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ABSTRACT

Naturally occurring G-quadruplex structural motifs,
formed by guanine-rich nucleic acids, have been
reported in telomeric, promoter and transcribed
regions of mammalian genomes. G-quadruplex struc-
tures have received significant attention because of
growing evidence for their role in important biological
processes, human disease and as therapeutic targets.
Lately, there has been much interest in the potential
roles of RNA G-quadruplexes as cis-regulatory
elements of post-transcriptional gene expression.
Large-scale computational genomics studies on
G-quadruplexes have difficulty validating their predic-
tions without laborious testing in ‘wet’ labs. We have
developed a bioinformatics tool, QGRS-H Predictor
that can map and analyze conserved putative
Quadruplex forming ’G’-Rich Sequences (QGRS) in
mRNAs, ncRNAs and other nucleotide sequences,
e.g. promoter, telomeric and gene flanking regions.
Identifying conserved regulatory motifs helps validate
computations and enhances accuracy of predictions.
The QGRS-H Predictor is particularly useful for
mapping homologous G-quadruplex forming se-
quences as cis-regulatory elements in the context of
50- and 30-untranslated regions, and CDS sections of
aligned mRNA sequences. QGRS-H Predictor features
highly interactive graphic representation of the data. It
is a unique and user-friendly application that provides
many options for defining and studying G-quadru-
plexes. The QGRS-H Predictor can be freely accessed
at: http://quadruplex.ramapo.edu/qgrs/app/start.

INTRODUCTION

Nucleic acids containing runs of guanines can form highly
stable quadruple helices stabilized by cyclic Hoogsteen

hydrogen bonds involving non-Watson–Crick interactions
(1). The G-quadruplex structure can result from intra- or
intermolecular associations, and is composed of stacked
G-tetrads that are square, co-planar arrays of four
guanine bases each. (The current work focuses on
intra-molecular G-quadruplexes). G-quadruplexes have
been the focus of a large number of studies in recent
years that have been extensively reviewed (2–11).
Naturally occurring G-quadruplexes have been reported
in telomeric, promoter and transcribed regions of mam-
malian genomes. Although telomeric G-quadruplexes
could inhibit DNA replication, a very recent study
reports downregulation of the relaxin gene expression by
a G-quadruplex located as far as 3.8 kb upstream of the
gene (12). G-quadruplex forming sequences in the
promoter regions of several oncogenes have been
associated with regulation of transcription, and hence
have also been identified as targets for anti-cancer
therapy. Several recent studies, reviewed in References
(7–9), have focused on G-quadruplex involvement in
human disease or as targets for therapies.

Although DNA G-quadruplexes have gained significant
attention from researchers, the RNA G-quadruplex struc-
ture is less well understood. Nevertheless, RNA
G-quadruplexes are likely to be formed in vivo (13) and
are more stable than the DNA G-quadruplexes (14–16).
Several recent studies, reviewed earlier (9–11,17,18),
report cis-regulatory roles for RNA G-quadruplexes in
post-transcriptional gene expression. For example,
G-quadruplex structures located in the 50-UTR (untrans-
lated region) of human fibroblast growth factor 2 (FGF2)
(19) and human VEGF (Vascular Endothelial Growth
Factor) (20) mRNAs act as internal ribosomal entry
sites (IRES) for cap independent translation initiation.
On the other hand, formation of G-quadruplexes can
also play inhibitory roles for translation of NRAS
(Neuroblastoma Ras) oncogene (21), Ying Yang 1
(YY1) involved in tumorigenesis (22) and ADAM10 re-
sponsible for anti-amyloidogenic processing of the
amyloid precursor protein (APP) (23). A 30-UTR
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polymorphism that affects G-quadruplex structure has
been shown to modulate gene expression of the KiSS1
mRNA (24). A G-quadruplex is directly involved in
regulated alternative splicing of fragile X mental retard-
ation 1 (FMR1) transcripts (25).

G-quadruplex-mediated regulation of post-transcri-
ptional regulation is suggested to be the result of their inter-
actions with specific binding proteins. Whereas human
fragile X mental retardation protein (FMRP) apparently
disturbs translation by binding to G-quadruplexes on its
target mRNAs (26,27), nucleolin binding to G-Rich
sequences in the coding, as well as UTRs positively influ-
ences protein translation (28). Proteins involved in
(P)-bodies formation (29), and mRNA decay (30) also
show preference for RNA G-quadruplexes, suggesting
their roles in mRNA turnover.

G-quadruplex structures need to be dynamically formed
and resolved for them to be involved in regulating gene
expression. RNA helicases like RHAU (31) and DHX9
(32) have been shown to be preferentially associated
with RNA G-quadruplexes. The RHAU helicase also
physiologically targets a G-quadruplex in the 50 region
of a non-coding TERC (Telomerase RNA Component)
RNA, which is part of the telomerase holoenzyme (33).

Clearly, RNA and genomic G-quadruplex structures
seem to play a wide variety of roles in important biological
processes. Therefore, there is a need to study their overall
distribution in the genomes, as well as transcriptomes.
Consequently, there have been several computational
efforts for large scale predictions of G-quadruplexes
(3,34–38). However, most computational methods have
difficulty validating their predictions without laborious
testing in ‘wet’ labs. We have developed a bioinformatics
tool, QGRS-H Predictor that can map and analyze
conserved putative Quadruplex forming ‘G’-Rich
Sequences (QGRS) in mRNAs, ncRNAs and other nucleo-
tide sequences, e.g. promoter, telomeric and gene flanking
regions. Identifying conserved motifs helps validate
computations and enhances accuracy of predictions.
QGRS-H Predictor is particularly useful for mapping hom-
ologous G-quadruplex forming sequences in the 50- and 30-
UTRs of aligned mRNA sequences. Prediction of evolu-
tionarily conservedG-quadruplexes in otherwise inherently
variable regions like UTRs emphasizes their functional
significance.

To the best of our knowledge, QGRS-H Predictor is the
first known freely available web server for predicting
conserved G-quadruplexes in a variety of nucleotide
sequences.

METHODS

G-quadruplex mapping

The QGRS-H Predictor identifies Quadruplex forming
G-rich sequences (QGRS; predicted G-quadruplexes) in
the nucleotide sequences based on established algorithms
previously described in detail (39,40). Briefly, the putative
G-quadruplexes are identified using the motif
GxNy1GxNy2GxNy3Gx. The motif consists of four
guanine tracts of equal size interspersed by three loops.

The size of each G-tract corresponds to the number of
stacked G-tetrads forming the quadruplex structure.
The default maximum QGRS length for QGRS-H
Predictor is 30 nt.
The stability, as well as regulatory characteristics of

G-quadruplexes are dependent on the number of tetrads
(41). Whereas quadruplexes with at least three G-tetrads
have been accepted as highly stable structures, two
G-tetrad quadruplexes with moderate stability are not
uncommon (20,42,43). In fact, two-tetrad G-quadruplexes
can influence gene expression by acting as thermoregulators
(13). In addition, two-tetrad G-quadruplexes are expected
to be far more prevalent in the genomes than the ones with
threeG-tetrads, reflecting their potentially broad impact on
biological processes. QGRS-Homology Predictor is meant
to be a flexible and comprehensive tool for investigating
G-quadruplexes; hence it has been designed to consider
QGRS motifs with two or higher numbers of tetrads.
The QGRS-H Predictor weeds out potential

false-positives with two strategies. It ignores the QGRS
predictions with a G-score (39) <13, representing the
bottom 25% of all the G-quadruplexes in the entire
human transcriptome predicted in our lab (data not pre-
sented). Second, our program only reports conserved
QGRS motifs, which also validates our predictions.

G-score

QGRS-H Predictor uses a scoring system previously
devised in our lab (40) that evaluates a QGRS for its like-
lihood to form a stable G-quadruplex. Higher scoring se-
quences will make better candidates for G-quadruplexes.
The G-scoring method that has been described in detail
previously (40), uses principles that are based on published
studies performed on the stability and structure of
G-quadruplexes. Briefly: the G-score is a function
of G-tetrads and loop lengths. Greater number of
G-tetrads, shorter loops and evenly sized loops lead to
higher G-scores.

Homology score

Our homology scoring strategy evaluates the evolutionary
conservation of two QGRS instances found in two aligned
orthologous nucleotide sequences. The biological roles of
G-quadruplexes are expected to involve structure and
specific location within the gene rather than just their
sequence. The G-quadruplex structure is primarily
dependent on the G-tetrads and loop lengths. The deter-
minants of G-quadruplex homology are expected to be
similarities in their specific locations on the aligned tran-
scripts, number of tetrads, loop lengths and overall
lengths. Consequently, the QGRS Homology score
calculation is based on these parameters.
QGRS-H Predictor calculates the percentage of

position overlap between pairs of QGRS on the aligned
nucleotide sequences and weighs it at 65% of the overall
homology score. The G-tetrad similarity in the two QGRS
being analyzed, makes up 20% of the homology score.
The loop length similarity compares the length of each
loop of the two G-quadruplexes, respectively and the
average of these values is weighted at 10% of the
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homology score. Finally, the total lengths of the two
G-quadruplexes are compared and make up the last 5%
of the homology score. The result is a homology score
between 0 and 1, where 1 indicates a very high level of
evolutionary conservation. (See Supplementary File 1 for
some examples of QGRS Homology score calculations).

OVERVIEW OF QGRS-H PREDICTOR FEATURES

The computation is comprised of three main stages:
QGRS identification within the individual sequences, a
semi-global alignment calculation to associate the
sequences and a final homology computation on each
QGRS pairing. The computational workflow is outlined
in Figure 1.
At the start page, the user enters two mRNA sequences,

a principal and comparison, which typically would be
known to be homologous. The program accepts four
modes of data entry (Figure 2). An mRNA sequence can
be identified by entering its NCBI accession or GI
number, in which case the gene sequence data will be auto-
matically downloaded and utilized. In these input modes,
the sequence-associated meta-data, including the annota-
tions and sequence features are also downloaded and
displayed. Alternatively, the user may enter the sequence
in FASTA format or by simply entering the raw sequence
string. When entering FASTA format, the program will
always use the sequence data entered, but it will also
download meta-data using the provided accession
number in the FASTA entry. All of the above input

methods can also be used to analyze non-coding RNA
entries in the NCBI-based nucleotide sequence databases.
Raw sequence input can be used to predict conserved
QGRS motifs in promoter regions, telomeric sequences
and other genomic sequences up to 10 000 nt in length.

Users may select any method of entry for each input—
the same method need not be used for both sequences. The
start page also provides several sample homologous pairs
for users to run in order to become better acquainted with
the tool.

Once the homology analysis is complete, the user is pre-
sented with a results page (Figure 3). The results page
contains detailed information about the given mRNA se-
quences, a homology map to show the location of highly
homologous QGRS pairs within the aligned sequences
and a complete view of the aligned sequences. Finally, a
table is shown at the bottom containing the complete
listing of homology results (predicted QGRS pairs)
based on the user’s current filter settings.

Homology map

The highly interactive QGRS Homology map (Figure 4)
shows a view of the principal nucleotide sequence. The
map serves two roles:

(i) It allows the user to quickly identify regions of
interest within the aligned sequences, where the
vertical bars indicate locations where G-quadru-
plexes have been found that have homologous
G-quadruplexes in the comparison sequence.

Figure 1. Computational workflow of QGRS-H Predictor. The QGRS Predictor performs a three-stage computation to produce homology results
given two sequences. The results of the QGRS identification stage (performed individually on each sequence) is combined with the results of the
semi-global alignment stage to perform the last stage, homology computation. The results of the last stage are filtered according to settings specified
in the homology map and presented to the user.
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(ii) It allows the user to control which QGRS pairings
are visible within the homology results table.
The user can click and drag regions within the
homology map to filter the results list to only
include QGRS pairs within the selected region (see
bottom of Figure 3). The map also provides filtering
controls to further refine the types of QGRS pairs
appearing in the results table (Figure 5).

Sequence viewer

The Sequence viewer shows the actual sequence of both
the principal and comparison mRNAs with the semi-
global alignment transformation applied. QGRS-H
Predictor alignment method is based on a well-established
semi-global pair-wise alignment algorithm (44,45).

This view is scrollable, the user can view any location
within the aligned sequences—however, it is best
navigated by clicking on results in the table below it.
When clicking on a homologous QGRS pair in the
results table, the sequence viewer will automatically
scroll to the location of the pair and highlight the corres-
ponding QGRS instances in both sequences.

Homology results table

The results table is also interactive and contains a listing
of all the QGRS pairings across the principal and com-
parison mRNA sequences that fall within the range
(selected region) and filter settings (minimum QGRS
Homology score, number of tetrads and G-score) set in
the QGRS Homology map.

The results in the table provide a wealth of information
about the QGRS pair, including its base position and
region within the nucleotide sequence, number of

tetrads, G-score and a composite homology score. In
addition, clicking on a row will bring the corresponding
QGRS instances into view within the sequence viewer,
allowing the user to examine their exact sequence
composition.
The Homology results table displays data for all regions

of the aligned nucleotide sequences predicted to be
capable of forming homologous G-quadruplexes. Each
region typically consists of several overlapping QGRS
which may differ in their number of tetrads, total length,
loop sizes and loop nucleotide sequence. These sequence
arrangements have the potential to form intra-molecular
quadruplexes in the cell, many of which may be stable.
The user may apply appropriate filter settings to select
high scoring QGRS motifs and reduce the displayed
overlaps.

Online help materials

The application includes an extensive help page that fully
describes the various features of the tool, a tutorial for
using it, and a glossary of terms that commonly appear
on its pages. Context-specific help is also included in the
form of clickable icons on each of the sections of the
results page to further aid the user in understanding how
to take advantage of the data presented.

IMPLEMENTATION

The QGRS-H Predictor is a J2EE web application. The
user interface is written entirely in standards compliant
HTML+CSS with a significant reliance on JavaScript
and the jQuery library for interactivity and XSLT/XML
for the presentation logic. Users may access the applica-
tion using any modern browser, including Internet

Figure 2. Input fields for entering the pair of nucleotide sequences in a variety of formats. The program accepts four modes of data entry, NCBI
accession, GI number, FASTA and the raw format. Using the first two methods, nucleotide sequence data, along with annotations and sequence
features, will be automatically downloaded and utilized. When entering FASTA format, the program will always use the sequence data entered, but
will still download the associated meta-data using the provided accession number.
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Figure 3. Results page. The top panel can be expanded to show details about the sequences entered, including species, common names and sequence
features such as UTRs, CDS and poly(A) sites. The second panel contains a homology map that can be used to filter the homology pairing results
(bottom of the page) according to their locations and characteristics. The third and fourth panels provide a sequence viewer and a tabular listing of
the homology results.

Figure 4. The highly interactive homology map allows the user to click and drag to zoom into regions of interest within the aligned sequences. The
homology map provides an overview of the regions of the principal sequence containing highly conserved QGRS instances. The vertical bars
represent the maximum and average homology score of all QGRS pairs found at the given location within the sequence. The user can highlight
individual or contiguous sets of regions by dragging the mouse on them, which will filter the results table accordingly.
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Explorer 8 and above or any version of Google Chrome,
Apple Safari and Mozilla Firefox.

The backend of the application is written in Java 6 using
the standard J2EE servlet API, hosted within an Apache
Tomcat instance running on Linux. The tool makes use of
the BioJava library (version 1.8) (46) for accessing the
NCBI databases to retrieve sequence data and meta-data
when the user enters accession or GI numbers as FASTA
data inputs. Pair-wise semi-global sequence alignment,
QGRS mapping and homology computations are per-
formed using Java routines developed at Ramapo College.

Performance

QGRS-H Predictor supports multiple simultaneous users,
however due to memory constraints during the sequence
alignment phase of the computation, concurrent users
are temporarily batched while their jobs pass through
the alignment stage. All other computational stages
(e.g. QGRS mapping, homology computation) are per-
formed in parallel. Users need not consider these
concurrency issues when accessing the system. Overall
computation time for a given mRNA pair averages
<30 s, whereas pairings that include extremely high
numbers of QGRS instances within the mRNA sequences
can take several minutes to complete.

Validation

The accuracy of the QGRS-H Predictor depends on its
ability to locate QGRS instances within mRNA sequences
along with an accurate semi-global alignment procedure.
We have confirmed that the QGRS identification stage
(with default settings) exhibits 100% precision, as well as
sensitivity when compared with previously published
results. The homology scores for pairing are based on
the accurate computation of QGRS structure (loop
lengths, number of tetrads and overall length) along

with positional information. These computations have
been validated through extensive automated testing of
162 orthologous nucleotide sequence pairs using JUnit.
In addition to automated tests, we have manually
examined 50 QGRS instances (that were not used in the
training) spread over the 50-UTR, CDS (Coding
Sequence) and 30-UTR regions of 22 orthologous
mRNA pairs and an additional 27 orthologous mRNA
pairs have been verified by individuals outside our
research group.

CONCLUSIONS

QGRS-H Predictor is a bioinformatics web server that can
map and analyze conserved putative QGRSs in the
mRNAs, ncRNAs and genomic sequences like promoter,
telomeric and gene flanking regions. This application is
freely accessible on the web and does not require a login
procedure. It has been extensively tested for performance,
sensitivity, specificity and precision. It works well on
multiple web browsers. QGRS-H Predictor is a user
friendly application. The website provides a tutorial for
a quick start, as well as context-specific help. To the best
of our knowledge, this is the only freely accessible web-
based server of its kind at present.
This program is capable of searching NCBI-based data-

bases for direct retrieval of user-identified nucleotide
sequence pairs for analysis. It can also accept FASTA or
raw sequences as input. The QGRS-H Predictor has been
designed for predicting homologous G-quadruplex
forming sequences in the context of 50- and 30-UTRs and
CDS sections of pair-wise aligned mRNA sequences. The
result outputs provide data on composition, location, pre-
dicted stability and homology rating of G-quadruplex
pairs, relative to important sites in the mRNA sequences
with the help of highly interactive graphic representations.
The server can also be used to identify and analyze
conserved G-quadruplexes in non-coding RNAs and
genomic sequences, thereby significantly extending its
utility for analysis of a wide variety of nucleotide
sequences.
The QGRS-H Predictor was applied in our lab to test

previously reported regulatory G-quadruplexes in the 50-
UTRs of human Zic-1 (47) and NRAS (21) genes. Our
program successfully identified 50-UTR G-quadruplexes
in both the genes to be conserved across multiple
mRNA orthologs. Additionally, we were able to predict
a new G-quadruplex conserved in the 50-UTR of the
human and mouse Bcl2 gene (Figure 3). We tested
several nucleolin targets (28) located in the CDS and 30-
UTRs with the QGRS-H Predictor and found them to be
capable of forming conserved G-quadruplexes (data not
shown). Our program was also able to successfully identify
a previously reported G-quadruplex motif, which is the
target of a specific RNA helicase RHAU, in the human
telomerase non-coding RNA template TERC (33) and
determined it to be phylogenetically conserved (data not
shown). We are currently using QGRS-H Predictor to
develop a database of transcriptome-wide G-quadruplex
motifs conserved across multiple mammalian mRNA

Figure 5. Filtering controls for defining characteristics of homologous
QGRS motifs. Homology results can be filtered based on their charac-
teristics. The top slider controls the minimum homology score to be
shown (a homology score of 1 is the highest value possible). The other
sliders control the minimum number of tetrads and minimum G-score
of which each QGRS instance in a pair must exhibit in order to be
included in the results. (A minimum default G-score of 13 is necessary
to weed out potentially false positive instances of QGRS motifs. Please
see ‘Methods’ section for details).
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orthologs. The database will be used to study
G-quadruplex composition, as well as distribution in the
untranslated and translated regions with a view to inves-
tigate their biological roles as cis-regulatory elements.
The researchers will find QGRS-H Predictor to be very

useful for investigating the functional role of G-quadru-
plexes as cis-regulatory elements in the post-transcriptional,
as well as transcriptional gene expression.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary File 1.
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