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ABSTRACT A novel computational procedure
for modeling possible locally driven folding path-
ways by stepwise elongations of the peptide chain
was successfully applied to TC5b, a 20-residue mini-
protein. Systematic exploration of the possible lo-
cally driven pathways showed that the Trp-cage
structure of TC5b could be obtained by stepwise
elongation starting from the noncentral local nucle-
ation centers preexisting in the unfolded state of
TC5b. The probable locally driven folding pathway
starts with folding of �-helical fragment 4-9, fol-
lowed by formation of the proper three-dimensional
structure of fragment 4-12, and then 4-18. Accord-
ingly, the Trp-cage-forming interactions emerge suc-
cessively, first Trp6–Pro12, then Trp6–Pro18, and then
Trp6–Tyr3. The Trp-cage-like structures of TC5b
found in this study by independent energy calcula-
tions are in excellent agreement with the NMR
experimental data. The same procedure rational-
izes the incomplete Trp-cage formation observed for
two analogs of TC5b. Generally, the success of this
novel approach is encouraging and provides some
justification for the use of computational simula-
tions of locally driven protein folding. Proteins
2003;52:292–302. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

Two problems still dominate the structural biology of
proteins, namely “Prediction of (3D) Structure From Se-
quence” and “Determination of How a Polypeptide Folds to
the Native State.”1 Recently, there have been significant
advances toward solving the first problem both from the
basic principles of physics and by successful application of
the knowledge-based approaches such as homology model-
ing. This study considers only the second problem, which
makes the assumption that the unique native 3D structure
of a protein-polypeptide is already known.

Many factors determine the complexity of this folding
problem; perhaps the single most significant factor is the
size of proteins. Obviously, the smaller a protein that folds
into a stable native 3D structure, the easier it is to follow
its folding pathways both by experimental and theoretical
approaches. Typical protein sequences that fold into a
uniquely stable 3D structure, however, are often com-
prised of hundreds of amino acid residues, whereas pep-

tide sequences up to 20–25 residues generally exist in
solution as an ensemble of multiple conformers with
comparable stability. Therefore, design and discovery of
relatively short sequences folding into a single predomi-
nant structure opens new prospects for studies of the
molecular mechanisms of protein folding. Examples of
those identified recently are a 28-residue zinc finger
mimic,2 about 40-residue �-sheet-like WW domains,3 and
a 20-residue �-sheet (Betanova).4

A 20-residue “miniprotein” Asn1-Leu2-Tyr3-Ile4-Gln5-
Trp6-Leu7-Lys8-Asp9-Gly10-Gly11-Pro12-Ser13-Ser14-Gly15-
Arg16-Pro17-Pro18-Pro19-Ser20 (TC5b) was designed re-
cently5 by optimizing the sequence of the 39-residue
peptide extendin-4 that has a partially populated fold
designated as the “Trp-cage.”6 In TC5b, the Trp-cage motif
consists of the indole ring of Trp6 shielded from solvent by
the aliphatic side-chains of Pro18 and Pro12, as well as by
the aromatic ring of Tyr3 (Fig. 1). This structure was
derived by using the NOE connectivities obtained in NMR
studies, which afforded a well-converged 38-structure en-
semble for TC5b (see the PDB entry 1L2Y). The Trp-cage
structure was shown to be highly populated in TFE as well
as in water, and TC5b was shown to fold cooperatively.5 All
these features make TC5b an excellent model protein for
computational studies of possible folding pathways.

Computational studies of folding pathways for relatively
short but stable protein fragments are most often per-
formed by using molecular dynamics (MD). In typical MD
simulations, one starts from an experimental structure
and unfolds the structure under various conditions. The
process of folding is simply considered as the reverse of
unfolding. This technique has been used, for example, for
Betanova7 and for many medium-size proteins (see the
extensive discussion on advantages and disadvantages of
this approach in an excellent recent review8). MD simula-
tions of folding from arbitrary starting structures have
rarely been performed [e.g., for the model peptide (Val)4-D-
Pro-Gly-(Val)4

9]. However, recently such simulations were
successfully performed for TC5b10 and, through distrib-
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uted computing projects, for at least three other polypep-
tides ranging in size from 12 to 36 amino acid residues.11,12

Despite the apparent successes of MD simulations,
direct study of protein folding by this approach still has
some inherent shortcomings. For instance, the path of a
typical MD trajectory directly depends on energy values
calculated for the saddle points that divide local energetic
minima. The problem is that the force-field parameters
used for energy calculations are usually calibrated by
experimental data measured for the thermodynamically
stable states, not for the saddle points that are, by
definition, the thermodynamically unstable states. The
recent MD simulations of TC5b converge to the Trp-cage
structure found by NMR, but they stopped short of suggest-
ing the actual folding pathways of TC5b.10 Even more
recently, MD simulations of BBA5, a 23-residue ��� zinc
finger, suggested a two-state folding pathway that starts
with collapse to native-like structure within 20 ns.11 The
BBA5 folding time was estimated as about 6 �s, in good
agreement with the experimental value of 7.5 � 3.5 �s.13

It is not yet completely clear whether the MD trajectories
that led to the folding event(s) provide an accurate descrip-
tion of the folding pathway characteristic of this particular
miniprotein, because other systems studied by this method
(including a 36-residue three-helix bundle villin headpiece
protein and a 12-residue tryptophan zipper �-hairpin) also
went through an initial collapse in the first 20 ns of
simulation.11,12

This article presents a different approach based on the
general suggestion that elements of the native structure
may already be present in the unfolded states of proteins.
There is much experimental data (mostly from NMR
spectroscopy) supporting this assertion for proteins of
various sizes and types,14–25 from the 56-residue protein
G20 to the 128-residue CheY,22 and from the �-sheet
protein IFABP15 to the �-helical apomyoglobin.25 Re-
cently, we developed a computational algorithm for identi-
fication of these elements of native structure in the un-
folded states of proteins.26 We also showed that these

elements in some cases may be regarded as local nucle-
ation centers that may be elongated in the process of
further folding. Therefore, the basic assumptions used in
the present approach are as follows:

1. There may be native-like locally stable fragments in the
TC5b structure that maintain at least some of their
low-energy conformations during folding.

2. Some of these TC5b fragments possess higher than
average relative propensities to adopt the native-like
structure and may be regarded as local nucleation
centers.

3. The various locally driven folding pathways of TC5b
can be modeled by alternative stepwise elongations of
the peptide chain starting from different local nucle-
ation sites (i.e., we assume that computational proto-
cols using stepwise elongations may model possible
locally driven pathways if, of course, the protocols
converge to the native-like structure).

The main limitation here is that the above assumptions
do not consider the possible existence of nonlocal interac-
tions at the early stages of folding (e.g., “hydrophobic
collapse”27). Therefore, only the folding pathways of TC5b
that arise from local interactions can be reproduced by this
approach. On the other hand, this approach clearly en-
sures fairly wide sampling of conformational space corre-
sponding to a diversity of potential folding pathways. In
other words, this study addresses only two very specific
questions: (i) whether it is possible to fold the TC5b
sequence to obtain the Trp-cage 3D structure consistent
with the NMR data by successive stepwise elongations of
the peptide chain (i.e., only through locally driven folding
pathways) and, if yes, (ii) which locally driven folding
pathway of TC5b appears more probable than others.

MATERIALS AND METHODS
Conformational Energy Calculations

Energy calculations for all peptide fragments were
performed by using the ECEPP/2 potential field28,29 assum-
ing rigid valence geometry with planar trans-peptide
bonds for all residues, including proline. In all cases, the
fragments were considered acetylated at the N-terminal
and N-methylamidated at the C-terminal. The conven-
tional N- and C-terminal groups (NH2 and COOH) were
introduced only when considering the entire molecule of
TC5b. Aliphatic and aromatic hydrogens were generally
included in the unified atomic centers of CHn type; H�-
atoms and amide hydrogens, 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 for penta-,
hexa-, hepta-, and octapeptides (regarded as the initial
fragments for possible further elongations) were all pos-
sible combinations of selected local energetic minima in
the Ramachandran map.30 The following local minima
were included: �, 	 values of 
140°, 140°; 
75°, 140°; 
75°,
80°; 
60°, 
60°; and 60°, 60° for all non-glycine and

Fig. 1. Sketch of the NMR structure of TC5b. Only side-chains of the
Trp-cage-forming residues (Trp in black) are shown.

LOCALLY DRIVEN PROTEIN FOLDING 293



non-proline residues, with the addition of the �, 	 values of
140°, 
140°; 140°, 
80°; 
140°, 80°; 75°, 
140°; and 75°,

80° for glycines (in most cases); and for prolines, the �, 	
values of 
75°, 140°; 
75°, 80°; and 
75°, 
60° were
included. This selection covers all significant peptide back-
bone conformers. The side-chain dihedral angle values
were optimized before energy minimization to achieve
their most favorable spatial arrangements by using an
algorithm described previously.31 The exception was the
side-chain of Trp6 for which each �1 rotamer in some cases
was considered separately (see below).

Subsequent Elongation of Peptide Chain

First, energy minimization was performed for each
starting conformation of every initial fragment. In total,
the numbers of different starting conformations of the
peptide backbone for different hexapeptides were between
15,000 and 70,000; for octapeptides, the numbers were up
to 650,000. As a result, all low-energy conformers of the
peptide backbone were selected (those with relative confor-
mational energies �E � E 
 Emin � 1 kcal/mol per residue;
for justifying this criterion see Ref. 30). Then, several
different computational protocols were used, which in-
cluded either subsequent elongation of the peptide chain
by one or two amino acid residues (all local minima for
these additional amino acid residues were considered) or
splicing two peptide fragments together (see below) start-
ing from the selected conformations of the initial frag-
ments of TC5b. The actual computational protocols are
described in detail in Results.

Local Fragments: Relative Inherent Propensity to
Adopt The Native Structure

According to the computational procedure developed
previously,26 the inherent propensity for a given fragment
in the protein sequence to adopt the native-like structure
is defined as a ratio between the number of low-energy
conformers geometrically similar to the native structure
(ni) and the total number of low-energy conformers (Ni).
Low-energy conformers are calculated for the isolated
fragment and are selected by a chosen threshold �E of
relative conformational energy. Low-energy conformers
similar to the native structure are those satisfying a
criterion of the chosen root-mean-square deviation (RMSD)
between a selected conformer and the known native struc-
ture (the NMR structure in TC5b). Generally, such defini-
tion of the inherent propensity tacitly assumes that the
computational procedure always finds the correct sets of
low-energy conformers for isolated fragments. In reality,
this is not the case, mainly because of systematic errors in
modeling of the diverse interatomic interactions existing
in peptides by the uniformly parameterized force fields. To
alleviate this problem, the ratios were normalized by the
average ratio for all fragments of the same size overlap-
ping within the sequence in question to obtain measures of
relative propensities to adopt the native structure for each
given fragment. The relative propensities are calculated as
(ni/Ni)/((ni/Ni))/M), where index i relates to the number of
a given fragment in the protein sequence, and M is the
total number of fragments of the same size in the se-

quence. Obviously, any fragment that has a relative
propensity value �1 has an above average propensity to
adopt the native structure compared with other fragments
of the same size in the same protein sequence.

RESULTS
Local Nucleation Centers in TC5b

In our previous study,26 all overlapping hexapeptide
segments in four proteins of about 130 residues were
searched for possible local nucleation centers. Hexapep-
tide fragments were selected in that early study as the
basic search units for two reasons. First, the length of six
residues is sufficient to distinguish between 3D structures
for most of the expected nucleation centers (�-strand,
�-helix, or �-turn) at the chosen criteria of geometrical
similarity with RMSDs up to � 2 Å (C� atoms only).
Second, complete conformational sampling of hexapep-
tides in about 130-residue sequences was readily attain-
able in terms of available computational resources.

On the other hand, larger initial fragments for stepwise
elongation increase the likelihood to identify a local nucle-
ation site, because a larger number of potentially impor-
tant interactions will be considered at the very first stage.
In fact, if it were possible to make the entire TC5b the
“initial fragment” (i.e., to perform energy calculations for
all combinations of local energetic minima of the peptide
backbone for all 20 residues of TC5b (ca. 1013 combina-
tions), all of the conformational possibilities for TC5b could
be observed. In the absence of this, it is important to
estimate the minimal initial fragment size that is suitable
for stepwise elongation studies.

Figure 2 compares the relative propensities for the
penta-, hexa-, hepta-, and octapeptides of TC5b to adopt
NMR-like structures. Fragments containing residues 1
and 20 are excluded, because their terminal groups were
not the same in the calculations as in the experimental
system (see Materials and Methods). Energy calculations
were performed for all fragments and those with RMSDs
(C� for residues 3–18 vs structure 1 of PDB entry 1L2Y)
�2.0 Å were considered NMR-like. The penta-, hexa-, and
heptapeptides fragments display three areas of increased
relative propensity. By identifying the fragments by their
starting residue, these areas correspond to fragments 4–6,
9–10, and 13–14 for the hexapeptides and 4–5, 9, and
12–13 for the heptapeptides. For pentapeptides, the peaks
are slightly shifted (6–7, 10–11, and 13–15), and for
octapeptides there are only two peaks close to the termini
corresponding to fragments starting with residues 4–5
and 11–12. On this basis and in light of the available
computational resources, it seemed reasonable to retain
hexa- or heptapeptides as the initial fragments for further
stepwise elongation procedures.

Systematic Preliminary Exploration of Possible
Locally Driven Folding Pathways in TC5b

This section describes the estimates of relative propensi-
ties to adopt the native structure for all hepta-, nona-,
undeca-, and tridecapeptides of TC5b. All combinations of
local minima in the Ramachandran maps were used as the
starting points for energy minimization for heptapeptides.
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Then, three elongation steps, each involving simultaneous
addition of two residues (the N- and C-terminal ones), from
heptapeptides to nonapeptides to undecapeptides to tride-
capeptides were applied. Only low-energy conformations
possessing relative conformational energies of �1 kcal/mol
per residue were selected for the next step. One can
suggest then that the resulting low-energy 3D structures
of each tridecapeptide emerge from locally driven folding
pathways that started from the corresponding heptapep-
tides. For each fragment, the number of low-energy back-
bone conformations geometrically similar to the 3D struc-
ture of the corresponding hexapeptide fragment in the
NMR structure of TC5b (structure 1 from the PDB entry
1L2Y) has been determined by the geometrical criteria of
RMSD � 2.0 Å (3–18 C� atoms only) for hepta- and
nonapeptides, and RMSD � 3.0 Å for undeca- and tride-
capeptides.

Table I summarizes the calculation data along with the
relative propensities for various fragments of TC5b to
adopt the NMR structure. The N- and C- terminal frag-

ments featuring residues 1 and 20 are not included in
Table I for reasons explained in the previous section. The
results in Table I may be regarded as a fairly systematic
exploration of all possible locally driven folding pathways
in the TC5b molecule up to tridecapeptide fragments.

The relative propensity values �1 are shown in bold in
Table I. Although heptapeptides fragments with higher
than average propensity to adopt the NMR structure are
located close to the termini (4–10, 5–11, 12–18, and 13–19)
as well as in the central part of TC5b (9–15), the elongated
fragments, starting with nonapeptides, retain higher than
average propensity to adopt the NMR structure only when
they are close to the termini. At the level of tridecapep-
tides, only two terminal fragments retain this feature,
namely 2–14 and 7–19.

These observations also agree well with the results of
energy calculations of octapeptides as the initial frag-
ments (Fig. 2), because both suggest that locally driven
pathways should not start with a nucleation site located in
the center of the sequence, (e.g., the hexapeptide frag-

TABLE I. Results of Systematic Stepwise Elongation of the TC5b Peptide Chain Starting From Heptapeptides

Heptapeptides Nonapeptides Undecapeptides Tridecapeptides

Type a) b) c) Type a) b) c) Type a) b) c) Type a) b) c)

2–8 100 28 0.87
3–9 197 9 0.14 2–10 94 1 0.07
4–10 195 85 1.35 3–11 329 147 3.19 2–12 1281 795 1.65
5–11 350 164 1.45 4–12 643 195 2.17 3–13 890 356 1.06 2–14 2262 505 1.54
6–12 385 75 0.60 5–13 686 30 0.31 4–14 945 165 0.46 3–15 3877 344 0.61
7–13 1381 25 0.05 6–14 479 22 0.33 5–15 1950 418 0.57 4–16 2404 245 0.70
8–14 434 27 0.19 7–15 2470 9 0.03 6–16 1874 436 0.61 5–17 2388 237 0.68
9–15 408 210 1.60 8–16 1302 44 0.24 7–17 2198 174 0.21 6–18 755 68 0.62

10–16 271 84 0.96 9–17 429 62 1.03 8–18 196 96 1.30 7–19 823 220 1.84
11–17 395 111 0.87 10–18 899 130 1.03 9–19 556 440 2.10
12–18 212 87 1.27 11–19 584 133 1.62
13–19 75 63 2.61
aNumber of low-energy conformers.
bNumber of conformers geometrically similar to the NMR structure; cRelative propensity to adopt the NMR structure.

Fig. 2. Relative propensities of penta-, hexa-, hepta-, and octapeptides of TC5b to adopt the NMR structure.
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ments 9–14 or 10–15), but with terminal fragments (e.g.,
with hexapeptides 4–9, 5–10, and 6–11 that correspond to
the �-helical fragment in the NMR structure (see Fig. 1) or
with the C-terminal fragments 14–19). These possibilities
are explored below in an attempt to build the Trp-cage
structure beginning with terminal nucleation center candi-
dates.

Elongation Pathways Starting From The N-
terminal Helical Fragments: 4-11 to 4-15 to 4-19

As the first step, low-energy conformations for fragment
4-11 were determined by standard energy calculations.
Starting points for energy minimization were obtained by
splicing together low-energy conformers with differences
of up to 10° in the overlapping dihedral rotation angles �
and 	 found in three hexapeptide fragments possessing
above average relative propensities to adopt the native-
like structure, namely 4–9, 5–10, and 6–11. Of 439
low-energy conformations for fragment 4-11 (�E � 8
kcal/mol), 139 were geometrically similar to the correspond-
ing fragment in the NMR structure (the RMSD � 1.5 Å).
As the next step, low-energy conformers of fragment 4-11
were spliced with low-energy conformers of fragment
10-15 (the conformers with differences of up to 10° in the
overlapping dihedral rotation angles 	10 and �11 were
spliced). Of the resulting 327 low-energy conformers (�E �
11 kcal/mol) for fragment 4-15, 10 conformers were geo-
metrically similar to the corresponding fragment in the
NMR structure up to the RMSD � 1.5 Å (47 conformers at
RMSD � 2.0 Å).

Finally, low-energy conformers of fragment 4-15 were
spliced with low-energy conformers of fragment 14-19,
which is the C-terminal fragment possessing the above
average relative propensity to adopt the native-like struc-
ture (the conformers with differences of up to 10° in the
overlapping dihedral rotation angles 	14 and �15 were
spliced). At this stage, all three possible �1 rotamers of the
side-chain of Trp6 were considered separately (the dihe-
dral angles of the other side-chains were optimized as

previously described31). Of the resulting 268 low-energy
conformers (�E � 12 kcal/mol) for fragment 4-19, two
conformers were geometrically similar to the Trp-cage
structure with the RMSDs � 1.5 Å. One of them is shown
in Figure 3(a).

Elongation Pathways Starting From the
C-terminus: 14-19 to 10-19 to 4-19

Here the first step consisted of splicing together low-
energy conformers of two hexapeptide fragments with the
above average propensities to adopt the native structure,
14-19 and 10-15 (the conformers with differences of up to
10° in the overlapping dihedral rotation angles 	14 and �15

were spliced). Of the resulting 1157 low-energy conformers
(�E � 10 kcal/mol) for fragment 10-19, 102 conformers
were geometrically similar to the corresponding fragment
in the NMR structure with the RMSDs � 1.5 Å. Then,
low-energy conformers of fragment 10-19 were spliced
with low-energy conformers of fragment 4-11 (see above);
the conformers with differences of up to 10° in the overlap-
ping dihedral rotation angles 	10 and �11 were spliced.
Again, all three possible �1 rotamers of the side-chain of
Trp6 were considered separately at this stage. Of the
resulting 620 low-energy conformers (�E � 12 kcal/mol)
for fragment 4-19, only one conformer was geometrically
similar to the Trp-cage structure with the RMSD � 1.5 Å.
It is shown in Figure 3(b).

The above calculations strongly suggest that it is pos-
sible to build the Trp-cage structure out of the preselected
sets of low-energy conformations of the noncentral local
nucleation centers of the TC5b molecule starting from
either of them. Two types of described stepwise elongation
of the peptide chain correspond roughly to two different
families of locally driven folding pathways toward the
Trp-cage structure. More detailed comparison of calcu-
lated structures for fragment 4-19 in Figures 3(a) and (b)
with the NMR structure in Figure 1 shows that the
structure obtained by stepwise elongation from the N-
terminal fragment (from 4-11 to 4-15 to 4-19) is closer to

Fig. 3. Sketches of the Trp-cage-like structures of fragment 4-19 obtained by stepwise elongation starting
either from the N-terminal local nucleus (a) or from the C-terminal local nucleus (b).
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the NMR structure in the important conformation of
fragment 8-12, which contains two highly flexible Gly10

and Gly11 residues [Fig. 3(a)]. Finally, we selected the
locally driven folding pathway that starts from the N-
terminal local nucleation center 4-9 for more detailed
studies.

Locally Driven Folding Pathway of TC5b Starting
From Fragment 4-9 to 4-12 to 4-16 to 4-18 to 1-20

We started this computational procedure of stepwise
elongation of the peptide chain by combining the low-
energy conformations of the local nucleation center 4-9
with low-energy conformations of fragment 6-12, which, in
turn, were obtained by one-residue elongation of fragment
6-11. As expected, the Trp-cage-forming interactions be-
tween the side-chains of Trp6 and Pro12 were present in
some low-energy conformations of fragment 6-12. In total,
57 of 1519 low-energy conformations (�E � 7 kcal/mol)
were geometrically similar to the NMR structure (the
RMSD � 1.5 Å). Combination of low-energy conformations
of fragments 4-9 and 6-12 was performed by splicing
conformers with differences in the overlapping dihedral
rotation angles � and 	 up to 10°. The resulting fragment
4-12 yielded 1106 low-energy conformers (�E � 10 kcal/
mol); 151 of them were geometrically similar to the NMR
structure (RMSD � 1.5 Å). Thus, the ratio of the NMR-like
structures has increased in fragment 4-12 compared to
fragment 6-12. This seems quite reasonable, because the
Ile4 residue, which additionally limits possible rotations of
the Trp6 side-chain in the Trp-cage, is present in fragment
4-12, but not in 6-12.

The next step consisted of one-residue elongation of
fragment 4-12 to 4-13, which resulted in 1558 low-energy
structures (�E � 10 kcal/mol), 64 of them being geometri-
cally similar to the NMR structure (RMSD � 1.5 Å).
Separately, fragment 12-16 was calculated, which yielded
92 NMR-like structures out of 387 low-energy conformers
(�E � 10 kcal/mol). Then the low-energy conformations of
fragment 4-13 were combined with the low-energy confor-
mations of fragment 12-16 by splicing conformers with
differences of up to 5° in the overlapping dihedral rotation
angles � and 	. The resulting fragment 4-16 possesses 845
low-energy conformers (�E � 10 kcal/mol); 13 (139) of
them were NMR-like at the level of RMSD � 1.5 (2.0) Å.
The Trp-cage-like structures of fragment 4-16 are stabi-
lized by interacting side-chains of Asp9 and Arg16 that
form an additional obstacle for the Trp side-chain to escape
the cage.

Then low-energy conformers of fragment 4-16 were
combined with low-energy conformations of fragment 15-18
(deduced from low-energy conformers of the local nucle-
ation center, 14-19) by splicing conformers with differ-
ences of up to 10° in the overlapping dihedral rotation
angles � and 	. Fragment 4-18 features almost all the
Trp-cage-forming interactions suggested by experimental
studies, namely Trp6-Pro12 and Trp6-Pro18. It possesses
314 low-energy structures (�E � 12 kcal/mol), 15 of them
being geometrically similar to the NMR structure (RMSD �
2.0 Å).

Finally, stepwise elongations were performed for frag-
ment 4-18 to fragment 3-19 to 2-20 and then to 1-20, which
is the entire molecule of TC5b. As the last step, low-energy
conformations of TC5b (994 conformers with �E � 12
kcal/mol) were reminimized starting from the g
 rotamer
(�1 � 
60°) of the Leu7 side-chain to further restrict the
Trp6 side-chain within the Trp-cage. These calculations
resulted in 409 low-energy conformers of TC5b (�E � 10
kcal/mol), which represent the independently calculated
ensemble of possible conformations of TC5b.

The above computational procedure describes the probable
locally driven folding pathway of TC5b leading to the Trp-
cage structure as consisting of the following steps: (i) at least
one turn of �-helical structure from Ile4 to Leu7 is formed; (ii)
the Trp6 side-chain forms a complex with Pro12; (iii) side-
chains of Asp9 and Arg16 interact with each other stabilizing
the characteristic structure of the Gly-rich fragment 10-15;
(iv) Pro18 docks to the still available surface of the Trp6

side-chain; (v) the side-chain of Tyr3 interacts with Pro19

covering the Trp-cage. The steps are depicted in Figure 4.

DISCUSSION

The ensemble of 409 low-energy conformations obtained
by energy calculations does not consist only of structures
geometrically similar to the NMR structure. It can be
divided into six conformational clusters. Each of the
clusters contains structures that are similar to each other
at the level of RMSD � 1.5 Å (C� atoms of the Trp-cage
forming fragment 3-18). The most populated predominant
cluster I consists of 278 structures, cluster II of 68 struc-
tures, and cluster III of 34 structures. The last three
clusters together consist only of 27 structures.

Figure 5 depicts structures within the first three clus-
ters that most closely resemble the NMR structure, along
with the NMR structure itself. It is obvious that selected
structures from the most populated cluster (cluster I) bear
the greatest similarity to the NMR structure. Indeed,
there are 17 structures belonging to cluster I that are
geometrically similar to the NMR structure (the NMR-like
structures) with an RMSD � 1.5 Å (C� atoms of fragment
3-18). This is a key finding of this study, because it
demonstrates that it is possible to reach the experimen-
tally observed Trp-cage by modeling folding pathways
driven by local interactions.

More quantitative comparison of calculation results to
the NMR data are given in Table II, where average
interproton distances were calculated by assuming that all
structures possess equal statistical weights in solution.
The distances are compared with the NMR restraints from
NOE measurements5 that are summarized in the PDB
entry 1L2Y. Because the computational protocol of energy
calculations involved determination of only one of the
plausible rotamers of the side-chains (except the Trp6

side-chain), only those NMR restraints that could be
unambiguously compared with the calculation results
were selected. They include 47 restraints on interproton
distances within the peptide backbone (two of them,
�H3–�2H19 and �H3–�2H19, technically belong to the
backbone–side-chain distances) and 27 restraints defining
the spatial position of the Trp6 side-chain.
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In Table II, average distances that differ from the NMR
restraints by more than 0.5 Å are shown in bold. One can
see that those discrepancies are rare among distances
within the peptide backbone. The most populated cluster I
features 10 such distances, and the set of NMR-like
structures features only three, namely, distances �H7–
�3H11, �H13–NH15, and �H3–�2H19. The first of these
distances satisfies the NMR restraint in structures of
clusters II and III. At first sight, this could suggest that the
calculated NMR-like structures may not be totally predomi-
nant in water solution. The �H13–NH15 and �H3–�2H19

distance are out of limits set by the NMR restraint in all
clusters. However, the difference of 0.7 Å for the �H13–
NH15 distance (as that for the NMR-like structures)
hardly can be regarded as significant, because this particu-
lar distance involves a presumably flexible glycine residue
(Gly15). The most sequentially remote contact �H3–�2H19

is also problematic by the same reasons (involves Gly10,
Gly11, and Gly15).

For the distances defining the spatial position of the
Trp6 side-chain within the Trp-cage, they are in somewhat
lesser agreement with the NMR restraints. However, in
this case, too, only 4 of 27 distances calculated for the
NMR-like structures display significant difference (�1 Å)
with the NMR restraints, namely, �2H 6–�H12, �2H6–
�H12, �2H6–�H12, and �1H6–NH16. All of them are long-
range interproton contacts, which can change dramati-
cally with small dihedral angle variations (as �H3–�2H19

and �H3–�2H19). Overall, the agreement of the indepen-
dently calculated data (the NMR-like structures) with those
deduced from the NOE measurements is excellent: of 74
examined distances, only 7 show some discrepancy with the
experimental data.

The experimental NMR studies revealed some conforma-
tional features of TC5b complementary to the measured
NOEs, namely, the abnormal ring current shifts of �3H18

and �2H11, as well as almost complete protection from the

Fig. 5. The NMR structure of TC5b (left) compared to low-energy conformers from cluster I, II, and III most
close to the NMR structure (the RMSDs are 1.09 Å, 2.15 Å, and 3.17 Å, respectively). Only side-chains for
residues Tyr3, Trp6 (in black), Pro12, Pro17, Pro18, and Pro19 are shown.

Fig. 4. Suggested steps of a locally driven folding pathway leading to the Trp-cage structure. Only the
side-chains of the “cage-forming” residues mentioned in text are shown (Trp in black).
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TABLE II. Average Interproton Distances (Å) Calculated for Various Clusters
of Low-Energy Structures of TC5b Compared to the NMR Restraints

(the NMR-Like Are 17 Structures From Cluster I)

Distance Total Cluster I Cluster II Cluster III NMR-like NMR restraints

Distances within peptide backbone

�H1–HN2 2.8 2.8 2.9 2.8 3.2 2.5–3.5
HN2–NH3 3.9 3.8 4.0 3.9 2.6 2.5–3.5
�H2–HN3 2.8 2.7 2.7 2.9 3.5 2.9–4.0
NH2–NH4 5.4 5.6 5.1 4.5 4.0 3.3–5.0
�H2–NH5 5.0 5.2 4.2 4.1 3.4 3.3–5.0
NH3–NH4 3.2 3.4 2.7 2.7 2.6 2.0–3.0
�H3–NH4 3.5 3.5 3.5 3.6 3.6 2.9–4.0
�H3–NH6 4.2 4.5 3.4 3.2 3.3 2.9–4.0
NH4–NH5 2.8 2.9 2.5 2.5 2.5 2.5–3.5
�H4–NH5 3.8 3.9 3.6 3.6 3.6 2.9–4.0
NH4–NH6 4.3 4.6 3.8 3.8 3.8 3.3–5.0
�H4–NH7 4.5 4.9 3.3 3.3 3.4 2.5–3.5
�H5–NH6 3.8 4.0 3.5 3.5 3.5 2.9–4.0
NH5–NH7 4.6 4.8 4.1 4.0 4.0 3.3–5.0
�H5–NH8 4.4 5.0 3.2 3.1 2.9 2.5–3.5
NH6–NH7 3.0 3.0 2.5 2.5 2.5 2.5–3.5
�H6–NH7 4.0 4.1 3.6 3.6 3.6 2.9–4.0
�H6–NH9 4.9 5.4 3.4 3.4 3.4 3.3–5.0
NH7–NH8 2.9 3.1 2.6 2.5 2.4 2.5–3.5
�H7–NH8 3.9 4.2 3.6 3.6 3.6 2.9–4.0
NH7–NH9 4.9 5.3 4.1 4.1 3.9 3.3–5.0
�H7–NH9 5.4 5.8 4.5 4.4 4.2 3.3–5.0
�H7–NH10 5.4 5.5 5.5 5.5 3.2 3.3–5.0
�H7–NH11 5.8 6.7 3.5 3.6 3.0 2.0–3.0
�H7–�3H11 7.6 9.1 3.6 3.8 5.3 2.9–4.0
�H8–NH9 4.2 4.5 3.6 3.6 3.6 2.9–4.0
NH8–NH9 3.2 3.5 2.7 2.6 2.5 2.0–3.0
NH8–NH10 5.4 5.2 6.1 6.1 3.8 3.3–5.0
�H9–NH10 3.5 4.1 2.2 2.2 3.5 2.9–4.0
NH9–NH10 3.2 3.1 3.9 3.9 2.5 2.0–3.0
NH9–NH11 5.2 5.7 4.2 4.4 4.1 3.3–5.0

NH10–NH11 3.1 3.2 2.8 3.0 2.4 2.0–3.0
�2H10–NH11 2.9 2.7 3.6 3.6 2.8 2.9–4.0
�3H10–NH11 3.4 3.8 2.8 2.6 3.6 2.9–4.0
�2H11–NH11 2.4 2.3 2.8 2.8 2.3 2.5–3.5
�3H11–NH11 2.7 3.0 2.2 2.2 2.9 2.0–3.0
�H12–NH13 3.6 4.0 3.4 3.5 3.4 2.9–4.0
�H12–NH14 4.7 4.8 4.1 4.5 3.7 3.3–5.0
�H12–NH15 5.6 4.5 6.2 7.6 2.8 3.3–5.0
NH13–NH14 3.4 3.4 2.3 2.4 2.8 2.0–3.0
�H13–NH14 4.3 4.1 3.5 3.6 3.6 2.9–4.0
�H13–NH15 6.8 6.1 6.4 5.2 4.7 2.9–4.0
NH14–NH15 3.7 2.9 4.2 3.1 2.5 2.0–3.0
�H14–NH15 4.1 4 2.2 2.6 3.6 2.9–4.0
NH15–NH16 3.3 2.9 4.2 2.3 2.3 2.0–3.0

�H3–�2H19 9.5 9.2 8.4 11.9 5.6 3.3–5.0
�H3–�2H19 10.0 10.6 7.5 9.8 2.5 2.9–4.0

Distances defining spatial position of the Trp6 side-chain

�H3–�3H6 4.8 5.7 2.7 2.5 2.4 2.9–4.0
�H3–ε3H6 4.8 5.0 3.7 4.8 3.3 2.9–4.0
�H6–�2H6 2.8 3.0 2.4 2.4 2.4 2.5–3.5
�H6–�3H6 2.8 2.7 3.0 3.0 3.0 2.0–3.0

�2H6–NH6 2.5 2.5 2.7 2.6 2.6 2.0–3.0
�3H6–NH6 3.1 3.5 2.3 2.3 2.3 2.0–3.0
�1H6–�H6 2.9 2.6 3.0 3.7 2.8 2.5–3.5
�1H6–�3H6 3.7 3.6 3.9 3.2 3.9 2.5–3.5
ε3H6–NH6 4.7 4.9 4.3 4.5 4.4 3.3–5.0
�2H6–NH7 3.8 3.5 4.1 4.1 4.1 2.5–3.5
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solvent of �1H6 and NH7.5 Figure 6 shows a more detailed
comparison of the NMR structure to the NMR-like struc-
ture closest to the NMR data (RMSD � 1.09 Å). The very
subtle difference between them is in the tighter packing of
the Trp-cage-forming residues in the NMR structure. One
can see that spatial positions of all mentioned protons in
the calculated structure completely agree with these experi-
mental observations.

NMR experiments also revealed the dramatic stereospe-
cific chemical shifts for �-protons of Gly11 (�2H11 was
shifted much more significantly than �3H11), as well as
moderate shifting for �3H12 during the thermal loss of
tertiary structure.5 Both may be interpreted as an indica-
tion of changes in Trp6–Pro12 interactions during TC5b
unfolding. These observations also are in good agreement

with the predicted folding pathway of TC5b (step II in Fig.
4).

A recent experimental study of folding kinetics of TC5b
found that it folds in 4 �s, which is much faster than what
has been observed for other small proteins.32 It was
specifically noted32 that such fast folding cannot be ex-
plained in terms of the “contact order” hypothesis, which
assumes the early formation of long-range tertiary con-
tacts.33 Locally driven folding of TC5b could rationalize
this experimental observation.

Summarizing, our computational study points out that
among the low-energy structures of TC5b found by the
independent energy calculations following probable locally
driven folding pathways for TC5b, there are structures
that agree very well with the experimental data regarding

Fig. 6. Detailed comparison of the experimental structure (left) and a representative calculated structure.
Only residues mentioned in the text are shown. Protons mentioned in the text are labeled.

TABLE II. (Continued)

Distance Total Cluster I Cluster II Cluster III NMR-like NMR restraints

ε3H6–�H7 5.8 6.6 3.6 5.3 4.3 2.9–4.0
ε3H6–NH7 5.0 5.6 3.3 4.7 3.9 2.5–3.5
�2H6–�H12 10.3 11.4 6.9 7.3 5.5 2.0–3.0
�2H6–�H12 11.0 12.3 7.6 8.3 7.9 3.3–5.0
�2H6–�2H12 10.2 12.0 6.0 6.8 4.5 2.5–3.5
ε1H6–NH16 9.3 9.3 3.9 9.5 6.1 3.3–5.0
ε1H6–�H17 9.6 9.5 7.2 8.2 3.5 2.9–4.0
�2H6–�H17 9.8 10.0 6.2 8.8 5.6 3.3–5.0
�2H6–�2H18 10.4 10.9 8.2 7.7 3.8 2.9–4.0
�2H6–�3H18 10.1 10.1 9.2 9.3 5.3 3.3–5.0
�2H6–�2H18 10.9 11.7 8.8 8.5 4.4 3.3–5.0
�2H6–�2H18 11.4 12.1 10.1 8.0 3.2 3.3–5.0
�2H6–�2H18 10.9 11.7 8.9 8.6 4.4 3.3–5.0
ε1H6–�H18 9.4 9.6 7.3 8.9 5.0 2.9–4.0
�2H6–�2H18 11.2 12.0 9.7 8.1 4.0 3.3–5.0
�1H6–�H18 8.9 9.2 6.7 7.4 4.1 3.3–5.0
�1H6–�3H19 9.4 9.6 7.7 9.5 5.8 3.3–5.0
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the fold of TC5b in water. However, although structures
that are most similar to the NMR-ensemble belong to the
predominant cluster I, the energy calculations did not
exclude the existence of other structures such as those
from clusters II or III. On the other hand, the force field
that was used in our calculations did not include the effect
of solvent; the only parameter modified to approximate the
water environment was the macroscopic dielectric con-
stant (see Materials and Methods). Roughly, solvation
effects can be estimated simply by calculation of solvent-
accessible surface areas (SASA) for different low-energy
conformations of TC5b. Such estimations were performed
for the 10 lowest-energy NMR-like structures and for the
10 lowest-energy structures from each clusters II and III.
The readily available and commonly used GETAREA
computational procedure (the URL address is http://
www.scsb.utmb.edu/sgi-bin/get_a_form.tcl) was used. The
average SASA values for a water environment were 1620 �
20 Å2, 1742 � 14 Å2 and 1741 � 13 Å2, respectively [i.e.,
structures in clusters II and III possessed slightly higher
(by ca. 7%) SASA values than the NMR-like structures]. At
the same time, their “apolar” SASA values (as defined by
GETAREA) were by 11% and 16% higher than the same
value for the NMR-like structures, mainly due to higher
exposure to solvent of Leu2, Ile4, and Pro17 in cluster II,
and Leu2, Tyr3, Trp6, and Pro17 in cluster III (see also Fig.
5). Although these are a rough estimates of solvation
effects, they do suggest that only the NMR-like structures
of cluster I should be favored in water as was observed
experimentally.5

Another corroboration of our method comes from energy
calculations performed for two analogs of TC5b, which
show substantially less Trp-cage formation by NMR,
namely, Asn1-Leu2-Tyr3-Ile4-Glu5-Trp6-Leu7-Lys8-Asn9-
Gly10-Gly11-Pro12-Ser13-Ser14-Gly15-Ala16-Pro17-Pro18-
Pro19-Ser20 (TC3b) and Lys0-Gly1-Leu2-Tyr3-Ile4-Glu5-
Trp6-Leu7-Lys8-Asn9-Gly10-Gly11-Pro12-Ser13-Ser14-Gly15-
Arg16-Pro17-Pro18-Pro19-Ser20 (TC4c)5; the amino acid
replacements in TC3b and TC4c compared to TC5b are

shown in bold. The plots of relative propensities for
hexapeptides of TC3b and TC4c to adopt the NMR struc-
ture characteristic for TC5b are similar to that in Figure 2
(data not shown); the only significant difference is that the
peak at fragment 14-19 is less distinct for TC3b. For
fragments 4-19 of both TC3b and TC4c, we performed the
same procedures of stepwise elongation of the peptide
chains toward either the N- or C-termini that have been
performed for the TC5b fragment 4-19 (i.e., either from
4-12 to 4-15 to 4-19, or from 14-19 to 10-19 to 4-19).

For TC3b, both types of stepwise elongation found some
low-energy conformers geometrically similar (the RMSDs �
1.5 Å) to the NMR structures of TC5b, but, remarkably,
these conformers are not of the Trp-cage type, because
they lack a crucial Trp-cage interaction, that of Trp6–Pro12

(see Fig. 7, left). And for TC4b, stepwise elongation toward
the N-terminus found one low-energy conformer similar to
the NMR structures of TC5b (the RMSD � 1.5 Å), where
the cage-like “sandwich” formed by Pro12 and Pro18 is the
same as in TC5b, but spatial position of the Arg16 side-
chain is different. Instead of interaction with the side-
chain of Asp9, which is replaced by Asn9 in TC4b, the
amino groups of the Arg16 side-chain form the hydrogen
bonds with carbonyls of Trp6 and Pro18. As a result, the
Arg16 side-chain prevents the Trp6 side-chain from enter-
ing the cage between Pro12 and Pro18 (see Fig. 7, right).

CONCLUSIONS

This study presents a computational protocol of stepwise
elongation of the peptide chain of the TC5b sequence as a
tool to locate and evaluate possible locally driven folding
pathways of the TC5b miniprotein. It does not discuss any
possibility of folding pathways of TC5b involving early
forming of nonlocal long-range contacts. Systematic explo-
ration of the possible pathways showed that the Trp-cage
structure of TC5b could be obtained by stepwise elongation
starting from the noncentral local nucleation centers pre-
existing in the unfolded state of TC5b. Of the locally driven
folding pathways that lead to the Trp-cage structure, the

Fig. 7. Low-energy conformers of TC3b (left) and TC4c (right) most similar to the NMR structure of TC5b.
Only the side-chains of the “cage-forming” residues mentioned in text are shown (Trp and Arg in black).
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formation of an �-helical fragment 4-9, followed by the
formation of the proper 3D structure of fragment 4-12 and
then 4-18 appears the most probable. According to this
folding pathway, key Trp-cage-stabilizing interactions
emerge successively, first Trp6–Pro12, then Trp6–Pro18,
and then Trp6–Tyr3. Early formation of the Trp6–Pro12

interaction is also suggested by NMR data for the partially
melted state.

Stepwise elongation of the peptide chain corresponding
to the pathway in question resulted in the ensemble of
low-energy conformations of TC5b, which contains struc-
tures possessing the characteristic fold of the Trp-cage
observed for TC5b by NMR spectroscopy. The Trp-cage-
like structures found by calculations are in excellent
agreement with the NMR experimental data. They satisfy
67 of 74 interproton NOE distance restraints. They are
also in good agreement with the observed ring current
shifts for selected protons in TC5b.

This novel approach was successfully applied to TC5b. It
also explains why two analogs of TC5b, namely TC3b and
TC4c, do not form the same Trp-cage structures as exclu-
sively as TC5b. Applications of this approach to other
miniproteins should provide more information on its poten-
tial and limitations.
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