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Abstract

Background: It is now widely-accepted that DNA sequences defining DNA-protein interactions functionally depend
upon local biophysical features of DNA backbone that are important in defining sites of binding interaction in the
genome (e.g. DNA shape, charge and intrinsic dynamics). However, these physical features of DNA polymer are not
directly apparent when analyzing and viewing Shannon information content calculated at single nucleobases in a
traditional sequence logo plot. Thus, sequence logos plots are severely limited in that they convey no explicit
information regarding the structural dynamics of DNA backbone, a feature often critical to binding specificity.

Software and implementation: We present TRX-LOGOS, an R software package and Perl wrapper code that
interfaces the JASPAR database for computational regulatory genomics. TRX-LOGOS extends the traditional
sequence logo plot to include Shannon information content calculated with regard to the dinucleotide-based BI-BlI
conformation shifts in phosphate linkages on the DNA backbone, thereby adding a visual measure of intrinsic DNA
flexibility that can be critical for many DNA-protein interactions. TRX-LOGOS is available as an R graphics module
offered at both SourceForge and as a download supplement at this journal.

Results: To demonstrate the general utility of TRX logo plots, we first calculated the information content for

416 Saccharomyces cerevisiae transcription factor binding sites functionally confirmed in the Yeastract database
and matched to previously published yeast genomic alignments. We discovered that flanking regions contain
significantly elevated information content at phosphate linkages than can be observed at nucleobases. We also
examined broader transcription factor classifications defined by the JASPAR database, and discovered that many
general signatures of transcription factor binding are locally more information rich at the level of DNA backbone
dynamics than nucleobase sequence. We used TRX-logos in combination with MEGA 6.0 software for molecular
evolutionary genetics analysis to visually compare the human Forkhead box/FOX protein evolution to its binding
site evolution. We also compared the DNA binding signatures of human TP53 tumor suppressor determined by two
different laboratory methods (SELEX and ChiP-seq). Further analysis of the entire yeast genome, center aligned at
the start codon, also revealed a distinct sequence-independent 3 bp periodic pattern in information content,
present only in coding region, and perhaps indicative of the non-random organization of the genetic code.

Conclusion: TRX-LOGOS is useful in any situation in which important information content in DNA can be better
visualized at the positions of phosphate linkages (i.e. dinucleotides) where the dynamic properties of the DNA
backbone functions to facilitate DNA-protein interaction.
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Background

For most organisms, DNA is the primary information
storing molecule in the cell. Since the discovery of its
molecular structure [1-3], it had been generally accepted
that information in DNA is exclusively contained within
its nucleobase sequence. At about the same time, Claude
Shannon formalized the most important generalized
mathematical definition of information [4] expanding on
Norbert Weiner’s work in probability and thus founding
the modern statistical subdiscipline of information the-
ory. The application of information theoretics to DNA
sequence did not occur until much later, after the advent
of automated forms of DNA sequencing, when Schneider
and Stevens [5] utilized Shannon information in the
form of the ‘sequence logo’ plot to describe empirically-
determined binding sequence preferences of transcription
factors.

Historically, studies of transcription factor binding
sites (TFBS) have focused primarily upon DNA nucleo-
base sequence at points of major groove contact, where
base sequence is directly readable at the molecular level.
Thus, these studies have been largely confined to a
single-dimensional bioinformatic perspective. However,
recent studies have illuminated the importance of a
more biophysical and less sequence-specific second
mechanism involved in TF binding, whereby TF’s are
drawn near to their cognate sites through a process
commonly referred to as “indirect readout” [6-12], or
“shape readout” [13]. This form of recognition of local
DNA sequence occurs without direct base contacts at
the major groove, and is dependent upon local DNA
shape, deformability (e.g. an ability to kink) and charge.
The ability of any given sequence to bind through indir-
ect readout is also related to the base sequence by its
correlation with the local spacing of phosphate groups
determining the width of the minor groove [14] as well
as the dynamic behavior of phosphate linkages that
define the structural dynamics of dinucleotides in aque-
ous solution [15, 16]. Thus, indirect readout can involve
many complex correlated aspects of both DNA’s struc-
ture and structural dynamics [17]. DNA shape involves
subtle local sequence-dependent variations in minor
groove width and subsequent electrostatic charge [14].
The structural dynamics of DNA can be observed in its
intrinsic flexibility measured freely in solution as BI-BIL
conformation shifts in phosphate linkages on the back-
bone [15] and DNA flexibility has been recently become
the subject of both evolutionary and global mapping
studies in yeast and other micro-organisms [16, 18—20].
It is also readily observed in measurements of its deform-
ation energy to the nucleosome core [21, 22], other pro-
teins [23], base stacking energy [24], solvent accessibility
[25], and pattern of cleavage by nucleases [26] as well.
Many of these biophysical aspects involved in indirect
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readout are generally correlated to organism-specific gen-
omic features influencing gene function [16, 17] and evo-
lution [20, 27-29] including local GC content [20, 30] and
purine-pyrimidine states of nucleobases flanking the phos-
phate linkages (e.g. YR dimers; [23]). Recent studies have
even shown that alignments tuned to the DNA shape can
even significantly enhance TFBS identification, again fur-
thering the now well-known understanding of the role of
indirect readout in TF binding [31, 32].

While traditional sequence logo plots have wide utility
and popularity for describing TFBS [5, 33], they cannot
display information content most relevant to indirect
readout mechanisms (e.g. structural features affecting
major and minor grooves as well as backbone conform-
ation, hydration, deformation and flexibility [9]). This in-
formation can depend partly upon the DNA backbone’s
structural shape and dynamic conformational states of
the phosphate linkages defined over very short sequences
(i.e. dimer, trimer or tetramer). There is no reason why an
information theoretic such as the Shannon information,
cannot be calculated using an alphabet representing the
structural dynamic state of any given phosphate linkage.
The dynamic states of dinucleotide have recently been
reported in a meta-analysis of experimental data by Heddi
et al. [15]. They have devised a twist, roll and X displace-
ment scale (or TRX scale) that is a simple, nonlinear
metric that relates a given length of DNA sequence to its
inherent structural dynamics (i.e. intrinsic flexibility), due
to BI — BII chemical shifts in phosphate linkage conform-
ation on the DNA backbone while freely in solution in the
absence of other DNA binding proteins [15]. The TRX
scale represents the percentage of time a phosphate link-
age spends in the BII conformation and ranges from 0 to
43 and is positively correlated to GC content of a given
dinucleotide. While the TRX metric ignores higher-order
aspects of DNA flexibility, it has been well validated as an
excellent predictor of DNA-protein interaction, including
nucleosome positioning, as most interactions are generally
facilitated by the local landscape of DNA flexibility and
charge in the genome. Other less recent empirical metrics
of DNA flexibility have also been successfully based on
lower-order interactions (i.e. trimer [19]) and recent com-
puter simulation studies of tetranucleotide suggest that
the influence of DNA structure on dynamics could extend
slightly beyond adjacent nucleobases (i.e. dinucleotides)
[34, 35]. Dinucleotide-based TRX scores have been
shown to correlate well with tetranucleotide-based minor
groove widths [16]. Because the TRX scale is a simple
dinucleotide-based numerical scale, and thus treats each
phosphate linkage position independently, it can also be
easily incorporated into the positional graphical frame-
work of the traditional sequence logo plot. Here we offer
TRX-LOGOS, an R graphics module that produces a trad-
itional sequence logo plot that includes the addition of
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vertical bars representing the information content cal-
culated at each phosphate linkage as well. Shannon infor-
mation on the DNA backbone in calculated at each
dinucleotide position using an alphabet of nine different
probabilistic phosphate linkage dynamic states of the TRX
scale. In addition to the R module, we also offer a Perl
wrapper script that allows TRX-LOGOS to interface with
output obtained directly from the Computational Regula-
tory Genomics database JASPAR [36]. The plotting mod-
ule uses gray-scaled bars at intervening phosphate linkage
positions to represent both the information content of
the DNA backbone (height of bar) as well as its aver-
age intrinsic flexibility (shaded from black = no flexibility
(TRX=0) to white =high flexibility (TRX =43)). TRX-
LOGOS can easily identify where DNA structural dynam-
ics are functionally important in DNA-protein interaction
and where local structural dynamics involved in this inter-
action may contrast the surrounding genomic background
that defines the chromatin context of a binding site [27].

To demonstrate the utility of TRX logo plots, we ana-
lyzed the information content of both DNA sequence
and DNA backbone for 416 TEBS functionally confirmed
for Saccharomyces cerevisiae in the YEASTRACT database
[37] including 25 bp upstream and downstream flanking
regions. We then produced TRX-logo plots for 16 broader
TF classifications (e.g. leucine zipper, copper fist, homeo-
box etc.) defined for S. cerevisiae by the JASPAR database.
We used TRX-LOGOS in combination with a JASPAR
search to compare TP53 tumor suppressor binding sites
with different sample sizes and different experimental
methods for detection of binding. We also used JASPAR
and MEGA 6.0 [38] to produce a visual example of TRX
logos plots of Forkhead box (FOX) DNA binding sites
combined with a neighbor-joining tree representing the
evolution of FOX genes in humans. We also used TRX-
LOGOS to investigate a sequence-independent signature
of coding region backbone dynamics by center-aligning all
S. cerevisiae genes at the start codon.

Implementation

Shannon information content calculation

Similarly to the method of Schneider and Stevens [5],
the Shannon information content (IC) at each P linkage
(measured in bits) is calculated at each position i within
the set of center aligned sequences representing consensus
matches as well as their flanking regions. IC is given in ac-
cordance to the following equation:

ICI' = IOng—Hl‘ (1)

where k is the number of total possible symbols for each
representation. Consequently, when calculating IC for
the nucleotide sequence k = 4 in order to account for the
four possible nucleotides, which can potentially be found
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at each location. Since there are nine distinct TRX scores
(see Table 1 in [15]), k=9 when analyzing each matched
region by its flexibility. H; in turn is defined as:

H; = —Zk:pw- x log (p”) (2)

s=1

where p; ; is the relative positional frequency of the symbol
s appearing among all samples at the given location i. Due
to the fact that the single nucleotide representation has a
smaller maximum IC than the dinucleotide notation
(maximum IC is logy(4) =2.0 bits and logy(9) =3.2 bits,
respectively, also noting that two of the ten dinucleotide
states share the same TRX score), all IC scores for P link-
ages were normalized to 2.0 bits on the Y axis of the plots
(as per standard sequence logos plots based on a 4 letter
alphabet).

The plotting module produces a traditional sequence
logos plot with additional gray-scaled bars at inter-
vening phosphate linkage positions to represent both
the information content of the DNA backbone (height
of bar) as well as its average intrinsic flexibility (shaded
from black = no flexibility (TRX = 0) to white = high flexi-
bility (TRX = 43)).

Components of the R graphics module and
Supplementary downloadable files
We include three supplementary download files.
Additional file 1 includes three folders that include
the TRX-logos R module, a Perl script wrapper for
analyzing JASPAR database output, and a Perl script
for general batch processing of position weight matrix
(PWM) data files as well as an introductory README.txt
file that introduces the package. The folder with the R
module (“TRXlogosRmodule”) includes the following files.

README.txt and DESCRIPTION.txt - describes the
implementation and usage

logosR — main R source code for the graphics
program

Working-Test.R — subroutine enforces conditions on
input data and supplies warnings if format is not correct

get TRX.R and calcTRX.R - subroutines calculate
DNA flexibility on DNA sequences

readPWM.R - subroutine returns position weight
matrix regarding identity states of nucleobases
trxPWM.R - subroutine returns position weight

matrix regarding dynamic states of phosphate linkage

calcTRXIC.R — subroutine returns Shannon informa-
tion and average DNA flexibility at each position

The folder “PerlWrapperForJASPAR” contains two
files.

trxLogos.init — a file where users enter full path of the
R binary and the working directory



Fortin et al. Source Code for Biology and Medicine (2015) 10:10

trxLogosWrapper.pl — the Perl code script for hand-
ling JASPAR output.

The folder “PerlScriptForBatchProcessing” contains only
the Perl script BatchTRXlogos.pl. NOTE: full path to
R binary and working directory are hard coded at the top
of the script and must be modified to match your system.

Implementation of the R graphics code
For single plotting, an R Shiny version of TRX-LOGOS can
be implemented at the following website (http://people.
rit.edu/gabsbi/TRXlogos.html). TRX-LOGOS is also avail-
able as an R graphics module offered on the journal website
(Additional file 1) and SourceForge (http://sourceforge.
net/projects/seqlogotrx/files/). A Perl wrapper script
(BatchTRXlogos.pl) is also included for batch processing
multiple files. This package expands on the seqLogo pack-
age from Bioconductor and was built with R version 2.15.2.
To set up the package, simply place all R scripts in the
same directory. Open the file “logos.R” in your R studio
console, and execute the source. This will create a function
in your workspace called “logos”. The R script is called as
follows:

logos(file, sourcefile, update = TRUE, adjust = TRUE)

file: The location of the sequence file. Sequence files have
a very simple format; only the center aligned sequences are
necessary. One sequence per line in the file.

source file: The location of the file where the helper
scripts and logos.R were saved. This allows the program
to find them and load them into your workspace. NOTE:
Only needs to be supplied if update is true.

update (default TRUE): Will attempt to install the seq-
Logo package and update the dependency tree. Will also
try and call helper R scripts to load them into the work-
space. Not necessary unless the helper scripts are not in
your workspace, or you do not have the seqLogo package
already. NOTE: If this is true, sourcefile must be supplied,
otherwise an error will be thrown.

adjust (default TRUE): After the graphic is produced, the
program will enter a small console in which the user can
manually adjust some of the graphical parameters (bar start
location and distance between bars, or both). The script will
create a new graphic with your custom parameters without
recalculating, improving the speed on this functionality.
The default bar parameters work well with sequences
around 20 bp. If you are consistently plotting larger or
smaller sequences, or simply unhappy with the default
parameters, they can be edited in the Working-Test.R file.
Simply change the default values (start and increment only)
in the function declaration. You will need to have the up-
date function turned on in order to insert the new source
into the “seqLogo” package at least once after changing the
parameters of the function. This functionality can be turned
off when it is undesired, or if you intend to use this script
inside of loop.
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Implementation of the R module using the Perl wrapper

script

A Perl wrapper script named trxLogosWrapper.pl is also

provided in Additional file 1 and can be run by simply

typing the following instruction at the command line.
perl trxLogosWrapper.pl [sequence file name] [filetype]

[output file]

For PC, it requires the installation of the free Commu-
nity Edition of ActivePerl 5.16 or higher and a suitable
text editor. We recommend Activestate’s freeware version
of the Komodo Editor (Komodo Edit 8.0).

This script reads in a sequence file, and constructs a
TRX logo plot with all of the sequences in the file. It
handles multiple file types.

[sequence file name] = name of file to be read in.
Entire path is needed unless file is in the same folder as
this script.

[filetype] specifies what kind of format your sequence
file is in.

Recognized values for [fileype]:

fasta = .fasta filetype. Will perform center alignment
across entire sequence, so it assumes that any flanking
sequences on each side of any consensus motif are of
equal length

jaspr = .fasta files downloaded from the JASPR data-
base. In these files, the consensus motif is denoted by
capital letters. TRX-LOGOS will perform center align-
ment to align the consensus motif noted by capital
letters.

Warning: any files that have a space in the name must

”»

be passed in quotes :“[filename]”.

Methods

To demonstrate the utility of TRX logo plots in a variety
of contexts, we conducted a series of analyses of TFBS
ranging from yeast to humans. All of these analyses were
connected in some way to the JASPAR database but in
several examples also includes comparisons to additional
data obtained from other sources. We include a whole
genomic analysis of all TEBS in S. cerevisiae organized
using broad JASPAR classifications, a comparison of
human TP53 tumor suppressor binding sites determined
using different methods of capturing TP53 bound DNA,
an evolutionary analysis of Forkhead Box/FOX com-
paring the evolution of the protein and its binding site
signature, and finally, a general comparison of informa-
tion content of DNA backbone in both noncoding and
coding region.

A general whole-genomic analysis of TFBS in yeast

Previously published sensu stricto yeast alignment files
including S. cerevisiae sequences were downloaded [39],
filtered to exclude genes with masked low complexity re-
gions, poor aligning regions and then parsed, removing
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gaps, to extract 4222 high quality gene coding regions
and upstream non-coding regions. 416 consensus se-
quences for all functionally confirmed TFBS correspond-
ing to each ORF in the Yeastract database [37] were
obtained and matched to all putative binding sites on all
of their functionally annotated genes. TRX logo plots were
produced for each center aligned consensus + 7 bp flanking
region from its total set of functionally confirmed genes
collected over the entire genome. 416 Bonferroni corrected
t-tests were conducted on all functionally confirmed
consensus sequences comparing the average information
content obtained at the nucleobase level to that obtained
at the phosphate linkage (i.e. backbone) level (Additional
file 2). A similar set of 416 tests were conducted on the
50 bp region flanking the confirmed consensus sites as
well. 16 general classifications of transcription factors
were obtained from the JASPAR TF database [36]. These
classifications include beta beta alpha zinc finger, leucine
zipper, fungal zinc cluster, homeobox (helix-turn-helix),
Myb (helix-turn-helix), winged helix-turn-helix, copper
fist, homeobox, GATA, MADS box, HMG (high mo-
bility group) box, Ig-fold, KilA-N, E2F, Forkhead box
and Other. The sequences obtained for the 416 Yeastract
consensus sequences were collated according to 16 JAS-
PAR classifications to produce general TRX logo plot
signatures for each TF class above. The general signa-
tures of each broad classification were assembled
(Additional file 3) and discussed in relation to what is
known about the functional role of indirect readout in
each class.

A comparison of human TP53 binding sites collected with
differing experimental methodologies

A quick search for TP53 on JASPAR finds two datasets,
a large dataset JASPAR ID number MA0106.2 including
1231 binding sites isolated using the current next-
generation sequencing methods to isolate and sequence
reads (i.e. ChIP-seq) and a small dataset JASPAR ID
number MA0106.1 obtained with a much older method
previously known as CASTing (cyclical amplification
and selection of targets) [40] but is now known as
SELEX (systematic evolution of ligands by exponential
enrichment. The primary difference between the two
methods is that ChIP-seq isolates and reads all genomic
DNA fragments that are preferentially bound to the
transcription factor, while SELEX relies upon repeated
cycles of an in vitro selection process that isolates any
sequences that preferentially bind the transcription fac-
tor from a large starting pool of random sequences. We
also analyzed a much smaller ChIP-seq dataset published
by Cui et al. [41] for comparison as well. We used our
Perl script trxLogosWrapper.pl to automate the produc-
tion of TRX logo plots for each dataset using the Fasta
file downloads from JASPAR.
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An evolutionary analysis of human Forkhead Box (FOX)
protein and FOX binding evolution

A comprehensive search was conducted on JASPAR to
obtain datasets for a variety of Forkhead Box or FOX
family transcription factors, an interrelated group of
DNA binding proteins important in early embryonic de-
velopment and possessed of a unique ability to bind con-
densed chromatin during cell differentiation. The human
JASPAR datasets for FOX binding sites included the
following protein /JASPAR IDs (FOXA1/MAO0148.3,
FOXD1/MAO0031.1, FOXF2/MA0030.1, FOXH1/MA0479.1,
FOXP1/MAO0481.1). DNA sequences for each FOX TF
matching the same human protein in JASPAR were
obtained by querying the Homologene database at
NCBI with MEGA 6.0 software and performing mul-
tiple alignments on mRNA transcripts using MEGA’s
implementation of the CLUSTAL alignment algo-
rithm. A neighbor joining tree was then produced,
upon which the TRX logo plot can be compared to
various branch lengths, with the overarching goal of
visually comparing human binding site evolution to
the protein evolution on the gene tree. TRX logos
plots for the ancestral Forkhead protein in yeast (S cerevi-
siae MA0296.1) and fly (D melanogaster MA0446.1) are
also shown.

A comparison of Shannon information content of the
DNA backbone in coding and non-coding region

To investigate information content on DNA backbone
that might be imparted solely by the organization of
codon assignments in the genetic code (as hypothe-
sized and supported in [16]), a TRX logo plot was
created for all 4222 S. cerevisiae genes center aligned
to the start codon. Shannon information content is
visually compared in both coding and upstream non-
coding regions directly flanking the start codon, in
the absence of all nucleobase sequence information. It
was expected that a 3 bp periodic pattern of elevated
Shannon information at phosphate linkages might be
observed in coding region but be absent in upstream non-
coding region. To further investigate non-randomness
of the genetic code regarding DNA flexibility, a TRX
logo plot was also generated for all individual codons
in the yeast genome (i.e. aligned to codon position)
and flanked with random DNA of equal base compos-
ition. This effectively eliminated information content
due to specific genetic content, but retains informa-
tion contained in the organization of codon assign-
ments in the genetic code itself. A bootstrapping
procedure on 100 random sets of 10 genes each,
followed by one-way ANOVA, was performed to de-
termine if information content at phosphate linkages
aligned to codon position was significantly higher than the
background.



Fortin et al. Source Code for Biology and Medicine (2015) 10:10 Page 6 of 11

Results and Discussion DNA flexibility than can be observed at the single nucleo-
In the resulting TRX logo plots applied to TEBS (Figs. 1,  base level (Additional file 2). This would seem to strongly
2 and 3, Additional file 3), the information content at confirm the importance of the functional evolution of a
nucleobases are represented in the standard notation of  structurally-defined chromatin context in many TFBS
a traditional sequence logo plot, with stacked colored [27, 32]. We further compared TFBS consensus matches
letters representing the total information and relative in genes known to be targeted by the corresponding TFs
frequencies of each base at a given position. The Shannon  to matches in genes, which have not been previously re-
information content at intervening phosphate linkages is  ported to be influenced by the respective TF. Once again
represented by gray-scaled bars normalized to the same y  applying t-tests with Bonferroni correction for 416 mul-
scale as the traditional sequence logo plot. The level of tiple tests, we find that the flanking regions of at least
gray in each bar represents the average level of intrinsic 23 % of TFBS show a significant difference between the
DNA flexibility (i.e. average TRX score) ranging from stiff  two classes. If flanking regions contain more informa-

(black; TRX = 0) to flexible (white; TRX = 43). tion at phosphate linkage than at nucleobase, it could be
because the flexibility of DNA near to the binding site

A general whole-genomic analysis of TFBS in yeast may facilitate recognition.

To demonstrate the utility of our application in a broad This leads us to believe that certain groups of TFs may

genomic context, we analyzed 416 Saccharomyces cerevi-  require specific backbone structures to ensure the recog-
siae individual sets of putative matches to TFBS consen-  nition of the appropriate binding site. We combined
sus sequences within ORF’s with functionally confirmed YEASTRACT confirmed consensus matches according
regulatory associations defined within the YEASTRACT  to 16 broader TF classifications in the JASPAR TF data-
database [37]. We generated TRX logo plots for each  base and generated TRX logo plots for each TF class
center aligned set of putative matches including upstream  (Additional file 3). Four of these generalized binding
and downstream flanking regions. We used t-tests with  signatures are shown in Fig. 1. TRX-LOGOS software
Bonferroni correction for 416 multiple tests and find that  clearly identifies local regions in the binding sequences
95 % of all 25 bp flanking regions contain significantly =~ where the intrinsic flexibility of the DNA greatly con-
more Shannon information content regarding intrinsic  trasts the genomic background and is also much more
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indicate more flexible conformational states. Functionally confirmed consensus motifs from the Yeastract database were used to search and collect a
very large sample of genomic TFBS. These sites were merged to match the 16 general JASPAR database classifications for TFBS. TRX logo plots for four
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information-rich when compared to nucleobase se-
quence. The presence of very light shaded and tall bars
in the TFBS signatures for Ig-fold Rel, Copper Fist and
Homeobox (Fig. 1a-c) indicate important regions of de-
formation by kinking (i.e. indirect readout) that are not
easily observed in the information content at nucleo-
bases. MADS box (Fig. 1d) does not show this feature
and instead demonstrated a simple preference for weak
Watson-Crick base pairing without any special local
qualities of the DNA backbone. As expected helix-loop-
helix and leucine zippers form heterodimers and thus
more variability accompanied by a lower information
content when generalized across JASPAR classifications
(Additional file 3).

A comparison of human TP53 binding sites collected with
differing experimental methodologies

Our TRX logo plots comparing two radically different
methods of capturing binding sites for the TP53
tumor suppressor protein (Fig. 2a and b) appear quite
different when only the information content at
nucleobases are considered (i.e. traditional sequence
logo). However, both TRX logo plots demonstrate a
clear pattern of alternating kinking and narrow minor
groove (which strongly correlates to TRX [16]) across
the two major CATG motifs separated by a variable
spacer. This is less apparent in the smaller dataset
provided by Cui (Fig. 2¢; [41]). In general, the YpR
steps (i.e. (CpA/TpG, TpA and CpG) tend to kink or
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hinge due to partial loss of base stacking at the single
step indicate by the phosphate linkage. Alternatively,
the ApT and ApA/TpT steps exhibit negative roll and
the bifurcated H bonds of A:T base pairs tends to
enhance propeller twisting and narrowing of minor
groove [13]. Very recently, it was discovered that the
reduction of the probability of A in the TP53's
CATG motif is strongly associated to reduced specifi-
city of binding as well as increased cooperativity,
where deformation of DNA is utilized to achieve the
binding of multiple proteins in a larger nucleoprotein
complex (Figure 2E in [42]). In our TRX logo plots,
we can clearly see that because the A’ in CATG is
critically important in defining a very flexible CpA
dinucleotide as well as a very stiff ApT dinucleotide, the
lost binding specificity when A is removed is clearly a
function of properties related to indirect readout. This
variability in biophysical characteristics of the CATG
motif may help explain much of the pronounced promis-
cuity of TP53 binding in the genome.

An evolutionary analysis of human Forkhead Box (FOX)
protein and FOX binding evolution

The FOX protein family consists of winged helix-
turn-helix motif, where an alpha helix contacts the
DNA major groove and an adjacent beta sheet ‘wing’
sits over the minor groove [13]. The involvement of
the minor groove naturally led us to speculate a pos-
sible role of indirect readout in differentiating many
possible aspects governing the specific binding of dif-
ferent members of this group of transcription factors.
Indeed, in most FOX binding sites, we clearly observe
the role of a CpA hinge following a relatively stiff
poly A region when compared to the genomic back-
ground. The fly FKH and human FOXA1 data exhibit
a similar reverse complemented pattern with a TpG
hinge preceding a stiff poly T region. The neighbor-
joining tree shows that human FOXH1 and FOXP1
proteins have undergone significantly more evolution
(i.e. longer branch lengths) that the other human
FOX proteins. Whereas the FOXP1 binding site
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appears not to have changed much with respect to its
binding signature, the FOXH1 protein appears to have
replaced its stiff region with a DNA backbone that is
much more flexible than the genomic background.
Thus, the TRX logo plot is useful in identifying po-
tentially meaningful changes in binding when incor-
porated into a molecular evolutionary framework.

A comparison of Shannon information content of the
DNA backbone in coding and non-coding region

A TRX logo plot computed for 4222 ORF’s center
aligned on the translation start site demonstrated a pro-
nounced and persistently higher Shannon information
content at phosphate linkages in coding region (i.e. all
TRX bars are higher than logos lettering) even in the ab-
sence of any sequence similarity across sites other than
the start codon (Fig. 4a). This persistent and increased
level of information content at phosphate linkages shows
a clear and marked 3 bp periodicity, with slightly more
information occurring at the first internal phosphate
linkage of the codon (i.e. between the first and second
base position). A comparison of Shannon information of
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the two internal phosphate linkages to the two external
phosphate linkages (i.e. linkages joining adjacent codons)
indicates that internal phosphate linkage states of
codons contain slightly more information than external
linkages or random DNA, even when amino acid se-
quence is random. As this phosphate linkage connects
the two nucleobases that are most instrumental in defin-
ing codon assignments to amino acids, its supports our
previous conjectures that the genetic code may be opti-
mized with respect to the flexibility of DNA [16, 20].
This persistence in Shannon information at phosphate
linkages is not observable in non-coding regions up-
stream of translation start sites (Fig. 4a inset) and per-
sists well beyond the boundary of Fig. 4a. Average mean
Shannon information for each phosphate linkages bridg-
ing each codon position across all coding regions in the
genome is x-1 position = 0.356 bits, 1-2 position = 0.470
bits, 2-3 position =0.408 bits and 3-z position = 0.313
(Fig. 4b-c) and are significantly higher than background
when bootstrap ANOVA was applied, excepting in the
P linkage following the 3™ codon position (F = 1301.4,
r <0.0001; Fig. 4c Note: x and z refer to positions of
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Fig. 4 TRX-logos plots comparing non-coding and coding regions for all 4222 S. cerevisiae genes in Kellis et al. [39]. a The comparison of all genes
relative to the start codon indicates a genome-wide persistence in information content at phosphate linkages in coding region in the absence of
single site sequence similarity (downward vertical arrows in the right-hand inset mark a 3 bp periodicity). This persistent information does not
appear in non-coding regions where bar and letter heights are quite similar. b Comparison of information content across all codons compared to
flanking triplets of randomly generated DNA also shows a persistent trend where phosphate linkages internal to codons contain slightly more
information than random DNA. The phosphate linkages external to codons (i.e. joining adjacent codons) are no more informative than random
DNA. ¢ Comparison of information content across all codons as in (b) but using bootstrap ANOVA for 100 random sets of 10 genes each
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bases in adjoining codons). Thus, the TRX-LOGOS
graphic tool would seem to reveal a general property
of DNA structural dynamics as it might relate to the
nonrandom organization of the genetic code. This sig-
nature of the code remains even after the Shannon
information content on DNA is computed across thou-
sands of yeast genes aligned to the translation start site,
and thereby in the absence of any sequence specific
information.

Conclusion

Our TRX-LOGOS software clearly demonstrates many
situations in which important information content in
DNA can best be visualized, not at the positions of
nucleobases, but rather at the positions of phosphate
linkages where the dynamic state of the DNA backbone
is functional in maintaining many types of DNA-protein
interaction. Our website, open source R package, and
supporting scripts allowing interfacing with JASPAR, ex-
pands upon the popular sequence logos plotting software
already available in the bioconductor software suite and is
simple and easy to use. TRX-LOGOS provides researchers
with a simple and intuitive way of visualizing information
regarding DNA backbone dynamics in an already well-
established framework of information theoretics.

Availability and requirements

e Project name: TRX-LOGOS

e Project home page:http://people.rit.edu/gabsbi/
TRXlogos.html and http://sourceforge.net/projects/
seqlogotrx/files/

e Operating system(s): Platform independent

e Programming language: R

e Other requirements: bioconductor module

e License: GNU

e Any restrictions to use by non-academics: none

Additional files

Additional file 1: The TRX-LOGOS R module download complete
with Perl wrapper scripts for batch processing and JASPAR query.
Supporting files and documentation are also included. (ZIP 14 kb)

Additional file 2: MS Excel spreadsheets containing 416 Bonferroni
corrected t-tests conducted on all functionally confirmed consensus
sequences in YEASTRACT database comparing the average information
content obtained at the nucleobase level to that obtained at the
phosphate linkage (i.e. backbone) level. An additional set of 416 tests
were conducted on the 50 bp region flanking the confirmed consensus
sites is included as well. (ZIP 13 kb)

Additional file 3: TRX logo plots for general signatures of 16
transcription factor binding sites assembled from 416 Yeastract
consensus sequences and collated according to JASPAR
classification. (ZIP 1722 kb)
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DNA: Deoxyribonucleic acid; TFBS: Transcription factor binding site; bp: Base pairs.

Page 10 of 11

Competing interests
The authors declare that they have no competing interest.

Authors’ contributions

GAB and CHF conceived the project as part of a class project in
Computational Genomics, instructed by GAB. CHF developed the R graphics
code. KVS used the R graphics code and subsequent analyses of yeast TFBS
as partial fulfillment of the MS degree. GAB used the R graphics code to
analyze yeast coding region and fly nucleosome sequences. GAB wrote the
paper and KVS and CHF edited it and approved. All authors read and
approved the final manuscript.

Authors’ information

CHF is as BS/MS Bioinformatics student currently enrolled at the Rochester
Institute of Technology (RIT).

KVS is a former BS/MS Bioinformatics student (RIT) currently enrolled in a
PhD program at the Baylor College of Medicine.

GAB is an assistant professor in the life sciences at RIT.

Acknowledgements
We thank Dr. Feng Cui at the Rochester Institute of Technology for providing
us with his dataset of TP53 binding sites obtained though ChiP-seq.

Author details

Thomas H. Gosnell School of Life Sciences, Rochester Institute of
Technology, Rochester, NY 14623, USA. “Department of Molecular and
Human Genetics, Baylor College of Medicine, Houston, TX 77030, USA.

Received: 6 January 2015 Accepted: 11 September 2015
Published online: 25 September 2015

References

1. Franklin RE, Gosling RG. Molecular configuration in sodium thymonucleate.
Nature. 1953;171:740-1.

2. Watson JD, Crick FH. Molecular structure of nucleic acids; a structure for
deoxyribose nucleic acid. Nature. 1953;171:737-8.

3. Wilkins MHF, Stokes AR, Wilson HR. Molecular structure of deoxypentose
nucleic acids. Nature. 1953;171:738-40.

4. Shannon CE. A mathematical theory of communication. Bell Syst Tech J.
1948;27:379-423.

5. Schneider TD, Stephens RM. Sequence logos: a new way to display
consensus sequences. Nucleic Acids Res. 1990;18:6097-100.

6. Ahmad S, Kono H, Aratizo-Bravo MJ, Sarai A. ReadOut: structure-based
calculation of direct and indirect readout energies and specificities for
protein-DNA recognition. Nucleic Acids Res. 2006;34(Web Server issue):W124-7.

7. Harris L-A, Watkins D, Williams LD, Koudelka GB. Indirect readout of DNA
sequence by p22 repressor: roles of DNA and protein functional groups in
modulating DNA conformation. J Mol Biol. 2013;425:133-43.

8. Mauro SA, Pawlowski D, Koudelka GB. The Role of the Minor Groove
Substituents in Indirect Readout of DNA Sequence by 434 Repressor.

J Biol Chem. 2003;278:12955-60.

9. Steffen NR, Murphy SD, Tolleri L, Hatfield GW, Lathrop RH. DNA sequence
and structure: direct and indirect recognition in protein-DNA binding.
Bioinformatics. 2002;18 suppl 1:522-30.

10. Yu H, Zhou P, Deng M, Shang Z. Indirect Readout in Protein-Peptide
Recognition: A Different Story from Classical Biomolecular Recognition.

J Chem Inf Model. 2014;54:2022-32.

11, Martin AM, Sam MD, Reich NO, Perona JJ. Structural and energetic origins
of indirect readout in site-specific DNA cleavage by a restriction
endonuclease. Nat Struct Mol Biol. 1999;6:269-77.

12. Bareket-Samish A, Cohen |, Haran TE. Direct versus indirect readout in the
interaction of the trp repressor with non-canonical binding sites1.

J Mol Biol. 1998,277:1071-80.

13. Rohs R, Jin X, West SM, Joshi R, Honig B, Mann RS. Origins of specificity in
protein-DNA recognition. Annu Rev Biochem. 2010;79:233-69.

14.  Rohs R, West SM, Sosinsky A, Liu P, Mann RS, Honig B. The role of DNA
shape in protein-DNA recognition. Nature. 2009,461:1248-53.

15.  Heddi B, Oguey C, Lavelle C, Foloppe N, Hartmann B. Intrinsic flexibility of
B-DNA: the experimental TRX scale. Nucleic Acids Res. 2010;38:1034-47.

16.  Babbitt GA, Schulze KV. Codons Support the Maintenance of Intrinsic DNA
Polymer Flexibility over Evolutionary Timescales. Genome Biol Evol. 2012/4:954-65.


http://people.rit.edu/gabsbi/TRXlogos.html
http://people.rit.edu/gabsbi/TRXlogos.html
http://sourceforge.net/projects/seqlogotrx/files/
http://sourceforge.net/projects/seqlogotrx/files/
http://www.scfbm.org/content/supplementary/s13029-015-0040-8-s1.zip
http://www.scfbm.org/content/supplementary/s13029-015-0040-8-s2.zip
http://www.scfbm.org/content/supplementary/s13029-015-0040-8-s3.zip

Fortin et al. Source Code for Biology and Medicine (2015) 10:10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bansal M, Kumar A, Yella VR. Role of DNA sequence based structural
features of promoters in transcription initiation and gene expression.

Curr Opin Struct Biol. 2014;25C:77-85.

Menconi G, Bedini A, Barale R, Sbrana I. Global Mapping of DNA Conformational
Flexibility on Saccharomyces cerevisiae. PLoS Comput Biol. 2015;11.

Tirosh I, Berman J, Barkai N. The pattern and evolution of yeast promoter
bendability. Trends Genet TIG. 2007;23:318-21.

Babbitt GA, Alawad MA, Schulze KV, Hudson AQ. Synonymous codon bias
and functional constraint on GC3-related DNA backbone dynamics in the
prokaryotic nucleoid. Nucleic Acids Res. 2014;42:10915-26.

Cui F, Zhurkin VB. Structure-based analysis of DNA sequence patterns guiding
nucleosome positioning in vitro. J Biomol Struct Dyn. 2010.27:821-41.
Tolstorukov MY, Colasanti AV, McCandlish DM, Olson WK, Zhurkin VB. A
novel roll-and-slide mechanism of DNA folding in chromatin: implications
for nucleosome positioning. J Mol Biol. 2007;371:725-38.

Olson WK, Gorin AA, Lu XJ, Hock LM, Zhurkin VB. DNA sequence-dependent
deformability deduced from protein-DNA crystal complexes. Proc Natl Acad
Sci U 'S A 1998,95:11163-8.

Sponer J, Gabb HA, Leszczynski J, Hobza P. Base-base and deoxyribose-base
stacking interactions in B-DNA and Z-DNA: a quantum-chemical study.
Biophys J. 1997,73:76-87.

Parker SCJ, Hansen L, Abaan HO, Tullius TD, Margulies EH. Local DNA
Topography Correlates with Functional Noncoding Regions of the Human
Genome. Science. 2009;324:389-92.

Hogan ME, Roberson MW, Austin RH. DNA flexibility variation may dominate
DNase | cleavage. Proc Natl Acad Sci U S A. 1989;86:9273-7.

Babbitt GA. Relaxed selection against accidental binding of transcription
factors with conserved chromatin contexts. Gene. 2010;466:43-8.

Babbitt GA, Cotter CR. Functional conservation of nucleosome formation
selectively biases presumably neutral molecular variation in yeast genomes.
Genome Biol Evol. 2011;3:15-22.

Langley SA, Karpen GH, Langley CH. Nucleosomes Shape DNA
Polymorphism and Divergence. PloS Genet. 2014;10:e1004457.

Vinogradov AE. DNA helix: the importance of being GC-rich.

Nucleic Acids Res. 2003;31:1838-44.

Salama RA, Stekel DJ. A non-independent energy-based multiple sequence
alignment improves prediction of transcription factor binding sites.
Bioinformatics. 2013;29:2699-704.

Yang L, Zhou T, Dror |, Mathelier A, Wasserman WW, Gordan R, et al.
TFBSshape: a motif database for DNA shape features of transcription factor
binding sites. Nucleic Acids Res. 2014;42(Database issue):D148-155.
Schneider TD. A brief review of molecular information theory. Nano
Commun Netw. 2010;1:173-80.

Beveridge DL, Cheatham TE, Mezei M. The ABCs of molecular dynamics
simulations on B-DNA, circa 2012. J Biosci. 2012;37:379-97.

Pasi M, Maddocks JH, Beveridge D, Bishop TC, Case DA, Cheatham T, et al.
WABC: a systematic microsecond molecular dynamics study of
tetranucleotide sequence effects in B-DNA. Nucleic Acids Res.
2014,42:12272-83.

Sandelin A, Alkema W, Engstrom P, Wasserman WW, Lenhard B. JASPAR: an
open-access database for eukaryotic transcription factor binding profiles.
Nucleic Acids Res. 2004;32(Database issue):D91-94.

Teixeira MC, Monteiro P, Jain P, Tenreiro S, Fernandes AR, Mira NP, et al.
The YEASTRACT database: a tool for the analysis of transcription

regulatory associations in Saccharomyces cerevisiae. Nucleic Acids Res.
2006;34 suppl 1:D446-51.

Page 11 of 11

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular (
Evolutionary Genetics Analysis Version 6.0. Mol Biol Evol. 2013;30:2725-9.
Kellis M, Patterson N, Endrizzi M, Birren B, Lander ES. Sequencing and
comparison of yeast species to identify genes and regulatory elements.
Nature. 2003;423:241-54.

Funk WD, Pak DT, Karas RH, Wright WE, Shay JW. A transcriptionally active
DNA-binding site for human p53 protein complexes. Mol Cell Biol.
1992;12:2866-71.

Cui F, Sirotin MV, Zhurkin VB. Impact of Alu repeats on the evolution of
human p53 binding sites. Biol Direct. 2011,6:2.

Schlereth K, Heyl C, Krampitz A-M, Mernberger M, Finkernagel F, Scharfe M,
et al. Characterization of the p53 Cistrome — DNA Binding Cooperativity
Dissects p53's Tumor Suppressor Functions. PLoS Genet. 2013;9.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Software and implementation
	Results
	Conclusion

	Background
	Implementation
	Shannon information content calculation
	Components of the R graphics module and Supplementary downloadable files
	Implementation of the R graphics code
	Implementation of the R module using the Perl wrapper script

	Methods
	A general whole-genomic analysis of TFBS in yeast
	A comparison of human TP53 binding sites collected with differing experimental methodologies
	An evolutionary analysis of human Forkhead Box (FOX) protein and FOX binding evolution
	A comparison of Shannon information content of the DNA backbone in coding and non-coding region

	Results and Discussion
	A general whole-genomic analysis of TFBS in yeast
	A comparison of human TP53 binding sites collected with differing experimental methodologies
	An evolutionary analysis of human Forkhead Box (FOX) protein and FOX binding evolution
	A comparison of Shannon information content of the DNA backbone in coding and non-coding region

	Conclusion
	Availability and requirements
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Authors’ information
	Acknowledgements
	Author details
	References



