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Abstract
The brevity of molecular dynamics simulations often limits their utility in developing and
evaluating structural models of proteins. The duration of simulations can be increased greatly by
using Discrete Molecular Dynamics (DMD). However, the trade off is that coarse graining,
implicit solvent, and other time-saving procedures reduce the accuracy of DMD simulations. Here
we address some of these issues by comparing results of DMD and conventional all atom MD
simulations on proteins of known structure and misfolded proteins. DMD simulations were
performed at a range of temperatures to identify a ‘physiological’ temperature for DMD that
mimicked molecular motions of conventional MD simulations at 310K. We also compared results
obtained with a new implicit solvent model developed here based on Miyazawa-Jernigan
interaction pair potential to those obtained with a previously used model based on Kyte-Doolittle
hydropathy scale. We compared DMD and all atom molecular dynamics with explicit water by
simulating both correctly and incorrectly folded structures, and monomeric and dimeric α β-barrel
structures to analyze the ability of these procedures to distinguish between good and bad models.
Deviations from the correct structures were substantially greater with DMD, as would be expected
from coarse-graining and longer simulation time. Deviations were smallest for β-strands and
greatest for coiled loops. Structures of the incorrectly folded models were very poorly preserved
during the DMD simulations; but both methods were able to distinguish between the correct and
incorrect structures based on differences in the magnitudes of the root mean squared deviation
(RMSD) from the starting conformation.

INTRODUCTION
Molecular dynamics (MD) simulations are widely used in studies of protein folding and
aggregation, ligand binding, kinetics, and in developing and evaluating structural models.
Although the accuracy of all-atom explicit solvent MD simulations is desirable, their high
computational costs limit the timescale to the range of μ seconds1. However, biological
phenomena such as aggregation or fibrilization of amyloid-β proteins take place on a time
scale of seconds or even hours2. Simplifications such as coarse-graining of the peptide
model, using an implicit solvent model, or discretizing intermolecular potentials have been
developed to reduce time limitations of all-atom simulation. These can be implemented
individually or combined3. Discrete MD (also called Discontinuous MD or DMD) uses
discretized or step potentials for intermolecular interactions4;5.
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Our lab has recently developed numerous structural models of soluble amyloid beta (Aβ)
oligomers6. Relatively short MD simulations were used to refine and evaluate these models;
e.g., iterative six ns simulations were used during the development phase and final models
were simulated for 20 ns. However, we feared that these simulations may be too short to
reveal structural instabilities in our models. Substantial successes have been achieved using
DMD to predict protein folding7, analyze protein flexibility8, macromolecular aggregation9–
16, macro and supramolecular transitions17, and protein oligomerization18;19. Recently,
DMD with a four-bead peptide model used to study aggregation of amyloid-β peptides18–20.
This four-bead peptide model has the advantage of specifying left or right handedness of
residues with minimal number of beads. Thus, we decided to use DMD to prolong our
simulations.

We were aware that simplifications required to speed the DMD simulations likely introduce
errors; however, the impact of these approximations on the accuracy of DMD simulated-
protein structures had not been evaluated thoroughly. Thus, we were uncertain what to
expect from DMD if our models were correct, and whether DMD could distinguish between
good and bad models. Thus we decided to first evaluate the performance of DMD on known
and misfolded protein structures and to compare these results to those obtained with
conventional all atom MD simulations.

Our study addresses the following questions:

1. What temperature should be used to obtain optimal results?

2. Are the results highly dependent upon which implicit solvent model is used?

3. How much deviation from a correct structure typically occurs during DMD
simulations?

4. How well is the secondary structure maintained during DMD simulations?

5. Are the results dependent upon the secondary structure; i.e., is the deviation less or
greater for primarily β structures than for primarily helical structures?

6. How do deviations from a correct structure during DMD simulations compare to
those that soccur during more conventional all atom MD simulations?

7. Can DMD simulations distinguish between correct and misfolded structures; i.e.,
between good and bad models? Can it do so better than all atom simulations?

8. Can all atom simulations correct errors introduced during DMD simulations?

Temperature in DMD is related to kinetic energy of a system by the equation,

 where N is the number of atoms and kB is Boltzmann constant. However,
physiological temperature in DMD is not apparent because intermolecular potentials depend
on an implicit solvent model. Here, we simulated proteins of known structure at different
DMD temperatures to identify a temperature in DMD at which the dynamic properties of the
proteins resemble those obtained with conventional all-atom simulations performed at a
physiological temperature.

In DMD simulations an implicit solvent model provides the energy of hydrophobicity, a
major driving force of protein folding. It was unclear however, how much results of DMD
simulations depend upon the specific implicit model used. To examine this question, we
developed a new implicit solvent model based on Miyazawa-Jernigan (MJ) interaction pair-
wise potentials21. The MJ implicit solvent model has the advantages of unambiguous
implementation because solvent effects are mimicked by the assigned residue pair-wise
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potentials and MJ pair-wise potential takes into account additional factors such as
energetically favorable interactions between oppositely charged groups and unfavorable
interactions between like charged groups. Tables for pair-wise interaction potentials of the
MJ and KD models are presented in the supplement. The MJ values were determine by
statistical analyses of pair-wise interactions in proteins of known structure; whereas, the KD
values are based primarily on partitioning of amino acid side chain analogs into a vapor
phase. Values of the two tables differ primarily for interactions of Tyr and Trp with
hydrophobic residues and interactions between hydrophilic residues (these interactions are
more favorable in MJ, see Tables 1 and 2 of the supplement). We compared results of DMD
simulations with the newly developed MJ implicit solvent model to those obtained with a
previously developed implicit solvent model calculated from Kyte-Doolittle (KD)
potentials22.

We also compared the abilities of DMD and NAMD23 (an all atom molecular dynamics) to
preserve correctly folded structures and to distinguish between correctly and incorrectly
folded structure. Most of our simulations were performed on two protein structures with
distinct structural features, one has a β-barrel structure and the other is composed primarily
of α-helices, and some simulations were also performed on a third α β-barrel protein.
Overall, 460 DMD trajectories and 30 NAMD trajectories of 30 ns (a total of 0.9 μs) were
analyzed.

METHODS
Three proteins with distinct secondary structure patterns and high resolution (less than 2.0 Å
resolution) were selected for this study: a human serum retinol-binding protein (RBP with
PDB ID 1JYD)24, a regulator of G-Protein signaling (RGS4 with PDB ID 1EZT)25, and
triosephosphate isomerase (TIM with PDB ID 3KRS). RBP is a representative of an
antiparallel β-barrel fold, comprising eight β-strands of 83 residues, 174 residues in total.
RGS4 is a representative of an α-helical fold, comprising eight αhelices of 96 residues, 166
residues in total. TIM is a 498 residue dimeric α β-barrel protein. RBP and RGS4 were used
for parameter tuning. Monomeric and dimeric TIMs were used for additional tests of
stability and to analyze effects on subunit movements.

In DMD, continuous potentials are simplified as one or more spherically symmetric square-
well potentials. Particles move with a constant velocity until they reach a distance where the
potential changes. When that occurs, a DMD step is completed and new velocities are
calculated with changed potentials while preserving the momentum, angular momentum and
energy of the system. DMD is computationally efficient compared to conventional MD
because calculations of velocities and updates of positions of particles are performed only
when particles reach a location where a potential changes. The Berendsen thermostat was
used to control the temperature 26. Backbone hydrogen bonding interactions were
implemented as introduced previously between the carbonyl oxygen of a residue and the
amide hydrogen of another residue27. We set hydrogen bonding strength to unit energy
(EHB=1.0), which corresponds to 1~5 kcal/mol in proteins28. Total potential energy is
expressed as the sum of hydrogen bonding energy, covalent bond energy, and residue pair-
wise implicit solvent term defined in combinations of square potentials.

A four-bead peptide model was used: the polypeptide backbone of each residue is
represented by three beads corresponding to the nitrogen, carbonyl C’ carbon, and Cα, and
side-chains are represented as a fourth bead with dimensions that approximates the volume
of the specific side chain. The side chain bead of Gly was omitted. Details about DMD with
the four bead peptide model have been published elsewhere27. We used the DMD software
package originally developed by Dokholyan et al.29;30
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Effective interactions were applied between side chain beads to mimic effects of solvents.
Implicit solvent models based on MJ contact energies21 and KD hydropathy scale22 were
tested. In the MJ implicit solvent model, two side chain beads interact when they are within
6.5 Å. The strength of the interaction of the pair of residues was directly assigned from the
MJ interaction pair potential. However, in the KD implicit model, the strength of interaction
of a pair of residues was estimated as their average hydropathy scale values. Strengths of
strongest interaction between a pair of residues were set to be equal for both MJ and KD
implicit solvent models.

All atom representations were constructed from four bead models by using CHARMM31.
The structures were then solvated and ionized using VMD32. The system contains about
7000 water molecules and Na+ and Cl− ions to neutralize the system. The NAMD 2.5
software package was used to perform energy minimization of 10,000 steps and then the
system was simulated for 30 ns using the Biowulf parallel computing cluster of the National
Institutes of Health (www.biowulf.nih.gov)23. The time step was 2 fs. The temperature was
kept at 310 K, and the pressure was kept at 1 atm.

Heat capacity was calculated to address whether any structural transition temperature exists

with  where E is potential energy, kB is Boltzmann constant, and T is
temperature33. Miyazawa-Jernigan energy (MJ energy) is calculated from all pair-wise
residue interactions within a conformation using MJ interaction pair potential21.

RESULTS AND DISCUSSION
Stability tests of DMD on native structures with two implicit solvent models: MJ vs. KD

We performed DMD simulations of 10 million simulation steps starting from known
structures of RBP and RGS4 at eleven temperatures, 0.05... 0.15 with step of 0.01 in DMD
units. See Introduction for definition of temperature in DMD. Ten trajectories were
simulated for each set of parameters with marginally different initial conformations and
velocities of atoms. Root Mean Square Deviations (RMSD) from the starting structures of
Cα residues of the final conformation of the whole protein [Fig. 1(a)] and a core (residues
which have regular secondary structures such as α-helix or β-strand) [Fig. 1(b)] increase as a
function of temperature, as expected. No substantial difference between results obtained
with the two implicit solvent models was observed. RGS4 (αhelix protein) has larger
RMSDs than RBP (β-barrel protein). Core RMSDs of RGS4 (αhelix protein) were in the
same range as RMSDs of the whole protein. In contrast, core RMSDs of RBP (β-barrel
protein) were substantially lower than RMSDs of the whole protein. This difference may
occur because extensive hydrogen bonding between backbones of adjacent β-strands of the
β-barrel may allow less movement within the core than can occur between adjacent α-
helices.

We calculated Root Mean Square Fluctuation (RMSF) of Cα residues to evaluate stabilities
of the each part of the proteins. The RMSF was calculated as the standard deviation of a
residue position from an averaged residue position during the last one million simulation
steps [Fig. 2]. Residues with regular secondary structures were very stable in low and mid
temperature range for both implicit solvent models (~ 0.5 Å of RMSFs) [Fig. 2]. RMSF of
loop regions increased rapidly as temperature rises compared to α-helical or β-stranded
segments. RMSFs at temperature 0.08, shown in green, were only slightly greater than at
temperature 0.05 but were substantially less than at temperature 0.11 for all the cases [Fig.
2(a, b, c, and d)]. Also, RMSFs from DMD simulations at temperature 0.08 were quite
similar to RMSFs from NAMD at 310 K [Fig. 2, (e,f)]. These findings indicate that 0.08 is a
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reasonable ‘physiological’ temperature to use for DMD simulations and indicate that residue
motions near the end of DMD simulations are similar to those near the end of NAMD
simulations.

Preservation of α-helices decreased with temperature [Fig. 3(a, b)] whereas βstrands were
relatively independent of temperature for temperatures ≤0.11[Fig. 3(c)]. The overall
secondary structure persistence of RBP did not differ substantially between MJ and KD
models (it was ~57% at T = 0.08), however, for RGS4 (α-helix protein) it was substantially
better using KD than using MJ [Fig. 3(d)].

Although unfolding is not on the focus of this manuscript, the heat capacity was calculated
at different temperatures. The heat capacity did not peak in the temperature range of 0.05 –
0.15 [Fig. 4]. This finding suggests there is no distinct conformational transition due to
temperature in this temperature range. Most unfolding occurs at higher temperatures of 0.3 –
0.6. RMSDs of unfolded proteins are 49.2Å for RBP and 33.0Å for RGS4 at temperature 0.6
[Supplementary Fig. 1]. No substantial differences were found in heat capacities calculated
from simulations using MJ and KD.

Visual comparisons of averaged core structures at the ends of the simulations to those of the
starting structures indicate that changes within the core caused by DMD simulations at
T=0.8 are relatively small [Fig. 5], indicating that the proteins do not unfold at T = 0.8.

Analysis of RMSD, core RMSD and secondary structure persistence as a function of
simulation step indicate that equilibrium was achieved prior to the end of the simulations
[Fig. 6]. RMSDs rose quickly to 4 ~ 6 Å within 0.5 million simulation steps, increased only
slightly up to six million steps, and then remained constant throughout the remainder of
simulation in all ten trajectories at temperature 0.08 [Fig. 6(a)]. The same trend was apparent
for core RMSDs [Fig. 6(b)].

All atom simulation (NAMD) vs. DMD on incorrectly folded structures
The next question we addressed was whether NAMD and DMD could distinguish between
correctly folded and incorrectly folded structures. All atom simulations with explicit water
molecules and DMD simulations were performed on incorrectly folded structures with the
backbone structure and approximate sequence of RBP (β-barrel protein) and RGS4 (α-helix
protein). Two misaligned RBP and RGS4 structures were prepared: In the 1up and 2up
models the sequence was translated by one or two residues respectively toward the N-
terminus. These types of alignment errors occur frequently in homology modeling. Initial
backbone structures corresponded to the known structure. 1up is expected to be unstable due
to orientation of hydrophobic residues in the β-barrel. In a crystal β-barrel structure,
hydrophobic residues are usually oriented inwardly toward the center [Fig. 7(a)]. However,
for 1up, hydrophobic residues become oriented outwardly in the β-barrel. For 2up, residues
become translocated further away from a native structure but retain their orientation relative
to the interior of the β-barrel. CHARMM was used to build models with side-chains31.
Energy minimizations of 10,000 steps were done following side-chain building. Then,
prepared 1up and 2up models were simulated with NAMD in explicit water molecules at
310 K and with DMD using the MJ implicit solvent model at temperature 0.08. Three
trajectories for NAMD and ten trajectories for DMD were simulated that have slightly
different initial positions and velocities of atoms. A 30 ns simulation of NAMD typically
took about two weeks in Biowulf parallel computing cluster with forty processors while 10
million simulation steps of DMD took about a day with a single processor in the Biowulf
cluster.
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Instabilities during simulations by DMD were more apparent than those during all atom MD
simulations when inspected visually [Fig. 7, 8]. Instability of β-barrel structure was most
apparent with 1up [Fig. 7(c)] and instability of α-helix with 2up [Fig. 7(e), Fig. 8(e)]. The
collapse of β-barrel structure in DMD simulation of 1up was probably due to the tendency of
DMD to lower Miyazawa-Jernigan hydropathic energy (MJ energy) by burying hydrophobic
residues, which were oriented outwardly in the starting conformation of 1up. Instabilities in
α-helices of the 2up model may be due to larger alignment shifts from the native structure
and a rotation of the residues by ~200° about the helical axis.

Core RMSDs of all atom NAMD simulations were substantially smaller than for DMD
simulations, reaching equilibrium values in ~23ns of ~3.3 Å for 1up and 3.7 Å for 2up
misfolded models as compared to an equilibrium value in ~ 6ns of ~ 0.8 Å for the native
structure of RBP [Fig. 9(a)]. Core RMSDs of Cα atoms of DMD on RBP quickly rose to 4 Å
for 1up and 5 Å for 2up and then reach equilibrium as ~4.5 and 5.3 Å by the 7×106 step
[Fig. 9(b)]. RMSD values for the native structure reach equilibrium more quickly (by step
4×106) and were smaller (~3.4 Å) for the native structures [Fig. 9(b)]. Although similar
tendencies were found for 1up and 2up RGS4 models, they were less stable in both types of
simulations. The RMSD rose quickly to ~10Å in both misfolded models during DMD
simulations, and core RMSDs of 2up rose throughout 30ns of all atom simulation to a value
of ~ 8Å [Fig. 9(c)].

Analyses of RMSD values indicate that with both methods, the correct structure has a lower
RMSD and reaches equilibrium more quickly than do the incorrectly folded structures.
Although the RMSD values of the misfolded structures are greater than those of native
structures in the DMD simulations, this is also true for all atom NAMD simulations, and the
ratio of the RMSDs of the incorrectly folded to correctly folded structures is substantially
greater for the all atom simulations (~4 for all atom and ~1.5 for DMD on RBP). These
findings suggest that both types of simulations may be useful in distinguishing between
correct and incorrect models of protein structures.

Miyazawa-Jernigan (MJ) hydropathic energies were lower during both types of simulations
for native structures than for incorrectly folded structures, 1up and 2up [Fig. 10].
Surprisingly, these energies were much less during the DMD simulations than they were for
either the initial correct structures or for the structures during all atom simulations. This
effect is probably due to how the number of neighboring residues is calculated. The known
structure of RBP has 471 neighboring residues within 6.5 Å (the cutoff value for the MJ
calculations) of each other. The NAMD simulations of three 30 ns trajectories decreased the
number of neighboring residues to be 437.7 with standard deviation of 10.6. However, DMD
simulations of ten trajectories at 10 millionth step increased the number of neighboring
residues to 646.1 with standard deviation of 20.6. Hence, the final DMD conformation has
about 208 more neighboring residues. The average decrease in MJ energy per neighboring
residue is ~ −0.5. Hence, 208 more neighboring residues roughly correspond to decrease of
MJ energy of ~100, which is consistent with the results in Fig. 10(a,b). This conclusion is
also consistent for RGS4 (338 neighboring residues for known structure, 345.3 ± 11.6 for
NAMD, and 441 ± 11.2 for DMD). Attractive implicit solvent potential for hydrophobic
residues in DMD caused the protein to be more compact, which increased the number of
neighboring residues in DMD. It may be possible in future studies to compensate for this
effect by altering some parameters within DMD; e.g., by increasing the volume of some
beads, by altering cutoff distances for contacts, or imposing additional restraints.
Fortunately, these effects do not appear to alter the structures catastrophically. Though the
number of neighbors increased by 30 ~ 37 % with DMD, overall tertiary structures were
maintained throughout the simulation on known structures.
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Total number of hydrogen bonds was larger for native sequence than 1up and 2up
throughout simulations with NAMD [Fig. 11(a, c)]. The tendency was not apparent for
DMD [Fig. 11(b,d)], suggesting that hydrogen-bonding of DMD simulated models is not
useful in distinguishing between correct and incorrect models.

All atom simulations whose starting conformations are from a final DMD conformation
We also performed all atom simulations with explicit water molecules for 30 ns using
NAMD on RBP and RGS4 starting from either the crystal structure or a final conformation
of a DMD simulation with MJ at temperature 0.08. The changes from the crystal structure
caused by the DMD simulations are substantially smaller than those caused by the sequence
alignment changes of the misfolded models described earlier. The two questions we
addressed were: 1) will conventional MD simulations improve these models, and 2) can
conventional MD simulations distinguish these perturbed models from the correct
structures? As expected, all atom simulations starting from a crystal structure perturbed the
conformation relative to the crystal structure less than starting from a DMD final
conformation (RMSD at 30 ns ~ 1 Å starting from the crystal structure vs. greater than 4 Å
from the crystal structure of the DMD-derived model [Fig. 12(a,c)]. Conventional MD
(NAMD) simulations of the DMD-derived model did not improve their structures; in fact,
the RMSD values increased slightly for most of simulations of RBP [blue traces of Fig.
12(a,c)]. However, the RMSDs of the DMD-derived model relative to its starting structure
were about three times larger than those for the crystal structures. The crystal structure also
shows higher secondary structure persistence [Fig. 12(b,d)]. These results suggest that
RMSDs of all atom simulations relative to starting structures may be useful in identifying
better models; i.e., that better models will tend to have lower RMSD values.

Stability of monomeric vs. dimeric TIM by NAMD and DMD
As a further test, we have simulated TIM, which has been crystallized as a dimer.
Monomeric and dimeric TIMs were simulated independently by NAMD at temperature
310K for 30ns of three trajectories and DMD with MJ at temperature 0.08 for 10 million
simulation steps of ten trajectories. Interface residues were defined as residues within 3Å of
the other chain. The interface residues of TIM dimer crystal were mostly hydrophilic
(13Cys, 17Lys, 43Ser, 47Ser, 66Gln, 74Gly, 77Thr, 78Gly, 79Glu, 87Asp, 99Glu, and
100Arg).

The average RMSD (~5.7Å, Fig. 13b) of the TIM monomer near the end DMD simulations
was intermediate between those of RBP (~5Å) and RGS4 (~6.2Å, Fig. 6a). During NAMD
simulations, the RMSD of a monomer is similar to the RMSD of a dimer when RMSD was
calculated for Cα atoms of the whole protein [Fig. 13(a)]. However, for DMD simulations,
the RMSD of the dimer was greater by ~ 1.3Å than the RMSD of a monomer [Fig. 13(b)].
This result (that RMSD of a dimer was larger than RMSD of a monomer) was marginal for
NAMD and apparent for DMD when RMSDs were calculated for β-barrels [Fig. 13(c, d)]
and for α-helices [Fig. 13(e, f)]. RMSD of the dimer was larger for DMD than for NAMD
because DMD caused greater re-orientation of the monomers with respect to each other.
NAMD simulations did not produce apparent shifts between monomers whether the left or
right monomeric β-barrel of the simulated structure was aligned with the crystal structure
[Fig. 14(a, b)]. However, in DMD, shifts in the relative positions of the monomers were
apparent when only one monomer of the simulated structure was aligned to the crystal [Fig.
14(c, d)]. The fact that left or right β-barrels may be aligned nicely for DMD shows that
DMD did not destroy the monomeric structure. RMSD of interface residues were lower than
RMSD of whole protein for both NAMD and DMD as expected [Fig. 13(a, b)]. However,
RMSD of interface residues for a monomer was lower than for a dimer in NAMD by about
1Å at 30ns [Fig. 13(a)].
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RMSF values at the ends of the simulation are similar for NAMD and DMD simulations
(Fig. 15), as was the case for the other two proteins. This result lends support to our
assertion that 0.08 is an appropriate temperature for DMD simulations. The βstrands are the
most static (lowest RMSF), α-helices have intermediate values, and the loops are the most
dynamic (highest RMSF). The finding that the β-strands are more static than α-helices is
also apparent from their RMSD values (Fig. 13c–f). Interfacial residues tend to be more
static in the dimer than in isolated monomers for NAMD simulations, probably due to
motion-restrictive interactions between monomers and/or inhibition of hydration of the
residues in the dimer. This effect was not observed in DMD simulations, possibly due to
greater shifts between monomers and use of an implicit solvent.

As with the other two proteins, secondary structure of TIM was preserved substantially
better with NAMD (~90%, Fig. 16a) than with DMD (~40%, Fig. 16b) simulations. The
decrease in secondary structure during DMD simulations is probably due to simplifications
introduced in DMD, i.e., four-bead peptide model or single step potential. Multi-step
potential modelling and all- atom or united atom models of a peptide may improve
preservation of secondary structure in DMD. It should be possible to reduce this effect by
imposing distance restraints that preserve secondary structure, but such restraints should
restrict to those cases in which one is confident that the restrained secondary structures are
correct. We did not attempt to apply such restraints because we are unsure of the secondary
structures of the Aβ assemblies that we analyze in the accompanying manuscript.

CONCLUSIONS
DMD simulations of the crystal structures of RBP, RGS4, and TIM preserved their
secondary and tertiary structures of β-barrel and α-helices in the mid-temperature range
moderately well, but substantially less well than for all atom simulations. We chose
temperature 0.08 as physiological temperature of DMD with the current parameter set
because known structures were well preserved (low RMSD, low RMSF, and high secondary
structure persistence) and the magnitude of Cα molecular motions at equilibrium were
similar for DMD at 0.08 and NAMD at 310 K. Comparisons of typical conformations at 10
millionth simulation step [Fig. 5] indicate that core regions were well maintained.

The specific implicit solvent model had little effect on RMSDs and core RMSDs. All the p-
values were greater than 0.05 indicating no significant differences between MJ and KD (T-
test p-value of RMSDs on RBP with MJ and KD was 0.997, p-value of core RMSDs on
RBP was 0.455; p-value of RMSDs on RGS4 was 0.659, and p-value of core RMSDs on
RGS4 was 0.520; degrees of freedom were 18). This lack of an effect is likely due to
similarities of the two models for interactions involving hydrophobic (Cys, Met, Phe, Ile,
Leu, Val, and Ala) and ambivalent (Gly, Thr, Ser, and Pro) residues (see Table 1 of the
supplement); both models will favor structures in which hydrophobic residues are buried
and hydrophilic residues are exposed, and thus most interactions will involve hydrophobic
residues. Four million simulation steps were sufficient for the secondary structure
persistence to reach equilibrium [Fig. 6(c)]. The secondary structure persistence was about
the same for both KD and MJ implicit solvent models. RMSD values at the ends of the
simulations ranged from ~ 5.0 Å for RBP to ~ 6.3 Å for RGS4. Final RMSD values β-barrel
cores were substantially less (~ 3.5 Å and 2.4 Å RPB and TIM) indicating greater stability
during DMD simulations for β-barrels than for α-helices.

α-helices were better preserved in the low temperature range, whereas preservation of β-
strands was relatively independent of temperature for all but high temperatures (> 0.11). In
all structure, the β-strands appeared more stable (lower RMSD) and static (lower RMSF)
than α-helices, which in turn were more stable and static than loops. Simulations on
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incorrectly folded structures (1up and 2up, by DMD and NAMD perturbed models by
NAMD) produced larger RMSD values than simulations on native structures, indicating that
both methodologies can distinguish between native and some misfolded structures. Hence,
DMD and all atom simulations may be useful in identifying which of alternative models are
better. All atom simulation started from a DMD output did not result in improvements
relative to the original crystal structure, suggesting that conventional MD simulations of
30ns cannot be used to correct errors introduced by DMD simulations. NAMD simulations
also preserved interactions between monomers of TIM better than did DMD. However, this
may simply indicate that the DMD simulations provide much more time for the monomers
to shift positions.

Our overall conclusion is that DMD simulations can be useful in developing and evaluating
structural models of proteins and protein assemblies. The major advantage of DMD
simulations for this purpose is that they require about three orders of magnitude less
computational time. In an accompanying manuscript, we utilize findings presented here in
our DMD analysis of the stabilities of some alternative models of Aβ oligomers. Without
results from the simulations presented here, these studies on Aβ oligomers would have been
much more difficult and the results would have been much more ambiguous.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Temperature dependence of RMSD for DMD simulations. RMSD values were calculated
between the initial and the last conformation at 10 millionth step for two proteins, RBP
(black) and RGS4 (red) with two implicit solvent models, Miyazawa-Jernigan (MJ) (open
circles) and Kyte-Doolittle (KD) (filled diamonds) models. (a) RMSD for Cα atoms for the
whole protein. (b) RMSD for a core region that has a regular secondary structure. Each
RMSD value is the average over ten trajectories. Error bar denotes the standard error.
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Fig. 2.
Temperature dependence of RMSF. RMSF values for DMD simulations was calculated
between 9 and 10 millionth steps for Cα atoms, and then averaged over ten trajectories. (a)
RBP with MJ, (b) RBP with KD, (c) RGS4 with MJ, and (d) RGS4 with KD. Line colors
denote temperatures as shown on the right of each graph. Temperature 0.08 is shown with a
thicker green line. RMSF values for DMD at T = 0.08 are compared to RMSF values for
NAMD at 310 K for (e) RBP and (f) RGS4. Yellow arrows denote β-strands, and red waves
denote α-helices.
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Fig. 3.
Temperature dependence of secondary structure persistence. (a) α-helix for RBP, (b) α-helix
for RGS4, (c) β-strand for RGS4, and (d) all secondary structure for RBP and RGS4.
Secondary structure is compared between the initial and the conformation at 10 millionth
simulation step, then persistence is calculated by averaging over residues. Each value is the
average over ten trajectories. Error bar denotes the standard error. Colors and symbols are
the same as in Fig. 1.
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Fig. 4.
Temperature dependence of heat capacity. (a) RBP, (b) RGS4. Each value is the average
over ten trajectories. Error bar denotes its standard error. Colors and symbols are the same as
in Fig. 1.
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Fig. 5.
Typical conformations at temperature 0.08. (a) A crystal structure of RBP, (b) core
conformations of RBP at 10 millionth step with MJ and (c) with KD implicit solvent
models. (d) A structure of RGS4, (e) core conformations of RGS4 at 10 millionth step with
MJ and (f) with KD. α-helix is colored purple, β-strand yellow, 3–10 helix blue, turn cyan,
and coil white in (a, d). (b,c,e,f) are stereo images. Black trace shows core of the known
structures. Green and pink traces show the core at 10 millionth step, each averaged over five
trajectories.
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Fig. 6.
RMSD and secondary structure persistence relative to the known structure as a function of
simulation step at temperature 0.08. RMSD (a) over a whole protein, (b) over a core region,
and (c) secondary structure persistence were calculated relative to corresponding known
structures for two proteins, RBP and RGS4, and for two implicit solvent models, MJ and
KD models. RBP with MJ is colored in black, RBP with KD in blue, RGS4 with MJ in red,
and RGS4 with KD in orange. Each value is the average over ten trajectories. Error bar
denotes the standard error.
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Fig. 7.
Crystal structures and typical conformations of simulated structures started from incorrectly
folded initial structures of RBP. Top views are shown of the left and side views on the right.
(a) A crystal structure. Structures with the sequence translated by one residue toward N-
terminus (1up) (b) at 30 ns of NAMD and (c) at 10 millionth step of DMD. Structures with
the sequence translated by two residues toward N-terminus (2up) (d) at 30 ns of NAMD and
(e) at 10 millionth step of DMD. White balls show Cβ atoms of hydrophobic residues that
were initially located inside the β-barrel in a crystal structure. Yellow arrows denote β-
strands, and purple helices are for α-helices, cyan is for turns, and blue helices are for 3–10
helices.
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Fig. 8.
Typical conformations with a crystal structure and simulated structures started from
incorrectly folded initial structures on RGS4. Core conformations at 30 ns of NAMD with
(a) 1up (red) and (b) 2up (green) superimposed by its known structure (grey). Core
conformations at 10 millionth step of DMD with (c) 1up (red) and (d) 2up (green)
superimposed by its known structure (grey).
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Fig. 9.
Core RMSD for native (black), 1up (red), and 2up (blue) structures by NAMD and DMD.
(a) NAMD and (b) DMD on RBP. (c) NAMD and (d) DMD on RGS4. Temperature for
NAMD was 310K, and temperature for DMD was 0.08. Each data point is the average over
three trajectories for NAMD and ten trajectories for DMD. Error bars denote the standard
error.
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Fig. 10.
MJ hydropathic energy for native, 1up, and 2up structures simulated with NAMD and
DMD. (a) NAMD and (b) DMD simulations of RBP. (c) NAMD and (d) DMD simulations
of RGS4. Definitions of colors and temperatures are the same as in Fig. 9. The unit of MJ
energy is kcal/mol. Error bars denote standard error.

Yun and Guy Page 21

J Mol Graph Model. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 11.
Number of hydrogen bonds for native, 1up, and 2up structures simulated with NAMD and
DMD. (a) NAMD and (b) DMD of RBP. (c) NAMD and (d) DMD of RGS4. Definitions of
colors and temperatures are the same as in Fig. 9. Each data point is the average over three
trajectories for NAMD and ten trajectories for DMD. Error bars denote standard error.
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Fig. 12.
Core RMSD and secondary structure persistence for NAMD simulations. (a) Core RMSD of
RPB Cα atoms from the native structure beginning with the native structure (black), from
the native structure beginning with a structure at the end of a DMD simulations (blue), and
from DMD-simulated structure beginning with the DMD-simulated structure (red). (b)
Secondary structure persistence of the whole RBP protein beginning with the native
structure (black) and the DMD-simulated structure (blue). (c &d) Same as (a) and (b) except
for RGS4. Temperature was 310K. Each data point is the average over three trajectories.
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Fig. 13.
RMSD for monomeric and dimeric TIM. RMSD of Cα atoms are calculated for (a, b) whole
protein, (c, d) β-barrel residues, and (e, f) α-helix residues. Simulations were performed by
(a, c, e) NAMD and (b, d, f) DMD. Temperature was 310K for NAMD, and 0.08 for DMD.
Each data point is the average over three trajectories for NAMD and ten trajectories for
DMD. Error bars denote standard error.
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Fig. 14.
Representative β-barrel structures of TIM dimer simulations. Black shows a TIM crystal and
red for simulated structures. (a, b) NAMD at 30 ns averaged over three trajectories and (c, d)
DMD at 10 millionth step averaged over 10 trajectories. Crystal and simulated structures
were geometrically aligned for (a, c) left β-barrels and (b, d) right β-barrels. Depth cueing
was used.
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Fig. 15.
RMSF as a function of residues for TIM monomer and dimer. (a) NAMD, (b) DMD. Black
shows RMSF for monomer, red for dimer. Stars on the x-axis denote positions of interface
residues. Yellow arrows are for β-strands and red waves for α-helices.
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Fig. 16.
Secondary structure persistence for TIM monomer and dimer. (a) NAMD, (b) DMD. Black
shows for monomer, red for dimer. Error bars denote the standard error.
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