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Improved Treatment of the Protein Backbone in Empirical Force Fields
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Exploring structure-function relationships in proteins, including
the protein-folding problem, represents a significant challenge in
the theoretical study of biological macromolecules for which the
accurate treatment of molecular conformations and interactions is ¥ ©
likely to be crucial* The application of empirical force field-based 60
simulations have made significant progress toward approaching
these objective3 Despite these advances, limitations in the treat-
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ment of protein backbone conformational energy differences (i.e.,
the relationship of energy to thigy dihedral angles) remain. These
limitations lead to systematic deviations in &) angles in MD
simulations of peptide models (e.g., the blocked peptide model of

¢

Figure 1. ¢l distribution from MD simulations of the alanine dipeptide
(Ace-Ala-Nme) in solution using the CHARMM22nd CHARMM22 grid-
corrected empirical force fields and previously published data from a QM/
MM model (SCCDFT). Simulations were performed for 10 ns using the

alanine or the alanine dipeptide, Ace-Ala-Nfhajd in proteins. program CHARMM?O with the TIP3P watef8 with particle mesh Ewafd

Moreover., limitations in the treatment _Of high-energy regions _Of to treat the long-range electrostatic interactions. Details of the simulation
the protein backbone may lead to misinterpretation of protein- protocol will be published elsewhere (Feig, M., Brooks, C. L., lll,
folding pathways. To overcome these limitations, efforts have been MacKerell, A. D., Jr., work in progress). QW/MM data are from a 3.6-ns

made to refine the treatment of the protein backbone in empirical
force fields%6 While improvements are evident, inherent limitations
in proper treatment of the/y dihedral terms remain. In this
communication, results are presented from empirical force field
calculations on the alanine dipeptide in solution and for several
proteins in their crystal environments and in solution, using a grid-
based correction to the fu§l/yy two-dimensional (2D) conforma-
tional energy surface. This extension of the potential energy function
is shown to significantly improve the treatment of protein backbone
conformational properties at both the model compound and mac-
romolecular levels.

The peptide backbone/y dihedral angle energy terms are
generally treated with a Fourier series of cosine terms, with the
individual contributions ofy andy combined additively.® Studies
indicate that this limits the ability of force fields to reproduce high-
level quantum mechanical data on model compotiadswell as
in the treatment of protein structuté We overcome this limitation
by extending the potential energy function used in the program
CHARMM, % which is similar to the energy function used in most
biomolecular empirical force fields, to more accurately treat
peptide and protein backbowéy conformational energies (Feig,
M., Brooks, C.L., Ill, MacKerell, A. D., Jr., work in progress).
Initial attempts to extend this functionality involved the introduction
of ¢/y dihedral cross terms. While this approach led to significant
improvement over the additive treatment, it was still not able to
reproduce QM energy differences between theand -helical
conformations. This is a problem that leads to the overestimation
of ot helices in molecular dynamics (MD) studies of proteins and
peptides The introduction of a grid-based energy correction to
the ¢/y 2D surface, however, allows for the reproduction of any
target 2D energy surface (e.g., a QM surface of the alanine
dipeptide). Presently, this correction (see Supporting Information)
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MD simulation using a SCCDFT/AMBER model with the TIP3P water
model3

has been applied to all nonproline residues in the CHARMM force
field based on the alanine or glycine dipeptide @¥y energy
surfaces. In addition, empirical adjustments to the alanine-based
surface were incorporated to account for systematic deviations
between MD-based and experimentally obsertddistributions.
Such empirical corrections are also necessary to account for the
inability of current empirical force fields to accurately treat both
gas- and condensed-phase propeftiisey provide mean-field
many-body effects not included in the QM data and address possible
limitations in the applied QM level of theory. Here, we present
results based ongly grid correction surface empirically optimized
to reproduce experimentaly distributions during MD simulations
of eight proteins in their crystal environments. Efforts to produce
an empirical correction surface that accounts for the balance
between helical and extended conformations and explicitly treats
proline residues are ongoing, results from which will be reported
at a later date.

Parts a and b of Figure 1 show calculatgg distributions for
the alanine dipeptide in solution using the CHARMM22 and grid-
corrected force fields, respectively. In addition, recently published
data from a QM/MM modél are presented in Figure 1c. As is
evident, significant changes in the probability distributions occur
because of the grid correction. In the grid-corrected surface, the
distribution in the3-sheet region is wider, while in the helical region
a more elongated, diagonal shape is evident where there is a
correlated increase iny as ¢ increases from thex-helical
conformation ¢60°, —40°). In addition, sampling of then
conformation (60, 30°) occurs in the new model. Importantly, the
grid-corrected surface is in good agreement with the QM/MM-based
probability distribution, indicating that the grid-corrected model is
able to more accurately represent the conformational energy of the
peptide backbone in the unfolded state.

10.1021/ja036959e CCC: $27.50 © 2004 American Chemical Society
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Figure 2. ¢ly PMFs based on MD simulations using the CHARMM22
and CHARMM22 grid-corrected empirical force fields and from a survey
of the PDB. Contours are in 0.5 kcal/mol increments up to 6 kcal/mol above
the global minimum. MD PMFs based on 1.1-ns simulations of eight protein
crystals (PDB identifiers 1AB1, 1127, 5PTI, 1MBC, 1BZP, 135L, 3EBX,
and 1BYI) in their explicit crystal environment using a protocol similar to
that in Figure 1. PDB data included only those residues with B factors less
than 30 A3 PMFs were obtained from the respective probability distributions
based on a Boltzmann distributirand includes all residues in the proteins.

Evaluation of the grid-corrected model for treatmentq¢afy
distributions in proteins was performed by compauiritg potentials
of mean force (PMF) from MD simulations of eight proteins in
their crystal environment using both the CHARMM22 and grid-
corrected force fields (Figure 2) with a PMF based on a sufvey
of the PDB?!3 Comparison of the three surfaces reveals the strong
similarities of the grid-corrected and PDB-based PMFs. For the
extended helical and, regions, the overall shapes of these two
surfaces are quite similar, while significant discrepancies between
the CHARMM22 and PDB PMFs are evident. Clearly, the grid-
corrected force field leads to significant improvements in the
treatment of thep/yp conformational energy in proteins as well. In
addition, application of the grid correction to simulations of three
proteins in solution used by Price and Brobkgelded improve-
ments in the agreement between simulation and crystallographic
¢ly distributions for all three proteins (PDB identifiers: 1GPR,
1CLB, and 1HIJ, not shown).

The grid correction to the CHARMM22 peptide backbone force
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Supporting Information Available: A description of the algorithm
used in the grid-based energy correction and grid data required for
conversion of the CHARMM22/vy energy surfaces to the corrected
surfaces used in the present study (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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protein backbone conformational energies. Considering that limita-
tions in the treatment of the protein backbone as seen in CHARMM22
have also been reported for other commonly used force fields,

is anticipated that the extension of current empirical force fields to
include grid-based energy corrections similar to those used here
will yield significant improvement in our ability to treat proteins
and peptides via molecular simulations.
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