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New protein parameters are reported for the all-atom empirical energy function in the CHARMM program.
The parameter evaluation was based on a self-consistent approach designed to achieve a balance between the
internal (bonding) and interaction (nonbonding) terms of the force field and among the secdobrent,
solvent-solute, and solutesolute interactions. Optimization of the internal parameters used experimental
gas-phase geometries, vibrational spectra, and torsional energy surfaces supplemented with ab initio results.
The peptide backbone bonding parameters were optimized with respect to ditanfethylacetamide and

the alanine dipeptide. The interaction parameters, particularly the atomic charges, were determined by fitting
ab initio interaction energies and geometries of complexes between water and model compounds that represented
the backbone and the various side chains. In addition, dipole moments, experimental heats and free energies
of vaporization, solvation and sublimation, molecular volumes, and crystal pressures and structures were
used in the optimization. The resulting protein parameters were tested by applying them to noncyclic tripeptide
crystals, cyclic peptide crystals, and the proteins crambin, bovine pancreatic trypsin inhibitor, and carbonmonoxy
myoglobin in vacuo and in crystals. A detailed analysis of the relationship between the alanine dipeptide
potential energy surface and calculated protgiry angles was made and used in optimizing the peptide
group torsional parameters. The results demonstrate that use of ab initio structural and energetic data by
themselves are not sufficient to obtain an adequate backbone representation for peptides and proteins in solution
and in crystals. Extensive comparisons between molecular dynamics simulations and experimental data for
polypeptides and proteins were performed for both structural and dynamic properties. Energy minimization
and dynamics simulations for crystals demonstrate that the latter are needed to obtain meaningful comparisons
with experimental crystal structures. The presented parameters, in combination with the previously published
CHARMM all-atom parameters for nucleic acids and lipids, provide a consistent set for condensed-phase
simulations of a wide variety of molecules of biological interest.

did much of the earlier workwhere more qualitative features
were of primary interest. Indeed, the need for more quantitative

Empirical energy calculations are of great utility in the study oqi¢5 from empirical energy calculations, ranging from struc-

of the structure, dynamics, and thermodynamics of proteins, as

tural and dynamic information to thermodynamic properties,

well as Olf o;[her maqromholequle? of bioflo%ical inter&é}.An motivated the development of the CHARMM22 force field for
essential element is the simplicity of the potential energy . eins presented in this paper; the “22” signifies that the

function, which makes possible simulations of mesoscopic

present parametrization was first included in version 22 of

systems involving tens of thousands of atoms for time scales CHARMM. which was released in 1992

extending into the nanosecond range or longer. Although many
potential functions are now in use, improvements in their

accuracy continue to be important. This is of particular concern
at present because most of the problems now being investigate
by simulation methods require more quantitative results than

While improving the accuracy, it is desirable to limit the
complexity of the potential function so as not to introduce

nnecessary increases in the required computer time. The

pproach we take here is to optimize the parameters for the
widely used CHARMM potential energy function without
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representations now used in most simulations, considerableused for minimization and dynamical simulations to determine
emphasis is placed on a balance among the profwiotein, and test the parameters. The results obtained for the various
protein—solvent, and solventsolvent interactions. The ap- test cases are presented in Section IV. Section IV.a focuses on
proach for achieving such a balance is a refinement of that the parametrization of the peptide backbone, while Sections
employed for the nonbonded interactions in the CHARMM 19 [V.b—IV.d present applications to tripeptide crystals, cyclic
(Param 19) polar hydrogen potential energy funchéh. peptide crystals, and proteins, respectively. Conclusions and

Although the new parameter set uses the same functional formfuture directions are given in Section V. The full all-hydrogen
as employed previously in the CHARMM program, the resulting Parameter set is given in an Appendix that is presented as
potential energy function is a considerable improvement over Supporting Information.
earlier functiong:”81516 |n contrast to the CHARMM 19 polar
hydrogen parameter s&,which uses extended atoms for ||. Parametrization Methodology
carbons (e.g., a CHgroup is treated as a single atom), the ) ) ) ]
present potential function includes all atoms explicitly. Further, _ Calculations were performed with the simulation program

the parametrization is based on a much broader range of CHARMM,#in which an empirical energy function that contains
experimental and ab initio data. This yields parameters that terms for both internal and external interactions was used. The

are applicable to a wide variety of systems and reduces energy function has the form

complications due to correlations among the parameters. The _

present parameter set was optimized for the protein main chainU(R) = z Ky(b — b0)2 + g Kus(S— Sb)2 +

and for the individual side chains by detailed analyses of one bonds

or more small model compounds for each case. The backbone Ky(0 — 90)2 + Ky(j_ + cosfy — 9)) +

parameters usebl-methylacetamide (NMA) and the alanine dngle difiedrals

dipeptide; histidine parameters are based on imidazole, 4-meth- K. (¢ — %)2 +

ylimidazole, and imidazolium; valine, leucine, and isoleucine imders

are based on small aliphatic compounds including ethane, R.n )2  [R..\e

propane, butane, and isobutane; and so on. Such a strategy c i i

ensures that the parameters for each amino acid are fully nogon g

optimized with respect to the available data. All of the
arameters were optimized by the same self-consistent proce-

gures described heEe for the protein backbone, except thopse forvhereKe, Kus, Ky, K;, andKin, are the bond, UreyBradiey,

the aromatic side chains, which were taken with some slight angle, dihedral apgllta, ang |mpr<()jper d'hﬁdrgl f:ljnlgle fr(])rce

modifications from the values published by JorgenSénit constantsalrespecn:j/_eja; S é{ %n ¥ ?reotl_he donl enlgt ' d

should be noted that the explicit representation of hydrogens in _Urey—Bra ey 1,3-distance, ond angle, dinedral angie, an

aromatic rings is necessary to produce the quadrapole moment "'PTOPET torsion 3”9!‘?* respectlvely, with the §qbscnpt Z€ro

required for reproduction of aromatiaromatic interactions seen representing the equilibrium values for the individual terms.

: ! b . : Coulomb and Lennard-Jones-62 terms contribute to the
in small peptide crystals? Details of the studies made for . L

Lo L ; L - . external or nonbonded interactiorss the Lennard-Jones well
parametrization of the individual amino acid side chains will

be published elsewhere. depth andRmin is the distance at the Lennard-Jones minimum,

. ) ) g is the partial atomic chargey is the effective dielectric
The present paper describes the philosophy used in theconsiant, and; is the distance between atornandj. The

parametrization and gives the details of the parameter evaluation ¢\nard-Jones parameters between pairs of different atoms are
for the protein backbone. It also presents the results obtained,piained from the LorentzBerthelodt combination rules, in
by using the parameters for simulations of liquid NMA and of \hich ¢; values are based on the geometric meas; ainde;
a number of peptides and proteins in solution and in a crystal andRui, values are based on the arithmetic mean betRagn
environment. The resulting data elucidate a number of impor- 5q Rmmj. Because of the role of electrostatic contributions in
tant physical effects, including the importance of nonbonding getermining intramolecular, as well as intermolecular, energetics
contributions in determining structures and vibrations and the (as described below), the effective dielectric constamust
need for balance of intramolecular and intermolecular terms and g get equal to unity in this potential energy function since
among the solventsolvent, solventsolute, and solutesolute gtherwise an unbalanced parametrization will be obtained,
contributions to th.e |ntermolecula'r terms. The present .Work particularly for the peptide group. This contrasts with the polar
shows that potential energy 'functlon.s of the type used in the hydrogen parameter set, PARAM 1% in which it is appropri-
present study must be optimized, in part, with respect {0 416 10 introduce a distance-dependent dielectric parameter. For
condensed-phase properties; i.e., use of ab initio results byhe CHARMM 22 set, neutralized charged groups can be
themselves is not sufficient, introduced to mimic some aspects of the shielding from a high
The function and the parameters obtained are implementeddielectric constant solveAt?
in CHARMM 22 and subsequent versions of that program. The  Gjven R, the vector of the coordinates of the atoms, the
prOtein parameters, together with those for nucleic értld, various distances and ang|es required to eva|U® in eq 1
lipids,'* and carbohydrates (in progress) form a consistent gre readily determined. All possible bond angles and dihedral
optimized set for a wide range of biomolecules. The CHARMM  angles are included iU(ﬁ), while a limited number of Urey
program includes the potential energy function we describe herepgradley terms and improper dihedral angles are used to optimize
and the other aspects of the molecular model that are requiredhe fit to vibrational spectra. As can be seen from eq 1, only
for a full description (e.g., cutoff values). Only with this the quadratic term is included in the UreBradley function;
information is it possible to repeat a calculation. The program this is in accord with an analy$fthat shows the linear term
is available to not-for-profit institutions at a nominal ChaiL@e. can be omitted when Cartesian coordinates are used and the
Section Il presents the potential function and the philosophy minimum energy structure is employed for determining the
of the parameter development. Section Il describes the methodsvibrational frequencies. Nonbonded interaction terms are

a9
+— 1)
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included for all atoms separated by three or more covalent were employed. We have found that automated procedures must
bonds. No general scaling of the electrostatic or Lennard-Jonesbe used with great care owing to the extensive nature of
interactions for atoms separated by three bonds (the so-calledparameter space, correlation among the parameters, and their
1-4term)is used. In specific cases there is scaling ofthé 1  underdetermined nature. An automated least-squares procedure
Lennard-Jones term; examples include the aliphatic carbons andbften leads to a combination of “unphysical” parameters that
the amide nitrogen and oxygen atoms. No explicit hydrogen- reproduce the input data. More meaningful parameter values,
bond term is included because the Coulomb and Lennard-Jonesvhich have a wider range of applicability, were obtained
terms can accurately represent the hydrogen-bonding interac-manually with “reasonable” parameter ranges for the optimiza-
tions>*> The water model used in all calculations is the TIP3P tjon in the iterative refinement procedure described above.
modef® modified for the CHARMM force field:. The consis- Once satisfactory geometries were obtained, the force con-

tency of the protein and solvent interactions is based on the gi5nts associated with the bond length, bond angle, dihedral
use of this water model; i.e., it forms part of the system ,nqie and improper torsion terms were adjusted by fitting
description and other water models would be less appropriate.,;hational data for the model systems. Gas-phase infrared and
ll.a. Parametrization Strategy. Development of param-  Raman data were the primary sources of such data. Solution
eters for empirical potential energy functions, such as that in and crystal data were used in certain cases, particularly for ionic
eq 1, requires a coherent strategy. The present work is angpecies for which few gas-phase vibrational data are available.
attempt to optimize the parameters by the use of a wide range|, the solution results, attention was paid to interactions that
of information in a consistent fashion. Self-consistency among quid influence the experimentally determined vibrational
the different terms in the potential energy function was achieved frequencies and efforts were made to account for condensed-
by iterative optimization of the parameters. Typically, initial phase contributions; an example is the NH stretch associated
values of the intermolecular parameters (Coulomb and Lennard-yi the peptide backbone. The results of ab initio calculations
Jones) were chosen from previous CHARMM parameter \yere introduced where necessary to supplement the experimental
sets:>2! or based on the reproduction of ab initio interaction a4 One area where ab initio calculations were essential is in
calculations on rigid monomers. Given these values, the y,o agsignments of experimental vibrational frequencies to
mtramol_ecular parameters_(bond Iength, Urgyadley, bond internal coordinates. Only limited isotopic substitution data are
angle, dihedral angle, and improper dihedral angle terms) WET€ available from many cases, and there are often ambiguities in
determined by using structural and vibrational data for the model the interpretation of the d’ata because many normal modes
compounds. The resulting structures were used for optimization contain contributions from the same internal coordinates. Ab

g:]'::ig:gg:gé%‘f;E‘;s%aﬁr:;;%z;e?%%;oe:néiﬁgé%?\ggerg\'ﬁtiinitig results were also used.tc.) obtain values for Iow-frequency
the improved interaction parameters, the structures vibr:;ltionalto.rSIonaI modes that are difficult to observg experimentally.
spectra, and energy surfaces of th;a model compbunds wereFma}”y{ for crystal or solution measurem_ent_s, |solated_molecule

S 97 ; . .~ “ab initio results were used as an aid in determining the
reoptimized by adjusting the internal parameters. This iterative

rocess was repeated until converaence of the parameters Wagontribution of intermolecular interactions to the observed
gchieved P 9 P vibrational spectra. In particular, the optimization of force

. . constants associated with the ionic side chains was significantly
Intramolecular Terms. Geometries are dominated by the

. aided by the ab initio data.
equilibrium values for the bond length and bond angle terms Scaled HE/6-31G(d) ab initi | d for th
and by the dihedral term phase and multiplicity. These  >C&€ -31G(d) ab initio values were used for the

parameters were optimized by fitting to gas-phase structures Vibrational calculations. When feasible, the scaling factor was
from microwave and electron diffraction data or crystal struc- 9€termined by comparison of known experimental frequencies
tures from X-ray data. In the case of X-ray structures, care with the ab initio results; the derived factor was then applied to

was taken in the interpretation of the individual crystal structures e unobserved frequencies. Where this was not possible, a
to account for the influence of intermolecular interactions on Scale factor of 0.9 was introduced because it has been found to
the intramolecular geometries. Ideally (e.g., for imidazole), both 9ive good results in other studié.Analysis of the vibrational
gas-phase and crystal data are used. Such a combination allow§Pectra and potential energy distributions were made with the
for parameter optimization in the gas phase followed by testing MOLVIB program (J. Wigkiewicz-Kuczera and K. Kuczera,
of the parameters with the crystal structure where intermolecular Unpublished results). - Availability of assignments from the
interactions, as well as the intramolecular parameters, influencePotential energy distributions along with frequencies allowed
the geometry. Ab initio data, especially for ionic species such both to be taken into account during optimization of force
as acetate, guanidinium, imidazolium, and methylammonium, constants.
were introduced to supplement the experimental geometric data. Following adjustment of force constants to fit the vibrational
In many cases, survey results of crystal structures in the data, the minimized geometries were rechecked and adjustments
Cambridge Crystal Data Bank (CCDB)wvere used to determine  were made to both the equilibrium parameters and the force
the range of the allowed geometric values (e.g., for indole, constants in an iterative fashion, as pointed out above. Final
pyrrolidine); i.e., if a large number of fragment structures are optimization of the vibrational spectra was done by the addition
available, the average geometries tend to diminish the distortionsof Urey—Bradley and improper terms in cases where the
associated with crystal interactions. Such averages are, in factagreement between the calculated results and the available data
preferable to gas-phase data in some cases because they contaitas unsatisfactory. UreyBradley terms were important for
contributions to the geometry associated with condensed-phasene in-plane deformations as well as separating symmetric and
effects. An example of particular importance for proteins arises asymmetric bond stretching modes (e.g., in aliphatic molecules).
in the determination of the peptide backbone parameters (seeimproper dihedral terms aided mainly in the accurate reproduc-
Section 1V.b). tion of out-of-plane modes such as the wagging modes of the
Adjustment of the parameters was performed manually, imidazole hydrogens, and in the amides, sucliNasethylac-
although in certain cases (e.qg., for proline) automated procedurestamide and acetamide.
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In addition to the geometries and vibrational frequencies of hydration and the energetics of liquid water, although the
specific structures, the relative energies of different backbone tetrahedrality is too weak and the diffusion constant is somewhat
and side chain conformers are important. Examples include too high. The SPC/E model, which also reproduces the first
torsional surfaces for carbertarbon bonds, methyl and ethyl hydration shell and is somewhat better for the tetrahedrality,
rotations in model compounds such as 4-ethylimidazole and was not used because it has an inconsistency when applied to
ethylbenzene, and the alanine dipeptide map. Although con-heterogeneous solutions. In the SPC/E model, a correction is
formational analys® can give an insightful description of the  made to account for the overestimation of the interaction energy
relative free energies of different side chain conformers, more due to the omission of electronic polarization. Such a correction
quantitative results are needed for a potential energy function.is reasonable with respect to pure solvent properties but can
Consequently, detailed calculations were made for the energiedead to problems for solution simulations; i.e., the solute does
of side chain conformers. Also, in some cases large deviationsnot “know” that the energy correction is present in the water
from the minima can occur during molecular dynamics simula- water interactions. For a proper balance of watgater and
tions so that it is necessary to have a more complete knowledgewater—solute interactions, the solute charges would have to be
of the potential surface than that obtained from the relative increased, thereby leading to a possible overestimation of the
energies of the minima and from their vibrational frequencies. solute-solute interactions and incorrect results for the calculated
An example is the out-of-plane distortion of aromatic hydrogens, properties of the solute itself. The TIP4P model, although it
including the H; atom in tryptophan, where deviations of°’15  gives excellent results, was not used because it includes a virtual
introduce strain energies of less than 1 kcal/mol. Thus, the particle, which complicates the treatment because the forces have
intramolecular and intermolecular parameter optimization in- to be projected onto the “real” atoms. Moreover, because most
cluded information from adiabatic energy surfaces where of the simulation time of a solvated protein is spent on
appropriate. Such data made it possible to adjust the parametersimulating the water molecules, the less costly TIP3P model
so as to describe energy barriers and the positions of saddlewas utilized. It should be noted that use of the CHARMM 22
points, as well as the minimum-energy structures used in the parameter set with water models other than TIP3P may lead to
vibrational analysis (e.g., rotation of the side chain hydroxyl inconsistencies because the watgrotein and proteirprotein
group in tyrosine). Experimental gas-phase data were used inintermolecular parametrization may not be well-balanced.
many cases, and ab initio calculations were made to obtain  Gjyen the waterwater interaction for the TIP3P model, the
surfaces for which no satisfactory experimental data for barriers sojyte-water interactions were optimized on the basis of ab initio
were available (e.g., proline). Changes in the structure (e.9., results for interactions of complexes and experimental data for
bond elongation and angle opening) as a function of a dihedral macrosopic systems, including thermodynamic parameters and
angle can be importafttand were obtained from the ab initio  mojecular volumes. Ab initio calculations were performed to
calculations. Such information was used for optimizing and getermine the minimum interaction energies and geometries
testing the accuracy of the potential function in reproducing petween a water molecule and a model compound, primarily at
structural distortions, as well as energetic differences. Satisfac-gjtes involving hydrogen-bonding interactions with polar atoms.
tory agreement was obtained in most cases for both the 1q determine the partial atomic charges, the interaction between
vibrational frequency and the torsional barrier from the com- \yater and all polar sites of the model compounds were
bined contributions of dihedral and nonbonded terms. In certain gyamined. Typically, the isolated model compounds were
cases, compromises were made because a single dihedral termgptimized at the HF/6-31G(d) level. The optimized structures
could not describe vibrational data and the energy barriers; .9..were then used for a series of supermolecular calculations
the H-C—C—H torsional frequency in ethane was slightly iy olving the model compound and a single water molecule at
elevated as compared to the experimental value to allow the gach of the various sites. The HF/6-31G(d) optimized structure
rotational energy surface to be accurately modeled. In somey a5 replaced with an experimental gas-phase structure if
cases that were regarded as particularly important (e.g., thegyajlaple; the gas-phase water structure corresponding to the
dipeptide potential surface), more than one term was used forTp3p model was used in all casds. The supermolecule
the dihedral angle potential in eq 1. structure was optimized at the HF/6-31G(d) level by varying

Intermolecular Terms Intermolecular parameter optimization  the interaction distance and, in certain cases, a single angle, to
involves the van der Waals and electrostatic interactions. Thefind the local minimum for the water position with fixed
objective was to obtain a set of parameters that result in balancedmonomer geometries. From the resulting structure, the interac-
protein—protein, protein-water, and waterwater interactions.  tion energy was calculated as the difference between the total
Interaction energies and structural data for model dimer systemssupermolecule energy and the sum of the individual monomer
and macroscopic properties of pure liquids and solutions were energies; no corrections for basis-set superposition error were
used in the parameter determination. made. This approach is essentially that introduced by Reiher

The water model and watewater interactions were taken and Karplu$:1® It was subsequently adopted by Jorgensen and
as the basis of the parametrization. As a first step, a numberco-worker§28 and most recently used in the development of
of published water models were tested, including the TIF3P, the MMFF energy function by HalgreH. In the present force-
TIP4P20 and extended SPC?Emodels as well as alternate field development and in the work of Halgi8rbut not that of
models (Gao, J.; MacKerell, A. D., Jr.; Karplus, M., unpublished Jorgensen and co-worketsye follow Reiher and Karplits'®
results). On the basis of a comparison of the TIP3P and SPC/Ein scaling the calculated ab initio values used for the param-
models with ab initio calculations, a softer repulsive van der etrization of the interactions between neutral polar molecules
Waals term was examined. Although® andr~1° repulsions and water. This adjustment takes account of limitations in the
yielded good results, there was no significant improvement, level of the ab initio theory being employed and the neglect of
relative tor~12, for either the energetics or the structure of liquid many-body polarization in liquid water. Limitations in the HF/
water. Consequently, it was decided to retain one of the 6-31G(d) level of theory include omission of the dispersive
previously published water models, and the TIP3P model was (attraction) term in the Lennard-Jones interaction, the use of
selected. This mod® satisfactorily reproduces the first-shell  fixed geometries, the relatively small size of the basis set and
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the omission of corrections for basis-set superposition error. the empirical dipole (2.35 D) is larger than the experimental
These limitations lead to a cancellation of errors so that the gas-phase value (1.86 D), the charges of the model compounds
calculated minimum interaction energy and distance-é&5€8 were adjusted such that the empirical dipole moments were
kcal/mol and 2.98 A, respectively, for the gas-phase water somewhat larger than the experimental or ab initio values. Once
dimer? in satisfactory agreement with the experimental values satisfactory agreement with all of these data had been obtained,
of 5.4 + 0.7 kcal/mol and 2.98 A™ Similar accuracy is condensed-phase simulations were performed to refine the van
obtained, probably fortuitously, with the HF/6-31G(d) level der Waals parameters. Pure solvent simulations of aliphatic
calculations for other polar systems and is the primary reasonand polar neutral compounds were used to calculate heats of
the relatively inexpensive level of theory was used as the basisvaporization and molecular volumes that could be compared
for the parametrization. For the condensed phase, neglect ofwith experimental data. Generally, only small adjustments in
many-body polarization leads to the ab initio interaction energy the van der Waals parameters were required to obtain satisfac-
being underestimated and the minimum distance overestimatedory results. In certain cases, crystal simulations were performed
as compared to the condensed phase, in agreement with previouto determine heats of sublimation and unit cell parameters; these
work on a wide variety of moleculés314 To overcome the  were also used in refining the van der Waals paraméters.
underestimation of the condensed-phase interaction energy, a&ollowing any adjustment of the van der Waals parameters, the
scaling factor was introduced. The scaling factor was obtained supermolecule energies and distances were recalculated and
from the ratio of the empirical interaction energy of the TIP3P adjustments made in the charges where necessary. In the present
water dimer to the HF/6-31G(d) water dimer interaction energy. force field the CHARMM TIP3P van der Waals parameters are
The resulting value, 1.16, was used to scale the ratio of the used for both the solversolvent and solvertsolute interac-
water to model compound ab initio interaction energies to be tions. This is in contrast to PARAM19, where the TIP3P van
consistent with the TIP3P dimer model, so as to obtain a balanceder Waals parameters for solutgolvent interactions differ from
of the solute-water and waterwater intermolecular interac- the CHARMM TIP3P pure-solvent van der Waals parameters.
tions* The use of a single scale factor makes the assumption To simplify the procedure and to allow for the transfer of
that dispersion effects and polarizabilities are constant for the the parameters from the model compounds to larger units such
compounds being parametrized and that the aqueous solvenks amino acids, several assumptions were made in the parameter
environment is being used for all calculations. Recent wérk, optimization. Charges were selected to yield “groups” of unit
using a combined quantum mechanical/molecular mechanicalcharge (041, as appropriate). As well as aiding in the transfer
approach, has shown that the electronic polarization contribution of the charges to larger molecules, this simplifies the treatment
to the electrostatic interaction energy varies linearly with the of long-range electrostatic interactions via multipole expan-
total interaction energies for solvated molecules; this supports sions3® The groups optimally contained five atoms or less; in
the simple scaling model. When available, experimental data certain instances larger groups were required (e.g., imidazole)
on interaction energies from mass spectronfétfy were used to obtain satisfactory fits. Adjustment of the charges upon
in addition to the ab initio results. For charged species, no linking the model compounds to form larger entities was
scaling was applied since the HF/6-31G(d) interaction energies performed by adding the charge of the deleted hydrogen atom
themselves yield charge distributions that give satisfactory to the heavy atom to which it was previously attached. This
agreement with heats and free energies of solv&fnTo approach maintains the unit charge groups from the original
compensate for the overestimation of the minimum interaction model compounds. Aliphatic intramolecular and intermolecular
distances in the Hartred=ock model due to the absence of the parameters were used without adjustment for all aliphatic
dispersion contribution and neglect of many-body effects, the moieties of amino acid side chains (e.g., for aficarbons), as
minimum distances were assumed to be about 0.2 A shorterwell as for the nucleic acid and lipid parameter S&.
than the HF/6-31G(d) values. Such an approach is consistentSimulations of the aqueous solvation of small aliphatic mol-
with the TIP3P water mod& and pure liquid simulations for  ecules have shown that the charge distribution has a negligible
which the shorter distance is required to obtain the correct effect on pure solvent heats of vaporization and crystal heats
density3’ of sublimation (S. Fischer and M. Karplus, unpublished results).
Once the interaction energies and minimum energy geom- Results from condensed-phase simulations of peptides and
etries for the model supermolecules had been determined fromproteins presented below indicate that the use of unit charge
ab initio calculations, the partial charges on the atoms of the groups does not have an adverse impact on the accuracy of the
model compounds were adjusted to reproduce those values. Fofinal intramolecular parameters.
consistency, the water (TIP3P) and model compound geometries Given the above assumptions, a hierarchical approach can
were kept fixed and only the one or two geometrical parameters be used for the extension of the parameter set to other molecules.
used in the ab initio calculation were varied in the structural Each parameter is optimized in the “best” possible model
optimization of the complex with the CHARMM force field.  compound; “best” is defined by the nature of the compound
The initial model compound geometries were those used in theand the available data. Once a specific parameter has been
ab initio calculations; the CHARMM optimized geometries were optimized, it is not changed when it appears in the corresponding
used during subsequent iterations. Use of the CHARMM groups of other compounds. As chemically similar molecules
optimized geometry ensured that the final partial atomic chargesare introduced, the available parameters are employed as much
were consistent with the intramolecular portion of the force field. as possible. Often, the connectivities of the new molecules (e.g.,
Initial partial charges were obtained from a Mulliken population new bond angles) are such that additional parameters can be
analysis of the HF/6-31G(d) wave function. In addition to added without destroying the consistency. This allows some
energies and distances, the magnitudes and directions of thedegree of flexibility in the parametrization for new systems. If
dipole moments of the model compounds were used in the fitting the fit obtained from parameters to the data pertaining to the
procedure. If available, experimental gas-phase dipole momentnew molecule is not of sufficient accuracy, new atom types can
values were used; if not, ab initio values at the HF/6-31G(d) be introduced. These new atom types allow for the introduction
level were adopted. As with the TIP3P water model, where of new internal parameters, so that the optimization can be
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improved, while ensuring that the results for other molecules positions (e.g., for many of the protein side chains) were placed
are not compromised. Efforts are made to keep the number ofusing the CHARMM HBUILD facility#? Details of the setup,
atom types to a minimum. However, as the ultimate goal of minimization, and simulation techniques are given below.

this parameter set is the quality of fit to a wide range of data,  crystal minimizations and simulations were performed with
the total number of atom types has increased over earlierihe CRYSTAL module in the CHARMM prograds. Trunca-
parametrizations, i.e., the current protein parameter set containgjon of the nonbonded interactions was introduced by using an
55 atom types as compared to 29 in CHARMM 19 (see aiom-pased shifting function for the electrostatic interactions

Appendix for the list of atom typesy:® and a atom-based switching function for the van der Waals
) ] interactions with the IMAGE atom list cutoff set tell A larger
IIl. Methods Used for Simulations of the Test Systems than the nonbond list cutoff. Comparisons of minimizations

Ab initio Hartree-Fock calculations were performed with ~Were made for the tripeptides and cyclic peptides with different
various versions of GaussidhGaussian 80, 88, 90, 92, and Cutoff distances; these ranged from 10 to 25 A, as described
94 were used. Optimizations of the molecular structures were Pelow. In the peptide crystal minimizations, the lattice param-
performed by either the Berny or the MurtaugBargent eters and heavy atom positions were initially fixed for 50
algorithm to the default tolerances. Interaction energies and adopted-basis Newton Raphson (ABNR)inimization steps
geometries for optimized NMA and water in two different to optimize the hydrogen atom positions that were either poorly
hydrogen-bonding positions (an NH as a donor and CO as andetermined in the X-ray structures or placed in standard
acceptor) and the NMA dimer were calculated on the basis of positions. All atoms were then allowed to relax with the lattice
the fixed 6-31G(d) NMA geometry and the experimental parameters fixed for an additional 200 ABNR steps. This was
geometry of watet’ In the NMA—water interaction, the  followed by a full minimization including the lattice parameters
hydrogen-bond distance and a single angle were varied in thethat was terminated when the rms gradient averaged over the
optimizations (see Figure 3 below); all other degrees of freedom minimization was 10° kcal/mol/A or less or up to 1000 ABNR
were fixed. For the NMA dimer only the hydrogen-bond steps; the final rms gradients are reported for the various
distance was optimized. The interaction energy was defined systems.
as the difference between the total energy of the supermolecular - Constant volume, NVT, and constant pressure, NPT, simula-
complex and the sum of the monomer energies; no basis setjons on the tripeptides and cyclic peptides were performed on
superposition error corrections were included. the asymmetric unit using the temperature and pressure coupling

Liquid NMA and NMA dissolved in water were simulated  scheme of Berendsen and co-workéras implemented in
with the BOSS prograffiusing Metropolis sampling inthe NPT CHARMM in conjunction with the leapfrog integrator. In the
ensemble. The combination rules of the BOSS program were simulations, a time step of 1 fs was used with a temperature
modified to the Lorentz Berthelodt rules used in the CHARMM  ¢coupling constant of 0.1, a pressure coupling constant of 10,
force field (see above). The pure solvent system consisted ofang an isothermal compressibility of 56 10-5 atnT™X. These
128 NMA molecules in a cubic cell with an edge length of y51yes were selected to yield a stable temperature and pressure
approximately 26 A, subjected to an external pressure of 1 atmM¢yr the system during the simulations, while keeping the
and a temperature of 10C. Averages were obtained over 2 inquence of the coupling to a minimum. Prior to the simula-
million configurations after an initial equilibration period of 1 tions, the crystals were submitted to a 50-step ABNR minimiza-
r_niIIi_on conf_igurations. Both the heat of vappr_ization and the ion of the hydrogen atoms followed by a 200-step ABNR
liquid density were calculated. For determining the heat of \inimization of all atoms with the lattice parameters fixed, as
solution in water, the NMA molecule was placed in the center <o i, the minimization studies. Simulations were performed

of ? perl?dlclbo>:hc?rrl15|§t!ntg; of ,[2.67 Water mo'iﬁ%ﬁp\and t?e for 50 ps, and the coordinates were saved every 100 steps (0.1
mzsréno eiggeicafllmci \/I\?ereéa?elr%nosgsrgleEs \l/JviIIibration g\:veaaser ps) for analysis. Both internal and external pressures were
x . - - Ed . monitored during the NVT and NPT simulations. Internal
performed over 1®Dconfigurations followed by the evaluation .
) . . pressures were calculated from the forces on the primary atoms,
of 1.5 x 1P or 3 x 10° configurations for averaging. The . .
and the external pressures were obtained from the difference

cutoffs used were 9.5 A for solutesolvent interactions and 8.5 . .
A for solvent-solvent interactions with a 1.0 A switch region between the total forces due to both image and primary atoms
: and the primary atom forcés. The internal and external

for both van der Waals and electrostatic interactions; these . i .
cutoffs are default values in the BOSS program. The heat of pressures are expected to be approximately equal; a negative

solvation of NMA in water was calculated from the difference Pressure indicates that the volume of the system would contract

between the average energy of NMA in aqueous solution and in a NPT simulation. The rms fluctuations of the pressures were
the average energy of the same number of water molecules inUP t0 1 order of magnitude larger than the average pressure, as
the absence of NMA. expected for a system of this size.

Several different types of systems were used for testing the ~Molecular dynamics simulations of the proteins were per-
parameters. Vacuum calculations were performed on crambin,formed using the leapfrog algorithm as implemented in
BPTI, and carbonmonoxy myoglobin and crystal calculatons CHARMM for the both the vacuum and crystal simulations.
were performed on tripeptides, cyclic peptides, crambin, BPTI When specified, SHAKE was applied to all covalent bonds
and carbonmonoxy myoglobin. In all of the simulations, involving hydrogené.l Vacuum simulations were initiated with
covalent bonds involving hydrogen atoms were constrained a 5-ps heating period in which the velocities were increased in
using the SHAKE algorithm! For the condensed-phase increments b6 K every 0.1 ps. This was followed by a 5-ps
calculations, truncation schemes for both the van der Waals andequilibration period in which a5 K window was applied to
the electrostatic interactions were introduced. Hydrogens notthe temperature and checked every 0.1 ps; if the temperature
present in the crystal structures were positioned on the basis ofwas out of range, velocity scaling was performed. The
the default internal coordinates in the parameter set; water production run, unless specified, was continued for 300 ps
hydrogens and any other hydrogens that did not have uniquewithout velocity scaling.
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Crystal simulations on crambin, BPTI, and carbonmonoxy to ensure that translational and rotational motions of the protein
myoglobin were performed using the following protocol for did not contribute to the calculated fluctuations. This is done
generating the simulation system in the NVT ensemble. The because the simulations were not long enough to provide a full
starting configuration for the crambin crystal studies cor- sampling of the overall motion that does occur in the crystal.
responded to the 0.94 A X-ray coordinates withRefactor of Thus, the calculated values are lower limits for the overall
0.104, including two ethanols and 86 water molectfesive atomic fluctuationg®
additional water molecules had been added to fill vacuum points  Average values and fluctuations of internal coordinates were
of the crystal, using the CHARMM19 parameter set (John obtained by averaging over the individual time frames of the
Kuriyan, personal communication); this yielded a simulation trajectories. Use of average differences, in addition to rms
system consisting of 933 atoms. BPTI calculations were differences, exposes systematic trends introduced by the pa-
initiated from the joint neutron and X-ray refined structure at rameters. Time-averaged structures were obtained from the
resolutions of 1.8 and 1.0 A arRfactors of 0.197 and 0.200,  production portions of the simulations. Nonbonded interaction
respectively*® Vacuum points in the BPTI crystal were filled  distances were calculated on the basis of a previously described
by water molecules. This was performed by generating the approach for hydratiof? The interactions are analyzed in terms
primary atoms, as defined by the asymmetric unit, and all crystal of heavy atom-to-heavy atom (donor-to-acceptor) distances
image atoms within 13 A of the primary atoms. The BPTI within a cutoff distance to avoid unphysical contributions. In
asymmetric unit cell was overlayed by a TIP3P box of the present study, a cutoff distance of 3.5 A was employed.
dimensions 18.5 23.4x 28.7 A. All water molecules whose  This distance corresponds to the first minimum in the TIP3P
oxygen atoms were within 2.8 A of any of the primary or image water model O-to-O radial distribution functi®and is assumed
non-hydrogen atoms were deleted. The resulting system wasto represent the outer limit of the first hydration shell. The
used as the starting configuration for the simulation. This same cutoff was used in the nucleic acid parametrization paper
system included 892 BPTI atoms, 6 atoms of a dianionic and in a study of nonbonded interactions in proteins based on
phosphate, 63 crystal waters, and 29 added water moleculesa survey of the Brookhaven Protein Data B&hkApplying
for a total of 1174 atoms. The starting configuration was this cutoff distance allows for the average interaction distance
subjected to 50 steepest-descent (SD) steps followed by 5 step@nd hydration or occupancy number (see legend of Table 23
of Powell minimization with all heavy atoms fixed to their initial  below) to be obtained from the experimental X-ray structures,
positions in the presence of the crystal images; SHAKE was even though only a limited number of such interactions may
applied to bonds involving hydrogens. This was followed by be present® For consistency, the same approach was used for
a 50 SD step minimization of all atoms followed by 5 Powell analysis of the X-ray data and dynamics simulations. Average
steps with SHAKE, again in the presence of the crystal images. distances and hydration or occupancy numbers were obtained
Carbonmonoxy myoglobin simulations started with the 1.5 A over the individual time frames in the trajectory and normalized
crystal structureR-factor = 0.171) obtained at 260 K. The with respect to the number of time frames and the types of atoms
bound carbon monoxide and a sulfate ion present in the crystalincluded in the analysis.
were included in the simulation. As with BPTI, vacuum points
in the crystal structure were filled with waters using a 28.7 IV. Results and Discussion
18.7 x 18.7 A water box; the box size was chosen to cover
one asymmetric unit following the methodology presented above
for BPTI. This procedure added 208 water molecules in
addition to the 137 water molecules identified in the X-ray study,
yielding a total of 3574 atoms in the system. Following the

The parametrization of the protein potential energy function
was based on sets of small model compounds that are appropri-
ate to represent the main chain and the amino acid side chains.
The main chain parametrization and testing are presented in
addition of the waters the same minimization protocol as that the _first part of Fhis.section (Sectipn IV.a). Details of the side.

chain parametrization are given in separate papers that are in

applied to BP_TI Wa§ used. i preparation. The entire set of protein parameters is listed in
All crystal simulations were performed by gradually heating e Appendix. The results obtained in testing the parameters

the system over a S-ps period by increasing the temperaturey ipeptides, cyclic peptides, and proteins are presented in
every 0.1 ps to final temperatures of 300, 285, and 260 K for gection |v.b, IV.c, and IV.d, respectively. We have chosen
crambin, BPTI, and carbonmonoxy myoglobin, respectively, in ihe systems for their intrinsic interest, because extensive data
accord with the temperatures used for the structure determina-yere ‘available for them, and/or because they have been used
tions. This was followed by 5 ps of equilibration usings in testing other protein parameter sets (e.g., cyclic peptides,
K window with testing every 0.1 ps. If the temperature was crambin). The analysis concentrates on comparisons with
outside of the window, the velocities were scaled to bring the oyperimental results that test both the intramolecular and
temperature back to 300 K. Production trajectories were ntermolecular portion of the potential function. Special atten-
performed for 100 ps without velocity scaling. The integration ton s paid to intermolecular interactions involving water
time step was 1 fs. Coordinates were saved every 0.1 ps formglecules. Crystal studies were performed on the noncyclical
analysis. tripeptides Gly-Ala-Vai3H,0 and Gly-Ala-Leu3H,0 3! which
Analysis of the protein simulations was similar to that used are in helical conformations, and Ala-Ala-Ala, which is a parallel
previously with emphasis on the aspects of the results that testpleated sheet moded. These peptides include water molecules
both the intramolecular and intermolecular contributions to the and ionic functional groups. Cyclic peptide crystal minimiza-
potential function. The rms differences were calculated for the tions and simulations were performed on Ala-Ala-Gly-Gly-Ala-
specified non-hydrogen atoms following a least-squares fit of Gly-H,O and Ala-Ala-Gly-Ala-Gly-Gly2H,0%® Gly-Gly-p-
the backbone (C, N, £ O) atoms except where the rms Ala-p-Ala-Gly-Gly-4H,0 34 (Gly-Pro-Gly),%® Gly-Pro-Gly-b-
difference associated with,Gatoms is reported. In that case Ala-Pro>¢ and (Cys-Gly-Pro-PhgH,O57 Protein test calcula-
only the G, atoms were used in the least-squares fit. The rms tions were made for crambin, the bovine pancreatic trypsin
fluctuations were calculated following reorientation of all non- inhibitor (BPTI), and carbonmonoxy myoglobin in a vacuum
hydrogen atoms in each time frame to the starting coordinatesand in a crystal environment.



Empirical Parametrization of Proteins J. Phys. Chem. B, Vol. 102, No. 18, 1998593

06 H10 TABLE 1: Geometric Data on N-Methylacetamide?
A
Hg | © | MP2/6-31G(c)
Hz\"a/cij\N /09>H11 experimental H,0.
|7 ,/H12 CHARMM gas$ crystal survey gas 3HO 2FM
HA1 Trans
H8 Bonds
. C4-C5 1.481 1.520(5) 1.515(3) 1.52(1) 1.514 1.510 1.512
Hia ’5H16 C5-N7 1.339 1.386(4) 1.325(3) 1.33(1) 1.365 1.339 1.337
B \ L\\ N7—-C9 1.444  1.469(6) 1.454(3) 1.45(2) 1.448 1.454 1.454
06  Hip o111 HI8 C5=06 1.223  1.225(3) 1.246(2) 1.23(1) 1.232 1.255 1.254
H3 I &\ | N7—H8 0.993 1.010 1.018 1.017
%, cs 0] R 4 H20
Homos O ‘Q'CE; N1 = aH21 Angles
C4 N7 c12 c19 C4-C5-N7 1164 114.1(15) 116.3(6) 116(2) 115.3 117.1 116.6
/ | “ \ 06=C5-N7 122.6 121.8(4) 121.7(6) 123(1) 123.1 122.1 122.6
H1 H8 013 Ha22 C4-C5=06 121.0 1241  121.9(6) 121(4) 121.6 120.9 120.9
_ _ C5-N7-C9 121.7 119.7(8) 121.3(6) 122(1) 122.1 121.1 121.3
Figure 1. Structures of (A)N-methylacetamide (NMA) and (B) the C5-N7-H8 119.8  110.0(50) 118.9 119.9 119.5
alanine dipeptide. Atom names represent the nomenclature used in the Cis
text. Bonds
_ L C4-C5 1.484 1514
IV.a. Protein Backbone. Accurate parametrization of the c5-N7 1.338 1.369
protein backbone is essential for the overall quality of the N7-C9 1.446 1.450
potential energy function of peptides and proteins. Two C5=06 1.222 1.233
molecules were selected as the model compounds for theN7—H8 0.995 1.101
parametrization of the peptide backbone. The firstNis Angles
: CR : ; . C4-C5-N7 1187 115.8
methylacetamide (NMA), which is the simplest peptide model; O6=CE-N7  120.4 1214
it contains a single peptide bond that is methylated on the c4—cs—0s 1210 122.8
carbonyl carbon and the amide nitrogen. This results in a systemcs-N7-C9  125.6 126.9
that is closer to the interior peptide bond of a protein than models C5-N7—-H8  115.4 113.9

such as formamide or acetamide that have been used in previous = pjstance in A and angles in deg; values in parentheses represent
studies. Experimental data for NMA include structural and the standard deviation error in the final digit(8from ref 60, 3HO
vibrational measurements as well as thermodynamic data forindicates two water molecules hydrogen bonding to the carbonyl oxygen
liquid NMA and for NMA in aqueous solution. Most of the and one water molecule hydrogen bonding to the amide protg@; H

optimization of the peptide group interaction parameters were ﬁgr':’('jiri%dtigﬁ]eesCg;‘lfor‘]’;’/"l"toe;yg;%";%Lg%n""e”%r%”;*mifgg?@rg:ggeeg{dgggiig
Pased .On,,NMA' The ;econd mOd.eI system IS the_ alanine to the amide proton; see original reference for the exact geometries.
dipeptide”, which contains two peptide linkages, again meth- ¢ Gas_phase electron diffraction data from ref 6&rystal values are

ylated. Detailed analysis of changes in structural and energeticfrom ref 63 for the 0.9 occupancy structufeSurvey of the Cambridge
properties associated with variations in handy angles were Crystal Data Bank performed as part of the present study that involved
made. Of particular interest are the dg7CTax, and C5 145 structures from which 133 peptide bonds were selected with
conformations, which are the three minima for the dipeptide in R-factors less than 0.08.
a vacuum that are typically used for the study of protein )
backbone energetics. Although little is known experimentally €lectronic structure between the gas phase and the condensed
about the conformational properties of the alanine dipeptide, Phase are difficult to represent in empirical potentials without
reasonably high-level ab initio calculations are now available complicating the potential function by introducing polarization.
for it and for some closely related model systems. These Because the primary focus of the present parametrization is to
theoretical results were used in the parametrization, instead ofdevelop a model for the peptide backbone for proteins and for
energy estimates based on ey distributions observed in condensed-phase simulations, in general, the optimization of
proteins that have been used in some Other Stlja’@s the Intema| fOI’CG f|e|d was done f0r NMA and the alan|ne
Diagrams of NMA and the alanine dipeptide, including the dipeptide with their condensed-phase geometries. This assumes
atom-naming convention, are shown in Figure 1. Because of thatin peptides and proteins the hydrogen-bonding propensities
its special covalent interactions, specific parameters were are generally satisfied either by internal hydrogen bonds or by
deve|0ped for the pept|de bond of pro”ne residues. hydrogen bonds to Waté? Ab initio and eXperimental geom-
IV.a.1. Internal Parametrization.As mentioned in the  €tries for NMA and the alanine dipeptide were employed in
Introduction, the internal parametrization of the peptide back- the optimization, along with survey results on protéths.
bone is complicated by the important structural changes that Peptide backbone geometries in the Cambridge Crystal Data
occur in going from the gas-phase to the condensed-phaseBasé” were also used in the parameter development.
environment. The most important difference involves a sig- Table 1 presents the internal geometries of NMA from the
nificant shortening of the CN bond. This arises from the empirical force field, experimeri5> and ab initio calcula-
increased contribution of the resonance structure with a CN tions8961.66for the structural definitions, see Figure 1. The
double bond when the=€0 and N-H groups are involved in ~ NMA ab initio calculations include fully optimized structures
hydrogen-bonding interactions, as they generally are in proteins.for the isolated molecule in the gas phase and for the molecule
The effect is most clearly demonstrated in the NMA crystal with hydrogen-bonded water and/or formamide molecules.
structure and in a comparison between theoretical calculationsThese structures indicate the nature of the changes in geometry
of NMA by itself and of NMA hydrogen bonded to water expected in going to the condensed phase. There is a decrease
molecules. In fact, a theoretical predictiéfi'that the standard  in the peptide bond length and an increase in the carbord C
NMA crystal structur€? was incorrect has been confirmed bond length in going from the gas phase to the condensed phase.
recently by a new structure determinatf®nSuch changes in  Analysis of Table 1 shows that the ab initio calculations
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TABLE 2: Geometric Data on the Alanine Dipeptide?

CTeq C7xx C5

emp. ab initio emp. ab initio emp. ab initio survey
¢ —81.3 —85.8 69.7 76.0 —151.4 —157.2
) 70.6 79.0 —67.6 —55.4 170.6 159.8
wl —-178.7 180.0 179.4 174.0 178.0 179.9
w2 178.8 —-174.4 —-178.5 -177.8 —-179.8 179.5

Bonds
C4-C5 1.480 1.511 1.480 1.513 1.480 1.512 1.515(7)
C5—-N7 1.339 1.349 1.343 1.348 1.335 1.348 1.330(7)
C5-06 1.224 1.207 1.225 1.207 1.223 1.204 1.225(5)
N7—C9 1.449 1.457 1.456 1.463 1.442 1.442 1.450(8)
C9-C11 1.543 1.521 1.547 1.531 1.544 1.535
C9-C12 1.529 1.535 1.527 1.535 1.517 1.526 1.514(6)
C12-013 1.229 1.203 1.228 1.204 1.230 1.204 1.235(9)
C12-N17 1.346 1.345 1.345 1.340 1.348 1.345 1.331(3)
N17—C19 1.443 1.446 1.443 1.446 1.444 1.448 1.446(14)
N7—H8 0.992 0.993 0.992 0.992 0.996 0.994
N17—H18 1.002 0.996 1.003 0.996 0.995 0.992
Angles

C4—C5—N7 116.6 116.3 115.9 115.7 116.4 115.9 116(2)
C5—-N7-C9 123.3 122.9 125.9 127.1 122.8 122.0 121(1)
N7—-C9-C12 112.6 109.8 114.9 114.3 108.2 107.4 112(2)
C9-C12-N17 116.8 114.6 117.9 117.4 117.7 115.6 116(1)
C12-N17-C19 122.4 121.2 122.7 120.9 1215 121.7 122(1)

aBonds lengths in A and angles in deg. Ab initio data from ref 70. Survey results from the Cambridge Crystal D&pd@#&sened as part
of the present study; values in parentheses represent the standard deviation error in the final digit(s). The sample includes compounds containing
dipeptides with terminal aliphatic carbons.

reproduce the experimentally observed trends. Comparison ofoptimized distances. This emphasizes the importance of the
the CHARMM structures shows satisfactory agreement for the iterative approach used for intramolecular and intermolecular
C5—N7 and N#~C9 bonds and for the GAC5—N7, O6=C5— parameters in the present study.
N7, C4-C5=06, C5-N7—C9, and C5-N7—H8 angles. Upon The remaining bonds and angles in Table 2 are in good
going from the trans to the cis conformer, CHARMM reproduces agreement with the target data. This includes the-83 and
predicted changes in the ab initio MP2/6-31G(d) structures for C12-N17 peptide bonds and the €®6 and C12=013
the O6=C5—N7, C5-N7—-C9, and C5N7—H8 angles. The carbonyl bonds. For the angles the agreement of the empirical
most obvious discrepancy occurs for the-25 bond length; and ab initio values is generally good for both the absolute
i.e., the empirical bond length is 1.481 A versus values betweenvalues and the trends among the three minima (see Table 2). In
1.51 and 1.52 A for the ab initio and experimental data. The some cases, including the €BlI7—C9 and N7#C9-C12
alanine dipeptide results (see below) show that this difference angles, the changes between the minima in the CHARMM
is resolved in the larger compound. structures are not as large as those predicted by the ab initio
A number of ab initio calculations indicate that the structure calculations. However, the changes in the CHARMM values
of NMA in a vacuum deviates slightly from planarftys® There are in the correct direction. The overall geometries of the three
is pyramidalization of the peptide nitrogen, leading to deviations minima, as indicated by the¢ andy dihedral angles, are in
in planarity of up to 10 for the G=C—N-—H dihedral angle. reasonable agreement with the ab initio values. The largest
Recent calculations show that the peptide bond is essentiallydifferences occur in the values of the Cg and C5 minima,
planar when involved in hydrogen-bonding interactiéhsSince where differences of-13.5° and —10.4* occur, respectively.
the present parameter set is designed for condensed-phasBlo effort was made to reconcile these differences because of
simulations, the minimum energy geometry of NMA was the overall success of the parameters in reproducing experi-
parametrized to be planar. To treat peptide bond rotation, mental values of andy in a number of peptides and proteins
including pyramidalization of the peptide nitrogen, a modified (see Table 22 and Tables 4 and 7 of the Supporting Information).
force field is required? The differences between the CHARMM and ab initio results
Table 2 contains the geometric data for the alanine dipeptide may be due to the limitations in the form of the empirical energy
in the C%q C7ax, and the C5 conformations as calculated with function in CHARMM. However, it is not clear that the ab
CHARMM and by ab initio methods at the HF/6-31G(p,d) initio values have converged to the correct results sincepthe
level’® Results from a survey of the CCDB of dipeptide- 1 dihedrals are sensitive to the level of the ab initio calculation.
containing molecules are also included. The atom names for Parametrization of the force constants for the peptide
the alanine dipeptide are shown in Figure 1b. Overall, the backbone was based on the vibrational spectra and the relative
empirical bond lengths and angles are in satisfactory agreementenergies of different conformers of NMA and the alanine
with the ab initio and survey data. Of note are the-@% and dipeptide. Vibrational data for NMA are obtained from gas-
C9-C12 bond lengths; these correspond to the-C8 bond phase and Ar matrix IR2b72and RAMAN' studies and ab
in NMA for which poor agreement was obtained. For the initio results’#7%2 Solid and liquid-phase studies indicate that
alanine dipeptide, the CAC5 bond is still too short; however, certain frequencies are shifted due to hydrogen bonding; most
the C9-C12 bond length is in good agreement with both the noticeable are the NH stretchiffg” and in-plane and out-of-
ab initio and survey data. The €£5 and C9-C12 bonds are plane bending mode€8? In the optimization, parameters
treated with the same parameters; the difference between theassociated with the methyl groups were transferred directly from
two is due to the influence of nonbonded interactions on the the CHARMM aliphatic parameter set. Table 3 lists the
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TABLE 3: Vibrational Data for N-Methylacetamide?

experimental/ab initi® CHARMM
mode  frequency  assignment  frequency assignment

1 VLF 64 7CCH3(101)

2 VLF 89 TNCH3(1001)

3 17¢ wN7H? 200 7C5—-N7(107)
7C5—N7

4 279 BCNC 271 BCNC(62)
SCCN SCCN(25)

5 391 7C5—-N7 431 SCCN(50)
wN7H!

6 431 BCCN 579 BC5=0(50)
pC5=0 vC5—C4(29)

7 628 pC5=0 652 wC5=0(67)
vC5—-C4 wN7H(30)

8 718 pC5=0 776 vC5—N7(34)
rCH3 vC5=0(20)

9 812 vC5—N7 797 wN7H(66)
rCH3 rCH3(15)
vC5—-C4

10 973 rCH3 949 rCH3(36)
vN7—C9 vN7—C9(34)
vC5—C4

11 1042 rCH3 996 rCH3(47)
BC5=0 vN7—C9(26)

12 1092 vN7—C9 1056 rCH3(83)
rCH3

13 1176 rCH3 1087 rCH3 (72)

14 1263 vN7—C9 1093 rCH3(67)
pC5=0 wC5=0(17)
BN7H

15 1279 rCH3 1267 SNTH(44)

vC5—C4(24)

16 1374 OCH3s 1384 O0CH3s(94)

17 1410 O0CH3s 1413 O0CH3as(89)

18 1430 0CH3as 1416 0CH3as(88)

19 1430 O0CH3as 1418 O0CH3as(91)

20 1430 0CH3as 1426 0CH3as(87)

rCH3(15)

21 1430 0CH3as 1481 0CH3s(50)

BNTH(21)

22 1494 BN7H 1587 OCH3s(39)

BN7—C9 BN7H(20)
YN7—C9(17)

23 1723 vC5=0 1683 vC5=0(66)

24 2830 vCH3s 2852 vCH3s(100)

25 2830 vCH3s 2914 vCH3as(100)

26 2940 vCH3as 2915 vCH3as(100)

27 2940 vCH3as 2917 vCH3s(100)

28 2940 vCH3as 2975 vCH3as(100)

29 2940 vCH3as 2975 vCH3as(100)

30 3495 vN7H 3326 vN7H(99)

2 Frequencies in crt. Potential energy distributions determined with
the MOLVIB module in CHARMM. Only modes contributing greater
than 12% are included. VLF indicates unobserved very low frequencies.
w indicates wagging modes,indicates stretching modes jndicates
torsional rotations, r indicates rockind,indicates deformations, and
A indicates bend<. Experimental data from refs 71a,b as reported and
supplemented with ab initio data in ref 7Frequencies estimated from
the cited ab initio calculations.In ref 74 these modes are assigned as
NH deformations. On the basis of more recent stufliee have
assigned these as wagging modes.

CHARMM vibrational frequencies and the experimental gas-
phase NMA frequencies reported by Sugawara ét dxami-
nation of Table 3 shows satisfactory agreement for modeib3
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data, confirming the validity of the direct transfer of the aliphatic
parameters to the present system.

Experimental and ab initio studi®d7%77show modes as-
sociated with the N-H group to change upon going from the
gas to condensed phase. Optimization of the force constants
associated with the NH stretching, bending, and wagging
modes, therefore, emphasized the reproduction of condensed-
phase vibrations rather than gas-phase data. This is based on
the assumption that the NH group always participates in
hydrogen-bonding interactions and is consistent with the
optimization of the bond and angle equilibrium parameters
discussed above; i.e., an attempt is made to provide a parameter
set that mirrors the condensed-phase environment. This ap-
proach leads to the NH stretch mode being lower than the
gas-phase experimental value, as shown in Table 3. Recent
studies have shown aqueous hydrogen-bondedHNbending
modes to occur at 1313 and 1580 ¢ values that are higher
than those present in Table 3. The CHARMM values of 1267,
1481, and 1587 cnt are in satisfactory agreement with the
condensed-phase values. Similarly, gas-phaskl Mags occur
at 171 and 391 cn¥, while the aqueous-phase frequency is
calculated to occur at 745 crh’*® The CHARMM values of
652 and 797 cm! are in good agreement with the latter value.
This approach is used to obtain better dynamic properties of
the protein backbone for condensed-phase simulations within
the limitation that harmonic bond stretching, angle bending, and
improper terms are used.

The parametrization of NMA also accounts for the relative
cis/trans energies and the barrier to rotation aboubtbénedral
angle (see Figure 1A). Analysis of NMR line shapes has been
used to determine an enthalpic barrier to rotation of 19.B8
kcal/mol and a free energy barrier of 21430.3 kcal/mol’8
Ab initio calculations at the MP2/6-31G(d)//HF/6-31G(d) level
predict that the cis conformer is 2.07 kcal/mol above the trans
conformer®® These data were used for the optimization of the
dihedral angle parameters associated with the peptide bond.
Values of 21.0 kcal/mol for the energetic barrier to rotation and
1.74 kcal/mol for the cistrans energy difference were obtained
with the present parameter set. This required inclusion of a
1-fold and a 2-fold term for the CAC5—N7—C9 dihedral angle
(see Appendix).

The internal parameter optimization for the alanine dipeptide
was based on the transfer of the parameters from NMA. As
the majority of internal parameters were determined in this way,
only a few terms remained to be adjusted. These include the
dihedral terms associated with theandy dihedral angles and
the angle term associated with the central angle-8%—-C12;
this angle is often referred to agnd was one of the few angular
degrees of freedom that were adjusted in early crystal structure
determinations. Adjustments of internal parameters associated
with the peptide backbone have previously been based on
experimental geometric data for the variation of the amglad
with ¢ and vy on relative energies of alanine dipeptide
conformers from ab initio studi&s’9-8%r on the free energies
obtained from the¢, v distributions observed in protein
structure$8:5980 Use of energetics from survey data is ap-

which are dominated by the internal parameters describing thepropriate when the goal of the force field is to obtain condensed-

peptide bond. Of note is the agreement for modes 7 and 9,

which contain significant contributions from the-¥i and G=0

phase free energy information based on gas-phase calculations
alone. However, for force fields to be used for simulations with

out-of-plane wagging modes. This agreement was obtained byexplicit solvent models, parameters should be based primarily
use of improper dihedral angle force constants for the peptide on potential energy rather than free energy 8atin the present

bond (see Appendix). Modes 129 are associated with the

work, optimization was initially based on ab initio results for

methyl groups and are in good agreement with the experimentalthe relative energies of certain conformations of the alanine
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TABLE 4: Ab Initio Results on the Alanine Dipeptide and the Alanine Dipeptide Analoguet

MacKerell et al.

level Cleq Clax C5 helical
Alanine Dipeptide
3-21¢ 0.0(—85.8, 69.0) 2.81(74.4,58.2) 1.13¢193.0, 190.6)
4-21@ 0.0(—84.6, 73.0) 2.6(74.6762.0) 1.4¢165.7, 167.3)
DZF 0.0(—85.9, 79.1) 2.99(75.8,58.9) 0.50¢-156.0, 161.0) 3.22(65.9, 33.5)
6-31G 0.0(—86.4, 72.7) 2.55(74.1:58.6) 0.48(-159.8, 160.5)
6-31G(d,p) 0.0(—85.8, 79.0) 2.82(76.0,55.4) 0.40¢-157.2, 159.8) 4.35{60.7,—40.7)

MP2/TZVP//HF/6-31G(d,H)

0.0

2.05

1.47

3.91

LMP2/cc-pVTZ(—f)/IMP2/6-31G(dy
0.0(~83.1, 77.8)
MP2/cc-pVTZ(f)/IMP2/6-31G(d)y

2.48(74.4,64.2) 1.11¢158.4, 161.3)

0.0 2.41 1.61
MP2/TZP/IMP2/6-31G(d)

0.0 2.13 1.86
“MP4”/cc-pVTZ(—f)/IMP2/6-31G(dy

0.0 2.48 1.39
“MP4—BSSE”/cc-pVTZ(f)/IMP2/6-31G(dy

0.0 2.55 0.89

Alanine Dipeptide Analogue

3-21G 0.0(-84.5, 67.3) 2.53(74.157.3) 1.26¢-191.6, 189.4)
4-21G 0.0(-84.7, 67.3) 1.39¢166.6, 169.9)
431G 0.0(-85.5, 69.4) 0.45¢161.5, 164.5)
6-31G 0.0(-85.2, 69.8) 0.33¢160.9, 164.0)
6-31G(d,py 0.0(-85.3, 76.0) 0.30£157.9, 162.6)
6-311G(d,p) 0.0(-85.5, 78.3) 0.25¢156.8, 162.2)
MP2/6-311G(d,5) 0.0(-81.5, 82.5) 1.66{159.8, 162.1)
6-31+G(d) 0.0(-85.8, 78.1) 2.56(75.1;54.2) 0.19¢155.6, 160.0)
HF/6-31+G(d,p)//HF/6-31-G(d)

0.0 2.53 0.14
MP2/6-31+G(d,p)//HF/6-33G(d)

0.0 2.19 1.13

MP2/6-31-G(d,p}
0.0(-83.0, 79.2) 2.20(74.3;60.2) 1.27¢-156.2, 160.5)

aEnergies in kcal/mol. Values in parentheses represen thied i angles. Alanine dipeptide analogue is the alanine dipeptide with the two
terminal methyl groups omitted Reference 25: Reference 814 Reference 83: Reference 82.Guo, H.; Karplus, M. Unpublished resul&Reference
85. " Reference 70.Reference 84.

dipeptide that correspond to differepitand ¢ values and on environment, the ab initio map is being fitted to alanine dipeptide
the change irr as a function of conformation. conformers whose internal geometries (particularly the CN and
Application of the above parameters for minimization and CO bond lengths) differ significantly from the ab initio values
molecular dynamics simulations on crambin, BPTI, and MbCO (see Table 2).
gave reasonable results (see Section IV.d). However, the MbCO Table 4 gives the relative energies as a functiog eihdy
calculated structures showed significant deviations from experi- for the alanine dipeptide and an alanine dipeptide analogue from
ment concerning the backbong w angles. Since these a variety of published ab initio studiés’%8%85 |n the analogue
deviations, which concerned mainly thehelical region, were the terminal CH groups are replaced by a hydrogen. The study
systematic, an iterative procedure based on the average differof Head-Gordon et &' included energies for 15 stationary
ences between calculated and experimental MbCO backbonepoints for the alanine dipeptide analogue at the HF/6-31d)
geometries and the conformational energetics of an alaninelevel, and the study by Gould et @l contained energies for 7
dipeptide analogue in which the terminal methyl groups are alanine dipeptide structures at the HF/6-31G(p,d) and MP2/
omitted was undertaken to obtain the final parameter set. TheTZVP//HF/6-31G(p,d) levels. As the Gould et al. study was
resulting parameter set had satisfactory behavior imcthelical published following completion of the present work, the energies
regions of MbCO, BPTI, and crambin and in {hesheet regions  of Head-Gordon et & were used in the optimization of thje
of crambin and BPTI; there are 7 and 15 amino acig&-gheets andvy dihedral parameters. This was performed by adjusting
in crambin and BPTI, respectively. From the crystal simula- the dihedral parameters, optimizing the full alanine dipeptide
tions, the average differences of they values in thes-sheet with ¢ andy fixed at the values reported by Head-Gordon et
regions with the final parameter set ar§.1, 6.0 and —4.5, al., and determining the sum of the squares of the difference
0.8 for crambin and BPTI, respectively, while the rms between the ab initio and empirical relative energies. In the
deviations are 11.7, 7°&nd 9.5, 6.6 for crambin and BPTI, calculations the empirical alanine dipeptide energies were
respectively. The average deviations suggest that there remaingompared directly with the ab initio results for the alanine
a small, possibly systematic, deviation in thesheet region, dipeptide analogue; i.e., no CHARMM calculations were made
although the sample is rather small. However, it should be notedfor the alanine dipeptide analogue because it contains an
that the rms differences for thé-sheet dihedral angles are aldehyde functional group (see above) not included in the protein
significantly smaller than those occurring for all residues in the parametrization.
two proteins (see Table 22). The adjustment based on MbCO Tables 5 and 6 show the results of the optimization procedure
provides a way of correcting the ab initio dipeptide energy map used for the dipeptide parameters to give satisfactory results
for energetic effects due to the protein environment. Since the for the relative energies of the various conformers of the alanine
geometric parameters were determined for NMA in a solution dipeptide and simultaneously to remove the systematic deviation
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TABLE 5: Relative Energy of the Empirical ar Conformer
and the Sum of the Squares Difference between ab Initio
and Charmm22 Energies for the Alanine Dipeptide or the

J. Phys. Chem. B, Vol. 102, No. 18, 1998597

1y for carbonmonoxy myoglobin. In particular, the results show
that the¢ angles were consistently too small and thangles
were consistently too large in comparison with the experimental

Alanine Dipeptide Analogue for Six-Parameter Setd

values. Use of average deviations, rather than rms values, shows

parameters sum of the squares the direction of the deviations. Such systematic differences
OR HF/6-314-G(d) MP2/TZVP// indicate that the parameters are introducing a systematic bias
energy  (dipeptide analog) HF/6-31G(p,d) into the backbone conformation. This bias has been observed
set 1, no cutoff 6.0 65.0 33.6 in other force field¥ and is likely to be present in general.
set 2, no cutoff 55 83.3 39.0 Such a decrease iand increase inp means that residues in
set3,nocutoff 4.9 94.8 41.6 a helical conformation, which dominates the MbCO structure,
set 4, no cutoff 4.5 112.8 48.1 . . . : .
set5. no cutoff 40 145.6 61.2 are being shifted to a more extended conformation (i.e., in the
set 6, no cutoff 3.7 140.7 56.4 direction of the C¢y dipeptide minimum). Accordingly, the

dihedral parameters associated wjtlandvy were adjusted to
@ Energies in kcal/mol and dihedrals in deg. Sum of the squares of P it v )

the relative energy differences between the ab initio energies and theloWer the energy of ther (—61°, —41°) co_nformer rqlatlve to
empirical energies not including the GEonformer, where the energy ~ C/eq (S€€ Table 5). Care was taken during the adjustments of
is 0.0 for all levels of theory. The empirical energies were obtained the dihedral angle parameters to ensure thatdheonformer
following full-geometry optimization with thep and vy dihedrals did not become a local minimum, since it is not a minimum in
constrained at the ab initio values as reported in the cited stuties. the ab initio calculations. As can be seen by comparing Tables
(rig?t-hand?olllhel_ix) energy istt.he e”}ﬁgica'de”ergy ';e"'_’m"s ;0 tg‘? C7 4 and 5, theog energy of set 1 is significantly too high, while
conformer following minimization withp andy constrained to- .

and —41°, res,pecti\?ely.C The 15 conformers :ﬁ}sed for the sum of the the values for set§—46 arein a reasopable range. As the
squares determination are those listed in Table 2 of ref e six conformer energy is lowered by altering the parameters, poorer
conformers used for the sum of the squares determination are thosedgreement between the relative energies for the empirical and
listed in Table 2 of ref 70. ab initio values for other alanine dipeptide conformers is
obtained (Table 5). The vacuum minimizations and molecular

TABLE 6: Average Difference in the ¢ and y Values dynamics simulations for MbCO were repeated using the five-

between the Myoglobin-CO Minimized and Crystal

Structures? parameter sets (sets-B). The agreement between the calcu-
minimization VD simulation lated and exper_imental structures shows significant improve-
ment. Set 4 yielded the best agreement of the molecular
parameters 4 4 ¢ Y dynamics simulations and the carbonmonoxy myoglobirp,of

set 1, no cutoff —3.8+1.4
setl,13-12-10 —3.9+14
set2,13-12-10 —2.6+1.5
set3,13-12-10 —1.5+14

3.4+1.4 —-10.0+21 95+25
35+15 —-8.0+20 7.1+25
24+15 —-46+20 50+24
15+15 —-41+18 4.6+20
set4,13-12-10 —1.0+14 1.0+14 -10£1.7 24+22

1 values. It was selected as the final parameter set and used
in subsequent tests.

The influence of the six-parameter sets used in determining
¢ andy on the adiabatic potential energy surface for the alanine
set5,13-12-10 0.7+1.7 -04+14 -65+17 6.0+£6.0 dipeptide is shown in Figure 2; six alanine dipeptide maps
set6,13-12-10 —2.1+14 19+14 -11.8+19 11.5+24 corresponding to the sig, 1 parameter values are presented.

a Dihedrals in deg. Minimizations involved 100 steepest descent steps AS the energy of thewr conformer decreases the path between
followed by 500 ABNR steps, and MD simulations involved 20-ps the C%qandag conformers becomes more well-defined and a
vacuum simulations with the analysis performed using the 2lBps relatively narrow channel forms between the two. Analysis of
time-averaged structure. the sum of the squares of the energy differences with respect
to ab initio data in Table 5 shows these values increase,

in theg, ¥ values in MbCO. Only the dihedral angle parameters = <~ ) . o
o y gep indicating a lower-quality surface with respect to the ab initio

for ¢ andvy were changed in the different sets; the values are ) ) ; .
given in the Appendix. Table 5 lists the sum of the square data. While the discrepancy between the relative energies of
differences of the energies relative to &of the CHARMM the empirical parameter sets and the ab initio data in Table 5

calculations and the alanine dipeptide analogue for the different MY be attributed in part to limitations in the level of theory in
parameter sets. Also included in Table 5 are the sum of the the ab initio calculations, the results reinforce the view that gas-

square differences between empirical and ab initio relative Phase data should be used with care in parametrization of force
energies for seven conformers of the alanine dipepfidéich fields designed for use in the condensed phase. This is
were published after the parameters had been determined (Segonsstent with cha_nges_obse_rved in the |_nternal geometries of
above). The comparison provides a posteriori verification of NMA and the alanine dipeptide upon going from the gas to
the use of the alanine dipeptide analogue ab initio results ascondensed phases (Tables 1 and 2). The ability of force-field
the basis for the parameter optimization. The analogue and full c@lculations to treat both the gas and condensed phases
sum of the squares values have a parallel behavior, indicating2ccurately may require alteration of the potential function by
that the alanine dipeptide analogue results were appropriate adhe addition of electronic polarization, as already mentioned.
a basis for the optimization procedure. In fact, better agreement During adjustment of the parameters, emphasis was placed
is obtained with the higher-level full dipeptide calculations than on changing the relative energies of &7and a-helical
with those for the analogue. structures; however, in no instance was ¢hhelical structure
The initial set of dihedral parameters associated with the a true minimum. Analysis of the maps in Figure 2 shows the
peptide backbone are identified as set 1. They were used onlypresence of a “channel” leading from the Tegion to the
to perform a molecular dynamics simulation for carbonmonoxy a-helical region. Upon going from parameter set 1 to set 5,
myoglobin?’ They give the best agreement with the ab initio the channel becomes narrower and the,@¥o-helical energy
values, to which they were fitted (see Table 5). However, as difference becomes smaller, in agreement with the ab initio
indicated in Table 6, the structures from the vacuum calculations values. Verification of the validity of the surface beyond that
in both the presence and absence of an atom truncation schemeutlined above is difficult, especially considering that exact
yielded significant deviations for the average valueg afnd reproduction of gas-phase ab initio data may not yield the best
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Values of the angle are also included in Table 7 for the
conformers that were studied. Overall, the empirical force field
mimics the ab initio results reasonably well. To obtain this
level of agreement for the change #rwith conformation, as
well as for the adjustment of the relative energies of the

722N dipeptide conformers, it was necessary to introduce altered van
-60 7 ‘:" “‘" der Waals (1, 4) interactions for the peptide bond nitrogen and
120 | \ oxygen atoms (see Appendix); i.e., tRain,, values on the
nitrogen and oxygen atoms were set to 1.55 and 1.40 A,
respectively, allowing closer approach of those atoms. These
180 o —— terms were essential, in particular, for obtaining satisfactory
X ‘ values ofz for the C5 conformer. In that conformer, the
nitrogen of the first peptide bond is within van der Waals contact
of the oxygen of the second peptide bond. Use of the van der
Waals parameters obtained from the optimization of the
interaction parameters (see below) leads to an overestimation
of the van der Waals repulsion and an opening bf/ 3.7 in
the C5 conformer (not shown). Since the nitrogen and oxygen
are in a 1, 4 configuration, the introduction of the van der Waals
(1, 4) terms allowed for this problem to be overcome. In many
other force fields, such 1,4 van der Waals scaling is used to
varying degrees; e.g., in the CHARMM polar hydrogen
parameter set (1, 4) scaling is used only for the carbon atoms
while the AMBER force fields use a (1, 4) scaling factorlbf
for all the van der Waals interactio$%86 In the present
CHARMM all-atom parameter set, scaling is used only for the
peptide oxygen and nitrogen interaction and for the aliphatic
carbons; (1, 4) van der Waals scaling in the latter case is required
for the proper treatment of cyclic structures, such as cyclohex-
ane. The results obtained here for the alanine dipeptiddues
are comparable to those of Momany et?lwho used similar

) N . N . (1, 4) scaling of the peptide N and C atoms.
Figure 2. Adiabatic alanine dipeptide potential energy surfaces for . . . .
parameters sets6 (see Table 6). The left-hand column of surfaces ~_Analysis of the vibrational spectra of the three alanine
going top to bottom corresponds to sets 1, 2, and 3, and the right-handdipeptide minima was performed. Comparisons with recent ab
column of surfaces going top to bottom corresponds to sets 4, 5, andinitio calculation§” and experimental solution studies based on
6. Contours represent 1 kcal/mol. vibrational Raman optical activity (VRA®) provide another
test of the force-field parameters. Table 8 shows the vibrational
condensed-phase properties with the present form of thespectra obtained with the CHARMM parameters for theC7
potential energy function. Comparison with the HF/3-21G C7,, and C5 conformers, including the potential energy
alanine dipeptide analogue map of Head-Gordon é¢ &. distributions. For the G and C5 structures the HF/6-31G(d)
limited owing to the numerous minima on that map; certain vibrational frequencies below 1800 cfnare also presentét.
ones appear to be associated with the use of the truncatedonly the empirical assignments are included; the ab initio data
molecule since they do not occur in the full alanine dipeptide. were assigned on the basis of the published potential energy
To further validate thep, 1 maps, the empirical and ab initio  distributions?” Overall comparison of the empirical and ab
energies for the seven conformations studied by Gould €t al. initio data, excluding modes 22 and 21 for the.g@nd C5
are presented in Table 7. For the£dnd C5 conformers the  structures, respectively (see below), shows average differences
empirical data fall in the range of the ab initio values. of 11 and 19 cm! and rms differences of 33 and 56 chfor
Concerning the shape of the region in the upper left quadrantthe C%qand C5 structures, respectively. Both average differ-
of the surface, the empiricalr structure is slightly higher in  ences are positive, indicating the empirical values are consis-
energy while the8 conformer is slightly lower than the ab initio  tently larger than the ab initio data. This may be partially due
values. The differences, however, are within 1 kcal/mol, to the use of a scale factor of 0.88 for the ab initio restlts;
suggesting this region of the map to be in reasonable agreemenbther studies suggest a value closer t0?.%Jse of the latter
with the ab initio predicted results. Interestingly, decreasing value yields average differences ef9 and —1 cnil. In
the ag empirical energy and increasing theconformer energy general, the empirical and ab initio data are in satisfactory
would yield a surface more similar to that of parameter set 5 in agreement for both the frequencies and assignments. The largest
Figure 2. The32 conformer is 2 kcal/mol or more above the differences occur for modes 22 and 21 for the.£anhd C5
ab initio value, suggesting that the barrier in that region may structures, respectively, which are both associated with wagging
be too large. This effect occurs to a greater extent for the of the N—H protons. The empirical force field predicts these
empirical a. conformer, which is overestimated by approxi- wags to have values significantly higher than the ab initio
mately 6 kcal/mol. This further suggests that the energies of calculations; however, otherN\H wags as well as €0 wags
the barrier regions may be overestimated by the present forcein the region of 608-800 cnT! are in reasonable agreement,
field. Additional ab initio calculations on different conformers consistent with the NH wag frequency calculated for NMA
of the full alanine dipeptide will allow further verification of  (see Table 3, mode 9). For the low frequencies, represented as
the maps. modes 17, the agreement is generally good. Mode 2,

-180
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60 120 180
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TABLE 7: Energies, Conformations, and Dipole Moments of Fixed Conformations of the Alanine Dipeptid&®

energy T dipole
(¢,9) emp. 6-31G(p,d) MP2/TZ\VP emp. 6-31G(p,d) emp. 6-31G(p,d)
C7.{—85.8, 79.0) 0.00 0.00 0.00 111.6 109.8 2.50 2.87
C7x(76.0,—55.4) 2.44 2.82 2.05 114.5 114.3 3.56 3.91
C5(—157.2, 159.8) 1.01 0.40 1.47 108.0 107.4 2.83 2.56
oRr(—60.7,—40.7) 4.50 4.35 3.91 115.7 113.8 7.44 6.59
.(67.0, 30.2) 10.76 4.76 4.42 115.3 113.4 7.12 6.26
p(—57.6,134.4) 3.91 4.90 4.08 114.7 109.3 4.15 2.36
B2(—130.9, 22.3) 5.36 2.58 3.25 110.9 112.6 5.49 4.94

2 Energies in kcal/mol, angles in deg, and dipole moments inThe conformations selected are those in Table 2 of ref 70. Empirical energies
were determined following full optimization with thg andy dihedral angles constrained to the values in Table 2 of ref 70; the values are given
in parentheses in column orfeThe MP2/TZVP energy for the HF/6-31G(p,d) optimized geométry.

representing the methyl torsional rotations, has the largestmakes clear that the required level of ab initio theory has not
disagreement, with the empirical values being approximately yet been reached for these molecules. The present CHARMM
40 cnt? higher than the ab initio values. However, the parameters yield energies 2.05 and 0.92 kcal/mol fai &fd
empirical frequency of mode 4 in the C5 conformer, which C5, respectively, relative to G While the C5 energy falls in
contains significant contribution from the methyl torsion, is the middle of the range of ab initio values, the,Clfes at the
lower than the ab initio values, indicating the requirement for |lower end. Results on the alanine dipeptide and the alanine
a compromise in the optimization with the present energy dipeptide analogue indicate that the inclusion of electron
function. The frequencies for thg andy torsions are well- correlation leads to a lowering of the &7energy and an
reproduced by the empirical force field, including the decrease elevation of the C5 relative to G88 The CHARMM values,
in the ¢ frequency upon going from the €¢to the C5 thus, are consistent with the ab initio data when electron
conformer. Differences between the conformers occur also for correlation is taken into account. Of the empirical parameter
the modes associated witifdN—CT—C), as expected due to  sets listed in Table 9, the AMBER/OPLS and MSI CHARMm
the large changes inwith conformation. These results suggest  sets are in reasonable agreement with ab initio data; MM3 yields
that certain modes could be used to characterize the differentsatisfactory agreement for the C5 conformer, and no value of
conformers in experimental studies. the C%yis available. In AMBER (all atom) the Gyand C5
Comparison with the experimental data is limited because are similar, with the CZ being underestimated and the C5
only a few frequencies were assigriéd.Furthermore, the  oyerestimated® The opposite trend occurs with ECEPP/2,
assignments rely on the ab initio data included in that study \yhich was parametrized to reproduce protein distributions. Also
and shown in Table 8. The=€D stretch is suggested to occur jncjyded in Table 9 are the values g¢fandy for the three
in the experimental regime at 1654 ct Empirical modes 47 inimum conformers. Comparison of the ab initio and empiri-
and 48 for both the Ggand CS conformers range from 1677 .| yajues show differences of L6r more. The magnitude of
to 1684 cnt, slightly higher, but still in good agreement with 056 gifferences may be of relatively minor importance
experiment. The experimental studies indicate that thdOC  .,njgering the rather flat character of the energy surfaces in

. ' 1 L
de;‘ormatmns.OCﬁyr in 'the ragge 36870 e Elmgg'gil the vicinity of the minimum-energy conformations (see Figure
values occur in this region and up to approximately m 2). Also, the addition of electron correlation via MP2 theory

The C-N stretch of the peptide bond with contributions from leads to a significant shift in the Gaminimum conformatiorfs

deformatlonslof the NH ar!d G —H groups occur n the_reglpn again suggesting that convergence has not been achieved in the
of 1298 cm! from experiment. A corresponding vibration ab initio calculations

occurs at 1184 crmt of the C%q empirical spectrum. Experi-

mental modes at 1370. 1445. and 1503 tare associated with In considering the present parametrization, it is useful to refer
in-plane bending of the NH moieties. Corresponding frequen- also to several studies that have been published recently on the

cies occur at 1265, 1574, and 1598 drof the CZqand 1218 alanine dipeptide and other models of the protein backbone. A
1273, 1572, and 1609 crh of the C5 empirical gpectra' ie., Studyby Dudek and Pond€explored the role of electrostatics

the empirical values bracket the experimental data. TREC  ©n the energetics of the alanine dipeptide in a number of
stretch is suggested to occur at 963érin the experimental ~ Molecular mechanics models. Ab initio relative energies were
spectra. Empirical vibrations with significant-<CT contribu- determined for a series of structures of the alanine dipeptide in

tions occur at 569, 662, 819, and 1265 drfor the C%,and which only the¢ andw_ value_s were chan_ged; ie., t_he various
640, 766, and 1273 cm for the C5 conformers, again conformers were obtained with rigid rotations and did not allow
bracketing the experimental value. Overall, the empirical force for adiabatic relaxation of the other degrees of freedom. The
field produces vibrational spectra for the alanine dipeptide that geometric changes that occur in the alanine dipeptide between
are in satisfactory agreement with both ab initio and experi- the C%x and C5 conformers, for example (Tables 2 and 7),
mental data. Additional experimental assignments would allow indicate that such ab initio rigid-rotation results are only of
more detailed comparisons. limited value. It was shown more than 20 years ago in a study

A comparison of the Cg, C7ax, and C5 minima from several of acetylcholine with empirical energy functidishat it was
empirical force fields is presented in Table 9. Comparison can essential to include conformational flexibility to obtain mean-
be made also with a recent review of various aspects of the ingful relative energies for different conformers. Also, com-
properties of the alanine dipepti@&.On the basis of the ab  parison of other ab initio energy calculations based on rigid
initio results presented in Table 4, the £Zonformer is from structure®® with a variety of ab initio calculations that included
2.0 to 2.8 kcal/mol above the Gyconformer, while the C5  full relaxation show that the differences in the energies of the
conformer ranges from 0.4 to 1.5 kcal/mol above the,C7 alanine dipeptide conformers are significantly overestimated
conformer. The wide variation found in the ab initio results when rigid geometries are us@d.
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TABLE 8: Alanine Dipeptide Charmm22 and ab Initio Vibrational Spectra 2

CTeq CTax C5
mode emp. a.i. assign. emp. assign. emp. a.i. assign.
1 51 42 1(95) 58 ¥(83) 33 36 Y(64)
#(33)

2 62 22 tCH3(94) 66 tCH3(90) 57 22 tCH3(69)
#(17)

3 84 70 tCH3(62) 82 tCH3(71) 70 68 o(44)

tC—N(29) tC—N(22) tCH3(35)
»(17)
4 89 81 tC-N(42) 93 tC-N(62) 91 53 tCH3(64)
tCH3(32) tCH3(18) tC-N(21)
#(17) dN-CT—C(17)

5 110 90 ¢(82) 132 ¢(101) 96 88 dN-CT—C(26)
tC—N(25)
tCH3(24)

6 179 172 tC-N(42) 174 tC-N(74) 151 133 tCN(40)

dC—N—-CT(24) dC-N—CT(16)
dN—-CT—C(16)

7 190 141 tC-N(57) 198 dCFC—N(31) 166 124 tC-N(83)

dC—N—-CT(23)
dN—-CT—C(18)

8 230 205 dG-N—CT(40) 242 dG-N—-CT(58) 228 217 dEN—-CT(41)

dCT—C—N(33) dCT-C—N(21)

9 281 231 tCH3(76) 270 tCH3(81) 253 228 tCH3(36)
dCT—C—N(25)
dC—N—CT(17)

10 283 306 dN-CT—CT(25) 285 dC-CT—CT(31) 265 256 tCH3(52)
dC-CT—-CT(22) tCH3(16)

11 308 269 dN-CT—C(33) 320 dC-N—CT(45) 304 289 deC,—Cs(31)
tC—N(19) dC-N—CT(21)
sC—CT(18)

12 332 320 d&N—-CT(32) 357 dN-CT—CT(53) 349 343 dCFC—N(36)
dC=0(31) dC=0(19) dC-N—CT(18)
dC—-CT—-CT(19) dG=0(16)

13 431 404 dCTC—N(25) 402 dCFC—N(31) 397 369 dN-C,—Cp(43)

14 466 472 dCFC—N(50) 519 dG=0(53) 520 399 dCFC—N(32)
dN—-CT—CT(21) dG=0(29)

15 569 549 dE0O(54) 577 dCTFC—N(19) 572 490 de-0(44)
sC—-CT(23) sC-CT(16) sC-CT(21)

16 636 578 dE0(33) 645 sC-CT(28) 640 584 d€-0(23)
sC—CT(18) dC=0(20) sC-CT(22)

dC—N—-CT(17)

17 662 612 weE=0(70) 656 wC=0(73) 669 620 WEO(74)
wWN—H(24) wN—H(23) WN—H(18)

18 738 658 we=0(41) 742 SG-N(21) 705 484 WN-H(54)
wN—H(36) wC=0(29)

19 775 766 s€0(18) 755 wWN-H(41) 766 825 SEN(24)
sC—N(15) wC=0(33) sG=0(17)
WN—H(15) sG-CT(17)

20 819 873 SEN(32) 805 sSC-N(28) 823 869 SEN(24)
sC=0(21) sC=0(18) sC=0(17)
sC—-CT(18)

21 837 831 wN-H(64) 833 WN-H(59) 833 484 WN-H(63)
dCH3(20) dCH3(15)

22 887 422 wN-H(41) 893 WN-H(50) 884 735 WN-H(28)
wC=0(22) wC=0(26) wC=0(28)

dCH3(16)

23 911 920 dCH3(28) 909 dCH3(34) 908 943 dCH3(33)
SN—CT(26) SN-CT(18) SN-CT(21)
sCT—CT(20) sCTFCT(15)

24 946 977 dCH3(48) 951 dCH3(46) 954 996 -sBIT(48)
sN—CT(37) sN-CT(38) dCH3(32)

25 979 1004 dCH3(84) 976 dCH3(78) 975 978 dCH3(78)

26 1022 1024 dCH3(41) 1005 dCH3(32) 1003 1045 dCH3(41)

dG,—H(21) dG.—H(21)
sN—-CT(17)

27 1038 1032 dCH3(60) 1044 dCH3(73) 1034 1065 dCH3(71)
SQ*Cﬁ(lS)

28 1073 1087 dCH3(88) 1072 dCH3(84) 1072 1111 dCH3(89)

29 1086 1109 dCH3(77) 1082 dCH3(53) 1083 1031 dCH3(72)

wC=0(19)

30 1087 1135 dCH3(77) 1086 dCH3(76) 1087 1137 dCH3(83)

31 1130 1153 SNCT(34) 1090 dCH3(58) 1121 1154 dCH3(29)
dCH3(24) sN-CT(27)
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TABLE 8: (Continued)

CTeq CTax C5
mode emp. a.i. assign. emp. assign. emp a.i. assign.
dC,—H(16)

32 1184 1207 dc-H(33) 1244 dN-H(26) 1218 1196 dNH(33)
dN—H(23) dCT-HA(22)
sC—N(19) sC-CT(15)

33 1265 1236 dNH(44) 1270 dN-H(43) 1273 1232 dNH(35)
sC-CT(21) sC-CT(23) sC-CT(22)

34 1350 1307 dG-H(37) 1325 dG—H(41) 1340 1309 dg-H(48)
dCH3(15) sG—C;(18) sCT-CT(15)

35 1386 1352 dCH3(94) 1386 dCH3(95) 1384 1337 dCH3(95)

36 1406 1370 dCH3(88) 1407 dCH3(81) 1406 1369 dCH3(85)

37 1413 1382 dCH3(92) 1413 dCH3(98) 1411 1373 dCH3(86)

38 1416 1413 dCH3(99) 1416 dCH3(99) 1415 1415 dCH3(98)

39 1418 1421 dCH3(100) 1418 dCH3(100) 1418 1422 dCH3(100)

40 1425 1434 dCH3(98) 1425 dCH3(98) 1423 1434 dCH369)

dC,—H(18)

41 1428 1438 dCH3(68) 1429 dCH3(62) 1426 1436 dCH3(100)
dC,—H(18) dG—H(22)

42 1437 1439 dCH3(80) 1438 dCH3(95) 1433 1439 dCH3(57)

dC,—H(21)

43 1441 1441 dCH3(66) 1442 dCH3(60) 1442 1448 dCH3(98)

dC,—H(20)

44 1492 1458 dCH3(50) 1482 dCH3(53) 1480 1458 dCH3(42)

dN—H(23) dN-H(22)

45 1574 1501 dNH(26) 1552 dN-H(32) 1572 1496 dCH3(37)
sN—CT(15) sC-N(22) dN—-H(20)

sN—CT(17) sN-CT(17)

46 1598 1533 dNH(22) 1590 dCH3(34) 1609 1523 adNH(24)
dCH3(22) dN-H(25) dG,—H(15)
sC—N(18) sN-CT(17)
sN—CT(16) sC-N(15)

47 1680 1694 s€0(64) 1685 s€&0(66) 1677 1701 s€0(63)

48 1684 1720 s€0(65) 1692 s€&0(59) 1684 1715 s€0(66)

49 2852 sCH3(100) 2852 sCH3(100) 2852 sCH3(100)

50 2902 sCH3(92) 2902 sCH3(86) 2902 sCH3(92)

51 2905 sG—H(91) 2903 sG—H(86) 2905 sG—H(92)

52 2914 sCH3(100) 2914 sCH3(100) 2914 sCH3(100)

53 2915 sCH3(100) 2915 sCH3(100) 2914 sCH3(100)

54 2917 sCH3(100) 2917 sCH3(100) 2917 sCH3(100)

55 2959 sCH3(100) 2958 sCH3(100) 2958 sCH3(100)

56 2960 sCH3(100) 2960 sCH3(100) 2961 sCH3(100)

57 2975 sCH3(100) 2975 sCH3(100) 2975 sCH3(100)

58 2975 sCH3(100) 2975 sCH3(100) 2976 sCH3(100)

59 3319 sN-H(99) 3319 sN-H(99) 3325 sN-H(99)

60 3328 sN-H(100) 3325 sN-H(100) 3328 sN-H(99)

aFrequencies in cnt. Ab initio data from ref 87. Potential energy distributions determined with the MOLVIB module in CHARMM.

In a recent study by Beachy et &.extensive ab initio probably not much worse than 1 kcal/mol. However, the
calculations were performed on the alanine dipeptide and the comparison is of limited value because the objective of the
alanine tetrapeptide. These calculations employed geometriegpresent force field is to produce accurate results in solution
fully optimized at the HF/6-31G(p,d) level for the alanine simulations of peptides and proteins, rather than to reproduce
dipeptide and tetrapeptide, respectively, and significantly ex- ab initio calculations of isolated peptides. This is of particular
tended the level of theory used to calculate the relative energiesrelevance here because some of the conformers of the alanine
of the analyzed conformers, including electron correlation, based tetrapeptide that were studied by Beachy eéfalborrespond to
on single-point calculations of the HF/6-31G(p,d) optimized ones only rarely observed for alanine-containing regions in
structures. The alanine dipeptide results were generally con-proteins, and presumably in peptides, in solution. In particular,
sistent with data from lower levels of theory (see Table 4), and several of the local minima havg v values in thex, region
the new alanine tetrapeptide results were used to test a numbef¢ = 60, v = 60), which are rarely found for alanine. While
of available force fields, including the present CHARMM the oy region is significantly populated in proteins, more than
potential. A developmental version of the all-atom OPLS force 50% of the residues observed in this region are glycines (R. L.
field,2 MMFF,?3 and MM3!° were shown to best reproduce Dunbrack, Jr., personal communication).
the ab initio energies of the different conformers obtained from  The conformations of the “tetrapeptide”, which consist of
unrestrained minimizations, while the present parameters per-three alanines plus terminal blocking groups (in analogy to the
formed somewhat worse (e.g., 3.78 vs 1.21 kcal/mol for the “dipeptide”), can be described in terms of the conformations
rms difference for CHARMM22 and MMFF, respectively, for of alanine units; i.e., the total conformational energy of the
optimized geometries with thigandy dihedral angles restrained  tetrapeptide, relative to the minimum energy structure, can be
to the HF/6-31G(d,p) values). In terms of the actual energy approximated by the sum of the relative energies of the alanine
values, the difference appears to be significant because theunits. The three tetrapeptide conformers for which there are
uncertainty in the ab initio values of the relative energies is large deviations in the empirical CHARMM energies from the
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TABLE 9: Relative Energies and Conformations of the TABLE 10: Relative Energies and Conformations for the
Alanine Dipeptide C7s, C7a, and C5 Minima from Glycine Dipeptide from ab Initio and the Empirical
Empirical and ab Initio Calculations? Calculations®
source C4 CTax C5 conformer ¢ y  empiricab HF/6-31G(p,d) MP2/TZVP!
Energies Cc7 —85.8 72.0 0.00 0.00 0.00
MP2/TZVP° 0.00 2.05 1.47 C5 180.9 180.5 0.89 —-0.27 1.99
CHARMM 0.00 2.05 0.92 R —60.7 —40.7 7.43 4.03 3.95
MM3e¢ 0.00 1.0 B2 -116.2 199 424 1.90 3.25
AMBER (all-atomy 0.00 15 15 Fully Optimized Empirical Results
AMBER/OPLS 0.00 25 15 c7 -83.0 679 0.00
ECEPP/2 0.00 7.3 0.7 C5 180.0 180.0 0.94
MSI CHARMmMf 0.00 2.7 1.3 OR
Conformationsd, ) pe
HF/6-31G** —86,78 7554 —156, 160 aEnergies in kcal/mol and dihedral angles in deEmpirical
CHARMM —8L,71 70,-68 —151,171 energies determined with th 1 values constrainted to the HF/6-
MM3 —83, 66 —164, 154

31G(p,d) (listed) values and the remainder of the molecule fully

AMBER(all-atom) optimi c i

ptimized.© Fully optmized values from ref 70.MP2/TZVP (Dun-
EEAEEFFS//ZOPLS :Sg ;g %:gg :igg ig% ning’s triple< basis set plus polarization functions) energy for the HF/
MSI CHARMM _79: 72 70:—68 —161: 171 6-31G(p,d) optimized geometry from ref 7OFull optimizations

performed following partial optimizations with the, y values

aEnergies in kcal/mol and dihedrals in deg. Fully optimized empirical constrained to the HF/6-31G(p,d) (listed) values. Bothdheand 3,
geometries? Reference 70, MP2/TZVP energy at the HF/6-31G(p,d) conformers converted to the C7 during the full optimizations.
optimized geometry: Reference 1(¢ Reference 7% Reference 8.

f Reference 25. TABLE 11: Minimum Interaction Energies and Geometries
of NMA with Water and the NMA Dimer 2
ab initio results have at least one of thegap values in theo HF/6-31G(dy empirical

region; one has tw®, ¥ in the o region (relative energy
difference 9.92 kcal), and the other two (relative energy (1) C—O-HOH —7.67 198 146 —7.60(090) 176 146
differences 6.92 and 4.82 kcal) each have one sgf pfvalues ()N-H--OHH —6.29 213 174 —6.30047) 193 171

in the o region. Thea, energy of the empirical energy (3) parallel dimer —7.75 2.08 —7.88(-0.59) 1.84
function is too high by 6.66.3 kcal in the alanine dipeptide

(see Table 7). To examine the importance ofdaeonfigura- parentheses with the empiricdl,, data are the Lennard-Jones
. . . . min -
tions in the tetrapeptide results, we calculated the rms d'ﬁerencecontributions to the interaction energiésSee Figure 3 for the

between the CHARMM and LMP2/cc-pVTZ(-f) relative ener-  jnteraction geometries HF/6-31G(d) energies have been scaled by 1.16
gies (with respect to structure 3 of Beachy et al.). For the (see text).

restrained geometries without applying any scaling procedure

(see Table 5 of Beachy et al.) only relative energies have a are significantly longer than the values found in the gas-phase
meaning in the empirical energy function since the zero of ab initio calculations; e.g., values of 1.268.207 A are obtained
energy is arbitrary. Our calculated rms difference is 4.39 kcal/ in ref 70.

mol, somewhat larger than that reported by Beachy et al. using [V.a.2. Interaction ParametersPartial atomic charges and
their comparison method. The rms difference without the three Lennard-Jones parameters for the protein backbone were
conformers that contained one or mapey pairs in thea, optimized using NMA as the model compound. Data that were
region of the dipeptide was found to be 0.77 kcal/mol. This used included the interaction energies and geometries of the
result is consistent with results from the Beachy et al. study, complexes of NMA with water and the NMA dimer from ab
where omission of conformations in the region lead to a initio calculations, the dipole moment of NMA, the heat of
decrease in the reported CHARMM rms difference from 3.78 vaporization and molecular volume of pure NMA, and the heat
to 0.95 kcal/mol. The high energy of the CHARMM,_ of solvation of NMA. Additional testing of the parameters was
conformer is consistent with a generally too-high relative energy performed via crystal simulations of NMA and the alanine
of the upper right quadrant of the alanine dipeptide map (see dipeptide. Initial interaction parameters were obtained from the
Table 7 and Figure 2). Because of the rarity of theconformer CHARMM19 parameter set5for the polar atoms. The charges

in proteins (other than for glycines), the error in the energy was of the methyl groups treated were determined using the standard
ignored in the parametrization. It should be noted thatothe charge of 0.09 for the hydrogeAsand methyl carbon charges
conformer of the glycine dipeptide, which is equivalent to the selected to yield a neutral total charge. The aliphatic hydrogen
oy alanine dipeptide conformer, is also overestimated (see Tablecharge was previously determined on the basis of the electro-
10). Simulations of cyclic peptides, however, show ¢hep static contribution to the tranrggauche energy difference of
angles of glycines in theg conformation to be well-maintained  n-butane?! Lennard-Jones parameters were obtained from the
by the present force field (see Table 7 of Supporting Informa- CHARMM22 all-hydrogen nucleic acid parameters for the
tion). These results and those presented above on the relationamide group® and from the CHARMM22 all-hydrogen alkane
ship between energetics of the alanine dipeptide and calculatedparameters for the methyl groups. Optimization of the van der
¢, ¥ values of MbCO point to the importance of not param- Waals parameters was limited, therefore, to adjustment of the
etrizing protein and peptide force fields simply on the basis of peptide bond carbonyl carbon radius and well depth. The
limited gas-phase ab initio data, as already pointed out in the adjustment of the partial atomic charges and van der Waals
paper by Beachy et al. Another consideration in evaluating the parameters was performed in an iterative fashion, as outlined
comparison is that the geometry of the peptide bond in the in Section Il.a.

CHARMM energy function was parametrized for solution and  Table 11 lists the interaction energies and geometries for the
crystal structures. This leads to CO bond lengths in the alanine NMA —water and NMA dimer complexes at the minimum-
dipeptide in the range 1.223.230 A (Table 2). These values energy geometry from the empirical and ab initio calculations

interactiort Emin  Rmin angle Emin Rmin angle

aEnergies in kcal/mol, distances in A, and angles in deg. Values in
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Figure 3. Interaction orientations of-methylacetamide with water
(A and B) and theN-methylacetamide parallel dimer (C).
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Figure 4. CHARMM partial atomic charges and atom types for (A)

N-methylacetamide and (B) the alanine dipeptide.

for the orientations shown in Figure 3. As discussed in Section

Il.a, the ab initio interaction energies have been scaled by 1.16.

Comparison of the ab initio and empirical energies shows

J. Phys. Chem. B, Vol. 102, No. 18, 1998603

TABLE 12: Condensed-Phase Calculated and Experimental
Data for N-Methylacetamide?

Pure Solvent

calculated experimental
AHyap mol vol. AHyap mol vol.
13.85+ 0.02 133.74 0.2 14.2 135.9
Aqueous Solveli€
AHsow mol vol. AHson mol vol.
—18.8(-19.4) 75(65) —-19.2 122.7

a Energies in kcal/mol and molecular volumes ik ABoth the heat
of solvation and molecular volume are determined from the difference
between two large fluctuating numbers; on the basis of the statisitical
error in the individual values the errors are estimated tatBekcal/
mol and+20 A3, respectively® The calculated values are based on 6
M configurations; the values in parentheses are from 4.5 M configura-
tions.

Additional analysis of the validity of the charges was
performed by calculating the dipole moment of the alanine
dipeptide as a function of conformation. Shown in Table 7 are
the calculated dipoles from the empirical force field along with
those from ab initio calculations at the HF/6-31G(p,d) I€¥el.
Overall, the empirical atomic charges reproduce the trends seen
in the ab initio calculations. With the exception of theg7
and C%y conformers, the empirical values are larger than the
HF/6-31G(p,d) values, as expected owing to the implicit
inclusion of polarization in the force field. The largest dipole
occurs in theng conformer, consistent with the ab initio result.
The magnitude of the dipole moment of this conformer is
important for the proper treatment of tog helix.

Table 12 presents results for liquid NMA from Monte Carlo
calculations and experimetft. The calculated heat of vaporiza-
tion is somewhat underestimated. However, other experimental
data have indicated a value of 13.3 kcal/iflosuggesting the
present value is reasonable. Comparison of the molecular
volumes shows that the calculated value (13337 id within
2% of experiment. As an additional test of the NMA parameters
in the condensed phase, the heat of solvation and molecular
volume in infinitely dilute aqueous solution were calculated.
The results are included in Table 12. Monte Carlo calculations
of NMA in a box of 262 TIP3P water molecules yielded a heat
of solution of —18.8 kcal/mol and a molecular volume of 75
A3, as compared to experimental values-df9.2 kcal/mol and

excellent agreement. The geometries are also in good agree122.7 &, respectively. Comparisc;n with previously reported
ment, with the empirical distances approximately 0.2 A less values of—25.5 kcal/mol and-9 A3 for the heat of solution

than the ab initio values (see Section Il.a), while the angles for

and molecular volume of NMA based on the OPLS force field

the interactions with water are in good agreement. The largest@d & Monte Carlo calculation shows that the present parameters
disagreement occurs for the NMA dimer, for which the empirical "ePresent a significant improveme#itin the Monte Carlo

interaction energy is slightly too favorable. Included in Table
11 are the contributions of the Lennard-Jones term to the

interaction energies. As may be seen, the magnitude of these

contributions is significant, emphasizing the need to balance
the Lennard-Jones and electrostatic paraméleltsis of interest
that a developmental version of the CHARMM force field
reproduces the cooperativity of binding of multiple water
molecules to NMA

The dipole moment was monitored while adjusting the

calculations the internal geometry of NMA was constrained to
the optimized gas-phase geometry. The agreement of the
solution results, combined with the NMA pure-liquid properties,
confirms that the interaction parameters are a good representa-
tion of the nonbonded interactions of NMA in different
environments; i.e., there is the appropriate balance between the
solute-solute and solutesolvent interactions of the protein
backbone in the present parameter set.

Recently, Kaminski and Jorgen$&mave stressed the im-
portance of the correct representation of liquid properties by

charges to reproduce the interaction energies. The final chargemolecular mechanics force fields. They made comparisons of

distribution is shown in Figure 4; it yields a dipole moment of
4.12, somewhat larger than the experimental dipole 0f3.7.

a new OPLS all-atom force fiel° AMBER 94 ° and MMFF93
The best agreement for liquid NMA was obtained for the OPLS

Such an overestimation is due to the requirement that proteinforce field; the calculated valugsHyap = 13.61 kcal/mol and

polarization effects be included implicitly in the force field to
be consistent with the charges of TIP3P water (see Section Il.a)

a molecular volume of 133.8 3are almost identical to those

.reported here.
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Figure 5. Diagrams of the interactions between the primary and images
atoms for the (AN-methylacetamide and (B) alanine dipeptide crystals.
Bold characters identify images based on the CHARMM image
nomenclature.

IV.a.3. N-Methylacetamide and Alanine Dipeptide Crystal
Calculations. Crystal calculations were performed on NMA
and the alanine dipeptide as an additional test of the validity of

the backbone parameters in the condensed phase. The twq

crystals are shown in Figure 5. NMA crystallizes in an
orthorhobmicPnmaspace group at 238 K with four molecules
per unit cell®2 The asymmetric unit corresponds to “half” of
the NMA molecule based on a mirror plane through the heavy

atoms of the molecule. One symmetry operation generates the

methyl hydrogen across the mirror plane. In the present
calculations, we use this operation to generate the full NMA
molecule and then use the CRYSTAL facility to create the
remaining four molecules in the unit cell as well as other unit
cells, such that the primary atoms represent a single NMA
molecule. L-Alanine dipeptide crystallizes in an orthorhombic
P2,2,2; space group at room temperattite.Constant volume,

MacKerell et al.

4.1%, indicating that the crystal is well-represented by the
empirical model. In the alanine dipeptide, tBeandC-lattice
parameters contract while thheterm increases; the reason for
this is not evident. This trend is also found in the NPT
simulations (see below).

Simulations on NMA and the alanine dipeptide were per-
formed in both the NVT and NPT ensembles with the-22—
19 truncation scheme. Table 13 shows the pressures and unit
cell parameters obtained from the simulations. In the NVT
ensemble simulations NMA yielded a negative external pressure
of approximately—2000 atm while the alanine dipeptide yielded
a positive pressure of approximately 3000 atm (see Section
IV.b). Upon going to the NPT ensemble, the average pressures
approach unity. The deviation from unity is due to the large
pressure fluctuations; in fact, values of less than 1000 atm or
so have only a small effect on the structure and energy. As
expected, there is an overall contraction of the NMA crystal
(corresponding to the negative pressure in the NVT simulation)
and an expansion of the alanine dipeptide crystal. Comparison
of the unit cell parameters from the minimizations and the NPT
simulations shows an increase in the simulations, again as
expected because of the kinetic energy corresponding to 300 K
in the system. In NMA this yields unit cell parameters that are
in good agreement with the experimental values;Bkexis is
0.15 A shorter than in the crystal structure. In the alanine
dipeptide crystal thé-axis is significantly larger than the crystal
value. The expansion of th&-axis appears to be associated
with interactions of the terminal methyl groups of the alanine
dipeptide (see below), but the values ®randC-axes are in
good agreement with experiment.

Additional analysis of the NMA and alanine dipeptide crystal
calculations was based on examination of the structural details.
The comparison with the NMA crystal is complicated by the
fact that it is disordered with a major and minor occupancy of
0.9 and 0.1, respectivefj. We use the structural data as given,
which presumably refers to the major conformer. Table 14
hows the rms deviation between the calculated and the crystal
structure of the primary cell non-hydrogen atoms; corresponding
results for the dihedral angles are given in Table 15 and for the
nonbonded interaction distances in Table 3 of the Supporting
Information. The rms deviations indicate that there are only
minor changes in the internal structures. This is supported by
a comparison of the calculated and experimental dihedral angles.
The excellent agreement for NMA is expected as the 2-fold
dihedral term for rotation about the peptide bond combined with
the high energy barrier (see Appendix) leads to only small
fluctuations in the vicinity of the minimum. In the alanine
dipeptide, rotation about andy is relatively unrestrained, but

constant temperature (NVT), and constant pressure, constanthere is good agreement between the calculated and experimental

temperature (NPT) molecular dynamics simulations were per-

formed for both crystals.

Energy minimizations of the crystals were performed as a
function of the nonbonded interaction truncation distances to
determine an appropriate value. Table 1 of the Supporting

values. The quality of the agreement is encouraging considering
that theg, 1 values in the crystal are not minima on the alanine
dipeptide map but shifted approximately 2 kcal/mol above the
C5 minima. Although there is significant deviation of the two
peptide bonds from planarity in the experimental crystal

Information presents the unit cell parameters and energies fromstructure, the calculated values are close to planarity. This may
the minimizations of both NMA and the alanine dipeptide. Other suggest that the empirical potential function is somewhat too
than the shortest distances (1®-7), the results are reasonably ~steep near planarity, although the rms fluctuations of these
behaved. The truncation scheme-22—19 was chosen since  dihedrals are approximately 9 A recent survey of the CCDB

the crystal parameters appear to be well-converged. For bothindicates that deviations from planarity of the peptide bond do
crystals the total volume decreased upon minimization, as occur; the standard deviation from planarity &% For the
expected because the experiments are performed at finitesimulation results, the differences between the calculated and
temperatures while the minimization corresponds to 0 K. In experimental structures are less than the rms fluctuations of the
NMA all three lattice parameters contract by between 2.1 and dihedral angles in all cases.
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TABLE 13: Results from the Crystal Simulations of N-Methylacetamide and the Alanine Dipeptide Using the 2221-19
Truncation Schemeé

pressure unit cell parameters
system Pext Pint A B C vol
NMA

expt 1 1 9.61 6.52 7.24 454
NVT —22654 3127 —1367+ 9596

NPT —310+ 3162 551+ 11915 9.54+ 0.06 6.37+ 0.07 7.17+ 0.05 436

Alanine Dipeptide

expt 1 1 13.87 6.98 16.29 1579
NVT 2892+ 6702 2884+ 7273

NPT 239+ 5795 227+ 7372 14.62+0.19 7.02+0.04 16.17 0.07 1660

aPressures in atm, lengths in A, and volumes &) #e unit cell parameters are fixed in the NVT ensemble at the experimental values.

TABLE 14: Rms Differences from the N-Methylacetamide potential energy function related to the interaction of the dipoles
and Alanine Dipeptide Crystal Calculations! of the peptide bonds containing atoms C12 and N17 in
system minimized NVT NPT molecules 1 and 2 of the primary atoms may lead to the

NMA 0.036 0.039 0.037 associated increased distances. In addition, the spherical model
alanine dipeptide 0.139 0.125 0.152 for the atomic van der Waals surfaces may be insufficient to

aRms differences in A for all non-hydrogen atoms following a least- repro‘iﬂge the .mteracnons (.)f the orbitals of the peptide
squares fit of the non-hydrogen atoms to the crystal structures. For thebonds' Despite these limitations, the current parameters
simulations the time-averaged structures were used. adequately reproduce the NMA crystal structure and lead to a

reasonable reproduction of thealanine dipeptide crystal,

Since the internal geometries of NMA and the alanine although areas for improvement are evident.
dipeptide in the crystal calculations are very close to the IV.b. Tripeptide Crystal Simulations. Previous param-
experimental values, the changes in the unit cell parameters areetrization studies of proteins have focused on cyclic peptides
associated with the nonbonded interaction distances. Table 2as test systems (see Table $8)9104 Although we also
of the Supporting Information lists various distances for both consider cyclic peptides (see Section IV.c), their constrained
NMA and alanine dipeptide. For NMA the differences between structures and the lack of ionic groups limits their applicability
the experimental and calculated distances are small and similaras model systems for proteins. Consequently, we also used three
This is consistent with the isotropic changes in the unit cell noncyclic tripeptide crystals in testing the present parameter set.
parameters (see Table 13 and Table 1 of the Supporting They are Gly-Ala-Let8H;0 (GAL), Gly-Ala-Val-3H,0 (GAV),5!
Information). In the minimization, the majority of distances and Ala-Ala-Ala (AAA)52 GAL and GAV represent conform-
become slightly shorter than experiment. In the simulations in ers that are nearlyr-helical and have been suggested to
the NVT ensemble, the majority of distances are slightly longer correspond to nucleation structures for helices, while AAA has
than experiment with all the differences well within the rms an extended parallg-pleated sheet conformation. Diagrams
fluctuations of the simulation values. In the NPT ensemble, of the three tripeptides are shown in Figure 6. All of these
the majority of distances again contract and the deviations from structures are zwitterions, which allows for testing of the present
the experimental values are all smaller than those from the parameters on nonbonded interactions involving ionic groups.
minimization. In the alanine dipeptide, most distances increase Crystal minimizations as a function of different cutoffs were
in the minimization, as well as in the NVT and NPT calculations. performed to test the influence of the truncation scheme on the
There was a significant expansion of thexis (see Tables 13  resulting structures. The minimization results are presented in
and Table 1 of the Supporting Information), while the agreement Table 3 of the Supporting Information. As in the NMA and
of axes B and C with experiment was satisfactory. The diagram alanine dipeptide crystal minimizations presented above (Section
of the crystal structure in Figure 5B shows the interactions in IV.a.3), there are significant fluctuations in the unit cell
the crystal. Hydrogen bonds involving the peptide bonds are parameters and the energies as the cutoff distances change for
aligned with theB- andC-axes. As may be seen in Table 2 of the shorter cutoff distances. For the longer cutoff distances,
the Supporting Information, the interaction distances between the fluctuations decreased. The-221—19 cutoff regime was
the nitrogens and oxygens in the alanine dipeptide are generallyagain selected for more detailed studies, although the unit cell
too long; for example, the N17 to O5 distances increase by parameters and energies have not fully converged. The GAL
approximately 0.2 A in both the NVT and NPT simulations. and AAA crystals contract in an isotropic fashion. There is
These differences, however, were not observed in the crambin,some asymmetry in the contraction in the GAV crystal, with
BPTI, and MbCO crystal simulations (see below), so no theA-axis contracting, th&-axis relatively unchanged, and the
additional optimization of the parameters was performed. C-axis expanding. In all cases the minimizations lead to the
Analysis of the remaining interactions, many of which are expected decrease in the total volumes of the crystals, as
associated with th€-axis, shows a trend in the simulations for discussed in Section IVa.3.
the nonbonded interaction distances to increase in the simula- For the GAL crystal, which has an orthogonal space group,
tions. This is true, in particular, for the primary-to-primary both NVT and NPT molecular dynamics simulations were
interactions between the peptide bonds of molecules 1 and 2performed; only NVT simulations were performed for GAV and
(atoms C12 and N17) and the primay-to-image interactions AAA. Table 17 gives the global crystal properties and Table
involving O6 to C023 1 C11 and O6 to C001 1 C19. All of 18 presents the rms differences between the simulation results
these interaction distances increase significantly in both the and the crystal structures. In the NVT simulations, positive
minimization and the NPT simulation. Such expansion may pressures were obtained for GAV and GAL, while a negative
be due to limitations in the parameters for the interaction pressure was obtained for AAA. Correspondingly, the GAL
between polar atoms and aliphatic moieties. Limits in the NPT simulation yielded a small expansion of the unit cell. The
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TABLE 15: N-Methylacetamide and Alanine Dipeptide Intramolecular Dihedral Angles

X-ray min diff NVT diff NPT diff
NMA
Cm—C—-N-C 0 0 0 0+ 6 0 0+5 0
Alanine Dipeptide

Molecule 1
C4—-C5—-N7-C9,w —-168 —-178 -10 —-177+8 -9 —-177+8 -9
C5—-N7—-C9-C12,¢ -84 -90 -6 -89+ 12 -4 —88+ 13 -4
N7—C9—C12—-N17,y 159 158 -1 153+ 11 —6 1574+ 12 -2
C9-C12-N17-C19,w 173 —-179 8 —179+9 8 179+ 9 6

Molecule 2
C4—C5-N7-C9,w —-178 —-178 1 —-176+ 8 2 —-177+8 1
C5-N7-C9-C12,¢ —88 -89 -1 -91+11 -3 —90+12 -2
N7—C9-C12-N17,vy 155 159 5 160Gt 10 6 158+ 12 4
C9-C12-N17-C19,w 172 —-179 9 —-180+9 9 180+ 9 8

aDihedral angles in deg. The variations shown for the NVT and NPT simulation results correspond to the rms fluctuations.

TABLE 16: Peptides in the Present Study other dihedral angle that changed significantly is<€s—C,—
identi- space Cs1 of the leucine side chain in the GAL NVT simulation. Since
peptide fier  group Z ref this change was not observed in the NPT simulation, it suggests
Tripeptides that there are two minima that are very close in energy.
Gly-Ala-Val-3H,0 GAV P2, 251 The nonbonded distances involving nitrogen and oxygen
Gly-Ala-Leu3H,0 GAL P22;2; 4 51 . . : .
Ala-Ala-Ala AAA P2, 4 52 atoms in the tripeptide crystals are shown in Table 5 of the
. . Supporting Information. In the minimizations, there are only
Cyclic Peptides . . .
cyclo-(Ala-Ala-Gly-Gly-Ala-Gly)}H,0 cP1 P2, 2 53 small changes in distances, most of which decreased, as
cyclo-(Ala-Ala-Gly-Ala-Gly-Gly)-2H,0 CP2 P2:12;2; 4 54 expected. For the NVT simulations of AAA, the changes in
cyclo-(Gly-Gly-p-Ala-p-Ala-Gly-Gly)-3H,0 CP3  P2:2;2, 4 55 the nonbonded distances are similar to those found from the
cyclo-(Gly-Pro-Gly-Gly-Pro-GlyjH;0 CP4 P2, 4 56 minimization; as in the latter, most of the distances decrease
cyclo-(Gly-Pro-Glyp-Ala-Pro) CP5 P22:2, 4 57 . . . R -
cyclo-(Cys-Gly-Pro-Phe-Cys-Gly-Pro-Phé,0 CP6 P2; 4 58 although certain ones increase a little. This is in accord with

the tight packing and absence of water in the crystal. Signifi-
expansion of 2.7% corresponds to the positive pressure ofcantly greater changes in the distances occur in the NVT
approximately 4000 atm in the NVT simulation. Itinvolves a molecular dynamics simulations of GAL and GAV. As can be
small contraction of thé-axis and a significant expansion of  seen from the contacts included in Table 5 of the Supporting
the C-axis, while theB-axis remains unchanged. The changes |nformation and in Figure 6A,B, most of the nonbonded contacts
in the unit cell differ from those that occurred in the minimiza- are between the peptides and water rather than between peptides;
tions, again emphasizing the importance of molecular dynamics of the contacts listed in Table 5 of the Supporting Information
s[mulations for the analysis of crystal properties. The 'MS only four for GAL and three for GAV do not involve water.
differences of the nonhydrogen atoms were 0.5 A orless. This Thys, the tripeptides appear to be able to undergo displacements
|nd|cates_ that there are only minimal change_s_ln_the_ internal \yith relatively small changes in energy owing to the coupled
geometries. The rms differences found on minimization were (qarrangement of water molecules; e.g., the overall rms for GAL
S|gn|f|cantly smaller (0.15 A or less) than those resulting from is 0.5 A in the NVT ensemble. When the interactions involve
the simulations. a water molecule (see Table 5 of the Supporting Information),

. tTO olbtaln m(t)r_e deft?;:e‘]tl _|nfortr_r(;at|o?horgj_tr?e dchlangels in ftt\he the differences in the distances are particularly large, with many
INtérnal geometries ol the tripeptides, the dinédral angies ot e ¢ 0, greater than 0.5 A. This trend is maintained in the

X-ray and the simulation structures were compared (see TabIeGAL NPT simulation, where even larger average differences

4 of the Supporting Information). The minimizations led to . . . . .

) . . ) occur. Analysis of the rms fluctuations of the distances in which
only minor changes in the dinedral angles; the largest changelar e changes occurred reveals values of 0.5 A or greater. The
was—15° for the C-terminal dihedral angle of GAL. Although . ge chang NN 9 )

isotropic B-values for the three waters in GAV correspond to

in most cases the simulations also show deviations of less than .
15°, certain of the dihedral angles undergo a transition from rms fluctganor.ls 0f 0.40, 0'43’ anq 0.37 A. The water molgculgs
in the tripeptide crystal simulations undergo large shifts in

one minimum to another. The largest differences occurred in ” . . .
the N-terminal dihedral angles of GAL and GAV. The ppsmon that Igad to 'Fhe.changelln 'the r)onbonded mteracpon
environment of the terminal ionic groups of GAL and GAV is distances. 'ThIS may indicate limitations in the force field with
dominated by water (see Figure 6 and Table 5 of the Supporting "€SPect to interactions between water molecules and charged
Information and below). This is especially true for the two SPECies. Calculations on ionic model compounds in solution
amino termini where there are no interactions with any peptide With the present parametéfsshow that they reproduce both
atoms. The interactions with water are such that small changesMicroscopic interactions with water and macroscopic thermo-
in their positions can lead to reorientation of the terminal amino dynamic properties. In the GAL and GAV crystals, individual
group. The temperature factors of the GAL and GAV pepfitles  Water molecules interact with more than one charged group. In
are large for the N-terminal nitrogen and the C-terminal oxygens. these structures polarization effects are enhanced and the
This indicates that there may be disorder in the crystal so that omission of polarization in the present potential energy function
the structural changes found in the simulations are not unreasoncould be important. However, it is also possible that there is a
able. In the AAA crystal, the terminal ionic groups interact range of structures of similar energies that are sampled in the
with the oppositely charged ionic groups of neighboring peptides simulations. Clearly, the three tripeptide crystals are a good
so that no significant changes in the dihedral angles occur. Thetest for the validity of potential energy functions. It would be
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interesting to have results for these systems obtained with other
force fields in current use. Useful data for such comparisons
can be found in Tables 3, 4, and 5 of the Supporting Information.

IV.c. Cyclic Peptide Crystal Simulations. The cyclic
peptide crystals studied with the present potential function are
listed in Table 16. They are the peptides that have been used
in tests of other empirical potential energy functiéig2-104All
are relatively flexible because they contain Gly and Ala residues
and there are varying numbers of waters in the crystals.

Table 6 of the Supporting Information lists the minimized
unit cell parameters and energies for the cyclic peptides as a
function of cutoff distance. The observed trends are similar to
those found for the tripeptides. Large fluctuations in the results
occur for the shorter cutoff distances, with the values converged
at the longer distances. As before, the-22—19 truncation
scheme was selected for NVT simulations. The rms differences
of the non-hydrogen atoms with respect to the crystal structure
from the minimizations and from the NVT time-averaged
structures are shown in Table 19, along with the pressures
obtained in the simulation. In all cases the pressures are small
and positive. They are of magnitudes similar to those seen for
GAL and GAV (see Table 17). The rms differences are 0.45
A or less, demonstrating that the parameter set adequately
reproduces the internal geometries of the molecules. In five of
the six cyclic peptides the rms difference is smaller in the
average structure from the NVT simulation than in the mini-
mized structure. This again points to the need to perform crystal
studies using molecular dynamics simulations, rather than energy
minimizations. Previously published rms differences from
energy minimizations using other parameter sets are also
included in Table 19; they show that all the listed parameter
sets give similar values. Rigorous comparisons between
parameter sets are not possible because of differences in
minimization methodologies; no molecular dynamics simula-
tions were performed in tests of the other parameter sets.

The changes in the dihedral angles following energy mini-
mization and from the time averages of the NVT simulations
are presented in Table 7 of the Supporting Information. The
average differences and rms fluctuations for all ghand y
dihedrals in the cyclic peptides & 37) were 1.7+ 16.3 and
—1.5+ 15.3, respectively. Thus, the backbone parameters do
not bias the conformation of the backbone in a systematic
manner. The individual dihedral angles show small differences,
in general. However, in accord with the sizable rms fluctuations
about the averages, there are some large differences. Some of
these (e.g., the change of the2BN—3C,—3C and 3N-3C,—
3C—4N dihedral angles on minimization of CP1) occur in an
anticorrelated fashion so that there result only small changes in
the overall structures of the peptid€8. For many of the
dihedral angles listed in Table 7 of the Supporting Information
there is a decrease in the differences upon going from the
minimized structures to the simulation averages, in accord with
that found for the rms differences (Table 19). The largest
difference in the dihedral angles occurs for-28N—3C,—3C
in CP2. This change is partially compensated for by an
anticorrelated change in the 2/2C,—2C—3N dihedral angle
that precedes the peptide bond prior to the-306l—3C,—3C
dihedral; however, significant displacements of the atoms in
residues 1 and 2 do occur (see Table 8 of the Supporting
Information and below). Though still significant, the magni-
tudes of the changes in these two dihedral angles decrease in

Figure 6. Diagrams of the interactions between the primary and images the NVT simulation

atoms for the (A) Gly-Ala-LetBH,O (GAL), (B) Gly-Ala-Val-3H,O

(GAV), and (C) Ala-Ala-Ala (AAA) tripeptides. Bold characters

identify images based on the CHARMM image nomenclature.

The nonbonded interaction distances are presented in Table
20. Average differences and rms fluctuations of the differences
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TABLE 17: Tripeptide Crystal Simulation Results?

simulation Pext Pint A B C B volume

GAL

expt 1 1 6.024 8.171 32.791 403.5

NVT 3943+ 27072 3909+ 8069

NPT 52+ 25643 52+ 7767 5.899+ 0.054 8.175- 0.031  34.3%+ 0.36 414.5+ 3.9 (2.7%)
GAV

expt 1 1 8.052 6.032 15.779 98.52  379.0

NVT 4919+ 13496 5478+ 7173
AAA

expt 1 1 11.849 10.004 9.862 101.3 573.2

NVT —2094+ 7127 —1594+ 5656

aDistance in A, angles in deg, volume irf,fand pressures in atm. The variations shown for the NVT and NPT simulation results correspond
to the rms fluctuations, and the value in parantheses for the volume is the percent change in the simulation with respect to the experimental value.
Volumes represent the asymmetric unit on which the calculations were performed. It should be noted that the volumes in Table 3 of the Supporting
Information are for the total unit cell.

TABLE 18: Rms Differences of the Tripeptide Crystalst TABLE 20: Average Difference and Rms Fluctuations of
the Difference for the Nonbonded Interaction Distances

simulation between the Cyclic Peptide X-ray Structures and the Crystal
minimized NVT NPT Minimizations and Simulations?
t tei t tei t tei t : minimized dynamics
sés em (;))rosem szzr grogzln Ow3a2er gr;)gzm (;Na er _aompair - mper crystal difference difference
AL 131 1 A4 327 . 411
GAV 0134 0153 0285 0339 N O 43 3114018 0.14+030 0.13+0.21
AAA 0..]_10 ' O.iSO ’ (6] (0] 9 3.32+0.13 0.18+0.18 0.14+ 0.20

OH2 OH2 6 2.82£ 0.03 —0.09+0.04 —0.04+0.04
a Rms differences in A for all non-hydrogen atoms following a least- OH2 25 2914+ 0.21 —-0.06+0.17 0.01+ 0.15
squares fit of the non-hydrogen atoms to the crystal structures. For the OH2 22 3.19+ 0.23 —0.06+0.18 0.02+ 0.15

(0]
N
simulations, time-averaged structures were used. C 0] 27 3.19+0.25 0.18:0.18 0.17+0.13
C N 17 3.24+ 0.10 0.144+0.12 0.144+0.10
TABLE 19: Cyclic Peptide Rms Differences of All CA O 20 3.35£0.08 0.14+£0.20 0.15+0.12
Non-Hydrogen Atoms Excluding Water and Pressuré CA OH2 16 3.32+0.08 0.10+0.08  0.15+0.05
CA N 1 3.37 0.01 0.13
Minimized Rms Differences CA CE2 1 3.32 0.10 0.17
compd CHARMM22 MMZ® AMBER/Weinef AMBER/OPLS gg gz 1]i 333?5:‘: 0.13 8§2i 0.13 OOO]éZI: 0.14
cpl 0.31 0.10 0.11 0.09 CB OH2 2 3.48 0.14 0.08 0.04
cp2 0.45 0.09 0.23 0.14 CG O 3 3.36+ 0.08 0.18+0.17 0.20+ 0.14
cp3 0.13 0.11 CD O 4 3.34+ 0.14 —-0.06+0.11 0.05+ 0.08
cp4 0.15 0.15 0.36 0.25 CD C 1 3.41 0.19 0.22
cp5 0.21 0.08 0.17 0.18 ChD N 1 3.10 0.26 0.24
cp6 0.19 0.09 CD1 N 1 3.31 0.05 0.06
Ccb2 C 1 3.43 0.09 0.12
NVT simulation  rms difference PresE Presl CD2 N 1 3.22 0.00 0.00
cpl 017 2381 2903 2516+ 4663 CE2 N 1 338 0.09 0.14
cp2 0.33 11778858 1174+ 4751 a All non-hydrogen to non-hydrogen nonbonded interaction distances
cp3 0.18 4061 6047 4057+ 7226 less than 3.5 A in the X-ray structures are included. Distances in A.
cp4 0.14 2806t 3294 3279t 5967 Crystal data represents the experimental averages and the fluctuations.
cp5 0.19 55816800 5567+ 7820 N is the number of interactions between specific atom types. No
cp6 0.16 3183k 3268 3247+ 5169 fluctuations are given if a specified interaction appeared only once.

aDistance in A, and pressures in atm. Rms differences are for all |ent agreement with experiment. For the remaining interactions
e o e e o et eansy dSled I Table 20, the ageemert with expeiment 5 generlly
rms flu?:tuations.b See ref 10; no convergence cFr)iteria were rpeported, %at“SfaCtory’ although the trend tovyarq increased distances is
all unit cells were constrained to the experimental values, and the unit €Vident. In some cases the behavior is due to the fact that a
cells of CP1 and CP2 were expanded by 1% prior to the energy Small number of interactions have relatively large increases in
minimizations.© See ref 8; no convergence criteria were reported, unit distance (see below). Overall, the nonbonded interaction
cells were included in the energy minimizations, and rms differences distances in the cyclic peptides are adequately reproduced by
include all atoms. AMBER refers to the parameters reported in ref 6. the force field.

. . . ) ) ) Table 8 of the Supporting Information lists the individual
for specific types of interacting atoms are given. The first six ponhond interaction distances in the cyclic peptide crystals. In
interactions listed are standard hydrogen bonds. For thoseaccord with the results in Table 20, the differences are generally
involving solute-to-solute hydrogen bonds (N to O and O t0 |ess than 0.2 A. In the minimizations, decreases of up to 0.4 A
0), there is a tendency for the distances to increase in theand some increases greaterrtHaA occur, while in the NVT
calculations, while hydrogen-bond interactions involving water simulations, the maximum decrease is 0.34 A and the maximum
molecules tend to decrease. The NVT simulations agree slightlyincrease is 0.85 A. The largest increases occur in CP2; the cause
better with experiment than the minimization results. The of these changes is not evident, although they are associated
solute-solute interactions tend to be slightly too long, although with the large shift in the backbone dihedrals in CP2 (see Table
the differences are less than the rms fluctuations, while the 7 of the Supporting Information). This asymmetric behavior
hydrogen-bond lengths involving water molecules are in excel- is due to a skewing of the distribution toward larger values by
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the steep van der Waals repulsions at short distances. AnalysiSTABLE 21: Overall Protein Crystal Simulation Results?

of the rms differences and the average differences for all property exptl crystal vacuum
interactions listed in Table 8 of the Supporting Information show -
A Crambin
values _of 0.23 and 0.04- 0.14 A for the minimizations, internal pressure 1 1254 1659
respectively, and 0.19 and 0.04 0.07 A for the NVT temp room 304k 7 2864 7
simulations. There is a small improvement upon going from total energy —810.2+ 0.4 328.4+ 0.1
the minimized structures to the simulation averages, as in the rms difference
other results. backboné 0.63 1.70
S . . side chaifl 0.94 2.16
IV.d. Protein Simulations. The final test of the parameters non-hydrogef 0.76 1.91
was performed by using them for NVT simulations of crambin,  radius of gyration
bovine pancreatic trypsin inhibitor (BPTI), and carbonmonoxy backbone 9.594 9.564 9.469
myoglobin. For comparison, the results of vacuum simulations ~ non-hydrogen  9.667 9.644 9.513
of these three proteins are also presented. Since the CHARMM ™S fluctuations 0.46 0.3 0.50
22 force field is designed for the condensed phase, the solvated 2 .xbone 0.47 0.34 0.51
results are expected to be significantly better than the vacuum  side chain 0.55 0.45 0.68
calculations. This is borne out by the comparisons. non-hydrogen 0.50 0.39 0.58
Table 21 presents an overall comparison of the crystal and BPTI
vacuum simulations with the experimental data. Pressures from internal pressure 1 —2010=+ 1362
the crystal simulations range from2000 to 1250 atm. The temp room 2826 295+ 8
pressures are sensitive to the exact number of waters included ?ﬂ:g';gg:g%m —22214+£0.1 —502.0+0.2
in the simulations, which have to be determined by an overlay ¢ 0.86 263
procedure since the total number of waters observed in the  backboné 0.82 2.58
crystal is smaller than the actual number (see methods section).  side chaif 1.09 3.73
For the GAL tripeptide (see Table 17), a pressure of 3900 atm ra(;‘iﬁfs":%’drfgt?g‘n 0.96 3.19
in .the NVT calculation cprresponded to an expansion of the backbogr?/e 10.607 10.838 10.348
unit cell volume by 2.7% in the NPT ensemble. This suggests non-hydrogen 10.944 11.222 10,562
that the number of waters is satisfactory. rms fluctuations
In the simulation protocol, the systems were initially heated Cu 0.71 0.37 0.46
over 5 ps to temperatures of 300, 285, and 260 K for the ~ Packbone 0.70 0.39 0.47
. . . side chain 0.80 0.583 0.62
crambin, BPTI, and carbonmonoxy myoglobin crystal simula- non-hydrogen 0.75 0.46 0.54
tions, respectively, and 285 K for all vacuum simulations; the MBCO
crystal temperatures porrespond to those used in th.e. Structure | iernal pressure 1 3574 828
determinations. Heating was followed by 5 ps of equilibration.  temp 260 268 4 297+ 5
For the crambin and BPTI crystal simulations the temperature total energy —5331.7£0.4 —173.4+04
remained in the initial range, while a slight rise occurred in the rms difference
carbonmonoxy myoglobin simulation. Increases df @0more Co 1.98
in temperature occurred in the BPTI and carbonmonoxy g%cekgﬁgﬁ (1)'12 %'gg
myoglobin vacuum simulations. This was associated with non-hydrogefh 0.97 230
additional relaxation of the potential energy of the systems radius of gyration
following the 10 ps of heating and equilibration; both relaxations backbone 15.052 15.242 15.178
occurred after approximately 150 ps of simulation, and the non-hydrogeh  15.047 15.279 15.139
energies in the final 100 ps of the simulations were stable. The ™S fluctuations 0.56 0.37 0.48
temperature of all systems was stable over the final 100 ps (see  ,5ckpone 0.55 0.39 0.49
methods section) and the total energy of the systems was well-  sjde chain 0.62 0.54 0.63
conserved with rms fluctuations of less than 0.5 kcal/mol. non-hydrogen 0.59 0.46 0.56

The structural changes resulting from the simulations can be  a|nternal pressure (atm), temperature (K) and total energies (kcal/
evaluated in terms of the rms differences and the change of themol) are over the final 200 ps for the crambin crystal, 100 ps for the
radius of gyration with respect to the crystal structures. The BPTI and myoglobin crystals, and 290 ps for all vacuum simulations.
values reported in Table 21 correspond to the time-averagedThe rms differences (A), ra_dii of gyration (A), and rms ﬂuctu_ations
structures from the final 100 ps of the simulations. The rms (A) are calculated from the time-averaged structures from the final 100

differen nd radi f gvration r hed stable val in lops of the respective simulations. Errors represent the rms fluctuations
erences a adius ol gyration reached stable values of the respective value8Includes the heme.Following least-squares

ps for .the crystal 'simulations and 30 ps for the vacuum gt ¢ all C, atoms.® Following least-squares fit to all backbone (C, N,
simulation of crambin and fluctuated about those values for the c,, O) atoms.

remainder of the simulations. In the BPTI and carbonmonoxy
myoglobin vacuum simulations, a second structural adjustmentment and the molecular dynamics simulations. The experi-
occurred at approximately 150 ps, in accord with the relaxation mental results are obtained from the crystallographic isotropic
of the energies (see above). This was followed by stable B-factors, without any correctiod8® Comparison of the
behavior over the final 100 ps of the simulation. In the crystal experimental and crystal simulation results show that the
the rms differences were less than 1.0 A for all non-hydrogen calculated values are consistently smaller than the experimental
atoms. Such agreement with experiment is satisfactory. Thevalues. This is as expected since crystal lattice disorder and
rms differences in the vacuum simulations were significantly rigid-body motions contribute to the-factors*8 in addition to
larger than those of the crystal calculations, as expected. the internal motions, which are calculated in the simulations.
Also included in Table 21 are the rms fluctuations averaged For all three systems the rms fluctuations increase upon going
over various groups of non-hydrogen atoms from both experi- from the crystal environment to vacuum. It is clear that the
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presence of the condensed-phase environment is important folTABLE 22: ¢, y, and @ Averages and Rms Fluctuations
both the structural and dynamic properties of these systems. from the MD Simulations®

Comparison of the results in Table 21 can be made with average differences  rms differences  rms fluctuations
previous studies on the same systems. The only published ¢ P w ¢ v o ¢ Y o
crystal simulation for BPTI included the full unit cell (four

. Crambin
individual BPTI molecules) and was 20 ps in durati8h.The crystal 24 —15 —20 16.3 17.7 4.8 202 215 82
rms differences for all non-hydrogen atoms ang &oms, vacuum —-05 —-1.0 —09 26.0 29.6 6.9 29.9 410 102
respectively, were 1.31 and 0.88 A for a structure obtained by BPTI

averaging over the last 2 ps and all four molecules. The presentcrystal —0.6 1.1 —1.2 15.9 20.9 4.4 194 239 82
crystal values show smaller deviations, despite the extendedvacuum -0.3 52 04 408 36.2 87 424 383 114
simulation time and no averaging over different structures. The Myoglobin
vacuum rms differences for BPTI are larger than the previous crystal —-0.1 1.0 —24 13.0 145 69 161 173 9.1
values!® This is not unexpected since the parameters were vacuum —4.2 51 -25 208 229 83 271 287 111
optimized explicitly for condensed-phase simulations, while  avalues in deg. Dihedral angles and rms fluctuations were calculated
previous parameter sets were often adjusted for use in a vacuunirom the time average of the final 100 ps of the simulations. Average
by inclusion of a distance-dependent dielectric function and difference is the sum of the differences between the time average and
neutralization of the charged side chains. Most previous studies¢"Ystal dihedrals divided by the total number of dihedrals in each
. - . protein, rms difference is the rms of all the differences in each protein,
on carbonmonoxy r_nyoglo_bln are vacuum simulations. AS_ aN and rms fluctuations represents the rms of all the individual dihedral
example, a 96-ps simulation of a carbonmonoxy myoglebin  ms fluctuations calculated from the simulations.
xenon complex using the AMBER extended atom force ffeld

yielded rms differences of approximately 2.1 A for all atoms  the good agreement of the experimental and calculated rms
and 1.6 for the €, C, N atoms'®® These are somewhat smaller  fiyctuations as a function of residue, except for selected regions
than the vacuum values found here, though significantly larger where crystal contacts occtif

than the cry_stal simulation results reported in Table 21. The  The radius of gyration for the present parameter set shows a
rms fluctuations were 0.72 and 0.71 A for all atoms and the cgnsistent decrease upon going from the crystal to a vacuum
main chain atoms, considerably larger than the vacuum fluctua- environment, which is due to the loss of crystal interactions
tions found here. A series of simulations on carbonmonoxy and solvent contributions. In crambin the crystal simulation
myoglobin hydrated with 349 water molecules was performed yadius of gyration is in good agreement with experiment, while
for comparison with neutron-scattering détaising an all-atom  the BPTI and carbonmonoxy myoglobin values are too large
representation from Polygen Corporatih. At 260 K rms by 2.5 and 1.5%, respectively. In the vacuum simulations the
differences for the entire protein and the backbone atoms with radjus of gyration of the crambin and BPTI time-averaged
respect to the crystal structure were 1.82 and 1.62 A, respec-structures is 1.6 and 3.5% smaller than experiment, while the
tively, significantly larger than those for the crystal with the MbCO vacuum result is 0.6% larger. Previous calculations on
present parameter set. The rms fluctuations were 0.55 and 0.44ydrated carbonmonoxy myogloBif yielded a radius of

A for all protein and backbone atoms, respectively, which is gyration of 14.67 A, representing a 2.5% contraction, while
comparable to the values in Table 21 for the vacuum simula- results from a vacuum simulation yielded a radius of gyration
tions, while the present crystal values are smaller. In anotherfor all atoms of 13.88 A2 a 7.7% contraction.

study a vacuum simulation of carbonmonoxy myoglobin was  An essential element of a protein empirical force field is that
performed at 298 K for 300 ps using an extended atom the protein backbone is represented accurately. The optimiza-
representation with the exception of certain methyl groups on tion of the backbone parameters was described in Section IV.a.
which hydrogens were includé# For the final 100-ps window  To validate the backbone parameters, the backbone geometries
in that study, rms differences of 2.82 and 2.45 A were obtained obtained from the protein simulations were examined. Table
for all atoms and the backbone atoms and rms fluctuations of 22 presents the calculated average and rms differences from
0.707 A were obtained for the N, C, and @toms. Recently,  the crystal structure for the, y and » dihedral angles; the

a 1.4-ns simulation of carbonmonoxy myoglobin in solution with  overall rms fluctuations of the respective dihedral angles are
periodic boundary conditions has been performed using the also listed. Use of the average difference, as well as the rms
present parameters (B. K. Andrews and B. M. Pettitt, personal results, makes it possible to find systematic trends in the
communication). Rms differences of the final time frame with deviations that could indicate a problem with the parameters.
respect to the crystal structdtéwere 2.05 and 1.49 A for the  No such trends are observed, as is evident from Table 22. Both
protein non-hydrogen and backbone atoms, respectively. Analy-positive and negative values are obtained for the average
sis of the backbone conformation showed average differences,deviation of the three dihedral angles, depending on the protein
determined over the final 1 ns, of 0.19 1.53 and—2.38 + and the simulation. Rms differences in the crystal simulations
1.49 for¢ andy, respectively, with respect to the crystal values. are 20 or less, with larger values in the vacuum simulations.
This confirms that the parameters do not induce systematic Comparison of the rms differences and fluctuations show that
variations in the backbone conformation in extended simulations. the differences are smaller than the fluctuations in all cases.
Rms fluctuations from the final 1 ns of the simulation averaged These results show that the parameter set is satisfactory in its
over the residues were 0.90 0.33, 1.044+ 0.43, and 0.73t treatment of the protein backbone.

0.25 A for all, side chain, and main chain non-hydrogen protein  No direct comparison of the present protein backbone results
atoms, respectively. These compare well with the estimateswith those from other force fields can be made because no
from B-factors of 0.80+ 0.14, 0.82+ 0.18, and 0.76: 0.12 A corresponding studies have been published. For several force
for all, side chain, and main chain non-hydrogen protein atoms, fields, the rms differences in the backbone dihedrals based on
respectively. The larger values for the all-atom and side chain energy minimizations of crambin have been reported. ¢or
atom fluctuations obtained in the simulation are suggested to v, andw, respectively, the rms differences are 10.3, 12.1, and
be due to the absence of crystal contacts. This is supported by4.5° from a MM3 vacuum minimizatioA? also, values of 82
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4 for residues lle7, Leul8, Tyr29, Thr39, and Ala45. In the
A crambin crystal, conformational heterogeneity occurs at positions
31 7 and 25 and compositional heterogeneity occurs at residues

22 and 25; residue 22 is either proline or serine, and position
25 is leucine or isoleucine. Proline and isoleucine, respectively,
were used in those positions in the present study in accord with
the more probable amino acid in the crystal. The compositional
heterogeneity at position 22 has been suggested to lead to

RMS Difference, A

O R L

QO 5 10 15 20 25 30 3 40 45 disorder at position 284 The large differences at positions
B Leul8, Thr39, and Ala45 correspond to regions of high

a] flexibility in the protein and result from the reorientation of

the side chain. For example, residue Leul8 is at the surface of
the protein and in the simulation rotations about the-C,
and G—Cs; bonds lead to a change in the orientation of the
14 residue, although a similar region of space is occupied in the
two conformations. In such cases, it is likely that there are
two positions of nearly equal free energy, and the simulation
finds one of them while the other is observed in the particular
crystal structure. In BPTI, the central region of the protein main
chain was well-maintained while larger structural changes
occurred at the termini. Analysis of the experimental rms
fluctuations (see below) indicates that the terminal regions are
very flexible. The large difference in residues4 occurs such
that the rings of Pro2 and Tyr4 and the guanidinium group of
‘ Argl are in approximately the same position as in the crystal
0 10 20 30 40 50 60 70 80 80 100110120130140150 structure. Since there is a salt bridge between the N- and
Residue Number .. . K .
C-termini, changes in one region are coupled to changes in the
Figure 7. Rms differenc_es versus residue between _the 100-ps time- gther. This probably explains the larger deviation at the
averaged crystal simulation structures and the experimental structuresc_,[erminal end. As in crambin and BPTI, the majority of

for (A) crambin, (B) BPTI, and C) myoglobin. The line represents the . . . . ;.
backbone non-hydrogen atoms (G, ®, O), and the squares represent 'e€sidues incarbonmonoxy myoglobin shifted position by

the side chain non-hydrogen atoms. Side chain rms differences haverelatively small amounts. A number of the larger structural
been offset by 1.0 A. For glycine residues the side chain difference changes correspond to regions with large rms fluctuations (see

correspond to those of the carbonyl oxygen. below). Small structural changes are associated with the

8.17° and 3.4 from MM3. 7.2. 7.9 and 4.1 from AMBER relatively rigid helices. Ove_rall,_the crystal simulations shpw

(i9é4) and.6.’1 56. and 46 fr(’)m.Al,\/IBER/(.)PLS3 for crystal the structures to_be well-maintained by the present force field,
minimi’zations have’ been reported. In the MM3 stdéiplots a!thqggh In certain cases, most notably the N-terminus of BPTI,
of the difference inp andy with respect to residue number significant structural changes do oceur. Recent. WO”.( (Cayes,
showed trends wherg¢ decreased for the majority of residues Evanseck, and Karplus, manuscript in preparation) involving

and they values increased; such systematic deviations are comparison of crystal data with results from several simulations

undesirable, as discussed in Section IV.a. With the present.that differ only in the random number seed used to select the

parameters, crambin was minimized in the crystal environment 'T““a' erlocities shows that averages fmf“ the multiple simula-
for 1000 ABNR steps with SHAKE constraining all covalent tions give l:_)etter agreement with experiment than any of the
bonds involving hydrogens. Rms differences of 6.6, 6.7, and 'f!d""d“a' S|mulat|ons_. This suggests that some of th? Iarge_r
4.2 for ¢, v, andw, respectively, were obtained. These values ghfferences obser\{ed in the pr.esent. study may be associated with
are similar to those of the other parameter sets. However, it "cOMPplete sampling of configurational space.
should be noted that in the present study a final rms gradient Figure 8 shows the rms fluctuations as a function of residue
of the forces of 0.004 kcal/mol/A was obtained as compared to humber for all non-hydrogen atoms in crambin, BPTI, and
values of 0.79-0.80 for AMBER and AMBER/OPLS; if the ~ carbonmonoxy myoglobin. Values obtained from the experi-
minimization is terminated at a rms gradient of 0.8, the rms mentalB-factors and the crystal simulations are also presented.
deviations are 42 4.3, and 3.2. Thus, the other force-field In all three systems the experimental fluctuations are consistently
results do not correspond to fully minimized structures. For larger than the calculated results, as expected (see the discussion
the average difference, the present minimization yields values of the overall values in Table 21). For crambin and BPTI, the
of 2.1, —1.5, and—2.3" for ¢, v, andw, respectively, which pattern of fluctuations with respect to residue number in the
can be compared with values-6#.4, 3.7, and 0.0 for the MM3  experiments is reasonably reproduced in the calculations. The
crystal minimization. Such comparisons, although limited, only exceptions are Thr36 in crambin and Lys15 in BPTI. Both
indicate that the present parameters are equivalent to or betteiof these residues are solvent-exposed, which allows for the
than published sets, at least for this property. increased mobility. Further, it is likely that such large fluctua-
Figure 7 shows the rms differences as a function of residue tions are underestimated by the X-rByfactors!'® For car-
numbers for the crambin, BPTI, and carbonmonoxy myoglobin bonmonoxy myoglobin the relative mobility of the residues from
crystal simulations versus the X-ray results. For the three the calculations generally reflects the experimental data, al-
proteins the main chain deviations are generally less than 1 A, though the correlation is significantly worse than in crambin
with most values below 0.5 A. The side chains show larger and BPTI. Large deviations are found in the regions centered
deviations with certain ones as large as 3 A. In crambin, for around residues 20 and 120 in which the calculated fluctuations
example, there are five conspicuous side chain deviation peaksdo not show the marked increase seen in the experimental

RMS Difference, A
nN
i

RMS Difference, A
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1.25 TABLE 23: Protein-to-Protein Interaction Distances in the
< A Protein Crystal Simulations?
g crystal simulation difference
50'75_ interaction distance occup. distance occup. distance occup.
o
L N Ao AR AT Cranein
» Backbone-to-Backbone Interactions
Z 025 N---O helix ~ 3.22+0.19 1.76 3.26:0.21 1.24 -0.02 —0.52
O e N--:Osheet 2.8%-0.04 0.50 2.89:0.14 0.49 0.00 —0.01
0 5 10 15 20 25 30 35 40 45 Side Chain-to-Backbone Interactions
125 acid 0N 2.84+0.07 0.33 2.880.19 045 0.04 0.12
< 4 B amide G--N  3.27+0.06 1.00 3.24-0.16 0.85 -0.03 —0.15
g hydroxy O--N 3.244+0.10 0.50 3.22:0.18 0.49 -0.02 —-0.01
% 0.75 4 amide N--O  3.40 0.33 3.16:0.23 046 -0.24 0.12
32 amino N--O  2.93 1.00 2.8%0.19 1.04 -0.05 0.04
é 0.5 Arg N---O 290+ 0.08 0.33 2.850.20 0.36 —0.05 0.02
P hydroxy O:-O 3.06+0.26 0.80 3.06:0.29 0.71 0.00 —0.10
& 0251 BPTI
o _ Backbone-to-Backbone Interactions
0 5 10 15 20 25 30 35 40 45 50 55 N--+O helix 3.17+0.22 1.31 3.19£0.20 0.89 0.02 —0.42
N---O sheet 292 0.19 0.67 3.06£0.21 0.69 0.07 0.02
< Side Chain-to-Backbone Interactions
2 acid O-N 3.18+0.12 0.50 3.19:0.22 0.40 0.01 —-0.10
';% amide O--N  3.16+0.17 1.25 3.15:0.25 0.64 —-0.01 —0.61
2 hydroxy O--N 3.18+0.08 0.38 3.2 0.15 0.39 0.09 0.01
2 amide N--O  3.02+0.17 0.50 3.26:t0.19 0.51 0.18 0.01
0 aminoN--O NI <35 3.38+£0.07 0.00
z Arg N:--O 257 0.06 3.38:0.07 0.00 0.81 —0.05
S hydroxy O--O 2.98+ 0.27 0.50 3.12£0.25 0.51 0.14 0.01
0 10 20 30 40 50 60 70 80 90 100110120130140 150 MbCO
Residue Number Backbone-to-Backbone Interactions

Figure 8. Rms fluctuations versus residue for all heavy atoms from '\ O Nelx  3.19£0.21 1.90 3.18022 144 001 ~0.46

the crystal simulations (squares) and experiment (lines) for (A) crambin, Side Chain-to-Backbone Interactions
(B) BPTL and (C) Carbonmonoxy myog|ob|n aCIq O--N 291+ 0.26 0.27 3.09:0.26 0.23 0.18 —0.05
amide G--N  3.41 0.17 3.3%£0.09 0.03 -0.03 —-0.14

} ; ; i e His NeeN 3.19 0.08 3.18:0.20 0.18 —0.01 0.09
B-factors. Both regions are centered in loops between hellces,hydroxy O-N 3124015 057 319020 044  0.07 —014

residue 20 is the first residue in helix B and residue 120 is amide N--O 3.16+0.19 0.33 3.08-0.21 0.26 —0.08 —0.08
between the final residue of helix G (residue 118) and the first aminoN--O  3.21+0.11 0.15 2.85-0.20 0.10 —0.36 —0.05
residue of helix H (residue 124). It is likely that longer ArgN--O NI <3.5 3.23+017 0.11

simulations (or multiple simulations) are needed to properly E'ZNP(O())':_% g-ggi 8-28 g-gg g%& 8-33 8-?2 _00(-)%1 _001%6
sample the helix motions that contribute to fluctuations in this Tfprﬁ,xfo Nl <35 T 3341012 011 ' '

region!® Limitations in agreement between molecular dynam-

ics and experimental fluctuations may also occur owing to ' ! !
less than 3.5 A with the error representing the rms fluctuations about

crysta_l contchfcs In tlhls cryskt]al ﬂthat sr:gnlflcantlyhaltler the the average. Occupancy is the number of interactions less than 3.5 A
experimentaB-factors.*’ Such effects, however, should not per site, and the normalization procedure is based on the number of

contribute significantly to the present comparison since the specified atom types in the different proteins; values of 0.00 indicates

molecular dynamics calculations were performed in the crystal that the occupancy numbers based on the number of interactions less

environment. 3.5 A yield values<0.005. NI < 3.5 indicates no interaction distance
The results for the nonbonded distances of a variety of <3.5 A'in the experimental structure. Backbone-to-backbone interac-

; ; ; ; ; tions only included the peptide bond carbonyl oxygen and nitrogen
protein—protein and proteirwater interactions are presented atoms. Side chain-to-backbone interactions involve the side chain atoms

n Table 23. _It lists the_averag_es, rms deV|at_|0ns, _and 0CCUPaN-5s follows with the peptide bond carbonyl oxygen and nitrogen atoms.
cies for protein-protein interaction distances involving oxygen,  atom types associated with the different types of specifications are as
nitrogen, and sulfur atoms. The backbone nitrogen-to-backbonefollows: Arg N, three nitrogens in the Arg guanidinium group; amide

oxygen distances for helical and sheet regions of the proteinsN, side chain nitrogens in Asn and GIn; amide O, side chain oxygens

are given first; these regions were defined as in the Brookhavenig {‘\Sn _an? Glnt;) aci<|1| to, s'i_id_e c[\f;ain 0><ytgenst if& ASF and Glu andtth(la
PDB fil for crambin (1crn). BPTI i n r nmMonox -terminal carpoxylate; IS , unprotonatea nitrogen In neutra
es for crambin (1crn), (5pt), and carbonmonoxy histidine; His Np(0), protonated nitrogen in neutral histidine; His Np(1),

myoglopln (1mbp). Comparlson of the experimental bac'kbone nitrogens in protonated histidine; amino N, nitrogen of Lys side chain
N---O distances in crambin and BPTI show the average distanceang the N-terminal amino group; hydroxy O, the oxygen in the Ser,
to be 0.25 A or more shorter in the sheets, as compared withThr, and Tyr side chains.

the helices. The average distance for the helicat-@®l

interactions in carbonmonoxy myoglobin are similar to those represent the normalized number of such interactions per atom
in crambin and BPTI. This is in accord with a survey of within 3.5 A, the simulation and experimental values for the
hydrogen bonds in a variety of proteins, which showed that sheets are almost identical. For the helical regions, the
N---O distances are shorter in sheets than hefitem the calculated values are smaller than experiment in all three
simulations the average distances are maintained, including thestructures. This is attributable to the average distance and its
helix-sheet difference observed in the experimental structures.fluctuations, which lead to distances greater the 3.5 A for certain
In the crambin X-ray results, the rms fluctuations of the distances time frames and a resulting decrease in the occupancy by the
are smaller for the sheets as compared with the helices; thiscriterion used. Since the average distance of the helixON
trend is found in the simulation. For the occupancies, which interactions is larger than that for sheets, there is an increase of

aDistance, in A, represents the average distance of all interactions
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the likelihood that alterations of those interactions will yield TABLE 24: Water-to-Protein Interaction Distances in the
distances longer than 3.5 A resulting in lower calculated Protein Crystal Simulations®

occupancy values. The ability of the present parameters to crystal simulation difference
differentiate between the hydrogen bonds in helices and sheets hyd. hyd. hyd.
suggests that the protetprotein backbone nonbonded interac- interaction distance no. distance no. distance no.
tions are being treated satisfactorily. BPTI

Some proteir-protein nonbonded distances between the Etgg"gng 2;31: 8-;5 8-22 g-ée?t 8-3‘11 8-52 8-82 3-82
baqkbpne and side cha|n§ are also ;hown in Table 23.. For theArg Ne--OH2 312+ 0.19 056 305 0.23 106 —0.08  0.50
majority of cases the differences in the average distancesymige N--OH2 ~ 3.11+0.22 0.75 3.12-0.21 0.87 0.00  0.12
between the crystal and simulation values were less than 0.1amide G--OH2  3.10+0.18 0.75 2.92£0.24 0.64 —0.18 —0.11
A. Discrepancies include the amide:-MD interactions in acid O--OH2 2.91+0.42 1.50 2.84-0.26 2.33 —0.07  0.83

; O i i ; ; Cys S+-OH2 NI < 3.5 3.35£0.11 0.10

ﬁlrf%b!n’ the Argh--O m;eractlons n BP'II'I,banthEe ammg)_ amino N+-OH2  3.17+0.18 1.60 2.9%0.21 2.77 —0.26  1.17
‘O interactions in carbonmonoxy myoglobin. The crambin  ye; 5..0H2 Nl <35 3374009 002

amide N--O and BPTI ArgN--O interactions correspond to a  hydroxy O--OH2 3.10+0.20 1.13 2.95:0.22 1.11 —0.16 —0.01

single interacting pair. Itis Asn12 to the carbonyl O of residue MBCO

8 in crambin. Figure 8A shows Asn12 to be relatively mobile bkb N---OH2 3.13+£0.30 0.08 3.13:0.20 0.22 0.06 0.14
and the residue is solvent-exposed; both of these may contributebkb G--OH2 2.93+£0.25 0.30 2.96:0.26 0.56  0.04  0.25
to the calculated decrease in the interaction distance. The BPTI':;?id'\‘e",;}C_)_HOf_lZ g%i 8'22 21? g'i’% 8'% i;g 8}1& 8'?2
ArgN---O experimental distance is 2.57 A(Argl NH1to Thr55 o e 0..0H2 313+ 044 1.00 298 0.27 144 —016  0.44
0) and the Argl NH1 atom is 2.93 A from the Tyr23 OH atom.  acid O--OH2 2.83+0.35 0.70 2.84-0.26 2.09 001 1.38
Argl is one of the most mobile residues in the protein on the His N---OH2 3.124£0.34 0.67 3.06£0.21 1.09 —0.12  0.42
basis of the experimental temperature factors (see Figure SB).:ﬁ_r’:‘fﬁ)'&)ﬂ;Z ;-ggi 8-5; 8-33 g-ég 8-25 g-gg 006?11 106%)2
Addlt_lonally,_ the Ar_g_l S|_de cha_ln moves appro_xmately 1.7 A Met S--OH2 NI <35 3.48 0.01

from its starting position in the simulation (see Figure 7B). Thus, nhydroxy O+-OH2 3.13+ 0.28 0.43 2.99-0.23 1.03 —0.14  0.60

the deviation is probably not caused by the nonbonded Trp N---OH2 2.914+0.03 1.00 3.0 0.19 0.37 0.16 —0.63

parameters per se, but by the significant structural change. The Distance, in A, represents the average of all interactions less than

shorter Carbqnmono?(y myoglopin gmino-ND distlance.is Iikely. 3.5 A with the error representing the rms fluctuations about the average.
to be associated with the flexibility of the lysine side chains Hydration number is the number of interactions less than 3.5 A per

and an error in its position in the X-ray structure; e.g., the site. NI < 3.5 indicates no interaction distance8.5 A.

crambin amino N-+O distance is 2.93 A, much closer to the

calculated value. Occupancies for all the side chain-to-backbonemyoglobin in only three cases. The decrease in the BPTI amino
interactions were well-maintained in the simulations. Only for N--*OH2 interaction distance and increase in the hydration
the BPTI amide ®-N interaction did a significant decrease number in the simulation is due to the mobility and solvent
occur. This decrease is due to the methodology used for theexposure of the lysine side chains, which leads to only a minimal
determination of the occupancy numbers, as discussed in thenumber of Lys NZ-to-water interactions that are identified in
preceding paragraph. For most interactions where a decreasdhe crystal. In the simulations, these groups are fully solvated,
in the occupancy occurred relative to the crystal value, the leading to the shorter distance and the significant increase in
average distance is relatively long. Importantly, the largest the hydration number. A large increase in the hydration number
differences occurred for different interaction types in the various of the amino N was also observed in carbonmonoxy myoglobin,
proteins. This suggests that specific effects are involved and although the experimental and calculated average distances are
that the nonbonded interactions parameters for all the aminoin good agreement. With carbonmonoxy myoglobin significant
acid side chain are not inducing systematic errors. increases occur in the amide--NDH2 and HisNp(0)-OH2
interaction distances, where Np(0) represents the unprotonated

Since the BPTI and MbCO crystal structures include the . o . . -
nitrogen on the neutral histidine side chain. Analysis of the

positions of water molecules that were observed in the crystal, ) X .
experimental crystal structure shows an amide®H?2 distance

protein—water distances were also examined. It should be noted . .
that the simulations contain many more crystal waters than those_mc 2.32 A and a HisNp(8)-OH? distance of 2.49 A. Such short

identified in the X-ray structures. In BPTI there are 63 waters Interaction dls'gances, Wh'Ch are probably wrong, lead to the
in the neutron structufé and 92 waters in the simulation, 2Verage experimental distances that are too short. As with the

including those identified in the experimental structure. For protein—protein interactions, the proterwater interactions
MbCO there are 137 experimentally identified watéend a mvplvmg poth the backbone and the side phalns appear to be
total of 345 waters in the simulation. The crambin crystal- satisfactorily treated by the present force field.

lographic data entry deposited in the PDB does not contain any
water molecules. Table 24 lists the experimental and calculated
average distances, fluctuations, and hydration numbers for Parameters for proteins have been developed for the empirical
various protein hydrogen-bond acceptors and donors for the twoenergy function used with the CHARMM program. The model
systems analyzed. As with the proteiprotein interactions, treats all atoms, including hydrogens, explicitly. This is referred
the protein-water interactions are well-reproduced in the to as an all-atom model, in contrast to a model that treats only
calculations. Most of the discrepancies are related to the polar hydrogens explicitly and represents nonpolar hydrogens
inclusion of all water molecules in the calculated values versus as part of extended atoms. The parameters were determined
only the explicitly identified waters in the experimental studies. by fitting an extended set of experimental and ab initio results.
This leads to larger hydration numbers for the majority of A self-consistent approach was employed to obtain a proper
interactions observed in the simulations. Concerning the balance between the intramolecular (bonding) and intermolecular
interaction distances, the differences are greater than the(nonbonding) portions of the potential energy function. Em-
fluctuations of the calculated values for BPTI and carbonmonoxy phasis was placed on a balance of the solventvent, solvent

V. Concluding Discussion
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solute, and solutesolute portions of the intermolecular portion dihedral angles from the experimental values, a shortcoming
of the potential energy. This is essential for accurate condensed-seen in the MM¥ and AMBER8 empirical potential functions.
phase simulations from which both structural and thermody- The analysis also led to a better understanding of the relationship
namic information can be obtained. With the already published of the alanine dipeptide map to the behavior of the peptide
parameters for nucleic acids and lipids, the all-atom protein backbone in proteins. This will be useful in future efforts to
parameters form a consistent set that can be used for simulationsmprove and extend potential energy functions.

of a wide range of molecules of biological interest. Alistof  gyajyation of the agreement between calculated and experi-
the parameter values is included as an Appendix in the menta| data was based on the observed deviations and their
Supporting Information. relation to the magnitudes of the fluctuations found in the
The parametrization was based on results for a wide variety simulations. If the difference between experiment and calcula-
of model compounds that represent the protein backbone andtions was smaller than the calculated root-mean-square fluctua-
the individual side chains. Internal parametrizations (bond tions, the level of agreement was deemed to be satisfactory.
length, bond angle, UreyBradley, dihedral, and improper  \whijle more rigorous criteria may be appropriate in specific
dihedral terms) were chosen to reproduce geometries fromggses, the present method provides an approach for identifying

crystal structures, infrared and Raman spectroscopic data, angjmitations in the potential function and correcting them after
ab initio calculations. Interaction parameters (electrostatic and yetailed examination.

van der Waals terms) were chosen to fit 6-31G* ab initio . .
. . . . The testing of the nonbonded parameters made considerable
interaction energies and geometries for water molecules bonded

to polar sites of the model compounds and experimental use of crystal calculations because they provide the most detailed

. o information on intermolecular interactions. Although other force
condensed-phase properties such as heats of vaporization an do1d<8.19.11 have used crvstal data. the com arisor?s were main
molecular volumes. ry ) p y

The CHARMM22 f . . isf restricted to energy-minimization results. In the present work
€ parameters for proteins give salistactory it a5 found that molecular dynamics simulations were needed
results _When compared ‘.N'th test data. These_ include resu_ltsfor meaningful comparisons. For a number of observables the
for cycllc.and "?‘CVC"C peptides and several proteins. The details agreement between calculations and experiment is improved
are provided in the body of the paper and we do not repeat with molecular dynamics simulations, as compared with the

them here. _ Instead we de_scrl_be some of the aspects O.f theminimizations that yield results corresponding to absolute zero,
present work that distinguish it from other parametrization

efforts and outline certain insights that are of interest in rather than the temperature of the experiment. For example,

themselves and suggest points of general significance forminimization led to a decrease in the unit cell volume of the
— 0, 1 i
macromolecular parametrization. GAL crystal by —5.3%, while the NPT molecular dynamics

. . N ., simulation resulted in a small increase (2.7%). The simulations
An essential element in the parametrization is the peptide

d th vity b h id h also yielded better agreement with experiment in the overall
group ant ﬂ;[ € conr:gct|V|tty tetvvleeln ¢ etpefpttkll € gr?qpsbt ?(t rms structural deviations, the differences in dihedral angles, and
represent the repeating structural elemen O., he pro e,,'n aCKthe nonbonded interaction distances.
bone. N-Methylacetamide and the alanine “dipeptide” were

chosen for optimization of the parameters that determine the  MOSt optimizations and comparisons of empirical potential
geometries, vibrations and torsional potentials for the soft functions parameters have concentrated on the cyclic peptides.

dihedral angles, . The experimental data that were used This rather arbitrary choice appears to pe a consequence of the
for comparison were obtained mainly from the condensed phase®arly paper of HaiPthat used three cyclic peptides to compare
rather than from the gas phase. Thus, the present approach i®otential functions. Clearly, the cyclic peptides are useful test
to be contrasted with one based purely on ab initio calculations SyStems for peptide bond parameters, but the extent of the
for isolated molecules. This was found to be essential for the COMparisons is somewhat limited because no charged groups
relatively simple potential energy function (without polarization) are present. Moreover, thg v values in the cyclic peptides
used here to avoid increasing the time required for computations. differ significantly from those that are most common in proteins;
An illustrative example is the use of the condensed-phase CNe€-d., cyclic peptides CP3 and CP5 each hagen conformer
peptide bond length, which equals 1.33 A, in contrast to the in the vicinity of 130, —60°, values that are very rare in
gas-phase value of 1.386 A; the contraction is due to conjugationproteins. To overcome these limitations, three noncyclic
resulting from hydrogen bonding of the carbonyl group in tripeptides were added to the test set. Two of them have
solution and in crystals. The harmonic nature of the bond and a-helical structures, and the third is a parafletheet. They
angle terms causes the selected equilibrium parameters (see egll have terminal charged groups, and for two of them, several
1) to dominate the geometry. In the present model, the water molecules are present in the unit cell. The present
condensed-phase environment is of interest and the assumptiofparameter set was shown to reproduce the experimental proper-
is made that the most common hydrogen-bonded geometriesties of these peptides satisfactorily. Of particular interest are
are always appropriate. This can introduce errors for special the charged terminal group interactions with water molecules.
cases, but they are expected to be rare. Nevertheless, thiShe largest deviations in nonbonded distances occurred for the
limitation of the potential function and its parametrization should peptide-water distances. Many of these involved a single water
be kept in mind. molecule interacting with two or more protein hydrogen-bonding

Extrapolation of parameters optimized for small molecules sites. It was found that there is some reorientation of the
to macromolecules is often difficult. The alanine dipeptide charged groups coupled with rearrangements in the positions
parametrization illustrate the types of problems that can occur. of certain waters. This suggests that alternative minima of
Experimental macromolecular data were used in determining, Similar energy are present in the crystal, in accord with the large
as well as in testing, the parameters. Specifically, the resultstemperature factors found experimentally. It would be of
of protein simulations were used for the adjustment of the interest to determine how well other published force fields
dihedral parameters associated with the peptide backbone. Thigepresent these peptides, which are not included in the optimiza-
eliminated systematic deviations of the calculatgdnd v tion process.
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bonded interactions. The corresponding distances observed irHealth to M.K. and a grant from the Mildred Mindell Cancer
crystals were examined and shown to be well-described by theFoundation to A.D.M.
potential function. Of note are the average interaction distances
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helices versus sheets. In crambin and BPTI, the experimentalof the authors whose address is not given in the published paper,
structures show that the distances in sheets are shorter than thosene figure and eight tables, and an Appendix of two figures
in helices. This was reproduced in the crystal simulations of and seven tables that lists the parameters developed in the
those proteins. It results from the correct balance of the present study (41 pages). Included are results from the
nonbonded Coulomb and Lennard-Jones interactions. N-methylacetamide and alanine dipeptide crystal calculations,

Although the details of the side chain parametrization were including the effects of truncation distance and details of the
not described in this paper, the quality of the side chain nonbond interactions, as well as the effects of truncation distance
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