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Nanomechanics of Cation—x Interactions in Aqueous Solution**
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One type of important noncovalent interactions in biological
systems is the cation—m interaction that is widely present
between an electron-rich 7 system (e.g., Phe, Tyr, and Trp)
and adjacent cations (e.g., Na* and K*) or species containing
positive charges (e.g., Lys and Arg) under physiological
conditions of living organisms.! Electrostatic forces are the
dominant components of cation—n interactions.!'¥ Interest-
ingly, the aqueous cation—t interaction is known to be
stronger than an electrostatically driven salt bridge (the
strongest noncovalent interaction in air) because of its low
desolvation penalty.™™ The hydrophobic aromatic ring selec-
tively binds cations according to the degree of cation
hydration, thus the cation—m interaction is vital to physio-
logical activities!! such as potassium channel blocking by
tetraethylammonium (TEA), nicotinic acetylcholine (ACh)
receptor binding,” protein folding,! T-cell antigen receptor
binding,”! and adhesion of mussel proteins to underwater
surfaces.”! Potassium channels are composed of membrane
proteins that allow rapid and selective flow of K* ions across
the lipid bilayer of the cell membrane, thereby suppressing
the electrical activity in nerves and muscles as well as
regulating the salt concentration in metabolism and diges-
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tion.”! TEA inhibits the flow of potassium ions across the
channel through cation—r binding with aromatic residues at
the channel entrance.”) The nicotinic acetylcholine receptor
(nAChR) is a ligand-gated ion channel in the plasma
membranes of certain neurons and on the postsynaptic side
of the neuromuscular junction.”! It is believed that cation—nt
interactions between the quaternary ammonium group of
ACh and tryptophan residues of nAChR contribute strongly
to the receptor mechanism.P! Recently, it has been revealed
that cation—m interactions also strongly contribute to under-
water adhesion of mussel-foot proteins,’”) which lack nega-
tively charged residues but have abundant aromatic and
positively charged residues. Because of the important roles in
biophysics and biochemistry, cation—m interactions in aqueous
media have been investigated through both qualitative and
quantitative approaches, specifically stoichiometric and spec-
tral evidence for the presence of cation—x interactions in the
aqueous phase using 'H NMR spectroscopy,””! voltage jump,®!
UV/Vis, and resonance Raman spectroscopy,” and extensive
computational studies of metal ion—small molecule complex-
es.'l*1 However, the nanomechanics of cation—m interac-
tions in aqueous solution has not been directly evaluated by
mechanical force techniques.

Herein, the mechanical nature of cation—m interactions in
aqueous media was probed directly using a surface forces
apparatus (SFA) for the first time. Special attention was paid
to the impact of the cation type and concentration and the
type of aromatic side group present. SFA is a technique that
has been widely applied to measure forces (F) between two
surfaces as a function of separation distance (D) in various
vapors or liquids."” In this work, a model system was built to
measure the cation—m interaction in aqueous solutions.
Briefly, one surface was coated with positively charged poly-
L-lysine (PLL) (primary amine, NH;R™) and another surface
was coated with one of three homo-polymers with aromatic
side groups: poly-L-tryptophan (PTrp), poly-L-tyrosine
(PTyr), and polystyrene (PS). In the above model system,
PLL provides typical cations (NH;R*) whereas the aromatic
polymers provide m systems (i.e., indole, phenol, and ben-
zene) commonly present in biological systems. The two
surfaces were mounted in the SFA and their separation was
monitored through the optical interference fringes of equal
chromatic order (FECO) which were further transformed
into force-distance curves (see Figure S1 in the Supporting
Information). Figure 1 shows cation—m interactions between
the positively charged groups and tested aromatic side
groups; these interactions can be affected by the presence
of other types of cations (e.g. K, Na*, Li*, TEA, ACh).

Adhesive forces between PTrp and PLL are dependent on
the contact time (Figure 2a). The separation distance D is
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a) Effect of aromatic groups on cation-T interations

Figure 1. Aqueous cation— interaction schemes. a) Effect of aromatic
groups. Cation— interactions occur between positively charged side
groups of PLL and aromatic side groups of polymers (PTrp, PTyr, or
PS). The amine group should be perpendicular to the mt-electron-rich
plane of the benzene ring to achieve an efficient cation-m interaction.
Density differences in the mt-electrons of the side phenyl groups in
PTrp, PTyr, and PS could result in different cation—m interaction
strengths. b) Effect of hydrated cations (K", TEA, and ACh). The
presence of hydrated cations (K*, TEA, and ACh) could compete with
PLL cations by interacting with the aromatic groups. The ions are well
solvated or hydrated in aqueous solution which results in a desolvation
penalty for cation—r interactions.

referred to the contact position between mica and mica
coated with aromatic polymers in air. Reversible and robust
adhesion F,,, similar to Fe>*/DOPA complex'*! and 1/5 times
biotin/avidin interaction,'™” was observed between PTrp and
PLL during separation (Figure 2a). It was found that the
adhesion energy per unit areal'™ W,,=F,/1.5nR slightly
increased from 1.9 to 2.1 mJ m 2 with increasing contact times
from 2 to 40 minutes, respectively. Such slight time-enhanced
adhesion can be attributed to several factors, such as
molecular reorientation (so called “en face”),!'™* removal of
competing cations,'™ and desolvation.!''l The confined PLL-
PTrp thickness did not change significantly over contact time
which suggests that the contribution of conformational
change of the adsorbed PLL layer might be limited. The
above adhesion values were much higher than the salt bridge
energy between two oppositely charged electrolyte multilayer
of PLL and poly-L-glutamic acid (PGA) in aqueous solutions
measured by SFA previously,™? which suggests that the
adhesion measured between PTrp and PLL arises from the
cation—m interaction and is consistent with the theoretical
prediction by Gallivan and Dougherty™! that a cation can
bind more strongly to a hydrophobic aromatic group through
cation—m interaction than to a hydrophilic anion by a salt
bridge in aqueous solution.
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Figure 2. Typical force—distance profiles (F/R vs. D) and corresponding
interaction energies (W= F/1.5ntR) between PTrp and PLL films in
aqueous buffer as a function of contact time, KNO; concentration, and
aromatic groups. a) The effects of contact time were examined by
keeping the two surfaces in contact for 2, 10, and 40 minutes in 0.05m
HAc, pH 3.0. b) Salt effects at a contact time of 2 minutes were
examined in 0.05M acetic acid, pH 3.0 with the addition of different
amount of KNO; (0, 0.05, 0.1 and 0.2 m). c) Effects of aromatic groups
were examined by comparing PLL interactions with aromatic polymers
(PTrp, PTyr, and PS) in 0.05 M acetic acid, pH 3.0, at a contact time of
2 minutes. D is the distance between the bare mica layer and an
aromatic polymer layer. W,4 is the adhesion energy per unit area
(W,q=F.q/1.57tR). The insets show the corresponding adhesion energy
W,q (mean =+ standard deviation, n>3) dependence.

With increasing KNOj; concentration from 0 to 0.2M, the
adhesion between PTrp and PLL decreased from about 2.0 to
about 0.36 mJm™ in 0.05M acetic acid, pH 3.0 (Figure 2b).
The increased KNOj; concentration could 1) compress the
electrical double layer of the PLL surface and thus weaken
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the electrostatic force, and/or 2) weaken the cation—x inter-
action between PLL and PTrp through the competition of K*
ions with the cations on PLL for interaction with indole
groups on the PTrp surface. The Debye length (thickness) of
the electrical double layer is given by
k' =0.304/(\/[KNO;] + [HAc]) nm and the electrostatic
interaction energy Wy does not significantly change under
the salt concentration range (0.05-0.25M) based on the Hogg—
Healy-Fuerstenau (HHF) model."”) However, the inset of
Figure 2b shows that the adhesion decays quickly with an
increase in K* ions, indicating that other interaction mech-
anisms (e.g., cation—r interactions between K* ions and
indole groups) play a more important role. The hydration
radius of a K™ ion is similar to that of a NH," ion and so as the
cation-it binding energy, whereas alkyl-NH;" is less sol-
vated™ and has a lower desolvation penalty than hydrated
NH,*" and K" ions. The cation—x binding capabilities of K*,
NH,*, and alkyl-NH;" are similar, and K* ions will compete
with the positively charged functional groups on PLL,
reducing the adhesion between PLL and PTrp. There was
no significant difference in adhesion between PLL and PTrp
when the solution pH was increased from 3.0 to 6.8 (Fig-
ure S2), which is reasonable as the charges on PLL amine
groups (pK, 10.79) are not expected to change much in this
pH range (3-7). The confined PLL-PTrp thickness slightly
increased from about 8.0 nm (pH 3.0) to about 12.0 nm
(pH 6.8), which is qualitatively consistent with the increased
PLL hydrodynamic radius measured at higher pH by dynamic
light scattering measurements (Figure S3).

The adhesion strengths between PLL and the three
aromatic polymers follow the order PTrp >PS > PTyr (Fig-
ure 2c). These results are qualitatively consistent with
previous results which demonstrated that the strength of
cation—m interactions for different aromatic groups in the gas
phase follows the order of indole > benzene ~ phenol.l'*"!
Compared to the very small difference observed in the gas
phase, the cation—r interaction strength of benzene is over
twice that of phenol in aqueous solution. Such difference
might be caused by the different polymer backbone structures
of PS and PTyr (aliphatic vs. peptide).

The mono-valent cations Lit, Na*, K*, and NH," showed
different impacts on the adhesive interactions between PTrp
and PLL in 0.05Mm acetic acid (Figure 3a). In contrast to the
remarkable reduction in the PTrp—-PLL adhesion caused by
the addition of KNO; and NH,Ac, the presence of LiNO; did
not cause a significant decrease in the PTrp—PLL adhesion
until a concentration of about 0.2M LiNO; was reached. The
presence of NaNO; (0.05-0.2m) did not result in a significant
decrease in the PTrp—PLL adhesion. Figure 3a also shows
that the adhesion between PTrp and PLL fully recovered to
the initial strength after switching the buffer containing 0.2 M
LiNO; or NaNOQO; back to 0.05m acetic acid, pH 3.0 by
sufficient rinsing. However, no significant adhesion recovery
was observed for the cases of KNO; and NH,Ac (Figure 3a),
indicating that K™ and NH," ions bind more strongly than Li*
and Na* ions to the PLL surface.'! The adhesion energy of
a mono-valent cation to an aromatic group depends mainly on
the hydration radius of the cation and is expected to decrease
as the hydrated ion radius increases because the larger
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Figure 3. Cation effects on aqueous cation—m interactions. a) Energy
changes between PTrp and PLL films in buffer after the addition of
cations (Li*, Na*, K*, or NH,*) obtained from SFA measurements in
0.05 M acetic acid, pH 3.0, with MNO; (M*=Li", Na*, K) or NH,Ac
concentrations of 0, 0.05, 0.1, and 0.2 M, at a contact time of

2 minutes. To examine the reversibility of metal ion effects, solutions
were switched from 0.2 M MNO; or NH,Ac to 0.05 M acetic acid,

pH 3.0 by sufficient rinsing, and the adhesion energies were measured
again. b) Absolute minimum interaction energies between indole
(CgH;N) and the cations Li*, Na*, K", and NH," in solution based on
quantum simulation at an equilibrium distance between indole and
cations separated along the C6 axis of 0.316, 0.29, 0.32, 0.3 nm,
respectively. ¢) Quaternary ammonium (NR,") ion effects (0 to 10 mm)
on the interactions between PTrp and PLL films in aqueous solutions
of 0.05 M acetic acid, pH 3. Results are shown as mean + standard
deviation (n>3).

hydration shell screens the cation—m interaction. Thus, the
adhesion energy to aromatic groups is expected to follow the
order NH,*~K*>Na">Li". The “binding” strength of
hydrated cations to PTrp follows the order NH;R", NH,",
K*>Li*, Na* in aqueous solutions,*™ ™ whereas in the gas
phase the order is Li*>Na®>K*, NH,">NH,R* [lz1le10]
The above results are consistent with the theoretical pre-
diction by Kumpf and Dougherty.['?

To further understand the cation-sm interaction mecha-
nisms, interaction energies between indole and the cations
Li*, Na*, K*, and NH," in solution were calculated using
quantum simulation."” As shown in Figure 3b, the affinity of
the cations to indole follows the order Li* <Na'<K"'<
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NH,", consistent with previous simulations.""! Regardless of
the differences in the hydration shell radii of Li*, Na*, K*, and
NH," (0.382, 0.358, 0.331, and 0.331 nm, respectively),
equilibrium is established at about 0.3 nm. The result implies
that although smaller ions (i.e., Li*, Na*) have stronger
charge—quadrupole interactions, they have to pay larger
desolvation energy costs, which enables larger ions (i.e., K*
and NH,") to have stronger binding affinities like Hofmeister
series. This result is consistent with previous investigation that
solvation of a metal ion decreases its interaction energy with
a m system.['¥]

Based on the simulated cation-m interaction energy
(around 13 kImol™' for indole-NH,") and the adhesion
energy measured by SFA (around 1.9 mJm? for PTrp-
PLL), there was one effective cation—s interaction found for
an area of 3.4nmx3.4nm assuming that the adhesion
measured was dominated by the cation— interaction. Such
cation—m interaction efficiency between two polymer-anch-
ored surfaces is reasonable considering the following factors.
First, the distance is about 0.38 nm between the neighboring
msystems (Trp to Trp) in PTrp ([NH-C(Trp)-CO],) or
between the neighboring cation systems (NH;R" to NH;R ™)
in PLL ([NH-C(NH;R")-CO],), which is the contour length
of a peptide bond. The interaction efficiency between the
functional groups is limited by their separation distance,
alignment, and diffusion. Second, in contrast to interactions
between small molecules, many of the cation—m interactions
between side groups of polymers cannot achieve an optimized
bond distance because of entropic (or steric) restrictions.
Third, the cation—m interaction is highly orientation depen-
dent, that is, the cations (NH;R ") should be perpendicular to
the electron-rich plane of the benzene rings (Trp) to initiate
effective cation—m interactions.!"® Such orientation-sensitiv-
ity can significantly decrease the efficiency of cation—x
interactions between polymer surfaces.

To compare the “binding” capability of NR,*, NH,", K*,
and better understand the cation—st interactions related to
important biological phenomena (i.e., potassium channel
blockers, nicotinic acetylcholine receptors), quaternary am-
monium NR,* such as a potassium channel blocker (TEA =
(CH;CH,),N") and a  neurotransmitter (ACh=
(CH,);(CH;COOCH,CH,)N") was introduced into the solu-
tion and competed with the interaction between PTrp and
PLL. The addition of small amounts of TEA or ACh
(<0.5mm) dramatically decreases the adhesion between
PTrp and PLL (Figure 3c). Such blocking effects are much
more significant than the addition of the same concentrations
of NH," or K" ions, possibly because the quaternary
ammonium ion binds aromatic groups with a higher affinity
than K*, suggesting a “binding” order of NR," > NH;R* >
NH," ~ K" to PTrp under physiological conditions. Thus, the
SFA results confirmed that quaternary ammonium TEA and
ACh, a potassium channel blocker and a neurotransmitter,
respectively, bound more effectively to aromatic residues
under physiological conditions than NH,", K*, and Na* ions.

SFA measurements and theoretical simulations confirm
that cation—m interactions in aqueous media depend on the
type and concentration of positively charged ions (TEA,
ACh, Lys*, NH,*, K", Li*, and Na™") and the type of aromatic
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side groups (indole, phenol, and benzene) present in the
solution (Figure 1). The cation—mt interaction mechanisms
obtained in this study offer insights into molecular interac-
tions involving cations and aromatic groups in living cells,
such as self-assembly of biomacromolecules, molecular sens-
ing, and signal transduction, as well as development of novel
carbon-based energy materials (e.g., based on the cation—n
interactions between Li* ions and the graphite m electron
system).
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