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bstract

Programmed frameshifting is a recoding event in which a ribosome shifts reading frame by one or more nucleotides at a specific mRNA signal
etween overlapping genes. Programmed frameshifting is involved in the expression of many genes in a wide range of organisms, especially in viruses
nd bacteria. The mechanism of programmed frameshifting is not fully understood despite many studies, and there are few databases available
or detailed information on programmed frameshifting. We have developed a database called FSDB (Frameshift Signal Database), which is a
omprehensive compilation of experimentally known or computationally predicted data about programmed ribosomal frameshifting. FSDB provides

graphical view of frameshift signals and the genes using programmed frameshifting for their expression. It also allows the user himself/herself

o find programmed frameshift sites in genomic sequences using a program called FSFinder (http://wilab.inha.ac.kr/fsfinder2). We believe FSDB
ill be a valuable resource for scientists studying programmed ribosomal frameshifting. FSDB is freely accessible at http://wilab.inha.ac.kr/fsdb/.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

In the translation process some genes make two proteins from
he same mRNA sequence by selecting alternative translation at
pecific regions. This event is called ‘recoding’ (Gesteland and
tkins, 1996; Baranov et al., 2002). Programmed frameshifting

s one type of recoding event in which a ribosome shifts reading
rame by one or more nucleotides at a specific mRNA signal
etween overlapping genes (Baranov et al., 2002). It is known
o play an important role in autogenous control. Frameshifts are
lassified according to the number of nucleotides shifted and
he direction of shift. Most known programmed frameshifts are

1 or +1 frameshifts (slippage of one base either forward or
ackward).

Programmed frameshifting is involved in the expression
f certain genes in a wide range of organisms, especially in
iruses and bacteria. For example, infectious viruses such as
IV, human herpes virus, and human coronavirus are known
o utilize programmed frameshifting. Many factors appear to
e involved in programmed frameshifting, but the mecha-
ism of programmed frameshifting is not fully understood
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espite a lot of biochemical approaches and some computational
pproaches. Previous works have identified several slippery
equences and stimulatory structures as major factors of pro-
rammed frameshifting. Thus, there should be a compilation to
ummarize these factors and to provide useful information for
sers.

In contrast with many databases in other researches, there are
ew databases providing detailed information on programmed
rameshifting. RECODE (Baranov et al., 2001, 2003) has been
he only database that provides information about recoding
vents based on the scientific literature and personal commu-
ications. It covers three kinds of recoding event: programmed
rameshifting, readthrough, and bypassing. RECODE offers
seful information such as gene name, cis-elements, trans-
lements, product and references, but does not provide complete
etails of frameshifting. For example, it is not easy to figure
ut the overall structure of a frameshift signal from the text-
ased information of RECODE. The locations of the slippery
equences in several RECODE entries differ from those in Gen-
ank, causing confusion to users who want to locate a frameshift

ite in the sequence.

Very recently Jacobs et al. (2007) released a database

alled PRFdb for −1 frameshifts in Saccharomyces cerevisiae.
owever, PRFdb is limited to text-based information for −1

rameshifts in one organism. It provides the location of genes,

http://wilab.inha.ac.kr/fsfinder2
http://wilab.inha.ac.kr/fsdb/
mailto:khan@inha.ac.kr
dx.doi.org/10.1016/j.compbiolchem.2007.05.004
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ut does not provide the detailed information such as the location
f the slippery sequence and spacer.

We have developed a database called FSDB (Frameshift Sig-
al Database), which is focused on ribosomal frameshift events.
t is a comprehensive compilation of experimentally known or
omputationally predicted data about programmed ribosomal
rameshifting. In particular it provides structural information on
rameshift factors. The entries in FSDB were obtained from three
ources: RECODE (Baranov et al., 2001, 2003), PseudoBase
van Batenburg et al., 2000) and FSFinder (Moon et al., 2004).
SDB also provides all the parameters of a frameshift model

hat allows the user to identify frameshift sites using FSFinder.
Currently FSDB has 253 entries. The pseudoknot structure

ata for 22 entries were obtained from PseudoBase, 122 were
rom RECODE, and 109 were predicted by FSFinder and then
onfirmed by GenBank annotations. The structural data for all
he entries except the 22 entries from PseudoBase were predicted
y pknotsRG (Reeder and Giegerich, 2004) and visualized by
seudoViewer (Byun and Han, 2006; Han and Byun, 2003).
he graphical views of frameshift signals, including drawings
f pseudoknots and secondary structures, should help workers
o understand ribosomal frameshifting more easily and quickly,
hich in turn should help to identify new programmed ribosomal

rameshifts.

. The database description

As shown in Table 1, the FSDB database has 253 entries. All
he data available in FSDB can be saved in extensible markup
anguage (XML) format and downloaded for later analysis. At
resent it contains data on frameshifts of −1 and +1 type, and
ore complex types will be included in the future.

.1. Contents of the database

The contents of FSDB are divided into two: overall infor-
ation and graphical views. The contents can be outlined as

ollows. More details of the overall information and graphical
iews are given in the section on the user interface.
Overall information
• FSDB ID: unique identifier of an FSDB entry.
• Type of frameshift: −1 or +1 frameshift.

a
s

E

able 1
urrent statistics of FSDB

Organisms

ype Viruses Prokaryota

Experimental Predicted Experimental

1 frameshifting 38 75 7
1 frameshifting 1 0 2

otal 114

Experimental data: 63
nd Chemistry 31 (2007) 298–302 299

• Data type: experimental if the slippery sequence was deter-
mined by an experimental method, and predicted if it is
predicted by a program.

• Kingdom of organism: viruses, prokaryota or eukaryotes.
• Definition: organism, sequence length and sequence type.
• Resources: relevant references to the entry.
• Nucleic acid sequence: nucleotide sequence from GenBank.
• Amino acid sequence: amino acid sequence of the protein

product and CDS.

Graphical view
• Three open reading frames.
• Slippery sequence, location of slippery sequence, and

sequence of secondary structure.
• Secondary structure drawing.
• Components of the frameshift model.
• Target gene: prfB, oaz, dnaX, other genes in bacteria or in

viruses.
• Sequence type: either omplete genome or partial sequence.
• Direction: + strand or − strand.
• Components of the user-defined frameshift model.

.2. Database entry

The FSDB database can be searched by a combination of five
elections: data type, frameshift type, organism type, slippery
equence, and key word. Data type is either experimental or
redicted. Experimental data are experimentally verified data
btained from PseudoBase and RECODE. Predicted data are: (1)
ata not experimentally verified, obtained from RECODE and
2) data predicted computationally by FSFinder and confirmed
y GenBank annotations.

Currently FSDB provides information on two frameshift
ypes:−1 and +1 frameshifts.−1 and +1 frameshifts are the most
ommon frameshift events. We have simplified organism type
o three categories: viruses, prokaryota and eukaryotes. Bacte-
iophages and prophages are included in viruses. Both bacteria
nd bacterial insertion sequences are included in prokaryota, and
ukaryotic transposable elements are included in eukaryota. We
rovide a detailed classification of organisms based on the Gen-
ank definition. For example, the abbreviated words BCT, PHG

nd VRL represent bacterial, bacteriophage and virus nucleotide
equences, respectively.

The identifier used in FSDB is represented in the form of
FkOn, where E is the data type of a slippery sequence (E for

Eukaryota Total

Predicted Experimental Predicted

6 3 13 142
83 12 13 111

98 41 253

Predicted data: 190
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he experimental data and P for the prediction data), F is the
rameshift type (P for + frameshift and M for − frameshift),
is the number of nucleotides shifted, O is the organism type

V for viruses, P for prokaryota, and E for eukaryota), and n
s a four-digit number. For example, EM1E0001 refers to the
xperimental data of a slippery sequence for −1 frameshifts in
ukaryota.

.3. User interface

The user can search the database by selecting the data type,
rameshift type, organism, slippery sequence and key word. Each
enu of the data type, frameshift type, organism and slippery

equence lists possible choices. By typing one or more key words
eparated by space in the ‘Keyword’ field, the user can search
ntries that include the key words in the GenBank definition
Fig. 1A). For example, typing ‘PHG’ or ‘phg’ allows the user
o find all bacteriophages in the virus category of FSDB. All the
ntries, or those matched to the user selection, are listed in the
eft pane of the window (Fig. 1B). If the user clicks a specific
ntry from the listed entries, detailed information about the entry
s displayed in the view area of the window (Fig. 1C–G).

The entry details are in two parts: overall information
Fig. 1C) and graphical view (Fig. 1D–G). FSDB ID, frameshift
ype, data type and kingdom are shown at the top of the window.
he resource of an entry displays relevant references or ‘pre-
icted by FSFinder’. The nucleic acid sequence field is linked to
enBank. The user can download the sequence file in FASTA or
enBank format from FSDB and use it as input to FSFinder. The

mino acid sequence field consists of gene and coding sequence
CDS), providing information about the gene and CDS that uti-
ize the ribosomal frameshift. That information was obtained
rom GenBank. If there is no information on gene or CDS in
he GenBank annotation, the amino acid sequence field remains
mpty.

The graphical view visualizes the frameshift signal. Fig. 1D
hows three open reading frames with start codons and stop
odons marked in each frame. The light yellow region repre-
ents the open reading frames. The overlapping region of the
pen reading frames (Fig. 1E) is blown up in Fig. 1F, which dis-
lays the nucleotide sequence of the region. The frameshift site
nd stimulatory structures are highlighted in yellow and green,
espectively. The exact locations of the frameshift site and spacer
equence are also displayed. Fig. 1G shows a frameshift model
f the entry. The parameters of the frameshift model can be used
irectly to locate the frameshift entity by the user himself/herself
sing FSFinder. When running FSFinder, frames may have to
e alternated to get the same result as the entry.

Like the data type of slipper sequences, secondary struc-
ure data of frameshift signals are of two types: experimental
r predicted. Out of the total 30 experimental secondary struc-
ure data, 22 structure data were obtained from PseudoBase and
he remaining 8 structure data were obtained from literatures

Blinkova et al., 1997; Mejlhede et al., 2004; Dulude et al., 2002;
vanov et al., 2004; Baranov et al., 2002).

Except the 30 experimental structure data, remaining sec-
ndary structures were predicted by pknotsRG. When predicting
nd Chemistry 31 (2007) 298–302

stimulatory secondary structure, the longest possible subse-
uence was used for the structure, and the spacer length was
etermined by FSFinder. Both predicted and experimental sec-
ndary structures were visualized by PseudoViewer.

. Resources

.1. RECODE

One hundred and twenty-two entries in FSDB were extracted
rom 185 entries in the RECODE database (97 −1 frameshift
ata and 88 +1 frameshift data). Sixty-three of the 185 entries
ere excluded for a variety of reasons. First, some RECODE

ntries have no GenBank accession number and so no sequence
ata associated with them. Second, the same GenBank acces-
ion number may appear in more than one RECODE entry. For
xample, in +1 frameshifting, Botryotinia fuckeliana has the
ame accession number (AF291578.1) as Schizosaccharomyces
aponicus. Third, some RECODE entries are redundant with the
seudoBase data. Fourth, some slippery sequences are too sim-
le and are found too many times in a sequence. For example,
he slippery sequence of the argI gene in Escherichia coli is
UUC, and there are too many UUUC occurrences in E. coli.
The frameshift sites in most organisms are found using the

efault parameters of FSFinder. However, if the organism uses
specific slippery sequence, frameshift sites can be found with

he user-defined model of FSFinder. All the data are classified
nto experimental data and predicted data, as mentioned before.

.2. PseudoBase

Twenty-two experimental data of secondary structures in
SDB were obtained from the PseudoBase database, and visu-
lized by PseudoViewer. When there is discrepancy in structure
ata from different resources, we used the structure data in
seudoBase.

.3. FSFinder

Every entry in FSDB was added to FSDB by the following
rocedure.

. Find a region that contains the components (slippery
sequence, spacer, stimulatory structure, SD-like sequences,
etc.) of basic frameshift signals using FSFinder.

. Compare the slippery sequence in the region with known slip-
pery sequences and find an overlapping open reading frame
(ORF) that includes the slippery sequence.

. Determine that the frameshift candidate is associated with an
actual gene if it satisfies any of the followings:
A. There is a GenBank annotation that the candidate causes

frameshifting.
B. The GenBank annotation does not classify the frameshift

candidate as a hypothetical gene and the overlapping ORF

is identical to a gene (such as gap-pol) in GenBank.

C. The GenBank annotation classifies the frameshift candi-
date as a hypothetical gene, but the ORF translates into a
protein product confirmed by InterproScan or BLAST.
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Fig. 1. The user interface of the FSDB. (A) Selection menu. (B) List of FSDB entries that fit the combination of selections in A. (C) Overall information about an
entry. (D–G) Graphical view of the entry. (D) Three open reading frames with start codons and stop codons marked in each frame. (E) The overlapping region of the
open reading frames in which a frameshift signal is found. (F) Components of the frameshift signal, including slippery sequence, spacer, and stimulatory structure.
(G) Frameshift model of the entry. The parameters of the frameshift model can be used directly to locate the frameshift entity using FSFinder. (For interpretation of
the references to colour in the text, the reader is referred to the web version of the article.)
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After analyzing 1 968 virus genome sequences (April 2006)
nd 1 161 prokaryotic genome sequences (August 2006) of
CBI, we added 109 entries to FSDB as prediction data. Using

he research results by Bekaert et al. (2006), we also corrected
he wrong annotations of ‘shifty’ RF2 genes in GenBank and
dded 25 entries to FSDB.

. Comparison with other programmed ribosomal
rameshift databases

As mentioned above, RECODE has been the only database
hat provides information about translational recoding events
ncluding frameshifting. It offers useful information such as
ene name, cis-elements, trans-elements, product, and refer-
nces. However, the RECODE data is in text form and is not easy
o understand. Moreover, the location of the slippery sequence
n several RECODE entries differs from that in GenBank, caus-
ng confusion to a user who wants to locate a frameshift site in
he GenBank sequences.

Very recently Jacobs et al. (2007) released a database
alled PRFdb for −1 frameshifts in Saccharomyces cerevisiae.
owever, PRFdb is limited to text-based information for −1

rameshifts in one organism. It provides the location of genes,
ut does not provide the detailed information such as the location
f the slippery sequence and spacer.

FSDB is complementary to RECODE. It uses a graphi-
al view to represent programmed ribosomal frameshifts, and
timulatory structures as well as open reading frames are visu-
lized. In addition to the nucleotide sequence of a gene and the
mino acid sequence of the protein product, all components of
he frameshift signals are displayed, which permits much eas-
er understanding than the text-only representation. Since the
ocation of the frameshift site is calculated from the GenBank
nnotation, the user can immediately use the GenBank file for
urther analysis.

. Conclusion

Programmed ribosomal frameshifting has been studied for a
ong time, but there are few relevant databases and programs
ealing with both −1 and +1 programmed frameshift. We have
eveloped a database called FSDB which is a compilation of
xperimentally known or computationally predicted data about
rogrammed ribosomal frameshifting. FSDB provides graphical
iews of the frameshift signals, the genes utilizing frameshift-

ng for their expression, and the protein products resulting
rom frameshifting. It also allows the user to find frameshift
ites himself/herself from genome sequences using the program
SFinder. All the data available in the database can be saved in

v

nd Chemistry 31 (2007) 298–302

ML format and downloaded for later analysis. FSDB promises
o be a valuable resource for biologists studying programmed
ibosomal frameshifting and infectious diseases associated with
rogrammed ribosomal frameshifting.
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