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Abstract: Folic acid (FA) is an essential vitamin involved in crucial metabolic processes, while
copper(Il) ions play significant roles in various biological functions. This study aims to investigate
the interaction between FA and Cu?* using 'H and '3C NMR spectroscopy under different pH levels
and concentrations. The research employed detailed NMR analysis to explore how Cu?* binds to
FA, focusing on changes in chemical shifts, diffusion coefficients, and copper-induced paramagnetic
effects. The key findings reveal that Cu?* predominantly coordinates with the pteridine ring (PTE)
of FA, with minimal involvement from the glutamic acid (Glu) moiety. The interaction is strongly
concentration-dependent: at lower FA concentrations, Cu?* binds effectively to the PTE ring, while
at higher concentrations, intermolecular interactions among FA molecules hinder copper binding.
The study also observed pronounced paramagnetic effects on the PTE and p-aminobenzoic acid
protons, with negligible effects on Glu signals. These results provide new insights into the structural
characteristics of FA-Cu?* complexes, contributing to a better understanding of their biochemical

interactions and implications for folate metabolism.

Keywords: folic acid; copper(II) ions; NMR spectroscopy; pteridine ring; metal coordination; diffusion
coefficients; paramagnetic effects; vitamin B9; structural characterization

1. Introduction

Folic acid, a pivotal nutrient essential for cellular function, owes much of its early
understanding to Lucy Wills. Her pioneering work in the 1930s demonstrated its efficacy
in treating macrocytic anemia using yeast extracts. Named after its discovery in spinach
by Mitchell in 1941, folic acid gained prominence for its vital role in human health. Its
synthesis in 1943 by Bob Stokstad at Lederle Laboratories marked a critical advancement,
enabling further research into its biochemical properties and therapeutic applications [1].

Folic acid (FA), also known as vitamin B9, is a crucial water-soluble molecule involved
in numerous metabolic processes [2]. Its chemical structure is composed of three distinct
moieties: a pteridine ring (PTE), para-aminobenzoic acid (PABA), and L-glutamic acid (Glu).
The pteridine ring is a heterocyclic aromatic moiety, which connects to PABA via a methy-
lene bridge, and this assembly is further attached to a single glutamate residue (Scheme 1).
The core structure of folic acid, referred to as pteroylglutamic acid or pteroylglutamate
(deprotonated form) [3], can undergo various modifications according to pteridine ring
reduction, one-carbon substitutions, and different counts of glutamate residues. Among
them, the semi or total reduction of the pteridine ring results in two different forms of
folate, dihydrofolate (DHF) and tetrahydrofolate (THF). THF is the biologically active form
of folate, acting as a carrier of one-carbon units in a variety of critical reactions such as
nucleotide synthesis, DNA repair and homocysteine methylation [4-7].
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Scheme 1. Molecular structure and atom numbering of folic acid.

Deficits in folic acid are associated with high levels of homocysteine which in turn are
correlated with brain dysfunctions observed in Alzheimer’s disease (AD) [8-10], vascular
dementia [11], stroke [12], cancer [13], and neural tube defects [14].

Folate in foods, like fresh green leafy vegetables, beans, yeast, fruits, and liver, is
mainly present as polyglutamates, which need to be hydrolyzed to monoglutamates be-
fore absorption. In contrast, folate supplements like (FA) and 5-methyltetrahydrofolate
(5-Me-THF) are absorbed directly without needing this modification. Once absorbed, folate
monoglutamates from both dietary sources and supplements enter cells through membrane
receptors. Inside the cell, they are first converted to dihydrofolate (DHF) and then to the
active form, tetrahydrofolate (THF), via reductase enzymes. THF enters the folate cycle
where homocysteine is methylated to methionine [15,16].

Folic acid is often taken as a dietary supplement, especially by pregnant women or
those planning a pregnancy, to ensure an adequate intake of this vitamin. Folic acid sup-
plements are also used to treat or prevent folate deficiencies. The significance of folic acid
in public health is evident in the mandatory fortification of foods in numerous countries,
aimed at decreasing the prevalence of nutritional deficiencies among the population. Ongo-
ing scientific research on folic acid emphasizes its importance not only as a crucial nutrient
but also as a potential preventive measure against various diseases, reinforcing its essential
role in human nutrition and preventive medicine [17-20].

However, FA is not the only essential micronutrient that our body needs to maintain
optimal health. In fact, within our bodies, myriad biological processes occur, including
electron transfer, oxygen transport, the maintenance of osmotic pressure, and the regu-
lation of DNA transcription, with metals providing a fundamental contribution to their
regulation [21].

Essential metals such as iron, copper, zinc, cobalt, selenium, and manganese are crucial
for human life, and are typically required in trace amounts. Among these, transition metals
like Cu, Zn, and Fe are particularly vital for enzyme activity, neurotransmitter function,
and brain aging. The critical role of metals in the human body is underscored by the fact
that imbalances, known as metal dyshomeostasis, are linked to various diseases, including
neurodegenerative disorders [22-30]. Notably, copper concentrations in cerebrospinal fluid
(~70-80 uM) are significantly higher than those in serum (12-24 uM) [31], pointing out a
crucial role for copper signaling in the brain. While most copper in the body is tightly bound
to proteins, a portion exists in a more loosely bound form, referred to as the free copper
or labile copper pool [31-33]. Importantly, labile copper levels are elevated in the brain
regions most affected by Alzheimer’s disease (AD), and strong evidence suggests that an
excessive accumulation of free copper contributes to cognitive decline in AD patients [34].

From the bioinorganic chemistry perspective, the presence of free copper, or loosely
bound copper, opens up the possibility for non-specific interactions with biologically active
molecules (e.g., amino acids, oligopeptides, vitamins). Such interactions could have sig-
nificant implications, potentially altering the behavior or function of these biomolecules.
Understanding these non-specific copper-ligand interactions could provide new insights
into the role of copper in both health and disease, especially in conditions such as neurode-
generative disorders or metabolic imbalances where copper levels are known to be altered.
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Metal-folate interactions has been extensively investigated in the scientific literature
in recent years [24]. FA has shown the ability to bind several essential metal ions like
copper [35-37], iron [35-38], calcium [39], magnesium [39], and zinc [36-38]. The majority
of the results agree that all the metal ions coordinate FA through the « and 3 carboxylate
groups of the glutamate moiety, acting as a bidentate ligands. At the same time, it is well
known that the PTE moieties can participate to the coordination sphere of several metal
complexes through the involvement of N and O donor atoms [40-44].

In order to better understand the relevance of FA-Cu?* interaction, in this study we
investigated the copper coordination to FA by using 'H and '>C NMR spectroscopy at
different pH and concentrations. Our results have provided a detailed structural charac-
terization of the metal coordination sphere, unequivocally elucidating the role played by
pteridine and carboxylate groups. The NMR analysis also allowed to obtain new insights
on the chemical features of FA in aqueous solution.

2. Results
2.1. NMR Analysis of Folic Acid: Investigating the Effects of pH and Concentration in Solution

The NMR spectrum of FA 0.5 mM in 20 mM phosphate buffer (pH 7.35) is characterized
by the presence of signals of aromatic protons (H7, H12, H13, H15, H16) of PTE and PABA,
and the amide and aliphatic protons (H19, H20, H21) of Glu as shown from the 'H signal’s
assignment reported in Table S1. NMR analysis was also performed recording spectra at
variable pH (6.0-8.0) and concentration (0.1-10 mM) values. As expected, pH changes led
to chemical shift variations in aromatic protons, namely due to the pKa = 7.85 of the NH at
position 3 on the PTE ring (Figure S1). On the other hand, concentration variations in the
range 0.1-2 mM led to subtle chemical shift changes in PABA protons, with H12,16 being
the most affected ones (Table S1). Further concentration increases up to 10 mM caused
larger chemical shift changes, including H7 and H9 nuclei as well.

In order to verify the occurrence of inter-molecular stacking interactions between
the aromatic rings, DOSY experiments were performed on FA samples at concentrations
ranging from 0.1 to 8 mM. Table 1 shows that concentrations ranging from 0.1 to 1 mM
yield roughly the same diffusion coefficient. However, increasing the concentration to
8 mM led to a noticeable increase in the diffusion coefficient, with particularly pronounced
effects at 4 mM and 8 mM. The observed trends are consistent with the formation of higher
molecular weight species due to 7-7t stacking, which is typically seen in PABA-containing
systems and in FA at high concentrations ranging from 25 to 100 mM [45,46]. The presence
of intermolecular interactions is also confirmed by comparing the 'H-'H NOESY spectra
recorded at 2 mM and 8 mM concentrations (Figure 1). In fact, the Nuclear Overhauser
Effect (NOE) can exhibit different signs depending on the molecular motion in solution.
As evident from Figure 1, the two spectra display NOE correlations with opposite signs,
reflecting different tumbling rates of FA. Specifically, the change in the sign of the NOEs is
consistent with a decreased tumbling rate of FA at higher concentrations.

Table 1. Diffusion coefficient values (D x 10710 m?2/s) of FA calculated at different concentrations,
phosphate buffer 20 mM, T 298 K. The diffusion coefficient of TMSP-d4 is also reported for the
purpose of comparison.

D x 1010 m2g-1

Cp (mmolL—1)

FA TMSP
0.1mM 3.09 4.94
0.5 mM 3.06 494
1.0 mM 3.05 493
2.0mM 297 4.92
4.0mM 2.81 4.90

8.0 mM 2.64 4.95
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Figure 1. Comparison of IH-'H NOESY spectra of FA 8.0 mM (blue (+)/red (—) contours) and 2.0 mM
(magenta (+)/gray (—) contours). Phosphate buffer 20 mM, pH 7.3, T = 298 K.

2.2. NMR Study of Folic Acid—Cupric lon Interactions

The interaction between FA and copper was initially explored using 'H NMR spec-
troscopy, focusing on the copper-induced line-broadening effects, evident for nuclei near
the paramagnetic center [47-51]. As shown in Figure 2, copper addition led to the se-
lective broadening of the H7 signal, which almost vanished in the presence of 0.10 Cu?*
equivalents (eqs).

No effects are evident on Glu resonances (NH18, H19, H20 and H21), thus excluding
copper coordination to the Glu carboxylate groups. Similar NMR titrations spectra of
FA were also recorded in the presence of Fe3*, Fe2* and Zn2* which, similarly to Cu?t,
are known to form stable metal complex with FA [35-38]. Our data showed the absence
of relevant changes in NMR spectra upon any metal addition, strongly indicating the
occurrence of no binding for both iron and zinc ions (Figures 52-54).

The effects of copper were also monitored by examining different FA concentrations to
verify whether concentration-dependent binding modes occur. Figure 3 shows the intensity
variations (I/Ip) of FA signals upon the addition of 0.02 equivalents of Cu?*. In all cases, the
largest paramagnetic effects are observed on the PTE (H7) and PABA (H12, H16, H13, and
H15) signals, while the Glu (H20 and H21) signals are barely influenced by the presence of
cupric ions. These findings indicate that PTE moieties is the preferential copper-anchoring
site for all the tested concentrations. Moreover, by examining the copper-induced line
broadening at different concentrations, it is possible to observe a common trend: the higher
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the FA concentration, the more pronounced the signal variations, especially for PTE and
PABA protons (Figure 3).
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Figure 2. 'H NMR spectra of FA 0.1 mM in phosphate buffer 20 mM (pH 7.35) and T = 298 K in
absence and in presence of Cu?* ions. Cu?* = 0 eqs (blue); Cu?* = 0.02 egs (red); Cu®* = 0.04 eqs
(gray); Cu®* = 0.06 egs (magenta); Cu®* = 0.08 egs (green); Cu?* = 0.10 egs (light blue).

A similar trend is observed when measuring the spin-lattice relaxation rates of H7 and
H12,16 both in the absence and presence of cupric ions, leading to the determination of the
paramagnetic relaxation enhancements (R;p,). The obtained values were readily measured
at different FA concentrations and are shown in Figure 4. As previously observed with
signal intensities, Ry values increase with higher copper concentrations, indicating that
concentration-dependent processes are involved in the formation of copper complexes.
Specifically, the varying copper concentrations likely lead to differences in the dissociation
rates of the copper—folate complex, thereby affecting the overall kinetics of the copper—folic
acid reaction (vide infra). In particular, the observed tendency of folic acid to aggregate, as
shown by DOSY experiments, likely contributes to the differences in reaction kinetics.
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Figure 4. Ry, (s71) values of H7 and H12,16 protons of FA calculated in presence of 0.02 Cu®* egs.

The FA-Cu?* binding was also studied at lower pH values to evaluate the role played
by Glu carboxylates under acidic conditions. As shown in Figure 5, copper addition caused
the complete disappearance of the H7 signal and significant broadening of the H12,16
signals at lower pH values as well. On the other hand, the acidification of the solution
resulted in a shift of the Glu signals, which, as expected, are affected by the corresponding
Glu pKa, without any change in line broadening. The low signal intensity observed at pH
5.0 is not dependent on the effect of copper but is rather due to the precipitation of FA
occurring at low pH [52].
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Figure 5. 'H NMR spectra of FA 0.5 mM in H,O/D,O (9:1), T 298 K in absence (blue) and in presence
of 0.02 Cu?* eqs.; pH 6.1 (red), pH 5.8 (gray), pH 5.5 (magenta), pH 5.0 (green).

To gain deeper insights into the structural characteristics of the copper coordination
sphere, 'H-13C HMBC spectra were recorded. This technique helped to identify the carbon
atoms most influenced by the paramagnetic ions. Since the PTE ring has only one aromatic
proton, relying solely on 'H NMR spectra provides limited information, making the use of
'H-13C HMBC spectra crucial for better characterization.

As evident in Figure 6, copper(Il) binding causes extensive line broadening on cross-
peaks corresponding to C6, C7, C8a, C11, C12, C16, and C21. The comparison between the
spectra obtained in the absence and presence of Cu?* confirms that the most significant
effects are localized on the PTE ring rather than on the Glu moiety. In particular, the 'H
and '3C nuclei more influenced by the paramagnetic ions indicate N5 and carbonyl oxygen
at position 4 as the copper donor atoms, in agreement with the results previously obtained
for metal complexes containing pteridine ring [40,41,43,44].
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Figure 6. 'H-'3C HMBC spectra of FA 10 mM, phosphate buffer 0.1 M, pH 7.35, T = 298 K in absence

(blue contours) and in the presence of 0.01 Cu®* eqs (red contours).

Based on the copper-induced effects observed in the NMR resonances, the models for
both the mono and bis metal complexes are illustrated in Scheme 2.



Inorganics 2024, 12, 248

8 of 14

HO'

HO

O, OH

OH
o/@ I/,/

wa
)
)

HoN N N
N N NH;
N
r/ I\r/ \(
[T:I[ J\\ | NH
AN oY, o OH

\\_
N
2/®\/
A\

Scheme 2. Proposed structural models of mono and bis FA-Cu?* complexes. The nuclei exhibiting
the largest paramagnetic effects are highlighted in magenta.

3. Discussion

While folate synthesis is possible in most bacteria, yeast, and plants, animals need
to obtain folate through their diet. In adults, a lack of dietary folate can result in anemia.
For developing fetuses, inadequate folate intake increases the risk of birth defects known
as neural tube defects, which occur due to incomplete closure of the neural tube early in
pregnancy. Folic acid (vitamin B9) is also a common synthetic food additive used as a
supplement of dietary folate [53].

In adults, folic acid is intimately involved in the synthesis of several key neurotrans-
mitters: serotonin, dopamine, and noradrenaline, which are associated with depression,
reward, attention, response to stress, and mood regulation [54]. A deficiency in folic acid
can reduce the levels of these neurotransmitters, leading to issues with focus, adaptation,
and mood stability. In adults, a deficiency in folate has been consistently linked to symp-
toms of depression and cognitive decline [55]. Moreover, FA influences the metabolism of
homocysteine, an amino acid that, at high levels, is linked to an increased risk of AD [56].
Elevated homocysteine levels can enhance the production of amyloidogenic proteins, thus
contributing to plaque formation [57,58].

Copper is an essential trace element that plays a critical role in brain function [59]. It
is involved in the synthesis of neurotransmitters, antioxidant defense, and the maintenance
of brain health. However, imbalances in copper levels can have significant implications.
Copper is a cofactor for dopamine 3-hydroxylase, the enzyme that converts dopamine to
norepinephrine. Adequate copper levels are necessary for the production of norepinephrine,
similar to the role of FA. Copper is a component of the antioxidant enzyme superoxide
dismutase (SOD), which helps protect cells from oxidative stress [60]. Copper excess is
more common and toxic to the brain and different studies show higher copper levels in
individuals with depression. Additionally, increased copper levels in pregnant women,
due to elevated progesterone and estrogen, may contribute to depression [59].

In this study, the structural characterization of FA-Cu?* interaction in aqueous solution
at physiological pH have been investigated by using NMR spectroscopy. Both folic acid
and copper are essential micronutrients; the former is vital for DNA synthesis, cell division,
and DNA methylation, while copper is a key component of numerous enzymes involved
in redox reactions, energy production, connective tissue formation, and neurotransmission.
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Our NMR findings strongly suggest that Cu?* ions bind to folic acid through the
N/O donor atoms of the PTE ring, excluding the involvement of Glu carboxylates in metal
coordination. This conclusion is supported by the absence of effects on both 'H and 13C
nuclei of Glu in all our NMR experiments. In contrast, previous solid-state studies on
FA-Cu?* complexes indicated that carboxylates coordinate to the cupric ion, forming bis or
mononuclear complexes [35,37]. These discrepancies may be due to the high concentrations
of FA (>100 mM) used in those studies, which likely caused the copper to anchor to
different donor atoms, resulting in the formation of distinct copper complexes.

Our data, as shown by chemical shift variations and D values at increasing FA concen-
trations (Tables 1 and S1), reveal that intermolecular interactions between FA molecules
occur at concentrations greater than 2 mM, hindering the access of metal ions to the PTE-
binding sites. This is further confirmed by the paramagnetic effects observed at different FA
concentrations (Figures 3 and 4). Specifically, the data indicate that, while maintaining an
identical FA-metal ratio, higher FA concentrations result in more significant metal-induced
effects. Moreover, despite variations in intensity, the trend remains consistent, with H7,
H12, and H16 being the most affected protons in all cases. This suggests that similar
copper coordination occurs independently of the concentrations investigated, differing
only in kinetic parameters. As previously reported for Cu?* binding to histidine containing
peptides, the kinetic off-rate (k,4) significantly impacts copper-induced line broadening
and it can be correlated with the strength of the metal-ligand associations, with a slower
exchange rate being obviously correlated with a stronger copper binding [61].

For these reasons, it is reasonable to assume that copper binding to FA is strongly
concentration dependent. Therefore, at low FA concentrations, which are typically found
in the human body and physiological environments, copper is likely to anchor to the
PTE ring. This ring is well known for forming stable mono and bis Cu** complexes in
various PTE-containing systems [41]. In all the previously investigated systems, copper(Il)
is able to form a stable planar five membered chelated ring by coordinating the O4 and N5
donor atoms. This binding mode is also preserved in copper complexes with dimethyl-
lumazine, a methylated pteridine-2,4(1H,3H)-dione compound capable of forming both
copper mononuclear and bis complexes [43,62]. Copper binding to the N4 and O5 atoms
results in a well-defined Cu-H7 distance of 4.97 A, as determined by the X-ray structure
published by Hueso-Hurena et al. [62]. Given the homology of the copper coordination
sphere and the structural similarity of the PTE ring, a Cu-H7 distance of about 5 A can be
surmised in the FA-Cu?* complexes investigated in this study. Assuming this is the case, the
kinetic off-rate values of the FA-Cu?* complexes can be evaluated from the paramagnetic
relaxation enhancement (Ry,,) by employing an approach similar to those previously pub-
lished for Cu?* complexes with His-containing peptides [61]. In particular, it is well known
that in solutions containing ligands with paramagnetic ions as co-solutes, the measured
spin-lattice relaxation rate is averaged over the values from free (f) and metal-bound (b)
environments, where p¢ and p;, represent the fractional population and kg is the kinetic
rate constant for exit from the metal coordination sphere [63,64].

Rlp = Rlobs - prlf = Ph/ (le +k;f1f> (1)

Ryp (1/T1yp) is the structure sensitive term, described by the Solomon equation [65],
which can be calculated from the Ry, values when determining the metal nucleus distances.
At the same time, Equation (1) indicates that the exchange rate may become a limiting
factor, potentially diminishing the paramagnetic contribution to spin-lattice relaxation rates
and, similarly, affecting the line width. As previously described [61] Ry}, can be calculated
for a proton at a fixed distance from the metal and then inserted into Equation (1) to
determine the ko values. In particular, the assumed Cu-H7 distance of 5 A Ry, =~ 55087 1)
has provided the exchange rates reported in Table 2. These rates were then employed to
calculate the Cu-H12,16 distances for all the investigated complexes. The results indicate
varying kinetic rates depending on concentration, with slower rates observed at the lowest
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concentration (0.2 mM). Additionally, the kinetic rates were used to determine the distances
between copper and H12,16 nuclei. As shown by the calculated values, lower concentrations
correspond to shorter distances, suggesting that the PABA ring is moving closer to the
copper center, potentially stabilizing and protecting the copper coordination sphere. This
behavior aligns with the slower kinetic rates and suggests that at low concentrations, PABA,
less engaged in intermolecular associations, remains more available for interactions with
copper ions.

Table 2. Ry, kogf and Cu-H distances of FA calculated at different concentrations, phosphate buffer
20 mM, T 298 K.

Rip 571 .
Cm (mmolL—1) 7 H1216 Kot (s71) dcu-H12,16 (A)
0.2 mM 1.50 3.48 178 3.28
0.5 mM 3.73 5.93 310 3.37
1.0 mM 6.67 12.05 1000 4.21
2.0 mM 11.52 17.26 10,000 4.56

4. Materials and Methods

Folic acid (Sigma-Aldrich, Schnelldorf, Germany) was dissolved in deionized water
containing D,O 10% or in deuterium oxide. The samples recorded at physiological pH were
prepared by using phosphate buffer 20 mM or 1 M (Sigma-Aldrich, Schnelldorf, Germany).
For the samples without a buffer, the pH was adjusted at desired values with either DCl or
NaOD. The desired concentration of copper ions was achieved by using a stock aqueous
solution of copper sulfate 0.2 M (Sigma-Aldrich, Schnelldorf, Germany). TMSP-d4 (Sigma-
Aldrich, Schnelldorf, Germany), 3-(trimethylsilyl)-[2,2,3,3-d4] propansulfonate sodium salt,
was used as an internal reference standard.

All the NMR experiments were carried out at 14.1 T with a Bruker Avance III 600 MHz
spectrometer at controlled temperature (298 K). A 5 mm broadband inverse (BBI) probe
was used for all the experiments. Suppression of the residual water signal was achieved by
excitation sculpting using a selective square pulse on water 2 ms long [66].

A standard NMR spectrum was acquired using 16 transients, with a spectral width
of 7200 Hz and a recycle delay of 2.0 s. Proton resonance assignments for folic acid were
determined through TOCSY and NOESY experiments. For TOCSY, a total spin-locking
duration of 60 ms was employed using the MLEV-17 mixing sequence. NOESY spectra were
collected with varying mixing times to identify the optimal conditions. Data processing was
carried out with TopSpin 3.6 software. The proton spin-lattice relaxation rates were obtained
using an inversion recovery pulse sequence, with all rates derived from regression analysis
of the longitudinal magnetization recovery curves, ensuring errors did not exceed 3%.

The diffusion coefficients were measured at 298 K using a PFG longitudinal eddy-
current delay (LED) pulse sequence, incorporating bipolar gradients with spoil gradients
during the longitudinal storage period [67]. The gradient strength was varied, starting
from 0.86 Gem ™! with a step size of 2.65 Gem ™! over 2 ms, while maintaining constant
field gradient separations and total echo time. A set of 16 2D spectra was recorded for
each measurement, with scan numbers ranging from 16 to 256 and a recycle time of 10 s
between scans. Diffusion values were determined by analyzing signal decay via regression,
resulting in errors no greater than +2-5%.

5. Conclusions

Folic acid and copper are indispensable micronutrients with essential roles in various
physiological processes, including DNA synthesis, cell division, and neurotransmitter
function. This study provides new insights into the interaction between folic acid and
copper(Il) ions, highlighting the concentration-dependent nature of their binding. Using
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NMR spectroscopy, we elucidated that copper binds primarily to the pteridine ring of
folic acid, with minimal involvement of the glutamic acid moiety. This finding contrasts
with earlier studies that suggested significant coordination through carboxylate groups at
high folic acid concentrations. Our results show that at physiological levels of folic acid,
copper predominantly interacts with the pteridine ring, supported by interactions with the
p-aminobenzoic acid ring at lower concentrations.

This study also revealed that the binding of copper to folic acid is highly sensitive
to concentration variations. At low folic acid concentrations, the pteridine ring is the
major binding site, and interactions with the PABA ring enhance the stability of the cop-
per complex. This concentration-dependent binding suggests that copper and folic acid
may have synergistic or antagonistic effects depending on their relative concentrations in
biological systems.

These findings have significant implications for understanding the bioavailability and
effectiveness of these micronutrients in the body. They suggest that copper’s interaction
with folic acid could influence its role in various metabolic pathways and may affect the
efficiency of folic acid supplementation, especially in populations at risk of deficiencies
or with specific health conditions. Future research should further explore the dynamic
interactions between folic acid and copper, assessing how these interactions impact over-
all nutrient function and disease prevention. This deeper understanding could lead to
improved dietary recommendations and targeted supplementation strategies to enhance
health outcomes.
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