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Abstract

Background: Structural similarities among proteins can provide valuable insight into their
functional mechanisms and relationships. As the number of available three-dimensional (3D)
protein structures increases, a greater variety of studies can be conducted with increasing
efficiency, among which is the design of protein structural alphabets. Structural alphabets allow us
to characterize local structures of proteins and describe the global folding structure of a protein
using a one-dimensional (ID) sequence. Thus, ID sequences can be used to identify structural
similarities among proteins using standard sequence alignment tools such as BLAST or FASTA.

Results: We used self-organizing maps in combination with a minimum spanning tree algorithm to
determine the optimum size of a structural alphabet and applied the k-means algorithm to group
protein fragnts into clusters. The centroids of these clusters defined the structural alphabet. We
also developed a flexible matrix training system to build a substitution matrix (TRISUM-169) for
our alphabet. Based on FASTA and using TRISUM-169 as the substitution matrix, we developed the
SA-FAST alignment tool. We compared the performance of SA-FAST with that of various search
tools in database-scale search tasks and found that SA-FAST was highly competitive in all tests
conducted. Further, we evaluated the performance of our structural alphabet in recognizing specific
structural domains of EGF and EGF-like proteins. Our method successfully recovered more EGF
sub-domains using our structural alphabet than when using other structural alphabets. SA-FAST can
be found at http://140.113.166.178/safast/.

Conclusion: The goal of this project was two-fold. First, we wanted to introduce a modular design
pipeline to those who have been working with structural alphabets. Secondly, we wanted to open
the door to researchers who have done substantial work in biological sequences but have yet to
enter the field of protein structure research. Our experiments showed that by transforming the
structural representations from 3D to ID, several ID-based tools can be applied to structural
analysis, including similarity searches and structural motif finding.

Background edge of their structure and function [1]. Despite that
Genome sequencing projects continue to produce amino  empirical structure determination methods have provided
acid sequences; however, understanding the biological  structural information for some proteins, computational
roles played by these putative proteins requires knowl-  methods are still required for the large number of proteins
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whose structures are difficult to determine experimen-
tally. And while the primary sequence should contain the
folding guide for a given protein, our ability to predict the
three-dimensional (3D) structure from the primary
sequence alone remains limited. Some ab initio methods
do not require such information, but the application of
these methods is often limited to small proteins [2,3].

Structure alignment research has led to the discovery of
homologues of novel protein structures. And, although
many structure alignment tools have been developed,
such as CE [4], DALI [5], VAST [6], MAMMOTH [7], FAT-
CAT [8], and Vorolign [9], we wanted to provide a differ-
ent perspective on protein structure analysis. Previous
studies of protein structures have shown the importance
of repetitive secondary structures, particularly a-helices
and fS-sheets, in overall structure determination. Together
with variable coils, these structures constitute a basic
three-letter structural alphabet that has been used in the
development of early-generation secondary structure pre-
diction algorithms (such as GOR [10]) as well as more
recent-generation algorithms. These newer algorithms
have been applied to neural networks, homology
sequences, and discriminative models [11-14], and their
accuracy in predicting secondary structure approaches
80%. However, despite this predictive accuracy, the three-
letter alphabet does not contain the information neces-
sary to approximate more refined 3D reconstructions.

The recent rapid increase in the number of available pro-
tein structures has allowed more precise and thorough
studies of protein structures. Several authors have devel-
oped more complex structural alphabets that incorporate
information about the heterogeneity of backbone protein
structures by using subsets of small protein fragments that
are observed frequently in different protein structure data-
bases [15-17]. The alphabet size varies from several letters
to about 100 letters [18]. For example, Unger et al. [19]
and Schuchhardt et al. [20] used k-means methods and
self-organizing maps (SOMs), respectively, to identify the
most common folds, but the number of clusters generated
was too large to have substantial predictive value. By
applying autoassociative neural networks, Fetrow et al.
defined six clusters that represent super-secondary struc-
tures which subsume the classic secondary structures [21].
Bystroff and Baker produced similar short folds of differ-
ent lengths and grouped them into 13 clusters that they
used to predict 3D structure [22]. Camproux et al. devel-
oped a hidden Markov model (HMM) approach that
accounted for the Markovian dependence to learn the
geometry of the structural alphabet letters and the local
rules for the assembly process [23]. Fixing the alphabet
size to 23 letters, Yang & Tung applied a nearest-neighbor
algorithm on a (x, @)-map of structural segments to iden-
tify the 23 groups of segments used in their alphabet [24].
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More details about these local structures can be found in
a recent review [25].

In this study, we developed a flexible pipeline for protein
structural alphabet design based on a combinatorial,
multi-strategy approach. Instead of applying cross-valida-
tion [22] or Markovian processes [15] to refine the clusters
directly, we used SOMs and Bayesian Information Crite-
rion (BIC) to determine the optimum size of structural
alphabet. We then applied the k-means algorithm [26] to
group protein fragments into clusters, forming the bases
of our structural alphabet. Moreover, unlike most other
works that built substitution matrices for alphabets based
on known blocks of aligned proteins, we used a matrix
training framework that generated matrices automatically
without depending on known alignments. An expressive
structural alphabet allows us to quantify the similarities
among proteins encoded in the appropriate letters. It also
enables the primary representation of 3D structures using
standard 1D amino acid sequence alignment methods. To
demonstrate the feasibility of our new method, we veri-
fied the application of the alphabet produced by our pipe-
line and the trained substitution matrix to a widely used
1D alignment tool, FASTA [27]. We conducted several
experiments using the same datasets used in other recently
published works and evaluated the performance of our
tool in database-scale searches. In addition to investigat-
ing whether our alphabet and matrix worked well with 1D
alignment tools in database searches, we evaluated the
ability of our structural alphabet to characterize local
structural features.

Results

Structural alphabet

By combining SOMs, minimum spanning trees, and k-
means clustering, we developed a multi-strategy approach
to designing a protein structural alphabet. To derive an
appropriate substitution matrix for the new alphabet, we
developed a matrix training framework that would auto-
matically refine an initial matrix repeatedly until it con-
verged. Unlike some previous works that presumed the
size of the alphabet [23], our method determined the
alphabet size autonomously and statistically. Various
experiments were conducted to evaluate our methodol-

ogy.

The SOM is an unsupervised inductive learner and can be
viewed as topology preserving mapping from input space
onto the 2D grid of map units [28]. The number of map
units in SOMs defines an inductive bias [29], as does the
number of hidden units for the feedforward artificial neu-
ral networks, and it affects the clustering results. By sys-
tematically varying the number of SOM map units and
applying BIC, we identified the most frequent number of
clusters that maximized the BIC and used this number to
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define the size of the alphabet. We tested SOMs ranging in
size from 10 x 10 to 200 x 200, ultimately defining the
size of our alphabet at 18 letters. The relationship between
number of clusters found and number of SOM map units
used is summarized in Table 1.

To verify whether fragments were assigned to the same
cluster by the various SOMs, we analyzed those SOMs
(with varying numbers of map units) that produced 18
clusters, including SOMs sized 80 x 80, 90 x 90, 190 x 190
units, etc. We calculated the overlap level between any two
of the SOMs, defined as percentage of fragments that
belonged to the same cluster. The average overlap
between all pairs of SOMs for each of the 18 clusters was
over 90%, indicating that these clusters were very consist-
ent (Table 2). Table 3 and 4 display the within-cluster
Euclidean distance, defined as the average distance of each
segment to the center, and the center-to-center Euclidean
distance for the 18 protein fragment clusters found by our
method and by SOM alone, respectively. The average Phi/
Psi angles (i.e. the Phi/Psi angles of the centroid) for the
18 clusters are presented in Table 5. As indicated in Table
3 and 4, the within-cluster Euclidean distances for our
clusters were smaller than those of the SOM clusters,
which suggested that our 18 clusters were more coherent.
On the other hand, the center-to-center distances for our
clusters were larger than those of the SOM clusters, indi-
cating that our clusters were better separated from each
other. The 3D conformation of the representative segment
for each alphabet letter is illustrated in Figure 1 and the
superimposition of protein segments is shown in Figure 2.
To verify that these representative segments could be the
building blocks for protein structures, we analyzed the fre-
quency of their occurrence in four major structural classes
according to the Structural Classification of Proteins
(SCOP): all-alpha, all-beta, alpha/beta, and alpha+beta
[30]. The frequency of each category of segments is pre-
sented in Table 6. The alpha helix segments represented
by alphabet letters T, P, and R occurred more often in the
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all-alpha class than did the other segments. Similarly,
more beta sheet segments, such as N, E, and A, were found
in the all-beta class. In both the alpha/beta and
alpha+beta classes, most of the segments were found to be
either alpha helices or beta sheets.

TRISUM - Substitution matrix

Most approaches to constructing substitution matrices
require the alignment of known proteins [24,31,32].
Because alignments are not always available and their
validity can be dubious, we used a self-training strategy to
build the substitution matrix for our new structural alpha-
bet. This training framework had a flexible and modular
design, and unlike most other approaches, it did not rely
on the pre-alignment of protein sequences or structures.
Different training data or alignment tools can be incorpo-
rated into this framework to generate appropriate matrices
under various circumstances. In this study, we used the
non-redundant proteins contained in SCOP1.69 with
sequence similarity of less than 40% for training, exclud-
ing those proteins in SCOP-894 and the 50 test proteins
(see details below) to ensure that the training data and the
testing data did not overlap. We defined the positive hit
rate of a query as the ratio of the number of positive hits
to the size of the family the query belonged to. As we iter-
ated each training protein (as a query), we refined the
matrix until we could no longer increase the average pos-
itive hit rate of all the proteins. We tried different learning
rates ranging from 0.25 to 1.00. The final average positive
hit rates under different learning rates were similar, rang-
ing between 0.9112 and 0.9153. An example of the learn-
ing curve of matrix training is presented in Figure 3. We
selected the converged matrix with the maximum positive
hit rate with the learning rate set to 0.50. We named this
matrix TRISUM-169 (TRained Iteratively for SUbstitution
Matrix-SCOP1.69), as shown in Figure 4.

Table I: Relationship between the number of clusters found and the number of SOM map units used

SOM map size Number of clusters SOM map size Number of clusters
10x 10 6 o= 110 24
20 x 20 9 120 x 120 19
30 x 30 10 130 x 130 21
40 x 40 12 140 x 140 22
50 x 50 15 150 x 150 18
60 x 60 13 160 x 160 15
70 x 70 14 170 x 170 21
80 x 80 18 180 = 180 18
90 x 90 18 190 x 190 18
100 x 100 20 200 x 200 18

Our analysis determined that among the number of clusters that maximized the BIC, |8 clusters occurred most frequently. Thus, we assigned 18

letters to our alphabet.
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Table 2: The average overlap between all pairs of SOMs that produced 18 clusters of fragments

Cluster | 2 3 4

5

6

7

8 9 10 I 12 13 14 15 16 17 18

Overlap 998 984 967 974

97.4

94.3

99.1

950 978 946 998 956 967 953 957 982 963 955

Table 3: Summary of the within-cluster Euclidean distance and the center-to-center Euclidean distance for 18 protein fragment

clusters found by our alphabet design pipeline

Within- Center-to-Center
Cluster
Mean SD 18 17 16 15 14 13 12 I 10 9 8 7 6 5 4 3 2 I
| I6.6 372 2523 3004 330.1 2428 1817 I82.1 317.6 3277 4154 2663 3290 1817 2425 2622 2736 2534 1932 O
2 2387 385 3158 2266 2727 1974 2433 2272 2853 2705 346.1 2839 2854 2613 1895 1823 2150 296.0 0
3 2647 298 2197 2798 1936 2206 1904 284.1 251.1 2929 4132 1951 2376 1814 3244 2341 2859 0
4 3193 415 2978 2970 2707 2855 3115 12886 2869 317.1 3522 3029 1843 2507 2562 1933 0
5 2504 397 2486 2689 1902 238 3022 280.1 2585 2872 406.6 2672 2588 1928 229.0 0
6 2575 280 2204 1742 2423 1804 2628 2662 2644 229.1 3103 3223 2709 3086 0
7 722 204 2208 3567 2892 2975 266.1 2448 3072 36l.1 4783 2489 3168 0
8 2822 31.0 2753 2142 186.1 2189 259.1 3356 2582 2538 2869 2739 0
9 3209 279 2758 287.6 2507 2445 2226 2922 2867 3073 3543 0
10 1488 26.1 4063 243.1 3344 2863 3335 3618 2932 2408 0
I 971 434 2904 1695 2148 1789 2487 2383 2704 0
12 2720 327 2597 2266 2007 2187 269.1 3256 0
I3 1336 332 2912 3093 3343 2676 2305 0
14 2728 314 2555 2062 2587 1453 0
IS5 1062 323 2411 768 le2.l 0
l6 1090 39.1 2218 1726 0
17 332 232 2729 0
18 1462 382 0

Table 4: Summary of the within-cluster Euclidean distance and the center-to-center Euclidean distance for 18 protein fragment

clusters found by the SOM alone

Within- Center-to-Center

Cluster

Mean SD 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 |
| 129.1 389 2209 2709 3024 2027 1757 161.9 2772 2959 3814 2338 3076 181.6 2348 2230 2636 2505 1644 O
2 2427 394 3048 1981 265.0 192.0 1201.2 2175 2413 237.1 3099 2440 2479 259.6 1655 1695 189.0 2735 0
3 265.8 298 1803 2760 1683 1779 1695 2664 2373 2562 3972 1850 2186 1564 2985 2245 2804 0
4 327.1 414 261.7 2758 2658 241.5 2988 2738 2509 2975 321.2 2669 1829 2152 2504 1568 0
5 251.9 39.6 2068 2237 1502 207.1 3009 2584 2178 2748 4007 2272 2436 167.1 2276 0
6 2607 292 2020 1585 2358 1373 2484 2253 2588 205.8 304.7 300.23 235.0 297.0 0
7 75.7 20.5 191.9 3239 2436 2805 2384 199.0 2927 346.6 4632 247.l 291.3 0
8 2914 308 2504 1962 1448 203.1 2458 3229 2454 2268 2656 2727 0
9 329.1 279 2753 2516 2193 2006 197.1 2638 278.1 2725 3423 0
10 1579 274 3648 2404 3103 2620 2929 3298 2664 2343 0
I 113.8 458 2449 1567 1902 1675 2248 213.6 2549 0
12 283.0 324 2157 2054 1976 191.5 239.0 2992 0
13 1703 295 2776 2726 3224 2522 1888 0
14 2778 326 2385 1797 2398 995 0
15  111.2 33.1 2106 595 616 0
16 11405 384 2194 1468 0
17 36.2 248 2286 0
18 1585 374 0
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Table 5: The average Phi/Psi angles (i.e. the Phi/Psi angles of the centroid) for the 18 clusters found by our alphabet design pipeline

(i) (i+1) o(i-1) O(i+2) v(i) v(i-1) v(i-2) w(i+l)
1(A) -97.99 -70.43 -104.52 -79.77 132.99 118.98 132.37 -44.26
2(R) -67.81 -67.48 -92.52 -69.17 -52.78 134.75 96.12 -35.69
3(N) -98.66 -99.17 -83.46 -104.16 132.56 75.64 -36.97 134.01
4(D) 90.39 -63.35 -93.54 -84.31 -5.43 97.71 115.22 94.64
5(C) -88.09 -102.50 -93.58 -97.49 -51.56 88.66 106.12 133.27
6(Q) -65.87 -69.19 -85.50 -59.89 -35.12 -50.41 129.98 -37.57
7(E) -107.28 -96.08 -107.66 -105.96 132.71 130.92 133.88 133.06
8(G) 89.16 -93.43 -62.92 -90.25 20.65 0.22 -32.50 85.94
9(H) -91.05 -90.16 91.91 -91.53 100.48 103.36 5.40 75.56
10() 58.59 56.79 55.50 54.75 -42.38 -38.76 -47.77 -48.46
11(L) -71.08 -84.21 -65.92 87.57 22101 -29.95 -31.80 20.00
12(K) -83.07 95.78 -69.02 -91.34 9.50 -9.18 -5.50 100.52
13(M) -88.72 -64.82 -95.72 91.27 100.65 113.69 107.43 0.70
14(F) -87.36 -71.63 -75.80 -68.31 134.69 58.97 -35.87 -49.72
15(P) -96.95 -78.84 -75.71 -78.03 4.07 2.17 -33.25 -25.92
16(S) -83.07 -95.71 -63.62 -97.87 -28.27 -28.59 -38.35 126.57
17(T) -63.55 -65.43 -62.97 -68.03 -42.53 -41.88 -42.16 -38.34
18(W) -105.06 -91.96 -78.47 -94.14 122.89 -83.40 109.64 99.64

Comparison with other tools

Several protein structure search tools based on 1D align-
ment algorithms have been developed, including SA-
Search [33], YAKUSA [34], and 3D-BLAST [24]. Yang and
Tung tested 3D-BLAST on the SCOP database scan task
[24]. They prepared a protein query dataset named SCOP-
894 from SCOP 1.67 and 1.69; this dataset contains 894
proteins with <95% sequence similarity. We tested SA-
FAST on the same dataset in order to allow direct compar-
ison (Table 7). The results indicated that SA-FAST outper-

formed 3D-BLAST and PSI-BLAST in the test of the SCOP-
894 query dataset.

We also used the same 50 proteins selected from SCOP95-
1.69 that were used by Yang & Tung to compare SA-FAST
with 3D-BLAST, PSI-BLAST, YAKUSA, MAMMOTH, and
CE, in search time, predictive accuracy, and precision.
Other search tools exist, such as PBE [35], SA-Search [33],
and Vorolign [9], but because they either could not be
tested on the SCOP database directly or the versions of
their databases provided were too old (e.g. ASTRAL in PBE

Table 6: Frequency of occurrence of the protein segments defined by our alphabet in four main SCOP classes

All alpha All beta alpha/beta alphatbeta
Letter Count Percentage Count Percentage Count Percentage Count Percentage

A 54859 2.95 255473 8.83 278238 5.46 161041 6.07
R 91363 4.92 148361 5.13 270345 5.31 145619 5.49
N 76176 4.10 309834 10.71 340682 6.69 202555 7.64
D 21055 1.13 127159 4.39 112078 2.20 66959 2.53
C 34856 1.88 172334 5.96 193952 3.81 102632 3.87
Q 102444 5.51 111333 3.85 271893 5.34 138081 5.21
E 58672 3.16 782607 27.06 620717 12.18 427778 16.14
G 42350 2.28 72105 2.49 147390 2.89 76968 2.90
H 39017 2.10 115542 3.99 163319 3.21 89203 3.37

| 3547 0.19 6607 0.23 9449 0.19 5739 0.22
L 49312 2.65 40909 1.41 141605 2.78 65856 2.48
K 43582 2.35 58687 2.04 146869 2.88 70549 2.66
M 16727 0.90 127070 4.39 110318 217 67912 2.56
F 70718 3.81 89366 3.09 179145 3.52 91702 3.46
P 104364 5.62 54939 1.91 192654 3.78 87149 3.29
S 76080 4.10 83725 2.89 173935 3.41 91160 3.44
T 937938 50.49 149259 5.17 1551585 30.46 651525 24.58
w 34533 1.86 186476 6.46 190001 3.72 108460 4.09

Total 1857593 100.00 2891786 100.00 5094175 100.00 2650888 100.00
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Alpha Helix type:

Beta Sheet type:

Coil type:

Figure |
The 3D conformation of the representative segment for each alphabet letter.
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Figure 2
Superimposition of protein segments in the 18 clusters.
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Figure 3

Example learning curve of matrix training. The aver-
age positive hit rate converged at 0.9153 with the learning
rate set to 0.5.

derived from SCOP-1.65, Vorolign server only scans
SCOP40-1.69), these tools were not used in the compari-
sons. The results showed that SA-FAST outperformed the
other two BLAST-based search tools (i.e. 3D-BLAST and
PSI-BLAST) and another structure search tool that
describes structures as 1D sequences (YAKUSA) in both
predictive accuracy and precision (Table 8). Additionally,
SA-FAST was comparably accurate and precise as the struc-
tural alignment tools MAMMOTH and CE. Regarding
search time (using one Intel Pentium 2.8 GHz processor
and 512 Mbytes of memory), Table 8 clearly indicates that
SA-FAST was far more efficient than were the structural
alignment tools MAMMOTH and CE.

To further evaluate the predictive validity of our alphabet,
we examined pairwise alignment of difficult cases based
on the number of residues aligned and the superposition
root mean square deviation (RMSD). To avoid alignment
process bias and to maintain consistency in our analysis
of various structural alphabets, we applied the same
FASTA-based alignment algorithm [27] in the alignment
tests. We tested the alphabets and substitution matrices
used in PBE-align, 3D-BLAST, and SA-FAST on ten diffi-
cult cases of previously studied pairwise alignments and
compared the results with those produced using VAST,
DALI, CE, and FATCAT [8,36]. Based on the alignments
obtained using different alphabets and matrices, we used
VMD [37] to calculate the superposition RMSD for PBE-
align, 3D-BLAST, and SA-FAST. Table 9 shows that our
alphabet had the lowest average RMSD per aligned resi-
due among the three structural alphabets in the ten diffi-
cult alignment tests. Figure 5 shows four superimposition
examples based on our structural alphabet.

http://www.biomedcentral.com/1471-2105/9/349

Local structure conservation in putative active sites can
reflect biological meaning and these types of structural
patterns can be used to predict protein function [19], e.g.,
the binding sites for metal-binding proteins [38]. Con-
served local structural features can be identified in various
ways and described using different representations.
Because of the aforementioned advantages to 1D repre-
sentation, we wanted to evaluate the feasibility of describ-
ing structural domains/sub-domains using our structural
alphabet. Because there is no motif finding tool specifi-
cally designed for protein structural alphabets, we applied
the motif finding programs available to evaluate the feasi-
bility of using structural alphabets to characterize local
structure features. Currently, we use the motif finding pro-
gram, MEME [39] to identify common structural motifs in
protein families. We tested our method on a well-known
protein family, the epidermal growth factor (EGF)/EGEF-
like family. Based on the information published in litera-
ture or recorded in databases, we could verify whether the
protein domains/sub-domains in EGF/EGF-like proteins
could be described accurately using structural alphabets.
EGF domains comprise extracellular protein modules
described by 30-40 amino acids primarily stabilized by
three disulfide bonds. Homologies and functional data
suggest that these domains share some common func-
tional features. If we number the cysteine residues as Cys1
to Cys6, where Cysl is the closest to the N-terminus, the
regularity of cysteine spacing defines three regions: A, B,
and C. Based on the conservation in sequence and length
of these regions, the homologies have been classified into
three different categories [40]. We first described the 227
proteins in the EGF-type module family of SCOP 1.69
using our alphabet and the alphabets of Yang & Tung's
[24] and de Brevern et al. [16,35]. We then used MEME to
identify the common motifs corresponding to the A, B,
and C sub-domains. According to InterPro [41], 24 of
these proteins were exclusively of EGF Type-1, 74 were of
EGF-like Type-2, and 117 belonged to EGF-like Type-3 only.
We classified the remaining 12 proteins as Others. Sub-
domain A was typically composed of five to six residues in
Types 1 and 2, sub-domain B usually contained 10-11
residues in Type-1 but was consistently three residues
shorter than in Type-2. Sub-domain C was conserved in
length and contained four or five specific residues in Type-
1 and Type-2 [40]. The sub-domains in EGF-like Type-3
were less conserved. A found motif was considered to cor-
respond to a sub-domain if more than one-half of the res-
idues in the sub-domain were included in the motif. If any
single motif correctly corresponded to a sub-domain, we
claimed that this sub-domain was recovered successfully
(that is, a hit). The results of the motifs found are summa-
rized in Table 10 and 11. They show that MEME was able
to identify more EGF sub-domains using our structural
alphabet than using the alphabets of Yang & Tung or de
Brevern et al. One example of each EGF group is shown in
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Table 7: SA-FAST versus 3D-BLAST and PSI-BLAST in SCOP structural function assignment accuracy for the SCOP-894 protein
dataset

Class 894 proteins Accuracy? (894 proteins) Accuracy (sequence identity <25%)
Number of queries SA-FAST 3D-BLAST PSI-BLAST SA-FAST 3D-BLAST PSI-BLAST
All alpha 161 99.27 94.4| 94.4| 95.83 75.00 66.67
All beta 199 95.12 94.47 93.97 87.32 77.55 7333
alp 292 97.58 97.26 91.44 95.68 87.88 65.77
o+f 242 95.13 94.63 88.84 93.81 83.33 60.87

aThe top-ranked family in the hit list of a query was used as the predicted family. Accuracy is the percentage of times that the family was correctly
predicted.

Table 8: Comparison between SA-FAST, 3D-BLAST, PSI-BLAST, YAKUSA, MAMMOTH, and CE on 50 proteins selected from
SCOP95-1.69

Search tool Average time required for a query (sec) Relative to SA-FAST Accuracy? (%) Average precision® (%)
SA-FAST I.15 1.00 96 90.80
3D-BLAST 1.30 1.13 94 85.20
PSI-BLAST 0.48 0.42 84 68.16
YAKUSA 8.88 7.72 90 74.86
MAMMOTH 1834.18 1594.94 100 94.01
CE 22053.32 19176.80 98 90.78

aThe top-ranked family in the hit list of a query was used as the predicted family. Accuracy is the percentage of times that the family was correctly
predicted.
bThe precision is defined as T/H, where T is the number of true hit structures in the hit list, and H is the total number of structures in the hit list.

Table 9: Results of ten difficult cases of pairwise alignment

Protein | Protein2 VAST DALI CE FATCAT Yang & Tung's de Brevern etal.'s Our SA
| fxia lubq 48(2.10) 60(2.60) 64(3.80) 63(3.01) 59(2.76) 76(2.89) 58(2.64)
Iten 3hhrb 78(1.60)  86(1.90) 87(1.90)  87(1.90) 57(2.57) 73(2.31) 90(2.24)

3hlab 2rhe_ - 63(2.50) 85(3.50)  79(2.8l) 54(2.65) 78(3.01) 79(2.87)
2azaa Ipaz_ 74(2.20) 81(2.50) 85(2.90) 87(3.01) 70(2.34) 57(2.23) 87(2.40)
I cewi Imola 71(1.9)  81(230) 69(1.90) 83(2.44) 52(2.37) 53(2.35) 61(1.83)
lcid_ 2rhe_ 85(2.20) 95(3.30) 94(2.70)  100(3.11) 54(2.75) 53(2.49) 55(2.08)
lerl_ lede - 211(3.40) 187(3.20) 269(3.55) 167(3.35) 120(3.47) 187(3.25)
2sim_ Insba 284(3.80) 286(3.80) 264(3.00) 286(3.07) 121(2.75) 121(2.96) 137(3.2)
Ibgea 2gmfa 74(2.50) 98(3.50) 94(4.10)  100(3.19) 27(3.34) 77(2.8) 78(2.72)
Itie_ Afgf_ 82(1.70) 108(2.00) 116(2.90) 117(3.05) 91(3.15) 62(3.45) 115(3.05)

Average RMSD/aligned- 0.0226  0.0238  0.0261 0.0229 0.0373 0.0363 0.0278
residues

The number of residues aligned and the RMSD (in parentheses) are shown. The last row displays the average RMSD per aligned residue. Except for
PBE-align, 3D-BLAST, and SA-FAST, the results of the methods were adopted from [36].
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(a) (b)

Figure 5
Superimposition examples based on alignments identified by SA-FAST. (a) IfxiA & lubq_ (b) 2azaA & |paz_ (c)
Icewl & ImolA (d) lcid_ & 2rhe.

Table 10: Comparison between our structural alphabet (used in SA-FAST) and those of Yang & Tung (used in 3D-BLAST) and de
Brevern et al. (converted by PBE-T, a facility associated with PBE-align) for describing motifs found by MEME within the EGF family

Our SA Yang & Tung's de Brevern et al.'s

Sub-domain A B Cc A B C A B C
Type

EGF No.2 Hits® Cove Hits Cov Hits Cov Hits Cov Hits Cov Hits Cov Hits Cov Hits Cov Hits Cov
proteins

Type | 24 23 95.8 22 91.7 23 95.8 I 45.8 21 87.5 19 79.2 18 75.0 14 583 18 75.0
Type 2 74 73 98.6 71 95.9 74 100.0 62 83.8 73 98.6 60 8l.1 68 91.9 62 83.8 70 94.6
Type 3 117 16 99.1 106  90.6 6l 52.1 54 46.2 102 872 25 214 109 932 112 957 48 41.0
Others 12 12 100.0 I 91.7 I 91.7 9 75.0 I 91.7 9 75.0 12 100.0 Il 91.7 9 75.0

All 227 224 98.6 210 925 169 744 136 599 207 912 113 498 207 91.2 199 877 145 63.9

aThe number of EGF proteins of a specific type, PA hit for a sub-domain occurred when more than half of the sub-domain residues were contained
in a given motif. We present the number of hits of different types, c<Cov(Coverage) was defined as the ratio of the number of hits to the number of
EGF proteins, e.g., if No. = 24 and Hits = 22, then Cov = 22/24 = 91.7%.
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Figure 6, including the structures with highlighted sub-
domains. Using our alphabet, MEME identified meaning-
ful motifs that covered all three sub-domains in the EGF
examples (Figure 6); however, using Yang & Tung's or de
Brevern et al.'s alphabets, the motifs found covered only
one or two sub-domains.

Discussion

This study aimed to: (1) introduce a systematic and mod-
ular pipeline for protein structural alphabet design, and
(2) analyze the potential of our new alphabet to character-
ize local protein properties. There are two features that
distinguish our method from the others. First, we took a
multi-strategy approach to structural alphabet design. The
alphabet size was automatically and statistically deter-
mined based on BIC and was visualized using a unified
distance matrix (U-matrix). We did not pre-specify the
alphabet size [24] or use an ad hoc procedure, such as iter-
ative shrinking, to find the optimal size [15]. And, unlike
other methods that use specialized databases, e.g. Pair
Database [24] and PDB-SELECT [32,42], the protein
structure data used to build the alphabet were obtained
from the non-redundant PDB (nrPDB) database and were
not pre-processed for any particular purpose, ensuring the
generality of our alphabet. Second, we proposed a novel
automatic matrix training framework to construct an
appropriate substitution matrix for the alphabet. This
training strategy did not need any information about
known alignments, e.g. PALI [43], that most previous
strategies have required. Using different training data and
update rules, the self-training methodology can be
applied to various alphabets. For example, instead of pro-
tein classifications, we could consider RMSD in the
update rules to tune the matrix. In Table 12, we summa-
rize the properties of the structural alphabets and design
methods evaluated in this study.

We demonstrated that our pipeline could produce a bio-
logically meaningful structural alphabet. We compared

http://www.biomedcentral.com/1471-2105/9/349

SA-FAST, a search tool based on FASTA combined with
our alphabet and substitution matrix, with other search
tools. The results showed that SA-FAST was very competi-
tive in its predictive accuracy and alignment efficiency for
database-scale searches. In addition, we compared our
alphabet with others in difficult cases of pairwise align-
ment. The number of residues aligned and the RMSD
superpositions indicated that our structural alphabet was
not only comparable to other alphabets but also per-
formed competitively with structural alignment tools.

We found several advantages to using a 1D structural
alphabet. First, 1D representations of protein structures
are easier to compare and more economical to store. Sec-
ond, previously designed and widely used 1D sequence
alignment tools can be applied directly to protein struc-
ture and sequence analysis. Third, 1D-based approaches
can serve as pre-processors to filter out irrelevant proteins
prior to the application of more computationally inten-
sive structural analysis tools.

Conclusion

These results are encouraging and we can extend this work
in several directions. Firstly, we can use more complete
datasets for substitution matrix training to increase the
sensitivity and selectivity of future database searches. Sec-
ondly, we can combine other alignment tools, in addition
to FASTA, with our substitution matrix and evaluate the
performance of these different combinations. Thirdly, to
increase the performance of MEME in structural motif
detection, we could modify MEME or develop a new
motif-finding tool specifically for our structural alphabet.
MEME was originally designed to find motifs in amino
acid and nucleic acid sequences. Currently, we use MEME
to detect protein motifs and we have demonstrated that it
can recover some of the structural sub-domains described
by our structural alphabet. Finally, several structural
alphabets have been developed based on different protein
structural characteristics. It would be worthwhile to con-

Table | 1: Statistical analysis of EGF(EGF-like) proteins whose sub-domains were detected by MEME

Structural Alphabet

EGF proteins Our SA Yang & Tung's de Brevern et al.'s
Count Percentage Count Percentage Count Percentage
Found 32 151 66.52 79 34.80 104 45.81
Found 2P 74 32.60 78 34.36 Ié 51.10
Found I¢ 2 0.88 63 27.75 7 3.08
Found 0d 0 0.00 7 3.08 0 0.00
Total 227 100.00 227 100.00 227 100.00

aEGF (EGF-like) proteins in which all three sub-domains (A, B and C) were found by MEME, PEGF (EGF-like) proteins in which two of the three sub-
domains were found by MEME, <EGF (EGF-like) proteins in which only one sub-domain was found by MEME, JdEGF (EGF-like) proteins in which

MEME failed to identify any sub-domain.
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dlepj (EGF TYPE I)

Protein Ours Yang & Tung’s de Brevern Sequence View
Structure et al.’s

NNMEDHARQLKGHFRQKGHEMC KEMADHPQ

——KXNKTIXXVOMPMSPFKHTNKQTVRHXTKKKZLCXXVZSQMONNVQVDN-—
——-CAHGNESFMSGNMFKKGDCRSGNERKGDDNSFMIEMSMMSPKQRHCAIP——

NSYPGCPSSYDGYCLNGGVCMHIESLDSYTCNCVIGYSGDRCQTRDLRWWELR

AAARA ccceccee
J— I P
dlixa (EGF-like TYPE II)
PPWPCPLKFCWMDQSWNEARQTSWN MADHFDQKGHC
——RXMRVSPXPMSQONFH ZTLSQ--
~-KMRNLAMLCEHSL DDDCAHCATPKM-—

VDGDQCESNPCLNGGSCKDDINSYECWCPFGFEGKNCEL
AAAAA ccceeecce
|

dlemn 2 (EGF-like TYPE III)

— STPQPSWEMKGTSWNEAC EACWERCPTQSPPSWN
Y -MGGWTPQSVISKH HFKWITX-—

—-MMMKKQEAMPKKQDNR GQDNREQSPMMMMMMK ——

TDECSVGNPCGNGTCKNVIGGFECTCEEGFEPGPMMTCE

AAAA ccceeccecee
— 1 [ P
dlp9ja (Others)
NEEEEEEACQPQPSNMDDHEEEE, EEEEEMADHNARQ WNARQTSPP
—~NKNKKNKIRMQVLPMWSKNH THEEFKKMC LSRXPFHXMBB-—

—DDDDDDNRNLMMKKAHHGDDDDNR

VVSHENDCPLSHDGYCLHDGVCMY IEALDKYACNCVVGY IGERCQYRDLKWWEL
AAAAA cceceeccce
(I |

Figure 6

Examples of structural motifs corresponding to EGF sub-domains. We colored the sub-domains A, B, and C in blue,
green, and red, respectively. The motifs that corresponded to EGF sub-domains, using our structural alphabet and those of
Yang & Tung and de Brevern et al., were also highlighted in blue, green, and red. The overlapping region between motifs was
colored purple. In the sequence view, the first three sequences are EGF protein represented by our structural alphabet, the
alphabet of Yang & Tung, and the alphabet of de Brevern et al., respectively. The fourth is the amino acid sequence with the
cysteines highlighted in orange. The sub-domains are marked at the bottom.

Page 13 of 17

(page number not for citation purposes)



BMC Bioinformatics 2008, 9:349

http://www.biomedcentral.com/1471-2105/9/349

Table 12: Summary of properties of structural alphabets and alphabet designs

Structural Alphabet Tung & Yang de Brevern et al. Our SA
Alphabet Size 23 16 18
How the alphabet size was determined Prespecified Iterative shrinking BIC
Clustering k-means SOM+HMM SOM+k-means
Data Set Preprocessed (Pair Database) Preprocessed (PBE-SELECT) No preprocess (nrPDB)
Substitution Matrix BLOSUM-like BLOSUM:-like Self-Training
Requires known alignments to build matrix Yes Yes No
Applicability Limited Limited Modular design More flexible

duct a thorough comparative study and evaluate the feasi-
bility of combining different alphabets. The combination
of complementary structural alphabets would increase
their overall applicability and characterize 3D protein
structures more completely.

Methods

The use of frequent local structural motifs embedded in a
polypeptide backbone has recently been shown to
improve protein structure prediction [1,22]. The success
of this strategy has paved the way for further studies of
structural alphabets and has enabled the application of
standard 1D sequence alignment methods to 3D protein
structural searches. In this study, we combined several
computational methods into a new approach to the
design of a protein structural alphabet. We then devel-
oped an automatic matrix training framework that could
generate appropriate substitution matrices for new alpha-
bets when applied in standard 1D sequence alignment
methods, such as FASTA [27].

Structural alphabet design

We used proteins from the nrPDB [44] in our study with
the aim of building a structural alphabet suitable for all
proteins. The same approach could easily be applied to
other databanks as well. We transformed each protein
backbone into a series of dihedral angles (¢ and w,
neglecting w) [15,22]. Following de Brevern et al. [15], our
analysis was limited to fragments of five residues because
this number of residues is sufficient for describing a short
a helix and a minimal £ structure. Fixing the window size
at five residues, we applied a sliding-window approach to
each protein sequence in nrPDB and gathered 20,953,584
fragment vectors. Each protein fragment, associated with
a-carbons C i 5y, Cpity Coiy Cofinny a0d Coyiyr), Was rep-
resented by a vector of eight dihedral angles [ ,, ¢, ¥
v @i Wi @ii1r Wi1s @irp] Unlike previous works that directly
applied SOMs to obtain clusters of backbone fragments as
the basis of the structural alphabet [28], in our approach
the SOM was only part of the process that determined the
number of letters required for the alphabet. We did not
build our alphabet directly from the clusters found by
SOM.

The U-matrix is one of the most widely used methods for
visualizing the clustering results of the SOM. The U-matrix
shows the distances between neighboring reference vec-
tors and can be visualized efficiently using the greyscale
[45]. We conducted a post-process on the U-matrix using
a minimum spanning tree algorithm. Based on the grey
levels in the U-matrix, all of the map units were linked in
the minimum spanning tree. Given a threshold & deter-
mined by BIC, we partitioned the entire tree into several
disconnected subtrees by removing the links between
map units with grey levels below 6.

Let S = {s;| i=1...M} be the set of map units we wished to
cluster. Each map unit s; is associated with a collection of

input data points, X' = {x; | j=1..n;}, mapped to the
map units;. Let C, = {c; | i = 1...k} be the clustering of map
units S with k clusters. We modeled each cluster ¢; as a
multivariate Gaussian distribution N(z;, 2), where x; and
2;were estimated as the sample mean and the sample cov-
ariance from X, respectively. The number of parameters
for each cluster was thus d + %d(d +1), whered = 8 in our

case. We defined BIC(C,) as:

k
BIC(C,) = Zle{_%”i log| [} - 2 3 (a+ Ld(@+1)rlogN

where N = ZL n; and 4, the penalty weight, was set to
1.

We chose the threshold # that maximized BIC(C,). For
example, for an SOM with 200 x 200 map units, the
threshold 6 that maximized BIC(C,) was 21. The number
of subtrees becomes the structural alphabet size. Because
the SOM can be viewed as a topology preserving mapping
from input space onto the 2D grid of map units, the
number of map units can affect the clustering result. We
systematically varied the number of units and repeated
the above process. We selected the most frequent number
of clusters as the alphabet size. After a series of systematic
tests, we found that 18 was the most frequent number of
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Figure 7
System architecture of the matrix training frame-
work.

clusters; therefore, 18 letters became size of our structural
alphabet.

Rather than adopt the two-level approach that first trains
the SOM then performs clustering on the trained SOM
after determining the alphabet size [28], we applied the k-
means algorithm to the input data vectors directly to
obtain the clusters. The SOM established a local order
among the set of reference vectors such that the closeness
between two reference vectors in the R4 space was depend-
ent on how close the corresponding map units were in the
2D array. Nevertheless, an inductive bias of this kind
might not be appropriate for structural alphabets since the
local order does not always faithfully characterize the rela-
tionship between structural building blocks and can

http://www.biomedcentral.com/1471-2105/9/349

sometimes be misleading. For example, forcing the topol-
ogy to preserve mapping from the input space of a-helix
and f-strand to a 2D grid of units could be harmful to
clustering. Therefore, we used the SOM only to visualize
the alphabet size and relied on the k-means algorithm to
extract the local features directly from the input data that
actually reflected the characteristics of the clusters. The
centroid of each cluster forms the prototypical representa-
tion of each alphabet letter. We performed k-means clus-
tering 50 times, starting with different random seeds, all
using k = 18. We computed the Euclidean distances from
each fragment in each cluster to its centroid as the intra-
cluster distance; we also calculated the centroid-to-cen-
troid distance. We kept the clustering result that had the
minimum ratio of the average intra-cluster distance to the
centroid-to-centroid distance. Given this result as the
basis for the structural alphabet, we could transform a
protein into a series of alphabet letters by matching each
of its fragments against our alphabet prototypes.

Automatic substitution matrix training

The substitution matrix used to align proteins represented
by structural alphabets affects the alignment accuracy. The
matrix is a crucial factor in the success of applying a 1D
sequence alignment tool to search for similar 3D struc-
tures. The simplest matrix that can be used is the identity
matrix. Some authors have applied an HMM approach to
define the matrix [33], while others have adopted
approaches similar to the development of BLOSUM
matrices [24,31,45]. The identity matrix ignores possible
acceptable alphabet letter substitutions, significantly lim-
iting its applicability. The BLOSUM-like approach
requires alignments of homologous proteins before calcu-
lating the log-odd ratios as the entries in the matrix; how-
ever, reliably aligned protein blocks might not always be
available for log-odd ratio estimation. To avoid these
drawbacks, we trained the substitution matrix without
using the known blocks of protein alignments. This
matrix training procedure can be applied regardless of
how the alphabet is derived.

There are three components in the matrix training frame-
work: an alignment tool with a substitution matrix, train-
ing data, and a matrix trainer. We used FASTA as the
alignment tool and the non-redundant proteins in
SCOP1.69 with sequence similarity less than 40%, exclud-
ing the families with less than five proteins and those pro-
teins used for validation, as the training dataset. Note that
the training dataset was only 9.62% of the entire
SCOP1.69. The test data we used in the later experiments
(see Results section) did not overlap with our training
examples. We started by using the identity matrix as the
initial substitution matrix where the score for a match was
1, and for a mismatch, 0. Each protein in the training data-
set was iterated as a query for FASTA to search the rest of
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the dataset for similar proteins. If a protein returned by
FASTA belonged to the same family as the query, we con-
sidered the case a positive hit; otherwise it was a negative
hit. Those proteins not returned by FASTA but in the same
family as the query were considered misses. We gathered
the alignments of all positive hits and misses and com-
puted the log-odd ratios to build the positive matrix based
on the alignments. Similarly, we constructed the negative
matrix using the alignments of negative hits, The matrix
trainer updated the current substitution matrix S() to S(t+1)
as follows:

S(+1) = S(1) + M
M=[W,-(P-SO)-W, - (N-SO)] 7
W, = (|positive_hits| + [misses|)/|taining_datal
W, = |negative_hits|/|training_data|

where P and N are the positive and the negative matrix,
respectively, 7 is the learning rate (similar to the learning
rate in neural networks), and W, and W, are the weights.
The weights were defined as the proportion of the total
number of positive hits and misses to the training data
size and the ratio of the number of negative hits to the
training data size, respectively. We repeated the update
process to train the substitution matrix until there were no
changes in the matrix, that is, the number of both the pos-
itive and the negative hits remained constant. This con-
verged matrix was the final substitution matrix that we
combined with FASTA to become a new alignment tool
named SA-FAST. SA-FAST was used to demonstrate the
applicability of our new alphabet and matrix. The training
framework appears in Figure 7.
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