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Searching for the simplest structural units to describe 
the three-dimensional structure of proteins 

by ANDRAS PERCZEL 
Department of Organic Chemistry, Institute of Chemistry, 

Eotvos University, Budapest, Hungary 

and IMRE 0. CSIZMADIA 
Department of Chemistry, University of Toronto, Toronto, 

Ontario. Canada M5S 1Al 

Ab inifio computations have been carried out during the past several years on 
diamides of single amino acids (HCO-NHCHZ-CONH2 where R=H (glycine), 
-CH3 (alanine), -CH(CH3)2 (valine) and -CHIOH (serine)) exploring all possible 
backbone and side chain conformations. Selected conformations were studied in our 
laboratory on threonine (R=CH(CH3)OH), cystein (R=CHrSH) and phenyl- 
alanine (R=CH2-C5&) diamides. Tri-, tetra-, penta-, hexa- and hepta-amide 
systems of poly-l-alanine (H-(C0NH-CHCH3-CONH).-H 2 =s n S 6) were also 
investigated at selected backbone conformations. All these studies confirmed the 
results of multidimensional conformation analyses: the ith amino acid residue in a 
polypeptide has a maximum of nine (9) discrete backbone conformations. These 
structures correspond to nine conformational centres on the 2D-Ramachandran 
map. On the basis of this finding, it can be shown that the folded secondary structure 
of any protein with known internal coordinates, can be described in terms of these 
nine discrete conformation types. 

1. Introduction 
To find better enzyme inhibitors or more selective drugs and biological ligand 

molecules, nowadays, gene technology provides an indispensable tool, called ‘point 
mutation’, for scientists. These mutation experiments involve the exchange of an amino 
acid residue with a more suitable candidate. Such a ‘replacement’ of the side chain 
functional group at the targeted sequential position, may affect not only the folding of 
the main chain, but also the conformation of the sequentially neighbouring amino acid 
residues [l-101. Even if the individual structural data (bond lengths, angles and 
torsions), indispensable for quantitative structure determination, are known for the 
original protein (e.g. from X-ray diffraction experiments), the conformational 
consequences of such a point mutation are hardly predictable. Although the relative 
orientation of the backbone and the side-chain atoms determine the global structure of 
a peptide or a protein, we know very little about the conformers involved in a folding 
process [ll-191. 

Traditionally, those sections of a protein main-chain where any type of ‘pattern’ is 
observed, are usually called as typical or ‘ordered’ secondary structures. The remaining 
portions of a protein are characterized as non-typical or ‘unordered’ or ‘disordered’ 
structures. (For these ‘unordered’ sequential units the misleading ‘random confor- 
mation’ terminology was often used in the past.) 

The ordered conformations themselves can be subdivided into ‘periodic’ and 
‘aperiodic’ conformations. The most common conformations built up from periodic 
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I28 A. Perczel and 1. G. Csizmadia 

Secondary structure of polypeptides 

7. 
Typical (ordered) Non-typical (disordered) 
conformation conformation 

$------# 
Periodic or Aperiodic or 
homo- hetero- 
conformers conformers 

3,,,-helix 
a-helix (3.6,,-helix) 
n-helix (4.4,6-helix 
Ppleated sheets Vlll type pturn 
polyprolin I1 
111 (and 1 1 1 ' )  type fi-turns 

I (and 1') type Pturn 
II (and 11')  type /%turn 
VI a (and VI b) type pturn 

Scheme 1. 

Table 1 .  The nine different B-turn types previously assigned in globular proteins. 

Backbone torsional angle values 
B-turn 
type 91 *I 92 * 2  Conformation type(s) 

I - 60 
I' 60 
ZI - 60 
11' 60 
111 - 60 
UI' 60 
V1 a - 60 
VIb -120 
VlII - 60 

- 30 
30 

120 
- 120 
- 30 

30 
120 
120 

- 3 0  - 

- 90 
90 
80 

- 80 
- 60 
60 

- 90 
- 60 
- 120 

0 
0 
0 
0 

- 30 
30 
0 
0 

120 

subunits are the a-helices, 0-pleated sheets and the poly-prolin I1 secondary structures 
[l I]. These units consist of 4 and II/ values in a monotonically repeated form. In an 
a-helix C#J = - 54" and $ = - 45" for all amino acid residues within a relatively small 
torsional angle tolerance. These torsional angle variables are observed around 
4 == - 150° and II/ = + 150" for 0-pleated sheets [20-251. In a polyprolin I1 secondary 
structure incorporating k successive amino acid residues the main chain conformation 
can be labelled as [4 = - 60" and rl/ = + 12O"lk. The (a&, (PL),, and (EL),, symbols can 
be introduced for the description of a-helices, 0-pleated sheets and poly-L-proline I1 
secondary structural elements, respectively, emphasizing the 'homo-conformer' 
character of these polymers. Most of the hairpin conformations or /?-turns consist of 
two different types of diamide units. Consequently, most of these secondary structures 
are 'ordered', but 'aperiodic' conformations. For example, to describe accurately the 
relative orientation of the three consecutive amide groups in the most familiar 0-turns 
1261, the definition of the 4; + I ,  II/; + 1, 4i + 2 and II/; + 2 torsional angles is required. (For 
these backbone torsional angle values, associated with the different 0-turn types see 
table 1.)  

In both rigid and non-rigid molecules, composed from n atoms an explicit 
knowledge of the 3n-6 internal coordinates is required to determine their structure. 
Although some of these internal coordinates are systematically monitored during 
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Searching for structural units 

E {  4 2 ,  $2, 43, $3 1 

129 

Scheme 2. 

Analysing the architecture of proteins it is reasonable to accept that the partitioning to 
the smallest structural unit is based on diamide systems which may mimicked by 
HCO-Xrx-NH2, CH3CO-Xrx-NHCH3, etc. This approach results in the following 
partitioning of the overall conformational potential energy function: 

E(41, 11/11 

E{  4 2 .  *21 I 

From the early sixties these ‘Ramachandran type’ [27] potential energy surfaces 

Searching for structural units 129 

Scheme 2. 

conformation analyses, the calculation of a minimal energy conformation involves the 
relaxation of all the required 3n-6 internal coordinates. Investigating the conformational 
properties of a peptide molecule, most frequently the variation of specific torsional 
angles (4;. I);, wi, x:, x;, etc. (scheme 2)  is of a primary interest, where the 4 and + 
variables describe the main-chain conformation of a polypeptide. 

When modelling a larger peptide unit, its backbone conformational energy 
hypersurface ( E  = E [ ( x ) ] )  containing k amino acid, (where x = (41, I),, ... qh, I )k>>,  is 
often subdivided into smaller substances. Considering for example three consecutive 
amide groups as the ‘building unit’ of the macromolecule, this approach results in the 
following partitioning of the overall conformational potential energy function: 

Analysing the architecture of proteins it is reasonable to accept that the partitioning to 
the smallest structural unit is based on diamide systems which may mimicked by 
HCO-Xrx-NH2, CH3CO-Xrx-NHCH3, etc. This approach results in the following 
partitioning of the overall conformational potential energy function: 

From the early sixties these ‘Ramachandran type’ [27] potential energy surfaces 
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130 A. Perczel and I. G. Csizmadia 

Chemical partitioning of a protein backbone fragment 

(i-1) (i)  fi+l) (i+l) 
--H 

(i) - 
(i+l) 
I 

(i+2) 
Conformational partitioning of a protein backbone fragment 

Scheme 3. 

(PES) ( E  = E(& 3J3 have continuously formed the basis of peptide conformation 
analyses. Thus the complicated problem of the protein 3D structure involving 2k 
independent variables has been subdivided to simpler problems: namely, to k potential 
energy surfaces of two independent variables (2D). In this 2D-Ramachandran PES 
approach the investigation of the local backbone conformation is isolated from other 
‘structure influencing’ effects 120-251. In consequence, two types of interactions can 
be distinguished. (1) The structure modifying effects of the nearest-neighbour residues 
are separated from local interactions. (2) The interferences between the targeted unit 
and far laying molecular fragments (also called long-range interactions) are also 
detached from local factors in the 2D-Ramachandran concept. Although it is hard to 
define the optimal model size in general, it  is clear that for a conformational 
investigation even in the simplest model outlined above it is rather the consecutive 
diamide system that should be studied instead of the individual amino acid residues in 
the sequence. 

This strategy of subdividing a 2n-dimensional space to n two-dimensional 
subspaces has been implicitly followed by most protein chemists during the past 40 
years [11,20-251. Nevertheless, if the interest is focused on residue i and i f  1, it is 
recommended that the conformational properties of the adjacent triamide system 
incorporating both the i and i +  1 amino acid residues, should be studied together. 

The structural analysis of protein loops or shorter peptides is often impossible even 
with high field nuclear magnetic resonance (NMR) spectrometers [28-331, since 
multiple conformers are simultaneously involved in the structure within a time-scale 
typically faster than resolved by NMR [31-341. The key of the NMR based structure 
analyses is a set of interproton distances (nuclear overhauser effect (NOE) data) [42,43] 
typically arising from a time averaged structure [38-41]. The assignment and 
interpretation of the normal mode vibrations recorded by an infrared (IR) spectrometer 
[44,45], requires also the knowIedge of the individual conformers. Beside the 
traditional force field approaches [4&52], these structural data of a molecule can now 
be also computed using ab initio methods [53,54]. Generally, these lengthy but accurate 
calculations result in far more adequate results than those obtained previously by using 
parameterized molecular mechanics (MM), [46-48,50-521 molecular dynamics (MD) 
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Searching for structural units 131 

1491 and or semi-empirical molecular computations. Today the structure of any or all 
of the individual conformers of a peptide with a reasonable size can be determined with 
a higher degree of confidence from ab initio t y p  calculations then ever before. These 
methods are free from external parameterizations introduced in the past in semi- 
empirical and empirical methods which became the source of misleading conclusions. 

The multidimensional conformational analysis (MDCA) is a qualitative tool 
[53-551 to find the approximate location of the critical points on a potential energy 
surface. The full Ramachandran map is (E = E(o, Cp, $,a')) where the torsional angles 
are defined according to IUPAC-IUB convention. Since the torsional values of o and 
o' are typically 180" for trans amide bonds (and 0" for cis peptides), the conformation 
energy expression can be simplified (Em = o' =cons,. = E(4 ,  I))) as a function of two 
torsional variables. It is only the method of MDCA that predicts the existence of nine 
backbone conformational minima on the simplified, i.e. the 2D-Ramachandran map. 
Figure 1 shows the occurrence of the nine backbone minima (aL, aD, PL, y ~ ,  YO, &, 6 ~ ,  
E ~ ,  ED,) in an idealized fashion, one minimum in one segment. The IUPAC-IUB 
convention recommends to vary both the I$ and the I) in between - 180" and + 180". 
It is more convenient, however, to identify minima with their conformational region 
or catchment region by using the 0" s Cp G 360" and 0" S I) si 360" cut, since in such 
a representation all minima with their complete catchment regions can fall in the same 
periodical unit [56]. (Figure 1 (b)  is reported according to the IUPAC-IUB convention, 
while figure 1 (a)  is plotted according to a topology oriented mode.) 

Each of the nine minima specified on figure 1 are legitimate both in terms of 
multidimensional conformational analysis as well as on the basis of X-ray analysed 
structures in larger systems. Typical Cp and $ values of the nine different backbone 
conformation prototypes are reported in table 2. In order to emphasize this, the 3D 
structure of a total of 78 selected globular proteins were analysed by us using X-ray 
crystallographical data and the nine different backbone conformational types [56] 
(aL, aD, PL, d ~ ,  60, EL, E ~ ,  YL ,  yo) were also tabulated against the 20 natural amino acid 
residues [57]. Their occurrence (a )  as well as the relative deviations from the expected 
conformational angle values (b) are summarized in table 3. Analysing a total of 11 793 
amino acid residues only eight combinations from the 20*9 = 180 amino acid-confor- 
mation possibilities were not found. These exceptions were the ag type conformation 
by the Ile and Pro, the yo by the Pro, Phe, Tyr, Trp and His, and the ED by the Trp. On 
the other hand, all the remaining 172 amino acid-conformation combinations were 
found, demonstrating that the adoption of the above nine backbone conformation types 
is not really amino acid specific. In contrast within the conformation analyses of some 
diamide systems (e.g. For-GAla-NH2, For-&Val-NH;?), [56-581 using ab initio type 
calculations as well as different spectroscopical methods. The lack of certain diamide 
backbone conformation types was also observed. For example, the a L  and EL peptide 
conformations were not observed in the case of alanine diamides, although this amino 
acid is known as an '&-helix former' in proteins. The aL conformation of the alanine 
diamide is not even a minimum on the Ramachandran type potential energy surface 
according to ab initio calculations; in fact, it is only a point on the side of the energy 
hill. 

Our intention was to resolve these apparent 'contradictions' and also to search those 
simplest structural units that could form a complete set of conformations applicable to 
describe the three-dimensional structure of proteins. It will be shown below that 
regardless of whether the secondary structure of a protein is periodic or aperiodic 
120-231 or if it was previously classified as typical or atypical, the nine different 
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132 A. Perczel and 1. G. Csizmadia 

Figure 1 .  (a) Topological representation (Oo S 4 S 360°, 0" S Ic/ S + 360") of the potential 
energy surface of an amino acid diamide. Minima specified by their names usually 
referred to by subscripted Greek letter (UL, ED. BL, 6 ~ .  60, EL. ED, y~ and yo). The positions 
of the idealized form (open circles) are supplanted by the position of ab initio calculations 
performed on single amino acid diamides and diamino acid trimides. (b) The standard 
representation ( - 180" =G S 1 80", - 180" Ic/ =S + 180") of the PES presented in 
figure 1 (a). 

Table 2. Characteristic and J/ values of the nine conformational centres. 

B. B. conf. 4 
61.8 

- 68.6 
- 167-6 
- 84-5 

74.3 
- 126.2 
- 179-6 
- 74.7 

64-7 

ICI 

31.9 
- 17.5 
169.9 
68.7 

- 59.5 
26.5 

- 43-7 
167.8 

- 178.3 
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Searching for structural units 133 

Table 3. The number of the observed nine conformational centres ( U L ,  UD, PL, b ~ ,  60, EL, ED, 
y~ and yo) (a) and their deviations (b) in selected 78 globular proteins. 

GLY 177 
ALA 547 
VAL 289 
LEU 410 
ILE 21 5 
PRO 214 
SER 355 
THR 256 
CYS 112 
MET 71 
PHE 172 
TYR 136 
TRP 75 
ASP 285 
GLU 304 
ASN 171 
GLN 195 
LYS 367 
ARG 152 
HIS 96 

Total 4599 

277 
13 
10 
11 
0 
0 

19 
3 
5 
3 
6 

14 
1 

22 
9 

70 
10 
22 
11 
9 

515 

124 30 30 
110 40 15 
159 30 31 
84 39 17 
87 25 5 
2 4 15 

186 72 30 
131 62 22 
60 21 9 
29 10 5 
78 22 9 
94 36 10 
33 16 5 
42 68 17 
47 33 21 
53 70 17 
65 20 14 
84 39 20 
61 23 14 
52 31 8 

1581 691 314 

134 
203 
229 
22 1 
132 
288 
236 
223 
67 
37 
97 

130 
47 

118 
111 
96 

105 
144 
80 
45 

2743 

190 16 78 1056 
5 44 7 984 
2 108 2 860 

12 91 5 890 
4 81 1 550 
1 22 0 546 

10 53 8 969 
8 58 2 765 
2 29 1 306 
1 14 1 171 
1 39 0 424 
4 43 0 467 
0 13 0 190 
3 85 I1 651 
5 40 3 573 
8 77 5 567 
5 20 1 435 
8 52 6 142 
3 26 4 374 
2 30 0 273 

274 941 135 11793 

GLY 
ALA 
VAL 
LEU 
ILE 
PRO 
SER 
THR 
CYS 
MET 
PHE 
TY R 
TRP 
ASP 
GLU 
ASN 
GLN 
LYS 
ARG 
HIS 

dev. 

24 
18 
20 
20 
23 
17 
21 
23 
22 
21 
22 
23 
20 
22 
20 
22 
21 
21 
20 
21 

21 

31 
30 
38 
35 
0 
0 

40 
45 
35 
11 
14 
18 
60 
21 
34 
18 
37 
32 
26 
14 

30 

29 
32 
45 
44 
44 
45 
35 
41 
37 
39 
34 
39 
41 
33 
39 
40 
41 
44 
40 
36 

39 

37 65 
34 46 
37 55 
33 50 
33 51 
29 21 
32 52 
34 58 
34 52 
42 61 
31 62 
32 59 
22 40 
32 47 
33 50 
30 56 
32 50 
33 54 
32 56 
35 46 

33 52 

29 50 
34 71 
43 39 
36 51 
43 57 
27 70 
33 53 
38 66 
36 49 
36 51 
37 49 
39 64 
40 0 
34 66 
38 56 
37 56 
37 68 
36 52 
37 48 
39 37 

36 55 

32 
40 
50 
44 
47 
38 
43 
48 
48 
33 
38 
44 
40 
37 
38 
43 
43 
41 
46 
44 

42 

45 38 
48 39 
44 41 
31 38 
54 44 
0 36 
44 39 
14 41 
44 40 
54 39 
0 36 
0 40 
0 38 

40 37 
50 40 
22 36 
55 43 
52 40 
38 38 
0 34 

42 
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8 3o0°1 180" I b  
2r. 

60' a D  

60" 180' 300' 
hop 

Scheme 4. 

backbone conformation types can always describe the backbone conformation of 
protein building units since these minima are arising from the relative orientation of 
successive amino acid residues, forming the skeleton of a protein molecule. The most 
important question for us was the determination of the precise location of these nine 
minima, schematically shown in Scheme 4. 

2. The force field and the ab initio concept in peptide conformation analyses 
Sophisticated ab initio computational methods using a flexible atomic orbital basis 

sets can reproduce many features of the conformational potential energy hypersurface 
(PEHS) to practically any desired degree of accuracy. Such computations, with the aid 
of gradient-optimization techniques, may be used to determine the location (molecular 
geometry) of the critical points such as conformational energy minima on the 
conformational PEHS. Both the total and relative energies are generated by these 
computations, but one can also determine the shape (i.e. the steepness or shallowness) 
of the PEHS in the vicinity of the critical points (minima) from the computed force 
constants (or fundamental vibrational frequencies). Such computations are feasible for 
relatively small molecules. The limitations of the method, have changed with calendar 
time, but by now, at the middle of 1990's fairly accurate computations are possible 
to be made on alanine diamide, HCO-NH-CHCH3-CONH2 (C4HgN202). On the 
other hand, the accuracy has also been gradually reduced with the increased 
number of amino acid residues in an oligopeptde (HCO-[NH-CHCH3-COIn-NH2 

The same kind of information may also be obtained for relatively small molecules 
from accurate experimental observations. Molecular geometry can be obtained from 
rotational spectroscopy [59-671, electron or neutron diffraction as well as from X-ray 
crystallography. Thermodynamic stabilities may come from enthalpies of formation. 
Finally, the steepness or shallowness of the PEHS can be obtained from vibrational 
spectroscopy. These accumulated experimental energetic and conformational data are 
built in a suitable force field (FT) [46-521 program as external parameters. In such a 
way knowledge accumulated for small molecules is 'extrapolated' into larger systems. 
In this context data obtained from small organic compounds considered as building 
blocks of a macromolecule, are in fact regarded to be transferable to larger systems. 
Our philosophy is close to such an approach! Thus the determination of the 
conformational properties of diamide and triamide systems may result in an applicable 
knowledge to describe the conformation of a longer peptide. The increased full speed 
and storage capacity of personal computers and work stations made the routine 
application of a quantum chemical program possible even for shorter oligopeptides. 
Although severe limitations concerning the size of the molecule as well as the applied 
basis set for self-consistent field (SCF) type computations are still existing, the ab initio 
concept has already been applicable for di- and triamide systems [68-781. 

[C3n t 1H5n + 3Nn + 1 0 ,  + 11)- 
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Searching for structural units 135 

An intrinsic problem of ab initio computations is to find a small but relatively 
accurate basis set yielding a reasonably good result even without the inclusion of 
electron correlation. An attempt has been made by us to monitor the fluctuation of the 
6, II/ values in the yL and the PL backbone orientations of the For-GAla-NH2 molecule 
as a function of the applied ab initio method [79]. For SCF type geometry optimizations 
atotalof 11 basissets wereused: 3-21G,4-21G,4-31G,6-31G,6-311G,6-31 + +G, 
6-31G**,6-31 + +G**,6-311G**,6-311 ++Gand6-311 ++G**.Theaccuracy 
of the computed wavefunction was increased by geometry optimization carried out 
with the inclusion of electron correlation using a second ordered perturbation method 
(MP2) with the same 11 basis sets. Note that the symbol for the basis set 
6-3 1 1 + + G**, i.e. 6-3 1 1 + + G(d, p) implies a minimal core representation with the 
aid of 6 s-type Gaussians, and 3 1 1 implies that 5 s and p type Gaussians are contracted 
in the ratio of 3 : 1 : 1 to a triple-zeta quality representation of the valence electron shell. 
The + + sign indicates that diffuse Gaussians were added to all heavy atoms (C, N, 0) 
as well as to all hydrogens. The ** superscript specifies that d-type polarization 
functions for the heavy atoms (C, N) and p-type polarization functions for the hydrogen 
atoms were included in the basis set. These polarizations functions are necessary for 
the computation of accurate torsional angles. Figure 2 reveals that the backbone 
torsional angles vary depending on the level of ‘accuracy’, but the alteration is smaller 
than 2 11”. The variation of the relative energy with the atcuracy of the calculation 
is shown in figure 3. Not considering the relative energy differences obtained with an 
MP2 calculation on an unreasonably small basis set (3-21G and 4-21G), the relative 
energy differences of the two conformers fluctuated around 0-7 t 0.6 kcal mol - 
Surprisingly, the HF/3-2 1G energy difference was close to data obtained from 
MP2/6-3 1 + + G** and MP2/6-311 + + G** calculations. This, nevertheless, is 
nothing more than fortuitous cancellation of errors of course, justifying our a priori 
choosing the 3-2 1G basis set as suitable for studying oligopeptides: (HCO-(NH- 
CHCH+2O),-NH2). 

3. The stability of the EL backbone conformation in function of its molecular 
environment 

According to selected crystallographical data amino acid diamides adopt minimal 
energy conformations close to pL, yL and iiL. These three energetically low lying minima 
are close to each other in terms of 6, t,b torsional angle values. Based on ab initio 
calculations on diamide systems the PL and BL minima are shifted on the PES away from 
their idealized locations towards the y~ conformation [56,75,76,80]. Due to this shift 
all the three minima are located in a ‘common region’, sometimes referred to as the 
‘grand canyon’ of the Ramachandran PES (figure4). In solutions the presence of a single 
conformer for amino acid diamides has not been confirmed by NMR, by circular 
dichroism (CD) or infrared (IR) spectroscopy either. In contrast, a conformational 
mixture of an ‘undefined’ number of structures is typically present, which is usually 
classified as ‘random’ [30,3 I]. The lack of any solution state evidence supporting the 
stability of the and the EL backbone conformations in the case of diamide systems 
initiated the investigations [56,72,75,76,80] to determine, whether such a main-chain 
orientation is intrinsically stable or unstable. The lack of the above two minima ( t l~  and 
EL) in the simplest peptide model (P-CONH-CHR-CONH-Q) has had far reaching 
consequences. This may have led scientists to the conclusion that polypeptide backbone 
conformation simply cannot be mimicked by diamide models at all. On top of that, this 
would have meant that from a conformational point of view, proteins cannot be regarded 
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Y 

+60 

A + = 4 . 6 O  

t L  
HF 3-21G 

Figure 2. Domains of the 4, t+b torsional angles computed for the y~ and pL conformers of the 
For-GAla-NH2 molecule, using sp and sp(d, p) basis sets. The 4, t+b torsional angle pairs 
obtained at the level of EW3-21G are marked by solid dots to show the deviation from 
the more accurate sp(d, p) results. 

-413.0 - 414.0 -415.0 -416.0 

I '  I I I I 

2.5 - 

- - 
0 < 2.0- - 

-414.0 -415.0 -4160 
TOTAL E N €  R G Y ( H A R T  R E  E 1 

Figure 3. The relative energy differences of the yL and pL conformers of the For-L-Ala-NH2 
molecule in function of the accuracy of the applied ab inirio method measured by the total 
energy of the y~ conformer. 
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Searching for structural units 137 

Figure 4. The BL. y~ and SL regions of the potential energy surface associated with the 
For-LAla-NHz molecule. This section was called the 'Grand Canyon' region of the 
2D-Ramachandran map (HF/3-21G). 

as simply the polymers of the -CONH-CHR-CONH- systems, but must be built up 
from longer substructures. 

3.1. The c x ~  backbone conformation in diamide systems 
In agreement with qualitative multidimensional conformational analyses (MDCA) 

and with different force field computational methods a total of nine different backbone 
conformations are expected on a 2D-Ramachandran type potential energy surface 
(PES). The MDCA results are illustrated schematically in figure 5, showing two full 
cycles of rotation (from -360" to + 360"). However, ab initio computations 
performed on small peptides, such as the For-L-Ala-NHz or the Ac-GAla-NHMe 
show that, the right-handed helical conformation, denoted here as UL, is not a minimum 
energy conformation at the HF/3-21G level of theory (scheme 5).  The Ramachandran 
map (figure 6) is presented for one cycle of rotation (from 0" to 360") in a pseudo 
three-dimensional representation [56,57]. The energy contour diagram of the 
2D-Ramachandran map computed at the HF/3-21G level of theory is given in 
figure 7. It is clear from this figure that there is a principal mountain ridge along the 
conrotary mode of motion. The shape of this diagonal mountain ridge, also depicted 
in figure 8, clearly influences the existence of its four neighbouring minima: CIL, UD, EL 

and ED. In the case of the achiral glycine diamide the mountain ridge is symmetrical 
and thus all four minima are absent. The chiral structure makes the PES chiral too, which 
implies that only two of these four minima are annihilated in each of the enantiomers. 
In the case of For-L-Ala-NHz the UL and EL conformations are missing, and in the case 
of For-D-Ala-NHz the UD and the ED conformations are annihilated as shown by 
scheme 6 and discussed previously [56]. 

A detailed search on the 2D-Ramachandran type potential energy surface associated 
with single amino acid diamides revealed a mountain side region where the UL 
conformation is expected to be located without finding even a shallow minimum [80] 
(figure 9). In contrast, the classical force field (FF) programs do result in the UL type 
backbone orientation (4 = - 60 t 30" and II/ i= - 30 t 30') even for a diamide system 
such as the For-GAla-NH2 molecule. This clearly illustrates that the FF approaches 
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A. Perczel and I. G. Csizmadia 

360 

'"1 { :: . abinitio 'OO\ { iL . 
calculations S 

hop hop 

8 180" - 8 180" 
aD ' 60" 

60" 180" 300" 60" 180Q 300" 

Scheme 5 .  

Figure 6. The 2D-Ramachandran type potential energy surface (PES) (one full cyle of rotation 
is reported (from 0" to + 360")), associated with For-GAla-NH2. (Computed by 
HF13-21G.) Note that the uL and the cL conformations are missing from the nine expected 
minima. 
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Searching for structural units 139 

Figure 7. Energy contour diagrams (HF/3-21G) of the 2D-Ramachandran map, showing two 
cycles of rotation (from - 360" to + 360") of For-L-Ala-NH2. Contour lines up to 
10 kcal mole - ' are solid lines, above 10 kcal mole - ' there are broken lines. Contour lines 
are drawn with 1 kcal mole- ' increments from 0 to 25 kcal mole - I .  

Figure 8. Principal mountain ridge of the 2D-Ramachandran map of For-GAla-NH;! oriented 
along the disrotatory mode of motion: (+$). Note that the existence of the four minima 
(EL, ED, EL and E ~ )  depends on the actual shape of this diagonal mountain ridge. 

are biased toward the description of protein conformations and therefore they cannot 
describe faithfully the conformations of small peptides. 

First Schafer and coworkers [72], when mapping low-energy pathways on the 
E($,$)  of Ac-GAla-NHMe, found that no minimum exists in the neighbourhood 
of $=  -54', $=  -45", contrary to the 'normal expectation'. Recently Head 
Gordon et al. [75] performed a mapping of the above potential energy surface and 
counted seven minima on the total conformational area - 180' =z 4 S + 180°, 
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8 
kr. 

YD ' D  ccL 

* P L  EL 

I I I 
60° 180° 300" 60° 180" 300" 60" 180" 300" . 

@TOP %P hop 

For-DNa-NH, For-Gly-N H, For-L-Afa-N H, 
Scheme 6 .  

.,MAIN 

DIAGONAL 

Figure 9. The aL region of the 2D-Ramachandran type potential energy surface (PES) 
calculated by ab initio methods for the For-L-Ala-NHz molecule. 

- 180"<11/< + 180". Here again the aL (and the EL HF/3-21G) minima were not 
among them [56]. The loss of these minima may be related with the destabilizing 
interaction between these two adjacent amide groups at such relative orientations. The 
annihilation of the aL (and EL) minima were also observed for For-&Val-NH2 [58] at 
any investigated iso-propyl side-chain conformations. None of the analysed x1 
(N-C"-Cp-Cy) torsional angle values resulted in the stabilization of the two lacking 
backbone minima discussed above. A preliminary optimization of the 'helix-like' 
backbone conformation (aL) of the For-Gly-NH;? molecule (the aL is identical to the 
aD in the case of the achiral glycine residue) was first identified as a minimal energy 
conformation [56], but careful optimization [80] revealed that it is not really a minimum. 
Therefore the smaller -H and -CH3 as well as the larger -CH(CH3)2 apolar side chain 
types resulted in the annihilation of the legitimate aL backbone conformation. Thus, the 
most likely hydrocarbon type side chains cannot stabilize the intrinsically unstable aL 
backbone conformation of simple diamides of amino acids. 

On the other hand, a specific backbonehide-chain effect in the case of the polar side 
chain containing amino acid (such as For-L-Ser-NH2) may be expected to provide a 
favourable interaction and could stabilize the a L  orientation [81,82]. Based on 
Scheraga's molecular mechanic structures our preliminary SCF investigation [8 1 a] 
suggested that the aL backbone minima could be present in the case of the 
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BB rigid faL (XI, x2) 
with fixed aL type backbone conformation 

fully relaxed faL (xl, x2)  

3 0 O i  

3;- gi g i  

1800 g + a  a a  g-a -  ___) 180" a a  g - a  313$ i ; g-;-. 60" 9' gf 

60" 180" 300" 60" 180" 300" 
X1 

T preliminary calculations 3000L 60" g+ - 9 - S i  
1800 g+ a a a  

60" 180" 300" 
x1 

Scheme 7. 

Figure 10. The rigid side-chain potential energy surface associated with an UL type backbone 
orientation (fd(xl, x 2 ) )  of the For-GSer-NH2 molecule determined by the ab initio 
method. (The 3-21G basis set was applied.) 

For-GSer-Nh2 molecule. The SCF total energy of the previously found EL related 
backbone structures was high compared to the appropriate y~ and/or PL structures. We 
decided to reinvestigate the stability of the aL-type geometries of For-GSer-NH2 with 
all possible nine side chain conformations (scheme 7) applying more severe 
convergence criteria [81 b]. 

The stability investigation of the For-GSer-NH2 conformers using ab initio 
methods, associated with an aL type backbone orientation was performed using the 
4 = - 60", + = - 40" cross-section of the E = I?(+, t,!~, 2 1 , ~ ~ )  'hypercube'. The rigid 
SCFfa,(~,, x2) (see figure 10.) revealed five (5 )  maxima, eleven (1 I )  saddle point as well 
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as six (6) minima([g + g  +]. [ g  ' a ] .  [ag -1, [aa], [g -a] and [g-g -1). When the backbone 
conformation of these six minima were also totally relaxed, three (3) from the six (6) 
of them migrated to another backbone conformation type. 

It is therefore not so surprising that using less rigorous convergence criteria the 
[g'a]. [g'g'] and [g-g'] points were previousIy mistaken for minima, since these 
conformations appear even on a rigid surface on the other hand, the remaining three 
([m], [ g - a ]  and {g-g-1) orL type backbone conformations are true minima (figure 
11 (a-c)) not only because the gradient length is lower than 10 - 6  a.u., but also because 
no negative force constants could be found. These structures are unique examples that 
even a simple amino acid diamide may adopt the 'conformational monomer' of the right 
handed helical structure i.e. the UL, The backbone conformation angles as well as 
selected interatomic distances are reported in table 4. Two forms, the c r ~ k - g - 1  and 
adg-a] out of the three cases (4 = - 60", X I  = - 50" orientation) make possible the 
formation of a weak hydrogen bond, where the side chain oxygen adopts the amid proton 
of the serine residue. (Such a backbonehide-chain interaction served as an example 
observed in the solid state structure analyses of the (CH3)3CO-Pro-Ser-NHCH3 
[ 15,161 and other molecules [ 181 and was presumed to exist in aprotic solvents on the 
basis of the IR spectroscopical data.) On the other hand, in the case of the third clL 

minimum associated with an [a,a] type side chain conformation, no sign of any 
hydrogen bonding (Bronsted complex) interaction could be observed. The side chain 
is 'placed' in between the two amide groups. 

Mayer type bond-order calculations were carried out on structure [g-g-1, [g-a] 
and [aa]. Structures [g -g -1 and [g -a]  showed that the intramolecular hydrogen bond 
was 4- 1 % of a single bond in both cases; they differed from each other only in the second 
decimal places. This is a typical value for intramolecular hydrogen bonds in peptides 
[82]. In contrast to that we found in structure [aa] that the extent of the interaction 
between the side chain oxygen and the carbon of the -CONHz group was 1.3% of a 
single bond. This value is about one third of the extent of a hydrogen bond (typically 
4-0%), nevertheless this is significant, since the Mayer bond order for non-interacting 
atoms is usually less than 0.001%. On the basis of this we concluded that the 
stabilization of structure [aa] occurs via intramolecular Lewis type (charge transfer) 
complex formation. 

Since three (3) from the six (6) minima assigned on the rigidf,= - 60,$= -40(&, x2)  
map migrated when fully relaxed, one could think that these minima ([m], [g-a]  and 
[g-g-1) are the results of the selected basis set type [3-21G]. Therefore, and because 
a function of the number of Gaussians is increasing with the basis set, these may vanish. 
Fortunately, a systematic increase of the basis set size from (3-21G via 4-21G to 
6-31G*) has shown only a minor influence on the 4, +, X I  and ~ 2 (  = 2 10") on the 
precise location of these minima and no case was observed where a minimum was 
annihilated. 

Investigating the conformational properties of the two closest side-chain types 
(-CH[CH+OH and -Cff2-SH) in the hydroxy methyl group of the serine residue, 
surprisingly two different types of results were obtained. The 'extra' methyl (Thr) group 
located at the carbon atom of the side chain does not influence the relative orientation 
of the main chain at an aL conformation. Minimizations performed on the 
For-GThr-NHz molecule at aL[g - g  -1, a& -a]  and a ~ [ a  a] conformations resulted 
in almost identical three structures as obtained for the For-GSer-NH2 (table 4). On 
the other hand, the same type of minimization of the For-GCys-NHz structures 
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143 

Figure 1 1 .  Relaxed backbone potential energy surfacef(4, $) sections associated with an a~ 
type backbone orientation of the For-GSer-NH2 molecule determined by the ab initio 
method. (The 3-21G basis set was applied.) (a) Minimum around the (4  = - 76.8", + = - 18.7", x1 = - 52.0" and x2 = - 74-6") point labelled as a& - g - ] conformer. 
(b) Minimum around the (Q = - 76.4', + = - 16.8", = - 52.3" and x2 = - 176.8") 
point labelled as aL[g--a] conformer. (c) Minimum around the ($J= -69.1", 
II, = - 39.9", - 173.3" and x2 = - 165.5") point labelled as a ~ [ u a ]  conformer. ( d )  the 
ab initio optimized structure of the For-GAla~NH2.H2O molecular c$mplex. Two 
intermolecular hydrogen bonds (dco ... HOH = 2.06 A and &O _._ HOH = 2.09 A) are present, 
resulting in Q = - 69.8", $ = - 36.8" values. 
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Table 4. Optimized ab inirio structures of For-L-Ser-NHz For-L-Thr-NHz at aL-type 
backbone conformations, using a standard 3-21 G basis set. 

For-GSer-NH2 For-GThr-NH2 

0) - 171.1 - 169-4 - 174.6 - 171.5 - 169.9 - 174.2 
- 72.0 - 70.5 -62.4 - 70.8 -69-3 -69.3 
- 23.7 -24.9 -42.8 - 26-5 -27.8 -32.0 

+ 157.0 - 179.8 - 179.7 - 179.3 - 179-8 - 177.5 
- 40.3 - 171.5 

-77.5 - 174.5 - 168.7 - 83.7 - 172.8 - 172.1 

4l *' 
o2 
x' - 45-6 - 47-5 - 179.9 - 37.5 
X 2  

MAX.FORCE < 1 E - 6  < 1 E - 6  < 1 E - 6  < 1 E - 6  ( 1 E - 6  < 1 E - 6  

Torsion angles (0, 4. $, x' and x2)  in degrees according to IUPAC-IUB, distances in 

a INI: Initial backbone conformation (Calculated by ECEPP/2). 
Angstrom, forces in au. 

CONV: Converged backbone conformation. 

HC 

/" 

Stabilization by an intra- 
molecular H-bonded complexation 

(hydrogen bond is 4.1% of a 
single bond in 19-9-1 and [g-a]. 

Stabilization without an intra- 
molecular H-bonded complexation 
(charge transfer bond is 1.3% of 

a single bond in [aal). 

Scheme 8. 

ended in totally different geometries. The following shifts were observed: 
crL[g-g-]+yL[ag+], and a&-a]+&[g-a]  as well as the aL[aa] -+bL[g-g - ] .  

These data obtained for For-GSer-NHz and For-GThr-NHz support the idea that 
for a polar side chain containing amino acid the intrinsically unstable conformational 
monomer of a 'helix-like' structure can be stabilized even before this structure gets 
stabilized through the repetitive ( i ,  i + 3) or ( i ,  i + 4) type backbonehackbone H-bond 
network system characteristic for helices. On the other hand, ab initio data revealed the 
crucial role of the ( i ,  i + 3 )  type H-bonds if the main chain conformation is a~ (i.e. 
- [ a ~ ] ~ - ) ,  for amino acids with no side chain (Gly) or with an apolar one (e.g. Ala or 
Val) as observed for the For-GAla-GAla-NH2 triamide or for longer For-(Ala),-NHZ 
oligopeptides. 

3.2. The CCL backbone conformation in triamide systems 
Analysing the main chain folding possibilities of the For-GAla-GAla-NHz 

[83,84] molecule, where only one subunit has an crL-type backbone structure, eight 
different @aL or a,gD-type formations with an additional eight xLaL or XDCXL backbone 
conformations may exist (scheme 9). Beside these 16 theoretically predicted structures, 
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first diamide , second darnide first diamide , second diamide 
L A  4 L A  

r -  b 4 r -  b 

Scheme 9. 

the crLcrL-type relative orientation of the two successive amino acid residues may also 
be possible. 

Analysing these 17 different relaxed conformations of the Ac-Ala-Ala-NHCH3 
molecule, by using a force field approach, only six (6) from the 17 backbone 
conformations discussed above incorporate some sort of a favourable backbone1 
backbone interaction. Four (4) of these six (6) possible geometries incorporate a 
seven member ring (C7 type) H-bond ( c I L ~ ~ ,  C ~ L ~ D ,  YLCIL, and yDaL).  The remaining 
two promising candidate structures, the QUL, and U L ~ L  contain a ten member (1 t 4  
type) H-bond?. According to the ab initio computations only the U L ~ L  structure was 
found to be minimal energy conformation incorporating a stabilizing intramolecular 
Bronsted complex; a ten member (1 t 4 type) H-bond. This led to the conclusion that 
even an amino acid with a polar side-chain (e.g. -CH3) may adopt an E L  

sub-conformation in a triamide system if stabilized by a favourable 'intra-backbone' 
hydrogen bond. The ULSL conformation ($1 = - 68.6', = - 17-5", $2 = - 113. lo 
and $2 = + 2 1.3") is the so-called type I fi-turn. This aL6L structure was the first reported 
[84a] ab initio conformation incorporating the crL 'sub-unit' for an amino acid with an 
apolar type side chain. Although the c r ~  backbone conformation is not a minimum on 
the 2D-Ramachandran PES associated with a diamide system of an apolar amino acid, 
it can be assigned as a sub-conformation in a triamide system, since the C ( L ~ L  

conformation is an energy minimum on the 4D-Ramachandran PEHS. 

3.3. The c t ~  backbone conformation in a bimolecular complex 
Beside the favourable backbonehide-chain (e.g. For-GSer-NH2) and backbone1 

backbone effect (e.g. the stabilizing intramolecular hydrogen bond observed in the aL& 
conformation of the For-GAla-GAla-NHz molecule), the third type of stabilizing 
phenomena may originate from an intermolecular complex formation. The simplest 
model is an alanine diamide with an optimally positioned water molecule. In fact the 
ab initio optimization of the For-L-Ala-NHz.HzO molecular complex resulted in an 
U L  minimum [85], where two intermolecular hydrogen bonds (&o...HoH = 2-06A and 
dco _ _ _  HOH = 2-09 A) tighten the backbone of the diamide at Cp = - 69.8", $ = - 36.8" 
values (figure 11 (d)).  

4. The stability of the EL backbone conformation as a function of its molecular 

The EL subconformation which is the other 'missing' backbone conformational type 
environment 

t The C ~ L C ~ L  conformation can be a fragment of a helical segment in proteins or when isolated 
from similar secondary structures, it may be called type I11 p-turn. the c l ~ B ~  conformation is the 
so called type I fi-turn. According to the original definitions of the type I and the type 111 p-turn 
backbone conformations, any backbone torsional angle of these two structures differs less than 
30" (see table I ) ,  therefore the type I11 p-turn is often regarded as a specific case of the type I 
D-turn. 
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[56,75,76, SO] has not been located up until now in amino acid diamides. A b  initio 
calculations showed that the unfavourable eclipsed H-N-C“-CP orientation ( = - 20’) 
in the EL backbone conformation results in the annihilation of such a backbone geometry 
in For-Gly-NHz, For-Ala-NHz, For-Val-NH;! and probably in the other amino acid 
diamides as well [56,58,75, SO]. In contrast, increasing the peptide chain length with 
an additional amino acid residue resulted in the stabilization of the EI, substructure in 
three conformations (YLEL, YDEL and ~ D E L ) .  While &EL and YDEL geometries are perfect 
8-turns [84], in accordance with both the distance and the angularity criteria [83], the 
YLEL has an extended backbone conformation. Although these are only three 
conformations from the 17 possibilities incorporating the EL subunit, they represent solid 
evidence that a ‘favourable’ backbonehackbone interaction may ‘re-stabilize’ the 
‘annihilated’ EL minimum. Note that there is no direct influence (like an intramolecular 
hydrogen bond) between the third and the second amide groups of the molecule, 
oriented in an EL conformation. We are not certain about the nature of the interaction 
that could stabilize the EL conformation substructure in triamide systems however, it is 
conceivable that the (6 + )C = O(6 - ) polarity of the carbonyl group in the central 
amide moiety may have some direct or indirect stabilizing effect. The increased polarity 
of the central carbonyl group may have a stabilizing influence on the ‘second half‘ of 
the molecule with an EL conformation, yielding the stable YLEL, YDEL and ~ D E L  structures 
[84] (table 5). This hypothesis is supported by the fact that all three conformers 
incorporating the EL subconformation were of thexEL (and not ED) type. In the remaining 
17 - 3 = 14 initial geometries incorporating the EL substructure (ELXL, XDEL, XLEL and 
ELXD), generally the EL + PL conformational shift was observed [84], resulting in the 
PGL, X D ~ L  and X L ~ L  conformations. However, when the initial geometry falls in the E,,x~ 

category, the 6oxD backbone conformation was obtained (EGD -+ 6 ~ ~ ) .  

5. The conformational effects of the nearest neighbouring ‘groups’ 
Concentrating strictly on the immediate environment of the chiral u-carbon atom 

in a peptide, two amide groups (Ql and Qz) and a side chain ( R )  can be identified beside 
the hydrogen atom. 

01 H R H2 H R 
II \ / I  

-0,- -Q,- 
Scheme 10. 

Since all these groups are in a ‘geminal position’ relative to each other, it is not 
surprising that a strong stereo-electron influence is operative between them [20-25]. 
When the investigation concentrates on the interaction between the preceding (Q,) and 
the following (Qz) amid groups it is called ‘backbonehackbone’ modifying effect. On 
the other hand, if the structural influence of the side-chain (R)  is analysed on one or 
both of the amide groups (Ql or Qz). the phenomenon is often related to 
‘backbonelside-chain’ effect. 

5.1. An example for the backbonehide-chain effect 
In systematic conformation analyses of For-Gly-NHz, For-GAla-NH2, For-D- 

Ala-NHz and For-L-Val-NHz derivatives, the serine (an additional natural amino acid 
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Searching for structural units 147 

Table 5. The three (3) xcL type backbone conformations of the For-LAla-L-Ala-NHz 
molecule using an ub initio (HF/3-21G) computation. 

INI." 
CONV.' 

w 1 

4' *' 
wz 
dZ 
*2 
w3 

model disc 
z 

crit disd 
f 

0 1  ... HN4 
01 ... N4 

0 1  .HN4.N4 

0 1  ... HN3 
0 1  ... N3 

0 1 .HN3 .N3 

0 2  . . . HN4 
0 2  ... N4 

02.HN4.N4 

MAX. FORCE 
RMS. FORCE 

E 
AE 

STRCT.e 

~ D E L ~ .  

~ D S  

+ 175.2 
- 174.2 
- 55.0 

+ 154-1 
-79.0 
+ 171.7 
+ 179.7 

6.36 
+ 45.2 

6.42 
+ 43.3 

8.1 I 
7.37 

4.46 
4-85 

- 39.0 

+ 107.7 

4.53 
4.3 1 

- 71.0 

1-3 E-4 
3.8 E-5 
0.9543 15 

5.88 

31 

YLEL 
YL&L 
- 174.8 
- 83.9 
+ 65.3 

+ 172.9 
-71.4 
+ 162.8 
+ 178-7 

8.53 

9.32 
+ 166.0 

+ 166.6 

6.67 
6.32 

- 65-4 

2-03 
2.88 

+ 141-0 

4.14 
3.94 

- 71-5 

1.5 Er5 
4.1 E-5 
0-954742 

5.6 1 

33 1 

Y D E L  
Y D E L  

- 177.2 
+ 72.6 
- 66.7 

+ 160.6 
-73.7 

+ 168-8 
+ 179.0 

+ 57.0 

+ 53.2 

5.87 

6-09 

5.99 
5.34 

- 45.9 

1-90 
2-80 

+ 147.8 

4.35 
4.12 

- 70-1 

1.6 E-4 
4-7 E-5 
0.953218 

6.57 

55 

t. The ~ D E L  conformation contajns an eight member intramolecular H-bond, where 
03  . . . H2 = 2.07 A, 0 3  . . . N2 = 3.05 A with an H-bond angle (03-H2-N2) = + 163.1". Torsion 
angles (w, 4, $) in degrees, distances in Angstrom, forces in a.u. energy ( E )  in  hartrees and the 
energy difference (AE) in kcal mole - compared to E(yLyL) = - 656-963681. 

INI: Initial backbone conformation (calculated by ECEPP12). 
CONV: Converged backbone conformation. 

'MPDEL DIS. Cq and Cq+ in accordance to classical @-turn definition must be shorter 
than 7A. In For-Ala-Ala-NHz the two Ca atoms are replaced by hydrogens (H1 and H4*) 
(see schepe 14), therefore the model distance is shorter than Cr-C:+ (figure l), no more 
than 1.1 A. In such a case z is HI-C2"-C3"-H4*. 

dCRIT DIS. critical distances for @-turn assignment (Cr-Cq, 3) were extrapolated using ab 
inifio resulted bond lengths and bond angles, on the basis of the determined N-H and C'-H 
distances. In such a case z is Cla-C2"-C3a-C4a. 

eNumber of structures assigned in the 78 selected proteins. 

frequently found in proteins) diamide is an optimal candidate for analysis. The hydroxy 
methyl group (the side-chain of the serine) can be involved direcfly in enzymatic 
reactions as demonstrated for the serine proteases family (trypsine, chymotrypsine, 
etc.), or can have an indirect influence on the protein by stabilizing different secondary 
structural elements [12, 13,20-221. Serine is often found in the a-helical region of 
globular proteins as well as in the ( i + 2 )  positions of a p-turn, where a 
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9+ a aa 9- a 

- g + g +  ag+ 9- :g i  

I I I 

backbonehide-chain stabilizing effect is expected. (For the definition of the 4, $, x1 
and x2 torsional angle see scheme 2.) 

As demonstrated previously (scheme 4) for an amino acid diamide, a total of nine 
legitimate backbone minima ( a ~ ,  a ~ ,  PL, yL, 70, EL, ED, b ~ ,  60) occur [56]. The side chain 
may 'split' these backbone conformations into additional minimal energy conforma- 
tions. In the case of amino acid residues with x1 and x~ side chain torsional angles not 
less than 3 X 3 = 9 legitimate minima are expected on the basis on MDCA (scheme 1 1). 
These nine side-chain conformqtions may be associated with each of the previously 
mentioned typical backbone conformations leading to a grand total of 9 X 9 = 81 
legitimate conformations. A systematic side-chain conformational mapping [8 11 with 
at, /?L, y ~ ,  a,-+, EL, ag, 70, 60, and ED backbone conformations was expected to reveal the 
most important structures of For-GSer-NH2. To reduce the possibility to skip over 
minima of high energy or to overpass structures located in a 'hidden' conformation 
valley, nine complete grids (a total of 9 X 169 ab initio grid points) were computed. 
Using ab initio type (3-21G) calculations (figure 12 and table 6 )  a total of 3at, 5Pt, 
6yL, 5dL, 4aD, 9 y D ,  660, and  ED, but no EL fully relaxed structures (a total of 44 
conformers) were assigned for the For-GSer-NHz molecule [8 11.  Total relaxation was 
started from selected grid points (typically minima) as well as from locations predicted 

These ab initio calculations are perfect examples of the 'backbonehide-chain' 
effect, since certain backbone orientations can be stabilized, while others can be 
destabilized by specific side-chain conformations. On the other hand, plotting all 44 side 
chain conformations (figure 12), and a11 the nine theoretically predicted legitimate x1 
and xz combinations can occur. 

by MDCA [53-553. 

5.2. An example for backbonehackbone efSect 
The conformational analysis of small peptides has not only challenged spectro- 

scopic aspects [88-1051, but also has a significant role in the understanding of protein 
folding [ 1 1,12,20-25]. In vacuo each peptide residue may adopt only a limited number 
of discrete backbone torsional angle combinations according to theoretical calculations 
[57,106]. These molecular calculations may yield all possible minimum energy 
structures, regardless of their relative energy. 

The identification of all the possible conformers is not, but the actual number of 
intrinsically stable conformations is still problematic, since it is not known (1)  how 
many minima are located on an nD-potential energy surlface (nD-PES), and (2) where 
these minima are located on the nD-PES. In contrast to the few recognized structures 
of triamide systems known as P-turns or hairpin conformations (table l), a total of 81 
(9 X 9)  distinctly different conformations are predicted by MDCA as shown in 
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Searching for structurul units I49 

Figure 12. A total of 44 different minima of the For-GSer-NHz molecule (generated from 
9 X 169 ab initio points). (a)  The location of these ~ U L ,  5 p ~ .  6 y ~ ,  5AL, 4 a ~ ,  9y0.66~,  ED 
type conformations on a E = E($, $) surface. (b)  The distribution of the side chain 
conformations. 

scheme 12. MDCA, without the consideration of destabilizing or stabilizing 
interactions, predicts a total of 81 legitimate minima (scheme 12). The analysis of 
triamide substructures in a large protein data base where all stabilizing interactions are 
present, suggests the existence of all the 8 1 conformations. On the other hand, molecular 
mechanics (MM) calculations confirmed 75 out of the 81 MDCA legitimized 
conformations [53-551. The six non-existing conformations were found according to 
the MM calculations [57,83]. 

The upper limit (81) of the number of legitimate backbone conformations on the 
four-dimensional (4D) Ramachandran map associated with For-GAla-L-Ala-NHz 
was previously determined by MDCA [57,83]. According to ub initio (SCF) geometry 
optimizations (using a 3-21G basis set) only 49 intrinsically stable conformations 
were found 1841, while 32 (marked by * on scheme 12) migrated to one of the above 
49 stable structures. All triamides incorporating the CCL andfor the cL substructures, such 
as [ ( ~ L T L ,  CWD), (xLaL. X D ~ L ) ,  (ELTL, E ~ D )  and (XDEL,XLEL)], were investigated with 
precaution. From these 34 possible structures only four conformations (EL&, YLEL, YDEL 

and &EL) turned out to be intrinsically stable [84]. These four unexpectedly stable 
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Table 6. The 44 optimized ab inirio structures of For-GSer-NHz molecule using 3-21G 
basis set. 

60.3 
46-4 
62.3 
60.1 

288.0 
289.5 
297.6 

181-0 
189.4 
188.2 
222-7 
193.3 

202.1 
146.3 
187.6 
186-7 
200.7 
196-3 

242.0 
241.9 
23 1.5 
208.1 
230- 1 

68.9 
64-5 
68.4 
66.9 
99.8 
43-0 

74.7 
75-4 
72.2 
67.5 
74.0 
71.3 
78 
51.9 
62.9 

214-6 
276.4 
276.6 
273.5 
282.6 
282.9 

37-6 302.0 181.0 12.9 
53.6 56.2 62-1 12-1 
34.1 291.9 294.6 9.1 
43.8 203.1 79.1 20.5 

336.3 314.4 282.5 12.5 
335.1 312.5 185.5 16.9 
317.2 179.9 191.3 20.6 

172.9 270.8 55.5 10.5 
174.9 68.0 187.1 11.2 
186.6 187.0 155.1 3.8 
J60.0 295.5 171.5 15.4 
174.8 67.4 299-5 9-1 

308.2 312.5 327.8 15.7 
326.1 284.8 74.4 12-3 
304.9 168.6 165.9 17.2 
310.6 163.9 68.2 15-7 
292.4 307.7 283.9 10-5 
296.7 55.1 190-2 11.2 

34.4 296-9 61.0 14-0 
20.2 51.4 159.8 14.0 
32.9 187.7 299.5 8.3 
35.6 313.2 305-3 11.0 
29.8 306.9 192.5 13.3 

178.2 301.9 292.7 20.5 
177.9 296.5 67-4 16-3 
187.1 197.5 180.7 9-4 
191.0 193-6 82.4 10.1 
243.1 76-3 291-3 4.9 
254.5 92.8 71.6 18.5 

304.8 302.4 281.8 12.9 
303.9 301.4 176.0 12-0 
302.5 298.9 280.9 12.5 
328.8 196.2 320.1 10-6 
295-0 182.5 202.0 12-7 
307.8 170.8 49-0 12.0 
314.8 81-9 297.8 9-4 
331.3 65.8 173.3 17.1 
319.7 41.7 48.7 14.0 

67.4 294.7 55-2 10-5 
71.5 51.9 69.8 0 
62.7 179-8 291.3 4.8 
77.8 190.8 74.8 12-5 
63.4 318.8 284.5 7.8 
62.1 315.9 181.5 0.1 
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Searching for structural units 15 I 

structure minimization at 
HF/3-2 1 G level of theory 

triamide conformations incorporated, for the first time, as stable substructures, the aL 

and the EL subunits, previously annihilated on the 2D-Ramachandran map. The 49 stable 
triamide conformations yield a total of 49 X 2 = 9 8  single amino acid residue 
subconformations classified as aL, PL, 6~ etc. Scheme 13 demonstrates the grouping of 
the triamide backbone geometries in order to extract typical c$ and $ torsional angle 
pairs of the nine legitimate backbone conformations. 

Figure 13 and table 7 show the distribution of (4 ,  $) angle pairs as found in 
triamides. (Data in figure 13 are reported in the conventional - 180" G c$ G 180" and 
- 180" S $ < 180" representations, while a topologically more useful plot is shown in 
figure 13.) The arrangement of the 98 calculated backbone subconformations shows the 
existence of nine clusters as expected (figure 13), where only two of the 6~ type 
conformations are shifted to one of the square representing the borders of the 
appropriate idealized catchment region. However, even these two cases are due to the 
fact that the average 6~ position (4  = - 126.2", $ = + 26-5O) is shifted substantially 
away from the idealized position (4  = - 1 SO", $ = + 60") of dL towards the lowerright 
hand comer of the square. With the exception of two points, one 6~ and one ED, all the 
98 points are within a 30" radius. These two points are called 'ghost' conformations 
and are marked by a star such as 6; and EL. 

Peptides, incorporating three amide groups, such as the For-GAla-GAla-NHz 
molecule (see scheme 14), form a representative element of the diamino acid triamide 
systems. Among their main chain conformers some have a 'hair-pin' like conformation 
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Figure 13. The 49 stable triamide conformations of the For-GAla-GAla-NH2 molecule 
yielded a total of 4 9 X 2 = 9 8  diamide type subconformations. The location of 
these conformations are reported according to a topological (O"Sb=S + 360°, 
0" 6 I(/ 6 + 3 6 0 O ) .  

(such as type I and/or type IJ ,&turns, etc.), while others look more or less extended 
183,841. Based on the X-ray structure analyses of proteins, only type I, I1 and III p-turns 
are frequently assigned. 

Their conformational mirror images (the conformational enantiomers such as the 
1', LI' and ILI' type p-turns) as well as the type VI u, band VIII /hums have only sporadic 
occurrences. There are at least two different ways to distinguish &turns from untwisted 
secondary structural elements. The traditional method applied in proteins is to define 
four consecutive amino acids in the sequence ( i ,  i + 1, i + 2 and i + 3 positions) labelled 
as 1,2,3 and 4 and determine the G-c distance. For a hairpin or /%turn structure this 
value ( d ~ t , )  must be shorter than 7A.  (Otherwise the structural unit is quoted as 
extended like conformation.) Although hydrogen bonding is not a pre-requisite of a 
P-turn, the so-called 1 < - 4 type hydrogen bond is frequently assigned when X-ray 
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Searching for  structural units 153 

Table 7. The 49 optimized ab initio structures of For-Ala-Ala-NH2 molecule using 3-21G 
basis set. 

sub. 
BB conf. h o p .  $'TOP. 

29 1.4 
60.4 
62.3 
60.2 
64.1 
57.0 
62.3 
63.4 
62.1 
61 -5 
63.1 
62.7 
62-4 

186.4 
192.4 
191.4 
192.4 
192.6 
191.8 
191.0 
192.8 
192-3 
192.6 
190.6 
193.1 
198.4 
196.0 

178.6 
183.4 
178.0 
187.1 
180.6 
185.8 
179.2 
178.9 
150.8 
186.3 
186.3 
185.0 
1895 
176.7 

228.6 
246-9 
231.4 
247-6 
237.9 
231.2 
237.6 
238.7 

342.5 
28.3 
24-9 
33.0 
16-8 
39-4 
37.0 
30-4 
35.3 
34.3 
35.1 
35.3 
33.0 

169.8 
168-4 
171.1 
170-3 
169-2 
171.6 
172.4 
168.4 
169.3 
170.2 
169.6 
169.8 
169.2 
168-6 

313.0 
316-4 
3 14-6 
310.3 
319.7 
316.0 
318.6 
315.7 
320.0 
312.9 
314.4 
317.1 
3 14-6 
324.8 

29.7 
21.3 
29.6 
26.6 
22.9 
23.8 
24.0 
17-6 
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154 A. Perczel and I. G. Csizmadia 

Table 7 (continued). 

233.2 
198-2 
238.8 
235.1 

65.7 
63-8 
62.6 
63-7 
63.3 
64.3 
73.8 
66.7 
62.6 
56.1 
67.7 
66.9 
64.0 

281.0 
286-3 
288.6 

74.1 
75-6 
74.3 
74.9 
75-8 
74.4 
72-7 
76.1 
73.8 
75.5 
73.2 
726 
73,9 
73.8 

272.7 
274.9 
274-5 
275.3 
274.0 
276.4 
274.2 
273.2 
280.7 
275-4 
279.1 
276.1 
275.5 
275.8 
275.1 

23-8 
55.7 
21.8 
20.6 

184.5 
188-4 
186.2 
189.4 
180.1 
183.5 
119.1 
156.5 
202.3 
230-3 
181.8 
181-9 
187-2 

171.7 
168.8 
162.8 

302-0 
302-8 
302.3 
302.0 
274-0 
303.3 
302.7 
308.8 
302.4 
307.3 
300.3 
293.3 
304.3 
30 1.7 

67.4 
68.2 
6843 
67-0 
66.2 
67. I 
64.0 
71.4 
75.8 
71.0 
75.8 
65.3 
68.6 
67.0 
66.4 
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r 2  f2  H, ,CH3 r 4  
H1 C'2 C: N4 

C'3  H4* 

01 H CH,H3 03 

Scheme 14. 

Scheme 15. 

determined protein structures are analysed. To identify such an H-bond pattern where 
the NH of the i + 3 residue points toward the carbonyl oxygen of the ith residue, the 
conformation of four residues is required. On the other hand, when a /?-turn type is 
characterized throughout its main chain conformation, the backbone torsional angle 
values of the two middle amino acid residues (c$~ + I ,  t,bi + 1, $J~ + 2 and t,bi + 2) are sufficient. 

To classify a structural unit as a p-turn, the second option involves the determination 
of the relative orientation of the three consecutive amide bonds. The CY-Cq, &+ 2- 

CY+3 torsional angle (labelled z) may have a value between - 18O"S z S  + 180", 
where conformations with - 90' G z G + 90" categorize as /?-turns. For example the 
YLYL conformation, which has been suspected on the basis of an educated guess to be 
the global minimum on a 4D-Ramachandran map, has a t = 168.4" value which can 
quantitatively express the degree of unfolding. This conformation is stabilized by two 
backbone type H-bonds, each involving a seven member pseudo-ring (C,). In 
accordance with the criterion that the C;-Cg distance must be shorter than 7 A, only a 
range of z around 0" will result in the so called hairpin conformation. A total of 30 from 
these 8 1 MDCA predicted conformations qualify as /?-turns or reverse turns according 
to ab inifio (SCF/3-21G) calculations. Structures marked by the T superscript qualify 
as /?-turns according to both the z and the d criteria. On the other hand, in conformers 
with the t superscript either the z or the d criterion is not fulfilled. 

6. The effects of far-iying peptide units 
In the secondary structural element sets (helices, /?-turns, /?-sheets etc.) [ 1 1,12,20- 

251 composing the three-dimensional structure of globular proteins, three forms (3 10 - , 
c1- and ZI - ) of the right-handed helical structure are noted, although the ZI-helix has 
not been observed during X-ray data analyses. The 310 - , the a - and the Z7-helices 
are the three different forms of the right handed helical structure, usually referred to 
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156 A. Perczel and I. G. Csizmudia 

Scheme 16. 

in the literature. This 310-helix is a 'slimmer' structure (4  = - 60°, $ = - 30") 
and, compared to the 'normal' a-helix (Q = - 54", I) = - 45"), the 11-helix 
(6 = - 45", t,b = - 55") is a 'huskier' one. 

An important and common structure pattern of helical units is their periodic 
hydrogen bond network. The first type (the 310-helix) contains a series of H-bond 
systems incorporating 10-atoms (i + 4), while the second type (the a-helix) has 13- 
(i + 5) ,  and the third form (the If-helix) include 16-atoms (i + 6) in the repetitive 
H-bond network system. According to X-ray data analyses of globular proteins the 
310-helix can be found as an individual secondary structural element, but also located 
at the C or N terminus of the a-helices as the first or the last turn in an a-helix. In this 
steeper or slimmer helix with a Q torsional angle value around - 60" and t,b around 
- 30", the H-bond network connects the i and the i 4- 3 amino acid residue. In a 
'standard' a-helix (6 = - 54", t,b = - 45") the i and i + 4 amino acid residues are 
H-bonded in the polypeptide chain. How and why a helix of any type is adopted by the 
folded protein, and the question of 'helix-signal(s)' in proteins are continuously 
investigated [ 107-1 091. Selected oligopeptides are also heavily investigated by 
spectroscopical methods and by molecular dynamics to find the conformational 
properties of isolated helix-like segments, and very often the conformational distortion 
of the helix ending units was observed. 

A systematic study on periodic (or homo-) conformations [110-112] (e.g. 
aDaBaD, a L a L a L ,  YDYDYD etc.) of the For-Aia-Ala-Ala-NHz tripeptide revealed that the 
geometry optimization started from the a L a L a L  conformation converged to the ~ L c ~ L S L  

backbone conformation. The extension of the amino acid chain length into longer 
helical conformations of For-(Ala),-NHz molecule resulted in similar conformational 
consequences. All these backbone conformations incorporating the 8~ sub-confor- 
mation at the carboxyl-end of the oligopeptide chain, have intrinsic stability. Thus, the 
(aL),, initial conformations for various n-values had always flip to (a& - 1 6 ~  (see 
scheme 17) during geometry optimization. Analysing the H-bond network system of 
the optimized ( a & 8 L  conformation of the For-(GAla)5-NH;? molecule [ 110,1131, a 
310-helix was assigned. Ab initio calculations confirmed the expectation that the 
formation of a helical segment is strongly coupled with the build up of a systematic 
H-bond network system. The geometries of the six (6) aL subconformations (table 8) 
specified at the right hand side of scheme 17 are marked in as open circles in figure 9. 

7. Application of the conformational results 
7.1. Main-chain folding of peptides 

The importance of some triamide conformations, especially type I (or In) and 
type I1 @-turns, is continuously emphasized in the literature [61-63,88-100]. Indeed, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
1
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Searching for structural units 157 

a L a L  ab initio a ~ 6 ~  

( E L I n  - ( a L ) n -  d L  
initial backbone converged backbone 
conformation conformation 

Scheme 17. 

Table 8. Relaxed (aL),, - 16, conformations* of For-(GAla),-NH* computed at the HF/3-21G 
level of theory. 

n 
Conf. 1 2 3 4 BB1- 

4 n - 3  

*"-3 

4"-2 
*n-2 

4 n -  1 

$ n - l  

4 n  - 128.1 
$n + 29.8 

Max. force (a.u.) 1-9 X 
R.M.S. force (am.) 6.5 X lo-' 

- 63.5 
- 26.8 

- 68.0 - 71.3 
- 17.5 - 4.6 
- 113.1 - 105.3 
+ 21-3 + 12.1 

1.5 X 6.0 X 
5.8 X 2.0 X 

-61.9 
-27-6 aL 

-61.9 
- 21.1 aL 

- 3.9 aL 

+ 13-6 6L 

- 72.6 

- 106.0 

6.7X 1 0 - 5  
1.7 x 10-5 

*Torsional angles are given in degrees. 
1- Backbone conformation. 

these conformations are frequently assigned to secondary structural elements of 
globular proteins. Although the classification of 8-turns is traditionally given on the 
basis of the backbone torsional angle values (& $i) [ 1141, the degree of folding or 
unfolding of a p-turn can be defined in a simpler way, based on the twisting of the hairpin 
conformation [83,84]. As discussed in section 5.2., we have recently re-introduced the 
C;-C;+ I-C4+ 2-C;+ torsional angle labelled as T which describes the overall angularity 
of the backbone conformation with values - 180" T + 180". The global minimum 
(the y ~ y ~  conformation) has a zyLyL = + 168.4" which can quantitatively describe the 
degree of backbone unfolding since for a perfectly unfolded conformation z must 
by t 180". Considering the traditional criterion that the C7-C; distance (d) must be 
shorter than 7 A, only a fraction (18) of the total number of a-turn conformations 
(30 structures altogether) could be assigned as 8-turns. This is because all the 49 
For-L-Ala-L-Ala-NH2 conformations [ 841 of the model compound resulted in 30 
structures within the - 90" T s + 90" angularity range and 19 backbone geometries 
with - 180" < z < - 90" or + 90" =s T S + 180" values. Depending on the d or z type 
of 'conformation selection rule', both groups of hairpin geometries of For-Ala-Ala- 
NH2 consist of a large number of elements. A total of 18 structures are assigned as 
8-turns i f  both the angularity and the distance criteria are applied simultaneously, but 
as many as 30 conformations are considered folded structures when only the angularity 
(T) selection rule ( - 90" < T S + 90') is considered. All the calculated conformations 
had been observed previously by X-ray data-base analysis of globular proteins [ 1151. 
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158 A. Perczel and I.  G. Csizmadia 

However, the extraction of all the /?-turn conformations fulfilling the angularity 
( - 90" < z S + 90") or distance (d S 7 A) criteria is not possible by an X-ray data-base 
analysis. All existing 8-turn conformations can be assigned on the corresponding 
4D-Ramachandran type PES, however, many of these conformations that do occur in 
globular proteins cannot be extracted from X-ray data, because some of these structures 
have a rare occurrence. 

The functional role of intramolecular hydrogen bonds in the formation of folded 
conformations is a subject of some controversy. The hydrogen bond is often claimed 
as the 'driving force' of the main chain-folding. If an aL substructure is incorporated 
in a p-turn conformation (e.g. U L ~ L  in type I p-turn), a favourable H-bond interaction 
is required to stabilize such a p-turn [ 1 1,12,114]. By contrast, forp-turns not containing 
an uL conformational subunit, the existence of such an 1 < - 4 H-bond is not required 
[84]. For example, the E D ~ D  hairpin conformation contains a 1 < - 4 type H-bond, but 
in the 6 ~ 6 ~  conformation (type 11' /?-turn) such an intramolecular H-bond is not present. 
Therefore it may be concluded on the basis of these ab initio calculations, that while 
the 1 < - 4 H-bond may be present in /?-turns, it is not a necessary condition for the 
intrinsic stability of these structures. Only five structures ( M L ~ L ,   DUD, a D 6 D ,  € 0 6 ~  and 
~ ~ 6 0 )  of the 30 /?-turns located in this study incorporate the intramolecular 1 < - 4 
H-bond (d0 . . .m 6 2.2A). 

7.2. Spectroscopic aspects of the ab initio calculations 
The X-ray analysis of crystalline compounds where typically a single conformer is 

observed can yield extremely valuable information [ 116-1 251. However, the solid state 
structure of a peptide is often modified by 'crystal forces'. Therefore, these geometries 
are not necessarily identical to the dominant conformation adopted in the solutions, or 
in the gas phase. Although calculations can yield the geometry and the energy of any 
minimum energy structure in the environment-free state, the spectroscopic 
identification of these conformers or at least conformational regions, is still problematic 
in solutions. The application of the results obtained by ab initio calculations may have 
some relevance to conformational analyses performed by vibrational, circular 
dichroism, microwave, electron diffraction and NMR spectroscopy [28-331. The 
time-scale of the experiment performed in solution has a cornerstone role. The 
applicability of ab initio structures can be different when the time-scale is long (e.g. 
NMR) or when spectroscopy reflects a time-resolved structure set (e.g. circular 
dichroism (CD), Fourier transfom-infrared (FT-IR)). 

Nuclear Overhauser effect (NOE) [42,43] such as the 'H-{ 'H}-NOE experiment 
is the most frequently applied NMR measurement to determine the folding pattern of 
peptide or protein backbones. Previously backbone torsional angle constraints arising 
from the 3 5 ~ ~  spin-spin coupling constants [126,127] as well as data obtained from the 
mobility analysis of the amide protons [ 128-1331 were also involved in structure 
determinations. It has been shown that interproton distances (di) can be determined on 
the basis of quantitative NOE even for multiple spin systems, to an accuracy of 2 0.1 A. 
For the interpretation of these experimentally determined distances, selected interpro- 
ton distances are also calculated (usually by molecular mechanics (MM) and/or 
molecular dynamics (MD) [134-1421). but the empirical nature of the applied 
parameters used in MM and/or MD computations may introduce significant 
uncertainties in the distance data set [134-1421. Figure 14 summarizes 10 possible 
marker distances of the For-Ala-Ala-NHz molecule, useful for a quantitative structure 
assignment by NMR. The dNa (;dNH(i)/Ha(i)). d m  (;dNH(i)/NH(i + id ,  and dad;dHa(i)/NH(i+ 1)) 
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b 
Figure 14. The ten marker interproton distances (d i s )  of For-Ala-Ala-NHz; (1 ) ;  NHi+ ,-H:+ I ,  

(2);  NH;+ I-NHit2, (3); NHi+ I-H:+Z, (4); NHi+ I-mi+3, (5) ;  NHi+&I:+l, 
(6); NHi+rH:+2, (7); mi+~-NHi+3 ,  (8); NH;+3-H?+2, (9); NHi+3-H:+lr (10); 
H:+ ,-H:+ 2. The distance values are different for each conformer. 

interproton distances have a specific role in the conformation assignment performed by 
NOE's [84]. While the is a correlated spectroscopy (COSY) type connectivity, the 
dolN and the d m  are sequential NOE information. The conformation of any diamide-type 
subunit of a protein backbone can be characterized by one of the nine conformational 
types (see below). The assignment of these substructures using a combination of the 
three well known d& and d m  distances has great importance. Although the 
determination of interproton distances based on 'H-{ 'H}-NOE or 2D-nuclear 
Overhauser and exchange spectroscopy (NOESY) is problematic, the secondary 
structure of a polypeptide can now be assigned not only in terms, of helices, sheets or 
turns but also as accurately as GZL, PL, y ~ ,  8 ~ ,  EL. etc. 1841. 

In the case of a single conformation these dj's (equation (3)) are typical for the 
investigated conformation and are therefore regarded as marker distances. However, 
in the case of a conformational mixture these marker distances d'; (that is the interproton 
distance in the ith conformer) have to be determined by computation for each of the 
conformers [84,91,92]. The experimentally determined interproton distances in the 
case of conformational mixtures reflect the average interproton distance due to the 
time-scale of the NMR experiment, which makes structure determination of small or 
medium size peptides extremely difficult. Consequently, the application of NOE based 
structural constraints for small or middle size peptides has serious limitations and 
requires sophisticated calculations [91,92]. The reciprocal of the sixth power of the 
average interproton distance (4) which is an experimental distance, is the weighted 
average of the reciprocal of the sixth power of the individual marker distances (dji which 
are calculated distances as shown by the following equation: 

The weighting coefficient (pi)  is the probability occurrence of the ith conformation in 
the mixture. Consequently, the spectroscopic determination of peptide conformations 
requires the quantitative knowledge of these marker distances (dji) in all the 
participating conformers (table 11). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
1
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



160 A.  Perczel and I. G. Csizmadia 

The IR and UV type spectra containing time-resolved structural information are 
rather complex due to the presence of multiple conformations and/or the dynamic 
aspects of backbone conformation in solution. Moreover, the IR and/or CD spectra 
provide no insight to structure-sequence correlation. Therefore, the deconvolution 
[92,143,144] of the complex spectra must be followed by the assignment of the 
component curves to individual conformations, using external data (e.g. calculations 
resulting in probability occurrences tpj), NOE structural constraints, etc.). 

7.3. Conformers to describe the 3 0  backbone structure of proteins 
Up to now, no relationship between the amino acid sequence of proteins and their 

three-dimensional conformation has been found. Although many different approaches 
have been attempted resulting in a variety of prediction algorithms, no reliable a priori 
prediction of protein 3D-structure from its amino acid sequence is in sight. A less 
glamorous but more realistic task is to classify the already determined backbone 
conformations. The determination of several 'conformational centres' on the 
Ramachandran map led to the knowledge of all the possible discrete backbone 
conformations in terms of which protein conformations may be represented. The fact 
that only a few discrete backbone conformations exist is equivalent to the recognition 
that certain conformations are playing some 'key' role during protein folding. In the 
past the division of the - 180" =S #I =S + 180" and - 180" S $I S + 180" spaces was 
achieved by the fragmentation of the X-ray determined protein structures (method A) 
[ 135, 1361, as well as on the basis of the conformations determined by MM calculations 
(method B) [22]. The frequency ratios of subconformations in the investigations protein 
data set influenced the statistical analyses, introducing inaccuracies into method A. On 
the other hand, the parameterization of the force fields, partially based on X-ray data, 
can induce errors in the geometrical and energetic description of the resulting structures. 
Although the two methods differ from each other, their arbitrary character may well 
be the cause of their limitations. We have proposed a third method (method C) for the 
division of the 4,  $ surface on the basis of multidimensional conformational analysis 
combined with ab initio calculations. Since all published ab initio calculations on amino 
acid diamides, regardless to the applied basis set or calculation type, resulted in nine 
(or fewer) backbone conformations, this value, is treated as an upper limit. Although 
the Hartree-Fock calculations have also limitations, they can describe conformational 
properties quite accurately, which is not the case for the semi-empirical or force field 
methods. Consequently, the 2D-Ramachandran map (0"s #I S + 360°, 0" S $I S 
+ 360") has been divided into nine conformation-regions and their minima have been 
labelled (a&, a ~ ,  &, etc.). The conformation centres are already specified in table 2. 

The backbone distorting effect of the side chains can also be ignored to some extent 
since the analysis of For-Gly-NHz, For-Ala-NH:! and For-Val-NHz amino acid 
diamides yielded similar locations of backbone conformations [ 1461 (table 9). The 44 
different structures of the For-GSer-NHz yielded also nine clusters of backbone 
conformation types [82]. All the optimized 49 different conformations of For-Ala-Ala- 
NHz are also the combination of these nine (aL, aD. PL, y ~ ,  yo, 6 ~ ,  60, EL and ED) legitimate 
conformations [84]. However, the application of these minima as 'conformational 
centres' on the PES was previously questionable, because two of the nine minima were 
annihilated in the case of simple amino acid diamides. This apparent paradox is now 
resolved. Also, the degree of conformational distorting effects of the nearest neighbours 
was unknown. The analysis of the torsional angle distributions of the 12a0, 14/3~, 15y~ ,  
14yD, 126~,  146~,3.5~, 1 3 ~ ~  and laL subconformations yielded a set of average or central 
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Table 9. The 49 optimized ab initio structures of For-Gly-NHz For-AIa-NH2 For-Val-NHz 
molecules using 3-21G basis set. 

BB Aaa SC 4 ~ ~ ~ .  $ T ~ ~ .  

Ala 
Val 
Val 
Val 

Ala 
Val 
Val 
Val 

Ala 
Val 
Val 
Val 
GlY 
Ala 
Val 
Val 
Ala 
Val 
Val 
Val 

Ala 
Val 
Val 
Val 

Ala 
Val 
Val 
Val 

GlY 

GlY 

GlY 

GlY 

63.8 
50.0 
60.2 
47.2 

180.0 
191.6 
197.7 
224.0 
218.4 
126.0 
181.4 
183.8 
222.4 
190.1 
234.0 
232,2 
225.9 
236-3 
67.6 
76-2 
75- 1 
70-9 
83.9 
73.9 
62.9 
74.0 
59.6 

276.1 
275.6 
275.0 
276.7 
275.0 

32.7 
43.1 
40.9 
44-6 

180-0 
170-9 
156.8 
142.8 
163-7 
334.5 
3 16.0 
326.2 
299.9 
313-1 
25.5 
30.0 
35.3 
28.4 

181.9 
162.3 
152.8 
170.6 
292-2 
303.3 
320-8 
299.0 
321.4 
67.8 
67.7 
66. I 
71.6 
63.2 

conformations’ with high confidence (see table 2). Although the conformation 
dependent alteration of some substructures was observed (e.g. four of the 1 4 ~  
substructures deviate significantly from the average value) in  general they are located 
close to each other. The result obtained from the study involving several oligopeptides 
also underline the above conclusion [82,110-1121. All these data are summarized in 
table 10. 

As an example, the assignment of the 3D structures of a Cytochrome C (1CCR) 
fragment (scheme 18) is reported. When using only the classical terms to describe the 
folding of the backbone (a-helices, p-turns and P-pleated sheets), the 22-23,26-29 and 
32-40 regions of this protein backbone cannot be assigned by this traditional method. 
The ‘structure-describing’ method presented above called ACAP [ 1451 (amino acid 
conformation assignment in proteins) makes the description of the overall backbone 
structure possible [ 1461. 

Three points should be emphasized in closing: 

(1) the observation that certain substructures have 4, (I/ torsional angle pairs far 
away ( > 40’) from the ‘conformational centres’ does not indicate the failure 
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Table 10. The location of the nine conformational centres on the basis of three different type 
of molecules. 

4 * $TOP. $TOP. u+ n 

ED For-k-NH2" 
For-Ser-NHZ 
For-AlarNHz 

uL For-Xn-NHz 
For-Ser-NH2 
For-Alaz-NHz 

BL For-h-NH2 
For-Ser-NH2 
For-Alaz-NHz 

For-Ser-NH2 
For-Ala2-NH2 

SL For-Xm-NH2 
For-Ser-NH2 
For-Alaz-NHz 

ED For-Xzx-NH2 
For-Ser-NH;! 
For-AlarNH;! 

zL For-h-NH2 
For-Ser-NH2 
For-Ala2-NH2 

Y D  For-k-NH;! 
For-Ser-NHz 
For-Ala2-NH2 

y~ For-k-NHz 
For-Ser-NH2 
For-A I a2-NH2 

60 For-Xn-NHz 

55.3 40.3 
57.3 42-3 
61.8 31.9 
- - 

-68-3 -30.5 
-68.6 - 17.5 
157.7 162-8 
165.1 173.8 
167-6 169.9 

- 179.3 - 42.1 
- 173.4 -53.3 
- 179.6 -43.7 
- 127.9 29-8 
- 129.3 30.6 
- 126.2 26.5 

72.5 166.9 
68-6 - 154.7 
64.7 - 178.6 
- - 
- - 
- 74-7 167-8 

70.9 - 52.7 
69-8 -47.9 
74-3 -59.5 

- 84-3 67.3 
- 82.2 67-5 
- 84.5 68.7 

55.3 
57.3 
61.8 
- 

29 1 *7 
29 1-4 
202-3 
194.9 
192.4 
180.7 
186-6 
180.4 
232- 1 
230.7 
233.8 
72.5 
68.6 
64.7 
- 
- 

285.3 
70.9 
69.8 
74.3 

275-7 
277-8 
275.5 

40-3 
42-3 
31.9 
- 

329.5 
342-5 
162-8 
173-8 
169.9 
3 17.9 
306.5 
316.3 
29.8 
30-6 
26-5 

166-9 
205.3 
182-4 
- 
- 

167.8 
307.3 
312.1 
300-5 
67-3 
67-5 
68-7 

6-9 
6.3 
1.8 
- 
4.2 

b 

16-5 
14.5 
2.6 

31.1 
19.0 
9.1 
3.9 

12.4 
12.1 
3.4 

16-6 
3.8 

- 

- 
- 
3.2 
8.7 
7.6 
1.1 
0-6 
3.7 
2.0 

4.6 
7.4 
5.9 

8.7 
- 

- 

12.6 
8.5 
1.1 

11-8 
10-8 
3.5 
3-6 
5.5 
9.4 

10.7 
31.3 
24.0 
- 
- 
3.7 

11.8 
11.7 
8-4 
2.7 
5.6 
3.4 

4 
4 

12 
0 
3 
1 
5 
5 

14 
5 
6 

14 
4 
5 

12 
4 
6 

13 
0 
0 
3 
5 
9 

14 
5 
6 

15 

"The conformational parameters of the For-Xzx-NHz are obtained from the averaging of the 

bNo u was calculated since only one conformer was evaluated. 
For-Gly-NH2, For-Ala-NH2 and For-Val-NH2 structual data. 

30 40 

-H is-Th r-Va I-Asp-Lys-G l y-Ala-G I y-H is-Lys-G I n-G l y-Pro-Asn-Leu-Asn-G ly- 
- p L -  E ~ -  S L -  E~ - E~ - ao-aL- E ~ -  cL-PL -aL - E~ - E~ - E~ - aL - E~ -ao- - I 

(a-helices) - @turns) 

Scheme 18. 
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Table 11. The 10 marker interproton distances in the 49 different conformers of For-Ala- 
Ala-NH2. 

Backbone proton distances’ 

a D a D  

~ D P L  
U D ~ D  
U D ~ L  
~ D Y D  
~ D Y  L 
E L ~ L  
P L ~ D  
PLPL 
P L ~ D  
P L ~ L  
PLED 
PLYD 
PLYL 
 DUD 
~ D P L  
6 ~ 6 ~  
~ D E D  

~ D E L  
~ D Y D  
~ D Y L  
 LED 
SLPL 
6 ~ 6 ~  
 LED 
~ L Y D  

~ L Y L  

EDPL 
E D ~ D  
E D ~ L  

EDED 
EDYD 
EDY L 
YDPL 
Y D ~ D  
Y D ~ L  
Y D E D  
Y D E L  
YDYD 
YDYL 
Y L a D  

YLPL 
Y L ~ D  
Y L ~ L  

Y L E D  
Y L E L  
YLYD 
YLYL 

EDaD 

2.27 2-88 
2-27 2-81 
2.25 2.84 
2.29 2-87 
2-28 2.80 
2.27 2-83 
2-82 2433 
2.85 4.28 
2.84 4.31 
2.84 4.28 
2.84 4-27 
2.83 4.24 
2.85 4.24 
2.84 4.28 
2.71 2.30 
2.79 2.19 
2.71 2.26 
2.74 2.33 
2.78 2.27 
2.72 2.25 
2.72 2.27 
2.94 2.67 
2.94 2.50 
2-94 2.62 
2.90 2.49 
2-94 2.54 
2.94 2-57 
2.23 3.66 
2.26 4.60 
2.26 4.65 
2.26 4-62 
2.26 4.48 
2.26 4.50 
2.26 4.62 
2.24 3.62 
2.23 3.62 
2.23 3.64 
2.23 3.67 
2.25 3.61 
2-23 3-63 
2-23 3.66 
2.90 3.67 
2.91 3.78 
2.90 3.82 
2.90 3.68 
2.93 3-61 
2.90 3.70 
2.90 3.64 
2.90 3-69 

5.12 
5.40 
5-33 
5-40 
5-02 
5-35 
5.39 
5.67 
4.69 
4.83 
4-42 
5-65 
5.71 
4.50 
4.15 
3.95 
3.89 
4.09 
4.00 
94 

4.52 
4.72 
5.00 
5.08 
3.96 
4.67 
4.60 
5.64 
5.55 
5.61 
5.38 
6.14 
6.26 
5.26 
5.12 
5.14 
5-4 1 
5.73 
5-24 
5-50 
5.61 
5.52 
5.46 
5.69 
5.12 
5.26 
5.06 
5.59 
4.9 1 

4.48 
7.10 
4-28 
4-99 
5-53 
5.66 
4.39 
4.52 
7.15 
5.96 
5.03 
6.56 
3.74 
3.93 
4.76 
5.8 1 
4.5 1 
6-42 
5.0 1 
4.96 
4.10 
3-53 
6-65 
3.69 
5.10 
4-77 
5.42 
5.69 
7.9 1 
6-34 
4.7 1 
7.06 
4.52 
4.93 
7.25 
5.69 
3.96 
7-76 
6.40 
5-64 
4.80 
3.62 
7.50 
4.72 
5.73 
6.23 
7.29 
4.50 
5.55 

2.91 2-25 
2.90 2.85 
2.99 2.64 
2.81 2-93 
2.80 2.24 
2.90 2.89 
3.44 2.94 
2.49 2.26 
2.55 2.84 
2.50 2.79 
2.46 2.94 
2.43 2.25 
2.40 2.22 
2.50 2.90 
3.55 2-26 
3.60 2.86 
3.54 2.82 
3.52 2.26 
3.53 2.93 
3.51 2.24 
3.55 2.89 
2.94 2.27 
3.09 2.83 
2.92 2.78 
2.52 2.26 
2-98 2.23 
3.00 2.91 
3.57 2.27 
2.73 2.83 
3.06 2.73 
3.31 2.93 
2.58 2.24 
2.60 2.21 
2.79 2.91 
3.63 2.89 
3.57 2.84 
3.57 2.95 
3.55 2.26 
3-56 2-94 
3-54 2.23 
3-58 2-91 
2-42 2-27 
2.44 2.88 
2.26 2.82 
2.40 2.95 
2.30 2.26 
2.43 2.92 
2.38 2.23 
2.41 2.91 

2.82 
4.29 
2-35 
2.72 
3-64 
3-70 
2.57 
2-84 
4.29 
2.28 
2.64 
4.60 
3.66 
3.71 
2.80 
4.3 1 

4-60 
4.52 
3.64 
3.74 
2.86 
4.29 
2.28 
4.57 
3.67 
3.67 
2.82 
4-28 
2-27 
2.60 
4.63 
3-67 
3.63 
4.38 
2.14 
2.57 
4.60 
4-56 
3-68 
3.70 
2.77 
4.36 
1.94 
2.55 
4.56 
4.66 
3.68 
3.7 1 

2.28 

3-09 
2.5 1 
3.59 
2.92 
3.59 
2-43 
3.10 
2.88 
2-52 
3.60 
2.94 
2.76 
3.59 
2.43 
2.90 
2.53 
3.61 
2-83 
2.54 
3.60 
2-42 
2.88 
2.5 1 
3.59 
2.80 
3.59 
2.44 
2-86 
2-5 1 
3.59 
3.02 
2.85 
3.59 
2.46 
2.49 
3.60 
3.03 
2-68 
2-47 
3-59 
2-44 
2.90 
2.48 
3.62 
3.02 
2-75 
2.36 
3.59 
2-45 

4.48 
6.61 
4-78 
3.70 
4-6 1 
4-00 
3431 
3-56 
6.60 
4.09 
4.40 
6-32 
4.3 1 
4.75 
4.46 
7.05 
5.51 
6-69 
6.49 
4-23 
4.16 
4.75 
6.65 
5.1 1 
6.60 
4.58 
3.96 
4.4 1 
6.66 
4.35 
4.60 
6.16 
4.14 
4.69 
6.94 
5.43 
4-43 
6.70 
6-47 
4.10 
4.09 
4.33 
6.39 
3.95 
3.46 
6.50 
6.19 
4.65 
4-26 

4.84 
4.38 
4-64 
4-45 
4.65 
4.60 
4.44 
4.57 
4.62 
4.65 
4.43 
4.54 
4.54 
4.33 
5.33 
4-66 
4.72 
5-33 
4.61 
5.3 1 
4.64 
4-85 
4.36 
4.30 
4.66 
4.8 1 
4.64 
5.32 
4.64 
4.79 
4.45 
4.56 
4.66 
4.27 
4.54 
4.67 
4.47 
5.3 1 
4.63 
5-31 
4-58 
4.52 
4.3 1 
4.41 
4.40 
4.47 
4.54 
4-42 
4.53 

’ Backbone interproton distances calculated by ab initio (HF13-21G) geometry optimization. 
Standard NMR type abbreviations of the marker distances. 
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of the method. In fact, it is diagnostic that some unusual stabilizing or 
destabililzing interaction is operative at that particular amino acid residue. 
Therefore we think that ‘ghost’ structures, assigned in proteins (figure 13) are 
diagnostic of special intra- or intermolecular interactions. 

(2) the increase of the polypeptide chain length as to considering the For-(Ala),- 
NH2 (1 =s i G 4) molecule, the average (4, $1 torsional angle pairs do not 
change dramatically with i. The increase in basis set size and/or the inclusion 
of electron correlation did not result in significant conformational changes as 
demonstrated previously. The observed alteration on the (4 ,  $} PES was small 
for selected backbone structures. Certainly the precise determination of the nine 
conformational centres depends upon the applied basis set and could well be 
modified in the future, when high computational power is available, but the 
basis concept of the conformational assignment will remain intact; 

(3) all the ‘conformational centres’ were determined on the basis of ab  initio 
calculations performed on For-(Ala)<-NH, (1 C i S 4) molecules. It is obvious 
that the very simple side chain of such a model compound cannot be 
representative of the large variety of polar and apolar side chains. However, 
polyalanine models are the best systems for the investigation of purely 
backbonehackbone type interactions. From this perspective all backbonehide- 
chain interactions can be treated as indicative backbone modifying effects. 
Consequently, when the conformation of an amino acid residue is classified by 
the ACAP algorithm, and a noticeable deviation is observed, we may be certain 
that the resulted deviation reflects, as a global indicator, all types of interactions 
that are exerted on the backbone of the protein. 
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