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ABSTRACT

Motivation: Current methods for identification of potential triplex-
forming sequences in genomes and similar sequence sets rely
primarily on detecting homopurine and homopyrimidine tracts.
Procedures capable of detecting sequences supporting imperfect, but
structurally feasible intramolecular triplex structures are needed for
better sequence analysis.

Results: We modified an algorithm for detection of approximate
palindromes, so as to account for the special nature of triplex DNA
structures. From available literature we conclude that approximate
triplexes tolerate two classes of errors. One, analogical to mismatches
in duplex DNA, involves nucleotides in triplets that do not readily
form Hoogsteen bonds. The other class involves geometrically
incompatible neighboring triplets hindering proper alignment of
strands for optimal hydrogen bonding and stacking. We tested the
statistical properties of the algorithm, as well as its correctness
when confronted with known triplex sequences. The proposed
algorithm satisfactorily detects sequences with intramolecular triplex-
forming potential. Its complexity is directly comparable to palindrome
searching.

Availability: ~ Our implementation of the algorithm is available at
http://www.fi.muni.cz/"lexal/triplex as source code and a web-based
search tool. The source code compiles into a library providing
searching capability to other programs, as well as into a stand-alone
command-line application based on this library.

Contact: lexa@fi.muni.cz

Supplementary Information:  Links to additional data and figures
available at the journal’s web site.

1 INTRODUCTION

Triplexes are local structural variants of DNA, whereinthelecule
adopts a specific secondary structure differing from a caabn
duplex by the recruitment of a third DNA strand. The thirchstt

with stringency of the same order of magnitude as dupletiiog
strands for the most stable nucleotide combinations (nexde
by Frank-Kamenetskii and Mirkin, 1995). Depending on the
source of the third strand, triplex DNA can betrastrand and
interstrand, or intramolecular andintermolecular. The third
strand may just come from the other strand of the same DNA
duplex or from a completely different DNA molecule, as is tlase
with triplex-forming oligonucleotides (Knauert and Glaz2001).
Nucleotides in the middle strand of a triplex have WatsoitiCr
base-pairing to one nucleotide and Hoogsteen or reversgdtieen
pairing to another nucleotide. Together they form a trigftenming
triplet (also called triad) (Soyfer and Potaman, 1995; Nir&nd
Frank-Kamenetskii, 1994). Depending on the orientationthef
third strand, we distinguisiparallel and antiparallel triplexes,
named according to the orientation of the third strand ipeesto
the central strand. Figure 1 shows eight typesrdf-amolecular
triplex structures considered in this paper. A given seqeemn
the (+) strand of a DNA molecule can possibly support all eight
types, but necessarily, only one of the types will be formed a
any particular moment. In DNA triplexes, there is a requieam
for neighboring triplets to be isomorphic, otherwise theepdial
triplet would be under strain, hindering the binding of thmérd
strand (Thenmalarchelvi and Yathindra, 2005; Rathinawvelad
Yathindra, 2006). Regardless of orientation and geometng,
middle nucleotide is generally a purine-containing onesupport
the extra hydrogen bonds needed to bind the third nucleotide
Because the middle nucleotide is almost invariably one with
a purine base, attempts to correlate sequence with triplex-
forming properties usually involve detection of homoperiand
homopyrimidine tracts in the analyzed sequence. For exampl
Gaddiset al. (2006) created a web-based program that identifies
target sequences for triplex-forming oligonucleotidelse Program
identifies homopurine stretches that are allowed to be amtaly
interrupted by a pyrimidine. While this is an appropriatetmoel for
detection of strong triplex-forming signals, we consides tto be

binds to the duplex by Hoogsteen or reverse Hoogsteen bonds, gyersimplification. Numerous papers have reported tistemce

*to whom correspondence should be addressed

of imperfect triplexes (Xodeet al, 1993; Roberts and Crothers,
1991; Mergnyet al, 1991), including cases where the authors

(© Oxford University Press 2011.



Lexa et al

deliberately changed individual nucleotides to obseneedffects LTI onmael o
of such change. Changes resulting in the formation of noaiaal s oy b FIRST STRAND < s
triplets did not necessarily disrupt the entire triplexsitonceivable . .
thaj[ many oft_hglmperfecttrlplexes maystlllhave S|m_|lmldng|cal Phid PARALLEL v 3
activity to their ideal counterparts. One possible expianafor the s w1 SECOND STRAND v s
existence of imperfect triplexes is that they may allow aertap ,
. D S rErErEr—— Y

between the structural signal and some other sequencerdeatu LT ™ om0 .
such as nucleosome positioning pattern or a regulatoryeiorot EEERE SECOND STRAND < 3
binding sequence. Kinniburgh (1989) proposed a triplexcstire . e e
containing a single deletion to explain his experimentaiults. . et ,

ANTIPARALLEL Y 3

Additionally, analyzed sequences may contain errors,uitio s w11 FIRST STRAND [T, .
occasional deletions and insertions.

The existence of triplex DNA has been repeatedly assocwaited  Fig. 1: Eight types of triplexes that are detected in separans
important biological processes at molecular level, makingm  of the algorithm for a given region. Numbering of types iswhas
an attractive target in sequence analysis. Most of the wveder used in the accompanying software (see Supplemental iatton).
associations suggest roles in mutagenesis, recombiratidryene  \Watson-Crick base-pairing is shown by vertical bars. X andr¥
regulation. Non-B DNA structures, including DNA triplexdsave  two nucleotides on the same strand that will form a triplehe T
been shown to cause deletions, expansions and transli€atio  ejght possible triplets are: Y.X'X, Y'.XX', Y'.X'X, Y.XX', X.YY,
both prokaryotes and eukaryotes (Raghaearal, 2005). Their  x'yy’, X.Y'Y and X.YY’ (N’ - a nucleotide complementary to
distribution is not random and often colocalizes with sitefs  N;””- Hoogsteen or reverse Hoogsteen bond)
chromosomal breakage (Zhao al., 2010). Triplex structures can
block the replication fork and result in double-strandeeals
(Dixon et al., 2008). Unlike other non-canonical structures, triplex-
forming sequences are found frequently in promoters anghsexo 2  APPROACH
and have been found to be involved in regulating the expess ) )
several disease-linked genes (Wang and Vasquez, 2004pnia s Based on available literature, we assume there are two tengior
cases, the mutagenesis induced by such sequences is ahhan&ésses of sequence-based imperfections (errors) destapi
by their transcription (Belotserkovskét al., 2007), possibly via ~Potential triplex structures.
transcriptional arrest. . )

Sequence-structure relationships of triplexes were Wrbigo e Base-pairing mismatch
a small number of computational tools for identifying relat/ e Geometrical mismatch
sequences in genome sequences. Schroth and Ho (1995)exhalyz
the occurrence of inverted and mirror repeats in three gesom A base-pairing mismatch occurs upon the formation of a
Hoyne et al. (2000) analyzed thé”.coli genome for intrastrand nucleotide triplet that does not support strong Hoogsteerwerse
triplex sequences. Another recent work (@eral., 2010) created Hoogsteen bonds. The ability to form the bond and its strergt
a web-based catalog of non-B DNA sequences in major mammaliarelated to the number of hydrogen bonds that can be made &etwe
genomes. Their definition of triplex covers the most stablenical ~ the2"¢ and3"? strand base. In this paper, we present an algorithm
triplexes made of G.GC/A.AT and C.GC/T.AT triplets, butuea  thatis based on scores assigned to base triplets. The scemgant
little room for possible errors. Jenjaroenpun and Kuznefg8009)  to approximate energy contributions of individual triglgbut at the
created a web-based analysis tool for triplex target semsen same time to be simple enough to support rapid searchingdiéd

Intramolecular triplex DNA (also called H-DNA) has beenwfio  be used as pre-filtering, preceding detailed energy calonkon
to exist bothin wvivo andin wvitro (Hanveyet al, 1988). Its the candidate sequences.
formation also depends on the topological state of the givisA A geometrical mismatch occurs when directly neighboring
molecule. While sequences supporting canonical tripleish as triplets in a structure are not isomorphic. This placesastress
(CT(T))n and(GA(A)), tracts, form triplexes readily, imperfect on the backbone of the third DNA strand preventing it from
triplexes may require special conditions, such as low $heleal creating optimal hydrogen bonds. According to Thenmalelkéh
density, or certain pH to formin vitro, superhelical density and and Yathindra (2005), conformational changes necesdithte
pH can be easily controlledn vivo, pH is tightly controlled by the  triplet non-isomorphism are found to induce an alternatig
cell, while the topological state of any stretch of genomig/Dis zag backbone structure for the third-strand in special sase
generally unknown, but presumed to be under regulatoryrabas  Accordingly, we made our algorithm favor triplet combirats that
well. This uncertainty is the main reason for using the tetmplex- are either isomorphic or made of non-isomorphic pairs tioatc
forming sequence” or "triplex-forming potential”, whichrts that ~ form a zig-zag shape by canceling their geometric effecthen t
while the sequence should be capable of forming a triplemay  third-strand backbone.
only be formed under special circumstances. We currently ignore other known factors of triplex DNA

formation, such as the competition between alternativectires
(Rippe et al, 1992), 4th strand (the strand which is not part of
the predicted triplex) secondary structure, effects of Gtrithution
(Seidman and Glazer, 2003; James al, 2003) and other
distortions caused by electrostatic forces (Katgl, 1992; Tan
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and Chen, 2006). Most of these factors depend non-triviafly
the environment (Pluret al.,, 1995). Since the algorithm does not
consider the environment, we focus primarily on sequerncied
effects and the resulting constraints which can be compuséaty
the information from primary structure. Destabilizing exffs of
loop lengths that differ from the optimum of about 5 nucldes
(Haasnoott al., 1986) and the overall length of the triplex (Tan and
Chen, 2006) are partly accounted for, since these parasmetarbe
set as hard limits in our implementation, to narrow the deapace.

3 METHODS

Datasets To evaluate the algorithm on selected datasets, we premared
set of sequences to work with (all about 4.7 Mbp to match tlze si
of E.coli genome): i) a random nucleotide sequence, Hiroli K-12
MG1655 complete genome (the 1995 U00096.1 version to be tble
compare our results to previous publications) if)coli K-12 MG1655
complete genome (the current U0O0096.2 version for propeitipning

in genome browsers), iv) a randomized nucleotide sequehtieecsame

evaluating BLAST results and other sequence similarityresgAltschul

et al, 1994; Korf et al, 2003), since the alignment of a DNA strand
against itself is statistically similar to aligning two fdifent sequences.
This treatment allowed us to fit the score distribution with extreme
value distribution function and fit the parametersaind 1« as described by
Korf et al. (2003). To carry out the calculation we used a function from
hmmer-2.3.2 source code (Eddy, 1997).

Recovery tests The recovery tests evaluated how many of the introduced
triplex-forming sequences were recovered for a selectephifsiance
threshold (P-value) from different backgrounds sequent¥s used the
commonly used characteristics for such experiments: gigci(precision),
sensitivity (recall), B measure and accuracy (Mannirgal., 2008). The
algorithm was tested against our triplex-seeded sequerta database of
non-B DNA (Ceret al., 2010).

E.coli tests We compared our tool and its performance on feol:
genome sequence to the results published by Hogheal (2000).
Additionally, we calculated the genome positioning of prog output in
respect to knowrk'. coli genes, counting the frequency with which predicted
triplexes fell inside the gene, outside any genes or incesewith them.
Distance to the closest gene was calculated as shown ing=égur

E.coli genome v) a part of the human chromosome 5 sequence (pssition

144635154 to 149340649) and vi) a randomized version of traes
human sequence. For the human randomized sequence we atatgd
a triplex-seeded version with 418 triplex-forming sequenfrom literature
inserted at positions approximately 10000bp apart. Allskguence data
is available as supplementary data and can also be dowalofdm
http : //www.fi.muni.cz/~lexa/triplex. Random sequences were
generated with equal probability for all four bases, ranidech sequences
were prepared with an in-house algorithm seqmix-0.2 (sepl8mentary
information).

Molecular simulations of triplets To obtain objective information about
isomorphic groups we analyzed the angle and radius formeézillgtoms of
triplet nucleotides as defined in Thenmalarchelvi and Yalta (2005). The
groups were determined using the following proceduret,Rine structures
of all considered triplets were constructed using the NABgleage from
AmberTools 1.4 and their potential energy surface was eggldor local
minima by moving and rotating the third (Hoogsteen) basehm plane
formed by the other two bases. The energy function was paraec using
theff99bscOset (Perezt al., 2007). The obtained local minima were filtered
according to the values of the C1 anglegnd the ratidW H|/|C H|, where
|W H | represents the distance between the C1 atoms of the Hongsige

4 THE ALGORITHM

Our approach to search for approximate triplexes is based dynamic
programming (DP) algorithm to search for approximate plbmes that
can be traced back to Landau and Vishkin (1986). The rekstiipnbetween
triplex DNA and palindromes stems from the fact, that onehef DNA
strands in the triplex must fold back onto itself, either ftmogsteen base-
pairing or for reverse Hoogsteen base-pairing, dependimghe type of
triplex that is to be formed (parallel or antiparallel) arfte tnucleotide
sequence present at the site in question. We will call thegdahe triplex
that folds back onto itseBelf-recognizing

A DP matrix is constructed so that one side represents ttginati
sequence, while the other contains the same sequencewtrttwards (see
Figure 2). With such setup, the main antidiagonal of the DRimaepresents
the n possible central starting positions for the self-recoigigizparts of
triplexes with an odd number of nucleotides in the loop. Thignboring
antidiagonal contains the other— 1 possible starting sites for the triplexes
with even number of nucleotides in their loops. Naturalipgdnals starting
at any of these positions represent potential triplexesvdffill the cells
representing the starting positions with zeros, we can fitemg the DP

and |CH| represents the distance between the C1 atoms of the mutuallynatrix along the diagonals. At each positipinj] of the DP matrix, we

unpaired bases. Filtering thresholds were derived fromsorements on
a set of real structures, namely the structures 135D, 1480,B1 1D3X
(PDB identifiers). The specific thresholds used webe< ¢ < 130 and
0.54 < |[WH|/|CH| < 0.88. From the resulting set of local minima,
the structure with the lowest potential energy was seleatethe source of
the parameterg andr (the radius of the circle formed by the C1 atoms).
Finally, the groups were established by performing cluatealysis using
Ward’s method and euclidean distance between the¢ (ectors. These
results were interpreted to obtain isomorphic groups inlefdh detailed
results are available as Supplementary information.

compare the symbols at positiongnd j in the original sequence. If they
represent a pair present in triplex-forming triplets (fabed in Table 1), they

are evaluated with positive score. In opposite case, theypanalized with

a negative score value. The numbers entered representshedoee in the

subsequence evaluated so far.

The necessity for a dynamic programming algorithm comem ftbe
possibility to insert gaps into the triplexes, where symshiolsome positions
have no symbols to pair up with in the other arm of the selbgeizing
sequence. In terms of the described algorithm, this meanvingérom one
diagonal to a neighboring one when calculating the scoreanitposition,

Testing overview We tested our implementation for correctness and three possibilities are evaluated:

usability. Clearly, the algorithm will only be useful, if is capable of
identifying potential triplex-forming sequences in a gemo background
with a reasonable success rate. To test the implementatitims respect,
we performed statistical tests on real and randomized segsea sequence
recovery test on the triplex-seeded sequences, we comparemblution to
previously published results for thé.coli genome (Hoynet al., 2000) and
a currently published non-B DNA database (€eal., 2010).

1. Extending the existing triplex along the diagonatatchor mismatch
2. Inserting a gap at positiarof the original sequenceinsertion
3. Inserting a gap at positigrof the original sequencedeletion

The solution that leads to the maximum score value is recoirdthe DP

Statistical tests The statistical tests served to find parameters for thematrix, while the other possibilities are discarded.

distribution of scores on randomized sequences and estahliproper
threshold above which candidate hits should be consideiguifisant.
The distribution of scores was modeled according to priesiused for

In comparison to a similar algorithm for approximate palorde
detection, we have introduced three important modificatioRirst, we
redefined the concept of match and mismatch. Instead of bmmde up
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Table 1. Triplex scoring of canonical and less usual triplets. Thalfstore values

T T TcTccTATCTGTCcTITccTca aca forboth Hoogsteen and reverse-Hoogsteen bonds are indactme with tables 4.1
e 5 ‘8 = and 4.2 in Soyfer and Potaman (1995). Isomorphic groups istmre are based
<C5 5 8 0 [ :; on residual twist calculations using molecular dynamicsusations with thenbd
T olof@l 1|1]6| program (AmberTools).- Hoogsteen bp;- Watson-Crick bptts - tabulated triplet
Cc 0l0 2|-7/-6|-6 score
Cc 00 -7]2|-5|-14]-13] -

T 00 1]12[-6|-2|-4|-13
T 00 1{1[3[3[-5[-1]-3
(o} 0|0 712|3|-6|5|-4]-10/-8 T . | T ) | s | h Ref
T OlOJMN2[2]6[3[5[4[1]3]0 riplex type  Triplet core (t somorphic grou eferences
G 00 1]-7[-5[-2|-5|-4|1|-8]-6|-10 p yp H VF\)/CWC t 8) p g p
T [ 1|-2|-5[-4|-1|-8|-83]2]|-7|-5 . .
(o} 0 117 5|19|-3/-2]-8]-6]-7]-5][-14
T 0|0 2]1]|-5/-5(|6 |-3|-8]-2|0[-7]-10/-6|-4
A 00 7|-7|-5]-6]-12 -1]-10|-11| -9 | -7 |-14|-15|-13] B
T 0lo0 2]1]-5(-6[-3|-5]|-10{%] 0 [-9|-9|-8|-6|-13|-14] TAT 2 a (2)
c 00 7|7 4]-5]-12]-12[ -1]-10-10[°%] 2 | -7 [ -7 |-15[-13]-20) T.G:C 1 a 3)
C 0l0 -7|-7]-14|-56|-3]-12|-19|-10| -8 |-17]| -8 -5 | -5 |-14]-22|-20) .
T oo 1|12|-7|-5|-13|-3| -2 |-10/-18| -8 | -6 |-15| -6 -4 |-9]-13|-21 PARALLEL C.GcC 2 a (1,2)
C 0l0 2|2|-6|-5|-14|-3|-12]-10/-9 | -8|-17|-15| -4 |-13| -4 -2 |-11-20] .
T] |00 2(1(3|4|-5|-3|-12/-1|-10/-8|-8] -6 |-15|-13| -3 |-11| -2 -1 @ G.GcC 1 b (7)
Tlo ofl 1] 2]3]2]5]|3|3|-2|-10[5 8|7 |64 13[-12[ 1|10 -1 [ | 0 G.T:A 2 b (4)
TlO 2[1[3[3[4al4al2]-1[2[0]-9[-3[-7[-5]-4[-3]12]-10[0[-9]0 T.C:G 1 b (7)
[] match [ match (IG changed) B  oapinsertion
AAT 2 c (2,5)
B TCT-TCCTCGGG 3 A.G:C 1 d (5,6)
[ A A A - '
, TAT 2 c (2,5)
G AGA -AGGAGCCC 5 '
I oo ANTIPARALLEL T.C:G 1 e (6,8)
TCTATCCTCTTT 5 CAT 1 d (6,7,9)
G.G:.C 2 e (2,5)

1) Walteret al. (2001) 2) Goniet al. (2004) 3) Ghosal and Muniyappa (2006) 4) Gowers and
(1998) 5) Mirkin and Frank-Kamenetskii (1994) 6) Ragimaand Lieber (2007) 7) Soyfer
arid Potaman (1995) 8) Beal and Dervan (1992) 9) Detyal. (1992)

Fig. 2: Triplex detection by the dynamic programming (D
algorithm demonstrated on the strinigtctectatcetgtcettecteggg:

A) The DP matrix with calculated score values. Because ofespa

limitations, loop size was forced to 1. B) Triplex alignment
Hoogsteen bonds are shown by semicolons.

by pairs of nucleotides with only two possible base-pairglexes can
be thought of as sequences of triplets with many possiblebgmations
of nucleotides in the triplet. There are 16 possible basesgar parallel
DNA strands and another 16 for antiparallel strands. Faethreasons, we
constructed a general similarity matrix instead of usingngle match rule
and score.

Second modification brings geometrical consideratiorstim algorithm,
making certain sequences of triplets less desirable thrertThis is similar
to the nearest-neighbor scoring used in duplexes, altheuglare not as
much concerned about base stacking as we are about the geahéte
third strand and its ability to position itself for optimaydrogen bonding.
As discussed by Thenmalarchelvi and Yathindra (2005); iRatkelan and
Yathindra (2006), some combinations disrupt the backbammgtry. We
therefore decided to divide the triplets into isomorphiowugs. Groups
of triplets from one group are more likely to form stable legies than
other sequences. Our modification assigns the informabontasomorphic
groups to the last computed DP matrix cell on each diagonahewW
calculating a new cell, we lower the score if the newly evidatriplet
belongs to a different isomorphic group than the precedimg; dhe score
calculation is

Sli—1,5]+gp
S[i — 1,7 — 1] + tts[a, b] + nip

S[i, j] = max

@

wherea, b are characters at appropriate row and colutan,is tabulated
triplet scoregp is gap penalty andip is no-isomorphism penalty.

The third consideration is to account for all the possiblgsatriplex can
form from a given sequence, i.e. which three strands contbgether and in
which orientation (Figure 1). There are always eight ways tan give rise

to a intramolecular triplex at a given position, since themetwo strands that
can serve as the third strand, each having two ends that oprblck onto

the double-stranded region and in each of these cases itteah an either

side of the duplex in a parallel or antiparallel fashionnforg Hoogsteen and
reverse Hoogsteen bonds respectively. In order to detaypak of triplexes

the computation is repeated eight times with scoring megrigpecific for

parallel and antiparallel triplexes.

4.1 Scoring Function

We evaluate the combinations based on their ability to foroodsteen
base-pairs, tabulating the 32 values as complementadtgescOne way to
populate such table is to consider all canonical tripletefwesent a match
and everything else a mismatch. Because the ability to folwngdteen

bonds depends partly on the environment of the given nudkoive took

a semi-empirical approach, giving all canonical triplet:ach score of 2,
scanning triplex literature for examples of less usualétgand giving those
a score of 1, while all other combinations are scored as a atgm(see
Table 1). Other approaches leading to a better scoring selaeencertainly

possible, but beyond the scope of this paper.

4.2 Triplex loop detection

The algorithm introduced in this section has been designeétect the best
candidates for triplex formation. To avoid the inclusionfide-strand and
loop nucleotides into the overall score for a particulgsléx (because these
nucleotides do not participate in Watson-Crick or Hoogstease-pairing),
our calculations use a technique composed of a combinafidocal and
global alignment.

In terms of the DP matrix, potential loops always begin at tiain
antidiagonal, extending up #,,p,,,,. (user-defined algorithm parameter),
using Equation 1 to calculate new values. The g}, ... antidiagonals
are therefore calculated by a technique similar to the omel irs Smith-
Waterman local sequence alignment. In this part, we allosvgbtore of
a growing triplex to grow or decline. However, if the densityerrors is
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High Scoring Segment

¢

Cumulative Score

Min. Score

E—

Length of Extension

Fig. 3: Detection of high scoring segments.

high enough to bring the score into the negative territorgtéptial loop
occurrence), we do not allow the score to become negative.

Once the calculations exit the area of a potential loop, #ieutations
continue in a global alignment mode. This way the algorittam detect high-
quality triplex candidates without considering errorg fa#l within potential
loops.

4.3 Triplex detection

The best triplexes in the DP matrix can be identified as theaehing the
highest score. To allow detection of subigh scoring segmentéHSS)
during the calculation, we use a technique similar to the wsed in the
BLAST program. Once the score rises above a preset threshbid, the
region responsible for the score is considered a potenipéx. The score is
monitored (allowed both to increase and decrease) urtilstlhelow a preset
threshold. The sequence from the beginning (the first agatial) up to the
maximum score becomes the HSS of the potential triplex (sped-3).

A number of filtration mechanisms can be applied to the stepl®§
segment detection. One of the problems we had to deal witisifeg false
HSS detection), was the transfer of scores from neighbodiagonals.
In the presence of a high-quality triplex sequence, neighbodiagonals
adopt its high score by introduction of an extra insertiordeletion. We
therefore check for such cases and only report genuine H&8ssand not
the neighboring derivatives.

Further filtration is carried out based on statistical digance of the
results, eliminating all short or low-quality potentialiplexes below a
user-defined E-value or P-value threshold (see Results dtailsl on P-
value calculations on experimental datasets). A pair drifilg programs
(prefilter_gff.c and filtecgff.c, see Supplementary information) were used to
filter out results not supporting a local score maximum (nr&athere is a
better result nearby).

4.4 Time and space complexity

Time complexity: the calculation of the entire triangle bEtDP matrix

Both simplifications/efficiency enhancements used to detie time and
space complexities allow us to easily extend the algoritbnperform an
incremental calculationIf upon completion of the calculation we find that
the number of antidiagonals was not sufficient, leaving isgveotential
triplexes unresolved, we can pick up the score values framldkt two
diagonals and continue in the calculations in anoffientidiagonals.

5 RESULTS AND DISCUSSION

We subjected the algorithm to increasing levels of scrutinyerify
the validity of our searching procedures, fine-tune somehef t
parameters and establish the biological relevance ofteeleesults.

Initial experiments were directed towards establishirmgomable
mismatch and insertion/deletion penalties. The penalims to
be high enough to allow for a negative average score peeetripl
(Korf et al,, 2003). Without any rigorous optimization, we found
the combinationmismatch —7, insertion or deletion —9,
no_isomorphism —5 to fulfill these criteria and work reasonably
well on all sequences.

Identification of a higher number of potential triplexes &ak
world sequences compared to random and randomized segusnce
the first confirmation that the patterns we are collectingqgishis
approach are not random, but rather specific combinatiotis avi
possible function that are less frequent in random seqsence

For arigorous test of non-randomness of the identified chates,
we tested our implementation of the algorithm against a set
of 4.7MBp DNA sequences fronE.coli and human genomes,
their randomized version and a triplex-seeded randomized!:
genome (see Methods). For each of the sequences, we used the
program to identify all potential triplexes and their scr8ince an
incrementally detected triplex-forming sequence musycilar
rules as an incrementally growing sequence alignment (owity
different base-pairing rules), we would expect the obthiseores
to obey an extreme value distribution described by Alts@udl.
(1994).

e Ax(m—p)

P(S>z)=1-c¢ (2)

We used a maximum likelihood method described by Eddy (1997)
to fit our scores to this function. The resulting values\oénd
are given in Table 2. Figure 4 shows a graphical representatid
corresponding parameter values of triplex scores for tiferdit
datasets used. Clearly, randomized sequences have a loatent
of high-scoring sequence patterns. Also, human sequeress S
to be richer in potential triplex-forming sequences, corapke in
density to the artificially seedef.coli sequence with one triplex
sequence per every 10000bp.

We used the\ and x values to derive statistical thresholds for
searching (Table 2).These are different for parallel artgparallel
triplexes, since the two use a different similarity matresulting in
different score distributions.

Next, we analyzed the non-B DNA database triplex predistion

hasn?/2 steps. However, when analyzing real or random sequences, th(Ceret al, 2010) and our triplex-seeded sequence containing 421

likelihood of finding a potential triplex decreases withléagth (see Results
for a detailed description of this effect). Therefore, foosh practical
purposes we only need to evaluate a limited number of agtdials, say
21, wherel is the maximal length of detected triplexes. Time compjexit
thus become® (2in).

Space complexity: With respect to data dependencies, btelyalues
for the last two antidiagonals are necessary for calculafithus the space
complexity of our algorithm i (2n).

inserted triplexes with artificial mismatches and inseio Our
program preferentially recovered the positions of knowiplex
sequences. Figure 5 shows sensitivity, specificity, acyuend

F» measure for these two sets. F measure is the harmonic mean
of sensitivity and specificity.F> measure is its commonly used
modification, which gives higher priority to recalE> measure
values above 40% are satisfactory, given that 100% of patent
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Table 2. The results of fitting an Extreme Value A
Distribution function to score distribution data obtained 100 -
from randomized sequences df.col: and human
genomes. The threshold shown here for reference
purposes is the score above which less than 10 sequences
were found in randomized data. Precise E-values and
P-values can be calculated from values Jofand p
according to Equation 2.

SPECIFICITY AND SENSITIVITY ON NON-B-DNA DATABASE

Randomized sequence data A u threshold
e.coli 091 6.00 20
human chr5 0.84 6.28 21

L
-6

B LOG(P-VALUE)

SPECIFICITY AND SENSITIVITY ON TRIPLEX-SEEDED SEQUENCE

EXTREME VALUE DISTRIBUTION OF SCORES

randomized ecoli (fit) ------ -

100000

triplex-seeded (0bs)
random (fit) ————

10000

1000

100

10

LOG(P-VALUE)

! 0 10 20 30 4‘0 50 60 70
Score Fig. 5: Sensitivity, specificity, accuracy and Feasure calculated
for A) the non-B DNA database (Cet al., 2010); B) the triplex-
Fig. 4. Log-scale extreme value distribution functions forcoli seeded dataset. The figures show that the best matcheseabtain
(dashed line), human (solid line) and triplex-seeded é@saslotted  \ith the described algorithm and settings are entirely maple
line) compared to background random sequences (thin Jineshf the seeded sequences. At lower P-values we start picking u
including a random sequence, randomiz&tcoli and human  gome sequences from the background sequence, acceptalits re

sequences. A maximal likelihood fit to the random sequenses ipefore accuracy drops sharply are achieved for P-valuessstthan
available in Table 2. While thé.coli genome contains potential | (. 192

triplex sequences only slightly above background levaks human
genome seems to be rich in such sequences with density stmila
the triplex-seeded dataset.

element requires the consecutive occurrence of all thip&exr
forming blocks of nucleotides, while potential intramalér triplex
(PImT) element requires the consecutive occurrence of tjust
triplexes are recovered with a P-value better than 0.01.eSloss triplex-forming blocks (the third block is provided by tharallel
of performance on triplex-seeded data is understandaliiee s strand). Thus, every PIsT element by definition contains@aBImT
mismatches and insertions/deletions were introduceddnesees  element.
as short as 6bp. For each of the 25 PIST elements presented in Hegaé (2000)
One of the detected sequences, is a well-studied triplex fro we are able to identify the corresponding PImT elemenEinoli
human metallothionein-I promoter (Bacolla and Wu, 1991hisT genome with appropriate parameter settings. The scoreesith
sequence was the second highest-scoring sequence inglex-tri  elements range from the value of 6 to the value of 20 and the
seeded data, scoring 34 with a P-valu&do—?. Interestingly, we  corresponding P-values vary frofiv 10! t02.9%10~°. The best
detected two high-scoring subsequences within the MT-inpter ~ potential triplex element ifE.coli genome found by our algorithm
potential triplex, supporting the view of Bacolla and Wug19and  scored 21 with a P-value af2 = 1076,
Becker and Maher (1998) that alternative triplex structuray be Finally, we examined some of the identified potential trple
formed at this specific site. sites for biological relevance. Producing a GFF file withuits
For an alternative evaluation of the validity of our algbnt  enabled us to view them in the UCSC Genome Browser. Here, we
we analyzed thd’.coli genome for triplex-forming sequences and noticed a possible relationship to knovthcoli genes. To test this,
compared the results with those described in Hoghal (2000).  we counted the number of predicted triplexes falling witbenes,
They searched for potential intrastrand triplex (PIsT)eTRIsT  outside genes or less than 100bp from gene boundaries éFigyr
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| I A
| I 2 | POSITIONING OF TRIPLEXES AND GENES
- - 100 -
genes mm—
583500 584000 584500 585000 585500 %
i triplex i 80 |
| la |
s ! nor
I~ > |
i

Fig. 6: The definition of the closest gene as used in the nwaleri
experiment. For each triplex we identified its centefrounded up

for even triplexes), and calculated the distankess, I3 andl4 to

the closest upstream and downstream gene borders on both DNA
strands. The minimum of these four values was used.

CLASS MEMBERSHIP [%]

strong potential weak background genome
B triplexes triplexes triplexes

RELATIVE FREQUENCY OF RESULTS AT VARYING DISTANCE-TO-CLOSEST-GENE

We also calculated the number of predicted triplexes onguait pofévﬁ‘"ajy'giixii
different distances from the closest gene (Figure 6) ancutzted background
the ratio of this value to randomly placed positions. Therenss e
to be some preference for potential triplexes to occur in-Heto
-160 region of known genes (Figure 7B). Given the relativeth
P-value at which this effect was still visible, it is possilthat it is
not directly related to the presence of triplexes, but ratheesult
of shared sequence characteristic between triplexes gudatery
sequences, such as their underlying palindromic nature. 0s
Another observation showed these positions to be clustaered
boundaries of evolutionarily poorly conserved regions. 4icl
literature search revealed a possible connection. Non-BA DN
structures are likely to pose a physical barrier to trapsiomal
apparatus, causing possible transcriptional arrest ah sites
(Younget al., 1991). Transcriptional arrest has been directly linked
to increased mutation rate (Belotserkovséti al., 2007), which
could explain some aspect of the above-mentioned positjoim

genomes. genome. Bars are shown for results of decreasing speciffoiyn
While the main purpose of this paper is to present the algarit left to right); B) The relative abundance of high-scoringsences at

itself, a more detailed analysis of the best parametemgstind . : )
performance with specific DNA sequences is needed to furthe(r]IIfferent distances from nearby genes (relative to rangiqticed

increase confidence in this kind of sequence analysis. positions). Both figures were generated gfter applyingmhevf/ir_lg
Because of the increased complexity of scoring, the outline Cl.JtOﬁS to the results: top 12.2 (strong triplex), top 139bt¢mtial
procedure for scoring individual triplets within the DP msatannot triplex), top 15300 (weak triplex), top 106623 (backgrohadd

be easily extended to take advantage of suffix arrays as &s\iih random selection of positions (genome).
palindromes, to further speed up computation.

Overall, we consider it an advantage that triplex identiftca
can be mapped to a well-researched family of DP algorithnats an

possibly take advantage of approaches aimed originallytlaro
problems, such as sequence alignment. suggesting that the algorithm can provide high speed sesmwith

increased sensitivity for approximate triplex-formingjsences.

RATIO

o

100 200 300 400 500 600 700
DISTANCE [bp]

Fig. 7. Graphs showing how potential triplexes identified by
the program are positioned in respect to genesEiaoli. A)
The percentage of triplexes in the results falling insideege
intersecting with a gene or falling within intergenic segnseof the

6 CONCLUSION

We present a novel approach to identifying triplex-forming
sequences in genomes and other DNA sequence data. ThRCKNOWLEDGEMENT
approach is presented in the form of an algorithm based o
previously published algorithms for detection of palindes. The
novelty stems from the adaptation of DP for use with tripexe
instead of relying on simpler identification of homopurineda

homopyrimiQine tracts, \.NhiCh are most appropriate for dlie 11-1 — Advanced secured, reliable and adaptive IT and FIT-8-
of perfect triplexes. We implemented our algorithm as a @moyg  ~ Recognition and presentation of multimedia data.
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