the ternary system, suggesting
that RA may influence metal-mediated aggregation equilibria
through secondary coordination.

These results provide a bioinorganic framework for understand-
ing how natural catecholic polyphenols interact with Zn(II)
under physiological conditions and in the presence of competing
biomolecular ligands. Beyond their chemical significance, these
findings underscore the importance of targeting metal-peptide
complexes in Alzheimer’s disease as a complementary strategy
to conventional approaches focused solely on amyloid clearance.
Future investigations employing more physiologically relevant
amyloidogenic systems (Af4, Af4p or protofibrillar models),
coupled with in vivo studies utilizing validated delivery plat-
forms, will be essential to assess whether RA-Zn(II) coordination
can modulate aggregation pathways in a biological context.

To date, no studies have directly examined rosmarinic acid
within the brain environment, largely due to the limited perme-
ability of the BBB and the absence of targeted delivery strategies
in humans. Addressing this gap will be crucial to determine
whether the coordination chemistry elucidated here can translate
into a tangible therapeutic effect. With continued advances in
nanocarrier and brain-targeted delivery technologies, it may
eventually become possible to transport RA effectively into the
central nervous system—unlocking new opportunities for the
rational design of bioinspired, multitarget agents capable of
modulating metal homeostasis and amyloid aggregation in
neurodegenerative disease.

4 | Experimental Section
4.1 | Materials

Zn(ClO,),, rosmarinic acid (>98.0% HPLC), TMSP-d, (3-(trime-
thylsilyl)-[2,2,3,3-d4] propane-1-sulfonate sodium salt, HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), TRIS (tris
(hydroxymethyl)aminomethane)), TRIS-d;; 1 M solution, phos-
phate buffer 1 M solution, DMSO-d¢, and D,O were all supplied
by Sigma-Aldrich (Schnelldorf, Germany). The Af,¢ peptide was
purchased from DBA Italia (Segrate, Italy).

4.2 | NMR Measurements

NMR samples were prepared in HPLC-grade distilled water
containing 10% D,O and TMSP-d, as internal chemical shift
reference. Physiological pH was maintained by dissolving ros-
marinic acid and Ap;s peptide in a 15-30 mM buffer solution.
The desired concentration of Zn(II) ions in each NMR tube
was achieved by adding small aliquots of concentrated aqueous
Zn(II) stock solutions.

All NMR experiments were conducted on a Bruker Avance III
600 MHz spectrometer, with temperature control maintained
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within +0.2 K. Measurements were performed at 313, 298, and
288 K, depending on the experimental conditions and proton
exchange considerations. A 5 mm broadband inverse (BBI) probe
was employed for acquisition. Suppression of the residual water
signal was achieved through the excitation sculpting method,
using a 2 ms selective square pulse centered on the water reso-
nance [52]. Standard “H spectra were acquired with 16 transients,
a spectral width of 7200 Hz, and a recycle delay of 2.0 s. Proton
resonance assignments of the ligand were determined through a
combination of 1D and 2D NMR experiments, including TOCSY
and NOESY. TOCSY spectra were obtained using the MLEV-17
sequence with a spin-lock mixing time of 60 ms, while NOESY
experiments were recorded with variable mixing times to opti-
mize cross-relaxation detection. All spectral data were processed
and analyzed using TopSpin 3.6 software (Bruker BioSpin).

4.3 | UV-vis Measurements

The analyzed samples were prepared using a final concentration
of RA of 5.0 x 10> M in the cuvette, obtained by diluting stock
solutions with either buffers or HPLC-grade distilled water. Zinc
titration was performed using a stock solution of Zn(ClO,), in
HPLC-grade water. The absorption spectra were recorded on
an Agilent Cary 60 UV-vis spectrophotometer, using a Hellma
Analytics high-precision quartz Suprasil cell. Spectra were col-
lected at room temperature over the range of 200-800 nm and
subsequently processed using OriginPro 8.5 software.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information Section. Supporting Fig. S1: Selected regions of the
'H NMR spectra of RA recorded in the absence (black trace) and in the
presence of increasing amounts of Zn(II) (0.125-0.75 egs.; colored traces).
The chemical structure along with proton numbering is shown. Conditions:
[RA] = 0.5 mM, 20 mM phosphate buffer, pH 7.4, T = 298 K. Supporting
Fig. S2: Selected region of UV-VIS spectrum of RA 50pM in absence (black)
and in the presence of increasing Zn(II) ratios (0.1 red; 0.2 green; 0.3 blue;
0.4 cyan; 0.5 magenta; 0.6 yellow, 0.7 olive; 0.8 dark blue; 0.9 purple;
1.0 brown). Supporting Fig. S3: UV-VIS spectra of RA 50pM in absence
and in the presence of increasing Zn(II) ratios (from 0.1 to 10) in HEPES
15 mM, pH 6.9. Supporting Fig. S4: Selected regions of the 1H NMR spec-
tra of RA in the presence of 1.0 Zn(II) egs. recorded at different temper-
atures. Conditions: [RA] = 0.5 mM, 30 mM TRIS, pH 7.4. Supporting
Fig. S5: Stacked IH NMR spectra (600 MHz, 313 K) of rosmarinic acid
(RA, 0.5 mM) in TRIS-d;; buffer at pH 7.4, recorded upon incremental
addition of ZnCl,. The black spectrum corresponds to free RA, while
the colored spectra (from bottom to top) represent increasing Zn(II) equiv-
alents: 0.3, 0.6, 0.75, 0.9, 1.5, 2.0, and 3.0 eq. Supporting Fig. S6: Overlay of
the 1D !H spectrum (A) and the 2D IH-'H TOCSY spectrum (B) of Ay
recorded in the absence (black) and in the presence of 0.75 equivalents of
Zn(IT) (magenta/blue). Assigned resonances affected by metal addition are
indicated. Experimental conditions: [Af;] = 0.50 mM, 20 mM phosphate
buffer, pH 7.4, 298 K. Supporting Fig. S7: Stacked TH NMR spectra
(600 MHz, 313 K) of AP, 0.5 mM in TRIS-d;, buffer at pH 7.4, recorded
upon incremental addition of ZnCl,. The black spectrum corresponds to
free AB;6, while the colored spectra represent increasing Zn(II) equivalents:
0.3, 0.6 and 0.9 eq. Supporting Fig. S8: Superimposition of 1D 'H NMR
spectra of RA- Af;¢ mixture at 1:1 ratio recorded in the absence of metal
ions (black trace), in the presence of 0.5 (red), 1.0 (blue) and 1.5 (magenta)
equivalents of Zn(II). Conditions: [RA] = 0.5 mM, 20 mM phosphate
buffer, pH 7.4, T = 298 K.
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