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Abstract A strategy for functionally annotating protein sequences using sequence and predicted
structural information is proposed. First, structural models are built using standard, web-based
tools. The models are then annotated using the sequence and structure-based annotation method
SeSAW, and the structure based ligand binding site alignment method GIRAF. Annotations for
several sequences (ATPase-like domains 1 and 2 from mouse RIG-I, the TIR domain from mouse
Toll-like receptor 9, and alternative oxidase from Blastocystis) are made and compared with known
functional information. We find that the annotations in general make functional sense and provide
more specific information than would be available from a purely sequence-based approach.

1 Introduction

High-throughput gene sequencing projects have revealed the complete genomes of
over 180 organisms and are currently engaged in sequencing numerous others. To make
biological sense of such large volumes of data, it is necessary to compare the protein
sequences with those of proteins that have been biochemically characterized. Structural
genomics (SG) efforts facilitate such comparisons by determining the structures for a large
number of protein sequences, but most SG targets have not been functionally character-
ized. We have previously shown that functional details can nevertheless be inferred by
sequence and structural comparison to other structures for which the functions are known
[1]. This suggests that in order to learn the function of a protein sequence it may be useful
to build a 3D model using a remote homolog as a structural template, even if the template
has no functional annotation. The model can often then be partially annotated using a
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combination of sequence and structural comparison to known folds. In the second step
it is crucial to optimize the integration of sequence and structural information in order
to identify the most relevant functional template as well as the most important residue
positions within this template.

Recently, we developed two structural alignment methods that facilitate such sequence
or structure based functional annotations. Sequence-derived Structural Alignment Weights
(SeSAW) is a method that optimally integrates sequence and structural information at the
level of individual residues in order to identify conserved motifs [1]. Geometric Indexing
with Refined Alignment Finder (GIRAF) is a template-based method that matches known
ligand binding sites with similar sites in the query at the atomic level [2]. Both methods
were originally developed for annotation of experimentally determined structures. Here
we extend these methods to the functional annotation of sequences by using a structural
model as an intermediate step. We demonstrate the utility of this approach using several
examples where experimental structures for the sequences in question are not yet avail-
able, but some functional annotations exist.

2 Methods

2.1 Structural modeling

The full-length query sequence was first submitted to the HHpred server [3] in order
to obtain approximate domain boundaries. The sequence segments corresponding to these
domains were subsequently submitted to the HHpred server again using default settings.
MODELLER [4] was used to build single-template models using the highest scoring tem-
plate in each case.

2.2 GIRAF Queries

GIRAF is a method for finding ligand binding sites that are structurally similar at
the atomic level to sub-structures in a query protein [2]. To define a local coordinate
system, we use the Delaunay tessellation of protein atoms. Each Delaunay tetrahedron
is characterized by its edge lengths, volume, and the compositions of atom types in the
direction of each of the four faces. Tetrahedra thus obtained are used to describe the
atomic coordinates of ligand binding sites, which are saved and indexed in a relational
database. The use of the relational database offers an advantage for rapidly handling vast
amounts of data for ligand binding sites. There are currently more than 180,000 such sites
in the PDB.

A search is carried out in two phases. First, the query structures are transformed to
local coordinate systems in the same manner as the templates. Owing to the database sys-
tem and indexing, potential matches can be found with essentially one SQL expression
(although some modifications are necessary for performance optimization). Second, po-
tential candidates thus obtained are then subject to alignment refinement, which is carried
out as follows: (1) The template and the query are superimposed based on the local co-
ordinates defined by their respective tetrahedra; (2) Potential atom-atom correspondences
(possibly many-to-many) are identified with a given distance cutoff, which yields a bi-
partite graph; (3) The Hungarian algorithm is applied to the bipartite graph to obtain the
best alignment; (4) Based on the alignment, a new optimal superposition is calculated; (5)
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The steps (2) to (4) are iterated until convergence. A statistical model for estimating the
significance of a match is also introduced.

2.3 SeSAW Queries

SeSAW [5] is a functional annotation server that identifies conserved sequence and
structural motifs in a query protein. 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 profile-profile sequence comparisons an-
chored 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 tem-
plates, sorted by their functional significance is returned, with links to both the annotated
alignments and the 3D structural superpositions.

The SeSAW server maintains a database of all-against-all structural alignments for
a sequence-representative set of structural domains. This database is kept current with
weekly updates. Functional information is extracted from UniProt and literature sources
on a weekly basis. This information is then mapped onto the residue positions of each
PDB entry. Structure-based sequence alignments indicating the per-residue SeSAW score
are displayed using the Jalview java-based alignment applet [6]. Functional annotations,
when available, and secondary structure assignments are indicated as well. Structural
superpositions are visualized using the jV molecular graphics viewer [7]. A panel lists
the aligned residue pairs, ranked by the per-residue SeSAW score. Each residue pair can
be seen in stick form in the jV window or hidden. This feature is important because many
high-scoring residue pairs are structurally important (e.g. proline, glycine, cystine, and
other hydrophobic residues) and should be hidden in order to more easily locate putative
functional sites (which tend to include more chemically active residues).

3 Results and discussion

Results for SeSAW queries are shown in figures 1-5. Results for GIRAF queries are
summarized in Table 1. Individual results are discussed below.

3.1 Helicase domain from mouse RIG-I

The sequence for the helicase domain from mouse RIG-I was submitted to the HH-
pred profile-profile alignment server. The top structural match was to the Hef helicase
domain from Pyrococcus furiosus (PDB identifier 1wp9). Examination of the alignment
and template structure revealed that the fold consisted of two ATPase-like domains con-
nected by a mostly helical domain. Although the predicted secondary structure for the
RIG-I sequence segment that aligned to the helical domain was also predicted to be heli-
cal, the sequences did not match well in this region. For this reason, the RIG-I helicase
domain sequence was split into three segments corresponding to the two ATPase-like do-
mains and the helical region. The arrangement of domains is illustrated in figure 1. The
three sub-domain sequences were resubmitted to the HHpred server. Subsequently, a 44%
identical sequence homolog, human MDAS helicase domain (PDB identifier 3b6e), was
found for the first ATPase domain. A more remote 19% identical homolog, the ATP-
dependent RNA helicase from fruit fly (PDB identifier 2db3) was located for the second
ATPase domain. Both of these templates were SG targets and a primary literature refer-
ence existed only for 2db3. The first ATPase-like domain contains a DExH ATP-binding
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Figure 1: Domain structure of RIG-I. The figure shows the locations of the two ATPase-
like domains in the context of the while RIG-I protein sequence. The two ATPase-like
domains, along with the helical domain make up the helicase functional domain.

motif. Thus, it was not surprising to see that these resides scored highly in the SeSAW
alignment (figure 2B). More interestingly, a conserved lysine residue (here denoted K30)
that also scored highly, was found to form a salt bridge to the aspartic acid (denoted as
D132) in the DExH motif (figure 2C). Yoneyama and Fujita noted that mutating this lysine
to alanine, rendered RIG-I a dominant inhibitor [8] The GIRAF query returned a sodium
binding site located in a loop formed near K30 and another residue that scored highly by
SeSAW (P25).

The second ATPase-like domain does not contain a DExH ATP binding motif. The
highest-scoring residues in the SeSAW alignment are actually on the opposite side of the
protein, and include a conserved arginine (R131) that forms a salt-bridge with a conserved
aspartic acid (D104), as shown in figure 3C. The surface patch where the arginine is
located maps to the helicase motif IV in the Hef helicase from Pyrococcus furiosus [9].
The GIRAF query indicated a sulfate binding site at the N-terminal helix, which is where
the two ATPase domains are joined by the structurally uncharacterized alpha-domain. The
significance of this binding site is not known. These observations suggest that the first
domain might act as an ATPase, while the second domain probably has another function,
such as nucleotide binding. RIG-I is known to sense double-stranded viral RNA as part
of the innate immune response [8].

3.2 Toll-like receptor-9 TIR domain from mouse

The model of the Toll/interleukin-1 receptor from mouse Toll-like receptor 9 (TLR-
9 TIR domain) was built on human TLR-1 (1fyv) with a sequence identity of 20%.
The highest-scoring residue pairs in the SeSAW alignment included a number of con-
served hydrophobic residues (W16, W125, Y110, F135, W136), along with prolines
(P45,P103,P126) that are characteristic of TIR domains. Moreover, five residues in a
conserved patch that includes the ‘cBB loop,” thought to be involved in receptor signal-
ing [10], score highly as well, as indicated in figure 4B. The GIRAF query returned no
hits, which is not unexpected because the TIR domain is involved in protein-protein in-
teractions rather than ligand interactions. Differences between the TIR domain in TLR-9
and TLR-1 are consistent with a different signal cascades initiated by these two innate
immune response receptors: TLR-9 detects unmethylated CpG DNA and TLR-1 detects
lipoproteins derived from bacteria.

3.3 Alternative oxidase from Blastocystis

A model of alternative oxidase (AOX) from the intestinal parasite Blastocystis was
built using bacterioferritin from Mycobacterium smegmatis (3bkn) as a template. The se-
quence identity was only 16% but nevertheless statistically significant due to the matching
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Figure 2: Annotation of RIG-I ATPase-like domain 1. The figure shows A) a fragment
of the raw HHpred alignment to the top conserved domain hit; B) the top-scoring residue
pairs between the query and 3b6e according to SeSAW, with key residues underlined; C)
the SeSAW structural model with the key residues shown as sticks.

of iron coordinating glutamic acid and histidine residues and secondary structure. The
SeSAW query clearly identified these important residues, and also ranked a number of as-
partic acids very highly. The significance of these aspartic acid residues is not known, but
the iron-ligating residues that consist of two E. .. HXXE motifs, as well as the existence of
a key tyrosine and trypophan residue, have been established [11]. The two iron-binding
motifs, along with the conserved tyrosine align and rank highly in the SeSAw alignment.
As figure 5C shows, these residues form a tight cluster. The spatial clustering gives us
more confidence in our model and annotation than a purely sequence-based alignment and
annotation would. The GIRAF query returned a very strong match to a designed protein
that binds dimethyl sulfide at the same location as the expected Fe?>* binding site (PDB
identifier 1jm0). The next-best match was to the Fe’>" binding site in bacterioferritin.
These two hits were much more significant than any of the other GIRAF queries, consis-
tent with a precise Fe>* binding signature, showing the utility of the atom-based GIRAF
alignment in ligand binding site identification.
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Figure 3: Annotation of RIG-I1 ATPase-like domain 2. The figure shows A) the raw
HHpred alignment to the top conserved domain hit; B) the top-scoring residue pairs be-
tween the query and 2db3 according to SeSAW, with key residues underlined; C) the
SeSAW structural model with the key residues shown as sticks.

4 Conclusions

We have demonstrated here that structural modeling can be used as an intermediate
step to map functional sites onto sequences without an experimentally-determined struc-
ture. The functional annotation methods used were developed by the authors, but alternate
structure-based functional annotation tools [12, 13] could just as easily have been used.
The two criteria required for this approach to work are 1) an accurate structural model
must be built for at least the regions of interest and 2) distant homologs to the template
that have been functionally characterized must exist. These criteria are less strict than
those required for a direct sequence-based annotation approach. To demonstrate this, we
have included the raw HHpred alignments in figures 2A-5A. As can be seen, many exact
or high-scoring matches exist in each alignment, so identifying the functionally impor-
tant residues from this set would be difficult without putting the matches into a structural
context. SeSAW and GIRAF automate the process of identifying ‘interesting’ residues,
but cannot, at this point, assign a function unambiguously except for in rather obvious
cases. It is, therefore, necessary to scan the literature associated with each high-ranking
template. Note that a high score from GIRAF or SeSAW can also be used as a criterion
for model selection, in cases where the alignment is ambiguous.

The inclusion of structural information enables known sequence signatures to be ex-
pended. For example, in the case of the first ATPase-like domain of RIG-I, SeSAW in-
dicated that K30 is important. This residue turns out to be essential for RIG-I function,
which now seems reasonable given its spatial proximity to the known DExH motif. Be-
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Figure 4: Annotation of TLR-9 TIR domain. The figure shows A) the raw HHpred
alignment to the top conserved domain hit; B) the top-scoring residue pairs between the
query and 1fyv according to SeSAW, with key residues underlined; C) the SeSAW struc-
tural model with the key residues shown as sticks.

cause the lysine in question was observed in a wide range of helicases, including one from
Archaea, we can extend the DExH sequence signature to include a lysine N-terminal by
approximately 100 residues. In the case of the second ATPase-like domain, a conserved
helicase motif IV was found among the highest-scoring residues. By combining these
two results, we can further suggest a close spatial proximity between the ATPase site and
the helicase motif IV, which extends the putative sequence signature further. In the case
of Blastocystis AOX, SeSAW located the two previously identified E. . . HxxE motifs, but
also identified a number of conserved aspartic acid residues whose function is not well
known. The fact that these residues are found in two proteins with different function sug-
gests that they may serve a role in stabilizing the common fold, or support the common
role of iron binding.

The agreement between SeSAW and GIRAF in the case of the first ATPase-like do-
main in RIG-I is encouraging. Moreover, the GIRAF p-value appears to correlate with
functional significance. In the case of the TLR9 TIR domain, the lack of a GIRAF hit is
consistent with its known protein-binding function, while in the one case where we are
relatively confident of the ligand, AOX [11], the very low p-values validate the GIRAF
statistical model.
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Figure 5: Annotation of AOX from Blastocystis The figure shows A) the raw HHpred
alignment to the top conserved domain hit; B) the top-scoring residue pairs between the
query and 3bkn according to SeSAW, with key residues underlined; C) the SeSAW struc-
tural model with the key residues shown as sticks.

In each case, the rank of some high-scoring residue pairs were attributed to struc-
tural conservation; such residues must be separated from those that appear to be more
chemically active, and thus functionally important. When the similarity to the structural
template, or the functional template, or both, is low, the location of the functional sites
could be suggested but the exact function could not be determined. Such suggestions can
in some cases (e.g., sulfate binding in RIG-1 ATPase-like domain 1) be tested experimen-
tally by binding assays coupled with mutational analysis. Thus the proposed method is
complementary to traditional biochemical analytical methods for functional characteriza-
tion.

Table 1: GIRAF results. The table shows all statistically significant ligand binding site
hits from the current PDB as determined by the GIRAF p-value. In the case of the TLR-9
TIR domain, no hits were found.

Query Pvalue Ligand Template PDB ID Comments
RIG-I ATPase-1 6x10-14 Sodium MDAS 3bbe Corresponds to highest scor-
ing SeSAW site
RIG-I ATPase-2 4x10-13 sulfate Putative transglyco- | 3czb Significance unknown
sylase
TLRY TIR NA NA NA NA NA
AOX 3x10-28 Dimethyl | Designed protein 1jmO Fe”™ binding site
sulfide
AOX 4x10-17 | Fe?™ Bacterioferritin Isof Fe" binding site
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