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Detection of weak non-covalent cation-n interactions in NGAL by
single-molecule force spectroscopy
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ABSTRACT

Cation-1r interaction is an electrostatic interaction between a cation and an electron-rich arene. It plays an essential role in many
biological systems as a vital driving force for protein folding, stability, and receptor-ligand interaction/recognition. To date, the
discovery of most cation-Tr interactions in proteins relies on the statistical analyses of available three-dimensional (3D) protein
structures and corresponding computational calculations. However, their experimental verification and quantification remain
sparse at the molecular level, mainly due to the limited methods to dynamically measure such a weak non-covalent interaction in
proteins. Here, we use atomic force microscopy-based single-molecule force spectroscopy (AFM-SMFS) to measure the stability
of protein neutrophil gelatinase-associated lipocalin (also known as NGAL, siderocalin, lipocalin 2) that can bind iron through the
cation-mr interactions between its three cationic residues and the iron-binding tri-catechols. Based on a site-specific cysteine
engineering and anchoring method, we first characterized the stability and unfolding pathways of apo-NGAL. Then, the same
NGAL but bound with the iron-catechol complexes through the cation-1r interactions as a holo-form was characterized. AFM
measurements demonstrated stronger stabilities and kinetics of the holo-NGAL from two pulling sites, F122 and F133. Here,
NGAL is stretched from the designed cysteine close to the cationic residues for a maximum unfolding effect. Thus, our work
demonstrates high-precision detection of the weak cation-1r interaction in NGAL.
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stability [16-27]. For example, AFM-SMEFS has been widely used
to study protein mechanics and proteins bound with metal
cofactors [28-42]. The strong ligand binding effect on proteins has
also been revealed by AFM [43-45]. Moreover, the effect of
another electrostatic interaction, the repulsive interaction between
two positively charged imidazole rings in protein GBI, has been
demonstrated by AFM [46, 47]. Thus, we combined the recently-
developed high-precision AFM measurement configuration and
cysteine engineering method to detect the much weaker cation-nt
interactions in a protein system [48-58].

In this work, NGAL was chosen as the model protein system.
Structurally, NGAL has a characteristic cup-shaped calyx/cavity
formed by eight-stranded antiparallel B-sheets, which can bind
several macromolecular ligands (Fig. 1(b)) [59]. For example, it
binds the bacterial siderophore, ferric-bound enterobactin
(Fe-Ent) via simple ionic and cation-m interaction. With a
sub-nanomolar Ky value, it sequesters catecholate-type
siderophores from bacteria and prevents bacterial growth. Here,

1 Introduction

Cation-m interaction is a non-covalent interaction that presents
between a positively charged cation and negatively charged
electron-rich 7 systems (Fig. 1(a)) [1, 2]. It is found ubiquitously in
proteins, in which the charged side chain of residues such as Lys
and Arg can be the cation, and Phe, Tyr, and Trp can be the 1
systems. As an electrostatic interaction in nature, the energy of a
cation-mt interaction is comparable to a single hydrogen bond
(2-5 kcal'mol™) and is now recognized as an indispensable
driving force for protein folding, stability, and receptor-ligand
interaction [3-8]. One of the prominent examples is the binding
of the neurotransmitter, acetylcholine, to its receptor [9]. To date,
most cation-T interactions in proteins are predicted/discovered by
statistical analyses of available three-dimensional protein
structures using well-designed programs and computational
calculations [2, 10-12]. However, their experimental verification
and quantification remain limited [13-15] due to the inability to
measure the small difference with high precision.

To meet this challenge, we used atomic force microscopy-based
single-molecule force spectroscopy (AFM-SMES) to measure the
stability of protein neutrophil gelatinase-associated lipocalin
(NGAL) containing the cation-m interactions. SMFS, such as
single-molecule AFM, optical and magnetic tweezers, can
mechanically manipulate one bio-macromolecule by stretching it
from two well-defined points and measuring its corresponding

the cation-m interactions are present between the negatively
charged Fe-Ent complex and the positively charged lysine 125,
134, and arginine 81 in the calyx. Moreover, recent studies found
that a simple endogenous ligand, catechol, also chelates iron as a
tri-catechol-iron complex binding to the calyx with similar cation-
7 interactions (Fig. 1(c)) [60]. Catechol binds to iron and forms a
di-catechol species as the predominant species at pH 7.4. When
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Figure1 Schematic diagram of cation-m interactions in NGAL detected by
high-precision AFM-SMEFS. (a) Schematic diagram showing a cation-nt
interaction between a positive charge and an arene. (b) The B-barrel structured
NGAL binds to enterobactin (Ent) in its cup-shaped calyx (PDB: 3CMP). (c)
The enlarged view shows the cation-t interactions (dash lines) between charged
residues, R81, K125, K134, and the benzene ring (colored in pink) from Ent. (d)
Two-dimensional topology diagram of NGAL showing the eight stranded (-
barrel structure, in which p-strands D-H containing the three cationic residues
are locked by a disulfide bond (C76-Cl175). (¢) The setup of the AFM
experiment shows that the polyprotein Coh-GB1-NGAL is reacted to a
maleimide-functionalized coverslip by the designed cysteine in NGAL. Then, it
is picked up by the GL-GB1-XDoc-coated AFM tip, forming an [XDoc-Coh]
interaction. Thus, the NGAL is stretched between the N-terminus and the
designed cysteine during AFM measurement.

NGAL is further added to the solution, a tri-catechol-iron
complex will form and bind to NGAL, showing a shift of
maximum absorption wavelength from 575 to 498 nm. This
protein represents a new type of molecular recognition utilizing
cation-m interaction for iron-binding in circulation and is
potentially involved with the microbial-host interface [61]. Thus,
we chose this physiologically important protein to detect cation-nt
interactions by AFM-SMFS.

2 Experimental section

2.1 Protein engineering
The genes encoding the NGAL mutants (F122C and F133C) were
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obtained by site-directed mutagenesis techniques utilizing
wild-type NGAL gene as the template. The constructs of protein
Cohesin-GB1-NGAL (Coh-GBI1-NGAL) (F122C or F133C)
contain an engineered internal cysteine to immobilize the protein
on the maleimide-coated glass coverslip by the reaction between
sulthydryl and maleimide group. The gene was then constructed
in expression vector pQE8OL using well-established standard
molecular biology techniques and was confirmed by direct
deoxyribonucleic acid (DNA) sequencing. All plasmids were
transformed into the Escherichia coil (E. coli) strain BL21 (DE3).
Bacteria were cultured in Luria-Bertani (LB) medium with
100 pgmL™ ampicillin sodium salt at 37 °C and induced by
isopropyl-beta-D-thiogalactopyranoside (IPTG) with a final
concentration of 1 mM.

2.2 AFM-SMEFS experiments

The single-molecule force spectroscopy experiments utilized
well-established standard chemical modification strategies,
ensuring that the proteins of interest were completely stretched.
Before the AFM experiments, GL-GB1-Xmodule-dockerin (GL-
GB1-XDoc) was covalently immobilized on the tip by asparaginyl
ligase OaAEP1(Cys274Ala). And the protein Coh-GB1-NGAL
was connected to the glass coverslip by the reaction between
sulthydryl and maleimide.

The AFM experiments were carried out on the NanoWizard4
atomic force microscope (JPK, Germany). The AFM tips
(MLCT-BIO, Bruker) were calibrated in TBS buffer (20 mM Tris,
150 mM NaCl, pH 7.4) by the equipartition theorem [62]. The tip
approached the substrate under a contact force of ~ 0.2 pN. The
extension velocity was 400 nm-s™ for the data in Figs. 2 and 3. And
their acquisition sampling rate was above 7,000 Hz. For different
loading rate experiments, the AFM tip was withdrawn at constant
speeds ranging from 200 to 2,000 nm-™. After recording every
force-extension curve, the tip moved horizontally by 50 nm for the
subsequent measurement. Six AFM cantilevers were used for
successful experiments. The spring constant of them used for
NGAL(F133C-apo) were ~ 39 and ~ 92 pNnm’, for
NGAL(F133C-holo) was ~ 34 pN-nm™, for NGAL(F122C-apo)
were ~ 26 and ~ 48 pN-nm™, and for NGAL(F122C-holo) were
~109and ~ 37 pN-nm™.
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Figure2 Single-molecule force spectroscopy experiments for NGAL(F133C). (a) NGAL was stretched from C133 which is close to the cationic residues K134. (b)-(e)
Force-extension curves from apo-NGAL(F133C) show four different unfolding pathways from the extension of different p-strands of NGAL with different forces. The
single peak with AL_ of 26 nm is from the one-step unfolding of NGAL (curve (1), colored in gray). The 5 nm-length peak (in purple) is from the extension of $-strand
G-H. The 9 nm-peak (green) is from p-strand D-E, and the 12 nm-peak (khaki) is from B-strand A-C. Statistical analysis of AL_ histogram (c) shows four different
types of peaks with AL_ of 54 + 1.1, 8.6 + 2.0, 12.8 + 2.1, and 19.0 + 1.9 nm. (f)-(h) Force-extension curves from holo-NGAL(F133C) show the same unfolding
pathways as apo-form with similar unfolding forces. Statistical analysis of AL_ histogram (g) shows similar peaks with AL, of 5.2 + 1.2, 8.6 + 2.1, 12.5 + 1.4, and 184 +

2.0 nm.
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Figure 3 Single-molecule force spectroscopy experiments for NGAL(F122C). (a) NGAL was stretched from C122 close to the cationic residue K125. (b)-(e)
Force-extension curves from apo-NGAL(F122C) show four similar different unfolding pathways. The single peak with AL_ of 27 nm is from the one-step unfolding of
NGAL (curve (1), colored in gray). The 6 nm-length peak (purple) is from the extension of B-strand G-H. The 8 nm-peak (green) is from p-strand D-E, and the 12
nm-peak (khaki) is from B-strand A-C. Statistical analysis of AL_ histogram (c) shows four different types of peaks with AL, of 6.0 + 1.2, 8.8 + 1.1, 12.6 + 1.4, and 19.0
+ 1.9 nm. (f)-(h) Force-extension curves from holo-NGAL(F122C) show the same unfolding pathways as apo-form but with different unfolding forces. Statistical
analysis of AL_ histogram (g) shows peaks with similar AL of 6.4+ 0.9,84 + 1.1,12.75 + 1.4,and 182 + 1.5 nm.

Finally, the force-extension curves were fitted by the worm-like
chain (WLC) model (Eq. (1)) [63]. Only curves containing two
unfolding signals of fingerprint GB1 and a high rupture force
from the break of [XDoc-Coh] interaction were selected for

analysis
ksT | 1 *x\7° 1 x

where P is the abbreviation for the persistence length. L_ is the
contour length of the polymer/protein. T is the absolute
temperature in kelvin. ky is the Boltzmann constant.

We applied the Savitzky-Golay filter to smooth all the curves
during data analysis and presentation. The smoothing width was
13. The filter can reduce high-frequency noise to improve the
accuracy of data without changing the signal trend.

2.3 Chemical modifications of AFM tips and glass
substrate

Si;N, AFM tips (MLCT-BIO, Bruker) and coverslip were
cleaned by plasma treatment and silanized, incubated with
3-aminopropyltriethoxysilane (APTES) away from light to
introduce amine groups. Then the tips and cover glasses were
incubated with azidation reacting solution (4 mM ImSO,N,
8 mM K,CO;, and 40 uM CuSO,) at room temperature to
introduce azide group. After azidation, the tips and cover glasses
were incubated with 2 mM DBCO-(PEG),-maleimide solution for
1 h at 37 °C in order to introduce maleimide groups on the
surface. Finally, the maleimide-coated tips were cleaned with
ultrapure water and incubated with Cys-ELP,-NGL. After
incubation with the ELP,, tips were cleaned and stored at 4 °C
before measurement. The maleimide-coated cover glasses were
stored in a vacuum environment to prevent the maleimide group
from being hydrolyzed.

3 Results and discussion

Typically, the target protein is stretched and unfolded from its N
and C terminus by AFM-SMFS because the protein is
immobilized by these two sites between the AFM tip and
coverslip. However, the area for cation-m interactions in NGAL is
“locked” by an endogenous disulfide bond (Cys76 to Cysl75,

Figs. 1(b) and 1(d)) which is mechanostable and cannot be broken
during AFM measurement [64]. We introduced one cysteine close
to the cationic residues as the internal pulling site to solve this
problem [65]. This cysteine will react to the maleimide-coated
coverslip used, leading to protein immobilization. Thus, the
protein will be stretched between this cysteine and the N-terminus
(Fig. 1(e)). As a result, the area for cation-m interactions can be
probed during NGAL unfolding. Moreover, the pulling site is very
close to the cationic residue, which may maximize the effect of
cation-m interaction for NGAL unfolding and lead to the detection
of this weak interaction.

To achieve a high-precision AFM-SMES measurement and
detection of the weak cation-m interactions in NGAL, a
polyprotein, namely, Coh-GB1-NGAL(Cys) was designed. It
allows the stretch of NGAL between the designed cysteine and its
N-terminus (Fig. 1(e)). Coh was added for an efficient protein pick-
up by the AFM tip, on which another polyprotein XDoc-GB1 is
functionalized enzymatically [49, 66, 67]. When the tip is pressed
on the sample-immobilized substrate, XDoc binds efficiently to
Cobh as a specific [XDoc-Coh] protein-protein interaction. This led
to a complete force loop from the AFM tip to the coverslip, as tip-
GB1-[XDoc-Coh]-GB1-NGAL(Cys)-coverslip. Then, by moving
the tip up, NGAL can be stretched from its N-terminus and the
cysteine and unfolded at last. Also, a marker protein GBI with a
known AL, of 18 nm was added for an unambiguous single-
molecule detection [68]. After all protein domains were unfolded,
a characteristic high rupture peak with a force of ~ 500 pN from
the break of [XDoc-Coh] could be observed. And the tip was
moved to another location, and this measurement was repeated.

We first chose Phel33 as the pulling site, which is close to the
cationic residue Lys134. Polyprotein Coh-GB1-NGAL(F133C)
was constructed and characterized (Fig.S1 in the Electronic
Supplementary Material (ESM)). Apo-NGAL without bound tri-
catechol-iron complex was measured first to understand its
unfolding mechanism and signature. Stretched by single-molecule
AFM, the unfolding of polyprotein resulted in a typical sawtooth-
like force—extension curve with multiple peaks (Figs. 2(b)-2(d)).
First, there were a few simple one-step unfolding events of NGAL
(Fig. 2(b), curve (1), color in gray) with a AL, of ~ 26 nm, fitted by
the worm-like chain model describing the relationship between
polymer elasticity and applied force [63]. Theoretically, the AL,
value of the complete unfolding of NGAL equals to the unfolding
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of B-strands A-C, which are outside the disulfide bond (residues
29-75, 47aa x 0.36 — 2.21 = 14.7 nm), plus the short side of the
disulfide bond locked circle (residues 133-175, 44aa x 0.36 — 2.6 =
12.9 nm). Thus, the theoretical AL, is 27.6 nm, which agrees with
the experimental value. This result indicates that NGAL was
measured successfully by AFM from the designed cysteine.

In addition to the one-step unfolding event, most curves
showed three different types of stepwise unfolding pathways (Fig.
S3 in the ESM), including 9 + 5 (Fig.2(b), curve (2)); 13 + 9
(curve (3)), and 5 + 13 nm (curve (4)). The 5.4 nm-length peak
agrees with the unfolding of B-strand E (Figs. 2(c)-2(e), colored in
purple, residues 85-103, 19aa x 0.36 — 1.9 = 5.0 nm) with an
average unfolding force of 97 + 52 pN (ave. + stdv,, n = 100)
(Tables 1 and 2, and Table S1 in the ESM). The 8.6 nm-length
peak agrees with the unfolding of -strands G and partial F and H
containing the cation residue K125 (in green, n = 161, residues
107-133, 27aa x 0.36 — 0.92 = 8.8 nm). The force was 86 + 50 pN.
And the 12.8 nm-length peak agrees with the unfolding of p-
strands A-C (in khaki, n = 162, residues 29-75, 47aa x 0.36 — 2.2
=14.7 nm) with a force of 82 + 48 pN.

Next, we performed the experiment on the holo-NGAL(F133C)
bound with the tri-catechol-iron complex. Ultraviolet-visible
(UV-vis) spectrum of this mutant showed the same result as WT-
NGAL with the characteristic signal at 498 nm due to the complex
binding (Fig. S2 in the ESM). As a result, the cysteine mutation
does not affect the property of NGAL, especially its binding to the
complex. Then, we performed the AFM-SMFS experiment on
polyprotein Coh-GB1-holo-NGAL(F133C). Similarly, it showed
all the same unfolding pathways previously observed for the apo-
NGAL(F133C) (Figs. 2(f) and 2(g)), indicating that the complex
binding does not affect the unfolding pathway of NGAL and thus
has a weak effect for NGAL. Moreover, we found that the
unfolding forces of the holo-form are similar to the apo-form for
each peak (Fig. 2(h) and Table 1). The unfolding force is 97 + 48
PN (n = 109) for the 5-nm peak, 82 + 48 pN (n = 174) for the 9
nm-peak and 79 = 48 pN for the 13 nm peak (n = 168)
(Fig.2(h) and Table 1). This constant-speed pulling AFM
unfolding experiment suggests that the complex binding due to
the cation-t interactions only has a very small effect for NGAL
when pulled from residue 133 site.

To further test whether AFM-SMFS can detect the effect of
such a weak cation-m interaction for NGAL, we chose Phel22 as

Table1 The unfolding force of NGAL by AFM-SMFS

Nano Res.

another pulling site close to the cationic residue Lys125.
Polyprotein Coh-GB1-NGAL(F122C) was constructed. A similar
AFM measurement was performed on apo-NGAL(F122C) and
yielded a similar unfolding pathway with a slightly different length
(Figs. 3(b) and 3(c)). First, there were also a few one-step
unfolding events of NGAL (Fig. 3(b), curve (1)) with a AL_ of ~ 27
nm. This value agrees with the theoretical value of unfolding of
NGAL (29.1 nm) when stretched between Cys122 and the N-
terminus. The first part is the unfolding of p-strands A-C outside
the disulfide bond (residues 29-75, 47aa x 0.36 — 2.21 = 14.7 nm).
And the second is the short side of the disulfide bond locked circle
(residues 76-122, 47 aa x 0.36 — 2.5 = 14.4 nm).

Similarly, most curves show three different stepwise unfolding
pathways, including 8 + 6 (Fig. 3(b), curve (2)), 12 + 8 (curve (3)),
and 6 + 12 mm (curve (4)). The 8.8 nm-length peak agrees with
the unfolding of B-strands D-E (Fig. 3(c)-3(e), color in green, n =
79, residues 76-102, 27aa x 0.36 — 2.6 = 7.1 nm) with an average
unfolding force of 88 + 42 pN. The 6.0 nm-length peak agrees
with the unfolding of $-strands G-H containing the two positively
charged residues K125 and K134 (in purple, n = 89, residues
122-139, 18aa x 0.36 — 1.5 = 5.0 nm) with a force of 94 + 48 pN.
The 12.6 nm-length peak agrees with the unfolding of p-strands
A-C (in khaki, n = 94, residues 29-75, 47aa x 0.36 — 2.21 = 14.7
nm) with a force of 77 + 38 pN.

Then, we performed the AFM-SMFS experiment on the holo-
NGAL(F122C). All similar unfolding pathways were observed
(Figs. 3(f) and 3(g), Figs. S1 and S2 in the ESM). Most
importantly, we found that the unfolding force of each peak
showed a modest increment of ~ 20 pN, which is a 15% increase
(Fig.3(h) and Table 1, and Fig.S$4 in the ESM). This result
indicates that the complex binding due to the cation-m interactions
stabilizes the NGAL and is detected by AFM-SMES.

Consequently, we continued the AFM measurements to obtain
the unfolding kinetics of both mutants for further comparison.
The AFM unfolding experiments of the two NGAL mutants in the
presence or not of the complex were performed under different
pulling speeds (Fig. S5 in the ESM). And the unfolding force of the
protein was dependent on the logarithm of force loading rate
(Fig. 4). Fitted by the Bell-Evans model, Ax and off rates k. for
each unfolding step can be obtained (Table 2). This time, clear
differences between the kinetics were observed. All unfolding steps
from holo-NGAL showed a smaller ks compared with the apo-
NGAL, indicating that cation-mt interaction stabilized the structure

AL, (nm) F (apo, pN) F (holo, pN) of NGAL.
5 97 + 52 97 + 48 In this work, we experimentally detected and quantified the
F133C 9 86 + 50 82 + 48 weak yet essentlal.catlon—rr interaction in a pr.otem SY.st.em at the
molecular level, using the recently developed high-precision AFM-
13 82+48 79+42 SMES system and cysteine immobilization method. Most of the
6 94 +48 110 +59 discovery of cation-m interactions in proteins has come from the
F122C 8 88 + 42 106 + 50 statistical analyses of protein structure databases and
corresponding  computational ~calculations. Quite a few
12 77 38 99 +52 . . .
well-developed programs have been used to identify this
Table2 AFM-SMES results of NGALs
Apo Holo
AL, (nm) ALc (nm)
Ax (nm) Ko (s7) Ax (nm) kot (s7)
54+1.1 0.18 2.6 52+12 0.23 1.4
F133C 8.6+2.0 0.18 33 8.6+2.1 0.24 1.7
12.8 £2.1 0.19 3.8 125+ 1.4 0.24 1.6
6.0+1.2 0.16 3.7 6.4+0.9 0.22 0.9
F122C 88+1.1 0.18 2.5 84+1.1 0.21 1.0
126+ 1.4 0.22 2.3 127+ 1.4 0.21 1.3
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Figure4 The plot between the logarithm of loading rate and rupture force of
NGAL shows a linear relationship. (a)-(c) The loading rate experiment of
NGAL(F133C) showed a different result upon the binding of the complex for
each force peak ((a): colored in purple for 5 nm, (b): green for 9 nm, and (c):
khaki for 13 nm). The dashed line is for apo-form, and the solid line is for holo-
form. (d)-(f) Similar results were obtained for NGAL(F122C).

interaction based on the geometry or energy between two possible
sites in a protein [2,3,6]. Nevertheless, an experimental
verification was necessary to verify its presence further, especially
at the molecular level. Here, our AFM-SMEFS measurement
directly provides the force value for the effect and its kinetic
information.

It is noted that the strength of the effect of cation-m interactions
for NGAL was weak from our AFM measurement. The mutant
(F122C) only showed a modest force increase (~ 20 pN).
Although the effect for the kinetics is more obvious, only two
times the k¢ difference was observed for most unfolding events. In
contrast, the electrostatic repulsion effect from the two positive
charge histidine residues for protein GBIl is much more
significant [46]. The stability of the GB1 mutant decreases by 65
pN, and its k,; decreases ~ 5 times. And many other studies
revealed a strong ligand binding effect for protein (un)folding,
such as the binding of calcium on calmodulin folding [43, 44].
Here, our result showed a weaker effect upon the complex
binding. In AFM measurement, typically only a hydrogen bond
network containing several hydrogen bonds, such as [-sheet,
showed a detectable change of force. However, the energy of a
cation-nt interaction is only 2-5 kcal'mol”, similar to one/two
hydrogen bonds.

Another interesting point is the different effects of cation-m
interactions for NGAL unfolding when pulled from different sites.
Compared to NGAL(F122C) results, NGAL(F133C) even did not
show a detectable unfolding force difference. To further
understand the mechanism, we performed simple steered
molecular dynamics (SMD) simulations for the unfolding of the
two mutants without the complex binding. The results indicated
that the F122C showed a much higher force peak upon the
unfolding of the residues involving the cation-t interaction
(Fig. S6 in the ESM). Consequently, the cation-rt interaction may
play a more direct and important role upon the unfolding energy
barrier of NGAL(F122C) and showed a more different unfolding
force upon the complex binding.

Finally, our work also provides an updated method to stretch
protein from a designed cysteine site using the cysteine-maleimide
chemistry [65, 69]. Several previous AFM works have shown the
anisotropic mechanical stability of protein when pulled from
different sites using the cysteine engineering methods, such as

5

ubiquitin, GFP, and rubredoxin [29, 69, 70]. There, the engineered
cysteine is mainly used for protein coupling and thus determines
the direction of force propagation. Here for NGAL, the reducing
agent, which is usually added to break the formation of the
self-disulfide bond between protein monomers was not added to
avoid the break of the endogenous disulfide bond. Nevertheless,
using a maleimide-coated coverslip or surface, only unoxidized
NGAL monomer with the free cysteine can immobilize, forming
stable covalent C-S bond linkage. In addition, the target protein is
ready to be incorporated into the high-precision AFM system,
leading to a more efficient measurement.

4 Conclusions

In conclusion, we detected the small influence of cation-n
interactions for NGAL experimentally by high-precision
AFM-SMFES and  cysteine-mediated ~site-specific ~ protein
immobilization. Combined with the classic theoretical and
computational methods, we believe the mechanism of this
essential cation-m interaction for protein can be more revealed.
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