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experiment-based information about how ions and ionic moieties + Entropic effects

« Adaptive recognition

behave in biological macromolecular processes. In the past decade,
there has been significant progress in quantitative experimental
research on ionic interactions with nucleic acids and their complexes with proteins. The highly negatively charged surfaces of DNA
and RNA electrostatically attract and condense cations, creating a zone called the ion atmosphere. Recent experimental studies were
able to examine and validate theoretical models on ions and their mobility and interactions with macromolecules. The ionic
interactions are highly dynamic. The counterions rapidly diffuse within the ion atmosphere. Some of the ions are released from the
ion atmosphere when proteins bind to nucleic acids, balancing the charge via intermolecular ion pairs of positively charged side
chains and negatively charged backbone phosphates. Previously, the release of counterions had been implicated indirectly by the salt-
concentration dependence of the association constant.

Recently, direct detection of counterion release by NMR spectroscopy has become possible and enabled more accurate and
quantitative analysis of the counterion release and its entropic impact on the thermodynamics of protein—nucleic acid association.
Recent studies also revealed the dynamic nature of ion pairs of protein side chains and nucleic acid phosphates. These ion pairs
undergo transitions between two major states. In one of the major states, the cation and the anion are in direct contact and form
hydrogen bonds. In the other major state, the cation and the anion are separated by water. Transitions between these states rapidly
occur on a picosecond to nanosecond time scale. When proteins interact with nucleic acids, interfacial arginine (Arg) and lysine
(Lys) side chains exhibit considerably different behaviors. Arg side chains show a higher propensity to form rigid contacts with
nucleotide bases, whereas Lys side chains tend to be more mobile at the molecular interfaces. The dynamic ionic interactions may
facilitate adaptive molecular recognition and play both thermodynamic and kinetic roles in protein—nucleic acid interactions.

B INTRODUCTION Ionic interactions at backbone phosphates have major impacts
on the thermodynamics of protein—nucleic acid association.
Figure 1 summarizes key factors that contribute to the change in
free energy upon the molecular association (AG, referred to as
the “binding free energy”). Coulomb interactions and hydrogen
bonds between proteins and nucleic acids make enthalpic
contributions to AG. The rearrangement of solvent and

Formation of protein—nucleic acid complexes is crucial for gene
regulation, transcription, translation, DNA repair, replication,
and recombination, all of which are essential for life. Since the
first crystal structures of protein—DNA and protein—RNA
complexes were solved in the 1980s,'~* thousands of structures

have shown how proteins bind to nucleic acids. From tzl(ese counterions upon the formation of intermolecular ion pairs
structures, as well as from prior thermodynamic studies,”” it (salt bridges) makes a major entropic contribution to AG.>'*"!
became evident that electrostatic interactions between positively The highly negatively charged surfaces of DNA and RNA
charged protein side chains and negatively charged phosphates electrostatically attract and condense cations, whereas the ion

play a major role in molecular association of proteins with

nucleic acids. Structural bioinformatic studies confirmed that Received: April 15, 2020
phosphates of nucleic acids are the most common interaction Published: August 26, 2020
sites in protein—nucleic acid complexes.”® Backbone phos-

phates serve as anchor points for shape recognition of nucleic

acids by proteins through steric and electrostatic interactions

with basic side chains of proteins.
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Figure 1. Key factors that influence the enthalpic (AH) and entropic
(AS) terms of the binding free energy AG for formation of a protein—
nucleic acid complex. The main factors of the entropic changes are (1)
the hydrophobic effects that accompany a decrease in nonpolar surface
areas exposed to the solvent, (2) rotational and translational restrictions
of the interacting macromolecules, (3) conformational dynamics, and
(4) counterion release. Empirical formulas for these entropic effects are
given in ref 9. The structures of the MEF2A DNA-binding domain, a
DNA duplex, and their complex (PDB 1IEGW) are shown with surface
electrostatic potentials.

condensation around proteins is typically less significant due to
their lower charge density.” The zone where counterions exist
around a macromolecule is called the ion atmosphere. When
proteins bind to nucleic acids and form a complex, charge
neutralization via ion pairs between phosphates and basic side
chains causes the release of counterions from the ion
atmosphere around the molecular interfaces. Since the released
ions gain freedom in a solution, the counterion release causes an
increase in entropy. In some cases, the release of counterions
makes the largest contribution to the binding free energy AG for
protein—nucleic acid complexes.”'”"" Dynamics of ion pairs
involving protein side chains and nucleic acid backbone can also
influence the entropic term in AG."*""* Thus, ionic interactions
at protein—nucleic acid interfaces make significant contributions
to both enthalpic and entropic terms of the binding free energy.

In this Account, we provide a brief overview on ionic
interactions and dynamics at protein—nucleic acid interfaces.
The main focus is on experimental findings about the dynamics
of ions and ion pairs involved in protein—nucleic acid
association. There has been significant advancement in our
understanding of the ionic interactions and their contributions
to the thermodynamics of protein—nucleic acid association.
Owing to the wealth of structural information, structural
bioinformatics and other computational approaches have also
provided insight into the dynamic properties of the ion pairs
formed between proteins and nucleic acids. New knowledge
about the ionic interactions at protein—nucleic acid interfaces
help us understand the fundamental basis of protein—nucleic
acid association involved in various biological processes.

Bl OBSERVATION OF ION CONDENSATION

How do ions surround biological macromolecules and interact
with their charged moieties? Researchers have pursued this
question for many decades since the discovery in 1888 of the
Hofmeister series of ions that influence stability and solubility of
proteins.”” In particular, nucleic acids have been a subject of
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extensive research on ionic interactions. In the 1950s and 1960s,
ionic interactions of nucleic acids were investigated using
electrophoretic,'® volumetric,'” conductometric,'® and dialysis
equilibrium'® analyses. These methods allowed for character-
izations of the ion—nucleic acid interactions and determination
of relative affinities of ions for nucleic acids. In the 1970s and
1980s, »*Na nuclear magnetic resonance (NMR) was used to
investigate the interactions between Na* ions and DNA.**~**
The NMR studies showed that cations interact with DNA and
undergo fast exchange between the free and DNA-bound states.
In the 21st century, the physical presence of the ion atmosphere
around DNA was confirmed with anomalous small-angle X-ray
scatterin§ (ASAXS) using heavy alkali metal ions such as
Rb*.**~*> More recently, so-called “ion counting” methods that
utilize atomic emission spectroscopy or mass spectrometry were
developed for quantitative analysis of the ion atmosphere
around DNA,”®*” RNA,”” ">’ and nucleosomes.’” The ion-
counting methods can provide information about how many
cations are condensed in the ion atmosphere and how many
anions are excluded from the ion atmosphere.”® The quantitative
information greatly advanced knowledge about ion—nucleic acid
interactions.

Theoretical and computational studies also provided
invaluable insights into ion condensation around nucleic acids.
The counterion condensation theory by Manning presented the
condition required for ion condensation and gave a simple
analytical expression of the fraction of a counterion bound in the
thermodynamic sense per polyion charge.”’ Although Mann-
ing’s theory is useful for rod-shaped polyelectrolytes such as
DNA, this theory is inapplicable to non-rod-shaped molecules
such as folded RNA. Ion condensation around such molecules
can be predicted from electrostatic potentials calculated with
nonlinear Poisson—Boltzmann equations.””** However, this
approach treats solvent as a continuum and does not necessarily
provide accurate spatial distribution of ions around hydration
shells of nucleic acids. Integral equation-based molecular
solvation theory methods (e.g, 3D RISM)**™*” can provide
more information on ion distribution in a close proximity to
nucleic acids. Molecular dynamics calculations also provide
accurate atomic details of ionic interactions of nucleic acids (e.g.,
refs 24, 35, and 38—44). Appropriate empirical parametrizations
are essential for the theoretical models to produce realistic views.
There is a great need for quantitative experiments in order to
validate computational predictions and to improve the
theoretical models.

Remarkable progress to address this need has been made for
some aspects of ion—nucleic acid interactions. Due to their
quantitative nature, the ion-counting methods allowed exami-
nation and validation of existing theories on the ion atmosphere.
Perhaps most importantly, the experiments confirmed that
despite lacking solution correlations, the Poisson—Boltzmann
approximation can account for the number of condensed cations
around DNA or RNA with certain assumptions.”**’ Theoretical
predications from 3D RISM were also validated.”” The ion-
counting data also illuminated some theoretical limitations. For
example, the Manning’s theory predicts that the balance
between the numbers of the condensed cations and the excluded
anions is independent of total salt concentration,” but ion-
counting data clearly showed that this prediction is not true.*®
The ion-counting methods have facilitated advancement of
research on ion condensation around nucleic acids.

Although the ion-counting methods are powerful, they do not
provide any information about the spatial distribution and
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Figure 2. Ion condensation around nucleic acid and counterion release upon protein—nucleic acid association. (A) Impact of ion condensation on

ionic diffusion. Blue and red spheres represent cations and anions, respectively. The apparent diffusion coefficient, D
population average of the diffusion coeflicients D¢ for the free ions and Dy, for the bound ions within the ion atmosphere. The D
measured at various concentrations of a 15-bp DNA duplex are shown.
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various concentrations of the nucleic acid. (B) NMR diffusion data showing the direct evidence of counterion release upon the Antp homeodomain—
DNA association. Adapted from Pletka et al.”® with permission from Wiley-VCH.

dynamic properties of counterions within the ion atmosphere.
Even at high-resolution in crystal structures, the vast majority of
counterions are unresolved, suggesting that they are highly
mobile. Computational studies portrayed how ions could
behave around nucleic acids. While the majority of the findings
remain to be validated through experiments, both computational
and experimental studies agree in that there are preferential sites
for cations to dynamically interact with nucleic acids.***>*~*
For double-stranded DNA, cations were found to preferentially
bind to the minor groove. How cations move and change
locations within the ion atmosphere is not well understood.

Recently, an NMR-based approach was developed to study
the dynamic behavior of counterions in the ion atmosphere.” In
this approach, through pulsed field gradient (PFG) NMR
experiments, apparent diffusion coefficients are measured for an
ensemble of cations that undergo fast exchange between the free
and nucleic acid-bound states. As indicated in Figure 2A, an
apparent diffusion coefficient (D,,,) is given by a population
average of the diffusion coefficient for the free ions (D) and that
for the macromolecule-bound ions (D). The diffusion
coeflicients D¢ and Dy, can be determined from the dependence
of D,,, on the concentration of the nucleic acid (Figure 2A). If
the counterions are tightly bound to DNA, the diffusion
coefficient Dy, should be almost equal to the diffusion coefficient
of DNA. However, the bound ion diffusion coeflicient Dy, for
NH," ions within the ion atmosphere around a 15-bp DNA
duplex was 10-fold larger than the diffusion coeflicient of the
DNA. In fact, ionic diffusion within the ion atmosphere was
found to be only <2-fold slower than diffusion in the free state
(ie., D¢/Dy < 2). The mobility of counterions within the ion
atmosphere should affect the entropic change arising from the
release from the ion atmosphere and thereby should impact the
binding free energy AG. Information on ionic diffusion both
inside and outside the ion atmosphere is invaluable for us to
better understand the thermodynamics of protein—nucleic acid
association.

B COUNTERION RELEASE UPON PROTEIN—NUCLEIC
ACID ASSOCIATION

Upon formation of a protein—nucleic acid complex, some
counterions in the ion atmosphere are released to the solvent,
causing a significant entropic contribution to the binding free
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energy AG. Historically, this effect was assessed through an
indirect approach using the salt concentration dependence of
the association constant (K,) for formation of the protein—
nucleic acid complex.”' In this approach, the association
constant K, is measured at various salt concentrations, and the
slope 10 log K,/ log [salt]l in a plot of log [salt] versus log K, is
interpreted as the number of counterions released upon
protein—nucleic acid association. Record and co-workers
originally used this approach to explain salt-concentration
dependence of K, for DNA-binding of oligo-lysine peptides, not
folded proteins.”’ Due to its simplicity and practical ease, this
indirect approach gained popularity in research on DNA- and
RNA-binding proteins as well.'® However, such applications to
proteins have often been criticized in the theory commun-
ity.>>~>> This approach does not account for the impacts of
changes in salt concentration on hydrophobic effects and some
aspects of long-range electrostatic interactions between proteins
and nucleic acids. These effects may be negligible for oligo-lysine
peptide—DNA complexes but can significantly contribute to AG
for larger protein—nucleic acid complexes. For example, the salt-
concentration dependent K, data for the HMG-box, TBP, and
IHF proteins gave the estimated number of released counterions
to be considerably smaller than the number of the protein—
DNA ion pairs in the crystal structures.’®"** These proteins
distort DNA through extensive hydrophobic interactions within
the minor groove. The salt-concentration dependence of the
association constant K, can lead to erroneous interpretation with
regard to the release of counterions because this indirect
approach relies on simple assumptions that are not necessarily
valid for proteins generally.

Obviously, direct observation of ions is more suited for
investigating the release of counterions upon protein—nucleic
acid association. Such a study to directly observe counterion
release was reported recently.”® This observation was achieved
through NMR-based measurements of ionic diffusion (Figure
2B). When some counterions are released upon protein—nucleic
acid association, the apparent diffusion coefficient D, for the
ensemble of cations increases because the population of the free
ions increases and free ions diffuse more rapidly. The number of
the counterions released can be determined from the apparent
diffusion coeflicients measured for solutions of the protein, the
nucleic acid, and the protein—nucleic acid complex. This
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Figure 3. Electrostatic interactions between protein and nucleic acids via contact ion pairs (CIPs). (A) Ion pairs of Lys/Arg side chain and phosphate
groups forming hydrogen bonds in PDB 2HDD. (B) CIPs with basic side chains are predominant in intermolecular hydrogen bonds between protein
side chain and phosphate moieties of protein—nucleic acid complexes. The table lists the total numbers of hydrogen bonds between protein side chain
and phosphate moieties found in 3213 crystal structures of protein—DNA or —RNA complexes solved at a resolution <2.5 A.%* (C) Spatial distribution
of Lys N, atoms forming a hydrogen bond to backbone phosphate in high-resolution (<2.0 A) crystal structures.”’ On the right-hand side, the
probability density maps are shown separately for the Lys N, atoms contacting Op,; and for those contacting Op,. As a guide to the eye, Cs, and C,
atoms are also shown with the backbone torsion angles of @ = —50° and { = —114°, which are in a typical range for B-form DNA. (D) Probability
density maps of hydration of water oxygen atoms around backbone phosphate in high-resolution (<2.0 A) crystal structures.®’ Six peaks in the
probability density are indicated with blue spheres and annotated as defined by Schneider et al.> Each probability density map represents an enclosure

at a 90% probability.

approach was used to observe the release of NH," ions upon the
sequence-specific association of the Antp homeodomain (HD)
with a 15-bp DNA duplex. For this system, it was found that 11
cations were released from DNA upon the protein—DNA
association. In the crystal structure of the same complex, there
are 9 ion pairs of phosphates and basic side chains with an
interionic O--N distance being <6 A. Additionally, one of the
three basic side chains in the disordered tail, which is not
resolved in the crystal structure, is known to interact with
DNA.> Thus, the diffusion-based method can accurately
determine the number of cations released upon protein—nucleic
acid association. This method will be useful particularly for
systems involving disordered interfaces that electrostatically
interact with DNA or RNA.

Through direct observation of ionic diffusion, one can also
obtain information on the entropic change due to the counterion
release.”® From the diffusion coefficients D; and Dy, for the ions
in the free state and bound in the ion atmosphere, the entropic
increase due to the counterion release can be calculated usin
the theoretical relationship between entropy and diffusion:°
AS,ease = kg In(Dg/D,,) per ion. For example, if D, is small, the
ions released from the ion atmosphere would gain more entropy,
which should consequently increase the affinity for protein—
nucleic acid association. It is reasonable that D¢/D, depends on
ion species, which might explain why binding affinities of
proteins and nucleic acids depend on types of salt used in
biochemical experiments. To test this possibility, investigations
on diffusion of various ions are required. In principle, the release
of alkali metal ions such as "Li*, 2*Na*, *’Rb*, and '**Cs* ions can
be detected with broadband NMR probe hardware that can
generate a far stronger PFG than conventional probe hardware.
Such investigations would further delineate the behavior of
counterions and their roles in protein—nucleic acid association.

Bl CONTACT ION PAIRS OF PROTEIN SIDE CHAINS
AND DNA OR RNA PHOSPHATES

Electrostatic interactions and hydrogen bonds are crucial for
protein—DNA/RNA association. Crystal structures of protein—
nucleic acid complexes show ion pairs of phosphates and basic
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side chains that directly form intermolecular hydrogen bonds.
This type of ion pair whose anionic and cationic moieties are in
direct contact is referred to as a contact ion pair (CIP). Examples
of CIPs at protein—nucleic acid interfaces are shown in Figure
3A. Surveying 3213 crystal structures at a resolution <2.5 A
deposited to Protein Data Bank, 34 379 hydrogen bonds were
found between protein side chain and DNA or RNA phosphate
moieties (Figure 3B). The majority (61%) of these hydrogen
bonds are formed through CIPs of phosphates and arginine
(Arg) or lysine (Lys) side chains.

Structural statistics of the ion pairs at the protein—nucleic acid
interfaces provide insight into how the basic side chains and
water compete for phosphate.’’ Figure 3C shows the spatial
distribution of N atoms of Lys side-chain NH;" groups forming
CIPs with DNA phosphates in high-resolution (<2.0 A) crystal
structures. As shown in Figure 3D, the probability density of
hydration water around phosphates appears like two donut-
shaped distributions: one donut-shaped distribution around the
Op, atom and the other around the Oyp, atom of phosphate. The
spatial distribution of Lys N atoms that form CIPs with DNA
phosphate considerably overlaps with the spatial distribution of
water molecules around DNA phosphate, suggesting that the
cationic moiety and water compete for the same surface of
phosphates. Interestingly, Lys side-chain NH;" ions at the
hydration site W,, (Figure 3D) are rare, suggesting that the
water molecule at this position is difficult to displace. In fact, the
probability density of the water molecule at this site is
highest,”"°” suggesting a high stability or occupancy of the
hydration water molecule at this site. The competition between
water molecules and the cationic side chains are relevant to the
dynamics of the ion pairs at protein—DNA interfaces, as
explained below.

B DYNAMICS OF MACROMOLECULAR ION PAIRS

Crystal structures of protein—nucleic acid complexes may give
an impression that the ion pairs at the molecular interfaces are
relatively static. However, recent experimental and computa-
tional studies have revealed that the ion pairs are highly dynamic
despite the simultaneous presence of strong electrostatic
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Figure 4. Dynamics of ion pairs of Lys side-chain NH;* groups and backbone phosphates. (A) Transitions between the contact ion pair (CIP) state
and the solvent-separated ion pair (SIP) state observed in molecular dynamics (MD) simulations. (B) Probablhty distribution and free-energy

landscape (i.e., potential of mean force [PMF]) as a function of the O-N distance obtained from MD tra]ectorles
distances for 3038 Lys NH;*—DNA phosphate ion pairs found in high-resolution (<2.0 A) crystal structures.®

> (C) Histogram of the O--N
! PMF obtained from this histogram is

also presented. These data represent experimental evidence of SIP as a metastable state in electrostatic interactions. (D) NMR data supporting the
CIP—SIP transitions.*® The "]y coupling data show the presence of the CIP states. The S and ]Nch data show good agreement with those obtained
from MD trajectories, suggesting that these ion pairs are as dynamic as seen in the MD simulations.

interactions and hydrogen bonds. Solution NMR studies of Arg
and Lys side chains at the protein—DNA/RNA interfaces
showed that basic side chains interacting with phosphate groups
are generally more mobile than basic side chains interacting with
nucleotide bases.'”*”*~ This difference in mobility may be
related to steric restriction and other interactions in the grooves
compared with those with the phosphate. More importantly,
however, the dynamic equilibria between the CIP state and the
solvent-separated ion pair (SIP) enhance the mobility of basic
side chains forming ion pairs with phosphates (Figure 4A).>°
In the CIP state, a cation and an anion are in direct contact,
whereas in the SIP state, water molecules intervene between the
two ions.

Molecular dynamics (MD) simulations for protein—DNA
complexes showed that the dynamic transitions between the
CIP and SIP states occur on a picosecond to nanosecond time
scale for the ion pairs of Lys NH;" and phosphate groups (Figure
4A).% The probability distributions as a function of the O--N
distance between the phosphate and NH;" groups in the
trajectories give the potentials of mean force as a free energy
landscape (Figure 4B). The free-energy difference between the
CIP and SIP states was ~1 kcal/mol, and the energy barrier for a
transition from the CIP state to the SIP state was ~3 kcal/mol.
The CIP—SIP energetics for the Lys NH;"—phosphate jon pairs
were similar to those of various small ion pairs that had been
studied using theoretical and computational approaches.”~”* It
should also be pointed out that the Poisson—Boltzmann
approximation and certain implicit solvation models predict
the CIP state as the sole minimum and do not capture the SIP
state.”" This represents a weakness of the continuum electro-
static models.

The statistical analysis of numerous high-resolution (<2.0 A)
crystal structures prov1des indirect but compelling evidence of
the CIP—SIP equilibria.’’ The histogram of interionic O-N
distances between Lys NH;" and phosphate groups clearly
shows two major peaks corresponding to the CIP and SIP states
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(Figure 4C). The statistical data are consistent with the
probability distribution of the CIP—SIP equilibria obtained
from molecular dynamics simulations. Although the majority of
these high-resolution crystal structures were solved using
diffraction data at a temperature around 100 K, 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 the flash cooling of crystals.”” The statistical
distribution of interionic O---N distances for numerous crystal
structures likely reflects a general trend in the free energy
landscape of Lys NH;*—DNA phosphate ion pairs.

The presence of the dynamic equilibria between the CIP and
SIP states was also supported by solution NMR data.'>® The
rapid transitions on a picosecond to nanosecond time scale are
reflected in relatively small values of NMR order parameters (S?)
for Lys NH;" groups interacting with phosphates. At the same
time, these Lys NH;" groups exhibit a sizable magnitude of the
hydrogen-bond scalar coupling between "N and *'P nuclei
("Jxp), indicating the presence of the CIP states in solution
(Figure 4D). The experimental data of S* order parameters for
Lys NH;" groups and three-bond *N,—"*C, coupling constants
( ]Ngc},) relevant to Lys side-chain y, torswn angles were
consistent with corresponding parameters calculated from MD
trajectories, but not with those calculated from single crystal
structures (Figure 4D). These data suggest that the ion pairs at
protein—DNA interfaces are actually as dynamic as observed in
atomistic MD simulations.

Do the CIP—SIP equilibria play any roles in protein—nucleic
acid interactions? Some potential roles have been suggested
(Figure S). Due to the CIP—SIP equilibria, the basic side chains
interacting with phosphates retain high mobility and thereby do
not suffer from a drastic decrease in side-chain conformational
entropy upon blndmg "% The same effect could occur for the
phosphate backbone.”” Thus, the conformational flexibility
through the CIP—SIP equilibria could entropically contribute to
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the thermodynamics of protein—nucleic acid association. The
CIP—SIP equilibria may also facilitate molecular reco{gni-
tion.””*® RNA and DNA are conformationally dynamic.”*~*
Even while the sugar—phosphate backbone undergoes signifi-
cant conformational fluctuations such as sugar-puckering, B;—
By transitions, or base-flipping, the CIP—SIP equilibria can
allow proteins to adaptively recognize the conformationally
dynamic nucleic acids (Figure S). The dynamics of ion pairs at
an atomic level may also be related to the kinetic properties of
proteins at a molecular level.'” While nonspecifically associated
with DNA, proteins move from one site to an adjacent site on
DNA. In this process called sliding, ion pairs of basic side chains
and phosphates must be transiently broken and recombined
with another set of DNA phosphates when the protein settles at
an adjacent site (Figure S). For example, a homeodomain
involves 6 CIPs; the time to simultaneously break the 6 CIPs is
estimated to be 1077 to 1075 s. When all CIPs are broken, the
protein molecule may be able to slide to an adjacent site more
easily. A recent NMR study showed that the rate constant for a
HoxD9 homeodomain to slide from a nonspecific site to an
adjacent site is on the order of 10° to 10° s™,*" which is
comparable to the time required to simultaneously break all

CIPs. Thus, the dynamic equilibria between the CIP and SIP
states of ion pairs could be both thermodynamically and
kinetically important for protein—nucleic acid interactions.

B Arg VERSUS Lys: CATIONIC SIDE CHAINS WITH
DIFFERENT ROLES

Arg and Lys side chains, both of which are positively charged at
physiological pH, are crucial for electrostatic interactions with
negatively charged nucleic acids. Interestingly, Arg and Lys
appear to play considerably different roles in protein—nucleic
acid association. Figure 6 summarizes the characteristic
differences between the interfacial Arg and Lys side chains.
Compared to Lys side chains, Arg side chains exhibit a stronger
propensity to form hydrogen bonds to DNA/RNA bases.”® In
fact, hydrogen bonds between Arg and guanine represent the
most common type of protein side chain—DNA/RNA base
interactions.”® Cation—7 interactions with nucleotide base
aromatic rings are also more common for Arg side chains.*>**
This is consistent with the results from quantum chemical
calculations showing that cation— interactions with aromatic
rings are more stable for Arg than for Lys.*”** Thus, Argand Lys
side chains seem to have different roles in base recognition by
proteins.

Interfacial Arg and Lys side chains appear to be different in
mobility at protein—nucleic acid interfaces. This difference was
revealed in NMR studies of basic side chains in the free and
DNA/RNA-bound states.'>*”**~% Interfacial Lys NH,"* groups
were found to generally be more mobile than interfacial Arg
guanidinium groups. The NMR studies also showed that the
mobility of Arg side chains is more sensitive to interactions with
nucleic acids and can more easily become rigid. This is partially
due to a larger number of nitrogen atoms as hydrogen-bonding
donors in Arg guanidinium groups than in Lys NH;" groups.
While the multiple hydrogen bonds could be favorable in terms
of binding enthalpy, the stronger conformational restriction
should cause substantial loss in conformational entropy for Arg
side chains. In contrast, the Lys side chain possesses only a single
ammonium group as a hydrogen-bonding donor and can adopt
various conformations, without substantial loss in side-chain
conformational entropy.66

Lys and Arg side chains differ in charge density and
desolvation energy.®” The charge density of a Lys NH;" group
is higher than that of an Arg guanidinium group. The higher
charge density of a Lys NH;* group also means a stronger
interaction with water’s dipole and, consequently, a higher
desolvation energy. Structural bioinformatic investigations of
protein—DNA complexes showed that the interactions with the
DNA minor groove have a preference for Arg side chains over
Lys side chains.”> This preference was attributed to lower
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Figure 6. Differences in properties of the cationic moieties of Arg and Lys side chains. See the main text for details.

1807

https://dx.doi.org/10.1021/acs.accounts.0c00212
Acc. Chem. Res. 2020, 53, 1802—-1810


https://pubs.acs.org/doi/10.1021/acs.accounts.0c00212?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00212?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00212?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00212?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00212?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00212?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00212?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00212?fig=fig6&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00212?ref=pdf

Accounts of Chemical Research

pubs.acs.org/accounts

desolvation energy for Arg side chains, because insertion into the
narrow space of the minor groove requires desolvation.®®
However, this preference for Arg could also be related to the
different dynamic properties of Arg and Lys side chains.
Insertion into the DNA minor groove might diminish the
advantage of Lys in terms of side-chain conformational entropy,
because the narrow space in the minor groove would not allow
for its more usual wide conformational sampling.

Bl CONCLUSIONS AND FUTURE PERSPECTIVES

In the past decade, there were significant advances in research on
ionic interactions of biological macromolecules. Owing to the
methodological progress, more quantitative information about
ion condensation, counterion release, and macromolecular ion
pairs has become available. The ionic interactions are highly
dynamic and contribute to both enthalpic and entropic terms of
the binding free energy for protein—nucleic acid complexes. The
counterion release and the CIP—SIP equilibria contribute to the
entropic term of the binding free energy. How ions behave
around nucleic acids is better understood now. On the other
hand, the behavior of ions around proteins remains to be
delineated experimentally. Although Manning’s counterion
condensation theory predicts that proteins do not condense
counterions, the Poisson—Boltzmann equation predicts that
proteins to some extent may also condense counterions.””*
Some thermodynamic studies implicated the release of anions
from the protein surface upon protein—DNA association.'
Recently developed methods can in principle allow inves-
tigations of counterions around proteins as well. Intermolecular
ion pairs of protein side chains and phosphates undergo dynamic
equilibria between CIP and SIP states. The recent experimental
confirmation of the CIP—SIP equilibria represents an important
milestone for understanding macromolecular electrostatic
interactions and may illuminate a problem of continuum
electrostatic models and relevant implicit solvation models,
which do not predict the CIP—SIP equilibria.”" Implementation
of knowledge of the CIP—SIP equilibria might improve
computational approaches to investigate protein—nucleic acid
interactions: for example, those for predicting the binding
specificity of DNA-binding proteins (reviewed in ref 87).
Further experimental studies on ionic interactions will deepen
our physicochemical understanding of proteins, nucleic acids,
and their functions.
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