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Abstract: The partitioning of the molecular mechanics (MM) energy in calculations involving
biomolecular systems is important to identify the source of major stabilizing interactions, e.g., in
ligand–protein interactions, or to identify residues with considerable contributions in hybrid mul-
tiscale calculations, i.e., quantum mechanics/molecular mechanics (QM/MM). Here, we describe
Energy Split, a software program to calculate MM energy partitioning considering the AMBER
Hamiltonian and parameters. Energy Split includes a graphical interface plugin for VMD to facilitate
the selection of atoms and molecules belonging to each part of the system. Energy Split is freely
available at or can be easily installed through the VMD Store.

Keywords: energy partition; molecular mechanics; AMBER; molecular interaction

1. Introduction

Molecular mechanics (MM) [1] has been widely used in computational studies [2–5],
particularly in large molecular systems in which more accurate methods, e.g., quantum
mechanics (QM), cannot be employed. For example, in the study of enzymatic mecha-
nisms [3,6–8], MM Hamiltonians are employed in MM minimizations, MD simulations,
and QM/MM calculations [9].

During an MD simulation or between steps of a reaction studied with QM/MM [10],
the energy of the system varies as a consequence of the rearrangement of the atoms. Such
fluctuations can be more or less extensive depending on the sum of all contributions.
However, in such large systems, it is difficult to determine which molecules or groups of
atoms are responsible for the energy variation. Therefore, a scheme whereby the energy of
the system could be split into different parts could help to assess which atoms or molecules
contribute the most to this variation. This approach could contribute to the understanding
of the contribution of certain amino acid residues to the interaction with a ligand or to
identification of which residues contribute to large fluctuations in the MM energy between
the minima of a given reaction in a QM/MM study.

In the case of an enzyme with an inhibitor placed at the active site, various active site
residues play distinct roles in the interaction with the inhibitor. Therefore, it is necessary
to account for the energy contribution of each residue to the interaction, depicting the
most important interactions and identifying possible points of stabilization or further
stabilization. This information could help to identify superior inhibitor derivatives.

The procedure for studying a catalytic mechanism using a QM/MM approach can
also take advantage of an MM energy partitioning technique. In the study of a catalytic
mechanism, three structures are typically identified for each step of the mechanism: reactant,
transition state (TS), and product. The energy difference between TS and reactant and
between product and reactant determines the Gibbs free energy of activation and reaction,
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respectively. Ideally, the QM portion should contribute the most to these two quantities,
as it is the region that includes the atoms involved in the reaction and is treated with
the more accurate method. However, in some models, MM portion is responsible for a
considerable contribution (more than 10 kcal/mol) to the activation or reaction Gibbs free
energies or both. In such cases, the molecular entities involved in the energy variation could
be accurately accounted for by including them in the QM region. Because the molecules
responsible for the variation are unknown, their inclusion in the QM region is commonly
accomplished by trial tests. However, the lack of reasoning for such an approach leads
to multiple unfruitful and computationally demanding calculations. The application of
an MM energy partitioning technique to the chemical structures of interest could help
to identify the species that contribute the most to the energy difference, facilitating the
identification of molecules that should be considered in the QM region.

Although capable energy partitioning software programs are currently available [11,12],
Energy Split was conceived of and developed to offer a simpler and more compatible way
to compare such energies. For example, in the case of a QM/MM calculation, we aim to
provide a tool that reproduces the same energy equation in an arithmetic sum of fragments.
In order to provide an accessible tool to address the aforementioned issues, Energy Split
software was developed using Tcl language (version 8.6) and Tcl threading technology
to parallelize the most time-demanding calculations. The proposed tool is particularly
useful for macromolecular systems. Therefore, Energy Split was developed considering the
AMBER force field, one of the most popular force fields to treat such types of systems.

2. Development
2.1. Implementation

The MM parameters were applied as implemented in Gaussian [13] software, i.e., for
each atom type (i.e., “HP”), the atomic radius (R in Å) (i.e., “1.1000”) and the well depth
(ε in kcal/mol) (i.e., 0.0157) are included in the following format:

VDW HP 1.1000 0.0157

These atomic parameters are essential for the calculation of the non-bonded terms:
Lennard–Jones and Coulomb potentials. In the case of the Coulomb potential, the atomic
charge for each atom is also required. These parameters are directly obtained from the force
field, depending on the atom type. However, they can also be derived charges (e.g., RESP)
for non-standard molecules.

For each pair of atom types (i.e., “CT” and “HC”) that appears in the system covalently
bonded to each other (Figure 1), the bond force constant (kb in kcal/mol/Å2) (i.e., “340.00”)
and equilibrium bond length (l0 in Å) (i.e., “1.0900”) are included:

HrmStr1 CT HC 340.00 1.0900

Molecules 2022, 27, x FOR PEER REVIEW 3 of 12 
 

 

The following four values “0”, “180”, “0”, and “0” correspond to the phase offsets (	
 
in °). For each phase offset, a magnitude factor (��  in kcal/mol) is also available (i.e., 
“0.000”, “4.750”, “0.000”, and “0.000”). The last value corresponds to the number of paths 
(�) (i.e., “1.0”). 

Finally, the improper torsions (Figure 1) are calculated based on the following MM 
parameters: 

ImpTrs CJ NJ CD NH   1.1  180.0 2.0 
 

The improper torsion is calculated as the displacement of one atom in relation to a 
plane defined by three other atoms. Therefore, four atoms are needed to define an 
improper torsion (i.e., “CJ”, “NJ”, “CD”, and “NH”). The energy contribution of an 
improper torsion is calculated considering a magnitude factor (�
  in kcal/mol) (i.e., “1.1”), 
a phase offset (	 in °) (i.e., “180.0”), and a period () (i.e., “2.0”). In the AMBER force field, 
the central atom for improper torsions is the third atom in the list. 

 
Figure 1. MM bonded terms applied by the AMBER [14] force field. 

Energy Split was developed to use these parameters, which are available in every 
Gaussian input file for AMBER calculations, for the respective energy equation: 

������� = � ���� − ����
�����

+ � ���� − ����
������

+ � � ���1 + cos�$. & − 	
��
'


()�
*��+���
+ � �
�1 − cos,�- − 	�.�


�/+�/�+�
+ � 0	
1

2
1)� − 3
1
2
14

5 × 789

:1

+ � 1
4<=� 0>
>12
1 5


:1
× 7?�@���� 

(1) 

Based on the connectivity data, it is possible to identify which atoms are bonded to 
each other. Connectivity includes a list of atom indexes that instructs the MM program 
with respect to how atoms are covalently bonded between to one another. This 
information is essential to calculate the bonded terms: bonds, angles, dihedrals, and 
improper torsions. It is also crucial to apply the appropriate scaling factors to the 
Lennard–Jones (789) and Coulomb (7?�@����) potentials. 

For each bond, Energy Split calculates the arithmetic distance ( � ) between the 
respective $A pair of atoms: 

� = B,C1 − C
.� + ,D1 − D
.� + ,E1 − E
.�
 (2) 

Then, this distance (�), the equilibrium bond length (��), and the bond force constant 
(��) are used to calculate the energy contribution of each bond in the system. 

The angles are calculated following a similar approach, the first step of which is to 
calculate the angle between three atoms ( $A� ). Firstly, the vectors FGHH⃗  and F�HHH⃗  are 

Figure 1. MM bonded terms applied by the AMBER [14] force field.

This approach is similar to the angular bend between sets of three atoms (Figure 1).
The trio of atom types (i.e., “C”, “N”, and “H”) is associated with the respective angular
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force constant (ka in kcal/mol/rad2) (i.e., “50.00”) and equilibrium angle value (θ0 in ◦)
(i.e., “120.0001”):

HrmBnd1 C N H 50.00 120.0001

In the case of dihedral angles (Figure 1), each set of four sequentially bonded atoms
(i.e., “NJ”, “CJ”, “ND”, and “CK”) is included in the parameters section as:

AmbTrs NJ CJ ND CK 0 180 0 0 0.000 4.750 0.000 0.000 1.0

The following four values “0”, “180”, “0”, and “0” correspond to the phase offsets
(Ai in ◦). For each phase offset, a magnitude factor (kd in kcal/mol) is also available
(i.e., “0.000”, “4.750”, “0.000”, and “0.000”). The last value corresponds to the number of
paths (N) (i.e., “1.0”).

Finally, the improper torsions (Figure 1) are calculated based on the following
MM parameters:

ImpTrs CJ NJ CD NH 1.1 180.0 2.0

The improper torsion is calculated as the displacement of one atom in relation to a
plane defined by three other atoms. Therefore, four atoms are needed to define an improper
torsion (i.e., “CJ”, “NJ”, “CD”, and “NH”). The energy contribution of an improper torsion
is calculated considering a magnitude factor (ki in kcal/mol) (i.e., “1.1”), a phase offset
(A in ◦) (i.e., “180.0”), and a period (P) (i.e., “2.0”). In the AMBER force field, the central
atom for improper torsions is the third atom in the list.

Energy Split was developed to use these parameters, which are available in every
Gaussian input file for AMBER calculations, for the respective energy equation:

ESystem = ∑
bonds

kb (l− l0)
2 + ∑

angles
ka(θ − θ0)

2

+ ∑
dihedrals

4
∑

i=1

kd(1+cos(i.φ−Ai)
N

+ ∑
impropers

ki(1− cos(P(σ−A)))+ ∑
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(
Aij

r12
ij
− Bij

r6
ij

)
× SLJ

+ ∑
i<j

1
4πε0

( qiqj
rij

)
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(1)

Based on the connectivity data, it is possible to identify which atoms are bonded to
each other. Connectivity includes a list of atom indexes that instructs the MM program
with respect to how atoms are covalently bonded between to one another. This information
is essential to calculate the bonded terms: bonds, angles, dihedrals, and improper torsions.
It is also crucial to apply the appropriate scaling factors to the Lennard–Jones (SLJ) and
Coulomb (SCoulomb) potentials.

For each bond, Energy Split calculates the arithmetic distance (l) between the respective
ij pair of atoms:

l =
√(

xj − xi
)2

+
(
yj − yi

)2
+
(
zj − zi

)2 (2)

Then, this distance (l), the equilibrium bond length (l0), and the bond force constant
(kb) are used to calculate the energy contribution of each bond in the system.

The angles are calculated following a similar approach, the first step of which is to

calculate the angle between three atoms (ijk). Firstly, the vectors
→
ji and

→
jk are determined;

then, the angle between these vectors is calculated following the dot product expression:

cos(θ) =

→
ji ·
→
jk

‖
→
ji ‖ ‖

→
jk ‖

(3)
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The calculated angle (θ) enters the energy expression with the equilibrium value (θ0)
and respective equilibrium value (ka).

Dihedral angles are considered any time four atoms (ijkl) are covalently bonded in a
sequence. The dihedral angle is, by definition, the angle established between the ijk and

jkl planes and calculated by determining the
→
ij and

→
jk vectors for the ijk plane and the

→
kl

and
→
kj vectors for the jkl plane. The cross product is used to compute the norm vectors for

each plane. Finally, the angle between the two norm vectors is calculated using the same
approach. Starting with the obtained value, the energy contribution for the dihedral angle
is calculated as presented in the respective term in Equation (1).

Improper torsion is calculated by considering all atoms that are exactly bonded to
three atoms. Improper torsion occurs when three atoms (ijk) are sequentially connected
to each other and atom l is connected to atom j. The concept of improper torsion was
developed to provide an energy penalty when atom l exits the ijk plane. The penalization is
proportional to the displacement, according to the respective term. Similar to the dihedral
angle calculation, two planes are defined: the ijk and ikl planes. Then, the norm vectors are
calculated, and the angle between them is calculated as described above.

So far, we have described how the bonded terms are calculated in Energy Split. Most of
the operations are implemented using the “math::linearalgebra” module of tcllib (version 1.19),
which is available at https://core.tcl-lang.org/tcllib/doc/trunk/embedded/index.md [15].

Finally, the non-bond interactions are calculated considering all atom pairs of the
system, as no cutoff was applied. However, this part of the calculation is highly time-
demanding and is parallelized through the Thread module of Tcl (https://www.tcl.tk/
man/tcl8.6/ThreadCmd/thread.htm version 2.8.7, accessed on 15 January 2022). The
calculation of non-bond interactions is split into the number of available threads of the
running machine.

The Coulomb term for each pair of atoms is simply calculated as the product of the
atomic charges of those atoms (qi and qj) divided by the distance between them multiplied
by two constants. In an MM calculation, the atomic charges are known and kept fixed for
calculation; therefore, only the distance between the atoms needs to be calculated according
to Equation (2). Because ε0 is the vacuum permittivity, the term 1

4πε0
is constant and equal

to 332.063712827427 kcal·mol−1.Å. The Coulomb contribution is also affected by a scaling
factor (SCoulomb), which depends on how the atoms are connected to each other. In the
case of atoms spaced by one or two covalent bonds, the scaling factor is zero because the
interaction between those atoms is already accounted for by the bond and angle terms
(previously described). With respect to atoms spaced by three covalent bonds, the scaling
factor is 1/1.2, following the implementation in Gaussian 09. All other case scenarios are
entirely accounted for, so the scaling factor is 1. These values are purely empirical and were
set to reproduce accurate calculations and/or experimental data.

The scaling factors are also employed for the calculation of Lennard–Jones potential.
In this case, atoms spaced by as many as two covalent bonds are nulled, whereas atoms
spaced by three covalent bonds are scaled by 0.5. The scaling for the remaining pair of
atoms (SLJ) is 1. Similarly to the Coulomb expression, the Lennard–Jones potential depends
on the distance between the two atoms involved (ij). Therefore, the distance calculated
for the Coulomb term is used to determine the van der Waals contribution. However,
the expression for the Lennard–Jones potential requires two additional parameters for
each pair of type of atoms: Aij and Bij. These two terms are calculated according to the
following equations:

Aij = εij.D12
ij (4)

Bij = 2εij.D6
ij (5)

In Equations (4) and (5), two variables are required for each pair of atoms. Those
variables are calculated based on the atomic radius (Ri and Rj) and well depth (εi and ε j) for
each atom type. These data are also included in the MM parameters, as mentioned at the

https://core.tcl-lang.org/tcllib/doc/trunk/embedded/index.md
https://www.tcl.tk/man/tcl8.6/ThreadCmd/thread.htm
https://www.tcl.tk/man/tcl8.6/ThreadCmd/thread.htm
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beginning of this section. The eij and Dij terms are calculated according to the combination
rule in Equations (6) and (7) (Lorentz-Berthelot rule [16,17]).

εij =
√

εi.ε j (6)

Dij = Ri + Rj (7)

The MM energy function of AMBER was described in detail, including all the mathe-
matic expressions required for the implementation. The MM paraments stored by Gaussian
software are not consistent in terms of units. Therefore, the actual code implementation in
Energy Split involves conversion of units.

The implementation of the MM energy function in Energy Split was tested and com-
pared with the results obtained with Gaussian 09 for the same systems. A set of systems
was used to compare the computed energies of each individual term: bond, angles, dihedral
angles, improper torsions, and van der Waals and Coulomb interactions. Following valida-
tion, Energy Split was prepared to split the systems into as many fragments as requested
by the user.

In order to clarify the implementation of energy partitioning in Energy Split, an
N-atom system is split into two fragments (Figure 2).
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represent atoms and covalent bonds, respectively.

Energy partitioning accounts for the various energy terms of each fragment as separate
sums. Therefore, in the case of a two-fragment system, two energy sums are included:
E f rag1 and E f rag2. The energy of fragment 1 (E f rag1) accounts for the energy of all terms
(Equation 1) involving only atoms belonging to fragment 1. The same is applied for
fragment 2 and all other possible fragments of the system. A third term is also required
to account for the energy of the interactions between atoms that belong to more than
one fragment. A covalent bond can span the boundary of two adjacent fragments and is
therefore not considered in any of the cases. For such situations, the energy is accounted
for in the third term, i.e., the interaction energy between fragments 1 and 2: Eint(1−2).
The same is applicable for all other terms wherein the involved atoms belong to different
fragments, whether angles, dihedral angles, improper torsions, or van der Waals and
Coulomb interactions.

In more complex systems with multiple fragments, the number of interaction terms
depends on the interactions between all the atoms involved. Consequently, it is common
to find Eint(1−2), Eint(2−3), Eint(1−3), Eint(2−4) . . . The dual fragment interaction term can
accommodate all interactions between terms that only involve two atoms (bond term and
van der Waals and Coulomb interactions). However, angles can span three fragments,
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and dihedral angles and improper torsions can involve atoms from four fragments. In
such cases, triple (e.g., Eint(1−2−3)) and quadruple (e.g., Eint(1−2−3−4)) interaction terms
are considered.

The total energy of the system is expressed by the sum of all these contributions:

EN− f rag.
system =

N

∑
i=1

E f rag(i) +
N

∑
i=1
i 6=j

Eint(i−j) +
N

∑
i=1

i 6=j 6=k

Eint(i−j−k) +
N

∑
i=1

i 6=j 6=k 6=l

Eint(i−j−k−l) (8)

Energy Split calculates the MM energy of a molecular system in the same manner as
standard MM software but offers a straightforward way to split the system into separate
fragments. As a result, the energy is calculated in terms of fragments and the interactions
between them.

2.2. Graphical User Interface (GUI)

A simple GUI was also developed to help users select the fragments for the energy
partitioning calculation. The GUI was developed using Tcl/Tk (8.6) language and acts as a
VMD [18] extension (Figure 3). The VMD extension was designed to automatically convert
the AMBER parameters from a PRMTOP/PARM7 file to the format employed by Gaussian
09 and required for further calculations. Consequently, the user only needs to load the
molecular system of interest in VMD using AMBER topology and coordinates. The system
can be either an MD simulation or an energy minimization. In the case of multi-frame
structures (e.g., an MD simulation), Energy Split automatically selects the current frame
in VMD.
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text provide instruction on how to use the extension.

Then, the VMD extension is used to set up the fragments that need to be considered in
the energy partitioning calculation. The fragments are defined using VMD atom selections,
allowing the user to visually inspect the fragments. The “X” fragment is available by
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default and corresponds to the remaining molecular system that does not belong to any
fragment (Figure 4). However, if one or more fragments, including the “X” fragment, do
not contain any atom, Energy Split simply ignores that fragment upon input file generation.
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For example, if a system has 30 atoms (indexes 0 to 29) and the user chooses two
fragments containing indexes 1 to 10 and 15 to 25, respectively, fragment “X” will contain
the remaining indexes, namely indexes 0, 11 to 14, and 26 to 29. (Figure 4)

Then, the AMBER parameters file (PRMTOP/PARM7 file) needs to be loaded into the
Energy Split extension window. This process ensures that the MM parameters are evaluated
and prepared for the subsequent calculation by Energy Split. The PRMTOP/PARM7 file
used in this step should be the same as that used to load the molecular system in VMD.

Finally, the user can choose to save the Energy Split input file to start the calculation
in VMD or on another machine or simply click “Save & Run” to save the input file and
immediately start the calculation.

The Energy Split extension for VMD was also developed to work seamlessly with the
molUP [19] plugin. Therefore, users can load Gaussian input/output files of QM/MM or
MM calculations using molUP and define fragments using the Energy Split extension. In
this scenario, there is no need to load AMBER parameters from a PRMTOP file, as the MM
parameters are automatically imported from molUP.

2.3. Calculation Output

An Energy Split calculation can be started directly from the Energy Split extension for
VMD by clicking on “Save & Run”. Otherwise, users can save the Energy Split input file
and start the calculation in the terminal by running the following command:

tclsh energySplitPath/energySplitCalculation.tcl <inputfile>.tcl
Energy Split automatically detects the number of available CPU cores to parallelize the

most time-demanding tasks. Once the calculation is finished, the output of the calculation
has the following structure:
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Fragment 1: 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 
74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 
#################### 
## Bonds 
#################### 
Energy Decomposition: 
Fragment 0 + Fragment X 1.1175408337120441e-5 Hartree 
Fragment 0 0.001192631648569113 Hartree 
Fragment 1 + Fragment X 3.1963997239640406e-5 Hartree 
Fragment 1 0.005877925197235168 Hartree 
Fragment X 1.3487114819893853 Hartree 
Total Energy: 1.3558251782407664 Hartree 
 
#################### 
## Angles 
#################### 
Energy Decomposition: 
Fragment 1 + Fragment X 0.003909277948827497 Hartree 
Fragment 0 0.005346621078139691 Hartree 
Fragment 0 + Fragment X 0.0009422968362060424 Hartree 
Fragment 1 0.01587722526327147 Hartree 
Fragment X 2.840380163313124 Hartree 
Total Energy: 2.866455584439569 Hartree 
 
#################### 
## Torsions 
#################### 
Energy Decomposition: 
Fragment 0 + Fragment X 0.027413345672736608 Hartree 
Fragment 1 + Fragment X 0.019303997109712725 Hartree 
Fragment 0 0.000960452740606765 Hartree 
Fragment 1 0.07027831060095976 Hartree 
Fragment X 11.779855376889085 Hartree 
Total Energy: 11.8978114830131 Hartree 
 
#################### 
## Out-of-plane 
#################### 
/!\ WARNING /!\ Missing parameter for improper CA-CB-CN-NA (indexes 160 168 159 157) 
/!\ WARNING /!\ Missing parameter for improper CA-CN-CB-C* (indexes 166 159 168 154) 
/!\ WARNING /!\ Missing parameter for improper H-H-N3-CT (indexes 3365 3366 3364 3361) 
/!\ WARNING /!\ Missing parameter for improper CA-CB-CN-NA (indexes 5713 5721 5712 5710) 
/!\ WARNING /!\ Missing parameter for improper CA-CN-CB-C* (indexes 5719 5712 5721 5707) 
/!\ WARNING /!\ Missing parameter for improper CA-CB-CN-NA (indexes 6390 6398 6389 6387) 
/!\ WARNING /!\ Missing parameter for improper CA-CN-CB-C* (indexes 6396 6389 6398 6384) 
/!\ WARNING /!\ Missing parameter for improper H-H-N3-CT (indexes 9595 9596 9594 9591) 
/!\ WARNING /!\ Missing parameter for improper CA-CB-CN-NA (indexes 11943 11951 11942 11940) 
/!\ WARNING /!\ Missing parameter for improper CA-CN-CB-C* (indexes 11949 11942 11951 11937) 
/!\ WARNING /!\ Missing parameter for improper H5-CY-NG-CF (indexes 12484 12485 12483 12481) 
/!\ WARNING /!\ Missing parameter for improper H5-CY-NG-CF (indexes 12522 12523 12521 12519) 
Energy Decomposition: 
Fragment 0 + Fragment X 7.384437533533025e-5 Hartree 
Fragment 1 + Fragment X 1.843132775039692e-7 Hartree 
Fragment 0 0.0002228953732006277 Hartree 
Fragment 1 0.000930847728797576 Hartree 
Fragment X 0.14035946356321405 Hartree 
Total Energy: 0.14158723535382509 Hartree 
 
#################### 
## VDW 
#################### 
Energy Decomposition: 
Fragment 0 + Fragment X -0.018663926510680447 Hartree 
Fragment 0 0.0005457981739828601 Hartree 
Fragment 1 + Fragment X -0.05217163842479787 Hartree 
Fragment 1 + Fragment 0 -1.8613620853836156e-6 Hartree 
Fragment 1 0.0001458846864959111 Hartree 
Fragment X -7.088191728714288 Hartree 
Total Energy: -7.1583374721513735 Hartree 
 
#################### 
## Coulomb 
#################### 
Energy Decomposition: 
Fragment 0 + Fragment X 0.08737279750499699 Hartree 
Fragment 0 0.05086567722001398 Hartree 
Fragment 1 + Fragment X -0.37673283820791265 Hartree 
Fragment 1 + Fragment 0 0.0015886339333808883 Hartree 
Fragment 1 -0.14002814587392498 Hartree 
Fragment X -44.06932366374086 Hartree 
Total Energy: -44.44625753916431 Hartree 
 
#################### 
## Total Energy 
#################### 
Energy Decomposition: 
Fragment 0 + Fragment X 0.09714953328693164 Hartree 
Fragment 1 + Fragment X -0.40565905326365315 Hartree 
Fragment 0 0.059134076234513035 Hartree 
Fragment 0 + Fragment 1 0.0015867725712955048 Hartree 
Fragment 1 -0.04691795239716509 Hartree 
Fragment X -35.04820890670034 Hartree 
Total Energy: -35.342915530268414 Hartree 
 
################################################################################ 
### The calculation finished successfully in 2022_Feb_28 at 17:03:50. 
################################################################################ 
### Developed by Henrique S. Fernandes (henriquefer11@gmail.com) 
################################################################################ 

The output provides information about how many CPU cores were detected and used
during the calculation. Then, a “Fragments” section lists all the fragments considered
in the calculation, with each fragment is followed by a list of atoms included in that
particular fragment (atom indexes). In the above example, two fragments were defined
by the user (Fragments 0 and 1). Therefore, the calculation was accomplished considering
three fragments: fragments 0, 1, and X.

Then, four sections are presented corresponding to the energy calculation for all
bond terms: bonds (Bonds), angles (Angles), dihedral angles (Torsions), and improper
torsions (Out-of-Plane). The improper torsions are presented with warnings about missing
parameters as a consequence of how improper torsions are evaluated in Energy Split.
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Because Energy Split considers all atoms bonded to exactly three other atoms as potentially
improper torsions, some of those calculations are not accomplished due to a lack of MM
parameters. The warning is displayed only to advise users of such a situation, suggesting
that such atoms should be carefully checked.

After these four sections, the energy for van der Walls (VDW) and Coulomb (Coulomb)
interactions are displayed. Finally, the total energy of the system (Total Energy) is presented.

For all sections, the energy is presented following the energy partitioning described by
Equation (1). The energy of each fragment is presented as “Fragment N”, where N can be
“0”, “1”, or “X”. In addition, the interaction energy, which corresponds to energy terms that
involve atoms from different fragments, are represented as “Fragment N + Fragment M”,
where N and M can be “0”, “1”, or “X”, and N 6= M.

3. Example Case: High MM Reaction Energy in QM/MM

An example of the application of Energy Split to identify the source of large energy
contributions from the MM portion in a QM/MM study will be provided in this section.

This example involves the first step of the reaction mechanism catalyzed by the main
protease of SARS-CoV-2 (Mpro) [20]. Mpro catalyzes a set of key reactions essential in
the viral replication cycle of the SARS-CoV-2 virus. In the first step, His41 activates the
nucleophilic character of the Cys145 residue, allowing for the subsequent nucleophilic
attack on the substrate. Therefore, step 1 consists of SG proton transfer from Cys145 to
His41 (Figure 5).
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Figure 5. Step 1 of the catalytic mechanism of the SARS-CoV-2 main protease. Transition state image
of the active site studied by QM/MM methods in [20]. Adapted with permission from Ref. [20]. 2022,
Springer Nature.

For our first hypothesis with respect to this mechanism, a small QM region was used,
and the estimated reaction energy of 8.7 kcal/mol had an MM contribution of 6.5 kcal/mol.
This result is evidence that a major change occurred in the MM region during the reaction
and that the associated molecular species should be included in the QM region for a
better description.

Energy Split can provide valuable help in such situations, highlighting the residues
that contribute the most to the MM term of the reaction energy. Therefore, we listed
all protein residues within 3 Å from the active site that were in the MM region (residue
numbers 25–27, 39, 44, 54, 141–144, 163–166, and 172). Then, Energy Split was used to
calculate the MM energy partition for each residue in the reactant and product structures.
Finally, the energy differences were calculated for each residue and plotted in Figure 6.
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Figure 6. Screen shot of the Energy Split extension for VMD showing a system split into three fragments.

Energy Split allows for a quick depiction of which residues contribute most to the MM
term for the reaction energy. These insights could be used to select the residues to include
in a larger QM region for further study of the catalytic mechanism [20].

Regarding performance, Energy Split was able to compute one fragment in 5 min and
28 s for a system with 15,216 atoms. This calculation was performed on an AMD Ryzen 5
3600 (12 threads). In a scenario in which the system was split into 17 fragments, the same
calculation took 7 min and 57 s.

4. Conclusions

Energy Split is a software program for energy partitioning using the AMBER en-
ergy function. The main goal is to provide a quick and easy-to-use tool to evaluate the
contribution of various parts of a molecular system to its total energy.

Currently, the software is implemented in Tcl with parallelization for the most
time-consuming part of the calculation, which corresponds to the energy term for
non-bond interactions.

As mentioned, we have identified two potential applications this type of analysis, in
particular, the identification of molecular species that have a strong contribution to the
activation and/or reaction Gibbs free energies in QM/MM calculation, or the identification
of the most important interaction between two molecules during an MD simulation.

The energy partitioning of a single structure does not have a physical meaning; the
importance of this strategy arises when multiple related structures are compared in terms
of their partial contributions. For instance, energy partitioning can be useful to identify
the amino acid residues that account the most for a particular interaction during an MD
simulation. Moreover, it could be used to identify possible repulsive interactions that
compromise the efficacy of a drug.

The current version of Energy Split and the associated VMD extension are available
for free at https://github.com/BioSIM-Research-Group/energySplit and in the VMD Store
(https://biosim.pt/software).

Author Contributions: Conceptualization, A.M.; methodology, H.S.F.; software, H.S.F.; investigation,
H.S.F., S.F.S. and N.M.F.S.A.C.; resources, S.F.S. and N.M.F.S.A.C.; writing—original draft preparation,
H.S.F.; writing—review and editing, S.F.S., N.M.F.S.A.C. and A.M.; visualization, H.S.F.; supervi-
sion, S.F.S., N.M.F.S.A.C. and A.M.; project administration, S.F.S.; funding acquisition, S.F.S. and
N.M.F.S.A.C. All authors have read and agreed to the published version of the manuscript.
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