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Analytical second derivatives for combined QM/MM calculations have been formulated and
implemented in the CHARMM program interfaced with ttad 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.2@0 American Institute of Physics.
[S0021-960629)30548-1

I. INTRODUCTION methodology. A subsequent paper describes the formulation
for chemical shift calculations. Extensions to other properties
Dramatic progress has been made in the field of compuare planned.
tational chemistry in recent years. Although highly accurate  Normal mode analyses are of great importance for many
(“chemical accuracy’) calculations are still limited to sys- applications. The frequencies obtained through such calcula-
tems of less than ten heavy atomsseful studies can now be tions can be directly related to experimental infrared and/or
made for significantly larger systems. One example is th&kaman measurements, as well as thermodynamic properties.
application of linear scaling methddén a semiempirical  The derived normal modes can be used in characterizing the
framework to proteins and nucleic acitislowever, in most  dynamic behavior of fluid€ and biomolecule$! Also, nor-
cases of interest, only part of the system needs to be treatefdal mode analysis is important for evaluating the rates of
guantum mechanically and that part may require high leveteactions within the framework of variational transition state
density functional omab initio methods. For such problems theoried? and the reaction path Hamiltonian methdd.
(e.g., reactions in solution or in enzymesombined quan- With the state ofab initio techniques, meaningful nor-
tum mechanical and classical mechanic€QM/MM)  mal mode analysis can be carried out accurately for rather
methods), are well suited. For a QM region of limited size complex molecules, including nucleic acid baéesnd
(<50 atoms, the QM/MM can easily be applied to systems porphine!® for example. Such studies have been of consid-
containing thousands of atoms. Both with semiempirical ancerable help in spectral assignments. The high coabahitio
ab initio quantum mechanics, QM/MM methods have beenand density functional methods prohibits calculations for
shown to provide fundamental insights into the mechanismgnacromolecules. With molecular mechan{84M), one can
of chemical and enzymatic reactichSMost of the studies readily perform normal mode calculations for proteins and
have concentrated on the potential energy surface, thoughucleic acids, particularly with the recent progress in diago-
solvation effects on pivalues® and solvent-induced spec- nalization algorithmd® However, there are many cases
tral shifts in the UV absorption of organic moleculemnd  where local polarization effects are important and/or bond
charge polarization have also been studi¢tbwever, quan- making, bond breaking transition states are involved so that
tum mechanical calculations can provide additional informastandard MM force fields are not applicable. Also, MM
tion. It is of considerable interest, therefore, to develop methmethods are difficult to apply to systems involving transition
ods for evaluating other properties. Such an extension of themetald’ or excited states. It is attractive, therefore, to intro-
methodology corresponds to that introduced for purely QMduce normal mode techniques into QM/MM approaches, so
calculations of small molecules, the study of so-calledthat one can treat the active part of a large system with a
“weak interaction,” in the early 1968 As a first step in that quantum mechanical method, and the environment in a less
direction, we have implemented methods to calculate anasophisticated fashion with molecular mechanics.
lytical second derivatives within the QM/MM framework. In Sec. Il we outline the theory of analytical second
Emphasis is given t@b initio and density functional QM derivatives for QM/MM formulations and describe its imple-
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mentation in the CHARMM program interfaced with the to compute the second derivative of the energy in the
GAMESS and CADPAC quantum mechanical programsHartree—Fock theory since the MO coefficients are variation-
Section Il presents some test cases to illustrate the effectively optimized.

ness of QM/MM normal mode analysis. The choice of the  For a closed-shell RHF wave function without MM per-
QM/MM partitioning and the use of link atoms are consid- turbations, the total electronic energy is written in the usual
ered. A concluding discussion is presented in Sec. IV. form:

d.o. d.o.
Il. THEORY AND IMPLEMENTATION ERF=22) hy+ 2> [2Gi]j))—(ijlij)], (4)
i i

A. Analytical Hessian matrix element . .
y where theh;; and (j |kl) are one- and two-electron integrals

In the present work, the QM/MM Hamiltonian is written and the notation “d.o.” indicates that the summation is re-

in the familiar form: stricted to doubly occupied MO’s. The variational condition
H=HQM HQMMM 4 MM 1) in terms of the Fock matrix is
where Fij=hij+ 25 [2(i]kk) = (ik|jk)]= €18, 5)

N M
HOWMM= > > %JFVS%MM”LV\?MMM- (2 with &; being the molecular orbital eigenvalue. The second
¢ ¢ d derivative of Eq.(4) with respect to the nuclear displacement
HereN is the number of electrons in the QM part, adis  a andb can be writte?’
the number of MM atoms. The last two terms in E8) are 5
the nuclear—nuclear repulsion and van der Waals interac- ‘?_Eel
tions, respectively, between QM and MM atoms. Corre-  dadb

d.o.

d.o.
=22 hiP+ 2 {2051 (i)}

spondingly, the total energy of the system can be written as do. do.
N M - SPe — 2> 5P,
—Qce 22 i €i — T €i
E=(®|HM+ <" )+ EQMMM | EQM/MM ; ;
< | ; ; |Rc_rd|| > Nucl van A e
b b
+E"M (3a) +4Z Z (UGFG+URF;
=Eg"+EMM QI - EZR MM +EMM, (3D) a do. al do.
where® is the wave function of the system. +4> > UﬁUﬁsi+4zz Z USURA 1
For a normal mode analysis, the second derivative of the b v
energy with respect to nuclear displacements, the Hessian (6)

matrix, is required. The Hessian matrix elements for the lasfpare
three terms in Eq(3b) are straightforward and will not be
discussed further. For the second derivatives of the first two
terms in Eq.(3b), we illustrate the method in detail using
Hartree—Fock(HF) QM level. Since only one-electron op-
erators are introduced in the present QM/MM formulation,and
Extelnsions to DFT is strictly parallel and is summarized Aij a=4(ij kD)= (ik[jl) = (il]jk) 8
riefly. '

all

7= 2 (Ui + U~ SnSin = SnSh) . ()

by making use of the variational conditifkq. (5)] and the
1. Hartree —Fock/MM case orthonormality condition on the MO's.
In Eq. (6), “all” indicates summation over occupied and

; ; b s ab b a
act wave functions, the Hellmann—Feynman thedfagnot ~ Unoccupied orbitals and the, (ij[kD®, Sj°, andFf are
éhe partial derivatives of one-electron matrix elements, two-

satisfied and the derivatives of the electronic energy involv _ ) .
both the derivatives of the Hamiltonian and that of the Waveelectron integrals, overlap matrix elements and Fock matrix

function. Since the latter is most often expressed in terms O?Iements, respectively, these terms Involve only the deriva-

molecular orbitals which in turn depend on <’a\tom-centere(£\/es of the one- or two-electron operator and basis

basis functions, the energy derivatives contain contribution unctions?g(b.) s -

from the derivatives of m?)}llecular integrals as well from the TO 'ob.taln the denvqﬂves .Of th? MO coefficients, tié
derivatives of the molecular orbitdMO) coefficients. For maF”X IS mtrqduced. It'is defined in terms of the molecular
configuration interaction methods, the derivatives of the Clorb't":lI coefficients Ci,,).

coefficients also make contributions, in general. Many sim- iCi,, all

plifications can be achieved if the method is variational, Ja =Z UﬁCm, 9)
where only thenth derivative of the variational parameters !
are needed for the (2+ 1)th order derivative of energy due where theu denotes atomic orbitals. Thé?® matrix is ob-

to the Wigner theoren®® For example, only the first order tained from the coupled perturbed HEPHP equations,
derivatives of the molecular orbital coefficients are requiredwhich are considered at the end of this section. As mentioned

In general, for electronic structure theories with nonex-
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MM QM MM -eQ
<(9Xp,/(9a|(?b |R |)|X >5a|5bci agQM!
MM-MM MM-QM MM-MM
MM ///// bCMM, cCMM, (11
(ZI 72 V. J)Uc F}C
J O ” eQ°)| Y S CMM
X/.L _ Xv)ObcOac,» AL ,
QM-MM QM-QM \ dadb | R r |
QM <"_fj_i N ?Hﬂ;_ QM-MM bCMM, CcCMM. (12)

In most quantum chemical programs, the above terms
are evaluated using translational invariaft@®efining V,
MM MM-MM MM-QM = MM-MM =-eQ/|R,—r|, we have

| N
<(9X,u/(9a|%|XV> 5a| 5bc

FIG. 1. The structure of the Hessian matrix for the QM/MM electronic

energy and explicit MM contributiongsee text The V. is the one- :_<52XL/‘93‘9b|Vc|XIJ/>5aI5bI

electronic operator corresponding to the QM/MM electronic interaction, I J

Ve=—eQ./|R;—r|. The US,F{ are the CPHF solutions and Fock matrix _<5X,L/&alvc|5)(u/&b> Sa10by» (13
integral-derivatives corresponding to the MM degrees of freedom, respec-

tively. The x}, is the uth atomic basis function on QM nucleiis an

L Ve
<X"|(9a(9b|x”> SacObc

earlier, only the first derivatives of th€;, appear in the

second derivative of RHF energy due to the Wigner  —=(52y! /9ab|V¢|x?) 8, 8
theorem'%® #| ,
In the QM/MM method, additional one-electron opera- +(dx,/9a|Vc|dx;]Ib) 84 Sp,

tors are introduced corresponding to the interactions between
the electrons and the partial charges on MM atoms, as in Eq.
2. Consequgntly, the second derivative Bf has three +<XI,L|VC|‘92X;];/aa&b>5aJ6bJ- (14)
types of matrix elements: the QM-QM, QM-MMM—

QM) and MM—MM blocks, as illustrated schematically in For these two blocks, the last four terms in E6) are
Fig. 1. The expressions for the matrix elements in each blockonvanishing and involve the® matrices and Fock deriva-
can be derived from Ed6). There are two general types of tive matrix, where nova,b can be either QM or MM for the
contributions that originate from the MM atoms. They are QM—MM block, and only MM for the MM—-MM block.

the derivatives of the QM/MM one-electron integrals and the ~ The slow step of the analytical Hessian calculation is the
terms involving theJ? matrix elements corresponding to the determination of thdJ® matrix elements from the coupled
MM degrees of freedom. The first contribution arises fromperturbed Hartree—FodlCPHP equations? They have the
the direct electrostatic interaction between the QM electron&rm

+(dx),19b|V | dx ) 54300,

and the MM point charges, and the second contribution vir d.o.

originates from the variation of the MO .coeff|C|ents dug. to i~ )U E 2 A, WU = ” , (15)

the MM atomic displacement. The required MM quantities

for each block are summarized in Fig. 1. h
For the QM—QM block, the only term in Ed6) that where

explicitly involves new contributions |i§Il , Which is aug- 0.

mented with the foIIowmg integral derivative: Bﬁ = Fﬁ—Sajgj—% Sq2(ij |k —(ik|j)], (16)
<f7Xﬂ/f9a||R ||(9X 190) 851043, and “vir” refers to the unoccupied orbitals. It should be

noted that Eq(15) only needs to be solved for the indepen-

acQM, bcCQM, cCMM. (100 dent occupied—virtual block, while the redundant occupied—

occupied block that also contributes to E¢8) and (7) is
determined from the derivative of the orthonormality condi-
tion of the MQO's; that is,

The x!,(x}) denotes atomic basis functin(v) centered on
atoml(J) and the symbob,, should be understood as “the
derivative involving atom in the direction(X, Y, 2 speci-
fied bya.” a,ya g a_yya__1Ga(j i
For the QM—MM (MM—QM) block and the MM—MM Ui+ Uji+§j=0=Uf=Uj=—:Sj(jedo). (17

block, the terms involving the overlap matrix derivatives and  For the MM degrees of freedom, the same CPHF equa-
the two-electron integral derivatives in E®) do not appear tions are used but there are two major simplifications due to
because there are no basis functions on the MM atoms. Thibe fact that there are no basis functions on the MM atoms.

hi"’}b are left with terms of the form: First, the inhomogeneity is simplified, i.e.,
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d [ —eQy Nm _
a_ra__pa_/; H — 2
sinceS“fM=0. For the same reason, the redundant block ofvhere theN is Avogadro’s numberg is the speed of light.
U? is zero according to Eq17) so only the coupling be- The nuclear contribution from the QM and MM atoms to
tween the occupied and unoccupied orbitals has to be corthe dipole moment derivative is trivial to calculate and will
sidered. not be discussed further. The electronic component of the

dipole derivative can be obtained by taking the nuclear de-
rivative of the electronic dipole moment; that8
2. DFT/MM case

9 elec &ZE
In density functional theories, the two-electron exchange ~ “#f _ _ 7 Felec

integrals in the Hartree—Fock theory are replaced with the 92 da of
exchange—correlation functional, so that E4).for the elec- virt. d.o. d.o. d.o.
tronic energy becomes :_42 2 Uia}hifj+22 Sﬁhifj_zz, haf,
d.o. d.o. : ! g :
Ee=22 hji+22 (if]jj) +Exlp). (19 (23
_ _I I?_ o wheref denotes the external electric field perturbatibh,
The variational condition is given as and h2" are the dipole integrals and the dipole derivative

integrals, respectively, defined By
FﬁSZhijﬂLZ; (ij|kk)+(i| 6Exc/ Spli)=ei8;,  (20) h
. . . hlszz Ci,quv[?_fW: _92 Ci/.LCjV<X,u|rf|XV>’ (24)
where SE,./Sp is the exchange—correlation potential de- uy wy
fined as the functional derivative &,..
Taking the second derivative of E¢L9), and making hf}fzz Ci,.Cj,
manipulations similar to those used in the RHF case, one wy
obtains an expression for the Hessian matrix element that is

a*h,,
dadf

very similar to Eq.(6) except for the contributions from the =—e, Ci.Cil(axloalre|x,)+{xlriax,lda)].
exchange—correlation potential to the Fock matrix deriva- e
tives and theA;; , terms. The same applies to the coupled- (25

perturbed Kohn—SharflCPKS equations in comparison {0 e e iy Egs. (24) and (25) stands for the absolute value of
the CPHF equations. We refer the reader to Ref. 21 for deélectronic charge

tailed expressions. For the dipole derivative with respect to the QM atoms,

To summarize, we have desgribed in detail the algorith"}here is no explicit MM contribution. The effect of MM at-
for RHF/MM and DFT/MM analytical second derivative cal- oms is contained implicitly in th&J® matrix [see Eq(15)].

culations based on the results for the corresponding purelr,gOr the dipole derivative with respect to the MM atoms,

QM methods. Two types“ O_f ex,t,ra contrib_uFion_s need to b, hich do not have any basis functions, the last two terms of
computed. They are the “direct” terms originating from the Eq. (23) vanish, and the remainin@irst) term is readily cal-

explicit derivatives of the QM/MM electrostatic interaction, culated with the CPHF solutions for the MM degrees of free-
and the “indirect” terms arising from the dependence of thedOm [i.e., Eq.(15)]

MO coefficients on the MM atomic positions. In the similar Correspondingly, one can obtain the MM contribution to

spirit, it is straightforward to compute the QM/MM Hessian y,o Raman intensity of vibrational modes, which is related to
for correlated QM methods, such as Mgller—Plesset pertur;

the nuclear derivative of polarizability tensors. This is not
bation theony?? by m.odlfylng emstmg algorithms for the . <iiered in the current work.
pure QM second derivative evaluatih.

C. MM polarization kernel from the  U? matrix

B. Normal mode vectors and Infrared  (IR) intensities It is interesting to investigate further the physical mean-

After obtaining the QM/MM second derivative matrix, ing of the U? matrix for the MM degrees of freedom. It
vibrational frequencies and normal modes are obtainedepresents the extent to which MM atomiisplacements
through diagonalization of the mass-weighted Hessian mapolarize the wave function of the QM region, and conse-
trix H,2* quently should be useful in the analysis of QM/MM interac-
tions. In the literature of density functional theory, much

—rM - (12 g2 —(127 = ) ) ory,
HL=[M (VEM Tbi= ML, (@1 attention has been paid to the so-called “polarization ker-
whereM is the diagonal mass matrix, ahg and\, are the  nel” which represents the redistribution of the electron den-
kth eigenvector and eigenvalue, respectively. sity, p(r), with respect to the change in the external potential
In addition to vibrational frequencies, IR intensities of v(r'), %’
the modes are also of interest. The IR intensity for miqds 2
X o : . ap(r) J°E
proportional to the projection of the molecular dipole deriva- —| = —, (26)
tive on to the corresponding eigenvectar;?® that is, Jv(r') ) dv(r)ov(r’)
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where the subscripN indicates conservation of the total CADPAC3® The current implementation allows analytical
number of electrons. The polarization kernel and relatedecond derivative calculations at the level of RHF/MM with
guantities can be derived using the principle of electronega€HARMM/GAMESS and RDFT/MM with  CHARMM/
tivity or chemical potential equalizaticfi,which forms the CADPAC.

basis of charge sensitivity analy4sin several recent stud- Before presenting test cases, we discuss a few technical
ies, attempts have been made to describe polarization effedtssues that are unique to QM/MM methods.

in molecular dynamics simulations within such a framework,

in most cases in a semiempirical fashiSrMorita and Kato 1. Approximation to the CPHF equations

introduced a coarse grained version of the polarization ker- o cpHE equations, Eq15), have to be solved for

nel, (?Qa/dVe), based on an atomic site representation iNgach nyclear degree of freedom. Although this is true for QM
ab initio MO theory, where th€Q, andV; are the charge 50 jations as well, for large system involving many MM
population and electrostatic potential at atémnd B, re-  yegrees of freedom, the large number of linear equations

spectively. It has been shown that this quantity is very usefu\lNomd make the QM/MM Hessian calculation prohibitive.
in the analysis of charge fluctuation and treatment of SOIU“However the inhomogeneity of E6L5), B2 , given for MM

. . . . . . |j ]
polarization in molecular dynamics ;mulaﬂgﬂs. atoms in Eq.(18), should be small in magnitude for MM
Within the QM/MM framework, it is of interest to ex-

atoms far from the QM region. The simplest approximation

amine quantities of similar nature, such as the change qf ¢, omit the CPHF equations for MM atoms far from the
charge population on the QM atoms as a function of MMQM region; i.e., a cutoff can be introduced. Alternatively,

atomic displacement. If one defines the charge populatiofne may obtain the approximate solution of the CPHF equa-
based on the Mulliken approximation: tions by using the simpler uncoupled expression in which
Uf~F{/(ei—¢;). In the current implementation, the user

Qa=Za— EA EV: P S (27) has the freedom of selecting any portion of the MM atoms in
a a macromolecule to perform either of these two levels of
the expression for its derivativéQa/da, is approximations. As is shown later, the uncoupled approxi-
9P mation yields improved results over complete neglect of the

dQaloa=—2> > S P,,—> > S,—~ (288  CPHF equations.

neA v meA v Ja
=—> > S 2. Treatment of link atoms
peh v Link atoms are commonly introduced to saturate the va-
d.o. vir. lence of the QM part when the QM/MM partition is per-

_EA Ey S 2. % Ufn(Cm.Ci,+Ci,Cm,)|,  formed across bonds. In general, the link atoms do not have

a strong influence on the results, provided that the partition is
(28b not performed across a polar or unsaturated chemical bond

where . goes over the atomic bases on QM aténand v and that the partition is far enoggh from the region of i.nte_r-
over all the basis functions, aralcan refer to the displace- ©€St- However, as has been pointed out, in each application
ment of a QM or MM atom. For the displacementeferring ~ the effect of the link atom should be checked by test calcu-
to the MM atoms, the first term in EG28b) vanishes due to  ations to .determlne t.he best psa;rgétlon scheme and verify that
the zero derivatives of the overlap integrals. One can als§1€ error introduced is smaif*" _ _ _

define another set of polarization kernelQ,/dQc, where For QM/MM Hessian calculations, the link atom intro-
Q. represents the MM partial charge if one wishes to find théj_uces addltlona_l degrees of freedo_m so that their contribu-
susceptibility of the charge on a QM atom to the charge orfion to the Hessm_n nee_ds to be projected Ol_.lt before the nor-
the MM atom. In this case, one has to solve the CPHF equal@/ mode analysis. This can be done by using the following
tion for the MM degrees of freedom with the MM atomic Projection scheme,

charge as the external perturbation, and substitute the result- H’ = (| — L LT YH(I =Lyl (29)
antUQ matrix into Eq.(29). _ .

In short, thedQ, /¢ matrices characterize the effect of Where theH andH" denotes the unprojected and projected
MM atom motion ¢~ MM displacement) and composition Hessian, res_pfsctlvely; is the identity matrix, and_j is a _
(£~MM chargeQ,) on the electron distribution on the QM vector (_:ontammg 1 for the degr_ees of freedom corresponding
atoms. Such information can be of great interest in the analyl© the link atoms and 0 otherwise. _
sis of QM/MM interactions, such as for probing environmen- Even with the projection, the link atom contaminates the

tal effects on the active sites of enzynids. low vibrational frequencies since projecting out the link
atom degrees of freedom is equivalent to performing the nor-

mal mode analysis with a fixed link atom. Therefore, the
overall translations and rotations of the actual molecige,

The algorithms to calculate the analytic Hessian matrixthe molecule without the link atojmare no longer in free
IR intensity and MM polarization kernel for QM/MM meth- space and they now correspond to vibrations in the molecule
ods have been implemented in CHARMMwhich is including the link atom. As a result, low vibrational frequen-
interfaced* with two ab initio packages GAMESS and  cies are contaminatetinixed) with the overall translation

D. Implementation
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FIG. 2. Optimized structures for formamide—water complexes. The numbers without parentheses are obtained at the(tHp/8e3®G Numbers in
parentheses are obtained at the HF/6-@ILG/MM level with a modified TIP3P description for the water molecule. Numbers in brackets are the MM results
using the CHARMM22 force field.

e

and rotation modes of the actual molecule. This can be reA. Formamide—water
solved with a further projection step, in which the over all
translation/rotational of the actual molecule is further pro-
jected out,

The shift of the vibrational frequency for a specific func-
tional group in a molecular system is often of interest; an
example is the frequency of substrate carbonyl in the enzyme

IR IR triosephosphate isomerase, as compared with the correspond-
H"Z( | —Ei LiLiT> H’( | —Ei LiLiT)a (300 ing frequency in solutioA? From such measurements, infor-
mation about the structural changes during a reaction or upon
where theL; are the eigenvectors correspond to the infini-environmental alteratiofsuch as mutation of a residue in the
tesimal translation and rotation of the actual molectle, active site of a proteincan be derived. We have chosen the
Schmidt orthogonalized to the link atom motitny, . The  formamide—water system as an example. The purpose is to
resultant HessiaRl” is used in the normal mode analysis. It ayamine if the MM description of the water can account for
should be understood that projection will only get rid of the e ghift in the vibrational spectrum of formamide in differ-
explicit contribution from the link atom. The existence of the g binding configurations. For this purpose, we compare the
link atom still has implicit influence on the Hessian mgtrix full QM results with QM/MM calculations. Geometry opti-
elements of the boundary QM atoms. Such an effect is illusi; ation and normal mode analysis have been carried out at
trated in the next section. both the full QM level(HF/6-31Gd,p)*Y) and the QM/MM
level. In the QM/MM calculations, the formamide is treated
Ill. TEST CALCULATIONS with HF/6-313d,p) while the water molecule is described

In this section, we use several examples to illustrate thevith a modified TIP3P mod# that has a flexible
usefulness of QM/MM frequency and intensity calculationsstructure®**® For comparison, pure MM calculations have
and the effects of the approximate CPHF solution and thelso been performed with the CHARMM22 force fiéfdTo
link atom. obtain a good QM/MM geometry, a specific set of van der
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TABLE |. Selected properties for the formamide—water system.

Formamide Complex | Complex 2 Complex 3 Complex 4

Properie8 QM MM QM QM/MM MM QM OQM/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 7.9
C=0,» 17841 1778.3 1751.6 1760.5 1775.7 1752.6 1773.6 17656 1773.4 1773.9 1739.8 1761.6 1768.3 1728.3
Inten. 509.9 1857 540.1 557.8 2047 557.2 553.3  199.8 542.0 5167 199.8 5582  566.2 2253

N—H s-str,y 3433.3 34129 3377.5 3383.5 34069 3431.1 34266 3413.3 3401.0 3351.8 3400.0 3382.8 33813 3406.3
Inten. 580 751 1283 101.3 1050  69.8 64.0 66.3 1885  117.4 66.3 135.0 974  105.1

N-H as-str,y 3563.4 3537.9 3541.3 3544.2 3529.8 3560.5 3556.0 3537.6 3534.7 35165 3528.9 3543.2 3543.1 3529.8
Inten. 658 2191 102.2 79.9 2081  72.6 712 2201 158.4 702 220.1 108.8 775 2153
RMS errof 64.2 35.2 57.3 40.1 60.2 25.9 64.0 42.0 55.0

RMS CPHF 7.0/20.1 4.2/20.5 3.6/12.2 4.7/16.5
Errof® (2.0/4.5 (1.3/6.0 (1.4/2.3 (1.7/2.9

QM here is HF/6-31@l,p), MM is the CHARMM22 force field. In the QM/MM calculations, the formamide is treated with HF/6¢@18s 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 frequencia® are in w
number(cm™?), and the IR intensities are in km/mol. The values for all the full QM vibrational frequencies and some of the Q{dédNéxt frequencies

have been scaled by 0.8929.

°The RMS error in the QM/MM and MM vibrational frequencies compared to the full QM results, given id.cm

9The RMS error in the QM/MM vibrational frequencies and IR intensities due to approximation for the CPHF contribution from the MM degrees of freedom,
compared to the exact QM/MM results. The numbers without parentheses are obtained without the MM CPHF components, and these with parentheses are
obtained with the uncoupled approximatisee text

Waals parameters has been used for the oxygen, nitrogesame scaling to all the modes except the water O—H stretch
and the polar hydrogen atoms of the formamide moletule. and H—O—Hbending modes.

The well depth for O, N, and polar H is0.16,—0.17, and In terms of frequencies, the CHARMM22 results are in
—0.09 kcal/mol, respectively, an,, are 3.98, 4.30, and approximate agreement with the scaled QM values, with the
0.60 A, respectively. RMS error around 60 cit for both the free formamide mol-

(a) Formamide—water complex. The optimized structures aecule and the four formamide—water complexes. The IR in-
the full QM and QM/MM levels are shown in Fig. 2, and tensities from the pure MM calculations, however, are quite
binding energies, selected vibrational frequencies and interdifferent from the QM results, as seen clearly in Fig. 3. The
sities are shown in Table 1. Consistent with previouslargest discrepancy lies in the IR intensity of the=O vi-
QM/MM study with semiempirical QM® four different bration, which has been shown to be overestimated by
formamide—water stationary configurations were foundaround a factor of two at the Hartree—Fock level in the case
However, as pointed out by Gordat al.*® only three are  of H,CO.2%? With this taken into account, the differences
local minima and the fourth is actually a saddle point con-between pure QM and MM IR intensities are still significant,
necting complext and its mirror image. As seen in Fig. 2 with MM producing the wrong trend in some cases, e.g., for
and Table | both the geometries and binding energies fronthe antisymmetric N—H stretch shown in Table I. This is not
the QM/MM calculations are in rather good agreement withentirely surprising since dipole derivatives are not considered
the full QM results. The MM binding energies are also sat-during the development of the CHARMM force field. In the
isfactory, but the hydrogen bond distances are shorter bwork of Krimm et al.*® vibrational spectra of large organic
~0.2-0.3 A. This shortening is introduced to obtain correctmolecules are obtained by fitting MM atomic charge and
liquid properties and accounts for the absence of dispersioimternal coordinate dipole parameters agaatstnitio dipole
terms in the HF calculations; for a discussion, see Ref. 44.derivatives to improve the MM IR intensities. Rather good
Since the water molecule is interacting with the forma-agreement with fullb initio spectrum has been obtained in
mide molecule in different ways in the four structugsg.  this way.
2), one expects to see the signature of these structural differ- The QM/MM results, shown in Fig. 3 and Table |, dem-
ences in the IR spectrum. In Fig. 3, we have shown thenstrate that the polarization effect from the water on the
predicted IR stick spectrum of the four complexes at theformamide have been reproduced approximately in most
QM/MM level, along with the full QM and MM results. cases. This is particularly clear from the water-induced vi-
Since the water molecule is interacting most strongly withbrational frequency shifts summarized in Table I. The RMS
the G=0 group and the —NHKgroup, it is expected that the errors compared to the full QM results are around 30 tat
largest changes occur in the=€D stretch, and the N—H the QM/MM levels, a notable improvement over the pure
stretch modes, which are summarized in Table I. To maké/M calculations. The overall good agreement between the
the comparison between full QM and MM results easier, wefull QM and QM/MM IR spectrum shown in Fig. 3 is not
have scaled down the QM vibrational frequencies accordingurprising, since the major part of the systéormamide is
to the well established factor, 0.89, for Hartree—Fock calcuireated at the QM level. As shown in Table |, the QM/MM
lations with double-zeta polarization quality basis ®etor  method predicts not only the shift in the frequencies of the
the QM/MM vibrational frequencies, we have performed thethree “sensitive” modes but also their intensities. For com-
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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 ate in km/m
(1)—(4) are from HF/6-31@&d,p) calculations{1')—(4") are obtained at the QM/MM level with modified TIP3P watgr’)—(4") 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 QM/MM
calculations are scaled as wédke text The frequencies and intensities for the=© stretch, symmetric and asymmetric N—H stretches are also summarized

in Table I.

plex 1, as the example, the predicted frequency shifts of theibrational frequencies and intensities cannot be reproduced
C=0 stretch, symmetric and asymmetric N—H stretches aas well. This issue should be a less severe problem in the
the QM/MM level are—23.6, —49.8, and—19.2 cm', re-  IMOMO method where the environmental polarization effect
spectively, rather close to the values from full QM calcula-can be described at a lower QM level such as the semiempir-
tions (—32.5, —55.8, and—22.1 cm?, respectively. For ical method.

comparison, the corresponding MM values afr2.6, —6.0, As mentioned in Sec. Il, one may choose to make ap-
and—8.1 cm %, respectively, which are too small in magni- proximations in solving the CPHF equations for the MM
tude. For the shifts in the IR intensities, similar trend appliesdegrees freedom, taking advantage of the relatively small
The QM/MM predicted shifts are 48.0, 43.3, and 14.1 km/magnitude of the effects. To illustrate this, we have carried
mol for these three modes, respectively, and the full QMout a set of normal mode analyses for the four formamide—
results are 30.2, 70.3, and 36.4 km/mol, respectively. Thevater complexes with different approximations for the MM
corresponding values from full MM calculations are 19.0,CPHF contributions. The CPHF equations correspond to the
29.9, and—11.0 km/mol, respectively, with the wrong sign MM degrees of freedom are either completely omitted, or the
for the asymmetric N—H stretch. Compared to the method ofincoupled solutions are used. The RMS errors compared to
Krimm et al.*® the QM/MM approach requires lessl hoc  exact QM/MM results are summarized in Table I. Clearly,
fitting and is more generally applicable. The currentthe errors in the vibrational frequencies are small, on the
QM/MM approach, which describes the polarization effectorder of several wave numbers, with either level of approxi-
from the MM region in an explicit manner may also be pref- mation. The error in the IR intensity, however, is more no-
erable to the IMOMM method of Morokumet al, for which  table, and is much smaller if the uncoupled CPHF solution is
analytical Hessian has also been implemefite&ince the used. There are two possible sources of errors for the IR
QM region is not polarized explicitly by the MM region in intensity due to the approximation for the MM CPHF con-
IMOMM, it is expected that the water induced shift in the tribution. First, the MM CPHF solutions modify the dipole
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FIG. 4. Theoretically predicted IR spectrum for a formamide moleauke 8 Aradius water sphere. The formamide molecule is treated with HF/GeBA)G
and the water molecules are described with the modified TIP3P model. The frequencies are not scaled in@iE€gaseQM/MM results(b) The QM/MM
results without the CPHF contribution from the MM degrees of freed@nThe QM/MM results with the uncoupled approximation for all the MM CPHF
contribution.(d) The QM/MM results with the decoupled approximation for the water molscdld awayfrom the oxygen atom in formamide. The RMS
errors in frequencies and intensities, before and after the slash, respectively, are measured relative to the exact QM/MM results. The shifamitiee fo
vibrational frequencies are obtained from ten normal mode analyses with minimized configurations generated along a AM1/MM {s@edimy

derivatives with respect to the MM atomic dis- tional test of the QM/MM second derivative method, we
placements. Although generally small in magnitudehave carried out calculations for one formamide molecule
(~101-10?a.u.), they can produce notable effects in IR solvated i a 8 Awater sphere. Ten configurations have been
intensities for modes involving mainly the MM atoms. Sec-generated from a 40 ps molecular dynamics run at the
ondly, the MM CPHF solutions modify the Hessian matrix AM1/MM level where the formamide is treated with AM1.
elements for the QM/MM and MM/MM blocks, and there- Subsequently, HF/6-31@,p)/MM normal mode calculations
fore affect the normal mode eigenvectors that also determinare carried out following energy minimization for these con-
the IR intensity according to Eq22). For the formamide— figurations. A typical predicted IR spectrum is shown in Fig.
water complexes, we found that the first source is mainly4(a), in which the vibrational frequencies anet scaled. The
responsible for error in the high frequency modes corremean solvent induced shift in the=€0 stretch, and symmet-
sponding to the water motion, while the second source isic and antisymmetric N—H stretches are also given. Clearly,
more severe in the cases of low frequency intermoleculathe uncertainties of the frequency shift are still rather large
modes. particularly for the N—H stretches, and more points are
(b) Solvated formamide molecule. To provide an addi-needed to obtain fully converged results. Compared to the
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simple water—formamide complexes discussed above, the
shifts in the frequencies and intensities are larger in magni-
tude in the water sphere. For instance, the shifts of theQC

stretches, symmetric and asymmetric N—H stretches in the
molecular complexes are less than 30, 60, and 30'cne-

spectively, while the values in the water sphere are around
60, 188, and 155 cit, respectively. Evidently, this is due to L ad3
the fact that the formamide molecule is polarized by larger 1.399

1.518™
1.519

number of solvent molecules in the water sphere. The current %égg 1518 1120
protocol is a rather efficient procedure to determine solvent 1424 1539 1126
induced shifts in vibrational frequencies and intensities. It is 1530 1132

an altemat.'ve to t.he traditional me't_hOd where the V'brat'onalzlG. 5. Optimized structure of butanol at different levels, showing heavy
spectrum is obtained by the Fourier transfo®T) of the  atom bond lengths and angles. The numbers are shown in the following
dipole—dipole correlation function obtained from molecular order from top: full HF/6-31@,p); HF/6-31Gd,p)/MM with three different
dynamics calculation® The current QW/MM normal mode QMMM partitions (as indicated with dotted lingspure MM with the

. . . . CHARMM22 force field. Distances are in Angstrom and angles are in
approach is flexible in the sense that a computationally eCoegrees.
nomic methodsuch as AM1/MM can be used to efficiently

sample configurations and that only limited number of en-

ergy minimization and normal mode calculations have to be—CsHG(OH) —C,H,4(OH), and —CH(OH) group as the QM

perf\cl)\;metlj at a more rerl]lab(l;:ﬁgel. ution { he My P respectively. As described previoudR),a link hydro-

q N a?? ex(z;lmme t € h contr|| ution tr)om tde ith gen atom is added to the boundary QM carbon to saturate its
eg'\rﬂel\jsgpéle:e om..tl)n I_:Ig(bl),lt.e resu tsharerc]) taine ,W'th valence. The position of the link atom is optimized during

no contributions. It Is seen that the error In t eenergy minimization, and it does not interact with any MM

ylltaratlgt)na}I flrequenJ|¢s |sthrather Sm?"avéhp'lﬁéhat If(?[r the.IRatoms explicitly. It should be noted that all the bonded terms
Intensity 1S fargeé. LUsing the uncouple solutions Im'involving both QM and MM atoms are computed in the

proves the situation significantly, as shown in Fig)4If the QM/MM calculations.

CPHF corresponding to the solvent molecules within 4A The optimized structures are presented in Fig. 5, and the
arqund the oxygen atom in the formamide are solved exac_tl redicted IR spectrums at varieties of levels are shown in
while the rest, 76 oqt of 89 water molecules, are trea}ted wit ig. 6. Unlike the formamide—water case, the QM and MM
the uncoupl_ed solution, the resul_ts be.CO”.‘e very Sat'S’f"’mtOWegions are directly bonded and are strongly mixed in the
For comparison, the four calculations in Fig. 4 take 10.3, 4'5normal modes. Therefore, it is not straightforward to select

4.7, gnd 5.5 minutes, respectively, on a Linux Alphamodes for frequency scaling, and unscaled results are shown
machine. in Fig. 6

h TOMS/K/IHI\]/Imanir? ' ZIV? have detmtt_)nstrlfltedﬁl_n_th|t3 tsectlog_tl:at The structures from different calculations are all quite
eQ method 1S computationally elficient 10 predict ;5 the largest differences occur for te-C—Cangle,

envwglnmleRnFalt |nd!:cgdffrequte_ncy Sp!ﬂh I_t can _als_(;_glv? rG(“j"jli/vhere the full MM and QM/MM with the third partitioning
sonable IR intensity information, which Is a signincant a “scheme(see Fig. % give values~7° smaller than the full

vantage over the pure MM _methodg us_ing standard forch or QM/MM calculations with larger QM regions. Simi-
field which do not consider dipole derivatives during param- 12 1o the case of formamide—water. the full MM frequencies
etrization. We have also shown that the MM CPHF contrib—are in good agreement with the sc,alled full QM resitst

ute little to the vibrational frequencies but significantly to the shown, with a RMS error of 48 cm'. The IR intensities, on

IR |nten5|t|e§. The uncouple.d CPHF approxmaﬂgn IS USU3pe other hand, are rather different at the two extreme levels,
aI_Iy very satlsfactor_y, and gives much better IR |nten5|t|esas illustrated by Figs. (@ and Ge). The overall agreement
with _Ilttle computational cost compared to completely Ne-yonween the predicted QM/MM and the full QM spectrum is
glecting the MM CPHF. quite encouraging, even for the QM/MM calculation with the
smallest QM part. It is interesting to notice that even with
one —CH(OH) group described at the QM level, the overall
spectrum shows rather significant improvement over the pure
As the next example, we consider the IR spectrum ofMM result, especially in terms of the IR intensities. By care-
butanol, where the partition between the QM and MM re-fully inspecting the vibrational frequencies, we found that for
gions is across a covalent bond. The purpose of this exampkvery QM/MM calculations there is a mode with1800
is to illustrate the effect of QM/MM partition and link atom cm™* which involves mainly the —CHunit at the QM/MM
on the normal modes. boundary. This value is much higher than that for the corre-
Optimization and normal mode analyses have been peisponding modes predicted by the full QM and pure MM,
formed for thetrans-butanol at five different levels: full QM, ~1600 cm ! and~1400 cm %, respectively. Therefore, it is
full MM, and three QM/MM calculations with different clearly an artifact due to the presence of the link atom. This
QM/MM partitions. The QM level here is taken to be HF/6- mode is hardly noticeable in the spectrum shown in Fig. 6
31G(d,p), and MM is the CHARMMZ22 force field* As il- due to its very small IR intensity.
lustrated in Fig. 5, the three QM/MM calculations take the  To further compare QM/MM and full QM results and

B. Butanol: The effect of QM/MM partition and link
atom on normal modes
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illustrate the link atom effect, we have calculated the overlambnormally high frequency mode-1800 cm* mentioned
between the eigenvectors from these two sets of calculationabove. The full QM eigenvector that has the largest overlap
The largest overlap values for each normal mode at differentith this QM/MM mode involves the motion of more than
QM/MM levels are summarized in Figs(aéJ—7(c). Most of  one (CH,) unit, as illustrated by the bottom structures in Fig.
the overlap between the QM/MM and full QM results are 7. At the QM/MM level, however, this mode becomes more
larger than 0.75, suggesting that the motion predicted by thkcalized, as shown by the structures in the middle of Fig. 7.
QM/MM method is consistent with the full QM calculation. This is due to the existence of the link atom, which still
There are several regions where the overlap values are smahfluences the Hessian matrix elements of the boundary QM
~0.5. This suggests that the QM/MM normal modes corre-atoms implicitly, despite the fact that its explicit contribution
spond to a linear combination of several modes predicted @b the Hessian has been projected out according tqZ3j.

the QM level. This mixing effect is most significant for the The effect of the second projection step specified by Eq.
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FIG. 7. Largest overlap of QM/MMsee text normal mode eigenvectors and the full QM results for the three QM/MM partitions for butanol. Res{dls in

(b), and(c) are obtained with the QM/MM partition 1, 2, and 3, respectively, indicated in Fig. 5. Also shown are the eigenfatotois displacements are
indicated by arrowsfor the abnormally high frequency mode due to the presence of link atom in the QM/MM calculation, along with the mode that has the
largest overlap from the full QM calculatiofbottom structure The number with and without parentheses are the full QM and QM/MM frequencies,
respectively.

(30) is illustrated in Fig. 8 with the first QM/MM partition as atom effect when applying QM/MM methods to large sys-
the example. Figure(8) shows the largest overlapgm per- tems.
cend between the QM/MM normal modes without the sec-
ond projection and the overall translational/rotational eigen- . o
vectors of the actual molecule without the link atom. Onlyc' A model_ transition state structure in triose
the low frequency vibrational modes are “contaminated” to phosphate isomerase  (TIM)
a significant extent. In Fig. (8), the relative shifts in the One important area for applying the QM/MM frequency
vibrational frequenciesin percent due to the projection de- calculation is in modeling transition states of enzymes. First,
fined by Eq.(30) are plotted. Although only the low fre- normal mode calculations are useful during the optimization
guency modes are affected significantly, the effect is als@f transition states with the Quasi—Newton based
observable in the high frequency region. The effect of thealgorithms>! Second, the vibrational frequencies and eigen-
second projection on the eigenvectors is insignificant, withvectors at the saddle point are essential for the reaction path
the overlaps between unprojected and projected results vefgllowing algorithms as well as rate constant calculations.
close to unity for nearly all the modérot shown. As a simple example, we consider a model transition
For butanol, the overall QM/MM predicted frequencies state structure for the triosephosphate isomefabd) cata-
and eigenvectors are in reasonable agreement with the fulyzed reactio'® As shown in Fig. 9, we include the singly
QM calculations in the presence of the link atom, with mostprotonated imidazole and a model enediolate substrate. The
modes having a large overlap with the full QM eigenvectorstransition state corresponds to the intramolecular proton
Nevertheless, the link atom does produce artifacts in the notransfer within the substrate. As found in more extensive
mal modes, e.g., certain modes become more localized consalculations? this is not the rate limiting step of the TIM
pared to the full QM results. This observation once agaircatalyzed reaction. It is included here as an example to dem-
highlights the importance of carefully examining the link onstrate that a QM/MM description for the active site is sat-
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isfactory, as compared to full QM. Since full QM calculation For myoglobin and hemoglobin, numerous studies have
has to be carried out for comparison, only one histidine resibeen concerned with effect of electric field in the heme ac-
due is included in the current model, which is described withtive site generated by the protein environment on the stretch-
the CHARMM22 force field in the QM/MM calculation. For ing frequency of CO bound to the heme irffilo examine if
comparison, the corresponding transition state of the isolatedn MM treatment of the environment can predict the fre-
substrate in the gas phase is also included. The QM levejuency shift of the &0 stretch, we have constructed a
here is B3LYP/6-3+G(d,p).%® The gas phase structure is simplified model for the active site of myoglobin. Three
optimized with GAUSsIAN94>* while the model enzymatic complexes have been calculated, whose structures are shown
transition state is obtained using the TRAVEL module inin Fig. 10. The first complexcom_i) is a simple model for
CHARMM with the conjugate peak refinement algoritfitn. jsolated CO-heme system, which has been used in several
To avoid large distortion of the structure from that in the previous studied’ The second completcom_h1) includes
enzyme, the position of the,Gn the substrate ands(C,in an additional imidazole molecule, which mimics the distal
the model histidine were fixed during the Optimization. histidine in myog'obin_ In the third Comp|e6com_h2), the

As shown in Fig. 9, the imidazole polarizes the oxygengrientation of the histidine is altered from thatdam_h1, so
atom in the substrate such that the transition state comess tg orient the NH proton of the imidazole away from the
later, if we imagine the proton being transferred from the leftco. such different distal histidine orientations have been
to the right. The imaginary vibrational frequency is loweredqgnsidered in previous studies of the CO stretching
by nearly 200 cm* compared to that in the gas phase struc-frequency®® The QM level in this set of calculations is
ture. This would significantly reduce the tunneling effect in B3LYP 5 and the basis set is the all electron set of double-
enzyme compared to the gas phase. At the QM/MM levely ey quality from Ahlrichs and co-worke?8Due to the size
the polarization effect is weaker judging from the longer o the systems, no polarization functions have been added in
histidine—oxygen distance, although the transition statg,q geometry optimization or normal mode analysis. In the
structure is very similar to the full QM result. The shift in the QM/MM calculations, the heme—CO complex is the QM
imaginary freque_zncy is smaller;50 cm * than th_at_from the part, and the imidazoles itcom_h1 andcom_h2 are treated
fuII_QM_caIcuIatlon. Thus, the QM./MM _descr|pt|on of the with the CHARMM22 force field. To avoid large changes in
active site, although approximate, is satisfactory. the relative orientation of the imidazole and model heme in
com_h2, the position of the Fe, and that of the CE1, HE1
atoms of imidazole are fixed during geometry optimization.
The optimized structures are shown in Fig. 10, and selected

In the previous examples, all the calculations have beenormal modes are shown in Fig. 11.
carried out for main group elements. In this section, we shall We begin by examining the trends from the pure DFT
illustrate the application of DFT/MM method to systems calculations. First, it is noted that the optimized Fe—CO dis-
containing transition metal elements that are more difficult tatance of 1.76 A incom_i is in good agreement with experi-
treat with molecular mechanié$ Specifically, we present a mental measurement of a model heme comliex7 A),%°
study of a simplified model for the active site of myoglobin. as well as with theoretical calculatio®.720 A with more

D. A simple model for the active site of myoglobin
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FIG. 9. (8 A model transition state structure in the triosephosphate isoméfdbt) catalyzed reactions. The number without parentheses are full B
3LYP/6-31+G(d,p) results, and these in the parentheses are QM/MM results with the CHARMM22 model histiiliitie corresponding structure in the
gas phase. The arrows indicates the eigenvector correspond to the imaginary mode. The distances are given in f&egsteoins

C-Fe-N: 178.2 C-Fe-N: 176.6 (176.5) C-Fe-N: 176.7 (177.0)
O-C-Fe: 179.6 O-C-Fe: 178.0 (178.0) O-C-Fe: 174.2 (174.5)
com_i com_hl com_h2

FIG. 10. The optimized structures for a simple model for the active site of myoglobin. Numbers without parentheses are obtained with full Qléhealculati
(see text for detail Numbers in parentheses are obtained at the QM/MM level with the model histidine treated with CHARMM22 force field. Numbers in
brackets are from recent x-ray study in Ref. 62. Distances are given in Angstroms.
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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 with full QM
calculations. Numbers in parentheses are obtained at the QM/MM (exeltext and Fig. 10 captiprF-requencies are in wave numbers, and intensities are
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.

sophisticated models of the hefffeThe FeCO moiety is the CO is polarized via a weak hydrogen bond by the imida-
linear and perpendicular to the “heme” with a CO bond zole in com_h1. Also included in Fig. 11 are the normal
length of 1.174 A. Upon adding the distal groupdom_h1,  mode displacements in terms of internal coordinates, ob-
the Fe—CO distance gets shorter while C—O becomes moikgined from the Cartesian displacements with the Wilson B
stretched by 0.006 A due to the polarization from the distalyatrix 30 Clearly, the so-called CO stretch mode involves
group. The Fe—CO distance of 1.747 A IS 1N goqd agreemer’gigniﬁcant amount~25%, of Fe—C stretch. In other words,
with the latest x-ray stud§ as well as with previous theo- the Fe—Co bond character is also altered in this mode, in

re;ﬂc;a] ce}lculat|on§.' Intergstlng[y, the effect of the.dlstal addition to the Fe—CQr backbonding framework as com-
histidine incom_h2 is to slightly increase the Fe—C distance . . .
mented on in the literatur®.Furthermore, it is seen that the

and shortens the C—O bond compared to the caserof i, . , i ,
indicates that the interaction between bound CO and the hi<=© stretch mode involves little heme motion, and is mostly

tidine in the orientation ofom_h2 is unfavorable. In paral- Perpendicular to the heme plane. This observation has impli-
lel to the structural changes, the vibrational frequencies incations for the interpretation of recent photoselective spec-
volving CO vary rather significantly in the three complexes.troscopic measurements using CO stretch as the [fobe.
In Fig. 11, we show that the normal mode corresponds to th€alculations with a larger heme model and protein environ-
CO stretch. The vibrational frequency drops 32 ¢nfor ~ ment are in progress.
com_h1, and increases by 10 cthfor com_h2. In other The QM/MM geometries are very close to the full QM
words, we predict that the CO stretching frequency inresults as shown in Fig. 10. The trend in the vibrational
com_hl is lower than that incom_h2 by ~40 cm *. Itis  frequency shift is well reproduced at the QM/M level. The
interesting to note that this trend is in disagreement to the,.. . compared to the full QM result is 8 ehand 15 cm'*
calculations gf Oldfield et al. based on electric field (. com_h1 andcom_h2, respectively. As to the IR inten-
consideratior?® From the electric field generated by the di- _. L ) .
sity, the results are qualitatively correct in terms of the sign

pole moment of histidindsee Fig. 1 in Ref. 5®)], they ' e
propose that the CO stretching frequency in a conformationa]:f)r the effect of the distal group, but quantitatively too small

substate similar tcom_h1 would be higher than that in " the magnitude. o
conformational substate of typeom_h2. The discrepancy The last .two e>.<amples s.how .that the po!arlzatlon effect
between the current study and their model might be due t§0m the residues in the active site of proteins can be cap-
the geometrical limitation of our model, and will be studied tured to a reasonable degree with the QM/MM treatment.
further with calculations in the full protein environméft. This observation further justifies the use of QM/MM meth-
However, it appears reasonable to observe a lower C©ds in probing the influence of the protein environment on
stretching frequency inom_h1 compared t@om_h2, since  both the electronic and dynamic properties of its active site.
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