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N-Methylacetamide (NMA, Ck-CO—NH—CHj) is of interest

as a model of the peptide linkage. Its behavior at points along the
cis—trans isomerization pathway contributes to our understanding
of the nonprolyl peptide C(G)N bond, a ubiquitous structural
proteinaceous element that can be involved in the rate-limiting steps
of protein restructuring? In addition, measurement of the radial
and angular dependence of the solvation shell structure of NMA(aq)
helps elucidate the effect of water solvent on protein function and
is now feasible experimentalfymaking theoretical structural studies
highly relevant. Increasingly powerful computing platforms and
algorithms now permit, for the first time, an ab initio computational
study of NMA in a vacuum and in explicit water solvent at finite
temperature to address these issues. Our methods include umbrell
sampling Car-Parrinello MD* and classical MD, performed for
0.2 ns and 4 ns, respectively, in both phases at 300 K using
PINY_MD?%8and constrained ab initio geometry optimizations with
GAUSSIAN/ A pictorial description of the amide group emerges

analysis of NMA(aq) provides structural data for comparison to
anticipated new experiments.

The theoretical models adopted here to describe the NMA
isomerization along preselecteghathway, i.e., th&lC(Hs)—C(O)—
N—C(Hs) dihedral anglew, agree well at the endpoints but differ
significantly in between. Both models (ab initio: DFT-BLYP,
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Figure 1. ELF and WFCs (see text) along with ab initio (solid line) or
empirical (dashed line) predicted thermodynamic changes during isomer-
ization. (ELF= 0.91= purple isosurface, WFCs small purple spheres
that each carry-2e charge, CPK atom colors.)

that enhances our understanding of chemical bonding, and a detailed

These changes indicate an underlying change in the electronic
structure near/at N that bears closer examination.

Two modern tools offer a new perspective on the bonding of
the amide group that adds to our understanding of this important
functionality. An issue of debate is whether a charge transfer from
O to N [resonance model, i.e.,€Q)—N < C(—O~)=N*] or from

plane-wave basis set, 70-Ry cutoff, pseudopotentials, abbreviatedc(0) to N, Wiberg model? occurs when the pseudo-double

DFT; empirical: CHARMM22 or C22) yield static geometries,
relative energies, and dipole momentsti@ins and cis-NMA(g)

in excellent agreemeRtwith high-level MP2 calculations per-
formed by ourselveésand by otherd!~13 However, both the static
barrier, AED"T ~ AEM™? &~ 1/2AES?% 10 and Helmholtz free-energy
maxima (Figure 1) differ by several kcal/mol. Note that our barrier

C(O)—N bond intrans- or cissNMA breaks during isomerizatiot?.
Here, new evidence of a charge transfer from C(O) to N is offered.
Wanniet® or Boys—Fostef® function centers (WFCs) yield the
average position of electron pairs that are depicted as (spin-paired)
Lewis “dots”?! The electron localization functi8h(ELF) identifies
spatial regions where Lewis electron-pair formation is likely,

only provides a rough estimate of the activation free energy, becausegffering a check on the insights given by the WFCstrams or

the isomerization may involve coupling to additional degrees of
freedom, e.g., methyl rotation and “floppy” amide H “wagging”,
but not to the extent of slightly larger moleculéwith more low-
frequency modes.

cissNMA, the C(O)-N bond is uniquely described by two sickle-
shaped lobes (purple clouds in Figure 1) and two corresponding
electron pairs (purple dots) that lie between C(O) and N in “bent”
orbitals outside of the peptide plane. The “bent” orbitals can be

The above discrepancies between the various methods near th?hought of as combining asg-hybrid orbital of N with its out-

free-energy maxima result from several factors. The barrier height
under C22 is fit to an NMR measuremérgnd solvation enhances
the barrier by 2-3 kcal/mol?® that of DFT (and MP2) agrees to
within 3 kcal/mol of other calculation's:1¢ Additionally, the
C(0)—N bond lengthens by 0.1 A at the barrier in both DFT and
MP2 descriptions of NMA(g), but it is essentially invariant under
C22. Similarly, DFT and MP2 bond angles involving N, including
OC(O)-N—C(Hz) andJC(O)—N—H, are substantially distorted.
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of-planep;, orbital. Although the C(O) atom is assigned five electron
pairs, atomic charge neutrality is preserved based on linear
interpolation of charge populations to the atom centers. During
isomerization, the ELF contours and WFCs gradually evolve to an
sp-hybridized C(O) andsp*-pyramidalized N near the barrier
maximum and an amine-like C(©N single bond, as evinced by
the tetrahedral ELF lobes and WFCs; the=@ bond is relatively
unchanged (Figure 1). Accordingly, the isomerization is a reactive
process, because the C(@ “banana” bond is broken (e.g., unlike
the C-C bond in butane). This analysis under DFT-BLYP offers
some support for the Wiberg model, but this or any simplified

10.1021/ja0305120 CCC: $27.50 © 2004 American Chemical Society
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compared to C22 (Figure 3). This behavior can be explained by a
preference in the directionality of hydrogen bonding within DFT
resulting from the explicit inclusion of electron pairs and electronic
polarization. These differences between DFT and C22 model
predictions in the structure of the first solvation shell of NMA(aq)
and, likely, for other species will have a substantial effect on
dynamical and other static properties and merit further experimental
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Figure 2. Solvated NMA-H0 radial distributions.

and theoretical study.
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Figure 3. Solvated NMA-H,O angular distributions.

bonding concept cannot be expected to describe all aspects of a
complex many-body problefs.

Despite a 2-fold-smaller dipole moment of NMA(g) near the
barrier maximum compared teans andcis-NMA(g) under either
DFT or C22, the solvent effect on the structure and free-energy
surface of NMA “dunked” in a periodic box containing 27®
molecules is relatively minor in both treatments (Figure 1). The
DFT barrier is increased, in accord with experim&ntue to
electronic polarization of NMA(aq); the shift in relative energy of
cisNMA predicted by DFT,—2.1+ 0.5 kcal/mol, and C22, 1.4
0.1 kcal/mol, models is consistent with others’ predicti&ns:24
Both models agree satisfactorily with the “experimental” change
in solvation free energyAAG = 0.0+ 0.2 kcal/mol?®> Converged
results (as shown in Supporting Information) would not be expected
if a reaction involving a large charge separation were modeled in
such a small system. Although the solvent effect on the barrier
and the solvent shell structure change, as indicated by an analysis
of trans and cissNMA(aq) and NMA(aq) near the barrier maxi-
mum, are minor, complex coupling of solvent motions to the
preselected pathwayy, is not precluded and would be revealed
by a transition path sampling calculatiéh.

Analysis of the solvation shell reveals important differences
between C22 and DFT models of NMA(aq). Select pair distribution
functions and intermolecular hydrogen bond angular distributions
of the carbonyl oxygen, labeled”Oand the amino hydrogen,
denoted H, interacting with H and O of water are reported for the
first time in ab initio water. The C22(r)'s are in reasonable
agreement with QM/MM simulations ofransNMA(aq) by
otherg*27and yield 2.1 HO neighbors hydrogen-bonded té &nd
0.9 H,0 neighbors hydrogen-bonded td,ldompared to previous
results of 2.+2.5 and 0.5-1.0, respectively’ The first peak of
the DFTgu-o(r) is significantly higher and narrower than the C22
result, while the DFTgo+4(r) is shifted slightly to smaller values,
indicating stronger hydrogen bonding (Figure 2). The DFT coor-
dination numbers are 2.2 and 1.0, respectively.

While important, g(r)’s do not yield information regarding
solvent angular distributions, a topic of great current intet@s$te
angular distributions of O* and H* interacting with the nearest
neighboring HO molecule, and thél(N)—H"---O(H)—H distribu-
tion in particular, under DFT are narrower and shifted toward®180
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