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A method for calculating the chemical shielding tensor of any atom with the QM/MM approach has been
developed. The method is described and applied to a number of model systems including the water dimer,
NMA —water complexes, cytosine monophosphate, paired and stacked nucleic acid bases, imidetzdle
complexes, and'ideoxyribose-metal ion complexes. The results demonstrate that with an appropriate QM/
MM partition, good descriptions of the environmental effects on chemical shift tensors are obtained. The
typical error compared to full QM calculations is-2 ppm for heavy atoms. At distances below 2.5 A, such

as occur in hydrogen bonding, larger errors arise due to the lack of Pauli repulsion and magnetic susceptibility
of the nearby groups in the current QM/MM model; including the hydrogen bonded molecules as part of the
QM region is a way of solving this problem. The method is also applied to a simple model of myoglobin
CO and it is shown that the significant influence from the distal histidine on the shielding of Fe and CO is
well reproduced by a QM/MM calculation. Application to the chemical shift of the 1-N nitrogen in nicotin-
amide adenine dinucleotide (NAD, relative toN-methyl nicotinamide, gives good results, indicating that
accurate chemical shifts can be obtained for specific atoms in large molecules that cannot be treated by QM
at the MP2 level. The effect of solvation on the chemical shift of water was also studied with the QM/MM

approach in a molecular dynamics framework. The test calculations described in this paper demonstrate that

the QM/MM method for estimating shielding tensors and chemical shifts is a useful approach for large
systems.

I. Introduction ties such as chemical shielding tensors within the DFT frame-
work are of considerable importance. The Hohenbétghn
variational principle requires extension in the presence of a
magnetic field because the exchange-correlation density func-
tional depends on both the electronic density and the paramag-
netic current density* Use of such a functional is the basis of
the current-density functional theory (CDF¥)16 However, in
most implementations, the standard exchange-correlation func-
I?lonals, independent of the current density, are used. This is
justified, in part, by the work of Handy et &€ who found that

the effect on the computed chemical shielding from the para-
magnetic current in the exchange-correlation functional is rather
small. With DFT, it is possible to treat systems of up to about

Nuclear magnetic resonance (NMR) is a widely used tool
for studying the structure and dynamics of chemical and
biological systems ranging from small molecules to proteins
and nucleic acidsMany measurable parameters are of interest,
including chemical shifts, spiaspin coupling constants, the
nuclear Overhauser effect (NOE), and relaxation times. Although
chemical shifts are determined and assigned in an essential ste
of any NMR study, it has been shown only recently that they
can provide useful information for protein structure determi-
nation? In some cases, chemical shift constraints have been
found to be essential for the refinement of protein structéires.

The theory of chemical shielding was developed many years dth | i g ith
ago? and calculations of chemical shielding tensors for diatomic 100 atoms, and the results are generally in good agreement wit

molecules were made in the early 1906Gs,t only in the past ~ €XPeriment. The errors are in the range of 10 ppm'Grand
decade havab initio methods and density functional theories 20 PPM for*N for the isotropic component of the shielding
(DFT) been used for the prediction of chemical shielding for t€nsors’” The errors are reduced by about a factor of 2 at the
larger system&A new implementation of the gauge including MP2 levelt in calculations for small moleculégImplementa-
atomic orbital (GIAO) methoimakes it more efficient and tion of the sum-over-states density functional perturbation theory
directly competitive with the individual gauge for localized (SOS-DFPT) with IGLO choice of gauge origins by Malkin
orbitals (IGLOY and localized orbitals/localized origins (LORG) ~and co-workers has also given good restiThe good agree-
approache8which are not easily extended to correlated wave ment between SOS-DFPT and experiment has been rationalized
functions. For small molecules containing up to 10 heavy in terms of the use of improved Kokigham eigenvalues, which
atoms!? high-accuracy calculations based on Mihd CCSD-  are introduced by a somewhatl hocproceduré? The effect
(T)22 ab initio theories have been made within the GIAO of spin—orbit coupling on the chemical shielding in systems
framework. Since DFT is the most useful quantum mechanical containing heavy elements has also been studiggplications
technique for larger system3 particularly where metal ions  include organic molecules such as unusual carbon catfons,
are involved, implementations for calculating magnetic proper- organometallic compounds,and zeoliteg? as well as models
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for interactions in protein& These results illustrate the power that the calculated chemical shifts were in only qualitative

of computations in providing guidance for experimental spectral agreement with experiment if the X-ray structure was used.
assignment and in improving our understanding of the factors Improved results were obtained when sidechain conformations
that affect the chemical shielding tensor. were optimized with eithelab initio quantum chemical or

For macromolecules, including proteffiand nucleic acid3 empirical methods, suggesting that the crystal orientations were
useful empirical and semiempirical methods for chemical shift Not the correct conformers in solutions; DFT gave better values
estimates have been developed. They are based on measurdfian HF for the shielding tensotsBrischweiler et af’ have
values for different systems, augmented by semiempirical recently used the SOS-DFT approach to analyze the effect of
calculations. The recent increase in the number of protein the environment of*N chemical shift anisotropy (CSA) of two
structures determined by NMR has made possible a simple, yetGIn residues in ubiquitin. The environment was modeled by
useful, empirical description for proton chemical shifts. The Partial charges, and the coordinate sets were obtained from
model includes electric field effects, the contribution of the Molecular dynamics simulations. It was found that the effect
magnetic susceptibility of other atoms or groups, and close- ©n CSA could be significant; the range of values was on the
contact interaction? The electrostatic effect is usually treated order of 16 ppm, relative te-144 ppm. In the active sites of
with the Buckingham formul&” which works well for proton ~ Zeolites, Truong and co-workéf$® have used point charges
chemical shifts, but little has been done f6€ and 15N,28 to mimic the Madlung potential; they calculated chemical shift
especially for chemical shift anisotropies. The magnetic sus- Of absorbed Nkl in good agreement with experiment. Ap-
ceptibility contribution, mainly from carbonyl groups and proa'ches for calculating chemical shielding with the polarizable
aromatic rings, is usually treated in the magnetic dipole continuum model (PCM) have been reported by Cremer €t al.
approximation with the McConnell equati#hThe close contact ~ and Tomasi et &?
term has been modeled by use of the Drude model for The present treatment is a general approach to chemical
dispersiori® Although it is now recognized that the close contact Shielding calculations within the QM/MM framework. It is part
term originates mainly from the Pauli repulsion, rather than from Of the CHARMM program that can be used for minimizing a
dispersior?d-3Lthe Drude form is kept in most applications since Structure or doing molecular dynamics. In this way, it becomes
the two effects have a similar distance dependence and thebossible to relate the predicted shielding to the structure and to
parameters involved are obtained by a fitting procedure. Such determine the contribution of the chemical shielding anisotropy

empirical approaches have been demonstrated to be useful irf© SPin relaxation, for exampfé.Although much attention has
protein structural refinemeft. been paid on theverall correlation of protein secondary or

To complement these empirical approaches and to treat nucleitertiary structure and 9hef.“‘°a' shieldir_1_g, little w_ork has been
other than the proton, it is important to be able to calculate done to probg the s_hleldmg for specific group in a Igrge_
chemical shielding with high accuracy for specific groups in a moleculg. An.mterestmg example concerns metal bmdigg sites
large molecule. This requires a method that treats the shieldingOf nuglelc ac.'dsi where the effeCt.Of the metal 68 or N
chemical shielding of bases or ribose has not been treated

of only part of the system in detail and describes the environ- accurately with an empirical approach. QM/MM is ideally suited
ment by a simpler and fast approach. QM/MM methodoldgies for such a problem, in which both the local structure and its

are well suited for this purpose. Recently, we have developed fluctuations plav a role

and implemented vibrational calculations in the QM/MM ) play . . N

framework with the QM part treated by HartreEock or DFT Section Il briefly describes the theory of chemical shielding

and the MM part treated with an empirical (CHARMM) fo;ce calculations within the QM/MM framework, and section I
applies the method to test cases that illustrate its accuracy and

field.®® Analytical methods for calculating the Hessian matrix N o i ; :
and infrared intensities were described. It was shown for model potential utility. The conclusions are presented in section V.

systems (including formamide in water, a model transition state )
structure of triosephosphate isomerase and a simple active sitd!- Méthod and Implementation

model for CO binding to myoglobin) that satisfactory results We follow the standard QM/MM frameworRPin which the

can be obtained for the effect of the environment treated by system is partitioned into two parts: the important part is treated
MM, as compared with fulab initio calculations. In the current  \ith quantum mechanical methods, and the environment part
work, we extend the QM/MM method to the calculation of the s described with molecular mechanics methods. In the present
chemical shielding tensor. We describe the method, its imple- gpplication, the QM part is treated with either the BF¥® or
mentation in Gaussian 98,and illustrate it by a number of  pmp2 approach.

applications, including the water dimeN-methylacetamide The chemical shielding tensor in a large molecule like a
(NMA) —water, cytosine monophosphate, base pairing and protein is usefully divided into terms that arise from the
stacking, imidazole, 'ideoxyribose-metal ion systems, and an  ejectronic structure of the atoms of interest as perturbed by the
active site model of myoglobinCO plus the example of NAD environment and additive contributions from other parts of the
We have chosen the Gaussian program for the present developsystem. The former includes primarily the electrostatic effects
ment because it has an efficient implementation of the GIAO rising from the partial charges on the MM atoms, and the latter

approach at various QM levels, including Hartréeock, DFT,  includes the contribution anisotropicmagnetic susceptibility
and MP2. Implementation of the QM/MM m'ethodology with  tensors of aromatic and carbonyl groups. F3€ and 5N
other QM and MM programs should be straightforward. shielding (unlike protons), which are our main concern, these

A number of related studies have appeared. de Dios%®t al. latter effects are relatively sméH,and they are not considered
have considered the electrostatic effect of the environmentin the present work except in certain cases (e.g., the water
represented by partial atomic charges or electric field gradients.dimer); magnetic susceptibility correction could be treated, of
Good results were obtained for small model systems, and course, by an empirical formufe&® For open-shell transition
computed chemical shift results were found to be useful in metal atoms, the susceptibility is very large for high-spin systems
relating the observed chemical shifts to the secondary structureso that their effect has to be included if they are close to the
for a number of proteins. For valine sidechains, it was observed nucleus of interes® Such metal atoms are considered to be
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part of the QM region. Finally, there is the effect of the close
contact of the atom of interest with nearby groups. In the current
formulation, this effect is not included and it is the major origin
of errors in the QM/MM shielding at short range. Some details
of the approach are presented with the specific examples.
I1.1. Electrostatic Contribution to the NMR Chemical

Shielding. With the GIAO ansatz, the atomic basis functions
are taken to be field dependent (London orbitals); that is,

7,(B) = exq ~ 5 (BXR) ®

%.(0)

where they,(0) is the standard Gaussian atomic orbiRuand

r are the position vector of the nuclei and electrons, respectively,

B is the external magnetic field, amis the velocity of light.
The chemical shielding tensary, for nucleusN is then given

by the second-order response of the electronic enErgyth

respect to the external magnetic fidddand nucleic magnetic
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Whereo-’i\I is thejith component of the shielding tensé,is the

ith component of the external magnetic field, ang is thejth
component of the magnetic moment of nucl®u©n the right-
hand side of eq 4),,, is the atomic orbital (AO) density matrix
element corresponding to tteb initio method employed and
h., is a matrix element of the one-electron Hamiltonian in the —
GIAO basis. The isotropic component is defined as one-third

of the trace of the shielding tensor, and the anisotropy is defined

as €3 — (e1 + €)/2), whereg; are the eigenvalues of the
symmetrized shielding tensor (+ ¢")/2; symmetrization is
necessary becauseis not a symmetric tensor.

In the current implementation of QM/MM, the MM atoms
polarize the wave function of the QM region as point charges
and contribute tofj’}‘ in two ways. First, the MM atoms modify
the density matrixD,,, and makemplicit contribution through
the first term on the r.h.s. of eq 2. Second, the MM atoms
influence the derivatives of density matrixD,,/dB;, and
therefore make contribution tq’i\' through the second term on
the r.h.s. in eq 2; this term wast mentioned in previous related
work,2® although it appears to have been included in the program
(TX90%*) used in the calculations. This can be shown explicitly
for the case of HartreeFock (HF), where the derivative of the
density matrix for a closed-shell system has the fojj{ =
3% CiiCa):

8DSCF
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The Uj?,‘ are the expansion coefficients of the derivative of the
MO coefficients with respect to the external magnetic field; that
is,

£3 B;
C:,C,j + C;C, U2

®)

aCﬂp 3 all

B;
qu,uq

“4)

q

To obtain the independent occupied-virtual block of tfe
matrix, the coupled-perturbed HartreBock (CPHF) equations
are usedPthey are (see also Ditchfield)
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where the rhs of eq 5 is given by

h occ.
=2 Cd

B! =

€)Ug + z Z[@lmmm— @amjigus =12 (5)
—+ Z Z C,lm

(dol||vA
C,+
occ.

zSﬁn@m limH- Se, (6)

The redundant occupietccupied and virtuatvirtual block
of the UB matrix is specified from the derivative of the
orthonormal condition of the MOs,
Up,+ S+ Ug =0 @)
In the above equations, the Latin letters indicate MO indices
and the Greek letters indicate AO indices. ThandC,; are
the orbital eigenvalues and eigenvectors of the Fock matrix,
respectively. Théio||vACandlh|[jmCare the anti-symmetrized
two-electron integrals in the AO and MO representations,
respectively, ancﬁj3k is the derivative of the overlap matrix
with respect to the external magnetic field.
The MM atoms makexplicitcontribution to the one-electron
integral derivative with respect to the external magnetic field

in eq 6,
@k Leln 5 2@
4@ e

Specifically, the MM partial charges augment the one-electron
operatorh with an electrostatic '[ermzNMM —eQ/IR. — T,
whereQ. is the MM partial charge; therefore, the MM atoms
contribute to the first and third term in the rhs of eq 8. It is
important to emphasize that the MM contribution represented
by eq 8 is for the CPHF with respect to tegternal magnetic
field. Therefore, one should not confuse the present case with
the earlier resut? that the CPHF solutions with respect to the
MM nuclear displacementontribute little to the Hessian matrix
elements (although significantly to the IR intensities). In our
calculations, we found that the MM contribution from eq 8 is
essential for obtaining accurate values for the shielding tensors
of the QM atoms. Many programs, such as Gaus¥iargn
handle point charges in energy calculations. Thplicit MM
contributions to properties such as the chemical shielding (i.e.,
the effect from the point charges on the converged density
matrix) can be accounted for without modifying the code.
However, MM atoms also make contributions through the CPHF
equations; this is basically what has been added to the Gaussian
program.

It is also straightforward to consider the MM contribution to
the chemical shielding tensor at the DFT level if the standard
current-independent exchange-correlation functional is used. In
such a framework, the formulas are in the same form as that
for HF, (i.e., egs 2 7). The difference is that the CPHF eq 5
has to be replaced by the CPKS equation that includes exchange-
correlation contribution$! The MM atoms make explicit
contributions to the CPKS equations in the same fashion as in
eq 8. In the SOS-DFPT approach of Malkin et®althe MM
atoms contribute indirectly by modifying the Fock matrix

xu(B
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elements that influence the excitation energies and the termsThe influence of Pauli repulsion can also be introduced with

involving the gauge factor®:152

For correlated wave function based method, such as MP2,

the expression for the chemical shielding tensor is identical in
form to eq 2. The difference is that one uSdghe MP2 density
matrix, D%, often referred as the “relaxed” or “response”

density matrix!® and its derivative with respect to the external

magnetic field,aDy 73B;; i.e., eq 2 is replaced by
. oy N D)2 ah,,
Oji [MPZ] = D‘Lw + (9)
#zv B 8mNJ ; B 8mNj

The MP2 density matrix is expressed in terms of the orbital

one-electron effective potentials such as these used in the
effective fragment potential methd8.

lll. Test Applications

In this section, we describe some applications that illustrate
the QM/MM method for calculating shielding tensors. Since
the primary goal is to compare QM/MM results with full QM
calculations, only moderate basis sets of doubdds polariza-
tion quality have been used in most cases. Related issues such
as the effect of QM/MM partition are also considered.

III.1. Water Dimer. A number of previous studies of the
water dimer used the QM/MM method to describe hydrogen
bonding with one water treated by QM and the other by MM.

eigenvalues and two-electron integrals, and the MM atoms makeSatisfactory results have been obtained for the geometry and

implicit contributions by modifying the orbital eigenvalues. The
derivative MP2 density involves the derivatives of the Fock

energy, as well as for the vibrational frequendi®s:33The
chemical shielding of the water dimer has been studied

matrix elements, two-electron integrals with respect to magnetic previously by QM method3t Here, comparisons are made
field, and the CPHF solutions. For detailed expressions, we referbetween calculations treating the entire system by QM and by

the reader to ref 11. Here, the MM atoms make contributions
to the one-electronic parts of the Fock matrix derivatives and
the CPHF solutions, as in eq 8. In the similar spirit, it is possible
to extend the QM/MM methodology to higher correlated QM
levels such as CCSD or CCSD(T).

In short, given a program that is capable of performing a
QM calculation of the chemical shielding, it is rather straight-
forward to add the MM contributions not only at the levels of
HF and DFT but also at the MP2 level. The main modification
is related to the contribution from the MM atoms to the
derivatives of the one-electron matrix elements in the GIAO

QM/MM with one water molecule described by QM and the
other by MM.

The structure was first optimized with full QM, and the
shielding tensors for the oxygen and hydrogen atoms were
calculated as a function of the distance between the donor
hydrogen and the acceptor oxygen at full QM and at QM/MM
levels. All other geometrical parameters were fixed at the values
in the minimum energy structure. The QM level used was
B3LYP%%6-311G(d,pp® and the MM calculation used the
flexible modified TIP3P modé€t? In the QM/MM calculations,
either the donor or the acceptor water molecule was described

basis with respect to the external magnetic field. This appearswith QM. The chemical shift of the two oxygen atoms and

in the CPHF(KS) equation for HF and DFT and also in the
derivative of the excitation amplitude in the case of MP2. In
the current work, we implemented the QM/MM method with
Gaussian98?

11.2. Possible ExtensionsThere are several extensions that
could increase the accuracy of the QM/MM shielding calcula-

selected hydrogen atoms, relative to the isolated water molecule
as the reference, was calculated. In the full QM calculations,
care was taken to correct for the basis set superposition error
(BSSE). The counterpoise correctidmwas carried out at each
geometry by calculating the shielding of the water monomer in
the presence of the basis functions on the other water molecule.

tions. Only monopole interactions are included in the present The results are shown in Figure 1 as a function of the distance

implementation. More accurate treatment of the MM electro-
static effects through higher multipoles or distributed multi-
poles® can be added straightforwardly, and they all contribute
only through eq 8.

Multilayer QM/MM methods have been proposed recently
by a number of authot$*8to allow a balanced description of
the polarization involving both the QM region and immediate

between the donor hydrogen and the acceptor oxygen; the value
of R at the dimer minimum is 1.932 A.

As found in a number of previous studig<f the full QM
results for the dimer show that the counterpoise correction for
BSSE has a significant effect on both the isotropic and
anisotropic shielding of the donor and acceptor oxygen atoms.
At short distances, the correction can be as large as 45 ppm for

neighbor atoms. For example, we have implemented a numberthe chemical shift anisotropy (CSA) of the acceptor oxygen.

of multilayer QM/MM methods where the immediate neighbor
of the QM atoms is treated with either effective fragment
potential4® (EFP) or semiempirical (SE) methods. The interac-
tion between the QM and SE/EFP is calculated explicitly in
contrast to ONIOM-like method¥;this is important for polar

The large magnitude could be due to the fact that no diffuse
functions, which usually decrease BSSE, were included in the
calculations. To verify this, a number of calculations with the

6-311++G(d,p) basis set were carried out. As expected, the
effect of BSSE becomes much smaller; for example, it was 4

systems, such as enzymatic active sites. It would be possible toppm compared to 45 ppm for the CSA of the acceptor oxygen

implement chemical shielding calculations in these multilayer
QM/MM methods. It should be noted that, in this respect, the
present methods that include polarization explicitly are to be
preferred over the recipes that treat polarization effentdic-
itly.#” Property calculations with the outer layer(s) described
with force field or semiempirical method in the ONIOM-like

atR = 1.75 A when the 6-311G(d,p) basis is used. The BSSE
corrected isotropic shielding of the oxygen atoms was increased
by a few ppm at larg® (R > 1.95 A for the donor oxygen and

R > 2.5 A for the acceptor oxygen) and decreased at short range
(R < 1.95 A for the donor oxygen anR < 2.5 A for the
acceptor oxygen). The latter is likely to be due to the Pauli

framework is less straightforward because no general algorithmrepulsion between the two water molecules, which causes a

exists for computing NMR shielding tensors at those levels.
Finally, as mentioned earlier, one may combine the QM/MM
method with an empirical approatiso that environmental

depletion of electron density between th&hmAs depicted
schematically in Figure 1, the least shielded principal compo-
nents for the oxygen atoms are perpendicular to the molecular

influence other than electrostatics (e.g., more distant magneticplane; the most shielded principal componeats,in Figure 1,

anisotropy effect® or the Pauli repulsion effect) are included.

form angles about £5and 150, respectively, with the two ©H
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Figure 1. Comparison of the full QM and QM/MM chemical shielding parameters (in ppm) for the water dimer as a function of the hydrogen bond distance. QM is B8h¥Wi-311G(d,p) and the

MM water is described with modified TIP3P mod&.(in A) is the distance between the donor hydrogef) @hd the acceptor oxygen f The arrows indicate the directions of the shielding tensoys;
(not shown) is the least shielded component, asds the most shielded component. The shielding tensor components (see text for definition) are plotted with the isolated water molecule asd¢he rBeren
the calculated values for the isolated molecule are 333.1/22.1 ppm for oxygen and 31.4/17.4 ppm for hydrogen. The QM_CP data are obtained wétpdliee q@m) correction for BSSE, while %
QM_NO_CP results are obtained without invoking the CP correction. Fpthd CP has very small effect on the anisotropies, so that the QM_CP and QM_NO_CP curves overlap. N)
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bond vectors. The anisotropy of the acceptor oxygen follows a water is described with the modified TIP3P mddah the QM/
trend similar to that of the isotropic component, while that of MM calculations. For the consideration of distance dependence,
the donor oxygen keeps increasing as the internuclear distancghe chemical shifts were calculated relative to isolated NMA
gets shorter. For Hthe hydrogen bonding hydrogen, and H  and water; for the angular dependence, the chemical shifts were
the isotropic components decrease monotonically as the twodetermined relative to the linear, coplanar NMwater con-
water molecules approach each other. The anisotropy of thefiguration.

donor hydrogen atom increases monotonically as the inter-  Figures 2 and 3 show that the effect of BSSE on'f@and
nuclear distance gets shorter, while that for the acceptor 15\ shift is much smaller than that observed for the oxygen
hydrogen atom shows the opposite trend, but on a much smalleratoms in water dimer. As was the case for the water dimer, the
scale. The former was noted by Ditchfiéftiwho pointed out  counterpoise correction always brings the full QM results closer
that the large change in proton anisotropy is a more sensitivets the QM/MM values. When the water molecule approaches
indicator of hydrogen bonding than the change in the isotropic from the side of amide proton, as in Figure 2a, only the chemical
shielding. _ _ shift of the nitrogen atom is affected significantly. The least
The QM/MM results are seen from Figure 1 to be satisfactory gpjelded principal component; in Figure 2, is at an angle of
for the isotropic chemical shift at distances greater than 2.5 A. a¢¢ \ith respect to the NH bond vector. The directions of
The error becomes significant when the doracceptor distance  {he principal shielding components are not much affected by
is reduced further, itis as large as 7 ppm for the acceptor oxygenihe distance between the NMA and water. The principal
at the minimum distanceR(= 1.932 A). In general, the QM/ component perpendicular to the NMAvater plane, oz,
MM results are in much better agreement with the full QM jocreases as a function of the watBiMA distance, while the
values than are the QM calculations without counterpoise j pjane principal components increase as functions of the
correction. Also, the QM/MM results are all monotonic functions  jistance. The isotropic component of the N atom follows the
of the internuclear distance. This supports the argument thatSame trend as the donor oxygen in the water dimer. The CSA
the decrease in chemical shielding at short distance is dueqt e N atom decreases as the distance decreases, while the
primarily to the Pauli repulsion effect, which is not included ~ga increases for the donor oxygen as the two water r;1o|ecules
explicitly in the evaluation of the QM/MM shielding tensor. It approach each other. The QM/MM results are in good agreement

§uggests that hydrogen bonded water molecules .have to bQ/vith the full QM calculations, except for distances shorter than
included as part of the QM system, but that more distant ON€S 7 3 A where the Pauli repulsion effect becomes important.
can be treated with the QM/MM model.

For the anisotropies of the chemical shift, a similar trend is
observed; i.e., the QM/MM results are close to full QM

calculations at large donemacceptor distances (down to about in F_igure 2b. Ir_1 the _first case, the NM/water hydrog_en bond
2.5 A). An exception is the anisotropy of the donor hydrogen, deviates from linearity as the water molecule moves in the NMA

where a large difference (around 7 ppm at the optimum plane. In the second case, the water moves out of the NMA

hydrogen bond distance, 1.932 A) is observed for mostdistances.pli?e,w'th a lone pair pointing to the amide proton. Sitkoff et
This can be partly explained by the magnetic susceptibility of & discussed the angular dependence of the shielding of the
the water molecule. The effect on chemical shift can be @mide proton in similar systems using the SOS-DFPT/IGLO-
estimated from the McConnell equatidhthat is, IIl approach. They found that the DFT result could be fitted
well by the Buckingham formufé only if a water model with
AG — X grrT 10 lone pairs (e.g., ST9), rather than a simple three-site model
- Bs (10) (e.g., TIP3P), was used to treat the electrostatic polarization.
To determine if the same behavior is found with the QM/MM

where¥ is the magnetic susceptibility tensor of the perturbing approach, we tested both the ST2 and TIP3P model to describe
group (the acceptor water molecule in our case) sl the the MM water. The computed chemical shifts for both the
vector pointing from the center of this group to the probe hitrogen and the amide proton are shown in Figure 2b. For both
nucleus. Although thg of water has a rather large isotropic ~the in-plane and the out-of-plane cases, the QM/ST2 and QM/
value (about 22 ppm A/molec[;ﬂ@’ it is nearly isotropic. TIP3P calculations give very similar results. Both calculations
According to eq 10, such a magnetic susceptibility has very give satisfactory isotropic proton chemical shifts as functions
little influence on the isotropic shielding of the probe nucleus, of the bending angle. The CSA of the amide proton in the out-
but it can have a large effect on the shielding anisotropy. With of-plane case is poorly described by both QW/MM calculations.
the values of given in ref 57, the contribution of the acceptor  The change in the QM/MM results as a function of the bending
water on the shielding anisotropy of the donor hydrogérisH angle is too small, as compared with the full QM values. This
calculated to be 6.8 ppm at 1.75 A and 3.1 ppm at 2.25 A, presumably is due to the fact that the oxyge@itrogen distance
respectively. This is about half of the discrepancy between the becomes rather short as the bending angle increases; it is about
full QM and the QM/MM results (12.6 and 5.4 ppm, respec- 2.8 A when the bending angle is 8and Pauli repulsion is
tively). At longer distances, the McConnell equation gives nearly likely to be important. The chemical shifts of the nitrogen atom
the entire difference between the QM and QM/MM values; it are only qualitatively reproduced by the QM/MM calculations.
equals 1.6 ppm & = 3.25 A and the correction given by the  For the in-plane case in the full QM calculations, the perpen-
McConnell equation is 1.5 ppm. The residual error at smaller dicular principal componentyz,, decreases significantly, and
distance is probably due to the absence of the Pauli repulsionthe CSA increases significantly, as a function of the arggle
contribution in the QM/MM model. In the QM/MM calculations, the calculated changes in the
I11.2. N-Methylacetamide (NMA)—Water Complex. As perpendicular principal component are smaller than the corre-
another hydrogen bonded system, we examine the NMater sponding QM values, which results in too small an angular
complexes shown in Figures 2 and 3. This is of particular interest dependence for the CSA. For the out-of-plane case, the largest
because NMA is the standard simple model for the protein change occurs in the most shielded component The
backbone. The QM level here is B3LYP/6-311G(d,p), and the calculated changes in both the isotropic and anisotropic com-

The dependence of the chemical shift on theHN:-O angles
of the hydrogen bond between the NMA and water are shown
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Figure 2. Comparison of the full QM and QM/MM chemical shielding parameters (in ppm) foNtheethylacetamide (NMAYwater complexes

as the water approaches the amide proton. QM is done with B3LYP/6-311G(d,p), and the MM water is described with the modified TIP3P model.
The arrows indicate the directions of the shielding tensersis the least shielded component, angis the most shielded component. In (a), the
N—H---O(water) is kept linear as the HNO distance R) varies. The shielding components (see text for definition) are measured relative to the
separate NMA and water; the shielding is 139.4/125.6 ppm for the nitrogen atom. The QM_CP set of results are obtained with the counterpoise(CP)
correction, while QM_NO_CP are obtained without invoking the CP correction. IrR(is,fixed at 2.20 A, as the NH-+-O angle varies with

either the water moving in the NMA plane (characterized by the aéipter out of the NMA plane (characterized by the angleThe chemical

shielding parameters are measured relative to the result for line&-+O.

As the probe water molecule approaches the carbonyl group

ponents from QM/MM calculations are significantly smaller than
(see Figure 3), the chemical shift of both the carbonyl group

the corresponding QM values.
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Figure 3. Comparison of the full QM and QM/MM chemical shielding parameters (in ppm) foNtheethylacetamide (NMA)water complexes

as the water approaches the carbonyl group. The O(wéter)O(NMA) angle is linear in the calculations. The notations correspond to that in

Figure 2a. The absolute shielding for the carbonyl C, O, and N in isolated NMA are equal to 14.9/418.8/661.8, and 139.4/125.6 ppm,

respectively.

and the nitrogen atom are affected substantially. For the carbonconsistent with the different directions of electronic polarization
atom, the isotropic component decreases as the water approaches the two cases. The trend of the chemical shifts of the carbonyl
the carbonyl group, and starts to increase at distances shortepxygen atom is similar to that of the acceptor oxygen in the
than 2.3 A. The chemical shifts of the oxygen and nitrogen water dimer (Figure 1). The change in the CSA for the oxygen
atoms, on the other hand, are monotonic functions of the atom is on the order of 60 ppm, while those for the nitrogen
distance. The signs of the chemical shift for both the carbon and carbon atom are much smaller in magnitude. The QM/MM
and nitrogen atoms are negative, in contrast to the case whereesults are in good agreement with the full QM calculations, as

the water approaches from the NH side (Figure 2). This is seen in Figure 3, except for short distances.



Chemical Shifts in Large Molecules

<2236
1.408 © (2.434)

1.485 (1.431)
(1.432‘% 0, (1501 o 0,
o8 Cy @é %ﬁ
& 1.523

(1.547) Qg Q@f ©
Cs 2
@%

Cy-0,-C4-Cy: 16.3 (12.6) [20.6]
Cy-Cy-Cy-Cy" 36.4 (37.9) [39.0]
Cy-Cy-C4-0,: -33.1 (-32.5) [37.3]
C5-Cy-0,-Cys 140.8 (135.9) [143.9]
05-C5-C4-0,: -71.3 (-76.0) [-59.6]
P-O5-C5-Cy: 145.8 (142.1) [167.7]

CMP

J. Phys. Chem. B, Vol. 104, No. 15, 2008729

The distance between the same hydrogen and the phosphorus
ranges from 3.11 to 3.69 A (with an average of 3.38 A). These
values can be compared to the corresponding values in Figure
4, which are 2.24 and 2.85 A at the QM level, respectively.
Also shown in Figure 4 are several dihedral angles that
characterize the conformation of the ribose and the orientation
of the phosphate group. The conformation of the ribose from
the QM calculation is similar to those found in the P5B stem-
loop and the leadzyme, with differences in dihedral angles of a
few degrees. The orientation of the phosphate group has a larger
variance in these two nucleic acids. The'-©Cs'—C,—0,
dihedral angle ranges from19.6° to —93.7 with an average
of —59.6°. The P-Os'—Cs'—C, dihedral angle ranges from
152.9 to 179.5 with an average of 167°7The corresponding
value in the B3LYP optimized CMP is-71.3 and 145.8,
respectively.

Despite the small basis set, the QM results are within the
experimental range. For instance, the isotropic shiftsoMNy,
and N, are 167.4, 215.0, and 73.8 ppm, respectively, relative

Figure 4. The structure of cytosine monophosphate (CMP) optimized 0 the value of 255.0 ppm for ammonia (also calculated with
with the B3LYP/6-31G(d) method and the QM/MM method (numbers B3LYP/6-31G(d)). These values can be compared to the
in parentheses). In the QM/MM geometry optimization, partition shielding in cytidine nucleoside measured in DMSO; the
Scheme 1 is used; i.e., only the base is included as the QM part (seecorresponding values are 151.8, 207.9, and 93 ppm, respec-
text). The number in brackets are averaged values fou_nd in the NMR tively.63 QM/MM calculations were performed for the shielding
f;gg;’:ﬁ;f the PSB stem-loop of tietrahymenaroup | intron and tensors at the QM optimized structure. The QM/MM computed
shielding tensors, both the isotropic components and the
anisotropies, are in good agreement with the full QM results,
at particularly when the large partition is used. With the small
partition scheme, the shielding for;Ns in poor agreement,
which is not unexpected since i at the QM/MM boundary.
This problem is alleviated in the large partition in which the
QM/MM boundary is away from N and the shielding for N

In summary, we have found that QM/MM vyields good
chemical shielding results for hydrogen bonded systems
distances larger than 2.5 A. The deviation from full QM
calculations at shorter distances is due to the neglect of Pauli
repulsion and the magnetic susceptibility of the nearby group

in the current QM/MM model. One advantage of using QM/ <" . :
is in excellent agreement with the full B3LYP result. By using

MM to describe environmental effect is that BSSE can be _ . .
avoided. This is significant, especially for oxygen atom when .the large QM region, the CSA of4Js also greatly improved,

a medium size basis set is used. i.e., from 423.8 ppm with the small partition to 464.7 ppm with
111.3. Nucleic Acid Bases.ll1.3.1. Cytosine Monophosphate the large QM partition, very close to the full QM result (462.4

(CMP). The chemical shielding tensors of atoms in nucleic acid pgm)l' Excludinlg); Nin the sn/1a|| part(ijti?r;lschemhq, Itdh_e Igrgest
bases can give important structural information, such as the 3PSO ute error between QM/MM and full QM shielding is 2.5

protonation state of the base, the base pairing/stacking pattern,anOI 1'7_ ppm for the small and the large QM/MM partition,
hydrogen bonding with water or protein, and binding modes of respectively, and the RMS errors are 0.8 ppm for t_)oth partitions.
metal ions. As the first example, we investigate the effects on 1° demonstrate the importance of the MM environment, the
the base atoms from the backbone atoms, i.e., the ribose and@lculated shielding excluding the MM atoms are also given in
the phosphate, all in vacuum. Specifically, we use the QM/ Table 1. The MM atom; contribute substantially to the shielding
MM method to calculate the shielding tensors for the base atoms©f the base atoms; typical values are ppm, but they can

in cytosine monophosphate (CMP). In both the full QM and P€ as large as 27 ppm for,O

the QM/MM calculations, the QM method employed is B3LYP The above test and observation demonstrate that the effect
with the 6-31G(d) basis sé&t.Two different QM/MM partitions of the environment on chemical shielding can be described
were tested. In the first partition scheme, only the base atomsaccurately with a point charge MM model in this case. Part of
are included in the QM region and a link atom is introduced the reason is that a very good structure, obtained at the full
between the base;Mitom and G of the ribose. In the larger ~ B3LYP/6-31G(d) level, is used in the QM/MM single-point
partition scheme, the QM region is extended to incluglea@d calculation. In actual applications, one would usually employ
the anomeric oxygen atom,@f the ribose. The MM part is  the QM/MM optimized geometry, which is different from the
treated with the CHARMM22 force field for nucleic aciéfs. full QM structure. We have also performed QM/MM optimiza-
The QM optimized structure and the important geometrical tion for CMP with the small partition scheme. This was carried
parameters are shown in Figure 4, and the calculated shieldingout with the CADPAC/CHARMM prograrf? at the B3LYP/
tensors are summarized in Table 1. The geometry is similar to 6-31G(d)/CHARMM level. Some important geometrical pa-
that typically found in nucleic acids. As examples, we consider rameters are shown in Figure 4 for comparison with the full
the geometries of nine cytosines in two experimental nucleic QM results. In general, the structure at the QM/MM level is
acid structures, the P5b stem-loop of thetrahymenagroup | rather similar to the full QM prediction, except that the
intron and a lead-dependent ribozyme. The structure of the phosphate group moves a bit farther from the base. As shown
former was determined by NM&, while that of the latter was  in Table 1, the QM/MM shieldings calculated at the QM/MM
from X-ray crystallography at 2.7 A resoluti6aThe distance optimized structure are also in general agreement with the full
between the ghydrogen in the base and the' @ the ribose QM results, although not as close as the ones calculated with
varies between 2.10 and 2.54 A with an average of 2.37 A. the QM optimized structure. The largest absolute error increased
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TABLE 1: Computed Absolute Chemical Shielding Parameters (in ppm) for Heavy Atoms of the Base in Cytosine
Monophosphate (CMP}

aton? full QM QM/MM 1 QM/MM 1 opt QM/MM2 no MM
N1 87.6/131.7 100.2/107.3 108.2/119.2 87.3/140.4 111.6/99.2
C 43.4/67.9 43.1/71.3 42.7173.6 43.8/69.3 45.7/74.8
0O, 11.8/462.4 12.2/423.8 17.4/426.9 10.9/464.7 —15.6/457.1
N3 40.2/262.1 40.9/263.4 41.6/257.9 39.3/262.3 30.7/278.0
Cy 33.7/147.7 33.6/148.5 34.3/147.6 34.3/147.7 33.2/148.0
Ng 181.2/86.5 181.6/85.5 183.0/86.8 182.2/86.0 175.2/84.0
Cs 102.5/105.6 103.8/105.6 101.1/111.4 103.4/105.0 104.2/101.7
Cs 45.7/170.4 43.2/165.0 41.3/167.7 47.4/172.1 51.8/146.0
max errof 2.5 5.6 1.7 27.4
RMS errof 0.8 2.3 0.8 7.6

aIn both full QM and QM/MM calculations, the QM is B3LYP/6-31G(d). The MM corresponds to the CHARMM22 force field for nucleic
acids. Bold faced numbers (e.g., QM/MMindicate the QM/MM partition scheme (see text). In the calculations, the full QM optimized geometry
has been used except for “QM/MMpt” where the QM/MM optimized geometry was used. For the shielding results, the number before the slash
is the isotropic component, and the number after the slash is the anisotropy (seeRekthe atomic numbering scheme, see FigureFar the
isotropic component only. For QM/MM results with partition 1, the data feidf\excluded since Nis expected to be poorly described if the small
QM/MM partition is used.

from 2.5 to 5.6 ppm, and the RMS error increased from 0.8 to shown) are very small in this particular case, presumably due
2.3 ppm, again excluding N to the rather long distance between the two basea g A).
111.3.2. Base Pairing and Stackin@he effects of base pairing  The QM/MM shielding is generally between the full QM value
and base stacking on the chemical shift are also of interest. Weand that of the isolated base. For example, the isotropic shielding
have calculated two examples to examine the accuracy of thefor N; in U13 is 92.3 and 92.5 ppm with full QM and QM/MM
QM/MM approach. One is the UG base pair and the other is calculation, respectively; that in the isolated base is 98.2 ppm.
the UC base stack. The geometries are taken from the averagedhe corresponding CSA values are 92.4, 90.4, and 79.2 ppm,
NMR structure of the P5b stem-loop of tletrahymenaroup respectively. In some cases, the difference between QM and
| intron from the Protein Data Bank (PDB). The structure is QM/MM results is significant. For instance, the isotropic
shown in Figure 5; no energy minimization was performed. The shielding for N;in C12 is 156.7 and 162.2 ppm at the QM and
QM level used was B3LYP/6-3#1G(2d,p), and MM was the =~ QM/MM level, respectively. For N in C12, the isotropic
CHARMM22 force field for nucleic acid® The base, whose shielding at the QM/MM level-11.1 ppm, is rather close to
shielding is listed, is described by QM in the QM/MM the QM value of—11.9 ppm. The anisotropy, by contrast, is
calculation. The results are given in Table 2. They compare only qualitatively reproduced; the value is 300.6 and 295.8 ppm,
full QM and QM/MM with the values for the isolated bases. atthe QM and QM/MM level, respectively. Significant portion
For the UG base pair, the largest chemical shifts, relative to of the base stacking effect on shielding is electrostatic in nature,
the isolated base with the same geometry, are on the order ofwhich is treated well by the QM/MM method. The ring current
10 ppm. They occur for the nitrogen and oxygen atoms that effect should be responsible for most of the remaining discrep-
are close to the pair partner, i.e.3 M U13, G, O4in U12 and ancies; they are not included in the present QM/MM model.
Og in G6 (see Figure 5). The changes in #8€ shielding are To summarize, we have found that with proper partitioning,
smaller in magnitude (on the order of 2 to 3 ppm). The QM/ the QM/MM calculations give satisfactory corrections for the
MM shielding is in good agreement with the full QM results environmental effects arising from the phosphate and ribose
for most atoms, except forZNn U13 and Q in G6, which are backbone, and from hydrogen bonding. For base stacking, the
involved in a very short hydrogen bond (1.832 A). This is not example given here indicates that between 50% and 68% of
unexpected from the water dimer results. The QM/MM results the stacking effect on chemical shielding of the base atoms is
for these two atoms have the correct trend compared to theelectrostatic in origin. Whether this holds more generally for
isolated bases, but the errors are larger than those for the othebase stacking will be investigated separately in a more detailed
atoms; the errors are around 5 ppm in the isotropic shielding study. Other factors, particularly the ring current effects, have
components and 20 ppm for the shielding anisotropies. For to be taken into account if highly accurate shielding results are
example, the isotropic shielding fos® G6 is—13.5 and-9.5 desired.
ppm at the QM and QM/MM level, respectively, as compared  1ll.4. Metal lon Effects. Metal ions play essential structural
with the value of —47.2 ppm in the isolated base. The and functional roles in proteiffsand nucleic acid®: In proteins,
corresponding anisotropy is 492.2, 508.3, and 558.7 ppm, several types of metal ion motifs have been recognized:
respectively, for the three cases. For the other hydrogen bond,catalytic, structural, and cocatalyfit56Well-known examples
which is longer (2.223 A), the QM/MM isotropic components include zinc-finger§? horse liver alcohol dehydrogenaie,
are in better agreement with the full QM calculations, but there metallothioneirf® and aspartate transcarbamoyl&S@. nucleic
are still notable errors in the anisotropies. For instance, the acids, they are involved in the folding of RNA and in
isotropic shielding for @in U13 is 13.3, 10.2 ppm at the QM maintaining the structuré;in ribozymes, metal ions appear to
and QM/MM level, respectively, as compared with the value be directly involved in the catalytic functiofid However, it is
of —27.9 ppm in the isolated base. The corresponding anisotropynot always straightforward to determine the positions of the
is 382.8, 388.4, and 434.9 ppm, respectively, for the three casesmetal ions in RNA by X-ray diffraction. Naand Mg" are
The atoms involved in hydrogen bonds have by far the largest usually distinguished from water only by the nature of the
changes due to base pair formation. ligands. Also, metal ions have a number of possible binding
For the UC base stacking, the nitrogen and oxygen atoms modes and the one present in the crystal may not be the one in
have changes on the order of a few ppm, while those for carbonsolution. For systems that have been analyzed by NMR,
are less than 1 ppm. The effects on the proton shielding (not computed chemical shielding can aid in determining the binding
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(a) UG base pairing

Figure 5. Geometry used for the full QM and QM/MM chemical shielding parameter calculations for UG base pairing and UC base stacking.

mode, position, and identity of the metal ion, to supplement out for comparison. The examples are designed to investigate
the X-ray data or to provide binding information without X-ray the following questions. First, can one represent the “uninterest-
data. ing” ligands of the metal ion (solvent water molecules in this
111.4.1. Imidazole-Metal lon Interaction.We consider imi- case), or even the ion itself, by MM when calculating the
dazole interacting with a solvated metal ion and compare it with shielding of atoms in molecules interacting with the metal ion?
imidazole plus a small water cluster {B)), (n = 1, 3). The Second, can one distinguish different metal ions and water
metal ions selected are Mg C&", and PB*. The lead ion binding to imidazole by examining the chemical shift of the
was chosen since it plays an essential role in a small riboZyme, later, and how significant are the differences?
which is currently under theoretical study. In both the QM/MM The optimized structures used in the calculations are shown
and the full QM calculations, the QM method is B3LYP. The in Figure 6. For the complexes with Mgor C&", the metal
basis set for the main group elements is 6-31G(d); effective ions adopt hexacoordination as expected. F&rPhowever,
core potentials (ECP) and associated basis sets from Dolg etwe were not able to find symmetric hexacoordinated species.
al.’* have been used for €3 and these from Hay et &.are Putting four or five water molecules around the lead ion yields
used for PB*. In the QM/MM calculations, the waters are structures with one or two dissociated water molecules. There-
treated with the modified TIP3P model. Several calculations fore, it appears that lead ion prefers to be four or even three
with the metal ions described as point charges are also carriedcoordinated. We have found similar trend in pure lead-ion
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TABLE 2: Computed Absolute Chemical Shielding Parameters (in ppm) for Heavy Atoms in the UG Base Pair and UC Base
Staclke

UG pair UC stack
aton? full QM QM/MM isolate base full QM QM/MM isolate base
U—N; 100.3/74.8 100.2/76.5 98.2/79.2 92.3/92.4 92.5/90.4 98.2/79.2
u-GC; 17.5/79.9 18.2/81.1 20.7/75.8 20.8/77.7 20.8/75.6 20.7/75.8
U-0; 13.3/382.8 10.2/388.4 —27.9/434.9 —30.0/438.0 —31.4/440.1 —27.9/434.9
U—Nj; 59.3/100.8 64.5/77.9 67.4/57.2 66.6/60.3 67.1/60.1 67.4/57.2
U—-=C4 12.3/108.2 13.0/107.8 12.2/109.5 10.6/116.0 10.6/112.6 12.2/109.5
U-04 —127.5/643.7 —131.3/642.6 —111.5/605.9 —92.5/580.4 —83.0/563.6 —111.5/605.9
U-GCs 70.9/113.3 71.5/113.8 73.7/111.0 74.9/111.3 76.9/103.7 73.7/111.0
U—=Cs 38.7/146.1 38.2/147.5 36.2/151.1 35.4/155.9 33.2/156.3 36.2/151.1
N1/Ny 83.4/90.3 83.9/74.7 84.7/67.5 90.6/97.4 90.7/97.1 89.1/100.2
CJC, 21.2/116.4 21.4/116.7 22.1/115.6 18.1/83.3 18.6/79.3 18.2/80.1
N2/O, 182.9/101.3 182.6/102.7 183.5/104.5 —46.6/439.6 —55.3/450.4 —60.6/457.6
N3/N3 46.3/284.6 46.5/285.2 47.4/284.0 —11.9/300.6 —11.1/295.8 —14.7/301.4
C4Cy 22.3/118.7 22.6/118.2 23.7/116.6 7.5/172.7 7.7/1169.4 7.7/1169.6
No/N4 84.6/86.0 84.5/86.5 84.5/86.9 156.7/94.7 162.2/98.7 167.0/100.3
Cs/Cs 58.9/116.4 58.8/116.3 58.1/116.4 85.2/109.6 86.7/106.1 86.8/105.5
Ce/Cs 20.9/95.7 21.1/97.0 22.0/92.9 37.0/152.8 36.5/153.0 36.1/153.9
G—0s —13.5/492.2 —9.5/508.3 —47.2/558.7
G—Ny; —28.3/409.1 —28.5/409.4 —28.8/409.0
G—Cs 45.9/98.6 45.9/98.8 46.1/98.4

aQM in both full QM and QM/MM is B3LYP, and MM is the CHARMM 22 force field for nucleic acids. Basis set is 6+33@d,p). The
geometries are taken from the averaged NMR structure of P5b stem-loop Détifednymenaroup | intron (see Figure 5). Only results for N, C,
and O are shown. For the format of the shielding results, see TaBl€hk symbol before the dash gives the base name. In cases where there are
two atoms symbols, the one before the slash is for G in the UG base pair, and the one after the slash is for C in the UC stack.

water complexes (results not included). It is interesting to see different extent of electronic polarization in the two species,
that the lead ion prefers to have an empty side in its coordinate which is indicated by the Mulliken charges on M Figure 6.
Sphere. This can be explained by the electronic configuration The |argest discrepancies between QM/MM and full QM
of the lead ion, which is nominally’slt is expected that’g* calculations occur on the¥itom in imidazole, which is directly
configuration mixes significantly such that the lone pair lobe is  coordinated to the metal ions. This is partly due to the limitation
strongly polarized andot spherically symmetric. As a result,  that no charge transfer (CT) is allowed between metal ion and
the lead ion prefers to bind to other electron donor from either water, as indicated by the Mulliken charges shown in Figure 6.
the opposite side of the lone pair or in the plane perpendicular Evidently, the metal ion is more positive when the surrounding
to the lone pair to minimize the repulsion. This is exactly what water molecules are treated with MM. This results in a stronger
was found (see Figure 6). Examination of the Cambridge electronic polarization at the coordinated atomy, M the
Structural Databageshows a number of structures with similar  imidazole, as indicated by its Mulliken charge in Figure 6, which
coordination sphere to that found here; examples are PB(NH in turn influences the value of the chemical shielding. If we
PhrCOQ"),, PbBL(OSMe),, and Pb(SCNJOSMe).. simply use point charges af2.00 to describe the metal ions,
The differences in shielding parameters for imidazole binding indicated as the “QM/MM-2" calculations in Table 3, the
with different metal ions and water cluster are shown in Table Mulliken charges on hbecome even more negative and the
3; the imidazole by itself is also shown for comparison. In shielding deviates much more from the full QM result. Compar-
evaluating the differences, we describe only the full QM results. ing the three iorimidazole complexes, we see that the error
There are significant differences in the imidazole shielding from the QM/MM calculation decreases as the metd}
among these systems; the largest differences occur fdoN  distance increases. Since the differences in the full QM and QM/
which the ligands are coordinated. For the three metal ion MM Mulliken populations on N are very similar in the three
complexes, the different metal ion radii result in different metal ~ species, this suggests that part of the error in the QM/MM
N, distances, 2.149, 2.301, and 2.445 A, forMgP?*, and calculation comes from the Pauli repulsion between the ligand
C&*, respectively. This is reflected in the trend of the isotropic waters and the imidazole, which has sensitive distance depen-
N4 shielding, 46.0, 36.6, and 29.7 ppm, for the three metal ion dence. It is also interesting to note that although the QM/MM
complexes, respectively. The CSA of, b the PB™ complex calculations give larger isotropic shielding than full QM in most
(236.7 ppm) is smaller than that for ¥tg(280.2 ppm) and Ca cases, it gives a smaller isotropic shielding in the case &f-Pb
(297.4 ppm). This is partly due to the asymmetric coordination imidazole complex. For atoms that are far from the metal ions,
sphere of the lead ion, in contrast to that of the other two metal the QM/MM calculations give good results compared to the
ions. The differences in the shielding of the other imidazole full QM values, even if the metal ion is described as a point
heavy atoms are much smaller; they are on the order of a fewcharge of+2.00. A point charge oft+1.00 is close to the
parts per million. Comparing the metal ieimidazole species  Mulliken charge from the QM calculation, and use of that charge
to the water-imidazole complexes, the largest difference occurs, for the metal ion in the QM/MM calculation yields a Mulliken
as expected, on thesdtom that is directly coordinated to either charge on M that is much closer to the QM value (Figure 6).
the metal ion or a water molecule. Nevertheless, large differ- The shielding (not shown), however, is much closer to that in
ences in the shielding, on the order of 10 ppm, are found for the isolated imidazole. It was found that a valuetdt.60 for
all the heavy atoms that are not directly involved in the the metal ion gave good shielding for.N'he chemical shielding
coordination. The two watetimidazole complexes also exhibit  parameters for the other heavy atoms are in worse agreement
rather different shielding for £ Nj, and G, reflecting the with the QM values, as compared with the QM/MM calculations
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Figure 6. Structures of imidazole interacting with solvated metal ions and a small water cluster, all optimized by full QM at the B3LYP level. For

all main group atoms except &athe 6-31G(d) basis set is used. FoPPlthe Hay-Wadt ECP and the associated basis set (ref 75) is used. For

Ca*, the Dolg ECP and associated basis set (ref 74) is used. The numbers in bold face are Mulliken charges. The numbers without parentheses or
brackets are obtained at the full B3LYP level; the numbers in parentheses are from QM/MM calculations with MM water molecules; and the
numbers in brackets are from QM/MM calculations with both the metal ions and water molecules treated with MM.

using a point charge of2.00 for the metal ion. This suggests we expect that Pauli repulsion makes significant contributions
that the metal ion must be treated quantum mechanically in at short hydrogen bond distances. For thg dafom in the
chemical shift calculations for its ligands. imidazole, which forms a rather strong hydrogen bond with

For the watetrimidazole complex, the MM description of  water, the isotropic component from the QM/MM calculation
the water molecules yields satisfactory results for the isotropic is rather similar to the full QM value, but the CSA from the
shielding. From the water dimer and NMAvater complexes,  two calculations deviate substantially.



3734 J. Phys. Chem. B, Vol. 104, No. 15, 2000 Cui and Karplus

TABLE 3: Computed Absolute Chemical Shielding Parameters (in ppm) for Atoms of Imidazole Binding to Solvated Metal
lons or a Water Cluster?

Mg2+ cat
aton? full QM QM/MM QM/MM-2 imidazole full QM QM/MM QM/MM-2

N1 90.6/151.2 88.3/159.4 90.5/154.9 106.5/117.0 92.4/148.1 90.9/152.4 91.9/150.0

C 73.5/118.4 72.7/1122.7 73.0/120.6 83.0/106.0 74.7/118.9 73.9/121.0 73.7/119.2

Cs 69.0/110.3 69.2/110.0 71.7/109.1 65.6/90.6 70.0/109.6 71.3/110.1 70.9/109.2

Na 46.0/280.2 65.5/249.0 68.1/252.2 —7.6/397.3 29.7/297.4 34.3/282.5 55.6/281.5

Cs 62.0/105.3 61.5/107.8 64.7/105.5 67.2/109.1 63.0/104.1 63.2/105.6 64.6/103.6

PRt H2o (H20)3
full QM QM/MM QM/MM-2 full QM QM/MM full QM QM/MM

N1 88.7/159.5 88.6/162.9 91.3/153.0 106.0/120.6 106.3/119.2 104.9/123.0 105.8/120.7
C 71.4/121.7 73.0/122.6 72.8/119.6 82.5/104.8 83.0/105.1 82.8/104.2 83.1/104.5
Cs 74.1/109.6 74.8/112.3 71.8/110.5 63.3/98.3 63.5/97.7 70.0/108.5 69.1/109.5
N4 36.6/236.7 17.2/226.4 64.2/256.8 1.8/362.8 3.9/375.9 13.7/336.0 10.0/361.7
Cs 62.3/113.6 63.9/115.2 63.9/108.3 68.5/109.4 68.5/109.2 58.4/112.2 61.8/104.4

a2 QM in both full QM and QM/MM is B3LYP. For all main group atoms except Ca, the 6-31G(d) basis set is used. For Pb, t\W&athy=CP
and the associated basis set (ref 75) is used. For Ca, the Dolg ECP and associated basis set (ref 74) is used. In the QM/MM calculations, the water
molecules around the metal ions are treated with the modified TIP3P model. In the QM/MM-2 calculations, the metal ions are treated with point
charges of+2.00. For the format of the shielding data, see footnote of Tabté=ar atomic numbering scheme, see Figure 6.

l11.4.2. 1'-Deoxyribose-Mg?* Interaction. To determine if +0.95
the above observations about the QM/MM shielding calculations £ +1.73)
hold more generally, we examined-deoxyribose interacting (+1.57)
with a solvated (five water molecules) magnesium ion. The (+1.42)

optimized structure at the B3LYP/6-31G(d) level is shown in [+2.00]
Figure 7, and the predicted shielding parameters are summarized

in Table 4. From the structure, we see that two water molecules

bound to Md@", labeled W and W in Figure 7, are also -0.69
involved in a hydrogen bond with the anomeric oxygea@d (-0.71)
with O3’ in the X-deoxyribose, respectively. The hydrogen bond (-0.70)
between Wand Q is very strong, reflected by its short distance (-0.70)
(1.621 A). To determine the relative importance of charge [-0.88]
transfer and electrostatic effects for the shielding, a series of [-0.72]
QM/MM calculations with zero, one (Y, and two (W, W,)
water molecules treated with QM have been carried out as
indicated in Table 4. A calculation with a point charge model
for Mg?™ was also performed. In these QM/MM calculations,
the ribose is described by B3LYP.

For QM/MM calculations with all MM water molecules, all
ribose shielding parameters are in good agreement with full QM
values, except for those of,Q05', and Q, which are either in
close contact with Mg, or hydrogen bonded to the water
molecules. When Wis treated with QM, the shielding of {5
greatly improved, largely due to the improvement in the
electronic distribution around Hwhich is reflected by the
change of its Mulliken charge (Figure 7). The shielding ¢f O
and Q' remains in poor agreement with the full QM results.
When both W and W, are treated with QM, however, all
shielding parameters are in excellent agreement with the full
QM calculation. The Mulliken charges on,Gand Q' change
little, which suggests that the improvement in their shielding is
mainly due to the inclusion of the Pauli repulsion effect from
the QM Wb. It should be noted that the Mulliken charge on the  rigyre 7. Structure of %deoxyribose interacting with solvated
magnesium is still rather large;1.42, compared to the full QM magnesium ion optimized at the B3LYP/6-31G(d) level. The numbers
results of+0.95. If we use a point charge af2.00 for the in bold face are Mulliken charges on the magnesium ion at the full
Mg?2*, but treat W1 and W2 with QM, the obtained QM/MM QM and QM/MM_(numbers in pare_ntheses) levels. The numbers in
shielding parameters of all the atoms except &e in good bra::kets are Mulliken charges obtained from the “2QM, 3MM, MM

. , - Mg calculations (see Table 4), where the WMds treated as a point
agreement with the full QM results. The'@s strongly polarized charge of+2.00 or+1.00.
in this case, as indicated by its largely negative Mulliken charge.
Evidently, the charge transfer effect does not have to be from the full QM calculation (Figure 7). Accordingly, the
completely correct to obtain accurate shielding, if the atoms of shielding for Q’, 288.2 ppm, is close to the full QM value of
interest have reasonable charge. If a point chargé00 is 289.5 ppm. The shielding for other atoms, however, are in
used for M@", the Mulliken charge on @is close to the value ~ somewhat worse agreement with the QM values compared to

-0.68
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TABLE 4: Computed Absolute Chemical Shielding Parameters (in ppm) for 1-Deoxyribose Interacting with Solvated Mg 2

QM/MMe®

aton® full QM 0QM, 5MM 1QM, 4MM 2QM, 3MM 2QM, 3MM, MM Mg 2QM, OMM
O. 250.7/90.0 267.8/107.6 251.4/90.9 250.9/90.8 251.8(246.1)/94.0(94.2) 250.5/90.9
c/ 117.0/56.0 113.9/53.3 116.1/55.2 116.1/55.1 117.3(117.2)/56.9(58.2) 114.9/53.6
(o 111.7/38.4 110.2/40.0 111.1/38.9 111.2/38.3 111.8(114.0)/37.6(31.4) 108.8/42.2
o% 289.5/67.2 307.2/72.8 304.1/70.0 291.3/72.3 306.3(288.2)/104.2(69.5) 280.8/67.5
Cs 114.1/40.8 113.8/40.7 114.5/40.0 113.6/40.8 113.8(114.3)/41.4(43.0) 112.5/39.1
(oX; 294.5/44.2 304.4/54.5 302.8/54.6 295.0/43.4 294.4(289.4)/43.0(46.7) 296.4/41.9
C/ 103.3/40.7 102.6/41.4 103.2/41.9 103.1/41.1 103.2(104.5)/41.3(39.9) 102.7/41.6
Cs 124.6/35.6 124.2/36.0 124.7/35.9 124.7/35.8 124.6(123.7)/35.8(36.0) 124.9/36.0
Os 306.3/104.5 306.1/104.2 306.5/103.8 306.4/103.8 306.3(303.5)/104.2(106.8) 306.7/103.3

2 For the format of the shielding parameters, see the footnote a of TablEot.atomic numbering scheme, see Figuré Ih. the QM/MM
calculations, the "ideoxy-ribose and a selected number of water molecules are treated with QM (see text), the rest of the water molecules are
treated with the modified TIP3P model. In the “2QM, 3MM, MM Mg” calculation, the @igs treated with a point charge ef2.00 or+1.00
(numbers in parentheses). In the “2QM, OMM” calculation,, W-, and Mg" are treated with QM, and the other water molecules are not included.

the QM/MM results obtained with a point charge $£.00 shielding is tabulated in Table 5. Upon binding of the imidazole
for Mg2*. in com_h1, the isotropic shielding and the CSA of Fe and O

From the examples in this subsection, we see that to undergo significant changes; the effect on the carbon in CO is
accurately predict shielding of atoms close to the metal ion, smaller. Incom_h2, the shielding of Fe and C change in the
ligands of the metal ion have to be treated at the QM level to directions opposite to that inom_h1. Part of the difference
allow charge transfer. Sometimes satisfactory shielding valuesbetween the two species originates from the-Edoond lengths,
can be obtained even when the charge transfer effect is not fullywhich are 1.747 and 1.783 A imom_h1l and com h2,
described, if the atom of interest has an appropriate Mulliken respectively. Comparing the full QM and the “no MM” results
charge. Since the effect from Pauli repulsion is rather important in Table 5, which are obtained at the optimizean_h1/com_h2
at short distances, an MM description is usually not adequate geometries excluding the effect of the imidazole, it is clear that
for molecules forming hydrogen bonds with the atoms of the influence from the imidazole on the model heme is more
interest. For atoms more than 2.5 A from the metal ions and its Significant incom_h1. This is expected since the imidazole is
ligands, an MM description of the metal environment, or even much closer to the model hem€O moiety in that case. We
the ion itself, is sufficient to derive rather accurate chemical also note that the difference between #€ shielding in the
shielding parameters; in some cases the contributions are as largvo species is of opposite sign from that 60; this is in
as 20 ppm. agreement with the previous study of the electric field effects

II1.5. Model for Liganded Myoglobin. Myoglobin is a on CO chemical shift%%.ln the study of McMahon et alla
protein for which extensive chemical shift data concerning the Number of spectroscopic data and DFT calculations on model
binding site exist. McMahon et &l.have carried out a series heéme-CO compounds were used to determine the orientation
of experimental as well as theoretical investigations of chemical of CO in a series of heme proteins. The effect of the histidine
shifts in model systems that mimic myoglobin (Mb). They ©n the chemical shift, which was not included by them, is
examined the effect of ligand (CO) bending and tilting on the Significant according to the present calculations. However,
57Fe, 13C, and’O chemical shifts but they have not explicitly further gnalyss is required to determine whether it alters their
considered the environment. Here, we present results for aconclusions.
simplified Mb-CO model that includes the distal histidine, and ~ The QM/MM calculations are in fair agreement with the full
has been used in illustrating QM/MM vibrational calculatidhs. QM results for bottcom_h1 andcom_h2, especially if the full
Three structures are considered, as shown in Figure 8. The firstQM geometry is used. Most importantly, the differences in the
structure, referred asom |, is an isolated model hem&€O chemical shielding of the two species given by the QM/MM
complex, which is calculated with full QM. The two other calculations are very similar to the full QM results. Thus, in
structures, referred asom hl and com h2, respectively, this case the QM/MM calculation has the accuracy required for
includes an imidazole that represents the distal histidine in two distinguishing different conformers.
different orientation, which correspond to two substates of 1ll.6. 1-N Chemical Shielding in NAD™. Previous studies
myoglobin8! The three systems have been calculated with full have shown that MP2 calculations tend to give more accurate
QM and with the QM/MM method. In the QM/MM treatment, chemical shielding results than DFT with a current-independent
the QM system consists of the model heme and CO, and theexchange correlation functiondl’ However, the expense of
imidazole is described by the CHARMM22 force fiekiThe such calculations at the MP2 level is very high. It has been
QM calculations are performed with B3LYP. The basis set used estimated that on a standard workstation computer, one can
in the geometry optimization is the doulleset from Ahlrichs afford systems with up to 200 basis functions if no symmetry
and co-workerg? In the chemical shielding calculation, a larger is present! A recent integral-direct implementation has ex-
all electron (9s5p2d) basis set is used for Fe, and the 6-31G-tended the limit to about 400 basis functidis\evertheless,
(d,p) basis is used for the main group elements. To avoid large MP2 shielding calculations remain prohibitive for larger mol-
changes in the relative orientation of the imidazole and model ecules. This makes the QM/MM approach particularly important
heme incom_h2, the position of the Fe, and that of the CE1, for performing MP2 shielding calculations for only one part of
HE1 atoms of imidazole are fixed during geometry optimization. a large molecule.

The optimized structures are shown in Figure 8, in comparison ~ We illustrate this possibility by calculating the shielding for
with the data from recent high-resolution X-ray stif@ylhe the 1-N atom in nicotinamide adenine dinucleotide (NAD
effect of the distal histidine on the CO-heme geometry is not an important redox coenzyme. It has been shown experimen-
large, and is well reproduced at the QM/MM level. The chemical tally8? that the shielding of 1-N in NAD is downfield by 16-
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C-Fe-N: 178.2
O-C-Fe: 179.6

com_i

C-Fe-N: 176.6 (176.5) C-Fe-N: 176.7 (177.0)
0O-C-Fe: 178.0 (178.0) O-C-Fe: 174.2 (174.5)
com_hl com_h2

Figure 8. Structures of simple models for myoglobi€O optimized with the QM and QM/MM method (numbers in parentheses). The numbers

in brackets are from a high-resolution X-ray structure of-8I© (ref 80). In the QM/MM calculation, the model hem€0O complex is described

with B3LYP, and the model distal histidine (imidazole) is treated with CHARMMZ22 force field. The basis set used in the geometry optimization
is the doubles set from Ahlrichs and co-workers (ref 79). In the chemical shielding calculation, a larger all-electron (9s5p2d) basis set is used for
Fe and the 6-31G(d,p) basis is used for the main group elements.

17 ppm, depending on the solvent and pH values, relative to calculations have been carried out at both the B3LYP and MP2
the N-methyl nicotinamide. The effect has been rationalized in level, with the 6-31G(d) basis set. Calculations at the B3LYP
terms of the electron withdrawing character of the ribose moiety level with a larger 6-311G(d) basis set have also been
of NAD*.83 We examine the role of the ribose in the present performed to confirm the smaller basis set results.

QM/MM calculation. The structure dil-methyl nicotinamide The geometries of NAD and N-methyl nicotinamide are
was optimized at the level of B3LYP/6-31G(d). The structure quite similar, as expected (Figure 9), with the largest difference
of NAD* was optimized with the QM/MM method starting with  about 0.02 A in bond length. The computed shielding for 1-N
the geometry taken from the X-ray structure of NADound in N-methyl nicotinamide with Nklas the reference, are 194.8,
to the horse liver alcohol dehydrogen&$eThe QM/MM 196.0, and 222.7 ppm, at the B3LYP/6-31G(d), MP2/6-31G-
partition used for the calculation is indicated in Figure 9. The (d), and B3LYP/6-311G(d) level, respectively. These deviate
QM part corresponds td-methyl nicotinamide, which is treated  substantially from the experimental value-©209.0 ppm. Part
with B3LYP/6-31G(d). The MM parameters are from the of the erroris likely to originate from the neglect of the solvent
CHARMM22 force field for nucleic acid&? The shielding effect. For MP2, the small size of the basis set may also
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TABLE 5: Computed Absolute Chemical Shielding Parameters (in ppm) of a Model for Myoglobin (Mb)-CO2

com_hl
aton? com i full QM QM/MM © QM/MM optd no MMe
STFe —10117.5/3213.5 —9643.0/3151.7 —9701.0/3171.8 —9839.4/3159.8 —9827.1/3212.6
15C —61.3/479.5 —64.1/492.3 —63.6/486.4 —63.9/488.1 —64.7/478.7
170 —109.2/926.9 —82.8/892.4 —90.3/899.5 —92.8/904.0 —113.7/928.1
com_h2

full QM QM/MM ¢© QM/MM optd no Mme
STFe —10383.4/3258.9 —10412.9/3268.1 —10458.7/3289.3 —10329.8/3240.6
15C —56.8/472.6 —56.6/470.8 —56.0/469.0 —56.9/478.0
170 —108.9/928.2 —111.4/929.8 —109.8/925.5 —101.3/923.2

2The QM level here is B3LYP. The basis set used in the geometry optimization is the dosbteérom Ahlrichs and co-worker&.In the
chemical shielding calculation, a larger all-electron (9s5p2d) basis set is used for Fe, and the 6-31G(d,p) basis is used for the main group elements.
For comparison, the shielding for C and O in free CO are, 2.8/403.7 ppm-&Adr/710.9 ppm, respectively. For the format of the shielding
parameters, see footnote a of Tablé The atoms are the iron atom in the model heme and the carbon and oxygen atoms in the carbon monoxide
bound to the iron® The QM/MM chemical shielding tensors at the full QM geometry. In the QM/MM calculations, the imidazole is described by
the CHARMMZ22 force field ¢ The QM/MM chemical shielding tensors at the QM/MM optimized geomeétihe imidazole is not included in the
calculation. The geometry of the model heme-CO is that in the full €vh_h

X@ AG*° N, Exp: 17.0

1.223 © 19.1/-30.9
(1217 1.366

(1362) (20.5/-32.8)

[17.0/-28.1]

Figure 9. Geometry and chemical shielding for NAGnicotinamide adenine dinucleotide, reduced form). The geometry for NidADptimized

with the QM/MM method with the partition indicated by the wavy lines the figure. The values in the parentheses are geometrical parameters for
the N-methyl nictoniamide, optimized at the B3LYP/6-31G(d,p) level. The bold numbers are the relative chemical shielding for the 1-N atom in
NAD* compared toN-methyl nicotinamide, calculated with the QM/MM approach. The numbers are obtained with the B3LYP/6-31G(d); the
numbers in parentheses are calculated with the B3LYP/6-&(#,p); and the numbers in brackets are computed with the MP2/6-31G(d) method.
The numbers before the slashes are the isotropic components, and these after the slashes are the anisotropies.

introduce some error. The sugar pucker conformation of the solvent corrections have been included. Nevertheless, this
ribose may also influence the shielding of, Nalthough the example illustrates that one can obtain useful results with the
magnitude of the effect should be smaller than that on the ribosyl MP2/MM approach for large molecules that cannot be treated

carbon atoms found in previous studi@$® The relative as a whole with the MP2 method, though in the present case
shielding for the 1-N in NAD and N-methyl nicotinamide, the MP2 correction is small.
however, are well reproduced by all the methods used. The 1ll.7. Solvent Effect on Chemical Shielding.The effect of

calculated values are 19.1, 20.5, and 17.0 ppm at the B3LYP/solvation on chemical shielding is of great importance because
6-31G(d), B3LYP/6-311+G(d), and MP2/6-31G(d) level, re-  most reactions of interest occur in solution. Several continuum
spectively, compared to the experimental value of 18 ppm. dielectric models have been used, and qualitatively correct
In this case, the relative values are not very sensitive to the results were obtained for small solute molecules including
size of the basis set, which justifies the use of small basis setwater8® CH;CN, and CHNO,.3°

with MP2. The excellent agreement between the MP2 result  As an example of the QM/MM approach, we study the solvent
and the experimental value certainly is fortuitous, since no effect on the shielding of water. The problem has been
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investigated by a number of authors. Malkin et’ahnd Chesnut 4
et al®”" calculated the chemical shift of liquid water relative to (@)
the gas phase with the supermolecule/MD approach. The results 35.]
were found to depend rather sensitively on the force field used
in the MD simulations, and values ranging fren20 (with the
CFF-91 force field in Discovéf@) to —47 ppm (with the
potential developed by Bopp, Jaricand Heinzinge¥) were
obtained for the & chemical shift. Empirical approaches have
also been applied to the same problem, although the results are 1
considerably worse? goo(® 2]

In the present calculations, we carried out molecular dynamics ]
at 300 K for a 16 A water sphere with a deformable stochastic 1.5+
boundary potentigi® Water molecules beyond 12 A from the ]
center of the sphere were treated with Langevian dynamics (LD), 1]
while Newtonian dynamics (MD) was used for the molecules 1
in the interior. The LD/MD division was updated every 25 steps 0.5]
to take account of the water molecules that move across the ]
boundary. Two water potentials were tested. The first one is -
the standard rigid TIP3P mod&and the second is the flexible 0 1 2 3 4 5 6 7 8 9
TIP3P model developed by Pettitt et°alA time step of 2 fs 1(A)
was used in the simulation with the rigid TIP3P model, and a
value of 0.2 fs was used with the flexible water model. The )
system was first equilibrated starting from 100 to 300 K for 10 )
ps, and the production run was then carried out for another 10 3.5 y
ps. QM/MM calculations were carried out for 100 snapshots ]
separated by 50 integration steps. The QM region included the 33
central “solute” water molecule plus the “solvent” water
molecules within 3 A. This usually gives a cluster size of 7 to 257
8 and includes all the water molecules directly hydrogen bonded ]
to the one of interest. Water molecules within 10 A of the
“solute” are included as the MM part. A number of test
calculations without the MM part indicated that the MM
contribution is about 5 ppm for the oxygen and 0.5 ppm for the
hydrogen atoms. The QM level is B3LYP/6-311G(d,p), and 1
counterpoise (CP) corrections were included by computing the i
chemical shift of the central water in the presence of basis ]
functions on the other QM atoms. Test calculations with a larger 0.5 N
basis set (6-31t+G(d,p)) for 10 configurations from the 1
trajectory with the rigid TIP3P model showed that the B3LYP/ ol — .
6-311G(d,p) approach with CP correction gives reasonable, 0 1 2 3 4 5 8 7 8 9
though approximate, shielding for water in the cluster relative 1(A)
to the water monomer; typical errors are 7 ppm for the oxygen Figure 10. The oxygem-oxygen pair distribution functiongoo(r),
and 0.5 ppm for the hydrogen atoms. calculated with 40 (point dash), 100 (dash), and 250 (solid) configura-

The O-O radial distribution functions, @(r), computed tions from the molecular dynamics calculations. The plot in (a) was
using 40, 100, and 250 configurations are presented in Figureobtained with the rigid TIP3P model, and (b) was obtained with the
10. During the calculation of g(r), only the pairs including ~ flexible TIP3P model of Dang and Pettitt (ref 91).
the oxygen atom in the central water were counted to avoid i .
effects due to the boundary condition. The distribution of has converged, even when only 100 configurations are used.
isotropic shifts and CSA calculated for the 100 snapshots are TS suggests that using 100 configurations in the NMR
plotted in Figure 11. The autocorrelation functions of the calculations should be sufficient.
isotropic and anisotropic shifts for the oxygen and hydrogen  The results from the rigid and flexible TIP3P models are
atoms are shown in Figure 12. The cross-correlation functions rather close, especially for the hydrogen atoms. The isotropic
for the oxygem-hydrogen shifts are also plotted. For the shifts for the oxygen atom differ somewhat more; they-a2&.6
correlation functions involving hydrogen atoms, the average and —22.3 ppm with the rigid and flexible water model,
values for the two hydrogen atoms in the central water molecule respectively. The range of the chemical shifts found in the
are presented. The-@D radial distribution functions in Figure  different configurations are rather large using either water model
10 are in reasonable agreement with previous theoretical (See Figure 11); they vary from60 to 10 ppm and from-40
studie§'92and experimental measuremefi3he height ofthe  to 30 ppm, for the isotropic and anisotropic shielding of the
first peak in @o(r) obtained with the rigid TIP3P model is  oxygen atom, respectively. On average, the shift in the oxygen
somewhat higher than that obtained with the flexible TIP3P CSA is rather small;-3.2 and 0.2 ppm, using the flexible and
model. Oscillatory behavior is observed igdfr) at distances rigid water model, respectively. For the hydrogen atoms, the
larger than 4 A, which is likely to be due to the limited number isotropic shift ranges from-7 to 1 ppm, and the anisotropies
of configurations €250) sampled in the calculations. However, lie between—5 to 25 ppm. The average values for the two
it is seen that the structure obg(r) at distances less than 4 A quantities are-2.9 and 7.7 ppm, respectively, with the flexible
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Figure 11. Distributions of chemical shielding of oxygen and hydrogen atoms in the central water molecule in a 16 A water sphere. The chemical shielding pegasaktalated relative to the taggedo
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Figure 12. Autocorrelation and cross-correlation functions of the isotropic shifts and CSA for the oxygen and hydrogen atoms in liquid water. For
the correlation functions involving hydrogen, the average results for the two hydrogen atoms in the central water molecule were considered. Plots
a—f were obtained with the rigid TIP3P model, andHm) were obtained with the flexible TIP3P model of Dang and Pettitt (ref 91).

TIP3P model; the corresponding values a5 and 6.0 ppm, appears rather regular. The corresponding autocorrelation func-
respectively, with the rigid TIP3P model. tion with the rigid TIP3P model, by contrast, shows less regular
There is noise in the computed correlation functions (Figure structure. This suggests that the internal vibration of the water
12), because of the small number of configurations. Neverthe- molecule have considerable influence on the CSA of the oxygen
less, several qualitative features are evident. First, the initial atom. The effect is reduced by averaging over large number of
decays of the autocorrelation functions of the isotropic shifts configurations, as indicated by the similar values of the mean
are very fast for both the oxygen and hydrogen atoms; they areoxygen CSA—3.2 and 0.2 ppm, obtained with the flexible and
on the order of 0.05 ps. The same applies to the CSA rigid water potential, respectively. There is little cross-cor-
autocorrelation functions. There is some structure in all the relation between the oxygen and hydrogen shifts, suggested
autocorrelation functions, obtained with both the flexible and by the relatively small values~ 0.2) of the cross-correla-
rigid water potentials. In the case of oxygen CSA autocorrelation tion functions in Figure 12. Clearly, the results shown here are
function with the flexible TIP3P model, the fast oscillation only indicative and longer simulations would be required to
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obtain definitive results. Such calculations are possible with the accurate result, high-level calculations have to be used for the

QM/MM maodel. QM part of the system.
The results obtained here can be compared with the values _
calculated in a supermolecule study by Malkin et’aMolec- IV. Conclusion

ular dynamics were carried out at both the gas-phase and the
liquid-phase density. From those trajectories, 40 water clusters,\/I
of size 9 and 10 clusters of size 13 were then collected, and
chemical shift calculations were performed with the SOS-DFPT
approach using the IGLO-III basis s€the results were found

to be rather sensitive to the water potential used in the MD
calculations. With the water potential from Lie and Clemétti,
the chemical shift from gas to the liquid water was found to be

—36.8 ppm for the oxygen anet3.4 ppm for the hydrogen  mented QM/MM calculations of chemical shifts. The current
atoms. The chemical shift for the oxygen obtained with WO pjlementation makes it possible to compute shielding param-
empirical potentials for the water molecular dynamics, devel- gersconsistenwith the geometry obtained at the same level
oped E’y Bopp, Jancs@nd Heinzingé¥ and by Dang and  4nq a5 part of a molecular dynamics simulation for properties,
Pettit?" (the same as used in the present calculation), respec-g,ch as NMR relaxation due to the chemical shift anisotropy.
tively, is larger |n.magn|t.ude by 9.'8 and 8'(.) ppm, rgspectlyely. Test calculations for a range of systems have demonstrated
The re;ults obtained W!th the L&Iqmenﬂ po;;rgtlal are in - hat QM/MM method with an appropriate QM/MM partition
surprising agreement with the experimental vathes —36.1 offers a good description of the environmental effects on
and —4.3 ppm, respectively, since the contribution of more .nemica| shifts. Typical errors relative to full QM calculations
distant water molecules was neglected. As mentioned above,,iih the same basis set are aboutZLppm for heavy atoms at
the contribution from water molecules beyond cluster of size 8 jistances greater than 2.5 A. At shorter distances (e.g., those
is about 5 ppm for the oxygen shift and 0.5 ppm for the hydro- ,y6)ved in hydrogen bonding), significant deviations from the
gen shift. The shifts were further decomposed into "intra” and )| QM resuilts are observed since neither the Pauli repulsion
inter” molecular contributions by Malkin and co-workefs. nor the magnetic susceptibility of the environment is considered
The former is obtalngd py comparing the sh|eld|ng of a water i, the present QM/MM model. A straightforward approach to
monomer from the liquid- and gas-phase MD trajectory, re- corect this is to extend the QM region to include all the ligands
spectively. This term arises from the difference in the vibra- {hat interact directly with the atom of interest. This was
tional motion of water in the liquid and gas phase. The in- jjystrated with the example of Heoxyribose interacting with
termolecular part is the difference between the shielding of the 5 gglyvated magnesium ion. The one-electron effective operator
water in clusters and the water monomer, both configurations approach that has been adopted in the ¥€Ffethod may be
taken from liquid MD trajectory. This term was found by Malkin  5nother alternative. An advantage of using QM/MM to describe
et al®2to be—30.4 ppm for the oxygen and2.7 ppm for the environmental effect is that BSSE can be avoided; this can be
hydrogen atoms with the LieClementi water potential; the  gjgnificant for oxygen when a medium size basis set is used.

Combined quantum mechanical/molecular mechanical (QM/
M) methods have been shown to be powerful tools for
studying the properties of macromolecular systems in which
the electron distribution plays a direct role. Examples are
enzyme catalysis and covalent ligand binding. We have extended
the QM/MM methodology to compute molecular properties
based on analytical derivatives. The first paper of the series dealt
with vibrational calculation? In the present paper, we imple-

corresponding values are37.3 and—2.5 ppm with the Dang The shieldings of the base atoms in CMP and in paired and
Eettltt potential. The present calculations considered only the giacked bases are well described with the QM/MM method. This
intermolecular component, and the results-ag2.3 and—2.9 shows the potential of the QM/MM method in obtaining

ppm for oxygen and hydrogen, respectively, with the Dang  styyctural information for nucleic acids. To predict accurately
Pettitt flexible water potential. Considering the typical eIror  the chemical shielding for atoms close to a metal ion, the QM
of 7 ppm for the oxygen and 0.5 ppm for the hydrogen with - gescription of the metal ion environment must take account of
the B3LYP/6-311G(d,p) approach compared with B3LYP/ the charge transfer effect between the metal and its ligands.
6-311++G(d,p), observed for 10 configurations from the However, for atoms reasonably far2.5 A) from the metal
trajectory with the rigid TIP3P model as mentioned above, our an( its ligands, the MM description of the environment appears
results are in fair agreement with the results of Malkin éf&l.  to be adequate even when polarization effects are substantial.
Indeed, with these 10 configurations, the B3LYP/6-3#1G- For the myoglobir-CO model, it is found that the distal
(d,p) gives—32.0 ppm for the oxygen shift and2.8 ppm for histidine has significant influence on the shielding of Fe and
the hydrogen shift. The shift in the CSAis7.0 and 4.6 ppm  CO, and the effect is well reproduced at the QM/MM level.
for the oxygen and hydrogen, respectivélyThe remainder  \vith NAD* as an example, we illustrated that MP2/MM can
of the differences, around 5 ppm for the oxygen shift, are likely pe used to compute accurate shielding for atoms in large
to be due to the fact that long-range contributions were neglectedmolecules that cannot be treated with pure MP2. Finally, we
in the work of Malkin and co-worker&2Furthermore, itis seen  have used the QM/MM-MD approach to study the solvation
that goo(r) is not well converged even at short distances if only effect on the shielding of water. The results are in only fair
40 configurations are considered (Figure 10). Therefore, limited agreement with previous studies with pure QM clusters and
sampling of configurations in the study of Malkin et®&tmay experimental measurements unless a large basis set is used.
also introduce some errors in the Computed chemical shifts. The purpose of this paper has been to demonstrate the
We have demonstrated that one may use the QM/MM-MD feasibility of the QM/MM method for the calculation of
approach to study the solvation effect on chemical shielding. shielding parameters in macromolecular systems. Applications
The merit of the QM/MM method compared to the pure QM to problems of specific interest are in progress.
cluster approach is that long-range solvation effect, which
typically amount to several ppm, can be included. In addition,  Acknowledgment. We thank F. Leclerc for many interesting
smaller numbers of solvent molecules have to be treated with discussions on NMR related issues in nucleic acid systems.
QM in the QM/MM approach, so that sampling of a larger Discussions with M. Buck, A. Dejaegere, and H. Guo are also
number of solvent configurations is possible. To obtain an appreciated. The work was supported in part by a grant from
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