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A simple interface is proposed for combined quantum mechanical (QM) molecular mechanical (MM)
calculations for the systems where the QM and MM regions are connected through covalent bonds. Within
this model, the atom that connects the two regions, called YinYang atom here, serves as an ordinary MM
atom to other MM atoms and as a hydrogen-like atom to other QM atoms. Only one new empirical parameter
is introduced to adjust the length of the connecting bond and is calibrated with the molecule propanol. This
model is tested with the computation of equilibrium geometries and protonation energies for dozens of
molecules. Special attention is paid on the influence of MM point charges on optimized geometry and
protonation energy, and it is found that it is important to maintain local charge-neutrality in the MM region
in order for the accurate calculation of the protonation and deprotonation energies. Overall the simple YinYang
atom model yields comparable results to some other QM/MM models.

1. Motivation QM formulisms for most casés:12The link atom is a hydrogen

. . ) . . . _ . atom most of the time, as the connecting bond is usually a

When simulating complicated biochemical reactions, it is carpon-carbon one, and is constrained along the original

often necessary for one to combine quantum mechanical (QM) covalent bonds at a proper distance. In perhaps the simplest
method$* with molecular mechanical (MM) force fields? link-atom model, ONIOM” the QM atoms and the link atom
as QM methods are prohibitively expensive and MM models gre not subjected to any embedding potential from atoms in
cannot always provide enough accuracy or simply lack the {he MM region. A more recent “learn on the fly” mod&p8
capability of treating the problem. At the heart of combined 55 developed for molecular dynamics simulations, which takes

QM/MM models is a division of a molecular system of interest niq account partially the embedding potential through a buffer
into a QM region and a MM region. Atoms in the QM region  rggijon,

directly participate in bond formation and breaking and therefore
warrant a quantum mechanical treatment. Atoms in the MM
region, on the other hand, affect the reaction by providing an static embedding potential from most if not all MM atoms.

embedding electrostatic potential to the QM atoms. However, this electrostatic potential must be constructed with
Many literature exist describing different QM/MM ap-  caution because the hydrogen link atom lies too close to the
proaches, and a much incomplete list is provided Fer€.QM/ MM atoms in the immediate vicinity of the connecting bond.
MM modeling is expected to become even more widely used pvailable options for handling the electrostatic potential in-
in the years to come, thanks to the latest efficiency improve- cjyde: (a) the electrostatic interaction between the link atom
ments of QM calculation&: Within the Q-Chem software  and all MM atoms are neglected in the semiempirical QM
package?* for example, Coulomb techniques (CFM®,  formulismi112(b) the electrostatic potential from the first MM
Coulomb enginé? fast Fourier transform and resolution of  neutral group is excludet:(c) the electrostatic potential from

In more sophisticated link-atom models, QM atoms (and
sometimes the link atoms) are readily subjected to an electro-

identity*?), exchange-correlation techniques (IncDFTnulti- the first MM group is excluded, and nearby MM charges (further
resolution;?' SG-0 grid?), and parallelization techniqu€$*  away from the interface) are modified to maintain charge-
are combined together to allow high-performance density neytrality28 (d) the charge on the MM-end atom of a connecting
functional theory (DFT) calculations on PC clusters. bond is redistributed to the midpoints of related MM boAgls;

In many biochemical reactions, the QM and MM regions are (e) MM charges near the interface are smoothed with Gaussian
connected together through covalent bonds. A major concern,functions282932(f) link atoms have also been introduced to the
in the course of developing QM/MM models, is then how to MM region?° It should also be noted that different research
handle these connecting bonds. Since the hybrid of those twogroups might be applying significantly different electrostatic
fundamentally different methodologies is purely empirical, a potentials on the QM region when they employ the “link atom
variety of models have been reported. These models seem tamodel” on the same molecular system, making it sometimes
fall into two broad categories: one is to make modifications to difficult to compare those link atom models.

the MM algorithm while making little changes on the QM side,  On the other hand, many attempts have been made to simulate
and the other is the opposite, concentrating the changes on thehe connecting bond directly based on QM principles so that
QM side. the use of the fictious link atom can be avoided. One way of

The most popular approach to handle the QM/MM interface such a simulation is to use some type of orbital function. They
is to insert link atoms to simulate the convalent bonds connectinginclude the following: (a) The first is the hybrid orbital model
QM and MM regions, and requires no change to the existing from Warshel and Levitt® A single hybrid orbital on the MM-
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Figure 1. QM/MM interface with a YinYang atom

end atom of a connecting bond (pointing along the connecting
bond to the nearest-neighbor QM atom) is included. (b) The
second is the local self-consistent field (LSCF) model from
Rivail et al13-16 Like Warshel’s model, a hybrid orbital on the
MM-end atom is also included. Further this orbital is assigned
a fixed fractional occupation number. (c) Third, there is the
generalized hybrid orbital (GHO) model from Gao e£%F?

A sp® MM-end atom would contribute three hybrid orbitals,
which adds to QM electronic density, and a fourth hybrid orbital
(pointing to its nearest-neighbor QM atom) as an extra basis
function for the QM calculation. (d) Finally there is the frozen
bond orbital model from Friesner et %124 The connecting
covalent bond is described with a frozen bond orbital.

In the second kind of link-atom-free QM/MM maodels, the
connecting covalent bond is formed by making the atom at the
MM end of the bond a QM atom through effective potentials:
(a) Zzhang and Yang et &t>*replaced the MM-end atom with
a seven valence-electron atom with optimized effective core
potentials and customizesip basis functions; (b) Christiansen
et al3® developed quantum capping potential for MM host
carbon atoms; (c) Poteau et3aldeveloped effective group
potential for different functional groups; (d) Yasuda and Yamaki
developed one-electron effective potentials for methyl gréfup;
(e) Lilienfeld et al. variationally optimized effective atom
centered potentials to describe the methyl group in aceticcid,;
() Slavicek and Martinez developed effective potentials for
ground-state and excited calculatidis.

The aim of this work is to design a QM/MM model that is
conceptually simple and easy to implement at the same time.
For the sake of simplicity, our model shall (1) involve no link
atoms and (2) involve no geometry constraints. Arbitrary

geometry constraints can sometimes lead to extra imaginary

frequencies, thus complicating the search for equilibrium
geometries and transition states. The model will also (3) involve
no localized bond orbitals nor core potentials. We attemped the
use of bond orbitals (in unpublished work), but they alone do
not yield accurate length for the connecting covalent bonds (and
nearby QM bonds), plus it would require extra work for
formulating analytical derivatives. (4) The model will use as
few new parameters as possible.

In our model, the atom at the MM end of the connecting
covalent bond (usually a carbon) is made to have two characters
It is essentially a hydrogen atom to the rest of QM atoms, and
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Figure 2. Propanol, butanoic acid, hexanol, and propan-1,2-diol

d)

choosing the simple hydrogen atom, we note that the link-atom
models work equally well as the link-atom-free models numeri-
cally.28:55

The rest of the paper is organized as the follows. Details and
variations of the YinYang model will be described in the next
section, and its performance will be evaluated in section 3. A
summary will be provided in section 4. Special attention will
be paid to the effect of the embedding MM potential on the
electronic structure of the QM region. The MM force fields are
carefully constructed for the simulation of long range point
charge interactions. We will show that adjusting those param-
eters will have quite significant effect on the QM region.

2. Computational Model

2.1. Model Molecule: Propanol.The basics of the YinYang
model has been described in the above introduction. To illustrate,
we will use propanol as an example. This molecule, shown in
Figure 2a, will also serve as a test case for further adjustment
of the model. The geometry of propanol is optimized with
density functional theory, specificially B3LYP functiorfér,58
6-31G* basis s€t? and SG-1 gri€f using the Q-Chem 3.0
software packag® Some key bond lengths and bond angles
are listed in the second column of Table 1. We shall aim at
reproducing these geometry parameters with our QM/MM
models.

- In Table 1, we also list the optimized geometries with the

CHARMM?27 force field® (as implemented within Q-Chem

a regular MM carbon atom to the rest of MM atoms. We call 3 o), where the largest difference (wrt. B3LYP/6-31G* results)
it a YinYang atom because of this double charactor as shownjn pond lengths is 0.018 A, and the difference in bond angles
in Figure 1. Standard carbon parameters in a force field are jg usually less than 1°§note C5-C8—011 has a difference of
used for the YinYang atom as part of the MM region. Standard —4.12). Results with other DFT functionals are also pre-
hydrogen basis functions are used for the YinYang atom as partsented: with BLYP758there is a difference of up to 0.017 A
of the QM region, with the nuclear charge modified according in pond lengths and up to 0.8 bond angles; with EDF%}
to the MM charge value to maintain charge-neutrality. there is a difference of up to 0.004 A in bond lengths and up to
YinYang model resembles link atom models in that a simple 0.67 in bond angles. All these differences, especially the ones
hydrogen atom is employed to form the covalent bond. It is from CHARMM27, will serve as a measurement of the quality
also quite similar to the second kind of link-atom-free approach of the YinYang QM/MM model.
discussed above (or Antes and Thiel's “adjusted connection 2.2. The Basic YinYang Model.Suppose that we wish to
atoms” modef® where semiempirical parameters for the MM-  treat CH,OH of the propanol as the QM region, and the rest
end atom are adjusted) except that the QM side of the YinYang (the CH3;CH, group) as the MM region to be described with
atom does not involve any complicated effective potentials. In the CHARMMZ27 force field®
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TABLE 1: Bond Lengths (in Angstroms) and Bond Angles
(in Degrees) for the Optimized Structure of Propanol (see
Figure 2a) with B3LYP, CHARMM27, BLYP, and EDF12

TABLE 2: Bond Lengths (in Angstroms) and Bond Angles
(in Degrees) for the Optimized Structure of Propanol with
YinYang QM/MM Models 2

B3LYP CHARMM27 BLYP EDF1 basic model adjusted model
c2-C5 1.532 1.53240.000) 1.544 (0.012) 1.533(0.001) C2-C5 1.538 (0.005) 1.533 (0.001)
C5-H6 1.101 1.113(0.013) 1.108(0.008) 1.104 (0.003) C5-H6 1.122 (0.021) 1.116 (0.016)
C5—H7 1.097 1.115(0.018) 1.105(0.007) 1.100 (0.003) C5—-H7 1.123 (0.026) 1.118 (0.020)
c5-C8 1.530 1.52840.002) 1.542 (0.012) 1.534 (0.004) Cc5-C8 1.401 £0.129) 1.531 (0.001)
C8—H9 1.096 1.114(0.018) 1.103(0.008) 1.099 (0.004) C8—H9 1.098 (0.002) 1.093+0.003)
C8—H10 1.104 1.113(0.010) 1.112(0.008) 1.108 (0.004) C8—H10 1.106 (0.002) 1.099+0.004))
C8-011 1.423 1.421+0.002) 1.440(0.017) 1.427 (0.004) Cc8-011 1.423 £0.000) 1.41240.011))
g:;i_dTﬁlz 0.970 00691681-60.009) ggi]% (0.011) 8(?07: (0.004) Oll_dHﬁlz 03?-825—0002) 8823(_0002)
C2-C5-H6  109.55 109.170.38) 109.50{0.05) 109.41{0.14) C2.-C5-H6 108.02 (-1.54) 109.2140.34)
C2-C5-H7  110.50 109.191.30) 110.46{0.03) 110.37{0.13) Co C5-H7 108.08 {-2.42) 109.261.23)
C2-C5-C8  112.76 113.29(0.53) 112.90(0.14) 113.20 (0.44) CoCo_c8 11457 (1.82) 114.73 (1.97)
H6—C5-H7  106.49 107.42 (0.93) 106.50(0.02) 106.3®(13) H6—C5—H7 106.65 (0.17) 107.72 (1.23)
H6—C5-C8  108.94 109.21(0.27) 108.860.08) 108.93{0.01) He—Co_c8 109,73 (0.79) 108.00-0.94)
H7-C5-C8  108.40 108.390.02) 108.39{0.01) 108.33{0.07) : : hde
C5-C8-H9  110.04 109.7040.33) 110.13 (0.09) 110.06-0.03) H7-C5-C8 109.48 (1.08) 107.760.70)
C5-C8-H10 109.85 110.78 (0.93) 109.820.03) 109.81{0.04) C5-C8-H9 109.06 €-0.97) 107.382.66)
C5-C8-011 113.12 109.004.12) 113.21(0.09) 113.45 (0.34) C5-C8-H10 109.41 ¢0.44) 107.6542.20))
H9—C8-H10 106.99 108.29 (1.30) 107.10(0.10) 106.8®(L3) C5-C8-011 112.40¢0.72) 112.31€0.81))
H9—C8-011 105.38 108.90 (3.52) 105.02Q.35) 105.100.27) H9—C8-H10 107.93 (0.94) 109.42 (2.43)
H10-C8-011 111.20 110.1441.06) 111.29 (0.09) 111.31 (0.11) H9—-C8-011 106.00 (0.62) 107.01 (1.63)
C8-011-H12 107.36 106.920.44) 106.53{0.83) 106.69{0.67) H10-C8-011 111.86 (0.66) 112.91 (1.71)
max diff “4.12 Z0.83 2067 C8-011-H12 107.47 (0.12) 107.68 (0.32)
rms diff 1.67 0.26 0.27 max diff —2.42 —2.66
rms diff 1.13 1.58

aThe values in parentheses are differences with respect to B3LYP

results in the second column. aErrors are computed against B3LYP/6-31G* results and are

included in parentheses.
With the YinYang model, C5 in Figure 2a then becomes a

YinYang atom. The total energy for such a system is of this does not come as a total surprise, because C5, the

YinYang atom, is represented in the QM system as a hydrogen-
Eiot = Eom  Euwm (1) like atom (but with a net nuclear charge of 0.82) instead of a
carbon atom. A &H bond is shorter than a-&C single bond.

The calculation ofEqu involves theCH,OH group plus the One way to correct this is to simulate the effective potential
YinYang atom. The nuclear charge on the YinYang atom is Of @ carbon atom in this environmet?430343¢4nstead, we
0.82, which is a unit charge (for a hydrogen atom) ph@s18, elect to overcome this deficiency (connecting bond shortening)
the CHARMMZ27 charge for methylene carbon. The basis With a simple classical approach: adding an extra (repulsive)
functions for the YinYang atom are chosen to be the same onesCoulomb energy term.
for a hydrogen atom. This QM system has 18 electrons, counting  2.3. Adjustment: Connecting Bond Length Corrected
the pair for the C5C8 bond, and is subject to 6 “external point Through an Extra Coulomb Energy Term. In order to
charges™ all hydrogen atoms (H1, H3, H4, H6, H7) with a lengthen the connecting bond, an extra classical Coulomb
charge of 0.09 and C2 with a charge-60.27. repulsion, Q/r), was added between the atoms that makes up
The MM part of the calculation includes ti@H;CH, group. the connecting bond, namely the YinYang atom and the QM
Following the conventional MM algorithmsiyy contains atom connected to it, with being the length of the connecting
several componentdbond energy, angle energy, torsion energy, bond. In order to find an optimal value f@, we examine the
Urey—Bradley energy, Coulomb energy, and vdw energy. When energy gradient with this model at fully optimized quantum
any of those terms involve a QM atom, the following rules, geometry (second column in Table 1) at different value®of
based on the rules of the MM force field, apply: The gradient of the basic YinYang model, i.e., wi@iis zero,
(1) For bond, angle, UreyBradley, and vdw energies, at least is tabulated in Table 3. Only the two componentsifdy) in
one atom is a MM atom or YinYang atom. the plane of C2C5—C8 are listed, since the out-of-plane forces
(2) For torsion energies, at least one center atom is a MM are zero due to symmetry. The largest forces are found on atoms
atom or YinYang atom. C5 and C8 where the components of the gradient are larger
(3) For Coulomb energies, both atoms must be MM atoms. than 0.01, while the force components on all other atoms are
The evaluation of analytical energy gradient is straightforward all much smaller. Our goal is to minimize them with the
for the total energy as defined above, where the QM forces on adjustment ofQ.
the “external point charges” (MM atoms) are calculated the  When we add@/r) to the energy, only forces on C5 and C8
normal way when the point charges on the MM atoms are treatedare going to be affected. The change in the forces Witls
as nuclear ones. shown in Figure 3. WheR is between 0 and 0.55, the largest
As a test, an QM/MM calculation as described above is absolute value of the gradient (y component of the force on
carried out with the QM at the level of B3LYP/6-31G* and the C5) goes down linearly from 0.061 to 0.17. &= 0.55, the
results are listed in Table 2. As one can see most of the force on C5 is £0.001,—0.017,—0.003) and the force on C8
differences in bond length and bond angle are comparable tois (—0.017,—0.008,—0.001). WherQ is greater than 0.55, the
the differences between CHARMM27 and B3LYP in Table 1. x-directional force on C8 becomes the largest component and
The lone exception is the bond length of the connecting bond increases linearly witkQ. Therefore, the optimal value f@ is
between C5 and C8, which is 0.129 A too short. The shortening 0.55.
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TABLE 3: Energy Gradient with the YinYang Model (No
Coulomb Energy Correction) at Full-Optimized QM
Geometry?

gradient

atom X y

H1 0.005 0.007
C2 —0.001 0.003
H3 —0.001 —0.003
H4 —0.001 —0.005
C5 —0.050 —0.061
H6 —0.001 0.005
H7 0.000 0.004
C8 0.032 0.036
H9 0.006 0.005
H10 0.005 0.006
011 0.006 0.004
H12 0.000 —0.001

2 The backbone of propanol, €Z5-C8-011, lies roughly in the
xy plane, with C2 on the-x end.
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Figure 3. Largest gradient component @(in a basic YinYang QM/

MM calculation).

The optimized geometry with this adjustmef@ € 0.55) is

listed as the third column in Table 2. Here we observe a very

significant improvement in bond length: €&8 now falls
within 0.001 A from its full QM length. Meanwhile, there is
an increase in the error of bond angles. Most noticeably; C5
C8—H9 and C5-C8—H10 now become even smaller, with
errors greater thar-2°. With our models, these angles would
resemble H-C—H angles, which are usually smaller than
C—C—H angles (see Tables 1 and 2). With C5, the YinYang
atom, being pushed further away from the QM region with the
Coulomb energy correction, the €&8 connecting bond
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between B3LYP and CHARMM27 calculations. This adjusted
model will be used as the YinYang model in the rest of this
study.

3. Results and Discussions

In this section, we will present results from QM/MM
calculations with the YinYang model on some representative
molecules and compare them with the results of other QM/MM
models from the literature. The protonation energies and the
structural differences of the neutral and the protonated/depro-
tonated species between the full B3LYP/6-31G* QM method
and YinYang model are summarized in Tables74 Molecules
in Table 4 contain hydroxyl group, amine group, or carboxyl
group in the QM region, and an ethyl group makes up the MM
region. Molecules in Table 5 have the even smaller methyl group
as the MM region. In Table 6, we present results for longer-
chain alcohols and for molecules with hydroxyl group or amine
group in the MM region. In all those calculations, the YinYang
atom is a carbon atom, and is denotedCasAll the other QM
atoms are denoted in boldface. Most of these molecules were
studied with other QM/MM models in the following references:

(a) Zhang used pseudo-bond calculatiénghere B3LYP/
6-31G* is applied to the QM region.

(b) Nicoll et al. used a link-atom mod&.The QM region is
handled with HartreeFock/6-31G*, and the MM region with
AMBER force field.

(c) Brooks et al. used a double-link-atom model (DLA) with
a Gaussian blur width of 1.0 A(for protonation) or 1.7 A(for
deprotonation§? Some of their results with the B3LYP/6-31G
or B3LYP/6-31G* method applied to the QM region will be
mentioned.

(d) DiLabio et al. used a QM/MM model with capping
potential?® Hartree-Fock/6-31G* is applied on the QM region.

(e) Amara and Field obtained QM/MM resuf&Their LAg-

(4, 0) andLAy(4, 3) results with the HF/6-31G* method applied
to the QM region are of particular interest to us. It is noted that
the OPLS-AA force field is applied in their work.

(f) Pu, Gao, and Truhlar obtained results with their GHO
interface?? We will focus on their B3LYP/6-31G* results with
scaling.

(9) Lin and Truhlar obtained results with ESP charges and
an RCD schemé&? Note that their QM method is HF/MIDI!

In the following subsections, the structures, and the energetics
of each molecule and their charged species will be discussed
in detail, with the focus on the difference between QM/MM
and full QM calculations.

3.1. GH;0™, C3H;0OH, and C3H;OH;". One can see from

becomes even less repulsive, which therefore leads to eventhe results of YinYang QM/MM calculations listed in Table 4

smaller values for C5C8—H angles. This difference, however,
is smaller than the maximum difference of this bond angle

for these species that the geometries and the relative energetics
agree quite well with full QM results. The best agreement is

TABLE 4: Errors in the Optimized Geometry (Bond Lengths in Angstroms and Bond Angles in Degrees) and Protonation

Energies for Some Model Compounds

bond length diff bond angle diff

protonation energy

molecule max rms max rms QM YinYang error literature
CH;C/H,CH,O~ 0.020 0.014 2.83 1.18 —398.42 —399.96 —-1.54 —1.87,—2.3032 —3.40¢?
CHsCyH,CH,0OH 0.020 0.010 —2.66 1.58 —196.12 —196.96 -0.84 9.64,8.7%
CHsCyH2CH,OH," —-0.039 0.020 5.40 2.44
CH3CyH,CHoNH ™ 0.030 0.018 2.98 1.43 —425.03 —425.78 -0.75 —3.37,—3.5132 —4.2%2
CHsCyH2CH2NH> 0.016 0.009 2.45 1.55 —231.30 —233.21 —1.90 6.51, 7.4326.0%2
CH3;CH,CH,NH3t 0.025 0.013 3.69 1.75
CH;C,H,CH,COO~ 0.021 0.011 -5.27 2.86 —363.30 —372.30 -9.00 0.64,0.242 —1.122
CH;CH,CH,COOH 0.025 0.013 —4.19 2.32

aC, denotes the carbon atom which becomes the YinYang atom.
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TABLE 5: Errors in the Optimized Geometry (Bond Lengths in Angstroms and Bond Angles in Degrees) and Protonation
Energies for Some Model Compounds

bond length diff bond angle diff protonation energy

molecule max rms max rms QM YinYang error literature
CyHsCHO~ —0.027 0.016 —4.42 1.80 —399.59 —398.07 1.52 1.974.45,—-1.84% —2.022 —8.6"
C,HsCH-OH 0.017 0.011 -—2.42 1.48 —194.64 —196.48 —1.84 12.2,7.08
CyH3CH,0OH," —0.038 0.020 —4.09 2.15
C,HsCHoNH ™ 0.039 0.021 —5.03 210 —425.90 —423.70 220 3.7371.94% 2.6
CyH3CH2NH, —0.015 0.010 2.41 1.62 —-230.09 —232.65 —2.56 1.1240.72°9.95,—4.90323.9220.8°
C,HsCHoNH3" 0.024 0.013 -—-3.23 1.50
C,H;CH,COO~ 0.017 0.009 -5.23 248 —357.64 —365.55 —7.91 —3.82%-3.32°4.06,0.26>—-0.6>2>—3.6%
C,HsCH,COOH —0.022 0.013 —3.60 1.89
C/H3sCH,S™ —0.020 0.010 -—2.64 157 —367.84 —371.92 -4.08 —0.72*-3.0°-1.0%2-4.1%
C,HsCH,SH 0.020 0.013 —2.66 1.55

aC, denotes the carbon atom which becomes the YinYang atom.

TABLE 6: Errors in the Optimized Geometry (Bond Lengths in Angstroms and Bond Angles in Degrees) and Protonation
Energies for Some Model Compounds

bond length diff bond angle diff protonation energy

molecule max rms max rms QM YinYang error literature
CH3CyH2(CH2),0~ —0.026 0.011 -3.29 1.97 —397.94 —402.04 -410 —3.22,0.36,—0.02%2-2.072
CHsCyH,(CH2),0H 0.019 0.010 —2.83 153 —-197.14 —-203.62 —6.48 0.5° 3.90, 3.5
CHsCyH2(CH2),0H,* 0.071 0.026 -3.93 1.95
CHsCyH5(CH2),0~ 0.016 0.006 —2.46 114  —39435 —396.96 —2.61
CH;CyH2(CH>)4OH 0.019 0.007 —-2.41 1.09 —198.75 —200.65 —1.90
CHsCyH4(CH2),OH,* 0.021 0.008 —2.64 1.09
HOCH,C/H,CH>O~ —0.020 0.013 2.38 113 —396.32 —396.00 0.32
HOCH,C,H,CH,0OH 0.021 0.011 —2.63 147  —19497 —194.16 0.81 42
HOCH,C,H,CH,OH,* —0.037 0.019 —4.33 2.15
HOCH,CyH,CH,NH ™~ —0.025 0.015 2.65 136 —42299 —422.36 0.63
HOCH,CyH,CH:NH, 0.016 0.010 2.57 1.27 —230.42 —230.65 —0.23 2.5°
HOCH,C/H,CHoNH35" —0.036 0.021 4.85 1.99
HoNCH,CyHCHoNH ™ —0.025 0.015 2.57 1.43 —423.82 —427.76 —-3.94
HoNCH,C,H,CHoNH, 0.018 0.008 —2.46 157 —232.09 —236.87 —4.78 4.6°
HNCH,C,H,CH,NH3* 0.026 0.014 —-3.61 1.67

aCy denotes the carbon atom which becomes the YinYang atom.

TABLE 7: Errors in the Optimized Geometry (Bond Lengths in A and Bond Angles in Degrees) and Protonation Energies for
Two Amino Acids?

bond length diff bond angle diff protonation energy

molecule max rms max rms QM YinYang error literature
Ser 0.087 0.048 —7.40 3.56 —373.15 —377.80 —4.65 11.9¢80.292
SerH, 0.046 0.024 —6.90 2.90
His —0.044 0.015 —2.71 1.20 —244.51 —239.66 4.85 —5.0328 —4.81%2
HisH.* —0.060 0.017 —-2.90 1.14
His —0.044 0.015 —2.96 1.30 —248.19 —242.01 6.18 1.262.60304.14%?
HisH.* —0.053 0.016 —4.59 1.81

aFor structures, see Figure 6. MM regions made up. ohrbon and its hydrogen, amine group, and aldehyde (or carboxyl) group. The YinYang
atom is ana carbon in our calculations.

found for neutral propanol, where the largest errors in bond The energy differences between these neutral and charged
length actually come from the MM region (€516 and C5- species (see Table 4) from YinYang QM/MM calculations are
H7, see Table 2), and the source of these errors can be tracedairly accurate when compared to full QM results: for propanol,
back to the use of CHARMMZ27 force field (see Table 1). The its deprotonation energy comes with an error of 1.54 kcal/mol
interface C5-C8 bond has an error of 0.001 A, and the-€8  (a 0.4% error), and its protonation energy comes with an error
011 bond has an error 6f0.011 A. When the system becomes of —0.84 kcal/mol (a 0.4% error). The results are compared
charged, one observes larger errors in the geometry. Forfavorably with those from the link-atom model in ref 32, where
C3H;O~, C5—-C8 is 0.02 A too long, and G8011 is 0.018 A the same division of QM and MM region led to errors of 1.87
too short. FolCzH,0H,t, C5—C8is 0.006 A too long, and C8 and 2.30 kcal/mol in the deprotonation energy, and 9.64 and
011 is 0.039 A too short. The more significant error in the@ 8.73 kcal/mol for the protonation energy. With the GHO
bond length for the cationic species can be related to the factinterface?? the error in the deprotonation energy is 3.4 kcal/
that a fully optimized G-O bond is 1.522 A inHCH,OH,™" mol.

(which our QM region resembles) and a much longer 1.571 A In order to understand how the molecular structure and the
in C3H;,OH,". Apparently, the embedding MM electrostatic protonation energy are affected by the embedding potential in
potential provides some correction to the bond length (0.01 A), the MM region, we have examined how the bond length and
but it could not account for the majority of the difference. the protonation energy are affected by an external charge in
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Appendices A and B. It is found that (a) an “external” point The errors in the €C single bond lengths are 0.028 A
charge affects the length of an individual bond mainly through (anion), 0.008 A (neutral ethanol), 0.020 A (cation), and the
some kind of chargedipole interaction and (b) an “external”  errors in the G-O single bonds are-0.021 A (anion),—0.006
point charge affects the protonation energy mainly through A (neutral), and—0.038 A (cation). The rest of the geometrical
charge-charge interaction. As chargeharge interaction scales  errors are much smaller. The energy errors @HsOH are
as 1f, the protonation energy can be very sensitive to charge tabulated in Table 5:-1.52 kcal/mol (deprotonation, 0.4%) and
values on close-by MM atoms. For example, if the charge on —1.84 kcal/mol (protonation, 0.9%).
C2 in propanol (see Figure 2a) increases by 0.1, the protonation In ref 24, similar errors in the bond length were reported for
energy from YinYang QM/MM calculations would increase C,HsO~ and C,HsOH, except for a much smaller error of
approximately by 10 kcal/mol (i.e., the energy gap between —0.011 A for the G-C bond inC;HsO~. Their error in the
neutralCsH;OH and cationicC3H7OH," narrows down by 10 deprotonation energy is1.9 kcal/mol. In ref 32, errors 6f4.45
kcal/mol). Therefore, the accurate predictions of protonation and and 1.84 kcal/mol were reported for the deprotonation energy,
deprotonation energies seem to indicate that the long rangeand 12.2 and 7.0 kcal/mol for the protonation energy. The error
eletrostatic interaction in this group of structures is quite small, in the deprotonation energy was 2.0 kcal/mol in ref 22 and 8.6
since all of the functional groups in the CHARMM?27 force field kcal/mol (with ESP/RCD/HF/MIDI!) in ref 40.
are charge-neutral. On the other hand, the shortening of the 3.5. GHsNH™, CoHsNH», and C;HsNH3'. The errors in the
polarized G-O bond indicates that some atomic charges in the C—C single bond lengths are 0.039 A (anion), 0.008 A (neutral
MM region should be adjusted when the molecule is charged. ethylamine), and 0.007 A (cation), and the errors in theNC
3.2. GHsNH-, CsH;NH,, and CsH/NHs". Results for  Single bonds are-0.029 A (anion),—0.015 A (neutral), and
propylamine and its protonated or deprotonated species are alsg-0-014 A (cation). FoC;HsNH,, the energy errors are2.20

summarized in Table 4. For the neutral propylami@gHNH;, kcal/mol (0.5%) in the deprotonation energy an@.56 kcal/
the polarized &N bond is shorter by 0.012 A, while other Mol (1.1%) in the protonation energy (see Table 5).

bonds in the QM region have more accurate lengths. ThalC In ref 24, similar errors are reported for bond lengths-(&
bond is 0.024 A too short fa€sH;NH-, and 0.012 A too short ~ C—N, and N-H) for C;HsNH, and C;HsNHz* and a more
for CaH/NH5™ . accurate protonation energy f6sHsNH; (error: 1.1 kcal/mol).

In ref 29, errors in protonation energy are 3.4 kcal/mol with

The protonation energies from YinYang QM/MM calculations
P g 9Q EXGR and 0.7 kcal/mol with DLA (with B3LYP/6-31G). In

are fairly accurate: the error is 0.75 kcal/mol (0.2%) for the .
deprotonation energy and-1.90 kcal/mol (0.8%) for the ref 32, the errors are-3.73 and 1.94 kcal/mol in the deproto-

protonation energy. This compares favorably with the errors hation energy and 9.95 anel.90 kcal/mol for the protonation

(3.37-7.43 kcalimol) reported in ref 32. In ref 22, the errors energy. In ref 22, the errors are 2.6 kcal/mol in the deprotonation
Wére 4'2 and 6.0 keal/mol ' ' energy and 3.9 kcal/mol in the protonation energy. In ref 40,

. the error in the protonation energy is 0.8 kcal/mol (with ESP/
3.3. GH,COO~ and CsH,COOH. As shown in Table 4, RCD,HF/,'WD”)_p ' ! (wi

the errors in the bond lengths in butanoic adidH;COOH, _ . .
e ) 3.6. GHsCOO~ and C,HsCOOH. For propanoic acid,
andCgH,COQO™ are very similar to those for the previous two C,HsCOOH, the errors in the bond lengths are as follows:

sets of alcohol or amine molecules. However, the deprotonation _ —

energy forCsH;COOH comes with a 9.0 kcal/mol (2.5%) error, 0 (()C081—20A1(()C);1;rc1: d5—)0 00020’&9 é)(f(:f;(ﬁ)) —il_:%ro(g if‘c(g(sf_oti)e

which is significantly larger than errors for the previous two .~ oo oo 0005 A (01—65) 0015 A (’05_

sets of molecules and the errors (0.24 or 0.64 kcal/mol) reportedC8)’ 10.004 A (C8—O'9),. ad 0 A (C8—O,10)..Compared to

in ref 32 and—1.1 keal/mol in ref 22. results in ref 24, our bond lengths f@HsCOOH come with
We note that the carboxyl group is strongly electronegative, |arger errors, while the errors in geometry f0sHsCOO™ are

which can attract some electronic charge (roughly 0.05 unit of gjmilar.

charge) away from CS5, the YinYang atom, in a full-QM Our protonation energy fa€,HsCOO™ has an error 0f-7.91
calculation. On the basis of the analysis in Appendices A and kcai/mol (2.2%, see Table 5). In comparison, the error3s8
B, which are also summarized in subsection 3.1, the MM charge kcal/mol in ref 24, where this protonation energy was in their
value on the YinYang atom can have a significant effect on the training set,—3.3 kcal/mol with DLA in ref 29 and 4.06 and
protonation energy. If one reduces the MM charge on C5, the g 26 kcal/mol in ref 32, ane-0.6 kcal/mol in ref 22 and-3.6
YinYang atom, from—0.18 to—0.13, then the net charge on  kcal/mol in ref 32 (with ESP/RCD/HF/MIDI!). Again, we can
C5 increases from 0.82 to 0.87. With this change, one can indeedimprove the accuracy for the deprotonation energy by increasing
reduce the error in the protonation energy to 1.65 kcal/mol.  the charge on the YinYang atoms, but this is somewhat arbitrary.
In general, we do not advocate such an abitrary change in  3.7. GHsS™ and C,H5sSH. For ethanethiolC,HsSH, the G-S
MM charge values. Alternatively, we can simply increase the bond is 0.018 A too short, while the-€S bond is 0.020 A too
size of the QM region. In the case of butanoic acide, we can short inC;HsS™ with the YinYang atom model. In comparsion,
choose the QM region a&H,CH,COOH, so that C2 becomes  the C-S bond is 0.016 A too long i€;HsSH and —0.025 A
the YinYang atom (see Figure 2b). Then the error in the too short inCo,HsS™ in ref 24.
protonation energy is reduced te2.38 kcal/mol. The error in the deprotonation energy from YinYang QM/
3.4. GHsO~, CoHsOH, and C,HsOH,™. These structures MM calculations is 4.08 kcal/mol (1.1%) (see Table 5), which
test the limit of the YinYang QM/MM calculation as only three is larger than 0.7 kcal/mol in ref 24 and 3.0 kcal/mol in ref 29
hydrogen atoms in the methyl group are considered as pureand 1.0 kcal/mol in ref 22 and 4.1 kcal/mol in ref 40 (with
“MM” atoms (with point charges of 0.09), and the remaining ESP/RCD/HF/MIDI!).
carbon atom in the methyl group becomes the YinYang atom 3.8. CH¢O~, C4HgOH, and C4H¢OH,". For 1-butanol,
with the nuclear charge adjusted to 0.73 in the QM calculation C4HgOH, the MM region in our YinYang QM/MM calculations
to maintain charge neutrality. The same rule applies to moleculesconsists of the methyl group and neighbori@id, group,
in the next three subsections. whereas the QM region consists of two remainiDl, units
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Figure 4. Error decay in geometry parameters for 1-hexanol. YinYang
QM/MM calculation were carried with the methyl group being the MM
region. C1 is the YinYang atom (see Figure 2c).

increasing QM size

Figure 5. Error decay in geometry parameters for 1-hexanol. YinYang
QM/MM calculation were carried with an increasing size of QM region.
In model I, the las€H, group andOH group make up the QM region.
In model Il, one moreCH; group is included in the QM region. By
and the hydroxyl group. While the geometry 1G§H,O~ and model V, allCH, groups are included in the QM region.

C4HgOH has roughly the same accuracy as smaller molecules

(see Table 6), the €0 bond inC4HsOH,* is 0.071 A too long, interface. In order to confirm that, we first adopt a partitioning
and we still do not understand why this happens. where the MM region consists only of the methyl group (in

The error in the deprotonation energy for 1-butanol from which the carbon atom becomes the YinYang atom). As shown
YinYang atom calculations is 4.10 kcal/mol (1.0%), while in the upper panel of Figure 4, the errors in bond lengths goes
smaller errors were reported in the literature: a 3.2 kcal/mol down as the bonds locate farther from the QM/MM interface.
error in ref 29 and errors 0f0.36 or 0.02 kcal/mol in ref 32.  The last three bond€11-C14,C14—C17, andC17—020 (see
For protonation energy, our error {86.48 kcal/mol (2.5%), Figure 2c) are all located at least three bonds away from the
and the error is 0.5 kcal/mol in ref 29 and 3.90 or 3.56 kcal/ YinYang atom (C1), and the errors in their lengths are negligibly
mol in ref 32. The error in the deprotonation energy was 2.0 small. The same also applies to the bond angles, which are
kcal/mol with the same QM/MM partitioning in ref 22. shown in the lower panel of Figure 4.

We note that, while the errors in the protonation energies In another series of YinYang QM/MM calculations, the size
become larger for butanol than for propanol and ethanol (see of the QM region is systematically increased as shown in Figure
Tables 4 and 5), it is not a general trend that the error increasess. Model | contains only on€&H, group, in addition to the
with the size of QM region. For 1-butanol, the errors in the hydroxyl group, as the QM region. The size of QM region is
deprotonation energies are found to be 4.3 kcal/mol (&M increased by on€H, group at a time from model Il to model
CH,0OH), 4.1 kcal/mol (QM= CH,CH,OH), and 2.86 kcal/ V, which contains all fiveCH, groups. The errors for some
mol (QM = CH,CH,CH,OH), meanwhile the errors in the bonds or angles near the hydroxyl group are plotted in Figure

protonation energies are0.99 kcal/mol (QM= CH,OH), 5. Clearly, these bond lengths and bond angles become more
—6.48 kcal/mol (QM= CH,CH,OH), and—3.18 kcal/mol (QM and more accurate as they are moved away from the YinYang
= CH,CH,CH,OH). atom. At the same time, the errors in the protonation energies

3.9. GH130™, CgH130H, and CsH130H,. For 1-hexanol, are: 0.54 kcal/mol (model I);-1.69 kcal/mol (model I1);-3.25
CeH130H, and its cationic and anionic derivatives, several kcal/mol (model Ill),—1.90 kcal/mol (model IV), and-1.83
partitioning scheme were applied in our YinYang QM/MM  kcal/mol (model V), which shows that the protonation energy
calculations. In the first scheme, the MM region consists of the do not always become worse with larger QM regions.
methyl group and the neighbori@€H, group, just like the case 3.10. HOGHO~, HOC3HgOH, and HOC3HOH,™ In this
of 1-butanol in the previous subsection. So the QM region is and next two subsections, we will examine the effect of having
made up of four remaininGH, groups and the hydroxyl group.  polar groups in the MM region. In this subsection, we start with
With this partitioning, the errors in the geometry and in the propanol, and replace one of its methyl hydrogens with a
relative energies are listed in Table 6, and these errors are veryhydroxyl group (see Table 6). The QM region still consists of
similar to those of ethanol and propanol. one hydroxyl group and the neighbori@H, group. The MM

The errors in geometry parameters, such as bond lengths andegion contains two oth&€H, groups and the MM-end hydroxyl
bond angles, are expected to decay away from the QM/MM group.
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Within the CHARMMZ27 force field, the hydroxyl oxygen
atom has a charge 6f0.66, and the hydroxyl hydrogen atom
has a charge of 0.43, so the net charge on hydroxyl group is
—0.23. If this charge is not neutralized, the protonation energy
will be overestimated by more than 24 kcal/mol. To offset this
charge, the charge of the neighboring carbon (C3 in Figure 2d)
can be increased from-0.18 to +0.05. As mentioned in
Appendix B, at+0.1 charge at the location of C3 would narrow
the energy gap down by approximately 10 kcal/mol. So the
proposed charge increase of 0.23 can bring the protonation
energy much closer to its correct value. Indeed, as shown in
Table 6, with the charge on C3 increased to 0.05, the energy
errors are—0.32 kcal/mol (0.1%) for the deprotonation energy,
and 0.81 kcal/mol (0.4%) for the protonation energy. In ref 29,
the error in the protonation energy was 4.4 kcal/mol.

3.11. HOGHgNH~, HOC3HgNH,, and HOC3HeNH3 .

Here we start from propylamine, and replace one of the methyl
hydrogen with hydroxyl group. For the same reason mentioned
in the last subsection, we need to increase the charge of the
MM carbon atom next to hydroxyl group from0.18 to+0.05.
Then the energy errors from YinYang atom model calculations H
are —0.63 kcal/mol (0.1%) for the deprotonation energy and
—0.23 kcal/mol (0.1%) for the protonation energy. With the Figure 6. Amino acids

double-link atom model in ref 29, the error in protonation energy

was 2.5 kcal/mol. atom type calculations yielded an error €6.03 kcal/mol in

3.12. LNC3HeNH ™, HoNC3HNH,, and HoNCsHgNH3™. ref 28 and—4.81 kcal/mol in ref 32.

Here we also start from propylamine and replace one of the If the structure is terminated with carboxyl group (see the
methyl hydrogens with an amine group. The CHARMM27 bottom panel in Figure 6), we can still use the same MM charge
charges are—0.62 for amine nitrogen andt0.31 amine values as before fax carbon and its hydrogen, and the amine
hydrogen, so the amine grouldKl) is charge-neutral. YinYang  group. For the carboxyl group, the charge values are carbon
QM/MM calculations yield errors of 3.94 kcal/mol (1.0%) in  0.51, carbonyl oxygen-0.43, hydroxyl oxygen—0.51, and
the deprotonation energy, ane4.78 kcal/mol (2.0%) in the hydrogen 0.43. With this set of MM charges, the protonation
protonation energy. Both energy differences are overestimated,energy comes with an error of 6.18 kcal/mol (2.5%, see Table
which can be related to the fact that the amine nitrogen tends 7). In ref 30, the error ranges from 1.2 to 2.6 kcal/mol with
to attract a small amount of charge (about one-tenth of an capped potential model. In ref 32, the error was 4.14 kcal/mol.
electron at B3LYP/6-31G* level) away from its neighboring  Before we proceed to the conclusion, we would like to point
carbon. out there are limitations as to how small the QM/MM errors

3.13. Serine.In this and next sections, we will perform can be. As an example, we have performed all-electron DFT
YinYang QM/MM calculations on two amino acids, serine and calculations on both histidine and protonated histidine (termi-
histidine. nated with carboxyl groups) with B3LYP functional and a mixed

For serine, the MM region consists of the aldehyde graup, basis set. 6-31(_3* basis_functions were assigned_ to “QM” atoms
carbon and its hydrogen, and the amine group (see Figure 6).2nd 3-21G basis functions to "MM" atoms, which were MM
The charges values used here are: aldehyde carbon 0.42810ms in YinYang QM/MM calculations above and are now
aldehyde oxygen-0.51, aldehyde hydrogen 0.G8carbon 0.09, aptually QM atoms'. This .m|x.ed-.ba5|s full-QM calgulanon
hydrogen bound tat carbon 0.07, amine nitrogen0.82, and yielded geometry with quality S|m|Iar_ to that of thg YinYang
amine hydrogen 0.33. So overall the aldehyde group is charge-QM/MM calculations, and a protonation energy with an error
neutral,o carbon, and its hydrogen has a net charge of 0.16, of —4.38 kqal/mol. As one can see, this level of error is similar
which is offset by the amine group. carbon is the Yinyang  (© that of YinYang and other QW/MM models.
atom, so its charge is 1.09 in the QM calculation.

From YinYang QM/MM calculations, the deprotonation

energy of serine (removal of-hydrogen, see Figure 6) comes  \ve have proposed and tested a very simple QM/MM model,
with an error of 4.65 kcal/mol (1.2%, see Table 7). Link-atom jn which an atom at the interface between QM and MM regions
type QM/MM calculations were reported for serine, and the error js made to have double characters: it is like a hydrogen atom
in the deprotonation energy was 11.9 kcal/mol in ref 28 and to the QM region and a regular MM atom to the MM region.
—0.29 kcal/mol in ref 32. Only one new empirical parameter is introduced for an added
3.14. Histidine. For histidine, we performed YinYang classical Coulomb repulsion term to obtain accurate bond length
calculations with either aldehydeCHO) group or carboxyl for the connecting bond between QM and MM regions.
(COOH) group. The new model is tested for a series of molecules and their
If the structure is terminated with aldehyde group, we use charged species. Comparisons are made on the geometry
the same MM region as in the serine calculation, and therefore parameters and protonation/deprotonation energies with respect
the same set of MM charge values. The protonation energy (for to the full-QM results.
adding one proton next te-nitrogen, see the middle panel in For linear-chain alcohols and amines, this model yields
Figure 6) comes with an error of 4.85 kcal/mol (2.0%). Link- reasonable geometries for neutral species. Its becomes slightly

4. Summary
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less satisfactory for charged species (worst case for protonateds
butanol). For these molecules, the protonation energy usually §
falls within 3 kcal/mol from full-QM results (again with the
exception of butanol). For linear-chain carboxyl acids, the
protonation energy comes with larger errors, which is related
to the assignment of MM charge values. For amino acids, the
protonation energy has an error arourgedkcal/mol. Overall,

those errors are comparable to other QM/MM models which
either are based on link-atoms or contain more parameters.
Furthermore, the errors decrease as the bond or the protonated
functional group in the QM region is moved away from the
QM/MM interface.

It is suggested that one should assign MM charge values with &
extra caution, because these charges perturb bond lengthsg
through some kind of chargedipole interaction, and even more g
importantly, perturb the protonation energy through charge
charge interaction. For linear-chain molecules with polar groups
attached at the MM end or for amino acids it was found to be
important to keep the overall MM region charge-neutral.
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Appendix A. Influence of Point Charges on Optimized
Bond Lengths

In QM/MM calculations, a QM model system is often
subjected to the electrostatic potential from MM point charges
(with the exception of the ONIOM model). Here we want to

Shao and Kong

us at this time how to define a dipole moment for a specific
covalent bond.

Appendix B. Influence of Point Charges on Protonation
Energies

In this section, we are going to use propanol again as a model
system to examine the influence of MM point charges on
protonation energies. We start from YinYang QM/MM calcula-
tions on propanol mentioned in section 2 and vary the MM
charge on MM atoms such as C2, C5, and H6. In Figure 11,
for example, the charge on C2 is varied fron®.5 to —0.2
(standard CHARMMZ27 value is-0.27), while the charges on
other atoms remain unchanged, so the molecule has a net charge.

The slope of these curves are the values of the electrostatic
potential (from the modelCH,OH QM region) at those atomic
positions. For C5, the electrostatic potential (and therefore the
slopes) are negative for both neutral propanol and protonated
propanol, which is necessary to retain the positively charged
nucleus. For nenutral propanol, the electrostatic potential is still
negative at C2, H6, and H7, while for protonated propanol, the
electrostatic potential becomes positive at C2, H6, and H7,
reflecting the nett-1 charge of the modeHCH,OH,™ com-
pound.

The protonation energies, which are the differences between
the neutral and cationic curves in Figure 11 are shown in Figure
12. So the protonation energy is found to increase linearly with
the charges on C2, C5, H6, and H7. The slope is 0.17 for C2,
0.29 for C5, and 0.44 for H6 and H7. If one defingsis the
distance from an atom to the charge center of theOCbond
(which is also roughly the charge center for protonated propanol
within B3LYP/6-31G*), then the values for d/are: 0.17 for
C2, 0.28 for C5, and 0.22 for H6 and H7. So we reach the
conclusion thaexternal MM point charges affect the protonation
energy roughly through classical chargeharge interaction

Finally it is noted that Nicoll et a8 also studied the effect
of point charge values on the energy difference in the context
of local self-consistent field (LSCF).
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