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The benefits of protein structure refinement in water are well documented. However, performing struc-
ture refinement with explicit atomic representation of the solvent molecules is computationally expen-
sive and impractical for NMR-restrained structure calculations that start from completely extended
polypeptide templates. Here we describe a new implicit solvation potential, EEFx (Effective Energy Func-
tion for XPLOR-NIH), for NMR-restrained structure calculations of proteins in XPLOR-NIH. The key com-
ponents of EEFx are an energy term for solvation energy that works together with other nonbonded
energy functions, and a dedicated force field for conformational and nonbonded protein interaction
parameters. The initial results obtained with EEFx show that significant improvements in structural qual-
ity can be obtained. EEFx is computationally efficient and can be used both to fold and refine structures.
Overall, EEFx improves the quality of protein conformation and nonbonded atomic interactions. More-
over, such benefits are accompanied by enhanced structural precision and enhanced structural accuracy,
reflected in improved agreement with the cross-validated dipolar coupling data. Finally, implementation
of EEFx calculations is straightforward and computationally efficient. Overall, EEFx provides a useful
method for the practical calculation of experimental protein structures in a physically realistic
environment.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction templates by simulated annealing, to enhance sampling of confor-
The physical nature of a protein’s physiological environment
has long been recognized as an important factor governing molec-
ular structure and biological function [1]. For example, the interac-
tions of key amino acid residues with water and solvated
molecules play key roles in protein activity and the highly aniso-
tropic environment of the lipid bilayer membrane poses significant
constraints on the structures and functions of membrane proteins.

Among the methods for three-dimensional molecular structure
determination, the principal advantage of NMR spectroscopy is its
ability to examine proteins in samples that are very close to their
functional environments [2,3]. Yet, typically, even when NMR
spectra are measured for soluble proteins in aqueous solutions or
for membrane proteins in lipid bilayers, structure calculations
are carried out with energy functions that do not include contribu-
tions from solvation energy and, instead, represent all the non-
bonded electrostatic and van der Waals interactions by a single,
purely repulsive term. Such a simplified treatment is very useful
because it enables fast, restrained molecular dynamics (MD) calcu-
lations of high quality structures from fully extended polypeptide
mational space and efficiently overcome the local-minimum prob-
lem [4,5]. However, this approach can also lead to structures with
suboptimal quality parameters, such as poor packing, unsatisfied
hydrogen bond donors or acceptors and unbalanced salt bridges.

Performing structure refinement in a full MD force field, with
explicit atomic representation of the solvent molecules (water
and/or lipid), is one way to improve structural quality and obtain
information about a protein’s interactions with its surroundings,
as shown for structure refinement of both soluble proteins
[6–11] and membrane proteins [12–14]. However, this approach
is computationally expensive due to the large amount of time that
must be devoted to calculating solvent–solvent interactions and,
hence, is not practical for ab initio NMR structure calculations
starting from completely extended polypeptide templates.

Methods in which solvent effects are treated implicitly have
also been used in the refinement stages of NMR-restrained struc-
ture calculations. For example, refinement of initial structures
using restrained MD calculations with generalized Born (GB) impli-
cit solvent models have been shown to improve structural quality,
particularly in cases where the experimental data are limited and
the characterization of solvent effects is critical for identifying
native fold [15–17]. However, GB methods have not been
implemented as an integral parts of NMR structure calculation
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rotocols from unfolded templates and remain too computationally
intensive for routine calculations.

Various other models have been developed for the implicit
treatment of solvent effects (reviewed in [18–22]). Of these, the
effective energy function EEF1, developed by Lazaridis and Karplus
[23], is particularly well suited to NMR applications for several rea-
sons. EEF1 is based on the thermodynamic hypothesis that the na-
tive fold of a protein is the state of lowest free energy under
physiological conditions and is determined by the amino acid se-
quence within the given solvent environment [1]. It contains terms
for both intramolecular energy and solvation free energy and has
been shown both to provide a realistic first approximation to the
effective energy hypersurface of proteins and to work well for pro-
tein folding–unfolding studies [23–25]. Importantly, it enables fast
calculation of energies and energy derivatives, and its extension to
an implicit membrane model (IMM) [26] enables its application to
membrane proteins, thus providing access to the majority of pro-
tein families found in nature.

Here we describe the development and implementation of an
implicit solvation model based on EEF1 for NMR-restrained struc-
ture calculations in the program XPLOR-NIH [27,28]. The model is
named EEFx (Effective Energy Function for XPLOR-NIH) to high-
light its origins. The principal components of EEFx are a new non-
bonded energy function for solvation free energy (Eslv) and the
related parameters that enable its implementation with the other
XPLOR-NIH energy terms for NMR structure calculations. The
XPLOR-NIH package is derived from XPLOR [29], which itself
evolved from the CHARMM program [30,31]. XPLOR-NIH has many
completely new features, designed to facilitate its applications and
continuous development for NMR structure calculations. However,
it also contains all of the original XPLOR functionality, including
many energy functions derived from CHARMM. This is a significant
factor facilitating the implementation of EEFx in XPLOR-NIH, since
its EEF1 progenitor was originally developed for CHARMM and
works in conjunction with CHARMM energy functions and force
fields.

We show that EEFx yields significant improvements in struc-
tural quality, accuracy and precision for NMR-restrained calcula-
tions, from unfolded templates, of several proteins with sizes
ranging from 60 to 260 amino acids. Structure calculations with
EEFx are computationally efficient and can be easily implemented
together with standard simulated annealing protocols. We antici-
pate that structure calculations using EEFx with extension to an
implicit membrane environment potential (in progress) will be
particularly useful for membrane proteins, where the highly aniso-
tropic environment of the lipid bilayer membrane poses significant
constraints on protein structure [32].
2. Description of EEFx

The XPLOR-NIH energy function (ETOTAL) can be grouped into
three distinct classes [27–31]:

ETOTAL ¼ EEXP þ EKNOW þ ESYS ð1Þ

where EEXP contains experimental restraining energy terms derived
from the NMR data, EKNOW contains knowledge-based restraining
terms and ESYS, describing the energy of the molecular system, con-
tains conformational and nonbonded energy terms. Many EEXP and
EKNOW potentials have been developed for NMR-restrained structure
calculations in XPLOR-NIH, including the widely used terms for dis-
tance, dipolar coupling and dihedral angle restraints [27,28], as well
as various statistical torsion angle potentials [33,34].

In typical NMR structure calculations the conformational en-
ergy comprises terms for covalent bonds (EBON), covalent bond an-
gles (EANG) and improper dihedral angles (EIMP), and can include a
term for proper dihedral angles (EDIHE), although this is usually
more effectively replaced by a statistical knowledge-based term.
Furthermore, the nonbonded energy is described collectively by a
single repulsive potential, implemented by turning on the repel op-
tion of the van der Waals energy function (EVDW-REPEL) and turning
off the electrostatic energy function; this simplified term is used to
prevent atomic overlap and can be scaled down to allow atoms to
move through each other in the early stages of simulated annealing
to accelerate the calculations [4,5].

By contrast, the nonbonded energy function of EEFx contains
terms for three types of interactions: a Lennard–Jones van der
Waals term (EVDW), to describe both repulsive and attractive forces;
an electrostatic energy term (EELEC), computed with the atomic
charges specified in the topology file; and a new term for solvation
free energy (Eslv), introduced here to enable protein structure cal-
culations in implicit solvent with EEFx.

Eslv is an empirical function for the solvation free energy of a
protein in water, parametrized with experimental solvation free
energy data for small model molecules. It works together with
the XPLOR functions for nonbonded energy (EVDW and EELEC) and
conformational energy (EBON, EANG, EIMP and EDIHE), plus a new set
of protein topology and parameters to generate the EEFx force
field, such that:

ESYS ¼ EEEFx

¼ ðkBONEBONÞ þ ðkANGEANGÞ þ ðkIMPEIMPÞ þ ðkDIHEEDIHEÞ
þ ðkVDW EVDWÞ þ ðkELECEELECÞ þ ðkSLV ESLV Þ ð2Þ

where EEEFx is the effective energy of the solvated system and each
energy term is scaled by its respective force constant k. The deriva-
tion of Eslv has been described [23] and its implementation in
XPLOR-NIH is described below.

Eslv is defined as the sum of the solvation free energy contribu-
tions from all i atomic groups in the protein, each described as the
solvation free energy of group i in its fully solvated state minus the
reduction in solvation due to the presence of surrounding groups j.
The functional form of Eslv, expressed as an empirical energy func-
tion of the protein’s atomic coordinates is given by:
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where DGi
ref and DGi

free each represent the solvation free energy of
atomic group i in its fully solvated state (DGi

ref) and in its isolated,
fully solvated state (DGi

free), SWslv is a switching function, rij is the
distance between groups i and j, Ri is the van der Waals radius of
group i, Vj is the volume of group j, and ki is the correlation length
of the solvation free energy density centered at group i. In Eq. (3),
the solvation free energy density of each group is modeled as a
Gaussian function, exhibiting strong distance-dependence with its
maximum magnitude centered at group i and decaying to zero
away from it. The switching function SWslv is similar to the XPLOR
switching function used to control the atomic distances at which
the nonbonded interaction terms for EVDW and EELEC become effec-
tive [29]. SWslv has the form:
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Eqs. (3) and (4), as well as equations for evaluating the analytical
derivatives of DGi

slv needed to generate gradients of the pairwise
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solvation free energies for all groups in the system, were coded in
the C++ base framework of XPLOR-NIH, and new Python modules,
eefxPot and eefxPotTools, were added to facilitate set up of the solva-
tion energy term for EEFx calculations.

Evaluation of the solvation free energy using Eqs. (3) and (4) re-
quires specification of the following parameters for each group i in
the protein: atom type, atom radius Ri, atom volume Vi, atom cor-
relation length ki, and values of DGi

ref and DGi
free. These parameters,

plus related values of heat capacity and enthalpy, were encoded in
the eefxPotTools module and are called by eefxPot during structure
calculations. Their values (Table 1) were selected to be the same as
those of Lazaridis and Karplus [23], with the values for hydrogen
atoms taken to be zero. The values of DGi

ref were taken from the
experimental data of Privalov and Makhatadze [35] while those
of DGi

free are derived from DGi
ref as described [23]. The values of

Ri correspond to CHARMM19 atomic radii and the volumes Vi are
derived from Ri, as described [23]. The values of ki are set to the ra-
dius of the first hydration shell: 6.0 Å for NH3, NC2 and OC groups
and 3.5 Å for all other groups.

Solvation free energy has a strong dependence on temperature.
The CHARMM EEF1 model was found to reproduce thermodynamic
parameters of protein folding-unfolding events very well and EEFx
retains this thermodynamic functionality. The solvation free en-
ergy parameters encoded in eefxPotTools are values determined
experimentally at 298.15 K [35]. For structure calculations based
on NMR experiments performed at temperatures different than
298.15 K, eefxPot can perform temperature-dependent calibration
of the free energy parameters in eefxPotTools, using values of heat
capacity and enthalpy, also derived experimentally from model
small molecules [35–38]. This is accomplished with the following
functional forms of the Gibbs–Helmholtz equation, encoded in
eefxPot:

DGref
i ðTÞ ¼ DGref

i ðT0Þ � DSref
i ðT0ÞðT � T0Þ � DCpiT ln

T
T0

� �
þ DCpiðT � T0Þ

DSref
i ðT0Þ ¼

DHref
i ðT0Þ � DGref

i ðT0Þ
T0

ð5Þ

EEFx also requires dedicated protein topology and parameter
files, containing the chemical information for specific residue and
atom types and the various force constants for the conformational
Table 1
Parameters of Eslv used for EEFx calculations.a

Atom type Vi DGi
ref DGi

free DHi
ref DCpi

ref ki Ri

C 14.7 0.000 0.00 0.000 0.00 3.50 2.100
CR 8.3 �0.890 �1.40 2.220 6.90 3.50 2.100
CH1E 23.7 �0.187 �0.25 0.876 0.00 3.50 2.365
CH2E 22.4 0.372 0.52 �0.610 18.60 3.50 2.235
CH3E 30.0 1.089 1.50 �1.779 35.60 3.50 2.165
CR1E 18.4 0.057 0.08 �0.973 6.90 3.50 2.100
NH1 4.4 �5.950 �8.90 �9.059 �8.80 3.50 1.600
NR 4.4 �3.820 �4.00 �4.654 �8.80 3.50 1.600
NH2 11.2 �5.450 �7.80 �9.028 �7.00 3.50 1.600
NH3 11.2 �20.000 �20.00 �25.000 �18.00 6.00 1.600
NC2 11.2 �10.000 �10.00 �12.000 �7.00 6.00 1.600
N 0.0 �1.000 �1.55 �1.250 8.80 3.50 1.600
OH1 10.8 �5.920 �6.70 �9.264 �11.20 3.50 1.600
O 10.8 �5.330 �5.85 �5.787 �8.80 3.50 1.600
OC 10.8 �10.000 �10.00 �12.000 �9.40 6.00 1.600
S 14.7 �3.240 �4.10 �4.475 �39.90 3.50 1.890
SH1E 21.4 �2.050 �2.70 �4.475 �39.90 3.50 1.890
H 0.0 0.000 0.00 0.000 0.00 0.00 0.800

a Parameters are listed in eefxPotTools. Values of DGi
ref, DGi

free, DHi
ref and DCpi

ref are
from data of Privalov and Makhatadze [35–38]; they were determined experi-
mentally at 298.15 K for small model molecules. Values of Ri correspond to
CHARMM19 van der Waals radii. Values of Vi and ki were taken from the EEF1
model [23].
and nonbonded energy terms. The original EEF1 model was de-
signed to work with the CHARMM19 polar hydrogen force field,
in which aliphatic hydrogens are treated implicitly by representing
aliphatic groups as unified atoms with increased mass and specific
van der Waals properties. Since NMR structure calculations require
explicit inclusion of all hydrogen atoms, we generated a new set of
parameter and topology files for specific use with EEFx. The new
files, proteinEEFx.par and proteinEEFx.top, were derived from the
CHARMM19 [30,31], PARALLHDG5.3 [6,8] and OPLS [39] force
fields. Since PARALLHDG5.3 is itself derived from CHARMM and
since PARALLHDG5.3 and OPLS are jointly effective for explicit
water refinement in XPLOR-NIH [6,8], we reasoned that they
would be good starting points for defining EEFx topology and
parameters.

The proteinEEFx files were generated by making the following
modifications to the amino acid parameters of PARALLHDG5.3:
(i) the atom groupings were redefined to be those of CHARMM19
so as to be compatible with the solvation energy parameters in Ta-
ble 1; (ii) for non-ionic residues, the partial atomic charges were
replaced with those of CHARMM19 partial charges; (iii) for ionic
residues (Arg, Lys, Asp, Glu and termini), the partial atomic charges
were replaced with those of Lazaridis and Karplus [23], which were
designed to obtain polar, albeit neutralized, residues that yield the
proper stabilizing interactions for salt bridges. In addition, the
force field also retains the full set of dihedral angle parameters de-
fined in PARALLHDG5.3, thus enabling EEFx structure calculations
to be performed with the XPLOR EDIHE energy function instead of a
statistical torsion angle potential, if desired.

Finally, to obtain effective EEFx calculations, Eslv is implemented
together with the XPLOR van der Waals and electrostatics energy
functions, EVDW and EELEC [29], with their switching function effec-
tive between 7 Å and 9 Å; all nonbonded interactions beyond this
value are neglected thus significantly reducing the computational
cost. Dielectric screening, due to the influence of a protein’s elec-
trostatic properties on the density and distribution of the sur-
rounding solvent molecules, is approximated by turning on the
distance-dependent dielectric constant (e = r) option of the EELEC

function. This effect is neglected for nonpolar groups, where it is
expected to be small.
3. Methods

3.1. Structure calculations

All calculations were performed with XPLOR-NIH [27,28]. The
new EEFx potential, eefxPot, is part of the XPLOR-NIH software
suite (as of version 2.36), downloadable from the web (http://
nmr.cit.nih.gov/xplor-nih/).

Free MD simulations were performed at 300 K, in Cartesian
space, and implemented with four different models for nonbonded
interactions (Table 2). The structures were downloaded from the
protein data bank (PDB), energy minimized (500 steps of Powell
minimization) and then subjected to 100 ps (and 1 ns in the case
of SpAZ) of MD simulation, processed with normal atomic masses
instead of the uniform mass setup that is routinely used in NMR
structure calculation protocols. The trajectories were saved every
200 steps.

NMR-restrained structure calculations were performed using
two conventional simulated annealing protocols [34]: the first for
folding an initially extended conformation and the second for sub-
sequent refinement of a folded model selected from the first fold-
ing protocol. Both protocols are based on the internal variable
module [40] and share the same basic scheme comprising four
stages: (i) torsion angle dynamics at high-temperature (3,500 K
for folding, 3,000 K for refinement) for a time of 15 ps or 15,000

http://nmr.cit.nih.gov/xplor-nih/
http://nmr.cit.nih.gov/xplor-nih/


Table 2
Energy functions, topology and parameters of the four different force fields used in the structure calculations.a

Model ENONB
b Topology/parameters Nonbonded parameters

REPEL EVDW-REPEL protein.top/protein.par krep > 0, Crep > 0
VDW EVDW proteinEEFx.top/proteinEEFx.par krep = 0, group, vswitch, ctonnb = 7 Å, ctofnb = 9 Å
Vacuum EVDW + EELEC proteinEEFx.top/proteinEEFx.par krep = 0, group, vswitch, ctonnb = 7 Å, ctofnb = 9 Å, switch, rdie
EEFx EVDW + EELEC + Eslv proteinEEFx.top/proteinEEFx.par krep = 0, group, vswitch, ctonnb = 7 Å, ctofnb = 9 Å, switch, rdie, ron = 7 Å, roff = 9 Å

a All calculations were performed with nbxmod = 5, or nbxmod = 3 for REPEL, to allow repulsions only between atoms separated by more than two covalent bonds.
Calculations using the torsionDB potential were performed with nbxmod = 4 to allow repulsions only between atoms separated by more than three covalent bonds.

b ENONB is the XPLOR-NIH nonbonded energy function where EVDW-REPEL is the simple repulsive form of the XPLOR van der Waals function, EVDW is the switched Lennard–
Jones form of the XPLOR van der Waals function and EELEC is the switched distance-dependent dielectric form of the XPLOR electrostatic function [29]. Eslv and its switching
function with parameters ron and roff are described in Eqs. (3) and (4).
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timesteps; (ii) torsion angle dynamics with simulated annealing,
where the temperature is reduced from the initial high tempera-
ture value to 25 K in steps of 12.5 K, for a time of 0.2 ps or 200
timesteps per temperature step (folding protocol), or a time of
0.63 ps or 630 timesteps per temperature step (refinement proto-
col); (iii) 500 steps of Powell torsion angle minimization; and (iv)
500 steps of Powell Cartesian minimization.

In the high temperature stage, experimental dihedral angle re-
straints and distance restraints were applied with respective force
constants of kCDIH = 10 kcal mol�1 rad�2 and kDIST = 2 kcal mol�1

Å�2. In the simulated annealing stage, kCDIH was set to
200 kcal mol�1 rad�2 and kDIST was increased geometrically from
2 to 30 kcal mol�1 Å�2. In selected calculations, the torsionDB sta-
tistical torsion angle potential [34] was included with a force con-
stant set to ktDB = 0.02 kcal mol�1 rad�2 in the high temperature
stage and ramped geometrically from 0.02 to 2 kcal mol�1 rad�2

during simulated annealing. Atomic overlap was prevented by lim-
iting allowed repulsions to those between atoms separated by
three or more covalent bonds (nbxmod = 5), except for calculations
performed with torsionDB where allowed repulsions were limited
to those between atoms separated by four or more covalent bonds
(nbxmod = 4).

Calculations were performed with either one of two different
models for nonbonded interactions: REPEL or EEFx (Table 2). In
the REPEL calculations, the simple repulsive van der Waals
function [29] was used in conjunction with the default XPLOR-
NIH protein topology and parameters (protein.top/par version
1.0). In the high temperature stage, only CA–CA atomic interactions
were active, the van der Waals force constant was set to Crep =
0.004 kcal mol�1 Å�4 and the van der Waals radius scale factor
was set to krep = 1.2. In the simulated annealing stage, all
atom–atom interactions were active, Crep was ramped from 0.004
to 4 kcal mol�1 Å�4, and krep was ramped down from 0.9 to 0.8.

The EEFx calculations were performed with the proteinEEFx
topology and parameters. The van der Waals and electrostatic en-
ergy terms were implemented with a distance cutoff of 9 Å, a
switching function for the Lennard–Jones potential between 7
and 9 Å, and distance-dependent dielectric. The new solvation en-
ergy term, Eslv, was implemented with a distance cutoff of 9 Å and
the switching function for the potential between 7 and 9 Å. The
force constants for van der Waals (kVDW), electrostatic (kELEC) and
solvation (kslv) energy terms were each set to 1.

During the folding protocol of the EEFx calculations, the 15 ps
high temperature stage was further divided into two equal parts,
the first performed as described for the REPEL calculations and
the second performed with kVDW, kELEC and kslv set to 0.1. This
was done to prevent fatal atomic overlap in the early stages of cal-
culations from extended templates. In the subsequent simulated
annealing stage, the force constants were ramped geometrically
from 0.1 to 1 kcal mol�1. The values of kVDW, kELEC and kslv were
set to 1 throughout the refinement protocol of all EEFx calcula-
tions. For calculations of the largest protein EIN, the high
temperature stage of the folding protocol was performed with RE-
PEL and without EEFx, while EEFx was used during the annealing
stage. Explicit water refinement was implemented as described
previously [7–10], using the wrefine.py script available in XPLOR-
NIH.
3.2. Generation of partial NOE restraints

The complete data set of long-range distances (defined here as
the 100% data set) included only distance restraints between atoms
more than 4 residues apart in the protein sequence. Partial dis-
tance restraint data sets were generated by randomly selecting re-
straints from the 100% data set, to cover the percentage range from
1% to 100%. Five independent restraint sets of equal size were gen-
erated for each percentage value. Each set was used to fold 100
structures from extended templates, with the folding protocol de-
scribed above, and the structure with lowest total energy was ta-
ken as input for the refinement protocol. Statistics were
generated for the 10 structures with lowest energy from a total
of 100 refined structures from each independent restraint set.
3.3. Structure analysis, validation and display

XPLOR-NIH was used to evaluate the precision and accuracy of
the calculated structures, as well as to fit the experimental residual
dipolar coupling (RDC) data to the calculated structures by singular
value decomposition [41] and report the RMSD (root mean square
deviation) measure of fit [42]. The backbone conformations, side-
chain conformations and nonbonded atomic interactions of the cal-
culated structures were assessed using the programs WHAT IF
[43,44] and MolProbity [45–47]. Hydrogen bonds were computed
in PyMol [48] using a script [49] with distance cutoff of 3.2 Å and
angle cutoff of 55�. Structures were rendered with PyMol.
3.4. Generation of structural decoys

Blind structure predictions were performed using Rosetta [68],
starting from the sequences of the proteins GB1 and BAF, excluding
the PDB structural coordinates of the two proteins as well as their
homologues from the structure prediction database. For each pro-
tein, 5,000 coarse-grained structural models were generated and
then refined by all-atom relaxation, performed with the implicit
aqueous environment protocol of Rosetta3.4. The refined all-atom
structures were clustered according to their overall energy and
their backbone CA atom RMSD to the lowest energy structure with
a cutoff of 5 Å. For each protein, the most populated cluster encom-
passed more than 20% of the entire sampling space and contained
3,554 decoys for GB1 and 1,225 decoys for BAF. These decoys were
subjected to two sets of Powell energy minimization (500 steps) in
XPLOR-NIH, and then scored by calculating the total XPLOR-NIH
energy with EEFx.
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4. Results

4.1. Unrestrained molecular dynamics simulations

We first tested EEFx for its ability to model a physically realistic
environment that can sustain stable, native protein structures. We
performed unrestrained MD simulations of ten proteins at room
temperature and examined the deviations of the resulting coordi-
nates from those of the experimentally determined structures, ta-
ken to be representative of the native state. For each protein, we
compared the results of 100 ps MD simulations performed with
four different force fields (REPEL, VDW, vacuum, EEFx), each de-
fined by a specific set of nonbonded energy function, topology
and parameters for the system (Table 2). The proteins selected
for analysis (Table 3) have sizes ranging from about 60 to 260 ami-
no acids and a variety of structures, all determined by NMR spec-
troscopy, with coordinates and experimental restraints publicly
available in the PDB. Three of these proteins (GB1, Eglin-c and
Ubiquitin) were part of the set used for the initial development
of CHARMM EEF1 [23] and, hence, provide useful benchmarks for
direct comparison of EEFx performance.

A longer, 1 ns, MD simulation, performed for one of the proteins
(SpAZ) demonstrates that simulations with EEFx are highly stable,
as are those with VDW and vacuum (Fig. 1A). This behavior is sim-
ilar to previous observations for CHARMM simulations with EEF1
[23]. Most of the changes in protein conformation occur within
the first 30–40 ps of dynamics, indicating that 100 ps simulations
are sufficiently long to compare the effects of the different force
fields on protein structure. By contrast, as expected, the simple
repulsive potential alone (REPEL) is unable to maintain the native
structure in the absence of additional physical forces or experi-
mental restraints, and the fold quickly and continuously unravels
reaching RMSD values near 20 Å at 1 ns (Fig. 1A, black).

The data show that EEFx effectively maintains the native pro-
tein structure for the entire duration of dynamics (Fig. 1A, red).
Furthermore, although simulations in vacuum (Fig. 1A, blue) or
with VDW alone (Fig. 1A, gray) are also stable, EEFx yields a struc-
ture that is substantially closer to native (RMSD � 1 Å; Fig. 1B),
while the structures from vacuum (RMSD > 2 Å; Fig. 1C) or VDW
(RMSD > 3 Å; Fig. 1D) simulations both differ significantly from
the native state. Notably, both the vacuum and EEFx simulations
were performed with distance-dependent dielectric screening
(e = r), as described above. By contrast comparisons in the original
development of EEF1 were made to the vacuum force field with
fixed unity dielectric constant (e = 1) because this is the accepted
standard in the field and because it corresponds to an extreme of
Table 3
Proteins used for test structure calculations with EEFx.

Proteina PDB Lengthb Residuesc Fold

GB1 [50,51] 3GB1 56 all ab
SpAZ [52] 1Q2 N 58 6–55 a
DDEF1-SH3 [53] 2RQT 61 all b
Eglin-c [54] 1EGL 70 8–70 ab
Ubi [55] 1D3Z 76 all ab
Din-I [56] 1GHH 81 1–71 ab
BAF [57] 2EZX 89 all a
RNPK [58] 1KHM 89 12–84 ab
IIBMt [59] 1VKR 125 12–107 ab
ArfA-b [60] 2KSM 131 80–195 ab
EIN [61,62] 1EZA 259 1–230 ab

a GB1, protein G B1 domain; SpA-Z, Staphylococcal protein A Z domain; Ubi,
ubiquitin; DDEF1-SH3, human DDEF1 SH3 domain; Din, DNA-damage-inducible
protein I; BAF, human barrier to autointegration factor; RNPK, nuclear ribonu-
cleoprotein K KH domain; IIBMt, mannitol transporter enzyme II B domain; ArfA-B,
M. tuberculosis ArfA B domain; EIN, enzyme I N-terminal domain.

b Full length of polypeptide.
c Residues used in calculations.
zero dielectric screening. Thus, even though the use of e = r and io-
nic sidechain neutralization (implemented in proteinEEFx.top) are
expected to improve the results of vacuum simulations, EEFx still
gives a significantly better result compared to vacuum.

The improved performance of EEFx compared to both vacuum
and VDW, is also observed in the 100 ps simulations of the other
test proteins (Fig. 2). Notable improvements in structural accuracy
(Fig. 2A and B) are observed for all cases. Furthermore, for all pro-
teins, simulations with EEFx yield significantly better cross valida-
tion with the experimental RDC data (Fig. 2C), providing
independent evidence that EEFx produces close representations
of the native structures. EEFx also relieves the molecular contrac-
tion that is observed in the vacuum simulations, as evidenced by
the slightly higher gyration radii of the EEFx structures compared
to vacuum (Fig. 2D). Contraction is a well-known effect of MD sim-
ulations performed in vacuum, where electrostatic interactions are
amplified by the lack of solvent screening [63,64] and is readily vis-
ible in the 1 ns vacuum simulation of SpAZ (Fig. 1C).

Finally, simulations with EEFx yield a significant increase in the
number of hydrogen bonds compared to the experimentally deter-
mined structures, further demonstrating that the model maintains
stable secondary structural elements (Fig. 2E). For all test cases, the
number of hydrogen bonds observed with EEFx is higher than the
number observed for the experimental structures but lower than
the number observed for vacuum simulations where the effects
of electrostatics are not dampened by solvation screening, while
VDW alone (not shown) significantly decreases the number of
hydrogen bonds concomitant with structural distortion. We con-
clude that EEFx provides a physically realistic implicit solvent envi-
ronment capable of supporting stable, native protein structures.

4.2. Recognition of native fold

We next tested EEFx for its ability to discriminate among native
and unfolded protein states. Protein structure prediction has be-
come a major tool in structural biology that can be used very
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effectively to supplement sparse experimental restraints during
protein structure determination by NMR [65–67]. Starting with
the amino acid sequences of the proteins GB1 and BAF, we per-
formed blind structure predictions using the Rosetta program,
which is very successful at predicting three-dimensional structures
of proteins from their amino acid sequences [68]. For each protein,
we generated 5,000 coarse-grained decoys and then refined them
by full-atom relaxation in Rosetta. The most populated clusters
were subjected to energy minimization in XPLOR-NIH and then
scored with the EEFx energy function. Minimization produces only
very minor alterations (maximum 0.2 Å) of the decoys’s original
structures.

Rosetta represents proteins by their backbone heavy atoms plus
CB atoms for the sidechains; its full-atom energy function is a hy-
brid of statistical, empirical and physically realistic terms, includ-
ing: PDB-derived sidechain and backbone torsion angle
potentials, orientation-dependent hydrogen bonds, short-range
knowledge-based electrostatic energy, reference energies for the
unfolded states of the twenty amino acids, solvation effects based
on the EEF1 solvation free energy function, and Lennard–Jones
nonbonded interactions. By contrast, EEFx does not include any
statistical terms.

Analysis of the Rosetta and EEFx energy landscapes (Fig. 3A, B,
G, H) and comparison of the lowest energy structures with the
NMR structures of either GB1 (Fig. 3C–F) or BAF (Fig. 3I–L), show
that both the Rosetta and EEFx energy functions effectively recog-
nize the overall, native fold of the two proteins. It is remarkable
that these decoys were generated de novo with no other input than
the protein’s amino acid sequence and the PDB, which now con-
tains a sufficient number of structures to enable fragment-based
structure predictions. For each protein, the ten lowest energy de-
coys selected by either Rosetta or EEFx have very similar precision
(Fig. 3E, F, K, L), indicating the tendency of each energy function to-
wards a specific structural ensemble. However, Rosetta and EEFx
each select a different decoy based on lowest energy.

For GB1, the decoy with lowest Rosetta energy exhibits the
overall features of the native fold, but is 3.6 Å RMSD away from
the experimental structure (Fig. 3C). By contrast the decoy selected
for lowest EEFx energy is very close to the experimental structure,
with an RMSD of 1.2 Å (Fig. 3D). This difference in accuracy is also
reflected in the shapes of the Rosetta and EEFx energy landscapes
of GB1: while the EEFx energy landscape has a marked funneling
shape towards the native structure (Fig. 3B), the Rosetta landscape
has much less pronounced funneling features (Fig. 3A). In the case
of BAF, the decoys with lowest Rosetta and EEFx energies also cor-
respond to the decoys with lowest RMSD relative to the experi-
mental structure (Fig. 3I–L) and both have Rosetta and EEFx
energy landscapes with marked funneling shape towards the na-
tive fold (Fig. 3G, H).

For both proteins, the EEFx energy landscapes have significantly
(sixfold) greater energy dispersion. The EEFx energy bandwidth is
300 kcal mol�1, compared to the 50–60 kcal mol�1 observed for
Rosetta and, thus, provides a greater degree of discrimination
among protein folds. Analysis of the decoy EEFx energies shows
that electrostatic energy makes the most significant contribution
to the overall value. On average, the ten decoys of GB1 with lowest
Rosetta energy have 83 hydrogen bonds, while those with lowest
EEFx energy have 95 hydrogen bonds. Similarly for BAF, the ten de-
coys with lowest Rosetta energy have, on average, 142 hydrogen
bonds, while those selected by EEFx have 163. In the lowest EEFx
energy decoys, additional hydrogen bonds are formed both among
backbone and sidechain atoms and contribute to lowering the total
energy of the system. We conclude that the new EEFx term gives
results comparable to Rosetta over a wide range of conformations
and may provide a wider dynamic range for discrimination of
folded states.

4.3. NMR-restrained protein structure calculations

EEFx was developed with the specific objective of providing a
more physically realistic energy landscape for NMR-restrained
structure calculations, without significantly sacrificing calculation
speed and ease of implementation. To test its performance in this
regard, we performed NMR-restrained calculations for six proteins
in Table 3, using the experimental distance and dihedral angle re-
straints available in the PDB and retaining the RDC restraints only
for cross validation. The calculations were started from extended
templates, as is typically done in NMR structure determination,
and performed with standard simulated annealing protocols, exe-
cuted using either the simple repulsive function of the van der
Waals energy term (REPEL) with the default XPLOR-NIH protein
topology and parameters, or the EEFx energy function with
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proteinEEFx topology and parameters, each with or without inclu-
sion of the statistical torsion angle potential torsionDB [34].

The restraints used for structure calculations necessarily reflect
heterogeneity both in the way they were measured and evaluated
from the experimental data and also in their number relative to
protein length. For example, the interpretation of NOE signals in
terms of inter-atomic distances can vary substantially among re-
search groups, and the number of long-range NOE restraints for
each protein in Table 3 varies between 1.8 and 10.6 per residue.
This situation reflects the typical range of variables associated with
NMR structure calculations and hence provides a good test case for
evaluating the performance of EEFx.

We first examined the ability of EEFx to produce folded protein
structures with limited numbers of restraints. These tests were
performed for two proteins, GB1 (Fig. 4) and ArfAB (Fig. S1), whose
different sizes and distinct topologies make them excellent candi-
dates for assessing the performance of EEFx. The NMR structure of
GB1 is based on a large set of experimental restraints, including a
complete set of NOEs, and is exceptionally well defined [50]. ArfAB
is a larger polypeptide (131 residues) with an unusual fold whose
structure was determined to very good precision [60].

To examine the dependence of the calculations on the number
of distance restraints, we used data sets with decreasing numbers
of distances. Each set was generated from experimental hydrogen
bonds and NOEs by first, removing all distances between sites
separated by less than five residues in the protein sequence,
and then, randomly eliminating long-range distances from the
remaining restraints. Thus, each resulting data point reflects the
average over five independent structure calculations performed
with five unique sets of long-range distances of equal size. For
each set, 100 structures were calculated and statistics were gen-
erated for the 10 structures with lowest total energy. This ap-
proach reduces the bias associated with the inherent
information content of the distance restraints, a factor that also
influences structural quality [69].

Both EEFx and REPEL are capable of determining the correct glo-
bal folds of GB1 and ArfAB with as few as 0.2–0.4 long-range dis-
tances per residue. However, in this case of very limited
restraints EEFx produces structures that are significantly closer to
the native fold and more precise than those calculated with REPEL.
For GB1 (Fig. 4), calculations performed with REPEL and a partial
data set containing only 4% of the long-range distance restraints
(�0.2 restraints per residue) produce structures with an accuracy
of 4.9 Å and a backbone precision of 4.4 Å. By contrast, structures
calculated with EEFx, and the same partial data sets, have an accu-
racy of 2.9 Å and a precision of 1.8 Å. Similarly for ArfA-B (Fig. S1),
calculations with EEFx using only 20% of the long-range distance
data (�0.5 restraints per residue) yield structures with better accu-
racy (2.9 Å) and precision (2.3 Å) while structures calculated with
REPEL have both lower accuracy (3.6 Å) and precision (3.0 Å).
When all available long-range distances are used (5.4 per residue
in GB1, and 2.5 per residue in ArfAB), structures calculated with
EEFx and REPEL have similar accuracy but the EEFx structures have
somewhat greater precision (Fig. 5). Similar trends are observed for
the precision and accuracy determined for all heavy atoms.

To the extent that structural accuracy can be assessed relative
to the actual native structure, the precision of NMR structures is
typically higher than their accuracy [70]. The number of re-
straints available for calculation is the principal factor influencing
the accuracy and precision of NMR structures, but the nature of
the nonbonded energy function also plays an important role
[70]. The principal effect of EEFx is to direct the calculation to-
wards the native structure even in the absence of large numbers
of restraints. The ability of EEFx to fold structures with limited
numbers of distance restraints correlates with its ability to bury
solvent accessible protein groups, form hydrogen bonds and opti-
mize the radius of gyration. This is a significant advantage of
EEFx, since modern methods for NMR structure determination
are increasingly designed to shift the burden away from time-
consuming measurements of multiple long-range distances and
facilitate the determination of high-quality three-dimensional
structures with very few or no distance restraints [65,66].

We next tested the performance of EEFx for the generation of
high quality structures. Introduction of a new term in the target
energy function can induce deterioration in the agreement be-
tween calculated structures and the other experimental and con-
formational energy terms. The data in Figs. 5 and 6, obtained for
six proteins with increasing sizes and an assortment of structures,
demonstrate that the improvements in precision and accuracy
afforded by EEFx are not accompanied by significant costs to either
conformational terms or terms associated with the NMR data – on
the contrary.
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In all cases, the precision of both backbone and heavy atom
coordinates improves significantly for structures calculated with
EEFx, with the sole exception of IIBMt, where the precision de-
creases slightly (Fig. 5A and B). Furthermore, calculations with
EEFx produce similar or improved agreement with the experimen-
tal RDC data (Fig. 5C), which were purposely excluded from struc-
ture calculations. RDCs depend on the orientation of interatomic
vectors relative to the external magnetic field, and their exclusion
from structure calculation provides a useful independent test of
structural accuracy [42]. All of the structures calculated and re-
fined with EEFx have better or similar agreement with the RDCs
reflecting an improvement in accuracy.

Finally, calculations with EEFx produce similar levels of agree-
ment between the structures and experimental distance and dihe-
dral angle restraints used in the calculations (Fig. 5D and E).
Although, in some cases a slight deterioration is observed when
EEFx is used, the combined use of EEFx with the statistical poten-
tial torsionDB [34] produces results with similar or better agree-
ment than those obtained with torsionDB alone. In the case of
ubiquitin, EEFx actually produces a slight improvement in the
agreement between structure and distance restraints.

The structures calculated with EEFx also compare very favor-
ably with those refined in explicit water, using the wrefine.py
refinement protocol adapted from Refs. [7–10] and available in
XPLOR-NIH. Correlations to the experimental data are similar for
both EEFx and water-refined structures, while structural precision
is somewhat better for EEFx (Fig. S2).

We further examined the quality of structures generated with
EEFx with respect to WHAT IF [43] and MolProbity [46,47] valida-
tion metrics (Fig. 6). The results show that EEFx improves the qual-
ity of the backbone conformation in every case compared to results
obtained with REPEL, regardless of whether torsionDB is included
or not. Use of EEFx improves the WHAT IF Ramachandran plot
appearance (Fig. 6A). Similarly, MolProbity indicates that EEFx
causes the favored regions of the Ramachandran plot to become
more populated (Fig. 6D) and the percent of Ramachandran outli-
ers to drop significantly (Fig. 6E). With regards to sidechain confor-
mation, both WHAT IF and MolProbity show that EEFx alone
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results in worse v1/v2 rotamer normality scores (Fig. 6C) and
higher numbers of poor rotamers (Fig. 6F) for all proteins. This is
expected for calculations performed without any dihedral angle
potential term and is also observed for calculations performed with
REPEL alone. However, these effects are readily corrected by the
use of torsionDB [34], which was developed precisely for this pur-
pose, or by inclusion of the XPLOR dihedral angle conformation en-
ergy term (EDIHE) in the calculations (Fig. S3), which is enabled by
the more complete force field available in the proteinEEFx.top/
par files that work with EEFx.

The validation results further show that EEFx improves the
quality of protein conformation and nonbonded atomic interac-
tions. The WHAT IF packing quality score (the atomic distributions
around different molecular fragments) [71] and the MolProbity
clashscore (the number of serious atomic overlaps per thousand
atoms) [72] provide estimates of the quality of nonbonded atomic
interactions or atomic packing. Notably, all structures generated
with EEFx display marked improvements in both of these key met-
rics (Fig. 6B and G), even when compared with water-refined struc-
tures (Fig. S3). This is reflected in the overall MolProbity score
[46,47] (the lower the better), which improves with EEFx for every
protein tested (Fig. 6H). Generally, NMR structures tend to be
somewhat less well packed and expanded relative to X-ray struc-
tures [73,74] and, often, the experimental NMR data are more con-
sistent with high-resolution crystal structures than the
corresponding NMR structures [75]. Here, the improved packing
obtained with EEFx is also reflected in the improved agreement
with the experimental RDC data.
Overall the best results are obtained when EEFx is used in con-
junction with TorsionDB. However, the use of EEFx with the EDIHE

energy term also yields very favorable results (Fig. S3), thus provid-
ing a non-statistical, albeit empirical, alternative to the use of a sta-
tistical knowledge-based potential (torsionDB) for dihedral angles.

Finally, we report that calculations with EEFx are computation-
ally efficient. For the proteins tested in this study, NMR-restrained
calculations performed with EEFx were only 2.5 times longer in
elapsed wall clock time than those with REPEL.

5. Conclusions

The benefits of protein structure refinement in water are well
documented [6–11,15]. However, performing structure calcula-
tions with explicit atomic representation of the solvent molecules
is computationally expensive and impractical for NMR-restrained
structure determination. We conclude that the new EEFx potential
described in this paper provides an effective energy function
for the implicit solvation of proteins during NMR-restrained
calculations.

The initial results show that EEFx outperforms the simple repul-
sive potential that is typically used in NMR structure calculations.
The EEFx energy function effectively discriminates native from
misfolded conformations and yields significant improvements in
structural precision and accuracy, as well as conformational and
nonbonded protein packing properties. Notably, EEFx can be used
both to fold as well as refine NMR-restrained structures and im-
proves the precision and accuracy of structure calculations
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performed with limited numbers of experimental distance re-
straints. Finally, implementation of EEFx in XPLOR-NIH is straight-
forward and computationally efficient enabling structure
calculations to be easily carried out on standard laboratory
computers.

Additional studies on different proteins will be needed to fully
explore the XPLOR-NIH EEFx energy landscape. However these ini-
tial results indicate that EEFx is a useful step forward towards the
practical calculation of experimental protein structures in a phys-
ically realistic environment that closely resembles their native
state.
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