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Abstract With the continuing advances in computational
hardware and novel force fields constructed using quantum
mechanics, the outlook for non-additive force fields is
promising. Our work in the past several years has dem-
onstrated the utility of polarizable force fields, in our hands
those based on the charge equilibration formalism, for a
broad range of physical and biophysical systems. We have
constructed and applied polarizable force fields for small
molecules, proteins, lipids, and lipid bilayers and recently
have begun work on carbohydrate force fields. The latter
area has been relatively untouched by force field devel-
opers with particular focus on polarizable, non-additive
interaction potential models. In this review of our recent
work, we discuss the formalism we have adopted for
implementing the charge equilibration method for phase-
dependent polarizable force fields, lipid molecules, and
small-molecule carbohydrates. We discuss the methodol-
ogy, related issues, and briefly discuss results from recent
applications of such force fields.
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1 Introduction

Computational chemistry is an indispensable tool in the
arsenal of today’s chemist, biochemist, and biologist. It is
thus not surprising that the computational modeling com-
munity continues to push for advanced methods and
models at a feverish pace. The advances have become ever
faster in the recent decades due to the increased compu-
tational resources emerging as high-performance computer
hardware becomes available to the masses at commodity
prices. Along with the advances in hardware and software,
algorithmic and force field developments have impacted
the state-of-the-art profoundly. Though the issues of sam-
pling on accurate (free) energy surfaces are intimately
coupled, work continues along both fronts fairly along
independent lines, largely due to the fact that both prob-
lems are profoundly difficult to tackle simultaneously with
current resources. This review article deals with the aspect
of molecular interaction models, and in particular, models
based on non-additive electrostatic interactions. For the
purposes of this review, we consider non-additive electro-
static models as those that allow for the variation of the
local molecular electrostatic environment (i.e., charges,
dipole moments, and higher-order electrostatic moments)
based on some pre-defined, systematic theoretical formal-
ism. Work in the recent decades has realized the need to
revisit the implications of electrostatic polarizability in
defining the quality of molecular simulations. As a result,
the development of models that explicitly model polariz-
ability has been steadily progressing. Considering the
formalisms for modeling molecular polarizability in a
classical treatment, point-dipole (and higher-order multi-
pole) [1-11], Drude oscillator [12-21], ab initio-inspired
methods [10, 22-27], and charge equilibration/fluctuating
charge [28-44] models are currently being developed.
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A detailed comparison among these approaches is beyond
the scope of the current work, although recent reviews have
addressed such comparisons [45]. The charge equilibration
approach, which is used extensively in this work, is dis-
cussed in detail in the next section. In general, polarization
methods consider the induction of a dipole moment (g;,4)
in the presence of an electric field (E):

Mg = oK. (1)

These formalisms differ in the treatment of the polariz-
ability, a. For the purposes of model development and
parameterization, o is often determined empirically. There
is not a consensus on the magnitude of « in the condensed
phase for numerous molecular species. Consequently, the
value of polarizability in some force fields is determined
empirically. The nature of the condensed-phase polariz-
ability is either treated in an ad hoc manner via scaling to
reproduce certain target properties of condensed-phase and
gas-phase cluster models. In other cases, the gas-phase
polarizability is applied directly for models of the con-
densed phase; the parameters of the model then implicitly
account for the variation of polarizability with environment
(condensed phase versus gas phase).

2 Force fields
2.1 Charge equilibration force fields

We next consider details of the CHEQ method and con-
siderations in our specific implementation of the method.
An additive (or non-polarizable) formalism for force fields
is based on the construct that all atomic partial charges are
fixed throughout the course of the simulations. Alterna-
tively, we can consider the variation of atomic partial
charge using the charge equilibration (CHEQ) formalism
[28-37, 39]. The CHEQ formalism is based on Sanderson’s
idea of electronegativity equilibration [28, 29] in which
the chemical potential is equilibrated via the redistribution
of charge density. In a classical sense, charge density is
reduced to partial charges, Q; on each atomic site i. The
charge-dependent energy for a system of M molecules
containing N; atoms per molecule is then expressed as
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where the y terms represent the atomic electronegativities
that control the directionality of electron flow and J terms
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represent the atomic hardnesses that control the resistance
to electron flow to or from the atom. Although these
parameters are derived from the definitions of electron
affinity and ionization potential, they are treated as
empirical parameters for individual atom types. Heteroge-
neous hardness elements that describe the interaction
between two different atom types are calculated using the
combining rule [46] on the parameterized homogeneous
hardness elements (”)

s+ ) .

2
\/1.0+£(J;} +J;;.) R

where R is the distance between atoms i and j. This
combination locally screens Coulombic interactions but
provides the correct limiting behavior for atomic separa-
tions greater than approximately 2.5 A. The standard
Coulomb interaction between sites not involved in the
dihedral, angle, or bonded interactions (indicated by
primed summation) with each other is included as the third
term in Eq. 2. The second term in Eq. 2 represents the local
charge transfer interaction, which is usually restricted to
within a molecule or an appropriate charge normalization
unit, that is, no intermolecular charge transfer. Charge is
constrained via a Lagrange multiplier, 4, which is included
for each molecule as indicated in the last term of Eq. 2. We
remark that use of multiple charge normalization units can
modulate molecular polarizability by limiting intramolec-
ular charge transfer to physically realistic distances. Such
an approach controls previously observed superlinear
polarizability scaling [41, 43, 47], which also manifests
as the polarization catastrophe (as observed in point
polarizable force fields) [8, 41], while developing a con-
struct for piecing together small molecular entities into
macromolecules.

Charge degrees of freedom are propagated via an
extended Lagrangian formulation imposing a molecular
charge neutrality constraint, thus providing for electro-
negativity equilibration at each dynamics step. The system
Lagrangian is:

M N 2 M N
- Z Z ! Miy (drm> + Z Z % mg. iy (dQu)

i=1 oc:l i=1 o=l

Jij(Ryjy s Jj) =

where the first two terms represent the nuclear and charge
kinetic energies, the third term is the potential energy, and
the fourth term is the molecular charge neutrality constraint
enforced on each molecule i via a Lagrange multiplier A;.
The fictitious charge dynamics are determined using a
charge “mass” with units of (energy time*/charge®). This is
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analogous to the use of an adiabaticity parameter in ficti-
tious wavefunction dynamics in Car Parinello (CP) type
methods [31, 48]. Charges are thus propagated based on
the forces arising from differences between the average
electronegativity of a molecule and the instantaneous
electronegativity at an atomic site.

2.2 Polarizability in charge equilibration models

When the electrostatic energy expression for a single
molecule comprised of N atoms is differentiated with
respect to charge and set equal to zero,

0E 0, g0 %

a—Q: (i +JiiQi+ZJiij:07 (5)
! J#i

a set of N equations can be solved to determine the set of

charges minimizing the energy. In matrix form, this set of

equations can be recast as

JQ=—y (6)

where J is the atomic hardness matrix, Q is the atomic
charge vector, and g is the atomic electronegativity vector.
Written explicitly, the matrix representation is:

.I]l .]12 -IIN Q1 71
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These equations can be augmented to include the charge
conservation constraint,

M
> 0i = O, (8)
i=1

to produce a modified set of equations:
JIQ/ — _xl; (9)

this is written explicitly as:

rJin Jio oo oo Jiv 17 _Ql— Mo ]
J21 1 Q2 X2
JN1 JNN 1 QN AN
L1 ... ... ... 1 oJLAl L Oret

(10)

In Eq. 10, we have enforced the constraint that charge is
conserved within the molecule, or equivalently, that the
sum of atomic partial charges equals the desired net charge.
As alluded to in the previous section, it is appropriate to

limit the extent of intramolecular charge transfer by
introducing additional charge constraints. For instance,
the total charge of the molecule is constrained to Q. while
additionally requiring the sum of charges for a subset of
atoms within the molecule to equal a specified quantity,
Onet, k. We refer to this subset of atoms as a charge
conservation unit. Since the net charge over the entire
molecule must be maintained, the following condition must
hold:

M
Qnet = Z Qnet,lﬂ (1 1)
k=1

in which M denotes the number of charge conservation
units. We can expand our previous illustration of the
system of equations generated with a single charge
constraint (Eq. 10) to show the set of equations when a
molecule is broken into two charge conservation units:

Ji oo Jn Jl(h+1) .. iy 107
I i © 10
S Jn1) v C0 1
In1 oo I JN(h+1) ... Jw 0 1
1 o1 0 ... 0 0 0
L O ... 0 1 1 0 0/
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For this example, atomic sites 1 through 4 are grouped into
one charge conservation unit, while atomic sites & + 1
through N are grouped into a second charge normalization
unit. In the augmented atomic hardness matrix, values of 1
in element (i, N + 1) or (N + 1, i) denote that atom i is
assigned to the first charge conservation unit (which has a
net charge of Q.. 1). Similarly, values of 1 in elements
(i, N+ 2) or (N + 2, i) denote that atom i is assigned to
the second charge conservation unit (with net charge
Ohets 2).

The molecular polarizability in the CHEQ formalism
can be calculated as [41]:
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s = REJ'R, (13)

where J' is the atomic hardness matrix augmented with the
appropriate rows and columns to treat the charge conser-
vation constraints. R, and Ry are the y and f Cartesian
coordinates of the atomic position vectors (which are also
augmented to appropriately match the dimensions of the
atomic hardness matrix).

3 Phase-dependence of molecular polarizability

A variety of recent theoretical investigations involving
ab initio calculations with polarizable continuum solvent,
the partitioning of cluster polarizabilities, and the temper-
ature/density dependence of dielectric constants of fluids
reasonably establish that the surrounding condensed-phase
environment can significantly affect the polarizability of a
solvated molecule. Krishtal et al. have previously reported
that the average intrinsic polarizability of water molecules
decreases as the size of a cluster increases and also as the
number and type of hydrogen bonds on a molecule
increases [49]. The notion of decreasing polarizability in
condensed regions is further supported by the ab initio
calculations of Morita involving water clusters [50] that
suggest that the condensed-phase polarizability of water
should be 7-9% lower than that of the gas-phase value. The
spatial constraints imposed by condensed-phase environ-
ments limit the number of accessible excited states and
diffuse character of the electron density distribution as
dictated by Pauli’s exclusion principle [20, 50]. A recent
study by Schropp and Tavan [51] further suggests that the
average effect of the inhomogeneous electric fields within
the molecular volume of a single water molecule is con-
sistent with classical parameterizations of polarizable water
force fields in which the molecular polarizability is
assigned a value around 68% of the gas-phase value. Our
lab has also explored qualitatively the nature of intrinsic
molecular polarizability and its reduction for water and
monovalent halide anions using a cluster-based approach
coupled with Hirshfeld partitioning [52]. Acknowledging
that our approach does not consider explicitly effects of
intermolecular charge transfer, we observe 40-50%
reduction of the gas-phase intrinsic molecular polarizabil-
ity of anions; the results of this study, along with the
studies mentioned above, suggest that the exact absolute
value of polarizability reduction in the condensed phase is
still an unresolved issue. While these results suggest a
reduction of polarizability within the condensed phase, the
implications for the rate and nature of the decrease remain
unclear. Similarly, a self-consistent analytic formalism
capable of correlating changes in molecular polarizability
to atomic or molecular properties remains undetermined.
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While it has been observed that metrics such as aggregation
number, hydrogen bonding, or local density are associated
with a phase-dependent decrease in molecular polariz-
ability, such metrics are impractical from the perspective of
a molecular dynamics simulation. Consequently, a rela-
tionship between the polarizability and an atomic property
that smoothly and monotonically transitions from one
phase to another is desirable in establishing a simple
functional form for polarizability change between phases.

One potentially useful parameter for modeling phase-
dependent changes in polarizability is the dipole moment
of the molecule. Both experiment and theoretical calcula-
tions such as ab initio molecular dynamics simulations
demonstrate water’s molecular dipole moment increases
moving from gas phase to condensed-phase environments
[53-55]; currently, there is no consensus on an exact value
of the average condensed-phase dipole moment of water.
Molecular dipole moment can be readily calculated from
classical molecular dynamics simulations from the atomic
positions and partial charges. If a rigid water geometry is
chosen, the calculation is even further simplified in that the
dipole moment depends solely on the magnitude of the
associated atomic partial charges. Furthermore, atomic
hardnesses determine molecular polarizability within the
charge equilibration formalism. Thus, a plausible approach
to modeling a phase-dependent polarizability in water lies
in coupling the atomic charges to the atomic hardness
parameters. A similar approach has been previously
implemented by Rappé and Goddard [30] for the hydrogen
atom in which a linear charge dependence is introduced
into the corresponding atomic hardness value. Most gen-
erally, each atomic hardness function will depend simul-
taneously on all partial charges within the molecule;
however, a simpler approach (as adopted in our work)
entails modulating or scaling all of the atomic hardness
values within a molecule using a single parameter based on
the polarization state of the molecule. Since the average
molecular dipole moment for water appears to be corre-
lated with the magnitude of the negative partial charge on
the oxygen atom, we simplify our model by coupling the
atomic hardnesses directly to the oxygen partial charge
(carried by a lonepair M-site).

As can be inferred from Eq. 13, polarizability for a rigid
water molecule within the CHEQ formalism (such as
TIP4P-FQ [31]) is influenced by the magnitude of the
atomic hardnesses. We introduce charge-dependent polar-
izability by establishing a charge dependence in the atomic
hardness elements:

J(Om) = g(Om)J. (14)

where g(Q,,) is an imposed scaling function dependent on
the M-site charge. In order to maintain proper gas and
condensed-phase charge distributions, it is also necessary
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to scale the electronegativity values in addition to the
hardnesses. While reasonable results may be obtained by
employing the same scaling factor for both the electro-
negativities and the hardnesses, finer control of the
condensed-phase dipole moment distribution is afforded by
a tunable factor for the electronegativity scaling. Such
flexibility also permits better control of the bulk dielectric
constant that may be obtained from the average condensed-
phase dipole moment [56]. We introduce an empirical
y-scaling

g(Om)
h(Owm)

where p is an empirical parameter that controls the extent
to which y is scaled relative to the hardness scaling
function. For p = 1, the scaling on electronegativity values
is equivalent to that in the hardnesses; similarly, a value of
p = 0 would correspond to no scaling (i.e., a constant
electronegativity with no charge-dependent scaling). The
resulting charge-dependent, intramolecular CHEQ energy
expression is then:

21(0um) = x=[(1-p) +pg(Om)lx (15)

J2(0m) 0}

N[ =
-MZ

Il
=

E(Q) = Z %i(Om) Qi +
P

1

N N
+ Z-’ij(QM)Qin + 4 <Z Qi — Qtotal> . (16)
i=1

i<j

Unfortunately, the explicit introduction of a charge
dependence into the molecular hardness matrix results in
the additional complication that the polarizability
expression in Eq. 13 is no longer exact. Consequently,
the corresponding system of equations for the equilibrium
charges (and polarizabilities) is now a non-linear system
and must be solved by an iterative approach. In situations
where the equilibrium charge distribution is not strongly
perturbed by the implicit charge dependence, a slightly
modified version of Eq. 13

15 (Our) ~ 5 _(ng<QM><Rﬁ|J1<r>|M>>
! ¢(Om) 18(Qum)*1(Qn)
pn(Rl3 (01) + 31, (17)

is convenient for obtaining a leading-order approximation
of the polarizability in the absence of a fully non-linear
treatment [57]. In the above expression, og, is the
fy-element of the gas-phase molecular polarizability
tensor, V,8(Qyy) is the derivative of the scaling function
with respect to Qp, Ry is the f-position vector, M is a
matrix that selects elements associated with the M-site
(since we have chosen our hardness elements to only
depend on the oxygen charge), and y, is the y-component
of the dipole moment. We see the charge-dependent

polarizability differs from the unscaled (gas-phase) value
by a multiplicative factor &£(Qp,) = 1/[g(Qa)h(Qn)] and
additive terms, which are related to the M-site hardness and
dipole moment, respectively. These additive terms of equal
magnitude and opposite sign are small compared to the first
term and do not greatly influence «(Q,,). If we neglect the
additive terms and consider the limit in which p =1,
Eq. 17 reduces to

gy

8(Oum) (18)
from which it is clearly seen that o (Q,,) modulates the gas-
phase polarizability via an inverse relationship with the
scaling function, g(Q,,). While Eq. 18 is effective for
illustrative purposes, we have employed Eq. 17 for calcu-
lations of the condensed-phase polarizability.

With an explicit charge-dependent polarizability using a
simple scaling function g(Qj,), it is relevant to discuss the
nature and form of this scaling function. While there is no
formal theory connecting charge and polarizability, general
trends provide guiding insight. In prior work, Rappé and
Goddard [30] have employed atomic hardnesses that
depend linearly on charge. In the context of molecular
dynamics simulations, such an approach would necessitate
some degree of charge bounding to prevent unfavorable
over-polarization or under-polarization and to establish
consistent polarizabilities in the gaseous and condensed
phases. In light of this, we have chosen to employ an error
function that applies constant scaling in the purely con-
densed-phase and gaseous regions and approximately lin-
ear scaling in the intermediate region. The use of the error
function is also preferred as it allows smooth transitions
between each region, which is necessary to avoid discon-
tinuities in the forces. Thus, we choose a scaling function
of the form

8(Qm) = a —berf(c(d — Qu)) (19)

since it incorporates additional empirical parameters that
can be utilized to model the desired relationship between
polarizability and charge. Parameters a and b collectively
define the polarizability at the gaseous and condensed-
phase limits. The rate of polarizability change with charge
for non-isolated molecules is controlled by c. Collectively,
¢ and d describe the onset of scaling and the range of
charges over which polarizability changes.

We apply the above methodology to design a water
model capable of capturing the variation of molecular
polarizability in different electrochemical environments.
The resulting TIP4P-QDP model (Transferable Intermo-
lecular Potential 4-Site with Charge-Depenedent Polariz-
ability) is based on the application of the charge-dependent
scaling function to the original TIP4P-FQ model. We
retain the TIP4P-FQ geometry in the TIP4P-QDP model;

oy (Om) =~
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however, atomic hardnesses, electronegativities, and non-
bonded parameters were adjusted to capture the desired
physics associated with phase-dependent polarizability
while reproducing target gas-phase and condensed-phase
properties. Of primary interest, we reparameterize the
hardness values to reproduce a reasonable gas-phase
polarizability of 1.4 A3, which is notably higher than the
empirical value offered by TIP4P-FQ (« 1.12 A%). We
note that the resulting TIP4P-QDP gas-phase hardnesses
maintain approximately the same relative magnitudes as
the original TIP4P-FQ hardnesses. The error function form
(Eq. 19) is then parameterized with the caveat that the gas-
phase polarizability remains unchanged. In the condensed
phase, the hardnesses are scaled by a value of g(Qy) > 1
for charges greater than the equilibrium gas-phase charges.
The parameters of the scaling function which influence the
height, slope, and inflection are determined empirically
such that the resulting polarizability distribution is centered
about an appropriate condensed-phase polarizability value.
For TIP4P-QDP, the average polarizability in the con-
densed phase is calculated to be 1.309 (£ 0.001) A3
approximately 17% higher than the static condensed-phase
polarizability of TIP4P-FQ and about 11% less than the
experimental gas-phase value. The average condensed-
phase value approximately reflects a 6.5% reduction in the
molecular polarizability relative to the TIPAP-QDP gas-
phase value, which agrees well with the estimated range
of 7-9% reduction calculated by Morita [50] from first
principles. The scaling function allows for TIP4P-QDP

~
~
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molecules to have polarizabilities as low as 1.05 A3. The
polarizability distribution observed in the condensed phase
is presented in (Fig. 1), which was estimated from M-site
charges taken from a condensed-phase simulation in con-
junction with Eq. 17. This distribution exhibits a width of
observed molecular polarizabilities of about 0.20 A3,
Regarding electronegativity scaling, a final value of the
p-parameter is determined to be p = 0.80; this value gen-
erates a condensed-phase dipole moment distribution with
an average of 2.641(£ 0.001) Debye, similar to that
exhibited by the TIP4P-FQ model. For further compari-
sons, a model consisting of full scaling p = 1.0 was also
developed and parameterized. The results of this model
(referred to as QDP-P1) are also included in this work as a
reference in order to more fully clarify differences between
the TIP4P-FQ and TIP4P-QDP models; QDP-P1 notably
higher dipole moments in the condensed phase ({i) ~
2.75), an anticipated consequence of scaling electronega-
tivity and hardness equivalently. Introduction of the scaling
function and modification of the hardnesses further neces-
sitated slight reparameterization of the remaining electro-
static and non-bonded parameters. The electronegativities of
TIP4P-QDP and QDP-P1 were then reparameterized such
that a single water molecule in vacuum minimizes to the
experimental dipole moment of 1.85 D. Since the polariz-
abilities of QDP models in the condensed phase are higher
than that of TIP4P-FQ, the Lennard—Jones parameters
required minor modification to prevent over-polarization
while still reproducing reasonable densities and energetics.
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Table 1 Gas-phase, condensed-phase, and interfacial properties for TIPAP-FQ, TIP4P-QDP, and QDP-P1 water models

Property TIP4P-FQ* TIP4P-QDP QDP-P1 Exper.

1t (debye) 1.85 1.85 1.85 1.85°

% (A% 1.12 1.4 1.4 1.47¢
Egimer (kcal/mol) —4.50 —4.67 —4.44 —54 +0.7¢
Dimer O-O length (A) 2.92 291 2.98 2.98¢

Piiq (glem?) 1.0001 (0.0003) 0.9954 (0.0002) 0.9951 (0.0002) 0.997¢
(1iq) (Debye) 2.623 (0.001) 2.641 (0.001) 2.752 (0.001) 2.9 (0.6)
AH,,, (kcal/mol) 10.498 10.55 (0.12) 10.96 (0.12) 10.51°
(tsoriq) A® 1.128 1.309 (0.001) 1.323 (0.001) 1.34"

D, (107° m%s) ™ 1.93 (0.05), 2.15 2.20 (0.04), 2.46 1.83(0.05), 2.04 2.301

rr (10710 Pa™) 3.877 (0.098) 4.013 (0.062) 3.409 (0.051) 4.524°
C, (cal/mol K) 21.0 (5.5) 16.4 (3.5) 18.5 (2.2) 18.0°

Eno 1.775, 1.592¢ 2.128 2.057 1.79

¢ 79. (8)8 85.8 (1.0) 97.6 (0.2) 78k

A® (kcal/mol) —12.21 (0.05) —11.98 (0.08) —12.87 (0.05) —

y (dyne/cm) 72.7 (1.5) 71.0 (2.7) 81.2 (3.1) 71.9"

Values in parentheses denote the uncertainty in the property. Data from Bauer et al. [57]

4 Reference [57], unless noted
b Reference [143]

¢ Reference [144]

d
¢ Reference [147]
f Reference [53]
& Reference [31]

Reference [145]. Theoretical estimates from Mas et al. [146] suggest a value of 5.0 & 0.1

" Estimated condensed-phase isotropic polarizability based on the gas-phase value of 1.47 A3 from reference [144] and assuming a 9% reduction

in polarizability as deduced by Morita in reference [50]
! Reference [148]
I Reference [149]
K Reference [150]
! Reference [151]

™ Values as calculated for a N = 216 system (left) and corrected for extrapolation to infinite system size (right)

The Lennard—Jones parameters were parameterized based
on fitting to gas-phase water dimer binding energies and
geometries (bond distances), condensed-phase density, and
enthalpy of vaporization.

Condensed-phase properties computed using the TIP4P-
QDP model include bulk liquid density from constant
pressure MD simulations, enthalpy of vaporization, aver-
age condensed-phase molecular polarizability, diffusion
constant, isothermal compressibility, heat capacity at con-
stant pressure, and bulk dielectric constant. These proper-
ties are computed as discussed in Bauer et al. [57] and are
shown in Table 1. We observe that without fitting explic-
itly to all of the properties in Table 1, the agreement
between the predicted and experimental values is rather
acceptable. We have applied this model to studies of
the liquid-vapor coexistence curve [58] and ions at the
liquid-vapor interface [59]. Studies using the Hirshfeld
partitioning scheme [49, 52, 60—62] in conjunction with

density functional theory have suggested the dynamic
nature of polarizability for species such as methanol [62]
and halides [52].

4 Development of CHEQ lipid bilayer force fields

Membranes and membrane-bound proteins are a vital part
of biological systems. Membrane-bound proteins are
involved in a number of physiological functions including
but not limited to passive and active transport, signaling
processes, and interfacial enzymatic processes [63]. Further
emphasizing their importance, membrane-bound proteins
have been found to make up approximately one-third of the
human genome [64]. Equally important is the lipid envi-
ronment within which these proteins function. Recent
studies have explored structural properties of membranes
as well as electrostatic properties such as the dielectric

@ Springer
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Fig. 2 Schematic of the
partitioning of DMPC lipid
molecule into small-molecule
analogs for parameterization of
the CHEQ lipid force field

DMPC

variation within a bilayer [65], the interfacial potential
[66], and the interactions of polar or charged amino acid
side chains with hydrocarbon tails [67]. Experimental
studies have also probed these properties in recent years.
For example, structural properties of bilayers have been
determined by X-ray and neutron scattering [68, 69] and
nuclear magnetic resonance (NMR) spectroscopy [70],
while the water penetration into the bilayer interior has
been investigated via electron spin spectroscopy [71, 72]
and X-ray scattering techniques [73]. However, even cur-
rent state-of-the-art experimental measurements are not
always able to provide the type of detailed atomic level
resolution that would provide significant insights into the
mechanisms of membrane systems. To this end, computa-
tional methods such as molecular dynamics and Monte
Carlo simulations have been employed to study properties
and processes in such systems at the atomic level [63, 67,
74-85].

Recently, we have developed non-additive, charge
equilibration (CHEQ) force fields for lipid bilayers based on
DMPC and DPPC as model lipid molecules [86, 87]. Using
an approach of “building up” a lipid force field based from
small-molecule model compounds, we constructed the lipid
force field for saturated chain lipids using linear alkanes,
dimethylphosphate, tetramethyl-ammonium, and methyl
acetate as model compounds Fig. 2. Properties of the small-
molecule analogs that were targeted included gas-phase
electrostatic properties (dipole moments, charges, and
molecular polarizabilities), gas-phase interaction energies
and geometries of small-molecule compounds with water
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(using the TIP4P-FQ model as our solvent to which the
force field is coupled), condensed-phase bulk liquid prop-
erties for alkanes (densities, vaporization enthalpies, self-
diffusion constants, and relative torsional energetics), and
hydration free energies of linear alkanes in water. The
original CHEQ alkane force field [88] was refined using
pair-specific Lennard-Jones interactions [89] in order to
reduce the gain in free energy upon hydration predicted by
the original force field. We discuss implications of this
improvement in the next section. A range of lipid bilayer
properties were computed following the parameterization
process. These include bilayer structure (electron density
profile, atomic number density profiles), deuterium order
parameters, phosphate—nitrogen (P-N) vector orientation,
and dipole potential.

4.1 Application of CHEQ lipid force fields

One interesting aspect of the CHEQ DMPC force field is
increased water permeation into the hydrophobic core of
the bilayer relative to the non-polarizable CHARMM?27
and CHARMMZ27R force fields [86]. This is evidenced
by an increased water number density beyond the car-
bonyl groups and reduced potential of mean force (PMF)
for water entering the lipid tail region. The PMF cal-
culated from water density profiles generated from long,
unconstrained simulations of the solvated CHEQ DMPC
bilayer suggests a 5-kcal/mol barrier for moving a water
molecule from bulk to lipid interior [86]. Subsequent
analysis using weighted histogram analysis method
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(WHAM) suggests this barrier may as low as 4.5 kcal/
mol [90].

Since the lipid groups were constructed from short chain
alkane (hexane) parameters [43], the interactions of these
alkanes with water have important implications for the
interactions between water and lipids. Ongoing efforts
towards refinement of the interactions of small molecules
with water are of continued interest. One such study [89]
presents refined interactions between small-chain alkanes
and water, yielding alkane hydration free energies that
are less favorable than those calculated using CHEQ
Orig [86]. In the case of hexane, the reparameterization
results in AGpydration = 2.5 &= 0.2 kcal/mol (compared to the
experimental value of AGpydraion = 2.550kcal/mol); this is
approximately 0.7 £ 0.5 kcal/mol higher than the original
parameterization [43]. The revised parameterization pre-
dicts a PMF barrier nearly 0.8 kcal/mol larger than the
original parameterization. This is not surprising as quali-
tatively, an enhancement is expected from the less favor-
able interaction between water and the alkane. The range in
values for the PMF barrier for different DMPC parame-
terizations (4.5-5.3 kcal/mol) is lower the values pre-
dicted from similar studies using non-polarizable models
(5.4-13 kcal/mol) [86, 91-93].

5 Charge equilibration carbohydrate force fields

N-Acetyl-f -hexosaminides are common in nature. They
constitute a broad spectrum of materials such as chitin [94]
and extracellular matrix glycosaminoglycans [95, 96] and
are an essential structural component of glycoproteins and
glycolipids [97, 98]. They are also implicated in molecu-
lar recognition processes, acting as ligands for a variety
of ribonucleases [99-101]. However, functions of poly-
N-acetyl-glucosamine and glycosaminoglycans in cell sig-
naling, development, and growth are not well understood,
due to the lack of detailed information for the polymer
solution [96, 102]. Vibrational spectroscopy [103-105],
nuclear magnetic resonance (NMR) [106-110] spectros-
copy, and X-ray crystallography [111-113] techniques are
applied to investigate the solution structure of related poly-
saccharides. However, experimental approaches are often
limited to certain molecular weight ranges and suffer from
difficulties such as crystallization of glycoforms in poly-
saccharide solution systems.

Complementing experiment, computational methods are
a powerful tool to study conformational properties of car-
bohydrates in solution [114]. Carbohydrate force fields
developed for the CHARMM, AMBER, and GROMOS
force fields [115, 116] enable MD simulations for polysac-
charide solutions. Partly due to the sparsity of experimen-
tal data available for parameterization, development of

classical force fields for these types of molecules has been
relatively slow. Current state-of-the-art force fields for car-
bohydrate molecular simulations are primarily the work of
Woods and co-workers throughout the past several decades
[115]. Ha et al. [117] parameterized classical, non-polariz-
able force fields for the GROMOS platform. Palma et al.
[118] later corrected the O—-C—C-O term to revise the barrier
of hydroxyl rotations (PHLB model). Kuttel, Brady, and
Naidoo modified the PHLB parameter set for lower primary
alcohol rotational barriers and referred to the force field as
the Carbohydrate Solution Force Field (CSFF) [119-120].
Recently, MacKerell et al. [116] have developed atomistic
force fields for carbohydrates building upon the CHARMM
force field platform.

Recently, we have developed a polarizable force field
based on the charge equilibration force field for an
aminoglycan; this will be applied in future studies of protein-
ligand binding free energetics using statistical mechanical
free energy methods in conjunction with polarizable pro-
tein and ligand force fields. Polarizable, or non-additive,
force fields for modeling of carbohydrate interactions with
polar biological components (in particular proteins) may
prove influential within the context of quantifying binding
free energetics and structures of complexes of carbohy-
drates and proteins. By analogy to protein-drug binding and
structure research, the use of non-additive interactions may
allow a broader range of interaction energies so as to
provide a larger separation between biologically relevant
complexes (based on free energetics and structure) and
weakly interacting, less-relevant complexes. Development
of polarizable force fields for carbohydrates in general will
complement the current efforts in a number of groups
working on non-additive models for proteins, nucleic acids,
small molecules, and lipid membranes, as well as ions and
small-molecule condensed-phase systems. Work to date on
protein-ligand binding studies suggests that polarization (in
the most general sense taken to be the variation of
molecular mechanics partial charges or electrostatic multi-
pole moments with relative orientations of ligand and
substrate) is important in both polar systems as well as
situations where ionic species are involved [121-122]. In
our continuing future work, we plan to apply polarizable
models for the NAG system and compare to non-polarizable
(additive) force fields in the context of free energetics of
binding in the hen egg-white lysozyme system.

5.1 Parameterization of a charge equilibration force
field for NAG

The philosophy we employ for deriving the charge equil-
ibration force field for the monomer NAG is to fit to
gas-phase first-principles (ab initio and density func-
tional theory (DFT)) calculation-based properties such as

@ Springer
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molecular polarizability, dipole moment, and interactions
with water in various geometries. As a reference, gas-phase
polarizability and dipole moment for NAG are calcu-
lated for the geometry optimized using density functional
theory (DFT) with the B3LYP/6-311g(d,p) basis. Hardness
parameters, 17;, are determined by fitting to the molecular
dipole polarizability (defined above). The augmented
hardness matrix, J', is constructed using two charge nor-
malization groups as shown in Fig. 3. Atomic electroneg-
ativities are then determined by fitting to DFT gas-phase
charges and dipole moment according to the Merz—Singh—
Kollman scheme. The force field gas-phase electrostatic
properties are shown in Table 2 using the optimized elec-
trostatic parameters (atom electronegativities and hardness
parameters). Consistent with previous study [26], DFT
method predicts higher polarizabilities than MP2 when
using the same basis set. Higher level of theory predicts
larger polarizability and DFT method shows similar
polarizabilities when using aug-cc-pvDZ and aug-cc-pvTZ
basis set. We note that the fitted gas-phase polarizability
using the CHEQ model reproduces DFT and MP2 polar-
izability with the lower level of theory (6-311g(d,p)) and
falls below the gas-phase reference values using larger
basis set of aug-cc-pvDZ (14% for B3LYP and 15% for
MP2). The absolute extent of reduction of molecular
polarizabilities in the condensed phase still remains an
ongoing avenue of research, with majority of scaling fac-
tors determined from empirical tuning of force field quality
and associated stability of simulations using the force fields
[36, 123].

After determining electrostatic parameters, solute—
solvent interaction-derived non-bond repulsion—dispersion
interaction parameters are determined. Solute—solvent non-
bond interactions are determined by reproducing vacuum
dimer energies and hydrogen binding distances. For refer-
ence, the optimized geometry of NAG-water heterodimer
(Fig. 4) is obtained by DFT calculation using B3LYP/
6-311g(d,p) level of theory. Table 3 shows optimized
NAG-water interaction energy and geometry for the
CHEQ force field, which is found to well-reproduce the
reference first-principles results to at least compara-
ble accuracy as the fixed-charge model. With this basic

Group 1 I

Group 2

Fig. 3 Designation of charge conservation groups
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Table 2 Electrostatic properties for NAG geometry optimized with
B3LYP/6-311g(d,p) basis

Polarizability/A> Dipole
moment/debye

B3LYP/6-311g(d,p) 17.29 5.1572
B3LYP/aug-cc-pvDZ 19.80 5.1604
B3LYP/aug-cc-pvTZ 19.82 5.1515
MP2/6-311g(d,p) 16.75 5.43717
MP2/aug-cc-pvDZ 19.46 5.4115
CHEQ 16.81 5.1160

NAG-water interaction model, we address in the next
sections methods and results of condensed-phase molecular
dynamics simulations of the NAG molecule (and its olig-
omers) in aqueous solution (Fig. 5).

5.2 Molecular dynamics simulations of polarizable
protein-ligand complexes: hen egg-white lysozyme
and NAG trimer

5.2.1 Molecular dynamics methodologies for simulations
of hen egg-white lysozyme complexed with the NAG
trimer

As an application, we performed molecular dynamics
simulations of the complex between hen egg-white lyso-
zyme (HEWL) and NAG trimer (NAGj;) with both the
polarizable CHEQ and non-polarizable CHARMM carbo-
hydrate [118] and protein [124] force fields. We used the
CHEQ force field for proteins [36], water [31], and NAG;
[125]. The simulations are the initial steps towards appli-
cation of our models for protein-ligand absolute and rela-
tive binding free energy calculations using statistical
mechanical approaches such as thermodynamic integration.

Two binding modes (ABD and BCD) of HEWL-(NAG);
complex are simulated independently. The ABC confor-
mation is obtained from the X-ray crystal structure
(PDB:11zb). To construct the BCD structure, the carbohy-
drate residue at the A site is removed from the HEWL-
(NAG), X-ray structure bound in the ABCD site
(PDB:1lzc). Each of the two starting structures is solvated
in an octahedral water box. Bulk solution simulations were
performed within the isothermal-isobaric ensemble (NPT)
at 298 K and 1 bar. A constant temperature of 298 K was
maintained with a Hoover thermostat [126-128], and
constant pressure was maintained via a Langevin piston
method [129]. Non-bonded interactions were switched to
zero via a switching function from 10 to 12 A. Condi-
tionally convergent long-range electrostatic interactions
were treated using the Smooth Particle Mesh Ewald [130]
method with 24 grid points in each dimension and
screening parameter of x = 0.32. We performed ten
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Fig. 4 Interactions between NAG and water in gas phase

Table 3 NAG-water gas-phase interactions and bond lengths

Egimer Rojs (A)  Roes (A)  Ryy (A)
(kcal/mol)
B3LYP/6-311g(d,p) —14.73 2.44 2.20 1.90
CHEQ —14.10 2.85 2.18 1.99
PHLB —9.55 2.82 1.98 2.06
PHLB-PSP —13.51 2.87 1.60 1.81

Hydrogen bond types are described in Fig. 4

nanoseconds of molecular dynamics using a Verlet leap-
frog integrator with timestep of 0.001 picoseconds (1 fs)
using the CHARMM?22 force field. Using the polarizable
force field, we simulated the solvated X-ray structure
(ligand at the ABC sites) for 8 ns and the one with (NAG);
bound to the BCD sites for 4 ns with timestep of 0.0005 ps
(0.5 fs), the first 500 ps of which is considered as equili-
bration time. Charge degrees of freedom were maintained
at 1K using a Nosé—Hoover bath; all charges were assigned
to the same bath, and no local “hotspots” in charge were
observed. Protein, water, and ligand charges degrees of
freedom were assigned masses of 0.000095, 0.000069, and
0.0001 (kcal/mol ps?)/e?, respectively. Charge normaliza-
tion was maintained by groups for the protein and ligand
and over individual molecules for the water.

5.2.2 Analysis of MD simulations

HEWL X-ray crystallography studies suggest that (NAG)3
binds at the ABC sites [131, 132] (Fig. 6). X-ray powder
diffraction study [133] by Von Dreele, on the other hand,
showed that (NAG); occupies the ABC and BCD sites in
the ratio of 35:65. Von Dreele [133] attributed the absence
of BCD binding in the solid state to the hydrolysis at the
CD site. We investigate the ABC and BCD complexes by
two independent MD simulations starting from corre-
sponding crystal binding structures as discussed above.
To evaluate the structural changes of the complex over
the dynamic trajectory, the RMSD profiles for HEWL

backbone Fig. 7 and (NAG); heavy atoms Fig. 7 are
computed with respect to the starting ABC (panels a and c¢)
and BCD (panels b and d) crystal structures. The results for
the CHEQ force field are in panels ¢ and d; those for the
non-polarizable are shown in panels a and b. The protein
backbone atom RMSD behaves similarly using both force
fields, with slightly larger drift from the crystal structure
with the CHEQ model, particularly when (NAG); binds to
the BCD sites (Fig. 7, panel d); this implies that the protein
structure changes to accommodate the ligand. Such con-
formational relaxation is not found in the simulation with
the CHARMM?22 force field. Here, we emphasize that the
starting BCD conformation is obtained from the crystal
structure with (NAG),4, which may deviate from the exact
BCD structure and require longer relaxation time for pro-
tein as the CHEQ model suggests (Fig. 7d). On the other
hand, the ligand RMSD profile with larger fluctuations and
larger RMSD values indicates that (NAG); at the ABC
sites is relatively flexible and undergoes more structural
changes from the starting crystal structure (Fig. 7 panels a
and c).

6 Summary

With the continuing advances in computational hardware
[134, 135] and novel force fields constructed using quan-
tum mechanics, the outlook for non-additive force fields is
promising. Our work in the past several years has slowly
demonstrated the utility of polarizable force fields, partic-
ularly those based on the charge equilibration formalism,
for a broad range of physical and biophysical systems. We
have constructed polarizable force fields for small mole-
cules [36, 42-44, 125, 136, 137], proteins [37], lipids, and
lipid bilayers [43, 86, 138—140] and recently have begun
work on carbohydrate force fields [125]. The latter area has
been relatively untouched by force field developers with
particular focus on polarizable, non-additive interaction
potential models.

With respect to polarizable force field development, one
aspect that has been difficult to address has been the abso-
lute nature of the reduction in condensed-phase intrinsic
molecular polarizability; this is particularly important for
polarizable formalisms that are more classical in nature. We
have recently explored the effects of condensed-phase
polarizability reduction as well as developed novel water
potentials that begin to consider explicitly the dynamical
variation of molecular polarizability with the local envi-
ronment [57]. This is an important area for further devel-
opment. We also note that charge transfer effects have
largely been neglected in classical formalisms; the impli-
cations of charge transfer are now becoming more apparent,
and the development of interaction potentials capable of
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Fig. 5 Structure of the hen egg-white lysozyme complexed with
NAGg, taken from crystal structure PDBID:1LZB
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explicitly and dynamically including such effects is war-
ranted, particularly for biophysical systems involving
charge-dense ions.

With respect to biomacromolecular force fields, we have
successfully constructed models for lipid molecules that we
are now exploiting for molecular dynamics simulations of
ion channels [138] and issues related to charge species in
low-dielectric membrane environments [77, 141, 142].
Further development and refinement of such models con-
tinues aggressively in our lab.

We have also developed one of the first polarizable
carbohydrate force fields for the NAG molecule and longer
oligomers that are model systems for carbohydrate sub-
strates to hen egg-white lysozyme, for instance. With the
current efforts to include electronic polarization in classical
force fields, we believe that this work establishes a plat-
form on which to build more extensive polarizable force
fields for an important class of biological macromolecules.
We have successfully initiated studies of the hen egg-white
lysozyme system complexed with its natural carbohydrate
substrates and will progress to extended molecular dynamics
simulations for absolute and relative binding free energy
calculations in the near future.
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