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ABSTRACT: Most biological events occur on time scales that are
difficult to access using conventional all-atom molecular dynamics
simulations in explicit solvent. Implicit solvent techniques offer a
promising solution to this problem, alleviating the computational
cost associated with the simulation of large systems and
accelerating the sampling compared to explicit solvent models.
The substitution of water molecules by a mean field, however,
introduces simplifications that may penalize accuracy and impede
the prediction of certain physical properties. We demonstrate that
existing implicit solvent models developed using a transfer free
energy approach, while satisfactory at reproducing the folding
behavior of globular proteins, fare less well in characterizing the
conformational properties of intrinsically disordered proteins. We
develop a new implicit solvent model that maximizes the degree of accuracy for both disordered and folded proteins. We show, by
comparing the simulation outputs to experimental data, that in combination with the a99SB-disp force field, the implicit solvent
model can describe both disordered (aβ40, PaaA2, and drkN SH3) and folded ((AAQAA)3, CLN025, Trp-cage, and GTT)
peptides. Our implicit solvent model permits a computationally efficient investigation of proteins containing both ordered and
disordered regions, as well as the study of the transition between ordered and disordered protein states.

■ INTRODUCTION
Molecular dynamics (MD) is a powerful technique for the
description of molecular-scale phenomena, and its application
to the study of proteins has yielded important insights
regarding folding and aggregation mechanisms.1,2 While
significant information can be extracted from MD data, and
one can, in principle, obtain molecular details that cannot be
captured by current experimental techniques,3 it is nonetheless
important to keep in mind two key points that, in practice,
limit the ability of MD simulations to successfully capture
these details. First, the conformational transitions involved in
the phenomena being studied often occur on time scales
(microseconds or more) that are challenging to access using
conventional MD simulations. Recent advances in high
performance and quantum computing4 have paved the way
for the computational investigation of previously unaccessible
biological events, but in most cases, the description of complex
phenomena still requires techniques that increase computa-
tional efficiency by reducing the degrees of freedom of the
system,5,6 or by enhancing the sampling.7,8 The second factor
that needs to be considered is that the accuracy of the results
obtained at the end of an MD simulation depends on the
accuracy of the physical description (i.e., the force field) used
to model the system.9,10

One means of achieving computational efficiency in protein
simulations is to simplify the representation of the solvent
through the use of an implicit solvent model.11 This approach
reduces the degrees of freedom of the system and further
enhances conformational transitions by removing viscous
effects due to friction with the solvent.12 However, a challenge
with existing implicit solvent models is that they often lack
accuracy compared to their explicit solvent counterpart, and in
some instances cannot predict certain physical properties due
to the absence of explicit solvent molecules.
With the aim of developing and characterizing a simulation

approach for proteins that enhances both computational
efficiency and accuracy, we recently proposed an implicit
solvent model that had the unique feature among implicit
solvent models of being able to describe heat-, cold-, and
pressure-denaturation of proteins,13,14 as well as the effect of
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osmolytes on protein stability.15 Our implicit solvent approach
combines a Generalized-Born (GB) method to model
electrostatic interactions16 with the commonly used SASA-
based description of the nonpolar solvation term, based on
arguments from scaled particle theory.17,18 The SASA-based
description defines the nonpolar hydration contribution as a
surface tension value γ that multiplies the solvent accessible
surface area (SASA) of the protein. However, while most
implicit solvent models use a single value of γ (independent of
both temperature and atom type), we proposed a more
complex treatment of the nonpolar solvation term that involves
temperature- and residue-dependent values of surface
tension.13 The relation between γ and temperature was
obtained by mining a large data set of protein structures
resolved by nuclear magnetic resonance (NMR) in the range
265−335 K. Specifically, we proposed two different mathe-
matical derivations to take into account the effect of
temperature. In the first one, the nonpolar solvation term is
kept unaltered at 298 K, and the surface tension values are
used to describe differences in behavior compared to this
reference temperature. In the second case, on the other hand, a
completely new set of surface tension values has been derived
at any value of temperature.13 We showed that a model with a
constant surface tension term could fold globular proteins at
room temperature but was unable to capture cold unfolding.
Our models with temperature-dependent surface tension
terms, on the other hand, captured both cold and hot
denaturation, as well as protein stability at room temperature.13

In this paper, we further refine the implicit model to
accurately describe not only the free energy landscape of
folding of globular proteins, but also that of intrinsically
disordered proteins. Achieving a correct description of natively
ordered and disordered proteins is a challenge, even in
simulations in which explicit solvent is used. Previous studies
showed that combinations of popular force fields and water
models predicted disordered states that were too compact.19

More realistic dimensions of unfolded states of proteins could
be obtained by rescaling protein−water interactions in the
a03w force field.20 Piana et al.19 found that a more balanced
description of dispersion and electrostatic interactions in the
water models used for MD simulations improved the
prediction of disordered states, but sometimes worsened the
description of folded proteins. The same research group9

further addressed this issue by optimizing torsion parameters
and introducing changes in the protein/water van der Waals
interaction terms, eventually developing a force field (a99SB-
disp) that displays an optimal balance between disordered and
folded protein state prediction.
To assess our implicit solvent model, we consider a selection

of different protein models, including both disordered (aβ40,
PaaA2, and drkN SH3) and folded ((AAQAA)3, CLN025,
Trp-cage, and GTT) peptides. The implicit solvent technique
is combined with the a99SB-disp force field9 for the proteins,
as this was shown to outperform previous force fields for the
description of both disordered and folded protein structures.
More details on the mathematical derivation and potential

applications of our approach can be found in the original
publication13 and in the Theoretical Background section
below. Simulations are performed using the parallel tempering
replica exchange molecular dynamics (PT-REMD) approach,21

that enhances sampling by periodically exchanging config-
urations between a ladder of replicas at different temperatures.
The conformational ensembles of the disordered peptides and

the temperature stability of the proteins selected for this work
are extracted from the simulations, and the simulation outputs
are compared with explicit solvent simulations and with
experimental data, to quantitatively assess the degree of
accuracy of the proposed description. We first considered the
original implicit models (that differ in the way that the surface
tension term is parametrized) that we introduced in our earlier
paper in the context of folding globular proteins and assessed
their ability to capture the conformational states of disordered
proteins. This allows us to highlight both the advantages and
the disadvantages of the existing implicit solvent approaches
and enabled us to develop an optimized implicit solvent model
that maximizes the accuracy for both disordered and folded
protein states.

■ MATERIALS AND METHODS
Theoretical Background. The free energy of a peptide

dissolved in water can be described as the sum of various
terms, involving both polar and nonpolar contributions,

G E G G G T( )tot vac el
0
np tr= + + + (1)

Here, Evac is the energy of the peptide in vacuum, i.e., the sum
of both internal bonded contributions (bonds, angles,
dihedrals) and nonbonded van der Waals interactions. Gel

and G0
np represent instead the polar and nonpolar contributions

to the free energy of hydration, respectively. The nonpolar
contribution G0

np was developed to describe protein behavior at
ambient temperature (T0 = 298 K) and is generally expressed
as

G SASA0
np

0= (2)

where γ0 is a surface tension, independent of temperature and
residue type, while SASA is the total solvent accessibility of the
protein. A value γ0 = 5 cal mol−1 Å−222 was used in the present
work.
We recently proposed the addition of a further energy term

Gtr(T)13 that depends on temperature T and improves the
description of the temperature dependence of protein stability,
allowing, for instance, the prediction of cold denaturation in
implicit solvent trajectories.
Briefly, the term Gtr(T) was obtained by mining a large set of

pdb (Protein Data Bank) files obtained at different temper-
atures by NMR. The probability of each side chain and of the
backbone atoms to be surface exposed at different temper-
atures was extracted from the pdb files and converted to a
temperature-dependent free energy term. In our previous
study,13 we proposed three different approaches for the
description of protein folding at different temperatures.
Approach 1 is the standard implementation, where a single,

temperature-independent value of surface tension is employed.
Approach 2 preserves the standard implementation at T0 = 298
K but makes use of different values of surface tension γ at T ≠
T0. A completely new set of γ values is instead employed in
approach 3.
In summary, G0

np and Gtr(T) are described according to the
following expressions depending on the approach considered.
Approach 1:

G SASA0
np

0= (3)

G T T( ) 0tr = (4)
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Approach 2:

G SASA0
np

0= (5)

G T

T T
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(6)

where the summation runs over the n residues of the protein,
and g T( )k

tr,2
sc, or bb is a free energy term that represents the

transfer of a side chain (superscript sc) or backbone
(superscript bb) group from T0 = 298 K to a different
temperature T. αsc,k or bb,k is instead the fractional solvent
accessibility, defined as the ratio between the SASA of each
side chain or backbone, and the corresponding SASA in the
tripeptide GLY-k-GLY

SASA
SASAk k

k k

k
k k

sc, or bb,
sc, or bb,

GLY GLY
sc, or bb,=

(7)

Approach 3:

G 00
np = (8)

G T g T g T T( ) ( ) ( )
k

n
k k

k

n
ktr

1
tr,3
sc, sc,

tr,3
bb

1

bb,= +
= =

(9)

Here the expression is functionally identical to eq 6, but the
free energy of transfer terms g T( )k

tr,3
sc, or bb are different,

because they were obtained in a different way. Briefly, the
g T( )k

tr,2
sc, or bb energies were obtained by keeping unaltered the

description of the nonpolar contribution G0
np already

implemented in MD simulation suites, while a completely
new set of transfer free energies was derived in the case of the

g T( )k
tr,3
sc, or bb values. The interested reader can refer to our

previous publication13 for a comprehensive description of the
derivation and meaning of the free energy terms g T( )k

tr,2
sc, or bb

and g T( )k
tr,3
sc, or bb . Moreover, a script for the computation of

the free energy of transfer terms g T( )k
tr,2
sc, or bb and

g T( )k
tr,3
sc, or bb is freely available at https://github.com/

andrea-arsiccio/DeltaG-calculation.
Simulation Details. Model Systems. The objective of the

present work was to compare the different implicit solvent
approaches described in the Theoretical Background section.
For this purpose, different protein models were selected, as
detailed in Table 1.

• aβ40: aβ40 is a disordered protein fragment associated
with Alzheimer’s disease.23 It was simulated at pH 8, in
20 mM salt at 298 K, using either the Amber 99SB-disp
force field9 (sim 1) or the Amber 99SB-ILDN
description24 (sim 8). The trajectories were started
from an extended conformation (Figure 1A).

• PaaA2: PaaA2 is an intrinsically disordered antitoxin
from the human pathogen E. coli O157.25 It was
simulated at pH 6.6, in 500 mM salt at 298 K, using
either the Amber 99SB-disp force field9 (sim 2) or the

Amber 99SB-ILDN description24 (sim 9). The trajecto-
ries were started from pdb 3ZBE25 (Figure 1B).

• drkN SH3: The N-terminal SH3 domain of the
Drosophilia signal transduction protein drk (drkN
SH3) is another disordered protein.26 It was simulated
at pH 6, in 50 mM salt at 278 K, using either the Amber
99SB-disp force field9 (sim 3) or the Amber 99SB-ILDN
description24 (sim 10). The trajectories were started
from an extended configuration (Figure 1C).

• (AAQAA)3: (AAQAA)3 is a short peptide with a known
α-helix structure.27 It was simulated at neutral pH, in the
temperature range 270.0−350.1 K using the PT-REMD
technique.21 It was capped by an acetyl group and an
amide moiety at the N- and C-termini, respectively, and
was described using the Amber 99SB-disp force field9

(sim 4). The initial configuration for the trajectories was
fully extended (Figure 1D).

• CLN025: CLN025 is a 10-residue peptide with known
β-sheet structure.28 It was simulated at neutral pH, in
the temperature range 278.0−363.9 K using the PT-
REMD technique and the Amber 99SB-disp force field9

(sim 5). The initial configuration was taken from pdb
5AWL28 (Figure 1E).

• Trp-cage: Trp-cage is a well-known model protein, with
only 20 amino acids, displaying a α-helical29 secondary
structure. It was simulated at neutral pH, in the
temperature range 285.0−347.9 K using the PT-
REMD technique and the Amber 99SB-disp force
field9 (sim 6). The initial configuration was taken from
pdb 1L2Y29 (Figure 1F).

• GTT: GTT is a 35-residue fast-folding variant of the
WW domain FiP35,30 with a β-sheet secondary
structure. It was simulated at neutral pH, in the
temperature range 290.0−369.7 K using the PT-
REMD technique and the Amber 99SB-disp force
field9 (sim 7). The initial configuration was taken from
a mutated variant (N26G, A27T, and S28T) of pdb
2F2131 (Figure 1G).

Simulation Approach. In all cases, the protonation state of
the proteins was adjusted using the H++ server, version 3.2
(http://newbiophysics.cs.vt.edu/H++/32), and the simulations
were performed using all the three different implicit solvent
approaches described in the Theoretical Background section.
The implicit solvent results were then compared to the explicit
solvent outputs obtained with the a99SB-disp force field

Table 1. List of the Simulations Performed in This Work

sim no. protein force field duration, ns temperature, K

1 aβ40 a99SB-disp 250 298
2 PaaA2 a99SB-disp 250 298
3 drkN SH3 a99SB-disp 250 278
4 (AAQAA)3 a99SB-disp 300 270.0, 294.8, 321.5,

350.1
5 CLN025 a99SB-disp 300 278.0, 304.5, 333.1,

363.9
6 Trp-cage a99SB-disp 300 285.0, 304.8, 325.7,

347.9
7 GTT a99SB-disp 300 290.0, 304.7, 319.9,

335.9, 352.4,
369.7

8 aβ40 a99SB-ILDN 250 298
9 PaaA2 a99SB-ILDN 250 298
10 drkN SH3 a99SB-ILDN 250 278
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described in ref 9. The trajectories were run using the AMBER
20 simulation suite,33 combined with Plumed 2.4.7.34 The
generalized Born/surface area model of AMBER 20 was used
to model the first three terms of eq 1, with the OBC(II)
model16 being employed to estimate the Born radii (IGB = 5).
The free energy of transfer term Gtr(T) was instead added as
an external bias using the module SASA of Plumed, which is
available starting from version 2.8.
The SASA module implements two different algorithms for

the computation of the fractional solvent accessibility αsc,k or bb,k

in the Gtr(T) term, i.e., either the fast algorithm by Hasel et
al.35 or the linear combination of pairwise overlaps (LCPO)
algorithm.36 The Supporting Information file presents a
comparison between the two different algorithms, performed
on a statistically relevant database of protein configuration files
(including 720 structures from the pdb database). The
comparison shows that the LCPO algorithm is more accurate
but significantly slower than the simplified formula by Hasel et
al. Since the fractional solvent accessibility has to be computed
at each time step during the implicit solvent trajectories, the
faster algorithm by Hasel et al. was employed in this work for
the sake of computational efficiency. The effect of temperature
on the dielectric constant was also taken into account, using
the equations proposed in ref 37 for this purpose.
In all cases, temperature was controlled using Langevin

dynamics, with a collision frequency of 1.0 ps−1. All bonds
linking to hydrogen atoms were constrained using the SHAKE
algorithm.38 The centers of mass translation and rotation were
removed every 500 steps (1 ps), and no cutoff was used for the
Coulombic and Lennard-Jones interactions. A time step of 2.0
fs was used, and configurations were saved every 2 ps.
All of the systems were first energy minimized for 3000 steps

using the steepest descent algorithm and subsequently
simulated for the duration listed in Table 1. In all cases, the
first 100 ns were deemed as an equilibration and not
considered for the subsequent analyses.

The PT-REMD approach21 was used for simulations 4−7,
and the temperature values used for each replica are listed in
the last column of Table 1. Each replica was first equilibrated
for 5 ns at the desired temperature, without exchanging
configurations. After that, 4.5 ns long REMD runs, where
replica swaps were attempted every 3 ps, were performed, in
order to check the average exchange probabilities. The average
acceptance ratio was adjusted to a value between 0.2 and 0.3.
Finally, REMD simulations were carried out for 300 ns, again
at a 3 ps exchange frequency.

Analysis of the Trajectories. Cluster Analysis. The
peptide conformations during the equilibrated trajectories were
grouped together by performing a cluster analysis based on the
Daura algorithm.39 The conformations were grouped together
if the root-mean-square deviations (RMSD) of the N−Cα−C
atoms were less than a given cutoff to each other (0.20 nm for
aβ40, 0.15 nm for PaaA2 and drkN SH3, 0.35 nm for
(AAQAA)3, 0.25 nm for CLN025, 0.35 nm for Trp-cage, and
0.45 nm for GTT). The most probable conformations were
subsequently visualized using VMD (Visual Molecular
Dynamics).40

α-Helix and Parallel/Antiparallel β-Sheet Content. The α-
helix or parallel/antiparallel β-sheet (β) content used in the
remainder of this work is defined as the number of 6 residue
sections of the peptide having an α-helical or parallel/
antiparallel β-sheet configuration,41

g r R R/ ( , )i idist
0= [ { } { } ]

(10)

The summation runs over all possible segments involved in the
α-helix or parallel/antiparallel β-sheet, while Ri i{ } are the

atomic coordinates of a set Ωμ of 6 residues of the protein, and
g(rdist) is the following switching function

Figure 1. Starting configurations of the different proteins simulated in this work. The cartoon representation highlights the presence of different
secondary structure patterns (purple, α-helix; yellow, β-sheet; blue, 310-helix), while the stick and ball representation distinguishes between polar
(green), nonpolar (white), and positively (blue) and negatively (red) charged amino acids.
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( )
( )

g r( )
1

1

r
r

r
r

dist

8

12

dist

0

dist

0

=

(11)

A cutoff distance of r0 = 0.08 nm was used, and rdist is the
distance RMSD with respect to a reference α-helix or parallel/
antiparallel β-sheet structure {R0}.
Folded Fraction. The folded fractions of (AAQAA)3,

CLN025, Trp-cage, and GTT during the equilibrated
trajectories (last 200 ns) were extracted from the backbone
root-mean-square deviation (RMSD) compared to a reference
structure (the reference structures were the pdb files 5AWL28

for CLN025, 1L2Y29 for Trp-cage, the mutated file 2F2131 for

GTT, and the most sampled structure at 270 K when using
approach 1 for (AAQAA)3). The peptides were deemed to be
folded when the backbone RMSD was less than a given cutoff
(0.35 nm for (AAQAA)3, 0.25 nm for CLN025, 0.35 nm for
Trp-cage, and 0.45 nm for GTT).

■ RESULTS AND DISCUSSION
Evaluation of the Original Implicit Solvent Models:

Approaches 1 and 2 Predict Too Collapsed Ensembles
for Disordered Peptides, while Approach 3 Over-
estimates their Helical Propensity. As a first objective,
we compared the three implicit solvent approaches described
in the Theoretical Background section, using a set of

Figure 2. Distribution of α-helix and β-sheet content vs radius of gyration (Rg), and the most likely protein configurations, with corresponding
probabilities (as determined using the Daura algorithm39) for (A) aβ40, (B) PaaA2, and (C) drkN SH3. The implicit solvent approaches 1, 2 or 3,
in combination with the a99SB-disp force field for the proteins, have been considered. In the cartoon representation of the proteins, α-helices are in
purple, β-sheets in yellow, and 310-helices in blue.
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disordered (aβ40, PaaA2, and drkN SH3) and fast-folding
((AAQAA)3, CLN025, Trp-cage, and GTT) peptides as model
systems.
Figure 2 and Figure S2 show how the three approaches

behave in describing the free energy landscape of disordered
proteins (aβ40, PaaA2, and drkN SH3), when combined with
the a99SB-disp force field. Approaches 1 and 2 are identical at
T0 = 298 K, and for this reason their outputs are displayed
together for aβ40 and PaaA2.
The radius of gyration (Rg) and the secondary structure

content (in terms of β-sheets and helices) were evaluated for
each protein and each implicit solvent approach (Figure 2),
and the most likely conformations sampled in each condition
were extracted from the trajectories. The β-sheet and helical
propensities as a function of residue number (Figure S2) were

also compared to the experimental curves, and the correspond-
ing values of root-mean-square deviation (RMSDβ and
RMSDhelix, respectively) were extracted from this comparison
(Table 2).
We observed that approach 3 predicts conformational

ensembles of the proteins that are, on average, more expanded
(larger Rg) compared to approaches 1 and 2. From the point of
view of the radius of gyration, approach 3 is more in line with
the experimental data, as shown in Table 2, while approaches 1
and 2 tend to predict too collapsed conformations of the
peptides. However, when approach 3 was combined with the
a99SB-disp force field for the protein, a significant over-
stimation of the helical content of aβ40 and drkN SH3 was
observed (accompanied by a corresponding decrease in β-
sheets, as shown in Figure 2A,C).

Table 2. Summary of the Results Obtained in This Work for the Implicit Solvent Approaches 1−4, in Combination with the
a99SB-disp Force Fielda

protein parameter app. 1 app. 2 app. 3 app. 4 a99SB-disp in explicit solvent exptl

aβ40b Rg, nm 0.96 ± 0.003 0.96 ± 0.003 1.15 ± 0.047 1.03 ± 0.005 1.39 1.20 ± 0.13
RMSDβ 0.198 0.198 0.081 0.122 0.093
RMSDhelix 0.127 0.127 0.713 0.404 0.016

PaaA2c Rg, nm 1.27 ± 0.005 1.27 ± 0.005 1.90 ± 0.068 1.47 ± 0.017 2.14 2.24 ± 0.4
RMSDβ 0.182 0.182 0.116 0.003 0.015
RMSDhelix 0.309 0.309 0.424 0.294 0.312

drkN SH3d Rg, nm 1.25 ± 0.004 1.13 ± 0.002 1.39 ± 0.163 1.31 ± 0.003 1.95 1.41 ± 0.05
RMSDβ 0.009 0.010 0.005 0.005 0.047
RMSDhelix 0.230 0.278 0.290 0.448 0.087

(AAQAA)3
e RMSDfolded‑fraction 0.555 0.468 0.442 0.453 0.165

CLN025f RMSDfolded‑fraction 0.631 0.632 0.627 0.635 0.581
Trp-cageg RMSDfolded‑fraction 0.173 0.135 0.368 0.335 0.501
GTTh RMSDfolded‑fraction 0.411 0.381 0.581 0.553 0.190

aThe results obtained with the a99SB-disp force field in explicit solvent (ref 9) are also shown for comparison. bExperimental data from refs 23 and
42. cExperimental data from refs 25. dExperimental data from ref 26 and 43. eExperimental data from ref 27. fExperimental data from ref 28.
gExperimental data from ref 29. hExperimental data from ref 30.

Figure 3. Folded fraction of (A) (AAQAA)3, (B) CLN025, (C) Trp-cage, and (D) GTT as a function of temperature. Black line: approach 1. Red
line: approach 2. Green line: approach 3. Purple line: approach 4. Orange line: original a99SB-disp force field in excplicit solvent. Blue line:
experimental values. Errors were estimated by block averaging. Briefly, the equilibrated trajectories were divided into 4 blocks, and the standard
deviation was computed over the average values of the folded fraction in each of the blocks.
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When comparing the helical propensities predicted by
approach 3 to the experimental curves (Figure S2), the values
of RMSDhelix obtained were, unfortunately, noticeably higher
than for approaches 1 and 2 (Table 2). We further observed
that this overestimation of the helical propensity was due to
the specific combination of approach 3 with the a99SB-disp
force field. When approach 3 was instead combined with the
a99SB-ILDN description for the protein (simulations 8−10),
no overestimation of the helicity of aβ40 and drkN SH3 could
be detected, as illustrated in Figures S3 and S4. In line with
this, the combination a99SB-ILDN/approach 3 resulted in
small values of RMSDhelix for aβ40 and drkN SH3 (Table S2).

Approach 2 Shows the Best Agreement with the
Temperature-Dependent Stability of Fast-Folding Pep-
tides. For what concerns the fast-folding peptides (AAQAA)3,
CLN025, Trp-cage, and GTT, Figure 3 shows their folded
fraction, as a function of temperature, as predicted by the three
different implicit solvent approaches, as well as by the original
a99SB-disp description in explicit solvent.9 The folded fraction
values over temperature were also compared to the
experimental curves,27−30 and corresponding root-mean-square
deviations (RMSDfolded‑fraction) were computed to quantitatively
compare the different approaches (Table 2). Figures S5−S8
further display the evolution of the secondary structure content
and radius of gyration for the different peptides studied as a
function of temperature, together with the most likely
conformations sampled in each condition.
The implicit solvent approaches overestimated the folded

fraction of (AAQAA)3 (Figure 3A) and GTT (Figure 3D),
while they underestimated the stability of CLN025 (Figure
3B) and Trp-cage (Figure 3C). The implicit solvent
description improved the prediction of Trp-cage stability
compared to the explicit solvent counterpart (Figure 3C), but

it was not as effective as the explicit solvent model in matching
the experimental values for GTT (Figure 3D).
Overall, we found that approach 2 was generally the best at

predicting the temperature stability of fast-folding peptides (as
evidenced by the lowest RMSDfolded‑fraction values in Table 2), in
line with what was observed already in our previous study.13

Approach 3 generally was the least accurate, as it predicted
slightly decreased temperature stability of proteins compared
to approaches 1 and 2.
It is interesting to observe that both explicit and implicit

solvent models still fail in providing a perfect agreement with
the temperature dependence of protein stability. This is due to
the intrinsic difficulty of simulating such systems where the
number of degrees of freedom, including protein−protein and
protein−water interactions as well as their temperature
dependence, is huge. Identifying which of these several degrees
of freedom is key for reproducing the experimental behavior is
a challenging task that still lacks a definitive answer.

Developing a New Implicit Solvent Approach:
Approach 4. The results shown so far indicate that
approaches 1 and 2 predict too collapsed conformations for
the disordered peptides, while approach 3 slightly under-
estimates the stability of folded proteins and, when combined
with the a99SB-disp force field, is biased toward the helical
secondary structure. We therefore set out to develop a new
implicit solvent approach, in the following referred to as
approach 4, that could allow a good description of both
disordered and folded protein states.
For this purpose, we started from approach 3 with the

objective to understand what contribution to the solvation
term Gtr(T) in eq 9 mostly led to the overestimation of helicity
when combined with the a99SB-disp force field. Looking at eq
9, the two main contributions come from the side chains (first

Figure 4. Distribution of α-helix and β-sheet content vs radius of gyration (Rg), and the most likely protein configurations, with corresponding
probabilities (as determined using the Daura algorithm39) for (A) aβ40, (B) PaaA2, and (C) drkN SH3. The implicit solvent approach 4, in
combination with the a99SB-disp force field for the proteins, has been used for these simulations. In the cartoon representation of the proteins, α-
helices are in purple, β-sheets in yellow, and 310-helices in blue.
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summation) and from the backbone (second summation),
respectively. We therefore ran short-time simulations (20 ns)
for aβ40 at 298 K and using the a99SB-disp description for the
protein, during which the nonpolar solvation term was
described mixing approach 3 with approach 1. Specifically,
we considered three possible combinations: (i) approach 3 for
the backbone, and approach 1 for the apolar side chains (Ala,
Ile, Leu, Met, Phe, Pro, Trp, Tyr, and Val); (ii) approach 3 for
the backbone, and approach 1 for the polar side chains (Arg,
Asn, Asp, Cys, Gln, Glu, Gly, His, Lys, Ser, and Thr); (iii)
approach 3 for the side chains, and approach 1 for the
backbone (Figure S9A).
The helical content of aβ40 rapidly increased when

approach 3 was used to describe solvation of the side chains,
while approach 1 was employed for the backbone (blue curve
in Figure S9A). In contrast, when approach 1 was used for
either the polar or apolar side chains, while approach 3
described the backbone solvation, no noticeable increase in
helicity was observed (red and green curves in Figure S9A).
This suggests that the side chain solvation is mostly involved in
the incorrect prediction of helicity when approach 3 is
combined with the a99SB-disp force field. This likely occurs
because approach 3 predicts a stronger water−side chain
interaction compared to approaches 1 and 2. This leads to less
collapsed conformations, in line with experiments, but it also
fosters the formation of helices.
We further asked ourselves if some side chains contributed

more than the others to the overestimation of helicity. For this
purpose, we conducted additional short-time simulations
(again for aβ40 at 298 K and using the a99SB-disp force
field for the protein) where approach 1 was employed for a
single side chain (the selected side chain was different for the
different simulations performed), while approach 3 was used
for the backbone and all the remaining side chains. The results
of this analysis are displayed in Figure S9B,C and suggest that
Asn, Asp, Ile, Leu, and Lys influence the α-helix content of
aβ40 the most.
On the basis of this preliminary analysis, we decided to

define the new implicit solvent approach 4 as a combination of:
(i) approach 1 for Asn, Asp, Ile, Leu, and Lys; and (ii)
approach 3 for the backbone and the remaining side chains’
solvation. Figure 4 and Figure S2 show the results for the
combination a99SB-disp/approach 4 applied to the disordered
peptides aβ40, PaaA2, and drkN SH3.
Approach 4 still predicts expanded conformational ensem-

bles for the disordered peptides, but partially corrects for the
overestimation of helicity observed when using approach 3.
For what concerns the folded peptides (AAQAA)3, CLN025,
Trp-cage, and GTT, approach 4 does not behave dramatically
differently compared to approach 3 (Figure 3 and Figures S5−
S8), although, especially for GTT (Figure 3D), it predicts a
slightly higher temperature stability. It is important to note that
approach 4 was developed using aβ40 as a model system
(Figure S9) and was then tested on a separate and statistically
relevant set of model proteins (PaaA2, drkN SH3, (AAQAA)3,
CLN025, Trp-cage, and GTT). This should ensure adequate
transferability of approach 4 to different proteins. In the
following section, a quantitative comparison will be performed
between approach 4 and the pre-existing approaches 1−3.

A Quantitative Comparison between the Implicit
Solvent Approaches. We defined a score to better compare
the different implicit solvent approaches, similar to what was
done in ref 9 to compare different force fields. The score

provides a quantitative estimate of the ability of the selected
approach to describe the experimental data. Specifically, a
value of the score close to 1 is indicative of a good prediction
of experimental values. The experimental data considered for
the disordered peptides aβ40, PaaA2, and drkN SH3 were the
radius of gyration Rg and the RMSD between the simulated
and experimental secondary structure, for both the helical
(RMSDhelix) and β-sheet (RMSDβ) fraction. All of these values
are listed in Table 2. The score for the disordered peptides was
then computed as follows:
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where minapp.RMSDhelix and minapp.RMSDβ indicate the
smallest observed RMSD among all of the different simulation
approaches considered in this study, while Rg,penalty is defined as
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Here, Rg,exp and Rg,sim are the experimental and simulated
radius of gyration, respectively, while Rg,exp error is the error
associated with the experimental measurement.
For the folded proteins (AAQAA)3, CLN025, Trp-cage, and

GTT, the experimental values considered were the respective
folded fractions over temperature. The RMSD between the
experimental and simulated values (RMSDfolded‑fraction, listed in
Table 2) was computed for each protein, and the folded score
was then defined as

folded score

1
4

RMSD
min RMSDAAQAA( ) ,CLN025,Trp cage,GTT
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where, again, minapp.RMSDfolded‑fraction indicates the smallest
observed RMSD among all of the different simulation
approaches considered in this study.
Finally, a total score was defined as

total score
disordered score folded score

2
= +

(15)

The results of this analysis are displayed in Figure 5.
Approach 3 is worse than approaches 1 and 2 for what

Figure 5. Scores for the four different implicit solvent approaches
considered in this study (in combination with the a99SB-disp force
field), compared to the score of the original a99SB-disp description in
explicit solvent. Values close to 1 (dashed line) are indicative of a
good agreement with experimental data.
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concerns both the disorded and folded peptides, due to the
overestimation of helicity and the underestimation of temper-
ature stability.
In contrast, approach 4, while not performing quite as well

as approaches 1 and 2 for folded proteins, shows the best (i.e.,
closest to 1) disordered score among the proposed implicit
solvent approaches because it predicts expanded conforma-
tional ensembles without dramatically overestimating the
helical content. The total score of the combination a99SB-
disp/approach 4 (4.10) is not dramatically different from the
score of the original a99SB-disp description in explicit solvent
(2.46), making approach 4 a good candidate for the
description of both disordered and folded peptides.

■ CONCLUSIONS
In this paper, we have compared the ability of three different
implicit solvent approaches (approaches 1−3)13 to describe
the free energy landscape of both disordered (aβ40, PaaA2 and
drkN SH3) and folded ((AAQAA)3, CLN025, Trp-cage and
GTT) peptides. The implicit solvent description has been
combined with the a99SB-disp9 force field for the proteins,
because this force field proved to be the most accurate for both
disordered and folded peptides.
We have found that the implicit solvent approach 3, that

uses amino-acid-dependent values of surface tensions at any
temperature, correctly predicts expanded ensembles for the
disordered peptides, but overestimates their helicity and
slightly underestimates the stability of folded peptides.
Approaches 1 and 2 lead to conformational ensembles of
disordered peptides that are too collapsed but show a
reasonable agreement with the temperature stability of fast-
folding peptides (this is particularly true for approach 2 that, as
shown in our previous work,13 can also predict cold-induced
unfolding).
We have further proposed a new implicit solvent approach,

namely, approach 4, that results from the combination of
approaches 1 and 3, and shows the best agreement with
experimental data among the tested implicit solvent
approaches. We observed that the role of some side chains,
such as Asn, Asp, Ile, Leu, and Lys, is crucial for the correct
prediction of helical content when implicit solvent approaches
are combined with the a99SB-disp description. Approach 4
predicts expanded conformational ensembles for the disor-
dered peptides, without overestimating their helical content.
We therefore recommend its use, in combination with the
a99SB-disp force field, as this results in a balanced description
of both disordered and folded protein states. Such balanced
description could allow a computationally efficient inves-
tigation of proteins containing both ordered and disordered
regions, or proteins that transition between ordered and
disordered states.
The results discussed in this work demonstrate that the

implicit solvent approach offers an extremely valid alternative
to its explicit solvent counterpart for the simulation of protein
folding. While some caveats still remain, the advantages in
terms of speed and computational efficiency are unquestion-
able and extremely appealing. On one hand, the elimination of
the solvent drastically decreases the degrees of freedom to be
simulated, reducing the number of CPUs necessary for each
simulation and increasing the throughput. Second, the
elimination of the viscous effects due to friction with the
solvent accelerates sampling, making the exploration of the
conformational space significantly more efficient. Furthermore,

the elimination of a consistent number of degrees of freedom
(those due to the solvent) allows the use of a consistently
smaller number of replicas in REMD simulations, dramatically
reducing the computational cost associated with their
execution. In this framework, this work provides some useful
suggestions for the implementation of implicit solvent
simulations, suggesting a force field/implicit description
combination that maximizes accuracy for both folded and
disordered peptides.
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