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COMPUTATIONAL DESCRIPTION OF PEPTIDE
ARCHITECTURES BASED ON HYDROGEN BONDS

RADU SILAGHI-DUMITRESCU?

ABSTRACT. The geometrical structures of systems whose architectures
rely entirely on hydrogen bonds, such as a-helical polypeptides, are not always
properly described with current computational methods.
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INTRODUCTION

Computational examination of enzyme mechanisms employing such
methods as density functional theory (DFT) or Hartree-Fock (HF) has traditionally
been restricted, especially in metalloproteins containing transition metal ions,
to smaller-size models of the active sites, due to the large computing resources
required.[1-5] In recent years, the use of accurate solvation models and
QM/MM-type techniques have allowed for the influence of the protein
environment to be taken into account more explicitly, albeit with treatment
of the less-relevant parts of the polypeptide at levels of theory inferior to
those applied to the active site models.[1-5] Additionally, there have been
constant efforts to improve the performance of the ‘lower-level’ theory levels
(semiempirical, molecular mechanics) so that they can be applied not just
to the distant polypeptide regions, but also to the actual active site.[6-9] At
the current rate of increase in computer performance, it is not unfeasible to
consider that in the near future it will be possible to apply DFT or (post-)-HF
methods to enzyme models consisting of the entire protein. Already at the
present stage, single-point energies have occasionally been computed for
entire protein models at higher levels, such as DFT.[9-21] It is in this context
that the present study seeks to estimate the performance of some of the
commonly used computational models in predicting accurate geometries of
polypeptide chains. For some of these methods, this is likely to be a particularly
challenging situation. First, polypeptide architectures tend to rely primarily
on weak, non-covalent, interactions (mainly hydrogen bonding). Second, those
methods requiring parametrization may not necessarily perform efficiently if
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they have not been parametrized for proteins; given the unexpected structural
and reactivity findings occasionally uncovered by experiment, even properly
parametrized methods may in principle fail in some cases.

RESULTS AND DISCUSSION

Shown in Figure 1 and Table 1 are the results of geometry optimizations
on the decaglycine helix. At the HF/3-21G** level, the computed geometry
appears funnel-shaped as opposed to the purely helical starting point.
Although 1:1 peptide CO---HN hydrogen bonds appear conserved, they are
distorted (decreased C-O-H and N-H-O angles, by up to 47°) and elongated by
at least 0.1-0.4 A in terms of the N---O distance and 0.2-0.5 A in term of the
O-H distance) compared to the canonical structure. It is also notable that
the parameters listed in Table 1 for the HF geometry vary significantly between
the six peptide bonds involved in CO---HN hydrogen bonding, while there would
be no such differences in a canonical helix. This HF geometry to our knowledge
has no known equivalent in experimental chemistry.
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Figure 1. Canonical form of an alpha-helical deca-glycine, compared to geometries
obtained by geometry optimization with various computational methods.
(side-views and top views).
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In the BP86/6-31G** geometry the regularity of the helix is also lost,
and the resulting geometry is in-between the canonical form of Figure 1 and
the artefactual HF discussed above. Thus, the CO---HN hydrogen bonds
feature O-H distances ranging from 2.01 to 2.63 A, i.e. both irregular and
inappropriately long; they are also distinctly less linear (by up to 40°) than in

a canonical helix.

Table 1. Key geometrical parameters (distances in A, angles in °) for the deca-glycine
model and its computed geometries at various theory levels. Values are given for
each peptide bond starting from the N-terminus of the peptide; the internal parameters
of the peptide bonds (C=0, N-H and OC-NH bond lengths) are given as averages
since they do not vary significantly (i.e., by more than 0,01 A)

within a model computed with a given method.

Parameter expected Sybyl MNDO AM1 BP86 HF
O---H 1.72 240 3.31 233 201 2.20
1.72 240 3.18 228 212 1.94
1.72 250 3.25 2.37 2.09 2.03
1.72 251 3.22 243 215 2.05
1.72 241 3.23 216 263 1.93
1.72 245 3.30 252 267 211
HN---O 2.74 3.17 4.30 296 298 3.16
2.74 3.26 4.17 3.13 3.13 2.93
2.74 3.26 4.23 3.15 3.08 2.99
2.74 343 4.9 3.08 3.06 3.00
2.74 340 4.21 3.15 3.36 290
2.74 3.27 4.28 3.04 3.71 2.87
N-H---O 169° 133°  171° 151° 153° 164°
169° 143°  169° 142° 167° 171°
169° 133° 167° 134° 160° 161°
169° 153° 166° 122° 146° 160°
169° 171° 167° 172° 128° 164°
169° 139° 166° 112° 167° 132°
C-O---H 168° 134°  146° 1450 121° 155°
168° 1350  145° 150° 150° 158°
168° 138° 139° 142° 132° 142°
168° 134°  137° 145° 137° 152°
168° 142° 138° 161° 135° 153°
168° 121° 136° 120° 137° 122°
Cc=0 1.22 1.22 1.23 125 124 1.22
N-H 1.03 1.00 1.02 1.00 1.03 0.99
OC-NH 1.32 1.35 1.38 138 136 1.34
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The PM3 (semiempirical) implementation examined here leads to an
entirely non-helical geometry (not shown). Figure 1 and Table 1 show that the
MNDO method performs somewhat better than the PM3, even though the
hydrogen bonds are still elongated by ~2 A compared to the canonical alpha
helix. The AM1 method yields a funnel-type geometry similar to that of
HF/3-21G**, and featuring a distinct loss of hydrogen-bond regularity, with
the O-H distances at least 0.6 A longer than in the canonical alpha-helical
structure. When using the SYBYL forcefield, the O-H ‘hydrogen-bonding’
distances were also overestimated by >0.8 A and the C=0---HN linearity
was completely lost.

CONCLUSIONS

No two computational methods yield the same geometry for a deca-
glycine helix, and none of these geometries correctly reproduces the canonical
alpha-helical structure expected and in fact used as a starting point in the
respective computations; the origin of these differences is most likely in the
different degrees of accuracy with which these computational methods describe
hydrogen bonds (and weak interactions in general); all of the methods tested
here distinctly underestimate the strength of the hydrogen bonds, predicting
O---H distances larger by up to 2 A than expected, and N-H---O or CO---H
angles by up to 40-50° smaller than expected. The methods employed here are
often used in computational studies of large-scale systems; our results appear to
point out to intrinsic deficiencies of all these methods in quantitatively describing
systems whose architecture relies considerably on weak interactions.

MATERIALS AND METHODS

The present study employs an alpha-helical model in order to estimate and
compare the performance of several levels of theory in providing accurate
geometries. The methods tested here include Hartree-Fock (HF/3-21G**[22])
density functional (BP86/6-31G**[22]) semiempirical (MNDO[22], AM1[22],
PM3[23]) and molecular mechanics (SYBYL[22]) applied with standard
convergence criteria as defined in the respective software packages (Spartan[22]
and Gaussian98[23] respectively); similar results, not discussed here, were
obtained with the newer M05 functional as implemented in Gaussian03.[24]
Figure 1 shows the canonical form expected for an alpha-helical stretch of
decaglycine. This model is built within the Builder module of the Spartan
software package,[22] capped with hydrogen atoms (i.e., C-terminal COOH,
N-terminal —=NH2) and not subjected to any further modifications. Characteristic
for this structure is the regularity imposed by hydrogen bonds formed between
C=0 and NH groups of different peptide bonds. The length of the helix (free
carboxy atom to free amino group) is 15.4 A, and other parameters are listed
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in Table 1. This model was then subjected to geometry optimization at various
levels of theory, as detailed above. A zwitterionic version of this helix (capped
with ammonium and carboxylate groups, respectively) as well as a 20-alanine
helix were also examined with qualitatively similar results, and are not
discussed further.
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