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Abstract

Understanding the chief forces governing the folding rates of proteins is essential to facilitate de novo protein designing
and as well to overcome protein misfolding problems. The folding rates and folding pathways of proteins can be
characterized at high resolution using variety of kinetic experiments and as well by computational methods. In these contexts,
this article exemplify exclusively various ‘topological descriptors’ reported for predicting folding rates of proteins in the

literature from 1998 to till date. Moreover, principles, unique features and limitations of each model

of the

computational approaches have been systematically evaluated.
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1. INTRODUCTION

Proteins are the most important structural and functional
biomolecules, which play vital roles in carrying out many
biological activities such as immune system reactions,
signal transduction, gene expression, storage, translocation
and many more. In general, proteins are synthesized in
ribosomes of eukaryotic organisms as linear polypeptide
chains, which then acquire unique biologically active
three-dimensional (3D) structures [1-3]. Though much has
been learnt on ‘structure-function’ relationships of
proteins, the mechanisms by which these functional
proteins are  folded from  their  unstructured
conformations to biologically active conformations are
still puzzling [4-7]. Aberrations in the protein folding
processes often impair the functions of proteins leading
to devastating consequences [8-10]. An array of
debilitating diseases may be caused either due to
accumulation of misfolded proteins forming toxic
aggregates  (Alzheimer’s disease, Creutzfeldt-Jacob
disease, Familial amyloidosis) or absence of correctly
folded proteins from the site of action (cystic fibrosis,
phenylketonuria, Medium-chain acyl-CoA dehydrogenase
deficiency). In addition, protein aggregation will also
adversely affect the in vitro laboratory experiments and
industrial protein production [11, 12]. Therefore,
unravelling the protein folding puzzle will help on
understanding  the mechanisms of the protein
misfolding/aggregation and also on stimulating drug
designing processes [13, 14].

Notwithstanding the advantages of sophisticated
biophysical techniques that are being used to study
refolding of proteins at high resolution and as well in
sub-millisecond time scales, the experiments are highly
challenging from technical standpoints and also require
sound knowledge on the structural architectures and
conformational stabilities of proteins. In these contexts,
computational tools will be an excellent alternative to
predict folding rates of proteins solely on the basis of
3D structures of the proteins. This article reviews
various pertinent statistical models documented in the

literature from 1998 to till date for predicting the folding
rates of proteins.

2. COMPUTATIONAL METHODS FOR PREDICTING
FOLDING RATES OF PROTEINS

Various topological descriptors such as contact order,
long range order, total contact distance, absolute contact
order, chain topology parameter, fraction local contacts,
long range contact order and NN contacts order
demonstrated to date in the literature for calculating
folding rates of proteins have been systematically discussed
in the following section.
2.1 Contact order (CO)
Contact order is the first topological descriptor proposed to
correlate the relationships between folding rates of two-
state folding proteins and the parameter. The contact
order is defined as shown in the following equation [15].
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wherein, nr is protein length represented as number of
amino acids. However, amino acids constituting

disordered regions of a protein are generally excluded
from the calculation; nc is total number of contacting
residue-residue pairs present in the distance cut-off (Rcut)
of < 6 A for each residue of a protein; |i — j| is the
sequence separation between contacting residues ‘i’ and
‘5’5 Icut is generally set to 2 for enumerating contacting
residue - residue pairs.

It should be mentioned that CO values are calculated
for proteins by taking into considerations of non-
hydrogen atoms of amino acids in the proteins. As
defined by the above equation, the CO of a protein
represents average sequence separation per contact per
residue of the protein in the folded state. It has been
shown that the correlation coefficient of 0.81 wupon
correlating the CO values and folding rates of 12 simple
two-state folding proteins and the 12 proteins are A-
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Repressor (1LMB3), Equine cyt ¢ (1HRC), Bovine ACBP
(2ABD), Ubiquitin (1UBQ), CI-2 (1CIS), ADA2h
(1PCA), Protein L (2PTL), HPr (1HDN), Muscle AcP
(1APS), CspB (1CSP), TnFN3 (1TEN), FynSH3
(1SHFA). The findings suggest that both shorter-range
contacts and long-range contacts established by residues
of proteins are essential factors governing the folding
rates of the proteins. The CO can be calculated for a
protein through the webserver
http://www.bakerlab.org/contact_order/

2.2 Long-range order (LRO)

When a protein folds from the unfolded states to the native
folded states, residues that are distantly apart in the
sequence but involving in close network of structural
contacts may play vital roles in kinetic refolding of the
protein. This is a prime basis for proposing long- range
order to predict folding rates of two-sate folders. The
LRO for a given protein can be calculated as illustrates in
the following mathematical expression [16].

L

N nij = 1if [i-j| > 12 otherwise nijj = 0.

In the above equation, ‘N’ stands for number of amino
acids in a protein; [i — j| is the sequence separation
between contacting residues ‘i’ and ‘j’; The lcut and Reut
for the LRO calculations were set to 12 residues and 8A,
respectively. Moreover, the LRO calculation considers
only Cgq, atoms of proteins. As defined, LRO is a ratio of
total numbers of contacts to length of amino acid sequence.
In other words, LRO defines number of long-range contacts
per residue.

In order to correlate the LRO and folding rates of two-
state folding proteins, the proteins were first grouped into
three categories: all-o proteins, all-p proteins and of
mixed proteins. The correlation coefficients were -0.72
for all-a proteins, -0.92 for all-B proteins and -0.86 for
mixed class proteins. When considered proteins belonging
to all of the three classes together, the correlation
coefficient was found to be -0.78. In these backgrounds,
the authors of LRO suggested that statistical models for
predicting folding rates for each class of proteins must be
framed on the basis of structural classifications of
proteins. Moreover, the striking correlations between the
LRO and folding rates of proteins implying folding
nucleus of proteins may present at an interval of
approximately 25 residues.

2.3 Total contact distance (TCD)

As discussed above, both the CO and LRO depict a
significant correlation with logarithm of folding rates of
a set of proteins suggesting that both local and non-
local contacts are playing essential roles in governing the
folding rates of the proteins. The TCD incorporates both
the CO and LRO together and it is defined as shown below
[17].

TCD = &Ly

Z
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In the equation, nr is a number of amino acid residues
of a protein and Lij is the sequence separation between
contacting residues ‘i’ and ‘j’ under defined Icut and Reut.
Hence, TCD = CO x LRO, provided both the CO and
LRO calculated with same values of Icut and Rcut. While
the CO and LRO defines sequence separation per contact
per residue and long range contacts per residue,
respectively, the TCD accounts summation over all the
contacts per residue. Interestingly, TCD depicted a
correlation coefficient of -0.88 with the folding rates of
28 proteins indicating TCD is a better topological
parameter in predicting folding rates of two-state folding
proteins comparing that of CO and LRO.

2.4 Absolute contact order (Abs_CO)

All the three topological parameters (CO, LRO & TCD)
discussed above have been shown as reliable to predict
folding rates of two-state folders only. In other words,
the reliability of the parameters for predicting folding rates
of multi-state folders was left largely unaddressed. In these
connections, the Abs CO has been proposed to predict
folding rates of proteins belonging to both of the two
categories and the parameter is defined as represented
below herein [18].

N
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In the above equation, the N and L represent the total
number of contacts and total number of amino acids in
a protein, respectively. The other terms in the equations
are as represented in the previous sub-headings. The
Abs CO is the one in which the sum of sequence
separation between all pairs of contacting residues are
divided by total number of contacts in the protein. Hence,
the Abs_CO defines sequence separation per contact of a
protein. While CO is independent on chain length of a
protein, the Abs CO accounts the protein size. The
authors of the original paper also introduced a
parameter ‘size-modified contact order’ (SMCO). The

SMCO is defined as SMCO = CO X LP and the
SMCO becomes CO, when P = 0, and in contrast, the
SMCO becomes Abs CO, when P = 1. It has also
been demonstrated that the Abs_CO scales with the chain
length as P = 0.70 = 0.07 and depicted appreciable
correlation with folding rates of peptides and as well both
types of the two-state and multi-state proteins.

2.5 Chain topology parameter (CTP)

The CTP is defined as the sum of the square of the
sequence separation between the pair of contacting
residues i and j divided by number of inter residue
contacts and total number of residues in the protein. The
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mathematical expression of the CTP is as follows [19].
N

wherein, ASjj is the separation in sequence between the
contacting residues i and j and other parameters are as
represented in the previous sub-headings. The authors of
the original paper have shown that the rate of folding of
proteins and CTP were in linear relationships within the

range of 07t ¢l < kf < 108 §L. Moreover, the CTP
is unique for predicting folding rates of isolated helices
and B-hairpin small peptides. The comprehensive
analyses on the correlation between the CTP and folding
rates of over 20 proteins also suggested that short-sequence
separations are presumably favourable factors for

establishment of stable proteins.

3. CONCLUDING REMARKS

In addition to various topological parameters (CO,
LRO, TCD, Abs CO & CTP) as described above for
predicting folding rates of peptides and proteins, a few
more descriptors such as fraction of local contact, long
range contact order and NN contacts have also been
documented in the literature. The fraction local contacts
are very useful to understand the relative importance of
local contacts in protein folding pathways [20, 21]. The
long range order parameter clearly differentiates effect of
short and long range contacts on folding rates of
polypeptides [22]. The NN contacts parameter defines
different types of residue-wise structural parameters (short
range, medium range, long range and total weighted order
parameters) for a protein
[http://sblab.sastra.edu/NNCOCalculator.html]. Thus, the
NN contacts are very useful parameter to computationally
explore folding rates of proteins at residue level.
Moreover, in addition to predicting protein folding rates,
the structural parameters are also very useful in drug
designing. Considering those many facets of applications,
we strongly feel that there is a great scope to develop
unprecedented computational strategies for addressing
structures — folding relationships of proteins in near future
[23, 24].
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