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Elements of non-random structure in the unfolded states of proteins:
location and possible implications for protein folding mechanisms

Summary — This study introduces a simple computational procedure to
search protein sequences for the segments with above average propensity to
adopt non-random structures (which includes the native-like structure) in the
unfolded state. The procedure consists of systematical conformational analy-
sis of all overlapping hexapeptide segments in the protein sequence. The main
aim of the computational approach is to determine the 3D structure most
preferable for a given residue in the protein sequence, as determined by local
interactions within the set of hexapeptides featuring the particular residue
under consideration. Specifically, this study focuses on four types of “tem-
plate” 3D structures that may be adopted by a hexapeptide, namely B-strand,
o-helix, B-turn and the native-like structure of the folded state (assumed to be
known). The study discusses also the possible importance of such segments
for the different molecular mechanism of folding of the two prototypical pro-
teins, namely the 65-residue barley chymotrypsin inhibitor 2 (CI2) and the
110-residue ribonuclease from Bacillus amyloliquefaciens (barnase). The compu-
tational results suggest that dynamic equilibrium in the unfolded state for the
continuous fragment 6—27 in CI2 will likely prefer the native-like structure
that may be preserved during folding. For barnase, on the contrary, dynamic
equilibrium preferring the native-like structure most likely will occur in the
unfolded state only at several small separate fragments, so the large non-na-
tive non-random segments of the unfolded state have to be restructured dur-
ing folding.

Key words: protein folding, local nucleation centers, chymotrypsin inhibi-
tor 2, barnase, conformational analysis, computer modelling.

Significant progress has been made in recent years in
understanding possible molecular mechanisms of pro-
tein folding. Numerous experimental and theoretical
studies led to two main models describing the way in
which proteins fold. The first model assumes a hierarchi-
cal mechanism of folding that postulates formation of
several local nucleation centers corresponding to small
segments of native 3D structure at the very first stages of
folding (e.g., [1, 2]). These local nucleation centers are
thought to be o-helical fragments, B-strands or B-turns
[3, 4]. B-Turns may lead to formation of B-hairpins that,
in turn, form B-sheets, o--helical fragments may expand
to form o-helical bundles, efc. This mechanism predicts
an accumulation of intermediates of the “molten glo-
bule” type that has been shown experimentally for many
proteins (see, e.g., [5]). The second model is so-called
nucleation-condensation mechanism in which a transi-

tion from an unfolded state to the folded one occurs di-
rectly in one step without intermediates (the “two-state”
model, see, e.g., [6]). According to this mechanism, the
rate of folding depends mainly on the general protein
topology that, in turn, is determined by long-range inter-
actions. Recently, Plaxco et al. estimated the general pro-
tein topology by the “contact order” parameter; the val-
ues of this parameter correlated with the rates of folding
for 22 two-state proteins [7].

Both models do not contradict the commonly ac-
cepted assumption of polymer statistics that the general
unfolded state of any polymer is basically the random
coil, ie., the state of the polymer chain where only local,
but not long-range interactions are important. However,
both models agree that in proteins the unfolded state
should not be regarded as a uniform random coil struc-
ture, but rather as a dynamic ensemble of many local 3D
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structures including native-like ones [8]. The difference
focuses on the possible role of these nucleation centers in
the process of folding. To assess this, one needs to know
how the segments of the non-random structure are dis-
tributed along the protein sequence in the unfolded
state, and what kind of structure they adopt. Direct ex-
perimental studies of the unfolded/denatured states for
several proteins have been performed by NMR spectro-
scopy using samples uniformly labeled by 13C and/or
5N nuclei [9—20]. Mostly, these studies locate non-ran-
dom regions in the protein sequences based on differ-
ences between the chemical shift values observed for
various residues and the “standard” values for the ran-
dom coil structures [9, 10, 12, 13, 17—19]. Sometimes, it
is possible also to observe the sequential and even long-
range NOE's (nuclear Overhauser effects) in denatured
proteins [9, 16, 17, 19]. Other important NMR charac-
teristics are various types of relaxation rates whose va-
lues may be interpreted in terms of higher or lower mo-
bility of segments in the protein structure [10—18].
Other experimental techniques, such as ESR spectro-
scopy or small angle X-ray scattering (SAXS) [10] have
been applied to locate ordered segments in the dena-
tured states of proteins as well.

These experimental techniques face, however, the
very difficult problem of structural interpretation. In-
deed, in most cases, experimental methods can distin-
guish between disordered and ordered local segments in
the protein sequence, but identifying the possible 3D
structures of the ordered segments is difficult. Due to the
dynamical nature of equilibrium between the various
structures co-existing within the denatured state, experi-
mental identification of the elements of regular struc-
tures, as o-helices or B-strands or more complicated
structural motifs is rather difficult. Also, since the
loosely packed denatured state behaves in solution dif-
ferently from the much more compact native state, there
is, as a rule, insufficient long-range NOE’s observed to
restore the possible 3D structures by standard proce-
dures.

A non-direct experimental insight into possible nu-
cleation centers that are important for folding has been
pioneered by using protein engineering that allow to es-
timate which position in the protein may be involved in
the initial nucleation centers (see [6] and references
therein). The advantage of this approach is that it may
identify not only the local but also the long-range nu-
cleation centers. This approach has been applied to
many proteins; two of them, the 65-residue barley chy-
motrypsin inhibitor 2 (CI2) and the 110-residue ribonu-
clease from Bacillus amyloliquefaciens (barnase) have been
studied especially extensively for a number of years (for
the earlier and the most recent reports see [21] and [12]
for CI2, and [22] and [18] for barnase). These two pro-
teins are often regarded as typical examples of two dif-
ferent mechanisms of folding, namely the two-state CI2
and the multi-state (involving intermediates) barnase.

In view of the problems of structural interpretation of
experimental data on the denatured state, it seems quite
reasonable to complement experimental techniques with
theoretical approaches for elucidating possible confor-
mational states present in the unfolded /denatured state.
In fact, molecular dynamics simulations to model the
denatured states of both CI2 [12] and barnase [18] have
been performed recently. However, the simulations were
limited to only a few nanosecond trajectories, obviously
not enough for exploring millisecond dynamic equilib-
rium in the denatured state.

This study suggests an independent computational
approach to determine the segments in the protein se-
quence, which may by regarded as the local nucleation
centers existing in dynamic equilibrium in the un-
folded/denatured state. The study discusses also the
possible importance of such segments for the molecular
mechanism of folding of the two prototypical proteins,
namely CI2 and barnase.

METHODS

Computational approach to find local nucleation cen-
ters in the protein sequence

The approach itself consists of systematical confor-
mational analysis of all overlapping hexapeptide seg-
ments in the protein sequence (i.e., a six-residuc window
is employed). The hexapeptide fragments were selected
as the basic units for conformational studies for two rea-
sons. First, the length of six residues is sufficient to dis-
tinguish between 3D structures of most of the expected
nucleation centers (as 3-strand, o-helix or B-turn) at the
chosen criterion of geometrical similarity of an root
mean square (rms) value equal/less than 2 A (C,, atoms
only). Second, complete conformational sampling of
hexapeptides is readily attainable in terms of the avail-
able computational resources.

The main aim of the computational approach is to
determine the 3D structure most preferable for a given
residue in the protein sequence, as determined by local
interactions within the set of hexapeptides featuring the
particular residue under consideration. Specifically, this
study focuses on four types of “template” 3D structures
that may be adopted by a hexapeptide, namely 3-strand,
o-helix or B-turn and the native-like structure of the
folded state (assumed to be known). It is logical to define
an inherent propensity of hexapeptide to adopt the tem-
plate structure as a ratio of the number of low-energy
conformers geometrically similar to each template struc-
ture (say, ny) and the total number of low-energy con-
formers (say, N;), as S; = n;/N; (here the index i relates to
the number of a given hexapeptide in sequence). Gener-
ally, such interpretation tacitly assumes that the compu-
tational procedure always finds the correct sets of low-
-energy conformers. In reality, this is not the case, mainly
due to the systematic errors of modelling very diverse
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interatomic interactions in peptides by the uniformly
parameterized force fields (see, e.g., [23]). To moderate
this problem, some preconditions are introduced. First,
too narrow sets of low-energy conformers (those with
less than 20 conformers) are not considered as they may
represent possible artifacts of the computational proce-
dure. Second, the ratios normalized by the average ratio
for all hexapeptides comprising the sequence in question
are regarded as measures of relative propensities to
adopt the template structure for each hexapeptide rather
than the absolute ratios outlined above. In other words,
instead of using the S; values, relative propensities
should be measured by the values of s; = S; /(Zs;/M),
where M is the number of hexapeptides in the protein
sequence. Accordingly, if for any hexapeptide the rela-
tive propensity value s; is larger than 1, it indicates that a
given hexapeptide shows an above average propensity
to adopt the template structure. Third, to evaluate the
relative propensity o for each residue (the k-th residue)
to adopt low-energy conformations compatible to the
template conformation, standard averaging of the pro-
pensity values within the six-residue window should be
performed as ok = Xs;/6, where the index i denotes all six
hexapeptides featuring the k-th residue. The above aver-
age propensity to adopt the low-energy conformation
compatible with the native-like one, o-helix or B-strand
for each residue is defined as o, > 1. For B-turns, obvi-
ously, the described uniform averaging cannot be per-
formed; therefore, the above average propensity to
adopt a B-turn conformation for an individual hexapep-
tide is defined as s; > 2.

Conformational energy calculations

Energy calculations for all linear hexapeptides were
performed employing the ECEPP/2 potential field [24,
25] assuming rigid valence geometry with planar trans-
-peptide bonds (including those in proline residues;
there are no cis-prolines in CI2 and barnase). In all cases,
hexapeptides were acetylated at the N-terminal and
N-methylamidated at the C-terminal. Aliphatic and aro-
matic hydrogens were generally included in the unified
atomic centers of CH,, type; H"-atoms and amide hydro-
gens, as well as H -atoms in prolines were described
explicitly. All calculations were performed with the
value of the dielectric constant € = 80 (the macroscopic &
value for water) to mimic, to some extent, the effect of
water. The starting points for energy calculations were
all possible combinations of local energetic minima in
the Ramachandran map selected to cover all significant
conformational possibilities of peptide backbone (see
also [23]). Specifically, we have selected the local energy
minima with the dihedral angle ¢, y values of -140°,
140°%; -75°, 140°; -75°, 80°; -60°, -60° and 60°, 60° for all
non-glycine and non-proline residues with an addition
of the @, y values of 140°, -140°; 75°, -140° and 75°, -80°
for glycines; for prolines, the @, y values of -75°, 140°;

-75°, 80° and -75°, -60° were selected. The side chain di-
hedral angle values were optimized before energy mini-
mization to achieve their most favorable spatial arrange-
ments, employing an algorithm described previously
[26]. In total, the numbers of different conformations of
the peptide backbone under consideration for each
hexapeptide were between 15 000 and 40 000. Low-ener-
gy conformers of the peptide backbone (those with rela-
tive energies AE = E - Ey;iy < 6 keal/mol; see ref. [23] for
justifying this criterion) were selected after energy mini-
mization for each hexapeptide.

RESULTS

The computational procedure determined the set of
low-energy conformers of the peptide backbones for all
hexapeptide fragments that comprised the entire se-
quences of CI2 (60 hexapeptides) and barnase (105
hexapeptides). The numbers of low-energy conformers
per hexapeptide fragment, N;, varied from 3 (fragment
96—101 in barnase) to 665 (fragment 49—54 in barnase).
Fragments with N; < 20 were excluded from further con-
sideration (9 fragments in CI2 and 18 fragments in bar-
nase). For each hexapeptide, the number of low-energy
conformations, n;, geometrically similar to the 3D struc-
tures of the four template hexapeptide fragment has
been determined. The template fragments used were the
standard backbone conformations of B-strand, a-helix,
B-turn (centered on the residues 3 and 4 of hexapeptide)
and the corresponding hexapeptides in the X-ray struc-
ture of CI2 (the PDB entry 2CI2) or the NMR derived
structure of barnase (the PDB entry 1BNR, model 1).

The resulting values of the relative propensities, o,
to be compatible with the native-like structure, B-strand
and o-helix for the residues of CI2 and barnase are de-
picted in Figs. 1 and 2, respectively. Figs. 1 and 2 display
also, which hexapeptide fragments in both proteins
show the above average relative propensity to adopt the
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Fig. 1. Relative propensities to adopt various template 3D
structures for residues of C12; 1 — native-like, 2 — B-strand,
3 — o-helix; points denote B-turns
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B-turn conformation, s; > 2. For CI2 (Figure 1), there is
only one continuous region 6—27 showing relative na-
tive-like propensities (curve 1) above average (see also
Fig. 3, the left view; the numbering of residues in CI2
corresponds to the “short” version of CI2 observed by
X-ray, where the eighteen N-terminal residues are ab-
sent). Two small regions, 6—8 and 59—60, show above
average relative propensities to adopt the B-strand con-
formation (curve 2), and several fragments, 15—22,
29—31, 33, 41, 36—41, 45—48 and 54—59, display above
average relative propensities to adopt the a-helix confor-
mation (curve 3). There are also four possible regions of
B-turns (points) centered at the positions 8—9, 12—13,
29—30 and 42—43. The above computational results are
in good agreement with the direct NMR measurements
of the chemical shift values for IH, 3¢ and "N nuclei in
the denatured state of CI2, which showed marked devia-
tions from the random coil values for residues 33—34
(°C); 19—21 and 30—32 (°N); and 36 ('H) [12]. One can
see that almost all these residues are located in the re-
gions corresponding to the non-random structure (the
native-like or a-helical) according to the results in Fig. 1
(see also Fig. 3, the right view). The results displayed in
Fig. 1 agree also with the high-temperature molecular
dynamics simulations performed to model CI2 folding,
which suggested that the only native-like region in the
denatured state of CI2 is the a-helical fragment 17—21
[12]. However, it remains unclear whether these simula-
tions were extensive enough (up to 20 ns [12]) to achieve
the completely unfolded state of CI2.
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Fig 2. Relative propensities to adopt various template 3D
structures for residues of barnase; 1 — native-like, 2 —
B-strand, 3 — o-helix; points denote B-turns

For barnase (Figure 2), the regions with above aver-
age propensity to adopt the native-like structure (curve
1) include segments 6—17, 27—34, 39—48, 78—83,
99—103 and residue 66 (see also Fig. 4, the left view).
The regions that show above average propensity to
adopt the B-strand conformation (curve 2) are 12—26,

85—94 and 98—103, and those to adopt o-helical struc-
ture (curve 3) are 25—43, 48-—53, 55—59, 67—80,
104—105 and residue 6. There are also a number of posi-
tions with above average propensity to center B-turns
(points), namely, residues 9—11, 34—35, 41—42, 48—49,
52—55, 62—63, 65—66, 81—83 and 85—86. Direct NMR
measurements of the denatured state of barnase have
been performed several times under various conditions
and by various techniques. The experimental NMR data
obtained by measuring deviations of the chemical shift
values from the random coil values for backbone and
side chains, as well as the results of measurements of
various types of relaxation times have been summarized
in the recent publication [18). For some residues, the data
obtained by different techniques contradict each other;
there are, however, 17 residues that seem to show some-
what ordered structure according to measurements by at
least two independent techniques, namely residues
13—16, 24, 27, 30, 34, 78, 85, 88—89, 92, 94—96, and 101
(according to the data summarized in Fig. 15 of [18]).
Almost all of them, except residues 95 and 96, are located
in the regions predicted as showing the above average
propensities to adopt either the native-like structure
(residues 13—16, 27, 30, 34, 78 and 101) or the o-helical
structure (residues 27, 30, 34 and 78) or the [(-strand
(residues 13—16, 24, 85, 88—89, 92, 94 and 101); see also
Fig. 4, the right view. There is significant overlapping of
the fragments predicted to adopt different types of tem-
plate structures (see discussion below), but all of them
are ordered, so whatever template prevails in dynamical
equilibrium that exists in the denatured state of barnase;
experimentally measured NMR parameters of the above
residues will differ from those of random coil. Therefore,
one can conclude that the independent computational
results obtained for barnase in this study are also in
good agreement with the experimental data. The high-
temperature molecular dynamics simulations per-
formed for barnase for 4 ns suggested that the residual
native-like structure encompasses the o-helical frag-
ments 9—17 and 28—43, as well as few separate residues
in the third a-helix and in all the B-turns of barnase (for
more details see Fig. 7 in [18]). Despite some differences,
these calculations do not contradict the results of this
study, since the lengths of molecular dynamics trajecto-
ries were too short to reach the fully unfolded state of
barnase.

DISCUSSION

The analysis of local nucleation centers in the un-
folded state of CI2 and barnase clearly showed that the
starting state of folding is not random for each protein
studied despite the difference in their folding behavior.
The main difference between the unfolded states of the
two proteins is the distribution of elements of the non-
random structure along the protein sequences. Residues
that adopt specific template conformations in the un-
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folded state are in dynamic equilibrium with random
coil structure and with other templates. The equilibrium
itself is not reflected in computational estimations, so
when regions of the higher than average relative propen-
sities to adopt different template structures overlap in
the protein sequence, the computational results do not
point out which template is the most "preferred” one for
each particular residue in the overlapping fragments. It
is reasonable, however, to assume that if the higher than
average relative propensities to adopt the native-like
structure at the particular segment do not contradict the
higher than average propensities estimated for other
non-random templates, i.e., P-strand, a-helix or P-turn at
the same segment, dynamic equilibrium at this segment
will be much more likely shifted to the native-like con-
formation in the unfolded state and may remain basi-
cally the same during folding. On the other hand, if the
relative propensities to adopt the native-like structure
and some of non-native-like templates contradict each
other at the same segment, one can expect that dynamic
equilibrium existing for this segment in the unfolded
state will be dramatically changed during folding.

To illustrate this point, Figures 3 and 4 display two
views of 3D structure of CI2 and barnase, respectively,
which are the native structure (left) and representation
of the unfolded structure (right). The views are color-
coded according to the above average propensities for
various residues to adopt the four template structures. In
both views, green color marks segments considered in
this study as native-like; residues within the native-like
segments that may exist in dynamic equilibrium with
other non-random structures contradictive to the native-
like structure are showed in orange in the right view.
The non-native regular structures are colored in the right

fig, 4. Two 3D views of barnase.
The left view corresponds to the na-
tive structure, the right view repre-
sents the unfolded state. Color
codes are explained in the text. The
end residues of the native-like seg-
ments are labeled at the left view.
Residues with non-random local
structure according to NMR data

are labeled at the right view

POLIMERY 2003,48, nr 1

Fig. 3. Two 3D views of Cl2. The left view corresponds to the
native structure, the right view represents the unfolded state.
Color codes are explained in the text. The end residues of the
native-like segments are labeled at the left view. Residues with
non-random local structure according to NMR data are la-

beled at the right view

view as blue for p-strands, red for a-helices, and ma-
genta for P-turns.

Figure 3 clearly shows that computational estimates
of high propensities to adopt the native-like structure
and other non-random templates are distributed along
the protein sequence in the unfolded state of CI12 without
noticeable contradiction. Indeed, segment 15—22 is pre-
dicted as the segment with higher than average propen-
sity to adopt both native-like structure and a-helix. The
P-turns expected at residues 8—9 and 12— 13 also do not
contradict the expected native-like structure. Therefore,
dynamic equilibrium in the unfolded state of the con-
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tinuous fragment 6—27 in CI2 will likely prefer the na-
tive-like structure that may be preserved during folding.

For barnase (Figure 4), on the contrary, distributions
of computational estimates of high propensities to adopt
the native-like structure or the other non-random tem-
plates along the sequence contradict each other in seve-
ral cases. Most obviously, the native-like structure at
fragment 6—17, which is basically a-helix, may be dis-
torted by dynamic equilibrium with the overlapping
B-strand 12—17 and B-turns 9—10 and/or 10—11. Also,
the native-like structures at fragments 78—83 and
99—103 compete with the overlapping o-helical struc-
ture at fragment 78—80 and with the B-strand structure
at fragment 99—103, respectively. Therefore, dynamic
equilibrium preferring the native-like structure most
likely will occur in the unfolded state of barnase only at
several small separate fragments, as 7—11, 27—34,
39—48, 81—83 and residue 66 (Fig. 4, the left view).

In other words, the unfolded state of CI2 may show a
single continuous 22-membered fragment of the native-
like structure, whereas the unfolded state of barnase
may only show several separate small fragments of the
native-like structure. One can hypothesize that this dif-
ference will, to some extent, account for different mo-
lecular mechanisms of folding of the two-state CI2 and
the multi-state barnase. It seems natural that the sizable
segment of the native-like structure in the unfolded state
of CI2 may act as a scaffold stabilizing the entire set of
long-range interactions that emerge during folding. As
may be suggested from Fig. 3 (the right view), further
structural rearrangements during folding of CI2 include
transitions from o-helix to B-strand, from o-helix to the
unordered structure, and some other transitions that are
mostly from random coil to 3-strands. There are no indi-
cations that such transitions cannot occur simultane-
ously in one step, since the segments of the non-random
structures are small and do not overlap.

The unfolded state of barnase, on the contrary, does
not show a single sizable native-like scaffold that can sig-
nificantly influence stabilization of the entire globule.
Also, the non-random segments of the unfolded state,
which are to be restructured during folding, are rather
large (see Fig. 4, the right view), as the B-strand 12—26
(transition to a-helix 12—17 and the unordered segment
18—26), or the mainly o-helical segment 48—59 (transi-
tion to B-strand 54—56 and the unordered segments). Ob-
viously, the larger the non-native non-random segments
are in the unfolded structure, the less likely is to restruc-
ture them in one direct step without intermediates.

CONCLUSIONS

This study introduces a simple computational proce-
dure to search protein sequences for the segments with
above average propensity to adopt non-random struc-
tures (which includes the native-like structure) in the
unfolded state. These segments exist in dynamic equilib-

rium of random and non-random structures. The results
of the computational procedure for two proteins, CI2
that folds the direct two-step way and barnase that folds
by the multi-step mechanism, are in good agreement
with direct experimental NMR measurements per-
formed for the denatured states of CI2 and barnase. The
results of this study suggest also that the difference in
the mechanisms of folding of the two proteins may re-
flect the fact that the propensities of the same segments
to adopt different types of the non-random structure do
not contradict each other in the case of CI2, and are
markedly contradictive in the case of barnase.
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