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An improved fragment-based quantum mechanical method for calculation
of electrostatic solvation energy of proteins
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An efficient approach that combines the electrostatically embedded generalized molecular
fractionation with conjugate caps (EE-GMFCC) method with conductor-like polarizable contin-
uum model (CPCM), termed EE-GMFCC-CPCM, is developed for ab initio calculation of the
electrostatic solvation energy of proteins. Compared with the previous MFCC-CPCM study [Y.
Mei, C. G. Ji, and J. Z. H. Zhang, J. Chem. Phys. 125, 094906 (2006)], quantum mechanical (QM)
calculation is applied to deal with short-range non-neighboring interactions replacing the classical
treatment. Numerical studies are carried out for proteins up to 3837 atoms at the HF/6-31G*
level. As compared to standard full system CPCM calculations, EE-GMFCC-CPCM shows clear
improvement over the MFCC-CPCM method for both the total electrostatic solvation energy and its
components (the polarized solute-solvent reaction field energy and wavefunction distortion energy
of the solute). For large proteins with 10004000 atoms, where the standard full system ab initio
CPCM calculations are not affordable, the EE-GMFCC-CPCM gives larger relative wavefunction
distortion energies and weaker relative electrostatic solvation energies for proteins, as compared to
the corresponding energies calculated by the Divide-and-Conquer Poisson-Boltzmann (D&C-PB)
method. Notwithstanding, a high correlation between EE-GMFCC-CPCM and D&C-PB is observed.
This study demonstrates that the linear-scaling EE-GMFCC-CPCM approach is an accurate and
also efficient method for the calculation of electrostatic solvation energy of proteins. © 2013 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4833678]

Il. INTRODUCTION

For biological macromolecules like proteins and DNAs,
their structures and functions are subtly modulated by solute-
solvent interaction.'~* Much effort has been devoted to the de-
velopment of methods for the calculation of molecular prop-
erties in solution, with particular interest in solvation energy.
Rigorous representation of solvation as in the explicit model
can provide a microscopic view of the organization and dy-
namics of the solvent molecules around the solute, which is
indispensable for the study of solvent’s response to the vari-
ation of solute molecules on multiple time scales. However,
computation of thermodynamic properties in explicit solvent
requires large scale sampling in phase space, which might
be too expensive. Another alternative scheme is to treat the
solvent as a continuum dielectric medium, in which the so-
lute is embedded.”™ A battery of solvent models has been
developed, including the density-based polarized continuum
model (PCM),'%!5 single- or multicenter multipolar expan-
sion model,'®!” Generalized Born (GB) approximation,'8-20
and Poisson-Boltzmann (PB) model.?'-2? In the widely used
PCM model, induced charges are generated on solute-solvent
surface due to the abrupt change of dielectric constant at
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this surface and these induced charges polarize the electronic
structure of the solute in return. This mutual polarization ef-
fect is significant for polar macromolecules, such as the pro-
tein and DNA, which can only be accurately described by
quantum mechanical (QM) calculations.

Although computer technology has made impressive
progress in the past few decades, QM calculation for large
molecules still presents a grand challenge. Over the past
decade, a range of fragment-based QM method for large sys-
tems have been proposed, including the fragment molecu-
lar orbital (FMO) method,?*2® molecular tailing approach
(MTA),?0 systematic fragmentation method (SFM),3!-34
adjustable density matrix assembler (ADMA)*~*" approach,
electrostatically embedded many-body (EE-MB)** expan-
sion approach, the generalized energy-based fragmentation
(GEBF)*'"* method, and the molecular fractionation with
conjugate caps (MFCC) method.*-° Detailed introduction of
the fragmentation methods can be found in a recent review.>!
The fragmentation methods have been utilized in a bunch
of studies of various systems such as water clusters, 24
proteins,>-® and protein-ligand complexes.’”~%*

Incorporating the fragmentation methods with solvation
models made an important pace toward rigorous study of
protein in realistic environment.®>%7 Wavefunction distor-
tion energy, which is nonnegligible but missing in classical
treatment, can be correctly captured by QM calculations. In

© 2013 AIP Publishing LLC
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2006, Mei et al.% proposed a practical MFCC-CPCM method
which combined the MFCC approach with the conductor-like
PCM model®®%° to calculate the electrostatic solvation ener-
gies of proteins. Comparison between the MFCC-CPCM ap-
proach and the standard full system CPCM calculation indi-
cated that there was still room for improvement, especially
in the treatment of short-range interactions such as hydro-
gen bonds. Fedorov et al.% incorporated PCM into the FMO
method and applied it to some polypeptides. It was found that
the FMO/PCM errors with respect to the full system calcula-
tion were significantly reduced, when the two-body expansion
of the electron density was included in describing the PCM
potential with a larger size of the monomer.

Recently, an electrostatically embedded generalized
molecular fractionation with conjugate caps method, named
EE-GMFCC,”° was developed for efficient linear-scaling QM
calculation of protein energy. In the EE-GMFCC scheme, the
total energy of protein is calculated by taking a linear combi-
nation of the QM energies of the neighboring residues and the
two-body QM interaction energy between non-neighboring
residues that are spatially in close contact. All the fragment
calculations are embedded in a field of point charges repre-
senting the remaining protein environment. Excellent agree-
ment between the EE-GMFCC result and those from the stan-
dard full system QM energy calculation was obtained. The
EE-GMFCC method is different from the GEBF approach,*?
which is another derivative of the MFCC method.*!! In the
GEBF approach, all the nearby residues with a pre-defined
distance from the central residue are regarded as “overlapping
caps,” which makes each subsystem include not only the
bonded residues with the central residue but also the non-
bonded residues which are spatially in close contact with the
central residue. As demonstrated in the GEBF paper,*> some
subsystems could contain hundreds of atoms for proteins.
In contrast, the philosophy of EE-GMFCC is that it only
takes the bonded residues with the central residue as the
“overlapping caps,” while the non-bonded residues within a
short distance are treated as two-body QM interaction correc-
tions and the three- and all higher-order Coulomb effects are
approximated through the embedding field. Therefore, the
size of each fragment in EE-GMFCC is much smaller than
that in the GEBF method, resulting in a smaller prefactor for
the linear-scaling fragmentation method. The largest size of
the fragment using the EE-GMFCC scheme is normally less
than 65 atoms,’® which makes high-level ab initio methods
applicable for proteins. Another difference between the
EE-GMFCC and GEBF method is the charge model used
for the embedding field. GEBF fits the atomic charges in a
self-consistent fashion, while EE-GMFCC utilizes the fixed
AMBERY4 charge model to approximate the electrostatic
field of the environment, which has been shown to be an
effective and also efficient embedding scheme.”® Moreover,
the analytical atomic gradients of EE-GMFCC can be readily
obtained based on the fixed charge embedding approach. In
this study, we combine the EE-GMFCC method with the
CPCM model, denoted as EE-GMFCC-CPCM, to calculate
the electrostatic solvation energy of polypeptides and pro-
teins with up to 3837 atoms. In addition, variations of the
electrostatic solvation energy over different conformations of
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one protein are compared between the EE-GMFCC-CPCM,
MFCC-CPCM method, and full system calculations.

This paper is organized as follows. Section II provides
a detailed description of the EE-GMFCC-CPCM method and
specific procedures for numerical calculations. In Sec. III, nu-
merical test calculations of the EE-GMFCC-CPCM approach
are carried out on several polypeptides and proteins for com-
parison with the MFCC-CPCM and corresponding standard
full-system CPCM results. Finally, a brief summary is given
in Sec. IV.

II. THEORY AND METHODOLOGY
A. EE-GMFCC method

Detailed description of the EE-GMFCC method can be
found in a recent paper.”’ Here, we just give a brief review.
In the framework of EE-GMFCC method, the protein with N
residues is divided into N — 2 individual fragments by cut-
ting through the peptide bond (excluding the first and the last
peptide bonds) and a pair of conjugate caps is used to satu-
rate each fragment. Hydrogen atoms are added to terminate
the molecular caps to avoid dangling bonds (see Figure 1(a)).
Considering the importance of the two-body interaction,”!7?
rigorous treatment of the short-range non-neighboring inter-
action is necessary. In the EE-GMFCC scheme, if the mini-
mal distance between non-neighboring fragments i and j falls
within a defined distance threshold A, these two residues are
considered to be in close contact and their interaction is cal-
culated at the QM level (see Figure 1(b)). Each fragment cal-
culation is embedded in the electrostatic field of the point
charges representing the remaining fragments in the protein.
The total energy of protein using the EE-GMFCC method can
be expressed as

N-1
Epe-ovece = Y E(Cap_ A;Cap, )
i=

N-2
— Y ECap{Capi, )+ ) (Eyj—Ei—Ejom
i=2 i, j>i+2
IR —Rj|=h
_ Z Z Imiyqdnty Z Z Gm' ) ' (j)
k,l m,n Rm(k)n(l) i,j>i+2  m'.;n’ Rm/(i)n’(j)
IR —Rj|=h

ey

where E represents the summation of the self-energy of the
fragment and the interaction energy between the fragment and
background charges of the remaining system. i denotes the
index of the ith residue. Cap;_; A;Cap, | represents the frag-
ment of the ith residue A; capped with a left cap Cap;_, and
aright cap Cap;, and Cap] Cap;_,; stands for the ith concap.
E; and E,- denote the energy of the residue i and j capped
with hydrogen atoms on both sides, respectively. E;; is the
energy of the dimer consisting of residues i and j. g rep-
resents the point charge of the mth atom in the fragment k. In
this study, AMBER947® charge model is adopted. In addition,
k= MH)Cap; ; —NHand ! =CO — Aj2Ai13--Ay, (i=2,3,
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FIG. 1. (a) MFCC scheme in which the peptide bond is cut and the fragments
are capped with Cap;1 and its conjugate Cap}, where subscript i denotes
the ith amino acid in the given protein. The concap is defined as the fused
molecular species of Cap; — Cap;_ ;. (b) The generalized concap (Gconcap)
scheme and the atomic structure of the Geoncap.

., N — 2), where k and [ represent all the pairs whose inter-

action energies have been doubly counted in the MFCC calcu-
N-1 N-2
lation of Z E(Cap}_A;Cap,,,) — Z E(Cap;Cap;, ;) with

=2
the embeddlng scheme. Furthermore if the distance of any
two atoms between residue i and j is less than or equal to the
distance threshold A (A = 4.0 A in this study), the interaction
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energy between these two residues are calculated by quan-
tum mechanics ((E;; — E; — E)qm); otherwise, the doubly
counted interaction energy between distant non-neighboring
residue is deducted by charge-charge interactions approxi-
mately (the last term in Eq. (1)). The size of the fragment and
distance threshold A used in this study have been validated
with the 6-31G* basis set in the previous study.”® Neverthe-
less, these parameters may vary when the size of the basis
set changes, especially for diffuse basis functions. The depen-
dence of the size of the fragment and distance threshold A with
respect to the basis sets will be further investigated in future
studies. Figure 2 shows the graphic illustration of assembling
the overall EE-GMFCC energy for a peptide composed of 4
alanines.

B. Conductor-like polarized continuum model

The Hamiltonian of a solute molecule in solution is
expressed as

H=H,+H, @)

where Hj is the gas phase Hamiltonian of the solute molecule
and H' represents the perturbation from the solvent, which is
written as

H = - 3)
|r;L_Rot| Z |r,u_rz

where ¢, and r, represent the surface charges and their

respective positions, respectively. Z, and R, are the nuclear

charges and their corresponding coordinates, and r; denotes

the position of electron i. Normally, the electrostatic solvation
energy (Gf(ele)) is obtained by

Gele) = (V[Ho|W) —

1 4
(WolHoWo) + S (¥IH|W)

= E(wfd) + G(es), 4)

where W, and W represent the solute’s wavefunctions in
gas phase and in solution, respectively. The wave function
distortion energy (E(wfd), or solute polarization energy) is
expressed as

E(wfd) = (W[Ho|W) — (Wo|Ho[Wo) ®)

and the electrostatic solute-solvent interaction energy is given
by

1
Gles) = = (W[H| ). 6)

In the CPCM method,%® %7 a cavity is defined by
enveloping spheres centered on the solute atoms and the sur-
face of the cavity is tessellated into mosaics. Each tessera is
characterized by its position, area, and normal vector. The
continuum solvent is polarized by the solute molecule and in-
duced charges appear on the surface. CPCM provides a sim-
ple way to determine the discrete induced surface charge q by
solving the following linear equation:

B+Aq =0, )

where ¢, = 0,5, with o, and S, are, respectively, the sur-
face charge density and discrete surface areas. The matrix
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FIG. 2. (a) The peptide consists of four alanines. It is divided into two fragments by cutting through the peptide bond between residue 2 and residue 3 (as the
black line shows). The distance (R) between non-neighboring residues 1 and 4 is less than the threshold A (as the dashed purple line shows), which means this
non-neighboring interaction will be treated with QM method. (b) The atoms colored green are treated as background charges in each fragment QM calculations.
The other atoms (not in green) are treated at the QM level. A pair of conjugate caps is shown in the black box. E represents the summation of the self-energy
of the fragment and the interaction energy between the fragment and background charges of the remaining system. The third and fourth terms are used to
cancel out the energies introduced by the conjugate caps and double counted interactions between residues 1 and 4 in the first two terms, respectively. (c) The
two-body interaction energy between residues 1 and 4 is calculated by QM. The fourth term is added to compensate the overly deducted interaction energy
between residues 1 and 4 in the first three terms. This compensation partially cancels out the fourth term in (b).

elements are defined by®®®

1 47

A, = 1—-6,,)+1.07 [—3,, 8

o= g (1) 10T 8 ®)
and

Zy
B,=) ———— — ¢, )]
. Xa: Iru - Ra| .
where ¢(r,) is the electrostatic potential at surface site u

created by electrons of the solute molecule, and r,, is the

coordinate of the surface site p. Equation (7) is valid only
for conductor with an infinite dielectric constant. The surface
charges g,, are then corrected for finite dielectric constant by
the relation
5 e—1
qdu =

dus (10)

3
where ¢ is the dielectric constant of the solvent. For small
solutes, direct matrix inversion is a common practice in
solving Eq. (7). However, for macromolecules with a large
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number of surface tesserae, iterative methods are required to
solve Eq. (7).7>7¢ Detailed description on the calculations of
energies and other properties of molecules in solution using
CPCM method can be found in Ref. 74.

C. EE-GMFCC-CPCM ansatz

In the EE-GMFCC-CPCM approach, the wave function
distortion energy of Eq. (5) can be approximately obtained
through

N Nc NUC
Ewid) =Y AE, — Y AE{+ ) A(E] — Ei - E]),
k=1 k=1 k=1

1D
where E represents the summation of the self-energy of each
fragment and the interaction energy between the fragment and
its corresponding background charges of the remaining pro-
tein. N, N¢, and Ngc¢ denote the number of capped individ-
ual residues, concaps, and Geconcaps, respectively. The wave-
funtion distortion energy of individual fragment A Ey, conju-
gate caps AE¢, and the two-body interaction energy between
non-neighboring residues in close contact are given by

AE, = E[W] — Ex[¥)]. (12)

AE] = E{[ %] — E{[%°], (13)

and

= (B[] - Eilw] - E{[w])

—(E/[w"] - Ei[w] - E[[el]). a4
Owing to the fixed charge model used in this study, the dou-
bly counted charge-charge interaction energy (the last term in
Eq. (1)) are exactly canceled out between the gas phase
and solution phase in the current EE-GMFCC-CPCM
calculations.

On the other hand, the electrostatic solute-solvent inter-
action energy G(es) is given by

_1 Z p(r)
Gles) = 7 Xﬂjq/’« |:Xa: Ir, — R,| _/ Ty — "|dl}

1
=2 2 an(r), (15)
"

where ¢(r,) is the electrostatic potential on cavity surface
site u generated by both the nuclei and the electrons of the
solute, which can be approximately calculated by adding the
two-body correction to the original MFCC contribution as

N Nc¢
P(ry) =D ilr) — Y ()

k=1 k=1

Ngc

+> [6 ) — gir) — )] (16)
k=1
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In the EE-GMFCC-CPCM approach, the two-body correction
was added to both the total energy expression of the solute and
the electrostatic potential on the cavity surface, distinguish-
ing this method from the original MFCC-CPCM method.
Therefore, the EE-GMFCC-CPCM calculation improves the
accuracies of both the wavefunction distortion energy and
the electrostatic solute-solvent interaction energy. The QM
calculation of each fragment is conducted in the presence
of the surface charges. The newly obtained wavefunction
is then employed to determine the surface charges of the
CPCM equation, Eq. (7). The procedure is repeated in a self-
consistent fashion until the final electrostatic solute-solvent
interaction energy and the surface charges reach convergence,
as in the standard SCRF calculation.

As pointed out in Ref. 65, it is worth noting that the
induced charges are defined on the cavity surface of the whole
protein, other than that of individual fragment. Therefore, the
electrostatic potentials are calculated on the same set of the
surface charges for each fragment. Furthermore, the electro-
static solvation energy of a given protein can be readily de-
composed into the contributions from each fragment and two-
body interactions in the EE-GMFCC-CPCM calculation. In
contrast, the standard full system CPCM calculation does not
provide the fragment-based decomposition for the solvation
energy.

D. Steps of the EE-GMFCC-CPCM calculation

Similar to our previous study,® the cavity that accommo-
dates the protein is generated by the united-atom topological
model (UATM)"’ and then tessellated using gepol algorithm”®
implemented in Gaussian 03.” The overlap index between
two interlocking spheres is 0.89 and the minimum radii for
solvent excluded surface (SES) added sphere is 0.2 A. The av-
erage area of tesserae is 0.2 A2, It is worth noting that, since
large proteins usually have some groove areas, the solvent ac-
cessible surface (SAS) model may be more suitable than SES.
In future biological applications, the SAS model should be
utilized. But in this study, the choice of the surface model is
not the key purpose. We still utilized the SES model for all
calculations. After the cavity is generated, the following steps
are as follows:

(1) The EE-GMFCC calculation is performed in gas phase
to obtain the initial electrostatic potentials on the surface
sites of the cavity. The corresponding induced surface
charges are solved based on Eq. (7).

(2) The EE-GMFCC calculation is performed in solution
phase represented by the external potential of the in-
duced charges from the previous step. Electrostatic po-
tentials on the surface sites of the cavity are updated.

(3) Update the induced surface charges by solving
Eq. (7).

(4) If the root mean square deviations (RMSD) of the in-
duced charges is below 10%¢ between two successive
steps and the variation of AGf(es) is no larger than
0.5 kcal/mol, the convergence is considered to be
reached. Otherwise, step (2) and step (3) are repeated.
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TABLE I. Electrostatic solvation energies in kcal/mol from the full system CPCM, MFCC-CPCM, and EE-GMFCC-CPCM calculations, respectively, at the

HF/6-31G* level.

Peptide® No. of tesserae No. of atoms Energy component” Full system MFCC-CPCM* EE-GMFCC-CPCM*
Pentagly 3025 38 Goes) —143.29 —144.55 (—1.26) —145.45 (-2.16)
E(wfd) 10.21 8.84 (—1.37) 10.16 (—0.05)
Gele) —133.71 —135.71 (=2.00) —135.29 (—1.58)
F1G5Q 6288 72 G(es) —210.31 —210.06 (0.25) —210.90 (—0.59)
E(wfd) 25.07 24.73 (—-0.34) 25.16 (0.09)
Geele) —185.23 —185.33 (—0.10) —185.74 (—0.51)
F1POU 7691 94 Ges) —203.15 —201.87 (1.28) —204.55 (—1.40)
E(wfd) 22.84 21.28 (—1.56) 22.55(=0.29)
Gfele) —180.32 —180.59 (—0.27) —182.00 (—1.68)
Decaala 6708 103 Gies) —255.38 —245.38 (10.00) —257.14 (—1.76)
E(wfd) 28.59 26.84 (—1.75) 29.44 (0.85)
Gfele) —226.80 —218.54 (8.26) —227.70 (—0.90)
F1ATP 8916 141 G(es) —315.55 —301.45 (14.10) —318.91 (—3.36)
E(wfd) 44.15 36.45 (=7.70) 45.07 (0.92)
Geele) —271.39 —265.00 (6.39) —273.84 (—2.45)
FIR1IW 12056 168 G(es) —829.97 —820.93 (9.04) —829.97 (0.00)
E(wfd) 56.71 49.43 (—7.28) 54.23 (-2.48)
Glele) —773.26 —771.50 (1.76) —775.74 (—2.48)
F2B4) 10508 171 Gies) —225.49 —221.22 (4.27) —226.78 (—1.29)
E(wfd) 26.60 20.98 (—5.62) 27.18 (0.58)
Glele) —198.89 —200.04 (—1.15) —199.60 (—0.71)
RMSD! Gees) 7.57 1.81
E(wfd) 4.65 1.08
Gele) 4.09 1.65
MUE*® G(es) 5.74 1.51
E(wfd) 3.66 0.75
Gfele) 2.85 1.47

“Pentagly is in an extended structure. F1G5Q: chains P in pdb id 1G5Q, which has two hydrogen bonds. F1IP9U: chain G in pdb id 1P9U, which has an extended structure. Decaala is
an a-helix composed of ten alanines. F1ATP: residues sequence 5—14 of chain 1 in pdb id 1 ATP, which adopts an «-helix structure. F2B4J: residues 75-86 of chain B in pdb id 2B4]J,
which is in a B strand conformation. FIRIW: chain D in pdb id 1RIW. All peptides have charged termini.

YGeele) = G(es) + E(wfd). G(ele) is the total electrostatic solvation energy. G(es) is the polarized solute-solvent reaction field energy defined in Eq. (6) and E(wfd) is the wavefuntion

distortion energy of the solute defined in Eq. (5).

“Data in parentheses represent the errors with respect to the full system calculations.
JRMSD: root-mean-squared deviation (with respect to the full system results).
*MUE: mean unsigned error.

In this study, AMBER94 charge model”® is employed
as the background charges for solute and the dielectric con-
stant for solvent is set to 78.39. All quantum mechanical
calculations are carried out at the HF/6-31G* level using the
Gaussian 03 package.””

E. Molecular dynamic (MD) simulation

The initial structures of peptides or proteins used in this
study are all extracted from Protein Data Bank (PDB). Neces-
sary relaxations through MD simulations are carried out to ob-
tain conformations for MFCC-CPCM, EE-GMFCC-CPCM,
and full system calculations. The protein is placed in a peri-
odic TIP3P water box. The distance between the edges of the
water box and the closest atom of the solutes is no less than
12 A. Counterions are added to neutralize the whole sys-
tem. The protein is initially restrained and all other molecules
were relaxed to remove bad contacts using the steep descent
method followed by a conjugated gradient optimization. Then
the full system is minimized until the convergence is reached.
Subsequently, the entire system is heated to 300 K in 100 ps.
The equilibrium of the system is simulated in canonical en-

semble with a time step of 2 fs for 500 ps followed by a pro-
duction run for 2 ns in NTP ensemble at 300 K and 1 atm. The
temperature is regulated by the Langevin dynamics®® with
a collision frequency of 1.0 ps™', and the Berendsen’s
barostat®! is used to regulate the pressure. All covalent bonds
involving hydrogen atoms are constrained by SHAKE algo-
rithm. Particle mesh Ewald (PME)?? method is used to treat
the long-range electrostatic interactions in periodic boundary
condition. The nonbonded cutoff is set to 10 A. The last snap-
shot is selected for calculation of the electrostatic solvation
energy. For protein 2I19M, an extra 2 ns MD simulation is car-
ried out for the study of variations of electrostatic solvation
energy over the conformational change. All the MD simula-
tions are carried out using the AMBER11 package.®?

lll. RESULTS AND DISCUSSION

A set of peptides is studied by the standard full
system, MFCC-CPCM, and EE-GMFCC-CPCM methods at
the HF/6-31G* level. Detailed descriptions of these peptides
and the calculated results are listed in Table I. The same set
of peptides has also been investigated in our previous MFCC-
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CPCM study.® Results calculated by MFCC-CPCM method
in this study are very close to those in the previous study
and the subtle variation originates from small differences in
the optimized structures. Comparison of the MFCC-CPCM
results with full system calculations shows large deviations
in the electrostatic solvation energy for FIATP and Decaala,
whose structures consist of «-helix. For some other peptides,
such as FIRIW and F2B4J, although the total electrostatic
solvation energies (G(ele)) are very close to the full system
calculations, but large deviations are observed for their com-
ponents E(wfd) and G(es). Therefore, the overall agreement
in G(ele) between the MFCC-PCM and full system results
mainly arises from the error cancellation for these two sys-
tems. The deviations of MFCC-CPCM from full system re-
sults are due to inexact treatment of close contacts between
non-neighboring residues such as hydrogen bonding interac-
tions. In contrast, since the EE-GMFCC-CPCM method takes
two-body effects into consideration, the deviations mentioned
above are expected to be reduced. One can see from Table I
that all the electrostatic solvation energies and their compo-
nents calculated by EE-GMFCC-CPCM are in good agree-
ment with full system calculations. In addition, we found no
clear correlation between the magnitude of the error and the
size of the solute molecules. Based on these results, the EE-
GFMCC-CPCM method is shown to be capable of providing
accurate electronic structures of peptides (both in gas phase
and in solution).

Next, we utilized the EE-GMFCC-CPCM, MFCC-
CPCM methods, and full system calculations at the
HF/6-31G* level, respectively, in the studies of several real
proteins, which have tertiary structures composed of S-sheet,
a-helix, or a mixture of them (see Figure 3). The calculated
electrostatic solvation energy G(ele) and its components
(G(es), E(wfd)) are listed in Table II. Except for 2XL1, the
EE-GMFCC-CPCM calculated electrostatic solvation ener-
gies are in excellent agreement with the corresponding full
system calculations with all deviations less than 0.01 hartree.
For G(ele), G(es), and E(wfd), RMSDs of the EE-GMFCC-
CPCM calculations from full system results are 3.93, 2.22,
and 2.70 kcal/mol, respectively, which are significantly re-
duced from 11.26, 7.40, and 13.26 kcal/mol in MFCC-CPCM
calculations. Generally speaking, the EE-GMFCC-CPCM
method efficiently gives accurate electrostatic solvation
energy for large proteins. Despite the approximation of the
fragmentation method, the deviations of current EE-GMFCC-
CPCM calculations from full system results may also arise
from the usage of nonpolarizable AMBER94 atomic charges
for the solute. In principle, owing to the electronic perturba-
tion from the induced charges on the surface of molecular
cavity, the atomic charges of proteins in solvent should be
different from those derived in gas phase. Therefore, we also
employed the polarized protein-specific charges (PPCs) as
the background charges. The procedure to derive the PPC
is described in Ref. 67. Since the PPCs for a given protein
in gas phase and in solution are different, the wavefunction
distortion energy should also include the difference of the
charge-charge interactions (the last term in Eq. (1)) from gas
phase to solution. Table S1 in the supplementary material®®
shows the calculated electrostatic solvation energies using

J. Chem. Phys. 139, 214104 (2013)

(a)

(b)

FIG. 3. Three representative three-dimensional protein structures studied in
this study. PDB IDs are 2KCF (a), 2Y0Q (b), and 1BHI (c), respectively.

the EE-GMCC-CPCM method with the PPC. Similar to the
previous EE-GMFCC calculations on the total energies of
proteins in gas phase,’ the overall error of electrostatic solva-
tion energy using PPC with respect to the full system results
is slightly larger than that using the fixed AMBER94 charge
model. Failure of the PPC may due to the inconsistency
between the strategy in charge fitting, which only considers
one-body terms, and the subsequent energy calculations with
two-body terms. It also shows that using the AMBER94
charge model to approximate the electrostatic potential of
the protein is adequate for the electrostatic solvation energy
calculation.

During folding process, protein undergoes large confor-
mational change towards a compact structure. The interplay
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TABLE II. Electrostatic solvation energies in kcal/mol from the full system CPCM, MFCC-CPCM, and EE-GMFCC-CPCM calculations, respectively, at the

HF/6-31G* level.

Protein (pdb id) No. of tesserae No. of atoms Energy component Full system MEFCC-CPCM* EE-GMFCC-CPCM*
ILE1 10756 218 G(es) —188.37 —189.84 (-1.47) — 189.40 (—1.03)
E(wfd) 21.64 14.64 (—7.00) 18.26 (—3.38)
Gf(ele) —166.73 —175.20 (—8.47) —171.14 (—4.41)
2I9M 14360 246 Ges) —264.63 —254.34 (10.29) —266.47 (—1.84)
E(wfd) 27.48 24.75 (-2.73) 28.18 (0.70)
Gele) —237.15 —229.59 (7.56) —238.29 (—1.14)
2GBl1 14013 247 G(es) —482.72 —483.50 (—0.78) —483.84 (—1.12)
E(wfd) 43.02 34.36 (—8.66) 40.90 (—2.12)
Gele) —439.70 —449.14 (—9.44) —442.94 (-3.24)
1L2Y 16642 304 G(es) —372.86 —363.92 (8.94) —374.33 (—1.47)
E(wfd) 48.08 42.74 (—5.34) 45.45 (—=2.63)
Gele) —324.78 —321.18 (3.60) —328.88 (—4.10)
IWNS 19701 354 G(es) —285.43 —278.01 (7.42) —286.70 (—1.27)
E(wfd) 27.44 27.42 (—0.02) 27.71 (0.27)
Gfele) —257.99 —250.59 (7.40) —258.99 (—1.00)
2XL1 12369 243 G(es) —203.88 —196.32 (7.56) —205.70 (—1.82)
E(wfd) 26.87 20.83 (—6.04) 20.80 (—6.07)
G(e —177.02 —175.49 (1.53) — 184.90 (—7.88)
IVTP 27004 396 G(es) —882.48 —873.10 (9.38) — 882.71 (—0.23)
E(wfd) 100.86 76.00 (—24.86) 96.46 (—4.40)
Gele) —781.62 —797.10 (—15.48) —786.24 (—4.62)
IBBA 36259 582 G(es) —698.31 —703.77 (—5.46) —695.68 (2.63)
E(wfd) 75.06 53.08 (—21.98) 73.57 (—1.49)
Gele) —623.25 —650.69 (—27.44) —622.11 (1.14)
2KCF 29995 576 G(es) —745.74 —737.88 (7.86) —745.67 (0.07)
E(wfd) 60.27 51.22 (—9.05) 59.27 (—1.00)
Gele) —685.46 —686.66 (—1.20) —686.40 (—0.94)
2F21 32205 603 G(es) —711.35 —705.08 (6.27) —705.98 (5.37)
E(wfd) 86.56 76.45 (—10.11) 86.19 (—0.37)
Gele) —624.79 —628.63 (—3.84) —619.79 (5.00)
1BHI 32358 591 G(es) —597.68 —595.28 (2.40) —595.40 (2.28)
E(wfd) 69.58 55.31(—14.27) 69.79 (0.21)
Gele) —528.10 —539.97 (—11.87) —525.61 (2.49)
2Y0Q 32003 803 G(es) —571.71 —560.20 (11.51) —569.43 (2.28)
E(wfd) 68.24 47.61 (—20.63) 70.39 (2.15)
Gele) —503.47 —512.59 (-9.12) —499.04 (4.43)
RMSD G(es) 7.40 222
E(wfd) 13.26 2.70
Gele) 11.26 3.93
MUE G(es) 6.61 1.78
E(wfd) 10.89 2.07
Gele) 8.91 3.36

“Data in parentheses represent the errors with respect to the full system calculations.

between the protein and solvent has a great impact on the
folding pathway and other thermodynamic properties of
the protein. The relative electrostatic solvation energies
of different conformations of protein 2I9M are calculated
using fragmentation methods and compared with full system
results. Protein 2I9M is a prototype of a-helical polypeptide
that has attracted some theoretical folding studies.®*% Be-
cause the AMBER99SB force field is considered to disfavor
the o-helical structure,® the native conformation of 2I9M is
not stable and unfolding occurs during MD simulation. As a
result, it is worth studying the free energy profile of protein
2I9M in solvent at ab initio level.’” Nineteen conformations

are selected at an interval of 100 ps from 2 ns MD simulation.
The energies of G(ele), G(es), and E(wfd) calculated for
the 19 conformations are shown in Figure 4. The total
electrostatic solvation energy undergoes large fluctuation
between —470 and —300 kcal/mol. Results from the EE-
GMFCC-CPCM calculations are in excellent agreement with
full system calculations. The RMSDs of G(ele), G(es), and
E(wfd) are 1.14, 1.99, and 0.93 kcal/mol, respectively (see
Table III). In contrast, much larger deviations are observed for
MFCC-CPCM calculations. The corresponding RMSDs of
Gf(ele), G(es), and E(wfd) are 4.64, 9.70, and 6.99 kcal/mol,
respectively. Again, the EE-GMFCC-CPCM approach shows
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FIG. 4. Variations of G(ele) (a) and its components G(es) (b) and E(wfd)
(c) over 19 different conformations selected from 2 ns MD simulation for the
protein 2I9M. The calculations are performed using the MFCC-CPCM, EE-
GMFCC-CPCM, and standard full system HF/6-31G* methods, respectively.

significant improvement over the MFCC-CPCM results,
which underscores that the inclusion of two-body QM inter-
action is crucial for accurate calculation of protein energies
both in gas phase and in solvent.

We further applied the EE-GMFCC-CPCM approach
to calculate the electrostatic solvation energies for a number

J. Chem. Phys. 139, 214104 (2013)

TABLE III. The statistical deviations of the electrostatic solvation energy
(in kcal/mol) calculated by the MFCC-CPCM and EE-GMFCC-CPCM meth-
ods with respect to the full system calculations on 19 selected MD snapshots
of protein 2I19M at the HF/6-31G* level. MUE and RMSD denote the mean
unsigned error and root-mean-squared deviation, respectively.

MFCC-CPCM EE-GMFCC-CPCM
Gf(es) E(wfd) Gf(ele) G(es) E(wfd) G(ele)
MUE 9.37 6.54 3.79 1.82 0.80 1.02
RMSD 9.70 6.99 4.64 1.99 0.93 1.14

of large globular proteins. Since full system calculations are
not feasible for these systems, we compare the results with
those from divide-and-conquer PM3 calculations with the
Poisson-Boltzmann solvation model (D&C-PB, CM2 charge
model).?> As shown in Figure 5, three largest globular pro-
teins (PDB ID: 2KBO, 4B2F, and 1SBT) utilized in this study

FIG. 5. Proteins with PDB id of 2KBO (a), 4B2F (b), and 1SBT (c) used
for MFCC-CPCM, EE-GMFCC-CPCM(HF/6-31G*), and D&C-PB(PM3)
calculations.
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TABLE IV. Computed electrostatic solvation energies (in kcal/mol) from the MFCC-CPCM, EE-GMFCC-CPCM calculations at the HF/6-31G* level, and
D&C-PB methods, respectively.

Protein (pdb id) No. of tesserae No. of Atom Energy component MFCC-CPCM EE-GMFCC-CPCM D&C-PB?
2JOF 15562 284 Ges) —341.29 —347.23 —339.87
E(wfd) 40.36 39.05 26.51
Gele) —300.93 —308.18 —313.36
1AMC 29977 438 G(es) —861.48 —866.70 —907.65
E(wfd) 83.52 92.43 68.62
G(ele) —1777.96 —774.27 —839.03
2F4K 32708 538 Ges) —610.76 —615.54 —664.85
E(wfd) 60.61 72.01 54.81
G(ele) —550.15 —543.53 —610.04
2WXC 43901 710 Ges) —971.71 —992.56 —1000.26
E(wfd) 96.38 124.44 89.16
G(ele) —875.33 —868.12 —911.10
1PRB 45944 851 G(es) —1033.67 —1047.35 —1132.73
E(wfd) 107.36 127.84 96.36
G(ele) —926.31 —919.51 —1036.37
2A3D 53052 1140 G(es) —1458.63 —1485.28 —1571.31
E(wfd) 133.29 171.52 129.46
G(ele) —1325.34 —1313.76 —1441.85
1CDN 53209 1195 Ges) —1943.24 —1920.49 —2084.84
E(wfd) 106.84 189.80 147.82
G(ele) —1836.40 —1730.69 —1937.02
2M71 71293 1633 Ges) —1897.16 —1924.96 —2057.41
E(wfd) 173.55 215.52 169.23
Gele) —1723.61 —1709.44 — 1888.18
2M5V 83752 1661 Ges) —1876.21 —1897.14 —2068.17
E(wfd) 155.70 218.37 167.84
G(ele) —1720.51 —1678.77 —1900.33
3ZCO 81576 2080 Ges) —1626.02 —1650.22 —1757.59
E(wfd) 161.89 223.95 167.81
G(ele) —1464.15 —1426.27 —1589.78
4K8J 88319 2210 Gies) —2503.91 —2518.42 —2743.69
E(wfd) 179.00 227.86 172.72
G(ele) —232491 —2290.47 —2570.97
2L7N 102438 2449 Ges) —1943.90 —1946.19 —2129.96
E(wfd) 160.58 223.15 169.86
G(ele) —1783.32 —1723.04 —1960.10
2KBO 128781 2790 Gies) —2693.57 —2703.52 —2926.41
E(wfd) 258.16 318.65 244.72
G(ele) —2435.41 —2384.87 —2681.69
4B2F 126408 3347 Gies) —2457.90 —2467.62 —2707.01
E(wfd) 197.94 313.54 242.67
Gele) —2259.96 —2154.08 —2464.34
ISBT 121536 3837 Ges) —2177.95 —2212.76 —2244.20
E(wfd) 211.90 311.97 227.15
G(ele) —1966.05 —1900.79 —2017.05

2The DCQTP program?®? developed by Professor Kenneth M. Merz, Jr.’s group is used. Results are calculated at the PM3 level with CM2 charges.

are all composed of more than 2500 atoms. All the results
are given in Table IV. Figure 6 shows a direct comparison
between the MFCC-CPCM and EE-GMFCC-CPCM with
D&C-PB results. Similar to the previous study,® both MFCC-
CPCM and EE-GMFCC-CPCM are linearly correlated with
D&C-PB calculations for G(ele) and G(es) with correlation
coefficients (R?) over 0.996, which may not be surprising due
to the large span of the energy range. However, for the wave

function distortion term E(wfd), the EE-GMFCC-CPCM
gives a better correlation coefficient of 0.996 with D&C-PB
compared to 0.927 obtained using the MFCC-CPCM method.
As discussed in the above results, E(wfd) calculated by
EE-GMFCC-CPCM is in better agreement with the full sys-
tem calculation than that by MFCC-CPCM, indicating that
both EE-GMFCC-CPCM and D&C-PB provide qualitatively
correct description of the wavefunction distortion energy of
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FIG. 6. Correlations between MFCC-CPCM(HF/6-31G*) and D&C-PB(PM3) results for G(ele) (a), G(es) (c), and E(wfd) (e), and correlations between EE-
GMFCC-CPCM(HF/6-31G*) and D&C-PB(PM3) results for G(ele) (b), G(es) (d), and E(wfd) (f), respectively.

solute in solvent. Furthermore, as shown in Figures 6(c) and
6(d), the slopes of MFCC-CPCM and EE-GMFCC-CPCM
for G(es) are 0.909 and 0.911, respectively, which reveals
that the relative solute-solvent interaction energy between
different sizes of proteins calculated by QM fragmenta-
tion method is smaller than the D&C-PB method. The
same trend is observed in Figures 6(a) and 6(b), since the
electrostatic solvation energy is dominated by the solute-
solvent interaction energy. On the contrary, as shown in
Figure 6(f), the slope of EE-GMFCC-CPCM for wave-
function distortion energy is 1.298, indicating that the
EE-GMFCC-CPCM approach gives larger relative E(wfd)
between different sizes of proteins than the D&C-PB method.
But for MFCC-CPCM, the slope of the fitted line for
wavefunction distortion energy is 0.856, showing that the
relative E(wfd) calculated by MFCC-CPCM is smaller than
the D&C-PB method. After the two-body interaction for
short-range non-neighboring residues are included in the
EE-MFCC-CPCM method, the trend is reversed. Therefore,
the two-body interaction energy correction is indispensible
in the fragmentation QM method to capture correct E(wfd),

resulting in a more accurate calculation of the electrostatic
solvation energy for proteins.

We also studied the computational efficiency of the
EE-GMFCC-CPCM method. As has been pointed out in a
previous study,’’ the total computational time (7) for the
EE-GMFCC method can be approximately expressed as

7
T~ |:0l_3+@(1+3> +a:| N,

where P is the average number of amino acids within the
distance threshold A from each residue. a3, @>, and a;
are the average computational time for capped fragment
Cap}_A;Capj1, concap Cap;Cap;, or Geoncap, and the
single residue, respectively. N stands for the total number of
residues. In this study, the total EE-GMFCC-CPCM computa-
tional time can be obtained by multiplying 7 by the number of
iterative cycles. A comparison of the CPU time on the 8-core
Intel Xeon E5620 2.4 GHz processor using the full system
HF and EE-GMFCC-CPCM approaches based on the proteins
selected from Table II is shown in Figure 7. As expected, the
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FIG. 7. CPU time for the full system and EE-GMFCC-CPCM calculations
as a function of the number of basis functions at the HF/6-31G* level.

computational time scale for the EE-GMFCC-CPCM calcula-
tion is O(N) with a low prefactor, in contrast to O(N?) for the
traditional HF calculation of the entire system.

IV. SUMMARY

The EE-GMFCC-CPCM approach is an efficient linear-
scaling QM method to treat biological macromolecules in
solution. Compared with original MFCC-CPCM method,
the crucial aspect of EE-GMFCC is to use QM calculation
to deal with short-range non-neighboring interaction. This
rigorous treatment of the two-body effect is necessary
because this near field interaction cannot be merely treated
as simple Coulomb interaction. Other terms such as disper-
sion, exchange and charge transfer effects require quantum
mechanical representation.

In this study, the EE-GMFCC-CPCM approach is applied
to calculate the electrostatic solvation energies for a variety of
peptides and proteins with up to 3837 atoms. In the previous
MFCC-CPCM study, small deviations from full system calcu-
lations appear for peptides which are composed of a-helical
structure. The deviations from the full system results are sig-
nificantly reduced when the short-range two-body interac-
tions are included in the EE-GMFCC-CPCM approach. For
12 realistic three-dimensional proteins, the electrostatic solva-
tion energy calculated using the EE-GMFCC-CPCM method
gives much better agreement with the full system QM cal-
culation than MFCC-CPCM. RMSDs of the electrostatic sol-
vation energy for EE-GMFCC-CPCM and MFCC-CPCM are
3.93 and 11.26 kcal/mol, respectively, with respect to the full
system results.

We also compared the results from EE-GMFCC-
CPCM(HF/6-31G*) calculation with those from D&C-
PB(PM3). The electrostatic solvation energies of proteins
(G(ele)) and their components (the polarized solute-solvent
reaction field energy G(es) and wavefunction distortion en-
ergy E(wfd)) from these two calculations are all highly
correlated. However, the relative E(wfd) calculated by
EE-GMFCC-CPCM between different sizes of proteins are
larger than those from D&C-PB. On the other hand, both

J. Chem. Phys. 139, 214104 (2013)

the relative G(ele) and G(es) energies given by EE-GMFCC-
CPCM are smaller than D&C-PB.

Owing to linear scaling and computational efficiency, the
EE-GMFCC-CPCM approach is an efficient method for quan-
tum study of proteins in solution. EE-GMFCC-CPCM can
also be applied with density functional theory or other high-
level electron correlation methods.”® Moreover, other implicit
solvent models® like SMD,® MST® can also be combined
with the EE-GMFCC approach to further improve the accu-
racy of theoretical calculation on the electrostatic solvation
energy of proteins. We believe that the current method will
help quantify the protein free energy in solution at ab initio
levels.
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