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a  b  s  t  r  a  c  t

We  probe  the dynamics  of the  Bpti  and  Galectin-3  proteins  using  molecular  dynamics  simulations
employing three  water  models  at different  levels  of  resolution,  viz.  the  atomistic  TIP4P-Ewald,  the
coarse-grained  Elba  and  an  implicit  generalised  Born  model.  The  dynamics  are  quantified  indirectly  by
model-free  order  parameters,  S2 of  the backbone  N H  and  selected  side-chain  bond  vectors,  which  also
have  been  determined  experimentally  through  NMR  relaxation  measurements.  For  the  backbone,  the
order parameters  produced  with  the three  solvent  models  agree  to a large  extent  with  experiments,  giv-
ing average  unsigned  deviations  between  0.03 and 0.06.  For  the  side-chains,  for  which  the  experimental
data  is incomplete,  the  deviations  are  considerably  larger  with  mean  deviations  between  0.13  and  0.17.
rotein dynamics
mplicit solvent
oarse-graining

However, for  both  backbone  and  side-chains,  it is  difficult  to pick  a winner,  as  all models  perform  equally
well  overall.  For  a  more  complete  set  of  side-chain  vectors,  we resort  to  analysing  the  variation  among
the  estimates  from  different  solvent  models.  Unfortunately,  the  variations  are  found  to  be  sizeable  with
mean  deviations  between  0.11  and  0.15.  Implications  for  computational  assessment  of protein  dynamics
are  discussed.

© 2016  Elsevier  Inc.  All  rights  reserved.
. Introduction

Molecular dynamics (MD) simulations are today a common
echnique to probe the structure and dynamics of biomolecules,
heir function and activity in order to elucidate biochemical pro-
esses and pathways [1–3]. A key to their success is the accurate
odelling of interactions in an aqueous environment. Because of

he importance of solute–water and water–water interactions, the
odelling of solvation effects has been the subject of a large body

f theoretical and computational work [4–6]. Currently, the most
ommon approach is to treat solvent effects by modelling each
ater molecule individually with a molecular mechanics force field.

ypically, a water molecule is represented by either three or four
articles and therefore, to ensure proper solvation, water molecules
onstitute somewhere between 80 and 90% of the particles in a pro-
ein simulation. Although highly optimized codes are implemented
n commonly used software, it is still not surprising that these mod-
ls are computationally costly. Therefore, a lot of effort have been

ade in accelerating the MD  simulations and thereby reaching

onger timescales with less computational effort [7]. Herein, we
istinguish between methods that retain the atomistic description

E-mail address: samuel.genheden@gu.se

ttp://dx.doi.org/10.1016/j.jmgm.2016.11.002
093-3263/© 2016 Elsevier Inc. All rights reserved.
of the solvent and methods employing simplified water models.
Within the former group, we find methods that for instance bias the
forces [8–10], exchange thermodynamic variables between con-
current simulations [11,12] or combine several shorter simulations
[13,14] to mention a few. However, we will in this report focus on
the latter group.

A common approach to simplify an atomistic description is
coarse-graining (CG) [15,16], where sets of atoms are grouped into
pseudo-particles, or beads. This reduces the number of particles
that needs to be simulated and as a side effect smoothening the
energy landscape and thereby accelerating the sampling further.
The CG approach has been applied to all sorts of molecules, e.g.
proteins [17,18], DNA [19,20], lipids [21,22] and sugars [23]. In
addition, several CG water models have been proposed that group
the atoms of between one and five real water molecules into a
single bead [24–26]. Some of these models have also been com-
bined with an atomistic representation of a protein [27–29]. In
particular the Elba (electrostatics based) model, which maps the
atoms of a single water molecule to a CG bead, has proven to be
useful in predicting the solvation free energy of small molecules
[29,30]. A speed-up about six compared to a fully AA simulation can

be expected for a protein solvated in a box of water molecules, and
better parallel performance can probably be achieved by improv-
ing load-balancing [29,30]. This hybrid approach has been shown
to preserve the structure of a small protein, and been used to study

dx.doi.org/10.1016/j.jmgm.2016.11.002
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2016.11.002&domain=pdf
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he folding of a peptide [29]. However, it is unclear how well the
ynamics of proteins or protein–ligand complexes are described in

onger MD  simulations.
A more drastic reduction in the number of simulated particles

an be achieved by dropping the particle description of the sol-
ent and use an implicit model [31]. Here, the effect of the solvent
olecules is included as an effective force that is a function of only

he solute coordinates. The most commonly used implicit mod-
ls are based on continuum dielectric theory where the system is
ivided into regions with different dielectric constants [32]: in the
ase of a hydrated protein, the water molecules are represented by a
igh dielectric constant and the protein is modelled by a low dielec-
ric constant. The electrostatic contribution to the hydration of a
rotein can be accurately computed with the Poisson–Boltzmann
pproach [33], but becomes too computationally costly to use in
ong MD  simulations. Therefore, alternatives have been devised
nd many are some variant of the generalised Born (GB) formalism
34–38]. The models typically differ in the approach to compute the
xtent of burial of individual atoms and how to define the boundary
etween the dielectric regions. Combined with a simple solvent-
ccessible surface-area (SASA) model for the non-polar solvation
art, GB models have been used in a wide range of applications, e.g.
olvation free energies [39,40], protein folding [41,42] and binding
ffinities [43]. In addition, GB models have been used to probe pro-
ein dynamics [44]. The computational efficiency of GB simulations
s hampered by the necessity of long cut-off and the lack of effi-
ient parallelisation, but the smoothening of the energy landscape
ypically compensate for this [45].

Because of the attractiveness to use CG and GB models to study
roteins it is imperative to compare them to atomistic simulations.
his has been done several times in the past [46–48], but the com-
arisons have mostly been focused on structural aspects. In this
aper, we will compare all-atom, CG and GB models on their ability
o probe the protein dynamics of two proteins Bpti and Galectin-
. The latter protein will be studied in complex with two  different

igands. To quantify the dynamics of the protein, we  will compute
rder parameters of selected bond vectors, which are accessible
xperimentally through nuclear magnetic resonance (NMR) relax-
tion measurements [49]. Such order parameters have been used
xtensively to study protein dynamics [50,51] and conformational
ntropy [52–54] or in rational drug design [55]. In many instances,
D simulations have been used as complements to the NMR  exper-

ments [53], which typically cannot report on the full set of order
arameters. Therefore, it is important that computation and exper-

ment agree on the bond vectors available to both. As such, the
se of order parameters as a benchmark provides a sensitive test
f alternative computational models and in fact, has been used to
ompare protein force fields [56,57]. Herein, we will instead focus
n different solvent models combined with an accurate protein
orce field. We  will attempt to rationalise the deviations observed
n the different simulations and to provide recommendations for
uture studies.

. Method

.1. System setup

The prepared protein structures of Bovine Pancreatic trypsin
nhibitor (BPTI) and Galectin-3 (Gal3) were taken from a previous
tudy [58]. Gal3 was in complex with either lactose or a syn-
hetic lactose derivative (L02), and these complexes will be referred

o as Gal-lac and Gal-l02 to be consistent with previous studies.
he protein and ligands are shown in Fig. 1. The proteins, lac-
ose and L02 were described with the Amber99SB [59], Glycam
60] and GAFF force fields [61], respectively. For the all-atom and
ics and Modelling 71 (2017) 80–87 81

all-atom/coarse-grained (AA/CG) hybrid simulations, each of the
proteins was  solvated in a box of pre-equilibrated TIP4P-Ewald
[62] or Elba water, respectively, extending at least 0.9 nm from
the solute. The Elba water model is a CG representation of a single
water molecule, in which a point dipole is embedded on a single
Lennard-Jones site [26].

2.2. Simulations

The simulations with CG solvent were performed with the
Lammps software [63]. The masses of the hydrogen atoms were
increased three-fold and the masses of the neighbouring atoms
were decreased through mass repartitioning [64]. This allows the
all-atom particles to be propagated with a 4 fs timestep. A multiple
timestep integrator was used and the CG water beads were prop-
agated with a 8 fs timestep [65]. The SHAKE algorithm [66] was
used to constrain bonds with hydrogen atoms. The non-bonded
cut-off was 1.2 nm and long-range electrostatics between all-atom
particles were calculated with the particle–particle particle-mesh
algorithm [67]. The interactions between CG beads and between CG
beads and atoms were calculated with a shifted-force potential and
no long-range correction was applied. The temperature was kept
constant at 300 K using a Langevin thermostat [68] and the pressure
was controlled with an isotropic weak-coupling algorithm [69].

All generalised Born (GB) simulations were performed with the
Amber suite of programs [70]. The polar part was the GB model
of Onufriev, Bash and Case [36] (model 2) and the non-polar part
was computed by �SASA, where SASA is the solvent-accessible
surface area and � = 2.1 kJ/mol/nm2. The modified Bondi radii [36]
were used and SASA was  computed with the LCPO method [71].
The atoms were propagated with a 2 fs timestep and SHAKE [66]
was used to constrain bonds with hydrogen atoms. Both the non-
bonded cut-off and the Born cut-off was  1.5 nm.  The temperature
was kept constant at 300 K using a Langevin thermostat [68].

In both the CG and GB setup, the systems were subjected to 100
steps of steepest descent followed by 20 ps equilibration in the NPT
ensemble were the heavy atoms of the protein were restrained to
the starting position with a 4184 kJ/mol/nm2 harmonic force. This
was followed by a 200 ps equilibration in the NVT ensemble without
any restraints and a 500 ns production run in which snapshots were
saved every 10th ps. Two independent repeats were initiated by
assigning different initial velocities to the atoms.

The AA simulations were taken from a previous study [58]: Bpti
was equilibrated for 20 ps in the NPT ensemble, following a 100 ps
equilibration in the NVT ensemble and a 500 ns production run,
also in the NVT ensemble. Two independent repeats were initi-
ated by assigning different initial velocities. The Gal-lac and Gal-l02
complexes were equilibrated for 200 ps in the NVT ensemble, fol-
lowed by a 500 ns production run, also in the NVT ensemble. Only
a single simulation for each complex was performed. The sampling
frequency for all three systems was 10 ps.

2.3. Analysis

Order parameters for different sets of bond vectors were cal-
culated with the isotropic reorientational eigenmode dynamics
(iRED) approach [72]. First, the following covariance matrix was
computed

1 ( )2

Mij =

2
〈3 ��i ��j − 1〉 (1)

where �� is a bond vector and the brackets indicate an ensemble
average. Second, the eigenvalues, �m and eigenvectors �m were cal-
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Fig. 1. The protein and ligands used 

ulated and the order parameter, S2, for a residue i was  computed
rom

2
i = 1 −

n∑

m−6

�m|mi|2 (2)

here mi is the ith element of m.  The order parameters were com-
uted for sub-segments of the trajectories and averaged [73]. The

ength of these sub-segments or windows are discussed in the text.
hree different sets of order parameters were calculated: 1) back-
one N H bond vectors, 2) side-chain C C or S C bond vectors in
la, Ile, Met, Leu, Thr and Val residues, and 3) side-chain vectors
efined in the dictionary proposed by Li and Brüschweiler [44].
hese sets will be referred to as NH, Met  and Dict, respectively.

The root mean square fluctuation (RMSF) for selected atoms was
omputed from

MSFi = 8
3

�2Var(�ri) (3)

here �r is the position vector of the atom after removal of overall
otion by fitting the backbone C, C� and N atoms onto the initial

tructure. The RMSF was estimated for backbone C� atoms or the
nitial atom of the bond vectors in the Dict set [44].

Systematic errors stemming from particular amino acids were
nalysed using the approach suggested by Mobley et al. for the
tudy of solvation free energies [74]. Therefore, the BEDROC
Boltzmann-enhanced discrimination of receiver-operating char-
cteristic) metric [75] was computed for different amino acid. A
abelled list of individual residues was made using the unsigned
rror compared to either experiment or AA as scores for the BEDROC
nalysis, which was computed with the CROC python package (ver-
ion 1.1) [76]. The uncertainty of the BEDROC metric was  estimated
y 500 bootstrap iterations. The estimates for the different solvent
odels as well as for the different proteins were pooled together.
Hydrogen bonds were analysed by monitoring distances less

han 0.3 nm and angles larger than 120 ◦ between a pre-set list of
tandard hydrogen bond acceptor and donors in protein residues.

he analysis was performed on atoms in 1) the backbone, 2) the
ide-chains or 3) all atoms.

Analyses of the trajectories were performed with in-house tools
ased on the MDAnalysis framework [77].
 study. Galectin-3 is bound with L02.

3. Results and discussion

We  performed long (500 ns) molecular dynamics simulations of
the Bpti and Galectin-3 (Gal3) proteins and analysed the dynamics
using the iRED approach [72]. The all-atom proteins were simulated
in all-atom (AA) TIP4P-Ewald water, in coarse-grained (CG) Elba
water, or with an implicit generalised Born (GB) model.

3.1. iRED analysis of backbone motion

The iRED approach is a robust method to compute order parame-
ters for selected bond vectors from a molecular dynamics trajectory
[72]. Here we  use it to indirectly quantify the dynamics of the pro-
teins because we  can make direct comparisons to order parameters
derived from NMR  relaxation experiments.

The order parameters for the backbone N H vectors (NH set)
were compared to parameters from 15N relaxation experiments,
[55,78]. To make a fair comparison, the computed order param-
eters must correspond to roughly the same timescales as in the
experiments. The experimental timescales are limited by the over-
all rotational timescales, which in the case of Bpti and Gal3 is
between 3 and 8 ns [55,78]. It has been argued previously that the
computed order parameters should be on the order of five times this
length [79], i.e. 15–40 ns. However, these recommendations were
made for AA simulations, and it is unclear to what the extent the
dynamics in the CG and GB simulations are accelerated. Therefore,
we compared the experimental order parameters to iRED estimates
with windows of 2.5, 5, 10, 25, 50, 100 and 250 ns. The 2.5 ns win-
dow was  considered to be the minimum appropriate window size
as only 250 snapshots are used to estimate the order parameters in
each window. The order parameters are compared with the aver-
age unsigned deviation (AUD) and mean signed deviation (MSD) in
Table S1. To make the analysis easier, we  pooled the data for the
two Gal3 systems, as they were very similar. For Bpti, we find a
minimum AUD with a window size of 2.5 ns with all solvent mod-
els. However, t-tests show that the AUDs for window sizes of 5 to
50 ns are not significantly different at the 95% confidence level. If
we instead look at the MSD, we  find that the smallest deviations
are found with window sizes of 250 ns, 10 ns and 2.5 ns for AA, CG

and GB, respectively. For AA the MSD  is increasing with increased
window size, whereas the opposite is true for GB.  For AA the MSDs
for window sizes of 5–100 ns are in fact not significantly differ-
ent from the minimum MSD. For CG, this is true for window sizes
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f 2.5–25 ns, and for GB for window sizes of 2.5–10 ns. Looking at
al3, we see similar trends: the minimum AUD is found for win-
ow sizes of 5, 5 and 2.5 for AA, CG and GB, respectively. For AA and
G, the AUDs for other window sizes are not significantly different

rom the minimum AUD, whereas for GB this is only true for win-
ow sizes of 5 and 10 ns. The minimum MSD  is found for 100, 50
nd 2.5 ns for AA, CG and GB, respectively. For AA, all window sizes
etween 25 and 250 gives a MSD  not significantly different from
he minimum MSD. For CG, this range is also 25–250 ns and for GB it
s 2.5–10 ns. Thus we can conclude that the optimal window size is
ighly dependent on both the protein and solvent model, which is
xpected considering the different smoothness of the energy land-
cape. For AA it seems to be appropriate with a long window of
0–100 ns, for CG it seems appropriate with a shorter window of
0–50 ns, and for GB it should probably be less than 10 ns. There-
ore, to be consistent, we will use a window size of 50, 25 and 5 ns
or AA, CG and GB in the rest of this paper.

In Fig. 2a, we plot the average unsigned deviation (AUD) for
he three different protein systems simulated with three differ-
nt solvent models. The uncertainty of the AUD was estimated
ith bootstrapping and is less than 0.01 for all comparisons. This

mplies that the analysis is insensitive to which part of the trajec-
ory is being analysed. From Fig. 2a, it is clear that the all-atom (AA)
IP4P-Ewald water model best reproduces the experimental order
arameters with AUDs between 0.03 and 0.06. The Elba coarse-
rained (CG) model gives AUDs between 0.05 and 0.06, whereas
he generalised Born (GB) model gives an AUD of 0.06 for both Bpti
nd Gal-l02. Unfortunately, the Gal-lac complex dissociated when
imulating with the GB model and therefore we  do not have any
stimates for this trajectory. This is further analysed and discussed
n the Supporting information. Still, it seems that for the NH set, no

odel outperforms the others with a considerable margin.
Naturally, the AUDs could be skewed by a few bad estimates, and

herefore we  list in Table S2, the median unsigned deviation (MUD).
t is clear that this metric tend to be smaller than the AUD with

.01–0.02 units. For both Bpti and Gal-lac, the MUD  is identical for
ach of the solvent models, whereas there is a very small difference
etween them for Gal-l02.

ig. 2. Average unsigned deviations (AUD) for S2 estimates in the sets A) NH (N H bond v
olvent  model is indicated below the bars, and the proteins are highlighted in italics und
eference is AA. In B) there is no data for Bpti due to a lack of experimental reference.
ics and Modelling 71 (2017) 80–87 83

It is also of interest to investigate if the deviations are systematic
or random in nature and to this end, we  list in Table S2, the mean
signed deviation (MSD). The AA and CG estimates show small MSD
for all three proteins, indicating that these estimates do not contain
any systematic deviation. The GB simulations of Bpti and Gal-l02
give estimates that seem to be systematically and slightly more
negative than the experimental data, with MSDs of 0.02–0.04.

We also compared the computed order parameters to the exper-
imental data but only for those vectors that are on residues in
helices or sheets (i.e. excluding residues in loops and bridges). This
is a simple approach to see if the discrepancies between NMR  and
MD are located to regions of the proteins that are inherently more
flexible. The metrics for this analysis are shown in Table S2. It is
clear that the AUDs are reduced significantly with up to 0.03 units,
whereas the MUDs and MSDs are less affected. It is interesting to
note that the MSD  is increased for AA when looking at Bpti and
Gal-lac.

Finally, we performed a BEDROC analysis [74] to investigate if
there are some amino acids that are estimated significantly worse
than expected. The BEDROC analysis will indicate if there are some
amino acids that tend to have a larger error compared to the other
amino acids. An analytical expression can be computed for the
BEDROC value assuming the predictive power is equal for all amino
acids. Therefore, if the observed BEDROC metric for an amino acid is
significantly larger than the analytical value, it is an indication that
the MD simulation is particularly bad at predicting the dynamics
of this amino acid. The analytical and observed BEDROC values for
the amino acids are plotted in Fig. 3. For only two amino acids we
observe a BEDROC value that is significantly larger than the analyt-
ical value, viz. Cys and Trp. The observed value for Cys, 0.54 is in
fact rather small and the large observed value for Trp, 0.74 could be
attributed to the few sampling points (only 5 Trp residues in total).
Thus, it seems that there is no strong evidence that some amino
acids are harder to model.

In summary, the experimental backbone order parameters are

reproduced well by all three solvent models with deviations com-
parable to other studies [53,57]. Furthermore, it is encouraging that
the deviations do not stem from any particular amino acid or from

ectors), B) Met  (C C bond vectors) and C) Dict (side-chain dictionary vectors). The
er each set of bars. In A) and B), the reference is experimental data, and in C), the
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ig. 3. BEDROC values for S2 estimates of individual amino acids in a) NH set, b) M
rrors  bars, and the observed values that are significantly larger (at 95% confidence

ighly mobile regions, e.g. loops. This shows that MD  simulations
an reliably probe the backbone dynamics of proteins.

.2. iRED analysis of side chain motion

For the Galectin-3 systems, we can compare the side-chain
ynamics for a limited set of vectors that probe methyl groups
ith 2H relaxation experiments [55]. Unfortunately, no such data

s available for Bpti, making this comparison impossible. The AUDs
f the computational estimates compared to experiments are plot-
ed in Fig. 2b. The observed deviations are much larger than for the
ackbone parameters: using AA, the AUD is 0.13 and 0.17 for Gal-lac
nd Gal-l02, respectively. In light of this, the simpler water mod-
ls give encouraging results; CG gives an AUD of 0.15 and 0.16, for
al-lac and Gal-l02, respectively and the GB estimates for Gal-l02
ive an AUD of 0.15. A t-test shows that the differences between
he solvent models are not statistical significant at the 95% con-
dence, and hence the simpler models are of similar accuracy as
he AA model. In Table S3, we list the MUDs and although they are
maller, indicating that there are a few outliers, the magnitude of
he MUDs is still worrisome. The MUDs ranges between 0.9 and
.13, and at least for Gal-l02, no water model performs better than
he other. Looking at the MSD  in Table S3, it is clear that neither
he AA nor the CG model produces estimates with a strong system-
tic component. However, the GB estimates for Gal-l02 seem to be
lightly more negative than the experimental data, indicating more
exible side-chains.

We also performed the same analysis when excluding residues
n loops and bridges. The metrics for this analysis are listed in Table

3 and the results are mixed. For AA and GB estimates there are
o significant differences compared to the analysis of all residues,
hereas the CG estimates become significantly better. The MSD
oes not change significantly, when excluding residues, indicating
 and c) Dict set. One standard deviation of the observed BEDROC is indicated with
 the analytical value are marked with a star.

that for the methyl motion, the deviations between simulations
and experiment are not localised to helices or sheets. We  also per-
formed a BEDROC analysis and the results for the different amino
acids are plotted in Fig. 3b. Only Ile and Met  display a significantly
larger observed BEDROC value of 0.60 and 0.70, respectively; it is
hard to observe any significant trend from this.

To investigate the side-chain motion further, we used a more
complete set of side chain vectors as defined in a proposed dictio-
nary of Li and Brüschweiler [44]. Unfortunately, we are now unable
to compare to experimental data and instead we choose to look at
the deviations compared to the AA estimates. The AUDs are plot-
ted in Fig. 2c and the MUDs and MSDs are listed in Table S4. The
observed differences compared to the AA model are on the same
order as with the Met  set. For CG, the AUDs are between 0.13 and
0.15, whereas the AUDs for GB are between 0.11 and 0.12. Thus for
both Bpti and Gal-l02, GB is closer to AA. This trend is removed if
we instead look at the MUD. If we  look at the MSD, we see that the
systematic deviation between the AA and GB estimates are smaller
in magnitude than the systematic deviations between the AA and
CG estimates. Interestingly, the GB estimates indicate a more flex-
ible protein than the protein in AA water, whereas the opposite is
true for the CG estimates.

The analysis on residues in helices and sheets follows the trend
observed for the Met  set (see Table S4). The AUDs and MUDs are up
to 0.04 units significantly smaller when excluding some residues.
However, the observed systematic shifts quantified in the MSD
remains. Finally, we also performed a BEDROC analysis and the val-
ues are plotted in Fig. 3c. The observed BEDROC values for four of
the residues with the largest side chains, Arg (0.57), Gln (0.56), Glu
(0.68) and Lys (0.62) are significantly larger than the analytic value.

Thus, it seems that the length of the side chain might influence the
predictive power of the iRED approach although this is far from
established.
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Table  1
Average RMSD in nm compared to the initial structure for the first and second half
of  the trajectories.

Bpi Gal-lac Gal-l02

AA CG GB AA CG AA CG GB

First half 0.088 0.201 0.170 0.096 0.176 0.103 0.175 0.168
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Second half 0.089 0.231 0.175 0.099 0.202 0.104 0.214 0.179
Difference 0.001 0.029 0.005 0.003 0.026 0.001 0.039 0.011

.3. Protein stability and atomic fluctuations

In order to corroborate and complement the results from the
RED approach, we performed some simpler analyses. First, we
omputed the root mean square deviation (RMSD) of the backbone
, C� and N atoms compared to the initial structure throughout the
rajectories, and then compared the average RMSD of the first and
econd half of the trajectory in Table 1 (the traces are shown in Fig.
1). The simulations with AA are the most stable with small differ-
nces between the first and second half of the simulations, between
.0 and 3.5%. The simulations with the CG model are significantly
ore dynamic with differences between 0.03 and 0.04 nm,  or 14 to

0%. Finally, the simulations with the GB model are intermediate
ith differences of about 0.01 nm or between 3 and 6%. Therefore, it

s clear that the simpler CG and GB models lead to more fluctuating
rajectories. From Fig. S1, it is seen that this is partly due to a larger
ariance from the mean RMSD, and partly from a longer burn-in
eriod (especially for the CG Bpti simulation). There is no apparent
rift in the RMSD, which would indicate a gradually degradation of
he protein structure. It could be argued that the difference between
he first and second half for the CG trajectories implies that an initial
ortion of the trajectories should be excluded from the simulations.
owever, RMSD is generally not a fair indication of thermodynamic
quilibration, something that anyway is very hard to achieve.58 Fur-
hermore, the standard deviation from the block averaging of the
rder parameters, indicates that the iRED analysis is not sensitive
o the observed differences in RMSD (see e.g. Table S1).

Next, we computed the root mean square fluctuation (RMSF)
f selected atoms. This analysis was performed after the overall
otion had been removed through fitting. We  calculated the RMSF

or the C� atoms and compared the fluctuations in the AA sim-
lations with the fluctuations in the CG and GB simulations. The
UD is plotted in Fig. 4a, whereas MUD  and MSD  are listed in
able S5. The AUDs when comparing the CG and AA simulations
re between 0.08 nm2 for Gal-l02 and 0.21 nm2 for Bpti. The siz-
ble deviation for the Bpti protein is due to a systematic shift as
ndicated by the MSD  of −0.18 nm2, and it also seems to be dom-
nated by a few residues as indicated by the significantly smaller

UD  of 0.11 nm2. Although the CG simulations of Bpti show more
exible C� atoms than the AA simulations, this is not reflected in

 large difference in the predictive power of S2 parameters (see
ig. 2a and Table S2). The large deviation between AA and CG for
pti seems furthermore to be located to loop regions as indicated
y the AUD of 0.10 nm2 (see Table S5). Interestingly, the situation

s reversed when looking at the analysis of the GB trajectories; the
UD for Bpti is smaller (0.10 nm2) than AUD for Gal-l02 (0.17 nm2).
he discrepancies between AA and GB seem to be systematic, as
ndicated by the sizable MSD  (−0.1 to −0.16 nm2). Furthermore,
he deviations seem to stem from a few outliers as indicated by the

UD  (0.05–0.08 nm2) and located in loop regions as indicated by
he smaller AUD (0.04–0.10 nm2) if such residues are excluded.

We also computed the RMSF of side-chain atoms included in

he Dict set. The initial atoms of each bond vector were analysed.
s is clear from Fig. 4b the deviations compared to AA are larger for
ide-chain atoms than for backbone C� atoms. It is also clear that the
ifferences between CG and GB are smaller. The AUDs for CG range
Fig. 4. Average unsigned deviations (AUD) for RMSF compared to AA simulations
for  a) C� atoms, b) atoms in Dict set. The solvent model is indicated below the bars,
and the proteins are highlighted in italics under each set of bars.

between 0.28 and 0.31 nm2 and for GB between 0.28 and 0.35 nm2.
The analysis of the GB trajectories and the CG trajectory of Bpti indi-
cate systematically more flexible side-chains compared to AA as
quantified by the MSD  in Table S6. The MSDs of the CG simulations
of Gal3 are considerable smaller. As with the RMSF of the C� atoms,
the AUDs are skewed by a few outliers, which is indicated by the
significantly smaller MUD  (between 0.08 and 0.18 nm2 smaller). It
is also clear that the AUD tends to be smaller if we exclude residues
in loops (between 0.10 and 0.15 nm2 smaller).

3.4. Hydrogen bond analysis

A difference in hydrogen bond pattern is a potential rationale for
the observed difference in dynamics between simulations with dif-
ferent solvent models. For instance, it has been previously observed
that the Protein G displays significantly more hydrogen bonds
between side-chains atoms in the CG solvent compared to all-
atom solvent [29]. This could be explained by a lack of hydrogen
bonds between protein and solvent, a behaviour that should also
be observable in the GB model. Therefore, we counted the aver-
age number of intra-protein hydrogen bonds during the simulation
and divided the hydrogen bonds into backbone–backbone (BB-
BB), sidechain–sidechain (SC-SC) and backbone–sidechain (BB-SC).
The averages are plotted in Fig. 5. Looking at backbone atoms, we

observe that both CG and GB give rise to fewer bonds than AA, and in
most cases the difference is statistically significant. CG gives about
3 fewer hydrogen bonds for all proteins, whereas GB gives between
1 and 3 fewer bonds. If we then look at bonds between side-chain
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ig. 5. Observed number of hydrogen between A) backbone atoms, B) side-chain at
tatistically significant deviations compared to AA (at 95% confidence) are marked w
n  italics under each set of bars.

toms, the differences between AA and the simpler models are
ven larger, and all of the differences are statistically significant.
he CG model gives averages that are between 1.8 and 2.6 times
arger than AA (or between 8 and 19 bonds), whereas the corre-
ponding increase for GB is 1.5–1.8 (or between 4 and 10 bonds).
inally, if we look at hydrogen bonds between backbone and side-
hain atoms, we  again observe significant differences. However,
G seems to produce simulations with fewer hydrogen bonds than
A (between 1 and 4 bonds), whereas the opposite is true for GB

between 4 and 5 more bonds). Taking all together, the CG simu-
ations gives between 5 and 13 more hydrogen bonds in total than
A, whereas the GB simulations give 8 more hydrogen bonds in

otal for both Bpti and Gal-l02. Interestingly, an increased number
f intra-protein hydrogen bonds should arguably lead to a more
table trajectory. However, as we have seen in the analysis of S2

nd RMSF, the proteins in both CG and GB tends to be more flexible
han in AA. Thus, it seems that although the solvent model influ-
nces the hydrogen bond pattern, this change cannot be the only
xplanation for the observed difference in dynamics.

. Conclusion

We  analysed the protein dynamics in MD  simulations of Bpti
nd Galectin-3 by computing order parameters that are accessible
xperimentally. The MD  simulations were performed in water at
hree different resolutions, viz. all-atom (AA), coarse-grained (CG)
nd an implicit generalised Born (GB). The aim was  to investigate
ow the choice of solvent model affects the protein dynamics, and

n particular how well the simpler CG and GB models can reproduce
MR data. We  found that for backbone dynamics, the agreement
etween NMR  and simulations is good, with reasonable absolute
eviations. Overall, all models are equally good in reproducing the
MR  order parameters. It is interesting to note that different mod-

ls sample dynamics on different time scale, as evidenced by the
ifferent optimal averaging window. The disagreement between
imulations and NMR  is worse if we look at side-chain dynamics,
ut encouragingly, all models give similar deviations. Furthermore,
C) backbone and side chain atoms. Errors bars indicate one standard deviation, and
tar. The solvent model is indicated below the bars, and the proteins are highlighted

we observed sizable differences between different solvent mod-
els when comparing estimates for a more extensive set of vectors
than experimentally available. Still, the sample size is rather small
and care should be taken to conclude too much from that analysis.
Structural analyses show a strong indication that the side chains are
more flexible in the CG and GB simulations than in the AA simula-
tions, despite that there are an increased number of intra-protein
hydrogen bonds with CG and GB compared to AA. Therefore, we
can conclude that the solvent model has a considerable effect on
the protein dynamics. Unfortunately, it also has to be concluded
that the effect is very much system dependent, which rules out a
simple fix to the observed discrepancies. Furthermore, it is for these
test cases, not fruitful to make a detailed analysis of conformation
subspaces, as the proteins are globular and fairly rigid. Although
this study is limited in the number of proteins and solvent models
tested, it is nevertheless clear that the solvent model has a crucial
influence on protein dynamics and care has to be taken when choos-
ing the model. It has to be mentioned though that the GB model
used herein is only one of many, and it cannot be ruled out that
other models are more appropriate. It has for instance been shown
that different GB models produce significantly different backbone
fluctuations [48]. There are also other CG models of water, but they
are even more coarse-grained and problems with protein–solvent
contacts have been described [27]. Further progress could poten-
tially be made by comparing to other NMR  observables, e.g. residual
dipole couplings or scalar couplings, which has been done previ-
ously when benchmarking protein force fields [80]. However, it is
worth to realize that AA is far from perfect in probing dynamical
properties as shown recently by comparing different AA force fields
[81]. Lastly, it is also worth emphasizing the protein force field was
developed to be used predominantly with AA water and has been
extensively validated in this context. Nothing guarantees that it is
compatible with other solvent models and mixing different mod-

els should always be carried out with care. Therefore it might be
necessary to adjust the protein force field to be useful with simpler
water models. However, from this study the recommendation has
to be, although the structural analyses show an increased flexibility
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n the simpler models, that if the objective is to only compute NMR
rder parameters, any model will do.
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