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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.
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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 A) (i.e., “1.1000”) and the well depth
(e 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 (k; in kcal/mol/ A?) (i.e., “340.00”)
and equilibrium bond length (Iy in A) (i.e., “1.0900”) are included:

HrmStrl CT HC 340.00 1.0900

N—

angle bend

improper
torsion

—
bond length

dihedral torsion

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 (k, in kcal/mol/rad?) (i.e., “50.00”) and equilibrium angle value (6 in °)
(i.e., “120.00017):
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 0180 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
(A; in °). For each phase offset, a magnitude factor (k; 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., “1.07).
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 (k; in kcal/mol) (i.e., “1.1”), a phase offset
(Ain °) (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: Xk (1_10)2“‘ ) ka(G—GO)z

bonds angles

_|_ Z i kd(1+COZS\§l'.¢7A,')

dihedrals i=1 1
A; By M
+ ¥ ki(l—cos(P((T—A)))+Z(rl§—rg) X Spy
impropers i<j\'if y
1 (94 S
+ Z Treg \ 1 ) X 2 Coulomb
i<j /

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 (S; ;) and
Coulomb (Scou1omp) potentials.

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

L= (=) (g =90+ (5= =)’ @
Then, this distance (/), the equilibrium bond length (lj), and the bond force constant

(kp) 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
—

N
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:

- =
ji- jk

cos(8) = —1 I —
i

®)
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The calculated angle (8) enters the energy expression with the equilibrium value (6p)
and respective equilibrium value (k).

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

jkl planes and calculated by determining the i ] and ]k vectors for the ijk plane and the kl

and k] vectors for the jkI 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 [ is connected to atom j. The concept of improper torsion was
developed to provide an energy penalty when atom ! 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 (g; and g;) 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 €y is the vacuum permittivity, the term ﬁ is constant and equal

to 332.063712827427 kcal-mol~1.A. The Coulomb contribution is also affected by a scaling
factor (Scoutomp), 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 (Sy) 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: A;; and B;j. These two terms are calculated according to the
following equations:
Al']' = 81']'.Dl-1]-2 (4)

In Equations (4) and (5), two variables are required for each pair of atoms. Those
variables are calculated based on the atomic radius (R; and R;) and well depth (¢; and ¢;) for
each atom type. These data are also included in the MM parameters, as mentioned at the
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beginning of this section. The ejj and Dj; terms are calculated according to the combination
rule in Equations (6) and (7) (Lorentz-Berthelot rule [16,17]).

81‘]‘ = 4 /Ei.Sj (6)
Dij =R;+ R]‘ (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).

Fragment 2

Figure 2. Example of a hypothetical molecular system split into two fragments. The circles and lines
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:
Efrag1 and Efyq2. The energy of fragment 1 (Ef,,41) 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: Ej;;4(1_y)-
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 Ej;4(1-2), Eine(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., E;;(1-2-3)) and quadruple (e.g., Ej;y(1-23_4)) interaction terms
are considered.

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

N N N N
N—frag.
Esysté;;ag = 2 Efrag(i) + 2 Einsi—jy + Z Eint(i—j—x) + 2 Eint(i-j—k-1y (8
= 7 itk ik
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 /PARMY 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.

® [ ) Energy Split v0.1

@ 2dd lines (fragments) — Biiste AddO
@ Dpefine fragments Fragment | Selection \
Use VMD atom selection to define the [x all ]
fragments that will be accounted
during the energy calculation. e

€ Get AMBER parameters
Load a AMBER parameters file
(.prmtop) in order to grab the
required parameters.
If you load the molecule using

molUP, the Energy Split will try to
grab the parameters from the molup
GUI.

@ save and Run

save the input file and run the
energy calculation.

Load AMBER parameters (.prmtop) Save Save & Run

Figure 3. Screen shot of the Energy Split extension for VMD. The labeled numbers and associated
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.

O @ Energy Split v0.1
Energy Split Delete Add
Fragment | Selection |
X all and not (index 1 to 10) and not (index 15 to 25)
1 index 1 to 10
[ 2 index 15 10 25 |

Load AMBER parameters (.prmtop) Save Save & Run

Figure 4. Screen shot of the Energy Split extension for VMD showing a system split into three fragments.

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 /PARMY 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 /PARMY 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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##4 Energy Split

### Output

424 Energy Split detected 8 cpu(s) available.

44

##¢ Fragments

BeRSRERERERESESESESE

Fragment 0: 381 382 383 384 385 386 387 388 389 390 391 392 393 394 395

Fragment1:012345678910111213 14151617 1819 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 5253 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 7273

7475767778 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100
HEEEEEROROROREE

#Bonds

sererenerennsRsRSEEY

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

HERRRRERSE AR IREEEE

## Angles

HERRREREEBERRRIESEEE

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

]
#2 Torsions
BRERRREREREERRRERARY
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

HEEEEEROROROREE
## Out-of-plane
sererenenesnsnsReLeY
!\ WARNING /!\ Missing parameter for improper CA-CB-CN-NA (indexes 160 168 159 157)
J'\ 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 959 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 7.384437533533025¢-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

dpsphpspapssasaay
# VDW
ghpazagy
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 10.0001458846864959111 Hartree
Fragment X -7.088191728714288 Hartree
Total Energy: -7.1583374721513735 Hartree

BRERRRERRREERARERARY
#2 Coulomb
ghpazaay
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 1-0.14002814587392495 Hartree
Fragment X -44.06932366374086 Hartree
Total Energy: -44.44625753916431 Hartree

BRERRRERRREERARERARY
#2 Total Energy
R
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.

#22 Developed by Henrique S. Fernandes (henriqueferl 1agmail.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 # 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 (MP™) [20]. MP™ 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).

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 A 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.E,; software, H.S.F,; investigation,
H.SE,SES.and NM.ES.A.C,; resources, S.ES. and N.M.ES.A.C.; writing—original draft preparation,
H.S.F,; writing—review and editing, S.ES., NM.ES.A.C. and A.M.; visualization, H.S.F,; supervi-
sion, S.ES., NNM.ES.A.C. and A.M.; project administration, S.ES.; funding acquisition, S.E.S. and
N.M.ES.A.C. All authors have read and agreed to the published version of the manuscript.


https://github.com/BioSIM-Research-Group/energySplit
https://biosim.pt/software

Molecules 2022, 27, 5524 11 of 11

Funding: This work was supported by the Applied Molecular Biosciences Unit—UCIBIO, which is fi-
nanced by national funds from FCT (UIDP /04378 /2020 and UIDB/04378/2020). S.E.S. acknowledges
FCT for grant funding (2020.01423.CEECIND). Some of the calculations were produced with the
support of INCD, funded by FCT and FEDER under the project 01/SAICT /2016 022153 and project
CPCA/A1/422043/2021. This work was also partially supported by an FCT project: PTDC/QUI-
QFI/31689/2017.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The software described herein is freely available in a public repository at
https:/ /github.com/BioSIM-Research-Group/energySplit (added to the repository on 4 February 2019)
and can be easily installed through the VMD store (https:/ /biosim.pt/software).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: No new samples were generated in this study.

References

1. Vanommeslaeghe, K.; Guvench, O.; MacKerell, A.D. Molecular Mechanics. Curr. Pharm. Des. 2014, 20, 3281-3292. [CrossRef] [PubMed]

2. Fernandes, H.S.; Sousa, S.E,; Cerqueira, N.M.ES.A. New Insights into the Catalytic Mechanism of the SARS-CoV-2 Main Protease:
An ONIOM QM /MM Approach. Mol. Divers 2021, 26, 1373-1381. [CrossRef] [PubMed]

3. Arafet, K.; Serrano-Aparicio, N.; Lodola, A.; Mulholland, A J.; Gonzalez, EV,; Swiderek, K.; Moliner, V. Mechanism of Inhibition
of SARS-CoV-2 M P’ by N3 Peptidyl Michael Acceptor Explained by QM /MM Simulations and Design of New Derivatives with
Tunable Chemical Reactivity. Chem. Sci. 2021, 12, 1433-1444. [CrossRef] [PubMed]

4. Medina, FE.; Jafia, G.A. QM /MM Study of a VIM-1 Metallo-p3-Lactamase Enzyme: The Catalytic Reaction Mechanism. ACS Catal.
2021, 12, 36—47. [CrossRef]

5. Magalhaes, R.P; Fernandes, H.S; Sousa, S.F. Modelling Enzymatic Mechanisms with QM /MM Approaches: Current Status and
Future Challenges. Isr. . Chem. 2020, 60, 655-666. [CrossRef]

6. Fernandes, H.S. Computational studies addressed to Histidine decarboxylase. Master’s Thesis, Faculdade de Ciéncias da
Universidade do Porto em Bioqu imica, Porto, Portugal, 8 July 2016.

7.  Boneta, S.; Arafet, K.; Moliner, V. QM/MM Study of the Enzymatic Biodegradation Mechanism of Polyethylene Terephthalate. J.
Chem. Inf. Model. 2021, 61, 3041-3051. [CrossRef] [PubMed]

8. Pina, A.F,; Sousa, S.F,; Cerqueira, N.M.ES.A. The Catalytic Mechanism of Pdx2 Glutaminase Driven by a Cys-His-Glu Triad: A
Computational Study. ChemBioChem 2021, 23, €202100555. [CrossRef] [PubMed]

9.  Magalhaes, R.; Vieira, T.; Fernandes, H.; Cerqueira, N.; Melo, A.; Simoes, M.; Sousa, S. Creation of a Structural Database for
Inhibition of Biofilm Formation. In Proceedings of the MOL2NET 2018, International Conference on Multidisciplinary Sciences,
4th edition, Porto, Portugal, 19 December 2018; p. 6079.

10. Chung, L.W,; Sameera, WM.C.; Ramozzi, R.; Page, A.].; Hatanaka, M.; Petrova, G.P.; Harris, T.V.; Li, X;; Ke, Z; Liu, F; et al. The
ONIOM Method and Its Applications. Chem. Rev. 2015, 115, 5678-5796. [CrossRef] [PubMed]

11. Lépez, R.; Diaz, N.; Francisco, E.; Martin-Pendds, A.; Sudrez, D. QM /MM Energy Decomposition Using the Interacting Quantum
Atoms Approach. J. Chem. Inf. Model. 2022, 62, 1510-1524. [CrossRef] [PubMed]

12.  Thapa, B.; Raghavachari, K. Energy Decomposition Analysis of Protein-Ligand Interactions Using Molecules-in-Molecules
Fragmentation-Based Method. J. Chem. Inf. Model. 2019, 59, 3474-3484. [CrossRef] [PubMed]

13.  Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G.A.; et al. Gaussian 09 Revision D.01; Gaussian, Inc.: Wallingford, CT, USA, 2009.

14. Case, D.A.; Cheatham, T.E.; Darden, T.; Gohlke, H.; Luo, R.; Merz, K.M.; Onufriev, A.; Simmerling, C.; Wang, B.; Woods, R.]. The
Amber biomolecular simulation programs. J. Comput. Chem. 2005, 26, 1668-1688. [CrossRef] [PubMed]

15. Tecl Library Source Code. Available online: https:/ /core.tcl-lang.org/tcllib/doc/trunk/embedded /md/toc.md (accessed on
24 August 2022).

16. Lorentz, H.A. Ueber die Anwendung des Satzes vom Virial in der kinetischen Theorie der Gase. Ann. Phys. 1881, 248, 127-136. [CrossRef]

17.  Boda, D.; Henderson, D. The Effects of Deviations from Lorentz—Berthelot Rules on the Properties of a Simple Mixture. Mol. Phys.
2008, 106, 2367-2370. [CrossRef]

18.  Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graph. 1996, 14, 33-38. [CrossRef]

19. Fernandes, H.S.; Ramos, M.].; Nuno MFSA Cerqueir. MolUP: A VMD Plugin to Handle QM and ONIOM Calculations Using the
Gaussian Software. J. Comput. Chem. 2018, 39, 1344-1353. [CrossRef] [PubMed]

20. Lapaillerie, D.; Charlier, C.; Fernandes, H.S.; Sousa, S.E,; Lesbats, P.; Weigel, P.; Favereaux, A.; Guyonnet-Duperat, V.; Parissi, V. In

Silico, In Vitro and In Cellulo Models for Monitoring SARS-CoV-2 Spike/Human ACE2 Complex, Viral Entry and Cell Fusion.
Viruses 2021, 13, 365. [CrossRef] [PubMed]


https://github.com/BioSIM-Research-Group/energySplit
https://biosim.pt/software
http://doi.org/10.2174/13816128113199990600
http://www.ncbi.nlm.nih.gov/pubmed/23947650
http://doi.org/10.1007/s11030-021-10259-7
http://www.ncbi.nlm.nih.gov/pubmed/34169450
http://doi.org/10.1039/D0SC06195F
http://www.ncbi.nlm.nih.gov/pubmed/34163906
http://doi.org/10.1021/acscatal.1c04786
http://doi.org/10.1002/ijch.202000014
http://doi.org/10.1021/acs.jcim.1c00394
http://www.ncbi.nlm.nih.gov/pubmed/34085821
http://doi.org/10.1002/cbic.202100555
http://www.ncbi.nlm.nih.gov/pubmed/34762772
http://doi.org/10.1021/cr5004419
http://www.ncbi.nlm.nih.gov/pubmed/25853797
http://doi.org/10.1021/acs.jcim.1c01372
http://www.ncbi.nlm.nih.gov/pubmed/35212531
http://doi.org/10.1021/acs.jcim.9b00432
http://www.ncbi.nlm.nih.gov/pubmed/31356073
http://doi.org/10.1002/jcc.20290
http://www.ncbi.nlm.nih.gov/pubmed/16200636
https://core.tcl-lang.org/tcllib/doc/trunk/embedded/md/toc.md
http://doi.org/10.1002/andp.18812480110
http://doi.org/10.1080/00268970802471137
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1002/jcc.25189
http://www.ncbi.nlm.nih.gov/pubmed/29464735
http://doi.org/10.3390/v13030365
http://www.ncbi.nlm.nih.gov/pubmed/33669132

	Introduction 
	Development 
	Implementation 
	Graphical User Interface (GUI) 
	Calculation Output 

	Example Case: High MM Reaction Energy in QM/MM 
	Conclusions 
	References

