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Abstract Accurately predicted protein secondary struc-

ture provides useful information for target selection, to

analyze protein function and to predict higher dimensional

structure. Existing research shows that more data +

refined search = better prediction. We analyze relation

between the prediction accuracy and another crucial factor,

the protein size. Empirical tests performed with two sec-

ondary structure predictors on a large set of high-

resolution, non-redundant proteins show that the average

accuracies for small proteins (\100 residues) equal 73%

and 54% for a-helices and b-strands, respectively. The

a-helix/b-strand accuracies for very large proteins ([300

residues) equal 77%/68%, respectively. Similarly, the tests

with three secondary structure content predictors show that

the prediction errors for the small/very large proteins equal

0.13/0.09 and 0.09/0.06 for a-helix and b-strand content,

respectively. Our tests confirm that the secondary structure/

content predictions for the very large proteins are charac-

terized statistically significantly better quality than

prediction for the small proteins. This is in contrast with

the tertiary structure predictions in which higher accuracy

is obtained for smaller proteins.

Keywords Secondary protein structure �
Secondary protein structure content � Protein size �
PSI-PRED � PSSC-core

1 Introduction

The secondary protein structure was postulated over

50 years ago by Pauling and Corey, who predicted the

existence of two local periodic motifs: the a-helix [33] and

the b-sheet [32]. The secondary structure is widely used in

a number of structural biology applications, such as

structure comparison [11], classification [27, 30], and

visualization [17, 42]. It can also be used to successfully

identify family, superfamily, and tertiary fold of the

underlying protein [12]. Experimental methods for deter-

mination of the secondary structure depend on the

experimentally derived tertiary structure. The most popular

secondary structure assignment method, Dictionary of

Protein Secondary Structure (DSSP1), was developed in

early 1980’s [19]. It defines eight types of secondary

structures that are combined into three basic secondary

structure states: a-helix, b-strand, and coil. Protein struc-

tures deposited in the Protein Data Bank (PDB) [2] contain

secondary structure description that is either provided by

the depositor (optional) or, in most cases, generated by

DSSP. We note that assignment of the secondary structures

performed by DSSP and other assignment methods [26] is

based on the atomic coordinates, i.e., the tertiary structure.

In contrast to the experimental methods, computational

methods for prediction of the secondary structure use only

the protein sequence. Availability of accurately predicted

secondary structure is crucial for target selection in struc-

tural genomics to obtain clues about protein function and

for predictions of higher dimensional aspects of protein

structure [39]. More specifically, the predicted secondary

structure and secondary structure content, which is definedL. Kurgan (&)
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as the percentage amount of a-helices and b-strands in a

sequence, are used in prediction of tertiary structure [4, 5,

7, 25, 31, 40, 41], protein fold [10, 43], pi-turns [44],

protein topology [13], and structural class [21], as well as

in reduction of the complexity of molecular dynamics

simulations [6], characterization of protein domains [28],

structural analysis of individual proteins [29], and identi-

fication of putative active sites [1].

Current secondary structure prediction algorithms pro-

vide accuracy of about 80% for the three state predictions

[18, 34–36]. In 2001, Rost proposed the following formula:

more data + refined search = better prediction [38]. To

be more specific, research shows that accuracy is affected

by the following factors:

– the size of the dataset used to derive the prediction

model [8, 37, 38]

– quality of the underlying sequence alignment method

[9, 14, 37]

– protein family size [37],

– the quality of the used classification algorithm [38, 39]

We perform a systematic analysis of another, currently

unexplored and important factor that impacts quality of

the secondary structure prediction, namely the size of the

protein. We show that the quality of the experimentally

derived tertiary structure (and consequently the second-

ary structure) does not depend on the protein size, while

the quality of the predicted secondary structure and

secondary structure content strongly depends on the

protein size. This work is unique in two aspects: (1) we

consider both secondary structure and secondary struc-

ture content predictions, and (2) we show that the

discovered relation holds true for several representative

prediction methods.

2 Materials and Methods

2.1 Experimentally Derived Structure

We extracted 48,323 protein sequences (including multiple

chains) that were deposited in PDB as of April 12, 2007.

Among them, 39,884 protein chains for which the sequence

includes at least 30 AAs and the experimental resolution of

the structure is known, were kept. Figure 1 shows relation

between the size of a protein (expressed as the sequence

length) and the average resolution of the corresponding

structures measured in Å. The Figure shows that the res-

olution (and consequently the quality) of the experimental

structures does not depend on the size of the protein, i.e.,

the average resolution ranges between 2.1 and 2.4 Å over

different sizes of proteins. This implies that the secondary

structure assigned by DSSP based on these tertiary

structures is also characterized by a relatively similar, with

respect to the sequence length, quality.

2.2 Computationally Predicted Structure

The relation between the quality of the computationally

predicted secondary structure and the underling sequence

length (protein size) is studied based on two mainstream

types of the related prediction methods:

1. Secondary structure predictors, which predict the

secondary structure from a protein sequence. The

two representative methods which use different under-

lying prediction architectures are PSI-PRED [18] and

YASPIN [24]. The PSI-PRED method was recently

found to provide superior prediction quality [3] and is

used for tertiary structure prediction performed by the

ROSETTA method [5], while YASPIN method was

shown to provide high quality predictions for b-strands

[24].

2. Secondary structure content predictors, which predict

the amount of a-helices and b-strands from a protein

sequence and without providing information about the

location of these secondary structures. The three

representative methods include method by Zhang and

colleagues [45] (referred to as ZSZ01), by Lin and Pan

[23] (referred to as LP01), and PSSC-core [16]. The

main motivation to select these three methods is that

they provide superior prediction quality when com-

pared with other content prediction methods [16].

2.3 Dataset and Experimental Setup

The predictions were performed with a large benchmark

dataset of high-resolution, low homology proteins pub-

lished in [22]. The dataset, named 25PDB, was originally

built based on the 25% PDBSELECT list [15], and

includes 1,673 proteins scanned with at least 3 Å
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resolution, characterized by average identity of 25%, and

which include at least 30 residues. These assumptions

allow removing bias due to sequence identity and assuring

that the DSSP structures derived for the included proteins,

which are used to validate the predicted secondary

structure, are of high quality. The prediction quality was

evaluated using standard measures. In case of the sec-

ondary structure prediction we computed accuracy of

prediction for a-helix (QH), b-strand (QE), and coil (QC)

structures. The accuracy is defined as the numbers of

residues that were correctly predicted to form a given

secondary structure divided by the total number of resi-

dues in that secondary structure. The corresponding QH,

QE, and QC values were first computed for each sequence,

and next these values were used to compute average

accuracies for proteins grouped by their size. To assure

that the results for the secondary structure prediction are

fair, the accuracy of zero was assumed only when a given

secondary structure was present in the sequence but it was

not correctly predicted; in case when a given secondary

structure was not present in the sequence, the corre-

sponding accuracy was ignored. For the content prediction

we computed mean absolute error between the predicted

and the actual amount of a-helix (eH) and b-strand (eE)

structures, respectively. Similarly as for the secondary

structure, the content prediction errors were computed for

each sequence, and next these values were averaged for

proteins grouped by their size.

To facilitate our analysis of the impact of the protein

size on the accuracy (error rate) of the predicted secondary

structure (content), we divided the dataset into four subsets:

very small proteins with 50 or less AAs, small proteins

with 100 or less AAs, large proteins with chains that

contain between 100 and 300 residues, and very large

proteins that include 300 or more AAs.

3 Results

3.1 Secondary Structure Prediction

Table 1 shows average accuracy for helix (QH), strand (QE)

and coil (QC) prediction for the PSI-PRED and YASPIN

secondary structure prediction methods grouped by protein

sizes, which are expressed based on the corresponding

sequence length. The results are consistent with the overall

quality of the two prediction methods, i.e., PSI-PRED is

characterized by higher accuracy for a-helix and coil pre-

dictions, i.e., 77 and 75.4%, while YASPIN gives better

predictions for b-strands, i.e., 67.5%. Most importantly, the

accuracies of a-helix and b-strands predictions vary with

the protein sizes. In both cases the predictions for small

proteins suffer lower accuracies while predictions for large

and very large proteins are characterized by higher accu-

racies. Overall for both PSI-PRED and YASPIN, the

average accuracy for the small proteins equals 73.2% and

54.3% for the a-helix and b-strand predictions, respec-

tively. Results for the very small proteins are characterized

by even smaller average accuracies, i.e., 63.5% and 38.0%

for the a-helix and b-strands predictions, respectively. In

contrast, for the large proteins the average accuracies equal

75.3% and 69.9% for the a-helix and b-strand predictions,

respectively, while for the very large proteins the average

accuracies equal 76.9% and 68.5%, respectively. Finally,

the prediction accuracies for the coils do not depend on the

underlying sequence length, see Table 1.

Table 1 Average, over proteins

in a given size range, prediction

accuracy for the PSI-PRED and

YASPIN secondary structure

prediction methods in the

function of protein size

Protein size Accuracy for a-helix (QH) Accuracy for b-strand (QE) Accuracy for coil (QC)

PSI-PRED YASPIN PSI-PRED YASPIN PSI-PRED YASPIN

[30–49] 66.2 60.8 32.0 43.9 75.9 68.5

[50–69] 74.2 73.6 47.3 57.8 77.3 71.1

[70–89] 79.1 75.8 55.9 61.4 74.7 68.9

[90–109] 79.4 76.5 66.1 67.8 75.4 68.7

[110–129] 73.9 71.4 68.2 72.1 76.0 70.0

[130–149] 79.2 74.3 67.2 71.8 75.5 70.2

[150–169] 77.9 71.5 65.2 70.7 73.5 69.8

[170–199] 75.8 71.9 66.2 72.0 74.9 70.1

[200–249] 77.7 73.0 71.1 74.9 73.7 68.7

[250–299] 81.0 74.6 64.8 73.0 76.4 69.8

[300–399] 77.6 75.6 66.8 74.2 77.0 70.0

[400–499] 78.9 74.9 64.3 72.4 75.0 69.7

[500 80.2 75.6 57.6 65.2 75.3 69.5

Average 77.0 73.0 61.0 67.5 75.4 69.6
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The differences in the prediction quality for different

protein sizes were evaluated with respect to their statistical

significance. We performed independent group t-test for

the predictions of the two secondary structure prediction

methods to contrast the prediction quality between the

small (B100 AAs), the large (100–300 AAs), and the very

large (C300 AAs) proteins, see Table 2. The results show a

statistically significant relation between the prediction

quality and the protein size. Predictions for the very large

proteins are shown to be statistically significantly better

than prediction for the small proteins. Additionally, pre-

dictions for the large proteins are shown to be significantly

better than prediction for the small proteins in case of the

b-strand structure prediction. Positive t-values show that

prediction accuracies for larger proteins are on average

higher than accuracies for smaller proteins. The only

exception is the difference in prediction of b-strands for

very large and large proteins, in which case the accuracies

are similar. These conclusions are shown to be consistent

for both considered prediction methods.

3.2 Secondary Structure Content Prediction

Secondary structure content predictions are summarized in

Table 3. Predictions of a-helix and b-strand content that

were generated by three different state-of-the-art methods

show consistent relation between the protein size and the

prediction error. Namely, predictions for the very large

proteins are characterized by a smaller error than prediction

for smaller size proteins. In case of a-helix content pre-

diction the relation between the error and size is

proportional, i.e., the larger the proteins the smaller the

error. In case of b-strand content predictions, the error for

the very small, the small, and the large proteins are com-

parable, but errors for the very large proteins are

substantially smaller. More specifically, average errors for

Table 2 Statistical significance of the differences in accuracy of the secondary structure prediction between small, large, and very large proteins

Protein sizes Prediction

methods

Prediction of b-strands Prediction of a-helices

t-value Predictions for larger

protein sizes are significantly

better than for smaller sizes

t-value Predictions for larger

protein sizes are significantly

better than for smaller sizes

Small B100 AAs versus

large \100, 300[
PSI-PRED 10.97 Yes 1.73 No

YASPIN 10.74 Yes 1.14 No

Small B100 AAs versus

very large C300 AAs

PSI-PRED 6.22 Yes 1.99 Yes

YASPIN 7.12 Yes 1.98 Yes

Large \100, 300[ versus

very large C300 AAs

PSI-PRED -1.77 No 1.07 No

YASPIN -0.04 No 1.47 No

Yes (no) denotes that the accuracy for larger protein sizes is (is not) statistically significantly higher at 95% confidence level than the accuracy for

smaller protein sizes

Positive (negative) t-values denote that the accuracies for larger protein sizes are higher (lower) than the accuracies for smaller protein sizes

Table 3 Average, over proteins

in a given size range, prediction

error for the LP01, ZSZ01 and

PSSC-core secondary structure

content prediction methods in

the function of protein size

Protein size Error for a-helix content (eH) Error for b-strand content (eE)

LP01 ZSZ01 PSSS-core LP01 ZSZ01 PSSS-core

[30–49] 0.16 0.15 0.16 0.10 0.10 0.08

[50–69] 0.15 0.15 0.14 0.10 0.10 0.09

[70–89] 0.13 0.13 0.12 0.09 0.09 0.08

[90–109] 0.11 0.11 0.11 0.09 0.09 0.09

[110–129] 0.11 0.11 0.10 0.09 0.09 0.09

[130–149] 0.11 0.11 0.11 0.10 0.09 0.09

[150–169] 0.12 0.11 0.11 0.09 0.09 0.08

[170–199] 0.10 0.09 0.09 0.10 0.10 0.09

[200–249] 0.10 0.10 0.09 0.08 0.08 0.08

[250–299] 0.09 0.08 0.08 0.07 0.07 0.07

[300–399] 0.10 0.10 0.09 0.07 0.07 0.06

[400–499] 0.09 0.09 0.07 0.06 0.06 0.05

[500 0.09 0.09 0.09 0.06 0.06 0.05

Average 0.11 0.11 0.10 0.09 0.08 0.08
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the small proteins over the three prediction methods equal

0.13 and 0.09 for the a-helix and the b-strand content

predictions, respectively. The same errors for the large

proteins equal 0.10 and 0.08, respectively, and for the very

large proteins they equal 0.09 and 0.06, respectively.

Similarly as for the secondary structure prediction, the

significance of the differences in the content prediction

error for different protein sizes was evaluated using inde-

pendent group t-test. The quality of predictions of the three

secondary structure content prediction methods were con-

trasted between the small (B100 AAs), the large (100–300

AAs), and the very large (C300 AAs) proteins, see Table 4.

The results show that in virtually all the cases, i.e., for all

the three prediction methods, predictions of both a-helix

and b-strand content, and all combinations of sizes, errors

for larger proteins are statistically significantly smaller than

for smaller proteins. The only exception is prediction of

b-strand content by PSSC-core where results for small and

large proteins are comparable. The positive t-values con-

firm the strong trend that content predictions for larger

proteins is characterized by better quality than for smaller

proteins.

4 Discussion

The quality of the predicted secondary structure is affected

by several known factors that include the size of the protein

database, and the quality of the applied sequence alignment

and classification algorithms. Our empirical results show

that the accuracy also depends on the size of the predicted

protein. Predictions for the very large proteins are char-

acterized by statistically significantly better quality when

compared with prediction for the small proteins. We

believe that the better predictions are the results of avail-

ability of a larger amount of information, i.e., predictions

with very large proteins are based on long sequences, and

thus they use more reliable statistical/evolutionary infor-

mation. The reported relation suggests that the predicted

secondary structure for the very large proteins constitutes a

more reliable source of information for the structural

biologists when compared with the same predictions for the

small proteins. In contrast, in the case of tertiary structure

prediction accuracy increases with the decreasing protein

size [20], which further highlights importance of our result.
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