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Abstract. The development of a method that accurately predicts pro-
tein folding nucleus is critical at least on two points. On one hand, they
can participate to misfolded proteins and therefore they are related to
several amyloid diseases. On the other hand, as they constitute struc-
tural anchors, their prediction from the sequence can be valuable to
improve database screening algorithms. The concept of Most Interact-
ing Residues (MIR) aims at predicting the amino acids more likely to
initiate protein folding. An alternative approach describes a protein 3D
structure as a series of Tightened End Fragments (TEF). Their spatially
close ends have been shown to be mainly located in the folding nucleus.
While the current sequence-driven approach seems to capture all MIR,
the structure-driven method partially fails to predict known folding. We
present a stability-based analysis of protein folding to increase the recall
and precision of these two methods.

Results: Prediction of the folding nucleus by MIR algorithm is in agree-
ment with mutation stability prediction.

Availability: The database is available at:
http://bioinformatics.eas.asu.edu/Stability/index.php. The MIR calcu-
lation program is available at:
http://bioserv.rpbs.univ-paris-diderot.fr/cgi-bin/MIR and the TEF pro-
gram at:
http://bioserv.rpbs.univ-paris-diderot.fr/TEF.

Contact: jacques.chomilier@impmc.jussieu.fr

Keywords: Protein folding, folding nucleus, structure stability, point
mutations.

1 Introduction

Structural bioinformatics has been particularly productive for the past decade
partially thanks to the contribution of physics disciplines. One of its main fo-
cuses is the study of protein folding and, in particular, the prediction of folding
nuclei. Modeling and predicting protein folding mechanisms is critical because
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a misfolded protein may result in the formation of aggregates that may play a
role in most misfolding diseases such as amyloid ones [1,2,3,4].

The folding nucleus model [5,6,7,8,9] is based on the assumption that protein
folding begins with just a few amino acids that strongly interact with each other.
These strong interactions initiate the folding that is completed by a successive
folding of the remaining parts of the structure to constitute a compact globule.
Within this model, a precise and accurate prediction of the main amino acids
responsible for initiating the folding provides enough constraints to simulate the
whole folding mechanism. For that purpose, Papandreou et al. developed an
algorithm devoted to the search of the Most Interacting Residues (MIR) [10].
The current algorithm has a good recall however its precision needs improvement
as several studies consider that the minimal number of amino acids needed to
initiate a folding process is significantly less than the 15% found in average with
the MIR prediction algorithm [8,11,12,13].

Proteins can be described as a succession of Tightened End Fragments or
TEF [14,15,16,17] which spatially close ends (lower than 10 Å) are deeply buried
in the cores of globular domains. Their ending positions could represent the
folding nucleus while TEF would correspond to the final fold for these por-
tions. Indeed, we have previously demonstrated that the TEF ends correspond
statistically to hydrophobic residues highly conserved in multiple alignments of
proteins of common function [17]. These particular positions have been called
topohydrophobic, and they are clearly related to amino acids belonging to the
folding nucleus [18]. They are derived from multiple alignments of distantly re-
lated sequences, typically less than 30% identity. It constitutes a limitation of the
prediction process since most of the available algorithms for multiple alignments
of highly divergent sequences produce controversial results [19]. We have shown
that MIR and tophohydrophobic positions match in two thirds of the cases which
confirms a reasonable recall of the MIR prediction algorithm. In other words,
one has a mean to predict, from the single information of the sequence, positions
(MIR) including the folding nucleus.

In this paper we present a stability-based analysis that was conducted to
better characterize MIRs. The expected results were to improve the precision
of the MIR method by refining the algorithm with constraints related to the
prediction of the stability changes induced by point mutations. We assume that
the folding nucleus is the deep core of the structure and thus should be very
sensitive to point mutations. For example, if a keystone substitutes another one
with a different shape, the vaulting will collapse almost every time.

2 Material and Methods

2.1 MIR Prediction Algorithm

A Monte Carlo algorithm is used to simulate the early steps of protein folding
on a (2,1,0) lattice. An amino acid is randomly selected and displaced to a new
available position on the lattice. The energy of both initial and final conforma-
tions is computed from the Miyazawa and Jernigan potential of mean force [20]
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and the Metropolis criterion is then applied [21,10]. The starting point is the
protein structure in a random coil conformation and the simulation is typically
conducted on 106 Monte Carlo steps.

This simulation is repeated 100 times with different initial conformations.
The number of first neighbors is recorded after each series of 10 Monte Carlo
steps, and at the end of the process, an average Number of Contact Neighbors
(NCN) is calculated for each amino acid of the sequence. Actually, amino acids
surrounded by many others play a role in the compactness of the protein and
thus are called Most Interacting Residues (MIR). In contrast, the ones with few
neighbors are called Less Interacting Residues (LIR).

2.2 TEF Assignment

Along the backbone of a protein, some pairs of amino acids can be very close
in several places, with a typical distance between their alpha carbons below
10 Å. The histogram of the sequence separation between these ”contact” amino
acids is not smooth, and presents a maximum around 25 amino acids [15]. These
sequence fragments were initially called closed loops [14].

Later on, it has been shown that the ends of these closed loops are mainly
occupied by hydrophobic amino acids. A thorough analysis demonstrated that
these hydrophobic amino acids were highly conserved among structures of the
same family, although containing distantly related sequences: these positions
were called topohydrophobic [22].

The concept of TEF emerged from the junction between closed loops and
topohydrophobic positions mainly located at their ends.

2.3 Free Energy Calculation

Gibbs free energy change due to mutation is a good approximation to character-
ize the stability of a given structure. It consists of a succession of energetic terms
that attempt to capture all the properties and forces that drive the conformation
of a protein. In our study we focus on the difference of these energies for the wild
type structure ΔGwild and for the mutant structure ΔGmutant. Considering that
in the literature various stability prediction methods use different nomenclature,
ΔΔG is defined as follows:

ΔΔG = ΔGmutant − ΔGwild . (1)

The unit is kcal/mol. ΔΔG describes whether it costs more in energy to have
the mutated amino acid or the wild type one. For example, if ΔΔG < 0 then
it costs more in energy to have the wild type structure than the mutant one
thus the mutation is more favorable to the structure stability. Conversely, if
ΔΔG > 0, the mutant structure ΔG is higher than the wild type one thus the
mutation is less favorable to the structure stability.
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2.4 Stability Analysis

Many methods have been implemented to predict stability changes induced by
point mutations. MUpro [23] and I-Mutant (sequence version) [24] both predict
stability changes on a protein sequence whereas DFIRE [25], I-Mutant (sequence
+ structure version) [24] and PoPMuSiC [26] use protein sequence and structure
to predict these changes. Other methods exist but have been rejected due to some
restrictions: CUPSAT1 [27] was not available in a standalone version and the cur-
rent version of FoldX2 [28] only computes mutations to Alanine. To avoid biases
from one or the other method, we present a comprehensive analysis with five ex-
isting tools (the two versions of I-Mutant are considered as two different tools).

We use the Protherm database [29] that collects thermodynamic data pub-
lished in the scientific literature and thus includes measured values of ΔΔG to
compare our prediction to experimental data. It is available at the following
URL: http://gibk26.bse.kyutech.ac.jp/jouhou/Protherm/protherm.html.

2.5 Data Set

Our analysis was conducted on a dataset published by the Protein Folding Frag-
ments European consortium that can be found at the URL: http://bioserv.rpbs.
univ-paris-diderot.fr/PFF/. MIR predictions and TEF calculations were already
performed on the selected 116 protein sequences.

The experimental dataset consisted of 116 protein sequences for a total of
15,183 amino acids. Each sequence was processed with each of the five sta-
bility prediction tools, for each amino acid, and for each of the 19 possible
mutations. We computed 1,442,385 different ΔΔG values. In order to man-
age and publish our produced data and results in a more efficient way than
output flat files, a database was created and is available to the community at
http://bioinformatics.eas.asu.edu/Stability/ where more information about the
data can be found.

3 Results

3.1 MIR and TEF

The MIR concept aims at characterizing the main amino acids involved in the
early steps of the protein folding process. The TEF method splits a structure
into fragments with spatially close ends that interact with each other. A previous
study [10] has demonstrated that TEF ends (within a range of ±5 positions)
correspond to MIR in 57% of the cases. As we are looking at coherent methods
to determine the folding nucleus, we observe that MIR over predict the TEF
ends, therefore we hypothesize that restricting the MIR to the ones in agreement
with TEF ends would capture the expected amino acids responsible for protein
folding.
1 CUPSAT is available at http://cupsat.tu-bs.de/.
2 FoldX is available at http://foldx.crg.es//.

http://gibk26.bse.kyutech.ac.jp/jouhou/Protherm/protherm.html
http://bioserv.rpbs.
univ-paris-diderot.fr/PFF/
http://bioinformatics.eas.asu.edu/Stability/
http://cupsat.tu-bs.de/
http://foldx.crg.es//
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Then, separation between ”good” MIR and ”bad” MIR emerges, and we de-
fine them as TEF related and TEF independent MIR. The TEF independent
MIR are expected to be the noise in the MIR prediction algorithm. The TEF
related ones are those in a ±3 amino acids window around a TEF end. As the
experimental validation of folding nucleus is rather difficult, one way to validate
MIR prediction (i.e., TEF related MIR are the nucleus residues) is the com-
parison with other structural data. Indeed, there is nowadays no experimental
technique able to determine which residues constitute the folding nucleus.

The Φ value experimental determination [30] attests whether one amino acid
is in the folding nucleus or not, but all the mutants need to be constructed to
validate the hypothesis. Nevertheless in some cases, such as CI2 for instance,
a low Φ value can be obtained for a residue attributed to the folding nucleus
by convergent experiments [31]. We propose here to add constraints derived
from energy stability evaluation in order to increase the agreement between
prediction and experiment; these constraints are restrictred to thermodynamics
experiments as they are not supposed to be suspicious.

3.2 Stability Changes upon Point Mutations

Because they are structurally compulsory for the complete folding, we assume
that folding nucleus positions are very sensitive to mutation, in the sense that a
mutation would destabilize the protein. We thus decide to verify this assumption
by computing stability changes upon point mutations for all the sequences which
already have been processed for the MIR and TEF predictions (See Material and
Methods section). There exist numerous software devoted to this task among
which we focused on: DFIRE, two versions of I-Mutant, MUpro, and PoPMuSiC.

We first start by calculating ΔΔG resulting from mutations at each position
for the five tools. We retrieve all experimental values for proteins either present
in our database and in Protherm [29]. 1409 different mutations with their exper-
imental ΔΔG were gathered. A correlation then appear between experimental
ΔΔG and predicted ΔΔG. The two versions of I-Mutant obtain the best score
(represented in Fig. 1) with 0.96 correlation coefficient, just followed by MUpro
with 0.86. The remaining tools PoPMuSiC and DFIRE show an average corre-
lation with 0.53 and 0.48 respectively. The goal of these correlations is to verify
that the tools used in this work are accurate and truthfully. The excellent corre-
lation for I-Mutant and MUpro can be explained by the fact that both software
used data extracted from the Protherm database as a training set for their al-
gorithm. No other experimental data was available for this study.

Three tools can be considered as efficient and two others have to be carefully
apprehended. Nevertheless, for a better overview of the stability changes concept,
all five tools are kept in this study and a comparison between the two types of
MIR and their relative stability changes upon mutation can be performed. We
then verify if stability upon mutation would allow to discriminate among the
two types of MIR, according to their location relative to TEF ends. Stability
prediction is characterized by ΔΔG on each amino acid and for each possible
mutation. We compute a stability score to compare with MIR prediction as
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Fig. 1. Graph of ΔΔG (kcal/mol) predicted by I-Mutant (sequence only version) as a
function of the experimental one, taken from the Protherm database. The line repre-
sents the correlation between both experiment and prediction.

follows. To synthesize the mean stability change tendency for a given amino
acid, the 19 ΔΔG have been summed in one value. Actually, to normalize this
result, instead of summing the ΔΔG, a score has been given to each ΔΔG. If
ΔΔG < 0, the mutation is considered as stabilizing and it is granted a value of
+1. Conversely, if ΔΔG > 0, the mutation is considered as destabilizing and the
value is −1. This procedure produces a score in the range of [−19,+19] which
reflects the global stability change for an amino acid upon its mutation. The
lower the score, the more sensitive to mutation, i.e., the native residue is the most
stable. This stability score is computed for each amino acid of all the sequences
in the data set and for the five different tools. Moreover, a consensus tool has
been created which corresponds to the mean of the five programs. Graphs are
plotted, upon request on the server, to get an overview of the stability score
over a whole sequence. One example is given in Fig. 2 where the stability scores
along a whole sequence have been represented for the five tools in the case of
the engrailed homeodomain (PDB code: 1enh). Stability scores curves have also
been smoothened for an easier interpretation.

We observe that along the homeodomain sequence, stability changes score
ranges from −19 to +15. One can notice that most values are under 0 which
means that there are more positions destabilized by mutations than stabilized
ones. This observation is in agreement with the principles of Evolution which
tend to favor stable protein structures.

It is thus possible to detect the most sensitive positions to a mutation. Indeed,
the minima of stability scores are positions for which mutations induce the most
destabilizing changes, regarding free energy, along the structure. We can locate
these positions and compare them with the MIR.
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To bear evidence of an eventual co-localisation of MIR and stable positions,
we compute the distance in sequence that separates each MIR (TEF related and
TEF independent) from the nearest minimum of stability score. These differences
of positions have been computed for all the sequences of the database and for
each tool. Figure 3 shows an example of these deltas of positions for the consensus
tool. It appears that there is no distinction between the two classes of MIR as
both have their respective peak centered on the same position.

Fig. 2. Representation of the stability scores for each amino acid of the 1enh sequence.
The five lines represent each one a different tool. The consensus graph is also repre-
sented.

Fig. 3. The origin of the abscissa corresponds to the position of each MIR (TEF related
and independent) and one calculates the distance to the closest minimum of stability
scores on the whole dataset and for the consensus tool.
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Fig. 4. Sequence separation (Delta) between MIR, LIR, and minima of stability scores
on the whole data set and for the consensus tool. The origin is taken as for Fig. 3.

However, MIR have been shown to statistically match the topohydrophobic
positions, corresponding in several experiments to the folding nucleus [18]. The
conservation of the folding nucleus among species is still under a strong debate.
If we assume, in agreement with Shakhnovich [31], that the folding nucleus is the
subject of an additional evolution pressure, considering simulations on distantly
related sequences of the same fold, instead of single one, may help in a better
definition of the folding nucleus.

Two hypotheses emerge: the MIR algorithm is not accurate enough or the TEF
assignment has to be improved. A direct comparison of each of these methods
with minimua of protein stability scores has been processed.

The determination of MIR accuracy relies on their good match with minima
of stability scores but also on the comparison between their antagonists i.e.,
LIR for Less Interacting Residues and stability scores under the same protocol.
These amino acids are the ones with the smallest number of contact neighbors
and are thus assumed to be mainly located at the interface of the protein and
the solvent. Results are shown in Fig. 4. As already seen in Fig. 3, MIR are
statistically located at minima of stability scores with a peak for a delta of 0.
If one takes a window centered on 0, on the [−1, +1] range, 55% of the MIR
correspond to a minimum of stability score. For the LIR, we observe that there
is a clear minimum on the 0 position and two peaks centered on the -2 and +2
positions. The conclusion is that the MIR concept is in good agreement with the
concept of sensitivity to the structure stability. This prediction method succeeds
in correctly locating the most stable residues, that can be either located at the
ends of TEF or elsewhere, because both classes of MIR match the location of
the lowest scores.
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Fig. 5. Sequence separation (Delta) between TEF ends, TEF centers, and minima of
stability scores on the whole data set and for the consensus tool.

We then compare specific TEF positions to the positions with the lowest sta-
bility scores. We consider on one hand TEF ends, as they are assumed to be in
the folding nucleus, and TEF centers on the other hand. Figure 5 represents the
distance in terms of amino acids (delta) between the TEF ends/TEF centers and
minima of stability score on the other side. The results are compatible with the
ones presented for Fig. 4 with MIR and LIR. TEF ends match the positions where
stability is the highest (lowest scores), while TEF centers do not. Therefore, one
can conclude that MIR predictions capture some physics of the folding process, by
finding residues forming the core, evaluated here on the basis of the most stable
positions toward mutation, independently of their location relative to the TEF.

The relative efficiency of this method has been confirmed by the calculation of
solvent accessible surface for all amino acids and for each sequence of the database.
The mean value is of 53 Å2 for one amino acid among all the sequences of the
dataset. If we now consider amino acids which are characterized as MIR, this mean
drops to 33 Å2. For the LIR, we obtain a rise to 64 Å2. This observation also gives
another evidence of the efficiency of the MIR method as low solvent accessible sur-
face induces that the considered amino acid is buried inside the globular domain.

For the results observed for the TEF the conclusion is less evident. TEF ends
are centered on the positions of the highest stability, but TEF centers graph
is more ambiguous as there is kind of a plateau in the range [−3, +3]. It thus
means that TEF ends are quite in agreement with stability scores minima but
TEF centers do not show any tendency to be reluctant to stability scores minima.

4 Conclusion

Protein folding is nowadays one of the biggest challenges in structural bioinfor-
matics. The MIR method is devoted to the prediction of the residues forming the
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folding nucleus of proteins. Some refinement has been proposed to improve the
accuracy of the current algorithm such as the use of additional input based on
topology and stability. The structural analysis of proteins in terms of TEF was
a relevant choice as it captures ends of fragments buried in the core of the pro-
tein. MIR are constituted of two families, the ones present at the ends of TEF
and the other ones found elsewhere. It was hypothesized that folding nucleus
would preferentially be located at TEF ends. We checked the relevance of this
separation by comparing the presence of MIR with positions known to be stable
upon point mutation. We actually evidenced that both classes of MIR are highly
stable positions with respect to mutations. This result may be interpreted in the
following way: if we admit the assumption that most stable positions toward
mutation are indicative of the inclusion in the folding nucleus, then MIR is a
rather satisfactory method to predict this nucleus. In addition, we assume that
split of the protein structures into TEF should be improved, and in particular,
one might think of secondary contacts, i.e. two residues located in the middle of
a TEF, and close from one each other.

Although we probably overestimate the number of amino acids involved in
the folding nucleus, our approach might be a help for selecting positions sus-
ceptible of experimental muations in order to perform ΦF determination. A long
term application of this prediction nucleus algorithm is its inclusion in database
screening tools, in order to give a stronger weight once a residue has been pos-
tulated as belonging to the nucleus. One might guess that this would help in
retrieving more distantly related sequences than present methods.
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