
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12551-021-00850-5

REVIEW

Secondary structure dependence on simulation techniques and force 
field parameters: from disordered to ordered proteins

Orkid Coskuner‑Weber1   · Sule Irem Caglayan1

Received: 15 August 2021 / Accepted: 1 October 2021 
© International Union for Pure and Applied Biophysics (IUPAB) and Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Computer simulations are used for identifying the secondary structure properties of ordered and disordered proteins. However, 
our recent studies showed that the chosen computer simulation protocol, simulation technique, and force field parameter 
set for a disordered protein impact its predicted secondary structure properties. Here, we compare the outcome from com-
puter simulations utilizing molecular dynamics simulations without parallel tempering techniques using various force field 
parameter sets and temperature-replica exchange molecular dynamics simulations both for a model ordered and two model 
disordered proteins. Specifically, the model ordered protein is the third IgG-binding domain of Protein G (GB3) and the two 
model disordered proteins are amyloid-β(1–40) and α-synuclein in water. Our findings clearly indicate that temperature-
replica exchange molecular dynamics simulations and molecular dynamics simulations without special sampling techniques 
yield similar results for the ordered GB3 protein whereas such agreement between simulation techniques using various force 
field parameter sets could not be obtained for disordered proteins. These findings clearly indicate that a consensus has to be 
reached via further development in computer simulation technique and force field parameter sets for disordered proteins.
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Introduction

Molecular dynamics (MD) simulations represent a computer 
simulation technique that is used in the investigations of 
ordered and disordered proteins for analyzing the physi-
cal movements of protein atoms. However, traditional MD 
simulations face challenges in sampling the whole con-
formational space of proteins within reachable simulation 
time-scales as it can be trapped in local minimum energy 
states (Coskuner and Wise-Scira 2013). By linking MD 
simulations to a Monte Carlo algorithm, the temperature-
replica exchange molecular dynamics simulation (REMD) 
technique is capable of overcoming high energy barriers and 
enhances conformational space sampling of proteins (Qi 
et al. 2018). Furthermore, a force field parameter set is used 
for estimating the forces acting between atoms within a pro-
tein and also between proteins (Allison 2011). Specifically, 

a force field parameter set refers to the functional form uti-
lized to compute the potential energy of a system of inter-
est that consists of atoms (Carballo-Pacheco and Strodel 
2017). These potential functions may be derived directly 
from experiments or from quantum mechanical calculations 
(Strodel and Coskuner-Weber 2019). Force field parameters 
define the energy landscape from which the acting forces 
on each particle are calculated as a gradient of the poten-
tial energy with respect to atom coordinates (Allison 2011). 
Commonly utilized force field parameter sets for proteins 
are the AMBER, CHARMM, OPLS-AA, and GROMOS 
parameters.

Our recent investigations showed that MD simulations 
using different force fields, as well as T-REMD simulations, 
are not capable of yielding results for the 140 amino acid 
long intrinsically disordered α-synuclein protein that pre-
sent full agreement with available experiments (Mandaci 
et al. 2020). Interestingly, a recent additional study by our 
group revealed that best results from computer simulations 
that are in accord with experiments for the 40 amino acid 
long intrinsically disordered amyloid-β(1–40) peptide are 
obtained utilizing the charmm36m, a99sb-disp and a99sb*-
ildn parameter sets in MD simulations as well as REMD 
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simulations (Caliskan et al. 2021). However, a comparison 
of results obtained using different simulation techniques, 
simulation protocols, and force field parameter sets both for 
model ordered and disordered proteins’ secondary structure 
properties is currently missing in the literature. Therefore, 
we conduct extensive REMD simulations on GB3 in water 
and obtained results are compared to those gained from MD 
simulations using different force fields. These findings are 
then compared to the results obtained for disordered pro-
teins; α-synuclein and amyloid-β in an aqueous medium. For 
these purposes, REMD simulations on GB3 in water were 
conducted between 280 and 320 K temperatures using 32 
replicas that were distributed exponentially between these 
temperatures. We used the charmm36m (c36m) parameters 
(Huang et al. 2017) for GB3 (PDBID: 1P7E) (Ulmer et al. 
2003) and the TIP3P water model in REMD simulations 
(Jorgensen et al. 1983). After solvating GB3 in water by 
using a 20 Å water layer with 13,368 water molecules, the 
initial structure was equilibrated for 2 ns (per replica) via 
using first the canonical ensemble and then for 2 ns utiliz-
ing the isothermal-isobaric ensemble. Replica exchanges 
were attempted with a time step of 2 fs for every 5 ps. Con-
figurations were saved every 500 steps. For maintaining 
the temperature of a replica with a collision frequency of 
2 ps−1, Langevin dynamics was used (Allison 2011). Parti-
cle mesh Ewald (PME) method was used to determine the 

long-range interactions (Allison 2011). All bonds to hydro-
gen atoms were constrained utilizing the SHAKE algorithm 
(Allison 2011). The MD simulation trajectories obtained 
from Shaw and co-workers using various force fields; the 
AMBER parameters (a99SB*-ILDN along with the TIP3P 
water model, the a03ws parameters, the a99SB parameters, 
and a99SB-ILDN parameters with the TIP4P-D model for 
water), a99SB-disp and the CHARMM force field parameter 
sets (c36m and c22*) were analyzed (Robustelli et al. 2018). 
These MD simulations were conducted for tens of microsec-
onds without applying parallel tempering techniques. More 
details can be found in Ref. 11. For investigating the second-
ary structure properties, we utilized the DSSP program and 
an in-house script is utilized for determining the secondary 
structure abundances per amino acid residue (Mandaci et al. 
2020). In all these calculations, the convergence is tested 
following our previous studies (Caliskan et al. 2021).

Secondary structure dependence on force 
field parameters and simulation techniques

The aim of this short review is to understand the second-
ary structure elements and their abundances for a model 
ordered and two model disordered proteins by REMD 

Fig. 1   A-helix, 310-helix, turn, and β-sheet propensities of disordered 
α-synuclein in an aqueous medium. A03ws (dark blue), a99sb-disp 
(orange), c36m (cherry), c22* (light blue), a99sb-UCB (green), and 
a99sb*-ildn (yellow) parameters with TIP3P water model, a99sb-ildn 

parameters with the TIP4P-D water model (violet) by MD simula-
tions and AMBER ff99sb parameters utilizing the OBC water model 
by REMD simulations (black). Reproduced with permission from 
Ref. 6. Copyright, 2021, Chem. Biol. & Drug Des
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and MD simulations using different force field parameter 
sets. Figure 1 presents the secondary structure abundances 
for α-helix, 310-helix, turn, and β-sheet structures for 
α-synuclein in an aqueous medium.

Based on these secondary structure component probabili-
ties, MD simulations utilizing different force fields yield dif-
ferent secondary structure trends for α-synuclein in an aque-
ous solution medium. Significant variations exist between 
results obtained using different simulation protocols, simu-
lation techniques, and force field parameters when we con-
sider the large size disordered α-synuclein protein’s epitope 
region identification. More details can be found in Ref. 6. 
Overall, experiments demonstrated more probable β-sheet 
formation between Pro120-Ala140 in the C-terminal region 
of α-synuclein (Marsh et al. 2006). This characteristic could 
not be captured in MD simulations using different force 
field parameter sets or REMD simulations. Also, based on 
experiments, larger abundant α-helical structure formation 
occurs in the N-terminal, NAC, and C-terminal regions of 
α-synuclein (specifically, between Lys60–Leu100) (Marsh 
et al. 2006). REMD simulations catch this trend for α-helix 
structure formation but this trend might also indicate that 
our REMD simulations are stabilizing α-structure formation 
in α-synuclein. Experiments reported abundant α-helical 
structure formation in the N-terminal region whereas NAC 
region demonstrates α-helical structure formation with a 

smaller probability in comparison to the N-terminal region. 
Additionally, C-terminal region possesses α-helical structure 
formation with a smaller probability than the NAC region 
of α-synuclein (Marsh et al. 2006). Such a trend could not 
be obtained from MD simulations (except with the usage 
of a99sb*-ildn parameters) or from our parallel tempering 
REMD simulations. Bussel and Elizier proposed that the 
NAC region`s ability for forming fibrils requires residues 
Val71-Val82, indicating that this region might be forming 
abundant β-sheet structure and might be therefore involved 
in early inter-molecular interactions (Bussell and Eliezer 
2001). Interestingly, MD simulations utilizing the c22* and 
c36m parameter sets yield such a trend. A comparison of 
REMD simulations to experiments yields that the α-helix 
abundance is larger in the N-terminal and NAC regions 
rather than in the C-terminal region of α-synuclein. This 
finding is in accord with NMR experiments (Marsh et al. 
2006). In fact, α-helix formation in the NAC and N-terminal 
regions of α-synuclein was reported to be a key feature for 
membrane and vesicle binding.

Figure 2 presents the secondary structure component 
probabilities for amyloid-β(1–40) in an aqueous medium.

Obtained results from MD simulations—utilizing dif-
ferent force field parameters—present varying epitope 
regions for smaller size disordered amyloid-β(1–40) in an 
aqueous medium regarding secondary structure propensity 

Fig. 2   A-helix, 310-helix, turn, and β-sheet propensities of disordered 
amyloid-β(1–40) in an aqueous medium using a03ws (dark blue), 
a99sb-disp (pink), c36m (black), a99sb-UCB (green), c22* (purple), 
and a99sb*-ildn (red) parameters along with the TIP3P water model, 

a99sb-ildn parameters with the TIP4P-D water model (light blue) by 
MD simulations and AMBER ff99sb parameters using the OBC water 
model by REMD simulations (brown). Reproduced with permission 
from Ref. 7. Copyright, 2021, Chem. Biol. & Drug. Des
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calculations (Fig. 2) (Caliskan et al. 2021). Significant dif-
ferences exist in determined epitope regions utilizing differ-
ent simulation protocols and simulation techniques as can 
be seen in Fig. 2 and more details including comparison to 
experiments about these findings can be found in Ref. 7. 
All in all, simulation results show better agreement with 
experiments for the smaller disordered amyloid-β(1–40) 
than for the larger size disordered α-synuclein protein in 
an aqueous solution environment. Specifically, NMR meas-
urements demonstrated slightly prominent α-helical struc-
ture formation at Phe4–Ser8 in the N-terminal region of 
amyloid-β(1–40) (Hou et al. 2004). MD and REMD simu-
lations (utilizing different force fields) show less than 5% 
of α-helical structure formation in the N-terminus region 
of amyloid-β(1–40) (Fig. 2). For the Lys17–Lys28 region, 
experiments showed a larger prominent α-helical structure 
formation in comparison to the C-terminal region (Ile31-
Ile40) of amyloid-β(1–40) (Tomaselli et al. 2006). REMD 
simulations reproduce these experimental findings for 
amyloid-β(1–40). Also, MD simulations using the c22* 
parameter set yield results in agreement with experiments. 
Furthermore, NMR measurements illustrated that the Ala21-
Ala30 region of amyloid-β(1–40) does not demonstrate 
α-helical structure formation (Fawzi et al. 2008). This find-
ing could be reproduced by MD simulations using the c36m, 
a99sb, a99sb-disp, and a99sb*-ildn parameter sets. Moreo-
ver, experiments demonstrated 310-helical structure forma-
tion at Asp1-Phe4 (Sgourakis et al. 2007). This characteristic 
is reproduced by REMD as well as MD simulations using 
different force fields (Fig. 2). In addition, NMR measure-
ments showed 310-helical structure formation in the N-ter-
minal region of amyloid-β(1–40) (Turner et al. 2003). These 
findings could be replicated by REMD and MD simulations 
(using different force fields except with the usage of the 
a03ws parameters). Also, NMR studies reported 310-helical 
structure formation at His13–Asp23; (Vivekanandan et al. 
2011) these findings could also be obtained from REMD 
simulations. In addition, circular dichroism experiments 
reported 310-helical structure formation at Val12–Lys28 and 
this characteristic is also obtained from our REMD simu-
lations (Jarvet et al. 2003). Asp7–Glu11 and Tyr10–Val12 
regions adopt turn structure based on NMR measurements 
(Rosenman et al. 2013) and this trend could be replicated by 
all simulations of interest in this study. Furthermore, turn 
structure formation was reported for the Val24–Lys28 region 
(Rosenman et al. 2013) and this trend is obtained from MD 
and REMD simulations (Fig. 2). Turn structure formation 
was also reported for the Ala21–Ala30 region of the dis-
ordered amyloid-β(1–40) peptide (Williams et al. 2004), 
which could be replicated by MD and REMD simulations. 
In addition, NMR experiments demonstrated β-sheet for-
mation at Leu17–Phe20 and no β-sheet was detected in the 
C-terminal region of the disordered amyloid-β(1–40) peptide 

(Danielsson et al. 2005). These trends could be obtained 
from all simulations except MD simulations utilizing the 
a03ws parameter set. Moreover, CD experiments reported 
abundant β-sheet formation at Gly25–Met35 (Danielsson 
et al. 2005) and MD as well as REMD simulations yield 
the same findings except MD simulations using the a03ws 
parameter set (Fig. 2). NMR measurements demonstrated 
an additional β-sheet structure formation at Ala21–Ala30 
(Fawzi et  al. 2008) and our results demonstrate a stark 
increase in β-sheet structure formation abundance at 
Ala21–Ser26 and a smaller probability for this secondary 
structure element in the rest of the mid-domain region.

Figure 3 demonstrates our secondary structure calculation 
results for the model ordered GB3 protein in an aqueous 
solution environment by MD simulations—utilizing differ-
ent force fields—and REMD simulations.

MD and REMD simulation results—using various force 
fields—yield for the same region (Ala23–Asn37) prominent 
α-helix structure formation in an aqueous solution environ-
ment for the ordered GB3 protein. However, the probability 
of α-helix formation is smaller and differs by up to 15% 
from the results obtained from REMD simulations espe-
cially for the residues located between Glu24 and Phe30. 
Abundant 310-helix formation is detected at Asp47–Thr49 
and the highest probability is obtained from MD simula-
tions using the a99sb-UCB parameter set (47.3%). We notice 
that the c22* parameter set yields the lowest abundance for 
310-helix formation in this region of GB3 in an aqueous 
solution environment. Interestingly, additional 310-helix 
formation with smaller probability (about 5%) is detected 
at Ala26–Lys28 using the a99sb-UCB parameter set in MD 
simulations (Fig. 3). Turn structure is formed in the N-ter-
minal, mid-domain, and C-terminal regions of GB3 (Fig. 3). 
Specifically, all simulation results yield that Gly9–Lys13 in 
the N-terminal region adopts turn structure with probabili-
ties varying between 3 and 100%. Additionally, prominent 
turn structure formation is noted at Ala20–Asp22. The 
C-terminal residues Asp47–Lys50 adopt prominent turn 
structure (up to 95%). A more enhanced turn structure is 
noted in the mid-domain region of GB3 utilizing the a99sb-
UCB parameters in MD simulations. B-sheet structure for-
mation is detected with highest probabilities in the C- and 
N-terminal regions of GB3 (Fig. 3). Specifically, MD and 
REMD simulations—utilizing different force field parameter 
sets—yield that Gln2–Gly9, Leu12–Lys19, Val42–Asp46, 
and Thr51–Thr55 adopt prominent β-sheet with probabilities 
up to 100%. These results are in excellent agreement with 
X-ray and NMR measurements (Ulmer et al. 2003).
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Conclusion

Here, we present a short review about the secondary struc-
ture properties for model disordered proteins (α-synuclein 
and amyloid-β) and for a model ordered protein (GB3) by 
MD simulations using different force field parameter sets 
as well as REMD simulations. MD simulations using dif-
ferent force fields and REMD simulations present varying 
secondary structure abundances and regions for α-synuclein 
and amyloid-β(1–40) in an aqueous solution environment. 
Less agreement with available experiments is detected for 
the larger size disordered α-synuclein in comparison to 
the smaller size disordered amyloid-β(1–40) peptide in an 
aqueous solution environment. There are significant differ-
ences between obtained secondary structure properties of 
disordered proteins based on the chosen simulation protocol, 
simulation technique, and force field parameter set. For the 
smaller size disordered amyloid-β(1–40) peptide, we report 
that all force field parameter sets except a03ws parameters 
present findings in partial or full agreement with avail-
able experiments. REMD simulations for amyloid-β(1–40) 
show agreement with existing experiments as well. These 
validation studies showed that the MD simulations using 
the a99sb*-ildn, c36m, and a99sb-disp parameters for the 
disordered smaller size amyloid-β(1–40) peptide or REMD 

simulations yield the best results in excellent agreement 
with various experiments. Regarding the ordered GB3 pro-
tein, we find that almost all MD simulations using different 
force field parameter sets and REMD simulations yield the 
same regions for secondary structure element location but 
the probabilities depend on the chosen force field parameter 
set. Results obtained from MD and REMD simulations are in 
excellent agreement with X-ray and NMR measurements for 
the ordered GB3 protein in water. We should also mention 
that the literature captures many more force field parameters 
that are based on modifications of existing generally used 
force field parameter sets, such as ff19IDPs and ff14IDPSFF 
for intrinsically disordered proteins but these are not vali-
dated—based on secondary structure properties—by us in 
this short review.

All in all, our short review demonstrates that MD simu-
lations and REMD simulations yield excellent results for 
ordered proteins in water in comparison to disordered 
proteins. Partial or more agreement with experiments is 
detected for smaller size disordered proteins but less agree-
ment with experimental data is obtained for large size disor-
dered proteins in an aqueous medium. These results indicate 
that the primary structure and the size of the disordered pro-
tein impact the accuracy of computer simulations. A con-
sensus and accuracy that is obtained for the ordered protein 

Fig. 3   A-helix, 310-helix, turn, and β-sheet propensities for the 
ordered GB3 protein in aqueous solution using a03ws (dark blue), 
c36m (dark red), a99sb-disp (orange), c22* (light blue), a99sb-UCB 
(violet), and a99sb*-ildn (green) parameters along with TIP3P water 

model, a99sb-ildn parameters with the TIP4P-D water model (dark 
yellow) by MD simulations and AMBER ff99sb parameters using the 
TIP3P model for water by REMD simulations (black)
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is also required for small and large size disordered proteins 
regarding the chosen MD simulation technique, simulation 
protocol, and force field parameter set. Furthermore, the 
chosen water model may impact the simulation outcome 
and accuracy as well. Current literature includes also recent 
development of various water models for computational sim-
ulation studies of intrinsically disordered proteins. However, 
without having a consensus reached for protein force field 
parameters, it is difficult to validate the usefulness of such 
water models.
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