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ABSTRACT
Summary: K-Fold is a tool for the automatic prediction of the protein
folding kinetic order and rate. The tool is based on a support vector
machine (SVM) that was trained on a data set of 63 proteins, whose
3D structure and folding mechanism are known from experiments
already described in the literature. The method predicts whether a
protein of known atomic structure folds according to a two-state or a
multi-state kinetics and correctly classifies 81% of the folding mechanisms when tested over the training set of the 63 proteins. It also predicts as a further option the logarithm of the folding rate. To the best of
our knowledge, the tool discriminates for the first time whether a
protein is characterized by a two state or a multiple state kinetics, during
the folding process, and concomitantly estimates also the value of
the constant rate of the process. When used to predict the logarithm
of the folding rate, K-Fold scores with a correlation value to the
experimental data of 0.74 (with a SE of 1.2).
Availability:
http://gpcr.biocomp.unibo.it/cgi/predictors/K-Fold/
K-Fold.cgi
Contact: emidio@biocomp.unibo.it
Supplementary information: http://gpcr.biocomp.unibo.it/~emidio/
K-Fold/K-Fold_help.html
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INTRODUCTION

Protein folding is one of most relevant problems in molecular
biology. It is common opinion that variations in the protein folding kinetics may lead to several pathologies such as prion and
Alzheimer diseases. Recently, many experimental and theoretical
studies have been carried out in order to describe the folding mechanism of some important proteins (Jackson, 1998; Plaxco et al., 1998;
Fersht, 2000; Gianni et al., 2003; Compiani et al., 2004). Two main
aspects of the folding process concern the kinetic order and the rate
constant. The kinetic order of the protein folding indicates whether
the sequence reaches its native structure through intermediate states
or not. The folding rate is inversely proportional to the time that the
protein needs to collapse into its 3D structure. In the last years
several approaches have been implemented to estimate the logarithm of the folding rate starting from the structural information. All
the methods developed so far are based on the correlation between
the logarithm of the folding rate and structural parameters such as
the contact order, the total contact distance or the chain length
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(Plaxco, 2000; Zhou and Zhou, 2002; Ivankov et al., 2003;
Galzhiskaya et al., 2003; Ivankov and Finkelstein, 2004; Gong
et al., 2003; Punta and Rost, 2005; Gromiha et al., 2006). These
algorithms show a large value of correlation coefficient between the
folding rate and different structural features; however they rarely
generalize to the point of discriminating among two and multistate
kinetics. It is also known that the kinetic order of the folding mechanism can be related to the folding rate (Galzhiskaya et al., 2003).

2

K-FOLD DESCRIPTION

K-Fold was trained to accomplish two different tasks: (1) prediction
of the kinetic order of the folding process (a classification task);
and (2) prediction of the log10(kf) value of the folding process
(a function approximation task).
For each task, K-Fold is based on support vector machines (SVM)
based on linear kernel functions.
For the classification task and for assigning the log(kf) values
we basically adopt a similar input code by identifying two labels:
one represents the protein that folds without intermediate states
(two-state kinetic, label is TS), the other with one or more intermediates states (multi-state kinetic, label is MS). The input vector
consists of two values. The first input value accounts for the natural
logarithm of the chain length (number of residues) and the second
for the protein relative contact order.
K-Fold was trained and tested with a cross-validation procedure
on a data set of 63 proteins, 38 of which are endowed with a TS
folding mechanism. The other 25 proteins have a MS folding
mechanism. Our set is essentially that previously described
(Ivankov and Finkelstein, 2004) and contains 58 protein structural
families distributed in the four predominant structural classes
according to the SCOP classification (scop.mrc-lmb.cam.ac.uk)
(a: 20.7%; b: 36.2%; c: 13.8% and d: 29.3%). The final sets are
available at http://gpcr.biocomp.unibo.it/~emidio/K-Fold/dbFold.
html. In order to minimize similarity among training and testing
set, our cross validation is performed by dividing into five subsets,
putting in the same subset proteins with related sequences, as
obtained by means of the blastclust program.
The accuracy obtained when K-Fold is adopted as a classifier, and
discriminates whether a given protein folds without (TS) or with
(MS) intermediate states is 0.81 with a Matthews correlation
coefficient of 0.60.
For the sake of comparison with other methods (Ivankov et al.,
2003; Galzhiskaya et al., 2003) it is worth noticing that when a
chain length based regression method is adopted the overall

Ó The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org

385

E.Capriotti and R.Casadio

Fig. 1. Snapshot of the K-Fold output page for the prediction of the kinetic order and the logarithm of the rate constant of the folding process starting from the
protein structure through its PDB code. The top side of the figure reports the picture of the protein structure (Structure, as represented with RasMol available at
http://www.openrasmol.org/) and the graph representing the contact frequency and the contact order per residue (Contact Plot). The predictions of the kinetic
order and of the folding rate are listed below the columns ‘States’ and ‘log[kf]’, respectively.

discriminative accuracy on our set decreases by 7% points and
concomitantly the correlation coefficient is 0.14 less. Other structural inputs were also tested by us (Capriotti and Casadio, 2006)
without achieving the present performance.
K-Fold was trained/tested to predict the value of the logarithm of
the folding rate, starting from the protein structure. In this case, the
accuracy was evaluated by measuring the correlation between the
predicted (adopting a cross validation procedure) and the observed
log10(kf) values. The correlation of the predicted and experimental
data is 0.74, with a SE of 1.2 (for more details see Capriotti and
Casadio, 2006).

3

K-FOLD OUTPUT

Depending on the selected mode, three different outputs can be
retrieved. For a specific protein structure either the kinetic order
or the logarithm of the folding rate or both can be predicted. In the
first two cases a table with one row is returned; for the last case the
output is obtained joining the two previous outputs.
The different possible predictive options correspond to a different
number of columns returned in the output table. Routinely the
output page contains four columns listing respectively: the position
in the sequence of the limiting residues of the protein under consideration, the chain length, the relative contact order calculated
considering two different values of sequence separation and the
predicted logarithm of the folding rate value (log10(kf)) or the
kinetic order of the folding process (TS/MS). When the kinetic
order of the reaction is predicted, one more column is present in
the output table that lists the reliability index value of the prediction.
When running the prediction a picture of the protein structure is
also provided. In order to analyze the contribution of each residue to
the global contact order the web tool reports also a graph showing
the contact order and the contacts frequency per residue (Fig. 1).
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