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Abstract

Background: The size of the protein sequence database has been exponentially increasing due to advances in
genome sequencing. However, experimentally characterized proteins only constitute a small portion of the
database, such that the majority of sequences have been annotated by computational approaches. Current
automatic annotation pipelines inevitably introduce errors, making the annotations unreliable. Instead of such
error-prone automatic annotations, functional interpretation should rely on annotations of ‘reference proteins’ that
have been experimentally characterized or manually curated.

Results: The Seq2Ref server uses BLAST to detect proteins homologous to a query sequence and identifies the
reference proteins among them. Seq2Ref then reports publications with experimental characterizations of the
identified reference proteins that might be relevant to the query. Furthermore, a plurality-based rating system is
developed to evaluate the homologous relationships and rank the reference proteins by their relevance to the query.

Conclusions: The reference proteins detected by our server will lend insight into proteins of unknown function and
provide extensive information to develop in-depth understanding of uncharacterized proteins. Seq2Ref is available at:

http://prodata.swmed.edu/seq2ref.
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Background

Due to the avalanche of protein sequences made available
by high-throughput genome sequencing, complete manual
annotation is unfeasible, leaving a large fraction of protein
functions to be predicted by automatic functional an-
notation pipelines [1]. However, without experimental
characterization, the quality of annotation is often ques-
tionable, owing to errors in automatic annotation transfer
and lack of updates from new findings. In spite of recent
advances in highly integrative functional prediction me-
thods [2], a recent investigation [3] into the annotation
quality of well-characterized enzyme families revealed that
the average percentage of misannotation for the haloacid
dehalogenase (HAD) superfamily in the three largest pub-
lic databases, i.e. non-redundant (nr) [4], TrTEMBL [5] and
KEGG [6], is over 60%. The possible causes of such
annotation errors include multi-domain problems [7],
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experimental data misinterpretations, threshold relativity
problems, and paralog-ortholog misclassifications [8-12].
Moreover, the simplified descriptions recorded in pro-
tein sequence and protein family databases are usually
inadequate for understanding the precise function of
a protein [1].

Such errors and omissions make database annotations
insufficient for complete functional interpretation of a
protein. A more accurate source of annotations is the
‘reference proteins’ closely related to the protein of inter-
est. We define ‘reference, proteins’ as proteins that have
been experimentally studied, manually curated, and re-
ported in the literature. Information about reference
proteins is essential for accurate functional interpre-
tation and experimental design. The cross-links between
proteins, genes, and associated literature available from
National Center for Biotechnology Information (NCBI)
provide a basis for reference protein identification. How-
ever, it is not trivial to identify a good set of reference
proteins and supporting literature because such refe-
rence proteins constitute only a small portion of protein
databases. Additionally, many proteins linked to large-
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scale studies (such as genome sequencing) do not pro-
vide sufficient functional information.

We have developed a web server named Seq2Ref to
assist the identification of applicable reference proteins.
Seq2Ref employs BLAST [13] to perform homology
searches and exploits crosslinks created by NCBI bet-
ween proteins and literature to detect reference proteins.
Homologs from the Protein Data Bank (PDB) [14] and
Swiss-Prot (SP) [15] databases are detected as well, as
these databases contain experimental data on 3D protein
structures and manually curated annotation on sequence
records, respectively. Moreover, we developed a plurality-
based rating system integrating reciprocal BLAST and
Multiple Sequence Comparisons (MSC) to rank the refe-
rence proteins. By retrieving homologous reference pro-
teins, Seq2Ref can contribute to precisely inferring
unknown protein function and developing detailed func-
tional interpretation.

Results and discussion

Server interface

The input and output interfaces are shown in Figure 1.
An email address and the query protein are the minimal
requirements to initiate a job. Options for BLAST search
parameters and selection of server modes (fast/slow) are
available in the PARAMETERS panel. We recommend
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manually selecting the organism of the input sequence
for reciprocal BLAST if the input sequence is not in the
nr database. The total run time is usually 5 to 15 min
for fast mode and 1 hour or more for slow mode. When
the job completes, an email notification will be sent to
the address provided by the user.

The results page (shown in Figure 1) lists the reference
proteins and relevant information in a ranked order.
Reference proteins from three sources are shown, res-
pectively, as: (1) a summary table containing protein de-
finition, rating score and BLAST statistics (expectation
value, sequence identity and coverage); (2) and a detailed
description panel with the rating records, BLAST statis-
tics and scores, and relevant database information.
Reference proteins are ranked first by the rating score
and second by the expectation value; the publications
associated with each protein are sorted by the publica-
tion date. As functional studies of remote homologs may
not be applicable to the query protein, by default we do
not display reference proteins with rating scores lower
than 3 in the detailed description panel.

Benchmark

To assess the performance of the Seq2Ref server, espe-
cially the ability of our plurality-based rating system to
sort out the most relevant references, we applied our

(a)

Seq2Ref server

Seq2Ref is designed to faciliate functional interpretation by retrieving and ranking
the reference proteins in BLAST result [Documentation]

DATA INPUT

Please input one protein by gi number, FASTA or plain-text format:

Or upload a file
Input sequence from:

Auto detect organism -

DATA SUBMIT

Enter an email to receive the result (required):

Enter a job name (optional):

PARAMETERS show/hide

Submit |

(b)

260595828

Query related information

BLAST first hit: hiyA gene product [Cronebacter turicensis 23032] (length=86)
Your input sequence and plain-text blast result

Organism of the query: Cronobacter turicensis 23032

Summary for proteins with pubmed literature

z
&

. Definition in NCBI database Score E-value Identities Coverage Pubmed

1 hypothetical protein STM3841 [Salmonella enterica ...  6.00 8.0e-49  91% 99% 2 articles
2 hypothetical protein [Burkholderia sp. 383] 400 3.0e-19  51% 83%  1artide
3 hypothetical protein Bcen_2550 [Burkholderia cenoc... 4.00 3.0e-19  51% 83%  1article
4 hypothetical protein LA_0177 [Leptospira interroga... 4.00 3.0e-18  47% 81%  1artide
5 hypothetical protein BUsg015 [Buchnera aphidicola ... 3.50 2.0e-18  49% 86% 2 artides
6 hypothetical protein BTH_I3236 [Burkholderia thail...  3.50 S5.0e-18  47% 83% 1 artide
7 hypothetical protein CBUD_0202 [Coxiella burnetii ...  3.00 9.0e-13  65% 53%  1articde
Romote homologs below (score < 3)
8 protein ) 275 9.0e-19  51% 85% 1 artide
9 hypothetical protein [Pseudomonas putida] 125 2.0e22 59% 59% 2 artides

Proteins with pubmed literature

Close homologs (score above 3)

No. 1.
git 16767126 | hypothetical protein STM3841 enterica subsp.
Score = 6,00 ; E-value = 8.0¢-49 ; show/hind alignment and more parameters
Reference(s):
1. Hansen FG, Hansen EB, Atlung T: Physical mapping and nucleotide sequence of the mpA gene that encodes the
protein of ri i ichia coli. Gene; 1985;38(1-2):85-93. Pubmed; 2415431,
2.Yu Z, Lavén M, Klepsch M, de Gier JW, Bitter W, van Ulsen P, Luirink J: Role for Escherichia coli YidD in membrane
protein insertion. J 8acteriof; 2011 Oct;193(19):5242-51. Pubmed: 21802992, Full text: PMC3187451.

str. LT2]

back to summary

Figure 1 The Seq2Ref webpage interfaces (a) A screenshot of the Seq2Ref submission interface shows the regions for the query input. The
query can be submitted by typing in the protein sequence or uploading a file containing the sequence in three formats (gene index (gi) number,
FASTA or plain-text). An email address is required for receipt of results. (b) A screenshot shows the top region of the output interface. Query
related information (top) is reported. Each section of the results contains a summary table and a detailed panel displaying reference proteins and
their relevant information. Full result is in the link: http://prodata.swmed.edu/wenlin/server/user_data/seq2ref/S2RGsaCMG/result.html.
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algorithm to the enolase superfamily, which has been
thoroughly characterized and recorded in the Structure-
Function Linkage Database (SFLD) [16-18]. The enolase
superfamily contains seven subgroups, which are further
divided into 20 families. Proteins within one family share
the same substrate specificity and can be considered
orthologs; proteins within one subgroup share the same
general base(s) in the active site and have the similar
catalytic mechanism [19]. For each family, we selected
one representative sequence, usually the one with an
available 3D structure (Additional file 1: Table S1), as
the input for benchmark.

At each rating score cutoff, coverage and average ac-
curacy were used as parameters to evaluate the perform-
ance of Seq2Ref (Table 1). The coverage is defined as the
percentage of tested sequences that detect reference pro-
teins above the score cutoff. The accuracy is defined as
the average of the true positive rates among tested
sequences above the score cutoff. Two criteria were used
to define true positives: (1) in a stringent (family) con-
text, a true positive hit must be from the same family as
the query; and (2) in a broader (subgroup) context, hits
from the same subgroup but from different families are
also considered true. As shown in Table 1, the accuracy
is always 100% with score cutoffs no less than 4; when
the cutoff drops to 3, Seq2Ref reaches 100% coverage
but starts to include those hits from the same subgroup
but different families. Although the biased dataset from
only one family might cause overfitting of the statistics,
the benchmark suggests that accurate functional inter-
pretation at family level should be achieved by utilizing
the reference proteins with a score no less than 4. The
information for marginal hits with scores between 3 and
4 is valuable to understand the broad function of the
protein subgroup. However, one should not directly
transfer the specific functions of marginal hits, such as
substrate specificity, to the query.

Case study and examples

Due to its ability to retrieve reference proteins and their
relevant information in a ranked order, the Seq2Ref ser-
ver is useful for finding PubMed references relevant to
proteins of unknown function, as well as obtaining a

Table 1 The accuracy and coverage of the rating system

Score  Subgroup accuracy’ Family accuracy’ Coverage?
6 100% 100% 80%
>=5 100% 100% 85%
>=4 100% 100% 95%
>=3 100% 78.5% 100%

1: accuracy calculated by averaging the family/subgroup true positive rates.
2: coverage calculated by taking the ratio of testing sequences that detect
reference proteins above the score cutoff.
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deeper understanding of proteins than that revealed by
short annotations, as illustrated by the following
examples.

Organizing new information for proteins of unknown
function

Hypothetical proteins of unknown function constitute a
remarkably large portion of the database [20]. Novel
studies on uncharacterized proteins and their orthologs
provide new insights about their functions, but sequence
databases often do not incorporate this information in a
timely manner. By retrieving literature, Seq2Ref helps to
obtain the most recent information about proteins.

The Macaca mulatta protein, corresponding to gi|
355567738, is annotated as a hypothetical protein
EGK_07670 in the NCBI Protein database (Seq2Ref
results: http://prodata.swmed.edu/wenlin/server/user_data/
seq2ref/S2Rnv4cun/resulthtml). This hypothetical protein
contains three conserved domains of unknown function
(two DUF3730 and one DUF3028). Our server detects one
close homolog, a hypothetical protein (gi|23345097) in
human, which has been experimentally studied. The highly
confident statistics in BLAST (e-value around 0; 98% iden-
tity, 100% coverage) and similar protein domain compo-
sition support an orthologous relationship between these
two proteins. The human protein was recently (in 2012)
reported to be a tumor suppressor in gliomas. It was named
‘focadhesin; due to its cellular localization at the focal adhe-
sion of the cell membrane [21]. As a likely ortholog, the M.
mulatta protein might also be a tumor suppressor and
localized at the focal adhesion. Thus, by finding a homolog
with the latest experimental publication not yet incorpo-
rated in sequence databases, Seq2Ref can serve as a basis
for reliable functional prediction of unknown proteins.

Providing detailed information about a protein’s function
Although conserved domains in proteins usually suggest
their functions, overly broad descriptions of domain func-
tions are less informative than more specific descriptions.
By presenting reference proteins and associated literature,
Seq2Ref can offer more definitive and reliable information
about protein functions.

One example is the hlyA gene product in Cronobac-
ter turicensis z3032 (gi|260595828, Seq2Ref results:
http://prodata.swmed.edu/wenlin/server/user_data/seq2ref/
S2RGsaCMG/result.html). A search of the Conserved
Domain Database (CDD) merely suggests that this protein
contains a ‘haemolytic domain; with the most similar hit
(lowest expectation value) annotated as a ‘hypothetical
protein’ and one possible informative hit as ‘conserved
hypothetical protein YidD’. The ‘conserved hypothetical
protein YidD’ domain (TIGR00278) shows neither func-
tional studies nor a detailed functional description. The
publication [22] associated with a Pfam domain record
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(pfam01809) in the CDD search result suggests that the
name ‘haemolytic domain’ originated because one protein
(Y§A from Bacillus subtilis) containing this domain can
cause cells to lyse in culture. Unfortunately, this study
failed to suggest a specific molecular function. Seq2Ref
provided more information by detecting (e-value 8.0e-49;
90% identity; reciprocal best hit) the experimentally stud-
ied protein YidD from E. coli (gi|67476547), which is iden-
tical to the NCBI nr database representative protein (gil
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16767126) from Salmonella enterica. This orthology is
reinforced by the common conserved genomic context
[23] (Additional file 2: Table S2) and the CLANS [24] pro-
tein similarity network, in which E. coli YidD and C. turi-
censis hlyA cluster tightly together among their homologs
(Additional file 3: Figure S1). The reference [23] associated
with E. coli YidD detected by our server suggests that
YidD assists YidC, the protein insertase, in insertion of
inner membrane proteins. As a confident ortholog of E.
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Figure 2 Flow chart of multiple sequence comparison (MSC) method. In step (A), MSC uses BLAST with filters as indicated to define a group
of closely related sequences to the query (close sequence set, N); in Step (B), the Reference protein set consists of protein sequences identified
without filters by BLAST in step A that are 1) from the Swiss-Prot database, 2) from the Protein Data Bank (PDB), and 3) linked to PubMed articles
in the NCBI. Reference protein sequences are then used as queries against a database consisting of the close sequence set. Hits are filtered as
indicated. If the filtered hit ratio is larger than 0.8, then a score is assigned to the reference protein.
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coli YidD, the hlyA gene from C. turicensis very likely
shares the same function. Thus, the homologous reference
protein, detected by Seq2Ref, contributes to understanding
the protein function more specifically.

Limitations

As shown in the examples, the Seq2Ref server detects
reference proteins, which can facilitate deeper understan-
ding of the protein function. However, we should keep in
mind the limitations. The main concern regards the qual-
ity of cross-links between the NCBI Protein and PubMed
databases. Missing or wrong links defined by NCBI would
result in the loss of or the inappropriate assignment of
relevant literature. Another concern is that although the
top ranked reference proteins are very likely functionally
similar to the query proteins, one should still be careful in
directly transferring the information from the hit to the
query, as verification of orthology requires additional dili-
gent analysis. To come to the best conclusions about a
protein’s function, one should critically inspect the rele-
vance of the publications and the homology of the refer-
ence proteins to the query.

Conclusions

Seq2Ref is a homology-based tool to identify reference
proteins from PubMed, PDB and SP databases. We have
developed a plurality-based rating system that evaluates
homologous relationships to indicate the degree of con-
fidence one should have in transferring annotations from
a well-studied reference protein to a similar new protein.
Thus, by retrieving both experimental studies and high-
quality functional annotations of reference proteins, our
server provides a solid basis for correct function inter-
pretation of novel proteins.

Table 2 The rating system
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Methods

Detection of homologs and identification of reference
proteins

The workflow of the Seq2Ref server is available in
Additional file 4: Figure S2. Seq2Ref performs the
BLAST search against the NCBI nr database to detect
homologs of the query protein. Based on BLAST search
results, reference proteins are identified as: (1) the hits
linked to PubMed literature by NCBI (those publications
associated with more than 100 protein records are ex-
cluded); (2) the hits from PDB; (3) and the hits from SP.
Reference proteins from PDB and SP databases are ob-
tained by parsing the protein descriptions recorded in
nr. Retrieval from PubMed requires fast but thorough
searching of cross-links between NCBI databases. To
implement this search, Seq2Ref has two modes: a “fast
mode” based on searching a pre-processed local database
(updated every 6 months) that consists of the reference
proteins in nr, and a “slow mode” in which the most
updated reference proteins are retrieved in real-time via
NCBI Entrez [25].

Analysis of homologous relationship

We assign orthology firstly by the approximate method of
reciprocal best hits [26]. In this method, it is necessary to
know the the source-organism of the query protein. To
automatically detect the species, Seq2Ref identifies the
taxon of the first BLAST hit with at least 97% identity and
90% coverage. Alternatively, the user can manually specify
the organism of the input sequence. To avoid possible
false negatives caused by variants of the same gene in re-
ciprocal BLAST, such as alleles containing a single nucleo-
tide polymorphism, we pre-cluster the proteins from each
genome using CD-HIT [27] (identity cutoff: 97%; coverage
cutoff: 90%).

Feature Criterion Points
True False NA

Reciprocal BLAST Query-to-hit-genome’ best hit +1 0 +0.25°
Hit-to-query-genome? best hit +1 0 +0.25°

Multiple Sequence Comparison (MSC) Method* Accept with identity cutoff 60% +0.5 0 \

Accept with identity cutoff 50% +0.5 0 \

Accept with identity cutoff 40% +0.5 0 \

Pairwise comparison to the query® |dentity>60% +0.5 0 \

Identity>50% +0.5 0 \

|dentity>40% +0.5 0 \

others Reference proteins +1 0 \

1: use the input sequence to BLAST against the genome of the hit.

2: use the hit to BLAST against the genome of the input sequence.

3: the whole genome sequences of the protein are unavailable.

4: coverage in both the input sequence and the hits must larger than 80%.



Li et al. BMC Bioinformatics 2013, 14:30
http://www.biomedcentral.com/1471-2105/14/30

Reference proteins are further analyzed by the method
of multiple sequence comparison (MSC) shown in Figure 2.
Specifically, we retrieve the sequences most closely related
to the query, and then compare the reference proteins to
those closely related sequences. Such multiple compari-
sons allow us to obtain more robust statistics in evaluating
homology compared to simple pairwise comparison.

Rank reference proteins by relevance to the query

We developed a plurality-based rating system with
scores ranging from 1 to 6, with 6 indicating the most
relevant hits (shown as Table 2). To note, our rating sys-
tem aims to provide intuitive indicators for the level
of similarity, but not act as a statistical predictor of
functionality. Four features are considered: reciprocal
BLAST, MSC, pairwise comparison between the query
and the hit, and whether the hit protein is a “reference
protein”, e.g. if there are PubMed citations linked to the
protein in the current version of NCBI databases. The
maximal rating score for each aspect is 2, 1.5, 1.5 and 1,
respectively. A higher total rating score indicates the
query protein is closer to the hit and is more likely to
function similarly. Proteins with scores lower than 3
would be considered more distant homologs whose
functions may have diverged, because they are neither
reciprocal BLAST best hits nor with confident statistics
in MSC and pairwise comparison.

Additional files

Additional file 1: Table S1. The benchmark result links of enolase
superfamily. The table shows the selected representative proteins for
families in enolase superfamily and the webpage links of the server
results.

Additional file 2: Table S2. Pairwise BLAST results for proteins
located in the operon containing YidD. Five proteins from Escherichia
coli are compared with corresponding proteins in Cronobacter
turicensis.

Additional file 3: Figure S1. The protein similarity network of YidD
homologs produced by CLANS program. Each black dot represents one
protein sequence. Red circle and green asterisk represent the query
(Cronobacter turicensis hlyA) protein and the experimental studied hit

(E. coli YidD), respectively. Edges (lines) show BLAST connections between
sequences that have an E-value at least as good as 107*%. Lengths of
edges indicate that sequences in tightly clustered groups are relatively
more similar to each other than sequences with few and distant
connections.

Additional file 4: Figure S2. The workflow of Seq2Ref. The whole
process can be divided into homologous reference protein detection
(Step 1) and homology evaluation (Step 2). Starting from a query
sequence, a BLAST/PSI-BLAST search of the NCBI non-redundant database
(NR) is performed (Step 1-1) to detect homologous proteins. Seq2Ref
detects the reference protein among these homologous proteins by
retrieving and checking the information in NCBI databases (Step 1-2).
Orange lines represent the reference proteins among the BLAST result.
Sequentially, Reciprocal BLAST (RB) and multiple sequence comparison
(MSQC) will be performed to evaluate the homologous relationships (Step
2-1). Integrating the statistics calculated above, a rating system will
assign scores and rank the reference proteins (Step 2-2).
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