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For large reactive systems, the calculation of energies can be simplified by treating the active part
with a high-level quantum mechanical~QM! ~ab initio or density functional! approach and the
environment with a less sophisticated semiempirical~SE! approach, as an improvement over the
widely used hybrid quantum mechanical/molecular mechanical~QM/MM ! methods. An example is
the interaction between an active region of an enzyme and its immediate environment. One such
method is the original ‘‘Our-own-N-layer Integrated molecular Orbital1Molecular Mechanics
~ONIOM!’’ approach. In this paper, the interaction between the QM and SE region is described
explicitly by two different schemes. In theiterative QM/SE schemes~QM/SE-I!, the electrostatic
interaction and polarization effects are introduced explicitly for both the QM and SE atoms by a
self-consistent procedure based on either polarizable point charges or the electron density. In the
noniterative QM/SE scheme, based on the ONIOM model~QM/SE-O!, the exchange~Pauli
repulsion! and charge transfer effects are taken into account at the SE level, in addition to the
explicit electrostatic interaction and polarization between the two regions. Test calculations are
made on a number of model systems~including small polar or charged molecules interacting with
water and proton transfer reactions in the presence of polar molecules or an extended
hydrogen-bond network!. The quantitative accuracy of the results depend on several parameters,
such as the charge-scaling/normalization factors for the SE charge and the QM/SE van der Waals
parameters, which can be chosen to optimize the result. For the QM/SE-O approach, the results
are more sensitive to the quality of the SE level~e.g., self-consistent-charge den-
sity-functional-tight-binding vs AM1! than the explicit interaction between QM and SE atoms.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1501134#
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I. INTRODUCTION

Combined quantum mechanical and molecular mech
cal ~QM/MM ! methods1,2 are powerful tools for the study o
reactions in large systems. When carefully calibrated, t
have been shown to provide useful insights into the mec
nism of chemical reactions in solution, on surfaces and
enzymes.1–5 Algorithms for computing molecular propertie
such as infrared~IR! spectra6 and nuclear magnetic reso
nance~NMR! chemical shifts7 in the QM/MM framework
have recently extended the range of QM/MM application

Despite the overall success of the QM/MM approa
there are several issues associated with the common im
mentations. One aspect concerns the appropriate treatme
the QM and MM interface, when it is inside a molecule.
number of schemes have been proposed, which include
standard link-atom scheme, double link-atoms, frontier or
als and effective boundary potentials.8 A comparison of sev-
eral schemes showed that they gave satisfactory results w
compared to full QM calculations if ‘‘over polarization’’ o
5610021-9606/2002/117(12)/5617/15/$19.00
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the QM boundary atoms is avoided.9 Another concern abou
QM/MM methods is that the environment of the QM regio
is usually treated with a non-polarizable force field~such as
CHARMM!, in which atoms are represented byfixedpoint-
charges. Although this appears to be qualitatively adequ
for many properties, such as the determination of grou
state structures, it is not quantitatively accurate, in gene
especially in cases where many-body effects are import
An example of the latter is the cooperativity induced
hydrogen-bond networks found in the active site of ma
enzymes.10 Although these nonadditive many-body effec
can be captured by extending the size of the QM region,
cost of high-level QM methods often makes this choice i
practical. One possibility for improving the description of th
interaction between the QM region and its immediate en
ronment is to include polarization in the molecular mecha
ics method used to describe the latter. This can be done m
straightforwardly by the introduction of atomic polarizab
ities on the MM atoms.1~c!,11,12 Another possibility is to in-
7 © 2002 American Institute of Physics
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clude polarization on the MM atoms by use of the princip
of chemical potential equalization.13 The concept has bee
used in the development of polarizable force fields,14,15 and
has been introduced into the QM/MM framework.16 An al-
ternative approach, termed the effective fragment poten
~EFP! method, has been employed in the context of solut
chemistry.17 There the solvent molecules are treated asrigid
fragments, which are represented in terms of distributed m
tipoles and polarizability tensors calculated withab initio
theory. An approximate formula for including the Pau
repulsion18 and charge transfer19 between the solvent an
solute has also been developed. Applications to reaction
small clusters20 and to enzymes~e.g., mechanism of choris
mate mutase,21 residue pKa calculations22 and the absorption
spectrum of a vanadate complex at the RNase A active si23!
where either the solvent molecules or the active site resid
are described by EFP have given promising results. A li
tation is that the geometry of the fragments has to be rig
which makes it difficult to apply in molecular dynamics stu
ies of reactions in proteins and nucleic acids.

Another approach for improving the description of t
immediate environment of the reactive region~e.g., the ac-
tive site of an enzyme! is to employ multiple partitions, in
which the core is described with a high-levelab initio or
density functional theory~DFT! method, its immediate envi
ronment~first solvation layer! is treated with a lower-leve
quantum mechanical approach, such as a semiempirical~SE!
method, and atoms further away are described at the
level. This philosophy has been pursued by Morokuma
co-workers,24 who pioneered a set of additive schemes, g
erally termed ‘‘ONIOM’’ ~Our own N-layer Integrated mo
lecular Orbital1molecular Mechanics!. In the original
ONIOM implementation,24 the reactive region does not ex
plicitly interact with the environment at the high QM leve
and all the environmental effects such as polarization, P
repulsion, and charge transfer were described at a low q
tum mechanical level~e.g., Hartree–Fock!. Therefore, the
ONIOM scheme tends to give reliable results only when
low QM level captures the environmental effects in a sa
factory manner.25 In more recent developments, nonadditi
schemes were explored in which the wave function~or den-
sity! of the core region at the high QM level is polarize
explicitly by the environment~which is described at a low
quantum mechanical level!. In the method proposed b
Carteret al.,26 the core region is described by a high-levelab
initio approach, such as configuration interaction~CI!, and
the environment is described with DFT; the two interact se
consistently through an embedding potential derived fr
the charge densities of the two region. In the approach
Merz and co-workers,27 the core region is described by DF
and the environment is treated with a semiempirical
proach~AM1!; a consistent solution to the coupled electron
structure problem is found through a chemical poten
scheme originally proposed in the context of a divide a
conquer DFT treatment for large systems.28

Finally, we note that methods exist to treat complex s
tems in a modular fashion, similar in spirit to the multilay
approaches, but with the same level of QM method.
example, Gao developed an approach~Ref. 42! for simulat-
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ing water, in which each water molecule is treated with
semiempirical method~AM1!. In the SCF cycle for each
water molecule~‘‘solute’’ !, the other water molecules~‘‘sol-
vent’’! are represented by partial charges derived from A
calculations; the SCF procedure is iterated until the ‘‘solu
water and the ‘‘solvent’’ water molecules are polarized co
sistently. Another approach is based on the block-locali
wave function method,29 which can treat the electrostatic
Pauli repulsion~exchange! and charge transfer between th
molecular fragments in a valence-bond framework.30 This
approach has been used for an energy decomposition o
termolecular interactions31 and chemical reactions in
solution.32

In the present work, we describe a number of multilay
methods that combineab initio or density functional theories
~QM! with semiempirical~SE! methods; MM can be in-
cluded as the outer layer. To simplify notations, we refer
ab initio or DFT methods as the QM level and distingui
that from SE, although the latter is also quantum mechan
in nature. The methods introduced here are different from
original ONIOM24 approach in that interactions between d
ferent partitions are taken into account explicitly; the spec
coupling schemes are also different from other methods c
above.26,27 In Sec. II, we describe the QM/SE theory an
numerical algorithms. Section III presents several test ca
that illustrate the features of the new combined method. T
include the interaction between several small polar
charged molecules and water, and the effect of polar m
ecules and hydrogen-bond networks on a proton transfe
action related to triosephosphate isomerase. The conclus
are outlined in Sec. IV. More systematic explorations of t
QM/SE methods and the necessary parameterization are
for a separate publication.

II. THEORY

The system is partitioned into three layers, as sho
schematically in Fig. 1, though more general~multiple! par-
titions are possible. The immediate neighborhood of
chemically important QM region is treated with SE, whi

FIG. 1. A schematic representation of a multilayer partition of a large s
tem in solution: the reactive region requires a high level quantum mech
cal ~QM! description, its immediate environment can be described at a
sophisticated quantum mechanical level such as a semiempirical~SE! ap-
proach, and molecular mechanics is sufficient for the rest systems. In s
cases, a continuum model can be used to describe effects due to the
solvent @characterized, for example, by the radial distribution functi
g(r )].
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the outer region is described with an MM force field. T
total Hamiltonian of the system can be written in a se
evident notion as

Ĥ5ĤQM1ĤSE1ĤQM/SE1ĤQM/MM1ĤSE/MM1EMM.
~1!

The expressions for the interactions between MM part
the QM ~SE! part have the usual form,1~b!

ĤQM(SE)/MM5 (
JPQM(SE)

V̂J,Nuc
QM(SE)/MM

1 (
i 51

Nel
QM(SE)

V̂el
QM(SE)/MM1Evan

QM(SE)/MM

5 (
I PMM

(
JPQM(SE)

QIZJ

uRW I2 RW Ju

2 (
I PMM

(
i 51

Nel
QM(SE)

QI

uRW I2 rW i u
1Evan

QM(SE)/MM, ~2!

where the first two terms on the rhs of Eq.~2! represent the
electrostatic interaction between the MM atoms and the Q
~SE! nuclei and electrons, respectively; the last term is
van der Waals term between the two sets of atoms that
respond to the Pauli repulsion at short range and disper
at large distance. The interaction between the QM and
region is not as well defined and will be considered in
following section. Two classes of methods will be describ
The first uses iterative approaches that solve the coupled
on

n
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and SE problem, and includes only the electrostatic and
larization effects between the two regions. The second c
follows the spirit of the ONIOM method and is noniterativ
they also include the charge transfer and exchange repu
between the QM and SE regions at the SE level.

A. The iterative QM ÕSE scheme „QMÕSE-I…:
Electrostatic and polarization effects

In this section, we treat the QM/SE coupling proble
following the framework that has been used in analyz
weak intermolecular interactions. The methods obtained
quire iterative solutions and therefore are referred to as Q
SE-I ~I for ‘‘iterative’’ !. For simplicity, we assume that th
QM and SE regions are not covalently bonded; more co
plicated cases will be considered elsewhere. We start by
mally considering both the QM and SE regions at t
Hartree–Fock~HF! level, and introduce necessary approx
mations to the SE region later; it is straightforward to exte
the formulation to cases where the QM is DFT~see below!.
We label the QM part as regionA, and the SE part as regio
B. Accordingly, the electronic structure problem of the co
posite systemA1B is described by the standard generaliz
eigenvalue equations,

FA1BCm
A1B5SA1BCm

A1B«m
A1B ~m51, N!, ~3!

whereN is the number of atomic basis functions;F, C, and
S are the Fock, eigenvector and overlap matrix, respectiv
and« is a diagonal matrix with eigenvalues on its diagon

The Fock matrix in~3! can be written explicitly in terms
of intra-region andinter-region contributions
ic

e
n but
Fmn5Tmn1K xmU (
CPA

2ZC

uRW C2 rWuUxnL 1K xmU (
DPB

2ZD

uRW D2 rWuUxnL 1^xmuV̂el
A,B/MM

uxn&1 (
lsPA

Pls^mnuuls&

1 (
l8s8PB

Pl8s8^mnuul8s8&1 (
l9PA,s9PB

Pl9s9^mnuul9s9&1 (
l-PB,s-PA

Pl-s-^mnuul-s-&, ~4!

wherexm(n) is the atomic basis function (m,nPA1B), and Pls is the one-particle density matrix element in the atom
orbital ~AO! basis. Note that the electronic interaction with the MM atoms, if present, is included in Eq.~4!; in accord with Eq.
~2!, it is directly separable and so is omitted for simplicity.

Now we formally introduce the NDDO~Neglect-Diatomic-Differential-Overlap! approximation33 used in AM1 and PM3
for regionB, which is treated with the semiempirical approach. Furthermore, we modify the terms corresponding to thA–B
interaction. Specifically, we introduce the NDDO approximation not only for AO integrals involving only the SE regio
also for theinter-regionAO integrals,

^mKn K̄uulK1K̄sK1K̄&'0

K xmKU 2Z

uRW 2 rWu UxnK̄L , TmKnK̄'0
$K,K%5$A,B%,KùK̄5B. ~5!
dif-

n
als,

ed
M

To further simplify the problem, we make the approximati
that the basis functions from the two regions do not mixin
the molecular orbitals, i.e., the off-diagonal block of the de
sity matrix in Eq.~4! was neglected,

Pl9s9[Pl-s-[PlKsK̄50. ~6!
-

This is a necessary simplification because usually quite
ferent forms of basis functions are used in the QM~Gauss-
ian! and SE~Slater! region. This would make the inter-regio
two electron integrals, especially the exchange type integr
rather difficult to evaluate and violates the simplicity offer
by the SE approach. Moreover, explicit mixing of the Q
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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and SE basis sets is likely to induce artifacts due to the la
difference in the two types of methods; e.g., artificial cha
transfer between the two regions. The inter-region integ
approximation@Eqs. ~5! and ~6!# is not expected to caus
large errors in describing the interactions between the
regions when the separation is larger than a hydrogen-b
distance~i.e., longer than 2.5 Å!. This is based on the test o
similar approximations in the frozen density function
method of Wesolowskiet al.34 ~see below!. In Ref. 34, they
used the same basis sets for different regions and there
can actually check the validity of the approximation; in t
original ONIOM,24 no explicit interaction between differen
layers is calculated.

With approximations Eqs.~5! and ~6!, the Fock matrix
element in Eq.~4! reduces to

Fmn
K,NDDO5FTmn1K xmU (

CPK

2ZC

uRW C2 rWuUxnL
1 (

lsPK
Pls^mnuuls&1^xmuV̂E

K/MMuxn&G
1F K xmU (

DPK̄

2ZD

uRW D2 rWuUxnL
1 (

l8s8PK̄

Pl8s8^mnul8s8&G , m,nPK

5Fmn8 K1Fmn9 K/K̄. ~7!

Note that only the atomic basisfunctions centered on ato
in region K (K5A,B) are present. The first three terms
Eq. ~7! represent the intraregion interaction, and the last t
terms represent the inter-region electron–nuclei a
electron–electron Coulombic interactions, respectively.
other words, only the Coulombic interaction between
QM and SE region is taken into account explicitly. Th
exchange-repulsion term and the two-center one-elec
resonance terms that are present in the standard SE m
elements are not included. They are modeled by van
Waals terms between the QM and SE regions in analog
what is done in the QM/MM interaction contributions@Eq.
~2!, also see Eq.~9! below#. As a result, the eigenvalue prob
lem Eq. ~3! becomes partially decoupled, in the sense t
the corresponding matrices are ‘‘region-diagonal,’’ althou
the matrix elements of each region depend on the solutio
the other through the last two terms in Eq.~7!. We have

S FA,NDDO 0

0 FB,NDDOD S CA 0

0 CBD
5S SA 0

0 SB'I D S CA 0

0 CBD S «A 0

0 «BD . ~8!

The eigenvalue problem Eq.~8! has to be solved self
consistently~Fig. 1!. One starts by solving the eigenvalu
problem for blockA ~or B!, which yields the~updated! den-
sity matrix that enters the Fock matrix element for blockB
~A! through the inter-region Coulombic terms in Eq.~7!. The
Downloaded 17 Sep 2002 to 128.104.71.49. Redistribution subject to A
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eigenvalue problem for blockB ~A! is then solved which in
turn updates the Fock matrix of blockA ~B!. The procedure
is carried out until self-consistency is reached.

With the converged Fock matrix from Eq.~8!, the total
energy of the system can be written

EQM/SE - I
Tot 5

1

2 (
m,nPA

Pmn@hmn
QM1hmn

QM/SE

1Vel,mn
QM/MM1Fmn8QM1Fmn9QM/SR#

1
1

2 (
lsPB

Pls@hls
SE1hls

SE/QM1Vel,ls
SE/MM

1Fls8SE1Fls9SE/QM#1Evan
QM(SE)/MM

1Evan
QM/SE1ENuc

QM(SE)/MM1ENuc
QM/SE1EMM, ~9!

wherehmn
QM(SE) are the one-electron integrals for the QM~SE!

region ~kinetic plus nuclear–electron terms! and hmn
QM/SE

(hmn
SE/QM) are the integrals for QM~SE! electron and SE

~QM! nuclei interactions@fifth term on the rhs of Eq.~7!#;
the notation for the Fock matrix elements is indicated in E
~7!. As mentioned above, the Pauli repulsion and cha
transfer effects between QM and SE atoms are modeled
the effective van der Waals terms,Evan

QM/SE. In Eq. ~9!, the
Coloumbic interaction between the QM and SE electrons
formally partitioned equally at the QM and SE levels, in t
form of

1

2 (
mnPA

PmnF (
lsPB

Pls^mnuls&G
and

1

2 (
lsPB

PlsF (
mnPA

Pmn^lsumn&G ,
respectively. In the practical implementation, however,
polarization of the QM and SE wave functions was treated
an asymmetric manner because the QM region is more
portant~see Sec. II A 1!. An alternative expression was use
in which the QM/SE electron–electron Columbic interacti
was evaluated at the QM level only. The required express
can be derived from Eq.~9! through a straightforward rear
rangement,

EQM/SE - I
Tot 5

1

2 (
m,nPA

Pmn@hmn
QM1Vel,mn

QM/MM1Fmn8QM#

1 (
m,nPA

PmnFmn9QM/SE

1
1

2 (
lsPB

Pls@hls
SE1Vel,ls

SE/MM1Fls8SE#

1 (
lsPB

Plshls
SE/QM 1Evan

QM(SE)/MM

1Evan
QM/SE1ENuc

QM(SE)/MM1ENuc
QM/SE1EMM.

~10!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The derivations described above assumed a Hartr
Fock QM level, but the formulation can be readily extend
to perturbation theories such as MP2, which use the c
verged MO coefficients from Eq.~9! or ~10!. An extension to
other variational methods, such as CASSCF, can also
made, but we do not describe it here. The correspond
DFT treatment is straightforward, given the parallelism b
tween Hartree–Fock and the Kohn–Sham formalisms.35 We
consider the Kohn–Sham matrix element for theA1B prob-
lem at the DFT level,

Fmn5Tmn1K xmU (
CPA

2ZC

uRW C2 rWu UxnL
1K xmU (

DPB

2ZD

uRW D2rWu UxnL 1^xmuV̂el
A,B/MM

uxn&

1 (
lsPA

Pls^mnuls&1 (
l8s8PB

Pl8s8^mnul8s8&

1 (
l9PA,s9PB

Pl9s9^mnul9s9&

1 (
l-PB,s-PA

Pl-s-^mnul-s-& 1Vmn
xc ~r11r2!,

~11!

where the exchange integrals have been replaced by
exchange–correlation potentialVxc(r). Invoking the NDDO
approximation for the two regions@Eqs. ~5! and ~6!#, the
approximate Kohn–Sham matrix element becomes

Fmn
K,NDDO5Tmn1K xmU (

CPK

2ZC

uRW C2 rWu UxnL 1^xmuV̂el
K/MM

uxn&

1 (
lsPK

Pls^mnuls&

1K xmU (
DPK̄

2ZD

uRW D2 rWu UxnL
1 (

l8s8PK̄

Pl8s8^mnul8s8&1Vmn
xc ~r11r2!. ~12!

This expression is very similar to the one derived by We
lowski et al.,34 except that the nonadditivity of the kineti
functional is not considered here because one region
treated with SE, and the associated effect~which is largely a
short-range repulsion! is modeled by a van der Waals ter
between the DFT and SE region. When the SE metho
also based on DFT~such as the SCC–DFTB approach36!, the
exchange–correlation potential can, in principle, be eva
ated on a set of grids at both levels, given an appropr
representation ofr1(r ) and r2(r ). When the SE level is a
Hartree–Fock based approach, such as AM1, although
exchange–correlation potential can be evaluated at the
level including a representation of the SE density~see Sec.
II A 1 !, we choose to evaluate onlyVmn

xc (r1) in the current
implementation, based on the consideration that the qua
of electron density is different in DFT and SE approach
Downloaded 17 Sep 2002 to 128.104.71.49. Redistribution subject to A
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This additional approximation is partially compensated
the van der Waals interaction between QM and SE atoms
the DFT/AM1 combination, the AM1 Fock matrix takes th
form of Eq. ~7!. With the expression of the Fock matri
elements in Eq.~12! for DFT and Eq.~7! for SE, the total
energy of DFT/SE/MM formulation is again given by Eq
~10!.

The remaining ‘‘technical’’ problem is the numerical ca
culation of the inter-region electron–electron interacti
terms in Eqs.~7! and~12!. This is not straightforward given
that most QM methods use Gaussian-type basis funct
while SE uses Slater orbitals. In the following sections,
describe two possible solutions.

1. The auxiliary basis method (QM ÕSE-I-A)—beyond
the point charge model

To compute the QM/SE Coulombic integrals in Eqs.~7!
and ~12!, one can fit the Slater orbitals in the semiempiric
region with a STO–NG scheme, and then calculate the
electron integrals in the traditional manner.37 However, we
propose to use an alternative approach, which makes us
the fact that the required QM/SE Coulomb integrals can
written in the form

I mn5E E xm~rW1!xn~rW1!
1

r 12
r K̄~rW2!d rW1 d rW2 ,

m,nPK, ~13!

wherer K̄(rW) represents the electron density for the atoms
region K̄. To computeI mn , one can use a set of auxiliar
basis functions of the same type as the atomic basis funct
in regionK to expandr K̄(rW) and then compute the resultin
three-center two-electron (3c,2e) integrals. This density-
fitting scheme was chosen in the current work based on
eral considerations. First, as shown in a number of previ
studies,38 the density fitting technique is numerically ver
efficient and reduces the formal scaling of the Coulomb
tegral calculations~from N4 to N3). Second, as shown b
St-Amant et al.,39 linear scaling can be achieved with th
divide-and-conquer fitting scheme, which is an appeal
feature for QM/SE calculations with a large SE region. F
nally, once an appropriate representation of the density~and
its gradient, if required! is available, the exchange
correlation potential can be evaluated as well.

As discussed by a number of authors,38 the density fit-
ting procedure requires solving the following set of line
equations:

c5S21~ t1ln!, ~14!

where thec is the fitting coefficient vector,

r K̄~ rW!5(
i

cix i K̄
8 ~rW !. ~15a!

The other quantities are defined as the following:
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Si j 5E E x
i K̄
8 ~rW !x

j K̄
8 ~rW8!

urW 2 rW8u
d rW d rW8, ~15b!

t i5E E x
i K̄
8 ~rW !r K̄~rW8!

urW 2 rW8u
d rW d rW8

5 (
mnPK̄

Pmn
STOE E x

i K̄
8 ~rW !xm

STO~rW8!xn
STO~rW8!

urW 2 rW8u
d rW d rW8,

~15c!

ni5E x
i K̄
8 ~rW !d rW, ~15d!

l5NK̄2
nS21t

nS21n
. ~15e!

The x
i K̄
8 (rW) in the above equations is the auxiliary bas

set centered on the atoms in regionK̄, which containsNK̄

electrons. Although one may follow the protocol to compu
the inter-region Coulombic integrals in both the QM and
Fock matrices, we only applied it to treat the QM Fock m
trix in the current implementation and simply used part
charges on the QM atoms~see below! to polarize the SE
wave function. This is based on the consideration that
polarization effect of the SE region is less important than t
for the QM region, and point charge polarization is suf
cient. The fitting basis was taken to be a set of uncontrac
Gaussian orbitals developed by Salahubet al.;40 however,d
functions are not included to avoid over fitting. The dens
matrix for the semiempirical region is first transformed in
the STO-3G basis,Pmn

STO, such that the integrals in Eq.~15c!
can be evaluated with the Gaussian orbitalxm

STO(rW8). The
fitted density@Eq. ~15a!# is then used to calculateI mn @Eq.
~13!#.

2. The FLYQ method (QM ÕSE-I-F)—beyond the fixed
point charge model

A simpler solution to avoid calculating the inter-regio
two electron integrals is to consider the interaction with
multipole expansion of the electron density in regionK̄ when
considering the Fock matrix of regionK; this was adopted in
the effective fragment potential approach.17 Only one-
electron inter-region integrals are required, so that
method is faster than the auxiliary basis approach. In
current work, we truncate the multipole expansion at low
order, and uses partial charges to represent the electron
sity distribution; Mulliken charges were chosen here for si
plicity, although charges from other schemes, such as na
orbital analysis41 can also be used. Since Mulliken charg
from semiempirical methods are usually too small in mag
tude, we introduce a uniform scaling factor,f Q , which has to
be determined empirically. Although scaling can also
done for the QM Mulliken charges, this was not done b
cause their magnitude seems to be reasonable in the m
tested here. Because the partial charges fluctuate as th
ometry of the system varies, the method can be considere
an ab initio version of the FLUQ approach,14 with the fluc-
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tuating charges derived on the fly. We, therefore, term
approximation the ‘‘FLYQ’’ approach~on the ‘‘FLY’’ as de-
rived charges!. The current approach does not require a
fitting parameters other thanf Q ~and the QM/SE van de
Waals parameters!. A similar scheme at the semiempirica
level has been reported recently by Gao,42 who proposed to
represent the electron density with either a set of par
charges or multipoles.

With the FLYQ approximation, the description of mutu
polarization between the QM and the SE region is achie
by iteratively polarizing the wave function of each part wit
the other described byflexiblepoint charges. This is expecte
to give rise to improvements over the standard QM/MM a
proach in which the MM is described withfixedcharges. The
auxiliary basis approach~Sec. II A 1! introduces further im-
provements by computing the QM/SE interaction beyond
monopole level. The quantitative difference between th
models has to be established with test calculations, which
presented in Sec. III.

B. ONIOM based QM ÕSE method „QMÕSE-O…: Charge
transfer and exchange effects

In the preceding sections, only the electrostatic and
larization effects between the QM and SE region are trea
explicitly. The exchange effect~Pauli repulsion! is replaced
with van der Waals terms, and charge transfer effect is
included explicitly~although one may consider it as part
the effective van der Waals term!. Therefore, theiterative
method~QM/SE-I! is applicable to systems with weak inte
action between the QM and SE regions. In cases where t
are QM and SE atoms interact strongly~or even are co-
valently bonded!, the charge transfer and exchange repuls
between the two regions can become important and sh
be accounted for. Even for relatively weak interacting s
tems, it is likely that a specific set of van der Waals para
eters has to be fitted for each QM and SE combinati
which is somewhat cumbersome for general applicatio
Given these considerations, we implemented the follow
approach inspired by the ONIOM method of Morokum
et al.,24 which will be referred to as QM/SE-O methods~O
as in ‘‘ONIOM’’ !.

We start by considering a two-layer system partition
into A1B; including a third MM layer is straightforward
The ONIOM energy for the system, for which regionsA and
B are described with method I and II, respectively, is a
proximated by24

EONIOM
A1B 5EI

A2EII
A1EII

A1B

5^C I
AuĤAuC I

A&2^C II
AuĤAuC II

A&

1^C II
A1BuĤA1BuC II

A1B&, ~16!

where the superscript of the wave function indicates the
gion, and the subscript denotes the level of calculation.
noted by the original authors, the QM region atoms do
interact explicitly with the environment at the QM level, an
the environmental effect is fully described at the low~SE!
level.24 This simplification has caused substant
concern,26,27and recent developments attempt to improve
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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description by explicitly polarizing the QM wave functio
via an embedding potential26 or allowing electrons to flow
between the QM and SE region according to a chem
potential.27 Although the later scheme is of interest, the fa
that high levelab initio or DFT are so different from SE in
terms of the orbital eigenvalues and qualities led us no
pursue the idea. We continue to follow the philosophy that
explicit basis mixture is allowed between the two regio
but allow the QM wave function to be explicitly polarized b
the SE atoms. This leads to the following modification of t
ONIOM approach. The total energy of the QM/SE system
first approximated by

EI
A1B5^C I

A1BuĤA1ĤA/B1ĤBuC I
A1B&

;^C I
AC I

BuĤA1ĤA/B1ĤBuC I
AC I

B&

5^C I
Au@ĤA1^C I

BuĤA/BuC I
B&#uC I

A&

1^C I
BuĤBuC I

B&

5ẼI
A1B , ~17!

where the formally ‘‘exact’’ wave function for the total sys
tem given in the first expression is assumed to be decou
into C I

A
•C I

B in the second step. A corresponding express
(ẼII

A1B) can be written for the energy ofA1B at the SE
level, EII

A1B . We formally addEII
A1B to and then subtrac

ẼII
A1B from Eq. ~17! to obtain

ẼI
A1B5^C I

Au@ĤA1^C I
BuĤA/BuC I

B&#uC I
A&

1^C I
BuĤBuC I

B&1EII
A1B

2^C II
Au@ĤA1^C II

BuĤA/BuC II
B&#uC II

A&

2^C II
BuĤBuC II

B&. ~18!

Assuming that regionB can be well described at the SE~II !
level ~i.e., ^C I

BuĤBuC I
B&2^C II

BuĤBuC II
B& is nearly constant,

we arrive at the expression for the modified ONIOM~QM/
SE-O! energy,

ẼI
A1B'^C I

Au@ĤA1^C II
BuĤA/BuC II

B&#uC I
A&

1EII
A1B2^C II

Au@ĤA1^C II
BuĤA/BuC II

B&#uC II
A&

5EQM/SE - O
A1B . ~19!

Comparing Eq.~19! with Eq. ~13!, it is clear that the
difference is that here the wave function of the QM region
polarized also at the high level~I!. We note that to avoid
double counting, the energy for the QM region at the
level, also polarized by the environment, has to be s
tracted. Therefore, Eq.~19! includes the difference in the
QM and SE calculations in terms of the response of the w
function in the QM region to the environmental~SE! elec-
trostatic polarization, while the original ONIOM represen
the electrostatic and polarization effects only at the SE le
Thus, when the SE level is not satisfactory for describ
these effects, the current QM/SE-O approach is expecte
give better results than the original ONIOM formulation. T
current scheme and the original ONIOM both describe
Downloaded 17 Sep 2002 to 128.104.71.49. Redistribution subject to A
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change repulsion and charge transfer effects at the SE le
therefore, no specific van der Waals parameters have to
fitted for different QM and SE combinations.

The term that represents the electrostatic interaction
polarization between QM and SE atoms,V̂pol

5^C II
BuĤA/BuC II

B&, is similar in nature to the embedding po
tential in other developments.26 It can be evaluated at differ
ent levels, such as the schemed described for QM/SE-
Sec. II A. Since it has to be evaluated at both the QM and
levels, we took the simplest choice for the current implem
tation and used scaled Mulliken charge on the SE atoms f
a calculation at the SE level for theA1B region. With such
a choice, the ‘‘embedding potential’’ is calculated only on
and no iteration has to be performed. One short coming
that the Mulliken charges thus obtained do not sum exa
to the charge of regionB. This could cause problems whe
there is substantial charge transfer between the QM and
regions; no such cases were found in the current tests. M
sophisticated schemes to construct the embedding term
be studied in the future.

Finally, it is straightforward to derive the expression f
the QM/SE-O total energy for a three layer system descri
at the QM~I!, SE ~II !, and MM level, respectively. The re
sulting expression is

EQM/SE - O
Tot '^C I

QMu@ĤQM1^C II
BuĤQM/SEuC II

B&

1ĤQM/MM#uC I
QM& 2^C II

QMu@ĤQM

1^C II
BuĤQM/SEuC II

B&1ĤQM/MM#uC II
QM&

1^C II
QM 1 SEuĤQM 1 SE

1Ĥ (QM 1 SE)/MMuC II
QM 1 SE&1EMM. ~20!

C. Implementations

The algorithms described above were implemented
the program CHARMM, which is interfaced with GAMES
and DeFT;43 the latter programs allow one to use theab
initio methods~Hartree–Fock, MP2, CASSCF, CI, etc.! and
density functional theories, respectively. The DeFT code w
chosen because it is highly paralleled, and employs
charge-density fitting algorithm required for the auxiliary b
sis scheme in QM/SE-I. The available SE methods
CHARMM include MNDO, AM1, and SCC–DFTB;36 the
latter method was recently introduced into CHARMM,44 and
has been shown to give superior results for proton tran
reactions and metal ions than AM1 and PM3.36,44

There are a number of parameters that can be optim
in the different QM/SE methods. In QM/SE-I, the Pauli r
pulsion and charge transfer effects are not included exp
itly, and therefore requires a set of van der Waals parame
it is likely that different sets would be optimal for differen
QM/SE combinations as in different QM/MM calculations.45

Further, partial charges are used to polarize the SE atom
QM/SE-I-A and to polarize both QM and SE atoms in QM
SE-I-F. One has the freedom to choose the optimal se
partial charges such as natural orbital charges, ESP cha
or scaled Mulliken charges; the last were chosen here
simplicity. In QM/SE-O, no van der Waals parameters a
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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needed because the Pauli repulsion and charge transfe
fects are taken into account at the SE level. In the evalua
of the embedding interaction terms, however, specific par
eters such as a scaling factor or charge normalization fa
~see Sec. II A! for the Mulliken charge would be needed.

When the QM and SE regions are covalently bonded
MM regions, the interface can be treated with the stand
link atom approach.1~b! If the QM and SE regions are bonde
together, a double link atom approach46 is the most straight-
forward scheme to treat the boundary; i.e., link atoms
added to both QM and SE boundary atoms. Care is neces
to avoid over polarization of the boundary QM or SE atom
as in the QM/MM method analyzed previously.9 For ex-
ample, the partial charge or the density fitting coefficients
the boundary SE or QM atoms can be excluded in
QM/SE interaction, similar to the exclusion convention us
in CHARMM for QM/MM. 9 It is expected that the boundar
issue is more delicate for QM/SE than QM/MM, and the b
scheme has to be determined through test calculations
emphasize that the QM/SE-I approach is mostly suited
weak intermolecular interactions between QM and
regions, and the QM/SE-O approach is more appropr
for cases where the partition is done across a cova
bond. Consider the simple case of butanol, in which a pa
tion is done between C2 and C3 atoms ~scheme I!. Note

Scheme I

that in the QM/MM calculations, the bonded terms betwe
the two regions such as the C2–C3 stretch and C4–C3–C2

bending are included, which helps to maintain the ove
structural stability. Since no such terms are included in Q
SE-I, the butanol molecule would be described by separa
ethane and ethanol molecules, and thus would not be
strained to have the correct geometry. In the QM/SE
scheme, however, there is a contribution corresponding
the entire butanol at the SE level@see Eq.~19!#, and therefore
the structure is expected to be qualitatively correct. In
current work, we restrict ourselves to systems where the
and SE regions are not covalently bonded, and leave
more complicated cases to future studies.

III. TEST EXAMPLES

In this section, we illustrate the algorithms described
Sec. II by a number of applications. We determine how
different QM/SE methods compare to full QM calculation
and how sensitive the results are to the choice of the
volved parameters. Also we examine whether the QM/
methods give significant improvements over QM/MM calc
lations. Finally, the QM/SE methods proposed here are c
pared to determine which of them are most robust. The
set of models involves the interaction between small pola
charged molecules with water. The second set deals with
effect of polar molecules on the proton abstraction from
Ca position of formaldehyde by a base (HCOO2); this is
inspired by the first reaction step catalyzed by trioseph
Downloaded 17 Sep 2002 to 128.104.71.49. Redistribution subject to A
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phate isomerase,47 which has been studied extensively b
theoretical methods.48 Finally, the effect of a hydrogen-bon
network on the same proton transfer reaction is studied. T
is based on the proposal of Guoet al.10 that cooperativity
effects due to extensive hydrogen-bond network may pla
role in enzyme catalysis. The relatively small sizes of tho
models allow us to perform full QM calculations, to whic
the QM/MM and QM/SE results can be compared. A DF
method with medium sized basis sets was used as QM
comparison, although more elaborate methods are likely
be explored in actual applications. The BP86 functiona49

was employed because it is the only nonlocal functio
available in the DeFT program that we used.

A. Interaction between water and polar molecules

The first set of tests concerns the interaction betw
water and several polar or charge water molecules. Th
systems are analogous to studies in the validation
QM/MM methods with SE1~b! and DFT50 QM methods. The
major purpose is to test the robustness of the propo
QM/SE methods, especially the schemes for calculat
QM/SE interactions and the difference between the itera
and noniterative methods.

The first system is the complex between a Cl2 ion and a
water molecule. This was chosen because it was notice
previous studies50 that although full QM calculations gave a
asymmetric optimal structure~i.e., the two Cl2¯H distances
are different, see Table I!, QM/MM calculations in which the
Cl2 was treated with QM and the water was treated w
MM gave a symmetric structure~see Table I!. The result was

TABLE I. Water–Cl2 ion complexes calculated with different methods.a

Methodb

Cl2

DE RCl–H ~Å! RCl–H8 ~Å!

Full QM 215.3 2.128 3.283
Full SE 213.8 1.987 3.022
QM/MM 213.2 2.782 2.782
SE/MM 213.6 2.765 2.765
QM/SE-I-Fc 26.1 2.803 3.062

~27.9! ~2.688! ~3.160!
@210.9# @2.561# @3.239#

QM/SE-I-A 213.5 2.116 3.215
QM/SE-O-0 213.8 1.987 3.022
QM/SE-O-Mc 212.5 2.107 2.945

~212.4! ~2.132! ~2.920!
@212.3# @2.174# @2.874#

aThe QM is BPW86 with 6-311G** basis set, SE is AM1, MM is the TIP3P
model for water. In the QM/MM~SE! calculations, the Cl ion was treated a
QM and the water was described with MM~SE!.

bThe QM/SE-I indicates the iterative QM/SE algorithms described in S
II A; the QM/SE-O indicates the ONIOM based QM/SE methods describ
in Sec. II B. The suffix ‘‘-F’’ indicates that Mulliken charges from the S
region is used to polarize the QM wave function, ‘‘-A’’ means that auxilia
basis functions were used to fit the SE electron density which interacts
the QM wave function~see text!. The QM/SE-O-0 method is the sam
ONIOM approach originally proposed by Morokuma and co-worke
where no~thus ‘‘0’’ ! explicit interaction was evaluated between QM an
SE atoms~Ref. 19!.

cThe numbers without and with parentheses were obtained with a sca
factor ~see text! for the Mulliken charge of 1.0 and 1.2, respectively; tho
with brackets were obtained with a scaling factor of 1.5.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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rationalized by the fact that the MM water~TIP3P! is not
polarizable, and the two hydrogen atoms have the sa
strength of interaction which led to the symmetric structu
When the water is polarized, the asymmetric structure is
vored because the electrostatic interaction between Cl2 and
one hydrogen atom can be maximized.

The binding energy and the optimal Cl2
¯H distances at

different levels are shown in Table I; the Cl2 was treated by
BP86/6-311G(d,p),51 and the water was treated by eith
AM1 or TIP3P. Although the van der Waals parameters c
be optimized, no such attempt was made here for the purp
of exploring the behavior of the methods. It is encourag
that the asymmetric structure was correctly reproduced a
the QM/SE levels. When the polarization was modeled
the simple Mulliken charge in the iterative scheme~QM/SE-
I-F!, the result depends sensitively on the scaling fac
( f Q). Without scaling (f Q51.0), the Mulliken charges on
the water atoms are very small; i.e., the charge on the hy
gen is about 0.2, compared to the value of10.417 in the
TIP3P model and the value of10.35 from a Mulliken analy-
sis at the full QM level. With the small charge, the intera
tion energy at the QM/SE-I-F level is substantially under
timated ~26.1 kcal/mol vs215.3 kcal/mol from full QM
calculations!, and the structure is only slightly different from
being symmetric~the Cl̄ H distances are 2.803 and 3.06
Å, respectively, compared to the full QM values of 2.128 a
3.283 Å, respectively!. As expected, the agreement with th
full QM results becomes much better when the AM1 Mu
liken charges are scaled. For example, withf Q51.5 ~e.g., a
value of 2.13 was found to be appropriate in Ref. 42!, the
interaction energy increases to210.9 kcal/mol, and the shor
Cl¯ H distance drops to 2.561 Å; better agreements can
obtained if f Q is optimized~e.g., to obtain exact agreeme
with the QM binding energy,f Q51.95 is required, which
gives a Cl̄ H distance of 2.356 Å!. In contrast to the FLYQ
approach, the auxiliary basis set approach~QM/SE-I-A!
works rather well without the need of adjusting paramete
The interaction energy was calculated to be213.5 kcal/mol,
and the Cl̄ H distances are 2.116 and 3.215 Å, all in go
agreement with the full QM results. This indicates that t
density-fitting scheme is a robust approach to describe
QM/SE interactions at hydrogen-bonding distances~but see
below!.

With the original ONIOM model,24 the QM/SE-O-0
~‘‘0’’ is used here to emphasize that no explicit interacti
between the QM and SE atoms was included at the
level! gave exactly the same results as full SE~AM1! for the
particular case. This is true because both QM~BP86! and SE
~AM1! gave zero gradient for a free Cl2 atom. With the
embedding interaction included, the results become diffe
from full AM1 values. This is due to the fact that the curre
scheme includes a term reflecting the difference in the
sponse of the QM~BP86! and SE~AM1! wave functions to
external electrostatic interactions and polarization~see Sec.
II B !. An interesting observation is that the QM/SE-O-F r
sults are much less sensitive to the Mulliken scaling fac
than QM/SE-I-F because both the QM~BP86! and SE
~AM1! are polarized by the same~scaled! Mulliken charges.
The results, however, are not significantly different from t
Downloaded 17 Sep 2002 to 128.104.71.49. Redistribution subject to A
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original ONIOM values; in fact the binding energies a
somewhat further away from the full QM values. The obs
vation that the binding energy decreases and the sho
Cl¯H distance increases as the scaling factor increases
dicates that the BP86 wave function~density! interact less
strongly than AM1 wave function with the external charg
This is consistent with the result that BP86/MM calculati
predicts a slightly weaker binding energy compared
AM1/MM ~Table I! with the same water model~Table I!.

To further test the robustness of the density-fitti
scheme, we studied a number of complexes between w
and molecules representing the fragments of amino ac
These include two neutral molecules, imidazole a
N-methyl formamide~NMF!, which model the side chain o
histidine and the main-chain peptide unit, respectively, a
two charged species, NH4

1 and C~NH2)3
1, which model the

side-chain of lysine and arginine, respectively. The inter
tion energy between these models and a water molecule
calculated at the full BP86/6-31G(d,p), BP86/CHARMM
and BP86/AM1 level with the auxiliary basis function a
proach ~QM/SE-A!. Morokuma energy decomposition wa
carried out with HF at the full QM level to reveal differen
components; a full HF calculation was found to give ve
similar interaction energies as BP86 with the same basis
In the hybrid calculations, the water molecule was trea
with BP86, and the fragment was treated with SE. In all
models, the SE part is the hydrogen-bond donor and the
part is the acceptor; this is motivated by the fact in m
enzyme systems, protein residues serve as hydrogen-
donors to polarize~or stabilize! charged substrates. In Fig. 2
the electrostatic and polarization components of the inte
tion from the full HF calculations according to the Moro
kuma energy decomposition scheme are shown as a func
of the distance between the hydrogen-bond donor and ac
tor. The corresponding components from BP86/MM a
BP86/AM1 calculations, which are defined as the QM/M
~AM1! interaction without the van der Waals contributio
are also shown; the van der Waals term is not included
cause the dispersion energy is not described at the Hart
Fock level. Clearly, there is striking agreement between
full QM and QM/SE calculations at all the distances cons
ered here. The good agreement between QM/SE and full
calculations is very encouraging, indicating that the SE d
sity is reasonable for calculating hydrogen-bonding inter
tions. This is in accord with the previous observation th
good hydrogen-bonding interaction energies can be obta
when the hydrogen-bond donor, such as water, is modele
a charge density distribution fitted by a small set of ba
functions.52 On the other hand, we realize that the dens
distribution in AM1 is far from optimal because the dens
itself was not directly involved in the fitting of AM1 param
eters; in fact, many integrals were parametrized accordin
experimental values rather than calculated. Therefore, we
pect that SE methods in which the density is well describ
such as the SCC–DFTB approach, will work even bet
than AM1 in QM/SE-A calculations. Integration of DFT an
SCC–DFTB in an iterative fashion with the auxiliary bas
approach~Sec. II A 1! is currently underway. The QM/MM
results are very different at short distances. The observa
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 2. The electrostatic and polarization energy~in
kcal/mol! between a water molecule and a hydroge
bond donor that models a unit in an amino acid@imida-
zole, N-methyl formamide, NH4

1 and C~NH2!3
1! as a

function of their separation. Such a quantity from a fu
QM calculation was obtained from a Morokuma energ
decomposition analysis at the HF/6-311G(d,p) level,
which gives interaction energies close t
BP86/6-311G(d,p) calculations. The latter was use
in the QM/MM and QM/SE-I-A calculations, for which
the electrostatic and polarization energy is defined
the interaction between QM and SE~MM ! atoms with-
out the van der Waals contribution.
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does not imply directly that QM/MM results for the intera
tion energy are poor, because the van der Waals contribu
in the QM/MM calculations is empirical and does not ne
essarily reflect the full Pauli repulsion; in other words, er
cancellation may lead to good interactions from QM/M
calculations. Finally, we note that because the electros
and polarization contributions in QM/SE-A calculations a
very different from the QM/MM values, different van de
Waals parameters are required in the two sets of calculati
especially at short distances.

B. The effect of polar molecules on a proton transfer
reaction

As the second set of tests, we study the effect of sm
polar molecules on a proton transfer reaction inspired
triosephosphate isomerase~TIM !.47,48As shown in Fig. 3, the
proton transfer reaction takes place between formic acid

formaldehyde, which model the catalytic glutamic acid~Glu
165! and substrate~dihydroxylacetone phosphate! in TIM,
respectively. Several polar molecules hydrogen bonded to
carbonyl group in formaldehyde were studied. They are
and two water molecules, one NMF, and one water molec
plus one imidazole; the imidazole is chosen to mimic His
in TIM, and the others are selected for an analysis of po
ization effects. For simplicity, the distance between the do
and acceptor in the proton transfer is fixed to be 3.0 Å. G
ometry optimization was carried out for the reactant, prod
system in the presence of the constraint at
HF/6-31G(d,p) level, and the transition state was dete
mined by an adiabatic mapping procedure at the same le
critical distances in the reactant, transition state and prod
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are shown in Fig. 3. Subsequently, single point energies w
obtained by full QM (BP86/6-311G(d,p)), BP86/
CHARMM, and BP86/AM1 calculations; in the hybrid ca
culations, the environment~the added polar molecules! was
treated with CHARMM or AM1 and the reacting group
were described with BP86/6-311G(d,p). No specific van
der Waals parameters were optimized for the MM or AM
atoms, because our primary purpose is to examine the q
tative behavior of different QM/SE methods relative to QM
MM.

At the full QM level ~see Table II!, the effect of the
environment increases in the order of one water, one NM
two waters and one water plus one imidazole, and the pr
uct is stabilized more than the transition state. For exam
one water molecule stabilizes the transition state and pro
by 3.7 and 6.8 kcal/mol, respectively, and the values
NMF are 5.0 and 9.2 kcal/mol, respectively. One imidaz
and one water has a larger stabilizing effect compared to
water molecules, by;2 kcal/mol for the transition state an
;4 kcal/mol for the product. These are consistent with
fact that the carbonyl group in the product is more negativ
charged than in the transition state; imidazole and NMF h
larger stabilizing effects than water because their dipole m
ments are better aligned with the lone pair of the carbo
oxygen.

At the QM/MM level, the same trend was observed,
though the magnitude of the increase in the stabilizing eff
going from water to NMF and imidazole was reduced. F
example, instead of a 2 kcal/mol increase in the stabiliz
effect on the transition state for an imidazole compared
water, a value of 0.6 kcal/mol was obtained from single po
QM/MM calculations. Better agreements might be obtain
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. Model systems used to stud
the effect of small polar molecules on
a proton transfer reaction between fo
mic acid and formaldehyde. The dis
tance between the proton donor an
acceptor was fixed to be 3.0 Å durin
the geometry optimizations, which
were carried out at the HF/6-31
1G(d,p) level. Critical distances in
the reactant, transition state~in paren-
theses! and product~in brackets! are
shown in Å. Selected Mulliken
charges for the polar ligands are als
shown for full QM @BP86/6-31
1G(d,p)# and full SE single point
calculation for the transition states t
illustrate the difference between QM
and SE Mulliken charges.

TABLE II. Comparison of full QM, QM/MM and different QM/SE algorithms for the effect of different molecules on the transition state and pr
energetics of a model proton transfer reaction.a

Methodb

H2O NMF 23H2O Imd1H2O RMS error

TS Prod TS Prod TS Prod TS Prod TS Prod

Full QM 23.7 26.8 25.0 29.2 27.5 212.5 29.3 216.9
QM/MM 22.8 24.8 23.3 25.6 26.1 210.3 26.7 211.0 1.8 3.8
QM/SE-I-F 22.3 24.2 25.0 29.9 25.0 29.0 28.6 216.3 1.5 2.2
QM/SE-I-Ab 24.5 29.0 26.7 214.2 29.1 217.7 212.4 225.0 2.0 5.5

~23.0! ~25.6! ~25.0! ~210.2! ~26.5! ~211.5! ~29.4! ~217.5! ~0.6! ~1.0!
QM/SE-O-0c 21.6 23.3 23.1 26.0 24.6 28.1 26.7 211.9 2.4 4.1

~22.9! ~26.1! ~24.6! ~29.7! ~25.7! ~211.9! ~27.7! ~216.1! ~1.3! ~0.7!
QM/SE-O-M 21.8 23.1 22.9 25.4 24.3 27.1 26.2 210.7 2.6 4.9

aThe QM is BPW86, SE is AM1, MM is CHARMM22 force field for proteins. The proton transfer fragments~formic acid and formaldehyde! were treated
with QM, and the ligands were treated with either MM or SE in the QM/MM and QM/SE calculations, respectively. The values without ligands are 1
14.0 kcal/mol, for the TS and Prod, respectively. See footnote of Table I for notations for the different QM/SE methods, and Fig. 3 for the structurhich
were optimized with the HF/6-311G(d,p) method~see text!. In the QM/SE-I-F and QM/SE-O-M calculations, a scaling factor of 1.2 was used for the
Mulliken charges.

bThe values in parentheses were obtained by considering the fact that the QM/SE van der Waals contribution based on the standard CHARMM va
parameters is substantially underestimated, and an approximate correction was made based on the difference in the electrostatic and polarizationomponents
in QM/SE-I-A and QM/MM calculations for small molecules and water~Fig. 2!.

cThe values in parentheses were obtained with SCC-DFTB as the semiempirical level.
Downloaded 17 Sep 2002 to 128.104.71.49. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 4. Model system used to illus
trate the performance of QM/SE meth
ods in the presence of long-range no
additive polarization effects. See Fig
3 for notations.
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when the geometry is allowed to relax in the QM/MM ca
culations because it has been observed that shorter hydr
bond distances~compared to full QM! are often required to
give reliable QM/CHARMM interaction energies, due in pa
to the parametrization philosophy of the CHARMM forc
field to represent the situation in the condensed phase.53

At QM/SE levels, the same qualitative trend was o
tained although the quantitative results depend significa
on how the QM and SE levels are combined. At the QM/S
I-M level, a scaling factor of 1.2 was found to give goo
results for the effect of NMF and imidazole~see Table II!;
the effect of water with the same scaling factor undere
mates the magnitude of interaction substantially beca
AM1 gives a very small charge on the water molecules~see
Fig. 3 for a comparison of QM and SE Mulliken charges
the ligands from full QM and SE calculations!. At the QM/
SE-I-A level, the effect of the environment was found to
overestimated, and the degree of overestimation is la
when the interaction is stronger. For example, the stabiliz
effect of one water on the product is 6.8 and 9.0 kcal/mo
the full QM and QM/SE-I-A level, respectively, and the va
ues for one water plus one imidazole are 16.9 and 25.0 k
mol, respectively. These results can be understood when
realizes that the van der Waals contribution in QM/SE-I-A
expected to be very different from QM/MM or full MM
calculations, as discussed in the preceding section. When
interaction between the ligand and reacting group is stro
the hydrogen-bond distance becomes very short; e.g., the
drogen bond between the imidazole and the carbonyl oxy
in the product is only 1.75 Å. According to the calculatio
in Sec. III A, the van der Waals contribution in QM/SE-I-A
expected to be underestimated by as much as 7 kcal/m
such a distance~see Fig. 2!. Introducing this as an approxi
mate correction to the van der Waals QM/SE-I-A contrib
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tions, the agreement with full QM becomes much better~see
Table II!.

Using the ONIOM approach, the results are not enco
aging with both the original scheme of Morokumaet al.
~RMS error is 2.4 and 4.1 kcal/mol for the TS and produ
respectively! and the one proposed here which includes
plicit polarization of the QM part~RMS error is 2.6 and 4.9
kcal/mol for the TS and product, respectively!; the effects are
typically worse compared to QM/MM or QM/SE-I results
This observation reflects the fact that AM1 is rather poor
representing the interaction from the environment, and a
ter semiempirical approach has to be used. Indeed, very g
results~RMS error is 1.3 and 0.7 kcal/mol for the TS an
product, respectively! were obtained when SCC–DFTB wa
used in the ONIOM calculations even when the QM regi
is not explicitly polarized.

C. The effect of hydrogen-bond network on a proton
transfer reaction

Although hydrogen-bonding interactions of mediu
strength are dominated by electrostatic interactions, nona
tive effects have been shown to be involved in stro
hydrogen-bonding interactions.54 As discussed by Guo an
Salahub,10 and by Luo et al.,55 the extensive hydrogen
bonding networks found in the active site of many enzym
can induce such nonadditive effects. Since the effects
substantially larger when the hydrogen-bond acceptor
charged compared to when it is neutral, it was proposed
differential cooperative effects can play a role in enzym
catalysis where the charge of the substrate changes du
the reaction. Because the nonadditive effects are quan
mechanical in nature, we expect that a hybrid calculation
which the hydrogen-bond network is represented by S
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. Comparison of full QM, QM/MM and different QM/SE algorithms for the model proton transfer system plus a model di-peptide.a

Methodb

Model 1 His/H2O Di-peptide Effect of hydrogen bond network

TS Prod TS Prod TS Prod

Full QM 11.4 9.6 8.3 4.7 23.1 24.9
QM/MM 13.3 11.7 11.9 10.6 21.4 21.2
QM/SE-I-F 10.6 6.0 8.2 2.4 22.4 23.6
QM/SE-I-Ab 11.3 5.4 8.3 1.6 23.0 23.8

~11.6! ~7.2! ~9.6! ~4.6! ~22.0! ~22.6!
QM/SE-O-0c 12.5 9.7 10.9 6.9 21.6 22.7

~12.8! ~11.9! ~10.3! ~7.9! ~22.5! ~24.0!
QM/SE-O-M 12.4 9.5 11.1 7.8 21.3 21.7

aSee footnote of Table I for the notations for the different QM/SE methods. See Fig. 4 for the geometries, which were optimized with HF/6-311G(d,p). In
the QM/SE-I-F and QM/SE-O-M calculations, a scaling factor of 1.2 was used for the SE Mulliken charges.

bThe values in parentheses were obtained by considering the fact that the QM/SE van der Waals contribution based on the standard CHARMM va
parameters is substantially underestimated, and an approximate correction was made based on the difference in the electrostatic and polarizationomponents
in QM/SE-I-A and QM/MM calculations for small molecules and water~Fig. 2!.

cThe values in parentheses were obtained with SCC–DFTB as the semiempirical level.
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rather than by MM, will give a better description in this cas
The proton transfer model shown in Fig. 4 was construc
to examine this behavior. This model differs from those d
cussed in Sec. III B in that the environment is replaced by
extended hydrogen-bond network consisting of one imi
zole molecule and two diglycine peptides, which repres
the backbone of a half-turn ‘‘helix;’’ a water molecule wa
added on the proton acceptor end to stabilize the cha
reactant. Similar to Sec. III B, the geometries were optimiz
at the HF/6-311G(d,p) level with the distance between th
proton donor and acceptor fixed at 3.0 Å. Single point en
gies were then calculated at the BP86/6-311G(d,p), BP86/
CHARMM, and BP86/AM1 levels.

At the full QM level, the barrier for the proton transfer
substantially lower when the di-glycine is present to form
extended hydrogen-bond network; the values are 8.3
11.4 kcal/mol with and without the di-glycine, respective
The distance between the imidazole and the carbonyl gr
in the reacting group is also much shorter in the presenc
the di-glycine; in the transition state, the distance is 1.7
and 1.842 Å with and without the di-glycine, respective
The product is also further stabilized by the di-glycine, d
spite the fact that the latter is 6.7 Å~shortest distance! from
the reacting center~the Cb in the formaldehyde!; the product
is 4.7 and 9.6 kcal/mol above the reactant with and with
the di-glycine, respectively. In other words, the stabilizi
effect of the di-glycine is 3.1 and 4.9 kcal/mol for the tra
sition state and product, respectively.

The QM/MM single point energetics are discouragin
although a lower barrier~by 1.4 kcal/mol! was reproduced in
the presence of the di-glycine, the larger stabilizing effect
the product was not found~see Table III! and the error in the
endothermicity of the proton transfer was nearly 6 kcal/m
As discussed in Sec. III B, the error might be reduced wh
geometry optimization is allowed. The current results do
dicate, however, that QM/MM calculations are not fully sa
isfactory for such nonadditive effects.

At the QM/SE levels, the qualitative trends in the sta
lizing effect are well reproduced. When the SE region
represented by the~scaled! Mulliken charges, as in QM/SE
I-M, a scaling factor of 1.2 was found to give satisfacto
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results, as in the pair-wise type of models discussed in S
III B. When the SE density is represented by a set of au
iary basis functions, as in QM/SE-I-A, the effects of the d
glycine on the transition state and product are also descr
well. The absolute endothermicities of the reactions are
derestimated. This is related to the fact that the van der W
contribution has not been optimized for QM/SE and lar
errors can arise at short hydrogen bond distances betw
QM and SE atoms, as also discussed in the preceding
tion. With the ONIOM approaches, the results are also sa
factory, especially when the environment was treated w
SCC–DFTB, rather than AM1.

IV. CONCLUDING DISCUSSIONS

To improve the description for the interaction betwe
an active region in large systems, such as an enzyme, an
immediate environment over that obtained with the stand
QM/MM methods,1 we have proposed several algorithms f
treating the active part with a high level QM~ab initio or
DFT! approach and the environment with a less sophistica
semiempirical ~SE! approach. In the iterative QM/SE
schemes~QM/SE-I!, the electrostatic interaction and pola
ization effects are introducedexplicitly for both the QM and
SE atoms by a self-consistent procedure. In the nonitera
QM/SE scheme based on the ONIOM model~QM/SE-O!,
the exchange~Pauli repulsion!, and charge transfer effect
are taken into account at the SE level, in addition to
explicit electrostatic interaction and polarization between
two regions.

From the test calculations, it is evident that the perf
mance of QM/SE calculations are encouraging, and that
quantitative accuracy of the results depend on several pa
eters; they are the charge-scaling/normalization factors~see
Sec. II A! and the QM/SE van der Waals parameters. Wh
the SE region is represented by the Mulliken charges
polarize the QM atoms, the iterative QM/SE-I-M is sensiti
to the scaling factor because the SE Mulliken charges ar
general too small~at least for the cases tested here, see F
3!. In the modified ONIOM approach, because the QM
oms are polarized at both the QM and SE levels and on
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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differential effect is considered, the results are less sens
to the scaling factor. The auxiliary basis function approa
~QM/SE-I- A! was found to be satisfactory for the descri
tion of hydrogen-bonding donor groups in all the test ca
examined, including both neutral and charged species.
is very encouraging considering the fact that density is
optimized in the standard SE approaches, such AM1,
suggests that semiempirical approaches in which elec
density is considered in the parametrization, such as
SCC–DFTB method,36,44 are well-suited for QM/SE-I-A
type of calculations.

A practical issue related to the general application
QM/SE-I-M~A! approaches is that the van der Waals para
eters have to be fitted to give reliable geometries and e
getics for each level of implementation. This is more imp
tant for QM/SE-I-A, because the van der Waals contribut
is closer to that in the full QM calculation, which is ver
different from the typical values in MM or QM/MM calcu
lations. In other words, although using the standard MM v
der Waals parameters in QM/MM calculations can g
meaningful results, very poor values result in QM/SE cal
lations.

In the current studies, no dramatic improvements in
ONIOM results were found when the QM region is explicit
polarized. This is because the major part of the environm
tal effects are described at the SE level, and explicit po
ization of the QM region only provides a correction to the S
treatment of the QM atoms and their response to the elec
static interaction and polarization. Therefore, the quality
the SE description plays a more important role in t
ONIOM results, as illustrated by the observation that BP
SCC–DFTB, in general, gives significantly better resu
than BP86/AM1. Finally, we note that although se
consistency in the iterative schemes is usually achieve
less than six or seven cycles, the iterative procedure ma
them more expensive~by a factor ofN, whereN is the num-
ber of iterations! than the ONIOM based approach, whic
does not require iteration in the current approximation for
embedding polarization.
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