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The predictions of the derivative of the electrostatic binding free energy of a biomolecular complex, AGe, with
respect to the logarithm of the 1:1 salt concentration, d(AGe;)/d(In[NaCl]), SK, by the Poisson-Boltzmann
equation, PBE, are very similar to those of the simpler Debye-Hiickel equation, DHE, because the terms in the
PBE's predictions of SK that depend on the details of the dielectric interface are small compared to the
contributions from long-range electrostatic interactions. These facts allow one to obtain predictions of SK
using a simplified charge model along with the DHE that are highly correlated with both the PBE and
experimental binding data. The DHE-based model developed here, which was derived from the generalized
Born model, explains the lack of correlation between SK and AG, in the presence of a dielectric discontinuity,
which conflicts with the popular use of this supposed correlation to parse experimental binding free energies
into electrostatic and nonelectrostatic components. Moreover, the DHE model also provides a clear
justification for the correlations between SK and various empirical quantities, like the number of ion pairs,
the ligand charge on the interface, the Coulomb binding free energy, and the product of the charges on the
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complex's components, but these correlations are weak, questioning their usefulness.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Given the high negative charge density of nucleic acids, that many
charged ligands, including metal cations, cationic drugs, peptides, and
large proteins, bind to nucleic acids while carrying out essential
biological functions is not surprising. Numerous kinetic and thermo-
dynamic studies have demonstrated that nonspecific electrostatic
interactions between the phosphate groups of the nucleic acid and the
charged groups of its ligand partner usually cause the binding affinity
of these complexes to increase strongly with decreasing salt
concentration [1-16]. If competing multivalent ions are not present,
the total experimental binding free energy, AG, has been observed to
vary linearly with the 1:1 salt concentration, [NaCl], and d(AG)/d(In
[NaCl]) is a negative constant, referred to in the literature as SK, at
least over a moderate range of salt concentrations [17]. Because SK
depends primarily on the nonspecific long-range electrostatic inter-
actions in charged ligand-nucleic acid complexes and is accessible to
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experimental tests, it has been frequently used to test the predictions
of electrostatic theories [18-22].

One of the first methods of successfully predicting SK for a broad
range of biopolyelectrolyte complexes was the counterion condensa-
tion theory, CCT [17,23]. Its predictions have been confirmed
[18,19,24-27] by their agreement with those of the nonlinear
Poisson-Boltzmann equation [28,29], NLPBE, which includes features
absent in the CCT like a detailed charge distribution and a dielectric
discontinuity. However, in our recent study on the binding of small
organic drugs to DNA [30], although both the NLPBE and the CCT
produce SK predictions that agree with experimental binding data,
the NLPBE in the presence of a dielectric discontinuity does not agree
with the relation inferred from the CCT, AGe; = — SKIn[NaCl] [31]. This
finding is consistent with other PBE studies on RNA-protein systems
like TRAP-RNA, tRNA synthetase-tRNA, and aatRNA-elongation factor
Tu complex, where small SK did not imply small AG,; [32-34]. This
observation calls into question the common assumption that AG is
proportional to SK[31], and indicates that this assumption should not
be used to parse experimental binding free energy data into
electrostatic and nonelectrostatic components [5,10,15,16,32].

To explain why the predictions of SK by the NLPBE agree with
those of the CCT while their predictions of AGe, disagree in the
presence of a dielectric discontinuity, we examined a version of the
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popular generalized Born [35-37], GB, model. As will be shown later,
when the salt derivative of the GB model's prediction of AG, is taken
and some reasonable approximations are made, the resulting formula
for SK is what would be derived from the Debye-Hiickel equation,
DHE [38]. In our DHE model we assume that the molecules are
collections of points charges embedded in a high dielectric solvent
region. Thus, there is no dielectric interface separating the low
dielectric solute region from the high dielectric solvent region. It
should be pointed out that when we refer to the linear Poisson-
Boltzmann equation (LPBE) we will be assuming the presence of a
dielectric interface between the solute and solvent regions.

In addition, the DHE-based formula here derived also explains the
observed correlations between several simple structural or energetic
quantities and SK. For example, that SK is roughly proportional to the
charge on the ligand for small cations binding to polyelectrolyte
nucleic acids is well known, and this proportionality has been verified
for numerous biomolecular systems, including multivalent cations,
cationic drugs, and oligopeptides binding to polymeric nucleic acids
[1,4,10]. This experimental finding agrees with the predictions of both
CCT and PBE studies [17,23,26,27,39]. However, the RNA-protein
systems investigated in the present study are large and contain a
significant number of anionic residues, unlike the complexes in these
previous studies. This proportionality between SK and the charge of
the ligand would not therefore be expected to hold, and indeed, no
correlation can be observed between these two quantities. This
finding agrees with the available experimental data on peptides
containing anionic residues binding to nucleic acids [15,40-43].
Instead, several other empirical quantities have been proposed to be
proportional to SK, including the number of ion pairs [8,44-46], or
close ionic contacts between cationic ligand residues and anionic
nucleic acid phosphate groups, and, for complexes containing a
significant number of anionic residues close to the binding interface,
the charge of the protein interface [47-50]. In addition, the Coulomb

coul

binding free energy [51], AGping, which can be computed from
2_ qiq; / &y, where g; is the charge on atom i, and rj; is the distance
bétween atoms i and Jj» and the product, Q;Q-, of the charges on the
components of the complex [26,52,53] have at times been proposed as
quantities that correlate highly with SK. However, because the
correlations between these empirical quantities and the PBE's
predictions of SK are not that strong, their usefulness as predictors
of SK is somewhat questionable.

Much interest has been directed at examining the change in SK
upon mutation of charged residues [54-56]. These changes can be
fairly accurately predicted by the NLPBE [54,57,58], but this method
may be more time-consuming than necessary because the terms in
the SK predictions of the GB model that contain the interior
dielectric constant are small and therefore the exact shape of the
molecular interior and the correct choice of dielectric constant
should not be particularly important to the PBE's predictions of SK.
In addition, the success of the CCT [17,23] combined with several
NLPBE studies [22,30] with formal charge distributions indicates
that SK is not sensitive to the details of the charge distribution. These
findings indicate that the DHE can be used with a formal charge
distribution and an approximate structure to rapidly evaluate the
rank order of changes in SK upon the mutation of charged residues in
protein-nucleic acid complexes. To test this method, we compared
its predictions with both experimental binding data for an RNA-
protein complex and PBE predictions made by minimizing the
structures after mutation and using a realistic charge distribution.
The resulting predictions were in close agreement with the available
experimental and theoretical data [40-42,54]. Although this method
may not prove effective for systems that undergo large conformation
changes or pKa shifts upon mutation, it appears that estimating the
rank order of changes in SK without additional structural detail or
modeling is reasonable for the RNA-protein complexes like those in
this study.

2. Methods
2.1. Structure selection and preparation

The nonmutated RNA-protein (peptide) complexes [59-72] in this
study were taken from the RCSB Protein Databank [73] and are
presented in Table 1. For all of the X-ray structures, all waters and ions
were removed, and hydrogens were added with the pdb2pqr [74,75]
program. No further energy minimization was performed. For NMR
structures, unless otherwise stated, the first model was selected, and
the hydrogens in the structure file were used without any further
energy minimization. Atomic radii and charge information were taken
from the AMBER [76] force field and added to the structure files using
the pdb2pqr program. The RNA-protein complex compared to
experimental binding data (pdbid: 1JBR) was created in the same
manner. In this study, the RNA-peptide data set can be viewed as a
subset of the RNA-protein structures.

2.2. Poisson—-Boltzmann calculations

Both the linear and nonlinear PBE were solved with a finite
difference algorithm developed by Boschitsch and Fenley (submitted
to J. Chem. Theory Comput.). The underlying formulation eliminates
the self energy terms thus allowing AGe to be computed directly
without the need for auxiliary electrostatic solvation free energy
calculations. The solvent-excluded surface with a probe radius of 1.4 A
was used to define the dielectric boundary of the molecule, and all PBE
calculations were performed at 298 K with an exterior dielectric
constant of 80 and an interior dielectric constant of 2. The finest grid
spacing was set to 0.3 A, and the 3D grid size was three times the
largest dimension of the RNA-protein (peptide) complex. All other
PBE parameters were assigned their default values.

AGe was computed by taking the difference between the total
electrostatic free energy of the complex and the sum of the total
electrostatic free energies of the components of the complex in
isolation. SK was then computed by taking the slope of the best fit line
of the plot of AG; versus In[NaCl] for values of [NaCl]: between 0.1 M
and 0.5 M in 0.05 M increments. This is the same procedure used in
the experimental measurement of this quantity. As was discussed in
Sharp and coworkers [77], d(AG)/d(In[NaCl]) at any specific salt
concentration can also be computed from the osmotic pressure energy
contribution to the electrostatic binding free energy. This second
estimate is useful for verifying internal consistency and numerically

Table 1

The RCSB Protein Data Bank identification and the corresponding charges and numbers
of ion pairs and the charge on the interface with cutoffs of both 4 and 6 A for the RNA-
protein complexes in this study.

PDB Id RNA Peptide Number of Charge on
charge (e) charge (e) ion pairs interface (e)
4A 6A 4A 6A

1A1T —19 11 2 5 2 5
1A4T —14 5 4 5 4 5
1BIV —27 8 4 7 4 7
1EXY —32 9 6 7 6 7
1G70 —31 5 2 4 1 3
THJI —14 6 2 5 2 5
119F —33 7 4 5 4 4
1MNB —27 8 3 7 3 7
1INYB —23 5 4 5 4 5
1QFQ —14 6 4 5 4 4
1ULL —34 9 8 10 8 9
1ZBN —27 9 3 7 3 7
2A9X —27 7 2 3 2 3
484D —26 9 7 9 7 9
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converged results, and was used to confirm that all results presented
here were well converged.

2.3. Computation of the number of ion pairs and the charge at the
binding interface

In protein-nucleic acid complexes, the number of ion pairs [44,45]
is defined as the number of contacts made between the anionic
phosphate groups in the nucleic acid and the cationic amino acid
residues (Arg and Lys) in the protein. In the RNA-peptide complexes
studied here, the number of ion pairs was determined by calculating
the number of Arg and Lys residues within a cutoff distance of any
phosphate group in the RNA. If either the NH1 or the NH2 atom of an
Arg residue was within the cutoff distance of any OP1 or OP2 atom in
the RNA, then this Arg formed one ion pair. Similarly, if the NZ atom of
a Lys residue was within the cutoff distance of any OP1 or OP2 atom in
the RNA, then this Lys residue formed an ion pair. Each Lys and Arg
formed either one or no ion pairs. Two cutoff distances, 4 A and 6 A,
were used. In this study, potential ion pairs formed by His were
ignored, as all His were assumed to be neutral. To calculate the charge
on the interface, the OD1 and OD2 atoms of Asp and the OE1 and OE2
atoms of Glu were assumed to form close contacts with the RNA's
phosphate groups if they were within the cutoff distance of at least
one phosphate group. The number of these close contacts was
subtracted from the number of ion pairs to obtain the charge on the
binding interface. The resulting numbers of ion pairs and interfacial
charges are given in Table 1.

2.4. Preparation and energy minimization protocol for mutant complexes

The mutant RNA-peptide complexes in Supplementary materials
Table S1 were constructed from the N-peptide box-B RNA complex
(pdbid: 1QFQ) examined previously by Garcia-Garcia and Draper [40],
as well as Austin et al. [41,42] The structures for these mutants were
created by deleting the appropriate atoms from the native structure
from the PDB database and adding any required atoms according to
the internal coordinates in the CHARMM force field, followed by a
series of energy minimizations using the CHARMM software package
[78] as described in Bredenberg and Fenley [51]. The mutated residues
in these complexes can be viewed in Supplementary materials.

2.5. Preparation of the mutant RNA-protein complexes for predicting
changes in SK with the DHE

The structures of the mutant RNA-protein(peptide) complexes used
to predict changes in SK with Eq. (9) were constructed by taking the
wild type structure and setting all atoms to zero charge except the NH1
and NH2 atoms of Arg, which were each set to 0.5 e, the OD1 and OD2
atoms of Asp, which were set to —0.5 e, the OE1 and OE2 atoms of Glu,
which were set to —0.5 e, the NZ atom of Lys, which was set to 1.0 e,
and the OP1 and OP2 atoms of the RNA, which were set to —0.5e.
Charge mutations were then performed by setting any charge on the
residue in question to zero.

2.6. Deriving a simplified expression for SK from the generalized Born
model

The GB model [35-37] provides a pairwise analytic expression for
the electrostatic solvation free energy of a molecule, AGsy,. If the
interior dielectric constant is ¢, and the exterior dielectric constant is
eout, then the GB model predicts that AGseyy is given by

ij Jij Ein Eout
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Fig. 1. The derivative, SK = — %, of the electrostatic binding free energy, AG, with

respect to the logarithm of the concentration of 1:1 salt, [NaCl], in units of kT predicted
by the nonlinear Poisson-Boltzmann equation, PBE, plotted against the predictions of
the linear PBE for the RNA-peptide complexes in this study. The slope of the best-fit line
is 0.4, and R>=0.94.

In this equation, q; is the charge on the i'th atom, and k is the
Debye-Hiickel screening parameter, given by

(8N 12 )
=\ 1000kgTe,,,

where Ny is Avogadro's number, I is the ionic strength of the solution,

kg is Boltzmann's constant, and T is the absolute temperature. The fj; in

Eq. (1) are computed from

fy= (5 + BiBjexp(—ri?/4B,-Bj))”2 3)

where rj is the distance between atoms i and j. B; is the Born radius,
which can be calculated from

. 2
AGlsolv = zq_é (1 /‘(:in_1 / gaut) (4)
i

where AG,, is the polar solvation free energy of a molecule with the
same distribution of interior and exterior dielectric constants as the
original molecule at zero salt concentration, but with all charges
except g; set to zero. The form of fj; is selected to interpolate between
the analytical solution to the PBE for two widely separated spheres,
which is given by the DHE, and the analytical solution for a single
sphere. In practice, these Born radii are calculated by an analytical
approximation.

By using the free energy cycle in Fig. 2, AG,; can be computed by

solv

AGet = MG + AGigh — (MG + AG ) (5)
where AGE2Y is the Coulomb binding free energy given by

aiq;
Ay =1/2 ¥ - (6)
ij Tty
inter

where the summation is taken over all those pairs of atoms which
have one member in each component of the complex. Because the
dielectric environment of each atom changes upon binding, B; is
different in the bound and unbound states, and therefore fj; is different
in the bound and unbound states as well. By combining Egs. (1), (5),
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Fig. 2. The free energy cycle used to compute the electrostatic binding free energy, AG, in Eq. (5). AGS" is the Coulombic binding free energy, AG.,y,
is the electrostatic solvation free energy of the complex.

energy of component i of the complex, and AGS/yP

and (6), defining f{°™ to be f;; for the i-j'th atom pair in the complex,
f,f to be f; for the i-j'th atom pair in the k'th component of the
complex, and defining inter to designate summations over all atom
pairs with one atom in each component of the complex, AGe, can be

written as
AGy=-1/2% ‘Q‘”(@—f)—l/iﬂ(LL) ™
ij Gin \Jj ij ij &, \fomP gl
}1’1{&' 1 1] " f;J f;"
£l
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ij & S i B\ fi
2 1
__.fFcomp i f2
—'1/22:ﬂ eXP( m’:{;j >_exp( KU)
i7 Bout 5 53
2
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ey o)
l] Eout f;_jc_omp

inter

where the second and fourth summations are taken over the first
component of the complex and the third and fifth summations are
taken over the second component of the complex. The GB's
predictions of SK can be derived from this equation by taking the
derivative of AGe; with respect to In[NaCl]:

K= _% - _K/zaAa.fe' 8)
= /42 28 (oxp ") o))
;
8 )

2
qiqj comp
—K/4 g—exp(—ﬁij

ij Cout
inter

).

Ifffo™P =~ f,f—‘ for atom pairs with both atoms in the same component
of the complex, then the first two summations in this equation will be
much smaller than the third, and they can thus be neglected. If the

is the electrostatic solvation free

further assumption that fj°™? for atom pairs with one atom in

each component of the complex, then Eq. (8) reduces to the DHE's
[38] prediction of SK:

~

=T

% exp
out

SK~—k/4 Y
i?j

inter

9)

()

The validity of the approximations leading from Eq. (8) to Eq. (9) is
demonstrated in Table S2 of the Supplementary materials.

3. Results

3.1. Comparing the nonlinear PBE's predictions of SK to those of the
linear PBE

As mentioned above, the NLPBE is taken as the gold standard of
comparison in this study because it has been used successfully to
predict SK for many biomolecular complexes, but the impossibility of
analytically solving the NLPBE for a general geometry makes
determining which physical properties determine SK difficult. Instead,
the linear PBE and the derived GB model permit the formulation of an
analytical expression for SK which can be used to determine which
physical properties determine SK. It has been noted, however, in
several studies and is clear from Fig. 1 that the linear PBE over-
estimates the magnitude of SK [30,33,57], and the ratio between the
linear PBE's predictions of SK and those of the NLPBE appears to grow
with increasing charge on the biomolecular complex. Fortunately
however, this ratio appears to grow relatively slowly with charge
because SK computed with the NLPBE is proportional to SK computed
with the linear PBE for the RNA-peptide complexes considered here,
as can be seen from Fig. 1. The slope of this line is 0.4 with a correlation
factor R>=0.94. Therefore, it appears that the linear PBE remains
useful for computing the rank order of the change in SK for different
charge mutations if the charge of the complex is kept fairly constant.

3.2. Generalized Born analysis

Eq. (9) approximates the PBE, and its predictions will fail in any
situation where the PBE itself will fail. In addition, the method
presented in this paper assumes that the bound conformation of the
molecule is identical to the unbound state, and thus if the protein
undergoes either extensive conformational changes or pKa shifts
upon binding then this expression will fail. Extending this method to
account for these effects may be possible by taking multiple snapshots
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from molecular mechanics trajectories, but because the amount of
conformational flexibility can vary significantly from complex to
complex, the errors will be highly system dependent. In addition, the
PBE itself is only really valid for either 1:1 salt or mixed salt conditions
with small quantities 2:1 salt because the PBE occasionally fails to
predict either the correct distribution of ions or the correct salt
dependence of the folding free energy for nucleic acid systems with
multivalent ions because of its lack of ion-ion correlations [79-86].
The present method could perhaps be improved by using a theory that
includes such effects, but for small concentrations of MgCl, and for
molecules with comparable or lower charge densities than those used
here, the results are probably reasonable [55,87,88].

To test Eq. (9), we examined a series of RNA-binding peptide
complexes with an arginine-rich (ARM) binding motif. A typical
example of such a complex (pdbid: 1QFQ) is shown in Fig. S1 of the
Supplementary materials. As is typical of nucleic acid-binding
proteins, a large number of positively charged residues, Lys and Arg,
form close contacts with the phosphate groups of the nucleic acid, but
the proteins considered in this study can contain both a significant
number of anionic residues and more distant cationic residues.
Although these have traditionally been considered as unimportant to
SK because they are typically fairly distant from the binding interface,
Eq. (9) indicates that they should contribute to SK, and this finding
agrees with those of earlier studies [33,40], where both distant and
anionic residues contributed significantly to SK. In Fig. 3, the PBE's
predictions of SK for the complexes in Table 1 are plotted against the
predictions of Eq. (9). This line has a correlation of R*>=0.95.
Unfortunately, the slope of the line is not 1, but rather 0.57. As
described above, the slope of this line reflects the difference between
the linear and nonlinear PBE's predictions of SK. However, apparently
the nonlinearity does not change much over the charges considered in
this study, allowing Eq. (9) to predict correctly the rank order of SK
even if the absolute difference in SK between different complexes is
overestimated.

One consequence of Eq. (9) that is superficially troubling is that it
predicts that SK is not constant with respect to salt concentration. In
fact, for some of the complexes in Table 1, Eq. (9) predicts that SK at a
salt concentration of 0.5 M is 1/2 of that at a salt concentration of
0.1 M. This would seem to contradict the findings of experimental
studies that SK is constant over a range of salt concentrations.
However, this discrepancy can be partially explained by Fig. 4, which
plots AGe predicted by the PBE as a function of In[NaCl] for a typical
example of the complexes (PDB id 2A9X) in this study and Fig. 5,
which plots the change in osmotic pressure upon binding as a function
of In[NaCl], which, as shown by Sharp and coworkers [77], equals the
derivative of AGe; with respect to In[NaCl]. Although Fig. 4 appears to
be roughly linear, with a best fit line with an R>=0.99, its derivative
changes by a significant amount between 0.1 and 0.4 M, as shown in
Fig. 5. The problem of a nonconstant SK can be overcome by selecting
a salt concentration of 0.25 M for computing SK with Eq. (9), as then
the predictions of the DHE agree with those PBE's predictions of SK as
illustrated in Fig. 3.

3.3. Explaining why the PBE's predictions of AGel differ from those of the
DHE

Much of the interest in SK has been driven by a desire to use
experimental data on SK in conjunction with the total binding free
energy to obtain estimates of AGe; and its nonelectrostatic counter-
part, both of which cannot be obtained directly from experimental
binding data. Unfortunately, the predictions of AGe, by the PBE do not
support the assumed proportionality between SK and AG, upon
which this common experimental practice is based. The lack of
correlation between these two quantities arises because the approx-
imations that lead from Eq. (8) to Eq. (9) cannot be applied to Eq. (7)
to simplify the predictions of AGe by the PBE to those of the DHE.

4

64

-84

PBE SK (kT)

T T T x T

-18 l -16 -14 I -1T2 l -10 -8 -6
DHE SK (kT)

Fig. 3. SKin units of kT predicted by the nonlinear Poisson-Boltzmann equation, NLPBE,
for the biomolecular complexes listed in Table 1 versus the predictions of SK given by
the Debye-Hiickel equation at a salt concentration of 0.25 M, which are also the
simplified predictions of the generalized Born, GB, model, given in Eq. (9). The slope of
the best-fit line is 0.57, and R?= 0.95.

Instead, the first three summations in Eq. (7), which disappear when
the derivative with respect to salt concentration is taken, are divided
by &, rather than &, These terms are therefore comparable in
magnitude to the final DHE-like term in Eq. (7), and the PBE's
predictions of AGe therefore differ from those of the DHE. The lack of
proportionality between SK and AG, is clear from Fig. 6 where the
PBE's predictions of AG, for the RNA-peptide complexes in Table 1
are plotted against its predictions of SK, and this conclusion is
relatively independent of the exact treatment of the molecular
boundary, as long as the molecular interior is assumed to have a
substantially smaller dielectric constant than the solvent, in agree-
ment with our findings for small cationic drugs binding DNA[30].

3.4. Relating empirical quantities to SK

As discussed in the introduction, many quantities have been

observed to be correlated with SK, including the number of ion pairs,
coul

the charge of the ligand's binding interface, AGging, and Q;Q». All of
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Fig. 4. AG in units of kT computed with the NLPBE plotted against the logarithm of the
salt concentration, In[NaCl], for a typical RNA-peptide complex in this study (PDB id
2a9x). The points are roughly linear, with R? = 0.99.
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Fig. 5. The change in osmotic pressure upon binding for the RNA-peptide complex in
Fig. 5 (PDB id 2a9x) computed with the NLPBE in units of kT plotted against the
logarithm of the salt concentration, In[NaCl].

these quantities can be viewed as approximations to Eq. (9) made by
replacing the exponential decay in the contribution of each atom pair
to SK with a simpler function. Using the number of ion pairs or the
charge of the ligand's binding interface is equivalent to replacing the
exponential decay with a step function, using AGE%Y is equivalent to
replacing the exponential decay with a 1/r decay, and using Q;Q; is
equivalent to replacing the exponential decay with a constant.
However, because Eq. (9) can be derived from the GB or DHE with
fewer intermediate approximations, it should be a better predictor of
SK than any of these empirical quantities.

In Fig. 7, SK computed with the PBE is plotted against the number
of ion pairs with cutoff distances of both 4 and 6 A. The resulting
correlations are significantly weaker than that in Fig. 3, with R? values
of 0.65 and 0.81, respectively. In addition, using the number of ion
pairs to estimate SK ignores the effects of both distant and anionic
residues which, as shown in earlier studies, is not valid [33,40]. The
deviation between the number of ion pairs and SK would therefore be
expected to increase for larger molecules with more distant charged
residues, indicating that the usefulness of the common assumption
[16,54] that SK is proportional to the number of ion pairs is
questionable.

350 "
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2504
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Fig. 6. AG, in units of kT calculated with the NLPBE plotted against SK in units of kT for
the RNA-peptide complexes in Table 1. These two quantities are not correlated.
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Fig. 7. SK in units of KT computed with the NLPBE for the RNA-peptide complexes in
Table 1 plotted against the number of ion pairs with cutoffs of both 4 and 6 A. R> = 0.65
and 0.81, respectively.

As can be seen in Table 1, the interfacial charge of the peptide was
almost the same as the number of ion pairs at either cutoff distance.
This observation reflects the lack of anionic residues in the binding
interface of the peptides used in this study. Surprisingly, the
correlation between the interfacial charge and SK is worse than that
between the number of ion pairs and SK, as with a cutoff distance of
4 A, R? falls to 0.63 and with a 6 A cutoff it falls to 0.71. At any rate,
using the interfacial charge to predict SK faces the same challenges as
using the number of ion pairs, and so the usefulness of this proposed
correlation is questionable.

In Fig. 8, SK computed with the PBE is plotted against AGE24. With
an R%=0.89, this correlation is weaker than that in Fig. 3, and because
of the lack of the exponential decay in Eq. (9), this correlation would
be expected to be even worse for larger, more complex biomolecules.
Eq. (9) therefore appears to be a superior predictor of SK.

In Fig. 9, SK computed with the PBE is plotted against Q;Q». This
quantity would be expected to be an accurate predictor of SK as the
salt concentration declines to zero,[52] but for the moderate salt
concentrations used in this study, the correlation, with an R>=0.73, is
not very useful. Once again, Eq. (9) appears to be a more useful
method to predict SK.
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Fig. 8. SK in units of kT computed with the NLPBE for the RNA-protein complexes in

coul

Table 1 plotted against the Coulomb binding free energy, AG§%Y. R? = 0.89.
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Fig. 9. SK in units of kT computed with the PBE for the RNA-protein complexes in
Table 1 plotted against the product, Q;Q,, of the charges on the components of the
complex. R>=0.73.

3.5. Quickly predicting the rank order of changes in SK upon mutation of
charged residues in RNA-peptide complexes

Because the terms that depend on the definition of the molecular
interior (those that include f;;) disappear while deriving Eq. (9) from
the GB model, SK does not appear to depend strongly on the precise
form of the molecular surface dividing space into interior and exterior
dielectric regions. In addition, because of the correlations with the
number of ion pairs and Q;Q-, SK does not appear to strongly depend
on the exact charge distribution. In conclusion, considering these two
facts, we propose a simple approach of predicting the change in SK
upon the mutation of charged residues: use a formal charge
distribution, as described in the methods, Eq. (9), and the native
structure of the complex in combination with simply adding or
removing charges to reflect charge mutations.

To test this proposed method, we plotted in Fig. 10 SK predicted by
this simple method against SK predicted by the more rigorous method
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Fig. 10. SK in units of kKT computed with the NLPBE of mutants of the AN peptide-box B
hairpin RNA complex (pdb id: 1QFQ) whose structures were created with the detailed
structure preparations described in the Methods plotted against SK in units of kT
computed with Eq. (9) (GBSK) at [NaCl]=0.25 M with structures that were created
with formal charges, the DHE, and the native structure, as outlined in the Methods. The
slope of the best-fit line is 0.87, and R? = 0.90.

nonlinear PBE method described in Methods, for all of the mutant
complexes of the N-peptide box-B system listed in Supplementary
materials Table S1. The predictions are highly correlated, with an
R?=0.90 and a slope of m = 0.87. Although this correlation is weaker
than that noted in Fig. 3, it is still strong considering that no account
was taken of possible changes in the molecular surface upon mutation
and that a formal charge distribution was used. The slope of this line is
not 1, but the rank order of SK for these complexes is preserved, and
given the high correlation of these results, this method appears to
reproduce well the predictions of the NLPBE.

This method also appears capable of reproducing the results of
experimental binding measurements, as can be seen from Fig. 11,
where the experimentally-determined SK for several mutants of the
RNA-protein complex (pdbid: 1]BR) studied by Plantinga et al. [54] is
plotted against the predictions of the DHE with a formal charge
distribution. The residues that were mutated and the tabulated data
can be seen in the Supplementary materials. The two sets of
predictions in Fig. 11 are highly correlated, with a best-fit line with
an R? = 0.84, which is only slightly worse than the agreement with the
PBE given in the original study. This correlation could possibly be
improved by taking into account the proper protonation state of the
His residue mutated in one of the complexes. In addition, the rank
order of changes in SK was well predicted by the GBSK, as was true in
the NLPBE, as noted by Plantinga et al. [54].

4. Conclusions

Earlier studies have demonstrated that SK predicted by the PBE
agrees well with both experimental data and the CCT [89]. However,
as shown in the results and in agreement with an earlier study [30], on
DNA-binding drugs, the CCT's predictions of AG; do not agree with
those of the PBE with a dielectric discontinuity, but explaining the
discrepancy between the two theories is difficult because the PBE is
not analytical. Understanding this discrepancy is important because
the lack of proportionality between these two quantities calls into
question the commonly-used method of parsing the experimental
binding free energy into electrostatic and nonelectrostatic compo-
nents by assuming the validity of this relationship [31].

The derivation leading to Eq. (9) illustrates that the PBE's
predictions of SK can be simplified to those of the DHE, but, a similar
simplification of Eq. (7) is impossible because the first three
summations are comparable in magnitude to the final DHE-like
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Fig. 11. The experimentally-determined SK for the mutants of the ribotoxin
restrictocin-RNA complex (pdbid: 1JBR) complex examined by Plantinga et al. [54]
plotted against SK in units of kT computed with Eq. (9) (DHESK) at [NaCl|=0.25M
with structures that were created with formal charges, the DHE, and the native
structure, as outlined in the Methods. The slope of the best-fit line is 0.3, and R? = 0.84.
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term. This impossibility explains the lack of correlation between AG,
and SK in the presence of a dielectric discontinuity mentioned above.
In addition, Eq. (9) explains the observed correlations between SK and
quantities like the number of ion pairs, the charge at the interface,
AG24 and Q;Q-. Because the predictions of SK by these quantities are
inferior to those of Eq. (9), their usefulness is somewhat questionable.

SK does not appear to be highly sensitive to either small changes in
the definition of the molecular surface or different charge distribu-
tions. This leads to the idea that predicting the rank order of changes
in SK caused by the mutation of charged residues with simply a formal
charge distribution, the complex's native structure, and Eq. (9) could
be possible. As shown above, this simple method agrees well with the
predictions of more rigorous PBE calculations using mutant structures
predicted by molecular mechanics calculations as well as the results of
experimental thermodynamic binding studies.

Supplementary materials related to this article can be found online
at doi:10.1016/j.bpc.2011.02.010.
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