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ABSTRACT This report investigates the effect
of systemic protein conformational flexibility on the
contribution of ion pairs to protein stability. To-
ward this goal, we use all NMR conformer en-
sembles in the Protein Data Bank (1) that contain at
least 40 conformers, (2) whose functional form is
monomeric, (3) that are nonredundant, and (4) that
are large enough. We find 11 proteins adhering to
these criteria. Within these proteins, we identify 22
ion pairs that are close enough to be classified as
salt bridges. These are identified in the high-
resolution crystal structures of the respective pro-
teins or in the minimized average structures (if the
crystal structures are unavailable) or, if both are
unavailable, in the “most representative” conformer
of each of the ensembles. We next calculate the
electrostatic contribution of each such ion pair in
each of the conformers in the ensembles. This re-
sults in a comprehensive study of 1,201 ion pairs,
which allows us to look for consistent trends in their
electrostatic contributions to protein stability in
large sets of conformers. We find that the contribu-
tions of ion pairs vary considerably among the
conformers of each protein. The vast majority of the
ion pairs interconvert between being stabilizing
and destabilizing to the structure at least once in
the ensembles. These fluctuations reflect the vari-
abilities in the location of the ion pairing residues
and in the geometric orientation of these residues,
both with respect to each other, and with respect to
other charged groups in the remainder of the pro-
tein. The higher crystallographic B-factors for the
respective side-chains are consistent with these
fluctuations. The major conclusion from this study
is that salt bridges observed in crystal structure
may break, and new salt bridges may be formed.
Hence, the overall stabilizing (or, destabilizing) con-
tribution of an ion pair is conformer population
dependent. Proteins 2001;43:433–454.
© 2001 Wiley-Liss, Inc.
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INTRODUCTION

Understanding protein flexibility is important for pro-
tein function and for rational drug design.1 Protein flexibil-
ity can imply two distinct phenomena. The first is large-
scale molecular motions, in which two (or more) parts of a
protein move as rigid bodies with respect to one another.
This type of motion is often observed in molecular events
such as substrate/ligand binding or allostery. This large-
scale flexibility can usually be traced to a small segment of
the protein functioning as a hinge, as already shown in the
pioneering work of McCammon and Go and colleagues.2,3

This can be referred to as segmental flexibility.4 The
second type involves small-scale protein motions. Proteins
exist in a range of conformations around their native
states, with the population times changing with the envi-
ronment.5–9 The small conformational variations among
these represent the systemic flexibility of a protein mole-
cule. In contrast with segmental flexibility, systemic flex-
ibility arises from fluctuations in atomic coordinates
through the entire protein molecule. These fluctuations
involve changes in both hydrophobic and electrostatic
interactions. Changes in electrostatic interactions, such as
formation/breakage of salt bridges, affect protein stabil-
ity.10–14 These may result in pKa shifts in the charged
residues and be important for enzyme catalysis.15 The goal
of the present analysis is to investigate the effect of protein
flexibility around the native state on protein electrostatic
interactions. To carry out such an investigation, one needs
a range of conformers, which provide an adequate sam-
pling of the conformational space around the native state.
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CONFORMER ENSEMBLES: MOLECULAR
DYNAMICS AND NMR

There are two ways to obtain ensembles of conformers,
each with its advantages and disadvantages. The first is to
generate the ensembles through molecular dynamics simu-
lations. The number of conformers that can be obtained
using molecular dynamics is, in principle, very large,
covering a broad conformational space. The problem is
that molecular dynamic simulations are currently limited
to nanosecond time scales, and multiple long simulations
are needed to obtain such a conformational sampling
around the protein native state.16

The second way is to take already available nuclear
magnetic resonance (NMR) conformer ensembles depos-
ited in the Protein Data Bank (PDB).17 A typical protein
NMR experiment yields an ensemble of conformers satisfy-
ing a list of nuclear Overhauser effect (nOe) distance
restraints among hydrogen atoms close in space (1.8–5.0
Å18), as well as other constraints. Dynamic information on
proteins is implicit both in these restraints and in regions
in which they are absent. Hence, it is reasonable to expect
that ensembles of NMR conformers will provide informa-
tion regarding the inherent flexibility of a protein mole-
cule. However, there are potential shortcomings in the
quality of conformers, owing both to insufficient data and
to structure calculation protocols. Furthermore, it is often
difficult to separate the true dynamic behavior of the
protein from artifacts, as a result of these shortcomings.

Nevertheless, a number of reports have appeared in the
literature indicating that the conformational sampling is
valid and that the quality of the NMR conformers is
reasonable. MacArthur and Thornton19 compared protein
structures derived from NMR data and X-ray crystallogra-
phy. These investigators found that protein cores observed
in NMR structures are well defined and compare well with
those of X-ray structures with a resolution of 2.0–2.3 Å.
However, they also observed that there is a greater
disorder on the surface of NMR-derived protein structures.
This may be due either to the inherent flexibility of the
protein molecule in solution (as compared with the crystal-
line state), particularly of surface residues, or to fewer nOe
restraints for surface residues. More recently, Philippopou-
los and Lim20 compared an ensemble of the Escherichia
coli ribonuclease H1 (RNase H1) conformers derived from
NMR experiments both with an ensemble derived from
molecular dynamics simulations, and with two X-ray
structures. These workers have shown that the NMR
average structure is in better agreement with the high-
resolution (1.48-Å) X-ray structure of the RNase H1, as
compared with either the lower-resolution (2.05-Å) crystal
structure or with molecular dynamics simulation. Further-
more, the 15 conformers of the NMR ensemble have
sampled more conformational space of the RNase H1 than
the 1.7-ns molecular dynamics simulations. Abseher et
al.21 also showed that the space covered by NMR structure
ensembles overlaps significantly with that of ensembles
generated in long molecular dynamics simulations. A
PubMed search on the Internet indicates an increasing
number of reports showing agreement between results on

protein flexibility obtained by NMR heteronuclear relax-
ation experiments and molecular dynamic studies. A re-
cent review22 on studies of protein dynamics by NMR has
described the value of various NMR techniques to study
protein backbone, as well as side-chain dynamics. Hence,
we have used the NMR ensembles of conformers. Analysis
of the available high-resolution crystal structures provides
further corroborative evidence.

A relevant question in such an investigation is the
extent to which an NMR ensemble is an ensemble in the
statistical mechanical sense. Certainly, NMR structures
cannot be treated as thermodynamic ensembles. The vari-
ous NMR conformers are geometric entities that abide by
stereochemical and experimental limitations, i.e., geom-
etries obtained by optimizing a cost function consisting of
some force field energy and experimental distance re-
straints. This function is not a Hamiltonian, and probabili-
ties (population times) of the individual conformers do not
follow a Boltzmann distribution. Further, the total num-
ber of conformers obtained in a typical NMR experiment is
usually quite small (of the order of 102–103). Only a limited
set of these conformers with a function value below some
arbitrary threshold is deposited in the PDB (typically
10–50).

With respect to our analysis, despite the fact that NMR
ensembles are not “true” ensembles in the thermodynam-
ics sense, the sampling is broad, and covers considerable
conformational space, enabling it to provide hints with
regard to the relationship between conformer fluctuations
and the stabilizing/destabilizing salt bridge (or, ion pair)
contribution to the protein structure.

SALT BRIDGES AND ION PAIRS IN
CONFORMER ENSEMBLES

The electrostatic interactions studied here are salt
bridges and ion pairs. We define an ion pair as two
oppositely charged (Asp and Glu versus Arg, Lys, and His)
residues. An ion pair is described as a salt bridge if (1) the
side-chain charged group centroids of the two oppositely
charged residues are within a 4-Å distance, and (2) at least
one pair of side-chain nitrogen and oxygen atoms in the
two residues are within a distance of 4 Å.12 Throughout
this study, we have followed this convention to describe
electrostatic interaction between two oppositely charged
residues as an ion pair or a salt bridge.

Reports in the literature with regard to specific ion
pairs, or limited sets of ion pairs, have clearly indicated
that some are stabilizing, whereas others are destabiliz-
ing.10,12,23–27 To address the problem in a statistically
meaningful way, and to examine the factors affecting ion
pair stability, we have recently carried out an extensive
analysis of salt bridges in a large dataset of structurally
nonredundant high-resolution crystal structures of pro-
teins whose functional form is monomeric.12 This large-
scale analysis has demonstrated that salt bridges can be
stabilizing or destabilizing to the protein, depending on
three factors: (1) the buried/exposed location of the ion
pairing residues in the protein structure; (2) the distance
and geometric orientation of the side-chain charged groups
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with respect to each other; and (3) the interaction of the
charged groups of the salt bridge with the charged groups
in the remainder of the protein.12 In particular, the
analysis has indicated that most ion pairs obeying the
geometric definition of a salt bridge12 are stabilizing to
the proteins. By contrast, those with distances exceeding
the two 4.0-Å limits largely contribute to destabilize the
protein structure. This observation of the sensitivity of the
electrostatic contributions of ion pairs to variations in the
geometry and in the location, i.e., the environment around
the ion pairing residues, leads directly to questions relat-
ing to their stabilizing/destabilizing contributions in en-
sembles of conformers. Continuum electrostatic calcula-
tions are sensitive to conformational details of the protein
molecule. Recently, we have carried out a detailed exami-
nation of the electrostatic interactions in one particular
case, the c-Myc–Max leucine zipper.28 In the 40 NMR
conformers of this heterodimer, each of the ion pairs, and
the intra- and intersubunit network between the mono-
meric a-helices, fluctuate between being stabilizing and
being destabilizing. These results have prompted the
current large-scale study.

The present study presents an analysis of electrostatic
interactions in an ensemble of NMR conformers of differ-
ent proteins. NMR experiments on these proteins have
yielded ensembles consisting of at least 40 conformers. The
biochemically functional state of these proteins is mono-
meric, and all contain $50 residues. Inspection of the
database reveals that the number of proteins whose struc-
tures have been solved by NMR decreases rapidly with the
number of conformers in the ensemble. Only a handful of
cases display NMR ensembles containing at least 40
conformers. We have examined all of these, if they conform
to our criteria (i.e., size, functionally monomeric, and
nonredundant). We do not expect these NMR conformer
ensembles to either sample the whole conformational
space around the protein native state or represent all the
conformers in solution. However, they may reflect, at least
to some extent, the protein flexibility around the native
state.

Using a continuum electrostatics-based methodology,10

we have computed the electrostatic contributions of 22 ion
pairs in ensembles of 11 proteins. Our procedure is first to
identify the salt bridges in the crystal structure (if avail-
able) and in the energy minimized average structure. If
neither of these is available, we select the “most represen-
tative” conformer as described below. The charged residue
pairs in these 22 salt bridges constitute the 22 ion pairs in
our study. For each of these, we have calculated the
stabilizing/destabilizing contribution in each of the 40 or
more conformers. A total of 1,201 sets of such calculations
have been carried out. We have also monitored the environ-
ment and the relative orientations of the charged residues
in these pairs across the conformer ensembles. Our results
are consistent for all the cases we have examined and
indicate distinct trends, with the strengths of the electro-
static interactions between the ion pairing residues vary-
ing considerably in the different conformers. In the vast
majority of the cases, the fluctuations make these interac-

tions flip-flop between being stabilizing and being destabi-
lizing. In the individual conformers, the residues forming
these 22 ion pairs frequently move out of, and come back to
be within salt bridging distances. We have also examined
the complementary situation, i.e., in each of the conform-
ers we searched for the charged residue pairs that form
salt bridges in the conformers, but not in the representa-
tive (crystal, minimized, or most representative con-
former) of the set. As expected, owing to protein dynamics,
in the individual conformers different pairs of charged
residues, which are farther apart in the representative
conformers, frequently get close enough to form salt bridges.
In many other conformers, no salt bridges are formed.

For several of these 11 proteins, high-resolution X-ray
crystal structures and/or minimized average structures
are also available in the PDB. Two high-resolution crystal
structures are available for CheY and the B1 domain of
streptococcal protein G. The electrostatic stabilities as well
as the geometries of the ion pairs vary in these crystal
structures as well. The available crystallographic B-factor
values for the side-chain atoms in the charged residues
constituting the ion pairs in CheY, B1 domain of protein G,
and Cyanovirin-N indicate their larger mobilities. For the
B1 domain of protein G, two NMR conformer ensembles
are available in the PDB. The fluctuations in ion pair
geometry and electrostatic stability in the two ensembles
show similar behavior.

MATERIALS AND METHODS
Definition of Ion Pair and Salt Bridge

A pair of oppositely charged amino acids Asp or Glu with
Arg, Lys, and His is considered an ion pair. The geometry
of an ion pair refers to spatial position of the side-chain
functional groups, in the ion pairing residues, with respect
to each other. It is characterized in terms of two quantities:
(1) the distance, r, between the centroids of the side-chain
functional groups in the two oppositely charged residues;
and (2) the angular orientation, u, of the side-chain charged
groups in the two ion pairing residues computed as the
angle between two unit vectors, with each unit vector
joining a Ca atom and the side-chain charged group
centroid in a charged residue.12

Two ion pairing residues are considered to form a salt
bridge when (1) the side-chain functional group centroids
lie within 4.0 Å of each other, and (2) at least one pair of
Asp/Glu side-chain carboxyl oxygen and Arg/Lys/His side-
chain nitrogen atoms are within 4.0-Å distance.12 The
locations of residues forming ion pairs are characterized in
terms of their solvent accessible surface areas (ASA).29,30

The solvent probe radius is 1.4 Å.

Database of Proteins and Ion Pairs

Conformational ensembles of only a few proteins contain
large numbers of conformers. The number of NMR solved
protein structures decreases rapidly with the number of
conformers in the ensemble. In October 1999, only 26 NMR
structure ensembles contained at least 40 conformers in
the PDB; 24 of these ensembles are either for monomeric
proteins or for single protein domains and contain at least
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50 residues. Fourteen (out of 24) NMR ensembles for 11
different proteins contain at least one ion pair with the
charged residue side-chain functional groups close enough
to be classified as a salt bridge, either in their minimized
average structures or in the “most representative” conform-
ers, or in the corresponding high-resolution crystal struc-
tures (if available). These 11 proteins contain a total of 22
ion pairs (salt bridges). Table I lists the 11 proteins and 22
ion pairs we have studied.

The 11 proteins differ from each other. They do not
share sequence or structural homologies. For the E. coli
chemotaxis protein CheY, two high-resolution crystal
structures (1CHN and 3CHY) are available. For the B1
domain of protein G, there are two sets of NMR en-
sembles (^1GB1& and ^3GB1&). ^1GB1& contains 60 con-
formers, while ^3GB1& contains 32. Two high-resolution
crystal structures (1PGA and 1PGB) are also available

for this protein. All have been used here. The choice of 40
as the minimum number of conformers in an ensemble
is arbitrary. Our goal is to have large conformer en-
sembles in as many proteins as feasible; 40 conformers
is a compromise, considering the available NMR data.
Table II summarizes the NMR experiments performed
to obtain 14 NMR conformer ensembles of these 11
proteins.

Computation of the Electrostatic Energies
of Ion Pairs

The electrostatic stability of each of the 22 ion pairs in
the NMR conformer ensembles, in the minimized average
and in the crystal structures of the 11 proteins, is calcu-
lated using the method of computer mutations of the
charged residue side-chains to their hydrophobic isos-
teres.10 Hydrophobic isosteres are the charged residue

TABLE I. Database Composition in Present Study

Protein name
(no. of residues)

PDB entry
containing

the
ensemble

No. of
conformers

Representative
conformera Ion pairs(s)b References

b-Spectrin 1MPH 50 Conformer 12 D40–K42 45
PH domain (106) K91–E95

CheY (128) 1CEY 46 1CHN, 3CHY D12–K109 33, 34, 59
(X-tal) D57–K109

D41–K45

c-Myb DNA-binding domain
Repeat 1 (R1)(52) 1MBF 50 1MBE (AV) E47–R73 37

D48–R81
E49–K52

Repeat 2 (R2) (52) 1MBH 50 1MBG (AV) K92–E99
D100–R133

Repeat 3 (R3) (52) 1MBK 50 1MBJ (AV) E150–R153
E151–R176

CRIP (76) 1IML 48 Conformer 16 K2–D7 46

CSE-I (64) 1B3C 40 2B3C (AV) K13–E27 38

Cyanovirin-N (101) 2EZN 40 2EZM (AV) E68–K84 35, 39
3EZM (X-tal)

Horse heart cytochrome c
(reduced form) (104)

2GIW 40 1GIW (AV) E61–K99 40

HMG1 Box 2 (79) 1HSN 49 1HSM (AV) K62–E66 41

ISL-1 (66) 1BW5 50 Conformer 6 K54–D58 47

B1 domain of protein G (56) 1GB1 60 2GB1 (AV) K4–E15 36, 42, 43
3GB1 32 1PGA, 1PGB E27–K28

(X-tal) D47–K50

U1 SNRP A (116) 1FHT 43 Conformer 36 E108–R110 48

X-tal, PDB entry(ies) contain the crystal structure(s) of the protein; AV, the PDB entry contains the minimized average structure calculated from
the NMR conformer ensemble of the protein.
aThe “most representative” conformer is indicated by the conformer number in the NMR conformer ensemble.
bAn ion pair is indicated by the constituent residue names and numbers. Residue names are given in the single letter code.
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side-chains, with their partial atomic charges set to
zero. This method has frequently been used in the
literature.4,11–13,25,27,28 Predictions based on this method
have been consistent with experiments.31 The total electro-
static free energy contribution DDGtot of an ion pair is the
sum of three free energy terms: desolvation energy penalty
DDGdslv, bridge energy term DDGbrd, and protein energy
term DDGprt (DDG is Gibbs free energy). DDGdslv is the
energy penalty incurred by ion pairing residues due to the

desolvation of the charged side-chains in the folded state of
the protein with respect to the unfolded state. DDGbrd

represents the electrostatic interaction between the charged
groups in ion pairing residue side-chains. DDGprt reflects
the electrostatic interactions between the charged groups
of the ion pair and those in the remainder of the protein.
We have also computed another thermodynamic quantity
called association energy, DDGassoc, which represents the
stability of the ion pair without taking into account its

TABLE II. Summary of NMR Experimental Studies on Proteins in Our Database*

Protein name

Conformer
ensemble
name and
software

Spectrometer
field strength

(MHz) Probes

Total
restraints

(nOe) RMSDa (Å)

b-Spectrin PH domainb ^1MPH& 600 1H 563 1.00 6 0.19 (BB)
X-PLOR 1.61 6 0.19 (H)
ARIA

CheYc ^1CEY& 600 1H 1,032 1.34 (BB)
FELIX 13C

15N

c-Myb DNA-binding domain repeats ^1MBF& 500 1H 640 0.44 6 0.11 (BB) R1
^1MBH& 15N 924 0.38 6 0.08 (BB) R2

R1, R2, and R3; 52 residues eachd ^1MBK& 536 0.40 6 0.10 (BB) R3
EMBOSS 1.00 6 0.17 (H) R1

0.92 6 0.16 (H) R2
0.99 6 0.17 (H) R3

CRIPe ^1IML& 600 1H 1,186 0.54 6 0.14 (BB)
FELIX 15N
DSPACE

CSE-I ^1B3C& 600 1H 877 1.10 (BB)
X-PLOR

Cyanovirin-N ^2EZN& 500 1H 2,509 0.15 6 0.02 (BB)
CNS 600 15N 0.45 6 0.03 (H)

750 13C

Horse heart cytochrome c (reduced form) ^2GIW& 800 1H 2,620 0.67 6 0.10 (BB)
AMBER 600 1.16 6 0.10 (H)
DYANA

HMG1 Box 2 ^1HSN& 600 1H 1,228 0.625 (BB)
FELIXII 500 15N 1.07 (H)

ISL-1 ^1BW5& 600 1H 1,305 0.83 (BB)
X-PLOR 15N 1.48 (H)

13C
B1 domain of protein Gf ^1GB1& 600 1H 914 0.27 6 0.03 (BB)

^3GB1& 0.65 6 0.05 (A)
DISGEO

U1 SNRP A ^1FHT& 500 1H 1,995 0.65 6 0.13 (BB)
X-PLOR 600 15N 1.16 6 0.16 (H)

13C

*Magnetic field strengths of spectrometers on which the spectra were recorded, probes used in the experiments, computer programs used for
structure calculation and refinement, total number of nuclear Overhauser effect (nOe) restraints used, and the precision of the resulting
conformer coordinates with respect to the average conformer are shown. In all cases, several additional restraints have been used along with the
nOe restraints for structure calculation and refinement.
aRMSD, root-mean-square deviation (in the atomic coordinates); BB, backbone atoms; H, heavy (nonhydrogen) atoms; A, all atoms have been
involved in the deviation calculations.
bAutomated NOESY interpretation method with ambiguous distance constraints.
cThe authors have produced 13C/15N-labeled CheY. 15N relaxation has been used to monitor protein dynamics.
dThe authors have also solved the structures of whole DNA-binding domain R1R2R3 and minimum DNA binding domain R2R3.
eThe authors have produced 15N-labeled CRIP.
fTwo sets of conformer ensembles are available from the same group. Refer to text for details.
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electrostatic interaction with the other polar groups in its
environment.

A detailed protocol for continuum electrostatic calcula-
tions has been described previously.12,27 We have used this
protocol except with a finer grid spacing (0.5 Å per grid
step). For the crystal structures, we have fixed the hydro-
gen atoms using the BIOPOLYMER module of INSIGHT
II. We have energy minimized the crystal structure keep-
ing the nonhydrogen atom positions fixed. The minimiza-
tion process consisted of 100 steps of steepest descent
followed by 500 steps of conjugate gradient. Energy mini-
mization is carried out using the CFF91 force field in the
DISCOVER module of INSIGHT II. This procedure im-
proves the accuracy of the continuum electrostatic calcula-
tions.32 The calculations are carried out for all ion pairs
listed in Table I, in the NMR conformer ensembles,
minimized average structures and crystal structures of the
11 proteins. All calculations have been carried out at pH
7.0 and at zero ionic strengths. The electrostatic contribu-
tion of a triad of charged residues, Asp 12, Asp 57, and Lys
109 in CheY was computed in a similar manner.

RESULTS

The proteins investigated in this report are enumerated
in Table I. The PDB file names, the number of conformers
available for each protein, and which representative con-
former was used for the initial identification of the salt
bridges are listed. Our first choice was the crystal struc-
ture. If unavailable, we used the NMR energy minimized
average structure. In cases in which neither were avail-
able in the PDB, we used the “most representative” one.
Table II summarizes the NMR experiments and the qual-
ity of the data obtained from these experiments.

High-resolution crystal structures are available for three
proteins in our database. These proteins are bacterial
chemotaxis protein CheY (1CHN, 1.76 Å and 3CHY, 1.66 Å
resolution),33,34 Cyanovirin-N (3EZM, 1.5 Å resolution),35

and the B1 domain of streptococcal protein G (1PGA, 2.07
Å and 1PGB, 1.92-Å resolution).36 The minimized average
structures are available for six proteins in our database.
These proteins are c-Myb DNA binding domain repeats
R1, R2, and R337, CSE-I,38 Cyanovirin-N,39 Horse heart
cytochrome c (reduced form),40 and HMG1 Box 241 and the
B1 domain of streptococcal protein G.42,43 Both crystal and
energy minimized average structures are available for
Cyanovirin-N and for the B1 domain of protein G. For the
protein G B1 domain, the two available sets of NMR
conformer ensembles are used (Table I). The “most repre-
sentative” conformer for an NMR ensemble is identified by
the NMRCLUST procedure44 in OLDERADO (On Line
Database of Ensemble Representatives and Domains)
available at the European Bioinformatics Institute (EBI)
internet site. The “most representative” conformers are
used for four proteins, b-spectrin pleckstrin homology
domain,45 CRIP,46 ISL-1,47 and U1 small nuclear ribo-
nucleoprotein A.48 Neither crystal structures nor mini-
mized average structures are available for these four
proteins.

The DNA binding domain of c-Myb is composed of three
tandem repeats designated as R1, R2 and R3. Each repeat
has its own NMR conformer ensemble. We have used all
three. Homologies between these repeats vary between
31% and 46%. The three repeats have similar overall
architectures. In total, these three repeats contain seven
ion pairs. Structural alignment of the minimized average
structures of the three c-Myb repeats R1, R2, and R3
shows that ion pairs E47–R73 in c-Myb R1 and E151–R176
in c-Myb R3 occupy equivalent positions in space. Ion pairs
D48–R81 in c-Myb R1 and D100–R123 in c-Myb R2 are
also spatially equivalent. Hence, out of 22 ion pairs in our
databases, 20 are nonequivalent.

All the ion pairs used in this analysis are listed in Table
I. Throughout this report, we use the bracketed PDB entry
name (^. . .&) to denote an ensemble. For example, ^1MPH&
denotes the ensemble of 50 NMR conformers of b-spectrin
pleckstrin homology domain present in the PDB entry
1MPH. Our database contains a total of 14 NMR con-
former ensembles and five high-resolution crystal struc-
tures.

Movement of Charged Residues

The average ion pair geometries in the NMR conformer
ensembles are given in Table III. For comparison, the
geometries of these ion pairs in the crystal structures, the
minimized average structures and the “most representa-
tive” conformers are also given in Table III. Inspection of
the data shows that our database has sampled a broad
spectrum of ion pair movements. For example, the charged
residues in the equivalent ion pairs, D48–R81 in the
ensemble of c-Myb R1 (^1MBF&) and D100–R133 in the
ensemble of c-Myb R2 (^1MBH&), tend to remain at almost
constant distances. On the other hand, the charged resi-
dues in ion pairs K49–K52 in c-Myb R1 (^1MBF&), K92–
E99 in c-Myb R2 (^1MBH&), E150–R153 in c-Myb R3
(^1MBK&) and E108–R110 in U1 small nuclear ribonucleo-
protein A (^1FHT&) show extensive movements. The side-
chain centroid distances between these ions show stan-
dard deviations as large as 2.6–3.6 Å about their mean
values (Table III; see also Table IV). Charged residues in
the remaining ion pairs show movements to different
extents between these two extremes.

Figure 1 illustrates two examples of the fluctuations in
ion pair geometries, E47–R73 in c-Myb R1 (^1MBF&) and
D100–R143 in c-Myb R2 (^1MBH&). The side-chain charged
group centroids of the ion pairing residues E47–R73 in
c-Myb R1 often get close to within the salt bridging
distance, and then move apart. Table V lists the number of
conformers in which the ion pairing residues in our
database are close enough to be classified as salt bridges. It
can be seen that the 22 ion pairs in our database that form
salt bridges in the representative conformers more often
move apart than stay together in the conformers. Only 6
ion pairs survive as salt bridges in the majority of the
conformers of their respective ensembles. These are K91–
E95 in ^1MPH& (b-spectrin), E47–R73 and D48–R81 in
^1MBF& (c-Myb R1), D100–R133 in ^1MBH& (c-Myb R2),
E151–R176 in ^1MBK& (c-Myb R3), and E61-K99 in ^2G1W&
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(Horse heart cytochrome c). The remaining 16 ion pairs
survive as salt bridges only in a minority of the conform-
ers. The ion pair E27–K28, which forms a salt bridge in one
crystal structure (1PGA), does not survive in any con-
former in either of the two NMR ensembles of the B1
domain of protein G. Still in the same protein, ion pair
D47–K50 which forms a salt bridge in both crystal struc-
tures (1PGA and 1PGB) survives in just one conformer in
each of the NMR ensembles ^1GB1& and ^3GB1&. A similar
behavior is shown by ion pairs D12–K109 and D57–K109
in ^1CEY& (CheY), K2–D7 in ^1IML& (CRIP), and E108–
R110 in ^1FHT& (U1 small nuclear ribonucleoprotein A)
(Table V). All the ensembles, except ^1MPH&, ^1MBF&, and
^1MBH&, contain conformers in which no salt bridges are
formed. In the ensembles ^1IML&, ^1B3C&, ^2EZN&, ^1HSN&,
^1BW5&, ^1GB1&, ^3GB1&, and ^1FHT&, most of the conform-
ers do not contain any salt bridges (Table V).

As expected, we also see the opposite trends: Pairs of
oppositely charged residues (ion pairs) which are not close
enough to form salt bridges in the representatives (crystal
structure, energy minimized average structure or most

representative conformer) come close together to form salt
bridges in other conformers in the ensembles. The con-
former ensembles of b-spectrin, c-Myb R1, R2, and R3 and
cytochrome c are particularly rich in such salt bridges. The
majority of the conformers in the ensembles of ^1MPH&,
^1MBF&, ^1MBH&, ^1MBK&, and ^2GIW& contain several
salt bridges formed by charged residues which are farther
apart in their minimized average structures and in the
“most representative” conformers (Table V). We denote
such salt bridges as ‘alternative’ salt bridges. In some
conformers they are formed in lieu of the salt bridges in the
representative conformer; In most others, they are formed
in addition. Figure 2a–c provides an example, in c-Myb R3.
Figure 2a shows salt bridges E150–R153 and E151–R176
in the minimized average structure (1MBJ) of c-Myb R3,
denoted “original” salt bridges. In four conformers, num-
bers 6, 13, 23, and 40, only these two original salt bridges
are formed. In others, there is a spectrum of situations: in
conformer 22, both original salt bridges are lost and no
alternative salt bridges are formed. In five conformers, 11,
27, 28, 29, and 39, only one of the original salt bridges is

TABLE III. Geometries of 22 Ion Pairs in Our Database*

Ion paira

Geometry [r (Å), u (°)]

Ensemble averageb Crystal structure
Minimized

average structure
MR

conformerc

D40–K42 ^1MPH& 5.40 6 1.49, 129.4 6 20.0 3.34, 113.3
K91–E95 ^1MPH& 3.49 6 0.92, 107.9 6 15.6 2.70, 114.8
D12–K109 ^1CEY& 7.80 6 1.84, 49.0 6 21.0 1CHN 3.22, 54.3

3CHY 4.66, 56.8
D57–K109 ^1CEY& 6.39 6 1.55, 128.5 6 24.4 1CHN 3.78, 117.7

3CHY 3.20, 90.1
D41–K45 ^1CEY& 5.86 6 1.27, 153.1 6 14.3 1CHN 3.72, 138.9

3CHY 4.56, 150.6
E47–R73 ^1MBF& 3.97 6 0.74, 66.1 6 14.6 1MBE 3.55, 76.3
D48–R81 ^1MBF& 3.57 6 0.03, 104.4 6 4.9 1MBE 3.56, 105.8
E49–K52 ^1MBF& 6.58 6 2.56, 127.7 6 28.2 1MBE 2.68, 156.2
K92–E99 ^1MBH& 8.62 6 3.61, 68.86 6 24.52 1MBG 3.12, 5.3
D100–R133 ^1MBH& 3.44 6 0.05, 96.3 6 3.9 1MBG 3.45, 93.3
E150–R153 ^1MBK& 6.09 6 2.63, 116.7 6 31.9 1MBJ 3.54, 113.8
E151–R176 ^1MBK& 3.91 6 0.69, 82.15 6 16.6 1MBJ 3.56, 87.8
K2–D7 ^1IML& 7.81 6 2.49, 130.2 6 30.0 3.99, 135.4
K13–E27 ^1B3C& 4.65 6 1.36, 73.2 6 27.1 2B3C 2.82, 64.5
E68–K84 ^2EZN& 5.90 6 1.25, 147.0 6 20.3 3EZM 3.94, 118.1 2EZM 5.17, 156.0
E61–K99 ^2GIW& 4.12 6 1.44, 112.4 6 19.3 1GIW 2.73, 114.4
K62–E66 ^1HSN& 6.11 6 1.44, 150.0 6 14.0 1HSM 3.12, 133.5
K54–D58 ^1BW5& 5.22 6 1.32, 113.6 6 26.1 3.37, 115.4
K4–E15 ^1GB1& 5.51 6 1.58, 149.7 6 14.3 1PGA 3.28, 134.5 2GB1 4.95, 156.0
K4–E15 ^3GB1& 5.43 6 1.83, 134.5 6 19.8 1PGB 2.59, 119.2
E27–K28 ^1GB1& 9.46 6 1.58, 97.3 6 24.5 1PGA 3.65, 134.9 2GB1 9.78, 98.2
E27–K28 ^3GB1& 8.92 6 1.45, 108.9 6 20.4 1PGB 8.87, 92.1
D47–K50 ^1GB1& 7.43 6 1.48, 139.2 6 18.0 1PGA 3.47, 168.9 2GB1 7.82, 140.8
D47–K50 ^3GB1& 6.49 6 1.58, 144.1 6 20.8 1PGB 4.00, 138.2
E108–R110 ^1FHT& 10.36 6 2.86, 85.8 6 47.6 3.86, 145.4

*Ion pair geometries are represented by two parameters, r (Å) and u (°), defined in Materials and Methods. See Table IV and text for
further details.
aAn ion pair is indicated by the constituent residue names and numbers.
bThe ensemble averages presented do not take into account the relative conformer populations. Hence, these values may not reflect
the ion pair geometry and location in solution. Ensemble average denotes the average ion pair geometries in the NMR conformer
ensemble. Standard deviations for the average values are also given.
cMR conformer stands for the “most representative” conformer in the NMR conformer ensemble (given in Table I).
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preserved, and no alternative salt bridges are formed. In
12 conformers, 9, 15, 16, 24, 30, 31, 32, 35, 44, 48, 49, and
50, both original salt bridges are preserved, and at least
one additional alternative salt bridge is formed. Figure 2b
shows conformer 30 in the ensemble ^1MBK&, as an

example. Three alternative salt bridges (E149–R153,
E168–K171, and D178–K182) are formed in addition to
the original ones. In the remaining 28 conformers, one or
both of the original salt bridges are lost and at least one
alternative salt bridge is formed. Figure 2c shows an

TABLE IV. Location of Charged Residues Forming 22 Ion Pairs*

Residue
(conformation)a

Accessible surface area (ASA) (%)

Ensemble averageb Crystal structure
Minimized

average structure
MR

conformer

D40 (H) ^1MPH& 20.9 6 5.0 18.8
K42 (H) ^1MPH& 77.6 6 3.2 75.3
K91 (C) ^1MPH& 62.1 6 10.0 50.4
E95 (H) ^1MPH& 17.8 6 4.4 14.5
D12 (B) ^1CEY& 3.6 6 4.0 1CHN 1.7, 3CHY 1.5
D41 (H) ^1CEY& 21.9 6 5.0 1CHN 21.1, 3CHY 23.2
K45 (H) ^1CEY& 38.9 6 6.4 1CHN 27.2, 3CHY 34.7
D57 (B) ^1CEY& 8.3 6 5.5 1CHN 2.1, 3CHY 1.4
K109 (B) ^1CEY& 20.9 6 8.3 1CHN 5.0, 3CHY 17.0
E47 (H) ^1MBF& 13.3 6 4.3 1MBE 21.2
D48 (H) ^1MBF& 9.8 6 4.0 1MBE 8.3
E49 (H) ^1MBF& 36.8 6 8.8 1MBE 32.1
K52 (H) ^1MBF& 33.5 6 7.2 1MBE 29.7
R73 (C) ^1MBF& 11.3 6 6.3 1MBE 5.6
R81 (H) ^1MBF& 19.7 6 5.2 1MBE 24.7
K92 (H) ^1MBH& 58.2 6 19.3 1MBG 45.2
E99 (H) ^1MBH& 11.9 6 6.3 1MBG 5.1
D100 (H) ^1MBH& 4.8 6 2.3 1MBG 2.6
R133 (H) ^1MBH& 16.7 6 3.4 1MBG 18.7
E150 (H) ^1MBK& 62.7 6 8.7 1MBJ 56.2
E151 (H) ^1MBK& 17.1 6 4.6 1MBJ 15.7
R153 (H) ^1MBK& 52.3 6 8.9 1MBJ 52.1
R176 (C) ^1MBK& 23.2 6 9.8 1MBJ 26.7
K2 (B) ^1IML& 53.1 6 8.2 40.6
D7 (B) ^1IML& 81.6 6 7.2 77.5
K13 (C) ^1B3C& 26.3 6 8.3 2B3C 21.9
E27 (H) ^1B3C& 27.3 6 9.9 2B3C 21.8
E68 (B) ^2EZN& 37.9 6 6.6 3EZM 16.7 2EZM 40.0
K84 (B) ^2EZN& 66.1 6 5.0 3EZM 67.3 2EZM 66.3
E61 (H) ^2GIW& 45.9 6 7.1 1GIW 46.0
K99 (H) ^2GIW& 46.8 6 5.3 1GIW 46.4
K62 (H) ^1HSN& 47.1 6 7.0 1HSM 38.5
E66 (H) ^1HSN& 44.8 6 5.4 1HSM 35.3
K54 (H) ^1BW5& 13.4 6 6.9 8.3
D58 (H) ^1BW5& 27.5 6 12.1 22.3
K4 (B) ^1GB1& 40.8 6 4.1 1PGA 29.4 2GB1 42.5
K4 (B) ^3GB1& 36.9 6 3.6 1PGB 28.5
E15 (B) ^1GB1& 59.6 6 4.1 1PGA 56.0 2GB1 58.8
E15 (B) ^3GB1& 61.5 6 3.3 1PGB 57.0
E27 (H) ^1GB1& 45.3 6 2.6 1PGA 28.4 2GB1 45.8
E27 (H) ^3GB1& 47.1 6 5.4 1PGB 34.5
K28 (H) ^1GB1& 64.4 6 3.9 1PGA 54.1 2GB1 65.1
K28 (H) ^3GB1& 67.5 6 5.6 1PGB 58.3
D47 (B) ^1GB1& 76.8 6 3.7 1PGA 53.8 2GB1 78.3
D47 (B) ^3GB1& 70.9 6 4.0 1PGB 58.2
K50 (B) ^1GB1& 50.2 6 7.2 1PGA 27.4 2GB1 54.8
K50 (B) ^3GB1& 30.0 6 3.9 1PGB 28.4
E108 (C) ^1FHT& 70.2 6 16.3 48.7
R110 (C) ^1FHT& 81.9 6 13.9 52.6
aThe backbone conformations of the residues are given in parentheses: H, B, and C denote a-helix, b-strand and coil conformations, respectively.
bThe location of the charged residues constituting the 22 ion pairs in the protein is given in terms of percentage accessible surface area (ASA), as
well as the average ASA of the residue in the NMR conformer ensemble. The ensemble averages presented do not take into account the relative
conformer populations. Hence, these values may not reflect the ion pair geometry and location in solution.
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example of conformer 1 in ^1MBK&. In this conformer both
original salt bridges are lost and two alternative ones
(K143–E149 and D178–K182) are formed.

Ion pair geometries vary between the crystal structures
as well. The crystal structures of CheY in the absence of
Mg21 (3CHY) and in its presence (1CHN) show variable
geometries for ion pairs D12–K109 and D57–K109. Simi-
larly, K4–E15, E27–K28, and D47–K50 differ in the
orthorhombic and trigonal crystals of the B1 domain of

Fig. 2. Example illustrating the movement of charged residues with
respect to each other in the NMR conformer ensemble. The protein used
here is c-Myb DNA binding domain repeat 3 (R3). a: The average
structure of the ensemble (PDB file 1MBJ) shows two salt bridges formed
by ion pairs E150–R153 and E151–R176. Conformers 6, 13, 23, and 40 in
the ensemble ^1MBK& contain only these two salt bridges. b: Three
additional salt bridges—E149–R153, E168–K171, and D178–K182—are
formed in conformer 30 along with E150–R153 and E151–R176. c:
Conformer 1 in ^1MBK& contains two salt bridges K143–E149 and
D178–K182, while the salt bridges E150–R153 and E151–R176 are
broken because of the movement of the charged residues.

Fig. 1. Example of conformer-dependent fluctuations of ion pair geom-
etries in NMR ensembles. Two ion pairs are chosen to illustrate our
observations. The ion pair E47–R73 of c-Myb R1 is shown in red, while the
ion pair D100–R133 of c-Myb R2 is shown in green. The plots show the
variations in the geometric parameters r (Å) and u (°) for the ion pairs in
different NMR conformers. The ion pair geometry parameters are defined in
Materials and Methods. The ion pair E47–R73 (red) shows extensive
fluctuations in its geometry. Most of the ion pairs in our database show similar
behavior. The ion pair D100–R133 does not show much fluctuation in its
geometry. However, such ion pairs are rare in our database.
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streptococcal protein G.36 E27–K28 shows the largest
change (Table III). E68–K84 residues in the cyanovirin-N
(^2EZN&) ensemble and in the minimized average struc-
ture (2EZM) are farther apart than in the crystal structure
(3EZM). This protein swaps domains under crystallization
conditions.35 The different geometries observed in the
presence/absence of Mg21, the different crystal forms, and
the domain swapping, further illustrate that the most
highly populated conformers vary with the conditions,
leading to population shifts. Because different salt bridges
are formed in different conformers, what we observe in
experiments in solution or in the crystalline state, is a
reflection of the salt bridges present in the most highly
populated states.

Additional evidence for the movement of the charged
residues comes from their accessible surface areas
(ASA).29,30 ASA points to the location of a residue in the
protein. A small ASA value for a residue indicates that it is
mostly buried in the protein core. A large ASA implies that
it is at (or near) the surface. Table IV lists the ASA for the
charged residues involved in the 22 ion pairs in the
ensembles, crystal structures, the minimized average struc-
tures and in the “most representative” conformers. The
locations of these residues in the proteins fluctuate. For

most of the charged residues, the standard deviations in
the ASAs are ;15–60% of the mean ASA values in the
conformer ensembles. We have computed only the arith-
metic averages, since data on populations are not available
in the conformer coordinates files. Hence, the average ion
pair geometries and locations presented in the present
report do not reflect the situation in solution.

Taken together, these observations indicate that the
residues forming salt bridges in the representative conform-
ers may move apart and get closer in different conformers
of the ensembles. Other charged residues which did not
form salt bridge(s) in the representative conformers can
come together to form salt bridges in the other conformers.

Continuum Electrostatics Calculations

We have computed the electrostatic stabilities of each
ion pair in all conformers. Each calculation yields the
following energy terms: the total electrostatic contribution
to the free energy of ion pair formation DDGtot, the
desolvation energy penalty (DDGdslv) for the charged resi-
dues in the folded state of the protein, the bridge energy
term (DDGbrd) for the electrostatic interaction among the
charges within the ion pairing residues and the protein
energy term (DDGprt) for the electrostatic interaction of

TABLE V. Movement of Ion Pairing Residues With Respect to Each Other*

Protein
ensemble Ion pair

Total no. of
conformers

No. of conformers
in which ion pairing

residues form
salt bridge

No. of conformers
in which ion pairing

residues do not
form salt bridge

No. of conformers
that do not contain

any salt bridge

No. of conformers
that contain

other salt bridge(s)

^1MPH& D40–K42 50 15 35 0 50
^1MPH& K91–E95 50 40 10 — —
^1CEY& D12–K109 46 1 45 16 22
^1CEY& D57–K109 46 3 43 — —
^1CEY& D41–K45 46 7 39 — —
^1MBF& E47–R73 50 27 23 0 50
^1MBF& D48–R81 50 50 0 — —
^1MBF& E49–K52 50 16 34 — —
^1MBH& K92–E99 50 11 39 0 48
^1MBH& D100–R133 50 50 0 — —
^1MBK& E150–R153 50 16 34 1 40
^1MBK& E151–R176 50 36 14 — —
^1IML& K2–D7 48 2 46 31 17
^1B3C& K13–E27 40 12 28 26 6
^2EZN& E68–K84 40 5 35 23 14
^2G1W& E61–K99 40 26 14 2 36
^1HSN& K62–E66 49 6 43 27 19
^1BW5& K54–D58 50 9 41 39 3
^1GB1& K4–E15 60 12 48 44 5
^3GB1& K4–E15 32 10 22 20 5
^1GB1& E27–K28 60 0 60 — —
^3GB1& E27–K28 32 0 32 — —
^1GB1& D47–K50 60 1 59 — —
^3GB1& D47–K50 32 1 31 — —
^1FHT& E108–R110 43 2 41 24 17

*The charged residues move with respect to one another in the NMR conformer ensembles. In each conformer ensemble, the ion pairing residues
that form salt bridges in the representative structure (crystal structure(s)/minimized average structure/most representative conformer) move
away from one another in most of the conformers. Many conformers do not contain any salt bridge. In other conformers, new salt bridges are
formed between the charged residues, which are farther apart in the representative conformer. These salt bridges are formed both in addition and
instead of the salt bridges in the representative conformer. All these ion pairs listed form salt bridges in the representative conformer. An ion pair
is indicated by the constituent residue names and numbers. The last two columns indicate the whole ensemble.
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charges in the ion pair with the charges in the remainder
of the protein. These energy terms are related to one
another by the following equation:

DDGtot 5 DDGdslv 1 DDGbrd 1 DDGprt

We have also computed the association energy (DDGassoc)
for each ion pair. Table VI presents the average, minimum,
and maximum values of these terms for each ion pair in
the ensembles. The strengths of the ion pairs fluctuate
extensively between conformers. The electrostatic contribu-
tions of 21 out of the 22 ion pairs in the crystal structures,
minimized average structures and the “most representa-
tive” conformers fall within two standard deviations (SD)
of the corresponding average values in the NMR en-
sembles. However, in most (13) of the ion pairs, they are
within 1 SD. The average energy values for an ion pair are
the mean of its values in the given ensemble.

In the following discussion, we describe the variability
in the extent of the fluctuations in the stabilities of the ion
pairs, with the DNA binding domain of c-Myb37 as an
example. Among the ion pairs in this domain, E47–R73
shows the largest fluctuations in its stability across the
ensemble. On the other hand, ion pair D100–R133 fluctu-
ates the least. Figure 3 shows the fluctuations in their
energy terms. E47–R73 provides a typical example of the
behavior of ion pairs in our database. All energy terms, the
average ASA, the side-chain centroid distances between
the charged residues and the relative orientations of the
charged groups with respect to each other fluctuate exten-
sively (Fig. 1).

Ion pair D100–R173 in c-Myb R2 does not fluctuate
much (Fig. 3). Its equivalent D48–R81 in c-Myb R1 does
not fluctuate either. Both ion pairs remain close enough to
be classified as salt bridges in all 50 conformers of their
respective ensembles, ^1MBF& and ^1MBH&. These salt
bridges are formed between two helices and are buried in
the core. Residues D48 and D100 are less than 10%
exposed (Table IV), while R81 and R133 have ASA of less
than 20%. These residues show small fluctuations in their
ASAs. In the minimized average structure of c-Myb R2
(1MBG) the salt bridge D100–R133 is surrounded by Trp
95, Thr 96, Lys 97, Gln 101, Val 103, Ile 104, Arg 125, Lys
128, Gln 129, Cys 130, Glu 132, Trp 134, His 135, Asn 136,
His 137, Leu 138, and Pro 140. This indicates a fairly polar
environment around this salt bridge, with 11 of the
surrounding residues being either polar or charged. The
residues that make significant contact with D100–R133
are Lys 97 (with Asp 100), Gln 129, Arg 132, Asn 136, and
Glu 138 (with Arg 133). Trp 95 and Trp 134 also surround
this salt bridge. Each repeat (R1, R2, and R3) in c-Myb
DNA binding domain contains three Trp residues sepa-
rated by 18 or 19 residues. Mutating these conserved Trp
residues in R2 and R3 to alanine leads to a severe loss of
DNA-binding activity.37 The presence of these structural
tryptophans along with the polar environment around the
charged residues D100 and R133 may have suppressed the
movement of these residues. The absence of fluctuations in
geometries as well as the electrostatic stabilities of these
ion pairs represent exceptions in our database.

An ion pair network consisting of charged residues Asp
12, Asp 57 and Lys 109 also shows extensive fluctuations
in the NMR conformer ensemble of CheY (1CEY) and in
the two high-resolution crystal structures for this protein
(Table VI).

Table VII lists the number of conformers in which a
given ion pair is stabilizing or destabilizing. E47–R73 in
c-Myb R1 (Fig. 3) is stabilizing in 39 (out of 50) conformers
and destabilizing in the remaining 11 conformers. 19 out of
the 22 ion pairs in our database interconvert between
being stabilizing and destabilizing at least once. One
(E61–K99 in ^2G1W&, the reduced form of horse heart
cytochrome c) of the remaining three ion pairs that do not
interconvert, shows extensive fluctuations nonetheless.
The two ion pairs which do not show fluctuations are
D48–R81 in ^1MBF& (c-Myb R1) and D100–R133 in ^1MBH&
(c-Myb R2). These two ion pairs are equivalent. The
reasons for the observed behavior of these ion pairs were
discussed above.

In all 22 ion pairs, one of the two species, stabilizing or
destabilizing, appears to be dominant. Table VII indicates
that 12 ion pairs have stabilizing electrostatic contribu-
tions in most of the conformers. For the remaining 10, the
electrostatic contribution is destabilizing in most of the
conformers. This observation may explain why such inter-
actions are reported to be either stabilizing or destabiliz-
ing by experiments and by calculations. Since data on the
relative populations of each conformer in an NMR en-
semble are unavailable, it is unclear whether the domi-
nant species are also the largest contributor to the experi-
mental/theoretical observation. In particular, the
population times of the conformers vary with conditions.6,9

Furthermore, our analysis indicates that the overall elec-
trostatic contribution of an ion pair is more likely to be
stabilizing when the ion pairing residues are close enough
to form salt bridges. This is due to stronger electrostatic
interaction between the side-chain functional groups
(DDGbrd) in the salt bridges, as compared with the situa-
tion when these groups are father apart (data not shown).
The electrostatic interaction between the charged residue
side-chain functional groups is the main factor in neutral-
izing the unfavorable desolvation penalty (DDGdslv) in-
curred by these residues in the folded state of the pro-
tein.12

DISCUSSION

The main goal of the present study is to analyze the
sensitivity of electrostatic strengths of charge–charge
interactions to the variations in the orientation of charges
with respect to one another as well as their location in the
protein. This study has evolved from our previous studies
which indicated that the location of the charged residues
and the geometries of their interaction are important
factors in determining the electrostatic stabilities of salt
bridges and ion pairs.12,27,28 In particular, analysis of
intra- and interhelical ion pairs and their network in the
c-Myc–Max leucine zipper NMR conformer ensemble indi-
cated that their contributions toward the stability of the
protein fluctuate between being stabilizing and destabiliz-
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TABLE VI. Stabilities of 22 Ion Pairs in the 11 Proteins in Our Database*

Ion pair and
proteina

Conformer
ensembleb

DDGdslv
(kcal/mol)

DDGbrd
(kcal/mol)

DDGprt
(kcal/mol)

DDGtot
(kcal/mol)

DDGassoc
(kcal/mol)

D40–K42 in ^1MPH&av 2.61 6 0.84 21.82 6 2.10 212.03 6 3.01 211.24 6 3.12 21.49 6 1.87
b-spectrin Min., Max. 1.59, 5.86 26.42, 20.23 218.80, 22.47 216.21, 10.28 25.53, 10.44

Conformer 12 2.30 24.53 213.11 215.35 24.05
K91–E95 in b ^1MPH&av 6.17 6 2.70 23.09 6 1.61 26.27 6 2.96 23.19 6 2.03 20.75 6 0.66

spectrin Min., Max. 2.04, 11.28 26.67, 20.47 213.59, 12.63 27.45, 14.06 22.09, 10.33
Conformer 12 11.28 26.40 28.44 23.55 20.44

D12–K109 in ^1CEY&av 11.25 6 3.29 21.36 6 1.08 22.54 6 4.62 17.36 6 4.06 20.38 6 0.26
CheY Min., Max. 4.60, 16.96 25.41, 20.37 214.86, 15.22 21.46, 115.08 21.62, 20.13

X-tal 1CHN 14.27 210.15 24.75 20.62 23.37
X-tal 3CHY 10.85 22.79 28.25 20.19 20.80

D57–K109 in ^1CEY&av 8.36 6 2.19 21.59 6 1.10 10.31 6 4.60 17.08 6 4.63 20.58 6 0.52
CheY Min., Max. 4.96, 14.26 26.76, 20.46 210.41, 110.97 21.95, 119.41 23.56, 20.19

X-tal 1CHN 11.86 24.63 24.52 12.72 21.23
X-tal 3CHY 8.77 27.57 24.25 23.05 23.59

D12–K109– ^1CEY&av 15.46 6 4.24 11.08 6 2.89 27.88 6 4.94 18.66 6 5.92 10.18 6 1.18
D57 in CheYc Min., Max. 7.36, 23.76 25.04, 19.04 216.88, 11.24 22.68, 121.07 23.49, 13.04

X-tal 1CHN 17.51 28.49 28.83 10.19 24.36
X-tal 3CHY 13.85 26.02 212.77 24.94 23.85

D41–K45 in ^1CEY&av 3.98 6 1.35 21.14 6 0.92 22.58 6 2.10 10.26 6 2.01 20.62 6 0.59
CheY Min., Max. 2.06, 10.68 23.97, 20.35 25.69, 13.80 23.59, 16.51 22.48, 20.18

X-tal 1CHN 4.25 23.10 24.75 23.60 21.73
X-tal 3CHY 4.12 21.78 24.89 22.55 20.89

E47–R73 in ^1MBF&av 8.69 6 2.60 26.59 6 3.01 25.54 6 3.38 23.44 6 4.19 23.76 6 2.03
c-Myb R1 Min., Max. 3.92, 14.94 211.80, 21.60 214.44, 20.87 215.15, 14.73 27.03, 20.34

1MBE 7.11 28.26 26.90 28.05 25.63
D48–R81 in ^1MBF&av 9.56 6 1.15 211.40 6 0.85 22.27 6 1.15 24.11 6 1.01 25.79 6 0.34

c-Myb R1 Min., Max. 6.62, 12.86 212.60, 26.98 26.22, 20.94 28.12, 20.96 26.51, 24.55
1MBE 8.95 211.56 21.73 24.34 26.16

E49–K52 in ^1MBF&av 3.55 6 1.78 21.60 6 1.80 25.70 6 3.06 23.74 6 2.37 21.25 6 1.48
c-Myb R1 Min., Max. 0.59, 7.91 25.59, 20.11 213.96, 20.50 28.73, 11.84 24.34, 20.08

1MBE 1.28 25.04 22.57 26.34 24.54
K92–E99 in ^1MBH&av 8.03 6 2.52 21.76 6 2.63 29.65 6 3.11 23.37 6 3.37 20.90 6 1.35

c-Myb R2 Min., Max. 3.82, 14.92 210.04, 20.06 216.57, 25.06 29.44, 14.46 24.25, 10.06
1MBG 12.77 28.72 25.24 21.19 23.52

D100–R133 in ^1MBH&av 10.13 6 1.19 212.37 6 0.69 22.12 6 1.09 24.36 6 0.91 26.43 6 0.30
c-Myb R2 Min., Max. 7.72, 12.37 213.91, 210.97 25.71, 20.66 27.19, 22.66 27.08, 25.46

1MBG 11.34 213.10 21.79 23.55 26.41
E150–R153 in ^1MBK&av 1.50 6 1.02 22.03 6 1.76 21.85 6 2.02 22.38 6 2.58 21.83 6 1.63

c-Myb R3 Min., Max. 0.10, 4.66 26.05, 20.10 26.97, 10.46 27.29, 13.45 25.71, 20.09
1MBJ 0.78 26.89 20.65 26.75 26.68

E151–R176 in ^1MBK&av 6.58 6 2.05 26.85 6 2.45 25.16 6 3.75 25.43 6 2.87 24.29 6 1.39
c-Myb R3 Min., Max. 3.78, 14.65 214.42, 20.75 219.56, 10.48 211.37, 11.25 26.09, 20.38

1MBJ 5.77 28.47 22.80 25.50 25.81
K2–D7 in CRIP ^1IML&av 1.20 6 0.97 20.57 6 0.36 20.13 6 0.68 10.50 6 1.07 20.44 6 0.30

Min., Max. 0.23, 3.93 21.81, 20.10 22.09, 11.34 21.51, 12.76 21.51, 20.09
Conformer 16 0.36 21.47 20.26 21.37 21.27

K13–E27 in ^1B3C&av 4.68 6 2.44 22.39 6 1.59 20.52 6 2.05 11.76 6 2.98 21.36 6 0.96
CSE-I Min., Max. 1.26, 10.05 26.11, 20.49 28.29, 13.27 23.68, 19.78 23.72, 20.28

2B3C 4.14 26.08 10.30 21.64 24.31
E68–K84 in ^2EZN&av 1.72 6 1.51 20.95 6 0.55 20.26 6 0.85 10.52 6 1.57 20.68 6 0.41

cyanovirin-N Min., Max. 0.47, 5.08 22.94, 20.49 24.21, 10.72 21.21, 14.09 22.01, 20.34
2EZM 0.43 20.90 20.04 20.51 20.70
X-tal 3EZM 3.28 21.65 21.06 10.57 21.27

E61–K99 in ^2GIW&av 1.51 6 1.13 23.49 6 2.05 22.35 6 2.54 24.33 6 2.02 23.02 6 1.94
horse heart Min., Max. 0.40, 5.88 27.14, 20.45 210.56, 20.02 28.38, 20.44 26.59, 20.29
cytochrome c
(Reduced)

1GIW 0.52 25.99 20.36 25.84 25.60

K62–E66 in ^1HSN&av 1.70 6 1.31 20.98 6 0.65 20.11 6 0.98 10.61 6 2.03 20.73 6 0.54
HMG1 Box 2 Min., Max. 0.40, 7.34 23.45, 20.41 22.29, 15.31 21.60, 111.81 22.59, 20.29

1HSM 2.47 23.38 10.22 20.69 22.42
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ing in a conformer-dependent manner. The origin of the
fluctuations in electrostatic strengths of these ion pairs
was traced to the fluctuations in the location of the charged
residues and their orientations with respect to one an-
other.28 However, the solution structure of the c-Myc–Max
leucine zipper was determined using only 1H NMR. It was
therefore unclear whether the observed fluctuations in
electrostatic interactions would be seen in other proteins
as well. We use NMR conformer ensembles from several
proteins to examine the consistency in this relationship
between the location and the orientation of charge–charge
interactions and their electrostatic strengths.

Validity of the Observed Fluctuations

It can be debated whether a conformer ensemble ob-
tained by NMR experiments truly reflects the dynamics of
protein behavior in solution. The NMR conformer en-
semble contains different structures that are compatible
with the existing, and the missing nOe and other re-
straints.18 However, frequently, only partial datasets are

available. Hence, NMR derived structures are usually
underdetermined. This, along with the procedures fol-
lowed in the structural assignment, may lead to difficulties
in distinguishing and quantifying differences between the
true dynamic behavior of the molecule and inaccuracies in
the structure determination. Since negatively charged
side-chain carboxylate (COO2) groups in Asp and Glu lack
protons, 1H NMR studies can not directly localize these
groups. Also, the 1H chemical shift assignments are often
incomplete for the long side-chains of positively charged
residues, Arg and Lys. Furthermore, many commonly used
NMR structure refinement programs do not contain electro-
static terms. A salt bridge present in the crystal structure
or average energy minimized structure may not be re-
tained in most of the NMR conformers in the absence of
sufficient nOe restraints and explicit electrostatic term to
model the salt bridge. Moreover, information on relative
populations of different NMR conformers is absent in the
PDB files. Hence, it cannot be concluded that the NMR
conformers that retain the salt bridges seen in crystal/

TABLE VI. (Continued)

Ion pair and
proteina

Conformer
ensembleb

DDGdslv
(kcal/mol)

DDGbrd
(kcal/mol)

DDGprt
(kcal/mol)

DDGtot
(kcal/mol)

DDGassoc
(kcal/mol)

K54–D58 in ^1BW5&av 4.76 6 2.18 22.01 6 1.40 10.48 6 1.45 13.23 6 2.49 21.09 6 0.78
ISL-I Min., Max. 1.92, 14.76 28.17, 20.39 22.14, 17.16 21.21, 113.13 23.65, 20.25

Conformer 6 4.35 24.22 10.63 10.77 22.71
K4–E15 in ^1GB1&av 1.48 6 0.96 21.17 6 0.96 20.08 6 0.61 10.23 6 1.44 20.92 6 0.81

protein G Min., Max. 0.30, 4.68 23.99, 20.24 21.38, 12.38 23.17, 13.94 23.45, 20.17
B1 domain ^3GB1&av 2.85 6 1.57 21.51 6 1.25 20.43 6 0.75 10.90 6 2.03 21.09 6 1.01

Min., Max. 0.37, 6.42 24.54, 20.22 21.82, 12.57 22.92, 16.27 23.83, 20.16
2GB1 0.60 21.06 10.09 20.37 20.81
X-tal 1PGA 1.56 22.61 20.20 21.24 21.88
X-tal 1PGB 1.84 25.86 20.26 24.28 25.15

E27–K28 in ^1GB1&av 1.61 6 1.07 20.27 6 0.13 0.00 6 0.62 11.35 6 1.14 20.21 6 0.09
protein G Min., Max. 0.46, 4.36 20.67, 20.11 22.61, 12.55 10.08, 16.24 20.46, 20.10

B1 domain ^3GB1&av 1.41 6 0.85 20.32 6 0.29 20.44 6 0.54 10.64 6 0.75 22.41 6 0.17
Min., Max. 0.64, 3.53 21.76, 20.13 21.85, 10.31 20.85, 12.44 21.08, 20.11
2GB1 1.11 20.21 10.21 11.11 20.18
X-tal 1PGA 4.07 22.87 24.55 23.36 21.95
X-tal 1PGB 3.22 20.27 23.83 20.87 20.20

D47–K50 in ^1GB1&av 1.17 6 1.02 20.42 6 0.37 20.03 6 0.45 10.71 6 1.07 20.30 6 0.29
protein G Min., Max. 0.21, 5.49 22.19, 20.12 21.69, 11.07 22.09, 14.77 21.94, 20.09

B1 domain ^3GB1&av 3.15 6 1.67 20.81 6 0.62 21.67 6 1.37 10.67 6 1.26 20.55 6 0.48
Min., Max. 1.07, 7.23 23.05, 20.22 24.53, 10.22 22.52, 12.92 22.34, 20.16
2GB1 0.51 20.32 10.07 10.27 20.25
X-tal 1PGA 2.64 23.07 24.66 25.09 22.28
X-tal 1PGB 2.02 22.00 24.55 24.54 21.37

E108–R110 in ^1FHT&av 1.01 6 0.76 20.34 6 0.41 20.90 6 1.10 20.23 6 1.22 20.29 6 0.37
U1 SNRP A Min., Max. 0.01, 2.80 22.43, 20.04 23.60, 11.27 23.22, 12.28 22.17, 0.00

Conformer 36 1.70 22.43 20.72 21.45 22.17

*DDGdslv, DDGbrd, DDGprt, DDGtot, and DDGassoc denote desolvation energy, bridge energy, protein energy, total energy, and association energy
terms respectively. (See description of these energy terms in the text.) Standard deviations for the average values are also given. Min and Max
denote the minimum and maximum values of these terms in the ensemble. Note that the ensemble averages presented are simply the arithmetic
averages. They do not take into account the relative conformer populations. As such, they do not represent the average ion pair stability in
solution. The values of these energy terms are also given in the crystal/minimized average structure and in the “most representative” conformer.
Prefix X-tal to a PDB entry indicates that it is the crystal structure; otherwise, it is the minimized average structure. The “most representative”
conformer is indicated by its conformer number in the ensemble.
aAn ion pair is indicated by the constituent residue names and numbers.
bThe NMR conformer ensemble is indicated by its Protein Data Bank (PDB) entry name. ^. . .&av denotes the average values of the energy terms in
the NMR conformer ensemble.
cTriad of charged residues Asp 12, Asp 57, and Lys 109 in CheY.
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average energy minimized structure or in the “most repre-
sentative” conformer have high-population times. These
difficulties should be borne in mind when interpreting
Table V.

Despite these shortcomings in the NMR methodology,
structure calculation and refinement protocols, it is becom-
ing increasingly clear that at least part of the conforma-

tional variability of NMR structures may arise from pro-
tein internal motion. The local disorder in NMR structural
ensembles has been compared with crystallographic tem-
perature factors. The percentage of charged residue side-
chains exhibiting greater than average disorder is similar
between ensembles of NMR structures and crystallo-
graphic B-factors.49 There are a number of reports in the

Fig. 3. Example of conformer-dependent fluctuations of ion pair stabilities in the NMR conformer
ensembles. Two ion pairs, those of Fig. 1, are depicted. The ion pair E47–R73 of c-Myb DNA binding domain
R1 is shown in red, while the ion pair D100–R133 of c-Myb DNA binding domain R2 is shown in green. The
plots show variation in all energy terms, i.e., DDGdslv, DDGbrd, DDGprt, DDGtot and DDGassoc, and average ASA
for each ion pair in the different NMR conformers. The energy terms and average ASA are described in the text.
The ion pair E47–R73 (red) shows extensive fluctuations in its stability. See legend for Fig. 1 for further details.
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literature that compare the NMR ensembles with those
derived from molecular dynamic simulations, showing
that NMR conformer ensembles reflect protein dynamics
in solution (e.g., ref. 20 and 21, and references therein).
NMR is an important tool for studying protein dynamics in
solution and for the characterization of states not acces-
sible to X-ray crystallography.50 Heteronuclear NMR relax-
ation measurements are useful in studying and overcom-
ing ambiguities in NMR data due to protein flexibility.51,52

The determination of 15N and 13C relaxation parameters
has become a routinely used method to characterize pro-
tein flexibility in terms of backbone and side-chain dynam-
ics.22 Using NMR relaxation methods, Lee et al.53 have
studied the dynamics of calcium-saturated calmodulin in
the formation of a complex with a peptide model of smooth
muscle myosin light chain kinase. Their studies have
resolved the motion of individual residues between the
bound and unbound states and discriminated between
backbone and side-chain perturbations. Recently, Good-
man et al.54 carried out a statistical analysis of protein
dynamics using a database of backbone order parameters
derived from 15N NMR relaxation data. Their studies
indicate that amino acids with small side-chains show

greater backbone mobility than those with larger side-
chains. Furthermore, the motion of a given backbone or
side-chain NH group appears to depend upon the sizes of
neighboring amino acids in the sequence, in the secondary
and in the tertiary structures. 2H auto-correlation and 13C
cross-correlation NMR experiments are useful in studying
side-chain dynamics.55 Recently, the Lipari–Szabo model-
free analysis of protein dynamics has been gaining wide
acceptance. This analysis facilitates interpretation of het-
eronuclear NMR relaxation data in terms of a generalized
order parameter, S2. S2 is a measure of the spatial extent
of the internal motion of the protein.56 A recent PubMed
inquiry (on the Internet) has shown that an increasing
number of molecular dynamics studies have been able to
reproduce the fast motion dynamics estimated by the S2

parameter in the well defined regions of the proteins.57 In
most NMR experiments, main-chain coordinates are usu-
ally more reliable than the side-chain atomic coordinates.
Comparison of the NMR derived side-chain conformation
coordinates with those predicted by applying the side-
chain packing algorithms to the NMR derived main-chain
coordinates and to crystal structures shows a good agree-
ment in the well defined regions.58

Complementation of homonuclear 1H NMR spectra with
multidimensional heteronuclear 15N/13C – 1H NMR experi-
ments often provides valuable data on ion pair interac-
tions. For example, Moy et al.59 have monitored the
distance between the side-chain nitrogen atom of Lys 109
and oxygen atoms of the side-chain carboxyl group of Asp
57 in 46 simulated annealing NMR structure calculations
for CheY. These investigators have used 15N–1HN vectors
and long range nOe restraints to define the structure in
this region of the protein. They conclude that the salt
bridge between Asp 57 and Lys 109 is broken in the
presence of Mg21. This salt bridge had been observed in a
high-resolution crystal structure of Mg21 free form of
CheY. Similarly, Ogata et al.37 have reported the presence
of intrarepeat salt bridges in c-Myb DNA binding domain
based on NMR measurements. The solution structure of
c-Myc–Max leucine zipper has also revealed the presence
of six intra- and interhelical ion pairs and ruled out the
presence of another interhelical ion pair that was pre-
dicted from the sequences of c-Myc and Max helices and
coiled-coil geometry.60 Liu et al.61 have detected side-
chain side-chain hydrogen bonding interactions by using
13C and 15N labeled proteins.

Taken together, these reports indicate that NMR con-
former ensembles reflect a certain extent of real protein
flexibility, particularly in the well-defined regions. How-
ever, clearly, we can not rule out the possibility of errors
due to inherent ambiguities in NMR data and potential
artifacts in the structure calculation protocols. Hence, we
have evaluated the validity of the observed fluctuations in
several different ways.

First, we have attempted to assess the quality of the
NMR structures in our database. To do that, we have
extracted information on the actual experiments, such as
the number of nOe, hydrogen bond, dihedral angle and
dipolar coupling restraints, from the PDB file headers and

TABLE VII. Number of Conformers in Which 22 Ion Pairs
Are Stabilizing or Destabilizing in the NMR

Conformer Ensemble

Protein
ensemble Ion pair

Total no. of
conformers

No. of
conformers
in which
ion pair is
stabilizing

No. of
conformers
in which ion

pair is
destabilizing

^1MPH& D40–K42 50 49 1
^1MPH& K91–E95 50 46 4
^1CEY& D12–K109 46 3 43
^1CEY& D57–K109 46 1 45
^1CEY& D41–K45 46 21 25
^1MBF& E47–R73 50 39 11
^1MBF& D48–R81 50 50 0
^1MBF& E49–K52 50 48 2
^1MBH& K92–E99 50 42 8
^1MBH& D100–R133 50 50 0
^1MBK& E150–R153 50 38 12
^1MBK& E151–R176 50 48 2
^1IML& K2–D7 48 16 32
^1B3C& K13–E27 40 14 26
^2EZN& E68–K84 40 25 15
^2G1W& E61–K99 40 40 0
^1HSN& K62–E66 49 18 31
^1BW5& K54–D58 50 5 45
^1GB1& K4–E15 60 28 32
^3GB1& K4–E15 32 12 20
^1GB1& E27–K28 60 0 60
^3GB1& E27–K28 32 3 29
^1GB1& D47–K50 60 6 54
^3GB1& D47–K50 32 7 25
^1FHT& E108–R110 43 24 19
aNMR conformer ensembles are indicated by their Protein Data Bank
(PDB) file names (in brackets).
bAn ion pair is indicated by the constituent residue names and
numbers.
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from the original papers describing the NMR experiments
for each protein in our database. While some PDB file
headers contain information on the number of the re-
straints, others provide restraint energy information for
the conformers in the ensemble. Experimental details for
each structure are given in the relevant literature reports
cited in Table I and summarized in Table II. The available
information is heterogeneous. However, many common
points can be noted. Homonuclear (1H) and heteronuclear
(13C and/or 15N) relaxation experiments have been per-
formed at field strengths of 500–800 MHz. A large number
of intra-residue, inter-residue sequential, medium-range,
and long-range nOe restraints have been used, along with
several hydrogen bond and dihedral angle restraints. Most
NMR structure calculations and refinements have been
performed using distance geometry restraints and simu-
lated annealing protocols (Table II). The quality of the
NMR conformer ensembles can be assessed by the average
of the root-mean-square deviations (RMSD) of the atomic
coordinates of individual conformers with respect to the
average conformer (Table II). It can be seen that the
quality is good, especially in the more recent NMR struc-
tures that contain results from both homonuclear and
heteronuclear relaxation experiments.

Table IV shows conformations of residues involved in
salt bridge (ion pair) interactions in our database. All,
except six, of these residues are located in either a-helical
(H) or b-strand (B) regions of the proteins. Secondary
structural regions are usually better defined than the loop
regions. Most groups have deposited in the PDB only those
conformers that show no restraint violation. Except for
three, all residues constituting the 22 ion pairs in our
database fall within well-defined regions of the proteins.
The three residues that lie in disordered regions are Glu
108 and Arg 110 (ion pair Glu 108–Arg 110) in ^1FHT& and
Asp 58, belonging to ion pair K54–D58 in ^1BW5&.

For eight proteins in our database, heteronuclear (13C
and/or 15N) experiments have been performed along with
the homonuclear 1H NMR experiments. Only 1H NMR
data are available for the remaining three proteins, b-spec-
trin PH domain, CSE-I and the B1 domain of protein G
(Table II). These three proteins contain six ion pairs (Table
I). Fluctuations seen in their stabilities are similar to those
of other ion pairs in the database. Since we observed
fluctuations in the stabilities of almost all ion pairs, we can
safely conclude that our calculations are not affected to a
significant extent by the differences in the experimental
methods and that the quality of data used in our analysis
is high.

Second, we have studied the crystallographic B-factors
in those cases in which high-resolution structures are
available, along with the NMR conformer ensembles.
B-factors represent the electron density smear due to
thermal motion and positional disorder of atoms.62 Hence,
at high resolution, B-factor values may reflect protein
flexibility. High-resolution protein crystal structures are
available for CheY, cyanovirin-N, and the B1 domain of
protein G. Table VIII lists the average B-factors for all and
side-chain atoms of the ion pairing residues in these

structures. As expected, atoms belonging to side-chains
show larger B-factor values. However, the average B-
factors of these ion pairing residues in the protein crystal
structures do not correlate with either the fluctuations in
location (ASAs) of these residues or with ion pair geom-
etries in the corresponding NMR ensembles. Similarly, no
correlation is observed between the average B-factors of
these residues and the fluctuations in the total electro-
static contribution (DDGtot) of the corresponding ion pairs
to stability in the ensembles. This may be due to different
conformer populations in crystalline and solution.

Third, in the case of CheY and the B1 domain of protein
G, two crystal structures are available for each protein
(Table I). Table III indicates that the geometric orienta-
tions of the six ion pairs differ substantially between the
crystal forms, the NMR conformer ensemble geometric
average and the geometries in the average energy mini-
mized structure. Table IV indicates the same for the
location of the charged residues constituting these six ion
pairs. The electrostatic strengths of these ion pairs differ
in the two crystal forms (Table VI). The salt bridge
D57–K109 interconverts between being stabilizing and
destabilizing in the two crystal structures of CheY. In
1CHN, D57–K109 is destabilizing (DDGtot 5 12.72 kcal/
mol). In contrast, it is stabilizing (DDGtot 5 23.05 kcal/
mol) in 3CHY. The ion pair network formed by residues
Asp 12, Asp 57, and Lys 109 shows fluctuations in the
NMR ensemble, as well as in the two crystal structures of
CheY. In 1CHN, this ion pair network is a weakly destabi-
lizing salt bridge network (DDGtot 5 10.19 kcal/mol; Table
VI). In 3CHY, it is stabilizing (DDGtot 5 24.94 kcal/mol).
These observations indicate that ion pair geometries and
their electrostatic stabilities fluctuate in crystal structures
as well.

Fourth, we compare two sets of NMR experimental data
on the B1 domain of protein G.42,43 This comparison
addresses concerns with regard to errors and artifacts in
the NMR structure determination methodology. The first
NMR structure for the B1 domain of protein G was solved
by Gronenborn et al.42 The same group has reported
further improvements in the accuracy of the structure by
using a pseudopotential function for the radius of gyra-
tion.43 The motivation for this refinement was their obser-
vation that NMR structures are usually poorly packed and
expanded, as compared with X-ray structures. The NMR
ensemble from the first experiment (1GB1) contains 60
conformers, while that from the second experiment (3GB1)
contains 32. The B1 domain of protein G contributes three
ion pairs, K4–E15, E27–K28, and D47–K50 to our data-
base. Figure 4a–c plots the electrostatic energy terms and
the average ASA for these ion pairs in the conformer
ensembles ^1GB1& and ^3GB1&. All terms for the three ion
pairs show fluctuations. The nature of the fluctuations is
similar in both ensembles for K4–E15 and E27–K28,
although some variations can be noticed (Fig. 4a,b). Table
III shows that the geometries of all three ion pairs are
similar between the two ensembles and differ substan-
tially from those in the crystal structures, 1PGA and
1PGB. The locations of the charged residues in the three
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ion pairs, except K50, also show similar fluctuations in the
two ensembles (Table IV).

D47–K50 shows appreciable differences between the
two ensembles (Fig. 4c). The ASA of K50 is smaller in the
ensemble ^3GB1& and in better agreement with that of the
crystal structures, 1PGA and 1PGB (Table IV). The bridge
and protein energy terms for this ion pair are more
stabilizing in ^3GB1& as compared with those in ^1GB1&
(Fig. 4c and Table VI). However, this gain in stabilization
due to improved bridge and protein energy terms is almost
nullified by the greater desolvation penalty paid by D47–
K50 in the ensemble ^3GB1& as compared with ^1GB1&. As
a result, the total stabilities DDGtot have similar magni-
tudes in the two ensembles (Table VI and Fig. 4c). Interest-
ingly, this ion pair has greater stability and improved
geometry in both crystal structures, 1PGA and 1PGB, as
compared with those in the NMR ensembles.

Methodology and Overall Ion Pair Stability

This study focuses on the fluctuations in electrostatic
contribution to ion pair stability in NMR conformer

ensembles. At the same time, the results it obtains
validate certain aspects of the continuum electrostatics
methodology. Continuum electrostatics has been widely
used in calculations of free energy changes due to
formation of electrostatic interactions in proteins. Typi-
cally, these methods include atomic description of the
protein (solute) but treat water (solvent) only in terms of
its bulk properties.63 In recent years, these methods
have become increasingly popular as tools for studies of
solvation free energies of proteins and organic mol-
ecules. The free energy change upon salt bridge forma-
tion has often been estimated using this methodol-
ogy.4,10,11,13,25–28 Our present study indicates that this
method is sensitive to the details of the conformation,
and can be used to study dynamic charge– charge inter-
actions in proteins.

The overall stability of an ion pair may include energy
terms other than the electrostatic contribution. Almost all
charged residue side-chains contain hydrophobic methyl
or methylene groups. Hence, additional energy terms may
be due to van der Waals and hydrophobic interactions. The

TABLE VIII. B-Factors of Ion Pairing Residues in Crystal Structures*

Protein name
Ion pairing

residue Atomsa

B-factor (Å2)

Structure 1 Structure 2

CheY 1CHN 3CHY
D12 All 8.53 6 1.73 10.00 6 2.35

Side-chain 9.57 6 1.66 11.87 6 1.77
D41 All 12.85 6 2.95 11.81 6 1.33

Side-chain 14.53 6 3.36 12.93 6 0.77
K45 All 17.24 6 3.97 20.40 6 3.98

Side-chain 19.49 6 4.12 23.05 6 3.37
D57 All 8.69 6 1.20 8.65 6 1.65

Side-chain 9.29 6 1.41 9.96 6 1.18
K109 All 7.61 6 2.07 10.54 6 1.31

Side-chain 6.08 6 1.26 11.47 6 0.96

B1 domain of protein G 1PGA 1PGB
K4 All 19.19 6 9.97 15.21 6 6.74

Side-chain 26.45 6 6.91 19.97 6 5.22
E15 All 17.54 6 5.15 19.43 6 7.26

Side-chain 21.44 6 3.13 24.65 6 5.18
E27 All 17.85 6 5.50 21.71 6 5.73

Side-chain 21.88 6 3.76 25.94 6 3.79
K28 All 14.76 6 3.65 20.45 6 4.28

Side-chain 17.20 6 1.75 23.59 6 2.94
D47 All 10.73 6 2.58 22.84 6 2.48

Side-chain 12.47 6 2.11 24.53 6 1.35
K50 All 10.52 6 2.65 17.88 6 4.59

Side-chain 12.39 6 1.96 21.25 6 2.93

Cyanovirin-N 3EZM
E68 All 17.54 6 5.31

Side-chain 21.37 6 3.82
K84 All 11.31 6 3.24

Side-chain 13.57 6 2.43

*Average B-Factors of the Atoms in the Ion Pairing Residues in the Crystal Structures of CheY,
Cyanovirin-N, and the B1 Domain of Protein G. In most cases, the atoms in the side-chains have greater
B-factors indicating their larger mobilities.
aAll, all atoms in the residue; side-chain, atoms beyond Ca.
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loss of side-chain conformational entropy in the folded
protein may also be a factor in the overall ion pair stability.
However, it remains unclear whether these additional
energy terms may significantly reduce or enhance the
observed fluctuations in the electrostatic contribution to

ion pair stability. Observations on ion pair movements and
locations of charged residues in proteins reported here
suggest that salt bridges in proteins may break and
reform, pointing to a rather small energy difference be-
tween the two states.

Fig. 4. Comparison of the fluctuations in stabilities of the ion pairs (a) K4–E15, (b) E27–K28, and (c)
D47–K50 in two NMR conformer ensembles ^1GB1& (red) and ^3GB1& (green) of B1 domain of protein G.
Additional pseudopotential restraints for the radius of gyration were used for ^3GB1&. The ensemble ^1GB1&
contains 60 conformers, while there are 32 conformers in ^3GB1&. The stability of the three ion pairs fluctuate in
both ensembles. The fluctuations are roughly similar in ion pairs K4–E15 and E27–K28. Fluctuations in the
different energy terms are different for the ion pair D47–K50 in the two ensembles. D47–K50 is more buried in
protein globule, pays greater desolvation energy penalty, and has more stabilizing bridge and protein energy
terms in ^3GB1& than in ^1GB1&. However, the total free energy contribution of this ion pair fluctuates similarly in
both ensembles. See text for details.

450 S. KUMAR AND R. NUSSINOV



CONCLUSIONS

The question of whether salt bridges are stabilizing or
destabilizing to protein structures has been frequently
addressed in the experimental and computational litera-
ture. Recently, a systematic study on a large number of
salt bridges in high-resolution protein crystal structures
has shown that the contributions of salt bridges/ion pairs
to protein stability depend on the geometry of the charged
pairing groups, and their environment in the structure.12

Given this strong dependence of the stabilizing/destabiliz-

ing contribution on geometry, structural and the exposed/
buried environment, here we investigate the electrostatic
contributions of ion pairs toward protein stability in
ensembles of conformers around their native state. These
conformer ensembles can be obtained by molecular dynam-
ics simulations or by NMR.

In the present study, we carry out an extensive, large-
scale investigation of all proteins in the protein structural
database which have at least 40 NMR conformers. We
compute the electrostatic contribution of each ion pair in

Figure 4. (Continued.)
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each conformer, resulting in a total of 1,201 ion pair stability
calculations. Protein crystal structures and average energy
minimized NMR structures have also been used, where
available. The stabilities of almost all ion pairs fluctuate,
interconverting between being stabilizing and destabilizing.
These observations on NMR conformer ensembles and pro-
tein crystal structures provide hints to fluctuations in electro-
static interactions in solution, illustrating that the electro-
static contribution of an ion pair to protein stability is
conformer dependent. If the interaction between the ion
pairing residues is stabilizing in the conformers that have

high population times, that ion pair will be stabilizing to the
protein structure. Salt bridges observed in protein crystal
structures may often break and reform in solution as a result
of the movement of the charged residues. Other pairs of
charged residues may come together and form salt bridges
either to compensate, or in addition to, the salt bridges
observed in protein crystal structures.
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