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To study the nonplanarity of peptide bonds, the conformationally dependent variations of Gé¢olksional
angle,w, (Figure 1), of the central peptide group Miformyl 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-dimensiopady{,¢2,12)
conformational space (Figure 1) defined by’ 48crements along the outer torsiops andy,, and by 30
increments along the inner torsiogs and ¢,. Using cubic spline functions, the grid structures were then
used to construct analytical representations of complete surfaces iof(¢1,11,02,92)-space. Analyses of

the conformational surfaces ef; reveal that the peptide NC torsion is a smoothly varying function of
associate@ andiy 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,d¢hengles 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 defining peptides and proteins in terms of ideal and rigid

In the recent past there has been renewed interest in thegeometrles, such as those proposed by Engh and Fléer

) . . . : use in protein X-ray crystallography. Because of the incom-
nonplanarlty of peptide bonds in pept!des and proteins. On the pleteness of experimental data, ab initio calculations were often
basis of a survey of crystallographic data, MacArthur and q-9 " finf : local
Thorntort found that “substantial deviations from planarity can used ° as an auxiiiary source of information on local geometry
be tolerated with a standard deviation in the anale of uo’to 6 trends in peptides and proteins, with particular interest directed

. ang P toward important backbone parameters, such as th€(@)
about a mean value for the trans peptide that is less thati.180 and Cf)-C' bond lengths and the NC(a)-C' bond anglé’-?
Furthermore, these authéround evidence for a systematic 9 g€

- . The large number of ab initio calculations of peptides
dependence of the NC peptide torsional angley, on the¢- . .
(NEC((I)) andw(C(a)-C’)pb:ckbone torsional gngles in prc?teins pqt_)llshed during the past_decé@jé13demons_trates t_he general
as well as in small peptides. Rick and Cachderived similar utility of quantum chemical procedur_es in studies of such
conclusions from an analysis of protein structures in the protein molecules. In the current paper we will use the results of ab

data bank, demonstrating that the torsional rotation of the peptide'n't'.0 geometry optimizations oR-formyl L-alanyl L-alanine
. - - - amide (ALA-ALA) for a systematic analysis of the dependence
bond is environmentally dependent in that different secondary

. . . - of thew(N—C) torsional angle on th¢ andy angles of adjacent
structure elements in proteins are characterized by different residues. Apart from the context of this paper. the quantitative
degrees of the nonplanarity of. All of these findings are in - AP Paper, q

. e : . structural information on ALA-ALA given below is useful in
contrast with the historic concept of the essential planarity of . - .
the trans peptide group, originally postulated by Corey and parameter refinements for empirical molecular_ modeling pro-
Pauling and generally adopted in peptide conformational cedures. For example, we are currently employing the database

analyses until Ramachandfaecognized the need for nonplanar descrlped l.)elowlm attempts to further develpp m°'eC”"”?f
) o - . dynamics simulation procedures of the adsorption of organic
peptide units in polypeptide chains.

i i i i 16
The variation ofa with ¢ and y is a special example, materials on the clay mineral/aqueous solution interfate:

illustrating the concept obcal geometry The geometries of
peptides are local in the sense that the backbone structural
parameters depend acutely on where a given molecule is inits For the present study we have gener&téd structural
¢, p-space. The concept is in direct contrast to attempts of database consisting of 11 664 ab initio gradient optimized
structures of ALA-ALA. This database was obtained by
* Corresponding author. E-mail: schafer@protein.uark.edu. optimizing the geometries of this compound at grid points in
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Figure 1. Schematic representation dEformyl L-alanineL-alanyl
amide.

its four-dimensionald,11,¢2,12) conformational space (Figure
1) defined by 40 increments along the outer torsiops and
12, and by 30 increments along the inner torsiops andg,.11”
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TABLE 1: Root Mean Square Deviations between the Ab
Initio Bond Lengths (A) and Angles (deg) of ALA-ALA and
Values Found in Crystallographic Data of Proteing

total Bmc

1.75 1.56 1.40 1.75 1.56 1.40
C()—C'(2) 0.020 0.019 0.019 0.020 0.019 0.019
C()—C'(2) 0.021 0.019 0.019 0.021 0.019 0.019
N—C(a)(1) 0.021 0.020 0.019 0.021 0.020 0.019
N—C(o)(2) 0.021 0.021 0.020 0.021 0.021 0.020
N—-C()—C'(1) 3.09 2.93 2.89 3.01 2.90 2.85
N-C()—C'(2) 3.21 3.05 2.96 3.14 3.03 2.93

aTo obtain the rms deviations of this table, sets of backbone torsional
angles éi,vi,¢i+1,%i+1) and their associated backbone bond lengths and
angles were taken from the “total” and “Bmc” protein crystallographic

The smaller step size for the latter was chosen because thealata files reported by Karplid! The bond lengths @&)—C', N—C(a),

properties of the central peptide bond are of particular interest.

At each of the 9x 12 x 12 x 9= 11 664 grid points geometry

optimizations were performed via RHF/4-2%&calculations,

in which the torsionsps, ¥1, ¢2, andy, were kept constant

while all other structural parameters were relaxed without any

constraints. The orientation of the torsioig and w, (Figure

1) was trans in all cases. The specific torsion of interest for

this study isw, because it is the link of two complete residues.
To evaluate the results of the ab initio calculations, an

and the angle NC(a)—C' were then calculated by spline-function
interpolation at each pointp(yi,¢i+1,%i+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 ofd,yi,¢i+1,¥i+1). The crystallographic values were taken
from three selections of proteins, characterized by resolutions of
=<1.75A =156 A, and< 1.40 A.

auxiliary program was written using natural cubic spline .y the crystallographic database established by Kafglus.

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/4-2%G
and MP2/6-311G**¥19120ca|culations. 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

In some of the comparisons described below, region average
values are involved. To determine region average values, regions
in ¢1,11-space were defined by a 1§rid, yielding the region
boundaries shown in Tables 2 to 4. For each region, experi-
mental average parameter values were calculated from crystal-
lographic parametet&in (¢i, ¥i, ¢ i+1, Yi+1) protein subunits
which were ordered by region in accordance with their torsional
angles; andy;. Calculated region aeragesare for ab initio
parameter values, which were calculated at the crystallographic
(i, Wi, di+1, Yiv1) torsional angles by spline function interpola-
tion of the RHF/4-21G database of ALA-ALA. To determine

calculating complete surfaces of the torsional dependence ofaverages, the calculated parameters were ordered bydtheir

w2 ON ¢1, Y1, ¢2, @andy,. To present the properties of four-
dimensional surfaces in a two-dimensional medium, the con-
formational dependence af, 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 residueand to the latter, as thmaoving residue

The termgesidue 1(with w1, ¢1 andy1) andresidue 2(with
w2, ¢2, and y,) are used in agreement with Figure 1. The
shorthand notation “Phipsi_xx", wherei = 1 or 2, is used to
label graphs of surfaces of; that are obtained whefy andy;
vary, i.e., residué is the moving residue, while residjiéwith
i = ) is the constrained residue, with torsional anggsand
yj, 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-handedx-helical regions,or (=ar), o (=al),
for the extended formsjs (=bt), and the bridge regionr
(=br), respectively. In agreement with a convention generally
accepted in protein crystallograp},we have selected =
= b5° for al, ¢ = —75° andy= —45° for ar,¢p = —165°, and
y = 165 for bt, and¢p=—90° andy=0° for br.

By the termcalculatedvalueswe refer to all parameter values
(such as N-C(a), C(a)—C', N—C(a)—C', or wp) which were
calculated at specifi@s, 11, ¢2, andy, torsions by spline
function interpolation of the RHF/4-21G database of ALA-ALA.
When calculated values are compared with experimental

andy; 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 a€ ()
and C@)—C', the rms deviations are on the order of 0.02 A;
and 3 for the bond angle, NC(a)—C'.

Calculated and experimental region average values are
compared in Tables-24 for regions with a population of 20
residues, as found in the protein database by KafgfuBor
N—C(a), C()—C', and N-C(a)—C', the rms deviations
between calculated and experimental region average values are
0.008 A, 0.006 A, and 1.FQrespectively.

In Figures 2-4, the calculated and experimental region
averages are compared. As found befSre¢here is close
correlation for N-C(o))—C', with well-known systematic devia-
tions in thea-helical ands-extended regions (previousi$?
termed helix-contraction angtexpansion), whereas calculated
and experimental trends in bond lengths, such asCi),
C(a)—C', typically do not agree.

It is possible to expect that-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 beforél” were re-optimized using MP2/

parameter values, as in Table 1, the latter were always taken6-311G** gradient geometry optimization. Two of the 48 HF/
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TABLE 2: Average Values of Crystallographic and TABLE 3: Average Values of Crystallographic and
Calculated N—C(o)) Bond Lengths(A) of Residue 1 of Calculated C(a)—C Bond Lengths(A) of Residue 1 of
ALA-ALA in Various Regions of Peptide ¢/iy-spacé ALA-ALA in Various Regions of Peptide ¢/ip-spacé

region X-ray calc diff pop region X-ray calc diff pop

—165-150] [165, 180 1.474  1.455 0.019 30 1[-165-150][165,180]  1.523  1.527 —0.004 30
—150-135][165,180] ~ 1.471 1455 0016 28  2[-150-135][165,180] 1.526 1526  0.000 28
—135,-120] [165, 180 1.468  1.456 0.013 21 3[—135~120] [165, 180] 1.527 1.529 —0.001 21
—165,-150] [150, 165 1474 1.456 0.018 46 4[-165~-150] [150, 165]  1.528  1.525 0.003 46
—igg:—ﬁg 128’ igg %%g i-igg 8-81‘2‘ g; 5[-150-135][150, 165] ~ 1.524 1525 —0.002 67
101081 oo 10 Taes  1ame 0007 as 6 [-135-120][150, 165]  1.528 1526 0.002 67
CTe0— 1351 a5 150 1431 1458 0012 a3 7[-120-105] [150, 165]  1.529  1.529 0.000 45

; : : : : 8[-150-135][135,150]  1.528  1.525 0.003 44

~135-120][135,150] ~ 1470 1458 0012 85
10[~120-105][135,150] ~1.469 1458 0011 69  9[-135-120][135 150] = 1525 1526 —0.002 85

11 [-105,-90] [135, 150] 1.468 1.458 0.010 55 10 [-120,-105] [135, 150] 1.527 1.528 -0.001 69
12 [-150-135][120, 135]  1.466  1.462 0.005 27 11[-105,-90][135,150] =~ 1.532  1.529 0.002 55
13[-135-120][120,135] 1.470  1.462 0.008 78 12[-150-135][120,135] ~ 1.524  1.525 -0.001 27
14[-120,-105] [120, 135]  1.465  1.462 0.003 81 13[-135-120] [120,135] 1.528  1.527 0.001 78
15[-105,—90][120, 135]  1.470  1.461 0.008 79 14[-120-105] [120,135] 1.529  1.529 0.000 81
16 [-90, —75] [165, 180 1.473  1.453 0.020 29 15[-105,-90][120, 135]  1.529 1530 —0.001 79

OCO~NOUITRAWNE

17 [-75,-60] [165, 180 1.471  1.454 0017 21 16 [-90, —75] [165, 180] 1530 1534 —0.004 29
18[-105,—90] [150,165] = 1.466  1.455 0.011 23 17 [-75,—60] [165, 180] 1527 1.536 -—0.009 21
%g —gg,—gg 128’ %gg %-3%3 i-igg 8-8}2 gé 18[-105,—90] [150, 165] ~ 1.539  1.530 0.009 23
21 oo 53] t1ae 10 Taes  Tas 0o0s o4 19 [_90,_75] [150, 165] 1534 1532 B 0.002 51
375 a1 1138 150 197> 1ams 00i4 114 20 [-75,—60] [150, 165] 1529 1533 —0.004 65
; ; : : : 21[-90, —75] [135, 150] 1529 1531 —0.002 54

23[~60,—45] [135, 150 1470 1459 0010 48 551 75" g0[135 150] 1528 1534 —0.006 114

25l-7560|[120.135] 1471 1461 0009 &5 2316045135150 1527 1536 —0.008 48
26 [-60, —45] [120, 135 1.470 1.463 0.008 31 24 [-90,—75] [120, 135] 1.527 1.532 -0.004 48
27 [-135-120] [105,120]  1.471  1.465 0.006 35 25[-75,-60][120, 135] 1534 1535 -0.002 58
28 [-120-105] [105,120]  1.470  1.465 0.005 43 26 [-60, —45] [120, 135] 1528 1.538 —0.010 31
29 [-105,—90] [105, 120]  1.477  1.465 0.012 49 27[-135,-120] [105, 120] =~ 1.533  1.528 0.005 35

30[—120,~105] [15, 30] 1.467 1.464 0.003 27 28 [-120,-105] [105, 120] 1.531 1.530 0.002 43
31[—105,—-90] [15, 30] 1.466 1.463 0.002 21 29 [-105,—90] [105, 120] 1.531 1.531 0.000 49
32[—105,—-90] [0, 15] 1.469 1.462 0.007 43 30 [-120,-105] [15, 30] 1.526 1.536 —0.010 27
33[-90,~75] [0, 15] 1459 1463 -0.004 28 31[-105,—90] [15, 30] 1522 1537 —0.015 21
gg _152'_%%5][[_1155' (%] Hgg ﬁgg 8-885 g% 32 [-105,-90] [0, 15] 1.525 1.535 —0.010 43
- " 9 : : : 33[-90,-75] [0, 15 1.526 1537 -0.011 28
36 [-90,~75] [-15, O] 1.466  1.463 0.003 80 [_ _ i _ ] _
34 [-120~105] [-15, 0] 1522 1531 -0.009 22
37 [-75,—60] [—15, 0] 1.471 1.468 0.003 58 _ _ _ _
35 [-105,—90] [—15, 0] 1522 1532 -0.011 52
38[-90,-75][-30,-15] 1.470  1.463 0.007 48 Bl L) B
e L 36 [-90, —75] [~15, 0] 1524 1534 -0.010 80
39 [-75,—60] [-30,—15] 1.472 1.469 0.003 223
40[-60,—45][-30,—15] 1468 1469 —0.002 41 37[-75,-60] [-15, 0] 1521 1.534 -0.014 58
42 [-75,—60] [~45, —30] 1.473 1.469 0.003 603 39 [-75,—60] [-30,—15] 1.523 1.532 —0.009 223
43[-60,—45] [-45,—30]  1.471  1.469 0.002 248 40[-60,—45][-30,—-15] =~ 1.523 1533 —0.011 41
44[-75,—60] [-60,—45]  1.472  1.470 0.003 200 41[-90,-75][-45,-30] = 1.525 1529 —0.004 43
45 [-60,—45] [-60, —45] 1.469 1.470 —0.001 149 42 [-75,—60] [-45,—30] 1.526 1.530 —0.003 603
46 [45, 60] [30, 45] 1.465 1.473 —0.008 22 43 [-60, —45] [-45,—30] 1.525 1.531 —0.006 248
47 [60, 75] [15, 30] 1.464  1.471 —0.007 23 44 [-75,—-60][-60,—45] 1526 1.530 —0.004 200
* Redi b 4 boundaries of rediong/i resid 45[-60,—45][-60,—45] 1529  1.531 —0.002 149
1 €gion num ?rs and 0.“”,,""%5 Obreg'g'”i 'P'Sgace‘t’] residue 46 [45, 60] [30, 45] 1523 1539 —0.016 22
are given in column “region”. The boundaries of each region are 47 r55’ 75] [15, 30] 1517 1537 —0.020 23
those of a 15 grid and are defined by the lower and upper values,
Piower aNd Puppes respectively, ofpy, given in the first bracket of each 2The symbols of Table 2 were used, referring taa={C. The
line of column “region”, and the lower and upper valuggwer and population-weighted rms deviation is 0.006 A for all regions listed in

Yuppes respectively, oy, given in the second bracket. That is, each this table.
region defines a rang&pupper #1= Piower, aNd Pupper™ Y1= Yiowen
respectively. Region numbering is arbitrary, starting with/hegion, Y1 = —58.5, ¢ = 74.5, andy, = —67.8. For most other

proceeding toog and ending aw. Note that only regions with @ gtryctures, the,y torsional angles of the RHF/6-31G* energy
population of>20, as found in the Bmc database of ref 121, were minima are within a few degrees of the corresponding angles

included in the analysis; all others were omitted. Region populations . x . .
are given in column “pop’. For each region, average experimental " the MP2/6-311G** geometries. Nevertheless, in some cases

parameter values were calculated (col. “X-ray) from-G{a) bond relatively largeg,y shifts of ZQ to 30° are found.

lengths, which were taken from crystal structures and ordered by region  Table 5 presents a comparisonwf-angles taken from the

in accordance with their associated torsional angleand y1. The MP2/6-311G** and RHF/4-21G structures of ALA-ALA. The
corresponding region averages for ab initio bond lengths were obtainedgraphic representation in Figure 5 documents the similarity of
for values calculated at the crystallographic torsional angbesiyi, the two sets.

¢2, ¥2) and are given in the column “calc”. Differences between (c) Torsional Dependence ofs, Angles. When calculated

experimental minus ab initio values are given in the column “diff". . .
The rms deviation for all regions listed in this table (population and experimental backbone bond lengths are compared with

weighted) is 0.008 A. All crystallographic values were taken from the each other, the overall rms deviations are relatively small, i.e.,
Bmc set of molecules given by Karpli&,with resolution< 1.56 A. 0.008 and 0.006 A for the NC(a)) and Cf)—C' bond lengths,
respectively, but individual region average bond lengths (Tables
6-31G* minima,ee anded 117 were found not stable in MP2- 2 and 3, and Figures 2 and 3) disagree on the order of 0.02 A.
space. During the MP2/6-311G** geometry optimization they Closer inspection of Figure 2 seems to suggest that the
converted to the single minimum listed in Table Wat= 73.8, agreement for NC(a) is good in helical regions (#3040) but
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TABLE 4: Average Values of Crystallographic and 1.480 1020
Calculated N—C(a)—C Bond Angles (deg) of Residue 1 of .
ALA-ALA in Various Regions of Peptide ¢/iy-spacé 1475 | i 520
region X-ray calc diff pop : '
1[-165-150] [165,180]  108.56  106.75 1.80 30 1470 7 | 620
2[-150~135][165, 180]  109.53  107.25 228 28
3[—135,-120] [165, 180] 109.10 107.80 1.30 21 1.465 7
4[-165~-150][150, 165]  108.02  106.63 1.39 46 1 1 420
5[—150,-135] [150, 165] 108.76  107.12 1.64 67 1.460 +
6 [-135-120] [150, 165]  109.46  107.64 1.82 67
7[-120-105][150, 165] ~ 109.53 108.34 119 45 1455 1 220

8[-150-135][135,150]  108.49 106.63  1.86 44
9[-135-120][135,150]  109.30 107.11 219 85
10 [-120-105] [135,150] 108.81 107.85  0.96 69 1450
11[-105,-90] [135, 150]  109.57 108.71  0.86 55 0
12 [-150,-135][120, 135]  107.73 106.08 165 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 Figure 2. Region average values offC(a)) bond lengths in proteins.

15 [~105,—90] [120, 135] 108.53 108.08 0.45 79 The experimental and calculated values (left-hand ordinate), region
16 [-90, —75] [165, 180] 109.80 109.41 0.38 29 populations (right-hand ordinate), and region numbers (abscissa) of

17 [-75,—60] [165, 180] 110.14  109.67 0.47 21  Table 2 are shown.
18 [-105,—90] [150, 165]  109.22  108.96 026 23
19 [-90,—75] [150, 165] 110.25 109.76 0.50 51 1.540 1 1020
20 [-75,—60] [150, 165] 110.28  109.96 032 65 ] ,

21 [-90,—75] [135, 150] 110.36  109.49 0.86 54
22 [-75,—60] [135, 150] 110.04  109.64 041 114
23 [-60,—45] [135, 150] 11051  109.65 0.86 48
24 [-90,—75] [120, 135] 109.04  108.96 0.09 48 1530 |
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 1525 |
28 [-120-105][105,120] 106.41 106.90 —0.49 43
29 [-105,—90] [105, 120]  106.67 107.53 —0.86 49

20

1.535 + 820
T 620

T 420

1.520 1

30 [-120,-105] [15, 30] 112.14 112.76 —0.62 27 220

31 [-105,—90] [15, 30] 113.75 11351 024 21

32 [-105,—90] [0, 15] 113.09 11360 —0.52 43 1515 20
33[-90,-75] [0, 15] 113.66 11459 —0.93 28 0

34 [-120,-105] [-15, 0] 114.89  113.26 1.62 22

35 [~105,—90] [—15, 0] 11355 113.32 023 52 ——Calculated = X-ray . Population’

gg {_gg _gg} {_ig 8} ﬁggi ﬁigg _(1)12 gg Figure 3. Region average values of @—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.

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 —1.20 603 116 .1 1020

43 [-60, —45] [-45,—30] 112.15 112.87 -0.72 248 X ;

44 [-75,—60][-60,—45]  110.73 111.68 —0.95 200 114 | 820

45 [-60, —45] [-60, —45] 111.53 112.02 -0.50 149

46 [45, 60] [30, 45] 112.02 111.76 0.26 22 12 1

47 [60, 75] [15, 30] 115.47  113.27 220 23 1 620
aThe symbols of Table 2 were used, referring te {c)—C. The 10 1

population-weighted rms deviation is 1°1f@r all regions listed in this ; 1 420

table. 108 +

poor elsewhere, whereas just the opposite is true (Figure 3) for 106 + . 220

C(a)—C'. If these trends are not random but systematic, we e e aem " ai

have currently no explanation to offer. We prefer to think that 104 N e i T 20

the trends described above are not systematic, because similar 0 10 20 30 40 50

discrepancies in bond lengths were observed b&faad were —— Calculated --x- X-ray - Population

rationalized in terms of solid-state effects; that is, it is well- _. . .
known among crystallographé?dthat effects of temperature Figure 4. Region average values of #C(a)—-C' bond angles in
. ' proteins. The experimental and calculated values (left-hand ordinate),

crystal structure, and packing and molecular volume effects are egion populations (right-hand ordinate), and region numbers (abscissa)
readily detected in bond lengths but not bond angles, which of Table 4 are shown.
depend mainly on intramolecular properties. Indeed, it is seen
from Table 4 and Figure 4 that, in the case of the@(a)—C' the rms values indicate considerable disagreement. The con-
bond angles, calculated and experimental trends in regionsiderable disagreement between individual angles is documented
average values are in good agreenardthe two sets of values in Figure 6; the rms deviation fow, in (¢, ¥i, Gi+1, Yit1)
are close, as indicated by the rms deviation of 1.10 subunits is 4.8 when the residues are ordered in regions in

The case of the peptide torsiom,, deserves special accordance with the values @f andy;; and 6.4 when they
consideration. When the calculated and experimental regionare ordered in accordance with the valuegef andy;.;1. Note
average values ab, are comparedyoththe relative trends and  that the overall range of parameter variations both #\o) —
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TABLE 5: Relative Energies (kcal/mol) and Torsional
Angles @1, ¥1, 92, Y2, and w2 in deg) for 47 MP2/6-311G**
Optimized Structures of N-Formyl L-alanyl L-alanine Amide?

energy 03] Y1 P2 Y2 w2IMP2 w2/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
2217 —81.84 81.93 —146.18 17.73 195.94 189.76
2399 —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
2559 —-160.11 162.65-158.35 169.17 173.43 17492
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
4.628 73.82 —58.51 7447 —67.77 177.01 177.71
4.705 73.69 —58.07 7477 —46.07 176.56 174.71
4818 —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
4901 -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 17176 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 19452 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 18441 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

aEnergies (kcal/mol) are listed in column “energy” and are relative
to —663.17553265889 Hartree. Values listed in colum2/MP2" are
the w2 angles (degree) obtained from the MP2/6-311G** geometry
optimizations. In column®2/HF”, the HF/4-21Gw?2 angles are listed
which were calculated at the torsional angles given in colurgn “
“y1”, “ @2, and, “yo.

C' andw; are~10°, but the rms deviation is 1°Xor the former
and nearly 5 for the latter.
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Figure 5. Comparison of RHF/4-21G and MP2/6-311G** calculated
w3, angles (Table 5) ilN-formyl L-alanineL-alanyl amide. The abscissa
is for conformation numbers following the sequence of Table 5.
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Figure 6. Comparison of calculated and experimental region average
values of peptide torsional angles, The experimental and calculated
values of w, (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.

the experimental valué3? Excluding the torsion of the terminal
residue, which is usually subject to external effects, the rms
deviation forw in the case of crambin is £.6This value is of

the same magnitude as the rms deviatiorufppresented 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 valuessfor
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 calculationsaf in ALA-

ALA as a source of reasonable estimates of the conformational

From this result, one might derive the impression that RHF/ Effects oineighboringresidues on the nonplanarity of the peptide

4-21G calculations cannot provide any useful information on

the conformational properties of peptide bonds. However, this

link.
For this purpose, then, to make use of the RHF/4-21G ab

result really represents an interesting and somewhat unexpectednitio database for ALA-ALA, a large number of different
finding. That is, the actual values of peptide torsions in proteins functional dependences of, can be selected for presentation,
cannot be simulated by those obtained from smaller model but only a limited documentation can be considered here.

systems, such as ALA-ALA, because of long-range interaction,

In Figure 8, the surface phil_psil_ar is presented. The

which are present in the former but not the latter. This thesis is changes i, seen in Figure 8 are those that are obtained when
supported by the fact that RHF/4-21G geometry optimizations residue 1 is the moving residue and residue 2 is constrained to

performed on the entire protein crambin yielded peptide
torsiong23in significantly better agreement than Figure 6 with

the a-helical position. Comparing with Figure 9, it is seen that
the functional dependence @% on ¢; andy; is very different



Nonplanarity of Peptide Bonds J. Phys. Chem. A, Vol. 104, No. 42, 2008641

200 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 psil_phi2_bt is shown. To
produce that surfacej; and ¢, were varied throughout their
respective spaces, while the remaining two torsions were
constrained at; = —165° and y, = +165°. Again, w; is
obtained as a smoothly varying function of associated torsional
angles. The large deviations @b from 180C in this case (Figure
12) are particularly noteworthy.

(d) Library of Ab Initio Molecular Structural Data. The

190 +

180 1

170 +

160 e e —— geometries calculated for this study have been added to a
0 10 20 30 40 50 growing library?5 of molecular structures, which we obtained
[[—ew = abmic | in the recent past by ab initio geometry optimizations of basic

organic functional groups. As in the current study, most of the
Figure 7. Comparison of calculated and experimental values of peptide structures deposited in these database were obtained by RHF/
torsional anglesw, in the protein crambin. The calculated valuesvof 4-21G geometry optimizatiordd® which previous experience

were taken from RHF/4-21G gradient geometry optimizafihs  has shown to be rather accurate for molecules of the kind
executed on the entire molecule. The experimental values are from theconsidered here

crystal structuré?* The abscissa is for residue numbers in agreement O
with the crystallographic study?* In addition to the more than 11 600 structures of N-formyl

L-alanylL-alanine amide described above, the library currently
when residue 2 is locked into a different region; such asfthe contains some 468 structuresmehexane, spanning the entire
region. Such results are consistently found: the local values of three-dimensional conformational space of that molecule.
w, are acutely dependent on the conformational states of theFurthermore, it contains the RHF/4-21G optimized structures
two residues that it connects. Similar trends are established byand conformational geometry functions of some fifty-&—
the experimental data. For example, it is seen from Figure 10 C—Y systems determined at 30ntervals of their respective
that different distributions ofv-angles are found in crystal one-dimensional torsional space; the complete set of several
structures fordi, i, ¢i+1, Yi+1) pairs of residues, when residue  thousand structures determined for the two-dimensioraCx
i is ar, while residug is eitherag or dg; or when residué is C—C and C-C—C-Y torsional space of twenty eight-XC—

Ps, while residuej is eitherog or fs. In all cases, different ~ C—C—Y systems, where X,¥ CH3, F, C, OH, NH2, COH,

distributions result when a conformational change occurs in one and COOH, for which optimizations were performed at §fid

of the two residues but not in the other. points; and several hundred RHF/4-21G structures determined
In Figure 11, the surface phi2_psi2_ar is presented. Comparedat 30 grid points in the two-dimensionab(y)-space of the

with that of phil_psil_ar (Figure 8), Figure 11 shows that the model dipeptidesN-acetyl N'-methyl glycine amide and the

conformational effects, by residue 1 an, differ from those alanine homologue.

150
100
phil_psil_ar
50 > 194,
[ ] <194.
B <192
> 0 B <138
Bl <137
Y B <184
Bl <182
Bl <179
-100 Bl <177
Bl <174
Bl <172
—150¢

-150 -100 -50 0 50 100 150
)

Figure 8. The functional dependence af in N-formyl L-alanyl L-alanine amide orp; andi:. The parameter surface shown is obtained when
residue 1 is the moving residue and residue 2 is constrained in-tiedical region.
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1501
100}
phil_psil_bt
507 > 189.
[ | <189.
B <1387
= 0 B <185
B <183.
_50 I <18l
Bl <17
Bl <17
-100 Bl <17
Bl <174
Bl <172
—-150¢

-150 =100 -50 0 50 100 150

D

Figure 9. The functional dependence af in N-formyl L-alanyl L-alanine amide orp; andy:. The parameter surface shown is obtained when
residue 1 is the moving residue and residue 2 is constrained ifi tagion.
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Figure 10. Distributions ofw-angles found in protein crystal structut®&gor (¢i, i, ¢i+1, ¥i+1) pairs of residues, when residiés ag while
residuej is eitherar or or (top; ar_ar, ar_br, respectively); or when residus fs, while residuej is eitherog or fs. (bottom; bt_ar, bt_bt,
respectively).

The molecular library further contains the requisite programs of applicable torsional angles as input, the software included
for spline function interpolation, standard geometry function with the database will readily calculate the values of various
additivity, and gradient surface construction. By selecting a set backbone bond distances, bond angles of a given system, and
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150¢
100
phi2_psi2_ar

50¢ > 220.
B <220.
B <214
> 0 B <207
B <200
-50+t Bl <193
B <186
B <180.
=100t Bl <17
B <166
Bl <15.

—150¢

-150 -100 =50 0 50 100 150
D

Figure 11. The functional dependence @k in N-formyl L-alanylL-alanine amide orp, and,. The parameter surface shown is obtained when
residue 2 is the moving residue and residue 1 is constrained in-tiedical region.

150
100 |
psil_phi2_bt
50¢ >247.
] <247
B <234
= 0 B <221
B <208
50! B <195
Bl <182
B <169
—-100¢} Bl <156
Bl <143
B <130
=150

-150 =100 -50 O 50 100 150

O}

Figure 12. The functional dependence @f in N-formyl L-alanylL-alanine amide ok, andy.. The parameter surface is obtained whgnand
¢, are varied throughout their respective spaces, while the remaining two torsions are constrgined-at65 andy, = +165°.

their gradients, at any given point in the conformational space. such as in the clay/organic matter parameter development
A copy of the library on CD is available from the authors on prograni’*-116 currently pursued in our laboratory.
request?®

Apart from heuristic purposes illustrating the local nature

of molecular geometries, the database is useful in parameter The extent of disagreement (Figure 6) between calculated and
developments for empirical molecular modeling procedures, experimental region average valuesugfis an interesting and

Conclusions
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perhaps unexpected finding. In our opinion, this result shows (17) Barone, V.; Fraternali, F.; Cristinziano, P.NMacromoleculed99Q
; ; ; 23, 2038.
ro what extent tors!onal ar;}glr;s in proteins can _be aff(TICteddb)l/ (18) Beachy, M. D.: Chasman, D.: Murphy, R. B.: Halgren, T. A.
ongjrange. Interactions, w |(:: are nOt present In SMall moae Friesner, R. AJ. Am. Chem. Sod.997 119, 5908.
peptides, like ALA-ALA, but in proteins. Apart frorw,, such (19) Bthm, H.-J.J. Am. Chem. S0d.993 115 6152.
effects must be expected for all backbone torsional angles in g% gzgm, :j groge, g gom%ﬁt. Chgni%%i 1161 314;6‘1.29
H H H : : HIq i~ti : m, R.-J.; broae, . AM. em. S0 .

phrotelns.,.lndlcatlng the efse.nt.lal difficulty qf predlctlnﬁ preq;ely (22) Boon, G.; De Proft, F.; Langenaeker, W.; Geerling<ifem. Phys.
the positions of. torsional minima of proteins, from the minima | ot 1998 295 122.
of smaller peptides. (23) Bour, P.; Keiderling, T. AJ. Am. Chem. Sod.993 115 9602.

The discrepancies in calculated and experimental values of _ (24) Broda, M. A;; Rzeszotarska, B.; Smelka, L.; Rospenk]Neeptide
> are in contrast to the generally good agreement found for RESSACLIO 50, 342.

2 g Y9 g ; (25) Cerda, B.; Hoyau, S.; Ohanessian, G.; Wesdemiotis]. Gm.
primary structural parameters (Tables4, and Figures 24), Chem. Soc1998 120, 2437.
and for RHF/4-21Gv angles calculated for crambin as a whole (26) Chakraborty, D.; Manogaran, 8.Phys. Chem. A997 101, 6964.
and their crystal counterparts (Figure 7). In view of Table 5, gg SEZQ?,; % gj"d&raR'sﬁgé’figg‘aysz'gﬁhSQggg2 96, 1654.
we concluple thqt inclusion of electron correla‘upn and polariza- (29) Cheam. T. CJ. Mol. Struct.1992 274 289.
tion functions in the MP2/6-311G** calculations does not (30) Cheam, T. C.; Krimm, Sl. Mol. Struct. (THEOCHEM}.99Q 206,
produce peptide torsions that are very different from calcula- 173.
; ) i i i (31) Chesnut, D. B.; Phung, C. ®hem. Phys. Lett1991, 183 505.
tions, such as RHF/4-21G, which are devoid of correlation and =58 < F0U™ s UGS B iman ‘B AL Mol, Struct 1097
polarization functions. This finding is perhaps somewhat amaz- 395 11
ing for a parameter of the kind considered here, and it may (33) Crisma, M.; Valle, G.; Formaggio, F.; Toniolo, C.; Bagno, J.

indicate that, in short range, peptide nonplanarity is largely a Am. Chem. Sod997 119, 4136.
matter of steric effects. (34) Cui, C.; Kim, K. S.J. Phys. Chem. A999 103 2751.

. . . 35) Dive, G.; Dehareng, D.; Ghuysen, J. 1.Am. Chem. Sod.99
On the basis of the considerations above, we conclude thatllé 2)548. 9 Y 4

ab initio calculations of ALA-ALA can provide a good estimate (36) Endredi, G.; Liegener, C.-M.; McAllister, M. A.; Perczel, A,; Ladik,
of the flexibility of w, as a function of interactions between its J';(g%zgﬁglrih I gJ-P'\g?(':- me:t-l\(/liﬁgtgr"'fﬂ'\’%ggési?ﬁal-e - Ladik
. . . . . . I, G, zel, A.; i , M. A, , G L 1K,
|mmed_|ately nelghborlng residues. I_n this context, o matter ;.'cqi madia I GJ. Mol. Struct. (THEOCHEMYL997, 391, 15.
what kind of functional dependence is considered, the peptide (38) Faerman, C. H.; Price, S. I. Am. Chem. S0d.99q 112, 4915.
torsional angle is generally found to be a smoothly varying  (39) Fang, D.-C.; Fu, X.-Y.; Tang, T.-H.; Csizmadia, |. 5Mol. Struct.
i i ; (THEOCHEM) 1998 427, 243.

function of th? as.somataﬁ af‘d?/’ angles. For many regions of (40) Ferriadez, B.; Ros, M. A.; Carballeira, LJ. Comput. Chen1991,
¢, yp-space, significant deviations from the planarity of the ,%7g
peptide group are the rule rather than the exception. Apart from  (41) Fischer, S.; Dunbrack, R. L., Jr.; Karplus, M.Am. Chem. Soc.
the general variability, there are also constant patterns. For1994 116 11931.
example, it seems that deviations from peptide planarity are ,_(42) Frau, J.; Donsos, J.; Munoz, F.; Blanco, F.Bipolymers199§
alw_ays large when one of the associated residues is in the bridge 43) Frey, R. F.; Coffin, J.; Newton, S. Q.; Ramek, M.; Cheng, V. K.
region ¢ = —90° andy = 0°). W.; Momany, F. A.; Schier, L. J. Am. Chem. S0d.992 114, 5369.

Furthermore, from the results presented above, the directional g‘lgg gg[maesf_bDi:Ri- Pé‘y:-mihi\m- g%?ztn 121 é%‘:]%tt.no 7. Phvs

. . . . . vasio, F. L.; Guarna, A.; Giolitti, A.; ino, V. Phys.

properties o_f protein chalns_ can be |nferred_. That is, com_‘orma— Chem. B200Q 104, 1108.
tion transmission effects directed from residue 1 to residue 2  (46) Gould, I. R.; Cornell, W. D.; Hillier, I. HJ. Am. Chem. S0d994

are different than effects directed in the opposite direction. 116 9250.
(47) Gould, I. R.; Hillier, 1. H.J. Chem. So¢cChem. Commuri993
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