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We performed studies of fluctuating charge, fluctuating dipole, and combined models for substituted benzenes
and concluded that dipoles are necessary to avoid errors in important cases. Force fields incorporating fluctuating
dipoles for alanine, serine, and phenylalanine were developed that accurately reproduce both relative
conformational energies and cooperative many-body energies as given by ab initio quantum chemical
calculations. The polarization model was fit to quantum chemical calculations of changes in the electrostatic
potential (ESP) induced by applied perturbations. The electrostatic model was completed by adding fixed
charges fit to the zero-field quantum chemical ESP. All intramolecular and Lendarges parameters, and

some torsional parameters, were taken from the OPLS-AA force field of Jorgensen and co-workers. Key
torsional parameters were refit to quantum chemical structures and energies.

I. Introduction on atoms is a well-established technigié and has been
generalized to all orders of multipoles by Stdfie.

It is possible to apply different levels of description to
different atoms, or to different regions of large molecules. Such
an approach will probably be necessary for efficient calculations
on large systems. As computational cost is roughly proportional

The inclusion of polarizability in molecular modeling force
fields is a crucial step necessary for building a genuinely
accurate and predictive computational tool capable of reliably
representing complex systems. In a previous papee
presented our first attempt to extend polarizable models from . .
their typical small-molecule applications to a relatively large to the square of the number of fluc'guatlng_ Chafg.e sites, but 9
organic molecule, alanine dipeptide. This work employed the times the sguare of j[he number O.f dipole S'tes.’ itis clear that a
fluctuating charge (FQ) model of Berne and co-worReis model based primarily on_fluctuatlng charges is preferable. We
represent the polarizability of the molecule and the OPLS-AA have_pe_rformed a comparison for sma_ll-molecule model systems
force field of Jorgensen and co-work&fer the remainder of that indicates that the best description for a given cost is a
the force field (with some minor modifications). A novel combined FQ@-dipole model that can describe both interatomic
approach to fitting quantum chemical response data Wascharge transfer_ and atomic polarization. F_or the pep_tlde mod_gls
introduced and shown to provide, for the most part, excellent prese_n.ted in this paper, however, we are mte_rested in the ability
predictions of many-body energies. At the same time, the new ofa T'tt'ng protocol based on quantum chemlstry to accurgtely
force field yielded respectable results in reproducing the relative predlctt_man)_/t-rk])odty res%otnses an? t_relatllve tconfgrgwanotrk\]al
energies of 10 conformations of alanine tetrapeptide as (:ompareoenerge ICS, without régard to computational cost, and have thus
with accurate quantum chemistry. These results provided chosen a.S|mpIer representation consisting of dlpole§ qnly. work
encouraging evidence that the construction of a polarizable force?" (t:.t()jmbl.ned n:'od.els for Waltekr), S|rtnple organic liquids, and
field directly from quantum chemistry was a feasible goal. peplides IS continuing In our faboratory.

However, as was noted in ref 2, the polarization response of ane the model for polarl_zat|on has been constructed and
a point-charge-only model is limited in certain cases; e.g., for validated, several steps remain to assemble a molecular mechan-
a planar molecule, there is no out-of-plane response. ReferencdCS force field, a task we have carried out for the amino acids
1 described a number of important cases in which such a mode(2/anine, serine, and phenylalanine. The electrostatic model is
appears to be qualitatively inadequate, for example, bifurcated cOmpleted by_f|tt|ng to zero-field de_nsny functional theory
hydrogen bonds to oxygen. If one is going to go to the trouble (DFT) calculations using a large basis set. Stretch, bend, and
of implementing a detailed microscopic description of polariza- ;{alr:jde;] V\flalls para'met?'rs. are ]Earlﬁen from thle OPLS-AA Torce
tion, with its attendant complexities and additional computational k:e ' -g € Ilna gtep IS Le :;t'fng f(.) the tor5||or(1ja pa_ramet)ers, éve
cost, it is imperative that the description of the polarization ave aeveloped a method for fitting coupled torsions, based on
achieve a minimum standard of accuracy. As will be shown gradient weighting, \.Nh'Ch appears to provide rellgble results in
below, a point-charge model fails by this criterion. Motivated 2" ;autorgatbed fﬁs_hlonb._l_'l'he comple(tjed force fields are then
by these observations, we have extended our approach to inclug€valuated by their ability to reproduce accurate gquantum
inducible dipoles as well as fluctuating point charges. Repre- chemlcal conformational data; accurate and robust results are
senting molecular polarizability by a system of induced dipoles °Ptained. , .

The present work, while encouraging, does not yet represent
t Columbia University. a definitive demonstration that a robust force field, which will
* Schradinger, Inc. provide accurate numbers in both the gas phase and the
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condensed phase, has been produced. That will require compar- The total electrostatic energy due to the fluctuating charges
ing condensed-phase simulations with experiment (e.g., calcula-and dipoles may therefore be written

tion of liquid-state densities and heats of vaporization) and, 1

simultaneously, reproducing quantum chemical binding energies, , _ Oy _ TR0, + 2

for molecular pairs. Work investigating these issues is currently U= Z(XA + Pa)la ZEB Hg T 22‘]’*% +

in progress; while the preliminary results appear to be reason-

able, it is as yet too early to draw serious conclusions. }Zﬁs.a;ﬁB _|_} ZA Oadan O + }BZFBJBB'.EB' +
The paper is organized as follows. Section Il presents the 2 20 25

formalism for a general linear response model containing both q 3 i (4)

fluctuating charges and dipoles and describes our computational g ATAB 7B

approach to fitting the parameters to quantum chemical data.

Section Il presents results for different polarization models in It is convenient to defindas = Ja andJgg = agl; in this
reproducing quantum chemical three-body energies for a wide case the energy may be written slightly more simply,
range of cases. Section IV discusses assembly of the remainder L

of the force field, and section V gives results obtained for 0 -0 _

alanine, serine, and phenylalanine. Section VI, the conclusion, U= Z(XA T da)a — ZEB'/‘B + E;qAJAA’qA' +
discusses future directions.

1 -
II. Linear Response Model for Polarization 2;”8 Jestly T qu‘JAB tg (5)
A. Functional Form. Consider a polarizable system repre-
sented by fluctuating charggg on a set of atoms A and induced
dipolesiig on a (possibly overlapping or identical) set of atoms
B. The system is also subject to an “external” electrostatic
potential ¢°(F) with gradient —E(r). The superscript zero

Let us now defineNa +3Ng dimensional vectors) and v
and arNa +3Ng by Na + 3Ng matrixJ, whereN, is the number
of fluctuating charges anlg is the number of dipoles,

denotes that this electrostatic potential and field do not arise A= (G fe)
from the fluctuating charges or dipoles, but from some other _ 0o =0
source, for instance, a set of fixed charges. V=0t da —Ee)
Each fluctuating chargga has a self-energyaga + Y2Ja 3 3
0%, where ya and Jy are parameters corresponding to the J= (Jf' AB') (6)
atomic electronegativity and hardnéssThe interaction with Jas Jee

the external potential gives a terpflga whereg¢, is the value ] ] . )

of the external potential at site A. Pairs of fluctuating charges Then, eq 5 may be written succinctly as a matrix equation,
ga, 0a’ give rise to an interaction energyJaagar WhereJaa: 1

depends on the distance between sites A ahd-ér instance, U= qu + —qTJq @)

if we assume the interaction is Coulombic, then 2

For any given set of atomic electronegativitigsand values
_ 1 (1) for the external potential and fiel? andEP at the sites A and
ITan'l B, the fluctuating charges and induced dipoles are determined
by minimizing eq 5 with respect to each variabjg zig. It can
wherefaa =Ta — Ta, is the displacement vector from sit¢ A be seen that, in the case of an all-dipole system, this is equivalent
to site A. to imposing the usual self-consistent field requirement on the
The dipolar terms are quite similar.dg is the polarizability induced dipoles. If, as in this case, there are no constraints on
tensor for atom B, then an induced dipgig has a self-energy the variables, then minimizing leads to a set of linear equations
Y ig-aig *7is.12 In addition, zig interacts with the external field ~ Whose solution is
giving a term—ES+zig, whereE? is the value of the field at site B
B. Pairs of dipolegig,ig, give rise to an interaction energy q=-J v (8)
us*Jeeie, Wheredgg depends on the locations of sites B and
B’ and must be a dyadic so that the interaction energy is
independent of the choice of coordinate system. If we assume
the interaction is Coulombic, then

Constraints on the fluctuating charges, such as the requirement
that each molecule remain neutral, may be handled by the
method of Lagrange multipliers, or by a transformation to a
reduced set of unconstrained coordinaggswhereC'q’ = q

for some matrixC. In this case, the solution is given by

1 ll— S e lep

Jgs = o (2) _ t ty—1
Teel\ [Taal q=-Cc'(cich*cv ©)

. ) ] ] ] We note that the respongeg to any additional perturbation
Finally, the fluctuating charges and dipoles interact (if they Ay, for instance, an external, applied electrostatic potential or

are on different sites). Each pair of fluctuating charggsiis field from additional charges, is simply
gives an interaction energyaJag-zis. As beforeJag depends
on the locations of sites A and B and in this case is a vector. Aq=—J"'Av

Assuming the interaction is Coulombic,
Aq = —cf(cich*cav (10)

= TAB . . . .
Jpg=—— 3) for unconstrained and constrained coordinates, respectively. The

= 3
T aBl response to external perturbations does not depend tmat
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is, on the electronegativities and original fixed charges we have tions and choose parameters of the linear response model so as
placed in the system. to best fit these deviations.

A polarization model for a given molecule therefore involves Let Tk be the location of gridpoint, and letA® be a vector
a specification for the elements of the matdxthat is, the whosekth elementAd, is the change, due to the perturbation,
interactions between pairs of fluctuating charges and dipoles. of the ESP given by the model at gridpokitFor a combined
We note that if we are interested simply in how well an model with fluctuating point chargeg, and induced dipoles
electrostatic model of charges and dipoles at various sites carig,
reproduce quantum chemical responses for a single, fixed

conformation of a molecule, then we could specify the elements 1 e _
of the inverse matrixJ—1 directly. In this paper, we have AD, = ZTAQA + Z _ 3'A#B (12)
followed this latter approach for the fluctuating charge, polariz- Tl IT sl

able dipole, and combined F&lipole models for substituted

benzenes. The transferable polarization models we fit for the In matrix notation,A® = RAq, with Aq = {Ada, Aug} as

peptides consist only of dipoles, so we need only specify the before, and with the matrix elemerf& of R given byRn =

coupling between pairs of dipoles. 1/[fkal and R = Twe/[Tisl®. If we let w be a diagonal matrix
Several approaches to determining these interactions exist inwhosekth element is the square root of the weight we wish to

the literature. ApplequiStireated all couplings Coulombically ~ assign in the fit to gridpoink, andA®ay, initio be a vector whose

(without screening), which may be problematic, especially for kth element is the change in the ab initio ESP at gridpkjnt

flexible models. Most of the polarizable dipole models proposed then we may express the fitting problem as the minimization

for water and other simple liquiés?2 have treated intermo-  of a cost functiory?

lecular interactions Coulombically and omitted close-range

intramolecular interactions, although Levy and co-workand, X = EIIWA‘I’ — WAD, ol I (13)
recently, Burnham et &P have followed the approach of Théfle 5

and introduced a screening function based upon spatially = ZHWRAQ — WAD il (14)
smearing out the point multipoles. (The fluctuating charge - 5

models have followed a similar approach, determining close- = Z”WRJ AV + WAD ;o | (15)

range interactions by Coulomb or overlap integrals over ) ) ] )
Gaussiah®or Slate? distributions.) Most of these approaches Where the sum is over all applied perturbations. Again, we
rely on empirical molecular polarizabilities or adjust the @assume unconstrained variabtgsf there are constraints, we
parameters in order to reproduce condensed-phase propertiegn@ handle them as described earlier. An important requirement
tions Coulombically and short-range interactions by a scaled that eq 8 specifies a minimum and a “polarization catastrofShe”
or “screened” Coulomb interaction. This screened interaction does not occur. o -

takes the simple form of a Coulomb interaction at some fixed,  !tis known that instabilities may arise in ESP fitting if charges

effective distanc&gg rather than the actual distanggyt and are poorly determined by the_ set of gridpoin.ts; .for instance, in
we will use it whenevergg is less tharkgg:: the case of charges on “buried” atoms far inside the van der

Waals surfacé? Instabilities might show up in poor values for
1 [ %2, overly large induced charges or dipole moments, or small
—(1 - 3—2 . Tge < Kggr or negative eigenvalues in the matdxAs in previous work,
T gl

rng we address this problem by zeroing poorly-determined modes

Jos = 1 OTBBTBB, (11) via singular value decomposition, a standard technfgie
K3 \ -9 72l reg < Keg note that other approaches are possible, for instance, introducing
BB’ ITeg| penalty functions to constrain some of the charges to target

values?* Let UsV' be the singular value decomposition of the
In practice, a cutoff radius was fit for each atom type having a ESP-fitting matrixwR, ande be a diagonal matrix with either
dipole, and the effective distan&gg was given by the sum of @ one or a zero for théh diagonal element, depending on
the radii for the two atom types involved. The diagonal elements Whether or not we wish to zero tlitn mode. The cost function
Jge are treated as parameters; as before, these correspond tihen becomes
the inverse of the polarizability tensag for dipoles. For

computational convenience, we have restricted these polariz- 7= ZIIUSVTJ_lAV +UoU'WA®D, oll> (16)
abilities to be isotropic. f1 N )
B. Parameterization. A standard way to obtain atomic = ZHSV J AV + oU WAD | (7)

charges for molecular mechanics simulations is to perform a

least-squares fit to the electrostatic potential (ESP), calculatedsince the matrixU is column-orthonormal. Sincg? is a

by quantum chemical techniques, at a set of gridpoints around nonlinear function of the parameters we intend to fit (for the
the molecule® We extend this idea to fitting parameters for all-dipole peptide models, these are the diagonal elements and
polarizable models in the following way. For each conformation cutoff distances, as described above), we will need to use a
of a molecule, we apply a series of external electrostatic nonlinear optimization method. It is helpful to make an
perturbations\u(F) to the molecule. As earlier, we will associate @pproximation tgy? that is linear in the matrix elements 6f

a vector Av with each perturba‘[ion' whose e|eme|:ﬁts¢A, SO as to obtain an initial guess. This we do by multiplying both
—AEg} are the value of the external potential at sites A, at which terms inside the vector norm in eq 17 Bys™?, obtaining

there are fluctuating charges, and its gradient at sites B, at which 5 it 5

there are polarizable dipoles. For each perturbation, we compute Xapprox = ZHAV + Vs “oU WAD ol

the changein the ESP at a set of gridpoints, as given by ab )

initio calculations on the perturbed and unperturbed conforma- = ZHAV + JAQyp initiol| (18)
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Here, Adab inito IS @ vector containing those values of the TABLE 1: Electrostatic Parameters for Polarizable-Dipole
variablesq that best fit the changes in the ab initio ESP (with Models of Alanine, Serine, and Phenylalanine Dipeptides.

the specified modes removed). For example, if we had a model fixed polarizability —cutoff
consisting only of point chargeaAgap initio Would consist of the atom type charge (e) (A9  radius (A)
differences between the usual ESP-fit charges for the perturbedbackbone
and unperturbed molecules. ﬁﬁgde hydrogen ) 00622573

. . . . . ydrogen oru-carbon .

The apprommatpn given by eq 18 is exacliis orthogonal, carbonyl carbon 0,037 1524 1278
which, of course, will not be true in general. In any C%éﬁ%mx a-carbon 0.077 0.763 1.130
may be minimized by simple linear least-squares techniques with  amide nitrogen —0.356 0.764 0.707
respect to the parameter contributionsJoyielding an initial fafb_O“YI' OXyglfL‘ | *8-322 0.369 0.744

L . - erminal ace yarogen —U.
guess for them. Subs_equently, we minimize eq 17 d|re_ctly, first terminalN-methylamide hydrogen 0,098
b)( $|rr_‘U|a_ted annealing and then by conjugate gradient |OC_a| terminalN-methylamide carbon  —0.114 2.037 2.940
minimization. For larger molecules with many parameters, it  terminal acetyl carbonyl carbon 0.410 1.253 2.003
was necessary in some cases to constrain diagonal elements to terminal acetyl methyl carbon 0.172 1991 2.701
be greater than zero and off-diagonal elements to be smaller2lanine side chain
h b di d id . deri hydrogen orp-carbon 0.024
than some upper bound in order to avoid excessive wandering  g’carhon 0.008 2069 2787
in parameter space. In general, the quality of the fit as given by serine side chain
x?was not overly sensitive to many details of the fitting process,  hydrogen orp-carbon 0.102 0.450 3.000
for instance, the exact value of the parameter bounds, the g;&agr:r?” :g-gg? 8-282 8-8ﬁ
annealing schedule, or even whether or not the first initial guess hydroxyl hydrogen 0.324 0.232 1618
was performed. phenylalanine side chain

When we fit a complex molecule with many parameters and  hydrogen org-carbon 0.046
constraints on the variables we have found it necessary to ﬁ'ﬁiiﬁgﬂ 00602182 10586671 205%%0

. . .l e _ ’}/- —VU. . .
enfc_>rce the constraints during the fl_ttlng process by a transfor- 0 " omatic carbons 0103 0.705 0.000
mation to a smaller set of unconstrained coordinates, rather than  gromatic hydrogens 0.104

by the method of Lagrange multipliers, to avoid problems

discussed in ref 1. This issue did not arise for the peptlde modelstypes B and B We transferred the backbone parameters thus

of the current work, since they were all-dipole models with no optained to serine and phenylalanine dipeptides. For these

constraints placed on the variables. dipeptides, we also placed dipoles on all heavy side-chain atoms
An alternate method of fitting may be applied in the case (as well as side-chain hydrogens in the case of serine) and fit

that we do not want to obtain a set of transferable parameters,additional parameters. The electrostatic parameters for the

and do not constrain long-range interactions to be Coulombic, dipeptides are given in Table 1.

but are interested simply in how well the functional form All calculations of the ab initic ESP deviations were

specified by eq 5 can reproduce quantum chemical results for performed at the Hartreg=ock level (6-31G** basis set), using

a single, fixed conformation of a molecule. In this case, we fit the jaguar electronic structure cd8eGeometries were taken

elements off™*, rather than contributions @ by minimizing from conformations minimized at the HF/6-31G** level: six
the cost function conformations for alanine dipeptide, seven for serine dipeptide,
and three for phenylalanine dipeptide. For each conformation,
XZ = ZHAq — AQ,, initio||2 (29) we generated between 20 and 30 perturbing fields by placing
dipolar probes at hydrogen-bonding positions and other locations
= Z | |J’1Av + Algp initiol |2 (20) around the molecule at a distance of 1.5 A or greater. The probes

consisted of oppositely charged point charges of magnitude

which may be done by simple linear least-squares techniques.0-7815€ spaced 0.5774 A apart.
This second method of fitting, to which we refer hereafter as  To test the polarization models we calculated three-body
the “inverse fit’, is primarily useful for comparing the perfor- energiesU(3) = Uizz — U1z — U1z — Uzz + Uy + Uz + Us,
mance of different physical models, since it does not yield for trimers consisting of the molecule and two dipolar probes
transferable parametets. placed at hydrogen-bonding positions around the molecule.
These three-body energies depend only on the méatixd are
o independent of’.
IIl. Results for Polarization Responses We compared the model predictions with ab initio calcula-
tions, again at the HF/6-31G** level. Results for the fit and
Using the above methodology, we fit polarization models to three-body energies are given in Table 2 and Figure3. We
the following molecules: a number of substituted benzenes, note a systematic improvement in the accuracy of the three-
alanine dipeptide, serine dipeptide, and phenylalanine dipeptide.body energies in going from an FQ-only model to a PD-only
For the substituted benzenes, we used the inverse fit tomodel to a combined model.
parameterize three different models for the purpose of comparing The largest errors in the point-charge-only models occur when
them: a model with fluctuating charges on all atoms, designatedthe probes form bifurcated hydrogen bonds, or are located above
FQ; a model with dipoles on all atoms, designated PD; a model and below a ring (see Figure 4). The three-body energy of a
with fluctuating charges on all atoms and dipoles on heavy point-charge-only model is systematically too low in these cases,
atoms, designated FHPD. For alanine dipeptide, we used a as shown in Figures 1 and 5. The same effect has been observed
polarizable-dipole model with dipoles on all carbons and in bifurcated hydrogen bonds formed by fluctuating-point-charge
nitrogens and fit the diagonal parametelgs = agl, con- models of watef.A possible explanation is that this systematic
straining these to be isotropic, as well as effective distanceserror results from estimating a nearly isotropic response with a
Kgs', Which were taken to be a sum of cutoff distances for atom response directed primarily along bonds, such as the bond
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TABLE 2: Response Data for a Series of Moleculés

three-body three-body
S

fit RMS RM max

molecule (kcal/(mol e)) (kcal/mol) (kcal/mol)
CsHaNH2NO: (FQ) 0.593 0.520 1.606
CsH4OHNH: (FQ) 0.682 0.811 2.794
CsH4OHNO; (FQ) 0.651 0.924 3.115
CsHsNH2 (FQ) 0.672 0.728 1.723
CsHsNO: (FQ) 0.701 0.536 1.301
CsHsOH (FQ) 0.667 1.078 2,971
CsHaNH2NO; (PD) 0.084 0.378 1.043
CsH4OHNH; (PD) 0.080 0.233 0.952
CsH4OHNO; (PD) 0.098 0.320 1.049
CsHsNH2 (PD) 0.083 0.454 1.039
CsHsNO, (PD) 0.101 0.436 0.907
CsHsOH (PD) 0.082 0.283 0.780
CsHaNHNO, (FQ + PD) 0.120 0.244 0.665
CsH4OHNH, (FQ + PD) 0.111 0.195 0.697
CsH4OHNO; (FQ + PD) 0.142 0.220 0.641
CsHsNH, (FQ + PD) 0.123 0.296 0.692
CsHsNO, (FQ + PD) 0.136 0.278 0.602
CsHsOH (FQ+ PD) 0.144 0.248 0.698
alanine dipeptide (PD) 0.123 0.167 0.324
serine dipeptide (PD) 0.182 0.161 0.501
phenylalanine dipeptide (PD) 0.273 0.134 0.302

a“Fit RMS” is the weighted root mean square deviation between
AD andAd,;, initio, at all gridpoints, for all perturbations. “Three-body
RMS” and “three-body max” are the root-mean-square deviation and

maximum deviation between ab initio three-body energies and model
three-body energies, for trimers consisting of the molecule and two
dipolar probes placed at hydrogen-bonding positions.
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Figure 1. Comparison between three-body energies for trimers
consisting of alanine dipeptide and two dipole probes. The two lowest
energy trimers are bifurcated hydrogen bonds. Two models are
compared: fluctuating charges only (FQ) and polarizable dipoles only
(PD).
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Figure 2. Three-body energies for trimers consisting of serine dipeptide
and two dipole probes.
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Figure 3. Three-body energies for trimers consisting of phenylalanine
dipeptide and two dipole probes.

i

in a bifurcated hydrogen bond or the bonds between the carbons @ ®)

and hydrogens of an aromatic ring. Consider a very simple
model for the configurations shown in Figure 4, a polarizable
center with isotropic polarizabilitg, representing the molecule,
surrounded by two fixed point chargeg representing the
probes. Each charge is located at a distan@nd the charges
and polarizable center make an an@lé he three-body energy
of this system is

[08
Uisotroplc qr cosd (21)

If we now restrict the center to polarizing only along the line
bifurcating the charges, while keeping the average polarizability

Figure 4. Two cases in which a point-charge-only model faila) &
bifurcated hydrogen bond antb)(probes above and below an aromatic
ring.

Tr o/3 constant, the three-body energy of the system becomes

2
U= 3q a(1+cost9) 22)

restricted 4
r 2

which is always less thalisetropic ASSUMING an aromatic ring

is better described by a central polarizability£ 18C°) than

by a set of polarizabilities around its edges~ 90°), eq 21
also provides an explanation for why the three-body energy is
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1 T T T T T T T T TABLE 3: New Torsional Parameters (kcal/mol)
05 - - angle Vi \& Vs
of A BT backbonep/y
osl L A | C(0)-N—C—C(0) -1.381 —0.044 -2.138
e N—C—C(O)-N 1.615 2.495 —1.439
T oAb i wT 1 C(0O)-N—-C-C —0.474 —0.060 2.203
- | C—C—C(O)-N 2.206 0.436 1.209
= ¥ serineyi/y2
g 2r i N-C—C-0 0.127 0.692 1.214
B 25t ° 4 C(0)-C-C-0 —0.650 —0.912 0.000
2 3 i C—C-O—H 0.796 —1.421 1.035
35 FQ ° 1 interactions on average if it is to have the same accuracy in
4, FQ+ PD. orobas ab S below i F?;g% o reproducing bulk properties of liquids.
x
s . T PrODes A A e et A As we have stated above, we adopted all stretch, bend, and

14 12 1 08 02 04 Lennard-Jones parameters from OPLS-AA, with the exception

06 -04 0.2
] i_ab it (kc_a'/mm) of key torsional parameters. The torsional energy is given by
Figure 5. Three-body energies for trimers made up @HEOH and

two dipolar probes placed at hydrogen-bonding positions at a distance

of 1.5 A and greater. The lowest energy trimer is a bifurcated hydrogen o 1‘ _ _ ;
bond, while the second lowest corresponds to probes placed directly Erorsion IZ 2[V1(1 +cosgy) + V(1 — cos 2) +

above and below the ring. Various models are compared: fluctuating
charges only (FQ), polarizable dipoles only (DP), a combined model V5(1 + cos 3)] (23)
(FQ + DP), and a polarizable dipole model with an additional site at

the center of the ring. where the sum is over all the dihedral anggsand Vi, Vo,

) ) ) ) and Vs are the Fourier coefficients. Although we adopted the
stll] too small for a model with .o!lpoles .S|tuated only on atoms. op| S-AA values of the coefficients for some of the torsions,
This suggests placing an additional dipole at the center of the e treated several key cases differently. These cases were the
ring, which indeed fixes the problem entirely (see Figure 5). oy pleds andy angles in the peptide backbone and the serine
~ Though off-atom sites are a complication, and we have not gipentidey; andy. side-chain angles. The torsions were treated
included them in the peptide models yet, they appear necessanyiterently because in the OPLS-AA approach electrostatid 1
in order to faithfully reproduce this test case, although it is iyteractions are produced by permanent point charges and scaled
unclear what degree of accuracy is needed: it mlgh_t be_arguedby 0.5, while in our methodology, the same interactions (a) are
that the test at hand is unreasonably demanding in thatys scaled at all and (b) are truly nonadditive and emerge as a
approaches to aromatic rings are rarely, if ever, as close as 1.8gg|t of taking into account the total electrostatic field produced
A and the error is less significant at longer distances, e.g., 1.8 by the permanent charges and induced dipoles together. It should
A. be noted that such torsions may be affected by long-range
(longer than *4) electrostatic interactions which, even if similar
to the OPLS-AA case on average, are expected to behave

After the polarization was fit, we completed the electrostatic differently locally. Finally, we used OPLS-AA torsional pa-
models for alanine, serine, and phenylalanine dipeptides by rameters for the other dihedrals, for example, the methyl group
adding fixed point charges on all atoms. The interaction of the rotations, because most of the methyl hydrogens lack polariz-
fixed charges with the polarizabilities was taken to be purely ability in our present model and their permanent electrostatic
Coulombic if they were separated by at least two bonds and charges are rather small in magnitude.
zero otherwise. The values of the fixed charges were determined We will describe the torsional fitting procedure we used for
by a least-squares fit of the total ESP of the model, from both the backbone parameters and for the serine side-chain rotations
the fixed charges and the resulting polarization response, to thein a separate papétso we outline it briefly here. First of all,
ESP as given by zero-field DFT/B3LYP calculati8h& with potential energy minima were identified for the energy surface
the cc-pVTZ(-f) basis set, again using the Jaguar progfam. defined by the coupled torsions and ab initioc geometry
For alanine and phenylalanine dipeptides, the ESP from the optimizations were carried out for the minima. Then, for each
lowest energy conformation was fit. For serine dipeptide, slightly of the minima, a series of restrained energy minimizations was
better results were obtained by fitting to the ESP from the done. The coupled angles were constrained so that one of them
second-lowest energy conformation. Future work will incorpo- was the same as at the energy minimum and the other assumed
rate fitting zero-field ESPs from several conformations simul- different values. Thus, one-dimensional slices of the potential
taneously. Fixed charges are given along with the polarization energy surface were obtained for each of the conformers. The
parameters in Table 1. same minimization series were then carried out with the force

Applications such as gas-phase energy minimizations, con-field, and the data from the former and the latter were used in
formational search, binding calculations, and liquid-phase least-square fitting of the torsional parameters for the angles
simulations require defining a full force field, including, in our involved. The points on the energy surface employed in the
case, bond stretches, angle bends, torsions, and van der Waalfitting were weighted according to estimated gradient values at
interactions. While concentrating on building the electrostatic the ab initio surface, with the weights decreasing exponentially
model, we intended to use existing OPLS-AA parameters for with increase of the gradient magnitudes. Results presented in
the remainder of the force field whenever possible. We chose the next section illustrate the advantages of this procedure. All
this force field because it performs very well for a wide variety the ab initio energies were obtained at the LMP2/cc-pVTZ-
of bioorganic systems. Although our electrostatic model has a (-f)//HF/6-31G** level of accuracy. New torsional parameters
different functional form, it should produce similar electrostatic are given in Table 3.

IV. Assembling the Force Field
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TABLE 4: Alanine Dipeptide Conformational Energies TABLE 6: RMS Deviations from the LMP2/cc-pVTZ(-)//

(kcal/mol) HF/6-31G** ab initio Values for Alanine Tetrapeptide
ab initic? OPLS this work this work Conformational Energies Minimizations?

lp fitting noP no yes force field energy RMS (kcal/mol)

C7eq 0.00 —0.31 0.16 0.00 LMP2/cc-pVTZ(-f)

C5 0.95 1.01 0.55 0.78 this work 0.71

C7ax 2.67 2.24 2.10 2.48 OPLS-FQ (ref 1) 0.94

b2 2.75 HF/6-31G** 1.10

aL 4.31 MMFF93 1.20

ap 5.51 6.19 6.32 5.88 OPLS-AA(2,2) 1.47

RMS errof 0.43 0.54 0.22 MM3* 1.53

a| MP2/cc-pVTZ(-f)//HF/6-31G**.P Standard OPLS-AA torsional SE/S(':\A S/S'I'Z(-f) 11 665?
parameters employe@For every method, position of the energy Null Hypothesi8 207
minima were uniformly shifted to achieve the lowest possible RMS AMBER* 239
deviation from the ab initio data. CHARMM 22 2.56

TABLE 5: Alanine Tetrapeptide Conformational Energies apata from this work and refs 1 and 3%All the conformers are

(kcal/mol) assumed to have the same energy.
abinitic.  OPLS _ thiswork this work TABLE 7: Serine Dipeptide Conformational Energies
¢l fitting® nc nc* yes (kcal/mol)
d
% ggi gr‘;’g i%ﬁ igi conformer ab initié OPLS-AA this work
3 0.00 —1.57 —0.35 0.22 1 0.00 0.45 —0.05
4 4.13 3.33 3.13 3.69 2 3.04 3.38 3.04
5 3.88 4.32 3.14 3.70 3 3.99 2.97 3.76
6 2.20 2.94 2.64 1.45 4 4.25 4.18 4.39
7 5.77 3.85 5.64 5.48 5 5.56 5.60 5.60
8 4.16 6.79 6.22 5.38 6 7.50 7.77 7.61
9 6.92 5.82 5.54 6.74 RMS erroP 0.49 0.12
10 6.99 9.35 9.86 8.21 Vimax (kcal/mol) 6.28 1.42
RMS errof 1.47 1.34 0.71

a L MP2/cc-pVTZ(-f)//HF/6-31G**.° For every method, position of

a | MP2/cc-pVTZ(-f)//HF/6-31G**.P No refitting done for the tet- the energy minima were uniformly shifted to achieve the lowest possible
rapeptide, dipeptide-fittegh/yp torsional parameters usedStandard RMS deviation from the ab initio dat&.The greatest magnitude among
OPLS-AA torsional parameters employed. Parameters transfered di-the side chain torsional coefficients.
rectly from the dipeptided The minima numbering as in ref 31For
every method, position of the energy minima were uniformly shifted - section for thep/yy coupled fitting; we used one-dimensional
to achieve the lowest possible RMS deviation from the ab initio data. slices of the potential energy surface defined by thandy.
angles, taking the slices at the minima.

Itis clear that the new model gives a significant improvement

Reproducing relative ab initio conformational energies for over standard OPLS-AA results for serine. The minima now
alanine dipeptide was the first target of the force field assembled have the correct order, which was not the case for the OPLS-
as described above. Energy minimizations were performed with AA conformations 2 and 3. A smaller shift is now needed to
the BOSS version 3.6 prograth,modified to employ the achieve the lowest energy RMS. The RMS itself is 4 times lower
polarizable electrostatic model. First, backbgrendy torsional than that for OPLS-AA. Finally, the greatest Fourier coefficient
parameters were fit as described in the previous section. It shouldmagnitude needed for the side-chain torsions is only 1.421 kcal/
be pointed out that the fitting was done on alanine dipeptide mol in the new model, versus the unusually high 6.280 kcal/
only, and the parameters thus obtained were then used for botimol used in OPLS-AA. This demonstrates that the potential
the dipeptide and tetrapeptide geometry minimizations, as well energy surface produced by the polarizable model in hand is
as in serine and phenylalanine calculations. In this way, significantly closer to the ab initio one, even before the
transferability of the parameters was tested. Tables 4 and 5 showdiscrepancy is narrowed by means of the torsional energy fitting.
results of geometry optimizations for alanine dipeptide and Table 8 displays results of geometry minimizations of
tetrapeptide, respectively. Several observations can be madephenylalanine conformers. The backbone torsional parameters
First, the proposed polarizable force field performs comparably were taken from the alanine dipeptide fitting. No ab initio
to OPLS-AA, even without the backbone torsional refitting. torsional fitting was done for the side chain; instead, we set all
Second, fittingp andy torsional parameters decreases the RMS the Fourier coefficients to zero for the-@—C—X torsions in
deviations for the dipeptide by about a factor of two. Finally, they; dihedral. Here again, the polarizable force field produces
torsional parameters fitted on the dipeptide potential surface a potential energy surface in better agreement with ab initio
perform very well in the alanine tetrapeptide energy minimiza- calculations than standard OPLS-AA so that no torsional
tions, where the RMS energy error also dropped by nearly 50%. adjustment of this surface is needed for this angle. The results
To summarize, the presented force field is superior to any otherof geometry optimizations for the phenylalanine dipeptide
empirical force field in reproducing the alanine tetrapeptide presented in Table 8 are in excellent agreement with the ab initio
conformational energies, as illustrated by Table 6. data.

Table 7 presents results of energy minimizations for serine  To summarize, the accuracy of the new models in reproducing
dipeptide. We used the same backbone torsional coefficientsthe relative conformational energies of alanine, serine, and
as in the alanine case described above. In addition, the sidephenylalanine dipeptides and alanine tetrapeptide is superior to
chain y1 and y, torsions were fitted to ab initio data. The that of standard OPLS-AA, and it appears that the ab initio
procedure was exactly the same as described in the previougpotential energy surface is better reproduced after including

V. Applications: Alanine, Serine, and Phenylalanine
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TABLE 8: Phenylalanine Dipeptide Conformational important directions to be pursued immediately are tests on a
Energies (kcal/mol) wider variety of protein residues and tests of the performance
conformer ab initi® OPLS-AA this work of the proposed technique in reproducing thermodynamic liquid-
1 0.00 —008 0.13 phase properties, e.g., heats of vaporization, densities, and free
2 0.65 0.49 0.68 energies of solvation.
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