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SeSAW
OVERVIEW
SeSAW is a server that identifies conserved sequence and structural motifs in query proteins. The
query can be an experimentally determined structure or a structural model. The latter case allows
putative functional sites to be identified directly from sequence via an intermediate structural
model.
SeSAW first identifies all entries in the Protein Data Bank (PDB) that are structurally related to the
query. The functional significance of each structural match (template) is then assessed by profileprofile sequence comparisons anchored by the structure-based sequence alignments. Functional
sites, when available, are then mapped from the templates onto the query-template alignments. A
list of the templates, sorted by their predicted similarity to the query is returned, with links to both
the annotated alignments and the 3D structural superpositions.

USAGE
To use SeSAW, simply type in a PDB ID or upload a PDB-formatted file. You must provide a chain
ID as well, as the current PDB format requires chain IDs. If your query is a homology or threading
model, it is important to provide SeSAW with the template PDB and chain ID, since this
information will be used to identify structurally related entries, as described above. You have the
option of selecting email notification or have the results sent directly to your web browser as they
are completed. Since all queries are computed in real time, and some queries can take over an hour
to finish, email notification is the default behavior. Results will be stored on our server for two
weeks.
The main results page is illustrated in figure3 3-5. In figures 3A-5A, the template names appear at
the leftmost column, and are linked to their summary page at the Protein Data Bank Japan [6]. The
SeSAW score and sequence identity are listed, along with the CATH or SCOP domain names, if
available. In the alignment column, a link to the annotated alignment is given. In Figures 3B-5B,
the alignment, displayed using the Jalview alignment editor [7], is shown. The alignment indicates
the residue positions of known functional sites (if available), the secondary structure of the
template, and the residue-based SeSAW score. If functional annotations exist for the template an "f
" appears next to the alignment link. In the last column, a link to the query-template structural
superposition is given. The alignments and superpositions are computed using the program ASH
[5], and displayed using jV, a java-based molecular graphics viewer [8]. As shown in Figures
3C-5C, in the jV applet window, stick representations of high-scoring aligned residue pairs between
the query and the template can be turned on and off, enabling clusters of structurally or functionally
important residues to be identified.

Methods
SeSAW uses a target function that integrates sequence and structural information at the residue level
in order to assess the functional or structural significance of aligned residues pairs [1]. The target
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Figure 1. The Frequency (above) and P-value (below) of the SeSAW score.
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function was optimized for distinguishing protein pairs belonging to the same family or superfamily
from those that share the same fold but belong to different families or superfamilies. The method
was originally used to functionally annotate all hypothetical proteins solved in the Protein 3000
structural genomics project in Japan [1, 2]. We have since discovered that the same approach can be
used to identify functional sites in structures built by threading or homology modeling [3,10-11].
The per-residue score is given by:

(1)

where i indicates an aligned pair of residues, d is the distance between C-alpha atoms in the two
residues (after superposition of the query and template using the program ASH), dmax is a reference
distance (4A used on all calculations), wB is a scaler weight (.8 used in all calculations), SB is the
log-odds Blosum62 matrix, aQ and aT are the amino acid types of the query and template,
respectively, wP is another scaler weight (1.5 used in all calculations), ST and SQ are the odds
column vectors of the query and template PSSMs, respectively. The total SeSAW score is given by
a weighted sum of the ASH structure alignment score and the sum over NA aligned residue pairs of
the per-residue score:

(2)

High-scoring residue-pairs can be considered equivalent in both the spatial sense and in terms of
sequence conservation. The biological interpretation of the second term in equation 1 is the
likelihood of the substitution aq ==> at, or at ==> aq, whichever is more probable. The reason for
using the MAX function is to allow for engineered PDB entries, where the active site residues have
been mutated, to score highly. The exact form of equation 2 was determined empirically after trying
several popular profile-profile comparison methods [3].
In the SeSAW web server, we use a P-value computed from the distribution of the SeSAW score
from a large number (>500,000) of SeSAW alignments (figure 1). To give some intuitive idea of the
functional significance for a given score value, we show a ROC curve for classification at the family
and superfamily levels for low sequence-homology pairs. The percent of templates aligning to the
same Pfam PSSM scoring above a threshold of 50 (raw score) relative to all templates scoring
above the same threshold is 49%. The corresponding percentage for matching at the SCOP or
CATH superfamily level is 33%. The value of 50 was chosen because it corresponds to an value
where the ROC curve in figure 2 begins to flatten out, and there is a noticeable separation between it
and the ASH curve (not shown). To obtain measures that are more closely related to biological
function, we looked at the true positive rates of matching EC numbers and GO ids above a given
threshold. For example, at a threshold of 50, the fraction of true matches in the first, second, third,
and fourth EC numbers was .85, .70, .65, and .27, respectively. The fraction of true matches for at
least one GO id was .77 above the same threshold.
In order to minimize the computational cost of aligning the query structure to the entire PDB,
structural alignments between all pairs of sequence-representative structures are regularly computed
and stored. The query sequence is first compared to this set of representatives using PSI-BLAST,
and the structural neighbors of the best match are returned. The query is then broken into structural
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domains using Protein Domain Parser [4], and each domain, as well as the whole protein, is aligned
to the structural neighbor list using the program ASH [5]. If the query is a homology or threading
model, the template PDB ID is requested in order to retrieve its structural neighbor list. If either of
these shortcuts fails, the query is structurally aligned to the representative list directly using ASH.

Figure 2. Top: A ROC curve for classification of low sequence-homology domain pairs
belonging to the same Pfam families and CATH/SCOP superfamilies [3]. When computing
TP and FP ratios at the Pfam family there were a total of 268 false pairs and a total of 79 true
pairs for a total of 347 pairs. At the superfamily level, SCOP superfamily definitions were
used wherever possible; if unavailable, CATH definitions were used. There were a total of 158
false pairs and a total of 234 true pairs for a total of 392 pairs. These 347 and 392 pairs were
used to draw the ROC curves at the family and superfamily levels,with AUC values of 0.87
and 0.83, respectively.

Functionally annotated alignments
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Alignments can be downloaded in FASTA format, along with annotation and features files for
display in Jalview. Also, there is a link to the Jalview applet to allow viewing the annotated
alignments on the web.
Functional data is extracted on a weekly basis from various sources, and mapped onto all current
PDB entries. The annotations are inserted into the pdbMLplus XML files at PDBj (http://
doc.pdbj.org/help.cgi?pdbMLplus). These data include the following:

• Functional Information from GO Data
The GO (GeneOntology) Consortium produces a controlled vocabulary that can be applied to all
organisms. The information concerning a particular protein's Biological Process, Molecular
Function, and Cellular Component is collected and described in GO (http://www.geneontology.org/
GO.current.annotations.shtml). In particular GO data from Uniprot (ftp://ftp.uniprot.org/pub/
databases/uniprot/current_release/knowledgebase/idmapping/idmapping_selected.tab.gz) that have
been mapped onto PDB IDs are included.
• Functional Information from PDB data

The SITE information in the original PDB data is displayed with the type name "SITE". The names
of chain and residue are those defined by the authors, which appear in the original PDB flat files.
• Functional Information from PDB atom coordinates for the "HETATM" binding sites
The ligand binding site information is extracted from every PDB structure as the residues, any
atoms of which are close to atoms identified as "HETATM" excluding the residue names of "HOH",
"WAT", "PO4", "SO4", "MSE", "TPO", "SEP", "PTR", "HIP", "PAS", "ASQ", NA ", and "CL " less
than 5.0 Angstrom. The "HETATM" residues composed of less than three atoms are also not
counted. Every functional site is displayed with the type name "binding site". The chain-names and
residue numbers are defined by the authors, which appear in the original PDB flat files.
• Functional Information from PROSITE/UniProt
The amino acid residues identified as the motif sequences by PROSITE/UniProt is annotated from
Scan Prosite (http://www.expasy.org/tools/scanprosite/) and displayed with the type name
"PROSITE".

• Functional Information from SwissProt/UniProt
The Footnote (FT) information of the corresponding amino acid sequence data in SwissProt/
UniProt relating to the molecular function of each protein is collected and displayed with the
following type names, respectively:

• enzyme active site(ACT_SITE) for ACT_SITE
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• metal binding site(METAL) for METAL
• calcium binding site(CA_BIND) for CA_BIND
• binding site(BINDING) for BINDING
• other interesting site(SITE) for SITE
• DNA-binding region(DNA_BIND) for DNA_BIND
• Nucleotide phosphate binding region(NP_BIND) for NP_BIND
• Zn Finger region(ZN_FING) for ZN_FING
• Transmembrane region(TRANSMEM) for TRANSMEM
The chain-names and residue numbers are defined by the authors, which appear in the original PDB
flat files, automatically regularized after sequence alignment between the sequences in SwissProt/
UniProt data and PDB data.
• Catalytic Information from CSA
The catalytic information of enzymes is collected and distributed as CSA (Catalytic Site Atlas)
database, where the catalytic sites of representative enzyme proteins are annotated by C.T.Porter,
G.J.Bartlett, and J.M.Thornton (http://www.ebi.ac.uk/thornton-srv/databases/CSA/). The CSA
information is annotated to the individual protein with the site_id and type name as "CSA#" and
"catalytic site", respectively, where # is the ID number. The chain-names and residue numbers are
defined by the authors, which appear in the original PDB flat files.
• Catalytic Information from CATRES
The catalytic information of enzymes is also collected and distributed as CATRES (Catalytic
Residue Dataset) database, where the catalytic sites of representative enzyme proteins are manually
annotated by G.J.Bartlett, C.T.Porter, N. Borkakoti, and J. M. Thornton (http://www.ebi.ac.uk/
thornton-srv/databases/CATRES/). The CATRES information is annotated to the individual protein
with the site_id and type name as "CATRES#" and "catalytic site", respectively, where # is the ID
number. In addition, proteins homologous to the representative enzymes in the original CATRES
database are automatically extracted from all the PDB entries and the corresponding chain and
residue IDs are displayed using sequence alignment. The extended CATRES information is
annotated to the individual protein with the site_id and type name as "extCATRES#" and "catalytic
site", respectively, where # is the ID number. The chain-names and residue numbers are defined by
the authors, which appear in the original PDB flat files. The procedure to extract the catalytic
residues from homologous enzymes is as follows:
i. Extract the PDB sequence from the original CATRES file. (If the catalytic residues span
more than one chain, it is skipped at the moment.)
ii. Align the query sequence to all the PDB sequences using BLAST.
iii. If all catalytic residues are contained within the BLAST alignment and all catalytic
residues are conserved (100% identity), the function of the new (template) sequence is likely to be
the same as that in the CATRES file.
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iV. The final determination is made based on the structural similarity of the active-site
residues. When the distance RMSD value is less than 3A, the active-site is considered to have the
same catalytic function, and the extCATRES file described with XML is stored. The distance
RMSD of the active-site atoms is computed as follows:
For each pair of residues (i) in the query, find the pair of atoms with the smallest distance (dq[i]).
Compute the same distance in the templates (dt[i]). Compute RMSD as

!
"Npair
2
(dq [i] − dt [i])
RMSD =
i

(3)

where Npair is the number of residue pairs.

The data used by SeSAW includes the GO identifiers as well as any annotations that include specific
residues indices. For each query-template structure alignment displayed in SeSAW, and such
residue-level annotations are extracted and mapped onto the alignment. If the aligned residue pairs
include all or part of a particular annotation, the annotation is included as a ‘feature’ in the Jalview
alignment (figure 2B).

3D superpositions
The 3D superpositions can be downloaded as PDB files along with Rasmol or Molecript input files
for highlighting aligned residue pairs. The superpositions can also be displayed using the jV applet.
To use this applet you will need a current version of the Java Runtime Environment. Instructions
and tips for solving typical problems can be found at the jV wiki page (http://ef-site.hgc.jp/wiki/jV/
index.php/Main_Page). In SeSAW, the top-scoring residue pairs are listed in a panel to the left of
the jV window (figure 2C). The residue pairs are sorted by the per-residue SeSAW score and can be
toggled on or off. By default, the top-10 pairs are displayed.

PSSM database
A database of PSI-BLAST sequence profiles for each unique PDB entry is maintained, and updated
monthly by aligning each unique PDB chain against the uniprot90 sequence database. Because the
underlying sequence, structure and functional databases are rapidly growing, a SeSAW query is
always computed in real time using current versions of the above data sources. For structures that
have no obvious homology to any entry in the PDB, a query sequence profile must be computed on
the fly. The entire query can take from several minutes to over an hour depending on the number of
structural domains, size of structural neighbor list, homology to PDB entries, and the current
demand on computing resources.

Examples
In this section we describe three published examples where SeSAW was used to map functional
sites and/or biochemical function onto difficult queries.

Hypothetical protein TTHA1568 from Thermus thermophilus HB8
This structural genomics target (PDB identifier 2czlA), was analyzed earlier using a preliminary
version of the SeSAW method (Standley, et al., 2008). The highest-scoring template with a
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functional annotation at the time was 2iip, a glutamate-transport protein. These two protein
appeared to share an active site near residues S57, T105, and T106 (2czl numbering) as well as a
highly significant glycine (G82) that we proposed would act as a hinge, allowing substrate access.
These predictions are supported by recent experimental evidence (Arai, et al., 2009). Biochemical
analysis has subsequently shown that TTHA1568 is an enzyme involved in menaquinone
biosynthesis (Hiratsuka, et al., 2008). We were unable to identify this function from alignment to
the glutamate transport protein, which had a sequence identity of only 15%.

Zc3h12a from Mus musculus
Zc3h12a from Mus musculus was previously characterized as a “c3h-type zinc-finger containing
protein 12a” due to the presence of a CCCH-type zinc finger motif. The zc3h12a gene was
subsequently found to be required for stable expression of inflammatory cytokines. We identified a
likely domain just N-terminal to the zf motif. A number of models were built using teh bioinfo.pl
threading meta server and submitted to SeSAW. The model with the highest SeSAW score was
selected. This model was based on an un-annotated template (PDB ID 2qip, protein of unknown
function VPA0982 from Vibrio parahaemolyticus). The top two SeSAW hits to this model were to
an Mg-dependent hydrolase (2ho4B) and a Mg-dependent phosphatase (1k1e). From these hits, a
cluster of conserved aspartic acids that bind Mg could be identified. The third-highest hit was to the
nuclease domain of the Taq DNA polymerase (1tauA). These three hits, along with the known
interaction with mRNA are consistent with a possible Mg-dependent ribonuclease function. This
function was subsequently demonstrated in vitro and in vivo. Also, the Mg-dependence was
confirmed by mutating one of the aspartic acids to asperagine (Matsushita, et al., 2009).

Rhoptry protein 16 (ROP16) from Toxoplasma gondii
Infection by Toxoplasma gondii down-regulates the host’s innate immune response. A forward
genetic approach recently demonstrated that the type II strain can not suppress the host’s immune
response well, and that this defect is due to the polymorphic kinase ROP16. We investigated teh
role of this polymorphism by building models of types I and II as well as point mutants at position
503, and submitting each to SeSAW. These results indicated that position 503 was buried just
beneath the kinase active site. More importantly, the most similar templates were found to be dual
specific (Ser/Thr and Tyr). This is consistent with biochemical evidence that ROP16 specifically
phosphorylates STAT3 at Tyr 705. In contrast to our findings, sequence alignment alone indicated
only Ser/Thr kinase similarity (Yamamoto, et al 2009).
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Figure 3. SeSAW results for SG target 2czlA . A) The main result page for SG

target 2czlA consists of a rank-ordered list of templates, with links to the SeSAW
alignments and structural superpositions. An ‘f’ indicates a functional annotation
has been made for the template. B) The annotated alignment for 2czlA aligned to
2ii5A. The alignment highlights functional sites in the template and displays the perresidue SeSAW score. C) Structural superpositions for 2czlA onto 1II5A. The
hinge G82, and active site residues T106 and T107.
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Figure 4. SeSAW results A) Main result page for homology model of Zc3h12a. B) The

annotated alignment for the Zc3h12a model aligned to 2ho4B. C) The structural
superposition of the Zc3h12a model onto 2ho4B. Two Mg-binding aspartic acids are
shown.
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Figure 5. SeSAW results A) Main result page for homology model of ROP16. B) Annotated

alignment of ROP16 model and template 1s9iB, a dual specificity kinase. C) Structural
superposition of ROP16 model and 1s9iB. A histidine and two aspartic acids that form part of
the active site are shown in stick representation.
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