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Abstract

about protein structural classes may shed light on the above
problem. For example, the searching scope of conformation will be reduced if the structural class of the protein under study is known [7]. Hence, it is informative to predict
the protein structural classes from the primary structures directly.
For the problem on identiﬁcation of protein structural
classes from the amino acid sequences of proteins, there
are many methods which have been proposed [8]. Yu et al.
[9] used the hydrophobic free energy and solvent accessibility of proteins to construct several parameter spaces. They
found that some spaces could be used to distinguish and
cluster the 43 selected large proteins from the four structural classes. We recently discussed the clustering of 49
large proteins via multifractal analysis and a 6-letter model
[10]. In this paper, we classify 100 large proteins structures
to structural classes by some new methods, which improve
the results in Yu et al. [9] and Yang et al. [10].
Chaos game representation (CGR) of protein structures
was ﬁrst proposed by Fiser et al. [11]. Later Basu et al.
[12] and Yu et al. [13] proposed several other kinds of CGR
of proteins. In this paper, we use the CGR method in Fiser
et al. [11] to convert the primary structures of proteins into
two time series, from which the primary structures of proteins can be reconstructed uniquely. Then we apply multifractal analysis to the time series to calculate certain characteristic parameters of proteins. A total of 26 parameters
are achieved from the multifractal analysis. These parameters are used to construct a space in order to classify protein
structures. Fisher’s linear discriminant algorithm demonstrates that our classiﬁcation method is satisﬁed.

Classiﬁcation of protein structures is important in the
prediction of the tertiary structures of proteins. In this paper, we propose to decompose the chaos game representation of proteins into two time series, from which the protein sequences can be uniquely reconstructed. Multifractal analysis is applied to measures constructed from these
two time series. A total of 26 characteristic parameters are
calculated for each protein, which are used to construct
a 26-dimensional space. Each protein is represented by
one point in this space. A procedure is proposed to classify the structures of 100 large proteins consisting of four
structural classes. Fisher’s linear discriminant algorithm
demonstrates that the average accuracy for our classiﬁcation can reach 84.67%. Compared with the results for the
46 large proteins reported before, the method proposed here
has much better performance.

1. Introduction
The three-dimensional (3D) structure of a protein is determined by its amino acid sequence (primary structure) via
the process of protein folding [1]. In order to explore the
mechanism of the protein folding process, some theoretical
works have suggested the designability and other concepts
based on lattice models [2-5]. It is possible to predict the
3D structures of proteins from their primary structures directly. But this is a challenging problem as there is no simple rule to map the primary structure into the corresponding
3D structure of a protein. Four main structural classes of
proteins were recognized based on the types and arrangement of their secondary structural elements [6]. They are
the α class, the β class and those with a mixture of α and β
shapes called the α+β class and the α/β class. Information

2. Methods
Chaos game representation of proteins. Chaos game
representation was ﬁrstly proposed to analyze nucleotide
sequences [14]. The technique of CGR has been generalized and applied to analyze both the primary and secondary
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structures of proteins [11]. CGR is a useful way to visualize
protein sequences. We recapture the concept brieﬂy here.
As proteins consist of 20 kinds of amino acids, a 20sided regular polygon can be used to visualize protein sequences. Firstly, the 20 kinds of amino acids are placed
on the vertices of the polygon in a certain manner. In this
paper, we use the alphabetical order to arrange the amino
acids, which is shown in Figure 1 for a typical protein.
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structed uniquely from CGR by the maps

vm,x = [pm,x − (1 − κ)pm−1,x ]/κ,
vm,y = [pm,y − (1 − κ)pm−1,y ]/κ,

where m ranges from 1 to L. We can compare (vm,x , vm,y )
with the (x, y) coordinates of the 20 kinds of amino acids
0
0
{(vi,x
, vi,y
)}19
i=0 to decide the amino acid type corresponding to the mth point. Therefore, we can conclude that all information in the protein sequence is contained in the CGR.
Fiser et al. [11] concluded that CGR could be used to test
protein structure prediction methods. Motivated by this, it
seems possible to classify protein structures to protein structural classes using the CGR of proteins. Noticing that the
CGR of proteins is determined by the (x, y) coordinates, we
decompose the CGR into two time series: {pm,x }L
m=1 and
{pm,y }L
.
These
two
kinds
of
time
series
also
contain
m=1
all information in the protein sequence and we will analyze
them by the multifractal analysis. We denote the former the
x time series and the latter the y time series. Figure 2 shows
the corresponding time series from CGR of protein 1B89.
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Figure 1. The chaos game representation
of protein 1B89 with the arrangement of the
amino acid residues in alphabetical order.

If the circle around the main polygon is the unit circle,
the (x, y) coordinates of a certain vertex i can be obtained
as
 0
vi,x = cos(2π ∗ i/20),
(1)
0
vi,y
= sin(2π ∗ i/20),

pm,x = (va0m ,x − pm−1,x ) ∗ κ + pm−1,x ,
pm,y = (va0m ,y − pm−1,y ) ∗ κ + pm−1,y ,
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where i ranges from 0 to 19.
Given one protein sequence with length L, the coordinates of the 0th point is (p0,x , p0,y ) = (0, 0) and the coordinates of the mth point can be determined:
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Figure 2. The two corresponding time series
from chaos game representation of proteins
1B89.

(2)

Measure for the time series and Multifractal analysis
(MFA). We construct a measure from the time series with a
method same as that of Yu et al. [15] and Yang et al. [10].
Because of the non-negative condition required to construct
a measure, we add 1 (as the smallest value is −1) to the time
series of protein proposed above. We [10] have discussed
before that such value may affect the values of parameters
in multifractal analysis, but it doesn’t have signiﬁcant inﬂuences on the ﬁnal classifying accuracies.
It should be emphasized that the ordering of the time series is rather important in the deﬁnition of this measure. By
disordering an old times series, one new time series can be
got but the the measure for the new time series is different

where κ is a constant, which is set as 0.865 by Fiser et al.
[11] to satisfy the condition that the circles around the inner
polygons touch each other but do not overlap; am ranges
from 0 to 19 and is determined by both the amino acid type
of the mth amino acid along the protein sequence and the
arrangement of the amino acids on the vertices. It can be
seen from Eq.(2) that the coordinates of the mth point are
in fact determined by a couple of residues (current residue
and nearest preceding residue). We give the CGR of protein
1B89 in Figure 1 as an example.
It can be seen that the protein sequences can be recon-
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from the old one. In another words, the measure deﬁned
here is sensitive to the ordering of the time series. Therefore, for a protein sequence, the ordering of the amino acids
acquires a greater importance than composition in the measure.
The most common algorithms of multifractal analysis
are the so called ﬁxed-size box-counting algorithms. The
deﬁnition of the multifractal exponents τ (q), Dq , Cq , α(q)
and f (α) can be see in Refs. [9] and Yang et al. [10].

Table 1. The 100 proteins represented by the PDB ID in
the PDB database. The ﬁrst four letters are the PDB ID and
the ﬁfth letter stands for the chain selected. The numbers
in the bracket after the proteins are the lengths for the proteins(chains).
Class
α
(26)

3. Data, results and discussions
The methods introduced in the previous sections can
only be used for long protein sequences (corresponding to
large proteins) as declared in Yu et al. [16]. The amino acid
sequences of 100 large proteins are downloaded from the
RCSB Protein Data Bank (http://www.rcsb.org/pdb/home/),
in which 46 has been studied in Yang et al. [10]. In fact,
there were 49 large proteins in Yang et al. [10]. However, because the class information of three proteins (1F1S,
1OY6 and 1T3T) given in Yang et al. [10] and Yu et al. [16]
is updated, only the remaining 46 proteins are used here.
These 100 proteins, which are listed in Table 1, belong to
four structural classes.
Given an amino acid sequence of a protein, we use the
CGR to covert it into two time series. Then a measure is
constructed from each time series as in Ref. [15]. Now we
can apply the MFA to the constructed measures. As examples, the Dq , Cq , α(q) curves and the multifractal spectrum
f (α) of the x time series of protein 1B89 are shown in Figure 3.

β
(25)

α+β
(22)

α/β
(27)

achieved. They are listed in Table 2.
These 26 parameters are then used to construct a 26dimensional (26D) space. In this parameter space, one
point represents a protein. We want to ﬁnd out whether proteins from the four structural classes can be separated in this
space.
As in Refs. [9] and Yang et al. [10], Fisher’s discriminant algorithm is used to ﬁnd a classiﬁer in the parameter space for a training set. The given training set
H = {x1 , x2 , · · · , xn } is partitioned into n1 ≤ n training vectors in a subset H1 and n2 ≤ n training vectors in a
subset H2 , where n1 + n2 = n and each vector xi is a point
in the 26D parameter space. Then H = H1 ∪ H2 .
We use the whole data set as the training set because the
selected protein data set is small. The discriminant accuran
cies for re-substitution analysis are deﬁned as PH1 = ncH1 1
n
and PH2 = ncH2 2 , where ncH1 and ncH2 denote the number
of correctly discriminating H1 elements and the number of
correctly discriminating H2 elements in the training set, respectively. The result obtained in this way can be used to
check the self-consistency of a predictor, especially for its
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Figure 3.
The four kinds of multifractal
curves for x time series of protein 1B89 with
two kinds of arrangement manners of amino
acid residues.

From these calculations, a total of 26 parameters is
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Q, A, K, N, V, H, P, C, S, F, T, D, R, G, W, M, L and I on the
ﬁrst vertex (vertex 0), the second vertex (vertex 1), · · ·, the
nineteen vertex (vertex 18), and the twentieth vertex (vertex 19), respectively. In this randomly selected order case,
the discriminant accuracies PH1 in step 1 to 3 are 84.62%,
68.00% and 96.30% respectively, while the discriminant accuracies PH2 in step 1 to 3 are 77.03%, 85.71% and 90.91%
respectively. This suggests that the accuracies in different
steps are in fact affected by the arrangement. However, the
overall accuracies with different assignments are similar to
each other.
It should be stressed that the multifractal analysis here
is applied to the measure constructed from time series. As
mentioned before, such measure is sensitive to the ordering
of the time series. Different arrangements of amino acids
on the polygon will lead to different ordering of the time
series for a given protein sequence. Such differences will of
course lead to different values of the 26 calculated parameters. This can be seen more clearly in Figure 3. As a result,
it is expected that the results in each classiﬁcation step are
affected by the arrangement methods.
Yu et al [13] proposed the CGR of protein sequences
from complete genomes based on the detailed HP model,
and the measure they deﬁned was different from that in this
paper. As the protein sequences from complete genomes
were rather long (more than 105 ) to get enough points in
the CGR, the measure could be deﬁned by the number of
points lying in the subsets of the CGR [13]. In such a way,
the arrangement manner of the amino acid residues has no
inﬂuence on the measure and furthermore no effect upon
the values of Dq , Cq , α(q) and f (α). However, the longest
protein sequence considered in this paper is less than 1100,
the deﬁnition of measure in such a way may be inappropriate as the measure of most subsets of the CGR will be zero
when the subsets are too small. As a result, some biological
meaning may be lost and we consider using the deﬁnition
of measure in Yu et al. [15] and Yang et al. [10].
Basu et al [12] proposed another kind of CGR of proteins using a regular 12-polygon by grouping together similar amino acid residues. The 12 groups of amino acids are
then {A, G}, {C}, {D, E}, {F, Y}, {H}, {I, L, V, M}, {N},
{P}, {Q}, {R, K}, {S, T}, and {W}. Firstly, we also use
an alphabetical order arrangement in the CGR and the discriminant accuracies PH1 in step 1 to 3 are 76.92%, 80.00%
and 88.89% respectively, while the discriminant accuracies
PH2 in step 1 to 3 are 85.14%, 85.71% and 100.00% respectively. If a certain group contains more that one kind
of amino acids, we use the ﬁrst letter in the group for its
representation. For example, for the group {I, L, V, M},
the representing amino acid residue is I. Then we consider
a random arrangement of these groups on the vertices of
the 12-polygon [12]. In a randomly selected order case,
the discriminant accuracies PH1 in step 1 to 3 are 80.77%,

Table 2. The 26 parameters from the calculation. x-ts and
y-ts represent x time series and y time series, respectively;
Cmax is the maximum value of Cq with q ranging from
−15 to 15 and q0 is the value of q corresponding to Cmax ;
Δf = f (αmax ) − f (αmin ), Δα = αmax − αmin .
Order
1
2
3
4
5
6
7
8
9
10
11
12
13

Data
x-ts
x-ts
x-ts
x-ts
x-ts
x-ts
x-ts
x-ts
x-ts
x-ts
x-ts
x-ts
x-ts

Parameter
D−1
D1
D2
C−1
C1
C0
Cmax
q0
αmax
αmin
Δα
f (αmax )
f (αmin )

Order
14
15
16
17
18
19
20
21
22
23
24
25
26

Data
y-ts
y-ts
y-ts
y-ts
y-ts
y-ts
y-ts
y-ts
y-ts
y-ts
y-ts
y-ts
y-ts

Parameter
Δf
D−1
D1
D2
C−1
C1
C0
Cmax
q0
αmax
αmin
Δα
f (αmax )

algorithm part. A predictor certainly cannot be deemed to
be a good one if its self-consistency rate is poor [17].
We propose the following procedure to classify protein
structures in the 26D space to structural classes, which consists of three steps: Step 1: classify the proteins of the α
class from the other proteins in the {β, α + β, α/β} classes;
Step 2: classify the β class proteins from the other proteins
in the {α +β, α/β} classes; Step 3: classify the α +β class
proteins from the proteins of the α/β class.
The discriminant accuracies PH1 in step 1 to 3 are
84.62%, 84.00% and 81.48% respectively, while the discriminant accuracies PH2 in step 1 to 3 are 83.78%,
87.76% and 86.36% respectively. The average accuracy
is 84.67%, which is relatively satisfactory.
In order to compare with the methods in Yu et al. [9]
and Yang et al. [10], we calculate the accuracies for the
46 proteins in Yang et al. [10] with the method here. Using the present method, the discriminant accuracies PH1 in
step 1 to 3 are 97.14%, 100.00% and 100.00% respectively, while the discriminant accuracies PH2 in step 1 to
3 are all 100.00%. If we use the method in Yang et al.
[10], the discriminant accuracies PH1 in step 1 to 3 are
100.00%, 92.86% and 91.67% respectively, while the discriminant accuracies PH2 in step 1 to 3 are 84.21%, 86.96%
and 83.33% respectively. We can see the method proposed
here really improves the performance of protein structure
classiﬁcation.
It is importnat to discuss the effect of arrangement of the
amino acids on the vertices of the regular 20-polygon. We
arranged the amino acids on the vertices of the 20-polygon
randomly and then repeat the above calculations. We tested
the classiﬁcation result of proteins to see whether they affect
the accuracies. For example, we set the amino acids E, Y,
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76.00% and 96.30% respectively, while the discriminant accuracies PH2 in step 1 to 3 are 77.03%, 93.88% and 90.91%
respectively. The discussion here is analogous to that in the
20-polygon CGR. It can be seen that even though there are
some differences between different classiﬁcation steps, the
overall accuracies don’t have too much differences. Furthermore, the overall accuracy with the 12-polygon CGR is
similar to that with the 20-polygon CGR.
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4. Conclusions
Identiﬁcation of protein structural classes is important in
the prediction of the 3D structures. Chaos game representation of proteins is a useful way to analyze proteins as it provides a visualization of protein sequences. Most important
of all, the protein sequence can be reconstructed uniquely
from the CGR. In order to analyze CGR of proteins more
conveniently, we decompose the CGR of proteins into two
time series.
Multifractal analysis is a useful tool in many different
ﬁelds. Multifractal analysis of the measure for the constructed time series of proteins provides useful information
to classify protein structures. For each protein, a total of
26 parameters is calculated through multifractal analysis.
In order to classify protein structures, the 26 parameters are
used to construct a 26D parameter space. Then each protein
is represented by a point in this space. With Fisher’s linear
discriminant algorithm, we can classify protein structures to
structural classes with an average accuracy of 84.67% for
the 100 large proteins. Compared with the results for the 46
large proteins in Yang et al. [10], it clearly indicates that
the methods proposed here improve the results reported in
Yu et al. [9] and Yang et al. [10].
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