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Abstract Cellulosic ethanol production is a two-stage
process that involves the hydrolysis of cellulose to form
simple sugars and the fermentation of these sugars to eth-
anol. Hydrolysis of cellulose is the rate-limiting step, and
there is a great need to characterize the process with
numerical simulations to better understand the complex
mechanisms involved. The ultimate goal is to generate
accurate coarse-grained molecular models that are capable
of predicting the structure of lignocellulose before and after
pretreatment so that subsequent ab initio calculations can
be performed to probe the degradation pathways. As a first
step toward that goal, the force-matching method is used to
derive coarse-grained models for f-p-glucose molecules in
aqueous solution. Using the same reference, an all-atom
molecular dynamics simulation trajectory, two sets of
three- and six-site coarse-grained models of f-p-glucose
are developed using two definitions of the coarse-grained
center site location: center of mass (CG-CM) and geometric
center (CG-GC). The performance of these coarse-grained
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models is evaluated by comparing the coarse-grained pre-
dictions for bond-length distributions and radial distribution
functions to those obtained from the all-atom reference
simulation. The six-site coarse-grained models retain more
structural details than the three-site coarse-grained models.
Comparison between center site definitions shows that CG-
CM models generally predict local ordering better, while
CG-GC models predict long-range structure better.

Keywords Coarse-grain force fields - Glucose -
Glucopyranose - Molecular dynamics simulation

1 Introduction

Biomass conversion of cellulosic material, such as grasses
and wood chips, is a promising route for producing
renewable energy and chemical feedstocks [1]. The most
important steps in the biomass-to-energy production pro-
cess are acidic or enzymatic hydrolysis to break the crys-
talline cellulose structure into glucose molecules, and
subsequent fermentation to convert glucose to ethanol as
the final product [2]. The hydrolysis step is a bottleneck in
this process due to the long reaction time and low effi-
ciency. To understand how to overcome this bottleneck,
accurate and detailed studies of the hydrolysis reaction are
required. Numerical simulations are one tool that is able to
deliver the desired level of detail for the process and also to
satisfy accuracy requirements.

Molecular dynamics simulations for an all-atom crys-
talline cellulose system solvated with water molecules
(~10° atoms) is a very challenging computational task. An
alternative is to design a numerical simulation of the
equivalent coarse-grained system to reduce the number of
degrees of freedom. Such coarse-grained models should be
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able to accurately represent most important physical and
chemical properties of the system while significantly
reducing the computational cost. Coarse-grained models
are usually created by combining multiple atoms into one
group and then representing this group as a single effective
coarse-grained site, thereby significantly reducing the
complexity of the system. There are generally many
alternative choices for the coarse-graining sites, and one
must make sensible choices, usually based on physical,
chemical, and structural properties of the system. However,
it is often difficult to predict whether a particular set of
coarse-grained sites are the best equivalent representation
of the corresponding all-atom system.

Once the coarse-grained sites have been chosen, the
effective forces/potentials between these coarse-grained
sites must be derived and several coarse-graining strategies
have been applied. Energy-based coarse-graining methods
[3, 4] parameterize the coarse-grained potentials to match
thermodynamic properties, such as the partitioning of a
species between oil and water. In other strategies, such as
Boltzmann inversion (BI) [5], iterative Boltzmann inver-
sion (IBI) [6], and inverse Monte Carlo (IMC) [6-9], the
coarse-grained potentials are parameterized to reproduce
the average structure observed in all-atom simulations. The
force-matching [10-12] scheme takes a different approach
and bases the coarse-grained model on the reference inter-
and intra-atom forces. In force matching, the pairwise
effective force field is derived from a trajectory obtained
with all-atom molecular dynamics simulations. The origi-
nal force-matching approach [10] is not suitable for high
molecular weight biological molecules because of the large
number of coarse-grained sites in the system. To overcome
this problem, a new multiscale coarse-graining (MS-CG)
approach has been developed [11, 12]. With the MS-CG
approach, the force field is assumed to depend linearly on
the fitting parameters and the problem is reduced to the
solution of an over-determined system. This over-deter-
mined system is solved for smaller sets of all-atom con-
figurations (subsets), and the final solution is obtained by
averaging over all subsets. The coarse-grained potential
obtained in this way is a potential of mean force (PMF),
which is the derivative of the free energy in the phase space
with reduced degrees of freedom. Thus, the coarse-grained
model can only be used for the identical thermodynamic
state point at which the all-atom system is simulated. In
any coarse-graining approach, configurational entropy is
lost as the degrees of freedom in the system are reduced.
The loss of configurational entropy was quantified for
hydrocarbon chains and shown to increase as the flexibility
of the chain increases [13]. The configurational entropy
loss is significant when the degrees of freedom are drasti-
cally reduced, such as when an implicit solvent coarse-
grained model is derived for a polymer or protein. Kim and
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Lamm recently demonstrated a method for restoring the
lost configurational entropy to coarse-grained models of
flexible macromolecules in solution when the solvent
degrees of freedom have been removed [14].

A coarse-grained model for malto-oligosaccharides and
their aqueous mixtures has been developed by Molinero
and Goddard [15, 16] using an IMC method to derive non-
bonded interactions and the BI method to extract bonded
interactions. In this model, the glucose monomer is repre-
sented by three sites, and each water molecule by a single
site. In their approach, the non-bonded interactions are
described with two-body Morse potentials, and valence
interactions between two coarse-grained sites are described
as conventional bond, angle, and torsion interactions.
However, the Morse function is not necessarily optimal for
interactions between coarse-grained sites. Therefore, their
model does not always accurately predict such structural
properties of the system as the radial distribution function,
bond lengths, angles, and dihedrals.

Izvekov and Voth have used their multiscale coarse-
graining (MS-CG) method [11, 12] that is based on force
matching to build a three-site coarse-grained model for
a-D-glucose and a-(1 — 4)-p-glucan with 14 glucose units
in aqueous solution [17]. The MS-CG method was used to
build non-bonded interactions, whereas the bonded inter-
actions are obtained with a Boltzmann statistical analysis
of the all-atom trajectory. With this approach, they were
able to reproduce many experimental structural and ther-
modynamical properties in the constant NPT ensemble.

A hybrid of the force-matching and Boltzmann inversion
(BI) methods was used by Hynninen et al. to develop a three-
site model to describe 5-p-glucose, cellobiose, and cellotetra-
ose [18]. They used a pure force-matching method for f-p-
glucose and hybrid methods for cellobiose and cellotetraose in
aqueous solution. In their hybrid method, the non-bonded
interactions were obtained from the force-matching method,
while a BI was used to fit the bond distances, angles, and
dihedral parameters. Their coarse-grained model yields a good
match with all-atom simulations for structural properties.

Recently, Srinivas et al. [19] have used the Boltzmann
inversion method to develop a one-site model for a cellu-
lose crystalline fibril containing 36 chains with 40 cello-
biose units in each chain in aqueous solution. In addition, a
coarse-grained simulation of fully amorphous cellulose
fibrils was performed. The method provides an accurate
and constraint-free approach to derive coarse-grained
models for cellulose with a wide range of crystallinity.

To develop a coarse-grained model that can accurately
represent physical and chemical properties of all-atom sys-
tems, it is important to have both an accurate, robust course-
graining method and representative coarse-grained sites that
are able to provide an acceptable level of accuracy. Coarse-
grained models have been built for many systems. However,
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there appears to be no systematic study available on how the
choice of the number and locations of coarse-grained sites
might influence the predictions of a coarse-grained model.
Moreover, it is difficult to predict a priori the most appropriate
and effective coarse-graining parameters.

In this work, the force-matching approach [11, 12] is
employed to develop a coarse-grained model of f-p-glucose
in water solution as a structural unit of cellulose. For this
system, two different coarse-grained mapping schemes (three-
site and six-site) are investigated. In addition to varying the
number of atoms in a coarse-grained site, two definitions of the
center site location for the coarse-grained sites, center of mass
(CM) and geometric center (GC), were considered and eval-
uated in detail. This provides a systematic comparative anal-
ysis of these coarse-grained mapping alternatives.

The paper is organized as follows: In Sect. 2, the force-
matching method is briefly described, the coarse-grained
mapping schemes are defined, and the parameters used for
the molecular dynamics (MD) simulations are given. In
Sect. 3, the results obtained from all-atom MD and coarse-
grained MD simulations are presented and discussed.
Section 4 contains the conclusions to the work.

2 Methods
2.1 Force-matching method

Coarse-grained potentials for f-p-glucose and water were
derived using a multiscale coarse-graining approach based on
force matching [11, 12]. A detailed description of this method
can be found elsewhere [20-23]. Briefly, in the force-match-
ing (FM) method, a coarse-grained pairwise effective force
field is derived from the corresponding all-atom trajectory and
force data obtained from a reference all-atom molecular
dynamics simulation. For a given configuration from the ref-
erence all-atom simulation, the positions of N coarse-grained
sites and the net forces Fff acting along them are computed.
The force acting on the ith coarse-grained site due to the jth
coarse-grained site is modeled as f;(r;, xj,p1,p2,...,Pm)
where py, pa,...p,, are the m unknown parameters that need to
be determined. Since the functional form for the force between
coarse-grained sites is not known a priori, cubic splines are
chosen to conveniently and systematically construct
f;(ri,x;,p1,p2,...,pm) as a linear function of unknowns.
Hence, the following system of N linear equations with m
unknowns is obtained.

N
S fylrir) =FF, i=1,23,...N (1)
j=1

The system of equations is overdetermined (N > m), and
the values for the m unknown parameters are found using a

singular value decomposition [24]. The parameters
obtained in this way from each all-atom configuration are
averaged over the total number of all-atom configurations
sampled.

2.2 Coarse-grain mapping

Because a goal of this work is to evaluate coarse-grain
mapping strategies, four different coarse-grain models for
f-p-glucose were evaluated. The first two coarse-grained
models consist of the same three coarse-grain sites as
shown in Fig. 1 and two different definitions for the center
of each coarse-grained site: center of mass (three-site CG-
CM) and geometric center (three-site CG-GC). The 3-site
coarse-grain mapping scheme is similar to coarse-grained
models for glucose used previously [17, 18]. The advantage
of this mapping is that it contains the minimum number of
coarse-grain sites that preserve the anisotropic shape of
glucose. The disadvantage of this mapping scheme is that it
cannot represent the chair conformation that is the pre-
ferred conformation of f-p-glucose. The third and fourth
coarse-grained models consist of six coarse-grain sites as
shown in Fig. 2, again with two definitions for the center
of each coarse-grained site: six-site CG-CM and six-site
CG-GC. With this mapping scheme, the chair conformation

(b) Site W

Site 3

) Site 1

Site 2

Fig. 1 a All-atom structures for f-p-glucose and water molecules;
b three-site coarse-grained representation of ff-p-glucose and single-
site water molecules

(b) Site W
Site 1 Site 6
Site 5 Site 1
Site 2
Site 4 Site 2
Site 3

Fig. 2 a All-atom structures for f-p-glucose and water molecules;
b six-site coarse-grained representation of f-p-glucose and single-site
water molecules
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of glucose can be sampled; however, this mapping doubles
the number of coarse-grain sites and requires additional
computational time. For all of the coarse-grained simula-
tions, the water molecules were modeled with a single
coarse-grained site that has been shown to accurately cap-
ture the liquid state structure of water [25]. The center site
location of each coarse-grain water molecule was defined
as either the center of mass or the geometric center
in accordance with the particular coarse-grained model for
f-p-glucose being used.

2.3 Molecular dynamics simulations

All MD simulations in this study were run using LAMMPS
[26, 27]. The all-atom MD simulations used a CHARMM-
style force field for glucose and the TIP3P [28] model for
water. The CHARMM force field parameters for glucose
were taken from parameters derived for carbohydrates [29].
The long-range electrostatic interactions were treated with
the particle mesh Ewald (PME) method [30], and all
hydrogen bond lengths were fixed by the SHAKE algo-
rithm [31]. A Nose-Hoover thermostat was implemented to
control the temperature at 300 K for all simulations [32]. In

Fig. 3 The bond-length (a)
distribution P(r) for the 025
three-site CG-CM model for

f-p-glucose: a bond between B
CG sites 1 and 2, b bond 0.2 B
between CG sites 1 and 3, ¥
¢ bond between CG sites 2 and 0.15k
3. The coarse-grain sites are
defined as shown in Fig. 1, and i
the center of each coarse-grain 0.1p
site is located at the center of B
mass of the corresponding 0.05F
atoms. For comparison, the
bond-length distribution

—_—
=
&

r Bond between CG sites 1 and 2

All-atom

= 3-site CG model 0.2F

addition, the NVT ensemble is used for all simulations in
this study. A mixture of 64 f-p-glucose molecules and
27,224 water molecules was placed in a cubic box with
side length 9.6 nm and periodic boundary conditions. The
system was equilibrated for 800 ps at 7 = 300 K, followed
by 8 ns of simulation. A total of 4,000 configurations with
positions, velocities, and forces were collected every 2 ps.

The coarse-grained MD simulations used the tabulated
form of the coarse-grained force field as input to LAM-
MPS. Coarse-grained MD simulations were initiated from
the same initial system as was used for the all-atom case.
The coarse-grained system of f-p-glucose and water mol-
ecules was first equilibrated for 800 ps, followed by 8 ns of
simulation.

3 Results and discussion

This section describes the results from the coarse-grained
models discussed above for f-p-glucose in aqueous solu-
tion, beginning with an evaluation of the three-site coarse-
grain model for -p-glucose. Bond-length distributions and
radial distribution functions from MD simulations using the

(b)

025r Bond between CG sites 1 and 3

All-atom
+ 3-site CG model

0.15F

P(r)

0.1F

0.05F

between the coarse-grain sites 0
taken directly from the
reference all-atom MD
simulation is shown

3.6

r, (A)

e Bond between CG sites 2 and 3

All-atom
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three-site coarse-grained f-p-glucose model are compared
with MD simulation results obtained using an all-atom
model. This discussion is followed by an analogous anal-
ysis of the six-site coarse-grained f-p-glucose model.
When comparing bond-length distributions and radial dis-
tribution functions, the data are considered to be in “good
agreement” if the peak positions differ by less than 0.1 A,
and the magnitude of peaks differs by not more than 30%.
The data are then analyzed to demonstrate how the defi-
nition of the center of each coarse-grained site (center of
mass vs. geometric center) changes the level of agreement
for intramolecular and intermolecular structural properties
between the coarse-grained simulation and the all-atom
reference simulation. It is also shown how different degrees
of coarsening affect the structural predictions derived from
simulations with the coarse-grained model.

3.1 Evaluation of the three-site coarse-grained
p-pD-glucose model

Consider a coarse-grained model where each f5-p-glucose
molecule is represented by three coarse-grain sites and

each water molecule is represented by one coarse-grain
site, as shown in Fig. 1. This mapping yields the simplest
coarse-grained model consisting of the minimum number
of coarse-grain sites that can capture the planar structure
and spatial anisotropy of the glucose molecule. With this
three-site coarse-grained model for f-p-glucose, the aque-
ous solution can be fully described with 10 non-bonded
pair interactions (six glucose—glucose, three glucose—water,
one water—water) and three bonded interactions. When
selecting a coarse-grain mapping scheme for an all-atom
system, the center of the coarse-grain site must be speci-
fied. Two logical choices are the center of mass of all the
atoms associated with the coarse-grain site (CG-CM) or the
geometric center (CG-GC) of all the atoms associated with
the coarse-grain site. Both cases are considered here to
investigate how the center site location influences the
outcome obtained from simulations using the coarse-
grained model.

Figures 3 and 4 show results from MD simulations of
aqueous f-pD-glucose solutions and compare the three-site
CG-CM model with the all-atom reference model. Figure 3
shows a comparison of bond-length distributions, P(r),

Fig. 4 The radial distribution ( a) (b)
function g(r) for the three-site 3.5 CG site 1 - CG water 25~ CG site 2 - CG water
CG-CM model for f-p-glucose B
with the center of each coarse- 3 All-atom All-atom
grain site defined at the center ~ F s 3-site CG model 2F + 3-site CG model
of mass: a CG site 1-CG water, 2.5 B
b CG site 2-CG water, ¢ CG site 15 B
3-CG water. The coarse-grain = 2 > 7t
sites are defined as shown in by % b
Fig. 1. For comparison, the 1.5 1F
radial distribution function F
taken directly from the 1 r
reference all-atom MD 05 0.5
simulation is shown > B
1 J
0 4 6 0
r(A)
()
r CG site 3 - CG water

All-atom

- v 3esite CG model
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between the three coarse-grain f-p-glucose sites. Here,
P(r) = N(r)/Ny is the probability of finding a bond of
length r, N(r) is the number of bonds of length r, and N, is
the total number of bonds. To make direct comparisons
between the coarse-grained model and the all-atom model,
the configurations from the all-atom MD simulation are
first reduced to the three-site CG-CM mapping before
calculating the bond-length distributions. Good agreement
between the bond-length distributions from the three-site
CG-CM MD simulation and the all-atom MD simulation is
observed. For the bond between coarse-grain sites 1 and 2,
the CG-CM model overestimates the maximum in the
bond-length distribution by 15%. This discrepancy can be
attributed to the fact that the three-site CG-CM model does
not recover the minor peak at r = 2.9 A (Fig. 3a) observed
in the bond-length distribution derived from the all-atom
simulation.

Figure 4 shows the radial distribution function, g(r), for
water around the three CG-CM f-p-glucose sites. The
radial distribution function between [-p-glucose sites was
not calculated because statistics for intermolecular inter-
actions between f3-p-glucose molecules are poor due to its

Fig. 5 The bond-length
distribution P(r) for the three-
site CG-GC model for
f-p-glucose: a bond between
CG sites 1 and 2, b bond
between CG sites 1 and 3,

¢ bond between CG sites 2 and
3. The coarse-grain sites are
defined as shown in Fig. 1, and
the center of each coarse-grain
site is located at the geometric
center of the corresponding
atoms. For comparison, the
bond-length distribution
between the coarse-grain sites
taken directly from the
reference all-atom MD
simulation is shown

(a)

0.12p

0.1

0.08

P(r)

0.06F
0.04

0.02

[ L
3

P(r)
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Bond between CG sites 1 and 2

All-atom
+ 3-site CG model

2%

0.1

0.05

low concentration in the system. As for the bond-length
distribution case, the radial distributions functions for the
all-atom system are obtained by reducing the configura-
tions from the all-atom MD simulations to the three-site
CG-CM mapping before calculating g(r). Good agreement
between the radial distribution functions from the three-site
CG-CM simulations and the all-atom simulations is
observed in the first neighbor peak for coarse-grain site 1.
For coarse-grain sites 2 and 3, the three-site CG-CM model
underestimates the magnitude of the peaks in g() at short-
range (<3 A) distances and overestimates the midrange
(3 A < r <4 A). However, the peak positions agree well
with those derived from the reference all-atom simulation.

Now consider the three-site CG-GC model with the all-
atom reference model. There is good agreement in
the bond-length distributions obtained from the three-site
CG-GC model and the all-atom model (Fig. 5). Figure 6
shows the radial distribution functions for water around the
three CG-GC f-p-glucose sites. The three-site CG-GC
model overestimates the magnitude of the first neighbor
peak for all three coarse-grained sites. The first neighbor
peak for coarse-grain site 1 is sharper and shifted about

Bond between CG sites 1 and 3

All-atom
3-site CG model

0.15

0.05F

34 3.6

Bond between CG sites 2 and 3

All-atom
+ 3-site CG model

.




Theor Chem Acc (2012) 131:1162

Page 7 of 15

Fig. 6 The radial distribution (a) (b)

function g(r) for the three-site 35 CG site 1 - CG water 35 CG site 2 - CG water
CG-GC model for f-p-glucose

with the center of each coarse- 3 3 All-atom 3 1 All-atom

grain site defined at the « 3siteCGmodel 0 H e 3-site CG model
geometric center: a CG site 25 2:5

1-CG water, b CG site 2-CG
water, ¢ CG site 3-CG water.
The coarse-grain sites are
defined as shown in Fig. 1. For 1.5
comparison, the radial

distribution function between 1
the coarse-grain sites taken
directly from the reference all-
atom MD simulation is shown

&(r)

g(r)

gr)

02 A higher than the all-atom model, while the first
neighbor peak positions for coarse-grain sites 2 and 3 do
agree well with the all-atom model.

The results for the three-site coarse-grained models
represented in the present work can be qualitatively com-
pared with the three-site coarse-grained glucose models
developed previously [17, 18]. Direct quantitative com-
parison is not possible since in these studies, different all-
atom force fields are applied, different glucose conformers
are used, and different concentrations of glucose are con-
sidered. However, qualitatively the three-site coarse-
grained models represented in this paper show a good match
in the radial distribution functions and bond distribution
computed from the all-atom reference simulation and the
coarse-grained simulation. In the present study, all coarse-
grain interactions (non-bonded, bonds, and angles) are
obtained from the coarse-graining procedure. The previ-
ously developed models [17, 18] used a hybrid scheme,
whereby non-bonded interactions were obtained from
force-matching method, and bonds, angles, and dihedrals
were derived using Boltzmann inversion methods. Thus, the

SF CG site 3 - CG water

- —e All-atom
« 3-site CG model

three-site CG models in this work are developed with fewer
assumptions about the all-atom trajectory.

3.2 Evaluation of the six-site coarse-grained glucose
model

Next, consider a coarse-grained model in which each
p-D-glucose molecule is represented by six coarse-grain
sites and each water molecule is represented by one coarse-
grain site, as shown in Fig. 2. With this six-site coarse-
grained model for ff-p-glucose, the aqueous solution can be
fully described with 28 non-bonded pair interactions, six
bonded interactions, and three distinct dihedral angles.
Figure 7 shows a comparison of bond-length distributions
between the six CG-CM f-p-glucose sites. Figure 8 shows
the radial distribution functions for water around the six
CG-CM fi-p-glucose sites. There is good agreement
between the radial distribution functions obtained for the
six-site CG-CM model and the all-atom model for the first
neighbor peaks around coarse-grain sites 1-5. However,
the CG-CM model does not recover the sharp secondary

@ Springer



Page 8 of 15

Theor Chem Acc (2012) 131:1162

(a) (b)

025 Bond between CG sites 1 and 2 025 Bond between CG site 1 and 6 Bond between CG sites 2 and 3
All-atom All-atom L All-atom
] - G-site CG model e fesite CG model sl 00 Meemeen G-site CG model
' [ s
o 0.15F 4 = 01F
=~ = b
0.1F
005k
0.05F [
0 " .if\w e i - 5
1 1.5 2 25 24 1.2 1.6 32
n(4)
(d) (e) )
Bond between CG sites 3 and 4 Bond between CG sites 4 and 5 0.3 Bond between CG sites 5 and 6
All-atom All-atom F All-atom
015k s Gesite CG model 0.15F o Gesite CG model 0.25 e B-site CG model
02F
= oaf E of = f
o = T oisf
0.1F
0.05F 0.05F F
0.05F
0 ' 0 1 L " J [l J
28 24 26 28 3 32 1.2 1.8
r,(A) r, (A)

Fig. 7 The bond-length distribution P(r) for the six-site CG-CM
model for f-p-glucose: a bond between CG sites 1 and 2, b bond
between CG sites 1 and 6, ¢ bond between CG sites 2 and 3,
d bond between CG sites 3 and 4, e bond between CG sites 4 and 5,
f bond between CG sites 5 and 6. The coarse-grain sites are defined as

peaks observed in the all-atom model for coarse-grain sites
1 and 2. Figure 9 shows a comparison of bond-length
distributions between the six CG-GC f-p-glucose sites.
Good agreement between the bond-length distributions
from the six-site CG-GC MD simulation and the all-atom
MD simulation is observed for bonds between coarse-grain
sites 1-2, 1-6, 2-3, and 4-5. For the bond between coarse-
grain sites 1-2, and 3—4, the CG-GC model overestimates
the maximum in the bond-length distribution by 40 and
80%, respectively. As discussed above, this discrepancy
can be attributed to the fact that the six-site CG-GC model
does not recover the secondary peaks observed in the bond-
length distribution derived from the all-atom simulation.
Figure 10 shows the radial distribution functions for water
around the six CG-GC f-p-glucose sites. There is good
agreement between the six-site CG-GC model and the all-
atom model for coarse-grain sites 2 and 6. The six-site
CG-GC model overestimates the magnitude of the first
neighbor peaks for coarse-grain sites 1, 3, 4, and 5, but the
positions of first and secondary peaks are in close agree-
ment with the all-atom model.

In Fig. 11, the distribution of conformations for the six-
site coarse-grain model of f-p-glucose is compared to the

@ Springer

shown in Fig. 2, and the center of each coarse-grain site is located at
the center of mass of the corresponding atoms. For comparison, the
bond-length distribution between the coarse-grain sites taken directly
from the reference all-atom MD simulation is shown

all-atom reference data. The conformation distribution is
defined by the angles ¢, calculated between planes
formed by coarse-grained sites 6-1-2 and 2-6-5, and ,
calculated between planes formed by coarse-grained sites
3-4-5 and 3-5-6. The coarse-grained and the all-atom
simulation data show occurrences of the chair confor-
mation (where both ¢, ¥y < 180°) and the boat confor-
mation (where ¢ or > 180°). For both CG-CM and
CG-GC systems, the boat conformation is found in 43%
of cases. In systems where the all-atom reference data are
reduced to the 6-site CG models, about 57% of all con-
formations are boat conformations. However, when
the conformation distributions are calculated for the
fB-p-glucose rings using all-atom data with no coarse-grain
reduction, the boat conformation is found only in 20%
cases (not shown). This increase in the presence of boat
conformations can be explained by the fact that during the
coarse-grain procedure, the positions of the coarse-
grained sites in the f-p-glucose rings are significantly
different from the carbon centers of the all-atom
p-p-glucose rings. Thus, in the coarse-grained models, the
occurrence of boat conformations is artificially increased,
in this case by a factor of three.
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Fig. 8 The radial distribution function g(r) for the six-site CG-CM
model for f-p-glucose with the center of each coarse-grain site
defined at the center of mass: a CG site 1-CG water, b CG site 2-CG
water, ¢ CG site 3-CG water, d CG site 4-CG water, e CG site 5-CG

3.3 Evaluation of the center site location

To facilitate direct comparison between center site loca-
tions, difference curves showing Ag(r) = g(r)°° — g(r)**
for CG-CM and CG-GC are shown for the three-site and
six-site models in Figs. 12 and 13, respectively. The
CG-CM models reproduce the first neighbor peak in the
radial distribution better than the CG-GC models, while
the CG-GC models reproduce secondary peaks better than
the CG-CM models. Exceptions are that the first neighbor
peaks for coarse-grain sites 1 and 2 are better represented
by the CG-GC model.

Such differences in the radial distribution functions
suggests that defining the center site at different positions
results in different effective interactions between coarse-
grain sites. To more closely examine the effect that shifting
the center site position has on the overall system properties,
the difference between the center site for the two defini-
tions (CM and GC) of coarse-grain site centers is calcu-
lated for §-p-glucose sites and for water. Table 1 shows the
position difference, Rcv—ge, between the CM and the GC
sites calculated from the all-atom simulations. The distance
between the CM and the GC center site position varies

r, (A) r, (A)

water, f CG site 6-CG water. The coarse-grain sites are defined as
shown in Fig. 2. For comparison, the radial distribution function
between the coarse-grain sites taken directly from the reference all-
atom MD simulation is shown

from 0.306 to 0.404 A for most of the CG sites on glucose;
this is comparable to the distance of 0.325 A for water
molecules. It can therefore be concluded that the difference
between CG-CM and CG-GC models impacts both f-p-
glucose coarse-grain sites and water coarse-grain sites. In
the present study, a very dilute solution of -p-glucose in
aqueous solution is considered; therefore, it is difficult to
estimate the degree to which the center site location
impacts interactions between f-D-glucose molecules.
However, the effect of the center site location on water
molecules can be investigated in detail. Looking at the
water molecule shown in Fig. 14, its center of mass is very
close to the center of an oxygen atom (Fig. 14a). On the
other hand, the geometric center of the water molecule is
relatively far from the center of the oxygen atom and
shifted toward the two hydrogen atoms (Fig. 14b). Recall
that in this coarse-grain model of water, three atoms are
replaced with a single spherical coarse-grain site. Thus, the
CG-CM model does not take into account the presence of
two hydrogen atoms (in a topological sense) since the
center of the coarse-grain site is very close to the center of
the oxygen atom (Fig. 14a). With this model, two CG-CM
water molecules approaching each other would interact as

@ Springer
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Fig. 9 The bond-length distribution P(r) for the six-site CG-GC
model for f-p-glucose: a bond between CG sites 1 and 2, b bond
between CG sites 1 and 6, ¢ bond between CG sites 2 and 3, d bond
between CG sites 3 and 4, e bond between CG sites 4 and 5,
f bond between CG sites 5 and 6. The coarse-grain sites are defined as

hard spheres due to the strong repulsion between oxygen
atoms. In the CG-GC model (Fig. 14b), the presence of the
two hydrogen atoms is taken into account. As two CG-GC
water molecules are brought together, they approach from
the hydrogen atom sites. As such, this interaction will be
more like an elastic sphere interaction.

These arguments are fully supported by the effective
force data for the CG water—CG water interaction obtained
from the coarse-graining procedure as shown in Fig. 15a.
The CG-CM model predicts strong repulsion between CG
water molecules for separations that are <2.8 A—a sig-
nature of hard sphere-like behavior. The CG-GC model
predicts a shoulder with moderate repulsion at separations
between 2.1 and 2.8 A that can be interpreted as an elastic
sphere interaction. Similar behavior is observed for
p-p-glucose CG sites—CG water interactions (Fig. 15b).
The radial distribution function between the CG water—-CG
water molecules for the CG-CM and CG-GC water models
in comparison to the all-atom reference system are pre-
sented in Fig. 16. The positions of the first peak are well-
matched for both models and located at 2.8 A, which is in
good agreement with the mean van der Waals diameter of
water (2.82 A) [33]. However, the CG-CM water model is
not able to represent secondary peaks, while the CG-GC

@ Springer

shown in Fig. 2, and the center of each coarse-grain site is located at
the geometric center of the corresponding atoms. For comparison, the
bond-length distribution between the coarse-grain sites taken directly
from the reference all-atom MD simulation is shown

water model gives a closer match for the secondary peaks
(Fig. 16). This explains why at distances beyond the first
neighbor peak, the CG-GC models reproduce the second-
ary peaks better than the CG-CM models (Figs. 12, 13).
Likewise, for systems of glucose and water, the effective
elastic sphere interactions that result from coarse-graining
to the GC is that the number of nearest neighbor coarse-
grained water molecules around a given coarse-grained
glucose site increases, thereby overestimating the first
neighbor peak in the radial distribution compared to the all-
atom reference system (Figs. 12, 13).

Based on this analysis, the CG-GC model for water
molecules more accurately represents the overall water—
water spatial distribution compared to the CG-CM model.
Great attention must be given to the development of an
accurate coarse-grained water model. Because water mol-
ecules are non-symmetrical, a coarse-grained model that is
built based on statistical averaging might not be generally
applicable to all systems or even to all state points for a
given system. When accurate and reliable coarse-grained
structures are required, such as when the intended use of
the coarse-grained model is to efficiently generate equi-
librium configurations and then restore the all-atom
degrees of freedom (e.g., reverse-mapping), it may be
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Fig. 10 The radial distribution function g(r) for the six-site CG-GC
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site 5-CG water, f CG site 6-CG water. The coarse-grain sites are
defined as shown in Fig. 2. For comparison, the radial distribution
function between the coarse-grain sites taken directly from the
reference all-atom MD simulation is shown

Fig. 11 Conformation of 6-site (a) (b)
g\f :;gzczlizlflﬁizzn{)ﬁv?gen 350 6-site CG-CM conformation 350 6-site CG-GC conformation
planes formed by CG sites ° All-atom ° All-atom
6-1-2 and 2-6-5, and the angle 300 o 6-site CG model 300 o 6-site CG model
Y calculated between planes
formed by CG sites 3—4-5 and 250 250
3-5-6. a data for CG-CM
model, b data for CG-GC
model. Blue dots represent data S 200 < 200
calculated for CG system. For 150 150
comparison, the angle
distribution data taken directly 100 100
from the reference all-atom MD
simulation is shown 0 0
5 0 50 100 150 200 250 300 5 0 50 100 150 200 250 300

prudent to develop a coarse-grained water molecule model
along with the solute molecule, rather than using a gen-
eralized coarse-grained water model.

3.4 Evaluation of the coarse-grain mapping
Comparing Fig. 4 to Fig. 8 (CG-CM) and Fig. 6 to Fig. 10

(CG-GC) shows how the mapping scheme affects the
accuracy of the coarse-grain model in predicting the

structure observed in the all-atom reference simulations.
A three-site CG model (Fig. 1) is fully determined when
non-bonded interactions, bonds, and angles are defined. A
six-site CG model (Fig. 2) is much more complex since the
number of unique interaction pairs is significantly larger.
Moreover, a dihedral interaction must be included to obtain
an accurate coarse-grained model.

Despite its relative simplicity, a three-site CG model is
able to represent the structural properties of the system

@ Springer
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Fig. 12 The differences of the (a)
radial distribution functions 2
calculated between the radial E
distribution function for the
three-site CG-CM and CG-GC
models and for the three-site all-
atom MD simulation for f-p-
glucose. The positive values
represent overestimation of
g(r) by the CG model, and the
negative values represent
underestimation of g(r) by the
CG model. a CG site 1-CG
water, b CG site 2-CG water,

¢ CG site 3-CG water. The

CG site 1 - CG water 2r

CG site 2 - CG water

3-site CG-CM model L
3-site CG-GC model 15

s 3-site CG-CM model
o e 3-site CG-GC model

L L 1
coarse-grain sites are defined as 0 >
shown in Fig. 1 °

predicted in the all-atom reference simulations well
(Figs. 3, 4, 5, 6). The positions of the primary peaks in the
radial distribution functions are accurately matched
(Figs. 4, 6), while the magnitude of the primary peaks are
better predicted by the CG-CM model (Fig. 4). Bond-
length distributions show a perfect match with all-atom
reference data for both CG-CM and CG-GC models
(Figs. 3, 5, respectively). A six-site CG model is able to
accurately capture the structural properties of f-p-glucose
in a water environment (Figs. 7, 8, 9, 10). The positions
and the magnitudes of the primary peaks in the radial
distribution function are accurately predicted (Figs. 8, 10).
However, the magnitudes for site 1 and site 2 for the
CG-CM model are underestimated (Fig. 8), and the mag-
nitudes for site 3 and site 4 for the CG-GC model are
overestimated (Fig. 10). The positions and the magnitudes
of the secondary peaks are better described by the CG-GC
model (Fig. 10) due to the more accurate CG model of
water molecules (Fig. 16b). Bond-length distributions for
the six-site CG models are in good agreement with the all-
atom reference data (Figs. 7, 9). This match is not as

@ Springer

4 6 0 2 4 6

CG site 3 - CG water

s 3-site CG-CM model
................. 3-site CG-GC model

, (4)

perfect as for the three-site CG models (Figs. 3, 5) espe-
cially for the CG-GC model where bond-length distribu-
tions have secondary peaks (Fig. 9). However, by taking
into account the increased complexity of a six-site CG
model, the positions and magnitude of primary and sec-
ondary peaks match reasonably well (Figs. 7, 9).

Based on this comparison, it is possible to say that both
the three-site CG models and the six-site CG models can be
successfully used to accurately predict the structure
observed in all-atom reference simulations. If not many
details are required for the CG model then a simple three-
site CG-CM model can be used. In cases, when more
structural details are needed then a more complex six-site
CG-GC model should be used.

4 Conclusions
In this work, coarse-grained models of f-p-glucose in

water solution were developed using the force-matching
approach. For this system, two different coarse-grained
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Fig. 13 The differences of the radial distribution functions calculated
between the radial distribution function for the six-site CG-CM and
CG-GC models and for the six-site all-atom MD simulation for
p-p-glucose. The positive values represent overestimation of g(r) by the

Table 1 The distance between the center of mass and geometric
center calculated based on all-atom MD simulation results and cor-
respondent standard deviation for all models used in the present study

Remecos A Stdv., A

3-site model

1 0.108 0.025

2 0.132 0.052

3 0.404 0.013
6-site model

1 0.378 0.053

2 0.378 0.060

3 0.365 0.073

4 0.349 0.092

5 0.306 0.020

6 0.000 0.000
1-site water

1 0.325 0.023

mapping schemes (three-site and six-site) were investi-
gated. In addition to varying the number of atoms in a
coarse-grained site, two definitions of the center site

r, (4) r ()

CG model, and the negative values represent underestimation of g(r) by
the CG model. a CG site 1-CG water, b CG site 2-CG water, ¢ CG site
3-CG water, d CG site 4-CG water, e CG site 5-CG water, f CG site
6-CG water. The coarse-grain sites are defined as shown in Fig. 2

(a)

CM

(b)

Fig. 14 Water molecule representation. Red sphere represents oxy-
gen atom, white spheres represent hydrogen atoms. Blue dots
represent the center of each atom in the molecule. Black dots
represent a center of mass of the water molecule, b geometric center
of the water molecule

location for the coarse-grained sites, center of mass and
geometric center, were considered and evaluated in detail.

The CG-CM models generally reproduce the primary
peak in the radial distribution function better than the CG-
GC models. However, the CG-GC models accurately
reproduce secondary peaks in the radial distribution
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Fig. 15 Effective force—
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functions. This difference in the RDFs for CG-CM and
CG-GC models can be explained by the different interac-
tions captured by the two definitions of center site. The
coarse-grained sites in the CG-CM water molecules inter-
act like hard spheres, while the CG-GC water molecules
interact like soft-spheres. Thus, the choice of using CG-CM
or CG-GC depends on whether the desired outcome of the
coarse-grained model is to predict local or long-range
structure more accurately.

Three-site coarse-grained models reproduce structural
properties like radial distribution functions and bond-
length distributions observed in all-atom reference simu-
lations reasonably well, although there are some cases
where primary peaks are significantly overestimated. For
f-p-glucose in water, the three-site CG-CM model gives
better predictions than the three-site CG-GC model. The
three-site CG-CM model is suitable for situations in which
a simple and fast coarse-grained model capable of gener-
ating long length scale equilibrium structures is favored
over accuracy in local ordering.

The six-site CG models reveal a higher level of struc-
tural detail than the three-site CG models. For 5-p-glucose

@ Springer

in water, the six-site CG-GC model is a more accurate
model than the CG-CM model for most of primary peaks
and it yields a nearly perfect match for the secondary peaks
in the radial distribution function.

The detailed analysis of coarse-grain modeling shown
here underscores the importance of evaluating multiple
coarse-grain mapping schemes for a given application. For
example, the fS-p-glucose molecules considered in the
present work are the building blocks for cellulose mole-
cules, and thus, the insight gained about coarse-grained
model development for glucose is a critical first step before
proceeding to the development of coarse-grain models for
the more complicated crystalline cellulose structure.
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