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INTRODUCTION

The secondary structure of a protein refers to the local conformation of

its polypeptide backbone. Knowing secondary structures of proteins is

essential for their structure classification,1,2 understanding folding dynam-

ics and mechanisms3–5 and discovering conserved structural/functional

motifs.6,7 Secondary structure information is also useful for sequence and

multiple sequence alignment,8,9 structure alignment,10,11 and sequence to

structure alignment (or threading).12–15 As a result, predicting secondary

structures from protein sequences continues to be an active field of

research16–18 56 years after Pauling and Corey19,20 first predicted that a-
helix and b-sheet are the most common regular patterns of protein back-

bones. Prediction and application of protein secondary structure rely on

prior assignment of secondary structure elements from a given protein

structure by human inspection or automatic computational methods.

Many computational methods have been developed to automate the

assignment of secondary structures. Examples are DSSP,21 STRIDE,22

DEFINE,23 P-SEA,24 KAKSI,25 P-CURVE,26 XTLSSTR,27 SECSTR,28

SEGNO,29 and VoTAP.30 These methods are based on either the hydro-

gen-bond pattern, geometric features, expert knowledge or their combina-

tions. However, they often disagree on their assignments. For example,

disagreement among DSSP, P-CURVE, and DEFINE can be as large as

25%.31 More b sheet is assigned by XTLSSTR27 and more p-helix by

SECSTR28 than by DSSP. The discrepancy among different methods is

caused by nonideal configurations of helices and sheets.32–34 As a result,

defining the boundaries between helix, sheet, and coil is problematical and

a significant source of discrepancies between different methods.

Inconsistent assignment of secondary structures by different methods

highlights the need for a criterion or a benchmark of ‘‘standard’’ assign-

ments that could be used to assess and compare assignment methods. One

possibility is to use the secondary structures assigned by the authors who

solved the protein structures. STRIDE,22 in fact, has been optimized to

achieve the highest agreement with the authors’ annotations. However, it

is not clear what is the criterion used for manual or automatic assignment

of secondary structures by different authors. Indeed, Levitt and Greer,35
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ABSTRACT

How to make an objective assignment of

secondary structures based on a protein

structure is an unsolved problem. Defining

the boundaries between helix, sheet, and

coil structures is arbitrary, and commonly

accepted standard assignments do not exist.

Here, we propose a criterion that assesses

secondary structure assignment based on

the similarity of the secondary structures

assigned to pairwise sequence-alignment

benchmarks, where these benchmarks are

determined by prior structural alignments

of the protein pairs. This criterion is used

to rank six secondary structure assignment

methods: STRIDE, DSSP, SECSTR, KAKSI,

P-SEA, and SEGNO with three established

sequence-alignment benchmarks (PREFAB,

SABmark, and SALIGN). STRIDE and

KAKSI achieve comparable success rates in

assigning the same secondary structure ele-

ments to structurally aligned residues in

the three benchmarks. Their success rates

are between 1–4% higher than those of the

other four methods. The consensus of

STRIDE, KAKSI, SECSTR, and P-SEA,

called SKSP, improves assignments over the

best single method in each benchmark by

an additional 1%. These results support

the usefulness of the sequence-alignment

benchmarks as a means to evaluate second-

ary structure assignment. The SKSP server

and the benchmarks can be accessed at

http://sparks.informatics.iupui.edu
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who developed the first algorithm for assignment of sec-

ondary structure from 3D structure, pointed out the sub-

jective and variable nature of author assignments and the

increased consistency of objective, algorithm-based meth-

ods. Another possibility is to treat the consensus predic-

tion by several methods as the gold standard.31,30 How-

ever, there is no obvious reason why each method should

weigh equally in assigning secondary structures. Further-

more, it not even clear which methods should be chosen

for the development of a consensus. Other criteria

include helix-capping propensity,36 the deviation from

ideal helical and sheet configurations,29 and structural

accuracy produced by sequence-to-structure alignment

guided by secondary structure assignment.29

In this article, we propose to use sequence-alignment

benchmarks for assessing secondary structure assign-

ments. These benchmarks are produced by 3D-structure

alignment of structurally homologous proteins. Instead

of assessing the accuracy of secondary structure assign-

ment directly, which is not yet feasible, we compare the

two assignments of secondary structures in structurally

aligned positions. We assume that the best method

should assign the same secondary structure element to

the highest fraction of structurally aligned positions. Cer-

tainly, structurally aligned positions do not always have

the same secondary structures. Moreover, different struc-

ture-alignment methods do not always produce the same

result.15,37,38 Nevertheless, this criterion provides a

means to locate a secondary structure assignment

method that is most consistent with tertiary structure

alignment. We suggest that this approach provides an

objective evaluation of secondary structure assignment

methods.

Here, we assessed six methods (DSSP, STRIDE,

SECSTR, KAKSI, P-SEA, and SEGNO) using three estab-

lished sequence alignment benchmarks based on struc-

tural alignment. By this measure, the top two methods

are STRIDE and KAKSI. A consensus method based on

four methods further improves the assignments com-

pared to STRIDE and KAKSI.

METHODS

Secondary structure assignment methods

We obtained six secondary structure methods that are

available from internet.

DSSP21 is, perhaps, the most popular program for sec-

ondary structure assignment. This program assigns sec-

ondary structures according the pattern of hydrogen

bonds. DSSP was obtained from http://www.cmbi.kun.nl/

swift/dssp/.

STRIDE22 is another widely used program for second-

ary structure assignment. This program uses hydrogen

bonds patterns and the backbone torsion angle (F/C)

and was optimized to be consistent with expert assign-

ments in protein structures. It was obtained from ftp://

ftp.ebi.ac.uk/pub/software/unix/stride/src.

SECSTR28 applies the criteria similar to those used in

DSSP for defining hydrogen bonds. This program

uses additional structural information to assign p-helix.
SECSTR was obtained from http://www.mbfys.lu.se/

Services/SecStr/.

P-SEA24 makes use of several geometric criteria for

secondary structure assignment. This program includes

the Ca��Ca distances as well as their associated angles.

P-SEA was obtained from ftp://ftp.lmcp.jussieu.fr/pub/

sincris/software/protein.

SEGNO29 is also a geometric-based approach. Helices

are defined based on whether residues fit inside an imag-

inary cylinder: they must be within the correct radius of

a central axis. b-strands are assigned based on backbone

dihedrals and with alternating peptide bonds. SEGNO

was obtained directly from Dr. Lovell.

KAKSI25 is based on the geometric information of a

set of characteristic values of Ca��Ca distances and F/C
backbone-dihedral angles. The parameters of KAKSI have

been chosen to best fit the secondary structure assign-

ment obtained from PDB files. KAKSI was obtained from

http://migale.jouy.inra.fr/mig/mig_fr/servlog/kaksi/.

Sequence-alignment benchmarks

PREFAB 4.0 contains 1682 pairs of proteins.39 Each

pair of structures are aligned using the CE aligner,40 and

only those pairs for which FSSP41 and CE agreed on 50

or more positions are retained. We have removed those

pairs of proteins for which the sequences from PDB files

are inconsistent with those used in the alignment. Also,

there were some proteins for which some of the six

methods failed to produce secondary structures for

unknown reasons (only executables are available, which

prevented further investigation). Thus, a common set of

416 pairs of proteins (with an average sequence identity

of 29.6%) for which all six methods produce secondary

structure assignments is used.

SABmark42 (Sequence Alignment Benchmark) is a

multiple sequence alignment benchmark. It contains two

sets. The superfamily set contains sequences that have

low-to-intermediate sequence identities while the twilight

set is made of sequences with low sequence identities.

Reference alignments are from consensus structure align-

ments by SOFI43 and CE.40 From SABmark, we select

one pair of proteins from each group in the twilight set.

A common set of 167 pairs of proteins for which all six

methods made assignment are kept. The average sequence

identity for this set is 14.9%.

SALIGN benchmark44 contains 200 selected pairs with

an average pair sharing 20% sequence identity and 65%

of structurally equivalent Ca atoms superposed with an

rmsd of 3.5Å.44 Reference alignment is obtained from

the structural alignment obtained from the TMalign
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program38 that optimizes Template Modeling score

between two structures. For the reason described above,

we used 143 pairs (of 200 pairs) of proteins as the

benchmark for secondary structure assignment. The aver-

age sequence identity for this set is 16.4%.

All structure-alignment methods (CE,40 FSSP,41 TM-

align,38 and SOFI43) used for above benchmarks do not

use secondary structures to assist pairwise structural

alignment. Thus, there is no intrinsic bias toward a spe-

cific secondary structure assignment method.

To assess the possible overlaps between the three

above-described benchmarks, we calculate sequence iden-

tity between sequences in different benchmarks. Two

benchmarks share a homologous sequence pair if the two

sequences of a pair in one benchmark have more than

40% sequence identity separately with the two sequences

in a pair in another benchmark. We found that there is

overlap of one pair between SABmark and SALIGN, five

pairs between PREFAB and SALIGN, and four pairs

between PREFAB and SABmark benchmark. These over-

lap sequence pairs in different benchmarks were not

removed because (1) the number of these pairs is too

small to make any difference in the results presented here

and (2) all benchmarks are used here for testing rather

than for training.

Assessment

We assess each assignment method by the success rate

or the fraction of structurally aligned residues (in the ref-

erence alignment provided by each benchmark) having

the same secondary structure assignment. A three-state

[Helix (H), Strand (E), and Coil (C)] definition is used.

In the DSSP and STRIDE methods, we use the following

assignment: (H,G,I)? H, (E,B) ? E, and others ? C.

For SECSTR, we apply the following conversion:

(H,G,I)? H, (E,e) ? E, and others ? C. For SEGNO,

(H,G,I,h)? H, (E,e,B,b,P,p) ? E, and others ? C.

KAKSI and P-SEA only assign three states.

Consensus methods

For an equally weighted consensus method, its predic-

tion is the state predicted by more methods than all

others. If two states are assigned by an equal number of

assignment methods, the secondary structure is chosen

according to the priority of H, E, then C. We use this

priority because we prefer a consensus method to give

more structural information and the helical residues have

more recognizable structural characteristics than strand

residues which have more than coil residues. The effect

of this priority is small. For example, the difference

between the EHC and HEC priorities is only 0.1% in

success rate by SKSP for the PREFAB benchmark.

We also test an unequally weighted consensus method

where the prediction given by different methods is

weighted differently. The weights are optimized by a

simple grid search.

RESULTS

Table I shows the fractions of structurally aligned resi-

dues with the same secondary structure assignment (suc-

cess rates) given by six secondary structure-assignment

methods for three benchmarks. The highest success rates

are 86.4% by STRIDE in PREFAB, 80.2% by KAKSI in

SALIGN, and 82.0% by KAKSI in SABmark. However,

the difference in success rates given by STRIDE and

KAKSI is statistically insignificant for all three bench-

marks. The results of DSSP and SECSTR are very similar

and only about 1% less in success rates than either

STRIDE or KAKSI. P-SEA and SEGNO are 3% less in

success rates than either STRIDE or KAKSI for PREFAB

and SALIGN benchmarks. In SABmark, the success rate

of P-SEA is 4% less from the best and that of SEGNO is

1% from the best.

Above results indicate that different methods perform

differently. Thus, it is of interest to know similarity

between the assignments made by different methods.

Table II displays the percent of agreement in secondary

structure assignment given by a pair of methods for the

PREFAB benchmark. DSSP, STRIDE, and SECSTR are

most similar to each other and their pairwise agreement

ranges from 92 to 95%. The likely origin of this agree-

ment is that all three methods use a similar definition of

hydrogen bonds. These three methods differ considerably

from the other three methods. The agreement between

these two groups of methods is between 81.9% and

85.0%. In addition, the other three methods (KAKSI,

P-SEA, and SEGNO) also differ considerably from each

other (their agreement is between 82.8% and 86.2%).

Table I
The Average Fractions of Structurally Aligned Residues with the Same Secondary Structure Assignment (and Standard

Deviations) Given by Six Secondary Structure-Assignment Methods for Three Sequence-Alignment Benchmarks

STRIDE
(%)

DSSP
(%)

SECSTR
(%)

KAKSI
(%)

P-SEA
(%)

SEGNO
(%)

PREFAB 86.4 � 0.4 85.4 � 0.4 85.8 � 0.4 86.1 � 0.4 83.2 � 0.4 83.2 � 0.4
SALIGN 79.9 � 0.6 78.8 � 0.6 79.2 � 0.6 80.2 � 0.6 76.0 � 0.7 76.3 � 0.6
SABmark 81.2 � 0.8 80.0 � 0.8 80.0 � 0.8 82.0 � 1.0 77.8 � 1.0 81.1 � 1.0
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They differ because they use different geometric parame-

ters for assigning secondary structures.

KAKSI and STRIDE differ in assignment by 15% (Ta-

ble II), yet they have the highest success rates in agreeing

with 3D-structure alignment (Table I). This suggests that

a consensus method might be useful for improving the

consistency between secondary structure assignment and

structure alignment. Table III shows the performance of

various possible equally weighted combinations of three

to five methods. We do not include DSSP for consensus

because DSSP assignment is very similar to STRIDE

(95%) and SECSTR (94%). The top two best combina-

tions are made by STRIDE, KAKSI, and P-SEA (SKP) or

by STRIDE, KAKSI, SECSR, and P-SEA (SKSP). Both

yield a success rate of 87.5%, which is 1% better than

STRIDE alone. This improvement is statistically signifi-

cant, judged by the fact that the standard deviations of

the success rates are only 0.3–0.4%. Many other consen-

sus methods have very similar performance. However,

some perform worse than STRIDE. We further found

that optimizing weight factors for different methods

(STRIDE, KAKSI, SECSR, and P-SEA) can only further

increase the success rate from 87.5% to 87.8%–a statisti-

cally insignificant improvement. Thus, weight factors

were not considered further.

A consensus method such as SKSP improves the con-

sistency with 3D-structure alignment. We found that it

changes the distribution of helical or strand fractions

somewhat. For the PREFAB benchmark, the fractions of

helical, strand, and coil residues are 45.0%, 26.3%, and

28.6% for the SKSP method, respectively. The corre-

sponding fractions are 42.9%, 24.6%, and 32.5% for the

DSSP method, respectively. That is, there is an increase

in helix (2%) and strand (2%) residues and a decrease in

coil (4%) residues. These changes reflect a slight increase

in average lengths of helices and strands (from 8.6 by

DSSP to 9.4 residues by SKSP for helices and from 4.5 to

4.8 residues for strands).

To test the consensus methods, we apply the best two

to SALIGN and SABmark. For the SKP consensus

method (the best in the three-method consensus), the

success rate is 81.8% for SALIGN and 82.1% for SAB-

mark (the corresponding highest success rates for a single

method are 80.2 and 82.0, respectively). The SKSP con-

sensus method yields 81.4% for SALIGN benchmark and

83.0% for SABmark benchmark. Thus, SKSP consistently

produces a higher success rate (�1%) than the best sin-

gle method for a given benchmark and 2–3% higher

than DSSP for all three benchmarks.

What is the source for only 81–88% consistency

between secondary structure assignment and 3D-struc-

ture alignment? To answer this question, we evaluate the

success rates given by DSSP and the SKSP consensus

method according to the sequence identity between two

aligned sequences. Results are shown in Table IV. It is

clear that both DSSP and SKSP make highly consistent

assignments (93–94% in success rates) with structure

alignment for homologous proteins (>50% in sequence

identity). As the sequence identity between two sequences

decreases (remote and structural homologs), the discrep-

ancy between secondary structure assignment and struc-

tural alignment increases. Structure alignment for remote

homologs is not as reliable as structure alignment for

close homologs because the structures for close homologs

are more conserved and thus easier to align with consis-

tency. Moreover, the consistency of secondary structure

assignment should be independent of sequence identity,

if the structures are aligned correctly. Thus, somewhat

arbitrary structure alignment between structurally vari-

able regions of remote homologs is the main source for

the low success rates of secondary structure assignment

methods at low sequence identities. The excellent agree-

ment between secondary structure assignment and struc-

ture alignment for homologs indicates that the error due

to inconsistency of secondary structure assignment is less

than 6%. It is of interest to note that the overlap between

DSSP and SKSP is 92%, regardless of sequence identity.

Table III
The Success Rates (and Standard Deviations) in the PREFAB Benchmark Given

by Various Combinations of Equally-Weighted Methods

Consensus component

Succ. rate (%)STRIDE KAKSI SECSTR P-SEA SEGNO

x x x 85.7 � 0.4
x x x 86.1 � 0.4

x x x 85.2 � 0.3
x x x 86.3 � 0.3

x x x 86.5 � 0.4
x x x 86.7 � 0.3

x x x 87.2 � 0.4
x x x 86.6 � 0.4
x x x 87.5 � 0.4
x x x 86.7 � 0.4

x x x x 86.7 � 0.3
x x x x 86.1 � 0.4
x x x x 86.9 � 0.3
x x x x 87.3 � 0.3
x x x x 87.5 � 0.3
x x x x x 87.3 � 0.3

Table II
The Pairwise Agreement in Secondary Structure Assignment Given by Six

Methods for the PREFAB Benchmark

DSSP
(%)

STRIDE
(%)

KAKSI
(%)

SECSTR
(%)

P-SEA
(%)

SEGNO
(%)

DSSP 100.0 95.4 83.6 94.0 82.1 82.3
STRIDE 100.0 85.0 92.1 83.3 81.9
KAKSI 100.0 83.2 82.8 85.0
SECSTR 100.0 81.9 83.9
P-SEA 100.0 86.2
SEGNO 100.0
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Table IV also displays the distribution of errors (per-

cent of inconsistent secondary structure assignment of

structurally aligned residues). The majority of errors

involves misidentification between helix and coil residues

and between strand and coil residues. Interestingly, mis-

identification between helix and strand residues is small,

regardless the sequence identity between the sequences

that are aligned structurally. This suggests that the major-

ity of structure-alignment errors also involves coil

residues.

To further analyze inconsistent secondary structure

assignment of structurally aligned residues in more detail,

we define two different boundaries. For a given structur-

ally aligned residue pair, it is not in the boundary of

aligned regions if both nearest neighboring pairs (both

before and after this pair) are also structurally aligned.

Similarly, for a given structurally aligned residue pair in

the same secondary structure, it is not in the boundary

of a secondary structure element if both nearest neigh-

boring pairs (both before and after this pair) are also

structurally aligned in the same secondary structure ele-

ment. For the SKSP method, 58.3% of inconsistent

assignments occur at the boundary (the beginning or

ending) of helix or strand elements and 30.5% at the

boundary of aligned regions. There is only 11.2% of

inconsistency is in the middle of a helix or strand, or

coil.

The criterion proposed in this article for evaluating

secondary structure assignments may favor a method

whose assignment is dominated by one secondary struc-

ture type. For example, if there were only one secondary

structure type, the structurally aligned pair will always

have the same secondary structure type. Thus, any sec-

ondary structure assignment method that reduces the

diversity of secondary structure types will improve the

agreement with structural alignment. The diversity can

be measured by d (d 5 1 2 (|fH 2 fE| 1 |fH 2 fC| 1
|fE 2 fC|)/2) where fH, fE, and fC are fractions of helix,

strand, and coil residues, respectively. d 5 0 if there is

only one state, d 5 0.5 if there is only two equally dis-

tributed states, and d 5 1, the largest diversity, if three

states are equally distributed (fH 5 fE 5 fC).

Table V shows the success rates and the diversity val-

ues given by DSSP and SKSP. The d value decreases for

all three benchmarks when the DSSP assignment changes

to the SKSP assignment. It decreases by 0.004 in PRE-

FAB, 0.007 in SALIGN, and 0.065 in SABmark. The cor-

responding improvements in consistency between sec-

ondary structure assignment and structural alignment are

2.1%, 2.6%, and 3.0% for the three benchmarks, respec-

tively. A ten-times greater reduction in diversity in SAB-

mark than in SALIGN did not lead to a dramatic

increase in consistency. Thus, the relation between diver-

sity and consistency is not simple.

DISCUSSION

We have proposed a criterion to assess the methods

for secondary structure assignment. This criterion is

based on a structure assignment comparison, rather than

the use of individually assigned secondary structures. It

assumes that the best method for secondary structure

assignment is the method that achieves the highest

success rate of assigning the same secondary structure

element to structurally aligned residues. This criterion

works only if the structure-alignment program aligns

structures without the use of secondary structure infor-

mation. Many existing programs (such as CE, SOFI, TM-

align) indeed perform structure alignment between two

proteins using the three-dimensional coordinates only.

This makes the application of this criterion possible.

Three established sequence alignment benchmarks are

used in this article to assess the methods for secondary

structure assignment. Obviously, not all structurally

aligned residues should have the same secondary struc-

ture assignment because structural alignment focuses on

Table IV
Success Rates and Assignment Errors in the PREFAB Benchmark by DSSP and The SKSP Consensus Method

Seq. identity (%) # pairs

Succ. rate
DSSP/SKSP
similarity

Misassignment (SKSP)

DSSP (%) SKSP (%) H–C (%) H–E (%) C–E (%) All (%)

<15 98 79.7 82.9 92.3 7.9 0.4 8.8 17.1
15–30 177 83.8 86.0 92.8 6.9 0.4 6.7 14.0
30–50 78 89.6 91.4 92.4 4.3 0.0 4.3 8.6
>50 63 93.3 94.2 92.6 3.2 0.0 2.6 5.8
All 416 85.4 87.5 92.6 6.1 0.3 6.1 12.5

Table V
The Success Rates and the Diversity (d) of the Assigned Secondary Structures

Given by DSSP and the SKSP Consensus Method

Method

DSSP SKSP SKSP-DSSP

Succ. (%) d Succ. (%) d Succ. (%) d

PREFAB 85.4 0.817 87.5 0.813 2.1 20.004
SALIGN 78.8 0.797 81.4 0.790 2.6 20.007
SABmark 80.0 0.909 83.0 0.844 3.0 20.065
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global rather than local structure. It is not possible to

objectively identify which structurally aligned residue

pair should or should not have the same secondary struc-

ture assignment. We avoid this problem by concentrating

on the result based on all residue pairs rather than

specific residue pairs.

We found that this criterion can indeed distinguish

different secondary structure assignment methods by

their different success rates. The difference is small

(<4%) but statistically significant. STRIDE and KAKSI

have the highest success rates among six methods com-

pared. A consensus of four methods (STRIDE, KAKSI,

SECSTR, and P-SEA) can further improve the assign-

ments over any single method by an additional 1%.

However, not all consensus methods improve assign-

ments over the best single method.

About 30% of the inconsistent assignments occur at

the boundaries of structurally aligned segments. This

30% error is likely caused by somewhat arbitrary struc-

ture alignment between structurally variable regions in

close or remote homologs. Remote homologs are likely

to have more unconserved regions than close homologs.

This leads to the highest success rate of assigning the

same secondary structure for close homologs (94% by

SKSP) and the lowest for remote homologs (83% for

sequence identity of 15% or less). Excluding the errors at

the boundaries of structurally aligned segments increases

the success rate for close homologs from 94 to 95%. If

secondary structures were aligned perfectly in structure

alignment of close homologs, there would be 5% remain-

ing for further improvement of secondary structure

assignment.

The largest inconsistency of secondary structure assign-

ment is misclassification between helix and coil residues

or between strand and coil residues and is located mostly

at the boundary of a helix, strand, or coil segment

(58%). This agrees with previous findings.31 The smallest

misassignment error (<0.4%), which is between helix

and strand residues, is likely the result of physical con-

straints that prohibit helix and strand residues to locate

next to each other.45 Moreover, helices and strands are

located in geometrically distinct locations in the Rama-

chandran diagram.46

The proposed criterion for secondary structure assign-

ment can be used to discover new methods for second-

ary structure assignment, methods that are more consist-

ent with the 3D structure alignments. Such an assign-

ment method would likely be useful for improving the

accuracy of sequence-to-structure threading. For exam-

ple, one can develop a method for secondary structure

prediction based on the SKSP consensus assignment

method, rather than based on the DSSP assignment.18

Also, the matching between predicted secondary struc-

tures of a query sequence and actual secondary structure

of a template (assigned by SKSP) will likely serve as a

better constraint for identification of structurally aligned

regions than the method based on the DSSP assign-

ment.15,47 We found that SKSP is 2–3% higher in

agreement with structurally aligned residues than DSSP

for all three benchmarks, which is a significant result in

the light of the fact that small improvement in align-

ment often leads to large improvement in predicted

structures.47
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