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Molecular properties from combined QM/MM methods. I. Analytical second
derivative and vibrational calculations
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Analytical second derivatives for combined QM/MM calculations have been formulated and
implemented in the CHARMM program interfaced with theab initio quantum mechanical
GAMESS and CADPAC programs. This makes possible evaluation of vibrational frequencies and
infrared intensities in large systems that cannot be treated effectively by QM or MM alone;
examples are polarizable molecules in solution and substrates or transition states in enzymes. Test
calculations on a number of systems, including formamide in water, butanol, a model transition state
structure for triosephosphate isomerase and the active site model of myoglobin, show that the MM
description of the environment can capture much of its polarization effects on the QM region. Thus
the implementation of analytical second derivatives within the QM/MM framework has
considerable potential for the study of large systems. ©2000 American Institute of Physics.
@S0021-9606~99!30548-1#
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I. INTRODUCTION

Dramatic progress has been made in the field of com
tational chemistry in recent years. Although highly accur
~‘‘chemical accuracy’’! calculations are still limited to sys
tems of less than ten heavy atoms,1 useful studies can now b
made for significantly larger systems. One example is
application of linear scaling methods2 in a semiempirical
framework to proteins and nucleic acids.3 However, in most
cases of interest, only part of the system needs to be tre
quantum mechanically and that part may require high le
density functional orab initio methods. For such problem
~e.g., reactions in solution or in enzymes!, combined quan-
tum mechanical and classical mechanical~QM/MM !
methods,4 are well suited.5 For a QM region of limited size
~,50 atoms!, the QM/MM can easily be applied to system
containing thousands of atoms. Both with semiempirical a
ab initio quantum mechanics, QM/MM methods have be
shown to provide fundamental insights into the mechanis
of chemical and enzymatic reactions.4,5 Most of the studies
have concentrated on the potential energy surface, tho
solvation effects on pKa values,6 and solvent-induced spec
tral shifts in the UV absorption of organic molecules7 and
charge polarization have also been studied.8 However, quan-
tum mechanical calculations can provide additional inform
tion. It is of considerable interest, therefore, to develop me
ods for evaluating other properties. Such an extension of
methodology corresponds to that introduced for purely Q
calculations of small molecules, the study of so-cal
‘‘weak interaction,’’ in the early 1960.9 As a first step in that
direction, we have implemented methods to calculate a
lytical second derivatives within the QM/MM framework
Emphasis is given toab initio and density functional QM
1130021-9606/2000/112(3)/1133/17/$17.00
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methodology. A subsequent paper describes the formula
for chemical shift calculations. Extensions to other propert
are planned.

Normal mode analyses are of great importance for m
applications. The frequencies obtained through such calc
tions can be directly related to experimental infrared and
Raman measurements, as well as thermodynamic prope
The derived normal modes can be used in characterizing
dynamic behavior of fluids10 and biomolecules.11 Also, nor-
mal mode analysis is important for evaluating the rates
reactions within the framework of variational transition sta
theories12 and the reaction path Hamiltonian method.13

With the state ofab initio techniques, meaningful nor
mal mode analysis can be carried out accurately for ra
complex molecules, including nucleic acid bases14 and
porphine,15 for example. Such studies have been of cons
erable help in spectral assignments. The high cost ofab initio
and density functional methods prohibits calculations
macromolecules. With molecular mechanics~MM !, one can
readily perform normal mode calculations for proteins a
nucleic acids, particularly with the recent progress in diag
nalization algorithms.16 However, there are many case
where local polarization effects are important and/or bo
making, bond breaking transition states are involved so
standard MM force fields are not applicable. Also, M
methods are difficult to apply to systems involving transiti
metals17 or excited states. It is attractive, therefore, to intr
duce normal mode techniques into QM/MM approaches,
that one can treat the active part of a large system wit
quantum mechanical method, and the environment in a
sophisticated fashion with molecular mechanics.

In Sec. II we outline the theory of analytical secon
derivatives for QM/MM formulations and describe its impl
3 © 2000 American Institute of Physics

 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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mentation in the CHARMM program interfaced with th
GAMESS and CADPAC quantum mechanical program
Section III presents some test cases to illustrate the effec
ness of QM/MM normal mode analysis. The choice of t
QM/MM partitioning and the use of link atoms are consi
ered. A concluding discussion is presented in Sec. IV.

II. THEORY AND IMPLEMENTATION

A. Analytical Hessian matrix element

In the present work, the QM/MM Hamiltonian is writte
in the familiar form:

H5HQM1HQM/MM1HMM, ~1!

where

HQM/MM5(
d

N

(
c

M
2Qce

uRc2rdu
1VNucl

QM/MM1Vvan
QM/MM . ~2!

HereN is the number of electrons in the QM part, andM is
the number of MM atoms. The last two terms in Eq.~2! are
the nuclear–nuclear repulsion and van der Waals inte
tions, respectively, between QM and MM atoms. Cor
spondingly, the total energy of the system can be written

E5^FuHQM1(
d

N

(
c

M
2Qce

uRc2r du
uF&1ENucl

QM/MM1Evan
QM/MM

1EMM ~3a!

5Eel
QM1Eel

QM/MM1ENucl
QM/MM1Evan

QM/MM1EMM, ~3b!

whereF is the wave function of the system.
For a normal mode analysis, the second derivative of

energy with respect to nuclear displacements, the Hes
matrix, is required. The Hessian matrix elements for the
three terms in Eq.~3b! are straightforward and will not be
discussed further. For the second derivatives of the first
terms in Eq.~3b!, we illustrate the method in detail usin
Hartree–Fock~HF! QM level. Since only one-electron op
erators are introduced in the present QM/MM formulatio
extensions to DFT is strictly parallel and is summariz
briefly.

1. Hartree –Fock/MM case

In general, for electronic structure theories with none
act wave functions, the Hellmann–Feynman theorem18 is not
satisfied and the derivatives of the electronic energy invo
both the derivatives of the Hamiltonian and that of the wa
function. Since the latter is most often expressed in term
molecular orbitals which in turn depend on atom-cente
basis functions, the energy derivatives contain contributi
from the derivatives of molecular integrals as well from t
derivatives of the molecular orbital~MO! coefficients. For
configuration interaction methods, the derivatives of the
coefficients also make contributions, in general. Many s
plifications can be achieved if the method is variation
where only thenth derivative of the variational paramete
are needed for the (2n11)th order derivative of energy du
to the Wigner theorem.19~b! For example, only the first orde
derivatives of the molecular orbital coefficients are requi
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
.
e-

c-
-
s

e
an
st

o

,

-

e
e
of
d
s

I
-

l,

d

to compute the second derivative of the energy in
Hartree–Fock theory since the MO coefficients are variati
ally optimized.

For a closed-shell RHF wave function without MM pe
turbations, the total electronic energy is written in the us
form:

Eel
HF52(

i

d.o.

hii 1(
i , j

d.o.

@2~ i i u j j !2~ i j u i j !#, ~4!

where thehii and (i j ukl) are one- and two-electron integra
and the notation ‘‘d.o.’’ indicates that the summation is r
stricted to doubly occupied MO’s. The variational conditio
in terms of the Fock matrix is

Fi j 5hi j 1(
k

@2~ i j ukk!2~ iku jk !#5« id i j , ~5!

with « i being the molecular orbital eigenvalue. The seco
derivative of Eq.~4! with respect to the nuclear displaceme
a andb can be written19

]2Eel

]a]b
52(

i

d.o.

hii
ab1(

i , j

d.o.

$2~ i i u j j !ab2~ i j u i j !ab%

22(
i

d.o.

Sii
ab« i22(

i

d.o.

h i i
ab« i

14(
i

all

(
j

d.o.

~Ui j
b Fi j

a 1Ui j
a Fi j

b !

14(
i

al

(
j

d.o.

Ui j
a Ui j

b « i14(
i ,k

all

(
j l

d.o.

Ui j
a Ukl

b Ai j ,kl ,

~6!

where

h i j
ab5(

m

all

~Uim
a U jm

b 1Uim
b U jm

a 2Sim
a Sjm

b 2Sim
b Sjm

a ! , ~7!

and

Ai j ,kl54~ i j ukl !2~ iku j l !2~ i l u jk ! ~8!

by making use of the variational condition@Eq. ~5!# and the
orthonormality condition on the MO’s.

In Eq. ~6!, ‘‘all’’ indicates summation over occupied an
unoccupied orbitals and thehi j

ab , (i j ukl)ab, Si j
ab , andFi j

a are
the partial derivatives of one-electron matrix elements, tw
electron integrals, overlap matrix elements and Fock ma
elements, respectively, these terms involve only the der
tives of the one- or two-electron operator and ba
functions.19~b!

To obtain the derivatives of the MO coefficients, theUa

matrix is introduced. It is defined in terms of the molecu
orbital coefficients (Cim).

]Cim

]a
5(

j

all

Ui j
a Cj m , ~9!

where them denotes atomic orbitals. TheUa matrix is ob-
tained from the coupled perturbed HF~CPHF! equations,
which are considered at the end of this section. As mentio
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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earlier, only the first derivatives of theCim appear in the
second derivative of RHF energy due to the Wign
theorem.19~b!

In the QM/MM method, additional one-electron oper
tors are introduced corresponding to the interactions betw
the electrons and the partial charges on MM atoms, as in
~2!. Consequently, the second derivative ofEel has three
types of matrix elements: the QM–QM, QM–MM~MM–
QM! and MM–MM blocks, as illustrated schematically
Fig. 1. The expressions for the matrix elements in each bl
can be derived from Eq.~6!. There are two general types o
contributions that originate from the MM atoms. They a
the derivatives of the QM/MM one-electron integrals and
terms involving theUa matrix elements corresponding to th
MM degrees of freedom. The first contribution arises fro
the direct electrostatic interaction between the QM electr
and the MM point charges, and the second contribut
originates from the variation of the MO coefficients due
the MM atomic displacement. The required MM quantiti
for each block are summarized in Fig. 1.

For the QM–QM block, the only term in Eq.~6! that
explicitly involves new contributions ishi j

ab , which is aug-
mented with the following integral derivative:

^]xm
I /]au

2eQc

uRc2r u
u]xn

J/]b&daIdbJ ,

a#QM, b#QM, c#MM. ~10!

Thexm
I (xn

J) denotes atomic basis functionm(n) centered on
atom I (J) and the symboldaI should be understood as ‘‘th
derivative involving atomI in the direction~X, Y, Z! speci-
fied by a.’’

For the QM–MM ~MM–QM! block and the MM–MM
block, the terms involving the overlap matrix derivatives a
the two-electron integral derivatives in Eq.~6! do not appear
because there are no basis functions on the MM atoms.
hi j

ab are left with terms of the form:

FIG. 1. The structure of the Hessian matrix for the QM/MM electron
energy and explicit MM contributions~see text!. The Vc is the one-
electronic operator corresponding to the QM/MM electronic interacti
Vc52eQc /uRc2r u. The Uc,Fi j

c are the CPHF solutions and Fock matr
integral-derivatives corresponding to the MM degrees of freedom, res
tively. Thexm

I is themth atomic basis function on QM nucleusI.
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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^]xm
I /]au

]

]b S 2eQc

uRc2r u D uxn
J&daIdbc , a#QM,

b#MM, c#MM, ~11!

^xm
I u

]2

]a]b S 2eQc

uRc2r u D uxn
J&dbcdac , a#MM,

b#MM, c#MM. ~12!

In most quantum chemical programs, the above ter
are evaluated using translational invariance.20 Defining Vc

52eQc /uRc2r u, we have

^]xm
I /]au

]Vc

]b
uxn

J&daIdbc

52^]2xm
I /]a]buVcuxn

J&daIdbI

2^]xm
I /]auVcu]xn

J/]b&daIdbJ , ~13!

and

^xm
I u

]2Vc

]a]b
uxn

J&dacdbc

5^]2xm
I /]a]buVcuxn

J&daIdbI

1^]xm
I /]auVcu]xn

J/]b&daIdbJ

1^]xm
I /]buVcu]xn

J/]a&daJdbI

1^xm
I uVcu]2xn

J/]a]b&daJdbJ . ~14!

For these two blocks, the last four terms in Eq.~6! are
nonvanishing and involve theUa matrices and Fock deriva
tive matrix, where nowa,b can be either QM or MM for the
QM–MM block, and only MM for the MM–MM block.

The slow step of the analytical Hessian calculation is
determination of theUa matrix elements from the couple
perturbed Hartree–Fock~CPHF! equations.19 They have the
form

~« j2« i !Ui j
a 2(

k

vir

(
l

d.o.

Ai j ,klUkl
a 5Bi j

a , ~15!

where

Bi j
a 5Fi j

a 2Si j
a « j2(

kl

d.o.

Skl
a @2~ i j ukl !2~ iku j l !# , ~16!

and ‘‘vir’’ refers to the unoccupied orbitals. It should b
noted that Eq.~15! only needs to be solved for the indepe
dent occupied–virtual block, while the redundant occupie
occupied block that also contributes to Eqs.~6! and ~7! is
determined from the derivative of the orthonormality con
tion of the MO’s; that is,

Ui j
a 1U ji

a 1Si j
a 50⇒Ui j

a 5U ji
a 52 1

2Si j
a ~ i , j Pd.o.!. ~17!

For the MM degrees of freedom, the same CPHF eq
tions are used but there are two major simplifications due
the fact that there are no basis functions on the MM ato
First, the inhomogeneity is simplified, i.e.,

,

c-
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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Bi j
a 5Fi j

a 5hi j
a 5^ i u

]

]a S 2eQa

uRa2r u D u j &, a#MM, ~18!

sinceSi j
MM50. For the same reason, the redundant block

Ua is zero according to Eq.~17! so only the coupling be-
tween the occupied and unoccupied orbitals has to be
sidered.

2. DFT/MM case

In density functional theories, the two-electron exchan
integrals in the Hartree–Fock theory are replaced with
exchange–correlation functional, so that Eq.~4! for the elec-
tronic energy becomes

Eel52(
i

d.o.

hii 12(
i j

d.o.

~ i i u j j !1Exc~r!. ~19!

The variational condition is given as

Fi j
KS5hi j 12(

k
~ i j ukk!1^ i udExc /dru j &5« id i j , ~20!

where dExc /dr is the exchange–correlation potential d
fined as the functional derivative ofExc .

Taking the second derivative of Eq.~19!, and making
manipulations similar to those used in the RHF case,
obtains an expression for the Hessian matrix element th
very similar to Eq.~6! except for the contributions from th
exchange–correlation potential to the Fock matrix deri
tives and theAi j ,kl terms. The same applies to the couple
perturbed Kohn–Sham~CPKS! equations in comparison t
the CPHF equations. We refer the reader to Ref. 21 for
tailed expressions.

To summarize, we have described in detail the algorit
for RHF/MM and DFT/MM analytical second derivative ca
culations based on the results for the corresponding pu
QM methods. Two types of extra contributions need to
computed. They are the ‘‘direct’’ terms originating from th
explicit derivatives of the QM/MM electrostatic interactio
and the ‘‘indirect’’ terms arising from the dependence of t
MO coefficients on the MM atomic positions. In the simil
spirit, it is straightforward to compute the QM/MM Hessia
for correlated QM methods, such as Møller–Plesset per
bation theory,22 by modifying existing algorithms for the
pure QM second derivative evaluation.23

B. Normal mode vectors and Infrared „IR… intensities

After obtaining the QM/MM second derivative matrix
vibrational frequencies and normal modes are obtai
through diagonalization of the mass-weighted Hessian
trix H,24

HL k5@M2~1/2!~“2E!M2~1/2!#L k5lkL k , ~21!

whereM is the diagonal mass matrix, andL k andlk are the
kth eigenvector and eigenvalue, respectively.

In addition to vibrational frequencies, IR intensities
the modes are also of interest. The IR intensity for modeI k is
proportional to the projection of the molecular dipole deriv
tive on to the corresponding eigenvectorL k ;25 that is,
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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I k5
Np

3c2 u“m̄•L ku2, ~22!

where theN is Avogadro’s number,c is the speed of light.
The nuclear contribution from the QM and MM atoms

the dipole moment derivative is trivial to calculate and w
not be discussed further. The electronic component of
dipole derivative can be obtained by taking the nuclear
rivative of the electronic dipole moment; that is25~b!

]m f
elec

]a
52

]2Eelec

]a ] f

524(
i

virt.

(
j

d.o.

Ui j
a hi j

f 12(
i j

d.o.

Si j
a hi j

f 22(
i

d.o.

hii
a f ,

~23!

where f denotes the external electric field perturbation,hi j
f

and hii
a f are the dipole integrals and the dipole derivati

integrals, respectively, defined by26

hi j
f 5(

mn
CimCj n

]hmn

] f
52e(

mn
CimCj n^xmur f uxn&, ~24!

hi j
a f5(

mn
CimCj n

]2hmn

]a] f

52e(
mn

CimCj n@^]xm /]aur f uxn&1^xmur f u]xn /]a&#.

~25!

The e in Eqs.~24! and ~25! stands for the absolute value o
electronic charge.

For the dipole derivative with respect to the QM atom
there is no explicit MM contribution. The effect of MM at
oms is contained implicitly in theUa matrix @see Eq.~15!#.
For the dipole derivative with respect to the MM atom
which do not have any basis functions, the last two terms
Eq. ~23! vanish, and the remaining~first! term is readily cal-
culated with the CPHF solutions for the MM degrees of fre
dom @i.e., Eq.~15!#.

Correspondingly, one can obtain the MM contribution
the Raman intensity of vibrational modes, which is related
the nuclear derivative of polarizability tensors. This is n
considered in the current work.

C. MM polarization kernel from the Ua matrix

It is interesting to investigate further the physical mea
ing of the Ua matrix for the MM degrees of freedom. I
represents the extent to which MM atomicdisplacements
polarize the wave function of the QM region, and cons
quently should be useful in the analysis of QM/MM intera
tions. In the literature of density functional theory, mu
attention has been paid to the so-called ‘‘polarization k
nel’’ which represents the redistribution of the electron de
sity, r(r ), with respect to the change in the external poten
n(r 8),27

S ]r~r !

]n~r 8! D
N

5
]2E

]n~r !]n~r 8!
, ~26!
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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where the subscriptN indicates conservation of the tota
number of electrons. The polarization kernel and rela
quantities can be derived using the principle of electrone
tivity or chemical potential equalization,28 which forms the
basis of charge sensitivity analysis.29 In several recent stud
ies, attempts have been made to describe polarization ef
in molecular dynamics simulations within such a framewo
in most cases in a semiempirical fashion.30 Morita and Kato
introduced a coarse grained version of the polarization k
nel, (]QA /]VB), based on an atomic site representation
ab initio MO theory, where theQA and VB are the charge
population and electrostatic potential at atomA and B, re-
spectively. It has been shown that this quantity is very use
in the analysis of charge fluctuation and treatment of so
polarization in molecular dynamics simulations.31

Within the QM/MM framework, it is of interest to ex
amine quantities of similar nature, such as the change
charge population on the QM atoms as a function of M
atomic displacement. If one defines the charge popula
based on the Mulliken approximation:

QA5ZA2 (
mPA

(
n

PmnSnm , ~27!

the expression for its derivative,]QA /]a, is

]QA /]a52 (
mPA

(
n

Snm
a Pmn2 (

mPA
(

n
Snm

]Pmn

]a
~28a!

52 (
mPA

(
n

Snm
a Pmn

2 (
mPA

(
n

SnmF(
i

d.o.

(
m

vir.

Uim
a ~CmmCin1CimCmn!G ,

~28b!

wherem goes over the atomic bases on QM atomA and n
over all the basis functions, anda can refer to the displace
ment of a QM or MM atom. For the displacementa referring
to the MM atoms, the first term in Eq.~28b! vanishes due to
the zero derivatives of the overlap integrals. One can a
define another set of polarization kernels,]QA /]QC , where
Qc represents the MM partial charge if one wishes to find
susceptibility of the charge on a QM atom to the charge
the MM atom. In this case, one has to solve the CPHF eq
tion for the MM degrees of freedom with the MM atom
charge as the external perturbation, and substitute the re
ant UQ matrix into Eq.~28!.

In short, the]QA /]j matrices characterize the effect
MM atom motion (j;MM displacementa! and composition
(j;MM chargeQc) on the electron distribution on the QM
atoms. Such information can be of great interest in the an
sis of QM/MM interactions, such as for probing environme
tal effects on the active sites of enzymes.32

D. Implementation

The algorithms to calculate the analytic Hessian mat
IR intensity and MM polarization kernel for QM/MM meth
ods have been implemented in CHARMM33 which is
interfaced34 with two ab initio packages GAMESS35 and
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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CADPAC.36 The current implementation allows analytic
second derivative calculations at the level of RHF/MM wi
CHARMM/GAMESS and RDFT/MM with CHARMM/
CADPAC.

Before presenting test cases, we discuss a few techn
issues that are unique to QM/MM methods.

1. Approximation to the CPHF equations

The CPHF equations, Eq.~15!, have to be solved for
each nuclear degree of freedom. Although this is true for Q
calculations as well, for large system involving many M
degrees of freedom, the large number of linear equati
would make the QM/MM Hessian calculation prohibitiv
However, the inhomogeneity of Eq.~15!, Bi j

a , given for MM
atoms in Eq.~18!, should be small in magnitude for MM
atoms far from the QM region. The simplest approximati
is to omit the CPHF equations for MM atoms far from th
QM region; i.e., a cutoff can be introduced. Alternativel
one may obtain the approximate solution of the CPHF eq
tions by using the simpler uncoupled expression in wh
Ui j

a 'Fi j
a /(« i2« j ). In the current implementation, the us

has the freedom of selecting any portion of the MM atoms
a macromolecule to perform either of these two levels
approximations. As is shown later, the uncoupled appro
mation yields improved results over complete neglect of
CPHF equations.

2. Treatment of link atoms

Link atoms are commonly introduced to saturate the
lence of the QM part when the QM/MM partition is pe
formed across bonds. In general, the link atoms do not h
a strong influence on the results, provided that the partitio
not performed across a polar or unsaturated chemical b
and that the partition is far enough from the region of int
est. However, as has been pointed out, in each applica
the effect of the link atom should be checked by test cal
lations to determine the best partition scheme and verify
the error introduced is small.4~b!,37,38

For QM/MM Hessian calculations, the link atom intro
duces additional degrees of freedom so that their contr
tion to the Hessian needs to be projected out before the
mal mode analysis. This can be done by using the follow
projection scheme,

H85~ I2L linkL link
T !H~ I2L linkL link

T ! ~29!

where theH and H8 denotes the unprojected and project
Hessian, respectively;I is the identity matrix, andL link is a
vector containing 1 for the degrees of freedom correspond
to the link atoms and 0 otherwise.

Even with the projection, the link atom contaminates t
low vibrational frequencies since projecting out the lin
atom degrees of freedom is equivalent to performing the n
mal mode analysis with a fixed link atom. Therefore, t
overall translations and rotations of the actual molecule~i.e.,
the molecule without the link atom! are no longer in free
space and they now correspond to vibrations in the molec
including the link atom. As a result, low vibrational freque
cies are contaminated~mixed! with the overall translation
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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FIG. 2. Optimized structures for formamide–water complexes. The numbers without parentheses are obtained at the HF/6-31G~d,p! level. Numbers in
parentheses are obtained at the HF/6-31G~d,p!/MM level with a modified TIP3P description for the water molecule. Numbers in brackets are the MM re
using the CHARMM22 force field.
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and rotation modes of the actual molecule. This can be
solved with a further projection step, in which the over
translation/rotational of the actual molecule is further p
jected out,

H95S I2(
i

T.R

L iL i
TDH8S I2(

i

T.R

L iL i
TD , ~30!

where theL i are the eigenvectors correspond to the infi
tesimal translation and rotation of the actual molecule39

Schmidt orthogonalized to the link atom motionL link . The
resultant HessianH9 is used in the normal mode analysis.
should be understood that projection will only get rid of t
explicit contribution from the link atom. The existence of th
link atom still has implicit influence on the Hessian matr
elements of the boundary QM atoms. Such an effect is ill
trated in the next section.

III. TEST CALCULATIONS

In this section, we use several examples to illustrate
usefulness of QM/MM frequency and intensity calculatio
and the effects of the approximate CPHF solution and
link atom.
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A. Formamide–water

The shift of the vibrational frequency for a specific fun
tional group in a molecular system is often of interest;
example is the frequency of substrate carbonyl in the enzy
triosephosphate isomerase, as compared with the corresp
ing frequency in solution.40 From such measurements, info
mation about the structural changes during a reaction or u
environmental alteration~such as mutation of a residue in th
active site of a protein! can be derived. We have chosen t
formamide–water system as an example. The purpose
examine if the MM description of the water can account
the shift in the vibrational spectrum of formamide in diffe
ent binding configurations. For this purpose, we compare
full QM results with QM/MM calculations. Geometry opti
mization and normal mode analysis have been carried ou
both the full QM level~HF/6-31G~d,p!41! and the QM/MM
level. In the QM/MM calculations, the formamide is treate
with HF/6-31G~d,p! while the water molecule is describe
with a modified TIP3P model42 that has a flexible
structure.33,43 For comparison, pure MM calculations hav
also been performed with the CHARMM22 force field.44 To
obtain a good QM/MM geometry, a specific set of van d
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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TABLE I. Selected properties for the formamide–water system.a

Propertiesb

Formamide Complex I Complex 2 Complex 3 Complex 4

QM MM QM QM/MM MM QM QM/MM MM QM QM/MM MM QM QM/MM MM

Bind energy 9.6 8.0 10.3 6.8 6.2 7.3 5.6 5.9 7.0 7.9 6.0 7
CvO,n 1784.1 1778.3 1751.6 1760.5 1775.7 1752.6 1773.6 1765.6 1773.4 1773.9 1739.8 1761.6 1768.3
Inten. 509.9 185.7 540.1 557.8 204.7 557.2 553.3 199.8 542.0 516.7 199.8 558.2 566.2

N–H s-str,n 3433.3 3412.9 3377.5 3383.5 3406.9 3431.1 3426.6 3413.3 3401.0 3351.8 3400.0 3382.8 3381.3
Inten. 58.0 75.1 128.3 101.3 105.0 69.8 64.0 66.3 188.5 117.4 66.3 135.0 97.4

N–H as-str,n 3563.4 3537.9 3541.3 3544.2 3529.8 3560.5 3556.0 3537.6 3534.7 3516.5 3528.9 3543.2 3543.1
Inten. 65.8 219.1 102.2 79.9 208.1 72.6 71.2 220.1 158.4 70.2 220.1 108.8 77.5

RMS errorc 64.2 35.2 57.3 40.1 60.2 25.9 64.0 42.0 55
RMS CPHF 7.0/20.1 4.2/20.5 3.6/12.2 4.7/16.5

Errord ~2.0/4.5! ~1.3/6.0! ~1.4/2.3! ~1.7/2.9!

aQM here is HF/6-31G~d,p!, MM is the CHARMM22 force field. In the QM/MM calculations, the formamide is treated with HF/6-31G~d,p!, and the water
is described with a modified flexible TIP3P model.

bBinding energies of water to formamide are measured in kcal/mol and do not include zero point energy corrections. The vibrational frequencies aave
number~cm21!, and the IR intensities are in km/mol. The values for all the full QM vibrational frequencies and some of the QM/MM~see text! frequencies
have been scaled by 0.8929.

cThe RMS error in the QM/MM and MM vibrational frequencies compared to the full QM results, given in cm21.
dThe RMS error in the QM/MM vibrational frequencies and IR intensities due to approximation for the CPHF contribution from the MM degrees of fr
compared to the exact QM/MM results. The numbers without parentheses are obtained without the MM CPHF components, and these with pare
obtained with the uncoupled approximation~see text!.
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Waals parameters has been used for the oxygen, nitro
and the polar hydrogen atoms of the formamide molecul45

The well depth for O, N, and polar H is20.16,20.17, and
20.09 kcal/mol, respectively, andRmin are 3.98, 4.30, and
0.60 Å, respectively.
~a! Formamide–water complex. The optimized structures
the full QM and QM/MM levels are shown in Fig. 2, an
binding energies, selected vibrational frequencies and in
sities are shown in Table I. Consistent with previo
QM/MM study with semiempirical QM,4~b! four different
formamide–water stationary configurations were fou
However, as pointed out by Gordonet al.,46 only three are
local minima and the fourth is actually a saddle point co
necting complex1 and its mirror image. As seen in Fig.
and Table I both the geometries and binding energies f
the QM/MM calculations are in rather good agreement w
the full QM results. The MM binding energies are also s
isfactory, but the hydrogen bond distances are shorter
;0.2–0.3 Å. This shortening is introduced to obtain corr
liquid properties and accounts for the absence of disper
terms in the HF calculations; for a discussion, see Ref. 4

Since the water molecule is interacting with the form
mide molecule in different ways in the four structures~Fig.
2!, one expects to see the signature of these structural di
ences in the IR spectrum. In Fig. 3, we have shown
predicted IR stick spectrum of the four complexes at
QM/MM level, along with the full QM and MM results
Since the water molecule is interacting most strongly w
the CvO group and the – NH2 group, it is expected that th
largest changes occur in the CvO stretch, and the N–H
stretch modes, which are summarized in Table I. To m
the comparison between full QM and MM results easier,
have scaled down the QM vibrational frequencies accord
to the well established factor, 0.89, for Hartree–Fock cal
lations with double-zeta polarization quality basis set.47 For
the QM/MM vibrational frequencies, we have performed t
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
n,

t

n-

.

-

m

-
y
t
n

.
-

r-
e
e

e
e
g
-

same scaling to all the modes except the water O–H str
and H–O–Hbending modes.

In terms of frequencies, the CHARMM22 results are
approximate agreement with the scaled QM values, with
RMS error around 60 cm21 for both the free formamide mol
ecule and the four formamide–water complexes. The IR
tensities from the pure MM calculations, however, are qu
different from the QM results, as seen clearly in Fig. 3. T
largest discrepancy lies in the IR intensity of the CvO vi-
bration, which has been shown to be overestimated
around a factor of two at the Hartree–Fock level in the c
of H2CO.25~b! With this taken into account, the difference
between pure QM and MM IR intensities are still significan
with MM producing the wrong trend in some cases, e.g.,
the antisymmetric N–H stretch shown in Table I. This is n
entirely surprising since dipole derivatives are not conside
during the development of the CHARMM force field. In th
work of Krimm et al.,48 vibrational spectra of large organi
molecules are obtained by fitting MM atomic charge a
internal coordinate dipole parameters againstab initio dipole
derivatives to improve the MM IR intensities. Rather go
agreement with fullab initio spectrum has been obtained
this way.

The QM/MM results, shown in Fig. 3 and Table I, dem
onstrate that the polarization effect from the water on
formamide have been reproduced approximately in m
cases. This is particularly clear from the water-induced
brational frequency shifts summarized in Table I. The RM
errors compared to the full QM results are around 30 cm21 at
the QM/MM levels, a notable improvement over the pu
MM calculations. The overall good agreement between
full QM and QM/MM IR spectrum shown in Fig. 3 is no
surprising, since the major part of the system~formamide! is
treated at the QM level. As shown in Table I, the QM/M
method predicts not only the shift in the frequencies of
three ‘‘sensitive’’ modes but also their intensities. For co
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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FIG. 3. Theoretically predicted IR spectrum for the formamide-water complexes in Fig. 2. Frequencies are in wave numbers, and intensities areol.
~1!–~4! are from HF/6-31G~d,p! calculations;~18!–~48! are obtained at the QM/MM level with modified TIP3P water.~19!–~49! are pure MM results with the
CHARMM22 force field. All the vibrational frequencies from full QM calculations are scaled by 0.8929, and some of the frequencies from the Q
calculations are scaled as well~see text!. The frequencies and intensities for the CvO stretch, symmetric and asymmetric N–H stretches are also summa
in Table I.
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plex 1, as the example, the predicted frequency shifts of
CvO stretch, symmetric and asymmetric N–H stretches
the QM/MM level are223.6, 249.8, and219.2 cm21, re-
spectively, rather close to the values from full QM calcu
tions ~232.5, 255.8, and222.1 cm21, respectively!. For
comparison, the corresponding MM values are22.6, 26.0,
and28.1 cm21, respectively, which are too small in magn
tude. For the shifts in the IR intensities, similar trend appli
The QM/MM predicted shifts are 48.0, 43.3, and 14.1 k
mol for these three modes, respectively, and the full Q
results are 30.2, 70.3, and 36.4 km/mol, respectively. T
corresponding values from full MM calculations are 19
29.9, and211.0 km/mol, respectively, with the wrong sig
for the asymmetric N–H stretch. Compared to the method
Krimm et al.,48 the QM/MM approach requires lessad hoc
fitting and is more generally applicable. The curre
QM/MM approach, which describes the polarization effe
from the MM region in an explicit manner may also be pre
erable to the IMOMM method of Morokumaet al., for which
analytical Hessian has also been implemented.49 Since the
QM region is not polarized explicitly by the MM region i
IMOMM, it is expected that the water induced shift in th
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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vibrational frequencies and intensities cannot be reprodu
as well. This issue should be a less severe problem in
IMOMO method where the environmental polarization effe
can be described at a lower QM level such as the semiem
ical method.

As mentioned in Sec. II, one may choose to make
proximations in solving the CPHF equations for the M
degrees freedom, taking advantage of the relatively sm
magnitude of the effects. To illustrate this, we have carr
out a set of normal mode analyses for the four formamid
water complexes with different approximations for the M
CPHF contributions. The CPHF equations correspond to
MM degrees of freedom are either completely omitted, or
uncoupled solutions are used. The RMS errors compare
exact QM/MM results are summarized in Table I. Clear
the errors in the vibrational frequencies are small, on
order of several wave numbers, with either level of appro
mation. The error in the IR intensity, however, is more n
table, and is much smaller if the uncoupled CPHF solution
used. There are two possible sources of errors for the
intensity due to the approximation for the MM CPHF co
tribution. First, the MM CPHF solutions modify the dipol
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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FIG. 4. Theoretically predicted IR spectrum for a formamide molecule in a 8 Åradius water sphere. The formamide molecule is treated with HF/6-31G~d,p!,
and the water molecules are described with the modified TIP3P model. The frequencies are not scaled in this case.~a! Exact QM/MM results.~b! The QM/MM
results without the CPHF contribution from the MM degrees of freedom.~c! The QM/MM results with the uncoupled approximation for all the MM CPH
contribution.~d! The QM/MM results with the decoupled approximation for the water molecules 4 Å awayfrom the oxygen atom in formamide. The RM
errors in frequencies and intensities, before and after the slash, respectively, are measured relative to the exact QM/MM results. The shift in thermamide
vibrational frequencies are obtained from ten normal mode analyses with minimized configurations generated along a AM1/MM trajectory~see text!.
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derivatives with respect to the MM atomic dis
placements. Although generally small in magnitu
(;1021– 1022 a.u.), they can produce notable effects in
intensities for modes involving mainly the MM atoms. Se
ondly, the MM CPHF solutions modify the Hessian matr
elements for the QM/MM and MM/MM blocks, and there
fore affect the normal mode eigenvectors that also determ
the IR intensity according to Eq.~22!. For the formamide–
water complexes, we found that the first source is mai
responsible for error in the high frequency modes cor
sponding to the water motion, while the second source
more severe in the cases of low frequency intermolec
modes.

~b! Solvated formamide molecule. To provide an ad
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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tional test of the QM/MM second derivative method, w
have carried out calculations for one formamide molec
solvated in a 8 Åwater sphere. Ten configurations have be
generated from a 40 ps molecular dynamics run at
AM1/MM level where the formamide is treated with AM1
Subsequently, HF/6-31G~d,p!/MM normal mode calculations
are carried out following energy minimization for these co
figurations. A typical predicted IR spectrum is shown in F
4~a!, in which the vibrational frequencies arenot scaled. The
mean solvent induced shift in the CvO stretch, and symmet
ric and antisymmetric N–H stretches are also given. Clea
the uncertainties of the frequency shift are still rather la
particularly for the N–H stretches, and more points a
needed to obtain fully converged results. Compared to
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



t
gn

th

un
o
ge
re
en
t i
na

la

c

n
b

M
h
he
IR
m

4Å
ct
it

or
.5

ha

th
ct
ea
d
rc
m
ib
he
su
ie
e

o
re

p

pe

t
6-

he

e its
g

M
ms
e

the
in

M
the
ect
own

ite

-
es

els,
t
is
e

ith
ll
ure
e-
or

re-
,

his
. 6

d

vy
ing

in

1142 J. Chem. Phys., Vol. 112, No. 3, 15 January 2000 Q. Cui and M. Karplus
simple water–formamide complexes discussed above,
shifts in the frequencies and intensities are larger in ma
tude in the water sphere. For instance, the shifts of the CvO
stretches, symmetric and asymmetric N–H stretches in
molecular complexes are less than 30, 60, and 30 cm21, re-
spectively, while the values in the water sphere are aro
60, 188, and 155 cm21, respectively. Evidently, this is due t
the fact that the formamide molecule is polarized by lar
number of solvent molecules in the water sphere. The cur
protocol is a rather efficient procedure to determine solv
induced shifts in vibrational frequencies and intensities. I
an alternative to the traditional method where the vibratio
spectrum is obtained by the Fourier transform~FT! of the
dipole–dipole correlation function obtained from molecu
dynamics calculations.50 The current QM/MM normal mode
approach is flexible in the sense that a computationally e
nomic method~such as AM1/MM! can be used to efficiently
sample configurations and that only limited number of e
ergy minimization and normal mode calculations have to
performed at a more reliable level.

We also examine the CPHF contribution from the M
degrees of freedom. In Fig. 4~b!, the results are obtained wit
no MM CPHF contributions. It is seen that the error in t
vibrational frequencies is rather small, while that for the
intensity is large. Using the uncoupled CPHF solutions i
proves the situation significantly, as shown in Fig. 4~c!. If the
CPHF corresponding to the solvent molecules within
around the oxygen atom in the formamide are solved exa
while the rest, 76 out of 89 water molecules, are treated w
the uncoupled solution, the results become very satisfact
For comparison, the four calculations in Fig. 4 take 10.3, 4
4.7, and 5.5 minutes, respectively, on a Linux Alp
machine.

To summarize, we have demonstrated in this section
the QM/MM method is computationally efficient to predi
environmental induced frequency shift. It can also give r
sonable IR intensity information, which is a significant a
vantage over the pure MM methods using standard fo
field which do not consider dipole derivatives during para
etrization. We have also shown that the MM CPHF contr
ute little to the vibrational frequencies but significantly to t
IR intensities. The uncoupled CPHF approximation is u
ally very satisfactory, and gives much better IR intensit
with little computational cost compared to completely n
glecting the MM CPHF.

B. Butanol: The effect of QM/MM partition and link
atom on normal modes

As the next example, we consider the IR spectrum
butanol, where the partition between the QM and MM
gions is across a covalent bond. The purpose of this exam
is to illustrate the effect of QM/MM partition and link atom
on the normal modes.

Optimization and normal mode analyses have been
formed for thetrans-butanol at five different levels: full QM,
full MM, and three QM/MM calculations with differen
QM/MM partitions. The QM level here is taken to be HF/
31G~d,p!, and MM is the CHARMM22 force field.44 As il-
lustrated in Fig. 5, the three QM/MM calculations take t
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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– C3H6~OH!, – C2H4~OH!, and – CH2~OH! group as the QM
part, respectively. As described previously,4~b! a link hydro-
gen atom is added to the boundary QM carbon to saturat
valence. The position of the link atom is optimized durin
energy minimization, and it does not interact with any M
atoms explicitly. It should be noted that all the bonded ter
involving both QM and MM atoms are computed in th
QM/MM calculations.

The optimized structures are presented in Fig. 5, and
predicted IR spectrums at varieties of levels are shown
Fig. 6. Unlike the formamide–water case, the QM and M
regions are directly bonded and are strongly mixed in
normal modes. Therefore, it is not straightforward to sel
modes for frequency scaling, and unscaled results are sh
in Fig. 6.

The structures from different calculations are all qu
similar; the largest differences occur for theO–C–Cangle,
where the full MM and QM/MM with the third partitioning
scheme~see Fig. 5! give values;7° smaller than the full
QM or QM/MM calculations with larger QM regions. Simi
lar to the case of formamide–water, the full MM frequenci
are in good agreement with the scaled full QM results~not
shown!, with a RMS error of 48 cm21. The IR intensities, on
the other hand, are rather different at the two extreme lev
as illustrated by Figs. 6~a! and 6~e!. The overall agreemen
between the predicted QM/MM and the full QM spectrum
quite encouraging, even for the QM/MM calculation with th
smallest QM part. It is interesting to notice that even w
one – CH2~OH! group described at the QM level, the overa
spectrum shows rather significant improvement over the p
MM result, especially in terms of the IR intensities. By car
fully inspecting the vibrational frequencies, we found that f
every QM/MM calculations there is a mode with;1800
cm21 which involves mainly the – CH2 unit at the QM/MM
boundary. This value is much higher than that for the cor
sponding modes predicted by the full QM and pure MM
;1600 cm21 and;1400 cm21, respectively. Therefore, it is
clearly an artifact due to the presence of the link atom. T
mode is hardly noticeable in the spectrum shown in Fig
due to its very small IR intensity.

To further compare QM/MM and full QM results an

FIG. 5. Optimized structure of butanol at different levels, showing hea
atom bond lengths and angles. The numbers are shown in the follow
order from top: full HF/6-31G~d,p!; HF/6-31G~d,p!/MM with three different
QM/MM partitions ~as indicated with dotted lines!; pure MM with the
CHARMM22 force field. Distances are in Angstrom and angles are
degrees.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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Downlo
FIG. 6. Theoretically predicted IR spectrum for butanol. Frequencies ar
wave numbers, and intensities are in km/mol.~a! is the HF/6-31G~d,p!
result;~b!–~d! are predicted at three different QM/MM levels~see text!. ~e!
is from the calculation with the CHARMM22 force field.
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illustrate the link atom effect, we have calculated the over
between the eigenvectors from these two sets of calculati
The largest overlap values for each normal mode at diffe
QM/MM levels are summarized in Figs. 7~a!–7~c!. Most of
the overlap between the QM/MM and full QM results a
larger than 0.75, suggesting that the motion predicted by
QM/MM method is consistent with the full QM calculation
There are several regions where the overlap values are s
;0.5. This suggests that the QM/MM normal modes cor
spond to a linear combination of several modes predicte
the QM level. This mixing effect is most significant for th
aded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
p
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nt

e

all,
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at

abnormally high frequency mode;1800 cm21 mentioned
above. The full QM eigenvector that has the largest over
with this QM/MM mode involves the motion of more tha
one (CH2) unit, as illustrated by the bottom structures in F
7. At the QM/MM level, however, this mode becomes mo
localized, as shown by the structures in the middle of Fig
This is due to the existence of the link atom, which s
influences the Hessian matrix elements of the boundary
atoms implicitly, despite the fact that its explicit contributio
to the Hessian has been projected out according to Eq.~29!.

The effect of the second projection step specified by
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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FIG. 7. Largest overlap of QM/MM~see text! normal mode eigenvectors and the full QM results for the three QM/MM partitions for butanol. Results i~a!,
~b!, and~c! are obtained with the QM/MM partition 1, 2, and 3, respectively, indicated in Fig. 5. Also shown are the eigenvectors~atomic displacements are
indicated by arrows! for the abnormally high frequency mode due to the presence of link atom in the QM/MM calculation, along with the mode that
largest overlap from the full QM calculation~bottom structure!. The number with and without parentheses are the full QM and QM/MM frequenc
respectively.
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~30! is illustrated in Fig. 8 with the first QM/MM partition as
the example. Figure 8~a! shows the largest overlaps~in per-
cent! between the QM/MM normal modes without the se
ond projection and the overall translational/rotational eig
vectors of the actual molecule without the link atom. On
the low frequency vibrational modes are ‘‘contaminated’’
a significant extent. In Fig. 8~b!, the relative shifts in the
vibrational frequencies~in percent! due to the projection de
fined by Eq.~30! are plotted. Although only the low fre
quency modes are affected significantly, the effect is a
observable in the high frequency region. The effect of
second projection on the eigenvectors is insignificant, w
the overlaps between unprojected and projected results
close to unity for nearly all the modes~not shown!.

For butanol, the overall QM/MM predicted frequenci
and eigenvectors are in reasonable agreement with the
QM calculations in the presence of the link atom, with mo
modes having a large overlap with the full QM eigenvecto
Nevertheless, the link atom does produce artifacts in the
mal modes, e.g., certain modes become more localized c
pared to the full QM results. This observation once ag
highlights the importance of carefully examining the lin
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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atom effect when applying QM/MM methods to large sy
tems.

C. A model transition state structure in triose
phosphate isomerase „TIM…

One important area for applying the QM/MM frequenc
calculation is in modeling transition states of enzymes. Fi
normal mode calculations are useful during the optimizat
of transition states with the Quasi–Newton bas
algorithms.51 Second, the vibrational frequencies and eige
vectors at the saddle point are essential for the reaction
following algorithms as well as rate constant calculations

As a simple example, we consider a model transit
state structure for the triosephosphate isomerase~TIM ! cata-
lyzed reaction.5~a! As shown in Fig. 9, we include the singl
protonated imidazole and a model enediolate substrate.
transition state corresponds to the intramolecular pro
transfer within the substrate. As found in more extens
calculations,52 this is not the rate limiting step of the TIM
catalyzed reaction. It is included here as an example to d
onstrate that a QM/MM description for the active site is s
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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FIG. 8. Effect of the projection defined by Eq.~30! on the normal modes of butanol with the first QM/MM partition.~a! Values of the largest overlaps~in
percent! between unprojected QM/MM normal modes and the overall translational/rotational eigenvectors of butanol without the link atom.~b! Relative shifts
~in percent! in the vibrational frequencies due to the projection Eq.~30!.
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isfactory, as compared to full QM. Since full QM calculatio
has to be carried out for comparison, only one histidine re
due is included in the current model, which is described w
the CHARMM22 force field in the QM/MM calculation. Fo
comparison, the corresponding transition state of the isola
substrate in the gas phase is also included. The QM le
here is B3LYP/6-311G~d,p!.53 The gas phase structure
optimized with GAUSSIAN94,54 while the model enzymatic
transition state is obtained using the TRAVEL module
CHARMM with the conjugate peak refinement algorithm55

To avoid large distortion of the structure from that in t
enzyme, the position of the C1 in the substrate and C3,C4 in
the model histidine were fixed during the optimization.

As shown in Fig. 9, the imidazole polarizes the oxyg
atom in the substrate such that the transition state co
later, if we imagine the proton being transferred from the l
to the right. The imaginary vibrational frequency is lower
by nearly 200 cm21 compared to that in the gas phase stru
ture. This would significantly reduce the tunneling effect
enzyme compared to the gas phase. At the QM/MM lev
the polarization effect is weaker judging from the long
histidine–oxygen distance, although the transition st
structure is very similar to the full QM result. The shift in th
imaginary frequency is smaller,;50 cm21 than that from the
full QM calculation. Thus, the QM/MM description of th
active site, although approximate, is satisfactory.

D. A simple model for the active site of myoglobin

In the previous examples, all the calculations have b
carried out for main group elements. In this section, we s
illustrate the application of DFT/MM method to system
containing transition metal elements that are more difficul
treat with molecular mechanics.17 Specifically, we present a
study of a simplified model for the active site of myoglobi
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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For myoglobin and hemoglobin, numerous studies ha
been concerned with effect of electric field in the heme
tive site generated by the protein environment on the stre
ing frequency of CO bound to the heme iron.56 To examine if
an MM treatment of the environment can predict the f
quency shift of the CvO stretch, we have constructed
simplified model for the active site of myoglobin. Thre
complexes have been calculated, whose structures are sh
in Fig. 10. The first complex~com–i! is a simple model for
isolated CO-heme system, which has been used in sev
previous studies.57 The second complex~com–h1! includes
an additional imidazole molecule, which mimics the dis
histidine in myoglobin. In the third complex~com–h2!, the
orientation of the histidine is altered from that incom–h1, so
as to orient the NH proton of the imidazole away from t
CO. Such different distal histidine orientations have be
considered in previous studies of the CO stretch
frequency.58 The QM level in this set of calculations i
B3LYP,53 and the basis set is the all electron set of doub
zeta quality from Ahlrichs and co-workers.59 Due to the size
of the systems, no polarization functions have been adde
the geometry optimization or normal mode analysis. In
QM/MM calculations, the heme–CO complex is the Q
part, and the imidazoles incom–h1 andcom–h2 are treated
with the CHARMM22 force field. To avoid large changes
the relative orientation of the imidazole and model heme
com–h2, the position of the Fe, and that of the CE1, HE
atoms of imidazole are fixed during geometry optimizatio
The optimized structures are shown in Fig. 10, and selec
normal modes are shown in Fig. 11.

We begin by examining the trends from the pure DF
calculations. First, it is noted that the optimized Fe–CO d
tance of 1.76 Å incom–i is in good agreement with exper
mental measurement of a model heme complex~1.77 Å!,60

as well as with theoretical calculations~1.720 Å! with more
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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FIG. 9. ~a! A model transition state structure in the triosephosphate isomerase~TIM ! catalyzed reactions. The number without parentheses are fu
3LYP/6-311G~d,p! results, and these in the parentheses are QM/MM results with the CHARMM22 model histidine.~b! The corresponding structure in th
gas phase. The arrows indicates the eigenvector correspond to the imaginary mode. The distances are given in Angstroms~see text!.

FIG. 10. The optimized structures for a simple model for the active site of myoglobin. Numbers without parentheses are obtained with full QM calons
~see text for detail!. Numbers in parentheses are obtained at the QM/MM level with the model histidine treated with CHARMM22 force field. Num
brackets are from recent x-ray study in Ref. 62. Distances are given in Angstroms.
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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FIG. 11. The normal modes correspond to the C–O stretch for the active site model of myoglobin. Numbers without parentheses are obtained wi
calculations. Numbers in parentheses are obtained at the QM/MM level~see text and Fig. 10 caption!. Frequencies are in wave numbers, and intensities
in km/mol. Also shown in italics are the displacement vectors in terms of Fe–C and C–O stretches correspond to the normal modes.
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sophisticated models of the heme.61 The FeCO moiety is
linear and perpendicular to the ‘‘heme’’ with a CO bon
length of 1.174 Å. Upon adding the distal group incom–h1,
the Fe–CO distance gets shorter while C–O becomes m
stretched by 0.006 Å due to the polarization from the dis
group. The Fe–CO distance of 1.747 Å is in good agreem
with the latest x-ray study62 as well as with previous theo
retical calculations.61 Interestingly, the effect of the dista
histidine incom–h2 is to slightly increase the Fe–C distan
and shortens the C–O bond compared to the case ofcom–i,
indicates that the interaction between bound CO and the
tidine in the orientation ofcom–h2 is unfavorable. In paral-
lel to the structural changes, the vibrational frequencies
volving CO vary rather significantly in the three complexe
In Fig. 11, we show that the normal mode corresponds to
CO stretch. The vibrational frequency drops 32 cm21 for
com–h1, and increases by 10 cm21 for com–h2. In other
words, we predict that the CO stretching frequency
com–h1 is lower than that incom–h2 by ;40 cm21. It is
interesting to note that this trend is in disagreement to
calculations of Oldfield et al. based on electric field
consideration.58 From the electric field generated by the d
pole moment of histidine@see Fig. 1 in Ref. 58~b!#, they
propose that the CO stretching frequency in a conformatio
substate similar tocom–h1 would be higher than that in
conformational substate of typecom–h2. The discrepancy
between the current study and their model might be due
the geometrical limitation of our model, and will be studie
further with calculations in the full protein environment.63

However, it appears reasonable to observe a lower
stretching frequency incom–h1 compared tocom–h2, since
Downloaded 28 Feb 2001 to 128.103.92.41. Redistribution subject to
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O

the CO is polarized via a weak hydrogen bond by the imi
zole in com–h1. Also included in Fig. 11 are the norma
mode displacements in terms of internal coordinates,
tained from the Cartesian displacements with the Wilson
matrix.39 Clearly, the so-called CO stretch mode involv
significant amount,;25%, of Fe–C stretch. In other words
the Fe–Cs bond character is also altered in this mode,
addition to the Fe–COp backbonding framework as com
mented on in the literature.56 Furthermore, it is seen that th
CO stretch mode involves little heme motion, and is mos
perpendicular to the heme plane. This observation has im
cations for the interpretation of recent photoselective sp
troscopic measurements using CO stretch as the prob64

Calculations with a larger heme model and protein envir
ment are in progress.63

The QM/MM geometries are very close to the full QM
results as shown in Fig. 10. The trend in the vibration
frequency shift is well reproduced at the QM/M level. Th
error compared to the full QM result is 8 cm21 and 15 cm21

for com–h1 andcom–h2, respectively. As to the IR inten
sity, the results are qualitatively correct in terms of the s
for the effect of the distal group, but quantitatively too sm
in the magnitude.

The last two examples show that the polarization eff
from the residues in the active site of proteins can be c
tured to a reasonable degree with the QM/MM treatme
This observation further justifies the use of QM/MM met
ods in probing the influence of the protein environment
both the electronic and dynamic properties of its active s
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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IV. CONCLUSION

In ab initio quantum chemistry, analytical derivativ
theories have made possible the calculations of many im
tant molecular properties. Despite improvements of num
cal techniques and computation facilities, such calculati
are still prohibitive for large systems, including enzymes.
the present work, we begin the development of analyt
derivative theories in the combined QM/MM framewor
which should be efficient in predicting properties of a sp
cific group in a large system. In particular, the method
analytical Hessian calculations in the combined QM/M
framework has been implemented in the GAMES
CHARMM and CADPAC/CHARMM programs to allow
one to evaluate frequencies and infrared intensities of s
cific groups in biological systems. Several examples ill
trate that MM description of the environment can capture
polarization effect on the QM region to a satisfactory exte
as judged from the vibrational frequencies and IR intensi
compared with full QM calculations. The problem created
a link atom is examined and it is shown that it can give r
to artifacts in the modes involving the boundary atoms. T
suggests that one has to carefully examine the effect of
atom when applying the QM/MM method. An alternative
to use methods that do not introduce extra atoms when
QM/MM boundary is within a molecule.65

In the near future, we envision the extension of analy
cal derivative theories within the QM/MM framework int
other areas. We have implemented a QM/MM method
predicting NMR chemical shift, which is expected to be
useful tool for deriving structural information and interpre
ing data for biological systems. Other interesting proper
include Raman intensities, vibrational and electronic circu
dichroism, and spin–orbit coupling. By implementing the
quantities in the QM/MM methodology, it will become po
sible to extend the study of ‘‘weak interactions’’ to ve
large systems.
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