
PHYSICAL REVIEW E 101, 022410 (2020)

Selectivity mechanism of magnesium and calcium in cation-binding
pocket structures of phosphotyrosine
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Magnesium (Mg2+) and calcium (Ca2+) are of essential importance in biological activity, but the molecular
understanding of their selectivity is still lacking. Here, based on density functional theory calculations and ab
initio molecular dynamics simulations, we show that Mg2+ binds more tightly to phosphotyrosine (pTyr) and
stabilizes the conformation of pTyr, while Ca2+ binds more flexibly to pTyr with less structural stability. The
key for the selectivity is attributed to the cation-π interactions between the hydrated cations and the aromatic
ring together with the synergic interaction between the cations and the side groups in pTyr to form a cation-
binding pocket structure, which we refer as side-group-synergetic hydrated cation-π interaction. The existence
and relative strength of the cation-π interactions in the pocket structures as well as their structural stability have
been demonstrated experimentally with ultraviolet (UV) absorption spectra and 1H NMR spectra. The findings
offer insight into understanding the selectivity of Mg2+ and Ca2+ in a variety of biochemical and physiological
essential processes.
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I. INTRODUCTION

Magnesium (Mg2+) and calcium (Ca2+) are both of essen-
tial importance for a variety of biochemically and physiolog-
ically essential processes in life, including signaling, enzyme
activation, and catalysis [1–3]. Although both Mg2+ and
Ca2+ are alkaline earth divalent cations, proteins generally
acquire specific ions for biological functions [4–6]. Mg2+ is
an essential catalytic cofactor in a number of enzyme families,
e.g., for many phosphate transfer reactions [4], and Ca2+
is a ubiquitous signal responsible for controlling numerous
cellular processes [7], nevertheless, Mg2+ and Ca2+ also face
stiff competitions for their specific binding sites in proteins
[6,8–12]. For example, Mg2+ binding in DNA and RNA poly-
merases is crucial for catalysis in DNA synthesis and editing
functions [13,14], and Ca2+ is found to bind consistently to
the active site for activity inhibition [15,16]. Generally, catal-
ysis reactions necessitate conformational stability in transition
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states of substrate proteins, and biological signaling processes
demand conformational changes or switches of proteins for
signal transduction. Herein, an essential question regarding
the selectivity of Mg2+ and Ca2+ is whether or to what
extent Mg2+ and Ca2+ exert the characteristics of conforma-
tional stabilization and triggering conformational changes or
switches, respectively, in their biological activity.

Tyrosine (Tyr, one of three essential aromatic amino acids)
and phosphotyrosine (pTyr), as well as their interactions with
Mg2+ and Ca2+ ions, have been known to play crucial roles
in the essential phosphorylation controlling cell proliferation,
differentiation, migration, and immune response [17–20].
Mg2+ is found to catalyze phosphate-transfer reactions on
Tyr residues to become pTyr in Tyr phosphorylation [21–23],
and Ca2+ dependence is also observed in the conformational
changes of the protein domain [Src homology 2 (SH2)] bound
by pTyr [24]. However, so far, not only are the different
behaviors of Mg2+/Ca2+ in biological activity not understood
but also the exact role of Mg2+/Ca2+ in Tyr phosphorylation
remains unclear.

Here, we examine the interaction of pTyr with Mg2+/Ca2+
as an example to understand the Mg2+/Ca2+ selectivity in
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a variety of biochemical and physiological processes. We
show that Mg2+ binds more tightly to pTyr to stabilize the
conformation of pTyr, while Ca2+ binds more flexibly to pTyr
with less structural stability, based on our density functional
theory (DFT) calculations and ab initio molecular dynamics
(AIMD) simulations. The difference of the stability, namely
the Mg2+/Ca2+ selectivity, of cation-binding structures in
pTyr is attributed to the cation-π interactions between the
hydrated cations and the aromatic ring together with the
synergic interaction between the cations and the side groups in
pTyr to form a cation-binding pocket structure. Here we refer
to the interaction as side-group-synergetic hydrated cation-π
interaction. The existence and relative strength of the cation-π
interactions in the pocket structures as well as their structural
stability have been demonstrated experimentally with ultravi-
olet (UV) absorption spectra and 1H NMR spectra. It should
be noted that the synergetic interaction of side groups with
the cations greatly enhances the stability of the Ca2+/Mg2+
on the aromatic rings; without synergic side groups, e.g.,
the phosphate group, the structures of Tyr for cation binding
become unstable and cations are easily dispersed away from
Tyr. To the best of our knowledge, such side-group-synergetic
hydrated cation-π interaction has not been reported previ-
ously. The findings are also of fundamental importance and
provide insight into understanding the selectivity of Mg2+
and Ca2+ in a variety of biochemically and physiologically
essential processes.

II. METHODS

Computer simulation methods. The AIMD simulations
were performed with the CP2K 4.1 packages [25]. We adopt
a hybrid Gaussian and plane waves [26] or Gaussian and
augmented plane waves (GAPW) [27] scheme to DFT imple-
mented in the subroutine QUICKSTEP [28], and the electronic
density is expanded in the form of plane waves with a cutoff
of 280 Ry. The GAPW scheme is only applied for Mg2+
and Ca2+ ions to achieve well-converged forces. Goedecker-
Teter-Hutter pseudopotentials [29] are used to represent the
core electrons, and only the valence electrons are considered
explicitly; e.g., the semicores of Mg2+ and Ca2+ are treated
explicitly, which involves ten valence electrons. Double-zeta
split valance basis sets are used for all atomic kinds. We
use revised Perdew-Burke-Ernzerhof (revPBE) [30] for the
exchange and correlation functional. Grimme D3 dispersion
corrections are used [31]. Previous studies have shown that
better bulk water properties could be achieved with the
choice of revPBE-D3 protocol [32–35]. In AIMD simulations,
the self-consistent field convergence criterion is chosen as
10−6 a.u. The NVT ensemble is used with a time step of 0.5 fs
and the temperature is maintained at 300 K by a Nosé-Hoover
thermostat with a time constant of 0.5 ps.

The geometry structures for pTyr with Mg2+/Ca2+ were
obtained by DFT optimization calculations, at the B3LYP/
6-31+G(d,p) level of theory [36] by using the GAUSSIAN-09
package [37]. As the convergence criteria, the maximum step
size is 0.0018 a.u. and the root-mean-square (RMS) force
is 0.0003 a.u. Explicit hydration water molecules surround-
ing cations were considered, and the polarizable continuum
model (PCM) model was applied as aqueous background

environment. Furthermore, the whole optimized geometry
structures achieved by DFT calculations were transferred to a
cubic box with a side length of 16.56 Å filled with 128 water
molecules, which corresponds to be a density of ∼1 g/ml, and
Cl− ion were introduced as opposite charge for the whole sys-
tem neutralization. Multiple steps were applied to reoptimize
the whole systems. We first performed the classic molecular
dynamics simulations to equilibrate the systems with the
frozen structure of pTyr with the cation for periods of 10 ns
using the SPC/E water model and OPLS (optimized potential
for liquid simulations) force field for the ions. Then, we fixed
the structures of pTyr with the cation and then released them to
successively twice perform the global geometry optimizations
of the systems with the CP2K 4.1 packages. The eventual
optimized systems were applied as the initial structures to run
AIMD simulations.

Experiments materials. The O-phospho-L-tyrosine (pTyr,
99%), magnesium chloride (MgCl2, 98%), and calcium chlo-
ride (CaCl2, 96%) powders were purchased from J&K Sci-
entific Ltd. All samples were used without purification
and preprocessing. All salt solutions and pTyr solutions
were prepared with 18.2 M�, 3 ppb TOC Milli-Q water
(Millipore, US).

UV spectroscopy. UV absorption spectra of pTyr, MgCl2,
CaCl2, Mg2+-pTyr, and Ca2+-pTyr solutions were recorded
on a U-3900 spectrophotometer (Hitachi, Japan). The pTyr so-
lutions had an initial concentration of 0.0006 mol/l. The pTyr
solution and the CaCl2/MgCl2 solution were mixed together
with a volume ratio of 1:1 to achieve the pTyr concentration
of 0.0003 mol/l and the relevant various concentrations of
CaCl2/MgCl2 in UV spectra experiments.

1HNMR experiments. All 1H NMR experiments were
performed at 298 K. 1H NMR spectra were recorded on
a Bruker AVANCE spectrometer operating at 600.23 MHz
1H resonance frequency. 90%H2O and 10%D2O were used
as solvent. A noesygppr1d pulse sequence was applied to
suppress the water signal. A slender sealed capillary filled
with deuterated dimethyl sulfoxide (DSMO-d6) was placed
inside the sample tubes, and the DSMO signal was adopted
as an external reference to quantify the chemical shifts of
the samples. The pTyr solution had an initial volume of 400
μl and an initial concentration of 0.0003 mol/l, and the ion
concentrations (∼0.003, ∼0.006, ∼0.01, ∼0.02, ∼0.033, and
∼0.05 mol/l) were achieved by adding the corresponding vol-
umes (10, 25, 50, 100, 200, and 400 µl) of the ion solution with
an initial concentration of 0.1 mol/l into the pTyr solution,
respectively.

III. RESULTS AND DISCUSSION

We first performed DFT calculations at the B3LYP/6-
31+G(d,p) level of theory to obtain the optimized geometry
structure for pTyr with Mg2+/Ca2+, using explicit hydration
water around the cation and polarizable continuum model (see
detailed methods in the Supplemental Material (SM) [38]).
Figure 1 shows the optimized structures (t = 0 ps). We can
see that the cation is embraced by the aromatic ring and
the side groups of pTyr. In other words, the aromatic ring
and the side groups form a pocket structure for the cation.
The average distances between the cations and the aromatic
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(a)

(b)

FIG. 1. Cation-binding pocket of phosphotyrosine (pTyr) and
side-group-synergetic hydrated cation-π interactions. Representative
AIMD trajectories of the conformations in the pocket structures of
pTyr for Mg2+ (a) and Ca2+ (b), respectively. The numbers indicate
the time of snapshots. The structures at t = 0 ps are achieved by
geometry optimization with DFT calculations. The aromatic ring in
pTyr are shown as big bonded spheres, the side groups as bonded
sticks, and Mg2+/Ca2+ as a sphere (C: cyan; N: blue; O: red; H:
white; Mg: purple; and Ca: yellow), and the surfaces of side groups,
i.e., the carboxyl, amino and phosphate groups, are shown in pale red.
The first-shell waters, whose oxygens do not exceed 2.8 Å from the
cation, are shown as bonded spheres with their surfaces shown in pale
pink, and the waters that are hydrogen-bonded with the phosphate
group and the first-shell water are shown as small bonded spheres,
(O: pink; H: grey), and the other waters are omitted for a clear view.
The cations and their first-shell water and the key atoms in the side
groups are linked by blue dashed lines, and the hydrogen bonds by
pink dashed lines. The transparent six-face cones (purple, yellow)
comprising the cation (Mg2+, Ca2+) and six aromatic-carbon atoms
are indicative of the cation-π interaction. In (b), the wholly green
molecules represent the intruding (i), exchanging (ex), or escaping
(es) water molecules within the hydration water around the Ca2+ ion,
with the blue dashed arrows indicating the i, ex, and es directions.

ring were computed: 4.14 and 3.78 Å respectively for Mg2+
and Ca2+ [see Figs. 2(a) and 2(b)]. These distances fall
into the distance ranges between cations and aromatic ring
with cation-π interaction [39–41], indicating the existence of
cation-π interaction between Mg2+/Ca2+ and the aromatic
ring structure of pTyr [41,42]. Moreover, the average distances
between the cation and the key atoms in side groups, i.e.,
carbonyl oxygen, amino nitrogen, and phosphate oxygen near
the cation, are in the ranges of ∼2.1−2.3 Å and ∼2.5−2.8 Å

respectively for Mg2+ and Ca2+ [see Fig. 2(f)], showing that
the cations are bound to the side groups [43,44].

Further, we performed AIMD simulations for this system
to exploit the stability of the pocket structures in a full explicit
water environment. Two representative AIMD trajectories are
shown in Fig. 1 (see also Movies S1 and S2 in SM). In
Fig. 1(a), we can see that the pocket structure of pTyr for
Mg2+ is maintained during the whole simulation of 250 ps.
The conformation in this pocket structure is kept very stable.
As shown in the snapshots at 16.2, 64.0, 88.0, and 250.0
ps, there is no apparent variation in the conformation, al-
though we can see clear rearrangement of the positions with
dynamical orientations of the water surrounding the Mg2+.
As shown in Fig. 2(a), the distances between the Mg2+ and
the center of the aromatic ring have only a small fluctuation
around the average value of 4.14 Å over time. These distances
fall into the range between cations and the aromatic ring
with cation-π interaction [39–41]. Figure 2(d) presents the
distribution of the deflection angle between the link line of
cation and aromatic ring and the normal direction of the
aromatic ring in the pocket structure of pTyr for Mg2+. This
distribution also has only a narrow deviation from zero an-
gle. The average root-mean-square deviation (RMSD) of the
pocket structure is just ∼0.3 Å relative to the initial structure
[Fig. 2(e)]. These results indicate the existence of the Mg2+-π
interaction as well as the stability of the pocket structure. In
contrast, as shown in Fig. 1(b), the pocket structure of pTyr
for Ca2+ is only maintained in the first ∼126 ps. Interestingly,
a conformational switch is observed in this pocket structure.
Within the first 72 ps, there is a conformation of the pocket
structure formed by the carbonyl, amino, and phosphate side
groups and the aromatic ring, very similar to the pocket for
Mg2+. The conformation is denoted as conformation I. After
82 ps, a different conformation of the pocket structure is
constituted only by the carbonyl, hydroxyl and phosphate
groups while the amino group stays away from the Ca2+.
The latter conformation is denoted as conformation II (see
the snapshots at 82.0, 110.0, 111.2 ps). Figure 2(b) shows the
distances between the Ca2+ and the aromatic ring with time.
These distances present a two-step profile with the average
values of 3.78 and 4.38 Å, corresponding to the distances in
conformations I and II, respectively. All distances also fall
into the range between cations and aromatic ring with cation-
π interaction [39–41], indicating the existence of Ca2+-π
interactions. We denote the cation-π interactions in these two
conformations as Ca2+-π (I) and Ca2+-π (II), respectively. In
Figs. 2(d) and 2(e), we also see the two-step behaviors of both
the deflection angles and the RMSDs, respectively, with their
probability distributions around 0° and 18°, and with the aver-
age RMSD values of ∼0.6 Å and ∼0.9 Å relative to the initial
structure. In addition, the conformational variations observed
in the pocket structure are also reflected in the exchanging or
intruding behaviors of water molecules surrounding Ca2+ [see
the snapshots of 72, 82, and 110 ps in Fig. 1(b) and also Movie
S2 in SM].

The stability of cation-binding pocket structures in pTyr is
attributed to the cation-π interactions between the hydrated
cations and the aromatic ring in pTyr together with the inter-
action between the cations and synergic side groups in pTyr.
The distances from the cation to the aromatic ring increase
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FIG. 2. Structural variables of side-group-synergetic hydrated cation-π interactions. (a) and (b) Time evolution of the distances and
deflection angles between the cation and the aromatic ring for both representative trajectories shown in Fig. 1. Three vertical lines indicate the
times 72.0, 82.0, and 126.6 ps in (b) and also in (e). (c) Definition diagram of structural variables. D is the distance of the link line between
the cation and the center of aromatic ring. φ is the polar angle between the link line and the normal direction of aromatic ring plane (

⇀

nπ ).
The red small sphere marks the position of the center of the aromatic ring, and atom representations and color settings are as in Fig. 1. (d)
Probability distributions of Dcation-π and φcation-π . The data within the whole 250 ps of the trajectory with Mg2+ and the data within [0,72] ps
and [82,126.6] ps of the trajectory with Ca2+ are adopted to obtain the distributions for Mg2+-π , Ca2+-π (I) and Ca2+-π (II) interactions,
respectively. The most probable values are indicated by relevant vertical lines and numbers. (e) Root-mean-square deviation (RMSD) of all
atoms except for hydrogen atoms in the pocket structures of pTyr in both representative trajectories. RMSDs are calculated relative to the
structures at t = 0 ps. (f) Average distances with Mg2+-π , Ca2+-π (I) and Ca2+-π (II) interactions. DOC, DOH, DN, DOP, and DOW correspond
to the distances between cations and the key atoms in side groups, i.e., carbonyl oxygen, hydroxyl oxygen, amino nitrogen, phosphate oxygen
near cations, and the oxygen of the first-shell water around cations, respectively.

in the order Ca2+-π (I ) < Mg2+-π <Ca2+-π (II ). We sug-
gest the order from strong to weak strength is Ca2+-π (I ) >

Mg2+-π > Ca2+-π (II ), considering that in general the
shorter the interacting distance is between cation and aromatic
ring structure, the stronger the cation-π interaction is [39–41].
On the other hand, the side groups in pTyr likewise play a
critical role in the stability of the pockets. The distances of the
key atoms in side groups of pTyr from Mg2+ (∼2.1−2.3 Å)
are much shorter than the distances from Ca2+ (∼2.5−2.8 Å)
in conformation I [see Fig. 2(f)], indicating the tighter binding
of side groups with Mg2+ than with Ca2+. In conformation II,
the Ca2+ is on average 5.36 Å from the nitrogen [see Fig. 2(f)],

about twice of the distances from the Ca2+ to other key atoms
in the side groups, indicating that the amino group is away
from the Ca2+ [see snapshots after 82 ps, Fig. 1(b)].

To further analyze the side-group-synergetic hydrated
cation-π interactions, on the basis of the optimized geometries
of pTyr with the cations [Figs. 1(a) and 1(c)], we divided the
pocket structure into two parts, i.e., the pTyr and the hydrated
cation, and then performed single-point calculations at the
B3LYP/TZ2P level of theory in the framework of DFT in
the ADF program and decomposed the interaction energies
between these two parts. As shown in Table S1, the total
interaction energies between pTyr and the hydrated cation
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were decomposed into Pauli repulsion, orbital interaction,
and electrostatic interaction using an energy decomposition
analysis (EDA). The EDA results show that the electrostatic
interactions and orbital interactions supply the main interac-
tion energy, and the Pauli repulsion affords the main repulsive
energy. Moreover, also regarding optimized geometries, we
analyzed the molecular orbitals, and the highest occupied
molecular orbital (HOMO) in the pocket structure is shown
in Fig. S1. We can observe the clear coupling of the electrons
of oxygen atoms in water, the electrons of side groups, and
the delocalized π ring in pTyr and empty orbitals of Mg2+
and Ca2+. Likewise, we have estimated, based on the opti-
mized geometries, the binding energy of Mg2+/Ca2+ in the
pocket structure of pTyr. We pulled the cation away from
the optimized structures of pTyr to infinity and carried out
the single-point calculations, showing the required energies
equal to −131.2 and −178.1 kcal mol−1, respectively in the
pocket structure of pTyr with Mg2+ and Ca2+. Meanwhile, the
relevant Mulliken charges of the atoms of the aromatic ring
in the optimized structures of pTyr are shown in Fig. S2. We
can indeed see the significant changes of these local charges
(the maximal change is up to 0.173e), compared with the
charges in the corresponding structure where the cation was
pulled away to infinity. All these analyses indicate that the
side-group-synergetic hydrated cation-π interactions between
Mg2+/Ca2+ and the aromatic ring in pTyr greatly enhances
the stability of cation-binding pocket structures in pTyr.

To further analyze the role of the synergic side groups, we
considered the Mulliken charges in the optimized structures
and explicitly estimated the electrostatic interactions between
the Mg2+/Ca2+ and the phosphate groups, i.e., respectively.
The electrostatic energies of the phosphate groups with Mg2+
and Ca2+ are −45.8 and −81.9 kcal mol−1, respectively, in-
dicating the significant contribution of the phosphate groups
in the formation of the pocket structure of pTyr with the
cation. Furthermore, we removed the synergic side groups,
e.g., the phosphate group, and performed DFT calculations
to analyze the interaction between Ca2+/Mg2+ and Tyr. The
same optimization and equilibration processes as in the sys-
tems with pTyr were applied in the DFT calculations and
the AIMD simulations. Figure 3 presents two representative
AIMD trajectories and Fig. 4 shows the distances and the
deflection angles of cation-π interactions between Tyr and
Mg2+/Ca2+. We see that the structures of Tyr for cation bind-
ing easily become unstable and cations are dispersed away
from Tyr into the water solution within a dozen picoseconds,
which is consistent with the above analyses. Last, we also
have investigated the structure of pTyr with a Na+ ion. As
shown in Fig. S3 and S4, we see that the structure between
pTyr and Na+ is maintained for only ∼16 ps. This indicates
that the structures between pTyr and divalent ions are much
more stable than the structures between pTyr and monovalent
ions.

Experimentally, ultraviolet (UV) absorption spectral ex-
periments were performed to show evidence of the cation-
π interactions between Mg2+/Ca2+ and the aromatic ring
structure in pTyr. In order to quantify the influence of
cation-π interaction on UV absorption spectrum, the UV
absorbance difference spectrum is determined with the UV
absorbance spectrum of pure pTyr solution plus the spectrum

(a)

(b)

FIG. 3. Cation-binding structures of Tyr for Mg2+/Ca2+. Repre-
sentative AIMD trajectories of the conformations of Tyr with Mg2+

(a) and Ca2+ (b), respectively. The numbers indicate the times of
snapshots. Atom representations and color settings are as in Fig. 1.

of pure CaCl2/MgCl2 solution minus the spectrum of the pTyr
solution with addition of the CaCl2/MgCl2 solution. In Fig.
S6, we clearly see the absorbance difference peaks that
occur at ∼230 nm in the UV absorbance difference spec-
tra, which are assigned to a conjugate double bond of the
aromatic group that easily generated the π -π* transition
[45–47]. Figure 5(a) shows the dependence of these peaks at
∼230 nm on cations concentrations. We find that these peaks
at ∼230 nm are enhanced markedly increasing cation concen-
tration (>0.02 mol/l) increasing. The marked enhancement
indicates that the conjugate double bonds of the aromatic
group in pTyr are greatly affected by the addition of vari-
ous salt solutions. Notably, analogous UV difference spectra
in relation to the cation-π interactions have been observed
previously for the aromatic ring structures in graphene oxide
[47] as well as a tryptophan [46] and an indolyl model com-
pound (Gly-Asn-His-Trp-NH2) [48]. The similarity between
the peaks at ∼230 nm in UV difference spectra observed here
and those reported earlier indicates the existence of the cation-
π interaction between Mg2+/Ca2+ and the aromatic ring
structure in pTyr. More interestingly, the peaks at ∼230 nm
induced by the addition of CaCl2 solution are always larger
than those induced by the addition of MgCl2 solution at the
same cation concentrations. This indicates a stronger cation-π
interaction between Ca2+ and the aromatic ring structure in
pTyr, consistent with the theoretical result above.

022410-5



YUSONG TU et al. PHYSICAL REVIEW E 101, 022410 (2020)

(a) (b)

(c) (d)

(d
eg
)

(d
eg
)

(deg)

FIG. 4. Cation-π distances and deflection angles. (a) and (b) Time evolution of cation-π distances (D, black) and deflection angles (φ, red)
for both representative trajectories shown in Fig. 3. (c) and (d) Probability distributions of D and φ for both cation-π interactions. The data
within the first 12.0 and the 7.6 ps are adopted to obtain the distributions for Mg2+-π and Ca2+-π interactions, respectively.

1H NMR experiments were further carried out to analyze
the cation-π interactions between Mg2+/Ca2+ and the aro-
matic ring structure in pTyr as well as their structural stability.
As shown in Fig. 5(b), without MgCl2/CaCl2 (zero concen-
tration), the chemical shifts (δH ) of four hydrogen atoms on
the typical para-disubstituted aromatic ring of pTyr present
two groups of bimodal peaks in 1H NMR spectra, consistent
with previous experiments and analyses of para-disubstituted
benzene compounds [49,50]. Importantly, we clearly see the
chemical shift variations (�δH) in 1H NMR spectra induced
by addition of MgCl2/CaCl2 solution. We ascribe these
�δH to the influence from the cation-π interactions between
Mg2+/Ca2+ and the aromatic ring structure. Figure 5(c)
shows the dependence of �δH on cation concentrations. Both
�δH increase gradually with increasing MgCl2/CaCl2 con-
centrations. Interestingly, at very low concentrations, the �δH

induced by MgCl2 are comparable to the �δH by CaCl2. After
∼0.01 mol/l, the �δH induced by CaCl2 increases rapidly
and becomes significantly larger than the �δH induced by
MgCl2; in contrast, the �δH induced by MgCl2 is maintained
at relatively small values and after ∼0.033 mol/l starts to
increase rapidly. The significantly larger influence on the
�δH induced by CaCl2 indicates a stronger cation-π inter-
action between Ca2+ and the aromatic ring structure in pTyr
than that between Mg2+ and the aromatic ring structure,
consistent with the theoretical result above. Moreover, in
Fig. 5(b), these two groups of split bimodal peaks in 1H
NMR spectra present inconsistent �δH, especially at high
cation concentrations, indicating the asymmetrical influence
from MgCl2/CaCl2 on four hydrogen atoms on the the
para-disubstituted aromatic ring of pTyr. The asymmetrical
influence induced by CaCl2 is much more significant than
that induced by MgCl2. This also indicates more significant

deviation of Ca2+ from the normal direction of the aromatic
ring and consequently less structural stability in the pocket
structures of pTyr for Ca2+, in comparison with the case in
the pocket structure of pTyr for Mg2+. Here, the strength
relation of cation-π interactions indicated in 1H NMR spectra
is consistent with both the theoretical result and the experi-
mental result in UV absorption spectra above, and the greater
structural stability of Mg2+-π interactions in pTyr indicated
in 1H NMR spectra is also consistent with the theoretical
result.

Meanwhile, based on the optimized geometries [Figs. 1(a)
and 1(c)], we also used the time-dependent density functional
theory (TDDFT) to calculate the UV adsorption spectra and
adopted the gauge independent atomic orbital (GIAO) method
to analyze the NMR spectra (see Methods section). To esti-
mate the influence of the cations in the pocket structure of
pTyr on both spectra, we pulled the cation away from the
optimized structures of pTyr to infinity. As shown in Fig.
S5A and S5B, we compare the calculated UV spectra of pTyr
without the cation and with the cation. We see that the spectra
in pTyr with the cations are much lower than the spectra in
pTyr without the cations. This contrast suggests that the sup-
pressed tendency is caused by the cation-π interaction in the
pocket structure of pTyr with the cation, consistent with our
UV experiments above. Similarly, Fig. S5C and S5D present
the chemical shifts of four hydrogen atoms of the aromatic
ring for pTyr and for pTyr with the cation, and all the chemical
shifts are shifted downfield. The downfield-shifted tendency
is consistent with our NMR experiments. These calculated
spectra indicate that the experimental UV absorbance differ-
ence spectrum and chemical shift variations indeed originate
from the cation-π interactions between Mg2+/Ca2+ and the
aromatic ring structure in pTyr.
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FIG. 5. Experimental evidence of side-group-synergetic hydrated cation-π interactions. (a) Dependence of UV absorbance difference at
∼230 nm on cation concentrations. UV absorbance difference spectrum is determined with the UV absorbance spectrum of pure pTyr solution
plus the spectrum of pure CaCl2/MgCl2 solution minus the spectrum of the pTyr solution with addition of the CaCl2/MgCl2 solution. Error
bars indicate the standard deviation from three parallel experiments. (b) and (c) Chemical shifts (δH) as well as chemical shift variations (�δH)
of the hydrogen atoms on the aromatic ring of pTyr in 1H NMR spectra, induced by addition of CaCl2/MgCl2 with various concentrations. In
(b), two groups of split bimodal peaks (δH) in 1H NMR spectra correspond to four hydrogen atoms on the para-disubstituted aromatic ring of
pTyr, and the numbers correspond to cation concentrations. �δH in (c) is estimated as the peak δH marked by dashed lines minus the δH at zero
cation concentration in (b).

IV. CONCLUSION

In summary, we have examined the interacting of pTyr
with Mg2+ and Ca2+ and we have shown the clear
selectivity for Mg2+ over Ca2+ in the cation-binding struc-
tures of pTyr; i.e., Mg2+ binds more tightly to pTyr to stabilize
the conformation of pTyr, while Ca2+ binds more flexibly to
pTyr with less structural stability. We attribute the selectivity
of cation-binding structures of pTyr to the pocket structure
formation due to the side-group-synergetic hydrated cation-
π interaction between the hydrated Mg2+ or Ca2+ and the
aromatic ring structure. UV absorption spectra and 1H NMR
spectra demonstrate the existence and relative strength of
cation-π interactions in the pocket structures of pTyr for
Mg2+/Ca2+ as well as their structural stability, consistent with
the theoretical result.

It should be noted that we show that the synergetic in-
teraction of side groups with the cations greatly enhances
the stability of the Ca2+/Mg2+ on the aromatic rings in
aqueous solution, in addition to the cation-π interactions. Our
theoretical computations have shown that, without synergic

side groups, e.g., the phosphate group, the structures of Tyr
for cation binding easily become unstable and cations are
dispersed away from Tyr into the water solution within a
dozen picoseconds. Thus, our study demonstrates essentially
how to achieve cation-π interactions for relevant biological
aromatic residues of proteins in biological systems, and the
side-group-synergetic hydrated cation-π interactions might
become the pivotal factor for cation bioactivity and relevant
functions in biological systems. The findings also offer insight
into understanding the selectivity of Mg2+ and Ca2+ in a
variety of biochemical and physiological essential processes.
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