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Abstract

Electrostatic interactions via ion pairs are vital for biological macromolecules. Regarding the free 

energy of each ion pair as a function of the interionic distance, continuum electrostatic models 

predict a single energy minimum corresponding to the contact ion-pair (CIP) state, whereas 

atomically detailed theoretical hydration studies predict multiple energy minima corresponding to 

the CIP and solvent-separated ion-pair (SIP) states. Through a statistical analysis of high-

resolution crystal structures, we present experimental evidence of SIP as a metastable state. The 

histogram of interionic distances between protein side-chain NH3
+ and DNA phosphate groups 

clearly shows two major peaks corresponding to the CIP and SIP states. The statistical data are 

consistent with the probability distribution of the CIP-SIP equilibria previously obtained with 

molecular dynamics simulations. Spatial distributions of NH3
+ ions and water molecules around 

phosphates reveal preferential sites for CIP and SIP formations and show how the ions compete 

with water molecules.
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Short-distance electrostatic interactions via ion pairs of positively charged and negatively 

charged moieties are crucial to the functions of biological macromolecules.1–4 For a deeper 

understanding of functional mechanisms, the physicochemical properties of macromolecular 

ion pairs should be delineated. Modeling of the energetics of ion pairs in solution accurately 

requires an investment in simulations5–8 or many-body theory9. Although continuum 

electrostatic models successfully explain long-range electrostatic interactions of biological 

macromolecules,10–11 these models do not capture an important short-ranged structural 

feature of ion pairs: multiple free energy minima. The simple continuum models and related 

implicit solvation methods predict only a single minimum in the potential of mean force 

(PMF) as a function of the interionic distance.12 This minimum corresponds to the contact 

ion-pair (CIP) state in which the cation and the anion are in direct contact. In contrast, all-

atom simulations and other theoretical approaches taking ionic hydration into account 

predict PMF often involving two major energy minima.6,9,12–16 One of the minima 

corresponds to the CIP state, and the other to the solvent-separated ion-pair (SIP) state in 

which the ions are intervened by water molecules (Figure 1A). Equilibria between CIP and 

SIP states of small ions have been confirmed by experiments.17–26 Nonetheless, 

experimental confirmation of CIP-SIP equilibria in biological macromolecular systems 

remains elusive.

Yu et al. Page 2

J Phys Chem Lett. Author manuscript; available in PMC 2020 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recently, using nuclear magnetic resonance (NMR) spectroscopy and all-atom molecular 

dynamics (MD) simulations, Chen et al. studied the CIP-SIP equilibria for the ion pairs of 

protein side-chain NH3
+ and DNA phosphate groups in protein-DNA complexes (Figure 

1B).27 MD trajectories showed dynamic transitions between CIP and SIP states on a ps-ns 

timescale. NMR data of hydrogen-bond scalar couplings clearly indicate the presence of 

CIPs. NMR order parameters for Lys NH3
+ groups and 13Cγ−15Nζ scalar couplings 

reflecting χ4 dihedral rotations were consistent with those from MD trajectories. These 

experimental data implicitly support the dynamic CIP-SIP equilibria.

In this paper, we present more direct experimental evidence of SIPs as metastable states for 

ion pairs of Lys side-chain NH3
+ and DNA phosphate groups. This evidence was obtained 

through a statistical analysis of 3038 ion pairs of Lys side-chain NH3
+-DNA phosphate 

groups in high-resolution (< 2.0 Å) crystal structures of protein-DNA complexes available in 

the Protein Data Bank (PDB). Comparison of spatial distributions of Lys NH3
+ ions and 

hydration water molecules around DNA phosphate also allowed us to gain further insight 

into the CIP-SIP equilibria.

We analyzed ion pairs of protein Lys side-chain NH3
+ and DNA phosphate groups in PDB 

crystal structures of protein-DNA complexes that satisfy the following four conditions: 1) 

the resolution is < 2.0 Å; 2) a crystallographic R-factor is < 0.29; and 3) DNA contains more 

than 5 nucleotide residues in each strand; 4) a single, unique conformation without missing 

atoms. 928 structures available at PDB satisfied these conditions. The complete list of the 

PDB codes of these structures is shown in Table S1 in the Supporting Information (SI). We 

analyzed structure statistics for these ion pairs. For each Lys Nζ atom in crystal structures of 

protein-DNA complexes that were solved at a resolution < 2.0 Å, we first identified the 

closest DNA phosphate group and then examined whether the following conditions are 

satisfied: 1) the distance dNO between Lys Nζ and closest phosphate oxygen atoms is < 6.0 

Å; and 2) the Cα atom of the same residue is within 9.51 Å from the phosphate group. The 

latter condition was used to exclude any Lys side chains that cannot form CIP no matter 

what side-chain conformers are adopted. This exclusion is important for us to examine the 

energy landscape for ion pairs that can undergo CIP-SIP equilibrium. 3038 Lys side-chain 

NH3
+–DNA phosphate ion pairs satisfied these conditions.

Figure 1C shows the histogram of the dNO distances between Lys Nζ and closest oxygen 

atoms of Lys NH3
+–DNA phosphate ion pairs in the high-resolution crystal structures of 

protein-DNA complexes. Two major peaks are clearly seen in this histogram: one at 2.8 Å 

and the other at 4.6 Å. The peak at 2.8 Å corresponds to CIPs and the peak at 4.6 Å 

corresponds to SIPs. The difference in distance between these peaks (i.e., 1.8 Å) is smaller 

than the apparent diameter of the solvent molecule (2.8 Å) and allows the expected 

tetrahedrally biased water packing in SIPs (see Figure 1A). Importantly, the statistical 

distribution of the dNO distance shown in Figure 1C is remarkably similar to the probability 

distributions of the dNO distances observed in MD trajectories. Figure 1D shows the dNO 

probability distribution for each Lys NH3
+–DNA phosphate ion pair in 0.6-μs all-atom MD 

simulations with CHARMM27 force-field parameters and TIP3P water for the Antp 

homeodomain–DNA complex and the Egr-1 zinc-finger–DNA complex.27 The majority of 

the high-resolution crystal structures analyzed for Figure 1C were solved using diffraction 
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data at a temperature around 100 K (see Figure S1 in SI). The CIP-SIP ensemble of each ion 

pair in crystals at the cryo-temperature should be similar to the ensemble immediately before 

conformational fluctuations cease at a temperature around 200 K during flash cooling of 

crystals.28 The resemblance between the data in Figures 1C and 1D suggests that the 

statistical distribution of dNO distances for numerous crystal structures reflects a general 

trend in the free energy landscape of Lys NH3
+–DNA phosphate ion pairs, while specific 

details should depend on the microenvironment surrounding each ion pair.

Based on this idea, we estimated the free energy landscape in terms of the one-dimensional 

potential of mean force (PMF) using the structure statistical data of dNO distances of Lys 

NH3
+–DNA phosphate ion pairs (Figure 1E). We did this analysis in two different manners. 

In the first approach, we conducted fitting to the dNO histogram using the sum of a Gaussian 

distribution function for the SIP state and a Boltzmann distribution function based on the 

Lennard-Jones and Coulomb potentials for the CIP state. The best-fit curve through this 

calculation is shown in red in Figure 1C. A PMF was obtained from the log of the obtained 

probability distribution function. In the second approach, we calculated another PMF 

directly from the histogram without assuming any physical models. Despite the statistical 

use of numerous different systems’ ion pairs, the obtained PMFs appear to be similar to the 

PMFs previously obtained from MD trajectories for ion pairs undergoing dynamic CIP-SIP 

transitions in the Antp homeodomain-DNA complex and the Egr-1 zinc-finger-DNA 

complex (Figure 1F) showing the strong influence of local chemistry. Thus, we argue that 

the statistical data shown in Figure 1C represent explicit experimental evidence of SIPs as 

metastable states in electrostatically dominated interionic interactions.

To gain more insight into the CIP and SIP states, we also analyzed the three-dimensional 

distribution of Lys NH3
+ ions around DNA phosphate. Figure 2A shows a probability 

density map of Lys Nζ atoms around DNA for CIPs with dNO < 3.2 Å. The vast majority 

(98.6%) of CIPs were formed at the OP1 or OP2 atoms, whereas CIPs formed at O5’ or O3’ 

atoms were rare (1.4%), which seems to be largely due to steric exclusion near O5’ and O3’ 

atoms. Although one may expect spherical distribution around the OP1 or OP2 atoms, the 

actual spatial distribution of Lys Nζ atoms in the CIP state appears more like a combination 

of a horseshoe-shaped distribution around the OP1 atom and a lobe-shaped distribution 

around the OP2 atom (see Figure 2A). Figures 2B and 2C show the spatial distribution of Lys 

NH3
+ ions with the dNO distance ranging between 3.2 and 6.0 Å. Compared to the Lys Nζ 

distribution in CIPs, the three-dimensional distribution of Lys Nζ atoms in SIPs appears to 

be more spherical and more widespread, probably reflecting a flatter effective energy surface 

for the SIP state. Nevertheless, four high-density zones were found: three near the OP1 atom 

and one near the OP2 atom. The density maxima of three of the four zones were located 

within 4.6 ± 0.2 Å from the OP1 or OP2 atom. These zones largely account for the second 

peak at dNO = 4.6 Å representing SIPs in the statistical distribution of the dNO distance 

shown in Figure 1C.

To better understand the spatial distribution of Lys Nζ atoms around DNA phosphate, we 

also analyzed the spatial distribution of water molecules around DNA phosphate. The 

hydration of DNA phosphates was previously studied with simulation.31–32 An extensive 

study of the experimental data for the time was made by Schneider and Berman in 1998:29 
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the number of high-resolution (< 2.0 Å) crystal structures of DNA duplexes or DNA-protein 

complexes was far fewer at that time (220 structures in the year 1998 vs. 1152 in the year 

2019). We updated the hydration statistics for a larger current dataset, analyzing 10305 water 

molecules around DNA phosphates that do not contact proteins in the same set of 928 

crystal structures of protein-DNA complexes (details are described in SI). Figure 2D shows a 

probability density map of hydration water molecules around DNA phosphate. We were able 

to confirm the 6 major hydration sites around DNA phosphate, which Schneider and Berman 

referred to as the sites W11, W12, and W13 around the OP1 atom and as the sites W21, W22, 

and W23 around the OP2 atom, which are shown as blue balls in Figure 2D.29 These sites 

exhibit the highest probability densities. However, hydration water molecules are distributed 

broadly around these sites, and the actual probability distribution (referred to as the 

‘hydration clouds’ hereafter) appear like a combination of two doughnut-shaped 

distributions around the OP1 and OP2 atoms, as shown in Figure 2D.

Intriguingly, the spatial distribution of Lys Nζ atoms in direct contact with phosphate 

resembles the hydration clouds and overlap with five hydration sites W11, W12, W13, W21, 

and W23 (Figure 2D). This resemblance suggests that a Lys NH3
+ ion and water molecules 

dynamically compete for these sites around a DNA phosphate. CIP formation must involve 

displacement of hydration water molecules, which is usually considered to increase entropy 

due to the freedom gained by the released water molecules.9,19 When Figures 2A and 2D are 

compared, it becomes obvious that the Lys Nζ distribution for CIPs exhibits a significantly 

lower density at the W22 site. This suggests that the hydration water molecule at the W22 site 

is more difficult to displace with a Lys NH3
+ ion. The stability of the hydration water at the 

W22 site is also inferred by the highest probability density among the six sites (Figure S3 in 

SI).

As shown in Figure 2E, the high-density zones for Lys NH3
+ ions to form a SIP with a DNA 

phosphate appear to be located at positions suited to form hydrogen bonds with water 

molecules in the hydration clouds. Although our analysis identified SIPs based on the dNO 

distance rather than based on the presence of water molecules between Lys Nζ and 

phosphate atoms in crystal structures, many high-resolution crystal structures actually show 

one or two water molecules intervening Lys Nζ and phosphate oxygen atoms. Two examples 

are shown in Figure 2F. Considering the hydration clouds and the wide distribution of Lys 

Nζ atoms (Figure 2B–E), it seems that a SIP can be formed between DNA phosphate and 

Lys side chains in various conformations, which could be entropically favorable. 

Comparison of spatial distributions of Lys NH3
+ ions and hydration water molecules around 

DNA phosphates provide unique insight into the CIP-SIP equilibrium.

It seems that SIPs as metastable states are general for other types of ion pairs as well. Using 

the same set of crystal structures, we conducted a statistical analysis of the shortest N…O 

distances (dNO,min) for ion pairs of Arg guanidinium and DNA phosphate groups. It is not 

straightforward to analyze their PMF because simultaneous formation of a CIP with one 

phosphate and a SIP with another is quite common for Arg side chains. Nonetheless, the 

obtained histograms clearly show a peak of SIPs, suggesting their metastable nature (Figure 

S4). The statistical analysis of the shortest O…O distances (dOO,min) of like ion pairs of 

Asp/Glu carboxylate and DNA phosphate groups shows the major peak of SIPs (Figure S5), 
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implying that solvation can counteract the electrostatic penalty of bringing two like-charge 

ions together. SIPs seem to exist as metastable states for protein-protein ion pairs as well. In 

1997, Nussinov and coworkers conducted a survey of ion pairs of protein-protein interfaces 

of 555 PDB structures (resolution < 3.0 Å) and obtained data on distribution of the distance 

between opposite charges.33 They found a strong peak at 2.75 Å corresponding to the CIP 

states. The distance distribution data (Fig. 13b in Ref.33) clearly show another peak at 4.75 

Å, although the authors did not mention anything about this second peak in the paper. Based 

on our current study, we interpret that this peak at 4.75 Å represents another piece of 

evidence of SIPs as metastable states of ion pairs.

In conclusion, the structure statistics of ion pairs in high-resolution crystal structures 

provides explicit experimental evidence of SIPs as metastable states in electrostatic 

interactions in biological macromolecules. The statistical analysis also provides unique 

insight into how NH3
+ ions compete with hydration water molecules in the CIP-SIP 

equilibria. The experimental confirmation of SIPs as metastable states for protein-nucleic 

acids systems may illuminate a problem of continuum electrostatic models and relevant 

implicit solvation models, which do not predict the CIP-SIP equilibria.12 In this regard, our 

current work may encourage development of improved models of biopolymers that may be 

able to capture the CIP-SIP equilibria (e.g., the semi-explicit assembly solvation model34). 

Such improvement would facilitate protein engineering and drug development in the future.

Methods

928 high-resolution (< 2.0 Å) crystal structures that satisfy the aforementioned criteria were 

retrieved from the Research Collaboratory for Structural Bioinformatics (RCSB) PDB 

server.35 The statistical analysis of the ion pairs in high-resolution crystal structures was 

conducted using scripts of MATLAB software (MathWorks, Inc.). Other details of 

calculations are described in the SI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CIP and SIP states of Lys side-chain NH3

+–DNA phosphate ion pairs. (A) Concepts of CIP 

and SIP. Gray circles represent solvent molecules. (B) CIP-SIP model transitions observed in 

molecular dynamics simulations for protein-DNA complexes.27 (C) Histogram of the dNO 

distances for 3038 Lys NH3
+–DNA phosphate ion pairs found in high-resolution (< 2.0 Å) 

crystal structures. The solid red line shows a best-fit curve obtained with the sum of a 

Gaussian distribution function for the SIP peak and a Boltzmann distribution function based 

on Lennard-Jones and Coulomb potentials (see the Supporting Information). (D) Probability 

distribution of dNO distance of Lys side-chain NH3
+–DNA phosphate ion pairs in 0.6-μs MD 

trajectories for the Antp homeodomain-DNA complex and Egr-1 zinc-finger–DNA complex 

(adopted from Chen et al.27). (E, F) Potentials of mean force (PMFs) as a function of the 

dNO distance protein side-chain NH3
+–DNA phosphate ion pairs. Panel E shows PMFs 

calculated from structure statistical data shown in Figure 1C. Panel F shows PMF calculated 

from the data shown in Figure 1D (adopted from Chen et al.27). Note that the data profiles in 

Panels C and E resemble those in Panels D and F, respectively.
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Figure 2. 
Spatial distributions of Lys NH3

+ ions and water molecules that make direct contact with a 

DNA phosphate in high-resolution crystal structures. To simplify the view, Nζ atoms whose 

closest oxygen is OP1 and those whose closest oxygen atom is OP2 are separately shown in 

Panels A-C and E. (A) The spatial distribution of Lys Nζ atoms around DNA phosphates in 

the CIP states. The probability density map shows regions enclosing 90% of observed CIP 

Lys Nζ atoms. (B) The spatial distribution of Lys Nζ atoms around DNA phosphate with the 

dNO distance being between 3.2 and 6.0 Å. (C) Two-dimensional projections of Nζ atoms on 

the plane of P-OP1 (or P-OP2) and P-OP2 (or P-OP1) vectors. Data points of CIPs (dNO < 3.2 

Å) are shown in red. (D) The spatial distribution of hydration water molecules around DNA 

phosphates. The hydration sites W11, W12, W13, W21, W22, and W23 (shown in blue) were 

identified as defined by Schneider and Berman.29 The probability density map shows 

regions enclosing 90% of observed water molecules. (E) Positions of high-density clusters 

of SIP Nζ atoms with respect to the hydration clouds. The probability density map (shown in 

cyan) shows regions enclosing 20% of Lys Nζ atoms with the dNO distance being between 

3.2 and 6.0 Å. (F) Some representative SIPs with two water molecules shared by a Lys 

NH3
+ ion and a DNA phosphate in crystal structures (PDB 4U0Y, left; and 5VHV, right). 

The structures and the probability density maps were drawn using the Chimera software.30
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