Supplementary Text

Manuscript Title: Tuning ion coordination architectures to enable selective partitioning.

Authors: Sameer Varma & Susan B. Rempe*
Computational Bioscience Department,
Sandia National Laboratories, Albuquerque, NM-87185, USA

*Corresponding Author: MS 0310, PO Box 5800, Albuquerque, NM 8718S5.
Email: slrempe@sandia.gov, Phone: (505) 845-0253, Fax: (505) 844-5670.

There are 9 sub-topics:

1. Methods — Implementation and simulation parameters in the quasi-chemical approach
2. Reaction free energies of ions in liquid formamide

3. Quasi-liquid environments of strongly selective K-channels

4. Reaction free energies of ions in quasi-liquid formamide

5. Reaction free energies of ions in quasi-liquid formamide without inter-ligand H-
bonding

6. Components of the free energy for formation of 8-fold coordinated complexes

7. Distorted 5-fold coordinated complex of Na" ion formed from 4 glycine dipeptide
ligands

8. Computation of K'/Na" selectivity in figure 3(b)

9. Distorted 5-fold coordinated complex of K" ion formed from 4 glycine dipeptide
ligands



1. Methods — Implementation and simulation parameters in the quasi-chemical
approach

The statistical framework of the quasi-chemical theory for liquids is described in
detail elsewhere (1-8). Here, we describe briefly the implementation protocol and provide

all simulation parameters.

Consider the following reaction:

AG. iy, (M)

I, +n[X], [1°X,],, [S1]

To assess the free energies (AGﬁ%ﬁ(X) (M)) for these association reactions in the quasi-
n

chemical setting, the region around an ion was divided into inner- and outer-shell
domains. We define the inner-shell domain as the region containing the tighter subset of
ligands directly coordinated to the ion. Since local interactions are most significant in
differentiating the behavior of various ions binding to the same ligands, we treated the
inner-shell interactions quantum mechanically; and the interactions with the remaining
solvation phase beyond the inner coordination shell using an implicit solvent model.
Note that a quantum mechanical treatment of local interactions has also been shown to be
important in the context of K-channels (9).

The 3-dimensional structures of ligands (X) and their respective inner-shell
coordination complexes with ions ( I'( X)n) were first optimized at the hybrid B3LYP (10-

12) level of density functional theory (DFT). Each optimized structure was then utilized
to determine its individual thermo-chemical properties via normal mode analysis at a
temperature of 298.15 K and pressure of 1 atmosphere. All normal modes were found to
be non-negative, therefore confirming the existence of energetically optimized structures.
Next, these thermo-chemistries were combined to obtain gas-phase free energy changes
for the various inner-shell coordination reactions, that is,

AG gas) =G, (gas) -G (gas) -nG, (gas) [S2]

1" —r*(x), ( 1" (x), I*

Clearly, we assume in these computations an absence of anharmonicities. However,
separate calculations demonstrate the presence of anharmonicity only in higher order
(n>5) coordinations that contain inter-ligand hydrogen bonds, and that correction for
these anharmonicities results in more exothermic association reactions, but without
affecting any of the conclusions drawn in this work. The details of these calculations are
not included here as they are the subject of a separate publication (Rempe, Leung &
Varma, manuscript in preparation).

All optimization and subsequent frequency calculations were carried out with the
Gausssian 03 suite of programs (12) using the following basis sets: a 6-31G(d) basis set
for Na" ions, a 6-311+G(2d) basis set for K" ions, a 6-31++G(d,p) basis set for the N, C,
O & H atoms belonging to formamide molecules, and a 6-31G(d) basis set for the N, C,



O and H atoms belonging to glycine dipeptide molecules. Our reasons for selecting the
basis sets for Na" and K ions and formamide molecules emerge from a systematic
exploration of several possibilities (13), and yield ion-water dissociation energies in
excellent agreement with experiment (14). In a separate study (15), these basis sets were
also found to reproduce accurately the gas-phase interactions of H,O-H,O and H,O-HF
dimers. The smaller basis set 6-31G(d) utilized to represent dipeptide glycine molecules
was chosen for computational feasibility.

Next, the effect of the outer-shell solvation environment (M) surrounding both the
complex and the free ligands was computed. This was done in two steps. Contributions
computed in the first step and added on to the gas phase reaction free energies result in
values that we refer to as quasi-liquid (¢L) reaction free energies, that is,

AG (qL) = AG

1" =17 (X)

) P (x), (gas) + AG(gas — qL) [S3]
This first step involves an implicit evaluation of the gain or loss in reaction free

energy associated with higher or lower concentrations (or alternatively, higher or lower

pressures), respectively, of ligands in relation to the gas phase. It is computed as:

AG(gas —qL) =-nRTIn(C,, /C,,| [S4]

The concentration of formamide ligands in gas phase Cg,s was taken as 0.041 M, while
their concentration in liquid phase was taken as 25.2 M. The concentration of glycine
dipeptide ligands in the selectivity filters of K-channels was taken as one half the
concentration of carbonyl oxygens present in the selectivity filter of KcsA (16), and was
computed to be 11.4 M. Note that the dependence of ligand concentrations on free
energies is logarithmic, and therefore until concentrations of the ligands change by an
order of magnitude, their effect on ion-ligand association free energies is negligible.

In the second step, the electrostatic energy for solvating a coordination complex in
liquid phase is computed as,

AGﬁ(x) (qL — L) = Mﬂ(x) (s) -n.u, (s) [S5]

n n

Here, u (s) is the electrostatic stabilization of a coordination complex 7*(X) by the
1(x), "

liquid phase (dielectric constant, ¢) outside the inner-shell, and n.u, (s) is the electrostatic

penalty associated with extracting »n ligand molecules from the same phase outside the
inner-shell. In practice, these electrostatic interactions of coordination complexes and
ligands with the outer-domain can be computed using either implicit or explicit
treatments of the outer-domain, and for monovalent cations, both treatments have been
shown to reproduce results in excellent agreement with experiment (6). Here we compute
these electrostatic interactions by treating the environment as an implicit solvent.
Contributions computed in this step and added on to the quasi-liquid free energies result
in liquid phase reaction free energies,



AG L)=AG , ) (qL) + AG, (gL—1L) [S6]

n n

e,

Note that the calculation in the second step is required only to capture the effect of
liquid phases that have dielectric constants greater than unity. Therefore, in this work,
such a computation was carried out only to determine the reaction free energies of Na'
and K" in liquid formamide (¢ = 109.5). The finite difference scheme of the APBS
package (17), with a finest grid spacing of 0.1 A, was used for solving the Poisson’s
equation, the details of which can be found elsewhere (18). Partial charges of atoms in
the ligands and complexes were obtained from separate DFT/B3LYP calculations using
the optimized structures and the ChelpG method (19), and were distributed over the FD
grids using cubic B-spline discretization; atomic radii required for defining solvent
exclusion regions were taken from Stefanovich & Truong (20); the radius of formamide
required for creating molecular surfaces on the FD grid was taken as 2.15 A (21); and
finally the radii needed to partition the aforementioned inner- and outer-shell domains
were taken as 3.9 A for both Na" and K" ions. Alternate choices explored for these radii
were found to have only a small effect on the solvation energies of these ions.

2. Reaction free energies of ions in liquid formamide

Figure S1 illustrates the solvation free energies of K™ and Na' ions in liquid
formamide (NH,CHO). We find that just like in liquid water, and in spite of the stronger
electrostatic field strengths (or dipole moments) of formamide carbonyl ligands, both ions
still prefer strong coordination with exactly 4 ligands. We also find that, consistent with
experimental values (21-23), the solvation free energies of the ions are equivalent to their
respective hydration free energies. In other words, neither the structural nor the energetic
properties of the ions differ noticeably when partitioned from liquid water to liquid
formamide.

Figure S1: Reaction free energies of K™ & Na' ions in liquid formamide.
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This finding appears quite surprising at first, but can be understood by considering
the following. Consistent with the notion of formamide having a dipole moment (3.73
Debye) stronger than water (1.85 Debye), we find that ions do in fact bind more tightly to
formamide ligands, but that occurs only in the gas phase and is apparent from a
comparison of gas phase reaction free energies of the ions (figure S2). The nature of ion-
ligand association is, however, different in liquid phase, as its computation in liquid
phase also requires incorporation of the electrostatic penalties associated with extracting
ligands from their respective liquid media. Because the dielectric constant of liquid
formamide (109.5) is also greater than liquid water (78.5), which is not to be confused as
being entirely a consequence of the stronger dipole moment of formamide molecules, the
desolvation penalty associated with extracting a formamide molecule from liquid
formamide (10.8 kcal/mol) is also higher than that of the desolvation penalty associated
with extracting a water molecule from liquid water (8.4 kcal/mol). Therefore when ions
are partitioned from liquid water to liquid formamide, these two effects, namely, the
stronger ion-formamide interactions and the larger penalties for extracting formamide
molecules from liquid phase, almost completely cancel each other out, and result in ion
solvation characteristics similar to those in liquid water.

Figure S2: Reaction free energies of ions with water and formamide in gas phase.
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3. Quasi-liquid environments of strongly selective K-channels

Figure S3: Distribution of side-chain H-bond donors in strongly selective K-channels
KcsA (24), KvAP (25), KirBacl.1 (26) and MthK (27). The orientation of each
potassium channel is as viewed from its respective extra-cellular end. Channel backbones
are illustrated as cartoons in yellow, while side chains of H-bond donor residues His,
Arg, Lys, Gln, Asn, Trp, Tyr, Thr, Ser, and Cys are illustrated as sticks in blue. Pair-wise
distance calculations between H-bond donor groups of these residues and ion-
coordinating carbonyl oxygen atoms show that there are no relevant H-bond donor



groups within a direct coordination distance of 6 A from the carbonyl oxygens. Each
embedded illustration was created using PyMoL.
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4. Reaction free energies of ions in quasi-liquid formamide

Figure S4: Reaction free energies of Na” and K ions in quasi-liquid formamide.
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5. Reaction free energies of ions in quasi-liquid formamide without inter-ligand H-
bonding

Table S1: Components of the free energy for formation of non-hydrogen bonded
formamide complexes [/"(NH,CHO),] in gas (g) and quasi-liquid (¢L) phases. AG(g)
refers to the free energy in the gas phase (Equation S2); AG(gL) refers to the free energy
in the quasi-liquid phase (Equation S3) after accounting for the difference between the
concentrations of ligands in gas (C(g) = 0.041 M) and liquid phase (C(L) = 25.2 M). The
concentration of carbonyl oxygens in the selectivity filters of K-channels was computed
to be 22.8 M, similar to the concentration of formamide in liquid phase. All energies are
in units of kcal/mol.

roon a6l -t SB[ ) AG(L)

K| 1 207 3.9 24.6
2 355 7.9 434
3 444 118 562
4 496 157 653
5 435 196 632
6 -39 236 634
7 367 275 642
§ 293 314 60.7

Na'| 1 294 3.9 334
2 513 7.9 592
3 63 118 749
4 695 157 852
5 646 196 842
6 610 236 84.6




6. Components of the free energy for formation of 8-fold coordinated complexes

Table S2: Components of the free energy for formation of 8-fold K" coordination
complexes [K'X,]y. AH refers to the change in enthalpy; TAS the change in entropy; and
AG(qL) refers to the free energy change in the quasi-liquid phase after accounting for the
difference between the concentrations of ligands in gas (C(g)) and condensed phases (C).
The concentration of formamide was taken as 0.041 M in gas phase and 25.2 M in
condensed phase. The concentration of glycine dipeptide molecules was taken as 0.041M
in gas phase and 11.4 M in condensed phase. All energies are in units of kcal/mol.

_TAS
Lignds ) (1 AH (p e 58) -nRTln(%(g)) AG(qL)

fﬁrg:;‘ge‘g)e g8  -127.6 81.2 -31.4 -77.8
Formamide

(Not Hobonded) | & 1018 7.5 31.4 -60.7
d‘;}g;g‘je 4 -1073 50.8 -13.8 -70.3

7. Distorted 5-fold coordinated complex of Na" ion formed from 4 glycine dipeptide
ligands

Attempts to optimize 4 bidentate ligands around a Na’ ion quantum chemically
(DFT/B3LYP), such that all of the 8 carbonyl oxygens directly coordinate the ion, fail.
Instead an overall 5-fold coordinated structure results, with 3 oxygens pushed outside the
ion’s inner coordination shell, as illustrated in figure S5. This structure can also be
described as a distorted K-channel binding site structure having an RMSD of 1.8 A with
respect to the x-ray coordinates of the S2 binding site of KcsA. The free energy to
partition a Na' ion from liquid water into this structure is favorable by -9.5 kcal/mol, that
is,

AG

Na* —Na*(GG), (

qL) - AG (L)=-9.5 kcal/mol.

Na* —Na™(H,0),

Figure S5: Distorted 5-fold coordinated complex of Na' ion formed from 4 dipeptide
glycine ligands. Na" is illustrated as a sphere, and the dipeptide glycine molecules are
illustrated as sticks with carbons in green, oxygens in red, nitrogens in blue and
hydrogens in white. The oxygens directly coordinating the Na" ion (average distance, 2.4
A) are shown connected to it using dashed red lines; while the oxygens that are not



directly coordinating the Na' (average distance, 5.6 A) are shown connected to it ion
using dashed black lines.

8. Computation of K'/Na" selectivity in figure 3(b)

Figure 3(b) of the main text illustrates the electronic energy differences for
transferring a Na' relative to a K' ion into different 8-fold glycine dipeptide (GG)
geometries. These 8-fold geometries {(GG;)s} were created by radial expansions or
contractions of the 8-fold bidentate structure (GG,)s optimized in the presence of a K*
ion. The skewed cubic nature of the geometry was retained to keep all ligating oxygen
atoms furthest away from each other. The positions of Na' ions relative to these
geometries were then determined using quantum chemical (DFT/B3LYP) optimization.
The positions of all atoms other than the ion were kept fixed during optimization to
ensure direct 8-fold coordination, as otherwise a lower coordination structure results.
Representative optimized geometries are illustrated in figure S6, along with a schematic
of this procedure. The K'/Na" selectivity for each geometry (GG;); was then calculated
using the optimum position of the Na" ion as:

AAAGelectronic - AGelectronic (qL) _ AGelectronic

Na* (GG, )4 -K*(6G,), K*—K*(GG,), K* —>K+(H20)4

_AGelectr(mic (qL) + AGelectrom’c

Na* —Na*(GG;), Na* —Na*(H,0),

[S6]

Figure S6: Schematic for computation of K'/Na" selectivity in figure 3(b) of main text,
along with four representative 8-fold geometries, one around K ion and three around Na"
ions. The K" and Na" ions are drawn as small blue and green spheres, respectively, while
the geometric center (GC) of the 8 coordinating oxygens in each configuration is
represented as a small yellow sphere. As expected for cavity sizes comparable to or larger
than those observed in the K-channel binding sites (28), the optimum positions of Na"
ions do not coincide with the GC, but are displaced by distances indicated by Rj.gc. The



value of Ry.gc approaches zero as the cavity size becomes smaller. The size of each cavity
is represented as the distance between its furthest (diagonal) ligating oxygen atoms, Ro.o.
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9. Distorted 5-fold coordinated complex of K ion formed from 4 glycine dipeptide
ligands

The Na" ion in the 5-fold coordinated structure illustrated in figure S5 was
substituted with a K* ion, and the structure was re-optimized using quantum chemistry
(DFT/B3LYP). The resulting optimum 5-fold coordinated structure with a K™ ion is
illustrated in figure S7. The free energy to partition a K ion from liquid water into this
structure is favorable by -10.1 kcal/mol, that is,

AG (qL)-AG

K* —=K*(GG),

L)=-10.1 kcal/mol.

K" —=K*(H,0), (

10



Figure S7: Distorted 5-fold coordinated complex of K" ion formed from 4 dipeptide
glycine ligands. K" is illustrated as a sphere, and the dipeptide glycine molecules are
illustrated as sticks with carbons in green, oxygens in red, nitrogens in blue and
hydrogens in white. The oxygens directly coordinating the K" ion (average distance, 2.7
A) are shown connected to it using dashed red lines; while the oxygens that are not
directly coordinating the K (average distance, 5.9 A) are shown connected to it ion using
dashed black lines.
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