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A SECOND GENERATION FORCE FIELD FOR THE SIMULATION
OF PROTEINS AND NUCLEIC ACIDS

Wendy D. Comnell

Dissertation Abstract

This thesis describes the development and testing of a second generation additive
force field for the molecular mechanical simulation of proteins and nucleic acids.
Chapter 1 provides an introductory overview of this work. In Chapter 2 the validation
of the new RESP (restrained electrostatic potential-fit) model for calculating atom-
centered charges is presented. Chapter 3 describes the results of high level ab initio
calculations on the glycyl and alanyl dipeptides, comparing the results obtained using
different theoretical models. In Chapter 4 the derivation of charges for the amino
acids is presented. These charges are calculated using multiple molecules, multiple
conformations, and restrained electrostatic potential fitting. Chapter S presents the
remainder of the derivation and testing of the new force tield. In Chapter 6 a non-
additive model is applied to the calculation of the conformational energies of the
glycyl and alanyl dipeptides. The underlying assumptions and approximations
inherent in the new additive force field are reviewed in Chapter 7, along with the
imperfections and directions for future work in the area. Finally, Appendix I presents
the application of the first generation force ficld to the simulation of the

conformational dynamics of cyclopentane.
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The field of computer simulation occupies a distinct position in the world of science.
It is different from both experiemental and theoretical science and ideally is able to
explore in detail both experimental observations and theoretical predictions.
Dependent as it is on computational resources, this field has grown over the last few
decades in conjunction with developments in computer hardware. The application of
computer simulation to atomic level systems of chemical and biochemical interest
became fairly widespread during the 1980's, when a number of general protein and
nucleic acid force fields became available. One of the most widely used of these
classical force fields was developed at UCSF in this laboratory and has been used

more in less in its original form for nearly ten years.

Although the Weiner et al. force field 1 has been quite successful, it was developed
primarily for use without explicit solvent, with a distance dependent dielectric. This
simplification was necessary in order to treat the relatively large and complex proteins
and nucleic acids within the constraints of the avaliable computing power. More
recently, advances in computer technology have allowed for the simulation of such
biological molecules in explicit solvent, which is a more accurate representation of
these systems. We therefore chose to undertake the development of a second
generation force field, based on the general philosophy of Weiner et al., which would

be appropriate for calculations carried out in solution.

A new charge model has been developed for this second generation force field, and its
validation is described in Chapter 2. The new model employs the 6-31G* quantum
mechanical basis set, multiple conformations, restrained fitting t oa quantum
mechanical electrostatic potential (esp), and a 1-4 electrostatic scale factor of 1/1.2.
The 6-31G* basis set was chosen because it results in molecular dipole moments

which are about 10-20% greater than the gas phase values and thus implicitly includes



the approximate amount of polarization which would be found in an aqueous
environment. Multiple conformation fitting was first suggested by Reynolds ez al. 2
and it directly addresses the problem of the conformational dependence of esp-fit
charges. The use of restraints in the fitting process was developed by Christopher
Bayly 3 and tested extensively by the author and Piotr Cieplak. 4 The RESP
(restrained esp-fit) charge model employs hyperbolic restraints on the charges on non-
hydrogen atoms, in order to attenuate the magnitudes of charges on buried atoms

which are not well defined by the shells of potential points.

The RESP charges are more consistent with respect to the values calculated from
different conformations and are less sensitive to me 1-4 electrostatic scale factor.
Single conformation RESP charges are not as good as multiple conformation fit
standard ESP charges at reproducing the electrostatic potential of different
conformations of a molecule, but in tests on propylamine they are shown to provide
an improvement beyond that achieved through multiple conformation fitting alone.
Furthermore, they provide some of the benefit derived from multiple conformation
fitting withouth the requirement of carrying out multiple ab initio calculations on

multiple conformations of a molecule.

High level quantum mechanical calculations on glycyl and alanyl dipeptides are
described in Chapter 3. These calculations follow up on work originally carried out
by Ian Gould, who calculated relative conformational energies for four low energy
conformations of alanyl dipeptide at the MP2/TZP//HF/6-31G* level. 5 Those
calculations were followed by a similar set of calculations on glycyl dipeptide which
were carried out by the author in collaboration with Ian Gould. 6 The results
presented in Chapter 3 address the question of the effect of the particular theoretical

treatment (basis set) employed in the calculations as well as the choice of the
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molecular model, i.e. the use of methyl or hydrogen blocking groups on the two
backbone amide groups. We chose to use the larger methyl-blocked analogs for our
model systems, even though they made the ab initio calculations much more
expensive. In order to obtain molecular mechanical residues of the correct net charge
for inclusion in the database, a Lagrange constraint must be applied during the fit
which forces the blocking groups plus outer amide atoms to be neutral. This
simplification is less severe when the blocking groups consist of methyl groups rather
than just hydrogen atoms. Quantum mechanical results on the methyl-blocked

analogs can then be compared directly with the molecular mechanical model.

These ab initio calculations were motivated by the fact that the conformational
energies calculated for glycyl dipeptide (using the same protocol employed by Gould
and Kollman for alanyl dipeptide) differed from those determined by Head-Gordon et
al. at the MP2 level of theory on hydrogen-blocked analogs. 7 The results presented
here suggest that the different blocking groups (methyl vs. hydrogen) rather than the
different basis sets were the main cause of the disagreement seen between the two sets
of calculations. This implies that the use of diffuse functions is not necessarily called
for to model hydrogen bonded systems when using a sufficienly large and well-

balanced basis set.

In Chapter 4 the RESP model is applied to the derivation of charges for the amino
acids. Analogous calculations were carried out by Piotr Cieplak for nucleic acids and
reported in a common paper. 8 Chapter 4 represents a major revision of that paper
with the nucleic acid results removed and some additional data provided on the amino

acids. The final charge model for the amino acids employs two conformations for
each amino acid, one with the backbone in an a-helical conformation and the other

with it in an extended (f-sheet) conformation. Side chain y orientations were then
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assigned based on a PDB survey 9 so that each of the two conformations had different
values for a given xn. A multiple molecule fit of gly, ala, val, ser, and asn was carried
out in order to obtain a consensus set of charges for the backbone amide atoms.
Different sets of consensus amide charges were calculated for the positively and
negatively charged amino acids. The effects of constraining the two backbone amide
groups to have the same charges and each blocking group to be neutral were explored
and found to be not too severe. The alanyl and glycyl dipeptide molecular
mechanical conformational energies calculated with even the unconstrained charge
sets were found not to agree well with the quantum mechanical energies. In
particular, relative conformational energies of the ar conformations of glycyl and
alanyl dipeptides were seen to differ by over 2 kcal/mol, when the quantum
mechanical energies were essentially the same. The reason for this disparate behavior

is currently not clear.

Chapter S describes the development of the new additive force fieold using small
molecules and simple liquids. This chapter reflects work carried out by a number of
other people in the group, including Ian Gould, Ken Merz, David Spellmeyer, David
Ferguson, Christopher Bayly, David Veenstra, Thomas Fox, and Jim Caldwell. For
the most part, however, the results presented therein reflect work carried out by the
author, Piotr Cieplak, and Peter Kollman. The test cases are similar to those
employed in the development of the first generation force field, based on the
reproduction of geometries, conformational energies, interaction energies, and
vibrational frequencies. For this force field, the calculation of accurate free energies
of solvation is also critical, and so this data has been added to the test set. The major
challenge posed by this new force field was the need to develop a charge model
which performed well at reproducing both inter- and intra-molecular interactions.

Charges derived using the 6-31G* basis set are larger than ones derived with the
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STO-3G basis set and are very sensitive to the magnitude of the 1-4 interaction. The
new 1-4 electrostatic scale factor of 1/1.2 is thus critical for maintaining the proper
balance between 1-4 and 1-5 interactions and results in conformational energies
which agree well with experiment for many of the small molecules studied. This was
not the case with the alanyl and glycyl dipeptides, however, and in that case it was
necessary to develop a set of ¢ and y dihedral parameters with Vi, V3, V3, and V4

Fourier components.

A new non-additive model employing atom-centered polarizability is applied to the
dipeptide conformational energies in Chapter 6. This model uses polarizabilities
derived from optical spectroscopy 10 and has been developed by Jim Caldwell by
fitting to the density and enthalpy of vaporization of neat liquid methanol and trans-
NMA. The model requires scaling the 6-31G* éharges by a factor of 0.88 The model

is found to improve greatly the conformational energies calculated with no ¢ and y
dihedral parameters (as compared to the additive model with no ¢ and y dihedral
parameters), and can be improved even further through the addition of a very simple

set of dihedral parameters which are small in magnitude.

In Chapter 7 the assumptions and approximations inherent in the force field are
summarized and some of the limitations of both the additive and non-additive model
are discussed. Although the non-additive model performs well as calculating the
conformational energies of the dipeptides, it significantly underestimates the
interaction energies of the DNA base pairs. Work is currently underway in the group
by Richard Dixon investigating the improvement afforded by the inclusion of off-
center charges (lone pairs) in the charge model. It is possible that the neglect of

charge anisotropy about a given atoms is more severe than the neglect of polarization.
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Finally, Appendix I describes a study of the dynamical properties of cyclopentane in
the gas phase as modelled by our first generation force field. This work was carried
out by the author, Yax Sun, and Maria Ha, a high school student who was a summer
intern with the Science and Education Partnership (SEP) porgram. This project was
motivated by a study carried out using the MM3 force field which was the first
application of that force field which used the new molecular dynamics capability of
the MM3 program. 11 Our somewhat surprising results showed that a simple
harmonic diagonal force field ! performed nearly as well as the more complex MM3
force field at reproducing the velocity and puckering of the pseudorotation process.
Furthermore, our simple force field more accurately represented the barrier to
planarity. Results such as these auger well for the potential of the new force field to

be extended to application to small molecules.

In conclusion, the work presented in this thesis represents the development and
testing of a new second generation force field for the simulation of proteins and
nucleic acids. It is hoped that it will prove to be a useful model for carrying out new
and interesting chemical and biochemical applications and that it will serve as a solid

platform for further development of both additive and non-additive models.



References

1. (a) Weiner, S.J.; Kollman, P.A.; Case, D.A.; Singh, U.C.; Ghio, C.; Alagona, G.;
Profeta, S., Jr.; Weiner, P. J. Am. Chem. Soc. 1984, 106, 765. (b) Weiner, S.J.;
Kollman, P.A.; Nguyen, D.T.; Case, D.A. J. Comput. Chem. 1986, 7, 230.

2. Reynolds, C.A.; Essex, J.W_; Richards, W.G. J. Amer. Chem. Soc. 1992, 114,
9075.

3. Bayly, C.; Cieplak, P.; Cornell, W.; Kollman, P.A. J. Phys. Chem. 1993, 97,
10269-10280.

4. Comell, W.; Cieplak, P.; Bayly, C.; Kollman, P.A. J. Amer. Chem. Soc. 1993,
115, 9620.

5. Gould, LR.; Kollman, P.A. J. Phys. Chem. 1992, 96, 9255-9258.

6. Gould, LR.; Comnell, W.D.; Hillier, LH. J. Amer. Chem. Soc. 1994, 116, 9250-
9256. |

7. Head-Gordon, T.; Head-Gordon, M.; Frisch, M.; Pople, J.A.; Brooks, C.L. J.
Amer. Chem. Soc. 1991, 113, 5989.

8. Cieplak, P.; Comell, W.D.; Bayly, C.; Kollman, P.A. "Application of the
Mutlimolecule and Multiconformation RESP Methodology to Biopolymers:
Derivation for DNA, RNA and Proteins," J. Comp.Chem., submitted.

9. McGregor, M.J,; Islam, S.A_; Sternberg, M.J.E. J. Mol. Biol. 1987, 198, 295.

10. Applequist, J.B.; Carl, J.R.; Fung, K.-K. J. Amer. Chem. Soc. 1972, 94, 2952.
11. Cui, W.; Li, F.; Allinger, N.L. J. Am. Chem. Soc. 1993, 115, 2943.



Chapter 2

Application of RESP Charges to Calculate Conformational Energies,

Hydrogen Bond Energies, and Free Energies of Solvation



10

Application of RESP Charges to Calculate Conformational
Energies, Hydrogen Bond Energies, and Free Energies of

Solvation

by

Wendy D. Cornell*
Piotr Cieplak
Christopher 1. Bayly §
and
Peter A. Kollman

Department of Pharmaceutical Chemistry
University of California, San Francisco
San Francisco, CA 94143

* Graduate Group in Biophysics

T Permanent Address: Department of Chemistry, University of
Warsaw, Pasteur 1, 02-093 Warsaw, Poland

§ Current Address: Merck Frosst Canada Inc., C.P. 1005 Pointe
Claire - Dorval, Quebec, H9R 4P8, Canada

J. Am. Chem. Soc.
Vol 115: 9620-9631



11

Abstract

We apply a new restrained electrostatic potential fit charge model (two-stage RESP) to
conformational analysis and the calculation of intermolecular interactions. Specifically, we
study conformational energies in butane, methyl ethyl thioether, three simple alcohols,
three simple amines, and 1,2-ethanediol as a function of charge model (two-stage RESP
vs. standard ESP) and 1-4 electrostatic scale factor. We demonstrate that the two-stage
RESP model with a 1-4 electrostatic scale factor of ~1/1.2 is a very good model, as
evaluated by comparison with high level ab initio calculations. For methanol and N-
methyl acetamide interactions with TIP3P water, the two-stage RESP model leads to
hydrogen bonds only slightly weaker than found with the standard ESP charges. In tests
on DNA base pairs, the two-stage RESP model leads to hydrogen bonds which are ~1
kcal/mole weaker than those calculated with the standard ESP charges but closer in
magnitude to the best currently available ab initio calculations. Furthermore, the two-stage
RESP charges, unlike the standard ESP charge.s, reproduce the result that Hoogsteen
hydrogen bonding is stronger than Watson-Crick hydrogen bonding for adenine-thymine
base pairs. The free energies of solvation for both methanol and trans N-methyl acetamide
were also calculated for the standard ESP and two-stage RESP models and both were in
good agreement with experiment. We have combined the use of two-stage RESP charges
with multiple conformational fitting -- recently employed using standard ESP charges as
described by Reynolds et al. (JACS, 114, 9075 (1992) -- in studies of conformationally
dependent dipole moments and energies of propylamine. We find that the combination of
these approaches is synergistic in leading to useful charge distributions for molecular
simulations. Two-stage RESP charges thus reproduce both intermolecular and
intramolecular energies and structures quite well, making this charge model a critical
advancement in the development of a general force field for modelling biological

macromolecules and their ligands, both in the gas phase and in solution.
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Introduction

It is hard to overestimate the importance of electrostatic effects in the energetics of most
intermolecular interactions. The ability to simulate such intermolecular interactions
accurately using empirical force fields requires great care in the development of the
electrostatic model. The use of ab initio electrostatic potential derived (ESP) charges has
been a promising start in this pursuit.1-3 With a suitable basis set for the calculations that is
balanced with effective two-body potential water models, e.g. 6-31G*, one expects a very

good reproduction of experimental free energies of solvation. This is indeed the case.

One problem with electrostatic potential fit charges, however, is that they are
conformationally dependent.4-6 Furthermore, the conformational energies which are
calculated using standard ESP charges are not sufficiently in agreement with experimental
results and high level theoretical calculations and therefore require adjustment through the
contribution of the torsional energy term. Becausé charges on common functional groups
are not consistent between homologous molecules, one is unable to derive torsional
parameters to adjust the conformational energies for certain classes of molecules.” That is
because any error in the conformational energies resulting from the nonbonded electrostatic

contribution is not systematic.

These problems have led to the development of a new charge model which restrains the
magnitude of the partial atomic charges that are least well determined by the electrostatic
potential -- RESP charges. We show that this model reasonably meets the challenge to
restrain the charges on nonpolar groups without greatly reducing the charges on polar
groups and thereby having a deleterious effect on important intermolecular interactions such
as hydrogen bonding and free energies of solvation. In addition, we address below the
issue of whether to attenuate the electrostatic interaction between atoms separated by exactly

3 bonds (14 interactions). By comparison with high level ab initio calculations on 1,2-
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ethanediol, we are able to suggest an optimum 1-4 electrostatic scale factor and evaluate the

sensitivity of the model to the exact value of this scale factor.

Below we present the results of studies of conformational energies, hydrogen bonding
energies, and free energies of solvation for a model which is a reasonable compromise
between the need to have large charges on polar atoms to reproduce intermolecular
interaction energies and small charges on nonpolar atoms to reproduce intramolecular
conformational energies. The evolution of this model is described in detail in another
paper3 and involves a two-stage fitting. In both stages of the fit, restraints are used only on
non-hydrogens atoms. In the first stage, the charges are optimized and any necessary
molecular symmetry is imposed by constraining charges on equivalent atoms to have the
same value. Two types of equivalent atoms are not constrained to be equivalent in the first
stage, however. These are hydrogens within methyl and methylene groups. The carbon
and hydrogen atoms in those groups are reoptimized in the second stage of the fit in the
presence of frozen charges from the first stage on the other atoms. This two-stage fit was
found to be necessary because a one-stage fit which constrained methyl hydrogens to have

equivalent charges adversely affected charges on nearby polar atoms.

Methods

A. Charge Models

The derivation of the final charge model is described in detail in another paper.8 The
terminology and notation for describing the charge models are as follows. The term
"RESP" is used to refer to any of the restrained ESP models. The models are distinguished
by the strength of the restraint used (field 1) and the treatment of the methyl and methylene
hydrogens (field 2). Standard ESP charges (un.ap) were calculated according to the
method described by Singh and Kollman.3 The notation then refers to the fact that the

charges were unrestrained (un) and that methyl and methylene hydrogen charges were
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averaged internally a posteriori (ap) to the fit. Even though all three methyl hydrogens are
rarely equivalent by formal molecular symmetry, it is necessary for them to have equivalent
charges because they will interchange under the conditions of molecular dynamics and

should therefore be indistinguishable.

Five other models are examined in this paper. Four of the models resulted from one-stage
optimization of the charges with the inclusion of hyperbolic restraints on non-hydrogen
atoms. Both a strong restraint of 0.0010 a.u. (st) and a weak restraint of 0.0005 a.u. (wk)
were tested. Methyl hydrogen atoms were either averaged a posteriori (ap) to the fit or
constrained to be equivalent during the fit (eq). The four models arrived at were thus

(st.ap), (st.eq), (wk.ap), and (wk.eq).

The fifth and preferred model (wk.fr/st.eq) resulted from a two-stage fitting process
where the charges were optimized in the first stage with weak hyperbolic restraints of
0.0005 a.u. on non-hydrogen atoms. In the second stage, charges were frozen on all
atoms except those in methyl and methylene groups, and the charges on those atoms were
then re-optimized in the presence of strong hyperbolic restraints on the non-hydrogen
atoms (i.e. the methyl and methylene carbons). Methyl or methylene hydrogens were thus
free (fr) in the first stage, and not constrained to have equivalent charges within each group
(eq) until the second stage. When charges on non-methyl or non-methylene atoms needed
to be equivalent (such as those on an amino group's two hydrogens or carbons 1 and 4 or 2
and 3 in butane) they were constrained to be so in the first stage. This fifth model is also
referred to as the "two-stage” model. The two-stage model presented here is not all-
inclusive. Additional issues not addressed in this paper will be examined in a future paper
presenting charges for the nucleic acids and amino acids. 9 We summarize our notation in

Table 1.

UGS LIBRARY
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B. Bonded and van der Waals Parameters

Bond, angle, and torsion parameters were taken from the Weiner et al. 10 all atom force
field. Bonded parameters for the aliphatic amino group were adapted from existing
parameters in the Weiner et al. force field. They are CT-NT: r=1.471 and K; = 367.0;
CT-CT-NT: 6 =109.7 and Kg = 80.0; HC-CT-NT: 6 = 109.5 and K¢ = 35.0; CT-NT-H2:
0 =109.5 and Kg = 305; and X -CT-NT -X: a sixfold degenerate torsion with V3 = 1.0 and
a phase of 0°. Van der Waals parameters used are those adapted or developed for the new
force field 1! and are presented in Table I1.10.12-15 The conformational studies employed

HC atom types on all of the aliphatic hydrogens.

C. Conformational Energy Analyses

Molecular mechanics minimizations were carried out using the AMBER program.!6
Conformations corresponding to rotational ba.rriers were examined using dihedral
constraints imposed in the PARM module. For the 1,2-ethanediol minimizations, starting
geometries were defined using canonical trans and gauche dihedral values with no
constraints. Conformations which were not minima on the molecular mechanical potential
energy surface were minimized with the necessary dihedral constrained to the 6-31G*
quantum mechanically optimized value. Quantum mechanics calculations were carried out

using the Gaussian 90 suite of programs.!7

Models for 1,2-ethanediol using different 1-4 electrostatic scale factors were evaluated by
three different measures and using three different sets of reference energies: MP3/6-
31+G**//HF/6-31G* energies on the four lowest energy conformations 18 and MP2/6-
31G*//HF/6-31G* energies on the other six; MP2/6-31G*//HF/6-31G* energies for all
conformations; !9 and MM2 19.20 minimized energies for all conformations. The first of

the three measures was simply the sum of the absolute values of the difference between the
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relative reference energy and the relative molecular mechanics energy for each
conformation. The second measure was a Boltzmann weighted RMS of the difference
between the molecular mechanics and reference relative energies. In this case the
Boltzmann weight of each conformation was calculated from the reference energy. This
procedure then penalized most heavily energy deviations in conformations which were
"supposed to" be lower in energy. In the third measure, a Boltzmann weighted RMS was
again calculated, but in this case the molecular mechanics energy was used to assign the
Boltzmann weight of each conformation. This procedure penalized for conformations
which were not supposed to be low in energy but which had low calculated molecular

mechanics energies.

One needs to consider both of the Boltzmann weighted RMS values together -- i.e. the one
that uses the reference energy as a weight and the one that uses the calculated energy as a
weight. This is because each one neglects the prc;blem that the other measure is flagging.
The Boltzmann weighted RMS values serve best as a means of eliminating models and will

not necessarily directly identify an optimal model.

D. Hydrogen Bond Energies

DNA base pairs were set up using the computer graphics program MIDAS.21,22 N-methyl
acetamide (NMA) homo-dimer and NMA-water dimer configurations were set up according
to Jorgensen and Swensen.23 Methanol homo-dimers and methanol-water dimers were set
up according to Tse and Newton.2# Each system was then minimized using the AMBER
program with conjugate gradient minimization with a constant dielectric of 1 and 1-4 van

der Waals and electrostatic scale factors of 1/2.

E. Free Energy Perturbation Calculations

All simulations were run using the AMBER program with the all-atom type force field.

UGS LIBRARY
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Each initial system contained the solute trans-NMA with 259 TIP3P water molecules or
methanol with 208 TIP3P water molecules. Each system was initially minimized using
1000 cycles of conjugate gradient minimization followed by 20 psec of molecular dynamics

equilibration.

The perturbations of methanol to methane or ethane were carried out with over 202 psec of
molecular dynamics simulation using the slow growth approach.25 Van der Waals
parameters and charges were perturbed simultaneously. The potential of mean force (pmf)
correction, necessary because of the manner in which AMBER defines the topologies of the
perturbed groups or molecules, was calculated for perturbed bonds and added to the total

free energy change.26

The above protocol was carried out using the standard ESP charges. Results for free
energy differences based on the other three chérge sets were obtained by performing
shorter perturbations for methanol, involving only changing the standard ESP charges into
the new set. These simulations were carried out using the windows approach?’ with 21
windows and 500 steps of molecular dynamics equilibration and 500 steps of data

collection for a total of 42 psec.

The perturbation of NMA to methane was carried out with decoupling of the electrostatic
and van der Waals components of the perturbation. NMA standard ESP charges were first
perturbed to zero during 404 psec of molecular dynamics using the windows approach
with 101 windows consisting of 1000 steps of equilibration and 1000 steps of data
collection. The van der Waals perturbation was similarly carried out over 404 psec. For
the second part of the electrostatic perturbation, that of perturbing methane's neutral atomic
charges to standard ESP charges, results were taken from previously published calculations

by Sun er al. 28

UGS LIBRARY
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The solvation free energies reported for the three RESP models were obtained by carrying
out electrostatic perturbations for NMA where only the standard ESP charges were
perturbed to RESP charges. These simulations were carried out using the windows
approach with 21 windows and 500 steps of molecular dynamics equilibration and 500
steps of data collection for a total of 42 psec. The results were then combined with those
from the van der Waal's and electrostatic perturbations described in the preceding
paragraph. The necessary pmf correction was included as was the Born correction, 29
needed to account for the long range electrostatic effects of perturbing a dipolar species into

a nonpolar one.

All simulations were carried out at a constant pressure of 1 atm and a constant temperature
of 300K using a time step of 2 fsec with SHAKE 30 applied to constrain bond lengths to
equilibrium values. A constant dielectric of 1 was employed with an 8 A cutoff for
nonbonded interactions. Periodic boundary conditions were used. All perturbations were
performed in the forward and reverse directions. The values of the free energies and errors

reported are the mean values and standard deviations of the forward and reverse runs.

Results
A. Conformational Energies in Butane, Methyl Ethyl Thioether, and
Simple Alcohols and Amines

Charges were derived for butane using the standard ESP model, the two one-stage
restrained ESP models with a posteriori averaging on methyl hydrogens, and the two-stage
restrained models. The charge on each atom derived from the trans conformation is four to
six times greater in the standard ESP model compared to the two-stage restrained ESP
model. The smaller restrained ESP charges are more consistent with the notion of a

nonpolar alkane, but it is important to note that both sets of charges reproduce the

UGSF LIBRARY
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molecular electrostatic potential quite well, with the standard ESP charges actually having a
slightly smaller relative RMS value (RRMS=0.89 vs. RRMS=0.90). This underscores the
point that one should not rely too heavily on "chemical intuition" when evaluating charge

models.

Table III 3!-33 presents the results of molecular mechanics minimization on butane, with the
conformational energies and geometries presented as a function of charge model. We
should note that the Weiner et al. force field used a 1-4 scale factor of 1/2 for electrostatics.
This scaling, however, as noted by Billeter et al. 34 and Smith and Karplus,33 can lead to
artifacts in the conformational energies if relatively large (e.g. 6-31G* electrostatic potential

derived) charges are used.

As one can see from Table III, the conformational energies calculated with standard ESP
charges are very sensitive to scale factor and also.somewhat sensitive to the conformation
from which they were derived. Reynolds ef al. 36 have previously noted the problems
inherent in the conformational dependence of electrostatic potential derived charges. The
weak one-stage restrained charge model (wk.ap) is less sensitive; and the two-stage
restrained model (wk.fr/st.eq), the model of choice here, is rather insensitive to the the 1-4
scale factor and has much less dependence on the conformation from which the charges
were derived. In addition, the most important properties of butane, the relative energies of
the trans and gauche conformations, the dihedral angle of the gauche conformation, and the
relative energies of the skew and eclipsed conformations are represented in quite good
agreement with experiment using only threefold torsions on the C-C dihedrals. In
principle, the relative energy of the eclipsed conformation of butane could be adjusted with
an additional torsional potential. This is not the purpose of this study, however. Torsion

parameters will be fine tuned at a later date.

UGS LIBRARY
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Charges were calculated for methyl ethyl thioether using the standard, one-stage
restrained, and two-stage restrained ESP models. In Table IV 38 we present the relative
conformational energies of trans and gauche methyl ethyl thioether. Again, the two-stage
model has the least conformational and 1-4 scale factor dependence. Here, the wrong

conformer is lower in energy, but this could easily be corrected with a small V; or V,

torsional potential.

In Table V 39-42 we present the conformational energies of methanol, ethanol, and
propanol. We use the results of high level ab initio calculations as an experimental
reference for ethanol and propanol. The experiemental energies for methanol are from
microwave spectroscopy. 40 The methanol results are essentially insensitive to both the
charge model used and the 1-4 electrostatic scale factor. The scale factor independence is a
result of the fact that the 1-4 electrostatic energy is the same for both the staggered and
eclipsed conformations. For ethanol, the two-stﬁge model is superior in both its small

dependence on 1-4 scale factor and (with 1-4 scale factor of 1/1.2) its excellent agreement

with high level ab initio theory.

In propanol, the relative ab initio energies are very small for all conformations. Neither of
the models agrees well with the highest level ab initio calculations either in the magnitudes
of the relative energies found or the identity of the global minimum conformation.
However, while a different set of high level ab initio calculations yields similarly small
values for the relative conformational energies, yet another conformation is identified as the
global minimum. Furthermore, the MM2 calculated energies also vary more in relative
magnitude than the ab initio energies (although not as much as our molecular mechanics
models) and also find the same global minimum conformation as do our models. Because
of the disagreement seen with the higher levels of theory over the minimum energy

conformation, we decided that we would be satisfied with a model that gave fairly small
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conformational energies and chose not to focus on the minimum energy conformation.

For propanol, the two-stage restrained model is both less dependent on the 1-4 scale factor,
and with a scale factor of 1/1.2, in respectable agreement with the MM2 model. The fact
that the two-stage RESP charges result in lower 1-4 electrostatic energies also means that
minimized geometries are less sensitive to the choice of 1-4 electrostatic scale factor. For
example, with the standard ESP charges, the minimized value of the CCOH dihedral in the
Gg conformation ranges from 67° to 49°, depending on whether a 1-4 electrostatic scale
factor of 1 or 1/2 was used, respectively. When two-stage RESP charges are used, this

range is reduced to 63° to 60°, and agrees well with the MM2 value of 62°.

Finally, we turn to the amines. In Table VI 43-46, the conformational energies are
presented as a function of charge model and 1-4 electrostatic scale factor. Methylamine is
shown to be sensitive to the 1-4 scale factor and its barrier to rotation is calculated as being
in excellent agreement with the experimental valué. For ethylamine using the standard ESP
charges, the minimum energy conformation and conformational energy difference is quite
sensitive to the scale factor. This sensitivity is reduced with the restrained ESP charges,
and using a scale factor of 1/1.2, the conformation having the lone pair gauche to the beta
carbon is found to bo 0.59 kcal/mole higher in energy than the trans conformation -- about
0.3 kcal/mole too high. Again, this difference could possibly be adjusted with torsion
parameters, depending on the error seen with this particular torsion in other contexts (such
as propylamine). Our error is on the order of that given by MM3 which finds the trans

conformation to be higher in energy by 0.1 kcal/mole.

The propylamine energies are evaluated against high level ab initio calculations. As
withpropanol, the conformational energy differences are quite small. Here both the
standard ESP and restrained ESP charges yield good results when a scale factor of 1/1.2 is

used. All energies are about 1 kcal/mole or less and the minimum energy conformation

UCSF LIBRARY
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found by our molecular mechanics models is in agreement with the high level ab initio

calculations.

B. 1-4 Electrostatic Scale Factor Calculations on 1,2-Ethanediol

We chose 1,2-ethanediol as a particularly sensitive model system for examining
conformational energies as a function of charge model and 1-4 electrostatic scale factor.
This sensitivity arises from the fact that 1,2-ethanediol has three major dihedrals with two
polar atoms in a 1-4 configuration. One can define ten unique conformations where each of

the three dihedrals is in either a trans or gauche conformation.

Table VII presents the results obtained using only the two-stage fit charges (obtained from
the all-trans conformation), showing the relative conformational energies as a function of
1-4 scale factor. These energies are compared with two ab initio quantum mechanical
models: the first is MP3/6-31+G**//HF/6-3 ld* energies for the four lowest energy
conformmations 18 and MP2/6-31G*//HF/6-31G* energies for the rest; the second is MP2/6-
31G*//HF/6-31G* energies for all ten conformations. A third set of energies which is used

for Comparison were calculated using MM2.

This data show that based on the absolute errors, a scale factor of 1/1.1 performs best with
the restrained ESP charges. However, the lowest energy conformations are arguably the
MOost important, and the Boltzmann weighted RMS values show that a slighly smaller scale
factor results in better agreement for the four lowest energy conformations. We feel that a
Scale factor of 1/1.2 gives the best agreement with the ab initio energies and is
SignifiCantly superior to a scale factor of 1 or 1/2 in ths regard. This model performs even
better than MM2 on this molecule, even though no reoptimization of torsional potentials has
been done - -only the standard threefold parameters from the Weiner et al. 10 force field

w
Sre Used. The choice of a scale factor of 1/1.2 is supported by the conformational
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energies seen for butane, methyl ethyl thioether, and the simple alcohols and amines

discussed above.

C. Hydrogen Bond Energies

In Table VIII 47-48 we present the results of calculations on the hydrogen bond energies of
1-CH3 Thymine : 9-CH3 Adenine in Watson-Crick and Hoogsteen geometries and 1-CH3
Cytosine : 9-CH3 Guanine in the Watson-Crick geometry. The results using the standard
ESP charges are in fairly good agreement with the ab initio results, except that the
Hoogsteen and Watson-Crick relative energies are reversed for the adenine-thymine base
pairs. The use of the two-stage RESP charges leads to lower hydrogen bond energies
which are in better agreement with experiment 47 for GC, but poorer for AT. Finally, the
two-stage RESP charges restore the greater stability of A-T Hoogsteen over Watson-Crick

hydrogen bonds found in the quantum mechanical results.

In Tables IX and X, the hydrogen bond energies and distances are presented for methanol
and trans-NMA complexes with water as well as their homo-dimers. Both standard ESP
and two-stage RESP charges lead to nearly identical H-bond energies for methanol,
whereas the hydrogen bond energies are about 0.3-0.5 kcal/mole weaker for NMA using
the two-stage RESP model.

D. Solvation Free Energies

We have carried out free energy calculations on the aqueous solvation of methanol and
NMA to evaluate the effect of changing the charges from standard ESP (un.ap) to three
RESP models: the weak hyperbolic (wk.ap) and (wk.eq) models and the two-stage
(wk.fr/st.eq) models. The free energies reported for the RESP models were calculated by
considering the effect of perturbing the standard ESP charges (st.ap) for methanol or NMA

into the two-stage RESP (wk.fr/st.eq) model. These results were then added to the results
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from the molecular perturbations using standard ESP charges. The effects of perturbing
methane or ethane using standard ESP charges (un.ap) into the two-stage RESP charges
(wk.fr/st.eq) was within the noise of the calculations, so we did not carry out those

calculations for the other two RESP models (wk.ap and wk.eq).

The free energies of solvation of methanol relative to both ethane and methane are presented
in Table XI. 49 As one can see, the standard ESP (un.ap) charges as well as the wk.ap and
two-stage RESP (wk.fr/st.eq) models lead to solvation free energies very close to
experiment. 49 Forcing equivalence on the methyl hydrogens in a one-stage fit (wk.eq)
leads to a significantly less favorable solvation free energy. That is why we do not favor

the use of this model over the more elaborate two-stage approach.

The relative free energies of solvation of NMA and methane with three charge models are
presented .in Table XII. 49 The standard ESP (un.ap) and weak hyperbolic (wk.ap) models
both lead to a solvation free energy (AG=-12.4 kcal/mole and AG=-12.1 kcal/mole) in
good agreement with experiment (AG=-12.2 kcal/mole). 49-50 The two-stage model

(wk.fr/st.eq) is less accurate but still good, resulting in AG=-11.6 kcal/mole.

E. Conformational Dependence of ESP Charge Models: Intermolecular
Effects

There are two issues which can be defined with respect to the conformational dependence
of electrostatic potential fit charges. The first issue is how well the charges derived from
one particular conformation of a molecule reproduce the electrostatic potential of another
conformation of the molecule. Tables XIIIA and XIIIB present the results of calculations
on fijve low energy conformations of propylamine examining the conformational
dependence of intermolecular properties. We describe each conformation using a capital

letter- for the C-C-C-N torsion and a small letter for the C-C-N-Ip torsion. Lone pairs are

JCOF LIBRARY
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not actually used on nitrogen atoms in our force field model, but the "virtual” lone pair is
used to define the conformation since it is unique, whereas the two amino hydrogens are

not.

Table XIIIA gives the dipole moment calculated for each of the five conformations using
the quantum mechanical wavefunction, unaveraged standard ESP charges (un.fr), and
standard (un.ap) and two-stage restrained (wk.fr/st.eq) ESP charges calculated from each
of the five conformers. The unaveraged standard ESP charges naturally give the best

agreement, but cannot be used in simulations without averaging (vide infra).

The numbers shown in bold represent dipole moments calculated when charges were
derived from and tested on the same conformation. Not surprisingly, they show the best
agreement with the quantum mechanical dipole moments. The five dipole moments shown
in bold which pertain to the standard ESP model show that in three of the five cases, the
dipole moment is increased by a.p. averaging, while in two of the cases it is decreased.
These deviations result from a.p. averaging and not conformational dependence. The
dipole moments shown in standard type reflect the conformational dependence of the
standard and two-stage restrained ESP models. Of the twenty non-bold dipole moments
relating to the standard ESP model, in eighteen of the cases the dipole moment given by the
charge set overestimates the quantum mechanical dipole by up to 67%. This could result
in the overstabilization in solution of conformations which were not used in the ESP charge
derivation, due to their spuriously large dipole moments. It is encouraging that in 22 of the
25 combinations of model conformation/test conformation examined, the two-stage
restrained ESP charges gave dipole moments which were closer to the quantum mechanical

values than the standard ESP charges did.

Another way of evaluating the calculated dipole moments given by the different charge
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models is to calculate the range of dipole moments for the five conformations. This data is
also presented in Table XIIIA. The quantum mechanical dipole moments span a range of
only 0.15 D. A higher sum of absolute errors might be acceptable if the range of numbers
was appropriately small, since no one of the conformations would then be overstabilized in
solution by a relatively large dipole moment. By this measure neither the standard or two-
stage restrained ESP models is better in general. Interestingly, both the Gg- and Gg
conformations provide charges which perform quite well as judged by the dipole moment

error, range of dipole moments and sum of RRMS's.

F. Conformational Dependence of ESP Charge Models: Intramolecular
Effects

The second issue which can be defined with respect to conformational dependence is to
compare conformational energies calculated with charges derived from different
conformat-ions of a molecule. Table XIV presents the conformational energies calculated
for five conformers of propylamine as a function of charge model and the conformation
used for the charge calculation. The MP3/6-31+G**//HF/6-31G* energies are shown as a
reference. The Tt conformation yields standard ESP charges which do not reproduce the
correct global minimum energy conformation. In fact, only one of the five standard ESP
charge sets gives the proper global minimum. The Tt two-stage restrained ESP charges do
give the proper global minimum conformation, as do two of the other four sets of two-

stage restrained charges.

For all of the conformations except for Gg, the two-stage restrained ESP charges have
better agreement with the quantum mechanical conformational energies than the standard
ESP charges do. It is interesting to note that the Gg- conformation produces very good
agreement with the quantum mechanical conformational energies using either the two-stage

restrained or standard ESP models. Urban and Famini recently reported the results of a
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study on the conformational dependence of ESP charges calculated for dopamine. 51 They
found that of the six conformations examined, the standard ESP charges calculated from
the highest energy conformation (5.5 and 15.8 kcal/mole above the global minimum on the
STO-3G and 6-31G* potential energy surfaces, respectively) did the best job of
reproducing conformational energies. Both of these results are somewhat surprising and
intriguing and merit further study. In particular, it would be of interest to examine the
conformational behavior of two-stage restrained ESP charges calculated for dopamine to
determine if the superior performance of the charges derived from the higher energy

conformation was retained.

G. Multiple Molecule Fit Charges

Reynolds et al. 36 have shown that it is possible to derive ESP charges from more than one
conformation of a molecule, and using such a procedure they obtained a set of charges for
propanol which reproduced the dipole moments of different conformers better than any set
of charges derived from a single conformation. Given recent advances in quantum
chemistry software due to the implementation of direct SCF methods and more efficient
integral routines, 17 the computational burden associated with carrying out the requisite 6-
31G* level SCF calculation on a molecule has been greatly reduced. It is therefore feasible
to consider carrying out multiple molecule fitting in order to obtain the highest quality

charges possible.

Standard and two-stage restrained ESP charges were calculated for propylamine using all
five conformers, the Tt and Gt conformers, the Tt and Tg conformers, and the Tg and Gt
conformers. As was the case with propanol,36 these multiple conformation fit charges
consistently result in good agreement with the quantum mechanical dipole moments and
overall potentials (Tables XVA and XVB). All of the single and multiple conformation

charge sets result in similar rrms values for the five conformers. The five-conformer
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standard ESP model is superior to all but one of the single molecule standard ESP charge
sets and the five-conformer two-stage restrained model is superior to all of the single

molecule standard or two-stage restrained ESP charge sets.

The range of dipole moments calculated from each charge set are also presented in Table
XVA. By this measure the five-conformer models do particularly well, especially the two-
stage restrained model. Of the three two-conformer models, the Tg/Gt models clearly
exhibits the best behavior, performing nearly as well as the five-conformer models. Most
importantly, based on the three measures of intermolecular behavior -- sum of dipole
moment errors, range of dipole moment, and sum of rrms's -- the multiple conformation
two-stage restrained ESP charges outperform the corresponding multiple conformation
standard ESP charges in every case. Restraining the charges thus achieves improvement

beyond that available through multiple molecule fitting.

The standard ESP multiple molecule charges were obtained by constraining corresponding
heavy atoms to be equivalent between the different conformations, while all hydrogens
were left free. Equivalent hydrogens were then averaged a posteriori. In parentheses we
present the results obtained when all equivalent atoms were constrained to have equivalent
charges during the fit (i.e. methyl, a—methylene, and B—methylene hydrogens were
constrained to be equivalent within each group and between conformations). While these
charge sets result in much better agreement between the calculated classical and quantum
mechanical dipole moments for the five conformations, in three of the four sets this forced
equivalence of hydrogens results in a significantly reduced charge on the nitrogen atom.
The nitrogen charge changes from -1.046 to -0.914 (five-conformer model), from -1.080
to -0.950 (Tt/Tg model), and from -1.063 to -0.934 (Tg/Gt model). It is therefore likely
that such charge sets would result in unacceptably low solvation free energies, as was the

case with methanol and NMA (vide infra).
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The intramolecular effects of propylamine multiple conformation fit charges are examined
in Table XVI. Considering the standard and two-stage restrained RESP charges derived
using all five conformers, both models result in very small relative conformational
energies, in good agreement with the high level quantum mechanical results. The two-
stage restrained model comes closer to finding the proper global minimum conformation,
and has an overall sum of absolute errors equal to 0.66 kcal/mol as compared to 1.46
kcal/mol for the five-conformation standard ESP charge model. The single conformation
Tt standard and two-stage restrained ESP charges yielded conformational energies with
absolute errors of 2.06 and 1.19 kcal/mol, respectively. Since the relative quantum
mechanical energies for all five conformations are close to zero, it was thought unnecessary
to Boltzmann weight the errors. Of the models examined in Table X VI, three of the two-
stage RESP models identified the proper global minimum conformation and none of the

standard ESP models did.

Of the two-conformation multiple molecule models studied, the standard and two-stage
restrained ESP charge models which employed the Tt and Gt conformations performed best
of all, with absolute errors of 0.69 and 1.50 kcal/mol, respectively. The Tg/Gt model also

did quite well.

Since the number of conformations of a molecule increases exponentially with the number
of rotatable dihedrals, it will be important to identify the dihedral types which most affect
electrostatic potential derived charges. In the case of propylamine restrained ESP charges,
it appears that a more robust set of charges is obtained by varying the dihedral which
positions the N (i.e. CCCN) than by varying the CCNlp dihedral. The most important
result is that in all of the multiple conformation models examined, the two-stage restrained
ESP models consistently outperformed the corresponding standard ESP models by from

29% to 54% in reproducing conformational energies.
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Discussion

The study of conformational energies of butane, methyl ethyl thioether, methanol, ethanol,
propanol, methylamine, ethylamine, propylamine, and 1,2-ethanediol makes clear that two-
stage RESP charges exhibit less conformational and 1-4 electrostatic scale factor
dependence than do the standard ESP charges. Based on these calculations, we suggest the
two-stage RESP fit charges with an electrostatic scale factor of 1/1.2 to be a particularly

promising model.

The choice of a 1-4 scale factor (<1) for van der Waals interactions has had considerable
justification given the known overestimate of short range repulsion by a 6-12 form of
potential. Thus, the choice of a van der Waals scale factor of 1/2 for 1-4 interactions only,
as used in the Weiner ez al. 10 force field, seems reasonable and justifiable here as well.
Weiner et al. justified the 1-4 electrostatic scale factor of 1/2 mainly on empirical results
with the alanine dipeptide. Billeter et al. and Smith and Karplus have shown that such
scaling can cause artifacts in conformational energies. We suggest that scaling 1-4
electrostatic interactions by 1/2 and leaving 1-5 interactions intact can unbalance the
electrostatics of the system, leading to results such as the gauche conformation of butane
being more stable than the trans. (On the other hand, none of the valence force fields
include 1-3 interactions at all, but these interactions should remain fairly constant with
rotation about a dihedral angle and thus should roughly cancel out between different

conformations.)

As Table VII shows, using an electrostatic scale factor for 1/2 for 1,2-ethanediol and
simple three-fold torsions results in conformational energies which are up to 7.5 kcal/mole
in error for the ten minimum energy conformations. One could, in theory, fix those

energies with a contribution from the torsional energy, but the torsional parameters would
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have to be so large as to be physically quite unreasonable. Such torsional parameters
would also not likely be transferable to that torsion in other molecules. Our study of 1,2-
ethanediol suggests that a 1-4 electrostatic scale factor of 1/1.2 performs optimally and is a
good compromise between full inclusion of 1-4 electrostatics and the overly severe scale
factor of 1/2. The suitability of this scale factor is supported by the results given for the

simple alcohols and amines.

Another difficulty associated with full inclusion of 1-4 electrostatic interactions using
standard ESP charges (derived using the rather polar 6-31G* basis set) is that it leads tb
very large angle distortion energies in the exocyclic NH; groups in the nucleic acid bases.
This angle distortion energy can be as great as 8 kcal/mole in the case of adenine! Using
two-stage restrained ESP charges and the 1-4 electrostatic scale factor of 1/1.2 significantly
reduces the problem, such that the angle distortion energy is ~1-2 kcal/mole. This is still
;arger than the ~0.5 kcal/mole angle distortion energy found with the Weiner et al. force
field and a 1-4 electrostatic scale factor of 1/2, but further work on these systems will be

needed to find the best approach to reduce the angle distortion energy.

The conformational dependence of ESP charges as revealed in Tables XIII and XIV is an
issue which will be studied in more depth as we are developing our new force field. The
intermolecular problem, that of reproducing dipole moments accurately for more than one
conformation of a molecule, is one which is likely to be present in any effective two-body
force field which does not allow for polarization. It is encouraging that the two-stage
restrained ESP charges exhibit less inter- and intramolecular conformational dependence
than do the standard ESP charges. It is clear from the results presented above that both
equivalencing and restraining the charges is beneficial for the derivation of an optimum
charge model. Furthermore, the use of multiple conformations of a molecule to derive

RESP charges allows for further refinement of the model.

UGSF LIBRARY



51

Why do we employ the two-stage RESP fit, rather than just using a one-stage calculation?
As described in more detail in Bayly ef al. there are two issues: first, the need to reduce
spuriously large charges which are statistically poorly determined, and second, the desire to
make equivalent those charges on atoms which are not necessarily equivalent during the
SCF calculation, but which can interconvert during a molecular dynamics simulation (e.g.
the methyl hydrogens in methanol.) Also of relevance is the use of the 6-31G* basis set
for determining the electrostatic potential fit charges. The motivation for using this basis
set is has been that it consistently overestimates the dipole moment by an amount (5-20%)
consistent with the TIP3P/SPC "effective two-body" models for water. Thus, it
fortuitously contains about the amount of "polarization" contained in such water models
and should therefore be "balanced" with respect to those water models. The 6-31G* basis
set is then expected to enhance the solute dipole moment over the actual gas phase value to

about the same extent as seen in water models.

How does this work in practice? Methanol is a good example. The 6-31G* calculation on
this molecule gives a dipole moment of 1.9 D, compared to the experimental gas phase
moment of 1.7 D. The "raw" unrestrained and restrained ESP fit charges lead to a dipole
moment of ~1.9 D, but when one averages the standard ESP methyl hydrogen charges after
the fitting, the dipole moment increases to 2.15 D. The two-stage restrained ESP fitting of
the CH3 group only reduces the dipole moment to 2.14 D. If one forces equivalent charges
on the CH3 hydrogens in the initial electrostatic potential fit, one retains the 6-31G* dipole
moment, but the charges on the hydroxyl oxygen and hydrogen, critical for hydrogen
bonding, are significantly reduced. Trans NMA provides another example of the effects of
making methyl hydrogens equivalent by a.p. averaging or forced equivalence during the fit.
Whereas the 6-31G* quantum mechanical calculation gives a dipole moment of 4.2 D,

compared to the gas phase experimental value of 3.7 D, a posteriori averaging of each of
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the two methyl group hydrogens increases this to 4.6 D. Refitting in the second stage to
make each set of methyl hydrogen charges internally equivalent decreases the dipole

moment to 4.4 D.

It is therefore clear that the two-stage fit, by keeping the heteroatoms and hydrogen
bonding hydrogen charges fixed, may lead to a dipole moment for the molecule which is
larger than the dipole moment determined by the quantum mechanical wavefunction. In the
case of methanol and NMA, it increases the enhancement in dipole moment to 10-20% over
the gas phase value, more in line with the ~20% enhancement of TIP3P water over gas
phase water. In the case of the nucleic acid bases, this enhancement is modest in
percentage (increase of ~0.2D for adenine, cytosine, and thymine and no change for
guanine) and these lead to essentially no change in hydrogen bond energies for the base
pairs. Obviously, as noted before, the dipole moment is a useful first estimate for what the
hydrogen bonding or solvation free energy of a model will be, but the larger the molecule,
the larger role higher moments must play. Furthermore, although the dipole moment
serves as a useful predictor of experimental solvation energies, it may not perform as well

in a theoretical model using nonadditive potentials.

Why bother with electrostatic potential fit charges at all -- why not just use the empirical
approaches embodied in TIP3P/OPLS models? In our opinion, the use of electrostatic
potential fit charges allows us a general, unbiased, and more accurate representation of
electrostatic charge distribution. This method is less subject to arbitrariness than
empirically derived charges 52 and can easily be generalized to any molecule or functional
group. Given current and ever increasing computer power, 6-31G* electrostatic potential
charges can be derived for virtually any molecule, possibly in multiple conformations.
Electrostatic potential fit charges or those based on distributed multipole analyses will be

even more critical if one hopes to go beyond the atom centered monopole or empirical bond
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dipole models for charge distribution, where even more degrees of freedom are being fit.

Conclusion

In this paper and a related one,® we have presented some new approaches to deriving
electrostatic potential fit charges and have used these new approaches to study
conformational energies, conformational dependencies, hydrogen bonding, and solvation
free energies. It is clear that restraining these electrostatic potential charges has rather little
effect on the quality of the fit to the potential and the calculated molecular properties and
provides a somewhat better representation of conformational properties of molecules
compared to the standard ESP model. The set of two-stage RESP charges thus derived
give an excellent fit to the solvation free energy of methanol and an adequate fit to the
solvation free energy of NMA. We have also further evaluated the multiple conformation
ESP fitting studied by Reynolds ef al. 36. We have confirmed and extended their findings
that such an approach is useful and suggest that the use of restraints and multiple molecule

fitting will lead to an optimal set of charges for the broadest range of molecular systems.

The value of electrostatic potential derived (ESP) charges in modelling the important
electrostatic interactions in biological systems has been known for some time. We have
shown that two-stage RESP charges retain this excellent intermolecular behavior while
exhibiting intramolecular behavior which makes them suitable for conformational analysis.
Two-stage RESP charges thus reproduce both intermolecular and intramolecular energies
and structures quite well, making this charge model a critical advancement in the
development of a general force field for modelling biological macromolecules and their

ligands, both in the gas phase and in solution.
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The Effects of Basis Set and Methyl Blocking Groups on the
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Abstract

We present the results of high level ab initio molecular orbital calculations on glycyl and
alanyl dipeptides. We have previously reported the results of calculations on the low
energy conformers of the methyl-blocked analogs at the MP2/TZVP//HF/6-31G** level of
theory. In this paper, we examine the effect of carrying out the geometry optimizations of
the three methyl-blocked glycyl dipeptide conformers using the larger TZVP basis set
followed by an MP2 calculation with that basis set. The resulting geometries and energies
were essentially the same as those obtained from optimization with the smaller 6-31G**
basis set followed by an MP2 calculation with the TZVP basis set. We also carried out
MP2/TZVP//HF/6-31G** calculations on the hydrogen-blocked analogs of both
dipeptides, so that we might make a more direct comparison with energies calculated by
Head-Gordon et al. (Head-Gordon, T.; Head-Gordon, M.; Frisch, M.J.; Brooks, C.L.;
Pople, J.A. J. Am. Chem. Soc. 1991, 113, 5989.) The results reveal that the source of
the diffefent energies seen for the alanyl dipeptide CS conformation in the two original
studies was the presence or absence of the blocking methyl groups, rather than the quantum

mechanical protocols.

Introduction

This laboratory has previously published the results of high level quantum mechanical
calculations on four low energy conformations of the alanyl dipeptide.! Two of us (IRG
and WDC) have also carried out the corresponding calculations on three low energy
conformations of the glycyl dipeptide.2 As the conformational energies so obtained are
currently inaccessible by experiment, such theoretical calculations are critical to the

development and parameterization of a molecular mechanical force field for proteins.3

We have chosen to carry out our quantum mechanical calculations on analogs of the glycyl

and alanyl dipeptides which have a methyl blocking group attached to each of the two
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amide groups in the molecule. These methyl groups can be thought to mimic the presence
of the alpha-carbons in the preceding and following residues in a larger peptide or protein.
Another high level quantum mechanical study of these two dipeptides by Head-Gordon et
al.4 sought to map out the entire phi-psi map of each at the Hartree-Fock level and also
included correlated calculations of the stationary points. This study differed from ours in
the choice of both the molecular model used and the particular theoretical treatment. The
Head-Gordon study used a simpler analog of the dipeptides which had hydrogens rather
than methyls for blocking groups. Also, their study involved geometry optimization using
the 6-31+G* basis set5 followed by an MP26 calculation with the 6-31+G** basis set.5
Our calculations, however, involved geometry optimization using the 6-31G** basis set?
followed by an MP2 calculation with Dunning's triple { plus valence polarization (TZVP) 7

basis set.

A further'diffcrence between the two studies was that Head-Gordon et al.4 limited their
correlated calculations to stationary points whereas we limited our calculations to the three
internally hydrogen bonded conformations for alanyl dipeptide, the two hydrogen bonded
conformations for glycyl dipeptide, and the alpha-helical conformation for each. While the
alpha-helical conformation is not hydrogen bonded at the dipeptide level or particularly low
in energyj, its presence is favored in proteins where it can hydrogen bond with the residue

which is four residues down the chain.

We are thus restricted to comparing our results to those of Head-Gordon et al.4 for the
three internally hydrogen bonded conformations of alanyl dipeptide and the two of glycyl
dipeptide. For glycyl dipeptide, these conformations are referred to as C7 and C5,
respectively, depending on whether the hydrogen bonding results in a five- or seven-
membered ring (Figure 1). The seven-membered ring results from the N-terminal carboxyl

oxygen hydrogen bonding with the C-terminal amide hydrogen. The five-membered ring

1 TR My !
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results from the N-terminal amide hydrogen bonding with the C-terminal carboxyl oxygen.
In the case of alanyl dipeptide, the C7 conformation can be formed with the methyl
sidechain either in the axial or equatorial position. The hydrogen bonded alanyl dipeptide

conformations are thus described with the designations C7eq, C7ax, and CS5 (Figure 2).

The results obtained by both our group and Head-Gordon et al. for the relative
conformational energies of C7eq, C7ax, and C5 alanyl dipeptide were quite similar. The
CS5 conformations differed by 0.34 kcal/mole, but this is well within the accuracy of such
calculations. The glycyl dipeptide results, however, differed by 0.9 kcal/mole in their
prediction of the C7/C5 energy difference. Furthermore, Head-Gordon et al.4 found the
C5 conformations for both alanyl and glycyl dipeptides to be 1.1 kcal/mole above the
minimum energy C7 conformations. In our study, however, the alanyl dipeptide C5
conformation was 1.5 kcal/mole above the minimum whereas the glycyl dipeptide C5 was

2.0 kcal/mole above the mimimum.

These differences were of some concern, so we decided to carry out further calculations
investigating the effects of different quantum mechanical protocols and model systems. We
first present the results of carrying out geometry optimization on the three methyl-blocked
glycyl dipeptide conformers using the TZVP basis set followed by an MP2 calculation
using that same basis set. Next, we present the results of carrying out geometry
optimizations at the HF/6-31G** level followed by single point MP2/TZVP calculations on
the hydrogen-blocked analog of both glycyl and alanyl dipeptides. The results reveal that
the choice of chemical model, rather than quantum mechanical protocol, was the source of
the differences seen between the two original sets of calculations by Head-Gordon e al.and

this group.
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Methods

We have performed all of our calculations using either the Gaussian 90 or Gaussian 92
packages.8 The geometry optimizations were carried out on a VAX 8600 and the MP2 and
frequency calculations were carried out on a CRAY YMP and a CRAY C90. The
HF/TZVP geometry optimizations reported here for methyl-blocked glycyl dipeptide were
started from the 6-31G** optimized geometries. The HF/6-31G** optimizations of the
hydrogen-blocked glycyl and alanyl dipeptides were started from the HF/6-31G**
geometries of the methyl-blocked analogs by substituting a hydrogen for each blocking
methyl group and changing only the bond distance and not the internal valence or dihedral
angles. As in previous studies, the alpha-helical optimizations were carried out with the @
and ¥ dihedrals constrained to be -60.7° and -40.7°, respectively. Frequency calculations
were carried out on each optimized structure to determine its character (minimum or

stationary point).

Results

I. Effect of Basis Set used in Geometry Optimization

The first aspect of our previous calculations which we chose to investigate was the use of a
basis set from one family (6-31G**) for the geometry optimization and a basis set from a
different family (Dunning's TZVP) for the single point MP2 calculations. We tested the
validity of this particular protocol by carrying out geometry optimizations on the methyl-
blocked glycyl dipeptide conformers using the TZVP basis set, which was used for the
MP2 calculations in our original studies. Table I presents the optimized ® and ¥ values
and energies obtained from optimizations of the methyl-blocked glycyl dipeptide
conformers using the 6-31G** and the TZVP basis sets. The deviations in optimized
dihedral values range from 0.5° to 2.1°. More importantly, the HF/TZVP and MP2/TZVP

energies of the two sets of optimized structures are nearly identical. From this we conclude
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that it is sufficient to carry out the geometry optimizations with the smaller 6-31G** basis
set rather than the TZVP one (210 vs. 272 basis functions for alanyl dipeptide). This is
useful information as such optimizations can be very time consuming. For example, the
frequency calculations for the C5 conformation of the methyl-blocked glycyl dipeptide
required 62 minutes of Cray C90 CPU time using the 6-31G** basis set and 267 minutes
using the TZVP basis set.

In Table II we present the structural parameters from the 6-31G** and TZVP
optimizations. The numbering of the atoms is given in ref. 1. As noted above, the ®
and ¥ dihedral values are quite similar. The distance between the hydrogen bonding atoms
(H---O) varies from 2.20 A for the 6-31G** optimized structure to 2.24 A for the TZVP
optimized structure in the C7 conformation. However, the distance between the heavy
atoms (N---O) is also reduced in the 6-31G** optimized structure, apparently offsetting the
stronger attractive interaction. The dihedral angles for the peptide bonds (w1 and ®2) were
within 1.5° between corresponding structures, with the exception of the C-terminal peptide
bond (®2) in the CS conformation. In that case the 6-31G** optimized structure had a
value of 175.7° whereas the TZVP optimized structure was 180.0°. Most of the valence
bond and angle structural parameters are quite similar between the two sets of structures,

with the greatest variation seen with carbonyl bond lengths.

It is worth noting that the TZVP optimized C5 geometry has higher symmetry than the 6-
31G** optimized one. The TZVP optimized C5 structure has a plane of symmetry that
includes the backbone atoms and one of the hydrogens in each of the blocking groups, thus
presenting C; symmetry. Because this geometry optimization was started from the 6-
31G** optimized structure, which has lower symmetry, the higher symmetry seen in the
TZVP optimized structure is a result of the basis set and was not "built into" the

optimization by the starting geometry.

UGS LIBRARY



78

| P

HHAIT SN

9GII S'SII 1911 1911 Y911 911 LN9D¥D@
1660 €66°0 0660 €660 €660 9660 STH-LINY
0660 £66°0 766°0 660 0660 2660 8H LNy
6vy'1 syl 6vy'1 8yl Lyy'1 Sl 610°LINY
0S€’T 16¢°1 A4 SYe'l Vel EVE'l LINTIOy
€61°1 861°1 661°1 €0T'1 661°1 €0T'1 10210y
LTS'1 Y4 0TSl 0TSl 8ZS'1 LTS'1 tID60y
6vv'1 6vv'l SEV'l eEV'l 0st'1 0St'1 60°LNYy
€61°1 L61'T 002’1 €0T'1 70Tl 90T'1 $0-90y
09¢'1 79¢'1 9ve’l LYE'1 8vE'l 8YE'l LN9Oy
ZIS'T TIs'I TSl AL 0IS'T 1161 90°v0y
LTE/B0T/88  TTE/EOT/ES 0vZ/0ZI/0  09T/0¥1/1T TSTTEL/TL  LSTILEN/LT  8TH-LIN-61D-(91-v1)H
SLTWSIITE  YIUPPI/ET T0€/081/8S  TIE/061/69 L6TIOLIYS  11€/681/89 $0-9D-v0-(¢-1DH
1'€61 0'€6l 0081 LSLI 8 VLI TSLT (8TH-LIN-TID-€10) T®
6'TLI PILT 0°081 €081 9481 €681 (8H-LN-92-S0) 1®
99T $9°C 90°¢ v0'€ 0 (HNy
(AA/ 07T vTe 0T'C O--Hy
L OY- L OY- 0081 S6LI- I'vL 0CL (LIN-T1D-6D-LN)
L 09- L 09- 0°081 1'6L1- 0'98- $'68— (Z12-6D-LN-9D) @
dAZL/AH ++D1€-9/dH dAZL/AH  +xD1€-9/dH  dAZI/AH  x+OI1€-9/dH ¢ Jojourered
uoneziundQ Ansuwoan uoneziundQ Anouwoan uoneziundQo AnSwoan

q 40

O

LD

'$13s siseq JAZL sutuun( (Z pue 4xDI€-9 94l (] 3UISN SISULIOJUOD (IPIUIBUIDA[S[AYIaW- N-[A1900
-N) apndadip [£94]3 payoojq-[Ayrowr paziumndo }o0.-9a11eH 10j paurelqo sidjowered [einjonns Jo uostiedwo) °II dqelL



79

b

MR

I

"PAUIRIISUOD f, PUB P q "$99I39P Ul SI[Suy yu sy13u9] puog e

9°0CI1 vocl 81l Liei 9'1¢1 1! 610°-LINCIOg
1911 1911 6vIil 6 VIl e£STl ST LIN'CIO6Dg
8°6II 438! v'601 2601 8¢l 0€ll CID60°LNg
0l e 1Tl vzl [ 4! Lzel S AA 60°LN-90¢g

dAZ1/dH *xxD1¢-9/d4H dAZL/AH **xD1€-9/dH dAZI/AH  xxDI¢-9/dH e Jojourered
uoneziundQ Anawodan uoneziundQ A1jowoan) uonezrundQ A1owosn

P,JU0D ‘5138 SISeq A ZL Sutuun( (T Pue 4xxO€-9 2yl (] Suisn SIQULIOJUOD (Sp1wreurdA[I[AYIowW- N-[A1908

-N) apndadip [£94]8 paxoo[q-[Aylow paziundo }00.4-991ueH 10 paure)qo sidjaweled [einyons jo uosedwo)) °II djqel



80

II. Effect of Chemical Model

Having confirmed that our quantum mechanical protocol was sound, we next set out to
investigate the effect of the chemical model on the calculated conformational energies. That
is, how much of an effect did the methyl blocking groups have compared to using only
hydrogen atoms? We created H-blocked analogs for both glycyl and alanyl dipeptides by
taking the 6-31G** optimized conformers and substituting a hydrogen for the methyl group
and making the new C-H bond suitably smaller. All seven conformers were then optimized
using the 6-31G** basis set. The optimized ® and ¥ values and energies obtained for
glycyl dipeptide are presented in Table III The corresponding data is also shown for the
methyl-blocked analogs using the same quantum mechanical protocol as well as Head-
Gordon's4 data on hydrogen-blocked analogs using their different quantum mechanical
protocol. We are limited to comparing the C7/CS5 energy difference, however it is striking
that using the H-blocked analog and our QM protocol, we get nearly the same energy
difference as was obtained by Head-Gordon et al.4 with their protocol. Also, while all
three sets of calculations report similar ® values for the C7 conformations, the ¥ values are
similar between the two H-analog calculations and differ from the value obtained from the

methyl-analog calculation.

Table IV compares the structural parameters obtained with our QM protocol for the methyl-
and hydrogen-blocked glycyl dipeptide conformers. Even though the same basis set was
used, there is an even greater variation in carbonyl bond length than was seen with the
same analog but different basis sets. The hydrogen bond distances are nearly identical, but

the ® values differ by up to 5°.

In Tables V and VI we present the corresponding data for the alanyl dipeptide analogs. The

MP?2 energies for the C7eq, C7ax, and C5 conformations are essentially identical for the
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two sets of calculations carried out on hydrogen-blocked analogs but using different QM
protocols. Again the @ values are fairly consistent for a given conformer with more
variation seen in the ¥ values. Also, the distance between the heavy atoms in the hydrogen
bonding interaction differs considerably (3.05 A vs. 2.90 A) between the two C7eq
conformers, even though the H---O distances are nearly the same. In the C5 conformer the
hydrogen bond H---O atom distance is 0.14 A longer in the methyl-blocked analog as
compared to the hydrogen-blocked analog, while the heavy atom distance is 0.28 A
shorter! Based on this data we could rationalize the higher energy of the methyl-blocked
CS conformer using simple electrostatic arguments. In the methyl-blocked analog the
hydrogen bonding atoms, the H and the O, are farther apart than in the hydrogen-blocked
analog, and the two heavy atoms (O and N) are closer together, repelling each other with
their partial positive charges. However, this difference in the distance between the
hydrogen bonding atoms is not seen for the two C5 glycine analogs, and the energy
differencé is even greater in that case. The influence exerted by the methyl groups must

therefore be more subtle than a simple steric perturbation of the geometry.

Discussion

The conformational energies of the glycyl and alanyl dipeptides have traditionally been of
interest to the developers and the users of protein molecular mechanical force fields. The
backbones of proteins exhibit distinct conformational preferences?, and one might expect
that a force field which can model conformational preferences at the dipeptide level would

also reproduce the conformational preferences seen in a larger polypeptide or protein.

Unfortunately for the developers of such force fields, until recently the size of the glycyl
and alany] dipeptides was such as to make them inaccessible to study with high level ab
initio methods. When the Weiner et al. force field!0 was developed in 1984, the highest

quality data available was at the HF/4-31G level. Weiner et al. compensated for the lack of
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correlation in these calculations by adding an empirical dispersion correction!!, which was
more recently shown by Gould and Kollman! to be a reasonable estimate of the correlation

effects.

With the advent of fast integral routines!2? and direct SCF methods13-16, calculations such
as these are now more feasible. Brooks and Case have reviewed the recent activity
reported in the area of alanyl dipeptide calculations.!” Head-Gordon et al.4 mapped the
entire phi-psi surface at the 3-21G level, carrying out further geometry optimization at the
6-31+G* level on stationary points from the 3-21G surface. A different study by Frey et
al.19 examined the effect of optimizing at the MP2 level of theory. This study was limited
to non-ionic glycine and the C7eq and C5 conformers of H-blocked alanyl dipeptide. Their
results showed that optimization of alanyl dipeptide at the MP2/6-31G** level results in a
final energy difference of 1.65 kcal/mole versus 1.32 kcal/mole obtained from a single
point MP2 calculation on the HF/6-311G** optimized geometry. This difference must
result from a difference in optimized geometry, since the same basis set was used for the
MP2 calculation in each case. When geometry optimization was carried out at the MP2
level, the distance between the hydrogen bonding atoms was reduced for the both the alanyl
dipeptide C7eq and C5 conformations, from 2.27 A to 2.10 A and from 2.22 A t0 2.18 A,
respectively. While a difference of 0.3 kcal/mole is not enormous, it is troubling that the
additional results presented for glycine revealed an opposite trend in that the MP2 optimized
structures resulted in a smaller energy difference between the C7 and CS5 structures as
compared to the HF optimized structures. This difference in the trends of the
conformational energies occurred despite the fact that the distances between the hydrogen
bonding atoms in glycine were reduced by the same amount as the ones in alanyl dipeptide

when the MP2 optimized structures were compared to the Hartree-Fock optimized ones.
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Halgren has also carried out MP2/6-31+G** optimizations of both H-blocked glycyl and
alanyl dipeptides.!® He found the C5 conformation to be 1.22 kcal/mole higher in energy
than the C7 conformation at the MP2//MP2 level. MP4 single point calculations (which
included single, double, and quadruple excitations) on the MP2 optimized structures
yielded an energy difference of 0.91 kcal/mole. This compares with the energy difference
of 1.11 kcal/mole seen with single point MP2 calculations on HF optimized geometries.
For alanyl dipeptide, the relative conformational energies at the MP2//MP2 level of theory
put C5 at 1.18 kcal/mole and C7ax at 2.17 kcal/mole above the C7eq conformation. The
MP4SDQ single point on the MP2 optimized geometries yielded relative energies of 1.08
kcal/mole for C5 and 2.21 kcal/mole for C7ax. These energies are nearly identical to those
obtained from MP2 calculations on the HF optimized geometries -- 1.13 kcal/mole for C5
and 2.19 kcal/mole for C7ax. Thus, Halgren's data shows less dependence on the
inclusion ‘of the MP2 correction during the geometry optimization than was seen in the
study by Frey et al.19 Geometry optimization at the MP2 level is currently not practical

with the methyl-blocked analogs.

Conclusion

We have presented the results of calculations which examined the effects of the basis set
used in the geometry optimization and also of the chemical model chosen for calculating the
conformational energies of glycyl and alanyl dipeptides. Our results suggest that geometry
optimization at the HF/6-31G** level followed by a single point MP2/TZVP calculation is a
reasonable protocol, as evaluated by comparison with results obtained at the
MP2/TZVP//HF/TZVP level. Furthermore, calculations on the H-blocked analogs of the
two dipeptides revealed that the methyl groups did exert a significant effect on the
conformational energies, raising the energy of the C5 conformation by 0.35 kcal/mole for
alanyl dipeptide and by 0.70 kcal/mole for glycyl dipeptide. We are thus satisfied with our

calculations, which have employed the methyl-blocked analogs and a fairly high level of
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theory (MP2TZVP//HF/6-31G**). We have proceeded using the energies of the

methyl-blocked analogs in the development of ¢ and y parameters for a new force

field. 3
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Application of the Multimolecule and Multiconformation
RESP Methodology to Biopolymers:

Charge Derivation for DNA, RNA, and Proteins

by

Piotr Cieplak, !
Wendy D. Cornell,2

Christopher Bayly,3
and

Peter Kollman?

IDepartment of Pharmaceutical Chemistry, University of California,

San Francisco, CA 94143, USA

1
091:' Srmanent address: Department of Chemistry, University of Warsaw, Pasteura 1, 02-
3. Warsaw, Poland.

2
Graduage Group in Biophysics

‘e
C Yrrent address: Merck Frosst Inc., C.P. 1005 Pointe Claire - Dorval, Quebec, HIR 4P8
anad a

“The following chapter represents a heavily editted version of this paper
(the nucleic acid results have been removed and the amino acid results
augmented) which has been submitted to J. Comp. Chem.

Al

—

Ubor Lipl



93

Abstract
‘We present the derivation of charges for the amino acids using electrostatic poten-
tials obtained from ab initio calculations with the 6-31G* basis set. We have combined
multiple conformation fitting, previously employed by Williams [Williams, Biopolymers,
29, 1367, (1990)] and Reynolds et al. [Reynolds et al., J. Am. Chem. Soc., 114, 9075,
(19922)] with the RESP approach to derive charges for blocked dipeptide versions of each
of thhe 20 naturally occuring amino acids. Based on our earlier results for propyl amine
[Cormnell et al.,, J. Am. Chem. Soc., 115, 9620, (1993)], we suggest that the use of two
confoOrmations for each peptide suffices to give charges that well represent the conforma-
tionally dependent electrostatic properties of molecules, provided that these two confor-
mations represent different rotamers of the dihedral angles that terminate in heteroatoms
or hydmgens attached to heteroatoms. In these blocked dipeptide models, it is useful to
require equivalent N-H and C=0 charges for all amino acids with a given net charge
(except proline), and this is accomplished in straightforward fashion with multiple
molecule fitting. Finally, the application of multiple Lagrange constraints allows for the
derivation of monomeric residues with the appropriate net charge from chemically
blocked versions of the residues. The multiple Lagrange constraints also enable charges
from W o or more molecules to be spliced together in a well defined fashion. Thus, the
com bined use of multiple molecules, multiple conformations, multiple Lagrangian con-

stra;
AInts, 54 RESP fitting is shown to be a very powerful approach to derive electrostatic

po -
'Sntial pased charges for biopolymers.
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I. Introduction

There are three desirable properties of atomic charges to be used in molecular
me<chanical studies of complex molecules -- accuracy, consistency, and transferability.
The accuracy of a set of charges is defined by its ability to reproduce pre-defined physi-
cal properties. When the charges are applied to the simulation of biological and organic
molecules, the properties of interest are interaction energies, free energies of solvation,

and conformational energies. The consistency of a charge model is defined by the extent
to wwhich similar charges are determined from different conformations of a molecule.
Consistency is important because charges derived from one conformation of a mqlecule
showuld be able to model the physical properties of the molecule in other conformations as
well. The transferability of a charge set refers to how similar the charges are on a given
functional group across a series of homologous molecules. Transferability of charges is
important because other parameters in the force field, such as the dihedral parameters, are

transferable by definition and all of the parameters should form a self-consistent set.

There are a variety of ways to achieve these three desired properties, but two dif-
feren: approaches are highlighted here. The first approach is to derive charges empiri-
Gally; the most elaborated application of this approach to peptides and proteins is the
OPLs model [1]. By camrying out Monte Carlo calculations on representative neat
liquidS, partial charges on atom types can be derived which optimize the agreement
between calculation and experiment. Transferability is assumed, which, based on Monte

Carlo Calculations on a number of related liquids, is often a reasonable assumption. The
Tain disadvantage of this approach is the requirement of multiple and computationally
expensive Monte Carlo simulations on requisite liquids, the fact that such methods can-

nog i

€asily extended to excited states [2], the difficulty of assessing when the charge
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"transferability” breaks down, and the subjective judgements that must be made in that

regard in charge derivation.

“The other main approach to deriving partial charges is based on the use of quantum
mechanical calculations. The actual use of intermolecular interactions in this derivation
[3] is impractical in general for deriving charges but the molecular charge distribution
has been useful in this regard. It is also clear that the use of the quantum mechanical
electxoOstatic potential or field is often a useful element in the derivation of charges that
accurately represent the molecular multipole moments [4-7]. Thus, the partial charge
mode1ls most often involve a least squares fit between the model and the quantum

mech amnical potential. This method has the advantage that, with current computer power,
charges can be derived for many molecules of significant size in a reasonable amount of
computer time. The charges derived can be quite dependent on the ab initio basis set or
sermi-empirical methodology, but a reasonable model of choice is the use of ab initio
derived charges using a 6-31G* basis set [2], which uniformly overestimates molecular
POlarity. This overestimate makes such models relatively well balanced with solvent
MOdels such as TIP3P [8] or SPC [9] water, which include polarization effects implicitly
because they have been empirically calibrated to reproduce the density and enthalpy of

VAPorization of the liquid.

These electrostatic potential (esp) derived charges have suffered from two main
disad"antages. First, they have not been very consistent, with different conformations of
‘Biven Mmoolecule giving rise to dissimilar charge sets. Although there are real dependen-
Cles or Paurtial charges on molecular conformation, these cannot be easily handled within

Ae
“rrent framework of two-body additive molecular mechanical potentials of biopoly-
Hlers
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Second, derivation of charges for large polymers becomes impractical, even with
powerful computers. A way out of the first problem has been offered by the recent
development and implementation of multiple conformation fitting [10,11] and RESP
charges [11,12]. The use of these two techniques offer a very significant improvement in

the quality and applicability of electrostatically determined charges.

How, then, should one derive charges for biopolymers? That is the focus of this
chapter. Weiner et al. derived electrostatic potential based charges for monomers of
proteims and nucleic acids and then pieced these together, adjusting charges on junction
atorma s to ensure unit charges [6,7]. This is a reasonable approach given that one chooses
appro priate atoms (i.e. non-polar and non-conjugated) for these adjustments. However, it

suffers from being non-algorithmic and not easily generalizable.

Recéntly, Bayly ez al. has developed new software to allow simultaneously: multi-

Ple conformations, multiple molecules, charge restraints, and Lagrangian constraints in
the derivation of the charge model [11,12]. This allows the derivation of a set of charges
for all of the naturally occurring amino acid dipeptides and, thus, all the charges neces-
SAry for the simulations of proteins. Although there are still some subjective decisions
thae nNeed to be made in applying these algorithms, they can be clearly defined at the
beginnin £ and consistently followed throughout. Thus, we feel this work offers a new,
more POwverful, and general approach for the derivation of charges for organic molecules

an -
d blc’Dolymers.
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‘We begin the derivation of the charges by calculating electrostatic potentials at a
grid of points [5] around appropriate components of the amino acids. The Hartree-Fock
methaod with the 6-31G* [13] basis set and the Gaussian 90 program [14] were used to
calculate the wave function and electrostatic potentials of all of the amino acids with

appropriate CH;-CO- and -NH-CH, blocking groups (i.e. "dipeptides"). The dipeptides
were optimized using molecular mechanics [15] with the Weiner et al. [6,7] force field.
Poten tials were calculated for two different conformations of each amino acid (or four in

the case of proline) representing different backbone and sidechain conformations.

Faster computers and the direct Hartree-Fock approach enabled calculations on
larger systems than previously considered, e.g. nucleosides and dipeptides of each of the
naturally occuring amino acids. This reduced the number of components for which ab
initio cal<.:ulations needed to be done; also, using larger fragments, we decrease the possi-
bility of force field inaccuracies arising from building larger residues from smaller ones.

The electrostatic potentials were subsequently used in our RESP fitting procedure

[11,12].

"The RESP charges for the amino acids were fit using two different conformations
for €ach amino acid (or four in the case of proline). With the exception of the proline
re.sidue, each amino acid was represented in both its a-helical and its extended (B-sheet)
orms. Side chain Y values were chosen based on the Protein Data Bank [16] analysis of

McGregor et al. [17], which correlates backbone and sidechain conformations for each
 the Amino acids. Each molecule was first minimized with backbone and sidechain res-
traints’ “The restraints were then removed (except for the a-helix backbone, where res-
malnts OFf ¢= -60° and y= -40° were used throughout) and the molecule allowed to

MArgyy ;
1=Ze freely. Molecules which did not remain in the desired local minimum were
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either reminimized with an intermedidate step employing a smaller subset of the original
restraints followed by a final free minimization, or in the case that that strategy also
failed, the final minimization employed restraints on the necessary dihedrals. All peptide
bonds were in the trans conformations, with the exception of proline, as described below.
‘We assigned x values for each amino acid as follows. First, using the data from
Table I in McGregor et al. [17] for residues in the center of a-helices and B-sheets, we
assigned a different ¥, (t,g+,g-) for the o-helix and the B-sheet conformations for a given
residue. We follow the convention used in McGregor et al. [17] that g+ corresponds to
300-°. The X,’s were chosen so as to maximize the total number of occurences of these
':)£l<>l<bone-x1 combinations, where the X, for the o-helix differs from the x, for the B-
Sheet Specifically, one calculates the percentage given for that x, within either the a-
helix (center) or B-sheet (center) category, multiplied by the total number of occurences
OFE xesidues in that secondary structure category.
The ), value was then assigned according to the data presented in Tables III and IV
X McGregor et al. [17]). Once again, we chose the most common X, for each backbone-
P - 1 pair as lbng as that yielded a different ), for each conformation. When the same ),
Was preferred by each of the two backbone-x, combinations, then different x,’s were
asSigned s0 as to maximize the total number of occurences of the two backbone-y,;-X,
<O xmbinations.
Sidechain hydrogens attached to oxygen or sulfur (Thr, Ser, Cys, Tyr) were placed
ACcCording to their minimum energy minimized conformation of t/g+/g- or syn/anti.

When this preference was the same for the two conformations of an amino acid, then the

hydrogen was placed uniquely on each conformation so as to yield the lowest overall
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ener gy for the two conformations added together.

“Xhere were five exceptions to the preceding rules. Firstly, minimized conformations
whickh had hydrogen bonds between the sidechain and backbone atoms were eliminated.
This -wwas accomplished either by minimizing with restraints on some of the dihedrals, or

whemn that was not sufficient to eliminate the hydrogen bond, by choosing an alternative

conformaton.

Secondly, in the case of cysteine, the second most common pair of backbone-x,
conformations was used since the extended conformation did not stay in its local
mimximmum when a X, of -60° was used. The second pair occured 42% of the time as com-

pared to 46% of the time for the most common pair, so they were considered to occur

wvith mearly equal frequency.

“Thirdly, McGregbr et al. [17] tabulated data for the most common overall confor-
mations of methionine, arginine, and lysine. For these three molecules, we chose
sidlechain conformations for the a-helix and B-sheet backbones that 1) were among the
most commonly observed and 2) had different X, values, and 3) had different y A values,
where X, had a heteroatom in the first or fourth positions. The rationale for this choice
came from our work on propylamine [11], where it was shown to be beneficial to allow

alternative conformations around the central N-C-C-C bond, in order to derive the most

robust set of charges for this molecule.

Folu'thly, in proline the peptide bond is found to be in the cis rather than the trans
conform ation approximately 20% of the time (Creighton [18]). For this reason, four dif-
ferent conformations were used for the proline residue, representing both the cis and

trans peptide bonds as well as two different backbone conformations. The backbone con-
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forrm a tions were assigned based on data in the PDB survey by MacArthur and Thornton
[19]. “They found that phi-psi plots of both trans and cis proline exhibited two distinct
minirx a, corresponding to conformations labelled "o" and "B." For trans proline the
meamn ¢ and y values for the o conformation were ¢ = -61° and y = -35° and for the B
conformation they were ¢ =-65° and y = 150°. For cis proline the mean ¢ and y values
for thwe o conformation were ¢ = -86° and y = -1° and for the  conformation they were ¢
= —76° and y = 159°. These were the conformations used for the backbones. The

mimirnum energy ring pucker was chosen for each backbone conformation (within either

the <is or trans set) since it was different in each case.

Finally, the cystine residue was treated in its disulfide bridged form, so it was
represented by only one molecule comprised of two residues each having a different
backbone conformation. We assigned the dicystine backbone and sidechain conforma-
tions based on data in the PDB survey carried out by Thornton [20]. She found that

right-khanded (X5 = +90°) and left-handed (x, = -90°) disulfides occured in relatively

equal mumbers. The right-handed disulfides displayed a greater variety of conformations
than did the left-handed ones, however, with 70% of the left-handed disulfides occuring
with 3¢, =y,’ =-80°and x, = x,” = -60°. We therefore chose to use the predominant
\efv-handed conformation for assigning the sidechain dihedrals. Thornton [20] found that
cystine residues occured primarily with random coil backbones (59%), but also occured
quite frequently in a-helical (25%) and B-sheet (18%) conformations. Based on this
data, We gave one of the cystine residues an extended backbone and the other an a-
helical one. The final minimization was carried out without restraints on the ¢, V¥
dihedrals of the o-helical backbone. The minimized values of ¢ and y were -60° and

-27°. The conformations chosen for each amino acid are described in Table 1.

ULl LIBRAI



T
- @
L “
» N

lowlr

wher

g

I the

(ESp,



101

B. IR E=SP fitting methodology

“Xhe procedure of RESP fitting to obtain atomic charges has been previously

descrxiabed [11,12]. The term "RESP" refers to restrained ESP charge fitting using the fol-

lLowimn g equation:

where

and

S (@ 15+ Gnatoms) = ngp + XIzryp.restr + )"lgl + -+ )"wgw’ 1
ESPpoints natoms q ;
ngp = (Vi - 2 r_j)z 2)
i=l j=1 "y )
natoms
x%yp.restr =a Zl ( (sz + b2)1/2 -b ) (3)
J:

In the above formulas V. is the quantum mechanically calculated electrostatic potential

(ESP) at point i, g are the resultant charges, a is a scale factor defining the asymptotic

limits oOf the strength of the hyperbolic restraint according to equation (3), and b defines

the tightness of the hyperbola around the minimum, A value of 0.1 was found to be

appropriate for b [12]. The g, are additional constraints imposed on resultant charges and

A; are Lagrange multipliers. The minimum of the f(q,.....q

feQ“iﬁng that:

natoms) function is sought by

of _o O _
e =0, n, =0, foreachk,l, 4)

which leads 1o the matrix equation of the type:
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Aq=B ®)
whiclh must be solved for q. This is done iteratively when using nonzero hyperbolic res-

traintss, since the left-hand side of the equation (5) (matrix A) depends on charges q.

“X'he RESP fitting scheme, which we have demonstrated to be useful, involves a
twO—stage procedure with hyperbolic restraints which we denoted as (wk.fr/st.eq.) in ear-
lier ~works [11,12]. In the first stage, a weak hyperbolic restraint (a=0.0005) to a target
value of 0.0 is applied to all heavy atoms. Hydrogen atoms are not restrained in either
sta ge, as they are never buried within a molecule and are always well-defined by the esp
poimats. In the second stage, charges on all atoms are kept frozen to their values obtained

in thhe first stage, except for those in methyl and methylene groups. CH, and CH, groups

are e fit with the hydrogens within a given group constrained to have equivalent charges.
The I yperbolic restraint applied during the second stage is twice as strong as the one in
stage omne (a=0.001). The two-stage restrained standard ESP charges exhibit less confor-
matiomal dependence compared to the standard ESP charges, result in good conforma-

tional energies, and gives good results for hydrogen bonding energies and free energies

of solvation [11,12].

The necessity of a two-stage fit arises from the need to constrain atoms which are
not Symmetrically equivalent within the static conformation of the molecule used for the
calculation, but which become equivalent under dynamical conditions when rotation can
occur. One example of this would be the three methyl hydrogens in methanol. If these
inequivalent atoms are forced to have the same charge during a one stage fit, the charge
on the OXxygen is reduced to a value which does not yield good free energies of solvation
or interaction energies. The two stage fit then allows for the "best" charges to be fit on

the heteroatoms during the first stage, with the maximum number of degrees of freedom
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available to the molecule. Then methyl and sometimes methylene hydrogens are con-

straimed to be equivalent in the second stage of the fit.

C. T he role of Lagrange constraints.

“The role of Lagrange constraints (conditions) in equation (1) is manifold. In the
stanndard RESP procedure, described in the previous section, they were used for two pur-
poses. In the first and simplest case, they were used to keep the sum of charges to be
equal to the total molecular charge. In the second case, they were used to force identical
chhaxges on equivalent atoms during the fit. The most common example applies to methyl

hy drogens in the second stage, as mentioned above; however, chemically equivalent
atoxrm s which are not refit in stage two can be constrained to have equivalent charges in
stage one. The two oxygens in the sidechain of aspartic acid are an example of the latter
sitaation. When two different methyl groups in a molecule were defined to be sym-
metric, the two carbons were constrained to have the same charge during the first stage of

the fit, buteach hydrogen was allowed to optimize freely.

In the present paper, Lagrange multipliers are shown to have some additional uses.
They -wwill be used for equivalencing atomic charges on the same atoms of different con-
formers of the same molecule. This was extensively tested in our earlier study for propy-

lamine [11], and will be applied here to equivalence the atoms in the different conform-
ers of the amino acids. Multiple conformation fitting has been shown to be useful in
dealing wjth non-physical conformational variation of charges. Unlike Reynolds et al.
[10], however, we do not use Boltzmann weighting for different conformers, since we do

not Knowy the relative energies in solution or the dielectric environment of a protein.
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“X'he Lagrangian multiplier method will also be applied to equivalence some charges
on atoms during multiple molecule fitting. This will be used to force similar groups of
atom s in different residues to have the same atomic charges. This strategy was employed
to derxive charges for sugar atoms in different nucleosides and -CO-NH- backbone atoms
in axmino acids. Using this approach in creating our database is especially important with

respect to its further application for any free energy perturbation calculations [21].

Finally, Lagrange constraints can be used to force the proper net unit charge on the
armimo acid residue minus its blocking groups ( -NH-CHR-CO- )and to splice together
tw o fragments from different molecules. The latter application is employed to splice an
am rr onia group from methyl ammonium onto the central residue of a blocked amino acid
in order to create the N-terminal charged residues without carrying out an additional set
of gwaantum mechanical calculations on those residues. A similar strategy is used to
splice the carboxylate group from methyl acetate onto the blocked amino acid to create

the C —terminal charged amino acids.

"I 'he features described above, i.e. restrained electrostatic potential (RESP), mul-
timolecular and multiconformation fitting, have all been employed in our charge

development for proteins, DNA, and RNA.

III. Derivation of the Amino Acid Charges

A. Basis for evaluating different charge sets
A known weakness of the Weiner et al. [6,7] and some other protein force fields is
that the energy calculated for the C7 eq and C7 conformations of N-acetyl and N-

methylamjde blocked alanyl and glycyl dipeptides is significantly too stable compared to

the results from high level quantum mechanical calculations. A reason for this
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discrepancy is that at the time that the Weiner et al. force field was developed (mid
198O~ s), computer limitations were such that no high level quantum mechanical data was
available for these molecules for use in calibration of the force field. A number of such
calculations have recently been carried out [22-28] at varying levels of theory and
em ploying either the methyl-blocked residues described above or ones in which those
methyl groups are replaced by hydrogen atoms. Thus, a key motivation in the evaluation
of the charge models described below is to choose those that, firstly, are representative of
i pyortant conformations, and, secondly, come closest to reproducing the quantt;m

mechanical conformational energies.

B. Conformational energies from single and multiple conformation charge sets

RESP charges were first calculated using the potentials generated for some of the

quamn tum mechanically optimized (HF/6-31G**) conformers of the alanyl dipeptide [23].
Previ ous studies [10,11] have shown that multiple conformation fits produce charge sets
which perform better at reproducing the electrostatic potentials of more of the low energy
conformations than does a single conformation fit. We thus wished to examine the con-
formational energies which resulted from charge sets derived from different conforma-

toras. We calculated RESP charges derived from single conformation fits of the C7 eq’
C7,.» CS5 (extended B-sheet), and o, (o-helical) conformations; as well as from multiple
conformation fits of C5 and os C7eq, C5, and oy, and all four conformations together.

Those charges are presented in Table II.

The conformational energies calculated using the various charge sets are presented
in Table Im. All of the charge sets result in conformational energies with similar trends.

The C7ax conformation is from 1.0-1.4 kcal/mole too low in energy and the C5 confor-
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matiomn is from 0.5-2.7 kcal/mole too high in energy relative to the quantum mechanical
values. Like the C5 conformation, the a; conformation is fairly sensitive to the charge
mode1 used, ranging from being 1.1-3.4 kcal/mole too high in energy. It is interesting
that the highest energy conformation, the o, yields charges which produce the best set

of emnergies. This is consistent with results seen earlier for dopamine [29] and propylam-

ime [11].

In Table IV are presented the molecular mechanically optimized values of phi and
psi oObtained for the C7eq, C7,,. and CS conformations with the different charge sets. The
m O lecular mechanically optimized values for a given angle in a particular conformation
vary by at most 5 degrees. The variation from the quantum mechanically optimized
values ranged from 3 to 15 degrees. The different charge sets are thus seen to result in

minirnized geometries which agree well with each other but vary more in comparison

with the quantum mechanically optimized values.

“T'he dipole moments of the molecular mechanically optimized structures using the
various charge sets are presented in Table V. Previous studies [10, 11] have shown that
charges derived from a single conformation or multiple conformations reproduce the
dipole of that (those) conformation(s) fairly accurately, but perform less well at repro-
ducing the dipole moments of other conformations. Disagreement between the dipole
moments of these optimized structures and the quantum mechanical dipole moments
arise from differences in the charge distribution and also from differences in geometry.
When RESp charges derived from a single conformation were used for the geometry
optiMization of that same conformation, the molecular mechanical dipole moments were

as much a5 28% in error (C7eq) by comparison with the quantum mechanical values. The

RMS deviation between the quantum mechanical and molecular mechanical dipole
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moments is given for each charge set. The best agreement is seen with the RESP charges

derived from the C5 conformation.

In order to allow the effects of the charge model to be separated from the effects of
the geometry used for the calculation of the dipole moments, in Table VI the dipole
moments are given for each of the quantum mechanically optimized geometries as a
function of the charge set. For the conformations included in the charge derivation, the
dipole moment of that conformation is given after both stage one and stage two of the
RESP fit. The RMS deviations for these sets of dipole moments are considerably smaller
than the ones which were observed when the molecular mechanically optimized

geometries were used. The dipole moment of the o, conformation is seen to be up to 1

D too large and this is caused by errors introduced in the second stage of the fit during

the meth)}l refitting.

The next step in the development and analysis of a final charge model involved the
application of multiple lagrange constraints on the net charge of the central ala residue,
the acetyl (ACE) blocking group, and the N-methyl (NME) blocking group. Before these
constraints were applied, the net charge on each of the three residues was determined for
the various charge models. For the four single conformation RESP fits, the central ala
residue had a negative charge of magnitude less than 0.1. Each acetyl group had a posi-
tive net charge of less than 0.1. The net charge on the N-methyl group was the smallest

on average and was either positive or negative. The small magnitudes of the net charges
on the residues suggested that constraining each to have a net neutral charge was a rea-

Sonable approximation.

Subsequent calculations were carried out using a C5/o, multiple conformation

model. The single conformation o, fit provided better alanyl dipeptide energies, but we
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wanted to use a multiple conformation fit since such charges perform better in modelling
the electrostatic potential of many conformations of the amino acid. The three conforma-
tion model was rejected as its energies were nearly identical to those resulting from the
two conformation model. Furthermore, PDB data was available which provided informa-
tion on side chain conformations preferred for the two different types of secondary struc-

ture -- B-sheet (C5) and o-helix (o). Using these two conformations it was then a

straightforward task to assign side chain conformations for all of the amino acids (see

Methods section).

It is apparent that even the simplest model for calculating the dipeptide charges, i.e.
one with no additional constraints, did not result in molecular mechanical energies in
good agreement with the quantum mechanical energies. We therefore proceeded in our
developniem of a charge model for the amino acids by testing the effect of each aspect of

the model on the conformational energies calculated.

C. Effects of multiple Lagrange constraints and equivalencing of backbone amide atoms

In Table VIII we present the conformational energies calculated for glycyl and
alanyl dipeptides with and without additional Lagrange constraints to produce three neu-
tral residues and with and without forcing equivalent charges on the amide groups on
either side of the o carbon (Figure 1). The constraint of three neutral residues is neces-

sary when deriving charges for the amino acid database since each amino acid residue
must have the appropriate net integral charge. When carrying out the quantum mechani-
ca]l electrostatic potential calculation, however, one must used a blocked form of the resi-
due so as to have a chemically reasonable structure. The desireability of employing the

constraint to equivalence amide groups is related to the desire to have a consensus set of
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backbone charges that would be used for all of the amino acids. The need for this
simplification arises from results obtained by Sun er al. [21], as discussed below. We
thus decided to make the simplifying assumption that different residues having the same
net charge should have common backbone amide atom charges. The question of
equivalencing the amide group charges from the blocking groups in the charge fit then
arises. These C=0 or N-H groups in the blocking groups are mimicing the adjacent resi-
dues in the protein or peptide, and, in principle, those adjacent residues should have C=0

and N-H charges which are identical to the ones found in the central residue.

The results presented in Table VIII employed the C5/ay, multiple conformation fit

charges derived from the quantum mechanically optimized structures for both glycyl and
alanyl dipeptides. The first set of molecular mechanical energies corresponds to charges
derived with each dipeptide treated as a single residue and with no constrained
equivalence of the two backbone amides. These alanyl dipeptide energies differ slightly

from the ones in the C5/0;, column of Table III, because in Table VIII the charges were

derived without constraining the two conformations to have common charges on their
N-terminal methyls and common charges on their C-terminal methyls. It was necessary
to remove these two constraints, otherwise there were not enough degrees of freedom in
the fit when the molecule was treated as three neutral residues for the charge fit algorithm

to converge.

The two different types of constraints on the fit have similar effects. Both cause the
alanyl dipeptide C7__conformation to be lowered in energy by about 0.4 kcal/mole. The
CS and o, conformations of alanyl dipeptide both increase in energy with the application
of either constraint, the C5 conformation by 0.5-0.9 kcal/mole and the o, conformation

by 1.7-2.1 kcal/mole. The energy of glycyl dipeptide’s o, conformation also goes up in
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energy in both cases, whereas the C5 conformation goes up by 0.5 kcal/mole in one case
and down in the other. The effect of the simultaneous application of both types con-
straints is to lower the energy of the CS conformation of glycyl dipeptide by about 0.5
kcal/mole and to raise the energy of the o, conformation by 1.4 kcal/mole. The effect on

the alanyl dipeptide is to lower the energy of the C7_ conformation by 0.4 kcal/mole, to

lower the energy of the C5 conformation by 0.3 kcal/mole, and to increase the energy of

the o, conformation by 1.7 kcal/mole. The conformation which is most in error is the
o, conformation of glycyl dipeptide, which is 3.3 kcalUmole higher in energy than the

quantum mechanical reference energy.

D. Effect of molecular mechanical versus quantum mechanical geometry optimization

The above charge calculations were carried out on structures which had been optim-
ized with nearly the same basis set that was used for calculating the electrostatic potential
for the charge calculation (6-31G** vs 6-31G*). One might expect such optimized
geometries to provide the most reasonable charges. However, such high level ab initio
geometry optimizations are fairly costly, so for the remaining amino acids we settled for
structures optimized using molecular mechanics -- in this case the Weiner et al. force
field. [6). In Table IX we compare energies calculated with charges derived from
AMBER optimized structures with those derived from quantum mechanically optimized

Structures. All charge sets were derived from multiple conformation fit employing the

C5 and o, conformations and did not employ the three neutral residue constraint or the

equivalent amide constraint. These energies show the same general trends as the ones

calculated from the QM optimized geometry charges, but the energies of the o, confor-

mations are even farther off from the quantum mechanical target energies. It would

ULl LIDRART






111

therefore seem that the quantum mechanically optimized structures yielded the best
charges. We lack sufficient computer resources to carry out the optimizations on the
remaining amino acids, however, and therefore were limited to dealing with the molecu-

lar mechanically optimized structures.

E. Multiple molecule and multiple conformation fitting

With the above tests, we established that the constraints of three neutral residues
and equivalent amide groups and the use of molecular mechanically optimized structures
produced charge sets which yielded conformational energies in reasonable agreement to
the "ideal" charge sets, derived from the quantum mechanically optimized geometries
and with no additional Lagrange constraints imposed. We next set out to carry out a
multiple molecule fit for the purpose of deriving a set of consensus charges for the ‘back-
bone amide atoms. As noted above, the use of consensus charges for the amide atoms
was motivated by results obtained by Sun et al. [21] in a free energy perturbation study
involving the perturbation of alanyl to valine. They found that the majority of the change
in free energy was derived from interactions between water molecules and the atoms in
the backbone of each residue. Corresponding backbone atoms had fairly different

charges for each residue.

While the nature of a given side chain would be expected to have some effect on the
electrostatic character of the backbone, this effect would probably be fairly subtle. The
large variation in charge seen by Sun et al. [21] was likely more of an artifact of the esp
fitting procedure. Although this variation is reduced with the RESP procedure, we chose
to use consensus amide charges in order to completely avoid the problem. The use of a

simplified charge model having consensus charges on the amide atoms then restricts the
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charge variation to the side chains and the a carbon and hydrogen.

The first multiple molecule/conformation fit included the amino acids glycine, alan-
ine, serine, valine, asparagine, aspartic acid, and protonated histidine. We chose this
group to include the two simplest amino acids as well as a B-branched and hydrophobic
chain, a short and a longer polar chain, and negative and positively charged side chains.
This fit resulted in o carbon charges ranging from -0.084 to 0.038 for the neutral amino
acids. The a carbon charges for aspartic acid and protonated histidine were -0.252 and
0.210, respectively. The larger charges on the a carbons of the charged residues sug-
gested that their backbone amide groups were sufficiently different from the neutral resi-

dues as to merit separate fitting.

We therefore settled on three separate fits to determine consensus charges for the
backboné amide atoms. The main fit consisted of the five neutral amino acids from the
set of seven above -- glycine, alanine, serine, valine, and asparagine. The second fit con-
sisted of the two negatively charged amino acids -- aspartic acid and glutamic acid. The
third fit consisted of the three positively charged amino acids -- lysine, arginine, and pro-
tonated histidine. For the fits of the two groups of charged amino acids, the charges on
the C=0 and N-H groups in the blocking groups were constrained to have the consensus
charges derived for the neutral amino acid backbone amide atoms. This modelled the
presence of neutral amino acids on either side of the central charged residue. This was
an approximation, since charged residues may be found adjacent to each other, but cer-
tain simplifying assumptions are necessary when deriving charges in this fashion for resi-
dues of a heteropolymer. The consensus amide charges from the neutral amino acid fit
were applied to the remaining neutral amino acids through a constrained fit. The charges

on the methyl hydrogens in the blocking groups were left free (not constrained to have
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the same charge within a group) since the blocking groups were discarded after the fit.

This allowed the best set of charges to be calculated for the amino acid residue.

Charges for the acetyl and N-methyl terminal blocking groups were taken from the
CS5 conformation of alanyl dipeptide. Hydrogens in a given methyl group were con-
strained to have a common charge during a "third-stage" fit where the charges on the
remaining atoms were constrained to have the values determined in the two-stage five
residue fit. The use of acetyl and N-methyl charges derived from different molecules or
conformations was shown to have a minimal effect on the conformational energies calcu-

lated.

The final set of charges is given in Table X along with the charges from the Weiner
et al. force field for comparitive purposes. The backbone amide charges are seen to be
fairly sixﬁilar to those used by Weiner et al. In the Weiner et al. force field, these
charges were determined from a 6-31G calculation on N-methyl acetamide, and then
scaled by a net factor of 0.75; 0.82 to make them more like the "optimal" 6-31G**
derived charges and 0.91 to scale back a 6-31G** dipole moment to an experimental
value. The consensus amide charges calculated for the negatively and positively charged
amino acids differ from the consensus charges for the neutral amino acids primarily at
the nitrogen and carbon atoms. The sum of the charges on the CONH backbone atoms is
-0.115 for the neutral residues, 0.072 for the positive residues, and -0.267 for the negative

residues.

The a-C and a-H charges were allowed to optimize independently for each amino
acid in the new force field, in contrast to Weiner et al. where there was a common value.
The charges on side chain heteroatoms are similar to the ones found in Weiner et al, but

they are larger, reflecting the greater polarity of the 6-31G* basis set. The charges on the
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sulfur atoms exhibit perhaps the greatest variation between the two force fields, but this

is partly due to the absence of lone pairs in the new force field.

Although the new force field employs restrained esp (RESP) fitting, the charges on
the atoms in alkyl groups are often larger in the new force field by comparison to Weiner
et al. This effect is likely due to the use of the 6-31G* basis set in the current work
versus the less polar STO-3G basis set used for side chain esp calculations in the Weiner
et al. force field. The fact that two conformations were used to fit each amino acid lends
further support to this argument, since large charges on buried atoms are less common

when multiple conformations are employed, due to better statistical sampling.

In the cases of valine, leucine, and isoleucine, the charges on some of the alkyl
atoms seemed to be particularly large. This was unexpected because RESP fitting applied
to butane; was shown to result in much smaller charges on the atoms compared to stan-
dard esp fitting. In each of these three amino acids, a large charge was observed on a car-
bon adjacent to a methine group. For example, the charge on the y-C in valine is -0.319,
the one on the 8-C in leucine is -0.412, and the one on the ¥-C in isoleucine is -0.320.
Unlike methyl and methylene groups, methine groups are not refit during the second
stage of the RESP fit, and this was thought to be a possible cause of this seemingly aber-
rant result. To test this hypothesis, the second stage of each fit was repeated but with the
methines allowed to reoptimize. The results of these fits are presented in Table XI. The
large charges observed in the standard RESP fits are seen to be greatly reduced while the
RRMS of the fit is improved in one case, worsened in another, and unchanged in the

third. The dipole moments are also not significantly changed by refitting the methines.

A second aspect of the fit is the use of a stronger restraining function (0.0010 vs.

0.0005) in the second stage of the fit. The effect of this stronger restraint was tested by
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carrying out the second stage of the fits with the weaker restraint and also refitting the
methines. In the cases of valine and isoleucine, this model was seen to result in charges
on the "aberrant” atoms about halfway between those seen with standard RESP fitting
and RESP fitting with methines refit. However, in the case of leucine, although the
charge on the carbon adjacent to the methine group was reduced over its standard RESP
value, the charge on the methine carbon increased from its standard RESP value of 0.353
to 0.428! This exercise suggested that there was no obvious improvement to our current
standard RESP approach for fitting charges. While the large alkyl charges may seem
counter-intuitive, the true test of a charge model is its performance, and even the rela-
tively large butane standard esp charges were shown to result in accurate conformaﬁona]

energies [11].

G. Effect of diffuse functions

The quantum mechanical calculations carried out for the purpose of deriving RESP
fitted charges employed the 6-31G* basis set. This basis set is well studied and has been
shown to perform well at modelling molecular properties. This basis set was derived to
reproduce the properties of neutral atoms, however, and the addition of diffuse functions

has been shown to be necessary to model certain properties of negatively charged sys-

tems.

In order to assess the effect of the inclusion of diffuse functions on the charge
derivation, 6-31+G* calculations were carried out on the two aspartic acid and two glu-
tamic acid conformers. The resulting wavefunctions gave rise to charges on the carboxy-
late atoms that were significantly higher than those derived from the 6-31G* wavefunc-

tions. The aspartic acid 6-31+G* charges were 0.936 for the carboxylate carbon and
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-0.868 for the oxygen as compared to 0.799 and -0.801 from the 6-31G* wavefunction.
The glutamic acid 6-31+G* charges were 0.878 for the carboxylate carbon and -0.855 for

the oxygen as compared to 0.805 and -0.819 from the 6-31G* wavefunction.

The consensus amide charges were calculated to be -0.533, 0.299, 0.562, and -0.607
for the N, H, C, and O atoms, respectively, with the 6-31+G* wavefunction, which are
fairly similar to the ones derived with the 6-31G* wavefunction. The net charge on those
four backbone atoms only changes from -0.267 to -0.279 upon the addition of the diffuse
functions. Although greater changes are seen in the charges of the carboxylate atoms, the
net charge on each group changes by at most 0.003. There is thus no major "migration"
of charge seen when diffuse functions are added, suggesting that the 6-31G* basis set

does not force part of the net charge away from the carboxylate group.

H. N- and C-terminal amino acids

We have also calculated charges for the charged N- and C-terminal versions of the
amino acids. These charges were derived by splicing the ammonia group from methy-
lammonium or the carboxylate group from acetic acid onto the blocked versions of the
amino acids. Figure 2 illustrates how this procedure was carried out. A Lagrange con-
straint was applied which forced the charges on the atoms within the two boxed regions
together to sum to 0.0. In this way the proper charge was attained on the resulting resi-
due. In addition, the charge on the methyl carbon in methylammonium or acetic acid was
constrained to have the same value as the charge on the a carbon. Also, in the N-terminal
residue fits the N-terminal N and H atoms were constrained to have the same charges for
both conformations of a given amino acid even though these atoms were "discarded”

after the fit. In the C-terminal fits, the C-terminal C and O atoms were similarly con-
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strained. The charges for N-terminal, C-terminal, and central versions of glycine, alan-

ine, serine, valine, and asparagine are shown in Table XII.

IV. Discussion

We have presented an application of multimolecule, multiconformation RESP
charge fitting to amino acids. This approach leads to more reasonable charges for buried
atoms as compared to the standard ESP approach. Also, the use of a 6-31G* basis set
rather than the STO-3G basis set used by Weiner et al. has been shown to lead to hydro-
£en bond energies closer to those found with the highest level ab initio calculations [22].
“The use of the splicing approach described above allows for an algorithmic merging of
the charges of separate molecules. More extensive molecular mechanical simulations

employing these charges will be presented elsewhere [30].

We have also presented the derivation of charges for the amino acids using RESP
fitting and multiple molecules, and conformations. The amino acid charges also differ
from those in the previous force field in that 6-31G* level calculations were carried out
on blocked versions of entire amino acids, rather than fitting the backbone and the
Sidechains separately. Furthermore, Lagrange constraints were employed to obtain resi-
dues of the appropriate integral charge and also to splice ammonium and carboxylate

&roups onto the charged N- and C-terminal residues.

A variety of charge models were evaluated to determine their ability to reproduce
the quantum mechanical conformational energies of the glycyl and alanyl dipeptides. It is
Curious that the RESP charges calculated for alanyl and glycyl dipeptides using both the

CS and o, quantum mechanically optimized conformations for each, no additional

Lagrange constraints for multiple residues of integral charge, and no equivalencing of
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amide charge within and between the molecules did not better reproduce the quantum

mechanically calculated energies (Table VIII).

This results runs counter to ones obtained for butane, simple alcohols, simple
amines, ethane diol, and a series of substituted 1,3-dioxanes [31], where RESP (and stan-
dard ESP) charges combined with simple dihedral potentials performed quite well at
reproducing relative conformational energies. The dipeptide molecules are more compli-
cated, however, with their two amide groups, and with 6-31G* charges, the intramolecu-

1ar hydrogen bonding in the C7eq and C7__conformations may be exaggerated, leading to

an overestimate of the stability of these two conformations relative to C5 and .

Further support for this interpretation comes from simply scaling the charges by
Q.88 as part of a non-additive model for peptide conformational analysis, which leads to
significant improvement in the dipeptide energies [32]. It is not clear what the physical

basis is for the fact that C7,, is "2 kcal/mole less stable than C7eq at the quantum

mnechanical level, but only “1 kcal/mole in the molecular mechanical models. We should
emphasize that the dipeptide conformational energies can and have been improved
through the addition of torsion parameters. The development of those torsion parameters

is described in the next paper in this series [30].

We have presented charges for three forms of the amino acids: central residues and
Charged N- and C-terminal residues. One can analyze the charges on similar groups of
atoms for a given residue type. For the N-terminal residues, the total charge on the
ammonium group can be seen to vary from about 0.70 to 0.80. For the C-terminal resi-
dues, the total charge on the carboxylate group varies from about -0.79 to -0.85. The
Charges on the 0-C’s and o-H’s exhibit the effects of induction caused by the adjacent

charged group. Some inductive effect is also seen at the B position.
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One can also compare charges for a particular amino acid in its three different
forms. The charges on the atoms in the serine and valine sidechains are quite similar for
all three versions of each residue. The charges on the asparagine sidechain, however, are
less consistent. The charge on the y-C has a value of about 0.71 for the central and C-
terminal residue, but a value of 0.58 for the N-terminal residue. The charges on the
remaining atoms in that sidechain are fairly consistent among the three residue types.
We have only gone into detail about the five amino acids used for the neutral amino acid
consensus fit, however charges have been calculated for the N- and C-terminal versiO.ns

of all of the amino acids.

V. Conclusions

We have presented general methods for the derivation of charges for amino acids
and nucleic acids for use in molecular mechanics calculations. Our strategy employs
multiple conformation fitting to reduce the conformational dependence of the charges
and multiple molecule fitting to derive consensus charges for certain common atoms
where appropriate. Furthermore, the charges were fit to the electrostatic potential of each
molecule with restraints applied to the charges in order to attenuate the charges of statist-
ically ill-determined atoms. The charges have been placed into a database for use in car-

rying out molecular mechanical simulations on nucleic acids and proteins with a new

force field [32].
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Figure Captions

Figure 1. The scheme used for fitting the central amino acids. Lagrange constraints are

used to define three residues of net integral charge. Blocking groups are neutral.

Figure 2. The scheme used for fitting the N- and C-terminal amino acids. Lagrange
constraints define the appropriate blocking group as neutral. The appropriate charged
group is spliced onto the other end of the amino acid by defining a Lagrange constraint
which forces the sum of the charges on all atoms within the two boxed groups to sum to
zero. The sums of the charges within each boxed group are then equal and opposite, so
that the net charge on the charged end group has the same charge as the group that it
replaces, ensuring the appropriate net integral charge on the resulting N- or C-terminal
charged amino acid.
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Table . AMBER minimized conformations used for each amino acid.?
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amino acid backbone  phi psi chil chi2 chi3 chi4
Val c5 208 154 61 (g-)
aR -60* -40* 181 (1)
Ser ¢S 197 174 47 (g-) 299 (g+)
aR -60* -40* 187 () 43 (g-)
Asn cS 217 160 297(g+) 263
aR -60* -40* 180 (t) 269
Cys c5 206 141 172 (1) 179 (v)
aR -60* -40* 284 (g+) 303 (g+)
Cyx c5 218 157 290 (g+) 303 (g+) 276
' aR -60* -27 293 (g+) 302(g+) 276
Asp cS 218 160 299 (g+) 85
aR -60* -40* 160 (t) 92
Thr cS 220 165 46 (g-) 300 (g+)
aR -60* -40* 333 (g+) 185(t)
Ile cS 207 154 184 (1) 62 (g-)
aR -60* -40* 300 (g+) 176 (1)
Leu cS5 209 150 181 (v) 63 (g-)
aR -60* -40* 302(gH) 179(v)
Hid c5 217 162 314 (g+) 94 (g-) 270*
aR -60* -40* 180* (1) 266 (g-) 90*
Hie c5 217 161 279 (g+) 88 (g-) 271*
aR -60* -40* 186 (t) 276 (g-) 95
Hip c5 208 145 312 (g+) 88 (g-) 271*
aR -60* -40* 184 (t) 271 (g-) 82
Phe c5 217 160 308 (g+) 119
aR -60* -40* 185 (v) 264 (g-) 82
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Table I. AMBER minimized conformations used for each amino acid, cont’d.

amino acid backbone phi psi  chil chi2 chi3 chi4
Tyr c5 217 160 299 (g+) 96 177
aR -60* -40* 180(t) 256 357
Trp c5 216 161 299 (g+) 100
aR -60*  -40* 191 (1) 282
Met c5 205* 153* 187 (v) 176 (t) 180 (t)
aR -60* -40* 298 (g+) 306 (g+) 302 (g+)
Pro(t) beta 295* 150* 28 326
alpha  299* 325* 334 35
Pro(c) beta 305 143 334 35
alpha  274* 1* 33 324
Glu c5 206* 153* 297 (g+) 189 (v) 65
aR -60* -40* 192* (g+) 88 90* (g+)
GIn cS 205 153 192 (t) 177 (v) 120
aR -60* -40* 308 (g+) 310(g+) 123
Arg c5 214 145 298 (g+) 186 (V) 181 (v) 177 (t)
aR -60*  -40* 179 (v) 160 (t) 291 (g+) 283 (g+)
Lys c5 205 153 188 (g+) 180 (v) 198 (v) 73 (g-)
aR -60* -40* 293 (g+) 189 (V) 177 () 183 (1)

3 Asterisk indicates that dihedral was constrained.
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Table VIII. Glycyl and alanyl dipeptide conformational energies calculated using RESP
charges derived with and without multiple lagrange constraints and constrained

equivalence of the two amide groups.®®

EMM)
Charge Model®¢
1 res 3res 1 res 3res
E(QM) no am eq. no am eq. am eq. am €q.

Conf Gly Al Gly Ala Gly Ala Gly Ala Gly Ala

cin 00 00 00 0.0 0.0 0.0 00 00 00 00

eq
C7,, 2.1 0.8 0.8 0.9 0.8
G5 2.0 1.5 4.6 3.4 3.8 3.6 48 3.2 38 24
o 40 39 6.6 5.6 73 6.0 6.6 5.6 73 5.6

® Energies in kcal/mole. ® Charges derived from multiple conformation fits of ¢5 and oy
conformations of alanyl dipeptide. Corresponding atoms constrained to have equivalent
charges between the two conformations, with the exception of the terminal methyl
groups. Charges for those methyl groups taken from the C5 conformation. Three
lagrange constraints applied to achieve neutrality of the acetyl blocking group, the N-
methyl blocking group, and the central amino acid residue. © "1 res" and "3 res" signify

that the charges were fit to produce either 1 or 3 neutral residues from the molecule. ¢
"no am eq" and "am eq" signify that the two amide groups were not constrained to have
equivalent charges, or that they were constrained.
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Table IX. Glycyl and alanyl dipeptide conformational energies calculated using RESP
charges derived from quantum mechanically (HF/6-31G**) and molecular mechanically

(AMBER/Weiner et al. force field [6,7,16]) optimized geometries.*?

E(MM)
E(QM) QM opt geom MM opt geom
Conf GLY ALA GLY ALA GLY ALA
cic e 0.0 0.0 0.0 0.0 0.0 0.0
C7,, 2.1 0.8 0.9
C5 20 1.5 4.6 34 43 3.5
oy 4.0 39 6.6 5.6 1.7 6.6

® Energies in kcal/mole. ® Charges derived from multiple conformation fits of either gly-
cyl or alanyl dipeptides using both C5 and o, conformations. Corresponding atoms con-

strained to have equivalent charges between the two conformations, with the exception of
the terminal methyl groups. Charges for those methyl groups taken from the C5 confor-
mation. A single Lagrange constraint was imposed resulting in overall neutrality of the
molecule and the two amides groups were allowed to optimize independently and have
different charges.
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Table X. Comparison of Charges from Weiner et al. and Cornell et al. Force Fields

Weiner etal. Comell et al.

BACKBONE (neutral residue)

N

©c O m

GLY

ALA

CB

HB1
HB2
HB3

SER

CB

HB2

HB3

HG

THR

CB
HB

-0.463
0.252
0.616

-0.504

0.035
0.032
0.032

0.035
0.048
-0.098
0.038
0.038
0.038

0.035
0.048
0.018
0.119
0.119
-0.550
0.310

0.035
0.048
0.170
0.082

-0.416
0.272
0.597

-0.568

-0.025
0.070
0.070

0.034
0.082
-0.183
0.060
0.060
0.060

-0.025
0.084
0.212
0.035
0.035

-0.655
0.428

-0.039
0.101
0.365
0.004

CG2
HG21
HG22
HG23
0G1
HG1

ASN

HB2
HB3
CG

HG2
HG3

OEl

HE21
HE22

Weineretal Cornell etal

-0.191
0.065
0.065
0.065

-0.550
0.310

0.035
0.048
-0.086
0.038
0.038
0.675
-0.470
-0.867
0.344
0.344

0.035
0.048
-0.098
0.038
0.038
-0.102
0.057
0.057
0.675
-0.470
-0.867
0.344
0.344

-0.244
0.064
0.064
0.064

-0.676
0.410

0.014
0.105
-0.204
0.080
0.080
0.713
-0.593
-0.919
0.420
0.420

-0.003
0.085
-0.004
0.017
0.017
-0.065
0.035
0.035
0.695
-0.609
-0.941
0.425
0.425
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Table X. Comparison of Charges from Weiner et al. and Cornell et al. Force Fields, cont'd

Weiner etal. Comell et al. Weiner etral. Cornell et al.

CYS MET
CA 0.035 0.021 CA 0.035 -0.024
HA 0.048 0.112 HA 0.048 0.088
CB -0.060 -0.123 CB -0.151 0.034
HB2 0.038 0.111 HB2 0.027 0.024
HB3 0.038 0.111 HB3 0.027 0.024
SG 0.827 -0.312 CG -0.054 0.002
HG 0.135 0.193 HG2 0.065 0.044
LP1 -0.481 - HG3 0.065 0.044
LP2 -0.481 - SD 0.737 -0.274
LP1 -0.381 -
CYX LP2 -0.381 -
CA 0.035 0.043 CE -0.134 -0.054
HA 0.048 0.077 HEI 0.065 0.068
CB -0.098 -0.079 HE2 0.065 0.068
HB2 0.050 0.091 HE3 0.065 0.068
HB3 0.050 0.091
SG 0.824 -0.108
LP1 -0405 -
LP2 -0405 -

2
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Table X. Comparison of Charges from Weiner et al. and Cornell et al. Force Fields, cont'd

Weiner etal. Comell et al. Weiner etal Comell etal

VAL ILE

CA 0.035 -0.088 CA 0.035 -0.060

HA 0.048 0.097 HA 0.048 0.087

CB -0.012 0.299 CB -0.012 0.130

HB 0.024 -0.030 HB 0.022 0.019

CGl1 -0.091 -0.319 CG2 -0.085 -0.320

HG11 0.031 0.079 HG21 0.029 0.088

HGI12 0.031 0.079 HG22 0.029 0.088

HG13 0.031 0.079 HG23 0.029 0.088

CG2 -0.091 -0.319 CGl1 -0.049 -0.043

HG21 0.031 0.079 HG12 0.027 0.024

HG22 0.031 0.079 HG13 0.027 0.024

HG23 0.031 0.079 CD1 -0.085 -0.066
HD11 0.028 0.019

LEU HD12 0.028 0.019

CA 0.035 -0.052 HD13 0.028 0.019

HA 0.048 0.092

CB -0.061 -0.110

HB2 0.033 0.046

HB3 0.033 0.046

CG -0.010 0.353

HG 0.031 -0.036

CD1 -0.107 -0.412

HD11 0.034 0.100

HD12 0.034 0.100

HD13 0.034 0.100

CD2 -0.107 -0.412

HD21 0.034 0.100

HD22 0.034 0.100

HD23 0.034 0.100
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Table X. Comparison of Charges from Weiner et al. and Cornell et al. Force Fields, cont'd

Weineretal. Comell e al. Weiner etal. Comell et al.
PHE
CA 0.035 -0.002 HE2 0.102 0.166
HA 0.048 0.098 CD2 -0.002 -0.191
CB -0.100 -0.034 HD2 0.064 0.170
HB2 0.108 0.030
HB3 0.108 0.030 TRP
CG -0.100 0.012 CA 0.035 -0.028
CD1 -0.150 -0.126 HA 0.048 0.112
HD1 0.150 0.133 CB -0.098 -0.005
CEl -0.150 -0.170 HB2 0.038 0.034
HE1 0.150 0.143 HB3 0.038 0.034
cz -0.150 -0.107 CG -0.135 -0.142
HZ 0.150 0.130 CD1 0.044 -0.164
CE2 , -0.150 -0.170 HDI1 0.093 0.206
HE2 0.150 0.143 NE1 -0.352 -0.342
CD2 -0.150 -0.126 HE1 0.271 0.341
HD2 0.150 0.133 CE2 0.154 0.138
Cz2 -0.168 -0.260
TYR HZ2 0.084 0.157
CA 0.035 -0.001 CH2 -0.077 -0.113
HA 0.048 0.088 HH2 0.074 0.142
CB -0.098 -0.015 Cz3 -0.066 -0.197
HB2 0.038 0.030 HZ3 0.057 0.145
HB3 0.038 0.030 CE3 -0.173 -0.239
CG -0.030 -0.001 HE3 0.086 0.170
CD1 -0.002 -0.191 CD2 0.146 0.124
HD1 0.064 0.170
CEl -0.264 -0.234
HE1 0.102 0.166
Ccz 0.462 0.323
OH -0.528 -0.558
HH 0.334 0.399

CE2 -0.264 -0.234
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Table X. Comparison of Charges from Weiner er al. and Cornell et al. Force Fields, cont'd

Weineretal. Comell et al. Weiner etal. Comell et al.

HID PRO

CA 0.035 0.019 N -0.229 -0.255

HA 0.048 0.088 CA 0.035 -0.027

CB -0.098 -0.046 HA 0.048 0.064

HB2 0.038 0.040 CB -0.115 -0.007

HB3 0.038 0.040 HB2 0.061 0.025 .

CG -0.032 -0.027 HB3 0.061 0.025

ND1 0.146 -0.381 CG -0.121 0.019

HD1 0.228 0.365 HG2 0.063 0.021

CEl 0.241 0.206 HG3 0.063 0.021

HE1 0.036 0.139 CD -0.012 0.019

NE2 -0.502 -0.573 HD2 0.060 0.039

cD2  0.195 0.129 HD3 0.060 0.039

HD2 0.018 0.115 C 0.526 0.590
(0] -0.500 -0.575

HIE

CA 0.035 -0.058

HA 0.048 0.136

CB -0.098 -0.007

HB2 0.038 0.037

HB3 0.038 0.037

CG 0.251 0.187

ND1 -0.502 -0.543

CEl 0.241 0.164

HE1 0.036 0.144

NE2 -0.146 -0.280

HE2 0.228 0.334

CD2 -0.184 -0.221

HD2 0.114 0.186
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Table X. Comparison of Charges from Weiner et al. and Cornell et al. Force Fields, cont'd

Weiner etal. Comell et al. Weiner eral. Comell et al

BACKBONE (positive residue)

N -0.463 -0.348 HG2 0.074 0.029
H 0.252 0.275 HG3 0.074 0.029
C 0.616 0.734 D -0.228 0.049
0 -0.504 -0.589 HD2 0.133 0.069
HD3 0.133 0.069
LYS NE -0.324 -0.530
CA 0.035 -0.240 HE 0.269 0.346
HA 0.048 0.143 Ccz 0.760 0.808
CB -0.098 -0.009 NH1 -0.624 -0.863
HB2 0.038 0.036 HH11 0.361 0.448
HB3 0.038 0.036 HHI12 0.361 0.448
CG -0.160 0.019 NH2 -0.624 -0.863
HG2 0.116 0.010 HH21 0.361 0.448
HG3 0.116 0.010 HH22 0.361 0.448
CD -0.180 -0.048
HD2 0.122 0.062 HIP
HD3 0.122 0.062 CA 0.035 -0.135
CE -0.038 -0.014 HA 0.048 0.121
HE2 0.098 0.114 CB -0.098 -0.041
HE3 0.098 0.114 HB2 0.086 0.081
Nz -0.138 -0.385 HB3 0.086 0.081
HZ1 0.294 0.340 CG 0.058 -0.001
HZ2 0.294 0.340 ND1 -0.058 -0.151
HZ3 0.294 0.340 HD1 0.306 0.387
CEl 0.114 -0.017
ARG HE1 0.158 0.268
CA 0.035 -0.264 NE2 -0.058 -0.172
HA 0.048 0.156 HE2 0.306 0.391
CB -0.080 -0.001 CD2 -0.037 -0.114
HB2 0.056 0.033 HD2 0.153 0.232
HB3 0.056 0.033

CG -0.103 0.039
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Table X. Comparison of Charges from Weiner et al. and Comnell et al. Force Fields, cont'd

Weiner etal. Comell et al.

BACKBONE (negative residue)

N -0.463 -0.516
H 0.252 0.294
C 0.616 0.537
0 -0.504 -0.582
ASP

CA 0.035 0.038
HA 0.048 0.088
CB -0.398 -0.030
HB2 0.071 -0.012
HB3 0.071 -0.012
CG 0.714 0.799
OoDb1 -0.721 -0.801
0OD2 -0.721 -0.801
GLU

CA 0.035 0.040
HA 0.048 0.111
CN -0.184 0.056
HB2 0.092 -0.017
HB3 0.092 -0.017
CG -0.398 0.014
HG2 0.071 -0.043
OHG3 0.071 -0.043
16D) 0.714 0.805
OE1 -0.721 -0.819

OE2 -0.721 -0.819
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Abstract

We present the derivation of a new molecular mechanical force field for simulating the
structures, conformational energies, and interaction energies of proteins, nucleic acids, and
many related organic molecules in condensed phases. This effective two-body force field is
the successor to the Weiner et al. force field and was developed with some of the same
philosophies, such as the use of a simple diagonal potential function and electrostatic
potential fit atom centered charges. The need for a 10-12 function for representing hydrogen
bonds is no longer necessary due to the improved performance of the new charge model.
These new charges are determined using a 6-31G* basis set and restrained electrostatic
potential (RESP) fitting and have been shown to reproduce interaction energies, free energies
of solvation, and conformational energies of simple small molecules to a good degree of
accuracy. Furthermore, the new RESP charges exhibit less variability as a function of the
moleculgr conformation used in the charge determination. The new van der Waals
parameters have been derived from liquid simulations and include hydrogen parameters
which take into account the effects of any geminal electronegative atoms. The bonded
parameters developed by Weiner et al. were modified as necessary to reproduce experimental
vibrational frequencies and structures. Most of the simple dihedral parameters have been
retained from Weiner ez al., but a complex set of ¢ and y parameters has been developed for
the peptide backbone which do a good job of reproducing the energies of the low energy
conformations of glycyl and alanyl dipeptides.
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Introduction

The application of computer based models using analytical potential energy functions
within the framework of classical mechanics has proven to be an increasingly powerful tool
to study molecules of biochemical and organic chemical interest. These applications of
molecular mechanics have employed energy minimization, molecular dynamics, and Monte
Carlo methods to move on the analytical potential energy surfaces. Such methods have
been used to study a wide variety of phenomena including intrinsic strain of organic
molecules, structure and dynamics of simple and complex liquids, thermodynamics of
ligand binding to proteins, and conformational transitions in nucleic acids. In principle,
they are capable of giving insight into the entire spectrum of non-covalent interactions
between molecules, and, when combined with quantum mechanical electronic structure
calculations to model covalent bonding changes, essentially all molecular reactions and
interactions. Given their importance, much effort has gone into consideration of both the
functional form and the parameters that must be established in order to apply such analytical

potential energy functions (or "force fields").

In the area of organic molecules, the book by Allinger and Burkert [1] provides a thorough
review pre-1982 and the subsequent further development of the MM2 [2] and MM3 [3]
force fields by Allinger and co-workers has dominated the landscape in this area. The
number of force fields developed for application to biologically interesting molecules is
considerably greater, probably because of the greater complexity of the interactions which
involve ionic and polar groups in aqueous solution and the difficulty of finding an
unequivocal test set to evaluate such force fields. Many of these force fields developed

prior to 1987 are described briefly by McCammon and Harvey [4].

Given the complexities and subjective decisions inherent in such biological force fields, we

have attempted to put the development of the force field parameters on a more explicitly
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stated algorithmic basis than done previously, so that the force field could be extended by
ourselves and others to molecules and functional groups not considered in the initial
development. This is important, because, if the assumptions, approximations, and
inevitable imperfections in a force field are at least known, one can strive for some

cancellation of errors.

Approximately a decade ago, Weiner et al. [5,6] developed a force field for proteins and
nucleic acids which has been widely used. Important independent tests of this force field
were performed by Pavitt and Hall for peptides [7] and Nilsson and Karplus[8] for nucleic
acids and it was found to be quite effective. Nonetheless, it was developed in the era
before one could routinely study complex molecules in explicit solvent. Weiner et al.
attempted to deal with this issue by showing that the same force field parameters could be
effectively used both without explicit solvent (using a distance dependent dielectric constant
(e=Rij)) and with explicit solvent (e=1) on model systems. Further support for this
approach was provided by molecular dynamics simulations of proteins [9,10,11] and DNA

[12,13] which compared the implicit and explicit solvent representations.

As computer power has grown, it has become possible to carry out more realistic
simulations which employ explicit solvent representations. It is therefore appropriate that
any new force field for biomolecules focus on systems modelled in the presence of an
explicit solvent representation. This approach has been pioneered by Jorgensen and co-
workers in their OPLS (Optimized Potentials for Liquid Simulations) model [14]. In
particular, the development of parameters which reproduce the enthalpy and density of neat
organic liquids as an essential element ensures the appropriate condensed phase behavior.
The OPLS non-bonded parameters have been combined with the Weiner ef al. bond, angle
and dihedral parameters to create the OPLS/Amber force field for peptides and proteins
[15], which has also been effectively used in many systems [16].
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We have been influenced by the OPLS philosophy of balanced solvent-solvent and solute-
solvent interactions in our thoughts about a second generation force field to follow that of
Weiner et al. [5,6]. The Weiner et al. force field used quantum mechanical calculations to
derive electrostatic potential (esp) fit atomic centered charges, whereas the OPLS charges
were derived empirically, using mainly the liquid properties as a guide. For computational
expediency, Weiner et al. relied principally on the STO-3G basis set for their charge
derivation. This basis set leads to dipole moments that are approximately equal to or
smaller than the gas phase moment, but tends to underestimate quadrupole moments.
Thus, it is not well balanced with the commonly used water models (SPC/E [17], TIP3P
[18], TIP4P [18]) which have dipole moments that are about 20% higher than the gas
phase value for water. These water models, which have empirically derived charges,
include condensed phase electronic polarization implicitly. Kuyper et al. [19] suggested
that the logical choice of a basis set for deriving esp-fit partial charges for use in condensed
phases is the 6-31G* basis set, which uniformly overestimates molecular polarity.
Standard ESP charges derived with that basis set were shown to lead to excellent relative

free energies of solvation for benzene, anisole, and trimethoxyanisole [19].

A 6-31G* based esp-fit charge model, like the OPLS model, is capable of giving an
excellent reproduction of condensed phase inter molecular properties such as liquid
enthalpies and densities and free energies of solvation [20]. A major difference between
our two force fields and most others is the magnitude of the charges on hydrocarbons. For
example, 6-31G* standard ESP charges derived from the trans conformation of butane
have values of -0.344 for the methyl carbon and 0.078 for the methyl hydrogen. In both
cases, however, the carbon and hydrogen charges offset each other, resulting in small net
charges on the methyl groups of -0.110 and -0.059 for the trans and gauche charges,

respectively. Furthermore, free energy perturbation calculations involving the perturbation
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of methane with standard ESP charges (qc= -0.464 and qy= 0.116) to methane with
charges of 0.0 in solution yields essentially no change in free energy [21]. The standard
ESP charges also result in conformational energies for butane which are in reasonable

agreement with experiment, when used with a 1-4 electrostatic scale factor of 1/1.2 [20].

Nevertheless, the 6-31G* standard ESP charges are less than ideal for two reasons. First,
when charges generated using different conformations of a molecule are compared, there is
often considerable variation seen. This was demonstrated by Williams who studied the
conformational variation of esp-fit charges in alanyl dipeptide for 12 different
conformations [22]. Butane is another example, where charges from the gauche
conformation have values of -0.197 and 0.046 for the methyl carbon and hydrogen,
respectively. Another example is propylamine, which was studied at length by Cornell et
al. [20]. Five low energy conformations can be identified for propylamine and the 6-31G*
standard ESP charges calculated for each conformation show significant variation. The
average and standard deviation for the charge on a given atom over the five conformations
are: a-carbon qay = 0.339 and ¢ = 0.059, B-carbon qay = 0.033 and ¢ = 0.060, and -
carbon qay =-0.205 and o = 0.146. This inconsistency is potentially problematic in terms
of deriving other force field parameters which may be sensitive to the variation.
Furthermore, it reduces the reproducibility of a particular calculation, which is not a

problem in other force fields where the charges are assigned empirically.

The second reason that the 6-31G* standard ESP charges are less than ideal is that the
charges on "buried" atoms (such as the sp3 carbons described above for butane and
propylamine) are statistically underdetermined and often assume unexpectedly large values
for nonpolar atoms. Bayly et al. [23] found that the electrostatic potential of methanol could

be fit almost equally well using either the standard ESP charges determined by the linear least
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squares fit or an alternative set of charges derived with the methyl carbon constrained to have

a much smaller value.

Considering the problems associated with the standard ESP charge model, it might seem
tempting to adopt the OPLS approach of empirically derived charges. However, any
empirically derived charge model cannot easily describe transition states and excited states,
as can an electrostatic potential fit model. Furthermore, the conformational dependence of
N-methyl acetamide (NMA) is better represented with an esp-fit model [24]. Finally, the
requirement of Monte Carlo calculations on requisite liquids including appropriate
fragments makes it more problematic to make an empirical charge model that will cover

most or all of chemical/biochemical functionality.

Given the above mentioned deficiencies in the standard ESP model, along with the desire to
retain the general strategy of fitting charges to the electrostatic potential, Bayly et al. [23]
were motivated to develop the RESP (restrained esp-fit) charge model. The RESP model still
involves a least squares fit of the charges to the electrostatic potential, but with the addition of
hyperbolic restraints on charges on non-hydrogen atoms. These restraints serve to reduce the
charges on atoms which can be reduced without impacting the fit, such as buried carbons.
The final RESP model requires a two-stage fit, with the second stage needed to fit methyl
groups which require equivalent charges on hydrogen atoms which are not equivalent by
molecular symmetry. The new charge model has been shown to perform well at reproducing
interaction energies and free energies of solvation. When used with a 1-4 electrostatic scale
factor of 1/1.2 (as opposed to the scale factor of 1/2 employed by Weiner et al.), both the
RESP (and standard ESP) charges also result in good conformational energies for many of
the small molecules studied to date without the necessity for an elaborate dihedral potential
[20].
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In addition to the new charges which have been tailored for condensed phase simulations,
new van der Waals (VDW) parameters have also been adopted and developed which are
optimized for reproducing liquid properties. The VDW parameters in the Weiner et al. [5,6]
force field are primarily a modification of a set originally proposed by Hagler-Euler-Lifson
[25] which were fit to lattice energies and crystal structures of amides. The new VDW
parameters for aliphatic and aromatic hydrogens take into account the effects of any vicinal

electronegative atoms [26,27].

High level quantum mechanical data is now available on the conformational energies of the
glycyl and alanyl dipeptides [28] and this data is critical for developing ¢ and y dihedral
parameters for the peptide backbone. Because such high level data was unavailable at the
time the Weiner et al. force field was developed, the ¢ and y parameters were left as 0.0
kcal/mole since the resulting molecular mechanical energies seemed to be in reasonable
agreement with the best theoretical data available at that time. That force field led to
conformational energies for glycyl dipeptide where the CS extended conformation was about
1 kcal too high in energy and for alanyl dipeptide where the CS conformation was nearly 2
kcal too high in energy but the C7,x conformation was about 1 kcal too low in energy. The
error in the alanyl dipeptide C7,x energy is not critical since it is rarely found in proteins [29]
(only in y-turns), but the errors in the energies of the C5 conformations are more important
since that is the conformation found in B-sheets. Any errors in the energies of the C5
conformations are multiplied by the length of the secondary structure. The new force field
includes V1, V2, V3, and V4 dihedral parameters for ¢ and y which result in good agreement

between the molecular mechanical and quantum mechanical energies of the dipeptides.

Finally, the benzene molecule as modelled by the Weiner et al. all-atom force field has been
shown to possess excessive flexibility for out-of-plane distortions [30]. This was caused by

the use of the V7 potential derived for the united atom model. This underestimate of the
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benzene V7 parameter is noteworthy, because it not only affects the flexibility of benzene and
benzene-like moieties, but it also affects the interpolation scheme used for determining the V2
barriers for X-C-N-X and X-C-C-X dihedrals in conjugated rings. These V7 parameters are
determined by interpolating according to the bond length either between a pure single bond
and a partial double bond (benzene) or between a partial double bond and a pure double
bond. The excessive out-of-plane motion of benzene has been easily fixed by adjusting the

V> parameter from 5.5 to 14.5 kcal/mole to match the experimental normal mode frequencies.

General Description of the Model

The model presented here can be described as "minimalist” in its functional form, with the
bond and angles represented by a simple diagonal harmonic expression, the VDW interaction
represented by a 6-12 potential, electrostatic interactions modelled by a Coulombic interaction
of point charges, and dihedral energies represented (in most cases) with a simple set of
parameters, often only specified by the two central atoms. Electrostatic and van der Waals
interactions are only calculated between atoms in different molecules or for atoms in the same
molecule separated by at least three bonds. Those non-bonded interactions separated by

exactly three bonds ("1-4 interactions") are reduced by the application of a scale factor.

mm‘ZK (r-rgq DY K, (8-8, >y —2"-[l+cos(n¢—7)]
angles dihedrals

2[ 1] ) lj + %‘5 ]
l<_| RIZ R:i eRij

Our assumption is that such a simple representation of bond and angle energies is adequate
for modelling most unstrained systems. The goal of this force field is to accurately model

conformational energies and intermolecular interactions involving proteins, nucleic acids, and
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other molecules with related functional groups which are of interest in organic and biological

chemistry.

A. Atom Types

The atom types employed are similar to those defined previously and are given in Table 1.
The one significant departure is the definition of new atom types for hydrogens bonded to
carbons which are themselves bonded to one or more electronegative atoms. This is similar

in spirit to the electronegativity based bond length correction used in MM2 and MM3.

B. Bond and Angle Parameters

The req, Beq, Kr, and Kg values were used as starting values and adjusted as necessary to
reproduce experimental normal mode frequencies. These values were initially derived by
fitting to structural and vibrational frequency data on small molecular fragments that make
up proteins and nucleic acids. For example, in complex fragments such as the nucleic acid
bases, the req and Oeq values have been taken from X-ray structural data, the Ky values
determined by linear interpolation between pure single and double bond values using the
observed bond distances and the Kg value taken from vibrational analysis of simple sp2
atom containing fragments such as benzene and NMA. That this approach was reasonably
successful is supported by the reasonable agreement found in nucleic acid base vibrational
analyéis and suggested by the critical analysis of Halgren of the diagonal force constants
used in different force fields [31].

One "difficulty" arose in the development of this new force field compared to that of
Weiner et al. which was related to the switch to the 6-31G* basis set for charge derivation.
With 6-31G* standard ESP charges and a 1-4 electrostatic scale factor of 1/1.2 rather than
172.0 (see below), we found that the exocyclic -NH2 groups of the bases moved

considerably away from their req and 6¢q values upon energy minimization. This problem
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was considerably reduced with RESP charges and a 1-4 electrostatic scale factor of 1/1.2,
so we chose not to selectively increase the Kg values around the -NH> group to force it to

more "canonical” geometries.

In general, however, one might have resorted to a more complex optimization of req, 6eq,
K, and Kg to insure that the geometries of simple fragments were as close as possible to
experiment after energy minimization, rather than taking req and 6eq from experiment and
assuming little distortion would occur (which is generally the case, with the slight
exception of the case of the -NH2 groups noted above). We chose not to undertake a moﬁ
time-consuming iterative self-consistent derivation of geometrical parameters, because of
our assumption that any such errors which we were making were of much smaller
consequence for accurately representing conformations and intermolecular interactions than

the inaccuracies remaining in the dihedral and non-bonded (charge and VDW) parameters.

C. Dihedral Parameters

Weiner et al. [5,6] developed a limited set of general and specific dihedral parameters which
were appropriate for the functionalities found in proteins and DNA and calibrated to adjust

the energies of small model compounds. In this strategy, a dihedral parameter is optimized

on the simplest molecule possible and then applied to larger and more complex molecules.

This approach is in contrast to one employed by many other force field developers where the

parameters are optimized to best reproduce the conformational energies of a large number of

molecules.. An advantage of our approach is the lack of dependence of the resulting

parameters on the particular molecules chosen for the test set.

For the most part, a minimalist approach has been retained with regards to dihedral
parameters. For example, we have only a three-fold Fourier component (V3) for dihedrals

around-C-C bonds, with the exception of cases such as E-C-C-E' where E and E' are
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electronegative atoms like O or F. In these cases, there is a "gauche" effect which stabilizes
the gauche conformation over the trans and this can be modelled with a two-fold Fourier
component (V2). The rotation around phosphorus-ester bonds (CT-OS-P-OS) also
requires a two-fold component. In these cases, we have been able to go beyond the Weiner

et al . force field by making use of reasonably high level ab initio models (MP2/6-31G*) to

fit the values of such V2 Fourier components.

Two exceptions we made to the principle of adding extra Fourier terms to the dihedral
energies only in the presence of a compelling physical basis. These exceptions are the
dipeptide ¥ and ¢ and the nucleoside % dihedrals. Here we used Fourier components to try
to reproduce as well as possible the relative energies of the alanyl and glycyl dipeptides and
a model nucleoside fragment calculated at a high level of theory without the requirement of
"a physical picture." An alternative approach would be to empirically adjust the atomic
partial charges to achieve the same aim. Given the power of the RESP methodology for
deriving atomic partial charges which lead to good representations of intermolecular
interactions and the importance of maintaining an accurate balance between intra and

intermolecular interactions, we chose to empirically adjust the terms in the Fourier series

for y and ¢ as well as .

In our previous force field, the V2 parameters for X-C-N-X and X-C-C-X involving sp2
hybridized atoms in conjugated rings were determined by a two stage linear interpolation
approach (according to bond length) between the known barriers of pure single, pure
double and partial double bonded systems (benzene for X-C-C-X and NMA for X-C-N-
X). We have used the same approach here, but have adjusted the V2 term of benzene to
more accurately describe its out-of-plane frequencies (Weiner et al. [5,6] had used the V2
derived for a united atom model of benzene, which was significantly different). Table II

presents the parameters used.
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D. VDW Parameters

Given the success of the OPLS approach in modelling liquids, we have developed all-atom
sp3 carbon and aliphatic hydrogen VDW parameters by carrying out Monte Carlo
simulations on CH4, C2Hg¢, C3Hg§ and C4H () liquids and empirically adjusting R* and &
for the C and H to reproduce the densities and enthalpies of vaporization of these liquids
[37]. Such parameters have also been employed in calculations of relative free energies of
solvation of CH4, C2Hg and C3Hg [21,38]. We also derived VDW parameters for sp2 C
and aromatic H employing Monte Carlo simulations on benzene liquid and adjusting the R*
and € of these atoms to reproduce the density and enthalpy of liquid benzene [37]. At the
time these parameters were developed, such all-atom parameters were unavailable for the
OPLS force field. These Monte Carlo simulations were the first calculations carried out as
part of the development of this new force field, and as such employed 6-31G* standard
ESP charges. The electrostatic contribution for the n-alkanes was very small regardless of
the charge model -- at most a few tenths of a kcal/mole. We note that the standard ESP
charges for benzene (qc= -0.145 and qy= 0.145) accurately reproduce the quadrupole

moment of that molecule.

We have taken most of the remaining VDW parameters from the OPLS model [15] -- sp2
and sp3 N; sp2 O, ether ester (OS), hydroxyl (OH) and TIP3P water (OW) sp3 oxygens;
and sulfur (SH and S) -- since it has been optimized for reproducing liquid properties. The
Weiner et al. [5,6] phosphorus (P) parameters were not re-optimized since that atom is

most frequently found buried inside of four other heavy atoms.

The VDW model is minimalist as well, with sets of exceptions. A standard VDW
parameter is used for a given atom and hybridization, e.g. all sp2 carbons have the same

VDW parameters. The only heavy atom exceptions are sp3 O, where oxygens in water
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(OW), alcohol (OH), and ether (OS) have slightly different parameters, as found in OPLS.
We suspect that this is due to the use of a zero VDW radius on hydrogens bond to oxygen,

so that an effectively larger R* is required for a water oxygen than alcohol than ether.

A significant departure has been made from the previous model in the treatment of
hydrogens. The current model does not employ 10-12 hydrogen bonding H..X
parameters, although these are still supported within the AMBER software. The original
Hagler et al. [25] and OPLS approach [14,15] suggested a zero R* and € for hydrogen
binding hydrogens. Thus the TIP3P water model, has R* and & equal to 0.0 for its

hydrogen (HW). We opted not to develop a new water model, but to use the TIP3P one.

Hydrogen is unique in the periodic table in not having an inner shell of electrons.
Consequently, it makes physical sense for its VDW radius, unlike other atoms, to be very
sensitive to its bonding environment. This has been extensively analyzed for the hydrogen
R* in X-C-H systems by Gough et al. and Veenstra et al., [26,27] who demonstrated the
sensitivity of R* to the electron withdrawing properties of X. For example, a "normal” C-
H has VDW R*=1.487 A; whereas in CF3-H it is ~0.3 A shorter and in CH3NH3+ it is
~0.4 A shorter still.

We have employed the following approach here. A C-H has R*=1.487A and, based on
nucleic and base pairing energy minimization, an N-H has R*=0.6A. This qualitative
dependence on electronegativity makes physical sense. Based on the Veenstra et al. [27]
studies we have chosen to reduce the R* on sp3 C-H atoms by 0.1 A for each
electronegative (O, N, F, S) substituent. The hydrogen atom types are then defined as H1,
H2, and H3 for 1, 2 and 3 electronegative groups, respectively The hydrogen R* is

reduced by 0.4 A for each neighboring positively charged group (atom type HP). For sp2
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C-H, R* has been reduced by 0.05 A for each electronegative neighbor (atom types H4 and
HS).

Given our retention of the simplicity of a 6-12 rather than a 6-exponential VDW
representation, we have continued to reduce 1-4 VDW interactions since the 6-12
approximation and the lack of polarization in the model both will lead to exaggerated short
range repulsion. It is difficult to determine the scale factor unambiguously so we have

retained the value of 1/2.0 used by Weiner et al. [5,6]

D. Electrostatic Energies

In Comellet al. [20] and Cieplak et al. [39], we have extensively analyzed the development
of our electrostatic model, which relies on the use of 6-31G* derived electrostatic
potentials, multiple molecules, multiple conformations, and the RESP fitting approach.
The multiple molecules/conformations and RESP fitting all serve to reduce the problem of
statistically under-determined charges on buried atoms. We have further validated these
models in their ability to calculate liquid enthalpies and densities [40] and free energies of
solvation [21] of the prototypal polar molecules methanol and NMA in good agreement
with experiment. We have not used lone pairs on sulfur in the new force field, déspite their
importance in hydrogen bond directionality [5,6] because of the PDB analysis of Gregoret
et al. which showed that neutral sulfur functions only extremely rarely as a proton acceptor

in proteins [41].

The new RESP charge model employs a scale factor of 1/1.2 for 1-4 electrostatics, which
was calibrated on 1,2-ethanediol and also performed well on tests on simple alcohols,
amines, and butane. The RESP and standard ESP charge models were shown by Howard

et al. to perform better than MM2 and MM3 in the conformational analysis of substituted
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1,3 dioxanes [42], requiring only the addition of a single dihedral parameter optimized on
2,4-dioxapentane.

Methods

ESP and RESP charges were calculated from electrostatic potentials derived using the
Gaussian 90 and Gaussian 92 programs [43]. These programs were also employed for ab
initio calculations of conformational energies. All minimization and normal mode
calculations reported for this work were carried out using the AMBER package [44]. Scale
factors of 1/1.2 and 1/2 were applied to 1-4 electrostatic and VDW interactions,

respectively.

Free energy perturbation calculations for perturbing methane thiol to methanol and dimethyl
thioether to dimethyl ether were carried out using the AMBER program and the slow
growth method [45]). Simulations were run for 200 ps with a time step of 2 fs. SHAKE
[46] was applied to constrain all bonds and perturbed bonds were shrunk. Only the
solution perturbation was carried out (with TIP3P water [18] and periodic boundary
conditions) and the intramolecular components were not included. Calculations were
carried out in both the forward and reverse directions. The PMF correction was included to

account for the free energy change associated with perturbed bonds [47].

Free energy perturbation calculations for the perturbation of 9-methyl-adenine to methane
were carried out using the SPASMS [48] module of the AMBER program and the
windows method with the acceptance ratio [49] with the electrostatic and VDW
perturbations decoupled. All intramolecular components were included. The gas phase
electrostatic run was carried out with 11 windows with 5K of equilibration and 10K of
collection. The gas phase VDW run was carried out with 51 windows with 1K of

equilibration and 5K of collection. The solution perturbation was carried out with TIP3P
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water and periodic boundary conditions. The electrostatic part of the solution calculation
was carried out analogously to the gas phase electrostatic calculation. The VDW part of the
solution calculation was carried out with 51 windows, 1K of equilibration and 4K of
collection. A 9.0 A cut-off with no switch functions was employed for non-bonded
interactions and the time step was 1 fs. The coupling constants were 0.2 ps (temperature)

and 0.4 ps (pressure).

Molecular dynamics simulations of ubiquitin were carried out using the AMBER program.
The simulations were carried out at 300 K with a time step of 1.5 fs and a non-bonded cut-

off of 8.0 A. SHAKE was applied to bonds containing hydrogens.

Results

We begip the development of the force field with ethane, the fundamental unit for
hydrocarbons. The general V3 (X-CT-CT-X) dihedral was changed from 1.3 kcal/mole to
1.4 kcal/mole in order to reproduce the experimental barrier to rotation (Table IIT). Ethane
charges have been shown to be particularly sensitive to the conditions of the esp fit [55].
Nonetheless, changing the charges on hydrogen from 0.0 to 0.1 changes the barrier only
from 2.89 to 2.92 kcal/mole. In contrast to MM2/MM3 [2,3], only this general V3
dihedral potential is used for hydrocarbons. As one can see in Table III, the
conformational energies and structures are well represented for the simple model
hydrocarbons with such an approach. At this point, we should note the difference of our
approach from that of MM3 [3], where the rotational barrier in ethane is ~0.5 kcal/mole
smaller than experiment. The parameters in MM3 were derived by fitting to a wide variety
of data for hydrocarbons, whereas our approach is to start with ethane as the simplest
model and add additional dihedral parameters in a conservative way. As one can see, the
barriers and geometry of n-butane are well described with such a model, as is the energy to

eclipse the first and second methyl group of propane with the methylene.
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We next turn to the alcohols and ethers (Table IV). Here we use only two general V3
dihedral, as in Weiner et al. [5,6], for X-CT-OH-X and X-CT-OS-X. This leads to
essentially exact reproductions of the dihedral barriers in methanol and dimethyl ether. The
cis-trans energy difference is about 0.5 kcal greater than that calculated by the Weiner et al.
force field, however the Weiner et al. value matched the experimental data originally used.
When these dihedral parameters are applied to methyl ethyl ether (MEE) and
tetrahydrofuran (THF), one finds that a small V2 (CT-CT-OS-CT) dihedral of 0.1
kcal/mole (Weiner et al. had such a parameter with magnitude 0.2 kcal/mole) leads to an
excellent reproduction of the g/t energy difference in MEE and a slight preference for C2
THEF over Cs, as inferred from experiments. The calculations overestimate the barrier to

planarity of THF, but not by as much as MM3.

We next turn to dimethyl phosphate, the model for the backbone of nucleic acids. We have
carried out ab initio calculations (MP2/6-31G*//HF/6-31G*) on dimethyl phosphate in its
£.8; &.t; and t,t conformations and adjusted the V2 (OS-P-OS-CT) parameter to reproduce
the (g,2)/(g.t) energy difference of 1.41 kcal/mole. These results are reported in Table V.
The reoptimized V2 parameter has a value of 1.20 as opposed to the value of 0.75
determined by Weiner et al. with the V3 parameter of 0.25 left unchanged. Reasonable
agreement with ab initio calculations and consensus structural values from x-ray data has
been achieved. The normal mode frequencies calculated with such a model are also
compared with those developed based on experimental frequencies of diethyl phosphate
[66]. Given the difference in molecules, the agreement between calculation and experiment

for the low frequency modes reported in Table V is acceptable.

The low frequency modes for the simple hydrocarbons, alcohols, ethers, and thio-

compounds are presented in Table VI. The average error between the calculated and
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experimental frequencies is 31 cm-! for the 36 low frequency examples where
experiemental data is available, compared to an error of 21 cm-1 with MM3. Again, it
should be noted that our parameters have been optimized using this limited set of simple
molecules whereas the test set of molecules used to derive the MM3 parameters is much

larger.

Next to consider in the development of a force field for nucleic acids are the bases.
Elsewhere, we have reported the hydrogen bond energies and structures of A:T and G:C
pairs and these appear to be in good agreement with the highest level of ab initio data
currently available [69]. However, a critical element in the development of planar
functionalities such as the bases are the dihedral potentials for out-of-plane motibn, as
discussed by Weiner et al. As in the development of our previous force field, normal mode
analysis of benzene and NMA are important. The results for the normal mode analyses
applied to these molecules are presented in Table VII. We have readjusted the X-CA-CA-X
V2 value and the improper out-of-plane dihedral X-X-CA-HA to ensure correct
representation of the lowest frequency modes of benzene, with the four lowest modes

(<700 cm-1) in good agreement with experiment.

We next turn to NMA, the model for the peptide backbone. With a few adjustments to the
Weiner et al. [5,6] bonded parameters, the agreement with experiment for the six lowest
frequency modes is again excellent. In NMA, a key adjustment was the V] (H-N-C-0)
dihedral potential, which, given the change in electrostatic and non-bonded parameters
from Weiner et al., had to be modified from 0.65 to 2.00 kcal/mole to ensure that the in

vacuo cis/trans NMA energy difference was ~2.3 kcal/mole.

The re-optimized X-CA-CA-X parameter was used to interpolate new V2 dihedral

potentials for X-C-N-X and X-C-C-X dihedrals in conjugated rings (Table VII). The
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normal mode frequencies for the four nucleic acid bases-- guanine, adenine, cytosine, and
thymine -- were then calculated. The calculated and experimental frequencies for modes
~<600 cm-1 are reported in Table VIII. The agreement is qualitatively reasonable; in
particular, the cost of out-of-plane distortion is approximately correct in these lowest

frequency modes.

We then proceeded to the study of a larger fundamental unit of nucleic acids, deoxy
adenosine nucleoside (dA). Table IX presents the results of calculations of the energy of
dA as a function of sugar pucker and the dihedral angles 7y (C5'-05'-C4-C3") and X (01'-
C1'-N9-C4), using both a pure gas phase (e=1) and an implicit solvent (€=4) model.
Although this force field is primarily intended for use with explicit solvent, calculations by
Sun et al. on conformational free energies of 18-crown-6 suggest that a model with e=4
provides an approximate and qualitatively reasonable representation of aqueous free

energies [78].

Encouragingly, the C2' endo/C3' endo energy difference is 0.6-1.0 kcal/mole, in good
agreement with experiment. The barrier between these conformations through the 01' endo
conformation is ~1.9-2.9 kcal/mole, somewhat larger (and perhaps more realistic) than that
found by Weiner et al. The barrier through 01' exo is not € dependent and is ~5.9
kcal/mole, which is in reasonable agreement with what is known. Experimentally, it is
known that a v in the g+ range is preferred for nucleosides in solution, followed by trans,
with little g- observed. The relative conformational energies with €=4 are quite consistent

with this trend, whereas the gas phase values (€=1) are not.

Finally, adenosine and deoxyadenosine are known to prefer the anti conformation over the
syn conformation, but the syn conformation is low enough in free energy to be observable.

The gas phase (e=1) energy difference between anti and syn is very large, but the e=4 value
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is much more reasonable. However, we wished to assess the reasonability of our
calculated energies as a function of ¥ with an ab initio model. We thus constructed a
simple test case where adenine is attached to CH(OH)-CH3, with the dihedrals constrained
to mimic the C2' endo conformation of a sugar ring (Figure 1) and carried out MP2/6-
31G*//HF/6-31G* ab initio calculations as a function of % with this model. As one can
see from Table X, with no additional dihedral parameters, the energy difference between
the syn and anti minima is significantly overestimated with our initial model. We thus
chose to add explicit dihedrals (V] and V2) around the glycosidic bond to bring the two
minima into qualitative agreement. This has very little effect on the ¥ and sugar pucker

energies, so only the values of the final parameter set are reported in Table IX.

We next turned to studies of peptide conformations. Table XI presents the local minima
and Figu;es 2a and 2b the (¢,y) maps for glycyl and alanyl dipeptides. Here, as in the case
of glycosidic %, we were forced to add explicit dihedral parameters in order to reproduce
the ab initio quantum mechanical energies for these models. As one can see, the agreement
with high level ab initio data is very good for all but alanyl dipeptide C7ax and glycyl
dipeptide ar. The ala C73x conformation is rarely found in proteins and gly occurs
relatively infrequently in a-helices, due to the loss of conformational entropy, so these

conformations were reasonable ones in which to tolerate any error.

One of the important features in our force field is the attempt to reproduce the solvation free
energies of a representative set of molecules. In Table XII, we present such a
representative set. As one can see, the absolute solvation free energy of methane is
somewhat (0.5 kcal/mole) too large with our model, but the relative solvation free energies
of methane, ethane and propane are within 0.3 kcal/mole of experiment. For our protypal
polar molecules, methanol and NMA, the agreement with experimental solvation free

energies is within ~0.5 kcal/mole. We wished also to assess the solvation free energies for
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sulfur compounds and the relative solvation free energies of those are in reasonable
agreement with experiment (again within 0.5 kcal/mole). The calculated free energy of 9-
methyl adenine is a prediction, because there are no precise experiments [84], but the
relative free energies of this force field and that of Weiner et al. [5,6] suggest that the
experimental determination of this quantity would be of great interest. Turning to the ionic
molecules, our results make clear that a typical two body additive force field will tend to
overestimate ion solvation (when corrected for long range cut-off) unless its parameters are
significantly modified, but fully non-additive calculations with exactly the same parameters

reproduce experiment very well.

The results described above were obtained on model systems that were relatively very
simple (neat liquids) and/or small (dipeptides and nucleosides). In order to test the
performance of the new force field on a more complex system, we carried out an MD
simulation of ubiquitin in water with periodic boundary conditions. The RMS difference
was calculated for structures along the trajectory relative to the crystal structure [85] for (1)
the backbone atoms and (2) all of the heavy atoms. These results were then compared to
those obtained with the Weiner et al. [5,6] force field (Figure 3). The RMS values are
reported only for the first 72 residues, since the four residues of the carboxy terminus were
mobile. The behavior of the new force field presented here is better in two ways. First,
the pfotein structure seems to have stabilized after 50 ps of simulation with the new force
field, while the RMS deviation continues to increase throughout the trajectory with the
Weiner et al. [5,6] force field. Second, the RMS deviation for all of the heavy atoms after
180 ps of simulation is about 2.0 A with the force field presented here and about 2.5 A
with the Weiner et al. [5,6] force field. Alonso and Daggett have also reported the results
of a long MD simulation of ubiquitin, and they found an RMS deviation of 1.4 A from the

crystal structure [86]. This greater stability is likely due to the use of a shorter (shifted)
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electrostatic cut-off in their force field, which is adequate for reproducing local structure but

is unlikely to reproduce free energies very accurately.

Even closer agreement with a protein crystal structure has been obtained by York et al,
[11] who carried out a 1000 ps MD simulation of BPTI with the long range electrostatic
forces of the crystal environment treated using the particle mesh Ewald method and the
Weiner et al.. force field. With this model they obtained an RMS deviation from the crystal
structure of 0.33 A for backbone atoms. These results serve to illustrate the difference
between errors arising from the force field itself and those arising from its implementation
in a given calculation. Currently, most MD simulations employ an 8 or 9 A cut-off for
non-bonded interactions in order to reduce this rate determining part of the calculation. In
systems where long-range electrostatics play an important role, this approximation is
clearly inadequate. Although the Ewald method is only fully appropriate for periodic
crystal systems, other methods also exist which allow for the more accurate treatment of
long range electrostatics [87]. Thus, it appears that the way electrostatic interactions are
handled is significantly more important than the detailed force field parameters in ensuring
that a molecular dynamics trajectory stays near an experimental (x-ray or NMR) structure.
We suggest, however, that comparing two force fields with the same cut-off protocol can
be illustrative and we conclude, on that basis, that the new force field performs at least as

well as, or slightly better than, that of Weiner et al. [5,6] for full solution simulations.

Discussion

We have presented the development and the description of a new force field for proteins,
nucleic acids and organic molecules. Previously, we have attempted to give a coherent
description of the underlying basis for the Weiner ez al. force field [5,6], in order that it
could be extended by others as well as ourselves for studies of molecular interactions and

conformations. We should emphasize again that our goal is to describe molecular
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conformational energies and structures as accurately as possible in condensed phases with a
simple, transferable, and general model. This goal has framed our approach, which has
been to focus mainly on the electrostatic, VDW and dihedral energies and use both ab initio
calculations, empirical liquid and solvation data, and experiment to calibrate the model.
However, our approach differs significantly from that of many in building from the ground
up with the simplest model and defining relatively few general principles, which are

elucidated in the section "General Description of the Model" above.

We will attempt to summarize the salient features of some of the more commonly used
force fields here, in order to compare and contrast our approach with theirs. They can be
roughly grouped into four different categories, depending on the nature and complexity of
the force field equation: (1) those with rigid or partially rigid geometries, (2) those without

electrostatics, (3) simple diagonal force fields, and (4) more complex force fields.

The ECEPP force field of Scheraga [88] employs rigid internal geometries which allow a
more efficient exploration of conformational space. This approach has the disadvantage
that it can cause certain conformations and conformational barriers to be too high in energy.
A second force field which uses only partially rigid geometries is JUMNA [89], developed
by Lavery and co-workers. This force field has been developed for nucleic acids and
allows flexibility in the sugar ring but uses mainly internal geometries and keeps the bases

rigid.

The SYBYL force field [90] has been developed for the calculation of internal geometries
and conformational energies. Because it contains no electrostatic term, it is inappropriate
for studying detailed condensed phase properties. The YETI force field [91], developed by
Vedani and Huhta, is a modification of the Weiner et al. force field with highly damped
electrostatics and an angular dependent hydrogen bond (and metal ligation) potential added.
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This approach could be valuable in some modelling situations, where large and difficult to
handle electrostatic energies are present, but it is also unlikely to be general and extendable

to condensed phase phenomena.

The category of simple diagonal force fields includes the Weiner et al. (AMBER) [5,6],
GROMOS [92], CHARMm [93], and OPLS/AMBER [15] force fields. All of these force
fields employ a simple harmonic diagonal representation for the bond and angle terms.
Descriptions of the non-bonded and dihedral eneries are given in Table XIII. The Weiner
et al. force field derived charges from fits to the electrostatic potential of a molecule
whereas the other two force fields used empirical fits to interaction energies (CHARMmMm) or
liquid and solid state data (GROMOS). The Weiner et al., CHARMm, and GROMOS
force fields all employ VDW parameters derived from crystal data, whereas the VDW
parameters in the OPLS/AMBER and Cornell et al. force fields are derived from liquid
simulations. The OPLS/AMBER and GROMOS force fields specify values for "A" and
"B", the repulsive and attractive coefficients, respectively, whereas Weiner et al., Comell ez
al., and CHARMm specify values for R* and €. (Some force fields use "C" instead of
"B.") For heteronuclear interactions, the OPLS/AMBER and GROMOS force fields
determine values for A and B using geometric mean combining rules. By comparison,
Weiner et al., Cornell et al., and CHARMm employ arithmetic combining rules for R* and
geometric combining rules for €. (See Table XII for the relationship between A, B, £*, and
R*.) GROMOS makes the further distinction of using different values for A and B for a
particular atom type, depending on the second atom involved in the interaction. This has

been shown to result sometimes in anomalous behavior [96,97].

Two new sets of CHARMm hydrocarbon VDW parameters have recently been published
[94,95] and tested by Kaminski et al. [96] for their ability to reproduce condensed phase
properties. The CHARMm92 [94] parameters resulted in a density for liquid butane which
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was 63% in error. The CHARMm94 [95] parameters performed much better, reproducing
the density and heat of vaporization of the neat liquid alkanes (excluding methane) with
average errors of 3.2% and 4.5%, comparable to the results obtained with the new
AMBER parameters reported here, where the average errors were 3.8% and 4.4%.
Nonetheless, the CHARMm94 model is more complex, using a different R* and & for CHz
and CHj carbons. Kaminski et al. also reported new all-atom VDW parameters for the
OPLS force field, and these were shown to result in average errors of 3.5% and 1.2% for
the density and heat of vaporization of the neat hydrocarbon liquids tested (again excluding
methane). The OPLS all-atom parameters also performed better at reproducing the relative
free energies of solvation of methane, ethane, propane, and butane. It should be noted that
while the OPLS parameters result in the lowest overall error for the S)"stems
described/included above, this is achieved at the expense of fitting the neat liquid properties
of methane.

While all five force fields employ a simple Fourier expansion to represent the dihedral
energy, some variation is also seen in the assignment of that energy, with Weiner et al,
Commell et al.,, OPLS/AMBER, and later versions of CHARMm distributing the energy
equally among equivalent bond paths (such as the nine HC-CT-CT-HC dihedrals in
ethane), and GROMOS allowing user specification of that parameter. In earlier versions of
CHARMmM the dihedral energy was assigned to only one specific bond path (quartet of

atoms).

Finally, the category of "more complex" force fields includes not only the MM2 and MM3
force fields for small molecules but also two macromolecular force fields. These force
fields go beyond the simple diagonal potential function in their inclusion of higher ordered
terms as well as cross-terms for representing bonds and angles. The MM3 force field is the

state-of-the-art for modelling organic molecules in the gas phase and has been carefully
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calibrated to reproduce many properties of these molecules. The focus of MM3 is quite
different from that of the force field presented here in that it is not oriented towards the
representation of polar and ionic molecules in condensed phases, although, for example,
some crystal minimizations were used to calibrate some of the non-bonded parameters. Its
complex functional form is necessary for reproducing vibrational frequencies and subtleties
of molecular geometries. The use of a 6-exponential non-bonded potential is more accurate
than the 6-12 used here, particularly for close contacts such as those found in highly
strained organic molecules. The MM2/MM3 model uses a point dipole approach for
electrostatic interactions which has often worked well for modelling intramolecular
properties but has not been rigorously established as a general model for modelling
intermolecular interactions. MM2/MM3 has a large number of dihedral parameters specific

to four-atom bond quartets which have been fit to a large set of data.

A second complex force field is the "Class II" one under development by Hagler and co-
workers [99]. This force field has a functional form of similar complexity to that of
MM2/MMS3, but differs in the extensive use of quantum mechanical energies and gradients
for its calibration. The developers of this force field are pioneering new ways of deriving
parameters and analyzing molecular interactions. This force field currently suffers,
however, from the lack of a general charge model of the same caliber as the other

parameters.

The third complex force field is the Merck Molecular Force Field (MMFF) under
development by Halgren [100]. The stated purpose of this force field is to be able to
handle all of the functional <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>