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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 mechanicéDM) (ab initio or density functional approach and the
environment with a less sophisticated semiempiri&) approach, as an improvement over the
widely used hybrid quantum mechanical/molecular mecha@&l/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 Orbitisllolecular Mechanics
(ONIOM)” approach. In this paper, the interaction between the QM and SE region is described
explicitly by two different schemes. In thigerative QM/SE scheme$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 mo@@W/SE-O, the exchangegPauli
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 systefirscluding small polar or charged molecules interacting with
water and proton transfer reactions in the presence of polar molecules or an extended
hydrogen-bond netwojk 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 levét.g., self-consistent-charge den-
sity-functional-tight-binding vs AM1 than the explicit interaction between QM and SE atoms.

© 2002 American Institute of Physic§DOI: 10.1063/1.1501134

I. INTRODUCTION the QM boundary atoms is avoidé@nother concern about
) _ QM/MM methods is that the environment of the QM region
Combined quantum mechanical and molecular mechanig g ally treated with a non-polarizable force fiédich as
cal (QM/MM) method$? are powerful tools for the study of CHARMM), in which atoms are represented fiyed point-

reactions in large systems. When carefully calibrated, the\éharges. Although this appears to be qualitatively adequate

h?“’e been shgwn to pr_owde_ useful _|n3|ghts into the meCh.afbr many properties, such as the determination of ground-
nism of chemical reactions in solution, on surfaces and in

5 ) : .~ _state structures, it is not quantitatively accurate, in general,
enzymes.— Algorithms for computing molecular properties especially in cases where manv-body effects are important
such as infraredIR) spectr and nuclear magnetic reso- A P yl f the latter i thy y tivity ind pd b '
nance(NMR) chemical shift§ in the QM/MM framework n exampie of the fatter Is the cooperalivity Induced by

have recently extended the range of QM/MM applications. hydrogen(—)bond networks found in .t.he active site of many
Despite the overall success of the QM/MM approach,enzymesl' Although these nonadditive many-body effects

there are several issues associated with the common impl§&n be captured by extending the size of the QM region, the
mentations. One aspect concerns the appropriate treatment @St of high-level QM methods often makes this choice im-
the QM and MM interface, when it is inside a molecule. A Practical. One possibility for improving the description of the
number of schemes have been proposed, which include tHBteraction between the QM region and its immediate envi-
standard link-atom scheme, double link-atoms, frontier orbitronment is to include polarization in the molecular mechan-
als and effective boundary potentiélé. comparison of sev- ics method used to describe the latter. This can be done most

eral schemes showed that they gave satisfactory results whetraightforwardly by the introduction of atomic polarizabil-
compared to full QM calculations if “over polarization” of ities on the MM atom$(®1%12 Another possibility is to in-
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clude polarization on the MM atoms by use of the principle LAy JAL IS
of chemical potential equalizatidi.The concept has been ,Solven%/// //////////
used in the development of polarizable force figftfs and /
has been introduced into the QM/MM framewdfkAn al- 4 /
ternative approach, termed the effective fragment potential MM /
(EFP method, has been employed in the context of solution

{a}

chemistry!’ There the solvent molecules are treatedigisl

fragments, which are represented in terms of distributed mul- ////
tipoles and polarizability tensors calculated wib initio 2 ///
theory. An approximate formula for including the Pauli «,{99)}/ /////////////////// //

repulsiorf® and charge transf&t between the solvent and

solute has also been developed. Applications to reactions ilﬁlG..l. Asghematic reprgsentayion of qmultilayer partition of a large sys-

small cluster%o and to enzymese 9 mechanism of choris- tem in solutlong the rgact_lve region requires a high level quant_um mechani-
1 . "I ) cal (QM) description, its immediate environment can be described at a less

mate mutasé! residue pKa calculatioR$and the absorption sophisticated quantum mechanical level such as a semiempi@Eglap-

spectrum of a vanadate Complex at the RNase A activ%g)site proach, and molecular mechanics is sufficient for the rest systems. In some

where either the solvent molecules or the active site residud@ses: & continuum model can be used to describe effects due to the bulk

. . .. .. solvent [characterized, for example, by the radial distribution function

are described by EFP have given promising results. A I|m|-g(r)]_

tation is that the geometry of the fragments has to be rigid,

which makes it difficult to apply in molecular dynamics stud-

ies of reactions in proteins and nucleic acids. ing water, in which each water molecule is treated with a

Another approach for improving the description of the semiempirical methodAM1). In the SCF cycle for each
immediate environment of the reactive regi@g., the ac-  water moleculg“solute” ), the other water moleculdsol-
tive site of an enzymeis to employ multiple partitions, in  vent”) are represented by partial charges derived from AM1
which the core is described with a high-leva initio or  calculations; the SCF procedure is iterated until the “solute”
density functional theoryDFT) method, its immediate envi- water and the “solvent” water molecules are polarized con-
ronment(first solvation layer is treated with a lower-level sjstently. Another approach is based on the block-localized
quantum mechanical approach, such as a semiempiB&l wave function method® which can treat the electrostatic,
method, and atoms further away are described at the MMpauli repulsion(exchangg and charge transfer between the
level. This philosophy has been pursued by Morokuma anénolecular fragments in a valence-bond framewtrRhis
co-workers;* who pioneered a set of additive schemes, genapproach has been used for an energy decomposition of in-
erally termed “ONIOM” (Our own N-layer Integrated mo- termolecular interactiodd and chemical reactions in
lecular Orbitak-molecular Mechanigs In the original solution3?

ONIOM implementatiorf* the reactive region does not ex- In the present work, we describe a number of multilayer
plicitly interact with the environment at the high QM level, methods that combinab initio or density functional theories
and all the environmental effects such as polarization, PauliQM) with semiempirical(SE) methods; MM can be in-
repulsion, and charge transfer were described at a low quartuded as the outer layer. To simplify notations, we refer to
tum mechanical levele.g., Hartree—Fogk Therefore, the ab initio or DFT methods as the QM level and distinguish
ONIOM scheme tends to give reliable results only when thethat from SE, although the latter is also quantum mechanical
low QM level captures the environmental effects in a satisin nature. The methods introduced here are different from the
factory mannef® In more recent developments, nonadditive original ONIOM?* approach in that interactions between dif-
schemes were explored in which the wave funcijonden-  ferent partitions are taken into account explicitly; the specific
sity) of the core region at the high QM level is polarized coupling schemes are also different from other methods cited
explicitly by the environmentwhich is described at a low above?®?” In Sec. Il, we describe the QM/SE theory and
guantum mechanical level In the method proposed by numerical algorithms. Section Il presents several test cases
Carteret al,?® the core region is described by a high-lesbl that illustrate the features of the new combined method. Tests
initio approach, such as configuration interacti@l), and include the interaction between several small polar or
the environment is described with DFT,; the two interact self-charged molecules and water, and the effect of polar mol-
consistently through an embedding potential derived fromecules and hydrogen-bond networks on a proton transfer re-
the charge densities of the two region. In the approach o#ction related to triosephosphate isomerase. The conclusions
Merz and co-worker$’ the core region is described by DFT are outlined in Sec. IV. More systematic explorations of the
and the environment is treated with a semiempirical apQM/SE methods and the necessary parameterization are left
proach(AM1); a consistent solution to the coupled electronicfor a separate publication.

structure problem is found through a chemical potential

scheme originally proposed in the context of a divide and”_ THEORY

conquer DFT treatment for large systeffis.

Finally, we note that methods exist to treat complex sys-  The system is partitioned into three layers, as shown
tems in a modular fashion, similar in spirit to the multilayer schematically in Fig. 1, though more genefalultiple) par-
approaches, but with the same level of QM method. Fotitions are possible. The immediate neighborhood of the
example, Gao developed an appro&Rlef. 42 for simulat- chemically important QM region is treated with SE, while

NN
NN

N\

NN
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the outer region is described with an MM force field. Theand SE problem, and includes only the electrostatic and po-
total Hamiltonian of the system can be written in a self-larization effects between the two regions. The second class
evident notion as follows the spirit of the ONIOM method and is noniterative;

they also include the charge transfer and exchange repulsion

" QM O SEL [JQM/SE [ QM/MM [ SE/MM MM :
H=H"+H>+H +H +H +ET between the QM and SE regions at the SE level.

(o
The expressions for the interactions between MM part and\ The iterative QM /SE scheme (QM/SE-I):
the QM (SE) part have the usual fori¥) Electrostatic and i
, polarization effects
£ QM(SE)/MM_ E /QM(SE)/MM In this section, we treat the QM/SE coupling problem
Je OM(SE) J.Nue following the framework that has been used in analyzing
weak intermolecular interactions. The methods obtained re-
NQM(SE) T . .
el A quire iterative solutions and therefore are referred to as QM/
+ 2 VQUEEMML EORSEMM SE-I (I for “iterative” ). For simplicity, we assume that the
=1 QM and SE regions are not covalently bonded; more com-
Q,2, plicated cases will be considered elsewhere. We start by for-
=> > — mally considering both the QM and SE regions at the
leMM JeQM(SE) |R,— Ry| Hartree—FockHF) level, and introduce necessary approxi-
NQM(SE) mations to the SE region later; it is straightforward to extend
el | OM(SE)/MM the formulation to cases where the QM is DFSEe below.
- +Evan (@ We label the QM part as regiok, and the SE part as region

lemm =1 R — B. Accordingly, the electronic structure problem of the com-
where the first two terms on the rhs of Hg) represent the posite systenA+ B is described by the standard generalized
electrostatic interaction between the MM atoms and the QMeigenvalue equations,

(SE) nuclei and electrons, respectively; the last term is the A+BAA+B_ cALB~A+B A+B _
van der Waals term between the two sets of atoms that cor- FAToCn " =S"oCy Pen (m=1,N), ©
respond to the Pauli repulsion at short range and dispersionhereN is the number of atomic basis functioris; C, and

at large distance. The interaction between the QM and SIS are the Fock, eigenvector and overlap matrix, respectively,
region is not as well defined and will be considered in theande is a diagonal matrix with eigenvalues on its diagonal.
following section. Two classes of methods will be described.  The Fock matrix in(3) can be written explicitly in terms
The first uses iterative approaches that solve the coupled QMf intra-region andinter-region contributions

—Zp ~ A,B/MM
Fo=T.+ )+ 2 ) OV +> P N
wv wv <X,u CzA |RC— r| XV> <X,u, IEB |RD— r| XV> (X,u| el |XV> )\;A )\U(lu’VH U>
+ E P)\IUI<ILLV||)\,(T,>+ Z P)\HO.H</.LV||)\NO'N>+ Z P)\WUW<MV||)\WUW>, (4)
N o'eB N eA " eB N"eB,c"eA

where x ,(, is the atomic basis functionu» e A+B), and P, is the one-particle density matrix element in the atomic
orbital (AO) basis. Note that the electronic interaction with the MM atoms, if present, is included i@)Em accord with Eq.
(2), it is directly separable and so is omitted for simplicity.

Now we formally introduce the NDD@Neglect-Diatomic-Differential-Overlapapproximatiori® used in AM1 and PM3
for regionB, which is treated with the semiempirical approach. Furthermore, we modify the terms correspondingtdthe
interaction. Specifically, we introduce the NDDO approximation not only for AO integrals involving only the SE region but
also for theinter-regionAO integrals,

<MKVE||)\K+EO_K+E>~O

-Z
XK

IR—r]|
To further simplify the problem, we make the approximationThis is a necessary simplification because usually quite dif-
that the basis functions from the two regions do not ix ferent forms of basis functions are used in the Q&huss-
the molecular orbitals, i.e., the off-diagonal block of the den-ian) and SE(Slate) region. This would make the inter-region

{K,K}={A,B},KNK=0. (5)

)(,,K> v Tuxk=0

sity matrix in Eq.(4) was neglected, two electron integrals, especially the exchange type integrals,
rather difficult to evaluate and violates the simplicity offered
Py g =Pymem=P\kk=0. (6) by the SE approach. Moreover, explicit mixing of the QM

Downloaded 17 Sep 2002 to 128.104.71.49. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



5620 J. Chem. Phys., Vol. 117, No. 12, 22 September 2002 Cui, Guo, and Karplus

and SE basis sets is likely to induce artifacts due to the largeigenvalue problem for blocB (A) is then solved which in
difference in the two types of methods; e.g., artificial chargeurn updates the Fock matrix of blo&k (B). The procedure
transfer between the two regions. The inter-region integrals carried out until self-consistency is reached.
approximation[Egs. (5) and (6)] is not expected to cause With the converged Fock matrix from E¢€B), the total
large errors in describing the interactions between the twe@nergy of the system can be written
regions when the separation is larger than a hydrogen-bond
distance(i.e., longer than 2.5 A This is based on the test of _ot z P, [hOM+ hQWSE

. ot : : : MISE - 1= JLhyy +hy
similar approximations in the frozen density functional @ w
method of Wesolowskét al3* (see below. In Ref. 34, they
used the same basis sets for different regions and therefore
can actually check the validity of the approximation; in the

M/MM M M/S
+V§W +F QM4 FIOMISR)

original ONIOM?* no explicit interaction between different +5 2 Pyl hSE+hEQMy \/SEMM
layers is calculated. No
With .approximations Eqs(5) and (6), the Fock matrix +F)I\EE+F//SE/QNI]+EQM(SE)/MM
element in Eq(4) reduces to
. | EQUISE}, EQ(SENMM | FOMISE | v )
K,NDDO_ C_
F v Tt < Xu CzK IRe—r| XV> wherehQ}'(*® are the one-electron integrals for the QSE)
region (kinetic plus nuclear—electron termsand hOWSE

(h35') are the integrals for QMSE) electron and SE
(QM) nuclei interactiondfifth term on the rhs of Eq(7)];

the notation for the Fock matrix elements is indicated in Eq.
X > (7). As mentioned above, the Pauli repulsion and charge

+AEK Pyo{urvlNa)+ (v VE™x,)

-Zp
+ <X,u

>

bek |[Rp— 7|

transfer effects between QM and SE atoms are modeled with

the effective van der Waals termBQWSE. In Eq. (9), the

n E p o K Coloumbic interaction between the QM and SE electrons are
i volwvN o)l pve formally partitioned equally at the QM and SE levels, in the
-~ form of
—_rc’ K m KIK
_F,u,v +F,uv ' (7)
Note that only the atomic basisfunctions centered on atoms ,WZ’A Pu EB Pro{uv|Na)

in region K (K=A,B) are present. The first three terms in

Eq. (7) represent the intraregion interaction, and the last twaand

terms represent the inter-region electron—nuclei and
electron—electron Coulombic interactions, respectively. In E p
other words, only the Coulombic interaction between the 2 ,<g " @
QM and SE region is taken into account explicitly. The
exchange-repulsion term and the two-center one-electrorespectively. In the practical implementation, however, the
resonance terms that are present in the standard SE matiivlarization of the QM and SE wave functions was treated in
elements are not included. They are modeled by van dexn asymmetric manner because the QM region is more im-
Waals terms between the QM and SE regions in analogy tportant(see Sec. [l AL An alternative expression was used
what is done in the QM/MM interaction contributiofEg.  in which the QM/SE electron—electron Columbic interaction
(2), also see Eq9) below]. As a result, the eigenvalue prob- was evaluated at the QM level only. The required expression
lem Eqg.(3) becomes partially decoupled, in the sense thatan be derived from E(9) through a straightforward rear-
the corresponding matrices are “region-diagonal,” althoughrangement,

the matrix elements of each region depend on the solution of

2 P,WO\O'IMV)

| uveA

i 1

the other through the last two terms in E@). We have E'IQ'ol\t/l/SE_ =5 E Pﬂv[h,?ﬁ"+V8,“fL’D"M+F,'SM]
( FA,NDDO 0 CA 0 m,VE

0 FB,NDDO) ( 0 CB) + p FnQM/SE

MVEEA MYy
SH 0 chr o\/e* O
s SE/ 'S

=l 0 <P~ 0O ¢CB 0 &BJ- (8) 2 }\2 P)\U[h)\EJ’_VeIE)\';/'IM_FF)\O'
The eigenvalue problem Eq8) has to be solved self- + > P, hSEQM L OM(SE)/MM

. . . . No''\o van
consistently(Fig. 1). One starts by solving the eigenvalue AoeB
prOblem for blockA (Or B), which y|e|d3 the(updated den- n EQM/SE+ EQM(SE)/MM+ EQM/SE+ EMM
sity matrix that enters the Fock matrix element for bldgk van
(A) through the inter-region Coulombic terms in E@). The (10
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The derivations described above assumed a HartreeFhis additional approximation is partially compensated by
Fock QM level, but the formulation can be readily extendedthe van der Waals interaction between QM and SE atoms. In
to perturbation theories such as MP2, which use the cornthe DFT/AM1 combination, the AM1 Fock matrix takes the
verged MO coefficients from Eq@9) or (10). An extensionto  form of Eq. (7). With the expression of the Fock matrix
other variational methods, such as CASSCF, can also belements in Eq(12) for DFT and Eq.(7) for SE, the total
made, but we do not describe it here. The correspondingnergy of DFT/SE/MM formulation is again given by Eg.
DFT treatment is straightforward, given the parallelism be-(10).

tween Hartree—Fock and the Kohn—Sham formalidiale The remaining “technical” problem is the numerical cal-
consider the Kohn—Sham matrix element for &€ B prob-  culation of the inter-region electron—electron interaction
lem at the DFT level, terms in Egs(7) and(12). This is not straightforward given
that most QM methods use Gaussian-type basis functions
_ —Zc while SE uses Slater orbitals. In the following sections, we
F}LV_T,LLV+ X,u E > = Xy . . .
CeA |Re—r| describe two possible solutions.

>

BeB |Rp—r|

+<XM

+ 2 Puuroyt 2 Pug(priNo)

Xu> + (Ol Va™1x)

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

NS To compute the QM/SE Coulombic integrals in EGB.
and(12), one can fit the Slater orbitals in the semiempirical
+ > Pugdur\"a") region with a STO-NG scheme, and then calculate the two
Ny electron integrals in the traditional manriiétHowever, we
propose to use an alternative approach, which makes use of
+ 2 Pymom{ v N" o) +VZCV(P1+92)' the_ fact_ that the required QM/SE Coulomb integrals can be
\"eB,0" e A written in the form

(11)

- I R
where the exchange integrals have been replaced by the |;w:f fX,u(rl)XV(rl)r_lsz(r2)d rydry,
exchange—correlation potentif(p). Invoking the NDDO
approximation for the two regiongEgs. (5) and (6)], the

. . m,vek, (13
approximate Kohn—Sham matrix element becomes

WherepK(F) represents the electron density for the atoms in

F/}i'vNDDO=TMy+<XM P XV> +<X,L|VZ|/MM|XV> region K. To computel ,,, one can use a set of auxiliary
Cek |Re— basis functions of the same type as the atomic basis functions
in regionK to expande(F) and then compute the resulting
+AEK Pro{urNo) three-center two-electron €¢2e) integrals. This density-
fitting scheme was chosen in the current work based on sev-
" 2 —Zp eral considerations. First, as shown in a number of previous
X e Ro— 7] Xv studies® the density fitting technique is numerically very

efficient and reduces the formal scaling of the Coulomb in-
tegral calculationgfrom N* to N°). Second, as shown by
St-Amantet al,* linear scaling can be achieved with the
divide-and-conquer fitting scheme, which is an appealing
This expression is very similar to the one derived by Wesofeature for QM/SE calculations with a large SE region. Fi-
lowski et al,** except that the nonadditivity of the kinetic nally, once an appropriate representation of the dertaityl
functional is not considered here because one region igs gradient, if required is available, the exchange—
treated with SE, and the associated eff@dtich is largely a  correlation potential can be evaluated as well.

short-range repulsions modeled by a van der Waals term As discussed by a number of authdtshe density fit-
between the DFT and SE region. When the SE method ifing procedure requires solving the following set of linear
also based on DFsuch as the SCC-DFTB approdbhthe  equations:

exchange—correlation potential can, in principle, be evalu-

ated on a set of grids at both levels, given an appropriate ¢=S"1(t+\n), (14
representation op,(r) and p,(r). When the SE level is a

Hartree—Fock based approach, such as AM1, although th&here thec is the fitting coefficient vector,
exchange—correlation potential can be evaluated at the DFT

level including a representation of the SE densgtge Sec. K( =2\ "=

A1), we choose to evaluate on ”Cv(pl) in the current P (r) _Ei: Cixiw(r)-

implementation, based on the consideration that the quality

of electron density is different in DFT and SE approachesThe other quantities are defined as the following:

+ E _P}\/0/<ILLV|)\,(T,>+V;(ch(pl+p2). (12)
No'eK

(153
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Xif)X %r ) tuating charges derived on the fly. We, therefore, term the
J f drdr’, (15p  approximation the “FLYQ” approacliton the “FLY” as de-
|r -r | rived charges The current approach does not require any
fitting parameters other thafy, (and the QM/SE van der
ir)P - =, Waals parametersA similar scheme at the semiempirical
f f r - /| d rdr level has been reported recently by G&eyho proposed to
represent the electron density with either a set of partial
psTo XX xSy N charges or multipoles. o
f f drdr’, With the FLYQ approximation, the description of mutual
polarization between the QM and the SE region is achieved
(150 by iteratively polarizing the wave function of each part with
the other described Hexiblepoint charges. This is expected
nlzf Yx(ndr, (159  to give rise to improvements over the standard QM/MM ap-
! proach in which the MM is described wifixedcharges. The
ns-1t auxiliary basis approactSec. Il A1) introduces further im-
A=Ng——. (150 provements by computing the QM/SE interaction beyond the
nS™'n monopole level. The quantitative difference between these
models has to be established with test calculations, which are
presented in Sec. lll.

,uVEK r_r’|

The X'—(F) in the above equations is the auxiliary basis

set centered on the atoms in reg|l§n which containsNy

electrons. Although one may follow the protocol to computeB: ONIOM based QM/SE method (QM/SE-O): Charge

the inter-region Coulombic integrals in both the QM and Sgtransfer and exchange effects

Fock matrices, we only applied it to treat the QM Fock ma-  In the preceding sections, only the electrostatic and po-
trix in the current implementation and simply used partiallarization effects between the QM and SE region are treated
charges on the QM atomsee below to polarize the SE explicitly. The exchange effe¢Pauli repulsioh is replaced
wave function. This is based on the consideration that thevith van der Waals terms, and charge transfer effect is not
polarization effect of the SE region is less important than thaincluded explicitly (although one may consider it as part of
for the QM region, and point charge polarization is suffi-the effective van der Waals teymTherefore, thdterative
cient. The fitting basis was taken to be a set of uncontracteghethod(QM/SE-)) is applicable to systems with weak inter-
Gaussian orbitals developed by Salafeial;*® howeverd  action between the QM and SE regions. In cases where there
functions are not included to avoid over fitting. The densityare QM and SE atoms interact stronglyr even are co-
matrix for the semiempirical region is first transformed into valently bonde}i the charge transfer and exchange repulsion
the STO-3G baSISPSTO such that the integrals in EGL50 between the two regions can become important and should
can be evaluated W|th the Gaussian orbiy,ilTo r'). The be accounted for. Even for relatively weak interacting sys-
fitted density[Eq. (153] is then used to calculate,, [Eq.  tems, it is likely that a specific set of van der Waals param-

(13)]. eters has to be fitted for each QM and SE combination,

which is somewhat cumbersome for general applications.
2. The FLYQ method (QM [ SE-I-F)—beyond the fixed Given these considerations, we implemented the following
point charge model approach inspired by the ONIOM method of Morokuma

: , , . , et al,? which will be referred to as QM/SE-O metho®
A simpler solution to avoid calculating the inter-region €' 2
P g 9 as in “ONIOM”).

two electron integrals is to consider the interaction with a L .
ltinol ¢ the electron densit omh We start by considering a two-layer system partitioned
multipole expansion of the electron density in regiomvhen into A+ B; including a third MM layer is straightforward.

cr?nsidftfaring thef Fock matrix of r?%idﬁ thisdv(\éﬁsoatljopted in The ONIOM energy for the system, for which regiohsnd
the eflective iragment potential approachOnly one- g oo gescribed with method | and I, respectively, is ap-

electron ' inter-region mtegrals' are req_uwed, so that th%roximated by

method is faster than the auxiliary basis approach. In th

current work, we truncate the multipole expansion at lowest A+B A_ A+B
; oniom=Er'—Ej+ Ej

order, and uses partial charges to represent the electron den-

sity distribution; Mulliken charges were chosen here for sim- =(WHAN T — (W AAwh
plicity, although charges from other schemes, such as natural
orbital analysié' can also be used. Since Mulliken charges H(WHTBAATEw By, (16)

from semiempirical methods are usually too small in magni-

tude, we introduce a uniform scaling factbg, which hasto  where the superscript of the wave function indicates the re-
be determined empirically. Although scaling can also begion, and the subscript denotes the level of calculation. As
done for the QM Mulliken charges, this was not done be-noted by the original authors, the QM region atoms do not
cause their magnitude seems to be reasonable in the modétéeract explicitly with the environment at the QM level, and
tested here. Because the partial charges fluctuate as the dee environmental effect is fully described at the 168F)
ometry of the system varies, the method can be considered #&svel?* This simplification has caused substantial
anab initio version of the FLUQ approact,with the fluc-  concerr?®?”and recent developments attempt to improve the
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description by explicitly polarizing the QM wave function change repulsion and charge transfer effects at the SE level;
via an embedding potentfilor allowing electrons to flow therefore, no specific van der Waals parameters have to be
between the QM and SE region according to a chemicdlitted for different QM and SE combinations.

potential’’ Although the later scheme is of interest, the fact ~ The term that represents the electrostatic interaction and
that high levelab initio or DFT are so different from SE in polarization between QM and SE atomsyVP®
terms of thg orbital elgepvalues and qualltlgs led us not '[O:<\Pﬁ||:|A/B|\Pﬁ>’ is similar in nature to the embedding po-
pursue the idea. We continue to follow the philosophy that nQgnig| in other developmenté.it can be evaluated at differ-

explicit basis mixture is allowed between the two regions,qnt |evels. such as the schemed described for QMI/SE-I in

but allow the QM wave function to be explicitly polarized by gec |1 A, Since it has to be evaluated at both the QM and SE
the SE atoms. This leads to the following modification of thelevels, we took the simplest choice for the current implemen-

ONIOM approach. The total energy of the QM/SE system isiion and used scaled Mulliken charge on the SE atoms from
first approximated by a calculation at the SE level for the+ B region. With such

EIA+B=<\I,,IA+B|HA+I'_‘|A/B+ HB|\PIA+B> a choice_, the_“embedding potential” is calculated only once
and no iteration has to be performed. One short coming is
~<qr|Aqf|B||i|A+ {AB L |:|B|\p'|°\\y|5> that the Mulliken charges thus obtained do not sum exactly

to the charge of regioB. This could cause problems when
=(WN[AA+(WEANBWEY W) there is substantial charge transfer between the QM and SE
. regions; no such cases were found in the current tests. More
+(WPHBWP) sophisticated schemes to construct the embedding term will

_EATE, 17 be studied in the future.

Finally, it is straightforward to derive the expression for
where the formally “exact” wave function for the total sys- the QM/SE-O total energy for a three layer system described
tem given in the first expression is assumed to be decoupledf the QM(1), SE(Il), and MM level, respectively. The re-
into - WE in the second step. A corresponding expressiorfulting expression is

(E{?*B) can be written for the energy oA+B at the SE Tot N(‘I’PM|[|:|QM+<‘PE||:|QM/SE|‘I’E>

level, EA*®. We formally addEf*® to and then subtract —QWSE-O~
E/"® from Eq.(17) to obtain + QMMM | QMY OM| (y QM
EN = (WA (WPIRAE[W ) ] W) + (WB| [YQWISE By 4 [ QMMM | OM)
FOUPREY ) SR
— (WA (WRIAANEw R ] W) + H(QM + SE)YMM)y QM *+ SEB 4 EMM (20)
—(WB|AB|WE). (18  C. Implementations
Assuming that regio® can be well described at the SE) The algorithms described above were implemented in

level (i.e., (WB|AB|WE) — (WEBIHB| W) is nearly constant, the program CHARMM, which is interfaced with GAMESS
Sy ’ 3
we arrive at the expression for the modified ONIGRIM/ ~ @nd DeFT;® the latter programs allow one to use thb

SE-O energy, initio methods(Hartree—Fock, MP2, CASSCF, ClI, etand
density functional theories, respectively. The DeFT code was
EAB< (WA [AA+(WE|ANE|WEY | W) chosen because it is highly paralleled, and employs the
. . charge-density fitting algorithm required for the auxiliary ba-
+ENT = (W[ AA+(WRIHAB W ][ w sis scheme in QM/SE-Il. The available SE methods in
_EAB (19 CHARMM include MNDO, AM1, and SCC-DFTES the
QM/SE - O*

latter method was recently introduced into CHARM#f/and
Comparing Eqg.(19) with Eq. (13), it is clear that the has been shown to give superior results for proton transfer
difference is that here the wave function of the QM region isreactions and metal ions than AM1 and PRi3*
polarized also at the high levél). We note that to avoid There are a number of parameters that can be optimized
double counting, the energy for the QM region at the SEn the different QM/SE methods. In QM/SE-I, the Pauli re-
level, also polarized by the environment, has to be subpulsion and charge transfer effects are not included explic-
tracted. Therefore, Eq19) includes the difference in the itly, and therefore requires a set of van der Waals parameters;
QM and SE calculations in terms of the response of the wavé is likely that different sets would be optimal for different
function in the QM region to the environment8E) elec- QM/SE combinations as in different QM/MM calculatiofts.
trostatic polarization, while the original ONIOM represents Further, partial charges are used to polarize the SE atoms in
the electrostatic and polarization effects only at the SE levelQM/SE-I-A and to polarize both QM and SE atoms in QM/
Thus, when the SE level is not satisfactory for describingSE-I-F. One has the freedom to choose the optimal set of
these effects, the current QM/SE-O approach is expected toartial charges such as natural orbital charges, ESP charges,
give better results than the original ONIOM formulation. The or scaled Mulliken charges; the last were chosen here for
current scheme and the original ONIOM both describe exsimplicity. In QM/SE-O, no van der Waals parameters are
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needed because the Pauli repulsion and charge transfer @RBLE |. Water—CI" ion complexes calculated with different methdds.
fects are taken into account at the SE level. In the evaluatiomn

o . o CI
of the embedding interaction terms, however, specific param-
eters such as a scaling factor or charge normalization factdfethod AE Rein (B) Rei-w (B)
(see Sec. Il Afor the Mulliken charge would be needed. gy om 153 2.128 3.283
When the QM and SE regions are covalently bonded tarull SE -13.8 1.987 3.022
MM regions, the interface can be treated with the standar@v/Mm -13.2 2.782 2.782
link atom approacf® If the QM and SE regions are bonded SE/MM —136 2.765 2.765
. : QM/SE-I-F* -6.1 2.803 3.062
together, a double link atom appro&tis the most straight- (-7.9 (2.689 (3.160
forward scheme to treat the boundary; i.e., link atoms are [-10.9 [2.561] [3.239
added to both QM and SE boundary atoms. Care is necessamy/SE-I-A —-13.5 2.116 3.215
to avoid over polarization of the boundary QM or SE atoms,QM/SE-O-0 -13.8 1.987 3.022
as in the QM/MM method analyzed previousiyfor ex-  QWSE-O-M (:E-Z (221130; (2252‘(‘)5
ample, the partial charge or the density fitting coefficients on [-12.3 [2.174 [2.874

the boundary SE or QM atoms can be excluded in the
QM/SE interaction, similar to the exclusion convention usedThe QM is BPW86 with 6-3% G** basis set, SE is AM1, MM is the TIP3P

in CHARMM for QM/MI\/I. 9 Itis expected that the boundary model for water. In the QM/MNSSE) calculations, the Cl ion was treated as

. . ) QM and the water was described with M(8E).

issue is more delicate for QM/SE than QM/MM’ and the besT"The QM/SE-I indicates the iterative QM/SE algorithms described in Sec.
scheme has to be determined through test calculations. We A; the QM/SE-O indicates the ONIOM based QM/SE methods described
emphasize that the QM/SE-I approach is mostly suited forin Sec. Il B. The suffix “-F” indicates that Mulliken charges from the SE

; ; ; region is used to polarize the QM wave function, “-A’ means that auxiliary
weak intermolecular interactions between QM and SE basis functions were used to fit the SE electron density which interacts with

regions, and the QM/SE'Q. approach is more appropriatgne QM wave function(see text The QM/SE-O-0 method is the same
for cases where the partition is done across a covalenbNIOM approach originally proposed by Morokuma and co-workers,

bond. Consider the simple case of butanol, in which a parti_where no(thus “0") explicit interaction was evaluated between QM and
. . SE atomgRef. 19.
tion is done between Tand C atoms (scheme ). Note ‘The numbers without and with parentheses were obtained with a scaling

HO—C1H2 C4H3 factor (see text for the Mulliken charge of 1.0 and 1.2, respectively; those
with brackets were obtained with a scaling factor of 1.5.

HZCZ—E— C°H,

Scheme | phate isomeras¥, which has been studied extensively by
that in the QM/MM calculations, the bonded terms betweertheoretical method® Finally, the effect of a hydrogen-bond
the two regions such as the’aC® stretch and &-C°~C?>  network on the same proton transfer reaction is studied. This
bending are included, which helps to maintain the overalis based on the proposal of Gt al1® that cooperativity
structural stability. Since no such terms are included in QM/ffects due to extensive hydrogen-bond network may play a
SE-I, the butanol molecule would be described by separatetble in enzyme catalysis. The relatively small sizes of those
ethane and ethanol molecules, and thus would not be connodels allow us to perform full QM calculations, to which
strained to have the correct geometry. In the QM/SE-CGhe QM/MM and QM/SE results can be compared. A DFT
scheme, however, there is a contribution corresponding tonethod with medium sized basis sets was used as QM for
the entire butanol at the SE leJeke Eq(19)], and therefore comparison, although more elaborate methods are likely to
the structure is expected to be qualitatively correct. In thebe explored in actual applications. The BP86 functithal
current work, we restrict ourselves to systems where the QMvas employed because it is the only nonlocal functional
and SE regions are not covalently bonded, and leave thavailable in the DeFT program that we used.

more complicated cases to future studies. A. Interaction between water and polar molecules

The first set of tests concerns the interaction between
water and several polar or charge water molecules. These
In this section, we illustrate the algorithms described insystems are analogous to studies in the validation of
Sec. Il by a number of applications. We determine how theQM/MM methods with SE® and DFT° QM methods. The
different QM/SE methods compare to full QM calculations, major purpose is to test the robustness of the proposed
and how sensitive the results are to the choice of the inQM/SE methods, especially the schemes for calculating
volved parameters. Also we examine whether the QM/SEQM/SE interactions and the difference between the iterative
methods give significant improvements over QM/MM calcu-and noniterative methods.
lations. Finally, the QM/SE methods proposed here are com- The first system is the complex between a @n and a
pared to determine which of them are most robust. The firstvater molecule. This was chosen because it was noticed in
set of models involves the interaction between small polar oprevious studie® that although full QM calculations gave an
charged molecules with water. The second set deals with thesymmetric optimal structur@e., the two CI---H distances
effect of polar molecules on the proton abstraction from theare different, see Tablg,IQM/MM calculations in which the
Ca position of formaldehyde by a base (HCOP thisis CI~ was treated with QM and the water was treated with
inspired by the first reaction step catalyzed by triosephosMM gave a symmetric structursee Table)l The result was

Ill. TEST EXAMPLES
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rationalized by the fact that the MM wat€FIP3P is not  original ONIOM values; in fact the binding energies are
polarizable, and the two hydrogen atoms have the samsomewhat further away from the full QM values. The obser-
strength of interaction which led to the symmetric structurevation that the binding energy decreases and the shorter
When the water is polarized, the asymmetric structure is fa€l---H distance increases as the scaling factor increases in-
vored because the electrostatic interaction betweéna@td  dicates that the BP86 wave functigdensity interact less
one hydrogen atom can be maximized. strongly than AM1 wave function with the external charge.
The binding energy and the optimal Cl-H distances at  This is consistent with the result that BP86/MM calculation
different levels are shown in Table I; the Clvas treated by predicts a slightly weaker binding energy compared to
BP86/6-31+G(d,p),°! and the water was treated by either AM1/MM (Table ) with the same water modéTable .
AM1 or TIP3P. Although the van der Waals parameters can To further test the robustness of the density-fitting
be optimized, no such attempt was made here for the purposeheme, we studied a number of complexes between water
of exploring the behavior of the methods. It is encouragingand molecules representing the fragments of amino acids.
that the asymmetric structure was correctly reproduced at alfhese include two neutral molecules, imidazole and
the QM/SE levels. When the polarization was modeled byN-methyl formamidelNMF), which model the side chain of
the simple Mulliken charge in the iterative schef@M/SE-  histidine and the main-chain peptide unit, respectively, and
I-F), the result depends sensitively on the scaling factotwo charged species, NH and GNH,)3 ", which model the
(fg). Without scaling {o=1.0), the Mulliken charges on side-chain of lysine and arginine, respectively. The interac-
the water atoms are very small; i.e., the charge on the hydrdion energy between these models and a water molecule was
gen is about 0.2, compared to the value460.417 in the calculated at the full BP86/6-31@(p), BP86/CHARMM
TIP3P model and the value &f0.35 from a Mulliken analy- and BP86/AML1 level with the auxiliary basis function ap-
sis at the full QM level. With the small charge, the interac-proach (QM/SE-A). Morokuma energy decomposition was
tion energy at the QM/SE-I-F level is substantially underes-carried out with HF at the full QM level to reveal different
timated (—6.1 kcal/mol vs—15.3 kcal/mol from full QM  components; a full HF calculation was found to give very
calculation$, and the structure is only slightly different from similar interaction energies as BP86 with the same basis set.
being symmetridthe Ct-- H distances are 2.803 and 3.062 In the hybrid calculations, the water molecule was treated
A, respectively, compared to the full QM values of 2.128 andwith BP86, and the fragment was treated with SE. In all the
3.283 A, respectively As expected, the agreement with the models, the SE part is the hydrogen-bond donor and the QM
full QM results becomes much better when the AM1 Mul- part is the acceptor; this is motivated by the fact in most
liken charges are scaled. For example, Wigh=1.5(e.g., a enzyme systems, protein residues serve as hydrogen-bond
value of 2.13 was found to be appropriate in Ref),4Be  donors to polarizé€or stabilize charged substrates. In Fig. 2,
interaction energy increases +dl0.9 kcal/mol, and the short the electrostatic and polarization components of the interac-
Cl--- H distance drops to 2.561 A; better agreements can bton from the full HF calculations according to the Moro-
obtained iff is optimized(e.g., to obtain exact agreement kuma energy decomposition scheme are shown as a function
with the QM binding energyfo=1.95 is required, which of the distance between the hydrogen-bond donor and accep-
gives a Cl-*H distance of 2.356 A In contrast to the FLYQ tor. The corresponding components from BP86/MM and
approach, the auxiliary basis set approac®v/SE-I-A) BP86/AM1 calculations, which are defined as the QM/MM
works rather well without the need of adjusting parameters(AM1) interaction without the van der Waals contribution,
The interaction energy was calculated to-b&3.5 kcal/mol, are also shown; the van der Waals term is not included be-
and the Cl--H distances are 2.116 and 3.215 A, all in goodcause the dispersion energy is not described at the Hartree—
agreement with the full QM results. This indicates that theFock level. Clearly, there is striking agreement between the
density-fitting scheme is a robust approach to describe thiill QM and QM/SE calculations at all the distances consid-
QM/SE interactions at hydrogen-bonding distan@®s see ered here. The good agreement between QM/SE and full QM
below). calculations is very encouraging, indicating that the SE den-
With the original ONIOM modef? the QM/SE-O-0 sity is reasonable for calculating hydrogen-bonding interac-
(0" is used here to emphasize that no explicit interactiontions. This is in accord with the previous observation that
between the QM and SE atoms was included at the QMyood hydrogen-bonding interaction energies can be obtained
level) gave exactly the same results as full @81) for the  when the hydrogen-bond donor, such as water, is modeled by
particular case. This is true because both B®86 and SE a charge density distribution fitted by a small set of basis
(AM1) gave zero gradient for a free Clatom. With the functions®® On the other hand, we realize that the density
embedding interaction included, the results become differendistribution in AM1 is far from optimal because the density
from full AM1 values. This is due to the fact that the currentitself was not directly involved in the fitting of AM1 param-
scheme includes a term reflecting the difference in the reeters; in fact, many integrals were parametrized according to
sponse of the QMBP86 and SE(AM1) wave functions to  experimental values rather than calculated. Therefore, we ex-
external electrostatic interactions and polarizatisee Sec. pect that SE methods in which the density is well described,
[IB). An interesting observation is that the QM/SE-O-F re-such as the SCC—-DFTB approach, will work even better
sults are much less sensitive to the Mulliken scaling factothan AM1 in QM/SE-A calculations. Integration of DFT and
than QM/SE-I-F because both the QMBP86 and SE SCC-DFTB in an iterative fashion with the auxiliary basis
(AM1) are polarized by the samiscaled Mulliken charges. approach(Sec. IlAJ) is currently underway. The QM/MM
The results, however, are not significantly different from theresults are very different at short distances. The observation
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QM/SE-I-A

Full QM

"His" (Imd)--H,0 ’ "Backbone" (NMF)-H,0
H FIG. 2. The electrostatic and polarization enefgy
-20 (\ N— H----OH, -20 \— H-----OH, kcal/mol) between a water molecule and a hydrogen-
NJ R 0=CH/ R bond donor that models a unit in an amino ddidida-
Y U — 3 T — zoIe,_N—methyI_formami_de,NHandC(NH_z);)asa
16 18 2 22 24 26 28 3 16 18 2 22 24 26 28 3 function of their separation. Such a quantity from a full
R(A) R(A) QM calculation was obtained from a Morokuma energy

decomposition analysis at the HF/6-8G(d,p) level,
which  gives interaction energies close to
BP86/6-31G(d,p) calculations. The latter was used
in the QM/MM and QM/SE-I-A calculations, for which
the electrostatic and polarization energy is defined as
the interaction between QM and SEIM) atoms with-

out the van der Waals contribution.
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does not imply directly that QM/MM results for the interac- are shown in Fig. 3. Subsequently, single point energies were
tion energy are poor, because the van der Waals contributioobtained by full QM (BP86/6-31G(d,p)), BP86/

in the QM/MM calculations is empirical and does not nec-CHARMM, and BP86/AML1 calculations; in the hybrid cal-
essarily reflect the full Pauli repulsion; in other words, errorculations, the environmerithe added polar molecules/as
cancellation may lead to good interactions from QM/MM treated with CHARMM or AM1 and the reacting groups
calculations. Finally, we note that because the electrostatiwere described with BP86/6-31G(d,p). No specific van
and polarization contributions in QM/SE-A calculations areder Waals parameters were optimized for the MM or AM1
very different from the QM/MM values, different van der atoms, because our primary purpose is to examine the quali-
Waals parameters are required in the two sets of calculationgative behavior of different QM/SE methods relative to QM/
especially at short distances. MM.

At the full QM level (see Table I, the effect of the
environment increases in the order of one water, one NMF,
two waters and one water plus one imidazole, and the prod-
uct is stabilized more than the transition state. For example,

As the second set of tests, we study the effect of smalhne water molecule stabilizes the transition state and product
pplar molecules_on a proton transfer reacti_on _inspired b)by 3.7 and 6.8 kcal/mol, respectively, and the values for
triosephosphate isomera§dM).*"“®As shown in Fig. 3, the  NMF are 5.0 and 9.2 kcal/mol, respectively. One imidazole
proton transfer reaction takes place between formic acid angq one water has a larger stabilizing effect compared to two
formaldehyde, which model the catalytic glutamic ag&lu ~ water molecules, by-2 kcal/mol for the transition state and
165 and substratédihydroxylacetone phosphaten TIM, ~4 kcal/mol for the product. These are consistent with the
respectively. Several polar molecules hydrogen bonded to thiact that the carbonyl group in the product is more negatively
carbonyl group in formaldehyde were studied. They are oneharged than in the transition state; imidazole and NMF have
and two water molecules, one NMF, and one water moleculéarger stabilizing effects than water because their dipole mo-
plus one imidazole; the imidazole is chosen to mimic His 95ments are better aligned with the lone pair of the carbonyl
in TIM, and the others are selected for an analysis of polarexygen.
ization effects. For simplicity, the distance between the donor At the QM/MM level, the same trend was observed, al-
and acceptor in the proton transfer is fixed to be 3.0 A. Gethough the magnitude of the increase in the stabilizing effect
ometry optimization was carried out for the reactant, producgoing from water to NMF and imidazole was reduced. For
system in the presence of the constraint at theexample, instead of a 2 kcal/mol increase in the stabilizing
HF/6-31G(d,p) level, and the transition state was deter-effect on the transition state for an imidazole compared to
mined by an adiabatic mapping procedure at the same levelyater, a value of 0.6 kcal/mol was obtained from single point
critical distances in the reactant, transition state and produdM/MM calculations. Better agreements might be obtained

B. The effect of polar molecules on a proton transfer
reaction
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(@
2,003
(1.899)
1200 [1.810]
(1.219)
! 6]
1.100
(1.650) FIG. 3. Model systems used to study
[2.000] : the effect of small polar molecules on
[1.380] a proton transfer reaction between for-
1.900 mic acid and formaldehyde. The dis-
g (1.350) tance between the proton donor and
1.239(1.000] acceptor was fixed to be 3.0 A during

(1.269)
[1.297]

the geometry optimizations, which
were carried out at the HF/6-31
+G(d,p) level. Critical distances in
the reactant, transition statm paren-
thesey and product(in bracket$ are
shown in A. Selected Mulliken
charges for the polar ligands are also
shown for full QM [BP86/6-31
+G(d,p)] and full SE single point
calculation for the transition states to
illustrate the difference between QM
and SE Mulliken charges.

(©)

1.240 [1.000]
1.272)
[1.299]

[1.301]

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

H,O NMF 2XH,0 Imd+H,0 RMS error

Method TS Prod TS Prod TS Prod TS Prod TS Prod
Full QM —-3.7 —6.8 -5.0 —-9.2 7.5 —-125 —-9.3 —16.9
QM/MM —-2.8 —4.8 -3.3 —-5.6 —-6.1 -10.3 —-6.7 -11.0 1.8 3.8
QM/SE-I-F —-2.3 —4.2 -5.0 -9.9 -5.0 -9.0 —8.6 —16.3 1.5 2.2
QM/SE-I-Ab —4.5 -9.0 —-6.7 —-14.2 -9.1 —-17.7 —-12.4 —-25.0 2.0 55

(3.0 (~5.6) (-5.0 (—10.2 (—6.5 (—11.5 (—9.4) (—17.5 (0.6) (1.0
QM/SE-O-0 -16 -3.3 -3.1 -6.0 —4.6 -8.1 —-6.7 -11.9 2.4 4.1

(=29 (—6.2) (—4.6) (9.7 (=5.7) (=119 (=7.7 (-16.2 .3 0.7
QM/SE-O-M —-1.8 —-3.1 —-2.9 —-5.4 —-4.3 7.1 —-6.2 —10.7 2.6 4.9

#The QM is BPW86, SE is AM1, MM is CHARMMZ22 force field for proteins. The proton transfer fragnmémtsic acid and formaldehydevere 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 14.3 and
14.0 kcal/mol, for the TS and Prod, respectively. See footnote of Table | for notations for the different QM/SE methods, and Fig. 3 for the sthictures, w

were optimized with the HF/6-32G(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 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 van der Waals
parameters is substantially underestimated, and an approximate correction was made based on the difference in the electrostatic and groleoizatitsn ¢

in QM/SE-I-A and QM/MM calculations for small molecules and wateig. 2).

“The values in parentheses were obtained with SCC-DFTB as the semiempirical level.
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FIG. 4. Model system used to illus-
trate the performance of QM/SE meth-

additive polarization effects. See Fig.
3 for notations.
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when the geometry is allowed to relax in the QM/MM cal- tions, the agreement with full QM becomes much befsee
culations because it has been observed that shorter hydrog&able 1I).
bond distancegcompared to full QM are often required to Using the ONIOM approach, the results are not encour-
give reliable QM/CHARMM interaction energies, due in part aging with both the original scheme of Morokuned al.
to the parametrization philosophy of the CHARMM force (RMS error is 2.4 and 4.1 kcal/mol for the TS and product,
field to represent the situation in the condensed pfase.  respectively and the one proposed here which includes ex-
At QM/SE levels, the same qualitative trend was ob-plicit polarization of the QM partRMS error is 2.6 and 4.9
tained although the quantitative results depend significanthkcal/mol for the TS and product, respectivelihe effects are
on how the QM and SE levels are combined. At the QM/SE-+ypically worse compared to QM/MM or QM/SE-I results.
I-M level, a scaling factor of 1.2 was found to give good This observation reflects the fact that AML1 is rather poor at
results for the effect of NMF and imidazolsee Table ), representing the interaction from the environment, and a bet-
the effect of water with the same scaling factor underestiter semiempirical approach has to be used. Indeed, very good
mates the magnitude of interaction substantially becauseesults(RMS error is 1.3 and 0.7 kcal/mol for the TS and
AML1 gives a very small charge on the water molecie=e  product, respectivejywere obtained when SCC—-DFTB was
Fig. 3 for a comparison of QM and SE Mulliken charges of used in the ONIOM calculations even when the QM region
the ligands from full QM and SE calculation#\t the QM/  is not explicitly polarized.
SE-I-A level, the effect of the environment was found to be
overestimated, and the degree of overestimation is larger
when the interaction is stronger. For example, the stabilizingic' The effect of hydrogen-bond network on a proton
effect of one water on the product is 6.8 and 9.0 kcal/mol a ransfer reaction
the full QM and QM/SE-I-A level, respectively, and the val- Although hydrogen-bonding interactions of medium
ues for one water plus one imidazole are 16.9 and 25.0 kca$itrength are dominated by electrostatic interactions, nonaddi-
mol, respectively. These results can be understood when oniwe effects have been shown to be involved in strong
realizes that the van der Waals contribution in QM/SE-I-A ishydrogen-bonding interactiori8 As discussed by Guo and
expected to be very different from QM/MM or full MM Salahub!® and by Luo et al,®® the extensive hydrogen-
calculations, as discussed in the preceding section. When thmnding networks found in the active site of many enzymes
interaction between the ligand and reacting group is strongzan induce such nonadditive effects. Since the effects are
the hydrogen-bond distance becomes very short; e.g., the hgubstantially larger when the hydrogen-bond acceptor is
drogen bond between the imidazole and the carbonyl oxygecharged compared to when it is neutral, it was proposed that
in the product is only 1.75 A. According to the calculations differential cooperative effects can play a role in enzyme
in Sec. Il A, the van der Waals contribution in QM/SE-I-Ais catalysis where the charge of the substrate changes during
expected to be underestimated by as much as 7 kcal/mol #te reaction. Because the nonadditive effects are quantum
such a distancésee Fig. 2 Introducing this as an approxi- mechanical in nature, we expect that a hybrid calculation in
mate correction to the van der Waals QM/SE-I-A contribu-which the hydrogen-bond network is represented by SE,
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TABLE Ill. Comparison of full QM, QM/MM and different QM/SE algorithms for the model proton transfer system plus a model di-geptide.

Model + His/H,O Di-peptide Effect of hydrogen bond network

Method TS Prod TS Prod TS Prod
Full QM 11.4 9.6 8.3 4.7 -3.1 -4.9
QM/MM 13.3 11.7 11.9 10.6 -1.4 -1.2
QM/SE-I-F 10.6 6.0 8.2 2.4 —2.4 —-3.6
QM/SE-I-A° 11.3 5.4 8.3 1.6 -3.0 -3.8
(11.6 (7.2 (9.6) (4.6 (-2.0 (2.6
QM/SE-O-0 125 9.7 10.9 6.9 -1.6 2.7
(12.8 (11.9 (10.3 (7.9 (=29 (=4.0
QM/SE-O-M 12.4 9.5 11.1 7.8 -1.3 =17

aSee footnote of Table | for the notations for the different QM/SE methods. See Fig. 4 for the geometries, which were optimized with-BFd6p31 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.

PThe values in parentheses were obtained by considering the fact that the QM/SE van der Waals contribution based on the standard CHARMM van der Waals
parameters is substantially underestimated, and an approximate correction was made based on the difference in the electrostatic and grojaoizertitn c

in QM/SE-I-A and QM/MM calculations for small molecules and wat€ig. 2).

‘The values in parentheses were obtained with SCC—DFTB as the semiempirical level.

rather than by MM, will give a better description in this case.results, as in the pair-wise type of models discussed in Sec.
The proton transfer model shown in Fig. 4 was constructedll B. When the SE density is represented by a set of auxil-
to examine this behavior. This model differs from those dis-iary basis functions, as in QM/SE-I-A, the effects of the di-
cussed in Sec. Il B in that the environment is replaced by amlycine on the transition state and product are also described
extended hydrogen-bond network consisting of one imidawell. The absolute endothermicities of the reactions are un-
zole molecule and two diglycine peptides, which representlerestimated. This is related to the fact that the van der Waals
the backbone of a half-turn “helix;” a water molecule was contribution has not been optimized for QM/SE and large
added on the proton acceptor end to stabilize the chargegtrors can arise at short hydrogen bond distances between
reactant. Similar to Sec. Il B, the geometries were optimizedQM and SE atoms, as also discussed in the preceding sec-
at the HF/6-3%G(d,p) level with the distance between the tion. With the ONIOM approaches, the results are also satis-
proton donor and acceptor fixed at 3.0 A. Single point enerfactory, especially when the environment was treated with
gies were then calculated at the BP86/6+&(d,p), BP86/ = SCC-DFTB, rather than AM1.

CHARMM, and BP86/AML1 levels.

At the full QM level, the barrier for the proton transfer is
substantially lower when the di-glycine is present to form an
extended hydrogen-bond network; the values are 8.3 and To improve the description for the interaction between
11.4 kcal/mol with and without the di-glycine, respectively. an active region in large systems, such as an enzyme, and its
The distance between the imidazole and the carbonyl groupnmediate environment over that obtained with the standard
in the reacting group is also much shorter in the presence dM/MM methods® we have proposed several algorithms for
the di-glycine; in the transition state, the distance is 1.752reating the active part with a high level Qb initio or
and 1.842 A with and without the di-glycine, respectively. DFT) approach and the environment with a less sophisticated
The product is also further stabilized by the di-glycine, de-semiempirical (SE) approach. In the iterative QM/SE
spite the fact that the latter is 6.7 &hortest distangerom schemeg QM/SE-I), the electrostatic interaction and polar-
the reacting centgthe C3 in the formaldehydg the product ization effects are introduceekplicitly for both the QM and
is 4.7 and 9.6 kcal/mol above the reactant with and withouSE atoms by a self-consistent procedure. In the noniterative
the di-glycine, respectively. In other words, the stabilizingQM/SE scheme based on the ONIOM mod&M/SE-O),
effect of the di-glycine is 3.1 and 4.9 kcal/mol for the tran- the exchangd&Pauli repulsioln and charge transfer effects
sition state and product, respectively. are taken into account at the SE level, in addition to the

The QM/MM single point energetics are discouraging; explicit electrostatic interaction and polarization between the
although a lower barriegfby 1.4 kcal/mo) was reproduced in  two regions.
the presence of the di-glycine, the larger stabilizing effect for ~ From the test calculations, it is evident that the perfor-
the product was not foun@ee Table Il and the error in the mance of QM/SE calculations are encouraging, and that the
endothermicity of the proton transfer was nearly 6 kcal/mol.quantitative accuracy of the results depend on several param-
As discussed in Sec. Il B, the error might be reduced whereters; they are the charge-scaling/normalization fadses
geometry optimization is allowed. The current results do in-Sec. Il A) and the QM/SE van der Waals parameters. When
dicate, however, that QM/MM calculations are not fully sat-the SE region is represented by the Mulliken charges that
isfactory for such nonadditive effects. polarize the QM atoms, the iterative QM/SE-I-M is sensitive

At the QM/SE levels, the qualitative trends in the stabi-to the scaling factor because the SE Mulliken charges are in
lizing effect are well reproduced. When the SE region isgeneral too smallat least for the cases tested here, see Fig.
represented by thescaled Mulliken charges, as in QM/SE- 3). In the modified ONIOM approach, because the QM at-
I-M, a scaling factor of 1.2 was found to give satisfactory oms are polarized at both the QM and SE levels and only a

IV. CONCLUDING DISCUSSIONS

Downloaded 17 Sep 2002 to 128.104.71.49. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



5630 J. Chem. Phys., Vol. 117, No. 12, 22 September 2002 Cui, Guo, and Karplus

differential effect is considered, the results are less sensitive Antonczak, G. Monard, M. F. Ruiz-Lopez, and J.-L. Rivail, J. Am. Chem.
to the scaling factor. The auxiliary basis function approach Soc.120, 8825(1998.

. M) ) )
(QM/SE-I- A) was found to be satisfactory for the descrip- ’;‘64Ri$tze(;'(gogelaegere’ B. Maigret, and M. Karplus, J. Phys. Chem. A

tion of hydrogen-bonding donor groups in all the test casesoy g and p. R. Salahub, Angew. Chem. Int. Ed. E63).2985(1998.
examined, including both neutral and charged species. Thi8;. Gao, J. Comput. Chera8, 1062(1997; J. Gao and K. Byun, Theor.
is very encouraging considering the fact that density is not Chem. Acc.96, 151(1997.

optimized in the standard SE approaches, such AM1, ani '\D/'-é- lhorzp\fvor:(y J. Pgys(.:hChemPor?ys:t)‘?iZSg-(gl%%@
. .. . . . YOrK an . Yang, J. em. 3 .
suggests that semiempirical approaches in which electrons_ W. Ricket al. J. ghem‘ Phys101, 6141(1994; 108 4739(19989: H.

density is consideregiAin the param_etrization, such as the siernet al, ibid. 115 2237(2001.
SCC-DFTB method®** are well-suited for QM/SE-I-A 154, A. Stern, G. A. Kaminski, J. L. Bans, R. H. Zhou, B. J. Berne, and R.
type of calculations. A. Friesner, J. Phys. Chem. B3 4730(1999.

. . . . 6 :
A practical issue related to the general application of,_M- J- Field, Mol. Phys91, 835 (1997.

. P. N. Day, J. H. Jensen, M. S. Gordon, S. P. Webb, W. J. Stevens, M.
QM/SE-I-M(A) approaches is that the van der Waals param- Krauss, D. R. Garmer, H. Basch, and D. Cohen, J. Chem. RbBs1968

eters have to be fitted to give reliable geometries and ener-(;ggq.

getics for each level of implementation. This is more impor-8J. H. Jensen and M. S. Gordon, J. Chem. Phg8 4772 (1998; Mol.
tant for QM/SE-I-A, because the van der Waals contributiolePhy8-89, 1313(1996.

is closer to that in the full QM calculation, which is very  J- M- Jensen, J. Chem. Phyid4 8775(2003.

. . - 203, H. Jensen, P. N. Day, M. S. Gordon, H. Basch, D. Cohen, D. R. Garmer,
different from the typical values in MM or QM/MM calcu- M. Krauss, and W. J. Stevens, Modeling the Hydrogen Bonedited by

lations. In other words, although using the standard MM van p._ A. smith, ACS Symposium Series 568merican Chemical Society,
der Waals parameters in QM/MM calculations can give Washington, DC, 1994 Chap. 9.
meaningful results, very poor values result in QM/SE calcu-nsbsE-(\g/gg]?mgtOH, A. E. Roitberg, and M. Krauss, J. Phys. Chert08

: 7087 .
lations. . . . 22R. M. Minikis, V. Kairys, and J. H. Jensen, J. Phys. Cheni0%, 3829

In the current studies, no dramatic improvements in the (2001,

ONIOM results were found when the QM region is explicitly 2Mm. Krauss and B. D. Wiladkowski, Int. J. Quantum Cheg8, 11 (1999.
polarized. This is because the major part of the environmenM. Svensson, S. Humbel, R. D. Froese, T. Matsubara, S. Sieber, and K.
tal effects are described at the SE level, and explicit polar; Morokuma, J. Phys. Chenl0Q, 19357(1997.

.. . . . 5T. Vreven and K. Morokuma, J. Comput. Che®d, 1419(2000.
ization of the QM region only provides a correction to the SEZGN' Govind, Y. A. Wang, and E. A. Carter, J. Chem. Phy&0, 7677

treatment of the QM atoms and their response to the electro-(;g9q.

static interaction and polarization. Therefore, the quality 0f2’v. Gogonea, L. M. Westerhoff, and K. M. Merz, Jr., J. Chem. PHy&
the SE description plays a more important role in the 5604(2000.

ONIOM results, as illustrated by the observation that BP86L. W Yang, Phys. Rev. LetB6, 1438(1991.

. . S 29Y. Mo and S. D. Peyerimhoff, J. Chem. Phyi€9, 1687(1999.
SCC-DFTB, in general, gives significantly better results:oy \o and 3 Gao, J. Phys. Chem.184 3012(2000.

than BP86/AM1. Finally, we note that although self- sty v, 3. Gao, and S. D. Peyerimhoff, J. Chem. Py, 5530(2000); Y.
consistency in the iterative schemes is usually achieved inMo and J. Gao, J. Phys. Cheft05, 6530(2002.

less than six or seven cycles, the iterative procedure makésY. Mo and J. Gao, J. Comput. Che, 1458(2000.

them more expensivéby a factor ofN, whereN is the num- ., M- J- S Dewer and W. Thiel, J. Am. Chem. S8, 4899(1977.

. ; . 3T A. Wesolowski, J. Chem. Phy&06 8516(1997).
ber of iterationg than the ONIOM based approach, which 3. Yang and R. PariDensity Function Theory for Atoms and Molecules

does not require iteration in the current approximation for the (oxford University Press, New York, 1989
embedding polarization. %M. Elstner, D. Porezag, G. Jungnickel, J. Elsner, M. Haugk, T. Frauen-
heim, S. Suhai, and G. Seifert, Phys. Re\b® 7260(1998; D. Porezag,
T. Frauenheim, T. Koler, G. Seifert, and R. Kaschnehid. 51, 12947
1995.
Y(a) A Warshel and M. Karplus, J. Am. Chem. S&, 5612(1972; (b) 37(See,afor example, A. Szabo and N. OstluMbdern Electronic Structure
M. J. Field, P A. Bash,_and M. Karplus, J. Comput. (?hem.700(199(_); Theory(Dover, New York, 1998
(c) J. Gao, inReviews in Computational Chemistedited by K. B. Lip- 3B, J. Dunlap, J. W. Connolly, and J. R. Sabin, J. Chem. Phiys3396

kowitza and D. B. BoydVCH, New York, 1995, Vol. 7, p. 119;(d) U. C. . )
Sighn and P. A. Kollman, J. Comput. Che.718(1996); (e) D. Bakow- Eig;g A. StAmant and D. R. Salahub, Chem. Phys. La89, 387

o3 and W, Thie, . Bvs. Cherbo 10580(1996. 1 (199g; 7. 'R T.Gallant and A. St-Amant, Chem. Phys. L&86 569(1996:; S. K.
. ) P put. T S Goh, R. T. Gallant, and A. St-Amant, Int. J. Quantum Chd&®,. 405

Matsubara, F. Maseras, N. Koga, and K. Morokuma, J. Phys. Cheén. (1998,
3ése7e,3%?2?émple, P. A Bash, M. J. Field, R. C. Davenport, G. A. Petsko. N: Godbout, D. R. Salahub, J. Andzelm, and E. Wimmer, Can. J. Chem.
D. R’_inge, and M. Karplus, BiochemistB0, 5826(1991); P. A. Bash, M. 41;0'E56£(1393'A Curt dE. A Weinhold. Ch R, 596(1969
J. Field, and M. Karplus, J. Am. Chem. Sd®9, 8092(1987; J. Gao, ./ = €€, L. A. LUMISS, andi= A. WEINNoid, -hem. ok, .
Acc. Chem. Res29, 298(1996; M. A. Thompson and G. K. Schenter, J. J: Gao, J. Phys. Chem. B01, 657 (1997; J. Chem. Phys109, 2346
Phys. Chem99, 6374(1995; R. D. Froese, S. Humbel, M. Svensson, and 43(199& o
K. Morokuma, J. Phys. Chem. 201, 227 (1997; S. Humbel, S. Sieber,  DeFT, A. St-Amant, University of Ottawa, Canada.

and K. Morokuma, J. Chem. Phy&05, 1959(1996. 4Q. Cui, M. Elstner, E. Kaxiras, T. Frauenheim, and M. Karplus, J. Phys.
4V. Gogonea, D. Suarez, A. Van der Vaart, and K. M. Merz, Jr., Curr. Opin. Chem. B105 569 (2001).

Struct. Biol. 11, 217 (2002). “Sp, A Bash, L. L. Ho, A. D. MacKerell, D. Levine, and P. Hallstrom, Proc.
SE. V. Stefanovich and T. N. Truong, J. Phys. Cheml®, 3018(1998. Natl. Acad. Sci. U.S.A93, 3698(1996.
Q. Cui and M. Karplus, J. Chem. Phykl2 1133(2000. 4D, Das, B. R. Brooks, and E. M. Billing&inpublisheg
’Q. Cui, M. Karplus, J. Phys. Chem. B)4, 3721(2000. “TFor a recent review, see J. R. Knowles, Nat{irendon 350, 121(1997).
8Y. Zhang, T. Lee, and W. Yang, J. Chem. Phy&0, 46 (1999; J. Gao, P. 48Q. Cui and M. Karplus, J. Am. Chem. Sat23 2284(2001); 124, 3093
Amara, C. Alhambra, and M. Field, J. Phys. Chenl0® 4714(1998; S. (2002; J. Phys. Chem. B06, 1768(2002.

Downloaded 17 Sep 2002 to 128.104.71.49. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 117, No. 12, 22 September 2002 Combining ab initio and semiempirical 5631

“A. D. Becke, Phys. Rev. 88, 3098(1988; J. P. Perdew and Y. Wang, (1986; K. Strasburger, Comput. ChertOxford) 22, 7 (1998; W. Sokal-

Phys. Rev. B22, 8800(1986. ski and R. A. Poirier, Chem. Phys. Le&8, 86 (1983.
%0p, Lyne, M. Hodoscek, and M. Karplus, J. Phys. Chem1@8 3462  %3A. Mackerellet al, J. Phys. Chem. B02, 3586(1998.

(1998. 54H. Guo and M. Karplus, J. Phys. Che®6, 7273(1992; H. Guo, N.
5IR. Ditchfield, W. J. Hehre, and J. A. Pople, J. Chem. PBs724(1971); Gresh, B. P. Roques, and D. R. Salahub, J. Phys. Chet0439746

W. J. Hehre, R. Ditchfield, and J. A. Popijd. 56, 2257(1972; P. C. (2000.

Hariharan and J. A. Pople, Theor. Chim. A&8, 213(1973. 5L, Luo, K. L. Taylor, H. Xiang, Y. Wei, W. Zhang, and D. Dunaway-
52C. M. Smith and G. G. Hall, Theor. Chim. Ac®0, 63 (1986; 69, 71 Mariano, Biochemistry0, 15684(2001).

Downloaded 17 Sep 2002 to 128.104.71.49. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



