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We report a theoretical study on the calibration of the semiempirical guantum mechanical/molecular mechanical
(QM/MM) Hamiltonian for the interaction of a series of functional groups with a TIP3P water molecule.
Both AM1 and PM3 methods are employed to describe the quantum mechanical groups, which include neutral
and charged molecules. Following most of the current QM/MM formalisms, the QM/MM Hamiltonian is
built up by combining an electrostatic term and a van der Waal$26potential. Owing to the lack of a
precise definition of the electrostatic potential in semiempirical methods, various expressions for determining
such an electrostatic energy between QM and MM subsystems have been considered. Likewise, the van der
Waals parameters have been optimized to reproduce equilibrium geometries and interaction energies for selected
complexes computed at the B3LYP level. Comparison is made with other sets of van der Waals parameters
reported in the literature. The results reveal the extreme sensitivity of the van der Waals parameters to the
QM/MM formalism and parametrization details, which makes it necessary to verify their transferability between
different semiempirical QM/MM methods.

Introduction electrostatic term is given by eq 2, whe¥eu(Ry) is the
Ipotential created by electrons and nuclei in the QM system (eq
3, where m represents sites in the MM subsystem located at
position Ry). The nonelectrostatic component is generally
expressed using a—6l2 Lennard-Jones term (eq 4, wheye
holds for nuclei in the QM subsystem). Energy derivatives are
obtained straightforward, so that geometry optimization or
molecular dynamics simulations may be envisaged.

In the past years, quantum mechanical/molecular mechanica
(QM/MM) methods have allowed the study of reactive processes
in very large systems containing hundreds or thousands of
atoms! The basic idea is to treat quantum mechanically the
reactive part of the system, which is a priori quite localized,
while keeping a classical description of the surrounding
environmeng Accordingly, the Hamiltonian of the whole system

is expressed as noted in eq 1, where the first two terms stand L a— Vou(R.) )

for the standard Hamiltonian of the QM and MM systems and QW/MM ;qm QM

the last one holds for the interaction between QM and MM

regions. When the QM/MM frontier lies in a chemical bond, V —\e 4 \nue 3

an ad hoc SCF calculation is needethough implementations am(Re) = Vou(Rn) + Vou(Ry) )
using ab initio and density functional theory methods have been A, B

reportedt a large number of studies in the literature deals with N — ZZ _am_ —am 4)
semiempirical methodsparticularly the AM#® and PM3 ones. QMMM T4 R2 R

For the classical subsystem, a variety of force fields have been m

used, like AMBER? CHARMM,® GROMOS;? or MM3,* for One of the major challenges for QM/MM methods is the

instance. The reliability of the results depends on the level of \ojjistic simulation of enzyme reactions. Generally, a large QM
theory used for the QM system, the force field for the MM part, g hsystem (56100 atoms) has to be considered, which severely
and the QM/MM interaction potential. limits the possibility to perform QM/MM calculations using first
=0 +0. 40 1) principles methods, though approximate models such as the
QM MM QMMM Empirical Valence Bont have proved to be valuable. There-

L .. fore, semiempirical methods emerge as an alternative to treat
Tfhel QM/MM_HamcliItomarI\ IS gener_ally expgessed ﬁ:\he a(deltl_on Ithe QM system. However, their limitations do not ensure an
of electrostatic and nonelectrostatic contributions. When classical 5., rate description of the reactive process nor the interactions

sites are described by using a set of point chaigeg, the between QM and MM systems, and a careful analysis is
- necessary to validate the computational scheme. The suitability
* Corresponding author. . . . .
t Grup Especial de Recerca en @ica Teuica. of semiempirical theory to treat QM/MM interactions has been
*Part of the Institut Nariden de Chimie Moleulaire. examined in numerous studi#gse1dmostly motivated by the
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lack of a precise definition of the electrostatic potentfal, — o Lgi(Rgm—Mq;)? ‘@ Lmj(Rym—Mm,)?
Vom(R), in semiempirical methods. g(@m Zqu, © * ]zK”“e ©)

To gain further insight into the reliability of the semiempirical
QM/MM Hamiltonian, this study (i) makes a comparison of  Fig|d et al®2left unchanged the semiempirical parameters on
different algorithms developed for the computation of the QM atoms and optimized those on MM sites. In the final
electrostatic QM/MM component, and (i) examines the need expressionp,™ adopted a value of zero, the terms corresponding
to optimize parameters involved in the nonelectrostatic QM/ {5 MM atoms in the functiorg(gq,m) were omitted, and only
MM term to derive, in fine, an accurate combined quantum/ gpe parameter per MM atom type,, was used and set to 5.0
classical force field. The rest of the paper is as follows. First, (31 in order to get the best fit to ab initio data.
we briefly review some of the expressions used to compute the = \jost of the alternative algorithms formulated to compute
electrostatic QM/MM interaction. Second, we report the details Vou(R) are related at some extent to the preceding equations.
of the calculations performed to compare the algorithms selectedtnompsofc uses a similar approach to that reported by Field
to calculate the electrostatic component and to calibrate the gt 51 32the main difference being the exclusion of the Gaussian
nonelectrostatic term. Third, the results of the comparison expansion terms in the functiag(g,m) for both QM an MM
between electrostatic QM/MM algorithms are presented. Finally, gtoms. Bakowies and Thiel also assupse = 0 and neglect
we discuss the results of the van der Waals (vdW) parametriza-the functiong(q,m).> However, following the semiempirical
tion. scheme previously introduced by Ford and Watigthey

L . ) introduce in the exponential functidfg,m) different adjustable

Definition of the QM/MM Electrostatic Potential parameters which are optimized to reproduce the HF/6-31G(d)

According to Field et a2the electronic contribution to the  electrostatic potential and field. The difference between the
interaction of the QM molecule with a point charge is procedures adopted by Bakowies and THieind Ford and
determined using an expression (eq 5) based on the NDDOWang3?mostly concern the parametrization of such adjustable
(neglect of differential atomic overlap) scheme adopted in parameters. In the approach employed by Vasilyev €t al.,

semiempirical methods. scaling parameter (0.095 for MNDO and AM1, 0.097 for PM3)
is introduced to correct the magnitude of the Ohidoppman
q 2 ; .
VSM(R) - _ ZP,N(,MW s"gM) (5) faarc;t%r n(ﬂ?te—’c_j po™)?, and the extra terms in the cereore energies
75 .

Other author$P<¢17have used expressions where beth

wheres™ is a notional s orbital on m and v are atomic orbitals (| = 0, 1, 2) andp™ are set to zero. Indeed, there are some

belonging to the same QM atom. differences in the treatment of the additional correction terms.
The two-center two-electron integrals in eq 5 are computed Thus, Cummins and Greatlyneglect botrf(g,m) andg(q,m)

in terms of the interaction of a finite multipole expansion of functions and the corecharge interaction follows a simple

charges about the relevant atoms (ss, sp, and pp distributionsCoulombic expression. A similar formalism has been adopted

on QM atoms are treated as monopole, dipole, and quadrupoledy Luque et at’2and Chudinov et &l’’to compute the solute

expansions with corresponding parametgfs p%, and p%). solvent electrostatic interaction in the framework of semiem-

For example, for an s-orbital distribution the multipole expansion Pirical self-consistent reaction field methods.

is simply a point charge centered on the atom and the integral Finally, They et al*3¢adopted a procedure to compWigy-

takes the form noted in eq 6. (R) that presents some notable differences compared to the
preceding ones. In this procedure the electronic contribution
(S| = IR, 2 4 (o8 _|_pm)2]—1/2 ®) follows the usual semiempirical expression (eq 5) without
- m 0 0

making any simplification, and the standard parameters of the
. . semiempirical method are used for both QM and MM atoms.
where Rym |Zs_the distance between the centers q and m, and o vever, the corecharge interaction energy is split in two
(oo + po™)* is th? Ohn&KIopp_man fagtor that accounts fo_r terms as noted in eq 10, which represents the interaction of the
damping of classical Coulomb interactions due to overlapping QM core with the core of a classical pseudo-atom bearing an

electron densities. Wi . e _
o . implicit electronic population” given b¥m = Zm — dm. Then,
The nuclear contribution follows the expression adopted for e first term in eq 10 corresponds to the semiempirical-ore
core-core interactions, as noted in eqsd, wherea, K, L, core repulsion for two atoms of core chaiggand Z,, and the

andM depend on atom type af} is the core charge of the g gcond one represents the interaction of the quantumzpre
atom. The exponential terms f(g,m) (eq 8) were introduced  ith the electron population of the classical atdP,
in MNDO?6 to correct the lack of penetration effects in the

electronic component (the negative sign for the exponential

terms holds for negative charggg so that such terms always qmvg“,\j(R) = XZqu (s°s"S"sMf(g,m) +
represent a repulsive contribution). The functiglg,m) is an q

additional term in AM1 and PMS3 introduced to correct 1
deficiencies of the MNDO method in hydrogen-bonded interac- E o(g.m)| — zZqu(quq|Smsm) (10)
tions. m q

e 0 1 On the basis of the preceding review, in this work we have
Vau(R) = ) Z| (s's"sMfam) + —g@m)| (7) analyzed three formalisms to computiem(R), which were
q Rom chosen to encompass the algorithms mentioned above (see Table
1). The method® neglects all the parameters assigned to both
where the sum runs over all the g atoms in the QM system. QM and MM atoms in eqs 69. Therefore, electron-charge
integrals are expressed in terms of the interactions of monopole,
f(gqm) = 1 + e Fam 4 g %FRam (8) dipole, and quadrupole expansions of the electron distribution
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Figure 1. Schematic representation of the complexes between the QM monoa@rNH;, HCOOH, HO*, HCOO") and a TIP3P water molecule.

TABLE 1: Methods Considered in This Study To Compute for the MM water molecule. Finally, the level of theory used
the Electrostatic QM/MM Interaction Energy for comparison was the B3LYP density functional metiadth
method electronic part nuclear part the 6-31G(d#? basis, which gives a reliable description of
| o= (SS™S™) = 1/Rym electrostatic propertiésand of structural and energetic features
p=pi=d=0 f(qm) = 1 of hydrogen-bonded complexés.
glgm =0 The reference energy profiles were obtained as follows. First,
i.e. the geometry of each monomer was optimized at the AM1 and
. EQM/MM_C‘”e:Zg%m/Rqam PM3 levels of theory, and was subsequently kept frozen.
I po =0 fam) =1+ e s m . Complexes with a TIP3P water molecule were built up in
glgm) = Y Ky e o e selected orientations (see Figure 1). A partial AM1 or PM3
n standard parameters for eq 10 geometry optimization of the complexes was carried out with
o andpg' all degrees of freedom fixed except the intermolecular distance.
a Following the MNDO formulation, whel = (N,0) andm = H, Afterwards, the QM monomerTIP3P water molecule distance
f(qm) = 1 £ Ryme %R The negative sign holds for negativg, was scanned (keeping the relative intermolecular orientation)
charges so that the exponential term always represents a repulsiveand single-point calculations were carried out at the B3LYP
contribution. level to obtain the interaction energy, which was corrected for

the basis set superposition error using the counterpoise method.
The electrostatic AM1/TIP3P and PM3/TIP3P energy was then
computed at each point along the profile using the same
geometries. For comparison, B3LYP/TIP3P electrostatic ener-
gies were also calculated. The residual energy was then
determined as the difference between the full B3LYP interaction

energy and the electrostatic AM1/TIP3P or PM3/TIP3P energy.

Finally, the vdW parameters of the QM atoms were optimized

fitting the residual energy profiles (see below).

with the point charge, whereas the ceharge interaction is
simply given by a Coulomb term. The method?8Ifollows
closely the treatment adopted in AM1 and PM3 methods for
the electror-core and corecore expressions, but omitting all
those terms concerning the MM site, i.e., the fagi®rin the
two-center two-electron integrals (see eq 6), the exponential
factor exp-omRym) in f(q,m) (eq 8), and the Gaussian functions
Kmj expLmj(Rgm — Mmj)?) in g(qm) (eq 9). Finally, the
method I1I follows exactly the definition made by Tigeet al.13d

and the classical particle is treated as a core and an electron ] )
distribution having an s-type distribution (see above). Results and Discussion

Electrostatic Energy Profiles As noted before, the electro-
static interaction energy in QM/MM methods can be determined
This section presents the computational strategy followed to using a variety of expressions, which follow more or less closely
calibrate the semiempirical QM/MM Hamiltonian. To this end, the treatment adopted in NDDO-based methods, where a series
calculations were performed for a series of bimolecular hydrogen- of empirical terms are considered to properly deal with
bonded complexes involving a water molecule. Following other electrostatic interactions between atoms. The tegnis = 0,
QM/MM parametrization studie¥;3a4d:5a.f1%he structural and 1, 2) were included to ensure the proper behavior of semiem-
energetic properties of the QM/MM interaction were adjusted pirical repulsion integrals in the limitRag — o« and Rag —
to reproduce the reference values computed at a given QM level0.26 The exponential term in the functiditg,m) was included
of theory. The series of QM molecules include prototypical to account for the increase in the net electrostatic repulsion
neutral polar groups (30, NHs, HCOOH), a cation (50™), between neutral atoms with decreasing interatomic disténce.
and an anion (HCOO. The TIP3P° water model was used  Finally, the Gaussian functions gfg,m) were added to the AM1

Computational Details



10926 J. Phys. Chem. A, Vol. 104, No. 46, 2000 Luque et al.

[ M T T T 20 g T T ]
15 H20 complex A - 15 F H20 complex A }
- b i > 3 3
F 3 =) £ PM3 1
g 10F * A1 ] @ 10© * 3
Lﬁ 5F x 4 w 5 x
p E X 3
X
x 4
0L 3 E x 3
xxxx ¥ 8 ¥ u 0 ° : 8 & 3
5 F ooogaaes E 5E 0005 & g © 3
o 58%" ]
1ofp 8 1 10 £ 8 ]
SRS SN VU SO VAY WU WY NOY G WAOT S SH0S VA DU AT ST SN N T S St P ! JE | P L |-
-1 -0.5 [} 0.5 1 1.5 -1 -0.5 0 0.5 n
Distance Distance
i ‘ ' H20 Slex B’ 4 e
3 O: x compiex B 2 5 : x H20 complex B
g op 4 Bar ]
L% . AM1 ] aé - y PM3
X
2r X x é B ot x b
X x X X
g v 2 X x x X 8 R
AL g ° ) . . 888
[ g ° r c0°%0 ¢
[ sbo -4 L ° DDSG ]
-6 ®ao 5 5007
L oo 6L os a
8l L 2 A N S r | | | |
-1 0.5 0 0.5 o1 1.5 -1 -0.5 0 0.5 1 1.5
Distance : Distance
1o J O S ——
N HCOOH complex A I HCOOH complex A j
o F = n X B
é 20 x AM1 p 2 F PM3
w : w20 ¢ X 3
10 [ x ]
x 10 | X 3
0 X ><><x
X L] L} 0F X x .
i oogaﬁgggé © gees 8 B B "
0 E 28950 . -10 £ g8bg0° 3
(€] o 4
-20 Q. ! ! 1 ] -20 L S B | ) 3
4 05 0 05 1 15 4 05 0 05 1 15
Distance Distance
20 ¢ it S S S S B 1 1 —
> 15 L x HCOOH complex C sk x HCOOH complex C ]
o 3 > E =
=) 3 > E
° £ AM1 = E ]
L"E’ 10 F x B :Cj 10k N PM3 ]
5 x - 5E X :
£ C x 3
ok x E 3 3
r XXXX 5 & ol - B OE X X 6 ]
5 E oogggﬁgg 3 -5 E °oo§° g @ 3
-10 £ g8 3 -0 | ,a8 3
415 :- T I i I P _15: I 1 L L 3
-1 -0.5 0 05 1 1.5 -1 0.5 0 0.5 1 15
Distance Distance

Figure 2. Electrostatic energy profiles (kcal/mol) for the interaction between water or formic acid with a TIP3P water molecule computed at the
reference B3LYP®) and semiempirical (AM1 and PM3) levels using formalism&), (Il (<), and Il (x) to compute the electrostatic energy. The
origin of distances (A) in thec-axis is the equilibrium intermolecular separation determined at the semiempirical lex@Iloginplex A: 3.10

(AM1) and 2.77 (PM3); HO complex B: 2.61 (AM1) and 3.05 (PM3); HCOOH complex A: 3.06 (AM1) and 2.75 (PM3); HCOOH complex C:

3.09 (AM1) and 2.77 (PM3)).

and PM3 Hamiltonians to correct excessive interatomic repul- B3LYP level. Though calculations were carried out for all the
sions at large separations found in MNB©OWhether or not complexes in Figure 1, the global trends are discussed on the
those empirical terms are necessary to describe the interactiorbasis of some representative results for selected complexes.
between QM and MM systems at intermolecular distances The AML/TIP3P and PM3/TIP3P electrostatic profiles for
typical of molecular aggregates is, nevertheless, unclear. the water dimer (complexes A and B) and formic acveater

In order to calibrate the performance of the three electrostatic pair (complexes A and C) are shown in Figure 2. The profiles
formalisms (see Table 1), we determined the QM/MM electro- determined using the method | exhibit the expected shape for
static energy profiles for the complexes shown in Figure 1. The the Coulombic interaction energy and, in fact, they roughly
semiempirical AM1/TIP3P and PM3/TIP3P profiles were then follow the shape of the reference B3LYP/TIP3P electrostatic
compared with those obtained treating the QM monomer at the energy profile. Thus, the semiempirical profile slightly under-
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TABLE 2: Optimized van der Waals Parameters? for the of the interacting atoms. This also explains why this effect is

f\:/l%rt?]tggel%o/}\';/lhle/-rlzlreiltjroi?gtiz'\é%/z;rrg/ggnzoé%rl]_t\% Using more relevant in the PM3 profiles, where such a behavior occurs

Equilibrium Energies and Distances as Reference Data even at the gquﬂlbrlum intermolecular dlstancgs, thar.1.|n. the
AML1 ones, since the fomer method tends to give equilibrium

AM1 PM3 distances shorter (around 0.2 A; see below and Table 3) than
monomer atom € r € r the latter.
H.0O 0 0.50 1.70 0.35 1.70 Finally, the method Ill appears to be rather poor for the
H 0.34 0.40 0.20 0.40 present TIP3P water complexes. Clearly, the repulsive term is
NH3 N 2.30 1.75 4.70 1.55 : : ;
largely overestimated and the electrostatic energy is clearly
HCOOH C 0.70 1.85 0.70 1.80 S . L
1) 1.15 1.80 1.15 1.80 destabilizing even at geometries close to the equilibrium
O(H) 1.00 1.50 0.90 1.55 intermolecular distances. For instance, the PM3/TIP3P energy
) H(O) 0.80 0.15 0.90 0.01 predicted by the method IlI at the equilibrium geometryHg
HsO 0 40.0 1.00 45.0 0.95 kcal/mol for complex A of HO, whereas the corresponding
H 0.1 0.10 0.05 0.05 . . .
HCOO c 0.70 1.80 0.75 1.85 value in the reference B3LYP/TIP3P electrostatic energy profile
0 0.65 1.70 0.65 1.75 is —7 kcal/mol (Figure 2). Such a large difference has no

physical justification and must be attributed to an inappropriate
balance of the two terms in the right-hand side of eq 10. Thus,
estimates or overestimates the B3LYP/TIP3P one in some casesgven though the underlying assumption of method IlI (i.e.,
but there is general agreement between AM1(PM3)/TIP3P andtreating the classical particle as a core plus an implicit electron
B3LYP/TIP3P profiles when the formalism | is used. The population) is appealing, a careful calibration is required to
regression equations obtained when the B3LYP/TIP3P valuesbalance the attractive and repulsive terms in eq 10.

are compared with the AM1/TIP3P and PM3/TIP3P ones using Parametrization of the Nonelectrostatic Term.There is not

a¢, keallmol;r, A.

the data determined for all the complexes &g yp = a priori a rigorous physical justification to discriminate between
1.05Eam1 (r = 0.98) andEgs yp = 1.02ZEam1 (r = 0.98), methods | and Il to compute the semiempirical QM/MM
respectively. electrostatic energy. In the framework of method II, the

The results determined using method Il are very similar to contribution of theg(g,m) function to the electrostatic energy
those computed with method | at large intermolecular distances.is negligible (see above) and this term can be eliminated.
Nevertheless, the electrostatic energies are clearly less stabilizingHowever, both the OhreKlopman factor and the exponential
as the intermolecular distance decreases, and in some cases (séerm have an important contribution to the interaction energy
complex A of HO and complex C of HCOOH in Figure 2) the and their screening effect cannot be omitted. Compared to the
electrostatic energy curve reaches a minimum and then tendscomputationally simpler method I, which includes only the pure
to decrease (in absolute value) as the intermolecular distance iSCoulombic contribution, method Il adds short-range repulsions
shortened. This behavior occurs in complexes of the type between the QM core and the classical charge, which otherwise
O:--Hw—Ow or N--*Hw—Ow (complex B of NH in Figure 1; should be handled by the vdW component of the QM/MM
data not shown), but it is not found in interactions of the type Hamiltonian. According to Cummins and Gredd§the Ohne-
O—H---Ow or N—H---Ow. Test calculations showed that the Klopman factor may be essential for a realistic choice of van
Gaussian functions ig(g,m) make a negligible contribution and  der Waals parameters and for a proper description of selute
that the screening of electrostatic potential is due to the ©hno solvent H-bonding in the case of ionic solutes. The damping
Klopman factors and to the exponential term in the eatgarge parameter factor is likely to be more important for describing
expression, whose contribution increase with larger penetrationinteractions involving ionic species than for neutral species due

TABLE 3: Equilibrium Distances (d, A) and Interaction Energies (€, kcal/mol) Computed at the AM1 and PM3 QM/MM
Level® for the Different Complexes

B3LYP AM1 AM1/TIP3P PM3 PM3/TIP3P
monomer complex E d E d E d E d E d
H,0O A —-4.7 2.92 2.7 3.10 —-5.2 2.85 2.7 2.77 —5.2 2.87
B -3.1 291 -5.0 2.61 -3.9 3.01 -21 3.05 -3.9 2.95
C -5.4 2.89 -3.3 3.03 -5.3 2.83 -35 2.78 -5.7 2.79
D —-4.7 291 2.7 3.09 —-43 3.03 -2.7 2.77 —4.1 2.93
E -5.4 2.88 -3.2 2.61 —-45 2.97 -35 2.77 —4.0 291
NH3 A —24 3.19 —-1.0 3.17 —-2.5 3.23 -0.3 2.86 —-2.0 3.16
B -7.1 2.94 -0.9 3.50 —6.7 2.98 —-2.9 2.78 —6.7 2.86
HCOOH A -8.3 2.74 -3.4 3.06 -7.7 2.73 -3.8 2.75 -6.9 2.70
B -43 2.90 -3.6 3.05 -55 2.98 -3.4 2.78 -5.7 2.93
C -4.0 2.97 -3.0 3.09 -5.1 3.12 -3.2 2.77 -5.3 2.97
D -9.6 3.08 -55 3.40 -7.0 3.52 —-4.1 3.06 -7.3 3.46
H;O* A —33.9 247 -174 282 —338 253 -219 265 344 2.44
B —34.4 247 —-175 280 —335 249 223 264 —329 2.43
HCOO™ A —-16.3 2.72 —10.9 2.92 —15.6 2.78 —14.8 2.69 —-17.3 2.77
B —14.0 3.04 -11.2 3.01 -149 297 -10.2 276 —15.0 3.02
C —14.1 2.71 —8.6 3.00 —14.6 2.77 —-10.9 2.72 —14.5 2.77
D -17.1 312 —159 3.19 —-205 322 -16.2 298 —203 3.27
msd +4.3 +0.15 -0.1 +0.07 +3.5 —0.08 -0.1 +0.02
rms® 6.6 0.26 1.2 0.13 4.9 0.16 1.3 0.11
c 1.62 0.99 141 0.98
re 0.92 0.99 0.96 0.99

aValues computed using the formalism | for the electrostatic term and the optimized parameters given in Table 2 for the van der Waals component.
b Mean signed deviatiorf.Root-mean-square deviatichCoefficient of the linear regressi@(B3LYP) = cE(other method)¢ Correlation coefficient.
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0 e Throughout the parametrization process, we attempted to
' ] assign vdW parameters only to heavy atoms and, in order to
limit the numerical solutions, we tried to maintain the vdW radii
m° ] close to the AMBER values. In this process, the energy profiles
) ] for ammonia were satisfactorily reproduced, assigning vdwW
[ ] parameters only to the nitrogen atom. Nevertheless, vdW
6L o Z parameters for hydrogen atoms were necessary to improve the
[ 7 ] fitting for water. In fact, this finding was not unexpected on
-8 [ = ] the basis of previous studies that revealed the need to include
, ] vdW parameters in both oxygen and hydrogen atoms to obtain
1oL v L f ] radial distribution functions close to the experimental &he.
-1 -0.5 0 05 1 15 Attempts to retain a single set of parameters for the OH group
Distance were unsuccessful, and different parameters were considered

Figure 3. Total (electrostatict van der Waals) interaction energy f ¢ f . id d ticular] tonated i
(kcal/mol) corresponding to complex A of water computed at the 'OF Water, formic acid, and parucularly protonated water.

reference B3LYP levek) or at the semiempirical AM1 QM/MM level. Different parameters were _a|50 required for thé apd sB

In this latter case, values were determined by adding the electrostaticoxygen atoms in formic acid. Indeed, the parameters for the
energy calculated with either method I (unfilled symbols) or Il (filled s oxygen in formic acid had to be reoptimized to improve
symbols) to the van der Waals energy computed using parameters takeihe fitting to the reference energy profiles for the formate anion.

from data compiled by GadX; ref 1b). The origin of distances (A) in -
the x-axis is thg equiﬁ/briuﬁntermglecular sgeparation deterr&nir)led at _ Overall, the ability of the vdW parameters to reproduce the
the AM1 level (3.10 A). B3LYP energy profiles can be assessed in Figure 4, which
] ) ) shows the B3LYP and AMI1/TIP3P profiles for selected
to larger diatomic overlap in the former. Because of the need complexes (PM3/TIP3P plots are available upon request). The
to keep a proper balance between electrostatic and nonelectrogpapes of the B3LYP and AM1/TIP3P profiles show in general
static terms in the QM/MM Hamiltonian (eqs—2), the  ¢jose agreement. Considering all the points lying 3 kcal/mol
preceding discussion strongly argues against the transferabilityapove the energy minimum, the average deviation from the
of vdW parameters when different electrostatic formalisms are g3| vp values is 0.5 (0.6) and 0.8 (0.5) kcal/mol for neutral
used in semiempirical QM/MM calculations. and ionic compounds at the AM1/TIP3P (PM3/TIP3P) level.
~ This is well illustrated in Figure 3, which shows the paicularly, the marked deviation in the energy profile observed
interaction energy profile for complex A of#® atthe BLYP e ydw parameters adapted to the electrostatic formalism |1
and AM1 QM/MM levels. The AM1 QM/MM values were  gr6 ysed (see above and Figure 3) is satisfactorily corrected.

determined by adding the electrostatic energy calculated with Table 3 reports the interaction energies and distances for the

either method | or Il to the vdW energy computed using the I
8 - equilibrium structures of the complexes computed at the B3LYP,
vdW parameters reported by G&#dVhen method Il isused in 1“5y 13 “AM1/TIP3P. and PM3/TIP3P levels. The QM/MM
conjunction with vdW parameters optimized for closely related . .
interaction energies reproduce closely the reference B3LYP

formalismsi® the energy profile (see Figure 3) shows a values, as noted in the average deviation and root mean square
minimum at an intermolecular distance around 0.2 A shorter P 9 N sq
error, which are close to 0.1 and 1.2 kcal/mol, respectively. It

than the B3LYP value (2.92 A) and the well depth is close to . . -
- - is worth noting that such statistical parameters for the pure AM1
the B3LYP interaction energy-{4.7 kcal/mol). In contrast, when and PM3 methods are at least 3.5 and 4.9 kcal/mol. The

method | is used, no minimum appears in the ener rofile . . - L )
! P 9y p agreement in the interaction energies is also noted in the

for the range of distances examined. Clearly, in this latter case . . . .
the balance between electrostatic and vdW components of thereg:iissmn ?f?l;a::griaBﬁLYT) _n(i:tE(?tr(ta)r ?le;mf/)ﬁs;g%e tzg
QM/MM Hamiltonian is not maintained. scaling coetticient 1s close to unity for bo a

In order to examine the suitability of the vdW parameters PM3/TIP3P methods, whereas deviations larger than 40% are
for a given electrostatic formalism and Hamiltonian, the vdwW _found for the pure .QM met_hods. The QM/MM methods also
parameters of the QM monomer were optimized to reproduce improves the description of intermolecular distances compared
the difference between the total B3LYP interaction energy and to the AM1 and P_M3 me_thods. T_h|5 Improvement is not as
the electrostatic energy calculated using the “pure” Coulombic rele_vam as for the interaction energies owing to the less uniform
approach (method 1) for all the complexes in a given differ. deviation of AM1 and PM3 equilibrium distances compared to

To this end, an AMBER-like 612 expression was chosen for the B3LYP values. Overall, these results point out that the QM/

the nonelectrostatic QM/MM component (eq 11), since this work .MM method not only reproduces satisfactorily the reference

fits into a project to combine QM calculations with the MM interaction energies but also corrects energetic and geometrical
o8 ‘s deviations in QM AM1 or PM3 calculations.
AMBER programé® The initial set of vdW parameters of the

Energy
™
1
m
[_[e)
1

(Wt |
m

QM solutes was selected from the AMBER force fiélihe An interesting aspect is the equivalence between QM and
final parameters are given in Table 2 and the computed MM monomers for the same compound; that is, the geometrical
interaction distances and energies are given in Table 3. and energetic features should be the same irrespective of whether

monomer is treated quantum mechanically or classically. This

B gm|™ o[ Fam 6 1 can be checked for the dimer of water comparing the results
Evaw = €qm E ﬁn a1 for complexes A-D and G-E (see Figure 1). Clearly, the results
are identical for each couple of complexes when B3LYP, AM1,
€qm = (eqem)l/2 or PM3 methods are used (the slight differences obey to the
use of the TIP3P geometry for the QM monomer when reversing
Fom = r; +r, QM and MM monomers). However, the QM monomer acting

as hydrogen-bond acceptor leads to shorter distances and larger
wheree is the atomic hardness* is the atomic van der Waals  (in absolute values) interaction energies than when it acts as
radius, andR is the interatomic distance. hydrogen-bond donor. This difference can be attributed to the
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Figure 4. Representation of the total interaction energies (kcal/mol) computed for selected complexes at the B3LYP level (filled symbols) and
from AM1/TIP3P calculations (unfilled symbols) performed using the approximation | for the electrostatic QM/MM term and the optimized parameters
given in Table 2 for the van der Waals QM/MM term. The origin of distances (A) inxthais is the equilibrium intermolecular separation
determined at the AM1 level.

lack of Lennard-Jones parameters for the hydrogen atoms in  Another point of concern is the transferability of vdW
the TIP3P water, which permits a closer contact between QM parameters between AM1 and PM3 QM/MM calculations, since
(acceptor) and MM (donor) water molecules than in the QM the AM1 equilibrium distances may differ 6.3 A from the
(donor) and MM (acceptor) pair. This finding, which has been PM3 ones for the series of complexes. The parameters optimized
found in other QM/MM parametrizatiorfé reveals the difficulty for AM1 and PM3 (Table 2) are generally quite similar,
to properly balance hydrogen-bond donor and acceptor proper-suggesting that they can be mostly transferable. This is
ties in the QM monomer in QM/MM simulations in aqueous confirmed in Table 4, which shows the equilibrium distances
solutions. and energies obtained by computing the AM1/TIP3P values
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TABLE 4: Equilibrium Distances (d, A) and Interaction
Energies E, kcal/mol) Computed at the AM1/TIP3P
(PM3/TIP3P) Level Using the van der Waals Parameters
Optimized for PM3/TIP3P (AM1/TIP3P) Calculations for
the Different Complexe$

Luque et al.

TABLE 5: Equilibrium Distances (d, A) and Interaction
Energies E, kcal/mol) Computed at the AM1 and PM3
QM/MM Level for the Different Complexes Using the van
der Waals Parameters Reported in by Cummins and
Gready?

B3LYP AM1/TIP3P PM3/TIP3P B3LYP AM1/TIP3P PM3/TIP3P
monomer complex E d E d E d monomer complex E d E d E d
H-0 A —4.7 292 -54 2.80 —5.1 2.87 H-0 A —4.7 292 —-6.0 274 —6.9 257
B —-3.1 291 -4.0 3.09 —3.8 2.99 B —-3.1 291 —-45 281 —43 2.75
C —-54 289 -56 2.76 —5.5 2.82 C —-54 289 —6.2 273 -75 2.53
D —4.7 291 —-4.3 295 —4.1 3.01 D —47 291 -52 270 —49 2.71
E —-54 288 —45 294 —-4.0 2.96 E —-54 288 -54 272 -51 2.66
NHs A —-24 319 -31 3.07 —15 231 NH3 A —24 319 -28 291 -15 2.96
B —-7.1 294 -84 2.80 —5.1 2.98 B 7.1 294 77 285 —87 -—258
HCOOH A —83 274 74 276 —7.1 2.79 HCOOH A —83 274 7.7 262 —7.0 2.65
B —-43 290 -5.6 293 5.6 3.01 B —43 290 -6.5 284 —6.4 2.88
C —-4.0 297 -52 3.02 -5.3 3.05 C —4.0 297 -6.0 289 -6.1 2.87
D -9.6 3.08 —7.0 354 -74 3.46 D -9.6 3.08 —8.9 3.24 —-9.0 3.21
H3O™ A —33.9 247 —35.2 248 -324 2.47 HsO" A —33.9 247 -29.4 251 —28.1 2.46
B —34.4 247 —35.6 2.40 -31.0 2.48 B —34.4 247 —29.3 2.48 —26.8 244
HCOO™ A —-16.3 2.72 —15.1 2.82 -18.0 2.69 HCOO~ A —-16.3 2.72 —18.1 257 —22.6 2.39
B —14.0 3.04 —14.5 3.01 -154 3.02 B —14.0 3.04 —16.5 2.70 —17.1 2.76
Cc —-14.1 2.71 —14.0 2.80 -15.1 2.72 C —-14.1 2.71 —18.4 245 —19.2 242
D -17.1 3.12 —19.6 3.29 -21.2 3.26 D —17.1 3.12 —25.0 2,99 —26.5 2.98
msc —-0.3 +0.04 +0.1 +0.06 msd -09 -0.13 -11 -0.18
rms 1.2 0.15 1.8 0.12 rms 3.0 0.17 4.1 0.23
cd 0.97 1.01 c 0.97 0.94
re 0.99 0.98 re 0.95 0.91

aValues computed using the formalism | for the electrostatic term

aValues computed using the formalism | for the electrostatic term

and the optimized parameters given in Table 2 for the van der Waals and the nonelectrostatic treatment reported in refs 13b,c (see text and

component® Mean signed deviatiorf.Root-mean-square deviation.
d Coefficient of the linear regressidf(B3LYP) = cE(other method).
¢ Correlation coefficient.

ref 30).° Mean signed deviatiorf.Root-mean-square deviatiohCo-
efficient of the linear regressioik(B3LYP) = cE(other method).
¢ Correlation coefficient.

using the vdW parameters optimized for PM3/TIP3P and vice in Table 2, the vdW radii are rather similar, but surprisingly
versa. The values in Table 4 closely agree with those reportedthe hardness parameters are again sensibly lower than those
in Table 3, and the statistical analyses indicate that they given in Table 2. In fact, when these parameters are used to
reproduce the B3LYP energies and distances with deviationscompute AM1/TIP3P and PM3/TIP3P energy profiles for the
slightly larger than those given in Table 3. These results suggestsseries of complexe¥the equilibrium distances are shorter by
that a single set of vdW parameters can be parametrized for0-1-0.2 A and the interaction energies are larger (in absolute

both AM1/TIP3P and PM3/TIP3P calculations.
A final aspect of this analysis is the comparison with the
results obtained in other semiempirical QM/MM parametriza-

tions. Compared with the vdW parameters reported by Gao in

his AM1/TIP3P parametrizatior {n kcal/mol;r*in A) [(O(H):

€ = 0.15,r* = 1.18; OEC): € = 0.20,r* = 1.66; N: ¢ =
0.15,r* =1.57; C,e = 0.08,r* = 1.96; H(O,N): ¢ = 0.10,r*
= 1.12], o was transformed to* using the relationship* =
2165/2) 0 the results in Table 2 mainly differ in the “hardness”

values) by around 1.0 kcal/mol (root mean square deviations
of 3—4 kcal/mol) than the corresponding B3LYP values, as can
be stated from inspection of Table 5.

There are relevant differences in the parametrization process
adopted by Cummins and Gready and that followed in this
study: (i) the vdW parameters were optimized by fitting the
electrostatic component of the solvation free energy, which was
determined by subtracting the nonelectrostatic component
(computed from a linear relationship with the solvent-accessible

values, which are sensibly larger than those reported by Gao.Surface) to the experimental fre;e energy of solvation (for ionic
Clearly, this stems from the steepest variation (see Figure 2) incompounds, the Born solvation correction term was also
the electrostatic energy determined with the pure Coulombic considered); (ii) a 1812 pair potential function was considered

approach (method I) relative to the profile obtained with method
Il (comparable to Gao’s formalism), which already incorporates

for hydrogen-bond interactions; (iii) hydrogen atoms in the
TIP3P water molecule were assigned nonzero van der Waals

short-range repulsions between the QM core and the classicaParameters{(= 0.02 kcal/mol;r* = 1 A), and (iv) a nonzero
charge (see above). Accordingly, one cannot expect the vdw Scaling parameter that multiplies the Ohriloppman factor
parameters to be directly transferable between methods based’a@S used for ionic compounds. Clearly, this evidences the

on different treatment of the electrostatic QM/MM Hamiltonian,
as exemplified in Figure 3.

Cummins and Gready have recently reported an alternative

marked dependence of the vdW parameters on the choice of
the parametrization model, in line with the conclusion of recent
studies’® which have revealed marked differences in the

set of vdW parameters optimized for semiempirical QM/TIP3P coupling between QM and MM systems depending on the nature

methodsi3Pcwhich were also derived using the pure Coulombic
formalism (method 1) for electrostatic interactions. Indeed, the
initial set of vdW parameters were taken from the AMBER force
field. The optimized vdW parameters akeilf kcal/mol; r* in

A) O(H): € =0.15,r* = 1.65; OEC): ¢ = 0.20,r* = 1.60;

N: € = 0.16,r* = 1.75(AM1)/1.70(PM3); C:e = 0.12,r* =
1.85; H(O,N): ¢ = 0.02,r* = 1.00 A. Compared to the values

of the vdW parameters.

Conclusions

An accurate description of chemical processes by mixed QM/
MM methods cannot be achieved without a proper balance
between the electrostatic and nonelectrostatic energy terms in
the QM/MM Hamiltonian. This is generally accomplished by
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fitting geometrical and energetic properties of selected com-

J. Phys. Chem. A, Vol. 104, No. 46, 20000931

(8) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.

plexes determined in the gas phase at a suitable level of theory M- Ferguson, D. M.; Spelimeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,

In semiempirical QM/MM methods, nevertheless, an additional
difficulty arises from the lack of a precise definition of the

electrostatic potential. The results presented in this study reveal
that the electrostatic interaction energy is very sensitive to the

formalism used for the electrostatic potential, which should in
turn affect the suitability of the van der Waals parameters.
Particularly, the adoption of an electrostatic formalism that

retains some essential features of the NDDO scheme include

short-range repulsions between the QM core and the MM
charge, which otherwise should be handled by the vdwW
component of the QM/MM Hamiltonian if a pure Coulombic

treatment is used. The results also reveal that, for a given
electrostatic formalism, both equilibrium distances and interac-

P. A.J. Am. Chem. Sod.995 117, 5179.
(9) MacKerell, A. D.; Wiorkiewicz, J.; Karplus, Ml. Am. Chem. Soc
1995 117, 11946.

(10) Scott, W. R. P.; Huenberger, P. H.; Tironi, I. G.; Mark, A. E.;
Billeter, S. R.; Fennen, J.; Torda, A. E.; Huber, T.; "Heu, P.; van
Gunsteren, W. FJ. Phys. Chem. A999 103 3596.

(11) Lii, J. H.; Allinger, N. L.J. Am. Chem. S0d989 111, 8576.

(12) (a) Warshel, A.; Weiss, R. M. Am. Chem. S0d98Q 102, 6218.
(b) Warshel, A.Computer Modeling of Chemical Reactions in Enzymes

nd Solution Wiley: New York, 1991. (c) Aqvist, J.; Warshel, Lhem.
e. 1993 93, 2523.

(13) (a) Ford, G. P.; Wang, Bl. Comput. Chem1993 14, 1101. (b)
Cummins, P. L.; Gready, J. E.. Comput. Chem1997 18, 1496. (c)
Cummins, P. L.; Gready, J. H. Comput. Chen1999 20, 1028. (d) They,
V.; Rinaldi, D.; Rivail, J. L.; Maigret, B.; Ferenczy, G. G.Comput. Chem
1994 15, 269.

(14) (a) Scrocco, E.; Tomasi, Jop. Curr. Chem1973 42, 95. (b)

tion energies computed at a suitable reference level of theory Scrocco, E.; Tomasi, Adv. Quantum Chem197§ 11, 115.

can be satisfactorily reproduced in the parametrization of the

6—12 van der Waals term. However, the magnitude of the

(15) (a) Luque, F. J.; lllas, F.; Orozco, M. Comput. Cherml99Q 11,
416. (b) Luque, F. J.; Orozco, MChem. Phys. Lettl990 168 269. (c)
Alhambra, C.; Luque, F. J.; Orozco,.M. Comput. Cheml994 15, 12.

parameters turns out to be very sensitive to the specific details(d) Ferenczy, G. G.; Reynolds, C. A.; Richards, W.JComput. Chem
of the parametrization model. Therefore, these results warn199Q 11, 159. e) Cummins, P. L.; Gready, J. Ehem. Phys. Let199Q

against the direct transferability of van der Waals parameters
which might lead to an incorrect coupling between QM and
MM molecules.
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