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To study the nonplanarity of peptide bonds, the conformationally dependent variations of the N-C torsional
angle,ω2 (Figure 1), of the central peptide group inN-formyl L-alanyl L-alanine amide (ALA-ALA) was
investigated using a database of 11 664 RHF/4-21G ab initio gradient optimized structures. The database was
generated by optimizing the geometries of ALA-ALA at grid points in its four-dimensional (φ1,ψ1,φ2,ψ2)
conformational space (Figure 1) defined by 40° increments along the outer torsionsφ1 andψ2, and by 30°
increments along the inner torsionsψ1 andφ2. Using cubic spline functions, the grid structures were then
used to construct analytical representations of complete surfaces ofω2 in (φ1,ψ1,φ2,ψ2)-space. Analyses of
the conformational surfaces ofω2 reveal that the peptide N-C torsion is a smoothly varying function of
associatedφ andψ angles and that, for many conformational regions, deviations from planarity are the rule
rather than the exception. Comparisons with protein crystallographic data show that, in contrast to peptide
torsional angles calculated for an entire protein, theω2 angles of smaller model peptides, such as ALA-ALA,
cannot be used to model peptide groups in proteins, because of long-range effects present in the latter but not
the former. This finding indicates the general difficulty of predicting the exact positions of backbone torsional
angles in proteins from smaller model peptides. Furthermore, the results confirm the directional nature of
polypeptide chains. That is, conformation transmission effects from neighboring groups differ, depending on
whether they are transmitted from right to left or from left to right in the peptide chain.

Introduction

In the recent past there has been renewed interest in the
nonplanarity of peptide bonds in peptides and proteins. On the
basis of a survey of crystallographic data, MacArthur and
Thornton1 found that “substantial deviations from planarity can
be tolerated with a standard deviation in the angle of up to 6°
about a mean value for the trans peptide that is less than 180°”.
Furthermore, these authors1 found evidence for a systematic
dependence of the N-C peptide torsional angle,ω, on theφ-
(N-C(R)) andψ(C(R)-C′) backbone torsional angles in proteins
as well as in small peptides. Rick and Cachau2 derived similar
conclusions from an analysis of protein structures in the protein
data bank, demonstrating that the torsional rotation of the peptide
bond is environmentally dependent in that different secondary
structure elements in proteins are characterized by different
degrees of the nonplanarity ofω. All of these findings are in
contrast with the historic concept of the essential planarity of
the trans peptide group, originally postulated by Corey and
Pauling3 and generally adopted in peptide conformational
analyses until Ramachandran4 recognized the need for nonplanar
peptide units in polypeptide chains.

The variation ofω with φ and ψ is a special example,
illustrating the concept oflocal geometry.5 The geometries of
peptides are local in the sense that the backbone structural
parameters depend acutely on where a given molecule is in its
φ,ψ-space. The concept is in direct contrast to attempts of

defining peptides and proteins in terms of ideal and rigid
geometries, such as those proposed by Engh and Huber6 for
use in protein X-ray crystallography. Because of the incom-
pleteness of experimental data, ab initio calculations were often
used7-9 as an auxiliary source of information on local geometry
trends in peptides and proteins, with particular interest directed
toward important backbone parameters, such as the N-C(R)
and C(R)-C′ bond lengths and the N-C(R)-C′ bond angle.7-9

The large number of ab initio calculations of peptides
published during the past decade10-113 demonstrates the general
utility of quantum chemical procedures in studies of such
molecules. In the current paper we will use the results of ab
initio geometry optimizations ofN-formyl L-alanyl L-alanine
amide (ALA-ALA) for a systematic analysis of the dependence
of theω(N-C) torsional angle on theφ andψ angles of adjacent
residues. Apart from the context of this paper, the quantitative
structural information on ALA-ALA given below is useful in
parameter refinements for empirical molecular modeling pro-
cedures. For example, we are currently employing the database
described below in attempts to further develop molecular
dynamics simulation procedures of the adsorption of organic
materials on the clay mineral/aqueous solution interface.114-116

Computational Procedures

For the present study we have generated117 a structural
database consisting of 11 664 ab initio gradient optimized
structures of ALA-ALA. This database was obtained by
optimizing the geometries of this compound at grid points in* Corresponding author. E-mail: schafer@protein.uark.edu.
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its four-dimensional (φ1,ψ1,φ2,ψ2) conformational space (Figure
1) defined by 40° increments along the outer torsionsφ1 and
ψ2, and by 30° increments along the inner torsionsψ1 andφ2.117

The smaller step size for the latter was chosen because the
properties of the central peptide bond are of particular interest.
At each of the 9× 12× 12× 9 ) 11 664 grid points geometry
optimizations were performed via RHF/4-21G118 calculations,
in which the torsionsφ1, ψ1, φ2, and ψ2 were kept constant
while all other structural parameters were relaxed without any
constraints. The orientation of the torsionsω1 andω2 (Figure
1) was trans in all cases. The specific torsion of interest for
this study isω2 because it is the link of two complete residues.

To evaluate the results of the ab initio calculations, an
auxiliary program was written using natural cubic spline
functions to generate an analytical representation of the potential
energy surface (PES) of ALA-ALA from the 11 664 grid points.
By the help of this program it was possible to locate the local
minima, which were subsequently optimized in RHF/4-21G118

and MP2/6-311G**119,120calculations. Additional computational
details are given in ref 117.

Results and Discussion

(a) Notation. For the purposes of this paper we adopt the
following notation. The spline function generated analytical
representation of the PES of ALA-ALA can be used for
calculating complete surfaces of the torsional dependence of
ω2 on φ1, ψ1, φ2, and ψ2. To present the properties of four-
dimensional surfaces in a two-dimensional medium, the con-
formational dependence ofω2 on the two amino acid residues
of ALA-ALA can be explored when one of them is kept in a
fixed orientation while the other one is allowed to move freely.
Throughout this paper we will refer to the former as the
constrained residue, and to the latter, as themoVing residue.

The termsresidue 1(with ω1, φ1 andψ1) andresidue 2(with
ω2, φ2, and ψ2) are used in agreement with Figure 1. The
shorthand notation “Phii_psii_xx”, wherei ) 1 or 2, is used to
label graphs of surfaces ofω2 that are obtained whenφi andψi

vary, i.e., residuei is the moving residue, while residuej (with
i * j) is the constrained residue, with torsional angles,φj and
ψj, fixed in the conformational regions xx) ar, al, br, or bt,
respectively. Because of software limitations, the latinicized
symbols ‘al’, ‘ar’, ‘bt’, and ‘br’ are used in the graphs for the
right- and left-handedR-helical regions,RR ()ar), RL ()al),
for the extended forms,âS ()bt), and the bridge region,δR

()br), respectively. In agreement with a convention generally
accepted in protein crystallography,121 we have selectedφ ) ψ
) 55° for al, φ ) -75° andψ) -45° for ar,φ ) -165°, and
ψ ) 165° for bt, andφ)-90° andψ)0° for br.

By the termcalculatedValueswe refer to all parameter values
(such as N-C(R), C(R)-C′, N-C(R)-C′, or ω2) which were
calculated at specificφ1, ψ1, φ2, and ψ2 torsions by spline
function interpolation of the RHF/4-21G database of ALA-ALA.
When calculated values are compared with experimental
parameter values, as in Table 1, the latter were always taken

from the crystallographic database established by Karplus.121

In some of the comparisons described below, region average
values are involved. To determine region average values, regions
in φ1,ψ1-space were defined by a 15° grid, yielding the region
boundaries shown in Tables 2 to 4. For each region, experi-
mental average parameter values were calculated from crystal-
lographic parameters121 in (φi, ψi, φ i+1, ψi+1) protein subunits
which were ordered by region in accordance with their torsional
angles,φi andψi. Calculated region aVeragesare for ab initio
parameter values, which were calculated at the crystallographic
(φi, ψi, φi+1, ψi+1) torsional angles by spline function interpola-
tion of the RHF/4-21G database of ALA-ALA. To determine
averages, the calculated parameters were ordered by theirφ1

andψ1 torsional angles and averaged for each region.
(b) Comparison of Experimental and Calculated Struc-

tural Parameters. To evaluate the accuracy of the ab initio
structures, several comparisons with experimental structures
were executed. In Table 1, root-mean-square (rms) deviations
are presented for some calculated and experimental structural
parameters. It is seen that, for bond lengths such as N-C(R)
and C(R)-C′, the rms deviations are on the order of 0.02 Å;
and 3° for the bond angle, N-C(R)-C′.

Calculated and experimental region average values are
compared in Tables 2-4 for regions with a population of>20
residues, as found in the protein database by Karplus.121 For
N-C(R), C(R)-C′, and N-C(R)-C′, the rms deviations
between calculated and experimental region average values are
0.008 Å, 0.006 Å, and 1.10°, respectively.

In Figures 2-4, the calculated and experimental region
averages are compared. As found before,58 there is close
correlation for N-C(R)-C′, with well-known systematic devia-
tions in theR-helical andâ-extended regions (previously8,58

termed helix-contraction andâ-expansion), whereas calculated
and experimental trends in bond lengths, such as N-C(R),
C(R)-C′, typically do not agree.

It is possible to expect thatω-angles obtained from RHF/4-
21G geometry optimizations are not sufficiently accurate to be
meaningfully compared with experimental values. To explore
this matter, the 48 RHF/6-31G* optimized energy minima of
ALA-ALA, described before,117 were re-optimized using MP2/
6-311G** gradient geometry optimization. Two of the 48 HF/

Figure 1. Schematic representation ofN-formyl L-alanineL-alanyl
amide.

TABLE 1: Root Mean Square Deviations between the Ab
Initio Bond Lengths (Å) and Angles (deg) of ALA-ALA and
Values Found in Crystallographic Data of Proteinsa

total Bmc

1.75 1.56 1.40 1.75 1.56 1.40

C(R)-C′(1) 0.020 0.019 0.019 0.020 0.019 0.019
C(R)-C′(2) 0.021 0.019 0.019 0.021 0.019 0.019
N-C(R)(1) 0.021 0.020 0.019 0.021 0.020 0.019
N-C(R)(2) 0.021 0.021 0.020 0.021 0.021 0.020
N-C(R)-C′(1) 3.09 2.93 2.89 3.01 2.90 2.85
N-C(R)-C′(2) 3.21 3.05 2.96 3.14 3.03 2.93

a To obtain the rms deviations of this table, sets of backbone torsional
angles (φi,ψi,φi+1,ψi+1) and their associated backbone bond lengths and
angles were taken from the “total” and “Bmc” protein crystallographic
data files reported by Karplus.121 The bond lengths C(R)-C′, N-C(R),
and the angle N-C(R)-C′ were then calculated by spline-function
interpolation at each point (φi,ψi,φi+1,ψi+1) in the four-dimensional
torsional space of ALA-ALA, using the HF/4-21G ab initio values of
the latter to obtain parameter values for both residues 1 and 2. Residue
numbers are indicated in parentheses behind each parameter type. The
rms deviations were then calculated between the ab initio values and
the crystallographic values of the bond lengths and angles associated
with each set of (φi,ψi,φi+1,ψi+1). The crystallographic values were taken
from three selections of proteins, characterized by resolutions of
e 1.75 Å, e 1.56 Å, ande 1.40 Å.
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6-31G* minima,εε andεδL
117 were found not stable in MP2-

space. During the MP2/6-311G** geometry optimization they
converted to the single minimum listed in Table 5 atφ1 ) 73.8°,

ψ1 ) -58.5°, φ2 ) 74.5°, andψ2 ) -67.8°. For most other
structures, theφ,ψ torsional angles of the RHF/6-31G* energy
minima are within a few degrees of the corresponding angles
in the MP2/6-311G** geometries. Nevertheless, in some cases
relatively largeφ,ψ shifts of 20° to 30° are found.

Table 5 presents a comparison ofω2-angles taken from the
MP2/6-311G** and RHF/4-21G structures of ALA-ALA. The
graphic representation in Figure 5 documents the similarity of
the two sets.

(c) Torsional Dependence ofω2 Angles. When calculated
and experimental backbone bond lengths are compared with
each other, the overall rms deviations are relatively small, i.e.,
0.008 and 0.006 Å for the N-C(R) and C(R)-C′ bond lengths,
respectively, but individual region average bond lengths (Tables
2 and 3, and Figures 2 and 3) disagree on the order of 0.02 Å.
Closer inspection of Figure 2 seems to suggest that the
agreement for N-C(R) is good in helical regions (#30-40) but

TABLE 2: Average Values of Crystallographic and
Calculated N-C(r) Bond Lengths(Å) of Residue 1 of
ALA-ALA in Various Regions of Peptide O/ψ-spacea

region X-ray calc diff pop

1 [-165,-150] [165, 180] 1.474 1.455 0.019 30
2 [-150,-135] [165, 180] 1.471 1.455 0.016 28
3 [-135,-120] [165, 180] 1.468 1.456 0.013 21
4 [-165,-150] [150, 165] 1.474 1.456 0.018 46
5 [-150,-135] [150, 165] 1.470 1.456 0.014 67
6 [-135,-120] [150, 165] 1.468 1.456 0.012 67
7 [-120,-105] [150, 165] 1.463 1.456 0.007 45
8 [-150,-135] [135, 150] 1.471 1.458 0.012 44
9 [-135,-120] [135, 150] 1.470 1.458 0.012 85
10 [-120,-105] [135, 150] 1.469 1.458 0.011 69
11 [-105,-90] [135, 150] 1.468 1.458 0.010 55
12 [-150,-135] [120, 135] 1.466 1.462 0.005 27
13 [-135,-120] [120, 135] 1.470 1.462 0.008 78
14 [-120,-105] [120, 135] 1.465 1.462 0.003 81
15 [-105,-90] [120, 135] 1.470 1.461 0.008 79
16 [-90,-75] [165, 180] 1.473 1.453 0.020 29
17 [-75,-60] [165, 180] 1.471 1.454 0.017 21
18 [-105,-90] [150, 165] 1.466 1.455 0.011 23
19 [-90,-75] [150, 165] 1.468 1.454 0.013 51
20 [-75,-60] [150, 165] 1.471 1.455 0.016 65
21 [-90,-75] [135, 150] 1.463 1.457 0.006 54
22 [-75,-60] [135, 150] 1.472 1.458 0.014 114
23 [-60,-45] [135, 150] 1.470 1.459 0.010 48
24 [-90,-75] [120, 135] 1.475 1.461 0.014 48
25 [-75,-60] [120, 135] 1.471 1.461 0.009 58
26 [-60,-45] [120, 135] 1.470 1.463 0.008 31
27 [-135,-120] [105, 120] 1.471 1.465 0.006 35
28 [-120,-105] [105, 120] 1.470 1.465 0.005 43
29 [-105,-90] [105, 120] 1.477 1.465 0.012 49
30 [-120,-105] [15, 30] 1.467 1.464 0.003 27
31 [-105,-90] [15, 30] 1.466 1.463 0.002 21
32 [-105,-90] [0, 15] 1.469 1.462 0.007 43
33 [-90,-75] [0, 15] 1.459 1.463 -0.004 28
34 [-120,-105] [-15, 0] 1.463 1.462 0.002 22
35 [-105,-90] [-15, 0] 1.468 1.462 0.006 52
36 [-90,-75] [-15, 0] 1.466 1.463 0.003 80
37 [-75,-60] [-15, 0] 1.471 1.468 0.003 58
38 [-90,-75] [-30,-15] 1.470 1.463 0.007 48
39 [-75,-60] [-30,-15] 1.472 1.469 0.003 223
40 [-60,-45] [-30,-15] 1.468 1.469 -0.002 41
41 [-90,-75] [-45,-30] 1.468 1.468 0.000 43
42 [-75,-60] [-45,-30] 1.473 1.469 0.003 603
43 [-60,-45] [-45,-30] 1.471 1.469 0.002 248
44 [-75,-60] [-60,-45] 1.472 1.470 0.003 200
45 [-60,-45] [-60,-45] 1.469 1.470 -0.001 149
46 [45, 60] [30, 45] 1.465 1.473 -0.008 22
47 [60, 75] [15, 30] 1.464 1.471 -0.007 23

a Region numbers and boundaries of regions inφ/ψ-space of residue
1 are given in column “region”. The boundaries of each region are
those of a 15° grid and are defined by the lower and upper values,
φlower andφupper, respectively, ofφ1, given in the first bracket of each
line of column “region”, and the lower and upper values,ψlower and
ψupper, respectively, ofψ1, given in the second bracket. That is, each
region defines a range,φupper>φ1g φlower, and ψupper>ψ1g ψlower,
respectively. Region numbering is arbitrary, starting with theâ-region,
proceeding toRR and ending atRL. Note that only regions with a
population of>20, as found in the Bmc database of ref 121, were
included in the analysis; all others were omitted. Region populations
are given in column “pop”. For each region, average experimental
parameter values were calculated (col. “X-ray) from N-C(R) bond
lengths, which were taken from crystal structures and ordered by region
in accordance with their associated torsional anglesφ1 and ψ1. The
corresponding region averages for ab initio bond lengths were obtained
for values calculated at the crystallographic torsional angles (φ1, ψ1,
φ2, ψ2) and are given in the column “calc”. Differences between
experimental minus ab initio values are given in the column “diff”.
The rms deviation for all regions listed in this table (population
weighted) is 0.008 Å. All crystallographic values were taken from the
Bmc set of molecules given by Karplus,121 with resolutione 1.56 Å.

TABLE 3: Average Values of Crystallographic and
Calculated C(r)-C Bond Lengths(Å) of Residue 1 of
ALA-ALA in Various Regions of Peptide O/ψ-spacea

region X-ray calc diff pop

1 [-165,-150] [165, 180] 1.523 1.527 -0.004 30
2 [-150,-135] [165, 180] 1.526 1.526 0.000 28
3 [-135,-120] [165, 180] 1.527 1.529 -0.001 21
4 [-165,-150] [150, 165] 1.528 1.525 0.003 46
5 [-150,-135] [150, 165] 1.524 1.525 -0.002 67
6 [-135,-120] [150, 165] 1.528 1.526 0.002 67
7 [-120,-105] [150, 165] 1.529 1.529 0.000 45
8 [-150,-135] [135, 150] 1.528 1.525 0.003 44
9 [-135,-120] [135, 150] 1.525 1.526 -0.002 85
10 [-120,-105] [135, 150] 1.527 1.528 -0.001 69
11 [-105,-90] [135, 150] 1.532 1.529 0.002 55
12 [-150,-135] [120, 135] 1.524 1.525 -0.001 27
13 [-135,-120] [120, 135] 1.528 1.527 0.001 78
14 [-120,-105] [120, 135] 1.529 1.529 0.000 81
15 [-105,-90] [120, 135] 1.529 1.530 -0.001 79
16 [-90,-75] [165, 180] 1.530 1.534 -0.004 29
17 [-75,-60] [165, 180] 1.527 1.536 -0.009 21
18 [-105,-90] [150, 165] 1.539 1.530 0.009 23
19 [-90,-75] [150, 165] 1.534 1.532 0.002 51
20 [-75,-60] [150, 165] 1.529 1.533 -0.004 65
21 [-90,-75] [135, 150] 1.529 1.531 -0.002 54
22 [-75,-60] [135, 150] 1.528 1.534 -0.006 114
23 [-60,-45] [135, 150] 1.527 1.536 -0.009 48
24 [-90,-75] [120, 135] 1.527 1.532 -0.004 48
25 [-75,-60] [120, 135] 1.534 1.535 -0.002 58
26 [-60,-45] [120, 135] 1.528 1.538 -0.010 31
27 [-135,-120] [105, 120] 1.533 1.528 0.005 35
28 [-120,-105] [105, 120] 1.531 1.530 0.002 43
29 [-105,-90] [105, 120] 1.531 1.531 0.000 49
30 [-120,-105] [15, 30] 1.526 1.536 -0.010 27
31 [-105,-90] [15, 30] 1.522 1.537 -0.015 21
32 [-105,-90] [0, 15] 1.525 1.535 -0.010 43
33 [-90,-75] [0, 15] 1.526 1.537 -0.011 28
34 [-120,-105] [-15, 0] 1.522 1.531 -0.009 22
35 [-105,-90] [-15, 0] 1.522 1.532 -0.011 52
36 [-90,-75] [-15, 0] 1.524 1.534 -0.010 80
37 [-75,-60] [-15, 0] 1.521 1.534 -0.014 58
38 [-90,-75] [-30,-15] 1.522 1.532 -0.009 48
39 [-75,-60] [-30,-15] 1.523 1.532 -0.009 223
40 [-60,-45] [-30,-15] 1.523 1.533 -0.011 41
41 [-90,-75] [-45,-30] 1.525 1.529 -0.004 43
42 [-75,-60] [-45,-30] 1.526 1.530 -0.003 603
43 [-60,-45] [-45,-30] 1.525 1.531 -0.006 248
44 [-75,-60] [-60,-45] 1.526 1.530 -0.004 200
45 [-60,-45] [-60,-45] 1.529 1.531 -0.002 149
46 [45, 60] [30, 45] 1.523 1.539 -0.016 22
47 [60, 75] [15, 30] 1.517 1.537 -0.020 23

a The symbols of Table 2 were used, referring to C(R)-C. The
population-weighted rms deviation is 0.006 Å for all regions listed in
this table.
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poor elsewhere, whereas just the opposite is true (Figure 3) for
C(R)-C′. If these trends are not random but systematic, we
have currently no explanation to offer. We prefer to think that
the trends described above are not systematic, because similar
discrepancies in bond lengths were observed before122 and were
rationalized in terms of solid-state effects; that is, it is well-
known among crystallographers122 that effects of temperature,
crystal structure, and packing and molecular volume effects are
readily detected in bond lengths but not bond angles, which
depend mainly on intramolecular properties. Indeed, it is seen
from Table 4 and Figure 4 that, in the case of the N-C(R)-C′
bond angles, calculated and experimental trends in region
average values are in good agreementandthe two sets of values
are close, as indicated by the rms deviation of 1.10°.

The case of the peptide torsion,ω2, deserves special
consideration. When the calculated and experimental region
average values ofω2 are compared,boththe relative trends and

the rms values indicate considerable disagreement. The con-
siderable disagreement between individual angles is documented
in Figure 6; the rms deviation forω2 in (φi, ψi, φi+1, ψi+1)
subunits is 4.8° when the residues are ordered in regions in
accordance with the values ofφi and ψi; and 6.4° when they
are ordered in accordance with the values ofφi+1 andψi+1. Note
that the overall range of parameter variations both in N-C(R)-

TABLE 4: Average Values of Crystallographic and
Calculated N-C(r)-C Bond Angles (deg) of Residue 1 of
ALA-ALA in Various Regions of Peptide O/ψ-spacea

region X-ray calc diff pop

1 [-165,-150] [165, 180] 108.56 106.75 1.80 30
2 [-150,-135] [165, 180] 109.53 107.25 2.28 28
3 [-135,-120] [165, 180] 109.10 107.80 1.30 21
4 [-165,-150] [150, 165] 108.02 106.63 1.39 46
5 [-150,-135] [150, 165] 108.76 107.12 1.64 67
6 [-135,-120] [150, 165] 109.46 107.64 1.82 67
7 [-120,-105] [150, 165] 109.53 108.34 1.19 45
8 [-150,-135] [135, 150] 108.49 106.63 1.86 44
9 [-135,-120] [135, 150] 109.30 107.11 2.19 85
10 [-120,-105] [135, 150] 108.81 107.85 0.96 69
11 [-105,-90] [135, 150] 109.57 108.71 0.86 55
12 [-150,-135] [120, 135] 107.73 106.08 1.65 27
13 [-135,-120] [120, 135] 107.63 106.66 0.97 78
14 [-120,-105] [120, 135] 108.29 107.30 0.99 81
15 [-105,-90] [120, 135] 108.53 108.08 0.45 79
16 [-90,-75] [165, 180] 109.80 109.41 0.38 29
17 [-75,-60] [165, 180] 110.14 109.67 0.47 21
18 [-105,-90] [150, 165] 109.22 108.96 0.26 23
19 [-90,-75] [150, 165] 110.25 109.76 0.50 51
20 [-75,-60] [150, 165] 110.28 109.96 0.32 65
21 [-90,-75] [135, 150] 110.36 109.49 0.86 54
22 [-75,-60] [135, 150] 110.04 109.64 0.41 114
23 [-60,-45] [135, 150] 110.51 109.65 0.86 48
24 [-90,-75] [120, 135] 109.04 108.96 0.09 48
25 [-75,-60] [120, 135] 109.24 109.20 0.04 58
26 [-60,-45] [120, 135] 110.94 109.29 1.65 31
27 [-135,-120] [105, 120] 106.30 106.32 -0.03 35
28 [-120,-105] [105, 120] 106.41 106.90 -0.49 43
29 [-105,-90] [105, 120] 106.67 107.53 -0.86 49
30 [-120,-105] [15, 30] 112.14 112.76 -0.62 27
31 [-105,-90] [15, 30] 113.75 113.51 0.24 21
32 [-105,-90] [0, 15] 113.09 113.60 -0.52 43
33 [-90,-75] [0, 15] 113.66 114.59 -0.93 28
34 [-120,-105] [-15, 0] 114.89 113.26 1.62 22
35 [-105,-90] [-15, 0] 113.55 113.32 0.23 52
36 [-90,-75] [-15, 0] 113.32 114.05 -0.73 80
37 [-75,-60] [-15, 0] 113.34 114.80 -1.46 58
38 [-90,-75] [-30,-15] 113.17 113.26 -0.10 48
39 [-75,-60] [-30,-15] 112.39 113.87 -1.49 223
40 [-60,-45] [-30,-15] 113.65 114.70 -1.05 41
41 [-90,-75] [-45,-30] 111.27 112.18 -0.90 43
42 [-75,-60] [-45,-30] 111.04 112.24 -1.20 603
43 [-60,-45] [-45,-30] 112.15 112.87 -0.72 248
44 [-75,-60] [-60,-45] 110.73 111.68 -0.95 200
45 [-60,-45] [-60,-45] 111.53 112.02 -0.50 149
46 [45, 60] [30, 45] 112.02 111.76 0.26 22
47 [60, 75] [15, 30] 115.47 113.27 2.20 23

a The symbols of Table 2 were used, referring to N-C(R)-C. The
population-weighted rms deviation is 1.10° for all regions listed in this
table.

Figure 2. Region average values of N-C(R) bond lengths in proteins.
The experimental and calculated values (left-hand ordinate), region
populations (right-hand ordinate), and region numbers (abscissa) of
Table 2 are shown.

Figure 3. Region average values of C(R)-C′ bond lengths in proteins.
The experimental and calculated values (left-hand ordinate), region
populations (right-hand ordinate), and region numbers (abscissa) of
Table 3 are shown.

Figure 4. Region average values of N-C(R)-C′ bond angles in
proteins. The experimental and calculated values (left-hand ordinate),
region populations (right-hand ordinate), and region numbers (abscissa)
of Table 4 are shown.
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C′ andω2 are∼10°, but the rms deviation is 1.1° for the former
and nearly 5° for the latter.

From this result, one might derive the impression that RHF/
4-21G calculations cannot provide any useful information on
the conformational properties of peptide bonds. However, this
result really represents an interesting and somewhat unexpected
finding. That is, the actual values of peptide torsions in proteins
cannot be simulated by those obtained from smaller model
systems, such as ALA-ALA, because of long-range interaction,
which are present in the former but not the latter. This thesis is
supported by the fact that RHF/4-21G geometry optimizations
performed on the entire protein crambin yielded peptide
torsions123 in significantly better agreement than Figure 6 with

the experimental values.124 Excluding the torsion of the terminal
residue, which is usually subject to external effects, the rms
deviation forω in the case of crambin is 4.6°. This value is of
the same magnitude as the rms deviation forω2 presented above,
but the overall parameter range in the case of crambin is more
than 20°, or twice as large as in ALA-ALA, and individual
parameters are compared for which the rms deviations are
always larger than for comparisons of average values. Further-
more, as seen from Figure 7, the relative trends are in
significantly better agreement than those of Figure 6. Thus, the
discrepancy between calculated region average values forω2,
taken from ALA-ALA, and corresponding averages from protein
crystal structures indicates the incompatibility of the two datasets
but does not rule out the ab initio calculations ofω2 in ALA-
ALA as a source of reasonable estimates of the conformational
effects ofneighboringresidues on the nonplanarity of the peptide
link.

For this purpose, then, to make use of the RHF/4-21G ab
initio database for ALA-ALA, a large number of different
functional dependences ofω2 can be selected for presentation,
but only a limited documentation can be considered here.

In Figure 8, the surface phi1_psi1_ar is presented. The
changes inω2 seen in Figure 8 are those that are obtained when
residue 1 is the moving residue and residue 2 is constrained to
theR-helical position. Comparing with Figure 9, it is seen that
the functional dependence ofω2 on φ1 andψ1 is very different

TABLE 5: Relative Energies (kcal/mol) and Torsional
Angles (O1, ψ1, O2, ψ2, and ω2 in deg) for 47 MP2/6-311G**
Optimized Structures of N-Formyl L-alanyl L-alanine Amidea

energy φ1 ψ1 φ2 ψ2 ω2/MP2 ω2/HF

0.000 -82.19 76.37 -86.12 78.63 189.19 185.31
1.730 -160.18 153.92 -81.51 82.07 175.46 179.14
1.995 -70.31 -22.50 -105.28 12.68 179.58 174.62
2.098 73.60 -61.83 -80.86 81.33 182.22 184.15
2.217 -81.84 81.93 -146.18 17.73 195.94 189.76
2.399 -58.72 130.69 58.24 32.85 180.05 185.23
2.509 -131.73 14.70 -81.66 80.74 177.50 179.52
2.559 -160.11 162.65 -158.35 169.17 173.43 174.92
2.618 -82.65 77.42 71.42 -46.79 181.49 174.74
2.841 -78.84 80.28 49.63-148.68 202.20 198.55
2.957 -81.09 87.18 -162.15 155.05 188.19 180.66
3.108 52.47 -133.74 -106.89 17.76 176.57 175.09
3.109 -52.50 133.72 107.00 -17.92 183.44 185.85
3.224 63.12 30.38 -88.79 79.33 187.13 184.04
3.605 61.11 31.49 58.02 33.70 175.50 180.42
3.686 -87.49 65.33 58.44 36.73 176.94 181.66
3.714 71.06 -72.22 -54.28 142.06 161.15 167.59
3.933 -122.99 11.52 -159.05 167.53 174.40 174.89
4.034 -77.56 82.22 -181.24 -36.79 190.88 186.63
4.076 50.92 -140.36 -82.09 81.37 176.57 182.11
4.317 -160.37 155.89 75.01 -69.05 171.77 173.10
4.493 60.27 34.95-170.15 153.94 186.80 182.57
4.494 -158.53 170.08 -144.77 23.64 187.24 185.63
4.628b 73.82 -58.51 74.47 -67.77 177.01 177.71
4.705 73.69 -58.07 74.77 -46.07 176.56 174.71
4.818 -163.48 -61.94 -58.79 155.81 153.88 152.02
4.850 -158.53 54.83 51.21-157.31 207.92 206.90
4.901 -116.77 12.85 74.13 -69.69 173.81 175.71
5.038 75.98 -53.19 -74.97 -23.25 187.72 181.76
5.228 -160.61 155.32 62.42 38.34 164.55 173.73
5.389 72.88 -68.21 61.78 39.03 169.28 177.36
5.433 -172.24 -40.73 -84.28 82.50 186.82 182.74
5.685 58.99 42.32 70.90 -71.96 185.28 177.74
5.692 60.90 38.59-139.27 15.98 193.83 189.58
5.821 75.37 -57.50 -159.05 160.13 182.48 182.52
6.097 52.82 -137.26 -153.67 171.76 173.68 175.83
6.220 -159.18 169.38 54.02-141.58 187.51 184.06
6.404 -168.97 -38.93 -164.06 163.58 185.34 181.05
6.663 73.03 -50.69 51.91 -141.22 194.52 191.17
6.665 -123.76 13.01 62.55 37.85 164.51 171.79
6.976 -159.60 157.66 -164.38 -40.56 167.79 171.00
7.099 64.40 17.66 158.83 -36.95 186.47 182.84
8.078 -171.75 -37.44 71.47 -70.63 184.41 178.81
8.243 -135.13 15.79 -164.36 -37.18 167.27 170.78
9.184 -168.39 -34.33 52.80 -143.59 196.43 188.09
9.610 -173.82 -46.12 59.71 37.86 175.27 179.25

11.049 -172.81 -43.99 -163.14 -48.85 178.82 175.12

a Energies (kcal/mol) are listed in column “energy” and are relative
to -663.17553265889 Hartree. Values listed in column “ω2/MP2” are
the ω2 angles (degree) obtained from the MP2/6-311G** geometry
optimizations. In column “ω2/HF”, the HF/4-21Gω2 angles are listed
which were calculated at the torsional angles given in columns “φ1”,
“ψ1”, “ φ2”, and, “ψ2.

Figure 5. Comparison of RHF/4-21G and MP2/6-311G** calculated
ω2 angles (Table 5) inN-formyl L-alanineL-alanyl amide. The abscissa
is for conformation numbers following the sequence of Table 5.

Figure 6. Comparison of calculated and experimental region average
values of peptide torsional angles,ω. The experimental and calculated
values of ω2 (left-hand ordinate), region populations (right-hand
ordinate), and region numbers (abscissa) have the same meaning as in
Figure 2. Parameter values were determined as described in the text.
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when residue 2 is locked into a different region; such as theâ
region. Such results are consistently found: the local values of
ω2 are acutely dependent on the conformational states of the
two residues that it connects. Similar trends are established by
the experimental data. For example, it is seen from Figure 10
that different distributions ofω-angles are found in crystal
structures for (φi, ψi, φi+1, ψi+1) pairs of residues, when residue
i is RR, while residuej is eitherRR or δR; or when residuei is
âS, while residuej is either RR or âS. In all cases, different
distributions result when a conformational change occurs in one
of the two residues but not in the other.

In Figure 11, the surface phi2_psi2_ar is presented. Compared
with that of phi1_psi1_ar (Figure 8), Figure 11 shows that the
conformational effects, by residue 1 onω2, differ from those

by residue 2. That is, conformation transmission effects in
peptide chains are different when transmitted from right to left,
than when transmitted from left to right.

In Figure 12, the surface for psi1_phi2_bt is shown. To
produce that surface,ψ1 andφ2 were varied throughout their
respective spaces, while the remaining two torsions were
constrained atφ1 ) -165° and ψ2 ) +165°. Again, ω2 is
obtained as a smoothly varying function of associated torsional
angles. The large deviations ofω2 from 180° in this case (Figure
12) are particularly noteworthy.

(d) Library of Ab Initio Molecular Structural Data. The
geometries calculated for this study have been added to a
growing library125 of molecular structures, which we obtained
in the recent past by ab initio geometry optimizations of basic
organic functional groups. As in the current study, most of the
structures deposited in these database were obtained by RHF/
4-21G geometry optimizations,118 which previous experience
has shown to be rather accurate for molecules of the kind
considered here.

In addition to the more than 11 600 structures of N-formyl
L-alanylL-alanine amide described above, the library currently
contains some 468 structures ofn-hexane, spanning the entire
three-dimensional conformational space of that molecule.
Furthermore, it contains the RHF/4-21G optimized structures
and conformational geometry functions of some fifty X-C-
C-Y systems determined at 30° intervals of their respective
one-dimensional torsional space; the complete set of several
thousand structures determined for the two-dimensional X-C-
C-C and C-C-C-Y torsional space of twenty eight X-C-
C-C-Y systems, where X,Y) CH3, F, C, OH, NH2, COH,
and COOH, for which optimizations were performed at 30° grid
points; and several hundred RHF/4-21G structures determined
at 30° grid points in the two-dimensional (φ,ψ)-space of the
model dipeptidesN-acetyl N′-methyl glycine amide and the
alanine homologue.

Figure 7. Comparison of calculated and experimental values of peptide
torsional angles,ω, in the protein crambin. The calculated values ofω
were taken from RHF/4-21G gradient geometry optimizations123

executed on the entire molecule. The experimental values are from the
crystal structure.124 The abscissa is for residue numbers in agreement
with the crystallographic study.124

Figure 8. The functional dependence ofω2 in N-formyl L-alanyl L-alanine amide onφ1 andψ1. The parameter surface shown is obtained when
residue 1 is the moving residue and residue 2 is constrained in theR-helical region.
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The molecular library further contains the requisite programs
for spline function interpolation, standard geometry function
additivity, and gradient surface construction. By selecting a set

of applicable torsional angles as input, the software included
with the database will readily calculate the values of various
backbone bond distances, bond angles of a given system, and

Figure 9. The functional dependence ofω2 in N-formyl L-alanyl L-alanine amide onφ1 andψ1. The parameter surface shown is obtained when
residue 1 is the moving residue and residue 2 is constrained in theâ region.

Figure 10. Distributions ofω-angles found in protein crystal structures121 for (φi, ψi, φi+1, ψi+1) pairs of residues, when residuei is RR while
residuej is eitherRR or δR (top; ar_ar, ar_br, respectively); or when residuei is âS, while residuej is eitherRR or âS. (bottom; bt_ar, bt_bt,
respectively).
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their gradients, at any given point in the conformational space.
A copy of the library on CD is available from the authors on
request.125

Apart from heuristic purposes illustrating the local nature5

of molecular geometries, the database is useful in parameter
developments for empirical molecular modeling procedures,

such as in the clay/organic matter parameter development
program114-116 currently pursued in our laboratory.

Conclusions

The extent of disagreement (Figure 6) between calculated and
experimental region average values ofω2 is an interesting and

Figure 11. The functional dependence ofω2 in N-formyl L-alanyl L-alanine amide onφ2 andψ2. The parameter surface shown is obtained when
residue 2 is the moving residue and residue 1 is constrained in theR-helical region.

Figure 12. The functional dependence ofω2 in N-formyl L-alanyl L-alanine amide onφ2 andψ1. The parameter surface is obtained whenψ1 and
φ2 are varied throughout their respective spaces, while the remaining two torsions are constrained atφ1 ) -165° andψ2 ) +165°.
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perhaps unexpected finding. In our opinion, this result shows
to what extent torsional angles in proteins can be affected by
long-range interactions, which are not present in small model
peptides, like ALA-ALA, but in proteins. Apart fromω2, such
effects must be expected for all backbone torsional angles in
proteins, indicating the essential difficulty of predicting precisely
the positions of torsional minima of proteins, from the minima
of smaller peptides.

The discrepancies in calculated and experimental values of
ω2 are in contrast to the generally good agreement found for
primary structural parameters (Tables 1-4, and Figures 2-4),
and for RHF/4-21Gω angles calculated for crambin as a whole
and their crystal counterparts (Figure 7). In view of Table 5,
we conclude that inclusion of electron correlation and polariza-
tion functions in the MP2/6-311G** calculations does not
produce peptide torsions that are very different from calcula-
tions, such as RHF/4-21G, which are devoid of correlation and
polarization functions. This finding is perhaps somewhat amaz-
ing for a parameter of the kind considered here, and it may
indicate that, in short range, peptide nonplanarity is largely a
matter of steric effects.

On the basis of the considerations above, we conclude that
ab initio calculations of ALA-ALA can provide a good estimate
of the flexibility of ω2 as a function of interactions between its
immediately neighboring residues. In this context, no matter
what kind of functional dependence is considered, the peptide
torsional angle is generally found to be a smoothly varying
function of the associatedφ andψ angles. For many regions of
φ,ψ-space, significant deviations from the planarity of the
peptide group are the rule rather than the exception. Apart from
the general variability, there are also constant patterns. For
example, it seems that deviations from peptide planarity are
always large when one of the associated residues is in the bridge
region (φ ) -90° andψ ) 0°).

Furthermore, from the results presented above, the directional
properties of protein chains can be inferred. That is, conforma-
tion transmission effects directed from residue 1 to residue 2
are different than effects directed in the opposite direction.
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