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ABSTRACT: We developed a dissipative particle dynamics
(DPD) approach that captures polyalanine folding into a stable
helical conformation. Within the proposed native-based approach,
the DPD parameters are derived based on the contact map
constructed from the molecular dynamics (MD) simulations. We
show that the proposed approach reproduces the folding of
polypeptides of various lengths, including bundle formation for
sufficiently long polypeptides. The proposed approach also allows
one to capture the folding of the helical segments of the lysozyme.
With further development of computationally eflicient native-based
DPD approaches for folding, modeling of a range of biomaterials
incorporating a-helical segments could be extended to time and
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length scales far beyond those accessible in molecular dynamics simulations.

Bl INTRODUCTION

Folding processes in nature control the three-dimensional
conformations of biomacromolecules and regulate their
specific functions."” Recently, significant progress has been
made in des{gning artificial folded molecular architectures or
“foldamers”>" and protein mimics.”® The a-helix is the most
common secondary structure elements of a protein; a-helix
mimetics”® are widely utilized in biomaterials’ design.”*
Alanine-based polypeptides are known to fold into helical
conformations due to the high helical propensity of
alanine.””"" Polyalanine segments find applications in nano-
medicine,'” drug and gene delivery,'>'® asymmetric catalysis'*
and impart antimicrobial properties.”> Furthermore, poly-
alanines have often been used in develogin(g coarse-grained
(CG) models and optimizing algorithms.l -1

Herein, we develop the first native-based dissipative particle
dynamics (DPD) approach that captures polyalanine folding
into a stable helical structure. DPD is a coarse-grained
approach that has been developed to capture the behavior of
complex fluids on mesoscale;”’~** the major recent conceptual
improvements are surveyed in an excellent perspective by
Espafiol and Warren.”* Due to its computational efficiency and
algorithmic simplicity, DPD has been widely used to model a
variety of complex systems,”> *° including dynamics of
lipids”’~* and membrane proteins represented by well-defined
hydrophobic and hydrophilic regions.””~** The secondary
structures of the model peptide and transitions between coil-
like and a-helical conformations were first modeled within the
DPD framework by Vishnyakov et al.”’ utilizing a Morse
potential. Pivkin et al.** developed a polarizable protein model
in DPD in which the estimates of the relative hydrophobicity
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were made based on the average effective vdW-radius of amino
acid side chains.

The motivation to develop a native-based DPD framework
in this work is inspired by the utilization of native structure-
based coarse-grained (CG) molecular dynamics (MD) models
to capture various aspects of folding, fluctuations, and
interactions of biomolecules.”” The protein databank
(PDB)*>** is typically used in the development of network,
native-centric, and knowledge-based CG models. A pair of
amino acid residues forms a native contact if the distance
between these residues in the folded native structure does not
exceed a well-defined threshold distance. Native-centric
models,”>* also referred to as native-based, Go,>°™>* or
structure-based models, minimize pair potentials correspond-
ing to native interactions, thereby stabilizing the experimentally
determined target conformations.””’

Herein, we utilize a contact map of a protein, which
represents intraprotein interactions’ *° responsible for the
protein folding mechanisms,” to define interaction parameters
between the nonadjoining DPD beads forming the native
contacts defined below. In what follows, we first calculate the
contact map of a-helical Ala;g from our atomistic simulations
and then use this contact map to derive parameters for the
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DPD approach. We then probe our approach on the peptides
of different lengths and on the helical components of lysozyme.

B METHODS

Molecular Dynamics Simulations of Ala;s. We first
simulated an all atomistic representation of 1S-mer alanine
(Alajg) in explicit water at various temperatures (details are
provided in the Supporting Information (SI), Section S1). At
330 K, Alas loses its helical conformation (Figure Sla,b),
while at 270 K the helical structure is partially retained (Figure
Slc,d). Further decrease in temperature (till 200 K) yields a
nearly perfect helical structure (dictionary of secondary
structures in proteins (DSSP)* characterization in Figure
S1f). This observed increase in helicity with the decrease in
temperature is consistent with the number of prior studies' "'
(see also SI, Section S1). We chose the simulation trajectory at
200 K (an equilibrated nearly ideal conformation (¢ = 100 ns)
is shown in Figures la and Sle) to optimize parameters for
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Figure 1. (a) Ala; helical conformation from MD simulations (S,
S1.2). Carbon, nitrogen, and oxygen atoms are shown in green, blue,
and red, respectively; hydrogen atoms are hidden. (b) Initial DPD
conformation. (c) Chemical structure and mapping scheme for Ala,;,
each residue is represented by a bead. (d) Native contact map
generated from MD simulations (conformation in (a)).

helical conformation in DPD. Two residues form a contact pair
if they are at least three or more sequence positions apart and if
their heavy atoms are within®*~** 4.5 A. For example, two
contact pairs involving residue 3 are shown in a zoomed
portion of Ala;s (Figure Slg). For a protein consisting of N
residues, a contact map is defined as a N X N matrix with
elements S;; = 1 if the residues i and j are in contact,**
otherwise S;; = 0. We use the atomistic helical representation
of Alajs to compute the contact map in Figure 1d, thereby
these contact-pair residues are designated as native contacts.

Dissipative Particle Dynamics Approach. The beads in
DPD represent a collection of atoms, whose motions are
governed by Newton’s equations of motion*

dr. dp
—t = v, = z E.
de " dt !

j#i (1)
where r, v, and p; = mw,; are the position, velocity, and
momentum vectors of particle i, respectively, and F is the
pairwise additive force exerted on a particle i by a particle j.
This total force is a sum of conservative i D and

dissipative Fj;,
random Ff} forces, each of these contributions vanishes beyond

a cutoff radius, r,, which introduces an intrinsic length scale of
the model.””* The pairwise forces read

C
F; = uijw(rij)eij (2)
D 2
Ey = —pw(r;) (e vy)e; (3)
R _ -1/2
F; = GW(’}j)At Hijeij (4)
where r; = Ir;l is the distance between the centers of particles i

andj, r;=r,—r

5o .
j=1,—r,ande; = f, 0; is a symmetrical uncorrelated
Pl

random noise with zero mean and unit variance, At is the
T

simulation time step, and w(r;) = 1 — - for r; < r. and zero
rC

otherwise.” The dissipative and random forces are coupled via
the fluctuation—dissipation theorem.”” For polyalanine in
water, interactions between the alanine beads (a,,), alanine
and water beads (a,y), and the water beads, (ayyy) contribute
to the conservative force. ayyy is typically chosen based on the
compressibility of water at room temperature and depends on
the degree of coarse-graining.”’

For the beads bonded within the polyalanine chain,
harmonic (Uy), angle (Uy), and dihedral (U(/,) potentials are
imposed

U, = I<b(rij - ”0)2 (s)
Ug = KH(COS(ij) - cos(eo))z (6)
Uy = Ky(1 + cos(np — ¢,)) (7)

Herein, 0 and ¢ represent the bond and dihedral angles; 7,
0, and ¢, are the equilibrium bond lengths, bond angles, and
dihedral angles, respectively; and n is the dihedral phase.
Finally, K, Ky, and K are the respective force constants. While
the above choice of the dihedral potential is a common choice
in various CG MD models," it is typically not implemented in
DPD. As shown below, an implementation of this dihedral
potential is necessary to mimic the formation of an a-helical
structure in the proposed native-based framework. To
minimize unphysical bonds crossing, we adopted modified
se§mental repulsion potential (mSRP) as introduced by Sirk et
al.™ In this formulation, pseudobeads for all bonds are
introduced at the centers of the corresponding bonds; these
pseudobeads interact only with other pseudobeads separated
by the distance d;; with the interaction force chosen as™

d.

ij |4

SR _ b(l - d_]dl’ (dij < dc)
ij C

0 (dj=4d) )

where b is the force constant and ;:\lij =d;/d;. We set b = 80 and
the cutoff distance d. = 0.8; this choice of parameters was
shown to effectively reduce the topology violations.”® With
respect to remaining parameters, we set particles density to p =
3, the strenzgth of dissipation to ¢ = 3.0 and masses of particles
to m = 1.>* Here and below, all of the simulation values are
provided in reduced DPD units. The above choice of the
degree of coarse-graining allows one to relate the dimension-
less units of length in DPD, r., with the corresponding
dimensional value of length®* of 0.646 nm. The equations of
motion are integrated using the velocity-Verlet algorithm with
a time step At = 0.0l17), where the DPD time scale is
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Figure 2. Dependence of structural characteristics on dihedral force constant, K, and repulsion parameter agp : (a) RMSD, (Ar) (nm); (b) Radius
of gyration, R, (nm); (c) fraction of native contacts, (v); and (d) RMSD of dihedral angle, (A¢). Color represents an average numerical value of
the respective parameter according to the color bar on the right; target values are in blue.

m

1/2
Ty =T, (ﬁ) . We choose the bond constant at K;, = 700 (in
B

C

kT
2
"C

units of

). Notably, high force constants were used in a

number of prior DPD simulations.””~* An equilibrium bond
length at this chosen constant remains close to the average
value in MD simulations (0.390 nm in DPD compared to
0.384 nm in MD). The reference value of the repulsion
parameter between the same type of beads is taken as a; = 78
in reduced DPD units, which is calculated based on the
compressibility of water at room temperature and corresponds
to the three water molecules represented by a single bead.””
The box size for Alag in water is chosen 15 X 15 X 15. The
box sizes for Ala,, and Ala,,, are 35 X 35 X 35 and 45 X 45 X
45, respectively. All but Ala,,, simulations are run for 5 X 10°
steps, i.e.,, 5 X 10* 7, using LAMMPS’>*" with mSRP.*® The
last 4 X 10* 7, (2000 frames) of the simulation are used for the
analysis. Ala,,, is simulated for 1 X 107 steps.

B RESULTS AND DISCUSSION

Mapping between Atomistic and Coarse-Grained
Representation in DPD. We map each alanine residue to a
single bead (Figure 1c). The volume of an alanine residue’” is
87.8 A3, i.e., approximately equal to the volume of a water bead
representing three water molecules.”” We position the DPD
beads so that the centers of the beads are at the C, coordinates
of each residue; all of the distances are scaled with the
characteristic DPD unit length, r. (i.e, 0.646 nm). An
equilibrated conformation from the MD simulations that
corresponds to a nearly ideal helix is used. Figure 1a shows the
conformation of Ala;; obtained from MD simulations, and
Figure 1b depicts the same conformation used as an initial
condition in the first set of our DPD simulations. The coarse-
graining reduces the degrees of freedom,'” thereby a wider
distribution of structural characteristics of Ala,; is anticipated.

Defining DPD Parameters. We derive parameters for the
bonded potentials using atomistic trajectory corresponding to
an equilibrated helical conformation. Since we assign the C,
atoms positions at the centers of the DPD beads, we compute
bonded distributions using only C, coordinates (Figure S2).
Bond length distribution of consecutive C, atoms has a
maximum at 0.382 nm, which gives r, = 0.69 r. (eq S).
Distribution of angles 6 between the three consecutive beads,
C,, Ci', and Ci* (Figure S2b of SI), has a maximum at 6, =
90.0°. The distribution of dihedral angles, ¢, between the four
consecutive beads, C), C'!, C/*2, and C’, has a maximum at
50.0° (Figure S2c of SI); hence, we choose n = 1 and ¢, =
230° in eq 7. Below, we perform series of simulations with K, =
10, 20, 30, 50 and K, = 1, 3, 5, 7, 10 but keep K;, = 700 fixed.

A contact map (Figure 1d) represents contact pairs between
the residues calculated from the atomistic trajectory (Figure
Sle of SI). This contact map shows that only the residue pairs
(i, i+ 3) and (i, i + 4) form contacts (see also an example in
Figure S1g), resulting in 23 contact pairs for Ala,s. Ideally, the
contact map calculated from DPD simulations would closely
resemble the contact map shown in Figure 1d if the helical
structure is preserved to a sufficiently high degree. We assign to
the corresponding DPD beads forming contact-pair (CP)
residues an interaction parameter, ag;P , which is lower than the
reference value of the repulsion parameter for the same beads.
The choice of a; that is lower than the reference value of a,,
corresponds to an additional attraction. To optimize a choice
of agp, we probe a range of values from 30 to 60 with a step of
S. The alanine beads that are not in contact are assigned a
reference value of a repulsion parameter between the same
beads (ay, = 78). For interactions between water beads, we
assign ayy = 78, which reproduces water compressibility at
room temperature for the degree of coarse-graining corre-
sponding to three water molecules within one bead.”” For the
interaction between alanine and water beads, we set a,y =
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Figure 3. (a) Initial equilibrated coil conformation, N = 15. (b) Late time helical conformation, a-set parameters. (c) Late time conformation, set I:
aEP =60, K, = 1 and K, = 50; (d, e) Contact maps for (b) and (c), respectively, time averaged over last 4 X 10* 7, (2000 frames). (f,g) Late time
conformations for N = 70 in (f) and N = 120 in (g). In (g), the three strands of the bundle are shown in three colors for better visualization. In (a—

¢, f,g), water beads are hidden for clarity.

89.12, this value’>* ensures the hydrophobic character of
alanine residues and corresponds to the hydrophobicity
scheme detailed in Section S4.2 in the SIL

We set the cutoff for calculating the distances between the
pairs of residues in contacts in DPD simulations at 1.01S5 r..
This value is chosen to encompass the largest distance between
the C, atoms forming contact pairs as calculated from the MD
trajectory (Figures 1d and S1g), hence this value allows us to
reproduce the same residue pairs (total of 23 pairs) in contact
at t = 0 in DPD simulations as the contact pairs calculated
from the MD trajectory. As an example, a zoomed section of
Alag in Figure S1g shows that residues (3, 6) and (3, 7) are in
contact; hence, the beads corresponding to the same residues
are also in contact at t = 0 in our DPD simulations.

Optimization of DPD Parameters for Helical Folding.
We performed a series of DPD simulations systematically
varying Ky, K, and a;;" (total of 160 simulations) to optimize
these parameters to achieve equilibrated DPD conformation
which is close to that of the MD helical conformation. We
access the DPD representation based on the deviations of
structural characteristics of equilibrated DPD conformation
from the initial conformation, which is obtained from the
helical MD conformation (Figure 1b). We calculate the

following structural characteristics: (a) The root mean square
deviation (RMSD) of the DPD beads from its initial (t = 0)

conformation Ar(t) = \/i Zfil (r(t) = r(0))*, where r; ()

and r; (0) are the coordinates of the center of ith bead in DPD
at time ¢t and at t = 0, respectively; the RMSD is computed by
translating, rotating, and superimposing the coordinates at time
t to t = 0. (b) The radius of gyration
Rg(t) = %\/Zf\] (r(t) - rCOM(t))Z, where r“°M is the coor-
dinate of the center of mass. GROMACS v5.1.2°>°¢ in-built
tool gmx rms and gmx gyrate, respectively, are used in (a) and
n(t)

n(0)’
(t) and n, (0) are the numbers of native contacts at time t and
0, respectively. (d) RMSD of dihedral angles defined as>’

Ap(t) = NL¢\/ TN (h(t) = 4(0))* where N, = N-3 is the

total number of dihedral angles and ¢; (t) is the angle of ith
dihedral at time t.

Dependence of (Ar) on K and a* is shown in Figure 2a,
color represents the values of (Ar); herein and below, the time
average (-} is taken over the last 4 X 10* 7, (2000 frames).
These results show that increasing K, stabilizes the helical

(b). (c) The fraction of native contacts, v(t) =

where n,
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Arginine Isoleucine|

Glycine

Figure 4. (a) DPD representation of a Lysozyme in bead form is superimposed to its atomistic conformation. The a-helices are in red, f-sheets are
in yellow, and turns and coils are in green. The six helices are denoted as HI—HS6. Inset shows examples of mapping of three residues into DPD
representation (details are in SI, S4.1) (b—d) Late time conformation of helical segments (DPD simulation): H4 in (b), H1 in (c), and H2 in (d).

In (a—d), side chains and water beads are hidden.

structure. The strength of the interaction potential between the
CP beads, however, ag-:P, does not have a significant impact on
(Ar). A minimum of (Ar) = 0.164 + 0.041 nm is attained at
afj:P = 55, Ky = 10. The values of affp closer to the reference
value of a,, result in high (R,), while low agp (higher
attraction between the beads) decrease (Rg) (Figure 2b). The
target (Ry") from MD simulations (0.689 + 0.006 nm) is
approximately attained with ugp = 45-50 (in blue in Figure
2b).

Increasing the agp results in the decrease in the average
fraction of native contacts, () ((v) = 0.89 =+ 0.08 for a; = 30;
K, = 10 to (v) = 0.74 £ 0.11 for a; = 60;K; = 10), while an
increase in the dihedral force constant increases (v) (Figure
2¢). Thus, low aiiC-P and high K bring (v) close to 1; however,
(R,) remains low (Figure 2b) and there is a large number of
undesired non-native contacts. On the contrary, high aigp and
low K, result in a significantly lower (v}, indicating the loss of
native contacts because of high repulsion between the beads
and weak dihedral force constant unable to sustain helical
conformation. Finally, the time average of the root mean
square deviation of dihedral angles, (A¢), from its initial
conformation (Figure 2d) shows that the lowest deviations
from the target values are achieved at the highest K. Figure S3
shows that (Ar) and (v) decrease with higher agp, while (R,)
and (A¢) increase.

From all of the above, agp =4S, K, = 10, and Kj = 50 give an
optimal set of parameters with structural properties attaining
the closest match to the reference helical conformation
obtained from the atomistic simulations; for simplicity, we
will refer to this parameter set as a-set parameters. Our choice
of Ky = 50 is detailed in Section S2 of SI. The time averages of
the structural characteristics are (A¢) = 14.45 + 1.38°, (Ar) =
0.173 + 0.043 nm, (R;*") = 0.678 + 0.037 nm, and (v) =
0.812 =+ 0.098. Note that the incorporation of dihedral
potential is necessary to reproduce helical conformations (with
K, = 0, the quantities are well off the target values, as shown in

Figure SS).

The probability distributions of RMSD (P(Ar)) and R,
(P(Rg)) (Figure S6a,b) exhibit sharp peaks for simulations
with a@-set parameters and significantly wider peaks for
simulations with set I and set I parameters (poorly performing
sets). The free energy landscape (Section S3 of SI) also
resembles that obtained from atomistic simulations (Figure
S7b) for the a-set parameters (Figure S6¢c of SI) only.
Thereby, the helical conformation is closely reproduced in
DPD with a-set parameters defined.

Modeling Helical Folding of Polyalanines from Initial
Coil Conformations: Effect of Polyalanine Length. In the
next series of simulations, as initial conditions, we used
equilibrated (with all interaction parameters set at a; = 78)
linear polymer chains with various numbers of beads N = 15,
70, and 120 (an initial condition for N = 15 is shown in Figure
3a). For the interaction parameter between the residues along
the chain that forms contact pairs when folded into helical
conformation (residues pairs (i, i + 3) and (i, i + 4) as shown
in the contact map above), we assigned the value of agp
defined by the a-set parameters. For the interaction parameters
between the remaining alanine beads, a,, = 78 is assigned.
Using a-set parameters resulted in the folding of the initial
equilibrated coil and formation of a stable right-handed helical
conformation (Figure 3a,b). The contact map (Figure 3d) is
nearly identical to the contact map generated from the
simulation run with initial helical conformations (Figure S6¢c of
SI). Note that these contact maps are time averaged over the
last 4 X 10* 7,. The residue pairs (i, i + 3), (i, i + 4)
predominantly contribute to contact pairs (comparable to the
MD contact map in Figures 1d and S7a of SI). In addition to
these contact pairs, there is also a low probable occurrence of
(i, i + S) contacts.

Importantly, departing from the a-set parameters derived
based on the information on native contacts results in the loss
of the helicity. For example, choosing parameters from one of
the poorly performing sets (set I parameters) and correspond-
ingly changing the interaction parameter between the contact
pairs (i, i + 3) and (i, i + 4) pairs) to aj’ = 60 results in the
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loss of helicity as apparent from the snapshot of a late time
conformation (Figure 3c) and scattered contact map (Figure
3e). Finally, for longer polyalanines (with a-set parameters),
some bending is observed for N = 70 (Figure 3f), while helical
bundles are formed for N = 120 (Figure 3g); these results are
consistent with previous studies.”®*’

Modeling Helical Structures within Lysozyme (HEWL)
Using Native-Based Approach. Finally, we probed the
applicability of the proposed native-based approach to capture
helices only within Hen Egg White Lysozyme (3TXJ) (Figure
S8a). MD simulations are performed with explicit TIP3P water
model using CHARMM force field; details are provided in our
prior publications.””®" The mapping between MD and DPD
representation of lysozyme is detailed in Section S4 of SI, the
beads are mapped depending on the volume of the amino
acids®* (Figure 4a). Thus, for example, arginine with a volume
of 188.2 A’ is denoted by two DPD beads, one of which is
placed at its C, coordinates and the other is represented as a
side chain (inset in Figure 4a). The volume of each residue and
the number of DPD beads associated with each residue is
provided in Table S1. The initial DPD conformation at t = 0 is
taken as the reference structure for computing RMSD. A
superimposed configuration of DPD beads over lysozyme is
shown in Figure 4a. The coordinates are rescaled with the
DPD length scale, r,, to reduced DPD units; the six helices are
denoted as H1—H6. The bonded interactions are defined
identically to that for the polyalanine system, while the
interactions of residues in the lysozyme with the water are
calculated based on their hydrophobicity scale.”” (Details are
provided in Section S4 of SI).

Our results show that the RMSD of all six helical segments
computed separately remain relatively low for a-set parame-
ters; in this case, the right-handed helical segments are
reproduced to a large extent (Figure 4b—d) and can be located
on the time-averaged contact map calculated from DPD
simulations (Figure S8b and Section S4.3 of SI). Notably,
while the radius of gyration of the entire lysozyme is also
reproduced closely with respect to the target value from MD
simulation, further optimization of parameters needs to be
made to be able to better reproduce the remaining structural
parameters of the entire protein.

B CONCLUSIONS

The proposed framework represents the first native-based
DPD approach for simulating the folding of a-helical
polypeptides. A number of structural features are reproduced;
the radius of gyration of an equilibrated DPD structure of
Alaj,, (RgPD> = 0.678 + 0.037 nm, closely reproduces the
target value, (RQ/[D) = 0.689 + 0.006 nm. An increase in
polypeptide length results in bundle formation. We also show
that the same approach allows one to capture the folding of
helical segments of a lysozyme; however, parameters need to
be further optimized for each specific protein. With further
development of computationally efficient native-based DPD
approaches for protein folding, modeling of biomaterials
incorporating a-helical segments or larger proteins could be
extended to length and time scales far beyond those accessible
in MD.
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