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The performance of different link atom based frontier treatments in QM/MM simulations was evaluated critically
with SCC-DFTB as the QM method. In addition to the analysis of gas-phase molecules as in previous studies,
an important element of the present work is that chemical reactions in realistic enzyme systems were also
examined. The schemes tested include all options available in the program CHARMM for SCC-DFTB/MM
simulation, which treat electrostatic interactions due to the MM atoms close to the QM/MM boundary in
different ways. In addition, a new approach, the divided frontier charge (DIV), has been implemented in
which the partial charge associated with the frontier MM atom (“link host”) is evenly distributed to the other
MM atoms in the same group. The performance of these schemes was evaluated based on properties including
proton affinities, deprotonation energies, dipole moments, and energetics of proton transfer reactions. Similar
to previous work, it was found that calculated proton affinities and deprotonation energies of alcohols, carbonic
acids, amino acids, and model DNA bases are very sensitive to the link atom scheme; the commonly used
single link atom approach often gives error on the order of 15 to 20 kcal/mol. Other schemes give better and,
on average, mutually comparable results. For proton transfer reactions, encouragingly, both activation barriers
and reaction energies are fairly insensitive (within a typical range-@f Rcal/mol) to the link atom scheme

due to error cancellation, and this was observed for both gas-phase and enzyme systems. Therefore, the
effect of using different link atom schemes in QM/MM simulations is rather small for chemical reactions that
conserve the total charge. Although the current study used an approximate DFT method as the QM level, the
observed trends are expected to be applicable to QM/MM methods with use of other QM approaches. This
observation does not mean to encourage QM/MM simulations without careful benchmark in the study of
specific systems, rather it emphasizes that other technical details, such as the treatment of long-range
electrostatics, tend to play a more important role and need to be handled carefully.

1. Introduction quantum  mechanical/molecular mechanical (QM/MM)

: , approact, 8 in which the reactive part is described with QM
Quantum mechanical (QM) approaches can describe theand the remaining system by MM. The underlying assumption

breaking and formation of chemical bonds and hence are that the ch i electronic struct localized and that
required for studying chemical reactivity. Many reactions of IS that the changes In electronic structure are localized and Ina

interest involve crucial contributions from the environment, the response of the enwronmgnt can be desgnbed W't.h sufficient
which can be solvent or a macromolecule. Various approachesaccuracy. with use of a force field. Since the |ntrodugt|on of the
for including the effect of the environment on chemical QM/MM idea around the early 1980%umerous studies have

reactivities have been suggested and implemented. For exampl t’)een conducted examining both performance of different

linear scaling techniquésre available in different theoretical schemes as well as inigresting appl_ications tp various solution
frameworks and have been successfully applied to realistic and enzyme systeni8.*® These previous studies have clearly

biomolecular system&The potential of these full QM methods demonstrated that careful QM/MM methods can provide useful

is enormous considering the speed gain of computational insights into catalytic mechanisms in complex systems that are

resources in recent years. Nevertheless, with commonly availabledifficult to obtain otherwise. The current challenges lie in

facilities, it remains difficult to perform sufficient amount of systemlatur:]ally.|m|provmg_ thﬁ ropusltness of such mgtr:lodshfor
statistical sampling for investigating chemical reactions in 9&neral chemica and biochemical systems, especially those

complex systems with QM methods alone even at the semiem-Involving open-shell species (e.g., radic&i¥/excited state}*°
pirical or approximate density functional theory (DFT) levels. and transition metad®2) and complex structure/dynamics (e.g.,

2—24 i i 27
An intuitive yet powerful alternative is to partition the system Molecular motors; Dl;lﬁA-manlpulatmg enzyme%; 2" and
in a multiscale approach treating different parts of the system Membrane bound systeffis).

with different levels of theory. A popular choice is the hybrid ~ In commonly used QW/MM schemes the Hamiltonian opera-
tor of the entire systent, is written as the sum of those for
8 These authors contributed equally to this work. the QM partition, Hom, the MM partition, Huv and the
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e TABLE 1: Notations for Atoms and Groups Used in
| QM/MM Frontier Treatments
Mv | QM : .
\ MM atom MMA  generic atom in the molecular
mechanics (MM) partition
/ QM atom QMA generic atom in the quantum
MMHA: -} @ME—QMHA mechanics (QM) partition

MM host atom MMHA atom on the MM side of a severed

bond at the frontier (Figure 1)
MM host group MMHG charge neutral group including
\ the MMHA
I QM hostatom QMHA atom on the QM side of a severed

/ bond at the frontier (Figure 1)

_/ QM link atom QML link atom introduced between the
Figure 1. QM/MM partitioning across a covalent bond showing the QMHA and MMHA to cap the QM
MM host atom (MMHA), QM host atom (QMHA), and QM link atom _ _ region, treated with QM (Figure 1)
(QML). MM linkatom ~ MML  link atom introduced between the
MMHA and QMHA to balance dipole

; i . moment in the DLA approach,
interaction between the twdiommm, treated with MM (Figure 1)

H = Hoy + Fyu + A 1)
QM MM QUMM adjusted to that of the atom it replaces by using pseudopotentials.
The precise expression &QM/MM varies but generally has Antes et aP® su_ggestgd an alt_ernative for semiempirical QM/
contributions from electrostatic, van der Waals, bonded interac- MM methods in which the integrals of the hydrogen-like

tions, and possibly additional constraifits, boundary atom are re-parametrized to mimic the behavior of
the host (e.g., methyl) group.
. el e ~bonded | ' '
Hommm = Hg&C/MM + H\éh\/lf\//MM + HQOJ/JM + gOMn/SMM 2) Other approaches to the QM capping problem include the

localized self-consistent field (LSC¥)3° and the generalized
The bonded terms and constraints (e.g., fixed bond distancehybrid orbital method (GHOJ? which use localized orbitals to
between boundary QM and MM atoms) are used for keeping de_zscrlbe the bonding at the QM/MM !nterfgce. Several studies
the proper connectivities and geometries when cutting through With the LSCF approach in combination with DFT or HF*3
covalent bonds at the QM/MM interface. The QM/MM van der clearly demo_nstrated the capability and the pitfalls of the L_SCF
Waals terms can be optimized to improve properties such as@Pproach using small gas-phase motiefsas well as protein
distribution of MM groups around the QM grodp.The models_‘}2v43Moreover, Reuter et df showed in t_helr systematic
electrostatic component, which is missing in some early analysis using gas-phase systems that the I|_nk atom approach
implementations for organometallic systefdss crucial for ~ and the LSCF method for AM1/CHARMM give comparable
polar environments such as water solution and biomolecules results. For small QM zones and MM atoms with large charges
(for a recent example, see ref 33). at the interface, the LSCF method gives worse results_ than the
An issue that has been repeatedly raised concerns thdink atom approach; however, relatively Ia_rge errors with both
treatment of the QM/MM boundary. The interaction between Methods suggested that the QM/MM frontier should be chosen
MM atoms and nearby QM atoms should be carefully treated such that classical frontier atoms have small charges.
to reliably describe the effect of the environment on chemical ~ Within the link atom framework, it was argued that the
properties of the QM region. This is expected to be particularly treatment of QW/MM electrostatic interactions involving frontier
important in cases where the QM/MM partition involves MM atoms can influence the result substantially. Early imple-
dividing the system across covalent bonds; a typical example mentation of the link atom approach sought to resolve the issue
involves partitioning catalytic side chains as QM and the Of spurious electrostatic interactions at the frontier by not taking
remaining protein as MM. It is evident that special care has to into account interactions between the QM link atom and MM
be taken to avoid dangling bonds in the frontier QM atom(s) charge$:*> Multiple authors showed“%4that this treatment
and to minimize artifactual effects on the electronic structure suffers from erroneous polarization and other artifacts, due to
of the QM region. distortions in the QM charge distribution as the frontier QM
Various approaches have been proposed to deal with cappinggtom and the QM link atom experience significantly different
of the QM frontier atoms. The most straightforward approach electric fields. These effects are evident in both the electronic
involves inserting a link atom, which is typically chosen as a structure (e.g., dipole moment) and the energetics of protonation/
hydrogen atom, between the QM host atom (QMHA, see Figure deprotonation of the QM region.
1 and Table 1) and the MM host atom (MMHA). The link atom A popular scheme, which is the default in CHARMM,
is treated at the QM level, and may be subject to an angular excludes electrostatic interactions between the MMHA and all
and distance constraint to lie along the bond between QMHA QM atoms (including the link atonff:48-50 This has been
and MMHA at a fixed bond distance. The link atom typically termed as the “single link atom (SLA)” treatment in a recent
interacts with MM atoms through electrostatic terms (however, overview by Das et &' Noting that the SLA treatment leaves
see below) but not through van der Waals terms. a fractional charge near the QM region, which can cause serious
Instead of regular hydrogen atoms, hydrogen-like atoms or errors®! An alternative, which is termed the EXGR scheme in
pseudohalogens have been used to terminate the QM regionCHARMM and in this paper, is to exclude QM/MM electrostatic
In those approaches, the link atom coincides with the MMHA. interactions involving the entire MM host group (MMHG, see
The electronic nature of this atom is modified to mimic the Figure 2)%2 Sherwood et al. suggested yet another variation,
behavior of the MM host atom or MM host group (MMHG). referred to as the charge shift scheme (CHS¥,in which
For example, in an approach described by Zhang €tfal. ab the charge of the MMHA is distributed to the neighboring atoms
initio or DFT QM/MM, the boundary atom is described as a in the same group. Dipoles are placed on each of these atoms
pseudohalogen with seven electrons, whose properties areoriented in the direction of the bond to the MMHA to
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Figure 2. Typical MM host group (MMHG) for amino acids and
proteins (a) and deoxyribose (b) in the framework of the CHARMM
force field. R substitutes the side chains. B substitutes the purine or
pyrimidine base.
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definition of different link atom schemes studied here. Finally,
computational details for all test calculations are described.

2.1. The SCC-DFTB/MM Method. As described in eq 1
the potential energy of the QM/MM system is written as,

U = [W|Hqy + Homm WO+

vdW bonded
UQM/MM + UQM/MM + UMM +

cons
Uommm

3

whereW is the electronic wave function of the QM region. In
this paper, the QM level is the SCC-DFTB metHoulith

compensate for the charge shift. The magnitude and position giterent frontier treatment schemes, the operator describing QM/

of these dipoles can be adjusted to obtain an accurate reproducMM electrostatic interactiongde'e

tion of the electrostatic potential in the QM region.

A number of authors suggested that no charges need to bl the original implementatioff,

Jommms takes different forms.
Howwu has the form of

exempt if the MM point charges are replaced by a distributed Coulomb interaction between the MM point cha@gand the

(“blurred”) Gaussian charge density (DG sche’#}55Das
et al®! further suggested that, to counter the dipole moment
created by the QM link atom, another link atom should be added
to the MMHA; this link atom is termed the molecular mechanics
link atom (MML) and the scheme is referred to as the double
link atom (DLA) scheme. Impressive accuracy for proton
affinities and deprotonation energies were obtained when DLA
and the Gaussian blurring approaches were comisihed.
remaining issue, however, is that the blurring width may not
be generally transferable; e.g., different blurring widths were
used for optimal protonation and deprotonation enefgiadich
is problematic for studying proton-transfer reactions.

Despite those previous efforts, the quantitative performance
of various QM/MM frontier treatments in realistic condensed

phase simulations is not well established; previous studies have
mainly used gas-phase molecules as benchmark systems, and

many such molecules are aliphatic compounds where little
polarization is expected from the MM part. Only a few studies
have looked into the performance of different schemes for
biologically relevant molecule’s:4447.55

For the current work, we systematically evaluated the
performance of different link atom approaches available in
CHARMM. In addition to typical gas-phase test cases, we
studied a number of polar molecules where polarization is
important; a number of enzyme systems were also included.
We focus on QM/MM calculations using an approximate DFT
method (SCC-DFTB) as the QM level. The SCC-DFTB method
has been used successfully in QM/MM simulations of a number
of biological systen®=63 and appears to be particularly

promising for enzyme studies due to its speed and satisfactory
accuracy for many types of reaction; an assessment of different

link atom schemes in the SCC-DFTB/MM framework will
further help establish a generally effective QM/MM simulation
protocol. The insights gained from the current study can also
shed light into similar issues concerning QM/MM frontier
treatments involving other QM methods, such as ab initio or
more sophisticated DFT.

In section 2, we describe the QM/MM formulation for SCC-
DFTB/MM and clearly define the different link atom schemes
investigated here. In section 3, we present and analyze result
obtained with the various schemes; the test cases include

(section 3.1) and proton-transfer reactions in both small

molecules and two enzymes (section 3.2). Finally, we conclude

in section 4 with a few remarks.

2. Methods

In this section, we first summarize the QM/MM Hamiltonian
in the SCC-DFTB/MM framework. This is followed by the

Mulliken chargeAgg on the QM atonf?

A
fyelec,pointcharges ﬁ 4
QM/MM - %w = = ( )
Ac Be | Fa— T B|

To achieve a balanced treatment of electrostatics between MM
atoms and QM atoms at different distance separation, a number
of authorg®>155 suggested using blurred Gaussian charge
distributions instead of point charges for the MM atoms in
evaluating QM/MM interactions. The blurred charge distribution
o for a MM atom with total partial charg®a located atR is
given as

1
ov2n

where ¢ is termed the blurring width. The corresponding
contribution to the Hamiltonian operator similar to eq 4 is:

QaAds
(6)

Ac Be |I’A—I'B|

Finally, in the charge shifting model (CHSFA>*the QM
atoms also interact with dipoles added to the MM atoms in the
frontier region. The corresponding contribution to the Hamil-
tonian from a dipolé centered aR is:

p(Ts — R)
%V‘AqB—_.:g
BE [Tg — R

2.2. Different Link Atom Schemes.In all test calculations,
the QM partition is capped by hydrogen link atoms. After the
work was essentially finished, Gao et®alimplemented the
GHO approach for SCC-DFTB/MM in CHARMM,; therefore,
the GHO results have not been compared to the link atom based
approaches here. As described in section 1, different link atom
schemes tested here differ in the way that electrostatic interac-

o(T) = QA( (5)

32 o =0,
) o (T—RI20

To—T
Helec,blurred_ | A B|
QM/MM T

(o

~elec,dipole__
HQM/MM -

()

ztions at the QM/MM interface are treated:

number of polar and nonpolar molecules in the gas phase

e Single link atom(SLA):4648-50 MM partial charges are
represented as point charges; charge on the MM host atom
(MMHA) is excluded from QM/MM electrostatics.

o Excluded group (EXGEY MM partial charges are repre-
sented as point charges; charges on the entire MM host group
(MMHG, see Figure 2) are excluded from QM/MM electrostat-
ics.

« Distributed Gaussian (DG3®5155MM partial charges are
represented as Gaussian charge distributions centered on the
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TABLE 2: Terms and Interactions Considered for Various included and discarded in QM/MM calculations as implemented
QM/MM Schemes?! in SCC-DFTB/CHARMM* with different link atom schemes.
bonded terms 2.3. Computational Details.All computations were carried
bond MMA-X out with the CHARMM27 force fieléf and the SCC-DFTB
angle X-MMA-X method® The QM/MM interface implemented by Cui et #l.
dihedral X-MMA-X-X or X-X-MMA-X into the CHARMM prograrf’ was modified to include the DIV
improper MMA-X-X-X (first atom is central

and CHSH approaches as well as the DG and DLA schemes
described by Das et &.No electrostatic cutoffs were used for
the gas-phase models. No QM/MM restraints were used except

atom)

nonbonded terms
QMA-MMA electrostatics  interaction through eqgs 4, 6, 7

van der Waa|s Computed C|assica|!y for the DLA approach, in which the distance between the MM
QMA-QMA electrostatics  not computed classically link atom (MML) and MMHA was restrained to be 1.1 A and
van der Waals  not computed the MML was restrained to be along the bond connecting
nonbonded terms involving link atoms MMHA and QMHA, using a force constant of 4000 kcal/(fad
QML electrostatics  interaction through eqgs 4, 6, 7 mol)
van der Waals invisible to both MMA and QMA ’ L . . .
MML electrostatics  classical interactions with all MMA, The group definitions in CHARMM, which are relevant in
interaction with all QMA through CHSH, DIV, and EXGR schemes, are as follows: for aliphatic
egs4,6,7 compounds, each methyl and methylene group is charge neutral
van der Waals  invisible to both MMA and QMA and constitutes a group in terms of the MMHG. For biomol-
aX is either MMA or QMA. ecules tested here, the MMHG is schematically displayed in

Figure 2 for amino acids and nucleotides.

respective atoms; no exclusions for QM/MM electrostatic gy the gas-phase systems, the energy of all molecules was
interactions are made. Identical blurring widths are used for all inimized with respect to their coordinates at the respective
MM atoms. . QM or QM/MM levels thus all comparisons were made with

+ Double link atom (DLA):>* MM partial charges are  giabatic energetics. When computing proton affinities and
represented as Gaussian charge distributions centered on th@eprotonation energies, it should be noted that the energy of a
respective atoms; no exclusions for QM/MM electrostatic proton in SCC-DFTB is not zero; a value of 141.8 kcal/mol is
interactions are made. In addition to the QM link atom, a MM |,sed as in standard parametrizati&h:57
link atom (MML) is added to the MMHA and placed along the 14 gpyain the rotational profiles, an adiabatic mapping along
bond between the MMHA and the QMHA. The MML bears a he relevant dihedral angle was made betwee(syn) and 189
partlal charge polarizing all QM atoms, and the .magnltude of (anti) in steps of % At each step, the geometry was fully
its charge is subtracted from the MMHA to maintain charge qhtimized while the relevant dihedral angle was harmonically
neutrality. _ _ restrained with a force constant of 2000 kcal/gratbl).

* Divided (DIV) frontier charge MM partial charges are For proton transfer, adiabatic mappings were performed by

(rje[?resgntetzli ?f ppt)int ghargesl. The cf;]arge Of.the MMHAGiS using the anti-symmetric stretch coordinate involving the proton
eleted and distributed evenly over the remaining MMHG. donor, the proton, and the proton acceptor for obtaining initial
Similar to CHSH, but no dipoles are added to the MMHG atoms. pathways, which were further refined by using the CPR

» Charge shift (CHSHj*** Redistribution of charges as algorithn79to locate the saddle points more precisely. The two
described for the Dl\./ §cheme. A dipole is added at the location er?zyme systems studied here, t?iosephosphgte ison}:erase (TIM)
of each of_the remaining MMHG atoms to compensate for_the and methyl glyoxal synthase (MGS), were taken from previous
charge shift from the MMHA. This dipole is exactly opposite 5o pETR/MM studies using the stochastic boundary condi-
to the dipole introduced by the amount of shifteq p.artial charge tion.”* The systems cont,ain approximately 4000 enzyme atoms
frpm the MMHA to the respective atom multiplied by the 504 1179 water molecules for TIM and approximately 7700
distance between them. enzyme atoms and 384 water molecules for MGS. The QM

Note that in almost all cases where partial charges are reqi : ; :

" S gion contains the substrate (DHAP) and side chains of two
modified (SLA, EXGR, DIV,.CHSH)., such "?Od.'f'ca“of‘s are  assential catalytic residues (His95 and Glul65 in TIM, His98
madeo_nly for the QM/MM interactions. This IS crucial as and Asp7l in MGS). For more details, refer to previous
otherwise the accuracy of the carefully parametrized MM/MM publications®72-74 In the enzyme systems electrostatic force
interaction by empirical force fields would be compromised. shifting with a cutoff of 13.0 A was used for MM/MM
The only exception in which classical interactions are actually interactions. No cutoffs were used for QM/MM interactions in
modified is the DLA approach. Furthermore, the sum of MM any of the models

Cha(;.%es t_lnteractlng t"‘;'th Strlii QMthatgms '3 ég)(rgsrvek(]j Intr?” Finally, because our focus here is on the influence of QM/
modincations except for methods an when € - y,\ frontier treatment, full SCC-DFTB results were used as

overall charge of the MM host group is not neutral (no such the reference for all test calculations on small molecules. For

cases are presented in this paper). h h
. . . - models n ffs wher .
Although the link-atom based frontier treatments d|scussedt e gas-phase models no cutoffs where used

above were used only in the CHARMM framework here, these
schemes are applicable in the context of other MM force fields.
For schemes that involve modifying charges on the MM host  In the following we compare different link atom approaches
group (CHSH35*and EXGR32 DIV), it is not necessary that  using a number of model systems and model reactions. In section
the host group has an integer charge. In fact, the CHSH and3.1 we explore the performance of different frontier treatments
EXGR schemes were initially developed to modify charges for small gas-phase systems with different sizes of QM patrtition
within a given number of bonds from the QM or MM host atom; and MM partition. Specifically, we study proton affinities and
the DIV scheme can be used in the same spirit. deprotonation energies of alcohols and carbonic acids in sections
In addition to electrostatics, other terms also have to be 3.1.1 and 3.1.2. In section 3.1.3 we investigate how well
considered for QM/MM interactions. Table 2 summarizes terms energetics for different rotamers are reproduced using different

3. Results and Discussion
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TABLE 3: Deprotonation Energies for QM Fragments Embedded in Various MM Environments (in kcal/mol)ab

model SCC-DFTB SLA EXGR DLA/1.0A DLA/1.7A DG/1.0A DG/1.7A CHSH

A CH3-OH 397.1

B CHs-CH>-OH 397.0 369.2 397.6 417.8 405.2 415.0 407.6 410.7
dev —27.8 0.6 20.8 8.2 18.0 10.6 13.7

C CHz-CH>-CH2-OH 395.5 379.0 402.0 414.8 405.2 412.4 407.7 410.2
dev —16.5 6.5 19.3 9.7 16.9 12.2 14.7

D CHs-CH,-CH,-CH»>-OH 394.9 378.3 401.4 412.7 404.1 411.9 407.2 409.7
dev —16.6 6.5 17.8 9.2 17.0 12.3 14.8

E CH3-CH>-OH 397.0

F CHs;-CH2-CH>-OH 395.5 371.9 397.0 402.5 399.4 404.8 402.0 403.1
dev —23.6 15 7.0 3.9 9.3 6.5 7.6

G CH-CH2-CH>-CH»-OH 394.9 381.8 399.4 402.3 399.6 403.4 401.6 402.8
dev —13.1 4.5 7.4 4.7 8.5 6.7 7.9

H CH3-CH2-CH,-CH>-CH»-OH 394.6 381.6 399.1 400.6 398.9 403.2 401.4 402.6
dev —13.0 4.5 6.0 4.3 8.6 6.8 8.0

| CH3-COOH 366.4

J CH-CH,-COOH 365.7 338.8 366.3 373.3 367.7 375.5 372.0 374.0
dev —26.9 0.6 7.6 2.0 9.8 6.3 8.3

K CHs;-CH,-CH>-COOH 365.0 349.6 368.8 370.7 367.5 373.8 371.6 373.3
dev —15.4 3.8 5.7 25 8.8 6.6 8.3

L CHs;-CH2-CH»-CH,-COOH 364.7 349.3 368.6 370.8 368.2 373.6 371.4 372.6
dev —15.4 3.9 6.1 35 8.9 6.7 7.9

M CH3-CH2-CH,-CH,-CH>-COOH 364.5 349.9 368.3 370.8 368.1 373.6 371.2 372.4
dev —14.6 3.8 6.3 3.6 9.1 6.7 7.9

@ The QM zone consists of the bold-faced portion of the molecule plus the link atom. Deviations are relative to the entire molecule computed
with SCC-DFTB.? The column SCC-DFTB indicates a calculation encompassing the entire moleEolethe molecules shown here, the DIV
scheme is equivalent to the EXGR scheme and is hence not listed separately.

link atom schemes. To explore the situation in compounds with smaller errors when the MM region contains merely a methyl
a more inhomogeneous electrostatic potential we examinegroup. With EXGR, the partial charges on the entire frontier
protonation and deprotonation energies of amino acids and methyl/methylene group are excluded from QM/MM interac-
model DNA bases in sections 3.1.5 and 3.1.6. Finally, to make tions; as a result, A/E/l have very similar deprotonation energies
the transition from absolute energies to reactions, we study as B/F/J, respectively, all of which agree very well with full

proton transfer in an adenosine-thymidine Wats@nick base- SCC-DFTB calculations. As soon as the MM patrtition is larger
pair in section 3.2.1 and in two realistic enzyme systems, TIM than a single group such that there are MM charges interacting
and MGS, in section 3.2.2. with the QM region, the deviations increase in magnitude to a

3.1. Results for Gas-Phase Model$.1.1. Different Sizes  range comparable to that of DLA/1.7A.
of MM Region.A major assumption in QM/MM applications Although we used SCC-DFTB to describe the QM region,
is that the electronic structure of the QM region is localized in the qualitative trends are very similar to those found in previous
nature and perturbations due to the environment can be describedtudies with different QM methods. For example, models C and
well with a MM treatment for the environment. As a first test F were also studied by Reuter et*dlising an LSCF approach
of the stability of QM/MM frontier treatments, we studied and the AM1 Hamiltonian. The errors compared to full QM
deprotonation energies for a series of aliphatic alcohols and calculations are 6.6 and 0.6 kcal/mol, respectively, which are
carbonic acids (see Table 3); in both cases we kept the size ofclose to the values of 6.5 and 1.5 kcal/mol found here with
the QM partition constant but varied the size of the molecule EXGR. For model G, Das et &t.found errors of-14.5, 4.5,
(and therefore the size of the MM partition). For the alcohols, and 3.2 kcal/mol for SLA, EXGR, and DLA/1.7A, respectively,
a methanol fragment was considered QM for modetdAand using B3LYP/6-31G* as the QM method; these values are very
an ethanol fragment was taken to be QM for modetd+ For similar to the SCC-DFTB/MM results, which arel3.1, 4.5,
the carbonic acids (models-M), the QM partition includes and 4.7 kcal/mol, respectively. These observations support the
the ethanoic acid fragment (see Table 3). hypothesis that the general trends that we observe here can be

The general trend is that the EXGR and DLA/1.7A give better generalized to QM/MM approaches with other QM methods.
results than all other schemes. The widely used SLA approach, We note that none of the QM/MM approaches reproduce the
which is default in CHARMM, gives the largest error on the trend of decreasing deprotonation energies with increasing
order of 20 kcal/mol! The accuracy of DLA and DG schemes molecule sizes for test cases in Table 3. This is not surprising
depends rather sensitively on the blurring width, especially with since the effects due to nonpolar MM groups are subtle and
a small QM region; changing it from 1.7 A to 1.0 A increases within the error bars of QM/MM calculations. For cases with
the error by the order of 10(2) kcal/mol when using the methanol more polar MM groups, QM/MM methods can indeed reproduce
(ethanol) QM fragment for the alcohols. As the size of the QM qualitative trends very well (see below).
region increases from methanol {®) to ethanol (E-H), the 3.1.2. Different Sizes of QM Regiohn important choice in
error in all link atom schemes decreases, as expected; theQM/MM simulations concerns the size of the QM region and
sensitivity on the blurring width in DG and DLA results is also therefore the separation between the QM/MM interface and the
reduced significantly. One interesting observation is that for all reactive site. Whether a small QM region is satisfactory depends
three classes of molecules considered in Table 3, the deviationcritically on the accuracy of the MM force field and treatment
from full SCC-DFTB results varies very little as a function of of the QM/MM interface. To study the effect of the latter, we
the MM size, which shows that the error to a large extent is chose to study the deprotonation energies and proton affinities
due to approximate treatment of frontier QM/MM interactions. with different link atom methods and varying QM sizes, using
The only exception found is for EXGR, which gives much pentanol and pentanoic acid as test cases (see Tables 4 and 5).
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TABLE 4: Deprotonation Energies for Varying QM Zones (in kcal/mol)ab

model SCC-DFTB SLA EXGR DLA/1.0A DLA/1.7A DG/1.0A DG/1.7A  CHSH
Q CHs-CH>-CH,-CH,-CH»-OH 397.1 378.1 401.2 414.3 404.7 411.8 407.1 409.6
dev —16.5 6.6 19.7 10.1 17.2 12.5 15.0
R CHs-CH,-CH2-CH,-CH»-OH 397.0 381.6 399.1 400.6 398.9 403.2 401.4 402.6
dev —13.0 4.5 6.0 4.3 8.6 7.0 8.0
S CH-CH,-CH2-CH>-CH>-OH 395.5 383.9 397.2 401.0 397.6 400.8 399.1 400.0
dev —10.7 2.6 6.4 3.0 6.2 4.5 5.4
T CHs3-CH,-CH»>-CH»>-CH,-OH 394.9 379.5 394.9 399.2 396.3 399.1 397.4 398.0
dev. —151 0.3 4.6 1.7 4.5 2.8 3.4
ref CH3-CH2-CH2-CH2-CH2-OH 394.6
CHz-CH,-CH,-CH»-COOH 366.4 349.3 368.6 370.5 368.4 373.7 371.8 372.6
dev —15.4 3.9 5.8 3.7 9.0 7.1 7.9
\% CHz-CH,-CH,-CH-COOH 365.7 353.1 367.2 371.7 367.9 3714 369.5 370.6
dev —11.6 25 7.0 3.2 6.7 4.8 5.9
CH3-CH>-CH2>-CH-COOH 365.0 348.5 364.9 369.7 366.5 369.6 367.6 368.3
dev —16.2 0.2 5.0 1.8 4.9 2.9 3.6
ref CH3-CH>-CH>-CH,-COOH 364.7

a2 The QM zone consists of the bold-faced portion of the molecule plus the link atom. Deviations are relative to the entire molecule computed
with SCC-DFTB.P The column SCC-DFTB indicates a calculation including only the capped QM fragffeot.the molecules shown here, the
DIV scheme is equivalent to the EXGR scheme and is hence not listed separately.

TABLE 5: Proton Affinities for Varying QM Zones (in kcal/mol) &b

model SCC-DFTB SLA EXGR DLA/1.0A DLA/1.7A DG/1.0A DG/1.7A  CHSH
Q CHs-CH,-CH,-CH2-CH,-OH —186.7 —169.9 —191.6 —198.8 —191.5 —198.1 —192.8 —195.0
dev 23.6 1.9 —5.3 2.0 —4.6 0.7 —-1.5
R CH;—CH,-CH,-CH2-CH-OH —191.7 —179.8 —195.7 —203.0 —196.7 —199.7 —198.6 —198.0
dev 13.7 —2.2 —9.5 —3.2 —6.2 —5.1 —4.5
S CH;-CH,-CH>-CH>-CH,-OH —194.6 —183.4 —196.1 —199.5 —196.4 —197.3 —197.7 —196.4
dev 10.1 —2.6 —6.0 —2.9 —3.8 —4.2 —2.9
T CHs-CH2-CH»-CH,-CH»>-OH —195.3 —180.6 —1954 —199.9 —196.7 —197.5 —197.7 —196.2
dev 12.9 -1.9 —6.4 —3.2 —4.0 —4.2 —2.7

ref CH3-CH2-CH>-CH,-CH,-OH —193.5

2The QM zone consists of the bold-faced portion of the molecule plus the link atom. Deviations are relative to the entire molecule computed
with SCC-DFTB.P The column SCC-DFTB indicates a calculation including only the capped QM fragfienit.the molecules shown here, the
DIV scheme is equivalent to the EXGR scheme and is hence not listed separately.
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Figure 3. Deprotonation energies (a) and proton affinities (b) for the models introduced in Tables 4 and 5 for varying Gaussian blurrimg width
using the DLA scheme.

As shown in Table 4, the SLA approach gives the worst  For the proton affinities (Table 5), similar trends are seen;
results for both pentanoic acid and pentanol with an averagee.g., the SLA approach shows a large mean error of 15 kcal/
absolute deviation of14 kcal/mol. Interestingly, the deviations mol, while EXGR, DLA/1.7A, DG/1.7A and CHSH give much
do not decrease systematically with increasing size of the QM smaller deviations compared to full SCC-DFTB results. An
partition. For other link atom methods, by contrast, the error of interesting difference from deprotonation energies is that
QM/MM calculation does decrease monotonically with increas- deviations in proton affinities are more or less constant with
ing size of the QM region. In the case of pentanol, for example, respect to the size of the QM region. This is likely due to the
the error decreases from 6.6 (model Q) to 0.3 kcal/mol (model fact that the charge distribution in the cationic species involved
T) for EXGR, from 10.1 to 1.7 kcal/mol for DLA/1.7A, from in proton affinity calculations is highly localized in space, thus
12.5 to 2.8 kcal/mol for DG/1.7A, and from 15.0 to 3.4 kcal/ error in QM/MM calculations arises mainly from the frontier
mol for CHSH. We note that the best link atom results are only treatment and is independent from the size of the QM region.
slightly worse than those reported for GHO/SCC-DPFBhich In deprotonation energy calculations, by contrast, anionic species
includes special parametrizations for the frontier atoms. are involved, which have a more delocalized charge distribution;
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a. T T ' T ' TABLE 6: Dipole Moments (magnitude) for Small
Molecules in Debyé
(3=
_ CHas- CHs- CH3-CHo- CHs-
s CHs  CH.OH CH,0OH CH»-CH,0OH
£t SCC-DFTB  0.00 1.35 1.32 1.32
Ep SLA 0.50 1.40 1.27 1.40
B | EXGR 0.50 1.19 1.16 1.66
g, CHSH 1.08 1.42 1.20 2.10
£ DG/1.0 A 1.59 1.14 1.32 2.56
z, DG/1.7 A 0.90 1.14 1.18 1.96
I DG/2.5A 0.62 1.16 1.17 1.73
DG/3.0A 0.56 1.18 1.19 1.68
! DLA/1.0 A 1.79 1.56 1.39 2.68
I DLA/1.7 A 0.56 1.15 1.18 1.68
0 DLA/2.5 A 0.23 1.28 1.27 1.47
DLA/3.0 A 0.14 1.33 1.31 1.41
b 6 T T T T T aThe QM fragment is indicated in bold.

pronounced for proton affinity than deprotonation energy. While
deviations in deprotonation energies decrease with increasing
blurring width, errors may increase for proton affinities when
the blurring width is beyond a certain value. The proton affinities
of model Q and R are well described by using a blurring width
of 1.0 A, and a blurring width of 1.7 A seems to be a reasonable
compromise for both proton affinity and deprotonation energy.
We note that with a large blurring width the results should
converge toward the EXGR values. Since EXGR may be
problematic when there are important contributions from dipole
. . : and higher moments in the MMHG (see below), increasing the
dihedral angle [7] blur radius ad libidum is not generally robust.
3.1.3. Rotational ProfilesA useful probe for the performance
c. ° ! ' ' ' ' of the QM/MM frontier treatment is the energy profile for the
rotation around the bond at the QM/MM interface. As shown
in eq 2, this is described mainly via a classical MM dihedral
term, although the QM/MM frontier interaction may also
contribute. Since the MM dihedral terms were parametrized to
be consistent with the MM electrostatics (e.g., some force fields
including CHARMM include no or scaled-14 interaction®),
unbalanced QM/MM frontier interaction may significantly
perturb the rotational profile of the frontier bond. The test system
chosen in this context is pentanol with different QM/MM
partitions that correspond to models—Q in Table 4; the
rotational profiles are shown in Figure4e, where all energies

relative energy [keal/imaol]

relative energy [keal/mol]

% ‘ m ' o ' 180 are relative to the anti conformer (190In all cases full SCC-

dihedral angle [* . . . .
cant ke[l DFTB calculations yield too low rotational barriers compared

Figure 4. Rotational profile for (a) model Q of pentanol around the ; ; ;
QﬁMMM frontior G.c Eond, CH-((:F)b-CHz-CSz-Clgz-OH, o) model 10 full MM results. This has also been observed in previous
R of pentanol around the QM/MM frontier C-C bond, GBH,-CHy- studies with §em|emp|r|cal treatmeritdVe thus focus on how
CH»-CH»-OH, and (c) model S of pentanol around the QM/MM  Cclose can various QM/MM treatments reproduce full MM results
frontier C—C bond, CH-CH,-CH,-CH2-CH>-OH (QM zone in bold). as in previous work#

Overall, except when the QM/MM frontier is close to the
therefore, QM/MM results are more sensitive to the size of the functional group (OH here), the deviations for different QM/
QM region. A generally poorer description of deprotonation MM approaches from the full MM rotational profile are small.
energies in comparison to proton affinities was also observed For models R and S, the typical deviation of the various link
by Reuter et at* atom schemes from full MM results is less than 0.5 and 1.3

For methods based on Gaussian blurring, i.e., DG and DLA, kcal/mol, respectively. For model Q, in contrast, significant
the results depend on the blurring width, as found in previous scattering for different link atom approaches is observed (Figure
work and the last subsection. Previous studideund that 4a). For example, while MM calculation predicts the gauche
different blurring widths are better suited for different properties; conformation to be 1.3 kcal/mol higher in energy than the anti
e.g., a blur width of 1.0 and 1.7 A was found to give better conformer, the EXGR scheme finds the opposite trend. For the
deprotonation energy and proton affinity respectively with HF syn conformer, results of QM/MM calculations scatter to lower
and B3LYP as the QM methods. The current calculations with energies compared to full MM results. Here EXGR shows the
SCC-DFTB as QM, in contrast, found that 1.7 A gives better largest deviation with an underestimation by 2.1 kcal/mol. The
results for both quantities. This is confirmed by calculations DLA/1.7A is found to give results most similar to the full MM
with more extensive sampling of different blurring widths treatment.

(Figure 3). For both deprotonation energies and proton affinities, The observed trend can be rationalized based on the charge
the sensitivity toward the blurring width decreases sharply with distribution in the QM/MM interface region. In models R and
increasing size of the QM region, and this effect is less S, atoms in the vicinity of the rotating bond have small partial
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TABLE 7: Deprotonation Energies for Amino Acids (in kcal/mol)ab
SCC-DFTB SLA EXGR DIV DLA/1.0A DLA/1.7A DG/1.0A DG/1.7A CHSH

Ac-Lys-OCH; 222.8 231.3 226.5 222.2 218.7 219.7 219.1 220.1 220.1
dev 8.5 3.7 —0.6 —4.1 —-3.1 —-3.7 2.7 —2.7
Ac-Lys-OCH® 222.8 206.6 220.6 220.5 220.1 224.4 222.7 223.7
dev —16.2 —2.2 —2.3 —2.7 1.6 —-0.1 0.9
Ac-His’-OCH; 375.1 390.7 385.8 376.0 370.2 371.4 368.6 372.2 372.1
dev 15.6 10.7 0.9 —4.9 —-3.7 —6.5 —2.9 —3.0
Ac-His-OCHs 374.0 390.1 385.7 377.2 371.3 372.3 369.6 3735 373.4
dev 16.1 11.7 3.2 —2.7 -1.7 —4.4 —-0.5 —0.6
Ac-Tyr-OCHz 356.4 368.7 365.2 358.4 353.5 354.5 352.4 355.3 355.3
dev 12.3 8.8 2.0 —-2.9 -1.9 —4.0 -11 -11
rmsd 14.6 8.3 2.0 35 2.7 4.3 1.9 1.9

aAc = acetyl protecting group® The column SCC-DFTB indicates the property of the entire molecule calculated with SCC-DFTB. For the
remaining QM/MM calculations the side chain including the link atom is treated with SCC-DFTB while the backbone is treated with MM. Deviations
are relative to the entire molecule computed with SCC-DFT@M/MM frontier between € and C.

TABLE 8: Proton Affinities for Amino Acids (in kcal/mol) ab

SCC-DFTB SLA EXGR DIV DLA/1.0A DLA/1.7A DG/1.0A DG/1.7A CHSH
Ac-Asp-OCH —356.7 —-373.0 -—3685 —358.3 —350.4 —350.8 —353.2 —353.1
dev -16.3 -11.8 -1.6 6.3 5.9 3.4 3.6
Ac-Glu-OCH, —359.7 -371.4 —-367.6 —359.6 —351.7 —354.2 —352.5 —356.1 —355.9
dev -11.7 -7.9 0.1 7.9 55 7.2 3.6 3.8
Ac-Glu-OCH;® —359.7 —340.5 —359.3 —363.2 —355.8 —363.9 —361.7 —363.5
dev 19.2 0.4 -35 3.9 -4.2 -2.0 -3.8
Ac-Tyr-OCH;, —193.8 —-200.7 -196.2 —191.3 —-187.3 —187.8 —188.2 —188.9 —189.1
dev -7.0 —2.4 25 6.5 6.0 5.6 4.9 4.7
Ac-His?-OCH¢ —255.1 —-2615 —252.7 —248.3 —243.3 —244.1 —243.2 —245.3 —245.0
dev -6.4 2.4 6.8 11.8 11.0 11.9 9.8 10.1
Ac-GluH-OCH; —205.2 -213.4  —207.7 —202.7 —-187.3 —188.4 -197.6 —199.3 —199.6
dev -8.2 -25 2.5 17.9 16.8 7.6 5.9 5.6
rmsd 12.4 6.1 35 10.7 9.4 75 55 5.7

aAc = acetyl protecting group® The column SCC-DFTB indicates the property of the entire molecule calculated with SCC-DFTB. For the
remaining QM/MM calculations the side chain including the link atom is treated with SCC-DFTB while the backbone is treated with MM. Deviations
are relative to the entire molecule computed with SCC-DFT@M/MM frontier between € and C. ¢ For the doubly protonated H is a hydrogen
bridge formed between the proton attached toaNd the carbonyl oxygen. Fixing the backbone of the amino acid did not prevent this for all
schemes. The deviations hence also reflect the imperfect description of a QM/MM hydrogen bridge.

charges and hence boundary QM/MM electrostatic interactions G NH,
do not play an important role; as a result, the rotational profile P 9 N
is dominated by the classical MM dihedral term. In model Q, ‘|‘ Ql/ N\
however, the rotating bond is close to the functional group (OH), NH & ‘ N>
N
\

MM electrostatic interactions may significantly modify the
rotational profile, depending on the way such interactions are b
treated in different link atom schemes. This is most 0bvious gijgyre 5. Structure and label of atoms of nucleotides studied here:
for the EXGR scheme and model Q, where the gauche (a) 2-deoxythymidine and (b)'leoxyadenosine. R 2'-deoxyribose.
conformation is predicted to be more stable than the anti
conformation. Still, this is the largest deviation for all cases (on the order of 1 D!) are observed for CHSH and DG/DLA
shown here and the deviation with respect to full MM is smaller calculations with a small blurring width. As the blurring width
than 2 kcal/mol. increases, both DLA and DG results improve substantially and
3.1.4. Dipole MomentsCharge distribution in molecules is  the DLA converges toward the correct value faster. The fact
of crucial importance for reactivity and interaction with the that errors in the dipole moment increase for some link atom
environment. A reliable QM/MM scheme should hence be able schemes with a larger QM region while errors in deprotonation
to reproduce the charge distribution correctly, and one way to energies decrease for most cases (Table 3) is not difficult to
analyze this is to compare dipole moments computed with QM/ understand. Deprotonation energy is a differential quantity, thus
MM against full QM results. Systems chosen here include ethanecertain inaccuracies of the electronic structure due to QM/MM
as an unpolar test case and ethanol/propanol as polar test casefsontier treatment can be masked due to error cancellation; dipole
As seen in Table &ll QM/MM schemes yield nonvanishing ~ moment, on the other hand, is a more direct and sensitive probe
dipole moments for ethane. The DLA scheme, which is of the electron distribution ienemolecule. Being a collective
motivated by obtaining correct dipole moments in QM/MM variable, however, an accurate dipole momaiohe does not
calculationg? gives a large value (e.g., 1.0 A) unless a large necessarily imply an accurate treatment; a good example is that
blurring width is used. For polar examples (ethanol and SLA gives rather decent dipole moments for the molecules tested
propanol) that involve a methanol QM region, the deviation from here (Table 6) but produces large errors for deprotonation
the full SCC-DFTB result is small relative to the absolute value energies (Table 3).
of the dipole moment for all link atom schemes, and the  3.1.5. Amino AcidSVhen studying reactions in proteins, one
maximum deviation is only about 0.2 D. With a larger QM obvious way to partition the system is to take the side chains
region in propanol, somewhat unexpectedly, very large errors of interest into the QM partition and the rest into the MM

N

which bears significant partial charges; therefore, frontier QM/ R \‘(
o} R
a
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TABLE 9: Deprotonation Energies for DNA Bases: 2-Deoxyadenine (dA) and 2Deoxythymidine (in kcal/mol)?

SCC-DFTB
SCC-DFTB (R=H)® SLA EXGR DIV DLA/1.0OA  DLA/1.7A  DG/1.0A DG/1.7A  CHSH

dA 363.4 369.8 382.1 367.4 374.1 365.0 366.2 367.2 367.9 374.6
dev —-18.7 —-40 -10.7 —-1.6 -2.8 -3.8 —45 11.2

dT 351.4 356.2 371.0 354.4 359.4 349.2 351.1 352.5 353.7 355.5
dev -19.6 -3.0 -8.0 2.2 0.3 -1.1 -23 4.1

a2 The column SCC-DFTB indicates the property of the entire molecule calculated with SCC-DFTB. For the remaining QM/MM calculations the
QM zone encompasses the purine or pyrimidine ring and the link atom; the sugar is treated with MM. Deviations are relative to the full molecule
computed with SCC-DFTB? Minimal model.

partition, cutting across th€*—C? bond. It is important to MM partitioning scheme. For instance, both the lysine and the
establish robust schemes for such a partitioning. In contrast toglutamate side chains are sufficiently long for shifting the
the aliphatic alcohols and carbonic acids discussed above, amindrontier bond toCf—C”, which would put the QM/MM interface
acids show a nonuniform charge distribution in the backbone, closer to the protonation/deprotonation site but leave the
thus the QM/MM frontier scheme is expected to have an even electrostatics of the backbone unperturbed (note that EXGR and
greater impact on the result compared to the cases studied aboveDIV become identical with this partition). As seen in Table 8,
The benchmark chosen involves deprotonation energies (Tableghe proton affinities of glutamate improve significantly except
7) and proton affinities (Tables 8) for the polar and charged for the SLA approach, which suffers from the decreased size
amino acid side chains. These properties are of interest becausef the QM zone; the error in CHSH did not improve either and
change in protonation state is a major mechanism for amino became of different sign. The error for EXGR drops significantly
acid side chains to be involved in general aeitneral base  to 0.4 kcal/mol, which is roughly the same as that for the DIV
catalysis’’ In all calculations, the N-terminus was capped with scheme in the original €-C# partitioning. For the deprotonation
an acetyl residue and the C-terminus with a methyl-ester, to energies (Table 7), improvements in lysine are substantial for
mimic QM/MM partition inside a protein. some approaches. The EXGR result improves from 3-72@
Overall, all models other than SLA and EXGR give a rather kcal/mol, and both the DLA and the DG schemes as well as
similar performance. The SLA approach shows the largest the CHSH approach showed similar improvements. For glutamate,
deviations relative to full SCC-DFTB data with 16.2 kcal/mol a similar decrease in error was seen in the study of Reuter et
for deprotonation and 19.2 kcal/mol for proton affinities. This al. using AM®4 as the QM method with different QM/MM
is somewhat surprising (and alarming) as in many cases thepartitioning schemes.
protonation/deprotonation site is far from the QM/MM interface. 3.1.6. DNA BasesTo further explore the performance of
For example, the deviation in the deprotonation energy for lysine various link atom schemes with different kinds of QM/MM
is as high as 8.5 kcal/mol despite the large distance betweeninterfaces, we chose to study the acidity and basicity of
the deprotonation site and the QM/MM interface. For tyrosine 2'-deoxyadenosine (dA) and-@deoxythymidine (dT), which are
and histidine, significant deviations could be rationalized with representative of DNA bases (Figure 5) with the phosphate
unsatisfactory treatment for the polarization of the aromatic ring. groups omitted. We also studied the relative stability of different
The EXGR results are mixed in quality. For deprotonation tautomers. Deprotonation refers to the removal of one proton
energies, the deviations for lysine are small and comparableat 3N and ®N in dT and dA, respectively, and protonation
with other methods; for the other amino acids, the deviations involves*O and!N, respectively. The tautomerization involves
are about 10.6 kcal/mol and of similar magnitude as those for a proton exchange between the deprotonation and the protona-
SLA. For the proton affinities, the deviations are generally lower tion sites (e.g., betweefN and “O for dT). The QM/MM
(5.5 kcal/mol) and are dominated by the poor description of partition occurs at the sugar-base bond, and the base was treated
aspartate and glutamate. with QM (SCC-DFTB). To illustrate the effect of the sugar ring,
The general difficulty associated with the EXGR approach QM results for the minimal models which are terminated with
is caused by the fact that the backbone Hl belongs to the a hydrogen atom at R were also included (Figure 5).
same group as the®®@* in the CHARMM force field, which Overall, the SLA scheme gives the largest error, as found
means that a major dipole moment is excluded from QM/MM above for other systems. The trends in the performance of the
frontier treatment. This problem is alleviated to a certain extent other link atom schemes, however, are somewhat different from
by the DG, DLA, DIV, and CHSH schemes, which keep the those observed for amino acids, which highlights the importance
N—H charges while still being careful about the charge neutrality of the charge distribution at the QM/MM interface. For the
at the interface (unlike SLA). Indeed, they give generally similar deprotonation energies (Table 9) and proton affinities (Table
results, although the DIV approach appears to be most robust.10), EXGR, DLA, and DG give satisfactory results, while the
For example, the DG and DLA calculations with a blurring DIV and CHSH schemes, which work well for amino acids
width of 1.7 A, have an absolute average deviation of 2.6 and (section 3.1.5), give much larger errors on the order of 10 kcal/
1.5 kcal/mol, respectively, for the deprotonation energies; the mol in several cases. For methods using Gaussian blurring, no
CHSH and DIV models give average errors of 1.7 kcal/mol. significant dependence on the blurring width is found.
However, only the DIV treatment gives a comparably reliable  The tautomerization energy (Table 11), as expected, depends
treatment for the protonation affinities (1.7 kcal/mol), while much less on the link atom scheme presumably due to error
other methods produce much larger errors: the DG/1.7A, DLA/ cancellation. Here, the energetics are in excellent agreement with
1.7A, and CHSH methods have deviations of 4.0, 8.3, and 4.3 the full SCC-DFTB calculation with errors less than 2 kcal/
kcal/mol, respectively, and the DLA/1.0A scheme even had the mol, even with SLA. The only exception is for dA with the
problem that the aspartate anion is not stable and dissociatedEXGR scheme, which gives a large deviation of 4.1 kcal/mol,
between € and C. which is even larger than that of the minimal model.
One interesting question at this point is whether the quality  3.2. Results for Proton-Transfer ReactionsResults from
of the description can be improved by choosing a different QM/ the last subsection indicate that large errors in protonation and
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TABLE 10: Proton Affinities for DNA Bases: 2'-Deoxyadenine (dA) and 2Deoxythymidine (in kcal/mol)?

SCC-DFTB
SCC-DFTB (R=H)> SLA EXGR DIV DLA/1.0OA  DLA/L.7A  DG/1.0A DG/1.7A  CHSH
dA 237.2 235.5 256.3 241.4 2445 236.9 238.3 239.9 241.0 238.0
dev 19.1 4.2 7.3 -0.3 1.1 2.7 3.8 0.8
dT 233.0 222.7 246.8 228.2 235.3 225.8 227.7 229.0 230.2 231.5
dev 138 —438 2.3 -7.2 -5.3 —4.0 -2.8 -1.5

a2 The column SCC-DFTB indicates the property of the entire molecule calculated with SCC-DFTB. For the remaining QM/MM calculations the

QM zone encompasses the purine or pyrimidine ring and the link atom; the sugar is treated with MM. Deviations are relative to the full molecule
computed with SCC-DFTB? Minimal model.

TABLE 11: Energy Difference for the Tautomers for DNA Bases (in kcal/mol): 2-Deoxyadenine (dA) and 2Deoxythymidine?

SCC-DFTB
SCC-DFTB (R=H) SLA EXGR DIV DLA/1.0A DLA/1.7A DG/1.0A DG/1.7A CHSH
dA 12.0 11.7 11.5 7.9 11.7 12.9 12.4 12.2 12.2 12.0
dev 0.5 4.1 0.3 0.9 0.4 0.2 0.2 0.0
dT 5.1 5.9 6.7 6.4 6.1 5.5 5.5 5.5 5.7 5.9
dev 1.6 1.3 1.0 0.4 0.4 0.4 0.6 0.8

aThe column SCC-DFTB indicates the property of the entire molecule calculated with SCC-DFTB. For the remaining QM/MM calculations the

QM zone encompasses the purine or pyrimidine ring and the link atom; the sugar is treated with MM. Deviations are relative to the full molecule
computed with SCC-DFTB? Minimal model.
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Figure 6. Tautomeric proton transfer in d-Beoxyadenine (dA-)2'— G HO—C
deoxythimidine (dT) WatsonCrick base pair. H \'4 \H
TABLE 12: Activation Energies AE* and Endothermicities
AE (in kcal/mol) for the Tautomeric Proton Transfer in the _
dT-dA Base Pairf coo COOH
AE¥ [kcal/mol] AE [kcal/mol] B B
SCC-DFTB 15.8 8.0 Figure 7. First proton-transfer step in TIM and MGS, in which the
SCC-DFTB (R=H) 14.9 8.5 base B abstracting the proton from DHAP is Glu165 and Asp71 for
SLA 15.2 8.2 TIM and MGS, respectively; the histidine residue is His95 and His98
EXGR 16.6 9.1 in TIM and MGS, respectively.
DIV 18.9 10.2
DLA/1.0A 15.0 9.0 TABLE 13: Activation Energies AE* and Endothermicities
DLA/L.7 A 14.7 8.4 AE (in kcal/mol) for the First Proton Transfer Step in TIM
DG/1.0 A 17.3 10.2
DG/1.7 A 17.4 10.0 AE¥ [kcal/mol] AE [kcal/mol]
CHSH 17.5 9.9 SLA 10.9 8.7
2 The column SCC-DFTB indicates the property of the entire system EK/GR 110213 18180
calculated with SCC-DFTB. For the remaining QM/MM calculations ’ ;
- A ; DLA/1.0 A 14.2 13.4
the QM zone encompasses the purine and pyrimidine ring and the link DLA/LT A 143 135
atoms; the sugars are treated with MMJinimal model. DG/1.0 A 12.0 10.8
DG/1.7 A 11.6 104
CHSH 12.3 111

deprotonation energies may arise if QM/MM interactions at the
interface are not handled properly. The encouraging aspect,occurs at the sugar-base bond, and the base was treated with
however, is that properties that conserve the total charge (e.g.,QM (SCC-DFTB). To illustrate the effect of the sugar atoms
rotational energy profile and tautomerization energy of DNA in PT, full QM results for a minimal model without the
bases) show much less dependence on the link atom schemedeoxyribose residue (R H) are also included (Figure 6).

due presumably to error cancellations. This observation moti- The PT is endothermic by about 8 kcal/mol, and has a barrier
vated us to further explore the effect of QM/MM frontier about 16 kcal/mol without the zero point energy correction
treatment onreaction energetigswhich are the quantity of  (Table 12). Similar to the tautomerization energies, the PT
primary interest in most QM/MM applications. We first examine energies (both activation barrier and endothermicity) show very
results for proton transfer in a DNA base pair in the gas phase minor dependence on the link atom schemes. Indeed, even the

and then move on to more realistic enzyme systems. minimal models without the sugar part at all give very similar
3.2.1. Proton Transfer in a DNA Base PaRroton transfer results; the differences for the barrier heigh&f) and endot-
(PT) was studied for an'2leoxyadenine (dA)2'-deoxythimi- hermicity are 0.5 and 0.9 kcal/mol, respectively. In the QM/

dine (dT) Watsonr-Crick base pair as shown in Figure 6. To MM calculations, the maximum absolute deviation is found for
simplify geometry optimizations, heavy atoms in the sugar the DIV scheme, which overestimata&* by 3.1 kcal/mol and
moieties were kept fixed during the PT. The QM/MM patrtition the endothermicity by 2.2 kcal/mol. The absolute deviations of
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Figure 8. Structures and important geometrical parameters for the reactant (top left), transition state (top right), and product (below) for the first
proton transfer in TIM. Distances are in A, angles in deg. Numbers fapto bottomfor SLA, EXGR, DIV, DLA/1.0A, DLA/1.7A, DG/1.0A,
DG/1.7A, and CHSH. The figure was prepared with the VMD prog#m.

other methods are smaller in magnitude, and all schemesbeen well studied by previous experimefitat” and theoretical
overestimate the energy difference while only the DLA and SLA work!272-7488-93 which provided firm grounds for benchmark-
schemes underestimate the barrier. For example, the DLAIng different link atom schemes. Although evolved indepen-
scheme underestimates the barrier by 1.1 kcal/mol. dently, TIM and MGS have very similar active sites that bind
Since the sugar ring does influence the deprotonation andto the same substrate, dihydroxyacetone phosphate (DHAP), and
protonation energetics rather significantly (Tables 9 and 10), are expected to undergo the same first PT%t&{Figure 7).
the minimal dependence of the PT energetics on the QM/MM The difference is that the general acid in this step is Glu165 for
link atom scheme is interpreted as a simple consequence of errofTIM and the shorter Asp71 for MGS; the electrostatic environ-
cancellation, similar to the case of tautomerization discussed ment is also quite different in the two active sites, which was
above. According to the Hammond postulate, it is not surprising proposed to be crucial for their functional specifici®p8
to see that errors in the barrier height also follow the trend in Therefore, comparing the dependence of PT energetics to
the reaction energy; this is very reassuring, however, for the different QM/MM link atom schemes in these enzymes will
application of QM/MM schemes to chemical reaction problems. clearly reflect the range of variations of QM/MM results in
3.2.2. Proton Transfer in Enzyme3IM and MGS.To realistic biological systems.
illustrate the effect of link atom schemes for reactions in  As described in section 2.3, the QM region, treated with SCC-
enzymes, the first PT step in triosephosphate isomerase (TIM)DFTB, included the substrate, the general base, and distal
and methyl glyoxal synthase (MGS) was studied. These systemshistidine (His95 in TIM and His98 in MGS). Considering the
were chosen based on several considerations: Both systems haveize of the system, instead of performing QM/MM calculations
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TABLE 14: Activation Energies AE* and Endothermicities many technical details such as the treatment of long-range
AE (in kcal/mol) for the First Proton Transfer Step in MGS electrostaticd?2-1%4 QM/MM van der Waals interactiorig;105
AE* [kcal/mol] AE [kcal/mol] and the extent of configuration samplinfg¥? as well as the
SLA 9.8 74 choice of MM partial charge®;1°” may have a major impact
EXGR 8.8 7.0 on whether the results are meaningful. Precisely how important
DIV A 11.7 10.2 a contribution might be, which depends on the system under
Btﬁﬁ:g/& %%:g ﬁ:g study and questions being addressed, needs to be established
DG/1.0 A 11.8 10.5 by careful and relevant benchmark calculations. In this study,
DG/1.7 A 11.9 10.8 we systematically evaluated the importance of the treatment of
CHSH 11.6 10.3

QM/MM interface (frontier), an issue that has been raised
repeatedly in the QM/MM community. As emphasized in a
recent study of QM/MM van der Waals interactiofisto
evaluate whether this is the casetypical applications, one

As discussed in previous work, the first proton transfer in needs to inve_zst_igate not only gas-phase systems as is often done
both TIM and MGS, despite being catalyzed by the enzymes, but a!so r_eahstlc condensed phase systems and processes (g,
is endothermic by a substantial amo&ht2 74 For TIM, the reaction in en_zymes). _Accordlngly, we sy_stematlcally studied
barrier heights range from 10.1 kcal/mol for DIV to 14.3 kcal/ the effect of d|ffergn_t link atom schemes in QM/MM calc_ula—
mol for DLA/1.7A (Table 13). These schemes also give the tions of proton affinity, deprotonation energy, ano_l rotat|ona_l
minimum (8.8 kcal/mol) and maximum (13.5 kcal/mol) for the barriers in a numlber ‘,)f gas-phase.systems of various polarity
energy difference between the reactant and product. All other (alcohols, carbonic acids, amino acids, and model DNA bases),
methods give energies within these ranges. In all cases the@S well as proton transfer reactions in model DNA base-pairs
barrier is only slightly higher than the product. and two enzymes. The _breadth of the test cases was chosen to

These results are in qualitative agreement with previous work, €nsure a critical evaluation on the performance of QM/MM link
For example, Cui et al. found a barrier of 17 kcal/mol and an atom schemes for realistic systems o_f biological interest. To
energy difference of 9 kcal/mol using a specifically adjusted focus on the effect of QM/MM frontier treatment, an ap-
AM1 method’ More recently, using HF/3-21G as the QM proximate d_ensny functional theory (SCC-DFTB) was used
method, the pseudo-bond frontier treatm®rand more exten- throughout; in most cases, full SCC-DFTB results were taken
sive reaction path searches, Liu et al. found the barrier and @S reference values for QM/MM results. However, we expect
endothermicity to be 21.3 and 19.4 kcal/mol, respectidely. that t.he trends observed here concerning the effect of QM/MM
Results from an approximate QM/MM free energy perturbation frontier treatment apply to other QM/MM methods, which is
approach gave very similar results as Wall. supported by comparisons to previous stuthiésSifor several

As to critical geometrical parameters in the reactant, transition 9as-phase systems with ab initio or DFT as the QM method.
state, and product of the PT, all link atom schemes give very For deprotonation energies and proton affinities, the current
similar results (see Figure 8). For instance, the distances betweenwvork found similar results as previous studfes that the
the transferring proton and the donor/acceptor in the transition commonly used SLA approach, which (unfortunately) is the
state are within 0.05 A among all frontier treatments. Therefore, default option in CHARMM, gives large errors typically in the
the trend that all link atom schemes yield comparable barriers range of 15 to 20 kcal/mét more alarmingly, this error does
and energy differences is also reflected in the geometries. not decrease systematically as the QM/MM interface moves

For MGS, which involves a shorter general base for the PT away from the protonation/deprotonation site (i.e., with increas-
(Asp71), EXGR, and DLA/1.7A schemes, Table 14 gives the ing QM size). Therefore, for absolute proton affinity and
minimum and maximum for the barrier height (8.8 kcal/mol, deprotonation energy calculations, such &s pvaluation$?
12.8 kcal/mol); for the energy difference, EXGR and DLA/1.0A the SLA approach should be avoided; we expect similar trends
give the minimum and maximum values (7.0 kcal/mol, 12.2 for other processes that involve significant changes in charge
kcal/mol). In other words, the range of deviation in the QM/ distribution, such as redox potential calculati6h& In other
MM results for the barrier heights is approximately the same QM/MM frontier treatments, by contrast, moving the boundary
in MGS (4.0 kcal/mol) and in TIM (4.2 kcal/mol). Critical — away from the reactive site generally improves proton affinities
geometrical parameters are also very similar among all link atom and deprotonation energies, as also pointed out by other
schemes (see Supporting Information). Apparently, the shorter authorst244.107
QM general base and more polar active site in MGS does not A major problem with SLA is that with the MM host atom
strongly increase the error bars for different link atom ap- (MMHA) excluded from the QM region, a net partial charge is
proaches. We note that in contrast to the PT in the DNA base created in the vicinity of the QM region, which causes spurious
pair discussed above, only one of the QM groups is directly ejectrostatic interactions. This problem seems to be alleviated
influenced by the QM/MM interface; i.e., the entire substrate py most other schemes, which conserve the local charge
is treated with QM, and the QM/MM partition explicitly  neytrality at the QM/MM interface by either shifting the MMHA
involves only the general base. Therefore, the degree of errorcharge to the entire host group (CHSH, DIV) or excluding the
cancgllatlon for the PT petween the sub;trate and the gene;abmire host group (EXGR); alternatively, blurring MM point
base is expected to be different from that in DNA bases, and it carges into Gaussian of finite width as in DG and DLA also
is satisfying to see that relatively small differences between \yorks well. It is difficult to argue which among these schemes
different QM/MM link atom schemes occur for both systems. \yqrks consistently the best, since they all have successes and
failures among the test cases examined here, which highlighted
the importance of including benchmark systems of diverse

Although numerous studies have demonstrated that QM/MM chemical nature. For example, the EXGR approach works well
methods are powerful tools for studying reaction mech- when the MM host group does not bear any significant dipole
anism3%-1256and related properti®191in complex systems, = moment but may cause serious error otherwise. A highly

with a much larger QM region, we evaluated the performance
of QM/MM frontier treatments by focusing on variations
between results obtained from different link atom schemes.

4. Concluding Discussions
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relevant case involves partitioning amino acids (or proteins) MM simulations with extensive conformational sampling.
across the &-Cf bond, where EXGR may cause significant Indeed, inconsistent electrostatic treatments may generate un-
error because a major dipole associated with the backberté N physical behavior in QM/MM simulations. The immediate
would be excluded from QM/MM electrostatic interactions effects on the dynamics and energetics can be subtle, yet the
(section 3.1.5). For amino acids with sufficiently long side chains influence on related properties can be of comparable importance
(e.g., lysine and glutamate), it seems better to partition acrossas the problems discussed here. Such analyses will be presented
CP—C, as suggested in another stddyThe CHSH and DIV soon102.109

schemes (note that with aliphatic MM host groups, DIV is

equivalent to EXGR due to the group definition in the  Acknowledgment. P.H.K. was supported by a stipend within
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