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ABSTRACT: Permanent multipoles (MTPs) embody a natural extension to common
point-charge (PC) representations in atomistic simulations. In this work, we propose an
alternative to the computationally expensive MTP molecular dynamics simulations by
running a simple PC simulation and later reevaluate“score’’all energies using the
more detailed MTP force field. The method, which relies on the assumption that the PC
and MTP force fields generate closely related phase spaces, is accomplished by enforcing
identical sets of monopoles between the two force fieldseffectively highlighting the
higher MTP terms as a correction to the PC approximation. We first detail our
consistent parametrization of the electrostatics and van der Waals interactions for the two force fields. We then validate the
method by comparing the accuracy of protein−ligand binding free energies from both PC and MTP-scored representations with
experimentally determined binding constants obtained by us. Specifically, we study the binding of several arylsulfonamide ligands
to human carbonic anhydrase II. We find that both representations yield an accuracy of 1 kcal/mol with respect to experiment.
Finally, we apply the method to rank the energetic contributions of individual atomic MTP coefficients for molecules solvated in
water. All in all, MTP scoring is a computationally appealing method that can provide insight into the multipolar electrostatic
interactions of condensed-phase systems.

■ INTRODUCTION

The realm of point-charge (PC) electrostatics in atomistic
simulations has provided a phenomenal amount of insight for
various biochemical systemsproteins,1−6 membranes,7 and
viruses,8,9 to name but a few. Originating from a first-order
expansion of the electrostatic potential (ESP; see below for
details), it assigns a partial charge to each atomic site
effectively summing over nuclear charge and electron cloud.
While such an endeavor is straightforward for monatomic ions,
complications arise for polyatomic ions and molecules. The PC
approximation has shown its limitations10 for the description of
specific chemical systems, e.g., cation−π interactions11 or
halogen bonds.12 As a result, a number of methods have been
proposed to go beyond the simple PC approximation,
including: (i) off-center charges placed along bonds or lone
pairs;13,14 (ii) atomic polarizabilities;15−17 and (iii) atomic
multipoles (MTPs).17−19 Focusing on the description of
permanent MTPs, methods (i) and (iii) vary greatly: While
off-center charges only require a limited number of additional
particlesmaking the method computationally appealing
recreating MTPs by setting an adequate set of off-site, charged
particles (e.g., two nearby charges of equal strength and
opposite sign to emulate a dipole moment) requires a great deal
of care in the parametrization. On the other hand, the explicit
inclusion of permanent MTPs in a molecular dynamics (MD)
simulation is considerably more computationally expensive and
has thus been, so far, limited to either gas-phase or small
condensed-phase systems.20,21 Indeed, considering that an

atomic MTP description up to quadrupoles requires 9
coefficients (i.e., 1 for the monopole, 3 for the dipole, 5 for
the quadrupole; see below and ref 19), this enforces 9 × 9
interactions per atom paircompared to 1 × 1 in the simple
PC approximation. Adding up the extra computational
overhead associated with local axis-system calculations17,19,22

and various geometrical factors, one easily reaches a computa-
tional slowdown on the order of 103a steep price considering
that statistical sampling of modest-size systems with PC is still
very much a critical issue.23

In the present work, we propose, test, and validate an
alternative approach to incorporate atomic MTPs offering both
a systematic parametrization scheme and moderate extra
computational cost. Building on the idea that a MTP expansion
is a higher-order correction of the ESP compared to a PC
approximation (see eq 8), these two expansions should
converge in the limit where the magnitude of the nonmonopole
coefficients approaches zero. As a result, the Hamiltonians
generated by the two electrostatic representations would
sample similar phase spaces and thus the same distribution of
conformations. We point out the analogy with the MM-GBSA
calculation technique (see, e.g., ref 24 and references therein),
in which one typically estimates a protein−ligand binding free
energy from a single simulation of the complex and assumes
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that it reproduces the distribution of conformations of the
individual monomers. This equivalence between Hamiltonians
would ensure the ability to run a MD simulation with one force
field and later reevaluate the energies using the seconda
method we refer to as “scoring”. We hereby employ to score
PC-generated trajectories using a MTP force field. By
parametrizing both PC and MTP force fields, we can ensure
that monopole coefficients are assigned virtually identical
valuesthis naturally scales down the strength of the
nonmonopole coefficients during optimizationwhich in
turn provides the necessary ingredients for the scoring method.
In this work, we study the scope in which MTP scoring yields

reliable results. The calculation of protein−ligand binding free
energies is an excellent means to evaluate the accuracy of
electrostatic representations, mainly due to the delicate
interactions between ligand, protein, and the surrounding
water. We set out to calculate the binding of a series of
arylsulfonamide ligands (see Figure 1)25−27 to human carbonic
anhydrase II (hCA II), a widely studied metalloenzyme that
catalyzes the reversible hydration of carbon dioxide.25 To
evaluate the accuracy of our methodology, we have
experimentally measured the same set of binding affinities
using enzyme-assay techniques. Relying on a series of
measurements performed in the same laboratory provides
consistency in the resultsa critical consideration as significant
discrepancies commonly arise from one protocol to the next.28

To cancel some of these systematic errors, as well as help
converge the free-energy calculations, we focus on relative free
energies of binding between two ligands. Free-energy
calculations were based on the thermodynamically correct
free-energy perturbation (FEP) approach29a gold standard
for accurate predictions of binding free energies.30

Andrienko and co-workers have relied on such a scoring
technique to calculate the electrostatic energy of charged
molecules in the context of organic semiconductors, using both
Thole’s interacting polarizability model and permanent MTP
coefficients.31,32 We note that their typical energy shifts lie in
the electronvolt regime, whereas the present calculations of
protein−ligand binding free energies operate at the kilo-

calories/mole level (1 eV ≈ 23 kcal/mol), which allows us to
probe subtle energy variations.
In the current study, we will parametrize and validate both

PC and MTP force fields, run FEP calculations with PCs, score
the trajectories with the MTP force field, and compare both PC
and MTP free energies to the experimentally determined
binding constants. Finally, the MTP scoring method will be
applied to gain insight into the multipolar electrostatics of
C−H and C−F groups solvated in water.

■ METHODS

Simulation Protocol. To compare PC and MTP force
fields, we seek to parametrize both in a consistent way. Because
reparametrizing the entire water−ligand−protein system
striked us as daunting, we instead fixed the water and protein
force fields using CHARMM22 with CMAP corrections33 and
focused exclusively on the ligands. Our work illustrates that a
careful reparametrization of the ligand alone, combined with
standard mixing rules, goes a long way in properly describing
protein−ligand binding.
All simulations were run in NAMD 2.834 using a Δt = 1 fs

time step; the SHAKE algorithm35 on water molecules;
Particle-Mesh Ewald (PME) with grid-size spacing of 1 Å,
relative tolerance of 10−6, and interpolation order 4 for long-
range electrostatics; and a 12 Å cutoff and 11 Å switching for
the Lennard-Jones interactions. Temperature control was
applied using a Langevin thermostat at 300 K (unless stated
otherwise) and friction coefficient γ = 1 ps−1. Simulations in
water were additionally coupled to a modified Nose−́Hoover
method with Langevin-type barostat fluctuations, targeting
atmospheric pressure (i.e., 1.01325 bar), and set to an
oscillation period of 100 fs and a damping time scale of 50 fs.
Water simulations were set by solvating a compound in a box

of size L ≈ 25 Å. The simulation box was (i) energy minimized
for 5000 steps of conjugate gradient, (ii) heated incrementally
to 300 K over 4 ps, and (iii) equilibrated for 50 ps. Charged
compounds were neutralized using a sodium counterion; we
avoided strong electrostatic artifacts by applying a “half-
harmonic”-like lower bound restraint between the counterion

Figure 1. Structures of the (fluoro-)arylsulfonamide inhibitors studied in the present work. The first four ligands (top) correspond to benzene
sulfonamide (BZS) derivatives: (a) BZS, (b) 4-fluoro-BZS (F-BZS), (c) 4-methyl-BZS (CH3-BZS), and (d) 4-fluoro-methyl-BZS (CF3-BZS). The
last five ligands (bottom) correspond to 4-(aminosulfonyl)-N-phenylmethybenzamide derivatives (SBB): (e) 2,3-difluoro-SBB (F2-SBB), (f) SBB,
(g) 4-fluoro-SBB (F-SBB), (h) 4-methyl-SBB (CH3-SBB), and (i) 4-fluoro-methyl-SBB (CF3-SBB). Note that, upon binding, all sulfonamide groups
deprotonate, resulting in a net charge.
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and the compound of interest, using a minimum length of
12.5 Å and force constant of 5 kcal/mol·Å2.
The starting structure is hCA II with a fluorinated, aryl-

sulfonamide ligand (PDB code 1G5427). Minimal energy
structures of our ligands (Figure 1) were docked into the
protein by best aligning the aryl-sulfonamide groups. The
protein−ligand complex was solvated in a box of size L ≈ 80 Å
and neutralized with sodium counterions. A similar minimiza-
tion/heating/equilibrium process was applied using 8 ps of
heating time and 1 ns of equilibration for each ligand. A series
of angle and dihedral restraints were applied between the
sulfonamide group of the ligand and the Zn(His)3 moiety of
hCA II, following the protocol applied in a previous study.26

Free-Energy Calculations. Hydration and protein−ligand
binding free energies were calculated using free energy
perturbation (FEP) techniques,29 where one gradually
couples/decouples chemical groups from the rest of the system
using a parameter λi that scales the relevant nonbonded
interactions. The Bennett Acceptance Ratio (BAR)36 allows us
to calculate the free energy difference associated with the
alchemical transformation from Boltzmann-weighted energy
differences between N consecutive Hamiltonians λ( )i

∑β β λ λΔ = − ⟨ − − ⟩→
−

=

−

+G ln exp{ [ ( ) ( )]}
i

N

i i iA B
1

1

1

1

(1)

where A→B refers to the alchemical transformation between
compounds A and B (e.g., BZS → CF3-BZS); β

−1 = kBT; and
the canonical average ⟨·⟩i is performed over the phase space
generated by λ( )i .
Following previously published protocols,37−39 we couple/

decouple electrostatics and Lennard-Jones interactions in a
sequential manner: they are turned on/off in the intervals 0 < λ
< 0.5 and 0.5 < λ < 1, respectively. We have obtained good
convergence using this scheme: no simulation required the
annihilation or exnihilation of net charges, which typically
involve simulation-protocol caveats and large free-energy
differences. The use of soft-core potentials prevented steric
clashes when tuning λ close to 0 or 1 as they allow a gradual
scaling of the nonbonded interactions. We used a van der Waals
(VDW) radius-shifting coefficient δ = 5.0 Å2. Shirts et al. have
demonstrated the importance of applying long-range VDW
corrections in FEP calculations.37 Considering that (i) this
work focuses on a comparison between electrostatic
representations and (ii) these long-range corrections are of
the same magnitude as the error associated with analyzing a
NAMD simulation in CHARMM (see below), we neglected
this contribution.
Hydration and protein−ligand-binding free energies were

calculated using standard thermodynamic cycles.40,41 We
calculated absolute hydration free energies of a compound by
performing a single simulation in water while decoupling the
intramolecular energies. Relative protein−ligand-binding free
energies were calculated by performing alchemical trans-
formations between two ligands in both water and the solvated
protein environment: ΔΔGbind = ΔΔGport − ΔΔGwat =
−kBTroom ln(Kj/Ki), where the last expression relates to
experimentally determined dissociation constants of ligands i
and j.
Simulation windows were set every λ = 0.02, except close to

0 and 1 where we used logarithmically distributed λ values (i.e.,
λ ∈ {0, 0.00001, 0.0001, 0.001, 0.01, 0.02, 0.04, ..., 0.96, 0.98,

0.99, 0.999, 0.9999, 0.99999, 1}) to account for possibly large
changes in these regions. We ran 100 ps of simulation for each
window, including 50 ps of equilibration time. Each FEP
calculation was run in both directions (i.e., forward and
backward). Not only did this allow us to check their
convergence, we also used them to crudely estimate the
statistical error associated with our calculations, rather than
relying on more elaborate techniques (e.g., bootstrap
resampling42)

MTP Scoring. MTP scoring was performed by reading
NAMD trajectories and reevaluating energies at each time step
using the MTP force field on the ligand while keeping PC
electrostatics for the rest of the system (i.e., counterions, water,
protein). This scoring was performed within CHARMM43

using an in-house MTP energy calculation module. While the
NAMD simulations were performed with PME, our current
MTP-electrostatics implementation does not include any
corresponding method (this has been described elsewhere44).
Instead of evaluating the electrostatic energies with periodic
boundary conditions and spherical cutoffs, we have obtained
better stability using a nearest-image conventionRühle et al.
also observed good convergence properties using this
protocol.31 VDW energies, unlike the MTP electrostatics,
relied on soft-core potentialsas in the NAMD simulations.
For consistency, all free-energy calculations presented in this
work were calculated exclusively from CHARMM, whether
using the PC or MTP force fields. We found that
corresponding free-energy calculations (i.e., only for PC)
evaluated from NAMD and CHARMM deviated from one
another by no more than 0.3 kcal/mol (data not shown)an
acceptable discrepancy considering the differences in their
treatment of electrostatics.
The FEP scoring protocol of a trajectory consisted of four

independent contributions: (i) EvdW, the total VDW energy
with all electrostatics turned off; (ii) Eelec

env , the PC electrostatic
energy of everything but the alchemically transformed groups;
(iii) Eelec

exn , the MTP electrostatic energy of the exnihilated
group; and (iv) Eelec

ann, the MTP electrostatic energy of the
annihilated group. These terms are combined according to the
snapshot’s λi and λi+1

λ λ λ λ λ

λ

− = − +

−
+ + +E E E
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Note that EvdW(λ) is the soft-core VDW potential
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and the dependence of Eelec(λ) on λ explicitly refers to the way
annihilated and exnihilated atoms are decoupled/coupled to the
simulation cell in this work. Note that Eelec

ann,env,exn corresponds to
the original PC/MTP energy.19 These contributions are
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combined according to the BAR equation (eq 1) to yield the
scored free energy.
Experimental Binding Affinity Determination. The

wild-type hCA II was produced and purified according to ref
45. All BZS ligands were purchased while the SBB ligands were
synthesized (the NMR spectral assignment is provided in the
Supporting Information). Because of the various strengths in
binding affinity of the ligands studied in this work (Figure 1),
two experimental assays were used: (i) esterase activity for the
BZS ligands (described in ref 26 and the Supporting
Information) and (ii) competitive displacement for the SBB
ligands (below). The resulting binding constants for all ligands
are presented in Table 1.

The competitive displacement of the fluorescent hCA II
inhibitor dansylamide (DNSA) was used to determine
dissociation constants, Kd, of the strongly binding ligands.
DNSA is nonfluorescent in aqueous solution but emits a signal
at 470 nm in the presence of the protein (excitation at 280
nm). We determined Kd values from a modified method
proposed by Tripp and co-workers,53−55 where a Nunc 96-well,
black polystyrene plate was used with excitation at 280 nm and
detection at 490 nm. The Kd for DNSA was determined by
titrating 100 nM of hCA II by varying its concentration [D]
from 0.05 to 100 μM of DNSA in a total volume of 208 μL
(Figure S2, Supporting Information). The equilibrium
dissociation constant for DNSA, Kd

(DNSA), was determined by
fitting the fluorescence data using

=
−
−

=
+

F
F F
F F K D

1
1 /[ ]

tot
obs ini

end ini d
(DNSA)

(5)

where Ftot is the total fluorescence; Fobs is the inhibitor-
concentration-dependent fluorescence signal; Fini is the initial
fluorescence of hCA II in the absence of DNSA; and Fend is the
end-point fluorescence. We then titrated a fixed concentration
of DNSA ([D] = 2.25 μM) against each inhibitor from 100 μM
to 25 nM and subsequently extracted Kd from

=
−
−

=
+ +

F
F F
F F K D I K

1
1 ( /[ ])(1 [ ]/ )

tot
obs ini

end ini d
(DNSA)

d
(6)

where [I] is the inhibitor’s concentration. Normalized
fluorescence activity curves for the SBB and the CF3-BZS
ligands are shown in Figure S3 (Supporting Information).

■ FORCE-FIELD PARAMETRIZATION
In the following, we describe our protocol to parametrize the
present set of sulfonamide ligands. These include bonded,
electrostatic, and VDW interactions. Most bonded parameters
were taken from the CHARMM22 force field with CMAP
corrections.33 Parameters for fluorinated groups were taken
from a separate optimization study.56 For simplicity, all bonded
parameters were subsequently kept fixed when reparametrizing
nonbonded interactions.

Electrostatic Interactions. The present work follows the
notation of Stone.19 We consider a localized charge density
ρ(x′) generating an electrostatic potential (ESP) Φ(x) at
position x

∫πε ρΦ = ′ ′
| − ′|

x x
x

x x
4 ( ) d

( )
0 (7)

A Taylor series expansion of 1/R  1/|x − x′| provides the
following multipole expansion for Φ in Cartesian coordinates
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μ δ
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where μα is the component α of the dipole moment μ, Θαβ is
the component αβ of the second-rank quadrupole moment
tensor Θ, and the Einstein summation convention is applied.
Extending the work of Kramer et al.,22 we parametrize

multipole moments on each atomic site of a given molecule to
best reproduce its ESP between the Lee-Richards molecular
surfaces57 of 1.66σ and 2.2σ, where σ is an atomic site’s VDW
radius. The ESP is then approximated by a sum over all
multipole momentsup to the quadrupole terms in this
workassigned to each atomic site a of a molecule where
superscript (a) denotes a dependence to the ath atomic site.
We express the ESP by grouping atoms of identical type t
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As described below, our atom-typing scheme takes into account
not only the chemical element of the atom but also its local
environment. Grouping atoms in types allows us to circumvent
fitting problems associated with buried atoms (i.e., for which
the solvent is not accessible), which lack nearby ESP grid points
for a proper convergence of their PC/MTP coefficients. This
was previously addressed in the RESP algorithm by assigning
harmonic restraints to non-hydrogen atoms.58 Here, we instead
rely on the redundancy of atom types over different molecules/
conformations, which helps sample a sufficient number of ESP
grid points from a variety of geometries. The downside of
fitting several molecules/conformations at once is that it

Table 1. Inhibition/Dissociation Constants, Ki/d,
Determined for the BZS and SBB Ligands and DNSA, As
Well As the Corresponding Free Energy, ΔG = +kBTroom
lnKi/d, Expressed in kcal/mola

this work previous work

inhibitor Ki/d [nM] ΔG [kcal/mol] Ki/d [nM] PDB

BZS 779 ± 45a −8.38 ± 0.03 200−150046,47 
F-BZS 326 ± 30a −8.90 ± 0.05 8247 
CH3-BZS 491 ± 13a −8.66 ± 0.02 59048 1IF4
CF3-BZS 28.5 ± 3.2b −10.35 ± 0.06  
SBB 1.7 ± 0.2b −12.03 ± 0.07  
F-SBB 2.2 ± 0.2b −11.88 ± 0.05 3.349 
CH3-SBB 2.3 ± 0.2b −11.85 ± 0.05  
F2-SBB 1.9 ± 0.2b −11.97 ± 0.06 1.150 1G4O
CF3-SBB 2.5 ± 0.2b −11.81 ± 0.05 0.351 1G52
DNSA 1630 ± 60b −7.94 ± 0.02 82652 1OKL

aWhen available, values from published work are shown for
comparison, as well as PDB structures of the corresponding hCA
II−ligand complex. Superscripts a and b refer to the esterase activity
and competitive displacement assays, respectively. Experimental
methods a and b extracted Ki and Kd values, respectively.
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amplifies the weight difference between exposed and buried
atom types during the fit (described below). A strong
imbalance between atom-type weights means that a few over-
represented parameters will drive the fit, while varying the
parameters of others will only marginally affect the target
function. To alleviate this overamplification, we restrained the
PC parameters to the average value of fits to the individual
molecules/conformations (details below). Moreover, a simulta-
neous fit of multiple molecules using this atom-typing scheme
allows us to derive consistent electrostatic parameters between
alchemically transformed molecules. Effectively, this keeps the
PC/MTP parameters of all persistent (i.e., nonsubstituted)
atoms fixed, except for one atom that connects the persistent to
the alchemically transformed groups; e.g., a H → F alchemical
transformation on a benzene ring would affect not only the
PC/MTP coefficients of the two atoms but also the carbon that
is connected to both, thereby ensuring a correct net charge in
each case.
In the following, all multipole moments will be expressed in

spherical coordinates Qlκ, where l denotes the order of the
expansion and κ is used to iterate over the 2l + 1 coefficients:19

l = 0: The charge q is invariant under coordinate
transformation: Q00 = q.
l = 1: The dipole moment μ becomes Q10 = μz; Q11c = μx;

and Q11s = μy.
l = 2: The symmetry and traceless property of Θ imply that

only five coefficients characterize the quadrupole moment: Q20
= Θzz; Q21c = 2Θxz/√3; Q21s = 2Θyz/√3; Q22c = (Θxx − Θyy)/
√3; and Q22s = 2Θxy/√3.
Fitting Protocol. Equation 9 shows that the ESP is expressed

as a linear combination of the multipoles Qlκ. From a collection
of points xi at which the ESP is evaluated, one can linearly
optimize the set of coefficients Qlκ

∑ ∑ ∑ πε= Φ
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κ κ
= = =
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t
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1 0

2
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2 1

,
( ) ( )

0

t

(10)

which can simply be expressed in matrix notation as Ay = b,
where A is an m × n matrixwith n ≪ mcontaining m ESP
grid points and n geometrical factors Alκ,i

(t) that multiply with
their corresponding coefficient Qlκ

(t)denoted as y(e.g., point
charge, dipole moments) of atom type t. b is a vector of length
m that contains the values of the ESP at each grid point. As we
fit the electrostatic interaction parameters of multiple molecules
at once, a given atom type is usually only present in a few
molecules, thus only sampled from a subset of ESP grid points.
In general, A will thus tend to a sparse matrix as additional
molecules are incorporated. We reduce the dimensionality of
the problem by solving the equivalent problem ATAy = ATb,
where AT is A’s transpose. The matrix product ATA is of size n
× na significant computational improvement over A. We
performed the linear optimization using a conjugate gradient
algorithm. ESP grid points were calculated from ab initio single-
point calculations at the MP2/6-311G(d,p) level using
Gaussian 09.59

Three types of penalties were applied to the fit:
1. A charge controlapplied to the Q00

(t) parameters
enforced the correct net charge for each molecule: ΣiλccNj

(t) =
λccqj

tot, where Nj
(t) is the number of atoms of atom type t

contained in molecule j; λcc is the charge-control penalty
prefactor; and qj

tot is molecule j’s net charge. λcc was iteratively
increased until the maximum charge deviation (i.e., between the

net and the calculated charges) convergedtypically reaching
values in the range 10−13−10−15.
2. The above-mentioned predominant weight of certain atom

types in the combined fit was addressed by first deriving PC
parameters for all molecules independently. We then fitted
simultaneously all molecules and applied a penalty to restrain
the PCs within the average values of the individual fits across all
molecules. The penalty was iteratively increased until all
monopoles fell within 0.1 e of their target value.
3. In light of our motivation to derive MTP electrostatics that

represent a ref inement of a PC approximation, we also
restrained the monopole coefficients (i.e., l = 0) of MTP fits
to a maximum of 0.005 e deviation from the PC-optimized
coefficients. While this restraint will limit the improved
accuracy one can gain from a MTP representationa
comparison is provided belowthe resulting parametrization
better interfaces with the PC-only force field for the protein
and the water. This subsequently allows for energy calculations
where the MTP force field for the ligand is used in combination
with the PC force field for the rest of the system. Evidently,
restraining the monopole coefficients will tend to scale down
the strength of the nonmonopole coefficients compared to an
unrestricted fit.
Additionally, we limit the MTP expansion of hydrogen atoms

to monopoles only throughout this work.
Atom Types and Reference Axis System. Atom typing

involved: (i) the chemical element of a given atom; (ii) its
connectivity to neighboring atoms (up to 4); and (iii) the
chemical elements of these neighboring atoms. These
conditions not only define specific atom types that vary
according to the atoms’ chemical environment but also provide
a reference axis system. This axis system is used below to
express the dipole and quadrupole moments of each atom.
More details on atom typing and reference axis systems can be
found in Kramer et al.22

We express an atom type followed by up to four neighbors
using the following notation: (i) the chemical element (e.g.,
“H” for hydrogen, “Car” for aromatic carbon), (ii) the number
of bonded neighbors, and (iii) a + or − sign if a neighboring
charge is present. Optimized PC and MTP coefficients are
listed in the Supporting Information (Table S1). Overall, the
root-mean-squared errors (RMSEs) between the ab initio and
fitted ESPs were 1.95, 1.31, and 0.85 kcal/mol for the following
parametrizations: PC, MTP with all penalties, and MTP with all
penalties but #3, respectively. The last parametrization scheme
was not used in the remainder of this paper because it fails to
enforce similar phase spaces between PC and MTP, thus
thwarting the applicability of the MTP scoring method.

van der Waals Interactions. Since force fields must
ultimately strike an exquisite balance between electrostatics and
VDW interactions, we have found it necessary to systematically
reoptimize both terms.
VDW interactions are described by Lennard-Jones (LJ)

potentials

∑ ε= −
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⎢⎢
⎛
⎝
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⎠
⎟⎟
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⎟⎟

⎤

⎦
⎥⎥U
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r

R

r
2

ij
ij

ij

ij

ij

ij
LJ

min 12 min 6

(11)

where εij and Rij
min scale the interaction strength and range,

respectively, between atoms i and j. We parametrized the
coefficients pertaining to individual atoms (i.e., εi, Ri

min) and
applied the Lorentz−Berthelot mixing rule, which assigns atom-
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pair interaction range and strength coefficients using the
arithmetic and geometric mean of the individual coefficients,
respectively.
In addition to ab initio calculations, VDW parametrization

schemes typically rely on empirically determined thermody-
namic data (e.g., heat of vaporization)58,60,61a common
approach to alleviate problems associated with limitations in
the accurate calculation of dispersion interactions from ab initio
calculations.62 Here, we follow the same route by optimizing
both (i) intermolecular energies of a model compound with
one water molecule and (ii) experimentally determined pure-
liquid densities.
Ab Initio Calculations. Dimer conformations of com-

pound−water complexes were first generated from a 1 ns
long NPT simulation using the standard CHARMM22 force
field. The compound was solvated in a box of TIP3P water
molecules, and 1000 dimer complexes were extracted at regular
time intervals. We only retained water molecules within the first
solvation shell of the compound for parametrization reasons:
(i) reproducing dimer energies at large distances (i.e., rij ≫
Rij
min) provides little information on the LJ coefficients because

all LJ interactions are close to zero and (ii) short dimer
distances (i.e., rij ≫ Rij

min) are only sensitive to the rapidly
varying, repulsive part of the potential, which are both hardly
ever sampled (i.e., U ≫ kBTroom) and difficult to fit. The
extracted dimer conformations were then calculated from
Gaussian 0959 at the MP2 level of theory using a 6-311G(d,p)
basis set and basis-set superposition error (BSSE) correction.
The LJ parameters were optimized by subsequently

minimizing the following two target functions

∑χ = Δ − Δ − Δw E E E( )
i

i i i i
1
2

1 QM elec LJ
2

(12)

∑χ = Δ − Δ − Δw E E E( )
i

i i i i
2
2

2 QM elec LJ
2

(13)

where ΔE corresponds to the difference between the dimer and
the sum of monomer energies (i.e., the intramolecular energies
have been subtracted out); subscripts QM, elec, and LJ refer to
the ab initio, electrostatic, and LJ energies, respectively; and
superscript i corresponds to the i-th conformation. The weights
w1
i and w2

i follow Metropolis-like forms

β
=

<

−⎪

⎪⎧⎨
⎩

w
x

x

1, if 0

exp( ), otherwisek
i k

k

where β−1 = kBTroom corresponds to thermal energy at Troom =
300 K; k = {1, 2}; and

= Δ − Δx E Ei i
1 QM elec (15)

= Δ − Δ Δx E E Emin( , )i i i
2 QM elec LJ (16)

The weight w1
i enhances favorable intermolecular LJ energies,

as determined from the quantity ΔEQMi − ΔEeleci . The second
iteration refines the parameters through the weight w2

i , which
corrects for false positives by including conformations with high
ΔEQM

i − ΔEeleci values but low (i.e., favorable) ΔELJ
i energies.

The Metropolis-like functional form used for both weights
hinders high-energy conformations compared to β and focuses
instead on the attractive part of the potential. In a similar spirit,
a Boltzmann weight was applied to parametrize the LJ
parameters of pyridine.63

Pure-Liquid Density. We calculated pure-liquid densities
from NPT MD simulations for N ≈ 300 (depending on the
compound), P = 1 atm, and T corresponding to the value of the
experimental measurement. A 60 ps long warmup run was
followed by a 60 ps long production phase, of which we used
the last 20 ps to extract the time-averaged box size. This
methodology allowed us to obtain relative statistical errors
below 3%.

Combined Optimization. LJ parameters were optimized to
best reproduce both ab initio calculations (i.e., minimum root-
mean-squared error, RMSE, between ab initio and force-field
energies) and pure-liquid densities. Out of the parameter sets
that fell within 10% of the lowest RMSE observed, the one that
provided the most accurate pure-liquid density was retained.
Because we restrain the strength of all monopoles between

the PC and MTP parametrizations, the overall electrostatics
remain extremely consistent. Thus, we have found it
unnecessary to reparametrize the VDW interactions for the
MTP force field but rather rely on the set of PC-derived LJ
parameters. Finally, we point out that neither the optimized set
of PC/MTP nor the LJ coefficients need to be uniquea
variety of combinations may reproduce virtually identical ESPs,
intermolecular energies, and pure-liquid densities. This
characteristic is common among force-field parametrization
schemes and need not be worrisome, as long as the resulting
model proves effectiveas will be shown below.

Fragment-Based Parametrization. The use of the above-
mentioned protocol evidently relies on the existence of
empirical data. As we are not aware of existing pure-liquid
density data for the sulfonamide ligands studied in the present
work (Figure 1), we instead performed a fragment-based
approach where we selected a list of small, neutral molecules
that encompass the entire set of required atom types to
parametrize the BZS and SBB ligands (Table 2). We included
molecular structures of all fragments with their list of atom
types in the Supporting Information (Table S2).

The electrostatic coefficients (whether PC or MTP) of each
atom type were optimized by fitting simultaneously all ligands
(including various conformations for the long SBB ligands) and
fragments. Rather than fitting LJ parameters of all atom types
simultaneously, the present LJ parametrization scheme relied
on a sequential optimization of compounds, each introducing
up to two new atom types at once. Indeed, the time for a single
optimization iterationbound by the NPT simulation time

Table 2. Fragments Used in the LJ Parametrization of the
BZS and SBB Ligands, as Well as Their Molar Mass,
Experimental Density,64 and Associated Temperature, and
the Atom Type(S) Parametrized

fragment
molar mass
[g/mol]

density
[g/cm3]

Tdensity
[K] atom types

benzene 78.1 0.877 293 Car, Har
fluorobenzene 96.1 1.023 293 Fmon
toluene 92.1 0.862 298 Cmet,

Hmet
trifluorotoluene 146.1 1.188 293 Cfm, Fmet
ethylbenzene 106.2 0.863 298 Cdm
benzamine 93.1 1.022 293 Nam2, H
N-methylaniline 107.2 0.989 293 Nam1
amidosulfonic
acid

97.1 2.15 293 S, O

benzamide 121.1 1.079 403 C
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refrained us from fitting all parameters simultaneously. While
the order in which compounds, and thus atom types, is
parametrized inherently biases the results, the method has the
advantage of reducing the dimensionality of parameter space
and thereby allows for a systematic scan of εi and Ri

min. Most
importantly, we show below that it produces accurate
thermodynamicsexcept for the last fragment parametrized,
which is discussed further down. We point out that Cacelli et al.
recently proposed a method where all coefficients are fitted
simultaneously: a genetic algorithm estimates liquid densities
by interpolation/extrapolation of LJ parameters to limit the
number of NPT simulations.63

■ RESULTS
Force-Field Validation: Hydration Free Energies.

Optimized LJ coefficients, resulting densities, and RMSEs are
shown in Table 3. As a means to validate the PC force field, we

calculated absolute hydration free energies ΔGhyd of the
fragments used in the parametrization and compared them
with experimental values (when available). All simulations were
run at 298 K (25 °C) and 1 atm, following the experimental
conditions. The results, presented in Table 4, show that all
calculated ΔGhyd differ by less than 1 kcal/mol of the
experimental value, except for benzamidethe last fragment
parametrized. We point out that the density of benzamide was
measured at 403 K (see Table 2), roughly 105 K higher than all
other compounds. Considering that an empirical force-field
parametrization is state dependent, it is unlikely that the other
atom types previously parametrized will transfer well to that
environment. It is thus unclear how well we should expect the
force field to perform at such a high temperature. Besides, all
attempts to vary the LJ parameters of the single atom type
optimized from this compound (i.e., the carbon atom of the
carbonyl group, “C”) yielded values of ΔGhyd that were too
hydrophobic. This can be rationalized by noting that the

carbonyl group’s polarity is likely to depend heavily on the
more exposed oxygen atom. Hence, choosing a different
compound measured around room temperature would not have
improved things much. Instead, correcting for this outlier
would have required a simultaneous parametrization of all atom
types. The accuracy of the hydration free energies for the other
compounds (for which experimental data were available) and
the absence of atom type “C” in our alchemical transformations
(below) convinced us that our force field was yet suitable for
the present work.

Evaluation of the MTP Scoring Method. Using the PC
force field, we performed seven alchemical transformations of
the ligands in Figure 1: substitutions between BZS (Figure
1(a)) and any other ligand in the BZS set and substitutions
between SBB (Figure 1(f)) and any other ligand in the SBB set.
We also attempted to calculate the BZS → SBB transformation
but found that our simulation time did not allow for proper
convergence of the free energiesa consequence of the large
chemical group that needs to be grown in this case. The
resulting PC-derived binding free energies ΔΔGbind are
compared to the experimental values ΔΔGbind

exp in Figure 2. All

but one substitution fall within 1 kcal/mol of the experimental
values, and the error bars are small (σ < 1 kcal/mol), except for
SBB → CF3-SBB. The outlier, SBB → F2-SBB, is likely
misestimated due to insufficient sampling of the torsional
motion of the difluoro-phenyl group, where the fluorine atoms
may either point toward the protein pocket or the solvent.

Table 3. List of Optimized LJ Coefficients Derived by Each
Fragmenta

LJ coefficients quality of fit

fragment atom type εi Ri
min/2 density RMSE

benzene Car −0.06 2.14 0.887 0.467
Har −0.16 0.50

fluorobenz. Fmon −0.13 1.70 1.010 0.881
toluene Cmet −0.16 2.00 0.863 0.953

Hmet −0.01 1.50
trifluorotol. Cfm −0.05 2.15 1.186 0.862

Fmet −0.09 1.70
ethylbenz. Cdm −0.21 1.47 0.861 1.468
benzamine Nam2 −0.22 2.05 1.027 1.278

H −0.01 0.50
N-methyl. Nam1 −0.23 1.83 0.975 1.101
amidosulf. S −0.11 2.00 2.209 2.199
acid O −0.16 1.00
benzamide C −0.34 2.45 1.081 1.066

average RMSE    1.142
aThe quality of the fit was included in each case for: calculated density
(experimental values can be found in Table 2) and RMSE of ab initio
energies. The order of compounds parametrized runs from top to
bottom. The second column lists the atom type(s) introduced with
each compound. Units used throughout: energy [kcal/mol], length
[Å], and density [g/cm3].

Table 4. Calculated and Experimental (When Available)
Hydration Free Energiesa

fragment ΔGhyd
calc ΔGhyd

exp

benzene −1.5 ± 0.1 −0.86
fluorobenzene −0.6 ± 0.1 −0.89
toluene −1.3 ± 0.1 −0.89
trifluorotoluene −0.1 ± 0.1 −0.25
ethylbenzene −0.8 ± 0.2 −0.79
benzamine −8.4 ± 0.3 
N-methylaniline −3.4 ± 0.2 −4.69
amidosulfonic acid +0.8 ± 0.1 
benzamide −1.8 ± 0.4 −11.00

aExperimental data from ref 65 and references therein. Units used
throughout are kcal/mol.

Figure 2. Experimental (magenta points), PC-derived (red, solid
lines), and MTP-scored (blue, dashed lines) protein−ligand binding
free energies for various ligand substitutions. Experimental error bars,
which can be found in Table 1, were not included here for the sake of
clarity.
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While X-ray crystallography suggests they mostly point toward
the solvent,27 the simulation samples both conformations. It is
likely that longer simulation times and/or more efficient
sampling techniques (e.g., ref 66) would be necessary to obtain
a more representative population of conformations.
Overall, our PC-derived protein−ligand binding free energies

achieve a level of accuracy of 1.10 kcal/mol on averagein
agreement with other computational studies that use similar
free-energy calculation techniques.67−70 This compares with
expected absolute errors of the experimental measurements of
0.5−1 kcal/mol.28

In light of these results, we evidently do not expect significant
improvements from force-field refinements. Rather, comparing
the PC simulations and the MTP-scored results allows us to
check if and when the present method provides reliable results.
Remarkably, the MTP-scored results provide error bars of
similar magnitude compared to their PC counterpart and a
similar average error: 1.19 kcal/mol (2; blue, dashed lines).
Indeed, the difference in average error between PC and MTP is
negligible considering the systematic errors in the experimental
data. The correlation coefficient between the PC and MTP
electrostatic energies of each FEP calculation (∼6000 data
points) was systematically above 0.99 (data not shown), which
directly stems from our parametrization protocol: by enforcing
the monopoles to remain virtually identical from PC to MTP
representations, the higher multipoles are a perturbation to
PCs, and thus their influence can be controlled better. We
further rationalize these findings by pointing out that hydration
free energiesa simple surrogate for protein−ligand binding
free energiesare notoriously sensitive to modest changes in
VDW radii.62 Overall, this demonstrates several points: (i) the
large correlation between electrostatic energies obviates the
need for a reoptimization of the VDW parameters for the MTP
force field; (ii) the moderate variation of ΔΔG between PC and
MTP despite the virtually perfect correlation illustrates the
exquisite effects of electrostatic parameters on protein−ligand
binding free energies; (iii) a careful, consistent parametrization
between PC and MTP force fields provides enough trans-
ferability to sample with one force field and score energies with
the other.
Application: Solvation of C−H and C−F Groups.

Considering the promising results of the MTP scoring method
obtained for protein−ligand binding free energies, we set out to
study the multipolar electrostatics of C−H and C−F groups
when solvated in water. A 5 ns long NPT simulation was run for
BZS, F-BZS, and 5F-BZSa derivative of BZS with a
pentafluorophenyl instead of the phenyl ringsolvated in
water. We extracted the energy contribution of each multipole
moment Qlκ

(i) on atom i, EQlκ
(i) = EQlκ

(i)
+env − Eenv, where EQlκ

(i)
+env is

the electrostatic energy of the MTP Qlκ of atom i with all the
other atoms, subtracted by Eenv, the electrostatics of the
environment alone (i.e., all atoms but i)this ensures that only
the effects of multipole Qlκ

(i) of atom i remain. From the last
4 ns, we extracted EQlκ

(i) for C−H and C−F in BZS and F-BZS/
5F-BZS, respectively, every picosecondwell beyond the
characteristic autocorrelation time. We recall that our para-
metrization protocol assigns only monopoles to hydrogens.
The Cartesian MTP coefficients are expressed in the atom’s
local axis system,22 as sketched in Figure 3.
Table 5 shows the energy contribution of each MTP

coefficient, where the average and error of the mean were
extracted from bootstrap resampling.42 Displayed coefficients

are statistically significant (i.e., they deviate from zero beyond
the error bar). Dashes correspond to zero contributions due to
local planar symmetries; e.g., the μz coefficient for the aromatic
carbons points out of the plane defined by the associated
ringsince the transformation z → −z would yield the same
geometry, the net energy contribution must be zero. Among
the atoms we focused on, the 4-carbon of BZS showed several
nonzero coefficients: μy illustrates the polarization exerted by
the C−H bond, and the Θyy and Θzz quadrupole moments
result from the C−H bond and the typical charge asymmetry
normal to benzene rings, respectively. We also observe a
weaker, yet statistically significant, Θxx, likely due to the
transverse alignment of alternating ESP signs between the
neighboring H, C, and H across the x axis. Interestingly, these
coefficients vanishwithin our calculations’ accuracyfor F-
BZS, for both the carbon and the fluorine atoms, except for F’s
μz, likely due to the strong electronegativity of fluorine. The
small MTP contribution from fluorine indicates that it is well
represented by a simple PC, in line with our imposed PC-only
hydrogens. As for the carbon of F-BZS, the lack of MTP
contributions can simply be explained by the presence of
fluorine in a phenyl ring: it is the loss of symmetry in the charge
distribution around the carbon that eliminates the contributions
of its dipole/quadrupole moments. This effect can directly be
visualized from the ab initio ESP (Figure 4): a zero-field node
surrounds the fluorine-bound carbon. When substituting all
hydrogens of the phenyl ring to fluorines (i.e., 5F-BZS), we

Figure 3. Local axis systems of the 4-carbon (left) and hydrogen/
fluorine (right) atoms of the BZS and F-BZS ligands. The carbons and
hydrogen/fluorine correspond to axis systems #2 and #6, respectively,
as defined in ref 22.

Table 5. Energy Contributions of Individual MTP Moments
for the 4-Carbon of BZS (the Attached H Embodies No
Nonmonopole Coefficient), 4-Carbon and Attached
Fluorine of F-BZS, and 4-Carbon and Attached Fluorine of
5F-BZS, a Derivative of BZS with a Pentafluorophenyl
Instead of the Phenyl Ringa

BZS F-BZS 5F-BZS

ligand atom Car Car Fmon Car Fmon

MTP energy energy energy energy energy

μx     
μy +0.193  +0.057 
μz   +0.005  −0.025
Θxx +0.024 −0.003
Θyy +0.102 −0.002
Θzz −0.126 +0.005
Θxy

Θxz

Θyz

aOnly results that are statistically significantly different from zero are
displayed (i.e., the others are left blank): the error of the mean for each
data point, calculated from bootstrap resampling, was less than 0.002
kcal/mol. Dashes correspond to zero contributions due to local planar
symmetries. Energies are expressed in kcal/mol.
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recover both dipole and quadrupole moments, though most of
them are much weaker than for BZS. The signs of the energy
contributions can be predicted from a simple analysis of the key
interactions. For instance, in the case of BZS, the carbon holds
a negative local dipole, i.e., μy < 0 (Supporting Information).
The dominating electrostatic interactions will occur with the
solvent (recall that atomistic force fields turn off electrostatic
interactions for bonded neighbors): specifically, the oxygen
atoms of the water pointing toward the carbon-bound
hydrogen. The partial charge of an oxygen being negative, the
resulting energy will have a positive sign, i.e., E = (−|q|)
(−|μy|)μ̂y·r/̂4πε0r2 > 0, where μ̂y·r ̂ provides a positive angular
contribution. Overall, we find that significantly contributing
multipole moments require some symmetry in the local charge
distribution, which is lost in the presence of a single
monofluoro-phenyl substituent.

■ CONCLUSIONS

We demonstrated the applicability of a scoring method to
introduce permanent MTP electrostatics in a PC-generated
trajectory. The relative accuracy of PC-modeled, computed
protein−ligand binding free energies with respect to their
experimental counterparts is ≈1 kcal/mol. Lowering this
number would require improvements in both force fields and
experiments. Remarkably, the scoring method retains a virtually
identical level of accuracy, provided a consistent parametriza-
tion between the two force fields. Achieving this consistency
requires additional penalties to the MTP parametrization

scheme, thus degrading the quality of the fit to the ab initio
ESP. This prescription is key to ensure the sampling of the
same distributions of conformations. Thus, the method will
only be applicable when the PC force field is already a satisfying
approximation, which excludes certain cases such as cation−π
systems, where explicit MTP simulations and polarizable force
fields are likely to be required.72 For more conservative systems,
we showed that the method provides insight into the multipolar
electrostatics of condensed-phase systems. The computational
efficiency of the method allowed us to obtain ample
conformational sampling and thereby extract canonically
averaged observables. While the absolute values of the
individual MTP energies are not very telling (like any force-
field energy), the relative, statistically significant deviation from
0 of some of them provides a ranking of the important MTP
coefficients in describing an atom’s interaction with its local
environment. We thereby found that the important MTP
coefficients of an aromatic carbon in a phenyl ring were very
different depending on the atom attached to it: while the
symmetry of hydrogens or fluorines around a ring gives rise to
both dipole and quadrupole moments, these vanished in the
case of the fluorinated carbon in a 4-fluorophenyl (Table 5). A
more detailed analysis that links these MTP energetics with the
structure of the environment is currently under investigation.
Beyond a structural characterization of the electrostatics at play,
such an analysis discriminates between important and negligible
MTP moments of each atomic site. This information can prove
extremely useful in cutting down the number of coefficients

Figure 4. Representation of positive (yellow) and negative (orange) isosurfaces of the ab initio ESP of fluorobenzene along its (a) side view with
fluorine to the right, (b) side view with fluorine in front, and (c) top view. Note that a zero-field node surrounds the fluorine-bound carbon.
Rendered in GaussView.71
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used in future MTP MD simulations, thus significantly reducing
its computational costs while maintaining a high level of
accuracy.
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