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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,
E6tvos University, Budapest, Hungary

and IMRE G. CSIZMADIA

Department of Chemistry, University of Toronto, Toronto,
Ontario, Canada M5S 1A1

Ab initio computations have been carried out during the past several years on
diamides of single amino acids (HCO-NHCHR-CONH, where R=H (glycine),
—CHj; (alanine), —~CH(CH3), (valine) and -CH,OH (serine)) exploring all possible
backbone and side chain conformations. Selected conformations were studied in our
laboratory on threonine (R=CH(CH3)OH), cystein (R=CH,~SH) and phenyl-
alanine (R=CH,-CsHg) diamides. Tri-, tetra-, penta-, hexa- and hepta-amide
systems of poly-L-alanine (H-(CONH-CHCH;-CONH),~H 2 < n =< 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 [1-10]. 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 [11-19].

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

Backbone torsional angle values

B-turn
type @1 Wi &2 ¥ Conformation type(s)
I —60 —-30 —90 0 o, OLYL, ArdL
I 60 30 90 0 opotp, ApYD, ApOD
| — 60 120 80 0 210D, ELYD, £L0D
I’ 60 - 120 -~ 80 0 eptyr, €DYL, SD(SL
111 — 60 —-30 — 60 — 30 ooty
ar’ 60 30 60 30 Ap&p
Via - 60 120 —90 0] Erdp, ELVLs SL(SL
VIb - 120 120 - 60 0 Bura, By, BLoL
VI - 60 —30 — 120 120 o fr

subunits are the o-helices, f-pleated sheets and the poly-prolin II secondary structures
[11]. These units consist of ¢ and ¥ values in a monotonically repeated form. In an
a-helix ¢ = — 54° and ¥ = — 45° for all amino acid residues within a relatively small
torsional angle tolerance. These torsional angle variables are observed around
¢ = — 150° and y = + 150° for -pleated sheets [20-25]. In a polyprolin Il secondary
structure incorporating k successive amino acid residues the main chain conformation
can be labelled as [¢p = — 60° and y = + 120°]y. The (¢tz)., (BL)- and (g..), Symbols can
be introduced for the description of a-helices, S-pleated sheets and poly-L-proline 11
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 S-turns
[26], the definition of the ¢; 1, ¥;+1, ¢:i+2 and ¥, 4 - torsional angles is required. (For
these backbone torsional angle values, associated with the different S-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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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 (¢, Yi» wi, 1!, %7, etc. (scheme 2) is of a primary interest, where the ¢ 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 = (¢1, ¥1, ... dw, Y1), 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:

E{d1, ¥, 2, Y2}
E{¢2, Y2, 3, Y13}

E i-LVYi-1L@,L, Y
E=E{¢1¥1,..., 0oV, Qi) = (imeoWimno G ) n
E{¢iv¢ia¢i+l,lﬁ,’+1}

E{dr—2, Wk ~2, Px— 1, i1}
E{¢w—1, Vi1, Or i),

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-Xxx-NH,, CH;CO-Xxx-NHCH3, etc. This approach results in the following
partitioning of the overall conformational potential energy function:

E{¢1. Y}
E{d)zv !//2}

E{d;—1, -
E=E{(isx,l//],...,¢,’,(’[/i,n_’(}5’,“‘1,}(}:}i {di-1,Wi-1} 2
E{¢u )

E{¢x—1,¥k-1}
E{¢r, i}

From the early sixties these ‘Ramachandran type’ [27] potential energy surfaces
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(PES) (E = E(¢, Y] 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 & 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 [20-25]. 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 [11,20-25]. Nevertheless, if the interest is focused on residue i and i + 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 [28-33], since
multiple conformers are simultaneously involved in the structure within a time-scale
typically faster than resolved by NMR [31-34]. 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 knowledge of the individual conformers. Beside the
traditional force field approaches [46-52], 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, 50-52] molecular dynamics (MD)



17:21 21 January 2011

Downl oaded At:

Searching for structural units 131

{49] 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 type 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 conclusjons.

The multidimensional conformational analysis (MDCA) is a qualitative tool
[53-55] to find the approximate location of the critical points on a potential energy
surface. The full Ramachandran map is (F = E(w, ¢, y,’)) where the torsional angles
are defined according to IUPAC-IUB convention. Since the torsional values of v and
o' are typically 180° for trans amide bonds (and 0° for cis peptides), the conformation
energy expression can be simplified (Ey =o' =const. = E(¢, ¥)) 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 (x;, ap, Br, YL, b, 61, 00
&1, &p,) in an idealized fashion, one minimum in one segment. The ITUPAC-IUB
convention recommends to vary both the ¢ and the ¥ in between — 180° and + 180°.
It is more convenient, however, to identify minima with their conformational region
or catchment region by using the 0° < ¢ < 360° and 0° <y < 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 TUPAC-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 ¢ and y 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]
(o, op, Br, 01, 00, €1, €p, Y1, YD) 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 11793
amino acid residues only eight combinations from the 20*9 = 180 amino acid-confor-
mation possibilities were not found. These exceptions were the ap type conformation
by the Ile and Pro, the yp by the Pro, Phe, Tyr, Trp and His, and the gp 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—L-Ala~NH,, For-L-Val-NH,), [S6-58] 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; and &, peptide
conformations were not observed in the case of alanine diamides, although this amino
acid is known as an ‘a-helix former’ in proteins. The o, 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
[20-23] or if it was previously classified as typical or atypical, the nine different
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Figure 1. (a) Topological representation (0° < ¢ <360°, 0° <y < + 360°) of the potential
energy surface of an amino acid diamide. Minima specified by their names usually
referred to by subscripted Greek letter (az, ap, B, 1. O, &1, &b, YL and 7p). 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. () The standard
representation ( — 180° < ¢ <180°, — 180° =<y =< + 180°) of the PES presented in
figure 1 (a).

Table 2. Characteristic ¢ and y values of the nine conformational centres.

B. B. conf. ¢ ]
oap 61-8 319
oy — 686 -175
B - 167-6 16959
V79 — 845 68-7
b 743 —59.5
oL, - 1262 26-5
dp -179-6 —43.7
&L — 747 1678

&p 64-7 - 1783
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Table 3. The number of the observed nine conformational centres (o, ¢p, Br, 61, Op, &L, €D»
yL and yp) (@) and their deviations (b) in selected 78 globular proteins.

(a) [+43 2453 BL 6L 5[) &L Ep L YD Total
GLY 177 277 124 30 30 134 190 16 78 1056
ALA 547 13 110 40 15 203 5 44 7 984
VAL 289 10 159 30 31 229 2 108 2 860
LEU 410 11 84 39 17 221 12 91 5 890
ILE 215 0 87 25 5 132 4 81 1 550
PRO 214 0 2 4 15 288 1 22 0 546
SER 355 19 186 72 30 236 10 53 8 965
THR 256 3 131 62 22 223 8 58 2 765
CYS 12 5 60 21 9 67 2 29 1 306
MET 71 3 29 10 5 37 1 14 1 171
PHE 172 6 78 22 9 97 1 39 0 424
TYR 136 14 94 36 10 130 4 43 0 467
TRP 75 I 33 16 5 47 0 13 0 190
ASP 285 22 42 68 17 118 3 85 11 651
GLU 304 9 47 33 21 111 5 40 3 573
ASN 171 70 53 70 17 96 8 77 5 567
GLN 195 10 65 20 14 105 5 20 1 435
LYS 367 22 84 39 20 144 8 52 6 742
ARG 152 i1 61 23 14 80 3 26 4 374
HIS 96 9 52 31 8 45 2 30 0 273
Total 4599 515 1581 691 314 2743 274 941 135 11793

b) oy oD B 8t Op er &p YL YD dev.
GLY 24 31 29 37 65 29 50 32 45 38
ALA 18 30 32 34 46 34 71 40 48 39
VAL 20 38 45 37 55 43 39 50 44 41
LEU 20 35 44 33 S0 36 S1 44 31 38
ILE 23 0 44 33 51 43 57 47 54 44
PRO 17 0 45 29 21 27 70 38 0 36
SER 21 40 35 32 52 33 53 43 44 39
THR 23 45 41 34 58 38 66 48 14 41
CYS 22 35 37 34 52 36 49 43 44 40
MET 21 11 39 42 61 36 51 33 54 39
PHE 22 14 34 31 62 37 49 38 it 36
TYR 23 18 39 32 59 39 64 44 0 40
TRP 20 60 41 22 40 40 0 40 0 38
ASP 22 21 33 32 47 34 66 37 40 37
GLU 20 34 39 33 50 38 56 38 50 40
ASN 22 18 40 30 56 37 56 43 22 36
GLN 21 37 41 32 50 37 68 43 55 43
LYS 21 32 44 33 54 36 52 4] 52 40
ARG 20 26 40 32 56 37 48 46 38 38
HIS 21 14 36 35 46 39 37 44 0 34
dev. 21 30 39 33 52 36 55 42 42
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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-CHCH;—CONH, (C4HsN-O,). On the
other hand, the accuracy has also been gradually reduced with the increased
number of amino acid residues in an oligopeptde (HCO—[NH-CHCH;3-CO],-NH,
[Csn + 1Hsp +3Nr+ 100+ 1]).

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—67], 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 (FF) [46-52] program as external parameters. In such a
way knowledge accumulated for small molecules is ‘extrapolated’ into larger systems.
In this context data obtained from smail 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 [68-78].
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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
¢, values in the y; and the f; backbone orientations of the For—L—Ala~NH, molecule

“as a function of the applied ab initio method [79]. For SCF type geometry optimizations

a total of 11 basis sets were used: 3-21G, 4-21G, 4-31G, 6-31G, 6-311G, 6-31 + + G,
6-31G**,6-31 + + G**, 6-311G**, 6-311 + + G and 6-311 + + G**, The accuracy
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
6-311 + + G**,j.e. 6-311 + + G(d, p) implies a minimal core representation with the
aid of 6 s-type Gaussians, and 311 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, O)
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 = 11°. The variation of the relative energy with the ac¢curacy of the calculation
is shown in figure 3. Not considering the relative energy differences obtained with an
MP?2 calculation on an unreasonably small basis set (3—21G and 4-21G), the relative
energy differences of the two conformers fluctuated around 0-7 = 0-6kcalmol ~ .
Surprisingly, the HF/3-21G energy difference was close to data obtained from
MP2/6-31 + + 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 3-21G basis set as suitable for studying oligopeptides: (HCO-(NH-
CHCH;-CO),~NH,).

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

According to selected crystallographical data amino acid diamides adopt minimal
energy conformations close to 8, y, and §;. These three energetically low lying minima
are close to each other in terms of ¢, Y torsional angle values. Based on ab initio
calculations on diamide systems the §; and §; 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 (figure 4). 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, 31]. The lack of any solution state evidence supporting the
stability of the oy and the ¢ 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 (o and
) 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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Figure 2. Domains of the ¢, ¥ torsional angles computed for the y, and f; conformers of the
For-L—-Ala—NH; molecule, using sp and sp(d, p) basis sets. The ¢, y torsional angle pairs
obtained at the level of HF/3-21G are marked by solid dots 10 show the deviation from
the more accurate sp(d, p) results.
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Figure 4. The B,, y. and §, regions of the potential energy surface associated with the
For—-L-Ala—NH, 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 oy 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-NH, or the Ac-L-Ala-NHMe
show that, the right-handed helical conformation, denoted here as a;, 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: «;, ap, &,
and gp. 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—NHj the o; and ¢, conformations are missing, and in the case
of For—D-Ala—NH, the ap and the &p 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 oy
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 ay type
backbone orientation (¢ = — 60 = 30° and = — 30 * 30°) even for a diamide system
such as the For-L-Ala—NH; molecule. This clearly illustrates that the FF approaches
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Figure 5. Schematic illustration of the results of multidimensional conformation analyses
(MDCA) for a P-CONH-CHR-CONH-Q type molecule, showing two full cycles of
rotation (from — 360° to + 360°).
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Figure 6. The 2D-Ramachandran type potential energy surface (PES) (one full cyle of rotation
is reported (from 0° to + 360°)), associated with For—L-Ala-NH,. (Computed by
HF/3-21G.) Note that the a; and the ¢, conformations are missing from the nine expected
minima.
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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—~NH,. Contour lines up to
10 kcal mole ™! are solid lines, above 10 kcal mole ~ ! there are broken lines. Contour lines

are drawn with | kcal mole ™! increments from 0 to 25 kcal mole ™.

disrotatory conrotatory

Figure 8. Principal mountain ridge of the 2D-Ramachandran map of For—L—-Ala-NH; oriented
along the disrotatory mode of motion: (¢—). Note that the existence of the four minima
(o, op, & and &p) depends on the aciual 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 Schifer and coworkers [72], when mapping low-energy pathways on the
E(¢,¥) of Ac—-L-Ala~NHMe, found that no minimum exists in the neighbourhood
of ¢ = —54° Y = —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°=<¢ =< + 180°,
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Figure 9. The oy region of the 2D-Ramachandran type potential energy surface (PES)
calculated by ab initio methods for the For-L-Ala-NH; molecule.

— 180° =y < + 180°. Here again the o, (and the g 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 o7 (and ¢;) minima were also observed for For-L-Val-NH, [58] at
any investigated iso-propyl side-chain conformations. None of the analysed y;
(N—C*-C#-C?) torsional angle values resulted in the stabilization of the two lacking
backbone minima discussed above. A preliminary optimization of the ‘helix-like’
backbone conformation (o) of the For-Gly-NH; molecule (the o, is identical to the
ap in the case of the achiral glycine residue) was first identified as a minimal energy
conformation [56], but careful optimization [80] revealed thatitis not really a minimum.
Therefore the smaller —-H and —CHj; as well as the larger -CH(CH3), apolar side chain
types resulted in the annihilation of the legitimate o backbone conformation. Thus, the
most likely hydrocarbon type side chains cannot stabilize the intrinsically unstable oy
backbone conformation of simple diamides of amino acids.

On the other hand, a specific backbone/side-chain effect in the case of the polar side
chain containing amino acid (such as For-L-Ser—NH,) may be expected to provide a
favourable interaction and could stabilize the o; orientation [81,82]. Based on
Scheraga’s molecular mechanic structures our preliminary SCF investigation [81 a]
suggested that the o, backbone minima could be present in the case of the
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Figure 10. The rigid side-chain pdtential energy surface associated with an o, type backbone
orientation (fu (1, x2)) of the For-L-Ser-NH; molecule determined by the ab initio
method. (The 3-21G basis set was applied.)

For—L-Ser-Nh; molecule. The SCF total energy of the previously found o related
backbone structures was high compared to the appropriate y, and/or ff, structures. We
decided to reinvestigate the stability of the a,-type geometries of For-L~Ser—NH, with
all possible nine side chain conformations (scheme 7) applying more severe
convergence criteria [81 b].

The stability investigation of the For—L-Ser—-NH. conformers using ab initio
methods, associated with an «, type backbone orientation was performed using the
¢ = —60° y = — 40° cross-section of the E = E(¢, ¥, 71, 72) ‘hypercube’. The rigid
SCEf2, (x1, x2) (see figure 10.) revealed five (5) maxima, eleven (11) saddle pointas well
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assix (6) minima([g " g* 1. [g " al,[ag " 1,{aal,[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*al, [g*g*]1and [g”g*] points were previously mistaken for minima, since these
conformations appear even on a rigid surface on the other hand, the remaining three
(laal, [g™ a] and {g~ g~ 1) o, type backbone conformations are true minima (figure
11 (a—)) not only because the gradient length is lower than 10 ~%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 o;. The backbone conformation angles as well as
selected interatomic distances are reported in table 4. Two forms, the oz[g g™ ] and
arlg ~a] out of the three cases (¢p = — 60°, y; = — 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 backbone/side-chain interaction served as an example
observed in the solid state structure analyses of the (CHz)sCO-Pro-Ser—NHCH;
[15, 16] and other molecules [18] 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 o
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 [g7 g7 ], [g 7 a]
and {aq]. Structures [g ~ g~ ] and [g ~ a] showed that the intramolecular hydrogen bond
was 4-1% of asingle 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 -CONH, 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 rigid f = - 60,y = —a0(¥1, X2)
map migrated when fully relaxed, one could think that these minima ([aa], [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 ¢, ¥, y; and y2(~ = 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;3}-OH and —CH,-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 o; conformation. Minimizations performed on the
For—L-Thr—NH, molecule at a;{g " g1, ou[g ~a] and oy[aa] conformations resulted
in almost identical three structures as obtained for the For—-L—Ser—NH, (table 4). On
the other hand, the same type of minimization of the For—-L-Cys—-NH, structures
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Figure 11. Relaxed backbone potential energy surface f{¢, ¥) sections associated with an o,
type backbone orientation of the For-L-Ser—NH; molecule determined by the ab initio
method. (The 3-21G basis set was applied.) (a) Minimum around the (¢ = — 76-8°,

Y= —187°% y1= —52:0° and y, = — 74-6°) point labelled as oz[g — g — ] conformer.
(b) Minimum around the (¢ = —76-4°, Yy = — 16-8°, y; = —52-3° and y, = — 176-8°)
point labelled as o;[g—a] conformer. (¢) Minimum around the (¢ = —69-1°,

Y= —399° y; — 173:3%°and y, = — 165-5°) point labelled as a;[aa] conformer. (d) the
ab initio optimized structure of the For-L-Ala—NH».H,O molecular complex. Two
intermolecular hydrogen bonds (dco ... noy = 2-06 A and dco...non = 2-09 A) are present,
resulting in ¢ = — 69-8°, Yy = — 36-8° values.
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Table 4. Optimized ab initio structures of For-L-Ser-NH, For-L-Thr—NH, at «;-type
backbone conformations, using a standard 3-21G basis set.

For—L—Ser~NH, For—L~Thr—NH,

INL oafg"g"]  oulgal or[aal afg gl oulgal orlaal

CONV.f alg™eg™]l  wlgal o [aal orflg”g”1 g al  oyfaal
' - 1711 —-1694 —1746 - 1715 —1699 —1742
o' —72:0 -705 — 624 —70-8 - 693 - 693
y! —237 -249 —42.8 —265 —-278 -320
o? + 1570 -1798 —179.7 - 1793 —-179-8 —1775
% — 456 —475  —1799 —375 —403 —171.5

x> —-775 —174.5 — 1687 — 83.7 —172-8 —1721

MAX. FORCE <1E-—-6 <lE-6 <I1E—-6 <lE~-6 <IE-6 <I1E-6

Torsion angles (w, ¢, ¥, x' and ¥?) in degrees according to TUPAC-TUB, distances in
Angstrom, forces in au.

4INI: Initial backbone conformation (Calculated by ECEPP/2).

b CONV: Converged backbone conformation.

H
/
H, H H CH;—O
/' \./ \/ * 13%
HO ¢ C X'
ey /\ /N
H—N Cc— HCONH C=—0
COH / /
NH, NH,
Stabilization by an intra- Stabilization without an intra-
molecular H-bonded complexation molecular H-bonded complexation
(hydrogen bond is 4-1% of a (charge transfer bond is 1-3% of
singie bond in{g”~ g~ ] and [g™ al. a single bond in [aal).

Scheme 8.

ended in totally different geometries. The following shifts were observed:
alg " g 71> vlag ], and arlg ~ al —6.[g ~al as well as the o laal - d.lg " g ).

These data obtained for For—L-Ser—NH; and For—-L-Thr-NH, 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, + 3) or (i, i + 4) type backbone/backbone 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.
—[ar).—), for amino acids with no side chain (Gly) or with an apolar one (e.g. Ala or
Val) as observed for the For—L—-Ala-I—~Ala—NH; triamide or for longer For—(Ala),—NH,
oligopeptides.

3.2. The oy backbone conformation in triamide systems
Analysing the main chain folding possibilities of the For—L—-Ala—L-Ala-NH,
[83, 84] molecule, where only one subunit has an a;-type backbone structure, eight
different a;x; or a xp-type formations with an additional eight x, oy or xpe, backbone
conformations may exist (scheme 9). Beside these 16 theoretically predicted structures,
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the azoy-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—NHCHj;
molecule, by using a force field approach, only six (6) from the 17 backbone
conformations discussed above incorporate some sort of a favourable backbone/
backbone interaction. Four (4) of these six (6) possible geometries incorporate a
seven member ring (C; type) H-bond («,y,, aryp, yrow, and ypoz). The remaining
two promising candidate structures, the a0, and o;d, contain a ten member (1«4
type) H-bondt. According to the ab initio computations only the &, 0, structure was
found to be minimal energy conformation incorporating a stabilizing intramolecular
Bronsted complex; a ten member (1 <—4 type) H-bond. This led to the conclusion that
even an amino acid with a polar side-chain (e.g. —CHs3) may adopt an o
sub-conformation in a triamide system if stabilized by a favourable ‘intra-backbone’
hydrogen bond. The a; 6, conformation (¢, = — 68-6°, ¥y = — 17-5°, ¢p= — 113-1°
and 2 = + 21-3°%)is the so-called type I S-turn. This o, &, structure was the first reported
[84 a] ab initio conformation incorporating the o; ‘sub-unit’ for an amino acid with an
apolar type side chain. Although the «; 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 oz0r
conformation is an energy minimum on the 4D-Ramachandran PEHS.

3.3. The oy, backbone conformation in a bimolecular complex

Beside the favourable backbone/side-chain (e.g. For-L-Ser—NH.) and backbone/
backbone effect (e.g. the stabilizing intramolecular hydrogen bond observed in the o9,
conformation of the For-L-Ala—L—Ala-NH; 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—NH,.H,0O molecular complex resulted in an
o; minimum [85], where two intermolecular hydrogen bonds (dco .. uon = 2-:06 A and
deo ..von = 2:09 A) tighten the backbone of the diamide at ¢ = — 69-8°, y = — 36.8°
values (figure 11 (d)).

4. The stability of the g, backbone conformation as a function of its molecular
environment
The ¢, subconformation which is the other ‘missing’ backbone conformational type

+ The a,o; conformation can be a fragment of a helical segment in proteins or when isolated
from similar secondary structures, it may be called type III S-turn. the o, 5, conformation is the
so called type I f-turn. According to the original definitions of the type T and the type I1I S-turn
backbone conformations, any backbone torsional angle of these two structures differs less than
30° (see table 1), therefore the type IIl S-turn is often regarded as a specific case of the type 1
B-turn.
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[56,75,76,80] has not been located up until now in amino acid diamides. Ab initio
calculations showed that the unfavourable eclipsed H-N—C*-C” orientation (= — 20°)
in the g backbone conformation results in the annijhilation of such a backbone geometry
in For-Gly—NH;, For-Ala-NH,, For—Val-NH; and probably in the other amino acid
diamides as well [56,58, 75, 80]. In contrast, increasing the peptide chain length with
an additional amino acid residue resulted in the stabilization of the g substructure in
three conformations (y.€., yperL and dpe). While dpe;, and yper, geometries are perfect
B-turns [84], in accordance with both the distance and the angularity criteria [83], the
yie. has an extended backbone conformation. Although these are only three
conformations from the 17 possibilities incorporating the g, subunit, they represent solid
evidence that a ‘favourable’ backbone/backbone interaction may ‘re-stabilize’ the
‘annihilated’ ¢; 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 g conformation. We are not certain about the nature of the interaction
that could stabilize the ¢; conformation substructure in triamide systems however, it is
conceivable that the (6 +)C=0(5 — ) 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 ¢, conformation, yielding the stable y_er, yper and dpey structures
[84] (table 5). This hypothesis is supported by the fact that all three conformers
incorporating the ¢, subconformation were of the xe, (and not g.x) type. In the remaining
17 — 3 = 14 initial geometries incorporating the ¢, substructure (e1xz, Xpér, xr& and
&.Xp), generally the e, — f;, conformational shift was observed [84], resulting in the
Buxr, xpfr and x,. B; conformations. However, when the initial geometry falls in the g,x),
category, the dpxp backbone conformation was obtained (e,xp — dpxp).

5. The conformational effects of the nearest neighbouring ‘groups’
Concentrating strictly on the immediate environment of the chiral a-carbon atom
in a peptide, two amide groups (Q; and (,) and a side chain (R) can be identified beside
the hydrogen atom.

01 H R H2 H R
O AN » S
P IT1 (ﬁ z Q, Q,

H1 02
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 (Q4) and
the following (Q,) amid groups it is called ‘backbone/backbone’ 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 (Q; or (), the phenomenon is often related to
‘backbone/side-chain’ effect.

5.1. An example for the backbone/side-chain effect
In systematic conformation analyses of For—Gly-NH,, For—-L-Ala-NH,, For-D—
Ala—NH, and For—L-Val-NH, derivatives, the serine (an additional natural amino acid
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Table 5. The three (3) xe; type backbone conformations of the For-L-Ala-L-Ala-NH,
molecule using an ab initio (HF/3-21G) computation.

INL* dpert YLeL YDEL
CONV.b 5D5L YLEL YpéL
w! + 1752 —174.8 - 1772
¢! — 1742 - 839 +72:6
W! — 550 + 653 - 66-7
w? + 154-1 +172-9 + 160-6
@* —-79-0 —-71-4 ~73.7
W2 + 1717 +162-8 + 168-8
o’ + 1797 +178-7 +179:0
model dis® 6-36 8:53 5-87
T +45-2 + 166-0 +57-0
crit dis? 642 9.32 6-09
T +43.3 + 166-6 +53.2
Ol ... HN4 811 6-67 5-99
0O1...N4 7-37 632 5.34
O1.HN4.N4 - 39.0 — 654 —45.9
Ol ...HN3 4.46 2.03 1-90
1...N3 4.85 2.88 2-80
O1.HN3.N3 + 1077 +141-0 +147-8
2...HN4 4.53 4.14 4.35
02...N4 4.31 3.94 412
02.HN4.N4 -71.0 -71-5 —70-1
MAX. FORCE 1-3 E-4 1-5 E-5 1.6 E-4
RMS. FORCE 3.8 E-5 4.1 E-5 4.7 E-5
E 0954315 0-954742 0953218
AE 5-88 5.61 6-57
STRCT.® 31 331 55

+The 6per conformation contains an eight member intramolecular H-bond, where
03...H2=2.07A,03...N2 = 3.05 A with an H-bond angle (O3-H2-N2) = + 163-1°. Torsion
angles (w, ¢, ¥) in degrees, distances i m Angstrom, forces in a.u. energy (E) in hartrees and the
energy difference (AE) in kcal mole "' compared to E(y,7,) = — 656.963681.

2INT: Initial backbone conformation (calculated by ECEPP/2).

5CONV: Converged backbone conformation.

“MODEL DIS. Cf and Cf, 3 in accordance to classical f-turn definition must be shorter
than 7 A. In For—Ala—Ala-—NHz the two C* atoms are replaced by hydrogens (H1 and H4*)
(see scheme 14), therefore the model distance (dmodet) is shorter than C; *—C?, 53 (figure 1), no more
than 1-1 A. In such a case 1 is HI1-C2*-C3*-H4*.

dCRIT DIS. critical distances for f-turn assignment (C?—C?, ;) were extrapolated using ab
initio resulted bond lengths and bond angles, on the basis of the determined N-H and C'-H
distances. In such a case t is C1*-C2*-C3%*-C4*,

¢ Number 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 directly 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, 13,20-22]. Serine is often found in the a-helical region of
globular proteins as well as in the (i+2) positions of a f-turn, where a
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backbone/side-chain stabilizing effect is expected. (For the definition of the ¢, ¥, !
and x? torsional angle see scheme 2.)

As demonstrated previously (scheme 4) for an amino acid diamide, a total of nine
legitimate backbone minima (o, ap, i, Y, o> £. €D, O, 8p) Occur [56]. The side chain
may ‘split’ these backbone conformations into additional minimal energy conforma-
tions. In the case of amino acid residues with y; and y» side chain torsional angles not
Jess than 3 X 3 = 9 legitimate minima are expected on the basis on MDCA (scheme 11).
These nine side-chain conformations may be associated with each of the previously
mentioned typical backbone conformations leading to a grand total of 9 X9 = 8}
legitimate conformations. A systematic side-chain conformational mapping [81] with
oz, Br, V1. 01, €L, %D, YD, Op, and &p backbone conformations was expected to reveal the
most important structures of For—L-Ser~NH,. 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 3ay, 58;,
6y1, 561, 4op, 9yp, 63p, and 6ep, but no ¢ fully relaxed structures (a total of 44
conformers) were assigned for the For-L~Ser—NH; molecule [81]. Total relaxation was
started from selected grid points (typically minima) as well as from locations predicted
by MDCA [53-55].

These ab initic calculations are perfect examples of the ‘backbone/side-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 all the nine theoretically predicted legitimate yx;
and x> combinations can occur.

5.2. An example for backbone/backbone effect

The conformational analysis of small peptides has not only challenged spectro-
scopic aspects [88—105}, but also has a significant role in the understanding of protein
folding [11, 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 surface (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 f-turns or hairpin conformations (table 1), a total of 81
(9 X 9) distinctly different conformations are predicted by MDCA as shown in
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Figure 12. A total of 44 different minima of the For-L-Ser—NH; molecule (generated from
9 X 169 ab initio points). (a) The location of these 3a,, 58., 671, 561, 40p, Yyp, 60p, 6ep
type conformations on a E= E(¢,y) 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 81 conformations. On the other hand, molecular
mechanics (MM) calculations confirmed 75 out of the 81 MDCA legitimized
conformations [53-55]. 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—L-Ala—L~Ala-NH,
was previously determined by MDCA [57, 83]. According to ab initio (SCF) geometry
optimizations (using a 3-21G basis set) only 49 intrinsically stable conformations
were found [84], while 32 (marked by * on scheme 12) migrated to one of the above
49 stable structures. All triamides incorporating the «, and/or the &, substructures, such
as [(opxe, ouxp), (xpop,xpor), (erxr,erxp) and (xpep,xier)], were investigated with
precaution. From these 34 possible structures only four conformations (ot;8;, Y161, Yp&L
and dpg;) turned out to be intrinsically stable [84]. These four unexpectedly stable
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Table 6. The 44 optimized ab initio structures of For—L~Ser—-NH; molecule using 3-21G

A. Perczel and I G. Csizmadia

basis set.

BB SC b1op Yrop X1 X2 AE
ap g a 60-3 376 3020 181.0 129
op g*g” 46-4 536 56-2 62-1 121
op ag” 62-3 341 2919 2046 9-1
op ag™ 60-1 43.8  203-1 791 20
o g 8" 288.0 3363 3144 2825 125
o g a 2895  335-1 3125 1855 169
o aa 2976 3172 1799 1913 206
BL g g 1810 1729  270-8 555 105
AL gta 1894 1749 680 1871 112
B aa 1882 1866 1870 1551 3-8
B g a 2227 1600 2955 1715 154
i gtg” 193.3  174-8 674 2995 9.1
dp g 8 202-1 3082 3125 3278 157
ép g gt 1463 3261 284-8 744 123
ép aa 1876 3049 1686 1659 172
Sp ag” 1867 3106 1639 682 157
ép gtg 2007 2924 3077 2839 105
ép g%a 1963 2967 55-1 1902 112
3y g7z 242.0 344 2969 61.0 140
or gta 2419 20-2 514 1598 140
oL ag” 231.5 329 1877 2995 83
oL g g~ 2081 356 3132 3053 110
81 g a 230-1 29-8 3069 1925 133
& g g 689 1782 3019 2927 205
£ g gt 645 1779 2965 674 163
& aa 684  187-1 197.5 1807 9.4
D ag” 669 1910 1936 824 10-1
& g g 99.8 2431 763 2913 4.9
& gta 43.0 2545 92.8 716 18-
YD g 8" 747 3048 3024 2818 129
YD g a 754 3039 3014 1760 120
YD g g" 722 3025 2989 2809 125
Yo ag” 675 3288 1962 3201 106
YD aa 740 2950 1825 2020 127
¥p ag” 713 307-8 170-8 490 120
YD gtg” 78 314-8 819 2978 9.4
Yo gta 519 3313 658 1733  17-1
Yo gtg? 629 3197 41.7 487 140
YL g gt 2746 674  294.7 552 105
YL gtgT 2764 715 51-9 69-8 0
VL ag” 276-6 62-7 179-8  291-3 4.8
Yo ag” 273.5 77-8 190-8 74-8 125
L g g 282-6 63-4 3188 2845 7-8
YL g a 2829 62-1 3159 1815 0-1




17:21 21 January 2011

Downl oaded At:

Searching for structural units 151

Yo¥p Yobp Yo dpyp Opdp Opou aryp o dp oy
yoeo  yoBiL  YpeL dpep  OpBr.  OpeL oep  afi e
Yoo YpdL  YoVi opap dpdL  OpYL opap by oy
epyp &pdp  €pay Biyo Bép B &yp  &0p  &Lop
epep &L epeL Bieo Bipr Pie eep &P e
epdtp  &pdy  EpYL Brap  Buor Bt eap  &80L &L
apyp apdp  OpL ouyp O16p Oy Yuvp  vibo Yo
apep apfr  aApe diep OfL S yieo  YBL viEL
apap apdy  OpYL dap 86 A yiep YO WMy

structure minimization at l
HF{3-21 G level of theory

yo¥p Yoo Yool dpyp 6pdp  Op¥i oy 0u8b  wof
Yoép  YoPL  YpEL opep  OpfiL  OpeL oes  Opf 5Lﬂf
epad  yodL  YovL dpap  Spy¥  doye ocay b Sy
epyp  €pdp  €pdf Biyo  Budo  Buot dpyb 6005 PLot
epep  eoPL epylt Bieo BB BBt dpeb BBt BB
epdip €00y EpYL frep  BéL Pune dpap  Puot Byt
apyp opdp opuf Suvp Oubp  ardf yi¥o  Y0p  ViOf
ypeb  opPL  oapfF Siep 6B BBt yeeo B yiee
apotp  apdL  ApyL drap a8 OLyL Pip  YLOL YLYL
Scheme 12.

triamide conformations incorporated, for the first time, as stable substructures, the a;
and the g, subunits, previously annihilated on the 2D-Ramachandran map. The 49 stable
triamide conformations yield a total of 49 X2=098 single amino acid residue
subconformations classified as «y, fi;, d, etc. Scheme 13 demonstrates the grouping of
the triamide backbone geometries in order to extract typical ¢ and y torsional angle
pairs of the nine legitimate backbone conformations.

Figure 13 and table 7 show the distribution of (¢, V) angle pairs as found in
triamides. (Data in figure 13 are reported in the conventional — 180° = ¢ < 180° and
— 180° =/ < 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 . 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 &, position (¢ = — 126-2°,yy = + 26-5°) is shifted substantially
away from the idealized position (¢ = — 180°, ¢y = + 60°) of 6, towards the lower right
hand corner of the square. With the exception of two points, one ., and one &p, all the
98 points are within a 30° radius. These two points are called ‘ghost’ conformations
and are marked by a star such as 8z and ¢,

Peptides, incorporating three amide groups, such as the For—L—Ala—L-Ala-NH,
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—L—-Ala—L—Ala—-NH; molecule
yielded a total of 49 X2 =98 diamide type subconformations. The location of
these conformations are reported according to a topological (0°<¢ < +360°,
0° sy = +360°).

(such as type I and/or type IT fi-turns, etc.), while others look more or less extended
[83, 84]. Based on the X-ray structure analyses of proteins, only type I, IT and IIT S-turns
are frequently assigned.

Their conformational mirror images (the conformational enantiomers such as the
I', I’ and III type f-turns) as well as the type V1 a, b and VIH -turns have only sporadic
occurrences. There are at least two different ways to distinguish f-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 Ci—Cj distance. For a hairpin or -turn structure this
value (duic) must be shorter than 7 A. (Otherwise the structural unit is quoted as
extended like conformation.) Although hydrogen bonding is not a pre-requisite of a
f-turn, the so-called 1 < — 4 type hydrogen bond is frequently assigned when X-ray
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Table 7. The 49 optimized ab initio structures of For—Ala-Ala~NH, molecule using 3-21G

basis set.
sub.
BB conf. Prop. Y Top.
0.8 —> o 2914 342.5
Aptp — op 60-4 28-3
Apop —> op 62-3 249
aDﬂL —>0p 60-2 33.0
pdp—> Ap 64-1 16-8
dpaL —0Up 57-0 394
Opyp — Up 62:3 370
oApyL —> op 634 304
Biop— ap 621 35.3
59(19 —Up 61-5 34-3
Srop—> ap 63-1 35-1
Epllp — dp 62-7 353
YLp —>Ap 62-4 33.0
lXDﬁL—)ﬁL 186-4 169-8
BL“D - ﬂL 192-4 1684
BB—>B. 1914  171-1
BB—B. 1924 1703
ﬂLéo——) ,BL 192-6 169-2
ﬂ[_é(,—)ﬂ]_ 191-8 171-6
Biep—B. 1910 1724
Biyp— B 1928 1684
Boyr— B 1923 1693
6D[3L—>ﬂL 192.6 170-2
(SLﬂL—)ﬂL 190-6 169-6
sDﬁL—‘)ﬂL 193-1 169-8
wh—> B 1984  169.2
nBL—> B 1960 1686
51)&0—)51) 178-6 313.0
5DBL_)6D 1834 3164
605[)—) 60 178-0 314-6
5D5D—)6D 180-6 319-7
0pe, — Op 185-8 316.0
SoyL—6p 1789 315.7
dpap e d (SD 150-8 320-0
;8L60 - 59 186-3 3129
epdp—>dp 185-0 3171
'}’050—) (SD 189-5 314-6
y9p — p 176-7 324-8
apd; —>Or 2286 29.7
o dr —> L 246-9 21.3
Eu(sL b4 5[, 247-6 26-6
'YD(SL —> 5[, 2379 229
5LocD - 5L 237-6 24.0
Sifi—dL 2387 176



17:21 21 January 2011

Downl oaded At:

154

A. Perczel and 1. G. Csizmadia

Table 7 (continued).

sub.

BB conf. PTop. Y Tap.
5559 —)51. 233.2 23-8
5LBD—-) 6L 198-2 557
5L'}’L had 61, 235-1 20-6
ﬂLSD—)SD 65-7 184-5
5[)8[)—-)80 63-8 188-4
BLBD —->&Ep 62-6 186-2
EpEp—> Ep 63-7 189-4
Ypép—> &p 63-3 180-1
YLED — &p 64-3 183-5
Epotp —> &p 73-8 119-1
SDﬂL —3>&p 66-7 156-5
Spép —>&p 62-6 2023
SpéL—) &p 56-1 230-3
EpEp—> Ep 67.7 181-8
EpYp—>¢Ep 66-9 1819
EpYL—>¢p 64-0 187-2
dper —> €L 2810 1717
YD —> & 286-3 168-8
Yi€r—> &1 2886 162-8
%pYp— Yp 74-1 302-0
BL')’D 7)) 75-6 302-8
5D')’D /) 74.3 302-3
EpYDp—> VD 75-8 274-0
Y0¥Yp—>Vp 74-4 3033
YYD —> VD 727 3027
ypél_ —>%¥D 75-5 3073
YDE€p—>%D 732 300-3
YD€L— YD 726 293.3
YYD —> YD 739 304-3
YDYL— VD 73-8 301-7
aApYL > YL 2727 67-4
ﬂL'}’L —7L 2749 68-2
507L >t 274-5 68-8
5[}),5 — YL 275-3 67-0
EDYL—> YL 274-0 66-2
oV YL 276:4 67-1
YLAD—> YL 274.2 64-0
ybL— 7L 2732 71-4
)’L‘SL—)')’L 2754 710
YL&€p YL 27941 75-8
YLEL > YL 276-1 65-3
YLD > VL 2755 68.6
YLYL—> YL 275-8 67-0
YLYL =YL 2751 66-4
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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 S-turn type is
characterized throughout its main chain conformation, the backbone torsional angle
values of the two middle amino acid residues (¢; + 1, ¥i + 1, ¢i +2 and Y, + ) are sufficient.

To classify a structural unit as a f-turn, the second option involves the determination
of the relative orientation of the three consecutive amide bonds. The C{-C{, |-C{; ,—
Ci, torsional angle (labelled 7) may have a value between — 180°=<r1=< + 180°,
where conformations with — 90° << 1< + 90° categorize as B-turns. For example the
vy conformation, which has been suspected on the basis of an educated guess to be
the global minimum on a 4D-Ramachandran map, has a 7 = 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 (C7). In
accordance with the criterion that the C*—C? distance must be shorter than 7 A, only a
range of t around 0° will result in the so called hairpin conformation. A total of 30 from
these 81 MDCA predicted conformations qualify as -turns or reverse turns according
to ab initio (SCF/3-21G) calculations. Structures marked by the T superscript qualify
as B-turns according to both the 7 and the d criteria. On the other hand, in conformers
with the t superscript either the 7 or the d criterion is not fulfilled.

6. The effects of far-lying peptide units
In the secondary structural element sets (helices, f-turns, f-sheets etc.) [11, 12,20~
25] composing the three-dimensional structure of globular proteins, three forms (30—,
o — and IT — ) of the right-handed helical structure are noted, although the I1-helix has
not been observed during X-ray data analyses. The 3,5 —, the « — and the II-helices
are the three different forms of the right handed helical structure, usually referred to
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in the literature. This 3jp-helix is a ‘slimmer’ structure (¢ = — 60°, ¥ = — 30°)

and, compared to the ‘normal’ a-helix (¢ = —54°y = —45°), the Il-helix
(¢ = —45° ¢ = —55° is a ‘huskier’ one.

An important and common structure pattern of helical units is their periodic
hydrogen bond network. The first type (the 3,¢-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 IT-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 ¢ torsional angle value around — 60° and y/ around
— 30°, the H-bond network connects the i and the i+ 3 amino acid residue. In a
‘standard’ a-helix (¢ =~ — 54°,y = —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 [107-109]. 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.
Apopp, X8, YoYpYp etc.) of the For—Ala—-Ala—Ala—NH; tripeptide revealed that the
geometry optimization started from the a 2, o, conformation converged to the a;0:6;,
backbone conformation. The extension of the amino acid chain length into longer
helical conformations of For—(Ala),~NH; molecule resulted in similar conformational
consequences. All these backbone conformations incorporating the §; sub-confor-
mation at the carboxyl-end of the oligopeptide chain, have intrinsic stability. Thus, the
(), initial conformations for various n-values had always flip to (a.),- 6. (see
scheme 17) during geometry optimization. Analysing the H-bond network system of
the optimized ()40, conformation of the For—(L~Ala)s—NH, molecule [110,113], 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) oy 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 III) and
type II f-turns, is continuously emphasized in the literature [61-63, 88-100]. Indeed,
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Table 8. Relaxed (o), - 19, conformations* of For—(L-Ala),~NH; computed at the HF/3-21G
level of theory.

n
Conf. 1 2 3 4 BB¥
Pn-3 -61-9
l/’n—3 -~ 276 243
D2 - 635 - 619
Yn-2 — 268 —-21-1 o
G- — 680 - 713 - 726
1/ - 175 —4-6 —3.9 oy
b — 1281 - 1131 — 1053 ~106-0
Y +29-8 +21-3 +12:1 +13-6 o1
Max. force (a.u.) 1.9x107¢ 1-5%x1075 6-0x10"% 67x1073

R.M.S. force (a.u.) 6:5x 1077 58x 1076 2.0 10~ 1.7%x1073

*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 f-turns is traditionally given on the
basis of the backbone torsional angle values (¢;, ¥;) [114], the degree of folding or
unfolding of a f-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
Ci—Ci+ 1—Ci ,-C!, ;s torsional angle labelled as T which describes the overall angularity
of the backbone conformation with values — 180° =<1 + 180°. The global minimum
(the yryr conformation) has a t,,,, = + 168-4° which can quantitatively describe the
degree of backbone unfolding since for a perfectly unfolded conformation t must
by = 180°. Considering the traditional criterion that the C;—C7 distance (d) must be
shorter than 7 A, only a fraction (18) of the total number of S-turn conformations
(30 structures altogether) could be assigned as f-turns. This is because all the 49
For-L~Ala-L-Ala—NH; conformations [84] of the model compound resulted in 30
structures within the — 90° < t < + 90° angularity range and 19 backbone geometries
with — 180° <7< —90°or + 90° <1 =< + 180° values. Depending on the d or 7 type
of ‘conformation selection rule’, both groups of hairpin geometries of For-Ala—Ala—
NH; consist of a large number of elements. A total of 18 structures are assigned as
B-turns if both the angularity and the distance criteria are applied simultaneously, but
as many as 30 conformations are considered folded structures when only the angularity
(1) selection rule ( — 90° < << 4 90°) is considered. All the calculated conformations
had been observed previously by X-ray data-base analysis of globular proteins [115].
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However, the extraction of all the f-turn conformations fulfilling the angularity
(—90° =<7 =< + 90°) or distance (d < 7 A) criteria is not possible by an X-ray data-base
analysis. All existing B-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 o, substructure is incorporated
in a f-turn conformation (e.g. ¢,d. in type I f-turn), a favourable H-bond interaction
isrequired to stabilize such a f-turn [11, 12, 114]. By contrast, for S-turns not containing
an o;, conformational subunit, the existence of such an 1 < — 4 H-bond is not required
[84]. For example, the apap hairpin conformation contains a 1 < — 4 type H-bond, but
in the 8.6p conformation (type I’ f-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 S-turns, it is not a necessary condition for the
intrinsic stability of these structures. Only five structures (0.8, optip, %pdp, £pdr. and
y.op) of the 30 f-turns located in this study incorporate the intramolecular 1 < —4
H-bond (do..un <22 A).

7.2. Spectroscopic aspects of the ab initio calculations

The X-ray analysis of crystalline compounds where typically a singie conformer is
observed can yield extremely valuable information [116—125]. 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 [28~33]. 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 transform-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 >Jyy spin—spin coupling constants [126, 127] as well as data obtained from the
mobility analysis of the amide protons [128-133] were also involved in structure
determinations. It has been shown that interproton distances (d;) can be determined on
the basis of quantitative NOE even for multiple spin systems, to an accuracy of = 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) [134-142]), 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—142]. Figure 14 summarizes 10 possible
marker distances of the For—Ala—Ala—NH, molecule, useful for a quantitative structure
assignment by NMR. The dne (;dnndyhac))» dnn Ganaemnd + 1)), and dan(naemng + 1)
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Figure 14. The ten marker interproton distances (d;’s) of For—Ala—Ala-NH,; (1); NH; 4 -HZ. |,
(2); NH;+=NH;+2, (3); NHi+—Hfio (4); NHiw —NH;y3, (5); NHi+-HY.,,
(6); NHi+rHf.p (7); NH;+2-NH;+3, (8); NH;+3-Hf,,, (9); NH;.:-HI, (10);
Hf, —H{. ,. 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 dn, is a correlated spectroscopy (COSY) type connectivity, the
d,~ and the dny 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 dn,, don and dnn 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 oy, Bi, y1, 01, &1, €tc. [84].

In the case of a single conformation these d;’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 dj; (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 (d;) which is an experimental distance, is the weighted
average of the reciprocal of the sixth power of the individual marker distances (d;; which
are calculated distances as shown by the following equation:

1 all. conf 1

& AT
The weighting coefficient (p;) 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 (d;;) in all the
participating conformers (table 11).

3
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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 (p;), NOE structural constraints, etc.).

7.3. Conformers to describe the 3D 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° < ¢ =< +180° and — 180° <y < + 180° spaces was
achieved by the fragmentation of the X-ray determined protein structures (method A)
[135, 136], 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 ¢, { 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°<¢ =< +360°, O°<sy =<
+ 360°) has been divided into nine conformation-regions and their minima have been
labelled (o, an, B1, 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-NH,, For—-Ala-NH; and For-Val-NH, amino acid
diamides yielded similar locations of backbone conformations [146] (table 9). The 44
different structures of the For-L-~Ser-NH; yielded also nine clusters of backbone
conformation types [82]. All the optimized 49 different conformations of For—Ala—Ala—
NH; are also the combination of these nine (o, %p, B, Y1, ¥, O1, Op, €. and &p) 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 12ap, 146, 15y.,
14yp, 126,, 140p, 3¢1, 13¢p and 1 subconformations yielded a set of average or central
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Table 9. The 49 optimized ab initio structures of For-Gly—NH, For-Ala—NH, For-Val-NH,
molecules using 3-21G basis set.

BB Aaa SC @Top. Yop.
ap Ala g 63-8 327
ap Val g" 50-0 43-1
dp Val a 60-2 409
op Val g 472 44-6
BL Gly 180-0 180-0
B Ala g 191-6 170-9
B Val gt 197-7 156-8
Br Val a 224-0 142.8
B Val g- 2184 163-7
ép Gly 1260 3345
ép Ala g 1814 316-0
op Val g” 183-8 326-2
ép Val a 2224 2999
p Val g 190-1 313:1
7 Gly 2340 255
dr Ala g 2322 30-0
dr vat g* 2259 353
S Val g” 236-3 284
&p Ala g 67-6 1819
&p Val g’ 762 162-3
£p Val a 75-1 152-8
&p Val g 709 170-6
Yp Gly 839 2922
YD Ala g 739 303-3
Yo Val g* 629 320-8
Yp Val a 740 299.0
Yo Val g~ 59-6 3214
YL Gly 276-1 67-8
YL Ala g 2756 67-7
YL Val gt 2750 66-1
YL Val a 2767 71-6
YL Val g" 2750 63-2

conformations’ with high confidence (see table 2). Although the conformation
dependent alteration of some substructures was observed (e.g. four of the 14e¢p
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, 110-112]. 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, f-turns and f-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 [145] (amino acid
conformation assignment in proteins) makes the description of the overall backbone
structure possible [146].

Three points should be emphasized in closing:

(1) the observation that certain substructures have ¢,y torsional angle pairs far
away ( >40°) from the ‘conformational centres’ does not indicate the failure



17:21 21 January 2011

Downl oaded At:

162

A. Perczel and I. G. Csizmadia

Table 10. The location of the nine conformational centres on the basis of three different type

of molecules.

¢ ¥ ¢Top. ‘/’Top. () Oy n

op For—Xxx-NH,*? 55-3 403 553 40-3 6-9 4.6 4
For-Ser—NH; 57-3 423 573 42-3 6-3 7-4 4
For-Ala,-NH, 61-8 319 61-8 319 1-8 59 12

a; For—Xxx—NH, — — — — — — 0
For—Ser—NH, — 68-3 - 305 291.7 329-5 4.2 87 3
For-Ala,-NH, — 68-6 -17-5 291-4 342-5 —b — 1

B For-Xxx-NH, 1577 162-8 202-3 162-8 16-5 12:6 5
For-Ser-NH, 165-1 173-8 1949 173-8 14-5 85 5
For—-Alay-NH, 167-6 169-9 192-4 1699 2:6 11 14

ép For-Xxx-NH, —-179-3 —-42-1 180-7 3179 311 11-8 5
For—Ser—NH, — 1734 - 533 186-6 306-5 19-0 10-8 6
For—Ala,-NH, - 1796 - 43.7 180-4 316-3 9.1 3.5 14

&; For-Xxx—NH, - 1279 29-8 232-1 29-8 39 3-6 4
For-Ser-NH, - 1293 30-6 230-7 30-6 12-4 5.5 5
For—Ala,-NH; —-1262 26-5 233-8 26-5 121 9-4 12

ep For-Xxx-NH, 72-5 1669 72-5 166-9 3.4 10-7 4
For—Ser-NH, 68-6 — 1547 68-6 205-3 16-6 313 6
For—-Ala,-NH, 64-7 - 1786 64-7 182-4 3-8 240 13

g For—-Xxx-NH, — — — — — —_ 0
For-Ser-NH,; — — —_— —_— —_— — 0
For-Ala,—-NH, — 747 167-8 285-3 167-8 3.2 3.7 3

Yp For—-Xxx-NH,; 70-9 - 52.7 70-9 307-3 87 11-8 5
For-Ser—NH, 69-8 — 479 69-8 312-1 7-6 11.7 9
For—Ala,-NH, 74-3 — 595 74-3 300-5 1-1 84 14

7. For-Xxx~NH, - 84-3 67-3 2757 67-3 0-6 27 5
For—Ser—NH, — 822 67-5 277-8 67-5 3.7 56 6
For-Ala,~-NH; —84-5 68-7 275-5 68-7 2:0 34 15

n 12
o= [2 (x.-—x,-)z] ,
i=1
el S )]

i=1

*The conformational parameters of the For—-Xxx~NH, are obtained from the averaging of the
For—Gly-NH,, For-Ala—-NH, and For-Val-NH, structual data.
®No ¢ was calculated since only one conformer was evaluated.

10 20

—Asn-Pro-Lys-Ala-Gly-Glu-Lys-lle-Phe-Lys-Thr-Lys—Cys-Ala-GIn-Cys—

e ARy R R R A A T R T N A N
AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVS —

30 40
-His-Thr-Val-Asp-Lys-Gly-Ala-Gly-His-Lys-GIn-Gly-Pro-Asn—-Leu-Asn-Gly—
~B-e -0 - g -0y —ep-g P -t -8 -8 -0 - Oy

| S— | S
AN ({a-helices) L (Bturns)
Scheme 18.
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Table 11. The 10 marker interproton distances in the 49 different conformers of For-Ala—
Ala—NHz.

Backbone proton distances®

NH;+; NH;+1 NH;+), NH;+; NH;+2 NH;+2 NH;+2 NH;+3 NH;+3 Hf,,

f+1 NHi+2 Hfp NHies Hfyy Hiyy NHies HE o, HEy fr2
Abbreviation" dNa dNN dozN dNa dNN dozN

apip 227 288 512 448 291 225 282 309 448 484
oapf 227 28t 540 710 290 285 429 251 661 438
opop 225 284 533 428 299 264 235 359 478 464
opdr, 229 287 540 499 281 293 272 292 370 445
YD 228 280 502 553 280 224 364 359 461 465
apyy, 227 283 535 566 290 289 370 243 400 460
ooy 282 283 539 439 344 294 257 310 381 444
Brop 285 428 567 452 249 226 2-84 2.88 356 457
BB 284 431 469 715 255 2.84 429 252 660 462
Brép 2-84 428 483 596 250 279 228 360 409 465
Bror 2-84 427 - 442 5.03 246 294 2.64 294 440 443
Brep 283 424 565 656 243 225 460 276 632 454
Bryp 285 424 571 374 240 222 366 359 431 454
Buye 284 428 450 393 250 290 371 243 475 433
dpop 271 230 415 476 355 226 280 290 446 533
opfL 279 219 395 581 360 28 431 253 705 466
6pdp 271 226 3-89 451 354 282 228 361 551 472
Opep 274 233 409 642 352 226 460 283 669 533
Oper 278 227 400 501 353 293 452 254 649 461
Sp¥p 272 225 94 496 351 224 364 360 423 531
SpyL 272 227 452 410 355 289 374 242 416 464
O10p 294 2.67 472 3.53 294 227 2.8 288 475 485
oLfL 294 2.50 500 665 309 283 429 251 665 436
616p 294 262 508 369 292 278 228 359 511 430
S1ep 290 249 39 510 2.52 226 457 280 660 466
Syp 294 2.54 4.67 477 298 223 367 359 458 481
SryL 294 2.57 460 542 300 291 367 244 396 464
epap 223 366 564 569 357 227 282 286 441 532
epfir 226 460 555 791 2773 283 428 251 666 464
&pdp 226 465 561 634 300 273 227 359 435 479
Epdy 226 462 538 471 331 293 260 302 460 445
EpEp 226 448 614 706 258 224 463 285 616 456
£pYD 226 450 626 452 260 221 367 359 414 466
EpYL 226 462 526 493 279 291 363 246 469 427
YpbL 224 362 512 725 363 289 438 249 694 454
YpOp 223 362 514 569 357 284 214 360 543 4.67
YpOr 223 364 541 396 357 295 257 303 443 447
YDED 223 367 573 7776 355 226 460 268 670 531
VYDEL 225 361 524 640 356 294 456 247 647 463
YoYD 223 363 550 564 354 223 368 359 410 531
YDYL 223 366 561 480 358 291 370 244 409 4-58
YLop 290 3.67 552 362 242 227 277 290 433 4.52
vLBL 291 378 546 750 244 2.88 436 248 639 431
0D 290 382 569 472 226 282 194 362 395 441
YLor 290 368 512 573 240 295 255 302 346 440
YiED 293 361 526 623 230 226 456 275 650 447
VLEL 290 370 506 729 243 292 466 236 619 454
YYD 290 364 559 450 238 223 368 359 465 442
YLYL 290 369 491 555 241 291 371 245 426 453

2Backbone interproton distances calculated by ab initio (HF/3-21G) 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)—

NH, (1 <i=<4) molecule, the average {¢, Y} 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 { ¢, ¥/} 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 =< i = 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
backbone/backbone type interactions. From this perspective all backbone/side-
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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