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a  b  s  t  r  a  c  t

One  of  the  most  important  interactions  responsible  for  protein  folding  and  stability  are  hydrogen  bonds
between  peptide  groups.  There  is  a constant  competition  between  the  water  molecules  and  peptide
groups  in  a hydrogen  bond  formation.  Also  side-chains  take  part in this  process  by  reducing  hydration
of  peptide  group  (shielding  effect)  that  promotes  the  protein  folding.  In this  paper,  a new  approach  to
take  into  account  a shielding  effect  is  presented.  A modification  of the  energy  function  is derived  and
eywords:
roteins
NRES force field
ocal interactions
hysicochemical properties
otentials of mean force

incorporated  into  the  UNited  RESidue  (UNRES)  force  field.  Canonical  Molecular  Dynamics  and  Replica
Exchange  Molecular  Dynamics  with UNRES  force  field  is applied  to study  the influence  of  this  effect  on
protein  structure,  folding  kinetics  and  free  energy  landscapes.  The  results  of  test  calculations  suggest  that
even small  contribution  of  this  effect  into  energy  function  changes  force  field  behavior  as  well  as  speeds
up  the  folding  process  significantly.

©  2017  Elsevier  Inc.  All  rights  reserved.
. Introduction

The importance of hydration of peptide group in proteins was
ecognized over five decades ago [1–4]. The importance of this phe-
omenon stems from the fact that the formation of a hydrogen
ond between two peptide groups is crucial for protein folding and
tability and there is a competition between water molecules and
eptide groups in the formation of hydrogen bonds [5,6]. It was also
ound that the reduced hydration of a peptide group by side-chains
shielding effect) promotes protein folding [7].

In vivo, on a macro scale, the screening from solvent is per-
ormed by chaperones, which allow only a limited amount of water

olecules to be in a chaperone cavity leading to dehydratation of
nterior of protein [8].

In an all-atom force field with an explicit solvent this type of
nteraction is directly incorporated, especially if polarizability is
onsidered. Hence, the importance of the shielding effect can be
nvestigated by comparing the differences in the folding of small
roteins and peptides with the use of different water models.
xamples are investigation of the free energy landscape of alanine
ligopeptides [9], comparison of hydration behavior and confor-

ation preference of the Trp-cage in different rigid body models

10,11] and hydration of beta-hairpin [12,13]. It was also suggested
hat the shielding effect is a stabilizing factor of ˛-helix in solution

∗ Corresponding author.
E-mail address: adasko@sun1.chem.univ.gda.pl (A.K. Sieradzan).

ttps://doi.org/10.1016/j.jmgm.2017.10.018
093-3263/© 2017 Elsevier Inc. All rights reserved.
[12,14–16] and can be even one of factors keeping proteins stable
in a high temperature [17].

However, in a coarse-grained force fields with implicit solvent,
the shielding effect has to be incorporated into the effective Hamil-
tonian. In many force fields those interactions are omitted and
side-chain peptide group interaction is incorporated only in a form
of Lennard-Jones potential [18–24].

However, reduced hydration of backbone not only leads to fewer
interactions with water molecules but also enhances the inter-
actions between two  peptide groups [7]. The shielding function
of side-chain promotes the formation of peptide-group hydrogen
bond and those spots may  serve as nucleation sites in protein fold-
ing [7].

The analytical solution of the shielding effect phenomenon for
micro-scale has been derived [25]. The electrostatic potential from
point charge at a given position in space in solvent modified by the
particle with different dielectric constant (Fig. 1) can be described
by (Eq. (1))

�0 = q

4��1rq
+

∞∑
n=0

AnPn(cos �)

rn+1
p

(1)

where �0 is electrostatic potential, q is point charge, �1 is dielec-
tric constant of solvent, rq is distance between the point charge

and where the potential is measured, Pn is Legendre polynomial, �
is angle between vector connecting the point where electrostatic
potential is computed and the vector connecting point charge and
center of particle, rp is distance between where the center of parti-

https://doi.org/10.1016/j.jmgm.2017.10.018
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2017.10.018&domain=pdf
mailto:adasko@sun1.chem.univ.gda.pl
https://doi.org/10.1016/j.jmgm.2017.10.018
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Fig. 2. Illustration of approximation of shielding effect in coarse-grain force field.
The blue sphere denotes the first hydration sphere of peptide group, yellow repre-

second one is the center of geometry of side chain (denoted as SC).
ig. 1. Schematic representation of point charge in solution with dielectric constant
1 interacting with a spherical particle with dielectric constant �2.

le and the point where the potential is computed, and An is given
y (Eq. (2))

n = −q

4��1

n(�2 − �1)
n�2 + (n + 1)�1

R2n+1

rn+1
p

(2)

here �2 is dielectric constant of particle and R is radius of particle.
owever, application of this equation due to computational reasons

s limited.
There is a constant interest in developing more accurate elec-

rostatic approximations for coarse-grain force fields [26]. In this
rticle we show a new approach to treat the shielding effect of
ide chains. We  implemented this new approach into the UNited
ESidue (UNRES) force field. We  also report the results of initial
ests of the shielding effect on protein structure, thermodynamics
nd kinetics.

. Methods

.1. Theoretical model of shielding effect

The dipole–dipole interaction between two peptide is expressed
y:

(r) = − �1�2

4���0r3
12

(cos �12 − 3 cos �1 cos �2) (3)

here �1 (�2) is the dipole moment of the interacting particle 1
2), � is the dielectric constant of the environment, �0 is dielectric
onstant of the vacuum, r12 is distance between center of interact-
ng particles, �12 is angle between the dipole vectors, and �1 (�2)
s angle between the vector connecting the interacting centers and
he dipole vector of 1 (2) molecule.

Therefore the dielectric constant (�) depends on the environ-
ent. The interior part of a protein is estimated to have � value of
2–3 [27]. In this paper we approximated effective dielectric con-

tant as a function (f) of the volume of hydration spheres (Vi, Vj) of

he interacting peptide groups i and j, occupied by side-chains.

 = f (Vi; Vj) (4)
sents the spherical sector occupied by side-chain disallowing water to approach the
peptide group. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

As this would require simulations with a three-body potential it
would result in O(n3) problem therefore further approximation is
used.

1
�

= f (Vi)f (Vj) (5)

Therefore to incorporate the shielding effect, in the first step we
approximated how the first hydration sphere of the interacting sites
changes when a third body is in their vicinity. A spherical sector was
used to calculate what fraction of first hydration sphere volume
cannot be accessed by water molecules (Fig. 2).

The effective energy of interaction between peptide group i and
j is therefore modified as given by (Eq. (6)):

Unew = Uorg × fac(i) × fac(j) (6)

where Unew is energy function after taking into consideration
the shielding effect, Uorg is original energy function describing
electrostatic interaction between i and j, fac(i) [fac(j)] is a factor
proportional to fraction of the first hydration sphere of site i [j]
occupied by side-chains and is given by (Eq. (7)):

fac(i) = 1 − wshield + wshield ×
∑

SC

fracV (7)

where wshield is susceptibility factor of the force field to shielding
effect, fracV is a fraction of volume of the first hydration sphere
occupied by a side-chain.

2.2. Introduction of shielding effect into UNRES force field

In the UNRES [28–36] model, the polypeptide chain is described
by two  geometric points per residue. The first one is C˛ atom and the
Moreover, there are two interaction sites: the peptide group, which
is positioned halfway between the two consecutive C˛ atoms and
the side-chain (SC). The peptide groups are modeled with spheres
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Fig. 3. The UNRES model of polypeptide chains. The interaction sites are peptide-
group centers (p), and side-chain centers (SC) attached to the corresponding
˛-carbons with different C˛· · ·SC bond lengths, dSC . The peptide groups are repre-
sented as dark gray circles and the side chains are represented as light gray ellipsoids
of different size. The ˛-carbon atoms are represented by small open circles. The
geometry of the chain can be described either by the virtual-bond vectors dCi (from
Ci˛ to Ci + 1˛), i = 1, 2, . . .,  n − 1, and dXi (from Ci˛ to SCi), i = 2, . . .,  n − 1, represented
by thick lines, where n is the number of residues, or in terms of virtual-bond lengths,
backbone virtual-bond angles �i , i = 1, 2, . . .,  n − 2, backbone virtual-bond-dihedral
a
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Fig. 4. Schematic illustration of volume of the first hydration sphere of peptide
group (circle with dipole moment indicated as gradient from blue to red) occupied
ngles � i , i = 1, 2, . . .,  n − 3, and the angles ˛i and ˇi , i = 2, 3, . . .,  n − 1 that describe
he location of a side chain with respect to the coordinate frame defined by Ci − 1˛ ,
i˛ , and Ci˛ , Ci + 1˛ .

hereas side-chains are ellipsoids of revolution about their longer
xes. It should be noted that the C˛ atoms are not center of inter-
ction and assist only in geometry definition. The effective energy
unction originates from the restricted free energy (RFE) or poten-
ial of mean force (PMF) of the conformational ensemble restricted
o coarse-grained conformation defined by C˛ and SC atoms and is
xpressed by (Eq. (8)):

U = wSC

∑
i<j

USCiSCj
+ wSCp

∑
i /=  j

USCipj
+ wVDW

pp

∑
i<j−1

UVDW
pipj

+ wel
ppf2(T)

∑
i<j−1

Uel
pipj

+wtor f2(T)
∑

i

Utor (�i) + wtordf3(T)
∑

i

Utord(�i, �i+1)

+wb

∑
i

Ub(�i) + wrot

∑
i

Urot(˛SCi
, ˇSCi

) + wbond

∑
i

Ubond(di)

+w(3)
corr f3(T)U(3)

corr + w(4)
corr f4(T)U(4)

corr + w(3)
turnf3(T)U(3)

turn + w(4)
turnf4(T)U(4)

turn

+wSC−corr f2(T)

3∑
m=1

∑
i

USC−corr (�(m)
i

)

(8)

here the U′s are energy terms, �i is the backbone virtual-bond
ngle between three consecutive C˛ atoms, � i is the backbone
irtual-bond-dihedral angle between four consecutive C˛ atoms,
i and ˇi are the angles defining the location of the center of the
nited side chain of residue i (Fig. 3) with respect to Ci − 1˛, Ci˛ and
i + 1˛ plane, di is the length of the ith virtual bond, which is either

 C˛· · ·C˛ virtual bond or C˛· · ·SC virtual bond, � is backbone–side-
hain virtual-bond-dihedral angle.
Each energy term is multiplied by an appropriate weight, wx, and
he terms corresponding to factors of order higher than 1 are addi-
ionally multiplied by the respective temperature factors that were
ntroduced in earlier work [31] and which reflect the dependence
by  water (blue) and lipidic environment side-chain (orange). (For interpretation of
the  references to color in this figure legend, the reader is referred to the web version
of  this article.)

of the first generalized-cumulant term in those factors on temper-
ature, as discussed in Refs. [31,37]. The factors fn are defined by (Eq.
(9)).

fn(T) = ln [exp(1) + exp(−1)]

ln
{

exp
[(

T/T◦
)n−1

]
+ exp

[
−
(

T/T◦
)n−1

]} (9)

where T◦ = 300 K.
The term USCiSCj

represents the mean free energy of the
hydrophobic (hydrophilic) interactions between the side chains,
which implicitly contains the contributions from the interactions
of the side chain with the solvent. The term USCipj

denotes the
excluded-volume potential of the side-chain – peptide-group inter-
actions. The peptide-group interaction potential is split into two
parts: the Lennard–Jones interaction energy between peptide-
group centers (UVDW

pipj
) and the average electrostatic energy between

peptide-group dipoles (Uel
pipj

); the second of these terms accounts
for the tendency to form backbone hydrogen bonds between pep-
tide groups pi and pj. The terms Utor, Utord, Ub, Urot, and Ubond are the
virtual-bond-dihedral angle torsional terms, virtual-bond dihedral
angle double-torsional terms, virtual-bond angle bending terms,
side-chain rotamer, and virtual-bond-deformation terms; these
terms account for the local properties of the polypeptide chain. The
terms U(m)

corr represent correlation or multibody contributions from
the coupling between backbone-local and backbone-electrostatic
interactions, and the terms U(m)

turn are correlation contributions
involving m consecutive peptide groups; they are, therefore,
termed turn contributions. The multibody terms are indispens-
able for reproduction of regular ˛-helical and ˇ-sheet structures
[30,38,39]. One of the physical meaning of the correlation poten-
tials is energetically favoring of multiple dipole alignment [30]. The

USC−corr terms are local physics-based side-chain backbone corre-
lation potentials dependent only on torsional potential � [40].

In the UNRES force field there are five energy terms which
incorporate electrostatic interaction between peptide groups: Uel

pipj
,
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Fig. 5. C˛ RMSD of top structure (A) and cluster with lowest C˛ RMSD (B) obtained during MREMD simulation averaged over 8 test proteins. The org denotes the original
UNRES force field, shielding weight 0.0 denotes UNRES force field with no shielding effect but with the temperature dependence of UVDW

pipj
, USCiSCj

, USCipj
, the subscript under

shielding weight denotes the smoothing function (	) value, if not stated value of 1.0 Å was used.

Fig. 6. Structure of 1GAB protein (A) experimental, (B) closest to experimental structure cluster for simulation with shielding weight 0.05 and (C) closest to experimental
structure cluster for simulation without shielding effect.
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Fig. 7. Structure of 2JWS protein (A) experimental, (B) closest to experimental structure cluster for simulation with shielding weight 0.05 and (C) closest to experimental
structure cluster for simulation without shielding effect.

Fig. 8. Plots of fraction of native-like structures against time for (A) 1GAB and
(B)  1BDD for different weights of wshield: 0.0 (light red), 0.01 (light blue) and 0.05
(light purple) used, and first-order kinetic plots for fitted parameters 2 for different
weights of wshield: 0.0 (dark red), 0.01 (dark blue) and 0.05 (dark purple) used. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of this article.)

Table 1
C˛ RMSD for test proteins obtained with original UNRES force field (org), with
wshield 0.0 – no shielding effect but with temperature dependence of energy terms
UVDW

pipj
, USCiSCj

, USCipj
, wshield 0.05 and C˛ RMSD difference between no shielding effect

and  wshield 0.05. 
 is difference between C˛ RMSD obtained for best cluster for
shielding wshield = 0.05 and wshield = 0.0.

Protein PDB code org 0.0 0.05 


1BDD 4.19 4.20 4.22 0.02
1CLB 9.07 6.51 6.48 −0.03
1E0G 7.63 7.29 6.31 −0.98
1E0L 8.96 8.54 7.06 −1.48
1GAB 6.33 6.18 4.84 −1.34
1KOY 6.57 6.60 6.67 0.07
2JWS 6.76 6.14 8.44 2.30
2LGN 10.73 12.11 11.92 −0.19

Table 2
Kinetics parameters, A0 equilibrium fraction and k reaction rate constant for 1BDD
and 1GAB with different shielding weights. In brackets fitting errors are shown.

1BDD 1GAB

wshield A0 k [ms] A0 k [ms]

0.00 0.438 (0.001) 35.76 (0.013) 0.261 (0.893) 0.13 (0.023)

0.01 0.428 (0.001) 35.92 (0.013) 0.094 (0.015) 1.37 (0.012)
0.05  0.170 (0.001) 46.38 (0.041) 0.270 (0.001) 12.49 (0.008)

U(3)
corr , U(4)

corr , U(3)
turn, U(4)

turn. It should be noted that Uel
pipj

and U(4)
corr are

proportional to squares of the dipole moments of the interact-
ing peptide groups and, therefore, the factors [fac(i) and fac(j)] in
equation (6) are squared.

Because all shielding-effect dependent terms are also temper-
ature dependent, their introduction destroys the balance between
the terms of the force field and, consequently, requires the intro-
duction of the temperature dependence of the UVDW

pipj
, USCiSCj

and
USCipj

energy terms. Those terms had to be scaled with f2(T) to pre-
vent the collapse of a side-chain on the peptide group which makes
a contact with it. Therefore two  reference force field were used,

without the temperature dependence of the UVDW

pipj
, USCiSCj

, USCipj

terms (termed org) and with the temperature dependence but
without shielding effect (wshield = 0.0).
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Fig. 9. Non-equilibrium free energy (kcal/mol, color bar above each panel) landscape changes over time for 1GAB protein. (A) and (B) correspond to 0-1mln molecular
d e step
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E)  free energy landscape for simulations without shielding effect; (B), (D) and (F) 

nterpretation of the references to color in this figure legend, the reader is referred 

To calculate the fraction of the first hydration sphere occupied
y the ellipsoid side-chain (fracV) a spherical sector (Fig. 4) approx-

mation was used (Eq. (10)):

racV = VSC

Vsphere
(10)

here Vsphere is the volume of the first hydration sphere of a pep-
ide group from which the volume of the peptide group has been
ubtracted

(
Vsphere = 4

3 �(R3
solv

− R3
pep)

)
where Rpep is radius of pep-

ide group and Rsolv is radius of hydration sphere of peptide group
41]. VSC is the volume of a spherical sector given by (Eq. (11)):

SC = 2
3

�R3
solv(1 − cos �)

(
scale

Rsolv − h + 	

	

)
(11)
here � is half cone angle (Fig. 4); tan� is approximated

an � =
√

rshort(sin ˛(rlong − rshort) + rshort)

h
(12)
s, (E) and (F) correspond to 2–3 mln  molecular dynamics time steps. (A), (C) and
nergy landscape for simulations with shielding effect included, wshield = 0.05. (For

 web  version of this article.)

where rshort is the short axis of the ellipsoid, rlong is the long axis
of the ellipsoid,  ̨ is angle between the vector connecting the side-
chain center of mass with the peptide group center and the vector
of the long axis of the ellipsoid, h is the distance between the side-
chain center of mass and the peptide group center. The scaling
function (scale) is used to ensure that side-chains that are too far
from the peptide group do not contribute to the shielding effect as
well as to smooth the gradient of the function. The scale function
is given by (Eq. (13)):

scale =

⎧⎪⎨
⎪⎩

0 if h > Rsolv + 	

3�2 − 2�3 if Rsolv < h < Rsolv + 	 (13)
1 if h < Rsolv

where 	 is the user defined smoothing function quickness and � =
Rsolv−h+	
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Fig. 10. Non-equilibrium free energy (kcal/mol, color bar above each panel) landscape changes over time for 1BDD protein. (A) and (B) correspond to 0–1 mln  molecular
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The set of energy-term weights was determined by force-field
alibration to reproduce the structure and folding thermodynam-
cs of selected training proteins [42]: LysM domain from E. coli
PDB code: 1E0G) [43], the Fbp28 WW domain from Mus muscu-
us (PDB code: 1E0L) [44], the albumin-binding GA module (PDB
ode: 1GAB) [45], the IgG-binding domain from streptococcal pro-
ein G (PDB code: 1IGD) [46]. Moreover, two peptides were also
sed to force-field calibration, namely the tryptophan cage (PDB
ode: 1L2Y) [47] and the tryptophan zipper 2 (PDB code: 1LE1)
48].

.3. Effect of the shielding term on protein folding
To study the influence of the shielding effect on the force-field
bility to fold proteins a set of 50 mln  step simulations with a molec-
lar dynamics method [49,50] and its multiplexed replica exchange
xtension [51] (MREMD) were performed. MREMD  simulations
s, (E) and (F) correspond to 2–3 mln molecular dynamics time steps. (A), (C) and
nergy landscape for simulations with shielding effect included, wshield = 0.05. (For

 web  version of this article.)

were performed for a set temperatures: 200, 210, 220, 230, 240,
250, 260, 270, 280, 290, 300, 310, 320, 330, 340, 350, 360, 370, 385
and 400 K. The Berendsen thermostat [52] with the coupling param-
eter � = 48.9 fs was  used to maintain the constant temperature. In
each temperature two  trajectories were performed. A similar to
previous [53] set of test proteins: 1BDD, 1CLB, 1E0G, 1E0L, 1GAB,
1KOY, 2JWS, 2LGN was  used. All of these test proteins are single-
chain proteins, however the UNRES force field with shielding effect
can be also applied to study protein-protein interactions. After-
ward, the results of obtained MREMD  simulations were processed
with the Weighted Histogram Analysis Method (WHAM), which
was implemented in UNRES and described in the earlier work [31],
to determine the heat-capacity profiles, conformational ensembles

and average properties of the ensemble at any desired temperature.
Finally, the cluster analysis was  carried out at 280 K, by means of
Ward’s minimum variance method [54] to obtain 5 clusters. A set
of different shielding weights was  tested: 0.01, 0.02, 0.03, 0.05, 0.1,
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Fig. 11. Free-energy (kcal/mol, color bar above each panel) landscape for time frame
1–2  mln molecular dynamics time steps for 1GAB protein for simulations (A) without
shielding effect; (B) with shielding effect included, wshield = 0.05. On the side the
most frequently occurring structures are shown. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Free-energy (kcal/mol, color bar above each panel) landscape for time frame
1–2  mln molecular dynamics time steps for 1BDD protein for simulations (A) with-
out shielding effect; (B) with shielding effect included, wshield = 0.05. On the side
t
e
t

0
t
f

he most frequently occurring structures are shown. (For interpretation of the ref-
rences to color in this figure legend, the reader is referred to the web  version of
his  article.)
.15, 0.2, 0.3, 0.4, 0.5 with a smoothing factor (	) set to 1 Å. Addi-
ionally, for weights 0.01 and 0.05 the influence of the smoothing
actor (	): 0.5, 1.5 and 2.0 Å on the foldability was tested.
Fig. 13. Comparison of InnoUNRES (black) with UNRES (gray) CASP12 performance
as  a function of GDT TS score against fraction of structures.

2.4. Influence of shielding effect on protein folding kinetics

To study the influence of the reduced hydration on folding
of proteins the albumin-binding GA module (PDB code: 1GAB),
and Staphylococcus aureus protein A, immunoglobulin-binding B
domain (PDB code: 1BDD) were used. For each system three wshield

values were used: 0.01, 0.05 and 0.00 which was  used as a reference.
For each system 240 canonical molecular dynamics trajectories
each 250 �s long (real time after taking the UNRES speed up
into consideration) were performed. Simulations were performed
in 300 K with the Langevin thermostat. Structures were divided
into a native like and a non-native like basin with C˛ the root-
mean-square deviation (C˛ RMSD) criterion previously used [55]
(5.5 Å). Afterward, the first order kinetics equation was fitted to
the obtained results (Eq. (14)):

f (t) = A0 ∗ (1 − exp(−kt)) (14)

where f(t) is the fraction of structures in the native-like basin at a
given time t, A0 the value of fractions in the native like basin in the
equilibrium, k is the reaction rate constant.

For 0.0 and 0.05 shielding weight the free energy landscape
analysis was performed. For the each simulation, structures were
binned with regards to C˛ RMSD and radius of gyration (Rg).
The simulations were split into time frames and the analysis was
performed for 0–1 mln  (0–4.9 �s), 1–2 mln  (4.9–9.8 �s) and 2–3
(9.8–14.7 �s) molecular dynamics time steps. The 0.1 Å bin size
was used for both variables. The free energy was calculated with

Gij =− RT lnpij where R is the universal gas constant T is the tem-
perature of simulation and pij is the probability of the occurrence
of the structure in the ith C˛ RMSD and the jth Rg bin. Additionally,
for the time frame 1–2 mln  molecular dynamics time steps a clus-
tering analysis was performed, with use of the Ward’s minimum
variance method [54].

2.5. Performance of the modified UNRES force field including
shielding effect in CASP12 experiment

UNRES force field was tested in many editions of The Criti-
cal Assessment of Protein Structure Prediction (CASP) experiments
[56–58], including in the latest CASP12 edition. Consequently, we
assessed the performance of the modified version of UNRES devel-
oped in this work. It was  compared with that of the original force
field.
The prediction procedure followed by our group during the
CASP12 exercise consisted of the following four steps [58].

In the first step, MREMD  [59,60] simulations of the target con-
sidered were carried out. Each of the MREMD  simulations was run



126 A.K. Sieradzan et al. / Journal of Molecular Graphics and Modelling 79 (2018) 118–132

Fig. 14. The GDT TS plots of T0886 target. Blue lines corresponds to models from Unres
shown  as orange lines. The diagram was taken from the official CASP12 website at http://
this  figure legend, the reader is referred to the web version of this article.)
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ig. 15. Plots of heat capacity vs temperature for simulations of T0886 target in (a)
nres group and (b) InnoUnres group.

t 36 temperatures with two trajectories per temperature, provid-
ng a total of 72 trajectories. Weak restraints were imposed on the
irtual-bond-dihedral angle � and virtual-valence-bond angle �,
ased on the results of secondary-structure predictions by PSIPRED

61], to speed-up the calculations. Typically, 20 million to 30 million

D steps with length of 4.89 fs [49] (0.1–0.14 �s total UNRES simu-
ation time per trajectory, which corresponds to about 0.1–0.14 ms
 group, magenta lines to models from InnoUnres group and the other groups are
www.predictioncenter.org/casp12. (For interpretation of the references to color in

because of UNRES time-scale extension resulting, in turn, from
averaging out the fast degrees of freedom [50,62]) were run for the
targets considered. Replicas were exchanged every 10,000 MD  time
steps. The Berendsen thermostat [52] with the coupling parameter
� = 48.9 fs was used to maintain constant temperature. The adaptive
multiple time step (A-MTS) algorithm [63] was used to integrate the
equations of motion. The simulations were run with the parallelized
UNRES code [64] available at www.unres.pl.

In the second step of the procedure, the results of MREMD
simulations were processed with WHAM,  to determine the heat-
capacity profiles and conformational ensembles at any desired
temperature. For each system, the heat-capacity profile was  ana-
lyzed and a temperature of T ≈ Tm – 10 K was selected to analyze
conformational ensembles, where Tm is the temperature of the
main heat-capacity peak (the “melting temperature”).

In the third step, cluster analysis was carried out at the selected
temperatures, by means of Ward’s minimum variance method [54].
The C˛ RMSD was  used as a measure of the distance between con-
formations. For each protein, the C˛ RMSD cutoff was selected as
a compromise between a small number of families (ideally five,
which was the number of models that could have been submitted
for each target) and grouping similar conformations in a given fam-
ily. The clusters were ranked according to decreasing probabilities,
which were computed from the probabilities of their component
conformations calculated by WHAM [31]. For each cluster, the con-
formation closest to the average over the cluster was considered
a representative of the whole cluster. The representatives of the
five top clusters were selected as prediction candidates and ranked
according to decreasing probabilities of the clusters. In the last step,
the final conformations were converted to all-atom structures by
physics-based method [65,66]. After conversion to the CASP format,
the models were submitted.

The results were analyzed with use of the Global Distance Test-
Total Score (GDT TS) scoring function [67] defined as:

GDT TS = d1 + d2 + d4 + d8

4
(15)
where dx is fraction of C˛ atoms within x Å from native structure
after superposition.

http://www.predictioncenter.org/casp12
http://www.predictioncenter.org/casp12
http://www.predictioncenter.org/casp12
http://www.predictioncenter.org/casp12
http://www.predictioncenter.org/casp12
http://www.unres.pl
http://www.unres.pl
http://www.unres.pl
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.6. Performance of maximum-likelihood optimized UNRES force
eld with shielding effect

Finally, the influence of the shielding effect was  studied with the
ecently published maximum-likelihood calibrated UNRES force
eld [68]. The MREMD  simulations details and set of proteins were
he same as earlier: 1BDD, 1CLB, 1E0G, 1E0L, 1GAB, 1KOY, 2JWS,
LGN. After MREMD  simulations WHAM analysis was performed.
or each protein and each wshield RMSD as a function of temperature
nalysis was performed. For clustering, temperature was  chosen
here average RMSD(T) function obtained minimum value. Cut-off
as set to always obtain five clusters.

Additionally, structures from simulations were sorted with the
espect to RMSD from the native structure. The structures with low-
st RMSD, 100th RMSD and 10000th RMSD from simulation were
nalyzed.

. Results and discussion

.1. Study of shielding effect on protein folding

As can be seen from Fig. 5B, the introduction of the shielding
ffect results in decreasing the RMSD for wshield = 0.01 and wshield

 0.05 and smoothing function (Eq. (13)) 	 = 1 Å. This improve-
ent, however, is very small. On the other hand, the best structure

btained during simulation have higher RMSD when the shield-
ng effect is included (Fig. 5A). Hence, the shielding effect narrow
andom search of structures during simulations. This indicates that
hielding effect drives toward native-like structures, however nar-
ows conformational space search due to favoring of collapsed
tructure. This might suggest that the shielding effect leads to
veremphasis of the collapsed structure. On average radius of gyra-
ion at 300 K for the force field with shielding weight 0.05 is 0.55 Å
maller then without shielding effect. Additional analysis show that
he biggest improvement is in case of ˇ-sheet structure or in struc-
ures with large fraction of beta-sheet (Table 1). For helical proteins

ome of the calculated structures are worse and some become bet-
er compared to those obtained with the original UNRES (Table 1
nd Figs. 6 and 7). For example, the calculated structure of 1GAB is
mproved but for 2JWS, when shielding effect is introduced, a too
xperimental structure (right structure; PDB code: 5J4A); in cartoon representation
 is shown in Fig. 17A. The drawings of the structures were produced with PYMOL
reader is referred to the web version of this article.)

compact structure is obtained (7B). A long unstructured fragment
collapse leading to distrurbed structure.

3.2. Influence of shielding effect on protein folding kinetics

Kinetic plots for 1GAB and 1BDD folding are shown in Fig. 8 and
the fitted parameters for first-order kinetic equation are shown in
Table 2. As can be seen the introduction of shielding effect speeds
up folding of proteins (k), which is not related to the influence on
the folded fraction (A0). For the 1BDD protein the speed up is by
30%, however for the 1GAB protein the speed up is by two  order of
magnitude. The folding of 1GAB is much slower without including
the shielding effect (wshield = 0) and the fitted fraction of folded
protein (A0) is charged with a significant error (Table 2).

To analyze the influence of the shielding effect on the pro-
tein folding, free-energy landscapes were analyzed. The differences
between the force field with and without including the shield-
ing effect become more pronounced when the time evolution of
the free-energy landscapes is analyzed (Figs. 9 and 10). For 1GAB
Rg decreases significantly faster with the shielding effect for the
most frequently occurring structure, while for 1BDD the rate of Rg
decreasing (collapsing) is similar with and without shielding effect
but still is faster with the shielding effect (Figs. 10C and D).

The obtained clusters of conformations for time frame
4.9–9.8 �s (1–2 mln  molecular dynamics time steps) revealed that,
for the 1GAB without shielding effect, the dominant structure is
helix-turn helix (Fig. 11A), whereas when shielding effect is incor-
porated in Hamiltonian this structure still can be observed but
folded structure is dominant one (Fig. 11B). Even more interesting
results are observed for 1BBD protein (Fig. 12). When no shielding
effect is present in simulation three major cluster for time frame
4.9–9.8 �s can be observed, namely the folded structure, the mirror
image and the open structure (Fig. 12A). However, when shielding
effect is taken into account the open and the mirror image struc-
tures are no longer observed. An additional cluster with structures
corresponding to improper C- and N-terminal helices alignment
arise. This suggests that C- and N-terminal helices interact at very

early stage of 1BDD folding, and depending on their alignment,
structure fold either to native or non-native one. Therefore, for
the 1BDD, smaller fraction of native structure (A0) can be observed
(Table 2).

http://www.pymol.org
http://www.pymol.org
http://www.pymol.org
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Fig. 17. The GDT TS plots for targets T0869 D1 (A), T0898 D1 (B) and T0882 D1 (C). UNRES groups’ models are marked by cyan lines and those corresponding to InnoUNRES
groups’ models are marked by magenta lines; models from the other groups shown as orange lines. The diagrams were taken from the official CASP12 website at http://
www.predictioncenter.org/casp12. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

http://www.predictioncenter.org/casp12
http://www.predictioncenter.org/casp12
http://www.predictioncenter.org/casp12
http://www.predictioncenter.org/casp12
http://www.predictioncenter.org/casp12
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Fig. 18. The best InnoUNRES model (model 5) of target T0898 D1 (violet) and the
experimental structure (green). The GDT TS plot for this target is shown in Fig. 17B.
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Fig. 19. (A) The best InnoUNRES model (model 5) of target T0882 D1 (red) and
the  experimental structure (blue). (B) The best UNRES model (model 4) of target
T0882 D1 (magenta) and the experimental structure (blue). The GDT TS plot for
he drawings of the structures were produced with PYMOL (www.pymol.org). (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)

This leads to conclusion that the shielding effect promotes col-
apsed structures which lead to faster folding of proteins. Moreover,
t may  also suggest that is promotes oligomerization.

.3. Performance of the modified UNRES force field including
hielding effect in CASP12 experiment

As the InnoUNRES group (group 145), we have submitted pre-
ictions for 35 of 64 targets available to human predictor groups in
ASP12 exercises. The best predictions for our group were obtained
or T0869 D1 and T0898 D1 targets; while the worst – for T0912
arget which, however, is very large (624 residues) and, therefore,
ardly tractable by physics-based methods. For the best InnoUN-
ES group model GDT TS [67] was 5.43 (compared with 49.08 for
he best model submitted to CASP – model 2 from group 384), but
t was still better than for the best UNRES group model (GDT TS

 5.26). While comparing all models from InnoUNRES group with
hose from the UNRES group, the model with the biggest differ-
nce in GDT TS in favor to the UNRES group was target T0882 D1.
n general, the InnoUNRES group have given better results com-
ared with UNRES group predictions, however, this improvement
as incremental (Fig. 13).

This improvement in force field performance occurred despite
lower convergence. When T0886 is analyzed, revealing small
mprovement of the GDT TS (Fig. 14), after 50 mln  steps heat capac-
ty curves for UNRES group (Fig. 15A) is almost fully converged.
or InnoUNRES group after 50 mln  simulation steps a heat capacity
urve is not converged (Fig. 15B) as fluctuations occur. Results sug-
est that the introduction of shielding effect speeds up folding of
rotein especially at initial stages of MREMD  simulations, but they
onverge slower.

.3.1. Target T0869 D1
T0869 D1 is a 120 amino-acid residue CdiI immunity protein

 a subunit of the CdiA-CT/CdiI complex (heterodimer, PDB code:
J4A) [69]. From this target only the structure of the 3–106 frag-

ent was solved experimentally and used in the official CASP12

ssessment. The CdiI protein consists of a slightly curved three-
tranded antiparallel ˇ-sheets with four ˛-helices (Fig. 16 on right).
ur model 3 of this target is close to the experimental structure and
this target is shown in Fig. 17C. The drawings of the structures were produced with
PYMOL (www.pymol.org). (For interpretation of the references to color in this figure
legend, the reader is referred to the web  version of this article.)

secondary-structure elements are correctly oriented in space. The
model contains all of the helical elements of the protein (Fig. 16
on left). This structure is also comparable to those obtained by
approaches that use knowledge-based input, in particular, to the
best models of Zhang (model 4, group 004), Baker (model 3, group
247) and Lee (model 1, group 011) groups. The only noticeable dif-
ference is in the placement of the N-terminal ˇ-sheets, which in the
best Zhang, Baker and Lee models are placed between the helices,
as opposed to our structure and the experimental one in which they
are placed next to the helices. However, the ˇ-sheets in our model
are of worse quality. The overall C˛ RMSD of our model 3 from the
experimental structure is 8.03 Å compared with 9.86, 12.54 and
11.37 Å for the best Zhang, Baker and Lee models, respectively.
These results confirmed our previous conclusions (from CASP11
exercises) [58], that the UNRES force field very often correctly pre-
dicts the overall topology of the proteins but lacks details. The
GDT TS value of our model 3 is 37.50, compared with 52.40 for the
best model submitted to CASP12 (model 3 from group 173), 27.16
for UNRES group (model 4) (Fig. 17A), and 41.83, 37.50 and 39.90
for the best Zhang, Baker and Lee models, respectively.
3.3.2. Target T0898 D1
T0898 D1 is a 169 amino-acid residue target, for which only

the section 4-109 was  subjected to official CASP12 analysis. The
experimental structure of the 4-109-residue section contains six

http://www.pymol.org
http://www.pymol.org
http://www.pymol.org
http://www.pymol.org
http://www.pymol.org
http://www.pymol.org
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emperature dependence of UVDW
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.

-helices, as shown in Fig. 18. Our model 5 of this target is close
o the experimental structure with C˛ RMSD equal to 11.75 Å and
ll helical fragments are correctly determined (Fig. 18). The only
oticeable difference is in the placement of the fifth ˛-helix, which

s slightly separated from the other helices. This difference occurs
resumably because of a high flexibility of a region preceding the
elix. On the contrary, the placement of the first two  helices and the

ast one is in a very good agreement with the experimental struc-
ure. The GDT TS value of this model (Fig. 17B) is 32.78, compared
ith the highest value of 42.69 obtained by group 498 for model 5

nd 23.82 by UNRES group (model 1), and 41.27 (model 4), 33.73
model 1) and 34.91 (model 4) for the best Zhang, Baker and Lee

odels, respectively.

.3.3. Target T0882 D1
T0882 D1 is a 89 amino-acid residue target, for which only

he section 5–83 was subjected to official CASP12 analysis. It is

 fragment of a hypothetical domain in WNK1 (PBD code: 5G3Q).
he experimental structure contains three-stranded antiparallel ˇ-
heets with two ˛-helices, as shown in Fig. 19. Our model 5 of this
arget is close to the experimental structure with C˛ RMSD equal to
ter with lowest C RMSD (D) obtained during MREMD  simulation averaged over 8
elding weight 0.0 denotes UNRES force field with no shielding effect but with the

4.54 Å. The noticeable difference is in the N-end placement and the
location of the loop between the two ˛-helices. While comparing
with the model 4 of the UNRES group, which has C˛ RMSD equal to
3.74 Å we can observe that those two  inaccuracies are better rep-
resented here. It should be noted that for InnoUNRES all 5 clusters
have correct topology (three-stranded antiparallel ˇ-sheets with
two ˛-helices), wheares in case of UNRES predicted models only 2
have correct general fold. In case of 3 models in UNRES group two
helices are merged into one long helix.

3.4. Performance of maximum-likelihood optimized UNRES force
field with shielding effect

As can be seen in the Fig. 20 introduction of shielding effect
improve RMSD of the ensemble of structures. The introduction
of shielding (wshield,maxlik = 0.01) effect lead on average to drop

of RMSD of the structure with the lowest RMSD by 0.35 Å with
respect to original force field (without shielding effect and with-
out temperature dependence of energy terms UVDW

pipj
, USCiSCj

, USCipj
)

and by 0.1 Å with respect to force field without shielding effect
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Table  3
C˛ RMSD for test proteins obtained with maximum-likelihood optimized UNRES
force field (org), with wshield,maxlik 0.0 – no shielding effect but with temperature
dependence of energy terms UVDW

pipj
, USCiSCj

, USCipj
, wshield,maxlik 0.01 and C˛ RMSD dif-

ference between maximum-likelihood optimized force field and wshield,maxlik 0.01. 

is  difference between C˛ RMSD obtained for best cluster for shielding wshield,maxlik =
0.01 and maximum-likelihood optimized force field.

Protein PDB code org 0.0 0.05 


1BDD 5.01 5.47 5.10 0.09
1CLB 8.11 6.31 6.04 −2.07
1E0G 7.42 7.88 5.47 −1.95
1E0L 8.49 7.95 6.71 −1.78
1GAB 6.21 4.16 4.35 −1.86
1KOY 6.72 6.73 6.45 −0.27

(
s
l
i
U

o
f
t
fi
d
r

a
f
t
i
d
a
T
R
i

f
o
t
d
o
e

4

s
t
t
t
d
(
c
fi
r
fi
e
a
l
o
e
P
w

[

[

[

[

[

[

[

[

[

2JWS 6.52 6.73 8.54 2.02
2LGN 10.45 11.63 9.31 −1.14

Fig. 20A). The 100th lowest RMSD structure for simulation with
hielding effect (wshield,maxlik = 0.01) has RMSD to native structure
ower by 0.45 Å with respect to original force field (without shield-
ng effect and without temperature dependence of energy terms

VDW
pipj

, USCiSCj
, USCipj

) and by 0.33 Å with respect to force field with-
ut shielding effect (Fig. 20B). The 10000th lowest RMSD structure
or simulation with shielding effect (wshield,maxlik = 0.01) has RMSD
o native structure lower by 0.46 Å with respect to original force
eld (without shielding effect and without temperature depen-
ence of energy terms UVDW

pipj
, USCiSCj

, USCipj
) and by 0.24 Å with

espect to force field without shielding effect (Fig. 20C).
Moreover, the largest improvement is observed for structures

fter clustering. The structure from 5 clusters with the lowest RMSD
or simulation with shielding effect (wshield,maxlik = 0.01) has RMSD
o native structure lower by 0.87 Å on average with respect to orig-
nal force field (without shielding effect and without temperature
ependence of energy terms UVDW

pipj
, USCiSCj

, USCipj
) and by 0.61 Å on

verage with respect to force without shielding effect (Fig. 20D).
his is over 11% improvement of the force field with respect to
MSD of the proteins. This indicate that shielding effect should be

ntroduced to force fields with well-balanced parameter set.
The detailed analysis of the clusters (Table 3) reveal that apart,

rom 2JWS protein, there is either similar result (1BDD and 1KOY)
r a tremendous improvement. The inaccuracy for the 2JWS pro-
ein, as in case of original force field, is that the shielding effect
rives the long N-terminal unstructured fragment toward helical
ne resulting in increase of RMSD. This suggests that the shielding
ffect leads to collapsing of long unstructured fragments.

. Conclusions

In this work, a new method was proposed to treat peptide group
hielding from the solvent, which is based on modifying the effec-
ive dielectric constant by the interaction sites which are close to
he interacting peptide groups. This dielectric constant is applied
o all terms related to the interactions between peptide-group
ipoles, this includes the average dipole–dipole-interaction term
Upipj ) and the correlation terms (U(3)

corr, U(3)
turn, U(4)

corr , and U(4)
turn). This

orrection was implemented in the UNited RESidue (UNRES) force
eld and was tested on set of 8 proteins that revealed that incorpo-
ation of the shielding effect improves performance of UNRES force
eld to fold proteins. Additionally, introduction of the shielding
ffect speeds up folding kinetics in molecular dynamics. Over-
ll shielding effect lead to more compact structure but may  also
ead to occurrence of misfolded off-pathway traps. Performance

f the modified UNRES force field was tested in blind prediction
xperiment CASP12 (The Critical Assessment of protein Structure
rediction) showing improved performance. A large improvement
as observed for maximum-likelihood optimized force field indi-

[

[

hics and Modelling 79 (2018) 118–132 131

cating that shielding effect requires well-balanced force field to be
fully functional. However, it was  observed that disordered struc-
tures are driven to helical structures. To eliminate overstabilization
of helical structures which should be unstructured a further recali-
bration with intrinsically disordered proteins in training set should
be performed. Additionally, we are planning to introduce ions into
UNRES force field, which would allow to study shielding effect in
buffer like conditions. This work is currently underway.
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