Downloaded via PURDUE UNIV on July 7, 2021 at 17:47:14 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

]‘ I ‘ Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Effective Fragment Potentials for Flexible Molecules: Transferability
of Parameters and Amino Acid Database

Yongbin Kim, Yen Bui, Ruslan N. Tazhigulov, Ksenia B. Bravaya, and Lyudmila V. Slipchenko*

Cite This: J. Chem. Theory Comput. 2020, 16, 7735-7747 I: I Read Online

ACCESS | m Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: An accurate but efficient description of noncovalent interactions is a key to %ﬁ‘gE‘ +E 4,

predictive modeling of biological and materials systems. The effective fragment potential (EFP) is y
an ab initio-based force field that provides a physically meaningful decomposition of noncovalent &)
interactions of a molecular system into Coulomb, polarization, dispersion, and exchange-repulsion k( L v '.._‘E,_’\ 5
components. An EFP simulation protocol consists of two steps, preparing parameters for [ :t&n.m M¥
molecular fragments by a series of ab initio calculations on each individual fragment, and | % [Fragments

calculation of interaction energy and properties of a total molecular system based on the prepared

parameters. As the fragment parameters (distributed multipoles, polarizabilities, localized wave function, efc.) depend on a fragment
geometry, straightforward application of the EFP method requires recomputing parameters of each fragment if its geometry changes,
for example, during thermal fluctuations of a molecular system. Thus, recomputing fragment parameters can easily become both
computational and human bottlenecks and lead to a loss of efficiency of a simulation protocol. An alternative approach, in which
fragment parameters are adjusted to different fragment geometries, referred to as “flexible EFP”, is explored here. The parameter
adjustment is based on translations and rotations of local coordinate frames associated with fragment atoms. The protocol is
validated on extensive benchmark of amino acid dimers extracted from molecular dynamics snapshots of a cryptochrome protein. A
parameter database for standard amino acids is developed to automate flexible EFP simulations in proteins. To demonstrate
applicability of flexible EFP in large-scale protein simulations, binding energies and vertical electron ionization and electron
attachment energies of a lumiflavin chromophore of the cryptochrome protein are computed. The results obtained with flexible EFP
are in a close agreement with the standard EFP procedure but provide a significant reduction in computational cost.

1. INTRODUCTION such as the symmetry adapted perturbation theory
(SAPT).*~**

The EFP method decomposes noncovalent interactions into
Coulomb, polarization, dispersion, and exchange-repulsion

Molecular modeling became an essential tool for investigating
and predicting properties of molecular systems. In biological
and materials applications, where model molecular systems can

contain thousands of atoms, a compromise between computa- terms described using precomputed parameters of isolated
tional cost and accuracy of a chosen computational technique molecular fragments. Because of quantum-mechanically
becomes a key for obtaining reliable answers. Chemistry of derived functional forms and parameters, EFP provides a
large molecular systems is often driven by noncovalent physically meaningful insight into structural patterns and
interactions. Correlated quantum mechanical (QM) and interaction energies of a chemical system. Previous bench-
density functional theory methods were shown to provide marks on $22 and S66 data sets demonstrate that EFP reliably
sufficiently accurate description of noncovalent interactions, describes noncovalent interactions of different types, with the

but modeling with such methods becomes unfeasible long accuracy approaching that of MP2 and exceeding that of

before a model system can be considered realistic. On the classical FFs.*> Additionally, EFP can be combined with QM
other hand, molecular mechanics (MM) force fields (FF) can . . . o
‘ ) o iy models into polarizable QM/EFP schemes, with applications
be routinely applied to systems containing millions of atoms, . o N .
ranging from excitation and ionization properties of solvated

but the accuracy of MM simulations depends on good h h to elect d transf i
parameterization which makes them less reliable for molecules Chromophotes o eectron and energy transier processes in

: ' Wh : . biology, #2325:27:34=41
with unusual binding motifs. To address this challenge, a gy

variety of computational techniques was introduced in recent

years, including QM/MM models such as ONIOM,'~’ Received: July 21, 2020 JCTC ==
advanced FFs,*™’ fragmentation schemes,'*™' and semi- Published: November 25, 2020 )C\?SM

17-22

empirical methods. The effective fragment potential
(EFP)*>**7*% is a first principles-based FF that provides a
physically meaningful description of noncovalent interactions
by a fraction of computational cost of analogous QM methods
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EFP parameters can be computed in an automated fashion
from first-principles calculations for any chemical species. This
makes EFP suitable for modeling a wide range of molecular
systems, which might be challenging with standard FFs that
require cumbersome parameterization of nonstandard mole-
cules. On the other hand, the current EFP formalism assumes
that an EFP fragment is a rigid molecule, such that one either
uses the same parameters of the fragment in all successive
computations (if structural changes of the molecule can be
ignored) or needs to recompute parameters for each unique
molecular geometry. Specifically, the latter scenario becomes
unavoidable in biological simulations where both protein
backbone and amino acid (AA) side chain residues possess
high structural flexibility. However, re-computing parameters
for different fragment geometries requires intensive computa-
tional resources, significantly increasing both computational
and human costs of EFP simulations.

One approach that mitigates a problem of flexible fragments
is updating fragment geometries and recomputing fragment
parameters on-the-fly, as implemented in the effective fragment
molecular orbital (EEMO) method.*”~* In EFMO, which is a
hybrid of the EFP and FMO (fragment molecular orbital)
methods, interactions between neighboring fragments are
computed quantum-mechanically with the FMO formalism,
while the long-range interactions are obtained from the EFP
formalism. The EFMO method has been shown to provide
accurate energetics in water clusters, griffithsin—carbohydrate
complex, and enzymatic catalysis.** " Another possibility,
which has been partly explored in our previous work,” is to
adjust parameters computed at one fragment geometry to
other geometries, without explicitly recomputing them. The
goal of the present work is to refine and generalize this
approach, and provide essential benchmarks. Specifically, we
outline a procedure for adjusting parameters to an arbitrary
fragment geometry by introducing local coordinate systems
associated with fragment atoms and rotating and translating
parameters accordingly. We validate this approach by
considering test systems designed from molecular interactions
occurring in a cryptochrome protein. Based on these
benchmarks, we design a library of AA fragments that can be
used for modeling noncovalent interactions in proteins.

2. THEORETICAL AND COMPUTATIONAL METHODS

2.1. EFP Method. The EFP method is a quantum-
mechanical (QM) based model potential for describing
intermolecular interactions in condensed phase systems. The
basic premise of the EFP method is to represent a molecular
system as a collection of rigid fragments. Noncovalent
interactions between these fragments determine structure
and binding patterns of the system.

The EFP energy (Egpp_gpp) of a molecular system consists of
four dominant terms: electrostatic or Coulomb (E...),
polarization (Epol), dispersion (Edisp), and exchange-repulsion
(Eex,rep) energies. The charge-transfer term, which accounts for
the resonance energy stabilization due to transfer of a charge
between a pair of fragments, is omitted in this study.

Egpp_gpp = Eeee + Epol + Egip + E (1)

In the presence of an ab initio subsystem, the interactions of
the EFP fragments with the QM region are described by the
polarization embedding approach; namely, fragments interact
with the ab initio Hamiltonian through one-electron Coulomb
and polarization terms

pol ex-rep
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A A coul A pol
Haom-gre = (pIV " + vF |‘1>PT‘1 (2)

where p and g are the atomic orbitals of the ab initio region.
Vel and VP! represent electrostatic and polarization
perturbations to the quantum Hamiltonian, respectively.

The electrostatic term E_.. is computed-based on a
multipole expansion obtained from the distributed multipole
analysis by Stone et al.”' The multipoles are centered at atoms
and bond midpoints. The electrostatic interaction energy
between EFP fragments E,. consists of charge—charge,
charge—dipole, charge—quadrupole, charge—octopole, di-
pole—dipole, dipole—quadrupole, and quadrupole—quadrupole
terms. The electrostatic contribution to the ab initio
Hamiltonian due to a multipole expansion point k of a
fragment can be written as

x,9,2
VElx) = q,T(n) = D " T ()

a
XY,z

1 1
+ = Z @kabTub(ka) _ =
30 S

x,Y,Z

Z QkabcTabc(rkx)

a,b,c
3)

where ¢, i, ©, and Q are the charge, dipole, quadrupole, and
octopole moments at the multipole point k. T, T¢ T, and T
are the electrostatic tensors of ranks zero to three, and r, is the
distance between the expansion point k and the coordinate of
an electron x in the QM region. To account for the charge-
penetration arising from the overlap of electron clouds
between closely-spaced moieties, a Gaussian-type damping
function is used for the first (charge) term in eq 3.%*°

The polarization energy E,,, is computed as an interaction of
induced dipoles of a fragment with an electrostatic field
produced by the other fragments and the ab initio region.
Hence, polarization energy is calculated in a self-consistent
manner because the induced dipole on one fragment is
determined by the static multipoles as well as induced dipoles
on the other fragments. In EFP, static anisotropic polarizability
tensors a* (2nd order tensors) of a fragment are assigned to
the localized molecular orbital (LMO) centroids, where the
induced dipoles are computed. Polarization energy (in the
presence of the QM subsystem) is computed as

1 & mul nuc — ai
Epy = 52 Z [_Mak@a bk | E ,k) +%kP;l ,k] “
a k 4

where ¥ and 7 are the induced and conjugated induced
dipoles on LMO centroid k. F™" js the electric field due to
multipole moments on point k; F™* and F* are electric fields
due to nuclei and electrons of the QM subsystem, respectively.
Induced dipoles at polarizability points k are given by

ﬂ(f — Z:,y,z afb(FmUIt’k + Fénd,k + anuc,k + F;i,k) (5)

where F"* is the field due to induced dipoles of other
fragments. Polarization perturbation to the ab initio Hamil-
tonian due to effective fragments is given as

X,9,2

Z (ﬁgk + ﬁuk)fl(rkx)

1
VEOI(JC) - =
2 (6)

Dispersion energy, Eg, between EFP fragments accounts
for the interaction between instantaneous dipoles and is
formulated using dynamic polarizability tensors. Dispersion
contribution is shown to be dominant in nonpolar molecules

https://dx.doi.org/10.1021/acs.jctc.0c00758
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and aromatic compounds. Similar to static polarizabilities, the
dynamic polarizability tensors are computed and distributed on
the LMO centroids of each fragment. Adamovic and Gordon
adapted the formulation of C4 dispersion coefficients by Amos
et al. for EFP in 2005, in which the C4 coeflicients between a
pair of distributed points k and j on different fragments are
computed as integrals over imaginary frequencies i@ of a
product of average distributed time-dependent polarizability
tensors a(iw)>>>

Ko_ ko N~
Cs »/0 dowa"(iw)a’(iw) )

The integral in the equation is computed using a quadrature,
and dynamic polarizability tensors on each fragment are
precomputed for a set of 12 imaginary frequencies using the
time-dependent HF method. Using C4 coeflicients, the
dispersion energy between EFP fragments can be expressed as

fam ¢ v
Edisp = _gz Z u

6
keA jeB Rkj

(8)

where f4,,, corresponds to a damping function that accounts
for interactions between fragments at close separation. The
expression for dispersion energy between the QM and EFP
region has been also derived and implemented.”*>> The QM—
EFP dispersion energy depends on the dynamic polarizability
tensors at EFP fragments and electric field integrals and orbital
energies of the QM region. While we do not consider the
QM-—EFP dispersion term in the present work, the proposed
approach for obtaining EFP parameters at varying fragment
geometries is applicable without any modifications to the
QM—EFP dispersion term as well. Implementation of many-
body dispersion that is shown to be important in molecular
crystals, nonpolar complexes, as well as in biological systems, is
an interesting future direction of the EFP development.*®™>’

The exchange-repulsion energy E.., for each pair of
fragments is calculated using fragments’ localized wave
functions, as a sum of exchange-repulsion interactions Eex_rep'j
between LMOs of each fragment®>®'

— ij
Eex—rep - Z z Eex—rep

i€A jeB

2
B o g | 2SS
ex-rep = R.

Y

)

A
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Rkj Ri/‘ (10)

B
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where i, j, k, | are the LMOs, L, J are the nuclei, S and T; are
the overlap and kinetic energy integrals between ith and jth
LMOs belonging to different fragments A and B, and F is the
Fock matrix elements of each fragment. The exchange-
repulsion term is the most computationally expensive term in
the EFP model, as it explicitly evaluates the overlap and kinetic
energy integrals between the molecular orbital basis functions
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of fragments. Two distinct imzplementations of the QM—EFP
exchange-repulsion term exist.”**°* In the model from ref 63,
the QM—EFP exchange-repulsion term is computed using
overlap of ab initio wave function with repulsive Gaussian-like
potentials positioned at the LMO centroids of each fragment.
The parameters describing these interactions are scalar values
(widths and heights of Gaussian functions). While the QM—
EFP exchange-repulsion term is not considered in the present
work (all presented QM/EFP calculations utilize a polarizable
embedding model, with only electrostatic and polarization EFP
contributions to the QM Hamiltonian, see eq 2), the
developed mechanism for adjusting parameters to different
fragment geometries can be easily extended to this term as
well.

2.2. Flexible EFP Scheme. The EFP parameters consist of
the following components: (i) atomic and bond midpoint
coordinates, (ii) electrostatic multipoles (charges, dipoles,
quadrupoles, and octopoles) and the electrostatic damping
coefficients at atoms and bond midpoints, (iii) coordinates of
the localized molecular orbital (LMO) centroids, (iv) static
and dynamic polarizability tensors at the centroids of LMOs,
(v) localized wave function described via atomic basis and
molecular orbital coefficients, and the Fock matrix in the basis
of localized molecular orbitals. The location of these
parameters for the water molecule is shown in Figure 1.
Multipoles, static and dynamic polarizability tensors, and
localized molecular orbital wave functions are described as
tensors of ranks zero to three.

(a)

Iy (af,af) ls

e @ (g Y

Figure 1. Distributed EFP parameters are shown on the example of a
water molecule. (a) Multipole moments [charges (g), dipoles (u),
quadrupoles (), and octopoles (Q)] are distributed at atomic centers
and bond midpoints p shown with green spheres. (b) Static @ and
dynamic a® polarizability tensors are placed at localized molecular
orbital centroids (shown with blue spheres).

In this work, we explore whether it is feasible to “transfer”
parameters computed at one fragment geometry to another
geometry by translating and rotating the corresponding tensors
according to the changes in fragment geometry.

We refer to a “flexible fragment” as a molecule that changes
its internal geometry but not a chemical connectivity during a
considered chemical process. In order to adjust precomputed
potentials to a new geometry, we introduce local translational
and rotational frames based on each triplet of neighboring
atoms within a molecule. Here, we define the triplet of atoms
as a group of any three atoms forming a valence angle, or, in
other words, the three atoms out of which one is covalently
bound to two others. Each triplet of atoms determines a
coordinate plane. A rotation/translation matrix is computed
for each pair of corresponding atom triplets in geometries A
(original structure) and B (new structure). Then, a two-step
rotation (R1 = R*R** = Z;‘:lrﬁjr;’;* and R2 = R¥R*** =
Zzzlrirﬁ;**, where R*, R** and R*** are the rotation
matrices, i = 1,..,m, j = 1,..,m, and n = 3, m = 3) brings all
parameters positioned at the three atoms of structure A to the

https://dx.doi.org/10.1021/acs.jctc.0c00758
J. Chem. Theory Comput. 2020, 16, 7735-7747
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Figure 2. Translation of EFP parameters according to changes in fragment’s geometry. Fragment A is a precomputed EFP fragment and B
represents a fragment at a different geometry to which the parameters should be adjusted. (Upper panel) Rotation R* of a local plane defined by
the triplet of atoms C6—01—C7 between structures A and B. (Lower panel) Rotations R** and R*** bring positions and corresponding
parameters of atoms C6 and C7 of fragment with structure A to the positions of atoms in structure B.

corresponding parameters in structure B, as shown in Figure 2.
This three-atom local transformation procedure is repeated
until parameters at all atoms of a fragment are shifted to a new
geometry on an atom by atom basis. Atoms and corresponding
potentials might undergo more than one translation/rotation.
For example, in Figure 2, atom O1 undergoes two rotations,
R1 = R*R** and R2 = R*¥R***, In this case, the resulting
positions and corresponding parameters are averaged to
produce the final potential. All parameters are averaged
component by component, for example, the average position
and the average dipole moment on an atom are found as the
averages of x, y, and z coordinates or dipole moment
components produced by different rotations. Parameters at
bond mid-points are shifted proportionally to changes in the
corresponding bond length and rotated using the same rotation
matrix as the atoms forming the bond. To adjust parameters
positioned at LMO centroids, the following procedure is used.
The LMOs are assigned to atom triplets based on the closest
distance either to one of the bond mid-points of the triplet
(this is typically the case for LMOs describing valence bonds)
or to one of the atoms, in the case of lone-pair LMOs. Then,
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the LMOs are rotated and translated together with the atoms
or bond mid-points of the corresponding atom triplet.

2.3. Construction of EFP Parameter Database EFPDB.
Twenty-five protein conformations were chosen from molec-
ular dynamics (MD) trajectories of cryptochrome 1 from
Arabidopsis thaliana (CrylAt, PDB: 1U3D®*). A simulation
protocol is described in detail in ref 65. Following the original
implementation of the BioEFP fragmentation algorithm,” each
of 25 protein configurations was fragmented into individual AA
fragments along Ca—C bonds, resulting in 12125 BioEFP AA
fragments.

However, we noticed in a preliminary work (data not
shown) that the additional fragmentation of AAs into the
backbone and residue groups improves the accuracy of the
flexible EFP. Thus, in addition to the original BioEFP
fragmentation, each AA fragment was further split along the
Ca—Cp bond into a backbone group (N—Ca—C=0) and a
side-chain group. In this fragmentation, shown in Figure 3, a
glycine is represented by a backbone fragment. The only
exception from the above scheme is proline that is described as

https://dx.doi.org/10.1021/acs.jctc.0c00758
J. Chem. Theory Comput. 2020, 16, 7735-7747
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Figure 4. Unique structures of standard AA fragments. Peptide
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Figure 3. Fragmentation of a polypeptide chain into EFP fragments.

a single fragment. Additionally, disulfide bridges are
fragmented along the S—S bond.

To recombine the backbone and side-chain fragments in a
complete AA moiety, parameters at a bond midpoint and LMO
centroid between Ca and Cf were excluded to ensure the
stability of polarization self-consistent procedure (see Figure
S1). So, compared to the original BioEFP scheme, the flexible
EFP scheme has one less parameter point for each AA and is
expected to show consistently smaller magnitudes of all energy
terms than the original BioEFP. However, as demonstrated in
dimer benchmarks below, the resulting discrepancies between
two EFP schemes are minor in practice. In principle,
parameters at the boundary points between fragments can be
included if neighboring fragments do not polarize (or do not
fully polarize) each other. Such models will be considered in
our future work.

The 12125 AA backbone (glycine) and 12125 side-chain
fragments obtained after fragmentation of 25 protein structures
were protonated to cap cleavage sites and subjected to
geometry optimizations at the HF/6-31G(d) level of theory
using the GAMESS electronic structure package.’® In total, 281
unique geometries corresponding to distinct local minima were
isolated (see Figure 4). These (local-minima) structures
constitute the AA EFP database.

EFP parameters for all unique AA structures (i.e., 281 total
fragments) were computed with a hybrid 6-31G(d)/6-31( ,
+)G(3df2p) (for aryl residues) and 6-31G(d)/6-311++G-
(3df2p) (for other residues) basis using MAKEFP module of
GAMESS. It was previously noted that the accuracy of EFP
interaction energies improves significantly with the use of a
hybrid basis set scheme for the parameter preparation
step.” 7% Our earlier studies indicate that electrostatic
multipoles are more accurate (and nondivergent) when
computed with a small basis set (6-31G(d)), while the rest
of the EFP terms (polarization, dispersion, and exchange-
repulsion) are more accurate when the parameters are
computed in a larger basis set (6-311++G(3df2p)).””
Electrostatic exponential screening functions, Gaussian polar-
ization screenings, and overlap-based dispersion screenings are
employed to improve the description of corresponding EFP—
EFP terms at short intermolecular separations and to avoid
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charged) isomers of a histidine residue. EFP fragments are
characterized as aryl (TRP, HID, HIE, PHE, and TYR), polar
(THR, ASN, GLN, and SER), aliphatic (ILE, LEU, VAL, and ALA),
cationic (ARG, LYS, and HIP), and anionic (ASP and GLU) residues.

polarization catastrophe.”” Gaussian screenings are utilized for
short-range QM—EFP electrostatic interactions.”*

As expected, AA residues possess high flexibility, with lysine
producing the largest number of local minima (54) (Figure 4).
A selection of a particular fragment from the database is based
on the root mean square deviation (rmsd) between geometries
of the target molecule and available database fragments. All
fragment atoms including hydrogens were used in computing
rmsd. Our preliminary investigations suggest that the accuracy
of flexible EFP noncovalent interaction energies correlates with
rmsd between initial and target structures (the dependence of
absolute errors of the flexible EFP scheme on rmsd, shown on
the example of interactions in lysine-benzoic acid dimer, is
presented in Figure S2). Therefore, fragments with the smallest
rmsd to the target structure are selected and subjected to
rotation and shifting to match the target geometry. Figure S
shows a spread in geometrical differences between fragments
from the MD trajectory and the closest (in the rmsd sense)
database fragments for each AA residue. Only for two residues,
GLU and GLN, geometries of original fragments might deviate
from geometries of database fragments by more than 0.5 A. For
other residues, typical rmsd differences are between 0.1 and 0.3
A

2.4. Dimer Calculations. To test the quality of the flexible
EFP scheme, we considered a set of dimers, in which each
monomer is composed of a peptide group (backbone) and an
AA residue (side-chain), extracted from 25 CrylAt protein
snapshots based on the distances between the centers of
masses (COMs) of the AA residues. A threshold of 5 A
between the AA COMs resulted in 240 aryl—aryl, 533 aryl—
aliphatic, 105 aryl—cationic, 49 aryl—anionic, 108 anionic—
anionic, 305 anionic—cationic, and 388 polar—polar types of
AA pairs (total 1728 pairs). Examples of considered dimers are
shown in Figure 6. While the considered set does not include
all possible interactions, we found it to be sufficiently large and
diverse to be representative of protein noncovalent inter-
actions.

The total interaction energies and individual energy
components of these dimers are computed with flexible EFP,
standard BioEFP, and the SAPT.

https://dx.doi.org/10.1021/acs.jctc.0c00758
J. Chem. Theory Comput. 2020, 16, 7735-7747
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Figure 6. Representative structures of AA dimers.

2.4.1. SAPT Calculations. Sherrill and co-workers suggested
the gold, silver, and bronze standards of SAPT methods based
on the accuracy and computational cost of intermolecular
interaction energy computations in several databases (S22,
HBC6, NBC10, and HSG).”® Taking into consideration a low
computational cost and similarity of the description of
noncovalent interactions to EFP [ie, no correlation (Har-
tree—Fock level) in describing fragments, second-order
perturbation theory in describing interfragment interactions],
we utilized sSAPTO/jun-cc-pVDZ (bronze standard) as a
reference method.”” SAPT interaction energies were computed
with the PSI4 quantum chemistry package.”"

2.4.2. Standard BioEFP. For performing standard EFP
calculations, individual EFP parameters were generated for all
monomers in the dimer complexes, totaling in 1728 X 2 =
3456 fragment parameters. Each monomer was represented by
a single fragment containing a peptide backbone and AA

residue groups. In other words, EFP parameters were explicitly
computed for each fragment geometry following the original
BioEFP procedure as reported in ref 25. Parameters were
prepared in the hybrid basis sets: 6-31G(d)/6-31G( ,
+)G(3df2p) for aryl compounds and 6-31G(d)/6-311+
+G(3df2p) for the other monomers.

2.4.3. Flexible EFP. For flexible EFP calculations, the
parameters of each monomer were obtained from the EFP
parameter database discussed above. Each monomer (except
glycine and proline) is constructed from the peptide backbone
and side-chain fragments found in the database, using the
smallest rmsd between the geometries of the target molecule
and available database fragments as a selection criterion.
Parameters of the selected database fragments are subjected to
rotation and shifting to match the target geometry.

A comparison of workflows of standard BioEFP and flexible
EFP calculations is presented in Figure 7.

All EFP interaction energies were computed with the
EFPMD module of LibEFP software library.”>”

2.5. Pairwise EFP. Decomposition of the EFP energy of a
many-fragment system into pairwise fragment—fragment
interactions has been implemented in LibEFP software
library.”>”* Electrostatics, dispersion, and exchange-repulsion
interactions are two-body, so the corresponding system
energies are sums of all pairwise fragment—fragment
interactions. Many-body polarization energy was decomposed
into fragment—fragment interactions in the following way: (i)

Standard EFP

GAMESS
‘ MAKEFP ab initio computation
fragment \ y, EFP
geometry s/ EFPDB A ‘ parameters
Minim me‘e‘
um (3!
RS EFP w’
fragment | 720V
N\ J
Flexible EFP

Figure 7. Workflow of standard (bio)EFP and flexible EFP calculations.
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Figure 8. Total interaction energies in dimers containing aryl residues computed with standard EFP (red circles) and flexible EFP (blue circles)

against sSSAPTO/jun-cc-pVDZ.

induced dipoles are self-consistently converged for the whole
system; (ii) using converged dipoles, pairwise polarization
energies between fragments i and j are computed as

1 XY,z j
_zzu [zppei #PP’“FPp’a +
(11)

where g, is the induced dipole moment at the polarizability
point pp, F,;/ is the electric field at point pp due to all nuclei
and static multipoles of fragment j. In this formulation, the
total polarization energy is a sum of all pairwise energies, but
each dimer energy implicitly incorporates many-body effects
through the induced dipoles self-consistently converged for the
whole system. Thus, the pairwise scheme can conveniently
decompose the total noncovalent interaction energy into
contributions of individual fragment pairs, or extract
interactions of a particular fragment with the other fragments
in the system, with potential applications in analysis of ligand-
binding interactions.

2.6. EFP and QM/EFP Calculations of Cryptochrome
Cry1At Protein. To demonstrate applicability of EFP to large-
scale simulations, we performed a series of calculations on
properties of cryptochrome CrylAt protein. First, using the
pairwise energy decomposition, we computed the interaction
energies of lumiflavin (a chromophore responsible for redox
activity of CrylAt protein) with 483 AAs of the protein,
excluding the interactions with terminal AAs, solvent
molecules (water, Na* and Mg*"), and cofactors (FAD and
ATP). In the pairwise energy calculations, lumiflavin is
represented as an EFP fragment, with the parameters prepared
with hybrid 6-31G(d)/6-311++G(3df,2p) basis using the
standard EFP protocol. Parameters for AAs were prepared as
described in Section 2.4. Standard EFP and flexible EFP

E = > F
j PPEj 'MPP;ﬂ pp,a
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calculations were performed at 25 MD snapshots of the
protein.

Then, ensemble-averaged values of vertical electron affinities
(VEA) and vertical ionization energies (VIE) were computed
based on the same 25 MD snapshots that were utilized for
EFP-only benchmarks. For the exact comparison of (VEA) and
(VIE) with the values from ref 65, the 6-31G(d) basis set was
employed to compute both electrostatic and polarization
parameters of all EFPDB fragments. Additionally, the octo-
poles of the electrostatic parameters were truncated. The
fragment—fragment electrostatic interactions were damped
using exponential screening functions, while the QM-
fragment electrostatic interactions were damped with Gaus-
sian-type screening.25 Gaussian-type polarization damping was
employed with POLAB values of 0.3 for AAs and 0.1 for ions
to avoid overpolarization of neighboring AAs.”” Water
molecules were described with EFP potentials prepared with
hybrid 6-31+G(d)/6-311G++(3df,2p) basis sets. To speed-up
QM/EFP calculations, the multipole parameters of water
fragment were truncated at the quadrupole moments and
distributed to atom centers only, while polarizability was
represented with a single polarizability tensor located at the
water center of mass as described in ref 65. Following the
flexible EFP protocol, the EFP parameters of the protein AAs
at 25 MD structures were adjusted based on the fragments
from the EFPDB. Terminal AAs were prepared with the
standard EFP protocol. EFP parameters of solvent (water, Na*,
and Mg**) and cofactors (FAD and ATP) were taken from the
ref 65.

The ensemble-averaged vertical electron affinity (VEA) is
computed in the ensemble of the oxidized form of lumiflavin;
the ensemble-averaged vertical ionization energy (VIE) is
computed in the ensemble of the reduced form as

https://dx.doi.org/10.1021/acs.jctc.0c00758
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Figure 9. Total interaction energies in anionic—anionic, anionic—cationic, and polar—polar dimers computed with standard EFP (red circles) and

flexible EFP (blue circles) against sSSAPTO/jun-cc-pVDZ.

(VEA) = (E(ox) — E(red))o,

(VIE) = (E(ox) — E(red))yg

where E(ox) and E(red) are the total QM/EFP energies for
oxidized and semireduced states of lumiflavin. @B97X-D/6-
31G(d) was used for describing the QM region.

3. RESULTS AND DISCUSSION

3.1. Interaction Energies in AA Dimers. Figures 8 and 9
provide a comparison of total interaction energies of original
(standard) and flexible EFP with sSAPTO/jun-cc-pVDZ
(referred to as “SAPT” in the following discussion) for aryl—
aryl, aryl—aliphatic, aryl—cationic, aryl—anionic, anionic—
anionic, anionic—cationic, and polar—polar dimers. Mean
absolute errors (MAE), maximum errors (MAX), and
minimum errors (MIN) of both EFP schemes against SAPT
are also reported in Figures 8 and 9. Plots showing energy
decomposition of these dimers are provided in the Supporting
Information (Figures S3—S9). The presented graphs demon-
strate that the total interaction energies computed with the
flexible and standard EFP methods exhibit similar values and
trends (eg, complexes with larger errors in standard EFP
typically have similarly larger errors in flexible EFP). It is
noteworthy that the two EFP schemes also exhibit similar
values of energy components, meaning that shifting and
rotating of the corresponding parameters does not introduce
significant errors.

As follows from Figures 8 and 9, both standard and flexible
EFP overestimate attractive interactions in aryl-containing
complexes, while interactions in other analyzed complexes
(polar—polar, cationic—anionic, and anionic—anionic) are
overly repulsive. The reason can be deduced from analysis of
the corresponding energy components. As seen in Figures S3—
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S9, the polarization component is underestimated by
magnitude (ie., not sufficiently attractive) in most complexes
because of missing a charge-transfer term and inaccuracies in
the charge-penetration term, resulting in a systematic under-
estimation of the EFP binding energies. On the other hand, as
follows from Figures S3—S6, both standard EFP and flexible
EFP significantly underestimate the exchange-repulsion
component in complexes containing aryl residues, while
exchange-repulsion is accurately represented in other com-
plexes (Figures S7—S9). This is due to the fact that the
parameters for the exchange-repulsion term for aryls were
prepared using 6-31( ,+)G(3df2p) basis while 6-311++G-
(3df,2p) basis was employed for the other compounds. As
Figure S10 shows, employing 6-311++G(3df,2p) basis for the
exchange-repulsion term in aryl compounds results in accurate
exchange-repulsion energies. However, we noticed that
rotation of diffuse s and p functions that compose exchange
repulsion parameters resulted in large nonsystematic errors in
the exchange-repulsion term of flexible EFP. Thus, we opted
for using a smaller basis for aryl compounds when creating the
parameter database, by a price of systematically under-
estimating exchange-repulsion energies (and somewhat over-
estimating total binding energies) in aryl-containing com-
plexes. As a side note, the exchange-repulsion term is not
included in a typical QM/EFP polarizable embedding model,
such that inaccuracies in this component would not affect the
performance of the flexible EFP scheme combined with the
QM region, as discussed below.

3.2. Binding Energy of Lumiflavin. A power of EFP for
applications in biological chemistry is its ability to compute
pairwise interactions in a fully polarized system. In such a way,
for example, binding energies of a ligand in a protein pocket
can be efficiently evaluated. To demonstrate this functionality
of EFP and validate flexible EFP for large-scale applications, we

https://dx.doi.org/10.1021/acs.jctc.0c00758
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Figure 10. Comparison of the total interaction energies and energy components of the lumiflavin chromophore with the protein AAs, computed at
25 MD structural snapshots by the standard EFP and flexible EFP schemes.

computed the interaction energy of lumiflavin (a chromophore
responsible for the redox activity of CrylAt protein) with 483
AAs of the protein, excluding interactions with terminal AAs,
solvent molecules, and co-factors. Standard EFP and flexible
EFP calculations are performed at 25 MD snapshots of the
protein.

Comparisons of the standard EFP and flexible EFP total
interaction energies and energy components between
lumiflavin and surrounding AAs are presented in Figure 10.
Energies at different geometrical snapshots are shown as
separate points. As in the case of dimer systems, the
electrostatic, polarization, and exchange-repulsion energies
computed with the flexible EFP scheme are in excellent
agreement with those obtained using the standard BioEFP
method. However, the dispersion energies in the flexible EFP
are significantly less attractive than those energies in the
standard EFP. As a result, the MAE of the total interaction
energies of flexible EFP against standard EFP is about 8.0 kcal/
mol because of the poor agreement in the dispersion energies.
However, it does not necessarily mean that the accuracy of
flexible EFP is worse than that of standard BioEFP. For a
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better estimate of lumiflavin—protein binding energies, addi-
tional SAPT computations were carried out (see Figure S11).
In these SAPT calculations, the lumiflavin—protein interaction
energy was computed as a sum of interactions of all
lumiflavin—AA dimers, where AAs were capped with H
atoms at C and Ca sites (ie, fragmentation was done
analogously to the BioEFP scheme). While such SAPT
calculations cannot fully reproduce the polarization component
of the total interaction energy, electrostatic, dispersion, and
exchange-repulsion terms do not incorporate strong many-
body effects and should be well-reproduced by this additive
scheme.”* Interestingly, as shown in Figure S11, flexible EFP
compares better to SAPT than standard EFP does,
demonstrating almost perfect agreement in dispersion energies.
The main difference in dispersion energies between the two
EFP schemes is that there is no dynamic polarizability point on
a border between the peptide group and AA residue fragments
(i.e., dynamic polarizability of the localized Ca—Cf bond) in
flexible EFP, while such points are present in fragments in the
standard EFP scheme. These boundary points containing static
and dynamic polarizabilities are removed between all

https://dx.doi.org/10.1021/acs.jctc.0c00758
J. Chem. Theory Comput. 2020, 16, 7735-7747
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Table 1. VEA and VIE of Lumiflavin in CrylAt Cryptochrome Protein, Computed with Standard and Flexible EFP Schemes”

EFP scheme

ensemble-averaged values + standard deviations
average error
max error

min error

VEA, eV VIE, eV
standard EFP flexible EFP standard EFP flexible EFP
2.407 + 0.262 2.378 + 0.261 4.926 + 0.214 4.882 + 0.215
0.029 + 0.038 0.044 + 0.037
0.130 0.112
0.002 0.000

“Ensemble-averaged values with standard deviations, as well as discrepancies between standard and flexible EFP schemes are provided.

covalently linked fragments to ensure stability of polarization
self-consistent procedure. Indeed, both the standard and
flexible EFP schemes miss such points between each pair of
C and Ca atoms in a peptide chain. While the dynamic
polarizability points at the boundary between fragments could
be kept in one of the participating fragments (as the dispersion
interactions do not have convergence issues), we leave
exploring this possibility to future work.

Returning to the analysis of Figures 10 and S11, it is clear
that the standard and flexible EFP schemes perform
consistently between different geometrical snapshots, both
for the energy components and for the total interaction
energies. Additionally, with the exception of systematic and
well-understood discrepancies in the dispersion component,
the discrepancies between standard and flexible EFP are
smaller than the errors of EFP against SAPT, justifying
utilization of the flexible EFP model in large-scale biological
applications.

3.3. Application of Flexible EFP in QM/EFP Modeling.
At last, we examine the applicability of the flexible EFP scheme
in a framework of the polarizable embedding QM/EFP model.
Here we examine two electronic properties, ensemble-averaged
vertical electron affinity (VEA) and ensemble-averaged vertical
ionization energy (VIE), which have been recently reported for
lumiflavin in CrylAt protein.”® In these calculations lumiflavin
is treated quantum-mechanically, while the interactions
between lumiflavin and protein are described with EFP
electrostatic and polarization terms (eq 2). The overall setup
of the system is identical to the one reported in ref 65 and is
pictorially represented in Figure S12. We note that the goal of
this benchmark is not to obtain the best description of
lumiflavin within the protein but rather to demonstrate a close
agreement between the standard and flexible EFP schemes.

As seen in Table 1, the average discrepancies between the
standard and flexible EFP schemes are ~0.029 eV (0.67 kcal/
mol) and ~0.042 eV (0.97 kcal/mol) for (VEA) and (VIE),
respectively, which is almost an order of magnitude smaller
than the uncertainties (standard deviations) in these values.
Specific data on each MD snapshot, as well as a brief
description of the computational protocol for computing
ensemble-averaged VIE and VEA are provided in the
Supporting Information (Table S1). Overall, this example
demonstrates that the flexible EFP scheme is reliable in
biological simulations and can be safely used for modeling
electronic properties of biochromophores.

It should be emphasized that the flexible EFP scheme
provides significant computational savings compared to
standard EFP as the necessity to recompute parameters for
hundreds of fragments at different geometries is avoided. For
example, in the case of cryptochrome protein, using the flexible
EFP protocol and the EFPDB database allowed to avoid
generation of 485 EFP parameters for each snapshot which
saved ~20 and ~200 CPU hours, for parameter calculations in

7744

6-31G* and 6-311++G(3df,2p) bases, respectively. For
comparison, a single EFP calculation of the binding energies
in cryptochrome takes ~0.2 CPU hour, while a typical QM/
EFP calculation of VIE and VEA costs between 8 and 12 CPU
hours on a 2.60 GHz processor. Thus, the flexible EFP scheme
eliminates the most time-consuming step in both EFP and
QM/EFP procedures. Additional critical benefit of using
flexible EFP and EFPDB is a significant simplification of setup
of EFP simulations and avoiding human errors in preparing,
storing, and book-keeping parameters of multiple fragments.
We expect the EFPDB parameter database is sufficiently
diverse in covering an AA configurational space such that it can
be used without or only with minor adjustments in modeling
other proteins. We recommend although that rmsds between
database fragments and AAs of a system of interest are used as
a metric whether the database parameters are safe to use or
new parameter sets have to be computed for ensuring the
accuracy of calculations. The recommended rmsd cutoff for
“safe” parameter rotations is 0.7 A.

The scripts to perform flexible EFP calculations and the
EFPDB database are stored on GitHub within the open source
distribution of the LibEFP library at https://github.com/
libefp2/libefp.

The flexible EFP protocol can be extended and generalized
for other types of molecules and macromolecules. In our own
work, we already applied the protocol to bacteriochlorophyll a
and hexafluoro-o-xylene.*®’® Extensions to other biological
polymers such as lipids and DNA should be easily achievable.
Other promising applications of the flexible EFP model are to
synthetic organic polymers for which standard FF parameters
might be less accurate, and to formulations of potential drug
molecules.

4. CONCLUSIONS

In this paper, the concept and implementation of the flexible
EFP model are reported. The flexible EFP formalism is based
on connecting geometries of two chemically identical but
structurally different fragments by a series of local coordinate
rotations and translations. The distributed parameters
associated with atoms, bond midpoints, and LMO centroids
of one fragment are subjected to the corresponding
reorientations, producing a new set of parameters that are
suitable for describing the fragment in a new geometry. To
utilize this approach in studies of proteins, we developed the
EFPDB parameter database that contains EFP parameters of
standard AAs. We validated the flexible EFP scheme by
considering interaction energies in the AA dimers and showed
that flexible EFP is at least as accurate as standard EFP with
respect to sSAPTO/jun-cc-pVDZ. Applications of the flexible
EFP scheme to binding energies and vertical electron
attachment and ionization energies in the cryptochrome
protein demonstrate substantial benefits of utilizing flexible

https://dx.doi.org/10.1021/acs.jctc.0c00758
J. Chem. Theory Comput. 2020, 16, 7735-7747


http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00758/suppl_file/ct0c00758_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00758/suppl_file/ct0c00758_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00758/suppl_file/ct0c00758_si_001.pdf
https://github.com/libefp2/libefp
https://github.com/libefp2/libefp
pubs.acs.org/JCTC?ref=pdf
https://dx.doi.org/10.1021/acs.jctc.0c00758?ref=pdf

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

EFP in realistic simulations of biological systems. Although the
computational cost of obtaining EFP parameters becomes
negligible in the flexible EFP scheme, the predicted ensemble-
averaged (VEA) and (VIE) deviate from those obtained with
the standard EFP by only 0.029 and 0.042 eV, respectively.
Hence, the flexible EFP approach represents a computationally
efficient way of conducting large-scale EFP simulations without
compromising accuracy.

Although the flexible EFP allows transferring the EFP
parameters between different fragment geometries, the utilized
model in which the distributed parameters are merely shifted
and rotated but not otherwise adjusted to reflect changes in the
electronic structure of a fragment at a new geometry might
break in the case of significant geometrical rearrangements of
the fragment. To address these concerns, the flexible EFP
scheme might be further refined by accounting for changes in
parameter magnitudes upon structural rearrangements of the
fragment, for example, by expanding the parameter elements in
a Taylor series around the equilibrium position. Future
research will also explore enabling EFP-based dynamics
simulations of proteins and other macromolecules by
representing fragment internal degrees of freedom by
quantum-mechanical, classical, or machine learned potentials.
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